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The Nobel Prize in Physics 2015 was awarded jointly to Takaaki
Kajita and Arthur B. McDonald "for the discovery of neutrino
aJs%%)’ations, which shows that neutrinos have mass"




1. Next goal of high energy physics

Establish Neutrino Standard Model (vSM)
- SM + 3 active massive neutrinos

Unknown parameters of vSM
1. Dirac CP phase
2. 023 (623=40° and 50° are same for sin20,3, but not for sinB,3)

3. normal mass ordering my<m,<mjs or inverted mass ordering msz<m;<ms
4. Dirac or Majorana

5. Majorana phases not relevant to neutrino oscillation experiments
6. Absolute neutrino mass

We need higher precision neutrino oscillation experiments around 1-10 GeV.
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1. Neutrino oscillations

Flavour eigenstate = superposition of Hamiltonian eigenstate (mass eigenstate in vacuum)

Uel Uez Ue3
|Va> - Z Uallvl) U= Uul Uuz U[,LB
U%l U%Z U%B

U is PMNS (Pontecovo-Maki-Nakagawa-Sakata) Matrix
0 0 €13 0 s;ze™P\ /¢, s O 1 ,221 0
U= (0 C23 s23> 0 1 0 (—512 C12 0) 0 2 0
0 —Sp3 (23 —SlgeiSCP 0 C13 0 0 1 0 0 iﬂ
Here c,3 = cos6,3 and s,3 = sinf,3, §.p = Dirac phase, «; = Majorana phase.
Oscillation probability of neutrino flavor v, to vg with energy E, baseline L is
Am ;L

Pop(LE)=1- 42 Re(Ug;Up;Uy;Ug; )sin® 4E +2 Z Im(UpUp;Uy;Ugj)sin T

i>j i>j

After adjusting units, the 2-flavor oscillation can be written in a simple formula.
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Oyama (T2K), CNNP2020
1. Neutrino oscillations

Keep the first order of CP violation for muon neutrino to electron neutrino oscillation

Jarlskog invariant
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Formaggio and Zeller, Rev.Mod.Phys.84(2012)1307

1. Next generation neutrino oscillation experiments

Neutrino oscillation experiments
- Present: T2K, NOvVA, MicroBooNE, DeepCore...
- Future: Hyper-Kamiokande, DUNE, PINGU, ORCA...

- Most of experiments are 1-10 GeV
- Cross-section data are poor
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1. Neutrino oscillation analysis

Data Simulation

: Simulate neutrino flux at the near

Create neutrino beam detector and the far detector
Measure muon neutrinos at the Simulate neutrino interaction at the
near detector near detector and the far detector
Measure electron neutrinos (and Simulate detector response at the

muon neutrinos) at the far near detector and far detector

detector
Apply oscillation formula to the far
event distribution

Oscillation analysis /

Compare data and simulation to find oscillation parameters
(use near detector information to constrain systematic errors)
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Super-Kamiokande detector
far detector)
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T2K, PRD87(2013)012001, 93(2016)012006

2. Neutrino beamline

Primary beamline

- 30 GeV protons are extracted from MR by B
superconducting magnets
- 1 pulse contains 8 bunches in ~5us, about
~2.5E14 ppp (protons per pulse) with 2.48 7 0. 1ofm 8 Preparation section
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Super-Kamiokande
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T2K, PRD87(2013)012001, NIMA789(2015)57 This is the sound of neutrinos!

. . H 3test (250 kA, ~1.7 T
2. Neutrino beamline o )

Secondary beamline

- Protons collide the graphite target (in the Horn
1) to produce mesons, and these mesons decay
in the decay volume to produce neutrinos
(decay-in-flight).

- In neutrino mode, 3 magnetic horns focus
positive mesons and defocus negative mesons
to produce neutrino beam (flux ~x17). In
antineutrino mode, horn current is reversed to
focus negative mesons.

Concrete
shields

Iron shields
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here
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T2K, PRD87(2013)012001
NAG1/SHINE, EPJC76(2016)84

2. Neutrino beamline z

sin®26,,= 1.0
Am2,=2.4x10"eV?

Off-axis beam
- 2.50° off-axis to make ~0.6 GeV narrow band beam
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CERN NAG1/SHINE Zoonas

- Hadron production at the target is simulated with the i 1
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T2K, PRD87(2013)012001 x 10%°
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- ~9% error at the flux peak
- replica target NA61/SHINE data can reduce error to ~5%
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T2K, NIMA659(2011)106
Oyama (T2K), CNNP2020 ND280

3. Near detectors

INGRID
- on-axis near detector
- Mainly for neutrino flux monitoring

ND280

- off-axis near detector

- Data are used to constrain various
systematics

INGRID
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T2K, NIMA659(2011)106

