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INECEFRING QS0 ALIONS

@ Neutrino have mass and mixings:

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

eigenstates.
Uy = U,V
® Eigenstates are related through a rotation matrix. a0 al=l
Flavour eigenstates Lorentz eigenstates -
(Ve,Vu,VT) (V17V27V3)
state of the neutrino interactions states of the neutrino propagation in space v — v
. ® €
Pontecorvo—Maki—Nakagawa—Sakata .Ne1.1tr1n(.) vv\‘f\;‘f ’ "\u . ’ VuV ’ VuVu
(PMNS) matrix Oscillations imply Slan ol () x\ i PORANA
. e © ° Ve ‘n M
" SRS neutrmo mass P >
(ve vu vr)=Upnus (1/2) AR ::;tt::t'f" ‘ _‘ L
Vs Va v 5.0 5.9 2
: 2 Plv. =v,_ | =sin"20. *sin“|1.27Am; —
A a B iy ]
e y
P v l‘,'
- - > V4 The mixing angle, 0. Am? determines the
determines the amplitude | | shape of the oscillation
of the oscillation as a function of L (or E)
: f /‘ |
| | wave-m,
A = - WAV
ANAD ARAARN
MANAAN / \! Uu . wave-m,
v cosf, sinf, \(v JUVUVVVUUVVVUVVUY
a ij ij i

T 2}i2\ Vg -sinf; cosf, J{v, my+m,
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Atmospheric S

8

Neutrino mixing:
Pontecorvo-Maki-

Nakagawa-Sakata
(PMNS) matrix

R

Accelerator s i "

l /f

= / ‘ 7,

NO

/
if{

;"‘!,w‘\ -
T

¢, = cosf V, 0 0 Ci3 0 513 € €12 v,

5y = sin® Vo |~ 0 ¢y Sp 0 1 0 =S, ¢ 0] v,
i

smeni-mi \Ve) |0 =5y enfl=s€" 0 ey [l 0 0 1[IV

Oscillations governed by

*PDG 2022

» 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

|

4

 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,?

SRIASEAS IR Salndsomint

%g



T2K (TOKAI-TO-KAMIOKA)
“XPERIMENT

World-leading neutrino physics project Taking data since 20 | O

T2K — long-baseline neutrino oscillation accelerator experiment in Japan

S e Russia: INR RAS and JINR Dubna
i+ - l ® —-_

e |nternational collaboration:

Japan

lllllll

J PARC Main Ring
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““Near detectors

D " volume T s 2,10
R W— . w— & sin"20,,=0.1
socey TR @ L Fas T = W\ il
protons U e - - - - - B t L, 01 o
& Horns M Muon monitor on-axis €am center 1 —-TH,ogy =2
{ from . , - (¢ Loos
1J-PARC MR ' ! ' 2 A
3 ’ _m]ézpm - 280m - I — —_— T
T T I | o
ND ~ *ND Y ND END 45 SN 0A25
* Near and Far detectors f Obserable  Fux 1953 Detector £ osf ]
v g . : i) L il
e Off-axis (anti)muon-neutrino beamj N D"~ () FD’ FD'E o Posdl ! i
b o _ e 0 03 : >
_E.(GeV

* Energy peaked at oscillation maX|mu E~0

GeV)

e Neutrino and antineutrino enhanced modes via horn
polarity switching

* Dominant process for vV detection: charged-current quasi-
elastic interactions (CCQE)

* Reduced intrinsic v, contamination (=1%)

* Reduced backgrounds from high-energy tail

G/E, (10%cm2 GeV') |

0.8

0.6

0.4

5 o

T2K flux
—— CC Total
—— CCQE
- - MEC
—— CC RES
CC Multi-pi
—— CCDIS




NEUTRINO OSCILLATIONS IN T2K

L
B e e (cos4 615 sin” 2053) sin? (Am§1E>

“Disappearance” channel

o Precise measurement off“atmospheric” parameters 923 and Am ;, and CPT test via v vs anti-v analysis

e o e B e s e e .; Zozoras

, e O [ (1 ; " From Phys. Rev. D64 (2001) 053003 |
; D) ) =

PRI ~|sin 26013 sin 023 X T ! Leading term

\ g, //

o — STy A = .:
| CP-violating —ozm 5Cp“>< sin 2912 sin 2913 sin 2923 X sin Asm[az ol it i

