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Why low energy beam?
Need for various types of neutrino experiments

2

Neutrino flux determination is critical

Neutrino oscillation

ν lepton
Neutrino interaction

Nucleus Neutrino flux



Why low energy beam?
How to make neutrinos?

3

Proton Target

Neutrino flux determination is critical

ν

π, K …

ν



Why low energy beam?
Hadron production uncertainty is serious problem

4

Precise hadron interaction data of low energy hadron 
beam with wide acceptance detector is not enough!

Proton, π, K … 
( 1~ 20GeV) Target

Momentum / Angular ?
π, K …

ν

ν



Brief introduction of physics 
program



Adrien Hourlier — The XXIX International Conference on Neutrino Physics and Astrophysics — July 2nd 2020
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Neutrino + Anti-Neutrino Mode
(Δm2, sin2 2θ) = (0.043 eV2, 0.807)
χ2/ndf = 21.7/15.5 (prob = 12.3%)

• Neutrino mode excess 4.7σ,

• Neutrino+Anti-neutrino modes excess : 4.8σ

MiniBooNE preliminary 
Combined  fit 

 : 18.75 1020 POT 
 : 11.27 1020 POT

(ν + ν̄)
ν
ν̄

MiniBooNE preliminary 
Combined  fit 

 : 18.75 1020 POT 
 : 11.27 1020 POT

(ν + ν̄)
ν
ν̄

JSNS2 experiment
Search for sterile neutrino

6
(J-PARC Sterile Neutrino Search at 
J-PARC Spallation Neutron Source)

Experiment Neutrino source signal Significance E(MeV) / L (m)

LSND μ DAR νμ→νe 3.8σ 40 / 30

MiniBooNE π Decay in Flight νμ→νe 4.7σ 800 / 600

combined 4.8σ

Ga (calibration) e capture νe→νx 2.7σ <3 / 10

Reactor Beta decay νe→νx 3.0σ 3 / 10~100

Several anomalies, 
indication of a sterile neutrino (Δm2~1eV2)?

LSND, MiniBooNE, disappearance experiments

� LSND/MiniBooNE had crucial results, but other (almost) all 
disappearance measurements had negative results.

� (3+1) model does not work Æ new physics? or data?
� Thus, direct tests of LSND and MiniBooNE results with better 

approaches are also essential.   

M.Dentler et al
JHEP 08, 010 (2018)
arXiv: 1803.10661

LSND

MiniBooNE

Finally, solve the long standing problem



J-PARC Facility
7

Nuclear 
Transmutation

(Phase 2)

Materials and Life Science
Experimental Facility

Hadron Beam Facility

５００ｍ

Linac
(330m)

Neutrino to Super-
Kamiokande

3 GeV Synchrotron
(25 Hz, 1MW) 30 GeV Synchrotron

(0.75 MW)

J-PARC = Japan Proton Accelerator Research Complex
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JSNS2 experiment
Neutrino source and detection

9
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JSNS2 experiment
Neutrino source and detection
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JSNS2 experiment
Neutrino source and detection
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Need to cross-section of 3GeV 
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The 1st physics run just started in this year! 
Need the data as soon as possible.



22 J. NewbyNeutrino 2020 Virtual Meeting

Coherent elastic neutrino-nucleus scattering (CEvNS)

• Predicted in 1974 by D. Freedman

• Interesting test of the standard model

• Sensitive to non-standard interactions

• Largest cross section in supernovae
dynamics

• Background for future dark matter
experiments

• Sensitive to nuclear physics, neutron 
skin (neutron star radius)

• “act of hubris” - D. Freedman

• Need a low threshold detector

• Need an intense neutrino source

2

A neutrino scatters on a nucleus via exchange of a 
Z, and the nucleus recoils as a whole; coherent up 
to Eν~ 50 MeV

CEvNS cross section is well calculable in the Standard Model

CEvNS cross section is large!

Max recoil energy is 
2Eν2/M

25 keV for 31-MeV ν
on Ge

COHERENT experiment
First Experiment Observation of CEvNS

12

J. Newby 
Neutrino 2020 
June 23, 2020



44 J. NewbyNeutrino 2020 Virtual Meeting

1.4*1023 (~ 0.22g) POT

First working, hand held
neutrino detector -14kg!!!

16 month of data

After 40 years, all the pieces 
have finally come together
ü Intense Neutrino Source
ü Sensitive Detectors
ü Mitigation of Backgrounds

CEvNS

CEvNS after 
Form factor Correction

First data point

First Detection of CEvNS with CsI detector

COHERENT experiment
First Detection!

