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• Neutrino mass and weak eigenstates 
are related via the PNMS-matrix:

Neutrino mixing angles:  

CP-violating phase:  

θ12, θ23, θ13

δCP

• Neutrino event rate:

ç√

Neutrino Oscillations

usually parametrized by:

Flux Cross Section # targets Detector Efficiency

Rα(preco) =

Emax

∫
Emin

Φα(Etrue) ⋅ ∑
i

σi
α(Etrue, preco) ⋅ ∑

j

Nj ⋅ εα(Etrue, preco)

RFD
α→β(Ereco

ν ) = ∫
Emax

Emin

Φα(Etrue
ν ) ⋅ σi

β(Etrue
ν , Ereco

ν ) ⋅ ∑
j

Nj ⋅ εβ(Etrue
ν , Ereco

ν ) ⋅ Pα→β(Etrue
ν )

Need neutrino cross sections

Need to know neutrino energy

Plot from L. Pickering

For more details on neutrino oscillations in 
T2K+SK, see talk from Monday by Daniel 
Barrow on T2K and T2K+SK results
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Charged-Current (CC) Interaction Modes
Neutrino-Nucleus Cross Section

Plot from L. Pickering
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T2K Cross-Section Results
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• P0D: scintillating bars (mostly carbon: C) alternating with 
either water (H2O) target/brass (CuZnX) foil or lead (Pb) foil 

• FGD1: polystyrene scintillator (C8H8, majority of atoms are 
carbon (C)) 

• FGD2: polystyrene scintillator (C) and water (H2O)
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T2K Near Detectors - Nuclear Targets 

Figure adapted from: T2K ND280 Upgrade - TDR

TPC  
Time Projection Chamber panel (x3)

Figure adapted from: The T2K experiment
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782 Page 6 of 50 Eur. Phys. J. C (2023) 83 :782

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

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

ferent sub-detectors as shown in Fig. 3. The ND measures
5.6 m × 6.1 m × 7.6 m (width × height × length) around its
outer edges including the magnet with the coordinate conven-
tion being z pointing along the nominal neutrino beam axis,

Fig. 3 The ND280 off-axis ND, used to measure the neutrino flux and
interactions before long-baseline oscillations [24]. The detector coordi-
nates and beam direction are superimposed, with the sub-detectors are
labelled accordingly

with x and y being the horizontal and vertical directions,
respectively. The refurbished magnet from the UA1 [30,31]
and NOMAD [32] experiments at CERN provides a magnetic
field of 0.2 T, and the magnet yoke is instrumented with layers

123
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Beam Center
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FGD1
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• Standard Module: mostly iron (Fe) plates, some 
plastic scintillator (hydrocarbon: CH) planes 

• Proton Module: mostly plastic scintillator (CH) planes

https://cds.cern.ch/record/2713578/files/SPSC-SR-267.pdf
https://doi.org/10.48550/arXiv.1901.03750
https://pdf.sciencedirectassets.com/271580/1-s2.0-S0168900211X00463/1-s2.0-S0168900211011910/main.pdf?X-Amz-Security-Token=&X-Amz-Algorithm=AWS4-HMAC-SHA256&X-Amz-Date=20240824T082754Z&X-Amz-SignedHeaders=host&X-Amz-Expires=300&X-Amz-Credential=ASIAQ3PHCVTYRAYT7YPB/20240824/us-east-1/s3/aws4_request&X-Amz-Signature=b09e074f84f7cff238675e77eb77c63d7db910d4216db74d41b884e1cf23477b&hash=ba36a2a3bd0c6d7a5a98bc971957e46e3a755d846075fe1e2603c674edf5c1d6&host=68042c943591013ac2b2430a89b270f6af2c76d8dfd086a07176afe7c76c2c61&pii=S0168900211011910&tid=spdf-7fd123c3-56c8-4fea-9d28-f69514126bee&sid=42db97d835696042eb68d550bd6ef8b67a38gxrqa&type=client&tsoh=d3d3LnNjaWVuY2VkaXJlY3QuY29t&ua=10165d075b530457565454&rr=8b81f74039dfe35c&cc=jp
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T2K Near Detectors

This figure uses images adapted from T2K ND280 Upgrade - TDR and The T2K Experiment.
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Scintillator  cube

WLS fibers

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

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

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

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

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

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

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

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

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

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

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

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

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

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

9
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Fig. 1 The protons on target (POT) delivered to T2K by the MR over time, with the beam intensity overlaid. The ND280 analysis uses runs 2 to
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outer edges including the magnet with the coordinate conven-
tion being z pointing along the nominal neutrino beam axis,

Fig. 3 The ND280 off-axis ND, used to measure the neutrino flux and
interactions before long-baseline oscillations [24]. The detector coordi-
nates and beam direction are superimposed, with the sub-detectors are
labelled accordingly
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Scintillator  cube
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Figure 2.1: Schematic concept of the SuperFGD structure. The size of each cube is 1£1£1 cm3.

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

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

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

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

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

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

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

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

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

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

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

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

equalize the density of readout channels. The analog signal from the upstream and the top
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Fig. 1 The protons on target (POT) delivered to T2K by the MR over time, with the beam intensity overlaid. The ND280 analysis uses runs 2 to
9, and the INGRID and FD analyses use runs 1 to 10, with run-by-run POT listed in Table 1

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

ferent sub-detectors as shown in Fig. 3. The ND measures
5.6 m × 6.1 m × 7.6 m (width × height × length) around its
outer edges including the magnet with the coordinate conven-
tion being z pointing along the nominal neutrino beam axis,

Fig. 3 The ND280 off-axis ND, used to measure the neutrino flux and
interactions before long-baseline oscillations [24]. The detector coordi-
nates and beam direction are superimposed, with the sub-detectors are
labelled accordingly

with x and y being the horizontal and vertical directions,
respectively. The refurbished magnet from the UA1 [30,31]
and NOMAD [32] experiments at CERN provides a magnetic
field of 0.2 T, and the magnet yoke is instrumented with layers
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Neutrino beam production is done using a 30 GeV proton beam from the J-PARC MR accelerator 
incident on a carbon target, which produces a secondary hadron beam.
Hadrons are focused by three magnetic horns (sets neutrino/antineutrino mode) and eventually 
decay into neutrinos in a decay volume (100 m long).
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Figure 5.1: 3D sketch of the underground floors of the NM building. The B1 floor contains the ND280
complex, while the INGRID detector is situated in the SS and B2 floors.

angles of 2.0 - 2.5 degrees.The hut with a size of about 21 m x 37 m covers the pit, and has a

10ton crane. The hut is a little bit shifted to the north with respect to the pit center in order to

use the north area in the hut for the unloading of detector components and for the detector

preparation (loading area). The effective height of the crane is 4m and its dead space is about

3m from the north and south walls and 2m from the east and west walls. The hut has an

entrance shutter 5m wide and 3.9m high. There are a 6-people elevator and stairs. Some area

in the hut at the ground floor is used for the electricity preparation and the cooling water

preparation.

A 3D sketch of the underground infrastructure can be found in Fig. 5.1.

Figure taken from: T2K 
ND280 Upgrade - TDR

Stephen Dolan NuInt 2024, São Paulo, 16/04/2024

The Near Detector Complex

WAGASCI/ 
BabyMIND

12

15

Figure 1.2: Event display of a neutrino interaction recorded in ND280. A projection of the hits on the
z-y plane transverse to the magnetic field is shown.

Figure 1.3: CAD 3D Model of the B1 floor of the ND280 pit. The magnet is shown in the open position
with the two large magnet yokes (dark red) separated. The inner detectors are supported by the basket,
a steel structure, on the basket stands (blue curved beams).

WAGASCI 
Baby MIND

This figure uses images adapted from T2K ND280 Upgrade - TDR and The T2K Experiment.
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hydrocarbon with correlated energy spectra using ND280 and INGRID

• Goal of using correlated energy spectra in a joint analysis:  
• Study energy dependence of neutrino interactions 
• Reduce cross-section uncertainties 

• Use energy spectra from two T2K detectors:  
• ND280: narrow energy-band off-axis flux peaked at 0.6 GeV 
• INGRID: wide(r) energy-band on-axis flux peaked at 1.1 GeV 

• Dominant interaction mode:                    Sub-dominant interaction modes:

5

are focused upon exit from the target using a series of
three magnetic horns. The polarity of the horn current
determines whether a ⌫µ (neutrino mode) or ⌫̄µ (anti-
neutrino mode) enhanced beam is produced, by focusing
predominantly positively or negatively charged pions and
kaons, respectively. These mesons are then left to decay,
e.g. via ⇡± ! µ± + ⌫µ(⌫̄µ), in a 96 m long decay vol-
ume, capped with a concrete beam dump at the down-
stream end. Behind the beam dump, a muon monitor
[32, 33] is used to measure the secondary beam stability.
INGRID and ND280 are exposed to the same neutrino
beam, but are placed at di↵erent angles relative to the
beam center which gives a di↵erent integrated flux and
energy spectrum for each detector. The neutrino flux
peaks around 0.6 GeV at ND280 and around 1.1 GeV at
INGRID, and the nominal ⌫µ fluxes are shown in Fig.
2. The beam composition at INGRID and ND280 when
running in neutrino mode is shown in Tab. I.

⌫µ ⌫̄µ ⌫e + ⌫̄e
INGRID 95.3% 3.9% 0.8%
ND280 92.9% 5.9% 1.2%

TABLE I. Neutrino beam composition at INGRID and
ND280.
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FIG. 2. Nominal neutrino mode flux prediction at ND280
(top) and INGRID (bottom) separated by neutrino flavor.

B. INGRID

The INGRID detector is an on-axis neutrino detec-
tor located 280 m downstream of the proton target. It
consists of 14 identical detector modules (referred to as
standard modules) and an extra module called the Pro-
ton Module (PM).
The main purpose of the standard modules is to mon-

itor the neutrino beam direction. The 14 identical stan-
dard modules are arranged in two identical groups along
the horizontal and vertical axes, as shown in Fig. 3.
Each of the modules consists of nine iron target plates
and eleven tracking scintillator planes surrounded by veto
scintillator planes to reject charged particles coming from
outside the modules [34], as shown in Fig. 4.

FIG. 3. Overview of the 14 standard modules and cross con-
figuration.

FIG. 4. An exploded view of a standard module.

By contrast, the Proton Module was specifically de-
veloped for neutrino cross-section measurements. It is
located at the beam center between the horizontal and
vertical standard modules as shown in Fig 5. It is a fully-
active tracking detector consisting of 36 tracking layers
surrounded by veto planes (shown in Fig. 6), where
each tracking layer is an array of two types of scintil-
lator bars [35]. Each scintillator plane covers an area of
120 ⇥ 120 cm2 transverse to the beam direction. The
tracking layers also serve as the neutrino interaction tar-
get, with the total target mass of the scintillator and

ND280
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FIG. 3. Overview of the 14 standard modules and cross con-
figuration.

FIG. 4. An exploded view of a standard module.

By contrast, the Proton Module was specifically de-
veloped for neutrino cross-section measurements. It is
located at the beam center between the horizontal and
vertical standard modules as shown in Fig 5. It is a fully-
active tracking detector consisting of 36 tracking layers
surrounded by veto planes (shown in Fig. 6), where
each tracking layer is an array of two types of scintil-
lator bars [35]. Each scintillator plane covers an area of
120 ⇥ 120 cm2 transverse to the beam direction. The
tracking layers also serve as the neutrino interaction tar-
get, with the total target mass of the scintillator and

INGRID
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FIG. 8. Event distribution for measured data and MC prediction in reconstructed muon momentum and angle for the ND280
signal samples stacked by true topology. The purity of each topology is listed in the legend, and the last bin for muon momentum
contains all events with momentum greater than 5 GeV/c.
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FIG. 8. Event distribution for measured data and MC prediction in reconstructed muon momentum and angle for the ND280
signal samples stacked by true topology. The purity of each topology is listed in the legend, and the last bin for muon momentum
contains all events with momentum greater than 5 GeV/c.
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fibers in the fiducial volume being 292.1 kg.

FIG. 5. A schematic view of the Proton Module and the
standard modules.

FIG. 6. An exploded view of the Proton Module.

C. ND280

The o↵-axis near detector ND280 (Fig. 7), is a
magnetized particle tracking device. It consists of a
number of sub-detectors installed inside the refurbished
UA1/NOMAD magnet, which provides a 0.2 T field used
to measure the charge and momentum of particles pass-
ing through ND280. Inside the UA1 magnet, the neutrino
beam first passes through the ⇡0 detector (P0D) [36] and
then the inner tracker, both of which are surrounded by
an electromagnetic calorimeter (ECal) [37]. Moreover the
UA1 magnet yoke is instrumented with plastic scintilla-
tor to perform as a muon range detector (SMRD) [38]
in order to track high angle muons and “sand muons”
coming from neutrino interactions in the rock upstream
of the detector. The tracker region of ND280 consists of
three Time Projection Chambers (TPC1, 2, 3) [39], inter-
leaved with two Fine-Grained Detectors (FGD1, 2) [40].
The upstream FGD1 detector is made of fifteen XY
planes of polystyrene scintillator with each plane hav-
ing 2 ⇥ 192 bars, while the downstream FGD2 contains
seven polystyrene scintillator modules interleaved with

FIG. 7. An exploded view of the ND280 o↵-axis detector.

six modules of water in between. The FGDs provide
1.1 tons target mass each for neutrino interactions and
tracking of the charged particles coming from the inter-
action vertex, while the TPCs provide 3D tracking and
determine the momentum and energy loss of each charged
particle traversing them. The observed energy loss in the
TPCs, combined with the measurement of the momen-
tum, is used for particle identification (PID). The analy-
sis presented here is focused on neutrino interactions on
carbon, including only events occurring in FGD1.

III. EVENT SIMULATION AND SELECTION

The goal of this analysis was to perform a simultane-
ous fit to ND280 and INGRID data, extracting the muon
neutrino flux-integrated di↵erential cross section on hy-
drocarbon without pions in the final state as a function
of the outgoing muon kinematics for both the o↵- and
on-axis T2K flux. Signal events are defined by a neu-
trino interaction with an outgoing muon, zero pions, and
any number of other hadrons in the final state and are
referred to as CC-0⇡ events (or topology). This signal
definition is chosen because it is the most common in-
teraction for the T2K oscillation analysis and to match
what is accessible to the detectors: the outgoing final-
state particles that exit the nucleus. Particles produced
in the neutrino interaction can re-interact as they leave
the nucleus, potentially producing new particles or be-
ing absorbed, referred to as final-state interactions (FSI).
Defining the signal in terms of the final-state particles re-
duces the model dependence of attempting to correct for
FSI e↵ects. Similarly, the cross section is measured as a
function of the outgoing muon kinematics as opposed to
using the reconstructed neutrino energy or momentum
transfer to avoid as much model dependence as possible.
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• Signal definition: CC-1 0 p withμ πN
• Signal samples with  vertex in FGD1 (ND280):ν

Pion traverses 
from FGD1 
into TPC2

-CC  Interactions with correlated energy spectra νμ 0π

Off-axis ND280

9

TPC1 TPC2 TPC3

FGD1 FGD2

• Measure beam spectrum and flavor composition before the oscillations


• Detector installed inside the UA1/NOMAD magnet (0.2 T)


• An electromagnetic calorimeter to distinguish tracks from showers


• Upgraded in 2023 but for the analyses shown here the original tracker system is used: 


• 2 Fine Grained Detectors (target for 𝜈 interactions). FGD1 is pure scintillator, FGD2 has water layers 
interleaved with scintillator


• 3 Time Projection Chambers: reconstruct momentum and charge of particles, PID based on measurement of 
ionization

• Signal samples with  vertex 
in Proton Module (INGRID):

ν

Parameter Central Value +1�

Muon - -

Proton Momentum 0.3 GeV
c

⇡+,⇡0, ⇡�, Neutron or other final state particles - -

Table 10: Model elements of tunes used in the simulation of muon neutrino interactions on carbon.

Model element
GENIE Tune

G18 10a 00 000 G18 10s 00 000 G18 10e 00 000

Nuclear (Ground-State) Model Local Fermi Gas Local Fermi Gas Local Fermi Gas
Quasi-Elastic (QE) processes Nieves Nieves Nieves
2p-2h (MEC)-processes Nieves (Valencia) SuSAv2 Empirical
Resonance (RES) production Berger-Sehgal Berger-Sehgal Berger-Sehgal
Deep Inelastic Scattering (DIS) Bodek-Yang Bodek-Yang Bodek-Yang
Coherent (COH) production Berger-Sehgal Berger-Sehgal Berger-Sehgal
Final-State Interactions (FSI) INTRANUKE hA 2018 INTRANUKE hA 2018 INTRANUKE hA 2018

Table 11: Model elements of tunes used in the simulation of muon neutrino interactions on argon.

Particle Momentum p [GeV/c] Angle ✓

e� 0.35� 30 < 46�

⇡+ < 1.5

p

Table 12: Model elements of tunes used in the simulation of muon neutrino interactions on carbon.

Particle Momentum p [GeV/c] Angle ✓

⇡+ 0.2� 1.0 < 60�

p < 0.2

Table 13: Model elements of tunes used in the simulation of muon neutrino interactions on carbon.

Particle Momentum p [GeV/c] Angle ✓

µ� (in INGRID) < 0.35 < 60�

Table 14: Model elements of tunes used in the simulation of muon neutrino interactions on carbon.

3

Signal

Background

(CC-1μ0πNp)

9

FIG. 8. Event distribution for measured data and MC prediction in reconstructed muon momentum and angle for the ND280
signal samples stacked by true topology. The purity of each topology is listed in the legend, and the last bin for muon momentum
contains all events with momentum greater than 5 GeV/c.
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FIG. 22. Extracted ND280 cross section as a function of muon momentum in angle bins compared to the nominal NEUT MC
prediction. Note that the final bin extending to 30 GeV/c has been omitted for clarity.
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Extracted Cross-Section
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FIG. 23. Extracted INGRID cross section as a function of muon momentum in angle bins compared to the nominal NEUT MC
prediction. Note that the final bin extending to 30 GeV/c has been omitted for clarity.
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FIG. 23. Extracted INGRID cross section as a function of muon momentum in angle bins compared to the nominal NEUT MC
prediction. Note that the final bin extending to 30 GeV/c has been omitted for clarity.
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for the nuclear ground state with the Nieves multi-
nucleon model, and multiple using a local Fermi gas
(LFG) for the nuclear ground state with a di↵erent
available multi-nucleon model: SuSAv2 [83], Nieves
et al., or Martini et al. [16]. All configurations
use the same models for pion production and FSI
interactions and set MQE

A = 1.03 GeV/c2.

Tab. III contains the �2 for the joint result and the �2

considering a single detector. The joint �2 for a given
model comparison will be slightly di↵erent from the sum
of the individual �2 values due to the correlations be-
tween the detectors. Overall the generator predictions
do not describe the data well according to �2/N values
ranging from approximately 1.5 to 3.0 for N = 70 degrees
of freedom (measured bins) with 58 ND280 bins and 12
INGRID bins. The larger �2 values for ND280 compared
to INGRID is primarily due to ND280 having a finer
binning than INGRID. A unique aspect of this measure-
ment is the ability to compare how a given model does
for ND280 and INGRID individually and how the full
result with correlations between ND280 and INGRID is
better or worse than the naive sum. For example, the
two GENIE models used in this paper show opposite be-
havior: one model describes ND280 better than the other
but does worse describing INGRID and vice versa.

Figures 24 and 25 show the data compared to each gen-
erator’s implementation of a LFG nuclear ground state
plus the Nieves et al. multi-nucleon model. The pion pro-
duction models will be roughly similar, however the FSI
treatment is di↵erent between each prediction. The gen-
erators mostly di↵er in the normalization for the ND280
bins at the middle momentum range around the T2K
flux peak energy of 0.6 GeV, however all show very simi-
lar INGRID predictions. For this particular set of models
and generator versions, NEUT performs notably better
than GENIE and NuWro.

Figures 26 and 27 show the data compared to several
di↵erent multi-nucleon predictions using NuWro with a
LFG ground state and the same parameters for all other
aspects of the generation. The predictions are very simi-
lar between the di↵erent multi-nucleon models as imple-
mented in NuWro, with a slight preference for SuSAv2.

