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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-

 (GeV)νE
0 1 2 3

 (A
.U

.)
29

5k
m

µ
ν

Φ

0

0.5

1 °OA 0.0
°OA 2.0
°OA 2.5

0 1 2 3

) eν 
→
µν

P(

0.05

0.1
 = 0CPδNH,  = 0CPδIH, 

/2π = CPδNH, /2π = CPδIH, 

0 1 2 3

)
µν 

→
µν

P(

0.5

1

 = 1.023θ22sin
 = 0.113θ22sin

2 eV-3 10× = 2.4 32
2mΔ

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.

3
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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

    Detector hall

Beam Direction

39m

Detector

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.
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Systematic Uncertainties

4

distribution instead of all the parameters. For this study, we consider all the sub-parameters for367

parameters that are binned to be only one parameter (e.g: the 52 parameters corresponding to the SK368

detector efficiency are studied as one parameter, “SK detector efficiency”). An example is shown on369

figure 14, where only the beam parameter is thrown to evaluate its effect on the predicted number of370

events. The contributions of each individual parameter are summarized in table 13, and table 14 gives371

a summary by group of systematic uncertainties.372

Table 13: Summary of the contributions to the error on the predicted number of events from each
systematic source. Each error is evaluated as the RMS/mean of the distribution of the predicted
number of events and given in the unit of percent. Note that the sum in quadrature of those effects is
not equal to the total effect because some of the systematic parameters are correlated.

sin2 2θ13 = 0 sin2 2θ13 = 0.1
Error source w/o ND280 fit w/ ND280 fit w/o ND280 fit w/ ND280 fit
Beam only 10.6 7.3 11.6 7.5
M

QE

A

15.6 2.4 21.5 3.2
M

RES

A

7.2 2.1 3.3 0.9
CCQE norm. (E

ν

< 1.5 GeV) 7.1 4.8 9.3 6.3
CC1π norm. (E

ν

< 2.5 GeV) 4.9 2.4 4.2 2.0
NC1π0 norm. 2.7 1.9 0.6 0.4
CC other shape 0.3 0.3 0.1 0.1
Spectral Function 4.7 4.8 6.0 6.0
p

F

0.1 0.1 0.1 0.1
CC coh. norm. 0.3 0.3 0.3 0.2
NC coh. norm. 1.1 1.1 0.3 0.2
NC other norm. 2.3 2.2 0.5 0.5
σ

νe/σ

νµ 2.4 2.4 2.9 2.9
W shape 1.0 1.0 0.2 0.2
pion-less ∆ decay 3.3 3.1 3.7 3.5
SK detector eff. 5.7 5.6 2.4 2.4
FSI 3.0 3.0 2.3 2.3
PN 3.6 3.5 0.8 0.8
SK momentum scale 1.5 1.5 0.6 0.6
Total 24.5 11.1 28.1 8.8

In table 14, we also show the total error on the predicted number of events as of the 2012 analysis.373

The pre-fit total error increased from 21.0% to 24.5% (24.2% to 28.2%) at sin22θ13=0.0 (sin22θ13=0.1).374

In the 2013 analysis, fiTQun π

0 cut rejects more background events, and the fraction of signal events375

increased. Because the signal events are mainly CCQE events and the M

QE

A

error is one of the dominant376

error, the total error increased in 2013. The post-fit total error is, however, reduced in 2013. This is377

due to significant improvement in BANFF cross section parameter errors and SK detector efficiency378
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FIG. 24: Ratio of the hadron interaction re-weighted flux over the nominal flux for ⌫
µ

(upper left), ⌫̄
µ

(upper right),
⌫

e

(lower left), ⌫̄
e

(lower right)

1. Pion production uncertainties

The uncertainty on the pion production multiplicity
modeling arises from a number of sources:

1. The uncertainty on the NA61/SHINE data used to
re-weight the pion production multiplicity

2. The uncertainty on the incident particle momen-
tum scaling used to apply the NA61/SHINE data
to interactions with lower momentum incident nu-
cleons

3. The uncertainty from phase space that is not cov-
ered by the NA61/SHINE data points

The uncertainty from the NA61/SHINE pion multi-
plicity data points is dominated by the systematic un-
certainties, which are described in detail elsewhere [11].
Figure 26 shows the total errors including statistical er-
rors for each of the NA61/SHINE p�✓ bins. The total er-
rors are typically 5 to 10% in the most important regions
of the phase space. The dominant sources of uncertainty
are the correction for the feed-down from strange parti-
cle decays and particle identification. For most sources of

uncertainty, the systematic e↵ect is assumed to be corre-
lated across all NA61/SHINE bins. This is a reasonable
assumption for the feed-down error given the correlated
model dependence of the strange particle production. For
the particle identification error, it is assumed that bins of
similar momenta are more correlated, and the systematic
errors are modeled with a ranged correlation:

