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1. Brief review of neutrino oscillations 
and current state of measurements 

2. Description of the T2K experiment 
3. Present our latest oscillation results: 

1. Muon neutrino disappearance 
2. Electron neutrino appearance
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Neutrino$Mixing$

•  θ13$is$now$precisely$known,$and$rela>vely$large$

•  LongJbaseline$experiments$(T2K$&$NOνA)$may$constrain$δCP$

•  However,$the$large$uncertainty$on$θ23$is$limi>ng$the$informa>on$
that$can$be$extracted$from$νe$appearance$measurements$

•  Precise$measurements$of$all$the$mixing$angles$will$be$needed$to$
maximize$sensi>vity$to$CP$viola>on$

Note:$$cij$=$cos(θij),$sij$=$sin(θij)$


Atmospheric$ν�$
sin22θ23$>$0.95$(90%$C.L.)$


Solar$ν�$
sin22θ12$=$0.857±0.024$


Reactor/Acc.$ν�$
sin22θ13$=$0.098±0.013$

Majorana$phases;$
Not$yet$observed$

Flavor$States$ Mass$States$

��

atmospheric/ 
accelerator

θ23 ~ 41º± 7.5º

reactor/ 
accelerator

θ13 ~ 9.1º± 0.6º

δθ13 ~7%

solar

θ12 ~ 34º± 1º

δθ12 ~3%

Majorana phases

not yet  
observed

δCP  not measured

�m2
12 = 7.5⇥ 10�5 eV2/c4

�m2
32 ⇡ 2.5⇥ 10�5 eV2/c4

ν1

ν2

ν3
Mass 

Splittings
OR

�m2
12 = 7.5⇥ 10�5 eV2/c4

�m2
32 ⇡ 2.5⇥ 10�5 eV2/c4

ν1

ν2

ν3
Normal Hierarchy Inverted Hierarchy

δΔm232/13~4%
δΔm221~3%

State of Oscillation Measurements 
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    3 Neutrino mixing matrix using the standard parameterization and 
List of current parameter values

From Global Fits 
MINOS/SK
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    3 Neutrino mixing matrix using the standard parameterization and 
List of current parameter values

Almost all pars. measured with good precision 
Exception: δCP which has yet to be measured   

θ23 ~ 41º± 7.5º

From Global Fits 
MINOS/SK
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Can look for leptonic CP 
violation with oscillations

Testing for CP-violation is a top priority for the field

Search for CP Violation

Method: Compare oscillation probabilities for ν and anti-ν

P⌫µ!⌫e � P⌫̄µ!⌫̄e = �4 sin(2✓12) sin
2
(2✓23) cos

2
(✓13) · [sin �CP sin ✓13] · sin

�m2
32L

4E
sin

�m2
31L

4E
sin

�m2
21L

4E

can look for CP-violation this way because all parameters 
other than δCP are now known to be non-zero

P⌫µ!⌫e � P⌫̄µ!⌫̄e = �4 sin(2✓12) sin
2
(2✓23) cos

2
(✓13) · [sin �CP sin ✓13] · sin

�m2
32L

4E
sin

�m2
31L

4E
sin

�m2
21L

4E

note: no matter effects in probability
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νe$appearance�
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neutrino

CP 非対称性の測定

• P(νμ→νe) と P(νμ→νe)の比較
•最大~25%の変化
• PMNS以外のCP非保存にも感度

P(νμ→νe) 振動確率
(normal hierarchy)
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ニュートリノ 反ニュートリノ
25%�

$$an>Jν    �ν�

P(νµ → µe ) =

4c13
2 s13

2 s23
2 sin2 Δm13

2 L
4E

1+ 2a
Δm13

2 1− 2s13
2( )

$

%
&

'

(
)

+8c13
2 s12s13s23 c12c23 cosδ − s12s13s23( )cosΔm23

2 L
4E

sin Δm13
2 L

4E
sin Δm21

2 L
4E

−8c13
2 c12c23s12s13s23 sinδ sin

Δm23
2 L
4E

sin Δm13
2 L

4E
sin Δm21

2 L
4E

+4s12
2 c13

2 c12
2 c23

2 + s12
2 s23

2 s13
2 − 2c12c23s12s23s13 cosδ( )sin Δm21

2 L
4E

−8c13
2 s13

2 s23
2 cosΔm23

2 L
4E

sin Δm13
2 L

4E
aL
4E

1− 2s13
2( )

for$P(νµ$J>$νe)$
•  δ$J>$Jδ$$
•  a$J>$Ja�

θ13(Leading$term)$�

MaAer$effect�

CPV�

Solar�

CPC�

Comparison$of$ν$run$and$an>Jν run$enhances$sensi>vity$to$δ�
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P (⌫µ ! ⌫e) = (sin

2 ✓23 sin
2 ✓13

� sin �CP sin ✓13 cos ✓13 sin 2✓23 sin 2✓12 sin
�m2

21L

4E
) sin

2 �m2
31L

4E
+ ...

Another method:

Because reactors measured large θ13 with good precision,
can start search for δCP≠0 using precision measurements of 

current experiments  
(like T2K and NOvA) can begin  
search for hints of non-zero δCP

Osc. Prob for different δCP

requires precision on all θ, Δm2

value of θ23 important

Search for CP Violation

effect of δCP can be large for a 
given sin22θ13 value
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νe Appearance: goal to measure θ13 and constrain δCP

T2K designed to measure
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νµ Disappearance: goal to measure θ23 and Δm232

P (⌫µ ! ⌫e) = (sin

2 ✓23 sin
2 ✓13

� sin �CP sin ✓13 cos ✓13 sin 2✓23 sin 2✓12 sin
�m2

21L

4E
) sin

2 �m2
31L

4E
+ ...

Where are the tau’s?
At T2K energy (~0.6 GeV), ντ charged current interactions 
energetically forbidden as cannot produce τ lepton 
— result: most νµ seem to “disappear”

Oscillations at

�7La Thuile 2014 T. Wongjirad (Duke U.)

P (⌫µ ! ⌫µ) = 1� (cos

4 ✓13 sin
2
2✓23 + sin

2
2✓13 sin

2 ✓23) sin
2

✓
�m2

32L

4E

◆
+ ...
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T2K Consists of Three Components

J-PARC ND280 Super-K

Experiment
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J-PARC ND280 Super-K

J-PARC creates a beam of 
mostly muon neutrinos

⌫µ
⌫µ

⌫µ

Beam is directed toward 2 
detectors located 2.5º off-axis 
from the center of the beam

2.5º

Experiment
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J-PARC ND280 Super-K

⌫µ
⌫µ

⌫µ

Near Detector 
Complex 
measures 
neutrino beam 
prior to 
oscillations

280 m

of operation of multi-pixel photodiodes can be found in a recent
review paper [34] and the references therein.

After R&D and tests provided by several groups for three years,
the Hamamatsu Multi-Pixel Photon Counter (MPPC) was chosen
as the photosensor for ND280. The MPPC gain is determined by
the charge accumulated in a pixel capacitance Cpixel: Qpixel ¼
Cpixel "DV , where the overvoltage DV is the difference between
the applied voltage and the breakdown voltage of the photodiode.
For MPPCs the operational voltage is about 70 V, which is
0.8–1.5 V above the breakdown voltage. The pixel capacitance is
90 fF, which gives a gain in the range 0.5–1.5#106. When a
photoelectron is produced it creates a Geiger avalanche. The
amplitude of a single pixel signal does not depend on the number
of carriers created in this pixel. Thus, the photodiode signal is a
sum of fired pixels. Each pixel operates as a binary device, but the
multi-pixel photodiode as a whole unit is an analog detector with
a dynamic range limited by the finite number of pixels.

A customized 667-pixel MPPC, with a sensitive area of
1.3#1.3 mm2, was developed for T2K [35,36]. It is based on a
Hamamatsu commercial device, the sensitive area of which was
increased to provide better acceptance for light detection from
1 mm diameter Y11 Kuraray fibers. In total, about 64,000 MPPCs
were produced for T2K. The T2K photosensor is shown in Fig. 10.

The main parameters of MPPCs are summarized in Table 2. The
characterization of the MPPCs’ response to scintillation light is
presented in Ref. [37].

