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Super-Kamiokande

Control room

• Locates 1 km underground in 
Kamioka mine


• 50 kton ultra-pure water 
Cherenkov detector 
• Inner Detector (ID)


• 11,129 PMTs (20-inch)

• Outer Detector (OD)


• 1885 PMTs (8-inch)

• Operating since 1996 (SK-I)

• SK-VII is running


• Physics targets: 
• Nucleon decay search

• Neutrino oscillation study

• Astrophysical neutrino 

search

Water system 
(only one part)

Outer Detector (OD)

Inner Detector (ID)

41
.4

m

39.3m

50kt 
ultrapure water

• 1885本の20cm径 PMT

Energy scale of Super-K physics targets

~3.5 ~20 ~1
Solar ν

MeV
Supernova ν

GeV TeV

Atmospheric ν

~100
Nucleon decay

Dark matter 

(indirect)
Accelerator ν



SK data taking phases
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History of Super-Kamiokande

11146 ID PMTs
(40% coverage)

5182 ID PMTs
(19% coverage)

11129 ID PMTs
(40% coverage)

◼ Analysis energy threshold (recoil 
electron kinetic energy)

◼ Live time for solar neutrino analysis
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Total live time for current oscillation analysis: 
5805 days (SK-I~IV, for solar)
6511 days (SK-I~V, for atmospheric)

SK-VSK-VI SK-VII
“SK” (pure water) “SK-Gd” 

(Gd-loaded)

SK-V

Refurbishment 
for SK-Gd

(~3.49 MeV)
(~380 days) 

Gd concentration
SK-VI: 0.011%
(18 Aug. 2020-)
SK-VII: 0.03%
(5 Jul. 2022-)

(preliminary)
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Atmospheric neutrinos
• Produced with cosmic-rays in Earth’s atmosphere

• Atmospheric neutrinos produced in wide range of energy, MeV~TeV, 

and travel length varies 10km~1300km

• Neutrinos experience “matter effect” in Earth’s core, which modifies 

νμ→νe and νμ̅ →νe̅ oscillation probability depending on neutrino mass 
ordering (MO):

• Normal mass ordering: νμ→νe enhanced

• Inverted mass ordering: νμ̅ →νe̅ enhanced


• Upward-going νe and νe̅ appearances in a few ~ several GeV sensitive 
to neutrino mass ordering
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Mass hierarchy determination in HK
� Difference of matter effect in Earth could be seen in 

upward-going multi-GeV νe sample in atmospheric 
neutrinos

� Combine Atmospheric ν + Beam ν data to study 
mass hierarchy
� Precise oscillation parameters: from beam ν
� Mass ordering effect: from atmospheric ν

© Johan Swanepoel / Shutterstock.com
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FIG. 1. Oscillation probabilities of atmospheric neutrinos for cosine zenith angle versus neutrino energy. The top and bottom
panels show the ⌫e appearance probabilities for neutrinos and anti-neutrinos in the normal and inverted mass ordering scenarios.
The probabilities are calculated assuming sin2 ✓23 = 0.5, sin2 ✓13 = 0.022, sin2 ✓12 = 0.307, |�m2

32,31|= 2.4 ⇥ 10�3 eV2,
�m2

21 = 7.53⇥ 10�5 eV2, and �CP = �⇡/2. The matter e↵ect resonance is visible in the normal ordering for neutrinos (upper
left) or the inverted ordering for anti-neutrinos (lower right) between 2GeV–10GeV and for cos ✓z <⇠ �0.5

.
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step respectively. In the case of a spherically-symmetric265

earth, as is assumed in this work, the neutrino oscillation266
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lations due to matter e↵ects is visible exclusively in the277

normal and inverted scenarios respectively, and occurs at278

baselines of several thousand kilometers and neutrino en-279

ergies around a few GeV. This resonance in atmospheric280

neutrinos is the experimental signature of the unknown281

neutrino mass ordering.282

In addition to mass ordering sensitivity via earth mat-283

ter e↵ects, atmospheric neutrino oscillations also provide284

sensitivity to other oscillation parameters. Muon-to-tau285

flavor conversions provide sensitivity to |�m2
32,31| and286

sin2 ✓23. While the tau neutrinos are often too low en-287

ergy to produce CC interactions, the P (⌫µ ! ⌫µ) survival288

probability manifests as a deficit of upward-going muon289

neutrinos. Atmospheric neutrinos also provide modest290

sensitivity to the combined e↵ects of �CP and sin2 ✓13291

through electron neutrino or anti-neutrino appearance292

for neutrinos of all energies.293
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Atmospheric ν event classification in SK
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Accordingly, an antineutrino enriched subsample is
extracted from the single-ring multi-GeV e-like sample
by additionally requiring there are no decay electrons
present. This cut defines the single-ring multi-GeV ν̄e-like

sample and its rejected events form the single-ring
multi-GeV νe-like sample. After this selection the fractions
of charged-current electron neutrino and antineutrino
events in the νe-like sample are 62.1% and 9.0%,
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FIG. 5. Data and MC comparisons for the entire Super-K data divided into 19 analysis samples. Samples with more than one zenith
angle bin (cf. Table II) are shown as zenith angle distributions (second through fifth column) and other samples are shown as
reconstructed momentum distributions (first column). Lines denote the best fit MC assuming the normal hierarchy. Narrow panels below
each distribution show the ratio of the data to this MC. In all panels the error bars represent the statistical uncertainty. In this projection
each bin contains events of all energies, which obscures the difference between the hierarchies. If the inverted hierarchy MC were also
drawn it would lie on top of the normal hierarchy line and for this reason it is not shown here. Figure 10 provides a better projection for
comparing the hierarchies.
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SK atm-ν oscillation analysis improvements

• New results with full SK ‘pure water’ phase data (SK-I~V data) with 
several updates

• New publication in preparation 

• cf. previously published: PRD97, 072001 (2018): SK 5326 days,  
328 kt∙yr


• Updates since the previous analysis

• Expanded fiducial volume: +20% statistics (SK-I~V) 

• More livetime: 6511 days, 484 kt∙yr in total

• Event selection with neutron tagging (SK-IV~V)

• Enhance the separation ν events from ν ̅events


• New multi-ring event classification using a Boosted Decision Tree (BDT)

• Atmospheric ν oscillation fit with external constraints 

• θ13 from reactors 

• “T2K model” and T2K runs 1-9 data 

• Include antineutrino mode sample
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Enlarged fiducial volume
• Distance btw vertex and nearest ID wall surface = “wall”

• Conventional fiducial volume defined ‘wall > 2m’ 

➜ Expand to ‘wall > 1m’   (for all SK periods) 
➜ Increase fiducial volume by 20% (22.5kt → 27.2kt)


• Confirmed no significant increase of non-ν background 
and no significant bias in reconstruction (ex. energy scale)

• Systematics in the expanded region under control
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Energy scale 
(π0 mass, Michel-e, stop-μ)

Reconstructed 
π0 mass

protons) are subject to the effects of the Fermi motion,
nuclear binding energy, and correlated momentum effects
with the surrounding nucleons all of which must be
considered during their decays. Furthermore, the interac-
tion of pions with the nuclear medium and the emission of

gamma rays and neutrons as the residual 15N nucleus
deexcites must also be considered in bound proton decays.
The Fermi momentum of nucleons in 16O is simulated

based on the electron-12C scattering experiment data
[21]. For such decays the effect of the nuclear binding
energy is introduced as an effective mass of the proton,
M0

P ¼ MP − Eb, where M0
P is the modified proton mass,

MP is the proton rest mass and Eb is the nuclear binding
energy. Here Eb is drawn from a Gaussian distribution with
a mean of 39.0 MeV (15.5 MeV) and a standard deviation
of 10.2 MeV(3.8 MeV) for S (P) state protons. The ratio of
protons in the S state to those in the P state is taken to be
1∶3 based on the nuclear shell model [22]. Proton decay
kinematics can be distorted by repeated collisions with
surrounding nuclei during their decay, an effect known
as correlated decay, with a predicted probability of about
10% [23]. Neutral pion absorption, scattering, and charge
exchange processes (final state interactions, FSI) are
simulated with the NEUT cascade model [24,25].
Detailed descriptions about π-FSI and its interaction break-
down plot can be found in the last paper [12]. Gamma ray
and neutron emission following a bound proton decay is
simulated based on [26], where the latter has a probability
of less than 10%.
Atmospheric neutrinos are simulated using the HKKM

flux [27] and NEUT [24]. The neutrino interaction model
has been updated since the last paper [12] and a summary
of each interaction mode update can be found in [28].
For this analysis the update to the charged current single π
production model is the most important as it is the
dominant background interaction mode. Previously this
interaction was simulated using the Rein-Sehgal model
[29] but updated form factors have been obtained from a
simultaneous fit [30] to neutrino scattering data from
bubble chamber experiments [31] and are included in
the new model. A comparison of the cross section as a
function of neutrino energy between the previous model
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TABLE III. Summary of the energy scale uncertainty and
zenith angle dependent non-uniformity of the energy scale for
both the conventional and additional fiducial volumes in units
of %. The row “(Abs., Var.)” is the breakdown of the energy scale
uncertainty, denoting the absolute energy scale uncertainty (Abs.)
and the time variation of the energy scale (Var.), respectively.

