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Table III summarizes the fractional error on the ex-
pected number of SK events using a 1� variation of the
flux, cross-section, and far detector uncertainties.

E. Oscillation analysis

The analysis method here follows from what was pre-
sented in [1]. As described in Sec. I the three flavor
neutrino oscillation formalism is extended to include in-
dependent parameters sin2(✓23) and �m2

32 which only
a↵ect antineutrino oscillations. Any di↵erence between
sin2(✓23) and sin2(✓23) or �m2

32 and �m2
32 could be in-

terpreted as new physics.
With the number of events predicted in the antineu-

trino sample, the uncertainties on the background mod-
els have a non-negligible impact on the measurement of
sin2(✓23) and �m2

32. The largest is the contribution
from the uncertainty on sin2(✓23) and �m2

32 due to the
significant neutrino background in the antineutrino sam-
ple. This provides the motivation for a simultaneous fit
of the neutrino and antineutrino data sets.

The oscillation parameters of interest, sin2(✓23),�m2
32,

sin2(✓23) and�m2
32, are estimated using a maximum like-

lihood fit to the measured reconstructed energy spectra
in the far detector, for neutrino mode and antineutrino
mode µ-like samples. In each case, fits are performed
by maximizing the marginal likelihood in the two dimen-
sional parameter space for each pair of parameters. The
marginal likelihood is obtained by integrating over the
nuisance parameters f with prior probability densities
⇡(f), giving a likelihood as a function of only the rele-
vant oscillation parameters o:

L(o) =
Z binsY

i

Li(o, f)⇥ ⇡(f) df , (1)

where bins denotes the number of analysis bins. All other
oscillation parameters, except �CP , are treated as nui-
sance parameters along with systematic parameters and
are marginalized in the construction of the likelihood.
�CP is fixed to 0 in each fit as it has a negligible impact
on the disappearance spectra at T2K. Oscillation prob-
abilities are calculated using the full three-flavor oscilla-
tion framework [38], with sin2(✓23) and �m2

32 for ⌫, and
sin2(✓23) and �m2

32 for ⌫. Matter e↵ects, almost negli-
gible in this analysis, are included with a matter density
of ⇢ = 2.6 g/cm3 [39].

Confidence regions are constructed for the oscillation
parameters using the constant ��2 method [37]. We
define ��2 = �2 ln(L(o)/max(L)) as the logarithm of
the ratio of the marginal likelihood at a point o in the
sin2(

(

✓
)

23) – �(m)2
32 oscillation parameter space and the

maximum marginal likelihood. The confidence region
is then defined as the area of the oscillation parameter
space for which ��2 is less than a standard critical value.
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FIG. 1. Top: Reconstructed energy distribution of the 135 far
detector ⌫µ-CCQE candidate events (left) and 66 ⌫µ-CCQE
candidate events (right), with predicted spectra for best fit
and no oscillation cases. Bottom: Ratio to unoscillated pre-
dictions.

This method was used as the di↵erence between the con-
fidence regions produced by it and those obtained using
the Feldman-Cousins [40] method was found to be small.
For the Feldman-Cousins method, the critical chi-square
values were calculated for a coarse set of points in the
oscillation parameter space.

IV. RESULTS AND DISCUSSION

The reconstructed energy spectra of the events ob-
served during neutrino and antineutrino running modes
are shown in Figure 1. These are overlaid with the predic-
tions for the best fit values of the oscillation parameters
assuming normal hierarchy, and in the case of no oscilla-
tions. The lower plots in Fig. 1 show the ratio of data
to the unoscillated spectrum.
Assuming normal hierarchy, the best fit values ob-

tained for the parameters describing neutrino oscillations
are sin2(✓23) = 0.51 and �m2

32 = 2.53 ⇥ 10�3eV2/c4

with 68% confidence intervals of 0.44 – 0.59 and 2.40 –
2.68 (⇥10�3eV2/c4) respectively. For the antineutrino
parameters, the best fit values are sin2(✓23) = 0.42 and
�m2

32 = 2.55 ⇥ 10�3eV2/c4 with 68% confidence inter-
vals of 0.35 – 0.67 and 2.28 – 2.88 (⇥10�3eV2/c4) re-
spectively. The values for the inverted hierarchy can
be obtained by replacing �(m)2

