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Elusive particle

* Neutrinos have no electric charge and a very small
mass (=1leV)

 They interact very weakly with matter and are
notoriously difficult to detect.

 The interaction length of 1 MeV photon in lead is ~2 cm )

* For neutrino of the same energy it's ~5 light years!

 ~10' neutrinos from the Sun pass through your body
every second!

 When neutrino interacts in matter it may produce
charged particles. They are easily detectable and seem
to appear out of nowhere.

From A. Himmel

Charged

‘ particles out



Neutrinos in the Standard Model

Standard Model of Elementary Particles

* Fermions, part of the lepton doublets. e O oy e ety
I I "
- Interact only via weak interaction o 3 3 8 : T g
(CC - charged current, NC - neutral current). M l el il | B
- Three flavours: electron, muon, tau. 2= == 2 1 |
'@ [0 [fe | @
) higgstan_com 8[ down [strange lbottom photon
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* Neutrino masses predicted to be zero. W | gecvon f| muon || ey || wposon | E 2
* Only left-handed neutrinos and
right-handed antineutrinos are observed. . , ” ,
& Z»
4
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Short history of neutrino physics

1930 - Wolfgang Pauli introduces hypothetical particle to solve the

missing energy problem in beta decays. . .
| have done something very bad today

« 1956 - First neutrino detected! Reines and Cowan by Proposinga particle that cannot be
detected; it is something no theorist

observe for the first time neutrino interaction. el ddeverda®
Their detector was located close to the nuclear Wolfgang Pauli
power plant (5 x 10%° v/s) in Savannah River (USA).
spectre 3
g Observed Expected
2 spectrum of electron
3 energies kil L
3
£ ;
5 n->pev
Sl Endpoint of
spectrum




Short history of neutrino physics

« 1962 - Lederman, Schwartz, Steinberger discover muon neutrinos v, with
first experiment using 'accelerator neutrinos’. Nobel prize in 1988.

« 1975 - T particle discovery at SLAC (USA) and v hypothesis

* 1987 - The first direct observation of neutrinos from supernova reported
by several experiments. .

Secondary electron energy (MeV)

40 P ——T——T— T T
« 2000 - DONUT experiment |
(Fermilab, USA) o _
detects tau neutrinos l : ,f
F.L. = 4535 um .. ! ;
o 0F  Background - ..
ﬁT >> o..g;‘:g:g)‘; = " e -l . k. ® s . ;

Time [s&c?ﬂ
JST 16:35:35 (+-1min.) on February 23
GMT 7:35:35 (+-1min.) on February 23

Supernova associated events
observed by Kamiokande Il




Neutrino oscillations

* The neutrino flavor may u o
change when the particle

propagates over a long y - > > >
distance. +

* The flavor states are not eigenstates
of the propagation Hamiltonian.

* Instead, we can describe them as a
superposition of “mass eigenstates”.

Ve Vl UelUulU‘l?l
_Flavor v |=U Mass U=
eigenstates VM v_| eigenstates - UeruzUrz
3
' U,U .U




Flavor-mass mixing

|Ife> 1 0 0 C13 0 8136—1'5@ C19 S19 0 |If1>
|I/;_L) = 0 Co3 5923 0 | 1 0 —S12 (12 0 |I/2)
|I/T> 0 —S93  Ca3 —81362%’ 0 C13 0 0 1 |If3>

Flavor-mass mixing

Atmospheric P RCeSICERBES described with PMNS
super-K, K2K,| IR SO f | matrix
MINOS,
OPERA Super-K, SNO,
NOvVA, T2K KamLAND

DChooz, RENO, Daya
Bay, MINOS, NOvA, T2K

y; I
unknown mass hierarchy A ) Cij’ S'J - COSGU, S”"]eIJ (eu - m|X|ng angleS),
(myzm,,?) ag 6., - CP violation (CPV) phase
V2
v 7 Am3, Hyper-K will be sensitive to all

. . . oscillation parameters. 3



Neutrino oscillation probability

Example for muon neutrinos
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CP violation

* CP symmetry - combination of charge (C) and parity (P)
symmetry.

* Violation of CP implies that there is a difference between
particles and antiparticles.

