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Neutrino Physics

Neutrino oscillations occur due to the mixing of the flavour and mass eigenstates, with the
amplitude relating the PMNS mixing matrix, shown below.
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2. What is the sign of Am3,?
3. What is the value of 6,37



CP2023

Probability Formula
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T2K Overview

A Long baseline neutrino experiment situated in Japan.
International collaboration of “500 Members from 78 Institutes In 12 Countries.

Super-Kamiokande

Mt. Noguchi-Goro
2,924 m

Mt. Ikeno-Yama
1,360 m

I 1,700 m below sea level
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J-PARC Beam

VIA VERITAS VITA

30 GeV protons collide with the 90 cm producing |

hadrons.

T2K
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Polarity of horns defines the particle targets which 10cm
further decay. ™ and K* producev,, —
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Hi OA 0.0° _- " |é| — | U — b
~ %% OA2.0° : R el B =T 1
> NOA25 N - = el
e : =7 'l _——=
ey - 2 R -7
g - %ﬁ 7
r/// S S S S S S S .
. 1=~ i PII PP
2 3
E, (GeV)
) i — =
Off-axis © SunerK . Mumoﬁéﬁr%swmg
. O dDUpErN «—-== Py S =
Technique. Py 25l i i
INGRID L R




CP2023

Sensitivities

VIA VERITAS VITA
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Near Detectors

On axis detector.

Ingrid measures beam
intensity and beam
direction.

14 identical Iron and plastic
scintillator detectors.

WAGASCI-BabyMIND

1.5 off axis from beamline.

Water target, used for
extra cross-section
measurements.

Intermediate off axis, higher
neutrino energies.

CP2023

2.59 off axis detector.

Fully magnetized for particle
charge sensitivity.

Two different target materials,
C and C+0, allows for
cross-section measurements.
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VIA VERITAS VITA
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New information about proton and photon tagging.

Dominated by CC quasi-elastic (CCQE) interactions, followed by 2p2h, CC Resonant (CCRES) and
CC Deep inelastic scattering (CCDIS).



iié Super Kamiokande

Control room
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50kt Water Cherenkov detector.

/
Detector hall Access tunnel

11,000 20” PMT's in Inner detector.
Good PID given shape of leptonic Cherenkov rings.

Can reconstruct neutrino energy thanks to lepton
momentum and known beam direction. Now doped with Gadolinium!



Number of events/100 MeV

Number of events/125 MeV
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VIA VERITAS VITA

T2K Preliminary

—— Run5-9 Data
(1635x10™ POT)

B+, cCQE

[ v.CcCcQE

[ v,#¥, CC non-QE

[ v.+v.cc

[ Ne

MC w/ T2K+DB bestfit

[ ;
1000 2000
Reconstructed v energy (MeV)

3000

T2K Preliminary

—@— Run5-9 Data
(1635x10” POT)

B Osc.v. cc

[ ose.v, cC

v.~,.cc

I Beamv,i¥, CC

B Ne

MC w/ T2K+DB bestfit

500
Reconstructed v energy (MeV)

1000

14

Number of events/100 MeV

Number of events/125 MeV

T2K Preliminary
601~ —@— Runi-10 Data
- (19.66x10™ POT)
W 5, ccoE
I [ v, CCQE
| [ v,+¥, CC non-QE
[ v.sv. cc
40 B Nc
i MC w/ T2K+DB bestfit
20
0 |
0 1000 2000
Reconstructed v energy (MeV)
T2K Preliminary
i —@— Runl-10 Data
i ccon (19.66x10”" POT)
30 - Osc. v, CC
- :l Osc.v, CC
L v, cc
L [ Beamv,/¥, €C
s B ~c
20k MC w/ T2K+DB bestfit
10
0

0 500

1000
Reconstructed v energy (MeV)

3000

—&— Run5-9 Data
(1635x10” POT)

B 0sc.v. cC

[ 0sc.v, CcC

G v /v, CC
D Beamv ¥, CC
B N

MC w/ T2K+DB bestfit

T2K

CP2023

POT = 1.9663x10*, v mode, 2 decay electron sub-sample
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VIA VERITAS VITA
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Beam Flux
Model

Cross-Section
Model

Oscillation Analysis

ND280 Super-K
Detector Detector
systematics systematics

MCMC Fit to
ND280 Data and Super-K Data
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Near Detector Fit

VIA VERITAS VITA

‘ Flux and Xsec Prefit Correlation Matrix ‘ Flux and Xsec Postfit Correlation Matrix ‘
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Accounts for anti-correlation between cross-section and flux models, will also change prior
and error values.

Important to tune the model to the ND data, it reduces the uncertainty in the far detector
predictions!
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Accounts for anti-correlation between cross-section and flux models, will also change prior
and error values.

Important to tune the model to the ND data, it reduces the uncertainty in the far detector
predictions!
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Accounts for anti-correlation between cross-section and flux models, will also change prior
and error values.

