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Oscillations and Interactions
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• νe appearance 

• νμ disappearance 
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• Neutrino interactions 



T2K: Physics goals and 
approach

• T2K’s major physics goals: 

• Search for νμ→νe appearance (found!) and measure 
precisely (underway) 

• Measure νμ disappearance precisely (done, improving) 

• Search for CP violation using antineutrino beam 
(underway) 

• Measure neutrino interaction cross-sections (some 
done, others underway) 

• Searches for exotic physics (underway)
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Two approaches to measuring θ13:

• Search for νμ→νe in long-baseline accelerator 
measurements: 

• Present: T2K, NOvA, MINOS 

• Future: Hyper-Kamiokande, DUNE 

• Search for νe̅ disappearance at nuclear reactors 

• Daya Bay, RENO, Double Chooz



Geography and population

• 127 million people

• 80% of land 

mountainous

• Humid climate: 

monsoon followed by 

frequent typhoons

• Aircraft industry  and 

pilot population wiped 

out in 1945

• Not very conducive to 

general aviation!

• But airspace is not so 

restricted, and there are 

about 2000 active glider 

pilots in the country.

TOKYO

J-PARCKAMIOKA

T2K design concepts

• Design:  

• First experiment to use off-axis technique to 
produce a narrow-band νμ beam 

• High-intensity 30 GeV proton beam from J-PARC 
synchrotron 

• Beam monitors to measure primary and 
secondary beam each pulse 

• On- and off-axis near neutrino detectors to 
characterize beam 

• Far detector Super-Kamiokande, 295 km baseline 



Accelerator-based neutrino beams

• Protons strike a target; the secondary mesons enter a decay region and decay in flight 
to neutrinos upstream of a beam stop.  

• Leaving target, charged particles may be focused before entering decay volume 

• Several magnetic focusing schemes possible: most common is “horns” (coaxial 
conductors producing toroidal fields) 

• Horn current direction determines whether π+ (for ν beam) or π− (for ν̅ beam) 
focused
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• There are numerous variants on the conventional beam: narrow-band and 
broad-band designs, off-axis beams, multiple horns, short (km) or long 
(100-1000 km) baseline... 

• All have common properties:  
• Predominantly νμ, with νe contamination at the ∼1% level from muon, kaon decays.  

• Neutrino energies can be from <0.5 GeV to >400 GeV 

• Even “narrow-band” beams tend to have tails to high energy 

• Fluxes have significant systematic errors

i

i

⊙B

⊗B

PRIMARY 
PROTONS

HORN 
• Positive particles focused 
• Negative particles defocused

π+

DECAY REGION
TARGET

BEAM 
ABSORBER

π− μ+

ν

NOT TO SCALE

Accelerator-based neutrino beams



Off-axis beam technique

• For wide range of pion momenta, Eν depends more on decay angle than Eπ 

• Exploit to make narrow-band νμ beams by going off-axis 

• At 295 km baseline, first oscillation maximum is at 570 MeV for 
Δm2=2.4∙10-3 eV2   ⇒   T2K wants 2.5° off-axis angle

October 17, 2006 – 11 : 38 DRAFT 15

Figure 6: Neutrino vs. pion energy for various decay angles.
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Figure 2: (a) Neutrino energy spectra of charged current interactions. Thick solid, dashed and dash-dotted histograms
are OA1◦, OA2◦ and OA3◦, respectively. (b) Comparison of νe and νµ spectra OA2◦. Solid (black) histogram is νµ

and dashed (red) one is νe. Hatched area is contribution from K decay. The low energy νe component is due to µ
decay.

νe contamination are plotted in Fig. 2(b). At the peak energy of the νµ spectrum, the νe/νµ ratio is
as small as 0.2% in OAB. This indicates that beam νe background is greatly suppressed (factor ∼ 4)

by applying an energy cut on the reconstructed neutrino energy.
Finally, we mention an option of the off-axis beam. One disadvantage of the off-axis beam is

relative difficulty in changing the neutrino beam energy after constructing the beam line. The beam

line must be re-aligned if one wants to change the beam energy. A relatively easy method to change
the neutrino beam energy after finishing the beam line construction is to install a bending magnet

after the horns. Detailed Monte Carlo studies have been carried out to study the effect of the bending
magnet on the neutrino flux. In the present study, the primary beam line was aligned 2.6◦ off-axis,

and the secondary beam was bent toward or against the far detector by the bending magnet. The

Monte Carlo results show that the neutrino flux by this scheme and the conventional off-axis scheme
is almost identical for off-axis angles between 2 and 3 degrees. Therefore, we are seriously considering

this scheme as a possible beam line option, and various engineering studies are in progress.

3 Near detectors

3.1 Muon monitor

The direction of the proton beam is monitored by the muon monitor, which measures high energy

muons passing through the beam dump. The detector is located in the muon pit that is located
down stream of the beam dump. The proton beam direction can be monitored with an accuracy of

better than 1 mrad for each spill by segmented ionization chamber and/or semi-conductor detector.

The muon monitor also tracks the stability of the neutrino yield.
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T2K: the facility and experiment

• J-PARC accelerator 

• Neutrino beam facility 

• Near detector complex 

• Far detector: Super-Kamiokande 

• Operations and data collection so far



Stefania Bordoni   (IFAE)

The T2K Collaboration
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J-PARC Facility 
(KEK/JAEA）

Photo: January 2008 

View to North

30 GeV Main ring

3 GeV 
Synchrotron

Linac

Design Intensity 
750kW

Construction 
2001~2009 

Neutrino Beam to Kamioka
Near  

Detector

1200-
year-
old 

temple

Pacific O
cean
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Neutrino Beam

• Fast Extracted beam from Main Ring (30GeV) 
• Graphite target (26mm dia. x 90cm) 
• 3 horns @ 250kA (320kA eventually) 
• 110m of decay volume



2 m

BAFFLEHORN 1
HORN 2

HORN 3

Neutrino Beam

Target Station 
building: three 
horns in helium 

vessel 
!

