
6. Super-Kamiokande 
- Far Detector -
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T2K-Far Detector: Super-Kamiokande
• Water Cherenkov detector with 50 kton mass (22.5 kton Fiducial 

volume) located at 1km underground 
Good performance (momentum and position resolution, PID, 
charged particle counting) for sub-GeV neutrinos. 
[Typical] 61% efficiency for T2K signal νe with 95% NC-1π0 rejection 

Inner tank (32 kton) :11,129 20inch PMT 
Outer tank:1,885  8inch PMT 

• Dead-time-less DAQ 
• GPS timing information is recorded  
     real-time at every accelerator spill 

T2K recorded events: All interactions 
    within a ±500µsec window centered  
    on the the neutrino arrival time.
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θ

 β> 1/n (n=1.)

 cos θ = 1/nβ

•Cherenkov Imaging
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• Particle ID. 
• By the Cherenkov ring edge and the 
opening Angle. 

• Momentum 
•  The amount of light-yield inside a ring with 
PID 

• Vertex 
• Timing of the PMT at the ring edge with 
PID
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Neutrino Detection at SK Far Detector
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Initial Data Reduction
•Total POT 
• Neutrino beam 
• Anti-neutrino beam
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Figure 1: Accumulated number of POT as a function of date using the beam good spills (blue),
the SK+beam good spills in ν-mode (red), and SK+beam good spills in ν̄-mode (orange) together
with a change in the SK dead fraction of POT (green = (blue-red-orange)/blue).

applied for SK-V phase as shown in Table 3. After all beam spill selections and data reduction,146

a total of 2182 on-time fully contained (FC) events have been observed, where “on-time” is147

defined as [−2,+10]µsec from the arrival time of the leading edge of the spill. Fully contained148

events are those with little to no outer detector (OD) activity, which is defined by requiring149

the number of PMT hits in the highest charge OD hit cluster, nhitac, be less than 16. The FC150

fiducial volume (FV) sample is a sub-sample of the FC sample.151

For the remainder of this section, the fiTQun FCFV samples are selected using fiTQun152

reconstructed variables. (A description of the conventional FCFV sample selected by APfit, the153

previous reconstruction, can be found in [4]). In the fiTQun based selection, the fiducial volume is154

defined by two variables called wall and towall. towall is the distance to the nearest ID wall from155

the vertex along the particle direction. FiTQun is an event reconstruction algorithm employing a156

maximum likelihood method and performs reconstruction under various particle hypotheses like157

electron, muon, and π0. Accordingly fiTQun produces a different reconstructed vertex for each158

hypothesis. The fiTQun νe and νµ selections will utilize the reconstructed vertex for electron159

and muon hypotheses respectively and each has been optimized using different wall and towall160

criteria( c.f. TN-318 [5]). For this reason we create here an additional fiducial volume definition,161

FCFVfloor, using the minimum values of wall and towall allowed in the FV optimization study.162

The criteria defining FCFVfloor sample are as follows : (1) The reconstructed vertex with the163

muon hypothesis has wall and towall greater than 50 cm and 150 cm respectively. (2) The164

visible energy (Evis) is above 30MeV, where Evis is defined as the energy of an electron that165

would produce the same amount of Cherenkov light as observed in the event. The total number166

of FCFVfloor events observed since the start of T2K is 1738. Table 4 summarizes the number167

of observed on-time FC and FCFV events and the expected background due to atmospheric168

neutrino events. The Main Ring (MR) run periods are defined by the first and last good beam169

spills received at Super-K. Here, T2K Run 10 corresponds to MR runs 83 and 84. More details170

5

T2K Run MR Run Start End POT(×1020) Horn current set (kA)
Run 1 29-34 23/Jan. 2010 26/Jun. 2010 0.326 +250
Run 2 36-38 18/Nov. 2010 11/Mar. 2011 1.122 +250
Run 3b 41 08/Mar. 2012 21/Mar. 2012 0.217 +200
Run 3c 42-43 08/Apr. 2012 09/Jun. 2012 1.382 +250
Run 4 44-49 19/Oct. 2012 08/May. 2013 3.596 +250
Run 5 55-56 16/May. 2014 24/Jun. 2014 0.245/0.512 +250/-250
Run 6 58-63 30/Oct. 2014 03/Jun. 2015 0.192/3.547 +250/-250
Run 7 66-68 1/Feb. 2016 27/May. 2016 0.485/3.499 +250/-250
Run 8 70-74 27/Oct. 2016 12/Apr. 2017 7.170 +250
Run 9 76-79 17/Oct. 2017 31/May. 2018 0.205/8.887 +250/-250
Run 10 83-84 24/Oct. 2019 12/Feb. 2020 4.770 +250

Table 1: Run periods used in this note are summarized along with their accumulated beam-good
POT and horn current. Run 3a, whose horn current was 0 kA, is not used in this note. During
Run 3b there was a short period of 250 kA horn operation under low MR power, but data from
this period is ignored in this note. Run 5-Run 7 and Run 9 included periods of beam operation
in neutrino and antineutrino mode (positive and negative horn current respectively).

Number of spills Inefficiency
Runs 1-9 Run 10 Total

Beam good spills 20,122,743 1,883,688 22,006,431
(1) SK DAQ alive 20,085,525 1,881,924 21,967,449 0.18 %
(2) Bad subrun cut 20,039,874 1,881,636 21,921,510 0.21 %
(3) Incomplete data 20,030,596 1,880,827 219,11,423 0.05 %

/ GPS error cut
(4) Special data block cut 20,014,244 1,879,260 21,893,504 0.08 %
(5) Pre-activity cut 19,915,932 1,866,252 21,782,184 0.51 %
Total 19,915,932 1,866,252 21,782,184 1.02 %
POT (×1020) 31.2836 4.7256 36.0092

Table 2: Number of spills after each cut used to select the good spills for physics analyses of the
T2K data observed at Super-K during the T2K beam periods. A breakdown of the individual
runs from Runs 1-9 may be found in [8, 9, 33, 3, 1]. The Run 10 period ran from Nov. 2019 to
Feb. 2020.
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aspects of event reconstruction. Updating the recon-
struction tools prompted a reoptimization of the event
selection criteria, including an expansion of the fiducial
volume (FV).
In this section, the reconstruction algorithm is briefly

described, as well as the updated event selection criteria and
the procedure for their optimization. A discussion of the
systematic uncertainties related to the SK detector con-
cludes the section.

A. Event reconstruction algorithm

The FiTQun likelihood function consists of the proba-
bility of each PMT registering a hit in a given event, and for
hit PMTs, the probability density functions for the charge
and time of the hit. Particles in an event are described by
tracks (or track segments) parameterized by particle type,

momentum, direction and initial position. The FiTQun
likelihood is a function of these track parameters and
multiple tracks can be combined to form complex event
hypotheses.
In an initial prefitting stage, the approximate location of

the neutrino interaction is found with a simplified likelihood
using only the time of the PMT hits. A residual time is
calculated for each PMT hit by subtracting the Cherenkov
photon time of flight, calculated using the straight-line
distance from the vertex position to the PMT, from the hit
time. Hits are associated to one or more clusters in residual
time, with the initial cluster containing hits due to particles
produced in the neutrino interaction and subsequent clusters
containing hits due to products of weakly decaying prompt
particles. Each hit cluster is then reconstructed separately by
maximizing the likelihood function for the e, μ, πþ and p
single-track hypotheses.
For the earliest hit cluster only, multiple-track event

hypotheses are also reconstructed using the results of the
single-track fits as the starting point. A multitrack search
algorithm is used to determine the number of tracks
observed in the event. This algorithm proceeds by iter-
atively adding a new electronlike or πþ-like track to the
event until the best-fit likelihood after adding the new track
fails to improve beyond a set threshold. In the analysis
described here, additional event hypotheses targeting
neutral-current backgrounds are used: a π0 hypothesis
consisting of two electronlike tracks consistent with a π0 →
γγ decay and a πþ hypothesis with a single track compat-
ible with a πþ undergoing a hard scatter.

B. Event selection

Events are selected into samples using cuts on best-fit
likelihood ratios between signal-like and backgroundlike
hypotheses: Λα

β ¼
def log Lα

Lβ
, where α and β are competing

hypotheses. The cut points are typically parameterized as a
function of reconstructed kinematics, such as the best-fit
electron momentum or the reconstructed invariant mass
obtained from the π0 hypothesis best-fit kinematics.
Five signal-enriched SK samples are used in the analysis,

each of which has a single prompt track reconstructed from
a Cherenkov ring. Samples of events containing a single
reconstructed μ-like ring (1Rμ) and a single reconstructed
e-like ring (1Re) target νμ and νe CCQE interactions in both
FHC and RHC beam modes. An additional e-like sample,
used in FHC data only, targets CC 1πþ interactions where
the πþ is below Cherenkov threshold. The πþ is identified
by the detection of a delayed μ-decay electron following the
single prompt electron which results from the CC inter-
action (1Re þ 1 d:e:). The CCQE-like selection criteria are
the same for FHC and RHC samples.
Events in all samples are required to be fully contained

(FC) in the ID using the cut on OD activity described in
Sec. IX above and to have only one prompt reconstructed
particle identified by the multitrack iterative search
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FIG. 15. Reconstructed event time distributions in the 1 ms
(top) and ½−1.2; 5.6$ μs (bottom) windows around the beam spill
leading edge.
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aspects of event reconstruction. Updating the recon-
struction tools prompted a reoptimization of the event
selection criteria, including an expansion of the fiducial
volume (FV).
In this section, the reconstruction algorithm is briefly

described, as well as the updated event selection criteria and
the procedure for their optimization. A discussion of the
systematic uncertainties related to the SK detector con-
cludes the section.

A. Event reconstruction algorithm

The FiTQun likelihood function consists of the proba-
bility of each PMT registering a hit in a given event, and for
hit PMTs, the probability density functions for the charge
and time of the hit. Particles in an event are described by
tracks (or track segments) parameterized by particle type,

momentum, direction and initial position. The FiTQun
likelihood is a function of these track parameters and
multiple tracks can be combined to form complex event
hypotheses.
In an initial prefitting stage, the approximate location of

the neutrino interaction is found with a simplified likelihood
using only the time of the PMT hits. A residual time is
calculated for each PMT hit by subtracting the Cherenkov
photon time of flight, calculated using the straight-line
distance from the vertex position to the PMT, from the hit
time. Hits are associated to one or more clusters in residual
time, with the initial cluster containing hits due to particles
produced in the neutrino interaction and subsequent clusters
containing hits due to products of weakly decaying prompt
particles. Each hit cluster is then reconstructed separately by
maximizing the likelihood function for the e, μ, πþ and p
single-track hypotheses.
For the earliest hit cluster only, multiple-track event

hypotheses are also reconstructed using the results of the
single-track fits as the starting point. A multitrack search
algorithm is used to determine the number of tracks
observed in the event. This algorithm proceeds by iter-
atively adding a new electronlike or πþ-like track to the
event until the best-fit likelihood after adding the new track
fails to improve beyond a set threshold. In the analysis
described here, additional event hypotheses targeting
neutral-current backgrounds are used: a π0 hypothesis
consisting of two electronlike tracks consistent with a π0 →
γγ decay and a πþ hypothesis with a single track compat-
ible with a πþ undergoing a hard scatter.

B. Event selection

Events are selected into samples using cuts on best-fit
likelihood ratios between signal-like and backgroundlike
hypotheses: Λα

β ¼
def log Lα

Lβ
, where α and β are competing

hypotheses. The cut points are typically parameterized as a
function of reconstructed kinematics, such as the best-fit
electron momentum or the reconstructed invariant mass
obtained from the π0 hypothesis best-fit kinematics.
Five signal-enriched SK samples are used in the analysis,

each of which has a single prompt track reconstructed from
a Cherenkov ring. Samples of events containing a single
reconstructed μ-like ring (1Rμ) and a single reconstructed
e-like ring (1Re) target νμ and νe CCQE interactions in both
FHC and RHC beam modes. An additional e-like sample,
used in FHC data only, targets CC 1πþ interactions where
the πþ is below Cherenkov threshold. The πþ is identified
by the detection of a delayed μ-decay electron following the
single prompt electron which results from the CC inter-
action (1Re þ 1 d:e:). The CCQE-like selection criteria are
the same for FHC and RHC samples.
Events in all samples are required to be fully contained

(FC) in the ID using the cut on OD activity described in
Sec. IX above and to have only one prompt reconstructed
particle identified by the multitrack iterative search
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Figure 14: Number of events passing each selection stage for Runs 1-10 (left) and Run 10 only
(right) neutrino mode data, processed with ATMPD19b+FQv4r0b+NEUT5.4.0. MC distribu-
tions are made using oscillation parameters shown in Table.11 and are normalized to data using
POT.
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Figure 15: Reconstructed neutrino energy distribution for the final selected νe candidates
for Runs 1-10 combined (left) and Run 10 only (right) neutrino mode data, processed with
ATMPD19b+FQv4r0b+NEUT5.4.0. MC distributions are made using oscillation parameters
shown in Table.11 and are normalized to data using POT.
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Figure 19: Two-dimensional distributions of the reconstructed vertex position of the νe candidate
events in neutrino mode. The left figure shows the vertex distribution projected on the horizontal
plane. In this plane the point on the wall closest to J-PARC is at (1132,-1255)cm. The right
figure shows the vertical position vs. the square of the distance of the vertex from the central
vertical axis of the SK tank. Dashed blue lines indicate the fiducial volume wall cut boundary,
and the solid red arrows indicates the beam direction. Black arrows are events taken during Runs
1-10, with magenta arrows indicated events from Run 10. Both data sets are processed with
ATMPD19b+FQv4r0b+NEUT5.4.0. Dashed arrows represent events passing the νe selection
cuts except the fiducial volume cut. The length of arrows is an indication of how parallel the
outgoing particle is to the projection plane; it does NOT represent the length traveled by the
particle.

