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» three mixing angles:
« 0,,~34",0,;=9°,0,;~48°(41-5| within 30)

e two mass squared differences:

o Am’, =7.4x10"eV’ and [Am’,,|~2.5x10” eV’

» source-detector baseline and neutrino energy

|
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 Open questions:

'+ CP-violation in lepton sector? O value?

o Octant of 0,;: <,> or = 45

. Dlrac/Ma]orana steriles, Lorentz V|olat|on CPT

e Mass hierarchy(MH),“normal” (NH) or “inverted”(IH): !

m,<m,<mj or m;<m,<m,?
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T2K (TOKAI-TO-KAMIOKA)
“XPERIMENT

World-leading neutrino physics project Taking data since 2010

T2K — long-baseline neutrino oscillation accelerator experiment in Japan

e |nternational collaboration:

e ~500 members, |3 countries, 76 institutes

—J:PARC Main Ring
= (KEK-JAEA, Tokai)

Super-Kamiokandekes e 2
(ICRR, Univ. Tokyo)d e = =
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NEUTRINO OSCILLATIONS IN T2K
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* Test CP symmetry
e Test CPT symmetry e LO dependence on sin?203, sin%03
e LO dependence on sin2203 e can distinguish octant 023>45° from 073<45°
 cannot retrieve octant 023>45° vs 03<45° e Sub-leading dependence on sin(0cp )
e LO dependence on |Am?y33i] * can probe CPV with ~30% effect
® not sensitive to mass ordering e Sub-leading dependence on tAm?;3

e ~|0 % matter effect

*LO - leading oder
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Barrel ECAL

e Detectors in 0.2 T B field

e Tracker:
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e Time projection chambers
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SUPER-KAMIOKANDE (SUPER-K)

e 50 kton water-Cherenkov tank

» Separate e/M-like rings:

* <|% misidentified [ as e
=T rejection

« No magnetic field

e
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AR ANALT S S STRALEGYT

EXTERNAL
DATA

Neutrino
interactions

Hadron production:

Neutrino
interactions model

Beam monitors

Neutrino flux

DATA
FITS

SK fit

NA6|/CERN INGRID Hodel
Super-K Super-K
data model
' Frequntist Ilhood fit: | Frequentist lhood fit: ,Wsin-with ; ‘
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12K DATA TAKING

Total Accumulated POT for Physics
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ND2380 IN 2022 ANALYSIS

More stats + new selections

— new samples for OA
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ANALYSIS RESULTS: ATMOSPHERIC PARAMETERS
623 AND Am r5)

Freq uentist %103  With Reactor Constraint
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e 2022 analysis: joint fit of 6 Super-K samples with reactor
data-driven constraint on 0,3

» Best-fit point in the upper octant

 Lower octant still consistent within 68% CL. 12



ANALYSIS R
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* Good agreement with reactor on 0,3

e Large CPV favoured

e CP-conserving values of 0-=0 and
O=TT both outside of 90% CL intervals

10

Nx 30 _I T I T T T I T T T I T T 7T T T I_
< - T2K Runl-10, 2022 preliminary .
25—~ Normal ordering ]

N Inverted ordering :

20 N - lo CL -

- B %L .

