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Next
  to
Next

Next

Now

Introductory words

• Recent T2K result that I will use to describe the Long 
Base Line experimental techniques and needs. 

• What to expect from Noνa ? Or better, what to 
expect from T2K, Noνa and reactor neutrinos. 

• What is the community planning for the next stage ? 

• pro’s and con’s 

• Is this enough? 
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T2HK, LBNE and/or LBNO
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Present
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Beam
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ν beam
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Flux prediction
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②!

①!
Neutrino !
Producing decays!

K. Abe et al. (T2K Collaboration),  Phys. Rev. D 87, 012001 (2013).!
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NA61: Shine
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NA61/Shine measures for T2K the 
production of pions and kaons as 
function of the momentum and angle 
for protons interacting with carbon. 

NA61/Shine measures a thin target for 
absolute production and thick target that 
is a copy of T2K target and provides also 
the reinteractions.
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σνN

825

Charge current

CC-QuasiElastic νμn→μ-p

CC-Resonance νμΝ→μ- π+,0 N

CC-Deep Inelastic νμΝ→μ- X

Neutral current

NC-Elastic νμ(n,p)→νμ(n,p)

NC-Resonance νμΝ→μ- π+,0 N

NC-Deep Inelastic νμΝ→νμ X

When Eν>100MeV the ν-Nucleus cross-section dominates. 
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Off-axis concept
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• off-axis optimises the flux at the 
maximum of the oscillation.

30 GeV protons

2.5º

T2K runs 2.5º off-axis

Δm2=2.5x10-3eV2
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Off-axis concept
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30 GeV protons

2.5º

T2K runs 2.5º off-axis

• off-axis reduces the high energy contamination (NCπ0 and non-
CCQE backgrounds.)
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ND280
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ND280
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• ND280 is the near detector facility 
with two main detectors located 
280m from the proton interaction 
point: 

• On-axis INGRID. 

• Off-axis ND280m.

• Three main purposes: 

• ν beam stability. 

• ν cross-sections. 

• ν beam flux constraint. 
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On-axis (INGRID)
• INGRID counts ν CC events in a cross of 13 

identical detectors:

• total rate monitors beam intensity stability 
with respect to proton on target counting. 

• The relative event counts between modules 
monitor the beam direction stability. 
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proton-module 
for cross-sections

proton-module 
for cross-sections
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Off-axis: ND280
• Off-axis ND280 is a detector complex 

with tracking calorimeters, time 
projection chambers and Electromagnetic 
calorimeters in the UA1/Nomad 0.2T 
magnet.

• ν interaction target polystyrene (CH) 
and water. 

• Particle ID by dE/dx and calorimetry.

• Charge sign by curvature. 
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Magnet was granted by CERN 

Magnet @ CERN Prévessin

• Specific π0 detector (P0D) made of water, 
CH and brass optimised for NC π0 
measurement.
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Off-axis: νμ analysis

15

Off-axis ND280 analysis
 real events

CC0π+ CC1π+

CCother
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Off-axis: νμ analysis
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Puri%es Efficiency

CC0π	   CC1π	   CCOther	  

CC0π 73.5% 6.5% 6.1% 50.1%

CC1π 8.5% 50.5% 8.3% 29.5%

CCOther 10.9% 29.8% 72.9% 35.2%

Background 2.2% 6.8% 8.7%

Out	  of	  FV 4.9% 6.4% 4.0%

CC0π+ CC1π+

CCother

Off-axis ND280 analysis
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Off-axis: νe analysis

• Select highest momentum negative track starting in FGD to be compatible with 
electron according to TPC and ECAL PID. 

• Subdivide the sample according to the presence of pions in the event. 

• Use the νe  flux prediction after the νμ flux and cross-section fit. 

• Use γ→e+e- to constrain main background from π0→γγ

17

CC0π+ CC1π+/other γ→e+e-  
control sample

Nmeas
e

Npred
e

= 1.06± 0.06(stat)± 0.08(syst)
Nmeas

�

Npred
�

= 0.77± 0.02(stat)

Off-axis ND280 analysis
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Cross sections
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Cross-sections
• The T2K signal is the CCQE events. The 2 body 

kinematics allow to estimate the neutrino 
energy. 

