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Open questions:

• value of  → if , CP violation


• sign of  (mass ordering)


• is  maximal? octant? (i.e.  <  or  > )
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CHAPTER 1. PHYSICS 11

a phase-convention invariant measure of CP violation. In the standard parametrization
of the PMNS matrix

U =




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



 (1.1.30)

cij ≡ cos θij (1.1.31)

sij ≡ sin θij (1.1.32)

this is proportional to sin δCP (and sines and cosines of the three mixing angles θ12, θ23,
θ13). Since this CP violation term is just the last term in the oscillation formula (1.1.22),
it is in principle possible to constrain δCP without preparing an anti-neutrino beam, by
measuring the energy-dependency of the appearance probability.

CP violation in neutrino oscillation demands three neutrino flavors as can be shown
by counting the number of CP violating complex phases (evidently J = 0 if U is real).
The PMNS matrix U is an element of U(N), which has N2 degrees of freedom (N2 − 1
from the traceless hermitian generators and one overall U(1) phase). U(N) contains the
(real) orthogonal matrices O(N) with N(N − 1)/2 degrees of freedom. This leaves us
with N(N + 1)/2 complex phases. We can now try to write U as a sandwich product of
2N diagonal phases and an O(N) core:

Uαi
?
= exp(iφα)Rαi exp(iψi) (R ∈ O(N)) (1.1.33)

where the equality holds if the number of independent degrees of freedom is N2. Such
diagonal phases are CP conserving (in fact have no effect on neutrino oscillation at all):

U∗
αiUβiUαjU

∗
βj = RαiRβiRαjRβj ∈ R. (1.1.34)

So we may think the number of CP violating phases for U(N) is max{N(N + 1)/2− 2N, 0}
(0, 0, 2, 5, . . . for N = 2, 3, 4, 5, . . .), requiring N ≥ 4 generations for CP violation. How-
ever, one overall phase of φα and ψi commutes with R (it’s just a c-number) and is thus
degenerate. The number of independent complex diagonal phases is therefore reduced by
1. This means the number of CP violating phases really is

#CPV = max

{
N(N − 3)

2
+ 1, 0

}
(1.1.35)

(#CPV = 0, 1, 3, 6, . . . for N = 2, 3, 4, 5, . . .) and CP violation in neutrino oscillation
becomes possible with N ≥ 3 generations. The diagonal phases that we were able to
ignore for neutrino oscillation (called Majorana phases), can still have a physical meaning
if the neutrino is Majorana, and play a role in neutrino-less double-beta decay.

The discussion above was given by Kobayashi and Maskawa [12] to explain the already
observed CP violation in the quark sector by introducing a third generation of quarks.
The mixing matrix is called the Cabibbo-Kobayashi-Maskawa (CKM) matrix and has
very small mixing angles unlike the PMNS matrix. This causes a very small value of the
Jarlskog constant J = (3.18± 0.15)× 10−5 [13]. When studying the impact on the size of
the baryon asymmetry of the universe (BAU) we get additional factors of squared mass
differences (m2
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This talk 
Neutrino 2022: paper in prep.

515 kW operation!

Analyzed:  protons on target (POT)  
                 -mode : -mode

3.6 × 1021

ν ν̄ ∼ 6 : 5

The international journal of science / 16 April 2020

THE MIRROR CRACK’DAn indication of matter–antimatter  
symmetry violation in neutrinos
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Nature (early 2020) + more extensive 
analysis published (Phys.Rev.D 103, 112008)

Additional run 11 data taken early 2021 
(with Gd at SK), not used in this analysis

same data, 

many analysis 
improvements!

 Neutrino 2020: paper to be submitted
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.112008


Analysis 
strategy

• Beam monitors + hadron 
production experiments  
→ neutrino flux


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


• 6 samples at SK 
→  disappearance + 
      appearance
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• Beam monitors + hadron 
production experiments  
→ neutrino flux


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


• 6 samples at SK 
→  disappearance + 
      appearance
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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
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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
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Replica target data 
Eur. Phys. J. C (2019) 79:100

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

Beam line modeling

K,p in this analysis

Hadron interaction uncertainty at high-E reduced 
thanks to higher-statistics NA61 measurement that 
includes kaon yields from replica of T2K target.

Hadron production experiments

K,p in previous analysis
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, K , p±More realistic modeling 
of cooling water in horns 
slightly increased 
uncertainty at flux peak

← 
Beam 
monitors
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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

Replica target data 
Eur. Phys. J. C (2019) 79:100

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

Beam line modeling

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
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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
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K,p in this analysis

Hadron interaction uncertainty at high-E reduced 
thanks to higher-statistics NA61 measurement that 
includes kaon yields from replica of T2K target.

Hadron production experiments

K,p in previous analysis
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, K , p±

More realistic modeling 
of cooling water in horns 
slightly increased 
uncertainty at flux peak

← 
Beam 
monitors

7

New NA61/SHINE measurements, and experiments to 
understand horn cooling water distributions 
are being performed for further reduction of systematics

T2K replica 
target

p
π, K, ⋯

Photo from summer 2022
(by Eric D. Zimmerman, NA61/SHINE)
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Doubled amount of ND280 data since last analysis 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Multi-ring sample added for the first time

μ-like ring e-like ring

Thu Jun 25 09:45:18 2020
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Figure 1: Schematic illustration of a νµ CC1π+ event in SK.