150 B 2oL e

N il —

N

Bayesian

A

T T lllllllw T lllll_ll

posterior probability

T2K Run 1-10, 2022 Preliminary

["] locredible interval
est f |t [ 20 credible interval
I 3o credible interval

Excluded at 30-

| IIIIII_IT

Scp 13



J2YS OLEIER PIEASIURBEMEIN S

== T2K run 1-10 —=NOvA 2020 --=+ Super-K 2020  + Best fits X 1()'3 T2K Preliminary
E : LI I L I I | ‘ I'\\I"\\I' l L ‘I":Jl“ll,ll I | I LI I l I LI I I 1 I : ﬂ’: - I I I | I | | I | I | L I I I I | I I | L I I I I | I I I i
~ - Normal T — . ] < - — ; — . —
006 1.8:— orflering, f‘,\\ ~~~~~~ >i - (‘\l> 3_ T2K run 1-10 Super-K 2020 v Bestfits
16 %0%CL. & N\ - L [ ——=NOvA2020 -~ IceCube 2017 ]
- . o 2.8 —
14— — g -
- / : ] < -
1.2 / = - -
- / \ . 2.6
1= l \ — [
= \ \ . -
0.8F '\ o c 2.4 -
& a0\ | a i ]
0.6 "',,"l “““““ | ] n
N ] B 90% C.L. 7
0.2 T2K. : / / ] B Normal orderilhg 7
- Preliminary i . = | I | I | I s
O m— 0E  6E U5 06 OB 035 04 045 05 055 06 065
e 2
sin2€)23 sin“0),,
° % o
e Ocp-vs-sin?033:at 90% CL, 0. T2K, NOVA and Super-K
contours overlap. T2K consistent with Super-K best fit, NOVA
best fit just outside contour
([

Am?3; -vs-sin?073: at 90% CL, 023 contours overlap.T2K and
NOVA favour upper octant while Super-K prefers lower 14



PIORE 2K OB ATICINS RESUE TS

7] B I 1 I I I 1 ll I I 1 l I i
O L

£ U ]

g E ]

T of -

S T n, 5

o 20 ™ —

o - ]

o 18- —

1) [ —sin'0,, =045, 050, 0.55, 0.60 i

2 165 — Am3,=249x107 eV? s

= - oo Amj, = -2.49x107 eV? -

o : 0 6CP= b1 4 :

k= 14__ B O, =42 ]

b= - 0 9,=0 N

8 12__ ia(:?"“/z ]

g [ 68% systerr. at best-fit ]

'E' 10 ~ v Bestit ]

< f Dea{fi%sutem) T2K Run1-10,2022 preliminary 3

B 1 1 1 I 1 1 | I | | 1 I 1 1 1 I | | | | ]

%O 40 60 80 100 120
Neutrino mode e-like candidates
sin® 03 < 0.5 sin®6y3 > 0.5 Line total

Normal ordering 0.19 0.65 0.83
Inverted ordering 0.03 0.14 0.17
Column total 0.21 0.79 1.00

* Bayesian with reactor constraint

Jarlskog Invariant, Both Hierarchies

Probability Density

T2K Run 1- 10, 2022 Preliminary
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* Independent of PMNS
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Stable CPV-preference for

different priors

|5



« Sensitivity to Oc-dominated by T2K «

INEAREL R ORI = SEE
ATPIOSPIMERIC AINALY SIS

ER
.
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e Super-K atmospheric data can contribute to solving degeneracies due to cos(0.p) and MO

* Covers wider range of energies and baseline — sensitivity to MO

* Ability to reject wrong MO and define 0,; quadrant

* Same detector — detector systematics correlations

68% CL intervals for dcp as a
function of true dcpr assumed

SK+T2K T2K SK (+ND)

T2K+SK preliminar

45 SK+T2K Preliminary Sensitivity
. L L I B L L B B BB
— SK+T2K — T2K

— SK (+ND)
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x2(best CP conserv.) — x%(best §.,, MO)
o

-3 -2 -1 0 1 2 3
, " True dcp

Normal ordering i1~ ¢/ 0528 sin“013=0.0218 Amjy eV-

SK(+ND) — ND fits used to constrain model params used
for low-E Super-K samples
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ANALYSIS

* Two world-leading neutrino accelerator projects currently in operation

 Different baseline, V. mean energy, detector design

* Liquid-CH filled barrels (NOVA) vs complex ND280 (CH-target) + water Cherenkov Super-K

* Complementary neutrino oscillations studies: degeneracies in MO and Ocp

* Challenge to include all local peculiarities and inter-detector correlations into a global fit

* Groups formed and work is on-going

Baseline 295 km 810 km

Detection technology = Water Cherenkov  Segmented liquid
scintillator bars

Matter effect 9% 29%

|7
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» Study appearance and disappearance channels

Use separate fitting params for neutrino and antineutrino: Am?”3 and 03

Consistent results with no CPT-V

x10™° T2K runs 1-10
3,0_IIII|IIII|IIII|IIIIIIIIIII[|IIII|IIII_
— v, parameters + Best fit
2.9 — V, parameters ---68% C.L.
— Joint v, + v, analysis —90% C.L.
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JoA PU FURE PRUCISEEC | 50 7K