• Other channels can be seen as backgrounds to 
the CCQE signal. 

• We need to identify the channel by using the 
hadronic component of the interactions. 

• At T2K energies there are many channel 
thresholds (CC1π+, CC1π0, CC Deep Inelatic 
Scattering, …)

• Cross-section models are not precise. 

• Final state interactions inside the nucleus alter 
the hadronic component. 
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Cross-sections: unknowns
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Multi-nucleon interactions

Charged pion momentum

Spectral	  func%on	  models	  
define	  probability	  to	  remove	  a	  
nucleon	  with	  a	  given	  
momentum	  and	  energy	  state	  

|pn| (MeV/c)

E n
 (

M
eV

)

T2K approach
• add effective parameters (MA, 

cross section normalisation, …) 
with uncertainties that span the 
base model and data.

• effective parameters are 
constrained by ND280 fits.
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Flux prediction

21

Beam ND280 Super-Kamiokande

p π→ν,µ ν

120m 295km280m

off-axis

on-axis

MR

110m

primary 
beamline target station

decay 
pipe

beam 
dump

muon 
monitors

280m 
detectors

Super-Kamiokande

30 GeV protons



F.Sánchez (IFAE)  PACT-2013

Flux constraint

22

Neutrino Flux Model:
 Data-driven: NA61/SHINE, beam 
monitor measurements
 Uncertainties: modeled by variation of 
normalisation parameters (b) in bins of 
neutrino energy and flavour

Neutrino Cross Section Model (NEUT):
 Data-driven: External neutrino, electron, 
pion scattering data
 Uncertainties: modeled by variations of 
model parameters (MA, pF, Eb) and ad-hoc 
parameters

Constraint from ND280 Data
 Data Samples enhanced in CC interactions with 0, 1 or others (mainly 
multiple pions)
 Fit to data constrains flux, b, and cross section, x=(MA, pF, Eb, ad-hoc, ...), 
parameters
 Constrained SK flux parameters and subset of cross section parameters are 
used to predict SK event rates
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Constrained flux
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• T2K νμ and νe flux predictions are constrained by the fit.  

• The cross-section parameters are also constrained.

• Plots show central values and error bands for normalisation 
parameters.

Parameter Prior to ND280 
Constraint

After ND280 
Constraint

MA
QE (GeV) 1.21 ± 0.45 1.223 ± 0.072

MA
RES (GeV) 1.41 ± 0.22 0.963 ± 0.063

CCQE Norm. 1.00 ± 0.11 0.961 ± 0.076

CC1π Norm. 1.15 ± 0.32 1.22 ± 0.16

NC1π0 Norm. 0.96 ± 0.33 1.10 ± 0.25

Cross-section parametersT2K SK νμ Flux

T2K SK νe Flux
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Covariance matrix

24

T2K SK flux parameters are constrained through their prior correlations with the 
ND280 νμ flux parameters

Subset of cross section parameters are correlated at near and far detectors: MA
QE, 

MA
RES, low energy CCQE normalisation, low energy CC1π normalisation.

νe and νμ fluxes are correlated 
through parent hadrons
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Super-Kamiokande
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Super-Kamiokande

26

μ θ=41º

tflight+t0

t’flight+t1

t0 t1

• 50 kTon water Cherenkov detector. (22.5 KTon fiducial). 

• ~11 000  20” PMT inner detector. 

• ~2000  8” PMT outer detector to veto external background. 
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SK: particle ID
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• The expected angular distribution of Cherenkov photons along the 
primary particle direction is different in electrons and muons: 

• The electron is not sharp due to Multiple Scattering & showering. 

μ±

e±e±

μ±
Likelihood PID

MC
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Super-Kamiokande & π0

28

• The misidentification of π0 and electrons happens when one photon is not 
identified: 

• The two electron-like rings overlap. 

• One of the two e-like rings is faint and it is lost in the Cherenkov light of 
the other photon. 

• Or with 2 γ,  the invariant mass of the photons has poor resolution. 

π0

γ γ
π0

γγ

Bo
os

t
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νμ selection
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νμ Selection Cuts

- Number veto hits < 16

- Fiducial  Volume=200cm

- Fully contained ring. 

