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Neutrino oscillations
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• Mixing between distinct flavour eigenstates (interacting states) and mass eigenstates 
(propagating states), as governed by the Pontecorvo-Maki-Nakagawa-Sakata matrix
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cij = cos θij
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Open questions in neutrino oscillation physics
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• Neutrino mass ordering? 
• Normal  or inverted 


•  octant? 
• Upper  or lower 

•  would indicate an underlying  

symmetry of the PMNS matrix


• CP violation in neutrino sector? 
• Would like to measure with the same 

precision as CP violation in hadronic weak 
interactions


•  would indicate 
 in vacuum


• T2K is well positioned to answer all three 
questions!

(Δm2
32 > 0) (Δm2

32 < 0)

θ23
(sin2 θ23 > 0.5) (sin2 θ23 < 0.5)

θ23 = 45∘ μ − τ

δCP ≠ 0, π
P(να → νβ) ≠ P(ν̄α → ν̄β)

Figure from here
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• PMNS framework validity? 
• Sterile neutrinos, non standard 

neutrino interactions etc.

https://www.researchgate.net/publication/329969617_Studies_on_the_Physics_of_Resistive_Plate_Chambers_in_Relation_to_the_INO_Experiment
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Tokai-to-Kamioka (T2K) 
Experiment
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295 km baseline

Neutrino beam 
produced at J-PARCNear-detectors “measure” 

the initial beam composition

Far detector “measures” the 
oscillated beam composition
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The T2K Off-Axis Neutrino Flux
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• SK and ND280 are placed at 2.5°off-axis 
angle with respect to the primary proton 
beam direction

• On-axis near detector (INGRID) used to 
monitor beam stability and direction

• Off-axis beam makes the ν! flux more 
narrow and peaked around the energies 
needed for observing the first oscillation 
maximum at SK (295 km baseline)

• High energy tail gets reduced
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 survival probability at T2Kνμ (ν̄μ)
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• Muon (anti)neutrino survival probability around oscillation maximum:

PT2K( νμ → νμ ) ≈ 1 − 4 cos2 θ13 sin2 θ23 (1 − cos2 θ13 sin2 θ23) sin2 Δm2
23L

4E
( − ) ( − ) CP-conserving terms 

(survival probability 
is CP-conserving 
even at higher 

orders!)
Position of dip in neutrino 
survival determines Δm2

32

Size of dip in neutrino 
survival determines sin2 θ23

Tomislav Vladisavljevic (tomislav.vladisavljevic@stfc.ac.uk)

T2K uses a 2.5 degrees off-axis beam for 
more “monochromatic-like” neutrinos, 

peaking at the right energy for an oscillation 
maximum at the position of Super-K
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 (GeV)νE
0.5 1 1.5 2 2.5 3

O
sc

. P
ro

b

0

0.02

0.04

0.06

0.08

0.1
 flux

µ
ν Off-axis °2.5
ν, NH, °=0cpδ

ν, NH, °=270cpδ

ν, NH, °=0cpδ

ν, NH, °=270cpδ

eν→µν, eν→µν

 appearance probability at T2Kνe (ν̄e)

6

PT2K( νμ → νe ) ≈ sin2 2θ13 sin2 θ23 sin2 Δm2
32L

4E
Minus 
sign 
for ν̄

( − ) ( − )

CP-conserving term

CP-violating term for δCP ≠ 0, π
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• Electron (anti)neutrino appearance probability 
in vacuum:


• The appearance probability gets modified 
because of charged current  coherent 
scattering from electrons in the Earth’s crust

νe

+J cos (
Δm2

32L
4E

± δCP)
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Size of matter effect!

• The appearance probability gets modified 
because of charged current  coherent 
scattering from electrons in the Earth’s crust


• Mikheyev-Smirnov-Wolfenstein effect 
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Neutrino-induced 
event counting at T2K
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NND
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T2K datasets
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Integrated POT (Full T2K - up to Run 11)

23 Jan 2010 - 27 Apr 2021
POT Total 3.82�1021

power Max    522.6 kW
! mode 2.17�1021 (56.8%)
!̅ mode 1.65�1021 (43.2%)

11

This result (Neutrino 2020)

• Reached maxium beam power 
of 522.6 kW


• For today’s result (Runs 1-10), 
collected 3.6x  POT, split 
into 1.96x  POT (54.61%) in 

-mode and 1.63x  POT 
(45.39%) in -mode


• Today’s result includes ~33% 
more POT in -mode 
compared to our previous 
measurement 

• Stay tuned for new results with 
the inclusion of Run 11, with 
1.78x  POT in -mode, the 
very first T2K data with a Gd-
doped Super-K

1021

1021

ν 1021

ν̄

ν

1021 ν
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Magnetic Horns
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• 30 GeV protons strike the 90 cm 
long T2K graphite target


• QCD theory is non-perturbative 
at these energies, thus not easily 
calculable
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T2K Target
Tomislav Vladisavljevic (tomislav.vladisavljevic@stfc.ac.uk)
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Magnetic Horns

11

• Hadronic cascade is initiated 
within the target


• 3 magnetic horns used to bend 
and (de)focus the pions and 
kaons leaving the target 

6
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FIG. 5: The predicted flux of ⌫µ at the SK far detector
for operation at di↵erent horn currents. The flux
histogram (top) ranges from 0 to 3 GeV, while the
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FIG. 6: Cross section view of horns.

(⇠0.6 GeV), as illustrated in Fig. 5.
A schematic view of the horns is shown in Fig. 6. The

horn conductor is made of an aluminum alloy. Their
dimensions are summarized in Table I. The thickness
of the inner conductors is 3 mm. They are optimized
to maximize the neutrino flux; the inside diameter is as
small as possible to achieve the maximum magnetic field,
and the conductor is as thin as possible to minimize pion
absorption while still being tolerant of the Lorentz force
from the 250 kA current and the thermal shock from the
beam [16].

The electrical currents of the magnetic horns are mon-

TABLE I: Dimensions of the T2K horns

Horn1 Horn2 Horn3
inner conductor inside diameter (mm) 54 80 140
outer diameter (mm) 400 1000 1400
length (m) 1.5 2 2.5

TABLE II: Uncertainties on the absolute horn current
measurement. In the total error calculation, full width

(FW) errors are scaled by 1/
p
12 to estimate 1�

uncertainty.

uncertainty
coil calibration ±1% (FW)
coil setting ±1% (FW)
electronics calibration < 1%
monitor stability 2% (FW)
total 1.3%

itored by Rogowski coils whose signal are digitized by
65 MHz FADCs. Table II shows the summary of the
horn current uncertainties. The Rogowski coils were cal-
ibrated by the production company with ±1% precision.
The shape of the “loop” of the Rogowski coil may cause
a 1% change of gain.
FADCs and related electronics are calibrated with bet-

ter than 1% precision.
Each horn has several instrumentation ports at vari-

ous positions along the horn axis which permit measure-
ments of the magnetic field between the inner and outer
conductors. Multiple magnetic field measurements have
been made on the horns to validate the nominal 1/r field
and to check for the presence of magnetic field asymme-
tries. The magnetic fields generated by Horns 2 and 3
were measured using an integrated 3-axis Hall probe in-
serted between the inner and outer conductors via the
horns’ instrumentation ports. The results are summa-
rized in Table III. The measured field agrees with the
expected nominal field within 2%.
Measurements of the magnetic field were also taken

on a spare copy of the first horn, identical in design
to the one currently in use in the T2K beamline. As
with Horns 2 and 3, field measurements were taken via
the instrumentation ports using a 3-axis Hall probe. A
comparison of the expected field to the data taken at
the right upstream port is shown in Fig. 7. The results
agree well with the expected nominal field. Additional
measurements were taken along the horn’s axis inside
of the inner conductor. The purpose of these measure-
ments was to detect possible magnetic field asymmetries
caused by path length di↵erences between the upper and
lower striplines supplying current to the horn. While
no field asymmetry due to path length di↵erences was
observed, an on-axis magnetic field with an anomalous

Horns are crucial 
for a sizeable 
neutrino flux

T2K beamline

T2K Horn
Tomislav Vladisavljevic (tomislav.vladisavljevic@stfc.ac.uk)
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• Out-of-target interactions of hadrons 
with secondary beamline components 
affect the neutrino flux 


• In-flight pion and kaon decays inside 
the decay volume (96 m) produce 
neutrinos

Decay Volume

Muon Monitor

π+(K+) → μ+νμ
Signal

Background
μ+ → e+νeν̄μ

Tomislav Vladisavljevic (tomislav.vladisavljevic@stfc.ac.uk)
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• By changing the horn current 
polarity, we can focus either a 
neutrino or an anti-neutrino 
enhanced beam towards the 
T2K detectors

Results: The Tuned T2K Neutrino Flux Calculation

!. #% %&! & (. )% &"
(+,- .#~(. 0 123)

#. !% &! & (. )% %&"
(+,- .#~(. 0 123)

HEP Seminar, Imperial College, 22/01/2020Tomislav Vladisavljevic 42/61

Ø Wrong sign contamination is greater in %ν mode flux (isoscalar target and proton beam) 

Neutrino 
flux at 
Super-K

Tomislav Vladisavljevic (tomislav.vladisavljevic@stfc.ac.uk)
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T2K near detectors

14

WAGASCI and BabyMIND detectors  
(1.5 degrees off-axis)

ND280 detector 
(2.5 degrees off-axis)

Tomislav Vladisavljevic (tomislav.vladisavljevic@stfc.ac.uk)