4.2. INGRID on-axis detector

INGRID (Interactive Neutrino GRID) is a neutrino detector
centered on the neutrino beam axis. This on-axis detector was

designed to monitor directly the neutrino beam direction and
intensity by means of neutrino interactions in iron, with sufficient
statistics to provide daily measurements at nominal beam inten-
sity. Using the number of observed neutrino events in each
module, the beam center is measured to a precision better than
10 cm. This corresponds to 0.4 mrad precision at the near detector
pit, 280 m downstream from the beam origin. The INGRID
detector consists of 14 identical modules arranged as a cross of
two identical groups along the horizontal and vertical axis, and
two additional separate modules located at off-axis directions
outside the main cross, as shown in Fig. 11. The detector samples
the neutrino beam in a transverse section of 10 m#10 m. The
center of the INGRID cross, with two overlapping modules,
corresponds to the neutrino beam center, defined as 01 with
respect to the direction of the primary proton beamline. The
purpose of the two off-axis modules is to check the axial
symmetry of the neutrino beam. The entire 16 modules are
installed in the near detector pit with a positioning accuracy of
2 mm in directions perpendicular to the neutrino beam.

The INGRID modules consist of a sandwich structure of nine iron
plates and 11 tracking scintillator planes as shown in Fig. 12. They
are surrounded by veto scintillator planes, to reject interactions

Fig. 9. ND280 detector complex. The off-axis detector and the magnet are located
on the upper level; horizontal INGRID modules are located on the level below; and
the vertical INGRID modules span the bottom two levels.

Fig. 10. Photographs of an MPPC with a sensitive area of 1.3#1.3 mm2: magnified
face view (left) with 667 pixels in a 26#26 array (a 9-pixel square in the corner is
occupied by an electrode); the ceramic package of this MPPC (right).

Table 2
Main parameters of the T2K MPPCs.

Number of pixels 667
Active area 1.3#1.3 mm2

Pixel size 50# 50 mm2

Operational voltage 68–71 V
Gain $ 106

Photon detection efficiency at 525 nm 26–30%
Dark rate, threshold¼0.5 p.e., T¼25 1C r1:35 MHz

Fig. 11. INGRID on-axis detector.

K. Abe et al. / Nuclear Instruments and Methods in Physics Research A 659 (2011) 106–135116

0º

2.5º

2.5º

Experiment
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Far Detector Super-Kamiokande 
detects muon  

and electron neutrinos and 
measures oscillations

J-PARC ND280 Super-K

⌫µ
⌫µ

⌫µ
280 m

⌫µ⌫e
2.5º

295 km total

Experiment
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Previous experiments suggest 
largest oscillation dip near 600 MeV

T2K$Neutrino$Beam�

��

The T2K beam

�

� 
� 

Horns   3,          2,      1 

Beam dump 

Muon  

monitor 

Decay volume 

Target 

‣ Intense proton beam striking 90 cm graphite 
target
➡up to 1.1×1014 p extracted every 2.5 to 3 s

‣ Three magnetic horns focus positively charged 
hadrons
➡νμ from pion decay
➡ (small) νe contamination from μ and K decay

‣ 2.5 degree off-axis beam
➡ narrow band in energy
➡ peaks at νμ oscillation maximum

8

charged hadron production is studied on data from the 
CERN NA61 experiment, using a T2K replica target

 (GeV)νE
0 1 2 3

 (A
.U

.)
29

5k
m

µ
ν

Φ

0

0.5

1 °OA 0.0
°OA 2.0
°OA 2.5

0 1 2 3

)
µν 

→ 
µν

P(

0.5

1

 = 1.023θ22sin
2 eV-3 10× = 2.4 32

2mΔ

•  30$GeV$protons$hit$90$cm$graphite$target$

–  Profile/Intensity$from$SSEMs/CTs$

•  Three$magne>c$horns$focus$posi>ve$hadrons$

–  νµ$from$π+$decay$
–  (small)$νe$contamina>on$from$µ$and$K$decay$

•  2.5$degree$offKaxis$beam$

–  Intense,$low$energy$narrowKband$beam$

–  Peak$Eν$tuned$for$oscilla>on$max.$(~0.6$GeV)$

–  Reduce$BG$from$high$energy$tail$ ���12

J-PARC Beam
2.5º Off-axis beam from JPARC  
maximizes oscillation effect at SuperK

Neutrino energy spectrum at 
2.5º off-axis is narrow and 
peaked right at dip

Spectrum @ SuperK

At 2.5º off-axis, maximum 
fraction of spectrum oscillates, 
improving analysis sensitivity
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On-axis beam spectrum broad
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⌫µ ⌫µ⌫e
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FIG. 1. The momentum and angular distribution for muons
in ND280’s CC-0⇡ selection. The predicted distributions be-
fore and after the ND280 fit are overlaid on both figures.

The reconstructed vertex must be in the fiducial volume328

(at least 2 m away from the ID walls) and we reject329

“flasher” events (produced by intermittent light emission330

inside phototubes). More details about the SK event se-331

lection and reconstruction are found elsewhere [19].332

Assuming a quasi-elastic interaction with a bound neu-333

tron at rest, the neutrino energy is calculated from the334

reconstructed muon’s kinematics using335

E
reco

=
m2

p � (mn � Eb)2 �m2

µ + 2(mn � Eb)Eµ

2(mn � Eb � Eµ + pµ cos ✓µ)
, (2)

where pµ, Eµ, and ✓µ are the reconstructed muon mo-336

mentum, energy, and the angle with respect to the beam337

direction, respectively; mp, mn, and mµ are masses of338

the proton, neutron, and muon, and Eb = 27 MeV is the339

average binding energy of a nucleon in 16O. The E
reco

340

distribution of the 120 events satisfying the selection cri-341

teria is shown in Fig. 2. The MC expectation without342

oscillations is 446.0± 22.5 (syst.) events, of which 77.7%343

are ⌫µ+⌫̄µ CCQE, 20.7% are ⌫µ+⌫̄µ CC non-QE, 1.6%344

are NC and 0.02% are ⌫e+⌫̄e CC. The expected reso-345

lution in reconstructed energy for ⌫µ+⌫̄µ CCQE events346

around the oscillation maximum is ⇠0.1 GeV.347

Systematic uncertainties in the analysis are evaluated348

with atmospheric neutrinos, cosmic-ray muons, and their349

decay electrons. Correlated systematic uncertainties are350

assigned for six event categories: ⌫µ+⌫̄µ CCQE in three351

energy bins, ⌫µ+⌫̄µ CC non-QE, ⌫e+⌫̄e CC, and NC352

events. An energy scale uncertainty of 2.4% comes from353

comparing reconstructed momenta of data and MC for354

cosmic-ray stopping muons and associated decay elec-355

trons, and from comparing reconstructed invariant mass356

in data and MC for ⇡0’s produced by atmospheric neu-357

trinos. Systematic uncertainties in pion interactions in358

the target nucleus (final state interactions - FSI) and SK359

detector (secondary interactions - SI) are evaluated by360

varying pion interaction probabilities in the NEUT cas-361
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FIG. 2. Reconstructed energy spectrum for single-ring µ-
like SK events. Top: The observed spectrum and expected
spectrum with interaction modes for the T2K best fit. Bot-
tom: The ratio of the observed spectrum and best fit to the
no oscillation hypothesis.

Source of uncertainty (no. of parameters) �nexp

SK

/ nexp

SK

ND280-independent cross section (11) 4.9%
Flux & ND280-common cross section (23) 2.7%
SK detector & FSI+SI systematics (7) 5.6%
sin2(✓

13

), sin2(✓
12

), �m2

21

, �CP (4) 0.2%
Total (45) 8.1%

TABLE I. E↵ect of 1� systematic parameter variation on the
number of 1-ring µ-like events, computed for oscillations with
sin2(✓

23

) = 0.500 and |�m2

32

| = 2.40⇥ 10�3 eV2/c4.

cade model. These SK detector and FSI+SI uncertainties362

produce a 5.6% fractional error in the expected number363

of SK events (see Table I).364

Oscillation Fits.—We estimate oscillation parameters365

using a maximum likelihood fit to the SK spectrum for366

the parameters sin2(✓
23

), �m2

32

or �m2

13

for the nor-367

mal and inverted mass hierarchies respectively, and all 45368

systematic parameters. The fit is done with 73 unequal-369

width energy bins, with finer binning near the oscilla-370

tion peak. Oscillation probabilities are calculated us-371

ing the full three-flavor oscillation framework. Mat-372

ter e↵ects are included with an Earth density of ⇢ =373

2.6 g/ cm3 [41], �CP is unconstrained in the range [�⇡,⇡],374

and other oscillation parameters are fit with constraints375

sin2(✓
13

) = 0.0251 ± 0.0035, sin2(✓
12

) = 0.312 ± 0.018,376

and �m2

21

= (7.50 ± 0.20) ⇥ 10�5 eV2/c4 [42]. Fig. 2377

shows the best-fit neutrino energy spectrum. The point378

estimates of the 45 nuisance parameters are all within379

0.25 standard deviations of their prior values.380

Two-dimensional confidence regions in the oscillation381

parameters are constructed using the Feldman-Cousins382

method [43], with systematics incorporated using the383

Cousins-Highland method [44]. Fig. 3 shows 68% and384

90% confidence regions for the oscillation parameters for385

ND280
Fit of near detector data tunes parameters of flux and 
xsec model for both near and far detectors

Parameters from ND fit 
passed to model of far 

detector spectrum

model of ND280 spectrum is fit 
to ND280 data   

(CC 0π sub-sample)

Prediction prior to ND280 fit 
based on MC model and 

external data

Prediction prior  
to ND280 fit

Prediction after  
ND280 fit

Predicted Far Detector Spectrum
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Neutrinos at SuperK used for Osc. Analysis!

