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地球

大気

SKちゃんって
私のニュートリノ以外にも
いろんなニュートリノ
見てるよね

うん！ いろんな
ニュートリノを見てると
わかることも多いんだよ

地球を通り抜けてくるニュートリノの振動と
J-PARCさんからのニュートリノの振動を
一緒に考えるとおもしろいかも…とか

じゃあ…
どのニュートリノが
一番好き？
私のだよね？

全部好き！

知ってた

例えば…

SKちゃん
スーパーカミオカンデ

J-PARCさん

T2Kの
ニュートリノ振動

大気で作られて
地球を通り抜ける
ニュートリノ振動

どれが好き？
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• Joint fit of atmospheric + accelerator 
with MOU signed between SK/T2K


• Expect increased sensitivity in 
, mass ordering,  octant 

beyond stats increase from resolved 
degeneracies and syst constraints


• Various study items like potentially non-
trivial syst. correlations etc.


• Various fitter groups working on this, 
I’m working with one of the T2K groups 
called “ptheta” which has a couple of 
differences to SK’s osc3++ fitter: 
 

δCP θ23

SK + T2K 
atmospheric + accelerator

Comparison of released contours (not joint fit)
SK results: Phys. Rev. D 97, 072001 (2018)

For those who don’t know me, 
I’m from Tokyo Tech working on: 
 
T2K 
flux prediction 
oscillation analysis 
 
HK / IWCD 
event reconstruction

osc3++ ptheta

analysis 
method 

(MC)
event by event

binned 
(64 true energy bins 
for beam analysis)

osc 
params

Precomputed for 
3D/4D grid

plotted: 1D/2D grid 
other: ~100k throws 

(marginalized)

Important to identify/introduce 
systematic degrees of freedom the 
T2K near detector is not sensitive 
to, to prevent over-constraining 
oscillation parameters.

• Joint fit of atmospheric + accelerator 
with MOU signed between SK/T2K


• Expect increased sensitivity in 
, mass ordering,  octant 

beyond stats increase from resolved 
degeneracies and syst constraints


For this talk focusing on 
neutrino cross-section (xsec) model. 


1. Overlap in energy range means 
correlating systematic models is 
essential for proper analysis


2. SK atm. will benefit from strong 
xsec constraint by T2K near detector

δCP θ23
!2
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Table III summarizes the fractional error on the ex-
pected number of SK events using a 1� variation of the
flux, cross-section, and far detector uncertainties.

E. Oscillation analysis

The analysis method here follows from what was pre-
sented in [1]. As described in Sec. I the three flavor
neutrino oscillation formalism is extended to include in-
dependent parameters sin2(✓23) and �m2

32 which only
a↵ect antineutrino oscillations. Any di↵erence between
sin2(✓23) and sin2(✓23) or �m2

32 and �m2
32 could be in-

terpreted as new physics.
With the number of events predicted in the antineu-

trino sample, the uncertainties on the background mod-
els have a non-negligible impact on the measurement of
sin2(✓23) and �m2

32. The largest is the contribution
from the uncertainty on sin2(✓23) and �m2

32 due to the
significant neutrino background in the antineutrino sam-
ple. This provides the motivation for a simultaneous fit
of the neutrino and antineutrino data sets.

The oscillation parameters of interest, sin2(✓23),�m2
32,

sin2(✓23) and�m2
32, are estimated using a maximum like-

lihood fit to the measured reconstructed energy spectra
in the far detector, for neutrino mode and antineutrino
mode µ-like samples. In each case, fits are performed
by maximizing the marginal likelihood in the two dimen-
sional parameter space for each pair of parameters. The
marginal likelihood is obtained by integrating over the
nuisance parameters f with prior probability densities
⇡(f), giving a likelihood as a function of only the rele-
vant oscillation parameters o:

L(o) =
Z binsY

i

Li(o, f)⇥ ⇡(f) df , (1)

where bins denotes the number of analysis bins. All other
oscillation parameters, except �CP , are treated as nui-
sance parameters along with systematic parameters and
are marginalized in the construction of the likelihood.
�CP is fixed to 0 in each fit as it has a negligible impact
on the disappearance spectra at T2K. Oscillation prob-
abilities are calculated using the full three-flavor oscilla-
tion framework [38], with sin2(✓23) and �m2

32 for ⌫, and
sin2(✓23) and �m2

32 for ⌫. Matter e↵ects, almost negli-
gible in this analysis, are included with a matter density
of ⇢ = 2.6 g/cm3 [39].

Confidence regions are constructed for the oscillation
parameters using the constant ��2 method [37]. We
define ��2 = �2 ln(L(o)/max(L)) as the logarithm of
the ratio of the marginal likelihood at a point o in the
sin2(

(

✓
)

23) – �(m)2
32 oscillation parameter space and the

maximum marginal likelihood. The confidence region
is then defined as the area of the oscillation parameter
space for which ��2 is less than a standard critical value.
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FIG. 1. Top: Reconstructed energy distribution of the 135 far
detector ⌫µ-CCQE candidate events (left) and 66 ⌫µ-CCQE
candidate events (right), with predicted spectra for best fit
and no oscillation cases. Bottom: Ratio to unoscillated pre-
dictions.

This method was used as the di↵erence between the con-
fidence regions produced by it and those obtained using
the Feldman-Cousins [40] method was found to be small.
For the Feldman-Cousins method, the critical chi-square
values were calculated for a coarse set of points in the
oscillation parameter space.

IV. RESULTS AND DISCUSSION

The reconstructed energy spectra of the events ob-
served during neutrino and antineutrino running modes
are shown in Figure 1. These are overlaid with the predic-
tions for the best fit values of the oscillation parameters
assuming normal hierarchy, and in the case of no oscilla-
tions. The lower plots in Fig. 1 show the ratio of data
to the unoscillated spectrum.
Assuming normal hierarchy, the best fit values ob-

tained for the parameters describing neutrino oscillations
are sin2(✓23) = 0.51 and �m2

32 = 2.53 ⇥ 10�3eV2/c4

with 68% confidence intervals of 0.44 – 0.59 and 2.40 –
2.68 (⇥10�3eV2/c4) respectively. For the antineutrino
parameters, the best fit values are sin2(✓23) = 0.42 and
�m2

32 = 2.55 ⇥ 10�3eV2/c4 with 68% confidence inter-
vals of 0.35 – 0.67 and 2.28 – 2.88 (⇥10�3eV2/c4) re-
spectively. The values for the inverted hierarchy can
be obtained by replacing �(m)2

32 by ��(m)2
31, e↵ectively

changing the sign of �(m)2
32 and shifting its absolute value

by ��m2
12 = �7.53 ⇥ 10�5 eV2/c4. Those results were

cross-checked using a second, independent, analysis.
A goodness-of-fit test was performed by comparing the

best fit value of the �2 to the values obtained for an
ensemble of toy experiments generated with systematic
variations and statistical fluctuations, giving a p-value of
96%.
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FIG. 1. Top: Reconstructed energy distribution of the 135 far
detector ⌫µ-CCQE candidate events (left) and 66 ⌫µ-CCQE
candidate events (right), with predicted spectra for best fit
and no oscillation cases. Bottom: Ratio to unoscillated pre-
dictions.

This method was used as the di↵erence between the con-
fidence regions produced by it and those obtained using
the Feldman-Cousins [40] method was found to be small.
For the Feldman-Cousins method, the critical chi-square
values were calculated for a coarse set of points in the
oscillation parameter space.
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with 68% confidence intervals of 0.44 – 0.59 and 2.40 –
2.68 (⇥10�3eV2/c4) respectively. For the antineutrino
parameters, the best fit values are sin2(✓23) = 0.42 and
�m2

32 = 2.55 ⇥ 10�3eV2/c4 with 68% confidence inter-
vals of 0.35 – 0.67 and 2.28 – 2.88 (⇥10�3eV2/c4) re-
spectively. The values for the inverted hierarchy can
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Table III summarizes the fractional error on the ex-
pected number of SK events using a 1� variation of the
flux, cross-section, and far detector uncertainties.
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oscillation parameters, except �CP , are treated as nui-
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are marginalized in the construction of the likelihood.
�CP is fixed to 0 in each fit as it has a negligible impact
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tion framework [38], with sin2(✓23) and �m2

32 for ⌫, and
sin2(✓23) and �m2

32 for ⌫. Matter e↵ects, almost negli-
gible in this analysis, are included with a matter density
of ⇢ = 2.6 g/cm3 [39].
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define ��2 = �2 ln(L(o)/max(L)) as the logarithm of
the ratio of the marginal likelihood at a point o in the
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space for which ��2 is less than a standard critical value.

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

Ev
en

ts
 / 

0.
1 

(G
eV

)

0

10

20

30

40

50

60

70

80

 beam-modeν

POT)2010×(7.482

 Energy (GeV)µνReconstructed 
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5R

at
io

 to
 N

o 
O

sc
.

0
0.5
1

1.5
2 0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 50

5

10

15

20

25

Data
Best fit oscillations
No oscillations

 beam-modeν

POT)2010×(7.471

 Energy (GeV)µνReconstructed 
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 50

0.5
1
1.5
2

FIG. 1. Top: Reconstructed energy distribution of the 135 far
detector ⌫µ-CCQE candidate events (left) and 66 ⌫µ-CCQE
candidate events (right), with predicted spectra for best fit
and no oscillation cases. Bottom: Ratio to unoscillated pre-
dictions.

This method was used as the di↵erence between the con-
fidence regions produced by it and those obtained using
the Feldman-Cousins [40] method was found to be small.
For the Feldman-Cousins method, the critical chi-square
values were calculated for a coarse set of points in the
oscillation parameter space.
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FIG. 1. Top: Reconstructed energy distribution of the 135 far
detector ⌫µ-CCQE candidate events (left) and 66 ⌫µ-CCQE
candidate events (right), with predicted spectra for best fit
and no oscillation cases. Bottom: Ratio to unoscillated pre-
dictions.

This method was used as the di↵erence between the con-
fidence regions produced by it and those obtained using
the Feldman-Cousins [40] method was found to be small.
For the Feldman-Cousins method, the critical chi-square
values were calculated for a coarse set of points in the
oscillation parameter space.

IV. RESULTS AND DISCUSSION

The reconstructed energy spectra of the events ob-
served during neutrino and antineutrino running modes
are shown in Figure 1. These are overlaid with the predic-
tions for the best fit values of the oscillation parameters
assuming normal hierarchy, and in the case of no oscilla-
tions. The lower plots in Fig. 1 show the ratio of data
to the unoscillated spectrum.
Assuming normal hierarchy, the best fit values ob-

tained for the parameters describing neutrino oscillations
are sin2(✓23) = 0.51 and �m2

32 = 2.53 ⇥ 10�3eV2/c4

with 68% confidence intervals of 0.44 – 0.59 and 2.40 –
2.68 (⇥10�3eV2/c4) respectively. For the antineutrino
parameters, the best fit values are sin2(✓23) = 0.42 and
�m2

32 = 2.55 ⇥ 10�3eV2/c4 with 68% confidence inter-
vals of 0.35 – 0.67 and 2.28 – 2.88 (⇥10�3eV2/c4) re-
spectively. The values for the inverted hierarchy can
be obtained by replacing �(m)2

32 by ��(m)2
31, e↵ectively

changing the sign of �(m)2
32 and shifting its absolute value

by ��m2
12 = �7.53 ⇥ 10�5 eV2/c4. Those results were

cross-checked using a second, independent, analysis.
A goodness-of-fit test was performed by comparing the

best fit value of the �2 to the values obtained for an
ensemble of toy experiments generated with systematic
variations and statistical fluctuations, giving a p-value of
96%.
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0.6 GeV. We observe interactions of the neutrinos at a near detector 
facility 280 m from the beam production point that characterizes the 
beam and the interactions of the neutrinos before oscillations. The 
beam then propagates 295 km through the Earth to the T2K far detec-
tor, Super-Kamiokande (SK). SK measures the oscillated beam, which 
allows us to determine the oscillation parameters.

For this beam energy and propagation distance, the probability that 
muon neutrinos(antineutrinos) will oscillate to electron neutrinos 
(antineutrinos) is given approximately, including the CP-violating term 
but neglecting effects from propagation through matter, by:
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Here, E is the energy of the neutrino in gigaelectronvolts, the mass 
squared differences are given in units of eV2/c4, where c is the speed of 
light in vacuum, and L is the propagation baseline in kilometres. The 
second term in equation (2) has a negative sign for neutrinos and a posi-
tive sign for antineutrinos. The baseline and beam energy are optimized 
so that at our baseline, the probability to oscillate to electron neutrinos 
reaches a maximum at energies around the beam energy. Although the 
probability of oscillation to electron neutrinos is small, muon neutrinos 
also oscillate to tau neutrinos, which are not identifiable at SK because 
T2K’s beam energy is too low for a charged tau lepton to be produced. 
Overall, the probability that muon neutrinos and antineutrinos will 
maintain their initial flavour is:
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Given that the probability of oscillation to tau neutrinos is large at our 
modal beam energy and baseline, there is a minimum in the muon 
neutrino energy spectrum. The position of this minimum gives the 
experiment sensitivity to the magnitude of m∆ 32

2  and the depth gives 
sensitivity to sin2(2θ23). The height of the peak in the electron neutrino 
energy spectrum at the oscillation maximum is, at leading order, deter-
mined by sin2θ23 and sin2(2θ13) (see equation (2)). However, it also has 
a sub-leading-order dependence on δCP and the neutrino mass ordering, 
giving sensitivity to these parameters. Owing to this interdependence, 
determining the other PMNS mixing parameters is important in meas-
uring δCP. As can be seen from Fig. 1, changing δCP from +π/2 to −π/2 can 
lead to changes of the order of 40% in the number of electron neutrinos 
expected at SK. In our analysis we model the observed kinematic dis-
tributions of the final-state particles using the full oscillation probabil-
ity, including the effect of the neutrinos propagating through matter, 
which is a perturbation of the order of 10% to the probability discussed 
in equations (2) and (3)20.

The T2K neutrino beam is generated at the Japan Proton Accel-
erator Research Complex ( J-PARC) by impinging a 30-GeV beam 
of protons onto a graphite target21. This interaction creates a large 
number of secondary hadrons, which are focused using magnetic 
horns. A neutrino (antineutrino)-enhanced beam is selected by 
focusing positively (negatively) charged particles—mostly pions—
by choosing the polarity of the magnetic field produced by the 
horns, thereby enabling us to study the differences between neu-
trino and antineutrino oscillations. The beam axis is directed 2.5° 
away from the SK detector, taking advantage of the kinematics of the 
two-body pion decay to produce a narrow neutrino spectrum peaked 
at the expected energy of maximum oscillation probability22. The 
results reported here are based on SK data collected between 2009  

and 2018 in neutrino (antineutrino) mode and include a beam expo-
sure of 1.49 × 1021 (1.64 × 1021) protons hitting the T2K neutrino pro-
duction target.
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Fig. 1 | Observed νe and νe candidate events at SK. a, b, The reconstructed 
neutrino energy spectra for the SK samples containing electron-like events in 
neutrino-mode (a) or antineutrino-mode (b) beam running. The uncertainty 
shown around the data points accounts for statistical uncertainty. The 
uncertainty range is chosen to include all points for which the measured 
number of data events is inside the 68% confidence interval of a Poisson 
distribution centred at that point. The solid stacked chart shows the predicted 
number of events for the CP-conserving point δCP = 0, separated according to 
whether the event was from an oscillated neutrino or antineutrino or from a 
background process. The dashed lines show the total predicted number of 
events for the two most extreme CP-violating cases. c, The predicted number of 
events for δCP = −π/2 and the measured number of events in the three 
electron-like samples at SK. The predicted number of events is broken down 
into the same categories as in a and b and the systematic uncertainty shown is 
after the near-detector fit. In both a and b for all predictions, normal ordering is 
assumed, and sin2θ23 and m∆ 32

2  are at their best-fit values. sin2θ13, sin2θ12 and 
m∆ 21

2  take the values indicated by external world average measurements2. The 
parameters accounting for systematic uncertainties take their best-fit values 
after the near-detector fit.
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0.6 GeV. We observe interactions of the neutrinos at a near detector 
facility 280 m from the beam production point that characterizes the 
beam and the interactions of the neutrinos before oscillations. The 
beam then propagates 295 km through the Earth to the T2K far detec-
tor, Super-Kamiokande (SK). SK measures the oscillated beam, which 
allows us to determine the oscillation parameters.