13

J. Newby 
Neutrino 2020 
June 23, 2020



55 J. NewbyNeutrino 2020 Virtual Meeting

Spallation Neutron Source at ORNL

• Superconducting H- LINAC: 1 GeV @ 1.4MW @ 60 Hz

• Storage Ring: 1200 pulses, 1us Period, 350ns FWHM

• Liquid Mercury Target: circulates 20 tons with He gas 
injection to mitigate cavitation

• Operation ~5000 hours per year: 25 Terajoules/year
• SNS timing preserves DAR flavor structure
• Mono-energetic !! separated from !e, !!

“Jet-flow” Target

2.81×1014 !/cm2/flavor/SNSYear @ 20m
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Neutrino Energy Neutrino Timing

Neutrinos via Pion Decay-at-Rest

LINAC

Storage Ring

Hg Target

COHERENT experiment
Spallation Neutron Source at ORNL

14

J. Newby 
Neutrino 2020 
June 23, 2020



1515 J. NewbyNeutrino 2020 Virtual Meeting

Beyond First Light Measurements … CEvNS as quantitative probe

15

Dominant Uncertainties on CsI signal

Event selection (signal acceptance) 5%

Form Factor 5%

Neutrino Flux 10%

Quenching factor 25%

Total uncertainty on signal 28%

All uncertainties except neutrino flux are 
detector specific and could be much less for 
other technologies

To unlock high precision CEvNS program, we need to calibrate the SNS neutrino flux.

• Largest uncertainty is pion production from p+Hg

• 10% discrepancy between Bertini and LAHET calculations

Dominant Uncertainties on Ar CEvNS Rate

Detector Model (includes QF) 2%

Fiducial Mass 2.5%

Prompt Light Fraction (Pulse Shape) 8%

Neutrino Flux 10%

Total uncertainty on signal 13.4%

COHERENT experiment
What is the uncertainty?

15

J. Newby 
Neutrino 2020 
June 23, 2020
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16

J. Newby 
Neutrino 2020 
June 23, 2020

Largest uncertainty is pion production from p+Hg



COHERENT experiment
Future plan

17

1919 J. NewbyNeutrino 2020 Virtual Meeting

Power Upgrade and STS Facility create new opportunities …

COHERENT “First Light” Program
• CEvNS with HPGe, NaI
• Heavy Water Flux Normalization of FTS

Ton-Scale Argon Calorimetry 
• CEvNS studies
• Dark Matter searches
• Limits on quark-lepton couplings for DUNE mass 
ordering degeneracy

• Low Threshold Detector R&D: Quantum 
Enhanced Light Collection, Xenon Doping, SiPM

• Supernovae neutrino cross sections for DUNE

Ton-Scale Directionality with Low 
Threshold Detector R&D

Heavy Water Ring Imaging Design
• Improved Flux Normalization
• 1e-oxygen Interactions for Super-K, Hyper-K

Argon Detector R&D for STS
• Scalable Low threshold Light Collection
• Advanced Techniques for Position/Direction 
Reconstruction

• Direction reconstruction for CC-leptons
• Multi-site reconstruction for coherent 
inelastic interactions

2021 2022 2024

Neutrino Program at STS

10-ton Liquid Argon
• Dark Matter searches
• Precision CEvNS studies
• Precision Ar cross sections for DUNE
• Weak Mixing Angle
• Neutrino EM properties

Heavy Water Ring Imaging
• Flux Normalization of STS
• Precision 1e-oxygen for Super-K, Hyper-K

FTS STS Neutrino Hall

Exact time evolution of program to be 
determined by the collaboration 

Discovery Scale

Directionality

Calorimetry

1.4 MW 1.7 MW 2.0 MW
2028
FTS: 2.0 MW @ 45 Hz
STS: 0.7 MW @ 15 Hz

We are just getting started!

J. Newby 
Neutrino 2020 
June 23, 2020



Fermilab Booster Neutrino Beam
Short baseline neutrino experiment / neutrino interaction

18

8th Infieri Workshop  - Fermilab 
October 20, 2016 
Ornella Palamara 

Fermilab & Yale University 

Booster'('8'GeV'protons'

Fermilab – Neutrino beams 

Booster'Neutrino'Beam'(BNB)'
Fermilab’s+low(energy+neutrino+beam:++

+<Eν>+≈+700+MeV+

16

Booster'Neutrino'Beam'(BNB)'
Fermilab’s+low2energy+neutrino+beam:++

+⟨Eν⟩+≈+700+MeV+

• Several experiments are 
on going and planned. 
(ANNIE, MicroBooNE, 
MiniBooNE, MITPC, 
SciBath, ICARUS, SBND) 

• Neutrino interaction cross 
section with Argon is 
important for DUNE.

