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ハイパーカミオカンデ実験
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12pT1-2 平出(本講演)
12pT1-4 片岡

12pT1-7 Friend
12pT1-8 石塚

• 大型ニュートリノ検出器の新規建設 (有効質量19万トン, SKの8.4倍)
• ニュートリノビームの大強度化 (0.5→1.3MW, 現在の2.6倍)
• 前置検出器の増強
➔ニュートリノ振動の精密測定、核子崩壊探索、ニュートリノ天文学など
ハイパーカミオカンデ検出器 前置検出器 J-PARC

~300 km
n

T2K and Hyper-K experiment
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T2K (Tokai to Kamioka)  experiment

� High intensity �� beam from J-PARC MR to Super-Kamiokande @ 
295km

� Discovery of �e appearance � Determine �13
� Last unknown mixing angle
� Open possibility to explore CPV in lepton sector

� Precise meas. of �� disappearance � �23, �m23
2

� Really maximum mixing? Any symmetry? Anytihng unexpected?

132312sin ssse 


	� ��� � prob.  in term odd CP sin�12~0.5, sin�23~0.7, 
sin���<0.2)

High intense  
ν beam

Large size Water 
Cherenkov detector

Hyper-Kamiokande

Prob.(⌫µ ! ⌫e) Prob.(⌫̄µ ! ⌫̄e)

Upgraded ND280 & 
Intermediate detector
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Broad science questions will be addressed  
with unprecedented sensitivities 



Do neutrinos violate CP symmetry ? 
• It is still unknown but the size of CP violation of neutrino  

could be O(103) larger than the quarks

4

• Neutrino are the possible source of CP violation which can 
explain the matter-antimatter asymmetry in the universe 

[Nucl. Phys. B774 (2007) 1], [JHEP 03, 034(2019)]
[arXiv:1609.05028. arXiv:1807.06582]

νµ νe

νµ νe
asymmetry ?

Perhaps my main obstacle
You are comfortable with this: 

but maybe not this: 

“I look up into the sky… 
…and I conclude things.”

(astronomer explaining their work, as 
imagined by a neutrino physicist) 
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High intense νμ beam with off-axis method
J-PARC
30GeV
proton beamdecay volume

π

μ

ν

target & 3horns

Off-axis ND

Off-axis angle 2.5 deg.

beam axis beam dump
muon monitor

On-axis ND (INGRID)

295km 280m 118m 0m

Super-K/Hyper-K
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components, including the flux (Section IV), neutrino in-
teraction model (Section V) and near detector and far de-
tector data samples (Section VI and Section VIII respec-
tively). The fit to near detector data, described in Sec-
tion VII, is used to constrain the far detector rate and as-
sociated uncertainties. Finally, Section IX describes how
the far detector ⌫e sample is used to estimate sin22✓13.

II. EXPERIMENTAL OVERVIEW AND DATA
COLLECTION

The T2K experiment [32] is optimized to observe elec-
tron neutrino appearance in a muon neutrino beam. We
sample a beam of muon neutrinos generated at the J-
PARC accelerator facility in Tokai-mura, Japan, at base-
lines of 280 m and 295 km from the neutrino production
target. The T2K neutrino beam line accepts a 31 GeV/c
proton beam from the J-PARC accelerator complex. The
proton beam is delivered in 5 µs long spills with a period
that has been decreased from 3.64 s to 2.56 s over the
data-taking periods described in this paper. Each spill
consists of 8 equally spaced bunches (a significant subset
of the data was collected with 6 bunches per spill) that
are ⇠ 15 ns wide. The protons strike a 91.4 cm long
graphite target, producing hadrons including pions and
kaons, and positively charged particles are focused by a
series of three magnetic horns operating at 250 kA. The
pions, kaons and some muons decay in a 96 m long vol-
ume to produce a predominantly muon neutrino beam.
The remaining protons and particles which have not de-
cayed are stopped in a beam dump. A muon monitor
situated downstream of the beam dump measures the
profile of muons from hadron decay and monitors the
beam direction and intensity.

