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Outline

O Neutrino oscillation and measurements with T2K
OL.atest neutrino oscillation results from T2K
O Results from first joint analyses with Super-Kamiokande and NOvA

Ol-uture prospects



Neutrino oscillation & measurements T 2/K)\

O Well-established neutrino
oscillation phenomenon

agate, neutrinos materialize in a different flavor than their initial.

etV JK

|

O QM explained: Neutrinos with
definite flavor (e, u, 7) are not

-

states with definite mass | v;; m; >

but linear superposition or mixed Some distance
Detector Detector
states
C . : P, — vp) = 0,5—4 ) Re(UrUpU,Ur)sin Amﬁ—)
O Leptonic mixing amplitudes g P ; ( iU ( i AR . Wherze :
l m: = m* — m;
manifest themselves in flavor- O for . i J
qe, s 3 2____
change probabilities when O for s 2 Z Im(UZUp Uy Up)sin (Aml-j 5 E)

i>]

Amijz' 7 0 T_ U energy

Measuring the oscillation pattern/probability, typically as function of neutrino energy,
allows us to extract leptonic mixing parameters and mass-squared difference

Ref: “The legacy of neutrino oscillation experiments” by Jose W. F. Valle §




Leptonic mixing: Present landscape T 2/K\

O Global data is consistent with formulated 3x3 unitary matrix Upy, parameterized with 3
mixing angles (0,,, 0,5, 6,;) and one irreducible Dirac CP-violation phase 6 -p

O If neutrino is a Majorana particle, two additional phases (p;, p,) included in Upy s,
which are inaccessible in neutrino oscillation measurements

O Oscillation patterns are driven by two mass-squared splittings

0, ~ n/6
C1~C S1~C .0 " 1ocp
12~13 ) 12%13 ) 13 | | | ‘913 ~ 71_/2() £ CKM?
UPMNS = | —512€23 — €C12513523€ 7 C12Cp3 — 512813523 7P C135)3 Diag(e'1, e*2,1) 0 14
5 S ~ JT
12873 — C12813C3€ P —C1p8y3 — S12813C3€ P C13C03 23
?
¢;; = COS Hlj; S;j = Sin Hl-j 5CP ;
2 2 2~y 5 10—5 V2/ 4
Amyy =my —myp & 1.5 X (eV=/¢7) Mass ordering is undisclosed
|Ams, | = |m5 —m| ~2.5x 107 (eV*/c) 'my> my > my or my > my > m;

Ref: “The legacy of neutrino oscillation experiments”/ NOvA and others Also, my;op 0 =7 A



Dive into neutrino oscillation measurements 1 2/ iZ\
Near Detectors

Mt. Noguchi-Goro
2,924 m
- 2 2 . |
0O = (Amzl, Am31, T;é'gz‘o'lama
. 1,700 m below sea level
912’ 913, 823’ 5CP’ W —
Pmat.> L) 295 km
q
(E*“,0) = (E! ‘e — Intense and well-controlled v(7) sources

flux

Prediction @ Far det. - Optimized baseline/energy; parameter sensitivit
= X P(v, — vg| EJ™, 0) PHIZ jenergy; p A |
enhanced by external constraints/ multi-exp. joint analysis

X G.y ¢ (E;r “€)e— Well-modeled v/ interactions with nucleons/nuclei

pred

U e rue. 1reco. -Blg detector w/ excellent flavor-identified
XM, X €17 (EL) X S g (B, EJ)

1 & energy-reconstructed capabilities
""""" R, (E"™e, E'%)forbrief ~===""""

(Challenge for precision measurements is limited statistics rooted from extremely
weak interaction of neutrinos. So much effort is required to overcome this. )



Dive into neutrino oscillation measurements 1 2/ iz\
Near Detectors

Mt. Noguchi-Goro
2,924 m
- 2 2 . |
0O = (Amzl, Am31, T;élg*f;w-lama
. . I 1,700 m below sea level E i
912’ 913, 923’ 5CP’ : Neutrino Beam s |
pmat.’ L) 295 km |
q
(E]“, 0) = (E'¢) «— Intense and well-controlled (7) sources
pred flux

Prediction @ Far det. - Optimized baseline/energy; parameter sensitivit
= X P(v, — vg| EJ™, 0) PHIZ jenergy; p A |
enhanced by external constraints/ multi-exp. joint analysis

X G.y ¢ (E r “€)e— Well-modeled v/ interactions with nucleons/nuclei

U e rue. 1reco. -Blg detector w/ excellent flavor-identified
XM, X €17 (EL) X S g (B, EJ)

1 & energy-reconstructed capabilities
""""" R, (E"™e, E'%)forbrief ~===""""



Dive into neutrino oscillation measurements 1 Z/E\

Mt. Noguchi-Goro

2924 m
5 — (AmZI’ Am31’ Mt. lkeno-Yama A /H AR

1,360 m | -
— ' — ‘| 1,700 m below sea level
0,.0,1,0,2, 8 -
122 V13 s O — Neutrino Beam :

Pmai: £ 295 km

reco. 2\ —
prea’ (E 0)

Prediction @ Far det.

Frequentist: y* <Nobs, INred. (5)> + 2, Statistical inference
D Fard lan: 0 imati
ata @ kar det. Bayesian: P Npred,(0)| obs.» 0 for parameter estimation