INGRID detector 
(on-axis)

• Consists of 16 identical modules, 
each made of alternating iron and 
plastic scintillator layers


• In the oscillation analysis, used to 
constrain neutrino beam 
systematics (e.g. off-axis angle)


• Also measures cross sections for 
neutrino interaction models

• Water filled plastic scintillator lattice (WAGASCI) 
and magnetised tracking (BabyMIND) detectors


• Plans to use in the oscillation analysis


• First WAGASCI cross section paper: 

    Phys. Rev. D 97, 012001

• Main constraint of flux and cross 
section model parameters in the 
oscillation analysis 

• Takes sophisticated cross section 
measurements for neutrino 
interaction models (e.g. recently 
Phys. Rev. D 103, 112009)

ν

νν

New!

mailto:tomislav.vladisavljevic@stfc.ac.uk
https://link.aps.org/doi/10.1103/PhysRevD.97.012001
https://link.aps.org/doi/10.1103/PhysRevD.103.112009


The Super-Kamiokande detector
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Summer 2018 Refurbishment
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Summary
• The new era of Super-Kamiokande, SK-Gd, is about to start


• New results from Super-Kamiokande:


• Diffuse supernova background search: New limit within a several factors of many models


• Solar neutrino measurements: New spectrum and Day/Night asymmetry measurements to test MSW


• Atmospheric neutrino measurements: New constraints on Δm232, θ23, δCP and MO


• Please also enjoy more results from Super-Kamiokande at the poster sessions:

29

ID Title Presenter Session
43 Neutron-antineutron oscillation search at Super-Kamiokande Linyan Wan 3
85 Search for astronomical neutrino from the Gamma-ray burst with Super-Kamiokande Masayuki Harada 2
136 Long time supernova simulation and supernova burst search at Super-Kamiokande Masamitsu Mori 2
161 Follow-up of Gravitational Wave events with Super-Kamiokande Mathieu Lamoureux 1
166 Spallation Studies in Super Kamiokande Scott Locke 2
175 Study of the atmospheric neutrino background for Supernova Relic Neutrino search Seiya Sakai 4
221 Reactor Neutrinos in Super-Kamiokande Alexander Goldsack 1
231 The diffuse supernova neutrino background in Super-Kamiokande Sonia El Hedri 3
350 Latest solar neutrino analysis results from Super-Kamiokande Yuuki Nakano 4

SK-Gd Project
Physic targets
• Precursor of nearby supernova by Si-burning neutrinos
• Improve pointing accuracy for galactic supernova
• First observation of Supernova Relic Neutrinos
• Others

• Reduce proton decay background
• Neutrino/anti-neutrino discrimination                    

(For T2K and atmospheric nubs analyses)
• Reactor neutrinos

2020.6.3 ugap2020 
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• 50 kt water Cherenkov detector, 
sensitive to beam, atmospheric, 
solar, supernova neutrinos


• 11k 20’’ inner and 1.8k 8” outer 
(veto) tank PMTs


• Now Gd loaded for enhanced 
neutron detection, with the 
potential to separate between  
and  interactions

ν
ν̄

For more details on Gd loading, 
see the talk from Neutrino 2020 
(click here)

mailto:tomislav.vladisavljevic@stfc.ac.uk
https://indico.fnal.gov/event/43209/contributions/187863/attachments/129474/159089/nakajima_Neutrino2020.pdf
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Neutrinos are detected by observing the particles they produce when 
they interact. At neutrino energies of 0.6 GeV the dominant interac-
tion process is charged-current quasi-elastic (CCQE) scattering via the 
exchange of a W boson with a single neutron or proton bound in the 
target nucleus. In this process the neutrino (antineutrino) turns into 
a charged lepton (antilepton) of the same flavour. We are thereby able 
to identify the incoming neutrino’s flavour.

Our near detector facility consists of two detectors both located 
280 m downstream of the beam production target21. The INGRID detec-
tor23, located on the beam axis, monitors the direction and stability of 
the neutrino beam. The ND280 detector24–28 is located at the same angle 
away from the beam axis as SK, and characterizes the rate of neutrino 
interactions from the beam before oscillations have occurred, thereby 
reducing systematic errors. ND280 is magnetized so that charged lep-
tons and antileptons bend in opposite directions as they traverse the 
detector. This effect is used to measure the fraction of events in each 
beam mode that are from neutrino and antineutrino interactions. In 
this analysis, we select samples enriched in CCQE events and also sev-
eral control samples enriched in interactions from other processes, 
allowing their rates to be measured separately. Here we use ND280 data 
that include a neutrino beam exposure of 5.8 × 1020 (3.9 × 1020) protons 
hitting the T2K neutrino production target in neutrino (antineutrino) 
mode. The explanation for the smaller dataset in ND280 and its impact 
on the analysis method is described in the Methods.

SK is a 50-kt water detector instrumented with photo-multiplier tube 
light sensors29. In SK, Cherenkov light is produced as charged particles 
above a momentum threshold travel through the water. This light is 
emitted in ring patterns that are detected by the light sensors. Owing 
to their lower mass, electrons scatter much more frequently (both 
elastically and inelastically) than muons, so their Cherenkov rings are 
blurred. We use this blurring to identify the charged lepton’s flavour, 
as illustrated in Fig. 2. More information on the event reconstruction 
technique for SK data and the systematic uncertainty on SK modelling 
can be found in the Methods Section. SK is not magnetized, so there-
fore relies on ND280’s measurement of the neutrino and antineutrino 
composition of the beam in each mode.

We form five independent samples of SK events. For both neutrino- 
and antineutrino-beam mode there is a sample of events that contain 
a single muon-like ring (denoted 1µ), and a sample of events that con-
tain only a single electron-like ring (denoted 1e0de). These single-lepton 
samples are dominated by CCQE interactions. In neutrino-mode there 
is a sample containing an electron-like ring as well as the signature of 
an additional delayed electron from the decay of a charged pion and 
subsequent muon (denoted 1e1de). We do not use this sample in 
antineutrino-mode because charged pions from antineutrino interac-
tions are mostly absorbed by a nucleus before they decay. Identifying 
both muon and electron neutrino interactions in both the neutrino- and 
antineutrino-mode beams allows us to measure the probabilities for 
four oscillation channels: νµ → νµ and ν ν¯ → ¯µ µ, νµ → νe and ν ν¯ → ¯µ e.

We define a model of the expected number of neutrino events as a 
function of kinematic variables measured in our detectors with degrees 
of freedom for each of the oscillation parameters and for each source 
of systematic uncertainty. Systematic uncertainties arise in the mod-
elling of neutrino-nucleus interactions in the detector, the modelling 
of the neutrino production, and the modelling of the detector’s 
response to neutrino interaction products. Where possible, we con-
strain the model using external data. For example, the solar oscillation 
parameters, m∆ 21

2  and sin2θ12, whose values T2K is not sensitive to, are 
constrained using world average data2. While we are sensitive to sin2θ13, 
we use the combination of measurements from the Daya Bay, RENO 
and Double Chooz reactor experiments to constrain this parameter2, 
as they make a much more precise measurement than using T2K data 
alone (see Fig. 4a). We measure the oscillation parameters by doing a 
marginal likelihood fit of this model to our near and far detector data. 
We perform several analyses using both Bayesian and frequentist 

statistical paradigms. Exclusive measurements of neutrino or anti-
neutrino candidates in the near detector, one of which is shown in 
Fig. 3, strongly constrain the neutrino production and interaction 
models, reducing the uncertainty on the predicted number of events 
in the four single-lepton SK samples from 13–17% to 4–9%, depending 
on the sample. The 1e1de sample’s uncertainty is reduced from 22%  
to 19%.

A neutrino’s oscillation probability depends on its energy, as shown 
in equations (2) and (3). While the energy distribution of our neutrino 
beam is well understood, we cannot directly measure the energy of 
each incoming neutrino. Instead the neutrino’s energy must be inferred 
from the momentum and direction of the charged lepton that results 
from the interaction. This inference relies on the correct modelling 
of the nuclear physics of neutrino-nucleus interactions. Modelling 
the strong nuclear force in multi-body problems at these energies is 
not computationally tractable, so approximate theories are used30–33. 
The potential biases introduced by approximations in these theories 
constitute the largest sources of systematic uncertainties in this meas-
urement. For scale, the largest individual source contributes 7.1% of 
the overall 8.8% systematic uncertainty on the single electron-like ring 
ν-mode sample. Furthermore, as well as CCQE interactions, there are 
non-negligible contributions from interactions where additional  
particles were present in the final state but were not detected by our  
detectors. To check for bias from incorrect modelling of 
neutrino-nucleus interactions, we performed fits to simulated data 
sets generated assuming a range of different models of neutrino inter-
actions31,32. We compared the measurements of the oscillation param-
eters obtained from these fits with the measurement from a fit to 
simulated data generated assuming our default model. We observed 
no large biases in the obtained δCP best-fit values or changes in the 
interval sizes from any model tested. Biases are seen on m∆ 32

2 , and 
these have been incorporated in the analysis through an additional 

Electron or muon PID discriminator
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Fig. 2 | Particle identification in the SK detector. Distribution of the particle 
identification (PID) parameter used to classify Cherenkov rings as electron-like 
and muon-like. Events to the left of the blue line are classified as electron-like 
and those to the right as muon-like. The filled histograms show the expected 
number of single ring events after neutrino oscillations, with the first and last 
bins of the distribution containing events with discriminator values below 
and above the displayed range, respectively. The vertical error bars on the data 
points represent the standard deviations due to statistical uncertainty. The PID 
algorithm uses properties of the light distribution such as the blurriness of the 
Cherenkov ring to classify events. The insets show examples of an electron-like 
(left) and muon-like (right) Cherenkov ring.
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The Super-Kamiokande detector
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Summary
• The new era of Super-Kamiokande, SK-Gd, is about to start