* Gd now added to SK: not yet used in analysis but neutron e

signal seen
p
n

Gd

* Significant enhancement in neutron capture: anti-neutrino
events tagging

Ys
» T2K neutrino beamline upgrade is also on-going
- 8 MeV « cascade

°
ACC umdu Iate more d ata T2K-Il Target POT (Protons-On-Target)

: ; . g - :40 g —:4.0 g
* Reduce systematics uncertainties %, weees 2 8 3 F
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» Reduction of systematic uncertainties is crucial ERTRN AR

Cﬁ 15 [ —True sin%,,=0.43
oo% - T ii0.50 —w/ eff. stat. improvements (no sys. errs.)
« 18% (2011) = 5-7% (2022) — 4%(202X..) S
()] [ 3sClL.
O FCTTTTTTTTTTT TR TR R 2 el %
=) - _;;;;‘
 ND280 measurements play the key role g e e s
5— 2e® -
2 [ s, H and 6cp—-1T 2
* Near detector upgrade Y [ K i
< L= 14N preliminary
% 5 1(')) 15 20

* Key elements — Super-FGD 3D-cubes Protons-on-Target (x10%)
based segmented plastic scintillator active B
target surrounded by TPCs

Efficiency to select CCOpi events

g . T e

Muon angular acceptance

efficiency

.. — , S p
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07} A A A — E 3 LI i
osf- i P - z:_ 3 ' f | \15: “ neutron reconstruction
o P 0.sE E 1t = |- Improved determination
- : —_._M - . o ND280 Upgrade .:: : of track directions
“t ~~ TRConly 03 Cumrent 0280 i
BE——— —~"Current 0.2} - *+.+ o+
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ND280Upgrade to start data taking in 2023
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e Plastic scintillator detector based on

G I ot T fabes =

3D-like detector < ~2 tons
active mass

* polystyrene based with dopes via
injection molding followed by
chemical etching

e ~60k readout channels with VLS
fibres + Hamamatsu MPPCs

* Active elements designed and
manufactured by INR RAS and
Uniplast (Russia)

e Small prototypes tested @CERN
beam and also with neutrons @

LANL

SuperFGD cubes arrived at J-PARC in summer 2022 and ready for assembling
21



SUMMARY s e
o

e T2K is working steadily on its quest on filling neutrino puzzI%\@,\ﬁ
e New samples in near and far detectors, upgraded neutrino x-sec and flux modelling

e Current T2K data favours strong CP-violation, CP-conservation excluded at 90% C.L.

e Atmospheric mixing elements:_T2K favours upper octant for 623

* Still consistent with lower octant and maximal mixing

e Slight preference for normal mass hierarchy

e Planned joint analyses: suppress degeneracies with different energies and baselines
e T2K + Super-K atmospheric data joint fit

*T2K + NOVA joint analysis

e T2K Phase-ll approved extended run for ~2023-2027 to give smooth transition to
Hyper-Kamiokande era

* Reach 30 exclusion of non-CPYV for certain SCP and MH
e Super-K already loaded with Gd to enhance neutron tagging

* Near detector upgrade to further reduce systematic uncertainties + enhance
physics capabilities with ND280Upgrade

e Key part SuperFGD cubes already in J-PARC and ready for assembling oY)
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Nobel & Breakthrough

Credit to APS : : illati
The Growing Excitement ol fesmcing O
of Neutrino Physics il
theta 13 at S sigma
K2K confirms
<> 1930: On-paper appearance as “desperate” remedy by W. Pauli e iy
_ . . . KamLAND confirms
< 1956: 7, first experimentally discovered by Reines and Cowan solar oscillations
Nobel Prize for
< 1962: v, existence confirmed by Lederman etal. eer annianiany
<> 1998: Atmospheric neutrino oscillations discovered by Super-K o o
flavor
< 2000: v, first evidence reported by DONUT experiment Super K confims soler
eficit and “images” sun
< 2001: Solar neutrino oscillations detected by SNO (KamLAND 2002) e
< 2011: v, — v, transitions observed by OPERA Nobel Prize for v discovery!
LSND sees possible indication
< 2011-13:v, — Veby T2K, v, — U deficit observed by Daya Bay(2012)N‘;fbfflcg;iffz'rgcf;'covery y

distinct flavors!