We detect neutrinos at both near (280 m from the tar-
get) and far (295 km from the target) detectors. The far
detector is the Super-Kamiokande (SK) water Cherenkov
detector. The beam is aimed 2.5� (44 mrad) away from
the target-to-SK axis to optimize the neutrino energy
spectrum for the oscillation measurements. The o↵-axis
configuration [33–35] takes advantage of the kinematics of
pion decays to produce a narrow band beam. The angle
is chosen so that the spectrum peaks at the first oscilla-
tion maximum, as shown in Fig. 1, maximizing the signal
in the oscillation region and minimizing feed-down back-
grounds from high energy neutrino interactions. This
optimization is possible because the value of |�m

2
32| is

already relatively well known.
The near detectors measure the properties of the beam

at a baseline where oscillation e↵ects are negligible. The
on-axis INGRID detector [36, 37] consists of 16 mod-
ules of interleaved scintillator/iron layers in a cross con-
figuration centered on the nominal neutrino beam axis,
covering ±5 m transverse to the beam direction along
the horizontal and vertical axes. The INGRID detector
monitors the neutrino event rate stability at each mod-
ule, and the neutrino beam direction using the profile of
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FIG. 1: The muon neutrino survival probability (top)
and electron neutrino appearance probabilities (middle)

at 295 km, and the unoscillated neutrino fluxes for
di↵erent values of the o↵-axis angle (OA) (bottom).
The appearance probability is shown for two values of
the phase �CP , and for normal (NH) and inverted (IH)

mass hierarchies.

event rates across the modules.
The o↵-axis ND280 detector is a magnetized multi-

purpose detector that is situated along the same di-
rection as SK. It measures the neutrino beam compo-
sition and energy spectrum prior to oscillations and is
used to study neutrino interactions. The ND280 detec-
tor utilizes a 0.2 T magnetic field generated by the re-
furbished UA1/NOMAD magnet and consists of a num-
ber of sub-detectors: side muon range detectors (SM-
RDs [38]), electromagnetic calorimeters (ECALs), a ⇡

0

detector (P0D [39]) and a tracking detector. The tracking
detector is composed of two fine-grained scintillator bar
detectors (FGDs [40]) sandwiched between three gaseous
time projection chambers (TPCs [41]). The first FGD
primarily consists of polystyrene scintillator and acts as
the target for most of the near detector neutrino inter-
actions that are treated in this paper. Hence, neutrino
interactions in the first FGD are predominantly on car-
bon nuclei. The ND280 detector is illustrated in Fig. 2,
where the coordinate convention is also indicated. The
x and z axes are in the horizontal plane, and the y axis
is vertical. The origin is at the center of the magnet,
and the magnetic field is along the x direction. The z

J-PARC beam is directed 
to the same OA(2.5°) for 

both SK and HK
• small νe 

contamination 
(~1%)  

• ν / ν can be 
switched by 
flipping horn 
polarity

νμ or νμ beam



J-PARC 
ν-beamline

2

• 30 GeV protons produce π,K 
in 90 cm graphite target


• Three magnetic horns 
selectively focus 
π +,K+ or π –,K – to produce  

 or  beam (decay in-flight).


• Muon monitors and on-axis 
ν detector (INGRID) monitor 
beam stability and direction.

νμ ν̄μ

How to make a neutrino beam

15

Focus π,K produced in hadronic interactions.
Switch sign of horn current to focus π–, K– instead

Total three horns to
collect & focus mesons.

π,K+     +

π,K– –

B-field

note: 2.6x beam power upgrade 
toward HyperK (500 kW → 1.3 MW)

6
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Figure 58: The tuned flux combined for Runs 1-10b (top) and 5c-9d (bottom), at ND280 (left)
and at Super-Kamiokande (right). All species of neutrinos are shown. Only statistical error
bars are shown.
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Figure 58: The tuned flux combined for Runs 1-10b (top) and 5c-9d (bottom), at ND280 (left)
and at Super-Kamiokande (right). All species of neutrinos are shown. Only statistical error
bars are shown.
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Neutrino flux (prediction)

~3% wrong sign (for both FHC and RHC)

neutrino-enhanced (FHC) antineutrino-enhanced (RHC)

7



CPV search at Hyper-K

8

Total 

2010

1920

T2K-II

468

134

T2K(2020)

108

16

with 190kton Fiducial volume, 1.3MW x 6cycles/year x 10years
Hyper-K long baseline (10 years) 

A Accelerator based neutrinos 213
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FIG. 135. Top: Reconstructed neutrino energy distribution for several values of �CP . sin2 2✓13 = 0.1 and

normal hierarchy is assumed. Bottom: Di↵erence of the reconstructed neutrino energy distribution from the

case with �CP = 0�. The error bars represent the statistical uncertainties of each bin.

