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Neutrino Experiments with the J-PARC ν beam
Gigantic detectors with the world-most intense neutrino beam
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Super-K

Hyper-K • 500 kW (today) 
• ~1MW (2025) 
• 1.3 MW (2028)

•   22.5 kton (Super-K, ~2027) 
• 190    kton (Hyper-K, 2027~)
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Hi, Super-K!

　Wow!

Shoot muon 
neutrinos

Something 
different

Miracle 
Shoot!

No! It’s 
Neutrino 
Oscillation

J-PARC Super-K

Super-K

J-PARC
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Super-Kamiokande



Outline
1. Physics (addressed by the accelerator experiments) 
2. Proton Accelerator: J-PARC 
3. Neutrino Beam 
4. Neutrino Cross section (briefly) 
5. Near Detectors: ND280 
6. Far Detector: Super-Kamiokande 
7. Oscillation Analysis 
8. Latest OA results 
9. Future Prospect 

1. T2K Upgrade 
2. Hyper-Kamiokande
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these have been incorporated in the analysis through an additional 
error of 3.9 × 10−5 eV2/c4 on the m∆ 32

2  interval. More details of the sys-
tematic uncertainties on neutrino interaction modelling can be found 
in the Methods.

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

θsin ( ) = 0.532
23 −0.04

+0.03  for both mass orderings. Assuming the normal 
(inverted) mass ordering we find m∆ 32

2   =  (2.45  ±  0.07)  ×  10−3 
m(∆ = (2.43 ± 0.07) × 10 )13

2 −3  eV2/c4. For δCP our best-fit value and 68% 
(1σ) uncertainties assuming the normal (inverted) mass ordering are 
−1.89 ( − 1.38 )−0.58

+0.70
−0.54
+0.48 , with statistical uncertainty dominating. Our 

data show a preference for values of δCP that are near maximal CP 

violation (see Fig. 4), while both CP conserving points, δCP = 0 and 
δCP = π, are ruled out at the 95% confidence level. Here we also produce 
99.73% (3σ) confidence and credible intervals on δCP. In the favoured 
normal ordering the confidence interval contains [−3.41, −0.03] 
(excluding 46% of the parameter space). We have investigated the 
effect of the excess seen in the 1e1de sample on this interval and find 
that had the observed number of events in this sample been as 
expected for the best-fit parameter values the interval would have 
contained [−3.71, 0.17] (excluding 38% of parameter space). In the 
inverted ordering the confidence interval contains [−2.54, −0.32] 
(excluding 65% of the parameter space). The 99.73% credible interval 
marginalized across both mass orderings contains [−3.48, 0.13] 
(excluding 42% of the parameter space). The CP-conserving points 
are not both excluded at the 99.73% level. However, this experiment 
has reported closed 99.73% (3σ) intervals on the CP-violating phase 
δCP (taking into account both mass orderings), and a large range of 
values around +π/2 are excluded.
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Fig. 4 | Constraints on PMNS oscillation parameters. a, Two-dimensional 
confidence intervals at the 68.27% confidence level for δCP versus sin2θ13 in the 
preferred normal ordering. The intervals labelled T2K only indicate the 
measurement obtained without using the external constraint on sin2θ13, 
whereas the T2K + reactor intervals do use the external constraint. The star 
shows the best-fit point of the T2K + reactors fit in the preferred normal mass 
ordering. b, Two-dimensional confidence intervals at the 68.27% and 99.73% 
confidence level for δCP versus sin2θ23 from the T2K + reactors fit in the normal 
ordering, with the colour scale representing the value of negative two times the 
logarithm of the likelihood for each parameter value. c, One-dimensional 
confidence intervals on δCP from the T2K + reactors fit in both the normal and 
inverted orderings. The vertical line in the shaded box shows the best-fit value 
of δCP, the shaded box itself shows the 68.27% confidence interval, and the error 
bar shows the 99.73% confidence interval. We note that there are no values in 
the inverted ordering inside the 68.27% interval.
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Fig. 3 | Event prediction model tuning to near-detector data.  
a, b, Reconstructed muon momentum in two of the ND280 CCQE-like event 
samples for both neutrino (a) and antineutrino (b) beam mode. The prediction 
with all parameters set to their best-fit value from a fit to the ND280 data are 
shown by the coloured histograms, split into true neutrino CCQE, antineutrino 
CCQE, neutral current and all other interactions. The dashed line shows the 
prediction before a fit to the ND280 data. The vertical error bars on the data 
represent the standard deviation due to statistical uncertainty. c, The ratio of 
the observed data to the best-fit Monte Carlo prediction in both neutrino-
mode and antineutrino-mode samples.
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Recent references
1. Nature 580 (2020) 7803, 339-344 
• Constraint on the matter‒antimatter symmetry-
violating phase in neutrino oscillations  

2. PHYSICAL REVIEW D 103, 112008 (2021) 
• Improved constraints on neutrino mixing from the 
T2K experiment with 3.13 × 1021 protons on target  

3.  1805.04163 [physics.ins-det] 
• Hyper-Kamiokande Design Report
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1. Physics 
- addressed by the accelerator experiments -
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Introduction
• Neutrino mass and mixing (right handed neutrinos) 
are physics beyond the standard model.
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Introduction GUT seesaw TeV GeV keV !eV Summary

Assumption: It’s RH neutrinos and the seesaw mechanism.

all other fermions come in both chiralities

“naturally” appears in models involving UB−L(1),
e.g. left-right symmetric, SO(10) GUT. . .

can solve cosmological problems (leptogenesis, Dark Matter,. . .)

simplicity, predictivity (few parameters!)
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A view on the, THEORETICAL STATUS OF NEUTRINO PHYSICS

• Tiny Neutrino mass 
• What is the origin of the mass? 

• Flavor Symmetry 
• Between leptons and quarks 

• mass pattern 
• mixing pattern 
• the number of generations 

• CP violation 
• the origin? 
• matter dominant universe with 
Leptogenesis
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A window to Ultra High Energy
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• In the framework of 3 neutrinos, the unknowns are 
• mass ordering 
• CP violation parameter: δCP

Neutrino Oscillation

xc Solar, Reactor
Atmospheric, Accelerator



Three neutrinos and Beyond
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 T. Schwetz

Leptonic unitarity triangle

• still far from knowledge we have on UT in quark sector
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14 11. CKM quark-mixing matrix
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Figure 11.2: Constraints on the ρ̄, η̄ plane. The shaded areas have 95% CL.

The CKM matrix elements can be most precisely determined by a global fit that
uses all available measurements and imposes the SM constraints (i.e., three generation
unitarity). The fit must also use theory predictions for hadronic matrix elements, which
sometimes have significant uncertainties. There are several approaches to combining the
experimental data. CKMfitter [6,101] and Ref. 124 (which develops [125,126] further) use
frequentist statistics, while UTfit [108,127] uses a Bayesian approach. These approaches
provide similar results.

The constraints implied by the unitarity of the three generation CKM matrix
significantly reduce the allowed range of some of the CKM elements. The fit for the
Wolfenstein parameters defined in Eq. (11.4) gives

λ = 0.22535± 0.00065 , A = 0.811+0.022
−0.012 ,

ρ̄ = 0.131+0.026
−0.013 , η̄ = 0.345+0.013

−0.014 . (11.26)

These values are obtained using the method of Refs. [6,101]. Using the prescription
of Refs. [108,127] gives λ = 0.22535 ± 0.00065, A = 0.817 ± 0.015, ρ̄ = 0.136 ± 0.018,

June 18, 2012 16:19

1σ
, 90%

, 95%
, 99%

, 3σ
 C

L (2dof)

Assuming unitarity (3 neutrinos)

Lepton Quark
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Introduction GUT seesaw TeV GeV keV !eV Summary

Neutrino masses: Seesaw mechanism

L = LSM + i ν̄R /∂νR − L̄LyνRH̃ − ν̄Ry†LH̃† −
1

2
(ν̄cRMMνR + ν̄RM†

Mν
c
R)

Minkowski 1979, Gell-Mann/Ramond/Slansky 1979, Mohapatra/Senjanovic 1979, Yanagida 1980

⇒
1
2(νL ν

c
R)

(

0 mD
mT
D MM

)(

νcL
νR

)

Majorana masses MM introduce new mass scale(s)
two sets of Majorana mass states with small mixing θ # 1
here θ = mDM−1

M = vyM−1
M
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A view on the, THEORETICAL STATUS OF NEUTRINO PHYSICS

Introduction GUT seesaw TeV GeV keV !eV Summary

The GUT seesaw

Pros:
theoretically well-motivatedin GUTs, e.g. SO(10)
“naturally” explains small neutrino masses
“naturally” leads to leptogenesis Fukugita/Yanagida

indirect experimental access to very high scales
Cons:

new states experimentally inaccessible
adds to hierarchy problem

12 / 23
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Introduction GUT seesaw TeV GeV keV !eV Summary

The electroweak / TeV seesaw
Pros:

some theoretical arguments
no new scale Asaka/Shaposhnikov

classical scale invariance Khoze/Ro,. . .

allows for leptogenesis
during νR decay Pilaftsis 9707235

during νR production Akhmedov/Rubakov/Smirnov 9803255, Garbrecht 1401.3278

new states can be found at LHC Smirnov/Kersten 0705.3221

hints in EW data? Akhmedov/Kartavtsev/Lindner/Michaels/Smirnov 1302.1872

Cons:
small Yukawa couplings y
accessible regime constrained from low energy observations,
in particular ν → eγ, 0νββ-decay, PMNS-unitarity
Ibarra/Molinaro/Petcov 1103.6217, Abada/Das/Teixeira/Vicente/Weiland 1211.3052 and 1311.2830,

Basso/Fischer/van der Bij 1310.2057, Endo/Yoshinaga 1404.4498
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Introduction GUT seesaw TeV GeV keV !eV Summary

The GeV seesaw
Pros:

some theoretical arguments
no new scale Asaka/Shaposhnikov

classical scale invariance Khoze/Ro,. . .

allows for leptogenesis Akhmedov/Rubakov/Smirnov 9803255, Asaka/Shaposhnikov 0505013

even without mass degeneracy
MaD/Garbrecht 1206.5537, Canetti/MaD/Garbrecht 1404.7114

new states can be found in meson decays at BELLE II, LHCb or
SHIP Canetti/MaD/Frossard/Shaposhnikov 1208.4607, Canetti/MaD/Garbrecht 1404.7114

CP-violation in the sterile sector may be measurable Cvetic/Kim/Zamora-Saa

1403.2555

Cons:
very small Yukawa couplings y , cancellations
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Introduction GUT seesaw TeV GeV keV !eV Summary

The keV seesaw
Pros:

can in principle explain neutrino masses
can be Dark Matter (cold, warm, non-thermal. . .)