Precise neutrino flux 
measurement is critical



T2K
Long baseline neutrino experiment in Japan

19

The T2K Experiment

02/07/2020P. Dunne 6

295 km

Kamioka

J-PARC

Tokai

Super-K
• Muon (anti) neutrino beam generated at J-PARC
• Beam travels 295 km to large SK far detector to be 

measured after oscillations
• Near detector complex, ND280 constrains beam flux and 

interaction cross-section before oscillation
• Important to constrain non-oscillation parts of model to 

avoid bias
Near 
Detector

P. Dunne 
Neutrino 2020 
July 2, 2020



T2K
20

Nuclear 
Transmutation

(Phase 2)

Materials and Life Science
Experimental Facility

Hadron Beam Facility

５００ｍ

Linac
(330m)

Neutrino to
Super-Kamiokande

3 GeV Synchrotron
(25 Hz, 1MW) 30 GeV Synchrotron

(0.75 MW)

J-PARC = Japan Proton Accelerator Research Complex



T2K
Neutrino oscillation / interaction measurement

21
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7 

• Flux peak is at 630MeV, and the tail extend to several GeV. 
• NCQE cross-sections are large at T2K ν energy region. 

w/o oscillation 

2p2h

Stephen Dolan NEUTRINO 2020, 23/06/2020

Neutrino Interactions at T2K

CCRES
(Charged-Current Resonant)

CCQE (1p1h)
(Charged-Current Quasi-Elastic)

𝑁ఓ 𝐸ఔ ൌ 𝑃ሺ𝜈ఓ → 𝜈ఓሻ𝜎 𝐸ఔ Φఔ 𝐸ఔ 𝜖ሺ𝐸ఔሻ

(2 particle, 2 hole)

3

CC-QE



T2K
Neutrino flux prediction

22

Flux Prediction Future Updates

Reminder of the Flux Simulation

• The flux simulation models: 

• The propagation of primary protons from the upstream edge of the target station baffle 

• Hadronic interactions of the primary protons in the target to produce secondary particles 
(FLUKA2011) 

• The propagation of particles through the target, including hadronic interactions of secondary and 
tertiary particles (FLUKA2011) 

• The propagation of particles through the decay volume, including the horn fields and horn or decay 
volume wall material (GEANT3+GCALOR) 

• The decays of particles to produce neutrinos

2

p+

n

π+

μ+

νμ

Hadronic interactions 
in target are simulated 

with FLUKA
Propagation and horn focusing outside target with GEANT3

Tune multiplicities and 
production cross section 
using NA61/SHINE data

Detail in Lukas’s presentation

Neutrino flux modelling
• Primary interaction in target simulated with FLUKA
• We reweight this MC to match NA61/SHINE data

• Previous analyses used NA61/SHINE data taken with a thin graphite target
• Initial pion production reweighted in momentum and angle to match data then subsequent 

propagation through target was simulated

• New for this year we use NA61/SHINE data with a replica of T2K’s target
[EPJC 76, 84 (2016)]
• MC spectrum now reweighted to match data in momentum, angle and target exit point 

• Allows significant reduction in input flux uncertainty on SK rate from ~8% to ~5%

Patrick Dunne (p.dunne12@imperial.ac.uk) 12

Replica Target



T2K
Neutrino flux prediction

23

Flux Prediction Future Updates

Reminder of the Flux Simulation

• The flux simulation models: 

• The propagation of primary protons from the upstream edge of the target station baffle 

• Hadronic interactions of the primary protons in the target to produce secondary particles 
(FLUKA2011) 

• The propagation of particles through the target, including hadronic interactions of secondary and 
tertiary particles (FLUKA2011) 

• The propagation of particles through the decay volume, including the horn fields and horn or decay 
volume wall material (GEANT3+GCALOR) 

• The decays of particles to produce neutrinos

2

p+

n

π+

μ+

νμ

Hadronic interactions 
in target are simulated 

with FLUKA
Propagation and horn focusing outside target with GEANT3

Tune multiplicities and 
production cross section 
using NA61/SHINE data

8 E↵ect of Unconstrained Hadronic Interactions on the490

Neutrino Flux Prediction491

Hadronic interactions in the neutrino ancestry chain where the exiting meson multiplicity492

could not be constrained with any of the available hadron production measurements should493

be accounted for when estimating the flux uncertainty. In other words, these are interactions494

for which no replica-target (Eq. 3.4) and no thin-target (Eq. 3.3) multiplicity weights can be495

assigned, simply because no data exists for these interactions. The multiplicity weights used496

in this study have been extrapolated to cover di↵erent incoming proton momenta (energy497

scaling), a wider outgoing hadron phase space (BMPT fits) and di↵erent target nuclei (ma-498

terial scaling). Even when using all of these techniques for extending the coverage of existing499

NA61 datasets, a significant number of generated interactions cannot be constrained with500

data. Also, these interactions could not be constrained with other datasets, most notably the501