At Sisn foRantieVar e X (1—x)
|

e G : : sin[zA] sin[(1 — z)A]!
08 0 pIX sin 205 sin 2073 sin 2055 X cos A zA ((1 )) |
Amg, 1 Am3L  _ 2V2GrN.E

= St DR NG B e
Amgl 30 AFE Am3,

t CP-conserving ¢y

|

o

“Appearance” channel* measuring 9,3 and probing CP violation (CPV) f
7} o Leading term defines{the octant of 0,,: <, > or = 45 * T2AK Iead|ng effor iS

| ¢ Sub-leading term accounts for CPV: enhanced effect when comparing neutrino and
. antineutrino data




NEUTRINO OSCILLATIONS IN T2K

v, Disappearance

LA I L B LA (N R B R B N B B
- 1 2.5° Off-axis v flux

Osc. Prob

1 —— AM3,=2.5x10" eV?, sin®0,,=0.5

: S s PG P, 0
7 I {77 R E Ocp=-T1/2 Enhance Suppress
0 ':I:..:. NS T i . T .-.-7-.-.1-.--.--.-.1-"
0.5 1 1.5 2 2.5 3 2 2.5 3
E, (GeV) E, (GeV) Ocp=T1/2 Suppress Enhance
* Tests CPT symmetry « Tests CP symmetry o
. LO' dependence on sin?20,, - LO dependence on sin®20 ,, sin?0,,

Osc. Prob

v_Appearance

- —— 8,,=0°% NH, v "

1 rrrrrrrrrrr o T T

2.5° Off-axis v, flux

—— 8,,=270° NH, v

@ >49° <4h/o
o hard to distinguish 60,,>45° from 6,,<45° can separate 0,,>45° from 0,,<45

- Sub-leading dependence on sin(d

- LO dependence on |AmZ_,| cp)

©can detect CP violation (~27% effect)
¢ doesn't depend on sign of mass splitting

| - Sub-leading dependence on iAmz32
(* Leading Order)

@ ~10% matter effect
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Decay
p TC VOIUme I UA1 Magnet Yoke
c_‘_\‘ N AN o :;"v" 1
s0Gey B Ol 11 O
. Target n Y/

rotons .
P & Horns = Muon monitor

from | |

J-PARC MR ' (i
detector)
\\‘_,, > ‘ﬁi =

o Off-axis detector ND280
e Detectors in 0.2 T B field

Barrel ECAL

e Tracker:

| MRS p—

e Time projection chambers

e Scintillator fine-grained £ . wsec Parameters
detectors I e e N S

SO . SN DTPC DTPC ECAL ; o:%: Prior

e On-axis detector INGRID D Postit

e lron-scintillator layers - QO s e s

e Day-by-day monitoring of ‘ Mp-ke R

the v beam position and rate | _ R Sg8

Example: neutrino candidate in antineutrino modg o &



CC-v,(v,) do/dp [x 10°° cm?/nucleon]

ANALYSES WITH 12K ND230

 Constrain flux and V interaction model parameters
= Sviiene Sl prior to oscillations
* 30 GeV protons on C target, intense V beam from 11/K
+ complex detector —
| A e Rich opportunities for physics measurements:
—— e Neutrino cross-sections
 New physics signals
e Light-sterile neutrinos with SBL oscillations
e Heavy neutral leptons M ~ O(| GeV)