For this beam energy and propagation distance, the probability that 
muon neutrinos(antineutrinos) will oscillate to electron neutrinos 
(antineutrinos) is given approximately, including the CP-violating term 
but neglecting effects from propagation through matter, by:
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Here, E is the energy of the neutrino in gigaelectronvolts, the mass 
squared differences are given in units of eV2/c4, where c is the speed of 
light in vacuum, and L is the propagation baseline in kilometres. The 
second term in equation (2) has a negative sign for neutrinos and a posi-
tive sign for antineutrinos. The baseline and beam energy are optimized 
so that at our baseline, the probability to oscillate to electron neutrinos 
reaches a maximum at energies around the beam energy. Although the 
probability of oscillation to electron neutrinos is small, muon neutrinos 
also oscillate to tau neutrinos, which are not identifiable at SK because 
T2K’s beam energy is too low for a charged tau lepton to be produced. 
Overall, the probability that muon neutrinos and antineutrinos will 
maintain their initial flavour is:
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Given that the probability of oscillation to tau neutrinos is large at our 
modal beam energy and baseline, there is a minimum in the muon 
neutrino energy spectrum. The position of this minimum gives the 
experiment sensitivity to the magnitude of m∆ 32

2  and the depth gives 
sensitivity to sin2(2θ23). The height of the peak in the electron neutrino 
energy spectrum at the oscillation maximum is, at leading order, deter-
mined by sin2θ23 and sin2(2θ13) (see equation (2)). However, it also has 
a sub-leading-order dependence on δCP and the neutrino mass ordering, 
giving sensitivity to these parameters. Owing to this interdependence, 
determining the other PMNS mixing parameters is important in meas-
uring δCP. As can be seen from Fig. 1, changing δCP from +π/2 to −π/2 can 
lead to changes of the order of 40% in the number of electron neutrinos 
expected at SK. In our analysis we model the observed kinematic dis-
tributions of the final-state particles using the full oscillation probabil-
ity, including the effect of the neutrinos propagating through matter, 
which is a perturbation of the order of 10% to the probability discussed 
in equations (2) and (3)20.

The T2K neutrino beam is generated at the Japan Proton Accel-
erator Research Complex ( J-PARC) by impinging a 30-GeV beam 
of protons onto a graphite target21. This interaction creates a large 
number of secondary hadrons, which are focused using magnetic 
horns. A neutrino (antineutrino)-enhanced beam is selected by 
focusing positively (negatively) charged particles—mostly pions—
by choosing the polarity of the magnetic field produced by the 
horns, thereby enabling us to study the differences between neu-
trino and antineutrino oscillations. The beam axis is directed 2.5° 
away from the SK detector, taking advantage of the kinematics of the 
two-body pion decay to produce a narrow neutrino spectrum peaked 
at the expected energy of maximum oscillation probability22. The 
results reported here are based on SK data collected between 2009  

and 2018 in neutrino (antineutrino) mode and include a beam expo-
sure of 1.49 × 1021 (1.64 × 1021) protons hitting the T2K neutrino pro-
duction target.
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Fig. 1 | Observed νe and νe candidate events at SK. a, b, The reconstructed 
neutrino energy spectra for the SK samples containing electron-like events in 
neutrino-mode (a) or antineutrino-mode (b) beam running. The uncertainty 
shown around the data points accounts for statistical uncertainty. The 
uncertainty range is chosen to include all points for which the measured 
number of data events is inside the 68% confidence interval of a Poisson 
distribution centred at that point. The solid stacked chart shows the predicted 
number of events for the CP-conserving point δCP = 0, separated according to 
whether the event was from an oscillated neutrino or antineutrino or from a 
background process. The dashed lines show the total predicted number of 
events for the two most extreme CP-violating cases. c, The predicted number of 
events for δCP = −π/2 and the measured number of events in the three 
electron-like samples at SK. The predicted number of events is broken down 
into the same categories as in a and b and the systematic uncertainty shown is 
after the near-detector fit. In both a and b for all predictions, normal ordering is 
assumed, and sin2θ23 and m∆ 32

2  are at their best-fit values. sin2θ13, sin2θ12 and 
m∆ 21

2  take the values indicated by external world average measurements2. The 
parameters accounting for systematic uncertainties take their best-fit values 
after the near-detector fit.
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0.6 GeV. We observe interactions of the neutrinos at a near detector 
facility 280 m from the beam production point that characterizes the 
beam and the interactions of the neutrinos before oscillations. The 
beam then propagates 295 km through the Earth to the T2K far detec-
tor, Super-Kamiokande (SK). SK measures the oscillated beam, which 
allows us to determine the oscillation parameters.

For this beam energy and propagation distance, the probability that 
muon neutrinos(antineutrinos) will oscillate to electron neutrinos 
(antineutrinos) is given approximately, including the CP-violating term 
but neglecting effects from propagation through matter, by:
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Here, E is the energy of the neutrino in gigaelectronvolts, the mass 
squared differences are given in units of eV2/c4, where c is the speed of 
light in vacuum, and L is the propagation baseline in kilometres. The 
second term in equation (2) has a negative sign for neutrinos and a posi-
tive sign for antineutrinos. The baseline and beam energy are optimized 
so that at our baseline, the probability to oscillate to electron neutrinos 
reaches a maximum at energies around the beam energy. Although the 
probability of oscillation to electron neutrinos is small, muon neutrinos 
also oscillate to tau neutrinos, which are not identifiable at SK because 
T2K’s beam energy is too low for a charged tau lepton to be produced. 
Overall, the probability that muon neutrinos and antineutrinos will 
maintain their initial flavour is:
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Given that the probability of oscillation to tau neutrinos is large at our 
modal beam energy and baseline, there is a minimum in the muon 
neutrino energy spectrum. The position of this minimum gives the 
experiment sensitivity to the magnitude of m∆ 32

2  and the depth gives 
sensitivity to sin2(2θ23). The height of the peak in the electron neutrino 
energy spectrum at the oscillation maximum is, at leading order, deter-
mined by sin2θ23 and sin2(2θ13) (see equation (2)). However, it also has 
a sub-leading-order dependence on δCP and the neutrino mass ordering, 
giving sensitivity to these parameters. Owing to this interdependence, 
determining the other PMNS mixing parameters is important in meas-
uring δCP. As can be seen from Fig. 1, changing δCP from +π/2 to −π/2 can 
lead to changes of the order of 40% in the number of electron neutrinos 
expected at SK. In our analysis we model the observed kinematic dis-
tributions of the final-state particles using the full oscillation probabil-
ity, including the effect of the neutrinos propagating through matter, 
which is a perturbation of the order of 10% to the probability discussed 
in equations (2) and (3)20.

The T2K neutrino beam is generated at the Japan Proton Accel-
erator Research Complex ( J-PARC) by impinging a 30-GeV beam 
of protons onto a graphite target21. This interaction creates a large 
number of secondary hadrons, which are focused using magnetic 
horns. A neutrino (antineutrino)-enhanced beam is selected by 
focusing positively (negatively) charged particles—mostly pions—
by choosing the polarity of the magnetic field produced by the 
horns, thereby enabling us to study the differences between neu-
trino and antineutrino oscillations. The beam axis is directed 2.5° 
away from the SK detector, taking advantage of the kinematics of the 
two-body pion decay to produce a narrow neutrino spectrum peaked 
at the expected energy of maximum oscillation probability22. The 
results reported here are based on SK data collected between 2009  

and 2018 in neutrino (antineutrino) mode and include a beam expo-
sure of 1.49 × 1021 (1.64 × 1021) protons hitting the T2K neutrino pro-
duction target.
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Fig. 1 | Observed νe and νe candidate events at SK. a, b, The reconstructed 
neutrino energy spectra for the SK samples containing electron-like events in 
neutrino-mode (a) or antineutrino-mode (b) beam running. The uncertainty 
shown around the data points accounts for statistical uncertainty. The 
uncertainty range is chosen to include all points for which the measured 
number of data events is inside the 68% confidence interval of a Poisson 
distribution centred at that point. The solid stacked chart shows the predicted 
number of events for the CP-conserving point δCP = 0, separated according to 
whether the event was from an oscillated neutrino or antineutrino or from a 
background process. The dashed lines show the total predicted number of 
events for the two most extreme CP-violating cases. c, The predicted number of 
events for δCP = −π/2 and the measured number of events in the three 
electron-like samples at SK. The predicted number of events is broken down 
into the same categories as in a and b and the systematic uncertainty shown is 
after the near-detector fit. In both a and b for all predictions, normal ordering is 
assumed, and sin2θ23 and m∆ 32

2  are at their best-fit values. sin2θ13, sin2θ12 and 
m∆ 21

2  take the values indicated by external world average measurements2. The 
parameters accounting for systematic uncertainties take their best-fit values 
after the near-detector fit.
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0.6 GeV. We observe interactions of the neutrinos at a near detector 
facility 280 m from the beam production point that characterizes the 
beam and the interactions of the neutrinos before oscillations. The 
beam then propagates 295 km through the Earth to the T2K far detec-
tor, Super-Kamiokande (SK). SK measures the oscillated beam, which 
allows us to determine the oscillation parameters.

For this beam energy and propagation distance, the probability that 
muon neutrinos(antineutrinos) will oscillate to electron neutrinos 
(antineutrinos) is given approximately, including the CP-violating term 
but neglecting effects from propagation through matter, by:
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Here, E is the energy of the neutrino in gigaelectronvolts, the mass 
squared differences are given in units of eV2/c4, where c is the speed of 
light in vacuum, and L is the propagation baseline in kilometres. The 
second term in equation (2) has a negative sign for neutrinos and a posi-
tive sign for antineutrinos. The baseline and beam energy are optimized 
so that at our baseline, the probability to oscillate to electron neutrinos 
reaches a maximum at energies around the beam energy. Although the 
probability of oscillation to electron neutrinos is small, muon neutrinos 
also oscillate to tau neutrinos, which are not identifiable at SK because 
T2K’s beam energy is too low for a charged tau lepton to be produced. 
Overall, the probability that muon neutrinos and antineutrinos will 
maintain their initial flavour is:
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Given that the probability of oscillation to tau neutrinos is large at our 
modal beam energy and baseline, there is a minimum in the muon 
neutrino energy spectrum. The position of this minimum gives the 
experiment sensitivity to the magnitude of m∆ 32

2  and the depth gives 
sensitivity to sin2(2θ23). The height of the peak in the electron neutrino 
energy spectrum at the oscillation maximum is, at leading order, deter-
mined by sin2θ23 and sin2(2θ13) (see equation (2)). However, it also has 
a sub-leading-order dependence on δCP and the neutrino mass ordering, 
giving sensitivity to these parameters. Owing to this interdependence, 
determining the other PMNS mixing parameters is important in meas-
uring δCP. As can be seen from Fig. 1, changing δCP from +π/2 to −π/2 can 
lead to changes of the order of 40% in the number of electron neutrinos 
expected at SK. In our analysis we model the observed kinematic dis-
tributions of the final-state particles using the full oscillation probabil-
ity, including the effect of the neutrinos propagating through matter, 
which is a perturbation of the order of 10% to the probability discussed 
in equations (2) and (3)20.

The T2K neutrino beam is generated at the Japan Proton Accel-
erator Research Complex ( J-PARC) by impinging a 30-GeV beam 
of protons onto a graphite target21. This interaction creates a large 
number of secondary hadrons, which are focused using magnetic 
horns. A neutrino (antineutrino)-enhanced beam is selected by 
focusing positively (negatively) charged particles—mostly pions—
by choosing the polarity of the magnetic field produced by the 
horns, thereby enabling us to study the differences between neu-
trino and antineutrino oscillations. The beam axis is directed 2.5° 
away from the SK detector, taking advantage of the kinematics of the 
two-body pion decay to produce a narrow neutrino spectrum peaked 
at the expected energy of maximum oscillation probability22. The 
results reported here are based on SK data collected between 2009  

and 2018 in neutrino (antineutrino) mode and include a beam expo-
sure of 1.49 × 1021 (1.64 × 1021) protons hitting the T2K neutrino pro-
duction target.
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Fig. 1 | Observed νe and νe candidate events at SK. a, b, The reconstructed 
neutrino energy spectra for the SK samples containing electron-like events in 
neutrino-mode (a) or antineutrino-mode (b) beam running. The uncertainty 
shown around the data points accounts for statistical uncertainty. The 
uncertainty range is chosen to include all points for which the measured 
number of data events is inside the 68% confidence interval of a Poisson 
distribution centred at that point. The solid stacked chart shows the predicted 
number of events for the CP-conserving point δCP = 0, separated according to 
whether the event was from an oscillated neutrino or antineutrino or from a 
background process. The dashed lines show the total predicted number of 
events for the two most extreme CP-violating cases. c, The predicted number of 
events for δCP = −π/2 and the measured number of events in the three 
electron-like samples at SK. The predicted number of events is broken down 
into the same categories as in a and b and the systematic uncertainty shown is 
after the near-detector fit. In both a and b for all predictions, normal ordering is 
assumed, and sin2θ23 and m∆ 32

2  are at their best-fit values. sin2θ13, sin2θ12 and 
m∆ 21

2  take the values indicated by external world average measurements2. The 
parameters accounting for systematic uncertainties take their best-fit values 
after the near-detector fit.
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0.6 GeV. We observe interactions of the neutrinos at a near detector 
facility 280 m from the beam production point that characterizes the 
beam and the interactions of the neutrinos before oscillations. The 
beam then propagates 295 km through the Earth to the T2K far detec-
tor, Super-Kamiokande (SK). SK measures the oscillated beam, which 
allows us to determine the oscillation parameters.

For this beam energy and propagation distance, the probability that 
muon neutrinos(antineutrinos) will oscillate to electron neutrinos 
(antineutrinos) is given approximately, including the CP-violating term 
but neglecting effects from propagation through matter, by:
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Here, E is the energy of the neutrino in gigaelectronvolts, the mass 
squared differences are given in units of eV2/c4, where c is the speed of 
light in vacuum, and L is the propagation baseline in kilometres. The 
second term in equation (2) has a negative sign for neutrinos and a posi-
tive sign for antineutrinos. The baseline and beam energy are optimized 
so that at our baseline, the probability to oscillate to electron neutrinos 
reaches a maximum at energies around the beam energy. Although the 
probability of oscillation to electron neutrinos is small, muon neutrinos 
also oscillate to tau neutrinos, which are not identifiable at SK because 
T2K’s beam energy is too low for a charged tau lepton to be produced. 
Overall, the probability that muon neutrinos and antineutrinos will 
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Given that the probability of oscillation to tau neutrinos is large at our 
modal beam energy and baseline, there is a minimum in the muon 
neutrino energy spectrum. The position of this minimum gives the 
experiment sensitivity to the magnitude of m∆ 32

2  and the depth gives 
sensitivity to sin2(2θ23). The height of the peak in the electron neutrino 
energy spectrum at the oscillation maximum is, at leading order, deter-
mined by sin2θ23 and sin2(2θ13) (see equation (2)). However, it also has 
a sub-leading-order dependence on δCP and the neutrino mass ordering, 
giving sensitivity to these parameters. Owing to this interdependence, 
determining the other PMNS mixing parameters is important in meas-
uring δCP. As can be seen from Fig. 1, changing δCP from +π/2 to −π/2 can 
lead to changes of the order of 40% in the number of electron neutrinos 
expected at SK. In our analysis we model the observed kinematic dis-
tributions of the final-state particles using the full oscillation probabil-
ity, including the effect of the neutrinos propagating through matter, 
which is a perturbation of the order of 10% to the probability discussed 
in equations (2) and (3)20.

