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Abstract

The preliminary PØD π
0 reconstruction efficiency has been calculated using a detailed detector simu-

lation and reconstruction based on the first set of ND280 reconstruction algorithms. The primary recon-
struction is done using the P0DShower and sbcat fitters. Events with separated tracks (e.g. EM shower
candidates), and without tracks consistent with muons are selected. For an exposure of 1×1021 pot, the
expected sample is ∼13,600 events. The signal will contribute ∼76% of the final sample.

1 Introduction

The efficiency of the PØD to reconstruct neutral current π0 production has been studied using the NEUT
04b kinematic files for the ND280 off-axis detector. For the purposes of this study, neutral current events
with a primary π0 are considered signal and all other events are considered background.

1.1 The Detector Simulation

The PØD has been simulated using the geometry described in the US T2K Beam and ND280 proposal
submitted to the NuSAG and the DOE. This consists of a 32 cm upstream ECAL, a 244 cm target region,
and a 32 cm central ECAL.

The response of the PØD has been simulated with a simple response model that assumes 9 pe/MeV of
deposited energy in a scintillator bar. This number assumes 1.2 mm WLS fiber that is mirrored on one end.
The WLS fiber is connected to MCP-MAPMTs through clear fiber and optical connectors. The basis of this
number is described in the US T2K ND280 proposal, and is loosely based on the MINERvA test bench data.

The event rates in this note have been normalized to an expected neutrino interaction rate of 6 events
per bunch in the off-axis detector (equivalent to 133,000 ev/t/1021pot).

2 Event Reconstruction

This study has been based on a full event reconstruction with the caveat that muon/pion/proton identification
has been done using MC information.

2.1 Reconstruction Optimized for Showers

The P0DShower fitter has been optimized to reconstruct EM showers, but makes no attempt to reject non-
showering tracks during fitting. However, to distinguish the results of this fitter from later fitters, all tracks
reconstructed by this fitter are referred to as “showers”. Later identification algorithms are used to select
true shower candidates, and reject tracks from charged particles.

Showers are reconstructed by selecting isolated clusters of charge in the X and Y projections of the PØD.
The clusters are selected using a Delaunay triangulation between hits, and then breaking the edges according
to a set of criteria (described below). The direction of the shower is then reconstructed using the covariance
calculated during a principal component analysis (PCA) of the charge distribution. The eigenvalues of the
PCA are saved for later use in shower identification, and as a measure of goodness of fit.
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Figure 1: The result of triangulating a set of random points using the Delaunay clustering algorithm.

2.1.1 Delaunay Triangulation

Delaunay triangulation is an algorithm developed to generate a unique triangulation (also called an undi-
rected graph) between sets of points. Figure 1 shows the result of triangulating a random set of points.
Notice that every point is connected to neighbors with edges such that none of the edges cross. The trian-
gulation also has the property that if you draw a circle passing through the points at the corners of each
triangle, no other points will be contained in that circle. Devillers has developed a triangulation algorithm
based on Delaunay that is efficient, enabling the triangulation to be applied to relative large sets of data
points (I’ve tested it up to 100,000 points).

2.1.2 Separating Adjacent Showers and Tracks

In the PØD, the triangulation is used to define a set of edges efficiently connecting the hits with their nearest
neighbors. Edges are then removed between hits that are separated by a large distance or which do not meet
certain requirements:

1. Remove all edges between points that are longer than 10 cm.

2. Remove edges attached to points that don’t have at least one edge shorter than 4 cm

3. Remove all edges that are not a part of a loop with three edges.

After all of the edges that meet the above requirements have been removed, the remaining edges define
clusters of hits. All hits connected by a set of edges are members of the same cluster and will be used as a
reconstructed shower. These requirements are crucial to the number of track requirement (Cut 6 in Table 1)
and eliminate many events without a separated track.