* CP violation is one of Sakharov’s conditions for an explanation
of the observed imbalance of matter and antimatter abundance
In the Universe.

- Discovered in quark sector.

* In neutrino sector it may be manifested in different oscillation
probabilities for neutrinos and antineutrinos.

10



Three flavor v —»v_appearance probability

2a Leading includi tt
P(V.u —)Ve) 4(.313 Sl3 823 sin A31[1+ (1 2313) eading including matter

Am3 effect
1
CcP

2 . .
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Neutrino oscillation probability

Probability that a neutrino produced in v, flavor state will interact
as neutrino in v_ state.

0.1

L=295km
220,01 1}

0.08 — 5= 0 0.08
-"-q:l"" a BN el = & 8 S gl ® & & & ® ¥ 0,0 @ 8:31:/2 ?
% 0.06 — 5= g |12 006f
=i
= i L
Z 0.04 1> 0.04
D— ............. U. L

0.02

E, (GeV) Ey (GeV)
Impact of &, violation phase for neutrinos and antineutrinos. Maximal CP violation

results in approximately £27% change of the v_ appearance probability
(wrt. CP conserving values).

Matter effects small compared to CP violation (difference between 6., = 0, m). 12



Accelerator long baseline experiments

* A class of neutrino oscillation experiments using
the accelerator-produced beam of v,.

* Primary proton beam is used to produce secondary
particles decaying to muons and neutrinos.

« Historically: K2K, MINOS. Ongoing: T2K, NOvVA.
Near future: Hyper-Kamiokande, DUNE.

T2R\

1,700 m below sea level

Super-Kamiokande

Mt. Noguchi-Goro
2,924 m

Mt. lkeno-Yama
1,360 m

Neutrino Beam

295 km




nature

Explore content v  About the journal v  Publish with us v

nature > articles » article

Article Open access Published: 22 October 2025

Joint neutrino oscillation analysis from the T2K and

NOvVA experiments - |
First joint analysis for
The NOVA Collaboration & The T2K Collaboration accele_rator neutrino
experiments!
Nature 646, 818-824 (2025) | Cite this article The most precise
measurement of |[Am?2;,|!
38k Accesses | 726 Altmetric | Metrics

https://www.nature.com/articles/s41586-025-09599-3
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Cherenkov radiation signature

 Cherenkov radiation appears when charged particle propagates with
velocity v > ¢/n

* For water Cherenkov threshold corresponds to momentum = 1.14xmass

Getty Images



* Single circle or ring - signature
of a single charged particle

= |0
—+
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* Single circle or ring - signature
of a single charged particle

= |0
—




Cherenkov radiation detection

* Photomultipliers detect the
characteristic signatures of the
Cherenkov light.

Cherenkov radiation
« Spatial and time distribution of

the Cherenkov light allow to
reconstruct the direction of a

Neutrino charged particle.
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Figure 1

Power Supply
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Ramlokande

« Kamioka Nucleon Decay Experiment

« Started in 1983 to search for proton decay.

* Cylindrical detector filled with 3000 tons of water,
16 m wide and 16 m high. 948 photomultiplier tubes.

www-sk.icrr.u-tokyo.ac.jp



Kamiande 1

 Kamiokande |l was the second phase of the
experiment started in 1985, aimed at observing
solar neutrinos.

* Increased sensitivity after 1986 upgrade.

www-sk.icrr.u-tokyo.ac.jp



Super-Kamiokande

Superkamiokande
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 The operation of the second
generation detector,
Super-Kamiokande started
in 1996.

K. Nakamura, 3rd KEK Workshop
on Physics at the TeV Energy
Scale (1989)

Kamiokande

22



L
.
-
©
RV
O
-
©
AV
il
O
=
D
V)

filled

Wwas
Tani<
sh

)

with 50,000 tons of water. The detector
th ~11,000 PMTs

dw

was equlippe

v
O
=
&
o
M
c
o
c
&
—
N
Y
-
©
e
)
c
T
[

hment

IS

refurb

Iy 2018

’

ft

-
s~

b - = -
FOPVYE L LR

I

- .

-y
..

-

.

