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—* Nature (early 2020) + more extensive
analysis published (Phys.Rev.D 103, 112008)
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Accumulated POT (X

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2023 2021
Year

Analyzed: 3.6 X 10! protons on target (POT)

v-mode ;: U-mode ~ 6 : 5

I
515 kW operation!

Total Accumulated POT for Physics Additional run 11 data taken early 2021

v-Mode Accumulated POT for Physics - - - ;
v-Mode Accumulated POT for Physics (with Gd at SK), not used in this analysis
o v-Mode Beam Power 3

° V-Mode Beam Power



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.112008

Analysis
strategy

¢ Beam monitors + hadron
production experiments
— neutrino flux

e ND280 measurements
+ Interaction model
+ external constraints
— unoscillated flux x xsec

. ¢ 6 samples at SK
| vy, disappearance +

v, appearance
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Analysis
strategy

- o Beam monitors + hadron
production experiments
— neutrino flux

295 km
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Tuned run1-10b flux at SK

T2K Preliminary

SK: Neutrino Mode, vy
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Beam line modeling Hadron production experiments

Hadron interaction uncertainty at high-E reduced
thanks to higher-statistics NA61 measurement that

— . : .
includes kaon yields from replica of T2K target.

Beam

monitors K,p in previous analysis K,p in this analysis

Thin target data

Mainly Eur. Phys. J. C (2016) 76:84
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Replica target data
Eur. Phys. J. C (2019) 79:100
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More realistic modeling
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uncertainty at flux peak



New NAG1/SHINE measurements, and experiments to
understand horn cooling water distributions
are being performed for further reduction of systematics
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Analysis
strategy

e ND280 measurements
+ Interaction model
+ external constraints
— unoscillated flux x xsec

1,700 m below sea level
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— Total syst error on neutrino
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Reconstructed Neutrino Energy [GeV]

22 samples

separated b
e ND280 measurements P y

+ interaction model 1. Eﬁh\ig:;éttii%ﬂg’ode
+ external constraints

— unoscillated flux x xsec 2- leptoncharge
— wrong-sign bkg

3. C/C+0 target
— v+0 xsec

ND fit p-value: 10.9% ( > 5% threshold)
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Analysis
strategy

e 6 samples at SK
vy, disappearance +

v, appearance
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Analysis
strategy

e 6 samples at SK
vy, disappearance +

v, appearance
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T2K preliminary
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Atmospheric mixing parameters

T2K, Super-K, IceCube: Neutrino 2022 Preliminary

X 10_3 NOVA: PRD 106 032004 (2022), MINOS+: PRL 125 131802 (2020)
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World-leading measurement of
atmospheric params, still

compatible with both 0,5 octants

interaction model and ND
samples cause largest change
compared to 2020

Multi-ring IJMCC‘IT[ sample only

gives small contribution due to
being above oscillation maximum



Constraints on Oqp
and mass ordering

T2K Run 1-10, 2022 Preliminary
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Large region

CP-conservation {0, 7t}
excluded at 90%,
7 IS within 20

Weak preference of
normal ordering

Slightly weaker compared to 2020
analysis, mainly due to updated
model with new ND samples



x*(best CP conserv.) — y*(best §.p, MO)

SK +T2K 9"9°"9 NOvA + T2K

joint fits
810 km /295 km

atmospheric + accelerator

A5 ¥ SK+T2K Preliminary Sensitivity
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S ity stud 1 ¢ Joint fits between experiments
4 ir:rgoﬁaet?c?rlalt‘i’éx gfu y — with different oscillation baselines/
3 5E- both experiments = energies and detector technologies
32— — SK (+ND) —i — expect increased sensitivity in
5 5E 4 Ocp, mass ordering, 6,3 octant
25 - beyond stats increase from
- - resolved degeneracies and
1.5F — syst constraints
1;_ 3 ¢ important to understand potentially
0.5F . non-trivial syst. correlations
0Z A e m between experiments
-3 -2 -1 0 1 2 3
e values:  Scp = x axis  sin2@p = 0.307 AmZ, =250 x 1073 eV?
Izlormal (lrdering glil; 623 = 0.528 sin2 ()611;: 0.(());1(;7 Amgzl =753 % l()_5 0V2 True 6CP

N

First results expected soon!
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x*(best CP conserv.) — x*(best 8.p, MO)

SK +T2K 9"9°"9 NOvA + T2K

joint fits
810 km /295 km

atmospheric + accelerator

* SK+T2K Preliminary Sensitivity
L e e e

4op Firstl slelnlsiltilvilty sty d}'/ e Joint fits between experiments
45 0 collaboration of with c!n‘ferent oscillation basehne;/
3 5E both experiments energies and detector technologies
' — T2K
5 . A
3 — SK (+ND) expect increased sensitivity in