- number of rings = 1

- Ring is muon-like

- Evisible > 100 MeV

- < 2 Michel electrons

- pμ > 200 MeV

58 events for 
3.01x1020 proton on target 
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νe selection
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νe Selection Cuts

- Number veto hits < 16

- Fiducial  Volume=200cm

- number of rings = 1

- Ring is electron-like

- Evisible > 100 MeV

- no Michel electrons

- new analysis π0 cut

- 0 < Eν < 1250 MeV

28 events for 
6.4x1020 proton on 

target 
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ν oscillation analysis
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νμ → νμ

32
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νμ disappearance

33

• Expected number of events in absence of oscillations: 205 ± 17 (syst).

• Observed number of events:  58 

3.01x1020 PoT

Energy 
reconstruction 

assuming CCQE

Flux+σνΝ
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The θ23 octant
• In the limit: Δm212 << Δm223 the disappearance probability is given by:

34

• If θ13 = 0 

• If θ13 != 0 and θ23~45º,   the νμ disappearance is sensitive to the octant

                    (i.e. Pνμ→νμ(θ23>45º) ≠  Pνμ→νμ(θ23<45º) ) 

• The right parameter is sin2θ23 and not the traditionally used sin2(2θ23)

• Uncertainty in θ13 needs to be propagated.

P (⌫µ ! ⌫µ) ' 1� 4 sin2 ✓23[1� sin2 ✓23] sin
2(1.27�m2

32L/E⌫)

1� 2 sin2 2✓23 sin
2(1.27�m2

32L/E⌫)

P (⌫µ ! ⌫µ) ' 1� 4 cos

2 ✓13 sin
2 ✓23[1� cos

2 ✓13 sin
2 ✓23] sin

2
(1.27�m2

32L/E⌫)
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νμ disappearance

• T2K already dominates the measurement of mixing angle for Long 
Baseline experiments  (x2 more statistics soon!!) 

35

Old representation for comparisons!

Physical Review Letters in Press.  Arxiv:1308.0465

P (⌫µ ! ⌫µ) ' 1� 4 cos

2 ✓13 sin
2 ✓23[1� cos

2 ✓13 sin
2 ✓23] sin

2
(1.27�m2

32L/E⌫)
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νμ → νe
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νe appearance

37

137

• We scan over sin22θ13 space to find the best fit value of 

sin22θ13, where the likelihood (ℒ ) becomes maximum. 
• Likelihood is calculated by comparing the number of 

observed events (Nobs) and the electron momentum & 
angle (p-θ) distribution with MC.

• We fix the oscillation parameters other than sin22θ13.

Fixed oscillation parametersElectron momentum vs. angle distribution (MC)

θ13=0.0 θ13=0.1
Npred=4.6 Npred=20.4

Analysis method
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νe appearance

38

ℒnorm is the probability to have Nobs when the 
predicted number of events is the Poisson 
distribution with mean = Npred.

ℒshape is the product of the probabilities that each 
event has (pi, θi). φ: Predicted p-θ distribution 
(PDF) .

 

Poisson distribution (θ13=0.1) PDF(θ13=0.1)

  Systematic parameter 
constraint term

 
pred

Npred=20.4
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νe appearance

39

Event cath. sin22θ13=0 sin22θ13=0.1

νe signal 0.38 16.42

νe back. 3.17 2.93

νμ back. 0.89 0.89

νμ+ νe back. 0.20 0.19

Total 4.64 20.44

Error source sin22θ13=0 sin22θ13=0.1

Beam flux and 
ν int

4.9% 3.0%

Far detector 6.7% 7.5%

+FSI+SI+PN 7.3% 3.5%

Total 11.1% 8.8%

Total(2012) 13.0% 9.9%

Ev
en

t 
pr

ed
ic

tio
n

Sy
st

em
at

ic
 e

rr
or

 6.4×1020 PoT
w/o ND280 constraint
w/ ND280 constraint

w/o ND280 constraint
w/ ND280 constraint
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νe appearance

40

141

pe-θe θe

pe
Assuming δCP=0, normal hierarchy,
|Δm2

32|=2.4×10-3 eV2, sin22θ23=1 

 