32 by ��(m)2
31, e↵ectively

changing the sign of �(m)2
32 and shifting its absolute value

by ��m2
12 = �7.53 ⇥ 10�5 eV2/c4. Those results were

cross-checked using a second, independent, analysis.
A goodness-of-fit test was performed by comparing the

best fit value of the �2 to the values obtained for an
ensemble of toy experiments generated with systematic
variations and statistical fluctuations, giving a p-value of
96%.
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FIG. 1. Top: Reconstructed energy distribution of the 135 far
detector ⌫µ-CCQE candidate events (left) and 66 ⌫µ-CCQE
candidate events (right), with predicted spectra for best fit
and no oscillation cases. Bottom: Ratio to unoscillated pre-
dictions.
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cross-checked using a second, independent, analysis.
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FIG. 1. Top: Reconstructed energy distribution of the 135 far
detector ⌫µ-CCQE candidate events (left) and 66 ⌫µ-CCQE
candidate events (right), with predicted spectra for best fit
and no oscillation cases. Bottom: Ratio to unoscillated pre-
dictions.

This method was used as the di↵erence between the con-
fidence regions produced by it and those obtained using
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For the Feldman-Cousins method, the critical chi-square
values were calculated for a coarse set of points in the
oscillation parameter space.

IV. RESULTS AND DISCUSSION

The reconstructed energy spectra of the events ob-
served during neutrino and antineutrino running modes
are shown in Figure 1. These are overlaid with the predic-
tions for the best fit values of the oscillation parameters
assuming normal hierarchy, and in the case of no oscilla-
tions. The lower plots in Fig. 1 show the ratio of data
to the unoscillated spectrum.
Assuming normal hierarchy, the best fit values ob-

tained for the parameters describing neutrino oscillations
are sin2(✓23) = 0.51 and �m2

32 = 2.53 ⇥ 10�3eV2/c4

with 68% confidence intervals of 0.44 – 0.59 and 2.40 –
2.68 (⇥10�3eV2/c4) respectively. For the antineutrino
parameters, the best fit values are sin2(✓23) = 0.42 and
�m2

32 = 2.55 ⇥ 10�3eV2/c4 with 68% confidence inter-
vals of 0.35 – 0.67 and 2.28 – 2.88 (⇥10�3eV2/c4) re-
spectively. The values for the inverted hierarchy can
be obtained by replacing �(m)2

32 by ��(m)2
31, e↵ectively

changing the sign of �(m)2
32 and shifting its absolute value

by ��m2
12 = �7.53 ⇥ 10�5 eV2/c4. Those results were

cross-checked using a second, independent, analysis.
A goodness-of-fit test was performed by comparing the

best fit value of the �2 to the values obtained for an
ensemble of toy experiments generated with systematic
variations and statistical fluctuations, giving a p-value of
96%.

6

Table III summarizes the fractional error on the ex-
pected number of SK events using a 1� variation of the
flux, cross-section, and far detector uncertainties.

E. Oscillation analysis

The analysis method here follows from what was pre-
sented in [1]. As described in Sec. I the three flavor
neutrino oscillation formalism is extended to include in-
dependent parameters sin2(✓23) and �m2

32 which only
a↵ect antineutrino oscillations. Any di↵erence between
sin2(✓23) and sin2(✓23) or �m2

32 and �m2
32 could be in-

terpreted as new physics.
With the number of events predicted in the antineu-

trino sample, the uncertainties on the background mod-
els have a non-negligible impact on the measurement of
sin2(✓23) and �m2

32. The largest is the contribution
from the uncertainty on sin2(✓23) and �m2

32 due to the
significant neutrino background in the antineutrino sam-
ple. This provides the motivation for a simultaneous fit
of the neutrino and antineutrino data sets.

