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Neutrinos have two 
sets of eigenstates: 
mass (propagation) 

and flavor (detection)

PMNS mixing matrix tells 
us how mass and flavor 
eigenstates are related

Normal Hierarchy Inverted Hierarchy
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=

cij=cosθij					sij=sinθij

Detection also depends on the mass splittings: 

θ23=45.6±2.3° 
θ12=33.6±0.85° 
θ13=8.33±0.22°

∆m221 = 7.53±0.18x10-5 eV2 

|∆m232| = 2.45±0.05x10-3 eV2 

δCP = ?
PDG 2016
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ν beam Near 
Detector

Far Detector

100s of km

How many να here?

How many νβ here?N = Φ × σ × ε × P(να→νβ)



Long Baseline Neutrino Oscillation
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tector data samples (Section VI and Section VIII respec-
tively). The fit to near detector data, described in Sec-
tion VII, is used to constrain the far detector rate and as-
sociated uncertainties. Finally, Section IX describes how
the far detector ⌫

e

sample is used to estimate sin22✓
13

.

II. EXPERIMENTAL OVERVIEW AND DATA
COLLECTION

The T2K experiment [31] is optimized to observe elec-
tron neutrino appearance in a muon neutrino beam. We
sample a beam of muon neutrinos generated at the J-
PARC accelerator facility in Tokai-mura, Japan, at base-
lines of 280 m and 295 km from the neutrino production
target. The T2K neutrino beam line accepts a 31 GeV/c
proton beam from the J-PARC accelerator complex. The
proton beam is delivered in 5 µs long spills with a period
that has been decreased from 3.64 s to 2.56 s over the
data-taking periods described in this paper. Each spill
consists of 8 equally spaced bunches (a significant subset
of the data was collected with 6 bunches per spill) that
are ⇠ 15 ns wide. The protons strike a 91.4 cm long
graphite target, producing hadrons including pions and
kaons, and positively charged particles are focused by a
series of three magnetic horns operating at 250 kA. The
pions, kaons and some muons decay in a 96 m long vol-
ume to produce a predominantly muon neutrino beam.
The remaining protons and particles which have not de-
cayed are stopped in a beam dump. A muon monitor
situated downstream of the beam dump measures the
profile of muons from hadron decay and monitors the
beam direction and intensity.

We detect neutrinos at both near (280 m from the tar-
get) and far (295 km from the target) detectors. The far
detector is the Super-Kamiokande (SK) water Cherenkov
detector. The beam is aimed 2.5� (44 mrad) away from
the target-to-SK axis to optimize the neutrino energy
spectrum for the oscillation measurements. The o↵-axis
configuration [32–34] takes advantage of the kinematics of
pion decays to produce a narrow band beam. The angle
is chosen so that the spectrum peaks at the first oscilla-
tion maximum, as shown in Fig. 1, maximizing the signal
in the oscillation region and minimizing feed-down back-
grounds from high energy neutrino interactions. This
optimization is possible because the value of |�m

2

32

| is
already relatively well known.

The near detectors measure the properties of the beam
at a baseline where oscillation e↵ects are negligible. The
on-axis INGRID detector [35, 36] consists of 16 mod-
ules of interleaved scintillator/iron layers in a cross con-
figuration centered on the nominal neutrino beam axis,
covering ±5 m transverse to the beam direction along
the horizontal and vertical axes. The INGRID detector
monitors the neutrino event rate stability at each mod-
ule, and the neutrino beam direction using the profile of
event rates across the modules.

The o↵-axis ND280 detector is a magnetized multi-
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FIG. 1: The muon neutrino survival probability (top)
and electron neutrino appearance probabilities (middle)

at 295 km, and the unoscillated neutrino fluxes for
di↵erent values of the o↵-axis angle (OA) (bottom).
The appearance probability is shown for two values of
the phase �

CP

, and for normal (NH) and inverted (IH)
mass hierarchies.

purpose detector that is situated along the same di-
rection as SK. It measures the neutrino beam compo-
sition and energy spectrum prior to oscillations and is
used to study neutrino interactions. The ND280 detec-
tor utilizes a 0.2 T magnetic field generated by the re-
furbished UA1/NOMAD magnet and consists of a num-
ber of sub-detectors: side muon range detectors (SM-
RDs [37]), electromagnetic calorimeters (ECALs), a ⇡

0

detector (P0D [38]) and a tracking detector. The tracking
detector is composed of two fine-grained scintillator bar
detectors (FGDs [39]) sandwiched between three gaseous
time projection chambers (TPCs [40]). The first FGD
primarily consists of polystyrene scintillator and acts as
the target for most of the near detector neutrino inter-
actions that are treated in this paper. Hence, neutrino
interactions in the first FGD are predominantly on car-
bon nuclei. The ND280 detector is illustrated in Fig. 2,
where the coordinate convention is also indicated. The
x and z axes are in the horizontal plane, and the y axis
is vertical. The origin is at the center of the magnet,
and the magnetic field is along the x direction. The z

axis is the direction to the far detector projected to the
horizontal plane.
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Magnitude of peak linked to 
sin2θ13, δCP, and mass hierarchy