M o amaes e dacsof e o detctors el concarenty, 7

prior



Intense and well-controlled neutrinobeam T 2/K

vu survival probability

g e e R e (e e e = ]_ ||||||||||||||

-~ . = o p—— —
J-PARC l’ Beam ( Near detectors)
accelerator, T

|
ND280

sin’20,,=1.0

wmi=24x0°ev | Far detector is placed
off-axis to receive a
narrow-band beam at

Muon ' v

e | Far detector
\ monitor, 1 . . .
————————————————————————— i st oscillation maximal
| Neutrino beamline | (Supelr K) ,
Om [18m 295km | Amg3, | L/IAE = n/2
O Accelerated 30 GeV protons are extracted, guided, and
bombarded onto a graphite target .
srap & SK: neutrino Mode flux SK: Neutrino Mode, v, T9K Preliminary
° ° e ' I ' I ' I ' l ' : ' I ' : ' I ' : ' S |_] | ! I ! | ! ! ! I L |_
O NAél/SHINE data tO COnStraln hadron prOdUCthn E 10° T2K Preliminary E Ug_] 5 3‘ i Hadron Interactions ®xE,, Arb. Norm. ]
. NE —VM """ Y“‘ Té T e Proton Beam Profile & Off-axis Angle ——=—- Material Modeling )
O Produced hadrons focused by magnetic horns = ~ve ~¥  ]& [ — Raborlo
2 s 8 I — Horn & Target Alignment — 2022 Total Flux Error |
o o . . . % - L === 2020 Total Flux Error __|
O Select positive or negative hadrons by switching < 020 :
9 10%E E i g
horn polarity, result in v, or U, beam respectively : [ _Z
T 0.1 =} -
=» critical to CPV search 10° E :
O (Careful monitoring: track proton beam profiles and loss e SRS SESRR
before hitting target; and observe the produced muon E, (GeV)
and neutrinos with MUMON and INGRID detectors Highly pure v /U, beam (<1% ofintrinsic v, /7,).

~6% uncertainty at the peak before constraints w/ near det. data.

Ref: “Monitor developments for MW-power proton beam at

J-PARC extraction beamline” - SC 8



Data taking and analysis usage

O More than 43e20 Protons-on-
target (POT) accumulated

O This analysis uses data up to T2K
Runll, corresponding to 21.4e¢20

POT in v-mode and 16.3¢20 POT
in Z-mode

Runa# 910576

NU monitor summary Event# 61240 Proton#  Ext ef. Trans ef m—BLM
Spill# 8358153 DCCT1 2.278+14 (801 kW) bunch: m ESM i
Shott 2448782 DCCTz 2.28e+14 bunchz:
N0 MRCT 0.008+00 0,000 bunchs: +13  SSEM
Delivered proton number @ CT0S (Run81) CT01 226e+14 1.000 bunch4: e+13
CT 3.88838e+20 CT02 225e+14 0.9 bunchs: 2406 285e+1d
Delivered proton number @ CT0S (2010.1.1.~) g;g% :3:;” 1 Eﬂ:gng o '12‘:5 Eé:g-?
i : - | 4.21035e+21 CT0S 228e+14 0,999 bunch8: 5147 5150 2.8de+13 | - i
I ‘ | ! | | i "! '|!' I I CELEbibakddeb LE L L & B B & UL} I I'll |
HT) o B O] a mt
Lo Foi Po2 Pv2 PH3 SCR1 sChz  scA3 SCR4 SCRS SCRE SCR7 §CR8 SCA9 SCAID SO SCAT2 SCA1d  SCAI4 FVH PR A FH2 FVD1 FVD2
PO1 PQ2 PO3 PO POS Far 2 oS FQ4
i B | I I
4 14 5
17 15 15 13 21
[} 1 i |
/home/dagkun/workspace/develop /jnu be v) [~} (X MUMON SLOWMONITOR (on mumon02) ~
MR Run# 91 MUMON SLOW MONITOR -
| /home/dagkun/workspace/develop/jnu_beam_smr/slowmonitor/epics/gui/inu_edm/trunk/share/e: v ~ x Temperature monitor Pressure monitor
MR Shot# 24487§_2 v20240613) | | ] IC#1 gas 341degt  [DIN@NU3 1307 kPa
(2024/06/14 09:33:58) Last shot MR Power is IC#4 gas 34zdegC  [DIN@PIT  1308kPa
SO9A 106/ L4 081258 [kVV] ICé7gas  342degC  [JOUT@PIT 1306 kPa
NU Run# 910576 ( ) Wicetbomn  madegc  BOUTENU 19104
. [0 IC#7 bottom 330 degC [ CylinderL. 87 MPag
E‘/,e']t# 6 ] 240 MR DCCT 073 1 measuremen ¥ 2.2657e+14 [p oton S per spl "] 1C#1 top 334 degC CyﬂnderR 37 MPag
NU CT01 measuremen t: 2.2628¢e+14 [protons per spill] [ 1c#7 top B6URAC e monitor
S i"# 8358] 53 st 44 346 deglC 3 LA e
P * Parameter values : Prediction from parameter values : CIEMT top 345 degC gzs"'ﬂ‘:"l zjfc"mm
Deliv. p# LI current: 60.02 [MA] d MCLbollry DS40eg HY monitar
(this J-PARC run) 3.88838e+20 | MR micro pulse: Aog fuees] EApecteC PP 2 7o 1 EsiHY 608 Y
MR chop width: 455 [nsec] Expected PPB:  2.6343e+13 WIHEATER 27006 ey 2018V
])eliV p# 4.21035 MR thinning: 1107128 [CIFADC @HUT 214degC  [[JICcurent  O4mA
; . Se+21 . M Expected Power: 783 [kw]mm
(2010/Jan/1~) $t ¥ olhuncl 8 et update 240501409553
rnrn:nHimp 2aNRM14 '
et DL

FRES LA e e el Il A o e ] A Jom

a
(]
]

M M Ml I D oL M mEE e o

Accumulated POT (x 10%°)

Total Accumulated POT for Physics

v-Mode Accumulated POT for Physics

V-Mode Accumulated POT for Physics
v-Mode Beam Power
V- Mode Beam Power

12K
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O Currently operate at SOOKW (2.26¢14 POT every 1.56s)
proton beam (was 500kW before upgrading)

O Intensified by 320kA-current horn operation,
effectively gain ~10% more neutrino flux than
previous 250kA-current

9



Oscillation channels to measure

Etrue) X P(I/ N Uﬂ | Etrue ) X UVﬁ (Etrue) X Rdet (Etrue EreCO)

