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Neutrinos are standard

model particles = neutral cousin
of the electron and
of the other charged leptons

Neutrinos in the SM

e\ NC ¢ v,\ CC &

They interact only through weak
interactions — Neutral current
or Charged current

In the Standard Model neutrinos are massless

particles
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Neutrino oscillations

First introduced by Bruno Pontecorvo in 1957
Neutrinos are produced in flavor eigenstates (v, ve, v1) that are linear combination of mass eigenstates (v1, v2, v3)

Neutrino propagate as mass eigenstates
At the detection a flavor eigenstate is detected — it can be different from the one that was produced

ratio
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SO T CE - propagation i detector

v1, V2, V3 travel at different Different mixture of

speed because they have V1, V2, V3
different masses — interference v, is detected

Neutrino oscillation
Implies massive neutrinos




Neutrino oscillations
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T2/K

PMNS matrix

| 0 0 cos 0,3 0 sin@pe | ( cos@,, sin;, 0) (v
=0 cosby; smb,y 0 1 0 —sinf;, cosf, O]
O — Sin 623 COS 623 — Sin 913€i5CP O COS 913 O O 1 1/3

Atmospherics and Reactors
LBL 03~ 10°

Solar and reactors

023 ~ 45° LBL B2 ~ 35°

|Am?23;| ~ 2.5x10-3 eV2 Oi3and Ocp

Am?2;; ~ 7.5x10-> eV?2

* Long baseline (LBL) experiments sensitive to 5 of the PMNS parameters

* 023, |[Am232| = LBL provides the most precise measurements of these
parameters

* 013 = dominated by reactor experiments

* Ocp and sign of Am232 (hormal or inverted ordering) — still unknown and
accessible to LBL



Artificial sources of neutrinos

Oscillations were discovered with solar and and atmospheric neutrinos

Great sources of neutrinos — they come for free, just need to build a detector

» |deal for discoveries (span several ranges of L/E -> Am2)

 Cannot be tuned — not the best sources for precision measurements

— reactor spectrum is fixed but the distance can be tuned (KamLAND for 612,

DB/DC/RENO for 613, Juno for mass ordering)
— can tune energy and distance

* Well defined L/E — maximize oscillation probability knowing Am?

* Can produce beam of v, and v,

— 5 oscillation parameters (623, 013, Am=223, 0cp, and mass ordering )

Py, —»v,) =

sin?(
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CP violation

Need to explain the matter-antimatter
asymmetry in the Universe

Which mechanism produced such asymmetry?

We already observed CP violation in the quark
sector but the asymmetry is too small

Need a different mechanism — CP violation in
the leptonic sector — leptogenesis
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12K experiment

* High intensity ~600 MeV v, beam at J-PARC (Tokai) = v or » mode by changing the horn polarity

 Neutrinos detected at the Near Detector (ND280) and at the Far Detector (Super-Kamiokande)
* Ve and Ve appearance — determine 613 and 6cp

* Precise measurement of v, disappearance — 623 and |Am?23y|

Super-Kamiokande [: J-PARC

Mt. Noguchi-Goro
2,924 m

Mt. Ikeno-Yama

1,360m v 2 95 km 1,700 m below sea level
l ' T ———

Ups| Vs Vs U, Uy Uy Uy Uy Uy Uy, U




T2K starts Take data in

data taking p-mode ND280 upgrade
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2023: T2K-Il + Near
ALDET % Observation of Hints of CP violation e , S
appearance Ve Appearance — sin(dcp)=0 -

(01320@2.50) (01320@7.30) excluded at 95%
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T2/K

12K beamline
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the maximum of the oscillation probability 0 i :
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Osc. Prob

T2/K

Physics case

vy and v, disappearance

_ _ ) ) AmzL
P(vﬂ — vﬂ) = P(yﬂ — l/’u) = 1—sin“(20,5)sin“| 1.27 3
Same oscillation probability for v and v

Sensitive to [Am232| and to sin2(2023) —
no sensitivity to mass ordering and 6cp

v, spectrum at the far detector
§ ::é T2K Run 1-10, 2022 Preliminary
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Baby MIND
positioned here

Wagasci

WAGASCI/BabyMIND
Installed in 2019
Cross-sections on water

A Side MRDs
INGRID: on-axis detector
S Monitoring v beam profile day-by-day
E,~2.2 GeV Cross-section measurements
In operation since 2009
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T2/K

Near Detector complex

Near Detector
complex at 280 m
from the target

Several detectors
installed to monitor
the beam,

and measure v and v
Cross



T2K

Off-axis ND280

UAT Magnet Yoke  SMRD

\

J\L 1
NUP- syper-FGD
\;'POD i T

\
N
\ !
\ ’
\
\ ) am—
\\ I

Measure beam spectrum and flavor composition before the oscillations

HA-TPC

Detector installed inside the UAT/NOMAD magnet (0.2 T)

An electromagnetic calorimeter to distinguish tracks from showers
Upgraded in 2023 but for the analyses shown here the original tracker system is used:

2 Fine Grained Detectors (target for v interactions). FGD1 is pure scintillator, FGD2 has water layers
interleaved with scintillator

* 3 Time Projection Chambers: reconstruct momentum and charge of particles, PID based on measurement of

lonization 13



T2K

Super-Kamiokande

e 50 kton water Cherenkov detector

e ~11k 20” PMTs for the inner detector, ~2000 8” PMTs
for the outer detector, used as veto

e ~1000 meters underground in Kamioka, operated since
1996

* Different shape of Cherenkov ring — distinguish e/p

 Added 0.03% Gd in 2022 — improve neutron tagging
efficiency

e-like u-like

Number of events
=
o

Y A
14 0 8 6 4 2 0 2 4 6 8 10
Partice ID parameter



T2K Oscillation
analyses



Fractional Error

12K oscillation analysis

FD: Neutrino mode, v,

| dxE,. Arb. Norm.
—=== Material Modelling
Number of Protons

= 2020 flux (replica target)

=== 2018 flux (thin target)

L1 | I L1 1 1 I L1

u
B Hadron Interactions
0.3 foaxi
| e Proton Beam Profile & Off-axis Angle
I — Horn Current & Field
[~ ~—===< Horn & Target Alignment
0.2
| ===
F -
0.1
T e NP ey
0 -
10

— CC Inclusive e

—— (CC Quasi-elastic

———  (CC Resonant 17

----- NC Inclusive
..... cC 2p2h
—  CC Multi-7 + DIS

—
|

v V,, =V
H " H
(pTZK X P(_)sc.