2.1.3 Cluster Recombination

After the cuts have been applied to separate adjacent showers and tracks there are often small isolated
clusters of charge. Visual scanning has shown that these clusters often (usually?) fall along the direction of
a reconstructed track, and the hits could be recovered with a proper shower recombination algorithm. This
will not affect the π0 momentum calculation since a cone algorithm is used and detached hits are included
in a natural way.
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Figure 2: The upper figures show the charge of the largest cluster resulting from a 100 MeV (500 MeV)
gamma ray. The lower figures show the charge of each cluster in the gamma-rays.
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Figure 3: The charge of the largest cluster resulting from a 50 MeV gamma ray.

Figure 2 shows the cluster size distributions for 100 MeV and 500 MeV gamma-rays. The upper figures
show the size of the largest cluster for each gamma-ray and the lower figures show the size of all clusters
in a gamma-ray. The difference in the figures result from small detached clusters of charge that need to be
recombined with the primary shower. For now, I apply a minimum shower energy cut at 60 p.e. to reject
these low energy mis-reconstructed showers. I also apply require that the second eigenvalue of the PCA is
non-zero which eliminates showers occurring within a single P0Dule. Figure 3 shows the size of the largest
cluster for 50 MeV gamma-rays.

2.2 Track Reconstruction

Tracks are reconstructed using the official ND280 version sbcat. This produces many candidate tracks which
must eventually be fit by a higher level fitter. Since the later fitter does not exist, I am using sbcat as a
pattern recognition algorithm to identify the presence of a muon-like track. To identify the presence of a
muon track, all of the tracks found by sbcat are tested to see if they are consistent with a “straight” track,
and if the track came from a muon or charged pion using MC truth information. If such a track is found,
the event is considered to have a muon-like track. True particle identification remains to be implemented.

One of the problems currently being faced by this analysis is that the charged particle reconstruction
has not been completed. As a result, the sbcat pattern recognition is very aggressive, and it is necessary
to “clean up” the sbcat tracks. A projected track is considered to be consistent with a straight track if it
crosses 3 X or Y layers, has no missing layers, and has a straight line fit χ2/dof < 1.5 for a track segment.
For sbcat tracks that are shorter than 20 cm the entire track is fit to a straight line, but for longer sbcat
tracks a 20 cm window is slid along the track. If any segment has χ2/dof < 1.5, the track is considered to
be straight.

A track is considered to be identified as a light charged track if more than 75% of the hits in the longest
straight segment are from a muon or pion.

3 Event Selection

3.1 Rejecting Entering Particles

One of the more pernicious backgrounds that must be handled in the PØD are neutrons and other particles
from upstream neutrino interactions. These events are rejected by requiring less than 15 p.e. (∼2 MeV)
of activity in the upstream 15 cm of the upstream ECAL. For the neutron background, this corresponds
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Figure 4: The momentum of light charged tracks that are identified (left) or missed (right) by the charged
track pattern recognition.

to approximately 0.3 nuclear interaction lengths of material, and is placed immediately behind 22 cm of
aluminum (0.6 nuclear interaction lengths). In addition, the upstream activity cut effectively rejects events
that occur in the upstream coil.

3.2 Rejecting Charged Current Events

The majority of neutrino interactions in the PØD will be charged current, and there are almost twice as
many charged current π0 than neutral current π0 interactions. Any event which contains a muon-like track
must be rejected from the neutral current sample, however this has the unfortunate side effect of removing
an neutral current event containing a reconstructed charged pion.

Charged current events are rejected by looking for the presence of a muon-like track (see Section 2.2 for
pattern recognition details). All muon or pion tracks which are found by the pattern recognition algorithm,
cross a minimum of 4 P0Dules, and meet the requirements in Section 2.2 are assumed to have been identified.
Figure 4 shows the momentum distribution of both identified and missed muons and pions. The momentum
distribution of the missed tracks implies that the charged track reconstruction is inefficient at less than
400 MeV/c where muon tracks are likely to be going at a high angles with respect to the beam direction.

