Results and Prospects of T2K

Tomas Nosek
on behalf of the T2K collaboration

National Centre for Nuclear Research, Warsaw, Poland

57th Rencontres de Moriond, March 19, 2023

/A NATIONAL
() CENTRE
& I 2 K (. ] FOR NUCLEAR
(M& RESEARCH
e \C SWIERK



Outline

| v oscillation
Il T2K experiment

e General intro
e Beyond neutrino oscillation physics

Il T2K 2022 v oscillation analysis

e General strategy
e 2022 novelties and updates
e 2022 v oscillation results

IV The rosy future of T2K

T2K+NOvVA, T2K+SK joint analyses
SK-Gd

Beam upgrade

ND280 upgrade

1/26



v Oscillation in 3v-paradigm
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v Oscillation
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Source
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Source producing neutrinos of certain flavor — e.g. v,

Detector

Detector (at a certain distance L) observes reduction in the flux of neutrinos of the flavor
= NEUTRINO DISAPPEARANCE: v, — v,
Detector observes increase in the flux of neutrinos of different flavors from the one produced
= NEUTRINO APPEARANCE: v, — v.

Described by v-mixing, each flavor state v, (weak int.) is a superposition of mass states v; (free particle)

The (dis)appearance of v has an oscillatory pattern as a function of distance/energy =

NEUTRINO OSCILLATION
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v Oscillation Parameters of the 3v-paradigm
NuFIT global analysis JHEP 09, 178 (2020)

| Normal ordering (best fit) | I Inverted orderingl
Best fit £10 30 range Best fit £10 30 range
sin? 012 0.304 £ 0.012 0.269 — 0.343 0.30415:013 0.269 — 0.343

sin? fag 0.573+0:016 0.415 — 0.616 0.5751 0018 0.419 — 0.617
sinf3  0.0221975:90962  0,02032 — 0.02410 | 0.02238+3990%3 002052 — 0.02428
Am%l

T e TRRE 6.82 — 8.04 7.42+02 6.82 — 8.04
A2
= 07;"‘*(72 2,51770:02¢ 2.435 —2.598 | —2.498 £0.028 2,581 — —2.414
= )
oc -
- 1.094513 0.67 — 2.05 157+ 1.07 — 1.96

Long-baseline accelerator experiments

What is there to measure, anyway? L/E ~10>"2 km/GeV are sensitive to

e Ordering of the mass states (mass ordering or hierarchy), is
vs the heaviest or the lightest: NORMAL vs. INVERTED? NO/I0, -5 and dcp
e 05 =, > (UO), < (LO) 45°? 23, 7 symmetry? (also 013)

e CP violation in lepton sector, dcp? T2K (Japan) 295 km / 0.6 GeV

e Tests of unitarity, 3v-paradigm completeness, sterile v etc.? NOvA (USA) 810 km / 2 GeV
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https://doi.org/10.1007/JHEP09(2020)178

T2K Experiment
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T2K Overview

579 people

P(v,—>V,)

e Long-baseline v oscillation experiment ~490 km/GeV

e v,-beam, v/ modes, 2.5° off-axis, E around 0.6 GeV
14 countries
78 institutions

PV, Vo)

o 1, disappearance: sin? 2023, |Am?3
0 ) 32

Ve appearance: sin® 623, dcp, Am3,

Powerful
v source

JzPARC Main Ring
B (KEK-JAEA, Tokai)

Dominating
Ocp effect



Beamline and Near Detectors

e Switching between v and 7 beam by inverting the horns’ polarities

Almost pure v, /7, beam with < 1% of ve/De at peak

Reached operating power =500 kW

e INGRID monitors beam direction and stability, tracking ca-
lorimeter, on-axis, Fe + plastic scintillator

Beaw Duwp

Nuan Moni tor

e WAGASCI+BM H>O target, magnetized, off-axis 1.5°, pro-
bing spectrum variations with the off-axis angle

WAGASCI
+BabyMIND

ND280

e 0.2 T magnet, trackers+calorimeters, HO/CH targets, off-axis 2.5°

e Directly used in the analysis to constrain XSecs, beam v./7e, etc.
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Super-Kamiokande, SK — The Far Detector

Excellent 11/ e-like rings separation (v, /v. CC int.)

