
 Advancements in Long Baseline 
Neutrino Oscillation Experiments: 
Precision Physics, CP Violation, 

and Hierarchy

Federico Sanchez 
Université de Genève

1



Outline
• Neutrino Oscillations in a nutshell 

• CP violation with neutrinos.   

• T2K experiment 

• Analysis procedure 

• νA cross-section  

• T2K recent results. 

• Beyond T2K.

2



Neutrino Oscillations in a nutshell
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Lorentz eigenstates 

states of the neutrino propagation in space 

Flavour eigenstates 

state of the neutrino interactions 

• Neutrino flavour eigenstates are not the same than the neutrino Lorentz 
eigenstates. 

• Eigenstates are related through a rotation matrix.   

Pontecorvo–Maki–Nakagawa–Sakata 
(PMNS) matrix

Neutrino oscillations
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Neutrino oscillations
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• Neutrinos are produced always as a flavour neutrino (electron, muon, tau) but 
they propagate in vacuum as mass states (they do no interact)

• Neutrinos propagate at different speeds (mass) keeping the coherence, at the 
interaction point the proportions change and other neutrino flavour might appear.
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Neutrino oscillations is an interference phenomena similar to the one in 
the double slit experiment.

electrón

Each slit is equivalent to a 
mass state in the neutrino case. 
It is a different path to go from the 

emission to the detection. 

An
al

og
y

Neutrino oscillations

Electrons go from source to detector 
through both slits at same time

Neutrinos fly through both mass 
states at the same time.

Every slit forces a different path 
length(phase) → interference

Every mass state forces a different 
frequency and path length(phase) 

→ interference

 |νe,μ,τ>=Ae,μ,τ;1(t)|ν1>+Ae,μ,τ;2(t)|ν2>+Ae,μ,τ;3(t)|ν3>

Interactions

Propagation

W± W±

l∓l±



Quantum (de)coherence

7

Coherence  
and mixing

Decoherence

T,L
ν3,ν2,ν1

Probability to detect a neutrino tau, muon 
or electron as function of the distance 

from an original neutrino electron 



Oscillations with  2ν

8

θ = π/2
Δm2 = 2.x10-3 eV2

| < ⇥µ|⇥e; t > |2 = |� cos � sin � < ⇥1|⇥1; 0 > + sin � cos �ei
m2

2�m2
1

2p
t
� < ⇥2|⇥2; 0 > |2

= sin2 �

2
sin2 m2

2 �m2
1

4p

t

� = sin2 �

2
sin2 1.267

�m2L

E

GeV

eV 2km

| < ⇥µ|⇥e; t > |2 = |� cos � sin � < ⇥1|⇥1; 0 > + sin � cos �ei
m2

2�m2
1

2p
t
� < ⇥2|⇥2; 0 > |2

= sin2 �

2
sin2 m2

2 �m2
1

4p

t

� = sin2 �

2
sin2 1.267

�m2L

E

GeV

eV 2km
~sin2(αL)

~sin2(β/Ε)

Oscillations are seen as 
change of ν flavour 

composition as function of:
Energy & Distance 

Simplified 
2ν formula

P(να→νβ)



Mass hierarchy
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• Oscillations is a quantum 
interference phenomenon that 
depends on the (quadratic) mass 
difference:

∆m2ij = m2i − m2j  

• Due to matter effects in solar 
neutrinos we know: 

∆m212 >0 

• Hierarchy determines the ordering 
of the masses.  Traditionally: 

• Normal:  m1<m2<m3

• Inverted:  m3<m1<m2 



• CP violation is only possible with more than 2 neutrino species (property of 
3x3 imaginary matrices).

• With less than 3 ν’s, the imaginary phase can factorised (no CP violation). 

• With more than 3 ν’s, there is more than 1 CP phase.

• To observe CP violation, it is required “explicit flavour transition”:

• Disappearance is like 2 neutrino oscillations (neutrino → all others) , no direct 
CP violation can be observed.

CP in ν
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P (⌫↵ ! ⌫�) = P (⌫̄↵ ! ⌫̄�)?

CPT conserved: CP violation —> T violation



PNMS vs CKM
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Quarks (CKM) Neutrinos (PNMS)

Mostly 
diagonal Flat”ish”

Unitarity enforced by 
construction following 

Nν=3 from LEP
Unitarity is not enforced by 

construction

The mixing and CP violation phenomena was observed in 1964 in quarks 
trough weak interactions in neutral kaon decays.



atmospheric

Oscillation parameters
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Most of the parameters measured with <10% precision 

θ23 is known with 15% precision. 

Remaining parameters are  δCP,  the hierarchy 
and the θ23  octant (>45o?) 
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~4%

~3%

~11%

~15%

~7%

~31%

solar

PNMS Matrix



T2K experiment  

“the Japanese way”
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T2K experiment
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JPARC
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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) 

Linac
180 MeV

Main Ring
30 GeV

0.75 MW ⇨ 1.3 MW



Time synchronisation
• GPS system used to synchronise the beam and the 

far detector.  

• “Common view” GPS method is used.  

• A second GPS and a Rubidium clock used in far 
detector to monitor stability.

16
50 ns resolution !!!
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Fig. 1: The protons on target (POT) delivered to T2K by the MR over time, with the beam intensity overlaid. The ND280
analysis uses runs 2 to 9, and the INGRID and FD analyses use runs 1 to 10, with run-by-run POT listed in Tab. 1.

ND280 and INGRID approximately 24 m and 33 m, respec-
tively, below the surface.

Fig. 2: The INGRID on-axis ND, used to measure the neu-
trino beam profile and rate [29]. The beam direction is
shown as into the paper.

INGRID [29] is designed to measure the profile and sta-
bility of the neutrino beam. It samples the beam spill-by-
spill with a transverse cross section of 10⇥ 10 m2 with 14
identical modules arranged as a cross, as shown in Fig. 2.
Each of the modules alternates iron target plates of 6.5 cm

thickness with tracking scintillator planes of 1 cm thickness,
for a total of 9 iron plates and 11 scintillator planes, and is
surrounded by scintillator planes acting as vetoes. A module
exposes a 1.24⇥1.24 m2 area facing the beam, and provides
a 7.1 t target mass. INGRID measures the beam direction
with an accuracy higher than 0.4 mrad, within the required
precision of ±1 mrad for the oscillation analysis.

ND280, hereafter referred to as the ND, is used to con-
strain the uncertainties on the neutrino flux and interactions
in the analysis. It is a magnetised detector consisting of
different sub-detectors as shown in Fig. 3. The ND mea-
sures 5.6 m ⇥ 6.1 m ⇥ 7.6 m (width ⇥ height ⇥ length)
around its outer edges including the magnet with the co-
ordinate convention being z pointing along the nominal
neutrino beam axis, with x and y being the horizontal and
vertical directions, respectively. The refurbished magnet
from the UA1 [30, 31] and NOMAD [32] experiments at
CERN provides a magnetic field of 0.2 T, and the magnet
yoke is instrumented with layers of plastic scintillator called
the Side Muon Range Detector (SMRD) [33]. Inside the
magnet enclosure there is an electromagnetic calorimeter
(ECal) [34] surrounding the inner detector, which is used to
distinguish track-like and shower-like objects, and is made
of alternating layers of plastic scintillator and lead.

The inner detector region houses the p0 detector (P /0D) [35]
in the upstream portion, which is made of alternating layers
of water bags, brass sheets, and triangular x � y scintilla-

Data Set
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515 kW stable operation in 2019 
+ 33% of ν-mode for next analysis

1.97 x 1021 POT in ν mode 

1.63 x 1021 POT in anti-ν mode.



Producing 
neutrinos
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②

① Neutrino 
Producing decays

K. Abe et al. (T2K Collaboration),  Phys. Rev. D 87, 012001 (2013).

π- ,Κ-

⇡+ ! µ+⌫µ

⇡� ! µ�⌫̄µ

Reversing the horn current we can select π- over π+ 

enhancing anti-neutrinos vs neutrinos.

T2K runs a system of 3 consecutive horns to optimise ν’s yield and correct 
“optical” aberrations.

Horns are light convergent lenses: increases flux of ν’s in certain directions.



Off(On)-axis beam
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Off-axis

• off-axis optimises the flux at the maximum of the 
oscillation.

• Only one oscillation maximum can be measured at 
a fixed distance.

• Narrow beam less dependent on beam 
uncertainties but more on beam pointing.

• Lower energies achieved.

2.5º

On-axis

• on-axis optimises the total integrated flux.

• Spectrum with higher neutrino energy (longer 
oscillation distances)

• If broad enough, more than one oscillation 
maximum can be measured at a fixed distance.



NA61-SHINE
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Pion

PionNA61/Shine measures the production of pions and kaons as function of the 
momentum and angle for protons interacting with carbon. 

Hadroproduction experiments carried in equal 
conditions to ν beam experiments are critical! 

SPS Heavy Ion and Neutrino Expt (SHINE)

Latest measurements made with exact T2K replica target
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NA61-SHINE

Measurement of pions, 
proton, K and Λ’s in a 30 

GeV proton-Carbon 
interactions

Measurement of 
production with exact 
replica of the target to 

account for re-interactions 
inside the target



Near Detector Site
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INGRID: On-axis

ND280: Off-axis

Wagasci/BabyMind: Off-axis

New in 2019!