Since the current charged track reconstruction has significant inefficiencies for muons at a high angle to
the beam direction, additional requirements used to reject charged current events. In addition to the direct
reconstruction of muons in the PØD, muons which penetrate the TPC, side ECAL, or SMRD are assumed
to have been identified. This identification is based on MC truth information, but will eventually use an
algorithm similar to that used by Kato and Boyd[?]. Figure 5 shows the inefficiency to reject muons as a
function of momentum. Further muons will be reject by goodness of fit criteria that are applied lat

3.3 Reconstruction Requirements

Events are required to have at least one shower reconstructed in each projection of the PØD. In addition, at
least one projection must contain two or more reconstructed showers. Keep in mind that particle identifica-
tion has not been used for the application of this cut, and many “showers” will in fact be charged particles.
Figure 6 shows the maximum number of showers per projection found for events with and without a primary
π0.

To further guarantee that events are accurately reconstructed, at least 70% of the event charge must be
contained within the reconstructed showers, and no more than 18% of the total event charge can be contained
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Figure 5: The inefficiency for muons as a function of muon momentum.

Entries  705

Mean    2.735

RMS     1.426

Showers

0 2 4 6 8 10

1

10

210

Entries  705

Mean    2.735

RMS     1.426

0πMaximum Showers per Projection for Real 

Entries  2582

Mean   0.7928

RMS    0.8506

Showers

0 2 4 6 8 10

1

10

210

310

Entries  2582

Mean   0.7928

RMS    0.8506

Maximum Showers per Projection for Background

Figure 6: The maximum number of showers per PØD projection found. The left histogram shows the number
of showers per projection for neutrino events with a real π0, while the right histogram shows the number for
events without a real π0.
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Figure 7: The left figure shows the log of the ratio between the first shower eigenvalues for events with a
primary π0. The center figure shows the eigenvalue ratio for events without a primary π0. The right figure
shows the minimum eigenvalue ratio for events with a single π0.
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Figure 8: The maximum separation between neighboring reconstructed showers. The left figure shows the
distribution for a pure sample of 200 MeV π0 events distributed uniformly in the PØD fiducial volume.
The center figure shows the distribution for all neutrino interactions in the fiducial volume which contain
a primary π0, and the right figure shows the distribution for neutrino interactions which do not contain a
primary π0.

in a single hit. These cuts reduce the number of poorly reconstructed events in the final background.

3.4 Shower Candidate Requirements

At least one of the reconstructed track in each projection must satisfy requirements to be shower like. These
requirements are that the ratio of the first and second eigenvalues of the PCA for the charge distribution
must have a ratio in the range 0.20–0.01, and that at the shower must have more than 100 p.e. of charge.
Figure 7 shows the distributions of eigenvalue ratios for events with and without π0s. Figure ?? shows the
minimum eigenvalue ratio for π0 events uniformly distributed between 200 MeV/c and 800 MeV/c. See
Figure 2 and 3 for the charge distributions.

3.5 Shower Separation and Isolation Requirements

One of the key signatures of an event containing a π0 is that the gamma ray will travel several centimeters
before interacting. Depending on the direction within the PØD, the radiation length is between ∼12 cm
and ∼35 cm. The maximum separation between showers is required to be in the range 12 cm–60 cm. The
lower separation cut helps to eliminate events where a charged particle has been mis-reconstructed. The
upper separation cut is applied to guarantee that an event is localized near the vertex and eliminate possible

7



Entries  234

Mean     1705

RMS     230.9

Constant  7.4±  86.8 

Mean      14.6±  1705 

Sigma     11.4± 209.7 

p.e.

0 2000 4000

E
ve

n
ts

/(
20

0 
p

.e
.)

0

10

20

30

40

50

60

70

80

90
Entries  234

Mean     1705

RMS     230.9

Constant  7.4±  86.8 

Mean      14.6±  1705 

Sigma     11.4± 209.7 

Corrected Charge in events with a Pi0
Entries  312

Mean     2946

RMS     355.3

Constant  6.10± 75.11 

Mean      19.2±  2927 

Sigma     18.3± 316.7 

p.e.

0 2000 4000 6000

E
ve

n
ts

/(
20

0 
p

.e
.)