Energy scale uncertainty

Region SK-I SK-II SK-III SK-IV

Conventional 3.3 2.0 2.4 2.1
(Abs., Var.) (3.1, 0.9) (2.0, 0.6) (1.6, 1.8) (2.1, 0.4)
Additional 3.3 3.9 2.4 2.2
(Abs., Var.) (3.1, 0.9) (3.9, 0.6) (1.6, 1.8) (2.1, 0.6)

Zenith angle dependent nonuniformity

Conventional 0.6 1.1 0.6 0.5
Additional 1.4 1.5 1.3 0.4

A. TAKENAKA et al. PHYS. REV. D 102, 112011 (2020)

112011-8

 

“wall”

ν

1. External Background

• Conducted event scanning up to 50 cm to wall to estimate 
external background (CR-μ, dummy events by PMT flashing) 
contamination. 
• There are less active regions in outer detector and it caused CR-
μ contamination. → Newly developed tight CR-μ cut with special 
μ fitter and it reduces CR-μ by 70%. 

• Concluded to enlarge fiducial mass region up to 100 cm to wall 
to keep background contamination rate (NBG/Ntotal) within 1%.

7

CR-μ (70% further rejected) 
PMT Flasher

Distance to detector wall [cm]

External BG Vertex Dist. (after)

Nu
m
be
r o
f e
ve
nt
s 
(N
BG
) [
/1
0 
cm
]

1 m 2 m

Enlarged region

Distance to detector wall [cm]

External BG Vertex Dist. (before)

Nu
m
be
r o
f e
ve
nt
s 
(N
BG
) [
/1
0 
cm
]

CR-μ  
PMT Flasher

1 m 2 m
Enlarged region

External background 
(cosmic-ray, flasher)

PRD 201, 112011 (2020)

!10

8

6−

4−

2−

0

2

4

6
SK I SK II

210 310 410

SK III

6−

4−

2−

0

2

4

6

210 310 410

SK IV

210 310 410

SK V

Conventional FV Michel-e
Expanded FV Michel-e

 Mass0πConventional FV 
 Mass0πExpanded FV 

Sub-GeV Stopping Muon
Multi-GeV Stopping Muon

Momentum (MeV/c)

Momentum (MeV/c)

(M
C

 - 
D

at
a)

 / 
D

at
a 

(%
)
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Since multi-ring events can contain mixtures of e-like461

and µ-like rings, we use a boosted decision tree (BDT) to462

classify these events as ⌫e-like, ⌫̄e-like, µ-like, or “other.”463

The “other” sample primarily selects neutral current464

(NC) events. More details on the BDT are presented465

in Sec. II B 3. Most sub-GeV (Evis. < 1330MeV) multi-466

ring events are not included in the analysis due to poor467

direction resolution and therefore minimal sensitivity to468

oscillation e↵ects. An exception is made for multi-ring469

events with Evis. > 600MeV where the most energetic470

ring is µ-like and has a reconstructed momentum of at471

least 600MeV. Multi-ring events meeting these criteria472

are included in the multi-ring µ-like sample, and are not473

further separated using the BDT.474

Two additional samples based on the likelihood of475

the FC event’s ring patterns originating from a ⇡0 de-476

cay, either using one or two rings, form NC ⇡0 samples.477

The ⇡0 samples reduce the contamination of oscillation-478

insensitive NC events from the other samples.479

PC events have higher energies than FC events on av-480

erage, and are nearly all ⌫µ CC interactions, as the muon481

produced in the interaction often exits the ID. The muon482

momentum in PC events can only be estimated using the483

portion of the track within the detector. PC events which484

exit the ID and stop within the OD, determined by com-485

paring the amount of light in the OD to simulated PC486

events, are classified as stopping, while PC events that487

completely exit the detector are classified as through-488

going.489

Up-µ events are the highest-energy events observed at490

SK and are classified into three samples: “stopping” if491

the muon stops within the ID, otherwise “showering”492

or “non-showering,” depending on whether or not the493
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FIG. 3. Performance of energy reconstruction for various sources across all SK periods. Solid points indicate measurements
made within the conventional fiducial volume while dashed points correspond to measurements in the expanded fiducial volume.
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FIG. 4. Average event rates for the primary SK neutrino
samples, fully contained (FC), partially contained (PC) and
upward-going muons (Up-µ). Error bars are statistical. The
five pure-water data taking phases, SK I–V, are labelled. The
FC event rates includes events in the additional FV volume
region, see Sec. II B 4.
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FIG. 4. Average event rates for the primary SK neutrino
samples, fully contained (FC), partially contained (PC) and
upward-going muons (Up-µ). Error bars are statistical. The
five pure-water data taking phases, SK I–V, are labelled. The
FC event rates includes events in the additional FV volume
region, see Sec. II B 4.
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FIG. 4. Average event rates for the primary SK neutrino
samples, fully contained (FC), partially contained (PC) and
upward-going muons (Up-µ). Error bars are statistical. The
five pure-water data taking phases, SK I–V, are labelled. The
FC event rates includes events in the additional FV volume
region, see Sec. II B 4.
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FIG. 4. Average event rates for the primary SK neutrino
samples, fully contained (FC), partially contained (PC) and
upward-going muons (Up-µ). Error bars are statistical. The
five pure-water data taking phases, SK I–V, are labelled. The
FC event rates includes events in the additional FV volume
region, see Sec. II B 4.
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FIG. 4. Average event rates for the primary SK neutrino
samples, fully contained (FC), partially contained (PC) and
upward-going muons (Up-µ). Error bars are statistical. The
five pure-water data taking phases, SK I–V, are labelled. The
FC event rates includes events in the additional FV volume
region, see Sec. II B 4.
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FIG. 3. Performance of energy reconstruction for various sources across all SK periods. Solid points indicate measurements
made within the conventional fiducial volume while dashed points correspond to measurements in the expanded fiducial volume.
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FIG. 4. Average event rates for the primary SK neutrino
samples, fully contained (FC), partially contained (PC) and
upward-going muons (Up-µ). Error bars are statistical. The
five pure-water data taking phases, SK I–V, are labelled. The
FC event rates includes events in the additional FV volume
region, see Sec. II B 4.
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FIG. 3. Performance of energy reconstruction for various sources across all SK periods. Solid points indicate measurements
made within the conventional fiducial volume while dashed points correspond to measurements in the expanded fiducial volume.
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FIG. 4. Average event rates for the primary SK neutrino
samples, fully contained (FC), partially contained (PC) and
upward-going muons (Up-µ). Error bars are statistical. The
five pure-water data taking phases, SK I–V, are labelled. The
FC event rates includes events in the additional FV volume
region, see Sec. II B 4.

Since multi-ring events can contain mixtures of e-like461

and µ-like rings, we use a boosted decision tree (BDT) to462

classify these events as ⌫e-like, ⌫̄e-like, µ-like, or “other.”463

The “other” sample primarily selects neutral current464

(NC) events. More details on the BDT are presented465

in Sec. II B 3. Most sub-GeV (Evis. < 1330MeV) multi-466

ring events are not included in the analysis due to poor467

direction resolution and therefore minimal sensitivity to468

oscillation e↵ects. An exception is made for multi-ring469

events with Evis. > 600MeV where the most energetic470

ring is µ-like and has a reconstructed momentum of at471

least 600MeV. Multi-ring events meeting these criteria472

are included in the multi-ring µ-like sample, and are not473

further separated using the BDT.474

Two additional samples based on the likelihood of475

the FC event’s ring patterns originating from a ⇡0 de-476

cay, either using one or two rings, form NC ⇡0 samples.477

The ⇡0 samples reduce the contamination of oscillation-478

insensitive NC events from the other samples.479

PC events have higher energies than FC events on av-480

erage, and are nearly all ⌫µ CC interactions, as the muon481

produced in the interaction often exits the ID. The muon482

momentum in PC events can only be estimated using the483

portion of the track within the detector. PC events which484

exit the ID and stop within the OD, determined by com-485

paring the amount of light in the OD to simulated PC486

events, are classified as stopping, while PC events that487

completely exit the detector are classified as through-488

going.489

Up-µ events are the highest-energy events observed at490

SK and are classified into three samples: “stopping” if491

the muon stops within the ID, otherwise “showering”492

or “non-showering,” depending on whether or not the493

8

6−

4−

2−

0

2

4

6
SK I SK II

210 310 410

SK III

6−

4−

2−

0

2

4

6

210 310 410

SK IV

210 310 410

SK V

Conventional FV Michel-e
Expanded FV Michel-e

 Mass0πConventional FV 
 Mass0πExpanded FV 

Sub-GeV Stopping Muon
Multi-GeV Stopping Muon

Momentum (MeV/c)

Momentum (MeV/c)

(M
C

 - 
D

at
a)

 / 
D

at
a 

(%
)
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made within the conventional fiducial volume while dashed points correspond to measurements in the expanded fiducial volume.
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FIG. 4. Average event rates for the primary SK neutrino
samples, fully contained (FC), partially contained (PC) and
upward-going muons (Up-µ). Error bars are statistical. The
five pure-water data taking phases, SK I–V, are labelled. The
FC event rates includes events in the additional FV volume
region, see Sec. II B 4.
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made within the conventional fiducial volume while dashed points correspond to measurements in the expanded fiducial volume.
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FIG. 4. Average event rates for the primary SK neutrino
samples, fully contained (FC), partially contained (PC) and
upward-going muons (Up-µ). Error bars are statistical. The
five pure-water data taking phases, SK I–V, are labelled. The
FC event rates includes events in the additional FV volume
region, see Sec. II B 4.

