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The T2K Experiment The Tokai to Kamioka experiment

TokaiKamioka

International collaboration of
~500 Members

From 78 Institutes
In 12 Countries

J-PARC

CERN

295 km

Goals of the T2K experiment:

1. Measure the mixing angles 𝜃!" and 𝜃#"

2. Measure and determine its sign of Δ𝑚"!
!

3. Constrain 𝛿$%

4. Measure neutrino interaction cross-sections
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Joe Walsh - Michigan State University



Neutrino Oscillations
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In the 3-Flavor PMNS model:
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CPV searches in LBL experiments

CP-Violation is indicated by the combined 
enhancement and suppression of opposite 
sign 𝜈% /�̅�% appearance signals

Sign flips for antineutrino
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𝐽&' = sin 𝜃#" cos! 𝜃#" sin 𝜃#! cos 𝜃#! sin 𝜃!" cos 𝜃!" sin 𝛿$%
Jarlskog Invariant:
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1,700m

Overview of T2K
Super-K is a 50 kton 

water Cherenkov 
detector

5
Magnetic horns select for π+ or π- which decay producing 𝜈 or �̅�

ND280 is a magnetized 
tracking detectorINGRID

30 GeV

(Antineutrino Beam)

(anti)neutrinos
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Off-axis angle
Enhances flux at 600 MeV maximizing oscillation probability for a baseline of 295 km
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For more in-depth analysis details see Ali’s talk 7

The T2K Analysis
Sequential (Frequentist)
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For more in-depth analysis details see Ali’s talk 8

Simultaneous (Bayesian)

The T2K Analysis
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ND280 Constraint

Better predict SK spectra by fitting flux and xsec to ND280 spectra
Constrain wrong-sign background (𝜈 in �̅�-beam or �̅� in 𝜈-beam) 

For more in-depth analysis details see Ali’s talk 9Joe Walsh - Michigan State University



Super-K 𝜈!/ �̅�! data
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5 samples in total at SK including three νe samples

CCQE-like

CC-Resonant-like
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PMNS comparison

𝜈! /�̅�! data most consistent with 𝛿"# =-π/2, 
upper octant 𝜃$% and normal ordered masses
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Reactor experiments constraint on 𝜃"#

Using the PDG 2019 global average 
of the reactor neutrino experiment 
measurements of 𝜃&% , we can get a 
better constraint on 𝛿56
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Simultaneous Bayesian
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𝛿$% constraint
Exclude CP-conserving values at the 90% CL across both mass orderings

Marginalized over both 
mass orderings

Sequential (Frequentist) Simultaneous  (Bayesian)

3σ
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Best Fit

Best Fit

90% 90%
Exclude 35% around +π/2 to 3σ
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Jarlskog Invariant

T2K is exploring parameterization of neutrino 
mixing other than 3-flavour PMNS

𝐽78 is a Parameterization independent quantity 
which indicates the size of CP-violation
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𝐽#$ = sin 𝜃%& cos' 𝜃%& sin 𝜃%' cos 𝜃%' sin 𝜃'& cos 𝜃'& sin 𝛿#$
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Comparison to NOvA and Super-K
T2K and NOvA 90% contours overlap with best fit 𝛿56- 𝜃$% points just outside of 
90% contours and similar 𝜃$% best fit values
Consistent 𝛿56 with Super-K, but prefer different 𝜃$% octant
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T2K-NOvA
Sensitivity of each experiment may help break degeneracies for the other in a joint fit
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T2K-SK

Strong mass ordering dependent matter 
effects for upward going atmospheric 𝜈!

Strength is dependent on 𝜃$% which T2K can 
provide and extra constraint on

𝛿56 dependent normalization of low Ε; 𝜈!

