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T2K

About neutrino oscillation parameters measurements

KamLAND collaboration
1
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% T2K 1s mostly sensitive to :
% sin6,,, Am322 . Atmospheric parameters Pwv, - v,)—-Pw,— 0,

% Ocp- Asymmetry 1n oscillation probability P(v. — v+ P, — 0.) x Sin(O¢p)
J7; e J7; e

“ Pontecorvo-Maki-Nakagawa-Sakata neutrino flavor mixing matrix
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-t The overall analysis pipeline

** Analysis workflow (P-Theta & ValOR)
+* Oscillation analysis

0:0 ye appearance | Flux model | | Vv interactions model |

o0 v, disappearance

** v/U asymmetry in oscillation probabilities —
. . . . . ear detector
= Constrain the oscillation parameters, in particular model

sin“ (6 Ams,, O
( 23)? 322 YCP Near Detector fit

% External constraints
% On sin? @5, Amlzz, sin“ 0, (Gaussian priors)
** On flux models (NA61/SHINE : hadron production)

Near detector
data

Flux and cross-

%* Near detector fit: constrain simultaneously the flux and sections constraints
cross-section

Far detector
data

External constraints

(reactor experiments) Far detector
: : . on sin? 26,3, sin?6;,, | model
% Far detector fit, 3 fitters : P-Theta, MaCh3, (ValOR) ams,

o* Near detector fit propagated through a covariance

matrix @
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T2k The Near detector data

% A set of near detectors (ND): Flux and cross-section
measurements (see N.Latham'’s talk)

SMRD

UA1 Magnet Yoke

ND280
** On-axis
o INGRID
o* MUMON (muon monitor)
o Off-axis
o ND280 (Tracker + ECAL + POD + SMRD)
= Being upgraded (see next talk by S.Roth)
o (WAGASCI/BABYMind)

Downstream

Barrel ECAL
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The Near detector fit output for the oscillation analysis

Flux X Cross-section correlations

% Fit to the near detector data: likelihood maximization

** Output = Post ND fit values and covariance of

—
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T2K .
The Far detector fit

MaCh3 P-Theta
o Markov Chain MonteCarlo with ** Negative log likelihood minimization +
a Metropolis Hastings algorithm marginalization over nuisance parameters
o¢* Simultaneous Near and Far ** FD data fit only, inputs from

detectors data flt independent ND flt (BANFF)
% Fully Bayesian * Semi-frequentist (frequentist analysis
& 1D binning (neutrino with priors from ND fit)

reconstructed energy) for FD data o* 2D binning (Erec-theta, p-theta) or 1D
(erec)

o* Also ValOR: Similar to P-theta with a different binning, not used in this analysis

= Confidence or Credible intervals on the oscillation parameters of interest

(P-Theta results only will be shown 1n this presentation)
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T2K .
The Far detector fit

** 6 analysis samples: 1Re, 1Rebar, 1Rmu, 1Rmubar, 1Relde, NumuCC1pi
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T2K

Key new features in the latest analysis

o* New analysis sample at the FD: NumuCC1lz (muon-
like event, CC interaction, with one pion 1in the final
state

s ~40% 1increase 1n v, statistics

** Mostly above oscillation maximum —> mostly
useful to confirm robustness of the 'background'
mOdel Vu

— -
—
-—
—

** More sophisticated cross section model:
** 21 new parameters

** A new implementation of the uncertainties on the
removal energy (Eb) and the energy scale parameter

ECCQE _

—

First presented at Neutrino 2022
Update from : arXiv:2305.09916

/
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** Update of external constraints from PDG 2021
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Obtained constraints on oscillation parameters

T2K Run 1-10, 2022 preliminary

— Normal ordering

Inverted ordering

3
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B L | L L L L I ,.]...J..,.l""l' L T 1T 1 ]
~  T2K Run 1-10, 2022 preliminary + Bestfit :
| —— Normal ordering "m 8% C.L. |
— — 90% C.L. ]
- Inverted ordermg . 99 7% C L. —
B 1 1 1 | | I I | 1 1 1 | L1 1 1 | L1 1 1 | 1 1 1 | L1 1 1 | 1 1 1 ]
3 0.35 04 0.45 0.5 0.55 0.6 0.65 0.
- 2
sin“0,,

Both sin”#,, octants are allowed at 1¢ confidence level.