The oscillation parameters of interest, sin2(✓23),�m2
32,

sin2(✓23) and�m2
32, are estimated using a maximum like-

lihood fit to the measured reconstructed energy spectra
in the far detector, for neutrino mode and antineutrino
mode µ-like samples. In each case, fits are performed
by maximizing the marginal likelihood in the two dimen-
sional parameter space for each pair of parameters. The
marginal likelihood is obtained by integrating over the
nuisance parameters f with prior probability densities
⇡(f), giving a likelihood as a function of only the rele-
vant oscillation parameters o:

L(o) =
Z binsY

i

Li(o, f)⇥ ⇡(f) df , (1)

where bins denotes the number of analysis bins. All other
oscillation parameters, except �CP , are treated as nui-
sance parameters along with systematic parameters and
are marginalized in the construction of the likelihood.
�CP is fixed to 0 in each fit as it has a negligible impact
on the disappearance spectra at T2K. Oscillation prob-
abilities are calculated using the full three-flavor oscilla-
tion framework [38], with sin2(✓23) and �m2

32 for ⌫, and
sin2(✓23) and �m2

32 for ⌫. Matter e↵ects, almost negli-
gible in this analysis, are included with a matter density
of ⇢ = 2.6 g/cm3 [39].

Confidence regions are constructed for the oscillation
parameters using the constant ��2 method [37]. We
define ��2 = �2 ln(L(o)/max(L)) as the logarithm of
the ratio of the marginal likelihood at a point o in the
sin2(

(

✓
)

23) – �(m)2
32 oscillation parameter space and the

maximum marginal likelihood. The confidence region
is then defined as the area of the oscillation parameter
space for which ��2 is less than a standard critical value.

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

Ev
en

ts
 / 

0.
1 

(G
eV

)

0

10

20

30

40

50

60

70

80

 beam-modeν

POT)2010×(7.482

 Energy (GeV)µνReconstructed 
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5R

at
io

 to
 N

o 
O

sc
.

0
0.5
1

1.5
2 0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 50

5

10

15

20

25

Data
Best fit oscillations
No oscillations

 beam-modeν

POT)2010×(7.471

 Energy (GeV)µνReconstructed 
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 50

0.5
1
1.5
2

FIG. 1. Top: Reconstructed energy distribution of the 135 far
detector ⌫µ-CCQE candidate events (left) and 66 ⌫µ-CCQE
candidate events (right), with predicted spectra for best fit
and no oscillation cases. Bottom: Ratio to unoscillated pre-
dictions.
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Open questions:

• value of  → if , CP violation


• sign of  (mass ordering)


• is  maximal? octant? (i.e.  <  or  > )

δCP sin δCP ≠ 0
Δm2

32
θ23 θ23

π
4 θ23

π
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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)
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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.
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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)
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Neutrino beam

4

• 30 GeV protons produce 
π,K in 90 cm graphite target


• Three magnetic horns 
selectively focus 
π +,K+ or π –,K – to produce 

 or  beam (decay in-flight).


• Narrowband beam thanks 
to off-axis technique.
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How to make a neutrino beam
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Focus π,K produced in hadronic interactions.
Switch sign of horn current to focus π–, K– instead

Total three horns to
collect & focus mesons.

π,K+     +

π,K– –

B-field
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beam center

The near detectors

5

INGRID on-axis detector


• Iron-scintillator 
sandwich detectors 
monitor neutrino beam 
direction and intensity

ND280 off-axis detector


• Active scintillator + 
passive water targets


• Tracking with time 
projection chambers


• Magnetized for charge and 
momentum measurement

WAGASCI + BabyMIND


• Latest addition at 
intermediate 1.5º off-axis flux


• Water target with 
cuboid lattice scintillators  
for high angle acceptance


• Compact magnetized iron 
muon range detector


• First xsec meas. published: 
PTEP, ptab014 (2021)

Figure 1: Schematic view of entire sets of detectors.

scintillators, are placed perpendicularly to the beam, and the other 40 bars, called lattice
scintillators, are placed in parallel to the beam with hollow cuboid lattice in the tracking
plane as shown in Figure 5. Thanks to the hollow cuboid lattice of the scintillator bars,
the WAGASCI module has 4π angular acceptance for charged particles.

Thin plastic scintillator bars produced at Fermilab by extrusion method, mainly consists
of polystyrene and are surrounded by thin reflector including TiO2 (3 mm in thickness)
are used for the WAGASCI modules to reduce the mass ratio of scintillator bars to water,
because neutrino interactions in the scintillator bars are a background for the cross section
measurements on H2O. Each scintillator bar is sized as 1020mm×25mm×3 mm including
the reflector part, and half of all the scintillator bars have 50-mm-interval slits to form the
hollow cuboid lattice (Figure 6 ).