Long Baseline Neutrino Oscillation

6 Energy (GeV)
0 0.2 0.4 0.6 0.8 1 1.2

Ev
en

ts

0

1

2

3

4

5

6

7

8
 Unoscillated prediction

e
1R

=0.0251)
13

θ
2

 Oscillated prediction (sin
e

1R

 Data events
e

1R

 Energy
e

νSuperK Reconstructed 

Energy (GeV)
0.5 1 1.5 2 2.5 3 3.5

Ev
en

ts

0

5

10

15

20

25

30

35
 Unoscillated prediction

µ
1R

=0.5)
23

θ
2

 Oscillated prediction (sin
µ

1R

 Data events
µ

1R

 Energy
µ

νSuperK Reconstructed 

4

tector data samples (Section VI and Section VIII respec-
tively). The fit to near detector data, described in Sec-
tion VII, is used to constrain the far detector rate and as-
sociated uncertainties. Finally, Section IX describes how
the far detector ⌫

e

sample is used to estimate sin22✓
13

.

II. EXPERIMENTAL OVERVIEW AND DATA
COLLECTION

The T2K experiment [31] is optimized to observe elec-
tron neutrino appearance in a muon neutrino beam. We
sample a beam of muon neutrinos generated at the J-
PARC accelerator facility in Tokai-mura, Japan, at base-
lines of 280 m and 295 km from the neutrino production
target. The T2K neutrino beam line accepts a 31 GeV/c
proton beam from the J-PARC accelerator complex. The
proton beam is delivered in 5 µs long spills with a period
that has been decreased from 3.64 s to 2.56 s over the
data-taking periods described in this paper. Each spill
consists of 8 equally spaced bunches (a significant subset
of the data was collected with 6 bunches per spill) that
are ⇠ 15 ns wide. The protons strike a 91.4 cm long
graphite target, producing hadrons including pions and
kaons, and positively charged particles are focused by a
series of three magnetic horns operating at 250 kA. The
pions, kaons and some muons decay in a 96 m long vol-
ume to produce a predominantly muon neutrino beam.
The remaining protons and particles which have not de-
cayed are stopped in a beam dump. A muon monitor
situated downstream of the beam dump measures the
profile of muons from hadron decay and monitors the
beam direction and intensity.

We detect neutrinos at both near (280 m from the tar-
get) and far (295 km from the target) detectors. The far
detector is the Super-Kamiokande (SK) water Cherenkov
detector. The beam is aimed 2.5� (44 mrad) away from
the target-to-SK axis to optimize the neutrino energy
spectrum for the oscillation measurements. The o↵-axis
configuration [32–34] takes advantage of the kinematics of
pion decays to produce a narrow band beam. The angle
is chosen so that the spectrum peaks at the first oscilla-
tion maximum, as shown in Fig. 1, maximizing the signal
in the oscillation region and minimizing feed-down back-
grounds from high energy neutrino interactions. This
optimization is possible because the value of |�m

2

32

| is
already relatively well known.

The near detectors measure the properties of the beam
at a baseline where oscillation e↵ects are negligible. The
on-axis INGRID detector [35, 36] consists of 16 mod-
ules of interleaved scintillator/iron layers in a cross con-
figuration centered on the nominal neutrino beam axis,
covering ±5 m transverse to the beam direction along
the horizontal and vertical axes. The INGRID detector
monitors the neutrino event rate stability at each mod-
ule, and the neutrino beam direction using the profile of
event rates across the modules.

The o↵-axis ND280 detector is a magnetized multi-
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FIG. 1: The muon neutrino survival probability (top)
and electron neutrino appearance probabilities (middle)

at 295 km, and the unoscillated neutrino fluxes for
di↵erent values of the o↵-axis angle (OA) (bottom).
The appearance probability is shown for two values of
the phase �

CP

, and for normal (NH) and inverted (IH)
mass hierarchies.

purpose detector that is situated along the same di-
rection as SK. It measures the neutrino beam compo-
sition and energy spectrum prior to oscillations and is
used to study neutrino interactions. The ND280 detec-
tor utilizes a 0.2 T magnetic field generated by the re-
furbished UA1/NOMAD magnet and consists of a num-
ber of sub-detectors: side muon range detectors (SM-
RDs [37]), electromagnetic calorimeters (ECALs), a ⇡

0

detector (P0D [38]) and a tracking detector. The tracking
detector is composed of two fine-grained scintillator bar
detectors (FGDs [39]) sandwiched between three gaseous
time projection chambers (TPCs [40]). The first FGD
primarily consists of polystyrene scintillator and acts as
the target for most of the near detector neutrino inter-
actions that are treated in this paper. Hence, neutrino
interactions in the first FGD are predominantly on car-
bon nuclei. The ND280 detector is illustrated in Fig. 2,
where the coordinate convention is also indicated. The
x and z axes are in the horizontal plane, and the y axis
is vertical. The origin is at the center of the magnet,
and the magnetic field is along the x direction. The z

axis is the direction to the far detector projected to the
horizontal plane.
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Depth of dip: sin2θ23

Magnitude of peak linked to 
sin2θ13, δCP, and mass hierarchy

810 km

MINOS, Sudan

Studying oscillations 
over a 810km 
baseline with two 
functionally identical 
detectors and the 
worlds most powerful 
muon neutrino beam, 
NuMI.

