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O Neutrino oscillation and measurements with T2K
O Latest neutrino oscillation results from T2K
OResults from !'rst joint analyses with Super-Kamiokande and NOVA

O Future prospects



Neutrino oscillation & measurements T 2/K\

O Well-established neutrino
oscillation phenomenon

Dpagate, neutrinos materialize inadi!erent "avor than their initial.

...

O QM explained: Neutrinos with L

de!nite ""avor (g, %, &) are not

stateswithdelnitemass ! 1;m: > QB e
but linear superposition or mixed Some distance

Detector Detector
states
o | P(l. ¥ 1)=%..""4 o Re(U*U,U..U*)sin? #mi—
O Leptonic mixing amplitudes ( W) = S iEj (UL U3 C Y4E)D #mz"zh;';e__mz
manifest themselves in ""avor- 1 oo
Mo 3w ImUAU,U-U%)sin #m2—
change probabilities when Ofort - iEj AT CT9E)

#mﬁ $0 T_ 1 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 3




|_eptonic mixing: Present landscape T 2/K\

O Global data is consistent with formulated 3x3 unitary matrix Upy s, parameterized with 3
mixing angles(”1», "13, »3) @and one irreducible Dirac CP-violation phase $-p

O If neutrino is a Majorana particle, two additional phases ({4, () included in Upyns
which are inaccessible 1n neutrino oscillation measurements

O Oscillation patterns are driven by two mass-squared splittings

1% )16
C12C13 S12C13 513€ 7¢F s 0 .
U =1" " I3cp " I$cp Di I a1 13 /o )/20 > CKM?
PMNS — | S12C23  C12591353€ C12Co3  S512513573€ C13523 lag(e’™s, e"2,1) S
1$cp i$ep 23 /0 )/4

$12873  C12513Cy3€ ""C12Sy3  S19513Co3€ C13Co3

f?
Cjj = €OS " S; =sin’ Scp

) ]
21 2 "5\ /2 [ nd
#my =ms " my % 7.5& 10 2(eV</c”) | Massordering is undisclosed

I#mZ 1 =1ms " m2! % 2.5& 10 °(eV4/c?) ‘mz=>m,>my or m, > m; > ms

Ref: “The legacy of neutrino oscillation experiments”/ NOVA and others AlsO, Mjjgptest = ? 4



Dive into neutrino oscillation measurements TZ/E\
Near Detectors

Mt. Noguchi-Goro
2,924 m

y__ 2 2 . |
O — (#m21, #m31’ Mt.lkeno-Tama

2 2 ’ $ . | .v I 1,700 m below sea level E i
12 13 232 %¥YCP: , : P

Neutrino Beam

(nat. L) 295 km

' '
.- >,
l L

by reco. ) — true _ (T
N* (Ey7,0) = (flux(E! ) <«— Intense and well-controlled ! (T) sources

pred
Optimized baseline/energy; parameter sensitivity

&P(L. ¥ 1 1Ee
enhanced by external constraints/ multi-exp. joint analysis

& *. ! (Etrue)<_ Well-modeled !/ interactions with nucleons/nuclei

,0) «—

: true true. reco.\s Big detector w/ excellent ""avor-identi!ed
&-Mdet (E ) & Sdet (E E ). & energy-reconstructed capabilities

""""" Ryet (Ei™®, E[¢®) forbrief =~~~ 777°

(Challenge for precision measurements Is limited statistics rooted from extremely
weak Interaction of neutrinos. So much elortis required to overcome this. )




Dive into neutrino oscillation measurements TZ/R\
Near Detectors
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Dive into neutrino oscillation measurements TZ/E\

Super-Kamiokande NearDetectors [l )-PARC
Mt. Noguchi-Goro <y
2,924 m i
O’: (#m221’ #m321, Mt. lkeno-Yama A /H A
1,360 m - ' e =
121131 231 *CP ——— H Neutrino Beam :

! . _
N (12, 0) =

Prediction @ Far det.