(Horn 3 shown 
during installation)



280m on-axis near detector: 
INGRID

• Array of 9-ton iron-scintillator neutrino detectors in 
cross shape centered on beam axis 

• Designed to show neutrino beam profile, event rate, 
and precise measure of beam center/off-axis angle

INGRID modules

INGRID, the T2K on-axis near detector

⌫
⌫

INGRID monitors the neutrino beam
direction and intensity

16 standard modules consist of iron and
scintillator layers

1 proton module made only of scintillator
layers and located behind central
standard module

5th July 2014 | Anthony Hillairet | INGRID and ND280 measurements | Slide 5 / 19
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Off-axis Near Detector

UA1 
dipole 
magnet

PØD

TPC

TPC

TPC

FGD

FGD

DS ECAL

B
EAM

• Pi Ø Detector (PØD): 
optimized for π0 
detection, includes 
H2O target 

• Tracker: 2 Fine-
Grained Detectors 
(FGD), H2O target, 3 
TPCs: measure fluxes 
before oscillation  

• ECAL: surrounding 
P0D and Tracker, 
measure EM activity 

• Side Muon Range 
Detector: in the 
magnet yokes, identify 
muons



Super-Kamiokande

!
• 50 kt water Cherenkov (22.5 

kt fiducial) 

• 11129 20-inch PMTs in 
inner detector; 1885 8-inch 
PMTs in outer veto detector

• Originally commissioned 1997 

• Designed for proton decay and 
neutrino measurements 

• Sensitive to solar and supernova 
neutrinos as well as atmospheric 

• Now also used as far detector for 
T2K



First proton beam on target 
April 2009



Neutrino physics runs

• Beam delivered in six 
run periods so far, 
starting in early 
2010 

• 1.11×1021 protons 
on target so far 

• Under 20% of 
approved total T2K 
beam 

• Expecting to make 
improvements in the 
next few years 
through higher beam 
power, more months/
year operation

March 2011: Great East 
Japan Earthquake 

May 2013: Hadron hall 
radiation incident June 2014: Switch to 

antineutrino mode

2010  2011  2012  2013  2014  2015



T2K data analysis



Neutrino flux prediction from 
beam MC

• Proton beam interaction in target: primary information comes from 
dedicated running of CERN NA61 experiment that measured particle 
production from 30 GeV protons on carbon (covers 95% of relevant 
production phase space for T2K). Crucial for T2K analysis! 

• Kaon production, pions outside the NA61 acceptance, and secondary 
interactions all simulated with FLUKA 

• Secondary interactions outside target tuned to external data 

• Horn focusing, decay region, beam absorber simulated in GEANT3

Neutrino flux prediction

T2K Neutrino beam simulation based 
on Hadron production measurements

�
�SK

�µ
(E�) · P�µ��e(E�) · ⇥(E�) · �SK(E�) dE�

�
�ND

�µ
(E�) · ⇥(E�) · �ND(E�) dE�

• Use CERN NA61/SHINE pion measurement
   (large acceptance: >95% coverage of ν parent pions)
• Kaon, pion outside NA61 acceptance, other interaction 
   in the target were based on FLUKA simulation
• Secondary interaction x-sections outside the target were based on 
   experimental data 

Hadron production in 30GeV proton + C

horn focusing, 
decay is simulated 
by GEANT3

proton beam

π, K

νμ

μgraphite
target

SK
NDactual beam profile & 

position 
(beam monitors meas.)
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Beam stability

Stefania Bordoni   (IFAE)

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
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•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
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NA61 contribution to T2K flux 
measurements

• NA61 at CERN measures distributions of pions and kaons 
produced from 30 GeV/c protons on carbon target 

• T2K uses these results to tune the beam simulation and reduce 
systematic errors 

• Improvement in the new T2K flux errors due to addition of 
2009 NA61 data. 

• Future improvements expected from analysis of T2K replica 
target data 

 (GeV)νE
-110 1 10

Fr
ac

tio
na

l E
rro

r

0

0.1

0.2

0.3 Total
Hadronic Interactions
Proton Beam, Alignment and Off-axis Angle
Horn Current & Field
MC Statistics

FIG. 2: Fractional systematic error on the ⌫µ flux at SK arising from the beamline

configuration and hadron production, prior to applying near detector data constraints.

14

νμ flux uncertainties in neutrino running mode

2014 joint analysis 2015 analysis

C
or

re
la

tio
n

1−

0.8−

0.6−

0.4−

0.2−

0

0.2

0.4

0.6

0.8

1

-m
od

e
ν

N
D

28
0 

-m
od

e
ν

N
D

28
0 

-m
od

e
ν

SK
 

-m
od

e
ν

SK
 

-modeνND280 

-modeνND280 

-modeνSK 

-modeνSK 

Beam Uncertainties

20

 (GeV)νE
-110 1 10

Fr
ac

tio
na

l E
rr

or

0

0.1

0.2

0.3
µνND280: Positive Focussing Mode, 

Hadron Interactions
Proton Beam Profile & Off-axis Angle

Horn Current & Field
Horn & Target Alignment

Material Modeling

Proton Number

13av1 Error

11bv3.2 Error

µνND280: Positive Focussing Mode, 

 (GeV)νE
-110 1 10

Fr
ac

tio
na

l E
rr

or

0

0.1

0.2

0.3
µνSK: Negative Focussing Mode, 

Hadron Interactions
Proton Beam Profile & Off-axis Angle

Horn Current & Field
Horn & Target Alignment

Material Modeling

Proton Number

13av1 Error

µνSK: Negative Focussing Mode, 

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.

(c) SK ⌫e

 (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.

(d) SK ⌫̄e

Figure 122: Fractional error of Run 1-4† flux at Super-K

115

νµ uncertainty at Super-K

1. Proton beam measurement

3. Horn and beam alignment

5. Beam direction
2. Hadron production

4. Horn current and field

π+"Phase"Space"

Total



Predicted neutrino flux
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Predicted neutrino flux (center value)
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106 104
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• Muon decay responsible for 
most low-energy νe flux: 
originates from pions already 
measured by NA61 
!

• Kaon decay dominates high-
energy flux 
!



External cross-section info

• Most common process at oscillation maximum 
(600 MeV) is charged-current quasielastic 
scattering: 

• νℓ + n → ℓ− + p 

• Also have resonant pion production, NC elastic, and 
some coherent- and multi-pion events. 

• Use NEUT simulation (2012) for initial interaction, 
final state nuclear effects (charge exchange, pion 
absorption, etc) 

• Some model parameters are used (MA, pF, Eb); 
these are tuned to external neutrino data including 
MiniBooNE

νµ"

νµ" π0"

π0"

π+"

π+"

Cross%Sec)on%Simula)on%and%Constraints%
•  NEUT%simulation%(2012)%

–  Initial%interaction%
•  CCQE,%resonant;π,%etc.%

–  Final%State%nuclear%effects%
•  charge%exchange,%π%absorption,%
etc.%

•  Parameterize%models%
–  Some%model%parameters%like%
MA,%pF,%Eb'

–  Some%energy;dependent%
normalizations%

•  Tune%model%parameters%to%
external%neutrino%data%
–  Primarily%MiniBooNE%
Alex Himmel 28 

PRD%83%(2011)%%
052007%

ν μ-
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Near-detector analysis

• For further flux and cross-section constraint, identify νμ events 
originating in fine-grained tracker 

• Classify in one of three samples based on extra-track topology 

2013 ND280 ⌫µ event selection

µ�

One µ� from FGD1 crossing TPC2 =) CC inclusive sample

⇡?⇡?