"

Large water Cherenkov detector with  
22.5 ktonne of fiducial mass  
instrumented with 13K PMTs 

Charge particles travel through  
water and produce Cherenkov light  
— leaves ring of PMT hits on wall 

PMT hit pattern gives information for  
reconstructing momentum and  
for lepton flavor ID, i.e µ vs. e 

SuperK

⌫
ID

OD

Super-Kamiokande IV
T2K Beam Run 0 Spill 797537
Run 66776 Sub 770 Event 178987674 
10-05-11:12:14:31
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(a) muon-like event

Super-Kamiokande IV
T2K Beam Run 0 Spill 822275
Run 66778 Sub 585 Event 134229437 
10-05-12:21:03:26
T2K beam dt =  1902.2 ns
Inner: 1600 hits, 3681 pe
Outer: 2 hits, 2 pe
Trigger: 0x80000007
D_wall: 614.4 cm
e-like, p = 377.6 MeV/c
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10.0-12.2
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(b) electron-like event

Figure 32: Example reconstructed T2K events in Super-Kamiokande for an (a) muon-like ring and (b) electron-like ring. The white
crosses indicate the location of the reconstructed vertex. The diamond marks the location where a ray starting from the event vertex
and heading in the direction of the beam would intersect the detector wall. The hit map in the upper right hand corner is for the
Outer Detector.

Super-Kamiokande detector with regard to the delivered neu-2268

trino beam were 99.9%, 96.7% and 99.9% respectively, demon-2269

strating reliable operation of all of the subcomponents of the2270

T2K experiment.2271

In this paper, we have described the basic structure and pa-2272

rameters of the detector hardware, electronics, online DAQ sys-2273

tem, and offline data reduction and distribution scheme. More2274

detailed descriptions of subdetectors can be found in separate2275

papers, some of which have already been published while oth-2276

ers are being prepared.2277
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Oscillation Analyses
νµ disappearance
νe appearance

Oscillation Analyses
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Muon Neutrino Disappearance 
New result — released last week

νµ Disappearance: goal to measure θ23 and Δm232

Combined from recent measurements Daya Bay,  
Double Chooz, RENO

θ13 constraint according to PDG2012

Oscillation Analyses

External   
Constraint Used

�16La Thuile 2014 T. Wongjirad (Duke U.)

P (⌫µ ! ⌫µ) = 1� (cos

4 ✓13 sin
2
2✓23 + sin

2
2✓13 sin

2 ✓23) sin
2

✓
�m2

32L

4E

◆
+ ...



���17

νµ Disappearance: goal to measure θ23 and Δm232

Using recent measurements several reactor neutrino 
experiments Daya Bay, Double Chooz, RENO

θ13 constraint from reactor experiments

Oscillation Analyses

External   
Constraint Used

Note: T2K Analyses use full oscillation formula
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Muon Neutrino Appearance 
New result — released last week

P (⌫µ ! ⌫µ) = 1� (cos
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Oscillation parameters extracted from  
observed neutrino energy spectrum at SuperK

νµ Disappearance

MC Spectrum at SuperK for different oscillation values

sin2θ23 = 0.5, Δm232=2.4x10-3 eV2

sin2θ23 = 0.3, Δm232=2.4x10-3 eV2

sin2θ23 = 0.5, Δm232=2.2x10-3 eV2

no oscillations
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Use maximum likelihood fit 
to infer parameter values
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Event Selection
Choose events with most reliable reconstruction of neutrino energy

νµ Disappearance

E
reco

=

m2

p � (mn � Eb)
2 �m2

µ + 2(mn � Eb)Eµ

2(mn � Eb � Eµ + pµ cos ✓beam)

Eb = nucleus binding energy

ND280$Event$Categories$

26$

•  Exclusive$samples$based$on$#$of$final$state$charged$πs$

26$

Charged$curret$(CC)$0π&
(CCQE$64%)$

CCQE� CCRES� CCDIS�
FGD$$$TPC$$$$FGD$$$$TPC� FGD$$TPC$$$$$FGD$$$$TPC� FGD$$$TPC$$$$$FGD$$$$TPC�

μJ�
μJ�

π+�
μJ�

CC$1π+&
(CCRES$40%)$

CC$Other$$
(CCDIS$68%)$

⌫µ(E⌫ , p⌫)

µ(Eµ, pµ)

n(mn � Eb, 0) p(mp, 0)

cos(✓beam)

Signal Channel 
charged current quasi-elastic  

(CCQE)
For CCQE, single muon mom. + 
beam direction gives neutrino energy

Aim is to select events from CCQE channel

At SuperK, select events with single muon
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Event Selection
From data, choose single muon events in far detector

νµ Disappearance

Events from CCQE interactions + beam 
direction give us neutrino energy

FCFV 1-ring -likeµ µ
p Decay-e

N
um

be
r o

f e
ve

nt
s

0

100

200

300

400 RUN1-4 data
)POT2010×(6.570 

 CC QEµi+µi
 CC non-QEµi+µi
 CCei+ei

NC
(MC w/ 3-flavor osc.)

• FCFV: Fully contained in 
detector and event inside fiducial 
volume 

• 1-ring: 1 particle in Super-K 
• µ-like: track using flavor ID 
• pµ: momentum >200 MeV 
• Decay e: Decay electrons <= 1

Each stage of selection 
agrees well with MC

sin2θ23=0.5 
Δm232=2.4x10-3 eV2
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Spectrum 
Uncertainties

% Variation  
of # of Events  

due to  
systematic error

Flux/xsec constrained by ND280 2.7

Super-K only xsec 4.9

Super-K Efficiencies/Hadronic 
interactions in water 5.6

sin2(θ12), sin2(θ13), Δm212, 
Δm213,δCP

0.2

Total 8.1

Spectrum w/ 1σ Syst. Uncertainty

νµ Disappearance
Analysis includes systematic uncertainties in spectrum 
from flux, interaction models, and SuperK detector errors

ND280 fit gives large reduction in spectrum 
uncertainty from flux and some xsecs  
δNSK from ~21% → 2.7%!
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Fit to 120 Single 
Muon Events

(BG)

νµ Disappearance
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DATA
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Fit run twice with different 
hierarchy assumption 
[NH] Normal 
[IH]  Inverted

Fit prefers maximal disappearance
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Results$of$νµ$disappearance$analyses�
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T2K has the current best 90% CL constraint on sin2(θ23)

δθ13 ~7% δθ12 ~3% δΔm232/13~4%δΔm221~3%

νµ Disappearance Result

Normal Hierarchy Fit Inverted Hierarchy Fit

T2K contours made with Feldman-Cousins prescription
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θ23 ~ 41º± 7.5º

45.8º± 6.4ºT2K
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Electron Neutrino Appearance

Oscillation Analysis

νe Appearance: measurement of θ13 and constrain δCP

P (⌫µ ! ⌫e) = (sin

2 ✓23 sin
2 ✓13

� sin �CP sin ✓13 cos ✓13 sin 2✓23 sin 2✓12 sin
�m2

21L

4E
) sin

2 �m2
31L

4E
+ ...

θ12 and Δm221 constrained by solar experimentsExternal   
Constraints  

Used θ23 and Δm232 constrained by previous T2K 
measurement
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νe Appearance
νe  appearance uses (p,θ) distribution for fit

Table 2: Predicted number of events for each event category in SK MC simulation using fiTQun
selection cut for 6.570× 1020 POT, and values of the oscillation parameters shown in Table 1. Those
predictions do not take into account the effects of systematic parameters.