Frequentist:t, ° (Nobs. ! Npred.(O)) + .6t I Statistical inference
Data @ Far det. Bayesian:P (Npreq (0) ! Nops» Oprior) for parameter estimation

= “T2K develops analyses o #tthe data of near and far detectors either sequentially or conurently. 7



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, R

|
ND280

sin’20,,=1.0

ai,=24x10°ev | Far detector Is placed
o$-axis to receive a
narrow-band beam at

Muon ' v

\\____________________m_ogi_tgr/' Far detector —— .
| L | (Supelr_K) 1st os;:lllatlon maximal
Om 118m 295km !#m32! L/4E % )/2
O Accelerated 30 GeV protons are extracted, guided, and
bombarded onto a graphite target SK: neutring Mode "ux SK: Neutrino Mode, v, I
. . £ L D - | T T T T s s B o W
O NAGI1/SHINE data to constrain hadron production S i} iR [ B S —— ek A Nom -
~ — — U3 =
) —Vu ----- AV g | =w=w=-="=" Proton Beam Profile & Off-axis Angle —=—=—- Material Modeling a
O Produced hadrons focused by magnetic horns > o ~Ve <V, g Number of Protons -
2 s 8 I —— Horn & Target Alignment — 2022 Total Flux Error |
A . . . % = L. == 2020 Total Flux Error __
O Select positive or negative hadrons by switching - 020 ]
S 10 E : 1
horn polarity, result in ¥, or T, beam respectively [ -
[ 0.1H —
¥ critical to CPV search 10° 3 :
O Careful monitoring: track proton beam prolles and loss | BTSSR = SR "
before hitting target; and observe the produced muon o)
and neutrinos with MUMON and INGRID detectors Highly pure I,/T, beam (<1% of intrinsic 1,/T,).

~6% uncertainty at the peak before constraints w/ near det. data.
J-PARC extraction beamline”-SC 8

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




Datatakingandanalysisusage _T2/K

Total Accumulated POT for Physics
v-Mode Accumulated POT for Physics
V-Mode Accumulated POT for Physics

O More than 43e20 Protons-on- . X'ﬁﬁﬁigiﬂgﬁﬁi
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EHHHHH —+HHit proton beam (was 500kW before upgrading)

/home/dagkun/workspace/develop /jnu be v) [~} (X MUMON SLOWMONITOR (on mumon02) ~
MR Run# 91 | | _ _ MUMON SLOW MONITOR -
MR ShOt# 2448782 ////// (dagkun/workspace/develop/jnu _beam_smrn/slowmonitor/epics/gui/jnu_edm/trunk/share/e: v » x empe erature monitor Pressure monitor O I
SN oo | Wengm st Bwaws s Nntensiie -curren orn operation
Last ShOt MR Power 1S 800 9 [kVV] |'c‘¢7 gas 34zdegc  [OUT@PIT 1306 KPa ]
NU Run# 910576 (2024/06/14 09:33:58) okt bion | 535Hest [CIoUT @NU3 1310 kPa
IC#7 bottom  33.0 degC CylinderL. 87 MPag n n n
Event# 61240 MR DCCT_073_1 measuremen £ 2.2657e+14 [p otons per pll] |cn b 334degC [ CyinderR 37 MPag O | B |
EEe e edectively gain ~10% more neutrino "ux than
] [ 'Sl 4-4 346 degC 8
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Oscillationchannelstomeasure T2

NB(ERS, 0) = (i (EF™) & P(1 B L1E[,0) & * " (E"*) & Ry (B, E*°)