Since multi-ring events can contain mixtures of e-like461

and µ-like rings, we use a boosted decision tree (BDT) to462

classify these events as ⌫e-like, ⌫̄e-like, µ-like, or “other.”463

The “other” sample primarily selects neutral current464

(NC) events. More details on the BDT are presented465

in Sec. II B 3. Most sub-GeV (Evis. < 1330MeV) multi-466

ring events are not included in the analysis due to poor467

direction resolution and therefore minimal sensitivity to468

oscillation e↵ects. An exception is made for multi-ring469

events with Evis. > 600MeV where the most energetic470

ring is µ-like and has a reconstructed momentum of at471

least 600MeV. Multi-ring events meeting these criteria472

are included in the multi-ring µ-like sample, and are not473

further separated using the BDT.474

Two additional samples based on the likelihood of475

the FC event’s ring patterns originating from a ⇡0 de-476

cay, either using one or two rings, form NC ⇡0 samples.477

The ⇡0 samples reduce the contamination of oscillation-478

insensitive NC events from the other samples.479

PC events have higher energies than FC events on av-480

erage, and are nearly all ⌫µ CC interactions, as the muon481

produced in the interaction often exits the ID. The muon482

momentum in PC events can only be estimated using the483

portion of the track within the detector. PC events which484

exit the ID and stop within the OD, determined by com-485

paring the amount of light in the OD to simulated PC486

events, are classified as stopping, while PC events that487

completely exit the detector are classified as through-488

going.489

Up-µ events are the highest-energy events observed at490

SK and are classified into three samples: “stopping” if491

the muon stops within the ID, otherwise “showering”492

or “non-showering,” depending on whether or not the493

-6

-4

-2

0

2

4

6

102 103 104 102 103 104

8

6−

4−

2−

0

2

4

6
SK I SK II

210 310 410

SK III

6−

4−

2−

0

2

4

6

210 310 410

SK IV

210 310 410

SK V

Conventional FV Michel-e
Expanded FV Michel-e

 Mass0πConventional FV 
 Mass0πExpanded FV 

Sub-GeV Stopping Muon
Multi-GeV Stopping Muon

Momentum (MeV/c)

Momentum (MeV/c)

(M
C

 - 
D

at
a)

 / 
D

at
a 

(%
)

FIG. 3. Performance of energy reconstruction for various sources across all SK periods. Solid points indicate measurements
made within the conventional fiducial volume while dashed points correspond to measurements in the expanded fiducial volume.
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FIG. 4. Average event rates for the primary SK neutrino
samples, fully contained (FC), partially contained (PC) and
upward-going muons (Up-µ). Error bars are statistical. The
five pure-water data taking phases, SK I–V, are labelled. The
FC event rates includes events in the additional FV volume
region, see Sec. II B 4.
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FIG. 3. Performance of energy reconstruction for various sources across all SK periods. Solid points indicate measurements
made within the conventional fiducial volume while dashed points correspond to measurements in the expanded fiducial volume.
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FIG. 4. Average event rates for the primary SK neutrino
samples, fully contained (FC), partially contained (PC) and
upward-going muons (Up-µ). Error bars are statistical. The
five pure-water data taking phases, SK I–V, are labelled. The
FC event rates includes events in the additional FV volume
region, see Sec. II B 4.
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FIG. 4. Average event rates for the primary SK neutrino
samples, fully contained (FC), partially contained (PC) and
upward-going muons (Up-µ). Error bars are statistical. The
five pure-water data taking phases, SK I–V, are labelled. The
FC event rates includes events in the additional FV volume
region, see Sec. II B 4.
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made within the conventional fiducial volume while dashed points correspond to measurements in the expanded fiducial volume.
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FIG. 4. Average event rates for the primary SK neutrino
samples, fully contained (FC), partially contained (PC) and
upward-going muons (Up-µ). Error bars are statistical. The
five pure-water data taking phases, SK I–V, are labelled. The
FC event rates includes events in the additional FV volume
region, see Sec. II B 4.
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made within the conventional fiducial volume while dashed points correspond to measurements in the expanded fiducial volume.
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FIG. 4. Average event rates for the primary SK neutrino
samples, fully contained (FC), partially contained (PC) and
upward-going muons (Up-µ). Error bars are statistical. The
five pure-water data taking phases, SK I–V, are labelled. The
FC event rates includes events in the additional FV volume
region, see Sec. II B 4.
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FIG. 3. Performance of energy reconstruction for various sources across all SK periods. Solid points indicate measurements
made within the conventional fiducial volume while dashed points correspond to measurements in the expanded fiducial volume.
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FIG. 4. Average event rates for the primary SK neutrino
samples, fully contained (FC), partially contained (PC) and
upward-going muons (Up-µ). Error bars are statistical. The
five pure-water data taking phases, SK I–V, are labelled. The
FC event rates includes events in the additional FV volume
region, see Sec. II B 4.
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FIG. 3. Performance of energy reconstruction for various sources across all SK periods. Solid points indicate measurements
made within the conventional fiducial volume while dashed points correspond to measurements in the expanded fiducial volume.
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FIG. 4. Average event rates for the primary SK neutrino
samples, fully contained (FC), partially contained (PC) and
upward-going muons (Up-µ). Error bars are statistical. The
five pure-water data taking phases, SK I–V, are labelled. The
FC event rates includes events in the additional FV volume
region, see Sec. II B 4.
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FIG. 3. Performance of energy reconstruction for various sources across all SK periods. Solid points indicate measurements
made within the conventional fiducial volume while dashed points correspond to measurements in the expanded fiducial volume.
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FIG. 4. Average event rates for the primary SK neutrino
samples, fully contained (FC), partially contained (PC) and
upward-going muons (Up-µ). Error bars are statistical. The
five pure-water data taking phases, SK I–V, are labelled. The
FC event rates includes events in the additional FV volume
region, see Sec. II B 4.
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Neutron tagging and multi-ring BDT classification

• Single-ring neutron tagging and multi-
ring BDT event classification enhance 
the separation btw ν and ν ̅events
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FIG. 6. Zenith angle distributions for the SK IV & SK V FC sub-GeV and multi-GeV single-ring samples using the number of
tagged neutrons. The MC configuration and the meaning of the colors are identical to Fig. 5.

• FC single-ring e-like: Both sub-GeV and multi-529

GeV events are divided into three samples: Events530

with one or more decay electron and any number531

of neutrons are classified as ⌫e-like. Events with no532

decay electrons and no tagged neutrons are classi-533

fied as a ⌫e-⌫̄e mixture. Finally, events with no de-534

cay electrons and at least one tagged neutron are535

classified as ⌫̄e-like.536

• FC single-ring µ-like: Both sub-GeV and multi-537

GeV events are divided into two sub-samples:538

Events with exactly one decay electron and one or539

more tagged neutrons are considered ⌫̄µ-like, oth-540

erwise they are considered ⌫µ-like.541

More details about the neutron tagging algorithm542

and the event selection modifications may be found in543

Ref. [19]. Figure 6 shows the data and MC comparisons544

for the SK IV-V neutron tagged samples. Compared to545

the equivalent anti-neutrino samples shown in Fig. 5, the546

⌫̄e SK IV–V samples have a higher purity of true ⌫̄e MC547

events, summarized in Tab. III.548

3. Multi-Ring Boosted Decision Tree549

A previous version of this analysis [20] classified multi-550

ring events into e-like or µ-like using a likelihood function551

based on seven input variables: the number of rings, the552

number of decay electrons, a continuous PID variable of553

the most energetic ring present in the event, the fraction554

of energy carried by the most energetic ring, the trans-555

verse momentum of the most energetic ring, the maxi-556

mum distance of any decay electrons from the event ver-557

tex, and the visible energy. The selection was performed558

in two steps, first to separate e-like events from µ-like559

events, then to further separate e-like events into ⌫e-like560

and ⌫̄e-like events. An additional “other” category was561

also present to separate NC events from CC events.562

This analysis replaces the likelihood-based selection563

with a boosted decision tree (BDT) selection for multi-564

ring events, utilizing the same set of variables as in the565

likelihood-based classification. Labeled true multi-ring566

MC events are used to train the BDT classifier. Addition-567

ally, we optimize the BDT for sensitivity to the neutrino568

mass ordering by weighting these training events: Ad-569

justing the weights of true CC ⌫e and ⌫̄e training events570

relative to ⌫µ and “other” events changes the e�ciencies571

of selecting each event category, which in turn a↵ects572

the expected mass ordering sensitivity. We find that the573

optimized BDT improves the e�ciency for selecting CC574

events while maintaining an equivalent wrong-flavor con-575

tamination rate as the likelihood selection. The increased576

e�ciency results in a higher proportion of correctly-577

classified CC ⌫e-like, ⌫̄e-like, and ⌫µ-like multi-ring events578

and a decreased proportion of “other” events relative to579

the previous analysis.580

Figure 7 shows the distributions of the BDT input vari-581

ables from MC events. The figure shows that the largest582

di↵erences between electron- and muon- flavor neutrino583

interactions are in the PID of the most energetic ring, the584

number of decay electrons, and the maximum distance585

travelled by decay-electrons, LDecaye. The di↵erence in586

LDecaye between µ-like and e-like events results from en-587

ergetic muons produced in ⌫µ CC interactions traveling588

further on average than pions before decaying. The figure589

also shows that ⌫e and ⌫̄e interactions di↵er in the number590

of rings, and in the fractional and transverse momentum591

of the most energetic ring. These di↵erences are a con-592

sequence of the di↵erent angular and momentum depen-593

dence between neutrino and anti-neutrino cross sections.594

Neutron information from the SK IV–V phases was also595

considered as an input variable to the BDT, but this was596

found to only result in a marginal improvement to ⌫e-⌫̄e597

separation while introducing a relatively large amount of598

systematic uncertainty, and so is not included [21]. Fig-599

ure 8 demonstrates the ⌫e and ⌫̄e separation performance600

of the BDT in the SK IV–V phases.601
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FIG. 5. Zenith angle or momentum distributions for the 19 analysis samples without neutron tagging. The first column shows
the momentum bins for samples with a single zenith angle bin, while the second through fifth columns show the 1D zenith
angle distributions for all momentum bins. The MC distributions are shown at the best-fit point in the normal ordering,
cf. Tab. IV, with best-fit systematic pulls applied. Di↵erent colors in the MC histograms correspond to the true neutrino
interaction processes. Panels beneath each distribution show the data-MC ratio, and all error bars are statistical. FC (non-PC
and non-Up-µ) sub-GeV and multi-GeV single-ring samples, marked with an asterisk (*), contain events from only SK I–III,
while the corresponding events from SK IV–V are separated into samples using tagged neutron information, shown in Fig. 6.