On-Axis ND
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• INGRID counts ν(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. 

proton-module 
for cross-sections

proton-module 
for cross-sections

_



Off-Axis ND

24Magnet was granted by CERN 

• Same off-axis angle as SuperKamiokande (2.5 degrees)

• Measure νμ and νe spectrum before the oscillation → TPCs + FGDs

• Measure background processes to oscillation (NCπ0, NC1π, CC1π…)

• Compare Carbon and Oxygen interactions (FGD2 and P0D)

ND280 installed in ex-UA1 
magnet (0.2 T) 3.5x3.6x7.3 m

P0D (π0 detector): 
scintillator bars interleaved 

with fillable water target bags 
and lead and brass sheets. 
Optimised for γ detection 

P0D, Barrel and 
Downstream ECAL:

scintillator planes with 
radiator to measure EM 

showers

SMRD (Side Muon 
Range Detector):

scintillator planes in magnet 
yokes. 

Measure high angle muons 

2 FGDs (Fine Grained 
Detector):

active target mass for the 
tracker, optimized for p/π 

separation 
Carbon+Water target in FGD2

3 TPCs (Time Projection 
Chambers):

measure momentum and charge 
of particles from FGD and P0D, 
PID capabilities through dE/dx

Excellent neutrino-
antineutrino selection

Magnet



Off-Axis ND

25Off-axis ND280 analysis real events

CC0π+ CC1π+

CCother CC0π+ν

νν

ν
_



Far detector: 
concept  
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50 kton of ultra-pure water ~11000 20” PMT’s



Far detector: capabilities
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Particle identification Interaction vertex reconstruction

Particle range Electromagnetic energy reconstruction

Track Multiplicity

Hadronic interactions



One basic ingredient: 

νA cross-sections
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LBL analysis
• Since the neutrino energy is not monochromatic: 

•  we need to determine event by event the energy of the neutrino.  

• This estimation is not perfect and the cross-section does not cancels 
out in the ratio.  

• The neutrino oscillations introduce differences in the flux spectrum 
and the ratio does not cancel the cross-sections. 
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T2K approach
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νA cross-sections
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νA cross-sections
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νA cross-sections
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p

Low energy recoil proton allow us to 
measure transverse  momentum 

imbalance to access nuclear effects: 
Fermi momentum and re-interactions.



Example: 
removal energy

34
50 MeV is ~7% of the mean neutrino energy in T2K

<latexit sha1_base64="oYE5IqkKglei0qRBc8mBccLP8Oo=">AAACEXicbZDLSgMxFIbPeK31VnXpJliFgrXMiLdlUQQ3QgVbhc4wZNLUhiaZIckIZegruPFV3LhQxK07d76N6WWh1R8CH/85h5PzRwln2rjulzM1PTM7N59byC8uLa+sFtbWGzpOFaF1EvNY3UZYU84krRtmOL1NFMUi4vQm6p4N6jf3VGkWy2vTS2gg8J1kbUawsVZYKJ2HmS/TPtpDAxJjStAuEqH0y34ZoeYlbQRhoehW3KHQX/DGUKxuw1C1sPDpt2KSCioN4VjrpucmJsiwMoxw2s/7qaYJJl18R5sWJRZUB9nwoj7asU4LtWNlnzRo6P6cyLDQuici2ymw6ejJ2sD8r9ZMTfskyJhMUkMlGS1qpxyZGA3iQS2mKDG8ZwETxexfEelghYmxIeZtCN7kyX+hsV/xjiqHVwfF6ukoDcjBJmxBCTw4hipcQA3qQOABnuAFXp1H59l5c95HrVPOeGYDfsn5+AaNWJsB</latexit>

E⌫ � Eµ � Ep +mn [MeV ]

Energy required to allow 
for the reaction

<latexit sha1_base64="aXfJvSR0FTr2xGCND2Zs5Nn8Ke4=">AAACA3icbVDLSsNAFL2pr1pfUXe6Gayiq5KIr2WrG5cV7AOaUibTSTt0MgkzE6WEght/xY0LRdz6E+78G6dpF1o9cOFwzr3ce48fc6a043xZubn5hcWl/HJhZXVtfcPe3KqrKJGE1kjEI9n0saKcCVrTTHPajCXFoc9pwx9cjf3GHZWKReJWD2PaDnFPsIARrI3UsXc8kaAK8iTr9TWWMrpHXpigGFUOO3bRKTkZ0F/iTkmxvA8Zqh370+tGJAmp0IRjpVquE+t2iqVmhNNRwUsUjTEZ4B5tGSpwSFU7zX4YoQOjdFEQSVNCo0z9OZHiUKlh6JvOEOu+mvXG4n9eK9HBRTtlIk40FWSyKEg40hEaB4K6TFKi+dAQTCQztyLSxxITbWIrmBDc2Zf/kvpxyT0rnd6cFMuXkzQgD7uwB0fgwjmU4RqqUAMCD/AEL/BqPVrP1pv1PmnNWdOZbfgF6+MbsXaW+A==</latexit>

⌫A ! µpA0

taking into account final 
state excitation levels

LFG and RFG are Fermi gas model

SF is a phenomenological model

ROP & RPWIA are Mean Field 
calculations



νA cross-sections
Main issues 

• Description of the initial (and final) nuclear state: energy 
reconstruction,…  

• Determination of vector and axial current form factors: Q2 
dependencies,… 

• Collective nuclear effects: nuclear media polarisation, initial 
correlated pairs, 2 (and 3) body currents,…  

• Nuclear re-scattering: nuclear transparency to pions and 
nucleons produced during the ν interactions. 

• Also: nuclear mass dependencies, electron neutrinos, etc… 
35



Analysis procedure

36
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Statistical methods

SK Data

ND280 Data

Cross Section 
Model

Flux Model
ND280 
Detector 
Model

SK Detector 
Model

Joint Fit

Oscillation 
Parameters

SK Data

ND280 Data

Cross Section 
Model

Flux Model
ND280 
Detector 
Model

SK Detector 
Model

ND280 Fit

Oscillation 
Parameters

Constrained SK Fit

Constrained Flux and 
Cross Section Model

Joint Fit Separate ND and SK Fits 



Less conceptually
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CC0π+

CC1π+
CCother

Near detector
 data

Hadron production
flux prediction
Shiνe + beam 

monitors

Cross-section 
model⊕

= Corrected flux 
and cross-section 

model 

&
error covariance

matrix

⊕
feed back



External support: We are not alone!
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Theory community (NUSTEC collab.) 

• Local Fermi Gas models 
• Spectral Functions. 
• Mean Field Approximations. 
• RPA, CRPA,…  
• Pion production models. 
• “ab initio” calculations. 
• Microscopic 2p2h models.  
• νμ vs νe 
• Connection νA vs eA 
• ,,,, 

MINERvA 

• Slightly higher energy. 
• Independent neutrino flux. 
• Large statistics. 
• Similar target material. 

 

• Use electron scattering data (electron energy 
is accurately known) to explore uncertainties 
in the neutrino energy reconstruction.  

• Compare νA modela vs eA data.

Inclusive Electron Scattering And The GENIE Neutrino Event Generator
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The extraction of neutrino mixing parameters from accelerator-based neutrino oscillation experi-
ments relies on proper modeling of neutrino-nucleus scattering processes using neutrino-interaction
event generators. Experimental tests of these generators are di�cult due to the broad range of neu-
trino energies produced in accelerator-based beams and the low statistics of current experiments.
Here we overcome these di�culties by exploiting the similarity of neutrino and electron interactions
with nuclei to test neutrino event generators using high-precision inclusive electron scattering data.
To this end, we revised the electron-scattering mode of the GENIE event generator (e-GENIE) to
include electron-nucleus bremsstrahlung radiation e↵ects and to use, when relevant, the exact same
physics models and model parameters, as the standard neutrino-scattering version. We also im-
plemented new models for quasielastic (QE) scattering and meson exchange currents (MEC) based
on the theory-inspired SuSAv2 approach. Comparing the new e-GENIE predictions with inclusive
electron scattering data, we find an overall adequate description of the data in the QE- and MEC-
dominated lower energy transfer regime, especially when using the SuSAv2 models. Higher energy
transfer-interactions, which are dominated by resonance production, are still not well modeled by
e-GENIE.

Introduction

The extraction of neutrino mixing parameters from neu-
trino oscillation experiments [1–3] relies on comparing
the energy-dependent neutrino event distribution for a
particular neutrino flavor near the neutrino production
point with that at a significant distance away. In prac-
tice, the yield at each neutrino energy is extracted from
the measured neutrino-nucleus interactions in a detector,
as reconstructed from the measured particles ejected in
the neutrino-nucleus interaction. This requires detailed
knowledge of the ⌫-nucleus interaction.

