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T2K’s near detector physics programme
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WAGASCI and BabyMIND 
detectors,  off-axis1.5∘
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INGRID detector 
(on-axis)

• Unmagnetised detector, consisting 
of 16 identical modules, each 
made of alternating iron (Fe) and 
plastic (CH) layers


• Used to constrain non-hadronic 
beam systematics (e.g. off-axis 
angle on a run-by-run basis), and 
to monitor beam profile stability


• Also measures cross sections for 
neutrino interaction models

• Water/CH lattice neutrino target 
(WAGASCI) with a magnetised (1.5 T) 
iron and scintillator (BabyMIND) muon 
range tracking detector


• Plans to start using in oscillation 
analyses, and already producing cross 
section results

• Magnetised (0.2 T) composite detector: 2 Fine 
Grained Detectors (2x 0.8 t target mass, mostly 

 and water) sandwiched between 3 
vertical Time Projection Chambers (PID and 
momentum measurements) + P0D (mostly 
carbon alternating with water target, lead foil or 
brass foil) + ECal + SMRD (high energy muon 
range)


• Main constraint of flux and cross section model 
parameters in the oscillation analysis + rich 
suite of cross section measurements
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FIG. 1: Configuration of the WAGASCI-BabyMIND
detector on the B2 floor used for the analysis presented
in this paper. An orange arrow represents the neutrino
beam direction. The name of each detector is labeled in

red.

is located. At these higher energies interactions other
then CCQE, such as pion production and multinucleon
knock-out, become more significant compared to ND280.
Both of them contribute to the experimental signal mea-
sured in this paper, in the first case this happens if a
charged pion is produced and is then absorbed. A mea-
surement of the di↵erential cross section was made in
the resultant lepton kinematics of momentum and an-
gle with two one dimensional results reported. Due to
the limited statistics of the collected events it was im-
possible to extract two-dimensional cross section in the
muon kinematic variables. The measurements reported
in this paper are very important for the T2K and HK
experiments because these events samples have a higher
angular acceptance than the results previously reported
and occur on the water target.

Our paper is organized as follows. In Section II the
T2K experimental setup is discussed including a de-
tail description of the WAGASCI-BabyMIND detector in
Subsection II B. The simulation and selection of events is
explained in Section III. In Section IV, the methods and
calculation formulae are described. We scrutinized the
possible systematic sources of this analysis. The main
error sources are reported in Section V. We validated
our statistical approach and selected events with simu-
lated data studies. The results of the studies are briefly
summarized in Section VI In Section VII, we present the
intergrated and double di↵erential cross section results on
H2O and targets. The paper is concluded in Section VIII.
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FIG. 2: Neutrino flux produced by the J-PARC
accelerator at di↵erent o↵-axis angles. ND280 as well as
Super-Kamiokande are located at a 2.5� o↵-axis angle,
where the neutrino flux is peaked at around 0.6GeV,

resulting in the disappearance probability being
maximised for muon neutrinos at the baseline of the

FD [12]. The WAGASCI-BabyMIND detector is located
at a 1.5� o↵-axis angle, where the neutrino flux is

peaked at around 0.86GeV.

II. THE T2K EXPERIMENT

The Tokai-to-Kamioka (T2K) experiment [13] is a
long-baseline neutrino experiment located in Japan, de-
signed to study neutrino oscillations with high precision.
The experiment involves the generation of a muon neu-
trino or muon anti-neutrino beam at the Japan Pro-
ton Accelerator Research Complex (J-PARC) in Tokai.
This beam of neutrino then leaves the J-PARC accel-
erator and travels 295 km across Japan to the Super-
Kamiokande [14] detector, which serves as the far de-
tector. One of the unique features of T2K is that it
was the first long baseline experiment which used an o↵-
axis beam, with the Super-Kamiokande detector located
2.5� o↵ axis. This configuration produces a narrow-band
beam peaked at around 0.6GeV, see Fig. 2, optimizing
the sensitivity to neutrino oscillations whilst minimizing
background noise.

The T2K experiment has achieved several significant
milestones, including the first observation of electron
neutrino appearance in a muon neutrino beam [15] and
the world’s most precise measurement of ✓23, one of
the parameters defining the PMNS mixing matrix [16].
Moreover, T2K recently demonstrated sensitivity to �CP ,
a parameter of the PMNS matrix responsible for the vi-
olation of the CP symmetry in neutrino interactions [17,
18]. These observations are crucial for understanding the
fundamental properties of neutrinos and their role in the
universe.

Neutrino flux model
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• Flux tuning involves constraining the modelled hadron production 
with external data, most importantly NA61 data, but also data from 
other experiments (HARP, BNL, Eichten et al, Allaby et al etc)


• Applying this tuning brings us to flux uncertainties at the ~6% level 
at the flux peak

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

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

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

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

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

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

σprod = σinelastic − σquasi−elastic (3.1)

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

d2nα

dpdθ
=

1

σprod

d2σα
dpdθ

(3.2)

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

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

NA61 2010 replica-target data:

Eur. Phys. J. C 79, 100 (2019)

NA61 2009 thin-target data:

Eur. Phys. J. C 76, 84 (2016)
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T2K neutrino flux at different 
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Neutrino interaction models
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• At ~0.6 GeV peak beam energy, neutrinos interact via charged current quasi-elastic (CCQE) 
scattering, with subdominant contributions from, resonant CC1  (CC-Res) and deep-
inelastic (DIS) scattering

π
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• We define states based on the final 
track topology observed in the 
detector after nuclear effects e.g. 
for CC interactions CC0 , CC1  
and CC-Other
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Free-nucleon-level interaction channels

Schematic example of some 
of the nuclear effects

Looks like CCQE after 
FSI, even though it was 
scattering off of a 
correlated nucleon pair
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T2K also probes neutral current 
(NC) interaction channels
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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)
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• At ~0.6 GeV peak beam energy, neutrinos interact via charged current quasi-elastic (CCQE) 
scattering, with subdominant contributions from, resonant CC1  (CC-Res) and deep-
inelastic (DIS) scattering
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Cross section measurement history with the T2K beam
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FIG. 10: Kinematic distribution of the outgoing lepton for the selected CH (top) and H2O (bottom) samples.

�!p prior. This acts as a penalty term for moving the sys-
tematic parameters away from their nominal (or prior)
values. Using this method to describe all the uncertain-
ties with a covariance matrix and calculating the penalty
term one assumes the uncertainties to be distributed ac-
cording to the Gaussian probability distribution function.

The cross section fitter provides the best-fit values for
template parameters and systematic parameters. The
expected signal events are then calculated with those pa-
rameters and the inverse of the transfer matrix which
converts the number of reconstructed events to the num-
ber of true events. The equation is

N̂ exp, sig
i =

reconX

j

 
ĉiN

MC, sig
j

intY

a

ŵ(a)sigij

!
(tij)

�1r̂j

E⌫X

n

vinf̂n,

(6)
where the ‘hat’ means the best fit value. When we cal-
culate a cross section there are multiple ways of treat-
ing the neutrino flux. In this approach a flux-integrated
cross section rather than a flux-unfolded one is calculated
to avoid model dependence (or at least to reduce it) in
terms of the shape of the neutrino energy spectrum. The
formula to calculate the di↵erential flux-integrated cross
section as a function of muon kinematics is

d�

dxi
=

N̂ exp,sig
i

✏i�NFV
nucleons

⇥ 1

�xi
, (7)

where � is the total flux-integrated cross section and
x is a muon kinematic variable, ✏,�, NFV

nucleons,�xi are
the detection e�ciency, integrated flux, number of target
nucleons in the fiducial volume and the bin width of the
true bin i, respectively. Since we report a single di↵er-
ential cross section as a function of muon kinematics, x
refers to either Pµ or ✓µ.

V. SYSTEMATICS UNCERTAINTIES

This section is organized into three sub-sections: neu-
trino flux, neutrino interaction, and detector systematics.
For neutrino flux and detector systematics, systematic
parameters are summarized in covariance matrices which
are used when fitting the data. For neutrino interactions,
a di↵erent approach based on Monte Carlo (MC) event
reweighting was used.
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TABLE V: Agreement between the data fit and the simulation based on various models as measured 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
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FIG. 17: Extracted di↵erential cross section compared to nominal MC and alternative MC models as a function of
momentum (left) and cosine of muon angle (right). The bin indices from 0 to 5 are the CH results and the bin

indices from 6 to 11 are the H2O results. The color corresponds to each model; black: the nominal NEUT version,
green: the alternative version of NEUT with MQE

A is set to 1.03 GeV/c2, blue: GENIE, cyan: post-fit ND tune.

in 2021). This is the first ⌫µ cross section measurement
of the neutrino interactions at 1.5 degrees o↵-axis in the
neutrino mode operation in T2K. As the current statis-
tics are not large enough to separate the interaction mod-
els, we have continued to accumulate neutrino beam data
for the next round of the analysis where we expect two-
dimensional binning and another interaction channel to
be added.