NuMI Off-axis νe Appearance
13 A. Radovic, JETP January 2018
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The T2K Experiment 

30 April 2012 Sam Short 10 

Near detector suite Super-Kamiokande 

Off-axis neutrino beam reduces the spread of 

muon neutrino energies. 
 

Chosen off-axis angle is 2.5o which 

corresponds to a peak beam energy of 0.6 GeV.  

The  most  intense  accelerator  νμ  beam ever built is produced at J-PARC and directed (2.5° off-axis) toward SK. 
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tector data samples (Section VI and Section VIII respec-
tively). The fit to near detector data, described in Sec-
tion VII, is used to constrain the far detector rate and as-
sociated uncertainties. Finally, Section IX describes how
the far detector ⌫

e

sample is used to estimate sin22✓
13

.

II. EXPERIMENTAL OVERVIEW AND DATA
COLLECTION

The T2K experiment [31] is optimized to observe elec-
tron neutrino appearance in a muon neutrino beam. We
sample a beam of muon neutrinos generated at the J-
PARC accelerator facility in Tokai-mura, Japan, at base-
lines of 280 m and 295 km from the neutrino production
target. The T2K neutrino beam line accepts a 31 GeV/c
proton beam from the J-PARC accelerator complex. The
proton beam is delivered in 5 µs long spills with a period
that has been decreased from 3.64 s to 2.56 s over the
data-taking periods described in this paper. Each spill
consists of 8 equally spaced bunches (a significant subset
of the data was collected with 6 bunches per spill) that
are ⇠ 15 ns wide. The protons strike a 91.4 cm long
graphite target, producing hadrons including pions and
kaons, and positively charged particles are focused by a
series of three magnetic horns operating at 250 kA. The
pions, kaons and some muons decay in a 96 m long vol-
ume to produce a predominantly muon neutrino beam.
The remaining protons and particles which have not de-
cayed are stopped in a beam dump. A muon monitor
situated downstream of the beam dump measures the
profile of muons from hadron decay and monitors the
beam direction and intensity.

We detect neutrinos at both near (280 m from the tar-
get) and far (295 km from the target) detectors. The far
detector is the Super-Kamiokande (SK) water Cherenkov
detector. The beam is aimed 2.5� (44 mrad) away from
the target-to-SK axis to optimize the neutrino energy
spectrum for the oscillation measurements. The o↵-axis
configuration [32–34] takes advantage of the kinematics of
pion decays to produce a narrow band beam. The angle
is chosen so that the spectrum peaks at the first oscilla-
tion maximum, as shown in Fig. 1, maximizing the signal
in the oscillation region and minimizing feed-down back-
grounds from high energy neutrino interactions. This
optimization is possible because the value of |�m

2

32

| is
already relatively well known.

The near detectors measure the properties of the beam
at a baseline where oscillation e↵ects are negligible. The
on-axis INGRID detector [35, 36] consists of 16 mod-
ules of interleaved scintillator/iron layers in a cross con-
figuration centered on the nominal neutrino beam axis,
covering ±5 m transverse to the beam direction along
the horizontal and vertical axes. The INGRID detector
monitors the neutrino event rate stability at each mod-
ule, and the neutrino beam direction using the profile of
event rates across the modules.

The o↵-axis ND280 detector is a magnetized multi-
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FIG. 1: The muon neutrino survival probability (top)
and electron neutrino appearance probabilities (middle)

at 295 km, and the unoscillated neutrino fluxes for
di↵erent values of the o↵-axis angle (OA) (bottom).
The appearance probability is shown for two values of
the phase �

CP

, and for normal (NH) and inverted (IH)
mass hierarchies.

purpose detector that is situated along the same di-
rection as SK. It measures the neutrino beam compo-
sition and energy spectrum prior to oscillations and is
used to study neutrino interactions. The ND280 detec-
tor utilizes a 0.2 T magnetic field generated by the re-
furbished UA1/NOMAD magnet and consists of a num-
ber of sub-detectors: side muon range detectors (SM-
RDs [37]), electromagnetic calorimeters (ECALs), a ⇡

0

detector (P0D [38]) and a tracking detector. The tracking
detector is composed of two fine-grained scintillator bar
detectors (FGDs [39]) sandwiched between three gaseous
time projection chambers (TPCs [40]). The first FGD
primarily consists of polystyrene scintillator and acts as
the target for most of the near detector neutrino inter-
actions that are treated in this paper. Hence, neutrino
interactions in the first FGD are predominantly on car-
bon nuclei. The ND280 detector is illustrated in Fig. 2,
where the coordinate convention is also indicated. The
x and z axes are in the horizontal plane, and the y axis
is vertical. The origin is at the center of the magnet,
and the magnetic field is along the x direction. The z

axis is the direction to the far detector projected to the
horizontal plane.
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FIG. 2: An exploded illustration of the ND280 detector.
The description of the component detectors can be

found in the text.

