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Experimental strategies
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The T2K experiment
• First off-axis neutrino oscillation experiment, started taking data 

early 2010 and in 2011 published the first indication of electron 
neutrino appearance (and non-zero θ13) in a muon neutrino 
beam, which was later discovered (> 5σ) in 2013 

• Since 2014 most data taken in anti-neutrino mode 

• Next goals: 

•Observe νe appearance  

• Search for strong indication of CP violation

4
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νμ J-PARC
Super-Kamiokande
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T2K detectors
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T2K oscillation analyses

8

• Prediction of neutrino flux at SK  

• Reconstruction and selection of 
the SK data 

•Near detector constraint 
of the flux and neutrino 
interaction parameters 

Comparison of the observed  
SK data to predictions

oscillation parameters
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Data taking summary
• Continuous rise in power from ~225 kW (2014) to 500 kW (2018) 
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ND280 near detector
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ND280 data samples
• 14 samples in total 
• Distinguish between FGD1 and FGD2

11
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Improvements in Interaction model

• A model for multi-nucleon 
scattering processes 
(Valencia 2p-2h model)  

•CCQE model was improved 
by including the RPA correction 
factor  

• Pion production model was 
tuned to data on hydrogen and 
deuterium 

12

Modifications of the main T2K 
neutrino generator (NEUT): 
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ND280 constraint
• Parametrise cross section & flux models 

• Constrain by fitting ND280 data 

• Result of data fit reduces flux & interaction model uncertainties at 
SK 

13

ND280 CC 0π sample Super-K neutrino-mode flux 

Reconstructed neutrino energy (GeV)

pre fit
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• Very well known performance 
after more than 20 years 

• 50 kton water Cherenkov 
detector: ultra pure water

14

Super-Kamiokande

inner detector : 

~11,000  PMTs (20’’)  

40% photo coverage 
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Improvements in SK
• New reconstruction algorithm: fiTQun (uses a charge and time 

likelihood) instead of previous algorithm APFit  

•New data sample νeCC1π in addition to νe CCQE, add 10% stat 

• Re-optimizing fiducial volume (FV) cut: expansion of the FV by 
15-20% 

15

~30% increase in effective statistics
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five SK neutrino samples

16

νµ

243 events 102 events

75 events 15 events 9 events

νe νe νe

νµ
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Oscillation analyses: rates
• Compare observed rates at SK to predictions under oscillation 

hypothesis, tuned with observed ND rates 

• SK event rates are in line with expectations based on oscillation model 
• Of note: 15 events observed in CC1π νe sample, with prediction of 6.9 maximum 

• p-value for up/down fluctuation in 1 of 5 samples is: ~5% (1% with single sample).

17

SK SAMPLE
PREDICTED

OBSERVED
𝛿CP=–π/2 𝛿CP=0 𝛿CP=+π/2 𝛿CP=π

νμ FHC 1R𝜇 268,5 268,2 268,5 268,9 243

ν̅μ RHC 1R𝜇 95,5 95,3 95,5 95,8 102

νe
FHC 1Re 0 decay-e 73,8 61,6 50,0 62,2 75

FHC 1Re 1 decay-e 6,9 6,0 4,9 5,8 15

ν̅e RHC 1Re 0 decay-e 11,8 13,4 14,9 13,2 9
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• Compare consistency with PMNS νe̅ 
appearance (β = 1) and no νe̅ appearance 
(β = 0). For rate only:   

• if β = 0 expect 6.5 events 

• if β = 1 expect 11.8 events 

• p-value very similar for both 

• Use rate+shape analyses: 

• The data shapes look more consistent 
with background spectra than νe̅ signal 
spectrum 

• No strong statistical 
conclusion yet
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ν̅e appearance
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Atmospheric sector: θ23, Δm2
32(1)
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𝛿CP vs. sin2θ13

• sensitivity assumptions: 

• sin2θ13= 0.0219 (2016 PDG) 

• sin2θ23 = 0.528 

• NH, δCP = -1.601 

• Data fit stronger than sensitivity
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• CP conserving values (𝛿CP=0 & 𝛿CP=π) outside of 2σ region for 
both hierarchies. 
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𝛿CP 1D contour
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T2K phase II
• Proposed to cover the gap between T2K/NOvA and the next 

generation of experiments: HK/DUNE (from 2020 to 2026) 

• Same far detector (SK) + beam upgrade: collect 20x1021 p.o.t.  

