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results on long- Lukas Berns (Tohoku U)
baseline oscillations for the T2K Collaboration
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experiment

Super-Kamiokande

Mt. Noguchi-Goro
2,924 m

Mt. Ilkeno-Yama
1,360 m
1,700 m below sea level

Neutrino Beam

295 km

U, I/,u’ V,u I/,u’ I/M, D,M’ Vﬂ’ I/ﬂ, I/,u’ I/M

e Study oscillation of neutrino beam from J-PARC accelerator

e ~500 collaborators from institutions in 14 countries
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For neutrinos Z
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amplitude controlled by (PMNS) mixing matrix U-:
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Neutrino beam = yomi

,K In 90 cm graphite target

[ [
e 30 GeV protons produce }

 Three magnetic horns
selectively focus

o+, K+ or -, K- to produce R — I:'%rd u

v, oru, beam (decay in-flight).

e Narrowband beam thanks 1
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INGRID on-axis detector

e |ron-scintillator
sandwich detectors
monitor neutrino beam
direction and intensity

UA1 Magnet Yoke

Downstream
l ECAL

Solenoid Coil

Barrel ECAL

ND280 off-axis detector

e Active scintillator +
passive water targets

* Tracking with time
projection chambers

e Magnetized for charge and

momentum measurement
S

WAGASCI + BabyMIND

e |atest addition at
intermediate 1.5° off-axis flux

o Water target with
cuboid lattice scintillators
for high angle acceptance

e Compact magnetized iron
muon range detector

* First xsec meas. published:
PTEP, ptab014 (2021)



https://academic.oup.com/ptep/advance-article/doi/10.1093/ptep/ptab014/6156643
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Detector hall Access tunnel

50 kt pure water
~11,000 20 inch PMTs

Now loaded with Gadolinium
for improved neutron tagging!

Photos: “Super Kamiokande refurbishment” ICRR (2018)

Number of events

= Su perK — the tar detector

Adapted from Nature 580, 339-344 (2020)
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e/n PID discriminator

Good /e PID from ring shape

Reconstruct neutrino energy from lepton
momentum and angle w.r.t. neutrino beam

Not magnetized, so the beam v/U-modes
are important. ND280 further constrains
the wrong-sign background.


https://www.nature.com/articles/s41586-020-2177-0
http://www-sk.icrr.u-tokyo.ac.jp/sk/tankopen2018/index-e.html
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50 kt pure water
~11,000 20 inch PMTs
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Now loaded with Gadolinium T [us]
for improved neutron tagging! After addition of Gd...
Photo‘Super Kamiokandeere” ‘ 208) - EXpOnent|a| decrease Of #events

after beam timing consistent with
Gd capture time constant (115 pus)

Monday morning, Session | plenary,

Yasuo Takeuchi,
“SK oscillation physics (atmospheric, solar, Gd)”



http://www-sk.icrr.u-tokyo.ac.jp/sk/tankopen2018/index-e.html
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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 8

° 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

10

295 km

Uﬂ, UM, UM’ U,u’ I/ﬂ, U,M

1%



Tuned run1-10b flux at SK

T2K Preliminary

SK: Neutrino Mode, vy

Q B | T | T | T ) | ) T ;5 I_ | T T T T T T T T T T T T T T T ]
® 106 = T2K P : : 3 = - . -
A~ E rehmlnary m 03 mrmm— Hadron Interactions ®xE,, Arb. Norm. B
NE N . V Té B Proton Beam Profile & Off-axis Angle ——=—- Material Modeling |
; s i u _M C [ mmemmmemmees Horn Current & Field Number of Protons -
[5) D L .
E 10 § I Horn & Target Alignment — 2022 Total Flux Error i
: £ o %
& [ 0'2!,_,. - == 2020 Total Flux Error 7 |
§ 107 &, i ]
o E.—"-"- R" i 1
.—:4 -,l b"-. 1“:.., B _
p a8 4} I"l,l 0.1 =
0% T i i
: I“‘l__.i ............. : :
| e ; | 0 —

