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•Introduction to neutrino oscillations

•The T2K experiment
•The experimental setup 
•Towards the oscillation analysis
•The oscillation results 
•First look to anti-neutrino data
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•Neutrino oscillations have a long history

•postulated by B. Pontecorvo in 1957 

•First experimental evidence in 1968 observing a deficit in the expected solar neutrino flux 

•First experimental evidence of atmospheric neutrino oscillation by Super Kamiokande in 1998

•Confirmation of the solar neutrino transition by SNO in 2001

Neutrino oscillations :  various sources,  vastly different energy and distance scales

solar neutrinos atmospheric 
neutrinos

reactor 
neutrinos

accelerator 
neutrinos

E ~ [ KeV,  10MeV ] E ~ [ MeV,  100TeV ] E ~ [ MeV,  10MeV ] E ~ [ 100MeV,  100GeV ]



Stefania Bordoni   (IFAE)

Neutrino oscillations

4

2 neutrino scenario 

flavor states mass statesmixing matrix

νβ

να

ν1

ν2

•Flavour states are coherent superposition of the mass states → flavour 
mixing
•Similar to the CKM mixing matrix for quarks 
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2 neutrino scenario 
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•Flavour states are coherent superposition of the mass states → flavour 
mixing
•Similar to the CKM mixing matrix for quarks 

•Neutrinos are always produced and detected as flavour eigenstates, while 
they propagate as mass eigenstates

•If mass eigenstates are different, they propagate with different phases → 
quantum interference changing the proportion of ν1 and ν2 at the detection



Stefania Bordoni   (IFAE)

Neutrino oscillations

6

L = ν flight path

E = ν energy

•Flavour states are coherent superposition of the mass states → flavour 
mixing
•Similar to the CKM mixing matrix for quarks 

•Neutrinos are always produced and detected as flavour eigenstates, while 
they propagate as mass eigenstates

•If mass eigenstates are different, they propagate with different phases → 
quantum interference changing the proportion of ν1 and ν2 at the detection

2 neutrino scenario 



Stefania Bordoni   (IFAE)

Neutrino oscillations

7

2 neutrino scenario 

amplitude

PRL 100,  221803 (2008) KamLAND

anti-νe disappearance 

•Flavour states are coherent superposition of the mass states → flavour 
mixing
•Similar to the CKM mixing matrix for quarks 

•Neutrinos are always produced and detected as flavour eigenstates, while 
they propagate as mass eigenstates

•If mass eigenstates are different, they propagate with different phases → 
quantum interference changing the proportion of ν1 and ν2 at the detection
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frequency

KamLANDPRL 100,  221803 (2008)

anti-νe disappearance 

•Flavour states are coherent superposition of the mass states → flavour 
mixing
•Similar to the CKM mixing matrix for quarks 

•Neutrinos are always produced and detected as flavour eigenstates, while 
they propagate as mass eigenstates

•If mass eigenstates are different, they propagate with different phases → 
quantum interference changing the proportion of ν1 and ν2 at the detection

2 neutrino scenario 
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frequency
amplitude

KamLAND

In order to determine both the oscillation parameters L≈E/Δm2

PRL 100,  221803 (2008)

anti-νe disappearance 

•Flavour states are coherent superposition of the mass states → flavour 
mixing
•Similar to the CKM mixing matrix for quarks 

•Neutrinos are always produced and detected as flavour eigenstates, while 
they propagate as mass eigenstates

•If mass eigenstates are different, they propagate with different phases → 
quantum interference changing the proportion of ν1 and ν2 at the detection

2 neutrino scenario 
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Pontecorvo Maki Nakagawa Sakata (PMNS) mixing matrix

• 3 angles (θ12, θ23, θ13) 

• 1 imaginary phase (δ) allowing for CP violation

• 2 independent mass differences (Δmij2 = mi2-mj2)

3 neutrinos scenario 

flavor 
eigenstates

mass 
eigenstates

PMNS matrix cij = cosθij

sij = sinθij

Atmospherics
and accelerators

Solar and reactorsInterference
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3 neutrinos scenario 

• Super Kamiokande

• K2K 

• MINOS

• T2K

• DoubleChooze

• Daya Bay 

• RENO

• T2K

• MINOS 

• Super Kamiokande

• SNO 

• Borexino

flavor 
eigenstates

mass 
eigenstates

PMNS matrix cij = cosθij

sij = sinθij

Atmospherics
and accelerators

Solar and reactorsInterference
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PMNS 
parameter

Best Fit point
(NH)

Best Fit point
(IH)

Examples of 
experiments

Δm212 (10-5) SK, SNO, KL, 
BOREX

Δm23l  (10-3) SK, K2K, MINOS, 
T2K

sin2θ12 SK, SNO, KL, 
BOREX

sin2θ23 SK,K2K,MINOS,
T2K

sin2θ13 T2K, 
DB,DC,RENO

δCP MINOS, T2K

Normal Ordering (��2 = 0.97) Inverted Ordering (best fit) Any Ordering

bfp ±1� 3� range bfp ±1� 3� range 3� range

sin2 ✓12 0.304+0.013
�0.012 0.270 ! 0.344 0.304+0.013

�0.012 0.270 ! 0.344 0.270 ! 0.344

✓12/
� 33.48+0.78

�0.75 31.29 ! 35.91 33.48+0.78
�0.75 31.29 ! 35.91 31.29 ! 35.91

sin2 ✓23 0.452+0.052
�0.028 0.382 ! 0.643 0.579+0.025

�0.037 0.389 ! 0.644 0.385 ! 0.644

✓23/
� 42.3+3.0

�1.6 38.2 ! 53.3 49.5+1.5
�2.2 38.6 ! 53.3 38.3 ! 53.3

sin2 ✓13 0.0218+0.0010
�0.0010 0.0186 ! 0.0250 0.0219+0.0011

�0.0010 0.0188 ! 0.0251 0.0188 ! 0.0251

✓13/
� 8.50+0.20

�0.21 7.85 ! 9.10 8.51+0.20
�0.21 7.87 ! 9.11 7.87 ! 9.11

�CP/
� 306+39

�70 0 ! 360 254+63
�62 0 ! 360 0 ! 360

�m2
21

10�5 eV2 7.50+0.19
�0.17 7.02 ! 8.09 7.50+0.19

�0.17 7.02 ! 8.09 7.02 ! 8.09

�m2
3`

10�3 eV2 +2.457+0.047
�0.047 +2.317 ! +2.607 �2.449+0.048

�0.047 �2.590 ! �2.307


+2.325 ! +2.599
�2.590 ! �2.307

�

Table 1. Three-flavor oscillation parameters from our fit to global data after the NOW 2014
conference. The results are presented for the “Free Fluxes + RSBL” in which reactor fluxes have
been left free in the fit and short baseline reactor data (RSBL) with L . 100 m are included. The
numbers in the 1st (2nd) column are obtained assuming NO (IO), i.e., relative to the respective
local minimum, whereas in the 3rd column we minimize also with respect to the ordering. Note
that �m

2

3` ⌘ �m

2

31

> 0 for NO and �m

2

3` ⌘ �m

2

32

< 0 for IO.

leptonic mixing matrix to be:

|U | =

0

B@
0.801 ! 0.845 0.514 ! 0.580 0.137 ! 0.158

0.225 ! 0.517 0.441 ! 0.699 0.614 ! 0.793

0.246 ! 0.529 0.464 ! 0.713 0.590 ! 0.776

1

CA . (3.1)

By construction the derived limits in Eq. (3.1) are obtained under the assumption of the

matrix U being unitary. In other words, the ranges in the di↵erent entries of the matrix are

correlated due to the constraints imposed by unitarity, as well as the fact that, in general,

the result of a given experiment restricts a combination of several entries of the matrix. As

a consequence choosing a specific value for one element further restricts the range of the

others.

The present status of the determination of leptonic CP violation is illustrated in Fig. 3

where we show the dependence of the ��

2 of the global analysis on the Jarlskog invariant

which gives a convention-independent measure of CP violation [51], defined as usual by:
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•θ23 octant still not determined :      
(e.g. is it > or < 45º ? is θ23 maximal? )

•Mass hierarchy still not known (m3 > m2?)
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•θ23 octant still not determined :     
(e.g. is it > or < 45º ? is θ23 maximal? )

•δCP still unknown (some hints..)
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•Are they only three? (sterile neutrinos)

•Are they Dirac or Majorana particle
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parameter

Best Fit point
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Best Fit point
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Overview of the T2K experiment

16

• Physics goals

• Experimental setup : beam-line, near detector, far detector 
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The T2K experiment

17

•Long baseline neutrino oscillation experiment in Japan (Tokai to Kamioka)
•Muon neutrinos produced from a 30GeV proton beam (JPARC)
•Neutrinos detected in 2 points :

• at the near detector (ND280) at 280 m 
• at the far detector (Super-Kamiokande) at 295 Km

A bit of history...