NI/’B(EZ'BCO 0) —

flux(

v,(D,) disappearance

P(vy—>vﬂ) ~1-— (cos4 , -sin” 20,, +sin” 2013Q sz Am31

Leading-term Next-to-leading

vV, >V, =V, =V,

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

2.5° Off-axis v flux -
u

Osc. Prob

17\ —— Am3,=2.5x10° eV?, sin°0,,=0.5 —

measure precisely \Am321 | and sin” 26,,
and sensitive to CPTtest P, _,, vs. P;
/4

1% —>Dﬂ

v,(V,) appearance

>
& & 5, sin®26;3 . ,
P('V,—>V,) ~ sin”6y; A1) sin“[(A — 1)Asz] o = Am3, /Am3,
_ Josindep Aij = Am? L/AE 2
(+) *a(1—a) sin A31 sin(AAsp ) sin[(1 —A)As] 4= )2v2 2GrneE | Am
7 6C Jo = sin26;, sin26;3 sin 26,3 cos 0;3.
0 COS Ocp

Sensitive to sin? 03, Mass

ordering (signof A;, and A)
through matter effect, and
CPV phase manifested in
difference btw.

P, and P-

_)
ﬂ U U

Osc. Prob

0.06

0.04

0.02}

12

cos Az1 sin(AAszp)sin[(1 —A)A3q]

1 l I 1 | I I ] I 1 I l 1 I | ] l | | | 1 l |
2.5° Off-axis v flux
u

— 9.,=0° NH, v
— 8,,=270°, NH, v
mmme G20 NH, ¥
-=== §,,=270° NH, v

CP eftect

i
-
-
-
-
-
-
--------
m

|
L | 1 ! | 1 1 i 1 L £

05 1 15 2 25

matter effect

3

E, (GeV)

Unless stated, combined data samples from v (7)) disappearance

and v,(7,) appearance are utilised to extract all sensitive parameters 10



Neutrino-nucleon/nucleus interaction T2/K

Nvﬂ( E;eco., 5) — (D]IZ;MX( Ezme) X P(ya N I/ﬂ ‘ E;me’ 5) X Gil:lﬂt.( Ezrue) X Rdet.( E;rue., Elfeco.)

O T2K'’s v energy is not monochromatic but ranged from ~0.1 GeV to (CC= Charged Current)

few GeV (peak at 0.6 GeV) — CC Inclusive =~ e NC Inclusive
. ’ . . ) S —— 1_ l Son.  seesssses 2 2h
Oy energy is reconstructed fr. lepton’s kinematics and hadron’s CA3 sl iz &G 2p
—— (CC Resonant 1m  —— (CC Multi-m + DIS

energy
O Dominated by the CCQE (or Ipth) interaction and considerable 2p2h
and CC resonance
O Usage of nuclear target (O, C) for higher interaction rate must take
into account the nuclear effects
O Initial nucleon bound in nucleus (Fermi momentum, binding energy...)

7 V=,
QTZK X POsc.

(-
I

O v-induced hadrons undergo final-state interaction in nuclear
medium

us Elastic
Scattering

0u,0(E,)/E, 10738cm=2 / GeV / Nucleon
=)
()|
|

Ref: T2K other talks by A. Izmaylov and A. Ramirez

g
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B
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Pion Production



T2K Near Detector complex
NUﬂ(Ellj”eC‘O., 5) — @;laux(EIirue) X P(ya - I/ﬂ ‘ Elil"l/te, 5) X O.:i(E;I’Mé) X Rdet.(EIil"ue., EL"@CO.)

Placed 280m fr. target to characterize neutrino flux before oscillating and to
understand the (anti-)neutrino interaction with nuclear targets

! <
NUP- syper-FGD
POD

O2.5° off-axis detector (same direction as far detector), few tons of ©1.5° off-axis detector (E, ~ 0.8 GeV (peak), 2
scintillator /water; operated since 2010, upgraded in 2024 tons of water/scintillator; operated since 2019

OMeasure cross section of v interaction on
water, and water-to-scintillator ratio

Proton Module WAGASCI

INGRID

OOn-axis detector, 7.1 ton of iron & scintillator /
cach module (x14) ; operate since 2009

WAGASCI/BabyMIND

OMonitor the v beam profile in daily basis , .
O0-0.6 GeV (peak) cross section measurement; constrain flux and

O ' : : , ..
Mean energy of 1.5 GeV cross section interaction model on the T2K far detector’s spectral prediction

measurements

Ref: T2K other talks by A. Izmaylov and A. Ramirez



Constraintwith Near Detector T2/K
NEL<*, 5) = % (B X P(v, — vs] EL"™,5) X oh (BI) X Ry, (EI, EJ°)

ND280 data, categorized into multiple samples based on their observable topology,
are used to fit the underlying flux and interaction model’s parameters

FGD1 anti-v, CCOx
FGIN 3, CCtni0p , FGD1 anti-v. CCOx LOBD e Lo, N,
7)) 4000 """""""""""""""""""""""""""" '__— 1600 """"""""" e 3 4000 7)) T 3
p— ~4-Data v CCQE = i) s ey & ek bt S Batel IR b et Sl e g il (': : a —-Data v CCQE E‘: —4-Data Vv CCQE
S 3500 @lvCC2p2h  [@vCCResln  — & 1400 F- +=Data ElVCCQE - Sasto @B CC2p2h [V CC Res 1 5 1400 @B CC2p2h [V CC Res Ix
> @ CC Coh1x [Jv CC Other = g = -ng épihm -Zgg g‘t’;l“ = > _ @ CC Coh1x [Jv CC Other P @l CC Coh 1x [J¥ CC Other
= 3000 (v NCmodes  [T]V modes g= = 1200 — -Z 2 v e — = 3000 i [Jv NC modes []V modes e [0V NC modes []v modes
e 3 [ [CJV NC modes []v modes = - 3l Lk St 1000
sl E S 1000 — = S 2500 =l S
o = - = T Ls »
D 2000 — = - - E @ 2000 @ 800
= o 800 — o =
5 »,CCOMOp | 5w 5, CCOTt - : 1 y, CCONOp g
5 1500 = £ 600 = £ 1500 , Z
= E = =} .8 :
o = = 40
7, 1000 E 2 400 - = 7 1000 7z, 400
— - - 200
500 = 200 £ = 500
14 - A = 14 ig
g 'g 1.2 =] 5 Z ! i =3 ': 1‘2 ® < %
A2 (1),2 --------------------------------------------------------------------- % §Z§ %20 E._,__'_,____,‘,,,_-_,...,';_;.1 ......... — AN —— 5 Z\Z (l,'g K A s S e 212 (1).3
0.6 - R 0l = 0.6 o6 e
‘ 0 400 60 00 1200 1400 1600 18 0.6 = . e ' 0 400 600 800 1000 1200 1400 1600 18 0 200 400 600 800 1000 1200 1400 1600 1800 20(
T2K Runi-10 2(:;2 Prt::u?nary = s = ) B [)1608M:0{)’/ (2:())00 o 200 0 600 509 1908; 1200, 1400 o8 108, 2900 T2K Runl-10 2!::.2 Prel?l:glary . - . 100 1200 1 1)160?h412(%),/ (2:())00 T2K Runl-10, 2022 Preliminary p (MeV/ C)
® n T2K Run1-10, 2022 Preliminary pu (MeV/ C) ’ u u