# of pre-calculated events
Event category sin2 2θ13 = 0.0 sin2 2θ13 = 0.1
Total 5.07 22.26
νe signal 0.41 17.85
νe background 3.37 3.12
νµ background 1.08 1.08
νµ background 0.06 0.06
νe background 0.16 0.15
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Figure 2: The predicted (pe, θe) PDF for sin2 2θ13 = 0.0 (left) and 0.1 (right). These distributions are
calculated without taking into account the effect of any of the systematic parameters.

9

Using CCQE interactions for signal (like νµ disappearance) 
• Selected events are single electron tracks at SuperK  
• Reliable particle reconstruction 
• (p,θ) used to help separate signal and background 

fraction of events

fraction of events

No νe 
appearance

With νe 
appearance
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Figure 24: Number of events passing each selection stage, for RUN4(right) and RUN1-4 com-
bined(left). MC distributions are for sin2 2θ13 = 0.1 and normalized to data using POT.

The number of events passing each step of the νe selection cuts is shown in Figure 24. After382

all the selection cuts, 28 events are selected as final νe candidates in RUN1-4 data, 17 of which383

were observed during RUN4. Figure 25 is the reconstructed neutrino energy distribution for the384

selected final νe candidates. The reconstructed neutrino energy distribution for νe candidate385

events in the case cut #6 is removed from the selection criteria, is shown in Figure 26. Here,386

cut #7 is applied only to events with visible energy less than 1250 MeV. The distribution of the387

cosine of the angle between the reconstructed ring direction of each νe candidate and the beam388

direction can be found in Figure 27.389

Table 14 shows the expected numbers of νµ → νe signal and background events passing each390

selection cut obtained from the MC assuming sin2 2θ13 = 0.1, compared with data taken in391

RUN1-4. The MC expectation for oscillations at sin2 2θ13 = 0 is also shown in Table 15. The392

expected numbers of νe appearance signal and background events in the final νe candidate sample393

for sin2 2θ13 = 0.1 are 16.89 and 4.11 respectively. The background comes predominantly from394

intrinsic beam νe CC interactions. Of the FCFV events, the efficiency of the νe selection cuts395

on the signal and background events are 66.3% and 1.2%, respectively, when sin2 2θ13 = 0.1.396

Compared to νe selection using POLfit π0 rejection, the NC background is reduced by 62%.397

Numbers for RUN4 only are separately shown in Table 16 and 17.398

Figure 28 and 29 are vertex distributions of the νe candidate events. Events passing the νe399

selection cuts other than the fiducial volume cut are also included in the plots; in the 2d plots400

such events are indicated by hollow boxes. Black markers in the 2d plots represent data acquired401

during RUN1-3, and pink markers are the events from RUN4.402

32
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Event Selection
From data, choose single electron events in far detector

Events from CCQE interactions + beam 
direction give us neutrino energy
Each stage of selection 
agrees well with MC

νe Appearance

• FCFV: Fully contained in fiducial volume 
• 1-ring: Single ring found 
• e-like: track electron like!
• Evis: light seen equal to 100 MeV electron 
• Decay-e: no decay electrons seen 
• Erecν: energy below 1250 MeV 
• fiTQun: Events pass π0 rejection algorithm
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Systematic 
Uncertainties

% Variation  
of # of Events  

due to  
systematic 

error

Flux/xsec contrained by 
ND280 2.9

SuperK-only xsecs 13.8

SuperK Efficiencies/
Hadronic interactions in 

water
9.9

Total 18.3

Uncertainty in (p,θ) Bins

νe Appearance
Probability density per (p,θ) bin  

with uncertainties in density shown

�27La Thuile 2014 T. Wongjirad (Duke U.)



13e22sin
0 0.1 0.2 0.3 0.4

ln
 L

6
-2

0
10
20
30
40
50
60

(6.570e20 POT)
Run1-4 data

 = 0.14013e22best-fit sin
=0, normal hierarchy,CPbassuming 

=0.5023e2, sin2 eV-310×|=2.432
2m6|

5

10

50

30

60

90

120

150

180

A
ng

le
 (d

eg
re

es
)

Data
Best fit
Background component

Momentum (MeV/c)
0 500 1000 15000

0.2

0.4

0.6

0.8

1
Data
Best fit

���28

Exclude zero sin22θ13 to 7.3σ
sin22θ13 [NH] 

([IH]) 
[assuming δCP=0]

νe Appearance
Fit to 28 Single Electron Events
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0.140+0.038
�0.032

(0.170+0.045
�0.037)
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Overlay of reactor measurement (via     disappearance) and 
T2K allowed regions for sin2(2θ13) as a function of δCP

Note: These are 1D allowed regions as a function of δCP

νe Appearance
Comparison to reactor measurements of sin22θ13

             T2K regions shown with different values of assumed sin2θ23

0.4-0.6 ~ 90% 
range of 
sin2θ23
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Overlay of reactor measurement (via     disappearance) and 
T2K allowed regions for sin2(2θ13) as a function of δCP

Note: These are 1D allowed regions as a function of δCP

νe Appearance
Comparison to reactor measurements of sin22θ13

             T2K regions shown with different values of assumed sin2θ23
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Normal

T2K allowed region and current constraints on sin2(2θ13) from 

Inverted
Tension 

for certain 
values of 

δCP 

sensitive 
to 

sin2θ23

0.4-0.6 ~ 90% 
range of 
sin2θ23
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Use reactor experiments to constrain sin22θ13 

And use T2K to fit δCP

Blue line with dots give Feldman-
Cousins critical values for 90% CL

90% CL Excluded Region
[NH]: 0.19π - 0.80π
[IH]: -0.04π - 1.03π

Intriguing first step towards 
investigating CP violation 
in the lepton sector!

νe Appearance
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2m690% CL (

includes marginalization of 
sin2(2θ13) , sin2(θ23) and Δm232 
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Update νe appearance with latest νµ disappearance 
constraints on sin2(θ23) and Δm232 

 Will do this through a combined νe appearance and νµ 
disappearance analysis coming soon (as opposed to 
applying as external constraint) 

Also, expect first anti-neutrino data run in 2014

What’s Next for
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Just released the current best constraints on sin2(θ23) 

νe appearance measured at discovery level significance  
(i.e. zero θ13 at 7.3σ) 

Combined with reactor measurements of θ13,  
T2K is able to exclude some values of δCP to 90% CL

Conclusions
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From νµ disappearance From νe appearance
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Collaboration
The$T2K$Collabora>on$

9$

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$U.$

$
$

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

$
U.$Sheffield$
U.$Warwick$
$
USA$
Boston$U.$
Colorado$S.$U.$
Duke$U.$
Louisiana$S.$U.$
Stony$Brook$U.$
U.$C.$Irvine$
U.$Colorado$
U.$Piksburgh$
U.$Rochester$
U.$Washington$
$
$
$

Spain$
IFAE,$Barcelona$
IFIC,$Valencia$
$
Switzerland$
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For a neutrino, νa, with energy, E, traveling a distance, L,

Neutrino$Mixing$

•  θ13$is$now$precisely$known,$and$rela>vely$large$

•  LongJbaseline$experiments$(T2K$&$NOνA)$may$constrain$δCP$

•  However,$the$large$uncertainty$on$θ23$is$limi>ng$the$informa>on$
that$can$be$extracted$from$νe$appearance$measurements$

•  Precise$measurements$of$all$the$mixing$angles$will$be$needed$to$
maximize$sensi>vity$to$CP$viola>on$

Note:$$cij$=$cos(θij),$sij$=$sin(θij)$


Atmospheric$ν�$
sin22θ23$>$0.95$(90%$C.L.)$


Solar$ν�$
sin22θ12$=$0.857±0.024$


Reactor/Acc.$ν�$
sin22θ13$=$0.098±0.013$

Majorana$phases;$
Not$yet$observed$

Flavor$States$ Mass$States$

��

closely on the details of neutrino oscillation. The T2K experiment aims to measure one of the42

parameters in the neutrino oscillation model that plays this key role. The oscillation model and how43

its parameters are measured are described below.44

2 Neutrino Oscillations45

The total mixing matrix which parameterizes the overlap between all three flavor eigenstates and
all three mass eigenstates is conventionally represented as follows:
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The matrix is known as the PMNS matrix after those who helped to develop the current model46

of neutrino oscillations: Pontecarvo, Maskawa, Nakagawa, and Sakata [7]. In this representation,47

the overall three-flavor mixing matrix is composed of three rotations that separately mix two flavor48

components with two mass components.49

Using eq. (1), one can calculate the probability that a neutrino starting in flavor state � will be
detected later in state ⇥ after a distance, L, assuming that the energy, E, of the neutrino is much
greater than its mass, m, by using