O
Sy

Ouwol(Ey)/E, 1073 cm~? / GeV / Nucleon

Flux prediction:
Proton beam measurement

Hadron production (NA61 2009
replica target data)

Prediction at the Far Detector:
Combine flux, cross section and

ND280 to predict the expected
events at SK

ND280 measurements:
vy and v, selections to constrain

flux and cross-sections

SK measurements:
Select CC v, 7y, Ve, Ve candidates

after the oscillations

Neutrino interactions:
Cross-section models
External data
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Neutrino flux predictions

e Systematics on v and v fluxes dominated by hadron-

production cross-sections uncertainties in p-C
collisions

e Reduced to ~5% thanks to the data from NA61/SHINE

Eur.Phys.J.C 76
(2016) 11, 617
Eur.Phys.J.C 76
(2016) 2, 84
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— CC Inclusive

—  (CC Quasi-elastic

CC Resonant 17

Y Cross-section model

"""""" NC Inclusive
""""" CC 2p2h
—  (CC Multi-m + DIS

1 F

(E,)/E, 107 3*®*¢m~? / GeV / Nucleon

OHy0

CC-2p2h
CC-QE P

' - (Two-Particle-Two-Hole)
(Quasi-elastic) » "
Vi %
w
w p
])
n p

CC-Resonant 1 CC-DIS

Pion Production

Elastic
Scattering

Absbrption

T2K

« At T2K energies dominated by CCQE channel

Significant

and

contributions

 Mis-modeling of these contribution might bias the
neutrino energy reconstruction — important to
have a correct model with Near detector data

Observables
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vu Selections at ND280
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ND280 is a magnetized detector

Select neutrino and anti-neutrinos interactions by reconstructing muon
charge

e wy+nh 2> U +pwhilevy+p = put+n
TPC PID (dE/dx vs P) is also used to select muons
Reconstruct momentum and angle of the leptons in the TPCs
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ND280 selections

ND280 magnetized detector
Select interactions on CH (FGD1) and CH/Water (FGD2)
Precise measurement of P, and 0, with the TPCs

Distinguish v from » interactions thanks to the
reconstruction of the charge of the lepton

Separate samples based on number of reconstructed
pions (CCOm, CC1mrt, CCNm), protons, photons, etc —
22 samples in total are used in the fit
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ND280 v-mode
fl ux pa ra m ete rs T2K Runl1-10, 2022 Preliminary
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Lepton angle [deg]

SK selections
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Sample Ocp=-Tt/2 Ocp=0 Ocp=11/2  Ocp=TI Data
y-mode 1Rp 417.2 416.3 417.1 418.2 357
v-mode MR 123.9 123.3 123.9 124.4 140

A2S
2
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Antineutrino mode e-like candidates
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18 — sin’0,, = 0.45, 0.50, 0.55, 0.60\ v
_ 16 — Amgz =2.52x 10‘3_3ev2 2 ® &
p-mode 1R 146.6  146.3 146.6 147.0 137 oo = 2910 e ,.
14 | 62§=+n/2 \
v-mode 1Re 113.2 95.5 /8.3 96.0 102 B
68% syst err. at best-fit
— 10 v Best-fit
v-mode 1Re+d.e. 10.0 8.8 (.2 8.4 15 : oD (Ssaer) | | |
:‘ 8O — I20I | I40I | I60I | I80I | I100I I120I | I140

Neutrino mode e-like candidates

v-mode 1Re 17.6 20.0 22.2 19.7 16 oSS it o
Credible intervals marginalized
over both hierarchies
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. 2K\
Mass ordering and 623 octant

é 185_ ; N;)r:::rlyordering _i
b ;_ Inverted ordering _;
» Slight preference for normal ordering and o ol E
upper octant but none of them is significant wE aoc E
» Bayes factor NO/IO = 3.3 3
* Bayes factor (823>0.5)/(623<0.5) = 2.6 g3
2 AERRNRARRN A SEAARRARRN RRARE RRRAS
= lo credible interval -
—8 Il 20 credible interval |
S 1 BB 30 credible interval |
sin? 0o3 < 0.5 sin? Oo3 > 0.5 | Sum . '
NH (Am2, > 0) 0.23 0.54 0.77 £
IH (Am32, < 0) 0.05 0.18 0.23 S
Sum 0.28 0.72 1.00
il | | S ]x107

27 26 -25-24 23 23 24 25 26 2.72
o4 A m3,



. 12K\
Joint analyses

e In 2023 we released two joint analyses

o T2K+NOVA combination — in back-up if you are interested don’t hesitate to ask!
¢ T2K+SK combination

PNUPER
3K

T2K data as in Phys.Rev.D 108 (2023) 7, 072011 -
(5 samples) POT: 3.6 x 1021

Yy SK-IV data (18 samples) before Gd doping
/ / L=13000km P
, He ... 7

e PTEP 2019 (2019) 5, 053F01 - 3244 days
P s SR (2008-2018)

p, He ...

atmospheric

+ accelerator "% complementary information
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.072011
https://academic.oup.com/ptep/article/2019/5/053F01/5488936