HARP measurements [5]. An attempt is also made to constrain certain neutron interactions502

with NA61 thin-target data by invoking isospin eigenvector arguments (n+X ! ⇡± + ...503

and n+X ! n+ ...). Out of the total number of interactions contributing to T2K neutrino504

production, 4.6% and 5.2% could not be tuned to data even when using all of the above505

mentioned techniques, in forward and reverse horn current operation, respectively. These506

numbers have also been split by neutrino flavour and the impact of di↵erent existing datsets507

on multiplicity tuning has been studied. For more details, see Table 4 and Table 5.508

509

Dataset
Tuned Hadronic Interactions in Neutrino Ancestry
ND280 ⌫-mode ND280 ⌫̄-mode

⌫µ ⌫̄µ ⌫e ⌫̄e ⌫µ ⌫̄µ ⌫e ⌫̄e
NA61 2009 Thin 86.0% 80.1% 84.0% 75.8% 80.4% 85.5% 76.6% 83.5%

+ NA61 2009 Replica 94.0% 83.4% 89.7% 76.2% 83.7% 93.7% 76.9% 90.2%
+ HARP 96.5% 87.3% 91.2% 76.7% 87.2% 96.3% 77.3% 91.8%

Table 4: Fraction of untuned hadronic interactions in the ancestry chain of neutrinos which
contribute to the flux at ND280, split into di↵erent horn focusing modes and neutrino flavours.

Dataset
Tuned Hadronic Interactions in Neutrino Ancestry

SK ⌫-mode SK ⌫̄-mode
⌫µ ⌫̄µ ⌫e ⌫̄e ⌫µ ⌫̄µ ⌫e ⌫̄e

NA61 2009 Thin 85.8% 80.0% 83.8% 76.9% 80.9% 85.3% 77.6% 83.2%
+ NA61 2009 Replica 94.0% 83.6% 89.2% 77.3% 84.4% 93.6% 77.9% 89.5%

+ HARP 96.5% 87.6% 90.5% 77.8% 87.8% 96.2% 78.3% 91.1%

Table 5: Fraction of untuned hadronic interactions in the ancestry chain of neutrinos which
contribute to the flux at Super-Kamiokande, split into di↵erent horn focusing modes and neu-
trino flavours.

Plots showing the hadronic interactions which remain untuned, specified in terms of the510

incoming and outgoing neutrino ancestor types, are given in Fig. 35 (particle codes follow511

the GEANT3 numbering scheme summarised in Table 6). These are inclusive interactions512

specified in terms of the outgoing hadron which ultimately contributes to neutrino produc-513

tion.514

515

The material where the unconstrained interactions occur is examined in Fig. 36. For516

now, the horn cooling water is not part of the simulated secondary beamline in JNUBEAM.517

In (anti)neutrino mode, the dominant contribution comes from unconstrained ⇡+(�)+X !518

41

Fraction of tuned hadronic interaction

still ~10% of hadronic interaction are untuned

Fraction of tuned hadronic interaction

Still ~10% untuned from target C and exiting, decay pipe Fe, Horn Al.

Detail in Lucas’s presentation



Hyper-Kamiokande
Next generation experiment (2027~)

24

60m

74m

•190kton Fiducial volume : 
~10 x Super-K 
• 40% photo coverage with 
high-efficicency PMTs :  
~2 x Super-K 
(~40000 for inner detector) 
• >MW J-PARC beam :  
~3 x current power.
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νμ disappearance

for δ=0
Signal

(νμ→νe CC)
Wrong sign 
appearance

νμ/νμ 
CC

beam νe/νe 
contamination NC

ν beam 1,643 15 7 159 134
ν beam 1,183 206 4 317 196

νμ+νμ
CCQE

νμCC 
nonQE

Others

ν beam 6,391 3175 515

ν beam 8,798 4315 614

10 years (10yrs×1.3MW×107s), ν : νbar = 2.5yrs : 7.5yrs

Control of systematics (neutrino flux, interaction, detector) is crucial.



DUNE
Long baseline neutrino experiment in US
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Introducing DUNEIntroducing DUNE

2

♦ “Deep Underground Neutrino 

Experiment”

• 1300 km baseline

• Large (70 kt) LArTPC far 
detector 1.5 km 

underground

• Near detector w/ LAr 

component

♦ Primary physics goals:

• ν oscillations (ν
μ
/ν

μ
 disappearance, 

ν
e
/ν

e
 appearance)

– δCP 
, θ

23 
, θ

13

– Ordering of ν masses

• Supernova burst neutrinos

• BSM processes (baryon number 

violation, NSI, etc.)