3. On-axis detector

INGRID

- An array of 16 modules

- Scintillator-iron tracker

- nominal accuracy ~ 0.1 mrad

11z

Scintillator SiPM
- Organic plastic scintillator

- polystyrene, TiO2 reflector

- PPO, POPOP doping

- Wavelength shifting (WLS) fiber

- SiPM reading

Signal light

(green) WLS fiber

Scintillation || ¥ —

light (blue) Charged
'\ perici R s
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T2K, NIMA659(2011)106, PRD91(2015)112002
Pintaudi (WAGASCI), Oshima (NINJA), JPS2020

3 . O n -aXi S d ete Cto rS Proton Module Standard module

Proton module
- Fully active module

WAGASCI
- Water target 3-d scintillator array

BabyMIND
- Magnetized tracker made at CERN

NINJA
- Emulsion neutrino detector

Emulsion layer image by microscope system (FTS @ Toho Univ.)

-
LR/

BabyMIND

IronPL

(' emulsion
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T2K, NIMA659(2011)106, PRL121(2018)171802

3. Off-axis detector

ND280

- POD: Water-scintillator tracker

- FGD: Fully active scintillator tracker
- TPC: Argas TPC

- ECal: Lead-scintillator calorimeter

- SMRD: Iron-scintillator tracker

- UA1 magnet

Near detector data

- 14 samples are used for the oscillation analysis to
constrain flux and cross-section systematic errors

ING'S
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T2K, NIMA659(2011)106, PRL121(2018)171802

3. Off-axis detector

ND280

- POD: Water-scintillator tracker
- FGD: Fully active scintillator tracker

- TPC: Argas TPC

- ECal: Lead-scintillator calorimeter
- SMRD: Iron-scintillator tracker

- UA1 magnet

Near detector data

0 Downstream
detecto ECAL

Solénoid Coil

Bfam

- 14 samples are used for the oscillation analysis to
constrain flux and cross-section systematic errors
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T2K, NIMA659(2011)106, PRL121(2018)171802

3. Off-axis detector

ND280

- POD: Water-scintillator tracker

- FGD: Fully active scintillator tracker
- TPC: Argas TPC

- ECal: Lead-scintillator calorimeter

- SMRD: Iron-scintillator tracker

- UA1 magnet

Near detector data

- 14 samples are used for the oscillation analysis to

UA1 Magnet Yoke

constrain flux and cross-section systematic errors
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SuperK, NIMA501(2003)418
3. Far detector

Super-Kamiokande

- 50 kton water Cherenkov detector

- 2015 Nobel prize

- 11,146 20-inch PMTs (inner detector)

- 1,885 8-inch PMTs (outer detector)
Photo-multiplier tube (PMT)

ING'S
College

LONDON 20-inch PMT is quite big...

K inner detect

......

.....
.....

OD PMT unit
- 8-inch PMT |
- wave-length g
shifting plate

White Tyvek
reflector
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SuperK, NIMA501(2003)418
801 4 7oK data PR pe——
3. Far detector [ o7, charsecourent Nt curen
Event reconstruction 6o 1
- From measured time and charge o | |
information from all PMTs, particle § i |
identification (PID) and kinematics are 5 s . : 1
reconstructed g reike otk i
- From reconstructed charged lepton = |
kinematics, neutrino energy is 4
reconstructed i
o _ ME —0.5mf at |
V. M —E + pcosf - W h gy, f
—2,000 -1,000 0 1,000 2,000
Electron or muon PID discriminator
E v.(V,) measurement has 2 major backgrounds

1. Intrinsic background
Ve (V) contamination in the beam (~0.5%)

neutrino

2. misID background

Gamma rays counted as electron (positron).

Majority of them are from neutral current =°

production where one of y is undetected
ING'S Vut A= v + A+ 10, m% -y X
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4. Charged current quasi-elastic (CCQE) scattering

Event reconstruction _ _ _
- From measured time and charge CCQE is the most abundant interaction at ~1 GeV.

information from all PMTs, particle

v, uw
identification (PID) and kinematics are Vutn—-p +p j{w\

reconstructed (+X->p +X) a P
- From reconstructed charged lepton
kinematics, neutrino energy is Neutrino energy is reconstructed from the observed
reconstructed lepton kinematics
0r  ME —0.5m? QE assumption
V' T M —E + pcos@ 1. assuming neutron at rest

2. assuming interaction is CCQE (2-body kinematics)

G. Zeller

; C
E 31.4:
t1.2F
o
neutrino 0.8}
R 50.6f
L/ - R
(proton) A. 80.4f
® B
0.2}
° r
- S - X
| .
; . . 10 1 10 10?
ICN/g}S All neutrino cross-section channels v,CC cross section per nucleon E, (GeV)
oliege including CCQE) have large error 2020/04/22 27
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Martini et al,PRC80(2009)065501, TK, Martini, JPhysG45(2017)1