We can operate the WAGASCI module with two conditions, water-in and a water-out.
The water-in WAGASCI module has water in spaces of the hollow cuboid lattice. The
total water mass serving as neutrino targets in the fiducial volume of the module is 188 kg,
and the mass ratio of scintillator bars to water is 1 : 4. The water-out WAGASCI module
doesn’t have water inside the detector. The total CH mass serving as neutrino target in
the fiducial volume of the module is 47 kg, and the mass fraction of scintillator bars is 100
%.

Scintillation light is collected by wave length shifting fibers, Y-11 (non-S type with a
diameter of 1.0 mm produced by Kuraray). A fiber is glued by optical cement in a groove
on surface of a scintillator bar. 32 fibers are gathered together by a fiber bundle at edge
of the module, and lead scintillation light to a 32-channel arrayed MPPC. Since crosstalk

6

ND280

INGRID

https://academic.oup.com/ptep/advance-article/doi/10.1093/ptep/ptab014/6156643


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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Ñ

Ñ
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Important interactions

4472 Eur. Phys. J. Spec. Top. (2021) 230:4469–4481

3 The physics in NEUT

3.1 Simulating an interaction

In general, NEUT factorizes the simulation of an inter-
action of a neutrino with flavour, !, and energy, Eν ,
into four discrete steps. First, a specific interaction
channel is chosen randomly with probability, P =
σi
T (Eν!) /σtot

T (Eν!), where σtot
T (Eν!) is the total cross

section and σi
T (Eν!) is the cross section for the specific

target nuclei, T , and channel, i, where i is an integer
that identifies the interaction process and is defined in
Table 1 (charged current) and Table 2 (neutral cur-
rent). For neutrino–nucleon interaction channels, the
nuclear-target cross section is usually constructed as
σi
T = Zσi

p+(A−Z)σi
n, where A and Z are the nucleon

number and the proton number of the target nuclei and
σi
p and σi

n are the bound proton and bound neutron
cross sections. For historical reasons, free protons can
be added to nuclear targets to build simple molecu-
lar targets such as H2O and CH. Figure 4 shows the
NEUT water-target cross-section predictions separated
into classes of interaction channel.

Second, the primary neutrino interaction, or hard
scatter, is simulated. For the majority of channels, this
step involves choosing a bound nucleon from an initial-
state nuclear model, then choosing interaction kine-
matics according to the specific interaction model, and
finally choosing any remaining particle kinematics not
specified by the model. This step is performed under
the impulse approximation [8], which treats the tar-
get bound nucleon and the remnant nucleus as evolving
independently during and after the hard scatter. This
further factorizes the simulation as, to first order, the
sampling of the nuclear model does not depend on the
interaction kinematics chosen.

For the coherent pion-production channels (Enum
16 and 36), the interaction occurs coherently between
the neutrino and the target nucleus and as a result no
bound nucleon target is chosen and this is considered
the final step of the simulation. For other channels, the
final state hadrons are then passed on to the third step,
the nucleon and meson intra-nuclear re-scattering sim-
ulation, where hadrons can elastically scatter, exchange
charge with a nucleon in the nucleus, or be produced
or absorbed as they are stepped out of the nuclear
medium.

Finally, for oxygen targets only, the final state nuclear
remnant can be left in an excited state after the interac-
tion and a number of nuclear de-excitations, producing
low energy photons (O (1 − 10) MeV), are modeled fol-
lowing Ref. [9]. Careful treatment of the de-excitation
oxygen is important for precisely simulating interac-
tions in the sensitive SK detector.

For the majority of particles produced in the hard
scatter and subsequent re-scattering, NEUT stores their
properties in an event vector file that can be used as
input to further experiment simulation processes. The
only exceptions are tau and omega particles, which are
decayed during the NEUT simulation by TAUOLA [10]

Fig. 4 The NEUT-predicted muon neutrino–water cross sec-
tions overlaid on the T2K muon neutrino flux [6], with
a typical oscillation (top), and upward atmospheric muon
neutrino fluxes [7] multiplied by the charged-current inclu-
sive total cross section (bottom). The flux multiplied by
the cross section is proportional to the expected interac-
tion rate. Above 4 GeV, the expected number of interac-
tions in SK arising from the T2K beam falls significantly
faster than from atmospheric neutrinos. n.b. The cross sec-
tions presented in the top pane are divided by the neutrino
energy, whereas in the bottom pane, they are not. This is to
emphasise the saturation of the interaction channels asso-
ciated with lower four-momentum transfer at SK energies
and the sharp turn-on seen over T2K flux distribution
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• Beam monitors + hadron 
production experiments  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• ND280 measurements  
+ interaction model 
+ external constraints 
→ unoscillated flux × xsec