Antineutrino mode e-like candidates

 SK has good constraint on mass ordering but not on Ocp

T2K+SK joint analysis

* T2K has good sensitivity to 6cp but mild sensitivity to mass ordering

T2K

 Adding SK atmospheric sample allows to break the degeneracies between the

CP violation parameter 6cp and the mass ordering — boost sensitivity to CP

T2K Runl-10 Preliminary
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Neutrino mode e-like candidates
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« Same far detector — unify model and systematic uncertainties

Normalized Event Rate

when necessary

0.2

Evaluate correlations in detector systematics between the T2K

T2K

T2K+SK model

beam and SK atmospheric samples

Develop unified interaction model for T2K beam and SK low-

energy samples covering similar energy region

-True Ev T2K 1 Ry sample

and SK Sub-GeV p-like

s T2K FHC 1Rmu

s atm SubGeV mulike 0&1dcy

True E, (GeV)

True Ev T2K 1 Re+d.e. sample

5 and SK Sub-GeV e-like 1 d.e.
= w T2K FHC 1Re1dcy

20.25

- — atm SubGeV elike 1dcy
g 0.2

O

Z

0.15

0.1

0.05

O 05 1 15 2 25 3 35 4 45 5
True E_ (GeV)
27

ND280 data used to constraint the
cross-section model for SK low-
energy samples

Low-energy High-energy
sub-GeV atm + beam multi-GeV atm
T2K model with ND280 constraint,
correlated in low- E/h|ghE (except for high-Q?)
CCQE IR £ i i i e e
high-Q2 params w/ND280
add v./v, ratio unc. (CRPA)
SK model (100% error)
2p2h T2K model w/ND280 + T2K-style shape
T2K model w/ND280 Bike Gt
Resonant + new pion momentum dial for 3 dials common with T2K,
+ NC110 uncertainties use more recent larger T2K priors
DIS T2K model w/ND280 SK model
5 SK model (25% norm on top of other syst)
¥ for other systematics checked that we have no numerically unstable values
FSI T2K model w/ND280 should be mostly same as SK model
S| T2K model, correlated in low-E/high-E
only applied to FC and PC for atm, PN not applied to atm
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Results

T2/K\

* Both experiments individually prefer normal ordering and 6cp~-11/2, T2K prefers upper octant, SK prefer

lower octant

* \We performed Bayesian and

analyses — frequentist analyses shown today

 The CP-conserving value of the Jarlskog invariant is excluded with a significance between 1.9 and 2 o

* |n the frequentist analysis, p-value for CPC is 0.037 but increase to 0.05 when potential biases due to cross-

section mis-modeling are included

 Normal ordering is preferred, p-value for |O 0.08

III|III,III|IIIIIII|III|III|III|III|III|III|I

1 l I I I I I I ! I I I 1 I 1 1 1 l I

]_OO : I I I I I I I I I I I I I I I I I I I I I I I
- — Data -
1 True CPC, p=0.037 -

Posterior 6cp, p=0.75 |

= Prior uniform in 6CP
~— Prior uniform in sinf)CP
----- lo

[
-
)

Fraction of toy experiments

lllllll[llllllllllllllllllllllllllllllllllll

1072 _I_I_ -
14 e
ik : R D M
-0.04 -0.02 0.00 0.02 0.04 10-3 77474 S v R S -
) . 0 2 4 6 8 10 12
o = 510058001s5:0,58I00cp | 7%(CPC) — x2(CPV)
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Fraction of pseudo data sets
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—— Data=-3.39 |
.1 True NO
L1 True IO :
p(NO)=0.58 |
p(10)=0.08 |

....... ik

1

0 10 20

x*(NO) — x*(10)


https://arxiv.org/abs/2405.12488

T2K beamline and
Near Detector
Upgrades




~2018

online in 2027

INncrease beam power

12K upgrades

* \We started to think to this upgrades in

 Bridge between T2K and Hyper-K coming

 Necessary upgrades of the beamline to

 T2K pre-upgrade (500 kW) — Goal is to

reach 1.3 MW for HK

 Near Detector upgrade to reduce
systematics uncertainties

30

MR Beam Power [kW]
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Super-FGD

T2K Projected POT (Protons-On-Target)

MR RF upgrade

|

MR Power Supply upgrade
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T2K Work in Progress -
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T2/K

Neutrino beamline upgrades

_ New horn PS for New horns 1 New OTR New FVD2
* Replacement of Main 390 kA Hz — magnet

Ring power supplies to _ eatio
allow for higher repetition g &%
rate from 2.48s to 1.36s

1 ,
- h ]
- Py ‘
: a “_-A - -
’ B

Improving performance
Increasing cooling capability for ¢ baam monitors
the heat generated by beam

e Several upgrades done
on the neutrino beamline impeoving performance Horms Target  Proton beam monitors
to cope with higher beam

T m | =R
R Muon monitor/ ( - | proton
pOwer ATE U n |- Final focus section

Vi Beam Helium vessel/ ' —
dump decay volume Improving maintainability under

higher radio-active environment

) Horn belng Operated at Increasing capability of
320 kA |nStead Of 250 kA New MUMON Sij|radio-active waste handling

— ~10% increase in the y L (Half sensors)

ﬂUX New water tank for

radioactive water disposal
31

. New target
4| cooling system




T2K

Towards higher beam power

OTR Image Dispaly 2 (Linux DAQ)

Mate Terminal v (A (%

Command Menu - =
View Search Terminal Help

Pause/Resume | Reset History | Save Current Image | Toggle Stack Histos| Toggle Ped Atter Frame | Toggle Fluor. | Event Ped. | Database Ped.| Toggle 2d Fit| Dummy Ped.| Exit
n <TH1D::Rebin>: ngroup=4 is not an exact divider of nbins=763.
A ; OTR Current Ever o Hie < a " fit
OTR History Images OTR Current Event | Position History | Sigma History n <THID::Rebin>: ngroup=4 is not an exact divider of nbins=482.
T N XP tion - Spill 35082 (T EEmEl " <TH1D::Rebin>: ngroup=4 is not an exact divider of nbins=482.
rawade Distance Corrected Image X Projection - Spill 35082 Errarall -