Barrel ECAL

* AoKkAaA
e Dark-photon/LDM signals™ P
6
24 T T T T T T 3 107 E o e TS 2 Ve—' Ve Wlth T2K ND280
o E c o Data 3 — i H —— T2K, marginalising 3 aS 10 =
— T2K FHC 11.92 x 10% POT - — B . . E ‘% =
20 - T2K RHC 6.29 % 10%° POT —— — NEUT 540 (y?=14.634) _E : : : : : g;lfg’fl(l;%lti;zl;?nnel : $ E Ph SReV 9 I\OS I I O E
18 F_ 0°<= 6<=45° GENIE 21210 (r=16319) 3 1077 =N . S —— PS191 3-body) ] % B = 7
- NuWro 19.02 (x?=32.077) E = H i E - 10 ——— I
16 FHC CC-v, ! RHCCCw, | RHCCCY, - - . NE“‘E E ——
14 : : = - _ C .
2 (anti)ve on C g NP INF S = - Wiy i\ eyt | SN S | < [
10 ?JHEPlO(ZOZO)l 14 1 E § - g _—
e = E - ; i - S—
i 3 ____—.T_ﬁ —E 107 et -'"é 107! = — Gallium allowed ETZI((: exc}ugeg
E E : . c v.-C exclude
2 qh_-;l;% [ ] [ — Reactors allowed Sun v excluded
0 ! i P i PhstevD lOO 052906 L 102 R
03-16 16-32 32-30 03-16 16-30 03-16 1.6-30 107" 950 200 250 300 350 107 10!

o [GeVrc] M, [MeV/c] s1§ Zﬂee



FAR D

SUPER-KAM

e 50 kton water-Cherenkov tank

T EC LR M

» Separate e/M-like rings:

* <|% misidentified [ as e

=T rejection

« No magnetic field

r

i

OKAN

Number of events

+ |
i **W "

0
-2000

=N
—+— T2K Data oy, and v v, CC
v, and v, CC \Ieutnl current

/| 1 1

-1000 0 1000 2000
e/p PID discriminator

http://www.ps.u'ctei‘:Iu/~ ~tomba/sk/tscan/ Pi’ctures.html

QU

N

10



FAR DETECTOR MEASUREMENT
SUPER-KAMIOKANDE (SUPER-K)

nples currently used in oscillation analysis
‘ el s

One e-like ring in v mode

1Re CCln+ One e-like ring and Michel
electron in v mode
1Rp One p-like ring in v mode
MRpu CC1rn+ Two rings (4 + 11) + ME or
(Multi-Ring) | p-ring + 2 ME
T’ 1Re One e-like ring in v mode
1Rp One p-like ring in v mode

fed

TR AR
»
LS VRS




AR ANALT S S STRALEGYT

EXTERNAL DATA
DATA FITS

Neutrino Neutrino L
interactions interactions model Super
Had;l;"6||°/"gg§‘;\tli°n: + Beam monitors Neutrino flux -
INGRID model
Super-K Super-K
data model

*Two approaches:

frequentist and

Bayesian (MCMC) to | |

Obtaln/present fnal results e Sk A = S — 19

[ TN ST AT E AR, il oS Tl TR Vo S 8 T P GRS AT E T U SR SRR S B A R I 2 27 ST NP SRS |



ANALYSIS RESULTS: ATMOSPHERIC PARAMETERS
623 AND Am r5)

Freq uentist %103  With Reactor Constraint

o L s B R A B B B AL B B B B B
_ N en 2.8 Nl oniy -
% only -
5 < 2 .7 N T2K Run 1-10, 2022 Preliminary |
E 26 .

= SN N

> 25 -
<] 2.35; ormal orderin - === 68% C.L. ; 2‘4__ ' ‘ ]
230
04 0.5 0.6 0.7 0.8

. . 2
Bayesian sin“0,,

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. 13



ANALYSIS R

=oie

T2K Run 1-10, 2022 Preliminary
2 |:| PDG 6, Constraint
T2K only 90%
1
------ T2K only 68%

llllllllllll

A T2K only Best Fit

T2K + Reactor 90%

------ T2K + Reactor 68%

A T2K + Reactor Best Fit

llllllll

Frequentist

0.01 0015 0.02 0025 003 0035 004 0045 005 0055 0.06

sin 9

marglnallsed over mass orderlngs

T 6|3 M:ASUR

=

i b 6

* 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

Reactor constraints applied,

Nx 30 B ] T I T T T L] I T I T T I T T 1 T I I ]
< T2K Runl1-10, 2022 preliminary
25 — Normal ordering
Inverted ordering
20 Bl o
B 0% cL
15 L 2oCL