Hopefully, these new measurements from the
WAGASCI-BabyMIND detector can be used to reduce
the uncertainties associated with neutrino interactions in
the T2K neutrino oscillation analysis. In particular, the
cross section results on the H2O target in the high angle
phase space will be key ingredients in the reduction of
the uncertainties because there are insu�cient data in
this kinematic region coming from the existing T2K ND
detectors. It is not technically di�cult to implement the
WAGASCI-BabyMIND detector data into the ND280
fitting framework as we performed the analysis using
that framework in this paper. After we accumulate
enough statistics for the WAGASCI-BabyMIND detec-
tor, this combined measurement will provide stronger
constraints on the neutrino interaction parameters that
the WAGASCI-BabyMIND detector can cover such as

CCQE oxygen parameters, 2p2h norm/shape oxygen
parameters, pion FSI parameters, and so on.

In a future there is a possibility to perform a joint
analysis using the combined measurements from both the
WAGASCI-BabyMIND detector and the ND280 detec-
tor. As they are exposed to di↵erent fluxes at these two
sites, we can at least in principle perform the linear sub-
traction to get a narrower energy band flux and reduce
the contribution from the higher or lower energy neutri-
nos. By using this subtracted flux, we can analytically
perform the flux integrated cross section measurement
with the higher/lower energy contribution. The T2K
neutrino flux has a higher energy tail, which is one of
the culprits preventing us from pinpointing the cause of
model discrepancies in the T2K measurements [44]. If the
linear subtraction method works, it might be possible to
pin down the cause of these discrepancies, and helps us
to make a more robust neutrino interaction model.

Momentum bins 0-5

CH results

Momentum bins 6-11

H2O results

CC0   interactions on hydrocarbon and waterπ νμ

Signal definition

Pion: , pμ > 0.3 GeV/c
cos θμ > 0.34

Differential flux-integrated cross section result, in 
muon momentum phase space, compared against 
different generator predictions (NEUT and GENIE)
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FIG. 10: Kinematic distribution of the outgoing lepton for the selected CH (top) and H2O (bottom) samples.

�!p prior. This acts as a penalty term for moving the sys-
tematic parameters away from their nominal (or prior)
values. Using this method to describe all the uncertain-
ties with a covariance matrix and calculating the penalty
term one assumes the uncertainties to be distributed ac-
cording to the Gaussian probability distribution function.

The cross section fitter provides the best-fit values for
template parameters and systematic parameters. The
expected signal events are then calculated with those pa-
rameters and the inverse of the transfer matrix which
converts the number of reconstructed events to the num-
ber of true events. The equation is

N̂ exp, sig
i =

reconX

j
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MC, sig
j

intY

a

ŵ(a)sigij

!
(tij)
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where the ‘hat’ means the best fit value. When we cal-
culate a cross section there are multiple ways of treat-
ing the neutrino flux. In this approach a flux-integrated
cross section rather than a flux-unfolded one is calculated
to avoid model dependence (or at least to reduce it) in
terms of the shape of the neutrino energy spectrum. The
formula to calculate the di↵erential flux-integrated cross
section as a function of muon kinematics is

d�

dxi
=

N̂ exp,sig
i

✏i�NFV
nucleons

⇥ 1

�xi
, (7)

where � is the total flux-integrated cross section and
x is a muon kinematic variable, ✏,�, NFV

nucleons,�xi are
the detection e�ciency, integrated flux, number of target
nucleons in the fiducial volume and the bin width of the
true bin i, respectively. Since we report a single di↵er-
ential cross section as a function of muon kinematics, x
refers to either Pµ or ✓µ.

V. SYSTEMATICS UNCERTAINTIES

This section is organized into three sub-sections: neu-
trino flux, neutrino interaction, and detector systematics.
For neutrino flux and detector systematics, systematic
parameters are summarized in covariance matrices which
are used when fitting the data. For neutrino interactions,
a di↵erent approach based on Monte Carlo (MC) event
reweighting was used.

Data vs. MC event 
distribution, with MC 
split by true 
interaction type

WAGASCI 
detector 
schematic
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TABLE II: Results of the integrated cross section using ✓µ distributions on H2O and CH targets. The di↵erence in
the simulated cross sections for the H2O target is due to the di↵erence in the set of events between momentum and

angle samples.

Kinematics Target
Integrated cross section(10�39cm2/nucleon)
Data MC

✓µ
H2O 1.44± 0.21 (stat.+ syst.) 1.197
CH 1.26± 0.18 (stat.+ syst.) 1.165

Pµ
H2O 1.40± 0.28 (stat.+ syst.) 1.215
CH 1.24± 0.17 (stat.+ syst.) 1.165

TABLE III: Results of the di↵erential cross section in the momentum binning. The unit of each di↵erential cross
section is (cm2)/(nucleon ·GeV/c).

Target Material Range (GeV/c) Postfit value (10�39) Postfit error (10�39) Rel. error (%) MC (10�39)

H2O

0.3 - 0.5 1.794 0.707 39.4 1.225
0.5 - 0.7 1.867 0.388 20.8 1.553
0.7 - 0.9 1.099 0.365 33.2 1.010
0.9 - 1.1 0.404 0.184 45.5 0.513
1.1 - 1.5 0.133 0.138 103.5 0.259
1.5 - 5.0 0.011 0.003 25.5 0.007

CH

0.3 - 0.5 1.309 0.373 28.5 1.227
0.5 - 0.7 1.589 0.359 22.6 1.570
0.7 - 0.9 1.013 0.283 28.0 1.034
0.9 - 1.1 0.581 0.168 28.9 0.536
1.1 - 1.5 0.244 0.077 31.5 0.266
1.5 - 5.0 0.009 0.002 21.1 0.008

C. Comparisons of the interaction models

The reported measurement results were compared to
predictions from Monte Carlo generators GENIE and
NEUT models to see how well do they agree with our
measurements. The agreement between the measurement
and models was qualified by the �2 defined by

�2 =
NX

ij

 ✓
d�

dx

◆

i,data

�
✓
d�

dx

◆

i,model

!
Vij

�1

 ✓
d�

dx

◆

j,data

�
✓
d�

dx

◆

j,model

!

where N is the number of cross section bins, i, j are the
ith and jth kinematic bin, respectively. The parameter
V is the covariance matrix. The Monte Carlo generators
used in our study are:

NEUT alternative version:
We use another model implemented in NEUT. One
di↵erence exists in the treatments for the nuclear
ground state. The alternative model does not in-
troduce SF but treats the ground state as a Global
Fermi Gas (GFG) model [42]. The CCQE model
is the Nieves 1p1h model without the RPA correc-
tion, with MQE

A set to 1.05 GeV/c2, compared to

1.21 GeV/c2 in the original NEUT model. This
MQE

A value reflects the theoretical calculation us-
ing 2p2h excitations (MA = 1.049 GeV/c2 [43]).
The expected number of CCQE events would de-
crease by about 15% in this model, which is due to
the smaller cross section.

GENIE:
GENIE is a neutrino event generator allowing var-
ious combinations of interaction models (version:
‘G18-02’ [9]) to be simulated and tested. In this
implementation the CCQE model is the same as
NEUT but with a di↵erent MQE

A (0.99 GeV/c2).
The treatment of the ground state of a nucleus is
also di↵erent. Our NEUT model utilizes the Ben-
har SF model, whereas GENIE adopts a Relativis-
tic Fermi Gas (RFG) model. Another di↵erence is
in the missing energy and missing momentum dis-
tributions. The relationship between the missing
energy and missing momentum is described by a
unique curve in the GFG while it is described with
several bands corresponding to the nuclear shell
states in the Benhar spectral function model.