• 1999 : idea of a νµ to νe experiment at 
JPARC 

• 2000-2004: letter of Intent, formation of 
the collaboration and construction 
approved by the Japanese government

• 2009 : commissioning of the beam-line
Far Detector 
(~300Km ) Near Detector 

(@~280m )

Japan Proton 
Accelerator Research 

Complex (JPARC)
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The T2K experiment

18

TOKYO
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The T2K Collaboration
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Canada 
TRIUMF 
U. Alberta 
U. B. Columbia 
U. Regina 
U. Toronto 
U. Victoria 
U. Winnipeg 
York U. 

France 
CEA Saclay 
IPN Lyon 
LLR E. Poly. 
LPNHE Paris 

Germany 
Aachen U. 

Italy 
INFN, U. Bari 
INFN, U. Napoli 
INFN, U. Padova 
INFN, U. Roma 

Japan 
ICRR Kamioka 
ICRR RCCN 
Kavli IPMU 
KEK 
Kobe U. 
Kyoto U. 
Miyagi U. Edu. 
Osaka City U. 
Okayama U. 
Tokyo Metropolitan U. 
U. Tokyo 

Poland 
IFJ PAN, Cracow 
NCBJ, Warsaw 
U. Silesia, Katowice 
U. Warsaw 
Warsaw U. T. 
Wroklaw U. 

Russia 
INR 

Spain 
IFAE, Barcelona 
IFIC, Valencia 

Switzerland 
ETH Zurich 
U. Bern 
U. Geneva 

United Kingdom 
Imperial C. London 
Lancaster U. 
Oxford U. 
Queen Mary U. L. 
STFC/Daresbury 
STFC/RAL 
U. Liverpool 

U. Sheffield 
U. Warwick 

USA 
Boston U. 
Colorado S. U. 
Duke U. 
Louisiana S. U. 
Stony Brook U. 
U. C. Irvine 
U. Colorado 
U. Pittsburgh 
U. Rochester 
U. Washington 

~500 physicists , 59 institutions, 11 countries
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The T2K main physics goals
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•νe appearance   ( νµ → νe)

•νμ  disappearance ( νµ → νµ)

P (⌫µ ! ⌫e) ' sin

2
2✓13 sin
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2 �m2

31L

4E⌫
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+(CP even term, solar term, matter e↵ect term)
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The T2K main physics goals

21

•νe appearance   ( νµ → νe)

•νμ  disappearance ( νµ → νµ)
θ13 measured and ≠ 0 !
sub-leading terms are important to
determine the θ23 octant

appearance probability also depends to θ23 !
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Neutrino beam production

22

• 30 GeV protons from the main ring collides over a graphite target
• from proton collisions pions and kaons are produced
• 3 electromagnetic horns focus and select in charge  the produced hadrons
• νμ are produced from the hadron decay (i.e. π → µ νµ )

first information 
about the ν beam
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Neutrino beam production

23

Beam composition :
•mainly νμ : primarily from π decay, high energy tail from K decay
•contamination on νe (~1%): primarily from µ decay and high energy tail from K decay
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Off-axis technique
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T2K runs 2.5° off-axis with respect to the initial proton beam
First experiment using the off-axis technique
•ν beam is picked at the maximum of oscillations
•ν interactions are dominated by QE processes → reduction of the backgrounds 

QE : Quasi Elastic
RES: Resonant pion production
DIS: Deep Inelastic Scattering
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Signal and Background @ T2K

25

• At 100 MeV< Eν < few GeV , neutrino nucleon Quasi Elastic interaction dominate
• Resonance pion production is the second main contribution to the total cross section 

lνl

W+

n p

• Signal @ SK : CCQE interaction :
µ- from νµ or e- from νe

l	 = µ-, e- 

• Background @ SK 

γ 

νµ disappearance bkg νe appearance bkg

νe, µνe,µ 

Z

N N
π±

νµ 

µ± 

not detected

look e-like @ SK

νe,µ νe,µ

Z

N N
π0 γ 

not detected

+ νe intrinsic beam 

contamination
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ND280 facilities
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Two detectors located at 280 m from the 
target
• INGRID : on axis detector → monitor 

the stability of the neutrino flux
• ND280  : off-axis detector → measure 

the neutrino flux and cross section
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A parameter xSF is included to allow the cross-section
model to be linearly adjusted between the extremes of the
RFG (xSF ¼ 0) and SF (xSF ¼ 1) models. The nominal
value for xSF is taken to be zero, and the prior distribution
for xSF is assumed to be a standard Gaussian (mean zero
and standard deviation one) but truncated outside the range
[0, 1].

E. Summary of cross section systematic parameters

All the cross-section parameters, ~x, are summarized in
Table VII, including the errors prior to the analysis of near
detector data. They are categorized as follows:
(1) Common between ND280 and SK; constrained by

ND280 data. The parameters which are common
with SK and well measured by ND280 are MQE

A ,
MRES

A and some normalization parameters.
(2) Independent between ND280 and SK and, therefore,

unconstrained by ND280 data. The parameters pF,
EB and SF are target nuclei dependent and so are
independent between ND280 (12C) and SK (16O).

(3) Common between ND280 and SK, but for which
ND280 data have negligible sensitivity, so no con-
straint is taken from ND280 data. The remaining
parameters in Table VII are not expected to be
measured well by ND280 and, therefore, are treated
like independent parameters.

We define ~xn to be the set of cross-section systematic
parameters which are constrained by ND280 data (category
1) to distinguish them from the remaining parameters ~xs
(categories 2 and 3).

IV. NEAR DETECTORS

Precision neutrino oscillation measurements require
good understanding of the neutrino beam properties and
of neutrino interactions. The two previous sections describe
how we model these aspects for the T2K experiment and
how we use external data to reduce model uncertainty.
However, if only external data were used, the resulting
systematic uncertainty would limit the precision for oscil-
lation analyses.
In order to reduce systematic uncertainty below the

statistical uncertainty for the experiment, an underground
hall was constructed 280 m downstream of the production
target for near detectors to directly measure the neutrino
beam properties and neutrino interactions. The hall con-
tains the on-axis INGRID detector, a set of modules with
sufficient target mass and transverse extent to continuously
monitor the interaction rate, beam direction, and profile,
and the off-axis ND280 detector, a sophisticated set of
subdetectors that measure neutrino interaction products in
detail.
This section describes the INGRID and ND280 detectors

and the methods used to select high purity samples of
neutrino interactions. The observed neutrino interaction

rates and distributions are compared to the predictions
using the beam line and interaction models, with nominal
values for the systematic parameters. Section V describes
how ND280 data are used to improve the systematic
parameter estimates and compares the adjusted model
predictions with the ND280 measurements.

A. INGRID

1. INGRID detector

The main purpose of INGRID is to monitor the neutrino
beam rate, profile, and center. In order to sufficiently cover
the neutrino beam profile, INGRID is designed to sample
the beam in a transverse section of 10 m × 10 m, with 14
identical modules arranged in two identical groups along
the horizontal and vertical axes, as shown in Fig. 3. Each of
the modules consists of nine iron target plates and eleven
tracking scintillator planes, each made of two layers of
scintillator bars (X and Y layers). They are surrounded by
veto scintillator planes to reject charged particles coming
from outside of the modules. Scintillation light from each
bar is collected and transported to a photodetector with a
wavelength shifting fiber (WLS fiber) inserted in a hole
through the center of the bar. The light is read out by a
multipixel photon counter (MPPC) [81] attached to one end
of the WLS fiber. A more detailed description can be found
in Ref. [82].

2. Event selection

Neutrino interactions within the INGRID modules are
selected by first reconstructing tracks using the X and Y
layers independently with an algorithm based on a cellular

1.5m  

~10m  

~10m

X 

Y  
Beam center  

Z  

FIG. 3 (color online). Overview of the INGRID viewed from
beam upstream. Two separate modules are placed at off-axis
positions off the main cross to monitor the asymmetry of
the beam.