4. CCQE puzzle

An explanation of this puzzle

Nuclear correlations Inclusion of the multinucleon Genuine CCQE
- Martini et al pointed out that emission channel (np-nh) Y N
neutrino interactions around1GevV oy @0
can be modified ~30% by correlatec .| [ 555F . ’ W+ .
nucleons (2p2h, 2-body current, s {_,.}%H“ - : N
meson eXChange Current’ etC) ;z: __,_,-—’——-—-—'-E /Two particles-two holes (2p-2h)\
> b 1 ™ NN

A large community effort (both L ] >ﬁ W @ ®
theorists and experimentalists) to . ’ We ¥ o
understand the role of nucleon R ¥ B N IR S N IN

. . . . . E,[GeV] \W+ absorbed by a pair of nucleons/
correlations in neutrino interaction

p hyS i CS . — G. Zeller
> -
E §1.4E
E1.2f
©
o1
neutrino :,:}0.8:
0... .‘. 506;
(proton) A , . . 20.4f
I's not 2-body kinematics o F
2 2

v 0 e,
M — E + pcos6 10" 1 10 102
v,CC cross section per nucleon E, (GeV)
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Martini et al,PRC80(2009)065501, TK, Martini, JPhysG45(2017)1

4. CCQE puzzle (2019)

Martini et al

Advanced nuclear models can reproduce

MiniBooNE CCQE-like data, but there are R = s v 1l
large systematics errors on nuclear L | - I 8 Q|
parameters. E S e A TR N

=T ETN R {
Martini — RPA+2p2h 2 Y Nl

Nieves — Valencia 2p2h model e TR
SuSA — Superscaling+MEC Valencia |
Giusti — Relativistic Green’s function

Butkevich — RDWIA+MEC RRY w1 s FTTTTTO
Butkevichetal | = ‘o M i) | 2% 10 :_V 0.85
§ 5 :_I TT T[T T T T[T T T T [TTT |_: ’=, " . - $ \.l_. 1049 GV _._: : — ::E"'Tp:del
NS E cos0=0.8-097 = { = = * QE (RPA)
. “E r - o 4 ‘ 0.8) < Cos B < 0N 5_\ e - i
We use Valencia 2p2h L 1 3 $ R I = g~ e
. . 5 15 E 4 = . » Exp.datax09 _-: [~
model for our simulation S Uk 1 5 =
S 10 [ 4 % |2 2 g O
o F N = . %
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; ° :_ N E ' 1 JHi.'\c .
9 0 :I i R |A‘L‘rw-| |
0 0.5 1 1.5 2
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4. Neutrino-induced single pion production

Baryon resonant pion production + final state interaction (FSI)
- Neutrino induced pion productions have large errors
- Final state interaction of hadrons have large errors

Signal i Rejected Not rejected

y (not background (background)

---4-3(") . A
pion abs
in nuclei

muon neutrino disappearance simulation

nucleus

T2K collabo.

ratio

QE assumption 1

reconstructed neutrino
energy (EvQE)

200 T2K collabo.

T lllllll

T

T IIIIII

&v 11 1 1 l 11 1 1 l 11 1 1 l 11 1 1 l
. 0.5 1 1.5 2
LONDON katori@fnal.gov Ev©T (GeV)
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G. Zeller

MINERVA,PRD100(2019)072005

%1.4
MiniBooNE,PRD83(2011)052009, Lalakulich et al,PRC87(2013)014602 %1 ,
4. Pion puzzle (2019) s
0.8
506
$0.4
: : , 80.2
MINERVA simultaneous fit for 4 different data set 2 0 S,
L : -1 0?
- Most advanced study in this community 10 1 R )
- Not conclusive on baryon resonance and FSI models
e — o GiBUU vs. MiniBooNE CCn° data
R T e R s - You need to simulate both CCn° and
. b 3 11 H:h‘i!i R CCn#, and FSI including inelastic
v,CC1In* § g Pl H — scattering, charge exchange, pion
' oY absorption
% é H gu, —v.coue g ] A pion scattering
v,CCNn* ¢ — N> e o
g 3 = s L
B s Zoogh Tt . .
: 5 &) — GiBUU, with FSI
LI T S e I R > 3L —— GiBUU, without FSI
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Kaboth (T2K), NuPhys2018

4. Neutrino interaction physics, external data constraints

(—_ T T T I T T T T | T T T T I T T T T | T T T T [ T T T T
- [ CC-inclusive [[]CCQE-like [ CC 1

We accept large systematic errors on neutrino
CC other |:| CC coherent

interaction models

et
()

[
IIIII

We need to constrain these errors internally, using
the data from the ND280 near detector data

e
[®)) 0
L L

_O
=~
T | TT

PDG (2019)
Section 42. Monte Carlo Neutrino Generators
Section 50. Neutrino Cross Section Measurements

o
()
[

o/E,, (x 108 cm2/nucleon/GeV)
oo| T I. TT

NuSTEC (https://nustec.fnal.gov/)