Part I

Development of νµ CC1π+ event selection

Increasing data statistics is crucial to improve the oscillation measurements. In the T2K beam
energy region, CC resonant 1π production is the second dominant charged current interaction
following CCQE. Adding the CC1π-dominant data samples to the oscillation analyses has po-
tential to increase T2K constraints on oscillation parameters. The samples including charged
pion can be constructed only for events accumulated with forward horn current operation pe-
riod, since identifying π− generated by anti-neutrino interaction is difficult because they are
easily captured by oxygen nuclei and have small probability to create a detectable signal in SK.
Recently, the νe CC1π sample with invisible π+ was developed and successfully implemented
into the oscillation analysis [1][2].

A schematic image of a νµ CC1π+ event is shown in Figure 1. A muon creates one solid
Cherenkov ring and a delayed decay-electron ring. A charged pion creates zero to two rings
depending on its FSI and SI. The muon generated by pion decay-at-rest has momentum below
Cherenkov threshold, thus cannot be observed in SK. A decay-electron is created if the pion is
not captured by an oxygen nucleus.

This part describes a study to construct T2K-SK event samples dominated by νµ CC1π+

events. Firstly, the selection optimization strategy and software setup are introduced in Section
2. Section 3 focuses on the set of pre-selections. The best set of selection cuts are searched in
Section 4. Neutrino energy reconstruction is discussed in Section 5, and its quality is checked in
Section 6.

1 Optimization strategy

1.1 Strategy

The ideal way to optimize event selections is to study sensitivities to oscillation parameters as
presented in [3]. To do that, we need to estimate systematic uncertainty beforehand. For νµ

4

18Far detector samples
New sample

➢ New analysis adds a far detector sample targeting 
νμ CC1π+ interactions in ν-mode

➢ Combination of 1Rµ + 2 M.e and 2 rings events
➢ Increase ν-mode µ-like statistics by ~30%
➢ Sensitive to oscillations, but higher energy than 

nominal µ-like sample
➢ Dominated by different interaction mode

First use of multi-ring events in T2K 1Rµ sample

New sample
ν-mode

T2K preliminary
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Constraints on  
and mass ordering

δCP
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Large region excluded at 3σ


CP-conservation {0, π} 
excluded at 90%, 
π is within 2σ


Weak preference of 
normal ordering


Slightly weaker compared to 2020 
analysis, mainly due to updated 
model with new ND samples
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• Asimov sensitivity (roughly the expectation of shown ) for rejecting the CP conservation hypothesis for various values of true 
dcp (i.e. for an actual experiment one would obtain a single data-point only). Here the best  over the four CP conserving points 
is is compared against the best  over  and the two mass orderings.


• For true  in NO and true  in IO, T2K cannot exclude CP conservation due to MO-degeneracy. SK’s MO-
sensitivity is able to break this degeneracy.


• Note: the -axis values cannot be directly translated to a p-value (i.e. it is not equal to the square of sigmas).
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• Asimov sensitivity (roughly the expectation of shown ) for rejecting the CP conservation hypothesis for various values of true 
dcp (i.e. for an actual experiment one would obtain a single data-point only). Here the best  over the four CP conserving points 
is is compared against the best  over  and the two mass orderings.


• For true  in NO and true  in IO, T2K cannot exclude CP conservation due to MO-degeneracy. SK’s MO-
sensitivity is able to break this degeneracy.


• Note: the -axis values cannot be directly translated to a p-value (i.e. it is not equal to the square of sigmas).
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• Asimov sensitivity (roughly the expectation of shown ) for rejecting the CP conservation hypothesis for various values of true 
dcp (i.e. for an actual experiment one would obtain a single data-point only). Here the best  over the four CP conserving points 
is is compared against the best  over  and the two mass orderings.


• For true  in NO and true  in IO, T2K cannot exclude CP conservation due to MO-degeneracy. SK’s MO-
sensitivity is able to break this degeneracy.


• Note: the -axis values cannot be directly translated to a p-value (i.e. it is not equal to the square of sigmas).
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• Asimov sensitivity (roughly the expectation of shown ) for rejecting the CP conservation hypothesis for various values of true 
dcp (i.e. for an actual experiment one would obtain a single data-point only). Here the best  over the four CP conserving points 
is is compared against the best  over  and the two mass orderings.


• For true  in NO and true  in IO, T2K cannot exclude CP conservation due to MO-degeneracy. SK’s MO-
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First sensitivity study  
in collaboration of 
both experiments

Ongoing 
joint fits

17

• Joint fits between experiments 
with different oscillation baselines/
energies and detector technologies


→ expect increased sensitivity in 
, mass ordering,  octant 

beyond stats increase from 
resolved degeneracies and  
syst constraints


• important to understand potentially 
non-trivial syst. correlations 
between experiments

δCP θ23

SK + T2K  
atmospheric + accelerator

First results expected soon!