K. ABE et al. PHYSICAL REVIEW D 91, 072010 (2015)

072010-10

INGRID: the on-axis near detector

27

•14 identical modules arranged as a cross, composed by iron (target) and scintillators 
(active region) 

• monitor of the beam stability in intensity (total rate)
• monitor the beam stability in direction (rate per module)

proton-module 
for cross-sections

proton-module 
for cross-sections

•2 proton modules only composed by scintillators 
for neutrino cross sections measurements

Interaction rate stability

Beam direction stability
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ND280: the off-axis near detector
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• Composite detector embedded in a 0.2T 
magnet field

• Measure the νµ and νe spectrum before 
oscillations

• Neutrino cross-section measurements

• P0D : π0 detector for NCπ0 CS measurements 

• FGD: active target for ν interaction in carbon and water

• TPCs : measure of momentum, charge and high PID capabilities 
measuring dEdx 

• Ecal: electron/gamma identification 

• SMRD: measure of high angle muons 

Tracker
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ND280 detector events gallery
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µ-νµ

W+

p p
π+

µ-νµ

W+

n p

e-νe

W+

n p

νµ Quasi Elastic candidate DIS candidate + sand muon

νe Quasi Elastic candidateνµ  single π candidate
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Super Kamiokande
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• Cylindrical detector located at ~1Km underground in the Kamioka mine (295 Km from the 
proton target)

• Filled with 50 kton of ultra pure water (22,5 kton FV)

• Inner detector (ID) : ~11 000 inward facing PMTs

• Outer detector (OD): ~2 000 outward facing PMTs to veto external background 

• Detection based on Cherenkov technique

by F. Sánchez

μ θ=41º

tflight+t0

t0 t1

t’flight+t1
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Particle identification with SK
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•Angular distribution of the Cherenkov photons along the primary 
particle direction provide a key to identify particles

•Signatures electron and muons are quite different  at SK
•muons: sharp and clear ring 
•electrons: fuzzy ring due to multiple scattering and showering

µ± e±

lνl

W+

n p

l	 = µ-, e- 
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SK Neutral Current background 
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• π0 are the main background source for appearance analysis
• gammas from π0 decay shower as electrons 
• multiple fuzzy rings that can be mis-identified as electrons γ 

look like
electrons

νe, µ

Z

N
π0 γ 

not detected

N

νe,µ 

π0

γ γ γγ

Bo
os

t

π0

Mis-identification:

•If  reconstructed as 1-ring event
• photon rings overlap
• 1 ring is faint and loss in the Cherenkov light of the other 

•If both rings are reconstructed but poor invariant 
mass resolution

by F. Sánchez
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SK Neutral Current background 
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•Very performing method to disentangle electrons from π0

•Based on the new reconstruction algorithm 
•use of the charge and time information of each PMT 
•determination the kinematics of all final state particles 

•For every event, maximization of a likelihood assuming different particle hypothesis 

•Discrimination e-π based on Minv(γγ) and the ratio of the e- π best-fit likelihoods 
(Lπ0/Le)

charge and time contributions from two electron tracks
which point back to a common vertex. In addition to the
common vertex and the directions and momenta of the two
γ tracks, each track has an additional free parameter which
shifts its origin along its direction in order to account for
photon conversion points. The π0 hypothesis therefore has
twelve parameters.
In order to distinguish signal νe CC events from π0

background events, we use the maximum likelihood values
of the electron hypothesis Le and the π0 hypothesis Lπ0 as
well as the reconstructed invariant mass mγγ obtained from
the π0 hypothesis. Figure 22 shows the two-dimensional
distributions of the logarithm of the likelihood ratio
lnðLπ0=LeÞ vs. mγγ for signal νe CCQE and background
NC π0 events which satisfy the νe selection criteria 1–5,
produced by MC. We see a clear separation between the
two event types, and we accept an event as a νe CC

candidate if it satisfies lnðLπ0=LeÞ < 175 − 0.875×
mγγ½MeV=c2$, which is indicated by the diagonal line in
the plots. As shown in Table XIV, the remaining NC
background is reduced by roughly a factor of nine by
introducing the π0 rejection cut. After the cut, the purity and
the selection efficiency for the νe appearance signal are
80.2% and 66.1%, respectively.
In earlier published T2K νe appearance analysis results

[3,97], we used a π0 rejection method which is different
from what is described above [98]. To demonstrate the
improvement over the previous method, Fig. 23 shows the
efficiency for rejecting NC π0 events for the two methods,
plotted as a function of the energy of the less energetic γ. In
calculating the efficiencies, only the events which satisfy
the νe selection criteria 1–5 are included. As the figure
indicates, the rejection efficiency by the new method
remains high even in cases where the energy of one of
the two γs is low. By employing the new method, we have
reduced the π0 background remaining in the final νe CC
candidate event sample by 69% relative to the previous
method.

C. Systematic uncertainty

This section describes the studies and treatment of
uncertainty in modeling the SK detector that lead to
systematic uncertainty in estimating the selection efficiency
and background for the oscillation samples. We use
SKDETSIM [3,9], a GEANT3-derived simulation of the
SK detector, to model the propagation of particles produced
by neutrino interactions. The GCALOR physics package is
used to simulate hadronic interactions in water owing to its
ability to reproduce pion interaction data around 1 GeV=c.
However for pions with momentum below 500 MeV=c,
custom routines are employed based on the cascade
model used by NEUT to simulate interactions of final
state hadrons. SKDETSIM incorporates the propagation of
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FIG. 22 (color online). Two-dimensional distributions of the logarithm of the likelihood ratio lnðLπ0=LeÞ vs. the reconstructed
invariant mass mγγ , for signal νe CCQE(left) and background NC π0(right) events. The diagonal line indicates the π0 rejection criterion,
and events lying above the line are rejected as π0 background. The size of each box is proportional to the number of events the bin. The
two figures use the same scale for representing the number of events and are normalized to the same POT.
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T2K @ work
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Collected data
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November 2009

first ν@SK after 
the recovery from the 

March 2011 earthquake νe spectrum @ SK 

first anti-ν observed in SK ! 



Stefania Bordoni   (IFAE)

Collected data
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•Proton on target (POT) for physics : 
1.021x1021 (tot) =  7.0 x1020 (ν) + 3.12x1020(anti-ν)

•In the following slides analyses for only 6.6x1020 POT : 8.3% of the total approved POT

Maximum beam 
power achieved : 
331.6 kW
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Towards the oscillation analyses
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• Flux constraints from beam-line and external sources 

• Flux and cross-section constraints from ND280
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Towards the oscillation analyses
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Fit to ND280 
data constrains 
flux and cross 
section 
parameters 

Neutrino Flux prediction :
Beam line and hadron production simulation
Hadron production data from NA61/SHINE

Cross section models: 
Event generator (NEUT)
External data (MiniBooNE)

ND280 

νµ MC sample 
enhanced in CC 

events 

νµ DATA sample 
enhanced in CC 

events 

Oscillation Fit 

expected νe (νµ) 
events for unosc. 

spectra in MC  

νe (νµ) events 
selection
in DATA

Super Kamiokande 
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ν flux prediction
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②!

①!
Neutrino !
Producing decays!

K. Abe et al. (T2K Collaboration),  Phys. Rev. D 87, 012001 (2013).!

Simulation of the neutrino flux :
1. simulation of the proton interactions inside the carbon target (FLUKA2008.3d)
2. simulation of the particle passage through horn fields and decay volume 

(GEANT3+GCALOR)
• propagation and decays of secondary pions and kaons 
• estimation of the flux at ND280 and SK

T2KCollaboration, 
PRD 87, 012001 (2013)
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ν flux prediction
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Improvement the MC simulation by re-weighting of the pion and kaon production 
using external data (NA61/SHINE) 

NA61/SHINE 
• Independent experiment located at CERN
• Study of the hadron production (π, K) from 

protons interaction in carbon target 
•momentum dependency
•angle dependency

T2KCollaboration, 
PRD 87, 012001 (2013)
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ν  flux prediction
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•Flux error below 15% in the relevant 
energy range (< 1 GeV)

•Flux error dominated by the hadron 
production uncertainties 

•Strong correlation between ND280 and SK 
fluxes 
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ND280 constraints 
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νµ CC interactions @ ND280
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• Identification of the 3 main contributions to the total cross section
• Classification in 3 categories based on the reconstruction of pions in the events

•CC0π : for Quasi Elastic (QE)
•CC1π+: Resonant π production (Res)
•CCOthers : Deep Inelastic Scattering (DIS)

• Constraints to the flux and cross-section parameters for both the oscillation analyses 

23 

T2K Cross Sections 
• T2K νμ beam energy peaks ~0.6 GeV 
• Charge Current (CC) 

� CC Quasi Elastic (CCQE) 
� CC RESonance or CC 1π  
� > few GeV DIS processes will dominate  
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T2K Cross Sections 
• T2K νμ beam energy peaks ~0.6 GeV 
• Charge Current (CC) 

� CC Quasi Elastic (CCQE) 
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T2K Cross Sections 
• T2K νμ beam energy peaks ~0.6 GeV 
• Charge Current (CC) 

� CC Quasi Elastic (CCQE) 
� CC RESonance or CC 1π  
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T2K Cross Sections 
• T2K νμ beam energy peaks ~0.6 GeV 
• Charge Current (CC) 

� CC Quasi Elastic (CCQE) 
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P0D

CC0π CC1π+ CCOthers

TPC	   TPC	  FGD	   FGD	  

μ-‐
π+

π+/e+-‐

TPC	  P0D

possible secondary tracks
e.g. pion, Michel electron

muon

}

• Simple selection done using information 
coming from the tracker (FGD and TPCs)

• Muon as highest momentum negative track 
with energy deposition consistent with TPC 
muon hypothesis

• Momentum and identity of the secondary 
particles by TPC and FGD  
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νµ CC interactions @ ND280
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P0D