in the top plots of Fig. 135. The e↵ect of �CP is clearly seen using the reconstructed neutrino4059

energy. The bottom plots show the di↵erence of reconstructed energy spectrum from �CP = 0�
4060

for the cases �CP = 90�,�90� and 180�. The error bars correspond to the statistical uncertainty.4061

By using not only the total number of events but also the reconstructed energy distribution, the4062

sensitivity to �CP can be improved and one can discriminate all the values of �CP , including the4063

di↵erence between �CP = 0� and 180� for which CP symmetry is conserved.4064

Figure 136 shows the reconstructed neutrino energy distributions of the ⌫µ sample, for the cases4065

with sin2 ✓23 = 0.5 and without oscillation. Thanks to the narrow energy spectrum tuned to the4066

oscillation maximum with o↵-axis beam, the e↵ect of oscillation is clearly visible.4067

5. Analysis method4068

As described earlier, a binned likelihood analysis based on the reconstructed neutrino energy4069

distribution is performed to extract the oscillation parameters. Both ⌫e appearance and ⌫µ disap-4070

18

~1600 ne events (far detector) ~1200 ne events 
_

~10000 nµ events
Steve Playfer, NuPhys2019, London

Assumes Normal Hierarchy, beam n : n = 1 : 3
_
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Sensitivity to sinδCP ≠ 0

3− 2− 1− 0 1 2 3
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✤ Reduction of systematic error has a large impact to the sensitivity 

✤ ~8σ for δCP= - π/2 (favored by T2K) 

✤ Good opportunity to make discovery of CP violation in neutrino sector at 
>5σ (~60% fraction of δCP values w/ 10years data taking)



Systematic error
Neutrino interaction with 
nucleon bounded on nucleus
• Target nucleons are actually bounded on nucleus.
• Complication of multi-body

effect and clear binding.

Nuclear effect in neutrino interaction

Neutrino-nucleon 
interaction

Initial state of 
nucleon

Nucleon-nucleon 
interaction

Intra-nuclear 
hadronic interaction

Nucleon-nucleon correlation 

21

• # of events  
~[neutrino flux]  x [cross section] x [det. efficiency] 

• Major error sources are “flux” and “cross section” 

• For both, improvement flux error is critical 

• cross section error is constrained by near detector 
measurements 

• in particular, understanding of wrong sign component is 
important for CPV

10



Breakdown of hadron interaction
• Percentage of T2K FD flux to in-target or out of target interaction

in-target 
primary int.

other than the in-target 
primary int. 

(out of target int.)

νμ 63.2% 36.8% 
(12.4%)

νμ 41.5% 58.5% 
(45.1%)

νe 61.7% 38.3% 
(12.7%)

νe 54.0% 46.0% 
(27.2%)

π, K
ν

ν

π, K
ν

p

p

p
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Figure 2: The breakdown of the hadron production modeling error in the T2K flux at the near detector. The uncertainty
labeled with “Meson Rescatter” is an uncertainty due to scattering of pion and/or kaon with materials outside the
target.

The uncertainty on the absolute flux at the T2K neutrino peak at 0.6 GeV is around 5 % (10 %) for the
right (wrong) sign neutrinos. Figure 2 shows the breakdown of the hadron production modeling error in
the T2K flux. The uncertainty labeled with “Meson Rescatter” is an uncertainty due to scattering of pion
and/or kaon with materials outside the target where these interactions are not covered by HARP data [6].
This uncertainty is the dominant source in particular for the wrong-sign components (⌫̄µ and ⌫̄e in the
Figure 2) because the wrong-sign components are mainly contributed by hadronic interactions outside
the target, as discussed in the first document for the low-E beamline [1]. Since the previous report, we
checked the breakdown of these interactions and found that the low momentum (< 12 GeV/c) charged
pion interactions on the following materials:

• Aluminium (electromagnetic horn magnet),

• Water (cooling water of the horn magnet), and

• Iron (wall of the decay volume)

provide the major contribution. The total fraction of the charged pion (⇡±) interactions with these materials
is above 30 %. Moreover, the low momentum charged pion re-scattering inside the target contributes to the
uncertainty. Since no experimental measurements are available for these interactions1, currently a 50 %
overall normalization and 50 % shape uncertainty are assigned on the xF -pT space.

