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Abstract

The T2K experiment is a long-baseline neutrino oscillation experiment. Its main goal is to measure the last unknown lepton
sector mixing angle θ13 by observing νe appearance in a νµ beam. It also aims to make a precision measurement of the known
oscillation parameters, ∆m2

23 and sin2 2θ23, via νµ disappearance studies. Other goals of the experiment include various neutrino
cross section measurements and sterile neutrino searches. The experiment uses an intense proton beam generated by the J-PARC
accelerator in Tokai, Japan, and is composed of a neutrino beamline, a near detector complex (ND280), and a far detector (Super-
Kamiokande) located 295 km away from J-PARC. This paper provides a comprehensive review of the instrumentation aspect of the
T2K experiment and a summary of the vital information for each subsystem.
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1. Introduction

The T2K (Tokai-to-Kamioka) experiment [1] is a long base-
line neutrino oscillation experiment designed to probe the mix-
ing of the muon neutrino with other species and shed light on
the neutrino mass scale. It is the first long baseline neutrino os-
cillation experiment proposed and approved to look explicitly
for the electron neutrino appearance from the muon neutrino,
thereby measuring θ13, the last unknown mixing angle in the
lepton sector.

T2K’s physics goals include the measurement of the neutrino
oscillation parameters with precision of δ(∆m2

23) ∼ 10−4eV2

and δ(sin2 2θ23) ∼ 0.01 via νµ disappearance studies, and
achieving a factor of about 20 better sensitivity compared
to the current best limit on θ13 from the CHOOZ experi-
ment [2] through the search for νµ→νe appearance (sin2 2θµe ≃
1
2 sin2 2θ13 > 0.004 at 90% CL for CP violating phase δ = 0). In
addition to neutrino oscillation studies, the T2K neutrino beam
(with Eν ∼ 1 GeV) will enable a rich fixed-target physics pro-
gram of neutrino interaction studies at energies covering the
transition between the resonance production and deep inelastic
scattering regimes.

T2K uses Super-Kamiokande [3] as the far detector to mea-
sure neutrino rates at a distance of 295 km from the accelerator,
and near detectors to sample the beam just after production.
The experiment includes a neutrino beamline and a near de-
tector complex at 280 m (ND280), both of which were newly
constructed. Super-Kamiokande was upgraded and restored to
40% photocathode coverage (the same as the original Super-
Kamiokande detector) with new photomultiplier tubes in 2005–
06, following the accident of 2001. Fig. 1 shows a schematic
layout of the T2K experiment as a whole.

T2K adopts the off-axis method [4] to generate the narrow-
band neutrino beam using the new MW-class proton syn-
chrotron at J-PARC4. In this method the neutrino beam is pur-

4Japan Proton Accelerator Research Complex jointly constructed and oper-
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Figure 1: A schematic of a neutrino’s journey from the neu-
trino beamline at J-PARC, through the near detectors (green
dot) which are used to determine the properties of the neutrino
beam, and then 295 km underneath the main island of Japan to
Super-Kamiokande.

posely directed at an angle with respect to the baseline connect-
ing the proton target and the far detector, Super-Kamiokande.
The off-axis angle is set at 2.5◦ so that the narrow-band muon-
neutrino beam generated toward the far detector has a peak
energy at ∼0.6 GeV, which maximizes the effect of the neu-
trino oscillation at 295 km and minimizes the background to
electron-neutrino appearance detection. The angle can be re-
duced to 2.0◦, allowing variation of the peak neutrino energy, if
necessary.

The near detector site at ∼280 m from the production tar-
get houses on-axis and off-axis detectors. The on-axis detec-
tor (INGRID), composed of an array of iron/scintillator sand-
wiches, measures the neutrino beam direction and profile. The
off-axis detector, immersed in a magnetic field, measures the
muon neutrino flux and energy spectrum, and intrinsic electron
neutrino contamination in the beam in the direction of the far
detector, along with measuring rates for exclusive neutrino re-
actions. These measurements are essential in order to charac-
terize signals and backgrounds that are observed in the Super-
Kamiokande far detector.

ated by KEK and JAEA.
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T2K Experiment: OverviewTokai2Kamioka Experiment

4 Sam Short21 February 2015
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• Long baseline neutrino oscillation experiment 

• Muon/anti-muon neutrinos produced from a 30 GeV proton beam at J-PARC 

• Super-Kamiokande, 50 kton water Cherenkov detector, is used as the far detector 

• Main goals: 

- 𝜈μ (𝜈μ ) disappearance P(𝜈μ->𝜈μ), P(𝜈μ->𝜈μ): explore Δm
2

32 and θ23 

- 𝜈e (𝜈e ) appearance     P(𝜈μ->𝜈e), P(𝜈μ->𝜈e): explore θ13 and constrain 𝛿CP
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T2K Experiment: Data Taking

• Maximum stable beam power recorded ~370 kW recently 

• Beam delivery 

- 11.04 x 1020 protons on target until June 2015 (~14% of approved P.O.T) 

- 7.0 x 1020 protons on target in ν-mode 

- 4.04 x 1020 protons on target in ν-mode
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Off-Axis Near Detector: ND280

π0 Detector (P0D) 
Scintillator interleaved with  
carbon and water targets

Tracker: FGDs + TPCs 
Measure momenta of charged 

particles and particle ID

UA1 magnet 
0.2T magnetic field

𝜈 beam

Electromagnetic Calorimeter (ECAL) 
Plastic scintillator and lead, 

Aids in PID
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Off-Axis Near Detector: π0 Detector 
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• π
0  

Detector (P0D) is designed to 
measure NC process  
(νx +N → νx +N+π

0
+X) on a water target 

• One of the primary objectives of the 
P0D is to measure νe rate in the T2K 
beam 

• With water-in and water-out 
configurations, P0D is capable of on-
water measurement 

• Definition 

• On-Water: Events interact with water target 

• Not-Water: Events interact with non-water 
materials (scintillator, brass, lead, etc.)

Upstream ECal

Upstream Water Target

Central Water Target

Central ECal

Legend

Lead

Light-tight Cover
Brass
Water

Scintillator
Wavelength-shifting Fiber

Figure 4: A schematic of the four PØD Super-PØDules as installed in the detector. Beam
direction: left to right.

5

Assylbekov et.al. Nucl. Instrum. Meth. A686, 48 (2012)
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Motivation: νe  Analyses in ND280

• ND280 measurements constrain the 
flux and cross section uncertainty very 
well in the T2K oscillation analysis  

- ND280 𝜈μ measurements on C target is 
used in the oscillation analysis 

- T2K detectors have both C and H2O 
targets 

- ND280 νe measurement on C target 
has been used as a cross-check (ND280 
Tracker), but νe measurement on H2O 
target never been used 

• The largest background to the νe  
appearance at the far detector is the 
intrinsic νe beam contamination  

- Predicted 3.2 intrinsic νe beam events in 
total background expectation of 4.92 +/- 
0.55 events (θ13 = 0)

Near DetectorSuper-Kamiokande

H2O Target

C, H2O Target

Error source [%] ⌫µ sample ⌫e sample

Beam flux and near detector 2.74 3.15

(w/o ND280 constraint) (21.75) (26.04)

Uncorrelated ⌫ interaction 5.00 4.69

Far detector 4.03 2.72

FSI+SI+PN 2.98 2.44

Total 7.65 6.75

1

<The uncertainty on the predicted number of νμ/νe events>

Phys. Rev. Lett. 112, 061802 (2014)
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Motivation: High Energy CC νe Analysis 
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• In T2K the 30 GeV proton 
beam produces π± and K±, 
which are focused by three 
horns, selecting π+ and K+ 

• This leads to two sources of νe 
contamination in the T2K νμ 
beam 

- Eν > 1.5 GeV is the region 
where the νe contamination is 
predominantly from K decay 

- Kaon flux is less well 
constrained than muon flux

Total νe Flux at ND280 by Parent Type

Phys. Rev. D 87, 012001 (2013)
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Analysis: Event Selection
• The selection is to identify a sample of  

charged current inclusive νe events in the P0D 

- Basic event selection 

- Data/Beam quality checks 

- Basic reconstruction quality checks 

- Fiducial volume 

- Particle angle w.r.t beam axis < 45˚ :  
Prevent reconstruction efficiency decrease 

- Reconstructed neutrino energy > 1.5 GeV 

- Track Median Width:  
Width based PID to remove muon backgrounds 

- Shower Median Width:  
Width based PID to remove pion backgrounds 

- Shower Charge Fraction: All charge in a single electron shower

8
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Analysis: Selected Event Sample
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Table 9: The selected number of MC signal events S, MC background events B, and the total
number of selected MC events S+B normalized to data POT for water and air configuration
are listed together with the selected data events D. In addition, the water configuration MC
events are split up in on-water and not-water events. The results for the event selection
are listed in Table 9a while the results for the sideband are listed in Table 9b. The errors
correspond to the statistical uncertainty due to the limited MC statistics.

