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Electromagnetic Showers 
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• Signature of νe 
appearance

• Background from 
beam intrinsic νe 
and π0 production

Important to reconstruct and 
characterize EM showersICARUS data 

at Gran Sasso



EM Showers at SBN
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BNB DATA : RUN 5929 EVENT 1582. APRIL 15, 2016.

NuMI DATA: RUN 10811, EVENT 2549. APRIL 9, 2017.

• BNB νμ beam: 
neutrino energy peak 
around 800 MeV

BNB νμ 
interaction

• NuMI νμ beam:  
neutrino energy peak 
around 8 GeV (on-axis); 
different energy spectrum 
for ICARUS (off-axis)

NuMI νe 
interaction



EM Showers at SBN
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Detectors at surface: 
a lot of cosmic rays

• Cosmic muons 
decaying into Michel 
electrons (<53MeV)

• Cosmic ray-induced 
showers

Stopped 
muon decay 

into electrons

Cosmic ray-
induced 
showers



Shower Reconstruction
• Pandora pattern recognition based approach

• 2D to 3D reconstruction

• Shower characterization based on the particles 
recognized by pandora (this talk)

• Currently the common reconstruction path with 
SBND for the oscillation measurement

• Machine learning based approach

• 3D reconstruction

• See Francois Drielsma and Laura Domine’s talk

 5



Shower Characteristics
• Geometric parameters

• Starting point

• Direction

• Opening angle, length

• Calorimetric parameters

• Energy

• Combined

• dE/dx; particle 
identification

• Systematic uncertainty
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Reconstructed 
Shower Cone

Reconstructed 
Space Points

Reconstructed 
Shower Cone

Run 5975 Event 4262, 
April 18th, 2016



SBN Shower Module
• A Tool based Reconstruction Algorithm for 

Characterizing Showers (TRACS)

• An interface with configurable algorithms for 
different shower characteristics

• Flexible; also allow iterative approaches

• 3D clustered objects (PFParticles) as the input 

• Baseline tools in place; more development underway

• Included in official LArSoft releases (larreco)

• Successfully tested in SBND, ICARUS (this talk)

• Initiated by the SBN shower group; a lot of work 
done by SBND folks (D. Barker, E. Tyley, D. Brailsford)
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Baseline Algorithms

Shower starting point: 
Use the vertex recognized by pandora
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Baseline Algorithms

Shower direction: 
Charge weighted principal component analysis
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Baseline Algorithms

Shower dE/dx: 
dE/dx of hits from the initial segment of the 
shower
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3cm



Monte Carlo Sample
• Dual-particle sample: e+π+, 1000 events

• Test the shower reconstruction performance

• Has a vertex to mimic a neutrino interaction for 
pattern recognition

• Both the particles have momentum 0-1.5 GeV, peak 
at 0.3 GeV

• Both the particles mostly along the BNB beamline

• Latest reconstruction algorithms with deconvoluted 
TPC waveforms and baseline shower algorithms

• Match to the true particles and validate the 
reconstruction performance
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Out of the Box 
Performance
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Preliminary
Pattern recognition 
performance by the 

number of hits



0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Shower Completeness (nHits)

0

20

40

60

80

100

Shower Completeness

 14

Preliminary
Pattern recognition 
performance by the 

number of hits
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Preliminary
Distance of the starting 

points between the true and 
reconstructed showers
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Preliminary
Angle between the true and 

reconstructed showers



dE/dx

0 1 2 3 4 5 6 7 8 9 10
dE/dx [MeV/cm]

0

20

40

60

80

100

 17

Preliminary
Reconstructed dE/dx 

from the plane with the 
largest number of hits



Main Challenges
• Pattern recognition

• Identify the interaction vertex

• Determine a particle to be a track or a shower

• Cluster hits and form a shower candidate 
accordingly

• Deal with Bremsstrahlung, etc.