Unfortunately, measuring the ⌫-nucleus interaction is
di�cult due to the wide energy spread of accelerator-
produced neutrino beams (see, e.g., Fig. 1(left)) and the
tiny ⌫-nucleus cross section. A relatively small body
of data has been published [5], which su↵ers from poor
statistics and is flux-averaged over a wide range of neu-
trino energies. This data is then supplemented with
theoretical models and implemented into event genera-
tor codes such as GENIE [6] to simulate the ⌫-nucleus
interaction across a wide range of energies and targets.
GENIE simulations are then used to aid in extraction of

the incident neutrino flux as a function of energy from
the ⌫-nucleus scattering events measured in neutrino de-
tectors.

However, the theoretical models need to describe many
di↵erent interaction processes for medium to heavy nuclei
(typically C, O, or Ar) where nuclear e↵ects complicate
the interactions. As a result, the uncertainties in the
extraction of oscillation parameters are often dominated
by lack of knowledge of the ⌫-nucleus interaction [1, 2].

Fig. 1 shows such a wide energy spectrum for the
DUNE near detector flux-averaged cross sections (left)
and the far detector oscillated flux-averaged cross sec-
tions (right) using one model configuration in GENIE.
All four ⌫-nucleus reaction mechanisms contribute sig-
nificantly and all four need to be well understood. This
is especially true because di↵erent reaction mechanisms
contribute di↵erently in the di↵erent oscillation peaks.
Understanding one reaction mechanism better than the
others could have significant oscillation-analysis implica-
tions.

Because neutrinos and electrons are both leptons, they
interact with atomic nuclei in similar ways (see Fig. 2).
Electrons interact via a vector current (jµEM = ū�µu)
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FIG. 1. Charged-current cross sections as a function of
neutrino energy obtained using GENIE for muon neutrino
scattering using the DUNE near detector (left) and far detec-
tor (right) oscillated fluxes [4]. The shaded bands show the
fractional contribution for each interaction mechanism, quasi-
elastic scattering (QE), meson-exchange currents (MEC), res-
onance excitation (RES), and deep inelastic scattering (DIS).
See text for details of the interaction mechanisms. The num-
bers in parentheses indicate the percentage of the cross section
due to each interaction mechanism.

and neutrinos interact via vector and axial-vector (jµCC =
ū�µ(1� �5)u�igW

2
p
2
) currents.

This gives an inclusive (e, e0) electron-nucleon scatter-
ing cross section that depends on only two structure func-
tions:

d2�e

dxdQ2
=

4⇡↵2

Q4


1� y

x
F e
2 (x,Q

2) + y2F e
1 (x,Q

2)

�
.(1)

Here F e
1 and F e

2 are the standard electromagnetic vector
structure functions, Q2 = q2�!2 is the squared momen-
tum transfer and q and ! are the three-momentum and
energy transfers, x = Q2/(2m!) is the Bjorken scaling
variable, m is the nucleon mass, y = !/Ee is the elec-
tron fractional energy loss, and ↵ is the fine structure
constant. This formula is valid for Q2 � m2 where the
electron-nucleon cross section is simplest. Cross sections
at lower Q2 have more complicated factors multiplying
each of the two structure functions.

The corresponding inclusive charged current (CC)
(⌫, l±) neutrino-nucleon cross section (where l± is the
outgoing charged lepton) has a similar form with the ad-

FIG. 2. (left) electron-nucleus inclusive scattering via one-
photon exchange and (right) charged current neutrino-nucleus
inclusive scattering via W exchange with a final state charged
lepton.

FIG. 3. Reaction mechanisms for lepton-nucleus scattering
(a) quasielastic scattering (QE) where one nucleon is knocked
out of the nucleus, (b) 2p2h where two nucleons are knocked
out of the nucleus, (c) RES resonance production where a
nucleon is excited to a resonance which decays to a nucleon
plus meson(s), and (d) DIS where the lepton interacts with a
quark in the nucleon.

dition of third, axial, structure function:

d2�⌫
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=
G2
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Here F ⌫
1 and F ⌫

2 are parity conserving structure func-
tions, F ⌫

3 is a new parity-violating structure function,
and GF is the Fermi constant. The parity-conserving
structure functions, F ⌫

1 and F ⌫
2 , both include a vector-

vector term almost identical to F e
1 and F e

2 (the electron
terms have both isoscalar and isovector components, but
the neutrino terms have only isovector components), and
an additional axial-axial term. See Refs. [5, 7, 8] for more
detail.
These simple equations are very similar for lepton-

nucleus scattering. In the limit of electron-nucleon elas-
tic scattering (x = 1), the two structure functions reduce
to the Dirac and Pauli form factors (which are linear
combinations of the electric and magnetic form factors,
GE(Q2) and GM (Q2)). Neutrino-nucleon elastic scatter-
ing has an additional axial form factor. In the simplest
case where a lepton scatters quasielastically (QE) from a
nucleon in the nucleus and the nucleon does not reinter-
act as it leaves the nucleus, then the lepton-nucleus cross
section is the integral over all initial state nucleons:

d�

dEd⌦
=

Z

pi

Z

Eb

d3pidEbKS(pi, Eb)
d�free

d⌦

�3(q� pf � pr)�(! � Eb � Tf � Tr)

(3)

where pi and pf are the initial and final momenta of
the struck nucleon (in the absence of reinteraction, pf =
q + pi), pr = �pi is the momentum of the recoil A � 1
nucleus, Eb is the nucleon binding energy, S(pi, Eb) is
the probability of finding a nucleon in the nucleus with
momentum pi and binding energy Eb, Tf and Tr are
the kinetic energies of the final state nucleon and A � 1
system, d�free/d⌦ is the lepton-bound nucleon elastic
cross section, and K is a known kinematic factor.
This simple form is complicated by nucleon reinter-

action which changes the overlap integral between the
initial and final states (and thus the cross section), and

+ N61 !
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Beam model
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Beam model is obtained from a full GEANT simulation of the particle transport 
reweighed by the NA61 results
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Beam stability
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Near detector data: 
“topologies”
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νl l±
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T2K categorise events 
based on the visible 

particles after Nuclear 
re-scattering.  

No pions 

One pion 

Many pions & π0 

CC1p1h+CC2p2h

CCResonant

CCDIS

protons and neutrons are not 
visible and have little selection 

power. 

Strategy!  
focus on pion 

detection

Topology ν-nucleon 



Near detector data
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ND input samples
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Forward Horn Current

Reversed Horn Current

We use 18 different samples (based on topology)  in (pμ, cos θμ)  

CC0π CC1π+ CCoth
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Neutrino Interaction 
Working Group (NIWG)
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• Add physical degrees of freedom to the cross-section models. 

• Be sure the degrees of freedom fits/agrees with available data. 

• Be sure we provide enough freedom for the model to adapt to the 
experimental results. 

• Check the physics validity and interpret them. 

Global-fit p value = 74%



Examples of ND fits
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Before going on!
• To optimise available ν statistics, T2K does not properly 

measure CP violation. 

• T2K takes the PNMS paradigm and adjust the CP phase 
to the results (also CP conserving cos(δ) plays a role): 

• using a model helps to extract more accurate information 
from the data. 

• Most of the sensitivity comes from the comparison of the 
νe appearance (θ13,δCP) with the reactor νe 
disappearance (θ13). 

• In the future the comparison νe and νe will be used alone to 
determine the CP. 
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Caveat
• Even if we use (pμ,θμ) templates for the fit, the 

representation of the data is done using the 
reconstructed neutrino energy assuming:  

• 2-2 body reaction CCQE: ν n —> μ p reaction. 

• with target neutron (n) at rest.  
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16

Two normalisation uncertainties are also included, mo-
tivated by comparing the NEUT CC-inclusive cross section
to the world average of measurements at higher neutrino en-
ergies [11]. The uncertainties are 3.5% for neutrino inter-
actions and 6.5% for anti-neutrino interactions, and the two
are uncorrelated.

5.2.5 Final-state interactions uncertainties

The NEUT pion cascade model has been tuned to better
match external p �A scattering data [114]. The tuning pro-
cedure constrains the probability for different interaction
processes to occur in the pion cascade (e.g. pion absorp-
tion or charge exchange), and is notably more robust than
previous parametrisations. The constraints on the pion FSI
cascade from the ND analysis are propagated to the FD
in this analysis, which was not done before. Furthermore,
the simulations at the ND and the FD now use a consistent
model for pions from the interaction vertex propagating
through the nucleus (“pion final-state interactions”), and for
pions propagating through the detector (“pion secondary
interactions”), mentioned later in Sec. 6.2. The ND con-
straint on the FSI parameters is only used to constrain the
FD modelling of FSI and not the FD modelling of secondary
interactions.

