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Since I have your attention é 

T2K-Only
With reactors

CPV in the neutrino sector is within reach!
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é hereõs the latest T2K results! 

T2K!
T2K-Only

With reactors

CPV in the neutrino sector is within reach!
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But how did we get here!?

ÅNeutrino oscillations and the T2K 

experiment

ÅThe latest results/analyses from T2K
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And where are we going?

ÅNeutrino oscillations and the T2K 

experiment

ÅThe latest results/analyses from T2K

ÅLimiting factor: neutrino nucleus cross 

sections

ÅThe latest cross section results

ÅThe future of T2K
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Neutrino Oscillations
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flavor atmospheric accelerator/reactor solar mass

Å What is the value of ‏ ??

Å What is the mass hierarchy?

Å Precision measurements of the 

mixing parameters

Å Is PMNS all there is?

Å What about the absolute neutrino mass 

scale?

Å Why is it so small?

Å Dirac or Majorana ?

Figure from Prof.
Ethan Brown 
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The T2K Experiment

Near Detectors

Off-Axis: ND280 On-Axis: INGRID

Far Detector (Off -Axis)

Super-Kamiokande

Muon

Use off-axis beam to give a 
narrow neutrino energy spread
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The Super-Kamiokande detector
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The Super-Kamiokande detector
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10/06/2018

Open for the first time in over a decade

@Kamiokaobs_pr
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Data collection
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ÅT2K has been gathering data at an 

accelerating rate

ÅMore than doubled ⱨdata in 2017/18

Å500 kW beam power!
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Now the part I already spoiled

ÅNeutrino oscillations and the T2K 

experiment

ÅThe latest results from T2K

ÅLimiting factor: neutrino nucleus cross 

sections

ÅThe latest cross section results

ÅThe future of T2K
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T2K-SK samples
Å Select CCQE -like ’ and 

’ events (1 -ring)

Å Reconstruct neutrino 

energy assuming CCQE

Å Not shown: anti -neutrino samples

’ 1-ring

’1-ring

Each point is a 

real ’ event 
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NEW: better reco . and 1“sample

Å Old analysis: Define SK fiducial volume using only the 

distance from vertex to nearest wall (òwalló)

Å New analysis : Define SK fiducial volume using both òwalló 

and distance to wall along track trajectory (òTo walló)

Å Result: 15-20% statistics increase and less NC backgrounds

Å Old analysis: Use only the aforementioned CCQE -like 

’ samples 

Å New analysis : Add ’ sample with a final state “ by 

identifying electron from the decay chain:

Å Result: ~17% statistics increase neutrino mode ’

’ὅὅρ“

Overall: 30% increase in statistics  for neutrino mode electron samples 

and 20% increase in antineutrino mode
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Nuisance constraints
ÅWe donõt measure the oscillated flux directly

ÅWe use external data and our ND280 near detector to 

constrain the nuisances (using theory -driven parameterisations)

FGD1 ’

CC0“Prefit

FGD1 ’

CC0“Postfit

Fit to 
data
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Neutrino oscillation analysis

BeforeND280 
Constraint

After ND280 
Constraint

14.5% 4.9%

Systematic errors on the 
1 muon ring sample
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SK observed and expected 
ÅObserved and predicted rates for each SK sample after 

oscillation analysis 

ÅEvent rates are in line with expectations from 3 -flavour 

neutrino oscillations 

ÅLarger variation in the decay electron sample

Å P-value for such a fluctuation in 1 of 5 samples is ~5% 
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Atmospheric sector results
T2K+Reactors

Comparison with other experiments

Also see preference for 
normal ordering

SK atmospheric

Phys. Rev. D 97, 072001 (2018)

NOvAresults at NEUTRINO 2018

More preference for 
normal ordering é
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CP-violating phase results

T2K-Only
With reactors

T2K+Reactors Comparison with NOvA

T2K and NOvA are working 

together for a joint analysis 
by 2021

CPV in the neutrino sector is within reach!

NOvAresults at NEUTRINO 2018
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How can we do better?
Taken form Simon Bienstockôs11/17 GDR talk

Å Large component of the uncertainty stems from òMECó and Final State 

Interactions ( FSI).

Å These are related to our naivety of neutrino nucleus interactions.
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Neutrino Interactions at T2K
CCQE (1p1h)

CCRES

2p2h (MEC)

Nuclear 

Effects

21

(Charged -Current Quasi -Elastic)

(Charged -Current Resonant)

(2 particle ð2 hole / 

meson exchange current)

Plot by Luke Pickering WE APOLOGISE FOR THE INCONVENIENCE

Diagrams by Patrick Stowell

2p2h/MEC
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Neutrino Interactions at T2K

CCRES

Nuclear 

Effects
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(Charged -Current Resonant)

Oscillation dip

CCQE (1p1h)
(Charged -Current Quasi -Elastic)

Plot by Luke Pickering WE APOLOGISE FOR THE INCONVENIENCE

Diagrams by Patrick Stowell

2p2h/MEC

2p2h (MEC)
(2 particle ð2 hole / 

meson exchange current)
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Neutrino Interactions at T2K
CCQE

CCRES

Nuclear 

Effects

23

(Charged -Current Resonant)

Oscillation dip

CCQE (1p1h)
(Charged -Current Quasi -Elastic)

Plot by Luke Pickering WE APOLOGISE FOR THE INCONVENIENCE

Diagrams by Patrick Stowell

2p2h/MEC

2p2h (MEC)
(2 particle ð2 hole / 

meson exchange current)
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Nuclear effects at SK

24

CCQE CCRES

“

Final state interactions (FSI) can cause different interaction 
modes to have the same final state 

Å Due to FSI SKõs CCQE-like selection can contain CCRES events

Å We have a very limited understanding of how many Ƃ large systematic
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Nuclear effects at SK

25

CCQE (no FSI)

SK canõt (yet) see nucleons, it canõt distinguish CCQE from 
2p2h (even if neglect the impact of FSI) 

Å SKõs CCQE-like selection can contain 2p2h events

Å We have a very limited understanding of how many Ƃ large systematic

2p2h (MEC)2p2h (MEC)
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Neutrino energy reconstruction

ÅNuclear effects cause SKõs selections to 

contain more than just CCQE events

Å These will not have a well 

reconstructed neutrino energy 

Å But we need the neutrino energy to do 

oscillation analyses!