The results for �2 for each model are shown in Tab.
V. Model prediction for the di↵erential cross section
are shown in Fig. 17 together with the data points.
The number of degree of freedom is 12 for both momen-

Epeak
ν ∼ 0.9 GeV

T2K Preliminary T2K Preliminary
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• FGD sample: the pion remains in FGD1 and decays to a Michel electron; pion detection833

uses information from FGD time bins as described in section 3.5.834

Examples of tracks left by ‹eCCfi+ TPC sample and FGD sample events which satisfy the835

signal definition are superimposed on the ND280 geometry in figure 3.836

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 selecting837

photon backgrounds which pass the pion PID, as well as a reversed invariant mass cut which838

e�ectively selects photon conversion events. This is described in section 4.839

Charged particles which pass downstream from FGD1 into the TPCs are typically easily840

reconstructible as they leave hits along equally-spaced readout planes. The energy deposition841

as a function of particle momentum can be used to perform pion particle identification842

(PID) [7]. Detection in the electromagnetic calorimeter (ECal) is also performed using PID843

variables, such as RMIP-EM, which discriminates between minimally-ionising particles (MIPs)844

and shower-producing particles [8].845

Pions which decay to Michel electrons tend to leave a number of delayed and clustered FGD hits846

accompanied by charge build-up. The mass di�erence between pions and muons compared with847

muons and electrons means that electrons will carry significantly more kinetic energy than the848

other intermediate particles, leaving a number of FGD hits after a delay period corresponding849

to the muon lifetime. The detection of FGD-contained decaying pions therefore uses Michel850

electron tagging, which imposes cuts on these delayed hits [9].851

A third scenario where pions remain within FGD1 without decaying was also considered, but852

only five events over the full MC were selectable before any background-reducing vetoes were853

introduced.854

Signal definition

Pions: 

Electron: , 

pπ+ < 1.5 GeV/c
pe− ∈ [0.35, 30] GeV/c cos θe− > 0.7
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Pion escapes FGD1 and enters 
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FIG. 1. Reconstructed electron and pion kinematics (pe, cos ✓e, p⇡) distributions for the signal samples (upper) and � controls
samples (lower) in the restricted phase space. These show the number of selected data and pre-fit Neut MC events with
statistical uncertainties, distinguished by true event type.

one of the pion PID cuts used for the signal samples. The
� control samples also use sets of OOFV vetoes, ensuring
the normalized invariant hadronic mass and momentum
transfer distributions of the selected ⇡0 production modes
generally match those of the targeted backgrounds.

The data and MC events selected by the merged
signal and control samples are shown projected as
distributions of electron kinematics and pion momentum
in Fig. 1. A total of 115 events are selected by the signal
samples in the targeted phase space, compared with 129
events predicted by Neut. The signal samples have a
combined efficiency of ⇠20% that varies minimally across
all in-phase space bins. The FGD-⇡+ sample almost
exclusively contributes to the lowest four p⇡ bins. The
data and MC shape distributions generally match well in
most bins for the signal samples; the � control samples
exhibit poorer agreement, but these are more statistically
limited.

Fit and extraction.—The unfolding method involves
an unregularized binned template parameter likelihood
fit used in several recent T2K cross section analyses [29–
31]. The binning scheme uses eight signal-region bins
that enclose the target phase space. The intermediate
bin edges are optimized to approximately distribute an
equal amount of signal events between the bins along each
kinematic observable. The fit uses template parameters
that are proportional to the signal event rate in each true
kinematic bin; nuisance parameters are assigned to scale
combinations of MC events corresponding to different
systematic uncertainties. The template and nuisance
parameters are iteratively varied to minimize the data-

MC difference, yielding a set of best-fit parameters. The
four samples are fitted separately and the systematic
uncertainties are supplied as covariance matrices that
encode the initial uncertainties of and correlations
between nuisance parameters. The template parameters
have no initial uncertainty and are free to move without
prior constraints. During the fitting process, the negative
log-likelihood ratio �2 ' �2 log (Lstat) � 2 log (Lsys) is
minimized. The Lstat term is the likelihood ratio for the
Poisson distribution with Barlow-Beeston modifications
to account for finite MC statistics [32], and Lsys is the
likelihood ratio for the set of parameter values at a
specific fit point given their prior uncertainties divided
by the maximum likelihood for those parameter values.

The differential cross section values are calculated
with respect to a kinematic variable x using d�/dxi =
N̂i/✏i�NT�xi, where �x is an interval in 3D of the
kinematic space defined by the analysis bin edges, N̂
is the background subtracted number of signal events,
✏ is the selection efficiency, and i denotes the bin
index. This is normalized by the flux integral � and
the number of nuclear targets NT . The fitting process
yields best-fit values and post-fit uncertainties for N̂i,
✏i and �. The total cross section (�) is calculated by
summing the differential results multiplied by their bin
widths. The uncertainties on the binned cross sections
are evaluated by varying the fit parameters within their
post-fit uncertainties and numerically propagating these
changes to the cross section results.

Sources of systematic uncertainty.—The systematic
uncertainties arise from the flux model, the detector
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• FGD sample: the pion remains in FGD1 and decays to a Michel electron; pion detection833

uses information from FGD time bins as described in section 3.5.834

Examples of tracks left by ‹eCCfi+ TPC sample and FGD sample events which satisfy the835

signal definition are superimposed on the ND280 geometry in figure 3.836

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 selecting837

photon backgrounds which pass the pion PID, as well as a reversed invariant mass cut which838

e�ectively selects photon conversion events. This is described in section 4.839

Charged particles which pass downstream from FGD1 into the TPCs are typically easily840

reconstructible as they leave hits along equally-spaced readout planes. The energy deposition841

as a function of particle momentum can be used to perform pion particle identification842

(PID) [7]. Detection in the electromagnetic calorimeter (ECal) is also performed using PID843

variables, such as RMIP-EM, which discriminates between minimally-ionising particles (MIPs)844

and shower-producing particles [8].845

Pions which decay to Michel electrons tend to leave a number of delayed and clustered FGD hits846

accompanied by charge build-up. The mass di�erence between pions and muons compared with847

muons and electrons means that electrons will carry significantly more kinetic energy than the848

other intermediate particles, leaving a number of FGD hits after a delay period corresponding849

to the muon lifetime. The detection of FGD-contained decaying pions therefore uses Michel850

electron tagging, which imposes cuts on these delayed hits [9].851

A third scenario where pions remain within FGD1 without decaying was also considered, but852

only five events over the full MC were selectable before any background-reducing vetoes were853

introduced.854
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FIG. 1. Reconstructed electron and pion kinematics (pe, cos ✓e, p⇡) distributions for the signal samples (upper) and � controls
samples (lower) in the restricted phase space. These show the number of selected data and pre-fit Neut MC events with
statistical uncertainties, distinguished by true event type.

one of the pion PID cuts used for the signal samples. The
� control samples also use sets of OOFV vetoes, ensuring
the normalized invariant hadronic mass and momentum
transfer distributions of the selected ⇡0 production modes
generally match those of the targeted backgrounds.

The data and MC events selected by the merged
signal and control samples are shown projected as
distributions of electron kinematics and pion momentum
in Fig. 1. A total of 115 events are selected by the signal
samples in the targeted phase space, compared with 129
events predicted by Neut. The signal samples have a
combined efficiency of ⇠20% that varies minimally across
all in-phase space bins. The FGD-⇡+ sample almost
exclusively contributes to the lowest four p⇡ bins. The
data and MC shape distributions generally match well in
most bins for the signal samples; the � control samples
exhibit poorer agreement, but these are more statistically
limited.

Fit and extraction.—The unfolding method involves
an unregularized binned template parameter likelihood
fit used in several recent T2K cross section analyses [29–
31]. The binning scheme uses eight signal-region bins
that enclose the target phase space. The intermediate
bin edges are optimized to approximately distribute an
equal amount of signal events between the bins along each
kinematic observable. The fit uses template parameters
that are proportional to the signal event rate in each true
kinematic bin; nuisance parameters are assigned to scale
combinations of MC events corresponding to different
systematic uncertainties. The template and nuisance
parameters are iteratively varied to minimize the data-

MC difference, yielding a set of best-fit parameters. The
four samples are fitted separately and the systematic
uncertainties are supplied as covariance matrices that
encode the initial uncertainties of and correlations
between nuisance parameters. The template parameters
have no initial uncertainty and are free to move without
prior constraints. During the fitting process, the negative
log-likelihood ratio �2 ' �2 log (Lstat) � 2 log (Lsys) is
minimized. The Lstat term is the likelihood ratio for the
Poisson distribution with Barlow-Beeston modifications
to account for finite MC statistics [32], and Lsys is the
likelihood ratio for the set of parameter values at a
specific fit point given their prior uncertainties divided
by the maximum likelihood for those parameter values.