Upper dome of Super-K

Electronics hut

Control room

LINAC for | ,
calibration

41.4m Water and air
purification system
1,000 m under the Ikenoyama-Mt.
Pure water 50 kton of pure water

22.5 kton of fiducial mass

target
for vand ~11,100 inner detector (ID) PMTs (20")
p decay 1,885 outer detector (OD) PMTs (8”)

direction/particle ID based on pattern
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Physics Program Beyond v Oscillation

What might interest you from the current results...

...but there’s much more coming!

Joint XSec Measurements

e Joint On/Off axis v, CCOT measurement
e Simultaneous measurement of the v, CCOn cross-section on O and C

- FGD2 of ND280 has several modules with H,O

Low rate measurements

e v, and 7, CC coherent 7 production on C

SK measurements

e Neutron multiplicities at SK

dzofdpndcnsﬂM (em?/GeV)

0.98<cos :9,__|< 1.0
- NuWro SF QE, Valencia 2p2h
© NuWro LFG QE, SuSA 2p2h

GENIE BRRFG QE, empirical 2p2h
-~ GENIE LFG QE, Valencia 2p2h

Off-axis

T2K Preliminary

Qg g s s
Muon Momentum (GeV)
107 0.94<cos|6,)<1.0
16
14F On-axis

-
n
T

dzcldpudcosau (cm?/GeV)
® 3

)
T

T2K Preliminary
AN A IR PR P DT

04 05 06 07 08 09 1
Muon Momentum (Ge\g)/ 26

n

o



T2K 2022 v Oscillation Analysis
A follow-up on 2020 analysis arXiv:2303.03222
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https://arxiv.org/abs/2303.03222

Frequentist ND280 to SK Consequential Analysis

Ext. Hadron . . .
Production e Frequentist analysis proceeds in two con-
Measurements ND280 Data secutive fits
T e Fit to ND280 samples provides a con-
Beam Monitor straint to flux and interaction model
2ELE ND280 Model k] ND280 B e Results of ND280 fit are used as input
ode I . . . .
to fit SK data to constrain v oscillation
parameters
Ext. XSec Interaction
Measurements Model
e Frequentist analysis uses Poisson likeli-
hood with gaussian penalty terms to ac-
v Osc. count for systematic nuisance parame-
Parameters ters and Barlow-Beeston approach to ac-
Ext. 1 Osc aw-paradigm Constraints count for ND280 MC stat uncertainty
Measurements Osc. Model e Gradient descent algorithm / grid search
i e Feldman-Cousins method to construct
CL intervals
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Bayesian Joint ND280+SK Analysis

Ext. Hadron
Production e Based on Bayes' theorem:
Measurements ) i )
Likelihood  Prior
ND280 Data
INGRID and
Beam Monitor P(a’|D) X P(D|a’) X 7r(a)
SR
Data D = Data
ND280 Model
a = Parameters
) S —
SR
- v Osc. . -
Ext. XSec Interaction P e Also uses Poisson likelihood
Measurements Model e
— onstraints e Markov Chain Monte Carlo (MCMC)
SEE— with Metropolis-Hastings algorithm
SK Model e Systematic nuisance parameters may
—— have different priors
Ext. 1 OSc. 3v-paradigm SK Data e Fitting all ND280 samples and SK sam-
Measurements Osc. Model ples at once
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The Novelties of 2022 — Flux and Interaction Modeling

Flux Model

e Updated tune to new NA61/SHINE
T2K replica target measurement
Eur.Phys.J.C 79 2, 100

More 7+ stats, new K* and p data

Significant reduction of hadron
production uncertainties

SK: Neutrino Mode, v,
T v

T

Fractional Error

By S
10 | 10
E, (GeV)

Most dominant interaction at 0.6 GeV CCQE and CC RES

Vi [

w
d u

(=)

CCQE (Spectral Function)

e More theory-driven uncerts

o Normalization of each nuclear
shell for Mean Field

e Short Range Correlations and
Pauli Blocking

v, ! -
w u

d
D= =)