B socL

llllll'v{"llllllllllIIIIIIII

Bayesian

T2K Run 1-10, 2022 Preliminary

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

A

T T lllllllw T lllll_ll

posterior probability

IIIII[LV'IHIIIIIIIIIlIIlIII

1 T Ll I | | T 1 T T | T 1 1 T I I 1 1 1

Excluded at 30-

| ||||||_|T

Ocp | 4




12K HIGHLIGHTED IN NATURE

The Mirror
Crack’d

Constraining the matter-
antimatter asymmetry with T2K

https://doi.org/10.1038/s41586-

020-2177-0

Coronavirus
The models driving
the global response

tothepandemic. -

-

Hot source

Remnants of
primordial nitrogen
in Earth’s mantle

Origin of aspecies
Revised age for.Broken
~Hill skull adds twist to

" human evolutlon

E
8

S

B
¢
E
e

-
CRACKD ‘

: Anmdlcatlon of matter- ‘antlmatter;
, symmetryfviolation in neutrinos -

&

770

15



J2YS OLEIER PIEASIURBEMEIN S

== T2K run 1-10 —=NOvA 2020 --=+ Super-K 2020  + Best fits X 1()'3 T2K Preliminary
E : LI I I I I I | ‘ I'\\I"\\Iv l L 1"’4"4ll,ll I | I LI I l I I I I I 1 I : ﬂ’: - I I I I 1 I | | I | I | I I 1 I I I I | I I | I I 1 I I I I | I I I i
~ - Normal T — . ] < - — ; — . —
J: L= oo, ;"\\ ,,,,,,, >ﬂ : T T2K run 1-10 SuperK2020 -
16 %0%CL. & N\ - L [ ——=NOvA2020 -~ IceCube 2017 ]
- . o 2.8 —
14— — g -
- / : ] < -
1.2 / = - -
- / \ . 2.6
1= l \ — [
= \ \ . -
0.85 L\ L E 24f i
& 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
sin’0,, sin“0),,
. - o
e Ocp-vs-sin?023:at 90% CL, 0. T2K, NOVA and Super-K
contours overlap. T2K consistent with Super-K best fit, NOVA
best fit just outside contour
o

Ocp-vs-sin?023: at 90% CL, 023 contours overlap. T2K and
NOVA favour upper octant while Super-K prefers lower 6



« Sensitivity to Oc-dominated by T2K «

INEAREL R ORI = SEE
ATPIOSPIMERIC AINALY SIS

ER
.
AN

« Super-K atmospheric data can contribute to solving degeneracies due to cos(d«) 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)

IIIIIIIIIIIIllllllIIIIIIIIIIIIIIIIIIIIIIIII

IlllllllllllllllllI|llllllllllIIIIIIIIIIIIlI

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 lowE Super-K samples

|7



JoA PU FURE PRUCISEEC | 50 7K

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

signal seen)

* Significant enhancement in neutron capture: anti-neutrino

events tagging

» T2K neutrino beamline upgrade is also on-going

e Accumulate more data
* Reduce systematics uncertainties
* Reach 30 for non-CPV rejection

prior to Hyper-Kamiokande era

1400

1200

1000

MR Beam Power [kW]

800

600

40077

200

Gd

pjgn

Ys

- 8 MeV « cascade

T2K-Il Target POT (Protons-On-Target)

S
o

MR RF upgrade
<30
MR Power Supply upgrade o
; 25
“20x107P0T A

n
o

30 CPV for sin6,;=0.53,=-%

-
(%]

Jry
(=}

l][lLII[IIIIIIIIII[IIII]III

Illllll IIIllIlllll'[llI lIIlI‘LIII L1l

5

0 ' | : | | | | | 0

2016 2018 2020 2022 2024 2026 2028 2030
Jan. Jan. Jan. Jan. Jan. Jan. Jan. Jan.