New theory-experiment collaboration to promote > 045k @l coinclusive [ coaEike GG
O -

neutrino interaction physics S g4 Eccother  [T]cC coherent
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5. T2K oscillation results

: < T L N A B B
External constraint 2 | EcCinclusive [lCCQE-ike M CC T
MiniBooNE, M|NERVA, SciBooNE % T |CC other [ ]cc coherent
K2K, MINOS, Bubble chambers S IF
O -
_ --external data Z 08
= 60 . o |
g —default model External data give g 0.6
s — after fits initial guess of cross- g F
= 20 ; . . = 04—
g section systematics x
.- 02
3.9 = 5
00 0s 1.0 1.5 0
O (GeV3ich
20,
= 1of = 30.45;_ B cC-inclusive  [[] CCQE-like Blcc
% . % 0_42_ || cc other [ ]cc coherent
® 80355
S f — I
R e 203
00 o5 o s 30 NE 0.25F
O (GeV¥ch) 3 E
o I S0
E 1.5p —}— MB NCIx®data ] X 013—
s o =
= wf0.05F
§ 05 o) 0: .
Y e = 0 05 1 5 2 25 3
3 Lo E, (GeV)
0.0 0.5 —— 1.0 1.5
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5. T2K oscillation results
Internal data can constrain

External constraint Internal constraint systematic errors for the event
MiniBooNE, MINERVA, SciBooNE Near detector rate (flux x cross-section)
K2K, MINOS, Bubble chambers | |oscillation non-sensitive channels
< of +external data || | g EccoET T T O SuperK sample systematic error
% —defaUIt mOdel g 1000 - |i|CC coherent —; | Wth t ND280 Wth ND280
=, 20 = E :
g % 400 |1 sand interactions _; :,/inu-“ke 1 4 '6% 5' 1 %
% L5 B @ 2000 R 3 g
1.0 = e et - .
& 05 % 1000 2000 3000 4000 5000 v e-like o 0
] 0 e 16.9% 8.8%
@ (GeVichH u
20, T T T T — o
EE T NEUT mominal 800 : (c) _: V ”-Ilke 1 25% 45%
g 15¢ —— Bestfit g 1 . r|ng
,g o —— MB OCIK® daa 2 00k [ E L
mschd 2| velke | 144% | 7.1%
S s % 400 . ring
N 5 By .
2,5 & 200 & ] B FSI parameters
§ ::c_‘_ -+ =_‘_‘_;—l_i_ﬁ \ B ] 18 EPriorwNDZB(!conslrmnl
8 0.5-*-’1_‘— : i % lm " -.Vﬁ"v 4(X)O S(km 16 + After ND280 constraint l I
oo o Q2 ((l:'eovzll.“) - = pl‘ (MCV/C) ‘
z 20f -—— NEUT nominal
% 1-Sp Il::l’::;lx"dm ;f
S 10} =
s g
g (II)(Z; T I-F“T'J_'Eh T T i T = _ . — 5 é : ) g‘) E”
- T 2000 > S
20 = =0 = ex) FSI errors, before and after £ %

External data fit T2K ND280 data fit internal constraints
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5. T2K oscillation results - -
20 :— —:
C 4 i
SuperK data prefer a model with negative N i
: - 15 — —
CP violation angle (~-n/2) 2 | -
e [ i
- Enhancement of P(v, - v,) i T .
- Suppression of P(v, - ) e E
c 1e0de v-mode | 1eOde v-mode | 1elde v-mode > N i
Vu = Ve 59.0 3.0 5.4 B .
i, 7, 0.4 75 0.0 _
b 1o _
Background 13.8 6.4 1.5 B V= v, 0cp=0 - - - Total predicted, dp = _r
) : 2
Total predicted 73.2 16.9 6.9 i 7 6020 | e Total predicted. 6. = +& ]
Systematic uncertainty 8.8% 71% 18.4% 8 — . woooeer ol precieied fer = 43 ]
Dat - 15 15 [l Background —e— Data -
ata = -
6 _— — —_
%) D Y . -
2009 — 2018 data :ij - : i
- Neutrino mode, 1.49E21 POT A -
- Antineutrino mode, 1.64E21 POT - T ]
2 | sespene —
N
0 0.2 0.4 0.6 0.8 1 1.2
ING’S Reconstructed energy (GeV)
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a
5. T2K oscillation results
All oscillation parameters are fit by assuming
normal or inverted mass ordering. gf

- 3cp, SiN%053, AmM24, : flat prior
- s8in%0,5, Sin0435, AM2,, : external constraint (PDG)

Now the 3c contour is closed, more data or new p
generation experiments can find the right value
from here (Note, zero CP violation is not rejected
with 3c).

