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Measurement of the muon-neutrino charged-current cross section on 
water with zero pions in the final state
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2. ND280

Beam

Near detector of T2K

Water target consists 
of layers of scintillator, 
brass, and water which 
can be drained!

Y

Z 3. PØD

7. Selection efficiency and purity

Tracker-going requirement à low efficiency in high-angle, low-momentum regions

Tracker is needed to ensure accurate momentum reconstruction
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6. Event selection
1. Data quality
2. Interaction in PØD fiducial 

volume within water target
3. Track enters tracker
4. Select highest-momentum 

negative track consistent with 
neutrino beam timing

5. Single PØD reconstructed 
object per beam bunch

Beam

PØD Tracker
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8. Corrections and systematics
Nominal MC is corrected after production to account for unsimulated effects and 
better model predictions

Systematic uncertainties are numerically propagated by tweaking various parameters 
that perturb the MC

11. Comparison to result on C

sheets (4.5 mm thick). The water target is formed from two units,
the upstream and central water target Super-PØDules. The upstream
(central) water target Super-PØDule comprises 13 PØDules alter-
nating with 13 (12) water bag layers (each of which is 28 mm thick),
and 13 (12) brass sheets (1.28 mm thick), as shown in Fig. 6.

The dimensions of the entire PØD active target are 2103 mm!
2239 mm!2400 mm (width!height! length) and the mass of the
detector with and without water is 15,800 kg and 12,900 kg
respectively. The PØD is housed inside a detector basket structure
that supports the central off-axis detectors inside the magnet.

The remainder of this paper describes in detail the design,
fabrication, and performance of the PØD. The production of the
scintillator bars and their assembly into planks and PØDules will
be presented followed by a description of how the individual
PØDules were combined into the four Super-PØDules, and are
read out using photosensors. The detector component perfor-
mance, starting with scans of the PØDules using a radioactive
source, dark noise measurements, and tests with the light injection
system, is presented. The paper concludes with a description of the
calibration and performance of the full detector.

2. Design and construction of the PØDule

The PØDule is the basic structural element of the PØD active
region, and is constructed of scintillator bars sandwiched
between sheets of high-density polyethelene (HDPE, thickness
6.4 mm). The entire structure is surrounded by PVC frames that
support the PØDule as well as providing mounts for the required
services such as the MPPC light sensors, and the light injection
system.

The polystyrene triangular scintillating bars that make up the
PØDules were fabricated by co-extruding polystyrene with a
reflective layer of TiO2 and a central hole for the WLS fiber.
The light seal for the tracking plane is maintained by light
manifolds that collect the WLS fibers into optical connectors.
These manifolds also provide access to the fibers for the light
injection system. Because of the large number of scintillating bars
and the available space limitations, it was impractical to route the
fibers outside the magnetic volume therefore the Hamamatsu
MPPC photosensors, which are immune to the magnetic field,
were attached directly to each WLS fiber just outside the PVC
PØDule frame, as shown in Fig. 5.

2.1. Design of the PØDule

The PØDule was designed to both provide the active tracking
region and to serve as a structural element. This was achieved
using a laminated structure of crossed scintillator bars between
polystyrene skins. The final PØDule has been shown to have a
rigidity similar to a solid mass of polystyrene of similar thickness.
The edge of the central scintillator and skin structure of the
PØDule is surrounded by a machined PVC frame. Each PØDule is
instrumented on one side (both y and x layers) with MPPCs and
on the other a UV LED light injection system. The bottom PVC
frame supports the weight of the PØDule within the ND280
detector basket. The frames also provide the fixed points needed
to assemble the PØDule into the four Super-PØDules via two
precision holes located in the four corners of each PØDule as well
as a set of seven holes spaced along each side through which
tensioning rods were passed.

The PØDules, after installation into the finished PØD, are
oriented such that the most upstream layer of scintillator has the
bars oriented approximately along the vertical axis while the
downstream layer has its bars oriented along the horizontal axis.
This arrangement results in a local coordinate system defined such
that the x, y and z axes are approximately congruent with
the global coordinate system where x is horizontal, y is vertical,
and z points downstream toward Super-Kamiokande. The external
dimensions of the PØDule are 2212 mm (x) by 2348 mm (y) by
38.75 mm (z).

Fig. 5. A close-up view of the edge of a PØDule showing how the WLS fibers exit
the scintillator bars and couple to the MPPCs. The optical connectors will be
described on more detail in Section 2.2.5.

Fig. 6. Expanded view of water target PØDule, brass radiator and water bladder
containment frame.

Upstream ECal

Upstream Water Target

Central WaterTarget

Central ECal

Legend

Lead
Light-tight Cover
Brass
Water
Scintillator
Wavelength-shifting Fiber

Fig. 4. A schematic of the four PØD Super-PØDules as installed in the detector.
Beam direction: left to right.
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9. Analysis strategy

Water status Good POT
PØD Filled 2.3×109:

PØD Drained 3.5×109:

10. Double-differential cross section
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12. Conclusions
Overall, result agrees better with a corrected version of the NEUT generator than with GENIE, although there are 
some discrepancies with both models at the high-angle regions.
Good agreement with T2K’s double-differential measurement on carbon PhysRevD.93.112012

Contact: tianlu.yuan@colorado.edu

Beam mode Total POT
Neutrino 7.6×109:

Antineutrino 7.5×109:
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Intranuclear Effects

5. Neutrino interactions
Detectors are not made of free nucleons 
and intranuclear effects can affect 
observables.

Measure a topology after final state 
interactions called CC0π with outgoing μ, 
zero π, and any number of nucleons. 
Mostly due to CCQE interactions.