exiting muon’s charge deposition is consistent with ra-494

diative losses. The earth shields the Up-µ sample from495

cosmic ray backgrounds from below the horizon. How-496

ever, upward-scattered cosmic rays near the horizon are497

an irreducible background. We estimate the background498

rate in the Up-µ sample at the horizon by comparing the499

cosmic muon rate at the azimuthal directions with the500

smallest and largest mountain overburdens.501

The event classification outlined in this section corre-502

sponds to 19 distinct analysis samples. There are eight503

FC single ring samples which are used for data collected504

during the SK I–III phases, while the remaining 11 FC505

multi-ring, NC ⇡0, PC, and Up-µ samples are used for506

data taken during all phases. The data and Monte Carlo507

(MC) counts for the 19 standard analysis samples are508

presented in Fig. 5 as a function of reconstructed lepton509

momentum or zenith angle. FC single ring events for the510

SK IV and SK V periods have been revised in this analy-511

sis to use neutron tagging information, and are presented512

in the next section.513

2. SK IV–V Neutron-Tagged Samples514

This analysis modifies the FC single-ring event selec-515

tion during the SK IV and SK V phases based on the516

number of observed neutron captures on hydrogen. The517

modification is motivated by the greater average neu-518

tron production in anti-neutrino interactions relative to519

neutrino interactions: Additional neutrons are expected520

in anti-neutrino events from p ! n conversions in CC521

processes, ⌫̄l + p ! l+ + n + X, and also in both CC522

and NC deep inelastic scattering (DIS) processes due to523

the larger fraction of energy transferred to the recoiling524

hadronic system. We incorporated neutron information525

into the analysis sample definitions and create 10 addi-526

tional samples, five for sub-GeV events and five for multi-527

GeV events, as follows:528
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FIG. 8. Data and MC distributions of the multi-ring BDT
classifier scores for multi-ring ⌫e and ⌫̄e events. The BDT
makes a final classification decision for each event based on
the class with the highest score: Negative values correspond
to ⌫̄e-like and positive values correspond to ⌫e-like. Distribu-
tions are shown for the SK IV–V phases, including events in
the expanded fiducial volume region. MC events are shown
with oscillations applied, and without the e↵ect of any fitted
systematic uncertainty parameters. The MC total includes
contributions from true ⌫µ, ⌫⌧ , and NC events.

4. Expanded Fiducial Volume602

Previous SK analyses used a 22.5 kiloton fiducial vol-603

ume for FC events defined by requiring the event vertex604

be at least 2m away from the ID walls (conventional fidu-605

cial volume). This analysis includes events in the 4.7 kilo-606

ton region 1m–2m from the ID walls (additional fiducial607

volume) for all SK phases, representing a 20% increase608

in exposure. To include events in the additional fiducial609

volume region, both the reconstruction algorithms and610

background estimations required re-evaluation [22]. In611

2018, expected charge distributions, which are the basis612

of the ring counting and PID likelihoods used in the re-613

construction algorithms, were re-computed as a function614

of a particle’s distance to the nearest detector wall. The615

new charge tables encode the reduced number of hits and616

increased angular dependence expected from events near617

the detector walls. Adopting these updated charge tables618

reduced the e-µ mis-identification of single ring events in619

the additional region by up to 35%.620

Cosmic ray muons with vertices mis-reconstructed in621

the fiducial volume also become more prevalent closer to622

the detector walls. To estimate the size of these back-623

grounds, events in the additional fiducial volume region624

were eye-scanned by experts. A slightly higher back-625

ground rate of 0.5%, compared to 0.1% in the con-626

ventional fiducial volume, was found. The increased627

background rate in the additional fiducial volume is ac-628

ceptable, although the background rate rises quickly for629

events with vertices < 100 cm, prohibiting further expan-630

Single-ring sample with neutron tagging

Multi-ring sample with BDT
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SK atm-ν oscillation results

• Best-fit results  
(for both normal and inverted MO)

• δCP = -1.75

• sin2θ23 = 0.45

• Δm232 = 2.4 × 10-3eV2

!10

• SK atm-ν data favors: 
• Maximal mixing

• δCP ~ -π/2

• Normal mass ordering

• Δχ2 (IO-NO) = 5.69

with θ13 constraint from reactors
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2. Results with Reactor Constraints on sin2 ✓131021

Figure 14 shows the 1D ��2 profiles for the fitted1022

neutrino oscillation parameters assuming the constraint1023

sin2 ✓13 = 0.0220± 0.0007 from reactor antineutrino dis-1024

appearance experiments [14]. The constraint on sin2 ✓131025

is incorporated by introducing an additional systematic1026

uncertainty for this fit, where the 1� e↵ect is defined as1027

the change induced by varying sin2 ✓13 by its measured1028

1� uncertainty.1029

The best-fit value of �CP in both the normal and in-1030

verted orderings for the fit with sin2 ✓13 constrained is1031

�1.75, which is consistent with the atmospheric-only1032

analysis at the 1� level. This fit also finds improved con-1033

straints on �CP in the inverted ordering for values near1034

⇡/2: The constraint on sin2 ✓13 fixes the e↵ect size of the1035

mass ordering, such that the separate modifications to ⌫e1036

appearance from �CP are more readily resolved.1037

In this fit, the preference for the normal ordering in-1038

creases to ��2

I.O.�N.O.
= 5.69. This improvement is con-1039

sistent with the observed preference for smaller value of1040

sin2 ✓13 in the inverted ordering fit with sin2 ✓13 free: The1041

�2 value in the inverted ordering increases with the added1042

constraint, while the �2 value in the normal ordering re-1043

mains similar to the result without the constraint.1044

Figure 15 shows the comparison of the results of1045

the ✓13-constrained analysis of SK atmospheric neutrino1046

data with other contemporary results from IceCube [42],1047

NOvA [4] and T2K [3]. As can be seen from the contours,1048

SK atmospheric neutrino data is consistent with other ex-1049

periments. The best fit point of SK has the smallest value1050

of sin2 ✓23, and the only value of sin2 ✓23 in the lower oc-1051

tant between the other experiments shown. However, the1052

SK contour contains all of the other experiments’ best fit1053

points within at the 90% confidence level. The previous1054

published SK analysis placed the best-fit value of sin2 ✓231055

in the upper octant, indicating a statistics-limited ability1056
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FIG. 15. 2D constant ��2 contours of neutrino oscillation
parameters �m2

32 and sin2 ✓23 for the normal mass ordering.
Contours are drawn for a 90% critical �2 value assuming 2
degrees of freedom, with the ��2 computed for each exper-
iment with respect to the best fit point in the normal mass
ordering. The SK contour is the result of this analysis, and
other contours are adapted from publications by T2K [43],
NOvA [44] and IceCube [42]. Best fit points are indicated
with markers for each experiment.

to resolve the sin2 ✓23 octant.1057

V. CONSTRAINTS FROM T2K1058

Currently-operating long-baseline experiments place1059

more stringent constraints on �m2
32
, sin2 ✓23, and �CP1060

than SK is capable of alone. In this section, we present1061

[PTEP 2022, 083C01 (2022)]
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Constraints from T2K

!11

level would be computationally intractable, so additional
care is taken to ensure the validity of the 3σ confidence
intervals. The confidence intervals are calculated for the
different combinations of the nominal and !1σ binomial
error values of the critical Δχ2, and the largest interval is
kept. A second source of error comes from the interpolation
of the critical Δχ2 between the points where it was
computed. To minimize this effect, critical values have
been calculated at two additional δCP values, each close to
the boundaries of the 3σ confidence interval.
The resulting confidence intervals obtained for δCP are

listed in Table XVI and the obtained 3σ intervals are
displayed in Fig. 60, superimposed on to the observed Δχ2
function.
In both mass orderings, the two CP-conserving values of

0 and π are outside of the 2σ confidence intervals. Our data
therefore exclude the conservation of CP symmetry in
neutrino oscillation at the 2σ level. For the inverted mass
ordering, both CP-conserving values are outside of the 3σ
confidence intervals. For the normal mass ordering,
δCP ¼ 0 is just outside of the 3σ confidence interval, while
δCP ¼ !π is inside. The robustness of the exclusion of
δCP ¼ 0 given the model uncertainties is studied in more
detail in Sec. XIV B 3, where it was found that the
boundary of the 3σ interval is so close to δCP ¼ 0 that
this point can move in and out of the 3σ interval due to

changes in the model. On the contrary, the exclusion of the
CP-conserving values at the 2σ level was found to be
robust.