Ocp, mass ordering, 6,5 octant

beyond stats increase from
resolved degeneracies and

syst constraints
Degeneracy with y

mass ordering

| * important to understand potentially

non-trivial syst. correlations
between experiments

2

L 1 | 1 | 1 | 1
. : 2 _ Am2, =2.509 x 1073 V2
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True 0
CP .
First results expected soon!
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x*(best CP conserv.) — x*(best 8.p, MO)

SK +T2K 9"9°"9 NOvA + T2K

joint fits
810 km /295 km

atmospheric + accelerator

* SK+T2K Preliminary Sensitivity
L e e e

4o e tl - 'It'l 'lt U | J e« Joint fits between experiments
4= n'rcS: oﬁaeggrlalt‘i’éggfu y SK+TIK = with different oscillation baselines/
3 5E- both experiments T21J{r = energies and detector technologies

= 4 — expect increased sensitivity in
o — SK (+ND) - P , y
o= = Ocp, mass ordering, 6,5 octant
25_ E beyond stats increase from
- - resolved degeneracies and
1.5 /\ — syst constraints
1;_ 3 ¢ important to understand potentially
0.5 — non-trivial syst. correlations
07— eI AN VANE between experiments
-3 -2 -1 0 1 2 3
alues:  Sep = x axis sin2 @5 = 0. Am2) =2.509 x 1073 eV2
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First results expected soon!

19



Mean neutron multiplicity

Neutrons at SuperK

(far detector)

T2K preliminary
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Reco. U transverse momentum (GeV/c)

* Neutron tagging at SK very interesting

for v/T and CC/NC separation,
requires good prediction of multiplicity

e Measured multiplicity using T2K
beam, all generators over-predict

* Note: measurement uses
data before adding Gd (H-capture)
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Neutrons at SuperK

T2K preliminary
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* Neutron tagging at SK very interesting

for v/T and CC/NC separation,
requires good prediction of multiplicity

e Measured multiplicity using T2K
beam, all generators over-predict

* Note: measurement uses
data before adding Gd (H-capture)

(far detector)

T2K preliminary

B ¥& /ndl 2729/ 21
aof- PO*exp(-pl/t)+cte po 36.25 + 16.23
- et p1 7.1+ 2506
35k
30 e
- p
25 :— n 1]
201 Gd s
15
- 8 MeV ¢ cascade
10 J[ J[
AT A
L Jf Ll

gOO 400 300 200 100 0 100 200 300 400 500
at, [us]

After addition of Gadolinium...

Exponential decrease of #events
after beam timing consistent with
Gd capture time constant (115 ps)

Aim to measure neutron multiplicity
on Gadolinium in future
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Beam line
upgrade

Increase beam power from

~500 kW to 1.3 MW via upgrades
to main ring power supply and RF
(mostly increased rep rate)

Many upgrades to neutrino beam
line (target, beam monitors, ...)
ongoing to accept 1.3 MW beam

T2K Projected POT (Protons-On-Target)
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MR Power Supply upgrade
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}

T2K Work in Progress
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Integrated Delivered Protons [10°'POT]
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https://arxiv.org/abs/1908.05141

Beam line
upgrade

e |ncrease beam power from
~500 kW to 1.3 MW via upgrades
to main ring power supply and RF
(mostly increased rep rate)

e Many upgrades to neutrino beam
line (target, beam monitors, ...)
ongoing to accept 1.3 MW beam

e |ncrease horn current
250 kA — 320 kA for ~10% more
v/beam-power and reduced wrong-
sign background

Aiming for 320 kA operation
in next run (end of April)!

TDR: arXiv:1908.05141 [physics.ins-det]
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https://arxiv.org/abs/1908.05141
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Efficiency
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ND280
upgrade

Replace POD with

3D scintillation detector + | - »\Iy/,
(- . ] ECAL - X .
Super-FGD \]

high-angle TPCs + | [ — /
TOF enclosure HA-TPC

— 411 acceptance like SK

T 1@;"‘{%

Super-FGD MC

Work in Progress

— lower (proton) mom. threshold

1

|

|

1

lL
— ~2x larger target mass I
[

— ——'»N——T‘"- T o 1 200

L]

B0y

Reduce xsec systematics and better
understanding of nuclear effects.

CERN-SPSC-2019-001 24
arXiv:1901.03750 [physics.ins-det]
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¢ Cubes assembly

Fiber / M
installation

Photos by
Aleksandr Mef
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Successful beam test

. (CERN T9) in Sept 2022
WPy g e

113
‘1’ 5

HA-TPC & F. Sanchez, : : . ij

- Jan 2023

Su pe/r-FGD

Problems leading to non-uniformity in High Angle
TPCs understood and fixed — production progressing

Super-FGD construction at J-PARC well on track

Aiming for commissioning / installation of most
components in autumn to be ready for beam

- -~ Photos byKatharina Lac
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Summary

e Latest T2K neutrino oscillation results using 3.6 x 10%! protons on target,
with many improvements at each level of analysis. “ T2K Run 1-10, 2022 Preliminary