5.2.6 Other uncertainties

Additional uncertainties are applied to processes with small
contributions to the analysis. As in previous analyses, the
NC1g production cross section has a 100% normalisation
uncertainty. The NC elastic, NC resonant kaon and eta
production, and NC DIS interactions are grouped together
and referred to as “NC other” interactions, which have a
30% normalisation uncertainty that is uncorrelated at ND
and FD. There is one uncertainty controlling the normal-
isation of the electron neutrino cross section, and another
controlling the electron anti-neutrino cross section. The un-
certainties are composed of two parts: one 2% uncorrelated
part and one 2% anti-correlated part, which connects the
two parameters [115]. The parameters only affect electron
(anti-)neutrino interactions, and have no effect on the other
neutrino flavours. The total cross sections of CC resonant
single-photon production, CC resonant kaon production, CC
resonant eta production, and CC diffractive pion production
are controlled by a single new parameter referred to as “CC
misc”, which is a 100% normalisation uncertainty, and such
interactions are not affected by other model parameters.
Two new parameters are included to account for Coulomb
corrections [116,117]. They control the normalisation of the
(anti-)neutrino cross section for En = 0.4�0.6 GeV with a
2%(1%) uncertainty, and are 100% anti-correlated.

5.3 Simulated data studies

The systematic uncertainties in the analysis are constructed
to account for known uncertainties in neutrino interaction
physics, but can not possibly cover every model scenario.
For instance, cross-section measurements from T2K and
other experiments have shown that no single 1p1h model
describes the kinematic phase space in T2K and MIN-
ERvA [80, 93, 94, 118–121]. In addition, the ND analysis,
presented later in Sec. 6, may compensate for cross-section
mis-modelling by varying the flux parameters instead of the
cross-section parameters, leading to good agreement with
the observed event spectrum in lepton kinematics. However,
the fitted model may scale the effect incorrectly in other
important physics variables, e.g. En . It is therefore crucial
to test whether the uncertainty model is flexible enough to
capture variations under alternative cross-section models
which are not directly implemented in the default uncer-
tainty model, and whether the subsequent extrapolation of
model constraints to the FD has an effect on constraining
the oscillation parameters.

Some of the simulated data sets are similar to those pre-
sented in T2K’s previous analyses [1,2]. The studies are up-
dated due to the significant changes in the uncertainty model
and ND analysis. The alternative models and tunes are se-
lected to cover a number of interaction types and effects,
listed next.

CC0p simulated data sets: The dominant CC0p samples at
the ND and the single-ring samples at the FD are designed to
select CCQE-like events. The larger statistics in these sam-
ples requires testing for a range of alternative models, and
the robustness of the neutrino interaction model.

• Non-CC-Quasi-Elastic (non-CCQE) contributions—
Before the fit to data, the prediction of the CC0p selec-
tion at the ND is underestimated by 0�20%, depending
on the outgoing lepton kinematics. Projecting the data
and prediction onto the reconstructed four-momentum
transfer, Q2

rec, defined as the Q2 calculated for a CCQE
interaction on a stationary nucleon, and with a binding
energy Eb,

Q2
rec = 2Erec

n
�
Eµ � |~pµ |cosqµ

�
�m2

µ (3)

Erec
n =

1
2

m2
µ +(me f f

n )2 �m2
p �2Eµ me f f

n

Eµ � |~pµ |cosqµ �me f f
n

(4)

me f f
n = mn �Eb

the discrepancy is less than 5% at Q2
rec < 0.1 GeV2 and

approximately 20% for higher Q2
rec. The CCQE cross

section is modified after the fit to ND data to account
for the difference. This simulated data tests the hypoth-
esis that the underestimation of data is actually due to
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Reversed Horn Current  SK data
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In RHC, the majority of delayed electrons are μ+ which decay to electrons 
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Fig. 17: The events in the full data set for the five FD samples, shown in reconstructed lepton momentum and the angle
between the neutrino beam and the lepton in the lab frame. The coloured background in the two-dimensional plot shows
the expected number of events from the frequentist analysis, using the best-fit values for the oscillation and systematic
uncertainty parameters, applying the reactor constraint on sin2 q13. The insets show the events projected onto each single
dimension, and the red line is the expected number of events from the best-fit. The uncertainty represents the 1s statistical
uncertainty on the data.



νμ disappearance
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(_)

Slight preference for 
non-maximal θ23

Slight preference for 
normal hierarchy

28

Sample Uncertainty source (%) Flux⌦Interaction (%) Total (%)Flux Interaction FD + SI + PN

1Rµ n 2.9 (5.0) 3.1 (11.7) 2.1 (2.7) 2.2 (12.7) 3.0 (13.0)
n 2.8 (4.7) 3.0 (10.8) 1.9 (2.3) 3.4 (11.8) 4.0 (12.0)

1Re n 2.8 (4.8) 3.2 (12.6) 3.1 (3.2) 3.6 (13.5) 4.7 (13.8)
n 2.9 (4.7) 3.1 (11.1) 3.9 (4.2) 4.3 (12.1) 5.9 (12.7)

1Re1de n 2.8 (4.9) 4.2 (12.1) 13.4 (13.4) 5.0 (13.1) 14.3 (18.7)

Tab. 10: Uncertainties on the number of events in each FD sample broken down by source after (before) the fit to ND data.
“FD+SI+PN” combines the uncertainties from the FD detector, secondary particle interactions (SI), and photo-nuclear (PN)
effects. “Flux⌦Interaction” denotes the combined effect from the ND constrained flux and interaction parameters, and the
unconstrained interaction parameters. The change in the “FD+SI+PN” uncertainties before and after the ND fit is an indirect
effect due to the change of interaction mode fractions in the samples after the ND fit.

The reactor constraint is applied as a Gaussian penalty to the
test statistic for both the frequentist and Gaussian analyses.

8.1 Bayesian results

The Bayesian results presented in this section are obtained
by sampling the posterior distributions through MCMC [125,
126] analysis, using the ND and FD selections simultane-
ously. The MCMC analysis presented in Sec. 6 is utilised
for the ND. The e-like samples use both the reconstructed
angle between the outgoing lepton and the mean neutrino
direction, and the reconstructed neutrino energy assuming
a CCQE interaction and a struck nucleon at rest (Eq. 4).
For the 1Re1de selection—which is dominated by 1e�1p+

final states—the nucleon mass is replaced by the D(1232)
mass. The µ-like samples only use the reconstructed neu-
trino energy assuming a CCQE interaction. The posterior
probability at the FD first includes the product of Poisson
probabilities for observing the number of events in the data
given the model prediction per bin across all samples. A
Gaussian multivariate distribution is used to include the ef-
fect of external constraints on the systematic uncertainty
parameters. The general form of the likelihood is the same
as the ND analysis, presented in Eq. 6, but excludes the
statistical uncertainty on the simulation for the FD.

Credible regions are extracted from lower dimensional
marginalised posterior distributions for parameters of in-
terest by adding up the highest probability density region
until a certain fraction of the distribution is captured. Flat
priors are used over the entire ranges of sin2 q23, Dm2

32,
dCP (or sindCP), and Gaussian priors are applied on Dm2

21
and sin2 q12. For sin2 q13 either a flat or a Gaussian prior is
applied via the aforementioned reactor constraint. The pri-
ors for normal and inverted orderings are the same, namely
50%.

Fig. 20 shows several marginalised posterior distribu-
tions for oscillation parameters of interest. Two-dimensional

distributions for every combination of the four oscilla-
tion parameters of interest are shown with the 68% and
90% credible intervals in dashed and solid lines, respec-
tively. Each two-dimensional posterior distribution also
shows the point of highest probability density. Marginalised
one-dimensional posterior probability distributions are also
given for each of the four oscillation parameters with 68%,
90%, and 95% credible intervals in different shades of grey.

8.1.1 Atmospheric oscillation parameters

The effects of applying the reactor constraint on the sin2 q23�
Dm2

32 contours is shown in Fig. 21. Applying the constraint
increases the probability density in the upper octant and
the normal neutrino mass ordering. The marginalised poste-
rior probability distribution of sin2 q23 with and without the
reactor constraint is shown in Fig. 22. The posterior prob-
abilities are largely overlapping, with a preference for the
upper octant when using the reactor constraint, and there is
barely any octant preference without the reactor constraint.

sin2 q23 Sum
< 0.5 > 0.5

Dm2
32

> 0 (NO) 0.195 (0.260) 0.613 (0.387) 0.808 (0.647)
< 0 (IO) 0.035 (0.152) 0.157 (0.201) 0.192 (0.353)

Sum 0.230 (0.412) 0.770 (0.588) 1.000

Tab. 11: Fractions of posterior probability in different com-
binations of the mass ordering and q23 octant from fit to T2K
data with (without) the reactor constraint on sin2 q13. NO
(IO) refers to the normal (inverted) neutrino mass ordering.

The results for the atmospheric parameters are sum-
marised in Tab. 11, showing the proportion of the posterior
probability that lies in the different mass orderings and q23
octant, with and without the reactor constraint. A flat prior
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Fig. 21: 68% and 90% credible intervals from the
marginalised sin2 q23 � Dm2

32 posterior distribution with
(red) and without (blue) the reactor constraint applied. The
top (bottom) shows the proportion of probability density in
the normal (inverted) mass ordering.

0.35 0.4 0.45 0.5 0.55 0.6 0.65
23θ2sin

0

2

4

6

8

10

12

14

16

Po
st

er
io

r p
ro

ba
bi

lit
y

T2K only 68%
13θT2K+PDG 95%

Fig. 22: The marginalised posterior probability density of
sin2 q23 with (red) and without (blue) the reactor constraint
on sin2 q13 applied. The shaded areas show the 68% and
95% regions of highest posterior density, equivalent to the
1s and 2s credible intervals.