NOνA + T2K  
810 km / 295 km
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• Asimov sensitivity (roughly the expectation of shown ) for rejecting the CP conservation hypothesis for various values of true 
dcp (i.e. for an actual experiment one would obtain a single data-point only). Here the best  over the four CP conserving points 
is is compared against the best  over  and the two mass orderings.


• For true  in NO and true  in IO, T2K cannot exclude CP conservation due to MO-degeneracy. SK’s MO-
sensitivity is able to break this degeneracy.


• Note: the -axis values cannot be directly translated to a p-value (i.e. it is not equal to the square of sigmas).
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• Asimov sensitivity (roughly the expectation of shown ) for rejecting the CP conservation hypothesis for various values of true 
dcp (i.e. for an actual experiment one would obtain a single data-point only). Here the best  over the four CP conserving points 
is is compared against the best  over  and the two mass orderings.


• For true  in NO and true  in IO, T2K cannot exclude CP conservation due to MO-degeneracy. SK’s MO-
sensitivity is able to break this degeneracy.


• Note: the -axis values cannot be directly translated to a p-value (i.e. it is not equal to the square of sigmas).
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• Asimov sensitivity (roughly the expectation of shown ) for rejecting the CP conservation hypothesis for various values of true 
dcp (i.e. for an actual experiment one would obtain a single data-point only). Here the best  over the four CP conserving points 
is is compared against the best  over  and the two mass orderings.


• For true  in NO and true  in IO, T2K cannot exclude CP conservation due to MO-degeneracy. SK’s MO-
sensitivity is able to break this degeneracy.


• Note: the -axis values cannot be directly translated to a p-value (i.e. it is not equal to the square of sigmas).
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• Asimov sensitivity (roughly the expectation of shown ) for rejecting the CP conservation hypothesis for various values of true 
dcp (i.e. for an actual experiment one would obtain a single data-point only). Here the best  over the four CP conserving points 
is is compared against the best  over  and the two mass orderings.


• For true  in NO and true  in IO, T2K cannot exclude CP conservation due to MO-degeneracy. SK’s MO-
sensitivity is able to break this degeneracy.


• Note: the -axis values cannot be directly translated to a p-value (i.e. it is not equal to the square of sigmas).
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NOνA + T2K

• Joint fits between experiments 
with different oscillation baselines/
energies and detector technologies


→ expect increased sensitivity in 
, mass ordering,  octant 

beyond stats increase from 
resolved degeneracies and  
syst constraints


• important to understand potentially 
non-trivial syst. correlations 
between experiments

δCP θ23

SK + T2K  
atmospheric + accelerator

First results expected soon!

  
810 km / 295 km

Degeneracy with 
mass ordering 

↓
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• Asimov sensitivity (roughly the expectation of shown ) for rejecting the CP conservation hypothesis for various values of true 
dcp (i.e. for an actual experiment one would obtain a single data-point only). Here the best  over the four CP conserving points 
is is compared against the best  over  and the two mass orderings.


• For true  in NO and true  in IO, T2K cannot exclude CP conservation due to MO-degeneracy. SK’s MO-
sensitivity is able to break this degeneracy.


• Note: the -axis values cannot be directly translated to a p-value (i.e. it is not equal to the square of sigmas).
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• Asimov sensitivity (roughly the expectation of shown ) for rejecting the CP conservation hypothesis for various values of true 
dcp (i.e. for an actual experiment one would obtain a single data-point only). Here the best  over the four CP conserving points 
is is compared against the best  over  and the two mass orderings.


• For true  in NO and true  in IO, T2K cannot exclude CP conservation due to MO-degeneracy. SK’s MO-
sensitivity is able to break this degeneracy.


• Note: the -axis values cannot be directly translated to a p-value (i.e. it is not equal to the square of sigmas).
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• Asimov sensitivity (roughly the expectation of shown ) for rejecting the CP conservation hypothesis for various values of true 
dcp (i.e. for an actual experiment one would obtain a single data-point only). Here the best  over the four CP conserving points 
is is compared against the best  over  and the two mass orderings.


• For true  in NO and true  in IO, T2K cannot exclude CP conservation due to MO-degeneracy. SK’s MO-
sensitivity is able to break this degeneracy.


• Note: the -axis values cannot be directly translated to a p-value (i.e. it is not equal to the square of sigmas).
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• Asimov sensitivity (roughly the expectation of shown ) for rejecting the CP conservation hypothesis for various values of true 
dcp (i.e. for an actual experiment one would obtain a single data-point only). Here the best  over the four CP conserving points 
is is compared against the best  over  and the two mass orderings.


• For true  in NO and true  in IO, T2K cannot exclude CP conservation due to MO-degeneracy. SK’s MO-
sensitivity is able to break this degeneracy.


