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Why low energy beam?

Need for various types of neutrino experiments

Neutrino interaction
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Neutrino flux determination is critical



Why low energy beam?

How to make neutrinos?
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Neutrino flux determination is critical



Why low energy beam?

Hadron production uncertainty is serious problem
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Precise hadron interaction data of low energy hadron
beam with wide acceptance detector is not enough!



Briet introduction of physics
program



JSNS2 experiment

Search for sterile neutrino

Several anomalies,

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

indication of a sterile neutrino (Am2~1eV?2)?

LSND u DAR Vu—Ve 3.80 40 / 30
MiniBooNE | 7 Decay in Flight, v y—>ve 470 800 / 600
combined 480
Ga (calibration), e capture Ve Vx 270 <3/ 10
Reactor Beta decay Ve Vx 300 3/ 10~100

Finally, solve the long standing problem

Excess Events/MeV

MiniBooNE

¢ Neutrino mode excess 4.70,
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J-PA Facility

Materlals -and Llfe Smence
Experlmental Facmty

Hadron Beam Facility

Nuclear
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JSNS2 experiment

Neutrino source and detection

LS detector
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JSNS2 experiment

Neutrino source and detection
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S. Hasegawa

No data of 3GeV proton
injected mercury.
Need to cross-section of 3GeV

H2 low-E beam line meeting
July 9, 2020

LS detector

Proton + Mercurz target.
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JSNS2 experiment

Neutrino source and detection ERE—

H2 low-E beam line meeting
No data of 3GeV proton July 9, 2020
injected mercury. S detector
Need to cross-section of 3GeV
Proton + Mercurx target. AR
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The 1st physics run just started in this year!
Need the data as soon as possible.




COHERENT experiment .

First Experiment Observation of CEVNS IBE O
June 23,

Coherent elastic neutrino-nucleus scattering (CEVNS)

A neutrino scatters on a nucleus via exchange ofa ¢ Predicted in 1974 by D. Freedman

Z, and the nucleus recoils as a whole; coherent up « Interesting test of the standard model

to E,~ 50 MeV
0 S::Lf}tﬁfg » Sensitive fo non-standard interactions
Q § 140/ ! . . .
R : DB ot eneray i » Largest cross section in supernovae
E 120’ v .
Z \ nuclear 5 100 25 keV for 31-MeV v dynamlcs
boson'\ 'recoil % F on Ge

» Background for future dark matter
experiments

» Sensitive to nuclear physics, neutron
skin (neutron star radius)
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CEVNS cross section is well calculable in the Standard Model

do  G? N — (1 —4sin® ) 2)? .o is" -
£=mk2(1+6089)( ( 45111 W)Z2)” 22 act of hubris” - D. Freedman

 Need a low threshold detector

CEVNS cross section is large! | X N2 . .
* Need an intense neutrino source

OAK RIDGE . . .
¥00K Laboratory Neutrino 2020 Virtual Meeting
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COHERENT experiment .

First Detection! Neutrino 2020
June 23, 2020

First De’rec’rlon of CEVNS with Cisl de’rec’ror
Smence.,“
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COHERENT experiment .

Spallation Neutron Source at ORNL Neutrino 2020
June 23, 2020

Spallation Neutron Source at ORNL

Neutrinos via Pion Decay-at-Rest

Capture: ~99% °

) P4 Decay atrest :
° —_ 0 x-zzOOnej. /U
$G N

o

T. ~26nsec

2.81x10" v/icm?/flavor/SNSYear @ 20m
Neutrino Energy Neutrino Timing
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' _ « SNS timing preserves DAR flavor structure
» Operation ~5000 hours per year: 25 Terajoules/year « Mono-energetic v, separated from ve, v,
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COHERENT experiment

What is the uncertainty?

J. Newby
Neutrino 2020
June 23, 2020

Beyond First Light Measurements ... CEVNS as qucn’ri’ro’rive probe

Dominant Uncertainties on Csl signal

Event selection (signal acceptance) 5%
Form Factor 5%
Neuftrino Flux 10%
Quenching factor 25%
Total uncertainty on signal 28%

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%

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

Fragm-nu 99% Capmre

— Decays at Rest (t = 26 ns) /
\ — Decays at Rest (t = 2.2 ps)
‘ —_— S I

r ragments

¢ Largest uncertainty is pion production from p+Hg

* 10% discrepancy between Bertini and LAHET calculations

Average interaction depth ~11 em Average interaction energy is ~1.1 GeV
Depih of Interaction Proton Energy at Interaction
Eawies 10000 “iw f T e T—sens T
Meax Mo I | Mran Lesd
s a8 L] | 200 | "“'

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

%OAK RIDGE

National Laboratory

Neutrino 2020 Virtual Meeting
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COHERENT experiment .