ÅWe donõt understand nuclear effects: 

large systematics are applied.

Å Find Ὁ in oscillation analyses using observed ‘at SK assuming 

stationary target and CCQE scattering

26

Nuclear 

Effects

Diagrams by Patrick Stowell

2p2h/MEC
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Single Transverse Variables

▬ⱨ

▬▬

▬■

No nuclear Effects
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Can measure protons at ND280
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▬ⱨ

▬▬

▬■
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■

▬╣
▬
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▬

Single Transverse Variables
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No nuclear Effects

Can measure protons at ND280
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▬ⱨ

▬▬

▬■
▬╣
■

▬╣
▬

With Nuclear Effects

▬╣
■ ▬╣

▬

Single Transverse Variables
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Can measure protons at ND280
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▬ⱨ

▬▬

▬■

▬╣
■

▬╣
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▬╣
▬

♯▬╣

♯♪╣
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With Nuclear Effects

▬╣
■

Single Transverse Variables

30

Phys. Rev. C 94, 015503 (2016)

Å Any deviation from ‏ὴ πȟ‏‰ π
is indicative of nuclear effects 

Å STVs offer an interesting probe 
of nuclear effects

With Nuclear Effects
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arxiv: 1802.05078

Å Measure fiducial cross section of 

CCQE -like interactions using ND280

Å Compare to state -of -the -art simulation 

predictions

Probing nuclear effects
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Å The peak position and early bins in ‏ὴ
and ‏‰ tell us about Fermi Motion .

arxiv: 1802.05078

Probing nuclear effects
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Å The peak position and early bins in ‏ὴ
and ‏‰ tell us about Fermi Motion .

Å The tails in ‏ὴ and ‰‏ and the extent 

of the rise at large ‏‌ partially isolate 

the effects of Fermi Motion from 2p2h .

(NuWro implementation of Nieves et al.)

arxiv: 1802.05078

Probing nuclear effects
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Å The peak position and early bins in ‏ὴ
and ‏‰ tell us about Fermi Motion .

Å The tails in ‏ὴ and ‰‏ and the extent 

of the rise at large ‏‌ partially isolate 

the effects of Fermi Motion from 2p2h .

ÅWeaker FSI causes a relative deficit of 

events in the tails, but an increased 

normalisation.

(NuWro implementation of Nieves et al.)

arxiv: 1802.05078

Probing nuclear effects
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The Future of T2K  

Å Proposal to collect ~7.5 

times more data than 

shown in this talk by ~2026

Å Achieved with beam 

upgrade

Å Stage -1 status by KEK

Å Up to 3ȒCPV sensitivity 

with no improvements to 
systematics

T2K phase 2
ND280 Upgrade

Å Add advanced scintillator detector a 

two high angle TPCs to ND280

ÅWill allow improved flux and interaction 

constraints

Å Hope to reduce 

systematics to 4%

SK-Gd project

Å Add Gd to SK water to greatly enhance 

neutron detection

Å Neutron multiplicity can act as a powerful 

CCnonQE discriminator

Å Can also identify Ӷ’in ’
beam

Å Aim to be ready for 2021

Å SK tank is being repaired to 

be ready for Gd -loading now
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Conclusions
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ÅT2K (and other experiments) show a preference for the 

normal neutrino mass hierarchy

ÅCP-conserving values of ‏ lie outside ς„region

ÅNew cross section measurements are constraining 

some of the dominant systematics 

ÅUpgrades of the beam, near and far detectors are 

progressing well 

ÅCan expect another oscillation analysis update in late 

summer 2018
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Thank you for listening

37
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BACKUPS
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The Beam

Å Off -axis ’ beam

Å Tightly-peaked at 600 MeV 2.5 ° off -axis towards SK
Å Low contamination from non -’ components

Å Flux estimation aided by hadron production measurements from 
NA61/SHINE at CERN

Phys. Rev. D 87, 012001

Peak: 0.6 GeV

Peak: 1.1 GeV

(ND280)

39
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ND280 samples for oscillation analysis

40
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Postfit Nuisances

41
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CC0“+Np in STV

Å Restrict cross section to ND280 acceptance 
Å Essential to mitigate model -dependence of 

acceptance correction

ὴ ςυπὓὩὠȾὧ

ÃÏÓ— πȢφ

τυπὓὩὠȾὧ ὴ ρὋὩὠȾὧ

ÃÏÓ— πȢτ

Å Measure fiducial flux -integrated CC0“ ὔὴ
cross section in bins of STV

42

Å Extract cross section using a binned likelihood 

fit with a data driven regularisation

arxiv: 1802.05078
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ND280 Off -Axis CC0“Result

Detector : ND280 ðFGD1 Target: Carbon   Signal: CC0“ Status: Phys. Rev. D 93, 112012

43
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ND280 Off -Axis CC0“Result
Å Results compared to Martini et al. model with(red) / without(black) 2p2h

Å Data prefer a 2p2h contribution

Detector : ND280 ðFGD1   Target: Carbon  Signal: CC0“ Status: Phys. Rev. D 93, 112012
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