• Note: the -axis values cannot be directly translated to a p-value (i.e. it is not equal to the square of sigmas).
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First sensitivity study  
in collaboration of 
both experiments

Ongoing 
joint fits
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NOνA + T2K

• Joint fits between experiments 
with different oscillation baselines/
energies and detector technologies


→ expect increased sensitivity in 
, mass ordering,  octant 

beyond stats increase from 
resolved degeneracies and  
syst constraints


• important to understand potentially 
non-trivial syst. correlations 
between experiments

δCP θ23

SK + T2K  
atmospheric + accelerator

First results expected soon!

  
810 km / 295 km
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Figure 7: A schematic view of the Super-Kamiokande Detector.

4.3 Far detector: Super-Kamiokande

The far detector, Super-Kamiokande, is located in the Kamioka Observatory, Institute

for Cosmic Ray Research (ICRR), University of Tokyo, which has been successfully taking
data since 1996. The detector is also used as a far detector for K2K experiment. It is a

50,000 ton water Čerenkov detector located at a depth of 2,700 meters water equivalent
in the Kamioka mine in Japan. Its performance and results in atmospheric neutrinos

or solar neutrinos have been well documented elsewhere[1, 5, 6]. A schematic view of
detector is shown as Fig 7. The detector cavity is 42 m in height and 39 m in diameter,
filled with 50,000 tons of pure water. There is an inner detector (ID), 33.8 m diameter and

36.2 m high, surrounded by an outer detector (OD) of approximately 2 m thick. The inner
detector has 11,146 50 cm φ photomultiplier tubes (PMTs), instrumented on all surfaces

of the inner detector on a 70.7 cm grid spacing. The outer detector is instrumented with
1,885 20 cm φ PMTs and used as an anti-counter to identify entering/exiting particles
to/from ID. The fiducial volume is defined as 2 m away from the ID wall, and the total

fiducial mass is 22,500 ton. Čerenkov rings produced by relativistic charged particles are
detected by ID PMT’s. The trigger threshold is recently achieved to be 4.3 MeV. The

pulse hight and timing information of the PMT’s are fitted to reconstruct the vertex,
direction, energy, and particle identification of the Čerenkov rings. A typical vertex,

angular and energy resolution for a 1 GeV µ is 30 cm, 3◦ and 3% for vertex, respectively.
The Čerenkov ring shapes, clear ring for muons and fuzzy ring for electrons, provides
good e/µ identification. A typical rejection factor to separate µ’s from e’s (or vice versa)

is about 100 for a single Čerenkov ring events at 1 GeV. The e’s and µ’s are further
separated by detecting decay electrons from the µ decays. A typical detection efficiency

of decay electrons from cosmic stopping muons is roughly 80% which can be improved
by further analysis. A 4π coverage around the interaction vertex provides an efficient π0

detection and e/π0 separation as discussed in sections 5.2 amd 5.3.
Interactions of neutrinos from the accelerator are identified by synchronizing the tim-
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Figure 2.5: Left: Schematic overview of the SuperK detector (source [23]). Top right: The
inside of the SuperK tank, as seen from the bottom outer detector during the 2018
refurbishment works. The outer detector acts as a veto for any charged particles (e.g.
cosmic muons) entering the detector from the outside. Bottom right: Photo taken during
the re-filling of SuperK after the refurbishment works. One can see the large PMTs on the
walls even deep into the water because of the extreme purity. During normal detector
operation, the detector is filled with water to the top and optically isolated from the
outside (i.e. the inside is absolutely dark). Photos from [24].

To directly constrain the neutrino-flux energy spectrum at off-axis in the SuperK di-
rection, the ND280 detector is installed at roughly the same 2.5 degrees off-axis in the
direction of SuperK. It has a modular structure (Fig. 2.4) with three gas time projection
chambers (TPCs), two active targets composed of scintillator bars called fine grained
detectors (FGD), and on the upstream end a π0 detector (PØD, sandwich of scintillators,
thin lead sheets and fillable water container layers) to constrain the neutral current in-
teractions ν +N → π0 +N +X in water, which don’t produce a charged lepton. These
detectors are surrounded from all sides by electromagnetic calorimeters (ECAL) for mea-
suring the energy of electrons and gammas (mainly from π0 decay). It is fully enclosed
in a magnet inherited from the UA1 experiment at CERN, to measure the momenta and
charges of generated charged particles. In addition to constraining the flux parameters,
ND280 provides essential measurements of differential neutrino cross sections on various
materials installed in the detector.

2.1.3 Super-Kamiokande detector

Super-Kamiokande (SuperK, SK) [25] is a giant water Cherenkov detector containing
50,000 tons of ultra-pure water, 1000m underground in the Kamioka mine of the Gifu
mountains (Fig. 2.5). The detector walls are lined with 11,000 photo-multiplier tubes (PMTs)
which detect the faint Cherenkov light emitted by relativistic particles traveling through
the water. By reconstructing the Cherenkov ring from PMT charges and hit timings,
one can infer the momentum, direction and interaction point of the particle, as well as

ICRR, “Super-kamiokande refurbishment,” http://www-
sk.icrr.u-tokyo.ac. jp/sk/tankopen2018/index-e.html (2018). 