1,.(T,) disappearance g
A P(V, —»%) ~ sin®@ e 20 sin?[(A — 1)As] & = Am, /A
e] =~ 2 — my, [Am}
P(v,—v,)~1- (cos4 . -sin” 26,, +sin” 2913Q s1n2 m31 g .3(A—1)2 . AU__AmZIL/4E31
Leading-term  Next-to-leading (_T_) aﬁ)slmi;p sin A3; sin(AA3;) sin[(1 —A)A3q] A = (-)2V2Gpn E/Am3,
V sy =V >V J( —5C) Jo = sin26, sin20;3 sin260>3 cos O;3.
5 LS .2.5; (:f.f ax|s . IﬂlIJXI —— + a:(ClOS_A;) cos Azq sin(AAszq)sin[(1 —A)Asz;]
i & X - A% =
- u
S I _ | vV, V.,V —V
7B | —— AM2,=2.5x10° eV?, sin0,.=0.5 — . : 5 w e w e
S “ " Sensitive tosin® ”y;, mass g O
A ap 2 TR, 1
ordering (signof #5,and A) g 0.08 — 8,=0°, NH, v .
! O —— 8,,=270° NH, v
- through matter e$ect, and — e B, NH, 7 :
CPV phase manifested in SO RFO ML E
: 0.04 =
di$erence btw. _ matter effect J
0 /A (N | e 4 , T R R S i
0 1 1.5 2 2.5 3
<5 0.02 ™ CP effect
) |#m§1| ]Ev (GeV) P!% ! !e#and#PT% ! Te 117 W
0 ! YA PR A R e e e S S

| ) PP 05 1 15 2 25 3
measure precisely !#mg, and sin“27,, | E. (GeV)
Unless stated, combined data samples from 1, (¥, ) disappearance

and sensitive to CPT test Py g vs.iP .
o 2 1y T 3 T and 1,(T.) appearance are utilised to extract all sensitive parameters 10



Neutrino-nucleon/nucleusinteraction T 2/K
NY(Ef®, 0) = (& (E€) & P(L. ¥ 1IEI™e 0) & %% (') & Ry, (EIe, Ef)

O T2K's 1 energy is not monochromatic but ranged from ~0.1 GeV to (CC=Charged Current)
feW GeV (peak at 06 GeV) = (CC Inclusive @ e NC Inclusive
] ’ ] . , — i-el tic e 202h
O 1 energy is reconstructed fr. lepton’s kinematics and hadron’s U Quasi-slatic Gl 2p
energy ——— (CC Resonant 17 —  (CC Multi-7 + DIS

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
iInto account the nuclear e$ects

O Initial nucleon bound in nucleus (Fermi momentum, binding energy...)

O 1 -induced hadrons undergo ! nal-state interaction in nuclear
medium

VIJ' I/M—)l/“
QTZK X POsc.

(-
I

Charge Exchange o

Elastic
Scattering

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

Ref: T2K other talks by A. Izmaylovand A. Ramirez
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T2K Near Detector complex
NU(E{*, 0) = GBI & P(1. 1 1,1E[", 0) & %4 (EI) & Ryeq (EI, E{*)

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

¥
-

-
B3
l.‘
-
e 4
-

)\Ué SUper'FGD v'{’,' | .II'II TPC3 Cf
POD TRCH ,’/ W2 2

02.5 0$-axis detector (same direction as far detector), few tons of
scintillator /water; operated since 2010, upgraded in 2024

EC

Proton Module WAGASCI

INGRID WAGASCI/BabyMIND

OOn-axis detector, 7.1 ton of iron & scintillator /

O1 B i .
each module (x14) ; operate since 2009 1.5 o$-axis detector (*E, % 0.8 GeV (peak), 2

tons of water/scintillator; operated since 2019

O Monitor the 1 beam pro!le in daily basis

OMeasure cross section of ! interaction on

O~0.6 GeV (peak) cross section measurement; constrain ""ux and
water, and water-to-scintillator ratio

Interaction model on the T2K far detector’s spectral prediction

OMean energy of 1.5 GeV cross section
measurements

Ref: T2K other talks by A. Izmaylov and A. Ramirez 12



Constraintwith Near Detector T1T2/K
NY(E{*, 0) = Cy(EI™) & P(1 ¥ 1,1E{™,0) &% (E") & Rye, (EI™™®, E{*)

ND280 data, categorized into multiple samples based on their observable topology,
are used to #t the underlying ""'ux and interaction model’s parameters