The T2K neutrino beam is generated at the Japan Proton Accel-
erator Research Complex ( J-PARC) by impinging a 30-GeV beam 
of protons onto a graphite target21. This interaction creates a large 
number of secondary hadrons, which are focused using magnetic 
horns. A neutrino (antineutrino)-enhanced beam is selected by 
focusing positively (negatively) charged particles—mostly pions—
by choosing the polarity of the magnetic field produced by the 
horns, thereby enabling us to study the differences between neu-
trino and antineutrino oscillations. The beam axis is directed 2.5° 
away from the SK detector, taking advantage of the kinematics of the 
two-body pion decay to produce a narrow neutrino spectrum peaked 
at the expected energy of maximum oscillation probability22. The 
results reported here are based on SK data collected between 2009  

and 2018 in neutrino (antineutrino) mode and include a beam expo-
sure of 1.49 × 1021 (1.64 × 1021) protons hitting the T2K neutrino pro-
duction target.
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Fig. 1 | Observed νe and νe candidate events at SK. a, b, The reconstructed 
neutrino energy spectra for the SK samples containing electron-like events in 
neutrino-mode (a) or antineutrino-mode (b) beam running. The uncertainty 
shown around the data points accounts for statistical uncertainty. The 
uncertainty range is chosen to include all points for which the measured 
number of data events is inside the 68% confidence interval of a Poisson 
distribution centred at that point. The solid stacked chart shows the predicted 
number of events for the CP-conserving point δCP = 0, separated according to 
whether the event was from an oscillated neutrino or antineutrino or from a 
background process. The dashed lines show the total predicted number of 
events for the two most extreme CP-violating cases. c, The predicted number of 
events for δCP = −π/2 and the measured number of events in the three 
electron-like samples at SK. The predicted number of events is broken down 
into the same categories as in a and b and the systematic uncertainty shown is 
after the near-detector fit. In both a and b for all predictions, normal ordering is 
assumed, and sin2θ23 and m∆ 32

2  are at their best-fit values. sin2θ13, sin2θ12 and 
m∆ 21

2  take the values indicated by external world average measurements2. The 
parameters accounting for systematic uncertainties take their best-fit values 
after the near-detector fit.
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corresponds to neutrinos crossing both the outer core and
mantle regions of the Earth. For shallower zenith angles the
distortion in the νμ survival probability and the resonant
feature in the νe appearance probability are caused by
matter effects in the mantle region. Note that none of these
features appear in the antineutrino plots. If the inverted
hierarchy were assumed instead, the roles of neutrinos and
antineutrinos switch completely and the discontinuities and
resonance effects appear with nearly the same magnitude
but in the antinuetrino plots.

III. THE SUPER-KAMIOKANDE DETECTOR

Super-Kamiokande is a cylindrical 50-kiloton water
Cherenkov detector, located inside the Kamioka mine in
Gifu, Japan. An inner detector (ID) volume is viewed by
more than 11,000 inward-facing 20-inch photomultiplier
tubes (PMTs) and contains a 32-kiloton target volume. The
outer detector, which is defined by the two meter-thick
cylindrical shell surrounding the ID, is lined with reflective
Tyvek to increase light collection to 1,885 outward-facing
eight-inch PMTs mounted on the shell’s inner surface.
Since the start of operations in 1996, Super-Kamiokande
has gone through four data taking periods, SK-I, -II, -III,
and -IV.
Though the basic configuration the detector is similar

across the phases there are a few important differences. At
the start of the SK-IV period in 2008 the front-end
electronics were upgraded to a system with an ASIC based

on a high-speed charge-to-time converter [13]. The new
system allows for the loss-less data acquisition of all PMT
hits above threshold and has improved the tagging effi-
ciency of delayed Michel electrons from muon decay from
73% in SK-III to 88%.
Further, following a period of detector maintenance and

upgrades at the end of SK-I (1996-2001), the implosion of a
single PMT at the bottom of the detector on November 12,
2001, created a shock wave and chain reaction that went on
to destroy 6,665 ID and 1,027 OD PMTs. The detector was
rebuilt the following year with nearly half of the photo-
cathode coverage (19%) in the ID (5,137 PMTs) and the
full complement of OD PMTs for the SK-II period (2002-
2005). Since that time all ID PMTs have been encased in
fiber-reinforced plastic shells with 1.0 cm thick acrylic
covers to prevent further chain reactions. This resulted in an
increased threshold of 7.0 MeV in SK-II compared to
5.0 MeV in SK-I. In 2006 the detector underwent a second
upgrade in which the remaining ID PMTs were replaced
and additional optical barriers were added to the top and
bottom portions of the OD to improve separation with its
barrel region. Both SK-III (2006-2008) and SK-IV (2008-
present) were operated with the full 40% photocathode
coverage in the ID.
Neutrino interactions which produce charged particles

above the Cherenkov threshold in water are reconstructed
based on the observed ring patterns projected on the
detector walls. Photomultiplier timing information is used
to reconstruct the initial interaction vertex after correcting
for the photon time of flight. Particles are divided into two
broad categories based upon their Cherenkov ring pattern
and opening angle. Rings from particles which produce
electromagnetic showers, such as electrons and photons,
tend to have rough edges due to the many overlapping rings
from particles in the shower and are labeled e-like or
showering. Muons and charged pions on the other hand,
which do not form showers, produce Cherenkov rings with
crisp edges. Such rings are labeled μ-like or non-shower-
ing. The event reconstruction assigns momenta to each
reconstructed ring in an event based on the observed
number of photons in the ring. Particles with higher
momenta produce brighter Cherenkov rings. Similarly,
particle directions are inferred based on the shape of their
ring pattern. Since the neutrino itself is unobserved, energy
and direction variables for use in the oscillation analysis
described below are based on the properties of their
daughter particles.
More detailed descriptions of the detector and its

electronics can be found in [13–15].

A. Detector calibration

Over the 20 year history of the experiment changes in the
run conditions have been unavoidable. Seasonal changes in
precipitation and the expansion of underground activities at
the Kamioka site have variable impact on the quality and

FIG. 1. The propagation of two neutrinos through the simpli-
fied model of the Earth used in the analysis below. Both νA and νB
are produced in the atmosphere. νA then experiences 6 oscillation
steps (air → crust → mantle → outer core → mantle → crust),
while νB experiences 4 oscillation steps (air → crust → mantle →
crust).
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Table III summarizes the fractional error on the ex-
pected number of SK events using a 1� variation of the
flux, cross-section, and far detector uncertainties.

E. Oscillation analysis

The analysis method here follows from what was pre-
sented in [1]. As described in Sec. I the three flavor
neutrino oscillation formalism is extended to include in-
dependent parameters sin2(✓23) and �m2

32 which only
a↵ect antineutrino oscillations. Any di↵erence between
sin2(✓23) and sin2(✓23) or �m2

32 and �m2
32 could be in-

terpreted as new physics.
With the number of events predicted in the antineu-

trino sample, the uncertainties on the background mod-
els have a non-negligible impact on the measurement of
sin2(✓23) and �m2

32. The largest is the contribution
from the uncertainty on sin2(✓23) and �m2

32 due to the
significant neutrino background in the antineutrino sam-
ple. This provides the motivation for a simultaneous fit
of the neutrino and antineutrino data sets.

The oscillation parameters of interest, sin2(✓23),�m2
32,

sin2(✓23) and�m2
32, are estimated using a maximum like-

lihood fit to the measured reconstructed energy spectra
in the far detector, for neutrino mode and antineutrino
mode µ-like samples. In each case, fits are performed
by maximizing the marginal likelihood in the two dimen-
sional parameter space for each pair of parameters. The
marginal likelihood is obtained by integrating over the
nuisance parameters f with prior probability densities
⇡(f), giving a likelihood as a function of only the rele-
vant oscillation parameters o:

L(o) =
Z binsY

i

Li(o, f)⇥ ⇡(f) df , (1)

where bins denotes the number of analysis bins. All other
oscillation parameters, except �CP , are treated as nui-
sance parameters along with systematic parameters and
are marginalized in the construction of the likelihood.
�CP is fixed to 0 in each fit as it has a negligible impact
on the disappearance spectra at T2K. Oscillation prob-
abilities are calculated using the full three-flavor oscilla-
tion framework [38], with sin2(✓23) and �m2

32 for ⌫, and
sin2(✓23) and �m2

32 for ⌫. Matter e↵ects, almost negli-
gible in this analysis, are included with a matter density
of ⇢ = 2.6 g/cm3 [39].

Confidence regions are constructed for the oscillation
parameters using the constant ��2 method [37]. We
define ��2 = �2 ln(L(o)/max(L)) as the logarithm of
the ratio of the marginal likelihood at a point o in the
sin2(

(

✓
)

23) – �(m)2
32 oscillation parameter space and the

maximum marginal likelihood. The confidence region
is then defined as the area of the oscillation parameter
space for which ��2 is less than a standard critical value.
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FIG. 1. Top: Reconstructed energy distribution of the 135 far
detector ⌫µ-CCQE candidate events (left) and 66 ⌫µ-CCQE
candidate events (right), with predicted spectra for best fit
and no oscillation cases. Bottom: Ratio to unoscillated pre-
dictions.

This method was used as the di↵erence between the con-
fidence regions produced by it and those obtained using
the Feldman-Cousins [40] method was found to be small.
For the Feldman-Cousins method, the critical chi-square
values were calculated for a coarse set of points in the
oscillation parameter space.

IV. RESULTS AND DISCUSSION

The reconstructed energy spectra of the events ob-
served during neutrino and antineutrino running modes
are shown in Figure 1. These are overlaid with the predic-
tions for the best fit values of the oscillation parameters
assuming normal hierarchy, and in the case of no oscilla-
tions. The lower plots in Fig. 1 show the ratio of data
to the unoscillated spectrum.
Assuming normal hierarchy, the best fit values ob-

tained for the parameters describing neutrino oscillations
are sin2(✓23) = 0.51 and �m2

32 = 2.53 ⇥ 10�3eV2/c4

with 68% confidence intervals of 0.44 – 0.59 and 2.40 –
2.68 (⇥10�3eV2/c4) respectively. For the antineutrino
parameters, the best fit values are sin2(✓23) = 0.42 and
�m2

32 = 2.55 ⇥ 10�3eV2/c4 with 68% confidence inter-
vals of 0.35 – 0.67 and 2.28 – 2.88 (⇥10�3eV2/c4) re-
spectively. The values for the inverted hierarchy can
be obtained by replacing �(m)2

32 by ��(m)2
31, e↵ectively

changing the sign of �(m)2
32 and shifting its absolute value

by ��m2
12 = �7.53 ⇥ 10�5 eV2/c4. Those results were

cross-checked using a second, independent, analysis.
A goodness-of-fit test was performed by comparing the

best fit value of the �2 to the values obtained for an
ensemble of toy experiments generated with systematic
variations and statistical fluctuations, giving a p-value of
96%.
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by maximizing the marginal likelihood in the two dimen-
sional parameter space for each pair of parameters. The
marginal likelihood is obtained by integrating over the
nuisance parameters f with prior probability densities
⇡(f), giving a likelihood as a function of only the rele-
vant oscillation parameters o:

L(o) =
Z binsY

i

Li(o, f)⇥ ⇡(f) df , (1)

where bins denotes the number of analysis bins. All other
oscillation parameters, except �CP , are treated as nui-
sance parameters along with systematic parameters and
are marginalized in the construction of the likelihood.
�CP is fixed to 0 in each fit as it has a negligible impact
on the disappearance spectra at T2K. Oscillation prob-
abilities are calculated using the full three-flavor oscilla-
tion framework [38], with sin2(✓23) and �m2

32 for ⌫, and
sin2(✓23) and �m2

32 for ⌫. Matter e↵ects, almost negli-
gible in this analysis, are included with a matter density
of ⇢ = 2.6 g/cm3 [39].

Confidence regions are constructed for the oscillation
parameters using the constant ��2 method [37]. We
define ��2 = �2 ln(L(o)/max(L)) as the logarithm of
the ratio of the marginal likelihood at a point o in the
sin2(

(

✓
)

23) – �(m)2
32 oscillation parameter space and the

maximum marginal likelihood. The confidence region
is then defined as the area of the oscillation parameter
space for which ��2 is less than a standard critical value.
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FIG. 1. Top: Reconstructed energy distribution of the 135 far
detector ⌫µ-CCQE candidate events (left) and 66 ⌫µ-CCQE
candidate events (right), with predicted spectra for best fit
and no oscillation cases. Bottom: Ratio to unoscillated pre-
dictions.

This method was used as the di↵erence between the con-
fidence regions produced by it and those obtained using
the Feldman-Cousins [40] method was found to be small.
For the Feldman-Cousins method, the critical chi-square
values were calculated for a coarse set of points in the
oscillation parameter space.

IV. RESULTS AND DISCUSSION

The reconstructed energy spectra of the events ob-
served during neutrino and antineutrino running modes
are shown in Figure 1. These are overlaid with the predic-
tions for the best fit values of the oscillation parameters
assuming normal hierarchy, and in the case of no oscilla-
tions. The lower plots in Fig. 1 show the ratio of data
to the unoscillated spectrum.
Assuming normal hierarchy, the best fit values ob-

tained for the parameters describing neutrino oscillations
are sin2(✓23) = 0.51 and �m2

32 = 2.53 ⇥ 10�3eV2/c4

with 68% confidence intervals of 0.44 – 0.59 and 2.40 –
2.68 (⇥10�3eV2/c4) respectively. For the antineutrino
parameters, the best fit values are sin2(✓23) = 0.42 and
�m2

32 = 2.55 ⇥ 10�3eV2/c4 with 68% confidence inter-
vals of 0.35 – 0.67 and 2.28 – 2.88 (⇥10�3eV2/c4) re-
spectively. The values for the inverted hierarchy can
be obtained by replacing �(m)2

32 by ��(m)2
31, e↵ectively

changing the sign of �(m)2
32 and shifting its absolute value

by ��m2
12 = �7.53 ⇥ 10�5 eV2/c4. Those results were

cross-checked using a second, independent, analysis.
A goodness-of-fit test was performed by comparing the

best fit value of the �2 to the values obtained for an
ensemble of toy experiments generated with systematic
variations and statistical fluctuations, giving a p-value of
96%.
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Table III summarizes the fractional error on the ex-
pected number of SK events using a 1� variation of the
flux, cross-section, and far detector uncertainties.

E. Oscillation analysis

The analysis method here follows from what was pre-
sented in [1]. As described in Sec. I the three flavor
neutrino oscillation formalism is extended to include in-
dependent parameters sin2(✓23) and �m2

32 which only
a↵ect antineutrino oscillations. Any di↵erence between
sin2(✓23) and sin2(✓23) or �m2

32 and �m2
32 could be in-

terpreted as new physics.
With the number of events predicted in the antineu-

trino sample, the uncertainties on the background mod-
els have a non-negligible impact on the measurement of
sin2(✓23) and �m2

32. The largest is the contribution
from the uncertainty on sin2(✓23) and �m2

32 due to the
significant neutrino background in the antineutrino sam-
ple. This provides the motivation for a simultaneous fit
of the neutrino and antineutrino data sets.

The oscillation parameters of interest, sin2(✓23),�m2
32,

sin2(✓23) and�m2
32, are estimated using a maximum like-

lihood fit to the measured reconstructed energy spectra
in the far detector, for neutrino mode and antineutrino
mode µ-like samples. In each case, fits are performed
by maximizing the marginal likelihood in the two dimen-
sional parameter space for each pair of parameters. The
marginal likelihood is obtained by integrating over the
nuisance parameters f with prior probability densities
⇡(f), giving a likelihood as a function of only the rele-
vant oscillation parameters o:

L(o) =
Z binsY

i

Li(o, f)⇥ ⇡(f) df , (1)

where bins denotes the number of analysis bins. All other
oscillation parameters, except �CP , are treated as nui-
sance parameters along with systematic parameters and
are marginalized in the construction of the likelihood.
�CP is fixed to 0 in each fit as it has a negligible impact
on the disappearance spectra at T2K. Oscillation prob-
abilities are calculated using the full three-flavor oscilla-
tion framework [38], with sin2(✓23) and �m2

32 for ⌫, and
sin2(✓23) and �m2

32 for ⌫. Matter e↵ects, almost negli-
gible in this analysis, are included with a matter density
of ⇢ = 2.6 g/cm3 [39].

Confidence regions are constructed for the oscillation
parameters using the constant ��2 method [37]. We
define ��2 = �2 ln(L(o)/max(L)) as the logarithm of
the ratio of the marginal likelihood at a point o in the
sin2(

(

✓
)

23) – �(m)2
32 oscillation parameter space and the

maximum marginal likelihood. The confidence region
is then defined as the area of the oscillation parameter
space for which ��2 is less than a standard critical value.
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FIG. 1. Top: Reconstructed energy distribution of the 135 far
detector ⌫µ-CCQE candidate events (left) and 66 ⌫µ-CCQE
candidate events (right), with predicted spectra for best fit
and no oscillation cases. Bottom: Ratio to unoscillated pre-
dictions.