The differential cross section values are calculated
with respect to a kinematic variable x using d�/dxi =
N̂i/✏i�NT�xi, where �x is an interval in 3D of the
kinematic space defined by the analysis bin edges, N̂
is the background subtracted number of signal events,
✏ is the selection efficiency, and i denotes the bin
index. This is normalized by the flux integral � and
the number of nuclear targets NT . The fitting process
yields best-fit values and post-fit uncertainties for N̂i,
✏i and �. The total cross section (�) is calculated by
summing the differential results multiplied by their bin
widths. The uncertainties on the binned cross sections
are evaluated by varying the fit parameters within their
post-fit uncertainties and numerically propagating these
changes to the cross section results.

Sources of systematic uncertainty.—The systematic
uncertainties arise from the flux model, the detector
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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 production908

and ‹e vertex as909

pfi = c0 ◊ dc1 + c2, (7)

where the constants have values c0 = 19.11 ± 0.88 [MeV/mm], c1 = 0.4154 ± 0.0063 and910

c2 = 14.47 ± 2.02 MeV which are extracted from fitting this function to MC and data2. These911

values are listed in table IX of T2K-TN-417 [16]. The Michel electron angle is also approximated912

to be equivalent the angle of the true pion,913

◊fi = ◊ME, (8)

Truth-level comparisons between the measurable quantities and the true pion kinematics914

variables are shown in figure 6. As shown, there are clear trends between each pair of variables.915

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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FIG. 2. The differential flux-integrated cross-section (d�) results and predictions from Neut, Genie and NuWro as a
function of particle kinematics (pe, cos ✓e, p⇡). The upper pe bin extends to 30 GeV/c and is normalized to account for the
lower effective bin width.

response and the ⌫-A interaction model. The
uncertainties on the ⌫µ, ⌫̄µ, ⌫e and ⌫̄e flux modes
are encoded in a covariance matrix that constrains
the total shape and normalization uncertainties of
the flux in the neutrino energy-flavor space [17].
The flux prediction is informed by replica target
hardon production measurements by NA61/SHINE [33,
34]. The uncertainties in the detector response are
determined using separate dedicated control samples
each corresponding to different aspects of event
reconstruction in ND280. The difference in event rates
between data and MC are then used to evaluate each
source of uncertainty; these are also encapsulated by
a single covariance matrix containing the reconstructed
space bins of the four analysis samples. The dominant
uncertainties in the detector response for the signal
samples are from the TPC PID and matching between
TPC-ECal tracks. For the � control samples, the detector
mass uncertainty effect on the photon mean free path
is dominant. The ⌫-A interaction model uncertainties
are theory-driven and correspond to parameters that
model signal and background interactions as well as final-
state interactions (FSI). A description of each parameter
and the pre-fit uncertainties assumed is available in
Ref. [3]. For this analysis, the dominant interaction
model uncertainties are those associated with FSI and
normalizations to the multi-pion production channels.
The fractional systematic and statistical uncertainties on
the total cross section are shown in Table I.

Uncertainty source Fractional error on � [%]
Detector response 5.7
Flux model 6.8
Interaction model 7.8
Target mass 0.7
Total statistical 20.6
Total systematic 11.7

TABLE I. The contributions of each source of uncertainty on
the total flux-integrated cross section (�).

Results.—The total flux-integrated cross section is
[2.52 ± 0.52 (stat) ± 0.30 (sys)] ⇥ 10�39 cm2 nucleon�1.
The predicted total flux-integrated cross sections from
event generators are listed alongside this in Table II. All
of the neutrino event generators predict a larger cross
section than this measurement, an effect which ranges
from 0.5–1.6�. The differential cross section results are
shown in Fig. 2; these results are also lower than the event
generator predictions in the strongly forward going and
high pion momentum regions of kinematic phase space.
The cross section result in the 0.45 < p⇡ < 1.5 GeV/c
region exhibits the largest discrepancy, with the Neut
and Genie predictions overestimating this by 2.5� and
2.4� respectively. The NuWro prediction is notably
closer but still > 1� from the measured cross section.
These results contrast with a ⌫µCC1⇡+ measurement at
T2K [18], where the data is overestimated by Neut and
Genie below 0.2 GeV/c, while the region above this
exhibits good agreement in most bins. From Fig. 1,
this ND280 sample does not experience an event rate
excess comparable to what is seen in the far detector
analyses [13, 14]. However, this analysis does not
measure much of the phase space relevant to these
samples (pe < 0.35 GeV/c). Below this limit it is too
difficult to distinguish between signal events and the �
backgrounds; ascertaining whether any discrepancies in
this region are a result of mismodelling the signal or
background is not possible. The data release is hosted
in Ref. [35].

Generator � (10�39 cm2 nucl�1) p-value
Neut 5.4.0 3.51 0.30
Genie 3.4.2 3.25 0.59
NuWro 21.9.2 2.84 0.89
Data 2.52± 0.60 -

TABLE II. The measured and predicted total flux-integrated
cross sections (�) per target nucleon (nucl) from Neut, Genie
and NuWro. The p-value is calculated using the total
�2 between the three-dimensionally binned data and Monte
Carlo histograms for all eight in-phase space bins.
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response and the ⌫-A interaction model. The
uncertainties on the ⌫µ, ⌫̄µ, ⌫e and ⌫̄e flux modes
are encoded in a covariance matrix that constrains
the total shape and normalization uncertainties of
the flux in the neutrino energy-flavor space [17].
The flux prediction is informed by replica target
hardon production measurements by NA61/SHINE [33,
34]. The uncertainties in the detector response are
determined using separate dedicated control samples
each corresponding to different aspects of event
reconstruction in ND280. The difference in event rates
between data and MC are then used to evaluate each
source of uncertainty; these are also encapsulated by
a single covariance matrix containing the reconstructed
space bins of the four analysis samples. The dominant
uncertainties in the detector response for the signal
samples are from the TPC PID and matching between
TPC-ECal tracks. For the � control samples, the detector
mass uncertainty effect on the photon mean free path
is dominant. The ⌫-A interaction model uncertainties
are theory-driven and correspond to parameters that
model signal and background interactions as well as final-
state interactions (FSI). A description of each parameter
and the pre-fit uncertainties assumed is available in
Ref. [3]. For this analysis, the dominant interaction
model uncertainties are those associated with FSI and
normalizations to the multi-pion production channels.
The fractional systematic and statistical uncertainties on
the total cross section are shown in Table I.

Uncertainty source Fractional error on � [%]
Detector response 5.7
Flux model 6.8
Interaction model 7.8
Target mass 0.7
Total statistical 20.6
Total systematic 11.7

TABLE I. The contributions of each source of uncertainty on
the total flux-integrated cross section (�).

Results.—The total flux-integrated cross section is
[2.52 ± 0.52 (stat) ± 0.30 (sys)] ⇥ 10�39 cm2 nucleon�1.
The predicted total flux-integrated cross sections from
event generators are listed alongside this in Table II. All
of the neutrino event generators predict a larger cross
section than this measurement, an effect which ranges
from 0.5–1.6�. The differential cross section results are
shown in Fig. 2; these results are also lower than the event
generator predictions in the strongly forward going and
high pion momentum regions of kinematic phase space.
The cross section result in the 0.45 < p⇡ < 1.5 GeV/c
region exhibits the largest discrepancy, with the Neut
and Genie predictions overestimating this by 2.5� and
2.4� respectively. The NuWro prediction is notably
closer but still > 1� from the measured cross section.
These results contrast with a ⌫µCC1⇡+ measurement at
T2K [18], where the data is overestimated by Neut and
Genie below 0.2 GeV/c, while the region above this
exhibits good agreement in most bins. From Fig. 1,
this ND280 sample does not experience an event rate
excess comparable to what is seen in the far detector
analyses [13, 14]. However, this analysis does not
measure much of the phase space relevant to these
samples (pe < 0.35 GeV/c). Below this limit it is too
difficult to distinguish between signal events and the �
backgrounds; ascertaining whether any discrepancies in
this region are a result of mismodelling the signal or
background is not possible. The data release is hosted
in Ref. [35].