FGD1 v, CCOx Op A FGD1 anti-v, CCOn
V4000 T T T = —— — FGD1 anti-v, CCon £4000 w1600 ————————————————— i T S
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W 3500 @lv CC2p2h [V CCReslIn = 1400 @BV CC2p2h [V CCReslt — @ 3500 @@y CC2p2h [@@v CCRes 1x o 1400 @@V CC2p2h [@V CCResln
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5 1500 » M -g s B Vu L1 S £ 1500 | . Yy P 2 600
o — -
- = - : =
Z, 1000 d 2 400 — - Z, 1000 Z, 400
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i'g 14 = 14 1.4
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. : Z 17 oe 3 . 5
0.6 . : : ; ; . A iz o 0.8 I 0.6 0.6 &
NE— ;;2 . l200 '400 600 800 1000 1200 1400 p160? M:O{)’ / (2:())00 0 200 400 600 800 1000 1200 1400 1600 1800 2000 0 200 400 600 800 1000 1200 1400 1603 MS(%), /2())00 0 200 400 600 800 1000 1200 1400 1603 MSO{)} /2(;0
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O Fit simultaneously *'ux parameters (normalization factors at
flux pa rameters .« Runl-10, 2022 Preliminary
CCQE x-sec parameters rxruni.10,2022 pretiminary

dilerent E, bins) and ! interaction model (x-sec) Pl SR SN SRR BEIPE TR
- S1.15F : = 2 25¢
e E | 2 B oapt
parameters gi(l)g 3 +‘H—+ + 1 i% - s + .
O Pre-1t central values and its error are estimated from &g - - o - e TR B g, ol Y e 2™
2095 = 05
external data .%0.90;_ + _; ~1.0 ;gl.’zl?lh‘lolulolu lulololololo lo lol>l>ll>ll>lolo
: : : : “0.852— * | Prior to ND280 constraint I ; EEEEEEEEEEEEEEEEEE%EE
O Reduce signilcantly the systematic uncertainty osof rior to ND2R0 constraln - S eEsg e iz ics
. ' . 075 & —+—AfterND280consrain = ggggg ﬁ-hggg AR EEEREE
characterized by "ux and x-sec parameters ¥ impact st . ..o ¢ 2% 35%%% 3558482288
. 10 1 10 & "% w
largely onto predicted spectra at far detector Neutrino Energy [GeV] e 13



Constraintwith Near Detector T2/K
NY(E{*, 0) = Cy(EI™) & P(1 ¥ 1,1E{™,0) &% (E") & Rye, (EI™™®, E{*)

ND280 data, categorized into multiple samples based on their observable topology,
are used to #t the underlying ""'ux and interaction model’s parameters
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O Reduce signilcantly the systematic uncertainty
characterized by "ux and x-sec parameters ¥ impact
largely onto predicted spectra at far detector
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UPER

T2K\

electron
anti-neutrino

Ve

Super-K—T 2K far detector

50 kton water Cherenkov observatory, equipped with/ 11000
of 20”-PMTsand 2000 of 8”’-PMTs placed 1km underground

Super-Kamiokande

Gadolinium

proton neutron

p n
idh O

X'y A
LI G S W Y

b A N S W A

N2, %
o
ositron ¢

p e Y

Positron signal Neutron signal

AN

Entering a new period of observation by introducing
Gd into detector (0.01%1n 2020 ¥ 0.03% Gd in 2022)

Operated since 1996, contributed to observation of O Motivated by di$use 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, ! and Tseparation, ...

Ref: Super-K talks @ Neutrino 2024, Milano




UPER
Super-K —T 2K far detector:; Performance S T2/K\

#(Ereco O) — (ﬁ"ux(EQIFUE) & P(' 0 _#! Ei[rue’ O) & *i:;(E;[rUE) & Rdet.(E}rue" E!reco.)

80/ 4+ ToKData MM v.andv,CC ° T2K Preliminary

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

0355_ ......... For SK ........................ —POStND 025:
03._ ......... CCQE . ....................................