P (⌃� ⇧ ⌃⇥) = ⇤�⇥ � 4
3X

i>j=1

Re(A�⇥ij) sin
2(⇥ij) + 2
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�m2
ijL

4~cE ,

(2)

and the indices are �,⇥ = e, µ, ⌥ , and i, j = 1, 2, 3 [7]. From experiment, it turns out that one of the
mixing angles, ⌅13, and one of the mass splittings, �m2

12, are small [8] [9]. As a result, fits to data
typically will assume a “quasi-two neutrino” oscillation model by setting

�m2
12 ⌅ �m2

23 ⇤ �m2
13,

⌅13 ⇤ 0
(3)

and then apply a simplified probability expression to constrain one mass splitting and one mixing
angle. For example, the ⌃µ ⇧ ⌃⌅ transition simplifies from eq. (2) to

P (⌃µ ⇧ ⌃⌅ ) ⇤ 4|U⌅3|2|Uµ3|2 sin2(⇥23) ⇤ sin2(2⌅23) sin
2(⇥23). (4)

In comparison, a purely two flavor model has a much simpler mixing matrix which can be written
as ✓
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=

✓
cos ⌅ sin ⌅
� sin ⌅ cos ⌅
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where a,b label weak flavor states and 1,2 label mass states. The probability of ⌃µ ⇧ ⌃⌅ is

Pa⇥b = sin2(2⌅) sin2(�m2

4~c
L
E ). (6)

which is equivalent to eq. (4).50

2

Neutrino$Mixing$

•  θ13$is$now$precisely$known,$and$rela>vely$large$

•  LongJbaseline$experiments$(T2K$&$NOνA)$may$constrain$δCP$

•  However,$the$large$uncertainty$on$θ23$is$limi>ng$the$informa>on$
that$can$be$extracted$from$νe$appearance$measurements$

•  Precise$measurements$of$all$the$mixing$angles$will$be$needed$to$
maximize$sensi>vity$to$CP$viola>on$

Note:$$cij$=$cos(θij),$sij$=$sin(θij)$


Atmospheric$ν�$
sin22θ23$>$0.95$(90%$C.L.)$


Solar$ν�$
sin22θ12$=$0.857±0.024$


Reactor/Acc.$ν�$
sin22θ13$=$0.098±0.013$

Majorana$phases;$
Not$yet$observed$

Flavor$States$ Mass$States$
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mixing angle, 
θ, governs 
amplitude

mass 
splitting, 
Δm2, 

governs 
frequency

⌫b

⌫a

closely on the details of neutrino oscillation. The T2K experiment aims to measure one of the42

parameters in the neutrino oscillation model that plays this key role. The oscillation model and how43

its parameters are measured are described below.44
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of neutrino oscillations: Pontecarvo, Maskawa, Nakagawa, and Sakata [7]. In this representation,47

the overall three-flavor mixing matrix is composed of three rotations that separately mix two flavor48

components with two mass components.49

Using eq. (1), one can calculate the probability that a neutrino starting in flavor state � will be
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and the indices are �,⇥ = e, µ, ⌥ , and i, j = 1, 2, 3 [7]. From experiment, it turns out that one of the
mixing angles, ⌅13, and one of the mass splittings, �m2

12, are small [8] [9]. As a result, fits to data
typically will assume a “quasi-two neutrino” oscillation model by setting
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13,

⌅13 ⇤ 0
(3)

and then apply a simplified probability expression to constrain one mass splitting and one mixing
angle. For example, the ⌃µ ⇧ ⌃⌅ transition simplifies from eq. (2) to

P (⌃µ ⇧ ⌃⌅ ) ⇤ 4|U⌅3|2|Uµ3|2 sin2(⇥23) ⇤ sin2(2⌅23) sin
2(⇥23). (4)

In comparison, a purely two flavor model has a much simpler mixing matrix which can be written
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=
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cos ⌅ sin ⌅
� sin ⌅ cos ⌅
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where a,b label weak flavor states and 1,2 label mass states. The probability of ⌃µ ⇧ ⌃⌅ is

Pa⇥b = sin2(2⌅) sin2(�m2

4~c
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which is equivalent to eq. (4).50

2

where  
Δm2=m21-m22

w/mass m1

w/mass m2

Get oscillating 
 probability as  
function of L/E

Example 2 ν 
model

Neutrino oscillations occur because  
• neutrinos have mass 
• flavor states are mixture of mass states

Neutrino Oscillations Review 
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Mixing Matrix

Experiments report 
θ,Δm2 values
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Neutrino$Mixing$

•  θ13$is$now$precisely$known,$and$rela>vely$large$

•  LongJbaseline$experiments$(T2K$&$NOνA)$may$constrain$δCP$

•  However,$the$large$uncertainty$on$θ23$is$limi>ng$the$informa>on$
that$can$be$extracted$from$νe$appearance$measurements$

•  Precise$measurements$of$all$the$mixing$angles$will$be$needed$to$
maximize$sensi>vity$to$CP$viola>on$

Note:$$cij$=$cos(θij),$sij$=$sin(θij)$


Atmospheric$ν�$
sin22θ23$>$0.95$(90%$C.L.)$


Solar$ν�$
sin22θ12$=$0.857±0.024$


Reactor/Acc.$ν�$
sin22θ13$=$0.098±0.013$

Majorana$phases;$
Not$yet$observed$

Flavor$States$ Mass$States$

��

atmospheric/ 
accelerator

reactor/ 
accelerator

θ13 ~ 9.1º± 0.6º

δθ13 ~7%

solar

θ12 ~ 34º± 1º

δθ12 ~3%

Majorana phases

not yet  
observed

δCP  not measured

�m2
12 = 7.5⇥ 10�5 eV2/c4

�m2
32 ⇡ 2.5⇥ 10�5 eV2/c4

ν1

ν2

ν3
Mass 

Splittings
OR

�m2
12 = 7.5⇥ 10�5 eV2/c4

�m2
32 ⇡ 2.5⇥ 10�5 eV2/c4

ν1

ν2

ν3
Normal Hierarchy Inverted Hierarchy

δΔm232/13~4%
δΔm221~3%

State of Oscillation Measurements 

�38La Thuile 2014 T. Wongjirad (Duke U.)

    3 Neutrino mixing matrix using the standard parameterization and 
List of current parameter values

Lots of progress on θ13 over last few years 
T2K saw first indication that non-zero and 
Reactor experiments have measured well

θ23 ~ 41º± 7.5º

From Global Fits 
MINOS/SK
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Neutrino$Mixing$

•  θ13$is$now$precisely$known,$and$rela>vely$large$

•  LongJbaseline$experiments$(T2K$&$NOνA)$may$constrain$δCP$

•  However,$the$large$uncertainty$on$θ23$is$limi>ng$the$informa>on$
that$can$be$extracted$from$νe$appearance$measurements$

•  Precise$measurements$of$all$the$mixing$angles$will$be$needed$to$
maximize$sensi>vity$to$CP$viola>on$

Note:$$cij$=$cos(θij),$sij$=$sin(θij)$


Atmospheric$ν�$
sin22θ23$>$0.95$(90%$C.L.)$


Solar$ν�$
sin22θ12$=$0.857±0.024$


Reactor/Acc.$ν�$
sin22θ13$=$0.098±0.013$

Majorana$phases;$
Not$yet$observed$

Flavor$States$ Mass$States$

��

atmospheric/ 
accelerator

reactor/ 
accelerator

θ13 ~ 9.1º± 0.6º

δθ13 ~7%

solar

θ12 ~ 34º± 1º

δθ12 ~3%

Majorana phases

not yet  
observed

δCP  not measured

�m2
12 = 7.5⇥ 10�5 eV2/c4

�m2
32 ⇡ 2.5⇥ 10�5 eV2/c4

ν1

ν2

ν3
Mass 

Splittings
OR

�m2
12 = 7.5⇥ 10�5 eV2/c4

�m2
32 ⇡ 2.5⇥ 10�5 eV2/c4

ν1

ν2

ν3
Normal Hierarchy Inverted Hierarchy

δΔm232/13~4%
δΔm221~3%

Hierarchy ambiguity because oscillations depend only on Δm2

State of Oscillation Measurements 
    3 Neutrino mixing matrix using the standard parameterization and 

List of current parameter values
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θ23 ~ 41º± 7.5º

From Global Fits 
MINOS/SK
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Comparison to last T2K result
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Comparison to Sensitivity
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Maximal Mixing/Disappearance
Because θ13 is non-zero:  
Maximal Mixing and Maximal Disappearance is not the same!