Generator � (10�39 cm2 nucl�1) p-value
Neut 5.4.0 3.51 0.30
Genie 3.4.2 3.25 0.59
NuWro 21.9.2 2.84 0.89
Data 2.52± 0.60 -

TABLE II. The measured and predicted total flux-integrated
cross sections (�) per target nucleon (nucl) from Neut, Genie
and NuWro. The p-value is calculated using the total
�2 between the three-dimensionally binned data and Monte
Carlo histograms for all eight in-phase space bins.
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response and the ⌫-A interaction model. The
uncertainties on the ⌫µ, ⌫̄µ, ⌫e and ⌫̄e flux modes
are encoded in a covariance matrix that constrains
the total shape and normalization uncertainties of
the flux in the neutrino energy-flavor space [17].
The flux prediction is informed by replica target
hardon production measurements by NA61/SHINE [33,
34]. The uncertainties in the detector response are
determined using separate dedicated control samples
each corresponding to different aspects of event
reconstruction in ND280. The difference in event rates
between data and MC are then used to evaluate each
source of uncertainty; these are also encapsulated by
a single covariance matrix containing the reconstructed
space bins of the four analysis samples. The dominant
uncertainties in the detector response for the signal
samples are from the TPC PID and matching between
TPC-ECal tracks. For the � control samples, the detector
mass uncertainty effect on the photon mean free path
is dominant. The ⌫-A interaction model uncertainties
are theory-driven and correspond to parameters that
model signal and background interactions as well as final-
state interactions (FSI). A description of each parameter
and the pre-fit uncertainties assumed is available in
Ref. [3]. For this analysis, the dominant interaction
model uncertainties are those associated with FSI and
normalizations to the multi-pion production channels.
The fractional systematic and statistical uncertainties on
the total cross section are shown in Table I.

Uncertainty source Fractional error on � [%]
Detector response 5.7
Flux model 6.8
Interaction model 7.8
Target mass 0.7
Total statistical 20.6
Total systematic 11.7

TABLE I. The contributions of each source of uncertainty on
the total flux-integrated cross section (�).

Results.—The total flux-integrated cross section is
[2.52 ± 0.52 (stat) ± 0.30 (sys)] ⇥ 10�39 cm2 nucleon�1.
The predicted total flux-integrated cross sections from
event generators are listed alongside this in Table II. All
of the neutrino event generators predict a larger cross
section than this measurement, an effect which ranges
from 0.5–1.6�. The differential cross section results are
shown in Fig. 2; these results are also lower than the event
generator predictions in the strongly forward going and
high pion momentum regions of kinematic phase space.
The cross section result in the 0.45 < p⇡ < 1.5 GeV/c
region exhibits the largest discrepancy, with the Neut
and Genie predictions overestimating this by 2.5� and
2.4� respectively. The NuWro prediction is notably
closer but still > 1� from the measured cross section.
These results contrast with a ⌫µCC1⇡+ measurement at
T2K [18], where the data is overestimated by Neut and
Genie below 0.2 GeV/c, while the region above this
exhibits good agreement in most bins. From Fig. 1,
this ND280 sample does not experience an event rate
excess comparable to what is seen in the far detector
analyses [13, 14]. However, this analysis does not
measure much of the phase space relevant to these
samples (pe < 0.35 GeV/c). Below this limit it is too
difficult to distinguish between signal events and the �
backgrounds; ascertaining whether any discrepancies in
this region are a result of mismodelling the signal or
background is not possible. The data release is hosted
in Ref. [35].

Generator � (10�39 cm2 nucl�1) p-value
Neut 5.4.0 3.51 0.30
Genie 3.4.2 3.25 0.59
NuWro 21.9.2 2.84 0.89
Data 2.52± 0.60 -

TABLE II. The measured and predicted total flux-integrated
cross sections (�) per target nucleon (nucl) from Neut, Genie
and NuWro. The p-value is calculated using the total
�2 between the three-dimensionally binned data and Monte
Carlo histograms for all eight in-phase space bins.
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FIG. 6. One dimensional pion momentum and angle
distributions for the signal-enriched sample. NEUT
predictions are presented as a stacked histogram for the
di↵erent event topologies, and are compared in every bin
to the total event rate expected according to GENIE and
observed in T2K data.

failures during reconstruction (27.7 %), with the rest
occurring via secondary interactions of ⇡± (17.5 %),
neutron (45.2 %) and other particles (9.9 %). Also in
that region a small population of CC1⇡ events is present,
expected for those events where a low momentum muon
is not reconstructed and its Michel electron signature
is not detected. A small population of NC0⇡ events is
present around 1.8 GeV/c, where proton tracks are MIP-
like, making them indistinguishable from charged pions
in the TPC. Accordingly, all selected particle populations
are understood and are the direct result of the strengths
and limitations of the ND280 detector.

Table I shows the total expected events for NEUT and
GENIE. The expected signal events double the largest
previous existing sample, provided by the Gargamelle [8].
An additional 56.3 (53.1) signal events are selected in
the EPID sample according to NEUT (GENIE), with an
overall purity similar to 10%, reaching 30% at around 300
MeV/c. In total, this analysis selects over 200 NC1⇡+

events, most of them in regions with significant purity.

TABLE I. Number of expected selected events according to
NEUT and GENIE scaled to the data POT. Signal events are
highlighted in bold.

NEUT GENIE

Topology Events Events

CC0⇡ 6.3 9.6

CC1⇡+
19.4 24.9

CC-other 5.8 3.7

NC0⇡ 27.4 20.2

NC1⇡+0p 164.3 165.9

NC1⇡+
Np 2.5 4.3

NCX⇡0
35.7 44.5

NC-other 10.0 6.8

OOFV 63.3 74.7

⌫̄µ CC 132.5 133.9

⌫e/⌫̄e CC 2.3 2.3

F. Background Samples

The expected event rates according to NEUT and
GENIE for the various background samples are compared
to data in Figure 7. Background samples o↵er a handle
on important background events, particularly CC1⇡,
⌫̄ CC and NC0⇡ events. The main characteristics of these
samples are:

• EPID: Consists of signal-like events where the main
track has an ECal PID consistent with that of a µ+

instead of a ⇡+.

• AddTrk: Consists of signal-like events with an
additional reconstructed track contained in FGD1.

• TPID: Consists of signal-like events where the main
track is not compatible with a ⇡+ according to TPC
PID information.

The expected and observed event rates in all samples
are summarized in Table II. In all samples GENIE,
NEUT and data follow similar distributions both in the
selected track reconstructed momentum and its angle. A
deficit of data events is observed in the forward-most bin
in the EPID sample, a feature that has been observed in
the past in CC0⇡ studies, e.g. Refs. [39–42], and that
is attributed to a mis-modeling of neutrino interactions
with low squared momentum transfer, Q2. As this is
a known feature, we tested the robustness of the signal
cross section extraction to Q2 modifications and no bias
was observed. Further details are later presented in
Sec. V.

TABLE II. Total number of expected selected events in the
Signal Region (SR) and in the EPID, AddTrk and TPID samples
for NEUT and GENIE normalized to the data POT

.

Events SR EPID AddTrk TPID

NEUT 470.3 575.8 90.0 584.4

GENIE 492.0 589.3 95.0 549.6

Data 492 540 69 548

NC1  neutrino interactions on hydrocarbon: signal selection & backgroundπ+

15Tomislav Vladisavljevic (tomislav.vladisavljevic@stfc.ac.uk)

4

0.0 0.5 1.0 1.5 2.0
Energy (GeV)

0.0

0.1

0.2

0.3

E
ve

nt
s

[a
.u

.]

T2K/HK �-mode

CC0⇡ [✓23 = 49�]

CC0⇡ [✓23 = 45�]

CC0⇡ [✓23 = 41�]

NC1⇡±

0 2 4 6
Energy (GeV)

0.00

0.25

0.50

0.75

1.00

E
ve

nt
s

[a
.u

.]

DUNE �-mode

CCInc [✓23 = 49�]

CCInc [✓23 = 45�]

CCInc [✓23 = 41�]

NC1⇡±

FIG. 1. Expected event rate, in arbitrary units, for CC0⇡
including µ and ⇡ Cherenkov thresholds, (T2K/Hyper-K)
and CC-inclusive (DUNE) muon-neutrino interactions at the
Hyper-K (top) and DUNE (bottom) experiments, shown as
a function of true neutrino energy. Also overlaid is the
expected rate of the NC1⇡± background in each case. The
oscillation parameters used are from NuFit5.0 [50], and use
GENIEv3 [51, 52] truth information to predict the interaction
rates using T2K [53] and DUNE [54, 55] neutrino fluxes.