0001"'0153;

vpandv, CC  Neutral current-

o)
o

| [ I | I I [ | [

— |

0.252

v, -like

0.2f 0.15

Numbe; of events
(@)

I 0'155 0 1; ..................................... ..... _____________________________
<1% mis-ID i

| — — A—

| | l | 1 | I | |

N
o
T *—Dzl

YA I— S
0.05 :___ ............... o ..................................... i : | :

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

e/u PID discriminator g g
Detector’s neutrino energy reconstruction

O OQOutstanding for dominated CCQE interaction

Provide excellent capability to identify

and classify the 1y, 1, 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

12K

O Total 37.77e20 POT: '-mode: T-mode =1.3:1.0

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

O Use 0.01% Gd-loaded data samples (~10% of 1 -mode) for
the trsttime

Super-K—T2K far detector: Datasample

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

I-made, é!%CCQE-enE]ancéd

20_ _______ f _____________ T ______________ i

0 l‘- ............... n I .............. - Jr I:ﬂh

0 02 04 06 08 1 12 14 16 18 2 o — i 06 o8 1T 13

FHC v, GOt men o = e neoeney e O [troduce new systematic covariance matrix for far detector

FHC 1Reld.e

of 1:mode, I,CCRes .dominated ¢ Flmode I.CCResdomipated | to reduce uncertainty in CC1) samples and low energy of

S S 1 E T 0 N N other samples

4 | 25 ;_ ........................ ...................... 0, Sl S — ...................... ..... ].R FHC ].R RHC 1R/MR 0017_‘_ I'atio e
< N L I 2? """"""""""" T TTTTTTT 71 Error source (units: %) e M e p || e CClat  u CClnt || FHC/RHC

......... __ ; e B TF s i , __ Flux 28 28 | 3.0 29 2.9 2.9 29

| l—l— ‘ lll | i ; : 2 . N Xsec (ND COIlStI') 3.8 3.6 3.5 3.5 4.3 3.0 2.4

Reconstructed neutrino energy [GeV] ] l l ll O % — . — 1-12 XSCC (all) 48 37 48 42 51 33 44
Reconstructed neutrino energy [GeV]

RHC 1Ry RHC 1Re Flux+Xsec (ND constr) || 29 2.8 | 2.7 2.6 3.7 2.2 2.3

—5 L L 1 ¥ ode T CCOEenhanced T 2p2h Edep 0.2 05[02 05| 00 0.1 0.2
T T COOE.anbhane < ,.Er-mode, T CCQE-enhanced...... S
~-made, 7y CCQE-enhanced °F e IsoBkg low-p; 0.1 03[21 23| 01 0.9 1.9

2] B : i : :
= 12 ___ ................................................................................................................. T -

N SO NN SO NSNS WU DU U W S WE . e o e o(vu)/o(ve), o(¥)/o(v) || 2.6 00|15 00| 26 0.0 3.1

T | NC ~ 1.2 0.0 |21 0.0 0.0 0.0 0.8
S 11 N i . NC Other 0.2 0204 0.2 0.9 1.0 0.2
N I 2 I - I S I S Flux+Xsec (all) 41 2.8 1|43 3.5 4.6 2.6 4.4

| Total All 49 3267 5.0 6.3 3.9 59 |
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| atestresultsfrom T2K
(focused on leptonic mixing anad

' mass ordering )




Latest results from T2K T 2/K

| ! Parameter Ocp |rad.| sin® 0,3 sin® 0,3 Am3, [x107° eV?]
_Z /\ 2D Best Fit Value -2.01 0.48 0.024 2.51
gzg --68%C.. 68% (1o) C.I. range [-2.83,-0.75] 0.47,0.55] | [0.021,0.030] | [-2.59,-2.51] U [2.44,2.57
5 i 05.4 (20) CI. | [-,0.25] U [2.51,7] | [0.45,0.58] | [0.018,0.036] | [-2.65,-2.45] U [2.39,2.62
H e
o OOSZ 2/ Mildly favor *,;in lower octant
04 3/ Consistent w/ reactor-based measurements
o 2 O 4 out of total 6 parameters constrained by T2K data only
& 2.4