C

i,j

=1�
✓

p

i

� p

j

6 GeV/c

◆2

for |p
i

� p

j

|  6 GeV/c

(18)

=0 for |p
i

� p

j

| > 6 GeV/c
(19)

Here p
i

and p

j

are the central value for the momentum in
each bin. The functional form with a range of 6 GeV/c
was chosen since it gives a reasonable model for the cor-
relations and propagates the errors conservatively.
The NA61/SHINE data are also used to re-weight pion

production from the interactions of nucleons in the horn
conductor aluminum after A-dependent scaling has been
applied. For the scaled data points, additional errors of
5% (correlated between p�✓ bins) and 5% (uncorrelated
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FIG. 16: The di↵erential production weights from
NA61/SHINE data for ⇡+ (top), ⇡� (middle) and K+

(bottom).

tainty, as discussed in Sec. VA2.
The K

0
L

multiplicity is calculated from the Eichten
and Allaby data using a simple quark parton model
(QPM) [43, 44]. Assuming the following conditions on
the number densities of sea and valence quarks

u

s

= ū

s

= d

s

= d̄

s

, s
s

= s̄

s

(8a)

n ⌘ u

v

/d

v

= 2, (8b)
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FIG. 17: Examples of the material scaling exponent ↵
fit for a few angular bins in the [25] K+ data.
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FIG. 18: The di↵erential production weights for
GCALOR from A-scaled NA61/SHINE data for ⇡+
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K

+, and K

� can be established:

N(K0
L

) = N(K0
S

) =
N(K+) + 3N(K�)

4
. (9)

After calculating the K

0
L

production according to
Eq. 9, the K

0
L

multiplicity is re-weighted in the same
manner as in the case of K±. The weights are shown in

SK !" flux

Hadron production with External Data
• Apply weights to the flux for each energy so that MC prediction matches data

- The weights are calculated at each production step occurred inside the target (C) or the horn 
conductor (Al) by using external data

• Interaction rate (production cross section)
• Pion production 
• Kaon production

• External data : NA61/SHINE (CERN) [1][2],  Eitchen et al. [3] ,  and Allaby et al. [4]

 N. Abgrall et al. (NA61/SHINE Collaboration),  Phys. Rev. C 85, 035210 (2012)
T. Eichten et al., Nucl. Phys. B 44 (1972)
J. V. Allaby et al., Tech. Rep. 70-12 (CERN,1970)

[1]
[2]

[4]

N. Abgrall et al. (NA61/SHINE Collaboration),  Phys. Rev. C 84, 034604 (2011) 

[3]

Flux Simulation

5

Decay volume

ν
Target

Magnetic Horn B

P

π+, K+,..

Simulating neutrino flux

1. p interaction inside the carbon target with FLUKA2008.3d

2. Tracking through horn fields and decay volume using GEANT3 with GCALOR
Calculate neutrino producing decays
Estimate the flux at the near/far detector

②

① Neutrino 
Producing decays

to ND280 or Super-K

K. Abe et al. (T2K Collaboration),  Phys. Rev. D 87, 012001 (2013).FLUKA2008.3d GEANT3+GCALOR Use NA61/SHINE 
data for π, K 

production to tune 
simulation

Phys.Rev.C 84, 034604 (2011)
Phys.Rev.C 85, 035210 (2012)



Beam flux prediction

Beam flux is predicted based on NA61/SHINE π, K production measurements
and T2K proton beam measurements
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6

Category sin22θ13=0.0 sin22θ13=0.1

νμ→νe signal 0.4 17.36

νe background 3.26 3.02

νμ background 1.05 1.05

νμ background 0.06 0.06

νe background 0.16 0.15

Total 4.93 21.64

Far detector flux



Systematic error sources for neutrino flux

1 proton beam measurement

4. Horn current & field

5. Beam direction
2. Hadron production

Super-K

p
π

µ
ν

3. Alignment error on target/horn

1. Measurement error on 
monitoring proton beam 

2. Hadron production

3. Alignment error on the target 
and the horn 

4. Horn current & field

5. Neutrino beam direction (Off-
axis angle)

INGRID

 (GeV)νE
-110 1 10

Fr
ac

tio
na

l E
rr

or

0

0.1

0.2

0.3 Total
Pion Mult.
Kaon Mult.
Sec. Nucl. Mult.
Int. Length

Proton Beam
Off-Axis Angle
Horn Current & Field
Horn & Target Align.
MC Stat.

(a) SK ⌫µ

 (GeV)νE
-110 1 10

Fr
ac

tio
na

l E
rr

or

0

0.1

0.2

0.3

0.4

0.5
Total
Pion Mult.
Kaon Mult.
Sec. Nucl. Mult.
Int. Length

Proton Beam
Off-Axis Angle
Horn Current & Field
Horn & Target Align.
MC Stat.