NC1⇡± in LBE. Fig. 1 shows the predicted oscillated
muon-neutrino interaction rate as a function of neutrino
energy for two future long-baseline neutrino experiments
(LBE): Hyper-Kamiokande [59], with an unoscillated
neutrino energy peak at ⇡ 0.6 GeV and a water
Cherenkov far detector, which focuses on CC0⇡ events;
and DUNE [54], with a peak unoscillated neutrino
energy of ⇡ 2.5 GeV and a liquid argon far detector,
using all CC events. The neutrino energy peak is
deliberately aligned near the energy where maximum
disappearance of the muon flavor is expected for the
experiment’s baseline, creating a characteristic “dip”
in the observed energy distribution. The depth of
this dip and its position are used to determine the
value of the ✓23 and �m2

23 parameters. Overlaid is
NC1⇡± predicted event rate, which is a hard to reject
background as pions are frequently mis-identified as
muons in both water Cherenkov detectors and liquid
argon detectors. Due to oscillations, the CC event

rate associated to muon-neutrinos is strongly reduced
near the dip, however, all neutrino flavors contribute
to the NC rate. As a result, NC1⇡± interactions
can add a significant background contribution for
muon-disappearance samples. In the T2K experiment,
presented next in this Letter, statistical and systematic
uncertainties for this channel are comparable. In
the near future, Hyper-Kamiokande (HK) and DUNE,
are expected to select hundreds of NC1⇡± events as
part of their oscillation samples. Therefore, better
understanding the NC1⇡± cross section and constraining
its modeling uncertainty is important for the precision
oscillation physics goals of next-generation experiments.
Experimental Setup. The Tokai-to-Kamioka (T2K)

long-baseline neutrino experiment [60] studies neutrino
oscillations using a highly pure muon (anti)neutrino
beam produced by the neutrino facility at the J-PARC
proton accelerator. Data collection is divided in ⌫-beam
or ⌫̄-beam runs. The experiment combines measurements
at two detector sites: the near detector facility, located
280 meters from the proton beam target, including the
main near detector ND280, which was used to collect
the data for this study; and the far detector facility,
located 295 km downstream, is the Super-Kamiokande
(SK) detector [61]. Both ND280 and SK are placed 2.5�

o↵-axis, resulting in a narrow neutrino energy spectrum
peaking at 0.6 GeV [53, 62].

The analysis utilizes ND280 data recorded in ⌫-beam
mode. ND280 [60] is a magnetized particle detector
made of several sub-detector modules, including: two
Fine-Grained-Detectors (FGD1 and FGD2) [63], three
gaseous Time-Projection-Chambers (TPCs) [64] and an
Electromagnetic Calorimeter (ECal) [65]. Together, they
provide rich information used to reconstruct the particle
type, its trajectory and its momentum.
Analysis samples. Events with a vertex reconstructed

in the fully-active hydrocarbon target FGD1 are classified
in four di↵erent regions: a signal-enriched sample and
three background-enriched samples. The signal definition
includes all ⌫ and ⌫̄ interactions without charged
leptons in the final state, a single positive pion, any
number of protons with momentum below the detection
threshold of 200 MeV/c (See details in Ref. [66]),
and no other mesons or other charged particles in the
final state. Due to ND280’s acceptance and particle
identification capabilities, the measurement is reported
in the kinematic Region of Interest (RoI) defined by the
conditions cos ✓⇡+ >0.5 and 0.2 < p⇡+ < 1.0 GeV/c.
The neutrino generator NEUT v5.4.0 [67, 68] is used
with T2K’s flux and detector simulation pipeline [60]
to predict the rate of these events. Over 200 signal
events are expected overall, with approximately 165 in
the signal sample at 30.5% e�ciency and 51.4% purity,
and an integrated detector uncertainty for the predicted
event rate below 5%. Three analysis sidebands enriched
in background events are used in the analysis. This
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FIG. 6. One dimensional pion momentum and angle
distributions for the signal-enriched sample. NEUT
predictions are presented as a stacked histogram for the
di↵erent event topologies, and are compared in every bin
to the total event rate expected according to GENIE and
observed in T2K data.

failures during reconstruction (27.7 %), with the rest
occurring via secondary interactions of ⇡± (17.5 %),
neutron (45.2 %) and other particles (9.9 %). Also in
that region a small population of CC1⇡ events is present,
expected for those events where a low momentum muon
is not reconstructed and its Michel electron signature
is not detected. A small population of NC0⇡ events is
present around 1.8 GeV/c, where proton tracks are MIP-
like, making them indistinguishable from charged pions
in the TPC. Accordingly, all selected particle populations
are understood and are the direct result of the strengths
and limitations of the ND280 detector.

Table I shows the total expected events for NEUT and
GENIE. The expected signal events double the largest
previous existing sample, provided by the Gargamelle [8].
An additional 56.3 (53.1) signal events are selected in
the EPID sample according to NEUT (GENIE), with an
overall purity similar to 10%, reaching 30% at around 300
MeV/c. In total, this analysis selects over 200 NC1⇡+

events, most of them in regions with significant purity.

TABLE I. Number of expected selected events according to
NEUT and GENIE scaled to the data POT. Signal events are
highlighted in bold.

NEUT GENIE

Topology Events Events

CC0⇡ 6.3 9.6

CC1⇡+
19.4 24.9

CC-other 5.8 3.7

NC0⇡ 27.4 20.2

NC1⇡+0p 164.3 165.9

NC1⇡+
Np 2.5 4.3

NCX⇡0
35.7 44.5

NC-other 10.0 6.8

OOFV 63.3 74.7

⌫̄µ CC 132.5 133.9

⌫e/⌫̄e CC 2.3 2.3

F. Background Samples

The expected event rates according to NEUT and
GENIE for the various background samples are compared
to data in Figure 7. Background samples o↵er a handle
on important background events, particularly CC1⇡,
⌫̄ CC and NC0⇡ events. The main characteristics of these
samples are:

• EPID: Consists of signal-like events where the main
track has an ECal PID consistent with that of a µ+

instead of a ⇡+.

• AddTrk: Consists of signal-like events with an
additional reconstructed track contained in FGD1.

• TPID: Consists of signal-like events where the main
track is not compatible with a ⇡+ according to TPC
PID information.

The expected and observed event rates in all samples
are summarized in Table II. In all samples GENIE,
NEUT and data follow similar distributions both in the
selected track reconstructed momentum and its angle. A
deficit of data events is observed in the forward-most bin
in the EPID sample, a feature that has been observed in
the past in CC0⇡ studies, e.g. Refs. [39–42], and that
is attributed to a mis-modeling of neutrino interactions
with low squared momentum transfer, Q2. As this is
a known feature, we tested the robustness of the signal
cross section extraction to Q2 modifications and no bias
was observed. Further details are later presented in
Sec. V.

TABLE II. Total number of expected selected events in the
Signal Region (SR) and in the EPID, AddTrk and TPID samples
for NEUT and GENIE normalized to the data POT

.

Events SR EPID AddTrk TPID

NEUT 470.3 575.8 90.0 584.4

GENIE 492.0 589.3 95.0 549.6

Data 492 540 69 548

• At T2K/HK, NC1  interactions where the pion is 
misidentified for a muon contribute a significant 
background to  events around the oscillation dip 
where the  oscillation probability is maximal

π±

νμ
νμ

Signal definition

Pion: , 

Proton: 

pπ+ ∈ [0.2, 1.0] GeV/c θπ+ < 60∘

pp < 0.2 GeV/c

Coloured stacked histograms show 
NEUT prediction broken down by 
signal and background types

Largest background 
are  CC events, 
despite  making up 
only ~2.3% in the  
mode of operation

ν̄μ
ν̄μ

ν
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FIG. 10. Observed post-fit �2 distribution in 550 toy fits
compared to the theoretical �2 expectation for the 85 � 13
degrees of freedom in the fit.

the signal sample was also unblinded, leading to the final
data fit and result that we report next.
The data fit has a �2 log L = 86.8, divided in
�2 log Lstat = 75.9 and �2 log Lsyst = 10.9. The
associated p-value is 0.11, supporting a statistically
reasonable goodness-of-fit. The largest contribution to
�2 log L is the statistical term, which is in a similar level
of agreement in the signal sample and the sidebands.
In particular, the statistical �2/nbins in the signal,
EPID, AddTrk and TPID samples corresponds to: 23.2/33,
25.9/23, 3.8/6, and 22.9/23.
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FIG. 11. Di↵erential cross section from NEUT v5.4.0
compared to the measured di↵erential data result.

