T2K latest results

THE HENRYK NIEWODNICZANSKI
INSTITUTE OF NUCLEAR PHYSICS
’ POLISH ACADEMY OF SCIENCES

Matter To The Deepest 2023
Grzegorz Zarnecki (IF) PAN)
on behalf of the T2K collaboration

grzegorz.zarnecki@ifj.edu.pl



Outline

* Introduction: flavour-mass mixing, neutrino
oscillations

» T2K experiment design and analysis strategy
» Updates from 2020 oscillation analysis

* Oscillation analysis results

* Cross section measurements in T2K

* Summary




Flavour-mass mixing
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Oscillation probability in vacuum

Probability that a neutrino produced in v_flavour state will interact
as neutrino in v, state:

Kronecker delta Elements of PMNS matrix

1>]

. 2 2 2
Difference of squared masses Am;, = m, - m,

L - neutrino propagation distance, E - neutrino energy




Matte

r effects

Presence of electrons modifies the oscillation probabilities as compared to
those in vacuum. CC scattering on electrons is possible only for electron
(anti-)neutrinos. The probability for (anti-)v_ appearance with the first order

approximation of matter effects is expressed as:
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Sign of the matter effects
differs for neutrinos and
antineutrinos.



Oscillation probability

Example: probability that a neutrino produced in v  flavour state will interact

as neutrino in v_ state.
© L=295km
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Impact of 6, violation phase for neutrinos and antineutrinos. Maximal CP violation
results in approximately +27% change of the v_ appearance probability
(wrt. CP conserving values).

Matter effects small compared to CP violation (difference between 6., = 0, n). 6



T2K experiment

 T2K is a long-baseline neutrino
experiment. Two near detectors
(INGRID, ND280) are used to
study beam properties ~280 m
from the source in J-PARC.

* Super-Kamiokande is used as
the far detector.

« Started taking data in 2010, v,
appearance discovered in 2013.

T2

= PARC Main Ring
= (EK-JAA, Tokai)

Beam

INGRID



O f' far detector
______________________ .
near (several

| decay volume detector hundreds km)
,’ 0 beam dump 1L monitor 102-10° m
S.-INE focussing of positive T—uv, ~100% BR oscillations
/ or negative pions K—>uv ~63.5% BR Ve sT=— A
M
~ )
K — TV, ~27.0% BR N /
Flux predictions + electron neutrinos v,

tuned for hadron
production results
from NA61/SHINE
(measurements on
T2K target replica)

Beam can operate in neutrino or antineutrino mode.

Neutrino Mode Flux at SK Antineutrino Mode Flux at SK
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Off-axis strategy
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e Shift in off-axis angle 60A~1mrad (0.057°) — shift in
energy peak 6E/E ~2% at far detector 0]



On-axis near detector: INGRID
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* Cross-shaped detector composed of 14 Fe/scintillator modules.

 Monitors beam’s direction, profile and intensity.

« MUMON - muon monitor (for muons exiting decay volume) 10



On-axis near detector: INGRID
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Proton Module (consisting of scintillator material only) installed upstream
of INGRID for the cross section measurements.

11



Off-axis near detector: ND280

FGD1: scintillator layers

 ND280 is a multipurpose detector
used to constrain the off-axis flux
and neutrino interaction models S e LS
used in the oscillation analysis. B

FGD2:

scintillator +

water layers

* CC interactions are studied in the
tracker, made of two FGDs (fine
grained detectors - scintillators)
and three gaseous TPCs.

* FGDs serve as targets and provide
good vertex and track resolution.

Downstream
| ECAL

» Magnetic field allows for charge
and momentum measurement.
* Energy loss in the TPCs allows for

particle identification. Exploded view of ND280 12




ND280 data samples

* Multiple ND280 samples used in the oscillation analysis:

- For neutrino and antineutrino beam modes
- Interaction in FGD1 or FGD2
- Different signatures with respect to particles multiplicity

number : 135909 | Partition : 63 | Run number : 4200 | Spill : 0| SubRun

:31 | Time : Mon 2010-03.
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ND280 event display (tracker region)

DSECa

Three basic
signatures used for
classification.
Divided into further
subsamples for
neutrino beam
mode.
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Far detector: Super-Kamiokande

50 kton water Cherenkov detector

Around 11000 PMTs measure the Cherenkov light
inside the tank.

For T2K energy scale most nucleons are under
Cherenkov threshold.
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Super-K data samples

Very good e/u
separation
~1% mis-id

* Neutrino energy reconstructed
from lepton momentum and
angle (assuming 2 body-like
Interaction).

* Single ring selection targets
CCQE events.

* Additional sample targets
v, CC1ln+ events.