• Hit finding from

• complicated topologies

• low energy deposits

• Energy reconstruction
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Summary
• Shower reconstruction: An essential step towards 
νμ→νe oscillation measurement

• A lot of progress on Pandora-based approach 
shared/coordinated with SBND

• Good out-of-the-box performance with the 
ICARUS dual-particle MC sample

• SBN shower meeting: 10:30am CDT on 
Wednesdays fortnightly

• Subscribe sbn-shower@fnal.gov

• We need your contributions!
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Backup
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Preliminary
Pattern recognition 

performance by (non-
calibrated) energy
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Preliminary
Pattern recognition 

performance by (non-
calibrated) energy



To Merge or Not To Merge

BNB DATA : RUN 5607 EVENT 3107. MARCH 27, 2016.
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To Merge or Not To Merge

BNB DATA : RUN 5607 EVENT 3107. MARCH 27, 2016.
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Energy Resolution
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An example of 
single electron 
with perfect 
clustering;
Studied in 
September 

2016



Study on Recombination
• Quantify the recombination 

effect on shower energy 
reconstruction

• For electron showers with 
different energy, 200MeV to 
2GeV, compare charges 
collected with the 
recombination effect to 
those without

• Conclude that a constant 
correction factor for the 
recombination effect is 
good
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Plot courtesy of Christian Farnese
Studies at Padova SBN workshop, 

March 2018



Systematic Uncertainty

Starting point

Event global feature

Direction Geometry

Clustering

Particle ID

Energy Calibration

Energy Reconstruction

Containment

Shower profiling
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Outlook
• Deep learning technique to 

categorize each pixel into 
tracks or showers and 
thereby recover charges

• Understand charge 
distribution of each type of 
EM particles and correct for

• residual hit finding and 
clustering inefficiency

• partial contained showers: 
direction, energy, etc.

there is significantly less energy in the last layer than in the seventh layer. For incidence angles
smaller than 25 deg, the fraction of photons for which the shower maximum is not well contained
is ∼ 25% for photons at 100 GeV. The situation above 1 TeV is even worse since almost no
photons within 45 deg of the detector axis have a well contained shower maximum.

In order to be able to reconstruct the energy of these photons, we have to use more information
than the deposited energies in the layers. The idea is to use the knowledge on the fit parameters
S0 and S1 (especially the dependence of their mean and RMS with E) by adding to the χ2 a
term that constrains the parameters to be close to their expected values. Since S0 and S1 are
gaussian and uncorrelated, we use s2

0 +s2
1, where si(E) = (Si−µSi

(E))/σSi
(E), i.e. the distance

of Si to its mean value and divided by its RMS. The shower fit χ2 becomes:

χ2(S0, S1, E) =
8

∑

i=1

(em,i − ep,i(E))2

δe2(E)
+ c

(

s2
0(E) + s2

1(E)
)

where em,i and ep,i are respectively the measured and predicted energies in layer i. The parameter
constraint term is multiplied by a factor c. We varied c and found that c = 1 was optimal. Fig. 8
compares the distributions of Efit/Etrue with c = 0 and c = 1, for 100 and 1000 GeV photons
at normal incidence. When c = 0, the energy can be overestimated by a factor greater than 2,
whereas setting c = 1 allows us to remove entirely the high energy tail, even when the shower
maximum is not well contained.
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Figure 7. Left: average transverse profiles at
100 GeV. Right: variation of the parameters
of the transverse profile with the position
along the shower at 100 GeV.
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Figure 8. Comparison of the distributions
of Efit/Etrue with and without the parameter
constraining term at 100 GeV (left) and 1 TeV
(right).

3.4. The development of showers through the LAT calorimeter
For a given shower longitudinal profile P(E,α,β), the predicted energy deposited in layer i is:

ep,i =
∫

∞

0
fi(t)P(E,α,β)(t)dt

where fi(t) is the fraction of energy deposited in layer i by the shower slice between t and t+dt.
For normal incidence photons, fi(t) only depends on the position of the shower slice t. But when
the incidence angle is greater than 0, the layers are no longer perpendicular to the axis of the
shower and so the transverse profile must be taken into account. Since the transverse profile is
a function of t/T , the energy fraction fi(t) also depends on T .

The computation of fi(t) depends on the photon trajectory. If the photon converted in the
tracker, we use the results of the tracking algorithm to get the direction and the conversion point,
corresponding to the starting point of the shower. We then compute the number of radiation

7
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Categorizing each pixel 
into tracks vs showers

track

shower

Fermi-LAT