(b) SK ⌫̄µ

 (GeV)νE
-110 1 10

Fr
ac

tio
na

l E
rr

or

0

0.1

0.2

0.3 Total
Pion Mult.
Kaon Mult.
Sec. Nucl. Mult.
Int. Length

Proton Beam
Off-Axis Angle
Horn Current & Field
Horn & Target Align.
MC Stat.
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Figure 122: Fractional error of Run 1-4† flux at Super-K
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νµ uncertainty at Super-K
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Flux uncertainty as a function of energy 
uncertainties are evaluated based on NA61 measurements and 
T2K beam monitor measurements

ND280 !" flux

10~15% error
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Flux Systematic

7

• ⌫µ: 0.0, 0.4, 0.5, 0.6, 0.7, 1.0, 1.5, 2.5, 3.5, 5.0, 7.0, 30.083

• ⌫̄µ: 0.0, 0.7, 1.0, 1.5, 2.5, 30.084

• ⌫e: 0.0, 0.5, 0.7, 0.8, 1.5, 2.5, 4.0, 30.085

• ⌫̄e: 0.0, 2.5, 30.086

Figure 2 shows the flux covariance matrix.87

Parameter Index; ND280: 0-24, SK: 25-49 
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Figure 2: The flux covariance matrix used in the analysis. The bin indices are as follows:

ND280 ⌫µ (0-10), ND280 ⌫̄µ (11-15), ND280 ⌫e (16-22), ND280 ⌫̄e (23-24), SK ⌫µ (25-

35), SK ⌫̄µ (36-40), SK ⌫e (41-47), and SK ⌫̄e (48-49), with the energy divisions for the

neutrino types given in the text.

Flux weights are applied on an event-by-event basis to the MC events depending88

on the true neutrino energy of the event.89

3.2 Cross Section90

The cross section parameterization is largely unchanged from the 2012 analysis. The91

relevant parameters are given in Table 2. All parameters are independent from one92

another, excepting M

RES
A , CC1⇡ E1, and NC1⇡0, which have correlations between93

them as detailed in [3].94

The two types of systematic, shape and normalization, are treated differently.95

For the shape parameters, a spline is created using T2KReWeight for each MC event.96

This spline is then evaluated for the desired reweighting value of the parameter, and97

6

ND νμ

Consider 5 sources of 
systematic uncertainty

Generate covariance 
matrix for near-far effects

ND νμ

ND νe

ND νe

SK νμ

SK νμ

SK νe

SK νe

1. Proton beam measurement

3. Horn and beam alignment

5. Beam direction
2. Hadron production

4. Horn current and field



Cross Section Model

8

๏ Charged Current Quasi-Elastic (CCQE)
๏ Llewellyn-Smith base model
๏ Smith-Moniz fermi gas model for 

nucleus
๏ Single Pion Production (CC/NC1π) with 

Rein-Seghal resonance model
๏ Deep Inelastic Scattering (DIS) and 

Charged Current multi-π
๏ GRV98 PDF
๏ Bodek-Yang correction

๏ Final State Interactions (FSI)
๏ Cascade model—track secondary 

particles until they exit the nucleus
๏ Separate models used for low (<500 

MeV) and high momentum

(NEUT/GENIE)
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๏ Charged Current Quasi-Elastic (CCQE)
๏ Llewellyn-Smith base model
๏ Smith-Moniz fermi gas model for 

nucleus
๏ Single Pion Production (CC/NC1π) with 

Rein-Seghal resonance model
๏ Deep Inelastic Scattering (DIS) and 

Charged Current multi-π
๏ GRV98 PDF
๏ Bodek-Yang correction

๏ Final State Interactions (FSI)
๏ Cascade model—track secondary 

particles until they exit the nucleus
๏ Separate models used for low (<500 

MeV) and high momentum

(NEUT/GENIE) νμ μ

n p
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1π
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Neutrino interactions at T2K 
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Cross Section Systematic Parameters
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Parameter Type
Interaction 

Type

MAQE axial mass CCQE

MARES axial mass 1π

CCQE (3) normalization CCQE

CC1π (2) normalization CC1π

NCπ0 normalization NC1π

pf fermi momentum CCQE/RFG

Eb binding energy CCQE/RFG

spectral function model comparison CCQE/SF

Also allow normalizations in three 
energy bins to allow for systematic error 

on shape variations



Cross Section Systematic Parameters
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Parameter Type
Interaction 

Type

MAQE axial mass CCQE

MARES axial mass 1π

CCQE (3) normalization CCQE

CC1π (2) normalization CC1π

NCπ0 normalization NC1π

pf fermi momentum CCQE/RFG

Eb binding energy CCQE/RFG

spectral function model comparison CCQE/SF

Use MiniBooNE 1π data (CC and NC) 
and fit to NEUT predictions to generate 

input value

Add ad hoc parameters to improve the 
fit, but break internal theoretical purity

T2K-TN-108-v1.5
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Figure 16: Spectra used in the single-pion joint fit. In each case, the dashed red line is the
nominal neut prediction, solid blue is the best fit, and the black points are the MiniBooNE
data. The lower panel shows the data/MC ratio for nominal and best-fit MC.
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CCπ+
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oxygen SF
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Cross Section Systematic Parameters
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Parameter Type
Interaction 