The measurement of the NC1⇡+ double-di↵erential
cross section without measured protons above 200 MeV/c
is presented in Fig. 11. Bins 5, 6, 8 and 9, covering
the kinematic region with highest purity and signal
abundance all prefer a higher signal cross section than
in NEUT.

The flux-averaged integrated cross section for the
signal, presented in Fig. 12, in the RoI is:

� = (6.07 ± 1.22) ⇥ 10�41 cm2/nucleon .
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FIG. 12. Integrated cross section from NEUT v5.4.0
compared to the measured integrated data result. The x-axis
error bar covers one standard deviation of the T2K neutrino
flux around its mean energy of 0.70 GeV.

The result translates into a central value for the cross-
section 35% larger than the one expected by NEUT,
corresponding to a 1.3 � pull.

Additional robustness tests on the final result are
provided in Appendix A.

VII. CONCLUSIONS

T2K has identified the largest sample of data
associated to NC1⇡+ interactions, and used it to perform
the first di↵erential cross-section measurement of this
process. The unique design of T2K’s near detector
ND280, utilizing a 0.2 T magnetic field and diverse sub-
detector technologies, has proved essential in realizing
this study. ND280’s magnet and the TPCs were crucial
to separate µ� from ⇡+ and to precisely measure the
track kinematics. FGD1 distinguished forward- from
backward-going single ⇡+-like tracks, while the ECal
separated µ+ from ⇡+. Thanks to these combined
performances and the large amount of data collected
by ND280, the signal selection criteria presented in this
article were capable of identifying over two hundred
expected signal events. In the RoI of the signal sample,
an e�ciency of about 30% and a purity of 50% was
achieved.

The dominant background in this analysis, ⌫̄µ CC
interactions, stems from the ⌫̄ contamination when
running in ⌫-beam mode. Therefore, while a similar
measurement of the NC1⇡� cross section could be
attempted with ND280 in the future using ⌫̄-beam mode
data, the relatively higher contamination of ⌫ would
result, in principle, in substantially lower signal purity for
the selected signal sample. Nevertheless, the success in
isolating a high-purity sample of wrong-sign ⌫̄µ CC events
presented in this article, motivates further exploration on
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FIG. 4. Measured NC1⇡+ double-di↵erential cross section
compared to various FSI predictions.

The best agreement between data and simulation for the
integrated cross section is found with G18 10d.

TABLE I. Integrated cross section values in the RoI with their
associated p�values for di↵erent generators and FSI models.

Model � (cm2 / nucleon) p-value
Data (6.07 ± 1.22) ⇥ 10�41 -
GENIEv3 AR23 20i 00 000 4.02 ⇥ 10�41 0.093
NuWro v19.02.2 4.33 ⇥ 10�41 0.153
NEUT v5.6.2 4.11 ⇥ 10�41 0.108
G18 10X 3.99 ⇥ 10�41 0.089
G18 10a 4.07 ⇥ 10�41 0.100
G18 10b 4.24 ⇥ 10�41 0.133
G18 10c 4.42 ⇥ 10�41 0.176
G18 10d 5.26 ⇥ 10�41 0.507

Conclusions. Using the largest data sample of selected
NC1⇡+ interactions to date, the double-di↵erential
cross section for this channel has been presented
for the first time. Overall, the di↵erential cross-
section results agree with tested model predictions,
though we observe a statistically weak preference
for a cross section approximately 30% higher than
most model expectations. The variations observed
across FSI models are greater than those between
neutrino interaction generators, and could significantly
reduce the observed normalization discrepancy. This
highlights the critical need to enhance our understanding
of final-state interactions. We anticipate that
NC1⇡+ predictions will benefit from forthcoming
high-statistics neutrino interaction measurements from
T2K and other experiments. In particular, future
measurements that precisely measure final-state hadrons
in interactions both with and without final-state pions
and utilizing transverse kinematic imbalance observables
will be especially valuable to inform existing nuclear

ground state and final-state-interaction models, directly
benefiting NC1⇡+ model predictions.

This work represents the first study of this interac-
tion primarily with sub-GeV neutrinos, enabled by T2K’s
neutrino beamline, with dedicated emphasis on achiev-
ing a model-independent cross-section extraction, as dis-
cussed in Ref. [66]. The results can be used to con-
strain NC1⇡± background events for T2K and the future
Hyper-Kamiokande experiment, planned to start opera-
tions in 2027.

DUNE, using an Argon target and a higher neutrino
energy, will likely benefit from additional studies on
this channel. The selection strategy developed for this
study, may guide future NC1⇡± measurements at other
experiments.

This work establishes the foundation for more precise
measurements of this channel in T2K and Hyper-
Kamiokande using the ND280 detector. With the recent
upgrade of the ND280 detector [80] and planned increases
in data collection over the coming years, we expect
continued improvements in the understanding of this
channel, enabling more precise measurements of neutrino
oscillation parameters. We anticipate that the upgraded
ND280 geometry, with an enhanced angular acceptance,
should allow to greatly extend the phase space of this
measurement in the future to regions where the pion is
emitted at large angles with respect to the beam, perhaps
even including samples with backwards-going pions. An
increase in the signal purity is also expected thanks
to the better granularity and timing capabilities of the
SuperFGD hydrocarbon target and the addition of Time-
of-flight panels in the detector. Unlike the target used
in this analysis, SuperFGD is also capable of identifying
neutrons, opening new avenues to further understand this
channel.
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• First measurement in this channel since Gargamelle and 
ANL bubble chamber experiments


• In the process of publication as a joint PRL and PRD 
release (arXiv:2503.06843v3 and arXiv:2503.06849v3)
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includes a sample with 81.0% purity in ⌫̄µ CC events, the
most numerous background events in the signal sample
corresponding to 28.2% of its selected events. The
other sidebands are enriched in events with additional
tracks in the neutrino target and events where the main
track is identified as a proton instead of a ⇡+. Full
selection details and performance metrics are presented
in Ref. [66].

Analysis strategy. The NC1⇡+ cross section is
measured using an unregularized binned maximum
likelihood fit, the same method described in earlier T2K
measurements, e.g. in Refs. [43, 69]. The procedure
consists of numerically optimizing the parameters
of interest, i.e. scaling factors for the number
of signal events, together with nuisance parameters
describing plausible variations of T2K’s flux, detector
and background cross-section models. The agreement
with data is simultaneously maximized in the signal and
background-enriched samples. This method provides
a data-driven background and flux constraint while
unfolding detector e↵ects and providing a post-fit
prediction of the expected signal events in every analysis
bin, which is then used to calculate the signal cross
section. In total, the flux-averaged cross section is
unfolded in 13 bins in pion angle and momentum, nine
of them contained in the RoI. The binning scheme is
presented in Fig. 2. The model independence of the cross-
section extraction was validated through extensive tests
using alternative datasets with controlled variations. In
all cases, small or negligible measurement biases were
observed, confirming the robustness of the method.

-1.0 0.5 0.6 0.7 0.8 0.9 1.0
Angle (cos �)

0
200
400
600
800

1000

30000

M
om

en
tu

m
(M

eV
/c

)

0

1

2 3

4

5
6

7

8
9

10

11 12

FIG. 2. Scheme of the true pion kinematic bins where the
cross section is measured. Bin IDs are shown within their
associated kinematic regions. The region of interest, were we
report the measurement, is enclosed by an orange solid line
and corresponds to bins 2-10. Color shades are used to aid
visualization but have no physical meaning.

Interaction Models. We compare the extracted

double-di↵erential and integrated cross section to several
interaction generators using NUISANCE [70]: NEUT
v5.6.2 [68, 71, 72], NuWro v19.02.2 [73, 74] and
GENIEv3 [51, 52] using the AR23 20i configuration.
These represent a range of commonly used models, which
di↵er in a variety of details including hard scattering
processes, nuclear modeling and re-interactions of
interaction products within the nucleus (Final State
Interactions, FSI). Additionally, we investigate the role of
FSI using five di↵erent GENIE model variations, where
the only change is the FSI model used. These represent a
broad range of models of varying levels of sophistication
ranging from no FSI, and full semi-classical cascade
models. They include: the INTRANUKE [75] hA single-
step empirical model (G18 10a); the INTRANUKE
hN full intranuclear cascade (G18 10b); GENIE’s
implementation of the INCL cascade [76, 77] (G18 10c);
the GEANT4 Bertini cascade [78] (G18 10d); and an
unphysical model in which all final-state interactions
have been turned o↵ (G18 10X). AR23 20i uses the
hA model and is identical to G18 10a for NC pion
production, except that the free nucleon pion production
tuning from Ref. [79] is applied.
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FIG. 3. Measured NC1⇡+ double-di↵erential cross section
compared to generator predictions.