This method was used as the di↵erence between the con-
fidence regions produced by it and those obtained using
the Feldman-Cousins [40] method was found to be small.
For the Feldman-Cousins method, the critical chi-square
values were calculated for a coarse set of points in the
oscillation parameter space.

IV. RESULTS AND DISCUSSION

The reconstructed energy spectra of the events ob-
served during neutrino and antineutrino running modes
are shown in Figure 1. These are overlaid with the predic-
tions for the best fit values of the oscillation parameters
assuming normal hierarchy, and in the case of no oscilla-
tions. The lower plots in Fig. 1 show the ratio of data
to the unoscillated spectrum.
Assuming normal hierarchy, the best fit values ob-

tained for the parameters describing neutrino oscillations
are sin2(✓23) = 0.51 and �m2

32 = 2.53 ⇥ 10�3eV2/c4

with 68% confidence intervals of 0.44 – 0.59 and 2.40 –
2.68 (⇥10�3eV2/c4) respectively. For the antineutrino
parameters, the best fit values are sin2(✓23) = 0.42 and
�m2

32 = 2.55 ⇥ 10�3eV2/c4 with 68% confidence inter-
vals of 0.35 – 0.67 and 2.28 – 2.88 (⇥10�3eV2/c4) re-
spectively. The values for the inverted hierarchy can
be obtained by replacing �(m)2

32 by ��(m)2
31, e↵ectively

changing the sign of �(m)2
32 and shifting its absolute value

by ��m2
12 = �7.53 ⇥ 10�5 eV2/c4. Those results were

cross-checked using a second, independent, analysis.
A goodness-of-fit test was performed by comparing the

best fit value of the �2 to the values obtained for an
ensemble of toy experiments generated with systematic
variations and statistical fluctuations, giving a p-value of
96%.
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32 due to the
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ple. This provides the motivation for a simultaneous fit
of the neutrino and antineutrino data sets.
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32, are estimated using a maximum like-

lihood fit to the measured reconstructed energy spectra
in the far detector, for neutrino mode and antineutrino
mode µ-like samples. In each case, fits are performed
by maximizing the marginal likelihood in the two dimen-
sional parameter space for each pair of parameters. The
marginal likelihood is obtained by integrating over the
nuisance parameters f with prior probability densities
⇡(f), giving a likelihood as a function of only the rele-
vant oscillation parameters o:

L(o) =
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Li(o, f)⇥ ⇡(f) df , (1)

where bins denotes the number of analysis bins. All other
oscillation parameters, except �CP , are treated as nui-
sance parameters along with systematic parameters and
are marginalized in the construction of the likelihood.
�CP is fixed to 0 in each fit as it has a negligible impact
on the disappearance spectra at T2K. Oscillation prob-
abilities are calculated using the full three-flavor oscilla-
tion framework [38], with sin2(✓23) and �m2

32 for ⌫, and
sin2(✓23) and �m2

32 for ⌫. Matter e↵ects, almost negli-
gible in this analysis, are included with a matter density
of ⇢ = 2.6 g/cm3 [39].

Confidence regions are constructed for the oscillation
parameters using the constant ��2 method [37]. We
define ��2 = �2 ln(L(o)/max(L)) as the logarithm of
the ratio of the marginal likelihood at a point o in the
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is then defined as the area of the oscillation parameter
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FIG. 1. Top: Reconstructed energy distribution of the 135 far
detector ⌫µ-CCQE candidate events (left) and 66 ⌫µ-CCQE
candidate events (right), with predicted spectra for best fit
and no oscillation cases. Bottom: Ratio to unoscillated pre-
dictions.

This method was used as the di↵erence between the con-
fidence regions produced by it and those obtained using
the Feldman-Cousins [40] method was found to be small.
For the Feldman-Cousins method, the critical chi-square
values were calculated for a coarse set of points in the
oscillation parameter space.

IV. RESULTS AND DISCUSSION

The reconstructed energy spectra of the events ob-
served during neutrino and antineutrino running modes
are shown in Figure 1. These are overlaid with the predic-
tions for the best fit values of the oscillation parameters
assuming normal hierarchy, and in the case of no oscilla-
tions. The lower plots in Fig. 1 show the ratio of data
to the unoscillated spectrum.
Assuming normal hierarchy, the best fit values ob-

tained for the parameters describing neutrino oscillations
are sin2(✓23) = 0.51 and �m2

32 = 2.53 ⇥ 10�3eV2/c4

with 68% confidence intervals of 0.44 – 0.59 and 2.40 –
2.68 (⇥10�3eV2/c4) respectively. For the antineutrino
parameters, the best fit values are sin2(✓23) = 0.42 and
�m2

32 = 2.55 ⇥ 10�3eV2/c4 with 68% confidence inter-
vals of 0.35 – 0.67 and 2.28 – 2.88 (⇥10�3eV2/c4) re-
spectively. The values for the inverted hierarchy can
be obtained by replacing �(m)2

32 by ��(m)2
31, e↵ectively

changing the sign of �(m)2
32 and shifting its absolute value

by ��m2
12 = �7.53 ⇥ 10�5 eV2/c4. Those results were

cross-checked using a second, independent, analysis.
A goodness-of-fit test was performed by comparing the

best fit value of the �2 to the values obtained for an
ensemble of toy experiments generated with systematic
variations and statistical fluctuations, giving a p-value of
96%.
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Table III summarizes the fractional error on the ex-
pected number of SK events using a 1� variation of the
flux, cross-section, and far detector uncertainties.

E. Oscillation analysis

The analysis method here follows from what was pre-
sented in [1]. As described in Sec. I the three flavor
neutrino oscillation formalism is extended to include in-
dependent parameters sin2(✓23) and �m2

32 which only
a↵ect antineutrino oscillations. Any di↵erence between
sin2(✓23) and sin2(✓23) or �m2

32 and �m2
32 could be in-

terpreted as new physics.
With the number of events predicted in the antineu-

trino sample, the uncertainties on the background mod-
els have a non-negligible impact on the measurement of
sin2(✓23) and �m2

32. The largest is the contribution
from the uncertainty on sin2(✓23) and �m2

32 due to the
significant neutrino background in the antineutrino sam-
ple. This provides the motivation for a simultaneous fit
of the neutrino and antineutrino data sets.

The oscillation parameters of interest, sin2(✓23),�m2
32,

sin2(✓23) and�m2
32, are estimated using a maximum like-

lihood fit to the measured reconstructed energy spectra
in the far detector, for neutrino mode and antineutrino
mode µ-like samples. In each case, fits are performed
by maximizing the marginal likelihood in the two dimen-
sional parameter space for each pair of parameters. The
marginal likelihood is obtained by integrating over the
nuisance parameters f with prior probability densities
⇡(f), giving a likelihood as a function of only the rele-
vant oscillation parameters o:

L(o) =
Z binsY

i

Li(o, f)⇥ ⇡(f) df , (1)

where bins denotes the number of analysis bins. All other
oscillation parameters, except �CP , are treated as nui-
sance parameters along with systematic parameters and
are marginalized in the construction of the likelihood.
�CP is fixed to 0 in each fit as it has a negligible impact
on the disappearance spectra at T2K. Oscillation prob-
abilities are calculated using the full three-flavor oscilla-
tion framework [38], with sin2(✓23) and �m2

32 for ⌫, and
sin2(✓23) and �m2

32 for ⌫. Matter e↵ects, almost negli-
gible in this analysis, are included with a matter density
of ⇢ = 2.6 g/cm3 [39].

Confidence regions are constructed for the oscillation
parameters using the constant ��2 method [37]. We
define ��2 = �2 ln(L(o)/max(L)) as the logarithm of
the ratio of the marginal likelihood at a point o in the
sin2(

(

✓
)

23) – �(m)2
32 oscillation parameter space and the

maximum marginal likelihood. The confidence region
is then defined as the area of the oscillation parameter
space for which ��2 is less than a standard critical value.
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FIG. 1. Top: Reconstructed energy distribution of the 135 far
detector ⌫µ-CCQE candidate events (left) and 66 ⌫µ-CCQE
candidate events (right), with predicted spectra for best fit
and no oscillation cases. Bottom: Ratio to unoscillated pre-
dictions.

This method was used as the di↵erence between the con-
fidence regions produced by it and those obtained using
the Feldman-Cousins [40] method was found to be small.
For the Feldman-Cousins method, the critical chi-square
values were calculated for a coarse set of points in the
oscillation parameter space.

IV. RESULTS AND DISCUSSION

The reconstructed energy spectra of the events ob-
served during neutrino and antineutrino running modes
are shown in Figure 1. These are overlaid with the predic-
tions for the best fit values of the oscillation parameters
assuming normal hierarchy, and in the case of no oscilla-
tions. The lower plots in Fig. 1 show the ratio of data
to the unoscillated spectrum.
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tained for the parameters describing neutrino oscillations
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with 68% confidence intervals of 0.44 – 0.59 and 2.40 –
2.68 (⇥10�3eV2/c4) respectively. For the antineutrino
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A goodness-of-fit test was performed by comparing the

best fit value of the �2 to the values obtained for an
ensemble of toy experiments generated with systematic
variations and statistical fluctuations, giving a p-value of
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abilities are calculated using the full three-flavor oscilla-
tion framework [38], with sin2(✓23) and �m2

32 for ⌫, and
sin2(✓23) and �m2

32 for ⌫. Matter e↵ects, almost negli-
gible in this analysis, are included with a matter density
of ⇢ = 2.6 g/cm3 [39].

Confidence regions are constructed for the oscillation
parameters using the constant ��2 method [37]. We
define ��2 = �2 ln(L(o)/max(L)) as the logarithm of
the ratio of the marginal likelihood at a point o in the
sin2(

(

✓
)

23) – �(m)2
32 oscillation parameter space and the

maximum marginal likelihood. The confidence region
is then defined as the area of the oscillation parameter
space for which ��2 is less than a standard critical value.
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FIG. 1. Top: Reconstructed energy distribution of the 135 far
detector ⌫µ-CCQE candidate events (left) and 66 ⌫µ-CCQE
candidate events (right), with predicted spectra for best fit
and no oscillation cases. Bottom: Ratio to unoscillated pre-
dictions.

This method was used as the di↵erence between the con-
fidence regions produced by it and those obtained using
the Feldman-Cousins [40] method was found to be small.
For the Feldman-Cousins method, the critical chi-square
values were calculated for a coarse set of points in the
oscillation parameter space.

IV. RESULTS AND DISCUSSION

The reconstructed energy spectra of the events ob-
served during neutrino and antineutrino running modes
are shown in Figure 1. These are overlaid with the predic-
tions for the best fit values of the oscillation parameters
assuming normal hierarchy, and in the case of no oscilla-
tions. The lower plots in Fig. 1 show the ratio of data
to the unoscillated spectrum.
Assuming normal hierarchy, the best fit values ob-

tained for the parameters describing neutrino oscillations
are sin2(✓23) = 0.51 and �m2

32 = 2.53 ⇥ 10�3eV2/c4

with 68% confidence intervals of 0.44 – 0.59 and 2.40 –
2.68 (⇥10�3eV2/c4) respectively. For the antineutrino
parameters, the best fit values are sin2(✓23) = 0.42 and
�m2

32 = 2.55 ⇥ 10�3eV2/c4 with 68% confidence inter-
vals of 0.35 – 0.67 and 2.28 – 2.88 (⇥10�3eV2/c4) re-
spectively. The values for the inverted hierarchy can
be obtained by replacing �(m)2

32 by ��(m)2
31, e↵ectively

changing the sign of �(m)2
32 and shifting its absolute value

by ��m2
12 = �7.53 ⇥ 10�5 eV2/c4. Those results were

cross-checked using a second, independent, analysis.
A goodness-of-fit test was performed by comparing the

best fit value of the �2 to the values obtained for an
ensemble of toy experiments generated with systematic
variations and statistical fluctuations, giving a p-value of
96%.
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Table III summarizes the fractional error on the ex-
pected number of SK events using a 1� variation of the
flux, cross-section, and far detector uncertainties.

E. Oscillation analysis

The analysis method here follows from what was pre-
sented in [1]. As described in Sec. I the three flavor
neutrino oscillation formalism is extended to include in-
dependent parameters sin2(✓23) and �m2

32 which only
a↵ect antineutrino oscillations. Any di↵erence between
sin2(✓23) and sin2(✓23) or �m2

32 and �m2
32 could be in-

terpreted as new physics.
With the number of events predicted in the antineu-

trino sample, the uncertainties on the background mod-
els have a non-negligible impact on the measurement of
sin2(✓23) and �m2

32. The largest is the contribution
from the uncertainty on sin2(✓23) and �m2

32 due to the
significant neutrino background in the antineutrino sam-
ple. This provides the motivation for a simultaneous fit
of the neutrino and antineutrino data sets.

The oscillation parameters of interest, sin2(✓23),�m2
32,

sin2(✓23) and�m2
32, are estimated using a maximum like-

lihood fit to the measured reconstructed energy spectra
in the far detector, for neutrino mode and antineutrino
mode µ-like samples. In each case, fits are performed
by maximizing the marginal likelihood in the two dimen-
sional parameter space for each pair of parameters. The
marginal likelihood is obtained by integrating over the
nuisance parameters f with prior probability densities
⇡(f), giving a likelihood as a function of only the rele-
vant oscillation parameters o:

L(o) =
Z binsY

i

Li(o, f)⇥ ⇡(f) df , (1)

where bins denotes the number of analysis bins. All other
oscillation parameters, except �CP , are treated as nui-
sance parameters along with systematic parameters and
are marginalized in the construction of the likelihood.
�CP is fixed to 0 in each fit as it has a negligible impact
on the disappearance spectra at T2K. Oscillation prob-
abilities are calculated using the full three-flavor oscilla-
tion framework [38], with sin2(✓23) and �m2

32 for ⌫, and
sin2(✓23) and �m2

32 for ⌫. Matter e↵ects, almost negli-
gible in this analysis, are included with a matter density
of ⇢ = 2.6 g/cm3 [39].

Confidence regions are constructed for the oscillation
parameters using the constant ��2 method [37]. We
define ��2 = �2 ln(L(o)/max(L)) as the logarithm of
the ratio of the marginal likelihood at a point o in the
sin2(

(

✓
)

23) – �(m)2
32 oscillation parameter space and the

maximum marginal likelihood. The confidence region
is then defined as the area of the oscillation parameter
space for which ��2 is less than a standard critical value.
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FIG. 1. Top: Reconstructed energy distribution of the 135 far
detector ⌫µ-CCQE candidate events (left) and 66 ⌫µ-CCQE
candidate events (right), with predicted spectra for best fit
and no oscillation cases. Bottom: Ratio to unoscillated pre-
dictions.

This method was used as the di↵erence between the con-
fidence regions produced by it and those obtained using
the Feldman-Cousins [40] method was found to be small.
For the Feldman-Cousins method, the critical chi-square
values were calculated for a coarse set of points in the
oscillation parameter space.

IV. RESULTS AND DISCUSSION

The reconstructed energy spectra of the events ob-
served during neutrino and antineutrino running modes
are shown in Figure 1. These are overlaid with the predic-
tions for the best fit values of the oscillation parameters
assuming normal hierarchy, and in the case of no oscilla-
tions. The lower plots in Fig. 1 show the ratio of data
to the unoscillated spectrum.
Assuming normal hierarchy, the best fit values ob-

tained for the parameters describing neutrino oscillations
are sin2(✓23) = 0.51 and �m2

32 = 2.53 ⇥ 10�3eV2/c4

with 68% confidence intervals of 0.44 – 0.59 and 2.40 –
2.68 (⇥10�3eV2/c4) respectively. For the antineutrino
parameters, the best fit values are sin2(✓23) = 0.42 and
�m2

32 = 2.55 ⇥ 10�3eV2/c4 with 68% confidence inter-
vals of 0.35 – 0.67 and 2.28 – 2.88 (⇥10�3eV2/c4) re-
spectively. The values for the inverted hierarchy can
be obtained by replacing �(m)2

32 by ��(m)2
31, e↵ectively

changing the sign of �(m)2
32 and shifting its absolute value

by ��m2
12 = �7.53 ⇥ 10�5 eV2/c4. Those results were

cross-checked using a second, independent, analysis.
A goodness-of-fit test was performed by comparing the

best fit value of the �2 to the values obtained for an
ensemble of toy experiments generated with systematic
variations and statistical fluctuations, giving a p-value of
96%.