2. Bayesian results

Bayesian results for the oscillation parameters were
produced using analysis B. The posterior probability of
δCP marginalized over both mass orderings obtained in a
fit of T2K data with sin2 θ13 constrained by the reactor
experiments is shown in Fig. 61 with two different
prior probabilities for the parameter of interest. The
CP-conserving values of δCP are found to be outside of
the 2σ credible interval in both cases, with the 1σ range still
covering the maximal CP violation value of δCP ¼ −π=2.
Most of the results in this section use a prior probability
uniform in δCP; the alternative prior probability was tested
to see the effect of the choice of prior. The alternative was
chosen to be uniform in sinðδCPÞ as this is both the variable
involving δCP to which our observables are most sensitive
to and the one relevant for CP violation. The detailed
comparison between the intervals obtained with the two
prior probabilities can be found in Table XVII, where it can
be seen that this choice affects the size of the intervals
obtained but does not change the main conclusions of the
analysis.
The proposal function for choosing the random steps

used in analysis B’s MCMC can jump between mass
orderings, with a 50% chance at each step to propose a
point with the opposite sign of Δm2

32. It therefore produces
a single posterior probability for Δm2

32, covering both
positive and negative values. The posterior probability
for Δm2

32 obtained in a fit of T2K data with constraint
from the reactor experiments is shown in Fig. 62 and the
credible regions for the atmospheric parameters in Fig. 63.
A clear preference toward the normal ordering, which
contains 89% of the total posterior density, can be seen,
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FIG. 60. The observed 3σ Feldman-Cousins (FC) confidence
intervals for δCP. The Δχ2 is computed with respect to the best fit
over the two mass orderings.

TABLE XVI. Feldman-Cousins confidence intervals for δCP
with the reactor constraint applied in both normal and inverted
mass orderings.

Interval (radians)

Confidence level Normal ordering Inverted ordering

1σ ½−2.51;−1.26& ' ' '
90% ½−2.80;−0.84& ' ' '
2σ ½−2.97;−0.63& ½−1.80;−0.98&
3σ ½−π;−0.03& ∪ ½2.87; π& ½−2.54;−0.32&

 (rad.)CPδ
3− 2− 1− 0 1 2 3

Po
ste

rio
r p

rob
ab

ilit
y d

en
sit

y

4−10

3−10

2−10

1−10

1

10

210
)CPδ C.I. (flat σ3 ))CPδ C.I. (flat sin(σ3
)CPδ C.I. (flat σ2 ))CPδ C.I. (flat sin(σ2
)CPδ C.I. (flat σ1 ))CPδ C.I. (flat sin(σ1

CP

FIG. 61. Posterior probability density for δCP and credible
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2. Results with Reactor Constraints on sin2 ✓131021

Figure 14 shows the 1D ��2 profiles for the fitted1022

neutrino oscillation parameters assuming the constraint1023

sin2 ✓13 = 0.0220± 0.0007 from reactor antineutrino dis-1024

appearance experiments [14]. The constraint on sin2 ✓131025

is incorporated by introducing an additional systematic1026

uncertainty for this fit, where the 1� e↵ect is defined as1027

the change induced by varying sin2 ✓13 by its measured1028

1� uncertainty.1029

The best-fit value of �CP in both the normal and in-1030

verted orderings for the fit with sin2 ✓13 constrained is1031

�1.75, which is consistent with the atmospheric-only1032

analysis at the 1� level. This fit also finds improved con-1033

straints on �CP in the inverted ordering for values near1034

⇡/2: The constraint on sin2 ✓13 fixes the e↵ect size of the1035

mass ordering, such that the separate modifications to ⌫e1036

appearance from �CP are more readily resolved.1037

In this fit, the preference for the normal ordering in-1038

creases to ��2

I.O.�N.O.
= 5.69. This improvement is con-1039

sistent with the observed preference for smaller value of1040

sin2 ✓13 in the inverted ordering fit with sin2 ✓13 free: The1041

�2 value in the inverted ordering increases with the added1042

constraint, while the �2 value in the normal ordering re-1043

mains similar to the result without the constraint.1044

Figure 15 shows the comparison of the results of1045

the ✓13-constrained analysis of SK atmospheric neutrino1046

data with other contemporary results from IceCube [42],1047

NOvA [4] and T2K [3]. As can be seen from the contours,1048

SK atmospheric neutrino data is consistent with other ex-1049

periments. The best fit point of SK has the smallest value1050

of sin2 ✓23, and the only value of sin2 ✓23 in the lower oc-1051

tant between the other experiments shown. However, the1052

SK contour contains all of the other experiments’ best fit1053

points within at the 90% confidence level. The previous1054

published SK analysis placed the best-fit value of sin2 ✓231055

in the upper octant, indicating a statistics-limited ability1056
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FIG. 15. 2D constant ��2 contours of neutrino oscillation
parameters �m2

32 and sin2 ✓23 for the normal mass ordering.
Contours are drawn for a 90% critical �2 value assuming 2
degrees of freedom, with the ��2 computed for each exper-
iment with respect to the best fit point in the normal mass
ordering. The SK contour is the result of this analysis, and
other contours are adapted from publications by T2K [43],
NOvA [44] and IceCube [42]. Best fit points are indicated
with markers for each experiment.

to resolve the sin2 ✓23 octant.1057

V. CONSTRAINTS FROM T2K1058

Currently-operating long-baseline experiments place1059

more stringent constraints on �m2
32
, sin2 ✓23, and �CP1060

than SK is capable of alone. In this section, we present1061

Preliminary 
(sk_atm_oscillation_2022_v2a)

SK

SK sensitive to Mass Ordering, T2K sensitive to δCP



Constraints from T2K
• SK and T2K are independent collaborations and 

there is no formal sharing of data, MC, analysis 
tools, etc, (yet)


• Constraints with “T2K model” 

• Re-weight SK atm-ν MC to reproduce a 
model for T2K MC following the T2K 
publications

• Reweight SK MC to T2K flux

• Construct cross section models (include 

model tunings by T2K Near Detector)

• Apply T2K event selection criteria after all 

re-weighting

• Simultaneously fit SK data and T2K published 

data
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Figure 6·18: ERec.
ν distributions for the final T2K model e-like MC

events, and corresponding T2K data counts. The MC includes the
effect of oscillations, computed with the parameters listed in Table 6.3.
The data are from [144] Figures 25 & 26. For the CC 1π sample,
the definition of ERec.

ν uses the mass of the ∆ baryon and no nucleon
removal energy.
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Figure 6·18: ERec.
ν distributions for the final T2K model e-like MC

events, and corresponding T2K data counts. The MC includes the
effect of oscillations, computed with the parameters listed in Table 6.3.
The data are from [144] Figures 25 & 26. For the CC 1π sample,
the definition of ERec.

ν uses the mass of the ∆ baryon and no nucleon
removal energy.
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where Λ0α
β is the transformed variable and a and b are

“scale” and “shift” nuisance parameters, respectively.
These scale and shift parameters are estimated with a
Markov Chain Monte Carlo (MCMC) method [88] that
samples the Poisson likelihood for the observed data given
the model that includes, in addition, parameters to capture
the uncertainty on the atmospheric neutrino flux and cross
sections. The SK atmospheric neutrino data used in this
analysis were collected between October 2010 and May
2015. To ensure the validity of the atmospheric neutrino fit
for the T2K oscillation analysis, high-statistics control
sample data collected over the entire beam data period
are used to monitor the detector stability.

The flux and cross-section parameterizations used in this
procedure are simpler than those used in oscillation
analyses and are based on Refs. [89,90]. The atmospheric
neutrino flux is scaled by two parameters, one affecting
events with neutrino energy lower than 1 GeV, with a prior
uncertainty of 25%, and the other for events with energies
higher than 1 GeV, with a prior uncertainty of 15%. The
ratio of νe þ ν̄e to νμ þ ν̄μ events is controlled by a
parameter with 5% prior uncertainty. A prior uncertainty
of 20% is assigned to both CC non-QE and NC cross
sections. The CCQE cross section has a more detailed
parameterization, with events below 190 MeV having a
prior uncertainty of 100% and events in the 190 MeV to
1 GeV range being characterized by 11 parameters which
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β is the transformed variable and a and b are

“scale” and “shift” nuisance parameters, respectively.
These scale and shift parameters are estimated with a
Markov Chain Monte Carlo (MCMC) method [88] that
samples the Poisson likelihood for the observed data given
the model that includes, in addition, parameters to capture
the uncertainty on the atmospheric neutrino flux and cross
sections. The SK atmospheric neutrino data used in this
analysis were collected between October 2010 and May
2015. To ensure the validity of the atmospheric neutrino fit
for the T2K oscillation analysis, high-statistics control
sample data collected over the entire beam data period
are used to monitor the detector stability.