~ . -
e I R

arwmray Wy

v P

, : - g
e I A

e N S A O N s

’
’
‘ v
. »
»
e
' “
’
»

e
e ? 4

PP TE AR LR
f Kimi oy
TR L TLTRETAT
N LR
“o N N. N NG

R TR T

N MY NI NS N
-

LT N L

LR I T T NP mia

N
5.
N

) N

L T

o 2

-

—

.

- e e e e -
A B N S B e e
- e e

e ow
L
L S

A A A B A A O % A A R A A R e e e e

A _Aa A

L1

R e e e e e e e

Ad

"R TR N

& A & v b v

-

Mo NE N NENONI
L X

yiF

e N o
L T K

L
¥ Wi
TETE TR TR LR Al
TR TE T
B2 N 8 NP Niv o2
Yo N0 80 NERENIE #
{..;.4.....?__:...‘ #
TR TE T TR T 2L

S0 ¥ RPN
T T RS

LT R R TL AL A

TR TR L

£ %o 50 K 3 Bk
So00 %8 BB ¥ B
TETR I 1L T
TR TR T LE I AT
b u...-. R XTI

B S B0 B

i deat

i i

' TTL U T

TN I}

RN R LA L R R

H 685 &6 66
d 4 drdvdin

' 4 A arad

dd 4 Braian

dra’ar AL atan
data Ara-an
.}

dld AT Al Ae A

S8 80 =~

AR FFrFRRR RN

"LLTR AR R A,

sERiEEE
FEREEEE

(LITLILLE R




Super-Kamiokande event display

Characteristic ring
patterns allow to

discriminate between
muons and electrons.

.....
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Discovery of atmospheric neutrino

oscillations

In 1998 it was discovered that the number of
muon neutrinos coming from the other side of
the Earth was significantly lower than
expected.

Bottom plot shows clear zenith angle
dependence.

- Negative cosb - up-going neutrino
- Positive cos® - down-going neutrino
Solid evidence of neutrino oscillations!

[

i Monte Carlo expected event rate for no oscillations

Best fit to data assuming vyev- oscillations

DOI: 10.1103/PhysRevlLett.81.1562

250 ,
- e-like ]
200 |-0.4 GeV/c < p <1 GeV/c |
150 [ .
100 EE = DI=+=—
50 [ .
0 | | |
300 _
| u-like ]
240 | 0.4 GeV/c < p < 1 GeV/c -
180—— I///rmr-&@:ewi_
120 fﬂgﬁ i
60 [ .
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Impactful experiments

Nobel Prize in Physics
2002 ’ Nobel Prize in Physics 2015

i « e it
i} & il 8 }
i el e 4
W i)
7 4
[ B | ik .
i
L. ™
At
vig
| |
1 B
1 the Nobel Foundation Photo from the Nobel Foundatic

Photo from ion Photo from the Nobel Foundation
archive. wrchive., wrchive. € Nobel Prize Outreach. Photo: © Nobel Prize Outreach. Photo
Raymond Davis Jr. Masatoshi Koshiba Riccardo Giacconi A. Mahmoud A. Mahmoud

Takaaki Kajita Arthur B. McDonald

One half jointly to Raymond Davis

Jr. and Masatoshi Koshiba "for Jointly to Takaaki Kajita and Arthur
pioneering contributions to B. McDonald "for the discovery of
astrophysics, in particular for the neutrino oscillations, which shows
detection of cosmic neutrinos". that neutrinos have mass".
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Hyper-Kamiokande

* The third generation detector!

with 258,000 tons of water.

Outer detector: 3600 PMTs

Superkamiokande

Kamiokande

Water tank 71 m high and 68 m wide filled

Inner detector: 20,000 PMTs + 800 multiPMTs

28



Hyper-Kamiokande timeline

JFY2020 JFY2021 JFY2022 JFY2023 JFY2024 JFY2025 JFY2026 JFY2027 JFYZ2028

g | B ) [

““ Prepar Tunnel Cavern Tank Detector

ation Const. | excavation Const. Const.

PMT production

Operation

Power-upgrade of J-PARC and Neutrino Beam-line

I N Y I
Near Detector Facility, R&D, production IWCD construction

t We are here 29



Construction
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Entrance yard under construction,

May 2020

30
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Construction

I =

i
!.