What is the uncertainty? Neutrino 2020
June 23, 2020

Beyond First Light Measurements ... CEVNS as quantitative probe

Dominant Uncertainties on Csl signal "“9'“"“}’ . m‘

Event selection (signal acceptance) 5% . \_L @
Form Factor 5% ‘— \Drv;i_.zs.;' Decays a Rest(c = 2.2 )
Neuftrino Flux 10% ,,agm, @
Quenching factor 25% @

Total uncertainty on signal 28% | ¢ Largest uncertainty is pion production from p+Hg |

10% discrepancy be

Bertini and LAHET calculations

‘Dominani Uncertainties on Ar CEVNS Rate ‘

Largest uncertainty is pion productlon from p+Hg]
Z:E:::ﬁﬂl Fraction (Pulse Shape) ?Z% : ’ |
Total uncertainty on signal 13.4% - -

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

.iiilii

. l..‘ ) "
Energy, GeV

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

%(N)QQ,EIELBSS Neutrino 2020 Virtual Meeting



COHERENT experiment

Future plan

J. Newby
Neutrino 2020
June 23, 2020

Power Upgrade and STS Facility create new opportunities ...

FTS 2021 2022

2024

2028 STS Neutrino Hall

1.4 MW 1.7 MW

COHERENT “First Light” Program
* CEVNS with HPGe, Nal
* 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

Ny

| Y

(CED S
We are just getting started!

%OAK RIDGE

National Laboratory

2.0 MW

Ton-Scale Directionality with Low
Threshold Detector R&D

Heavy Water Ring Imaging Design
* Improved Flux Normalization
*v,-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

FTS: 2.0 MW @ 45 Hz
STS: 0.7 MW @ 15 Hz

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 v,-oxygen for Super-K, Hyper-K

Exact time evolution of program to be
determined by the collaboration

Neutrino 2020 Virtual Meeting
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Fermilab Booster Neutrino Beam

Short baseline neutrino experlment / nheutrino Iinteraction

Booster Neutrino Beam (BNB)
Fermilab’s low-energy neutrino beam:
(E,) = 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
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P. Dunne
Neutrino 2020
July 2, 2020

Long baseline neutrino experiment in Japan

Yokohama
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Materials and Life Science
Experimental Facilit

T :

Hadron Beam Facility

Nuclear
Transmutation
(Phase 2)
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T2K

Neutrino oscillation / interaction measurement
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T2K

Neutrino flux prediction

Horn3 10cm Detail in Lukas’s presentation

. Horn2 ~ — 10em F L F
Vi

v —

M+

Hadronic interactions
in target are simulated | |Propagation and horn focusing outside target with GEANT3

with FLUKA
f * 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
Tune mu|‘tlp|ICItIeS and propagation through target was simulated

production cross section | ¢ New for this year we use NA61/SHINE data with a replica of T2K’s target
using NA61/SHINE data | = = oo

* 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%



T2K

Neutrino flux prediction

Hadronic interactions
in target are simulated
with FLUKA

. »

Detail in Lucas’s presentation

v~

Vi

M+

Propagation and horn focusing outside target with GEANT3

Tune multiplicities and
production cross section
using NA61/SHINE data

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

Tuned Hadronic Interactions in Neutrino Ancestry

Fraction of tuned hadronic interaction

Dataset SK v-mode SK pv-mode
Vy vy Ve Ve Vy Vy Ve Ve
NAG61 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%
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Hyper-Kamiokande

Next generation experiment (2027~)

-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 :
Cx current power.

Neutrino mode: appearanc)/ e ap Pearan C

@ eutrino mode: appearance

24

Vy disappearance

% S0 L T w RS > sonop A TRPTS
Z iV beam —i% 1 Zi Vbeam =i 3 2 wbeam  No-oscilation-
v L — =90 2 E —8=-90 2 6000l— 5in?8,5=0.5 N
£ ok —5=180 £ 300% =10 2 [ ]
2 E 2 250F E| e r . _ 1
S oime E 2wl sin2023=0.5 :
5k 5 s E 5 | 1
E b E E 10 E B oo 1
z Z st E E [

T ¥ S Y R ¥ R R K T R ¥ S ¥ S R N U N Bt e =
Reconstructed Energy E'* (GeV) EX (GeV) : : Reconstructed Energy E®
Difference from dcp= . Disappearance v mode
3z 150p T T 3z 150p T T T % wueeNO OsGillation
E 1007 G e Z o Rl 8 ol — aee0s ]
£ 50 1 } —8=180s=0 4 2 s 1 ——s=1805=0 ],E, F
g oF -”””“l {H{’H B 2 g*“ﬁ”“ i 5 T 1
< o *“H(.* HHH“*“““ S - ot ”A\H“%i;;;tnuf 5 |
g-sog— fHH’r* E g sof *{'H“ E _ﬂézaaaj
% 1005 B 2 100 E E
B 5k L I I L L a8 £ L | L I I L
K 02 04 06 08 1 12 ~150y 02 04 06 08 1 Reconstructed Energy E™
Reconstructed Energy E:“ (GeV) Reconstructed Energy E™ (GeV)
for =0 Signal Wrong sign | Vu/Vy beam Vve/Ve NC Vp+Vy vuCC Others
(VU—Ve CC) | appearance | CC | contamination CCQE | nonQE
v beam| 6,391 | 3175 | 515
V beam 1,643 I5 7 159 134 ’
V beam 1,183 206 4 317 196 |§|V beam| 8,798 | 4315 | 614