can be tested
KATRIN type experiments
astrophysics / cosmology

courtesy S. Martens

E (keV)
0 2 4 6 8 10 12 14 16 18

/d
E 

(a
.u

.)
Γd

0

5

10

15

20

25
1510×

no mixing

 = 0.2Θ2 = 10 keV, sinsm

Cons:
very tiny Yukawa couplings y , cancellations
a state can only either be DM or contribute to neutrino mass
simplest scenario (Dodelson/Widrow) disfavoured by data
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by M. Draws @ NuFact2014



1. Unification 
1. Force (w/ SUSY) 

2. Quark and Leptons 

• 10(Qi) has more hierarchy than 5(L) 
2. Hierarchy 

1. mixing: lepton (large) >> quark (small) 
2. mass: u-type quark >> d-type quark, charged lepton 

>> neutrino

a GUT

15

Example

Proton Decay

by N. Maekawa



Neutrino CPV
• Neutrino Oscillations with CP violation 
• Weak (flavor) state ≠ Mass state 
• 3 generations ➡ Imaginary Phase in a mixing matrix 
• [Neutrino] MNS matrix ～ [Quark] CKM matrix 

• Example:  Prob.(νμ→νe) ≠　Prob.(νμ→νe) 
• Heavy Majorana Neutrino (N) [if exists] with CP violation 
• NOT easy to access (very very difficult) 
• The decay of N  
• Prob.(N→lL+φ) ≠　Prob.(N→lL+φ) 

• Or, the oscillations of N
16



Leptogenesis and Neutrino CPV
• Saharov conditions for Baryon Asymmetry 

• [B] Baryon Number Violation 
• [CP] C and CP violation 
• [T] Interactions out of thermal equilibrium 

• Leptogenesis and Low Energy CP violation in Neutrinos 
• [B] Sphaleron process for Δ(B+L)≠0 
• [CP] Heavy Majorana Neutrino decay and/or Neutrino oscillations 

• |sinθ13sinδ|>0.09 is a necessary condition for a successful 
“flavoured” leptogenesis with hierarchical heavy Majorana neutrinos 
when the CP violation required for the generation of the matter-
antimatter asymmetry of the Universe is provided entirely by the 
Dirac CP violating phase in the neutrino mixing matrix [Phys. Rev. 
D75, 083511 (2007)]. 
•  sinθ13～0.15 ➡　|sinδ|>0.6 

17
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Figure 7. Lepton asymmetry dependence on δ with TR = mφ = 1015 GeV, B = 1, for inflaton
decay dominantly to Higgs boson. The uncertainty for αM = 0 case is shown in the gray bands.

to the latter case. In the latter case, y2τmν2m∗
ν3 (y2τmν1m∗

ν2) should appear in the lepton

asymmetry for normal (inverted) mass ordering at the leading order, which comes from

the last two terms of eq. (4.12). Thus the asymmetry is suppressed if mν2 (mν1) is small.

Also, we can understand that the Majorana phase is important in this case.

For T ! 1014GeV, the gauge interactions decouple, and the medium is not necessarily

blind under lepton flavor. The strong llHH interactions at high temperatures quickly bring

the initial density matrix in the diagonal form in the mass basis. In the limit of vanishing

yµ, ye and the lighter two neutrino masses while keeping the initial density matrices fixed,

the CP phases of the PMNS matrix can be rotated away by the rephasing of li by U(1)3

in the mass basis together with the U(2) rotation in the flavor basis without changing the

initial density matrices. This implies the final asymmetry should be proportional to either

• y2τy
2
µ, or

• y2τmν2m∗
ν3 (y2τmν1m∗

ν2) for normal (inverted) mass ordering.

These two effects both contribute in the region of high reheating temperatures of figures 1

and 3. Possible CP phases in the inflaton decay sector do not contribute since the initial

condition is set by the strong llHH interactions.

– 15 –



Formula of Oscillation Probability with CP violation

HKWG internal note ? 10-01

CP sensitivity study of Hyper-Kamiokande

Masashi Yokoyama

December 13, 2010

P (νµ → νµ) = 1 − 4(C2
12C2

23 + S2
12S2

13S2
23 − 2C12C23S12S13S23 cos δ)S2

23C2
13 · sin2 ∆23

−4(S2
12C2

23 + C2
12S2

13S2
23 + 2C12C23S12S13S23 cos δ)S2

23C2
13 · sin2 ∆13

−4(C2
12C2

23 + S2
12S2

13S2
23 − 2C12C23S12S13S23 cos δ)

×(C2
12C2

23 + S2
12S2

13S2
23 + 2C12C23S12S13S23 cos δ) · sin2 ∆12

P (νµ → νe) = 4C2
13S2

13S2
23 · sin2 ∆31

+8C2
13S12S13S23(C12C23 cos δ − S12S13S23) · cos∆32 · sin∆31 · sin∆21

−8C2
13C12C23S12S13S23 sin δ · sin∆32 · sin∆31 · sin∆21

+4S2
12C2

13(C
2
12C2

23 + S2
12S2

23S2
13 − 2C12C23S12S23S13 cos δ) · sin2 ∆21

−8C2
13S2

12S2
23 ·

aL

4Eν
(1 − 2S2

13) · cos∆32 · sin ∆31

+8C2
13S2

13S2
23

a

∆m2
13

(1 − 2S2
13) sin2 ∆31

P (νe → νe) = 1 − 4C2
13S

2
13 · (C2

12 sin2 ∆13 + S2
12 sin2 ∆23) − 4S2

12C
2
12C

4
13 sin2 ∆12

where Cij , Sij , ∆ij are cos θij , sin θij , ∆m2
ijL/4Eν , respectively, and a[eV2] = 7.56 ×

10−5 × ρ[g/cm3] × Eν [GeV ].

1

CP violating (flips sign for ν)Leading

Solar

Matter effect
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2 Δm31
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#
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CPV

~0.03 ~11.8 (6.4 from 1/sinθ13)

sin2θ12 sin2θ23
2sinθ13

sin2 2θ13 sin
2 Δm31

2 L
4E

sin Δm21
2 L
4E

sinδ

~ π
4
Δm21

2

Δm32
2
sin2θ12 sin2θ23
sin2θ23 sinθ13

E1stmax
E

leading[ ]sinδ

~ 0.27× leading[ ]× E1stmax
E

× sinδ

27%
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• Energy dependence.



　A door to Neutrino CP violation is opened
• νμ→νe oscillation w/ Δmatm2 discovered by the T2K experiment 
• Indication in 2011 [PRL 107, 041801 (2011)] 
• Observation in 2013 [PRL 112, 061802 (2014)]

•

20

T2K
νe

T2K
νe

2011 2013

2011 2013
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F R A M E W O R K
• Four modes of observation observed at T2K 

• νµ→νe , νµ→νe appearance 

• νµ↛νµ , νµ↛νµ  disappearance 

• use all information to constrain oscillation parameters

switches sign  
for νµ→νe

constrain by νµ disp.

P (⌫µ ! ⌫µ) ⇠ 1� (cos4 2✓13sin
2 2✓23 + sin2 2✓13 sin

2 ✓23)sin
2 �m2

31
L

4E

M. Freund,  Phys.Rev. D64 (2001) 053003 � ⌘ �m2
31L

4E
x ⌘ 2

p
2GFNeE

�m2
31

↵ =

����
�m2

21

�m2
31

���� ⇠
1

30

P (⌫µ ! ⌫e) ⇡ sin2 2✓13 ⇥ sin2 ✓23 ⇥
sin2[(1�x)�31]

(1�x)2

�↵ sin �CP ⇥ sin 2✓12 sin 2✓13 sin 2✓23 ⇥ sin�31
sin[x�31]

x
sin[(1�x)�31]

1�x
+(CP even) +O(↵2)

constrain by reactor

• Large θ23: enhances both νµ→νe and νµ→νe 

• δCP =-π/2: enhance νµ→νe, suppress νµ→νe 

• Δm2
31>0 (normal hierarchy): enhance νµ→νe, suppress νµ→νe

3

  

Leïla Haegel /University of Geneva T2K latest neutrino oscillation results EPS-HEP 2017 / 9

Uncertainties on the number of events (with ND280)Uncertainties on the number of events (with ND280)

μ+/-  rings CC-0π

MC: 137.8
data: 135

Systematic error source

Variation of the spectra with category of systematic uncertainties 

Nominal value of nuisance parameters

1st row is selection in ν - mode



Oscillation Analysis in T2K

22

Neutrino flux prediction 
w/CERN NA61 result

ND280 νμ measurements

Neutrino Cross Section
Uncertainties

SK Detector/Selection
Uncertainties

Flux
+Cross Section Fit 

Neutrino Cross Section
Uncertainties

Osc. Fit: 
sin22θ13 , sin2θ23, Δm322, 

δCP
Result

ν oscillation parameters fixed:
• Δm122=7.6×10-5 eV2 
• sin2θ12=0.32

Nsignal=Φ×σ×Ntarget(×ε)

Φ

Ntarget(×ε)
σ

σ



2. J-PARC 
- Proton Accelerator -

23



JGFos24

400 MeV

3 GeV

30 GeV

J-PARC　 
（Japan-Proton-Accelerator Research Complex）
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Front-end 
(7 m) 

Debuncher 1 SDTL DTL 
Debuncher 2 

0-deg dump 

30-deg dump 

(84 m) (27 m) 

50 MeV 181 MeV 

3 MeV 

100-deg dump 

90-deg dump 

• Particle: !H- !

• Energy: ! !181 MeV at present !
! ! !400 MeV  by installing ACS in 2013!
! ! !( Construction of ACS has been started. )  !

• Peak current: !30 mA at 181 MeV !
! ! !50 mA at 400 MeV in 2013!

• Repetition: !25 Hz !
• Pulse width: !0.5 msec!
�

ACS 

¦§¨�

Front-end = IS + LEBT
+ RFQ + MEBT 

SDTL!

Linac!

Linac upgrade in 2013/2014�

New front end has rf driven ion source and RFQ 
optimized for 50 mA. 

30 mA (Oct. 10)�

50 mA (Oct. 15)�

60.0�

50.0�

40.0�

30.0�

20.0�

10.0�

60.0�
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40.0�
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20.0�
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Energy upgrade (181 MeV ! 400 MeV) by installing ACS in 2013.�

Peak current upgrade (30 mA ! 50 mA) by replacing front-end system in 2014.�

Before installation� After installation�

Study results in October, 2014�

  ACS       
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RCS (Rapid Cycling Synchrotron)!

To MLF 

To MR 

Multi-purpose machine:!
-Proton driver for neutron/muon production!
-Booster of the MR injection!

From 
Linac 

Charge-exchange & 
Painting injection�

  400 MeV 
       

time (ms)

1MW　Demonstration

MLF 1MW Operation (June 25th - 27th) (1/2)

6/27
14:00

6/25
9:00

1000
900
800
700
600
500
400
300
200
100

0

Be
am

 P
ow

er
[k

W
]

RCS
RF 

Cavity
Failure

25 min. stop due 
to high temp.