Particle identification using dE/dx
in FGD1 and TPCs

Momentum and charge
reconstruction in TPCs

⌫

TPC1 FGD1 TPC2 FGD2 TPC3

ECal

ECal

ECal
P0D

No pions found
=) CC0⇡ sample

1⇡+ found
=) CC1⇡+ sample

> 0⇡0 or
> 0⇡� or
> 1⇡+ found

=) CC-Other sample

5th July 2014 | Anthony Hillairet | INGRID and ND280 measurements | Slide 10 / 19



Near-detector muon samples for 
constraining flux/xsec

• Very high 
statistics! 

• CC1π sample 
is particularly 
important in 
reducing 
systematic 
errors vs. 
pre-2013 
results.

2013 results, 6.30⇥1020POT of ⌫ beam data

CC-0⇡
sample

CC-1⇡
sample

CC-Other
sample

68.4% of CC inc.
sample

16.0% of CC inc.
sample

15.5% of CC inc.
sample

Data/MC distributions before any fit

Purity of each sample
CC-0⇡ CC-1⇡ CC-Other

CC-0⇡ 72.6% 6.4% 5.8%
CC-1⇡ 8.6% 49.4% 7.8%
CC-Other 11.4% 31.0% 73.8%
Bkg (NC+⌫̄µ) 2.3% 6.8% 8.7%
Out of fiducial 5.1% 6.5% 3.9%volume

5th July 2014 | Anthony Hillairet | INGRID and ND280 measurements | Slide 11 / 19



ND280 fit to constrain SK 
prediction

ND280&Fit&to&Constrain&Systema4cs&

Alex Himmel 31 

•  Fit$each$sub,sample$in$2$dimension:$$
–  µ,$momentum$and$angle$

•  All$parameters$in$8it$are$systematic$
errors$
–  Flux,$cross$sections,$detector$errors$
–  No$ND$νμ$oscillations$

•&Data&
– Nominal&MC&
– Fit&to&ND280&

•&Data&
– Nominal&MC&
– Fit to ND280&

CC0π&



ND280 and flux fit for SK 
predictions

• Correlation matrix 
(improved since 
previous results)



Near detector greatly reduces 
errors on predicted events at SK

TABLE XX: Relative uncertainty (1�) on the predicted rate of ⌫µ CC and ⌫e CC

candidate events.

Source of uncertainty ⌫µ CC ⌫e CC

Flux and common cross sections

(w/o ND280 constraint) 21.7% 26.0%

(w ND280 constraint) 2.7% 3.2%

Independent cross sections 5.0% 4.7%

SK 4.0% 2.7%

FSI+SI(+PN) 3.0% 2.5%

Total

(w/o ND280 constraint) 23.5% 26.8%

(w ND280 constraint) 7.7% 6.8%

FIG. 26: Total error envelopes for the reconstructed energy distributions of ⌫µ CC (left)

and ⌫e CC (right) candidate events, using typical oscillation parameter values, with and

without the ND280 constraint applied.
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Xth R du VN, July 27-August 2, 2014 V. Paolone, University of Pittsburgh 12

Far Detector: Event Timing

 T2K beam timing
 Time window of (−2μs, +10μs)

 Fully Contained (FC) definition
No signal in Outer Detector (OD)

 Fiducial volume definition:
Vertex > 2 m from wall

(JPARC:
8 bunches/spill)

(LE – Low Energy 
events)

Xth R du VN, July 27-August 2, 2014 V. Paolone, University of Pittsburgh 12

Far Detector: Event Timing

 T2K beam timing
 Time window of (−2μs, +10μs)

 Fully Contained (FC) definition
No signal in Outer Detector (OD)

 Fiducial volume definition:
Vertex > 2 m from wall

(JPARC:
8 bunches/spill)

(LE – Low Energy 
events)

Neutrino physics runs: 
Super-Kamiokande

u Event time distribution clearly shows eight-bunch (six in Run 1) beam structure  

u Expected non-beam background: ~10-2 events

LE: Low energy triggered events 
OD: Outer detector events 
FC: Fully contained events

FC

FC: Fully contained 
event

Uncontained event 
(in OD trigger)

Event time relative to beam arrival + L/c



Signal and background for νe 
appearance analysis

• Signal is CCQE scattering 

• e/μ separation is mostly via ring shape; decay electron 
identification helps too 

• Signature in Super-Kamiokande is a single Cherenkov ring, as 
proton usually below threshold 

• Largest background is intrinsic νe 

• Most common non-νe background is neutral-current π0 
production, where one photon has very low energy 

ν μ-

n p

W



T2K neutrino events

• Pink diamonds are placed on the wall in the beam direction starting from 
the reconstructed vertex.

Single-ring μ-like event Single-ring e-like event
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Reduction of non-CCQE 
background

• Remove events with muon-decay 
electrons: these are likely to be from 
unseen pions in final state 
• π± Cherenk. threshold: 160 MeV 
• e± Cherenk. threshold: 0.8 MeV

⌫e +
16O ! e�+ ⇡+ +X

! e+ + ⌫eμ

e

• Likelihood-based reconstruction 
• Compare e-like and π0-like 

hypotheses 
• Cut line optimized in likelihood-inv. 

mass space

e!l
ike
&&&&
&⇹

&&&&
&&&π

0 !l
ike
&

mγγ&(MeV)& mγγ&(MeV)&

Reject Reject



Reduction of intrinsic νe

• Remove events with reconstructed 
energy >1250 MeV 
• Signal mostly at lower energy 
• Intrinsic beam νe dominate at 

higher energy



Far detector analysis: cuts

Timing coincidence w/ beam timing (+TOF)

Fully contained (No OD activity)

Vertex in fiducial volume (>2m from wall)

Number of rings = 1

e-like ring

0 or 1 decay electron No decay electron

After all cuts: 

• Signal efficiency 
66% for fiducial 
volume 

• Intrinsic beam νe 
background 
efficiency is 23%  

• NC efficiency 
<1%

For νμ disappearance analysis

Eνrec < 1250MeV

Remove π0-like eventspμ > 200 MeV/c

μ-like ring

Evis > 30 MeV Evis > 100 MeV

For νe appearance search 



Systematic UncertaintiesSystema(c*Uncertain(es*

Flux%and%cross%section%would%be%%
>%20%%without%ND280%constraint%

Alex Himmel 
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νµ*Events*
ND280:constrained%;lux%
and%cross%section% 2.7%%

Unconstrained%cross%
section% 5.0%%

SK%detector%ef;iciency% 3.0%%

Final%or%secondary%
hadronic%interactions% 4.0%%

Total& 7.7%&

νe*Events*
ND280:constrained%;lux%
and%cross%section% 3.1%%

Unconstrained%cross%
section% 4.7%%

SK%detector%ef;iciency% 2.4%%

Final%or%secondary%
hadronic%interactions% 2.7%%

Total& 6.8%&



Final candidates at SK

• Predicted background events: 
4.9±1.6 

• Observe 28 events 

• 7.3σ significance for νe appearance 

• 21.6 events expected if sin22θ13= 
0.1, δCP= 0, sin2θ23= 0.5 

• Assuming above δCP, θ23, sin22θ13= 

• 0.140 +0.038 −0.032 
(Assuming normal hierarchy) 

• 0.170 +0.045 −0.037 
(Assuming inverted hierarchy) 

• PRL 112, 061802 (2014)

 
Marco Zito-ICHEP 2014

21

T2K observation of ν
μ
→ν

e
 appearance

● N
obs

 = 28

● N
exp

 (bck. only) = 4.9±0.6(syst.)