50 kton pure water
~ 11,000 PMTs
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Neutrons at SuperK
(far detector)

• Neutron tagging at SK very interesting 
for  and CC/NC separation, 
requires good prediction of multiplicity


• Measured multiplicity using T2K 
beam, all generators over-predict


• Note: measurement uses 
data before adding Gd (H-capture)

ν/ν

27Neutron multiplicities at Super-K

ν-mode ν-mode

● Use of neutron tagging interesting in water Cerenkov detectors to separate ν/ν, 
CC/NC ν interaction and reject backgrounds

● Use in analysis requires good ability to predict neutron productions in neutrino 
interactions, taking into account final state and secondary interactions

● Using neural network based tagging algorithm, compared number of neutrons 
observed in µ-like samples for oscillation analysis (old analysis, run 1-9 = neutrino 
2018) to predictions

● All generator considered found to over-predict neutron production

T2K preliminary T2K preliminary

5.3.2 5.3.2
18.02.1 18.02.1
2.12.10 2.12.10
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4.3 Far detector: Super-Kamiokande

The far detector, Super-Kamiokande, is located in the Kamioka Observatory, Institute

for Cosmic Ray Research (ICRR), University of Tokyo, which has been successfully taking
data since 1996. The detector is also used as a far detector for K2K experiment. It is a

50,000 ton water Čerenkov detector located at a depth of 2,700 meters water equivalent
in the Kamioka mine in Japan. Its performance and results in atmospheric neutrinos

or solar neutrinos have been well documented elsewhere[1, 5, 6]. A schematic view of
detector is shown as Fig 7. The detector cavity is 42 m in height and 39 m in diameter,
filled with 50,000 tons of pure water. There is an inner detector (ID), 33.8 m diameter and

36.2 m high, surrounded by an outer detector (OD) of approximately 2 m thick. The inner
detector has 11,146 50 cm φ photomultiplier tubes (PMTs), instrumented on all surfaces

of the inner detector on a 70.7 cm grid spacing. The outer detector is instrumented with
1,885 20 cm φ PMTs and used as an anti-counter to identify entering/exiting particles
to/from ID. The fiducial volume is defined as 2 m away from the ID wall, and the total

fiducial mass is 22,500 ton. Čerenkov rings produced by relativistic charged particles are
detected by ID PMT’s. The trigger threshold is recently achieved to be 4.3 MeV. The

pulse hight and timing information of the PMT’s are fitted to reconstruct the vertex,
direction, energy, and particle identification of the Čerenkov rings. A typical vertex,

angular and energy resolution for a 1 GeV µ is 30 cm, 3◦ and 3% for vertex, respectively.
The Čerenkov ring shapes, clear ring for muons and fuzzy ring for electrons, provides
good e/µ identification. A typical rejection factor to separate µ’s from e’s (or vice versa)

is about 100 for a single Čerenkov ring events at 1 GeV. The e’s and µ’s are further
separated by detecting decay electrons from the µ decays. A typical detection efficiency

of decay electrons from cosmic stopping muons is roughly 80% which can be improved
by further analysis. A 4π coverage around the interaction vertex provides an efficient π0

detection and e/π0 separation as discussed in sections 5.2 amd 5.3.
Interactions of neutrinos from the accelerator are identified by synchronizing the tim-
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Figure 2.5: Left: Schematic overview of the SuperK detector (source [23]). Top right: The
inside of the SuperK tank, as seen from the bottom outer detector during the 2018
refurbishment works. The outer detector acts as a veto for any charged particles (e.g.
cosmic muons) entering the detector from the outside. Bottom right: Photo taken during
the re-filling of SuperK after the refurbishment works. One can see the large PMTs on the
walls even deep into the water because of the extreme purity. During normal detector
operation, the detector is filled with water to the top and optically isolated from the
outside (i.e. the inside is absolutely dark). Photos from [24].

To directly constrain the neutrino-flux energy spectrum at off-axis in the SuperK di-
rection, the ND280 detector is installed at roughly the same 2.5 degrees off-axis in the
direction of SuperK. It has a modular structure (Fig. 2.4) with three gas time projection
chambers (TPCs), two active targets composed of scintillator bars called fine grained
detectors (FGD), and on the upstream end a π0 detector (PØD, sandwich of scintillators,
thin lead sheets and fillable water container layers) to constrain the neutral current in-
teractions ν +N → π0 +N +X in water, which don’t produce a charged lepton. These
detectors are surrounded from all sides by electromagnetic calorimeters (ECAL) for mea-
suring the energy of electrons and gammas (mainly from π0 decay). It is fully enclosed
in a magnet inherited from the UA1 experiment at CERN, to measure the momenta and
charges of generated charged particles. In addition to constraining the flux parameters,
ND280 provides essential measurements of differential neutrino cross sections on various
materials installed in the detector.