Important to tune the model to the ND data, it reduces the uncertainty in the far detector
predictions!
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OSCILLATION RESULTS
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Disappearance Channel
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Appearance Channel

VIA VERITAS VITA

,,o% 3 - \\/ T2K Run 1-10, 2022 Preliminary
ol PDG 6, Constraint A good agreement between T2K and
- and the PDG’s 8,5 constraint.
- T2K only 90%
=
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L - . A T2K only Best Fit . . . .
- tighter constraint on other oscillation
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PDG Reactor constraint is a Gaussian:
sin®(8,3) = 0.0220 + 0.0007

All oscillation plots from here will be shown with the reactor constraint applied, T2K + Reactor.
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VIA VERITAS VITA
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Both the Frequentist fit and Bayesian fit have a point of best fit around maximal CP violation,
—1/2.

Evidenced by the posterior probability, large 30 exclusion zones. CP conserving values of
Ocp are nearly excluded at the 2o credible intervals.
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Jarlskog Invariant

VIA VERITAS VITA

Jcp = sin 6,5 cos? 0,5 sin O, cos B, sin B, cos 6,5 sin §p
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Also has measurements of Jarlskog Invariant, and the choice of prior on this.

Values of 6.p conserving, J-p = 0, included in both 20 regions and intervals.



Upgrade in ND280, replacement of POD
with sFDG’s and high angle TPC’s!

This goes hand in hand with beam
upgrade with the projection of beam
power to surpass 1 MW. Also, an
increase in horn current 250 kA ->
320KkA.

Gadolinium doping

in Super-K, this will

lead to improvement

in neutrino/antineutrino
discrimination.
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Future Plans: T2K-NOvVA Joint Fit

VIA VERITAS VITA

CP2023

Better sensitivity when using both experiments, underway as we speak.

Different neutrino energies and baseline length and detector physics, will hopefully lead to a
reduction in degeneracies. Both experiments are still statistics limited.

Results will be about soon, so stay tuned!
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Future Plans: T2K-NOvVA Joint Fit m

VIA VERITAS VITA

CP2023

Better sensitivity when using both experiments, underway as we speak.

Different neutrino energies and baseline length and detector physics, will hopefully lead to a
reduction in degeneracies. Both experiments are still statistics limited.

- NOVA Preliminary

Results will be about soon, so stay tuned!
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* T2K 6.p best-fit point is near maximal CP violating value of —m/2.

* There is small preference for Normal Ordering and Upper Octant. A disfavour for CP
conserving values, m and 0, excluding them at 90% intervals.

* T2K has many upgrades to look forward to as it enters the precision era of the experiments
lifespan.

* Two high profile joint fits to keep an eye out for T2K-SK and T2K-NOvA!

Taken from a
hybrid
collaboration
meeting,
May 2022.
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* T2K 6.p best-fit point is near maximal CP violating value of —m/2.

* There is small preference for Normal Ordering and Upper Octant. A disfavour for CP
conserving values, m and 0, excluding them at 90% intervals.

* T2K has many upgrades to look forward to as it enters the precision era of the experiments
lifespan.

. Two hlgh proflle Jomt f|ts to keep an eye out for T2K-SK and T2K-NOvA!
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Oscillation Analysis

ND280 Super-K
Detector Detector
systematics systematics

Beam Flux
Model

Gradient-Descent Flux+Cross-Section Grid Search
Fit to Covariance Fit to
ND280 Data Matrix Super-K Data

Cross-Section
Model




Flux model
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VIA VERITAS VITA

ND280: Neutrino Mode, VM T2K Preliminary

- — L T T T T T T T T I T T T T T T T T

Thin target data S
Mainly Eur. Phys. J.C (201 6) 76:84 88 0 3__ S Hadron Interactions DxE,,, Arb. Norm. _—
= L SR Proton Beam Profile & Off-axis Angle ———- Material Modeling |
+ g :
i K— E ng p = [= eSS Horn Current & Field Number of Protons -]
Proton % [~ —————— Horn & Target Alignment 2022 Total Flux Error 7]
— - -
= i >

beam 0.2F9 . 2020 Total Flux Error  __|
- B Replica mr* i
, e | more stats Replica K* .
‘ .‘ 7" ™ i - e — -]
Y P A AT X ) 0.1 S
. ¥ e -~ - » 11 : i : 5 :
Tune each [l _—
interaction = =

Replica target data
Eur. Phys. J. C (2016) 76:617
Taking external data from NA61/SHINE and other hardon

18 cm P m... production results.
Proton [} I"‘ IP' {‘I l"\
}mﬁ 51 3] *2 5] %3 ) B 31 %%

%6 Reduced uncertainty on flux model by ~5% due to

90
al switching from a thin target to a T2K replica target.
Proton [ - AT 0
\ - \




T2
SK Reconstruction m

CP2023
V] l—
Assuming quasi-elastic interaction with a single
bound nucleon.
Known beam direction allows one to calculate
reconstructed neutrino energy. d > > u
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Only uses particle mass (m,, m,, & m,), lepton kinematics (p; & cos(6;)) and binding energy
(Ep).-
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POD, a t° decay measurement detector.
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Neutrino mode e-like candidates

Bi-rate figures shows the effect of changing some oscillation parameters.

T2K has a preference for maximal CP Violation at — g . It also highlights the large degeneracy
for the mass ordering.
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T2K’s Posterior predictive P-Value, our goodness of fit metric for the analysis.

Current P-value resides at 88%.