5..426

. ‘ O T2K measurement of ” ;4 is consistent but less stringent than

1.5708

constraint from reactor-based @ experiments,
sin? *1£actor = 90,0220 + 0.0007

0
i
o

- ea- oy
-----
---------

1.5708

4
3.1416 N N oo .-~

13.8 18.2 225 269 31.3 356 435 04 045 05 055 0.6 085 24 245 25 255 26 2416 115708 0 15708 3.1 O ThIS reaCtOr COnStraInt |S used as eXtemaJ COnStralnt or prlor
Sin‘#; [*107] Sif% $m3; ['10°eV7] Y to enhance sensitivity to other parameters. 19



| atest results from T2K (contd) T 2K\

T2K data with constraint sin? *J$3¢t0" = 0.0220 + 0.0007

Parameter dOcp |rad.| sin? B3 sin® 03 Ams, [x107° eV?]
Central Value -1.85 0.54 0.022 2.50
lo C.I. [-2.60,-1.01] 0.49,0.56] | [0.021,0.023] [2.42,2.59]
20 C.I. [ -7, -0.34] U [3.10, 7] || [0.46,0.58] | [0.021,0.023] | [-2.63,-2.47] U [2.38,2.62]

O Data are described best with P N LA RS AR A LA M LA LA
Sin$cp % ** 1, but be consistentwith CP & 407 | | — prior flatin "c; -
conservation (Sin $-p = 0) within 2* S F prior flat in sin“c, -

g 0.06 :— L 1$ —:

O Jarlskog invariant, characterizes CP 2 | —— 2% -

a ~ o _

violation amplitude with parameterization- N | —— 3% -
independence, is measured w/ majority of s < . ) E
it 1 71 0 "2 03 [ i -
probabilityat !J ! enton N 3.2 & 10 0.03 ‘L
O Results varied slightly dependingon ~ *> | \ 5 E
the $CP priOr. 0.01 ;_ \EN»L& _;

e :IIII|IlJ|II|IIII|IIII|III:I| |§|||||||u|||||||:

ORef I‘J !quark % (318 i 015) & 10 > ?0.0S 10.04 10.03 10.02 10.01 O 0.01 0.02 0.03 0.04 0.0

2 N
J # S13C13515C1,553C,3SIN"

Antineutrino mode e-like candidates

S#

26

24

22

20

18

T2K Run1-11 Preliminary

— AmJ, =2.52x107 eV

III|III|III|III|III|III|III|III|III

\“
X

Aty
A
2

‘!
— sin’0,, = 0.45, 0.50, 0.55, 0.60

AN
x
*
%

w
N
[EEN

o
=
N

16 Amz, = —2.49x107 eV?
O d,p=m
14 m O, = +r/2
O d.,=0 /|/O
12 ® 5. =/ /’/77
68% syst err. at best-fit 74 M
10 v Best-fit O
—o— Data (68% stat err.)
8 1 l 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 1 T T T T [ T T T T ] — — T
B unl-11 2023, Preliminary 7]
N — Normal ordering _
25— —
B Inverted ordering _
ool— /' 1% CL T
— NN 90% CL —
- B3] 2% CL -
15— [J3%cL —
) 3 /\ E
N\ (N | I | | | | | | |
| - - 3
CP
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| atest results from T2K (contd) T 2K\

T2K data with constraint sin? *J$3¢t0" = 0.0220 + 0.0007
Parameter dcp [rad.] sin? @3 sin? 03 Am3, [x107° eV?] 2'7__ - e
Central Value -1.85 0.54 0.022 2.50 26
lo C.L -2.60,-1.01] 10.49,0.56] || [0.021,0.023] 12.42,2.59| :
20 C.1. | -7, -0.34] U [3.10, 7| |||0.46,0.58] || [0.021,0.023| | [-2.63,-2.47] U [2.38,2.62] =

24—

Applying reactor constraint results in a swap of octant preference 230 L

|
0.4 0.45 0.5 0.55 0.6 0.65

> N I R L L B UL I

. 9 . 9 E - aln 68% credible intervah

sin” B3 < 0.5 sin” b3 > 0.5 | Sum S | Il 90% credible interval

NH (Am2, > 0) 0.23 0.54 0.77 S | || B 99% credible interval
o

TH (Am2, < 0) 0.05 0.18 0.23 5 it -
Sum 0.28 0.72 1.00 %

o L 4 -

T 2K weakly favors normal mass ordering and higher octant i 1l _

with Bayes factor of 3.2 and 2.6 respectively - i ] 1t i i L
' Ll | Ll ]""10°

127 126 125 124 123 23 24 25 26 2.7
# ms, 21



Joint analysis with Super-K (SK)