Normal mass ordering + upper octant 1s the favored scenario

CP conserving values are excluded at 90% CL.
Error at 1o of about = 5% 10™ ¢V? on Am322 (NO)/ Am321(IO)
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T2K

Treatment and impact of systematic parameters o
¢ Test the robustness of the systematic error model Applied to N jfim
against mis-modeling @ et ®

Event by event, produced by Nommal MonteCarlo = Slmulated data
T2KReWeight (internal software)

BANFF (near detector) fit

% 12 studies
% Alternative interaction cross-section models
% Alternative nuclear effects models

conservation at 90%)

‘:‘ Data-driven studies . / Covariance
’J 30 _l L | L | L | L | L | L | @Iaﬂdatl1 matrix
= _ Data fit, w/ RC Data (NH) \ I Impact on
<] ~ w/ systematics Data - Fake Data Shift (NHI -theta it to oscillation analysis
(\Il 25 Feldman-Cousins critical chi2 — E—
~  SFtoCRPA FDS i} , .. : : .
; 1« Final additional Gaussian smearing on Am32j-
20 — _
: 1 3.1x107 eV?
15F -
: 1 % Also check the impact on J,p : make sure the
10f . -1 Physics conclusions do not change (exclusion of
\L

3 /

|
3 -2 -1 0 1 2 0
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% Ay? shift: simulated data wrt nominal
¢ Shift applied to data fit: impact on physics
conclusions ?
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T2K

The Feldman-Cousins statistical treatment of §.p and sin” 6,

N

X
<

o* Feldman-Cousins studies performed for 2
parameters with imherently non-Gaussian

likelihood curves: 8.-p and sin” 6,

% Goal : compute critical y* values to build
intervals with the expected coverage

Ax? values for standard confidence levels under the Gaussian assumption

Coverage in % | Usual name | Ay* for 1D | Ay? for 2D B
68.3 lo 1 2.3
90 90 % 2.71 4.61
95.45 20 4 6.18
99.73 30 9 11.62

= Computed critical y* values are used to build the
confidence intervals we quote as our final result

Lucile Mellet TAUP 2023, Vienna, Austria 28/08/2023
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T2K
The Feldman-Cousins statistical treatment of §.p and sin” 6,

o, 07 T LN L
* * = - un 1- reliminar -
o* Feldman-Cousins studies performed for 2 T Nemitonteng E
parameters with imherently non-Gaussian : Inverted ordering :
: : : . 9 20 mm@oc 50 000 toys ]
likelihood curves: o-p and sin~6,, - B 05 thows :
15—_ 30 CL -
% Goal : compute critical y* values to build 10~ /\ -
intervals with the expected coverage i E
. . ! ! co oy oy 3
** Many toy experiments are produced and fitted as s 2 - 0 1 2
. 0
real data: CF
~ 20
o* Throwing other osc. param from the post data- < T2K Run 1-10,2022 preliminary

— Normal ordering

fit distributions or external Gaussian constraint 165 vered oxdering E

. 2 2 i 145 =

(for sin“ 0,5, Am;,, sin“0,,) : ;

o* Throwing syst parameters from the ND post-fit 105 -

SN NY. 8- 20 000 toys =
distributions 3 105 throwe :

4 =

= Computed critical y* values are used to build the 2F- =
. . . u I R R R B L1 L]
confidence intervals we quote as our final result 037 035 04 065 0.7
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T2K

Ongoing combined analyses _ .o s o m i e oo
Ni 32 — oK 2022 e Super-K 2018 MINOS+ 2020
. . 2 . 2, - —- \ ceCube + Best fits -
With Super-Kamiokande atmospheric data: ‘o 3 IART e Rl 2
— ormal ordering, o C.L. .
. - < B ™ _
o* Complementarity (energies, matter effects) 28 :
o* Data fits are being finalized (here sensitivity studies are 26; - =9 E
i O e Ty -
ShOWIl) 241 \\\\ — ’//} ~
o Joint fit expected to improve constraints on octant and N -
mass ordering 2000 S
0.35 0.40 045 0.50 0.55 0.60 0.65
‘ °
%* Step towards Hyper-Kamiokande -y
True NO
o 07 ety Sensiv ity e S A T SK+T2K Preliminary Sensitivity — WAT1th NOwA ] d
& O7F _ 5 ST 1t VA accelerator data
2 0.65 | —SK+T2K  Z, - — SK+T2K — T2K -
e - E & O —SK(+ND) =
= o6k 1 —T2K & = : . . . :
ossh |« & 4 *%* Similar experiments with
o5k - A o +  different energy and baseline
; S L :
045 = - _
= SO B _
04 T o1 1« Expects to reduce
. & - -
03 I {  degeneracy MO/o,p
03 =04 045 05 05 06 T T
S o e True sin®0 3 -2 -1 0 1 2 3 ® :
e ' | A oo s 40 Work in progress
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Lucile Mellet

What s next ?