• New improved near detector complex and reduced systematics 

•Could achieve >3σ sensitivity on CP violation

22
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Neutrino beam upgrades
•Main Ring power supply upgrade approved 

by MEXT  

• allow faster beam rep rate (2.2→1.3 s) 

•Mitigate beam losses at higher power 
running conditions 

• Aim to complete work when MR-PS 
upgrade is done → 2021 

• TDR has been submitted to KEK-IPNS 
Director for review in June 2018

23

750 kW, with eventual upgrades to 1.3 MW
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Far detector upgrade
• Additional SK data samples under study 

•CC1π± and NCπ0, for ν/ν ̅ modes 

• SK-Gd project: add Gadolinium to SK water  (0.01%) 

• enhance neutron detection capability 

• improves low energy antineutrino detection 

• could provide wrong-sign BG constraint in  T2K ν̅ data

24
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π0 detector
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ND280 upgrade
• Reduce systematics to ~4% 

•Main improvements:  

• Full polar angle acceptance 

•High efficiency for short tracks 

• TOF for particle direction 

• Strong involvement from CERN 

• Submitted proposal to CERN SPSC 

• TDR expected by the end of 2018 

• Aiming for installation in 2021

25



π0 detector

Anselmo Cervera Villanueva, IFIC-Valencia International Symposium on Neutrino Frontiers’18 

ND280 upgrade
• Reduce systematics to ~4% 

•Main improvements:  

• Full polar angle acceptance 

•High efficiency for short tracks 

• TOF for particle direction 

• Strong involvement from CERN 

• Submitted proposal to CERN SPSC 

• TDR expected by the end of 2018 

• Aiming for installation in 2021

25

High Angle TPC

High Angle TPC

Super-FGD

TOF

TOF

TOF
TOF



π0 detector

Anselmo Cervera Villanueva, IFIC-Valencia International Symposium on Neutrino Frontiers’18 

ND280 upgrade
• Reduce systematics to ~4% 

•Main improvements:  

• Full polar angle acceptance 

•High efficiency for short tracks 

• TOF for particle direction 

• Strong involvement from CERN 

• Submitted proposal to CERN SPSC 

• TDR expected by the end of 2018 

• Aiming for installation in 2021

25

High Angle TPC

High Angle TPC

Super-FGD

TOF

TOF

TOF
TOF

Scintillator target (Super-FGD):  
over 2 million cubes 

http://iopscience.iop.org/article/10.1088/1748-0221/13/02/P02006/pdf
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Outlook
• T2K, currently running at 485 KW power, has double statistics in 

the last two years 

• Updates to the T2K oscillation analysis: 
• Improvements to neutrino interaction model (added nuclear effects) 

•New reconstruction and event selection at Super-K: effective 
improvement in statistics by ~30%  

• Results:  
•Continues improvements in atmospheric parameters 

•CP conserving values excluded at 2σ for both hierarchies 

• Proposal of T2K-II: to collect 20×1021 POT in 2021-2026  
• R&D for Upgrade of the Near Detector is ongoing 

• Potential for  >3σ sensitivity on δcp

26
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Beam production

28
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Effect of different 

30
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T2K neutrino flux
• Neutrino flux calculations are based on 

• Input from the proton beam monitors (beam profiles and current) 