= Mean 01757
£ Positlon = 0.10 mm AMS 615

Entries 340736

" Mean o748 E Isr:?e';l?;: 102839 ADC |
/home/dagkun/workspace/develop/jnu_be v (A ) (X & 2024-06-14 09:31:52 UTC Spill: 35082 |rus 1648 Bluor: Conection 60000 still valid for run 910551, spill 100
[ 10* ‘{\ v BojelEls 50000 gt p01:\1ts 15.0 pxl/ d 16.0 pxl/mm in y
\ E j Camera scales: L0 pxXL/mm 1n X ani .0 pXx ny
MR Run# 91 | \ sowmof |
' . - - = {( \ 30000 b Fllter:\l
/home/dagkun/workspace/develop/jnu_beam_smn/slowmonitor/epics/gui/jnu_edm/trunk/share v]A) (X A 20000 - 62{2 grigdywcg;;ez ’
I\/IR Shot# 2448782 S 10° f \ E bre 1D fit: 0.169421
2024/06/14 09:33:58) gt / o, o . T <THIDLReba: qrotms 1s ot an enact divider of nbinesde3.
:- -.) e { \ 1 = I I PP P I I ::1: : ; d::a \:’ er ;
: ikl Last shot MR Power is 800 9 (KW] | \ T g R e v g
NU Run# 910576 (2024/06/14 09:33:58) - i | [V Folaclon STR2 el L e
! “ e g [ | 80000 == pPosition =-0.98 mm S s
£ - Sigma = 4.09 mm T )
) - - . - - : L 70000 = |ntegral = 105544 ADC
Event# 61240 MR DCCT_073_1 measurement : 2.2657e+14 [protons per sp!ll] o \ o000 ;.
NU CT01 measurement : 2.2628¢+14 [protons per spill] : 50000 £ MUMON monitor OforC
F | - Clear Correlation Plot——ADC waveform plot
-~ ) 1 s Ul o 30 [l =l L I I ]J 400-30? t clear MUICchE3 |+ | Plot
Spi L1# 6358153 Parameter values : Prediction from parameter values : M “ ‘
1 T 20000
Deli\r # LI current: 60.02 ['"A] = pe b Lo Lol Hl Loy i 10000 - fistory _ $i 2D hist P
i ) P Y 3'888386+20 MR micro plllSC' 400 [llseC] Exl)eCtC(l PPP : 2.1070@"'14 0 50 100 150 200 250 15 10 S5 0 .5"X 10 15 Py S gl S PR POV FUUTE PO, S ![um SIp -
(this J-PARC run) : -ted PPB : 2 6343e+13 pos. (mm) B 05 a0 50510y bae o 1 Si/CT 63.17 nC/10"%p
MR chop width: 455 [nsec] Expectec ¢ . €+ = ,_ : : “ Peak 332.7 nCich
~ S R 0} 53.4! i, - - . X[em] Y ([cm)
7 MR thinning: 110128 L E CH NAME AU B AP
72 2 ~— e A7 IC . PR YD oAy . [ r1.08 -2.57
Deliv. p# 4.21035€+21 | R of bunch: i n Expected Power: 783 [kw] b IC22 o 4 : o108 28
(20 1 01"]1"]." 1 ,..,) i £ 06/14 00:00 06714 CO:15 ~ 06714 00:30 06/1400:00  06/14 00:15 06714 00:30 . e ) :
_100— Chal‘ e ICTotal/CTOS History IC CenterHistory IC 2-D hist ics 51.25 nC
T 0.29F f . um51.25 n
NAANAAA A 493% pC [ 50/ 1+ 1C/ CT 274.5 pCi10™p
-150 \ / k f g ;j \ 5[ \ ;f ;/ ,:/ | ,-/ 0.28[ : P, “ Peak 1.352 nC/ch
-200 f -, ,.v/ . ,-! , ,:j .! ;/ / K / Pedestal 0.27 LMotar ok : A Sis o)
1YY VY L -123.26 ;} =~ “ Center7.41  -0.02
0 50 100 150 200 250 300 350 400 450 028 ] o8/ 0000 07T 00T G8TTa 0030 sigma 95.2  97.4

¢ \June 2024 — Beam pOwer increased tO 800 kW T2K Projected POT (Protons-On-Target)

» Steady improvements to reach 1.3 MW by 2027 fant .2

. . . 3 1000|- ' —6 S

— increase 12K statistics by a factor of 3 by

2021 o 5

* Larger statistics = need to reduce systematic n EN
uncertainties — hoz | | TZF(WorkinProgress—Ei
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What we can do better?

80 160:—"' ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, _:
s 180rmm T T T ] IR R < T B | I 25 140/ | | — Preit =
- i ~ N ] - ‘ s . |— Postfit -
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e But also better reconstruction and usage of the hadronic part of the interactions!

CCOn-Np-0y FGD1

| Integral 5633.75 | Integral 4769

e Currently samples are selected according to their topology (Omt, 11T, 1p, N, ...) but the kinematic:
of the hadrons is not used in any way in the constraint on flux and x-sec systematics — plenty of
additional information to be exploited

o
o
o

lllllllllllllllllllllll

#events/100

800
600

400

* This is due to both, a low efficiency from ND280 to reconstruct hadrons and the diffucties in
modeling the x-sec systematics for the hadronic part

200

oO

* With the upgrade we plan to improve the efficiency to reconstruct hadronic part
33
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T'he Near Detector upgrade

| y I-

Al

Replace part of the POD detector (measured NC 7! production) with

a new scintillator target (SuperFGD), two TPCs and a ToF detector
34



2 4 6 8 10 [mm]

« 2 millions plastic scintillator cubes
made of polystyrene and doped with
1.5% of paraterphenyl (PTP) and
0.01% of POPOP.