N2< EI IT2IKIR1IJn I1—I10,I 2(I)22I plrel;m;nalryI o |:

25 :_ — Normal ordering _:

e CP conserving values of o-p excluded at 90%, s f
large range excluded at 3o. o :

- [ 7

* Many ongoing upgrades to the experiment 105 /\ E
* new near detectors )

1 R 3

* stronger beam, horns cr

. coming
with beam starting in April and

NDup ready” for data in autumn
* full detector at end of year

[10?'POT]

3 5 = o
Integrated Delivered Protons

Approved budget: g (% Ve by ; e QN Vil g A NN
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Thank you for continued support
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Am3, [eV?/c*]

2

Atmospheric mixing parameters

A = Neutrino2020 results including PDG 2019
B = A + 2022 v interaction model with new ND samples
C =B +PDG 2021

T2K, Super-K, IceCube: Neutrino 2022 Preliminary

X 10_3 NOvVA: PRD 106 032004 (2022), MINOS+: PRL 125 131802 (2020)
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- 2
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World-leading measurement of
atmospheric params still compatible with

both octants, very weakly preferring upper .
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D = C + Multi Ring v, CClr sample at SK

x107°
_I | | | | | | | | | | | | | | | | | | | | | I | | —
| T2K Run 1-10, 2022 preliminary ]
l | l l l l | l l l l | l l l l | l l l l I l l ]
04 0.45 0.5 0.55 0.6
sin’0,,

iInteraction model and ND samples
cause largest change compared to 2020

Multi-ring yﬂCCh‘[ sample only gives

small contribution due to being above
oscillation maximum
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Constraints on Oqp
and mass ordering

T2K Run 1-10, 2022 Preliminary

— Normal ordering

Inverted ordering

1o CL
Y 90% CL
[5] 20 CL
[ ]3ccCL

-3 -2 -1 0 1 2 3

Large region

CP-conservation {0, i} excluded at 90%,

gt 1S within 20

In checks for biases caused by xsec model choices,
left (right) 90% CI edge moves at most by 0.06 (0.05)

Weak preference of normal ordering
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A = Neutrino2020 results including PDG 2019

B = A + 2022 v interaction model with new ND samples
C =B+ PDG 2021

D = C + Multi Ring v, CClsw sample at SK
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Slightly weaker constraint compared to
2020 analysis, mainly due to updated
model with new ND samples



NOVA + T2K ©"%nd  gK 4+ T2K

joint fits |
810 km /295 km atmospheric + accelerator

Comparison of released contours (not joint fit)
NOVA results: A. Himmel (2020) Zenodo, (preliminary)
SK results: Y. Nakajima (2020) Zenodo, (preliminary)
NOVA and T2K use Feldman-Cousins, SK use fixed Ay?

| = 2 T T T LA L B B B I B B ]
. - N T Inverted ]
o, 1.8 — o " ordering e
1.6 + =
14 —+ =
1.2 —+ =
1= —+ =
0.8 —+ -
06 s T2K 2020, not new result E
04F ) T —— T2Krun1-10 -+~ Super-K 2020 20%CL. -
o - T NOvA 2020 Best bot mass
- T2K i + est fits oth mass -
0.2 ~ Preliminary I/ // T orderings "
O_I | | | 1 1 | | 11 1 1 ‘I"T"I';I | | 1 1 1 1 | Jol | | | | 1 1 | | | I__ | | 1 1 1 1 | | 1 1 | | 1 1 1 1 | 1 1 1 1 | | 1 1 | | 1 1 1 1 | | I_

0.35 04 0.45 0.5 0.55 0.6 0.65 0.35 04 045 0.5 0.55 0.6 0.65
sin2823 sin2823

e Joint fits between experiments with different
oscillation baselines/energies and detector technologies

— expect increased sensitivity in Ocp, mass ordering, 0,4 octant
beyond stats increase from resolved degeneracies and syst constraints

* important to understand potentially non-trivial syst. correlations between experiments

First results expected soon!
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http://doi.org/10.5281/zenodo.4142045
https://zenodo.org/record/3959640

Competition with NoVA

Total Accumulated POT for Physics : :

v-Mode Accumulated POT for Physics NOVA ||.ne T2K assuming

V-Mode Accumulated POT for Physics normalized by 750kW x 4cycle/year
’

o v-Mode Beam Power #v, + H#Hv
e e

® v-Mode BeamPower ¢ ¢ /’

(c::l'\ 45 B‘un]RunZ ................ Run3Run4 .................. RUHSRUH6 ............. Run?RunS ............. R un9 ................................ RUH]O ............. Run]_]_ """"""""""""""""" /

- = /.
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2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023

Year
23 Jan 2010 — 27 Apr 2021 y-mode: 2.17 X 1021 (56.8%)
POT Total: 3.82 X 102" J-mode: 1.65 x 102! (43.2%)

(maximum power 522.6 kW)
31 Slide taken from F. Sanchez, J-PARC PAC, Jan 2023