1 There are HARP data for Al and C but interactions outside the HARP coverage causes the uncertainties.

5

• Breakdown of hadron production error 

Thanks to NA61/SHINE data, current error is ~5%(10%) for right (wrong) sign 
flux but still largest error source for the flux

νμ νμ

meson scattering outside the target which not covered 
by HARP data

12



8 RESULTS 141

! Carbon ! Aluminum ! Iron ! Titanium ! Helium ! Water ! Other
⇡+ ! 6.93 8.33 6.44 2.19 1.97 11.95 0.44
⇡� ! 3.47 3.66 4.82 0.56 0.21 2.59 0.41
K0 ! 2.94 2.10 1.05 0.15 0.03 0.48 0.08
K+ ! 2.67 2.99 0.75 0.18 0.06 0.85 0.08
K� ! 0.66 0.73 0.25 0.04 0.01 0.14 0.03
n ! 2.15 1.22 1.12 0.06 0.77 3.33 0.33
p ! 2.70 0.77 0.49 0.05 5.14 6.97 0.26
p̄ ! 0.12 0.18 0.05 0.01 0.00 0.04 0.00
⇤ ! 1.65 0.66 0.06 0.07 0.00 0.23 0.00
⌃ ! 0.54 0.12 0.02 0.02 0.00 0.04 0.00
n̄ ! 0.16 0.25 0.08 0.02 0.00 0.07 0.00

Table 11: Flux-weighted fraction of each incoming PID vs. material among the uncon-
strained interactions for neutrino mode at SK.

! Carbon ! Aluminum ! Iron ! Titanium ! Helium ! Water ! Other
⇡+ ! 5.00 5.22 6.82 0.86 0.32 2.80 0.49
⇡� ! 5.34 6.64 5.58 1.73 1.56 9.37 0.43
K0 ! 2.86 2.03 1.14 0.14 0.03 0.43 0.09
K+ ! 1.98 1.84 0.93 0.11 0.02 0.33 0.10
K� ! 1.05 1.48 0.26 0.09 0.03 0.41 0.03
n ! 3.55 1.22 1.18 0.06 0.82 4.49 0.35
p ! 2.66 0.72 0.58 0.04 4.47 4.22 0.37
p̄ ! 0.16 0.26 0.07 0.02 0.01 0.07 0.00
⇤ ! 3.79 0.92 0.07 0.11 0.00 0.36 0.00
⌃ ! 1.11 0.16 0.02 0.02 0.00 0.06 0.00
n̄ ! 0.14 0.22 0.08 0.01 0.01 0.05 0.01

Table 12: Flux-weighted fraction of each incoming PID vs. material among the uncon-
strained interactions for anti-neutrino mode at SK.

Channel Flux-weighted fraction [%]
⇡+ ! Water 11.95
⇡+ ! Aluminum 8.33
p ! Water 6.97
⇡+ ! Carbon 6.93
⇡+ ! Iron 6.44
p ! Helium 5.14
⇡� ! Iron 4.82
⇡� ! Aluminum 3.66
⇡� ! Carbon 3.47
n ! Water 3.33
Other 38.96

Channel Flux-weighted fraction [%]
⇡� ! Water 9.37
⇡+ ! Iron 6.82
⇡� ! Aluminum 6.64
⇡� ! Iron 5.58
⇡� ! Carbon 5.34
⇡+ ! Aluminum 5.22
⇡+ ! Carbon 5.00
n ! Water 4.49
p ! Helium 4.47
p ! Water 4.22
Other 42.85

Table 13: Incoming PID/material channels with the highest flux-weighted fraction
among the unconstrained interactions, for neutrino mode (left) and anti-neutrino mode
(right) at SK.
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⇤ ! 3.79 0.92 0.07 0.11 0.00 0.36 0.00
⌃ ! 1.11 0.16 0.02 0.02 0.00 0.06 0.00
n̄ ! 0.14 0.22 0.08 0.01 0.01 0.05 0.01

Table 12: Flux-weighted fraction of each incoming PID vs. material among the uncon-
strained interactions for anti-neutrino mode at SK.