Integrated Delivered Protons [10?'POT]

IIIIl|IIII|IIIIIIIIllII]IlIl[IlI[IIIIIII|

Py
o

w
on
Delivered Protons / Period [10?'POT]

1.0

0.0
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efficiency

T2K FUTU

%

B B B

RO

NEA

R D

CCTOR D)

7

» Reduction of systematic uncertainties is crucial

* 18% (2011) = 5-7% (2022) — 4%(202X..)

« ND280 measurements are crucial

» Near detector upgrade

* Increase phase-space available
* Reduce thresholds for Vv products detection

* Neutron detections for anti-neutrinos

* ANOKA2A
C. CyBopoBa

* Key element = Super-FGD* 3D-cubes based segmented
plastic scintillator detector + designed by INR RAS

* Detector elements arrived in Japan in summer 2022

Muon angular acceptance
osf

osf : _

oré A ‘ ‘ ——

o} : : ey

os} : : —

04} : —_— —_

-~ Muonsin __
TPC only

CE——— ~"Current
- .~ efficiency

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

03}

true cos 6

Efficiency to select CCOpi events

[ —

tt . I LA | L B T L A | —
£ 095 Proton tracking threshold -
E o8 Work In Progress :
0.75 3
0.6’; 3
0.55 i
ND280 Upgrade
0.4
036 Cuier.\t ND280
0.2’? - .7'\.+’+ j
0.1 o 5
obas o 4 et 1 2 1 | 2
0 200 400 800 1000 1200 1400

momentum (MeV)

|
oa

J

2
—True sin“0,,=0.43
—True sin’0,,;=0.50

. 2 -
— True sin 923=0.60

T T T T T T T T T T T

—w/ eff. stat. improvements (no sys. errs.) i

== w/ 2016 sys. errs.

=7 "NH and dcp==T1/2

I e e e G T I I R R

___T2K preliminary

cﬁ 15
5 i
O -
%) B
<
= i
(0] 10_3cc.L
g e
3 -
O - 99%CL. _
a<) R
e
o L s0% L
x _
< 0- )
0

UAI Magnet

PODECal

ND280Upgrade to start data taking in 2023

5 10 15 20
Protons-on-Target (x10?Y)

Lower thresholds
Improved efficiency for
high angle tracks
neutron reconstruction
Improved determination
of track directions

1 cm3 cubes
+ WLS fibers
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EPEUIRE Q- INEUTRING

OSCILLATIONS

Need large scale detectors of the next generation to make
definitive discoveries in neutrino puzzle

Hyper-Kamikande (Japan) and DUNE (USA) era

Combined efforts of different projects: solar + reactor +
atmospheric + accelerator measurements —

Define neutrino mass hierarchy + octant + CPV by 2030s

20



F2REOUIPERK = 2 Y PEREK

VHyper-Kamiokande Physics

Hyper-Kamiokande i P ro tO N d eCa y

T Fobew i “ Hyper-Kamiokande
R
. . . u X e+ 10" E
* Neutrino Oscillations + Droton decay b <y | B—
: : o ;
- beam, atmospheric, solar neutrinos H Kamiokand d—d 0 /
- BSM (sterile searches, non-standard interactions etc.) yper— amiokande — ——s
10° 3
* Astrophysics Super- HK can improve the SK limit on b | S 7o 5
. . this process from 103 to 10% years
- solar neutrinos, supernova neutrinos — ;ﬁ? F Y g T [
o § 10°E T Wraswonnb s
- dark matter, gravitational-wave sources § | == o
- gamma-ray sources X e ==
258 kton HK also competitive for p - K*v b //
* Nuclear physics e
- heutrino interactions v w il / }/
PREE R .o__¢ =R il £
il H i
K* 2020 2030 2040
Year 9

* Geophysics
- matter effect on oscillations
- electron density of Earths outer core