« Each cube is optically independent

e Cubes production was done at
UNIPLAST (Russia)

Super-FGD

\‘

1,978,368 scintillating cubes

‘\

L/

1

~ 2 meters

35



Super-FGD

Produce cubes by Etched in a chemical 3 orthogonal
‘ injection molding  to deposit a reflective layer holes are d'"ed

=2 LE} 6 8 iO [mm]

« 2 millions plastic scintillator cubes
made of polystyrene and doped with
1.5% of paraterphenyl (PTP) and
0.01% of POPOP.

« Each cube is optically independent

« Cubes production was done at Assembled in 56 X-Y layers with fishing lines before shipment to Japan
UNIPLAST (Russia)

36



SuperFGD assembly at J-PARC

First cube layer assembly —_—
-
Horizontal fibers assembly Vertical fibers assembly

Ny

:
;

o

.

Stop panels removed

embly

Box closure

Pﬂec. ZS‘L_

sl el oSl W

Light barrier/cables asse
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T2/K

resistive anode MicroMegas

Mesh @ GND

Amplification gap: ~128um DLC @ ~ 360VT E
insulator ~50-200%

glue ~75um
] I I l pads

FR4 PCB

* Reconstruct leptons emitted at
high angle with respect to the
beam

« TPC instrumented with resistive
MicroMegas modules

e Chambers have been assembled
and tested at CERN before
shipment



HATPC performances

bulk MicroMegas resistive anode MicroMegas Nucl.Instrum.Meth.A 1052 (2023) 168248
\ wmoan £ T IR ——————— ] 11— e —
: Mesh @ ~ -360V oo E- *ZE 1400 — * Scm —] E - e 412 ns; O[deg] -
--------------- ol 3. i - =, 900 & =
Amplification gap: ~128m i Silee = - g 1200 " 55cm - — = " 412 ns; 90[deg] -
S e——— o0 f - - :
— FR4 PCB = 20_ E . —*— 05cm _ g 300 - —*— 200 ns; 45[deg] =
L [ w1000 F — g T0E, a R X =
- Gaussian spreading as a function of time with : = 300 :_ . _: 8 600 ;_ _5
p(r,t) = 2, < exp[—= rthC , t =~ shaping time (few 100 ns) 8 _ § x 28 ] 8 500 } —:
t 180 Rjpyq/m ] B u| B —_— [ 3
R- surface resistivity :> or =j: RClnsmmz2) = d[“m][/ = .g 600 [ i a £ - .g 400 :_ _:
C- capacitance/unit area 175 E B N 5 i 8 3 | # o
S, 400 - & I S 300 - . 5 8 °* ° =
C/) — - . " o : m E L [ : E
- - il a _
200 |- o = 200 £ :
N ’ 100 =
0 l 1 l 1 l 1 1 I | I 1 - | 1 l l i1 l | l 11 l l | I l | - [ l Ll 1=
0 20 40 60 80 100 0 10 20 30 40 50 60 70 80 90
0.0 T Drift distance [cm]
— VU L B L R R
Q = - 120 ———————————— — — — T
E I 200 ns N § - —— 5cm | =
= 950 = SRTE) S E
o - - -~ Do cm -
g= - 412 ns : S 110 [ =
. . Z 90F : = 1050 =
3 test beam campaigns to characterise 2 f : S 100 E E
= 85 — o T E 8 =
ERAM detectors < - ) % S gsE i @ : -
_Lg 8.0 ¢ —] -E 90 & 2 @ @ % S
: : : - ] = 5 i = i -
Spatial resolution between 200 and 600 N : o 85p §*f f § °f E
um (w.r.t. 600 to 1000 for vertical TPCs) Tr : 80 £ E
7.0 _I 11 I | I | I L1 11 I | | I | I | I | I .| I L1 1 1 I | I | .| I L I— 7.5 E— _‘E:
_ 0O 10 20 30 40 50 60 70 80 90 708~ L L L b b T
dE/dx resolution below 10% Drift distance [cm] 0 20 40 60 80 100

¢ [deg]



T2/K

Time-Of-Flight

» Reconstruct track direction to reject tracks
entering the new tracker region

» All 6 TOF modules assembled and tested at
CERN and shipped to J-PARC

» Time resolution ~ 150 ps observed during tests
at CERN

» 8 bunches neutrino beam structure clearly visible

Beam spill

- — o
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Installation at J-PARC




Detectors Installed and taking data
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une 2024: Full upagrade

Run number : 16910 | SubRun number :9 | Event number : 173844 | Spill : 30937 | Time : Thu 2024-06-13 05:44:39 JST | Partition : 61 |Trigger: Beam Spill




ND280 Upgrade improvements

Protons — threshold down to 300 MeV/c
(>500/c MeV with current ND280)

- e E o
g e 1 Fnds O 2 e IR

- >y g : o z g
7 V-4 ,’f,-—,v“— >/

l:_YY‘Y]'1 UL l‘1 l)‘rltrl 1 rrrrr L
0.9 Proton tracking threshold
| Work In Progress

e
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ND280 Upgrade

o Present muon
selection in ND280

Current ND280
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* High-Angle TPCs allow to reconstruct muons at any angle with
respect to beam

P> P8 Fe 5,0

. _\. o

o Super-FGD allow to fully reconstruct in 3D the tracks issued by v

— 2000 ST T 1.0

interactions —lower threshold and excellent resolution to gnsoo e oo
reconstruct protons at any angle R i | E R
e T ¥

* Improved PID performances thanks to the high granularity 1000 E P
and light yield 800 - B 0.4