CC0π CC1π+ CCOthers

Purity      : 73.5%
Efficiency : 53.1%

Purity      : 50.5%
Efficiency : 29.5%

Purity      : 72.9 %
Efficiency : 35.2 %

TPC	   TPC	  FGD	   FGD	  

μ-‐
π+

π+/e+-‐

TPC	  P0D

possible secondary tracks
e.g. pion, Michel electron

muon

}

• Simple selection done using information 
coming from the tracker (FGD and TPCs)

• Muon as highest momentum negative track 
with energy deposition consistent with TPC 
muon hypothesis

• Momentum and identity of the secondary 
particles by TPC and FGD  
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Constraining the ν flux and cross section (output)
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•Strong reduction of the systematic 
uncertainties to the event rate at Super-
Kamiokande thanks to the ND280 data

•Current systematics already < 10%

Note:  Systematics error updated for joint analyses 
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νµ disappearance
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CCQE candidates at SK selected looking for “one-muon-only” events
• Fully contained single muon-like ring 
• pµ > 200 MeV and no more than one decay e-

• Eν reconstructed using the QE approximation 
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C. Results

Both the M1 and M2 analyses find the point estimates
sin2 θ23 ¼ 0.514 and Δm2

32 ¼ 2.51 × 10−3 eV2=c4 when
assuming the normal mass hierarchy and sin2θ23 ¼ 0.511
and Δm2

13 ¼ 2.48 × 10−3 eV2=c4 when assuming the
inverted mass hierarchy. Table XXI summarizes these
results from the M1 and M2 analyses. Likewise, the

confidence intervals produced by M1 and M2 are similar.
Since the M1 and M2 analyses are consistent with each
other, only results from M1 are given below. Figure 27
shows the best-fit values of the oscillation parameters, the
two-dimensional confidence intervals calculated using the
Feldman and Cousins method, assuming normal and
inverted hierarchy, and the sensitivity at the current
exposure. The size of the confidence interval found by
the fit to the data is smaller than the sensitivity. This arises
because the best-fit point is at the physical boundary
corresponding to maximum disappearance probability.
The amount by which the region is smaller is not unusual
in an ensemble of toy MC experiments produced under the
assumption of maximal disappearance. The best-fit spec-
trum from the normal hierarchy fit compared to the
observed spectrum is shown in Fig. 28, showing as well
the ratio of the number of observed events to the predicted
number of events with sin2θ23 ¼ 0. The observed oscil-
lation dip is significant and well fit by simulation. The
calculated one-dimensional Feldman and Cousins confi-
dence intervals are given in Table XXII. Figure 29 shows
the -2Δ lnL distributions for sin2 θ23 and jΔm2j from the
data, along with the 90% C.L. critical values.

D. Multinucleon effects study

Recently, experimental [67,113–115] and theoretical
[24,25,116–129] results have suggested that the charged-
current neutrino-nucleus scattering cross section at T2K
energies could contain a significant multinucleon compo-
nent. Such processes are known to be important in
describing electron-nucleus scattering (for a review, see
[130]), but have not yet been included in the model of
neutrino-nucleus interactions in our muon neutrino dis-
appearance analyses. If such multinucleon effects are
important, their omission could introduce a bias in the
oscillation analyses. Since low energy nucleons are not
detected in SK, such events can be selected in the QE
sample and assigned incorrect neutrino energies.
A Monte Carlo study was performed in order to explore

the sensitivity of the analysis to multinucleon effects. The
nominal interaction model includes pion-less delta decay
(PDD), which can be considered to be a multinucleon
effect. As an alternative, we turn off PDD and use a model
by Nieves [24] to simulate multinucleon interactions for
neutrino energies below 1.5 GeV. Pairs of toy Monte Carlo

)23θ(2s in

0.3 0.4 0.5 0.6 0.7

)4
/c2

 e
V

-3
 (

10
2

m∆

2.2

2.4

2.6

2.8

3
Normal Hierarchy Inverted Hierarchy

Sensitivity, NH 90% CL

FIG. 27 (color online). The 68% (dashed) and 90% (solid) C.L.
intervals for the M1 νμ -disappearance analysis assuming normal
and inverted mass hierarchies. The 90% C.L. sensitivity contour
for the normal hierarchy is overlaid for comparison.
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FIG. 28 (color online). Top: Reconstructed neutrino energy
spectrum for data, best-fit prediction, and unoscillated prediction.
Bottom: Ratio of oscillated to unoscillated events as a function of
neutrino energy for the data and the best-fit spectrum.

TABLE XXII. The 68% and 90% confidence level intervals for
the νμ-disappearance analysis.

MH 68% C.L. 90% C.L.

sin2 θ23 NH [0.458, 0.568] [0.428, 0.598]
sin2 θ23 IH [0.456, 0.566] [0.427, 0.596]
Δm2

32ð10−3 eV2=c4Þ NH [2.41, 2.61] [2.34, 2.68]
Δm2

13ð10−3 eV2=c4Þ IH [2.38, 2.58] [2.31, 2.64]

K. ABE et al. PHYSICAL REVIEW D 91, 072010 (2015)

072010-34

120  events observed

446.0 ± 22.5 (syst) 
expected if No 
oscillation   

Phys. Rev. D. 91, 072010 (2015)
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C. Results

Both the M1 and M2 analyses find the point estimates
sin2 θ23 ¼ 0.514 and Δm2

32 ¼ 2.51 × 10−3 eV2=c4 when
assuming the normal mass hierarchy and sin2θ23 ¼ 0.511
and Δm2

13 ¼ 2.48 × 10−3 eV2=c4 when assuming the
inverted mass hierarchy. Table XXI summarizes these
results from the M1 and M2 analyses. Likewise, the

confidence intervals produced by M1 and M2 are similar.
Since the M1 and M2 analyses are consistent with each
other, only results from M1 are given below. Figure 27
shows the best-fit values of the oscillation parameters, the
two-dimensional confidence intervals calculated using the
Feldman and Cousins method, assuming normal and
inverted hierarchy, and the sensitivity at the current
exposure. The size of the confidence interval found by
the fit to the data is smaller than the sensitivity. This arises
because the best-fit point is at the physical boundary
corresponding to maximum disappearance probability.
The amount by which the region is smaller is not unusual
in an ensemble of toy MC experiments produced under the
assumption of maximal disappearance. The best-fit spec-
trum from the normal hierarchy fit compared to the
observed spectrum is shown in Fig. 28, showing as well
the ratio of the number of observed events to the predicted
number of events with sin2θ23 ¼ 0. The observed oscil-
lation dip is significant and well fit by simulation. The
calculated one-dimensional Feldman and Cousins confi-
dence intervals are given in Table XXII. Figure 29 shows
the -2Δ lnL distributions for sin2 θ23 and jΔm2j from the
data, along with the 90% C.L. critical values.

D. Multinucleon effects study

Recently, experimental [67,113–115] and theoretical
[24,25,116–129] results have suggested that the charged-
current neutrino-nucleus scattering cross section at T2K
energies could contain a significant multinucleon compo-
nent. Such processes are known to be important in
describing electron-nucleus scattering (for a review, see
[130]), but have not yet been included in the model of
neutrino-nucleus interactions in our muon neutrino dis-
appearance analyses. If such multinucleon effects are
important, their omission could introduce a bias in the
oscillation analyses. Since low energy nucleons are not
detected in SK, such events can be selected in the QE
sample and assigned incorrect neutrino energies.
A Monte Carlo study was performed in order to explore

the sensitivity of the analysis to multinucleon effects. The
nominal interaction model includes pion-less delta decay
(PDD), which can be considered to be a multinucleon
effect. As an alternative, we turn off PDD and use a model
by Nieves [24] to simulate multinucleon interactions for
neutrino energies below 1.5 GeV. Pairs of toy Monte Carlo
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FIG. 27 (color online). The 68% (dashed) and 90% (solid) C.L.
intervals for the M1 νμ -disappearance analysis assuming normal
and inverted mass hierarchies. The 90% C.L. sensitivity contour
for the normal hierarchy is overlaid for comparison.
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FIG. 28 (color online). Top: Reconstructed neutrino energy
spectrum for data, best-fit prediction, and unoscillated prediction.
Bottom: Ratio of oscillated to unoscillated events as a function of
neutrino energy for the data and the best-fit spectrum.

TABLE XXII. The 68% and 90% confidence level intervals for
the νμ-disappearance analysis.