T2K runs 1-9
——

[T rTrrrrrrrrrp T ]
0.034 &7 —— T2K + reactors o
- Reactor .
0.030 — —]
= Z
0.028 [— | N
0.026 [~ -
0.024 -\ 3
0.020 —
} +————————————
0.65 2 68.27% confidence level —
— 99.73% confidence level -

0.60

\

- e

0.55

Normal ordering is favoured with 89% posterior &
- (‘\'g 0.50
probability. % _—
0.45
CP violating phase (&cp) « CP symmetric
can take a value between -180° and 180° (No neutrino-antineutrino difference)
0.40 e =
C 1 o I |
Normal order —
Disfavored
. Inverted order ‘ ;
segon ot SIET L
Enhance electron neutrino Enhance electron
appearance antineutrino appearance -3 - -1 0 1 7 3
6CP
ori@fnal.gov 2020/04/22 37

« CP symmetric
(No neutrino-antineutrino difference)
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Beacom and Vagins, PRL93(2004)171101
TK, Martini, JPhysG45(2017), TITUS, ArXiv:1606.08114 [ l | l

6. SK-Gd T

~
7’
L

[a—
=]
LIRSS L S
-
| S—)

11 Illllll

SuperK is planned to be doped with 0.1% of Gd 10°

\ ]

Atmospheric

Supernova ;e
(DSNB)

This improves neutron tagging efficiency to be 10
~90%, making SK-Gd to be visible for DSNB
(diffused supernova neutrino background).

11 lllllll

V\i’roton o \
‘ il Gadolinium

2
005 10 15 20 25 30 35 40
i Charged Gamma rays Measured E, [MeV]
lepton L o
! Neutron tagging is also useful to suppress background
| for antineutrino oscillation measurements.
Originally detectable signal New signal - T - <10
£ 200 —NC E E  4s0f
S 180 3 s
& 1e0f § 00
g 140; ‘%’: 350;
% 120F- % 300
S 100F 5 2500
Antineutrino beam has large background = of z 200
of neutrinos (wrong-sign background) ——— o
203— 50? E
ING’S % T TS 2 25 3 35 4
CO//é'gé‘ E% [GeV]
LONDON (b) Nieutrons =0 (C) Nhieutrons = 1
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T2K, ArXiv:1908.05141
Kikutani (T2K), JPS2020

6 T 2 K U pg ra d e T2K-Il Target POT (Protons-On-Target)

]

>
o
»
o

Integrated Delivered Protons [102'POT]

g F ]
g1 400 " MR RF upgrade ] . ie
5 Coaw M = .
. < 1200 ]
J-PARC neutrino beam upgrade 5 F e Power Sumpty g e o
- Current beam power is ~ 500kW 1000 T 3
P = [ p /

- Beam power will be increased to 1.3MW in ~2028 8020 so=ror

30 CPV for sint,,=0.58 =1 / /

20

- 2.48 sec period - 1.16 sec period 600
- 2.6E14 ppp = 3.2E14 ppp

—
(4]

Delivered Protons / Period [10%'POT]
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ND280 detector upgrade 0 s Jos

- POD is replaced with new detectors 2016 2018 2020 2022 2024 2026 2028 2030
.. Jan. Jan. Jan. Jan. Jan. Jan. Jan. Jan.

- SuperFGD: 3-d scintillator tracker

- High pressure gas TPC: high-angle event measurement

3
(=]
T

UA1 Magnet Yoke

3 8
=] =]
TTTTIT]T

=)
TT T

istance from Target Center in Z axis (mm)
3
(=]
T

Neutrino
Interaction

g
I
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HyperK, ArXiv:1805.04163 68 m

Nakayama (HyperK), JPSZOZ.O HiggsTan i
0. Hyper-Kam|okande https:/higgstan.com/ . . U
71 m
166 m 41.4m
260 kton water Cherenkov tank - @ N
- ~x8.4 fiducial volume of SuperK ——

. ) ) 3,000 ton 50,000 ton 260,000 ton
- Construction starts in this year! _ ,

- MeV to TeV physics &
- solar, atmospheric, beam neutrinos

- proton decay, new physics search

~1,000 PMTs ~11,000 PMTs ~40,000 PMTs

Kamiokande Super-Kamiokande Hyper-Kamiokande
- 1983 start 1996 start 2020 construction start
2027 data taking (plan)

5 2002 ) 2015 @
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HyperK, ArXiv:1805.04163
Nakayama (HyperK), JPS2020, Playfer (HyperK), NuPhys2019

0. Hyper-Kamlokande O 15F 5 - ano <2 cr R Nt ]
TR dcp=-90°, sin?0,; = 0.5, Normal mass ordering |
o [  — Statistical error only 7
Oscillation program % | .. Improved systematic error I
- 55 5cp measurement depends on & T T el ™
systematic error reduction S T o
L . O Fo9eCL ... T -
- mass ordering is determined through s . f i
atmospheric neutrinos o [ A py i
. 5 90% C.L il 2024

- 023 will be measured s s e T i
i End of 2019 i
< 0- PR TR _ o SR I SR T T j. L L PR d

HyperK will find all oscillation parameters! 0 5 10 15 20

Protons-on-Target (x10%)
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HyperK, ArXiv:1805.04163
Nakayama (HyperK), JPS2020, Playfer (HyperK), NuPhys2019

6. Hyper-Kamiokande

Solar neutrino
- Need low PMT dark rate mPMT prototype
- mPMT helps a lot

Proton decay
- 3o sensitivity in 20yrs
- p~>en°, 1~1E35yr
- p2VvK*, 1~2E34yr

- Many channels to measure!