Type

MAQE axial mass CCQE

MARES axial mass 1π

CCQE (3) normalization CCQE

CC1π (2) normalization CC1π

NCπ0 normalization NC1π

pf fermi momentum CCQE/RFG

Eb binding energy CCQE/RFG

spectral function model comparison CCQE/SF
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P0D ECal
Electromagnetic

Calorimeter (ECal)

π0 detector
(P0D)

UA1 Magnet

Time Projection 
Chambers (TPCs)

Fine Grained
 Detectors (FGDs)

EC
al

๏ FGDs are primary 
targets for 
interactions on 
carbon 

๏ Composed of layers 
of plastic scintillator 
read out with 
MPPCs 

๏ TPCs surround FGDs 
to provide precise 
determination of 
track properties

๏ Ar (95%), CF4 (3%), 
iC4H10 (2%)

๏ UA1 magnet provides 0.2T field for 
momentum field determination

๏ Particle identification through dE/dx in 
TPCs, FGDs

ND280

Beam



CC0π
CC1π

CCother
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CC0π CC1π+

CC other

Beam

TPC FGD TPC TPC FGD TPC FGD TPC TPC FGD 

TPC FGD TPC TPC FGD 

νμ μ

n p

W

νμ μ

N N’

W

π

νμ μ

N N’

W π,etc
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Muon momentum 

 CC0π

 purities

 CC1π

 purities

 CCother

 puritiesCC0π 72.6% 6.4% 5.8%

CC1π 8.6% 49.4% 7.8%

CCother 11.4% 31% 73.8%

Bkg(NC+anti-nu) 2.3% 6.8% 8.7%

Out FGD1 FV 5.1% 6.5% 3.9%

CC0π CC1π

CCother
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Muon momentum 

 CC0π

 purities

 CC1π

 purities

 CCother

 puritiesCC0π 72.6% 6.4% 5.8%

CC1π 8.6% 49.4% 7.8%

CCother 11.4% 31% 73.8%

Bkg(NC+anti-nu) 2.3% 6.8% 8.7%

Out FGD1 FV 5.1% 6.5% 3.9%

CC0π CC1π

CCother

CC1π+

CC0π

CCother

Near Detector Event Selection

14

๏ Select highest momentum 
negative, good quality track

๏ Check if the TPC PID indicates 
a muon

๏ Look at secondary tracks and 
identify three samples: CC0π, 
CC1π+, and CC other

Sample Purity

CC0π 72.6%

CC1π+ 49.4%

CC other 73.8%



8.3 True CCQE Events classified as CC-1-pion733

There is also a set of CCQE events that get mis-categorised as CC-1⇡. This happens for the734

following reasons:735

• 45% of the time because protons in the TPC are mis-identified as pions. This can happen736

because of reconstruction failures but also because the dE/dx separation between pions737

and protons becomes poor above 1 GeV/c.738

• 45% of the time there are spurious short tracks in the FGD that look pion-like. This can739

be either from mis-reconstructed protons or muons.740

• 10% of the time because of spurious Michel electrons from other magnet interactions.741

9 ND280 Detector Systematics742

This Section discusses the ND280 systematics relevant for this analysis. For some of the sys-743

tematics we defer to the details in the dedicated technical notes.744

Figure 22 give a pictorial overview of the systematics dealt with and is described in the subse-745

quent sub-Sections.746

The control samples used for estimating the systematic errors are indicated in the discussion747

of each systematics and they consist of: sand muons, cosmic muons, interactions in the P0D,748

stopping muons, etc.749

Figure 22: Sketch of the sub-detectors relevant for this analysis with the corresponding associ-
ated systematic components.

35

Detector Systematics

15

10.5 Result of the propagation1629

The muon momentum and angle data and expected MC events with the total systematic uncer-1630

tainty are shown in Figure 52 for the three samples. Note that both the statistical and systematic1631

errors are show in the plots.1632

Figure 52: Muon momentum (left) and angle (right) data (dots) with their statistical error and
expected MC events (histo) with the red band indicating the total systematic uncertainty. The
first row is CC-0-pion, the second CC-1-pion and finally the third is CC-Other events.