• New results from Super-Kamiokande:


• Diffuse supernova background search: New limit within a several factors of many models


• Solar neutrino measurements: New spectrum and Day/Night asymmetry measurements to test MSW


• Atmospheric neutrino measurements: New constraints on Δm232, θ23, δCP and MO


• Please also enjoy more results from Super-Kamiokande at the poster sessions:

29

ID Title Presenter Session
43 Neutron-antineutron oscillation search at Super-Kamiokande Linyan Wan 3
85 Search for astronomical neutrino from the Gamma-ray burst with Super-Kamiokande Masayuki Harada 2
136 Long time supernova simulation and supernova burst search at Super-Kamiokande Masamitsu Mori 2
161 Follow-up of Gravitational Wave events with Super-Kamiokande Mathieu Lamoureux 1
166 Spallation Studies in Super Kamiokande Scott Locke 2
175 Study of the atmospheric neutrino background for Supernova Relic Neutrino search Seiya Sakai 4
221 Reactor Neutrinos in Super-Kamiokande Alexander Goldsack 1
231 The diffuse supernova neutrino background in Super-Kamiokande Sonia El Hedri 3
350 Latest solar neutrino analysis results from Super-Kamiokande Yuuki Nakano 4

SK-Gd Project
Physic targets
• Precursor of nearby supernova by Si-burning neutrinos
• Improve pointing accuracy for galactic supernova
• First observation of Supernova Relic Neutrinos
• Others

• Reduce proton decay background
• Neutrino/anti-neutrino discrimination                    

(For T2K and atmospheric nubs analyses)
• Reactor neutrinos

2020.6.3 ugap2020 
4

Tomislav Vladisavljevic (tomislav.vladisavljevic@stfc.ac.uk)

νμ

μ−
n

p
Electron or muon PID discriminator

PID based on “fuzziness” of 
Cherenkov rings

“fuzzy” 
rings

“sharp” 
rings

-likeνe -likeνμ

mailto:tomislav.vladisavljevic@stfc.ac.uk


Analysis strategy: flux model
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Neutrino flux modelNA61/SHINE data

T2K beam monitor 
and INGRID data

• The addition of NA61 replica-
target data reduces the T2K 
flux prediction uncertainty 
from ~10% to ~6% in the 
latest analysis 

    (click here for more details)

• Beam monitors + hadron 
production experiments  
→ neutrino flux


• ND280 measurements  
+ interaction model 
+ external constraints 
→ unoscillated flux × xsec


• 5 samples at SK 
→  disappearance + 
      appearance

νμ
νe

Analysis 
strategy

1 NA61/SHINE 2009 Replica-Target Measurements Col-75

lected for T2K76

The NA61/SHINE (SPS Heavy Ion and Neutrino physics Experiment) [1] is a fixed target77

experiment served by the H2 beam line of the CERN North Area. The experiment has been78

proposed in November 2006 and inherited many of its components from NA49. It is a multi79

purpose research facility providing precise hadron production measurements for various long80

baseline neutrino experiments (T2K, NO⌫A, MINER⌫A), used for reducing the unoscillated81

neutrino flux uncertainty. NA61/SHINE is particularly well suited for measuring the yields82

of charged particles exiting from any solid target placed into the beam’s path, using a com-83

bination of time projection chambers (TPCs) and time-of-flight detectors (ToFs). Particle84

identification is achieved by combining TPC ionizing energy loss measurements with timing85

information from the ToFs. Particle momentum and trajectory are reconstructed from TPC86

measurements. NA61 measured charged hadron yields for T2K with two target configura-87

tions, the thin-target [2] and the replica-target [3] (see Fig. 1).88

Proton 
beam

2 cm

!
"±,%±,%&

', ((

Thin-Target Data
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Figure 1: The NA61 thin-target and replica-target configurations used for collecting hadron
production measurements for T2K.

With the thin-target dataset, the released hadronic yields (multiplicities) are binned by89

the outgoing hadron momentum and angle N
⇡±,K±,p,K0

S
thin

(p, ✓), whereas the replica-target90

measurements are in addition binned based on the outgoing hadron’s exiting position z91

along the target N⇡±

replica
(p, ✓, z). The 90 cm long T2K replica target is split into 5 identical92

longitudinal z bins, in addition to bin z6 which is defined as the downstream target face.93

Part of the NA61 2009 replica-target positive pion multiplicity measurements are shown94

in Fig. 2, highlighting the trends in the variation of pion yields with the exiting position95

along the target. The full NA61 2009 replica-target measurements for T2K are given in96

Appendix A.97

Presented in this note are the studies accompanying the first release of the unoscillated98

T2K neutrino flux calculated using the NA61 2009 replica-target data. NA61 thin-target99

data directly constrains ⇠60% of the neutrino flux which originates from primary interac-100

tions of beam protons within the graphite target. The strength of the replica-target dataset101

lies in its capability to directly constrain both primary interactions and subsequent reinter-102

actions within the target, thus accounting for ⇠90% of the T2K neutrino flux at beam peak103

energy. Due to limited statistics, the 2009 replica-target dataset only contains charged pion104

yields, so that thin-target data is still used for constraining the neutrino yield originating105

from other hadron species, as well as for pions outside the coverage of the replica-target106

dataset. The portion of the T2K flux covered by the extrapolated NA61 thin-target mea-107

surements, having applied energy and target material scaling to extend the relevance of the108

dataset from primary interactions to also secondary and out-of-target interactions, is given109

Fig. 3. Only around 60% of interactions contributing to the T2K neutrino flux are directly110

covered by the thin-target measurements, but this can be increased to close to 90% with the111

above mentioned extrapolations. The portion of the T2K flux covered with a combination112

of replica- and thin-target measurements, with preference given to replica-target data, is113

given in Fig. 4. The regions shaded in green are now directly covered with replica-target114

measurements. For the signal ⌫µ (⌫̄µ) flux in (anti-)neutrino mode, the new replica-target115

dataset constrains over 95% of relevant hadronic interactions, but is less successful in con-116

straining the wrong-sign background flux component.117
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Figure 1: The NA61 thin-target and replica-target configurations used for collecting hadron
production measurements for T2K.

highlighting the trends in the variation of pion yields with the exiting position along the78

target. The full NA61 2009 replica-target measurements for T2K are given in Appendix A.79
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Figure 2: The NA61 2009 positive pion yields from three representative positions along the
graphite target: the most upstream target portion (z1, includes the most upstream cylindrical
target portion and the flange), one of the middle target portions (z3) and the most downstream
target portion (z6). The following binning has been adopted by NA61: -5.0 cm < z1 < 18.0 cm
< z2 < 36.0 cm < z3 < 54.0 cm < z4 < 72.0 cm < z5 < 89.99 cm and z6 is used to denote the
downstream face of the replica-target (selected with 89.99 cm < z6 < 90.01 cm). The yields are
given as a function of pion momentum, and split into di↵erent angular ranges, measured with
respect to the incident beam direction.

Presented in this note are the studies accompanying the first release of the unoscillated80

T2K neutrino flux calculated using the NA61 2009 replica-target data. NA61 thin-target81

data directly constrains ⇠60% of the neutrino flux which originates from primary interac-82

tions of beam protons within the graphite target. The strength of the replica-target dataset83

lies in its capability to directly constrain both primary interactions and subsequent reinter-84

actions within the target, thus accounting for ⇠90% of the T2K neutrino flux at beam peak85

energy. Due to limited statistics, the 2009 replica-target dataset only contains charged pion86

yields, so that thin-target data is still used for constraining the neutrino yield originating87

3

Thin target data 
  Mainly Eur. Phys. J. C (2016) 76:84

Replica target data 
Eur. Phys. J. C (2016) 76:617

Further reduction expected for next analysis from 
extending replica tuning to exiting Kaons and protons

Beam monitors

T. Vladisavljevic 1/16

• NA61 uses cylindrical graphite blocks (same graphite grade as T2K), with different lengths
• Thin target (2 cm) and replica target (90 cm)
• NA61 measures multiplicities of  particles outgoing from the targets arranged in (p,θ,z) bins

Reminder of  NA61 Measurements for T2K

Proton 
beam

2 cm

"
#±

%
&' &( &) &* &+ &,

"
#±

%
Proton 
beam

90 cm

18 cm

Part of  NA61 2009 Replica Target Data for π.

NA61/FLUKA weights

Thin	target	tuning	
(currently	used	method)	

•  Measurements	of	outgoing	meson	mul=plici=es	(inclusive	
xsec	normalized	by	incoming	proton	xsec)	for	proton	hiÉng	
a	thin	target	(mostly	NA61	2009)	

•  Generate	corresponding	mul=plici=es	with	MC	generator	
•  Go	through	interac=on	chain	and	apply	DATA/MC	weights	

for	each	interac=on	
•  Similar	for	cross	sec=on	(~interac=on	length),	where	we	

also	have	aTenua=on	weights	e–l/λI

26	

T. Vladisavljevic 2/16

• Weights get applied at every step in the interaction chain leading up to neutrinos
• Keep in mind that NA61 2009 replica data consists only of  pion multiplicities!