| 10 years (10yrsx1.3MWx07s),V : Vbar = 2.5yrs : 7.5yrs |

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




DUNE

Long baseline neutrino experiment in US

¢ “Deep Underground Neutrino

¢ Primary physics goals:

Experiment” - voscillations (v,/V, disappearance

1300 km baseline Ve/Ve appearance)

« Large (70 kt) LArTPC far 8cp, 0,5, 0,5
detector 1.5 km — Ordering of v masses
underground :

* Supernova burst neutrinos

* Near detector w/ LAr *  BSM processes (baryon number
component violation, NSI, etc.)

SURF = FNAL

Sanford Underground

Research Facility

Fermilab

R U
N \
N\
\ -
\
& .
8.

. o
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M. Mooney

Neutrino 2020
June 29, 2020

Neutrino Mode Antineutrino Mode

b

Events per 0.25 GeV

Appearance

~1,000 ve events in 7 years (staged)

Events per 0.25 GeV
Events per 0.25 GeV

Disappearance

1 2 3 4 5 6 7 8
Reconstructed Energy (GeV)

2 .10,000 v . events in 7 years (staged)



DUNE

Neutrino source: LBNF Beam
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M. Mooney

Neutrino 2020
June 29, 2020

Uncertainties on the FHC muon
neutrino ratio (arXiv. 2006.16043)
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Atmospheric neutrino

Flux measurement

. Develop hadronic shower, and ~ Neutrino oscillation
the decay of the pions and In the earth
L=10~20 km ~ muons give neutrinos.

"u : - 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.

W(v ) Wo(ve)-1

v flux ratio
( oscillation / non-oscillation)

. Both neutrinos and anti-
neutrinos in the flux.

Ev(GeV)

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

- Develop hadronic shower, and Atmospheric neutrino flux

1 — 10 e
the deca_y of the pions and T T RO 94, 052001 2018y |
muons give neutrinos. g 107 3

‘% 1o - 1

.- Energy of neutrinos O(10)MeV = g0k \\.K &
to O(10)TeV, and the flight leo L S —NR; §
length before detection is oo ™ :; N %, i

. :E eeCube/DecpCore 2013 v, -}4 E:

10-10,000 km. It makes wide [ = moiti. N NE ]

E ceCube v, forward foldin, E

E  —+— AMANDA-lv, unfolding =

ra n e S Of L/ E - AMANDA-IT v, forward folding -
" - HKKMI1 v 47, (W/ osc.)
HKKMI1 vu+\7u (w/ osc.)

- 1111 I 111 1 I 111 1 I 111 1 I | - I | | Il |§

. Both neutrinos and anti-
neutrinos in the flux.

LoglO(E/GeV)

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



Atmospheric neutrino

Available beam data for input

[ggﬁ& 3 5 6.4 8 12 123 175 31
oiBe  HARP  HARP HARP | HARP
.c HARP  HARP HARP = HARP NAG1
P m* * m* = m, K= p
o | HARP  HARP HARP : HARP
p + ﬂ'i Tl-i T[i +

HARP : 3,5,8,12 GeV, p+ (Be,C,Al,Cu) = m++ 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)

. 6.4,12.3,17.5 GeV, p+ (Be,Cu,Au) = m+ X
(Forward) Phys. Rev. C 77, 015209 (2008)
(Large Angle) Phys. Rev. C 65, 024904 (2002)

NAG61/SHINE : 31 GeV,p+C - mK,p+ X
Eur. Phys. J. C 76, 84 (2016)
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K. Sato
H2 low-E beam line meeting
October 30, 2020

o
=

HARP 5GeV ;i
B e 180 HARP detector

Meanx  0.9055 + 0.0003545

Meany 04124 =0.0002314 Drift Chambers

|al'ge i Std Devx 0,649 0002507 140
i StdDevy 0.4237 +0.0001636
angle

theta[rad]

80

TPC and RPCs in}
60 solenoidal magnet,

forward

20 T9 beam - ° X\Iéz
5 0 for forward
. pOut[GeV] Acc : 0~ 0.25 rad
large-angle

Acc: 0.35 ~2.5rad

HARP coverage in p-6 plane:

e forward: p>0.5GeV/c,6<0.25rad
* binning is rough

* large-angle: p < 0.8 GeV/c, 6 > 0.35 rad

Need low energy proton data with wide acceptance
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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.