<> 2015: Nobel prizes for v oscillations, Breakthrough prize (2016) Kamioka Il and IMB see supemova
neutrinos
Pauli Fermi's Kamioka Il and IMB see atmospheric
predicts theory Reines & 2 distinct neutrino anomaly ‘
the of weak Cowan discover flavors  Davis discovers SAGE and Gallex see the solar deficit
Neutrino interactions (anti)neutrinos identified the solar deficit LEP shows 3 active flavors
Kamioka Il confirms solar deficit >
1930 1955 1980 2015

25



INECEFRING QS0 ALIONS

@ Neutrino have mass and mixings:

® Neutrino flavour eigenstates are not the same than the neutrino Lorentz

eigenstates. _
Vo — Ua iV
® Eigenstates are related through a rotation matrix.
Flavour eigenstates Lorentz eigenstates
(Ve,Vu,VT) (V17V27V3)
state of the neutrino interactions states of the neutrino propagation in space V“ — ve
Pontecorvo—Maki—Nakagawa—Sakata .Ne1.1tr1n(.) vv\‘f\;‘f ’ "\u . ’ VuV ’ VuVu
(PMNS) matrix Oscillations imply 4 ~,<_ VP = RN
o e © Ve Ve Vu '“
(ve vu vr)=Upnus (1/2) AR ::;tt::t"f" ‘ _‘ L
Vs Va v 5.0 5.9 2
N P\v, —vg)=sin"20, *sin"|1.27Am; —

- > V4 The mixing angle, 0, Am? determines the

determines the amplitudc slml)c of the oscillation

of the oscillation as a function of L (or E)

wimei-at NI, =

AN AAA
- VANV - e
v cos0,.j s1n0,.j V. JVVVVVVY JVVVVVVVY

T 2}i2\ Vg -sinf; cosf, J{v, my+m,
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NEUTRINO OSCILLATIONS IN T2K

Ocpand mass hierarchy (MH) both cause differences in v and anti-v oscillations

Osc. Prob

V>V, V, 2V,

~12.5°Off-axis v flux
u

—— 5,,=0°, NH, v

—— 5,,=270°, NH, v

=== §,,=270°% NH, ¥
Large CPV effect
Small matter

S
~
~
e
-
-
-
----
______

CPPHASE!  p(1, 5 1) P(7, — 7,)

CHANNEL

Ocp=-TT/2 Enhance Suppress

Ocp=T1/2 = Suppress Enhance

At T2K baseline (L~295km, E~0.6GeV):
* CPV: = £30% effect

* Mass hierarchy: = +10% effect
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ON-AXIS NEAR DETECTOR INGRID

Near detectors
P T off-axis
N\

T —— | -
30GeV Ta SRRy | R S a‘;

rotons N .
pf H Muon monitor |
rom | ‘

J-PARC MR | i
0 120m

280m

e T2K utilises off-axis neutrino beam:

* Important to monitor beam intensity and direction

* |ron/scintillator detector to
measure beam profile and rate

e Day-by-day monitoring

* Direction stable within | mrad
(~2% shift in peak energy)

[mrad] [events/1e14 POT] f_’

00O —-da=-

o
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‘,,
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. Horn250kA
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' Horizontal beam direction :

et o,

e

§_Vertic:al beam dire¢tion

ro~
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| T2K Run1 T2K Run2 :TZK Run3 : T2K Rund
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CC-v,(v,) do/dp [x 10°° cm?/nucleon]

ANALYSES WITH 12K ND230
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UA1 Magnet Yoke

Downstream
l ECAL
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- T I T T T T
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- T2K RHC 6.29 x 10%° POT — — NEUT 540 (y2=14.634)
GENIE 212,10 (32=16.319
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(anti)Ve on C
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NER
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10—10