P (⌫µ ! ⌫µ) = 1� (cos

4 ✓13 sin
2
2✓23 + sin

2
2✓13 sin

2 ✓23) sin
2

✓
�m2

32L

4E

◆
+ ...

Expression gives maximum amount of disappearance when  
sin2θ23 =1/(2cos2θ13)

Maximal Mixing when sin2θ23=0.5

sin2θ23=0.5  
when sin2θ13=0

sin2θ23=0.513  
when sin2θ13=0.098 
(PDG2012 Value)

Actual maximal disappearance value is 0.514 [NH], 0.511 [IH] 
(the terms past next-leading order causes small shift)
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MC Model ⌫µ
⌫e

• Hadronic interactions due to proton 
slamming into carbon target	



• Tracking of resulting particles through 
target and magnetic field	



• Tuning of hadron production to 
external measurements (NA61/SHINE)

Beam Simulation Neutrino	


Flux

Interaction 
Generator

• Model and Cross sections 
from theory	



• Detector Geometry

Neutrino	


Events

Detector Simulation

MC 	


dataReconstruction/

SelectionPredictions for 	


distributions 

of observables
• Electronics	


• Particle Propagation

• Same as data	


• Source of 

efficiencies
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Future Sensitivity
5 T2K FUTURE SENSITIVITY 30
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(a) 100% ν-running.
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Figure 16: The precision of sin2 θ23 plotted as a function of T2K POT. Generated assuming
true sin2 2θ13 = 0.1, δCP = 0◦ (or 90◦), sin2 θ23 = 0.5, ∆m2

32 = 2.4 × 10−3 eV2, and normal
MH. The solid curves include statistical errors only, while the dashed curves assume the
current T2K systematic errors fully correlated between ν and ν̄. A constraint based on the
ultimate reactor precision is included.
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(a) 100% ν-running.
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Figure 17: The precision of ∆m2
32 plotted as a function of T2K POT. Generated assuming

true sin2 2θ13 = 0.1, δCP = 0◦ (or 90◦), sin2 θ23 = 0.5, ∆m2
32 = 2.4 × 10−3 eV2, and normal

MH. The solid curves include statistical errors only, while the dashed curves assume the
current T2K systematic errors fully correlated between ν and ν̄. A constraint based on the
ultimate reactor precision is included.
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Figure 17: The precision of ∆m2
32 plotted as a function of T2K POT. Generated assuming

true sin2 2θ13 = 0.1, δCP = 0◦ (or 90◦), sin2 θ23 = 0.5, ∆m2
32 = 2.4 × 10−3 eV2, and normal

MH. The solid curves include statistical errors only, while the dashed curves assume the
current T2K systematic errors fully correlated between ν and ν̄. A constraint based on the
ultimate reactor precision is included.
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Future Sensitivity

5 T2K FUTURE SENSITIVITY 31
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Figure 18: The precision of sin2 2θµe plotted as a function of T2K POT. The ∆χ2 for
sin2 2θµe is calculated by fixing all oscillation parameters other than sin2 2θ13 in the fit.
Generated assuming true sin2 2θ13 = 0.1, δCP = 0◦, sin2 θ23 = 0.5, ∆m2

32 = 2.4 × 10−3 eV2,
and normal MH. The solid curves include statistical errors only, while the dashed curves
assume the current T2K systematic errors fully correlated between ν and ν̄. No reactor
constraint is included; these plots show the sensitivity of T2K alone.
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Figure 19: The precision of sin2 2θ13 plotted as a function of T2K POT. Generated assuming
true sin2 2θ13 = 0.1, δCP = 0◦ (or 90◦), sin2 θ23 = 0.5, ∆m2

32 = 2.4 × 10−3 eV2, and normal
MH. The solid curves include statistical errors only, while the dashed curves assume the
current T2K systematic errors fully correlated between ν and ν̄. No reactor constraint is
included; these plots show the sensitivity of T2K alone.
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Future Sensitivity
Sensi>vity$for$Resolving$sinδCP≠0�

���

7.8×1021$POT$(50%$POT$ν$+$50%$POT$an>Jν)�T2K Sensitivity for Resolving sin δCP ̸= 0
7.8 × 1021 POT; Without systematic error
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T2K$+$NOνA$Sensi>vity$for$Resolving$sinδCP≠0�
Both$T2K/NOνA$J>$full$POT$(50%$POT$ν$+$50%$POT$an>Jν)$
Shown$in$[NH]$case.�
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T2K$+$NOνA$Sensi>vity$to$Mass$Hierarchy�
Both$T2K/NOνA$J>$full$POT$(50%$POT$ν$+$50%$POT$an>Jν)$
Shown$in$[NH]$case.�

Assuming$true:$sin22θ13=0.1,$Δm2
32=2.4×10
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Multi-Nucleon Interactions
There has been considerable interest lately in multi-nucleon 
interactions for neutrino-nucleus scattering 

Involves processes where neutrino interact occurs with 2 or 
more nucleons  

Contrasts to interactions with a single nucleon, which is what 
our generator encodes 

Such interactions gained interest when they were seen to be 
able to possible explain the disagreement between the CCQE 
cross section measurement and prediction by MiniBooNE — 
data was low 

Offer a new mode of interaction to explain deficit seen
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Multi-Nucleon Interactions
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Note that there would not only be a missing mode in model, but that 
the energy bias would be different 

We do have an interaction mode in our model, pionless delta-
decay, that seems to cover some of the ams regions of energy bias 
as multi-nucleon events would (according to Nieves model) 



���51

Multi-Nucleon Interactions
If such interactions exist and are a sizable channel in comparison 
to CCQE interactions, then for interactions in T2K, this would be a 
missing channel in our neutrino interaction model 

In order to investigate the size of such an effect we performed MC 
fake experiments:

1.  We added to the MC events from multi-nucleon interactions as 
described in the model by Nieves (note this not a statement on model 
preference, but was just the easiest model to implement at the time 
as it was available in the NuWro generator) 

2.We then simulated a full analysis — starting with the near detector 
fit all the way to the far detector fit — with our normal analysis 

3. Our goal was to ask: if we left out this interaction channel, what is 
the average change in our measurement of sin2θ23 and Δm232
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Multi-Nucleon Interactions
For each toy fake experiment  

 1. We generated a fake data set for both the near and far detector 
that was made with a random throw in our current model parameters. 
The variation was within the uncertainty of the parameters 

2. We performed the full analysis (near and far fits) twice: 
  - Once without the multi-nucleon interactions [Nominal Fit]  
  - Once with the multi-nucleon interactions added [Multi-N Fit] 

3. Note that for both fits above — we use our current analysis which 
does NOT include the multi-nucleon interaction in its fit of the 
spectrum to the data

Our goal was to ask: if we left out this interaction channel, what is the 
average change in our measurement of sin2θ23 and Δm232?
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1. The bias in due to Multi-N’s is small 
(<1%) compared to existing uncertain tie in 
both the mixing angle and mass splitting 
squared 

2. However, the added variation in the bias 
due to the Multi-N’s is comparable to our 
current systematics but small relative to 
current statistical error 

3. Our conclusion is that at our current 
statistics, the effect is negligible for now. 
But the future, we will want to add these 
interactions into model 

4. There is existing effort to do so
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Multi-Nucleon Interactions
Result of our toy fake experiments:



In 1998, Super-Kamiokande measured the rate 
of neutrinos originating from the atmosphere as 
a function of direction 

Observed that the rate of upward-going 
neutrinos (which traveled through the earth) 
was less than expected 

First discovery of neutrino oscillations: neutrinos 
created as one flavor can later be detected as 
another flavor! 