(a) Event Selection

MC Signal S MC Background B MC Total S +B Data D

Water 196.1± 4.8 56.7± 2.7 252.8± 5.5 230
On-Water 60.2± 2.6 14.5± 1.3 74.7± 2.9
Not-Water 135.9± 4.0 42.2± 2.3 178.2± 4.6

Air 173.6± 4.6 97.4± 3.6 271.0± 5.8 257

(b) Sideband

MC Signal S MC Background B MC Total S +B Data D

Water 44.0± 2.4 977.8± 11.4 1021.9± 11.7 1029
On-Water 14.9± 1.4 308.1± 6.3 323.0± 6.5
Not-Water 29.2± 1.9 669.7± 9.5 698.9± 9.7

Air 49.5± 2.6 898.8± 11.2 948.3± 11.5 902

6.2 Efficiency and Purity409

The efficiency ✏ and purity p of MC signal events are defined as

✏ =
S

T
(8)

p =

S

S +B
(9)

where S is the number of selected MC signal events and B is the number of selected MC410

background events. T is the number of true MC signal events with true vertex within the411

fiducial volume and true neutrino energy larger than 1.5 GeV, i.e. E⌫ > 1.5GeV. This means,412

T contains only true MC information without any reconstruction applied. The values of T ,413

the obtained efficiencies, and the calculated purities for water and air configuration are listed414

in Table 11. Events of the PØD water configuration are split-up in events happening on-415

water and not-water (scintillator, bras, lead, etc.). As shown in Table 11, the value of the416

reconstruction efficiency of not-water events is slightly larger than the value of the general417

water reconstruction efficiency. The reason is that not-water signal events happening outside418

of the fiducial volume, mainly at the upstream and downstream end of the detector, migrate419

inside the fiducial volume. As there are no water targets outside the fiducial volume in Z420

36

(Errors are due to statistical error from limited MC statistics)
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• Selection efficiency is rather 
heavily dependent on electron 
energy 

- Low energy signal selection is 
suppressed by the neutrino energy 
cut 

- High energy signal selection is 
suppressed by the shower median 
width cut and shower charge 
fraction cut 

• On-Water: Events interact with 
water target 
 
Not-Water: Events interact with 
non-water materials (scintillator, 
brass, lead, etc.)

10

Selection Efficiency

7

TABLE III. The signal e�ciencies ✏ and purities p are listed
for water and air configuration. Events of the PØD water con-
figuration are split into events happening on-water and not-
water. The errors correspond to the statistical uncertainty
due to the limited MC statistics.

E�ciency ✏ Purity p
Water (10.9± 0.3)% (77.6± 2.5)%

On-Water (9.8± 0.4)% (80.6± 4.7)%
Not-Water (11.5± 0.4)% (76.3± 3.0)%

Air (11.0± 0.3)% (64.1± 2.2)%
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FIG. 4. Selection e�ciency of signal events as function of the
true neutrino energy E

true

for water and air configuration.
The error bars correspond to the uncertainties due to limited
MC statistics.

D. E�ciency and purity

The e�ciency ✏ and purity p of the simulated electron
neutrino signal events, for water and air configurations,
are summarized in Table III. In the PØD water config-
uration, events are split into events happening on wa-
ter (on-water) and events on scintillator, brass, and lead
(not-water).

The selection e�ciency of signal events as function of
the true neutrino energy E

true

for PØD water and air
configurations are shown in Fig. 4. The selection of low
energy signal events is suppressed by the high neutrino
energy cut at 1.5 GeV while the selection of high energy
signal events is suppressed by the shower median width
cut and the shower charge fraction cut.

IV. WATER SUBTRACTION METHOD

The measured ⌫e interactions that were collected dur-
ing PØD water and air configuration running are com-
pared with the number of ⌫e interactions predicted by
the PØD water and air configuration MC, respectively.
The measured number of ⌫e interactions are extracted by
subtracting the predicted MC background B from the se-

lected data events D, resulting in:

NData
CC⌫e,water

= D
water

�B
water

, and (1)

NData
CC⌫e,air

= D
air

�B
air

. (2)

The background subtracted data are then divided
by the predicted Monte Carlo signal S to obtain the
data/MC ratios for the water and air configurations:

R
water

=
NData

CC⌫e,water

Swater
, and (3)

R
air

=
NData

CC⌫e,air

Sair
. (4)

To extract the measured number of on-water charged
current ⌫e interactions, the measured CC⌫e interactions
with PØD water and air configurations are compared by
taking into account the di↵erent collected POT and the
di↵erent reconstruction e�ciencies for the water and the
air data sample using:

NData
CC⌫e,on-water

= (D
water

�B
water

)

� ✏
not-water

· POT
water

✏
air

· POT
air

· (D
air

�B
air

).

(5)

In this formula, POT
water

= 2.64 ⇥ 1020 (POT
air

=
3.49⇥1020) is the collected data POT for the PØD water
(air) configuration. The resulting data/MC ratio for on-
water CC⌫e interactions is given by:

R
on-water

=
NData

CC⌫e,on-water

S
on-water

. (6)

V. SYSTEMATIC UNCERTAINTIES

The systematic uncertainties in the measurements are
divided into three categories: detector, reconstruction,
and neutrino flux/cross section uncertainties. Control
sample events to study systematic e↵ects in the measure-
ment have been studied, but often the events in these con-
trol samples are not used for the final systematic uncer-
tainty evaluation. The control sample events were found
to be too similar to the signal events, or did not have the
same background as the signal events. For this reason a
simple KS test is used for several of the systematic uncer-
tainty tests, particularly where no deviation is indicated
in the test.

A. Detector systematic uncertainties

The detector’s as-built mass and its mass in the Monte
Carlo are di↵erent. The masses for water and air config-
urations as well as di↵erent run periods also vary. These
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The e�ciency ✏ and purity p of the simulated electron
neutrino signal events, for water and air configurations,
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current ⌫e interactions, the measured CC⌫e interactions
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taking into account the di↵erent collected POT and the
di↵erent reconstruction e�ciencies for the water and the
air data sample using:
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=
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water CC⌫e interactions is given by:
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NData
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S
on-water

. (6)

V. SYSTEMATIC UNCERTAINTIES

The systematic uncertainties in the measurements are
divided into three categories: detector, reconstruction,
and neutrino flux/cross section uncertainties. Control
sample events to study systematic e↵ects in the measure-
ment have been studied, but often the events in these con-
trol samples are not used for the final systematic uncer-
tainty evaluation. The control sample events were found
to be too similar to the signal events, or did not have the
same background as the signal events. For this reason a
simple KS test is used for several of the systematic uncer-
tainty tests, particularly where no deviation is indicated
in the test.