• 6 samples at SK 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+ external constraints 
→ unoscillated flux × xsec


• 6 samples at SK 
→  disappearance + 
      appearance

νμ
νe
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Doubled amount of ND280 data since last analysis 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22 samples = (5×1+3×2)×2 
separated by 

1. π,p,γ multiplicity 
→ interaction mode


2. lepton charge 
→ wrong-sign bkg 
(in antineutrino mode) 

3. C / C+O target 
→ ν+O xsec
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ND fit p-value: 10.9% ( > 5% threshold) 

Analysis 
strategy

• Beam monitors + hadron 
production experiments  
→ neutrino flux


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


• 6 samples at SK 
→  disappearance + 
      appearance

νμ
νe

fit

Pre-ND Post-ND
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Fit result with correlated flux × xsec 
propagated to far detector analysis 
via covariance matrix or joint ND+FD fit.  
Both methods give consistent results.



ND fit p-value: 10.9% ( > 5% threshold) 

Analysis 
strategy

• Beam monitors + hadron 
production experiments  
→ neutrino flux


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


• 6 samples at SK 
→  disappearance + 
      appearance

νμ
νe

Fit result with correlated flux × xsec 
propagated to far detector analysis 
via covariance matrix or joint ND+FD fit.  
Both methods give consistent results.

fit
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Flux Xsec Flux Xsec
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correlation correlation

T2K Run1-10, 
2022 Preliminary

T2K Run1-10, 
2022 Preliminary
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production experiments  
→ neutrino flux


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


• 6 samples at SK 
→  disappearance + 
      appearance
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Fit result with correlated flux × xsec 
propagated to far detector analysis 
via covariance matrix or joint ND+FD fit.  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• World-leading measurement of 
atmospheric oscillation parameters



ND280 upgrade

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

→ 4π acceptance like SK

→ lower (proton) mom. threshold

→ neutron kinematics by TOF

→ more target mass (~2x)

Reduce xsec systematics and 
better understanding of nuclear effects.

14

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]

↑ TOF 
modules

13

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

16

Jaafar Chakrani (LLR) NOW 2022 - Sep 6th, 2022

Improvements with the ND280 Upgrade 30

● Improved reconstruction at high and backward angles ⟶ 
better constraints on the neutrino interaction model

● Increased target mass (x2 current ND280) 
⟶ more statistics 

● Better reconstruction of outgoing nucleons 
⟶ access to new observables

● Neutrino interaction measurements beyond p𝝁, cos 𝜃𝝁 
(exclusive and multidimensional analyses)

Current ND280 ND280 Upgrade

Selected 𝜈𝜇CC events (NEUT MC)

Current ND280
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https://arxiv.org/abs/1901.03750
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Physics Sensitivity Studies  

•Expected physics sensitivity using the upgraded detectors was studied [arXiv:2108.11779] 
•By adding new transverse variables: . 

•Allows a constraint on 1p1h (CCQE) as good as ~1.5% (~2%) in  ( ) interactions. 

•For npnh, a constraint better than 5% (10%) in  ( ) interactions.

δpT, δαT, Evis

ν ν̄
ν ν̄

Transverse variables 1  sensitivity to the 1p1h and npnh xsec normalizationσ

ND280 upgrade

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

→ 4π acceptance like SK

→ lower (proton) mom. threshold

→ neutron kinematics by TOF

→ more target mass (~2x)

Reduce xsec systematics and 
better understanding of nuclear effects.