T2K & SK: motivation for joint analysis
I_ZJi(\ auﬁ RUEUNEMEEY O Complementary in measurements: higher sensitivity

« fr accelerator | ' of MO In Super-K and of CP violation in T2K

T2K: L=295 km, E=0.6 GeV

Hadron Experimental Hall

P(1 ") %

Degeneracy btw. $-p and MO in T2K

MR R t“ SK+T2K Prehmlnary Sen31t1v1ty U U
(Main Ring) \ . ¢ 6 4.5 T T RS 8_— SIn22#13:O.085 —_
e | S sE SK+T2K —_— T2K = %m2,|=2.5$10%eV? |
Beam Abort \'\ ] % = — SK (+ND) . o sin2#23:0.5
‘ . Muon © 35 :_ _: O\ 6 [ _|
Elect R — 4.~ |
N — MLF LY 2 Muon 7 it § 3:_ _: +-?) i
" / (Materials and Life Scuenceﬂ S = 1w I
Experimental Facility) >I< 2.5 r s = 4__ i
- .\g . -;’*) = = = PI
~'. S ;/ a 2 = e al i
s -5 -— 8 1 5 [ - 2 [ ]
Neutrino Facility = D E = - o
400-MeV RCS - O s - s 108&=0 8&="/2
LINAC S emEmaa R | = —,e°
(3-GeV Rapid Cycling - > - 7 ol §=" m&=-"2 | -
Synchrotron) 295km > 050 ¢_: 0 2 4 6 g
N
x

| 1 1

3 =D - | 0 1 2 3
. : Am2Z —7500x% 103 ev2

True values:  Scp = x axis glnf 015 :,0'3(),7 Am 1) = __T()t) X IU; L’\: True 6CP

Normal ordering -\-m: 02 = 0.528 sin“ f13 = 0.0218 Am:} =7.53x107" eV

O Same detector, di$erent neutrino sources but similar
energy range ¥ strongly correlated in detector
systematics; interaction models and nuclear e$ects Outer GAEL],

Normal mass ordering case (opposite in inverted case)

o
[« N

mm et
. . . InnefCore E P : - 0‘8:5_ PV — v H "
e-like p-like Matter e$ect in SK ; £ W g POV g
3 [ £ ]
g 03r g 02 . . O‘: g °z: Resonance E z: @ g °§: 3 SZ
9:,5 X w= T2K FHC 1Re % 0.18 s T2K FHC 1RMu IS SenSItlve to MO 8 g : 7 % jo:4 8 8‘0'25_ 4 ) -~' ?’ 0:4
:>: 0.25:— m— atm SubGeV elike Odcy :>j 06 = atm SubGeV mulike 0&1dcy ] \ 0' i t 3 —; 0.3 o «~0.4E E E é 0.3
- | _s NS R . NS -
< 0.2 < h ~ : - e e e Y a3 g
§ : - T2K sample § 0.12 SK+T2K work -l:l \W Johan Swanepoel / Shutterstock.com v e;“e;‘g@é’?(aeo; v e';e:\g((;:g(GeQ;z
e — SK sample o in progress -
: (Sub-GeV) 0.08
0. 0.06
gl 0.04 O AI . = = 7 ? | # 2
. so, expect to improve precision on | Hm
0.0 ) 23’ 13’ 32 23
00 05 1 16 2 25 3 35 4 45 5 00 1 2 3 4 5 6 7 8

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



T2K & SK: Joint $tOs results

arXiv:2405.12488

Use 36e20 POT exposure from accelerator and

3244.4 days of atmospheric neutrino data

O CP-conserving value of the Jarlskog invariant is excluded
with 1.9 or higher sighicance depending on prior

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

O Insignil cant deviation from maximal mixing 0j- 24






