The relative systematic error per each systematic uncertainty and their total can be found in1633

the Appendix C, with the corresponding systematic error per bin in Table 107. The dominant1634

contributions to the overall error are due to the pion re-interaction (also reported in this Sec-1635

tion in Figure 53) and out-of-fiducial-volume (Figure 54 in this Section) systematic errors, but1636

some others can be dominant in certain regions of the phase space. The total error is shown in1637

Figure 55 in this Section. Note that those plots are just for illustration, as the BANFF fit uses1638

the pdf of the number of entries and not the RMS estimation of the distribution obtained by toy1639

MC, like in the plots presented in this note, and that gives the spiky behaviour 4. The central1640

4This has actually changed recently. Due to instabilities in the BANFF fit, a covariance matrix was computed
and used for the propagation of the errors. This is not the final result and we expect to change this during the
Summer. Further studies on the smoothness of these distributions are been carried out.
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CC1π+CC0π CCother

As far as possible, use data 
to constrain systematics; e.g. 

use cosmic samples to 
evaluate interdetector 

matching

Dominant systematics are 
pion secondary interactions 
and out of fiducial volume 

events



1 Introduction20

This technical note describes a fit to the ND280 Run 1 to Run 4 data using the21

Markov Chain Monte Carlo method. A description of the Markov Chain method22

can be found in [1].23

This analysis uses one new feature compared to the method described the refer-24

enced note; instead of reweighting the predicted Monte Carlo (MC) spectra using25

binned pdf templates, the individual MC events are weighted event-by-event, ac-26

cording to the relevant variable(s) for the tweak being applied. Then, when all27

weights have been calculated, the MC events are binned to create the predicted28

spectra.29

The Bayesian probability function used to fit the data depends on the data sam-30

ple and flux, cross section, detector, and final state interactions (FSI) systematics,31

which will be described in subsequent sections. This function has the form:32
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where Vij represents covariance matrices constraining systematic parameters la-33

beled by b for flux, x for cross section, f for FSI, and d for detector. Np
i (
~

b, ~x,

~

f,

~

d) is34

the number of predicted events in a particular bin, given the values of the systematic35

parameters, and N

d
i is the number of data events.36

2 Event Selection37

The 2013 tracker ⌫µ selection is described in T2K-TN-152 [2]. The charged-current38

inclusive (CCInc) is divided into three subsamples: charged-current 0-⇡ (CC0⇡),39

3

Putting It All Together
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ND280 
Data

ND280 
Detector 
Model

Flux Model

Cross 
Section 
Model



CC-0-pion post-fit

ND280 Constraint Seminar 
Slides

9

Constrained SK Flux

SK νµ and νe flux predictions are constrained by the fit

Plots show central values and error bands for normalization parameters before 
and after the constraint

Central values are change from 2012 results: due to finer bins and new 
selection

ND280 Constraints

17

Parameter Prior Constraint 
(2013)

MAQE (GeV) 1.21±0.45 1.223±0.072

MARES (GeV) 1.41±0.22 0.963± 0.063

CC0π



Comparison to 2012 Results
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Parameter Prior Constraint 
(2012)

Constraint 
(2013)

MAQE 
(GeV)

1.21±0.45 1.27±0.19 1.223±
0.072

MARES 
(GeV)

1.41±0.22 1.22±0.13 0.963± 
0.063

Predicted NSK Percent Error

No ND280 
constraint

22.6 26.5%

ND280 
constraint 2012

21.6 4.7%

ND280 
constraint 2013

20.4 3.0%

๏ The 2012 ND analysis 
comprised only two samples: 
CCQE and CCnonQE. 

๏ The three-sample analysis done 
for 2013 improves the 
constraints due to:
๏ The increased purity of the 

samples
๏  Finer binning of the data to 

increase the power of the 
shape information 

Appearance analysis predictions

Change in MA parameters



SK Detector Parameters

19

๏ Evaluated using SK 
atmospheric samples

๏ Use the tails of the 
distributions and the data/
MC comparison to evaluate 
the systematic

๏ Additionally use new π0-like 
samples to evaluate NC 
systematics for appearance

131

Total SK errors in rec. Eν 

18
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Figure 21: [fiTQun, E⌫
rec < 1.25 GeV] Reconstructed energy spectra of signal plus background (red)

and background only (blue) events with a 1 � systematic uncertainty (upper left). Fractional uncertainties
for signal plus background (upper right), signal events (lower left), background events (lower right) as a
function of the reconstructed energy are also shown. We assumed sin2 2✓13 = 0.1 for the plots.
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Figure 21: [fiTQun, E⌫
rec < 1.25 GeV] Reconstructed energy spectra of signal plus background (red)

and background only (blue) events with a 1 � systematic uncertainty (upper left). Fractional uncertainties
for signal plus background (upper right), signal events (lower left), background events (lower right) as a
function of the reconstructed energy are also shown. We assumed sin2 2✓13 = 0.1 for the plots.
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Figure 21: [fiTQun, E⌫
rec < 1.25 GeV] Reconstructed energy spectra of signal plus background (red)

and background only (blue) events with a 1 � systematic uncertainty (upper left). Fractional uncertainties
for signal plus background (upper right), signal events (lower left), background events (lower right) as a
function of the reconstructed energy are also shown. We assumed sin2 2✓13 = 0.1 for the plots.
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The value of θ23 has a 
significant impact on the 

measurement of θ13

This effect is now similar in 
size to other systematic 
effects in the analysis



Where to from here?