C. Comparison to previous result

This analysis uses the same binning for the ND280
samples as the CC-0⇡ analysis from Ref. [69], allow-
ing for a direct comparison between the results. The
main di↵erences are the inclusion of more data for this
result (T2K Run 8), increasing the neutrino-mode sample
statistics by approximately a factor of two, and the con-
figuration of the fits, where this analysis did a neutrino-
only joint fit of on- and o↵-axis data and Ref. [69] did
a joint anti-neutrino and neutrino fit with only o↵-axis
data. Both results are shown in Fig. 28 with the final
bin extending to 30 GeV/c omitted for clarity. The ma-
jority of the bins agree within their 1� error bars, and

Model ND280 INGRID Joint
Nominal MC (NEUT) 136.34 18.21 158.71
NEUT LFG+Nieves 106.46 11.46 116.26
NEUT SF+Nieves MA = 1.03 194.88 14.36 209.18
NEUT SF+Nieves MA = 1.21 158.71 9.98 170.93
NuWro SF+Nieves 122.74 15.68 137.02
NuWro LFG+Nieves 125.88 12.75 141.04
NuWro LFG+SuSAv2 121.57 11.13 135.38
NuWro LFG+Martini 138.86 12.46 155.68
GENIE BRRFG+EmpMEC 141.40 12.80 156.05
GENIE LFG+Nieves 125.50 14.45 135.69

TABLE III. Agreement between this result and the vari-
ous model comparisons as measured by the �2 for both the
joint result and when compared to each detector individually.
ND280 has 58 cross-section bins and INGRID has 12 cross-
section bins for a combined 70 total bins.

show a trend for this result to report a smaller cross sec-
tion at medium to higher muon momentum (above 0.8
GeV/c) that is more pronounced at more forward-going
angles. Additionally, the high fluctuation in the cross
section seen in the 2.0 to 3.0 GeV/c momentum bin in
the most forward angle bin (0.98 < cos ✓µ < 1.00) is
now smaller and closer in value to the neighboring bins
compared to previous T2K CC-0⇡ results.

VI. CONCLUSIONS

This paper presents the first measurement of neutrino
interactions without pions in the final state using multi-
ple energy spectra at T2K with the on- and o↵-axis near
detectors. The analysis was performed using a joint max-
imum likelihood fit with signal and control samples from
both detectors to minimize the background uncertainties
and perform the unfolding from reconstructed to truth
variables. The results include the cross-section mea-
surement at each detector and the correlation between
them, providing additional information compared to the
individual measurements. Generator models continue to
struggle to describe the data, and for the comparisons
performed in this paper, the NEUT implementation of a
LFG ground state plus the Nieves et al. multi-nucleon
model has the smallest �2/N ⇠ 1.66, which is still very
poor agreement.
This analysis is the next step in combined measure-

ments at T2K and further opens up the possibility for
more complex combinations of analyses. Only neutrino-
mode data was considered for this first analysis using
multiple energy spectra, but future analyses will include
the anti-neutrino data. Additionally, future versions of
this analysis will include the T2K replica target measure-
ments from NA61/SHINE [84] for the flux modeling, and
updates of the neutrino interaction model.
Since this analysis was finalized, the WAGASCI [85]

and BabyMIND [86] detectors were added to the T2K
near detector hall at an o↵-axis angle of 1.5 degrees and
have started taking data. WAGASCI/BabyMIND data

29

FIG. 24. Extracted ND280 cross section as a function of muon momentum in angle bins compared to NEUT, GENIE, and
NuWro all using a similar model. Note that the final bin extending to 30 GeV/c has been omitted for clarity.
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FIG. 25. Extracted INGRID cross section as a function of muon momentum in angle bins compared to NEUT, GENIE, and
NuWro all using a similar model. Note that the final bin extending to 30 GeV/c has been omitted for clarity.
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FIG. 25. Extracted INGRID cross section as a function of muon momentum in angle bins compared to NEUT, GENIE, and
NuWro all using a similar model. Note that the final bin extending to 30 GeV/c has been omitted for clarity.
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FIG. 23. Extracted INGRID cross section as a function of muon momentum in angle bins compared to the nominal NEUT MC
prediction. Note that the final bin extending to 30 GeV/c has been omitted for clarity.
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FIG. 25. Extracted INGRID cross section as a function of muon momentum in angle bins compared to NEUT, GENIE, and
NuWro all using a similar model. Note that the final bin extending to 30 GeV/c has been omitted for clarity.

• PRISM-like analysis with two fluxes 
• Ability to compare correlated results to naive sum 
• Tensions between generator predictions and data 
• Deficit of data wrt predictions at forward angles 

• Data-MC agreement quantified by -values:χ2
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Extracted Cross-Section

• Possibility of adding CC  measurement with 
WAGASCI to add a third flux to the PRISM 
analysis of Phys. Rev. D 108, 112009 with 
ND280 and INGRID
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Figure 213: One dimensional plot for the differential cross section result in momentum binning
on CH target (top) and CH target (bottom)
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Figure 214: One dimensional plot for the differential cross section result in angle binning on CH
target (top) and CH target (bottom)
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7.6 Discussion1847

7.6.1 Data and MC model comparisons1848

In this section, the data fit results are compared to several kinds of alternative interaction models1849

to see which models describe the results best. The agreement between the measurement and1850

models is qualified by the �
2 defined by1851

�
2 =

NX

ij

✓
d�

data

dxi
� d�

true

dxi

◆
V�1

ij

✓
d�data

dxj
� d�true

dxj

◆
(64)

where N is the number of cross section bins, xi and xj are the ith and jth kinematic bin1852

respectively, and V is the cross section covariance matrix. The models compared to this analysis1853

are briefly described in the following.1854

We compared the three models (alternative NEUT version, GENIE, and ND post-fit tuned1855

parameters) which correspond to what were used in the fake data studies. The comparisons of1856

�
2 for each model are shown in Table 35. The corresponding plots are shown in Figure 215.1857

The degree of freedom is 12 for both momentum and angle binning. No particular model is not1858

rejected or favored based on the fit results according to the �
2 in this analysis.1859

Table 35: Agreement between the data fit and the simulation based on various models as mea-
sured by the �

2.

Model �
2 in momentum binning �

2 in angle binning
CH H2O total CH H2O total

NEUT nominal 0.493 5.619 6.673 4.040 5.082 9.005
NEUT alternative version 1.827 5.550 7.611 4.279 6.615 11.29

GENIE 1.086 6.030 7.667 2.199 4.783 6.955
Post fit by the ND fit 1.318 5.547 7.424 3.217 5.169 8.208

225

C
H

C
H

T2K PRELIMINARY

T2K PRELIMINARY

 (WAGASCI-BabyMIND) 
publication in preparation

σCC0π
νμ−H2O,CH

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.112009
https://t2k.org/docs/technotes/445


Lars Bathe-Peters - T2K Neutrino Cross-Section Results  

10th March 2023

Introduction        Nuclear Effects        Cross Sections        T2K                               Conclusion and Outlookν νμ-CC0π νe-CC1π± ν-NC1π+ νCC-COH1π+−( ) −( )

20

T2K Cross-Section Results

2013       2014       2015       2016       2017       2018       2019       2020       2021       2022       2023       2024

Inclusive  Charged-
Current Cross Section 

ν̄μ Inclusive  Charged-
Current Cross Section 

νe

σCC-inc
ν̄e

 Charged-Current 
0  Cross Section 

νμ
π  Quasi-Elastic-like 

Neutral-Current 0  Cross 
Section ( -ray obs.)

ν
π

γ

σNC0π
ν̄

σCC1π
ν̄μ

 Charged-Current 1
 Cross Section 

νμ
π

 Neutral-Current 0 
Cross Section 

ν π

−( )

σCC0π
ν̄μ

−( )

−( )

−( )

σNC1π
ν̄

−( )

σCC1π
ν̄e

 Charged-Current 1
 Cross Section 

νe
π

−( )

( )

σCC-inc
ν̄μ

( )

( )

( )

( )

( )

 σCC1π+

νμ−H2O  σCC1π
νμ−CH  (TKI) σCC1π

νμ−CH σCC1π-COH
νμ−C  σCC1π-COH

νμ,ν̄μ−C

 σCC-inc
νμ−C  σCC-inc

νμ−CH,Fe  (INGRID) σCC-inc
νμ−Fe  σCC-inc

νμ−C,O,H,Cu  σCC-inc
νμ−H2O,C,Fe σCC-inc

νμ−C,dd

 σCC-inc
νe−H2O σCC-inc

νe−C  σCC-inc
νe−plastic

 σCCQE0π
νμ−C  σCC0π

νμ−C8H8
 σCCQE0π

νμ−C,off−axis  σCC0π
νμ−H2O   (TKI)σCC0π

νμ−CH
 

(INGRID+ 
WAGASCI) 

σCC0π
νμ−H2O,C σCC0π

νμ,νμ̄−CH  σCC0π
νμ−O+C  σCC0π

ν̄μ−H2O
 

(WAGASCI-
BabyMIND) 

σCC0π
νμ−H2O,CH

(ND280+ 
INGRID) 

σCC0π
νμ−CH

 σ NC0π
ν−O  σ NC0π

ν,ν̄−O

 σCC1π
νe−CH

( )

( )

  σ NC1π0

ν,ν̄−H2O   σ NC1π+

ν,ν̄−CH

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.95.012010
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.012007
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.112009
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.117.192501
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.092009
https://doi.org/10.1103/PhysRevD.87.092003
https://doi.org/10.1103/PhysRevD.90.052010
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.93.072002
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.96.052001
https://doi.org/10.1103/PhysRevD.98.012004
https://doi.org/10.1103/PhysRevD.98.012004
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.91.112010
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.96.052001
https://doi.org/10.1007/JHEP10(2020)114
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.91.112002
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.93.112012
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.112003
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.012001
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.98.032003
https://academic.oup.com/ptep/article/2021/4/043C01/6156643?login=false
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.112001
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.112004
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.012007
https://t2k.org/docs/technotes/445
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.112009
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.90.072012
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.112009
https://t2k.org/docs/technotes/412
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.032002
https://t2k.org/docs/technotes/412


Lars Bathe-Peters - T2K Neutrino Cross-Section Results  

10th March 2023

Introduction        Nuclear Effects        Cross Sections        T2K                               Conclusion and Outlookν νμ-CC0π νe-CC1π± ν-NC1π+ νCC-COH1π+−( ) −( )

3. Event selection 40

 [MeV/c]
e

p
1000 2000 3000 4000 5000 6000 7000

Ev
en

ts
 / 

bi
n 

w
id

th

0

5

10

15

20

25

Data
   60.19 %+πCC-eν 
    3.57 %πCC-0eν 

CC-other    2.32 %eν 
    1.57 %γ OOFGD 
    0.24 %γ OOFGDFV 
    8.98 %γCC-µν 
    5.13 %γ NC-
    6.67 %µ 
    1.47 %γ Other 

 Other    9.85 %

FGD sample
Data

   60.19 %+πCC-eν 
    3.57 %πCC-0eν 

CC-other    2.32 %eν 
    1.57 %γ OOFGD 
    0.24 %γ OOFGDFV 
    8.98 %γCC-µν 
    5.13 %γ NC-
    6.67 %µ 
    1.47 %γ Other 

 Other    9.85 %

eθcos
1− 0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8 1

Ev
en

ts
 / 

bi
n 

w
id

th

0

5

10

15

20

25

30

35

40

45
Data

   60.19 %+πCC-eν 
    3.57 %πCC-0eν 

CC-other    2.32 %eν 
    1.57 %γ OOFGD 
    0.24 %γ OOFGDFV 
    8.98 %γCC-µν 
    5.13 %γ NC-
    6.67 %µ 
    1.47 %γ Other 

 Other    9.85 %

FGD sample
Data

   60.19 %+πCC-eν 
    3.57 %πCC-0eν 

CC-other    2.32 %eν 
    1.57 %γ OOFGD 
    0.24 %γ OOFGDFV 
    8.98 %γCC-µν 
    5.13 %γ NC-
    6.67 %µ 
    1.47 %γ Other 

 Other    9.85 %

 MeV/c
π

p
0 100 200 300 400 500 600

Ev
en

ts
 / 

bi
n 

w
id

th

0

2

4

6

8

10

12

14

16

18 Data
   60.19 %+πCC-eν 
    3.57 %πCC-0eν 

CC-other    2.32 %eν 
    1.57 %γ OOFGD 
    0.24 %γ OOFGDFV 
    8.98 %γCC-µν 
    5.13 %γ NC-
    6.67 %µ 
    1.47 %γ Other 

 Other    9.85 %

FGD sample
Data

   60.19 %+πCC-eν 
    3.57 %πCC-0eν 

CC-other    2.32 %eν 
    1.57 %γ OOFGD 
    0.24 %γ OOFGDFV 
    8.98 %γCC-µν 
    5.13 %γ NC-
    6.67 %µ 
    1.47 %γ Other 

 Other    9.85 %

πθcos
1− 0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8 1

Ev
en

ts
 / 

bi
n 

w
id

th

0

2

4

6

8

10

12

14 Data
   60.19 %+πCC-eν 
    3.57 %πCC-0eν 

CC-other    2.32 %eν 
    1.57 %γ OOFGD 
    0.24 %γ OOFGDFV 
    8.98 %γCC-µν 
    5.13 %γ NC-
    6.67 %µ 
    1.47 %γ Other 

 Other    9.85 %

FGD sample
Data

   60.19 %+πCC-eν 
    3.57 %πCC-0eν 

CC-other    2.32 %eν 
    1.57 %γ OOFGD 
    0.24 %γ OOFGDFV 
    8.98 %γCC-µν 
    5.13 %γ NC-
    6.67 %µ 
    1.47 %γ Other 

 Other    9.85 %

Figure 24: Reconstructed electron and pion momentum kinematics distributions (preco
e , ◊reco

e , preco
fi , ◊reco

fi ) with
all selection cuts applied for the FGD sample.

From figure 24, all FGD sample events are within the first ≥500 MeV/c for the pion momentum.1103

The angular distribution of signal events for the FGD is relatively symmetric as the cosine of1104

the angle increases or decreases from zero.1105

This di�ers from the TPC sample, in which events are disproportionately low-angle and1106

have signal events concentrated in the intermediate range of pion momentum bins (pfi ƒ1107

0-2000 MeV/c). The reconstructed electron kinematics are similar for both samples, with1108

signal events most common in low-angle bins over intermediate momentum ranges (preco
e ƒ1109

500-3000 MeV/c).1110

These histograms validate what is expected from the truth studies in section 3.3, as the1111

FGD-contained pions are highly concentrated in the low momentum range, while pions which1112

enter the TPC occupy higher momentum ranges.1113

The electron candidate track true particle ID for reconstructed kinematics is also shown for the1114

FGD sample in figure 25. This is very similar to the TPC sample, as the main track electron1115

PID process is identical for the two samples.1116
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Figure 24: Reconstructed electron and pion momentum kinematics distributions (preco
e , ◊reco

e , preco
fi , ◊reco

fi ) with
all selection cuts applied for the FGD sample.

From figure 24, all FGD sample events are within the first ≥500 MeV/c for the pion momentum.1103

The angular distribution of signal events for the FGD is relatively symmetric as the cosine of1104

the angle increases or decreases from zero.1105

This di�ers from the TPC sample, in which events are disproportionately low-angle and1106

have signal events concentrated in the intermediate range of pion momentum bins (pfi ƒ1107

0-2000 MeV/c). The reconstructed electron kinematics are similar for both samples, with1108

signal events most common in low-angle bins over intermediate momentum ranges (preco
e ƒ1109

500-3000 MeV/c).1110

These histograms validate what is expected from the truth studies in section 3.3, as the1111

FGD-contained pions are highly concentrated in the low momentum range, while pions which1112

enter the TPC occupy higher momentum ranges.1113

The electron candidate track true particle ID for reconstructed kinematics is also shown for the1114

FGD sample in figure 25. This is very similar to the TPC sample, as the main track electron1115

PID process is identical for the two samples.1116
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fi ) with
all selection cuts applied for the FGD sample.

From figure 24, all FGD sample events are within the first ≥500 MeV/c for the pion momentum.1103

The angular distribution of signal events for the FGD is relatively symmetric as the cosine of1104

the angle increases or decreases from zero.1105

This di�ers from the TPC sample, in which events are disproportionately low-angle and1106

have signal events concentrated in the intermediate range of pion momentum bins (pfi ƒ1107

0-2000 MeV/c). The reconstructed electron kinematics are similar for both samples, with1108

signal events most common in low-angle bins over intermediate momentum ranges (preco
e ƒ1109

500-3000 MeV/c).1110

These histograms validate what is expected from the truth studies in section 3.3, as the1111

FGD-contained pions are highly concentrated in the low momentum range, while pions which1112

enter the TPC occupy higher momentum ranges.1113

The electron candidate track true particle ID for reconstructed kinematics is also shown for the1114

FGD sample in figure 25. This is very similar to the TPC sample, as the main track electron1115

PID process is identical for the two samples.1116

Signal

Background

(CC-1e−1π+X)

Motivation and Signal Definition

Parameter Central Value +1�

Muon - -

Proton Momentum 0.3 GeV
c

⇡+,⇡0, ⇡�, Neutron or other final state particles - -

Table 10: Model elements of tunes used in the simulation of muon neutrino interactions on carbon.

Model element
GENIE Tune

G18 10a 00 000 G18 10s 00 000 G18 10e 00 000

Nuclear (Ground-State) Model Local Fermi Gas Local Fermi Gas Local Fermi Gas
Quasi-Elastic (QE) processes Nieves Nieves Nieves
2p-2h (MEC)-processes Nieves (Valencia) SuSAv2 Empirical
Resonance (RES) production Berger-Sehgal Berger-Sehgal Berger-Sehgal
Deep Inelastic Scattering (DIS) Bodek-Yang Bodek-Yang Bodek-Yang
Coherent (COH) production Berger-Sehgal Berger-Sehgal Berger-Sehgal
Final-State Interactions (FSI) INTRANUKE hA 2018 INTRANUKE hA 2018 INTRANUKE hA 2018

Table 11: Model elements of tunes used in the simulation of muon neutrino interactions on argon.

Particle Momentum p [GeV/c] Angle ✓

e� 0.35� 30 < 46�

⇡+ < 1.5

Table 12: Model elements of tunes used in the simulation of muon neutrino interactions on carbon.

Particle Momentum p [GeV/c] Angle ✓

⇡+ 0.2� 1.0 < 60�

p < 0.2

Table 13: Model elements of tunes used in the simulation of muon neutrino interactions on carbon.

Particle Momentum p [GeV/c] Angle ✓

µ� (in INGRID) < 0.35 < 60�

Table 14: Model elements of tunes used in the simulation of muon neutrino interactions on carbon.
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Fig. 17: The events in the full data set for the five FD samples, shown in reconstructed lepton momentum and the angle
between the neutrino beam and the lepton in the lab frame. The coloured background in the two-dimensional plot shows
the expected number of events from the frequentist analysis, using the best-fit values for the oscillation and systematic
uncertainty parameters, applying the reactor constraint on sin2 q13. The insets show the events projected onto each single
dimension, and the red line is the expected number of events from the best-fit. The uncertainty represents the 1s statistical
uncertainty on the data.
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Figure 24: Reconstructed electron and pion momentum kinematics distributions (preco
e , ◊reco

e , preco
fi , ◊reco

fi ) with
all selection cuts applied for the FGD sample.

From figure 24, all FGD sample events are within the first ≥500 MeV/c for the pion momentum.1103

The angular distribution of signal events for the FGD is relatively symmetric as the cosine of1104

the angle increases or decreases from zero.1105

This di�ers from the TPC sample, in which events are disproportionately low-angle and1106

have signal events concentrated in the intermediate range of pion momentum bins (pfi ƒ1107

0-2000 MeV/c). The reconstructed electron kinematics are similar for both samples, with1108

signal events most common in low-angle bins over intermediate momentum ranges (preco
e ƒ1109

500-3000 MeV/c).1110

These histograms validate what is expected from the truth studies in section 3.3, as the1111

FGD-contained pions are highly concentrated in the low momentum range, while pions which1112

enter the TPC occupy higher momentum ranges.1113

The electron candidate track true particle ID for reconstructed kinematics is also shown for the1114

FGD sample in figure 25. This is very similar to the TPC sample, as the main track electron1115

PID process is identical for the two samples.1116
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From figure 24, all FGD sample events are within the first ≥500 MeV/c for the pion momentum.1103

The angular distribution of signal events for the FGD is relatively symmetric as the cosine of1104

the angle increases or decreases from zero.1105

This di�ers from the TPC sample, in which events are disproportionately low-angle and1106

have signal events concentrated in the intermediate range of pion momentum bins (pfi ƒ1107

0-2000 MeV/c). The reconstructed electron kinematics are similar for both samples, with1108

signal events most common in low-angle bins over intermediate momentum ranges (preco
e ƒ1109

500-3000 MeV/c).1110

These histograms validate what is expected from the truth studies in section 3.3, as the1111

FGD-contained pions are highly concentrated in the low momentum range, while pions which1112

enter the TPC occupy higher momentum ranges.1113

The electron candidate track true particle ID for reconstructed kinematics is also shown for the1114

FGD sample in figure 25. This is very similar to the TPC sample, as the main track electron1115

PID process is identical for the two samples.1116
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2. Analysis strategy 23

2.2 Samples811

There are two signal-enriched samples used for this analysis, distinguished by the method of812

pion detection:813

• TPC sample: the pion enters the TPCs downstream of FGD1; pion detection is814

performed by analysing energy deposition rates in the TPC gas mixture.815

• FGD sample: the pion remains in FGD1 and decays to a Michel electron; pion detection816

uses information from FGD time bins as described in section 3.5.817

Examples of tracks left by ‹eCCfi+ TPC sample and FGD sample events which satisfy the818

signal definition are superimposed on the ND280 geometry in figure 3.819

Figure 3: ND280 schematic showing ‹eCCfi+ interactions which correspond to (a) the TPC sample and (b) the
FGD sample. The dotted tracks represent the intermediate particles which decay to the Michel electron via
fi+ æ µ+ + e+. The legend indicates the particle type that each example track corresponds to.