● N
exp

 (sin² 2θ
13

=0.1) = 21.6

● 7.3 σ evidence of non-zero θ
13

● First direct observation of a new flavor appearance
● Opens the way to the determination of the CP violation parameter δ 

Phys. Rev. Lett. 112, 061802 (2014)ν
μ
→ν

e

νe!event!selecQon�

•  Fully9contained!fiducial!volume!(FCFV)!event!
•  Single9ring!e9like!event!
•  Evisible!>!100!MeV!
•  #!of!decay!electron!=!0!
•  0!<!Eνrec!<!1250!MeV!
•  π0!cut!

28 events 
       in 6.57x1020 POT�

 energy (MeV)νReconstructed 
0 1000 2000 3000
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06/04/2014� ���

T2K!has!made!improvements!in!background!and!error!reducQon.!!



#! CCQE selection:
Select events that are

• contained in FV (88)

• single !-like ring  (33)

• > 200 MeV/c (33)

• 0 or 1 decay electron (31)

�

X

w/osc: sin22"=1.0,
!m2=2.4x10-3eV2

 Data
MC  w/ 2-flavor oscillationMC  w/ 2-flavor oscillationMC  w/ 2-flavor oscillationMC  w/ 2-flavor oscillationMC  w/ 2-flavor oscillation MC

w/o
osc.

 Data
Total #! CCQE #! nCCQE #e CC NC

MC
w/o
osc.

Selected Events 31 28.4 17.3 9.2 <0.1 1.8 104

Efficiency - 20% 72% 21% 0.4% 3% 43%

15Thursday, August 25, 2011

νμ disappearance analysis: 
CCQE selection

• One mu-like ring



νμ disappearance analysis

• Data selection 
cuts very similar 
to appearance, 
but with particle 
ID cuts reversed

Timing coincidence w/ beam timing (+TOF)

Fully contained (No OD activity)

Vertex in fiducial volume (>2m from wall)

Number of rings = 1

e-like ring

0 or 1 decay electron No decay electron

For νμ disappearance analysis

Eνrec < 1250MeV

Remove π0-like eventspμ > 200 MeV/c

μ-like ring

Evis > 30 MeV Evis > 100 MeV

For νe appearance search 



νμ disappearance analysis

• Off-axis beam (by 
design) puts maximum 
disappearance at the 
energy peak! 

• Fit favors maximal 
disappearance 

• Not quite the same as 
maximal sin22θ23 
because of higher-order 
terms depending on θ13: 

T2K!νμ!Results!

06/04/2014! Chris!Walter!9!Results!from!T2K!9!Neutrino2014!

Shows!the!power!of!the!off9axis!technique!!

Maximal mixing is not the same as maximum 
disappearance if θ13 is not zero! 

16!

Phys. Rev. Lett. 112, 181801 (2014) 

For!θ13!given!by!reactor!experiments:!

Poster$
#068!$

120 selected events 



An aside: multi-nucleon 
interactions

Our$model:$
J.$Nieves$et.$al.,$PRC83,$045501$(2011)!
J.$Sobczyk,$PRC86,$015504$(2012)!

Suggested$potential$for$bias$in$oscillations:$
O.$Lalakulich$and$U.$Mosel,$PRC86,$054606$(2012).$
D.$Meloni$and$M.$Martini,$PLB716,$186$(2012).$
P.$Coloma,$et$al,$arXiv:1311.4506$(2013).$$
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Mul$nucleon)Interac$ons)
•  Neutrinos$may$interact$with$
multiple$nucleons$
–  Looks$CCQE,$but$has$different$
kinematics$

–  Potential$explanation$for$$
MA$≈$1.2$GeV$instead$of$1.0$GeV$

•  Studied$potential$for$bias$in$our$
result$from$neglecting$
multinucleon$interactions$
–  Use$many$fake$experiments$
with$random$systematic$errors$

νμ!
μZ$

p$
p$



Effect on SK spectrum
Effect&on&SK&Spectrum&

Alex Himmel 47 

Nieves&multi+n&gives&
few&percent&increase&

over&nominal&

Most&of&the&change&is&
predicted&by&ND280&:it.&



Reconstruction bias from multi-
nucleon interactions

• Will be included in later analyses as systematic error

Bias%in%Δm2%

Alex Himmel 48 

Nieves%
Nominal%

≈%total%systema2c%
uncertainty%

Distribu2on%of%Fake%Experiments%

Experiment>by>Experiment%Biases%

Mean%bias%and%RMS%of%biases%
both%<%1%,%small%relative%to%
systematic%uncertainty%

≈"total"systema+c"
uncertainty"

Distribu+on"of"Fake"Experiments"

Experiment9by9Experiment"Biases"

Nieves"
Nominal"

Bias"in"sin2(θ23)"

Alex Himmel 49 

RMS$(3.6%)$is$comparable$to$the$
systematic$uncertainty,$but$small$
relative$to$the$total$error$(11%)$



νμ disappearance analysis

• T2K now has most precise result on θ23 

• Result depends slightly on hierarchy assumption 

• Before this result, atmospheric neutrinos dominated this parameter 

• Phys. Rev. Lett. 112, 181801 (2014)

νμ disappearance analysis

Best5fit$±$FC$68%$CL$$
(Δm2!!units!1093!eV2/c4)$

NH$
sin2θ23$ 0.514+0.05590.056!
Δm2

32! 2.51!±!0.10!

IH$
sin2θ23$ 0.511!±!0.055!
Δm2

13! 2.48!±!0.10!
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BEST FIT!

Compare!with!other!experiments!

06/04/2014!
Chris!Walter!9!Results!from!T2K!9!Neutrino2014!

17!
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For the first time, the mixing angle is better constrained by an 
accelerator experiment than by atmospheric neutrinos! 

BEST FIT!