0

10

20

30

40

50

60

70

80

Entries  312

Mean     2946

RMS     355.3

Constant  6.10± 75.11 

Mean      19.2±  2927 

Sigma     18.3± 316.7 

Corrected Charge in events with a Pi0

Pizero Energy (MeV)

200 400 600 800

P
iz

er
o

 C
h

ar
g

e 
(p

.e
.)

1500

2000

2500

3000

3500

4000

4500

5000

5500

6000

Corrected Charge vs Pi0 Energy
 / ndf 2χ  2.319 / 5

p0        18.65± 44.98 

p1        0.0404± 6.841 

 / ndf 2χ  2.319 / 5

p0        18.65± 44.98 

p1        0.0404± 6.841 

Corrected Charge vs Pi0 Energy

Figure 9: The total charge for 200 MeV//c (left) and 400 MeV//c (center) single π0 events. The conversion
between energy and charge is given on the right.

multi-event backgrounds. These cuts augment the track separation requirements applied during shower
reconstruction.

Figure 8 shows the maximum separation between reconstructed showers for three different samples of
events. The left figure shows the distribution for events which are near the PØD reconstruction threshold,
while the center figure shows the separation for neutrino interactions in the fiducial volume with a primary
π0. The right figure shows the separation for background events.

3.6 Fiducial Volume

Events are required to be in the P0D fiducial volume which is defined as more than 25 cm from the sides
and 40 cm from the front and back. This gives a fiducial volume that is 130 cm × 149 cm × 242 cm. This
gives a total fiducial mass of 6.14 t out of a total mass of 15.5 t.

The due to a lack of a vertex pattern recognition and reconstruction algorithm, event vertex is found using
the MC truth information. To pessimistically approximate vertex reconstruction, an event is considered to
be in the fiducial volume if any primary or secondary proton (Pp > 400 MeV/c), muon (Pµ > 200 MeV/c),
or pion (Pπ± > 200 MeV/c, Pπ0 > 0) was generated in the fiducial volume.

3.7 Momentum of the Reconstructed π
0

After applying the previous cuts, the selected events contain tracks which are assumed to be EM showers,
or which have been identified as being proton-like.

Figure 9 shows the total corrected charge for 200 MeV/c and 400 MeV/c π0 events uniformly distributed
over the fiducial volume. The charge is corrected using

Qcorr =

(

1 + fw

Wpassive

Wactive

)

Qw +

(

1 + fc

Cpassive

Cactive

)

Qc +

(

1 + fp

Ppassive

Pactive

)

Qp +

(

1 + fs

Spassive

Sactive

)

Qs (1)

where Wpassive (Wactive) is the amount of passive (active) material in the water target region weighted by
dE
dX min

, Qw is the charge measured in the water target region, and fw is a fudge factor applied to optimize
the resolution. The correction is mirrored for the fully active target (Cpassive, Cactive, Qc, and fc), the
upstream and central ECAL (Ppassive, Pactive, Qp, and fp), and the side ECAL (Spassive, Sactive, Qs, and
fs). The fudge factors (fw = 0.68, fc = 1.0, fp = 1.5 and fs = 2.0) were determined by minimizing the
width of the raw charged distribution for mono-energetic π0 events between 200 MeV/c and 800 MeV/c. The
width of the charge distribution is ∼15%, however resolution as a function of energy has not been studied
or optimized. The conversion between energy and corrected charge is calculated using a simple linear fit the
fitted peak of the charge distributions.

Figure 10 shows the reconstructed momentum distribution for neutrino events saved in the PØD fiducial
volume. The π0 energy is calculated by first removing tracks identified as proton-like and summing the
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Figure 10: The reconstructed π0 momentum for events in the PØD fiducial volume. The red histogram
shows the contribution of the background.
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Figure 11: The percentage error in the reconstructed π0 momentum as a function of true π0 momentum for
neutral current π0 candidates.
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Table 1: The definition of the cuts, and the save efficiency for various events samples. The efficiencies given
as a fraction of the events saved in the fiducial volume, and the values in parentheses give the number of
events within the fiducial volume. External backgrounds are accounted for elsewhere, and the NC one π0

sample does not include NC events with multiple π0s or charged pions (also considered signal).