Results. The measured data cross section is compared
to di↵erent neutrino interaction generator predictions in
Fig. 3 and FSI models in Fig. 4. The data agrees well
with generator and FSI model predictions, with �2 values
below nine, the number of di↵erential bins, in all cases.
Bins 5, 6, 8, and 9, which cover the kinematic region
with highest purity and signal abundance, all prefer a
higher signal cross section than that of all models. The
data preference for a larger cross section is emphasized
when studying the integrated cross section, summarized
in Tab. I. Among all the models investigated, GENIEv3
AR23 20i and G18 10X show the largest disagreement,
both at a statistical tension with data equivalent to 1.7�.

NC1  neutrino interactions on hydrocarbon: resultsπ+
2D binning in  
used for the differential result

(pπ, cos θπ)

Differential flux-integrated cross section result, 
comparison against different FSI models

Integrated cross section result
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FIG. 10. Observed post-fit �2 distribution in 550 toy fits
compared to the theoretical �2 expectation for the 85 � 13
degrees of freedom in the fit.

the signal sample was also unblinded, leading to the final
data fit and result that we report next.
The data fit has a �2 log L = 86.8, divided in
�2 log Lstat = 75.9 and �2 log Lsyst = 10.9. The
associated p-value is 0.11, supporting a statistically
reasonable goodness-of-fit. The largest contribution to
�2 log L is the statistical term, which is in a similar level
of agreement in the signal sample and the sidebands.
In particular, the statistical �2/nbins in the signal,
EPID, AddTrk and TPID samples corresponds to: 23.2/33,
25.9/23, 3.8/6, and 22.9/23.
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FIG. 11. Di↵erential cross section from NEUT v5.4.0
compared to the measured di↵erential data result.

The measurement of the NC1⇡+ double-di↵erential
cross section without measured protons above 200 MeV/c
is presented in Fig. 11. Bins 5, 6, 8 and 9, covering
the kinematic region with highest purity and signal
abundance all prefer a higher signal cross section than
in NEUT.

The flux-averaged integrated cross section for the
signal, presented in Fig. 12, in the RoI is:

� = (6.07 ± 1.22) ⇥ 10�41 cm2/nucleon .
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FIG. 12. Integrated cross section from NEUT v5.4.0
compared to the measured integrated data result. The x-axis
error bar covers one standard deviation of the T2K neutrino
flux around its mean energy of 0.70 GeV.

The result translates into a central value for the cross-
section 35% larger than the one expected by NEUT,
corresponding to a 1.3 � pull.

Additional robustness tests on the final result are
provided in Appendix A.

VII. CONCLUSIONS

T2K has identified the largest sample of data
associated to NC1⇡+ interactions, and used it to perform
the first di↵erential cross-section measurement of this
process. The unique design of T2K’s near detector
ND280, utilizing a 0.2 T magnetic field and diverse sub-
detector technologies, has proved essential in realizing
this study. ND280’s magnet and the TPCs were crucial
to separate µ� from ⇡+ and to precisely measure the
track kinematics. FGD1 distinguished forward- from
backward-going single ⇡+-like tracks, while the ECal
separated µ+ from ⇡+. Thanks to these combined
performances and the large amount of data collected
by ND280, the signal selection criteria presented in this
article were capable of identifying over two hundred
expected signal events. In the RoI of the signal sample,
an e�ciency of about 30% and a purity of 50% was
achieved.

The dominant background in this analysis, ⌫̄µ CC
interactions, stems from the ⌫̄ contamination when
running in ⌫-beam mode. Therefore, while a similar
measurement of the NC1⇡� cross section could be
attempted with ND280 in the future using ⌫̄-beam mode
data, the relatively higher contamination of ⌫ would
result, in principle, in substantially lower signal purity for
the selected signal sample. Nevertheless, the success in
isolating a high-purity sample of wrong-sign ⌫̄µ CC events
presented in this article, motivates further exploration on

For this analysis 
Epeak

ν ∼ 0.6 GeV
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• Motivation: transverse kinematic imbalance (TKI) variables (defined in the plane perpendicular to 
neutrino motion) are a powerful direct probe of nuclear effects


• This T2K concept has been pioneered in Phys. Rev. C 94, 015503 (2016)

Without the presence of the 
nuclear medium, the lepton 
and nucleon momenta in 
the transverse plane would 
perfectly balance out for 
CCQE interactions

Any imbalance observed in 
TKI variables is a direct 
probe of nuclear effects
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Figure 3.5: Sketch of the fiducial volume (FV) definitions in the FGD1 (left) and FGD2 (right).
The FV regions are marked with the red transparent boxes in both FGDs. The scintillator and
water modules are shown in the sketch as well.

Figure 3.6: Sketch of FGD2 layers with symbolic representation of interactions occurred in water
and X or Y layers.
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listed below, following the same definitions used in the old T2K ND280 analysis [17, 18]:442

• TPC µ + TPC p: Both selected muon and leading proton leave the FGD and enter the443

forward TPC. Only one proton is selected in this sub-sample.444

• TPC µ + FGD p (+ Np): The selected muon enters the forward TPC while the selected445

leading proton stops in the FGD. Multiple protons can be selected in this sub-sample.446

• FGD µ + TPC p (+ Np): The selected muon either stops in the FGD or escapes447

and stops in the barrel ECAL while the selected leading proton enters the forward TPC.448

Multiple protons can be selected in this sub-sample.449

A simple sketch of each signal sub-sample is illustrated in Fig. 3.7. Notice that in this sketch450

the control samples are shown as well, they will be introduced in Sec. 3.4.451

Figure 3.7: Sketch of the sub-sample categories used in this analysis. Both signal samples and
control samples are shown.

3.3.2 Selection Flow452

The general ⌫µ CC0⇡Np selection flow follows exactly the same as the one developed in Ref.453

[18]. A simple sketch of the selection flow is illustrated in Fig. 3.8. This analysis implemented454

two modifications on the existing selection flow:455

1. The FGD stopping proton and muon PID and momentum reconstruction were replaced by456

the newly developed local dE/dx analysis methods (Chap. 2).457

2. An ECAL ⇡0 veto cut was introduced to reject the neutral pion backgrounds in the selected458

signal samples. This will be described next.459

Upcoming results: new TKI measurement ( )νμCC0πNp
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• Statistics will be almost doubled (11.61 x 10^20 POT) 
wrt the previous result and this analysis considers 2D 
correlations between TKI variables:  and 




• The addition of signal samples in FGD2, including an 
“oxygen-enhanced” sample that contains a significant 
contribution from interactions on water

δpT − δαT
pN − cos θμ

 is a good probe of Fermi motion at event 
peak, and 2p2h and FSI in the tail region
δpT

 probes FSI effectsδαT

3 signal samples 2 control samples

Signal definition

Muon: , 

Proton: , 

pμ ∈ [0.225, 10.0] GeV/c cos θμ > − 0.6
pp ∈ [0.525, 1.1] GeV/c cos θμ > 0.3

T2K Preliminary

T2K 
Preliminary

 interactions on  have 
the first hit in the X-layer of FGD2
CC0π H2O

 in the X-layer of FGD2 ( )CC0π C8H8

 in the Y-layer of FGD2 ( )CC0π C8H8

~75% overall signal purity, 
~26% selection efficiency

For this analysis 
Epeak

ν ∼ 0.6 GeV
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SuperFGD
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ECAL

Barrel 
ECAL

DS 
ECAL HA-TPC

P0D ECAL Barrel ECAL

DS  
ECALUS  

ECAL

Magnet 
coils

UA1 Magnet Yoke

FGD1 FGD2

TPC1 TPC2
TPC3

Original ND280 detector 
(2010-2023)

Classic ND280 
remains unchanged

New ND280 detector 
(Completed in 2024)

Detector upgrade in 2023/24
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• T2K keeps producing a rich programme of cross section measurements that can benefit the 
wider community and feed into neutrino interaction model development 


• Many new analyses are in progress - stay tuned!


• An upgrade of the ND280 detector has been completed in summer of 2024, the first data from 
which opens up a wealth of new opportunities for cross section measurements that probe 
new parts of phase space (wider acceptance, improved signal efficiency and purity etc)
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SFGD

b-HAT

t-HAT TPC1

TPC2

TPC3

FG
D

1

FG
D

2

Thank you very much! 
Cảm ơn nhiều!
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