2.1.3 Super-Kamiokande detector

Super-Kamiokande (SuperK, SK) [25] is a giant water Cherenkov detector containing
50,000 tons of ultra-pure water, 1000m underground in the Kamioka mine of the Gifu
mountains (Fig. 2.5). The detector walls are lined with 11,000 photo-multiplier tubes (PMTs)
which detect the faint Cherenkov light emitted by relativistic particles traveling through
the water. By reconstructing the Cherenkov ring from PMT charges and hit timings,
one can infer the momentum, direction and interaction point of the particle, as well as

ICRR, “Super-kamiokande refurbishment,” http://www-
sk.icrr.u-tokyo.ac. jp/sk/tankopen2018/index-e.html (2018). 
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Neutrons at SuperK
(far detector)

33Neutron tagging using Gd

➢ During summer of 2020, Super-K was loaded with Gd sulfate, giving improved 
neutron tagging ability

➢ T2K already recorded data (“Run 11”) during this SK-Gd phase
➢ Not yet used in analysis, but could see the neutron capture signal in those data
➢ Potential for better neutron production measurements, and use of n tagging 

information in analysis

8 MeV � cascade

Nb hits in 50ns window

before beam timing

After beam timing

Events in 440µs window before 
and after expected beam timing

p0*exp(-p1/t)+cte

Exponential decrease of nb of events after beam 
timing. Time constant consistent with expected capture 
time on Gd (115 µs)

T2K preliminary

Exponential decrease of #events 
after beam timing consistent with 
Gd capture time constant (115 μs)

33Neutron tagging using Gd

➢ During summer of 2020, Super-K was loaded with Gd sulfate, giving improved 
neutron tagging ability

➢ T2K already recorded data (“Run 11”) during this SK-Gd phase
➢ Not yet used in analysis, but could see the neutron capture signal in those data
➢ Potential for better neutron production measurements, and use of n tagging 

information in analysis

8 MeV � cascade

Nb hits in 50ns window

before beam timing

After beam timing

Events in 440µs window before 
and after expected beam timing

p0*exp(-p1/t)+cte

Exponential decrease of nb of events after beam 
timing. Time constant consistent with expected capture 
time on Gd (115 µs)

T2K preliminary

After addition of Gadolinium…

Aim to measure neutron multiplicity 
on Gadolinium in future

• Neutron tagging at SK very interesting 
for  and CC/NC separation, 
requires good prediction of multiplicity


• Measured multiplicity using T2K 
beam, all generators over-predict


• Note: measurement uses 
data before adding Gd (H-capture)

ν/ν

27Neutron multiplicities at Super-K

ν-mode ν-mode

● Use of neutron tagging interesting in water Cerenkov detectors to separate ν/ν, 
CC/NC ν interaction and reject backgrounds

● Use in analysis requires good ability to predict neutron productions in neutrino 
interactions, taking into account final state and secondary interactions

● Using neural network based tagging algorithm, compared number of neutrons 
observed in µ-like samples for oscillation analysis (old analysis, run 1-9 = neutrino 
2018) to predictions

● All generator considered found to over-predict neutron production

T2K preliminary T2K preliminary

5.3.2 5.3.2
18.02.1 18.02.1
2.12.10 2.12.10
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Beam line 
upgrade

• Increase beam power from 
~500 kW to 1.3 MW via upgrades 
to main ring power supply and RF 
(mostly increased rep rate)


• Many upgrades to neutrino beam 
line (target, beam monitors, …) 
ongoing to accept 1.3 MW beam


• Increase horn current 
250 kA → 320 kA for ~10% more 
ν/beam-power and reduced wrong-
sign background

TDR: arXiv:1908.05141 [physics.ins-det]
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T2K Target POT (Protons-On-Target)

Target MR beam power and accumulated POT 
as a function of Japanese Fiscal Year (2)

• Red solid line : target MR beam power 
• Blue solid line : target accumulated POT

Target MR beam power and accumulated POT 
as a function of Japanese Fiscal Year (2)

• Red solid line : target MR beam power 
• Blue solid line : target accumulated POT

New POT plot assuming 4 month/year

2021 2022 2023 2024 2025 2026 20272020

T2K Projected POT (Protons-On-Target)

T2K Work in Progress

Aiming for 320 kA operation in next run (end of April)!

New Horn1

https://arxiv.org/abs/1908.05141
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Beam line 
upgrade

• Increase beam power from 
~500 kW to 1.3 MW via upgrades 
to main ring power supply and RF 
(mostly increased rep rate)


• Many upgrades to neutrino beam 
line (target, beam monitors, …) 
ongoing to accept 1.3 MW beam


• Increase horn current 
250 kA → 320 kA for ~10% more 
ν/beam-power and reduced wrong-
sign background

TDR: arXiv:1908.05141 [physics.ins-det]

Aiming for 320 kA operation 
in next run (end of April)!