14

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

↑ TOF 
modules
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Based on 
PhysRevD.105.032010

Jaafar Chakrani (LLR) NOW 2022 - Sep 6th, 2022

Improvements with the ND280 Upgrade 30

● Improved reconstruction at high and backward angles ⟶ 
better constraints on the neutrino interaction model

● Increased target mass (x2 current ND280) 
⟶ more statistics 

● Better reconstruction of outgoing nucleons 
⟶ access to new observables

● Neutrino interaction measurements beyond p𝝁, cos 𝜃𝝁 
(exclusive and multidimensional analyses)

Current ND280 ND280 Upgrade

Selected 𝜈𝜇CC events (NEUT MC)

Current ND280
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Super FGD
• 2 million scintillator cubes 

(each ) 
= 2 t active target


• 56,382 WLS fibers in x,y,z 
directions


• Readout by MPPC

1cm3

18

Jaafar Chakrani (LLR) NOW 2022 - Sep 6th, 2022

Super-FGD JINST 13 P02006 (2018) 14

● ~2 million 1x1x1 cm3 cubes made of 
plastic scintillator ⟶ ~2 tons

● Cubes covered by reflector will be read 
out with 3 orthogonal WLS fibres each 
with MPPC on one end 
⟶ total of 56,382 fibers

Super-FGDFGD1&2

vs.

Super-FGD 2 tons

182 cubes192 cubes

56
 c

ub
es

Jaafar Chakrani (LLR) NOW 2022 - Sep 6th, 2022

Super-FGD JINST 13 P02006 (2018) 14

● ~2 million 1x1x1 cm3 cubes made of 
plastic scintillator ⟶ ~2 tons

● Cubes covered by reflector will be read 
out with 3 orthogonal WLS fibres each 
with MPPC on one end 
⟶ total of 56,382 fibers

Super-FGDFGD1&2

vs.

Super-FGD 2 tons

182 cubes192 cubes

56
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ub
es

Illustration by Dana Douqa

Current New

MC 
Work in Progress



SuperFGD assembly
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Photo: Aleksandr Mefodev Photo: Kota Nakagiri

Photos from 2022-10-31



SFGD Electronics

20 C. Mauger, NuFact 2022

Electronics I

• 16 crates – 8 on each side of the detector
• Single crate – 14 Front-end boards, Optical Concentrator 

Board, Backplane, Power distribution
• Thermal model built to ensure < 60 degrees C

10

beam

8-crate assembly

Single crate



SFGD 
Electronics

21

Electronics II

11

Front-End Board (14 
boards per crate) –
analog processing, 
ADC, bias voltage to 
the MPPCs
8 CITIROC chips per
board – 256 channels

Optical Concentrator Board 
(1 board per crate) – initial 
data aggregation, 
switchyard to outside world

Master Clock Board – external to 
magnet, hardware connections to 
the beam triggers 

Power Distribution – most 
local DC/DC conversion 
happens on FEBs, currently 
testing DC/DC converters in 
magnetic fields

Front End Board 
(FEB)

Electronics II

11

Front-End Board (14 
boards per crate) –
analog processing, 
ADC, bias voltage to 
the MPPCs
8 CITIROC chips per
board – 256 channels

Optical Concentrator Board 
(1 board per crate) – initial 
data aggregation, 
switchyard to outside world

Master Clock Board – external to 
magnet, hardware connections to 
the beam triggers 

Power Distribution – most 
local DC/DC conversion 
happens on FEBs, currently 
testing DC/DC converters in 
magnetic fields

Optical Concentra-
tor Board (OCB)

14 per crate, for each:

256 ch → 8 CITIROC → ADC

16 crates on sides of detector

Data aggregation

MPPC-PCBs

8x8 MPPCs each

4 PCBs per FEB

Master 
Clock Board

Clock and 
trigger distr.

DAQ 
PC



Quick Midas overview
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FE01
FE02

m
id

as

Frontends 
sending events

Consumers 
receiving events

Run start / stop 
communication

Bi-directional arrow because 
frontends/consumers can 
- start/stop runs 
- communicate back whether they 
  were able to start the run etc.

ODB
mlogger



Quick Midas overview
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FE01
FE02

m
id

as

Frontends 
sending events

Consumers 
receiving events

All the communication with midas can happen either 
through shared memory regions (on same machine) kept 
track using hidden files in the working directory, or via 
RCP over TCP/IP, in which case a mserver program 
handles the access to the shared memory region.

ODB
mlogger



Quick Midas overview
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FE01
FE02

m
id

as

Frontends 
sending events

Consumers 
receiving events

ODB

Online Database (ODB)

• structured data for communication between 

various clients beyond real-time event data

• frontends / consumers can expose user 

configurable settings, status etc.

• edit via odbedit client program, or start midas 

web server with mhttpd and use ODB menu

mlogger



Web interface (mhttpd)
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FE01
FE02

mlogger

m
id

as

Consumers 
receiving events

ODB

← 
“old” midas version 
(currently used in ND280, beamline etc.)