MH 68% C.L. 90% C.L.

sin2 θ23 NH [0.458, 0.568] [0.428, 0.598]
sin2 θ23 IH [0.456, 0.566] [0.427, 0.596]
Δm2

32ð10−3 eV2=c4Þ NH [2.41, 2.61] [2.34, 2.68]
Δm2

13ð10−3 eV2=c4Þ IH [2.38, 2.58] [2.31, 2.64]

K. ABE et al. PHYSICAL REVIEW D 91, 072010 (2015)

072010-34

νµ disappearance
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•Fit to data performed with the three flavours framework
•Maximal mixing is favored 

eV2/c4

Best fit point NH :

�m2
32 = 2.51± 0.10� 10�3

sin2 �23 = 0.514+0.055
�0.056 sin2 �23 = 0.511± 0.055

�m2
13 = 2.48± 0.10� 10�3

Best fit point IH :

eV2/c4

maximal mixing

Phys. Rev. D. 91, 072010 (2015)
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World’s best measurement in ϑ23 !
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νe selection @ SK
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CCQE candidates at SK selected looking for “one-electron-only” events
• fully contained single electron-like ring 
• pe > 100 MeV and no decay e-  (Michel electrons)
• Eν reconstructed using the QE approximation 
•π0 background rejection 

Cut flow
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NνeObs Nbkgexp collected data 
2011: first indication 7 1.5 ± 0.3 1.43x1020 POT

2013: further evidence 11 3.3 ± 0.4 3.01x1020 POT
2013: firmly established 28 4.9 ± 0.6 6.57x1020 POT

T2K νe appearance results

28 νe events 
6.57x1020 proton on target 

early 2013 publication
summer 2013
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PRL 112, 061802 (2014)

uncertainty for both the FC and the FV selection is 1%. The
decay-electron rejection cut has errors of 0.2%–0.4%,
depending on neutrino flavor and interaction type. The
uncertainties for the single electronlike ring selection and
π0 rejection are estimated by using the SK atmospheric
neutrino data and SK cosmic-ray muons. Electron-neutrino
CC-enriched control samples based on these cuts were
prepared, and the differences between MC predictions and
data are used to extract the systematic uncertainty. The
uncertainty associated with the π0 background is deter-
mined by constructing a hybrid sample with either an
electronlike ring taken from the atmospheric data sample or
from decay-electrons selected in the stopping muon data
sample, and a MC-generated gamma ray assuming π0

kinematics. The selection cut systematic uncertainty is
calculated to be 1.6% for signal events and 7.3% for
background events. The total SK selection uncertainty is
2.1% for the νe candidate events assuming sin22θ13 ¼ 0.1.
Additional SK systematic uncertainties are due to final-

state interactions (FSI) of pions that occur inside the target
nucleus, as well as secondary interactions (SI) of pions and
photonuclear (PN) interactions of photons that occur out-
side of the target nucleus. The treatment of the FSI and SI
uncertainties is the same as in the previous analysis [28].
For this analysis, a new simulation of PN interactions has
been added to the SKMC. In the final νe event sample, 15%
of the remaining π0 background is due to events where
one of the π0 decay photons is absorbed in a PN interaction.
A systematic uncertainty of 100% is assumed for the
normalization of the PN cross section.

Oscillation analysis.—The neutrino oscillation parameters
are evaluated using a binned extended maximum-like-
lihood fit. The likelihood consists of four components: a
normalization term (Lnorm), a term for the spectrum shape
(Lshape), a systematics term (Lsyst), and a constraint term
(Lconst) from other measurements

LðNobs; x⃗; o⃗; f⃗Þ ¼ LnormðNobs; o⃗; f⃗Þ × Lshapeðx⃗; o⃗; f⃗Þ

× Lsystðf⃗Þ × Lconstðo⃗Þ; (3)

where Nobs is the number of observed events, x⃗ is a set of
kinematic variables, o⃗ represents oscillation parameters,
and f⃗ describes systematic uncertainties. In the fit, the
likelihood is integrated over the nuisance parameters to
obtain a marginalized likelihood for the parameters of
interest.
Lnorm is calculated from a Poisson distribution using the

mean value from the predicted number of MC events.
Lsystðf⃗Þ constrains the 27 systematic parameters from the
ND280 fit, the SK-only cross section parameters, and the
SK selection efficiencies. Table II shows the uncertainties
on the predicted number of signal νe events. TheLshape term
uses x ¼ ðpe; θeÞ to distinguish the νe signal from back-
grounds. An alternative analysis uses x ¼ Erec

ν , the recon-
structed neutrino energy. In order to combine the results

presented in this Letter with other measurements to
better constrain sin22θ13 and δCP, the Lconst term can also
be used to apply additional constraints on sin22θ13, sin2θ23,
and Δm2

32.
The following oscillation parameters are fixed in the

analysis: sin2θ12 ¼ 0.306, Δm2
21 ¼ 7.6 × 10−5 eV2 [29],

sin2θ23 ¼ 0.5, jΔm2
32j ¼ 2.4 × 10−3 eV2 [30], and

δCP ¼ 0. For the normal (inverted) hierarchy case, the
best-fit value with a 68% confidence level (C.L.) is
sin22θ13 ¼ 0.140þ0.038

−0.032 (0.170þ0.045
−0.037). Figure 3 shows the

best-fit result, with the 28 observed νe events. The alter-
native analysis using Erec

ν and a profile likelihood method
produces consistent best-fit values and nearly identical
confidence regions. Figure 4 shows the Erec

ν distribution
with the MC prediction for the best-fit θ13 value in the
alternative analysis.
The significance for a nonzero θ13 is calculated to be

7.3σ, using the difference of log likelihood values between
the best-fit θ13 value and θ13 ¼ 0. An alternative method of
calculating the significance, by generating a large number
of toy MC experiments assuming θ13 ¼ 0, also returns a

TABLE II. The uncertainty (rms/mean in %) on the predicted
number of signal νe events for each group of systematic
uncertainties for sin22θ13 ¼ 0.1 and 0. The uncorrelated ν
interaction uncertainties are those coming from parts of the
neutrino interaction model that cannot be constrained with
ND280.

Error source [%] sin22θ13 ¼ 0.1 sin22θ13 ¼ 0

Beam flux and near detector 2.9 4.8
(without ND280 constraint) (25.9) (21.7)
Uncorrelated ν interaction 7.5 6.8
Far detector and FSIþ SIþ PN 3.5 7.3

Total 8.8 11.1
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FIG. 3 (color online). The (pe, θe) distribution for νe candidate
events with the MC prediction using the primary method best-fit
value of sin22θ13 ¼ 0.140 (normal hierarchy).

PRL 112, 061802 (2014) P HY S I CA L R EV I EW LE T T ER S week ending
14 FEBRUARY 2014

061802-6

28 Observed evts 
4.92 ± 0.55 
expected w/ No osc.

Parameter fixed in the analysis: δCP=0, Normal Hierarchy, |Δm2
32|= 2.4x10-3 eV2, sin22θ23=1 

•Maximum likelihood fit in  {pe , ϑe}
•Consistent with independent analysis based on Ereco
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Best fit w/ 68% C.L. error @ δCP=0 

Normal hierarchy:

Inverted hierarchy:

Normal hierarchy

Inverted hierarchy

Allowed region of sin22θ13 for each value of δCP

Average θ13 
(PDG 2012)

PRL 112, 061802 (2014)

 sin2ϑ12=0.306, Δm221=7.6x10-5eV2,  sin2ϑ23=0.5, |Δm232|=2.4x10-3eV2

• Discovery of ϑ13 ≠ 0 with 7.3σ significance!  
• Constraints on δCP while combined with 

reactor results for ϑ13 
Note: 
• Marginalized over sin2ϑ23 , |Δm232|
• w/ T2K Run1-3 νμ results
• Raster scan: fit ϑ13 for fixed δCP

sin2 2✓13 = 0.170+0.045
�0.037

sin2 2✓13 = 0.140+0.038
�0.032
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•Dependence of the appearance measurements on the ϑ23 
•Motivation for a joint νμ+ νe fit 
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•Two analyses: frequentist (w/ 
Feldman-Cousins) and bayesian 
(Markov Chain MC) approach

•The 4 oscillation parameters Δm232, 
ϑ23, ϑ13, δCP are determined through 
a simultaneous fit of the 
reconstructed energy spectra of 
both νµ and νe samples (and 
ND280)

•Inclusion of reactor constraints (PDG 
2013)

•Best fit value for δCP ~ - π/2

dimensions of interest. The Gaussian width of the smearing
was set to be variable, and inversely proportional to the
local density of MCMC points; this technique counters
potential undersmoothing in low-density regions and
potential over-smoothing in high density regions. The
maximum of the PDF produced by the KDE was then
maximized using MINUIT to find the most probable value.
In the case of using only T2K data, there is little sensitivity
to the δCP parameter, and so a line of most probable values
was created by finding the three-dimensional density of the
MCMC at a series of values of δCP.