New Horn1

New Horn2

New Horn1

https://arxiv.org/abs/1908.05141


ND280 
upgrade
Replace P0D with  
3D scintillation detector + 
high-angle TPCs +  
TOF enclosure

→ 4π acceptance like SK

→ lower (proton) mom. threshold

→ ~2x larger target mass

Reduce xsec systematics and better 
understanding of nuclear effects.
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High-Angle atmospheric pressure TPCs. These three detectors form approximately a cube

with 2m-long sides (Fig. 1.1). It is positioned in the upstream part of the ND280 magnet and is

surrounded by six thin Time-of-Flight scintillator layers. In the most upstream part of ND280,

we will keep the P0D Upstream Calorimeter, with 4.9 radiation lengths, as a veto and to detect

neutrals. The downstream part of ND280, namely three TPCs, two scintillator detectors FGD

and the full calorimeter system will remain unchanged, as well as the muon-range detector

SMRD. Figure 1.3 presents a general view of the B1 floor of the ND280 pit, with the magnet

in the open position. The reference system shown in the same figure has the z axis along

the neutrino beam direction (longest axis of the ND280 detector), the y axis in the vertical

direction. The magnetic field is parallel to the x axis.

This configuration achieves a full polar angle acceptance for muons produced in charged-

current interactions. The tracking of charged particles in the Super-FGD is also very efficient.

x

y

z

Super-FGD
HA-TPC

Figure 1.1: CAD 3D Model of the ND280 upgrade detector. In the upstream part (on the left in the
drawing) two High-Angle TPCs (brown) with the scintillator detector Super-FGD (gray) in the middle
will be installed. In the downstream part, the tracker system composed by three TPCs (orange) and the
two FGDs (green) will remain unchanged. The TOF detectors are not shown in this plot. The detector
is mechanically mounted on the basket, a steel beam structure (light gray), supported at both ends.
The beam is approximately parallel to the z axis, the magnetic field is parallel to the x axis.

An example of the level of information provided by the current ND280 is shown by the

event display of a neutrino interaction shown in Fig. 1.2.

new

CERN-SPSC-2019-001 
arXiv:1901.03750 [physics.ins-det]

Super-FGD MC 
Work in Progress
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Expected Performance  

•Improved kinematic range 
•Better efficiency for the entire phase space (similar to the far-detector) 
•3D tracking for both lepton and hadrons. 

- Allow access to transverse variables. 
- Better understanding of nucleon FSI and other nuclear effects. 
- Reduce neutrino energy bias. 

•Better separation of electron/photon.
Neutron detection using ToF

Muon detection efficiency vs angle Electron/photon separationEfficiencies as a function of momentum
BDTG response

Electron
Photon

Ef
fic

ie
nc

y

True cos θ

Muons in TPC or 
stopping in SuperFGD

Muons in 
TPC only

Current efficiency

Reminder: ND280 upgrade

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

reconstruction in final state  
• High Angle TPC’s:  

• Improved high angle acceptance: 
• Time of Flight 

• Reduction of background from magnet interactions.

x2 in statistics for equal p.o.t.
5

TPC1
FGD1

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

Reminder: ND280 upgrade

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

reconstruction in final state  
• High Angle TPC’s:  

• Improved high angle acceptance: 
• Time of Flight 

• Reduction of background from magnet interactions.

x2 in statistics for equal p.o.t.
5

TPC1
FGD1

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

https://arxiv.org/abs/1901.03750
https://arxiv.org/abs/1901.03750
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Cubes assembly
Fiber / MPPC 

installation

Photos by Katharina Lachner

Photos by 
Aleksandr Mefodev
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High-Angle atmospheric pressure TPCs. These three detectors form approximately a cube

with 2m-long sides (Fig. 1.1). It is positioned in the upstream part of the ND280 magnet and is

surrounded by six thin Time-of-Flight scintillator layers. In the most upstream part of ND280,

we will keep the P0D Upstream Calorimeter, with 4.9 radiation lengths, as a veto and to detect

neutrals. The downstream part of ND280, namely three TPCs, two scintillator detectors FGD

and the full calorimeter system will remain unchanged, as well as the muon-range detector

SMRD. Figure 1.3 presents a general view of the B1 floor of the ND280 pit, with the magnet

in the open position. The reference system shown in the same figure has the z axis along

the neutrino beam direction (longest axis of the ND280 detector), the y axis in the vertical

direction. The magnetic field is parallel to the x axis.

This configuration achieves a full polar angle acceptance for muons produced in charged-

current interactions. The tracking of charged particles in the Super-FGD is also very efficient.
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Figure 1.1: CAD 3D Model of the ND280 upgrade detector. In the upstream part (on the left in the
drawing) two High-Angle TPCs (brown) with the scintillator detector Super-FGD (gray) in the middle
will be installed. In the downstream part, the tracker system composed by three TPCs (orange) and the
two FGDs (green) will remain unchanged. The TOF detectors are not shown in this plot. The detector
is mechanically mounted on the basket, a steel beam structure (light gray), supported at both ends.
The beam is approximately parallel to the z axis, the magnetic field is parallel to the x axis.

An example of the level of information provided by the current ND280 is shown by the

event display of a neutrino interaction shown in Fig. 1.2.

new

HATPC
• Understanding of non-linear current observed on first full 

prototype leading to non-uniform field.