FNALSURF

M. Mooney 
Neutrino 2020 
June 29, 2020

FD Oscillation SpectraFD Oscillation Spectra

24

♦ Four-component fit of FD data w/ constraint from ND data

♦ New:  full systematics (flux, cross section, detector) included

♦ Upcoming paper (on arXiv): “Long-baseline neutrino 
oscillation physics potential of the DUNE experiment”

~1,000 ν
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 events

in 7 years (staged)

~10,000 ν
μ
 events

in 7 years (staged)

FD Oscillation SpectraFD Oscillation Spectra

24

♦ Four-component fit of FD data w/ constraint from ND data
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oscillation physics potential of the DUNE experiment”

~1,000 ν
e
 events

in 7 years (staged)
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μ
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~1,000 νe events in 7 years (staged) 

~10,000 νμ events in 7 years (staged) 
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Begins Taking Physics Data in 2026
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Fig. 2 Neutrino fluxes at the FD for neutrino-enhanced,
FHC, beam running (top) and antineutrino, RHC, beam run-
ning (bottom).

2%. The rise is due to the presence of many particles
which are not strongly focused by the horns in this en-
ergy region, which are particularly sensitive to focusing
and alignment uncertainties. The near-to-far flux ratio
and uncertainties on this ratio are shown in Fig. 3.

Beam-focusing and hadron-production uncertainties
on the flux prediction are evaluated by reproducing the
full beamline simulation many times with variations of
the input model according to those uncertainties. The
resultant uncertainty on the neutrino flux prediction is
described through a covariance matrix, where each bin
corresponds to an energy range of a particular beam

Fig. 3 Ratio of FHC muon neutrino and RHC muon antineu-
trino fluxes at the ND and FD (top) and uncertainties on the
FHC muon neutrino ratio (bottom).

mode and neutrino species, separated by flux at the ND
and FD. The output covariance matrix has 208 ⇥ 208
bins, despite having only ⇠30 input uncertainties. To
reduce the number of parameters used in the fit, the co-
variance matrix is diagonalized, and each principal com-
ponent is treated as an uncorrelated nuisance parame-
ter. The 208 principal components are ordered by the
magnitude of their corresponding eigenvalues, which is
the variance along the principal component (eigenvec-
tor) direction, and only the first ⇠30 are large enough
that they need to be included. This was validated by
including more flux parameters and checking that there

Uncertainties on the FHC muon 
neutrino ratio (arXiv. 2006.16043)
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Cosmic ray (p,He,...) 

L=10~20 km 
π±, K± 

µ± 

νµ#
e± 

νµ#

SK 

νe 

νµ#
νe 

L~ up to13000 km 

• Develop hadronic shower, and 
the decay of the pions and 
muons give neutrinos. 

• Energy of neutrinos O(10)MeV 
to O(10)TeV, and the flight 
length before detection is 
10-10,000 km. It makes wide 
ranges of L/E. 

• Both neutrinos and anti-
neutrinos in the flux.

Neutrino oscillation 
in the earth

Predicted atmospheric neutrino flux is important for neutrino oscillation and 
other physics as a background for Dark Matter, Supernova neutrinos, etc.

atmospheric neutrino (atm. ν)

2

p, He

π, K
μ e

νe

νμ

from SK web page

primary cosmic-ray particles (p,He) hit to 
air atoms  
→ develop hadronic shower  
→ cascade : π -> νμ, μ-> νμ,νe

from SK web page

• Eν : O(10) MeV — O(10) TeV 
• flight length L : 10 — O(1e4) km

atm. ν’s

→ wide L/E

from HK design report
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FIG. 127. Oscillated ⌫e flux relative to the non-oscillated flux as a function of neutrino energy for the

upward-going neutrinos with zenith angle cos ⇥⌫ = �0.8. ⌫̄e is not included in the plots. Thin solid

lines, dashed lines, and dotted lines correspond to the solar term, the interference term, and the ✓13

resonance term, respectively (see Eq. 19). Thick solid lines are total fluxes. Parameters are set as

(sin2 ✓21, sin
2 ✓13, sin

2 ✓23, �, �m2
21, �m2

32) unless otherwise noted. The ✓23 octant e↵ect can be seen by

comparing (a) (sin2 ✓23 = 0.4) and (b) (sin2 ✓23 = 0.6). � value is changed to 220� in (c) to be compared

with 40� in (b). The mass hierarchy is inverted only in (d) so ✓13 resonance (MSW) e↵ect disappears in this

plot. For the inverted hierarchy the MSW e↵ect should appear in the ⌫̄e flux, which is not shown in the

plot.

parametric resonance driven by ✓̃13, whose amplitude increases with sin2✓23 ( c.f. panels a. and b.).

Further, this resonance becomes suppressed in the neutrino channel when the hierarchy is switched

from normal to inverted (compare panels a. and d.). Though some change in the resonance can be

seen via the interference term as �CP is varied, the dominant e↵ect appears below 1 GeV (panels

a. and c.). For these reasons the atmospheric neutrino oscillation analysis has been designed to

maximize each of these potential e↵ects.