A. Detector systematic uncertainties

The detector’s as-built mass and its mass in the Monte
Carlo are di↵erent. The masses for water and air config-
urations as well as di↵erent run periods also vary. These
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Analysis: Water Subtraction

11

• Perform a background subtraction to measure signal from data  
(N: Number of events, D: Data, B: MC Background) 

• Background can be weighted by factor g (g = 1 for simple background 
subtraction) 

• The number of on-water signal events is extracted by the following: 

- ε are the efficiencies 

- The number of on-water signal events is then: 
 

Analysis: Extraction of On-Water CC νe Events 
!  One of several possibilities to extract the on-water CC νe events: 

!  Determine first the on-water data event rate (i.e. signal and background): 

!  With ε’‘ being the pseudo-efficiencies of signal and background events 
(defined on next slide) 

!  Then subtract the MC predicted and scaled background: 

!  Finally, calculate the data/MC ratio with: 

10/02/2013 10 Stony Brook University / Jeanine Adam / jeanine.adam@stonybrook.edu 
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To extract the measured number of on-water charged current ⌫e interac-
tions, the measured CC⌫e interactions with PØD water and air configurations
are compared by taking into account the di↵erent collected POT and the dif-
ferent reconstruction e�ciencies for the water and the air data sample:

N

Data
CC⌫e,on-water = N

Data
CC⌫e,water �

✏

not-water

· POT
water

✏

air

· POT
air

·NData
CC⌫e,air (4.8)

In this formula, POT
water

(POT
air

) is the collected data POT with PØD
water (air) configuration:

POT
water

= 2.64⇥ 1020 (4.9)

POT
air

= 3.49⇥ 1020 (4.10)

The e�ciency ✏

air

is defined in Sec. 4.4.2 and describes the reconstruc-
tion e�ciency of signal events for the PØD air configuration. The e�ciency
✏

not-water

describes the PØD water configuration reconstruction e�ciency of
signal interactions happening not on the water targets, i.e. they interact on
the scintillators, brass, or lead. This e�ciency is therefore di↵erent than the
general reconstruction e�ciency of signal events for PØD water configuration
as explained in Sec. 4.4.2. The values for the e�ciencies are:

✏

not-water

= (11.5± 0.4)% (4.11)

✏

air

= (11.0± 0.3)% (4.12)

The errors correspond to the statistical uncertainty due to the limited
MC statistics. The resulting data/MC ratio of on-water CC⌫e interactions is
given by:

R

on-water

=
N

Data
CC⌫e,on-water

S

on-water

(4.13)

4.6 Systematic Uncertainties

The e↵ect of detector, flux, and cross section systematic uncertainties on the
results of the PØD ⌫e analysis are discussed and estimated in this section.

4.6.1 PØD Geometry and Mass Uncertainties

This section estimates the systematic uncertainties coming from the PØD
mass, the fiducial volume definition , and the PØD alignment.

count the different collected POT and the different reconstruction efficiencies for the water
and the air data sample:

N

Data
CC⌫e,on-water

= (D

water

� B

water

)� ✏

not-water

· POT
water

✏

air

· POT
air

· (D
air

� B

air

) (14)

In this formula, POT
water

(POT
air

) is the collected data POT with PØD water (air) config-
uration:

POT
water

= 2.64⇥ 10

20 (15)
POT

air

= 3.49⇥ 10

20 (16)

The efficiency ✏

air

is defined in Section 6.2 and describes the reconstruction efficiency of sig-
nal events for the PØD air configuration. The efficiency ✏

not-water

describes the PØD water
configuration reconstruction efficiency of signal interactions happening not on the water tar-
gets, i.e. they interact on the scintillators, brass, or lead. This efficiency is therefore different
than the general reconstruction efficiency of signal events for PØD water configuration as
explained in Section 6.2. The values for the efficiencies are:

✏

not-water

= (11.5± 0.4)% (17)
✏

air

= (11.0± 0.3)% (18)

The errors correspond to the statistical uncertainty due to the limited MC statistics. The
resulting data/MC ratio of on-water CC⌫e interactions is given by:

R

on-water

=

N

Data
CC⌫e,on-water

S

on-water

(19)

7.2 Analysis Method using a Sideband501

Similar as without using a sideband, the number of CC⌫e events for the water and air
samples are calculated by subtracting the predicted background from the data sample. The
only difference is, that the background is scaled with the factor g

water

and g

air

for the water
and air samples:

N

Data
CC⌫e,water

= D

water

� g

water

· B
water

(20)
N

Data
CC⌫e,air

= D

air

� g

air

· B
air

(21)

The scaling factors g

water

and g

air

are obtained by comparing the number of selected events
of data and MC in the water and air sideband:

g

water

=

D

Sideband
water

S

Sideband
water

+B

Sideband
water

(22)

g

air

=

D

Sideband
air

S

Sideband
air

+B

Sideband
air

(23)
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8.5 Systematics Summary951

All systematic uncertainties on the CC⌫e data/MC ratios for water (R
water

), air (R
air

), and952

on-water (R
on-water

) that were estimated in the previous sections are summarized in Table 42953

for the simple background subtraction described in Section 7.1 and in Table 43 for the954

simple background subtraction described in Section 7.2. In addition, the tables show the955

total systematic uncertainty.956

Table 42: Summary of systematic uncertainties on the CC⌫e data/MC ratios for water
(R

water

), air (R
air

), and on-water (R
on-water

) when using the simple background subtraction
described in Section 7.1.

Systematic Uncertainty for CC⌫e Data/MC Ratio R
water

R
air

R
on-water

MC Statistics 0.03 0.04 0.12
Bias Analysis Method 0.00 0.00 0.02

PØD Mass 0.01 0.01 0.01
PØD Fiducial Volume < 0.01 < 0.01 < 0.01
PØD Alignment < 0.01 < 0.01 < 0.01

Energy Scale 0.05 0.05 0.10

Hit Matching < 0.01 < 0.01 < 0.01
Track PID 0.05 0.05 0.09
Energy Resolution < 0.01 < 0.01 0.01
Angular Resolution < 0.01 < 0.01 0.01
Track Median Width < 0.01 < 0.01 < 0.01
Shower Median Width 0.04 0.04 0.08
Shower Charge Fraction 0.01 0.04 0.04

Flux and Cross Sections Pre-Fit 0.22 0.26 0.17
Flux and Cross Sections Post-Fit 0.07 0.09 0.06

Total with Pre-Fit 0.24 0.28 0.27
Total with Post-Fit 0.11 0.13 0.21

98

(Before ND280 Constraints )

(After ND280 Constraints )

(Before ND280 Constraints )

(After ND280 Constraints )
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Analysis: Results
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• CCνe background 
subtracted data/MC ratios 
is: 

• Fit results from ND280 data 
are applied 

• The result indicates that the 
beam νe component in 
high energy region 
measured in the data is 
consistent with 
expectations

9 Result957

Applying the event selection that was developed for the PØD ⌫e analysis to the full Run 1 to958

Run 4 data results in 230 selected data events during the PØD water configuration and 257959

selected data events during the PØD air configuration. The analysis described in Section 7960

to obtain the background subtracted CC⌫e data/MC ratios for water (R
water

), air (R
air

), and961

on-water (R
on-water

) events was performed.962

Our primary result of the analysis uses the BANFF post-fit weighted MC and the simple963

background subtraction method. The background subtracted data/MC ratio R is:964

R
water

= 0.89± 0.08 (stat.) ± 0.11 (sys.) (30)
R

air

= 0.90± 0.09 (stat.) ± 0.13 (sys.) (31)
R

on-water

= 0.87± 0.33 (stat.) ± 0.21 (sys.) (32)

The ratio is consistent with 1, within statistical and systematic errors.965

For the cross check and future reference, we present the results using differently weighted966

MC and the sideband background subtraction method.967

Using the flux weighted MC and the simple background subtraction method results in:

R
water

= 0.88± 0.08 (stat.) ± 0.24 (sys.) (33)
R

air

= 0.92± 0.09 (stat.) ± 0.28 (sys.) (34)
R

on-water

= 0.79± 0.33 (stat.) ± 0.27 (sys.) (35)

Using the flux weighted MC and the sideband background subtraction method results in:

R
water

= 0.88± 0.08 (stat.) ± 0.24 (sys.) (36)
R

air

= 0.95± 0.10 (stat.) ± 0.25 (sys.) (37)
R

on-water

= 0.72± 0.33 (stat.) ± 0.27 (sys.) (38)