The SK far detector [41], as illustrated in Fig. 3, is a
50 kt water Cherenkov detector located in the Kamioka
Observatory. The cylindrically-shaped water tank is op-
tically separated to make two concentric detectors : an
inner detector (ID) viewed by 11129 inward-looking 20
inch photomultipliers, and an outer detector (OD) with
1885 outward-facing 8 inch photomultipliers. The fidu-
cial volume is defined to be a cylinder whose surface is
2 m away from the ID wall, providing a fiducial mass
of 22.5 kt. Cherenkov photons from charged particles
produced in neutrino interactions form ring-shaped pat-
terns on the detector walls, and are detected by the pho-
tomultipliers. The ring topology can be used to iden-
tify the type of particle and, for charged current inter-
actions, the flavor of the neutrino that interacted. For
example, electrons from electron neutrino interactions
undergo large multiple scattering and induce electromag-
netic showers, resulting in fuzzy ring patterns. In con-
trast, the heavier muons from muon neutrino interactions
produce Cherenkov rings with sharp edges.

The T2K experiment uses a special software trigger to
associate neutrino interactions in SK to neutrinos pro-
duced in the T2K beam. The T2K trigger records all
the photomultiplier hits within ±500 µs of the beam ar-
rival time at SK. Beam timing information is measured
spill-by-spill at J-PARC and immediately passed to the
online computing system at SK. The time synchroniza-
tion between the two sites is done using the Global Po-
sitioning System (GPS) with < 150 ns precision and is
monitored with the Common-View method [42]. Spill
events recorded by the T2K triggers are processed o✏ine
to apply the usual SK software triggers used to search
for neutrino events, and any candidate events found are
extracted for further T2K data analysis. Spills used for

x

y
z

Inner 

Outer Detector

   1,000m 

Control room

Access Tunnel

Photo multipliers

41m
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FIG. 3: An illustration of the SK detector.

TABLE I: T2K data-taking periods and the integrated
protons on target (POT) for SK data collected in those

periods.

Run Period Dates Integrated POT by SK
Run 1 Jan. 2010-Jun. 2010 0.32⇥ 1020

Run 2 Nov. 2010-Mar. 2011 1.11⇥ 1020

Run 3 Mar. 2012-Jun. 2012 1.58⇥ 1020

the far detector data analysis are selected by beam and
SK quality cuts. The primary reason spills are rejected
at SK is due to the requirement that there are no events
in the 100 µs before the beam window, which is necessary
to reject decay electrons from cosmic-ray muons.

In this paper we present neutrino data collected during
the three run periods listed in Table I. The total SK data
set corresponds to 3.01 ⇥ 1020 protons on target (POT)
or 4% of the T2K design exposure. About 50% of the
data, the Run 3 data, were collected after T2K and J-
PARC recovered from the 2011 Tohoku earthquake. A
subset of data corresponding to 0.21 ⇥ 1020 POT from
Run 3 was collected with the magnetic horns operating
at 205 kA instead of the nominal value of 250 kA. The size
of the total data set is approximately two times that of
T2K’s previously published electron neutrino appearance
result [21].

We monitor the rate and direction of the neutrino
beam over the full data-taking period with the INGRID
detector. As illustrated in Fig. 4, the POT-normalized
neutrino event rate is stable to within 1%, and the beam
direction is controlled well within the design requirement
of 1 mrad, which corresponds to a 2% shift in the peak
energy of the neutrino spectrum.

n p
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SK Data Samples

๏ New this year: an e-like 1-Michel electron sample in ν-dominated 
beam—this sample is dominated by resonant pion events 

๏ New this year: A new reconstruction algorithm that improves 
both efficiency and purity for all samples 

๏ 66% of the data is ν-dominated beam; 34% ν-̅dominated beam

13
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Figure 49: Best-fit energy spectra for SK samples from the run 1–8 data fit with reactor

constraint. Data are shown as points, the mean and RMS of a gaussian fit to 5000 samples

of the fit posterior is shown as the blue 2D histogram and red shaded areas respectively,

and the unoscillated spectrum is shown as the red line.
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Figure 49: Best-fit energy spectra for SK samples from the run 1–8 data fit with reactor

constraint. Data are shown as points, the mean and RMS of a gaussian fit to 5000 samples

of the fit posterior is shown as the blue 2D histogram and red shaded areas respectively,

and the unoscillated spectrum is shown as the red line.
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Figure 49: Best-fit energy spectra for SK samples from the run 1–8 data fit with reactor

constraint. Data are shown as points, the mean and RMS of a gaussian fit to 5000 samples

of the fit posterior is shown as the blue 2D histogram and red shaded areas respectively,

