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From Tokai to Kamioka: the T2K experiment

T2K: long baseline neutrino oscillation experiment

located in Japan

νµ or ν̄µ beam produced at J-PARC accelerator

Near detector ND280: characterizes (anti) neutrino

flux and cross-section before neutrino oscillations

Far detector Super-Kamiokande (SK): detects νµ (ν̄µ)

and νe (ν̄e) charged current interactions through

Cherenkov effect

Off-axis techniques: ND280 and SK at 2.5°from beam

for a narrower band beam peaked at 0.6 GeV

Achievements: θ13 6= 0 evidence, νe

appearance in νµ beam at 7.3σ, hints of
Charge-Parity Violation (CPV)

Current goals: precise measurements of δCP ,

∆m2
23 and θ23

Number of ν-mode 1Re + 1Re1de vs ν̄-mode 1Re events [2]:

29

0.60, 0.55, 0.50, 0.45= 23θ2sin
2eV3−10×= 2.4932

2m∆
2eV3−10×2.46−= 31

2m∆

π= CPδ
/2π+= CPδ

= 0CPδ
/2π−= CPδ

68% syst err. at best-fit
Best-fit
Data (68% stat err.)

(NO)
(IO)

Neutrino mode e-like candidates
50 60 70 80 90 100 110 120

A
nt

in
eu

tri
no

 m
od

e 
e-

lik
e 

ca
nd

id
at

es

10

12

14

16

18

20

22

24

Fig. 18: The number of n-mode 1Re + 1Re1de versus n-
mode 1Re events (top, leading sindCP dependence) and n-
mode 1Re + 1Re1de + n-mode 1Re events above and below
Erec = 550 MeV (bottom, leading cosdCP dependence), with
the predicted number of events for various sets of oscilla-
tion parameters, as shown by the different coloured ellipses.
The values for the neutrino mass splitting are from the fre-
quentist analysis of data, where Dm2

32 = 2.40⇥ 10�3 eV2

(Dm2
31 = �2.46⇥10�3 eV2) is the best-fit point in the nor-

mal (inverted) ordering. The uncertainties represent the 68%
confidence interval for the mean of a Poisson distribution
given the observed data point. The underlaid contours con-
tain the predicted number of events for 68% of simulated
experiments, varying the systematic uncertainty parameters
around the best-fit values from the fit to ND data, and oscil-
lation parameters set to the best-fit values from a fit to data.
The overlaid triangle point shows the predicted number of
events with both oscillation and systematic uncertainty pa-
rameters at their data best-fit values.

for the upper over the lower q23 octant; 4.21 (1.83) for the
normal over inverted mass ordering; and a combined factor
of 1.58 (0.63) for upper q23 octant and normal ordering.
When calculating the BFs, the alternate hypothesis is any
other combination of octant and mass ordering. Interpreting
the largest BFs with the Jeffreys’ scale, there is substantial
evidence for the normal ordering when marginalising over
the octant, and substantial evidence for the upper octant
when marginalising over the mass ordering. In the more
recent interpretation of BFs by Kass and Raftery [134],
these both correspond to positive evidence. Importantly,
the Jeffreys and Kass–Raftery definitions of “evidence” do
not equate to the criteria often used in particle physics. For
instance, a probability of 95.4% (“2s”) is equivalent to a
BF of 20.7, which is deemed as “decisive” on the Jeffreys’
scale, and as “strong” on the Kass–Raftery scale.

8.1.2 The CP-violating phase dCP, and sin2 q13

A comparison of sin2 q13 � dCP contours with and without
the reactor constraint is shown in Fig. 23. The regions are in
good agreement, with a majority of the 1s regions overlap-
ping, comparable with the reactor constraint. A comparison
of the dCP posterior distributions is shown in Fig. 24, show-
ing the impact of the reactor constraint on T2K’s dCP result.
The external constraint breaks the partially degenerate ef-
fects of sin2 q13 and dCP on the ne appearance, leading to the
n-mode 1Re and 1Re1de selections having a larger sensitiv-
ity to dCP.

8.1.3 The Jarlskog invariant

The sampled posterior probability density is in part a func-
tion of the PMNS mixing angles and dCP, which means the
probability distribution for the Jarlskog invariant [22, 23],

J = sinq13 cos2 q13 sinq12 cosq12 sinq23 cosq23 sindCP (8)

can be extracted directly from the steps in the MCMC. The
posterior distribution for J is presented in Fig. 25, which
favours a near-maximal negative J. The prior probability
distribution is largely flat in the range J = [�0.035,0.035],
with the fall-off beyond that coming from external q12 and
q13 constraints. The preference for sin2 q23 values near max-
imal mixing has the effect of picking out the more extreme
values of J. When sampling the full posterior probability,
which incorporates the dCP constraint, a preference for neg-
ative values of J emerges. The blue curve in Fig. 25 is recre-
ated in Fig. 26 showing the 1s , 2s , and 3s credible inter-
vals. Two-dimensional credible regions for the Jarlskog in-
variant against both sin2 q23 and dCP are included in App. C.

