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1 Introduction

One of the original questions in defining the design of the Vertical Drift (VD) Liquid Argon Time Projection
Chamber (LArTPC) was whether to adopt a configuration with three or two readout planes. While the
former is a well-established technology and has since been identified as the reference configuration, initial
studies, carried out in the context of event reconstruction and described in this document, indicate that
the latter option would have potentially lower performance. However, as it would present significant cost-
saving advantages, DUNE is continuing to develop 2-view techniques in parallel to other reconstruction
development. At the time of writing, the VD detector software is still under development and not available
for use. Therefore, the well-established geometry and software for the Horizontal Drift (HD) detector has
been used as a temporary measure.

2 Using the HD simulation and reconstruction for VD perfor-
mance studies

Both horizontal and vertical drift detectors work under the same general principle, where each readout plane
observes a 2D projection of a neutrino interaction, commonly referred to as a ‘view’. This is true despite
any of the proposed differences in the readout systems and drift orientation.
One of the reconstruction’s tasks is to create full 3D representations of neutrino interactions in the detector.
This is achieved by creating clusters of hits in each view and then matching those clusters between the
readout planes, correlating timing or charge information, to create 3D particles. This procedure is also the
same for both detector types.

Because of this equivalence, observed changes in reconstruction performance when varying common fea-
tures (two-views vs three-views, readout orientation and pitch, etc.) in one detector should reflect the
performance changes in the other detector. This detector equivalence has been previously exploited for
ProtoDUNE-DP (a two-view, strip-based LArTPC) where the Pandora [5, 6] reconstruction, designed in the
scope of a three-view, wire-based LArTPC, successfully reconstructed ProtoDUNE-DP Monte Carlo (MC)
without modification.

Considering the above, it is possible to utilise the well-established simulation and reconstruction of the
horizontal drift far detector to study how design choices in the VD detector could impact its performance.
Therefore, all of the following optimisation studies revolve around the ‘1 × 2 × 6’ HD geometry and its
accompanying simulation and reconstruction, as used extensively in the DUNE Technical Design Report
(TDR) [1].
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3 Two-view and three-view event reconstruction with Pandora

Pandora is a pattern recognition suite that employs a multi-algorithm approach to LArTPC neutrino re-
construction. It provides algorithms for all of the 2D, 2D→3D, and 3D reconstruction stages outlined in
section 2.

The Pandora reconstruction chains for the case where three readout planes are available is well-established,
and validated in detectors such as MicroBooNE[5] and ProtoDUNE-SP[2], while the reconstruction chain for
detectors with two readout planes has been deployed for the first time more recently.

The 2D reconstruction stage creates clusters from observed hits in each of the 2D views, obtained from the
waveforms in a specific readout plane, having coordinates derived from the common drift time and wire/strip
position. This part of the reconstruction operates on each view in isolation, meaning that the number of
available views does not impact the 2D reconstruction performance.

The main divergence between a two-view and three-view reconstruction is expected to be the 2D→3D
matching procedure, which aims at matching together clusters that correspond to the same particle across
different views in order to reconstruct 3D trajectories. In brief, common timing information associated with
the 2D clusters is exploited to match the clusters together, but the specific mechanism largely depends on
how many views are available to the reconstruction.

When three views are available to the 2D→3D matching, clusters in two of the views can be combined
using the common timing information and geometric rotations to infer locations along the cluster in the
third view. These inferred locations can be compared to the actual locations along the third-view cluster,
providing a powerful geometric method for matching 2D clusters across the readout planes. The 2D→3D
matching stage also uses the third view to recover cases where one of the views is poor, and to correct 2D
pattern recognition mistakes if one of the views is in disagreement with the others, especially for complex
topologies. For example, the view redundancy allows recovery of a kink in one of the particle trajectories
that manifests itself at the 2D level only in one of the views.

When only two views are available, such location inference (as with three-view 2D→3D matching) is
not possible and the 2D→3D matching procedure can only compare the timing information associated with
the end points of the two available clusters. This two-view geometric matching method is less capable of
resolving matching ambiguities than its three-view counterpart.

A new two-view matching method was recently developed that exploits calorimetric and timing infor-
mation simultaneously to help over-constrain the 2D→3D matching. This calorimetric method compares
and correlates the energy depositions as a function of time along the two clusters, where a high degree of
correlation implies a strong match.

The reconstruction for both three-view and two-view detectors is under active development. The recon-
struction performance is expected to increase for both configurations and eventually start to approach the
intrinsic physical limitations of both options.