Definition 200 MeV/c 400 MeV/c NC one π0 NC π0 Background
1 No Cuts Applied 994 (797) 990 (808) 1698 (494) 2981 (847) 44423 (12859)
2 Upstream Activity (3.1) 909 866 1496 2542 38890
3 Charged Tracks (3.2) 909 866 1463 1950 15679
4 TPC Muon (3.2) 909 866 1457 1894 14296
5 ECAL Muon (3.2) 909 866 1443 1782 9951
6 Found Tracks (3.3) 539 623 764 1012 814
7 Shower-like (3.4) 413 495 606 815 546
8 Shower Separation (3.5) 356 417 542 735 446
9 Shower Isolation (3.5) 289 368 443 606 364
10 Charge in Showers (3.3) 259 340 373 512 290
11 No Big Hit (3.3) 237 328 336 468 217
12 Saved in Fiducial (3.6) 290 (24%) 278 209 274 102
13 Pπ0 > 200 MeV/c (3.7) 97 (12%) 278 (34%) 183 (37%) 248 (32%) 74 (0.6%)

Table 2: The efficiency to save mono-energetic π0 events.

Momentum Simulated Saved Efficiency
200 MeV/c 797 97 12%
300 MeV/c 777 245 32%
400 MeV/c 808 278 34%
500 MeV/c 769 281 36%
600 MeV/c 795 278 35%
700 MeV/c 790 280 35%
800 MeV/c 788 284 36%

remaining charge. The energy is converted to momentum using the π0 mass. Figure 11 shows the average
percentage deviation from the true π0 momentum as a function of π0 momentum for neutral current π0

production events.

4 Event Selection Efficiency and Backgrounds

4.1 Single π
0 Save Efficiency

The efficiency to reconstruct single π0 events has been studied using mono-energetic samples uniformly
distributed throughout a 7 t volume containing the 6 t fiducial volume. The π0s were generated with
isotropic directions, and then reconstructed with the procedure described above.

Table 2 gives the efficiency for single mono-energetic π0 events to pass all cuts as a function of π0

momentum. Table 1 defines the cuts. Columns two and three show the result of applying these cuts
to mono-energetic π0 events. The significant drop in efficiency for 200 MeV/c π0 events is due to the
requirement that the reconstructed momentum be greater than 200 MeV/c.
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Figure 12: The neutrino momentum spectrum simulated within the P0D fiducial volume. The filled histogram
shows the neutrino momentum of events that pass all selection cuts.

4.2 Neutral Current π
0 Save Efficiency

The neutral current π0 reconstruction efficiency has been studied using a sample of neutrino interactions
distributed uniformly throughout the total mass of the PØD. All neutrino interactions have been simulated.
Figure 12 shows the neutrino momentum distribution generated within the PØD fiducial volume. The sample
is equivalent to approximately 2.5×1019 pot.

Figure 13 gives the efficiency to save a neutral current single π0 production event as a function of the π0

momentum. It also shows the fraction of events saved as a function of cut number. Cut 6 has the largest
effect on the purity of the sample. This cut is requiring a minimum of 1 reconstructed track in each PØD
projection with at least 2 tracks on one projection. The shower reconstruction described in Section 2.1 has
as a requirement that the shower be separated from it’s neighbors, and has the effect of applying a minimum
separation cut.

Table 1 gives the results of applying the cuts to neutral current events. Column four has the results for
events with a single π0 and possibly an associated neutron or proton, but no other particles (this sample
is only a portion of the NC π0 sample in the PØD. Column five gives the results for all NC events with a
primary π0, but no secondary π0. The background is described below. Figure 14 gives the position of the
saved events along the beam axis.

Table 3 gives the estimated number of events of each type for an exposure of 2.5×1019 pot.

4.3 Backgrounds to the Neutral Current π
0 Sample

Table 1 shows the result of applying the cuts to background events. Column six is the result of applying
each cut the backgrounds originating from neutrino interactions inside the PØD. External backgrounds are
described below, and are treated with a different methodology to increase the sample statistics.