Date

1MW ї600䡇W
due to high temp.

z Linac
• worked very well. 

z RCS
• Foil kept its function

Keep high charge exchange efficiency
• Beam loss was small as expected
9 Cooling water 

It was cleared cooling capacity was 
insufficient in summer

Demonstrated stable 1MW operation

3

z This is a slide of the MLF-1MW operation carried out from June 25th to 27th. 
z The 1MW operation started at 9 am on June 25, but the beam stopped due to the RCS-RF-failure about 20 

minutes later. 
¾ This wasn't due to the RF cavity, but to the life of the vacuum tube and the failure of the capacitor used in 

the amplifier.
z After resuming operation, we were able to output a stable beam. 
z In addition, the beam loss was as small as expected even during 1 MW operation. 
z This operation revealed that the cooling water capacity to cool the RCS equipment was insufficient when 

the temperature was high and the humidity was also high. 
z At the end of operation, we drove the accelerator with the beam intensity reduced from 1 MW to 600 kW from 

noon to 2:00 pm . 



Main parameters of MR�

RCS

Injection
Slow extraction

Fast extraction

Neutrino beamline

Rf cavities

Beam abort line
Hadron 
Experimental Hall

3-50 BT

To Super-Kamiokande

Ring collimators

BT
collimators

Hadron beamline

Circumference ! !1567.5 m!
Repetition rate ! !~ 0.17 Hz for SX!
! ! ! ! !0.3 ~ 0.4 Hz for FX!

Injection energy !3 GeV!
Extraction energy !30 GeV!
Superperiodicity !3!
h ! ! ! ! !9!
Number of bunches !8!
Rf frequency ! !1.67 - 1.72 MHz!
Transition γ ! !j 31.7 (typical)!
g!
Physical Aperture ! ! !!
3-50 BT Collimator !54-65 π.mm.mrad!
3-50 BT physical ap. > 120 π.mm.mrad!
Ring Collimator !54-65 π.mm.mrad!
Ring physical ap. !> 81 π.mm.mrad!

Three dispersion free straight sections of 116-m long:!
   - Injection and collimator systems!
   - Slow extraction¡SX)!
        to Hadron experimental Hall!
   -MA loaded rf cavities and Fast extraction(FX) (beam is extracted inside/outside of the ring)!
        outside:  Beam abort line!
        inside:    Neutrino beamline ( intense ν beam is send to SK)!

Beam Power Plan 
• 515 kW (today) 
• 1000 kW (2025) 
• 1300 kW (2028)

Upgrade plan of MR-FX

ձ Magnet PS upgrade
2.48 ĺ�1.32s cycle

մ 1.32 ĺ�1.16s cycle

ճ RF system upgrade

䐠 2nd harmonic RF
cavities

31
27
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FX: The higher repetition rate scheme : Period 2.48s ĺ 1.32 s for 750 kW
( = shorter repetition period )                             ĺ 1.16 s for 1.3 MW

SX: Mitigation of the residual activity for the beam power upgrade

Mid-term Plan of MR

JFY 2020 2021 2022 2023 2024 2025 2026 2027 2028

Event

FX power [kW]
SX power [kW]

515
55

-
60~70

>700
>80

800
>80

900
>80

>1000
>80

>1100
~100

>1200
~100

1300
~100

Cycle time for Fast Extraction
New Magnet PS

2.48s 1.32s 1.32s 1.32s 1.32s <1.32s <1.32s 1.16s

RF system upgrade
2nd harmonic rf system

Collimator system Add.colli
. (3.5kW)

Injection system
FX system

Beam Monitors (BPM circuits)
SX Local sheild

Diffuser/ Bent crystal/ VHF

long shutdown

Mass Production
Installation/Test

Kicker PS 

improvement, Septa 

manufacture /test

28



29

• The beam power of 515 kW was achieved with the cycle time of 2.48 s.
• The beam power would be 1.1 MW with the beam loss of 1.7 kW if the cycle time is 1.16 s.
• Further beam study is necessary to reduce the beam loss.

Protons  
per pulse

Bunch  
number

Repetition  
period (sec)

Beam power  
(kW)

Beam loss  
(kW)

Notes

1 2.68e14 8 2.48 515 0.8 measurement
2 2.68e14 8 1.32 967 1.5 estimation
3 2.68e14 8 1.16 1100 1.7 estimation

Improvement : High Intensity Beam Study

Total beam loss ~ 0.8 kW in the cycle of 2.48 s

Monitor Gain×8

Beam Loss Distribution

Extracted beam: 2.66e14 ppp

Beam Intensity

18



3. Neutrino Beam

30

T2K	Neutrino	Produc0on	Beamline					

3	

Muon	Monitor	
measures	the	muon	profile	

aXer	beam	dump		

Proton	Beam	Monitors	
measure	the	proton	beam	

intensity,	direc0on		

+250	kA	(-250	kA	)	for		ν	(an0-ν)	enhanced	mode							 90	cm	long	and	2.6	cm	diameter		

Ø  30	GeV	protons	extracted	from	J-PARC	MR		
Ø  secondary	π,	K	focused	by	3	magne0c	horns		

Ø  reverse	polarity	for	an0-neutrino	beam		

Horn		 Graphite	target		

Beam	direc0on	is	stable	to	within	1	mrd	à	2%	shiX	of	the	Ev	peak	at	far	detector	SK				

INGRID				
monitors	the	stability	

of	ν	flux	and	direc0on	
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• Proton Punch：J-PARC’s special. 
• Target：will be hit by powerful protons

How to make neutrinos
How do you 

shoot neutrinos?

Good 
question

A target ready? 
 Hit by protons!

Just do it!

Neutrinos 
are shot

Simple and 
Powerful

Target

proton

pion
muon 

neutrino

muon
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OA2.5!˚�

•30 GeV ~1×1014 protons extracted every 
2.5 (1.2) sec. directed to the carbon target.
•Secondary π+(and K+) focused by three 
electromagnetic horns (250kA (320kA))
•νμ from mainly π+→μ++νμ　

•νe in the beam come from K and μ 
decays

• Off-axis (2.5 ˚) νµ beam  
•Intense,	low	energy	narrow-band		
•Peak	Eν	tuned	for	oscilla<on	max.	( ~0.6	GeV)	
•Reduce	BG	from	high	energy	tail	
•1mrad	direc<on	shiJ	=>	~2%	energy	shiJ	at	peak	
•Small	νe	frac<on	(~1%)

T2K 2016 νμ disappearance

Creating an (offaxis) neutrino beam 

K Mahn, Les Rencontres de Physique de la 

Vallée d'Aoste 

30 GeV protons hit a target (carbon) producing secondary mesons (π, K) which 

decay to a terOary νµ beam 

  Collected 1.43 x 1020 POT  (2% of T2K goal)    

T2K uses a novel off‐axis beam technique: 

  Off the primary neutrino beam direcOon, 
neutrino energy spectrum is narrower, 
thanks to pion decay kinemaOcs 

  Peak can be set to ~oscillaOon maximum 

  Reduces backgrounds from higher energy 
neutrino interacOons 

2012/02/27  6 

NUFACT Workshop Mark Hartz, U. of Toronto/York U.

Beamline Magnets

Superconducting Magnets

Normal Conducting Magnets

 Located in the arc section of the beamline

 28 magnets each producing both dipole 
(2.59 T) and quadrapole (18.6 T/m) fields

 Operational current of 4.36 kA, T
max

<5 K

 2 hour recovery from normal quench

 Located in the preparation and final focusing sections of the beamline

 Operate in the 1-10 kG range

Producing νµ beam

Decay Area

14

Oct 2008

Beam
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Figure 6: Side view of the secondary beamline. The length of
the decay volume is ∼96 m.

down to a 16 mW beam loss. In the commissioning run, it
was confirmed that the residual dose and BLM data integrated
during the period have good proportionality. This means that
the residual dose can be monitored by watching the BLM data.

3.2. Secondary Beamline

Produced pions decay in flight inside a single volume of
∼1500 m3, filled with helium gas (1 atm) to reduce pion ab-
sorption and to suppress tritium and NOx production by the
beam. The helium vessel is connected to the monitor stack via a
titanium-alloy beam window which separates the vacuum in the
primary beamline and the helium gas volume in the secondary
beamline. Protons from the primary beamline are directed to
the target via the beam window.

The secondary beamline consists of three sections: the target
station, decay volume and beam dump (Fig. 6). The target sta-
tion contains: a baffle which is a collimator to protect the mag-
netic horns; an optical transition radiation monitor (OTR) to
monitor the proton beam profile just upstream of the target; the
target to generate secondary pions; and three magnetic horns
excited by a 250 kA (designed for up to 320 kA) current pulse
to focus the pions. The produced pions enter the decay vol-
ume and decay mainly into muons and muon neutrinos. All the
hadrons, as well as muons below ∼5 GeV/c, are stopped by the
beam dump. The neutrinos pass through the beam dump and are
used for physics experiments. Any muons above ∼5 GeV/c that
also pass through the beam dump are monitored to characterize
the neutrino beam.

3.2.1. Target Station
The target station consists of the baffle, OTR, target, and

horns, all located inside a helium vessel. The target station
is separated from the primary beamline by a beam window at
the upstream end, and is connected to the decay volume at the
downstream end.

The helium vessel, which is made of 10 cm thick steel, is
15 m long, 4 m wide and 11 m high. It is evacuated down to
50 Pa before it is filled with helium gas. Water cooling chan-
nels, called plate coils, are welded to the surface of the vessel,
and ∼30◦C water cools the vessel to prevent its thermal defor-
mation. An iron shield with a thickness of ∼2 m and a concrete
shield with a thickness of ∼1 m are installed above the horns
inside the helium vessel. Additionally, ∼4.5 m thick concrete
shields are installed above the helium vessel.

The equipment and shields inside the vessel are removable
by remote control in case of maintenance or replacement of the
horns or target. Beside the helium vessel, there is a maintenance
area where manipulators and a lead-glass window are installed,
as well as a depository for radio-activated equipment.

3.2.2. Beam Window
The beam window, comprising two helium-cooled 0.3 mm

thick titanium-alloy skins, separates the primary proton beam-
line vacuum from the target station. The beam window assem-
bly is sealed both upstream and downstream by inflatable bel-
lows vacuum seals to enable it to be removed and replaced if
necessary.

3.2.3. Baffle
The baffle is located between the beam window and OTR. It

is a 1.7 m long, 0.3 m wide and 0.4 m high graphite block, with
a beam hole of 30 mm in diameter. The primary proton beam
goes through this hole. It is cooled by water cooling pipes.