Runs 1-10 Expected Data
νµ + ν̄µ CC Beam νe + ν̄e CC NC BG Total νµ → νe ν̄µ → ν̄e MC total

Floor-FCFV 828.065 51.574 255.620 1135.359 110.486 0.959 1246.704 1279
FCFV 886.362 56.685 260.508 1203.555 109.753 0.979 1314.287 1361
Single Ring 397.177 29.511 49.246 475.934 94.001 0.765 570.700 554
Electron-like PID 11.353 29.491 30.897 71.740 93.885 0.764 166.389 174
Evis > 100 MeV 4.339 29.317 21.197 54.853 92.680 0.760 148.294 150
No Decay-e 1.196 24.903 18.205 44.304 83.884 0.738 128.927 130
Erec 0.764 13.129 14.137 28.029 81.240 0.540 109.809 107
π0 rejection cut 0.423 11.661 6.607 18.691 76.164 0.461 95.315 94
Efficiency from FCFV 0.000 0.206 0.025 0.016 0.694 0.470 0.073 -

Table 12: Expected numbers of signal and background events passing each selection stage calcu-
lated by T2K-SK 19b MC, compared to neutrino mode data taken in Runs 1-10 processed with
ATMPD19b+FQv4r0b. Oscillation parameters are set to the values in Table 11. Expectations
are normalized to 19.664×1020 POT. Floor-FCFV is defined in Chapter 2; Sample-FCFV refers
to fully contained, wall > 80 cm, towall > 170 cm cut.
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Parameter Value
∆m2

21 7.53× 10−5 eV2

∆m2
23 2.54× 10−3 eV2

sin2θ12 0.304
sin2θ13 0.0219
sin2θ23 0.550
δCP -1.728
Mass Hierarchy Normal
ν Travel Length 295 km
Earth Density 2.6 g· cm−3

Table 11: Neutrino oscillation parameters used in the MC expectation calculation.

In figure 11 and 12, deficits of Run 10 data compared to MC exist in two-ring samples, as313

well as the number of decayed electron. The same feature was also noticed in a data-to-data314

comparison between Runs 1-9 and Run 10 normalized by their POT respectively. It was found315

that in Run 10 data, the fiTQun tends to fit more rings for the two-ring events fitted by APFit.316

However, overall there is no indication that events were migrating among different number of317

rings given the uncertainty in agreement between the 2 reconstruction algorithms. Furthermore318

both SK atmospheric and stop-µ data have shown good consistency in the number of fitted rings319

and decayed electrons with the latest fiTQun version. More details can be found in Section 5.320

Distributions of the variables used for π0 rejection are shown in Figure 13 and The number321

of events passing each νe selection cut is shown in Figure 14. After all selection cuts have been322

performed, 94 events are selected as final νe candidates, 18 of which was observed in Run 10.323

Figure 15 shows the distribution of reconstructed neutrino energies for the final νe candidates.324

Figure 16 shows the distribution of the cosine of the angle between the reconstructed ring325

direction for each νe candidate and the beam direction.326

It should be noted that due to the change in library and fiTQun versions the values of327

some reconstructed parameters in the Runs 1-9 data have changed. Accordingly some event328

migration has also occurred. With the new reconstruction (ATMPD19b+FQv4r0b) there is now329

one more νe candidate than in the previous analysis (ATMPD14c+FQv4r0), while the number330

of νe CC1π+ candidate has decreased by 1.331

Figures 17 and 18 show 1D vertex distributions in wall, towall, R2 and Z. Figure 19 presents332

vertex distributions of candidate events, where the starting end of arrows indicates the vertex333

position, and the arrow direction indicates the projected direction at which the outgoing particle334

travels. Events passing all cuts other than the fiducial volume cut are included in these plots,335

and are indicated by hollow arrows. Black arrows in the 2D plots denote data taken during336

Runs 1-10, and magenta arrows indicate events from Run 10. Both data sets are processed with337

ATMPD19b+FQv4r0b.338

Figure 20 shows the cumulative number of observed νe candidate events as a function of339

POT. For data taken during Runs 1-10, the greatest vertical distance D between observation340

(shown as a blue line) and a hypothesis of constant event rate (shown in red) was found to be341

0.097, where D is normalized so that its maximum possible value is 1. The KS probability to342

obtain values larger than 0.097 from statistical fluctuations was calculated to be 32.6%.343

Table 12 shows the expected numbers of νµ → νe signal and background events passing344

26
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Figure 24: Number of events passing each selection stage for all antineutrino mode data processed
with ATMPD14c+FQv4r0+NEUT5.3.2 (left) and ATMPD19b+FQv4r0b+NEUT5.4.0 (right).
MC distributions are made using oscillation parameters shown in Table.11 and are normalized
to data using POT.
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Figure 25: Reconstructed neutrino energy distribution of anti-neutrino mode data
for the final selected ν̄e candidates from ATMPD14c+FQv4r0+NEUT5.3.2 (left) and
ATMPD19b+FQv4r0b+NEUT5.4.0 (right). MC distributions are made using oscillation pa-
rameters shown in Table.11 and are normalized to data using POT.
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Figure 29: Two-dimensional distributions of the reconstructed vertex position of the Runs 5-9
ν̄e candidate events in antineutrino mode processed by ATMPD19b+FQv4r0b. The left figure
shows the vertex distribution projected on the horizontal plane. In this plane the point on the
wall closest to J-PARC is at (1132,-1255)cm. The right figure shows the vertical position vs.
the square of the distance of the vertex from the central vertical axis of the SK tank. Dashed
blue lines indicate the fiducial volume wall cut boundary, and the solid red arrows indicate the
beam direction.

Runs 5-9 Expected Data
νµ + ν̄µ CC νe + ν̄e CC NC BG Total νµ → νe ν̄µ → ν̄e MC total

Floor-FCFV 290.199 19.106 120.797 430.102 4.202 10.349 444.653 460
Sample-FCFV 311.203 21.476 122.864 455.543 5.810 10.312 471.665 497
Single Ring 144.493 10.884 22.609 177.986 4.133 8.809 190.927 215
Electron-like PID 2.806 10.875 13.831 27.512 4.126 8.802 40.440 42
Evis > 100 MeV 1.410 10.830 9.916 22.156 4.062 8.748 34.966 32
No Decay-e 0.406 9.479 8.600 18.485 3.465 8.581 30.532 28
Erec 0.277 4.272 6.770 11.318 2.914 8.133 22.365 19
π0 rejection cut 0.130 3.701 2.404 6.235 2.646 7.374 16.255 15
Efficiency from FCFV 0.000 0.172 0.020 0.014 0.455 0.715 0.034 -

Table 15: Expected numbers of signal and background events passing each selection stage
from T2K 14c MC, compared to antineutrino mode data taken in Runs 5-9 processed by
ATMPD14c+FQv4r0. Oscillation parameters are set to the values in Table 11. Expectations
are normalized to 16.346×1020 POT. Floor-FCFV is defined in Chapter 2; Sample-FCFV refers
to fully contained, wall > 80 cm, towall > 170 cm cut.
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Parameter Value
∆m2

21 7.53× 10−5 eV2

∆m2
23 2.54× 10−3 eV2

sin2θ12 0.304
sin2θ13 0.0219
sin2θ23 0.550
δCP -1.728
Mass Hierarchy Normal
ν Travel Length 295 km
Earth Density 2.6 g· cm−3

Table 11: Neutrino oscillation parameters used in the MC expectation calculation.

In figure 11 and 12, deficits of Run 10 data compared to MC exist in two-ring samples, as313

well as the number of decayed electron. The same feature was also noticed in a data-to-data314

comparison between Runs 1-9 and Run 10 normalized by their POT respectively. It was found315

that in Run 10 data, the fiTQun tends to fit more rings for the two-ring events fitted by APFit.316

However, overall there is no indication that events were migrating among different number of317

rings given the uncertainty in agreement between the 2 reconstruction algorithms. Furthermore318

both SK atmospheric and stop-µ data have shown good consistency in the number of fitted rings319

and decayed electrons with the latest fiTQun version. More details can be found in Section 5.320

Distributions of the variables used for π0 rejection are shown in Figure 13 and The number321

of events passing each νe selection cut is shown in Figure 14. After all selection cuts have been322

performed, 94 events are selected as final νe candidates, 18 of which was observed in Run 10.323

Figure 15 shows the distribution of reconstructed neutrino energies for the final νe candidates.324

Figure 16 shows the distribution of the cosine of the angle between the reconstructed ring325

direction for each νe candidate and the beam direction.326

It should be noted that due to the change in library and fiTQun versions the values of327

some reconstructed parameters in the Runs 1-9 data have changed. Accordingly some event328

migration has also occurred. With the new reconstruction (ATMPD19b+FQv4r0b) there is now329

one more νe candidate than in the previous analysis (ATMPD14c+FQv4r0), while the number330

of νe CC1π+ candidate has decreased by 1.331

Figures 17 and 18 show 1D vertex distributions in wall, towall, R2 and Z. Figure 19 presents332

vertex distributions of candidate events, where the starting end of arrows indicates the vertex333

position, and the arrow direction indicates the projected direction at which the outgoing particle334

travels. Events passing all cuts other than the fiducial volume cut are included in these plots,335

and are indicated by hollow arrows. Black arrows in the 2D plots denote data taken during336

Runs 1-10, and magenta arrows indicate events from Run 10. Both data sets are processed with337

ATMPD19b+FQv4r0b.338

Figure 20 shows the cumulative number of observed νe candidate events as a function of339

POT. For data taken during Runs 1-10, the greatest vertical distance D between observation340

(shown as a blue line) and a hypothesis of constant event rate (shown in red) was found to be341

0.097, where D is normalized so that its maximum possible value is 1. The KS probability to342

obtain values larger than 0.097 from statistical fluctuations was calculated to be 32.6%.343

Table 12 shows the expected numbers of νµ → νe signal and background events passing344

26
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Figure 19: Two-dimensional distributions of the reconstructed vertex position of the νe candidate
events in neutrino mode. The left figure shows the vertex distribution projected on the horizontal
plane. In this plane the point on the wall closest to J-PARC is at (1132,-1255)cm. The right
figure shows the vertical position vs. the square of the distance of the vertex from the central
vertical axis of the SK tank. Dashed blue lines indicate the fiducial volume wall cut boundary,
and the solid red arrows indicates the beam direction. Black arrows are events taken during Runs
1-10, with magenta arrows indicated events from Run 10. Both data sets are processed with
ATMPD19b+FQv4r0b+NEUT5.4.0. Dashed arrows represent events passing the νe selection
cuts except the fiducial volume cut. The length of arrows is an indication of how parallel the
outgoing particle is to the projection plane; it does NOT represent the length traveled by the
particle.