Joint fit to appearance and 
disappearance

• Likelihood ratio fit of νµ and νe samples 

• Both frequentist and Bayesian analyses performed 

• Simultaneous fit for δCP, θ13, θ23, Δm232

νµ νe cosθ



Dependence on other 
parameters

• Appearance probability also depends strongly 
on θ23 and δCP 

• Can marginalize over these parameters and 
extract θ13, but result is uncompetitive with 
reactor measurements (PDG 2012: 
sin22θ13=0.098±0.013; PDG 2014: 
0.093±0.008) 

• One approach: scan value of δCP, marginalize 
over θ23, look for regions consistent with 
reactor θ13. (Frequentist intervals shown) 

• Combined T2K+reactor favor larger θ23, 
δCP<0

Reactor θ13 1σ allowed (approx.)
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FIG. 32: 68% (dashed) and 90% (solid) CL regions, from the analysis without using

reactor data, with di↵erent mass hierarchy assumptions using ��

2 with respect to the

best-fit point – that from the inverted hierarchy. The parameter |�m

2| represents �m

2
32 or

�m

2
13 for normal and inverted mass hierarchy assumptions respectively. The lower left plot

shows 1D confidence intervals in sin2✓13 for di↵erent values of �CP .

in the four 2-dimensional oscillation parameter spaces (sin2
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2
13),
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✓13, �CP ), and (sin2

✓23, sin
2
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inverted hierarchy best-fit point.
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• Can also use reactor data (2012 PDG) 
as a constraint on θ13 and show T2K 
data as an allowed region in θ23 and δCP.  

• Large T2K νe rate is favoring δCP values 
in the −π/2 range, especially in inverted 
hierarchy

Dependence on other 
parameters
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respect to the best-fit point, the one from the fit with normal hierarchy. The parameter
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2
32 or �m
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13 for normal and inverted mass hierarchy assumptions

respectively.
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Bayesian(δCP,(MH,(Octant(Constraints(
•  Bayesian(analysis(
can(marginalize(over(
the(mass(hierarchy(

•  Compare(
probabilities(of(
different(hierarchies(
and(θ23(octants(

Alex Himmel 57 

PRELIMINARY 

68%(

Credible((
interval(

Outside(90%((
Credible((
Interval(

NH( IH( Sum(

sin2(θ23)(≤(0.5( 18%( 8%( 26%(
sin2(θ23)(>(0.5( 50%( 24%( 74%(

Sum( 68%( 32%(



New this season: antineutrino 
oscillation searches

• Next step toward getting ultimate sensitivity for T2K physics (CP and 
θ23 octant) 

• Sensitivity is roughly optimized by 50/50 POT between two modes 

• Started data collection in antineutrino mode last year; now have over 
1/3 of POT in this mode 

• Initial look at data: νμ̅ disappearance  

• Coming soon: search for νe̅ appearance



Muon antineutrino 
disappearance

• Using data through March for far detector (2.3E20 POT) 
(only half of what’s been collected by now) 

• Using small ND280 samples for now (0.43E20 POT)



Flux predictions
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Flux uncertainties

• Flux errors very small compared to expected statistics
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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)
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Cross-sections

• Errors come from underlying 
model parameters and 
normalizations (similar to 
neutrino mode) 

• Are already comparable to 
neutrino mode
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Near detector data

• Samples are very small (even compared to full current data set) 

• Important look at what ND280 will see in antineutrino data

ND280 ν-̅mode Samples

๏ Samples are still statistically small 
compared to ν-mode 

๏ Important look into what ND280 will do 
with ν ̅data
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SK data

Best Fit Spectrum
๏ Data show clear 

evidence of oscillation 

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

e

sample is used to estimate sin22✓
13

.

II. EXPERIMENTAL OVERVIEW AND DATA
COLLECTION

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

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

2

32

| is
already relatively well known.

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

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

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

CP

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

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

0

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

axis is the direction to the far detector projected to the
horizontal plane.
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situated downstream of the beam dump measures the
profile of muons from hadron decay and monitors the
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detector is the Super-Kamiokande (SK) water Cherenkov
detector. The beam is aimed 2.5� (44 mrad) away from
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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
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at a baseline where oscillation e↵ects are negligible. The
on-axis INGRID detector [35, 36] consists of 16 mod-
ules of interleaved scintillator/iron layers in a cross con-
figuration centered on the nominal neutrino beam axis,
covering ±5 m transverse to the beam direction along
the horizontal and vertical axes. The INGRID detector
monitors the neutrino event rate stability at each mod-
ule, and the neutrino beam direction using the profile of
event rates across the modules.

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

0

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

axis is the direction to the far detector projected to the
horizontal plane.
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Oscillation fit
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9 Summary561

In summary, we report the results of a simultaneous fit to the ND280 tracker ⌫
µ

562

sample from ⌫ mode running, ND280 tracker ⌫̄
µ

sample from ⌫̄ mode running, and563

SK 1R
µ

sample from ⌫̄ mode running, equating to 2.315⇥10

20 POT of data in the564

SK sample. The best fit point, assuming normal hierarchy, is shown in Table 9,565

where the errors given on the individual parameters come from the 1D 68% credible566

intervals. The 68% and 90% contours for the sin

2
¯✓23–�m̄2

32 parameter space are567

shown in Figure 42.568

|�m̄2
32| sin

2
(

¯✓23)

Normal Hierarchy 2.33+0.27
�0.23 ⇥10

�3 eV2 0.515+0.085
�0.095

Table 9: Best-fit values for ⌫̄ oscillation parameters extracted from the marginal posterior

of the Run 5c–6c data fit. The best-fit values are determined from the 2D posterior in

sin

2
¯✓23 - �m̄2

32 space, and uncertainties on those values are taken from the 1D posterior

for that parameter.
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๏ Fitting without 
including systematic 
uncertainties 
produces nearly 
identical contours 

๏ This analysis is 
statistics dominated



Comparing to neutrino result

• Errors are of 
course larger 
than for neutrino 
mode 

• CPT is under no 
threat at present
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Comparison to Neutrino Results
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๏ Antineutrino 
analysis has much 
larger contours 
than neutrino 
analysis 

๏ Two analyses are 
consistent with no 
difference between 
neutrinos and 
antineutrinos 
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Comparing to MINOS

• MINOS has best previous measurement (SK also measured in 2011) 

• We agree quite well: our errors now smaller in mixing angle, still 
slightly larger in Δm2
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Comparison to MINOS
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๏ T2K contours are 
smaller in sin2θ2̅3, 
though MINOS 
saw a non-maximal 
best fit point 

๏ Results are 
completely 
compatible

MINOS data is beam and cosmic combined 
P. Adamson et al., Phys. Rev. Lett. 110 (2013) 25, 251801 
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Neutrino interactions

• Lots of results from:  

• INGRID (on axis) 

• Off-axis ND 

• …and even SK



Oscillations: future sensitivity

• Recently published a long paper on future sensitivity: PTEP 
2015 (2015) 4, 043C01 

• Sensitivities were calculated with full approved T2K running 
(7.8E21 POT) and various assumptions of neutrino/
antineutrino split, plus combinations with other experiments 

• Most physics sensitivities optimized with 50% neutrino/50% 
antineutrino operation 



θ23 octant sensitivity

• Sensitivity assuming “ultimate” reactor error on θ1323θ2sin
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Fig. 6: �m2
32 vs. sin2 ✓23 90% C.L. intervals for 7.8⇥ 1021 POT. Contours are plotted for

the case of true �CP = 0�, sin2 ✓23 = 0.4, �m2
32 = 2.4⇥ 10�3 eV2 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 2012 systematic

errors fully correlated between ⌫- and ⌫̄-mode.