The flux and cross-section parameterizations used in this
procedure are simpler than those used in oscillation
analyses and are based on Refs. [89,90]. The atmospheric
neutrino flux is scaled by two parameters, one affecting
events with neutrino energy lower than 1 GeV, with a prior
uncertainty of 25%, and the other for events with energies
higher than 1 GeV, with a prior uncertainty of 15%. The
ratio of νe þ ν̄e to νμ þ ν̄μ events is controlled by a
parameter with 5% prior uncertainty. A prior uncertainty
of 20% is assigned to both CC non-QE and NC cross
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Preliminary 
(Figures adopted from T. Wester Ph.D. thesis 2023)
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T2K Model Overview
Create a model for T2K 1-ring sample MC using 

SK-IV fully-contained MC Events.

T2K distributions are binned in reconstructed 

neutrino energy, Eν
Rec and scaled by P.O.T.
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with T2K published data points

Generally see good agreement 
with T2K distributions 
(include μ-like samples)



Atm-ν oscillation analysis with T2K model

!13

• SK atm-ν + T2K model favors: 
• Maximal mixing

• δCP ~ -π/2

• Normal mass ordering

• Δχ2 (IO-NO) = 8.54

• cf. SK alone Δχ2 = 5.69

• Best-fit results (for normal MO) 
• δCP = -1.75

• sin2θ23 = 0.51

• Δm232 = 2.4 × 10-3eV2
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FIG. 16. 1D ��2 profiles of oscillation parameters in the analysis with SK atmospheric neutrinos and a model of T2K Runs
1–9 data and with sin2 ✓13 constrained. Solid lines correspond to the data fit result, while dashed lines correspond to the
MC expectation at the data best-fit oscillation parameters, cf. Tab. IV. Horizontal dotted lines show critical values of the �2

distribution for 1 degree of freedom corresponding to 68%, 90%, and 99% probabilities.

of MC to atmospheric neutrino data reconstructed with1167

the fiTQun algorithm.1168

For the SK + T2K model analysis, cross section sys-1169

tematic uncertainties are 100% correlated across atmo-1170

spheric and beam neutrino samples. The uncertainties1171

are taken to be the near detector-constrained result of1172

the T2K runs 1–9 analysis, which e↵ectively applies the1173

T2K near detector constraint to the atmospheric neu-1174

trino samples. While, in principle, a combined fit to T2K1175

near detector, T2K far detector, and atmospheric neu-1176

trino data would change the cross section constraint, at-1177

mospheric neutrinos are less numerous than the T2K near1178

detector events, at a di↵erent average energy, and lack1179

reconstruction information for hadrons below Cherenkov1180

threshold, such that their impact on the cross section1181

constraints is assumed to be negligible.1182

Several aspects of the T2K analysis presented in1183

Ref. [3] were not included in the T2K model. While the1184

2p2h model used by the two experiments is the same,1185

the q2-dependent “2p2h shape” uncertainty is not repro-1186

ducible using published information. Instead, this anal-1187

ysis uses the more conservative 100% uncertainty on the1188

overall 2p2h normalization used in the atmospheric anal-1189

yses. FSI uncertainties in the T2K analysis have non-1190

trivial correlations which are also not published, so the1191

SK treatment described in Sec. IIIA is used for both1192

SK and T2K events. Finally, since DIS events are only1193

a small fraction of the T2K beam neutrino events, the1194

treatment of DIS models and systematics from SK is used1195

for DIS events within the T2K model instead of the treat-1196

ment presented in Ref. [3].1197

We note that the T2K modelling approach has sev-1198

eral limitations: (i) The full reconstruction information1199

of T2K events is not used, only the 1D ERec.

QE
-binned1200

number of events is used in the fit. (ii) Certain cross1201

section systematics, mentioned above, are not directly1202

reproducible using publicly-available information alone1203

and (iii) The SK analysis framework produces ��2 con-1204

tours of its results by profiling, while the T2K analysis1205

employs the marginalization technique [47]. As (i) rep-1206

resents future optimization potential, and (ii) and (iii)1207

are expected to produce more conservative results, the1208

SK + T2K model analysis in this work is expected to be1209

conservative compared to a future joint analysis which1210

may utilize full reconstruction information and unify the1211

treatment of MC inputs and fitting methods between the1212

two collaborations.1213

The T2K model adds the five single-ring samples from1214

Ref. [3] to the existing atmospheric neutrino samples: in1215

FHC mode, single ring e-like, µ-like and CC 1⇡-like, and1216

in RHC mode, e-like and µ-like. The e-like samples, in-1217

cluding the CC 1⇡-like, use 10 125MeV bins in ERec.
1218

while the µ-like samples use 30 100MeV bins in ERec.
QE

.1219

For events in the CC 1⇡ sample, the final nucleon mass1220

mN,f in Eq. 13 is the mass of the � baryon and the bind-1221

ing energy correction to the initial nucleon mass mN,i is1222

set to zero.1223

C. SK + T2K Model Results1224

Figure 16 shows the 1D ��2 profiles of the free param-1225

eters �m2
32
, sin2 ✓23, and �CP in the SK + T2K model fit.1226

Compared to the atmospheric analyses, the constraints1227

on all oscillation parameters are significantly improved,1228

indicated by the steeper ��2 profiles. The addition of1229

the T2K Model moves the preferred value of ✓23 to the1230

upper octant, sin2 ✓23 = 0.51 and increases the prefer-1231

ence for the normal mass ordering, ��2

I.O.�N.O.
= 8.54.1232

Similarly to the atmospheric analyses, the SK + T2K1233

Model fit preferred values of finds �CP near �⇡/2 and1234

�m2
32

= 2.40⇥ 10�3 eV2.1235

We compared the SK + T2K Model result to a sim-1236

ple ��2 sum of the atmospheric samples and the T2K1237
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MC expectation at the data best-fit oscillation parameters, cf. Tab. IV. Horizontal dotted lines show critical values of the �2

distribution for 1 degree of freedom corresponding to 68%, 90%, and 99% probabilities.

of MC to atmospheric neutrino data reconstructed with1167

the fiTQun algorithm.1168

For the SK + T2K model analysis, cross section sys-1169

tematic uncertainties are 100% correlated across atmo-1170

spheric and beam neutrino samples. The uncertainties1171

are taken to be the near detector-constrained result of1172

the T2K runs 1–9 analysis, which e↵ectively applies the1173

T2K near detector constraint to the atmospheric neu-1174

trino samples. While, in principle, a combined fit to T2K1175

near detector, T2K far detector, and atmospheric neu-1176

trino data would change the cross section constraint, at-1177

mospheric neutrinos are less numerous than the T2K near1178

detector events, at a di↵erent average energy, and lack1179

reconstruction information for hadrons below Cherenkov1180

threshold, such that their impact on the cross section1181

constraints is assumed to be negligible.1182

Several aspects of the T2K analysis presented in1183

Ref. [3] were not included in the T2K model. While the1184

2p2h model used by the two experiments is the same,1185

the q2-dependent “2p2h shape” uncertainty is not repro-1186

ducible using published information. Instead, this anal-1187

ysis uses the more conservative 100% uncertainty on the1188

overall 2p2h normalization used in the atmospheric anal-1189

yses. FSI uncertainties in the T2K analysis have non-1190

trivial correlations which are also not published, so the1191

SK treatment described in Sec. IIIA is used for both1192

SK and T2K events. Finally, since DIS events are only1193

a small fraction of the T2K beam neutrino events, the1194

treatment of DIS models and systematics from SK is used1195

for DIS events within the T2K model instead of the treat-1196

ment presented in Ref. [3].1197

We note that the T2K modelling approach has sev-1198

eral limitations: (i) The full reconstruction information1199

of T2K events is not used, only the 1D ERec.

QE
-binned1200

number of events is used in the fit. (ii) Certain cross1201

section systematics, mentioned above, are not directly1202

reproducible using publicly-available information alone1203

and (iii) The SK analysis framework produces ��2 con-1204

tours of its results by profiling, while the T2K analysis1205

employs the marginalization technique [47]. As (i) rep-1206

resents future optimization potential, and (ii) and (iii)1207

are expected to produce more conservative results, the1208

SK + T2K model analysis in this work is expected to be1209

conservative compared to a future joint analysis which1210

may utilize full reconstruction information and unify the1211

treatment of MC inputs and fitting methods between the1212

two collaborations.1213

The T2K model adds the five single-ring samples from1214

Ref. [3] to the existing atmospheric neutrino samples: in1215

FHC mode, single ring e-like, µ-like and CC 1⇡-like, and1216

in RHC mode, e-like and µ-like. The e-like samples, in-1217

cluding the CC 1⇡-like, use 10 125MeV bins in ERec.
1218

while the µ-like samples use 30 100MeV bins in ERec.
QE

.1219

For events in the CC 1⇡ sample, the final nucleon mass1220

mN,f in Eq. 13 is the mass of the � baryon and the bind-1221

ing energy correction to the initial nucleon mass mN,i is1222

set to zero.1223

C. SK + T2K Model Results1224

Figure 16 shows the 1D ��2 profiles of the free param-1225

eters �m2
32
, sin2 ✓23, and �CP in the SK + T2K model fit.1226

Compared to the atmospheric analyses, the constraints1227

on all oscillation parameters are significantly improved,1228

indicated by the steeper ��2 profiles. The addition of1229

the T2K Model moves the preferred value of ✓23 to the1230

upper octant, sin2 ✓23 = 0.51 and increases the prefer-1231

ence for the normal mass ordering, ��2

I.O.�N.O.
= 8.54.1232

Similarly to the atmospheric analyses, the SK + T2K1233

Model fit preferred values of finds �CP near �⇡/2 and1234

�m2
32

= 2.40⇥ 10�3 eV2.1235

We compared the SK + T2K Model result to a sim-1236

ple ��2 sum of the atmospheric samples and the T2K1237

Preliminary 
(sk_atm_oscillation_2022_v2a)

Preliminary 
(sk_atm_oscillation_2022_v2a)

Preliminary 
(sk_atm_oscillation_2022_v2a)

Δm2 sin2θ23

Prelim
inary 

(sk_atm_oscillation_2022_v2a)

Preliminary 
(sk_atm_oscillation_2022_v2a)

Formal joint SK+T2K analysis on-going



ντ appearance search
• Updates since the previous publication: Pays. Rev. D98, 052006 (2018)


• Full SK ‘pure water’ phase data (SK-I~V data) 

• ~2 years of SK-IV and SK-V data added

• Expanded fiducial volume 

• ➜ ~50% more data added

• Best fit of ντ normalization parameter: α = 1.359 ± 0.289


• cf. α=1 means consistent with prediction

• Exclude no ντ appearance (α=0) at 4.8σ significance, p-value: 7.5×10-7 
• Observed # of ντ CC events: 428 ± 92 events (normal MO)

!14

3 flavor P(νμ→ντ)
Search for t-like events

Use difference of event topologies 
between the decay products of t

and neutrino DIS interactions.