O Fit simultaneously flux parameters (normalization factors at
flux parameters 1 runi.10, 2022 pretiminary .
CCQE x-sec parameters rxrui-0,202 preiminary

different E , bins) and v interaction model (x-sec) éifg B T i EREERRES
parameters Juue 1 "H'H e 3 & %‘; L + -
O Pre-fit central values and its error are estimated from ;100— ----------------------------------- +++ ---------------------- - fgf, AL %“I” 1L e
external data. gﬁiii 1 T . :23igl‘gl;l;l‘g[‘é"gl;l‘ilglzlgl‘glzlililélélilélzé
O Reduce significantly the systematic uncertainty 3:3- | Pror to D280 consratu l — §§§§:§“g§§§“”§5§s%
characterized by flux and x-sec parameters =» impact o~ 5_1 Tt pemen G EIER jj“% j%j iriiss
largely onto predicted spectra at far detector v 1 Neteino Hnergy [GeV] - = 15



Constraintwith Near Detector T2/K
NVIB(E;eCO', 5) — (I);laux(Eérue) X P(I/a N yﬂ ‘ Elil”ue’ 5) X Gil:ft.(Eérue) X Rdet.(EIirue., EZ‘@CO.)

ND280 data, categorized into multiple samples based on their observable topology,
are used to fit the underlying flux and interaction model’s parameters

FGD1 v, CCOx Op

FGD1 a“ti"’u CCOx FGD1 anti-vll CCOn

T S S — R 600 v e
= 00 ~-Data Bl CCQE = g 1000, prorr o T e T T T e T T BENTRTLRE = =3 4000 —-Data Bl CCQE = —+-Data Bl 7 CCQE
3500 @lvCC2p2h  [@vCCResln  — oo F- ;9‘2‘(‘: 2o =X gg%'is o S 3500 @B CC2p2h [V CC Res 1 5 1400 @B CC2p2h [V CC Res Ix
> @8 CC Coh1x [Jv CC Other z o s -¥CC Clzhln C];CC Othe;t = > @y CC Coh 1x [Jv CC Other P o @@V CC Coh 1x [J¥ CC Other
E 00 v NCmodes [V modes = 21200 B NCimodes BBy modes . = 3000 v NCmodes [J¥ modes E [V NC modes [ v modes
© 2500 - Gs 1000 = = S 2500 © 1000
P - E 7 et
D 2000 — = - ] @ 2000 v 800
2 vy CCOTIOp g 800 - T - 2
5 1500 H p = -g o [ Vu CCOn 5 £ 1500 Vu CCOI‘IOp S 600
= E = =
Z 1000 : Z 400 F 3 Z, 1000 7z, 40
500 = 200 £ = 500 200
: s : e 1
§l B B St Mg RSO Rl S e o e 5 3 3 5 : . 3l g
Al 10 ) 1 W O T T S E— I e s Al 10
0.6 . : ; ; : . A o s 0.8 g 0.6 0.6 =
BE ‘ ‘ | | A = ; . . . l . . . . . j . . . . . . . . .
T2K Runi-10, 20(;2 Pr\e:l:)uf)nary = s = ) B pl60?h41:0%/ (2:())00 o 200 0 600 509 1600; 1206, 1990 J000 I8 2900 T2K Runl-10 2‘::2 Pl‘elfl:i.ila . - . 100 1200 1 1;60?Ml:0{)7/ (2:())00 T2K Runl-10 20(;2 Prellzl(l::l 0 . . 100 1200 100 pl‘w&\'izo{),/ (2:())(]
u T2K Runl-10, 2022 Preliminary pu (MCV/ C) ’ o u ’ i u

O Fit simultancously flux parameters (normalization factors at

SK Singlv ring |.|-Iik sample §~K single‘_r;i.ng e-like samﬂple

TP il PR ]
T I T T T T T T | T T T | T T T | T T T I S N

1

different E  bins) and v interaction model (x-sec)

S o g

parameters E 25: %pm S PeND ifi z_ f%: S PeND ||
O Pre-fit central values and its error are estimated from é 20@ 1 ~ PostND fg 5 ZZT ) ZPostND 15
external data. FoE % ' E ;Ez o ; s 3 ;
O Reduce significantly the systematic uncertainty | / | 't rﬁ% gt 7]
characterized by flux and x-sec parameters =¥ impact 0* } (2)_ :“w |
largely onto predicted spectra at far detector e Neuino Bnergy [GeV] | [ Y ecomstored Neusino Energy [GeV] | 14




\

UPER

T2K\

electron
anti-neutrino

Ve

Super-K —T2K far detector

50 kton water Cherenkov observatory, equipped with/ 11000
of 20”- PMTs and 2000 of 8"-PMTs placed 1km undergroun

Super-Kamiokande

Gadolinium
proton neutron Gd

p n
idh O

LB Y

(P R R Y
s & ..“h.lx"'

-
positron ¢
L Y

Positron signal Neutron signal

Entering a new period of observation by introducing
Gd into detector (0.01% in 2020 = 0.03% Gd in 2022)

Operated since 1996, contributed to observation of O Motivated by diffuse supernova background search
atmospheric neutrino oscillation in 1998 and numerous O Other improvements (supernova direction pointing, energy
world-leading proton-decay searches and other physics reconstruction, v and T separation, ...