and the unoscillated spectrum is shown as the red line.
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Figure 49: Best-fit energy spectra for SK samples from the run 1–8 data fit with reactor

constraint. Data are shown as points, the mean and RMS of a gaussian fit to 5000 samples

of the fit posterior is shown as the blue 2D histogram and red shaded areas respectively,

and the unoscillated spectrum is shown as the red line.
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Figure 49: Best-fit energy spectra for SK samples from the run 1–8 data fit with reactor

constraint. Data are shown as points, the mean and RMS of a gaussian fit to 5000 samples

of the fit posterior is shown as the blue 2D histogram and red shaded areas respectively,

and the unoscillated spectrum is shown as the red line.
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Figure 49: Best-fit energy spectra for SK samples from the run 1–8 data fit with reactor

constraint. Data are shown as points, the mean and RMS of a gaussian fit to 5000 samples

of the fit posterior is shown as the blue 2D histogram and red shaded areas respectively,

and the unoscillated spectrum is shown as the red line.
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Figure 49: Best-fit energy spectra for SK samples from the run 1–8 data fit with reactor

constraint. Data are shown as points, the mean and RMS of a gaussian fit to 5000 samples

of the fit posterior is shown as the blue 2D histogram and red shaded areas respectively,

and the unoscillated spectrum is shown as the red line.
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Figure 49: Best-fit energy spectra for SK samples from the run 1–8 data fit with reactor

constraint. Data are shown as points, the mean and RMS of a gaussian fit to 5000 samples

of the fit posterior is shown as the blue 2D histogram and red shaded areas respectively,

and the unoscillated spectrum is shown as the red line.
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Figure 49: Best-fit energy spectra for SK samples from the run 1–8 data fit with reactor

constraint. Data are shown as points, the mean and RMS of a gaussian fit to 5000 samples

of the fit posterior is shown as the blue 2D histogram and red shaded areas respectively,

and the unoscillated spectrum is shown as the red line.
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Figure 49: Best-fit energy spectra for SK samples from the run 1–8 data fit with reactor

constraint. Data are shown as points, the mean and RMS of a gaussian fit to 5000 samples

of the fit posterior is shown as the blue 2D histogram and red shaded areas respectively,

and the unoscillated spectrum is shown as the red line.
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Figure 48: Best-fit energy spectra for SK samples from the run 1–8 data fit with reactor

constraint. Data are shown as points, and the mean and RMS of a gaussian fit to 5000

samples of the fit posterior is shown as the blue 2D histogram and red shaded areas

respectively
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Figure 48: Best-fit energy spectra for SK samples from the run 1–8 data fit with reactor

constraint. Data are shown as points, and the mean and RMS of a gaussian fit to 5000

samples of the fit posterior is shown as the blue 2D histogram and red shaded areas

respectively
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T2K in the Next Year
๏ ν ̅beam has been operating at 475kW since last 

autumn and will go until late May 

๏ This will equalize the ν to ν ̅beam ratio 

๏ Look for new results at Neutrino 2018! 

๏ Summer 2018 SK will be opened for PMT repair 
and leak fixing 

๏ After closing, begin introduction of Gd to SK 

๏ Beam upgrades may happen in late 2018 and 2019
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NOvA

19

NO𝜈A 

Fermilab 

NO𝜈A Far Detector (Ash River, MN) 
MINOS Far Detector (Soudan, MN) 

� Determine the 𝜈 mass hierarchy 
� Determine the 𝜃23 octant 
� Constrain 𝛿CP 
 

Using  𝜈𝜇→𝜈e  ,  𝜈͞ 𝜇→𝜈͞ e … 
A broad physics scope 

� Precision measurements of 
sin22𝜃23 and 'm2   .  
    (Exclude 𝜃23=𝜋/4?) 

� Over-constrain the atmos. sector 
(four oscillation channels) 

Using  𝜈𝜇→𝜈𝜇  ,  𝜈͞ 𝜇→𝜈͞ 𝜇 … 
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� Neutrino cross sections at 
the NO𝜈A Near Detector 

� Sterile neutrinos 
� Supernova neutrinos 
� Other exotica 

Also … 

Ryan Patterson, Caltech 

Ryan Patterson, Caltech Fermilab JETP, August 6, 2015 11 

Ryan Patterson, Caltech Fermilab JETP, August 6, 2015 11 



NOvA Detectors

20

NOvA Detectors 

¨  Designed for electron ID 
¤  Low Z materials 
¤  65% active 

¨  ND: Underground at FNAL 
¨  FD: On the surface at Ash River 

P. Vahle, Neutrino 2016 6 

P. Vahle, Neutrino 2016 

NOvA Detectors 

¨  PVC+Liquid Scintillator 
¤  Mineral Oil 
¤  5% pseudocumene 

¨  Read out via WLS fiber to APD 

¨  Layered planes of orthogonal views 
¤  muon crossing far end ~40 PE 
¤  0.17 X0 per layer 

¨  DAQ runs with zero deadtime 
¤  triggers for beam, SNEWS, cosmic ray 

calibration samples, exotic searches 
¤  150kHz of cosmic induced events 

APD 

See Poster P1.031 by D. Mendez 
for details on Calibration 
 

7 

16 Cell  
PVC 

Extrusion

3.87cm
6.0cm

15.6m

Scintillator cell with looped  
WLS Fiber.