0 2 4 6 8 10 107! 1 10

E, (GeV) E, (GeV)

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 Replica target data

Eur. Phys. J. C (2019) 79:100

Thin target data

Mainly Eur. Phys. J. C (2016) 76:84

More realistic modeling
of cooling water in horns
slightly increased
uncertainty at flux peak

Tune each \
interaction
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New NA61 measurements are being
performed for further reduction in the future!
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Analysis
strategy

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

13

1,700 m below sea level

295 km

l/,u’ UM, U,u’ UM, I/M, UIM




= (CC Inclusive =~ wwemene NC Inclusive

—— CC Quasi-elastic =~ = CC 2p2h
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Eur. Phys. J. Spec. Top.
(2021) 230:4469-4481

Ou0(Ey)/E, 1073%cm? / GeV / Nucleon

e ND2:
+ Nt

+ exi
= Uur
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E, (GeV)

Good E,
reconstruction

Mis-reconstruction
of E, (~25% of events)

Charged current
quasi-elastic
(CCQE)

CC multi-nucleon

knock-out

(2p2h)

Significant updates to
interaction model

CCQE based on Spectral Function
model tuned to e-A scattering data.

- uncertainty on nucl. shell structure
- |q |>-dependence of removal energy

Replace empirical freedom by
physics-motivated low-0? modeling:
- optical potential

- Pauli blocking

Uncertainties for tagging protons
- 2p2h separation in pp and pn
- nucleon FSI

based on Rein-Sehgal
model with RFG nuclear model.

New tune to bubble chamber data

New uncertainties including effective
binding energy.
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C target C+0 target
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+ Interaction model
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— unoscillated flux x xsec

3. C/C+0 target
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— v+0 xsec water layers
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_ Fit result with correlated flux x xsec
An al S I S propagated to far detector analysis
y via covariance matrix or joint ND+FD fit.
strategy
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ND fit p-value: 10.9% (> 5% threshold)
e ND280 measurements

+ Interaction model
+ external constraints
— unoscillated flux x xsec
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Analysis
strategy

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

Fit result with correlated flux x xsec
propagated to far detector analysis
via covariance matrix or joint ND+FD fit.
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ND fit p-value: 10.9% (> 5% threshold)
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Analysis
strategy

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

Events

Fit result with correlated flux x xsec
propagated to far detector analysis
via covariance matrix or joint ND+FD fit.
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Total syst uncertainty on neutrino mode 1Rp events at SK
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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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e 6 samples at SK
vy, disappearance +

v, appearance

Multi-ring sample added for the first time




Analysis
strategy

e 6 samples at SK

— v, disappearance +

v, appearance
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Constraints on 6,
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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
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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°
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| T2K Run 1-10, 2022 preliminary ]
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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



Anti-neutrino mode e-like candidates

Mass ordering

U, Vs. U, appearance

— sin’0,, = 0.45, 0.50, 0.55, 0.60

oy S — Amgz =2.49x107 eV’

- = T ----Amj = —2.49x107 eV?
22— —
20— —
18 [ ]

C O d,=m 7
t6f- & 22, =

~ @ 0., =-m/2 7
14— 68% syst err. at best —

- v Bestfit T2K Run 1-10 .
12 o bata(68%sater) 2022 preliminary =

L . . I . A | | | | | | | | | |

40 60 80 100 120

Neutrino mode e-like candidates

Octant
Posterioriprob. sin?fs3 < 0.5 sin®fy3 > 0.5 | Sum
NO (am% > 0) 0.20 0.54 0.74
10 (am2, < 0) 0.05 0.21 0.26
Sum 0.25 0.75 1.00
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Bi-event plot illustrates origin
of data constraints.