First evidence that at least one neutrino has 
mass (albeit a very small one)
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Neutrino Oscillations 

cosθ=-1

cosθ=＋1



(ambiguity because oscillations only measure mass differences)

This allows for useful approximations of the oscillation probability  
 
Note that when T2K does analyses, we use the full 3-flavor formula 
including matter effects

For three flavors, expression much more complicated

But it turns out that one mass splitting is larger than the other
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Neutrino Oscillations 
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Useful 3-flavor approximations (neglecting matter effects)  
(when T2K does the analyses we use the full formula)
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Neutrino Oscillations 
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Useful 3-flavor approximations (neglecting matter effects)  
(when T2K does the analyses we use the full formula)
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Neutrino Oscillations 
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What can we learn?
Many open questions related to neutrino oscillations,  
but briefly discuss two that are most relevant to current T2K results

• Is sin2(2θ23)=1.0? 

• Do neutrinos exhibit CP-violation? 

• Is our oscillation model complete?
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Is This Everything?
Neutrino$Mixing$

•  θ13$is$now$precisely$known,$and$rela>vely$large$

•  LongJbaseline$experiments$(T2K$&$NOνA)$may$constrain$δCP$

•  However,$the$large$uncertainty$on$θ23$is$limi>ng$the$informa>on$
that$can$be$extracted$from$νe$appearance$measurements$

•  Precise$measurements$of$all$the$mixing$angles$will$be$needed$to$
maximize$sensi>vity$to$CP$viola>on$

Note:$$cij$=$cos(θij),$sij$=$sin(θij)$


Atmospheric$ν�$
sin22θ23$>$0.95$(90%$C.L.)$


Solar$ν�$
sin22θ12$=$0.857±0.024$


Reactor/Acc.$ν�$
sin22θ13$=$0.098±0.013$

Majorana$phases;$
Not$yet$observed$

Flavor$States$ Mass$States$

��

Besides CP violation, we want to know if this is the whole story. 

Another long term goal of the field is precision measurements of 
the mixing angles and tests of “unitarity”   

In other words, can all our measurements of oscillations be 
explained by the three standard model neutrinos? E.g. might there 
be additional neutrinos?
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Oscillation Analysis
Culmination of the work of hundreds of collaborators

Circa 2010. Many members not shown.

⌫µ
⌫e
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Oscillation Analysis ⌫µ
⌫e

• Hadronic interactions due to proton 
slamming into carbon target	



• Tracking of resulting particles through 
target and magnetic field	



• Tuning of hadron production to 
external measurements (NA61/SHINE)

Beam Simulation Neutrino	


Flux

Interaction 
Generator

• Model and Cross sections 
from theory	



• Detector Geometry

Neutrino	


Events

Detector Simulation

MC 	


dataReconstruction/

SelectionPredictions for 	


distributions 

of observables
• Electronics	


• Particle Propagation

• Same as data	


• Source of 

efficiencies
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J-PARC Beam

Resulting mesons 
focused by magnetic 
fields via “horns”.

30 GeV proton  
impacting 
graphite target.

Mesons decay into 
neutrinos in “decay 
hall”.

+

Beam produced by:
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ND280 Complex

Near$Detectors�
•  Located$280$m$downstream$of$the$target$$
•  Measure$unoscillated$neutrinos�
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• Measures$ν$flux/spectrum�

of operation of multi-pixel photodiodes can be found in a recent
review paper [34] and the references therein.

After R&D and tests provided by several groups for three years,
the Hamamatsu Multi-Pixel Photon Counter (MPPC) was chosen
as the photosensor for ND280. The MPPC gain is determined by
the charge accumulated in a pixel capacitance Cpixel: Qpixel ¼
Cpixel "DV , where the overvoltage DV is the difference between
the applied voltage and the breakdown voltage of the photodiode.
For MPPCs the operational voltage is about 70 V, which is
0.8–1.5 V above the breakdown voltage. The pixel capacitance is
90 fF, which gives a gain in the range 0.5–1.5#106. When a
photoelectron is produced it creates a Geiger avalanche. The
amplitude of a single pixel signal does not depend on the number
of carriers created in this pixel. Thus, the photodiode signal is a
sum of fired pixels. Each pixel operates as a binary device, but the
multi-pixel photodiode as a whole unit is an analog detector with
a dynamic range limited by the finite number of pixels.

A customized 667-pixel MPPC, with a sensitive area of
1.3#1.3 mm2, was developed for T2K [35,36]. It is based on a
Hamamatsu commercial device, the sensitive area of which was
increased to provide better acceptance for light detection from
1 mm diameter Y11 Kuraray fibers. In total, about 64,000 MPPCs
were produced for T2K. The T2K photosensor is shown in Fig. 10.

The main parameters of MPPCs are summarized in Table 2. The
characterization of the MPPCs’ response to scintillation light is
presented in Ref. [37].

4.2. INGRID on-axis detector

INGRID (Interactive Neutrino GRID) is a neutrino detector
centered on the neutrino beam axis. This on-axis detector was

designed to monitor directly the neutrino beam direction and
intensity by means of neutrino interactions in iron, with sufficient
statistics to provide daily measurements at nominal beam inten-
sity. Using the number of observed neutrino events in each
module, the beam center is measured to a precision better than
10 cm. This corresponds to 0.4 mrad precision at the near detector
pit, 280 m downstream from the beam origin. The INGRID
detector consists of 14 identical modules arranged as a cross of
two identical groups along the horizontal and vertical axis, and
two additional separate modules located at off-axis directions
outside the main cross, as shown in Fig. 11. The detector samples
the neutrino beam in a transverse section of 10 m#10 m. The
center of the INGRID cross, with two overlapping modules,
corresponds to the neutrino beam center, defined as 01 with
respect to the direction of the primary proton beamline. The
purpose of the two off-axis modules is to check the axial
symmetry of the neutrino beam. The entire 16 modules are
installed in the near detector pit with a positioning accuracy of
2 mm in directions perpendicular to the neutrino beam.

The INGRID modules consist of a sandwich structure of nine iron
plates and 11 tracking scintillator planes as shown in Fig. 12. They
are surrounded by veto scintillator planes, to reject interactions

Fig. 9. ND280 detector complex. The off-axis detector and the magnet are located
on the upper level; horizontal INGRID modules are located on the level below; and
the vertical INGRID modules span the bottom two levels.

Fig. 10. Photographs of an MPPC with a sensitive area of 1.3#1.3 mm2: magnified
face view (left) with 667 pixels in a 26#26 array (a 9-pixel square in the corner is
occupied by an electrode); the ceramic package of this MPPC (right).

Table 2
Main parameters of the T2K MPPCs.

Number of pixels 667
Active area 1.3#1.3 mm2

Pixel size 50# 50 mm2

Operational voltage 68–71 V
Gain $ 106

Photon detection efficiency at 525 nm 26–30%
Dark rate, threshold¼0.5 p.e., T¼25 1C r1:35 MHz

Fig. 11. INGRID on-axis detector.

K. Abe et al. / Nuclear Instruments and Methods in Physics Research A 659 (2011) 106–135116
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ND280 Complex

of operation of multi-pixel photodiodes can be found in a recent
review paper [34] and the references therein.

After R&D and tests provided by several groups for three years,
the Hamamatsu Multi-Pixel Photon Counter (MPPC) was chosen
as the photosensor for ND280. The MPPC gain is determined by
the charge accumulated in a pixel capacitance Cpixel: Qpixel ¼
Cpixel "DV , where the overvoltage DV is the difference between
the applied voltage and the breakdown voltage of the photodiode.
For MPPCs the operational voltage is about 70 V, which is
0.8–1.5 V above the breakdown voltage. The pixel capacitance is
90 fF, which gives a gain in the range 0.5–1.5#106. When a
photoelectron is produced it creates a Geiger avalanche. The
amplitude of a single pixel signal does not depend on the number
of carriers created in this pixel. Thus, the photodiode signal is a
sum of fired pixels. Each pixel operates as a binary device, but the
multi-pixel photodiode as a whole unit is an analog detector with
a dynamic range limited by the finite number of pixels.

A customized 667-pixel MPPC, with a sensitive area of
1.3#1.3 mm2, was developed for T2K [35,36]. It is based on a
Hamamatsu commercial device, the sensitive area of which was
increased to provide better acceptance for light detection from
1 mm diameter Y11 Kuraray fibers. In total, about 64,000 MPPCs
were produced for T2K. The T2K photosensor is shown in Fig. 10.

The main parameters of MPPCs are summarized in Table 2. The
characterization of the MPPCs’ response to scintillation light is
presented in Ref. [37].