APD

Detector Technology
17 A. Radovic, JETP January 2018
•  PVC extrusion + Liquid Scintillator 

• mineral oil + 5% pseudocumene 
• Read out via WLS fiber to APD 

• FD has ~344,000 channels 
• muon crossing far end ~40 PE 

• Layered planes of orthogonal views
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Ryan Patterson, Caltech Fermilab JETP, August 6, 2015 29 

Far Detector prediction 
(1) Estimate the underlying true energy distribution of selected ND events 
(2) Multiply by expected Far/Near event ratio and 𝜈𝜇→𝜈𝜇 oscillation probability 

    as a function of true energy 
(3) Convert FD true energy distribution into predicted FD reco energy distribution 

Systematic uncertainties assessed by varying all MC-based steps 

Estimated from simulation

Select CC inclusive Select CC inclusive

Use a binned ML method
R. Patterson
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1 radiation 

length = 38cm  

(6 cell depths, 

10 cell widths)
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1 radiation 

length = 38cm  

(6 cell depths, 

10 cell widths)

Deep Learning Inspired PID: νe & νμ Selection
20 A. Radovic, JETP January 2018

“A Convolutional Neural Network Neutrino Event Classifier” 
A. Aurisano, A. Radovic, and D. Rocco et al 
Journal of Instrumentation, Volume 11, September 2016

Previously only used for 
our νe analysis, now our 
νμ analysis also features 
the same event selection 
technique based on 
ideas from computer 
vision and deep 
learning. 

Additionally now used to 
reclaim a new class of 
previously rejected νe 
events. 



Analysis Updates

๏ Detector modeling 

๏ Binning in hadronic energy 
(dis. only) 

๏ Retuned cross section 
(especially 2p2h) 

23

Improved Detector Simulation
26 A. Radovic, JETP January 2018

• Previously detector response uncertainties were some of our largest. Reduced by an 
order of magnitude in new detector simulation, driven by addition of cherenkov light. 

• Absorbed and re-emitted Cherenkov light is a small but important in modeling the 
detector response to hadronic activity.  

• Expected energy resolution for νμ CC events moves from 7% to 9%.
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Resolution Bins
37 A. Radovic, JETP January 2018

•Four bins of equal populations in FD, split in hadronic energy 
fraction as a function of reconstructed neutrino energy. 

•Resolution varies 
from ~6% to ~12% 
from the best to 
worst resolution 
bins.
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• Continue to tune MEC to match the excess in our data, now fit using default empirical 
MEC’s* model for energy transfer to the hadronic system (q0). 

• QE RPA from the Valencia group via Richard Gran** now included in central value tune. 
• New MEC and RPA uncertainties that better capture limits of theory & data constraints.

Retuned Interaction Modeling
25 A. Radovic, JETP January 2018

*   “Meson Exchange Current (MEC) Models in Neutrino Interaction Generators”, Teppei Katori, NuInt12 Proceedings, arXiv:1304.6014  
**  “Model uncertainties for Valencia RPA effect for MINERvA”, Richard Gran, FERMILAB-FN-1030-ND, arXiv:1705.02932 



Disappearance Results
๏ Δm2

32 =  
2.444+0.079

-0.077 x 10-3 eV2  

๏ sin2θ23 = 0.558+0.041
-0.033 

๏ Compatible with 2016 result, but 
no longer far from maximal 
mixing 

๏ Larger energy resolution 

๏ 70 MeV shift in hadronic 
energy 

๏ New selection  

๏ More data

24

νμ Result
49 A. Radovic, JETP January 2018

• Full joint fit with appearance analysis. Feldman Cousins corrections in 2D & 1D limits.  
• All systematics, oscillation pull terms shared. 
• Constrain θ13 using world 

average from PDG, sin22θ13 
= 0.082

Best fit:
Δm232 = 
2.444+0.079-0.077 x 10-3 eV2

UO preferred at 0.2σ
sin2θ23 = 
UO: 0.558+0.041-0.033
LO: 0.475+0.036-0.044
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Atmospheric Mixing and World Constraints
54 A. Radovic, JETP January 2018

•Consistent with world expectation. 
•Competitive measurement             
of Δm232.
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Joint analysis

Best fit:
Δm232 = 
2.444+0.079-0.077 x 10-3 eV2

UO preferred at 0.2σ
sin2θ23 = 
UO: 0.558+0.041-0.033
LO: 0.475+0.036-0.044



Appearance Results 

๏ Nearly 2σ exclusion 
of IH 

๏ Disfavor π/2
25

Joint Best Fits
72 A. Radovic, JETP January 2018

• Full joint fit with disappearance analysis. Feldman Cousins corrections in 2D & 1D limits. 
• All systematics, oscillation pull terms shared. 
• Constrain θ13 using world average from PDG, sin22θ13 = 0.082
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73 A. Radovic, JETP January 2018

IH at δcp = π/2 
disfavored at greater 

than 3σ.