Center of the future Hyper-K
Main Cavern's Dome reached,

Paved part of the access tunnel,
January 2022 une 2022




Construction

The barrel section of the main cavern,

Dome height reaches 17 m,
August 2023 SRIE 2025 32




Construction

The main cavern completed, July 2025

The barrel section of the main cavern,
January 2026




Photomultipliers (PMTs)

19 x 3 inch
mPMT

mPMT Jig
ID PMT OD PMT Module

20 inch 3 inch

Dark room in Kamioka for PMT testing

PHOTON IS OUR BUSINESS
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Far detector for the long-baseline

neutrino experiment

Off-axis
ND280

ND280

Beam
direction

On-axis
INGRID

[[[[[[

295 km

“ m..w !
Kamloka Near detectors ~280 m from
Hyper—Kamiokande the beam source

.....
"y, "3

Intermediate Water

Cherenkov Detector ~850 m
from the beam source
Different off-axis angles 36
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S5cr sensitivity

——  Statistics only

------ e----.. |Improved syst. (v ./V, xsec. error 2.7%)
------------ e 12K 2020 syst. (v, /v, xsec. error 4.9%)
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Hyper-K preliminary HK years (2.7x10?' POT/year 1:3 vv)

True normal ordering (known) 37
sin°0,,=0.0218+0.0007, sin’6,,=0.528, Am2,=2.509x10’eV?/c*



|AmZ_,| measurement precision

Statistics only
-------------- Improved syst. (v./V, xsec. error 2.7%)
........................... T2K 2020 syst. (v,/V, xsec. error 4.9%)
Al 25 T T " T T T 1 i
X[ . : .
< N ‘. N -
20 :_ .............. .‘o‘.‘. .................................................................................................... ;6".' ............... _:
1 5 :_ ............ r,‘- ........................................................................................ I St _:
10 :_ .................................. SO\ NSRRI SO S, _:
5 :_ ............................................ A U —— 4 S AT _:
0 ; | I 1 0, e "1»\\\“ ! | ! ! 1 :X1 0_3
2.46 2.48 2.5 2.52 2.54 2.56
2 2,4
Hyper-K preliminary A Ma, (eVeich)
True normal ordering (known), 10 years (2.7x10% POT 1:3 vv) 38

sin°0,,=0.0218+0.0007, sin°0,,=0.528, A m2,=2.509x10°eV?/c*, §_,=-1.601



Am?_ | measurements so far

Inverted ordering

NOVA+T2K —e— 2.48 *20% 1.4%
T2K G 2.53 005 2.0%
NOVA —— 2.44 :+005 2.0%
MINOS+ > 2.45 *001 31%
lceCube —— oA T oo 1i99%
SuperK+T2K e 248 006 2.4%
Superk . 2.48 *5% 36%
Daya Bay nGd P — 2.571 +0.060 2.3%
RENO nGd ‘ . ' 262 *311 4.4%
Daya Bay nH . o83 fol 51%
2.4 2.6 2.8

lAmZ2,| (107 eV?)
32

After 10 years of Hyper-K data taking the error would be below 0.5%. 39



Atmospheric neutrinos

Prlmarycosmlc rays interact with the

nuclei in the higher parts of the - Because of much longer distances the
atmosphere producing secondary atmospheric neutrino oscillations are more
particles, mainly pions. Charged pions influenced by the matter effects.

decay into muons and muon neutrinos. o :
e « Combining accelerator and atmospheric

", . . . ; e
IR CrC T PrOlONSER o neutrino data improves sensitivity to the
| ¥ g mass hierarchy.

Zenith
Isotropic flux of :
cosmic rays :
: 0

40



rong mass hierarchy rejection

— e Atm + Beam (True Normal) sir?923=0.4
| ——@— Atm + Beam (True Normal) siﬁ9m=0.5
[~ == Atm + Beam (True Normal) sir?923=0.6
| ————— Atm + Beam (True Inverted) sirFBm:O.d
5 B ——@— Atm + Beam (True Inverted) sir?623=0.5

—  e—ff—— Atm + Beam (True Inverted) sir?623=0.8

- Ye%e % :
- % 0.0, -
SRR

- KD Q0 _

- R -
RRXRRXKL 0T e

e N

3 e 0:0‘{ -; 0%””0’0’0:0::’:"’:"‘:‘: S E

\/Ax? Wrong Hierarchy Rejection
|

| | 11
1 2 3 4 5 6 7 8 9 1
Running Time (Years)
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Solar neutrino measurements

* Day/night asymmetry studies will
probe terrestial matter effects.