In addition to the signal samples, there are also two control samples which are based on selecting820

photon backgrounds which pass the pion PID, as well as a reversed invariant mass cut which821

e�ectively selects photon conversion events. This is described in section 4.822

Charged particles which pass downstream from FGD1 into the TPCs are typically easily823

reconstructible as they leave hits along equally-spaced readout planes. The energy deposition824

as a function of particle momentum can be used to perform pion particle identification825

(PID) [7]. Detection in the electromagnetic calorimeter (ECal) is also performed using PID826

variables, such as RMIP-EM, which discriminates between minimally-ionising particles (MIPs)827

and shower-producing particles [8].828

Pions which decay to Michel electrons tend to leave a number of delayed and clustered FGD hits829

accompanied by charge build-up. The mass di�erence between pions and muons compared with830

muons and electrons means that electrons will carry significantly more kinetic energy than the831

other intermediate particles, leaving a number of FGD hits after a delay period corresponding832
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• Signal samples with  vertex in FGD1:ν

Pion traverses 
from FGD1 
into TPC2

Pion remains 
in FGD1

-CC  Interactionsνe 1π±

Signal

Background

(CC-1e−1π+X)

Signal Definition

Parameter Central Value +1�

Muon - -

Proton Momentum 0.3 GeV
c

⇡+,⇡0, ⇡�, Neutron or other final state particles - -

Table 10: Model elements of tunes used in the simulation of muon neutrino interactions on carbon.

Model element
GENIE Tune

G18 10a 00 000 G18 10s 00 000 G18 10e 00 000

Nuclear (Ground-State) Model Local Fermi Gas Local Fermi Gas Local Fermi Gas
Quasi-Elastic (QE) processes Nieves Nieves Nieves
2p-2h (MEC)-processes Nieves (Valencia) SuSAv2 Empirical
Resonance (RES) production Berger-Sehgal Berger-Sehgal Berger-Sehgal
Deep Inelastic Scattering (DIS) Bodek-Yang Bodek-Yang Bodek-Yang
Coherent (COH) production Berger-Sehgal Berger-Sehgal Berger-Sehgal
Final-State Interactions (FSI) INTRANUKE hA 2018 INTRANUKE hA 2018 INTRANUKE hA 2018

Table 11: Model elements of tunes used in the simulation of muon neutrino interactions on argon.

Particle Momentum p [GeV/c] Angle ✓

e� 0.35� 30 < 46�

⇡+ < 1.5

Table 12: Model elements of tunes used in the simulation of muon neutrino interactions on carbon.

Particle Momentum p [GeV/c] Angle ✓

⇡+ 0.2� 1.0 < 60�

p < 0.2

Table 13: Model elements of tunes used in the simulation of muon neutrino interactions on carbon.

Particle Momentum p [GeV/c] Angle ✓

µ� (in INGRID) < 0.35 < 60�

Table 14: Model elements of tunes used in the simulation of muon neutrino interactions on carbon.
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2. Analysis strategy 26

2.4.2 Pion kinematics reconstruction from Michel electrons883

Pions which decay to Michel electrons tend to have short, non-reconstructible tracks contained884

in FGD1. This means the pion kinematics need to be reconstructed using an alternative method885

using the kinematics of the outgoing Michel electron. This technique was first developed as part886

of a new analysis of ‹µCC1fi+ interactions in ND280; the methods behind this reconstruction887

process are described in far more detail in section 3 of the T2K-TN-417 [16]. A diagram of888

Michel electron production with the relevant quantities annotated is shown in figure 5.889

Figure 5: Schematic of Michel electron (e+) production from ‹eCCfi+ events superimposed on a subsection of
the ND280 geometry. The quantities d and ◊ are the distance and angle between the Michel electron vertex
and the original ‹eCCfi+ vertex. The Michel electron is indicated by the pink track and remains in FGD1. The
legend indicates the particle corresponding to each track. Note the track lengths of some particles, such as the
pion and muon, are exaggerated to clearly show where d and ◊ originate from.

The reconstruction process parametrises the distance d between the Michel electron production890

and ‹e vertex as891

pfi = c0 ◊ dc1 + c2, (7)

where the constants have values c0 = 19.11 ± 0.88 [MeV/mm], c1 = 0.4154 ± 0.0063 and892

c2 = 14.47 ± 2.02 MeV which are extracted from fitting this function to MC and data2. These893

values are listed in table IX of T2K-TN-417 [16]. The Michel electron angle is also approximated894

to be equivalent the angle of the true pion,895

◊fi = ◊ME, (8)

Truth-level comparisons between the measurable quantities and the true pion kinematics896

variables are shown in figure 6. As shown, there are clear trends between each pair of variables.897

2Note that the expression in (7) has di�erent values for c0,1,2 for Michel electrons found in FGD2, which
is not considered by this analysis. The ‹µCC1fi+ analysis does have a sample corresponding to FGD2 Michel
electron production.
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Figure 5: Schematic of Michel electron (e+) production from ‹eCCfi+ events superimposed on a subsection of
the ND280 geometry. The quantities d and ◊ are the distance and angle between the Michel electron vertex
and the original ‹eCCfi+ vertex. The Michel electron is indicated by the pink track and remains in FGD1. The
legend indicates the particle corresponding to each track. Note the track lengths of some particles, such as the
pion and muon, are exaggerated to clearly show where d and ◊ originate from.

The reconstruction process parametrises the distance d between the Michel electron production890

and ‹e vertex as891

pfi = c0 ◊ dc1 + c2, (7)

where the constants have values c0 = 19.11 ± 0.88 [MeV/mm], c1 = 0.4154 ± 0.0063 and892

c2 = 14.47 ± 2.02 MeV which are extracted from fitting this function to MC and data2. These893

values are listed in table IX of T2K-TN-417 [16]. The Michel electron angle is also approximated894

to be equivalent the angle of the true pion,895

◊fi = ◊ME, (8)

Truth-level comparisons between the measurable quantities and the true pion kinematics896

variables are shown in figure 6. As shown, there are clear trends between each pair of variables.897

2Note that the expression in (7) has di�erent values for c0,1,2 for Michel electrons found in FGD2, which
is not considered by this analysis. The ‹µCC1fi+ analysis does have a sample corresponding to FGD2 Michel
electron production.

π+

e−

μ+

νμ
e+

νe

ν̄μ

νeCCπ+-vertex

Michel-electron 
vertex 

  publication in preparationσCC1π
νe−CH

This method was first developed in a 
-analysis. More details can 

be found in the upcoming publication.
νμCC1π+ ECAL

ECAL

FGD TPCμ−

π+ e−

https://t2k.org/docs/technotes/412
https://t2k.org/docs/technotes/417


Lars Bathe-Peters - T2K Neutrino Cross-Section Results  

10th March 2023

Introduction        Nuclear Effects        Cross Sections        T2K                               Conclusion and Outlookν νμ-CC0π νe-CC1π± ν-NC1π+ νCC-COH1π+−( ) −( )

25

Production Cross Section in FGD1 of the ND280 Tracker

-CC  Interactionsνe 1π±

Pion Kinematics Reconstruction from Michel Electrons

2. Analysis strategy 26

2.4.2 Pion kinematics reconstruction from Michel electrons883

Pions which decay to Michel electrons tend to have short, non-reconstructible tracks contained884

in FGD1. This means the pion kinematics need to be reconstructed using an alternative method885

using the kinematics of the outgoing Michel electron. This technique was first developed as part886

of a new analysis of ‹µCC1fi+ interactions in ND280; the methods behind this reconstruction887

process are described in far more detail in section 3 of the T2K-TN-417 [16]. A diagram of888
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Figure 5: Schematic of Michel electron (e+) production from ‹eCCfi+ events superimposed on a subsection of
the ND280 geometry. The quantities d and ◊ are the distance and angle between the Michel electron vertex
and the original ‹eCCfi+ vertex. The Michel electron is indicated by the pink track and remains in FGD1. The
legend indicates the particle corresponding to each track. Note the track lengths of some particles, such as the
pion and muon, are exaggerated to clearly show where d and ◊ originate from.

The reconstruction process parametrises the distance d between the Michel electron production890

and ‹e vertex as891

pfi = c0 ◊ dc1 + c2, (7)

where the constants have values c0 = 19.11 ± 0.88 [MeV/mm], c1 = 0.4154 ± 0.0063 and892

c2 = 14.47 ± 2.02 MeV which are extracted from fitting this function to MC and data2. These893

values are listed in table IX of T2K-TN-417 [16]. The Michel electron angle is also approximated894

to be equivalent the angle of the true pion,895

◊fi = ◊ME, (8)

Truth-level comparisons between the measurable quantities and the true pion kinematics896

variables are shown in figure 6. As shown, there are clear trends between each pair of variables.897

2Note that the expression in (7) has di�erent values for c0,1,2 for Michel electrons found in FGD2, which
is not considered by this analysis. The ‹µCC1fi+ analysis does have a sample corresponding to FGD2 Michel
electron production.
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The reconstruction process parametrises the distance d between the Michel electron production890

and ‹e vertex as891

pfi = c0 ◊ dc1 + c2, (7)

where the constants have values c0 = 19.11 ± 0.88 [MeV/mm], c1 = 0.4154 ± 0.0063 and892

c2 = 14.47 ± 2.02 MeV which are extracted from fitting this function to MC and data2. These893

values are listed in table IX of T2K-TN-417 [16]. The Michel electron angle is also approximated894

to be equivalent the angle of the true pion,895

◊fi = ◊ME, (8)

Truth-level comparisons between the measurable quantities and the true pion kinematics896

variables are shown in figure 6. As shown, there are clear trends between each pair of variables.897

2Note that the expression in (7) has di�erent values for c0,1,2 for Michel electrons found in FGD2, which
is not considered by this analysis. The ‹µCC1fi+ analysis does have a sample corresponding to FGD2 Michel
electron production.
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Figure 6: Two-dimensional histograms of (left) the true separation distance d between the neutrino vertex and
Michel electron vertex and the true pion momentum ptrue

fi , and (right) of the true Michel electron angle ◊true
ME

against the true pion angle ◊true
fi . The z-scales are the POT-normalised MC event rates.

The e�ectiveness of these approximations are shown by comparing true and reconstructed pion898

kinematics in figure 7. The momentum reconstruction has a clear diagonal trend; reconstructed899

events tend to be less accurately reconstructed when pfi . 50 MeV/c, but there are very few900

events in this region. The angular reconstruction is not as accurate; there is a slight diagonal901

trend with events concentrated near high angles in the centre, but many events tend to have902

significant deviation from this.903
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Figure 7: Two-dimensional histograms showing (left) the true pion momentum ptrue
fi and (right) angular cos ◊true

fi

distributions against the reconstructed equivalent distributions, preco
fi and cos ◊reco

fi , for the FGD sample. The
z-scales are the POT-normalised MC event rates.

The reconstruction accuracy is limited mainly due to the structure of the FGDs. The FGDs904

consist of alternating scintillator bars in the x and y directions. This technique also requires905

tracks to have adjacent hits on alternating bars for reconstructing pion momentum. Given906

that the pion momentum reconstruction uses several consecutive bars and the angle relies on907

the initial hit only, the momentum reconstruction is far more accurate. As a result of the908

limitations of the reconstruction accuracy of the pion angle, this information is not used in the909

reconstructed binning scheme for the FGD sample.910

In order to further assess the reconstruction accuracy for di�erent momentum values, the911

resolution is defined and compared with the number of events and true pion momentum.912

Resolution plots are shown in figure 8.913

pπ = c0 ⋅ dc1 + c2

  publication in preparationσCC1π
νe−CH

This method was first developed in a 
-analysis. More details can 

be found in the upcoming publication.
νμCC1π+
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reasonable and the measured cross sections are lower than predicted in the nominal MC in2254

most bins. This is particularly the case for the upper pion momentum range where both MC2255

generator predictions are o� by greater than 2‡; this is not the case for the lowest momentum2256

pions.2257
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Figure 121: The one-dimensional and total flux-integrated cross section results for the data fit. Note the upper
pe bin extends to 30 GeV.

The total flux-integrated cross section is (5.04 ± 1.20) ◊ 10≠39 cm2 nucleon≠1. This result is2258

lower than both the NEUT and GENIE predictions by 1.6‡ and 2.9‡ respectively. This is also2259

slightly lower than the ‹eCC result of (6.62 ± 1.32 (stat.) ± 1.30 (syst.)) ◊ 10≠39 cm2 nucleon≠1
2260

[4].2261

The uncertainty on the total flux-integrated cross section value, broken down by the source of2262

uncertainty, is shown in table XV. The cross section model uncertainty is marginally dominant,2263

but the overall statistical uncertainty dominates the precision threshold measurement.2264

Source Error

Detector 5.6%
Flux 6.8%
Cross section 7.8%
Total systematic 11.7%
Total statistical 16.3%

Table XV: The systematic and statistical uncertainty contributions to the overall cross section error.

27

Production Cross Section in FGD1 of the ND280 Tracker
7. Results 136

reasonable and the measured cross sections are lower than predicted in the nominal MC in2254

most bins. This is particularly the case for the upper pion momentum range where both MC2255

generator predictions are o� by greater than 2‡; this is not the case for the lowest momentum2256

pions.2257

1 2 3 4 5 6 7 8 9 10
 [GeV]ep

0

0.5

1

1.5

2

2.5

3

3.5

4 -1
 G

eV
-1

 n
uc

le
on

2
 c

m
-3

9
 1

0
 e

dp
σd

 Data fit Neut (stat)

 Data fit Neut (stat + syst)

 Neut 5.4.0

 Genie 2.8.0

0.7 0.75 0.8 0.85 0.9 0.95 1
)eθcos(

0

10

20

30

40

50

60

70

80

90

100 -1
 n

uc
le

on
2

 c
m

-3
9

 1
0

 eθ
dc

osσd

 Data fit Neut (stat)

 Data fit Neut (stat + syst)

 Neut 5.4.0

 Genie 2.8.0

0 0.2 0.4 0.6 0.8 1 1.2 1.4
 [GeV]
π

p
0

2

4

6

8

10

12

14

 -1
 G

eV
-1

 n
uc

le
on

2
 c

m
-3

9
 1

0
 π

dp
σd

 Data fit Neut (stat)

 Data fit Neut (stat + syst)

 Neut 5.4.0

 Genie 2.8.0

0 5 10 15 20 25 30
 [GeV]νE

0

2

4

6

8

10

12

14
 -1

 n
uc

le
on

2
 c

m
-3

9
 1

0
 

σ
 Data fit Neut (stat)

 Data fit Neut (stat + syst)

 Neut 5.4.0

 Genie 2.8.0

Figure 121: The one-dimensional and total flux-integrated cross section results for the data fit. Note the upper
pe bin extends to 30 GeV.

The total flux-integrated cross section is (5.04 ± 1.20) ◊ 10≠39 cm2 nucleon≠1. This result is2258

lower than both the NEUT and GENIE predictions by 1.6‡ and 2.9‡ respectively. This is also2259

slightly lower than the ‹eCC result of (6.62 ± 1.32 (stat.) ± 1.30 (syst.)) ◊ 10≠39 cm2 nucleon≠1
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The uncertainty on the total flux-integrated cross section value, broken down by the source of2262

uncertainty, is shown in table XV. The cross section model uncertainty is marginally dominant,2263

but the overall statistical uncertainty dominates the precision threshold measurement.2264

Source Error

Detector 5.6%
Flux 6.8%
Cross section 7.8%
Total systematic 11.7%
Total statistical 16.3%

Table XV: The systematic and statistical uncertainty contributions to the overall cross section error.
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uncertainty, is shown in table XV. The cross section model uncertainty is marginally dominant,2263

but the overall statistical uncertainty dominates the precision threshold measurement.2264
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Figure 55: Nominal NEUT MC vs data for the signal region (top row), SB1 (2nd row),
SB2 (3rd row) and SB3 (bottom row) as a function of the selected track momentum
(Left) and angle (Right).
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• Motivation: 

• NC  and CC  look similar in SK1π± 0π

Neutrino-NC  Interactions on Hydrocarbon 1π+

Parameter Central Value +1�

Muon - -

Proton Momentum 0.3 GeV
c

⇡+,⇡0, ⇡�, Neutron or other final state particles - -

Table 10: Model elements of tunes used in the simulation of muon neutrino interactions on carbon.

Model element
GENIE Tune

G18 10a 00 000 G18 10s 00 000 G18 10e 00 000

Nuclear (Ground-State) Model Local Fermi Gas Local Fermi Gas Local Fermi Gas
Quasi-Elastic (QE) processes Nieves Nieves Nieves
2p-2h (MEC)-processes Nieves (Valencia) SuSAv2 Empirical
Resonance (RES) production Berger-Sehgal Berger-Sehgal Berger-Sehgal
Deep Inelastic Scattering (DIS) Bodek-Yang Bodek-Yang Bodek-Yang
Coherent (COH) production Berger-Sehgal Berger-Sehgal Berger-Sehgal
Final-State Interactions (FSI) INTRANUKE hA 2018 INTRANUKE hA 2018 INTRANUKE hA 2018

Table 11: Model elements of tunes used in the simulation of muon neutrino interactions on argon.

Particle Momentum p [GeV/c] Angle ✓

e� 0.35� 30 < 46�

⇡+ < 1.5

p

Table 12: Model elements of tunes used in the simulation of muon neutrino interactions on carbon.

Particle Momentum p [GeV/c] Angle ✓

⇡+ 0.2� 1.0 < 60�

p < 0.2

Table 13: Model elements of tunes used in the simulation of muon neutrino interactions on carbon.

3

Proton momentum condition makes this count as 0p

Figure 17: Signal sample results of the selection as a function of the ⇡+ candidate
momentum (left) and angle (right) in the full phase space. The results are broken down
by topology with purity detailed in the legend and are presented both for NEUT (top)
and GENIE (bottom).

signal region and, consequently, its output can be expected to be highly informative616

about the signal cross section. For high momentum and angle, the purity gradually617

degrades reaching values similar to 10-20%. The final good purity results are mainly618

driven by the combined action of the PID cuts (TPC, ECal and FGD), see Figure 20,619

which boost the purity7 from about 10% to approximately 40% while only decreasing620

the e�ciency from about 20% to around 15%.621

4.1.1. Signal sample composition622

A break down of the processes contributing to the signal topology in the signal sample623

is presented in Table 5. In general, NEUT and GENIE show good agreement in the624

fraction of processes contributing to the true selected signal events. Overall good agree-625

ment is also observed in the individual event predictions of all topologies, summarized626

in Table 6. The only mild disagreement is the higher (+20%) amount of OOFV and627

7These numbers consider only events in the true FGD1 FV and therefore do not take into account
OOFV events.
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  publication in preparationσ NC1π+

ν,ν̄−CH

1. Introduction and motivation91

Figure 1: Selected events in SK for the 1-µ ring sample using the cuts described in
T2K-TN399 [1] without (left) and with (right) oscillation weights applied (✓23 = 45�,
�m2

23
= 2.5 · 10�3 eV).

Neutrino NC interactions producing a single charged pion in the final state (NC1⇡±)92

are an important background for the study of ✓23 and �m2

23
via ⌫µ ! ⌫µ (and ⌫̄µ ! ⌫̄µ)93

oscillations in T2K. In NC1⇡± interactions, the outgoing pion can mimic the muon sig-94

nal in Super-Kamiokande (and in the future in Hyper-Kamiokande), such that NC1⇡±
95

interactions are di�cult to separate from ⌫µ CC0⇡ events, the main signal topology.96

The energy spectrum of the neutrinos measured in Super-Kamiokande depends both on97

the oscillation probability and the interaction cross section. NC interactions are insen-98

sitive to the oscillation probability, hence, given that the predominant flavor in T2K’s99

far detector is ⌫⌧ which is unable to undergo CC for typical T2K neutrino energies, the100

event rate of the NC1⇡± background is non negligible when compared to the ⌫µ CC101

signal. To show this e↵ect, Figure 1 compares the selected events in the 1-Rµ sample102

with and without applying oscillation weights.103

104

In T2K, the far detector event rate predictions are constrained by measurements in105

the ND280 detector. However, in ND280 the oscillation probability is negligible such106

that the fraction of NC1⇡± interactions only accounts for ⇡ 1.3% of the total event107

rate. Because of that, isolating a statistically significant sample of NC1⇡± interactions108

with good purity is a very challenging problem. This is also true for all other existing109

neutrino detectors and, consequently, no measurements have been published for NC1⇡±
110

interactions in modern neutrino experiments. Some studies were published four decades111

ago (two for NC1⇡� [2, 3] and one for NC1⇡+ [3]) using bubble chamber detectors112

and a methodology significantly di↵erent from that being used in modern neutrino113

experiments. The existing measurements did not report the neutral current single114

charged pion cross section, instead, only its ratio with respect to the charged current115

single pion production [2] or the selected event rate vs predictions [3] were presented,116

furthermore, with low statistics in both cases. In consequence, little is known about117

5

Oscillated (muon-disappearance) selected SK -ring sample events1μ

• Signal definition: NC  where0ℓ1π+0p

are not yet available. Nonetheless, the significant di↵erences between both models299

allows to perform stringent tests on the robustness of the measurement to neutrino300

interaction modeling di↵erences.301

With regard to the NC1⇡+ events without (NC1⇡+0p, signal) and with protons above302

200 MeV/c (NC1⇡+Np, background) the predictions for both generators are sensibly303

di↵erent. NEUT predicts about +13% more signal interactions than GENIE in the304

full phase space, a discrepancy similar in magnitude to that in CC0⇡ events (+12%)305

or CC1⇡ events (-15%). Further details are presented in Table 4. As it can be seen,306

GENIE predicts a larger fraction of events with protons with momentum above 200307

MeV/c (23% in NEUT vs 30% in GENIE), but overall both NEUT and GENIE expect308

very similar number of signal events for 0.2 < p⇡+ < 1.0 GeV/c and cos ✓⇡ > 0.5.309

The pre-selection data is displayed in Figure 7. The total fraction of events for each310

topology, in connection with Table 3, is included in the legend. Unless otherwise spec-311

ified in all plots the MC statistics are scaled to the data POT.