Fig. 23: 68% and 90% credible intervals from the
marginalised sin2 q13 � dCP posterior distribution with (red)
and without (blue) the reactor constraint (green band) ap-
plied, marginalised over both mass orderings.
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plied. The shaded areas show the 68% and 95% regions of
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Fig. 23: 68% and 90% credible intervals from the
marginalised sin2 q13 � dCP posterior distribution with (red)
and without (blue) the reactor constraint (green band) ap-
plied, marginalised over both mass orderings.
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33

Fig. 25: Posterior probability distributions for the Jarlskog
invariant using a prior distribution from the 2019 PDG re-
actor constraint on q13 [11] (red), prior from all parameters
except sampling q23 from the T2K posterior (green), and the
full T2K posterior (blue). All three posterior probabilities
used a prior probability distribution flat in dCP.
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Fig. 26: Posterior probability distributions for the Jarlskog
invariant taken from posterior distributions with priors that
are either flat in dCP (blue) or flat in sindCP (orange). 1s , 2s ,
and 3s credible intervals are shown as the region between
the vertical black solid line and the specified vertical dashed
lines.

Selection p-value
Shape Rate

1Rµ n-mode 0.48 0.18
n-mode 0.85 0.74

1Re n-mode 0.19 0.49
n-mode 0.61 0.39

1Re1de n-mode 0.86 0.22
All 0.73 0.30

Tab. 12: Breakdown of posterior predictive p-values by sam-
ple, quoted separately using a shape or rate based calcula-
tion, demonstrating good compatibility between the model
and the data.

systematic uncertainties and oscillation parameters from the
fit to data. By eye, the predictions agree well with the data,
which are plotted as orange data points with statistical un-
certainties applied. To quantify the model agreement with
the data, the posterior predictive p-values [134] are calcu-
lated. These p-values can be calculated using either the total
number of events per sample (rate-based) or the events per
bin of each sample (shape-based). It can also be split by sam-
ple, or calculated as a total p-value. When including all sam-
ples, the shape-based and rate-based approach give p = 0.73
and p = 0.30 respectively. The p-values from both shape-
and rate-based calculations broken down by sample and in
total are tabulated in Tab. 12. Good p-values are demon-
strated for all cases.

8.2 Frequentist results

As in previous T2K analyses, the frequentist results are ob-
tained using the marginal likelihood Lmarg(q) =

R
dh p(h)

L (q ,h) as the test statistic. Here, L (q ,h) is the binned
Poisson likelihood for the parameter of interest, q , and the
nuisance parameters, h . The statistical treatment of nui-
sance parameters in the fit is thus identical to the Bayesian
analysis and assumes a prior probability distribution p(h).
The numerical integration is performed by varying system-
atic uncertainties with a Gaussian covariance matrix from
the ND analysis in Sec. 6 as a constraint, and varying the
other oscillation parameters with a flat prior probability dis-
tribution on sin2 q23, dCP, Dm2

32, and sin2 2q13, or a Gaussian
prior on sin2 2q13. Confidence intervals and regions are con-
structed with two different methods. For critical parameters
with known boundary effects, the Feldman–Cousins (FC)
method [135] is utilised to calculate the coverage. This is
performed for the result using the reactor constraint, on the
one-dimensional confidence intervals in dCP and sin2 q23,
and their joint confidence region. For generating the ensem-
ble of experiments for FC evaluation, the nuisance oscil-
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Fig. 25: Posterior probability distributions for the Jarlskog
invariant using a prior distribution from the 2019 PDG re-
actor constraint on q13 [11] (red), prior from all parameters
except sampling q23 from the T2K posterior (green), and the
full T2K posterior (blue). All three posterior probabilities
used a prior probability distribution flat in dCP.

Fig. 26: Posterior probability distributions for the Jarlskog
invariant taken from posterior distributions with priors that
are either flat in dCP (blue) or flat in sindCP (orange). 1s , 2s ,
and 3s credible intervals are shown as the region between
the vertical black solid line and the specified vertical dashed
lines.

Selection p-value
Shape Rate

1Rµ n-mode 0.48 0.18
n-mode 0.85 0.74

1Re n-mode 0.19 0.49
n-mode 0.61 0.39

1Re1de n-mode 0.86 0.22
All 0.73 0.30

Tab. 12: Breakdown of posterior predictive p-values by sam-
ple, quoted separately using a shape or rate based calcula-
tion, demonstrating good compatibility between the model
and the data.

systematic uncertainties and oscillation parameters from the
fit to data. By eye, the predictions agree well with the data,
which are plotted as orange data points with statistical un-
certainties applied. To quantify the model agreement with
the data, the posterior predictive p-values [134] are calcu-
lated. These p-values can be calculated using either the total
number of events per sample (rate-based) or the events per
bin of each sample (shape-based). It can also be split by sam-
ple, or calculated as a total p-value. When including all sam-
ples, the shape-based and rate-based approach give p = 0.73
and p = 0.30 respectively. The p-values from both shape-
and rate-based calculations broken down by sample and in
total are tabulated in Tab. 12. Good p-values are demon-
strated for all cases.

8.2 Frequentist results

As in previous T2K analyses, the frequentist results are ob-
tained using the marginal likelihood Lmarg(q) =

R
dh p(h)

L (q ,h) as the test statistic. Here, L (q ,h) is the binned
Poisson likelihood for the parameter of interest, q , and the
nuisance parameters, h . The statistical treatment of nui-
sance parameters in the fit is thus identical to the Bayesian
analysis and assumes a prior probability distribution p(h).
The numerical integration is performed by varying system-
atic uncertainties with a Gaussian covariance matrix from
the ND analysis in Sec. 6 as a constraint, and varying the
other oscillation parameters with a flat prior probability dis-
tribution on sin2 q23, dCP, Dm2

32, and sin2 2q13, or a Gaussian
prior on sin2 2q13. Confidence intervals and regions are con-
structed with two different methods. For critical parameters
with known boundary effects, the Feldman–Cousins (FC)
method [135] is utilised to calculate the coverage. This is
performed for the result using the reactor constraint, on the
one-dimensional confidence intervals in dCP and sin2 q23,
and their joint confidence region. For generating the ensem-
ble of experiments for FC evaluation, the nuisance oscil-
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Fig. 18: The number of n-mode 1Re + 1Re1de versus n-
mode 1Re events (top, leading sindCP dependence) and n-
mode 1Re + 1Re1de + n-mode 1Re events above and below
Erec = 550 MeV (bottom, leading cosdCP dependence), with
the predicted number of events for various sets of oscilla-
tion parameters, as shown by the different coloured ellipses.
The values for the neutrino mass splitting are from the fre-
quentist analysis of data, where Dm2

32 = 2.40⇥ 10�3 eV2

(Dm2
31 = �2.46⇥10�3 eV2) is the best-fit point in the nor-

mal (inverted) ordering. The uncertainties represent the 68%
confidence interval for the mean of a Poisson distribution
given the observed data point. The underlaid contours con-
tain the predicted number of events for 68% of simulated
experiments, varying the systematic uncertainty parameters
around the best-fit values from the fit to ND data, and oscil-
lation parameters set to the best-fit values from a fit to data.
The overlaid triangle point shows the predicted number of
events with both oscillation and systematic uncertainty pa-
rameters at their data best-fit values.

distribution on both Dm2
32 and sin2 q23 is equivalent to com-

paring the likelihood that T2K’s data is described by the
different choices of hypotheses. The analysis with (without)
the reactor constraint sees a Bayes factor (BF) of 3.35 (1.43)
for the upper over the lower q23 octant; 4.21 (1.83) for the
normal over inverted mass ordering; and a combined factor
of 1.58 (0.63) for upper q23 octant and normal ordering.
When calculating the BFs, the alternate hypothesis is any
other combination of octant and mass ordering. Interpreting
the largest BFs with the Jeffreys’ scale, there is substantial
evidence for the normal ordering when marginalising over
the octant, and substantial evidence for the upper octant
when marginalising over the mass ordering. In the more
recent interpretation of BFs by Kass and Raftery [133],
these both correspond to positive evidence. Importantly,
the Jeffreys and Kass–Raftery definitions of “evidence” do
not equate to the criteria often used in particle physics. For
instance, a probability of 95.4% (“2s”) is equivalent to a
BF of 20.7, which is deemed as “decisive” on the Jeffreys’
scale, and as “strong” on the Kass–Raftery scale.

8.1.2 The CP-violating phase dCP, and sin2 q13

A comparison of sin2 q13 � dCP contours with and without
the reactor constraint is shown in Fig. 23. The regions are in
good agreement, with a majority of the 1s regions overlap-
ping, comparable with the reactor constraint. A comparison
of the dCP posterior distributions is shown in Fig. 24, show-
ing the impact of the reactor constraint on T2K’s dCP result.
The external constraint breaks the partially degenerate ef-
fects of sin2 q13 and dCP on the ne appearance, leading to the
n-mode 1Re and 1Re1de selections having a larger sensitiv-
ity to dCP.