21

๏ Refine cross section model
๏ Implement alternative models                           

(spectral function, MEC, etc.)
๏ T2K cross section measurements
๏ External cross section measurements          

(MINERνA, NOνA, etc)
๏ Extra samples

๏ Near detector electron neutrino
๏ Far detector π0

๏ Joint appearance and disappearance analyses



Cross Section Measurements

22
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FIG. 13. The T2K total flux-averaged cross section with the NEUT and the GENIE prediction for T2K and SciBooNE. The
T2K data point is placed at the flux mean energy. The vertical error represents the total (statistical and systematic) uncertainty,
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The predictions for SciBooNE have been done for a C8H8 target [51] which is comparable to the mixed T2K target. BNL data
has been measured on deuterium [52].

tronically in [53].
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๏ Use the T2K data more fully to 
constrain cross section model

๏ Sample specific measurements:
๏ CCQE (see D. Hadley’s talk)

๏ CC1π
๏ NCπ0

๏ νe

๏ νμ
๏ NC elastic (see D. Ruterbories’s talk)

fit weight nominal cross section [10�38cm2] fitted cross section [10�38cm2]
1.062+0.206

�0.172

0.641 0.681+0.132

�0.110

0.799+0.214

�0.196

0.966 0.772+0.207

�0.190

1.012+0.222

�0.179

1.076 1.089+0.239

�0.192

0.312+0.295

�0.279

1.181 0.369+0.348

�0.329

1.182+0.376

�0.345

1.051 1.243+0.395

�0.362

Table 8: The CCQE signal weight best-fit values and errors when fitting the
cross section shape with the RFG nuclear model. The target mass and 1⇡ E

⌫

shape uncertainties were added in quadrature.
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CCQE/CCnonQE selection
✓ The selected sample is then further divided into CCQE-like and CCnonQE like    
selections looking at the number of reconstructed tracks

✓CCQE-like: only one track in TPC and FGD, no activity in ECAL 

✓CCnonQE-like: more than one track in TPC and FGD

✓Both samples have >65% νe purity 

CCnonQE-likeCCQE-like

Intrinsic Beam νe

23

Summary of the analysis

✓With this analysis we have selected a sample of charged current νe interactions in the 
Tracker with a purity of 65%

✓With the statistics accumulated so far we expect to select ~480 νe interactions divided into 
two samples (QE-enhanced and nonQE-enhanced)

✓The main background, coming from electrons from γ conversion in the FGD is controlled 
through a selection of γ conversions

✓The goal of this analysis is to check the prediction of the beam νe component used in the 
T2K oscillation analyses coming from the fit to the ND280 νμ data

✓ To do this we have performed a likelihood fit to extract the ratio between the observed 
and the predicted number of νe events

✓The fitted result is in good agreement with the expected beam νe component

✓The systematics term includes the contributions from the detector systematics (5.0%) and 
the flux and cross-section systematics (5.8%) 

Use a selection of electron neutrino events and fit for the 
ratio of observed to expected νe events.

Find good agreement between this sample and the 
expectation from the νμ analysis



Summary

24

๏ T2K has implemented improvements to the 
near-far extrapolation and reduced 
systematic uncertainty for oscillation 
measurements

๏ There are still many additional improvements 
available to T2K, including improved cross 
section measurements and models and 
additional event samples
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Parameter Correlations

Parameters:
0-10: SK νµ flux

11-12: SK νµ flux

13-19: SK νe flux

20-21: SK νe flux

22: MA
QE

23: MA
RES

24: CCQE Norm.
25: CC1π Norm.
26: NC1π0 Norm.

The constraint from the measured event 
rates causes anti-correlations between flux 
and cross section nuisance parameters

Correlations

25



MARES

26

๏ Big shift from 2012!
๏ New data?
๏ New binning?
๏ New samples?

๏ Test by using old binning/selection with new data
๏ Appears to be combination of all factors

Figure 20: Comparison of the fitted parameter values for the BANFFv2 and MaCh3 fits where the

BANFFv2 fit uses the same detector systematic error parametrization as MaCh3. The parameters are:

0-24 SK flux parameters, 25 M

QE
A , 26 M

RES
A , 27-29 CCQE normalization, 30-31 CC1⇡ normalization,

32 NC1⇡0 normalization.

Parameter BANFF 2012 Old Bins, Select. New Bins, Old Select. Old Bins, New Select. New Bins, Select.

M

RES
A (GeV) 1.223± 0.127 1.133± 0.105 1.064± 0.057 1.003± 0.119 0.963± 0.063

CC1⇡ Norm E0 1.370± 0.204 1.405± 0.202 1.403± 0.164 1.331± 0.204 1.217± 0.161

Table 12: The parameters for different configurations of the binning and selection.