Channel Flux-weighted fraction [%]
⇡+ ! Water 11.95
⇡+ ! Aluminum 8.33
p ! Water 6.97
⇡+ ! Carbon 6.93
⇡+ ! Iron 6.44
p ! Helium 5.14
⇡� ! Iron 4.82
⇡� ! Aluminum 3.66
⇡� ! Carbon 3.47
n ! Water 3.33
Other 38.96

Channel Flux-weighted fraction [%]
⇡� ! Water 9.37
⇡+ ! Iron 6.82
⇡� ! Aluminum 6.64
⇡� ! Iron 5.58
⇡� ! Carbon 5.34
⇡+ ! Aluminum 5.22
⇡+ ! Carbon 5.00
n ! Water 4.49
p ! Helium 4.47
p ! Water 4.22
Other 42.85

Table 13: Incoming PID/material channels with the highest flux-weighted fraction
among the unconstrained interactions, for neutrino mode (left) and anti-neutrino mode
(right) at SK.
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! Carbon ! Aluminum ! Iron ! Titanium ! Helium ! Water ! Other
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K� ! 0.66 0.73 0.25 0.04 0.01 0.14 0.03
n ! 2.15 1.22 1.12 0.06 0.77 3.33 0.33
p ! 2.70 0.77 0.49 0.05 5.14 6.97 0.26
p̄ ! 0.12 0.18 0.05 0.01 0.00 0.04 0.00
⇤ ! 1.65 0.66 0.06 0.07 0.00 0.23 0.00
⌃ ! 0.54 0.12 0.02 0.02 0.00 0.04 0.00
n̄ ! 0.16 0.25 0.08 0.02 0.00 0.07 0.00

Table 11: Flux-weighted fraction of each incoming PID vs. material among the uncon-
strained interactions for neutrino mode at SK.

! Carbon ! Aluminum ! Iron ! Titanium ! Helium ! Water ! Other
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⇡� ! Water 9.37
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Table 13: Incoming PID/material channels with the highest flux-weighted fraction
among the unconstrained interactions, for neutrino mode (left) and anti-neutrino mode
(right) at SK.
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Channel Flux-weighted fraction [%]
⇡+ ! ⇡+ 20.74
⇡� ! ⇡+ 8.99
p ! ⇡+ 6.35
⇡� ! ⇡� 6.00
⇡+ ! ⇡� 5.15
K+ ! K+ 4.73
K0 ! K0 3.69
p ! ⇡� 3.57
n ! p 2.73

K+ ! K0 2.73
Other 35.31

Channel Flux-weighted fraction [%]
⇡� ! ⇡� 15.07
⇡+ ! ⇡� 12.06
⇡+ ! ⇡+ 8.15
p ! ⇡+ 4.29
p ! ⇡� 4.04
⇡� ! ⇡+ 3.70
K0 ! K0 3.51
⇤ ! ⇤ 3.48
p ! K0 2.65

K+ ! K0 2.49
Other 40.57

Table 4: In/out PID channels with the highest flux-weighted fraction among the uncon-
strained interactions, for neutrino mode (left) and anti-neutrino mode (right) at SK.

! Carbon ! Aluminum ! Iron ! Titanium ! Helium ! Other
⇡+ ! 8.87 9.08 7.76 2.06 2.19 0.36
⇡� ! 5.35 5.23 5.69 0.88 0.26 0.35
K0 ! 4.22 3.33 1.71 0.24 0.05 0.11
K+ ! 4.08 4.85 1.20 0.31 0.11 0.11
K� ! 0.94 1.14 0.36 0.07 0.01 0.03
n ! 2.52 1.77 1.73 0.09 1.36 0.57
p ! 3.02 0.91 0.56 0.06 8.96 0.44
p̄ ! 0.21 0.33 0.09 0.02 0.01 0.01
⇤ ! 2.78 1.21 0.11 0.14 0.00 0.01
⌃ ! 0.94 0.22 0.03 0.03 0.00 0.00
n̄ ! 0.29 0.46 0.14 0.03 0.01 0.01

Table 5: Flux-weighted fraction of each incoming PID vs. material among the uncon-
strained interactions for neutrino mode at SK.

! Carbon ! Aluminum ! Iron ! Titanium ! Helium ! Other
⇡+ ! 7.26 7.09 8.02 1.25 0.39 0.42
⇡� ! 6.17 6.47 5.79 1.45 1.59 0.30
K0 ! 3.77 3.06 1.69 0.22 0.05 0.11
K+ ! 2.75 2.81 1.35 0.17 0.04 0.13
K� ! 1.35 1.95 0.35 0.13 0.04 0.03
n ! 4.49 1.60 1.67 0.07 1.35 0.53
p ! 2.78 0.88 0.68 0.06 7.23 0.61
p̄ ! 0.27 0.43 0.12 0.03 0.02 0.01
⇤ ! 6.17 1.57 0.12 0.18 0.01 0.01
⌃ ! 1.81 0.27 0.03 0.04 0.00 0.00
n̄ ! 0.23 0.37 0.14 0.02 0.01 0.01

Table 6: Flux-weighted fraction of each incoming PID vs. material among the uncon-
strained interactions for anti-neutrino mode at SK.
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Table 6: Flux-weighted fraction of each incoming PID vs. material among the uncon-
strained interactions for anti-neutrino mode at SK.