Runs 1-10 Expected Data
νµ + ν̄µ CC Beam νe + ν̄e CC NC BG Total νµ → νe ν̄µ → ν̄e MC total

Floor-FCFV 828.065 51.574 255.620 1135.359 110.486 0.959 1246.704 1279
FCFV 886.362 56.685 260.508 1203.555 109.753 0.979 1314.287 1361
Single Ring 397.177 29.511 49.246 475.934 94.001 0.765 570.700 554
Electron-like PID 11.353 29.491 30.897 71.740 93.885 0.764 166.389 174
Evis > 100 MeV 4.339 29.317 21.197 54.853 92.680 0.760 148.294 150
No Decay-e 1.196 24.903 18.205 44.304 83.884 0.738 128.927 130
Erec 0.764 13.129 14.137 28.029 81.240 0.540 109.809 107
π0 rejection cut 0.423 11.661 6.607 18.691 76.164 0.461 95.315 94
Efficiency from FCFV 0.000 0.206 0.025 0.016 0.694 0.470 0.073 -

Table 12: Expected numbers of signal and background events passing each selection stage calcu-
lated by T2K-SK 19b MC, compared to neutrino mode data taken in Runs 1-10 processed with
ATMPD19b+FQv4r0b. Oscillation parameters are set to the values in Table 11. Expectations
are normalized to 19.664×1020 POT. Floor-FCFV is defined in Chapter 2; Sample-FCFV refers
to fully contained, wall > 80 cm, towall > 170 cm cut.
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Figure 19: Two-dimensional distributions of the reconstructed vertex position of the νe candidate
events in neutrino mode. The left figure shows the vertex distribution projected on the horizontal
plane. In this plane the point on the wall closest to J-PARC is at (1132,-1255)cm. The right
figure shows the vertical position vs. the square of the distance of the vertex from the central
vertical axis of the SK tank. Dashed blue lines indicate the fiducial volume wall cut boundary,
and the solid red arrows indicates the beam direction. Black arrows are events taken during Runs
1-10, with magenta arrows indicated events from Run 10. Both data sets are processed with
ATMPD19b+FQv4r0b+NEUT5.4.0. Dashed arrows represent events passing the νe selection
cuts except the fiducial volume cut. The length of arrows is an indication of how parallel the
outgoing particle is to the projection plane; it does NOT represent the length traveled by the
particle.

Runs 1-10 Expected Data
νµ + ν̄µ CC Beam νe + ν̄e CC NC BG Total νµ → νe ν̄µ → ν̄e MC total

Floor-FCFV 828.065 51.574 255.620 1135.359 110.486 0.959 1246.704 1279
FCFV 886.362 56.685 260.508 1203.555 109.753 0.979 1314.287 1361
Single Ring 397.177 29.511 49.246 475.934 94.001 0.765 570.700 554
Electron-like PID 11.353 29.491 30.897 71.740 93.885 0.764 166.389 174
Evis > 100 MeV 4.339 29.317 21.197 54.853 92.680 0.760 148.294 150
No Decay-e 1.196 24.903 18.205 44.304 83.884 0.738 128.927 130
Erec 0.764 13.129 14.137 28.029 81.240 0.540 109.809 107
π0 rejection cut 0.423 11.661 6.607 18.691 76.164 0.461 95.315 94
Efficiency from FCFV 0.000 0.206 0.025 0.016 0.694 0.470 0.073 -

Table 12: Expected numbers of signal and background events passing each selection stage calcu-
lated by T2K-SK 19b MC, compared to neutrino mode data taken in Runs 1-10 processed with
ATMPD19b+FQv4r0b. Oscillation parameters are set to the values in Table 11. Expectations
are normalized to 19.664×1020 POT. Floor-FCFV is defined in Chapter 2; Sample-FCFV refers
to fully contained, wall > 80 cm, towall > 170 cm cut.
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Figure 29: Two-dimensional distributions of the reconstructed vertex position of the Runs 5-9
ν̄e candidate events in antineutrino mode processed by ATMPD19b+FQv4r0b. The left figure
shows the vertex distribution projected on the horizontal plane. In this plane the point on the
wall closest to J-PARC is at (1132,-1255)cm. The right figure shows the vertical position vs.
the square of the distance of the vertex from the central vertical axis of the SK tank. Dashed
blue lines indicate the fiducial volume wall cut boundary, and the solid red arrows indicate the
beam direction.

Runs 5-9 Expected Data
νµ + ν̄µ CC νe + ν̄e CC NC BG Total νµ → νe ν̄µ → ν̄e MC total

Floor-FCFV 290.199 19.106 120.797 430.102 4.202 10.349 444.653 460
Sample-FCFV 311.203 21.476 122.864 455.543 5.810 10.312 471.665 497
Single Ring 144.493 10.884 22.609 177.986 4.133 8.809 190.927 215
Electron-like PID 2.806 10.875 13.831 27.512 4.126 8.802 40.440 42
Evis > 100 MeV 1.410 10.830 9.916 22.156 4.062 8.748 34.966 32
No Decay-e 0.406 9.479 8.600 18.485 3.465 8.581 30.532 28
Erec 0.277 4.272 6.770 11.318 2.914 8.133 22.365 19
π0 rejection cut 0.130 3.701 2.404 6.235 2.646 7.374 16.255 15
Efficiency from FCFV 0.000 0.172 0.020 0.014 0.455 0.715 0.034 -

Table 15: Expected numbers of signal and background events passing each selection stage
from T2K 14c MC, compared to antineutrino mode data taken in Runs 5-9 processed by
ATMPD14c+FQv4r0. Oscillation parameters are set to the values in Table 11. Expectations
are normalized to 16.346×1020 POT. Floor-FCFV is defined in Chapter 2; Sample-FCFV refers
to fully contained, wall > 80 cm, towall > 170 cm cut.
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Figure 29: Two-dimensional distributions of the reconstructed vertex position of the Runs 5-9
ν̄e candidate events in antineutrino mode processed by ATMPD19b+FQv4r0b. The left figure
shows the vertex distribution projected on the horizontal plane. In this plane the point on the
wall closest to J-PARC is at (1132,-1255)cm. The right figure shows the vertical position vs.
the square of the distance of the vertex from the central vertical axis of the SK tank. Dashed
blue lines indicate the fiducial volume wall cut boundary, and the solid red arrows indicate the
beam direction.

Runs 5-9 Expected Data
νµ + ν̄µ CC νe + ν̄e CC NC BG Total νµ → νe ν̄µ → ν̄e MC total

Floor-FCFV 290.199 19.106 120.797 430.102 4.202 10.349 444.653 460
Sample-FCFV 311.203 21.476 122.864 455.543 5.810 10.312 471.665 497
Single Ring 144.493 10.884 22.609 177.986 4.133 8.809 190.927 215
Electron-like PID 2.806 10.875 13.831 27.512 4.126 8.802 40.440 42
Evis > 100 MeV 1.410 10.830 9.916 22.156 4.062 8.748 34.966 32
No Decay-e 0.406 9.479 8.600 18.485 3.465 8.581 30.532 28
Erec 0.277 4.272 6.770 11.318 2.914 8.133 22.365 19
π0 rejection cut 0.130 3.701 2.404 6.235 2.646 7.374 16.255 15
Efficiency from FCFV 0.000 0.172 0.020 0.014 0.455 0.715 0.034 -

Table 15: Expected numbers of signal and background events passing each selection stage
from T2K 14c MC, compared to antineutrino mode data taken in Runs 5-9 processed by
ATMPD14c+FQv4r0. Oscillation parameters are set to the values in Table 11. Expectations
are normalized to 16.346×1020 POT. Floor-FCFV is defined in Chapter 2; Sample-FCFV refers
to fully contained, wall > 80 cm, towall > 170 cm cut.
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Figure 11: Distributions of νe neutrino mode event selections at each stage for Runs 1-10 (left)
and Run 10 only (right), processed with ATMPD19b+FQv4r0b+NEUT5.4.0. Plots presented
here are: Number of rings (top), Single-ring PID parameter (middle), visible energy (bottom).
Blue arrows denote the selection criteria. MC distributions are normalized to data by POT.
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Figure 21: Distributions of all ν̄e antineutrino mode event selections at each stage from
ATMPD14c+FQv4r0+NEUT5.3.2 (left) and ATMPD19b+FQv4r0b+NEUT5.4.0 (right). Plots
presented here are: Number of rings (top), Single-ring PID parameter (middle), and Visible
energy (bottom). Blue arrows denote the selection criteria. MC distributions are normalized to
data by POT.
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Figure 11: Distributions of νe neutrino mode event selections at each stage for Runs 1-10 (left)
and Run 10 only (right), processed with ATMPD19b+FQv4r0b+NEUT5.4.0. Plots presented
here are: Number of rings (top), Single-ring PID parameter (middle), visible energy (bottom).
Blue arrows denote the selection criteria. MC distributions are normalized to data by POT.
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Figure 21: Distributions of all ν̄e antineutrino mode event selections at each stage from
ATMPD14c+FQv4r0+NEUT5.3.2 (left) and ATMPD19b+FQv4r0b+NEUT5.4.0 (right). Plots
presented here are: Number of rings (top), Single-ring PID parameter (middle), and Visible
energy (bottom). Blue arrows denote the selection criteria. MC distributions are normalized to
data by POT.

35



85

Visible Energy (> 100 MeV)

Fri May 15 14:06:13 2020

Number of rings
1 2 3 4 5≥

N
um

be
r o

f e
ve

nt
s

0

200

400

600

800
Run1-10 Data

 POT)2010×(19.66
 CCeνOsc. 
 CCeνOsc. 

 CCµν/µν
 CCeν/eνBeam 

NC
MC w/ T2K+DB bestfit

Fri May 15 14:06:10 2020

Number of rings
1 2 3 4 5≥

N
um

be
r o

f e
ve

nt
s

0

50

100

150

200 Run10 Data
 POT)2010×(4.73

 CCeνOsc. 
 CCeνOsc. 

 CCµν/µν
 CCeν/eνBeam 

NC
MC w/ T2K+DB bestfit

Fri May 15 14:06:14 2020

PID parameter
-1000 0 1000

N
um

be
r o

f e
ve

nt
s

0

50

100 Run1-10 Data
 POT)2010×(19.66

 CCeνOsc. 
 CCeνOsc. 

 CCµν/µν
 CCeν/eνBeam 

NC
MC w/ T2K+DB bestfit

Fri May 15 14:06:11 2020

PID parameter
-1000 0 1000

N
um

be
r o

f e
ve

nt
s

0

10

20

Run10 Data
 POT)2010×(4.73

 CCeνOsc. 
 CCeνOsc. 

 CCµν/µν
 CCeν/eνBeam 

NC
MC w/ T2K+DB bestfit

Fri May 15 14:06:14 2020

Visible energy (MeV)
0 1000 2000 3000

N
um

be
r o

f e
ve

nt
s/1

00
 M

eV

0

10

20

Run1-10 Data
 POT)2010×(19.66

 CCeνOsc. 
 CCeνOsc. 

 CCµν/µν
 CCeν/eνBeam 

NC
MC w/ T2K+DB bestfit

Fri May 15 14:06:11 2020

Visible energy (MeV)
0 1000 2000 3000

N
um

be
r o

f e
ve

nt
s/1

00
 M

eV
0

2

4

6

8

Run10 Data
 POT)2010×(4.73

 CCeνOsc. 
 CCeνOsc. 