4 Two-view and three-view performance studies

Two MC simulation studies have been undertaken using two iterations of the 1 × 2 × 6 horizontal drift
geometry: the reference geometry, with two induction planes with wires forming 35.7◦ with the vertical and
a collection plane with vertical wires, and an alternative geometry where the two induction planes form a 90◦

angle with each other and a 45◦ angle with the vertical. To test how the number of available views impacts
the reconstruction, the MC samples were processed through three separate configurations of the Pandora
reconstruction:

1. The standard three-view reconstruction and using input hits from all three views;

2. Running the standard three-view reconstruction and only using inputs from the two induction views,
essentially mimicking a two-view detector. Because only two-views are available to the reconstruction,
the 2D→3D matching resorts to the two-view geometric method, comparing cluster end points using
timing information;
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Fi g u r e 1: R e c o n st r u cti o n e ffi ci e n c y a s a f u n cti o n t h e a n gl e i n t h e h ori z o nt al pl a n e b et w e e n t h e t w o m u o n s i n
a M C di- m u o n p a rti cl e g u n s a m pl e ( a) a n d a s a f u n cti o n of t h e a n gl e of t h e m u o n i n t h e a n o d e ( Y Z) pl a n e
f o r a C C ν µ s a m pl e, o v e rl ai d wit h t h e a n g ul ar s p e ct r u m of g e n er at e d m u o n s ( b). T h e di ff e r e nt c ol o ur e d
p oi nt s r e p r e s e nt di ff e r e nt r e c o n str u cti o n c o n fi g u r ati o n s, a s i n di c at e d i n t h e l e g e n d.

3. S a m e c o n fi g ur ati o n a s i n 2 a n d al s o a d di n g t h e n o v el t w o- vi e w c al o ri m etri c 2 D → 3 D m at c hi n g.

T h e r e c o n st r u cti o n p e rf or m a n c e f o r t h e t h r e e c o n fi g u r ati o n s d e s c ri b e d a b o v e w a s st u di e d f o r t w o di ff e r e nt
s a m pl e s, a di- m u o n p arti cl e g u n s a m pl e a n d a C C ν µ s a m pl e si m ul at e d u si n g G E NI E. I n b ot h c a s e s a n e v e nt
i s d e e m e d r e c o n str u ct e d if all pri m a r y m u o n s m at c h at l e a st o n e r e c o n st r u ct e d p a rti cl e. T h e c o nt ri b uti n g
vi e w s of t h e r e c o n st r u ct e d p a rti cl e m u st al s o all m at c h t o t h e s a m e tr u e m u o n. T h e r e c o n st r u cti o n e ffi ci e n c y
i s t h e n d e fi n e d a s t h e f r a cti o n of r e c o n st r u ct e d e v e nt s a c c or di n g t o t h e a b o v e d e fi niti o n.

4. 1 Di- m u o n p a r ti cl e g u n s t u d y

T h e di- m u o n s a m pl e w a s g e n e r at e d i n t h e H D 1 × 2 × 6 4 5 ◦ g e o m etr y wit h b ot h m u o n s o ri gi n ati n g fr o m a
fi x e d st arti n g p oi nt n e ar t h e c at h o d e of o n e of t h e T P C s, a fl at a n g ul a r s p e ct r u m b et w e e n - 7 0 ◦ a n d + 7 0 ◦

f o r b ot h θ x z a n d θ y z , a n d a fl at m o m e nt u m di st ri b uti o n b et w e e n 0. 2 G e V a n d 2. 5 G e V. T h e 4 5◦ g e o m etr y
w a s u s e d a s t h e t w o i n d u cti o n pl a n e s s u bt e n d a n a n gl e t h at w a s si mil a r t o o n e of t h e c a n di d at e t w o- vi e w
V D d et e ct o r d e si g n s at t h e ti m e t h e st u di e s w e r e fir st u n d e rt a k e n.

Fi g. 1( a) s h o w s t h e r e c o n str u cti o n e ffi ci e n c y a s a f u n cti o n of t h e o p e ni n g a n gl e b et w e e n t h e t w o m u o n s.
I n all c o n fi g ur ati o n s, t h e f all i n e ffi ci e n c y at s m all o p e ni n g a n gl e s i s d u e t o t h e m u o n s b ei n g i n cl o s e p r o x-
i mit y, a n d r e c o n st r u ct e d a s a si n gl e p a rti cl e, or o n e of t h e t w o b ei n g attri b ut e d m o st of t h e hit s r e s ulti n g
i n a p o o rl y r e c o n st r u ct e d s e c o n d m u o n. T h e f all a n d ri s e i n e ffi ci e n c y f o r a t w o- vi e w c o n fi g u r ati o n at 1 4 5 ◦

i s d u e t o t h e f a ct t h at, i n a f r a cti o n of e v e nt s, b ot h m u o n s ar e p a r all el t o t h e r e a d o ut- wi r e s i n o n e of t h e
vi e w s, yi el di n g w o r s e si g n al a n d t h e r ef or e r e s ulti n g i n r e d u c e d a c c e pt a n c e. W h e n a t hi r d n o n- p a r all el vi e w
i s p r e s e nt, it i s e x pl oit e d t o r e c o v e r t h e p erf o r m a n c e f o r s u c h t o p ol o gi e s.