3.2.4. Optical Transition Radiation Monitor
The OTR has a thin titanium-alloy foil, which is placed at 45◦

to the incident proton beam. As the beam enters and exits the
foil, visible light (transition radiation) is produced in a narrow
cone around the beam. The light produced at the entrance tran-
sition is reflected at 90◦ to the beam and directed away from the
target area. It is transported in a dogleg path through the iron
and concrete shielding by four aluminum 90◦ off-axis parabolic
mirrors to an area with lower radiation levels. It is then col-
lected by a charge injection device camera to produce an image
of the proton beam profile.

The OTR has an eight-position carousel holding four titan-
ium-alloy foils, an aluminum foil, a fluorescent ceramic foil of
100 µm thickness, a calibration foil and an empty slot (Fig. 7).
A stepping motor is used to rotate the carousel from one foil
to the next. The aluminum (higher reflectivity than titanium)
and ceramic (which produces fluorescent light with higher in-
tensity than OTR light) foils are used for low and very low in-
tensity beam, respectively. The calibration foil has precisely
machined fiducial holes, of which an image can be taken us-
ing back-lighting from lasers and filament lights. It is used for
monitoring the alignment of the OTR system. The empty slot
allows back-lighting of the mirror system to study its transport
efficiency.

3.2.5. Target
The target core is a 1.9 interaction length (91.4 cm long),

2.6 cm diameter and 1.8 g/cm3 graphite rod. If a material sig-
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3.3. Muon Monitor

The neutrino beam intensity and direction can be monitored
on a bunch-by-bunch basis by measuring the distribution pro-
file of muons, because muons are mainly produced along with
neutrinos from the pion two-body decay. The neutrino beam
direction is determined to be the direction from the target to
the center of the muon profile. The muon monitor [18, 19] is
located just behind the beam dump. The muon monitor is de-
signed to measure the neutrino beam direction with a precision
better than 0.25 mrad, which corresponds to a 3 cm precision
of the muon profile center. It is also required to monitor the
stability of the neutrino beam intensity with a precision better
than 3%.

A detector made of nuclear emulsion was installed just down-
stream of the muon monitor to measure the absolute flux and
momentum distribution of muons.

3.3.1. Characteristics of the Muon Flux
Based on the beamline simulation package, described in Sec-

tion 3.5, the intensity of the muon flux at the muon monitor, for
3.3 × 1014 protons/spill and 320 kA horn current, is estimated
to be 1 × 107 charged particles/cm2/bunch with a Gaussian-like
profile around the beam center and approximately 1 m in width.
The flux is composed of around 87% muons, with delta-rays
making up the remainder.

3.3.2. Muon Monitor Detectors
The muon monitor consists of two types of detector arrays:

ionization chambers at 117.5 m from the target and silicon PIN
photodiodes at 118.7 m (Fig. 8). Each array holds 49 sensors
at 25 cm × 25 cm intervals and covers a 150 × 150 cm2 area.
The collected charge on each sensor is read out by a 65 MHz
FADC. The 2D muon profile is reconstructed in each array from
the distribution of the observed charge.

The arrays are fixed on a support enclosure for thermal insu-
lation. The temperature inside the enclosure is kept at around
34◦C (within ±0.7◦C variation) with a sheathed heater, as the
signal gain in the ionization chamber is dependent on the gas
temperature.

An absorbed dose at the muon monitor is estimated to be
about 100 kGy for a 100-day operation at 750 kW. Therefore,
every component in the muon pit is made of radiation-tolerant
and low-activation material such as polyimide, ceramic, or alu-
minum.

3.3.3. Ionization Chamber
There are seven ionization chambers, each of which contains

seven sensors in a 150×50×1956 mm3 aluminum gas tube. The
75 × 75 × 3 mm3 active volume of each sensor is made by two
parallel plate electrodes on alumina-ceramic plates. Between
the electrodes, 200 V is applied.

Two kinds of gas are used for the ionization chambers ac-
cording to the beam intensity: Ar with 2% N2 for low intensity,
and He with 1% N2 for high intensity. The gas is fed in at ap-
proximately 100 cm3/min. The gas temperature, pressure and
oxygen contamination are kept at around 34◦C with a 1.5◦C

Figure 8: Photograph of the muon monitor inside the support
enclosure. The silicon PIN photodiode array is on the right side
and the ionization chamber array is on the left side. The muon
beam enters from the left side.

gradient and ±0.2◦C variation, at 130 ± 0.2 kPa (absolute), and
below 2 ppm, respectively.

3.3.4. Silicon PIN Photodiode
Each silicon PIN photodiode (Hamamatsu® S3590-08) has

an active area of 10 × 10 mm2 and a depletion layer thickness
of 300 µm. To fully deplete the silicon layer, 80 V is applied.

The intrinsic resolution of the muon monitor is less than
0.1% for the intensity and less than 0.3 cm for the profile center.

3.3.5. Emulsion Tracker
The emulsion trackers are composed of two types of mod-

ules. The module for the flux measurement consists of eight
consecutive emulsion films [20]. It measures the muon flux
with a systematic uncertainty of 2%. The other module for the
momentum measurement is made of 25 emulsion films inter-
leaved by 1 mm lead plates, which can measure the momentum
of each particle by multiple Coulomb scattering with a preci-
sion of 28% at a muon energy of 2 GeV/c [21, 22]. These films
are analyzed by scanning microscopes [23, 24].

3.4. Beamline Online System
For the stable and safe operation of the beamline, the online

system collects information on the beamline equipment and the
beam measured by the beam monitors, and feeds it back to the
operators. It also provides Super-Kamiokande with the spill
information for event synchronization by means of GPS, which
is described in detail in Section 3.6.2.

3.4.1. DAQ System
The signals from each beam monitor are brought to one of

five front-end stations in different buildings beside the beam-
line. The SSEM, BLM, and horn current signals are digitized
by a 65 MHz FADC in the COPPER system [25]. The CT and
ESM signals are digitized by a 160 MHz VME FADC [26].
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horn/target assembly

horn

He decay volume

Muon monitors

Beam dump

• 30 GeV protons extracted from J-PARC Main Ring onto carbon target

• secondary π+ focussed by three electromagnetic horns

• meson decays produce neutrinos

• Also: νe from µ decay, high energy νµ /νe  from K decay

⇥+ � µ+ + �µ

5Thursday, August 25, 2011

T2K ν beam

High Power ν beam production

Secondary Beamline Upgrade Plans
Secondary beamline consists of:

• Target
• Horns
• Decay volume
• Muon monitors

Target + remote handling system
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J-PARC ν beam line :Primary-line
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Extraction 
points

Primary proton  
transport line

Profile (19)

Optical Transition Radiation (OTR) 
Profile monitor

Normal-conducting magnets

Super-conducting 
combined-function magnets

Position (21)

×

Intensity (5) Beam loss (50)
Beam monitors are install along the proton beam transport

Target

Target :graphite rod 
 φ26mm,L=900mm

Beam



J-PARC ν beam line: secondary line
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×
Target

×

π+

π+

π+

µ+

µ+

νµ

νµ

Near Detector

Muon monitor

109m

Decay volume (He gas filled)

Target installed in  1st horn.

p

Pions are focused by 
 3 electromagnetic Horns.

Beam dump



More neutrinos with more beam 
Original Design: ７５０ｋＷ beam!

cm

cm

1100℃   

(cf. melting point 1536℃)

• 3×1014 Protons-On-Target (POT) every 2.5 sec. 

• If the target made of iron, 

✓ melting 

✓ broken 

(cf.  ~300 MPa) 

Any metal heavier than Ｔｉ will be broken.

GPaTE 3≈Δ≈ α

radiation 

 > 1000Sv/h

※Beam Power is proportional to #protons/sec×proton Energy
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Off axis beam
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Decay Volume
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⊗
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•Pseudo-Monochromatic beam  
by Off-Axis method (ref. BNL E899) 
• νμ beam direction is different from Far detector 
direction. 
•Current Off axis angle is 2.504° 

•Set peak of ( flux × σCC ) @ oscillation max. 
•Minimize the high energy neutrino flux to reduce 
the background events.



Predicted Neutrino Flux
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Mo0va0on	for	Hadron	Produc0on	Measurements		

7	

•  The	flux	predic0ons	in	accelerator-based	neutrino	experiments	depend	on	hadron	
produc0on	models	of	ν	parents	

•  Hadron	produc0on	at	present	is	s0ll	one	of	the	dominant	uncertain0es	in	flux	es0mates	

NA61	measurements	replace	model-based	calcula0ons	for	hadron	produc0on	in	ν	flux	
es0mates	thus	reduce	one	of	the	largest	sources	of	uncertainty	

νμ	(an0-νμ)	:	pions	at	low	Eν,	kaons		
at	large	Eν		

νe		:	muons	at	at	low	Eν,	kaons	at	high	Eν	
an0-νe		:	kaons	for	all		Eν	

νμ νeparents:  
1. π+ 
2. K+

parents:  
1. μ+ 
2. K+



NA61/SHINE	Experimental	Setup		
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Fixed	target	experiment	at	CERN	SPS	with	the	large	
acceptance	spectrometer		
Ø  	Time	Projec4on	Chambers	:	tracking	and	par0cle	

iden0fica0on	
Ø  	Momentum	resolu0on	σ(p)/p2	≈10-4		(GeV/c)-1	
Ø  		Par0cle	iden0fica0on	:	σ(dE/dx)/	<dE/dx>	≈	4%	

Ø  	Time	of	Flight	:	par0cle	iden0fica0on		
Ø  	New	ToF-F	array	installed	to	fully	cover	T2K	acceptance		
Ø  	Time	resolu0on	σ(t)ToF-F	≈	120ps,	σ(t)ToF-L/R	≈	80ps	
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p+C	at	31	GeV/c	
upgraded	NA49	detector	

new	FTPC	installed	for	2017	run						 8
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Figure 11: (Color online) Examples of two-dimensional m2–dE/dx plots for positively charged particles in three momentum
intervals indicated in the panels. 2⇥ contours around fitted pion peaks are shown. The left and middle plots correspond to the
dE/dx cross-over region while the right plot is at such a high momentum that the ToF-F resolution becomes a limiting factor.
The combination of both measurements provides close to 100% purity in the pion selection over the whole momentum range.
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Figure 12: (Color online) Polar angle (�) vs azimuthal angle
(⇤) distribution for reconstructed negatively charged particles
in the momentum interval 0.5 < p [GeV/c] < 5.0.

NA49 Collaboration [26]. The minimum bias trigger on
proton interactions, described in Sec. III, allows us to
define a “trigger” cross section which is used both for
the normalization of the di�erential inclusive pion dis-
tributions and for the determination of the inelastic and
production cross sections.