Best fit w/ 68% C.L. error:

90% allowed region:
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νe appearance

41

Best fit w/ 68% C.L. error @ δCP=0

Normal hierarchy:

Inverted hierarchy:

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

Allowed region of sin22θ13 
for each value of δCP

sin2 ✓13 = 0.150+0.039
�0.034

sin2 ✓13 = 0.182+0.046
�0.040

NOTE: These are 1D contours for values of δCP, not 2D contours in δCP-θ13 space 

Normal hierarchy

Inverted hierarchy
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Global θ13

42

New	  Daya	  Bay	  Result	  

Co
m
pi
la
%o

n	  
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	  S
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n	  
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	  (H

EP
),	  
N
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t	  2
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νe appearance
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Best fit w/ 68% C.L. error @ δCP=0

Normal hierarchy:

Inverted hierarchy:

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

Allowed region of sin22θ13 
for each value of δCP

sin2 ✓13 = 0.150+0.039
�0.034

sin2 ✓13 = 0.182+0.046
�0.040

New Daya-Bay result. (NUFACT13)

NOTE: These are 1D contours for values of δCP, not 2D contours in δCP-θ13 space 

Normal hierarchy

Inverted hierarchy



F.Sánchez (IFAE)  PACT-2013

νe appearance
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NOTE: These are 1D contours for values of δCP, not 2D contours in δCP-θ13 space 

The uncertainty in the atmospheric mixing angle. 

• δCP vs. sin22θ13 contour depends significantly 
on the value of sin2θ23.

• The θ23 octant is relevant for the future δCP 
vs. sin22θ13 sensitivity.

Normal hierarchy

Inverted hierarchy
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Next
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Noνa
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Flux
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Beam status

T2K might get up to 400 kW in 2014
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Noνa detector
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Noνa detector
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Noνa oscillations
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Noνa oscillations
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Potential of Noνa & T2K
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Future δCP sensitivity

53

7.8x1021 PoT +  2012 systematics

sin2 2✓13 = 0.1

�m2
32 = 2.4⇥ 10�3eV 2

�(sin2 ✓13) = 0.005

Assumptions

T2K + reactor
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Future δCP sensitivity

54

T2K + Noνa + reactor

sin2 2✓13 = 0.1

�m2
32 = 2.4⇥ 10�3eV 2

�(sin2 ✓13) = 0.005

Assumptions

T2K alone

Noνa alone

T2K+ Noνa

50%⌫ + 50%⌫̄
Region where δCP can be discovered with 90% C.L.

⊕ simple normalisation errors.
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Future hierarchy sensitivity

55



F.Sánchez (IFAE)  PACT-2013

A word on steriles

56

νμ → νs → νe

All you (might) want to know about 
steriles: 
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Steriles

57

LSND 

MiniBoone 

Karmen 
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Next to Next Long Base 
Line experiments

58

H LBNE
LBNO



F.Sánchez (IFAE)  PACT-2013

What’s next
• It is not obvious T2K+Noνa will resolve the mass hierarchy 

+ CP violation. 

• Mass hierarchy might be addressed with LBL + ν 
atmospheric experiments (INO, Pingu,SK,etc…) 

• CP violation seems to be reachable “only” by long base 
line experiments (initial conditions are relevant). 

• Two approaches: 

• Short base line, no matter effects, large statistics for CP 
but no hierarchy.

• Long base line, matter effects + 2 oscillation peaks for CP 
and matter effects. 

59

T2HK

LBNE-LBNO

Large uncertainties 
in their capabilities
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T2HK

60

This is basically a gigantic T2K

+ statistics 
+ known technology
- no matter effects, no hierachy

my view

Moderate acc power of 1MW. 
Rely on huger mass
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T2HK

61

5% syst is what T2K expects!!!
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LBNO
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LBNO

63

LBNO

- low mass → low statistics 
- risky technology (maybe a + )
- possible tau contamination 
+ matter effects, hierarchy
+ 2 oscillation peaks.
+ high energy → σνN well known

my view

1st phase with 20 kt LiqAr
2nd phase with 50 kt or 100 kT  LiqAr

Power from 700kW to 2MW
2300 km base line
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LBNO

64
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LBNO
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Hierarchy δCP

2300 km is unique for hierarchy Not as good as T2KHK
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LBNO
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Very reach phenomenology, reduced systematics?
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LBNE

67

ν
νν ν ν

ν ν

LBNE

- very low mass → very low statistics 
- risky technology (maybe a + )
- Matter effects might be not too large. 
+ matter effects, hierarchy
+ 2 oscillation peaks.
+ lower energy → σνN poorly known

my view

1st phase with 10 kt LiqAr

1300 km base line

2nd phase with 34 kt LiqAr ?