Reminder of  Thin vs Replica Tuning

Proton 
beam

FLUKA Thin
+ Xsec

FLUKA Thin
+ Xsec

FLUKA Thin
+ Xsec

GCALOR Thin + Xsec
Thin Tuning  &  Replica Tuning for /±

Proton 
beam

Weight 1.0
Weight 1.0 Weight 1.0

GCALOR Thin + Xsec
Replica Tuning for 0± FLUKA Replica

No Xsec

Tuning	weights	
at	each	interac=on	

Thin	target	tuning	
Thin	target	

Tune each 
interaction
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this analysis

Significant reduction of hadron interaction uncertainty 
thanks to NA61 data using a replica of T2K target.

Hadron production experiments

previous analysis

10
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Thin-target data: Replica-target data:

previous analysis
current analysis

NA61 2009 thin-target data:

Eur. Phys. J. C 76, 84 (2016)

NA61 2009 replica-target data:

Eur. Phys. J. C 76, 617 (2016)

Flux error reduction 
from ~10% to ~5% for 

this analysis!

External NA61 hadron production data usage:

Tomislav Vladisavljevic (tomislav.vladisavljevic@stfc.ac.uk)

The so-called “thin target” is a graphite block of dimensions 2cm(L)× 2.5cm(W )× 2.5cm(H).
The graphite grade was chosen to match as close as possible the T2K target graphite grade. The
two centimetres of graphite in the beam direction are equivalent to 4% interaction length. The
density of the thin target is ρ = 1.84 g/cm3 while for the T2K replica target ρ = 1.831 g/cm3.

The “T2K replica target” is made out of a 90cm long graphite rode with a diameter of 2.6 cm.
Around the upstream end of the target, aluminium flanges are mounted so that the target could
be fixed on a metallic frame of the NA61/SHINE experimental set-up. The target was delivered

Figure 3.1: Photo of the T2K replica target mounted at NA61/SHINE. The aluminium flanges
can be seen at the upstream part of the target (left).

to NA61/SHINE by the T2K collaboration. The density of the replica target is ρ = 1.83 g/cm3.
In 2007, a first run was recorded with a thin graphite target (2cm, equivalent to 4% interaction

length). Even if the statistics was limited, seven particle species could be extracted: π±, K+, K0
s

protons and Λ. The thin target measurements allowed for the extraction of two different quant-
ities: a production cross-section and double differential hadron productions in proton-carbon
interactions at 31 GeV/c. The production cross-section relates to the rate at which 31 GeV/c
protons interact with carbon to produce new particles. In the NA61/SHINE conventions, the
quasi-elastic component of the total cross-section is subtracted from the inelastic cross-section
to give the production cross-section:

σprod = σinelastic − σquasi−elastic (3.1)

Double differential hadron productions d2nα/dpdθ can also be called “multiplicities”. For the
thin target data, they are defined with respect to the cross-sections σα as:

d2nα

dpdθ
=

1

σprod

d2σα
dpdθ

(3.2)

Multiplicities indicate the number of produced hadrons α as a function of angle and momentum
with respect to incident beam protons. Three publications show these results [93, 105,106].

Also in 2007, a pilot run was taken with the T2K replica target. The very limited dataset
did not allow to provide precision measurements to the T2K collaboration. Nevertheless, it was
effectively used to show a strong proof of principle regarding the feasibility of these measurements
as well as their potential to constrain the T2K neutrino flux predictions. Spectra of positively
charged pions were extracted and presented in the form of multiplicities. It is important to
note that the definition of multiplicities is here slightly different with respect to the thin target

80

T2K replica-target mounted at NA61

https://indico.cern.ch/event/703880/contributions/3159044/attachments/1735667/2823451/t2k_flux_calculations_nuint2018_vladisavljevic.pdf
https://doi.org/10.1140/epjc/s10052-016-4440-y
https://doi.org/10.1140/epjc/s10052-016-3898-y
mailto:tomislav.vladisavljevic@stfc.ac.uk


(ii) GENIE [93,94] version 3.0.6: two model configura-
tions are compared: the “BRRFGþ hA” model uses
the G18_01a physics configuration, with the Rein-
Sehgal (RS) model for pion production, Bodek-
Ritchie empirical corrections of RFG (BRRFG
[95,96]) as the nuclear ground state model and

the hA (“empirical”) FSI model; the “LFGþ hN”
model uses the G18_10b physics configuration, with
the Berger-Sehgal model [97] for pion production,
local Fermi gas (LFG) as nuclear ground state and
the hN (“cascade”) FSI model. For both models, the
2018a free nucleon cross section model retune [98]
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FIG. 13. Measured differential cross sections per nucleon as a function of δpTT (top), pN (middle), and δαT (bottom), together with
predictions from NEUT, GENIE, GiBUU (left), and NuWro (right). In the tails of δpTT and pN (beyond the magenta lines), the cross sections
are scaled by a factor of 5 for better visualization. The legend also shows the χ2tot from Eq. (17).

FIRST T2K MEASUREMENT OF TRANSVERSE KINEMATIC … PHYS. REV. D 103, 112009 (2021)

112009-19

Analysis strategy: cross section model
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Neutrino cross-section model Cross-section data

• At ~0.6 GeV peak beam energy, neutrinos 
interact via charged current quasi-elastic 
(CCQE) scattering, with subdominant 
contributions from multi-nucleon “2p2h” and 
resonant CC1  scatteringπ
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• Main update for our latest oscillation result: 
using the Spectral Function CCQE initial 
state nuclear model (strongly favoured by 
electron scattering data) Tomislav Vladisavljevic (tomislav.vladisavljevic@stfc.ac.uk)

• Some of the most useful data for 
our model is still bubble chamber 
data from the 1980s!

We indirectly use T2K’s 
own cross section data 
as well, as it feeds back 
into model building (fig. 
from Phys. Rev. D 103, 
112009)

Initial Nucleon Momentum

https://doi.org/10.1016/0375-9474(94)90920-2
mailto:tomislav.vladisavljevic@stfc.ac.uk
https://link.aps.org/doi/10.1103/PhysRevD.103.112009
https://link.aps.org/doi/10.1103/PhysRevD.103.112009
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Tomislav Vladisavljevic (tomislav.vladisavljevic@stfc.ac.uk)

•  classes of neutrino interactions defined at ND280, split by:

• 3 Interaction Modes, based on pion content: 

18 = 3 × (1 + 2) × 2

CC0π, CC1π, CCOther (CCNπ, N > 1)

CC resonance production 
enriched sample

Deep inelastic scattering 
enriched sample

CCQE

enriched

No Pions One Pion Multiple Pions

CCRes

enriched

mailto:tomislav.vladisavljevic@stfc.ac.uk
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Tomislav Vladisavljevic (tomislav.vladisavljevic@stfc.ac.uk)

•  classes of neutrino interactions defined at ND280, split by:

• 1+2 Modes of Operation: Neutrino (  signal) and Anti-neutrino (  signal and  background)

• Separation of anti-neutrino mode samples by pion content is a new feature of this analysis!

18 = 3 × (1 + 2) × 2
νμ ν̄μ νμ

-Mode Signalν -Mode Signalν̄ -Mode Wrong-Sign 
Background

ν̄

mailto:tomislav.vladisavljevic@stfc.ac.uk
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Tomislav Vladisavljevic (tomislav.vladisavljevic@stfc.ac.uk)

•  classes of neutrino interactions defined at ND280, split by:

• 2 Detectors (Target Materials): FGD1 (C) and FGD2 (C+O)

18 = 3 × (1 + 2) × 2

Polystyrene Scintillator 
 Target(C6H5CHCH2)n

Polystyrene Scintillator 
 + Water Target(C6H5CHCH2)n

mailto:tomislav.vladisavljevic@stfc.ac.uk
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Figure 14: Number of events passing each selection stage for Runs 1-10 (left) and Run 10 only
(right) neutrino mode data, processed with ATMPD19b+FQv4r0b+NEUT5.4.0. MC distribu-
tions are made using oscillation parameters shown in Table.11 and are normalized to data using
POT.

Fri May 15 14:06:14 2020

 energy (MeV)νReconstructed 
0 500 1000

N
um

be
r o

f e
ve

nt
s/1

25
 M

eV

0

10

20

30

Run1-10 Data
 POT)2010×(19.66

 CCeνOsc. 
 CCeνOsc. 

 CCµν/µν
 CCeν/eνBeam 

NC
MC w/ T2K+DB bestfit

Fri May 15 14:06:11 2020

 energy (MeV)νReconstructed 
0 500 1000

N
um

be
r o

f e
ve

nt
s/1

25
 M

eV

0

2

4

6

8 Run10 Data
 POT)2010×(4.73

 CCeνOsc. 
 CCeνOsc. 