4.4. Precision or sensitivity vs. POT302

The T2K uncertainty (i.e. precision) vs. POT for sin2 ✓23 and �m2
32 is given in Fig. 12 for the303

100% ⌫-mode running case and the 50% plus 50% ⌫ � ⌫̄-mode running case. The precision304

includes either statistical errors only, statistical errors combined with the 2012 systematic305

errors, or statistical errors combined with conservatively-projected systematic errors for the306

full POT. See Sec. 4.5 for details about the projected systematic errors used.307
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CPV sensitivity: T2K alone

Stefania Bordoni   (IFAE)

Sensitivity for resolving sinδCP /= 0 

70

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



CPV sensitivity: T2K+NOvA

Stefania Bordoni   (IFAE)

T2K + NOνA

71

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



Inclusive νμ CC cross-section on 
Fe and CH                       (on-axis)

• Motivation: very few ν 
cross sections on heavy 
nuclei. 

• Event selection: 

• Identify the μ- track in 
an interaction  
starting within a central 
module  

• μ- candidate: should be 
in-time with the beam 
and the longest track. 

30 

νμ CC Inclusive on Fe and on CH 
• Motivation 

� Very few ν cross sections on heavy nuclei 
� We have other heavy target material (Pb, Cu-Zn, . . ) 

• Events selection  
� Identify the μ- track in an interaction  

starting within a central module 

� μ- candidate: should be in-time with  
the beam and the longest track. 

• Measurement method 
� Cross section extracted from 

   I = integrated νμ flux,  
  T = # target nucleons,  
  ε = detection efficiency 

� Inputs to the calculations (w/ corrections) 
 

 

 

 
 

PRD 90 (2014)  052010 

HI
V

T
NN BGsel

CC
�

 

Nsel NBG φ [× 10ଵଷ/cmଶ] T  ε 

𝜎஼஼ி௘ 523045 67838.0 2.999 2.461× 10ଷ଴ 0.4270 

𝜎஼஼஼ு 36330 5385.5 3.025 1.799× 10ଶଽ 0.4122 
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νμ CC Inclusive on Fe and on CH 
• Results 

� Flux average CC inclusive cross section 

 

 
 

� Dominated by flux systematic (~11.5%) 
� Cross section ratio 

 
 
� Flux systematic mostly cancels out  
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Note: NEUT and GENIE = ν MC generators 



νμ CCQE cross-section on carbon 
(off-axis)

• Interactions are required to have one 
muon track starting in fine-grained tracker, 
and no pions reconstructed. Analysis is 
based on muon momentum and angle vs. 
neutrino beam.  

• Using Smith-Moniz/RFG, fit MA to be 
1.26+0.21−0.18 GeV/c2 using 
normalization; 1.43+0.28−0.22 GeV/c2 
from shape only 

• arXiv:1411.6264 (in press at PRD)
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FIG. 6: The measured CCQE energy-dependent cross section per target neutron with
statistical (band) and total (bar) errors.
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FIG. 7: The measured CCQE energy-dependent cross section per target neutron compared
with MiniBooNE and NOMAD results.
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νe CC Inclusive Cross-section on 
hydrocarbon

36 

νe CC Inclusive Cross Section 
• Motivation 

� νe contamination is the largest  
background in νμ→νe Appearance 

• Events selection  
� Identify the e- track in an  

interaction starting within FGD1  
� e- candidate: Highest momentum,  

negative charged track  
that pass electron TPC dE/dx  
and ECal PID cuts. 

� Main background γ → e+e− treat 
� Veto activity upstream of FGD1 

� e+e− invariant mass cut 

� Selected: 315 νe CC events  
 

 

 

 
 

PRL 113 (2014) 241803 



νe CC Inclusive Cross-section

40 

νe CC Inclusive Cross Section 
• Measurement method 

� Cross section extracted from 
   X = pe, cosθe or Q2, 

  ΔX = bin width, 
  Nk = # signal events, 
  I = integrated νμ flux,  
  T = # target nucleons  

� Background constrained by a γ sideband e 

• Results  
� Differential distributions: pe, cosθe and Q2 
� Total νe CC inclusive cross section   

 

� Dominant systematics:  
Flux (12.9%), Statistics (8.7%),  
Detector (8.6%) 

• First total νe cross section measurement since 1978  
(Gargamelle, Nucl. Phys. B 133, 205) 
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After mass(e+e−) cut: γ  sideband  



Neutral-current elastic on 
oxygen (SK data)

51 

νμ NCE Cross section on O 

PRD 90 (2014)  072012 

• Measurement method 
� Cross section extracted from  

a 𝜎ே஼ொா௢௕௦ = ே೚್ೞିேಳಸ
೐ೣ೛

ே೐ೣ೛ିேಳಸ
೐ೣ೛ 𝜎ே஼ொா

௧௛௘௢௥௬  

 obs = observed in data 

 exp = expected by MC 

 BG = background  

 a 𝜎ே஼ொா
௧௛௘௢௥௬ = 2.01 × 10ିଷ଼cmଶ [PRL 108 (2012) 052505]  

• Results 
� Flux-average ν-Oxygen NCE 

� a 𝜎ே஼ொா௢௕௦ = 1.55ି଴.ଷହା଴.଻ଵ × 10ିଷ଼cmଶ/nucleus 
� Dominant systematics 

o Primary (15%) and secondary (13%) γ productions 

o Flux uncertainty (10%) 

• First measured ν-Oxygen NCE cross section! 

 

 

 
 



More exotic physics

• Neutrino time-of-flight: relative TOF 
analysis in preprint (arXiv:1502.06605), 
no evidence of non-zero mass

13

TABLE IV. Summary of systematic e↵ects on m2
⌫

. The left
most column specifies the type of systematic uncertainty, the
central columns give values for the di↵erent run periods and
the right columns show the resulting uncertainty on the 90%
C.L. upper limit of m2

⌫

and the change compared to the no-
systematics case. The systematic error on lepton angle is
1o for lepton momenta below 1.33 GeV/c2 and 2o for lepton
momenta above 1.33 GeV/c2. Values are taken from table I
and II.