** Dissolution of Gadolinium in Super-K

o* July/August 2020: 0.01% (13 tons, ~10% of the target quantity)
—> 50% neutron capture efficiency

o* June/July 2022: 0.03% (39 tons, ~30% of the target quantity)
—> 75% neutron capture efficiency

** New analysis with Run 11 data
% 9% increase in neutrino-mode statistics

o* Improved selection of the decay electrons (to separate from neutron
capture on Gd (0.01%) signals)

** New estimation of detector uncertainties in Super-K

= Currently being finalized < @ y M ,

TAUP 2023, Vienna, Austria 28/08/2023
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T2/K
Conclusion

o* More and more care is given to the treatment of systematic parameters, notably for the precision
measurement of the disappearance parameters

** More refined cross-section systematic model
o* More fake data studies

** Inclusion of a new sample (humuCC1lxz) confirmed the robustness of the model including for sub-
leading contributions

= To be published soon

** Combined analyses are ongoing and entering final stages of the analysis
** Prospect to reduce degeneracies between parameters

o* T2K 1is getting ready to use neutron-tagging information from the Gadolinium loading in Super-K

o* T2K near detectors and beam are being upgraded: ND280 upgrade expected to have a large
impact on the OA stay for next talk by S.Roth

o* New results are to be expected soon W .
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o* Back-up

TAUP 2023, Vienna, Austria

28/08/2023

Back-up
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< Flavor states v, v, U,

_ K
o H Da> — 2 Uai Di>
< Mass states v, v, v, z-
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‘ ° ° °
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A . - o PMNS mixing matrix
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| is .
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Back-up

*¢* Disappearance formula

.. Zﬁk 1115;2'Jl;

P(v,»v,)~ 1—cos*6,,-sin’28,, + sin’20 ,-sin’ B, -sin

A%

(q{]) B | | | | | | I I |

s 24 ]

= - -

e 22 . -

S - = .

*% T - g O -
X — . = - :
s Bi-probability plot T S E
~  —sin’f,, = 045, 0.50, 0.55, 0.60 _

degeneracy between P S T -
= - ----Amjy = -2.49x107 eV’ -

parameters and MO S [ 0 dgen .
= 14 wm 8,=+2 o

5 - O 8,=0 .

S 12 e dg=-n2 -

= B 68% syst err. at best-fit _
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Back-up

Super-Kamiokande IV

Run 999999 Sub 0 Event 40
11-11-21:09:42:21

Inner: 1049 hits, 3121 pe

Outer: 3 hits, 7 pe
Trigger: 0x07

D wall: 945.7 cm

Evis: 356.5 MeV

mu-like, p = 520.8 MeV/c

Charge (pe)
. >26.7

¢ 3.3- 4.7
¢ 2.2- 3.3
¢ 1.3- 2.2
¢ 0.7- 1.3
¢ 0.2- 0.7
° < 0.2

] .I_III

Y . I 1 L 1 1

500 1000

Times (ns)

1500

2000

Super-Kamiokande IV

Run 999999 Sub 0 Event 99
11-11-23:19:16:51

Inner: 2017 hits, 5244 pe

Outer: 5 hits, 3 pe
Trigger: 0x07

D wall: 621.8 cm

Evis: 550.9 MeV

e-like, p = 550.9 MeV/c

Charge (pe)
i >26.7

¢ 3.3- 4.7
¢ 2.2- 3.3
¢ 1.3- 2.2
¢ 0.7- 1.3
¢ 0.2- 0.7
¢ < 0.2

Electron-like ring

94

0

IIII].-III.II—II -IJ.IIII

0

500 1000 1500 2000

Times (ns)
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T2\
Back-up

Average likelihood over all obtained
,:‘ P-Theta detailed workflow Zﬁlues from nuisance parameters
rows

Unknown true values of
oscillation parameters

C Likelihood calculation and minimization bin per bin S
Marginalization over

nuisance parameters

Data_reconstructed .

kinematics binning < Nows,i Nprea,i
= Ny, per bin 1

\ Likelihood as a

detection and

illati i : i function of studi
Un-oscillated spectrum_| Oscillation | Oscillated [reconstruction effects ~|Predicted spectrum_ unction of studied
true kinematics binning | =——) model — reconstructed kinematics | |Parameters
Flux and cross- binning
sections - Np,,, per bin 1

\ / Confidence intervals
Y for parameters of

Loop over a grid of values for the parameters under study Interest
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Back-up

o* Best fit values and 1o errors for all parameters

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)/10~2 2667 . 29k 909Nt 99 e
Scp o L v W) S B | Ly R e v
Am3, (NH)/|Am3y| (IH) [1072 éV?/c!]  2.506%0055 247470055 250670050 24737005,
sin?(fa3) 0.466103%  0.46510.1%% 0.55010918 (.56010:91
—2In L 651.433 652.254 651.584 653.222
—2AInL 0 0.821 0 1.638
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Back-up

s* FC studies :
% Oqp as it is cyclic

% sin”6,; because p-like events constrain sin®26,; whereas e-like events

constrain sin®#,; (1st order)

TAUP 2023, Vienna, Austria 28/08/2023
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%* (Gd2(S04)3 - 8H20)

TAUP 2023, Vienna, Austria
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Back-up

electron
anti-neutrino

Ve
proton neutron

P

Gadolinium

Gd

-

‘ n
@ @-
p?étron
+

Positron signal

—

Neutron signal
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