
Selection Efficiency and Purity!
•  The requirement for a track to enter the 

Tracker is needed to ensure accurate 
momentum reconstruction but affects our 
selection efficiency.

•  We are able to select low-angle tracks 
with higher efficiency than high-angle 
tracks, and as θμ approaches π/2 our 
selection efficiency drops to zero.

•  This limits our ability to sample the double 
differential phase space of θμ-pμ and low 
efficiency regions are more dependent on 
MC

Towards Measuring the νμ Charged Current Quasielastic Cross 
Section on Water using T2K’s Near Detector!

!
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Abstract 

A measurement of the νμ charged current quasielastic cross section on water would provide additional constraints for T2K’s oscillation analysis and serve to guide future neutrino-nuclear 
interaction models.  We present a selection of νμ charged current events using the Pi-Zero Detector (PØD) and the Tracker of T2K's near detector.  An analysis that includes Data/MC 

comparisons and several systematic uncertainties has been completed.  In addition, by separating the data sets into time periods when the PØD is filled with water and when it is empty, we 
propose a subtraction method that can provide an isolated sample of νμ interactions on water only.  In this way, we plan to provide a measurement of the νμ CCQE cross section on water.

ND280!

Beam

•  Near detector of T2K
•  Pi-zero detector (PØD) 

upstream of tracker is a 
scintillator-based detector

•  Tracker consists of 3 
argon-based TPCs 
interspaced with 2 
scintillator-based FGDs

Event 
Selection!

1.  Data Quality (Not applicable for 
MC)

2.  PØD Fiducial Volume (~25 cm 
from XY edges, Z between 
midpoints of first and last water-
PØDule)

3.  Track enters tracker
4.  Select highest momentum 

negative track in bunch
5.  Single PØD reconstructed 

object per bunch

Method!
•  The PØD is the only detector in ND280 that has run periods in two different 

configurations: water-in and water-out.  We take advantage of this fact!
•  Our method is as follows:

Statistical Error Reduction!

•  The three major contributions to our systematics are beam flux, interaction modeling 
and detector systematics.  Reweighting methods exist to help give handle on first two, 
we need to focus on detector systematics related to our measurement.  For example, 
fiducial volume and mass uncertainties, energy reconstruction differences and track 
matching all need to be understood.

•  Lots of work to be done!

Systematics and Outlook!
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True Target Nuclei!

Cutting out the Y-layer reduces a large fraction of C 
background without losing many O events0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
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Fractional ErrorsFractional Uncertainty on Subtraction!
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•  Assuming water-in/water-out samples are 
statistically independent, the variance on 
their difference is a sum of their individual 
variances.

•  The statistical uncertainty on subtracted 
distribution is approx:

•  Here NnonO are interactions that occurred on 
a non-oxygen target

•  Can reduce the fractional uncertainty by 
reducing the non-oxygen background!
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Cross Section Definition!
•  Observables of experiment all 

after FSI, which means the 
true reaction information is 
lost.

•  For example, pion absorption 
inside nucleus causes a non-
CCQE interaction to become 
CCQE-like.

•  Therefore, we claim to 
measure a topology after FSI, 
CC0π, which is predominantly 
from CCQE.

ν l

Pion absorption

•  Requires an outgoing μ, 
zero π’s, and allows for 
any number of outgoing 
nucleons. 

•  CC0π has been measured 
on 12C but not H2O, 
although a fit to MA using 
water data has been done 
(PhysRevD.74.05200 2)

•  Goal: measure a flux-
averaged, double-
differential, νμ CC0π cross 
section on O

CC0π!
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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.
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Fig. 4. A schematic of the four PØD Super-PØDules as installed in the detector.
Beam direction: left to right.
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•  PØDECals consist of 
alternating layers of 
scintillator and lead

•  WT consists of 
alternating layers of 
scintillator, brass, and 
water

•  Scintillation measured 
with wavelength-
shifting fiber, readout 
via MPPCs
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1.  Separate samples into 
water-in and water-out 2.  Iterative Bayesian unfold 

from reconstructed to true 
binning

3.  Subtract the two unfolded 
samples to extract a 
measurement on oxygen

The number of events on oxygen is

given by:
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The indices i  and j  indicate true

and recon bins, N  is the number

of events in the bin, R the flux

normalization ratio between water-in

and water-out samples, ε  the selection

efficiency, and U  is the unfolding

matrix.  Then the cross section is:
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where F is the integrated flux,

 N
n
 the number of nucleons,

 and D
i
 the bin width
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