Systematic Magnitude [ns] 90% C.L.

uncertainties Run periods absolute %

I IIa IIb III IV [MeV2/c4] change

Time 4.4 4.4 4.4 5.6 5.0 5.09 +15.9

adjustment

Lepton 2.3% 2.4% 4.4 +0.2

momentum +

angular bias 1(2)o

SK + GPS time 4.3 5.2 5.2 5.9 3.6 4.75 +8.2

resolution

SMRD time 0.1 1.7 0.5 0.3 0.8 4.41 +0.5

resolution

Total 5.58 +27.1

trix stemming from uncertainties in oscillation parame-
ters as well as nuclear interaction e↵ects have been esti-
mated to be negligible. The magnitude of nuclear e↵ects
for various final state interaction (FSI) parameters has
been obtained from MC studies [36] in form of modified
reconstructed neutrino energies. For each event the mod-
ified reconstructed energy is converted into a neutrino
energy by sampling a 1000 times from the corresponding
row in the conversion matrix. The resulting distributions
of derived energies for FSI reweighted Erecon

⌫

spectra for
toy MC data sets are consistent with the original (non-
FSI reweighted) distributions of derived neutrino ener-
gies.

The e↵ect of the systematic uncertainties on m2
⌫

were
evaluated by repeating the previously described analysis
with one type of systematic parameter varied within its
bounds and for all 4 subsets. Table IV summarizes the
systematic uncertainties and the 90% C.L. upper limit on
m2

⌫

for each ensemble of modified toy data sets. The last
row shows the 90% C.L. upper limit based on toy data
sets for which all systematic uncertainties were varied
simultaneously.

Figure 13 shows the F-C 90% C.L. upper critical values
for combined statistical and total systematic uncertainty
as red dots for m2

⌫�true

values of 5,6 and 7 MeV2/c4

along with the average negative log-likelihood curve for
the experimental data set.
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FIG. 14. Timing residuals of T2K CCQE neutrino candidate
events as a function of derived neutrino energy. Events have
been grouped into energy bins of 100 MeV below 1 GeV and
bin sizes of 1GeV above 1 GeV.

VI. RESULTS

With systematic uncertainties included we find a 90%
C.L. upper limit on the e↵ective neutrino mass squared
of m2

⌫

< 5.6 MeV2/c4.
The time deviation of individual CCQE neutrino can-

didate events at SK from the mean time of beam bunches
as function of neutrino energy is shown in Fig. 14 for the
148 CCQE neutrino candidate events collected in T2K
run periods I through IV. The plot was generated by
assigning each event the most likely true energy, E

true

based on the MC energy conversion matrices discussed
above and the events’ reconstructed energy. The lines
indicate the expected ranges for time residuals for a vari-
ety of di↵erent e↵ective neutrino masses. The upturn at
low energies clearly shows the relativistic e↵ect on neu-
trino RTOF and the dependence on e↵ective neutrino
mass. The half-width of the bands �

band

is determined
by the width, �

P2 , of the far detector PDF P2 and its
associated systematic uncertainties added in quadrature.
Using values from tables I, II and IV and weighting them
according to the number of events in each run we deter-
mine the half-width to be �

band

= 27 ns.
The vertical normalization of the data points and

bands requires an absolute TOF measurement. For the
present relative time of flight analysis the mean of the
timing residuals for the high energy events has been ad-
justed to zero. At high energies and neutrino masses of a
few MeV/c2 or smaller no relativistic e↵ects on the time
residuals are expected.
The high energy tails of the calculated bands have also

been centered on zero to match the adjustment of the
data. We calculated and plotted bands for m

⌫

values in
the range from 1 to 10 MeV/c2 in Fig. 14. Events have
been grouped into energy bins of 100 MeV below 1 GeV
and bin sizes of 1 GeV above 1 GeV.
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FIG. 4. The ratio of the best fit spectrum to the expected
MC distribution, where the fit includes nuisance and oscil-
lation parameters (blue) and nuisance parameters only (red
dashed), is shown. The plots show the ⌫e sample (top) and
the control sample (bottom). The black line corresponds to
the expected non-oscillated MC before the fit. The black dots
show the data. Statistical uncertainties are shown.

The range of E
reco

is from 0.2GeV to 10GeV. The oscil-
lation amplitude sin22✓ee is restricted to the physical re-
gion. The e↵ect of systematic uncertainties is included in
the fit with nuisance parameters (55 in total) constrained
by a Gaussian penalty term. The oscillation probability
Eq. (1) a↵ects ⌫

e

signal events based on the true neutrino
energy and flight path.
The best-fit oscillation parameters are sin22✓ee = 1 and

�m2
e↵ = 2.05 eV2/c4. The �2/ndf is 42.16/49. Most of

the best-fit systematic parameters are within a 0.5� de-
viations and always within 1� from the prior values. The
systematic parameter corresponding to the normalization
of the ⌫

µ

N ! ⇡0X OOFV component is reduced by 31%
(⇠ 1�) due to the deficit at low energy in the control
sample. The ratio between the best-fit and the expected
non-oscillated MC distributions is shown as a function of
E

reco

for both the ⌫
e

and the control samples in Fig. 4.
The best-fit, where the nuisance parameters are allowed
to float while the oscillation parameters are fixed to null,
is also shown. The corresponding �2/ndf is 45.86/51.
The two-dimensional confidence intervals in the

sin22✓ee - �m2
e↵ parameter space are computed using

eeθ 22sin
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Allowed region at 68% CL
Allowed region at 90% CL
Excluded region at 95% CL

FIG. 5. 68% and 90% CL allowed regions and 95% CL ex-
clusion region for the sin22✓ee - �m2

e↵ parameters measured
with the T2K near detector.

the Feldman-Cousins method [28]. The systematic un-
certainties are incorporated using the method described
in [29]. The 68%, 90% and 95% confidence regions are
shown in Fig. 5. The exclusion region at 95% CL is
approximately given by sin22✓ee > 0.3 and �m2

e↵ >
7 eV2/c4.
The p-value of the null oscillation hypothesis, com-

puted using a profile likelihood ratio as a test statistic,
is 0.085.
The impact of ⌫

µ

disappearance and ⌫
e

appearance
on the present result is estimated by considering a non-
null sin2 2✓

µµ

in the 3+1 model. For sin2 2✓
µµ

between 0
and 0.05, approximately the region not excluded by other
experiments [10, 30], the 95%CL exclusion on sin2 2✓

ee

moves by less than 0.1
In Fig. 6 the T2K excluded region at 95% CL is com-

pared with ⌫
e

disappearance allowed regions from the
gallium anomaly and reactor anomaly. The excluded re-
gions from ⌫

e

+12 C ! 12N + e� scattering data of
KARMEN [31, 32] and LSND [33] experiments and solar
neutrino and KamLAND data [34–46] are also shown.
The T2K result excludes part of the gallium anomaly
and a small part of the reactor anomaly allowed regions.
The current T2K limit at 95% CL is contained within
the region excluded by the combined fit of the solar and
KamLAND data.

Conclusions — T2K has performed a search for ⌫
e

dis-
appearance with the near detector. The excluded re-
gion at 95% CL is approximately sin22✓ee > 0.3 and
�m2

e↵ > 7 eV2/c4. The p-value of the null oscillation
hypothesis is 0.085. Further data from T2K will reduce
the statistical uncertainty, which is still an important lim-
itation for the analysis.