2. Samples

Unlike the frequentist analyses described above, the joint
near-far analysis does not use the covariance matrix
produced by the ND280 analysis described in Sec. V.
Instead, this analysis is performed simultaneously with the
three ND280 νμ CC samples, and the SK νμ CC, and SK νe
CC samples. By fitting all samples simultaneously, this
analysis avoids any error coming from neglecting nonlinear
dependencies of the systematic parameters constrained by
ND280 analysis on the oscillation parameters.
The systematic uncertainties used for the ND280 sam-

ples are nearly identical to those in Sec. V with the
following exceptions: the uncertainties on the cross-section
ratios σνe=σνμ and σν̄=σν are applied and the NC normali-
zation uncertainties are divided into NC1π0, NC1π!, NC
coherent, and NCOther for all samples. Additionally, the
number of bins in the ND280 detector systematic covari-
ance matrix is reduced to 105, in order to reduce the total
number of parameters. There are no differences in the
systematic uncertainties for the SK samples. Ignoring
constant terms, the negative log of the posterior probability
is given by,

− lnðPÞ ¼
XND280bins

i

Np
i ð~b; ~x; ~dÞ − Nd

i lnN
p
i ð~b; ~x; ~dÞ

þ
XNμ bins

i

Np
μ;ið~θ; ~b; ~x; ~sÞ − Nd

μ;i lnN
p
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þ
XNe bins

i

Np
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FIG. 36 (color online). The 68% (dashed) and 90% (solid) C.L.
regions for normal (top) and inverted (bottom) mass hierarchy
combined with the results from reactor experiments in the
(sin2 θ23, Δm2

32) space compared to the results from the Super-
Kamiokande [131] and MINOS [132] experiments.
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FIG. 37 (color online). Profiled Δχ2 as a function of δCP with
the results of the critical Δχ2 values for the normal and inverted
hierarchies for the joint fit with reactor constraint, with the
excluded regions found overlaid.
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with reactor experiment results. The most probable values
for the oscillation parameters for both analyses are shown
in Table XXV. For the T2K-only analysis, the values are
shown for δCP ¼ 0, as the analysis has little sensitivity to
the value of δCP. The 68% one-dimensional credible
intervals, marginalized over all other parameters, including
mass hierarchy, for each of the parameters except δCP are
shown in Table XXVI.
Figures 38 and 39 show the δCP versus sin2 θ13 and

Δm2
32 versus sin2 θ23 credible regions for the T2K-only

and T2Kþ reactor analyses. Note that the contours in
Fig. 38 are marginalized over the mass hierarchy; in
particular, the most probable value line appears to be

offset from the center of the credible region. This is
because the most probable value line is for the preferred
inverted hierarchy, and the credible intervals are margin-
alized over hierarchy. Fig. 40 shows the posterior prob-
ability for δCP with 68% and 90% credible intervals for the
T2Kþ reactor combined analysis. Figure 41 shows com-
parisons of SK νμ CC and νe CC candidate events with the
best-fit spectra produced from the T2K-only and T2Kþ
reactor combined analyses. Each best-fit spectrum is
formed by calculating the most probable value for the
predicted number of events in each energy bin, using all of
the MCMC points from the corresponding analysis. The
fit spectrum for νμ CC events does not change appreciably
when the reactor prior is included, but the νe CC fit
spectrum shows a noticeable reduction in the number of
events.
Figures 42 and 43 show the posterior PDFs for the

oscillation parameters both singly and pairwise, using
MCMC points from the inverted and normal hierarchy,
respectively, which reflect the most probable mass hier-
archy for the T2K-only and T2Kþ reactor analysis,
respectively. The plots along the diagonal show the
posterior PDFs for each of the four oscillation parameters
of interest, marginalized over all other parameters, except
for the mass hierarchy. The off-diagonal elements show the
pairwise posterior PDFs.
Another interesting feature of this analysis is that it

provides a natural way to study the preference of the data
for normal versus inverted hierarchy and lower versus
upper octant in θ23. This is done simply by comparing the
total probability (that is, the number of MCMC steps) in the
region of interest. Table XXVII shows the probability for
the various cases for the T2K-only analysis. Note that the
inverted hierarchy is preferred in this analysis, but the
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FIG. 40. The posterior probability for δCP, marginalized over
all other parameters, including mass hierarchy, for the T2Kþ
reactor combined analysis.
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Future sensitivity studies
•T2K is aiming for 7x1021 POT (current data  ~10%)

•Sensitivity studies has shown an enhancement of the T2K physics potential  for 
50%ν - 50% anti-ν mode

•Combinations of the results w/ Noνa may help to disentangle the ϑ23 octant and 
(if lucky) discover  δCP  at 3σ

Stat only
w/ syst

 0

 1

 2

 3

 4

 5

 6

 7

-150-100 -50  0  50  100 150

∆
χ2

True δCP 

sin2(2θ13)=0.1
sin2(θ23)=0.5

T2K
NOvA

T2K+NOvA
sin22ϑ23 =0.5

13θ22sin
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40

)° (
C

P
δ

-150

-100

-50

0

50

100

150

NH, no Sys. Err.
NH, w/ Sys. Err.
IH, w/o Sys. Err.
IH, w/ Sys. Err.

(a) 50% ⌫-mode only.

13θ22sin
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40

)° (
C

P
δ

-150

-100

-50

0

50

100

150

NH, no Sys. Err.
NH, w/ Sys. Err.
IH, w/o Sys. Err.
IH, w/ Sys. Err.

(b) 50% ⌫̄-mode only.

13θ22sin
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40

)° (
C

P
δ

-150

-100

-50

0

50

100

150

NH, no Sys. Err.
NH, w/ Sys. Err.
IH, w/o Sys. Err.
IH, w/ Sys. Err.

(c) 50% ⌫-, 50% ⌫̄-mode.

Fig. 3: Expected �CP vs. sin2 2✓13 90% C.L. intervals, where (a) and (b) are each given for

50% of the full T2K POT, and (c) demonstrates the sensitivity of the total T2K POT with

50% ⌫-mode plus 50% ⌫̄-mode running. Contours are plotted for the case of true �CP = �90�

and NH. The blue curves are fit assuming the correct MH(NH)

, while the red are fit assuming the incorrect MH(IH), and contours are plotted from the

minimum �2 value for both MH assumptions. The solid contours are with statistical error

only, while the dashed contours include the systematic errors used in the 2012 oscillation

analysis assuming full correlation between ⌫- and ⌫̄-mode running errors.15

13θ22sin
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40

)° (
C

P
δ

-150

-100

-50

0

50

100

150

NH, no Sys. Err.
NH, w/ Sys. Err.
IH, w/o Sys. Err.
IH, w/ Sys. Err.

(a) 50% ⌫-mode only.

13θ22sin
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40

)° (
C

P
δ

-150

-100

-50

0

50

100

150

NH, no Sys. Err.
NH, w/ Sys. Err.
IH, w/o Sys. Err.
IH, w/ Sys. Err.

(b) 50% ⌫̄-mode only.

13θ22sin
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40

)° (
C

P
δ

-150

-100

-50

0

50

100

150

NH, no Sys. Err.
NH, w/ Sys. Err.
IH, w/o Sys. Err.
IH, w/ Sys. Err.

(c) 50% ⌫-, 50% ⌫̄-mode.

Fig. 3: Expected �CP vs. sin2 2✓13 90% C.L. intervals, where (a) and (b) are each given for

50% of the full T2K POT, and (c) demonstrates the sensitivity of the total T2K POT with

50% ⌫-mode plus 50% ⌫̄-mode running. Contours are plotted for the case of true �CP = �90�

and NH. The blue curves are fit assuming the correct MH(NH)

, while the red are fit assuming the incorrect MH(IH), and contours are plotted from the

minimum �2 value for both MH assumptions. The solid contours are with statistical error

only, while the dashed contours include the systematic errors used in the 2012 oscillation

analysis assuming full correlation between ⌫- and ⌫̄-mode running errors.15

ν only
50% ν +

 50% anti-ν 

Prog. Theor. Exp. Phys. (2015) 043C01



Stefania Bordoni   (IFAE) 60

First look to anti-neutrino data
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• Sensitivity studies have shown that running with 50% ν - 50% anti-ν mode will 
further enhance the T2K physics potential 

• 3.12 x1020 POT already recored in anti-ν mode!  
• Same strategy as for the neutrino mode: use of ND280 data to constrain 

systematics
• Oscillation analysis are ready but still not public  

18th of May Seminar at KEK presenting the anti-νµ disappearance results  

µ+ event in ND280 First anti-ν in SK

😔
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ND280 anti-neutrino mode ⌫̄µ selection
CC-1Track sample

FGD1 TPC2

µ+

Highest momentum positive track is
µ-like, and there is only one
FGD1-TPC2 matched track.

Sensitive to T2K signal mode.
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ND280 anti-neutrino mode ⌫̄µ selection
CC-NTracks sample

FGD1 TPC2

µ+

Highest momentum positive track is
µ-like, and there is more than one
FGD1-TPC2 matched track.