Constrain flux and Vv interaction model parameters
prior to oscillations
30 GeV protons on C target, intense V beam from T1/K
+ complex detector —
Rich opportunities for physics measurements:
 Neutrino cross-sections
* New physics signals
e Light-sterile neutrinos with SBL oscillations
 Heavy neutral leptons M ~ O(l GeV)
e Dark-photon/LDM signals

N L K marginalising ~—Ye Ve with T%K ND280 _
— — - T2K, single-channel ] RS E Ph SReV 9 Ims I I% 3
- : : —— PS191 (2-body) . N C = ]
I N - R S —— PS191 (3-body) - % B < = i
F : f E ~ 10 = 3
: | L=
B s S B °
3 E 1
- - c _——
- 3 B S —
= E 10" £ — Gallium allowed EIT2K excluded
- 3 = v.-C excluded
[ 5 5 5 ] [ — Reactors allowed Sun v excluded

i 1 1 1 1 l 1 1 1 1 ' 1 1 1 1 l 1 1 1 1 i 1 1 1 10-2 -2 ! : : : ! — I:\-l ! ; : ! : !
150 200 250 300 350 10 10

1
M, [MeV/c?] 8'2@9@



>UEERK MUEHRING SAMPLE FOR
NUMU

e Multi-ring UCCITT" sample in FHC mode . con 1

AV
. - - :
* Two rings from |J and ITT and Michel (\..
electron //'
V Y e
L > + - T ’_,“./,—.“ Ve
* Oneor tworings from Ig and ITT and2 ‘ "W\‘ .
Michel electrons VA .
Ve

* Increase V-mode [-like stats by ~30%

* Higher energy but yet oscillation sensitive —
interaction modelling cross-checks

450

B 1Ru sample
I New sample
+ Muon-like data

Events per GeV
&
(=]
I

v-mode

2502— T2K preliminary

0 3 5 6
Reconstructed Neutrino Energy (GeV)



SORERK AR
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Antineutrino-mode
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niae S0 RIS

Erec/ 0 4 for (anti)Ve

\ Erec for (anti)vy

o Sy —

SOOI T AINALE SIS O FE

;givFr’eqxu‘entist lhood fit: i

N AND El

Three analysis frameworks

| Frequentist lhood fit: i
l* pgl/ 0Oy for (anti)Vve ]

Erec for all samples
dFD fit |

Erec for (anti)vy

e ——

Data

(5cp=—7r/2 5cp=0 5cp=ﬂ'/2 5cp=7'(' |
FHC 1Ry 373.617 372.977 373.576 374.339 374.023 || 318
RHC 1Ry 143.227 142.891  143.229 143.593 | 143.433 || 137
FHC 1Re 101.809 85.601  70.123 86.324  99.163 || 94
RHC 1Re 17.171 19.509  21.610 19.273  117.503 Best || 16
FHC 1Relde 9.970 8.664 7.045 8.451 9.618 fir || 14
FHC v, CClnt | 115.383 114.884 115.357 115.864 |115.662 | 134

ND280-tuned predictions using normal MO, 2021 PDG 03, sin2023=0.528
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Sro T elIAR e UNCESTAINTIES

IR | MR 1Re
Error source (units: %) || FHC RHC FHC CClx™ || FHC RHC FHC CClx* | FHC/RHC
Flux 2.8 2.9 2.8 2.8 3.0 2.8 2.2
Xsec (ND constr) 3.7 3.5 3.0 3.8 3.5 4.1 2.4
Flux+Xsec (ND constr) || 2.7 2.6 2.2 2.8 2.7 3.4 2.3
Xsec (ND unconstr) 0.7 2.4 1.4 2.9 3.3 2.8 3.7
SK+SI+PN 2.0 1.7 4.1 3.1 3.8 13.6 1.2
Total All 3.4 3.9 4.9 5.2 5.8 14.3 4.5

* Numbers quoted are the RMS of the predicted nhumbers of events in the far

detector sample obtained when varying systematic parameters according to their

prior distribution

e Some systematic parameters do not have a prior constraint, and can end up having
larger effect than estimated with this method in a fit
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 Study appearance and disappearance channels