From the numbers of selected interactions, fulfilling the
requirements on BPD signals and reconstruction of the
proton beam particles as detailed in Sec. VA, we com-
pute an interaction probability of (6.022 ± 0.034)% with
the carbon target inserted and of (0.709 ± 0.007)% with
the carbon target removed. These measurements lead
to an interaction probability of (5.351 ± 0.035)% in the
carbon target, taking into account the reduction of the
beam intensity in the material along its trajectory. The
corresponding “trigger” cross section is (298.1 ± 1.9 ±
7.3) mb, after correcting for the exponential beam at-
tenuation in the target. The systematic error on the
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Figure 13: (Color online) Fraction of accepted particles as a
function of momentum and polar angle, after the track accep-
tance cuts (see Sec. VA) for negatively charged tracks (top),
and after an additional ToF-F acceptance cut (see Sec. VE)
for positively charged tracks (bottom). The first polar angle
bin, [0,20] mrad, is fully covered by accepted particles up to
7.6 GeV/c.

“trigger” cross section was conservatively evaluated by
comparing this value with the one obtained without any

Combined	dE/dx	+	ToF	for	π+	

TPC	and		ToF	detectors		provide	very	good	par0cle	iden0fica0on	

K+		

π+	 e+	

p	

39



 [GeV/c]
Λ

p
0 10 20

 [r
ad

]
Λθ 

0

0.2

0.4

 A
rb

. U
ni

ts

0

5

102009 Coverage

2007 Coverage

10×

10	

 [GeV/c]-K
p

0 10 20

 [r
ad

]
-

Kθ 

0

0.2

0.4

 A
rb

. U
ni

ts

0

20

40

2009 Coverage

 [GeV/c]-π
p

0 10 20

 [r
ad

]
- πθ 

0

0.2

0.4

 A
rb

. U
ni

ts

0

10

20

2009 Coverage

2007 Coverage

210×

 [GeV/c]
s0k

p
0 10 20

 [r
ad

]
s0 kθ 

0

0.2

0.4

 A
rb

. U
ni

ts

0

2

4
2009 Coverage

2007 Coverage

 [GeV/c]+K
p

0 10 20

 [r
ad

]
+

Kθ 

0

0.2

0.4

 A
rb

. U
ni

ts
0

20

2009 Coverage

2007 Coverage

 [GeV/c]
+π

p
0 10 20

 [r
ad

]
+ πθ 

0

0.2

0.4

 A
rb

. U
ni

ts

0

100

200

2009 Coverage

2007 Coverage  [GeV/c]pp
0 10 20

 [r
ad

]
pθ 

0

0.2

0.4

 A
rb

. U
ni

ts

0

5

102009 Coverage

210×

Hadron	Measurements	on	Thin	Target	

π-	 π+	

K-	
K+	

p	

K0s	

Λ0	

NA61	provides	good	coverage	of		required	
phase-space		

The	phase	space	contribu0ng	to	the	predicted	neutrino	flux	
at	SK	and	the	NA61	data	coverage.		
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Measurements	with	Thin	Target	Data		

11	
Rela0ve	errors	~4%	
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Fig. 30: (Colour online) Comparison of measured p� spectra with model (VENUS, EPOS, GIBUU) predictions. Distribu-
tions are normalized to the mean p� multiplicity in all production p+C interactions. The vertical error bars on the data
points show the total (stat. and syst.) uncertainty. The horizontal bars indicate the bin size in momentum.
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Important	for	νe	and		high-energy	tail	of	νμ	flux		
Rela0ve	errors	~15%	Published:	Eur.Phys.J.C76	(2016)	no.2,	84	
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Flux Uncertainty
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J-PARC main ring with the T2K neutrino production target
is simulated using FLUKA [33–35]. The resultant secondary
particles are passed to a GEANT3 [36] simulation of the
magnetic focusing horns and decay volume downstream of
the target. GCALOR [37,38] is used to model hadronic
interactions of the secondary particles as they traverse the
focusing horns and decay volume. Particles are then
allowed to decay to produce neutrinos.
Data from proton beam monitors is used to tune the

initial proton beam parameters in the simulation. NA61/
SHINE, a fixed-target experiment at CERN’s Super Proton
Synchrotron, measures particle production in nucleus and
hadron collisions with a large acceptance spectrometer.
This includes measurements of the collisions of 30 GeV
protons with graphite. Data from the NA61/SHINE [39–42]

experiment are then used to tune the secondary particles
produced from the target. Finally, the INGRID [43] on-axis
near detector is used to monitor the neutrino beam direction.
The uncertainties from each of these measurements are
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FIG. 1. The SK flux prediction for runs 1–9a with horns
operating in FHC (250 kA) mode (upper) and RHC
(−250 kA) mode (lower).
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FIG. 2. The fractional systematic uncertainty on the νμ flux at
SK in FHC mode (top), on the right-sign ν̄μ flux at SK in RHC
mode (middle), and on the wrong-sign νμ flux at SK in RHC
mode (bottom). The solid black line shows the current total
fractional uncertainty (NA61/SHINE 2009 data), while the
dashed black line in the top panel shows the fractional uncertainty
from an earlier flux prediction (NA61/SHINE 2007 data).
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J-PARC main ring with the T2K neutrino production target
is simulated using FLUKA [33–35]. The resultant secondary
particles are passed to a GEANT3 [36] simulation of the
magnetic focusing horns and decay volume downstream of
the target. GCALOR [37,38] is used to model hadronic
interactions of the secondary particles as they traverse the
focusing horns and decay volume. Particles are then
allowed to decay to produce neutrinos.
Data from proton beam monitors is used to tune the

initial proton beam parameters in the simulation. NA61/
SHINE, a fixed-target experiment at CERN’s Super Proton
Synchrotron, measures particle production in nucleus and
hadron collisions with a large acceptance spectrometer.
This includes measurements of the collisions of 30 GeV
protons with graphite. Data from the NA61/SHINE [39–42]

experiment are then used to tune the secondary particles
produced from the target. Finally, the INGRID [43] on-axis
near detector is used to monitor the neutrino beam direction.
The uncertainties from each of these measurements are
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FIG. 1. The SK flux prediction for runs 1–9a with horns
operating in FHC (250 kA) mode (upper) and RHC
(−250 kA) mode (lower).
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J-PARC main ring with the T2K neutrino production target
is simulated using FLUKA [33–35]. The resultant secondary
particles are passed to a GEANT3 [36] simulation of the
magnetic focusing horns and decay volume downstream of
the target. GCALOR [37,38] is used to model hadronic
interactions of the secondary particles as they traverse the
focusing horns and decay volume. Particles are then
allowed to decay to produce neutrinos.
Data from proton beam monitors is used to tune the

initial proton beam parameters in the simulation. NA61/
SHINE, a fixed-target experiment at CERN’s Super Proton
Synchrotron, measures particle production in nucleus and
hadron collisions with a large acceptance spectrometer.
This includes measurements of the collisions of 30 GeV
protons with graphite. Data from the NA61/SHINE [39–42]

experiment are then used to tune the secondary particles
produced from the target. Finally, the INGRID [43] on-axis
near detector is used to monitor the neutrino beam direction.
The uncertainties from each of these measurements are
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FIG. 1. The SK flux prediction for runs 1–9a with horns
operating in FHC (250 kA) mode (upper) and RHC
(−250 kA) mode (lower).
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mode (bottom). The solid black line shows the current total
fractional uncertainty (NA61/SHINE 2009 data), while the
dashed black line in the top panel shows the fractional uncertainty
from an earlier flux prediction (NA61/SHINE 2007 data).
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J-PARC main ring with the T2K neutrino production target
is simulated using FLUKA [33–35]. The resultant secondary
particles are passed to a GEANT3 [36] simulation of the
magnetic focusing horns and decay volume downstream of
the target. GCALOR [37,38] is used to model hadronic
interactions of the secondary particles as they traverse the
focusing horns and decay volume. Particles are then
allowed to decay to produce neutrinos.
Data from proton beam monitors is used to tune the

initial proton beam parameters in the simulation. NA61/
SHINE, a fixed-target experiment at CERN’s Super Proton
Synchrotron, measures particle production in nucleus and
hadron collisions with a large acceptance spectrometer.
This includes measurements of the collisions of 30 GeV
protons with graphite. Data from the NA61/SHINE [39–42]

experiment are then used to tune the secondary particles
produced from the target. Finally, the INGRID [43] on-axis
near detector is used to monitor the neutrino beam direction.
The uncertainties from each of these measurements are
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FIG. 1. The SK flux prediction for runs 1–9a with horns
operating in FHC (250 kA) mode (upper) and RHC
(−250 kA) mode (lower).
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FIG. 2. The fractional systematic uncertainty on the νμ flux at
SK in FHC mode (top), on the right-sign ν̄μ flux at SK in RHC
mode (middle), and on the wrong-sign νμ flux at SK in RHC
mode (bottom). The solid black line shows the current total
fractional uncertainty (NA61/SHINE 2009 data), while the
dashed black line in the top panel shows the fractional uncertainty
from an earlier flux prediction (NA61/SHINE 2007 data).
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Leïla Haegel /University of Geneva NuFact 2016 : T2K near detector constraints 9

Flux correlations before ND280 %t : zoom Flux correlations before ND280 %t : zoom 
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23 Jan 2010 – 27 Apr 2021
POT Total: 3.82�1021

(maximum power  522.6 kW)

!-mode: 2.17�1021 (56.8%)
!̅-mode: 1.65�1021 (43.2%)

Data set (in summer 2021)
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Data set used for analysis (in summer 2021)
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Beam quality monitoring
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4. Neutrino Cross section

Dedicated lectures will be given by Prof. Kevin McFarland at 
this CCEPP Summer School.
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Introduction ~ Neutrino-nucleus interactions 

n

p
p

n l-

From neutrino-nucleon interactions to neutrino-nucleus interactions

n p

n l-

Necessary to take into account various corrections in the medium

Fermi motion,
separation energy etc..

n l-

p

p

π+

π+

p

p
n l-

p

π+

p
Hadron re-scattering,
absorption etc..

2



Neutrino Interactions in T2K 
(NEUT and GENIE )

• CC (Charged-Current) quasi elastic (CCQE)
• ν + n → μ- + p   (n in N)

• CC (resonance) single π(CC-1π)
• ν + n(p) → μ- + π+ + p(n)   (n,p in N)

• DIS (Deep Inelastic Scattering)
• ν + N → μ- + mπ+/−/0 + N’

• CC coherent π ( ν + A → μ- + π+ + A) 
• NC (Neutral-Current) copious process (NC-1π0, etc..)

+ Nuclear Effects

49
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CCQE
• SIGNAL: reconstruct neutrino energy from 
lepton momentum and scattering angle.