6

Table III summarizes the fractional error on the ex-
pected number of SK events using a 1� variation of the
flux, cross-section, and far detector uncertainties.
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32 which only
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trino sample, the uncertainties on the background mod-
els have a non-negligible impact on the measurement of
sin2(✓23) and �m2

32. The largest is the contribution
from the uncertainty on sin2(✓23) and �m2

32 due to the
significant neutrino background in the antineutrino sam-
ple. This provides the motivation for a simultaneous fit
of the neutrino and antineutrino data sets.

The oscillation parameters of interest, sin2(✓23),�m2
32,

sin2(✓23) and�m2
32, are estimated using a maximum like-

lihood fit to the measured reconstructed energy spectra
in the far detector, for neutrino mode and antineutrino
mode µ-like samples. In each case, fits are performed
by maximizing the marginal likelihood in the two dimen-
sional parameter space for each pair of parameters. The
marginal likelihood is obtained by integrating over the
nuisance parameters f with prior probability densities
⇡(f), giving a likelihood as a function of only the rele-
vant oscillation parameters o:

L(o) =
Z binsY

i

Li(o, f)⇥ ⇡(f) df , (1)

where bins denotes the number of analysis bins. All other
oscillation parameters, except �CP , are treated as nui-
sance parameters along with systematic parameters and
are marginalized in the construction of the likelihood.
�CP is fixed to 0 in each fit as it has a negligible impact
on the disappearance spectra at T2K. Oscillation prob-
abilities are calculated using the full three-flavor oscilla-
tion framework [38], with sin2(✓23) and �m2

32 for ⌫, and
sin2(✓23) and �m2

32 for ⌫. Matter e↵ects, almost negli-
gible in this analysis, are included with a matter density
of ⇢ = 2.6 g/cm3 [39].

Confidence regions are constructed for the oscillation
parameters using the constant ��2 method [37]. We
define ��2 = �2 ln(L(o)/max(L)) as the logarithm of
the ratio of the marginal likelihood at a point o in the
sin2(
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)

23) – �(m)2
32 oscillation parameter space and the

maximum marginal likelihood. The confidence region
is then defined as the area of the oscillation parameter
space for which ��2 is less than a standard critical value.
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FIG. 1. Top: Reconstructed energy distribution of the 135 far
detector ⌫µ-CCQE candidate events (left) and 66 ⌫µ-CCQE
candidate events (right), with predicted spectra for best fit
and no oscillation cases. Bottom: Ratio to unoscillated pre-
dictions.

This method was used as the di↵erence between the con-
fidence regions produced by it and those obtained using
the Feldman-Cousins [40] method was found to be small.
For the Feldman-Cousins method, the critical chi-square
values were calculated for a coarse set of points in the
oscillation parameter space.

IV. RESULTS AND DISCUSSION

The reconstructed energy spectra of the events ob-
served during neutrino and antineutrino running modes
are shown in Figure 1. These are overlaid with the predic-
tions for the best fit values of the oscillation parameters
assuming normal hierarchy, and in the case of no oscilla-
tions. The lower plots in Fig. 1 show the ratio of data
to the unoscillated spectrum.
Assuming normal hierarchy, the best fit values ob-

tained for the parameters describing neutrino oscillations
are sin2(✓23) = 0.51 and �m2

32 = 2.53 ⇥ 10�3eV2/c4

with 68% confidence intervals of 0.44 – 0.59 and 2.40 –
2.68 (⇥10�3eV2/c4) respectively. For the antineutrino
parameters, the best fit values are sin2(✓23) = 0.42 and
�m2

32 = 2.55 ⇥ 10�3eV2/c4 with 68% confidence inter-
vals of 0.35 – 0.67 and 2.28 – 2.88 (⇥10�3eV2/c4) re-
spectively. The values for the inverted hierarchy can
be obtained by replacing �(m)2

32 by ��(m)2
31, e↵ectively

changing the sign of �(m)2
32 and shifting its absolute value

by ��m2
12 = �7.53 ⇥ 10�5 eV2/c4. Those results were

cross-checked using a second, independent, analysis.
A goodness-of-fit test was performed by comparing the

best fit value of the �2 to the values obtained for an
ensemble of toy experiments generated with systematic
variations and statistical fluctuations, giving a p-value of
96%.
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Table III summarizes the fractional error on the ex-
pected number of SK events using a 1� variation of the
flux, cross-section, and far detector uncertainties.

E. Oscillation analysis

The analysis method here follows from what was pre-
sented in [1]. As described in Sec. I the three flavor
neutrino oscillation formalism is extended to include in-
dependent parameters sin2(✓23) and �m2

32 which only
a↵ect antineutrino oscillations. Any di↵erence between
sin2(✓23) and sin2(✓23) or �m2

32 and �m2
32 could be in-

terpreted as new physics.
With the number of events predicted in the antineu-

trino sample, the uncertainties on the background mod-
els have a non-negligible impact on the measurement of
sin2(✓23) and �m2

32. The largest is the contribution
from the uncertainty on sin2(✓23) and �m2

32 due to the
significant neutrino background in the antineutrino sam-
ple. This provides the motivation for a simultaneous fit
of the neutrino and antineutrino data sets.

The oscillation parameters of interest, sin2(✓23),�m2
32,

sin2(✓23) and�m2
32, are estimated using a maximum like-

lihood fit to the measured reconstructed energy spectra
in the far detector, for neutrino mode and antineutrino
mode µ-like samples. In each case, fits are performed
by maximizing the marginal likelihood in the two dimen-
sional parameter space for each pair of parameters. The
marginal likelihood is obtained by integrating over the
nuisance parameters f with prior probability densities
⇡(f), giving a likelihood as a function of only the rele-
vant oscillation parameters o:

L(o) =
Z binsY

i

Li(o, f)⇥ ⇡(f) df , (1)

where bins denotes the number of analysis bins. All other
oscillation parameters, except �CP , are treated as nui-
sance parameters along with systematic parameters and
are marginalized in the construction of the likelihood.
�CP is fixed to 0 in each fit as it has a negligible impact
on the disappearance spectra at T2K. Oscillation prob-
abilities are calculated using the full three-flavor oscilla-
tion framework [38], with sin2(✓23) and �m2

32 for ⌫, and
sin2(✓23) and �m2

32 for ⌫. Matter e↵ects, almost negli-
gible in this analysis, are included with a matter density
of ⇢ = 2.6 g/cm3 [39].

Confidence regions are constructed for the oscillation
parameters using the constant ��2 method [37]. We
define ��2 = �2 ln(L(o)/max(L)) as the logarithm of
the ratio of the marginal likelihood at a point o in the
sin2(

(

✓
)

23) – �(m)2
32 oscillation parameter space and the

maximum marginal likelihood. The confidence region
is then defined as the area of the oscillation parameter
space for which ��2 is less than a standard critical value.
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FIG. 1. Top: Reconstructed energy distribution of the 135 far
detector ⌫µ-CCQE candidate events (left) and 66 ⌫µ-CCQE
candidate events (right), with predicted spectra for best fit
and no oscillation cases. Bottom: Ratio to unoscillated pre-
dictions.

This method was used as the di↵erence between the con-
fidence regions produced by it and those obtained using
the Feldman-Cousins [40] method was found to be small.
For the Feldman-Cousins method, the critical chi-square
values were calculated for a coarse set of points in the
oscillation parameter space.

IV. RESULTS AND DISCUSSION

The reconstructed energy spectra of the events ob-
served during neutrino and antineutrino running modes
are shown in Figure 1. These are overlaid with the predic-
tions for the best fit values of the oscillation parameters
assuming normal hierarchy, and in the case of no oscilla-
tions. The lower plots in Fig. 1 show the ratio of data
to the unoscillated spectrum.
Assuming normal hierarchy, the best fit values ob-

tained for the parameters describing neutrino oscillations
are sin2(✓23) = 0.51 and �m2

32 = 2.53 ⇥ 10�3eV2/c4

with 68% confidence intervals of 0.44 – 0.59 and 2.40 –
2.68 (⇥10�3eV2/c4) respectively. For the antineutrino
parameters, the best fit values are sin2(✓23) = 0.42 and
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32 = 2.55 ⇥ 10�3eV2/c4 with 68% confidence inter-
vals of 0.35 – 0.67 and 2.28 – 2.88 (⇥10�3eV2/c4) re-
spectively. The values for the inverted hierarchy can
be obtained by replacing �(m)2
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31, e↵ectively

changing the sign of �(m)2
32 and shifting its absolute value

by ��m2
12 = �7.53 ⇥ 10�5 eV2/c4. Those results were

cross-checked using a second, independent, analysis.
A goodness-of-fit test was performed by comparing the

best fit value of the �2 to the values obtained for an
ensemble of toy experiments generated with systematic
variations and statistical fluctuations, giving a p-value of
96%.
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With the number of events predicted in the antineu-
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32. The largest is the contribution
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32 due to the
significant neutrino background in the antineutrino sam-
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lihood fit to the measured reconstructed energy spectra
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marginal likelihood is obtained by integrating over the
nuisance parameters f with prior probability densities
⇡(f), giving a likelihood as a function of only the rele-
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L(o) =
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where bins denotes the number of analysis bins. All other
oscillation parameters, except �CP , are treated as nui-
sance parameters along with systematic parameters and
are marginalized in the construction of the likelihood.
�CP is fixed to 0 in each fit as it has a negligible impact
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abilities are calculated using the full three-flavor oscilla-
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gible in this analysis, are included with a matter density
of ⇢ = 2.6 g/cm3 [39].
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parameters using the constant ��2 method [37]. We
define ��2 = �2 ln(L(o)/max(L)) as the logarithm of
the ratio of the marginal likelihood at a point o in the
sin2(
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)

23) – �(m)2
32 oscillation parameter space and the

maximum marginal likelihood. The confidence region
is then defined as the area of the oscillation parameter
space for which ��2 is less than a standard critical value.
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FIG. 1. Top: Reconstructed energy distribution of the 135 far
detector ⌫µ-CCQE candidate events (left) and 66 ⌫µ-CCQE
candidate events (right), with predicted spectra for best fit
and no oscillation cases. Bottom: Ratio to unoscillated pre-
dictions.

This method was used as the di↵erence between the con-
fidence regions produced by it and those obtained using
the Feldman-Cousins [40] method was found to be small.
For the Feldman-Cousins method, the critical chi-square
values were calculated for a coarse set of points in the
oscillation parameter space.

IV. RESULTS AND DISCUSSION

The reconstructed energy spectra of the events ob-
served during neutrino and antineutrino running modes
are shown in Figure 1. These are overlaid with the predic-
tions for the best fit values of the oscillation parameters
assuming normal hierarchy, and in the case of no oscilla-
tions. The lower plots in Fig. 1 show the ratio of data
to the unoscillated spectrum.
Assuming normal hierarchy, the best fit values ob-

tained for the parameters describing neutrino oscillations
are sin2(✓23) = 0.51 and �m2

32 = 2.53 ⇥ 10�3eV2/c4

with 68% confidence intervals of 0.44 – 0.59 and 2.40 –
2.68 (⇥10�3eV2/c4) respectively. For the antineutrino
parameters, the best fit values are sin2(✓23) = 0.42 and
�m2

32 = 2.55 ⇥ 10�3eV2/c4 with 68% confidence inter-
vals of 0.35 – 0.67 and 2.28 – 2.88 (⇥10�3eV2/c4) re-
spectively. The values for the inverted hierarchy can
be obtained by replacing �(m)2

32 by ��(m)2
31, e↵ectively

changing the sign of �(m)2
32 and shifting its absolute value

by ��m2
12 = �7.53 ⇥ 10�5 eV2/c4. Those results were

cross-checked using a second, independent, analysis.
A goodness-of-fit test was performed by comparing the

best fit value of the �2 to the values obtained for an
ensemble of toy experiments generated with systematic
variations and statistical fluctuations, giving a p-value of
96%.
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Table III summarizes the fractional error on the ex-
pected number of SK events using a 1� variation of the
flux, cross-section, and far detector uncertainties.

E. Oscillation analysis

The analysis method here follows from what was pre-
sented in [1]. As described in Sec. I the three flavor
neutrino oscillation formalism is extended to include in-
dependent parameters sin2(✓23) and �m2

32 which only
a↵ect antineutrino oscillations. Any di↵erence between
sin2(✓23) and sin2(✓23) or �m2

32 and �m2
32 could be in-

terpreted as new physics.
With the number of events predicted in the antineu-

trino sample, the uncertainties on the background mod-
els have a non-negligible impact on the measurement of
sin2(✓23) and �m2

32. The largest is the contribution
from the uncertainty on sin2(✓23) and �m2

32 due to the
significant neutrino background in the antineutrino sam-
ple. This provides the motivation for a simultaneous fit
of the neutrino and antineutrino data sets.

The oscillation parameters of interest, sin2(✓23),�m2
32,

sin2(✓23) and�m2
32, are estimated using a maximum like-

lihood fit to the measured reconstructed energy spectra
in the far detector, for neutrino mode and antineutrino
mode µ-like samples. In each case, fits are performed
by maximizing the marginal likelihood in the two dimen-
sional parameter space for each pair of parameters. The
marginal likelihood is obtained by integrating over the
nuisance parameters f with prior probability densities
⇡(f), giving a likelihood as a function of only the rele-
vant oscillation parameters o:

L(o) =
Z binsY

i

Li(o, f)⇥ ⇡(f) df , (1)

where bins denotes the number of analysis bins. All other
oscillation parameters, except �CP , are treated as nui-
sance parameters along with systematic parameters and
are marginalized in the construction of the likelihood.
�CP is fixed to 0 in each fit as it has a negligible impact
on the disappearance spectra at T2K. Oscillation prob-
abilities are calculated using the full three-flavor oscilla-
tion framework [38], with sin2(✓23) and �m2

32 for ⌫, and
sin2(✓23) and �m2

32 for ⌫. Matter e↵ects, almost negli-
gible in this analysis, are included with a matter density
of ⇢ = 2.6 g/cm3 [39].

Confidence regions are constructed for the oscillation
parameters using the constant ��2 method [37]. We
define ��2 = �2 ln(L(o)/max(L)) as the logarithm of
the ratio of the marginal likelihood at a point o in the
sin2(

(

✓
)

23) – �(m)2
32 oscillation parameter space and the

maximum marginal likelihood. The confidence region
is then defined as the area of the oscillation parameter
space for which ��2 is less than a standard critical value.

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

Ev
en

ts
 / 

0.
1 

(G
eV

)

0

10

20

30

40

50

60

70

80

 beam-modeν

POT)2010×(7.482

 Energy (GeV)µνReconstructed 
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5R

at
io

 to
 N

o 
O

sc
.

0
0.5
1

1.5
2 0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 50

5

10

15

20

25

Data
Best fit oscillations
No oscillations

 beam-modeν

POT)2010×(7.471

 Energy (GeV)µνReconstructed 
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 50

0.5
1
1.5
2
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candidate events (right), with predicted spectra for best fit
and no oscillation cases. Bottom: Ratio to unoscillated pre-
dictions.

This method was used as the di↵erence between the con-
fidence regions produced by it and those obtained using
the Feldman-Cousins [40] method was found to be small.
For the Feldman-Cousins method, the critical chi-square
values were calculated for a coarse set of points in the
oscillation parameter space.