 CCµν/µν
 CCeν/eνBeam 

NC
MC w/ T2K+DB bestfit

Figure 15: Reconstructed neutrino energy distribution for the final selected νe candidates
for Runs 1-10 combined (left) and Run 10 only (right) neutrino mode data, processed with
ATMPD19b+FQv4r0b+NEUT5.4.0. MC distributions are made using oscillation parameters
shown in Table.11 and are normalized to data using POT.
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Figure 48: Number of events passing each selection stage for Runs 1-10 (left) and Run 10
only (right) neutrino mode data, both processed with ATMPD19b+FQv4r0b+NEUT5.4.0. MC
distributions are normalized to data using POT.
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Figure 49: Reconstructed neutrino energy distribution for the final selected νµ candidates for
Runs 1-10 combined (left) and Run 10 only (right) neutrino mode data, both processed with
ATMPD19b+FQv4r0b+NEUT5.4.0. MC distributions are normalized to data using POT.
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Figure 35: Reconstructed neutrino energy distribution for the final selected νe CC1π+-like
candidates for Runs 1-10 (left) and Run 10 only (right) neutrino mode data. Both data sets are
processed with ATMPD19b+FQv4r0b. MC distributions are normalized to data using POT.
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Figure 36: Distribution of the cosine of the angle between the reconstructed ring direction of
selected νe CC1π+-like candidates and the beam direction, for Runs 1-10 (left) and Run 10 only
(right). Both data sets are processed with ATMPD19b+FQv4r0b. The reconstructed neutrino
energy cut has been applied to this sample.
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π CC0  electron-like:

1 electron-like ring

π CC1  electron-like:

1 electron-like ring + 1 Michel electron
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Electron ring plus

decay electron from


π+ → μ+ → e+

Direct probe of muon neutrino survival Direct probes of electron neutrino 
appearance

318 events
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enriched CCRes enriched
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Figure 57: Number of events passing each selection stage for Runs 5-9 processed with
ATMPD14c+FQv4r0+NEUT5.3.2 (left) and ATMPD19b+FQv4r0b+NEUT5.4.0 (right) an-
tineutrino mode data. MC distributions are normalized to data using POT.
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Figure 58: Reconstructed neutrino energy distribution for the final selected ν̄µ
candidates for Runs 5-9 processed with ATMPD14c+FQv4r0+NEUT5.3.2 (left) and
ATMPD19b+FQv4r0b+NEUT5.4.0 (right) antineutrino mode data. MC distributions are nor-
malized to data using POT.
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Figure 24: Number of events passing each selection stage for all antineutrino mode data processed
with ATMPD14c+FQv4r0+NEUT5.3.2 (left) and ATMPD19b+FQv4r0b+NEUT5.4.0 (right).
MC distributions are made using oscillation parameters shown in Table.11 and are normalized
to data using POT.
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Figure 25: Reconstructed neutrino energy distribution of anti-neutrino mode data
for the final selected ν̄e candidates from ATMPD14c+FQv4r0+NEUT5.3.2 (left) and
ATMPD19b+FQv4r0b+NEUT5.4.0 (right). MC distributions are made using oscillation pa-
rameters shown in Table.11 and are normalized to data using POT.
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CC0  muon-like:

1 muon-like ring

π CC0  electron-like:

1 electron-like ring

π

Direct probe of muon neutrino survival Direct probe of

electron neutrino appearance

No CC1  electron-like sample in 
anti-neutrino mode, because of 

the high absorption of  in water

π

π−
137 events 16 events
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Analysis strategy: near detector fit
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ND280 detector model

ND280 data
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Beam monitor 
and INGRID data

Cross-section data

Near detector fit

Tomislav Vladisavljevic (tomislav.vladisavljevic@stfc.ac.uk)

• Fits to near detector data dramatically improve 
our predictive capabilities at Super-K (e.g. from 
13.0% to 4.7% systematic uncertainty on the 
pre-fit CC0  electron neutrino event rate)π

Tighter constraint on 
the CC0  event rate 

after the ND-fit
π
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Analysis strategy: full overview
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Neutrino flux model

Neutrino cross-section model

ND280 detector model

Super-K detector model
Oscillation fit

ND280 data

Super-K data

NA61/SHINE data

Beam monitor 
and INGRID data

Cross-section data

Near detector fit

T2K oscillation result!
Δm2

32, sin2 θ23, δCP

Tomislav Vladisavljevic (tomislav.vladisavljevic@stfc.ac.uk)

• Frequentist oscillation analyses: first fit to near 
detector data, then fit to Super-K data

Atmospheric 
neutrino data

For a recent published result 
check out: Nature 580, 339–
344 (2020)

mailto:tomislav.vladisavljevic@stfc.ac.uk
https://www.nature.com/articles/s41586-020-2177-0
https://www.nature.com/articles/s41586-020-2177-0


Analysis strategy: full overview

26

Neutrino flux model

Neutrino cross-section model

ND280 detector model

Oscillation fit

ND280 data

Super-K data

NA61/SHINE data

Beam monitor 
and INGRID data

Cross-section data

T2K oscillation result!
Δm2

32, sin2 θ23, δCP

Tomislav Vladisavljevic (tomislav.vladisavljevic@stfc.ac.uk)

• MaCh3 (Bayesian) oscillation analysis: 
simultaneous fit to near and far detector data


• T2K produces consistently converging results from 
the simultaneous and sequential fitting approaches

Super-K detector model
Atmospheric 

neutrino data

For a recent published result 
check out: Nature 580, 339–
344 (2020)

mailto:tomislav.vladisavljevic@stfc.ac.uk
https://www.nature.com/articles/s41586-020-2177-0
https://www.nature.com/articles/s41586-020-2177-0


 constraint, and external inputs from reactor neutrino 
experiments

δCP
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Tomislav Vladisavljevic (tomislav.vladisavljevic@stfc.ac.uk)

• We measure  both with and 
without the constraint on  from 
reactor neutrino experiments 
(2019 PDG Constraint)


• The tightest  constraint from 
T2K incorporates the  
measurement from combined 
reactor data, which will be 
assumed in all subsequent plots

δCP
θ13

δCP
θ13
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https://pdg.lbl.gov/2019/tables/contents_tables.html
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Figure 93: 1D ��
2 distributions for one ensemble of toys with true normal hierarchy and true

�CP = �⇡
2
, plotted against the data-fit result for comparison. The error bands are computed as

the interval containing all points where the density of toys per ��
2 exceeds a certain threshold,

where the threshold is adjusted to obtain the desired fraction of toys. Note that this procedure
is only used for producing these error bands, and is unrelated to the computation for the FC
critical ��

2 values.

excluded to 3� confidence level for inverted hierarchy (interval: [�2.82,�0.14] ), whereas for851

normal hierarchy we have the 3� confidence interval of [�⇡, 0.32][ [2.63,⇡] . Fig. 97 and Tab. 41852

show all confidence intervals at once.853

Table 41: Feldman-cousins confidence intervals for �CP.

Confidence level Interval (NH) Interval (IH)
1� [�2.66,�0.97]
90% [�3.00,�0.49] [�1.79,�1.09]
2� [�⇡,�0.26] [ [3.11,⇡] [�2.20,�0.75]
3� [�⇡, 0.32] [ [2.63,⇡] [�2.82,�0.14]
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 constraintδCP
• CP conservation excluded at 90% 

confidence level, with a preference for 
maximal CP violation 


•  not quite excluded at 2  

• Marginalised over both mass hierarchies, 
35% of  values excluded at 3  


• Largest  change from a series of 
robustness studies (cross section 
modelling bias) would cause the left 
(right) edge of the 90% CL region to 
move by 0.073 (0.080)

(δCP = − π/2)

δCP = π σ

δCP σ

Δχ2

mailto:tomislav.vladisavljevic@stfc.ac.uk


23θ2sin
0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7

]2
| (

IO
) [

eV
312

m
Δ

 (N
O

) /
 |

322
m

Δ
2.3

2.35

2.4

2.45

2.5

2.55

2.6

2.65

2.7
3−10×

Normal ordering

Inverted ordering

Best fit
68% C.L.
90% C.L.
99.7% C.L.

Result in atmospheric  sector(Δm2
32, sin2 θ23)

29

• Fitting to all 5 samples at Super-K

• Upper octant (normal ordering) 

preferred with Bayes factor 3.4 (4.2)


• No definitive conclusions can be 
drawn yet: Bayes factors within 

 are classified as either 
“substantial” (Jeffreys scale) or 
“positive” (Kass and Raferty scale)

(101
2,10)

sin
2 ✓23 < 0.5 sin

2 ✓23 > 0.5 Sum

NH (�m2
32 > 0) 0.195 0.613 0.808

IH (�m2
32 < 0) 0.035 0.157 0.192

Sum 0.230 0.770 1.000

1
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https://global.oup.com/academic/product/the-theory-of-probability-9780198503682?cc=gb&lang=en&
https://www.tandfonline.com/doi/abs/10.1080/01621459.1995.10476572
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Ongoing joint fits
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• T2K-NOvA and T2K-SuperK joint fits are ongoing (agreements have been signed, and 
working groups formed)


• Combining different detector/baseline/energy configurations resolves degeneracies 

• Expect an improved measurement sensitivity beyond a simple increase in statistics

T2K-NOvA meeting in J-PARC, Japan
T2K-NOvA meeting in Fermilab, USA
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Future of T2K
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• T2K data taking has been extended until 
the start of Hyper-K, as per KEK’s 
statement from 6 July 2020:


• More statistics expected with beam power 
increase from ~500 kW towards 1.3 MW


• Reduced systematic uncertainties 
expected with the upgraded ND280 
detector

T2K Experiment — NuTel21 February 22nd 2021

J-PARC main ring upgrades on-going


- 2x more pulse per second  
(One pulse every 2.5 s  1.3 s)


- Increase power from 515 kW 

to up to 1.3 MW


→

31

J-PARC beam upgrade

T2K T2K-II T2HK

  Boost statistical power during T2K-II

  Prepare for Hyper-Kamiokande T2K T2HK

mailto:tomislav.vladisavljevic@stfc.ac.uk


T2K Upgrade
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• Novel active target detector (~2 tons) and two TPCs to cover high-
angle escaping particles surrounded by a Time-of-Flight detector

• Coupled with the Main Ring power supply upgrade at J-PARC in 2021 
—> beam power from 0.5 to 1.3 MW

 5

ND280 upgrade

Scintillator 
Tracker

ToF

TPC

arXiv:1901.03750 
CERN-SPSC-2018-001 / SPSC-P-357 

• SuperFGD: novel active 
target detector, surrounded 
by high angle time projection 
chambers (HTPCs) and 
enclosed with time of flight 
(ToF) detectors


• Improved detector 
acceptance, efficiency, PID, 
timing resolution etc., 
feeding into reduction of 
cross section systematics 

• Installation at J-PARC 
planned for the second half 
of 2022 (this includes a delay 
estimate due to Covid-19)

For more details refer to the ND280 Upgrade Technical 
Design Report, at arXiv:1901.03750

18

Scintillator  cube

WLS fibers

Figure 2.1: Schematic concept of the SuperFGD structure. The size of each cube is 1£1£1 cm3.