IntroducHon�

�   Spectrum"shape"is"different"between"signal"and"BG"
!  BeLer"sensiHvity"by"addiHonal"shape"informaHon"

�   Event"selecHon"criteria"not"changed"(2010a"cuts)"

Reconstructed"ν"energy�

Signal"nue"CC"
BG"nue"CC"
BG"NC"+"numu"CC�
GeV�

Neutrino"energy"can"be"computed"
by"assuming"CCQE"kinemaHcs"and"
ignoring"Fermi"momentum�

area"normalized�
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CC	Deep-Inelastic-ScatteringCC	coherent	pi

CC1piCCQE
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• Oscillation depends on energy 

• Estimate from hadronic and/or leptonic information

EQE
� =

m2
p �m�2

n �m2
µ + 2m�

nEµ

2(m�
n � Eµ + pµ cos �µ)

Why is ν-A important for oscillation expts?!

E⌫ = Eµ +
X

Ehadronic
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• Nuclear effects bias 
true and estimated 
neutrino energy

muon

hadronic 

Neutrino 

[Ref 3]
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• Even with a near detector, critical reliance on model !

• 2p2h feed-down to oscillation peak from [Ref 4]
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Why is ν-A important for oscillation expts?!

Far detector!
Eν - EνQE 
smearing for 
Eν=0.8 GeV

Near detector !
Eν - EνQE 
smearing for 
Eν=0.8 GeV

ND(⌫µ) = �(E⌫)⇥ �(E⌫ , A)⇥ ✏ND

FD(⌫µ) = �(E⌫)⇥ �(E⌫ , A)⇥ ✏FD ⇥ P (⌫µ ! ⌫e)
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Near Detector (ND280) Far Detector (Super-K)
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σν-CC/Eν σν-CC/Eν



5. ND280 
- Near Detectors -
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ND280
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• INGRID @ on-axis (0 degree) 
• ν beam monitor [rate, direction, and 

stability] 

• ND280 @ 2.5 degree off-axis 
✦ Normalization of Neutrino Flux 
✦ Measurement of neutrino cross sections. 

•Dipole magnet w/ 0.2T 
• P0D: π0 Detector 

• FGD+TPC: Target + Particle tracking 
• EM calorimeter 
• Side-Muon-Range Detector

Near Detector @ 280m from the target



Performance of ND280
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ν events interacted in P0D with tracks 
going through FGDs, TPCs and ECAL 

TPC PID positive tracknegative track

a few electrons

muons muon+π

protons

ν event rate stability by INGRID

•INGRID
• ν rate stability
• beam direction: 

• -0.01±0.33 mrad (x)
• -0.11±0.37 mrad (y)

 
•ND280

•excellent PID and 
tracking capability
•measurements of the 
neutrino interactions.
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ND280 ⌫-mode example events (FGD1).

⌫µ CC0⇡ ⌫µ CC1⇡+

⌫µ CC other

S. Dennis (Liverpool) T2K June 25 2017 12 / 32
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Selection in ND280Selection in ND280

FGD1 = 12C target FGD2 = 12C + H
2
O target

TPCs = particle identification + momentum measurement

CC-0π: 

only 1 μ- 

detected

CC-1π: 

1 μ- 

+ 1 π+ 

detected

CC-other: 

1 μ- 

+ something 

other than 

1π+ detected

CC-0π: 

only 1 μ+ 

detected

CC-0π: 

only 1 μ- 

detected

CC-other: 

1 μ+ 

+something 

other

detected

CC-other: 

1 μ- 

+something 

other

detected

ν
μ
 in ν 

mode 

ν
μ
 in ν 

mode 

ν
μ
 in ν 

mode 
Selection of charged-current (CC) interactions of:

(oscillation 

background)
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Interaction model: CC-0Interaction model: CC-0ππ

ν
μ

μ-

n p

W

CCQE: 5 parameters

axial mass M
A
QE

Fermi momentum p
F 
(16O; 12C)

binding energy E
b 
(16O; 12C)

2p2h: 3 parameters

Nieves model

normalisation (16O; 12C)
 (  ν / ν) 

Charged-Current 
Quasi-Elastic (CCQE)

2 particles 2 holes (2p2h)

T2K flux

Total CC 
cross section

νν T2K preliminary

T2K preliminary

T2K preliminary

μ momentum [MeV/c]

ν
μ

μ-

n p

W

p p

NEUT v5.3.2

Events selected in FGD2, ν mode (prefit)
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FIG. 11. Final-state muon momentum distributions of the FHC νμ CC 0π (top) and νμ CC 1πþ (bottom) data and simulation samples in
FGD1 (left) and FGD2 (right).

FIG. 12. Distributions of the final-state muon angle of the FHC νμ CC 0π (top) and νμ CC 1πþ (bottom) data and simulation samples in
FGD1 (left) and FGD2 (right).

K. ABE et al. PHYS. REV. D 103, 112008 (2021)

112008-16

FIG. 11. Final-state muon momentum distributions of the FHC νμ CC 0π (top) and νμ CC 1πþ (bottom) data and simulation samples in
FGD1 (left) and FGD2 (right).

FIG. 12. Distributions of the final-state muon angle of the FHC νμ CC 0π (top) and νμ CC 1πþ (bottom) data and simulation samples in
FGD1 (left) and FGD2 (right).

K. ABE et al. PHYS. REV. D 103, 112008 (2021)

112008-16
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Interaction model: CC-1Interaction model: CC-1ππ

ν
μ

μ-

p

W

ν
μ

μ-

A

W

A

CC-RES: 3 parameters

axial mass M
A
RES

norm+shape parameter C
A
5

Isospin=1/2 background

CC-COH: 1 parameter

CC-coherent 

cross-section 

normalisation

Charged-Current 
resonent (CC RES)

T2K flux

Total CC 
cross section

p

π+

Δ++
π+

νν T2K preliminary

T2K preliminary

T2K preliminary

μ momentum [MeV/c]

NEUT v5.3.2

Events selected in FGD2, ν mode (prefit)
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FIG. 11. Final-state muon momentum distributions of the FHC νμ CC 0π (top) and νμ CC 1πþ (bottom) data and simulation samples in
FGD1 (left) and FGD2 (right).

FIG. 12. Distributions of the final-state muon angle of the FHC νμ CC 0π (top) and νμ CC 1πþ (bottom) data and simulation samples in
FGD1 (left) and FGD2 (right).

K. ABE et al. PHYS. REV. D 103, 112008 (2021)
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FIG. 11. Final-state muon momentum distributions of the FHC νμ CC 0π (top) and νμ CC 1πþ (bottom) data and simulation samples in
FGD1 (left) and FGD2 (right).

FIG. 12. Distributions of the final-state muon angle of the FHC νμ CC 0π (top) and νμ CC 1πþ (bottom) data and simulation samples in
FGD1 (left) and FGD2 (right).

K. ABE et al. PHYS. REV. D 103, 112008 (2021)

112008-16



  

Leïla Haegel /University of Geneva NuFact 2016 : T2K near detector constraints 13

Interaction model: CC-otherInteraction model: CC-other

T2K flux

Total CC 
cross section

Charged-Current 
multi-π production 
(CC-Nπ)

Charged-Current 
Deep Inelastic 
Scattering (DIS)

ν
μ

μ-

A'

W

A
π, hadrons

CC-other: 1 parameter

shape of CC-Nπ and DIS cross sections (merged)

νν

T2K preliminary

T2K preliminaryT2K preliminary

μ momentum [MeV/c]

NEUT v5.3.2

Events selected in FGD2, ν mode (prefit)
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muon momentum and angle of the selected events in these
samples for FGD1 are shown in Figs. 13 and 14,
respectively.
In total there are 14 ND280 event samples: six for FHC

(CC 0π, 1πþ and other, for FGD1 and FGD2), four for

right-sign RHC (CC 1-track and CCN-track, for FGD1 and
FGD2) and four for wrong sign RHC (CC 1-track and CC
N-track, for FGD1 and FGD2). The number of observed
and predicted events for each sample are shown in Table II.

IX. SUPER-KAMIOKANDE DATA
AND SIMULATION

The Super-Kamiokande detector [84] consists of a
cylindrical tank filled with 50 kt of pure water, located
in the Mozumi mine in Hida, Gifu. An overburden of
2700 meter-water-equivalent provided by Mount Ikeno
suppresses the cosmic ray muon flux by 5 orders of
magnitude. Photomultiplier tubes (PMTs) are supported
by a 55-cm-wide steel structure, placed 2 m away from the
tank walls, which divides the detector into two optically
separated regions. The outer detector (OD) region, used to
identify events with entering particles, is lined with
reflective material and viewed by 1885 800 PMTs. The
inner detector (ID) region contains 32 kt of water and is
instrumented with 11146 2000 PMTs which make up 40% of
the detector’s inner surface. The high density of PMTs in
the ID allows for the imaging of the ringlike light patterns
projected on the detector walls by particles traveling above
the Cherenkov threshold in the water.

TABLE II. ND280 samples, with the observed and expected
numbers of events (before and after fitting at ND280).

Beam Topology Target Data Prediction Postfit

νμ CC 0π FGD1 17 136 16 724 17 122
FGD2 17 443 16 959 17 495

FHC νμ CC 1πþ FGD1 3954 4381 4062
FGD2 3366 3564 3416

νμ CC other FGD1 4149 3944 4096
FGD2 4075 3571 3915

ν̄μ CC 1-track FGD1 3527 3588 3504
FGD2 3732 3618 3685

ν̄μ CC N-track FGD1 1054 1067 1053
RHC FGD2 1026 1077 1097

νμ CC 1-track FGD1 1363 1272 1353
FGD2 1320 1263 1330

νμ CC N-track FGD1 1370 1357 1354
FGD2 1253 1247 1263

FIG. 13. Final-state muon momentum distributions for the RHC ν̄μ (top) and νμ (bottom) CC 1-track (left) and CC N-track (right)
FGD1 simulation samples. These distributions are before the ND280 fit.

IMPROVED CONSTRAINTS ON NEUTRINO MIXING FROM THE … PHYS. REV. D 103, 112008 (2021)

112008-17
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Anti-neutrino beam mode
ν CC-0π

ν CC-0π

ν CC-other

ν CC-other

muon momentum and angle of the selected events in these
samples for FGD1 are shown in Figs. 13 and 14,
respectively.
In total there are 14 ND280 event samples: six for FHC

(CC 0π, 1πþ and other, for FGD1 and FGD2), four for

right-sign RHC (CC 1-track and CCN-track, for FGD1 and
FGD2) and four for wrong sign RHC (CC 1-track and CC
N-track, for FGD1 and FGD2). The number of observed
and predicted events for each sample are shown in Table II.