Sensitive to T2K background modes.
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CC-1 Track  
Sample

CC-N Tracks  
Sample

•The analysis performed at ND280 will perform a key role to reduce the 
systematics uncertainties also for anti-neutrino oscillation analyses

•For 4.3x1019 POT (Run5 only) we observe 571 anti-νµ CC interaction 
candidates

•Simple selection: highest momentum positive track with mu-like PID
•CC-1-Track sample :  sensitive to T2K signal
•CC-N-Tracks sample: sensitive to T2K background 
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•The analysis performed at ND280 will perform a key role to reduce the 
systematics uncertainties also for anti-neutrino oscillation analyses

•For 4.3x1019 POT (Run5 only) we observe 571 anti-νµ CC interaction 
candidates

•Simple selection: highest momentum positive track with mu-like PID
•CC-1-Track sample :  sensitive to T2K signal
•CC-N-Tracks sample: sensitive to T2K background 

Efficiency 66%
Purity 73%

Efficiency 29%
Purity 47%

CC-
1 Track 

CC-
N Tracks 
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•The analysis performed at ND280 will perform a key role to reduce the 
systematics uncertainties also for anti-neutrino oscillation analyses

•For 4.3x1019 POT (Run5 only) we observe 571 anti-νµ CC interaction 
candidates

•Simple selection: highest momentum positive track with mu-like PID
•CC-1-Track sample :  sensitive to T2K signal
•CC-N-Tracks sample: sensitive to T2K background 

CC-
1 Track 

CC-
N Tracks 

Efficiency 66%
Purity 73%

Efficiency 29%
Purity 47%
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•World leading results with only 8% of the total expected statistics

•First observation of the νe appearance

•Best world measurement of sin2ϑ23 (10% uncertainties) through νµ disappearance 

•First hints of δCP ≠ 0 by joint νµ -νe  analyses combined with reactor constraints

•A lot of interesting measurements are performed at the near detectors 

•νe  and νµ cross sections

•Search for Short Baseline oscillations (sterile neutrinos)

•T2K is collecting now also data in anti-neutrino mode
•Sensitivity studies has shown an enhancement of the physics potential of  T2K if 

we collect 50% ν - 50% anti-ν 

•anti-νµ  disappearance results will be presented next week!

•Other measurement (anti-νe  appearance, joint analyses.. ) will be ready soon. 
Stay tuned! 
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New NA61 data release:

•Reduction of the error in n-mode at ~10%  (15% with 2007 data release)

•Flux error in anti-nu mode < 15%
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(PID). Due to their relatively large mass, muons passing
through the detector are often unscattered and thereby
produce clear ring patterns. Electrons, in contrast, scatter
and produce electromagnetic showers, resulting in a diffuse
ring edge. These differences in conjunction with estima-
tion of the Cherenkov opening angle enable efficient
discrimination between leptons. The probabilities to mis-
identify a single electron as a muon or a single muon as an
electron are 0.7% and 0.8%, respectively, for typical lepton
energies in T2K events. Since the recoil proton from CC
interactions at T2K is usually below Cherenkov threshold,
a single lepton is the dominant topology for beam-induced
events at SK. For such isolated electrons (muons) the
momentum and angular resolutions are estimated to be
0.6%þ 2.6%=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
P½GeV=c#

p
(1.7%þ 0.7%=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
P½GeV=c#

p
Þ

and 3.0° (1.8°), respectively. Since the start of T2K, SK
has operated with upgraded electronics which provide
lossless acquisition of all PMT hits above threshold. As
a result the efficiency for tagging electrons from muon
decays within the ID is 89.1%, an essential element of
removing backgrounds containing subthreshold muons or

charged pions. Further details of the detector and its
calibration may be found in [9,93,94].
Due to its large size, SK observes roughly ten atmos-

pheric neutrino interactions per day within its fiducial
volume. These neutrinos serve as control samples for the
estimation of systematic errors. Similarly, although the
detector is located at a depth of 2700 meters water
equivalent, cosmic ray muons traverse the detector at
approximately 3 Hz and together with their decay electrons
provide an additional sample for systematic error evalu-
ation. Details of these and other control samples are
presented in the following subsections.

A. Event selection and data quality

We define a sample of fully contained (FC) events whose
Cherenkov light is deposited exclusively in the ID. PMTs in
the OD that register light above threshold are referred to as
“hit PMTs” and are grouped with neighboring hit PMTs to
form clusters. If the largest such cluster contains more than
15 PMTs the event is rejected from the FC sample and
included in the OD sample. Low energy (LE) events are
removed by requiring that the total charge from the ID PMT
hits in a 300 ns window be greater than 200 photoelectrons
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FIG. 17. Prior and fitted values and uncertainties for the SK νμ
flux parameters (upper figure) and cross-section parameters
(lower figure) constrained by the near detector analysis for the
oscillation analyses. Uncertainties are calculated as the square
root of the diagonal of the relevant covariance matrix. The value
of MQE

A and MRES
A are given in units of GeV=c2, and all other

parameters are multiplicative corrections.

TABLE XII. Prior and fitted values and uncertainties for the
near-detector-constrained SK flux parameters. All parameters are
multiplicative corrections, and the uncertainties are calculated as
the square root of the diagonal of the covariance matrix.

Parameter (GeV) Prior value Fitted value

νμ 0.0–0.4 1.00% 0.12 1.03% 0.09
νμ 0.4–0.5 1.00% 0.13 1.02% 0.09
νμ 0.5–0.6 1.00% 0.12 0.99% 0.08
νμ 0.6–0.7 1.00% 0.11 0.97% 0.08
νμ 0.7–1.0 1.00% 0.13 0.93% 0.08
νμ 1.0–1.5 1.00% 0.12 0.99% 0.08
νμ 1.5–2.5 1.00% 0.10 1.04% 0.07
νμ 2.5–3.5 1.00% 0.09 1.05% 0.06
νμ 3.5–5.0 1.00% 0.11 1.03% 0.07
νμ 5.0–7.0 1.00% 0.15 0.98% 0.07
νμ > 7.0 1.00% 0.19 0.94% 0.08
ν̄μ 0.0–0.7 1.00% 0.13 1.03% 0.10
ν̄μ 0.7–1.0 1.00% 0.12 1.01% 0.09
ν̄μ 1.0–1.5 1.00% 0.12 1.01% 0.09
ν̄μ 1.5–2.5 1.00% 0.12 1.03% 0.10
ν̄μ > 2.5 1.00% 0.12 1.01% 0.11
νe 0.0–0.5 1.00% 0.13 1.03% 0.10
νe 0.5–0.7 1.00% 0.13 1.01% 0.09
νe 0.7–0.8 1.00% 0.14 0.98% 0.11
νe 0.8–1.5 1.00% 0.11 1.00% 0.07
νe 1.5–2.5 1.00% 0.10 1.02% 0.07
νe 2.5–4.0 1.00% 0.12 1.00% 0.07
νe > 4.0 1.00% 0.17 0.95% 0.08
ν̄e 0.0–2.5 1.00% 0.19 1.01% 0.18
ν̄e > 2.5 1.00% 0.14 0.96% 0.08
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NCπ0 rejection
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charge and time contributions from two electron tracks
which point back to a common vertex. In addition to the
common vertex and the directions and momenta of the two
γ tracks, each track has an additional free parameter which
shifts its origin along its direction in order to account for
photon conversion points. The π0 hypothesis therefore has
twelve parameters.
In order to distinguish signal νe CC events from π0

background events, we use the maximum likelihood values
of the electron hypothesis Le and the π0 hypothesis Lπ0 as
well as the reconstructed invariant mass mγγ obtained from
the π0 hypothesis. Figure 22 shows the two-dimensional
distributions of the logarithm of the likelihood ratio
lnðLπ0=LeÞ vs. mγγ for signal νe CCQE and background
NC π0 events which satisfy the νe selection criteria 1–5,
produced by MC. We see a clear separation between the
two event types, and we accept an event as a νe CC

candidate if it satisfies lnðLπ0=LeÞ < 175 − 0.875×
mγγ½MeV=c2$, which is indicated by the diagonal line in
the plots. As shown in Table XIV, the remaining NC
background is reduced by roughly a factor of nine by
introducing the π0 rejection cut. After the cut, the purity and
the selection efficiency for the νe appearance signal are
80.2% and 66.1%, respectively.
In earlier published T2K νe appearance analysis results

[3,97], we used a π0 rejection method which is different
from what is described above [98]. To demonstrate the
improvement over the previous method, Fig. 23 shows the
efficiency for rejecting NC π0 events for the two methods,
plotted as a function of the energy of the less energetic γ. In
calculating the efficiencies, only the events which satisfy
the νe selection criteria 1–5 are included. As the figure
indicates, the rejection efficiency by the new method
remains high even in cases where the energy of one of
the two γs is low. By employing the new method, we have
reduced the π0 background remaining in the final νe CC
candidate event sample by 69% relative to the previous
method.