IV. RESULTS AND DISCUSSION

The reconstructed energy spectra of the events ob-
served during neutrino and antineutrino running modes
are shown in Figure 1. These are overlaid with the predic-
tions for the best fit values of the oscillation parameters
assuming normal hierarchy, and in the case of no oscilla-
tions. The lower plots in Fig. 1 show the ratio of data
to the unoscillated spectrum.
Assuming normal hierarchy, the best fit values ob-

tained for the parameters describing neutrino oscillations
are sin2(✓23) = 0.51 and �m2

32 = 2.53 ⇥ 10�3eV2/c4

with 68% confidence intervals of 0.44 – 0.59 and 2.40 –
2.68 (⇥10�3eV2/c4) respectively. For the antineutrino
parameters, the best fit values are sin2(✓23) = 0.42 and
�m2

32 = 2.55 ⇥ 10�3eV2/c4 with 68% confidence inter-
vals of 0.35 – 0.67 and 2.28 – 2.88 (⇥10�3eV2/c4) re-
spectively. The values for the inverted hierarchy can
be obtained by replacing �(m)2

32 by ��(m)2
31, e↵ectively

changing the sign of �(m)2
32 and shifting its absolute value

by ��m2
12 = �7.53 ⇥ 10�5 eV2/c4. Those results were

cross-checked using a second, independent, analysis.
A goodness-of-fit test was performed by comparing the

best fit value of the �2 to the values obtained for an
ensemble of toy experiments generated with systematic
variations and statistical fluctuations, giving a p-value of
96%.
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els have a non-negligible impact on the measurement of
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32. The largest is the contribution
from the uncertainty on sin2(✓23) and �m2

32 due to the
significant neutrino background in the antineutrino sam-
ple. This provides the motivation for a simultaneous fit
of the neutrino and antineutrino data sets.
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32, are estimated using a maximum like-

lihood fit to the measured reconstructed energy spectra
in the far detector, for neutrino mode and antineutrino
mode µ-like samples. In each case, fits are performed
by maximizing the marginal likelihood in the two dimen-
sional parameter space for each pair of parameters. The
marginal likelihood is obtained by integrating over the
nuisance parameters f with prior probability densities
⇡(f), giving a likelihood as a function of only the rele-
vant oscillation parameters o:

L(o) =
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Li(o, f)⇥ ⇡(f) df , (1)

where bins denotes the number of analysis bins. All other
oscillation parameters, except �CP , are treated as nui-
sance parameters along with systematic parameters and
are marginalized in the construction of the likelihood.
�CP is fixed to 0 in each fit as it has a negligible impact
on the disappearance spectra at T2K. Oscillation prob-
abilities are calculated using the full three-flavor oscilla-
tion framework [38], with sin2(✓23) and �m2

32 for ⌫, and
sin2(✓23) and �m2

32 for ⌫. Matter e↵ects, almost negli-
gible in this analysis, are included with a matter density
of ⇢ = 2.6 g/cm3 [39].

Confidence regions are constructed for the oscillation
parameters using the constant ��2 method [37]. We
define ��2 = �2 ln(L(o)/max(L)) as the logarithm of
the ratio of the marginal likelihood at a point o in the
sin2(
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32 oscillation parameter space and the

maximum marginal likelihood. The confidence region
is then defined as the area of the oscillation parameter
space for which ��2 is less than a standard critical value.
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FIG. 1. Top: Reconstructed energy distribution of the 135 far
detector ⌫µ-CCQE candidate events (left) and 66 ⌫µ-CCQE
candidate events (right), with predicted spectra for best fit
and no oscillation cases. Bottom: Ratio to unoscillated pre-
dictions.

This method was used as the di↵erence between the con-
fidence regions produced by it and those obtained using
the Feldman-Cousins [40] method was found to be small.
For the Feldman-Cousins method, the critical chi-square
values were calculated for a coarse set of points in the
oscillation parameter space.

IV. RESULTS AND DISCUSSION

The reconstructed energy spectra of the events ob-
served during neutrino and antineutrino running modes
are shown in Figure 1. These are overlaid with the predic-
tions for the best fit values of the oscillation parameters
assuming normal hierarchy, and in the case of no oscilla-
tions. The lower plots in Fig. 1 show the ratio of data
to the unoscillated spectrum.
Assuming normal hierarchy, the best fit values ob-

tained for the parameters describing neutrino oscillations
are sin2(✓23) = 0.51 and �m2

32 = 2.53 ⇥ 10�3eV2/c4

with 68% confidence intervals of 0.44 – 0.59 and 2.40 –
2.68 (⇥10�3eV2/c4) respectively. For the antineutrino
parameters, the best fit values are sin2(✓23) = 0.42 and
�m2

32 = 2.55 ⇥ 10�3eV2/c4 with 68% confidence inter-
vals of 0.35 – 0.67 and 2.28 – 2.88 (⇥10�3eV2/c4) re-
spectively. The values for the inverted hierarchy can
be obtained by replacing �(m)2

32 by ��(m)2
31, e↵ectively

changing the sign of �(m)2
32 and shifting its absolute value

by ��m2
12 = �7.53 ⇥ 10�5 eV2/c4. Those results were

cross-checked using a second, independent, analysis.
A goodness-of-fit test was performed by comparing the

best fit value of the �2 to the values obtained for an
ensemble of toy experiments generated with systematic
variations and statistical fluctuations, giving a p-value of
96%.
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Table III summarizes the fractional error on the ex-
pected number of SK events using a 1� variation of the
flux, cross-section, and far detector uncertainties.

E. Oscillation analysis

The analysis method here follows from what was pre-
sented in [1]. As described in Sec. I the three flavor
neutrino oscillation formalism is extended to include in-
dependent parameters sin2(✓23) and �m2

32 which only
a↵ect antineutrino oscillations. Any di↵erence between
sin2(✓23) and sin2(✓23) or �m2

32 and �m2
32 could be in-

terpreted as new physics.
With the number of events predicted in the antineu-

trino sample, the uncertainties on the background mod-
els have a non-negligible impact on the measurement of
sin2(✓23) and �m2

32. The largest is the contribution
from the uncertainty on sin2(✓23) and �m2

32 due to the
significant neutrino background in the antineutrino sam-
ple. This provides the motivation for a simultaneous fit
of the neutrino and antineutrino data sets.

The oscillation parameters of interest, sin2(✓23),�m2
32,

sin2(✓23) and�m2
32, are estimated using a maximum like-

lihood fit to the measured reconstructed energy spectra
in the far detector, for neutrino mode and antineutrino
mode µ-like samples. In each case, fits are performed
by maximizing the marginal likelihood in the two dimen-
sional parameter space for each pair of parameters. The
marginal likelihood is obtained by integrating over the
nuisance parameters f with prior probability densities
⇡(f), giving a likelihood as a function of only the rele-
vant oscillation parameters o:

L(o) =
Z binsY

i

Li(o, f)⇥ ⇡(f) df , (1)

where bins denotes the number of analysis bins. All other
oscillation parameters, except �CP , are treated as nui-
sance parameters along with systematic parameters and
are marginalized in the construction of the likelihood.
�CP is fixed to 0 in each fit as it has a negligible impact
on the disappearance spectra at T2K. Oscillation prob-
abilities are calculated using the full three-flavor oscilla-
tion framework [38], with sin2(✓23) and �m2

32 for ⌫, and
sin2(✓23) and �m2

32 for ⌫. Matter e↵ects, almost negli-
gible in this analysis, are included with a matter density
of ⇢ = 2.6 g/cm3 [39].

Confidence regions are constructed for the oscillation
parameters using the constant ��2 method [37]. We
define ��2 = �2 ln(L(o)/max(L)) as the logarithm of
the ratio of the marginal likelihood at a point o in the
sin2(

(

✓
)

23) – �(m)2
32 oscillation parameter space and the

maximum marginal likelihood. The confidence region
is then defined as the area of the oscillation parameter
space for which ��2 is less than a standard critical value.
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FIG. 1. Top: Reconstructed energy distribution of the 135 far
detector ⌫µ-CCQE candidate events (left) and 66 ⌫µ-CCQE
candidate events (right), with predicted spectra for best fit
and no oscillation cases. Bottom: Ratio to unoscillated pre-
dictions.

This method was used as the di↵erence between the con-
fidence regions produced by it and those obtained using
the Feldman-Cousins [40] method was found to be small.
For the Feldman-Cousins method, the critical chi-square
values were calculated for a coarse set of points in the
oscillation parameter space.
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The reconstructed energy spectra of the events ob-
served during neutrino and antineutrino running modes
are shown in Figure 1. These are overlaid with the predic-
tions for the best fit values of the oscillation parameters
assuming normal hierarchy, and in the case of no oscilla-
tions. The lower plots in Fig. 1 show the ratio of data
to the unoscillated spectrum.
Assuming normal hierarchy, the best fit values ob-

tained for the parameters describing neutrino oscillations
are sin2(✓23) = 0.51 and �m2

32 = 2.53 ⇥ 10�3eV2/c4

with 68% confidence intervals of 0.44 – 0.59 and 2.40 –
2.68 (⇥10�3eV2/c4) respectively. For the antineutrino
parameters, the best fit values are sin2(✓23) = 0.42 and
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32 = 2.55 ⇥ 10�3eV2/c4 with 68% confidence inter-
vals of 0.35 – 0.67 and 2.28 – 2.88 (⇥10�3eV2/c4) re-
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32 and shifting its absolute value
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12 = �7.53 ⇥ 10�5 eV2/c4. Those results were

cross-checked using a second, independent, analysis.
A goodness-of-fit test was performed by comparing the

best fit value of the �2 to the values obtained for an
ensemble of toy experiments generated with systematic
variations and statistical fluctuations, giving a p-value of
96%.
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With the number of events predicted in the antineu-

trino sample, the uncertainties on the background mod-
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32. The largest is the contribution
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32 due to the
significant neutrino background in the antineutrino sam-
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marginal likelihood is obtained by integrating over the
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⇡(f), giving a likelihood as a function of only the rele-
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L(o) =
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where bins denotes the number of analysis bins. All other
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sance parameters along with systematic parameters and
are marginalized in the construction of the likelihood.
�CP is fixed to 0 in each fit as it has a negligible impact
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parameters using the constant ��2 method [37]. We
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FIG. 1. Top: Reconstructed energy distribution of the 135 far
detector ⌫µ-CCQE candidate events (left) and 66 ⌫µ-CCQE
candidate events (right), with predicted spectra for best fit
and no oscillation cases. Bottom: Ratio to unoscillated pre-
dictions.

This method was used as the di↵erence between the con-
fidence regions produced by it and those obtained using
the Feldman-Cousins [40] method was found to be small.
For the Feldman-Cousins method, the critical chi-square
values were calculated for a coarse set of points in the
oscillation parameter space.

IV. RESULTS AND DISCUSSION

The reconstructed energy spectra of the events ob-
served during neutrino and antineutrino running modes
are shown in Figure 1. These are overlaid with the predic-
tions for the best fit values of the oscillation parameters
assuming normal hierarchy, and in the case of no oscilla-
tions. The lower plots in Fig. 1 show the ratio of data
to the unoscillated spectrum.
Assuming normal hierarchy, the best fit values ob-

tained for the parameters describing neutrino oscillations
are sin2(✓23) = 0.51 and �m2

32 = 2.53 ⇥ 10�3eV2/c4

with 68% confidence intervals of 0.44 – 0.59 and 2.40 –
2.68 (⇥10�3eV2/c4) respectively. For the antineutrino
parameters, the best fit values are sin2(✓23) = 0.42 and
�m2

32 = 2.55 ⇥ 10�3eV2/c4 with 68% confidence inter-
vals of 0.35 – 0.67 and 2.28 – 2.88 (⇥10�3eV2/c4) re-
spectively. The values for the inverted hierarchy can
be obtained by replacing �(m)2

32 by ��(m)2
31, e↵ectively

changing the sign of �(m)2
32 and shifting its absolute value

by ��m2
12 = �7.53 ⇥ 10�5 eV2/c4. Those results were

cross-checked using a second, independent, analysis.
A goodness-of-fit test was performed by comparing the

best fit value of the �2 to the values obtained for an
ensemble of toy experiments generated with systematic
variations and statistical fluctuations, giving a p-value of
96%.
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Table III summarizes the fractional error on the ex-
pected number of SK events using a 1� variation of the
flux, cross-section, and far detector uncertainties.

E. Oscillation analysis

The analysis method here follows from what was pre-
sented in [1]. As described in Sec. I the three flavor
neutrino oscillation formalism is extended to include in-
dependent parameters sin2(✓23) and �m2

32 which only
a↵ect antineutrino oscillations. Any di↵erence between
sin2(✓23) and sin2(✓23) or �m2

32 and �m2
32 could be in-

terpreted as new physics.
With the number of events predicted in the antineu-

trino sample, the uncertainties on the background mod-
els have a non-negligible impact on the measurement of
sin2(✓23) and �m2

32. The largest is the contribution
from the uncertainty on sin2(✓23) and �m2

32 due to the
significant neutrino background in the antineutrino sam-
ple. This provides the motivation for a simultaneous fit
of the neutrino and antineutrino data sets.

The oscillation parameters of interest, sin2(✓23),�m2
32,

sin2(✓23) and�m2
32, are estimated using a maximum like-

lihood fit to the measured reconstructed energy spectra
in the far detector, for neutrino mode and antineutrino
mode µ-like samples. In each case, fits are performed
by maximizing the marginal likelihood in the two dimen-
sional parameter space for each pair of parameters. The
marginal likelihood is obtained by integrating over the
nuisance parameters f with prior probability densities
⇡(f), giving a likelihood as a function of only the rele-
vant oscillation parameters o:

L(o) =
Z binsY

i

Li(o, f)⇥ ⇡(f) df , (1)

where bins denotes the number of analysis bins. All other
oscillation parameters, except �CP , are treated as nui-
sance parameters along with systematic parameters and
are marginalized in the construction of the likelihood.
�CP is fixed to 0 in each fit as it has a negligible impact
on the disappearance spectra at T2K. Oscillation prob-
abilities are calculated using the full three-flavor oscilla-
tion framework [38], with sin2(✓23) and �m2

32 for ⌫, and
sin2(✓23) and �m2

32 for ⌫. Matter e↵ects, almost negli-
gible in this analysis, are included with a matter density
of ⇢ = 2.6 g/cm3 [39].

Confidence regions are constructed for the oscillation
parameters using the constant ��2 method [37]. We
define ��2 = �2 ln(L(o)/max(L)) as the logarithm of
the ratio of the marginal likelihood at a point o in the
sin2(

(

✓
)

23) – �(m)2
32 oscillation parameter space and the

maximum marginal likelihood. The confidence region
is then defined as the area of the oscillation parameter
space for which ��2 is less than a standard critical value.

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

Ev
en

ts
 / 

0.
1 

(G
eV

)

0

10

20

30

40

50

60

70

80

 beam-modeν

POT)2010×(7.482

 Energy (GeV)µνReconstructed 
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5R

at
io

 to
 N

o 
O

sc
.

0
0.5
1

1.5
2 0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 50

5

10

15

20

25

Data
Best fit oscillations
No oscillations

 beam-modeν

POT)2010×(7.471

 Energy (GeV)µνReconstructed 
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 50

0.5
1
1.5
2

FIG. 1. Top: Reconstructed energy distribution of the 135 far
detector ⌫µ-CCQE candidate events (left) and 66 ⌫µ-CCQE
candidate events (right), with predicted spectra for best fit
and no oscillation cases. Bottom: Ratio to unoscillated pre-
dictions.

This method was used as the di↵erence between the con-
fidence regions produced by it and those obtained using
the Feldman-Cousins [40] method was found to be small.
For the Feldman-Cousins method, the critical chi-square
values were calculated for a coarse set of points in the
oscillation parameter space.

IV. RESULTS AND DISCUSSION

The reconstructed energy spectra of the events ob-
served during neutrino and antineutrino running modes
are shown in Figure 1. These are overlaid with the predic-
tions for the best fit values of the oscillation parameters
assuming normal hierarchy, and in the case of no oscilla-
tions. The lower plots in Fig. 1 show the ratio of data
to the unoscillated spectrum.
Assuming normal hierarchy, the best fit values ob-

tained for the parameters describing neutrino oscillations
are sin2(✓23) = 0.51 and �m2

32 = 2.53 ⇥ 10�3eV2/c4

with 68% confidence intervals of 0.44 – 0.59 and 2.40 –
2.68 (⇥10�3eV2/c4) respectively. For the antineutrino
parameters, the best fit values are sin2(✓23) = 0.42 and
�m2

32 = 2.55 ⇥ 10�3eV2/c4 with 68% confidence inter-
vals of 0.35 – 0.67 and 2.28 – 2.88 (⇥10�3eV2/c4) re-
spectively. The values for the inverted hierarchy can
be obtained by replacing �(m)2

32 by ��(m)2
31, e↵ectively

changing the sign of �(m)2
32 and shifting its absolute value

by ��m2
12 = �7.53 ⇥ 10�5 eV2/c4. Those results were

cross-checked using a second, independent, analysis.
A goodness-of-fit test was performed by comparing the

best fit value of the �2 to the values obtained for an
ensemble of toy experiments generated with systematic
variations and statistical fluctuations, giving a p-value of
96%.
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�CP is fixed to 0 in each fit as it has a negligible impact
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FIG. 1. Top: Reconstructed energy distribution of the 135 far
detector ⌫µ-CCQE candidate events (left) and 66 ⌫µ-CCQE
candidate events (right), with predicted spectra for best fit
and no oscillation cases. Bottom: Ratio to unoscillated pre-
dictions.