600 — E 0.3

« Neutrons will also be reconstructed by using time of flight ‘2‘22 3 = gf
between vertex of v interaction and the neutron re-interaction in S T T TS TR | Y

0 1l 1 ] ] ! L1
0 200 400 600 800 100012001400160018002000
the detector Phys.Rev.D 101 (2020) 9, 092003 E . [MeV]
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https://inspirehep.net/files/bb454ec8dbbb46899c77b717eaade666

Expected performances vy

* First physics run with full upgrade
currently on-going

e Expect to select 20k v, CCOrT

interactions in the super-FGD for
1 month of beam

e ~ half of them with a
reconstructed proton
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Towards Hyper-Kamiokande




Water Cherenkov Detectors

Kamiokande Super-Kamiokande Hyper-Kamiokande
(1983-1996) (1996-ongoing) (Start in 2027)
e Atmospheric and e World best limit on proton ¢ Extended search of
solar v anomaly decay o proton decay
e Supernova 1987A * Discovery of v oscillations o Search for CPV in
P e Measurement of oscillations leptonic sector
(atm/solar/LBL) e Neutrino astrophysics
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Hyper-Kamiokande

* Extremely well established Water Cherenkov technology
190 kton FV (SK 22.5), instrumented with up to 40k PMTs

« HK will be the most sensitive observatory for rare events (proton
decay, SN neutrinos, ...)

« Search for CP violation in lepton sector
 Upgrade of J-PARC neutrino beam (1.3 MW)
 Near and Intermediate detector complex

* Construction started in April 2020 — start operation in 2027

L: \.‘\‘._&*\:‘ :; :_:_: _‘;‘%“‘; _ 23 202
, L VG 7L 1
A LAY ‘/\\\_»'
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Excavation reached center of cavern dome in July



Hyper-Kamiokande collaboration

B [

Iceland

2\
® 9

Finland

.(.,:q,m

Kazakhstan -
971& \9) 9 Mongolia
Turkey China Sou°>;°
Afghani
Iraq Iran 99 9
Algeria  |jhva  EQYP Pk
Saudi Arabia ndia
: . Thailand
Mali  Niger Sudan
Chad
Nigeria Ethiopia
_________________ ==Ky - e e e -
DRC
' Indonesia Papua New
Tanzania Guinea
Angola
Nam';:)atswana Madagascar Indian
South Ocean Australia
Atlantic
Ocean South Africa

Ukraine

49

Swaman
Russia
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18 countries, 82 institutes, ~390 people
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Physics case

Solar neutrinos /
Proton decay
Probe Grand Unified
Theories through p-decay . _
(world best sensitivity) Sensitivity to exclude CP conservation (Sin d.p # 0)
s r ’::\ 9:—J II{III{IILIlIJIIII]II.X'IJI}[IIII
R ol < F
b - < 8F 12K Hyper-K
S \ N, G ﬂ.\ \T:/ TE JROrace - ND280 data taki
* MSW effect in the Sun ﬂ 3 & | of ND280 ata taking
- 4 2 L. 5 >
* Non-standard interactions V CP violation f G S i
serve CP violation for % OF
. D) -
in the Sun. O A
leptons at bo T F
. — 3:- --------------------------
* Precise measurement of S, 5 F -
. H h L % y | R—— —— e ) T — 3
igh sensitivity to v mass = F HyperK preliminary :
g y I | Now . Hyper_K """""""""" True normal ordering (known)|
\ Orderlng : L 1 L l 1 L 1 l 1 1 L l L /l l 1 L L l L L L l 1 ' L l 1 1 1 l L :
e — .\ 2020 2022 2024 2026 2028 2030 2032 2034 2036

Year

4 Vk‘n‘, % \
k. iuh -4 o Dlrect SNV : Constrains SN models.g

i e Relic SNv : Constrains cosmic star

.‘«

formation history ]PARC accelerator neyttinos




HK schedule

Fiscal Year 2019 2020 2021 2022 2023 ZOJI 2025 2026 2027
I
Geological
Surfey '
1
Yard l :> Contract
Cavern I
AP U excavation : P oesien
Cavern Excavation | Excavation will finish soon!| [ L4 ction
Water : . . Preparations for
Tank - construction started! . Procurement
Water Tank
PMT
support S
-
Water Mar.uf Installa Filli -
Purification N actiL re tion ' Test ne S perathn

This schedule was proposed to the funding agency, MEXT, in June and approved in August.

Start operation in December 2027!
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HK construction status

Excavating world largest human-made cavern
| s e —— e Main cavern excavation
n complete ath ring
csol:\plege Somplete .
; Excavation
h
13™ bench
el . : i .
— Remaining 1570\ e N
A 12 | | ~2 SK tanks = | AN 2
L. | LS B = i | Vs (~30 m3/hr average) TC‘PI’Odi tLOI'I ongoit
" - R ‘Screening both at Hamdmatsu and)Kamioka

PR )J! e,

 EXxcavation on-going — expect to complete by the end of
the year

« 20” PMTs being produced by Hamamatsu

 Assembly of the electronics modules on-going at CERN
next slide

 Goal to start HK operation in 2027
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LBL physics at HK

e ~2000 ve and 2000 7e interactions selected at HK after 10 years of data taking — to be compared with ~100 ve and ~20 Ve in T2K
* Also ~20000 v, and vy interactions will be selected

* Plan to re-use ND280 to constraint flux and x-sec systematics
* Intermediate Water Cherenkov detector will be built for HK — only sensitive to lepton kinematics + off-axis spanning

e Do we need more from ND280? — ND280++

HK 10 y?ars (2 .7EI22 POT II:3 ViV) HK 10 years (2.7E22 POT 1:3 v:v)

