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Why do we care about neutrino-water interaction?
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Runabashs

* On-going T2K (2010-)

e Super-Kamiokande (50kton of water) as Far
Detector

e Incoming T2HK (2027 (?)~)

* Hyper-Kamiokande (260kton of water, effectively
8 times of Super-Kamiokande) as Far Detector

* And other neutrino experiments using water as
targets and at sub-GeV to few-GeV range




Neutrino oscillation measurements and the role of
neutrino-nucleus interaction
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“Near detector” observation*
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“Far detector” observation
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v, flux wo/ oscillation

Oscillation prob.

Neutrino-nucleus cross sections

Number of target nuclei Detection response

The two measurements are

essentially the same except a
factor of oscillation probability.

Detection efficiency

*assume no oscillation at Near Detector




Why it’s not trivial?

“Near detector” observation
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“Far detector” observation

vﬁ(Elfeco., 33) = PYe (Elirue) X Gil:,ﬁt.(Ezime’ 3:) X Mdet. X ec’;gt.(Elirue’ 3:) % M(Elirue.’EL’eco.)

lux

* Two detectors have different angular acceptance to the beam 5
which is not mono-energetic > what observed are different I e
convolutions of flux and cross section (and also the -+ CCRES B NOvA: ND offaxis
different acceptance to final state particles) w/ contribution B e — R

from multiple interaction types (energy at transition region)
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 Neutrino exp. use nuclear target (C/O/Ag...) which modify the
cross section, the final state (topology & kinematics) = What
observed can’t be translated directly to the neutrino-
nucleon interaction modes (CCQE (or 1p1h), CC-RES, DIS)
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o(E,)/FE, (10%8cm2nucleon 'GeV 1)

e Measurements based on the final state topologies. EXx.
“CCOpi”: where is one lepton, no pion (or sometime no meson)
and number of nucleon can be arbitrary

* 1p1h + 2p2h + CC resonance pion prod. w/ pion absorbed

* (Cherenkov detector couldn’t detect proton < 1.4GeV), for
them, 1p1h & 2p2h are the same 4



Where are we in understanding neutrino-nucleus interactions?

Kevin McFaland @ NulNT18

SKS: Stuff Kevin Says v

* From the point of view of experiments, this
meeting has been uplifting and a real triumph.
* The field is continuing to grow.

» We continue to demonstrate impressive technical
achievements, and we translate those into measurements.

* The quality of the science emerging is amazing.
« Experiments have outstripped the over simplified
models in generators.
» |n different ways for different generators.
= Much work is needed, and a sustainable model for that work.

« Can these results be described by the “best” theory We need to collaborate w/
describing nuclear structure, and e scattering? nuclear physicists
= \We do not yet know.

Beginning Re-branding of a \§
new field?

Electroweak Nuclear Physics

More clean data, more model-indepent analysis approaches, more theoretical calculation

& prediction implemented in neutrino event generator are vital to pave the way toward
“the best” nuclear model




Where are we in understanding neutrino-nucleus interactions?
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More clean data, more model-indepent analysis approaches, more theoretical calculation

& prediction implemented in neutrino event generator are vital to pave the way toward
“the best” nuclear model




WAGASCI-BabyMIND

WAGASCI
Plastic  (WAter-Grid-And-SCintillator)

WAGASHI

scintillators Japan traditional sweet
Water tank (|| Hrln ('/on’ /
I -u
i

I
] Parallel scintillator
Grid scintillator

125¢cm

filled with water

BabyMIND
(Prototype Magnetized Iron Neutrlno Detector)
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minicrates w .~ 18 scintillator modules
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l’ 75 tonnes

44 Front End Boards

-; mﬂlg ~

-
DAQPC /

Timing Sync PC




WAGASCI-BabyMIND (cont’d)
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Target materials

e Two WAGASCI modules: 0.60t of
H-0 (H20: CH = 4:1) per each

e Proton Module (refurbished): 0.56t
of fully active scintillator plastics

Wall-MRD
(8.5 1)
@
)




WAGASCI-BabyMIND: Hybrid and

Refurbished detector module

INGRID
(Interactive Neutrino GRID)

Box for front end electronics

10m

Iron plate Tracking plane

10m

* INGRID, placed at on-axis to neutrino beam,
IS to measure the neutrino beam intensity &
profile

* 16 scintillator-steel interleaved modules (7.1t
per each) are produced; 2 modules can be
moved to different places and reused for
other purpose, here as muon tracker before
babyMIND and wallMRD are completed

Proton Module

Power supply

—Electronics box

— Veto planes

)/

Tracking planes

Shading panels

Fully active scintillator detector
built for tagging proton and pion ,
dedicated for cross section study

Proton Module can be moved to
different places and in these
analyses, it used as CH-targeted
detectors