Using the BANFF pre-fit weighted MC and the simple background subtraction method
results in:

R
water

= 0.80± 0.08 (stat.) ± 0.23 (sys.) (39)
R

air

= 0.84± 0.09 (stat.) ± 0.28 (sys.) (40)
R

on-water

= 0.71± 0.33 (stat.) ± 0.27 (sys.) (41)

Using the BANFF pre-fit weighted MC and the sideband background subtraction method

100
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FIG. 5. Events passing the event selection as a function of
the particle energy for water (top) and air configuration (bot-
tom). The MC events are normalized to data POT, and the
constraint from ND280 are applied.

ing years. Furthermore, studies and improvements to the430

reconstruction algorithms are being investigated to lower431

the energy threshold, which will lead to the measurement432

of the ⌫e cross section on water.433

This result is crucial because the intrinsic ⌫e contam-434

ination of the T2K beam is the main background at the435

far detector, as well as other proposed long-baseline neu-436

trino oscillation experiments aiming to measure CP vi-437

olation in the lepton sector. Above all, this is the first438

measurement of ⌫e interaction rate on water in the few439

GeV energy region.440
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TABLE IV. Summary of systematic uncertainties on the CC⌫e
data/MC ratios for water (R

water

), air (R
air

), and on-water
(R

on-water

).

Systematic Uncertainty R
water

R
air

R
on-water

MC Statistics 0.03 0.04 0.12
PØD Mass 0.01 0.01 0.01
PØD Fiducial Volume < 0.01 < 0.01 < 0.01
PØD Alignment < 0.01 < 0.01 < 0.01
Energy Scale 0.05 0.05 0.10
Hit Matching < 0.01 < 0.01 < 0.01
Track PID 0.05 0.05 0.09
Energy Resolution < 0.01 < 0.01 0.01
Angular Resolution < 0.01 < 0.01 0.01
Track Median Width < 0.01 < 0.01 < 0.01
Shower Median Width 0.04 0.04 0.08
Shower Charge Fraction 0.01 0.04 0.04
Flux and Cross Sections 0.07 0.09 0.06
Total 0.11 0.13 0.21

6 FSI parameters, 2 NEUT parameters, and 13 neutrino
interaction parameters, has been studied in Ref. [12].

To obtain the flux and cross section systematic uncer-
tainties, the systematic parameters are thrown according
to the covariance matrix and the analysis described in
Section IV is then applied to each throw. The distribu-
tions are fit with single Gaussians and the resulting width
is considered to be the flux and cross section systematic
uncertainty for the analysis. The uncertainties obtained
for water (R

water

), air (R
air

), and on-water (R
on-water

)
are 0.07, 0.09, and 0.06 respectively.

D. Summary of the systematic uncertainties

All systematic uncertainties on the CC⌫e data/MC
ratios for water (R

water

), air (R
air

), and on-water
(R

on-water

) that were estimated in the previous sections
are summarized in Table IV. This table also shows the
total systematic uncertainty.

VI. RESULTS

The results obtained for the background subtracted
data/MC ratio (R) for water configuration, air configu-
ration, and on-water are:

R
water

= 0.89± 0.08 (stat.)± 0.11 (sys.), (7)

R
air

= 0.90± 0.09 (stat.)± 0.13 (sys.), and (8)

R
on-water

= 0.87± 0.33 (stat.)± 0.21 (sys.). (9)

The ratios are consistent with 1, within statistical and
systematic uncertainties. For the on-water ratio, uncer-
tainties are relatively large due to limited statistics and
the impact of the subtraction method.
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FIG. 5. Events passing the event selection as a function of
the particle direction for water (top) and air configuration
(bottom). The MC events are normalized to data POT, and
the fit results from ND280 are applied.

For the selected events, the distribution of the recon-
structed particle directions is shown in Fig. 5 and the
distribution of particle energies is shown in Fig. 6. This
result indicates that the beam ⌫e component in high en-
ergy region measured in the data is consistent with ex-
pectations after including constraints from the ND280
data for all configurations.

VII. CONCLUSION

In conclusion, measurements of CC⌫e interactions us-
ing the ND280 PØD have been made. The PØD includes
fillable water targets which allows separate measurements
for the water and air configurations of the ND280 PØD
as well as the measurement of ⌫e on-water interactions
above 1.5 GeV in a predominantly ⌫µ beam. The se-
lected sample is mainly coming from the kaon decay.
The observed number of selected events is in good

agreement with the prediction for the water configura-
tion, the air configuration, and for the on-water subtrac-

Water config.

Air config.

Phys. Rev. D 91, 112010 (2015)
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• The limitation of the previous analysis (high energy analysis) is the 
existence of the neutrino energy threshold 

• To provide valuable information outside the T2K as well as to measure 
νe cross section on water in future, we need to remove the threshold 

• New reconstruction algorithm and event selections applied

14
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4.3.4 Neutrino Energy

Only events with reconstructed neutrino energy of 1.5GeV or above are used
for this analysis. In this energy region, the majority of the ⌫e flux arises from
Kaon decays and the PØD detector shows high performance to distinguish
electrons from other particles. The reconstructed neutrino energy is calcu-
lated using quasi-elastic approximation (?? ). As shown in Sec. 4.2, both the
MC electron energy resolution and the MC angular resolution is significantly
better when using shower reconstruction information. That’s the reason why
the shower angle and the shower energy is used to calculate the neutrino
energy. Figure 4.8 shows the area normalized N-1 plot of the neutrino en-
ergy cut for water and air configuration. The neutrino energy selection cut
removes a large fraction of the remaining background events, especially ⇡

0

events.
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Figure 4.8: The N-1 plot of the neutrino energy selection cut for water and air
configuration. The plots are area normalized to emphasize shape di↵erences
between data and MC. The last bin contains the overflow bin. The cut value
is set at 1.5GeV for both water and air configuration.

4.3.5 Track Median Width

The design of the PØD detector with high density materials (brass and lead)
causes electrons to shower. The reconstructed track of an electron is therefore
typically wider than the reconstructed track of a muon. This feature can
be used to distinguish muons and electrons with the median width of the
reconstructed candidate track. In each scintillator layer, the energy-weighted

Prospect: 𝜈e Analysis without Energy Threshold
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(Errors are due to statistical error from limited MC statistics)

Selected Signal Events for  
Water Configuration

Selected Signal Events for  
Air Configuration

(Water filled)

(Water Drained)
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Table 5.3: The selected number of MC signal events S, MC background
events B, and the total number of selected MC events S + B normalized to
data POT for water and air configuration are listed together with the selected
data events D. In addition, the water configuration MC events are split up
in on-water and not-water events. The errors correspond to the statistical
uncertainty due to the limited MC statistics.

MC Signal S MC Background B MC Total S +B Data D

Water 447.6± 7.1 343.2± 6.4 790.8± 9.6 711
On-Water 152.7± 4.1 100.7± 3.4 253.4± 5.3
Not-Water 294.9± 5.8 242.5± 5.4 537.4± 7.9

Air 355.6± 6.3 399.7± 6.9 755.3± 9.4 709

where S is the number of selected MC signal events and B is the number of
selected MC background events. T is the number of true MC signal events
with true vertex within the fiducial volume. Note that there is no requirement
on true neutrino energy larger than 1.5 GeV as in previous analysis.

The values of T , the obtained e�ciencies, and the calculated purities
for water and air configuration are listed in Tab. 5.4. Events of the PØD
water configuration are split-up in events happening on-water and not-water
(scintillator, bras, lead, etc.).

Truth T E�ciency ✏ Purity p

Water 2459.0± 16.7 (18.2± 0.5)% (56.6± 3.1)%
On-Water 819.3± 9.5 (18.6± 0.6)% (60.3± 5.3)%
Not-Water 1639.6± 13.7 (18.0± 0.5)% (54.9± 3.9)%

Air 2200.2± 15.8 (16.2± 0.5)% (47.1± 3.4)%

Table 5.4: The number of true signal events T with true vertex within the
fiducial volume, the signal e�ciencies ✏ and purities p are listed for water
and air configuration. Events of the PØD water configuration are split-up
in events happening on-water and not-water (scintillator, bras, lead, etc.).
The errors correspond to the statistical uncertainty due to the limited MC
statistics.