Approaching IH 
rejection at 2σ.
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NOvA in the Next Year

๏ NOvA is running in ν ̅beam mode 
now—collected 7x1020 POT  

๏ Collecting data at 700kW!! 

๏ New analysis including ν ̅samples 
to debut at Neutrino 2018

26



Where We Are Now
๏ T2K and NOvA largely agree 

๏ Both prefer NH at around 90% 

๏ Both are compatible with sin
2
θ23 =0.5 

๏ Both have compatible |∆m32| masses 

๏ Both disfavor δCP =π/2 

๏ Cross section systematics are becoming an increasing issue 
for both experiments 

๏ New antineutrino data analysis is expected in early June 
for both experiments 

๏ A joint T2K-NOvA analysis is coming!
27



Hyper-Kamiokande
๏ Scale up from SK and T2K 

๏ Continuous upgrade plan: T2K-II, 
near detector upgrades, HK  

๏ Requires beam power increase 
to 1.3MW 

๏ Potential option to put HKD2 in 
Korea—improves MH sensitivity 
and reduces δCP  uncertainties 

๏ Experiment has just moved into a 
formal collaboration with a new 
structure; new Japanese institute 
formed to support the work: 
http://nnso.jp/index.html

28

 

J-PARC beam – Planned upgrade

Plans to upgrade main 
ring would increase J-
PARC beam power to 
~1.3MW

Upgrades will mean 
3x more beam power 
by 2026 (in time for 
Hyper-K) 

11

http://nnso.jp/index.html


New Near Detectors

๏ New `Super-FGD’  

๏ New horizontal TPCs 

๏ Many beam tests this summer! 

๏ Installation during T2K-II

29

  2

The ND280 upgrade detector

CAD model by Franck Cadoux

Two new High-Angle TPCs
A highly segmented Scintillator Detector (SuperFGD is the baseline technology)

TOF planes all around

No changes to the downstream detectors, nor the Ecal

1 kton E61 Intermediate Detector 
(1 km away)

See Cris Vilea’s talk tomorrow in the WG1+WG2 session at 11:30 

13

๏ Intermediate WC detector 

๏ Exploit off-axis behavior 
for variable energy beams

ND280 Upgrade



Physics Reach

30

Sensitivity to δCP

11

ν mode
ν mode



UK Activities
๏ Intermediate WC detector: design, 

calibration, DAQ 

๏ DAQ: IWCD and HK; triggering methods 

๏ Calibration: New light injection methods 
(L. Anthony, S. Valder, S. Jenkins) 

๏ Beam: Upgrades for 1.3 MW operation 

๏ Outer Detector: optimization (S. Zsoldas)  

๏ Physics Sensitivity Studies: broad range of 
physics (J. Migenda)
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Figure 13: The updated optical collimator to provide the narrow angle beam.

injection site. This had previously housed a spare version of the current system before it was removed for this
test. The optical system was connected to a UK LED pulser and data was collected from each of the three
injection systems. A monitoring PMT was connected to the Super-K QBee electronics to provide monitoring
pulses and the trigger to our system was taken directly from the Super-K calibration system as expected
during full operation. The system installed in Super-K is shown in Fig. 14. Events from the deployment can
be seen in figures 15,16 and 17. The system is still in place and additional data will be collected before the
Super-K detector is shutdown for the tank open period.

Figure 14: The test deployment of the UK system in Super-K. The electronics is on the left of the picture and
the support of the diffuser plate over the deployment port can be seen on the right.

Figure 15: An event display of an
event in Super-K from the bare
optical fibre.

Figure 16: An event display of an
event in Super-K from the colli-
mator.

Figure 17: An event display of an
event in Super-K from the optical
diffuser.

We will deploy a version of this system at Super-K during the tank open period in summer 2018. Five

17

8.3.1 Updated results with new D793KFLA fast 3” PMT
D6.3.1 (2019/Q3) : The QMUL setup consists of a black box which can contain a 8” or 3” photo-sensor,

and an automated XY stage controlled by an arduino. It moves a LED powered by a driver adjusting the light
emitted, from a few to tens of thousands photoelectrons. Fig. 32 shows a picture of the setup.

We recently acquired a dedicated set of photo-diodes to accurately measure the Transit Time Spread
(TTS) of the candidate PMTs, i.e the time distribution when photon are converted by the photocathode.
Fig. 33 shows the TTS of a prototype fast 3” PMT by ETEL, the D793KFLA. This PMT has been modified
compared to his predecessors to improve the speed of photon conversion to signal acquisition, in order to
reach the level of the nanosecond. The measurement shows a very good agreement with the value quoted
by the construct of 1.6 ns.