 CCµν/µν
 CCeν/eνBeam 

NC
MC w/ T2K+DB bestfit

Figure 11: Distributions of νe neutrino mode event selections at each stage for Runs 1-10 (left)
and Run 10 only (right), processed with ATMPD19b+FQv4r0b+NEUT5.4.0. Plots presented
here are: Number of rings (top), Single-ring PID parameter (middle), visible energy (bottom).
Blue arrows denote the selection criteria. MC distributions are normalized to data by POT.
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Figure 21: Distributions of all ν̄e antineutrino mode event selections at each stage from
ATMPD14c+FQv4r0+NEUT5.3.2 (left) and ATMPD19b+FQv4r0b+NEUT5.4.0 (right). Plots
presented here are: Number of rings (top), Single-ring PID parameter (middle), and Visible
energy (bottom). Blue arrows denote the selection criteria. MC distributions are normalized to
data by POT.
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Figure 12: Distributions of νe neutrino mode event selections at each stage for Runs 1-10 (left)
and Run 10 only (right), processed with ATMPD19b+FQv4r0b+NEUT5.4.0. Plots presented
here are: Number of decay electrons (top), Reconstructed neutrino energy (middle), and π0 re-
jection cut (bottom). Blue arrows denote the selection criteria. MC distributions are normalized
to data by POT.
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Figure 22: Distributions of all ν̄e antineutrino mode event selections at each stage from
ATMPD14c+FQv4r0+NEUT5.3.2 (left) and ATMPD19b+FQv4r0b+NEUT5.4.0 (right). Plots
presented here are: Number of decay electrons (top), Reconstructed neutrino energy (middle),
and π0 rejection cut (bottom). Blue arrows denote the selection criteria. MC distributions are
normalized to data by POT.
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Figure 12: Distributions of νe neutrino mode event selections at each stage for Runs 1-10 (left)
and Run 10 only (right), processed with ATMPD19b+FQv4r0b+NEUT5.4.0. Plots presented
here are: Number of decay electrons (top), Reconstructed neutrino energy (middle), and π0 re-
jection cut (bottom). Blue arrows denote the selection criteria. MC distributions are normalized
to data by POT.
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Figure 22: Distributions of all ν̄e antineutrino mode event selections at each stage from
ATMPD14c+FQv4r0+NEUT5.3.2 (left) and ATMPD19b+FQv4r0b+NEUT5.4.0 (right). Plots
presented here are: Number of decay electrons (top), Reconstructed neutrino energy (middle),
and π0 rejection cut (bottom). Blue arrows denote the selection criteria. MC distributions are
normalized to data by POT.
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Figure 12: Distributions of νe neutrino mode event selections at each stage for Runs 1-10 (left)
and Run 10 only (right), processed with ATMPD19b+FQv4r0b+NEUT5.4.0. Plots presented
here are: Number of decay electrons (top), Reconstructed neutrino energy (middle), and π0 re-
jection cut (bottom). Blue arrows denote the selection criteria. MC distributions are normalized
to data by POT.
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Figure 13: Distributions of the variables used in the fiTQun π0 cut after selection cuts 1-6 have
been applied. Runs 1-10 neutrino mode are shown on the left, and Run 10 only is on the right.
Both are processed with ATMPD19b+FQv4r0b+NEUT5.4.0. MC distributions are normalized
to data using POT. The top shows the distance from the π0 cut line in themγγ−ln(Lπ0/Le) plane
after selection cuts 1-6, the middle is ln(Lπ0/Le), and the bottom is the fiTQun reconstructed
invariant mass mγγ .
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Figure 13: Distributions of the variables used in the fiTQun π0 cut after selection cuts 1-6 have
been applied. Runs 1-10 neutrino mode are shown on the left, and Run 10 only is on the right.
Both are processed with ATMPD19b+FQv4r0b+NEUT5.4.0. MC distributions are normalized
to data using POT. The top shows the distance from the π0 cut line in themγγ−ln(Lπ0/Le) plane
after selection cuts 1-6, the middle is ln(Lπ0/Le), and the bottom is the fiTQun reconstructed
invariant mass mγγ .
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Figure 22: Distributions of all ν̄e antineutrino mode event selections at each stage from
ATMPD14c+FQv4r0+NEUT5.3.2 (left) and ATMPD19b+FQv4r0b+NEUT5.4.0 (right). Plots
presented here are: Number of decay electrons (top), Reconstructed neutrino energy (middle),
and π0 rejection cut (bottom). Blue arrows denote the selection criteria. MC distributions are
normalized to data by POT.
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Figure 23: Distributions of the variables used in the fiTQun π0 cut after selection cuts 1-6 have
been applied. The top shows the distance from the π0 cut line in the mγγ − ln(Lπ0/Le) plane
after selection cuts 1-6, the middle is ln(Lπ0/Le), and the bottom is the fiTQun reconstructed
invariant mass mγγ . Distributions from ATMPD14c+FQv4r0+NEUT5.3.2 anti-neutrino mode
are shown on the left, and ATMPD19b+FQv4r0b+NEUT5.4.0 on the right. MC distributions
are normalized to data using POT.
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Figure 23: Distributions of the variables used in the fiTQun π0 cut after selection cuts 1-6 have
been applied. The top shows the distance from the π0 cut line in the mγγ − ln(Lπ0/Le) plane
after selection cuts 1-6, the middle is ln(Lπ0/Le), and the bottom is the fiTQun reconstructed
invariant mass mγγ . Distributions from ATMPD14c+FQv4r0+NEUT5.3.2 anti-neutrino mode
are shown on the left, and ATMPD19b+FQv4r0b+NEUT5.4.0 on the right. MC distributions
are normalized to data using POT.
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Figure 16: Distribution of the cosine of the angle between the reconstructed ring direc-
tion of selected νe candidates and the beam direction. Runs 1-10 combined neutrino mode
data is shown on the left, and Run 10 only on the right. Both are processed with
ATMPD19b+FQv4r0b+NEUT5.4.0. The reconstructed neutrino energy cut has been applied
to this sample.

each selection cut obtained from the T2K-SK 19b MC, compared with data taken in Runs 1-345

10 processed by ATMPD19b+FQv4r0b. The expected number of signal events in the final νe346

candidate sample is 76.164, with 18.691 background. The background is predominantly from347

intrinsic beam νe CC interactions. For the Sample-FCFV events, the efficiency of the νe selection348

cuts on the signal and background events are 69.4% and the background is dominated by intrinsic349

νe and NC events, with efficiencies of 20.6% and 2.5%, respectively. Numbers for Run 10 alone350

are shown separately in Table 13.351

In Run 10 data only one νe candidate is rejected by APfit, while no event from APfit selections352

has failed fiTQun cuts. Table 14 lists the details of APfit rejected νe event. For APfit/fiTQun353

event migration in Runs 1-9, see [1].354
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Figure 14: Number of events passing each selection stage for Runs 1-10 (left) and Run 10 only
(right) neutrino mode data, processed with ATMPD19b+FQv4r0b+NEUT5.4.0. MC distribu-
tions are made using oscillation parameters shown in Table.11 and are normalized to data using
POT.
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Figure 15: Reconstructed neutrino energy distribution for the final selected νe candidates
for Runs 1-10 combined (left) and Run 10 only (right) neutrino mode data, processed with
ATMPD19b+FQv4r0b+NEUT5.4.0. MC distributions are made using oscillation parameters
shown in Table.11 and are normalized to data using POT.
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Figure 24: Number of events passing each selection stage for all antineutrino mode data processed
with ATMPD14c+FQv4r0+NEUT5.3.2 (left) and ATMPD19b+FQv4r0b+NEUT5.4.0 (right).
MC distributions are made using oscillation parameters shown in Table.11 and are normalized
to data using POT.
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Figure 25: Reconstructed neutrino energy distribution of anti-neutrino mode data
for the final selected ν̄e candidates from ATMPD14c+FQv4r0+NEUT5.3.2 (left) and
ATMPD19b+FQv4r0b+NEUT5.4.0 (right). MC distributions are made using oscillation pa-
rameters shown in Table.11 and are normalized to data using POT.
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Figure 26: Distribution of the cosine of the angle between the reconstructed ring direction
of selected ν̄e candidates and the beam direction. Antineutrino mode data processed with
ATMPD14c+FQv4r0+NEUT5.3.2 is shown on the left, and ATMPD19b+FQv4r0b+NEUT5.4.0
on the right. The reconstructed neutrino energy cut has been applied to this sample.

rately in Table 15.394
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Figure 19: Two-dimensional distributions of the reconstructed vertex position of the νe candidate
events in neutrino mode. The left figure shows the vertex distribution projected on the horizontal
plane. In this plane the point on the wall closest to J-PARC is at (1132,-1255)cm. The right
figure shows the vertical position vs. the square of the distance of the vertex from the central
vertical axis of the SK tank. Dashed blue lines indicate the fiducial volume wall cut boundary,
and the solid red arrows indicates the beam direction. Black arrows are events taken during Runs
1-10, with magenta arrows indicated events from Run 10. Both data sets are processed with
ATMPD19b+FQv4r0b+NEUT5.4.0. Dashed arrows represent events passing the νe selection
cuts except the fiducial volume cut. The length of arrows is an indication of how parallel the
outgoing particle is to the projection plane; it does NOT represent the length traveled by the
particle.

Runs 1-10 Expected Data
νµ + ν̄µ CC Beam νe + ν̄e CC NC BG Total νµ → νe ν̄µ → ν̄e MC total

Floor-FCFV 828.065 51.574 255.620 1135.359 110.486 0.959 1246.704 1279
FCFV 886.362 56.685 260.508 1203.555 109.753 0.979 1314.287 1361
Single Ring 397.177 29.511 49.246 475.934 94.001 0.765 570.700 554
Electron-like PID 11.353 29.491 30.897 71.740 93.885 0.764 166.389 174
Evis > 100 MeV 4.339 29.317 21.197 54.853 92.680 0.760 148.294 150
No Decay-e 1.196 24.903 18.205 44.304 83.884 0.738 128.927 130
Erec 0.764 13.129 14.137 28.029 81.240 0.540 109.809 107
π0 rejection cut 0.423 11.661 6.607 18.691 76.164 0.461 95.315 94
Efficiency from FCFV 0.000 0.206 0.025 0.016 0.694 0.470 0.073 -

Table 12: Expected numbers of signal and background events passing each selection stage calcu-
lated by T2K-SK 19b MC, compared to neutrino mode data taken in Runs 1-10 processed with
ATMPD19b+FQv4r0b. Oscillation parameters are set to the values in Table 11. Expectations
are normalized to 19.664×1020 POT. Floor-FCFV is defined in Chapter 2; Sample-FCFV refers
to fully contained, wall > 80 cm, towall > 170 cm cut.
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Figure 29: Two-dimensional distributions of the reconstructed vertex position of the Runs 5-9
ν̄e candidate events in antineutrino mode processed by ATMPD19b+FQv4r0b. The left figure
shows the vertex distribution projected on the horizontal plane. In this plane the point on the
wall closest to J-PARC is at (1132,-1255)cm. The right figure shows the vertical position vs.
the square of the distance of the vertex from the central vertical axis of the SK tank. Dashed
blue lines indicate the fiducial volume wall cut boundary, and the solid red arrows indicate the
beam direction.

Runs 5-9 Expected Data
νµ + ν̄µ CC νe + ν̄e CC NC BG Total νµ → νe ν̄µ → ν̄e MC total

Floor-FCFV 290.199 19.106 120.797 430.102 4.202 10.349 444.653 460
Sample-FCFV 311.203 21.476 122.864 455.543 5.810 10.312 471.665 497
Single Ring 144.493 10.884 22.609 177.986 4.133 8.809 190.927 215
Electron-like PID 2.806 10.875 13.831 27.512 4.126 8.802 40.440 42
Evis > 100 MeV 1.410 10.830 9.916 22.156 4.062 8.748 34.966 32
No Decay-e 0.406 9.479 8.600 18.485 3.465 8.581 30.532 28
Erec 0.277 4.272 6.770 11.318 2.914 8.133 22.365 19
π0 rejection cut 0.130 3.701 2.404 6.235 2.646 7.374 16.255 15
Efficiency from FCFV 0.000 0.172 0.020 0.014 0.455 0.715 0.034 -

Table 15: Expected numbers of signal and background events passing each selection stage
from T2K 14c MC, compared to antineutrino mode data taken in Runs 5-9 processed by
ATMPD14c+FQv4r0. Oscillation parameters are set to the values in Table 11. Expectations
are normalized to 16.346×1020 POT. Floor-FCFV is defined in Chapter 2; Sample-FCFV refers
to fully contained, wall > 80 cm, towall > 170 cm cut.
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Figure 48: Number of events passing each selection stage for Runs 1-10 (left) and Run 10
only (right) neutrino mode data, both processed with ATMPD19b+FQv4r0b+NEUT5.4.0. MC
distributions are normalized to data using POT.
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Figure 49: Reconstructed neutrino energy distribution for the final selected νµ candidates for
Runs 1-10 combined (left) and Run 10 only (right) neutrino mode data, both processed with
ATMPD19b+FQv4r0b+NEUT5.4.0. MC distributions are normalized to data using POT.
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Figure 50: Distribution of the cosine of the angle between the reconstructed ring direc-
tion of selected νµ candidates and the beam direction. Runs 1-10 combined neutrino
mode data is shown on the left, and Run 10 only on the right. Both are processed with
ATMPD19b+FQv4r0b+NEUT5.4.0. The reconstructed neutrino energy cut has been applied
to this sample.

Runs 1-10 Expected Data
νe + ν̄e CC NC νµ + ν̄µ CC non-QE Bckg Total νµ CCQE ν̄µ CCQE MC total

Floor-FCFV 828.065 51.574 255.620 1135.259 110.486 0.959 1246.704 1279
FCFV 159.210 252.169 487.223 898.601 312.544 18.239 1229.385 1266
Single Ring 120.241 48.469 89.208 257.919 276.480 16.037 550.436 534
Muon-like PID 0.130 18.270 84.397 102.797 270.330 15.927 389.055 367
Momentum 0.130 18.127 84.351 102.608 269.977 15.924 388.509 366
0 or 1 Decay-e 0.128 17.606 57.972 75.706 266.412 15.751 357.869 329
π+ rejection cut 0.121 8.896 56.723 65.740 263.084 15.597 344.422 318
Efficiency from FCFV 0.001 0.035 0.116 0.073 0.842 0.855 0.280 -

Table 19: Expected numbers of signal and background events passing each selection stage cal-
culaed by T2K-SK 19b MC, compared to neutrino mode data taken in Runs 1-10 processed by
ATMPD19b+FQv4r0b. Oscillation parameters are set to the values in Table 11. Expectations
are normalized to 19.664× 1020 POT.
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Runs 5-9 Expected Data
νe + ν̄e CC NC νµ + ν̄µ CC non-QE Bckg Total νµ CCQE ν̄µ CCQE MC total

Floor-FCFV 35.209 120.797 170.326 326.332 45.412 74.461 446.205 460
Sample-FCFV 34.679 118.942 169.351 322.972 44.948 72.949 440.869 454
Singe Ring 22.743 22.120 34.432 79.295 36.550 67.441 183.286 197
Muon-like PID 0.018 8.716 33.081 41.815 36.192 66.445 144.452 159
Momentum 0.018 8.629 33.073 41.720 36.178 66.402 144.301 159
0 or 1 Decay-e 0.018 8.365 25.223 33.607 35.755 65.712 135.074 144
π+ rejection cut 0.015 3.885 24.710 28.610 35.357 65.004 128.971 140
Efficiency from FCFV 0.000 0.033 0.146 0.089 0.787 0.891 0.293 -

Table 22: Expected numbers of signal and background events passing each selection stage
from T2K-SK 14c MC, compared to antineutrino mode data taken in Runs 5-9 processed with
ATMPD14c+FQv4r0. Oscillation parameters are set to the values in Table 11. Expectations
are normalized to 16.346× 1020 POT.

