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Neutrino Oscilllation

| LBL experiments sensitive to these parameters |
flavour eigenstates % A ~ mass eigenstates
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12K Experiment

. Uses high intensity I/’u(ﬂﬂ) accelerator beam to study oscillations of neutrinos

. Measures disappearance v, =V, and appearance v,— U,

Super-Kamiokande
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Oscillation Probability
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Probability that produced v, will interact as neutrino of v,(v,,) type
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It depends on

Neutrino energy
Baseline distance
Oscillation parameters

Appearance P(v, — v,)

Sensitivity to CP phase o.-p, opposite effect for v and
Also sensitivity to mass ordering (~10% effect) and 6,; octant

Disappearance P(uﬂ — uﬂ)

Same for v and
sin*(26,,) modulates amplitude
Position of “dip” ~| Ams, |

Far detector selection
efficiency Oscillation Probability

Neutrino cross
model



12K Beam and Flux Predictions

JPARC accelerator complex
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30 GeV protons scatter off graphite target producing z=, K™
#*, K" decay in flight producing v, (77, K™ forv,)

Systematic error on flux is dominated by hadron-production
cross section in p+C collisions

Thanks to NA61/SHINE systematic error is reduced to 5%

Using 2.50 off-axis beam results in narrow beam band
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Neutrino Interactions

Off-axis beam enhances sensitivity to oscillation effects and the contribution of CCQE

o/E, (10%° cm? GeV")
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2K energies the main interactions channels:

—lastic (+2p2h)
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* Important to have correct model to minimize the bias in £,
reconstruction



ND280 Near Detector

Off-axis 2.5 deg to measure v() interactions before

Before upgrade in 2024

oscillation occurs UA| Magnet
Refurbished UAT magnet, field 0.2T

Barrel ECal | Himiutitbiil
+ Momentum and charge measurement I/,u PODECal . ECal

* Upstream 7" detector (POD) )

+ Time Projection Chambers (TPC)
+ Tracking detector
+ Particle identification

TPC TPC TPC l

%

POD

+ Fine Grained Detectors (FGD) | s |
FGD1: CH scintillator tracker e Thealll W%,
+ FGD2: CH and H20 layers /5;%# oo
=/
* Both used as target for v B0t gjﬁT Al
+ Inner tracker surrounded by electromagnetic calorimeter == - Il ﬁ/ﬂ/
(ECal) and muon detector it S|l g” g
il m::::\
| | Il |

Talk by X.Zhao, Recent T2K neutrino-nucleus cross-section results o i LA 7




Super Kamiokande

50 kton water Cherenkov tank used as T2K far detector with
Super-Kamiokande Gd added Startlﬂg frOm 2020

Located 1000m underground in Kamioka mine

~11 000 20” PMTs for inner detectors and ~2000 8” PM s for
outer detector

Adapted from arXiv:1910.03887v2
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Oscillation Analysis Strategy
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Two analyses :
Frequentist- ND280 and FD fits are done separately after each other
Bayesian - ND280 and FD are fitted together at the same time




T2K Oscillation Analysis Results

~10% Increased statistics for v mode compared to the previous analysis

T2K Prelimina T2K Prelimina
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Joint 12K and Super-K Analysis
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cos8,

Atmospheric Neutrino Oscillations in Super-K

Neutrinos produced by cosmic rays in upper atmosphere: large range of
energies (MeV-TeV) and propagation length (15km-13000km)

Sensitivity to mass ordering due to matter effects for upward going
2-10 GeV neutrinos

In NO enhancement of v, appearance and no effect for ©, . For O effect is
opposite

Phys.Rev. D 109,072014 (2024)
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https://arxiv.org/pdf/2311.05105

Normalized Event Rate

Motivation for Joint T2K+Super-K Analysis

Sensitivity to reject CP-conserving hypothesis

~~

Adding Super-K atmospheric samples help to break degeneracies .
between 6,-p and mass ordering — boost sensitivity to CP

12K has good sensitivity to o-p but not to mass ordering )
Super-K has good constraint on mass ordering but not on op
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ozt r| TZR FHC 1Re go, T2K FHC 1Ry energy spectrum
” A & S e g - Developed common interaction model for
: ub-GeV pu-like 0-1dcy
SK Sub-GeV e-like Odcy - T2K-beam and Super-K low energy sample
0.08 0 Common detector model with correlated
N TAIFTNI--SPRUITTTIINE: S - SARTTUPL. “SPTOUOY ree SRR OO systematics included into joint fit
True E_(GeV) True E_(GeV)
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Joint T2K+Super-K Oscillation Results

Super-K and T2K have different preferences for 6,,

octant — No strong preference for 6,; octant in joint fi

Jarlskog invariant CP conserving value (Jcp=0) is

excluded at 1.9-2.0¢

Limited preference for NO (rejecting 1O at 1.20)
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https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.134.011801

