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3-flavour neutrino oscillations
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Long baseline experiments can
measure:

θ23 and ∆m2
32 via disappearance

channel
θ13 and δCP via appearance
channel
Mass ordering
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The T2K experiment

Long baseline neutrino oscillation experiment in Japan
νµ beam produced at J-PARC, Tokai
Near detectors at J-PARC, 280m downstream of target
Super-Kamiokande (SK) far detector, 295km downstream of
target in Kamioka
Off-axis beam produces energy spectrum peaked at 0.6 GeV

Precision measurements of νµ disappearance
Originally designed to discover νe appearance
Currently searching for CP-violation

Super‐Kamiokande J‐PARCNear Detectors

Neutrino Beam

295 km

Mt. Noguchi‐Goro
2,924 m

Mt. Ikeno‐Yama
1,360 m

1,700 m below sea level
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Neutrino beamline

Stable beam running at 485kW
Three horn magnets focus π to
produce ν-mode or ν̄-mode beam
Delivered 3.16 × 1021 total protons
on target (POT)

23	Jan.	2010	– 31	May	2018
POT	total:	 3.16	x	1021

𝝂-mode	 1.51	x	1021 (47.83%)
�̅�-mode 1.65	x	1021 (52.17%)
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Analysis approach

Neutrino flux model
Simulation and NA61 and T2K replica target data on π and K
yields

Neutrino cross-section model
Simulation and external data on ν/e/h interactions

Detector model
Simulation and calibration and test beam data

Make predictions at ND280 and SK
Parametrise cross-section and flux model
Constrain cross-section and flux by tuning ND280 prediction to
observation

Extract oscillation physics
Perform simultaneous fits of the 5 SK samples to measure
oscillation parameters
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ND280 data fit
ciently with the Super-Kamiokande or J-PARC data acquisition
systems.

The LTC receives 1 pps (pulse per second) signals from
two independent GPS receivers. These signals have their
leading edges aligned with the second transitions in UTC to
higher precision than required for T2K. The primary receiver
is a TrueTime (Symmetricom) rack-mounted receiver, and the
secondary receiver is a Synergy Systems SynPaQIII receiver,
mounted as a daughtercard on the LTC itself. The receivers
are connected to antenna modules located with a clear view of
the sky, near the mine entrance at Super-Kamiokande, and at J-
PARC. The Rb clock which provides a stabilized time base for
the system in case of temporary loss of GPS signals is a Stan-
ford Research Systems model FS-725. The LTC is interfaced to
the data acquisition system through a Linux PC with fast net-
work connections. At J-PARC, an independent optical fiber link
sends data directly to the ND280 data acquisition system.

When the timing signal, synchronized with the MR extrac-
tion, is received its time is recorded to an LTC module at
J-PARC. The LTC module counts the accumulated number
of received signals as the spill number. This time information
and the spill number are sent to Super-Kamiokande through a
private network, and are returned from Super-Kamiokande to
check consistency. The LTC module also provides the beam
trigger for the beam monitors.

At each site, two independent GPS systems run in parallel at
all times to eliminate downtime during T2K running.

4. Near Detector Complex (ND280)

As stated earlier, the T2K experiment studies oscillations of
an o -axis muon neutrino beam between the J-PARC accel-
erator complex and the Super-Kamiokande detector, with spe-
cial emphasis on measuring the unknown mixing angle 13 by
observing the subdominant e oscillation. The neutrino
energy spectrum, flavor content, and interaction rates of the
unoscillated beam are measured by a set of detectors located
280 m from the production target, and are used to predict the
neutrino interactions at Super-Kamiokande.

The primary detector at the 280 m site is a magnetized o -
axis tracking detector. The o -axis detector elements are con-
tained inside the magnet recycled from the UA1 experiment
at CERN. Inside the upstream end of this magnet sits a pi-
zero detector (PØD) consisting of tracking planes of scintillat-
ing bars alternating with either water target brass foil or lead
foil. Downstream of the PØD, the tracker, comprising three
time projection chambers (TPCs) and two fine grained detec-
tors (FGDs) consisting of layers of finely segmented scintillat-
ing bars, is designed to measure charged current interactions in
the FGDs. The PØD, TPCs, and FGDs are all surrounded by an
electromagnetic calorimeter (ECal) for detecting -rays that do
not convert in the inner detectors, while the return yoke of the
magnet is instrumented with scintillator to measure the ranges
of muons that exit the sides of the o -axis detector. In addi-
tion to the o -axis detector, a separate array of iron scintillator
detectors called INGRID measures the on-axis neutrino beam
profile at the 280 m site, while a set of muon monitor detectors

Figure 9: ND280 detector complex. The o -axis detector and
the magnet are located on the upper level; horizontal INGRID
modules are located on the level below; and the vertical IN-
GRID modules span the bottom two levels.

located downstream of the beam dump monitors the beam di-
rection and profile by detecting high energy muons from pion
decay, as described earlier in Section 3.3. All detectors use the
same coordinate convention: z is along the nominal neutrino
beam axis, and x and y are horizontal and vertical respectively.