Runs 5-9 Expected Data
νe + ν̄e CC NC νµ + ν̄µ CC non-QE Bckg Total νµ CCQE ν̄µ CCQE MC total

Floor-FCFV 19.908 87.827 170.146 277.881 53.225 74.086 405.192 459
FCFV 35.324 86.630 169.259 291.213 52.663 72.699 416.575 454
Single Ring 23.313 16.622 32.691 72.626 43.306 66.692 182.624 191
Muon-like PID 0.013 6.290 31.379 37.682 42.884 65.768 146.333 154
Momentum 0.013 6.232 31.373 37.618 42.865 65.729 146.213 154
0 or 1 Decay-e 0.013 6.031 24.437 30.481 42.160 64.931 137.572 141
π+ rejection cut 0.011 2.849 24.025 26.885 41.673 64.251 132.809 137
Efficiency from FCFV 0.000 0.033 0.142 0.092 0.791 0.884 0.319 -

Table 23: Expected numbers of signal and background events passing each selection stage
from T2K-SK 19b MC, compared to neutrino mode data taken in Runs 5-9 processed with
ATMPD19b+FQv4r0b. Oscillation parameters are set to the values in Table 11. Expectations
are normalized to 8.788× 1020 POT.

4.2 Antineutrino mode510

Distributions of variables relevant to selection cuts 1-6 are shown in figures 55 and 56. with the511

Runs 5-9 data set processed with ATMPD14c+FQv4r0+NEUT5.3.2 shown on the left and the512

equivalent plots with ATMPD19b+FQv4r0b+NEUT5.4.0 on the right. Data is shown overlaid513

with MC expectation. Each variable is plotted at the stage where the cut is made.514

MC expectations are calculated using the T2K-SK 19b MC samples and are normalized by515

POT: 16.346×1020 POT both data sets. Oscillation probabilities are calculated using parameters516

identical to those of the previous section. The neutrino flux has been re-weighted to the 13av7p1517

antineutrino mode flux. Reweighting by the BANFF fit central values was done on an event-by-518

event basis.519

The number of events passing each ν̄µ selection cut is shown in Figure 57.Figure 58 shows520

the distribution of reconstructed neutrino energies for the final ν̄µ candidates. Figure 59 shows521

the cosine distribution of the νµ candidate events.522

Table 22 shows the expected numbers of ν̄µ signal and background events passing each se-523

lection cut obtained from the T2K-SK 14c MC, compared with data from Runs 5-9 processed524

with ATMPD14c+FQv4r0. Numbers for Runs 5-9 processed with ATMPD19b+FQv4r0b and525

T2K-SK 19b MC predictions are shown separately in Table 23.526

Figures 60 and 61 show 1D vertex distributions in wall, towall, R2 and Z. Figure 62 presents527

vertex distributions of Runs 5-9 candidate events processed with ATMPD19b+FQv4r0b. Events528
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Figure 57: Number of events passing each selection stage for Runs 5-9 processed with
ATMPD14c+FQv4r0+NEUT5.3.2 (left) and ATMPD19b+FQv4r0b+NEUT5.4.0 (right) an-
tineutrino mode data. MC distributions are normalized to data using POT.
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Figure 58: Reconstructed neutrino energy distribution for the final selected ν̄µ
candidates for Runs 5-9 processed with ATMPD14c+FQv4r0+NEUT5.3.2 (left) and
ATMPD19b+FQv4r0b+NEUT5.4.0 (right) antineutrino mode data. MC distributions are nor-
malized to data using POT.
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Figure 53: Two-dimensional distributions of the reconstructed vertex position of the νµ candidate
events in neutrino mode selected by ATMPD19b+FQv4r0b. The left figure shows the vertex
distribution projected on the horizontal plane. In this plane the point on the wall closest to
J-PARC is at (1132,-1255)cm. The right figure shows the vertical position vs. the square of the
distance of the vertex from the central vertical axis of the SK tank. Dashed blue lines indicate
the fiducial volume wall cut boundary, and the solid red arrows indicate the beam direction.
Black arrows are events taken during Runs 1-10, with magenta arrows indicated events from
Run 10. Hollow arrows represent events passing the νµ selection cuts except the fiducial volume
one.
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Figure 53: Two-dimensional distributions of the reconstructed vertex position of the νµ candidate
events in neutrino mode selected by ATMPD19b+FQv4r0b. The left figure shows the vertex
distribution projected on the horizontal plane. In this plane the point on the wall closest to
J-PARC is at (1132,-1255)cm. The right figure shows the vertical position vs. the square of the
distance of the vertex from the central vertical axis of the SK tank. Dashed blue lines indicate
the fiducial volume wall cut boundary, and the solid red arrows indicate the beam direction.
Black arrows are events taken during Runs 1-10, with magenta arrows indicated events from
Run 10. Hollow arrows represent events passing the νµ selection cuts except the fiducial volume
one.
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Figure 62: Two-dimensional distributions of the reconstructed vertex position of the Runs 5-9
ν̄µ candidate events in antineutrino mode processed by ATMPD19b+FQv4r0b. The left figure
shows the vertex distribution projected on the horizontal plane. In this plane the point on the
wall closest to J-PARC is at (1132,-1255)cm. The right figure shows the vertical position vs.
the square of the distance of the vertex from the central vertical axis of the SK tank. Dashed
blue lines indicate the fiducial volume dwall boundary, and solid red arrows indicates the beam
direction.
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Figure 62: Two-dimensional distributions of the reconstructed vertex position of the Runs 5-9
ν̄µ candidate events in antineutrino mode processed by ATMPD19b+FQv4r0b. The left figure
shows the vertex distribution projected on the horizontal plane. In this plane the point on the
wall closest to J-PARC is at (1132,-1255)cm. The right figure shows the vertical position vs.
the square of the distance of the vertex from the central vertical axis of the SK tank. Dashed
blue lines indicate the fiducial volume dwall boundary, and solid red arrows indicates the beam
direction.
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Figure 46: Distributions of νµ neutrino mode event selection variables at each stage for Runs
1-10 (left) and Run 10 only (right), both processed with ATMPD19b+FQv4r0b+NEUT5.4.0.
Plots presented here are: Number of rings (top), Single-ring PID parameter (middle), and visible
energy (bottom). Blue arrows denote the selection criteria. MC distributions are normalized to
data by POT.
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Figure 46: Distributions of νµ neutrino mode event selection variables at each stage for Runs
1-10 (left) and Run 10 only (right), both processed with ATMPD19b+FQv4r0b+NEUT5.4.0.
Plots presented here are: Number of rings (top), Single-ring PID parameter (middle), and visible
energy (bottom). Blue arrows denote the selection criteria. MC distributions are normalized to
data by POT.
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Figure 55: Distributions of ν̄µ antineutrino mode event selections at each stage for Runs 5-9 pro-
cessed with ATMPD14c+FQv4r0+NEUT5.3.2 (left) and ATMPD19b+FQv4r0b+NEUT5.4.0
(right). Plots presented here are: Number of rings (top left), Single-ring PID parameter (top
right), and visible energy (bottom). Blue arrows denote the selection criteria. MC distributions
are normalized to data by POT.
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Figure 55: Distributions of ν̄µ antineutrino mode event selections at each stage for Runs 5-9 pro-
cessed with ATMPD14c+FQv4r0+NEUT5.3.2 (left) and ATMPD19b+FQv4r0b+NEUT5.4.0
(right). Plots presented here are: Number of rings (top left), Single-ring PID parameter (top
right), and visible energy (bottom). Blue arrows denote the selection criteria. MC distributions
are normalized to data by POT.
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Figure 46: Distributions of νµ neutrino mode event selection variables at each stage for Runs
1-10 (left) and Run 10 only (right), both processed with ATMPD19b+FQv4r0b+NEUT5.4.0.
Plots presented here are: Number of rings (top), Single-ring PID parameter (middle), and visible
energy (bottom). Blue arrows denote the selection criteria. MC distributions are normalized to
data by POT.
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Figure 55: Distributions of ν̄µ antineutrino mode event selections at each stage for Runs 5-9 pro-
cessed with ATMPD14c+FQv4r0+NEUT5.3.2 (left) and ATMPD19b+FQv4r0b+NEUT5.4.0
(right). Plots presented here are: Number of rings (top left), Single-ring PID parameter (top
right), and visible energy (bottom). Blue arrows denote the selection criteria. MC distributions
are normalized to data by POT.
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Figure 47: Distributions of νµ neutrino mode event selection variables at each stage for Runs
1-10 (left) and Run 10 only (right), both processed with ATMPD19b+FQv4r0b+NEUT5.4.0.
Plots presented here are: Number of decay electrons (top), π+ rejection cut in 2D (middle), and
distance from the cut line (bottom). Blue arrows denote the selection criteria. MC distributions
are normalized to data by POT.
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Figure 56: Distributions of ν̄µ antineutrino mode event selections at each stage for Runs 5-9 pro-
cessed with ATMPD14c+FQv4r0+NEUT5.3.2 (left) and ATMPD19b+FQv4r0b+NEUT5.4.0
(right). Plots presented here are: Number of decay electrons (top), and π+ rejection cut in 2D
(middle), and distance from the cut line (bottom). Blue arrows denote the selection criteria.
MC distributions are normalized to data by POT.