4.2. INGRID on-axis detector

INGRID (Interactive Neutrino GRID) is a neutrino detector
centered on the neutrino beam axis. This on-axis detector was

designed to monitor directly the neutrino beam direction and
intensity by means of neutrino interactions in iron, with sufficient
statistics to provide daily measurements at nominal beam inten-
sity. Using the number of observed neutrino events in each
module, the beam center is measured to a precision better than
10 cm. This corresponds to 0.4 mrad precision at the near detector
pit, 280 m downstream from the beam origin. The INGRID
detector consists of 14 identical modules arranged as a cross of
two identical groups along the horizontal and vertical axis, and
two additional separate modules located at off-axis directions
outside the main cross, as shown in Fig. 11. The detector samples
the neutrino beam in a transverse section of 10 m#10 m. The
center of the INGRID cross, with two overlapping modules,
corresponds to the neutrino beam center, defined as 01 with
respect to the direction of the primary proton beamline. The
purpose of the two off-axis modules is to check the axial
symmetry of the neutrino beam. The entire 16 modules are
installed in the near detector pit with a positioning accuracy of
2 mm in directions perpendicular to the neutrino beam.

The INGRID modules consist of a sandwich structure of nine iron
plates and 11 tracking scintillator planes as shown in Fig. 12. They
are surrounded by veto scintillator planes, to reject interactions

Fig. 9. ND280 detector complex. The off-axis detector and the magnet are located
on the upper level; horizontal INGRID modules are located on the level below; and
the vertical INGRID modules span the bottom two levels.

Fig. 10. Photographs of an MPPC with a sensitive area of 1.3#1.3 mm2: magnified
face view (left) with 667 pixels in a 26#26 array (a 9-pixel square in the corner is
occupied by an electrode); the ceramic package of this MPPC (right).

Table 2
Main parameters of the T2K MPPCs.

Number of pixels 667
Active area 1.3#1.3 mm2

Pixel size 50# 50 mm2

Operational voltage 68–71 V
Gain $ 106

Photon detection efficiency at 525 nm 26–30%
Dark rate, threshold¼0.5 p.e., T¼25 1C r1:35 MHz

Fig. 11. INGRID on-axis detector.

K. Abe et al. / Nuclear Instruments and Methods in Physics Research A 659 (2011) 106–135116
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ND280 Complexν beam stability
Stability of ν interaction rate normalized by # of protons (INGRID)

Stability of ν beam direction (INGRID)

Stability of beam direction is much better than 1mrad during whole run period

Fluctuation of ν interaction rate (/1019p.o.t) is less than 0.7% whole run period

(plots from ND280)
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ND280 Complex

of operation of multi-pixel photodiodes can be found in a recent
review paper [34] and the references therein.

After R&D and tests provided by several groups for three years,
the Hamamatsu Multi-Pixel Photon Counter (MPPC) was chosen
as the photosensor for ND280. The MPPC gain is determined by
the charge accumulated in a pixel capacitance Cpixel: Qpixel ¼
Cpixel "DV , where the overvoltage DV is the difference between
the applied voltage and the breakdown voltage of the photodiode.
For MPPCs the operational voltage is about 70 V, which is
0.8–1.5 V above the breakdown voltage. The pixel capacitance is
90 fF, which gives a gain in the range 0.5–1.5#106. When a
photoelectron is produced it creates a Geiger avalanche. The
amplitude of a single pixel signal does not depend on the number
of carriers created in this pixel. Thus, the photodiode signal is a
sum of fired pixels. Each pixel operates as a binary device, but the
multi-pixel photodiode as a whole unit is an analog detector with
a dynamic range limited by the finite number of pixels.

A customized 667-pixel MPPC, with a sensitive area of
1.3#1.3 mm2, was developed for T2K [35,36]. It is based on a
Hamamatsu commercial device, the sensitive area of which was
increased to provide better acceptance for light detection from
1 mm diameter Y11 Kuraray fibers. In total, about 64,000 MPPCs
were produced for T2K. The T2K photosensor is shown in Fig. 10.

The main parameters of MPPCs are summarized in Table 2. The
characterization of the MPPCs’ response to scintillation light is
presented in Ref. [37].

4.2. INGRID on-axis detector

INGRID (Interactive Neutrino GRID) is a neutrino detector
centered on the neutrino beam axis. This on-axis detector was

designed to monitor directly the neutrino beam direction and
intensity by means of neutrino interactions in iron, with sufficient
statistics to provide daily measurements at nominal beam inten-
sity. Using the number of observed neutrino events in each
module, the beam center is measured to a precision better than
10 cm. This corresponds to 0.4 mrad precision at the near detector
pit, 280 m downstream from the beam origin. The INGRID
detector consists of 14 identical modules arranged as a cross of
two identical groups along the horizontal and vertical axis, and
two additional separate modules located at off-axis directions
outside the main cross, as shown in Fig. 11. The detector samples
the neutrino beam in a transverse section of 10 m#10 m. The
center of the INGRID cross, with two overlapping modules,
corresponds to the neutrino beam center, defined as 01 with
respect to the direction of the primary proton beamline. The
purpose of the two off-axis modules is to check the axial
symmetry of the neutrino beam. The entire 16 modules are
installed in the near detector pit with a positioning accuracy of
2 mm in directions perpendicular to the neutrino beam.

The INGRID modules consist of a sandwich structure of nine iron
plates and 11 tracking scintillator planes as shown in Fig. 12. They
are surrounded by veto scintillator planes, to reject interactions

Fig. 9. ND280 detector complex. The off-axis detector and the magnet are located
on the upper level; horizontal INGRID modules are located on the level below; and
the vertical INGRID modules span the bottom two levels.

Fig. 10. Photographs of an MPPC with a sensitive area of 1.3#1.3 mm2: magnified
face view (left) with 667 pixels in a 26#26 array (a 9-pixel square in the corner is
occupied by an electrode); the ceramic package of this MPPC (right).

Table 2
Main parameters of the T2K MPPCs.

Number of pixels 667
Active area 1.3#1.3 mm2

Pixel size 50# 50 mm2

Operational voltage 68–71 V
Gain $ 106

Photon detection efficiency at 525 nm 26–30%
Dark rate, threshold¼0.5 p.e., T¼25 1C r1:35 MHz

Fig. 11. INGRID on-axis detector.
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ND280$Event$Categories$

26$

•  Exclusive$samples$based$on$#$of$final$state$charged$πs$
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Fit of ND280 events constrains flux and xsec 
models 

For oscillation analyses, events split into 3 
classes based on final state topology.

Charged Current 
zero charged pions

Charged Current 
one charged pion

Charged Current 
Other
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(a) muon-like event

Super-Kamiokande IV
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(b) electron-like event

Figure 32: Example reconstructed T2K events in Super-Kamiokande for an (a) muon-like ring and (b) electron-like ring. The white
crosses indicate the location of the reconstructed vertex. The diamond marks the location where a ray starting from the event vertex
and heading in the direction of the beam would intersect the detector wall. The hit map in the upper right hand corner is for the
Outer Detector.

Super-Kamiokande detector with regard to the delivered neu-2268

trino beam were 99.9%, 96.7% and 99.9% respectively, demon-2269

strating reliable operation of all of the subcomponents of the2270

T2K experiment.2271

In this paper, we have described the basic structure and pa-2272

rameters of the detector hardware, electronics, online DAQ sys-2273

tem, and offline data reduction and distribution scheme. More2274

detailed descriptions of subdetectors can be found in separate2275

papers, some of which have already been published while oth-2276

ers are being prepared.2277
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Super-K detects charged particle tracks traveling  
through water 

Charged particles produce cone of Cherenkov light observed by PMTs. 
Particles leave ring-shaped hit pattern on wall 

Time and charge information from hits allows momentum reconstruction

Super-Kamiokande
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Electrons scatter/shower while 
traveling through water 
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Significance of νe appearance 
discovery not changed: Exclude 
zero sin22θ13 to 7.3σ

νe Appearance
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Event Type
Predicted 

Events!
sin2(θ23)=0.5!

Δm232=2.4x10-3 eV2/c4

CCQE (signal) 77.93

non-CCQE 40.78

interactions 0.35

neutral current interactions 6.78

Total 125.85

⌫µ + ⌫̄µ

⌫µ + ⌫̄µ

⌫e + ⌫̄e

Signal purity is high, even after a significant amount of oscillations

3 ANALYSIS METHOD
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νµ Disappearance

Event breakdown by interaction categories from MC
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νe Appearance
(p,θ) helps separate background from signal
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