Joint T2K and NOVA Analysis
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T2K and NOVA Experiments

Complementary experiments with different baseline, flux, detector technologies
NOVA has higher

—V

T2\ . ©

»
£
| . D
Japan ‘ i USA g
- 2
Kamiok '295km' e S, ©
_ Near Detector -
e T §1 A
- equw-i — Neutrino beam‘\;l:.g — E 1;51.;
; : =) -
290km Gt
§0.6f
B0.4f
In T2K ND different from FD NOvVA ND and FD are both active S0.2f
- =
0

share uncertainties fitted and scintillator trackers (cancelation of
constrained via model uncertainties)




Motivation for Joint T2K+NOVA Analysis

Different energies and baselines provide different oscillation probabilities and sensitivity to oscillation

parameters

Lifting degeneracies in each
experiment between o,-p and mass
ordering

NOVA has better mass ordering
sensitivity due to longer baseline

Degeneracy around opqp = * /2
CPV

2K more sensitivity to op

Degeneracy around o-p = 0,7
no-CPV

NOvVA: L=810 km, E=2.0 GeV

T2K: L=295 km, E=0.6 GeV
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Joint T2K+NOVA Oscilllations Results

0.04}Bayesian Cred. Int.

) EWith reactor constraint _E_ _E | ;-?é,yg?;;;cgegégttaint O Conditif??!.. NOrm a| Ord ering (N O)
g 0031 NO - 15 . Broad range of §p allowed
g 00 - - CE No preference for §-p = n/2
g | : : (outside 3o)
Q2 001 . .

(): : i

26-25-24-223 23 24 25 2.6
Am3, x107 eV?

Slight preference |0 (6;;dependent)

out statistically insignificant (separate
fits prefer NO) >

High precision for | Ams, | < 2%

CP conserving values
ocp =0, r excluded at 30

sinZ0

Am3, | o = 2437503 x 1073 V3

Publication in preparation
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Comparison to NOVA and T2K Results

0.7 = 0.7 =
- e NOvA+T2K NO Conditional - Emm NOvA+T2K 10 Conditional
~ —— NOVA Only , ~ —— NOVA Only
- —— T2K Only j - —— T2K Only
= | 0.6 —
S} q L
D D L
NQ | c\]g L
0.4 - gl
| | | B ] ] ] ] | ] ] ] |
T Tt Tt lH (|) _1|T
2 2 6 2
CP

Joint fit agrees with individual fits from T2K and NOVA and improves constrains for inverted mass ordering



ND280 Near Detector Upgrade

2010-2022

UAI| Magnet

Barrel ECal

PODECal ECal

‘\

cpc TPC TPC |

o

FGDs

—————

——

20
2

D detector replaced with Super FG
igh Angle TPCs and Time of Flight

Downstream |

Completed in May 2024

UAI| Magnet

Downstream

Barrel ECal | J Cal

Improved acceptance and efficiency
_ower detection thresholds

Setter sensitivity to neutrons

Larger mass (neutrino target)
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ND280 Near Detector Upgrade

Talks

148 L.Giannessi, Super Fine-Grained Detector for the
12K long-baseline neutrino experiment

441 A.Chalumeau, Al and Machine Learning
Applications at the Near Detector of the 12K
=Xperiment

641 M.Varghese, Performance of the High-Angle Time
Projection Chamber in the T2K Near Detector Upgrade

/71 W.Saenz, The T2K ND280 Detector Upgrade
Posters

630 L.Giannessi, Commissioning and performance of
the TOF detector for the T2K ND280 Upgrade

o6/8 U.Virginet, Innovative track reconstruction
algorithms and performances of the new High-Angle
Time Projection Chambers in the upgraded T2K Near
Detector
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Summary

New 12K oscillation analysis with 10% additional statistics

CP symmetry excluded at 90% CL
Preference for normal mass ordering and upper octant of 6,,

We plan to update the analysis with new samples from far and near detector

Joint analysis with Super-K

Joint analysis with NOVA
No clear preference for mass

First data taken with the ND280
Seam power reached 830 kW tr

CP conserving value of the Jarlskog invariant is excluded at 1.90 - 2.00
Preference for normal mass ordering

ordering

mproved precision for | Ams, | < 2%

CP conserving values outside of 30 for inverted mass ordering

upgraded detector!
IS year, expected to reach 1.3 MW by 2027

ND280 detector will be used by

Hyper-K (starting in 2028)
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Backup Slides
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12K Data POT

-------------------- accumulated POT for physics analysis (total)

accumulated POT for physics analysis (v-mode)

accumulated POT for physics analysis (V-mode)
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