71



NOT π+

98

Fri May 15 14:06:15 2020

Number of decay-e
0 1 2 3 4 5≥

N
um

be
r o

f e
ve

nt
s

0

100

200

300

400
Run1-10 Data

 POT)2010×(19.66
 CC QEµν

 CC QEµν

 CC non-QEµν+µν
 CCeν+eν

NC
MC w/ T2K+DB bestfit

Fri May 15 14:06:16 2020

Number of decay-e
0 1 2 3 4 5≥

N
um

be
r o

f e
ve

nt
s

0

50

100 Run10 Data
 POT)2010×(4.73

 CC QEµν

 CC QEµν

 CC non-QEµν+µν
 CCeν+eν

NC
MC w/ T2K+DB bestfit

Fri May 15 14:06:17 2020

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

 momentum (MeV)µreconstructed 
0 1000 2000 3000

)
µ

/L + π
lo

g(
L

-100

0

100

200

300 Data

CC

NC

Fri May 15 14:06:17 2020

0

0.1

0.2

0.3

0.4

0.5

 momentum (MeV)µreconstructed 
0 1000 2000 3000

)
µ

/L + π
lo

g(
L

-100

0

100

200

300 Data

CC

NC

Fri May 15 14:06:19 2020

 PID+π/µ
-300 -200 -100 0 100

N
um

be
r o

f e
ve

nt
s

0

20

40

60
Run1-10 Data

 POT)2010×(19.66
 CC QEµν

 CC QEµν

 CC non-QEµν+µν
 CCeν+eν

NC
MC w/ T2K+DB bestfit

Fri May 15 14:06:19 2020

 PID+π/µ
-300 -200 -100 0 100

N
um

be
r o

f e
ve

nt
s

0

5

10

15

20
Run10 Data

 POT)2010×(4.73
 CC QEµν

 CC QEµν

 CC non-QEµν+µν
 CCeν+eν

NC
MC w/ T2K+DB bestfit

Figure 47: Distributions of νµ neutrino mode event selection variables at each stage for Runs
1-10 (left) and Run 10 only (right), both processed with ATMPD19b+FQv4r0b+NEUT5.4.0.
Plots presented here are: Number of decay electrons (top), π+ rejection cut in 2D (middle), and
distance from the cut line (bottom). Blue arrows denote the selection criteria. MC distributions
are normalized to data by POT.
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Figure 47: Distributions of νµ neutrino mode event selection variables at each stage for Runs
1-10 (left) and Run 10 only (right), both processed with ATMPD19b+FQv4r0b+NEUT5.4.0.
Plots presented here are: Number of decay electrons (top), π+ rejection cut in 2D (middle), and
distance from the cut line (bottom). Blue arrows denote the selection criteria. MC distributions
are normalized to data by POT.
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Figure 56: Distributions of ν̄µ antineutrino mode event selections at each stage for Runs 5-9 pro-
cessed with ATMPD14c+FQv4r0+NEUT5.3.2 (left) and ATMPD19b+FQv4r0b+NEUT5.4.0
(right). Plots presented here are: Number of decay electrons (top), and π+ rejection cut in 2D
(middle), and distance from the cut line (bottom). Blue arrows denote the selection criteria.
MC distributions are normalized to data by POT.
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Figure 56: Distributions of ν̄µ antineutrino mode event selections at each stage for Runs 5-9 pro-
cessed with ATMPD14c+FQv4r0+NEUT5.3.2 (left) and ATMPD19b+FQv4r0b+NEUT5.4.0
(right). Plots presented here are: Number of decay electrons (top), and π+ rejection cut in 2D
(middle), and distance from the cut line (bottom). Blue arrows denote the selection criteria.
MC distributions are normalized to data by POT.
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Figure 48: Number of events passing each selection stage for Runs 1-10 (left) and Run 10
only (right) neutrino mode data, both processed with ATMPD19b+FQv4r0b+NEUT5.4.0. MC
distributions are normalized to data using POT.
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Figure 49: Reconstructed neutrino energy distribution for the final selected νµ candidates for
Runs 1-10 combined (left) and Run 10 only (right) neutrino mode data, both processed with
ATMPD19b+FQv4r0b+NEUT5.4.0. MC distributions are normalized to data using POT.
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Figure 50: Distribution of the cosine of the angle between the reconstructed ring direc-
tion of selected νµ candidates and the beam direction. Runs 1-10 combined neutrino
mode data is shown on the left, and Run 10 only on the right. Both are processed with
ATMPD19b+FQv4r0b+NEUT5.4.0. The reconstructed neutrino energy cut has been applied
to this sample.

Runs 1-10 Expected Data
νe + ν̄e CC NC νµ + ν̄µ CC non-QE Bckg Total νµ CCQE ν̄µ CCQE MC total

Floor-FCFV 828.065 51.574 255.620 1135.259 110.486 0.959 1246.704 1279
FCFV 159.210 252.169 487.223 898.601 312.544 18.239 1229.385 1266
Single Ring 120.241 48.469 89.208 257.919 276.480 16.037 550.436 534
Muon-like PID 0.130 18.270 84.397 102.797 270.330 15.927 389.055 367
Momentum 0.130 18.127 84.351 102.608 269.977 15.924 388.509 366
0 or 1 Decay-e 0.128 17.606 57.972 75.706 266.412 15.751 357.869 329
π+ rejection cut 0.121 8.896 56.723 65.740 263.084 15.597 344.422 318
Efficiency from FCFV 0.001 0.035 0.116 0.073 0.842 0.855 0.280 -

Table 19: Expected numbers of signal and background events passing each selection stage cal-
culaed by T2K-SK 19b MC, compared to neutrino mode data taken in Runs 1-10 processed by
ATMPD19b+FQv4r0b. Oscillation parameters are set to the values in Table 11. Expectations
are normalized to 19.664× 1020 POT.
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•Neutrino: 
•Data:  318 
•MC:    344.422
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Figure 57: Number of events passing each selection stage for Runs 5-9 processed with
ATMPD14c+FQv4r0+NEUT5.3.2 (left) and ATMPD19b+FQv4r0b+NEUT5.4.0 (right) an-
tineutrino mode data. MC distributions are normalized to data using POT.
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Figure 58: Reconstructed neutrino energy distribution for the final selected ν̄µ
candidates for Runs 5-9 processed with ATMPD14c+FQv4r0+NEUT5.3.2 (left) and
ATMPD19b+FQv4r0b+NEUT5.4.0 (right) antineutrino mode data. MC distributions are nor-
malized to data using POT.
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Figure 59: Distribution of the cosine of the angle between the reconstructed ring di-
rection of selected ν̄µ candidates and the beam direction. Runs 5-9 processed with
ATMPD14c+FQv4r0+NEUT5.3.2 antineutrino mode data is shown on the left, and with
ATMPD19b+FQv4r0b+NEUT5.4.0 on the right. The reconstructed neutrino energy cut has
been applied to this sample.

passing all cuts other than the fiducial volume cut are included in these plots, and are indicated529

by hollow crosses.530

Figure 63 shows the cumulative number of observed ν̄µ candidate events as a function of POT.531

For data taken during Runs 5-9, the greatest vertical distance D between observation (shown as532

a blue line) and a hypothesis of constant event rate (shown in red) was found to be 0.058, where533

D is normalized so that its maximum possible value is 1. The KS probability to obtain values534

larger than 0.058 from statistical fluctuations was calculated to be 72.3%. The ν̄µ candidate535

events have been observed regularly as the accumulated number of POT have increased during536

this period.537
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•Anti-neutrino: 
•Data:  137 
•MC:    132.809
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Figure 50: Distribution of the cosine of the angle between the reconstructed ring direc-
tion of selected νµ candidates and the beam direction. Runs 1-10 combined neutrino
mode data is shown on the left, and Run 10 only on the right. Both are processed with
ATMPD19b+FQv4r0b+NEUT5.4.0. The reconstructed neutrino energy cut has been applied
to this sample.

Runs 1-10 Expected Data
νe + ν̄e CC NC νµ + ν̄µ CC non-QE Bckg Total νµ CCQE ν̄µ CCQE MC total

Floor-FCFV 828.065 51.574 255.620 1135.259 110.486 0.959 1246.704 1279
FCFV 159.210 252.169 487.223 898.601 312.544 18.239 1229.385 1266
Single Ring 120.241 48.469 89.208 257.919 276.480 16.037 550.436 534
Muon-like PID 0.130 18.270 84.397 102.797 270.330 15.927 389.055 367
Momentum 0.130 18.127 84.351 102.608 269.977 15.924 388.509 366
0 or 1 Decay-e 0.128 17.606 57.972 75.706 266.412 15.751 357.869 329
π+ rejection cut 0.121 8.896 56.723 65.740 263.084 15.597 344.422 318
Efficiency from FCFV 0.001 0.035 0.116 0.073 0.842 0.855 0.280 -

Table 19: Expected numbers of signal and background events passing each selection stage cal-
culaed by T2K-SK 19b MC, compared to neutrino mode data taken in Runs 1-10 processed by
ATMPD19b+FQv4r0b. Oscillation parameters are set to the values in Table 11. Expectations
are normalized to 19.664× 1020 POT.
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Runs 5-9 Expected Data
νe + ν̄e CC NC νµ + ν̄µ CC non-QE Bckg Total νµ CCQE ν̄µ CCQE MC total

Floor-FCFV 35.209 120.797 170.326 326.332 45.412 74.461 446.205 460
Sample-FCFV 34.679 118.942 169.351 322.972 44.948 72.949 440.869 454
Singe Ring 22.743 22.120 34.432 79.295 36.550 67.441 183.286 197
Muon-like PID 0.018 8.716 33.081 41.815 36.192 66.445 144.452 159
Momentum 0.018 8.629 33.073 41.720 36.178 66.402 144.301 159
0 or 1 Decay-e 0.018 8.365 25.223 33.607 35.755 65.712 135.074 144
π+ rejection cut 0.015 3.885 24.710 28.610 35.357 65.004 128.971 140
Efficiency from FCFV 0.000 0.033 0.146 0.089 0.787 0.891 0.293 -

Table 22: Expected numbers of signal and background events passing each selection stage
from T2K-SK 14c MC, compared to antineutrino mode data taken in Runs 5-9 processed with
ATMPD14c+FQv4r0. Oscillation parameters are set to the values in Table 11. Expectations
are normalized to 16.346× 1020 POT.

Runs 5-9 Expected Data
νe + ν̄e CC NC νµ + ν̄µ CC non-QE Bckg Total νµ CCQE ν̄µ CCQE MC total

Floor-FCFV 19.908 87.827 170.146 277.881 53.225 74.086 405.192 459
FCFV 35.324 86.630 169.259 291.213 52.663 72.699 416.575 454
Single Ring 23.313 16.622 32.691 72.626 43.306 66.692 182.624 191
Muon-like PID 0.013 6.290 31.379 37.682 42.884 65.768 146.333 154
Momentum 0.013 6.232 31.373 37.618 42.865 65.729 146.213 154
0 or 1 Decay-e 0.013 6.031 24.437 30.481 42.160 64.931 137.572 141
π+ rejection cut 0.011 2.849 24.025 26.885 41.673 64.251 132.809 137
Efficiency from FCFV 0.000 0.033 0.142 0.092 0.791 0.884 0.319 -

Table 23: Expected numbers of signal and background events passing each selection stage
from T2K-SK 19b MC, compared to neutrino mode data taken in Runs 5-9 processed with
ATMPD19b+FQv4r0b. Oscillation parameters are set to the values in Table 11. Expectations
are normalized to 8.788× 1020 POT.

4.2 Antineutrino mode510

Distributions of variables relevant to selection cuts 1-6 are shown in figures 55 and 56. with the511

Runs 5-9 data set processed with ATMPD14c+FQv4r0+NEUT5.3.2 shown on the left and the512

equivalent plots with ATMPD19b+FQv4r0b+NEUT5.4.0 on the right. Data is shown overlaid513

with MC expectation. Each variable is plotted at the stage where the cut is made.514

MC expectations are calculated using the T2K-SK 19b MC samples and are normalized by515

POT: 16.346×1020 POT both data sets. Oscillation probabilities are calculated using parameters516

identical to those of the previous section. The neutrino flux has been re-weighted to the 13av7p1517

antineutrino mode flux. Reweighting by the BANFF fit central values was done on an event-by-518

event basis.519

The number of events passing each ν̄µ selection cut is shown in Figure 57.Figure 58 shows520

the distribution of reconstructed neutrino energies for the final ν̄µ candidates. Figure 59 shows521

the cosine distribution of the νµ candidate events.522

Table 22 shows the expected numbers of ν̄µ signal and background events passing each se-523

lection cut obtained from the T2K-SK 14c MC, compared with data from Runs 5-9 processed524

with ATMPD14c+FQv4r0. Numbers for Runs 5-9 processed with ATMPD19b+FQv4r0b and525

T2K-SK 19b MC predictions are shown separately in Table 23.526

Figures 60 and 61 show 1D vertex distributions in wall, towall, R2 and Z. Figure 62 presents527

vertex distributions of Runs 5-9 candidate events processed with ATMPD19b+FQv4r0b. Events528
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7. Oscillation Analysis
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Event sample for OA

• FHC (Forward Horn Current):  
Neutrino beam mode 

• RHC (Riverse Horn Current):   
Anti-neutrino beam mode
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The T2K Analysis Approach

S. Dennis (Liverpool) T2K June 25 2017 7 / 32

REMINDER:  OA overview



Near Detector measurements → constraints

105

by comparing the reconstructed muon direction to the
equivalent quantity estimated using the muon and sub-
sequent decay-e vertices. The uncertainties are 2.5 cm for
the vertex position and 0.24° for the direction, corresponding
to a 0.3%–0.4% systematic uncertainty on the FV, depending

on the analysis sample. This uncertainty is dominated by the
uncertainty on the vertex position, with the direction playing
a negligible role.
The uncertainty on the π0 rejection efficiency in 1Re

samples is estimated using hybrid π0 sample constructed by
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Electron Neutrino Predictions
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Figure 6: Mean and RMS of spectra in Erec for each sample, computed before and after applying
the BANFF constraints. All systematics are being varied. These figures assume the oscillation
parameter set A listed in Table 1.
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Figure 6: Mean and RMS of spectra in Erec for each sample, computed before and after applying
the BANFF constraints. All systematics are being varied. These figures assume the oscillation
parameter set A listed in Table 1.
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Muon Neutrino Predictions
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Figure 6: Mean and RMS of spectra in Erec for each sample, computed before and after applying
the BANFF constraints. All systematics are being varied. These figures assume the oscillation
parameter set A listed in Table 1.
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Figure 6: Mean and RMS of spectra in Erec for each sample, computed before and after applying
the BANFF constraints. All systematics are being varied. These figures assume the oscillation
parameter set A listed in Table 1.
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Systematic uncertainties
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Before ND280 Constraint

After ND280 Constraint



Reconstructed neutrino energy [GeV]
0

1

2

3

4

5

6

Ev
en

ts 
in 

bin

RHC 1Re

0 0.2 0.4 0.6 0.8 1 1.2

Reconstructed Neutrino Energy [GeV]
0
5

10
15
20
25

Ra
tio

 to
 un

os
c. Reconstructed neutrino energy [GeV]

0

2

4

6

8

10

12

14

Ev
en

ts 
in 

bin

µRHC 1R

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

Reconstructed Neutrino Energy [GeV]
0

0.5
1

1.5
2

2.5
3

Ra
tio

 to
 un

os
c.