→ 
“new” midas version 

(considered for upcoming DAQ 
development including SFGD)



Quick Midas overview
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FE01
FE02

mlogger

m
id

as

Frontends 
sending events

Consumers 
receiving events

events

ODB

Each event can contain multiple data 
“banks” (basically arrays of some data 
format like uint32_t or double etc.)



Quick Midas overview
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FE01
FE02

mlogger

m
id

as
SY

ST
EM

 b
uff

er

Frontends 
sending events

Consumers 
receiving events



Quick Midas overview
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FE01
FE02

mlogger

m
id

as
SY

ST
EM

 
bu

ffe
r

Event builder
BU

F*
 

bu
ffe

r

Concatenates events 
from some buffers into a 
single event, matching 
based on serial number



ND280 midas system overview using cascades
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FE01
FE02

EB

mlogger

cascade

cascade FE

mlogger

Run 
start/stop

via RPC

Event data

via TCP/IP

pa
rt

iti
on

 
m

id
as

Example 
list of screen windows 

(in ND280 the different midases 
live on different servers)

SY
ST

EM
 

bu
ffe

r
BU

F*
 

bu
ffe

r

gl
ob

al
 

m
id

as
SY

ST
EM

 
bu

ffe
r



SFGD DAQ integration plan
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FEB

FEB

FEB

OCB

OCB

OCB

FPGA CPU

run midas FE 
inside linux DAQ PC

Event builder 
for SFGDnetwork 

switch

Cascade 
to Global 
DAQ PC

• MIDAS frontend on xylinx


• Cascade to ND280 midas


• Similar layout for slow control

Details subject to change



Midas frontend tests 
on Zturn board

31

Reading from Memory

Jianrun Hu 5

• Eric kindly provided boot files and codes for Z-turn development. 
• Fake number generated in “/dev/mem” is read by a periodical trigger in 

DAQ system. 
• Reading the fake data from the memory of Z-turn by MIDAS DAQ 

system.
• A starting point for the DAQ software development

The number is about 
32000 in maximum 
and then the fake data 
is restarted for another 
round.

Result

Jianrun Hu 4

Frontend part

• Sinusoidal random number 
generated in the frontend is read 
by the DAQ system

• Similar results using Z-turn.
• Succeed in reading temperature 

in Zedboard. 

Zturn board

FPGA CPU

run midas FE 
inside linux

• Tried running Midas frontend 
on CPU inside Zturn board 
(same board as used by OCB)


• Successful event readout and 
transfer to DAQ PC for both 
CPU- and FPGU-generated 
data

Sinusoidal data generated on Zturn’s CPU
Display of events in DAQ PC

Sawtooth pattern generated on FPGA

DAQ PC
Midas event 

logger



Midas cascade layout
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ND280 
global 
midas

FGD 
midas

TPC 
midas

SFGD 
midas

14

High-AngleatmosphericpressureTPCs.Thesethreedetectorsformapproximatelyacube

with2m-longsides(Fig.1.1).ItispositionedintheupstreampartoftheND280magnetandis

surroundedbysixthinTime-of-Flightscintillatorlayers.InthemostupstreampartofND280,

wewillkeeptheP0DUpstreamCalorimeter,with4.9radiationlengths,asavetoandtodetect

neutrals.ThedownstreampartofND280,namelythreeTPCs,twoscintillatordetectorsFGD

andthefullcalorimetersystemwillremainunchanged,aswellasthemuon-rangedetector

SMRD.Figure1.3presentsageneralviewoftheB1flooroftheND280pit,withthemagnet

intheopenposition.Thereferencesystemshowninthesamefigurehasthezaxisalong

theneutrinobeamdirection(longestaxisoftheND280detector),theyaxisinthevertical

direction.Themagneticfieldisparalleltothexaxis.

Thisconfigurationachievesafullpolarangleacceptanceformuonsproducedincharged-

currentinteractions.ThetrackingofchargedparticlesintheSuper-FGDisalsoveryefficient.