Supernova neutrinos

- Search extends to ~Mpc

e Qe
O N®©o =

tion Probability

go.5f

lasiedlagag

Andromeda

oo
4 5 6 7 8 910

Distance (Mpc)

O

M81

1/ [years]

£ 300¢
S r 20%B&L
c -
2 250—
5 r
a r
5 200 ”:—
T |
] C
= 150
100
50—
50cm o (but Ilmlted by {adloacpve backgrounqls)
4
EV (MeV)
p—>emn° | p—2>vK*
|- =—a—— DUNE 40 kton, staged , 3¢ 1035 | st JUNO 20 kton , 3¢
1036__ e SK 22.5 kton , 30 E g HK 186 kton HD , 3¢
E HK 372 kton HD staged , 30 [ ——a—— DUNE 40 kton, staged , 3¢
[ =——e= HK 186 kton HD , 30 [ ==—e== SK 22.5 ktop, 3o 11 17
- ~ Fyper=K
] i s
10% JUNO ]
; / ] 034 y
-_/ L — e PENE
10% SKy /
{ / // fl/ ArXiv:2002.03005 -
1033 1 ,'
1033%/'"' 0 15 20 ! Gis ' ' —
0 ° 2020 2030 2040  Year

Years

Future of T2K, SK-Gd, T2K-upgrade, and
Hyper-Kamiokande are very bright!
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Conclusion é 4

i v ) )
T2K is the second generation long-baseline neutrino oscillation experiment in Japan
Neutrinos from the J-PARC neutrino beam are measured by the Super-Kamiokande detector
2009-2018 data shows asymmetric oscillations, and neutrino oscillation is ‘enhanced, and

antineutrino oscillation is suppressed. This can be interpreted as negative CP violation
phase.

99.73% confidence level

0CP=0 is rejected more than 2c, and 3c interval is ' 68.27% confidence level

[-3.41, -0.03] (normal ordering), and [~2.54, —0.32] [
(inverted@ideting) ¥ < Al = ™ M " rarlmE 0
The future plans include the SK-Gd, T2K-Upgrade, S 4
and Hyper-Kamiokande, and all of them are ongoing
projects!

(]

a. 6 . ;; / - Normal order
Al
1% | _Ll. ] ;‘ ~.A
Li‘ :. P |
" A 1 s :
. J ._( ARa gy
LN ey sl i’ -
, , ¥, g4 oM
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1. Next goal of high energy physics

DUNE (USA)
Argon target
* wide band 1-4 GeV
* High spatial resolution
* Low time resolution

Hyper-Kamiokande (Japan)
« Water target

* Narrow band 0.6 GeV

» Low spatial resolution

* High time resolution

-~
) o J
. * > — T2K/Hyper-K
- < — MicroBooNE
- —_ MINERVA (ME)

— NOvVA

0 1 2 3 4 5 6 7.8
E, (GeV)
Low energy beam (~1 GeV) High energy beam (~few GeV)
- shorter baseline (lower flux reduction) - longer baseline (higher flux reduction)
- lower neutrino production - higher neutrino production
- lower interaction rate - higher interaction
- kinematic energy reconstruction - calorimetric energy reconstruction
ING'S
College P, _ . (L/E)=sin 2 20sin (1 27Am? (eVZ)M)
LONDON E(GeV)




HyperK, ArXiv:1805.04163

1. Neutrino oscillations

Py, = ve) = 434535535 - sin® Agy

+86%3512513523(012023 cos dcp — 512813823) - cos Agg - sin Agq - sin Agq N_Ormal Ord.en.ng haS a
higher oscillation

probability than inverted

—80%3012023812813823 sindcp - sin Ago - sin Agq - sin Aoy

+4575c13(clachs + 519533513 — 2¢12C23512523513 €08 dcp) - sin® Aoy ordering for neutrino
al . oscillation
—80%33%3.9%3 . E(l — 23%3) - cos Agy - sin Agq
a
+8c13513533 5 (1 — 2s13) - sin® Agy,
Am%l
neutrino i i
(R . 01 or anti-neutrino
i L=295km, $in“26;5=0.1  § L=295km, sin?26,5=0.1
0.08 Normal ordering —p —ne 0.08 | {8
- 1} Inverted ordering=¥ Ocp=0 - ‘
% ool [N 00 1= 0.06
N i V7SN === =
= 004 N T 1=" 0.04
o _---...._'.:.::::. o
0.02 0.02
0 L oL
0 1 2 0
Ey (GeV) Ey (GeV)
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TK, Martini, JPhysG45(2017)1
Kowalik, Nulnt16 (Toronto)