Hyper-Kamiokande’s reconstruction performance is expected to meet or exceed that of its pre-

decessor, Super-Kamiokande. Nominally the size and configuration of the two detectors are similar

enough that event selections and systematic errors are not expected to di↵er largely. Accordingly,

relative to the systematic error budget present in existing Super-K analyses, no systematic error
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• atm. ν flux possibly 
depends on δCP  in E<1 GeV 
region

• for oscillation study,  
we have to know  
“non-oscillated” flux 
→ simulation!

atmospheric neutrino (atm. ν)

2

p, He

π, K
μ e

νe

νμ

from SK web page

primary cosmic-ray particles (p,He) hit to 
air atoms  
→ develop hadronic shower  
→ cascade : π -> νμ, μ-> νμ,νe

from SK web page

• Eν : O(10) MeV — O(10) TeV 
• flight length L : 10 — O(1e4) km

atm. ν’s

→ wide L/E

from HK design report

ν 
flu

x 
ra

tio
 

( o
sc

ill
at

io
n 

/ n
on

-o
sc

ill
at

io
n)

NH, δCP = 40°

NH, δCP = 220°

198 III.1 NEUTRINO OSCILLATION

-0.4
-0.2

0
0.2
0.4
0.6
0.8

1

10 -1 1 10
Eν(GeV)

(d)

-0.4
-0.2

0
0.2
0.4
0.6
0.8

1

10 -1 1 10

(b)

-0.4
-0.2

0
0.2
0.4
0.6
0.8

1

10 -1 1 10

Ψ
(ν

e)/
Ψ

0(ν
e)−

1 solar term
interference term
     resonance term
total
θ13

(a)

-0.4
-0.2

0
0.2
0.4
0.6
0.8

1

10 -1 1 10
Eν(GeV)

Ψ
(ν

e)/
Ψ

0(ν
e)−

1 (c)

ν  

cosΘν=-0.8      NH, sin2θ23=0.4, sin2θ13=0.025, δ=40o cosΘν=-0.8      NH, sin2θ23=0.6, sin2θ13=0.025, δ=40o

cosΘν=-0.8      NH, sin2θ23=0.6, sin2θ13=0.025, δ=220o cosΘν=-0.8      IH, sin2θ23=0.6, sin2θ13=0.025, δ=40o

FIG. 127. Oscillated ⌫e flux relative to the non-oscillated flux as a function of neutrino energy for the

upward-going neutrinos with zenith angle cos ⇥⌫ = �0.8. ⌫̄e is not included in the plots. Thin solid

lines, dashed lines, and dotted lines correspond to the solar term, the interference term, and the ✓13

resonance term, respectively (see Eq. 19). Thick solid lines are total fluxes. Parameters are set as

(sin2 ✓21, sin
2 ✓13, sin

2 ✓23, �, �m2
21, �m2

32) unless otherwise noted. The ✓23 octant e↵ect can be seen by

comparing (a) (sin2 ✓23 = 0.4) and (b) (sin2 ✓23 = 0.6). � value is changed to 220� in (c) to be compared

with 40� in (b). The mass hierarchy is inverted only in (d) so ✓13 resonance (MSW) e↵ect disappears in this

plot. For the inverted hierarchy the MSW e↵ect should appear in the ⌫̄e flux, which is not shown in the

plot.

parametric resonance driven by ✓̃13, whose amplitude increases with sin2✓23 ( c.f. panels a. and b.).

Further, this resonance becomes suppressed in the neutrino channel when the hierarchy is switched

from normal to inverted (compare panels a. and d.). Though some change in the resonance can be

seen via the interference term as �CP is varied, the dominant e↵ect appears below 1 GeV (panels

a. and c.). For these reasons the atmospheric neutrino oscillation analysis has been designed to

maximize each of these potential e↵ects.

Hyper-Kamiokande’s reconstruction performance is expected to meet or exceed that of its pre-

decessor, Super-Kamiokande. Nominally the size and configuration of the two detectors are similar

enough that event selections and systematic errors are not expected to di↵er largely. Accordingly,

relative to the systematic error budget present in existing Super-K analyses, no systematic error

198 III.1 NEUTRINO OSCILLATION

-0.4
-0.2

0
0.2
0.4
0.6
0.8

1

10 -1 1 10
Eν(GeV)

(d)

-0.4
-0.2

0
0.2
0.4
0.6
0.8

1

10 -1 1 10

(b)

-0.4
-0.2

0
0.2
0.4
0.6
0.8

1

10 -1 1 10

Ψ
(ν

e)/
Ψ

0(ν
e)−

1 solar term
interference term
     resonance term
total
θ13

(a)

-0.4
-0.2

0
0.2
0.4
0.6
0.8

1

10 -1 1 10
Eν(GeV)

Ψ
(ν

e)/
Ψ

0(ν
e)−

1 (c)