8.1.3 The Jarlskog invariant

The sampled posterior probability density is in part a func-
tion of the PMNS mixing angles and dCP, which means the
probability distribution for the Jarlskog invariant [22, 23],

J = sinq13 cos2 q13 sinq12 cosq12 sinq23 cosq23 sindCP (8)

can be extracted directly from the steps in the MCMC. The
posterior distribution for J is presented in Fig. 25, which
favours a near-maximal negative J. The prior probability
distribution is largely flat in the range J = [�0.035,0.035],
with the fall-off beyond that coming from external q12 and
q13 constraints. The preference for sin2 q23 values near max-
imal mixing has the effect of picking out the more extreme
values of J. When sampling the full posterior probability,
which incorporates the dCP constraint, a preference for neg-
ative values of J emerges. The blue curve in Fig. 25 is recre-
ated in Fig. 26 showing the 1s , 2s , and 3s credible inter-
vals. Two-dimensional credible regions for the Jarlskog in-
variant against both sin2 q23 and dCP are included in App. C.

Jmax ~ 0.033 for neutrinos  Jmax ~ 0.000032 for quarks  
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tion of event times relative to the start of the spill at J-PARC
is shown in Fig. 16 for events with minimal outer detec-
tor activity, labelled fully-contained events. Events from run
10 showed a 34.2 ns RMS relative to their nearest expected
bunch timing (dotted lines in the figure), consistent with that
from previous runs.

Amongst the 354 selected fully-contained events in run
10, 75 were selected as 1Rµ , 18 as 1Re, and there were no
new 1Re1de events for the analysis described in the next
section. The number of events in each selections is presented
in Sec. 8, Tab. 9.

8 Oscillation analysis

This section presents the three-flavour oscillation analysis
from the full data set presented in Fig. 17, including the
constraints from the ND analysis in Sec. 6. The analyses
at the FD are first introduced, followed by the constraints on
the oscillation parameters from the Bayesian and frequen-
tist data analyses in Sec. 8.1 and Sec. 8.2, respectively. The
comparison of the Bayesian and frequentist analyses are pre-
sented in Sec. 8.3, and the new result is put in the context
of current world data in Sec. 8.4. The results presented in
this section include the uncertainty inflation procedure from
simulated data studies mentioned in Sec. 5.3, whose results
are discussed in detail later in Sec. 9 and App. B.

Sample True dCP (rad.) Data�p/2 0 p/2 p

1Rµ n-mode 346.61 345.90 346.57 347.38 318
n-mode 135.80 135.45 135.81 136.19 137

1Re n-mode 96.55 81.59 66.89 81.85 94
n-mode 16.56 18.81 20.75 18.49 16

1Re1de n-mode 9.30 8.10 6.59 7.79 14

Tab. 9: Predictions for the number of events at the FD using
oscillation parameters and systematic uncertainty parame-
ters at their best-fit values whilst varying dCP.

The impact of dCP on the number of events in the se-
lections is shown in Tab. 9, where there is a relatively small
sensitivity in the n-mode 1Re selection, and most sensitivity
comes from the n-mode 1Re selection, owing to the number
of events in each sample. To summarise the results, the num-
ber of observed electron neutrino events are plotted against
the observed anti-neutrino events in Fig. 18, where the data
favours dCP ⇠ �p/2, Dm2

32 > 0, and sin2 q23 > 0.50; i.e.
near maximal CP violation, the normal mass ordering, and
the upper octant in the PMNS paradigm. The 1Re +1Re1de
events in n-mode and the 1Re events in n-mode are sensi-
tive to sindCP, the neutrino mass ordering, and the octant of

q23, and their energy spectra has some sensitivity to cosdCP,
as illustrated in Fig. 18. Compared to T2K’s previous analy-
sis [1, 2], the data are now closer to the best three-flavour fit
prediction, resulting in a slightly weaker constraint on dCP.
The weaker constraint is, however, more compatible with
the expected sensitivity of the experiment, discussed later in
Sec. 8.2.

The systematic uncertainties on the predicted number of
events before and after the fit to ND data is given in Tab. 10.
After the fit, the total uncertainty is reduced by a factor 2–
5 depending on the sample, with the impact from flux and
interaction uncertainties reduced by more than 60%. After
the ND fit, the interaction uncertainties are of similar size
to the FD detector, pion secondary interaction, and photo-
nuclear systematic uncertainties for all samples except the
1Re1de, which is dominated by FD detector uncertainties.
The FD detector uncertainties characterise the performance
of SK and its reconstruction, the pion secondary interac-
tion uncertainties were discussed in Sec. 5.2.5 and are in-
formed by external p � A scattering data, and the photo-
nuclear uncertainty comes from when Cherenkov photons
are absorbed by the nuclei in the FD, causing particles to be
mis-reconstructed or entirely missed due to the lack of any
Cherenkov rings. Although the impact from uncertainties in
the flux and interaction model are similar for the selections
at about 3% when considered separately, they significantly
correlate with each other after the fit to ND data, which
causes the combined uncertainty from the ND-constrained
interaction parameters and the neutrino flux to be smaller
than the sum of their squares.

These constraints are used to build the predictions for
the FD energy spectra including all uncertainties, as shown
in Fig. 19. The five lower-Q2 parameters have no external
constraints, and the expected sensitivity from a FD-only fit
(excluding the ND) is used as the uncertainty. This is solely
for the purpose of providing a representative uncertainty on
the events when an ND fit is not used, and this uncertainty
is not used elsewhere in the analysis.

The degrees of freedom from the oscillation parameters
are of the form sin2 qi j, Dm2

i j, and dCP. T2K is not sensitive to
the “solar” oscillation parameters sin2 q12 and Dm2

21, there-
fore constraints from the world averages reported in PDG
2019 [11] are imposed2, where the frequentist analysis fixes
the parameters and the Bayesian analysis accounts for their
uncertainties. An additional constraint may be imposed on
sin2 q13 from the world average reported in PDG 2019 [11],
referred to as the “reactor constraint”3. The reactor con-
straint has a significant effect on the sensitivity to other os-
cillation parameters of interest, notably dCP. Accordingly, re-
sults are presented with and without this constraint applied.

2sin2 q12 = 0.307(±0.013), Dm2
21 = 7.53(±0.18)⇥10�5 eV2

3sin2 q13 = 2.18(±0.07)⇥10�2

Expected vs observed

28

Sample Uncertainty source (%) Flux⌦Interaction (%) Total (%)Flux Interaction FD + SI + PN

1Rµ n 2.9 (5.0) 3.1 (11.7) 2.1 (2.7) 2.2 (12.7) 3.0 (13.0)
n 2.8 (4.7) 3.0 (10.8) 1.9 (2.3) 3.4 (11.8) 4.0 (12.0)

1Re n 2.8 (4.8) 3.2 (12.6) 3.1 (3.2) 3.6 (13.5) 4.7 (13.8)
n 2.9 (4.7) 3.1 (11.1) 3.9 (4.2) 4.3 (12.1) 5.9 (12.7)

1Re1de n 2.8 (4.9) 4.2 (12.1) 13.4 (13.4) 5.0 (13.1) 14.3 (18.7)

Tab. 10: Uncertainties on the number of events in each FD sample broken down by source after (before) the fit to ND data.
“FD+SI+PN” combines the uncertainties from the FD detector, secondary particle interactions (SI), and photo-nuclear (PN)
effects. “Flux⌦Interaction” denotes the combined effect from the ND constrained flux and interaction parameters, and the
unconstrained interaction parameters. The change in the “FD+SI+PN” uncertainties before and after the ND fit is an indirect
effect due to the change of interaction mode fractions in the samples after the ND fit.

The reactor constraint is applied as a Gaussian penalty to the
test statistic for both the frequentist and Gaussian analyses.

8.1 Bayesian results

The Bayesian results presented in this section are obtained
by sampling the posterior distributions through MCMC [125,
126] analysis, using the ND and FD selections simultane-
ously. The MCMC analysis presented in Sec. 6 is utilised
for the ND. The e-like samples use both the reconstructed
angle between the outgoing lepton and the mean neutrino
direction, and the reconstructed neutrino energy assuming
a CCQE interaction and a struck nucleon at rest (Eq. 4).
For the 1Re1de selection—which is dominated by 1e�1p+

final states—the nucleon mass is replaced by the D(1232)
mass. The µ-like samples only use the reconstructed neu-
trino energy assuming a CCQE interaction. The posterior
probability at the FD first includes the product of Poisson
probabilities for observing the number of events in the data
given the model prediction per bin across all samples. A
Gaussian multivariate distribution is used to include the ef-
fect of external constraints on the systematic uncertainty
parameters. The general form of the likelihood is the same
as the ND analysis, presented in Eq. 6, but excludes the
statistical uncertainty on the simulation for the FD.

Credible regions are extracted from lower dimensional
marginalised posterior distributions for parameters of in-
terest by adding up the highest probability density region
until a certain fraction of the distribution is captured. Flat
priors are used over the entire ranges of sin2 q23, Dm2

32,
dCP (or sindCP), and Gaussian priors are applied on Dm2

21
and sin2 q12. For sin2 q13 either a flat or a Gaussian prior is
applied via the aforementioned reactor constraint. The pri-
ors for normal and inverted orderings are the same, namely
50%.