Ref: Super-K talks @ Neutrino 2024, Milano




UPER
Super-K —T2K far detector: Performance S T2/K\

Nyﬂ( Ereca 5) _ ( Etrue) X P(I/ N U,B ‘ Etrue 0) X Gyﬂ ( Etrue) X Rdet ( Etrue EreCO)

flux

80r 4~ T2KData M veandv,CC - T2K Preliminary

vpandv, CC  Neutral current-

0.4 —___ ..................................... .............................. ____’_PnorND : z o PfIOI‘ND

035_ ......... For SK ......................... —PostND 025
TS CCOF S
: 5 0.2

—0. 001 + (). 153

o)
o

| [ I | I I [ | [

— |

0.252

0.15}

v, -like

0.2}

Numbe; of events
(@)

0'155 01; ..................................... .....................................

<1% mis-ID

| | l | 1 | I | |

| — — A—

N
o
T *—Dzl

] M - S — S—
005 :___ ............... 4 ............... ..................................... i ; : T : :

|

22000 "“;-11”000 0 1000 2000 T 05 0 05 g T 05 0 05 g

e/u PID discriminator g Fie

Detector’s neutrino energy reconstruction

Provide excellent capability to identi
b Y fy O QOutstanding for dominated CCQE interaction

and classify the Vi Ve Interactions O Potential bias for sub-dominated processes such as 2p2h,

CC-resonance is thoroughly investigated and taken into
account as systematic errors. 16



Events in bin

Events in bin

Events in bin

Super-K —T2Kfar detector: Datasample o542

O Total 37.77¢20 POT: v-mode: 7-mode =1.3:1.0

O 6 data samples are selected : 4 in v-mode an 2 in -mode
based on distinguishable topologies of events in Super-K

O Use 0.01% Gd-loaded data samples (-10% of v-mode) for
the first time

v-mode, v

20_ _______ f _____________ e ______________ N N

25 _ ........................................................................................................................

Events in bin

‘-‘ ............... ............... .............. .............. Jr :ﬂ_j—:—

Il 1 Il 1 1 ' 1 1 1 ’ 1 1 1 I I} 1 1 I 1 1 1 t 1 ] 1 I 1 | 1 I 1 1 1 1 1 1 [~ 3 1 I 1 1 1 1 1
0 0.2 0.4 0.6 0.8 1 12 14 1.6 1.8 2 0 0.8 1 1.2

FHC vuccﬁconstructed neutrino enerqy [GeV] ; i ; Reconstructed neutrino energy [Ge\/] O ln trO duce n eW SyStem ati C Covari an Ce m atrix for far dete CtOl"

FHC 1Reld.e

ofv-mode, 1, CCRes-dopinated £ Fymode.r,CCRes-dominated ________ to reduce uncertainty in CClz samples and low energy of
NSRS SR NI 1 IS T I I T I other samples
S * T — - | R - - R FHC | 1R RHC IR/MR CClx N
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ I A Y Error source (units: %) e u | e u ||[eCClaet uCClrt || FHC/RHC
......... - _ Flux 28 2830 29 2.9 2.9 2.2
1 ——l lll L ...... l—r‘ B LI N et Xsec (ND constr) 38 36|35 35 4.3 3.0 2 4
4 S 6 Og- 0.2 Y T R E— Xsec (all) 4.8 3.7 | 4.8 4.2 5.1 3.3 4.4

Reconstructed neutrino energy [GeV] Recbnstructe Jiieltiifia ehetiy [GeV]

RHC 1Ry RHC 1Re Flux+Xsec (ND constr) || 29 2.8 | 2.7 2.6 3.7 2.2 2.3
: Ez-mode, Z,CCQE-¢nhanced.......... 2p2h Edep 0205102 0.5 0.0 0.1 0.2
- IsoBkg low-p, 0.1 03|21 23 0.1 0.9 1.9
POMNMNE WO SN SO SO NUU SO S - S . — e T o(vu)/o(ve), o(v)/o(v) || 2.6 0.0 |15 0.0 2.6 0.0 3.1
NN R T R A R A | NC ~ 1.2 0.0 |21 0.0 0.0 0.0 0.8
25§_ .................... ,,,,,,,,,, ....................... ...................... ,,,,, NC Other 0.2 02|04 0.2 0.9 1.0 0.2
L S s e i S | e 1 Flux-+Xsec (all) 41 28|43 35| 46 2.6 4.4

| Total All 9 3.

7 50| 63 3.9 5.0 |

1 I L 1 1 l 1 1 1
1.6 1.8 2
Reconstructed neutrino energy [GeV]

i 1 1

i E 1
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1:2




Latest results from T2K
(focused on leptonic mixing and

L mass ordering )




Posterior
probability

0.65

0.6

0.55

0.5

)
sin 623

0.45

04

2.35

2.6

2.55

2.

W

245

Am2, [x107 eV?]

24

5. %18

1.5708

0

1.5708

3.1416

Latest results from T2K

12K

| | Parameter
/\ 2D Best Fit Value

--68%C.. 68% (1o) C.I. range

—90% C.1

1/ Favor CP violation

-----

~ -
------

~
------

------------
» [S

- .
- ~

-amm?