Figure 7: Stacked histogram with the number of expected events with a true vertex
position contained in the FGD1 fiducial volume prior to any selection cut. Notice that
there is no OOFV by definition.

312

2.4.1. Signal and background considerations313

From Figure 7 and the tables presented earlier a number of conclusions can be drawn314

which help frame the decisions regarding the analysis strategy.315

In the first place, the signal topology accounts for only 1.3% of the total number of316

events in the FGD1 FV. This number is remarkably low when compared to other studies317

in ND280. For instance, when one considers CC0⇡ and CC1⇡+, the two most studied318

channels in ND280, their relative frequency in the total number of interactions is,319

according to NEUT, of about 45% and 14% respectively. Sub-dominant processes which320

have been measured, like ⌫e are only about 1.5%. However, ND280 TPCs are able to321

very e↵ectively di↵erentiate ⌫e and ⌫µ events. In the case of NC1⇡+ this is not the322

case, at least not straightforwardly. Muons and pions are in most cases very di�cult to323
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Figure 62: NC1⇡+ double di↵erential cross section results for the data fit compared
to various generator predictions. All bins are also normalized by the adimensioal width
in cos✓.

TN384) with dedicated normalization dials for NCE and NC res ⇡0, OOFV events ex-1349

ternal to the FGD1 depending on the parent particle, and a set of low Q2 normalization1350

dials as in OA2020. The fitter of choice has been the xsllhFitter, as in most of the last1351

cross section studies by T2K.1352

Fits have been done to a total of 22 fake data sets, reporting in all cases negligible biases1353

in relation to the postfit errors on the template parameters, supporting the robustness1354

of the cross section extraction.1355

Coverage studies were also done. The results support the interpretation of the postfit1356

errors as being Gaussian distributed. Toy fits also provide a means to calculate a p-1357

90

Figure 64: Integrated NC1⇡+ double di↵erential cross section result for the data fit
compared to various generator predictions.

distribution is in agreement with all the models it has been compared to with the cur-1367

rent level of uncertainty for the measurement. The integrated cross section in those1368

bins is larger for data than in most model predictions by about 1-1.5�, with the only1369

exception of GENIEv3 G18 10d, using Bertini Cascade, well agreeing with the data1370

result.1371

The reported result is the first cross section measurement on this channel by any col-1372

laboration and this study is the first to provide new data on this channel since 1980.1373

The integrated data result has an uncertainty of 20%. An Asimov fit with increased1374

statistics (⇥17.5 increase) shows that this uncertainty could be reduced to about 13%1375

by simply increasing the available data.1376

As a final note, in the future, the capabilities of the upgraded ND280 detector should1377

92
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σCH
NC1π+ = (6.07 ± 1.22) × 10−41 cm2 nucleon−1
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T2K Cross-Section Results

2013       2014       2015       2016       2017       2018       2019       2020       2021       2022       2023       2024

Inclusive  Charged-
Current Cross Section 

ν̄μ Inclusive  Charged-
Current Cross Section 

νe

σCC-inc
ν̄e

 Charged-Current 
0  Cross Section 

νμ
π  Quasi-Elastic-like 

Neutral-Current 0  Cross 
Section ( -ray obs.)

ν
π

γ

σNC0π
ν̄

σCC1π
ν̄μ

 Charged-Current 1
 Cross Section 

νμ
π

 Neutral-Current 0 
Cross Section 

ν π

−( )

σCC0π
ν̄μ

−( )

−( )

−( )

σNC1π
ν̄

−( )

σCC1π
ν̄e

 Charged-Current 1
 Cross Section 

νe
π

−( )

( )

σCC-inc
ν̄μ

( )

( )

( )

( )

( )

 σCC1π+

νμ−H2O  σCC1π
νμ−CH  (TKI) σCC1π

νμ−CH σCC1π-COH
νμ−C  σCC1π-COH

νμ,ν̄μ−C

 σCC-inc
νμ−C  σCC-inc

νμ−CH,Fe  (INGRID) σCC-inc
νμ−Fe  σCC-inc

νμ−C,O,H,Cu  σCC-inc
νμ−H2O,C,Fe σCC-inc

νμ−C,dd

 σCC-inc
νe−H2O σCC-inc

νe−C  σCC-inc
νe−plastic

 σCCQE0π
νμ−C  σCC0π

νμ−C8H8
 σCCQE0π

νμ−C,off−axis  σCC0π
νμ−H2O   (TKI)σCC0π

νμ−CH
 

(INGRID+ 
WAGASCI) 

σCC0π
νμ−H2O,C σCC0π

νμ,νμ̄−CH  σCC0π
νμ−O+C  σCC0π

ν̄μ−H2O
 

(WAGASCI-
BabyMIND) 

σCC0π
νμ−H2O,CH

(ND280+ 
INGRID) 

σCC0π
νμ−CH

 σ NC0π
ν−O  σ NC0π

ν,ν̄−O

 σCC1π
νe−CH

( )

( )

  σ NC1π0

ν,ν̄−H2O   σ NC1π+

ν,ν̄−CH

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.95.012010
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.012007
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.112009
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.117.192501
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.092009
https://doi.org/10.1103/PhysRevD.87.092003
https://doi.org/10.1103/PhysRevD.90.052010
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.93.072002
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.96.052001
https://doi.org/10.1103/PhysRevD.98.012004
https://doi.org/10.1103/PhysRevD.98.012004
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.91.112010
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.96.052001
https://doi.org/10.1007/JHEP10(2020)114
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.91.112002
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.93.112012
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.112003
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.012001
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.98.032003
https://academic.oup.com/ptep/article/2021/4/043C01/6156643?login=false
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.112001
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.112004
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.012007
https://t2k.org/docs/technotes/445
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.112009
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.90.072012
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.112009
https://t2k.org/docs/technotes/412
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.032002
https://t2k.org/docs/technotes/412


Lars Bathe-Peters - T2K Neutrino Cross-Section Results  

10th March 2023

Introduction        Nuclear Effects        Cross Sections        T2K                               Conclusion and Outlookν νμ-CC0π νe-CC1π± ν-NC1π+ νCC-COH1π+−( ) −( )

32

 Coherent Charged Pion Scattering on Carbonνμ
7

FIG. 1. Feynman diagram for coherent charged pion produc-
tion from a neutrino off a nucleus. This is specific to the
PCAC class of models. The square of the magnitude of the
4-momentum transfer to the nucleus is |pA|

2 = |q−pπ|
2 = |t|.

ward scattering amplitude (where the square of the 4-
momentum transferred to the hadronic system, −q2 =
Q2 is equal to zero) with the divergence of the axial cur-
rent. This in turn is estimated from the elastic pion-
nucleus scattering cross section. The coherent neutrino
(and antineutrino) scattering cross section at Q2 = 0 can
then be written as

d3σcoh

dQ2 dy d|t|

∣∣∣∣
Q2=0

=
G2

F

2π2
f2
π
1− y

y

dσ(πA → πA)

d|t|
, (1)

where y = Eπ/Eν with Eπ and Eν being the energy of
the pion and neutrino, respectively and fπ is the pion
decay constant. A Feynman diagram for this process is
shown in Fig. 1. This cross section is then extrapolated
to higher Q2. PCAC models use a variety of methods
for the Q2 extrapolation, as well as different approaches
to characterise pion-nucleus scattering. The most com-
mon model currently used by Monte Carlo (MC) neutrino
event generators [2–5] has been the Rein-Sehgal (RS)
model [6]. This uses pion-proton and pion-deuterium
data along with a simple A-scaling and ad hoc description
for nuclear effects like pion absorption. It was developed
for neutrino energies above approximately 5GeV where
the mass of the final state lepton has minimal effect.
The newer Berger-Sehgal (BS) model [7] updates this
approach with the use of pion-carbon scattering data,
which features a significant reduction in the resonance
peak. The two models are identical for pion kinetic ener-
gies above 1.5 GeV, and employ a similar A-scaling tech-
nique. Different characterizations of the pion scattering
data (pion-proton for RS, and pion-carbon for BS) in
various generators can account for observed differences
in their model predictions. Independent MC simulation
sets using the NEUT 5.4.0 [3] Berger-Sehgal (2009) and
GENIE 2.8.0 [2] Rein-Sehgal (2007) model implementa-
tions were used for this analysis.
The most recent charged current coherent production

cross section measurements at high neutrino energies
(above 7GeV) were made in the 1980-1990s [8–13] and
were found to agree with the Rein-Sehgal model. The
discovery of neutrino oscillations [14–17] refocused the
neutrino community on lower energies where a scarcity

of data on this interaction mode existed. At neutrino
energies around 0.5–2.0GeV, upper limits of the cross
section from K2K [18] and SciBooNE [19] and a mea-
surement by T2K [20] were significantly lower than that
of the Rein-Sehgal model, but agreed with Berger-Sehgal.
The MINERvA experiment, which operated at neutrino
energies of 1.5–20GeV, was the first to report measure-
ments of differential cross sections in the variables Q2,
Eπ and θπ [21] on a set of different nuclear targets [22].
The collaboration found that the measured total cross
sections agreed with the predictions from both models,
but that the observed differential cross sections in the
pion angle and energy variables showed an excess in the
forward region with respect to model predictions. The
MINERvA experiment also made the first observation of
coherent kaon production [23] and neutral current coher-
ent neutral pion production in an antineutrino beam [24].
Neutral current coherent production of neutral pions was
also measured by the MINOS [25] and the NOvA [26] col-
laborations.
This letter presents the first measurement of the an-

tineutrino induced coherent pion production cross section
on 12C at a mean neutrino energy of 0.85GeV. In addi-
tion, the previous T2K measurement of neutrino-induced
coherent pion production [20] is updated by doubling the
size of the available data set and updating the systematic
uncertainty estimates.

II. THE T2K EXPERIMENT

The Tokai-to-Kamioka (T2K) experiment is the sec-
ond generation experiment in the long-baseline neutrino
oscillation program operating in Japan. T2K established
the oscillation from muon neutrinos to electron neutri-
nos [27] and is investigating charge-parity violation in the
leptonic sector as well as measuring precisely other os-
cillation parameters [28]. Details of the T2K experiment
can be found in Ref. [29]. Although the focus of T2K is on
neutrino flavour oscillation studies, T2K has also studied
(anti)neutrino-nucleus interactions in the few hundreds
of MeV to few GeV neutrino energy range extensively
(for example, see References [20, 30–36]).

A. The muon (anti)neutrino beam

T2K employs the J-PARC neutrino beamline, as de-
tailed in Ref. [29], to generate an intense and near-pure
beam of muon (anti)neutrinos. The (anti)neutrino beam
is produced from the decay-in-flight of pions and kaons
produced when a 30 GeV proton beam from the J-PARC
Main Ring synchrotron is guided onto a cylindrical tar-
get consisting of disks of graphite evenly spaced along
a length of 91.4 cm and a diameter of 2.6 cm. Current
transformers, secondary emission monitors, and optical
transition radiation monitors are used to monitor the in-
tensity and profile of the proton beam before hitting the

Coherent charged pion production from a 
neutrino coherently scattering off a nucleus:

νμ + A → μ− + π+ + A−( ) +( ) −( )

• Event selection: CC p and require 

• low vertex activity (hadrons 15 MeV VA in 5cm2 volume around vertex) 

• low 4-momentum transfer to nucleus ( 0.15 GeV2)

1μ1πN
≤

≤
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FIG. 4. The νµ (top) and ν̄µ (bottom) COH selection, containing one muon and one charged pion, are shown in the VA (left)
and |t| (right) variables. The signal COH events for both selections concentrate in the low VA (less than 15MeV) and low |t|
(less than 0.15GeV2) region. The events with VA greater than 15MeV are rejected. The events with |t| greater than 0.15GeV2

are used for background control. The stacked histogram shows the pre-fit simulation overlaid by data.

any significant potential for bias in the cross section ex-
traction, and differences between extracted and true cross
section were always within the systematic uncertainties.
An additional simulated data study was motivated by

the report of a suppression of CC-1π resonant events at
low Q2 from the MINERvA experiment[56]. This effect
has not been observed or excluded by T2K, which has dif-
ferent neutrino beam energies and nominal MC models,
but the potential effect of such an observation in T2K on
the cross section result was studied nonetheless. Analy-
sis of a simulated data set with an artificially suppressed
CC-RES cross section at low Q2 resulted in a noticeable
bias in the extracted cross section, which was not cov-
ered by the model uncertainties considered in this analy-
sis. Since it is unclear whether this suppression should be
expected in the T2K data, the bias seen in this study is
covered with an additional systematic uncertainty on the
extracted (anti)neutrino CC-COH cross section of 16%
(24%). The size of this uncertainty was chosen so that
the one standard deviation of the total systematic uncer-
tainty, including that attributed to the low Q2 CC-RES
suppression, covers the bias observed in this simulated
data study.
The νµ analysis employs three bins in reconstructed

parameter space (one bin from the signal region and two
bins from the two sidebands). The χ2

post-fit. (9.44) im-

proved significantly from the χ2
pre-fit. (82.53). The χ

2
pre-fit.

is not small due to large difference between data and MC
in one of the sidebands as a result of over-prediction of
the DIS background events. The ν̄µ analysis employs two
bins in reconstructed space (one bin each from the signal
region and the sideband). The χ2

post-fit. (4.62) improved

from the χ2
pre-fit. (9.79). These values are within the range

of results from simulated data studies that showed ac-
ceptable levels of bias in the cross section results.
As shown in Fig. 5, 6, and 7, the χ2

stat(post-fit) are
reduced from the χ2

stat(pre-fit) in most kinematic dis-
tributions of the νµ data. The improvements are the
result of the RES and DIS background events being re-
weighted. The improvements are especially obvious for
the two sidebands, which are mostly consist of the RES
and DIS background events. The relatively larger VA
and pπ post-fit χ2

stat. indicate lack of degrees of freedom
in these two spaces. Similar conclusions can be drawn
from the ν̄µ data shown in Fig. 8 and 9. However, the im-
provements in the post-fit χ2

stat. are less significant since
the bin-to-bin uncertainties are dominated by low statis-
tics. The χ2

stat. shown in these figures are only used to
indicate whether there has been an improvement in the
agreement between data and model after the fit has been
performed. Since the fit only uses a single bin for the
signal region in each of the two sidebands, any improve-

ν̄μ
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are used for background control. The stacked histogram shows the pre-fit simulation overlaid by data.

any significant potential for bias in the cross section ex-
traction, and differences between extracted and true cross
section were always within the systematic uncertainties.
An additional simulated data study was motivated by

the report of a suppression of CC-1π resonant events at
low Q2 from the MINERvA experiment[56]. This effect
has not been observed or excluded by T2K, which has dif-
ferent neutrino beam energies and nominal MC models,
but the potential effect of such an observation in T2K on
the cross section result was studied nonetheless. Analy-
sis of a simulated data set with an artificially suppressed
CC-RES cross section at low Q2 resulted in a noticeable
bias in the extracted cross section, which was not cov-
ered by the model uncertainties considered in this analy-
sis. Since it is unclear whether this suppression should be
expected in the T2K data, the bias seen in this study is
covered with an additional systematic uncertainty on the
extracted (anti)neutrino CC-COH cross section of 16%
(24%). The size of this uncertainty was chosen so that
the one standard deviation of the total systematic uncer-
tainty, including that attributed to the low Q2 CC-RES
suppression, covers the bias observed in this simulated
data study.
The νµ analysis employs three bins in reconstructed

parameter space (one bin from the signal region and two
bins from the two sidebands). The χ2

post-fit. (9.44) im-

proved significantly from the χ2
pre-fit. (82.53). The χ

2
pre-fit.

is not small due to large difference between data and MC
in one of the sidebands as a result of over-prediction of
the DIS background events. The ν̄µ analysis employs two
bins in reconstructed space (one bin each from the signal
region and the sideband). The χ2

post-fit. (4.62) improved

from the χ2
pre-fit. (9.79). These values are within the range

of results from simulated data studies that showed ac-
ceptable levels of bias in the cross section results.
As shown in Fig. 5, 6, and 7, the χ2

stat(post-fit) are
reduced from the χ2

stat(pre-fit) in most kinematic dis-
tributions of the νµ data. The improvements are the
result of the RES and DIS background events being re-
weighted. The improvements are especially obvious for
the two sidebands, which are mostly consist of the RES
and DIS background events. The relatively larger VA
and pπ post-fit χ2

stat. indicate lack of degrees of freedom
in these two spaces. Similar conclusions can be drawn
from the ν̄µ data shown in Fig. 8 and 9. However, the im-
provements in the post-fit χ2

stat. are less significant since
the bin-to-bin uncertainties are dominated by low statis-
tics. The χ2

stat. shown in these figures are only used to
indicate whether there has been an improvement in the
agreement between data and model after the fit has been
performed. Since the fit only uses a single bin for the
signal region in each of the two sidebands, any improve-

ν̄μ

analogously for νμ

pμ > 0.2GeV and cos(θμ) > 0.8 (θμ < 37∘)
pπ > 0.2GeV and cos(θπ) > 0.6 (θπ < 53∘)

Signal
(CC1μ1πNp)

Background

  Phys. Rev. D 108, 092009σCC1π-COH
νμ,ν̄μ−C
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 COH on 12C

16

TABLE III. Statistical uncertainty and breakdown of the sources of systematic uncertainties. The largest contribution of
uncertainty comes from the bias in the extracted cross section when the low Q2 CC-RES events are suppressed. Note the total
systematic uncertainty is not exactly equal to the quadratic sum of the components due to correlation between the sources.

Sources of Uncertainties νµ CC-COH (× 10−40 cm2) ν̄µ CC-COH (× 10−40 cm2)
Flux 0.14 0.24

cross section and FSI 0.22 0.34
Detector Responses 0.24 0.42

Total Systematic Uncertainty 0.31 0.39
Low Q2 CC-RES Suppression Related 0.49 0.75

Statistical 0.37 0.71
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FIG. 10. The T2K νµ (left) and ν̄µ (right) CC-COH cross section measurement on C assuming F (A) = A1/3. The measurement
uncertainty shown is the quadratic sum of the statistical and systematic components. The x-axis error bar covers one standard
deviation of the T2K flux around the mean (anti)neutrino energy of (0.85)0.85 GeV. The 2016 νµ T2K result (same Eν range,
center point offset slightly for clarity of the figure) [20], and the MINERvA result [21] (for Eν between 2–3 GeV) are also shown
for comparison. Note the phase space between the different measurements are not exactly the same.

than 1 GeV. In addition, the νµ CC-COH measurement
is consistent with the previous 2016 T2K result but
with the fractional total uncertainty reduced from 46%
to 23%. It is notable that the measured neutrino and
antineutrino coherent pion production cross-sections are
themselves consistent, as expected from theory. Both
the NEUT Berger-Sehgal and the GENIE Rein-Sehgal
model predictions are compatible with the data within
the measurement uncertainties.
A data release summarising these results is available

from the T2K public results site[58].
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 Coherent Charged Pion Scattering on Carbonνμ
• First measurement of  CC-COH cross section at mean energy less than 1GeV! 

•  CC-COH cross section consistent with previous 2016 T2K result (                                                    ) with the 
fractional total uncertainty reduced from 46% to 23 %.

ν̄μ

νμ

σ12C, COH
νμ

= (2.98 ± 0.37(stat.) ± 0.31(syst.)+0.49
−0.00(Q2model) × 10−40 cm2) σ12C, COH

ν̄μ
= (3.05 ± 0.71(stat.) ± 0.39(syst.)+0.74

−0.00(Q2model) × 10−40 cm2)

Epeak
ν ∼ 0.6 GeV Epeak

ν̄ ∼ 0.85 GeV

  Phys. Rev. D 108, 092009σCC1π-COH
νμ,ν̄μ−C

  Phys. Rev. Lett. 117, 192501σCC1π-COH
νμ−C

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.117.192501
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Summary and Outlook
• ~ 30 T2K cross-section publications on CC, NC muon- and electron-(anti-)neutrino 

interactions on various targets 
• More and more joint measurements (correlated energies, other experiments) 
• More work to be done for better generator-data agreement 
• Novel technique for low-momentum pion kinematics reconstruction 

• Understanding of non-negligible backgrounds (NC1 ) for neutrino oscillation 
experiments 

• Data-based tuning for enhanced flux prediction 

• J-PARC accelerator upgrade will increase beam power  higher rate of data taking 
• ND280 upgrade will increase detector capabilities, angle coverage, better low 

momentum tracking and provide more target mass 

• Upcoming publications on NC- , CC-  on CH, updated 
, NC- , CC-1  on CH and more. 