Fig. 20 shows several marginalised posterior distribu-
tions for oscillation parameters of interest. Two-dimensional

distributions for every combination of the four oscilla-
tion parameters of interest are shown with the 68% and
90% credible intervals in dashed and solid lines, respec-
tively. Each two-dimensional posterior distribution also
shows the point of highest probability density. Marginalised
one-dimensional posterior probability distributions are also
given for each of the four oscillation parameters with 68%,
90%, and 95% credible intervals in different shades of grey.

8.1.1 Atmospheric oscillation parameters

The effects of applying the reactor constraint on the sin2 q23�
Dm2

32 contours is shown in Fig. 21. Applying the constraint
increases the probability density in the upper octant and
the normal neutrino mass ordering. The marginalised poste-
rior probability distribution of sin2 q23 with and without the
reactor constraint is shown in Fig. 22. The posterior prob-
abilities are largely overlapping, with a preference for the
upper octant when using the reactor constraint, and there is
barely any octant preference without the reactor constraint.

sin2 q23 Sum
< 0.5 > 0.5

Dm2
32

> 0 (NO) 0.195 (0.260) 0.613 (0.387) 0.808 (0.647)
< 0 (IO) 0.035 (0.152) 0.157 (0.201) 0.192 (0.353)

Sum 0.230 (0.412) 0.770 (0.588) 1.000

Tab. 11: Fractions of posterior probability in different com-
binations of the mass ordering and q23 octant from fit to T2K
data with (without) the reactor constraint on sin2 q13. NO
(IO) refers to the normal (inverted) neutrino mass ordering.

The results for the atmospheric parameters are sum-
marised in Tab. 11, showing the proportion of the posterior
probability that lies in the different mass orderings and q23
octant, with and without the reactor constraint. A flat prior

Uncertainties after(before) ND fit
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hierarchy

T2K Data

δCP~-π/2

sin θ23

ν energy dependency is not reflected in this plot 



Nova vs T2K results
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NOvA is a similar 
experiment in USA 
with oscillation over 
800 km and different 

detector technology & 
neutrino energy.



Beam upgrade
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frep=0.77 Hz  810 kW

515 kWfrep=0.4 Hz ppp = 
2.7x1014

ppp = 
2.2x1014

30 GeV

frep=0.86 Hz  1.3 MWppp = 
3.2x1014

=

30 GeV

30 GeV

=

=

MR Power Supply approved

RF upgrade and Machine development 

JFY 2020

⊕⊕

⊕ ⊕

⊕ ⊕

515 kW stable 
operation in 2019

exp. >800 kW by 2023



ND280 upgrade
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• High Angle TPC’s:  
• Improved high angle acceptance: 

• Time of Flight 
• Reduction of background from 

magnet interactions. 
• σ ~ 130 ps

x2 in statistics for equal p.o.t.

Stephen Dolan EPS-HEP 2021, 26/07/21 14

Detector Performance

Current ND280

True distribution

• Dramatically improved angular 
acceptance

• Much lower tracking thresholds

• Substantially improved resolutions

• Better timing resolution enables 
neutron energy measurements!

ND280 Upgrade

Proton tracking threshold
Muon angular acceptance

Work In Progress

Current ND280: ~9%

Momentum resolution
Work In Progress

• sFGD: quasi-3D imaging.  
• Improved target tracking.  
• Improved proton detection threshold. 
• Neutron detection capabilities & 

kinematics reconstruction in final state 
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Beyond T2K 



Next Generation Experiments 

64

DuneHyperkamiokande
1 x 258 kTon  

water Čerenkov 

Oxygen and hydrogen  
targets July, 2017

!9

The DUNE Far Detector

Single FD module (17 kt);
Membrane cryostat

person

1

2

3

4

2 caverns, 4 detectors, 
flexibility in design

• The first two DUNE FD modules 
will be Liquid Argon Time 
Projection Chamber (LArTPC) 
detectors with 17 kt mass each

• FD#1: Horizontal Drift (HD)
• FD#2: Vertical Drift (VD)
• FD#3: LAr technology TBD
• FD#4: Module of opportunity           
                 (R&D ongoing)

JINST 15 T08010

See talks by M. Guarise, A. Paudel, & 
A. Lowe on photon system R&D 

4 x 17 kTon  
liquid Argon TPC

Argon target

The Deep Underground Neutrino Experiment (DUNE)

Fermilab

Sanford Underground 
Research Facility 
(South Dakota)

● MW-scale intense neutrino beam from Fermilab to South Dakota over 800 miles
● A multi-technology near detector complex (ND) at Fermilab 
● Far site cavern at SURF will accommodate four 17 kt far detector (FD) modules 
● The Long-Baseline Neutrino Facility (LBNF) provides the beamline and dual site facilities

● Rich Physics program: Precision neutrino oscillation physics, MeV-scale physics, 

Nucleon decay, and a suite of BSM Searches

!3

1300 km  
flight distance

295 km  
flight distance

Hyper-Kamiokande

Narrow (off-axis) 
neutrino beam.
Eν ~ [0.5,1.] GeV
1 oscillation peak

Mainly CCQE 
Kinematical 

reconstruction

CCQE, CCRes 
CCDiS 

Track-Calorimetric 
reconstruction

Broad (on-axis) 
neutrino beam.
Eν ~ [1.,5.]  GeV

2 oscillation peaks

Complementary
JAPAN USA



Conclusions & steps forward

• Long Base Line technology is mature:

• research of years show the requirements for a precision measurement using this 
technology.  

• This includes hadron production experiments, nuclear theory, beam monitor 
technology and advanced statistical methods. 

• Active theoretical developments on neutrino-nucleus interactions (systematic errors!)

• Closing the measurement of the PMNS matrix (no unitarity meas. possible). 

• Atmospheric angle close to maximal.   

• Rejected large fraction of δCP > 0 with 99.7% C.L. 

•  Mild preference for normal hierarchy.  

• Tension with NOvA starts to be relevant.  

• T2K measurements paves the road for the approved HyperKamiokande to be operated in 
2027.

• DUNE provides a complementary methodology and it will be in operation in 203X. 
65
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neutrinos anti-neutrinos

Have a
good look!

I see!

The flavor content of neutrinos and that of anti-neutrinos are
modified differently by the CP violation in the neutrino oscillation. 

Neutrino
oscillation!

Higgs boson

The numbers of the heavy neutrinos and the heavy anti-neutrinos
are equalized by hitting the Higgs bosons.

And hit 
Higgs bosons!

Ta-da! There are 
more anti-
neutrinos?!

Neutrino Magic!
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What can be improved?

• More statistics and more interaction channels in SK (i.e. 
adding pions to νμ CC).  

• What is the role of neutrons? 

• Improve on cross-section models: more exclusive, more and 
better data, 

• Can we constrain more interaction channels: NC, electron 
neutrinos, transverse variables…?  

• How much can we gain by fitting NoVa and T2K or SK and 
T2K together? 
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Progress in Upgrade
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ND280 
upgrade

70

ND280 upgrade goals  

• quasi-3D imaging.  
• Improved target tracking.  
• Improved proton detection threshold. 
• neutron detection capabilities 

• Improved high angle acceptance: 
• High Angle TPC’s. 

• x 2 in statistics for equal p.o.t. 
• Time of Flight for background reduction. 
• Access to neutrons in final state (LANL 

test beam).  
70



νe vertex distribution
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Global Fits
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• Fit data simulated with alternate 
interac4on models and check 
parameter bias
• No significant biases seen on θ23, 

θ13 or δCP from any of these 
alternate models

• Small bias seen on Δm232 

• an addi4onal uncertainty of 
1.4x10-5 was added to account 
for this

• BeNer treatment of nuclear removal 
energy systema4c reduces the (old 
fake) large bias.



Oscillation fits

74

Three statistical methods 
Bayesian Markov Chain MonteCarlo and two 

frequentist approach.

νμ→νe and νμ→νe combined analysis within the 3v oscillation paradigm (PMNS). 
Solar oscillation and θ13 parameters from 2018 PDG values.

Binned likelihood comparing data to MC predictions. 

Bins of reconstructed energy from lepton kinematics 
assuming CCQE two body interactions. 

νe sample also bins in θe

Frequentists confidence intervals (grid search) 
agree with the Bayesian factors and credible 

intervals.