% - | v 220 |
% - —3.,=0 = _ — 0 =0
ﬁ 250 __ g 200 :_ —r — 1 ||i|| LI '6| LI | """""""""""""""
B e — — _ Nx B True = -7t/2 3
c.s - 6CP +t/2 E 180 [ — 6Cp = +t/2 < 10— [ True 65; = CTUB e _
- o — _ - i
I e - - d
g 200 — 8= 2 PR 8= 2 s F
s L o g 40F sas R E
7. 150 — e A 2 120 = . cp = é) 6 50-’"""" """"""" i
- ] 100 —1 = = LI A — -
— - — - O i " e i
100 — 1T = — 80 = B S LA Statistics only -
B =1 S - i — - R7 2 I Improved syst. (v,/V, xsec. error 2.7%)
- N - 60 — e VA T2K 2018 syst. (v/V, xsec. error 4.9%) ]
u — | — - ol b Lo L b b e L e L
| — — — —] 0 1 2 3 4 5 6 7 8 9 10
50 - - 40 [ - Hyper-K preliminary HK Y (2.7E21 POT 1:3 v¥)
— - 20— True normal ordering (known) cars (2. D VIV
_ = - sin%(®,,) = 0.0218 sin’(6,,) = 0.528 lAm’,| = 2.509E-3 eV?/c*
O L Fl | ] ] 1 | ] 1 1 I 1 1 ] | 1 ] 1 | ] ] 1 | O 1 L | | L | | | L | | | L L | L L L | L 1 L | 13 23
vbeam) O 02 04 06 08 1 12 0 02 04 06 08 1 12
1-ring e-like + 0 decay e v Reconstructed Energy (GeV) 1-ring e-like + O decay e v Reconstructed Energy (GeV)
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1o error on 8, (degrees)
o

Carbonto Oxygen Ratlo o

S g e, o o

Statistics only

Improved syst. (v./v, xsec. error 2.7%)
Improved syst. (v./v, xsec. error 4.9%)
T2K 2020 syst. (v /v, xsec. error 4.9%)
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Water in ND280

i

For v interactions it

§ is crucial to measure
neutron kinematics
— many neutrons
t escape from sFGD ~

§ — build larger target

For short protons
tracks sFGD
granularity is not
enough and we still
miss ~half of the
protons — build
target with larger
granularity
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Still profit of ND280 magnetised
detector to distinguish v from v

Modular detector = can be upgraded
In steps

Recently upgraded with a new 2t high
granularity target (Super-FGD)

A second upgrade will be done during
HK to replace the tracker region —
~10 ton available for new ideas!

Active R&D is on-going

ND280_-|_-+

UAI Magnet
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poDECal  oel EC2l NN
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o || TPC |

FGDs
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M
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~ 5| ooree-Esd
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B 92 om
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Scintillating-Fibers

Scintillating-Fibers detector
would allow to reduce proton
reconstruction threshold to ~ 100
MeV/c — sensitive to all protons
emitted in v interactions!

= ¢
-+
T ] T T 1 T
|
|

NEUT simulatipps \sing.J 2t.neutring dux.c,
:
|
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=) T T
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12 14 18
Proion momentum [GeV/c]

SwissSPAD2 sensor

 Two main challenges:

 Assemble >100 kg of 0.2 mm
diameter fibers

3 1 SciFi active
- N volume
- p— »

State-of-the-art SciFi
detectors are read out with NP .
SiPM — huge number of i =
channels!

o

____
2 8 8 8 8 8 8 38 3 2



3D printed Super-FGD-like detector

3DET, arXiv:2312.04672

60
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0

. WLS fibers readout by SiPM on one side First ever 3D printed scuqtlllator-baseq particle
- Hamamatsu S13360-1325CS with PDE ~ 25% detector capable of tracking and calorimetry
+  CAEN FEB 5702 (FERS, CITIROC ASIC’ -
] e e Uik
0.03 135
<::002 ' - 3 90
e Active R&D for 3D printed

Cu beS — SUCCGSSfu”y Compared with standard 000 L e o T

s ge 40 60 80 0
scintillator cubes layer

Light yield (p.e.) 0.00 0.05 ('00:?;. 015 020
JINST 16 (2021) 12, P12010 Single channel: ~ 28 pe/cm MIP Crosstalk ~ 4%
produced 5x5 cube
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Water-Based Liquid Scintillator

3M film ~0.1mm,
>99% reflectivity

Divinycell foam H80,
(~1.2mm), 0.08g/cm?

*

Research A 851 (2017) 62-67

Similar design as the sFGD with high
granularity and cubes-like structure

Filled with Water-Based LS to measure
neutrino interactions on water

Goal is to keep Water/Carbon ration > 0.9

PRCI| LPNHE/ETHZ funded in 2025 to pursue
this R&D on WbLS
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Statistics only

Improved syst. (v./v, xsec. error 2.7%)
Improved syst. (v./v, xsec. error 4.9%)
T2K 2020 syst. (v /v, xsec. error 4.9%)

Ultimate precision
measurement
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ND280 challenges for HK

For v interactions it

§ is crucial to measure

neutron kinematics
— many neutrons

! escape from sFGD ©
§ — build larger target

For short protons
tracks sFGD

Scintillating Fibers
~ 100 MeV/c
threshold

target with larger
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10 ton detector
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Conclusions

Neutrino physics is an extremely active field of research
The japanese programme will lead this quest for the next ~15 years = T2K — Hyper-K

Hyper-K construction is proceeding on-schedule and first data are expected in December
2027

* IN2P3 contributions to the Far Detector have been defined
To pursue this programme measurements with a powerful Near Detector are critical
 T2K recently upgraded its near detector ND280 — first data have been collected

* R&D for further upgrades to be done for Hyper-K are starting — goal is to start taking
data with ND280++ in 2032
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T2K/NOVA joint analysis

]