Although this analysis does not rule out CP-conserving
values of dCP at 2s , it does rule out J = 0 at the 2s level
and excludes the J > 0.17 region at > 3s with a flat prior

Figure 1. In 2020 T2K published first hints of CPV in leptonic
sector: ruling out the 2 CP conserving points δCP = 0, π at
the 2σ confidence level [1]

The upgrade of the Near Detector ND280

Reasons for the upgrade:

1. Increase angular
acceptance (limited
phase-space coverage
of the current ND280)

2. Reduce systematic
uncertainties via better
measurements of
neutrino interactions

The upgraded detector:

1 Fine Grained Detector (SuperFGD)
sandwich between

2 High-Angle Time Projection
Chambers (HA-TPC) instrumented with
resistive MicroMegas

→ ongoing installation in Tokai!

The Encapsulated Resistive Anode Micromegas

(ERAM) technology

Figure 2. Previous bulk micromegas (left) and new encapsulated resistive
anode micromegas technology (right)

Charge deposited spread on adjacent pads with Gaussian behavior:

→ Larger e− avalanche + time information
→ Improved spatial resolution: 200 µm for horizontal tracks [3] (vs 600
µm with bulk MicroMegas)

First tracks and HA-TPC installation

Figure 3. First cosmic tracks at CERN
(April 2023)

Figure 4.
Bottom
HA-TPC
positioning
inside ND280
(September
2023)

The High-Angle TPC Reconstruction Software
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Figure 14: Spatial resolution for di↵erent angles of the electron tracks inclination in the

pad plane with 200 ns peaking time, 0.2 T magnetic field and for various drift distances:

5 cm, 55 cm, 95 cm (a) and spatial resolution versus drift distance for horizontal (0 deg),

inclined (45 deg) and vertical (90 deg) tracks.

Fig. 14 (a) demonstrates that, while the spatial resolution depends on

the angle, it stays between 200 and 800 µm for all the analyzed samples. In

particular, it is interesting to notice in Fig. 14 (b) that, while the spatial

resolution degrades with the drift distance for horizontal and vertical tracks,

it is constant for inclined tracks.

The behavior for diagonal tracks can be understood considering that the

spatial resolution depends on the charge spread over a certain amount of

pads (multiplicity). A diagonal clustering algorithm leads to a smaller mean

multiplicity than in the case of horizontal/vertical clustering as it was shown

in Fig. 7. With the diagonal clustering pad size becomes e↵ectively
p
2 times

larger, thus degrading the spatial resolution but also making the e↵ect of the

transverse di↵usion less significant.

Moreover, diagonal clustering implies a dependence of the resolution on

the length of the track in the cluster. This causes an oscillatory behav-
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(1) Spatial resolution as a function of
ionization electrons’ drift distance
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Figure 14: Spatial resolution for di↵erent angles of the electron tracks inclination in the

pad plane with 200 ns peaking time, 0.2 T magnetic field and for various drift distances:

5 cm, 55 cm, 95 cm (a) and spatial resolution versus drift distance for horizontal (0 deg),

inclined (45 deg) and vertical (90 deg) tracks.

Fig. 14 (a) demonstrates that, while the spatial resolution depends on

the angle, it stays between 200 and 800 µm for all the analyzed samples. In

particular, it is interesting to notice in Fig. 14 (b) that, while the spatial

resolution degrades with the drift distance for horizontal and vertical tracks,

it is constant for inclined tracks.

The behavior for diagonal tracks can be understood considering that the

spatial resolution depends on the charge spread over a certain amount of

pads (multiplicity). A diagonal clustering algorithm leads to a smaller mean

multiplicity than in the case of horizontal/vertical clustering as it was shown

in Fig. 7. With the diagonal clustering pad size becomes e↵ectively
p
2 times

larger, thus degrading the spatial resolution but also making the e↵ect of the

transverse di↵usion less significant.

Moreover, diagonal clustering implies a dependence of the resolution on

the length of the track in the cluster. This causes an oscillatory behav-
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(2) Spatial resolution as a function of
track angle

Figure 6. Momentum resolution as
a function of the track angle for
25 cm (blue), 50 cm (green) and
75 cm (red) drift distances

HA-TPC prototype exposed to the DESY
test beam 2021 showed a spatial
resolution better than 800 µm for all the
track topologies

The Geant4 simulations results
obtained showed a momentum
resolution preco−ptrue

ptrue
better than 3% for

horizontal tracks and of the order of
10% for vertical tracks because of their
shorter length

Neural networks for track reconstruction in the

HA-TPC

ResNet50 fed with HAT-TPC images
of deposited charge (Monte-Carlo
simulations)

Prediction of track parameters: 8%
momentum resolution

Ongoing work to perform PID
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