Actual event selection
performed by neural network 

Total efficiency ~ 76%
Negligible primary nt flux

~ nt must be oscillation-induced
Expected to be observed only in upward-going

Downward going events are good “background” sample.

Search for nt appearance at Super-K 

9

•  αfitted=1.359+/-0.289. 

Under normal ordering.  

• 428+/-92 observed tau events in SK I-V.

7

Exclusion of P-value Significance in σ 

no tau appearance (α=0) 7.6E-07 4.8

Results of  SK I-V data fit  
2023 
Using all available data for 
pure-water

Using the best fit 
to the data with 

α , 10000 
toy MCs are 
generated.

∈ [0,3]

•  αfitted=1.359+/-0.289. 

Under normal ordering.  

• 428+/-92 observed tau events in SK I-V.

7

Exclusion of P-value Significance in σ 

no tau appearance (α=0) 7.6E-07 4.8

Results of  SK I-V data fit  
2023 
Using all available data for 
pure-water

Using the best fit 
to the data with 

α , 10000 
toy MCs are 
generated.

∈ [0,3]

Comparison of the SK I-V fit with the previous Super-K result
PHYSICAL REVIEW D 98, 052006 (2018)

9

Tau-like

Non tau-like

Upward going

Downward 
going

cos θ

cos θ

NN output

NN output

Using all available data for pure-water (2023)

α = # of observed ντ
# of expected ντ

Best fit: α = 1.359 ± 0.289

ντ appearance signal: 
Upward going, Eν >3.5GeV



Solar neutrinos
• Intense neutrinos from nuclear fusion 

in the Sun’s core

• High statistics measurements


• Sensitive to θ12 and Δm221

• Precision test of the MSW oscillation 

model

• Precise measurement of spectrum 

at the vacuum-to-matter transition 
“up-turn”

• Matter effect in the sun


• Measurement of Day/Night flux 
asymmetry

• Matter effect in the earth’s core

!15

data) are in good agreement with the MSW curves (based
on different parameters: blue ¼ solar þ KamLAND best
fit, green ¼ solar best fit).

V. DAY/NIGHT ASYMMETRY

The matter density of the Earth affects solar neutrino
oscillations while the Sun is below the horizon. This

so called “day/night effect” will lead to an enhancement
of the νe flavor content during the nighttime for most
oscillation parameters. The most straightforward test of this
effect uses the solar zenith angle θz (defined in Fig. 17) at
the time of each event to separately measure the solar
neutrino flux during the day ΦD (defined as cos θz ≤ 0)
and the night ΦN (defined as cos θz > 0). The day/night
asymmetry ADN ¼ ðΦD − ΦNÞ= 1

2 ðΦD þ ΦN) defines a
convenient measure of the size of the effect; it is sensitive
to Δm2

21.
A more sophisticated method to test the day/night effect

is given in [1,24]. For a given set of oscillation parameters,
the interaction rate as a function of the solar zenith angle is
predicted. Only the shape of the calculated solar zenith
angle variation is used; the amplitude is scaled by an
arbitrary parameter. The extended maximum likelihood fit
to extract the solar neutrino signal (see Sec. III C) is
expanded to allow time-varying signals. The likelihood
is then evaluated as a function of the average signal rates,
the background rates and a scaling parameter, termed the
“day/night amplitude”. The equivalent day/night asymme-
try is calculated by multiplying the fit scaling parameter
with the expected day/night asymmetry. In this manner the
day/night asymmetry is measured more precisely sta-
tistically and is less vulnerable to some key systematic
effects.
Because the amplitude fit depends on the assumed

shape of the day/night variation (given for each energy
bin in [24] and [1]), it necessarily depends on the
oscillation parameters, although with very little depend-
ence expected on the mixing angles (in or near the
large mixing angle solution and for θ13 values consistent
with reactor neutrino measurements [25]). The fit is
run for parameters covering the MSW region of oscil-
lation parameters (10−9 eV2 ≤ Δm2

21 ≤ 10−3 eV2 and
10−4 ≤ sin2θ12 < 1), and values of sin2 θ13 between 0.015
and 0.035.

A. Systematic uncertainty on the solar neutrino
amplitude fit day/night flux asymmetry

1. Energy scale

True day (night) solar neutrino events will mostly be
coming from the downward (upward) direction, and so
the directional dependence of the SK light yield or
energy scale will affect the observed interaction rate as
a function of solar zenith angle and energy. To quantify
the directional dependence of the energy scale, the
energy of the DT-produced 16N calibration data and its
simulation are compared as a function of the recon-
structed detector zenith angle (Fig. 9). The fit from Fig. 9
is used to shift the energy of the 8B MC events, while
taking energy-bin correlations into account, and the
unbinned amplitude fit was rerun. The resulting 0.05%
change in the equivalent day/night asymmetry is taken as
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FIG. 29. Allowed survival probability 1σ band from the
combined data of SK and SNO (red). Also shown are predictions
based on the oscillation parameters of a fit to all solar data (green)
and a fit to all solar þ KamLAND data (blue). The pastel colored
bands are the separate SK (green) and SNO (blue) fits.
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FIG. 30. Predicted solar neutrino spectra [21]. Overlaid are
expected MSW survival probabilities, green is that expected
assuming oscillation parameters from the solar best fit and blue
from the solar þ KamLAND best fit. The 1σ band of Pee from the
combined data of SK and SNO is shown in red. Also shown are
Pee measurements of the 7Be (green point), the pep (light green
point) and the 8B flux (red point) by Borexino [23], as well as pp
(blue point) and CNO values (gold point) extracted from other
experiments [22].
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Vacuum 
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Matter 
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Solar+KamLAND
Expected 
Solar global

SK+SNO

PRD94, 052010 (2016)

Solar neutrinos
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◼ Produced by nuclear fusion in the 

sun (initial = νe)

◼ High statistics measurement of 

flux, energy spectrum, and time 

variations of 8B solar neutrinos in 

SK.

◼ Energy spectrum: sensitive to 

𝜽𝟏𝟐 and ∆𝒎𝟐𝟏
𝟐 parameters. Global 

analysis is more powerful.

◼ Matter effect in the sun: energy 

dependence of νe survival 

probability is observed.

◼ SK is trying to measure “Upturn”
◼ Time variation: matter effect in 

the earth could be studied from 

day-night flux asymmetry. 

◼ Sensitive to ∆𝒎𝟐𝟏
𝟐 parameter.

PRD94, 052010 (2016)

ν energy vs. νe survival probability

Matter 
oscillation 
dominant

Vacuum 
oscillation 
dominant

Expected
Solar global

Expected
Solar+KamLAND

SK+SNO

NightDay

νe νeνμ

Day−Night flux asymmetry

Regenerate νe

by Earth’s 
matter effect

“Upturn”

Regenerate νe with Earth’s matter effect

Solar νe survival probability

Day-Night flux asymmetry

“Up-turn”



Solar ν observation in SK

• Super-K’s measurement of solar 
neutrinos

• Detecting recoil electron from 

elastic scattering

• Robust signal extraction using 

angular correlation with the 
Sun


• Total # of observed solar ν 
events: >105 in SK-I~IV (5805 
days)

Solar neutrinos detection at SK

Solar neutrinos detected through ES:

‹ + e≠
æ ‹ + e≠

Advantages of SK:
- Large volume
- Realtime measurements
- Precise energy determination
- Precise determination of direction

Physics program:
- Oscillation parameter determination
- Day/Night (matter e�ects in Earth)

+ seasonal flux variation
- Precise 8B measurement

(metallicity of the Sun)
- Investigate exotic scenarios

-150 -100 -50 0 50 100 150

-80

-60

-40

-20

0

20

40

60

80

Sunθcos
1− 0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8 1

Ev
en

t/b
in

0

10000

20000

30000

40000

50000

60000

70000

80000

90000

SK-combined (5805.08 day)
Observed data
Best-fit
Background

Extracted solar neutrino signal is
103219+495

≠491 events

PRELIMINARY

Th. A. Mueller (LLR) Super-Kamiokande Experiment March 28, 2023 10 / 29

SK-IV solar neutrino signal
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(preliminary) May 2020

Solar angle dist. (3.49-19.49 MeV)

qsun

SK

Sun

Energy spectrum

◼ According to improved spallation cut, signal efficiency in solar  
analysis was increased by 12.6% in 3.49-19.49 MeV (kinetic).