The selection e�ciency of signal events as function of the true neutrino
energy E

true

for PØD water and air configurations are shown in Fig. 5.8. The
selection of high energy signal events is suppressed by the shower median
width cut and the shower charge fraction cut. Compared to the previous
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Prospect: 𝜈e Analysis without Energy Threshold
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• Compared to the high energy analysis, high energy selection is not as 
suppressed 

- Shower charge fraction cut has been relaxed (tuned) from 1.0 to 0.9 

• Lower purity but with higher efficiency

16
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analysis, one can see that the high energy suppression is weaker in the current
analysis. This is because the shower charge fraction cut is relaxed (Shower
charge fraction > 0.9) compared to the previous cut (Shower charge fraction
= 1).
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Figure 5.8: Selection e�ciency of signal events as function of the true neu-
trino energy E

true

for water and air configuration. The error bars correspond
to the uncertainties due to limited MC statistics.

5.4.3 Selected MC/Data Sample

Table 5.5 shows the number of selected MC events for PØD water and air
configuration with the background events broken down by event type. The
table clearly shows that the majority of the remaining background events
contain a ⇡

0.
Figure 5.9 shows the particle direction and energy of selected events with

all cuts for water and air configuration, with the MC events normalized to
data POT.

5.5 Systematic Uncertainties

The e↵ect of detector, flux, and cross section systematic uncertainties on the
results of the analysis are discussed and estimated in this section. Unless
noted otherwise, all the method of the estimation is shared with the previous
analysis, Sec. 4.6. It should be pointed out that the energy scale uncertainty,
which was discussed in Sec. 4.6.2, does not play a significant role in this

CHAPTER 5. CC⌫E ANALYSIS 118

Table 5.3: The selected number of MC signal events S, MC background
events B, and the total number of selected MC events S + B normalized to
data POT for water and air configuration are listed together with the selected
data events D. In addition, the water configuration MC events are split up
in on-water and not-water events. The errors correspond to the statistical
uncertainty due to the limited MC statistics.

MC Signal S MC Background B MC Total S +B Data D

Water 447.6± 7.1 343.2± 6.4 790.8± 9.6 711
On-Water 152.7± 4.1 100.7± 3.4 253.4± 5.3
Not-Water 294.9± 5.8 242.5± 5.4 537.4± 7.9

Air 355.6± 6.3 399.7± 6.9 755.3± 9.4 709

where S is the number of selected MC signal events and B is the number of
selected MC background events. T is the number of true MC signal events
with true vertex within the fiducial volume. Note that there is no requirement
on true neutrino energy larger than 1.5 GeV as in previous analysis.

The values of T , the obtained e�ciencies, and the calculated purities
for water and air configuration are listed in Tab. 5.4. Events of the PØD
water configuration are split-up in events happening on-water and not-water
(scintillator, bras, lead, etc.).

Truth T E�ciency ✏ Purity p

Water 2459.0± 16.7 (18.2± 0.5)% (56.6± 3.1)%
On-Water 819.3± 9.5 (18.6± 0.6)% (60.3± 5.3)%
Not-Water 1639.6± 13.7 (18.0± 0.5)% (54.9± 3.9)%

Air 2200.2± 15.8 (16.2± 0.5)% (47.1± 3.4)%

Table 5.4: The number of true signal events T with true vertex within the
fiducial volume, the signal e�ciencies ✏ and purities p are listed for water
and air configuration. Events of the PØD water configuration are split-up
in events happening on-water and not-water (scintillator, bras, lead, etc.).
The errors correspond to the statistical uncertainty due to the limited MC
statistics.

The selection e�ciency of signal events as function of the true neutrino
energy E

true

for PØD water and air configurations are shown in Fig. 5.8. The
selection of high energy signal events is suppressed by the shower median
width cut and the shower charge fraction cut. Compared to the previous
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ry• Using recent anti-neutrino mode data  

- Air configuration: 2.83 x 10
19

 POT 

• Same event selection as νe analysis applied, optimized 
for νe+ νe events 

- νe background is non-negligible when selecting νe events! 

- For νe + νe, ~64% purity is gained with 199 total data events 

• Will soon look at systematic uncertainties
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Conclusion and Future Outlook

18

• T2K is a long baseline neutrino oscillation experiment with world leading results 

• Detailed understanding of the neutrino interactions is required for the future ν
e
 appearance precision 

measurements 

• Successfully finished the intrinsic ν
e
 measurement on water: 

- Result recently published (Phys. Rev. D 91, 112010 (2015)) 

- The first measurement of ν
e
 interaction rate on water in the few GeV energy region 

• New analysis to improve this measurement is on-going 

- Removed 1.5 GeV neutrino energy threshold and new software/selection criteria is applied 

- The study will be extended to measure ν
e
 absolute cross-section on water 

• T2K has been collecting data with anti-neutrino mode 

- ν
e  

analysis result coming soon!

9 Result957

Applying the event selection that was developed for the PØD ⌫e analysis to the full Run 1 to958

Run 4 data results in 230 selected data events during the PØD water configuration and 257959

selected data events during the PØD air configuration. The analysis described in Section 7960

to obtain the background subtracted CC⌫e data/MC ratios for water (R
water

), air (R
air

), and961

on-water (R
on-water

) events was performed.962

Our primary result of the analysis uses the BANFF post-fit weighted MC and the simple963

background subtraction method. The background subtracted data/MC ratio R is:964

R
water

= 0.89± 0.08 (stat.) ± 0.11 (sys.) (30)
R

air

= 0.90± 0.09 (stat.) ± 0.13 (sys.) (31)
R

on-water

= 0.87± 0.33 (stat.) ± 0.21 (sys.) (32)

The ratio is consistent with 1, within statistical and systematic errors.965

For the cross check and future reference, we present the results using differently weighted966

MC and the sideband background subtraction method.967

Using the flux weighted MC and the simple background subtraction method results in:

R
water

= 0.88± 0.08 (stat.) ± 0.24 (sys.) (33)
R

air

= 0.92± 0.09 (stat.) ± 0.28 (sys.) (34)
R

on-water

= 0.79± 0.33 (stat.) ± 0.27 (sys.) (35)

Using the flux weighted MC and the sideband background subtraction method results in:

R
water

= 0.88± 0.08 (stat.) ± 0.24 (sys.) (36)
R

air

= 0.95± 0.10 (stat.) ± 0.25 (sys.) (37)
R

on-water

= 0.72± 0.33 (stat.) ± 0.27 (sys.) (38)

Using the BANFF pre-fit weighted MC and the simple background subtraction method
results in:

R
water

= 0.80± 0.08 (stat.) ± 0.23 (sys.) (39)
R

air

= 0.84± 0.09 (stat.) ± 0.28 (sys.) (40)
R

on-water

= 0.71± 0.33 (stat.) ± 0.27 (sys.) (41)

Using the BANFF pre-fit weighted MC and the sideband background subtraction method

100
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Backup
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Introduction: Neutrino Oscillations

• Neutrino oscillation described by the PMNS matrix 

- 3 mixing angles, 2 mass splittings, 1 complex CP phase 

• Mixing angles and mass splittings have been measured 

- θ12~34˚, θ23~45˚, θ13~9˚, Δm
2
12~7.6x10

-5
 eV

2
, |Δm

2
23|~2.4x10

-3
 eV

2
 

• We still do not know: CP phase, neutrino mass hierarchy, existence of sterile neutrinos, …
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T2K Beamline @ J-PARCTokai2Kamioka Experiment

4 Sam Short21 February 2015

Super-Kamiokande

ND280

INGRID

Near Detectors

400 MeV  
LINAC

3 GeV 
Rapid Cycling Synchrotron

30 GeV 
Main Ring Synchrotron
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J-PARC Neutrino Beam Facility
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• Interactive Neutrino GRID 