» Use separate fitting params for neutrino and antineutrino: Am?3 and 03

e Also consistent with previous T2K results Phys. Rev.D 103,LO0I 1101,
tested effects of updated interaction model + new Super-K data

30 X1 03 T2K runs 1-10
(r . | T 1T I T T1 | T T 17T | T 1T 17T T 1T | T T T | T 17T | T T 1 I_
%} - 90% C L. — A =[PRD 103, LO11101]7
— 29 — —v, parameters + Best fit — B = A + New int. model —
& - -V, parameters * Best fit — C =B+ New data -
(18 28 — _
2 UF -
- ..‘:z E
(\IE(") 27 E I:‘I/:::/ E
ETE S P
25 [ T
2.4 3
03 ; -
2 2 : Il 1 | | Il Il Il 1 | | Il l".': 'l‘""| Il 1 1 l 1 1 1 1 l 1 "'ll '|‘l. ‘| | 1 1 1 1 | | L 1 l:
‘030 035 040 045 050 055 060 065 0.70

T2K preliminary SiT6, (sin°,,)
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12K HIGHLIGHTED IN NATURE

The Mirror
Crack’d

Constraining the matter-

antimatter asymmetry with T2K THE MIRR“R | i

https://doi.org/10.1038/s41586- § CRAEK
O 2 O- 2 177 -O - ‘Anjindication oﬁr_nat}:er ‘antl.matt;er‘,

) symmetryfwolatlon IN neutrmos

&

Coronavirus Hotsource - Origin of aspecies §
The models driving Remnants of Revised age for.Broken 5
the global response primordial nitrogen ~ . ~Hill skulladds twistto. ~ .§3
tothepandemic. - inEarth’smantle o human evolutlon g
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Simulation: FLUKA, GCALOR and GEANT3

1 Eur. Phys. J. C76, 617 (2016)
2 Eur. Phys. J. C79, 100 (2019)

e Tuned to external data: NA6|/SHINE
(CERN)
+ UPDATE: moved frgm 2009 T2K replica
target data to 2010 one
« more statistics for TT production.
+ adds K and p data.

Tunled rlunI'—IOl? ﬂuIX atI ND|280I

Flux (/em*/50MeV/10*'POT)

Intrinsic V. background at ~0.4% level

Tun'ed rI11n5§:—9<i|1 ﬂulx atI ND.ZSO,

102 1%
1011 i

100 &

T2K Preliminary =

8 10
E, (GeV)
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=

C EOIN

Actual beam profile &  Phys. Rev. D 87, 012001 (2013)
position (from beam

Vu

monitors) T
T, K

Proton

beam P>

(30 GeV)

Graphite target
(data-driven MC)

Horn focusing, decay
(simulated by GEANT3)

ND

ND280: Neutrmo Mode, o

T2K Preliminary
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e g Hadron Interactions

03
| e Proton Beam Profile & Off-axis Angle ——=—= Material Modeling
—  meeeeeseeeee Horn Current & Field
B e Horn & Target Alignment
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more stats
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* NEUT generator tuned to external data from MiniBooNE,
MINERVA, bubble chambers, etc

o CCQE dominant @ T2K energies

e Updates: Charge Current Quasi Elastic (CCQE) ,ﬁ.’/@. :

* Expanded parameterization of the spectral function

* Normalization of each nuclear shell for Mean Field (MF)

* Normalization of Short Range Correlations (SRC)

* Added Pauli Blocking to give more freedom in low Q2 region

o Updates: 2p2h/MEC

 Better description of 2p2h pn/nn pairs contribution

e Updates: other

* New tune of bubble chamber data to resonance model

parameters

T2K uses the NEUT nevutrino nucleus
interaction simulation fo model this

The European Physical Journal Special Topics

0.8—

0.6—

6 /E, (10%® cm? GeV™)

c/E, (10% cm? GeV

* New resonance decay uncertaintiesEffective inclusion of binding
energy for Resonant channel

* New Nucleon Final State Interactions (FSI) uncertainty

* New multi-TT uncertainty varying shape of hadronic mass and TT1-

multiplicity

volume 230, pages 44694481 (2021)
See our NuFact 2022 talk on NEUT for details!
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