These detectors are housed in a pit inside the ND280 hall
(see Fig. 9). The pit has a diameter of 17.5 m and a depth of
37 m, and has three floors. The B1 floor, about 24 m below the
surface, houses the o -axis detector, which is located on the
line between the target point and the Super-Kamiokande posi-
tion. The Service Stage, about 33 m deep, houses the horizontal
modules of the INGRID detector. It also holds the electronics
and many of the services for the o -axis detectors. The B2
floor, about 37 m deep, houses the bottom modules of the verti-
cal INGRID detector. The current o -axis angle is 2.5 , which
has the extrapolated on-axis beam passing at about 1 m above
the Service Stage. This facility design can accommodate o -
axis angles in the range of between 2.0 and 2.5 , constrained by
the requirement that the beam axis pass through the central area
of the on-axis detector. Outside of this area, the measurement
of the beam axis direction would deteriorate. A building with
an internal area of 21 m 28 m covers the pit, and has a 10 ton
crane.

11

Fit reduces flux and
interaction model
uncertainties at SK
Also use ND280 to
measure ν-nucleus
cross-sections

3 ND280 ν topologies:
νµ CC0π, νµ CC1π+, νµ
CC other

4 ND280 ν̄ topologies:
ν̄µ CC 1-track, ν̄µ CC
N-track
Wrong sign νµ CC
1-track, νµ CC N-track
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ND280 data fit
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νµ sample 14.66 5.12
ν̄µ sample 12.52 4.45
νe sample 16.85 8.81
ν̄e sample 14.41 7.13
νe sample with decay electron 21.75 18.38
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Super-Kamiokande far detector

50kt water Cherenkov detector
Inner detector instrumented with
11000 PMTs for 40% photo
coverage
Excellent νe/νµ separation and
good reconstruction at T2K
energy

(a) µ-like ring (b) e-like ring
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Neutrino oscillation at SK
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SK data fits - FHC
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SK data fits - RHC
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SK event rates

δCP = −π/2 δCP = 0 δCP = π/2 δCP = π Observed
νµ-like sample 272.4 272.1 272.4 272.8 243
νe-like sample 72.8 60.8 49.3 61.3 75
ν̄µ-like sample 139.5 139.2 139.5 139.9 140
ν̄e-like sample 16.8 19.2 21.3 18.9 15
νe CC1π+-like sample 6.9 6.0 4.8 5.7 15

sin2 θ12 = 0.307
∆m2

21 = 7.530 × 10−5 eV2 c−4

sin2 θ23 = 0.528
∆m2

32 = 2.509 × 10−3 eV2 c−4

sin2 θ13 = 2.12 × 10−2

Normal ordering
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δCP
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Comparison of δ v mass ordering with sensitivity
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FC critical value variation
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∆χ2 = χ2
true − χ2

min
Normal ordering has lower critical values for δ < 0
Inverted ordering has lower critical values for δ > 0
Differences between FC and gaussian approx critical values
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Degeneracy in δ and mass order
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Bi-event plot clearly shows δ/mass order degeneracy
∆χ2 = χ2

true − χ2
min allows better fits from wrong mass ordering

This increases ∆χ2 values
Disallowing fits in the wrong ordering (right plot) lowers critical values
and causes convergence of critical values in the two true mass orderings
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Physical boundary effects
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Degeneracy between δ = 0 and δ = π
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Significant degeneracy between δ = 0 and δ = π

Fits around ±π evident at lower confidence levels → increases ∆χ2

Lack of sensitivity to separate 0 and π means ∆χ2 = χ2
0 − χ2

π is not large
enough to populate the tail of the ∆χ2 distribution
Effect disappears at higher confidence levels
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Summary of critical value behaviour

Mass ordering is discrete, acts like an additional degree of freedom, raising
critical values
Physical boundaries lower critical values below gaussian approximation.
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Frequentist properties of mass ordering posterior

Determine the expected posterior probability distribution for the mass
ordering using the Feldman-Cousins toys
Likelihood for hypothesized hierarchy determined by averaging over the
likelihoods for 101 bins of δCP

Posterior probability is then Ppost =
LNO

LNO+LIO
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Mass ordering posterior - δCP = −π/2
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Mass ordering posterior - δCP = 0

Posterior probability
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FC summary plot

An alternative means of presenting Feldman-Cousins
information; both δ and the mass ordering in a single plot
Use Feldman-Cousins toys to compute distributions of
∆χ2 = χ2

NH − χ2
IH at each true point of δ and mass ordering
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Example distributions for true δ = 0
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FC summary plot
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Conclusion

T2K has seen a hint of CP violation, with exclusion of
conservation at 2σ and a best-fit near the maximally CP
violating value of −π/2
While T2K has limited sensitivity to the mass ordering, the
best-fit for δ is in the region where the ability to reject the
inverted mass ordering is greatest
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