- 280m from target on beam 
axis 

- 16 iron/scintillator module 

- 1 scintillator tracking 
module 

- Monitors beam center, 
profile and neutrino flux

23

On-Axis Near Detector: INGRID
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• 50 kton water Cherenkov detector 
(22.5 kton fiducial volume) 

• Inner detector:  
~11,000 20inch PMTs 

• Outer detector:  
~2,000 8inch PMTs

24

Far Detector: Super-Kamiokande

39m

42m

μ e
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T2K Experiment: Off-Axis Technique

• ND280 located at 2.5 degrees off-axis 

• Off-axis gives ‘narrow band’ beam peak at the oscillation maximum, 
E~600MeV 

- Higher statistics of oscillated neutrinos 

- Reduced contamination from non-oscillated high energy neutrinos
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FIG. 9 Total neutrino and antineutrino per nucleon CC cross sections (for an isoscalar target) divided by neutrino energy and
plotted as a function of energy. Data are the same as in Figures 28, 11, and 12 with the inclusion of additional lower energy
CC inclusive data from N (Baker et al., 1982), ⇤ (Baranov et al., 1979), ⌅ (Ciampolillo et al., 1979), and ? (Nakajima et al.,
2011). Also shown are the various contributing processes that will be investigated in the remaining sections of this review.
These contributions include quasi-elastic scattering (dashed), resonance production (dot-dash), and deep inelastic scattering
(dotted). Example predictions for each are provided by the NUANCE generator (Casper, 2002). Note that the quasi-elastic
scattering data and predictions have been averaged over neutron and proton targets and hence have been divided by a factor
of two for the purposes of this plot.

T2K

Formaggio et al. Rev. Mod. Phys. 84 (2012)
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T2K Experiment: Oscillation Analysis Strategy
Neutrino flux prediction 
- Simulation of hadronic interactions in target  

and propagation of secondary particles 
- Hadron production data from NA61/SHINE

Cross section models 
- Interaction generator (NEUT) 
- External cross-section data (MiniBooNE)

𝜈μ MC sample  
enhanced in CC events

𝜈μ Data sample  
enhanced in CC events

Expected 𝜈e (𝜈μ) events  
in MC

𝜈e (𝜈μ) events selection  
in Data

Extraction of the oscillation parameters

ND280 SK

Fit to ND280 
data constrains 
flux and cross 

section 
parameters
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MC Energy Calibration

• Compare reconstructed charge of tracks/showers of MC 
events with the corresponding true particle energy 

• MC electron particle gun is used

27
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P0D Reconstruction

B PØD Reconstruction986

This chapter gives a brief description of the PØD reconstruction, concentrating on the algo-987

rithm chain used and the underlying intentions.988

The PØD reconstruction is divided into two main sequential algorithm chains; track recon-989

struction followed by a shower reconstruction. Figure 63 shows the logical flow of the two990

chains.991

Incoming Hits 

Muon Decay Tagging 

Cycle Separation 

Noise Cleaning 

2D Tracking 

3D Track Matching 

Pairwise Vertexing 

Particle ID 

Shower Clustering 

Shower Vertexing 

3D Shower Matching 

Particle ID 
(in progress) 

Final Objects 

Track Recon Shower Recon 

Figure 63: Flowchart showing the sequential algorithm chain of the PØD reconstruction.
Most algorithms consider each cycle as a separate entity, and the chain can be subdivided
into: preparation, track reconstruction and shower reconstruction.

B.1 Preparation992

The input to the reconstruction is a single collection of PØD hits, which will have come993

from either; the calibration for data hits or the electronics simulation (elecSim) for MC994

simulated hits. As the PØD electronics produces hits subdivided into 23 cycles, and the995

107
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Analysis: Data and Monte Carlo Samples

• Full T2K neutrino-mode data sets used in this analysis: Run1 ~ Run4  

• Total POT: 

- Water configuration: 2.64 x 10
20

 

- Air configuration: 3.49 x 10
20

 

• 10 times data POT for Monte Carlo

29

4

PØD detector, used to do the measurement is described.
The electron selection, and expected backgrounds are
then described in Section III. The particle identification
(PID) to select electrons from muons in the PØD is a key
component of this measurement, and will be described
further in the section on event selection. The water sub-
traction method is then described in IV. The detector,
reconstruction, flux and cross section systematic uncer-
tainties in the measurement are reviewed in Section V.
Finally the results of the rate measurement are presented
in Section VI and a summary is in Section VII.

II. ND280 ⇡0 DETECTOR

The T2K ND280 ⇡0 Detector (PØD) is a scintillator
based tracking calorimeter optimized to measure neutral
current ⇡0 in the momentum range that contributes to
backgrounds for ⌫e appearance [9]. The PØD is com-
posed of layers of plastic scintillator alternating with wa-
ter targets and brass sheets or lead sheets. The PØD sits
in front of a tracking detector made up of two fine grain
scintillator modules which serve as active targets placed
between three time projection chambers. Both the PØD
and tracking detector are surrounded by electromagnetic
calorimeters and are in a 0.2 T magnetic field.

The PØD is constructed using 40 scintillator modules,
each module is constructed with two perpendicular ar-
rays of triangular scintillating bars and is approximately
38 mm thick. The scintillator modules are arranged in
three regions. The most upstream and downstream re-
gions of the detector are composition of seven modules in-
terleaved with 4.5 mm thick sheets of stainless steel-clad
lead that function as 4.9 radiation length electromagnetic
calorimeters to improve the containment of photons and
electrons. The central region serves as a target contain-
ing water. It has 25 water target layers that are 28 mm
thick sandwiched between 26 scintillator modules and
1.3 mm brass sheets, positioned in between water targets
and scintillator layers. The target region has a fiducial
mass of approximately 1900 kg of water and 3570 kg of
other materials.

The energy resolution of the PØD can be estimated
from Monte Carlo studies by calculating the di↵erence
between true and reconstructed energy for many events.
A resolution for electrons after the selections described
in III, is 16%.

III. EVENT SELECTION

A. Overview

In this analysis, all the data collected between January
2010 and May 2013 except for very small fraction of Run
III data, due to the magnetic horn current decrease which
caused a failure in good spill pre-selection, are used. The
data are subdivided into di↵erent run periods and PØD

TABLE I. Summary of T2K runs and the number of protons
on target (POT) used in the analysis.

T2K run PØD Config. Beam Power (kW) POT (⇥1019)
Run I Water 50 2.96
Run II Water 120 6.96
Run II Air 120 3.59
Run III Air 178 13.5
Run IV Water 178 16.5
Run IV Air 178 17.8
Total Water 26.4

Air 34.9

configurations as shown in Table I. The simulated data
used in this analysis corresponds to ten times the Protons
on Target (POT) of the data, and reproduces the vari-
ous experimental conditions of the di↵erent data-taking
periods.
Neutrino interactions in ND280 are simulated with the

NEUT [11] event generator, version 5.1.4.2. The gener-
ator covers a range of neutrino energy from several tens
of MeV to hundreds of TeV and simulates all the nu-
clear targets present in ND280. In the simulated data,
neutrino interactions are generated outside and within
the full ND280 volume including all active and inactive
material, providing information to understand the signal
and backgrounds from interactions outside the ND280
fiducial volume. The details of the simulation process
are described in [12].
The analysis uses two reconstructed objects, a track

and a shower. Within the PØD reconstruction algorithm,
hits in PØD scintillator layer associated with a recon-
structed track classified as an electromagnetic track (typ-
ically electrons or photons) are forwarded to the shower
reconstruction stage. Hits associated with a track that
are classified as a light track (typically muon) or a heavy
track (typically proton) are not forwarded to the shower
reconstruction stage and cannot be reconstructed as a
shower.
The signal events for the analysis are the charged cur-

rent ⌫e interactions in the PØD. A cut-based event se-
lection using known reconstruction characteristics was
tuned to maximize the product of e�ciency and purity.
To avoid bias, the selection strategy was developed based
on Monte Carlo (MC) samples. Event displays of a typ-
ical CC⌫e candidate and a ⇡0 background event selected
in the analysis are shown in Fig. 1.