CC Resonant (Rein-Sehgal)

e New bubble chamber tune
e New resonance decay uncerts

e Eff. inclusion of binding energy

(0]

e New uncert in 7= vs 7

production
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https://doi.org/10.1140/epjc/s10052-019-6583-0

The Novelties of 2022 — ND280 Samples

e 22 ND280 samples based
on reconstructed topology

e New ND280 v samples
with p and ~ tagging

e p: better access to nuclear
effects, lower 7" bkg.

e ~: filters out DIS and
COH 7° production

e No change in ¥ samples
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The Novelties of 2022 — SK v, Multi-ring Sample MRy CClnt

Events per GeV
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B 1Rp sample
[ New sample
+ Muon-like data

3 4 5 6
Reconstructed Neutrino Energy (GeV)

Super-Kamiokande IV

p~ ring and (77 ring + 1-2 Michel e) or (2 Michel e)
v, e Targeting v,CC1l7™ interactions in v-mode
+30% stats pu-like v-mode, sensitive to v oscillation

Model cross-checks and background constraints

Simulated MR
event with
2 decay e
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Results 2022 — SK Data

BF Prediction and 6cp =

Sample —7w/2 7/2 -2.18 Data
1Re 99.1 68.6 96.5 94
1Relw™ 10.9 7.7 10.5 14

1Ru 358.7 358.6 359.1 318
MRplr™ 1185 1185 118.8 134

5 1Re 17.0 21.4 17.3 16
1Ru 139.4 139.4 139.6 137

ve-like samples:
1Re =1lring e
1Relnt =1ringe +1M. e

v,-like samples:
1IRu=1ring u+0/1 M. e
MRuln™ = 1lringpu+ (Lringm+ 1-2M. e)or2 M. e

Good energy estimation from lepton momentum and angle
SK cannot separate =+ charged particles event by event, i.e. v /v

Events

Events

CO

T

T

T2K Run 1-10, 2022 Preliminary

===~ Tot. Pred., §p=-%

....... Tot. Pred., 8,p=+5

2

2

—e— Data

0.2

0.4

Reconstructed Energy (GeV)

0.6

Vo Ve 8650

. Background

0.8




Results 2022 — Am?Z, vs. sin” 62

o Leading measurements of f23 and Am3,

e Excellent agreement of both frequentist and bayesian analyses

107 x10  With Reactor Constraint
— 27T T & e
< F - 1 o 280 B
- o, E ] = r NH only 7
0 = 26 — < F ]
.- o + B T2K Run 1-10, 2022 Preliminary
= E ] 2.7+ —
t = F 3 F s bear 1 e
Q <25 = r 6% 1.0
3 g o 1 2.6~ 90% 1 w0
8- é 2.4 - r 99% B G>J’
~ 2 ] 251 4 ®
I E r 10
g [ T2K Run 1-10, 2022 preliminary + Bestfit b L ]
[ — Normal ordering T 8% CL ] 2.4 =
22 —90% C.L — L ]
F — Inverted ordering e 997% CL. r 7]
2:."\H"\....\,HmHH\....\HH\H‘: 23 I 1 L 1
03 035 04 045 05 055 06 065 07 0.4 0.5 0.6 0.7 5 0.8
$in0,, sin"0,,
— —3 =
sin“fy3 < 0.5 sin“fy3 > 0.5 Line total .
Normal ordering 0.236 0.540 0.776 Slight preference for UO of 023 (2.51)
Inverted ordering 0049 0.174 0.224 and NO (3.46) of v mass states (from
Column total 0.285 0.715 1.000 Bayes factors)

T2K Run 1-10, preliminary Using reactor constraints for 613 17/26



Results 2022 — §cp

« I R R T T T T S R A A b I B AL B AL BN B

= X T2K Run 1-10, 2022 preliminar 1 = t T2K Run 110, 2022 Preliminary 1

0 > P y B = L [ 68%credibleinterval B
B 25 Normal ordering 4 8 I 90% credible nterval 1 c
c Inverted ordering ] _8 r I 99% credible interval b o
9] ] L ] —
= 20 [ Reze — s ] 7))
op [ 90% cL . 5 — Q>)’
&) 15 B 2oL = 8 L ] T
(T [JsecL 1 2 B 1 m