IX. SUPER-KAMIOKANDE DATA
AND SIMULATION

The Super-Kamiokande detector [84] consists of a
cylindrical tank filled with 50 kt of pure water, located
in the Mozumi mine in Hida, Gifu. An overburden of
2700 meter-water-equivalent provided by Mount Ikeno
suppresses the cosmic ray muon flux by 5 orders of
magnitude. Photomultiplier tubes (PMTs) are supported
by a 55-cm-wide steel structure, placed 2 m away from the
tank walls, which divides the detector into two optically
separated regions. The outer detector (OD) region, used to
identify events with entering particles, is lined with
reflective material and viewed by 1885 800 PMTs. The
inner detector (ID) region contains 32 kt of water and is
instrumented with 11146 2000 PMTs which make up 40% of
the detector’s inner surface. The high density of PMTs in
the ID allows for the imaging of the ringlike light patterns
projected on the detector walls by particles traveling above
the Cherenkov threshold in the water.

TABLE II. ND280 samples, with the observed and expected
numbers of events (before and after fitting at ND280).

Beam Topology Target Data Prediction Postfit

νμ CC 0π FGD1 17 136 16 724 17 122
FGD2 17 443 16 959 17 495

FHC νμ CC 1πþ FGD1 3954 4381 4062
FGD2 3366 3564 3416

νμ CC other FGD1 4149 3944 4096
FGD2 4075 3571 3915

ν̄μ CC 1-track FGD1 3527 3588 3504
FGD2 3732 3618 3685

ν̄μ CC N-track FGD1 1054 1067 1053
RHC FGD2 1026 1077 1097

νμ CC 1-track FGD1 1363 1272 1353
FGD2 1320 1263 1330

νμ CC N-track FGD1 1370 1357 1354
FGD2 1253 1247 1263

FIG. 13. Final-state muon momentum distributions for the RHC ν̄μ (top) and νμ (bottom) CC 1-track (left) and CC N-track (right)
FGD1 simulation samples. These distributions are before the ND280 fit.
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14 ND280 event samples

• Binned Likelihood fit of MC expectations with flux, cross-
section and detector parameters to data observation. 

• Pμ vs cosθμ
63

Detector Beam CC-0π CC-1π CC-other

FGD1
ν 1 2 3

anti-ν
4 5

6 7

FGD2 
(Water)

ν 8 9 10

anti-ν
11 12

13 14



Fit ND280 data  
with flux and cross-section parameters

64

FIG. 33. Square root of the diagonal elements of the covariance matrix describing the fractional uncertainty on the number of events
due to the modeling of the SK detector.
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FIG. 34. The SK flux parameters for the νμ (top left) and νe (top right) neutrino species in FHC and for the ν̄μ (bottom left) and ν̄e
(bottom right) neutrino species in RHC, as a fraction of the nominal value. The bands indicate the 1σ uncertainty on the parameters
before (solid, red) and after (hatched, blue) the near detector fit. The results shown here are from the MINUIT-based framework.
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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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FIG. 35. The cross-section parameters as a fraction of the
nominal value, taken from the MINUIT-based analysis. The bands
indicate the 1σ uncertainty on the parameters before (solid, red)
and after (hatched, blue) the near detector fit.
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FIG. 36. Distribution of the minimum negative log-likelihood
values from fits to the mock datasets (black line), with the value
from the fit to the data superimposed in red. The p value is 47.3%.
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FIG. 37. Post-ND280-fit muon momentum distributions of the FHC νμ CC 0π (top) and FHC νμ CC 1π (bottom) samples in FGD1
(left) and FGD2 (right).
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How many type of flux parameters?
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νμ νe anti-νμ anti-νe

ν ND280 �
SK �

anti-ν ND280
SK

(The plots are not the latest one.)
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νμ νe anti-νμ
ν ND280

SK � � �

(The plots are not the latest one.)
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νμ νe anti-νμ anti-νe

anti-ν ND280 � �
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(The plots are not the latest one.)



SK parameter correlation matrix
• Flux para[1-50] 
• ν para[1-25] 
• νμ[1-11] 
• anti-νμ[12-16] 
• νe[17-23] 
• anti-νe[24-25] 
• anti-ν para[26-50] 
• νμ[26-30] 
• anti-νμ[31-41] 
• νe[42-43] 
• anti-νe[44-50] 

• Cross-Section Para 
• [51-82] in 2020
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Cross Section Parameters

69

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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FIG. 35. The cross-section parameters as a fraction of the
nominal value, taken from the MINUIT-based analysis. The bands
indicate the 1σ uncertainty on the parameters before (solid, red)
and after (hatched, blue) the near detector fit.
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FIG. 36. Distribution of the minimum negative log-likelihood
values from fits to the mock datasets (black line), with the value
from the fit to the data superimposed in red. The p value is 47.3%.
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FIG. 37. Post-ND280-fit muon momentum distributions of the FHC νμ CC 0π (top) and FHC νμ CC 1π (bottom) samples in FGD1
(left) and FGD2 (right).

K. ABE et al. PHYS. REV. D 103, 112008 (2021)

112008-32

TABLE XXV. Prefit and postfit values for the cross-section
parameters.

Cross-section parameter Prefit ND280 Postfit

MQE
A (GeV=c2) 1.20! 0.03 1.13! 0.08

pF 12CðMeV=cÞ 217! 13 224! 13
pF 16OðMeV=cÞ 225! 13 205! 15
2p2h norm ν 1.00! 1.00 1.50! 0.20
2p2h norm ν̄ 1.00! 1.00 0.73! 0.23
2p2h norm 12C=16O ratio 1.00! 0.20 0.96! 0.17
2p2h shape 12C 1.00! 3.00 2.00! 0.21
2p2h shape 16O 1.00! 3.00 2.00! 0.35
BeRPA A 0.59! 0.12 0.69! 0.06
BeRPA B 1.05! 0.21 1.60! 0.12
BeRPA D 1.13! 0.17 0.96! 0.13
BeRPA E 0.88! 0.35 0.87! 0.35
BeRPA U 1.20! 0.10 1.20! 0.10
C5
A 0.96! 0.15 0.98! 0.06

MRES
A ðGeV=c2Þ 1.07! 0.15 0.81! 0.04

I ¼ 1
2 background 0.96! 0.40 1.31! 0.26

νe=νμ 1.00! 0.03 1.00! 0.03
ν̄e=ν̄μ 1.00! 0.03 1.00! 0.03
CC DIS 0.00! 0.40 0.39! 0.21
CC coherent 12C 1.00! 0.30 0.87! 0.28
CC coherent 16O 1.00! 0.30 0.87! 0.28
NC coherent 1.00! 0.30 0.94! 0.30
NC 1γ 1.00! 1.00 1.00! 1.00
NC other ND280 1.00! 0.30 1.21! 0.26
NC other SK 1.00! 0.30 1.00! 0.30
FSI inelastic low-E 0.00! 0.41 −0.32! 0.08
FSI inelastic high-E 0.00! 0.34 −0.01! 0.13
FSI pion production 0.00! 0.50 0.04! 0.19
FSI pion absorption 0.00! 0.41 −0.35! 0.15
FSI charge exch. low-E 0.00! 0.57 −0.09! 0.31
FSI charge exch. high-E 0.00! 0.28 0.02! 0.10

TABLE XXIII. Prefit and postfit weights for the SK FHC flux
parameters.

FHC SK flux parameter (GeV) Prefit ND280 Postfit

SK νμ [0.0, 0.4] 1.00! 0.10 1.01! 0.06
SK νμ [0.4, 0.5] 1.00! 0.10 1.03! 0.05
SK νμ [0.5, 0.6] 1.00! 0.09 1.02! 0.05
SK νμ [0.6, 0.7] 1.00! 0.08 0.98! 0.04
SK νμ [0.7, 1.0] 1.00! 0.10 0.93! 0.06
SK νμ [1.0, 1.5] 1.00! 0.09 0.95! 0.05
SK νμ [1.5, 2.5] 1.00! 0.07 1.02! 0.04
SK νμ [2.5, 3.5] 1.00! 0.07 1.04! 0.05
SK νμ [3.5, 5.0] 1.00! 0.09 1.03! 0.04
SK νμ [5.0, 7.0] 1.00! 0.10 0.99! 0.04
SK νμ [7.0, ∞] 1.00! 0.11 0.97! 0.05
SK ν̄μ [0.0, 0.7] 1.00! 0.10 0.98! 0.08
SK ν̄μ [0.7, 1.0] 1.00! 0.08 0.97! 0.05
SK ν̄μ [1.0, 1.5] 1.00! 0.08 0.98! 0.06
SK ν̄μ [1.5, 2.5] 1.00! 0.08 1.03! 0.06
SK ν̄μ [2.5, ∞] 1.00! 0.09 1.10! 0.07
SK νe [0.0, 0.5] 1.00! 0.09 1.02! 0.05
SK νe [0.5, 0.7] 1.00! 0.09 1.02! 0.04
SK νe [0.7, 0.8] 1.00! 0.08 1.02! 0.04
SK νe [0.8, 1.5] 1.00! 0.08 1.01! 0.04
SK νe [1.5, 2.5] 1.00! 0.08 1.03! 0.04
SK νe [2.5, 4.0] 1.00! 0.08 1.03! 0.04
SK νe [4.0, ∞] 1.00! 0.09 1.03! 0.06
SK ν̄e [0.0, 2.5] 1.00! 0.07 1.04! 0.06
SK ν̄e [2.5, ∞] 1.00! 0.13 1.08! 0.12

TABLE XXIV. Prefit and postfit weights for the SK RHC flux
parameters.

RHC SK flux parameter (GeV) Prefit ND280 Postfit

SK νμ [0.0, 0.7] 1.00! 0.09 0.98! 0.07
SK νμ [0.7, 1.0] 1.00! 0.08 0.99! 0.05
SK νμ [1.0, 1.5] 1.00! 0.08 1.00! 0.05
SK νμ [1.5, 2.5] 1.00! 0.08 1.05! 0.05
SK νμ [2.5, ∞] 1.00! 0.08 1.04! 0.05
SK ν̄μ [0.0, 0.4] 1.00! 0.11 1.00! 0.07
SK ν̄μ [0.4, 0.5] 1.00! 0.10 1.01! 0.05
SK ν̄μ [0.5, 0.6] 1.00! 0.09 0.99! 0.05
SK ν̄μ [0.6, 0.7] 1.00! 0.08 0.97! 0.04
SK ν̄μ [0.7, 1.0] 1.00! 0.10 0.97! 0.05
SK ν̄μ [1.0, 1.5] 1.00! 0.09 0.99! 0.05
SK ν̄μ [1.5, 2.5] 1.00! 0.07 1.03! 0.04
SK ν̄μ [2.5, 3.5] 1.00! 0.07 1.06! 0.05
SK ν̄μ [3.5, 5.0] 1.00! 0.09 1.06! 0.07

(Table continued)

TABLE XXIV. (Continued)

RHC SK flux parameter (GeV) Prefit ND280 Postfit

SK ν̄μ [5.0, 7.0] 1.00! 0.09 1.04! 0.06
SK ν̄μ [7.0, ∞] 1.00! 0.12 1.00! 0.09
SK νe [0.0, 2.5] 1.00! 0.07 1.04! 0.05
SK νe [2.5, ∞] 1.00! 0.08 1.04! 0.07
SK ν̄e [0.0, 0.5] 1.00! 0.10 1.01! 0.05
SK ν̄e [0.5, 0.7] 1.00! 0.09 1.00! 0.05
SK ν̄e [0.7, 0.8] 1.00! 0.09 1.00! 0.05
SK ν̄e [0.8, 1.5] 1.00! 0.08 1.01! 0.04
SK ν̄e [1.5, 2.5] 1.00! 0.08 1.04! 0.05
SK ν̄e [2.5, 4.0] 1.00! 0.09 1.04! 0.07
SK ν̄e [4.0, ∞] 1.00! 0.15 1.08! 0.13
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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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FIG. 35. The cross-section parameters as a fraction of the
nominal value, taken from the MINUIT-based analysis. The bands
indicate the 1σ uncertainty on the parameters before (solid, red)
and after (hatched, blue) the near detector fit.
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FIG. 11. Final-state muon momentum distributions of the FHC νμ CC 0π (top) and νμ CC 1πþ (bottom) data and simulation samples in
FGD1 (left) and FGD2 (right).