B. Selection Cuts

The event selection strategy focuses on identifying sin-
gle high-energy electron shower events with a vertex in
the PØD. As a pre-selection, the reconstructed shower in
the PØD must be in time with the beam bunch time. The
PØD reconstruction searches for both tracks and show-
ers with two independent algorithms, and the highest en-
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Muon Track Event (Background)
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Event Selection: Track Median Width

• Event displays (side view) of typical muon background and electron signal 
event 

• Reconstructed track of an electron is typically wider than the track of a muon  

- Muon events involve 1 or 2 adjacent triangular bar hits 

- Signal events involve 2 or more (not necessarily  adjacent) triangular bar hits
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EM Shower Event (Signal)
Cut-based selection
Selection Criteria

‣ The selection is to identify a sample of 
charged current νe!events (signal) in the P0D.

• Fiducial Volume

• 3D Vertex & 3D Track

• Neutrino Energy

- Eν > 1.5 GeV

• Median Width 

- Width of EM particles are generally
wider than MIPs

- EM/MIP Separation

• Particle direction

- Track angle with respect to beam axis smaller than 
45˚, to exclude side-exiting events.

• π0 Cut

- Events with π0 will have relatively high energy and 

within large angle of track direction.

8

8

Width Particle ID

● EM particles in the P0D are generally wider than MIPs

● Also, the hits in MIP nodes are generally adjacent

● By combining the two largest hits IF they are adjacent, the 
median width drops significantly for MIPs

● This improved MIP / EM separation. “N-1” Plot
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Width Particle ID

● EM particles in the P0D are generally wider than MIPs

● Also, the hits in MIP nodes are generally adjacent

● By combining the two largest hits IF they are adjacent, the 
median width drops significantly for MIPs

● This improved MIP / EM separation. “N-1” Plot

8

Width Particle ID

● EM particles in the P0D are generally wider than MIPs

● Also, the hits in MIP nodes are generally adjacent

● By combining the two largest hits IF they are adjacent, the 
median width drops significantly for MIPs

● This improved MIP / EM separation. “N-1” Plot
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Event Selection: Track Median Width

• All cuts except Track width cut applied  
(Track median width N-1) 

• First bin includes events with too short track to be width-calculated 

• Works very well in removing muon backgrounds!

31

Track Median Width (mm)
0 5 10 15 20

En
tri

es
/(1

 m
m

)

0

20

40

60

80

100
Data Air

Signal

 in FSI0π and µ

 in FSI0π w/o µ

 in FSIµ w/o 0π

 in FSI0π / µNo 

Other

Track Median Width (mm)
0 5 10 15 20

En
tri

es
/(1

 m
m

)

0

50

100

150
Data Water

Signal

 in FSI0π and µ

 in FSI0π w/o µ

 in FSIµ w/o 0π

 in FSI0π / µNo 

Other

Water config. Air config.



Jay Hyun Jo

Event Selection: Shower Median Width

32
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EM Shower Event (Signal)π0 Shower Event (Background)

• Event displays (side view) of typical neutral pion background and electron signal event 

• Reconstructed shower of an electron is typically narrower than the shower of a neutral 
pion  

- When neutral pion event has 2 overlapping showers, it will be reconstructed as a wide shower
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Event Selection: Shower Median Width

33
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• All cuts except Shower width cut applied  
(Shower median width N-1) 

• Pion background events tend to have larger shower width 

• Works well in removing pion backgrounds!

Water config. Air config.
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Systematic Uncertainties

34

• The systematic uncertainties can be broadly grouped into 
three categories: 

- Detector systematics 

- Reconstruction systematics 

- Flux and cross section uncertainties 

• The systematics are determined based on the background-
subtracted data/MC ratio uncertainties 

• The largest uncertainties come from the energy scale and the 
flux/cross section
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Systematics: Energy Scale

• Possible systematic effect exist when reconstructing electron 
energy 

• As P0D detector does not have test beam for controlled data 
sample, we can only estimate the upper bound of the 
systematics by looking at various possible factors 

• Possible factors: 

- P0D material density uncertainty 

- Variation in P0D response with time 

- GEANT4 uncertainty 

• Shifted data/MC ratio after nue selection, will be an 
uncertainty: 0.05 for both water and air, and 0.10 for on-water

35
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• The largest systematic comes from 
the flux and cross section uncertainty 

• T2KReWeight package is used to 
estimate this systematic 

- Each MC event is re-weighted 
according to the uncertainties of 
the flux and cross section 
parameters 

- 46 parameters are included in the 
analysis 

• BANFF fit: Use ND280 𝜈μ data to 
constrain flux and cross-section 
model parameters

36

Systematics: Flux and Cross Section
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Figure 52: BANFF pre- and post-fit covariance matrix of the flux and cross section systematic
parameters used in this analysis (⌫µ-flux (0-10), ⌫̄µ-flux (11-15), ⌫e-flux (16-22), ⌫̄e-flux (23-
24), FSI (25-30), NEUT (31-32), NIWG (33-45)).
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Figure 53: BANFF pre- and post-fit uncertainties of the flux and cross section systematic
parameters used in this analysis (⌫µ-flux (0-10), ⌫̄µ-flux (11-15), ⌫e-flux (16-22), ⌫̄e-flux (23-
24), FSI (25-30), NEUT (31-32), NIWG (33-45)). To demonstrate that the BANFF post-fit
uncertainties are smaller than the pre-fit uncertainties, the histograms are not stack.
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Signal Events
0 100 200 300 400 500

B
ac

kg
ro

un
d 

Ev
en

ts

0

50

100

150

200

250

0

5

10

15

20

25

30

35

40

45

(b) BANFF Pre-Fit Air Configuration
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(c) BANFF Post-Fit Water Configuration
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(d) BANFF Post-Fit Air Configuration

Figure 56: Selected number of signal vs background events varied within the BANFF pre- and
post-fit flux and cross section systematic uncertainties for PØD water and air configuration.
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Reconstructed Neutrino Energy (MeV)
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Figure 54: Selected data events as a function of the reconstructed neutrino energy. In
addition, the selected MC events are shown for flux, BANFF pre-fit, and BANFF post-fit
re-weighting. The MC sets are POT normalized.
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Figure 55: Selected data events as a function of the reconstructed particle energy. In addition,
the selected MC events are shown for flux, BANFF pre-fit, and BANFF post-fit re-weighting.
The MC sets are POT normalized.

matrix and second using the BANFF post-fit covariance matrix. Figure 58 shows the selected917

number of signal and background events varied within the BANFF pre- and post-fit flux and918

cross section systematic uncertainties for both the water and air configuration. The CC⌫e919

data/MC ratio distributions for water (R
water

), air (R
air

), and on-water (R
on-water

) obtained920

using the simple background subtraction described in Section 7.1 are shown in Fig. 59 while921

the corresponding results obtained with the sideband subtraction described in Section 7.2 are922

presented in Fig. 60. The distributions are fit with single Gaussians and the resulting sigma is923

considered to be the flux and cross section systematic uncertainties for the PØD ⌫e analysis.924
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Figure 56: Selected data events as a function of the reconstructed particle direction. In
addition, the selected MC events are shown for flux, BANFF pre-fit, and BANFF post-fit
re-weighting. The MC sets are POT normalized.
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Figure 57: Data events in the sideband as a function of the reconstructed neutrino energy.
In addition, the MC events in the sideband are shown for flux, BANFF pre-fit, and BANFF
post-fit re-weighting. The MC sets are POT normalized.