Best-fit -p around

maximal CP-violation —%

Weak preference for
Normal ordering
with Bayes factor 2.8

Weak preference for
upper octant
with Bayes factor 3.0



Anti-neutrino mode e-like candidates

24
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20
18
16
14
12

U, Vs. U, appearance

— sin’0,, = 0.45, 0.50, 0.55, 0.

— ! L — Amgz =2.49x107 eV?

- . e ----Am = 2.49x107 eV?
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- Y Best-fit T2K Run 1-10 7
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Neutrino mode e-like candidates
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maximal CP-violation —%



U, Vs. U, appearance

— sin’0,, = 0.45, 0.50, 0.55, 0.
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(@)
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=
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Anti-neutrino mode e-like candidates

U, Vs. U, appearance

— sin’f,, = 0.45, 0.50, 0.55,

q= S Amp =249x107 eV
u N e ----Am = 2.49x107 eV?
22 —
20F —
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- Y Best-fit T2K Run 1-10 7
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40 60 80 100 120
Neutrino mode e-like candidates
Octant
Posterior prob. | sin® o3 < 0.5 sin® 63 > 0.5 | Sum
Sum | 0.25 0.75 | 1.00
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 Weak preference for
upper octant
with Bayes factor 3.0 =

Pupper . 0.75

Py 0.25



Anti-neutrino mode e-like candidates

Mass ordering

U, Vs. U, appearance

— sin’0,, = 0.45, 0.50, 0.55, 0.60

oy S — Amgz =2.49x107 eV’

- = T ----Amj = —2.49x107 eV?
22— —
20— —
18 [ ]

C O d,=m 7
t6f- & 22, =

~ @ 0., =-m/2 7
14— 68% syst err. at best —

- v Bestfit T2K Run 1-10 .
12 o bata(68%sater) 2022 preliminary =

L . . I . A | | | | | | | | | |

40 60 80 100 120

Neutrino mode e-like candidates

Octant
Posterioriprob. sin?fs3 < 0.5 sin®fy3 > 0.5 | Sum
NO (am% > 0) 0.20 0.54 0.74
10 (am2, < 0) 0.05 0.21 0.26
Sum 0.25 0.75 1.00
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Bi-event plot illustrates origin
of data constraints.

Best-fit -p around

maximal CP-violation —%

Weak preference for
Normal ordering
with Bayes factor 2.8

Weak preference for
upper octant
with Bayes factor 3.0
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25

20

15

10

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



0.65
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0.55
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0.45

0.4

0.35

0.3

Jarlskog invariant

Both mass orderings

-0.02

-0.04

0

0.02

T2K Run 1- 10, 2022 Preliminary

lo

20

30

prior flat in O
--=----- prior flat in sin(d

cp)

0.04

JCP

2

o Jop = 513C13512C12523C3 SIN Ocp

33

parameterization*-invariant
measure of CP violation

Constraint depends on
Ocp Prior and sin’ 055,

CP conservation (J-p = 0)
currently inside of

20 credible region
(and 1D credible interval)

* of PMNS matrix



Robusthess
studies

Test interaction model for
biases using fits to “simulated data”
from theory- or data-driven

alternative interaction models

W W
o O

_|||||||||||||||||||||||||||||||||||||||||||||||||“| TTT | TTTT | TTTT | TTTT | TTTT | TTTT | TTTT | T
- 1

FD prediction with
baseline model

N
o

Number of events/0.05
o o

—_
o

For 6,; no significant biases observed ToK simulation.

2022 Preliminary

For Am322 small bias observed

!
additional gaussian uncertainty

with o = 2.7 X 107 eV?
Is added to compensate

T I N

|
!
|
|
|
|
|

Ratio wrt baseline
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For o-p we report effect on | | E™° [GeV]

confidence intervals, but
Continuum Random-Phase Approximation

no change of main conclusions “Prys. Rev. G, 65:0256507, 2002,
34 - Phys. Rev. C, 92(2):024606, 2015



Robusthess
studies

Test interaction model for
biases using fits to “simulated data”
from theory- or data-driven

alternative interaction models

W W
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FD prediction with
baseline model

FD prediction with
alternative model

N
o
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Alternative model shown: CRPA

Number of events/0.05
o

—_
o

For 6,; no significant biases observed ToK simulation.