• FLUKA2011 simulation: hadron production in the graphite target  

• this is tuned with NA61/SHINE thin (2 cm) target data 

•GEANT3: propagation through magnetic horns and decay into 
neutrinos 

32
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𝜈 Fluxes & Uncertainties

• A priori prediction of flux at Super-K has ~10% uncertainties from 
0.1 to 5 GeV 

• Tuned with data from CERN NA61/SHINE 

•Near and Far flux shapes are not identical, but highly correlated
33
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SK Muon RingSK Muon Ring
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SK Electron RingSK Electron Ring
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Atmospheric sector: θ23, Δm2
32(1)
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Systematic errors at SK (%) 

39

FSI = Final State Interaction 
SI = Secondary interactions  
PN = Photo-nuclear interactions  
NC = Neutral Current 

Total error is in 4-7% range  
(except for ν-mode CC1π sample) 
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Modelling ν interactions

41

⌫µ

⌫µ

•CCQE: Llewellyn Smith, MA
QE=1.0 GeV/c2 

•CC resonant 𝜋: Rein-Sehgal, MA
RES=1.2 GeV/c2 

•2p2h: Nieves model 

•Nuclear model: Smith-Moniz RFG 

•Bulk effects (RPA) effects included 

•Coherent pion: Rein-Sehgal 

•DIS with Bodek-Yang corrections 

•Neutrino and antineutrino interactions simulated 

•𝜈𝜇 and 𝜈e simulated 

•Only differ at low energy

(NEUT v5.3.3)

?

µνµ
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Modelling ν interactions

42

⌫µ

⌫µ

νl

p
Z

CC / NC 
quasi-elastic  

(QE) 
39% / 18%

π+

Δ++p
π0

Δ+
Z

νl

p

CC / NC   
resonance  

production (1π) 
25% / 11%

X
p

CC / NC   
DIS  
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p

(NEUT v5.3.3)
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ND280 data for OA

43

ν-mode ν-̅mode

FGD2 
(carbon & oxygen)

νμ CC0π

νμ CC1π

νμ CCOther

νμ CC0π

νμ CC1π

νμ CCOther

FGD1 
(carbon)

FGD1 
(carbon)

νμ CC1trk

νμ CCNtrk

νμ̅ CC1trk

νμ̅ CCNtrk

FGD2 
(carbon & oxygen)

νμ CC1trk

νμ CCNtrk

νμ̅ CC1trk

νμ̅ CCNtrk
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Flux uncertainties
• Flux prediction uncertainty is 

8-12%  

• Uncertainties on hadronic 
interaction modelling are 
largest  

•NA61/SHINE data taken with 
replica T2K target is being 
incorporated for future 
analyses -> reduce flux 
uncertainty 

44
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Anti-neutrino interactions

45

C. Patrignani et al. (PDG), Chin. Phys. C, 40, 100001 (2016) and 2017 update: 

νμ N 

ν̅μ N 

~ 2x

Charged-current (CC) inclusive νμ/ν̅μ cross sections 
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Fitted flux parameters
• Fitted flux parameters are near their nominal values  

• Post/Pre-fit ≃1  

•Most of the fitted flux parameters are within 1σ prior uncertainty 

46

Super-K neutrino-mode flux Super-K antineutrino-mode flux 



Anselmo Cervera Villanueva, IFIC-Valencia International Symposium on Neutrino Frontiers’18 

Fitted interaction model param

47

The cross-section parameters include normalizations and Fermi 
momenta for C and O, parameters of nuclear effects (2p-2h, RPA), etc. 
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Fitted interaction model param

47

The cross-section parameters include normalizations and Fermi 
momenta for C and O, parameters of nuclear effects (2p-2h, RPA), etc. 

The fit enhanced some of cross-section parameters  
(related to 2p-2h and RPA) 
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⌫µ

1.49e21 POT 1.12e21 POT

⌫µ

SK data for OA

49

νe/ν̅e appearance

νµ/ν̅μ disappearance
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SK e-like events

51
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Super-FGD

53

1 cm3 cubes  
3 fibers per cube 



T2K COLLABORATION