Reconstructed neutrino energy [GeV]
0

5

10

15

20

25

Ev
en

ts 
in 

bin

µFHC 1R

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

Reconstructed Neutrino Energy [GeV]
0

0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

2

Ra
tio

 to
 un

os
c.Reconstructed neutrino energy [GeV]

0

2

4

6

8

10

12

14

16
Ev

en
ts 

in 
bin

FHC 1Re

0 0.2 0.4 0.6 0.8 1 1.2

Reconstructed Neutrino Energy [GeV]
0
2
4
6
8

10
12
14
16

Ra
tio

 to
 un

os
c.

Oscillation FIT

109

νe νμ

νe νμ



Oscillation FIT w/ CCνe-1π+
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Figure 6: Mean and RMS of spectra in Erec for each sample, computed before and after applying
the BANFF constraints. All systematics are being varied. These figures assume the oscillation
parameter set A listed in Table 1.
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9. Latest OA results
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Best Fit oscillation parameters
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• Data:                            94 
• Best fit w/δCP=-π/2:     97.62
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• Best fit w/δCP=-π/2:     16.69



T2K Best fit osc. parameters
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5.2 Global Best-fit Results734

We perform a simple minimization over the systematic and oscillation parameters, yielding a735

best fit point in the 4D oscillation space. Best fit values for the individual parameters are given736

in table 29 for both the T2K-only fit, and a fit using the additional constraint on sin2 2✓13 from737

reactor experiments. Corresponding values using Erec for 1Rµ samples are given in table 30.738

The corresponding best fit spectra are plotted against the data-points in Figure 60.739

Table 29: Results of the fit of the T2K run 1–10 data using Erec–✓ for 1Rµ samples.

Parameter Best fit
Data T2K only T2K + reactor
Hierarchy Normal Inverted Normal Inverted
sin2(2✓13) 0.109 0.120 0.0855 0.0860
sin2(✓13) 28.0⇥ 10�3 31.0⇥ 10�3 21.9⇥ 10�3 22.0⇥ 10�3

�CP �2.22 �1.29 �1.97 �1.44
�m

2
32

(NH)/|�m
2
31
| (IH) [eV2/c4] 2.495⇥ 10�3 2.463⇥ 10�3 2.494⇥ 10�3 2.463⇥ 10�3

sin2(✓23) 0.467 0.466 0.561 0.563
�2 lnL 597.72 598.56 598.05 600.49

Table 30: Results of the fit of the T2K run 1–10 data using Erec for 1Rµ samples.

Parameter Best fit
Data T2K only T2K + reactor
Hierarchy Normal Inverted Normal Inverted
sin2(2✓13) 0.107 0.118 0.0856 0.0860
sin2(✓13) 27.5⇥ 10�3 30.5⇥ 10�3 21.9⇥ 10�3 22.0⇥ 10�3

�CP �2.22 �1.30 �1.93 �1.44
�m

2
32

(NH)/|�m
2
31
| (IH) [eV2/c4] 2.486⇥ 10�3 2.453⇥ 10�3 2.485⇥ 10�3 2.456⇥ 10�3

sin2(✓23) 0.476 0.475 0.553 0.558
�2 lnL 298.75 299.56 299.14 301.25

5.3 ��2 distributions and fixed ��2 confidence regions740

This section presents the confidence level contours for the data fit. The confidence level contours741

for the data fit are built using the fixed ��
2 method on the distribution of the 1D/2D marginal742

likelihood for the parameter(s) considered (marginalized over the nuisance parameters, and all743

the other oscillation parameters).744

Figure 63 shows the contours in sin2 ✓23 vs. �m
2
32

space. For T2K plus reactor the best fit745

point lies in the higher octant while T2K only best fit point lies in the lower octant recovering746

the e↵ect already observed in the Asimov A sensitivity study.747
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θ13 versus δCP
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T2K only T2K + reactor θ13

δCP (1σ)



δCP w/ reactor θ13
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5.6.1 Credible intervals for stat-only fits797

Tables 35–38 summarize the extent of the credible intervals for all four parameters for a stat-only798

fit to the runs 1–10 data. Combined with Tables 31–34 we can thus perform an approximate799

decomposition of the uncertainty on each parameter into a stat and systematic error as (syst)2 :=800

(stat + syst)2 � (stat)2 . For this purpose we take the di↵erence of the upper limit of the801

68% credible interval with the most probable value in each case (stat+syst or stat). For most802

parameters we only consider the T2K+Reactor case to avoid complications due to multimodal803

distribution in sin2 ✓23 for T2K-only fits, and use the upper limit instead of the lower due to the804

boundary e↵ect at maximal mixing (sin2 ✓23 = 0.5). The resulting decomposition is:805

�CP = �1.90± 0.79 (stat)± 0.25 (syst) (NH)

�CP = �1.43± 0.52 (stat)± 0.15 (syst) (IH)

sin2 ✓23 = 0.559± 0.024 (stat)± 0.007 (syst) (NH + IH)

�m
2

32 = (2.485± 0.048 (stat)± 0.017 (syst))⇥ 10�3 eV2 (NH)

|�m
2

31| = (2.456± 0.048 (stat)± 0.014 (syst))⇥ 10�3 eV2 (IH)

for the T2K only fit of sin2 ✓13 we obtain:806

sin2 ✓13 = (26.3± 4.6 (stat)± 2.4 (syst))⇥ 10�3 (NH)

sin2 ✓13 = (29.3± 4.6 (stat)± 2.4 (syst))⇥ 10�3 (IH)

Table 35: 68.3% credible intervals for �CP using T2K only and with the reactor constraint for a
stat-only fit to the runs 1–10 data.

Hierarchy Most Probable Value Range

T2K only
Normal �2.17 [�2.95,�0.93]
Inverted �1.33 [�2.10,�0.63]
Both �1.69 [�2.66,�0.74]

T2K + reactor
Normal �1.85 [�2.48,�1.06]
Inverted �1.46 [�2.00,�0.94]
Both �1.73 [�2.40,�1.02]
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Number of events as a function of θ23
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sin2θ23 versus Δm322
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sin2θ23 versus δCP
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δCP by T2K and Super-K atm. ν
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10. Future Prospect 

• T2K-II w/ ND280 Upgrade 
• (SK-Gd) 
• Hyper-Kamiokande
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Seamless program to νCPV 

From T2K  
to Hyper-Kamiokande
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T2K-II: a bright futureT2K-II w/ ND280 Upgrade
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ND280 Upgrade
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ND280 Upgrade



Physics motivation of Upgrade

• Detailed study of neutrino interactions to reduce the systematic 
uncertainty with less ambiguous model constraints. 
• Dramatically improved angular acceptance for a muon. 
• Much lower tracking thresholds for a proton.  
• ~18% (2011) → ~9% (2014) → ~6% (2016)  → ~5% (2020)   
[→ <4% (2025)]

125
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Physics Sensitivity
• Primary sources of systematic uncertainties stem 

from nuclear effects in neutrino scattering 

• Very difficult to characterise with current ND280 
due to limited proton/neutron acceptance

• The upgrade will overcome these limitations: more 
powerful and less ambiguous model constraints

Current ND280

True distribution

ND280 Upgrade

Proton tracking threshold
Work In Progress

Muon angular acceptance

More details are provided 
in the backup slides
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• The upgrade will overcome these limitations: more 
powerful and less ambiguous model constraints

Current ND280

True distribution

ND280 Upgrade

Proton tracking threshold
Work In Progress

Muon angular acceptance

More details are provided 
in the backup slides



T2K-II Physics Sensitivity
•As a function of POT in the case of sin2θ23=0.5, 
δCP=-π/2 and normal MH
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FIG. 21: Sensitivity to CP violation as a function of true �CP for the full T2K-II exposure

of 20 ⇥ 1021 POT with a 50% improvement in the e↵ective statistics, a reduction of the

systematic uncertainties to 2/3 of their current size, and assuming that the true MH is the

normal MH. The left plot is with assumption of unknown mass hierarchy and the right is

with known mass hierarchy. Sensitivities at three di↵erent values of sin2
✓23 (0.43, 0.5 and

0.6) are shown.

The expected evolution of the sensitivity to CP violation as a function of POT assuming947

that the T2K-II data is taken in roughly equal alternating periods of ⌫-mode and ⌫̄-mode948

(with true normal MH and �CP = �⇡/2) is given in Fig. 22.949
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FIG. 22: Sensitivity to CP violation as a function of POT with a 50% improvement

in the e↵ective statistics, assuming the true MH is the normal MH and the true value

of �CP = �⇡/2. The plot on the left compares di↵erent true values of sin2
✓23, while

that on the right compares di↵erent assumptions for the T2K-II systematic errors with

sin2
✓23 = 0.50.



T2K-II Physics Sensitivity
• Precisions of sin2θ23 and Δm322
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✓23 = 0.60.

23θ2sin
0.4 0.5 0.6

322
 m

∆

2.2

2.4

2.6

2.8

3
3−10×

POT by 2014 , 90% C.L

 POT, 90% C.L217.8x10

 POT w/improvement, 90% C.L2120x10

Stat. only
Systematics

(c) Assuming true sin2
✓23 = 0.50.

FIG. 25: Expected 90% C.L. sensitivity to �m
2
32 and sin2

✓23 with the 2016 systematic

error. The POT exposure accumulated by 2014 corresponds to 6.9 ⇥ 1020 POT ⌫- +

4.0 ⇥ 1020 POT ⌫̄-mode. For the T2K-II exposure of 20 ⇥ 1021 POT, a 50% increase in

e↵ective statistics is assumed.

The plots indicate that for ✓23 values at the edge of the current 90% CL regions, T2K-II985

data can resolve the ✓23 octant degeneracy. Specifically, Fig. 26 shows that the octant986

degeneracy can be solved by more than 3� if the ✓23 is in the high octant, sin2
✓23=0.6.987

For the lower octant case, sin2
✓23=0.43, the significance of resolving octant degeneracy is988

also close to 3�. Fig. 26 also shows uncertainty on sin2
✓23 as function of POT. If sin2

✓23989

is maximal, the expected 1� precision of sin2
✓23 determined by the proposed T2K-II is990

1.7�. For the case of sin2
✓23 = 0.43, 0.6 the uncertainty is 0.5�, 0.7� respectively. The991

uncertainty of ✓23 in the case of maximum mixing is much higher than the other cases992

since the survival probability close to sin2
✓23 ⇠ 0.5 is basically independent of ✓23.993
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(c) Assuming true sin2
✓23 = 0.50.
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FIG. 26: ��
2 vs. sin2

✓23 assuming 2016 T2K systematic errors for a.) sin2
✓23 = 0.43,

b.) sin2
✓23 = 0.60, and c.) sin2

✓23 = 0.50. The full T2K-II exposure of 20 ⇥ 1021 POT

with a 50% e↵ective statistical improvement is compared to the approved T2K exposure

and the 6.9 ⇥ 1020 POT ⌫- and 4.0 ⇥ 1020 POT ⌫̄-mode accumulated by the end of 2015.

The bottom right plot (d.) shows the expected uncertainty on sin2
✓23 as a function of

POT with di↵erent values of true sin2
✓23 assuming a 50% improvement in the e↵ective

statistics.

Fig. 27 shows the ��
2 plotted as function of �m

2
32 for three di↵erent values of sin2

✓23994

and also the uncertainty of �m
2
32 as a function of POT. There is not much di↵erence in995

sensitivity between these three assumptions. For T2K-II, a precision of ⇠ 1% on �m
2
32996

can be achieved.997

45

)2 (eV32
2 m∆

0.0022 0.0024 0.0026 0.0028

2 χ 
∆

0

10

20

30

40

50

  90% C.L.
  99% C.L.

 C.L.σ  3

POT by 2014

 POT217.8x10

 POT w/improvement2120x10

Stat. only

Systematics

(a) Assuming true sin2
✓23 = 0.43.

)2 (eV32
2 m∆

0.0022 0.0024 0.0026 0.0028

2 χ 
∆

0

10

20

30

40

50

  90% C.L.
  99% C.L.

 C.L.σ  3

POT by 2014

 POT217.8x10

 POT w/improvement2120x10

Stat. only

Systematics

(b) Assuming true sin2
✓23 = 0.60.

)2 (eV32
2 m∆

0.0022 0.0024 0.0026 0.0028

2 χ 
∆

0

10

20

30

40

50

  90% C.L.
  99% C.L.

 C.L.σ  3

POT by 2014

 POT217.8x10

 POT w/improvement2120x10

Stat. only

Systematics

(c) Assuming true sin2
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FIG. 27: ��
2 plotted as function of �m

2
32 with the predicted 2016 systematic error.