Ve e Ve (&
Single ring samples used in the far detector analysis
Re - e-like ring, Ru - u-like ring, ME - Michel electron W= W
n
D elike ke 0 > n O & S
vV mode 1Re + 0O ME 1Rp + 0/1 ME \ﬁ
1Re + 1 ME CCQE RES

anti-v mode 1Re+ O ME 1Rp+ 0/1 ME



Analysis strateqgy - Frequentist

?'n[éﬁi? detector Near detector + Far detector
NAG61/SHINE ND280 data = sequential analysis
external data
\ Hybrid Frequentist approach
\ using Poisson likelihood and
INGRID & Beam Neutrino flux — ND28O0 Fit Gaussian/flat penalty terms
monitor data model systematics for systematic parameters
/ ~2Xx smaller
Crece ceeien e Gradi_ent descent / grid search
algorithm
Super-K v . .
| Gy . Oscillati ] Oscillation
: scillation Fit = parameters

2 model /

Super-K data 16




Analysis strategy - Bayesian

NA61/SHINE
external data

|

INGRID & Beam  Neutrino flux
monitor data > model

Cross-section model

Super-K
f detector

ND280 detector
model \

ND280 data

\J \J

E model

Super-K data

» Oscillation Fit

Near detector + Far detector
simultaneous fit

Bayesian approach using
Poisson likelihood and
Gaussian/flat penalty terms
for systematic parameters

Markov Chain Monte Carlo
with Metropolis Hastings
algorithm

Oscillation

7

> parameters

17




Fractional Error

Updates from 2020 analysis

2022 analysis
2020 analysis

&
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0.1

SK: Neutrino Mode, v,

———————— Hadron Interactions

=w=uw=v=u=2_ Proton Beam Profile & Off-axis Angle

------------- Horn Current & Field

s e Horn & Target Alignment

Replica

(more stats w/'10)

Cooling
water

——~ Material Modeling

®dxE,, Arb. Norm.

Number of Protons

Replica K+

Major uncertainty in neutrino
flux simulation arises from
uncertainty of hadron
production in proton
Interactions on graphite
target.

Improved flux prediction
based on hadron multiplicity
measurements by
NA61/SHINE.

Now using 2010 T2K replica
target data
[Eur. Phys. J.C79, 100 (2019)].
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Updates from 2020 analysis

Updated neutrino interaction modeling.
At T2K energy scale CCQE and CC RES interactions are dominant.

CCQE

* Improved uncertainties for
spectral function model by
normalization of each nuclear

shell for mean field

* Pauli Blocking included

V| I
Wi
P n

CC Resonant (Rein-Sehgal)

« New tune to bubble chamber
data

 New uncertainties on A
resonance decay and effective
binding energy

U I

Wi

.Sy
N

19



Updates from 2020 analysis

- New selection samples in ND analysis with proton and gamma tagging.

» Altogether 22 ND samples used.

previous analysis

CC1in CCOm

CC Other

CC Photon

graphic by
Lukas Berns

CC Other

2022 20



Updates from 2020 analysis

Events per GeV

* New selection sample in FD - first use of multi-ring events.

- Sample targets v, interactions with single i+ production.

e ~30% increase in u-like statistics

T2K preliminary
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Oscillation analysis results
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Comparison with other experiments

Super-K: PRD 97 072001 (2018), IceCube: PRL 120 071801 (2018)

X 10—3 NOvA: PRD 106 032004 (2022), MINOS+: PRL 125 131802 (2020)
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CP violation phase &,
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Comparison with NOVA
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NOVA results are much more
consistent with CP conserving
values for normal mass
ordering.

045§ _  For inverted mass ordering
0.4 f : both NOVA and T2K measure
g { { , 1 Ocp Near -m/2 (or 3m/2).
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arlskog invariant |
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Cross section measurements in T2K




T2K cross section measurements

Multiple targets: hydrocarbon, water, iron, argon

Multiple angles w.r.t. neutrino beam axis -
different energies

Neutrino and anti-neutrino beam modes

Possibility to study interactions relevant
for T2K oscillation analysis

(CCOm, CC1mt on C, O), explore nuclear
effects and measure rare processes.

Blind analysis approach, fake data studies
Reducing model dependencies by selection

studies, binning optimisation, phase-space
reduction, accurate choice of observables.




Joint On/Off axis v, CCOM measurement on scintillator

with FGD1 and the Proton Module (1)

First on-axis/off-axis analysis

Sample 0: pTPC Sample 1: pTPC+pTPC

ND280 signal

Two different flux spectra samples FG
<__
P

Possibility to study energy dependence
of neutrino interactions Sample 2: UTPC+pFGD Sample 9: LTPC+Np

Flux constraints FGD
Proton Module Standard modlh P

Sample 4: pFGD Sample 3: uFGD+pTPC

FGD TPC FGD TPC
u H
\/ p /
30

samples

Proton Module:
scintillator

Standard Module:
Fe + scintillator




Joint On/Off axis v, CCOM measurement on scintillator

with FGD1 and the Proton Module (2)

Cross section is reported as flux
Integrated for on axis and off axis 8
flux.