1 8 [ ]

10 - o | il

5 - i

0 A\ £ T P I = 5 =) 0 L 3 3

-3 =2 -1 0 1 2 3
dcp Ocp

e Frequentist p-value 0.35
dcp best fit at -2.18 (-0.6947), CP conserving

) : e Bayesian posterior predictive p-value 85%
values 0 and 7 are outside of 90% CL intervals

o No biases to undermine the statements found in a test

Using reactor constraints for 613 with an alternative interaction model
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The Rosy Future of T2K
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T2K-|—NOvA AnaIyS|

= 5 Normal E Tveed | ], Neutrino mode
5 18E onderine E ordering 1235 3
“ i = E
; 3m30 =
: 3 2 3
E 1 20 3
;s E
—— T2Krun 1-10  -+-- Super-K 2020 i 3 10 1
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E Preliminary | J F E 5 E
)| TS I by | PR B SRTR  SErra | Low o b i g gl 1 PN SRR R 3]
035 0. 045 05 0.55 0.6 0.65 0.35 04 0.5 0.55 0.6 0 e
§in%,, §in%0),, 0 02 04 06 08 1 1.2
Reconstructed Energy (GeV)
” Amineulrlino mode . . .
e Two complementary long-baseline v oscillation experiments 5 10p 2020 NO/IO Best Fits ]
. . . . > r — 1
(baselines, v energy and underlying interaction modes, detector & sf %Efg) 3
technology, analysis techniques and more), increased sensitivity to . ---NOvANO ]
NO/IO, & d 623 thank Iving d i o — | e
/10, dcp, and 023 thanks to resolving degeneracies . | - Dua ]
e One of the most important results on v oscillation in 3v-paradigm 4| —1 =
before the age of the next generation oscillation experiments 23_ i ]
e Based on 2020 analyses (arXiv:2303.03222, PRD 106 032004) o T ll_Z

e Expecting preliminary results soon

Reconstructed Energy (GeV)
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https://arxiv.org/abs/2303.03222
https://doi.org/10.1103/PhysRevD.106.032004

T2K+SK

e Combining T2K v/ beam data and SK atmospheric data

e Wider range of baselines and energies in comparison to T2K-only True NO

e Significantly increased sensitivity to dcp and NO/IO in respective regions 5 ¢ T _ SK4T2K Preliminary Sensitivity
. — SK+T2K — T2K
of parametric space SE sk +ND)
e Based on T2K 2020 analysis (arXiv:2303.03222) 4
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e Coherent detector MC
e Unified interaction model for T2K

and similar SK samples
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https://arxiv.org/abs/2303.03222

SK-Gd Phase

100%~0:1% Gd :
e S " 1 = . o
e U glf:if:isenfyozg’r \/“’ | De can be identified through
/' \ S 80%| “neapture -~ - 7 | n captures which would help
Ve po P @ a to separate ve/Ue in the
%eJ' S 60% St 1 ve-like samples
‘E_ f" ] |
= S aox (- ‘
o7 L ‘.f 1 - -
-~ T ) / ,Sprlng | g4 [@7ndt 2728721
/ ! 2022 2t pi) " 36.25+ 16.23
AT~20us 20% // : 1¢ 3557 p1 71712505
Vertices within 50cm e 7 ! a0F
o il Ll | [
0.0001% 0.001%  0.01% 0.1% 1% 25
Gd in Water 2 0.011% Gd
o InSKH0
e SK was loaded with Gd sulfate to improve neutron tagging :
10
e Already acquired data from SK-Gd phase, but not analyzed ) 'HT‘H% H J{“* | Risd ‘& ‘L‘
e Development and optimization in progress, implementation into T2K analysis i Lt M t L i ‘H L f
in progress 860 2400 300 200100 0 100 200 300 400 500