• More details on T2K results at https://t2k-experiment.org/publications/ 

π+

→

1π+ νe 1π
νμCC-1π on CH and H2O π0 on H2O K+

  Phys. Rev. D 108, 092009σCC1π-COH
νμ,ν̄μ−C

 publication in preparationσ NC1π+

ν,ν̄−CH

  publication in preparationσCC1π
νe−CH

 (ND280+ INGRID) 
Phys. Rev. D 108, 112009 
σCC0π

νμ−CH
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Scintillator  cube

WLS fibers

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

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

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

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

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

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

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

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

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

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

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

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

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

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

σCC-inc,0π,1π±

ν̄μ,ν̄e−C,CH,O,H2O,Fe( )( )

https://t2k-experiment.org/publications/
https://t2k.org/docs/technotes/412
https://t2k.org/docs/technotes/412
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.112009
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Scintillator  cube
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Figure 2.1: Schematic concept of the SuperFGD structure. The size of each cube is 1£1£1 cm3.

Beam

Analog signal

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

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

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

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

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

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

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

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

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

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

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

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

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

For more details, see talk from Wednesday by Lorenzo 
Magaletti on T2K upgrades: near detector and beam 

https://cds.cern.ch/record/2713578/files/SPSC-SR-267.pdf
https://doi.org/10.48550/arXiv.1901.03750
https://pdf.sciencedirectassets.com/271580/1-s2.0-S0168900211X00463/1-s2.0-S0168900211011910/main.pdf?X-Amz-Security-Token=&X-Amz-Algorithm=AWS4-HMAC-SHA256&X-Amz-Date=20240824T082754Z&X-Amz-SignedHeaders=host&X-Amz-Expires=300&X-Amz-Credential=ASIAQ3PHCVTYRAYT7YPB/20240824/us-east-1/s3/aws4_request&X-Amz-Signature=b09e074f84f7cff238675e77eb77c63d7db910d4216db74d41b884e1cf23477b&hash=ba36a2a3bd0c6d7a5a98bc971957e46e3a755d846075fe1e2603c674edf5c1d6&host=68042c943591013ac2b2430a89b270f6af2c76d8dfd086a07176afe7c76c2c61&pii=S0168900211011910&tid=spdf-7fd123c3-56c8-4fea-9d28-f69514126bee&sid=42db97d835696042eb68d550bd6ef8b67a38gxrqa&type=client&tsoh=d3d3LnNjaWVuY2VkaXJlY3QuY29t&ua=10165d075b530457565454&rr=8b81f74039dfe35c&cc=jp
https://agenda.infn.it/event/39753/timetable/#all.detailed
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• ND280 Upgrade: 

• Replace Pi-zero                                                    
Detector (PØD) with         

• SFGD 

• 2 HA-TPCs 

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

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

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

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

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

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

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

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

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

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

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

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

• Reduce systematic errors  

from ~6% to  

     ~4%

https://cds.cern.ch/record/2713578/files/SPSC-SR-267.pdf
https://doi.org/10.48550/arXiv.1901.03750
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T2K Near Detectors
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Figure adapted from: T2K ND280 Upgrade - TDR

TOF  
Time Of Flight panel (x6)

TPC  
Time Projection Chamber panel (x3)

High Angle Time Projection Chamber (x2)
Fine Grained Detector

FGD 
Fine Grained Detector (x2)

Upstream ECal  
Electromagnetic Calorimeter

Lars Bathe-Peters - T2K Neutrino Cross-Section Results  

10th March 2023

Neutrino Physics         Cross Sections       Nuclear Effects        Model Comparisons        Systematic Parameters      Conclusion and Outlookν
14

T2K Near Detectors

Figure adapted from: T2K ND280 Upgrade - TDR
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Figure adapted from: The T2K experiment
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18

Scintillator  cube

WLS fibers

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

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

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

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

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

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

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

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

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

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

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

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

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

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

ND280 Upgrade

Downstream ECal  
Electromagnetic Calorimeter

June 2024: Full upgrade
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ND280 DAQ expert and upgrade work in February and March 2024. 
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T2K Cross-Section Results
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T2K Data-Taking

Source: T2K beam plots

Accumulated POT to date collected from 2010-2024 in 13 runs: 

 POT 
 POT (FHC configuration) 
 POT (RHC configuration)

∼ 4.3 × 1021

∼ 2.8 × 1021

∼ 1.6 × 1021

https://t2k.org/docs/plotsx/frequentlyupdated/Beam/04-07-2024-up-to-t2k-run-13-june-2024
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Cross-Section Extraction
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Plot from L. Pickering
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Interaction Modes
Neutrino-Nucleus Cross Section

Further reference: Eur. Phys. J. Spec. Top. (2021) 230:4469-4481

Stephen Dolan NuInt 2024, São Paulo, 16/04/2024

Neutrino interactions at T2K

Hayato, Y., Pickering, L. Eur. Phys. J. 
Spec. Top.230, 4469–4481 (2021)

CC-Other

ND: ~72%
FD: ~67%

ND: ~21%
FD: ~24%

Percentages show contribution to "!CC interactions at 
the near (before oscillation) and far (after oscillation) 

detector sites for #" < 2 GeV simulated with NuWro 

?

CC-0" CC-1"!/#

?

?
ND: ~7%
FD: ~9%
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Plot from L. Pickering
Plots from L. Pickering

https://link.springer.com/article/10.1140/epjs/s11734-021-00287-7
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Interaction Modes, ND280 and SK flux prediction
T2K Flux and Cross Section

Phys. Rev. D 103, 112008
approximation (RPA). Variations in the average nucleon
removal energy modify the predicted kinematics of final-
state particles, most importantly charged leptons. When
comparing predictions based on Fermi gas nuclear models
to 1p1h-like cross-section data, a suppression at low
four-momentum transfer is favored relative to the free-
nucleon-target calculation [48]. This is often attributed to a
weak-charge screening effect as a result of the nuclear
medium [49]. The effect is termed “RPA” after the random
phase approximation technique used to sum up the series of
contributing W-boson self-energy diagrams. Here, the
distribution of four-momentum transfer is modified by
the RPA calculation from Nieves et al. [49]. As can be
seen in Fig. 3, 1p1h is the dominant interaction channel at
T2K energies.

3. 2p2h

Two-particle, two-hole interactions are an inherently
nuclear-target process, whereby the incoming neutrino
interacts with a bound pair of nucleons, knocking both
out of the nuclear potential. The Nieves et al. model [50] is
used to predict the cross section as a function of lepton
kinematics. While this process is subdominant, it produces
observable final states that are indistinguishable from 1p1h
interactions in the T2K detectors, but with different
observed lepton kinematics as a function of neutrino
energy. In the Nieves et al. 2p2h model, there are two
distinct regions of strength in the energy and momentum

transfer space: the quasi-elastic-like (energy transfer,
q0 ≲ 0.3) and Delta-like regions (q0 ≳ 0.3). The energy-
momentum transfer distribution and the correspondingERec

QE
biases can be seen in Fig. 4.

4. Single-pion production

Single-pion production can be separated into three
subprocesses: resonant, nonresonant, and coherent sin-
gle-pion production. The resonant and nonresonant proc-
esses describe the production of a pion involving neutrino

FIG. 3. The total charged-current cross section for muon
neutrinos interacting with a carbon nucleus, as predicted by
NEUT, overlaid on the ND280 muon neutrino flux, and an
example oscillated muon neutrino flux at SK. The oscillation
parameters used here are the best fit from the previous analysis
[26]. The total (Inc) cross section is separated into 1p1h, 2p2h,
single-pion production (SPP), and DIS channels.

FIG. 4. Top: the energy and momentum transfer distribution for
the Nieves et al. 2p2h model in NEUT. The two-peak structure is
clear, with QE-like kinematics corresponding to the lower left
peak and Delta-like kinematics to the stronger central peak.
Bottom: the reconstructed energy bias at SK is shown for 1p1h
and 2p2h events for an oscillated muon neutrino flux. The
different reconstructed energy smearing for 2p2h events with
QE-like and Delta-like interaction kinematics can be seen.

K. ABE et al. PHYS. REV. D 103, 112008 (2021)

112008-10

2p2h

Stephen Dolan NEUTRINO 2020, 23/06/2020

Neutrino Interactions at T2K

CCRES
(Charged-Current Resonant)

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

𝑁𝜇 𝐸𝜈 = 𝑃(𝜈𝜇 → 𝜈𝜇)𝜎 𝐸𝜈 Φ𝜈 𝐸𝜈 𝜖(𝐸𝜈)

(2 particle, 2 hole)

3

CC-QE

Figure taken from: Neutrino-Nucleus Interactions at T2K. 
Talk given at Neutrino2020 by Stephen Dolan inJune 2020.

Plot from L. Pickering

https://journals.aps.org/prd/pdf/10.1103/PhysRevD.103.112008
https://indico.fnal.gov/event/43209/contributions/187828/attachments/129104/158566/sdolanNeutrinoT2KXSec_final.pdf
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11 Clarence Wret

● The νμ #ux at the FD has a minimum where the νμ #ux at 
the ND has a maximum

● Oscillated νμ Nux gives rise to νe signal at the FD

● Intrinsic νe at ND do not have same neutrino energy 
spectrum as the νe signal at FD

● Reliance on model for extrapola�ng in neutrino energy

Issues with the near detector

45

4 Clarence Wret

● Oscilla�on parameters change the rate and shape of the 
appearing and disappearing neutrinos

● Relies on the model predic�on in the absence of oscilla�ons

– Constrain this model → constrain your oscilla�on parameters!

● Finding cross-sec�on e;ects which are degenerate with 
oscilla�on parameters is the nightmare scenario

Introduc�on

T2K FHC 1Rμ T2K FHC 1Re

33 Clarence Wret

Neutrino Nuxes

Figures taken from: Impact of neutrino interaction uncertainties on oscillation measurements. Talk given at NuInt2024 by Clarence Wret in April 2024.

T2K Flux and Cross Section

https://indico.fnal.gov/event/59963/contributions/284572/attachments/176775/240370/NuInt_Oscillations.pdf
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Theory and Experiment
Neutrino-Nucleus Cross Sections

Nature 599, 565-570 (2021)

2

Fig. 1: Neutrino oscillations and energy spectra measurements | (Left) Neutrino energy spectra
reconstruction depends on our ability to model the interaction of neutrinos with atomic nuclei and the propagation
of particles through the atomic nucleus. This flow chart shows the process, starting with an oscillated far-detector

incident-energy spectrum (green), di↵erentiating the physical neutrino interactions (green arrows) from the
experimental analysis (blue arrows), and ending up with an inferred incident-energy spectrum that hopefully

matches the actual one.

resolutions, ine�ciencies, backgrounds) and nuclear in-
teraction e↵ects (e.g., nucleon (proton or neutron) mo-
tion, meson currents, nucleon reinteraction). While ex-
perimental e↵ects are generally understood and can be
minimized using improved detectors, nuclear e↵ects are
irreducible and must be accounted for using theoretical
models, typically implemented in neutrino event genera-
tors.

The precision to which oscillation parameters can be
determined experimentally therefore depends on our abil-
ity to extract �↵(E,L) fromN↵(Erec, L), see Fig. 1. This
is largely determined by the accuracy of the theoretical
models used to calculate �i(E) and f�i(E,Erec). The
models currently used have many free parameters that
are poorly constrained and are “tuned” by each neutrino
experiment. Current oscillation experiments report sig-
nificant systematic uncertainties due to these interaction
models [7–10] and simulations show that energy recon-
struction errors can lead to significant biases in extract-
ing �CP at DUNE [11]. There is a robust theoretical
e↵ort to improve these models [12–14].

Because there are no mono-energetic high-energy neu-
trino beams, these models cannot be tested for individual
neutrino energies. Instead, experiments tune models of
�i(E) and f�i(E,Erec) to reproduce their near-detector
data, where the unoscillated flux �(E, 0) is calculated

from hadronic reaction rates [15–17].

While highly informative, such integrated constraints
are insu�cient to ensure that the models are correct for
each value of E. Thus, for precision measurements using
a broad-energy neutrino beam, the degree to which the
near-detector data alone can constrain models is unclear,
since the neutrino flux can be very di↵erent at the far
detector due to oscillations.

Here we report the first measurement of f�i(E,Erec)
for mono-energetic electron-nucleus scattering, and use
it to test interaction models widely used by neutrino os-
cillation analyses. Both types of leptons, e and ⌫, in-
teract similarly with nuclei. Both particles interact with
nuclei via a vector current, while neutrinos have an addi-
tional axial-vector current. The nuclear ground state is
the same in both cases and many of the nuclear reaction
e↵ects are similar. See Methods for details. Therefore,
any model of neutrino interactions (vector+axial-vector)
should also be able to reproduce electron (vector) inter-
actions. The data presented here can therefore test and
constrain neutrino-nucleus interaction models to be used
in analysis of neutrino oscillation measurements. While
previous work has compared these interaction models
with inclusive electron scattering, (e, e0), [18, 19] this is
the first comparison of semi-exclusive electron scattering
data (data with one or more detected hadrons) with these

dσ
dxi

∝
∑j (Nj − Bj)

ϵiΦνNtargetsΔxi

: # of signal events 
: # of background events

N
B

: flux 
: # of targets 
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Ntargets
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?????????

https://www.nature.com/articles/s41586-021-04046-5
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Nuclear Effects

• FSIs inside the nucleus: 
• (In)elastic Scattering 
• Pion Production 
• Absorption 
• Charge Exchange 

• Particles that exit the 
nucleus are observable 
nucleus.

Final State Interactions (FSIs)

arXiv:2201.04664
Figure by C. Andreopoulos

https://arxiv.org/pdf/2201.04664.pdf
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Theoretical Predictions by Neutrino Event Generators
Neutrino-Nucleus Interactions

Figure by C. Andreopoulos

1Patrick StowellThe NEUT Neutrino Interaction Simulation Program Library

NEUT - Neutrino Interaction 
Generator Software Tool 
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Achilles: A CHIcagoLand Lepton Event Simulator

Project Goals:

● Theory driven

● Leverage experiences from LHC event generators

● Develop modular neutrino event generator

● Provide automated BSM calculations for neutrino 
experiments

● Evaluate theory uncertainties

● Appropriately handle correlations within events

Isaacson, Jay, Lovato, Machado, Rocco [2007.15570],
Isaacson, Jay, Lovato, Machado, Rocco [2205.06378], 

Various neutrino event 
generators for 

different attempts in 
cross section 
predictions
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Neutrino Event Generators
• Ambigous theoretical approach to cross-section calculation 

• Different attempts in cross section predictions 
• Various neutrino event generators to simulate neutrino-nucleus 

scattering 

• Large gap between theory and experiment 
• Need data from experiment 1Patrick StowellThe NEUT Neutrino Interaction Simulation Program Library

NEUT - Neutrino Interaction 
Generator Software Tool 
P. Stowell, Y. Hayato, L. Pickering, for the NEUT Collabrators 
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Achilles: A CHIcagoLand Lepton Event Simulator

Project Goals:
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● Leverage experiences from LHC event generators

● Develop modular neutrino event generator

● Provide automated BSM calculations for neutrino 
experiments

● Evaluate theory uncertainties

● Appropriately handle correlations within events
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T2K Near Detectors

  

x
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Figure adapted from: T2K ND280 Upgrade - TDR
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Scintillator  cube

WLS fibers

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

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

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

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

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

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

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

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

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

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

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

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

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

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

ND280 Off-axis ND280

9

TPC1 TPC2 TPC3

FGD1 FGD2

• Measure beam spectrum and flavor composition before the oscillations


• Detector installed inside the UA1/NOMAD magnet (0.2 T)


• An electromagnetic calorimeter to distinguish tracks from showers


• Upgraded in 2023 but for the analyses shown here the original tracker system is used: 


• 2 Fine Grained Detectors (target for 𝜈 interactions). FGD1 is pure scintillator, FGD2 has water layers 
interleaved with scintillator


• 3 Time Projection Chambers: reconstruct momentum and charge of particles, PID based on measurement of 
ionization

Downstream ECal  
Electromagnetic Calorimeter

For more details, see talk from Wednesday by Lorenzo 
Magaletti on T2K upgrades: near detector and beam 

https://doi.org/10.48550/arXiv.1901.03750
https://agenda.infn.it/event/39753/timetable/#all.detailed
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Near Detector complex
• Near Detector 

complex at 280 m 
from the target


• Several detectors 
installed to monitor 
the beam, reduce 
systematic 
uncertainties in 
oscillation analyses, 
and measure 𝜈 and �̅� 
cross-sections

8

INGRID: on-axis detector 
Monitoring 𝜈 beam profile day-by-day 

Cross-section measurements 
In operation since 2009

WAGASCI/BabyMIND 
Installed  in 2019 

Cross-sections on water 

Off-Axis ND280 
Constrain systematics in T2K 

oscillation analyses 
Measure neutrino cross-sections 

In operation since 2010 and 
upgraded in 2023

E𝜈~2.2 GeV

E𝜈~1.1 GeV

E 𝜈~0
.6 

GeV

C. Valls poster
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Figure 5.1: 3D sketch of the underground floors of the NM building. The B1 floor contains the ND280
complex, while the INGRID detector is situated in the SS and B2 floors.

angles of 2.0 - 2.5 degrees.The hut with a size of about 21 m x 37 m covers the pit, and has a

10ton crane. The hut is a little bit shifted to the north with respect to the pit center in order to

use the north area in the hut for the unloading of detector components and for the detector

preparation (loading area). The effective height of the crane is 4m and its dead space is about

3m from the north and south walls and 2m from the east and west walls. The hut has an

entrance shutter 5m wide and 3.9m high. There are a 6-people elevator and stairs. Some area

in the hut at the ground floor is used for the electricity preparation and the cooling water

preparation.

A 3D sketch of the underground infrastructure can be found in Fig. 5.1.
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T2K Near Detectors

Figure taken from: T2K 
ND280 Upgrade - TDR

Stephen Dolan NuInt 2024, São Paulo, 16/04/2024

The Near Detector Complex

WAGASCI/ 
BabyMIND

12

15

Figure 1.2: Event display of a neutrino interaction recorded in ND280. A projection of the hits on the
z-y plane transverse to the magnetic field is shown.

Figure 1.3: CAD 3D Model of the B1 floor of the ND280 pit. The magnet is shown in the open position
with the two large magnet yokes (dark red) separated. The inner detectors are supported by the basket,
a steel structure, on the basket stands (blue curved beams).

WAGASCI 
Baby MIND

WAGASCI-Baby MIND

782 Page 6 of 50 Eur. Phys. J. C (2023) 83 :782

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

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

ferent sub-detectors as shown in Fig. 3. The ND measures
5.6 m × 6.1 m × 7.6 m (width × height × length) around its
outer edges including the magnet with the coordinate conven-
tion being z pointing along the nominal neutrino beam axis,

Fig. 3 The ND280 off-axis ND, used to measure the neutrino flux and
interactions before long-baseline oscillations [24]. The detector coordi-
nates and beam direction are superimposed, with the sub-detectors are
labelled accordingly

with x and y being the horizontal and vertical directions,
respectively. The refurbished magnet from the UA1 [30,31]
and NOMAD [32] experiments at CERN provides a magnetic
field of 0.2 T, and the magnet yoke is instrumented with layers
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Figures adapted from: Recent measurements & prospects of WAGASCI-BabyMIND. Talk given at ICISE by Son Cao in August 2019.

https://doi.org/10.48550/arXiv.1901.03750
http://vietnam.in2p3.fr/2019/neutrinos/transparencies/2_tuesday/2_afternoon/5_cao.pdf
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Transverse Kinematic Imbalance (TKI)
Nuclear EffectsNo Nuclear Effects

arXiv:2201.04664

LBP

LBP

Free Nucleon

https://arxiv.org/pdf/2201.04664.pdf
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• Any imbalance observed for 
CCQE interactions between 
lepton and hadron kinematics 
is a direct consequence of 
nuclear effects 

• This imbalance (STKI) can be 
fully characterised by a set of 
three Single-Transverse 
Variables (STVs) 

Reference: [2]

Transverse Kinematic Imbalance Variables

arXiv:2201.04664

https://arxiv.org/pdf/2201.04664.pdf
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Calculate Initial-State Momentum of Struck Neutron 

• When energy of incoming neutrino is known (Truth Level Analysis):

• When energy of incoming neutrino is unknown (Reconstruction Level Analysis):

MA   Initial target nucleus  mass 

MA'   Residual nucleus Mass

• Initial nucleon momentum (probes Fermi motion inside the nucleus):
pN = δp2

T + p2
L

Eν = pμ
L + pπ

L + pp
L − δpL ⃗0 = ⃗p μ

T + ⃗p π
T + ⃗p p

T − δ ⃗p T

Phys. Rev. D 103, 112009
June 2021

on CH (nuclear effects)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.112009
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• Use energy spectra from two T2K detectors:  
• ND280: narrow energy-band off-axis flux peaked at 0.6 GeV 
• Dominant interaction mode: CCQE 

• Data samples collected between 2010 and 2017 in ND280 corresponds to  POT 

• Signal definition: CC  with

11.6 × 1020

1μ1π+Xp

First T2K measurement of transverse kinematic imbalance in the muon-neutrino 
charged-current single-π + production channel containing at least one proton 

Phys. Rev. D 103, 112009
June 2021

on CH (nuclear effects)

2 × 182 × 14 bars, and a total mass of approximately
973 kg. The MC simulation contains simulated data
equivalent to 195.1 × 1020 POT.