Flux-weighted fractions of “unconstrained interactions”

SK, Neutrino mode

SK, Anti-neutrino mode

T2K Work in Progress
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Channel Flux-weighted fraction [%]
⇡+ ! Aluminum 9.08
p ! Helium 8.96
⇡+ ! Carbon 8.87
⇡+ ! Iron 7.76
⇡� ! Iron 5.69
⇡� ! Carbon 5.35
⇡� ! Aluminum 5.23
K+ ! Aluminum 4.85
K0 ! Carbon 4.22
K+ ! Carbon 4.08
Other 35.90

Channel Flux-weighted fraction [%]
⇡+ ! Iron 8.02
⇡+ ! Carbon 7.26
p ! Helium 7.23
⇡+ ! Aluminum 7.09
⇡� ! Aluminum 6.47
⇡� ! Carbon 6.17
⇤ ! Carbon 6.17
⇡� ! Iron 5.79
n ! Carbon 4.49
K0 ! Carbon 3.77
Other 37.54

Table 7: Incoming PID/material channels with the highest flux-weighted fraction among
the unconstrained interactions, for neutrino mode (left) and anti-neutrino mode (right)
at SK.
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Channel Flux-weighted fraction [%]
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Other 37.54

Table 7: Incoming PID/material channels with the highest flux-weighted fraction among
the unconstrained interactions, for neutrino mode (left) and anti-neutrino mode (right)
at SK.

largest contributions:

largest contributions:
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Table 6: Flux-weighted fraction of each incoming PID vs. material among the uncon-
strained interactions for anti-neutrino mode at SK.
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pion scattering in C,Al,Fe and water should be measured 13



Figure 3: The expected improvement of the unconstrained interactions in the T2K near detector flux under the
assumption of charged pion interaction measurements at the low-E beamline with a precision similar to the already
performed pC@31 GeV/c measurements [7].

Energy [GeV] Process Error report Covariance Matrix Experiment (year)
3, 5, 8, 12 p+C ! ⇡±,K±, p stat. and syst. errors No HARP (2009)

6.4, 12.3, 17.5 p+Be ! ⇡± only total error No E910 (2008)
14.6 p+Al ! ⇡±,K± only stat. error No E802 (1991)

Table 1: Past hadron production datasets relevant to the momentum range of the low-E beamline project.

3 Atmospheric Neutrinos

3.1 Physics Motivation

The flux of atmospheric neutrinos ranges from about 100 MeV to above 10 TeV. Among these atmospheric
neutrinos, 0.1-1 GeV and 1-10 GeV neutrinos are sensitive to �CP and sign(�m2

32), respectively. Mea-
surements of atmospheric neutrino oscillations with these energy ranges are possible with running and
future atmospheric experiments (Super-K, Hyper-K, and DUNE), and we focus on neutrinos ranging from
100 MeV up to 10 GeV.

One challenge on such measurements comes from limited knowledge of the atmospheric neutrino flux
which predominately comes from uncertainty on hadron production of neutrino parents, particularly pions.
To constrain uncertainties coming from hadron production, the predicted atmospheric neutrino flux is
reweighed for each interaction of the form p+N ! ⇡++X according to hadron production data whenever
available.

Table 1 shows corresponding datasets relevant to beam momentum range in consideration. As summarized
in the table, some experiments did not report statistical and systematic uncertainty separately. Moreover,
none of the past experiments provided a covariance matrix for the error estimation. These are essential to
precisely evaluate uncertainty and its correlations for the atmospheric neutrino flux calculation. The current
flux calculation needs to assign a conservatively large error on hadron production in the atmosphere due to
insufficient information. It is also important to mention that data coverage to relevant atmospheric neutrino
production phase-space is rather coarse as shown in Figure 4. To extend the coverage, it is necessary to
extrapolate existing data points to another energy point (e.g. BMPT fit [11]), as well as A-scaling (e.g.
C!N) to take into account target nuclear difference with an empirical fit.