33
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Results
Allowed region of sin22θ13 for 
each value of δCP

Best fit w/ 68% C.L. error @ 
δCP=0

normal hierarchy:

 
inverted hierarchy:

 

p-value is 9.9×10-14 (equivalent to 
7.4σ)

6

Source of uncertainty (no. of parameters) δnexp
SK / nexp

SK

ND280-independent cross section (11) 6.3%
Flux & ND280-common cross section (23) 4.2%
Super-Kamiokande detector systematics (8) 10.1%
Final-state and secondary interactions (6) 3.5%
Total (48) 13.1%

TABLE I. Effect of 1σ systematic parameter variation on the
number of 1-ring µ-like events, computed for oscillations with
sin2(2θ23) = 1.0 and |∆m2

32| = 2.4× 10−3 eV2/c4.

mated using a binned likelihood ratio to fit the SK spec-
trum in the parameter space of sin2(2θ23), |∆m2

32|, and
all 48 systematic parameters, f , by minimizing

χ2(sin2(2θ23), |∆m2
32|;f) = (f − f0)

T ·C−1 · (f − f0)

+ 2
73∑

i=1

nobs
i ln(nobs

i /nexp
i ) + (nexp

i − nobs
i ). (3)

f0 is a 48-dimensional vector with the prior values
of the systematics parameters, C is the 48 × 48 sys-
tematic parameter covariance matrix, nobs

i is the ob-
served number of events in the ith bin and nexp

i =
nexp
i (sin2(2θ23), |∆m2

32|;f) is the corresponding expected
number of events. The sum is over 73 variable-width
energy bins, with finer binning in the oscillation peak
region. Oscillation probabilities are calculated using
the full three neutrino oscillation framework. Normal
mass hierarchy is assumed, octants 1 (θ23 ≤ π/4) and
2 (θ23 ≥ π/4) are separately fit, matter effects are in-
cluded with an Earth density of ρ = 2.6 g/ cm3 [24], and
other oscillation parameters are fixed at the 2012 PDG
recommended values [25] (sin2(2θ13) = 0.098,∆m2

21 =
7.5×10−5 eV2/c4, sin2(2θ12) = 0.857), and with δCP = 0.

The fit to the 58 events using Eq. 3 yields the best-
fit point for octant 1(2) at sin2(2θ23) = 1.000(0.999)
and |∆m2

32| = 2.44(2.44)× 10−3 eV2/c4, with χ2/ndf =
56.04(56.03)/71. The best-fit neutrino energy spectrum
is shown in Fig. 2. for octant 1; the best-fit spectrum for
octant 2 is essentially identical. The point estimates of
the 48 nuisance parameters are all within 0.35 standard
deviations of their prior values.

The 2D confidence regions for the oscillation param-
eters sin2(2θ23) and |∆m2

32| are constructed using the
constant ∆χ2 method [25] The 68% and 90% contour
regions are shown in Fig. 3 for both octant 1 and 2 sep-
arately. Since θ13 is non-zero, the oscillation probability
(Eq. 1) as a function of sin2(2θ23) is different for octant
1 and 2 and this results in a contour that is wider in
the sin2(2θ23) direction for octant 2 than octant 1. Also
shown in this figure are the 1D profile likelihoods for each
oscillation parameter separately.

An alternative analysis employing a maximum likeli-
hood fit was performed with the following likelihood func-

)23θ(22sin
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FIG. 3. The 68% and 90% C.L. contour regions for sin2(2θ23)
and |∆m2

32| are shown for the primary analysis for octant 1
(black) and octant 2 (red). The 1D profile likelihoods for each
oscillation parameter separately are also shown. The |∆m2

32|
1D profiles for both octants are identical.

tion:

L =Lnorm(sin
2(2θ23), |∆m2

32|,f)

× Lshape(sin
2(2θ23), |∆m2

32|,f)Lsyst(f), (4)

where Lnorm is the Poisson probability for the observed
number of events, Lshape is the likelihood for the re-
constructed energy spectrum, and Lsyst is analogous to
the first term in Eq. 3. The best-fit point for oc-
tant 1(2) is at sin2(2θ23) = 1.000(0.999) and |∆m2

32| =
2.44(2.44)× 10−3 eV2/c4.
The primary and alternative analyses are consistent;

the binned maximum fractional difference between best-
fit spectra is 1.7%, and the confidence regions are almost
identical.
A complementary analysis was performed, using

Markov Chain Monte Carlo [25] methods to produce a
sample of points in the full parameter space distributed
according to the posterior probability density. This
analysis uses both ND280 and SK data simultaneously,
rather than separately fitting the ND280 and SK mea-
surements; the likelihood is the product of the ND280
and SK likelihoods, with the shared systematics treated
jointly. The maximum probability density is found to be
sin2(2θ23) = 0.999 and |∆m2