Time after beam timing (us)
e Increase in the time-delayed signals indicates the presence of Gd in SK
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Beam Upgrade

Materials and Life Science
Experimental Facility (MLF)

e Main Ring (MR) reached ~515 kW stable
operation during the last runs

e Upgrades during the 2-year shutdown:

e New MR fast extraction magnets and
Rapid Cycling O power supply

el Su New proton focusing magnet

New beam monitors and p monitor
New target and target cooling system
New focusing horns and power supplies
(250 — 320 kA)

e Scheduled for spring 2023

Targeting over 1 MW with future MR RF
systems upgrade (down to 1.16 s rep. rate)

258 (= p. rate
(Upgrade in 2021/2022)
]

T2K Projected POT (Protons-On-Target)

y

3

1200

B

>
red Protons [10?'POT]

1000

MR Beam Power kW]

=

[T )

MR Power Supply upgrade

|

80(

8

60

8

d Delivel

40¢

8

Integratex

200

0
2021 2022 2023 2024 2025 2026 2027

8
8
bS]
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ND280 Upgrade

SuperFGD

ND280 upgrade essentially enhances the detector acceptance to
access new regions of phase space when constraining v and ¥

interactions for v oscillation analysis and XSecs

efficiency

Replacing POD

with a set of new
high performance i
detectors 03

e

New test beam for Eivues

==
—~ Muons in TPC —
only

Epmo N

— Current ND280
! PR L 1 1

HATPC in 2022

0.6

e
true cos 6

PR n
-04 -02 0 02 04 06

Efficiency

2 million cubes,
~60000 fibers for
SFGD installed,
attaching electr.

025

ML R B L R
Proton tracking threshold
Work In Progress

ND280 Upgrade
Current ND280

.
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SUMMARY

e 2022 re-analysis of v oscillation data with new features and data samples, consistent with previous results
e CP conservation excluded at 90% CL

e Slight preference for NO of v mass states and 6,3 > 45°

Bright future ahead!

e T2K+NOVA and T2K+SK joint analyses to be presumably the most impactful analyses on v oscillation
before the dawn of the next generation experiments

e SK-Gd phase already began, data acquired but not analyzed
e Beam upgrades to reach > 1 MW power in a near future

e ND280 upgrade ongoing, installation already happening
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Detectors Exposure, Accumulated POT
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Jarlskog Invariant

Jop = sin 013 cos? @13 sin O15 cos Oy sin B3 cos Ba3 sin dcp

Jarlskog Invariant, Both Hierarchies Jarlskog Invariant, Both Hierarchies
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Systematic Uncertainties SK

IR | MR 1Re
Error source (units: %) || FHC RHC FHC CClz* | FHC RHC FHC CClx* | FHC/RHC
Flux 2.8 2.9 2.8 2.8 3.0 2.8 2.2
Xsec (ND constr) 3.7 3.5 3.0 3.8 3.5 4.1 2.4
Flux+Xsec (ND constr) 2.7 2.6 22 2.8 2.7 3.4 2.3
Xsec (ND unconstr) 0.7 2.4 1.4 2.9 3.3 2.8 3.7
SK+SI+PN 2.0 1.7 4.1 3.1 3.8 13.6 1.2
Total All 3.4 3.9 4.9 5.2 5.8 14.3 4.5

e Numbers quoted are the RMS of the predicted numbers of events in the far detector sample obtained when
varying systematic parameters according to their prior distribution