13.8 182 225 269 313 356 435 04 045 05 055 06 085 24 245 25 255 26 2.416 -1.5708 0 1.5708 3.1

sin®0, , [x107] sin’0,, Am3, [x107 eV?] Scp

2/ Mildly favor 6,;in lower octant

3/ Consistent w/ reactor-based measurements

dcp |rad.] sin“ O3 sin“ 63 Am3, [x107° eV?]
-2.01 0.48 0.024 2.01
-2.83-0.75] | [0.47,0.55] | [0.021,0.030] | [-2.59,-2.51] U [2.44,2.57
05.4 (20) C.I. | [-7,0.25] U [2.51,7] | [0.45,0.58] | [0.018,0.036] | [-2.65,-2.45] U [2.39,2.62

O 4 out of total 6 parameters constrained by T2K data only

O T2K measurement of 8, ; is consistent but less stringent than

constraint from reactor-based v experiments,
sin? gr$AClor = (0,0220 + 0.0007

O This reactor constraint is used as external constraint or prior

to enhance sensitivity to other parameters.
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Latest results from T2K (contd) T2/K\

T2K data with constraint sin? (9{?3(1(“ = (0.0220 = 0.0007

Parameter dOcp |rad.| sin? 03 sin® 0,5 Ams, [x107° eV?]
Central Value -1.85 0.54 0.022 2.50
1o C.L [-2.60,-1.01] [0.49,0.56] | [0.021,0.023] [2.42,2.59]
20 C.L [ -, -0.34] U [3.10, 7] || [0.46,0.58] | [0.021,0.023] | [-2.63,-2.47] U [2.38,2.62]
ODataaredescribedbeStWith -l? :|||||||||||||||||||||||||||||||||||||||||||||:
sin §-p ~ — 1, but be consistent withCP & o4, = | — priorflatin 6p -
o B . . . 5
conservation (sin §-p = 0) within 2¢ o prior flat in sindc, - -
= B - 10 -
. . . 2 - :
O Jarlskog invariant, characterizes CP - | E— G E
violation amplitude with parameterization- E 3 -
. . .. 0.04 — —
independence, is measured w/ majority of - :
- < < < .
probability at |J \lep R 32X 1072 0.03 - lL ' E
O Results varied slightly depending on s g \ 5 E
the 8p prior. 0.01 |- | -
O :I L1 1 | ] l-'ll ] | L1 11l | ] IMIil | L1 11 | 1111 | | I:

ORef. [J] e & (3.18 £0.15) X 107

-0.05 -0.04 -0.03 -0.02 -0.01 O

0.01 0.02 0.03 0.04 0.0
J = 313C$3S120123230233in60p

Antineutrino mode e-like candidates

T2K Run1-11 Preliminary

26
24— / m
L 7 \\
22— ,/ef[ \x | R
— Gd u ‘\
- Ay, X
20— O LN
- \\\‘ e
18— Q S
~  —sin’8,, = 045,0.50, 0.55, 0.60 \ -
16— Amj,=2.52x10" eV’ R 1
L —--Am}, = —2.49x107 eV? N T
u O dp=m
14—  m §,=+2
- O d.,=0 /‘/O
12— ® O.,=-m2 /'I))
u 68% syst err. at best-fit 74 Af
10 — v Best-fit O
~ —o— Data (68% stat err.)
8 [ | 1 I 1 1 1 l 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1
0 20 40 60 80 100 120 140
Neutrino mode e-like candidates
30 [T IS L S B L R N B B B B — T
B T2K Run1-11 2023, Preliminary 7
_ — Normal ordering _
25— —]
_ Inverted ordering _
o0l "/ /] 1o CL i
B NN 90% CL -
L B eocL _
15— [[J3ocL —
) 3 /\ E
5(— / n
NN\ (N | I | | | | |
073 2 -1 0

] | | | | | ] | |
1 2 3



Latest results from T2K (contd) T2/K\

T2K data with constraint sin” (9{?3(1(” = 0.0220 £ 0.0007 oo
Parameter dcp [rad.] sin? G5 sin® 63 Am3, [x1073 eV?] 2'7__ — ommiune
Central Value -1.85 0.54 0.022 2.50 26
1o C.L. [-2.60,-1.01] [0.49,0.56] || [0.021,0.023] [2.42,2.59] :
20 C.L [ -7, -0.34] U [3.10, 7] |{[0.46,0.58] | [0.021,0.023] | [-2.63,-2.47] U [2.38,2.62]
Applying reactor constraint results in a swap of octant preference 2‘3: e e
% _II|||||||||||||||||||I__II|II||||||||||II|IIII|II_
o oy = r 1t 68% credible intervat
S ‘923 < 0.0 sin 023 > 0.5 | Sum —% _ Il 90% credible interval
o ' > credible interval
NH (Am2, > 0) 0.23 0.54 0.77 s | | W 9% credible interval
o,
IH (Am3, < 0) 0.05 0.18 0.23 3 I 1 -
Y
QO
Sum 0.28 0.72 1.00 *g
Q | L ]
T2K weakly favors normal mass ordering and higher octant I 1 ]
with Bayes factor of 3.2 and 2.6 respectively - i ] " i i 1
| | I | | 1 1 1 | ] I- -I ] | | 1 1 | | I I | | - X10_

277 26 25-24-23 23 24 25 26 2.
Amg2 21



Joint analysis with Super-K (SK)



T2K & SK: motivation for joint analysis

T2K\

v fr. accelerator

UPER
D K
Hadron Experimental Hall

: »
MR Air nucleus t’
(Main Ring) .