Figure 2.2: Schematic of the signal routing for SuperFGD. The frontend electronics will be placed on
the left and right sides of the detector. Analog signal from the upstream and the top face will be routed
to left/right.

read out along three orthogonal directions by wavelength shifting (WLS) fibers. Figure 2.1

shows a conceptual drawing of SuperFGD. Each scintillator cube has three holes in x, y , and

z directions, where WLS fibers are inserted. One end of each WLS fiber is instrumented with a

Multi-Pixel Photon Counter (MPPC). Because SuperFGD will provide projections of charged

particle trajectories onto three planes without inactive regions, it will provide us significantly

more information on the neutrino interaction compared to the existing FGDs.

In the baseline design, the dimension of the active part of SuperFGD is 192£192£56

cubes, with the size of each cube being 1£1£1 cm3. The total numbers of cubes and readout

channels will be 2,064,384 cubes and 58,368 channels, respectively.

The MPPCs will be placed on the upstream, top, left and right side of the detector. For the

readout of y-z plane, half of MPPCs are placed on each of the left and right side in order to

equalize the density of readout channels. The analog signal from the upstream and the top

SuperFGD Design:
1x1x1 cm 

Scintillator cube
3

3 WLS fibres

192 cm 182 cm

56 cm

2 HTPCs Design:

72

Figure 3.2: Schematic view of the High-Angle TPC.

Table 3.1: Main parameters of the HA-TPC.

Parameter Value
Overall x £ y £ z (m) 2.0 £ 0.8 £ 1.8
Drift distance (cm) 90
Magnetic Field (T) 0.2

Electric field (V/cm) 275
Gas Ar-CF4-iC4H10 (%) 95 - 3 - 2

Drift Velocity cm/µs 7.8
Transverse diffusion (µm/

p
cm) 265

Micromegas gain 1000
Micromegas dim. z£y (mm) 340 £ 410

Pad z £ y (mm) 10 £ 11
N pads 36864

el. noise (ENC) 800
S/N 100

Sampling frequency (MHz) 25
N time samples 511

Drift volume

MicroMegas

Module frame

8 ERAMs

180 cm

90 cm

80 cm

2 million scintillator cubes

56k MPPCs for light readout

P0D sub-detector to be replaced 
with SuperFGD, HTPCs and ToFs
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ToFs Ready:

150 ps timing resolution
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The SuperFGD cubes and assembly

 20

• Already >70% of the layers 
assembled at INR Moscow

• Also developed another assembly 
method: ultrasonic welding to fix 
cubes to 0.1mm polystyrene sheet

• Prodution of ~2M cubes at UNIPLAST (~1.5M cubes already produced) 

• Fishing lines (∅=1.3mm) to assemble cubes ensuring proper alignment
✦ Eventually replace fishing lines with WLS fibers

1! ~ 25"m

Cube 
size

The SuperFGD cubes and assembly

 20

• Already >70% of the layers 
assembled at INR Moscow

• Also developed another assembly 
method: ultrasonic welding to fix 
cubes to 0.1mm polystyrene sheet

• Prodution of ~2M cubes at UNIPLAST (~1.5M cubes already produced) 

• Fishing lines (∅=1.3mm) to assemble cubes ensuring proper alignment
✦ Eventually replace fishing lines with WLS fibers

1! ~ 25"m

Cube 
size

T2K Upgrade: SuperFGD Preparation

33Tomislav Vladisavljevic (tomislav.vladisavljevic@stfc.ac.uk)

Figure 1. The picture of a small prototype is shown. Several cubes of extruded plastic scintillator with three
WLS fibers inserted in the three holes are assembled. The size of each cube is 1 ⇥ 1 ⇥ 1 cm3.

three-view readout looks appropriate. The fine granularity would allow to measure protons with
momenta down to 300 MeV/c. None of the above properties could be achieved with a scintillator
bar detector. In addition the light is enclosed within the cube and the light yield is expected to
be higher than in standard scintillator bars. In this configuration, the energy deposited by a given
ionizing particle is simultaneously collected by three WLS fibers, instead of only one, improving
pattern recognition and the light yield. Furthermore, in order to obtain three views, the energy
deposited by a particle in a single cube is enough. This is a tremendous advantage compared to
scintillator bar detectors where two views are provided by a particle depositing energy in at least

– 4 –

• All 2.1 million cubes have been 
assembled into 56 x-y layers at 
the Institute for Nuclear 
Research, Russia

11 x-y SuperFGD layers

45 x-y SuperFGD layers

INR SuperFGD Assembly Team:

mailto:tomislav.vladisavljevic@stfc.ac.uk


Conclusions
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Best Fit
σ1
σ2
σ3

0π

2
π

2
π-

-1.97

Run 1-10,

wRC and 

marginalised 
across mass 
hierarchies

Best Fit
σ1
σ2
σ3

0π

2
π

2
π-

-1.97

• Presented T2K’s oscillation result for Runs 1-10 
(data up to Feb 2020, 3.6x10   POT), with 33% 
more POT in -mode compared to earlier


•  conserving values excluded at 90% 
confidence level, with  not quite 
excluded at 2 


• Preference for maximum CP violation, normal 
mass ordering and upper  octant


• Ambitious upgrade of near detector planned for 
second half of 2022


• Future T2K data-taking has been approved until 
the start of Hyper-K

ν

δCP
δCP = π

σ

θ23

21
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T2K!
Hi, Super-

Kamiokande-

chan!

Watch out, 

muon neutrinos!

Something

different...?

No!

It’s Neutrino

Oscillation!

It's a 
miracle!

Wow !

Wow !

……

J-PARC-chan

Super-

Kamiokande-

chan

Any questions?
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Backup
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Neutrino oscillations, general expression

37

• Neutrino oscillations occur because of different flavour eigenstates (interacting 
states) and mass eigenstates (propagating states)

νe
νμ
ντ

=
1 0 0
0 c23 s23

0 −s23 c23

c13 0 s13e−iδCP

0 1 0
−s13eiδCP 0 c13

c12 s12 0
−s12 c12 0

0 0 1

1 0 0
0 eiλ21 0
0 0 eiλ31

ν1
ν2
ν3

sij = sin θij
cij = cos θij

θ23 ≈ 48∘

|Δm2
32 | ≈ |Δm2

31 | ≈ 2.5 × 10−3 eV2
θ12 ≈ 34∘

Δm2
21 ≈ 7.5 × 10−5 eV2

θ13 ≈ 8∘

δCP = ?

Tomislav Vladisavljevic (tomislav.vladisavljevic@stfc.ac.uk)

• Three flavour (anti)neutrino oscillation formula in vacuum:

P( να → νβ ) = δαβ − 4∑
k>j

Re {UαkU⋆
βkU

⋆
αjUβj} sin2

Δm2
kjL

4E
∓ 2∑

k>j

Im {UαkU⋆
βkU

⋆
αjUβj} sin 2

Δm2
kjL

4E
( − ) ( − )
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Backup
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The T2K Off-Axis Neutrino Flux

 (GeV)νE
0 1 2 3

 (A
.U

.)
29

5k
m

µν
Φ

0
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) eν 
→ µν

P(
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0.1
 = 0CPδNH,  = 0CPδIH, 

/2π = CPδNH, /2π = CPδIH, 

0 1 2 3

) µν 
→ µν

P(

0.5

1

 = 1.023θ22sin
 = 0.113θ22sin

2 eV-3 10× = 2.4 32
2m∆

• SK and ND280 are placed at 2.5°off-axis 
angle with respect to the primary proton 
beam direction

• On-axis near detector (INGRID) used to 
monitor beam stability and direction

• Off-axis beam makes the ν! flux more 
narrow and peaked around the energies 
needed for observing the first oscillation 
maximum at SK (295 km baseline)

• High energy tail gets reduced

Pion Momentum

N
eu

tri
no

 E
ne

rg
y

HEP Seminar, Imperial College, 22/01/2020Tomislav Vladisavljevic 9/61
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 appearance probability at T2Kνe (ν̄e)

39

• Electron (anti)neutrino appearance probability:

PT2K( νμ → νe ) = sin2 2θ13 sin2 θ23 sin2 Δm2
32L

4E

J = sin 2θ12 sin 2θ23 sin 2θ13 cos θ13 sin
Δm2

32L
4E

sin
Δm2

21L
4E

Plus sign for neutrinos

( − ) ( − ) CP-conserving terms

CP-violating term for δCP ≠ 0, π

+sin2 2θ13 sin2 θ23 sin2 Δm2
21L

4E

+J cos (
Δm2

32L
4E

± δCP)