Data
MC

Correct 
and unfold
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Water-in 
selection

Water-out 
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Correct 
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globally describes the transition between these processes or
how they should be combined. Moreover, the full extent to
which nuclear effects impact this region is a topic that has
only recently been appreciated. Therefore, in this section, we
focus on what is currently known, both experimentally and
theoretically, about each of the exclusive final-state processes
that participate in this region.

To start, Fig. 9 summarizes the existing measurements of
CC neutrino and antineutrino cross sections across this inter-
mediate energy range

!"N ! "!X; (54)

!!"N ! "þX: (55)

These results have been accumulated over many decades
using a variety of neutrino targets and detector technologies.
We immediately notice three things from this figure. First, the
total cross sections approaches a linear dependence on neu-
trino energy. This scaling behavior is a prediction of the quark
parton model (Feynman, 1969), a topic we return to later, and
is expected if pointlike scattering off quarks dominates the
scattering mechanism, for example, in the case of deep
inelastic scattering. Such assumptions break down, of course,
at lower neutrino energies (i.e., lower momentum transfers).
Second, the neutrino cross sections at the lower energy end of
this region are not typically as well measured as their high-
energy counterparts. This is generally due to the lack of high
statistics data historically available in this energy range and
the challenges that arise when trying to describe all of the
various underlying physical processes that can participate in
this region. Third, antineutrino cross sections are typically
less well measured than their neutrino counterparts. This is
generally due to lower statistics and larger background con-
tamination present in that case.

Most of our knowledge of neutrino cross sections in
this intermediate energy range comes from early experiments
that collected relatively small data samples (tens-to-a-few-
thousand events). These measurements were conducted in

the 1970s and 1980s using either bubble chamber or spark
chamber detectors and represent a large fraction of the data
presented in the summary plots we show. Over the years,
interest in this energy region waned as efforts migrated to
higher energies to yield larger event samples and the focus
centered on measurement of electroweak parameters (sin2#W)
and structure functions in the deep inelastic scattering region.
With the discovery of neutrino oscillations and the advent of
higher intensity neutrino beams, however, this situation has
been rapidly changing. The processes discussed here are im-
portant because they form some of the dominant signal and
background channels for experiments searching for neutrino
oscillations. This is especially true for experiments that use
atmospheric or accelerator-based sources of neutrinos. With a
view to better understanding these neutrino cross sections,
new experiments such as Argon Neutrino Test (ArgoNeuT),
KEK to Kamioka (K2K), Mini Booster Neutrino Experiment
(MiniBooNE),Main INjector ExpeRiment: nu-A (MINER!A),
Main Injector Neutrino Oscillation Search (MINOS), Neutrino

 (GeV)E
0.5 1 1.5 2 2.5 3 3.5 4 4.5

 (A
rb

itr
ar

y 
U

ni
ts

)
C

C

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

nucleon

1

multi-

kaon

FIG. 8. Predicted processes to the total CC inclusive scattering
cross section at intermediate energies. The underlying quasielastic,
resonance, and deep inelastic scattering contributions can produce a
variety of possible final states including the emission of nucleons,
single pions, multipions, kaons, as well as other mesons (not
shown). Combined, the inclusive cross section exhibits a linear
dependence on neutrino energy as the neutrino energy increases.
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FIG. 9. Total neutrino and antineutrino per nucleon CC cross
sections (for an isoscalar target) divided by neutrino energy and
plotted as a function of energy. Data are the same as in Figs. 28, 11,
and 12, with the inclusion of additional lower energy CC inclusive
data from m (Baker et al., 1982), # (Baranov et al., 1979), j
(Ciampolillo et al., 1979), and ? (Nakajima et al., 2011). Also
shown are the various contributing processes that will be inves-
tigated in the remaining sections of this review. These contributions
include quasielastic scattering (dashed), resonance production (dot-
dashed), and deep inelastic scattering (dotted). Example predictions
for each are provided by the NUANCE generator (Casper, 2002).
Note that the quasielastic scattering data and predictions have been
averaged over neutron and proton targets and hence have been
divided by a factor of 2 for the purposes of this plot.
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T2K Peak Energy

CCQE (box 5) is dominant 
interaction channel at T2K

Water used as 
neutrino detector, 
including SK, T2K’s 
far detector

Pi-zero detector (PØD) is 
upstream of tracker, which 
consists of 3 argon-based 
TPCs interspaced with 2 
scintillator-based FGDs

Accelerator-based, long-
baseline neutrino oscillation 
experiment in Japan

Near detectors useful for 
cross-section measurements
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