WAGASCI-BabyMIND: Time evolution

On-axis V7SV b v v <y b
1.5 GeV mean energy
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0.86 GeV mean energy
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or water module
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. ‘k'.-j h (used as Fe target)
,,i Y Il"“" - Three INGRID modules used as  identification for WM and PM
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Proton Module V}jAGASCl INGRID

N2
Oct. 2017 - May 2018

8.5x1020 POT anti-v-mode [l a8 o= = eV A el ii- e
O/C ratio measurement

To take data with neutrino

\®,
WA o
aa‘o\é‘ &) (commissioning w/ v-mode)

Wall-MRD
(8.5 t)

To enlarge coverage of lepton
scattering/ momentum determination
Nov. 2019 ~ and charge identification
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Inclusive charged-current cross section
on H20, CH, Fe and their ratios

MC information
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CC selection efficiency
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Inclusive charged-current cross section
on H20, CH, Fe and their ratios

arXiv:1904.09611
(to be published on PTEP)
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INGRID
- vertical
modules

GFIEL iter module
used as Fe YJ
Three INGRID modules used as p identifica oHo NM a dP

(syst.)) x 107%® e¢m? /nucleon,

(syst.)) x 107°® ¢cm? /nucleon.

Oct. 2016 - Aprll 2017
7.25x1020 POT v-mode

= 1.028 £ 0.016(stat.) = 0.053(syst.),

= 1.023 £ 0.012(stat.) 4+ 0.058(syst.),

= 1.049 £ 0.010(stat.) & 0.043(syst. ).

e 10%-14% errors for absolute measurement; 5% for ratio measurements

e Unprecedented precision for the measurements of neutrino-water interactions

e Good agreements with interaction models used in T2K exp.
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Exclusive charged-current single pion
production on H20, CH and their ratios

Signal : 2 tracks p-like

(+ 0 or 1 track p-like)
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* Neither event generator describes

the data well

e Both seems overestimate at low
momentum of leptons

&= CCOx (< 1p)
— CCOx (> 2p)
— CCtr*
—CCtr°
&= CCother
—NC
— Wall
== INGRID H+V
== anti-v, + v,
—— Data
B 10°%
— ;3f' L BN B B
a8 —+ Data ]
1 2 a5 -]
4 s2= |- NEUT 5.3.3 ]
3 Q = -
= g A Rt GENIE 2.12.4 ]
""""" 1 £ (W Statstcs |
E g C [ Detector ]
&0 0 51 o Model ]
o0 gl 35 B Modes =
g g F I Flux ]
I s e -
0.5 B
L ] | 1 | ]
% 2 3 r 5 6
P, (GeV)
o
(IHZO/ Ocyy 0, < 50
527 T
@) o 3
— 1.8 —+— Data =
c§ 16 | NEUT 5.3.3 —
14 —_ “““ GENIE 2.12.4 .
1.2F B
1, R =
0.8 =
0.6 :_ Bl Statistical f
0.4 [ Detector =
- [ Interactions B
0.2 B Fux =
C | | | P | L
00 1 2 3 4 5 6
p, (GeV)

(to be published)

<

7 '\‘V/»»" <

M
' L

INGRID
_— vertical
modules

Proton Module

or water module

INGRID center module
(used as Fe target)

Three INGRID modules used as p identification for WM and PM

o
e

x10%

LA (L L L L L L L B

—— Data
NEUT 5.3.3
GENIE 2.12.4

Illlllllllllllllll

i I Statistics
- [ ] Detector
L [ Models
u I Flux
. R BT EPUPAT PRI R B
0 20 60 80 100 120 140 160 18I
8, ()
Ouzo ! Oy P> 400 MeV
T T
—— Data —
""" NEUT 5.3.3 :
----- GENIE 2.12.4 =
; B statistical ;
— Detector .
E [ Interactions R
0.2— B Flux —
P P B I S IR I I I
0 20 40 60 80 100 120 140 160 18(
0, (°)
n




Exclusive charged-current 0-pion,
0-proton on H20, CH at 1.5° off-axis
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# of events