Can be neglected at L/E of long 
baseline accelerator experiments

where

Tomislav Vladisavljevic (tomislav.vladisavljevic@stfc.ac.uk)

mailto:tomislav.vladisavljevic@stfc.ac.uk


Appearance probability at T2K including matter 
effect

40

• Electron (anti)neutrino appearance probability around oscillation maximum:

PT2K( νμ → νe ) ≈ sin2 2θ13 sin2 θ23 sin2 Δm2
32L

4E (1 ± 2a
Δm2

31
(1 − 2 sin2 θ13))

∓ sin 2θ12 sin 2θ23 sin 2θ13 cos θ13 sin δCP sin2 Δm2
32L

4E
sin

Δm2
21L

4E
Plus sign for anti-neutrinos

( − ) ( − )

where  depends on the electron density in Earth’s crust , and 
Fermi’s constant 

a = 2 2 GF ne E ne
GF

Tomislav Vladisavljevic (tomislav.vladisavljevic@stfc.ac.uk)

Minus sign for anti-neutrinos
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J-PARC facility

Main RingRCS

Neutrino 
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Linac
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• 400 MeV Linac ( ) to 3 GeV Rapid 
Cycling Synchrotron ( ) to 30 GeV 
Main Ring ( ) to 600 MeV Neutrino 
beam ( )


• Low duty cycle for neutrino beam, 
so beam induced events are 
selected based on event timing

H−

p
p

ν

• 8 bunches per spill, with a 
spill repetition cycle of 2.48 s


• 80 ns bunch width, and 580 
ns bunch separation 

Tomislav Vladisavljevic (tomislav.vladisavljevic@stfc.ac.uk)
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Particle identification at Super-K

42

Nature | www.nature.com | 3

Neutrinos are detected by observing the particles they produce when 
they interact. At neutrino energies of 0.6 GeV the dominant interac-
tion process is charged-current quasi-elastic (CCQE) scattering via the 
exchange of a W boson with a single neutron or proton bound in the 
target nucleus. In this process the neutrino (antineutrino) turns into 
a charged lepton (antilepton) of the same flavour. We are thereby able 
to identify the incoming neutrino’s flavour.

Our near detector facility consists of two detectors both located 
280 m downstream of the beam production target21. The INGRID detec-
tor23, located on the beam axis, monitors the direction and stability of 
the neutrino beam. The ND280 detector24–28 is located at the same angle 
away from the beam axis as SK, and characterizes the rate of neutrino 
interactions from the beam before oscillations have occurred, thereby 
reducing systematic errors. ND280 is magnetized so that charged lep-
tons and antileptons bend in opposite directions as they traverse the 
detector. This effect is used to measure the fraction of events in each 
beam mode that are from neutrino and antineutrino interactions. In 
this analysis, we select samples enriched in CCQE events and also sev-
eral control samples enriched in interactions from other processes, 
allowing their rates to be measured separately. Here we use ND280 data 
that include a neutrino beam exposure of 5.8 × 1020 (3.9 × 1020) protons 
hitting the T2K neutrino production target in neutrino (antineutrino) 
mode. The explanation for the smaller dataset in ND280 and its impact 
on the analysis method is described in the Methods.

SK is a 50-kt water detector instrumented with photo-multiplier tube 
light sensors29. In SK, Cherenkov light is produced as charged particles 
above a momentum threshold travel through the water. This light is 
emitted in ring patterns that are detected by the light sensors. Owing 
to their lower mass, electrons scatter much more frequently (both 
elastically and inelastically) than muons, so their Cherenkov rings are 
blurred. We use this blurring to identify the charged lepton’s flavour, 
as illustrated in Fig. 2. More information on the event reconstruction 
technique for SK data and the systematic uncertainty on SK modelling 
can be found in the Methods Section. SK is not magnetized, so there-
fore relies on ND280’s measurement of the neutrino and antineutrino 
composition of the beam in each mode.

We form five independent samples of SK events. For both neutrino- 
and antineutrino-beam mode there is a sample of events that contain 
a single muon-like ring (denoted 1µ), and a sample of events that con-
tain only a single electron-like ring (denoted 1e0de). These single-lepton 
samples are dominated by CCQE interactions. In neutrino-mode there 
is a sample containing an electron-like ring as well as the signature of 
an additional delayed electron from the decay of a charged pion and 
subsequent muon (denoted 1e1de). We do not use this sample in 
antineutrino-mode because charged pions from antineutrino interac-
tions are mostly absorbed by a nucleus before they decay. Identifying 
both muon and electron neutrino interactions in both the neutrino- and 
antineutrino-mode beams allows us to measure the probabilities for 
four oscillation channels: νµ → νµ and ν ν¯ → ¯µ µ, νµ → νe and ν ν¯ → ¯µ e.

We define a model of the expected number of neutrino events as a 
function of kinematic variables measured in our detectors with degrees 
of freedom for each of the oscillation parameters and for each source 
of systematic uncertainty. Systematic uncertainties arise in the mod-
elling of neutrino-nucleus interactions in the detector, the modelling 
of the neutrino production, and the modelling of the detector’s 
response to neutrino interaction products. Where possible, we con-
strain the model using external data. For example, the solar oscillation 
parameters, m∆ 21

2  and sin2θ12, whose values T2K is not sensitive to, are 
constrained using world average data2. While we are sensitive to sin2θ13, 
we use the combination of measurements from the Daya Bay, RENO 
and Double Chooz reactor experiments to constrain this parameter2, 
as they make a much more precise measurement than using T2K data 
alone (see Fig. 4a). We measure the oscillation parameters by doing a 
marginal likelihood fit of this model to our near and far detector data. 
We perform several analyses using both Bayesian and frequentist 

statistical paradigms. Exclusive measurements of neutrino or anti-
neutrino candidates in the near detector, one of which is shown in 
Fig. 3, strongly constrain the neutrino production and interaction 
models, reducing the uncertainty on the predicted number of events 
in the four single-lepton SK samples from 13–17% to 4–9%, depending 
on the sample. The 1e1de sample’s uncertainty is reduced from 22%  
to 19%.

A neutrino’s oscillation probability depends on its energy, as shown 
in equations (2) and (3). While the energy distribution of our neutrino 
beam is well understood, we cannot directly measure the energy of 
each incoming neutrino. Instead the neutrino’s energy must be inferred 
from the momentum and direction of the charged lepton that results 
from the interaction. This inference relies on the correct modelling 
of the nuclear physics of neutrino-nucleus interactions. Modelling 
the strong nuclear force in multi-body problems at these energies is 
not computationally tractable, so approximate theories are used30–33. 
The potential biases introduced by approximations in these theories 
constitute the largest sources of systematic uncertainties in this meas-
urement. For scale, the largest individual source contributes 7.1% of 
the overall 8.8% systematic uncertainty on the single electron-like ring 
ν-mode sample. Furthermore, as well as CCQE interactions, there are 
non-negligible contributions from interactions where additional  
particles were present in the final state but were not detected by our  
detectors. To check for bias from incorrect modelling of 
neutrino-nucleus interactions, we performed fits to simulated data 
sets generated assuming a range of different models of neutrino inter-
actions31,32. We compared the measurements of the oscillation param-
eters obtained from these fits with the measurement from a fit to 
simulated data generated assuming our default model. We observed 
no large biases in the obtained δCP best-fit values or changes in the 
interval sizes from any model tested. Biases are seen on m∆ 32

2 , and 
these have been incorporated in the analysis through an additional 
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Cross section model updates
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• Updates for our latest oscillation measurement (with the new 
NEUT 5.4.0 interaction model):


1. CCQE initial state nuclear model migrated from Relativistic 
Fermi Gas plus Random Phase Approximation to Spectral 
Function (strongly favoured by electron scattering data) 

2. Better (shell-dependent) treatment of removal energy comes 
with the SF CCQE model


3. More sophisticated treatments of the energy dependent 2p2h 
uncertainty, deep inelastic scattering uncertainty and final state 
interaction correlations between near and far detectors

Tomislav Vladisavljevic (tomislav.vladisavljevic@stfc.ac.uk)

https://www.actaphys.uj.edu.pl/fulltext?series=Reg&vol=40&page=2477
https://link.aps.org/doi/10.1103/PhysRevC.83.045501
https://link.aps.org/doi/10.1103/PhysRevC.83.045501
https://link.aps.org/doi/10.1103/PhysRevC.83.045501
https://doi.org/10.1016/0375-9474(94)90920-2
https://doi.org/10.1016/0375-9474(94)90920-2
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Systematic uncertainties before/after ND fit
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Table 21: Uncertainty on the number of event in each SK sample broken by error source after
the BANFF fit, where “2p2h Edep”, “BGRES

A low-p⇡”, “�(⌫e), �(⌫̄e)”, “NC �”, and “NC Other”
have been square summed to give the “Xsec (ND unconstrained)” component.

1Rµ 1Re
Error source (units: %) FHC RHC FHC RHC FHC CC1⇡+ FHC/RHC

Flux 2.9 2.8 2.8 2.9 2.8 1.4
Xsec (ND constr) 3.1 3.0 3.2 3.1 4.2 1.5

Flux+Xsec (ND constr) 2.1 2.3 2.0 2.3 4.1 1.7
Xsec (ND unconstrained) 0.6 2.5 3.0 3.6 2.8 3.8
SK+SI+PN 2.1 1.9 3.1 3.9 13.4 1.2

Total 3.0 4.0 4.7 5.9 14.3 4.3

Table 22: Uncertainty on the number of event in each SK sample broken by error source before
the BANFF fit.