Figure1.1:CAD3DModeloftheND280upgradedetector.Intheupstreampart(ontheleftinthe
drawing)twoHigh-AngleTPCs(brown)withthescintillatordetectorSuper-FGD(gray)inthemiddle
willbeinstalled.Inthedownstreampart,thetrackersystemcomposedbythreeTPCs(orange)andthe
twoFGDs(green)willremainunchanged.TheTOFdetectorsarenotshowninthisplot.Thedetector
ismechanicallymountedonthebasket,asteelbeamstructure(lightgray),supportedatbothends.
Thebeamisapproximatelyparalleltothezaxis,themagneticfieldisparalleltothexaxis.

AnexampleofthelevelofinformationprovidedbythecurrentND280isshownbythe

eventdisplayofaneutrinointeractionshowninFig.1.2.

Cascade Cascade

Want to use up-
to-date OS and 
midas versions



Midas cascade layout
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ND280 
global 
midas

14

High-AngleatmosphericpressureTPCs.Thesethreedetectorsformapproximatelyacube
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neutrals.ThedownstreampartofND280,namelythreeTPCs,twoscintillatordetectorsFGD

andthefullcalorimetersystemwillremainunchanged,aswellasthemuon-rangedetector

SMRD.Figure1.3presentsageneralviewoftheB1flooroftheND280pit,withthemagnet

intheopenposition.Thereferencesystemshowninthesamefigurehasthezaxisalong

theneutrinobeamdirection(longestaxisoftheND280detector),theyaxisinthevertical

direction.Themagneticfieldisparalleltothexaxis.

Thisconfigurationachievesafullpolarangleacceptanceformuonsproducedincharged-

currentinteractions.ThetrackingofchargedparticlesintheSuper-FGDisalsoveryefficient.

Figure1.1:CAD3DModeloftheND280upgradedetector.Intheupstreampart(ontheleftinthe
drawing)twoHigh-AngleTPCs(brown)withthescintillatordetectorSuper-FGD(gray)inthemiddle
willbeinstalled.Inthedownstreampart,thetrackersystemcomposedbythreeTPCs(orange)andthe
twoFGDs(green)willremainunchanged.TheTOFdetectorsarenotshowninthisplot.Thedetector
ismechanicallymountedonthebasket,asteelbeamstructure(lightgray),supportedatbothends.
Thebeamisapproximatelyparalleltothezaxis,themagneticfieldisparalleltothexaxis.

AnexampleofthelevelofinformationprovidedbythecurrentND280isshownbythe

eventdisplayofaneutrinointeractionshowninFig.1.2.

Cascade• communication between 
different OS/midas versions


• higher data rate (~1MB/event, 
10MB/sec max) from SFGD 
compared to other detectors

SFGD 
midas

Want to use up-
to-date OS and 
midas versions

Successfully tested

(required some changes to socket implementation etc.)



Ongoing works
• Remote frontend development on development boards 

installed at University of Pennsylvania


• Support for various trigger modes etc. 
(beam, cosmic, calibration)


• High data-rate expected for calibration LED pulses 
between beam triggers 
→ on-line histogramming for data-reduction


• “Vertical slice test” for full communication and readout 
from one FEB→OCB→DAQ chain planned in Dec-Feb
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● The production of the 2 million cubes and initial assembly with fishing lines is 
completed, delivered to J-PARC in June! The SFGD box is also in preparation at CERN

● Assembly with fibers by replacing the fishing lines will start soon 

● LED calibration system QC and assembly to begin this Autumn

Light Guide Plate (LGP)
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Summary
• T2K near detector is being 

upgraded for better constraint 
on flux and interaction 
systematics


• SuperFGD is a new detector 
with 2M scintillator cubes and 
~56,000 readout fibers in x,y,z 
directions


• DAQ development for SuperFGD 
ongoing with midas frontend on 
CPU of concentrator board and 
cascade to global ND280 midas 
system


• With upgrades also to beam line, 
T2K will rapidly collect more 
data over the next few years for 
exciting physics and connect to 
HyperK operation from ~2027
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•Goal of T2K is to search for CP violation with a significance of > . 
•We are aiming to reduce total systematics with upgraded near detectors.

3σ

Summary

•ND280 upgrade is in the preparation stage 
• Installation is expected in the first half of 2023. 

•The tested performance of SuperFGD, HA-TPC 
and ToF planes fully meets the requirements of 
the ND280 upgrade. 

•ND280 upgrade shows the impressive ability to 
constrain key systematic uncertainties.

Thank you for your attention!
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