Exclusive charged-current 0-pion,
0-proton on H20, CH at 1.5° off-axis

(paper in preparation)
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0 10 20 30 40 50 60 70 80 9 0 10 20 30 40 50 60 70 80 90
Muon Angle [deg] Muon Angle [deg]
Proton Module
W.r Module ) Me . Data Data/MC _ MC Data  Data/MC
v, vy v, + 7, External B.G. Total 7, vy Ve + 7. External B.G. Total
Event reconstruction 9959.1  2597.9  149.9 10582.9 18889.7 | 20728  1.10 48134 2219.1  104.1 195761.9 2028985 | 191554  0.94
o (294%) (13.8%) (0.8%) (56.0%) (100.0%) (24%)  (11%)  (0.1%) (96.5%) (100.0%)
Beam timing 5485.5  2462.8  142.3 10439.1 18529.7 | 20095 1.08 4807.8 22018 103.3 195691.1 202804.0 | 191118 0.94
| (29.6%) (13.3%) (0.8%) (56.3%) (100.0%) (20.6%) (13.3%) (0.8%) (56.3%) (100.0%)
Unstream veto 3925.3 17550 83.0 6081.8 11845.1 | 12236 1.03 42232 18833  88.6 31118.6 37313.7 | 40593 1.09
pstream vet (33.1%)  (14.8%)  (0.7%) (51.3%) (100.0%) (11.3%)  (5.0%)  (0.2%) (83.4%) (100.0%)
Piducial volume 1936.9  812.8 38.7 112.3 2000.7 | 2797 0.96 1865.8  792.0 39.0 71.3 27682 | 2623 0.95
N ‘ (66.8%) (28.0%) (1.3%) (3.9%) (100.0%) (67.4%) (28.6%) (1.4%) (2.6%) (100.0%)
Additional accentance 1279.9  497.4 28.3 81.5 1887.1 | 1783 0.94 1865.8  792.0 30.0 713 27632 | 2623 095
Aadibionat acceptance (67.8%) (26.4%) (1.5%) (4.3%) (100.0%) (67.4%) (28.6%) (1.4%) (2.6%) (100.0%)
One-track extraction 1075.7  224.5 17.3 76.5 1394.0 | 1406 1.01 1620.6  429.0 25.0 68.5 2143.1 | 2152 1.00
-track extract (L% (1.2%) (5.5%) (100.0%) (1.2%) (3.2%) (100.0%)
Reconstructed track angle g 969.5 16.5 72.3 1261.9 1279 101 23.7 54.8 1983.1 1967 0.99
T TR (76.8%)  (16.1%) (1.3%) (5.7%) (100.0%) (1.2%) (2.8%) (100.0%)

V=S s e
S b o

After selection, 76%-77% coming from muon anti-neutrinos; 16%-20% from muon

neutrinos (wrong-side). Good data-MC comparison is shown in every step of selection
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Exclusive charged-current 0-pion,
0-proton on H20, CH at 1.5° off-axis

(paper in preparation)

4 Daa

Il stonsocs

I neutrino Flux
Il e acvon Moo

%""?ls,pg cCo,‘b!“%v Corg 1, '%%,% o cm}%"”%»,%’%‘%w
Summary of Errors on CCOm0p: 6, < 30deg [%)]
True phase space Statistics Neutino  Neutrino  Detector Total
flux interactions response

Uy OH,0 CCOm0p : 0 — 30deg  +6.32 0% e +5.49 18

-~ U, : ocH CCOn0p : 0 — 30deg ~ +4.96 32" My +3.75
U, : on,0/0cH CCOr0p : 0 — 30deg  +7.93 ool o2 +7.02 308
Uu+ Uyt 00 CCOm0p : 0 — 30deg  £5.53 100 iy +5.15 10
V,+v, : ocu CCOmOp : 0 — 30deg  +4.20 1% e +3.41 0
V.t v, omo/ocy CCOnOp: 0 — 30deg  +6.91 ool e +6.54 109

e 10%-15% uncertainty for differential cross section measurement on water

e Qverall agrees within 1-sigma uncertainty with neutrino interaction models used in
T2K experiment

 Except, MC seems overestimate at phase space of muon scatting angles 200-250
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WAGASCI-BabyMIND prospects

Limitation of previous measurements

e Angular acceptance for lepton is limited 30°-450

Problem solver: Baby-

MIND and Wall-MRD e Momentum measurement of lepton limits to 1GeV

e Can’t measure the charge, particularly important

when taking data in anti-neutrino mode
1.50° off-axis

0.86 GeV mean energy

Wall-MRD
(8.5 t)

Plan to take 1yr. data, for both neutrino
and anti-neutrino mode, >5x1020 POT

Nov. 2019 ~ per each mode



BabyMIND

Muon range & charge identification
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Beam test at CERN 2017
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Explore multi off-axis detectors:
flux subtraction as a promising gem

Flux FHC
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Subtracting flux at different off-axis detectors results in narrower-band flux, make
(double) differential cross section more interesting/power to test the interaction models




Summary

e Neutrino-water interaction is important for on-going T2K and
future Hyper-K and other relevant neutrino experiments

e WAGASCI-BabyMIND aims for precision measurements of
neutrino-water interactions

e With WAGASCI provisional setups, we have provided
measurements with unprecedented precision

e \We're ready to take data with full setup from fall 2019
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