0-7:—' Normal Ordering ~ Neutrino '—:
: 2020 -
* Profit of different baselines to lift R T
degeneracies of each experiment € o5
K 0.4f =
e Full implementation of the likelihood of N vounrnn 2022 -or [l oL @ conor
each experiment and consistent T g F
statistical treatment T T T
sal. Neutrino
» Review of models, systematic g Q&3 2020 ¢
uncertainties, possible correlations and £ :
of the different analysis approaches 04 Laceraczns  — wms  oor
0o NOVAPRD 2022 a0%cL [ 68%cL
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Antineutrino mode e-like candidates
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Baseline difference

The koint analysis allows to T T el
exploit the possibility of E o NOVA oy Zisar'o
breaking degeneracies thanks to >
the different baselines 2

. e s B E—
Matter effect proportional to Neutrino energy (GeV)
baseline and neutrino energy

""" I -

NOVA has a longer baseline ToK s

than T2K — larger matter effects

P( V=V, ) %

In T2K larger impact of ocp

Neutrino energy (GeV)
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NOVA strategy

* Functionally identical Near and Far detectors —
both segmented liquid scintillator detectors

» Significant cancellations in the uncertainties

 Model and systematics parameters enter as
uncertainties on the far/near ratio

v-beam NOVA Preliminary

* PID done thanks to calorimetric energy Lepton Reconstrucon| i N X
estimation .

* Neutrino energy reconstructed from a i
combination of leptonic and hadronic component .o

20 S0 o0 10 20
Signal Uncertainty (%)
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Correlations

= Different energies

d No significant correlations between

= Different tuning to external data
L Flux Mode! J the experiments

= thin target vs thick target data

= Enters the analysis differently

» Different detector models
» Different selections

d No significant correlations between

= Inclusive vs exclusive outgoing pions

= Different energy reconstruction

the experiments

= As the underlying physics is fundamentally
the same, we expect correlations
[ Cross Section J = Different neutrino interaction models

A Investigate the impact of models

Model and correlations on the joint

= optimized for different energy ranges

= Systematics are designed for individual analysis
models and analysis strategies
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Impact of alternate models

o Strategy used in T2K to address
possible deficiencies in our cross-
section model

e Produce simulated data at Near and Far
detector using an alternative x-sec
model and then do the oscillation fit

 Check for possible biases in oscillation
parameters — if there are no (small)
biases the analysis Is robust with respect
to the investigated model change

67

Events

IIIIIII

rrrrrrrrrrrrrrrrrrrrrrrr

. Mock Data =

MINERvVA1pi ]

T2K v, sample =
-— Baseline Model .
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Impact of alternate models

Normal ordenng

Strategy used by T2K since many years

Produce simulated data at Near and Far
detector using an alternative x-sec
model and then do the oscillation fit

Check for possible biases in oscillation
parameters — if there are no (small)
biases the analysis is robust with respect
to the investigated model change
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 Degeneracies between 623 0.04
and 613 — lifted thanks to 5 003
the precise measurement of =
013 from reactors

0.01

* Adding reactor constraint 0t

flip the octant from the -

Results : sin2(023) and sin2(613)

0.05

(very) modest preference for
lower octant to a modest

0.025
preference for upper octant =
‘=
R%
0.02
Bayes 1.17 3.59 -
factor Lower Octant/Upper Octant Upper Octant/Lower Octant 0.015%

~549, : ~469%, posterior ~78% : 22% posterior
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Results : Am?2o3

Inverted MO Normal MO
 When taken alone both, T2K and NOVA prefer e | — ey ]
NOvVvA+T2K -

normal ordering but combining them is
basically a flip-coin with very mild preference
for inverted ordering

o [ +

Posterior density

« But what about reactor measurement of Am27? T jjﬁ;\ T

Also see: Stephen Parke W&C. 2023 *Phys. Rev. D 72: 013009, 2005 26 =25 24 213 23 24 25 26

Am3, [107eV?]

Another possible way to determine

the Neutrino Mass Hierarchy

Hiroshi Nunokawa!,* Stephen Parke?,’ and Renata Zukanovich Funchal®?

2.07 4.24
Bayes factor Normal/Inverted Normal/Inverted
~67% : ~33% posterior ~81% : ~199% posterior
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ee : reactor disappearance channel - Daya Bay*
uu : long-baseline disappearance channel > NOvA+T2K

‘Am§2| xl(.)'3 eV?

2 2
NO Ay 10 Ay
A A
< » < >
2 11O 2 INO 2 |10 22 |INO
AmBQ‘ Amg, | Image Credit: Am32| Amg, |
Fitter: ARIA - ARTA
Y T T T T T T T T T “1tter: / L
- | ' NO Conditional ] 0.25 ———— ——————
. — DayaBay 2023 i  — DayaBay 2023 10 Conditional 7
:_ NS WioTeae E 0.2 :_ &= NOVA-T2K w/o reac. .
- _ o [
- c\] L L]
E E -g 0.1 "y ~
= E 0.05F 2
"""" 30 i
P T S J - — lo —— == 30
2 2.4 2.6 2.8 Y S —
9.2 24 2.6 2.8

|Am§,,| x107 eV?

Bayes factor

1.44

Normal/Inverted
~59% : ~419, posterior

Mass ordering

Looking at the true mass ordering reactor and
LBL measurement of Am2 is consistent but it
would be off by ~3% in the wrong ordering

Daya Bay ~2.4% uncertainty on Am2

NOVA and T2K have both ~2% — 1.5% when
combined

Including Daya Bay measureement of Am2
flip again the preference to Normal ordering

T2K/NOVA joint analysis show no preference
for either ordering

Precision on Am2 is critical for establishing
the mass ordering in combination with JUNO
— more tests on-going to test possible
impacts of additional alternate models



Measurement

 Both mass ordering — higher
posterior density around

Ocp=-T1/2

 Normal ordering: wider range
of values with higher density

close to +Tt

* Inverted ordering: enhanced
preference for Ocp=-11/2

e [fIO is true, CP

conservation excluded at
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