7

eeθ 22sin
-210 -110 1

)4
/c2

 (e
V

ef
f

2
 m

∆

-210

-110

1

10

210

Gallium allowed

Reactors allowed

T2K excluded
-C excludedeν

 excludedνSun 

FIG. 6. The T2K excluded region in the sin22✓ee - �m2
e↵

parameter space at 95% CL is compared with the other ex-
perimental results available in literature: allowed regions of
gallium and reactor anomalies and excluded regions by ⌫e-
carbon interaction data and solar neutrino data [13]. The
T2K best fit is marked by a green star; the best fit of other
experimental results corresponds to circles of the same color-
ing as the limits.

We thank the J-PARC sta↵ for superb accelerator per-
formance and the CERN NA61 collaboration for pro-
viding valuable particle production data. We acknowl-
edge the support of MEXT, Japan; NSERC, NRC and
CFI, Canada; CEA and CNRS/IN2P3, France; DFG,
Germany; INFN, Italy; National Science Centre (NCN),
Poland; RSF, RFBR and MES, Russia; MINECO and
ERDF funds, Spain; SNSF and SER, Switzerland; STFC,
UK; and DOE, USA. We also thank CERN for the
UA1/NOMAD magnet, DESY for the HERA-B magnet
mover system, NII for SINET4, the WestGrid and SciNet
consortia in Compute Canada, GridPP, UK. In addition
participation of individual researchers and institutions
has been further supported by funds from: ERC (FP7),
EU; JSPS, Japan; Royal Society, UK; DOE Early Career
program, USA.

[1] Z. Maki and M. Nakagawa and S. Sakata, Prog. Theor.
Phys. 28, 870 (1962).

[2] J. N. Abdurashitov et al. (SAGE collaboration), Phys.
Rev. C 59, 2246 (1999).

[3] J. N. Abdurashitov et al. (SAGE collaboration), Phys.
Rev. C 73, 045805 (2006).

[4] F. Kaether et al., Phys. Lett. B 685, 073006 (2010).
[5] G. Mention et al., Phys. Rev. D 83, 073006 (2011).
[6] M. A. Acero et al., Phys. Rev. D 78, 073009 (2008).
[7] K. Abe et al. (T2K Collaboration), Nucl. Instrum. Meth.

A659, 106, (2011).
[8] Aguilar-Arevalo et al. (MiniBooNE Collaboration), Phys.

Rev. Lett. 105, 181801 (2010).
[9] Aguilar-Arevalo et al. (LSND Collaboration), Phys. Rev.

D 64, 112007 (2001).
[10] J. Kopp et al., JHEP 1305, 050 (2013).
[11] J. M. Conrad et al., arXiv:1207.4765 [hep-ex] (2012).
[12] C. Giunti et al., Phys. Rev. D 88, 073008 (2013).
[13] C. Giunti et al., Phys. Rev. D 86, 113014 (2012).
[14] K. Abe et al. (T2K Collaboration), Phys. Rev. D 89,

092003 (2014).
[15] P. Amaudruz et al., Nucl. Instrum. Methods A696, 1

(2012).
[16] N. Abgrall et al., Nucl. Instrum. Methods A637, 25

(2011).
[17] D. Allan, et al., JINST, 8, P10019 (2013).
[18] S. Assylbekov et al., Nucl. Instrum. Methods A686, 48

(2012).
[19] K. Abe et al. (T2K Collaboration), Phys. Rev. D 87,

012001 (2013).
[20] N. Abgrall et al. (NA61/SHINE Collaboration), Phys.

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

Rev. C 85, 035210 (2012)

[22] Y. Hayato, Phys. Proc. Supp. B112, 171 (2002).
[23] K. Abe et al. (T2K Collaboration), Phys. Rev. D 88,

032002 (2013).
[24] K. Abe et al. (T2K Collaboration), Phys. Rev. Lett. 112,

061802 (2014).
[25] K. Abe et al. (T2K Collaboration), Phys. Rev. Lett. 112,

092003 (2014).
[26] M. Day and K.S. McFarland, Phys. Rev. D 86, 053003

(2012).
[27] K. Abe et al. (T2K Collaboration), Phys. Rev. Lett. 111,

211803 (2013).
[28] G. J. Feldman and R. D. Cousins, Phys. Rev. D 57, 3873

(1998).
[29] J. Stuart, A. Ord and S.Arnold, Kendall’s Advanced The-

ory of Statistics, Vol 2A (6th Ed.) (Oxford University
Press, New York, 1994).

[30] Cheng, G. et al. (MiniBooNE and SciBooNE Collabora-
tions), Phys. Rev. D 86, 052009 (2012).

[31] B.E. Bodmann et al. (KARMEN Collaboration), Phys.
Lett. B 332, 251 (1994).

[32] B. Armbruster et al., Phys. Rev. C 57, 3414 (1998).
[33] L. B. Auerbach et al. (LSND Collaboration), Phys. Rev.

C 64, 065501 (2001).
[34] F. Kaether, W. Hampel, G. Heusser, J. Kiko, and T.

Kirsten, Phys. Lett. B 685, 47 (2010).
[35] B. T. Cleveland et al. (Homestake Collaboration), Astro-

phys. J. 496, 505 (1998).
[36] J.N. Abdurashitov et al. (SAGE Collaboration), J. Exp.

Theor. Phys. 95, 181 (2002).
[37] J. Hosaka et al. (Super-Kamkiokande Collaboration),

Phys. Rev. D 73, 112001 (2006).
[38] J. Cravens et al. (Super-Kamkiokande Collaboration),

Phys. Rev. D 78, 032002 (2008).
[39] K. Abe et al. (Super-Kamkiokande Collaboration),

• Short-baseline νe disappearance 
search: Phys.Rev. D91 (2015) 
5, 051102 

• Allowed regions shown are 
consistent with reactor/
gallium anomalies but null-
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Summary

• T2K has: 

• Discovered and measured νμ→νe appearance at the atmospheric Δm2 

• Made the most precise measurement of θ23, still favoring maximal 
disappearance 

• Seen νμ̅ disappearance consistent with CPT conservation 

• Made many precise measurements of neutrino interaction channels 

• T2K will: 

• Continue progress and improve precision on all the above 

• Measure νe̅ appearance (first results very soon) 

• Eventually have significant sensitivity to θ23 octant and δ



BACKUPS



Cross%Sec)on%Systema)c%Uncertain)es%
•  Fit$to$ND280$νµ$data$
reduces$errors$correlated$
between$ND280$and$SK$
– Reduced$by$a$factor$$
of$2$or$more$

•  Not$constrained:$
–  $$52% $W@shape$
–  $ $3% $σ(νe)/σ(νµ)$
–  $$40% $σ(ν)/σ(ν)$
–  $$30% $out$of$Iiducial$volume$
–  $ $4% $Final$state$interactions$
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