4.3.1 Charged Current π0 Production

The charged current π0 production background has been studied the sample of events described in Section 4.2.
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Figure 13: The left figure shows the efficiency to save a neutral current single π0 event as a function of
π0 momentum. The right figure shows the fraction of each type of event saved after each cut. The green
indicates the fraction from neutral current π0 events, with the dotted line indicating the fraction from single
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remainder indicates the fraction from any other sources.
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Figure 14: The position along the beam axis of the saved events in the PØD. The red histogram shows the
contribution from background.
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Table 3: Summary of P0D neutral current signals and backgrounds from an exposure of 2.5×1019 pot.

NC Signals Backgrounds
Neutral Current Single π0 Production 183
Neutral Current Multiple Pion production 65
Neutral Current with Secondary π0 Production 20
Charged Current Single π0 Production 18
Charged Current Multiple Pion Production 4
Charged Current with Secondary π0 Production 8
Mis-Reconstructed Events 24
External Neutrons from Walls 1
Events from Off-Axis Detector Material 3
Total 248 78

4.3.2 Secondary π0 Production

The background from secondary π0 production has been studied the sample of events described in Section 4.2.
These are neutrino interactions which occur within the PØD, and where a charged pion, neutron, or other
particle produces a π0. Any event with a secondary π0 is considered background for the purposes of this
note.

4.3.3 Non-π0 Events

These backgrounds remain to be studied in detail, scanning shows that a large portion result from incorrectly
reconstructed charged current events. There also seems to be a contribution from events where a neutron
from the primary vertex scatters and creates a charged pion which is mis-identified as a gamma-ray candidate.
The contribution of these events to the reconstructed sample has been studied using the sample of neutrino
events described in Section 4.2.

Since this class of events is the largest contribution to the expected background, it must be studied in
detail and hopefully reduced.

4.3.4 External Backgrounds

The external background comes from neutrino interactions which occur within the material outside of the
PØD. Two significant sources of background have been identified in studies by L. Trung[?]: Neutrons from
the surrounding off-axis detector, dominated by neutrons from the up-stream coils and neutrons from the
surrounding detector hall.

The background coming from neutrons generated outside of the off-axis detector have been simulated by
generating a sample of neutrons with the correct momentum and direction distribution on a 100 m2 located
50 cm outside of the off-axis detector. The sample contained 100 n/m2. Figure ?? shows the kinematics of
simulated neutrons. This is estimated to represent approximately 3×1019 pot. After reconstruction using
the procedure described above one event was found to pass all cuts.

The background from the surrounding off-axis detector has been studied with special simulation runs
with events generated through-out the entire detector. A run equivalent to 4.6×1017 pot was simulated. One
event was reconstructed as coming from the fiducial volume. Since this event originated in the upstream coil,
and practical considerations prevented the simulation of significantly larger samples from the entire magnet,
a special high statistics run has been made simulating events in the upstream portion of the Magnet.

The background from the upstream portion of the magnet was simulated in a 2.5×1019 pot exposure
with events generated in the upstream coil, and in the upstream portion of the ECAL and basket. This
corresponds to approximately 25 t of material.
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5 Conclusions

This analysis shows that the PØD can select a relatively clean sample of neutral current π0 events with a
signal to noise ratio of 3.1. The signal is expected to make up 76% of the selected sample. Table 3 summarizes
the various contributions to the P0D NC π0 sample. In terms of efficiency, the PØD saves ∼32% of signal
events in the fiducial volume, and ∼0.6% of background events. For an exposure of 1×1021 pot, the PØD
can be expected to reconstruct ∼9,920 signal events (with approximately 3,300 events on water and 6,600
events on the rest of the material) and ∼3120 background events.

Although this analysis demonstrates that event reconstruction within the PØD is feasible, a couple very
important issues remain. First, it is critical to develop a full PID algorithm. Finally, a vertex algorithm
must be developed that has been optimized for the topologies of neutral current events.
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