- Precise Am?, measurement

* First direct observation of hep
neutrinos is expected.

’He + p —» “He + e* + ve

Expected # of events / 1.9 Mton year

105-;— .................... ....................... S BB+heb (BP2064 SSM) 1.
- 5 f only 8B
104 ............................................................................................................................................

-
o
w

-
(==
N

-
o

Y
Q

-k
=1
N

N I|||III| |I|\I||T| |II||||I| ||IIIHIF ||IIII|T’ I||III|T‘ II|||III!

14 16 18 20 22 24
Energy threshold (MeV)

—h

Energy range from the threshold
up to 25 MeV
Hyper-Kamiokande Design Report 42



Hyper-K as an astrophysical observatory

. L
» Signal from a core collapse supernova 2 5 o &
could be observed in unprecedented & e &
detail c& ¢F 3 XS
' L " T T T T ]
- Mostly electron antineutrinos via & 108] e
inverse beta decay. S 10 7PN S b 4
B 6 Vot O
» Supernova in Large Magellanic Cloud £ 19,
(like 1987A) would result in ~3000 g 10,
neutrino events! o 10 s
* Hyper-K will be able to detect neutrinos  492f %
with energy down to 3 MeV. 10 b N S
1 Ll m I | %
X 2 3
10 1 10 10 10
distance (kpc)

43
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Hyper-K as an astrophysical observatory

* Hyper-K will also be sensitive
to the Diffuse Supernova
Neutrino Background.

- Neutrinos emitted by
supernovae throughout the
billions of years.

* Different spectrum if the core
collapse supernova ends with
a black hole or a neutron star.

- Very model dependent!

* No conclusive results from
Super-K yet.

0| — JUNO

w
o
o

N
o)
o

N
o

Number of SRN events in FV
o

—h —

o w

S O
|

o)
o

0

— HK
—— SK-Gd

— — HK (BH 30%)
— — SK-Gd (BH 30%)
— — JUNO (BH 30%)

..........................................................................................................................................

............................................................................................................................................

oL

1 1 I 1 1
2045
Year

— 1 | - | | | | | Il | | | | | 1 | | | |
2020 2025 2030 2035 2040

Hyper-Kamiokande Design Report
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Proton decays search

 Hyper-Kamiokande will be capable
of observing and discovering
nucleon decay signal.

* Due to its huge mass, Hyper-K will
surpass the limits found by Super-
Kamiokande.

« Decay mode p —» e* + 1° predicted
to be dominant in many Grand
Unified Theory (GUT) models.

/B [years]

8 14 E
S 12 F ]
> ]
m1g‘ E
[T .
) 5
h6 B
g 4+ -;
£ 2 .
20 ||||||

600 00 1000 1200
Total yriass (MeV/cZ)

______________________________

.............................

Simulated p —» e* + n° signal after
10 years of data taking, assuming
1.7x103* years lifetime
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Proton decays search

* Avariety of other decay modes 7 £, e
could be possible. S [T Geeskad o7 kon S S
> . ---@=-- JUNO20kton R
- Supersymmetric GUT models I wtitions i |
predict proton decay into lepton
and kaon.

 p — anti-v + K*as one of the most

: 107
Important channels

 K* would be below Cherenkov
threshold, has to be identified by
its decay products.

10%

higgstan.com 46



Summary

* Hyper-Kamiokande will be the next generation neutrino observatory in Japan.
« Currently under construction. Expected beginning of data taking ~2028.