𝑃 𝜈( → 𝜈) NO)

Matter effect 
resonance

δCP dependent
normalization

17Joe Walsh - Michigan State University



Future T2K analyses…
New samples and new models
ND280:
• Proton and photon tagging 
Super-K:
• Multiring 𝜈" -like samples
Beam upgrade, New ND280 subdetectors, SK-Gd
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ND280 Upgrade

Neutron tagging at ND280 SFGD

Transverse Kinematics
Probe nuclear effects

Neutron capture at SK-Gd
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In summary

T2K’s 𝛿-. best fit is near –π/2 and excludes 35% of values around +π/2

CP-conserving values (0 and π) are excluded to 90% CL and CI

T2K-NOvA and T2K-SK joint fits may be able to lift some of the 
degeneracies in neutrino mixing (𝛿-., 𝜃/0, Δ𝑚0/

/ )

New T2K detectors allowing new physics which will improve constraint
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Thank you!

Photo from recent split J-PARC and 
CERN collaboration meeting

Please see Ali Ajmi’s talk next on “Precision measurements of the PMNS parameters at T2K”
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BACKUP
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T2K-Only results

T2K can exclude regions of 𝛿&' close to +π/2
to a confidence level of 90% across both mass 
orderings and over 2σ in the inverted ordering

Best fit values for 𝛿&' are negative for both 
mass orderings
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𝛿&' for each mass ordering
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With reactor constraint
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Jarlskog Invariant for each mass ordering
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With reactor constraint
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𝛿$% Confidence Levels
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Figure 93: 1D ��
2 distributions for one ensemble of toys with true normal hierarchy and true

�CP = �⇡
2
, plotted against the data-fit result for comparison. The error bands are computed as

the interval containing all points where the density of toys per ��
2 exceeds a certain threshold,

where the threshold is adjusted to obtain the desired fraction of toys. Note that this procedure
is only used for producing these error bands, and is unrelated to the computation for the FC
critical ��

2 values.

excluded to 3� confidence level for inverted hierarchy (interval: [�2.82,�0.14] ), whereas for851

normal hierarchy we have the 3� confidence interval of [�⇡, 0.32][ [2.63,⇡] . Fig. 97 and Tab. 41852

show all confidence intervals at once.853

Table 41: Feldman-cousins confidence intervals for �CP.

Confidence level Interval (NH) Interval (IH)
1� [�2.66,�0.97]
90% [�3.00,�0.49] [�1.79,�1.09]
2� [�⇡,�0.26] [ [3.11,⇡] [�2.20,�0.75]
3� [�⇡, 0.32] [ [2.63,⇡] [�2.82,�0.14]

85

25

Feldman Cousins-corrected confidence level intervals marginalized over 
both mass orderings/hierarchies 

With reactor constraint
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The Jarlskog Invariant

Posterior for different 𝛿#$ prior choices
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T2K prior in the 
With reactor constraint
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Comparison to previous result

Data is now more PMNS-like as statistical fluctuation in CC1π (1Re+1d.e.) sample has reverted to the mean
Significant analysis update but much of change was due to additional ν-mode data in Run 10
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With reactor constraint
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Comparison to previous result

Inclusion of new data saw a decrease in a 
statistical fluctuation in ν-CC1π which previously 
put T2K’s exclusion above its sensitivity

Shift in best fit away from maximally CPV value 
and broadening of 2σ contours leads to 2σ
boundary sitting close to π

Robustness studies show small changes in 
boundary positions, but these do not impact 
90% exclusion of CP-conservation

28

With reactor constraint
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T2K and NOvA 𝛿$%-sin( 𝜃(# constraints

29

Normal ordering Inverted ordering
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T2K Best Fit

30

PMNS values and -2lnL (Δχ2) values for the T2K Global best fit point 

5.2 Global Best-fit Results724

We perform a simple minimization over the systematic and oscillation parameters, yielding a725

best fit point in the 4D oscillation space. Best fit values for the individual parameters are given726

in table 29 for both the T2K-only fit, and a fit using the additional constraint on sin2 2✓13 from727

reactor experiments. Corresponding values using Erec for 1Rµ samples are given in table 30.728

The corresponding best fit spectra are plotted against the data-points in Figure 60.729

Table 29: Results of the fit of the T2K run 1–10 data using Erec–✓ for 1Rµ samples.