7

2.2 Measurement Details

In order to improve the unconstrained interactions, we plan to measure charged pion (⇡+ and⇡�) interactions
with the target material of C, Al, Fe, and water for the incident beam energy between 2 and 13 GeV/c. In
order to measure a primary interaction, hadron interactions with a thin (⇠ 2 cm) target for the C, Al, and
Fe will be measured while the water target is under design. We will propose the following measurements
(10 datasets in total) in this report.

• ⇡+ and ⇡� beam with 2 GeV/c for Al and Fe targets,

• ⇡+ and ⇡� beam with 8 GeV/c for Al, Fe and C targets

We will propose measurements with a water target in the future. We will measure the hadron production with
the outgoing track momentum (p) and polar angle (✓) including the region ✓ < 50 mrad and ✓ > 250 mrad
in order to cover the kinematic phase-space outside of the HARP region. The NA61/SHINE detector has
the ability to measure the outgoing tracks in the momentum range above 0.2 GeV/c and the scattering
angle between 0 and 400 mrad assuming a similar detector setups as for the past measurements. We plan to
measure the p-✓ distribution with a statistical accuracy equal to or better than 10 % in each p-✓ bin. We
expect that data-taking for each configuration requires around 5 days (depending on the beam energy) based
on the beamline specification as discussed in [1]. In total, we request 50 days for the whole data-taking
campaign.

2.3 Physics Impact

The impact of the charged pion measurements at the low-E beamline on the T2K flux is studied. The flux
uncertainty of the unconstrained interactions is evaluated assuming that the assigned uncertainty on the
xF -pT space can be reduced to 1/5 (approximately 10 % uncertainty) for the charged pion interactions.
Figure 3 shows the expected improvement of the unconstrained interactions in the T2K near detector flux.
The unconstrained interaction flux uncertainty can be reduced to less than 5 % for the most of energy
regions for the wrong-sign muon neutrino flux. Further improvement is also expected if we conduct low
momentum kaon interaction measurements in the future because the kaon re-scattering contributes to the
high energy region.

The improvement of the flux uncertainty less than 5 % will give a significant impact on future neutrino
cross-section measurements in T2K ND280. As mentioned before, the flux uncertainty is the major source
of the systematic uncertainty of the recent neutrino cross-section measurements in T2K. For example,
the flux uncertainty of 8⇠10 % over the total uncertainty of 16 % is assigned in the ⌫e and ⌫̄e cross
section measurements [8]. In another example, the flux uncertainty is the largest error source of the ⌫µ/⌫̄µ
cross-section ratio measurement [9]. With the proposed hadron production measurements at the low-E
beamline, we can reduce the flux uncertainty and realize the measurements of the neutrino and anti-neutrino
interactions with the accuracy less than 3 % level which is a critical milestone toward the neutrino CP
violation as discussed in the section 2.1.
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Plan of low momentum beam measurements
We will propose the following measurements

Expected improvements 

w/ 2cm thin target

We can improve the flux error less than 5% 14



Idea to upgrade target to reduce wrong sign

Hadron Production Point Investigation 
• How much & Where we should on put the additional material 
to reduce the wrong-sign component of flux more effectively? 
• Preliminary study 

• L=1200mm graphite target → No change 
• L=1500mm graphite target → ~30% RHC reduction 

• We have checked the production point of neutrino ancestor 
hadrons for graphite targets; 900mm (default), 1200mm and 
1500mm for 320kA RHC condition.
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Thanks to Chris Densham, Eric Harvey-Fisherden and Mike Fitton
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Flux MC studies by T.Nakadaira(KEK), 
J.Nugent(Glasgow)One of ideas is long target. 

How to make a neutrino beam

15

Focus π,K produced in hadronic interactions.
Switch sign of horn current to focus π–, K– instead

Total three horns to
collect & focus mesons.

π,K+     +

π,K– –

B-field

π,K–      –

→ see more detailed studies  
on a talk by L.Machado(Glasgow) 
on Saturday 

Plan to propose new 
measurements for the new 

HK target after LS3 15



Summary

❖ Improvement of flux uncertainty is still essential for T2K and 
Hyper-K experiments toward discovery of neutrino CPV 

❖ We plan to study low-momentum interactions in order to 
improve the wrong-sign flux uncertainty  

❖ Also, new idea of neutrino production target to suppress 
wrong-sign flux  

- new hadron production measurement is necessary !
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