Accelerator power from 
750 kW to 2.3 MW
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LBNE

67

ν
νν ν ν

ν

ν

LBNE

- very low mass → very low statistics 
- risky technology (maybe a + )
- Matter effects might be not too large. 
+ matter effects, hierarchy
+ 2 oscillation peaks.
+ lower energy → σνN poorly known

my view

1st phase with 10 kt LiqAr

1300 km base line

2nd phase with 34 kt LiqAr ?

Accelerator power from 
750 kW to 2.3 MW
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LBNE

68

w/o	  osc:	  
20,000
w/	  osc:
	  7,000

w/o	  osc:	  6,700
w/	  osc:	  2,200

ν (5	  yrs) ν (5	  yrs)

Appearance

Disappearance

750evts
(330	  IH)

180	  evts
(272	  IH)

750	  
180	  

272	  
330	  

Difference	  due	  to	  mass	  ordering

34	  kt	  fid.

Normal

Inverted
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True	  Normal	  
Hierarchy	  not

	  known

69

Bands:	  1σ	  varia%ons	  of	  θ13,	  θ23,	  Δm31
2	  	  (Fogli	  et	  al.	  arXiv:1205.5254v3)	  *Improved	  over	  CDR	  2012	  120	  GeV	  MI	  proton	  beam	  

Significance	  for	  
δ≠0,	  π

LBNE10	  does	  much	  beRer	  than	  full	  program	  for	  exis%ng	  experiments
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Mass hierarchy

• Old of the previous sensitivity plots for 
mass hierarchy were done assuming a 
gaussian distribution of  probability. 

• Since the value of |Δm2| is very well 
known. The distribution is more a 
Bernouille probability with only one try.

• This fact was ignored, all the 
collaborations are reconsidering their 
sensitivities.

70
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Some observations
• T2HK has the highest sensitivity to CP violation but this 

implies:  74% coverage δCP @ 3σ.

• LBNE/LBNO can make hierarchy at 5σ after 5 years of 
running.

• LBNE/LBNO CP violation will depend on the total mass 
achieved by the far detector.

• We can be lucky and get hints of CP in the next 5 years or be 
unlucky and get no hint in the next 15 years.  

71

Very confusing panorama, many unknowns from physics, 
finance and politics.
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Conclusions
• T2K has finally stablished the transition νμ →νe with a 7.5σ C.L. 

• this opens the possibility to measure the CP phase in the future: 

• comparing neutrinos and anti-neutrinos. 

• with the very precise constrain from the reactor experiments. 

• Current generation of experiments has limited sensitivity to CP phase and mass 
hierachy:

• But not null!!!!.  

• Next generation increases the sensitivity but to values that are not definitive: 

• T2HK cover 75% of the possible values with 90% CL but does not measure 
hierarchy. 

• LBNE/LBNO can do hierarchy and possibly CP depending on the final 
achieved mass of detector.  
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Mass hierarchy sensitivity needs to be revisited!
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All in all, there is an exciting 
time in fron of us. 

The era of ν precision physics 
has started.
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Support slides
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Super-Kamiokande & π0

75

• New algorithm can also use the best-fit likelihood 
ratio to distinguish e- from π0

• Even if 2nd photon is identified, it may be on the 
tail of the π0 mass resolution.

• In this case, the 2-ring likelihood will still be 
preferred and the event is identified as π0

• 2D cut removes 70% more π0 background than 
previous method for the same signal efficiency.