ν  

cosΘν=-0.8      NH, sin2θ23=0.4, sin2θ13=0.025, δ=40o cosΘν=-0.8      NH, sin2θ23=0.6, sin2θ13=0.025, δ=40o

cosΘν=-0.8      NH, sin2θ23=0.6, sin2θ13=0.025, δ=220o cosΘν=-0.8      IH, sin2θ23=0.6, sin2θ13=0.025, δ=40o

FIG. 127. Oscillated ⌫e flux relative to the non-oscillated flux as a function of neutrino energy for the

upward-going neutrinos with zenith angle cos ⇥⌫ = �0.8. ⌫̄e is not included in the plots. Thin solid

lines, dashed lines, and dotted lines correspond to the solar term, the interference term, and the ✓13

resonance term, respectively (see Eq. 19). Thick solid lines are total fluxes. Parameters are set as

(sin2 ✓21, sin
2 ✓13, sin

2 ✓23, �, �m2
21, �m2

32) unless otherwise noted. The ✓23 octant e↵ect can be seen by

comparing (a) (sin2 ✓23 = 0.4) and (b) (sin2 ✓23 = 0.6). � value is changed to 220� in (c) to be compared

with 40� in (b). The mass hierarchy is inverted only in (d) so ✓13 resonance (MSW) e↵ect disappears in this

plot. For the inverted hierarchy the MSW e↵ect should appear in the ⌫̄e flux, which is not shown in the

plot.

parametric resonance driven by ✓̃13, whose amplitude increases with sin2✓23 ( c.f. panels a. and b.).

Further, this resonance becomes suppressed in the neutrino channel when the hierarchy is switched

from normal to inverted (compare panels a. and d.). Though some change in the resonance can be

seen via the interference term as �CP is varied, the dominant e↵ect appears below 1 GeV (panels

a. and c.). For these reasons the atmospheric neutrino oscillation analysis has been designed to

maximize each of these potential e↵ects.

Hyper-Kamiokande’s reconstruction performance is expected to meet or exceed that of its pre-

decessor, Super-Kamiokande. Nominally the size and configuration of the two detectors are similar

enough that event selections and systematic errors are not expected to di↵er largely. Accordingly,

relative to the systematic error budget present in existing Super-K analyses, no systematic error

• atm. ν flux possibly 
depends on δCP  in E<1 GeV 
region

• for oscillation study,  
we have to know  
“non-oscillated” flux 
→ simulation!



Atmospheric neutrino
Why hadronic interaction?

28

Cosmic ray (p,He,...) 

L=10~20 km 
π±, K± 

µ± 

νµ#
e± 

νµ#

SK 

νe 

νµ#
νe 

L~ up to13000 km 

• Develop hadronic shower, and 
the decay of the pions and 
muons give neutrinos. 

• Energy of neutrinos O(10)MeV 
to O(10)TeV, and the flight 
length before detection is 
10-10,000 km. It makes wide 
ranges of L/E. 

• Both neutrinos and anti-
neutrinos in the flux.

(E/GeV)
10

Log
-1 0 1 2 3 4 5

]
-1

 sr
-1

 se
c

-2
 [G

eV
 c

m
Φ 2 E

-910

-810

-710

-610

-510

-410

-310

-210

-110

 eν  Super-Kamiokande I-IV  
 µν  Super-Kamiokande I-IV  

 eν  Frejus 
 µν  Frejus 

eν  IceCube/DeepCore 2013 

eν  IceCube 2014 
 unfolding µν  IceCube 
 forward foldingµν  IceCube 

 unfoldingµν  AMANDA-II 
 forward foldingµν  AMANDA-II 
 (w/ osc.)eν+eν  HKKM11  
 (w/ osc.) µν+µν  HKKM11  

Atmospheric neutrino flux
 (PRD 94, 052001 (2016))

The predicted flux uncertainty of π and K in the air is a dominant error sources



Atmospheric neutrino
Available beam data for input

29

available recent beam data p <= 31 GeV/c

10

pbeam 
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p+Be HARP 
π±
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π±

HARP 
π±
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π±

p+C HARP 
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HARP 
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HARP 
π±

HARP 
π±

NA61 
π±,K±,p

p+Al HARP 
π±

HARP 
π±

HARP 
π±

HARP 
π±

HARP : 3,5,8,12 GeV, p+ (Be,C,Al,Cu) → π+- + X
(Forward) Phys.Rev.C80, 035208 (2009)
(Large Angle) Eur. Phys. J. C 53, 177–204 (2008)  
(Large Angle) Eur. Phys. J. C 54, 37–60 (2008) 

BNL E910 : 6.4, 12.3, 17.5 GeV, p+ (Be,Cu,Au) → π+- + X
(Forward) Phys. Rev. C 77, 015209 (2008)
(Large Angle)  Phys. Rev. C 65, 024904 (2002) 

NA61/SHINE : 31 GeV, p + C → π, K, p + X
 Eur. Phys. J. C 76, 84  (2016)