C. Systematic uncertainty

This section describes the studies and treatment of
uncertainty in modeling the SK detector that lead to
systematic uncertainty in estimating the selection efficiency
and background for the oscillation samples. We use
SKDETSIM [3,9], a GEANT3-derived simulation of the
SK detector, to model the propagation of particles produced
by neutrino interactions. The GCALOR physics package is
used to simulate hadronic interactions in water owing to its
ability to reproduce pion interaction data around 1 GeV=c.
However for pions with momentum below 500 MeV=c,
custom routines are employed based on the cascade
model used by NEUT to simulate interactions of final
state hadrons. SKDETSIM incorporates the propagation of
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FIG. 22 (color online). Two-dimensional distributions of the logarithm of the likelihood ratio lnðLπ0=LeÞ vs. the reconstructed
invariant mass mγγ , for signal νe CCQE(left) and background NC π0(right) events. The diagonal line indicates the π0 rejection criterion,
and events lying above the line are rejected as π0 background. The size of each box is proportional to the number of events the bin. The
two figures use the same scale for representing the number of events and are normalized to the same POT.
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sin2θ13 - δCP credible region
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The vector ~θsr contains the solar oscillation parameters
and for combined fits with reactor data sin2 2θ13, with
priors described in Sec. VII B. The priors on the other
oscillation parameters of interest are uniform in sin2 θ13
between 0 and 1, sin2 θ23 between 0 and 1, jΔm2

32j
between 0.001 and 0.005 eV2=c4, and δCP between −π
and π. Additionally, the prior probability of the normal
hierarchy and inverted hierarchy are each 0.5. Priors for
the systematic parameters are the multivariate Gaussian
terms shown, with the exception of the cross-section
spectral function parameters which are given a uniform
prior between 0 and 1.
In this analysis, both ND280 and SK MC sample events

are weighted individually for all parameters in the

analysis. This means that each PDF is rebuilt from the
MC at every iteration of the MCMC. This has the
advantage of retaining shape information within each
bin of the PDF, especially desirable for the oscillation
parameters, and also allows a more natural treatment of
certain parameters such as the SK energy scale uncertainty
which may cause events to migrate between bins. The
increase in computational load was offset by performing
certain calculations on GPUs, including the event-by-
event calculation of oscillation probability [136].

3. Results

The MCMC was run with 5.6 × 107 steps using only
T2K data, and for 1.4 × 108 steps for T2K data combined

TABLE XXV. Most probable values for oscillation parameters from Bayesian analysis.

Analysis Hierarchy jΔm2
32j 10−3 eV2=c4 sin2 θ23 sin2 θ13 δCP

T2K-only Inverted 2.571 0.520 0.0454 0 (fixed)
T2Kþ reactor Normal 2.509 0.528 0.0250 −1.601

TABLE XXVI. 68% Bayesian credible intervals for oscillation parameters.

Analysis jΔm2
32j 10−3 eV2=c4 sin2 θ23 sin2 θ13

T2K-only [2.46, 2.68] [0.470, 0.565] [0.0314, 0.0664]
T2Kþ reactor [2.40, 2.62] [0.490, 0.583] [0.0224, 0.0276]
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FIG. 38 (color online). Credible regions for sin2 θ13 and
δCP for T2K-only and T2Kþ reactor combined analyses. These
are constructed by marginalizing over both mass hierarchies.
For the T2K-only analysis, the best fit line is shown instead of the
best fit point because the analysis has little sensitivity to δCP.

FIG. 39 (color online). Credible regions for sin2 θ23 and Δm2
32

for T2K-only and T2Kþ reactor combined analyses. The normal
hierarchy corresponds to positive values of Δm2

32 and the inverted
hierarchy to negative values.
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Excluded regions @ 90% CL

Normal hierarchy (Δm2
32 > 0):

     0.15 π < δCP < 0.83 π
Inverted hierarchy (Δm2

32 < 0):  

            -0.08 < δCP < π    

                      -π < δCP < -0.91π

Frequentist approach

Reactor constraints from PDG 2013 sin2ϑ13 = 0.095 ± 0.010

dimensions of interest. The Gaussian width of the smearing
was set to be variable, and inversely proportional to the
local density of MCMC points; this technique counters
potential undersmoothing in low-density regions and
potential over-smoothing in high density regions. The
maximum of the PDF produced by the KDE was then
maximized using MINUIT to find the most probable value.
In the case of using only T2K data, there is little sensitivity
to the δCP parameter, and so a line of most probable values
was created by finding the three-dimensional density of the
MCMC at a series of values of δCP.

2. Samples

Unlike the frequentist analyses described above, the joint
near-far analysis does not use the covariance matrix
produced by the ND280 analysis described in Sec. V.
Instead, this analysis is performed simultaneously with the
three ND280 νμ CC samples, and the SK νμ CC, and SK νe
CC samples. By fitting all samples simultaneously, this
analysis avoids any error coming from neglecting nonlinear
dependencies of the systematic parameters constrained by
ND280 analysis on the oscillation parameters.
The systematic uncertainties used for the ND280 sam-

ples are nearly identical to those in Sec. V with the
following exceptions: the uncertainties on the cross-section
ratios σνe=σνμ and σν̄=σν are applied and the NC normali-
zation uncertainties are divided into NC1π0, NC1π!, NC
coherent, and NCOther for all samples. Additionally, the
number of bins in the ND280 detector systematic covari-
ance matrix is reduced to 105, in order to reduce the total
number of parameters. There are no differences in the
systematic uncertainties for the SK samples. Ignoring
constant terms, the negative log of the posterior probability
is given by,

− lnðPÞ ¼
XND280bins

i

Np
i ð~b; ~x; ~dÞ − Nd

i lnN
p
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(sin2 θ23, Δm2
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Joint νµ+ νe analysis : 
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•Markov Chain Monte Carlo method

•Simultaneous inclusion of ND280 and SK data 

•Marginalize over the mass hierarchy

•Assuming flat prior of sin2ϑ23 |Δm223| and PNH= PIH=0.5

90% credible interval 
-1.11 π < δCP < 0.38 π

NH IH Sum
sin2ϑ23≤0.5 0,179 0,078 0,257
sin2ϑ23>0.5 0,505 0,238 0,743

Sum 0,684 0,316 1

with reactor experiment results. The most probable values
for the oscillation parameters for both analyses are shown
in Table XXV. For the T2K-only analysis, the values are
shown for δCP ¼ 0, as the analysis has little sensitivity to
the value of δCP. The 68% one-dimensional credible
intervals, marginalized over all other parameters, including
mass hierarchy, for each of the parameters except δCP are
shown in Table XXVI.
Figures 38 and 39 show the δCP versus sin2 θ13 and

Δm2
32 versus sin2 θ23 credible regions for the T2K-only

and T2Kþ reactor analyses. Note that the contours in
Fig. 38 are marginalized over the mass hierarchy; in
particular, the most probable value line appears to be

offset from the center of the credible region. This is
because the most probable value line is for the preferred
inverted hierarchy, and the credible intervals are margin-
alized over hierarchy. Fig. 40 shows the posterior prob-
ability for δCP with 68% and 90% credible intervals for the
T2Kþ reactor combined analysis. Figure 41 shows com-
parisons of SK νμ CC and νe CC candidate events with the
best-fit spectra produced from the T2K-only and T2Kþ
reactor combined analyses. Each best-fit spectrum is
formed by calculating the most probable value for the
predicted number of events in each energy bin, using all of
the MCMC points from the corresponding analysis. The
fit spectrum for νμ CC events does not change appreciably
when the reactor prior is included, but the νe CC fit
spectrum shows a noticeable reduction in the number of
events.
Figures 42 and 43 show the posterior PDFs for the

oscillation parameters both singly and pairwise, using
MCMC points from the inverted and normal hierarchy,
respectively, which reflect the most probable mass hier-
archy for the T2K-only and T2Kþ reactor analysis,
respectively. The plots along the diagonal show the
posterior PDFs for each of the four oscillation parameters
of interest, marginalized over all other parameters, except
for the mass hierarchy. The off-diagonal elements show the
pairwise posterior PDFs.
Another interesting feature of this analysis is that it

provides a natural way to study the preference of the data
for normal versus inverted hierarchy and lower versus
upper octant in θ23. This is done simply by comparing the
total probability (that is, the number of MCMC steps) in the
region of interest. Table XXVII shows the probability for
the various cases for the T2K-only analysis. Note that the
inverted hierarchy is preferred in this analysis, but the
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FIG. 40. The posterior probability for δCP, marginalized over
all other parameters, including mass hierarchy, for the T2Kþ
reactor combined analysis.
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Sensitivity for resolving sinδCP /= 0 
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True NH True IH

100% ν

50% ν + 
50% anti-ν

50% ν + 
50% anti-ν

100% ν

7.8 x 1021 POT sin22ϑ13 =0.1, δCP =0°,  sin22ϑ23 =0.5,  Δm2= 2.4 x 10-3 eV2  + 2012 systematics

Sensitivity to resolve δCP /= 0
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T2K + NOνA
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T2K alone Noνa alone T2K+ Noνa

7.8 x 1021 POT sin22ϑ13 =0.1, δCP =0°,  sin22ϑ23 =0.5,  Δm2= 2.4 x 10-3 eV2  + with δ(sin22ϑ13) = 0.005

Sensitivity to sinδ /= 0 

solid (dash) : w/o (w/) systematics

Region where δCP can be 
discovered at 90% CL 

T2K + Noνa