Cosimic ray

Beam Abort

A\ ~— \iLF % 2 Muon
/ (Materials and Life Scuence‘
Experimental Facility)
" \ﬁ 5
; ~'c }\/
:'. . R aasd -

400-MeV Neutrino Facility

RCS el R
LINAC (3-GeV Rapid Cycling N
Synchrotron) 2951(m

O Same detector, different neutrino sources but similar
energy range =¥ strongly correlated in detector
systematics; interaction models and nuclear effects

e-like Ji-like

o 03 B o 02 -
[ [} o
ET:& : w—= T2K FHC 1Re % 0.18 s T2K FHC 1RMu -
2 0.25 [ = atm SubGeV elike Odcy o m—— atm SubGeV mulike 0&1dcy
L - w 0.16 -
° - ° 2
8 5 0.14 -
1 T2K sample | s
S | - Sampie g 012 SK+T2K work -
o15F — SK sample 0.1 in progress :

N (Sub-GeV) 0.08

i ! 0.06

L 0.04

0.05

0.02

00 05 1 15 2 25 3 35 4 45 5 00 1 2 3 4 5 6 7 8

True E, (GeV) True E, (GeV)

‘ . Muon

v Ir. atmosphere

~ Electron

O Complementary in measurements: higher sensitivity
of MO in Super-K and of CP violation in T2K

T2K: L=295 km, E=0.6 GeV

SK+T2K Prehmlnary Sen31t1v1ty g —
— u

— SK+T2K —_— T2K

—

— SK (+ND)

sT108=0 ed=n/2
o’ -0 0=m lI 0=-1t/2 |

$in’28,,=0.085

IAm%,1=2.5x10%eV> |

sin2823=0 S

0

IIIIIIII|IIIIIIIIIlIlII'lIIIlIIII'lllllllll

IIIIIII‘IIIIIIIIIIIIIHIIIIlllIIlIIIlIIIlIIII

x*(best CP conserv.) — x?*(best dp, MO)
(N

s) -3
= [ S in“ = An =2.509 x 102 eV~
lrue values:  OCp = X axis o 61 = 0.307 3 . o True 6

Normal ordering  sinZ f53 = 0.528 sin“ 613 = 0.0218 Am:, =7.53x1077 eV~ CF

2

< |
Outer CerN * '
& -~ 08

Inner Co'Ee , P(v, = Ve)

Matter effect in SK
is sensitive to MO

o
2 5
| T U AU |

<
=
c
. _ \ N
B | D Resonance
o
o

\ Oscillation Resonance
by Earth’s Matter

E, (GeV)

v energy (GeV)

W Johan Swanepoel / Shutterstock.com

O Also, expect to improve precision on 8,5, 6,3, | Am322 |
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Normal mass ordering case (opposite in inverted case)
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T2K & SK: Joint fit’s results

a® 3 T | T Tl as ] T rrrr|rri aerv 2405 12488 ------------------
o o T o = —— Data=-3.39 |
- - SK + T2K ] « 1 True NO
[ — T2K Nl 3 10-1 =] Tiue 0 :
- SK (+ND) il i p(NO)=0.58
- —_—1G g S p(10)=0.08 |
1— ) — o
: Emn O’ : -U 5
Uy ] oF
G
B i O
15 4 . S 10-3
I f gu! = —LL -
: . : E‘z 1:& I
aF ~ E : T
B ‘::' a1 10—4 ............... ] : : F :
N / X ~20 -10 0 10
_3 1 &) ‘. i i B B e T XZ(NO) i X2(IO)
0.35 O 40 O 45 O 50 O 55 0.60 0.65 0.70 0.75
sin’0, Use 36¢20 POT exposure from accelerator and

Hypothesis test. |uniform prior in
5Cp sin 5Cp
Jop =0 2.20 1.90
dcp =0 2.50 2.20
dcp =T 1.90 1.40

3244.4 days of atmospheric neutrino data

O CP-conserving value of the Jarlskog invariant is excluded

with 1.9¢ or higher significance depending on prior

O Moderately favor the normal mass ordering
(P(NO)=0.58 vs P(10)=0.08)

O Insignificant deviation from maximal mixing of 6,,
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Joint analysis with NOvA



---»—— PARC Main Ring
= G‘KEK JAEA Tokai)

Super-Kamiokain oot
(ICRR, Univ. TOk\y@) . fXokohama

)
""""""
3 \ g -

T2K NOvA

Peak neutrino energy 0.6 GeV 1.8 GeV

Baseline 295 km 810 km

Far detector mass 50 kton 14 kton
Far Detector technique Water Cherenkov Scintillator calormimeter

O Both are 2nd generation of accelerator-based long-baseline neutrino experiments

O The two exp. with different baseline/energy and detection technique are

T2K: L=295 km, E=0.6 GeV

T2K & NOvA: Motivation for joint analyls

B g
e ‘7 —— > - — A R 2 ':> ‘—"{ ,:
e -~.  —_

| I I I | I I I
sin22613=0 085

Am%,1=2.5x107%eV? |

[ Inverted MO sinZ0. =05
QO B 23
complementary to study neutrino oscillations: Bl
>
O CPV eftectin T2K’s appearance sample is relatively higher than NOvA M ar
> |
O Longer baseline of NOvA renders relatively higher sensitivity to mass ordering & o eIV o
. . o . L0 0=0 e 0=m/2
O lxpect to improve precision in «913, (923, | Am322 | N e CR |
% 2 4 6
P(v,—v.) %

NOvVA: L=810 km, E=2.0 GeV

L O 6:0
-00=mt m O=-1t/2

Inverted MO

® O=rt/2

| I I I | I I
$in*26,,=0.085

Am%,1=2.5x107eV> |

sin2623=0 5

Normal MO
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T2K & NOvVA: Joint fit’s results D T2K