“*Atmospheric neutrinos + beam

> Hyper-Kamiokande
- Sensitivity to mass ordering Sensitivity to CP-violation
' =\ 5 F . AR ALALE R ' Ean _ 1g HK 10 years (2.70E22 POT 1:3 v)
The Hyper-K Detector J¢> Hyper Kamiokande i e e E S— e Hae
- E 55 ,..: ; » P 3 = uE élm(‘)::phgri(‘:é (Unkl;\;zv);\MO)
Water CherenkOV detector § N - i &‘b‘:”ik \%': X 2 :(2‘:— -------------- Combined (Unknown MO)
g - T I — )
Cosmic ray g . == Blue NO = 3 sk /\ - ﬂ
Photomultiplier tube E ; e ] [ \ = /TN
= Y |§ 2f - & 4f // \\ 3G // ----- \\
Cherenkov Ilght : n" n o Shapes/width ] ‘g’ 2:_/ \\] /\\\
i . . different 6 - T e S e
Neutrino 3 ) olet 1 1 1 ! ! I | | L] Hyper-K preliminary ‘ i o True §
b/ o ak; T T Tt ey oA e B o AR ’
partlgle $4q :E:;: *::
;:;:j‘;'ns%gﬁg EEE TR Atmospheric neutrinos sensitive to matter effects as they traverse the Earth
S0 ‘ % - Sensitive to mass ordering, also helps with 6,; octant
Muon Electron H K will beai wily i Y Best sensitivity to mass ordering from combined fit: atmospheric data + beam data
yper-A wi egin moiVe oA
. . L Y If mass ordering unknown, atmospheric data improves beam sensitivity to 3CP
taking data in 2027 | A v R
4 | i * * Diagram: Kajita T. (10.2183/pjab.86.303) 2 I 23
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e T2K is working steadily on its quest on filling neutrino puzzle

* Neutrino experiments foreseen to play a leading role in particle physics of the next decade

e Current T2K data favours strong CP-violation in heutrinos and upper
octant for 023

« T2K Phase-Ill extended run for ~2023-2027 to provide smooth transition to Hyper-
Kamiokande era

* Reach 30 exclusion of non-CPV for certain Ocpand MH

* Near detector upgrade to further reduce systematic uncertainties + enhance physics
studies capabilities with T2K near detector

* Super-K already loaded with Gd to enhance neutron tagging
* Joint T2K + Super-K atmospheric data analysis and T2K + NOVA on-going

* Hyper-Kamikande next generation water Cherenkov detector site under construction —

Hyper-Kamiokande will open a new era of definitive discoveries in neutrino
sector and other physics searches

22
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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

24



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

25



PIORE 2K OB ATICINS RESUE TS

Antineutrino mode e-like candidates

Jarlskog Invariant, Both Hierarchies

.a, T ] L I rrTT l L I rrTT I 11T I LI I rrTT
b o L L L L @ T2K Run 1- 10, 2022 Preliminary }
[ . — s -
C ] g B prior flatin 8, .
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_ . _ J = 8,,0738,,C;,5,4C03SINd
Neutrino mode e-like candidates

- . — - 2 - - -
Jarlskog Invariant: J_.= sin6.,cos“0,,sin6,,cosB,,sin6,,cos6,,sind0

Bayesian posterior probabilities (with reactor constraint) Jarlskog Invariant Is

independent of PMNS
sin® a3 < 0.5 sin®faz > 0.5 Line total parameterization.
Normal ordering 0.19 0.65 0.83
Inverted ordering 0.03 0.14 0.17
Column total 0.21 0.79 1.00
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JZK NEGLERINC PLEX PREIDIC BICIHN

Simulation: FLUKA, GCALOR and GEANT3
Tuned to external data: NA6|/SHINE (CERN)

* Measurement of pion/kaon production of
31 GeV/c proton beam with carbon target

* Thin target (4%A) and T2K replica target

e Reduction of uncertainties: ~30% to ~10%

Intrinsic V. background at ~0.5% level

Actual beam profile &  Phys. Rev. D 87, 012001 (2013)
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(data-driven MC)

Replica target results are being
incorporated into analysis

Flux (/cm“/50MeV/10“'p.o.t)
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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)
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