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



Systematic Uncertainties ND280

Sample ON/N (%)
Flux Xsec ND280 Total

pri. | post. | pri. | post. | pri. | post. || pri. | post.
FGD1 FHC CCOr-0p-0~ 50| 27 [118] 28 | 18| 1.2 || 128 0.6
FGD1 FHC CCOn-Np-0y 55| 28 |1L.7] 3.2 | 35| 22 |[129] 09
FGD1 FHC CCl7-0y 52| 27 [ 91| 27 |30 14 || 106 1.0
FGD1 FHC CC-Other-0y 54| 28 [ 80| 28 |52 23 ||11.0| 1.6
FGD1 FHC CC-Photon 55| 28 | 85| 28 [ 28| 1.8 [[10.5] 0.8
FGD2 FHC CCOr-0p-07 51 27 (112 28 |21 | 1.1 || 115 | 0.6
FGD2 FHC CCOx-Np-0y 55 | 28 [113| 33 |39 24 | 122 1.0
FGD2 FHC CCl7-0y 52| 27 [ 90| 27 |36 1.6 || 105 1.0
FGD2 FHC CC-Other-0y 56 | 28 | 80 | 28 |63 | 2.7 || 115 1.9
FGD2 FHC CC-Photon 54| 28 |83 | 28 [ 25| 1.6 || 104 | 0.8
FGD1 RHC CCOn 49 32 [11.3] 32 | 19| 1.2 | 122 09
FGD1 RHC CCln 46| 31 | 103 | 3.0 | 42| 26 |[114] 19
FGD1 RHC CC-Other 4529 [ 93] 3.0 | 35| 20 ||[105| 1.5
FGD2 RHC CCOn 48 | 32 | 104 3.0 | 21| 1.2 ||138] 09
FGD2 RHC CClx 46 ( 30 [ 99 ) 32 |39 | 23 ||109]| 19
FGD2 RHC CC-Other 46| 29 | 97| 31 | 29| 1.8 |[11.3| 1.4
FGD1 RHC BKG CCOx 58 | 28 (101 28 | 22| 1.1 || 106 1.1
FGD1 RHC BKG CClx 56 | 2.8 8.0 25 | 33| 16 112 1.3
FGD1 RHC BKG CC-Other || 59 | 29 | 86 | 27 | 26 | 14 | 101 | 14
FGD2 RHC BKG CCOn 58| 28 |95 | 28 [22| 1.1 (104 1.1
FGD2 RHC BKG CClx 56 | 28 | 82 | 25 (32| 16 ||10.7]| 1.3
FGD2 RHC BKG CC-Other || 5.9 | 29 | 86 | 27 | 25| 14 || 106 | 14
Total 45| 27 | 80 | 26 | 21| 1.2 9.1 | 0.3




Results 2022 vs. 2020

e Very good consistency with 2020 results which used the very same beam exposure

posterior probability
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Effect of Analysis Change

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, CClx sample at SK
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SK Energy Reconstruction

e Assuming quasi-elastic interaction with a single bound nucleon

e Known beam direction allows one to calculate reconstructed neutrino energy
2 2 2 2
rec -
2(M,— E,— E,+ P,cos 8)

Energy of outgoing muon A, , mass Proton mass ~ Muon mass

~ N { 2/'
EDHCCA++ _ 2MPEE+ MA++ - Mp - M#

rec

2 (M, = E, +|p, ] cos0,)

Momentum and angle of outgoing muon
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v Interactions

0.4

@

T2K flux
— CC Total
— CCQE

--- MEC
CC RES v
CC Multi-pi

— CCDIS

0.4

@

0.

0.:

N

=
) L L L L

\

R e e B T 1--1--1-%
2

0.5 1 15 25
E,/GeV
Vi I v

G/ E, (10% cm? GeV')

T2K flux
—— CC Total
— CCQE
--- MEC
CC RES

<|

CC Multi-pi
—— CCDIS

_______ e e TV eyl S iy ey ey i oS
0.5 1 15 25 3
E,/GeV
— v ]7
w
/ N’
; § }

S
= |
=

< 7 d, o
( e @ N O

hadrons

CCQE

CC DIS / Multi =



Simulated Momentum Thresholds for Counting Visible Particles

Particle Momentum [MeV/c]
e* 10
0 20
ut 120.495
Tt 159.169
0 0
Proton 1070.03

Other charged particles Cherenkov threshold




v Oscillation Probabilities

Am21

Small parameters ¢ = ~ 0.03 and sin? 613 ~ 0.02

m3;

Disappearance channel v, — v,
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a4 O(E, sin? 913)

Appearance channel v, — v,

+ve coherent forward scattering on pseudo-free e (matter effect),
N, density of e
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v Oscillation Probabilities v, — v,

L =295 km
‘- normal‘ordering 1
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