2022 Preliminary

For Am322 small bias observed

!
additional gaussian uncertainty

with o = 2.7 X 107 eV?
Is added to compensate
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For o-p we report effect on | | E™° [GeV]

confidence intervals, but
Continuum Random-Phase Approximation

no change of main conclusions Pve ey G 651095501 3000
35 - Phys. Rev. C, 92(2).024606, 2015



Robusthess
studies

Test interaction model for
biases using fits to “simulated data”
from theory- or data-driven

alternative interaction models

L L L L L B
7 10 error band of prediction
/////% from ND fit to alternative mode
FD prediction with

baseline model

FD prediction with
alternative model

W
9]

W
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- 1

N
o
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Alternative model shown: CRPA

Number of events/0.05
o

—_
o

For 6,; no significant biases observed ToK simulation.

2022 Preliminary

5
For Am322 small bias observed Q.9 | | I | |
= 14
l Q 1.3
- . . 1.2
additional gaussian uncertaint 3 o | |
9 y QN ) s 0 )
: -5 2 I St % Z
witho = 2.7 X 107" eV = 009 '
. 0.8
Is added to compensate % 07
o 0.6
9% 05 1 15 2 25 3
For §CP we |.report effect on £ [GeV]
confidence intervals, but
. . Continuum Random-Phase Approximation
no change of main conclusions “Phys. Rev. C, 65:025501, 2002

36 - Phys. Rev. C, 92(2):024606, 2015



Robusthess
studies

10 A)(z
. . [Trrr[rrrrrrrryrrrrprrrrrr e e e T
Test interaction model for - |
: : . ( ” —_ T2K simulation, L .
biases using fits to “simulated data” 7F zeoprimnay 't Simulated data made with
from theory- or data-driven S — baseline model
alternative interaction models 7 model
- — scaled baseline model
For 6,5 no significant biases observed 65_ Alternative model shown: CRPA
S5E E
For Am322 small bias observed 4 E
! 3t /’/ =
additional gaussian uncertainty oE — Normal ordering
with o = 2.7 X 10_5 6V2 15 ---- Inverted ordering
Is added to compensate - j 1073
1 1 1 | [ | | [ | | | | | | [ | | [ | | 1 1 1 X
8.3 235 24 245 25 255 26 265 2.

For o-p we report effect on Am?2, (NO) / IAm?,| (I0) [eV?]
confidence intervals, but

no change of main conclusions
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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

CP and mass ordering sensitivity

-SK Atmospheric- — 12K Accelerator-
‘ ) ;l
;l { ‘l
:\ = 1 g | ;‘ 3 - - _ T|2K Rulnl—IIOIPrelinllinellryl
‘ s & af g | ER
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0fS §§ | % 16f— B b ]
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Ev 2 5 -
5L £%a 5 12p Normal
@ 1 gié %(_) |4|OII|6|0|||8|O|||1(|)O|||12|0
1 10? E, [GeV] u Neutrino mode e-like candidates
| |
 Resonance in Earth mantle & * Anti-correlated change of 1, ,
core sensitive to mass ordering appearance probability o
| N8
[ [] [} | 3
e Weakly sensitive to via |  For large changes also weakly -3
. _ _ ‘s . D
normalization of sub-GeV e-like \ sensitive to mass ordering




CP and mass ordering sensitivity
-SK Atmospheric—

d
s 2018

, at ICTP Advance

of Atmospheric Neutrino
e

for SK collaboration

Oscillograms from:
Workshop on Physics

C. Bronner

* Resonance in Earth mantle &
core sensitive to mass ordering

 Weakly sensitive to via
normalization of sub-GeV e-like




SK+T2K Preliminary Sensitivity

L I L L B L IR
First sensitivity study
in collaboration of

both experiments

4.5

3.5

— SK (+ND)
2.5

1.5

0.5

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

-
N
y
N
[
(\9)
wl

True 6CP

Normal ordering

w? 1 d AN

When combined, can resolve degeneracy and have better CP violation sensitivity!