A. Signal definition

The goal of this analysis is to characterize nuclear effects
in νμ CC1πþ interactions on carbon using neutrino inter-
actions inside FGD1, which is a hydrocarbon (CH) target.
Since the CC1πþ production on carbon and on hydrogen
cannot be clearly separated, the combined cross section on
CH is measured, with the TKI variables on hydrogen
calculated in the same way as on carbon: for hydrogen
signal events, in which there are no nuclear effects, it is
expected that δpTT ¼ 0 and pN ≈ hϵip=c ≈ 26 MeV=c. δαT
is undefined for interactions on hydrogen because δpT ¼ 0.
A flat distribution across 0–180° is assigned because it
resembles the real δαT distribution due to the small but
nonvanishing isotropic thermal motion of a free proton.
To ensure the cross section results are not dependent on the

signalmodel used in the reference T2K simulation, extensive
precautions are taken in the analysis. A crucial one is to have
the signal definition only be reliant on observables exper-
imentally accessible to ND280. Therefore, the signal is
defined as any event with one μ−, one πþ and no other
mesons, and at least one proton in the final state, so that there
is no need to account for the pion and proton FSI. In the case
where there are multiple protons emitted, only the highest
momentum proton is used in the TKI calculation and very

likely this would result in a large imbalance in all the TKI
variables. In this way we can better separate the contribution
from different nuclear effects. This also reduces the possible
bias from detector reconstruction where the low energy
protons are not visible in the detector. Hereafter, the signal
topology is denoted as CC1πþXp, where X ≥ 1. In order to
mitigate model dependence in the efficiency correction,
phase-space restrictions are applied in the signal definition
to restrict the measurement to the regions of kinematic phase
space ND280 is sensitive to. These restrictions are defined in
Table I.
However, the consideration of three-particle final states

in this analysis necessitates the inclusion of a high dimen-
sional kinematic phase space over which the efficiency
cannot be kept entirely flat with simple phase-space
constraints. This leads to a potential source of bias from
the input neutrino interaction model predictions. To alle-
viate this concern, additional model uncertainties are added
(discussed in Sec. VI B) to allow a variation of the input
simulation in regions of the underlying particle kinematics
where the efficiency is not flat. The size of this uncertainty
roughly double the largest variation in the efficiency seen
from a wide variety of different generator predictions
(broadly spanning those shown in Sec. VII A).
We select one signal sample for the events of interest,

and four control samples to constrain the number of
background events in the signal sample. The five samples
are shown schematically in Fig. 5.

B. Signal sample selection

The signal sample contains neutrino events with exactly
one μ− track, one πþ track, and at least one proton track,
maximizing the number of signal events selected with
minimal background.
The selection starts by searching for a good quality μ−

track. Events within a 120 ns time window around one of
the eight bunch centers per 5 μs spill structure of the beam
are considered. The highest momentum, negatively charged
track originating from the FGD1 FV and making a long

TABLE I. CC1πþXp signal phase-space restrictions for the
post-FSI final-state particles. The angle θ is relative to the
neutrino direction. For events with multiple protons, only the
highest momentum proton is considered, and other protons are
ignored.

Particle Momentum p Angle θ

μ− 250–7000 MeV=c < 70°
πþ 150–1200 MeV=c < 70°
p 450–1200 MeV=c < 70°

FIG. 5. Schematic representation of the signal sample (left) and control samples (right) selection, together with the number of events
observed in data. Details of the selection criteria are described in Secs. V B and V C.

K. ABE et al. PHYS. REV. D 103, 112009 (2021)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.112009
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• Take-home messages: 
• GiBUU modeling of nuclear ground 

state (LFG-based), better than 
GENIE-, NuWro-, NEUT-LFG 
(incompatibility for ) 

• Nucleon momentum peak in RFG 
disfavored 

• All FSI models (GiBUU: transport 
theory; else: cascade model) have 
similar predictions 

•  sensitive to FSIs, but phase 
space restrictions limit sensitivity to 
FSI modeling (improvement with 
ND280 upgrade)

pN < 120 MeV/c

δαT

First T2K measurement of transverse kinematic imbalance 
in the muon-neutrino charged-current single-π + 
production channel containing at least one proton 

arXiv:2201.04664

Phys. Rev. D 103, 112009
June 2021

on CH (nuclear effects)

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

the hA (“empirical”) FSI model; the “LFGþ hN”
model uses the G18_10b physics configuration, with
the Berger-Sehgal model [97] for pion production,
local Fermi gas (LFG) as nuclear ground state and
the hN (“cascade”) FSI model. For both models, the
2018a free nucleon cross section model retune [98]
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FIG. 13. Measured differential cross sections per nucleon as a function of δpTT (top), pN (middle), and δαT (bottom), together with
predictions from NEUT, GENIE, GiBUU (left), and NuWro (right). In the tails of δpTT and pN (beyond the magenta lines), the cross sections
are scaled by a factor of 5 for better visualization. The legend also shows the χ2tot from Eq. (17).
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• ND280 event selection: 
• Interaction vertex in FGD1 

• 5 signal definitions (0 ): 

• Sample I: 1  in TPCs 

• Sample II: 1 ( 1)p in TPCs 

• Sample III: 1 1p in TPCs 

• Sample IV: 1  in FGD1 and 1p in TPCs 

• Sample V: 1  in FGD1 

• Main backgrounds (control samples, 1 ):  

• Sample VI: 1 1  in TPCs 

• Sample VII: 1 1 1track in TPCs 

• Sample VIII: 1 1e in FGD1

π
μ
μ ≥
μ
μ
μ

≥ π+

μ π+

μ π+

μ

• INGRID event selection: 
• Interaction vertex in Proton Module 
• Signal definition: 

• CC-1 0 (0-1)p 

• Main background (control sample): 

• CC-1 1 (0-1)p

μ π

μ π

pμ > 0.35GeV and cos(θμ) > 0.5 (θμ < 60∘)

• Signal definition: CC-1 0 p topology (  interaction with an outgoing muon, no 
pions and any number of other hadrons (visible protons) in the final state) 

• Target material: Plastic scintillator in FGD1 (ND280) and Proton Module (INGRID)

μ πN νμ

Muon-Neutrino-CC  Interactions with correlated energy spectra 0π
 (ND280+ INGRID) 

Phys. Rev. D 108, 112009 
σCC0π

νμ−CH
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• Cross-Section as a function of true muon kinematics:  

•  : best-fit number of selected signal events in truth bin  summed across all samples 

•  : bin-by-bin efficiency correction 

•  : Integral of the neutrino flux evaluated at the best-fit parameters  

 

•  : number of target nucleons in fiducial volume 

x = pμ cos (θμ)
N̂sig

i i

ϵi

Φ̂

(Φ̂ND280 = 2.29 × 1013cm−2 ± 6.0 % and Φ̂INGRID = 3.14 × 1013cm−2 ± 6.1 % )
Nnucleons

(NND280
nucleons = 5.53 × 1029 ± 0.67 % and NINGRID

nucleons = 1.76 × 1029 ± 0.38 % )

Cross-Section Extraction

dσ
dxi

=
N̂sig

i

ϵiΦ̂NnucleonsΔxi

Muon-Neutrino-CC  Interactions with correlated energy spectra 0π
 (ND280+ INGRID) 

Phys. Rev. D 108, 112009 
σCC0π

νμ−CH
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FIG. 22. Extracted ND280 cross section as a function of muon momentum in angle bins compared to the nominal NEUT MC
prediction. Note that the final bin extending to 30 GeV/c has been omitted for clarity.
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Pionless charged-current muon-neutrino cross sections on 
hydrocarbon with correlated energy spectra using ND280 and INGRID

Extracted Cross-Section

28

FIG. 23. Extracted INGRID cross section as a function of muon momentum in angle bins compared to the nominal NEUT MC
prediction. Note that the final bin extending to 30 GeV/c has been omitted for clarity.
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FIG. 23. Extracted INGRID cross section as a function of muon momentum in angle bins compared to the nominal NEUT MC
prediction. Note that the final bin extending to 30 GeV/c has been omitted for clarity.

21

for the nuclear ground state with the Nieves multi-
nucleon model, and multiple using a local Fermi gas
(LFG) for the nuclear ground state with a di↵erent
available multi-nucleon model: SuSAv2 [83], Nieves
et al., or Martini et al. [16]. All configurations
use the same models for pion production and FSI
interactions and set MQE

A = 1.03 GeV/c2.

Tab. III contains the �2 for the joint result and the �2

considering a single detector. The joint �2 for a given
model comparison will be slightly di↵erent from the sum
of the individual �2 values due to the correlations be-
tween the detectors. Overall the generator predictions
do not describe the data well according to �2/N values
ranging from approximately 1.5 to 3.0 for N = 70 degrees
of freedom (measured bins) with 58 ND280 bins and 12
INGRID bins. The larger �2 values for ND280 compared
to INGRID is primarily due to ND280 having a finer
binning than INGRID. A unique aspect of this measure-
ment is the ability to compare how a given model does
for ND280 and INGRID individually and how the full
result with correlations between ND280 and INGRID is
better or worse than the naive sum. For example, the
two GENIE models used in this paper show opposite be-
havior: one model describes ND280 better than the other
but does worse describing INGRID and vice versa.

Figures 24 and 25 show the data compared to each gen-
erator’s implementation of a LFG nuclear ground state
plus the Nieves et al. multi-nucleon model. The pion pro-
duction models will be roughly similar, however the FSI
treatment is di↵erent between each prediction. The gen-
erators mostly di↵er in the normalization for the ND280
bins at the middle momentum range around the T2K
flux peak energy of 0.6 GeV, however all show very simi-
lar INGRID predictions. For this particular set of models
and generator versions, NEUT performs notably better
than GENIE and NuWro.

Figures 26 and 27 show the data compared to several
di↵erent multi-nucleon predictions using NuWro with a
LFG ground state and the same parameters for all other
aspects of the generation. The predictions are very simi-
lar between the di↵erent multi-nucleon models as imple-
mented in NuWro, with a slight preference for SuSAv2.

C. Comparison to previous result

This analysis uses the same binning for the ND280
samples as the CC-0⇡ analysis from Ref. [69], allow-
ing for a direct comparison between the results. The
main di↵erences are the inclusion of more data for this
result (T2K Run 8), increasing the neutrino-mode sample
statistics by approximately a factor of two, and the con-
figuration of the fits, where this analysis did a neutrino-
only joint fit of on- and o↵-axis data and Ref. [69] did
a joint anti-neutrino and neutrino fit with only o↵-axis
data. Both results are shown in Fig. 28 with the final
bin extending to 30 GeV/c omitted for clarity. The ma-
jority of the bins agree within their 1� error bars, and

Model ND280 INGRID Joint
Nominal MC (NEUT) 136.34 18.21 158.71
NEUT LFG+Nieves 106.46 11.46 116.26
NEUT SF+Nieves MA = 1.03 194.88 14.36 209.18
NEUT SF+Nieves MA = 1.21 158.71 9.98 170.93
NuWro SF+Nieves 122.74 15.68 137.02
NuWro LFG+Nieves 125.88 12.75 141.04
NuWro LFG+SuSAv2 121.57 11.13 135.38
NuWro LFG+Martini 138.86 12.46 155.68
GENIE BRRFG+EmpMEC 141.40 12.80 156.05
GENIE LFG+Nieves 125.50 14.45 135.69

TABLE III. Agreement between this result and the vari-
ous model comparisons as measured by the �2 for both the
joint result and when compared to each detector individually.
ND280 has 58 cross-section bins and INGRID has 12 cross-
section bins for a combined 70 total bins.

show a trend for this result to report a smaller cross sec-
tion at medium to higher muon momentum (above 0.8
GeV/c) that is more pronounced at more forward-going
angles. Additionally, the high fluctuation in the cross
section seen in the 2.0 to 3.0 GeV/c momentum bin in
the most forward angle bin (0.98 < cos ✓µ < 1.00) is
now smaller and closer in value to the neighboring bins
compared to previous T2K CC-0⇡ results.

VI. CONCLUSIONS

This paper presents the first measurement of neutrino
interactions without pions in the final state using multi-
ple energy spectra at T2K with the on- and o↵-axis near
detectors. The analysis was performed using a joint max-
imum likelihood fit with signal and control samples from
both detectors to minimize the background uncertainties
and perform the unfolding from reconstructed to truth
variables. The results include the cross-section mea-
surement at each detector and the correlation between
them, providing additional information compared to the
individual measurements. Generator models continue to
struggle to describe the data, and for the comparisons
performed in this paper, the NEUT implementation of a
LFG ground state plus the Nieves et al. multi-nucleon
model has the smallest �2/N ⇠ 1.66, which is still very
poor agreement.
This analysis is the next step in combined measure-

ments at T2K and further opens up the possibility for
more complex combinations of analyses. Only neutrino-
mode data was considered for this first analysis using
multiple energy spectra, but future analyses will include
the anti-neutrino data. Additionally, future versions of
this analysis will include the T2K replica target measure-
ments from NA61/SHINE [84] for the flux modeling, and
updates of the neutrino interaction model.
Since this analysis was finalized, the WAGASCI [85]

and BabyMIND [86] detectors were added to the T2K
near detector hall at an o↵-axis angle of 1.5 degrees and
have started taking data. WAGASCI/BabyMIND data

29

FIG. 24. Extracted ND280 cross section as a function of muon momentum in angle bins compared to NEUT, GENIE, and
NuWro all using a similar model. Note that the final bin extending to 30 GeV/c has been omitted for clarity.
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FIG. 25. Extracted INGRID cross section as a function of muon momentum in angle bins compared to NEUT, GENIE, and
NuWro all using a similar model. Note that the final bin extending to 30 GeV/c has been omitted for clarity.
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FIG. 25. Extracted INGRID cross section as a function of muon momentum in angle bins compared to NEUT, GENIE, and
NuWro all using a similar model. Note that the final bin extending to 30 GeV/c has been omitted for clarity.
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FIG. 26. Extracted ND280 cross section as a function of muon momentum in angle bins compared to several di↵erent multi-
nucleon predictions using NuWro and the same LFG ground state. Note that the final bin extending to 30 GeV/c has been
omitted for clarity.
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FIG. 27. Extracted INGRID cross section as a function of muon momentum in angle bins compared to several di↵erent di↵erent
multi-nucleon predictions using NuWro and the same LFG ground state. Note that the final bin extending to 30 GeV/c has
been omitted for clarity.
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FIG. 27. Extracted INGRID cross section as a function of muon momentum in angle bins compared to several di↵erent di↵erent
multi-nucleon predictions using NuWro and the same LFG ground state. Note that the final bin extending to 30 GeV/c has
been omitted for clarity.

28

FIG. 23. Extracted INGRID cross section as a function of muon momentum in angle bins compared to the nominal NEUT MC
prediction. Note that the final bin extending to 30 GeV/c has been omitted for clarity.

ND280

30

FIG. 25. Extracted INGRID cross section as a function of muon momentum in angle bins compared to NEUT, GENIE, and
NuWro all using a similar model. Note that the final bin extending to 30 GeV/c has been omitted for clarity.
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FIG. 27. Extracted INGRID cross section as a function of muon momentum in angle bins compared to several di↵erent di↵erent
multi-nucleon predictions using NuWro and the same LFG ground state. Note that the final bin extending to 30 GeV/c has
been omitted for clarity.

INGRID

• PRISM analysis with two 
fluxes 

• Extend analysis to three 
energy spectra with 
WAGASCI-Baby MIND 

• ND280 upgrade for enhanced 
angle coverage, low 
momentum tracking 

• Ability to compare result with 
correlations to naive sum

degrees of freedom:                      58              12       70

 (ND280+ INGRID) 
Phys. Rev. D 108, 112009 
σCC0π

νμ−CH
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• Signal definition:         CC-  with1e−1π+X

Parameter Central Value +1�

Muon - -

Proton Momentum 0.3 GeV
c

⇡+,⇡0, ⇡�, Neutron or other final state particles - -

Table 10: Model elements of tunes used in the simulation of muon neutrino interactions on carbon.

Model element
GENIE Tune

G18 10a 00 000 G18 10s 00 000 G18 10e 00 000

Nuclear (Ground-State) Model Local Fermi Gas Local Fermi Gas Local Fermi Gas
Quasi-Elastic (QE) processes Nieves Nieves Nieves
2p-2h (MEC)-processes Nieves (Valencia) SuSAv2 Empirical
Resonance (RES) production Berger-Sehgal Berger-Sehgal Berger-Sehgal
Deep Inelastic Scattering (DIS) Bodek-Yang Bodek-Yang Bodek-Yang
Coherent (COH) production Berger-Sehgal Berger-Sehgal Berger-Sehgal
Final-State Interactions (FSI) INTRANUKE hA 2018 INTRANUKE hA 2018 INTRANUKE hA 2018

Table 11: Model elements of tunes used in the simulation of muon neutrino interactions on argon.

Particle Momentum p [GeV/c] Angle ✓

e� 0.35 - 30 < 46�

⇡+ < 1.5

p

Table 12: Model elements of tunes used in the simulation of muon neutrino interactions on carbon.
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• Background samples with vertex in FGD1:

2. Analysis strategy 22

The electron kinematics phase space constraints are applied in order to exclude low-e�ciency776

and background-dominated regions. The pion momentum constraint is used to exclude the777

region where pion-proton PIDs experience substantial overlap. The need for these constraints778

is illustrated further in section 3.6. Cross section values are only reported in the targeted phase779

space, but the out-of phase space (OOPS) regions are utilised as part of the fitting process.780

The vertex position must also be within FGD1 and within the fiducial volume (FV): |x̨| <781

874.51 mm, |y̨ ≠ 55| < 874.51 mm, 136.875 < |z̨| < 446.995 mm. This means that the five782

outermost scintillator bars on either side along the x- and y-directions are removed from the783

e�ective FGD1 FV. This is included to veto OOFGD events which tend to be reconstructed on784

the edge of the FGDs.785

Note that while the target in the signal definition is on hydrocarbon, FGD1 contains very small786

amounts of other target nuclei; selection outputs in section 3.6 suggest that the vast majority787

of true signal events are with a carbon nucleus.788

2.1.3 Backgrounds789

The most significant background event types which enter the selection are also precisely defined;790

the colours correspond to the true event type colours as they appear in histograms in successive791

sections. Unless stated otherwise, these all occur within the FGD1 FV; the categories are:792

‹eCC0fi - any ‹eCC interactions which produce no pions of any type.793

‹eCC-other - any ‹eCC interactions which produce no positive pions, but Ø 1fi0,≠.794

“ - interactions where pair production from a photon occurs (“ æ e+e≠).795

µ - interactions where the main electron candidate is a muon.796

Other - any interaction not covered by the previous categories, or interactions which797

occur outside of the FGD1 FV.798

For the “ background, the pair-produced electrons and positrons mimic the main electron and799

pion tracks for signal events. This particular background can be further subdivided into four800

additional categories which are shown in several plots:801

OOOFGD “ - photon conversions which occur outside of FGD1.802

OOFGDFV “ - photon conversions which occur within FGD1 but outside of the803

restricted FV.804

‹µCC-“ - photon conversions which originate from ‹µCCfi0 events.805

NC-“ - photon conversions which originate from any NCfi0 event.806

Several other event categories are also used for displaying outputs of this analysis. These807

organise events by the true particle ID of the main track or pion track, by the detector in808

which the vertex originates, by the type of neutrino interaction and by the number of neutral809

pions produced in NC and CC interactions.810
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is illustrated further in section 3.6. Cross section values are only reported in the targeted phase779

space, but the out-of phase space (OOPS) regions are utilised as part of the fitting process.780

The vertex position must also be within FGD1 and within the fiducial volume (FV): |x̨| <781

874.51 mm, |y̨ ≠ 55| < 874.51 mm, 136.875 < |z̨| < 446.995 mm. This means that the five782

outermost scintillator bars on either side along the x- and y-directions are removed from the783
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the edge of the FGDs.785
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amounts of other target nuclei; selection outputs in section 3.6 suggest that the vast majority787
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restricted FV.804

‹µCC-“ - photon conversions which originate from ‹µCCfi0 events.805

NC-“ - photon conversions which originate from any NCfi0 event.806

Several other event categories are also used for displaying outputs of this analysis. These807

organise events by the true particle ID of the main track or pion track, by the detector in808
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Figure 24: Reconstructed electron and pion momentum kinematics distributions (preco
e , ◊reco

e , preco
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fi ) with
all selection cuts applied for the FGD sample.