1Rµ 1Re
Error source (units: %) FHC RHC FHC RHC FHC CC1⇡+ FHC/RHC

Flux 5.1 4.7 4.8 4.7 4.9 2.7
Cross-section (all) 10.1 10.1 11.9 10.3 12.0 10.4
SK+SI+PN 2.9 2.5 3.3 4.4 13.4 1.4

Total 11.1 11.3 13.0 12.1 18.7 10.7

Table 23: Priors used for the pre-ND-fit uncertainties.

Systematic shape parameters

2p2h norm. ⌫ gaussian 1± 1
2p2h norm. ⌫ gaussian 1± 1

2p2h low E⌫ ⌫ flat [0, 1]
2p2h high E⌫ ⌫ flat [0, 1]
2p2h low E⌫ ⌫ flat [0, 1]
2p2h high E⌫ ⌫ flat [0, 1]

CCQE Q
2 norm 0 gaussian 0.495± 0.165

CCQE Q
2 norm 1 gaussian 0.695± 0.145

CCQE Q
2 norm 2 gaussian 0.78± 0.13

CCQE Q
2 norm 3 gaussian 0.89± 0.15

CCQE Q
2 norm 4 gaussian 0.93± 0.16

CCQE Q
2 norm 5 gaussian 1.00± 0.11

CCQE Q
2 norm 6 gaussian 1.00± 0.18

CCQE Q
2 norm 7 gaussian 1.00± 0.4

BGRES

A low-p⇡ gaussian 0.738462± 1 (1.30± 1.30 in NIWG units)
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Before Near detector fit:

After Near detector fit:

mailto:tomislav.vladisavljevic@stfc.ac.uk


1.0−

0.8−

0.6−

0.4−

0.2−

0.0

0.2

0.4

0.6

0.8

1.0

T2K Preliminary

XSecFlux

X
Se

c
Fl

ux

Flux and Xsec Prefit Correlation Matrix

1.0−

0.8−

0.6−

0.4−

0.2−

0.0

0.2

0.4

0.6

0.8

1.0

T2K Preliminary

XSecFlux

X
Se

c
Fl

ux

Flux and Xsec Postfit Correlation Matrix

More on the near detector fit

45Tomislav Vladisavljevic (tomislav.vladisavljevic@stfc.ac.uk)

Near 
detector fit

Many more detector systematics enter the 
fit, which are nore shown here for clarity Anti-correlations between flux and 

cross section parameters after ND-fit
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Frequentist vs. Bayesian: Conceptual differences
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Markov Chain Monte 

Carlo technique
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Markov Chain Monte Carlo

47Tomislav Vladisavljevic (tomislav.vladisavljevic@stfc.ac.uk)

• MCMC algorithm presents an efficient 
solution for sampling from a complex 
multivariate posterior likelihood distribution


• The algorithm provides a recipe for building 
the Markov chain


• At each step, an ensemble of model 
parameters is either accepted or rejected 
based on a comparison with a metric


• Parameters in the resulting Markov Chain 
have a distribution density proportional to the 
posterior likelihood Figure from Adaptive Markov chain Monte Carlo algorithms for 

Bayesian inference: recent advances and comparative study

mailto:tomislav.vladisavljevic@stfc.ac.uk
https://doi.org/10.1080/15732479.2019.1628077
https://doi.org/10.1080/15732479.2019.1628077
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Full inference in 
Bayesian framework
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Marginalised over both 
mass hierarchies

Marginalised over both 
mass hierarchies
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Bias studies for oscillation 
analyses
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• The sturdiness of our analyses is tested by 
performing fits on simulated data from 
alternative theory and data driven models 

• No significant biases have been observed for 
 and 


• Slight bias observed for , which has 
been accounted for by adding a compensating 
uncertainty of 


• The slight bias on  is accounted for by 
reporting the maximum observed shift on the 

 contour boundary (here the contour is 
completely statistics dominated)
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Figure 80: 1-D likelihood surfaces for all parameters, with the reactor constraint on sin2 ✓13, assuming

normal hierarchy for the Martini 2p2h fake data.

105

0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7
23θ2sin

0

1

2

3

4

5

6

7

8

9

10

ln
L

Δ
-2

AsimovA
Martini2p2h

68% C.L.
90% C.L.
99.7% C.L.

(a) sin2 ✓23 with reactor constraint

0.002 0.0022 0.0024 0.0026 0.0028 0.003
]2 [eV32

2 mΔ

0

1

2

3

4

5

6

7

8

9

10

ln
L

Δ
-2

AsimovA
Martini

68% C.L.
90% C.L.
99.7% C.L.

(b) �m2
23 with reactor constraint

0.018 0.019 0.02 0.021 0.022 0.023 0.024 0.025 0.026
13θ2sin

0

1

2

3

4

5

6

7

8

9

10

ln
L

Δ
-2

AsimovA
Martini2p2h

68% C.L.
90% C.L.
99.7% C.L.

(c) sin2 ✓13 with reactor constraint

3− 2− 1− 0 1 2 3
CPδ

0

5

10

15

20

25
ln

L
Δ

-2

AsimovA
Martini

68% C.L.
90% C.L.
99.7% C.L.

(d) �CP with reactor constraint

Figure 80: 1-D likelihood surfaces for all parameters, with the reactor constraint on sin2 ✓13, assuming

normal hierarchy for the Martini 2p2h fake data.
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Figure 80: 1-D likelihood surfaces for all parameters, with the reactor constraint on sin2 ✓13, assuming

normal hierarchy for the Martini 2p2h fake data.
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Bayesian vs. Frequentist T2K Analyses Strategies
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MaCh3 P-Theta “MaCh3-like” P-Theta

Kinematic variables for 

Likelihood Binned Poisson likelihood 
ratio

Binned Poisson

likelihood ratio

Binned Poisson likelihood 
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Likelihood optimization Markov chain Monte Carlo Grid search and gradient 
descent

Grid search and gradient 
descent

Resulting contours/
limits

Bayesian credible 
intervals

Frequentist confidence 
intervals with Feldman 

Cousins

Frequentist confidence 
intervals with Feldman 

Cousins
Mass hierarchy 

inference
Bayes factor from fraction 
of points in each hierarchy

Bayes factor from 
likelihood integration

Frequentists p-value from 
generated PDF

Inputs from near 
detector

Simultaneous near+far 
detector joint fit
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matrix
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CC0π 1Re
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T2K always employs marginalisation rather than profiling 
because of inherently better non-Gaussian systematics treatment

Feldman 
Cousins method 
gives critical 

 values for 
the confidence 

intervals

Δχ2
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 octant preferenceθ23
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 contours consistency 
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• -like samples mostly degenerate with octant


• with reactor constraint the e-like samples favor upper octant
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Upper  octant preference is driven by the electron-like Cherenkov ring 
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• Can sequentially add improvements to 
the OA2018 analysis (Nature publication), 
and examine the measurement 
sensitivity:


A: Nature result

B: Improved cross section and flux 
models mentioned earlier

C: Using the updated reactor constraint 
on  (from 2019 Particle Data Group)

D: New Super-K calibration, causing 
some events to drop in and out from 
samples

E: Addition of the new Run 10 T2K data


• Greatest change in our measurement 
(slightly weaker constraint) is driven by 
the addition of new data

θ13
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• Change in electron neutrino 
event rate ~ (45%) between 

 and 


• Latest result is slightly closer 
to the PMNS prediction than 
last year

o
δCP = π/2 δCP = − π/2

Neutrino mode 1Re candidates
30 40 50 60 70 80 90 100 110

A
nt

in
eu

tri
no

 m
od

e 
1R

e 
ca

nd
id

at
es

8

10

12

14

16

18

20

22

24

0.55, 0.45, 0.50 = 23θ 2sin
4/c2 eV-310× = 2.4532

2mΔ
4/c2 eV-310× = -2.4331

2mΔ
π = CPδ

/2π = +CPδ
 = 0CPδ

/2π = -CPδ
Data (stat. errors only)

T2K Run 1-9 preliminary

Previous result

mailto:tomislav.vladisavljevic@stfc.ac.uk


23θ2sin
0.35 0.4 0.45 0.5 0.55 0.6 0.65

π
 / 

C
P

δ

0

0.2

0.4

0.6

0.8
1

1.2

1.4

1.6

1.8
2

T2K run 1-10 A 2020νNO Super-K 2020 Best fits

Normal
ordering,
90% C.L.

T2K
Preliminary

Combined oscillation parameter knowledge: 
current landscape

55

23θ2sin
0.35 0.4 0.45 0.5 0.55 0.6 0.65

]4
/c2

 [e
V

322
m

Δ

2

2.2

2.4

2.6

2.8

3

3−10×

T2K run 1-10 Super-K 2020

A 2020νNO IceCube 2017
Best fits

90% C.L.
Normal ordering

T2K Preliminary

Tomislav Vladisavljevic (tomislav.vladisavljevic@stfc.ac.uk)

NOvA 2020: results from here

Super-K 2020: preliminary results from here

IceCube 2017: results from here

Confidence level contours 
simply overlayed on top of 

each other here

Confidence level contours 
simply overlayed on top of 

each other here

Confidence level contours 
simply overlayed on top of 

each other here
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Fits to near detector data: cross section model 
parameters

Prior to ND280 constraint

After ND280 constraint

Prior to ND280 constraint

After ND280 constraint
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Joint fit to near and far detector data: muon-like 
samples at Super-K
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Joint fit to near and far detector data: electron-like 
samples at Super-K
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