SK+T2K Preliminary Sensitivity
L I L L B L IR
First sensitivity study
in collaboration of

both experiments

=
in

— T2K
— SK (+ND)

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

Normal ordering

w1 IO

When combined, can resolve degeneracy and have better CP violation sensitivity!
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SK+T2K Preliminary Sensitivity
L I L L B L IR
First sensitivity study

in collaboration of — SK+T?2K

both experiments

=
in

— T2K
— SK (+ND)

Xz(best CP conserv.) — )(2(beSt 6CP9 MO)
(\ @

Normal ordering

I N 1 W OARS——

When combined, can resolve degeneracy and have better CP violation sensitivity!
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Atmospheric /i-like samples

" 0.6F

Event Rate (da
o
T :lb T

0.21-

—— Sub-GeV (v, +v,)
—— Multi-GeV (v +v,)
—— Multi-Ring (v, +v )
PC Stop
PC Thru

(TTT1) Upmu Stop
Upmu Thru

-
CCQE-dominant ]
Sub-GeV overlapped -
with T2K samples

P  — | ol
1 10 10> 10° 10* 10° 10°
E, (GeV)

Atmospheric v

Systematic
correlations

 Qverlapping true energy region
— shared interaction model
to capture correlations
— Bonus: ND constraint
for atmospherics!

e Same Super-K detector
used by both experiments
— estimate contribution from
detector syst. correlations

Monday afternoon, Session | parallel,
Junjie Xia,

“T2K-SK joint v oscillation sensitivity”




Measurements of

U cross-section at ND Neutron multiplicity at SK
x 1073 0.94 < cos @), < 1 e T2K preliminary
> 16F x 107% 0.98 <cosg, <1 4.5 E_T2K FHC Runs 1-9 data 3
i - 5 NuWro SF QE, Valencia 2p2h > F =
NQ 14r On-axis f NuWro LFG QE, SuSA 2p2ph 5 4F- e ';:;T £ 30 =
§ 12 P GENIE LFG OF iloncr sz £ 355 — Nuwro18.02.1 =
=10k { ﬁ- S 30 — GEME21210 =
S 8t prop I _ 5 >E *
: s aF =
S 6F M 5 L i
) i . 2 |.5p— =
% 4 . Off-axis B _+_ E
© P P S E | —t+— E
21 T2K Preliminary : T2K Preliminary = 0.5¢ E
0 ll‘llllllllllllllllllllllllllllllllllllllllllllll :I 1 1 1 1 1 1 1 1 1 [ 1 1 l 1 1 1 I 1 1 1 l l:
Omlé“blé“blfll(‘)lé”blél”1 b 05 1 15 2 25 3 35 4 45 5 O ™ e e e TEEEY
Muon Momentum (GeV)
Muon Momentum (GeV) Reco. 1 transverse momentum (GeV/c)
* First joint measurement using different fluxes T * Neutron tagging at SK very interesting
for v/U and CC/NC separation,
» C/O e Measured multiplicity using T2K
. I/ﬂ/ v, beam, all generators over-predict
e Also challenging low-rate measurements * Note: measurement uses

data before adding Gd
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Beam line upgrade ND280 upgrade

>, 0oL Muons in TPC or =
T2K Projected POT (Protons-On-Target) Q of  Stopping in SuperFGD s
9 0A7E A A .‘ ———_