• It took longer than we hoped to understand the issue ( > 200 
measurements, > 400 hours). 

• Production process was moderately modified: 3 additional 
Kapton layers were added  

• Significant improvement on quality control of  all elements 
e.g. degassing glue before usage  

• Production of FC1 progressing. Confident that problem has 
been solved 

9

2 TPCS   (4 drift volumes) 

1 drift volume:  

approx 1m x 2 m x 80 cm  

HATPC TestBeam
• Testing 8 Encapsulated Resistive Anode Micromegas   

(ERAM) module in September at T9 @ CERN 

• For the field cage, the Mock-up was used  

• Test was successful.

• Test with final electronics chain: 

• Useful information for fine tuning DAQ 

Integration and 
functional test 

successful

10

HATPC TestBeam
• Testing 8 Encapsulated Resistive Anode Micromegas   

(ERAM) module in September at T9 @ CERN 

• For the field cage, the Mock-up was used  

• Test was successful.

• Test with final electronics chain: 

• Useful information for fine tuning DAQ 

Integration and 
functional test 

successful

10

Successful beam test 
(CERN T9) in Sept 2022

HA-TPC 
Production

Problems leading to non-uniformity in High Angle 
TPCs understood and fixed → production progressing


Super-FGD construction at J-PARC well on track


Aiming for commissioning / installation of most 
components in autumn to be ready for beam

F. Sanchez, 
J-PARC PAC, 
Jan 2023



Summary
• Latest T2K neutrino oscillation results using  protons on target,  

with many improvements at each level of analysis.


• CP conserving values of  excluded at 90%, 
large range excluded at 3σ.


• Many ongoing upgrades to the experiment

• new near detectors

• stronger beam, horns


• Exciting physics ahead coming 
with beam starting in April and 
NDup ready* for data in autumn 
* full detector at end of year

3.6 × 1021

δCP

26

stay tuned!
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High-Angle atmospheric pressure TPCs. These three detectors form approximately a cube

with 2m-long sides (Fig. 1.1). It is positioned in the upstream part of the ND280 magnet and is

surrounded by six thin Time-of-Flight scintillator layers. In the most upstream part of ND280,

we will keep the P0D Upstream Calorimeter, with 4.9 radiation lengths, as a veto and to detect

neutrals. The downstream part of ND280, namely three TPCs, two scintillator detectors FGD

and the full calorimeter system will remain unchanged, as well as the muon-range detector

SMRD. Figure 1.3 presents a general view of the B1 floor of the ND280 pit, with the magnet

in the open position. The reference system shown in the same figure has the z axis along

the neutrino beam direction (longest axis of the ND280 detector), the y axis in the vertical

direction. The magnetic field is parallel to the x axis.

This configuration achieves a full polar angle acceptance for muons produced in charged-

current interactions. The tracking of charged particles in the Super-FGD is also very efficient.

x

y

z

Super-FGD
HA-TPC

Figure 1.1: CAD 3D Model of the ND280 upgrade detector. In the upstream part (on the left in the
drawing) two High-Angle TPCs (brown) with the scintillator detector Super-FGD (gray) in the middle
will be installed. In the downstream part, the tracker system composed by three TPCs (orange) and the
two FGDs (green) will remain unchanged. The TOF detectors are not shown in this plot. The detector
is mechanically mounted on the basket, a steel beam structure (light gray), supported at both ends.
The beam is approximately parallel to the z axis, the magnetic field is parallel to the x axis.

An example of the level of information provided by the current ND280 is shown by the

event display of a neutrino interaction shown in Fig. 1.2.
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New POT plot assuming 4 month/year
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Approved budget: 
100,000 JPY for travels


Thank you for continued support
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• Slightly weaker constraint compared to 
2020 analysis, mainly due to updated 
model with new ND samples


• Large region excluded at 3σ

• CP-conservation {0, π} excluded at 90%, 

π is within 2σ

• In checks for biases caused by xsec model choices, 

left (right) 90% CI edge moves at most by 0.06 (0.05)


• Weak preference of normal ordering
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NOνA + T2K

• Joint fits between experiments with different 
oscillation baselines/energies and detector technologies


→ expect increased sensitivity in , mass ordering,  octant  
beyond stats increase from resolved degeneracies and syst constraints


• important to understand potentially non-trivial syst. correlations between experiments

δCP θ23

SK + T2K  
atmospheric + accelerator

First results expected soon!

Comparison of released contours (not joint fit)
NOνA results: A. Himmel (2020) Zenodo, (preliminary)

SK results: Y. Nakajima (2020) Zenodo, (preliminary)


NOνA and T2K use Feldman-Cousins, SK use fixed Δχ2

  
810 km / 295 km

run 1-10 
 

T2K 2020, not new result

http://doi.org/10.5281/zenodo.4142045
https://zenodo.org/record/3959640


Competition with NoVA

2022  2023 

NOvA line 
normalized by 
#𝜈௘ ൅ #𝜈̅௘

T2K assuming 
750kW x 4cycle/year
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31 Slide taken from F. Sanchez, J-PARC PAC, Jan 2023