From figure 24, all FGD sample events are within the first ≥500 MeV/c for the pion momentum.1103

The angular distribution of signal events for the FGD is relatively symmetric as the cosine of1104

the angle increases or decreases from zero.1105

This di�ers from the TPC sample, in which events are disproportionately low-angle and1106

have signal events concentrated in the intermediate range of pion momentum bins (pfi ƒ1107

0-2000 MeV/c). The reconstructed electron kinematics are similar for both samples, with1108

signal events most common in low-angle bins over intermediate momentum ranges (preco
e ƒ1109

500-3000 MeV/c).1110

These histograms validate what is expected from the truth studies in section 3.3, as the1111

FGD-contained pions are highly concentrated in the low momentum range, while pions which1112

enter the TPC occupy higher momentum ranges.1113

The electron candidate track true particle ID for reconstructed kinematics is also shown for the1114

FGD sample in figure 25. This is very similar to the TPC sample, as the main track electron1115

PID process is identical for the two samples.1116
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From figure 24, all FGD sample events are within the first ≥500 MeV/c for the pion momentum.1103

The angular distribution of signal events for the FGD is relatively symmetric as the cosine of1104

the angle increases or decreases from zero.1105

This di�ers from the TPC sample, in which events are disproportionately low-angle and1106

have signal events concentrated in the intermediate range of pion momentum bins (pfi ƒ1107

0-2000 MeV/c). The reconstructed electron kinematics are similar for both samples, with1108

signal events most common in low-angle bins over intermediate momentum ranges (preco
e ƒ1109

500-3000 MeV/c).1110

These histograms validate what is expected from the truth studies in section 3.3, as the1111

FGD-contained pions are highly concentrated in the low momentum range, while pions which1112

enter the TPC occupy higher momentum ranges.1113

The electron candidate track true particle ID for reconstructed kinematics is also shown for the1114

FGD sample in figure 25. This is very similar to the TPC sample, as the main track electron1115

PID process is identical for the two samples.1116
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Event Selection

3. Event selection 29

3 Event selection923

The event selection for this analysis was adapted from the published ‹eCC inclusive analysis924

[4]. A list of all selection cuts as used by each signal and control sample is shown in table II.925

These are split into individual branches in the analysis code. The first eleven selection cuts926

are shared between all four branches. Specific details about each selection cut are presented in927

sections 3.4 and 3.5. The outcome of the selection process is shown as histograms binned by928

kinematic and energy variables from section 3.6. Control sample development and performance929

is detailed in section 4. Parts of this section show N ≠ 1 plots, which are distributions with930

all selection cuts enabled except for the cut stated in the title. This allows the e�ect of each931

individual cut to be better visualised, given that in some cases, two or more cuts may remove932

the same event.933

Cut All samples

1 ND280 event quality
2 Track multiplicity
3 TPC quality
4 Main track electron PID
5 Main track muon PID
6 Main track pion PID
7 Main track muon PID (2nd seg)
8 ECal EM energy cut
9 MIP-EM cut
10 P0D veto
11 TPC veto

Cut TPC sample FGD sample TPC sideband FGD sideband

12 Pair track pion PID Michel electron cut Pair track pion PID Michel electron cut
13 ECal polar angle veto ECal upstream veto ECal upstream veto Reverse minv cut
14 minv cut minv cut Reverse minv cut -
15 No FGD sample events - - -

Table II: List of all event selection cuts, tabulated by use in each sample. The upper section of the table shows
shared cuts which are used in all samples. The lower section shows the four branches corresponding to the TPC
and FGD signal samples and their control samples. Note minv is the invariant mass assuming electron-positron
pairs in each case.

As quantitative measures of the selection performance, the e�ciency (‘) and purity (fl) are934

defined as935

‘ = Ssel
Stot

, fl = Ssel
Ssel + Bsel

. (9)

Here, S is the number of signal events, B is the number of background events and the subscript936

indicates whether this is the selected (sel) or total (tot) number in each case.937

3.1 Event quality and track multiplicity938

All events are subject to event quality, track multiplicity and TPC quality cuts. These cuts939

significantly reduce the output file size and hastens the analysis run-time while losing very940
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2. Analysis strategy 26

2.4.2 Pion kinematics reconstruction from Michel electrons883

Pions which decay to Michel electrons tend to have short, non-reconstructible tracks contained884

in FGD1. This means the pion kinematics need to be reconstructed using an alternative method885

using the kinematics of the outgoing Michel electron. This technique was first developed as part886

of a new analysis of ‹µCC1fi+ interactions in ND280; the methods behind this reconstruction887

process are described in far more detail in section 3 of the T2K-TN-417 [16]. A diagram of888

Michel electron production with the relevant quantities annotated is shown in figure 5.889

Figure 5: Schematic of Michel electron (e+) production from ‹eCCfi+ events superimposed on a subsection of
the ND280 geometry. The quantities d and ◊ are the distance and angle between the Michel electron vertex
and the original ‹eCCfi+ vertex. The Michel electron is indicated by the pink track and remains in FGD1. The
legend indicates the particle corresponding to each track. Note the track lengths of some particles, such as the
pion and muon, are exaggerated to clearly show where d and ◊ originate from.

The reconstruction process parametrises the distance d between the Michel electron production890

and ‹e vertex as891

pfi = c0 ◊ dc1 + c2, (7)

where the constants have values c0 = 19.11 ± 0.88 [MeV/mm], c1 = 0.4154 ± 0.0063 and892

c2 = 14.47 ± 2.02 MeV which are extracted from fitting this function to MC and data2. These893

values are listed in table IX of T2K-TN-417 [16]. The Michel electron angle is also approximated894

to be equivalent the angle of the true pion,895

◊fi = ◊ME, (8)

Truth-level comparisons between the measurable quantities and the true pion kinematics896

variables are shown in figure 6. As shown, there are clear trends between each pair of variables.897

2Note that the expression in (7) has di�erent values for c0,1,2 for Michel electrons found in FGD2, which
is not considered by this analysis. The ‹µCC1fi+ analysis does have a sample corresponding to FGD2 Michel
electron production.

π+

e−

μ+

νμ
e+

νe

ν̄μ

Note: Track lengths are exaggerated 
to show distance  and angle  
describing the original  vertex 
and the Michel-electron vertex. 

d θ
νeCCπ+

νeCCπ+-vertex

Michel-electron 
vertex 

This method was first developed in 
a -analysis. More details 
can be found in T2K-TN-417.

νμCC1π+

pπ = c0 ⋅ dc1 + c2

θπ = θME

c0 = 19.11 ± 0.88 [MeV/mm]
c1 = 0.4154 ± 0.0063
c2 = 14.47 ± 2.02 [MeV]

θπ

  publication in preparationσCC1π
νe−CH

https://t2k.org/docs/technotes/417
https://t2k.org/docs/technotes/412


Lars Bathe-Peters - T2K Neutrino Cross-Section Results  

10th March 2023

Introduction        Nuclear Effects        Cross Sections        T2K                               Conclusion and Outlookν νμ-CC0π νe-CC1π± ν-NC1π+ νCC-COH1π+−( ) −( )

63

Production Cross Section in FGD1 of the ND280 Tracker

-CC  Interactionsνe 1π±

Pion Kinematics Reconstruction from Michel Electrons

•  events are a background for single-ring detection in Super-Kamiokande  

• Electron-like single-Ring ( ) sample 

• Electron-like single-Ring with delayed Michel electron ( ) sample 

• Method of low-momentum pion tagging by delayed Michel-electrons also 
important for far detector’s (Super-Kamiokande) event reconstruction

1π
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Fig. 17: The events in the full data set for the five FD samples, shown in reconstructed lepton momentum and the angle
between the neutrino beam and the lepton in the lab frame. The coloured background in the two-dimensional plot shows
the expected number of events from the frequentist analysis, using the best-fit values for the oscillation and systematic
uncertainty parameters, applying the reactor constraint on sin2 q13. The insets show the events projected onto each single
dimension, and the red line is the expected number of events from the best-fit. The uncertainty represents the 1s statistical
uncertainty on the data.
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Fig. 17: The events in the full data set for the five FD samples, shown in reconstructed lepton momentum and the angle
between the neutrino beam and the lepton in the lab frame. The coloured background in the two-dimensional plot shows
the expected number of events from the frequentist analysis, using the best-fit values for the oscillation and systematic
uncertainty parameters, applying the reactor constraint on sin2 q13. The insets show the events projected onto each single
dimension, and the red line is the expected number of events from the best-fit. The uncertainty represents the 1s statistical
uncertainty on the data.
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Sample Uncertainty source (%) Flux⌦Interaction (%) Total (%)Flux Interaction FD + SI + PN

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

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

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

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

8.1 Bayesian results

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

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

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

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

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

Fig. 20 shows several marginalised posterior distribu-
tions for oscillation parameters of interest. Two-dimensional
distributions for every combination of the four oscilla-
tion parameters of interest are shown with the 68% and
90% credible intervals in dashed and solid lines, respec-
tively. Each two-dimensional posterior distribution also

shows the point of highest probability density. Marginalised
one-dimensional posterior probability distributions are also
given for each of the four oscillation parameters with 68%,
90%, and 95% credible intervals in different shades of grey.

8.1.1 Atmospheric oscillation parameters

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

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

sin2 q23 Sum
< 0.5 > 0.5

Dm2
32

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

Sum 0.230 (0.412) 0.770 (0.588) 1.000

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

The results for the atmospheric parameters are sum-
marised in Tab. 11, showing the proportion of the posterior
probability that lies in the different mass orderings and q23
octant, with and without the reactor constraint. A flat prior
distribution on both Dm2

32 and sin2 q23 is equivalent to com-
paring the likelihood that T2K’s data is described by the
different choices of hypotheses. The analysis with (without)
the reactor constraint sees a Bayes factor (BF) of 3.35 (1.43)

-mode 1Re1deν

-mode 1Reν
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Neutrino-NC  Interactions on Hydrocarbon 1π+

1. Introduction and motivation91

Figure 1: Selected events in SK for the 1-µ ring sample using the cuts described in
T2K-TN399 [1] without (left) and with (right) oscillation weights applied (✓23 = 45�,
�m2

23
= 2.5 · 10�3 eV).

Neutrino NC interactions producing a single charged pion in the final state (NC1⇡±)92

are an important background for the study of ✓23 and �m2

23
via ⌫µ ! ⌫µ (and ⌫̄µ ! ⌫̄µ)93

oscillations in T2K. In NC1⇡± interactions, the outgoing pion can mimic the muon sig-94

nal in Super-Kamiokande (and in the future in Hyper-Kamiokande), such that NC1⇡±
95

interactions are di�cult to separate from ⌫µ CC0⇡ events, the main signal topology.96

The energy spectrum of the neutrinos measured in Super-Kamiokande depends both on97

the oscillation probability and the interaction cross section. NC interactions are insen-98

sitive to the oscillation probability, hence, given that the predominant flavor in T2K’s99

far detector is ⌫⌧ which is unable to undergo CC for typical T2K neutrino energies, the100

event rate of the NC1⇡± background is non negligible when compared to the ⌫µ CC101

signal. To show this e↵ect, Figure 1 compares the selected events in the 1-Rµ sample102

with and without applying oscillation weights.103

104

In T2K, the far detector event rate predictions are constrained by measurements in105

the ND280 detector. However, in ND280 the oscillation probability is negligible such106

that the fraction of NC1⇡± interactions only accounts for ⇡ 1.3% of the total event107

rate. Because of that, isolating a statistically significant sample of NC1⇡± interactions108

with good purity is a very challenging problem. This is also true for all other existing109

neutrino detectors and, consequently, no measurements have been published for NC1⇡±
110

interactions in modern neutrino experiments. Some studies were published four decades111

ago (two for NC1⇡� [2, 3] and one for NC1⇡+ [3]) using bubble chamber detectors112

and a methodology significantly di↵erent from that being used in modern neutrino113

experiments. The existing measurements did not report the neutral current single114

charged pion cross section, instead, only its ratio with respect to the charged current115

single pion production [2] or the selected event rate vs predictions [3] were presented,116

furthermore, with low statistics in both cases. In consequence, little is known about117

5

• Dip region in T2K’s oscillated ( ) prediction has non-negligible NC
 events due to similarity of  and  in water Cherenkov detectors!

νμ → νμ

1π± μ π±

Unoscillated selected SK -ring sample events1μ Oscillated (muon-disappearance) selected SK -ring sample events1μ

Motivation
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Figure 55: Nominal NEUT MC vs data for the signal region (top row), SB1 (2nd row),
SB2 (3rd row) and SB3 (bottom row) as a function of the selected track momentum
(Left) and angle (Right).

84
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• Motivation: 

• NC  and CC  look similar in SK 

• Signal definition: NC  where

1π± 0π
0ℓ1π+0p

Neutrino-NC  Interactions on Hydrocarbon 1π+

• Signal and background samples with  
vertex in FGD1:

ν

Pion traverses 
from FGD1 
into TPC2

Pion remains 
in FGD1

Parameter Central Value +1�

Muon - -

Proton Momentum 0.3 GeV
c

⇡+,⇡0, ⇡�, Neutron or other final state particles - -

Table 10: Model elements of tunes used in the simulation of muon neutrino interactions on carbon.

Model element
GENIE Tune

G18 10a 00 000 G18 10s 00 000 G18 10e 00 000

Nuclear (Ground-State) Model Local Fermi Gas Local Fermi Gas Local Fermi Gas
Quasi-Elastic (QE) processes Nieves Nieves Nieves
2p-2h (MEC)-processes Nieves (Valencia) SuSAv2 Empirical
Resonance (RES) production Berger-Sehgal Berger-Sehgal Berger-Sehgal
Deep Inelastic Scattering (DIS) Bodek-Yang Bodek-Yang Bodek-Yang
Coherent (COH) production Berger-Sehgal Berger-Sehgal Berger-Sehgal
Final-State Interactions (FSI) INTRANUKE hA 2018 INTRANUKE hA 2018 INTRANUKE hA 2018

Table 11: Model elements of tunes used in the simulation of muon neutrino interactions on argon.

Particle Momentum p [GeV/c] Angle ✓

e� 0.35� 30 < 46�

⇡+ < 1.5

p

Table 12: Model elements of tunes used in the simulation of muon neutrino interactions on carbon.

Particle Momentum p [GeV/c] Angle ✓

⇡+ 0.2� 1.0 < 60�

p < 0.2

Table 13: Model elements of tunes used in the simulation of muon neutrino interactions on carbon.

3

Proton momentum condition makes this count as 0p

are not yet available. Nonetheless, the significant di↵erences between both models299

allows to perform stringent tests on the robustness of the measurement to neutrino300

interaction modeling di↵erences.301

With regard to the NC1⇡+ events without (NC1⇡+0p, signal) and with protons above302

200 MeV/c (NC1⇡+Np, background) the predictions for both generators are sensibly303

di↵erent. NEUT predicts about +13% more signal interactions than GENIE in the304

full phase space, a discrepancy similar in magnitude to that in CC0⇡ events (+12%)305

or CC1⇡ events (-15%). Further details are presented in Table 4. As it can be seen,306

GENIE predicts a larger fraction of events with protons with momentum above 200307

MeV/c (23% in NEUT vs 30% in GENIE), but overall both NEUT and GENIE expect308

very similar number of signal events for 0.2 < p⇡+ < 1.0 GeV/c and cos ✓⇡ > 0.5.309

The pre-selection data is displayed in Figure 7. The total fraction of events for each310

topology, in connection with Table 3, is included in the legend. Unless otherwise spec-311

ified in all plots the MC statistics are scaled to the data POT.

Figure 7: Stacked histogram with the number of expected events with a true vertex
position contained in the FGD1 fiducial volume prior to any selection cut. Notice that
there is no OOFV by definition.

312

2.4.1. Signal and background considerations313

From Figure 7 and the tables presented earlier a number of conclusions can be drawn314

which help frame the decisions regarding the analysis strategy.315

In the first place, the signal topology accounts for only 1.3% of the total number of316

events in the FGD1 FV. This number is remarkably low when compared to other studies317

in ND280. For instance, when one considers CC0⇡ and CC1⇡+, the two most studied318

channels in ND280, their relative frequency in the total number of interactions is,319

according to NEUT, of about 45% and 14% respectively. Sub-dominant processes which320

have been measured, like ⌫e are only about 1.5%. However, ND280 TPCs are able to321

very e↵ectively di↵erentiate ⌫e and ⌫µ events. In the case of NC1⇡+ this is not the322

case, at least not straightforwardly. Muons and pions are in most cases very di�cult to323

15

Figure taken from: T2K latest results and prospects on NC and CC pion production. Talk given at NuInt2024 by César Jesús-Valls in April 2024.

César Jesús-Valls                                                                           NuInt 2024 9

NC1π  in T2K+

If one looks at T2K's oscillated prediction, the dip 
region has non-negligible contamination of NC  
events due to µ/π similarity in water Cherenkov! 

But we have almost no data on these events...

π+/−

ν
ν

ν

P0D TPC1 TPC2 TPC3FGD2FGD1

ECal

π+

In ND280 the signal looks like this:

Challenges: 

1) Pre-selection signal is  1% of all events. 

2) µ vs π dE/dx (main PID criteria in most 
analysis) is very similar. Huge number of µ in 
ND280 due to CC interactions. 

3) Charge sign effectively rejects  vs  only if 
 is forward going and  3% of all events are 
 CC. 

4) Time-of-flight information is not really the 
solution (often don't have this information).

≈

μ− π+

μ− ≈
ν̄μ

Figure 17: Signal sample results of the selection as a function of the ⇡+ candidate
momentum (left) and angle (right) in the full phase space. The results are broken down
by topology with purity detailed in the legend and are presented both for NEUT (top)
and GENIE (bottom).

signal region and, consequently, its output can be expected to be highly informative616

about the signal cross section. For high momentum and angle, the purity gradually617

degrades reaching values similar to 10-20%. The final good purity results are mainly618

driven by the combined action of the PID cuts (TPC, ECal and FGD), see Figure 20,619

which boost the purity7 from about 10% to approximately 40% while only decreasing620

the e�ciency from about 20% to around 15%.621

4.1.1. Signal sample composition622

A break down of the processes contributing to the signal topology in the signal sample623

is presented in Table 5. In general, NEUT and GENIE show good agreement in the624

fraction of processes contributing to the true selected signal events. Overall good agree-625

ment is also observed in the individual event predictions of all topologies, summarized626

in Table 6. The only mild disagreement is the higher (+20%) amount of OOFV and627

7These numbers consider only events in the true FGD1 FV and therefore do not take into account
OOFV events.