K. Sato 
H2 low-E beam line meeting 

October 30, 2020

Beam data
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HARP 3GeV HARP 5GeV
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forwardforward
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M.G. Catanesi et al.: π+ production cross-section in the collision of 8.9 GeV/c protons on beryllium 3

TPC and RPCs in
solenoidal magnet
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Drift Chambers
TOFW
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Dipole magnet
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NDC1

NDC2

NDC5

NDC3

NDC4

Fig. 1. Schematic layout of the HARP spectrometer. The convention for the coordinate system is shown in the lower-right corner. The three
most downstream (unlabeled) drift chamber modules are only partly equipped with electronics and not used for tracking.

publication. In Section 3 we describe the calculation of the
cross-section and define its components. The following three
sections expand on aspects of the analysis where significant
changes have been made since the previous publication. Sec-
tion 4 describes event and track selection and reconstruction ef-
ficiencies. Section 5 discusses the determination of the momen-
tum resolution and scale in the forward spectrometer. Section
6 summarizes the particle identification techniques. Physics re-
sults are presented in Section 7. Section 8 discusses the rele-
vance of these results to neutrino experiments. Finally, a sum-
mary is presented in Section 9.

2 Summary of analysis changes since the
HARP p-Al publication

The analyses of the 12.9 GeV/c p-Al data and the 8.9 GeV/c
p-Be data are largely the same. To avoid repetition of informa-
tion, the reader is referred to that earlier publication for many
details not directly discussed in the present paper. The sec-
tions concerning the experimental apparatus, the description
of the tracking algorithm for the forward spectrometer and the
method of calculating the track reconstruction efficiency are
all directly valid here. The method of particle identification has
not changed; it is only the PID detector hit selections and there-
fore their response functions which have been significantly im-
proved. The most important improvements introduced in this
analysis compared with the one presented in [10] are:

– An improvement in the χ2 minimization performed as part
of the tracking algorithm has eliminated the anomalous dip
in tracking efficiency above 4 GeV/c shown in [10]. The
tracking efficiency is now≥ 97% everywhere above 2 GeV/c.
(See Sec. 4.3).

– Studies of HARP data other than that described here have
enabled a validation of our Monte Carlo simulation of low-
energy hadronic interactions in carbon. Specifically, we have

compared low energy p+C and π+C cross-sections to dis-
tributions from the Binary cascade [13] and Bertini intra-
nuclear cascade [14] hadronic interaction models used to
simulate the secondary interactions of p, n and π±. The
material in the HARP forward spectrometer where tertiary
tracks might be produced is predominantly carbon. Conse-
quently, the systematic error on the subtraction of tertiary
tracks has been reduced from 100% in [10] to 50%. (See
Sec. 4.4).

– Analysis techniques were developed for comparing the mo-
mentum reconstructions in data and Monte Carlo allowing
data to be used to fine-tune the drift chamber simulation pa-
rameters. These efforts have reduced the momentum scale
uncertainty from 5% in [10] to 2% in the present analy-
sis and provided a better understanding of the momentum
smearing caused by the HARP spectrometer, including our
knowledge of the non-Gaussian contributions to the resolu-
tion function. (See Sec. 5).

– New selection cuts for PID hits in TOFW and in CHE have
resulted in much reduced backgrounds and negligible effi-
ciency losses. Consequently, the uncertainty on the cross-
section arising from particle identification was reduced by
a factor of seven to 0.5%making PID now a negligible con-
tribution to the systematic error in pion yield measurements
at forward angles. (See Sec. 6).

– Improved knowledge of the proton beam targeting efficiency
and of fully correlated contributions to track reconstruc-
tion and particle identification efficiencies have reduced the
overall normalization uncertainty on the pion cross-section
measurement from 4% to 2%.

– Significant increases in Monte Carlo production have re-
duced uncertainties fromMonte Carlo statistics and allowed
studies to reduce certain systematics to be made.

The statistical precision of the data, however, is noticeably
worse. The 8.9 GeV/c beryllium and empty-target data sets
are both smaller than the corresponding 12.9 GeV/c sets, with

HARP detector

for forward 
Acc : 0 ~ 0.25 rad

large-angle 
Acc: 0.35 ~ 2.5 rad

BNL 12.3 GeV

large 
angle

forward

HARP coverage in p-θ plane: 
• forward:        p > 0.5 GeV/c, θ < 0.25 rad 

• binning is rough 
• large-angle:  p < 0.8 GeV/c, θ > 0.35 rad
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Need low energy proton data with wide acceptance



Summary

• Various neutrino physics programs seriously need for data of low 
energy hadron beam with several targets. 

• In a timely manner seems to be important: 

• On going projects (~middle of 2020’s) need it as soon as possible. 

• Data after long shutdown 3 is also important for long term projects  

• Promising new discovery for neutrino physics coming next decade, 
but precise hadron interaction data is crucial.
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