T h e i nt e g r at e d r e c o n st r u cti o n e ffi ci e n c y q ui c kl y a p pr o a c h e s 1 0 0 % f o r t h e t h r e e- vi e w c o n fi g u r ati o n ( bl a c k),
a n d it f all s b y a f e w t e n s of p er c e nt w h e n dr o p pi n g t h e i n p ut f r o m o n e of t h e vi e w s ( r e d). W h e n a d di n g t h e
c al o ri m etri c 2 D → 3 D m at c hi n g, t h e l o s s i s p a rti all y r e c o v er e d ( bl u e).
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4.2 GENIE-simulated Charged-Current (CC) νµ study

CC νµ interactions were simulated in the nominal 1 × 2 × 6 HD geometry, using an identical configuration
to that used in the TDRs[1] oscillation analysis. As before, the simulated events were processed through the
three alternative reconstruction workflows.

The reconstruction efficiency of the final-state muon for each of the three workflows is shown in Fig. 1(b).
The efficiency is shown as a function of the muon’s angle in the anode plane (0◦ and 90◦ are defined as
vertical and forward-going respectively). The true angular spectrum of the muons is also included in the
figure. As with the di-muon study, there is a small overall drop in reconstruction performance when only two
views are available to the reconstruction, as the integrated efficiency goes down from 92.7 to 86.2, but the
performance can be partially recovered to an efficiency of 89.1 with the more advanced 2D→3D matching
procedures. However, there are significant differences in performance when the muons are near-parallel to
the wire orientations (35.7◦ and 144.3◦). When only two views are available to the reconstruction, regardless
of how advanced the 2D→3D matching procedures are, the efficiency notably lowers to ∼55%. When three
views are available, the reconstruction performance is largely impervious to the inclination of the muons.

4.3 Conclusions

A few observations can be made. Firstly, there are physical topologies that are inherently challenging to
reconstruct in a two-view detector. A muon that is near-parallel to one of the readout orientations would
leave little usable information in that view, meaning only one reconstructable view would be available, mak-
ing 3D reconstruction much more challenging.

Secondly, the choice of readout orientation has little effect on the reconstruction performance provided
that three views are available, as inferred from the results of the CC νµ study. This finding has implications
for future design choices. We would expect a three-view, strip-based VD detector to have a similar flat
efficiency curve to that shown in Fig. 1(b). Likewise, a two-view VD detector would most likely exhibit
similar dips in performance when the CC νµ muons are near parallel to the strips. If such a two-view VD
detector’s views were oriented in a similar way to the induction planes used in Fig. 1(b), then only a small
drop in the integrated reconstruction efficiency should be expected. However, if one of the readout views
was parallel to the beam direction, the dip in the reconstruction efficiency curve would align with the peak
of the angular spectrum and a much more significant overall drop in efficiency would be observed.

With sufficient development time and the deployment of novel tools and techniques, it is possible that
lost performance in the two-view reconstruction would partially be recovered, and the reconstruction per-
formance of both options would approach their intrinsic detector limitations.

5 Neutrino flavour tagging using a Convolutional Neural Network
(CNN)

A CNN [4] is used to perform the neutrino event classification in the Far Detector (FD) neutrino oscillation
analyses [3] at DUNE. The CNN takes images as input, where each image contains the hit charge at a given
time for each wire that forms a readout view. Thus, the standard CNN takes three input images, and returns
a score that gives the likelihood that an event is either: CC νe, CC νµ, CC ντ or NC. Three simple studies
using the horizontal drift detector were performed by reducing the number of input images for the CNN:

1. Use only the collection view (90◦ to the beam)

2. Use the collection view and the second induction view (90◦ and 54◦ to the beam)

3. Use the two induction views (±54◦ to the beam)

The CNN architecture was modified and the network retrained in each of the three cases. The CC νe selection
efficiencies are shown in Figure 2, and the differences between the three cases are apparent at low energy.
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This is expected as the classification of events becomes more difficult at lower neutrino energy values. These
tests do not include a two-view scenario with readout views at 0◦ and 90◦ to the beam direction, but that
case would exceed the single readout view distribution shown in red.