30

Signal

Background

(NC1π+X)

Figure 55: Nominal NEUT MC vs data for the signal region (top row), SB1 (2nd row),
SB2 (3rd row) and SB3 (bottom row) as a function of the selected track momentum
(Left) and angle (Right).
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https://indico.fnal.gov/event/59963/contributions/286999/attachments/177069/240930/NuInt2024_v2%20_cesar_jesus.pdf
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Figure 63: Integrated NC1⇡+ cross section result for the data fit compared to various
GENIEv3 tunes with di↵erent FSI models.

value for the data fit.1358

The analysis was unblinded progressively, starting first with the side bands and then1359

proceeding to the full data unblinding and cross section extraction. MC vs data shows1360

good agreement both in cut variable distributions and in the final selected signal and1361

side band samples. The postfit full data fit ha a p-value of 0.11.1362

The cross section is extracted in nine double di↵erential pion angle and momentum1363

bins, all contained in the 0.2 < p⇡ < 1.0 GeV/c and cos ✓ > 0.5 space. The extracted1364

results are compared to various GENIEv3 FSI-tuned models, and to GENIEv3, NEUT1365

and NUWRO predictions with di↵erent nuclear model descriptions. The di↵erential1366

91
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Neutrino-NC  Interactions on Hydrocarbon 1π+

Figure 61: NC1⇡+ double di↵erential cross section results for the data fit compared
to various GENIEv3 tunes with di↵erent FSI models. All bins are also normalized by
the adimensioal width in cos✓.

upstream vetos and the FGD MIP-like PID variable created for this analysis). Overall,1344

the combined detector systematics amount to about 5% for 0.2 < p⇡ < 1.0 GeV/c and1345

cos ✓ > 0.5, the target kinematics region for the reported cross section results.1346

For the cross section extraction, a collection of 28 dials has been used to re-weight1347

the background, extending the usual choice in previous T2K cross section studies (e.g.1348

89

• Data prefers Bertini Cascade (FSI) model

σCH
NC1π+ = (6.07 ± 1.22) × 10−41 cm2 nucleon−1

T2K PRELIMINARY

T2K PRELIMINARY

  publication in preparationσ NC1π+

ν,ν̄−CH
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-Coherent Charged Pion Scattering on Carbonνμ
7

FIG. 1. Feynman diagram for coherent charged pion produc-
tion from a neutrino off a nucleus. This is specific to the
PCAC class of models. The square of the magnitude of the
4-momentum transfer to the nucleus is |pA|

2 = |q−pπ|
2 = |t|.

ward scattering amplitude (where the square of the 4-
momentum transferred to the hadronic system, −q2 =
Q2 is equal to zero) with the divergence of the axial cur-
rent. This in turn is estimated from the elastic pion-
nucleus scattering cross section. The coherent neutrino
(and antineutrino) scattering cross section at Q2 = 0 can
then be written as

d3σcoh

dQ2 dy d|t|

∣∣∣∣
Q2=0

=
G2

F

2π2
f2
π
1− y

y

dσ(πA → πA)

d|t|
, (1)

where y = Eπ/Eν with Eπ and Eν being the energy of
the pion and neutrino, respectively and fπ is the pion
decay constant. A Feynman diagram for this process is
shown in Fig. 1. This cross section is then extrapolated
to higher Q2. PCAC models use a variety of methods
for the Q2 extrapolation, as well as different approaches
to characterise pion-nucleus scattering. The most com-
mon model currently used by Monte Carlo (MC) neutrino
event generators [2–5] has been the Rein-Sehgal (RS)
model [6]. This uses pion-proton and pion-deuterium
data along with a simple A-scaling and ad hoc description
for nuclear effects like pion absorption. It was developed
for neutrino energies above approximately 5GeV where
the mass of the final state lepton has minimal effect.
The newer Berger-Sehgal (BS) model [7] updates this
approach with the use of pion-carbon scattering data,
which features a significant reduction in the resonance
peak. The two models are identical for pion kinetic ener-
gies above 1.5 GeV, and employ a similar A-scaling tech-
nique. Different characterizations of the pion scattering
data (pion-proton for RS, and pion-carbon for BS) in
various generators can account for observed differences
in their model predictions. Independent MC simulation
sets using the NEUT 5.4.0 [3] Berger-Sehgal (2009) and
GENIE 2.8.0 [2] Rein-Sehgal (2007) model implementa-
tions were used for this analysis.
The most recent charged current coherent production

cross section measurements at high neutrino energies
(above 7GeV) were made in the 1980-1990s [8–13] and
were found to agree with the Rein-Sehgal model. The
discovery of neutrino oscillations [14–17] refocused the
neutrino community on lower energies where a scarcity

of data on this interaction mode existed. At neutrino
energies around 0.5–2.0GeV, upper limits of the cross
section from K2K [18] and SciBooNE [19] and a mea-
surement by T2K [20] were significantly lower than that
of the Rein-Sehgal model, but agreed with Berger-Sehgal.
The MINERvA experiment, which operated at neutrino
energies of 1.5–20GeV, was the first to report measure-
ments of differential cross sections in the variables Q2,
Eπ and θπ [21] on a set of different nuclear targets [22].
The collaboration found that the measured total cross
sections agreed with the predictions from both models,
but that the observed differential cross sections in the
pion angle and energy variables showed an excess in the
forward region with respect to model predictions. The
MINERvA experiment also made the first observation of
coherent kaon production [23] and neutral current coher-
ent neutral pion production in an antineutrino beam [24].
Neutral current coherent production of neutral pions was
also measured by the MINOS [25] and the NOvA [26] col-
laborations.
This letter presents the first measurement of the an-

tineutrino induced coherent pion production cross section
on 12C at a mean neutrino energy of 0.85GeV. In addi-
tion, the previous T2K measurement of neutrino-induced
coherent pion production [20] is updated by doubling the
size of the available data set and updating the systematic
uncertainty estimates.

II. THE T2K EXPERIMENT

The Tokai-to-Kamioka (T2K) experiment is the sec-
ond generation experiment in the long-baseline neutrino
oscillation program operating in Japan. T2K established
the oscillation from muon neutrinos to electron neutri-
nos [27] and is investigating charge-parity violation in the
leptonic sector as well as measuring precisely other os-
cillation parameters [28]. Details of the T2K experiment
can be found in Ref. [29]. Although the focus of T2K is on
neutrino flavour oscillation studies, T2K has also studied
(anti)neutrino-nucleus interactions in the few hundreds
of MeV to few GeV neutrino energy range extensively
(for example, see References [20, 30–36]).

A. The muon (anti)neutrino beam

T2K employs the J-PARC neutrino beamline, as de-
tailed in Ref. [29], to generate an intense and near-pure
beam of muon (anti)neutrinos. The (anti)neutrino beam
is produced from the decay-in-flight of pions and kaons
produced when a 30 GeV proton beam from the J-PARC
Main Ring synchrotron is guided onto a cylindrical tar-
get consisting of disks of graphite evenly spaced along
a length of 91.4 cm and a diameter of 2.6 cm. Current
transformers, secondary emission monitors, and optical
transition radiation monitors are used to monitor the in-
tensity and profile of the proton beam before hitting the

pμ > 0.2GeV and cos(θμ) > 0.8 (θμ < 37∘)

pπ > 0.2GeV and cos(θπ) > 0.6 (θπ < 53∘)

Coherent charged pion production from a 
neutrino coherently scattering off a nucleus:

νμ + A → μ− + π+ + A−( ) +( ) −( )

• Use energy spectra in Forward (FHC) and Reverse (RHC):  

• : narrow energy-band off-axis flux peaked at 0.6 GeV 

• : wide(r) energy-band on-axis flux peaked at 1.1 GeV 

• Data samples: 

• :  POT (collected 2010-2017 in FHC configuration) 

• :   POT (collected 2014-2018 in RHC configuration)

νμ

ν̄μ

νμ 11.54 × 1020

ν̄μ 8.15 × 1020

  Phys. Rev. D 108, 092009σCC1π-COH
νμ,ν̄μ−C
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-Coherent Charged Pion Scattering on Carbonνμ

• Event selection: CC  and 

• require low vertex activity (hadrons 15 MeV vertex activity in 5cm2 volume around vertex position) 

• Require low 4-momentum transfer to nucleus ( 0.15 GeV2)
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FIG. 4. The νµ (top) and ν̄µ (bottom) COH selection, containing one muon and one charged pion, are shown in the VA (left)
and |t| (right) variables. The signal COH events for both selections concentrate in the low VA (less than 15MeV) and low |t|
(less than 0.15GeV2) region. The events with VA greater than 15MeV are rejected. The events with |t| greater than 0.15GeV2

are used for background control. The stacked histogram shows the pre-fit simulation overlaid by data.

any significant potential for bias in the cross section ex-
traction, and differences between extracted and true cross
section were always within the systematic uncertainties.
An additional simulated data study was motivated by

the report of a suppression of CC-1π resonant events at
low Q2 from the MINERvA experiment[56]. This effect
has not been observed or excluded by T2K, which has dif-
ferent neutrino beam energies and nominal MC models,
but the potential effect of such an observation in T2K on
the cross section result was studied nonetheless. Analy-
sis of a simulated data set with an artificially suppressed
CC-RES cross section at low Q2 resulted in a noticeable
bias in the extracted cross section, which was not cov-
ered by the model uncertainties considered in this analy-
sis. Since it is unclear whether this suppression should be
expected in the T2K data, the bias seen in this study is
covered with an additional systematic uncertainty on the
extracted (anti)neutrino CC-COH cross section of 16%
(24%). The size of this uncertainty was chosen so that
the one standard deviation of the total systematic uncer-
tainty, including that attributed to the low Q2 CC-RES
suppression, covers the bias observed in this simulated
data study.
The νµ analysis employs three bins in reconstructed

parameter space (one bin from the signal region and two
bins from the two sidebands). The χ2

post-fit. (9.44) im-

proved significantly from the χ2
pre-fit. (82.53). The χ

2
pre-fit.

is not small due to large difference between data and MC
in one of the sidebands as a result of over-prediction of
the DIS background events. The ν̄µ analysis employs two
bins in reconstructed space (one bin each from the signal
region and the sideband). The χ2

post-fit. (4.62) improved

from the χ2
pre-fit. (9.79). These values are within the range

of results from simulated data studies that showed ac-
ceptable levels of bias in the cross section results.
As shown in Fig. 5, 6, and 7, the χ2

stat(post-fit) are
reduced from the χ2

stat(pre-fit) in most kinematic dis-
tributions of the νµ data. The improvements are the
result of the RES and DIS background events being re-
weighted. The improvements are especially obvious for
the two sidebands, which are mostly consist of the RES
and DIS background events. The relatively larger VA
and pπ post-fit χ2

stat. indicate lack of degrees of freedom
in these two spaces. Similar conclusions can be drawn
from the ν̄µ data shown in Fig. 8 and 9. However, the im-
provements in the post-fit χ2

stat. are less significant since
the bin-to-bin uncertainties are dominated by low statis-
tics. The χ2

stat. shown in these figures are only used to
indicate whether there has been an improvement in the
agreement between data and model after the fit has been
performed. Since the fit only uses a single bin for the
signal region in each of the two sidebands, any improve-

νμ

12
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FIG. 4. The νµ (top) and ν̄µ (bottom) COH selection, containing one muon and one charged pion, are shown in the VA (left)
and |t| (right) variables. The signal COH events for both selections concentrate in the low VA (less than 15MeV) and low |t|
(less than 0.15GeV2) region. The events with VA greater than 15MeV are rejected. The events with |t| greater than 0.15GeV2

are used for background control. The stacked histogram shows the pre-fit simulation overlaid by data.

any significant potential for bias in the cross section ex-
traction, and differences between extracted and true cross
section were always within the systematic uncertainties.
An additional simulated data study was motivated by

the report of a suppression of CC-1π resonant events at
low Q2 from the MINERvA experiment[56]. This effect
has not been observed or excluded by T2K, which has dif-
ferent neutrino beam energies and nominal MC models,
but the potential effect of such an observation in T2K on
the cross section result was studied nonetheless. Analy-
sis of a simulated data set with an artificially suppressed
CC-RES cross section at low Q2 resulted in a noticeable
bias in the extracted cross section, which was not cov-
ered by the model uncertainties considered in this analy-
sis. Since it is unclear whether this suppression should be
expected in the T2K data, the bias seen in this study is
covered with an additional systematic uncertainty on the
extracted (anti)neutrino CC-COH cross section of 16%
(24%). The size of this uncertainty was chosen so that
the one standard deviation of the total systematic uncer-
tainty, including that attributed to the low Q2 CC-RES
suppression, covers the bias observed in this simulated
data study.
The νµ analysis employs three bins in reconstructed

parameter space (one bin from the signal region and two
bins from the two sidebands). The χ2

post-fit. (9.44) im-

proved significantly from the χ2
pre-fit. (82.53). The χ

2
pre-fit.

is not small due to large difference between data and MC
in one of the sidebands as a result of over-prediction of
the DIS background events. The ν̄µ analysis employs two
bins in reconstructed space (one bin each from the signal
region and the sideband). The χ2

post-fit. (4.62) improved

from the χ2
pre-fit. (9.79). These values are within the range

of results from simulated data studies that showed ac-
ceptable levels of bias in the cross section results.
As shown in Fig. 5, 6, and 7, the χ2

stat(post-fit) are
reduced from the χ2

stat(pre-fit) in most kinematic dis-
tributions of the νµ data. The improvements are the
result of the RES and DIS background events being re-
weighted. The improvements are especially obvious for
the two sidebands, which are mostly consist of the RES
and DIS background events. The relatively larger VA
and pπ post-fit χ2

stat. indicate lack of degrees of freedom
in these two spaces. Similar conclusions can be drawn
from the ν̄µ data shown in Fig. 8 and 9. However, the im-
provements in the post-fit χ2

stat. are less significant since
the bin-to-bin uncertainties are dominated by low statis-
tics. The χ2

stat. shown in these figures are only used to
indicate whether there has been an improvement in the
agreement between data and model after the fit has been
performed. Since the fit only uses a single bin for the
signal region in each of the two sidebands, any improve-

νμ

analogously for ν̄μ

  Phys. Rev. D 108, 092009σCC1π-COH
νμ,ν̄μ−C
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• Event selection: CC  and 

• require low vertex activity (hadrons 15 MeV vertex activity in 5cm2 volume around vertex position) 

• Require low 4-momentum transfer to nucleus ( 0.15 GeV2)
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and |t| (right) variables. The signal COH events for both selections concentrate in the low VA (less than 15MeV) and low |t|
(less than 0.15GeV2) region. The events with VA greater than 15MeV are rejected. The events with |t| greater than 0.15GeV2

are used for background control. The stacked histogram shows the pre-fit simulation overlaid by data.

any significant potential for bias in the cross section ex-
traction, and differences between extracted and true cross
section were always within the systematic uncertainties.
An additional simulated data study was motivated by

the report of a suppression of CC-1π resonant events at
low Q2 from the MINERvA experiment[56]. This effect
has not been observed or excluded by T2K, which has dif-
ferent neutrino beam energies and nominal MC models,
but the potential effect of such an observation in T2K on
the cross section result was studied nonetheless. Analy-
sis of a simulated data set with an artificially suppressed
CC-RES cross section at low Q2 resulted in a noticeable
bias in the extracted cross section, which was not cov-
ered by the model uncertainties considered in this analy-
sis. Since it is unclear whether this suppression should be
expected in the T2K data, the bias seen in this study is
covered with an additional systematic uncertainty on the
extracted (anti)neutrino CC-COH cross section of 16%
(24%). The size of this uncertainty was chosen so that
the one standard deviation of the total systematic uncer-
tainty, including that attributed to the low Q2 CC-RES
suppression, covers the bias observed in this simulated
data study.
The νµ analysis employs three bins in reconstructed

parameter space (one bin from the signal region and two
bins from the two sidebands). The χ2

post-fit. (9.44) im-

proved significantly from the χ2
pre-fit. (82.53). The χ

2
pre-fit.

is not small due to large difference between data and MC
in one of the sidebands as a result of over-prediction of
the DIS background events. The ν̄µ analysis employs two
bins in reconstructed space (one bin each from the signal
region and the sideband). The χ2

post-fit. (4.62) improved

from the χ2
pre-fit. (9.79). These values are within the range

of results from simulated data studies that showed ac-
ceptable levels of bias in the cross section results.
As shown in Fig. 5, 6, and 7, the χ2

stat(post-fit) are
reduced from the χ2

stat(pre-fit) in most kinematic dis-
tributions of the νµ data. The improvements are the
result of the RES and DIS background events being re-
weighted. The improvements are especially obvious for
the two sidebands, which are mostly consist of the RES
and DIS background events. The relatively larger VA
and pπ post-fit χ2

stat. indicate lack of degrees of freedom
in these two spaces. Similar conclusions can be drawn
from the ν̄µ data shown in Fig. 8 and 9. However, the im-
provements in the post-fit χ2

stat. are less significant since
the bin-to-bin uncertainties are dominated by low statis-
tics. The χ2

stat. shown in these figures are only used to
indicate whether there has been an improvement in the
agreement between data and model after the fit has been
performed. Since the fit only uses a single bin for the
signal region in each of the two sidebands, any improve-

ν̄μ
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(less than 0.15GeV2) region. The events with VA greater than 15MeV are rejected. The events with |t| greater than 0.15GeV2

are used for background control. The stacked histogram shows the pre-fit simulation overlaid by data.

any significant potential for bias in the cross section ex-
traction, and differences between extracted and true cross
section were always within the systematic uncertainties.
An additional simulated data study was motivated by

the report of a suppression of CC-1π resonant events at
low Q2 from the MINERvA experiment[56]. This effect
has not been observed or excluded by T2K, which has dif-
ferent neutrino beam energies and nominal MC models,
but the potential effect of such an observation in T2K on
the cross section result was studied nonetheless. Analy-
sis of a simulated data set with an artificially suppressed
CC-RES cross section at low Q2 resulted in a noticeable
bias in the extracted cross section, which was not cov-
ered by the model uncertainties considered in this analy-
sis. Since it is unclear whether this suppression should be
expected in the T2K data, the bias seen in this study is
covered with an additional systematic uncertainty on the
extracted (anti)neutrino CC-COH cross section of 16%
(24%). The size of this uncertainty was chosen so that
the one standard deviation of the total systematic uncer-
tainty, including that attributed to the low Q2 CC-RES
suppression, covers the bias observed in this simulated
data study.
The νµ analysis employs three bins in reconstructed

parameter space (one bin from the signal region and two
bins from the two sidebands). The χ2

post-fit. (9.44) im-

proved significantly from the χ2
pre-fit. (82.53). The χ

2
pre-fit.

is not small due to large difference between data and MC
in one of the sidebands as a result of over-prediction of
the DIS background events. The ν̄µ analysis employs two
bins in reconstructed space (one bin each from the signal
region and the sideband). The χ2

post-fit. (4.62) improved

from the χ2
pre-fit. (9.79). These values are within the range

of results from simulated data studies that showed ac-
ceptable levels of bias in the cross section results.
As shown in Fig. 5, 6, and 7, the χ2

stat(post-fit) are
reduced from the χ2

stat(pre-fit) in most kinematic dis-
tributions of the νµ data. The improvements are the
result of the RES and DIS background events being re-
weighted. The improvements are especially obvious for
the two sidebands, which are mostly consist of the RES
and DIS background events. The relatively larger VA
and pπ post-fit χ2

stat. indicate lack of degrees of freedom
in these two spaces. Similar conclusions can be drawn
from the ν̄µ data shown in Fig. 8 and 9. However, the im-
provements in the post-fit χ2

stat. are less significant since
the bin-to-bin uncertainties are dominated by low statis-
tics. The χ2

stat. shown in these figures are only used to
indicate whether there has been an improvement in the
agreement between data and model after the fit has been
performed. Since the fit only uses a single bin for the
signal region in each of the two sidebands, any improve-
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 COH on 12C

• Coherent Pion-Production Cross Section:

σCOH
νμ,FGD1 =

N
ϵ Φ T

−( )

•  : number of COH events obtained by likelihood fitter 

•  : detector efficiency 

•  : Integrated muon / anti-muon neutrino flux 

•  : number of target nuclei

N
ϵ
Φ
T
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FIG. 9. ν̄µ data, nominal Monte Carlo (MC) simulation (pre-fit), and post-fit Monte Carlo simulation comparisons in VA, |t|,
Q2, pπ, and cos(θπ) for the first sideband. The stacked histograms represent the true reaction types of the events. The post-fit
χ2
stat. are improved in general as a result of the RES background events being re-weighted; however, the shape differences

between the data and the MC in the VA and |t| cannot be simply resolved by simple re-scale of events.

TABLE II. Summary of flux-averaged, phase-space-constrained, charged current, coherent cross section results and model pre-
dictions. Expressed in units of 10−40 cm2/nucleus with statistical and systematic uncertainties, and the additional uncertainty
added to cover the low Q2 CC-RES suppression bias. The reported measurement on carbon uses the F1/3(A) scaling. The
model predictions for carbon do not use a scaling function. No prediction in RHC mode is given using the GENIE RS (2007)
model as Monte Carlo simulation data sets using the GENIE RS model had not been generated for the RHC beam mode at the
time of this analysis. Note that the cross section prediction from the NEUT BS (2009) model for the FHC mode is different
from the prediction for the RHC mode as the flux of neutrinos and antineutrinos are different.

T2K (2022) NEUT BS (2009) GENIE RS (2007)
σνµ,FGD 3.00± 0.37 ± 0.31 ± 0.49 2.77 3.28
σνµ,C,1/3 2.98± 0.37 ± 0.31 ± 0.49 2.57 3.09
σν̄µ,FGD 3.07± 0.71 ± 0.39 ± 0.75 2.87 /
σν̄µ,C,1/3 3.05± 0.71 ± 0.39 ± 0.74 2.78 /

An additional uncertainty is added to cover the low Q2

CC-RES suppression bias as described previously. The
main contributions to the uncertainty for both neutrino
and antineutrino results come from statistical uncertain-
ties and the additional low Q2 CC-RES suppression un-
certainty.

The cross section results are shown in Fig. 10. The
cross section reported here is energy-averaged over the
incoming neutrino flux and restricted to a specific region
of the parameter space of produced muon and pion kine-
matics. As such, it cannot be directly compared to a the-
oretical model providing the cross section as a function
of neutrino energy. A valid comparison requires the the-
oretical cross section to be integrated over the T2K flux
and phase space restrictions applied. Horizontal lines in
Fig. 10 show model predictions after this procedure has
been applied.

To enable a quick comparison between results of differ-
ent experiments with different neutrino energy distribu-

tions, the mean neutrino energy is used as the x-position
of the data points and the standard deviation of neutrino
energies as the error bars in the x-direction.

V. CONCLUSION

The T2K νµ CC-COH and ν̄µ CC-COH
cross-sections on 12C are (2.98 ± 0.37(stat.) ±
0.31(syst.)+0.49

−0.00 (Q
2 model)) × 10−40 cm2 and (3.05 ±

0.71(stat.) ± 0.39(syst.)+0.74
−0.00 (Q

2 model)) × 10−40 cm2,
assuming an A-scaling of A1/3. The flux-averaged
cross-sections are measured in a reduced final state par-
ticle kinematic phase space for which pµ,π > 0.2 GeV,
cos(θµ) > 0.8, and cos(θπ) > 0.6. The uncertainty
labelled as “Q2 model” corresponds to the potential
bias caused by the low Q2 CC-RES suppression study.
This study presents the first measurement of the ν̄µ
CC-COH cross-section at a mean neutrino energy less

σCOH
νμ,C,1/3 = σC ∑

i

F(Ai)
F(AC)

−( )

•  : COH cross section on carbon nuclei 

•  : fractional composition of a given element 

•  : scaling function

σC

fi
F(A) = A

1
3
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