Preprint on arXiv:2303.14228
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v, and v, CC coherent pion production on carbon (1)

Rare interaction mode that is not well modelled

theoretically. 4+ NI+t + N
Interactions in ND280’s subdetector FGD1. Signal

selected as events with exactly two tracks +N—=IT+7 +N
(n-like and Tt-like), low energy deposit around vertex

(vertex activity) and low momentum transferred squared. T

Recoiled nucleus

2 RARENRERES RARAS RALAN ERAS AR RS AL RN R 2 = AN RARE B I I I I I I I . .
E ok +T2K data ] § 160 +T2K data IS [ e
[ T2K ZICOH 5wl T2K ICOH - ground state.
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v, and v, CC coherent pion production on carbon (2)

First measurement of antineutrino coherent pion production at sub-GeV energies. Due to
statistical limitations the cross section (per nucleus) is reported as a single energy bin.

Firstly, the cross section for the entire FGD1 is calculated. Then the result is rescaled based
on FGD1 composition and a scaling function F(A) to get cross section on carbon (for the
plots below F(A) = A3). Preprint on arXiv:2308.16606
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Summary and outlook

« T2K collaboration improved the various aspects of the oscillation
analysis: new flux prediction, new ND and FD samples, corrections
and new uncertainties in modeling the neutrino interactions.

* Current T2K data favors CP violation, while NOVA results are
consistent with CP conservation. Both experiments favor normal
mass hierarchy and the upper octant of 9,;.

« T2K has a broad program of cross section mesurements with new
results uploaded this year on arXiv. TOF

 Upgrade of the ND280 detector is
expected to be finalised this year.
More precise measurements
for the oscillation analysis \
and cross sections! SuperFGD




Backup
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Best fit values (Frequentist)

with 68.3% credible intervals

= 2
2
sinZ0,, Am,,
Hierarchy Most Probable Value = Range Hierarchy Most Probable Value  Range
Normal 0.555 [0.492,0.578] Normal 2.501 x 1073 eV? [2.447,2.554] x 1072 eV?
T2K + reactor T2K + reactor
Inverted 0.555 [0.505, 0.579] Inverted 2.473 x 1073 eV? 2.420,2.525] x 1073 eV?
Both 0.554 (0.495, 0.578) Both 2.495 x 1073 eV? 2,440, 2.548] x 1073 eV?
in2
sinZ@_, 5,
Hierarchy Most Probable Value Range Hierarchy = Most Probable Value Range
Normal 225 x 1073 [21.8,23.2] x 1073 Normal —1.95 [—2.60, —1.03]
T2K + reactor T2K + reactor
Inverted 22.6 x 1073 21.9,23.3] x 1073 Inverted —1.43 [—2.02, —0.87]
Both 22.8 x 1073 [22.1,23.5] x 1073 Both —1.72 [—2.45, —0.96]

preliminary T2K technical note 430
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Model comparison probabilities

(Frequentist)

Table 33: Posterior probabilities for different hypotheses from T2K run 1-10 data and the results
of the reactor experiments.

sin®fs3 < 0.5 sin”#y3 > 0.5 Line total
Normal ordering 0.236 0.540 0.776

Inverted ordering 0.049 0.174 0.224
Column total 0.285 0.715 1.000

preliminary

T2K
technical note

430
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Best Fit values (Bayesian)

sin? @3 Am2,(x1073)eV?
2D Dbest fit 0.531 2.51
68% C.I. (1o) range | 0.489 — 0.560 | -2.56 — -2.53 U 2.42 — 2.58

Table 15: Best-fit values and 1D 68% credible interval ranges for the disappearance
parameters from the T2K + reactor constraint data fit. The 2D best-fit values are taken

from the mode of the 2D marginal posterior distributions in sin® 3 — Ams3,.

SiIl2 913 50}3
2D best fit 0.0221 —1.84
68% C.I. (1o) range | 0.0214 — 0.0227 | —2.58 — —1.01

Table 16: Best-fit values and 1D 68% credible interval ranges for the appearance param-
eters from the T2K + reactor constraint data fit. The 2D best-fit values are taken from

the mode of the 2D marginal posterior distributions in sin® 615 — dcp.

preliminary
T2K

technical note
429
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Model comparison probabilities

(Bayesian)

Sin2 923 < 0.5 Si]fl2 923 > (0.5 | Sum
; preliminary
NH (Am2, > 0) 0.24 0.49 0.73
H (Am2, < 0) 0.07 0.20 0.27 2K
technical note
Sum 0.31 0.69 1.00 429

Table 14: Model comparison probabilities for normal and inverted hierarchies, as well as

upper and lower octants, extracted from a T2K + reactor constraint data fit.
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ND280 Upgrade

—
arXiv:1901.03750

From the presentation
by C. Giganti

Replace part of the POD detector (measured NC a° production) with
a new scintillator target (SuperFGD), two TPCs and a ToF detector 40
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Upgraded ND280 performance
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Upgrade impact on the CPV search

A x* to exclude sind_=0
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