The full T2K-II exposure of 20 ⇥ 1021 POT with a 50% e↵ectively statistic improvement

is compared to the approved T2K exposure and the POT exposure accumulated by 2014

corresponds to 6.9⇥1020 POT ⌫- and 4.0⇥1020 POT ⌫̄-mode. The bottom right plots show

uncertainty on �m
2
32 plotted as function of POT with di↵erent values of true sin2

✓23. In

this plot, a 50% improvement in the e↵ective statistics is applied for every POT exposure.

C. Neutrino Interaction Studies998

The additional run time of T2K-II will provide improved measurements of neutrino and999

antineutrino scattering, which probe nuclear structure through the axial vector current.1000

In the T2K flux the largest contribution is due to Charged-Current Quasi-Elastic (CCQE)1001

interactions (50-60%) and single pion production, mainly from � resonance, (about 25%),1002

with the rest being due to multi-pion production and Deep Inelastic Scattering. Actually,1003

in modern experiments, like T2K, where the neutrinos interact with relatively heavy nu-1004

δ(sin2θ23) δ(Δm322)

•More physics for Neutrino Interactions and 
non-standard models



SK-Gd

128



Next phase: SK-Gd
SK-Gd Phase:  
Add gadolinium (Gd) to enhance neutron 
tagging efficiency of the SK detector.

SK refurbishment has been completed. 
■ Fix water leakage 
■ Replace dead PMTs 
■ Improve water piping in the SK detector 

(2.2	MeV)

~8	MeV

■ Reduce BG of νe signal  
■ Delayed coincidence 
■ ΔT ~ 30 µs 
■ Vertices within ~ 50 cm

Capture efficiencies in water  
■ 0.01% Gd [Gd2(SO4)3  10t] : ~50% 
■ 0.1% Gd [Gd2(SO4)3  100t] : ~90%

Physics targets: 
■ Detect the world’s first Supernova Relic 

Neutrinos (SRN) (or Diffuse Supernova 
Neutrino Background, DSNB) 

■ Improve pointing accuracy for supernova 
■ Early warning of nearby supernova from pre-

burst signal (silicon burning) 
■ Enhance ν or ν discrimination in atmospheric 
ν & T2K analysis  

■ Reduce backgrounds in proton decay search



Supernova relic neutrinos in SK-Gd
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2

Supernova relic neutrinos (SRN): neutrinos from all the past core 
collapse supernovae in the history of the universe.

Phys.Rev. D 79, 08013 (2009)

→ From the predictions for the SRN spectrum there should be a discovery 
window between reactor and atmospheric neutrinos.

→ Without efficient neutron tagging, important backgrounds hinder this 
analysis.

Motivation

Phys.Rev. D85 (2012) 052007
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Supernova relic neutrinos (SRN): neutrinos from all the past core 
collapse supernovae in the history of the universe.

Phys.Rev. D 79, 08013 (2009)

→ From the predictions for the SRN spectrum there should be a discovery 
window between reactor and atmospheric neutrinos.

→ Without efficient neutron tagging, important backgrounds hinder this 
analysis.

Motivation

Phys.Rev. D85 (2012) 052007

Pays. Rev. D79, 08013 (2009)

Background vs expected signal

34

Total Energy [MeV]  

SRN flux:
Horiuchi, Beacom, Dwek
PRD, 79, 083013 (2009)

SRN number of expected events after 10 years of observation 

The detection of SRN depends on the 
typical SN emission spectrum

Tn~5 (MNS/1.4M⦿)1/3 (RNS/10km)-3/4

With SuperK-Gd the first SRN 
observation is within our reach!!

10 years observation



Gd-loading in 2020
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Neutron event rates vs. Gd-loading

Neutron yields in water is under 
calculation

47

Preliminary

Neutron multiplicity 
per muon



SK-Gd is ongoing
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2021.5.21 ugap2021 

Am/Be + BGO neutron source  
• The trigger is the scintillation of 4.4 MeV γ emitted from the Am/Be 

source simultaneously with the neutrons in the BGO crystal. (SHE 
trigger threshold 64 hits in 200ns).


• All the PMT hits from -5 to 535 μs before and after the trigger are 
stored and searched for neutron signals. (sub trigger threshold 30 
hits)
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Dissolving

Calibrations

New cation resin 
New anion resin  

Convection

Available for T2K physics run

Delivery of 26 tons of  Gd2(SO4)3·8H2O 
Preparation of additional 
Gd removal resin 

2022

Water recirculation w/ SK-Gd FR2+FR3

Development of new cation& anion resins

T2K Physics run

Commissioning 

    b
acteria purge

SK-Gadolinium: next step

Possible plan for the next Gd-loading

25

Planning to dissolve additional 26 tons of Gd2(SO4)3·8H2O in 2022


• Target Gd concentration: 0.03% (Currently 0.01%)

• Gd capture efficiency: 75% (Currently 50%)


Tests of the upgraded dissolving system 

 FR2+FR3

FR2 FR3

Linac Calibrations

Additional UV  
installation 

neutron source special run
more Gd in 2022



Hyper-Kamiokande 
(now under construction, and operation in 2027)
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Three generations of  Water Cherenkov Detectors 
at Kamioka, Japan

Kamiokande

Birth of neutrino 
astrophysics

Super-Kamiokande

Discovery of neutrino 
oscillations

Hyper-Kamiokande

Explore new physics

(1983-1996) (1996 - ongoing) (start operation in 2027)

• Atmospheric and solar 
neutrino “anomaly”

• Supernova 1987A

• Proton decay: world best-limit
• Neutrino oscillation (atm/solar/

LBL)
➢ All mixing angles and 

∆ !2"

• Extended search for proton 
decay

• Precision measurement of 
neutrino oscillation including 
CPV and MO

• Neutrino astrophysics



Physics in Hyper-Kamiokande

Proton decay

Supernova neutrinos

Solar neutrinos

J-PARC neutrino beam

# $

,#%, #̄% #$, #̄$

#% ,  #̄%

#$ , #̄$  

#?

Atmospheric
neutrinos
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The Hyper-Kamiokande detector

Hyper-K

Super-K
H

: 7
3 m

Φ: 69 m

Water depth:  
71 m 

Fiducial volume:  
188 kt

Cavern Tank pressure tolerance× 2

New detector design 
(cost reduction)

 photon detection
 timing resolution

× 2
× 2

R&D for large cavern

Precision 
measurement

High statistics 
neutrino data

High QE Box&Line PMT

New detector design 
by synergy of  

different 
technologies

Recent update: 
• Lower dark rate (similar level to SK)
• Lower radioactive contamination 
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Kamioka Town

Detector	Location

• 8km south of Super-K 
• 295km from J-PARC and 2.5 deg. off-axis  (same as Super-K) 
• 650m rock overburden



2021

June.	2020	
Entrance	Yard	construction

Tunnel & Cavern excavation started !
• Site construction officially started in 2020, entrance yard prepared. 
• Geological survey performed and confirmed rock quality is excellent !  
• Access tunnel excavation started 2021, followed by main cavity excavation in 2022 
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Far detector : ID and OD configuration
• 67mΦx66m Inner Detector (fiducial 186kt) 
– Aiming 40% photo-coverage with HighQE (x2 SK) 
– 20,000 HPK HiQE 20-inch PMTs  will be installed 
– mPMT modules will be integrated as hybrid configuration.  

• 1m(wall) or 2m(top/bottom) thick Outer Detector  
–  3” PMTs + WLS boards 

• Under-water electronics module 
– Mitigate disadvantage of long cables 

139

70cm	grid

OD	PMT+WLS

mPMT

Underwater	Elec.

20-inch	PMT



ID photo-detectors: 20-inch PMT
• New HPK Box&Line 20-inch PMT (R12860) R&D completed. Excellent performance. 

– High QE (x2 SK) w/ similar dark rate as SK (4kHz),  
– Better charge and timing resolution 
– 1.25MPa pressure tolerance 

• 136 prototype PMTs installed in SK since 2018 for long term test. 
• Mass production started. Total 20,000 20”PMTs delivered until 2026. 

– First 1,000 20”PMTs are delivered to Kamioka. Detail inspection is on-going.  
• Prototypes PMT covers have been developed. Final test and design fix soon. 
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Hamamatsu	R12860



ID photo-sensors: mPMT module
• Multi PMT module : 19 x 3-inch PMT with in-case electronics  
• Increase photo-coverage (870 cm2/module) 
• Good  TTS (1.3ns) and dark rate of 3-inch PMT   
• High granularity and photon directional information  
• Improve reconstruction at the fiducial edge,  calibration reference 
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Many physics targets

142

LBL
(1.3MW×10years)

δ precision 7°-22°

CPV coverage (3/5σ) 76%/58%

sin2θ23 error (for 0.5) ±0.017

ATM+LBL
(10 years)

MH determination >3.8σ
Octant determination 

(3σ)
|θ23-45°|>2°

Proton Decay
(20 years)

e+π0 (3σ) 1×1035

νK̅ (3σ) 3×1034

Solar
(10 years)

Day/Night (from 0/from KL) 8σ/4σ
Upturn >3σ

Supernova
Burst (10kpc) 54k-90k

Relic 70ν’s / 10 years



Long-baseline program with the J-PARC neutrino beam

Experimental setup
•  off-axis  and  beam peaked at  (oscillation maximum at 295km )

➢ Major component is QE:  determined from ( ) of charged lepton

• Measures CP violation in neutrinos by comparing  and 

2.5° #% #̄% 0.6 GeV

&# ',  (
)(#% → #$) )(#̄% → #̄$)

• A few % statistical uncertainties after 10 years operation with 
>1000  and  signals#$ #̄$

0.6 0.6
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Normal MO
Inverted MO



Prospects for CP violation measurement 

Projected sensitivity to CPV

T2K syst. (2016)

Stat. only

• Reduction of systematic uncertainties has impact to CPV measurement  
➢ Uncertainties on neutrino interaction models are major components 

  Near detector measurements and constraints ⇒

Impact of systematic 
uncertainties after 10 years
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θ23 and Δm232
δ(Δm232)~1.4×10-5eV2

δ(sin2θ23)~0.015 (for sin2θ23=0.5)

→ Mass hierarchy sensitivity 
in combination with reactor

~0.006 (for sin2θ23=0.45)

23V2sin
0.4 0.45 0.5 0.55 0.6 w

ro
ng

 o
ct

an
t r

ej
ec

tio
n

X 0
1
2
3
4
5
6
7
8
9

10
Normal Mass Hierarchy

→Octant determination,
    input to models

90%CL

32

sin2θ23=0.5

sin2θ23=0.45 90%CL
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Beam + Atm ν combination

• Complementary information from beam and atm ν
• Sensitivity enhanced by combining two sources!
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Proton decay search
• One possible approach to reach GUT energy scale
• Extend proton decay search by one order of magnitude beyond the current limits

GUT

' → $+ + *0

1035 yr

3 × 1034 yr
' → #̄ + ++

After 10 years of HK 
if , = 1.7 × 1034 years ⋯

Free proton

Bound proton



Hyper-Kamiokande schedule
148Schedule of Hyper-Kamiokande

FY2020 FY2021 FY2022 FY2023 FY2024 FY2025 FY2026 FY2027 FY2028

Access/
Cavern 
design

Cavern
excavation

Tank
const.

PMT production

PMT cases, mirrors, electronics etc.

PMT
installa

tion

Water system
Filling 
water

Operation

Upgrade of J-PARC accelerator and neutrino beamline

Near detector facility, R&D, production ND construction

Geo. 
survey

Power line to 
entrance yard

Entrance 
yard

19



Finally,
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“Higgs”

“Dark Matter”

NN NN

Data based on INSPIRES search “find ti Neutrino and date 2000”, eg.

Courtesy Mark Messier at NNN18

Big problems in Particle Physics
• Unification:    Unification of forces [and particles] 
• Origin of neutrino mass 
• Family structure (3 families in quarks and leptons) 
• Imbalance between matter and anti-matter（almost no anti-
matters in our universe） 

• Dark Matter 
• Accelerating Universe (Dark Energy) 
• Inflation 

➡ Let’s explore new physics with neutrinos
150
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https://www-he.scphys.kyoto-u.ac.jp/nucosmos/en/files/NF-pamph-EN.pdf
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Exploration of Particle Physics and Cosmology with Neutrinos
Unification and Development of the Neutrino Science Frontier

Exploration of Particle Physics and Cosmology with Neutrinos
Unification and Development of the Neutrino Science Frontier

https://www-he.scphys.kyoto-u.ac.jp/nucosmos/en/files/NF-pamph-EN.pdf


END
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HiggsTan 
http://higgstan.com
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http://higgstan.com


HiggsTan Cartoon
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