* Rich research program:

- long baseline experiment
- atmospheric neutrinos

- solar neutrinos

- supernova neutrinos

- nucleon decay search
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Comparison of future and current experiments

Baseline [km]

Beam energy
peak [GeV]

setup

0.6

off-axis

Multi-purpose
magnetized
(FGD, TPC, ECal)

Near Detector

Water Cherenkov

Far Detector 50 kton

Expected

sensitivity to CPV will reach >30

timescale 2010-2026

2

off-axis

Extruded plastic
cells filled with
liquid scintillator

Extruded plastic
cells filled with
liquid scintillator
14 kton

will reach >20

2014-2027

1300
2.5-3 0.6
on-axis off-axis

Multi-purpose (LAr Multi-purpose

TPC, magnetized magnetized
HPGAr TPCw/  (SuperFGD, TPC,
ECal, scint ECal)
tracker) + Intermidiate

Liquid Argon TPC  Water Cherenkov
4 x 17 kton 258 kton

will reach >50 will reach >50

~2031- ~2028-

49
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I

Flux predictions
tuned for hadron
production results
from NAG61/SHINE
(measurements on
T2K target replica)

Flux (/em?/50MeV/10%'p.0.1)

far detector
> (several

e T

0

decay volume detector hundreds km)
l beam dump 1L monitor 10%-10° m
focussing of positive T—uv, ~100% BR oscillations
or negative pions K—pv, ~63.5% BR Ve = Vu
K —>T v, ~27.0% BR \ /

+ electron neutrinos

Beam can operate in neutrino or antineutrino mode.

Neutrino Mode Flux at SK Antineutrino Mode Flux at SK
AL AR AR ARAM AL AR AR AR 6 RN R N L R RN R
10 :rﬂf"'-llL —v, E 10 —V, -
C —V 7 —v ]
u 5 e _
10° v, = 10 —V,
: —vV —V
i'_":"‘\ e 104 e

— p—
o o
w s

—
o
o

Flux (/cm?/50MeV/10%'p.0.1)

A

10°
‘J’—\\-..,_I__LH_:H_LI:I_‘I_!_l_! 102 .ﬁ=l: |:I‘_|I_
i TN N Y ..I._‘T\ | ] 10 | |\:L—'-FH|:
o 1 2 3 4 5 6 7 8 9 10 o 1 2 3 4 5 6 7 8 9 10 50
E, (GeV) E, (GeV)



Neutrino beam production

set of three

graphite target electromagnets
A,
proton beam ~ = N\ r N
from accelerator C A beam dump
@ decay tunnel A
H
Tt ®)
— \}
™’ /\‘ v O o
® —+°
O
® —+°
@, O
I I N J
O y
v o neutrino beam
travelling

through Earth

M. Batkiewicz-Kwasniak 51



Off-axis strategy

1 G. Zeller
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g I ] : T
e a 7« Off-axis strategy enhances oscillation effect and
S| o 1 contribution of CC quasielastic (CCQE) interactions.
[ i ]
r L : -5)7'«.,
i g%% i > ¢ Around T2K beam peak (~600 MeV) mostly CCQE and
E, (GeV) resonant interactions occur.

e Shift in off-axis angle 860A~1mrad (0.057°) - shift in
energy peak 6E/E ~2% at far detector 52
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* Cross-shaped detector composed of 14 Fe/scintillator modules.

* Monitors beam’s direction, profile and intensity.

« MUMON - muon monitor (for muons exiting decay volume) 53



Off-axis near detector: ND280

FGD1: scintillator layers
 ND280 is a multipurpose detector
used to constrain the off-axis flux
and neutrino interaction models
used in the oscillation analysis.

FGD2:
scintillator +
water layers

UA1 Magnet Yoke

 CC interactions are studied In the
tracker, made of two FGDs (fine
grained detectors - scintillators)
and three gaseous TPCs.

- FGDs serve as targets and provide —

Downstream
| ECAL

good vertex and track resolution. E:::nrino
» Magnetic field allows for charge direction
and momentum measurement. bgesemsens
* Energy loss in the TPCs allows for Exploded view of ND280

particle identification. Old design 2010-2022 54




Matter effects

Presence of electrons modifies the oscillation probabilities as compared to
those in vacuum. CC scattering on electrons is possible only for electron
(anti-)neutrinos. The probability for (anti-)v_ appearance with the first order

approximation of matter effects is expressed as:

)
B B _ sin“ 26013 .
P (W — ) & sin’ s == sin[(A=1) Ay
(1) o JOSIMOCP o A sin(AAsr) sinf(1—A) As]
o _
A=A 31 31 31
Jocosdcp . :
cos Az1sin(AAz1)sinf(1 — A)A
+ « A—A) 31 sSIn(A A3zp) sin[( ) Az ]
. D
sin- 26
+ o? cos? 63 yv < Sinz(AAg,l)

where

o« = Am3, /Am3,

Ajj = Am7;L/AE

A = (=)2V2GFn E/Am%,
Jo = sin 26017 sin 2013 sin 26»3 cos 013

Sign of the matter effects
differs for neutrinos and

antineutrinos. 55



ND280 upgrade

2010-2022 Completed in May 2024

SMRD

UA1 Magnet Yoke

graphic by
Katharina
Lachner

Downstream
ECAL

POD - piO detector built of Super-FGD,
scintillator, water, brass and High-Angle TPCs,

lead layers Time of Flight Planes g



Upgraded ND280 performance

;c? 0] Muons in TPC or =
* Improved muon angular > S o stopping In SuperFGD
acceptance S S —
- Lower threshold for proton b A
tracking S -
: . 031 "+ Muons in TPC —
* Neutron detection via proton ____ only __ 0ld ND280
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SuperFGD

Scintillator cube

.,.‘ —
i m

i

WLS fibers | AL wiu

Schematic concept of the SuperFGD structure.

* The size of each cube is 1x1x1 cm3.
* The active part of SuperFGD is
192x192x56 cm3. .
* Altogether ~2M cubes. ND280 Upg_rade design
report: arXiv:1901.03750 58

SuperFGD layers assembly at J-PARC



https://arxiv.org/abs/1901.03750

High angle TPCs

Drift volume

Upper Tof FGD

Module Frame S / /
3 Upstream ECAL Vertical TPC

« Bottom and Top HATPC - nearly 4n acceptance of
= tracks starting in SuperFGD.

~128um Amplification gap TE TB a
APCALODLG:-SOum [d

+V insulator: 150 pm

~ * Tracks reconstruction resolution of 200-800 pm.

] 9303104481 >

* 8 Encapsulated Resistive Anode Micromegas (ERAM).



https://arxiv.org/abs/2303.04481

LEEEE TOF modules
i BEIEEN tested at CERN

iERR arxiv:2109.03078

ToF Planes

* Time-of-flight system
desighed to measure
precisely the crossing time of
charged particles in ND280.

* Time resolution ~0.15 ns
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https://arxiv.org/abs/2109.03078

Accumulated POT (T2K)

-------------------- accumulated POT for physics analysis (total)

accumulated POT for physics analysis (v-mode)

accumulated POT for physics analysis (V-mode)
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T2K oscillation analysis 2023: runs 1-11
NOVA+T2K joint oscillation analysis: runs 1-10 61



Accumulated POT (NOvA)

w = wu (@] ~J

Daily exposure (108 POT)
NJ

—— Accumulated neutrino beam
—— Accumulated antineutrino beam

Daily neutrino beam —— Accumulated beam

Daily antineutrino beam

= _ K =

2024 analysis dataset
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New NO\;Aonly

« 2014-2023: 10 years of beam to NOVA
* Neutrino beam data: 26.6x10%° Protons on Target (POT), (+96%)
« Antineutrino data: 12.5 x 102° POT

NuFACT 2025 talk by
Jianming Bian

_________ e R ap—— I o 1 *
2020 analysis dataset : - .|°1l 3
o
¢ T . /
. i e .
L "’ . o s |
- : N 1 = %
: y 4 ; i )
. : .. Py
‘.. 1 . s . : . . . ., t ' f. - ‘: : 1 o
2-0.15A 2016 2017 . 2018 é019 2.020 2021 2022 2023 202[1

N w N wu o
s o o o o
(LOd (-0T) @4nsodxa aAneNWN)

=i
o

o

62



Upgrade impact on the CPV search in T2K
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Neutrino helicity

The quantity
O" .
H=2"P_ _, (1.22)
P

is called the helicity (or handedness). It measures the sign of the component of
spin of the particle, j, = :I:%h, in the direction of motion (z-direction). The z-
component of spin and the momentum vector p together define a screw sense, as

Donald H. Perkins,
= P %, P Introduction to High
Energy Physics,
4th edition, pp. 19-21
v LH 7 RH

Massless fermions are characterised by definite helicity states.
Good approximation for ultrarelativistic fermions. 64
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