32| = 2.45× 10−3 eV2/c4 for
both octants, using a uniform prior probability distribu-
tion for the oscillation parameters. The contours from
this analysis, evaluated separately for the two octants,
are similar in shape and size to the two previously de-
scribed analyses, but are not expected to be identical due
to the difference between Bayesian and classical intervals.
This analysis also has similar results to the ND280 data
fit described previously and provides a cross check.
Conclusions.—Other recent experimental results are

compared in Figure 4 to the T2K primary result
(90% C.L. region) which is consistent with maximal mix-
ing. In this paper the νµ disappearance analysis, based
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FIG. 1. The ND280 momentum data distributions of (a) the
CCQE and (b) CCnQE-enhanced selections. The predicted
total, CCQE, CCnQE and background event distributions
from the ND280 fit are overlaid on both figures.

uncertainties. The reconstructed ND280 µ− momentum
distribution for CCQE and CCnQE selections and pre-
dicted event distributions from the ND280 fit to data is
shown in Fig. 1. For the oscillation fits, the ND280 fit
provides a systematic parameter error matrix which con-
sists of 11 Eνµ SK flux normalizations, 5 Eν̄µ SK flux
normalizations and the 7 common neutrino interaction
parameters. The fractional error on the predicted num-
ber of SK candidate events from the uncertainties in these
23 parameters, as shown in Table I, is 4.2%. Without the
constraint from the ND280 measurements this fractional
error would be 21.8%.
SK Measurements.—The SK far detector νµ candidate

events are selected from fully-contained beam events.
The SK phototube hits must be within ±500 µs of the
expected neutrino arrival time, and there must be low
outer detector activity to reject entering background.
The events must also satisfy: visible energy > 30 MeV,
exactly one reconstructed Cherenkov ring, µ-like particle
ID, reconstructed muon momentum > 200 MeV, and ≤ 1
reconstructed decay electron. The reconstructed vertex
must also be in the fiducial volume (at least 2 m away
from the ID walls). Criteria to remove “flasher” (inter-
mittent light-emitting phototube) backgrounds are also
applied. More details about the event selection and re-
construction in SK are found elsewhere [14].
Assuming a quasi-elastic interaction with a bound neu-

tron and neglecting the Fermi motion, the neutrino en-
ergy is deduced from the detected muon and given by

Ereco =
m2

p − (mn − Eb)2 −m2
µ + 2(mn − Eb)Eµ

2(mn − Eb − Eµ + pµ cos θµ)
, (2)

where pµ, Eµ, and θµ are the reconstructed muon mo-
mentum, energy, and the angle with respect to the beam
direction, respectively; mp, mn, and mµ are masses of
the proton, neutron, and muon, respectively, and Eb =
27 MeV is the average binding energy of a nucleon in
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FIG. 2. The 58 event 1-ring µ-like SK reconstructed energy
spectrum. Top: The expected spectrum assuming no oscilla-
tions, and the best fit from the primary analysis for octant
1. The octant 2 best-fit spectrum is almost identical. Bot-
tom: The ratio of the observed spectrum and best fit to no
oscillations. The fit uses finer binning than is shown here.

16O. The Ereco distribution of the 58 events satisfying the
selection criteria is shown in Fig. 2. The no-oscillation
hypothesis prediction is the solid line in Fig. 2 and the
MC expectation is 205±17 (syst.) events, of which 77.7%
are νµ+ν̄µ CCQE, 20.7% are νµ+ν̄µ CCnQE, 1.6% are
NC and 0.02% are νe+ν̄e CC. The expected resolution
on reconstructed energy for νµ+ν̄µ CCQE events around
the oscillation maximum is ∼0.1 GeV.
Eight SK detector systematic uncertainties are asso-

ciated with event selection and reconstruction. The SK
energy scale uncertainty is evaluated by comparing en-
ergy loss in data and MC for samples of cosmic-ray stop-
ping muons and associated decay-electrons, as well as
by comparing reconstructed invariant mass for data and
MC for π0s produced by atmospheric neutrinos. The
other seven SK event-selection-related uncertainties are
also evaluated by comparing MC and data results for
atmospheric neutrino samples. The νµ+ν̄µ CCQE ring-
counting-based selection uncertainty is evaluated in three
energy bins, including correlations between energy bins.
Other uncertainties result from additional νµ+ν̄µ CCQE
selection criteria, as well as selection criteria (including
ring-counting) for νµ+ν̄µ CCnQE, νe+ν̄e CC, and NC
events. These uncertainties (8 parameters) produce a
10.1% fractional error on the expected number of SK
events, as listed in Table I.
Systematic uncertainties on pion interactions in the

target nucleus (FSI) and SK detector (SI) are evaluated
by varying underlying pion scattering cross sections in
the NEUT and SK detector simulations. These uncer-
tainties are evaluated separately for νµ+ν̄µ CCQE in
three energy bins, νµ+ν̄µ CCnQE, νe+ν̄e CC, and NC
events. The total FSI+SI uncertainty (6 parameters) on
the predicted SK event rate is 3.5% as listed in Table I.
Oscillation Fits.—The oscillation parameters are esti-