2. Typical neutrino beams for oscillation experiments

e.g.) J-PARC neutrino beam (T2K) |

- pion decay-in-flight (high flux) SO = e L e

- off-axis beam (narrow band) ‘ I -

- but has components up to ~ 10 GeV B R

- typical beam 1-10 GeV monitors thestabilty  measures the muon profle measure the proton beam
of v flux and direction after beam dump intensity, direction

- ~5% normalization error (best case)

Arbitrary
r— |

— T2K/Hyper-K
— MicroBooNE

— MINERvVA (ME)
— NOVA

#vien?/1x107'POT
S = 2

2

o 5 10 15 20 25 o 1 2 3 4 5 6
E, (GeV)
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2. LINAC -2 RCS -2 MR = extraction

LINAC
- 1st stage
- 400 MeV

RCS (Rapid Cycling Synchrotron)

- 2"d stage

-3 GeV, 25 Hz

- 4 beam pulse are extracted with 40ms
intervals

Main Ring

- 3rd stage

- 30 GeV

- 8 bunches in 1 spill, 2.48 sec interval

Extraction beam line
- Supercoducting bending magnet

ING'S

College katori@fnal.gov 2020/04/22 51
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T2K, NIMA659(2011)106, PRL121(2018)171802, PRD98(2018)032003

3. Off-axis detector

& 3D Projection v Transverse Plane [y
ND280 ’ Z X

- POD: Water-scintillator tracker

- FGD: Fully active scintillator tracker
- TPC: Argas TPC

- ECal: Lead-scintillator calorimeter

- SMRD: Iron-scintillator tracker

- UA1 magnet

Near detector data
- 14 samples are used for the oscillation analysis to

39
; : ; = 10 )—<1'0 L I I D D =
constrain flux and cross-section systematic errors o F e I
[05) = NuWro 11q ] _E
i i 9 8 £ 108 * ;|2=K\N'/:2‘pt;hD,a):2=23.1 43
Neutrino cross section measurements - - E 3 SN - SFwio2pth,2-687 1 3
. o E Lo fﬂ‘— RFG+RPA+2p2h , 1?=172.3 1 3
- many results are published S 4E L Lf., ..... e
- neutrino interaction models are studied Z 5B -~ E
4 ’ ‘. 3
ex) 1u+1p measurement - S PR I
- Data prefer advanced nuclear models 8|0%" ) o e e e S
§o) =
1 E
e : > —

0.0 0.2 0.4 0.6 0.8 1.0

SpT (GeV)
ING'S
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MiniBooNE,PRD81(2010)092005

4. Charged Current Quasi-Elastic scattering (CCQE)

CCQE puzzle

1. low Q2 suppression - Low forward efficiency? (detector?)
2. high Q2 enhancement - Axial mass > 1.0 GeV? (physics?)
3. large normalization - Beam simulation is wrong? (flux?)

CCQE interaction on nuclear targets are precisely measured by electron scattering
- Lepton universality = precise prediction for neutrino CCQE cross-section...?

X
—h
:I
W
{e]

MiniBooNE vs. NOMAD v ,CCQE cross section on '2C target (per nucleon)

——k— NOMAD data with total error
(b) ———— LSND data with total error

— ek b
— ONPOHOONPD

S
-

"""""""" +%%M%~*~%?*ﬂ—-’l‘—

—— V[iniBooNE data with total error

--------- RFG model with I\"If{:=1.03 GeV,x=1.000
RFG model with M =1.35 GeV,k=1.007

wvvirnie Free nucleon with M, =1.03 GeV

"o Ev(GeV)

NA
£
S
o
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4. Summary of CCQE for oscillation physics

Community is converged: the origin of CCQE puzzle is multi-nucleon correlation

This moment...
New nuclear models available in simulations do not quantitatively describe T2K and

MINERVA CCQE p+p data
large My error - large 2p2h error

It is crucial to have correct CCQE, 2p2h, pion production models to understand data
simultaneously. Otherwise M, error stays around 20-30%.

We have good theorists who make models, and
good experimentalists who measure data, but we

are still lacking people between them.