The results for all data/MC ratios and for all analysis methods are shown in Table 41. As925

expected, the plots and numbers clearly show that the flux and cross section systematic926

uncertainties are significantly smaller if the BANFF post-fit parameter values are used. In927

addition, the numbers also show that the uncertainty for the PØD water configuration is928

better than the one for the PØD air configuration which is a consequence of the more pure929

selected event sample. Due to the very high purity of the selected event sample, using the930

sideband to constrain the background only slightly improves the uncertainty for the PØD931

air configuration, i.e. the sideband doesn’t help to constrain the flux and cross section932
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Systematics: Flux and Cross Section

-MC Flux:  
 Flux-weighted only 
-MC PreFit:  
 ND280 constraint not applied 
-MC PostFit:  
 ND280 constraint applied



Jay Hyun Jo 38

Reconstructed Neutrino Energy (MeV)
2000 3000 4000 5000 6000

Ev
en

ts

0

10

20

30

40

50
Data Water

MC Flux

MC PreFit

MC PostFit

(a) Water Configuration

Reconstructed Neutrino Energy (MeV)
2000 3000 4000 5000 6000

Ev
en

ts

0

10

20

30

40

50
Data Air

MC Flux

MC PreFit

MC PostFit

(b) Air Configuration

Figure 54: Selected data events as a function of the reconstructed neutrino energy. In
addition, the selected MC events are shown for flux, BANFF pre-fit, and BANFF post-fit
re-weighting. The MC sets are POT normalized.
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Figure 55: Selected data events as a function of the reconstructed particle energy. In addition,
the selected MC events are shown for flux, BANFF pre-fit, and BANFF post-fit re-weighting.
The MC sets are POT normalized.
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) obtained920
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Figure 29: Events passing the event selection except Neutrino Energy cut, as a function
of the particle direction and energy for water and air configuration. The MC events are
normalized to data POT.
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nue Analysis: Systematic Uncertainties Summary
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(After ND280 Constraints )

CHAPTER 5. CC⌫E ANALYSIS 134

Table 5.16: Summary of systematic uncertainties on the CC⌫e data/MC
ratios for water (R

water

), air (R
air

), and on-water (R
on-water

)
Systematic Uncertainty for CC⌫e Data/MC Ratio R

water

R

air

R

on-water

MC Statistics 0.03 0.03 0.10
PØD Mass 0.01 0.02 0.01
PØD Fiducial Volume < 0.01 < 0.01 < 0.01
PØD Alignment < 0.01 < 0.01 < 0.01
Hit Matching < 0.01 < 0.01 < 0.01
Track PID 0.03 0.05 0.10
Angular Resolution < 0.01 < 0.01 0.01
Track Median Width < 0.01 < 0.01 < 0.01
Shower Median Width 0.06 0.05 0.14
Shower Charge Fraction 0.03 0.05 0.09
Flux and Cross Sections Post-Fit 0.11 0.13 0.10
Total with Post-Fit 0.14 0.16 0.24

systematic uncertainty.

5.6 Result

Applying the event selection to the full Run 1 to Run 4 data results in 711
selected data events during the PØD water configuration and 709 selected
data events during the PØD air configuration. The analysis described in
Sec. 4.5 to obtained the background subtracted CC⌫e data/MC ratios for
water (R

water

), air (R
air

), and on-water (R
on-water

) events was performed.
Our primary result of the analysis uses the BANFF post-fit weighted MC.

The background subtracted data/MC ratio R is:

R

water

= 0.83± 0.05 (stat.)± 0.14 (sys.) (5.3)

R

air

= 0.86± 0.06 (stat.)± 0.16 (sys.) (5.4)

R

on-water

= 0.76± 0.23 (stat.)± 0.24 (sys.) (5.5)

The distribution of selected events for the reconstructed particle energy
and the particle direction are shown in Fig. 5.19.
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• CCνe background subtracted data/
MC ratios is: 

• Fit results from ND280 data are 
applied 

• Compared to the high energy 
analysis, statistical error is reduced 
while systematic error increased 

• The result indicates that the beam 
νe component measured in the 
data is consistent with expectations 

• This is one step closer to the nue 
cross section measurement on 
water

Water config.

Air config.
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Table 5.16: Summary of systematic uncertainties on the CC⌫e data/MC
ratios for water (R
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), air (R
air

), and on-water (R
on-water

)
Systematic Uncertainty for CC⌫e Data/MC Ratio R
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Shower Charge Fraction 0.03 0.05 0.09
Flux and Cross Sections Post-Fit 0.11 0.13 0.10
Total with Post-Fit 0.14 0.16 0.24

systematic uncertainty.

5.6 Result

Applying the event selection to the full Run 1 to Run 4 data results in 711
selected data events during the PØD water configuration and 709 selected
data events during the PØD air configuration. The analysis described in
Sec. 4.5 to obtained the background subtracted CC⌫e data/MC ratios for
water (R

water

), air (R
air

), and on-water (R
on-water

) events was performed.
Our primary result of the analysis uses the BANFF post-fit weighted MC.

The background subtracted data/MC ratio R is:

R

water

= 0.83± 0.05 (stat.)± 0.14 (sys.) (5.3)

R

air

= 0.86± 0.06 (stat.)± 0.16 (sys.) (5.4)

R

on-water

= 0.76± 0.23 (stat.)± 0.24 (sys.) (5.5)

The distribution of selected events for the reconstructed particle energy
and the particle direction are shown in Fig. 5.19.
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Anti-nue Analysis: Selected Event Samples/Efficiency and Purity
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6.3 Selected Event Sample

The number of selected MC events normalized to data POT, together with
the number of selected data events are presented in Tab. 6.1.

MC Signal S MC Background B MC Total S +B Data D

Air 118.2± 2.78 65.6± 2.3 183.8± 3.6 199

Table 6.1: The selected number of MC signal events S, MC background
events B, and the total number of selected MC events S + B normalized to
data POT are listed together with the selected data events D. The errors
correspond to the statistical uncertainty due to the limited MC statistics.

The e�ciency ✏ and the purity p of MC signal events are defined as same
as previous ⌫e analysis without energy threshold (Sec. 5.4.2). The values of
T , the number of true MC signal events with true vertex within the fiducial
volume, the obtained e�ciencies, and the calculated purities are listed in
Tab. 6.2.

Truth T E�ciency ✏ Purity p

Air 858.7± 8.1 (13.8± 0.2)% (64.3± 1.3)%

Table 6.2: The number of true signal events T with true vertex within the
fiducial volume, the signal e�ciencies ✏ and purities p are listed. The errors
correspond to the statistical uncertainty due to the limited MC statistics.

The selection e�ciency of signal events as function of the true neutrino
energy Etrue is shown in Fig. 6.2. The selection of high energy signal events
is suppressed by the shower median width cut and the shower charge fraction
cut.

Table 6.3 shows the number of selected MC events with the background
events broken down by event type. The table clearly shows that the majority
of the background events contain a ⇡

0.
Figure 6.3 shows the reconstructed particle direction and the reconstructed

particle energy of selected events, witht the MC events normalize to data
POT.

The background subtracted data/MC ratio is R is:

Rair = 1.13± 0.12(stat.) (6.1)
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Figure 6.2: Selection e�ciency of signal events as function of the true neu-
trino energy. The error bars correspond to the uncertainties due to limited
MC statistics.

Event Type Events Rel. (%)
CC⌫̄e 73.8 40.1
CC⌫e 44.4 24.2

µ and ⇡

0 8.7 4.7
µ no ⇡

0 11.4 6.2
⇡

0 no µ 34.5 18.8
No µ/⇡0 4.5 2.4

Outside P0D 6.2 3.4
Multi Vertex 0.4 0.2

Noise 0.0 0.00
Total 183.8 100.0

Table 6.3: Selected MC events broken down by the event type. The MC
events are normalized to data POT.

6.4 Prospect

In this thesis, the event selection and the analysis strategy for ⌫̄e interac-
tion rate measurement is completed but the systematic study hasn’t been
done yet. The preliminary study shows promising results with fairly good
agreement between data and MC, along with relatively high purity and ef-
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Figure 6.3: Events passing the event selection as a function of the particle
direction and particle energy. The MC events are normalized to data POT.

ficiency. In the near future, more detailed study of systematic uncertainties
will be perfomed. This is currently the only ND280 analysis that can provie
⌫̄e information with su�cient statistics, hence important for future T2K anti-
neutrino oscillation analysis.

-Suppressed efficiency at high energy due 
to shower charge fraction and shower 
median width cut

-Non-negligible nue events take up ~24% 
(anti-nue 40%)