Nova vs T2K 
results
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Nova results
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Combined analysis

77

T2K  formed working groups with Nova and SK to 
provide combined oscillation analyses

Sensitivity 
T2K+Nova Sensitivity T2K+SK

Progress of Theoretical 
and Experimental Physics, 

Volume 2015, Issue 4, 
April 2015, 043C01



T2K vs Nova
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Approx oscillation formulae
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Analysis 1 Analysis 2 Analysis 3

Kinematic variables 
for 1Re sample at 

SK
Erec-θ pe-θ Erec-θ 

Likelihood Binned Poisson 
Likelihood Ratio

Binned Poisson 
Likelihood Ratio

Binned Poisson 
Likelihood Ratio

Likelihood 
Optimization

Markov Chain Monte 
Carlo

Gradient descent and 
grid scan

Gradient descent and 
grid scan

Contours/limits 
produced

Bayesian Credible 
Intervals

Frequentist Confidence Intervals 
with Feldman-Cousins 

(credible intervals supplemental) 

Frequentist 
Confidence Intervals 

with Feldman-Cousins

Mass Hierarchy 
Analysis

Bayes factor from 
fraction of MCMC 

points in each 
hierarchy

Bayes factor from 
likelihood integration

Frequentist p-value 
from generated PDF

Near Detector 
Information Simultaneous joint fit Constraint Matrix Constraint Matrix

Systematics 
Handling

Simultaneous fit then 
marginalization

Marginalization during 
fit

Marginalization during 
fit

Statistical methods
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Expected vs Data
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• T2K has still significant x-section systematic errors. 

• T2K measurements are important for HK, Dune, Nova and 
atmospheric neutrino oscillations.  

T2K: impact of ND

82



ND280 upgrade
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ND280 upgrade
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ND280 upgrade
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HA-TPC
• Test Beam with Resistive MicroMegas at DESY in June 

2019 

• 4 GeV electrons, analysis on-going 

• Excellent spatial resolution (~200 μm for horizontal 
tracks) and dE/dx resolution  

• HA-TPC electronics:  

• First Front-End mezzanine (FEM) prototype has been 
tested 

• First Front-End-Card (FEC) will be delivered in Jan 2020

86

@DESY



HA-TPC prototype @ CERN

• Stable operation at 18 kV 

• 2nd prototype to improve gas leak rate expected in Feb 2020 

• First TPC field cage expected in June 

• External review committee for the TPC field cage design has been formed → 
expect 1st meeting in January
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Super-FGD
• Assembly with Fishing Line at INR →  

• 27 full size (192 x 184 cubes) x-y layers 
assembled  

• 56 z layers (15 x 192 cubes) → 
corresponding to the  full height of the 
Super-FGD 

• All cubes will be produced by Jan 2021 

• Review to discuss feasibility of assembly 
method organized by T2K → Fishing-Line 
method has been chosen as primary option 
for the assembly 

• Design of the Super-FGD electronics is on-
going → all CITIROC chips have been 
bought 
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Super-FGD prototype 
neutron tests at LANL

• Data taking in 
December 

• Neutron beam 
profile clearly 
visible 

• Analysis of the data 
is on-going
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Time Of Flight

• Mock-up basket

90

• Start assemblying 
scintillator bars 

• Most of the components 
already received 

• First ToF module 
assembled

• The 6 ToF modules will be installed into the “mini basket” 
that has been delivered to CERN 

• Mock-up of the upstream part of the real ND280 basket 

• It will be used to test integration of the different sub-
detectors 



SK Gadolinium

91

• SK Gadolinium project  
• enhance neutron detection to improve 

low-energy νe detection (non-T2K 
goal).  

• may provide wrong-sign background 
constraint in νe 
• more exclusive data samples. 

• Leak repairs to SK tank finished in 2019. 
• Load Gd2(SO4)3 in stages up to 0.2%. 
• Loading completed in 2020.

_

7/18 7/21 7/24 7/27 7/30 8/2 8/5 8/8 8/12



SK-Gd
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SK-Gd
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SK-Gd



Removal Energy robustness
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Changes from 2009 
and 2010

96

Main change is coming from data fluctuations in 2010



All ND data samples pre- 
and post-fit
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Post-fit

Pre-fit

FHC is ν-mode 
RHC is -mode�̄�

CC0π CH CC1π CHFHC



All ND data samples 
pre- and post-fit
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Post-fit

Pre-fit

FHC is ν-mode 
RHC is -mode�̄�

CC0π CH&OCCOth CH FHC



All ND data samples 
pre- and post-fit
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Post-fit

Pre-fit

FHC is ν-mode 
RHC is -mode�̄�

CCΟth CH&OCC1π CH&Ο FHC



All ND data samples 
pre- and post-fit
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Post-fit

Pre-fit

FHC is ν-mode 
RHC is -mode�̄�

CC0π CH CC1π CHRHC



All ND data samples 
pre- and post-fit

101

Post-fit

Pre-fit

FHC is ν-mode 
RHC is -mode�̄�

CCOth CH CC0π  CH+ORHC



All ND data samples 
pre- and post-fit
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Post-fit

Pre-fit

FHC is ν-mode 
RHC is -mode�̄�

CC1π CH+O CC0th  CH+ORHC



All ND data samples 
pre- and post-fit
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Post-fit

Pre-fit

FHC is ν-mode 
RHC is -mode�̄�

CC1π CH
neutrinos in RHC

CC0π CH



All ND data samples 
pre- and post-fit
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Post-fit

Pre-fit

FHC is ν-mode 
RHC is -mode�̄�

CC0π CH&O
neutrinos in RHC

CC0th CH



All ND data samples 
pre- and post-fit
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Post-fit

Pre-fit

FHC is ν-mode 
RHC is -mode�̄�

CCOth CH&O
neutrinos in RHC

CC1π CH&Ο



How to make a neutrino beam

15

Focus π,K produced in hadronic interactions.
Switch sign of horn current to focus π–, K– instead

Total three horns to
collect & focus mesons.

π,K+     +

π,K– –

B-field

π,K–      –

Neutrino beam

106

• 3 Horns system with 250 kA current 
sinusoidal ~3ms pulse.   

• Forward (neutrino enhanced) and 
Reversed (anti-neutrino enhanced) 
modes. 

• The beam is slightly tilted towards 
the earth. 

planned upgrade to reach 320kA  

→ +~20% ν flux



on vs off Axis
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mass 
charge 

spin 
name

Standard Model

108

Forces and bosons. 

Photon     Electromagnetic 
gluon        Strong (Nuclear)  
Z0  W±       Weak  (radioactivity)

Produced in  
accelerators  
and cosmic rays
N

eutrinos
108

Fermions are grouped in three families 
with similar properties but larger masses 

Matter around us is 
made of the lightest 
particles. 

 quark   Up/down 
 lepton  electron  

All these particles are 
indivisible,  they are the 

smallest components in nature.

γ
fotón

0
0
1 g

gluón

0
0
1 Z0

fuerza débil

90.2 GeV
0
1  W±

fuerza débil

80.4 GeV
±1
1

photon gluon Weak force Weak force



What are neutrinos? 

Neutrinos are:  

• indivisible fermions with Spin 1/2.   

• with no electric charge.  

• interacting only through weak interactions (and gravitation):  

• cross-section is very small. A 1 GeV neutrino can cross 106 earth diameters with no 
interactions. 

• with very small mass ( ~ 10-6 times the electron mass) 

• neutrino flavour (3 families) is defined by the charged partner in weak interactions:  

• νe,μ,,τ  are produced/consumed associated to e,μ,,τ
109

“When you ask what are electrons and protons I ought to answer that this 
question is not a profitable one to ask and does not really have a meaning. 
The important thing about electrons and protons is not what they are but how 

they behave - how they move.” 

    P.M. Dirac, Indian Science Congress Badora (1955)

νe,μ,τ e-,μ-,,τ-

W-



ν beam @ JPARC
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Fast extraction with beam pulse every 2 sec. 



Beam monitors

111

Proton beam monitors are essential for protecting beam-line equipment, as well as for 
understanding and predicting the neutrino flux

Beam position and profile

Segmented 
Secondary 
Emission 
Monitors

Wire Secondary 
Emission Monitors

Optical transition 
radiation

Beam intensity

Current transformers

Beam Loss

Beam position
Electro Static monitors

<500μm precision

100μm position
200μm width 

100μm position
200μm width 

Sensitive down 
to 16mW loss

450μm precision

<2.7% precision



Beam control: Muon 
monitors

• Monitors the beam direction from the μ produced in  π 
decays.   

• Embedded in the beam dump samples the high  energy 
muons.  

• ionisation chambers and silicon PIN diodes. 

• High irradiation area:  ~1014 4 electrons/cm/month at 750 KW.

112

Simulation  
of μ fluency



PNMS and CP violation

113

• Jarlskog invariant Jαβ gives an idea of the amplitud of CP violation: 

Jmax ~ 0.033 for neutrinos  Jmax ~ 0.000032 for quarks  

Leptonic CP violation will manifest as a difference of the vacuum 
oscillation probabilities for neutrinos and anti-neutrinos 

Cabibbo, 1977; Bilenky, Hosek, Petcov, 1980, Barger, Whisnant, Phillips, 1980
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J = s12c12s23c23s13c
2
13 sin � = Jmax sin �

sign depends on the 
permutation of αβ

The expected effect is larger in neutrinos than in quarks

Jmax ~ 0.09 for maximal mixing   

Jarlskog, 1985



T2K Collaboration
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~500 members, 69 Institutes, 12 countries

Asia 117

Japan 114

Vietnam 3

Americas 96

Canada 26

USA 70

Europe 262

France 40

Germany 5

Italy 24

Poland 27

Russia 19

Spain 14

Switzerland 34

UK 99
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Very strong  European contribution including CERN Operated since 2009