-_;:-1 400 B :22 g' q('% 06 +_'_—

5 L —eo & Ml e R i

= — = D UA1 Magnet Yoke 04— e i e

021200: MR RF upgrade —:18 % o,a; ;__,_"‘ _'I\_n#g%sn;;‘ -

- 116 S o) S e B Biipe
§1000__ l _:16 % o1 __.~ Current eff|C|ency
% : _:14 DL_ Downstream 1 08 ; 06 (;4 : 62 ‘ ‘(l)‘ ; 012l ¥ ‘014 06 I 08 1
8001— MR Power Supply upgrade _:12 8 l ECAL True cos @
- l 1 =2
600|— 10 &
i EN
— — ©
400~ 6
~ 1 =
— -4 =
200_— . ‘
- T2K Work in Progress ° a
0 : : : : : : o =
2020 2021 2022 2023 2024 2025 2026 2027 Super-FGD HA-TPC
* Increase beam power from ~500 kW to Replace POD with T or
1.3 MW via upgrades to main ring power 3D scintillation detector + modules
- : -'_ '-r:‘ -
supply and RF (mostly increased rep rate) high-angle TPCs + = t“ﬁ'ﬁl-wi
_ _ TOF enclosure :

* Many upgrades to neutrino beam line Super—FGD MC
(target, beam monitors, ...) ongoing to — 4n acceptance like Sk R
accept 1.3 MW beam — lower (proton) mom. threshold

e Increase horn current 250 kA — 320 kA Reduce xsec systematics and better

and reduced wrong-sign background
Aiming for 320 kA operation in next run!

Tuesday afternoon, Session Il parallel,

Jaafar Chakrani, 16
TDR: arXiv:1908.05141 [physics.ins-det] “The T2K near detector Upgrade”



https://arxiv.org/abs/1901.03750
https://arxiv.org/abs/1901.03750
https://arxiv.org/abs/1908.05141
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Hyper-Kamiokande / IWCD

New 1 kt scale “intermediate water-
Atmosphere Cherenkov detector” planned

x10'5 |
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BE ey | . . .
(| Tuesday morning, Session Il plenary, Tuesday afternoon, Session Il parallel,

o

| 'tf\ Zhenxiong Xie, Tailin Zhu,

“Oscillation physics with Hyper-Kamiokande” “HK and the Intermediate Water Cherenkov Detector”
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Summary

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

CP conserving values of 0, excluded at 90%, B e s T
large range excluded at 3a. T et :
20— B oo 3

\Weak preference for normal ordering and upper octant. isE % -
C 1

Ongoing joint analyses with SK / NOvVA, 1: E
xsec and neutron multiplicity measurements M e
6CP

Exciting perspective for future:
new detectors, stronger beam, ...

T2K Projected POT (Protons-On-Target)

MR BF upgrade.

|

00| M7 PowerSuppty ace

2020 2021 2022 2023 2024 2025 2026

=
2027

ons [10°'POT]

Integrated Delivered Prot

Super-FGD
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Systematic uncertainties

Before ND fit

T2K Run 1-10, 2022 Preliminary

1R MR 1Re
Error source (units: %) || FHC RHC FHC CClsx* || FHC RHC FHC CClx* | FHC/RHC
Flux 5.0 4.6 5.2 4.9 4.6 5.1 4.5
Cross-section (all) 15.8 13.6 10.6 16.3 13.1 14.7 10.5
SK+SI+PN 2.6 2.2 4.0 3.1 3.9 13.6 1.3
Total All 16.7 146 12.5 173 144 20.9 11.6

After ND fit T2K Run 1-10, 2022 Preliminary

1R | MR 1Re
Error source (units: %) || FHC RHC FHC CClz* || FHC RHC FHC CClnr™ | FHC/RHC
Flux 2.8 2.9 2.8 2.8 3.0 2.8 2.2
Xsec (ND constr) 3.0 3.5 3.0 3.8 3.5 4.1 2.4
Flux+Xsec (ND constr) || 2.7 2.6 2.2 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 | B 4 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
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Neutrino mode Antineutrino mode
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Neutrino mode
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Best-fit values