Background
νμ-(X+π0)

Signal
νe-CCQE

Likelihood Ratio vs π0 Mass
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SK: new reconstruction
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• A single track in the detector can be specified by a 
particle type, and 7 kinematic variables (x):

• A vertex position (X, Y, Z, T)

• A track momentum (p)

• A track direction (θ, φ)

• For a given x, a charge and time probability 
distribution function (PDF) is produced for every 
PMT

• All 7 track parameters fit simultaneously

• For particle ID: compare final likelihoods for 
different particle hypotheses

Time PDF

Charge PDF

PMT Charge 
Response:

Property of the 
electronics and PMT 

properties

Predicted Charge (μ):

- Number of photons that reach the 
PMT
- Depends on detector properties 
(scat, abs, etc.)
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ND280 input data
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Data from T2K Runs 1-4: 5.9x1020 protons on target

Data are binned in two dimensions: muon momentum (p) and angle (cosθ) 
preserving information on neutrino energy and interaction q2

Selection Number of Events
CC0π 16912
CC1π 3936
CC Other 4062
CC Inclusive 24910

CC0π+
CC1π+ CCother
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Off-axis: νe analysis
• νe events at the ND280 P0D detector calculated 

with 8.6x1019 PoT.
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Data�BackMC

SignMC
= 0.91± 0.13(stat)± 0.18(det)± 0.13(flux)

In good agreement with the tracker νe measurement

Event display
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Off-axis: νμ analysis
• The ND280 constrains flux and cross-section. 

• Sample of CC events is selected. Muon as highest momentum negative track in the 
event in the target fiducial volume compatible with muon Pid in TPC.

• The sample is divided in 3 categories: 0π+, 1π+ and others (mainly Deep Inelastic 
Scattering) based on the detection of pions in the event. 

• Pions are detected as tracks in TPC, FGD or Michel electron signature near 
vertex. 
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TPC	  2 TPC	  3FGD	  1 FGD	  2

μ-‐
π+

π+/e+-‐

TPC	  1P0D
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J-PARC
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Materials and Life Science 
Experimental Facility 

Hadron Beam Facility�

Nuclear 
Transmutation 

J-PARC = Japan Proton Accelerator Research Complex 
Joint Project between KEK and JAEA 

Linac 

180→400 MeV 

Neutrino to 
Kamiokande 

Rapid Cycling 
Synchrotron 

(3GeV, 25 Hz, 1MW) 

Main Ring 

(30 GeV, 0.3 Hz,  

0.75 MW→ 1.66 MW) 0.2 MW→0.75MW )
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On-axis: beam stability

Beam alignment and flux measured with neutrinos

• Neutrino rate stable within 0.7%. 

• Beam direction variation << 1 mrad. 
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200 kA horn 
operation
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Flux prediction
• Simulation is carried out by Fluka2008 3d. 

• The pion and kaon production is weighted to the 
results from NA61-Shine. 

• “A priori” flux error: ~15% below @ 1 GeV.

• Strong correlation between near and far detector.
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Beam stability
• Muon monitor downstream the beam dump monitors 

beam direction.  Stability requirements < 1mrad 

83

1 mrad change of ν beam direction results in  2-3% change of the neutrino energy scale (~16MeV) 

Horns
200 kA
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Data sets
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• Total delivered beam: 6.63x1020 protons on target.

• 8.3% of the expected T2K PoT (7.8x1021PoT )

• νμ→νe analysis uses 96.3% of acquired Run 1-4 PoT.

• νμ→νμ analysis uses Run 1-3  (3.01x1020)

earthquake

used for νμ→νμ analysis

used for νμ→νe analysis

x~2 PoT in Run4!
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History
• 1999	  Ko	  Nishikawa	  and	  Yoji	  Totsuka	  formulate	  νμ→ νe	  experiment	  at	  J-‐PARC.

• 1999-2004 K2K finds the first evidence of neutrino oscillation in a Long Base Line 

experiment.

• 2000-2004 Letter of Intent; Detailed design; Formation of international collaboration. 

• 2004 Five year construction plan for T2K approved by Japanese government. 

• February 2008, finished ND280 pit construction.

• May 2008, installation ND280 magnet. 

• April 2009 Commissioning of beamline. 

• January 2010 First neutrino events for neutrino oscillation studies. 

• March 2011 Great East Japan earthquake. 