This method was used as the di↵erence between the con-
fidence regions produced by it and those obtained using
the Feldman-Cousins [40] method was found to be small.
For the Feldman-Cousins method, the critical chi-square
values were calculated for a coarse set of points in the
oscillation parameter space.

IV. RESULTS AND DISCUSSION

The reconstructed energy spectra of the events ob-
served during neutrino and antineutrino running modes
are shown in Figure 1. These are overlaid with the predic-
tions for the best fit values of the oscillation parameters
assuming normal hierarchy, and in the case of no oscilla-
tions. The lower plots in Fig. 1 show the ratio of data
to the unoscillated spectrum.
Assuming normal hierarchy, the best fit values ob-

tained for the parameters describing neutrino oscillations
are sin2(✓23) = 0.51 and �m2

32 = 2.53 ⇥ 10�3eV2/c4

with 68% confidence intervals of 0.44 – 0.59 and 2.40 –
2.68 (⇥10�3eV2/c4) respectively. For the antineutrino
parameters, the best fit values are sin2(✓23) = 0.42 and
�m2

32 = 2.55 ⇥ 10�3eV2/c4 with 68% confidence inter-
vals of 0.35 – 0.67 and 2.28 – 2.88 (⇥10�3eV2/c4) re-
spectively. The values for the inverted hierarchy can
be obtained by replacing �(m)2

32 by ��(m)2
31, e↵ectively

changing the sign of �(m)2
32 and shifting its absolute value

by ��m2
12 = �7.53 ⇥ 10�5 eV2/c4. Those results were

cross-checked using a second, independent, analysis.
A goodness-of-fit test was performed by comparing the

best fit value of the �2 to the values obtained for an
ensemble of toy experiments generated with systematic
variations and statistical fluctuations, giving a p-value of
96%.
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ND280
Constraint on 

flux × xsec?



T2K ND → atm?
• Would like to apply xsec constraint from T2K ND to Sub-GeV atmospheric samples. 

Dominant interaction: quasi-elastic, next is resonant single pion production.


• Both T2K ND and SK atmospheric samples only fit in 
lepton kinematics (momentum and direction) and do not 
directly use pion kinematics.


• However, samples are separated by number of pions, with


• T2K ND: combines multiple pion tags 
→ insensitive to 


• SK atm: only uses decay-e tag for “invisible” pions 
→ selects low-  pions


• The cross section model used in ND280 fits does not have systematics affecting the pion 
momentum distribution, and we do not believe the MC has this distribution correct 
(e.g. nuclear effects)


• In order to apply existing T2K ND constraint to SK atmospheric, want to develop a systematic 
uncertainty to change the pion momentum distribution while keeping the lepton kinematics the 
same, since these are well measured.
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• T2K ND: combines multiple pion tags 
→ insensitive to 


• SK atm: only uses decay-e tag for “invisible” pions 
→ selects low-  pions


• The cross section model used in ND280 fits does not have systematics affecting the pion 
momentum distribution, and we do not believe the MC has this distribution correct 
(e.g. nuclear effects)
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Adler angle distortion
Trick to achieve goal: (idea by C. Wret)


1. lepton kinematics only depends on the kinematics of 
the resonance


2. so in the resonance rest frame, we can change the 
angular distribution of pion emission (“Adler angle”) 
without affecting the lepton kinematics


3. since the resonance is boosted, a pion emitted along 
the boost direction will end up with a larger 
momentum etc.


• Using the Adler angle , 
simply weight events with  
 

, 

 
we pick  (up to sextupole weights)


•  is -polynomial of  chosen to exactly 
preserve the total event rate prior to event selections 
(MC dependent, and tuned against atm MC)


• No physical justification, just a phenomenological way to 
generate large shifts in pion momentum while leaving 
lepton kinematics mostly invariant. Intending to use flat 
prior in parameter domain .

x = cos θ

1
norm(α) (1 + αx)n ( − 1 ≤ α ≤ + 1)

n = 3

norm(α) n α
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(Will try to explore more physically motivated uncertainty in future.) 12
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Figure 13: E↵ect of each Adler angle distortion dial with n = 3 on the full FC+PC+UpMu
atmospheric MC. ATMPDEventType of �1 corresponds to events that are not selected for the
oscillation analysis, and contain a large fraction of Sub-GeV multi-ring events. The CC1⇡-
enhanced samples have ATMPDEventType of 2 (Sub-GeV e-like 1 decay-e) and 6 (Sub-GeV µ-like
2 decay-e). ↵ = 0 corresponds to the unweighted MC.
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Figure 13: E↵ect of each Adler angle distortion dial with n = 3 on the full FC+PC+UpMu
atmospheric MC. ATMPDEventType of �1 corresponds to events that are not selected for the
oscillation analysis, and contain a large fraction of Sub-GeV multi-ring events. The CC1⇡-
enhanced samples have ATMPDEventType of 2 (Sub-GeV e-like 1 decay-e) and 6 (Sub-GeV µ-like
2 decay-e). ↵ = 0 corresponds to the unweighted MC.
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Adler angle distortion
Trick to achieve goal: (idea by C. Wret)


1. lepton kinematics only depends on the kinematics of 
the resonance


2. so in the resonance rest frame, we can change the 
angular distribution of pion emission (“Adler angle”) 
without affecting the lepton kinematics


3. since the resonance is boosted, a pion emitted along 
the boost direction will end up with a larger 
momentum etc.


• Using the Adler angle , 
simply weight events with  
 

, 

 
we pick  (up to sextupole weights)


•  is -polynomial of  chosen to exactly 
preserve the total event rate prior to event selections 
(MC dependent, and tuned against atm MC)


• No physical justification, just a phenomenological way to 
generate large shifts in pion momentum while leaving 
lepton kinematics mostly invariant. Intending to use flat 
prior in parameter domain .

x = cos θ

1
norm(α) (1 + αx)n ( − 1 ≤ α ≤ + 1)

n = 3

norm(α) n α

[−1, + 1]
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Figure 13: E↵ect of each Adler angle distortion dial with n = 3 on the full FC+PC+UpMu
atmospheric MC. ATMPDEventType of �1 corresponds to events that are not selected for the
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13(Will try to explore more physically motivated uncertainty in future.)



Does pion momentum 
distribution matter?

• Use maximum distortion of new pion 
momentum systematic and fit without 
it to see potential impact


• Here, using down-going atm. samples 
to study systematic model without 
“unblinding” effect on oscillation 
parameters (this is still MC, not data)


• Metric: goodness-of-fit (GOF) 
Good GOF is essential for reliable 
oscillation parameter constraints.

14

Pearson GOF 
CC1π

Parameter GOF 
CC1π vs. other

Combined 
p-value

w/o ND +0.2σ +0.6σ 0.11

With ND +1.6σ +2.0σ 0.001

Without ND constraint, 
other parameters can 
absorb effect

With ND constraint, pion 
momentum shift cannot be 
absorbed by other parameters 
→ poor GOF

• In this case, fitting with new pion momentum systematic will 
perfectly absorb the effect, because that's how it was generated


• In practice, dependence of pion momentum distribution on neutrino 
energy / flavor etc. may be different from this systematic. Similar 
GOF on actual data should help in deciding whether systematic 
necessary / good enough or not.


• This was only using down-going part, for full atm. samples expect 
even stronger impact

• Expected increase in value of statistic 
estimated using Asimov fits


• These are converted to p-values using 
statistic distribution estimated by fitting 
toy experiments


• The individual statistic p-values were 
converted to a +Xσ value using the 
standard normal quantile function

Note: impact on osc. params also estimated, 
hopefully can share in near future.

SK+T2K 
Work in Progress

Importance sampling for atm. flux syst
• The down-going events with not too-low energy are mostly 

insensitive to oscillation, so could first do a profiling fit with 
just these.


• In case there is still some dependence, the oscillation 
parameters should also be fitted (maybe with a weak prior), 
but we simply drop the result, which is the same as 
marginalizing.


• We can then use the mean  and covariance matrix 
 (even just the hessian) to throw the systematic 

parameters, but give each a weight  inversely 
proportional to the sample probability: 
  

 
or to also propagate the BANFF constraint, use  
 




• Then we marginalize the whole sample (both down and 
upgoing samples for atm. + T2K samples). The systematics 
are thrown in a similar fashion as with BANFF matrix, so 
should be more efficient to marginalize. Could also maybe 
do Feldman-Cousins by throwing toys from this down-
going fit.

μdown
Σdown

w

w = 1
"(x |μdown, Σdown)

w = "(x |μBANFF, ΣBANFF)
"(x |μdown, Σdown)

36

other approaches I think were discussed 
before, like MCMC (e.g. MaCh3)

key idea is that the final result does 
not depend on , it only 

matters for throwing efficiently
μdown, Σdown

No osc.
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For fit of SK atm. with ND,  
having this kind of pion 
momentum systematic  
may be essential for good fit.
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Summary
• Joint fit of atmospheric and accelerator neutrinos from SK+T2K ongoing


• Presented one of the ongoing works toward a coherent systematics model: 
an uncertainty to vary pion momentum distribution

• By reweighting angular distribution in resonance rest-frame, was able to 

shifts pion momentum distribution without altering lepton kinematics

• Confirmed to be an essential addition for correlating Sub-GeV 

interaction models of SK and T2K due to different pion momentum 
dependence of pion selection efficiency at T2K ND and SK atm.


• Down-going events already sensitive to these kinds of mis-modeling 
effects with various goodness-of-fit metrics


• Various other studies of cross section and detector systematics ongoing, 
expect first oscillation parameter sensitivity studies soon.
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• Complicated pattern in appearance prob.

• Due to detector resolution, sensitivity mostly from 

#events in sub-GeV region. 
→  sensitivity with different 
     phase offset  than accelerator


•  separation difficult but  has 
larger flux and xsec.

cos(δCP − ϕ0)
ϕ0

ν, ν̄ ν
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7Atmospheric neutrino oscillations
Delta CP

Value of δCP modifies the oscillation patterns in a complicated way

● Given neutrino flux and detector energy and angular resolution, sensitivity 
mainly comes from number of sub-GeV e-like events

● More νe appearance events for δ~220-240º, and less for δ~40-45º
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Sample ⌫-mode Events ⌫̄-mode Events

Single Electron 75 (74.8) 15 (17.2)

Charged Pion 15 (7.0) N/A

FIG. 1. The upper (middle) panel shows the reconstructed
neutrino energy spectra for the SK samples containing
electron-like events in (anti)neutrino-mode beam running.
The uncertainty shown around the data points accounts for
statistical uncertainty. The uncertainty range is chosen to in-
clude all points for which the measured number of data events
is inside the 68% confidence interval of a Poisson distribution
centred at that point. The solid stacked chart shows the pre-
dicted number of events for the CP -conserving point �CP = 0
separated according to whether the event was from an oscil-
lated neutrino or antineutrino or from a background process.
The dashed lines show the total predicted number of events
for the two most extreme CP -violating cases. The lower ta-
ble shows the measured (expected for �CP = �⇡

2 ) number of
events in each electron-like SK sample. For all predictions,
normal ordering is assumed, and sin2 ✓23 and �m2

32 are at
their best-fit values. sin2 ✓13, sin

2 ✓12 and �m2
21 take the val-

ues indicated by external world average measurements [2].
The parameters accounting for systematic uncertainties take
their best-fit values after the near-detector fit.
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FIG. 2. Distribution of the particle identification (PID) pa-
rameter used to classify Cherenkov rings as electron-like and
muon-like. Events to the left of the blue line are classified as
electron-like and those to the right as muon-like. The filled
histograms show the expected number of single ring events
after neutrino oscillations. The PID algorithm uses prop-
erties of the light distribution such as the blurriness of the
Cherenkov ring to classify events. The insets show examples
of an electron-like (left) and muon-like (right) Cherenkov ring.

they decay. Identifying both muon and electron neutrino
interactions in both the neutrino- and antineutrino-mode
beams allows us to measure the probabilities for four os-
cillation channels: ⌫µ ! ⌫µ and ⌫̄µ ! ⌫̄µ, ⌫µ ! ⌫e and
⌫̄µ ! ⌫̄e.

We define a model of the expected number of neutrino
events as a function of kinematic variables measured in
our detectors with degrees of freedom for each of the os-
cillation parameters and for each source of systematic
uncertainty. Systematic uncertainties arise in the model-
ing of neutrino-nucleus interactions in the detector, the
modeling of the neutrino production, and the modeling
of the detector’s response to neutrino interaction prod-
ucts. Where possible, we constrain the model using ex-
ternal data. For example, the solar oscillation param-
eters, �m2

21 and sin2(✓12), which T2K is not able to
measure, are constrained using world average data [2].
Whilst we are sensitive to sin2 ✓13, we use the combina-
tion of measurements from the Daya Bay, RENO and
Double Chooz reactor experiments to constrain this pa-
rameter [2], as they make a much more precise mea-
surement than using T2K data alone (see upper panel
of Figure 3). We measure the oscillation parameters by
doing a marginal likelihood fit of this model to our near

Nature 580, 339 (2020)

• Anti-correlated change of  
appearance probability


• Since T2K only sees first oscillation 
maximum, mostly a change in 
# of e-like events 
→ sensitive to 
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Mass ordering sensitivity
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Figure 61: Bi-event plot of FHC vs. RHC e-like events (left, leading sin �CP dependence) and
e-like events from FHC+RHC above vs. below 550MeV (right, leading cos �CP dependence)
against the predicted number of events for various oscillation parameters. The error bars repre-
sent the 68% confidence interval for the mean of a poisson distribution given the observed data
point (calculated using the quantile function of a gamma distribution with unit shape param-
eter). The underlaid contour contains the predicted number of event points for 68% of toys,
throwing systematic parameters around the BANFF best-fit, with osc. params set to the data
best-fit values. The triangle shows the predicted number of events with both osc. and syst.
params at their data best-fit values.
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Figure 62: Bi-event plot of e-like vs. µ-like events (left, sin2 ✓23 and sin2 2✓23 dependence) and
µ-like events from FHC+RHC above vs. below 600MeV (right, �m

2
32

vs. sin2 2✓23 dependence)
against the predicted number of events for various oscillation parameters. The error bars repre-
sent the 68% confidence interval for the mean of a poisson distribution given the observed data
point (calculated using the quantile function of a gamma distribution with unit shape param-
eter). The underlaid contour contains the predicted number of event points for 68% of toys,
throwing systematic parameters around the BANFF best-fit, with osc. params set to the data
best-fit values. The triangle shows the predicted number of events with both osc. and syst.
params at their data best-fit values.
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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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• Resonance in Earth mantle and core in few-GeV region

• Only for  in normal, and  in inverted ordering → MO sensitivity

• Effect size depends on  octant
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corresponds to neutrinos crossing both the outer core and
mantle regions of the Earth. For shallower zenith angles the
distortion in the νμ survival probability and the resonant
feature in the νe appearance probability are caused by
matter effects in the mantle region. Note that none of these
features appear in the antineutrino plots. If the inverted
hierarchy were assumed instead, the roles of neutrinos and
antineutrinos switch completely and the discontinuities and
resonance effects appear with nearly the same magnitude
but in the antinuetrino plots.