Figure 32: Black box for photo-sensors testing at
QMUL. This picture was taken with a 8” ET9354KB
(on the left) and a 3” ET9302B (on the right) photo-
sensors. One can see the XY stage above the photo-
sensors which move along the X-Y axis the optical fi-
bre (in yellow) which guide the light out from the LED
driver to the black-box.
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Figure 33: Transit Time Spread measured for
the fast 3” D793KFLA prototype PMT from
ETEL Enterprise. The reduced length on sev-
eral dynode help achieving a TTS at the order
of the nanosecond, as shown by the root mean
square of the Gaussian fit of the distribution.

Furthermore, we repeated the same measurements as we did with the previous PMT candidates and we
characterize the dark rates and linearity of this prototype PMT. This specific model is an excellent candidate
for the DOM design proposal for Hyper-Kamiokande as it requires a nanosecond photon conversion speed
and small noises. Figures 34 shows the dark rates as a function of the gain (which is given by a power law),
and 35 shows the linearity of the PMT, which is the relation between the output signal of the PMT with respect
to the amount of light emitted by the LED.

The measurements of the dark rate as a function of the gain allows us to check that the PMT is behaving
as expected with respect to the gain, and that the dark counts agrees with our results. The linearity mea-
surements ensure that the deviation between the assumed ideal linearity of the PMT and the real ones are
contained and furthermore be measured to estimate the systematics errors when propagated to the recon-
struction algorithm.

8.3.2 Light collection enhancement using a 3” PMT and a wavelength shifting plate
D6.3.2 (2019/Q2) : The University of Edinburgh have developed a setup to measure the light collection

enhancement using a ETEL 9302B 3” PMT mounted on a wavelength shifting (WLS) plate from Eljen, an
American company, model EJ286 12 as shown in Fig. 36. The WLS plate is opaque between the [300�400] nm

12Eljen, http://eljentechnology.com/products/wavelength-shifting-plastics/ej-280-ej-282-ej-284-ej-286
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● 40-kt/68-kt (fiducial/total) liquid argon TPC (LArTPC) at 4850L of SURF
● Four 10-kt (fiducial) modules
● First module will be a single phase LArTPC
● Modules installed in stages; modules not necessarily identical
● Photon detection system for Ar scintillation light

5

 Far Detector

MicroBooNE LArTPC Event Display

DUNE

๏ LAr based far detector with a 
staged approach 

๏ First module will be single 
phase 

๏ Additional modules may be 
dual phase 

๏ Beam is broad band: potential 
access two oscillation maxima 

๏ Near detector design still under 
consideration

32

DUNE Overview 2

● Will measure ᶟe / ᶟᶦ  appearance and ᶟᶞ disappearance in a 
wideband ᶟ beam at a 1300 km baseline

● Access to CP violation, mass hierarchy, and multiple neutrino 
oscillation parameters in a single experiment

● Large, underground detector also enables nucleon decay,  
supernova burst ᶟ, and other interesting physics

 



ProtoDUNEs
๏ Single and Dual Phase 

prototypes constructed 
at CERN as part of the 
Neutrino Platform 

๏ Will take test beam in 
late 2018 

๏ Exciting test of 
technology and will get 
important hadron-Ar 
data (J. Thompson)
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ProtoDUNE

The protoDUNEs are prototype detectors 
being built at CERN neutrino platform; 
single-phase and dual-phase LAr TPCs.

Will test engineering designs and collect 
physics data in test beam coming 
in Fall 2018.

8

ProtoDUNE

The protoDUNEs are prototype detectors 
being built at CERN neutrino platform; 
single-phase and dual-phase LAr TPCs.

Will test engineering designs and collect 
physics data in test beam coming 
in Fall 2018.

8



Physics Reach
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CP Violation Sensitivity

Width of band corresponds to 90% CL variations in value of θ23 
based on NuFit 2016 fit values

Includes normalization systematics and results are profiled over 
oscillation parameter uncertainties, MH, and octant

 

12

Normal Inverted

Normal Inverted

Width of band corresponds to 90% CL variations in value of θ23 
based on NuFit 2016 fit values

Includes normalization systematics and results are profiled over 
oscillation parameter uncertainties and octant

Mass Hierarchy Sensitivity

14

Top of band: Nominal analysis including external constraints
Bottom of band: θ13 and θ23 constraints removed 

Reach ~7° (16°) resolution in 10 years for δcp=0° (-90°)   

 

δCP Resolution

15



UK Activities
๏ DAQ: hardware, firmware, and 

online computing 

๏ Beam target: optimization for high 
power operation 

๏ Anode plane construction: 
Delivery of APAs to proto-DUNEs 
as preparation for FD construction 

๏ Reconstruction software: pattern 
recognition in complex events 

๏ Physics sensitivity studies
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Summary
๏ T2K and NOvA are racing ahead with 

new data and exciting results! 

๏ We have a hint of CP-violation 

๏ Need new data from both 

๏ Combined analysis is coming 

๏ DUNE and HK are an exciting future for 
CPV discovery! 
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