• June 2011 T2K announces 2.5σ “indication” of νμ→ νe 

• March 2012 T2K resumes data taking after earthquake recovery.
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T2K collaboration
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TRIUMF 
U. Alberta 
U. B. Columbia 
U. Regina 
U. Toronto 
U. Victoria 
U. Winnipeg 
York U. 

CEA Saclay 
IPN Lyon 
LLR E. Poly. 
LPNHE Paris 

RWTH Aachen U. INFN, U. Bari 
INFN, U. Napoli
INFN, U. Padova 
INFN, U. Roma 

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

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

INR 

ETH Zurich 
U. Bern 
U. Geneva 

Imperial C. London 
Lancaster U. 
Oxford U. 
Queen Mary U. L. 
STFC/Daresbury 
STFC/RAL 
U. Liverpool 
U. Sheffield 
U. Warwick 

IFAE, Barcelona 
IFIC, Valencia 

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

~500 member, 59 institutions, 11 countries.
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T2K:  the future
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Beam ND280 Super-Kamiokande

p π→ν,µ ν

120m 295km280m

off-axis

on-axis

MR

110m

primary 
beamline target station

decay 
pipe

beam 
dump

muon 
monitors

280m 
detectors

Super-Kamiokande

30 GeV protons
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Upgrade plan

• Planned J-PARC Main Ring (MR) power improvements 220 kW operation in CY2013. 
Integrated 6.7x1020 PoT to date.

• Linac upgrade to be completed within  a year. Expect range of steady MR 
operation for neutrino between 200-400 kW 

• Planned MR upgrade (depends on funding). Up to 750 kW 

• Possible staged upgrade scenario: 

1. Double current protons on target. 

2. Next-to-next doubling.

3. If MR upgrade, reach full planned statistics (78x1020 PoT).
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89

Neutrino oscillations
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ν oscillations
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UPNMS =

0

@
Ue1 Ue2 Ue3

Uµ1 Uµ2 Uµ3

U⌧1 U⌧2 U⌧3

1

A

Production Detection

Similar to quarks, flavour and Lorentz eigenstates of massive neutrinos are not identical. 

The two eigenbases are related through the 
Pontecorvo-Maki-Nakagawa-Sakata matrix (UPNMS).

Courtesy of B.Kayser
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ν oscillations

91

�
�e �µ �⇥

⇥
= UPNMS

⇤

⇧
�1

�2

�3

⌅

⌃

• With 3ν, there are 3 angles and 1 imaginary phase: 

• The phase allows for CP violation similar to the quark sector. 

• There are also 2 values of Δm2: traditionally Δm212  & Δm223.

UPNMS =

0

@
1 0 0

0 cos ✓23 sin ✓23
0 � sin ✓23 cos ✓23

1

A

0

@
cos ✓13 0 sin ✓13e�i�CP

0 1 0

� sin ✓13ei�CP
0 cos ✓13

1

A

0

@
cos ✓21 sin ✓21 0

� sin ✓21 cos ✓21 0

0 0 1

1

A

atmospheric           solar
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ν oscillations
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�m2

12

= 7.58+0.22
�0.26 ⇥ 10�5eV 2

|�m2

23

| = 2.35+0.12
�0.09 ⇥ 10�3eV 2

sin2 ✓
12

= 0.306+0.018
�0.015

sin2 ✓
23

= 0.42+0.08
�0.03

sin2 ✓
13

= 0.021+0.07
�0.08

�CP 2 [0o, 360o]

Particle Data Group neutrino review

Status as of 2012

atmospheric

solar
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ν oscillations
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What is missing

• δCP accessible through:

• comparison of appearance with reactor disappearance. 

• comparison of νμ→νe and νμ→νe

• The θ23 octant: 

• The θ23 is close to 45º 

• The absolute neutrino  mass.

• The mass hierarchy: is m3 > m1 ? ⊕

⌫µ ! ⌫µ

⌫µ ! ⌫e

⌫̄µ ! ⌫̄µ

⌫̄µ ! ⌫̄e

⌫µ ! ⌫µ

⌫µ ! ⌫e

⌫̄µ ! ⌫̄µ

⌫̄µ ! ⌫̄e