III. THE SUPER-KAMIOKANDE DETECTOR

Super-Kamiokande is a cylindrical 50-kiloton water
Cherenkov detector, located inside the Kamioka mine in
Gifu, Japan. An inner detector (ID) volume is viewed by
more than 11,000 inward-facing 20-inch photomultiplier
tubes (PMTs) and contains a 32-kiloton target volume. The
outer detector, which is defined by the two meter-thick
cylindrical shell surrounding the ID, is lined with reflective
Tyvek to increase light collection to 1,885 outward-facing
eight-inch PMTs mounted on the shell’s inner surface.
Since the start of operations in 1996, Super-Kamiokande
has gone through four data taking periods, SK-I, -II, -III,
and -IV.
Though the basic configuration the detector is similar

across the phases there are a few important differences. At
the start of the SK-IV period in 2008 the front-end
electronics were upgraded to a system with an ASIC based

on a high-speed charge-to-time converter [13]. The new
system allows for the loss-less data acquisition of all PMT
hits above threshold and has improved the tagging effi-
ciency of delayed Michel electrons from muon decay from
73% in SK-III to 88%.
Further, following a period of detector maintenance and

upgrades at the end of SK-I (1996-2001), the implosion of a
single PMT at the bottom of the detector on November 12,
2001, created a shock wave and chain reaction that went on
to destroy 6,665 ID and 1,027 OD PMTs. The detector was
rebuilt the following year with nearly half of the photo-
cathode coverage (19%) in the ID (5,137 PMTs) and the
full complement of OD PMTs for the SK-II period (2002-
2005). Since that time all ID PMTs have been encased in
fiber-reinforced plastic shells with 1.0 cm thick acrylic
covers to prevent further chain reactions. This resulted in an
increased threshold of 7.0 MeV in SK-II compared to
5.0 MeV in SK-I. In 2006 the detector underwent a second
upgrade in which the remaining ID PMTs were replaced
and additional optical barriers were added to the top and
bottom portions of the OD to improve separation with its
barrel region. Both SK-III (2006-2008) and SK-IV (2008-
present) were operated with the full 40% photocathode
coverage in the ID.
Neutrino interactions which produce charged particles

above the Cherenkov threshold in water are reconstructed
based on the observed ring patterns projected on the
detector walls. Photomultiplier timing information is used
to reconstruct the initial interaction vertex after correcting
for the photon time of flight. Particles are divided into two
broad categories based upon their Cherenkov ring pattern
and opening angle. Rings from particles which produce
electromagnetic showers, such as electrons and photons,
tend to have rough edges due to the many overlapping rings
from particles in the shower and are labeled e-like or
showering. Muons and charged pions on the other hand,
which do not form showers, produce Cherenkov rings with
crisp edges. Such rings are labeled μ-like or non-shower-
ing. The event reconstruction assigns momenta to each
reconstructed ring in an event based on the observed
number of photons in the ring. Particles with higher
momenta produce brighter Cherenkov rings. Similarly,
particle directions are inferred based on the shape of their
ring pattern. Since the neutrino itself is unobserved, energy
and direction variables for use in the oscillation analysis
described below are based on the properties of their
daughter particles.
More detailed descriptions of the detector and its

electronics can be found in [13–15].

A. Detector calibration

Over the 20 year history of the experiment changes in the
run conditions have been unavoidable. Seasonal changes in
precipitation and the expansion of underground activities at
the Kamioka site have variable impact on the quality and

FIG. 1. The propagation of two neutrinos through the simpli-
fied model of the Earth used in the analysis below. Both νA and νB
are produced in the atmosphere. νA then experiences 6 oscillation
steps (air → crust → mantle → outer core → mantle → crust),
while νB experiences 4 oscillation steps (air → crust → mantle →
crust).
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• Small matter effect due to short baseline

• For some values of  the MO degeneracy 

in number of e-like events is resolved, 
→ MO sensitivity

δCP

Mantle

Core

Transiti-
on zone

Atmospheric Accelerator
Credit: JUNO Collaboration / JGU-Mainz

(MO)

Normal

Inverted
Overlapped 
(cannot separate)



Cross section 
model strategy

• T2K beam samples (3 types of samples)

- precision study of a narrow flux at 

- dominated by simple quasi-elastic scattering

- strong constraint from near detector (ND280) 




• SK atmospheric samples (18 samples)

- many types of samples including ones with tagged 

pions which ND280 constraint is not targeted for

- some range up to very high energies 

with very inelastic interactions (many pions)


1. For beam and atm-SubGeV samples: 
(overlapping in energy region ←)

- use T2K model + ND280 constraint

- develop additional systematics to cover degrees 

of freedom not measured by ND280


2. For atm-MultiGeV samples:

- use SK model without ND280 constraint

Eν ≲ 1 GeV

Super‐Kamiokande J‐PARCNear Detectors

Neutrino Beam

295 km

Mt. Noguchi‐Goro
2,924 m

Mt. Ikeno‐Yama
1,360 m

1,700 m below sea level
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FHC mode (mostly ⌫) RHC mode (mostly ⌫ )
Single Ring e-like 0 decay e� Single Ring e-like 0 decay e�

Single Ring µ-like 1 decay e� Single Ring µ-like 1 decay e�

Single Ring e-like 1 decay e�

Table 2: List of T2K samples

3.2 True energy distribution173

The SK atmospheric samples cover a wide range of neutrino energies. Figure 2 shows the true174

neutrino energy distributions of the di↵erent atmospheric samples. Neutrino oscillations are175

taken into account with true values set to the Asimov set A (described in table 3) commonly176

used in T2K analysis.177
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Figure 2: Neutrino energy distribution of the atmospheric samples, normalized to the 3244.4
days of SK-IV livetime.

The atmospheric samples cover a larger range of energies and more topologies than the T2K178

beam samples, but some of the sub-GeV samples (table 1) look similar in terms selections to the179

T2K ones (table 2). Figure 3 shows the area-normalized neutrino energy distributions of the 3180

beam FHC single-ring events and their atmospheric counterparts. It can be seen that although181

they correspond to similar neutrino energies, the corresponding samples from the 2 experiments182

do not have the same spectra. This is due partly to flux di↵erences, but also to the fact that183

the event selection criteria are similar but not identical between the 2 experiments as discussed184

in [3].185

3.3 Breakdown of the di↵erent samples by interaction modes (Dan)186

Mainly plots. That’s a number of them, but seems relevant for discussion of interaction model.187

Probably one plot per sample, as a function of variable of interest (Erec for T2K and p for SK188

atm). Could alternatively put only plots for representative atm samples here, and the remaining189
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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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True neutrino energies of 
various -like atm. samplesμ

— T2K sample 
— SK sample

-likee -likeμ

ν
l±

N
N′ 

quasi-elastic

SK+T2K work in progress

SK+T2K work in progress



Charged pions
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what is visible in water Cherenkov detectors

π+ π−

Pion momentum:

π+ π−
above 

Cherenkov 
threshold 

β0 = 1/n, n ≈ 1.38

Negative charge 
→ quickly captured 

by nuclei

Minimum ionizing 
particle = μ-like ring

below 
Cherenkov 
threshold

μ+

e+

decay-e is above Cherenkov threshold 
→ e-like ring delayed by up to 𝒪(2 μs)

A
{16O, p }

 not seenπ, μ

A
{16O, p }

 for CCν 1π for CCν 1π



Goodness of fit
• Pearson GOF, i.e. 

 

Simple, but good Pearson GOF can 
still be a poor fit because 

 with  
and  the number of 
unconstrained parameters. 
 
If e.g. we mis-model a sub-dominant 
interaction mode for which the 
control sample has small number of 
bins, the large variation of  can 
hide this poor fit


• Parameter GOF [1], check the 
agreement of two independent 
data sets A,B: 

 
asymptotically related to the number 
of common parameters (not bins) 
and independent from A-only and B-
only .


• We extended the PGOF formalism to 
work with data sets that are 
correlated through common prior 
constraints.

χ2
Pearson := min

θ
χ2(θ)

χ2
Pearson ∼ χ2

k k = Nbins − Nfree
Nfree

χ2
k

χ2
PGOF := min

θ
[χ2

A(θ) + χ2
B(θ)] − min

θ′ 
χ2

A(θ′ ) − min
θ′ ′ 

χ2
B(θ′ ′ )

χ2
Pearson
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χ2
B(θ)

[1] Phys. Rev. D, 68:033020, 2003. doi: 10.1103/PhysRevD.68.033020. 
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χ2
B(θ)

Goodness of fit

[1] Phys. Rev. D, 68:033020, 2003. doi: 10.1103/PhysRevD.68.033020. 

• Pearson GOF, i.e. 
 

Simple, but good Pearson GOF can 
still be a poor fit because 

 with  
and  the number of 
unconstrained parameters. 
 
If e.g. we mis-model a sub-dominant 
interaction mode for which the 
control sample has small number of 
bins, the large variation of  can 
hide this poor fit


• Parameter GOF [1], check the 
agreement of two independent 
data sets A,B: 

 
asymptotically related to the number 
of common parameters (not bins) 
and independent from A-only and B-
only .


• We extended the PGOF formalism to 
work with data sets that are 
correlated through common prior 
constraints.

χ2
Pearson := min

θ
χ2(θ)

χ2
Pearson ∼ χ2

k k = Nbins − Nfree
Nfree

χ2
k

χ2
PGOF := min

θ
[χ2

A(θ) + χ2
B(θ)] − min

θ′ 
χ2

A(θ′ ) − min
θ′ ′ 

χ2
B(θ′ ′ )

χ2
Pearson



Goodness of fit

[1] Phys. Rev. D, 68:033020, 2003. doi: 10.1103/PhysRevD.68.033020. 

• Pearson GOF, i.e. 
 

Simple, but good Pearson GOF can 
still be a poor fit because 

 with  
and  the number of 
unconstrained parameters. 
 
If e.g. we mis-model a sub-dominant 
interaction mode for which the 
control sample has small number of 
bins, the large variation of  can 
hide this poor fit


• Parameter GOF [1], check the 
agreement of two independent 
data sets A,B: 

 
asymptotically related to the number 
of common parameters (not bins) 
and independent from A-only and B-
only .


• We extended the PGOF formalism to 
work with data sets that are 
correlated through common prior 
constraints.

χ2
Pearson := min

θ
χ2(θ)

χ2
Pearson ∼ χ2

k k = Nbins − Nfree
Nfree

χ2
k

χ2
PGOF := min

θ
[χ2

A(θ) + χ2
B(θ)] − min

θ′ 
χ2

A(θ′ ) − min
θ′ ′ 

χ2
B(θ′ ′ )

χ2
Pearson

27

χ2
B(θ)



Goodness-of-fit
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7.2. SIMULATED DATA STUDIES 159

Table 7.2: Expected increase of goodness-of-fit measures (�E[�2]) and p-values at expected
value for Adler SDS with SK down-going (DG) samples. The Pearson GOF for the full DG
samples is not independent from the three other statistics and has therefore been grayed out.

DG DG not CC1⇡
+ DG CC1⇡

+ DG CC1⇡
+ vs. other

Prior Adler syst �E[�2
min] p �E[�2

min] p �E[�2
min] p �E[�2

PGOF] p

Pre-ND X 0 0.48 0 0.48 0 0.48 0 0.46
Pre-ND 0.7 0.46 0 0.48 0.2 0.41 1.0 0.28
Post-ND X 0 0.48 0 0.48 0 0.42 0 0.62
Post-ND 13.8 0.15 0.04 0.48 6.3 0.055 11.8 0.022

Table 7.3: Expected increase of goodness-of-fit measures (�E[�2]) and p-values at expected
value for 2⇥low-p SDS with SK down-going (DG) samples. The Pearson GOF for the full DG
samples is not independent from the three other statistics and has therefore been grayed out.

DG DG not CC1⇡
+ DG CC1⇡

+ DG CC1⇡
+ vs. other

Prior Adler syst �E[�2
min] p �E[�2

min] p �E[�2
min] p �E[�2

PGOF] p

Pre-ND X 14.8 0.13 0 0.48 1.2 0.28 16.5 0.0019
Pre-ND 15.9 0.12 0 0.48 1.4 0.30 17.8 6.0 ⇥ 10�4

Post-ND X 18.1 0.09 0 0.48 10 0.011 9.1 0.066
Post-ND 32.8 0.011 0 0.48 18.9 3.4 ⇥ 10�4 19.1 0.0011

Table 7.4: Expected increase of goodness-of-fit measures (�E[�2]) and p-values at expected
value for 2⇥low-p e/µ SDS with SK down-going (DG) samples. The Pearson GOF for the full
DG samples is not independent from the three other statistics and has therefore been grayed
out.

DG DG not CC1⇡
+ DG CC1⇡

+ DG CC1⇡
+ vs. other

Prior Adler syst �E[�2
min] p �E[�2

min] p �E[�2
min] p �E[�2

PGOF] p

Pre-ND X 10.5 0.20 0 0.48 6.0 0.046 5.5 0.12
Pre-ND 15.9 0.12 0 0.48 7.0 0.051 12.5 0.0059
Post-ND X 15.4 0.12 0 0.48 9.7 0.012 7.5 0.11
Post-ND 48.4 6.8 ⇥ 10�4 0 0.48 26.8 1.1 ⇥ 10�5 33.0 3.1 ⇥ 10�5
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value of the GOF metric under the SDS.
For the parameter GOF (PGOF) we will not have a easily parametrized distribution as in

the case of the Pearson GOF metic, but the expectation is still easily calculable and increases
by similar µ

T ⌃�1
µ terms which can be calculated by plugging the various �

2 values obtained
with the SDS-Asimov fit into the formula for �

2
PGOF.

The observed sample means and standard deviations of the GOF statistics for down-going
atmospheric samples under the nominal model are given in Tab. 7.1. The increase in expected
value of the GOF statistic and p-values corresponding to the expected GOF value are given in
Tab. 7.2 (Adler SDS), Tab. 7.3 (2⇥low-p SDS), and Tab. 7.4 (2⇥low-p e/µ SDS). As expected
we notice the in-model SDS (Adler SDS) is well captured by performing the fit with Adler
angle distortion systematic. For the other SDS we notice that even in the pre-ND fit without
Adler syst., one can obtain rather small p-values below 1%. The post-ND fit without Adler
syst. would be very bad with p-values as low as 10�5 (and this for both the asymptotically
independent �

2
Pearson and �

2
PGOF statistics for the CC1⇡

+ samples in the 2⇥low-p e/µ SDS).
With Adler syst. the p-values become significantly better and for the most data-like 2⇥low-p
e/µ SDS we get CC1⇡

+
p-values of 4.6%, 12% for the pre-ND fit and comparable p-values of

⇡ 1.2%, 11% for the post-ND fit.
We also performed these studies with the Adler angle distortion systematic split at true

E⌫ = 1 GeV to obtain an additional shape degree of freedom. No significant improvement was
observed compared to the presented results, which are already satisfactory especially for the
most data-like 2⇥low-p e/µ SDS, so we decide to proceed to data-fits without further altering
the model. Similarly, if the 2⇥low-p e/µ SDS had shown poorer results compared to the 2⇥low-
p SDS, we would have considered the option to split the systematic for true ⌫e and true ⌫µ

interactions, but upon seeing the SDS results do not see a need to do so.

Table 7.1: Sample expectation and standard deviation for goodness-of-fit measures under the
nominal model estimated using fits to 250 toy experiments with SK down-going (DG) samples.
The Pearson GOF for the full DG samples is not independent from the three other statistics
and has therefore been grayed out.

DG DG not CC1⇡
+ DG CC1⇡

+ DG CC1⇡
+ vs. other

Prior Adler syst E[�2
min] E[�2

min] E[�2
min] E[�2

PGOF] SD[�2
PGOF]

Pre-ND X 83.7 77.4 4.5 14.4 4.5
Pre-ND 86.4 77.7 7.0 15.7 5.0
Post-ND X 85.1 78.9 5.1 12.6 5.1
Post-ND 86.7 79.7 5.9 13.0 4.1

7.2.4 Goodness-of-fit criteria

Based on the simulated data studies we decide on the following criteria for the decision about
the model su�ciency and inclusion of specific samples in the data-fit.

1. Since the bias on oscillation parameters is well controlled already with Adler syst. for
2⇥low-p e/µ SDS, we will decide to include CC1⇡

+ sample in the full data-fit if p >

0.01 (close to the value observed in 2⇥low-p e/µ SDS) for both �
2
Pearson(CC1⇡

+) and
�

2
PGOF(CC1⇡

+ vs. other). This corresponds to an overall p > 1 � 0.992
⇡ 0.02 value

assuming the two statistics are independent.

2. If not ok, will also consider the option to either split in true energy or PID (doing both

Under null hypothesis (nominal MC)

Under maximal distortion of Adler angle distribution (α = −1)

DG: SK down-going