Parameter Best fit

Data T2K only T2K + reactor
Hierarchy Normal Inverted Normal Inverted
sin?(2613) 0.103 0.114 0.0861 0.0865
sin”(f13)/102 96:67== . 208120 990t L 09 o
Scp —2.95TL20 . ) 9008 218t < . _].377022
Am3, (NH)/|Am3,| (IH) [107% eV?/c']  2.5061005 24747505 2.50670055 24735505
sin?(6a3) 0.466109% 0.46510:3%  0.55913-018  0.56019919
—2In L 651.433 652.254 651.584 653.222
—2AIn L 0 0.821 0 1.638
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Understanding cos 0 sensitivity
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Antineutrino mode e-like candidates

Understanding sin o, MO sensitivity
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Bi-event plots to
Illustrate constraints

Note: especially for u-like samples the
number of events only shows a partial picture
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Bayesian credible intervals

_.Z\_llllI|IIII|IIII|IIII|IIII|IIII
§ T2K Run 1-10, 2022 Preliminary

e —— T2K only — = lo Credible Intervals

S — T2K + Reactor  ---=-- 20 Credible Intervals

o

IFFI'IT'I1'I'|IIIF|'IIII|III

o s o e A O O DD O IO N Y AN BT B B

-3 -2 -1 0 1 2 3

Priors flat in plotted variables are assumed

Top two plots marginalized over mass
ordering with uniform prior

Qualitatively similar results to frequentist fits.

Application of reactor constraint on 0,
results in preference of upper octant.
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posterior probability
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Feldman Cousins
Implementation

 For proper estimation of ocp, 6,5 confidence
intervals, we use Feldman Cousins method:

At couple true o-p+MH values, generate 50k
toy experiments. @, is sampled from reactor

prior. 0,5, Am322 are sampled from an

Asimov contour with true params set to
data-best-fit point.

Fit each toy to calculate )(2(5@, MH)
curves, and order toys according to

Ay, t%ue =X 2 (5true’ MH SMH

Define lower 68.3%, 90%, ... quantiles
as critical values Ay?>

{rue

Connect critical values for all true ocp values
(linear interpolation) and define confidence

interval by intersection with da’[a—A)(2 curve.
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Causes of e 1 < sindp
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Normal ordering /

Critical values for o.p

At high CL start to see the sin o
boundary in other mass ordering

\ Inverted ordering
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MO and sgn cos 0 degeneracies

sin 0 = — 1 boundary
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Evaluation of confidence intervals
with Feldman-Cousins method

T2K Run 1-10, 2022 preliminary
— Normal ordering

Inverted ordering

B ccL
Y 90% cL

DO

Q

@

=
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| | | | | | | | | | | |
-3 -2 -1 0 1 2 3
6CP
Confidence level Interval (NH) Interval (IH)
lo [0.460,0.491] U [0.526, 0.578]
90% [0.444,0.589] [0.525,0.582]
20 [0.437,0.594] [0.459, 0.588]

T2K Run 1-10, preliminary
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Critical values for sin” 05,

Normal ordering Inverted ordering
“ E “ E
< 1o CL 90% CL — 20 CL < 1o CL 90% CL 20 CL
6— 6—
- T2K Runi-10, > ° T2K Runi1-10,
- 2022 Preliminary u 2022 Preliminary o 4
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8.4 \ . 046 048 05 Jo52 054 056 058 06 0.62

2 0\44 046 048 05 0.52

Octant, MO degeneracy
and marginalization effects

caused by Ocp toy distribution
prior favoring sin 6p = — 1 sin?26,, = 1 boundary (sin’ 6 ~ 0.51)
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Evaluation of confidence intervals
with Feldman-Cousins method
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Confidence level Interval (NH) Interval (IH)
lo [0.460, 0.491] U [0.526, 0.578]
90% [0.444,0.589] [0.525,0.582]
20 [0.437,0.594] [0.459, 0.588]

T2K Run 1-10, preliminary
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