◼ Signal (in SK-IV): 63890 +381 -379(stat.) +/-907 (syst.) events.
◼ Total: > 105 solar ν events (during SK-I~IV, 5805 days)

SK-IV solar neutrino signal

19

(preliminary) May 2020

Solar angle dist. (3.49-19.49 MeV)

qsun

SK

Sun

Energy spectrum

◼ According to improved spallation cut, signal efficiency in solar  
analysis was increased by 12.6% in 3.49-19.49 MeV (kinetic).

◼ Signal (in SK-IV): 63890 +381 -379(stat.) +/-907 (syst.) events.
◼ Total: > 105 solar ν events (during SK-I~IV, 5805 days)
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Preliminary 
(May 2020, SK 2970 days)



Solar ν spectral fitting
• SK-I~IV 5,805 live days data

• Include several analysis improvements, e.g. 

improved systematics, etc.

• Energy spectrum slightly favors “up-turn”

• though need more data


• Trying to lower the energy threshold (see next slide)
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Solar ν energy spectrum
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Solar ν oscillation results
◼ Re-estimated systematic errors, then re-do oscillation analysis 
◼ No big change from the preliminary results in 2020
◼ ~1.5 σ level tension in 𝚫𝒎𝟐𝟏

𝟐 between SK+SNO analysis and 
KamLAND is still remaining.

Quadratic spectrum
thick line: best-fit 
thin line: original MSW shape

Solar ν oscillation parameters

KamLANDCombined

SK+SNO+KamLAND: 

SK+SNO

Filled region: 3σ

SK 5805 days
Preliminary

Δ𝑚21
2 = 7.49−0.17+0.19 × 10−5eV2

sin2 𝜃12 = 0.305−0.012+0.013

May 2022

Statistical Combination from all phases 

Solar ν energy spectrum

Da
ta

/S
im

ul
at

io
n 

(w
ith

 n
o 

os
ci

lla
tio

n)

Recoil electron kinetic energy [MeV]

Solar ν oscillation results
◼ Re-estimated systematic errors, then re-do oscillation analysis 
◼ No big change from the preliminary results in 2020
◼ ~1.5 σ level tension in 𝚫𝒎𝟐𝟏

𝟐 between SK+SNO analysis and 
KamLAND is still remaining.

Quadratic spectrum
thick line: best-fit 
thin line: original MSW shape

Solar ν oscillation parameters

KamLANDCombined

SK+SNO+KamLAND: 

SK+SNO

Filled region: 3σ

SK 5805 days
Preliminary

Δ𝑚21
2 = 7.49−0.17+0.19 × 10−5eV2

sin2 𝜃12 = 0.305−0.012+0.013

May 2022

Statistical Combination from all phases 

Preliminary 
(May 2022, SK 5805 days)

Day-Night flux difference
Direct MSW effect
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Neutrino oscillation (MSW-LMA)

“Up-turn”

Spectral fitting (quadratic)
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May 2022

SNO

SK
Expected
Solar global

Expected
Solar+KamLAND

SK+SNO
PRD94, 052010

SK-I~IV 4499 days SK 5805 days
Preliminary

◼ The same parametrization with SNO (PRC 88, 025501 (2013))

◼ A combined fitting can be done.

Expected 
Solar+KamLAND

Expected 
Solar global

SK+SNO

SNO

Solar ν survival probability

See later slides for the best fit 
oscillation parameters



Solar ν signal with lowest energy in SK
• An attempt to further lower the energy 

threshold

• Use Wideband Intelligent Trigger (WIT) 

data in SK-IV

• 622 live days data

• Recoil electron kinetic energy 2.49 

MeV - 3.49 MeV

• Applied a boosted decision tree (BDT) 

event selection

• Fed standard reconstruction 

variables used in the traditional 
solar analysis


• ~6 times better background 
rejection comparing to the 
traditional solar analysis


• A clear peak pointing to the Sun
!18
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• SK-IV WIT data, 622 days live time, 2.49 MeV < Ekin < 3.49 MeV


• Aggregate of independently fit energy and MSG bins

Solar Angle Distributions
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Solar Analysis Cuts
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−150 690+ 150

−140# Signal events:
*Statistical error only

Solar angle distribution for data selection (red), calculated background shape (black), and polynomial fit of signal MC added to background shape (blue) all 
with 1! statistical error bands.
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Preliminary 
(May 2023)

Ev
en

ts

cos(θsun)

# of signal events: 790 +160 
-150

Solar ν signal with lowest energy in 

22

May 2022
◼ Use Wideband Intelligent Trigger (WIT) 

data in SK-IV
◼ SK-IV WIT data, 2.49 MeV - 3.49 MeV 

electron kinetic energy, 858 live days 
good data during Oct. 2015 - May 2018 

◼ Applied a boosted decision tree (BDT) 
selection and the standard spallation 
cut for the 858 days WIT sample.
◼ Inputs: standard reconstructed variables 

in the traditional solar analysis

◼ ~6 times better background rejection 
comparing to the traditional solar 
analysis

◼ A clear peak is observed.
◼ First time in SK

◼ References:   
◼ 10.5281/zenodo.6759244

◼ J. Phys. Conf. Ser. 888, 012189 (2017)

Preliminary

Ev
en

ts

cosθsun

Solar angle distribution 
(SK-IV WIT 858 days, 2.49-3.49 MeV)

470+/-170 (stat.) events



Day/Night flux asymmetry

• Day/Night flux asymmetry:

• Expected D/N asymmetry ~3% in the SK energy region


• SK confirmed a higher solar ν flux at night than that at daytime 
with significance of 3.2σ for the Solar best fit, 3.1σ for the 
Global best fit

!19
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Energy spectrum fit (SK-IV)

Disfavors flat oscillation probability by ~1σ

Spectrum shape compatible with KamLAND Δm221 (< 1σ)

—Δm221 = 7.5 x 10-5 eV2 (KamLAND)
—Δm221 = 6.1 x 10-5 eV2 (SK+SNO best fit)

Preliminary

— Expectation

— SK-IV data

Preliminary

Day/Night amplitude fit (SK-IV)

AD/N =
Φday − Φn ight

0.5(Φday + Φn ight)

AFit
DN = (−2.1 ± 1.1) % [3.5 < E < 19.5 (MeV)]

~2σ preference of non-zero Day/Night asymmetry

Recoil electron kinetic energy [MeV]
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Solar ν oscillation parameter extraction

• There is ~1.5σ tension between 
SK+SNO and KamLAND in Δm221
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Oscillation analysis
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Best fit oscillation parameters



SK → SK-Gd

• SK-Gd: add Gd to ultrapure water to enhance neutron tagging efficiency

• Physics targets:


• Detect the world’s first Supernova Relic Neutrino (SRN)

• Enhance ν and ν ̅identification in atmospheric ν and T2K analyses

• Reduce background in nucleon decay search


• Gd concentration in each SK phase

• SK-6 (Aug. 18, 2020~): 0.011%→ ~50% n-Gd capture eff.

• SK-7 (July 5, 2022~): 0.03%→ ~75% n-Gd capture eff.


• Observed clear increase of neutron candidates and shorter capture time

• Confirmed uniformity of Gd concentration over SK detector and its 

stability over time

!21
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• Gd loading started in 2020.
• At SK-6, the Gd concentration is 0.011%, 

corresponding to ~50% neutron tagging 
efficiency.

• More Gd being loaded NOW!

• With 577 days of data in SK-6, the data 
quality is as expected in MC, and event 
rate is consistent with pure water phase.

SK-6 (2020.7-2022.5)

More on SK-Gd:
Mark Vagins
June 2nd, 
23:00 KST

FC

Atmospheric neutrino data in SK-VII (248), consistent with SK-IV, -V 

Officialize these data

SK-VII Data 
Neutron information 

Han

SK7

SK6

SK5
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(May 2023)
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sµ3.7±Capture time constant in pure water, 202.6
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History of Capture Time Constant (Z=0, +-12m)

Water convection/
Gd loading toward SK-7

Calibration campaign

Gd loading toward SK-6

Neutron Capture Time Constant, from July 2020 to May 2023

• Neutron capture time got shorter from ~116 [us] to ~62 [us], during Gd loading toward SK-7.
• Capture time constant is stable with the mean value of 61.8±0.1 [us] after Aug. 2022.

• Standard deviation of 0.5 [us] comes from the uncertainty of each data points.

SK7SK6
n-capture time in atm-ν events

Date

n-capture time with AmBe calibration source

[ref: NIM A 1027 (2022) 166248]



Summary
• SK atmospheric and solar neutrino oscillation analyses keep 

improving

• Atmospheric neutrino: new results with full SK pure 

water phase data (SK-I~V) and with expanded fiducial 
volume — new paper in preparation


• Solar neutrino: lowering the energy threshold to 2.49MeV 
(kinetic energy) aiming to see the “up-turn”


• SK-Gd phase began in 2020, and SK continues the stable 
operation

• Expect several improvements in oscillation analyses and 

nucleon decay search

• Observed clear signal of neutron capture on Gd in SK-VI 

and SK-VII

• Many analysis developments on-going
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