FIG. 12. Distributions of the final-state muon angle of the FHC νμ CC 0π (top) and νμ CC 1πþ (bottom) data and simulation samples in
FGD1 (left) and FGD2 (right).
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Sec. XII), with a covariance matrix describing their
uncertainties. The MCMC analysis performs joint near
and far detector data fits.
An additional uncertainty is included in the flux covari-

ance to account for the fact that the near detector fit results
for runs 2–6 are extrapolated to the far detector, which uses
a larger dataset from runs 2–9. As in Ref. [26], additional
uncertainties which affect v

ð−Þ
e events have been introduced.

These account for effects which may potentially affect v
ð−Þ

e

but not v
ð−Þ

μ cross sections.
The ND280 likelihood and fitting methods are

unchanged since the analysis described in Ref. [26]. The
14 event samples are binned in pμ and cos θμ, giving 1624
bins in total. The full likelihood includes a contribution
from the binned χ2 data-model comparison and a prior
penalty contribution for each parameter. The only change to
the fitting frameworks since the last analysis is the treat-
ment of the Fermi surface momentum (pF) systematics near
their physical boundaries. Previously, the covariance could
not be calculated when the parameter was at its limit,
causing the MINUIT fit to not converge. For this analysis,
the penalty contribution to the likelihood was “mirrored”

around the physical boundaries for the pF parameters. This
meant the parameters were allowed to pass beyond their
physical boundaries. The mirroring was performed by
setting the likelihood for values beyond the boundary to
the value of the likelihood the same distance from the
boundary on the other side. For example, for a physical
boundary atþ1.0, the likelihood atþ1.2would be the same
as the likelihood atþ0.8. This allowed the uncertainty to be
calculated at the limit and the fit to converge.
The prefit and postfit SK flux and cross-section param-

eter values and uncertainties are shown in Figs. 34 and 35,
respectively, as a fraction of the nominal values. The
central values and uncertainties for all parameters are
tabulated in the Appendix. There is a significant reduction
in the postfit uncertainty for the majority of parameters.
Those that are not constrained by the near detector fit are
uncertainties that only apply to interactions with low
statistics in the near detector. In the last analysis,
Ref. [26], the neutrino flux increased for all samples
and species, but this effect is no longer present. The
difference between the nominal simulation and data is
now being absorbed by the movement of other parameters,
in particular the BeRPA model.

100
200
300
400
500
600 Data

 CCQEν

 non-CCQEν

 CCQEν

 non-CCQEν

-modeν

0.8
0.9
1.0
1.1
1.2

Da
ta 

/ S
im

.

0 1000 2000 6000
|

|

|

|

10

20

30

40

50
Data

 CCQEν

 non-CCQEν

 CCQEν

 non-CCQEν

-modeν

0.8
0.9
1.0
1.1
1.2

Da
ta 

/ S
im

.

0 1000 2000 3000 6000
|

|

|

|

|

|

20

40

60

80

100
Data

 CCQEν

 non-CCQEν

 CCQEν

 non-CCQEν

-modeν

0.8
0.9
1.0
1.1
1.2

Da
ta 

/ S
im

.

0 1000 2000 6000
|

|

|

|

10
20
30
40
50
60

Data
 CCQEν

 non-CCQEν

 CCQEν

 non-CCQEν

-modeν

0.8
0.9
1.0
1.1
1.2

Da
ta 

/ S
im

.

0 1000 2000 3000 6000
|

|

|

|

|

|

Reconstructed muon momentum (MeV/c) Reconstructed muon momentum (MeV/c)

Reconstructed muon momentum (MeV/c) Reconstructed muon momentum (MeV/c)

Ev
en

ts/
(10

0 M
eV

/c)

Ev
en

ts/
(10

0 M
eV

/c)

Ev
en

ts/
(10

0 M
eV

/c)

Ev
en

ts/
(10

0 M
eV

/c)

FIG. 39. Post-ND280-fit muon momentum distributions for the RHC ν̄μ (top) and νμ (bottom) CC 1-track (left) and CC N-track (right)
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FIG. 11. Final-state muon momentum distributions of the FHC νμ CC 0π (top) and νμ CC 1πþ (bottom) data and simulation samples in
FGD1 (left) and FGD2 (right).

FIG. 12. Distributions of the final-state muon angle of the FHC νμ CC 0π (top) and νμ CC 1πþ (bottom) data and simulation samples in
FGD1 (left) and FGD2 (right).
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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

"#	CCQE"5	CCQE "ℓ	NC1iK
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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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Timing Selection of accelerator neutrinos
Timing Timing 

̶ Zoom ̶

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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(top) and ½−1.2; 5.6$ μs (bottom) windows around the beam spill
leading edge.

IMPROVED CONSTRAINTS ON NEUTRINO MIXING FROM THE … PHYS. REV. D 103, 112008 (2021)

112008-19

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
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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.

32

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
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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
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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.

24

Number of rings
1 2 3 4 5≥

N
um

be
r o

f e
ve

nt
s

0

100

200

300
Run5-9 Data

 POT)2010×(16.35
 CCeνOsc. 
 CCeνOsc. 

 CCµν/µν
 CCeν/eνBeam 

NC
MC w/ T2K+DB bestfit

Mon May 18 15:28:16 2020

Number of rings
1 2 3 4 5≥

N
um

be
r o

f e
ve

nt
s

0

100

200

300
Run5-9 Data

 POT)2010×(16.35
 CCeνOsc. 
 CCeνOsc. 

 CCµν/µν
 CCeν/eνBeam 

NC
MC w/ T2K+DB bestfit

PID parameter
-1000 0 1000

N
um

be
r o

f e
ve

nt
s

0

20

40

Run5-9 Data
 POT)2010×(16.35

 CCeνOsc. 
 CCeνOsc. 

 CCµν/µν
 CCeν/eνBeam 

NC
MC w/ T2K+DB bestfit

Mon May 18 15:28:16 2020

PID parameter
-1000 0 1000

N
um

be
r o

f e
ve

nt
s

0

20

40

Run5-9 Data
 POT)2010×(16.35

 CCeνOsc. 
 CCeνOsc. 

 CCµν/µν
 CCeν/eνBeam 

NC
MC w/ T2K+DB bestfit

Visible energy (MeV)
0 1000 2000 3000

N
um

be
r o

f e
ve

nt
s/1

00
 M

eV

0

5

10

Run5-9 Data
 POT)2010×(16.35

 CCeνOsc. 
 CCeνOsc. 

 CCµν/µν
 CCeν/eνBeam 

NC
MC w/ T2K+DB bestfit

Mon May 18 15:28:16 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

Run5-9 Data
 POT)2010×(16.35

 CCeνOsc. 
 CCeνOsc. 

 CCµν/µν
 CCeν/eνBeam 

NC
MC w/ T2K+DB bestfit

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.
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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 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.

36

 PID parameter0πe/
-100 0 100 200 300

N
um

be
r o

f e
ve

nt
s

0

2

4

6

Run5-9 Data
 POT)2010×(16.35

 CCeνOsc. 
 CCeνOsc. 

 CCµν/µν
 CCeν/eνBeam 

NC
MC w/ T2K+DB bestfit

Mon May 18 15:28:19 2020

 PID parameter0πe/
-100 0 100 200 300

N
um

be
r o

f e
ve

nt
s

0

2

4

6
Run5-9 Data

 POT)2010×(16.35
 CCeνOsc. 
 CCeνOsc. 

 CCµν/µν
 CCeν/eνBeam 

NC
MC w/ T2K+DB bestfit

)e/L0π
ln(L

0 100 200 300 400

N
um

be
r o

f e
ve

nt
s

0

2

4

6

8

Run5-9 Data
 POT)2010×(16.35

 CCeνOsc. 
 CCeνOsc. 

 CCµν/µν
 CCeν/eνBeam 

NC
MC w/ T2K+DB bestfit

Mon May 18 15:28:19 2020

)e/L0π
ln(L

0 100 200 300 400

N
um

be
r o

f e
ve

nt
s

0

2

4

6

8
Run5-9 Data

 POT)2010×(16.35
 CCeνOsc. 
 CCeνOsc. 

 CCµν/µν
 CCeν/eνBeam 

NC
MC w/ T2K+DB bestfit

invariance mass (MeV/c)
0 100 200 300

N
um

be
r o

f e
ve

nt
s

0

2

4

Run5-9 Data
 POT)2010×(16.35

 CCeνOsc. 
 CCeνOsc. 

 CCµν/µν
 CCeν/eνBeam 

NC
MC w/ T2K+DB bestfit

Mon May 18 15:28:19 2020

invariance mass (MeV/c)
0 100 200 300

N
um

be
r o

f e
ve

nt
s

0

2

4

Run5-9 Data
 POT)2010×(16.35

 CCeνOsc. 
 CCeνOsc. 

 CCµν/µν
 CCeν/eνBeam 

NC
MC w/ T2K+DB bestfit

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 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 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.

42

16



93

Muon Neutrino 
Selection

Fri May 15 14:06:15 2020

FCFV 1-ring -likeµ µ
p decay-e +π! 

N
um

be
r o

f e
ve

nt
s

0

500

1000

1500

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

FCFV 1-ring -likeµ µ
p decay-e +π! 

N
um

be
r o

f e
ve

nt
s

0

100

200

300

400

Run10 Data
 POT)2010×(4.73

 CC QEµν

 CC QEµν

 CC non-QEµν+µν
 CCeν+eν

NC
MC w/ T2K+DB bestfit

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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＃Rings (=1); Particle ID (= μ-like)
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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.
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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 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 
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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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