Neutrino flavour identification 
efficiency using a CVN

• Reminder: Convolution Visual Network (CVN) used 
as the sole neutrino flavour ID algorithm for the far 
detector oscillation analysis in the TDR


• CVN assesses reconstructed energy 
depositions in all available readout views 
simultaneously


• The CVN was exposed to different combinatorics of 
readout views to assess performance impact


• The nominal horizontal drift far detector geometry 
was used for each test


• Neutrino flavour identification performance weakly 
depends on the number of available views
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measurement can be achieved by aiming at full reconstruction of the final state, through the sum of the energy of
charged tracks, hadronic and electromagnetic showers, and muons. Alternatively, deep-learning methods have been
developed to this purpose. In this section, we do not consider this part of the neutrino oscillation analysis, but discuss
some aspects of flavour classification by CVN, in the context of the di↵erent number of available readout views of the
LAr TPC.

TABLE XV. Comparison of the CVN event classification performance for di↵erent configurations of the processed readout
views.

Configuration ⌫e CC ⌫µ CC
purity @ e�ciency purity @ e�ciency

DUNE CVN (3 views) 0.92 @ 0.89 0.97 @ 0.94
Collection plane only (1 view) 0.87 @ 0.81 0.96 @ 0.88
Two induction planes (2 views) 0.85 @ 0.85 0.96 @ 0.91
Collection and one induction plane (2 views) 0.86 @ 0.84 0.96 @ 0.91

The classification of neutrino flavour in the DUNE Far Detector has been studied in the configuration with the
3-view APA readout [5] based on the design used in the ProtoDUNE Single-Phase detector. The readout views project
the event on the planes zx, ux (u = cos(35�) z+sin(35�) y), and vx (v = cos(35�) z� sin(35�) y) with the longitudinal
axis nearly parallel to the LBNF neutrino beam, and the TPC drift along the x direction. The CVN technique has
not been applied to the DUNE dual-phase detector design.

A detailed study of the performance of a detector readout with 2 views projecting on the planes zy and xy, or
with the addition of a third view for a plane uy at 45� from the others, is beyond the scope of the present discussion.
However some aspects of the interplay between the CVN network and the number of available views can be explored
using the network architecture already developed for DUNE. To this purpose, the existing MC samples from the
reference performance evaluation have been processed removing one or two views from the input to the CVN. In each
configuration the network has been trained and evaluated with the modified data streams.

TABLE XVI. Comparison of CVN performance for ⌫e classification for di↵erent configurations of readout views and three
values of selection threshold.

Selection threshold [arbitrary units] 0.80 0.85 0.90 0.80 0.85 0.90
Configuration ⌫e CC purity ⌫e CC e�ciency
DUNE CVN (3 views) 0.90 0.92 0.94 0.90 0.89 0.85
Collection plane only (1 view) 0.85 0.87 0.90 0.84 0.81 0.76
Two induction planes (2 views) 0.84 0.85 0.89 0.87 0.85 0.80
Collection and one induction plane (2 views) 0.83 0.86 0.88 0.86 0.84 0.78

The results are summarised in table XV. The selection thresholds for the selection of ⌫eCC and ⌫µCC events are
set at the values of the DUNE reference study, namely 0.85 and 0.50 respectively. The degradation in performance
is relatively small between the reference configuration and those with a reduced number of views. In particular, the
changes in purity for ⌫µ events are very small, while the larger decreases occur for the ⌫e sample, by 5–7% in purity
and 4–8% in e�ciency.

The degradation in purity in the ⌫e sample could be partially recovered at the cost of a loss in e�ciency, in a
trade-o↵ that may be more beneficial for the sensitivity of the oscillation analysis. The result of changing the ⌫e
selection threshold are shown in table XVI. The loss in purity can be approximately reduced by a factor of 2 with an
absolute decrease in e�ciency of about 5%. The absolute value of the slope in the values of purity versus e�ciency
is about 30% higher in the cases with reduced number of views, compared to the nominal configuration.
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Collection and one induction plane
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Figure 2: CC νe selection efficiency as a function of reconstructed neutrino energy when the neutrino flavour-
tagging CNN is exposed to a reduced number of input images.

6 Summary and outlook

In this chapter, initial studies to assess performance differences in the reconstruction of a two-view and a
three-view detector were presented. While the 3D reconstruction studies using Pandora, performed in the
HD 1× 2× 6 geometry, at this stage suggest that a two-view VD detector would under-perform with respect
to a three-view detector, further development of the reconstruction for the former configuration may reduce
the performance difference. In particular, ongoing effort is focused on further developing the calorimetric
2D→3D matching. Conversely, whole-event neutrino flavour tagging, as performed with the CNN, is largely
unaffected by the number of available readout planes.

As soon as the reconstruction interface is configured, the studies will migrate to the full VD geometry,
although no significant change is expected in the results.
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