Parameter Best fit
Data T2K only T2K + reactor
Hierarchy Normal Inverted Normal Inverted
sin2(2✓13) 0.109 0.120 0.0855 0.0860
sin2(✓13) 28.0⇥ 10�3 31.0⇥ 10�3 21.9⇥ 10�3 22.0⇥ 10�3

�CP �2.22 �1.29 �1.97 �1.44
�m

2
32

(NH)/|�m
2
31
| (IH) [eV2/c4] 2.495⇥ 10�3 2.463⇥ 10�3 2.494⇥ 10�3 2.463⇥ 10�3

sin2(✓23) 0.467 0.466 0.561 0.563
�2 lnL 597.72 598.56 598.05 600.49

Table 30: Results of the fit of the T2K run 1–10 data using Erec for 1Rµ samples.

Parameter Best fit
Data T2K only T2K + reactor
Hierarchy Normal Inverted Normal Inverted
sin2(2✓13) 0.107 0.118 0.0856 0.0860
sin2(✓13) 27.5⇥ 10�3 30.5⇥ 10�3 21.9⇥ 10�3 22.0⇥ 10�3

�CP �2.22 �1.30 �1.93 �1.44
�m

2
32

(NH)/|�m
2
31
| (IH) [eV2/c4] 2.486⇥ 10�3 2.453⇥ 10�3 2.485⇥ 10�3 2.456⇥ 10�3

sin2(✓23) 0.476 0.475 0.553 0.558
�2 lnL 298.75 299.56 299.14 301.25

5.3 ��2 distributions and fixed ��2 confidence regions730

This section presents the confidence level contours for the data fit. The confidence level contours731

for the data fit are built using the fixed ��
2 method on the distribution of the 1D/2D marginal732

likelihood for the parameter(s) considered (marginalized over the nuisance parameters, and all733

the other oscillation parameters).734

Figure 63 shows the contours in sin2 ✓23 vs. �m
2
32

space. For T2K plus reactor the best fit735

point lies in the higher octant while T2K only best fit point lies in the lower octant recovering736

the e↵ect already observed in the Asimov A sensitivity study.737

64

With reactor constraint
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Robustness studies
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Increase in data since previous result
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INGRID and ND280

INGRID designed to give precise 
beam direction and intensity 
measurements

ND280 is a magnetized tracking detector 
which constrains flux and interaction models 
at the off-axis angle as SK

CH and H2O targets as well as Argon gas TPCs 
and lead-scintillator EM calorimeters for 
MIP/EM distinction. 0.2 T field for charge 
discrimination and dE/dx measurement
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The Super-Kamiokande Detector

50 kiloton water Cherenkov detector

Parent neutrino flavor inferred from shape 
of charged lepton ring

Muons are MIP-like and so 𝜈( interactions 
leave clear and defined rings

Electrons scatter more and so 𝜈)
interactions leave fuzzy and diffuse rings

34

For single ring CCQE-like events:

mp and mn are swapped for antineutrinos
Eb is a nuclear binding energy related term
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Super-K 𝜈) data
Two 𝜈(/ �̅�(-like appearance samples at Super-K
Single muon-like rings (both 𝜈 and �̅�)
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Unitarity test with 𝜈)/�̅�) data

Comparison of independent 𝜈! and �̅�! disappearance 
channel only mixing parameters. 

Should be No PMNS-like CPV in 𝑃(𝜈! → 𝜈!) channel

Difference in sin 𝜃"# and sin �̅�"# would require a 
non-unitary mixing matrix

𝜃"# and �̅�"# are found to be consistent with each 
other in T2K run1-10 data

Currently no indication of non-unitarity at T2K
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