N O~

On mass ordering: slightly favor the inverted ordering,

10 Conditional NO Conditional
Quite depending on prior from reactor-based exp. - Bayesiancred.int. o 1
8 = With reactor constraint —— [ NOvA+T2K .
B T- ——— NOVA Only B
,EP - + —— T2K Only .
NOVA+T2K NOVA+T2K 78 T -
NOvVA+T2K only : = 6 T N
+ 1D 643 + 2D (913, Am?<3;) = | 1 ]
H - €1 -
10 (71%) [0 (57%) NO (59%) S 4 T N
L u 4 .
Inverted mass ordering L | 4 )
:_NOVA+T2K i —e— 2.477+0.035 1.4% : 8 ) B i B -
T2K 2] ——— 2.3 +0.05 2.0% = B T .
NOvVA [5][4] —— 2.44 +0.05 2.0% I 1 | 1
/ ; : 0.07 g, 0 — - —
i . g 245 oo 3.1 226 25 24 23 23 24 25 26
SuperK+T2K ——— g8l By 2 3 72
IceCubel©! , ® 1' 2.41 +007 2.9% Am32 [10 eV ]
Superk ! | — 2.40 7905 3.8% 20 - NOVA+T2K _ Both MO
[8] _ _ _ o i Bayesian cred. int.
Daya Bay nGd il 2.571+0.060 2.3% > . — NOVA Only With reactor constraint
RENO nGd 9] = ® C 279 012 4.3% cg 15 —— T2K Only
RENO nH [.91 B s O A ST 1 ‘258 e 1160 ,_Gé i
2.2 2.5 2.4 2.5 2.6 2.0 2.8 2.9 %5 10 B
2 —3 N2 . . — N
Am,|, 1073 oV On 6,,: slightly favor higher 5 I
Reach 1.4% (10) / 1.5% (NO) precision of | Am322 | octant, still consistent w/ ;c§ sF
maximal mixing in 2o i
0
[1] KEK IPNS seminar, FNAL JETP seminar  [5] arXiv:2405.12488 [9] RENO @ Neutrino 2020 [10.5281/zen0d0.3959697]
[2] Eur. Phys. J. C83, 782 (2023) [6] arXiv:2405.02163
[3] Phys. Rev. D106, 032004 (2022) [7] Phys. Rev. D109, 072014 (2024)
[4] Phys. Rev. Lett. 125, 131802 (2020) [8] Phys. Rev. Lett. 130, 161802 (2023)



T2K & NOvVA: Joint fit’s results ™ T2K

N O~

On CPV search: if mass ordering is inverted , both exp. agrees well and 07
_ 10 Conditional
. . : : NOVA+T2K ,
ajoint analysis strongly favor CPV with more than 3¢. In case of normal - NOWA Only Bayesian Cred. Int.
. . " With reactor constraint
ordering, CPV preference is not strong.
. /
.. [wertedOrdering = \
NOvAB) : o = —0.560+9260 \
NOVA—/—TQK[ ] = @ = —0. 47O+8 1;8 1 l
ToK?) ——— —0.45075-1%0 \
SuperK . | —0.557+0283
SuperK+T2K' —e— —0.470751%9 : - o T7T 20
""""""""""""""""""""""" I T H T S ST T S S T S S T
~1.00 —0.75 —0.50 —0.25 0.00 0.25 050 0.75 1.00 o % 0 E T
6CP7 7T 2 6 2
IIIIIIIIIIIIII Nprma] Qrderu}g o CP Prior flatin Ocp
NOvAP) — | *— 0. 890+8‘$§8 200 - NOVA+T2K Both MO
oy |
T2K[ ] = o = 4163@8.358 2 150 - T2K Only
SuperK!’ ’ ¢ | —0.5571 0352 .% - --lo
SuperK—/—TZK[?]I B .:. | ' N N N N SR R R —0.596 ") Taz § 100 |- 20
~1.00 —0.75 —0.50 —0.25 0.00 025 050 0.75 1.00 S [
5CP7 7T ch—D) :
O sol
£ 50r
[1] KEK IPNS seminar, FNAL JETP seminar  [5] arXiv:2405.12488 [9] RENO @ Neutrino 2020 [10.5281/zen0d0.3959697] 0 L |: L U /JII]. |
[2] Eur. Phys. J. C83, 782 (2023) [6] arXiv:2405.02163 _0.04 002 0 00?2 0 04
[3] Phys. Rev. D106, 032004 (2022) [7] Phys. Rev. D109, 072014 (2024) J = q C2 S C S C S 28
[4] Phys. Rev. Lett. 125, 131802 (2020) [8] Phys. Rev. Lett. 130, 161802 (2023) 13 Y13 Y12 Y12 “23 23 6CP



'uture prospects



Neutrino flux uncertainty &

w
-

(Anti-)Neutrino interaction models




O More intense neutrino beam with upgrades from
accelerator and neutrino beamline toward MW-
power level, now 8OOkW

O Expect to collect x2 more statistics by the end of
run (~10e21 POT in total)

O Improve significantly the CPV search and
precision of other parameters

O Data from the upgraded Near Detector allows us to
better comprehend the neutrino-nucleon/nuclei
interaction models =¥ better control of systematics

O New period of observation with Gd-doped Far
Detector, Super-K, further assists neutrino energy

reconstruction and v — U classification
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Prospects and the need of joint analyses

Success of collaboration among neutrino experiments encouraging greater
efforts in the near future with well-established joint analyses

O To explore wider range of oscillation parameter space,
particularly for leptonic CP violation, v mass ordering,
precise mixing angle 6,, and 6,

O To take full likelihood maps from each individual
experiments

O 'To study and examine neutrino interaction models used
and tuned in each experiment

O 'To correlate the systematic uncertainties where appropriate

SUPER I_Zjl(\ <

Data [POT] T2K NOvA Super-K
Total jointly- 53244.4d
OO 3 60E121|  2.61E+21 S
analyzed data (pure water)
Expectation by
4 Gd-
the operation | 10E:21 | 72821 | years(
end doped water)
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Summary

O Latestdata from T2K
O Described best with sin §-p &~ — 1, still consistent with CP conservation (sin 6. = 0) within 26

O Normal mass ordering and higher octant of 0, are weakly preferred (Bayes factors of 3.2 and 2.6
respectively ).

O Joint analysis with Super-K
O Jarlskog invariant’s CP-conserving value is excluded with 1.9¢6 or higher significance depending on prior

O Moderately favor the normal mass ordering; insignificant deviation from maximal mixing of 6,,
(p(NO)=0.58vs. P(10)=0.08 )

O Joint analysis with NOvA
O Mildly favor the inverted ordering; statement depends on prior from reactor-based exp.

O it mass ordering is inverted , both exp. agrees well and a joint analysis strongly favor CPV with more than 3
o. In case of normal ordering, CPV preference is not strong.

We are excited with more intense neutrino beam, better detector
performance to elucidate the remaining unknowns in the leptonic
mixing and neutrino mass ordering. Stay tuned!
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