Experiment

ING’S
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Ankowski et al, PRD92(2015)073014

4. Kinematic E reconstruction vs calorimetric E reconstruction

Calorimetric energy
reconstruction suffers
invisible hadrons
(=neutrons)

It largely depends on
neutrino interaction and
hadron simulation
- multiplicity
- kinematics
- nuclear effect
- re-scattering
- charge exchange
- baryonic resonance
- nucleon correlation
etc
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T2K, PRD98(2018)032003
MINERVA,PRD121(2018)022504

4. Neutrino hadron measurement for nuclear correlations

3D Projection

. . v Transverse Plane Y
We want to constrain nuclear model from neutrino data zl—»a:

- Final state hadron measurement is the key

=~/

p

1 muon + 1 proton sample
- 5 dof (mu E and cos®6, proton E and cos6, mu-p opening angle).
- Low statistics, and these are converted to 3 kinematic variables.

Data prefer advanced nuclear models, but it's not easy to identify 2p2h model
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T2K, JPhysG46 (2019) 08LTO1

4. T2K Neutrino NC single photon production (NCy)

Neutrino induced NC single photon production (NCy) process is not experimentally identified.
NCy is misID background for every electron-neutrino appearance oscillation experiment. T2K
and NOMAD set limits on this process, but ~x3 higher cross-section can explain all MiniBooNE
excess.

/M 10 Wang et al. calculation roorrrTTT
N A-radiative\ N T2K 90%CL limit

deca -
Y = T2K expected 90%CL limit
1 m T2K Flux (all V’ arbltrary unlt) ....................................
= NOMAD 90%CL limit

, T2K limit

......................................................................................................................
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MiniBooNE,PRD83(2011)052009
Lalakulich et al,PRC87(2013)014602

4. Pion puzzle (2019)

Pion production + final state interaction (FSI)

- Neutrino induced pion productions have large errors
- Final state interaction of hadrons have large errors

CC1n° production

v

Z]

o
0]
4”’7’n

+

(3] )
| I

/dp_ [10~"cm’/(GeV/c)/CH,]
= .

pion scattering

n+N 2> 7+N ' !

— GiBUU, with FSI
—— GiBUU, without FSI

*  MiniBooNE CC 11°
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charge exchange
Tt+N-2>mo+p

pion absorption

nt+N>A+N->N+N ' 0.6

p_ [GeV/c]

ex) Giessen BUU transport model
- Developed for heavy ion collision, and now used to
calculate final state interactions of pions in nuclear media
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Oyama (T2K), CNNP2020 .
Neutrino beam line and components
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Oyama (T2K), CNNP2020
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Oyama (T2K), CNNP2020

Decay pipe and Beam dump
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e Super-Kamiokande Event Selection

® Data recorded between Jan. 2010 and
May 2018 are used. It corresponds to
1.49x102" (v) + 1.64x10%7 (V).

Event Selection Criteria

1. Total energy deposit in the inner detector
is larger than 30 MeV equivalent.

2. No outer detector activity

3. The event time agrees with ~5 psec beam
period in 2.48 sec accelerator cycle.
(8 bunch structure can be found.)

4. 1 Ring events
-> /e particle identification is applied
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Inner > 30MeV

Triggered events
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>"ul€ idettification in
Super-Kamiokande
v, > [

Only direct Cherenkov light from p
Clear Cherenkov ring edge

—————>

Ve = €
Cherenkov light from e-m shower.
Electrons and positrons are heavily

scattered.
Cherenkov ring edge is fuzzy.

wale(misidentification probability

Ccllese 0
panitessithan 1 %.

Super-Kamiokande

K1
Rdbiit

Monte Carlo

Super-Kamiokande

it
11333

o

Monte Carlo

Agures rom
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Oyama (T2K), CNNP2020

Event Selection

*—l Examine Particle ID of 1 ring events h

‘vu selection ‘

® pu-like PID
® p,>200MeVic
® Michel electron1o0or0

‘ve selection ‘

e-like PID

p. > 100 MeV/c
E/ec <1250 MeV
70 rejection

7 rejection :
Forced 2" ring is
assumed. Invariant
mass and
likelihood for n°
are examined.




@) T2K), CNNP20 — .
e ET Results of v, and v, disappearance
c 300~
® Disappearance of muon neutrino : - B 2K 1ASX0T ROT
. . a F vl Preliminary
events as well as a distortion of 2 200-
. . o = ¢ Data 243 events
neutrino energy spectrum is 3 — Nooscillatlon
obvious for both v, and V.. Sq00-| | — Bestfit  272.4 events
K H é e — Best fit with reactor constraint
® Oscillation parameters for anti- 3 05 PR .
neutrinos well agree with the g °
parameters for neutrinos within & 14l T i
. . 0 Q* + + ?
statistical errors.
£ 90
s E — T2K 1.64 x 102 POT
® These res_ultsf are updates of 5 F B Freiiminary
past publications. 2 = I A
% =0 é: = No oscillation
5 E — Best fit 139.5 events
PRL 112, 1818@1(2@14) g E 3 — Best fit with reactor constraint
PRD 91, 072010(2015) E £
for 6.57x102° POT, 120 v, data < E e R e
PRL 116, 181801(2016) ®
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