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Beyond the Standard Model physics
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Beyond the Standard Model physics

Neutrino oscillations (L/E ~ 1/Am?) — non-zero mass
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Neutrino physics questions i g
Beyond the Standard Model physics

Neutrino oscillations (L/E ~ 1/Am?) — non-zero mass
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Neutrino physics questions
Beyond the Standard Model physics

Neutrino oscillations (L/E ~ 1/Am?) — non-zero mass

e CP violation

e Neutrino mass ordering (normal or inverted)
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Neutrino physics questions
Beyond the Standard Model physics

Neutrino oscillations (L/E ~ 1/Am?) — non-zero mass

e CP violation

e Neutrino mass ordering (normal or inverted)

# better understand neutrino nature
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LArTPC operating principle
High resolution imaging detector (= 1mm)

Sense Wires
u v X V wire plane waveforms
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LArTPC operating principle
High resolution imaging detector (= 1mm)

Dense, homogeneous volume of LAr

Sense Wires
u v X V wire plane waveforms

Liquid Argon TPC
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LArTPC operating principle

High resolution imaging detector (= 1mm)

i e Dense, homogeneous volume of LAr
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LArTPC operating principle

High resolution imaging detector (= 1mm)
e Dense, homogeneous volume of LAr

Sense Wires
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LArTPC operating principle

High resolution imaging detector (= 1mm)
e Dense, homogeneous volume of LAr

Sense Wires

— 7 " y vwepewseoms g niform electric field applied in the
A active region
\ e |onization electrons are drifted toward
\ the set of anode wire planes
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LArTPC operating principle
High resolution imaging detector (= 1mm)

Sense Wires
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Dense, homogeneous volume of LAr
Uniform electric field applied in the
active region

lonization electrons are drifted toward
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Three readout planes (induction
planes — U and V - and collection
plane — X)
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LArTPC operating principle

High resolution imaging detector (= 1mm)
e Dense, homogeneous volume of LAr
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ProtoDUNE-SP
A prototype for the DUNE far detector

e Constructed and operated (2018-2020)
on the CERN Neutrino Platform
e Largest LArTPC constructed to date
e EXxposed to a charged particle test beam
N N\ P
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ProtoDUNE-SP

A prototype for the DUNE far detector SESEE

e Constructed and operated (2018-2020)
on the CERN Neutrino Platform
e Largest LArTPC constructed to date
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.+ Pandora Software Development Kit
* A multi-algorithm approach

over 100 decoupled algorithms
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.+ Pandora Software Development Kit
* A multi-algorithm approach

over 100 decoupled algorithms
input hits

Gaussian

fitted peaks in

the cleaned-up
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https://pos.sissa.it/282/183/

.+ Pandora Software Development Kit
* A multi-algorithm approach

PFParticle

over 100 decoupled algorithms
InPUt hltS—) hlerarChy Of reco 3D partICIGS 3D Vertex 2D Clusters 3D SpaccPoints 3D Track or Shower

Y
2D Hits

Source: Acciarri et al. 2018, Eur. Phys. J. C 78, 82
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.+ Pandora Software Development Kit
* A multi-algorithm approach
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-+ Pandora consolidated reconstruction
* A multi-algorithm approach

e Exposed to O(50) cosmic rays per readout
(with one beam hierarchy hidden)
Prptg_D_UNE;SB data run 5387

\\ . |
I y » Zou;ce: Abgg Abud et al. 2023, Eur. Phys.J. C 83, 618
X

DEEP UNDERGROUND FutureData4EU
EXPERIMENT



https://link.springer.com/article/10.1140/epjc/s10052-023-11733-2

-+ Pandora consolidated reconstruction
* A multi-algorithm approach

e Exposed to O(50) cosmic rays per readout
(with one beam hierarchy hidden)
Prptg_D_UNE;SB data run 5387

Beam patrticle interaction

\\ . |
I y » Zou;ce: Abgg Abud et al. 2023, Eur. Phys.J. C 83, 618
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.+ Pandora consolidated reconstruction ;- :

g . . oG ;
A multi-algorithm approach
PandoraCosmic
e Exposed to O(50) cosmic rays per readout
(with one beam hierarchy hidden) Eosmieray Tagising
Clear osmic- i it
. ray Muons : ]
e Pandora tags and removes obvious R
cosmic rays Event Slicing
PandoraTestBeam PandoraCosmic
Slice Identification
Test-beam Particles Cosmic-ray Muons
Source:
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.+ Pandora consolidated reconstruction ;- :

g . .  opuchig |
A multi-algorithm approach
PandoraCosmic
e Exposed to O(50) cosmic rays per readout
(with one beam hierarchy hidden) EsmBoray Tageiis
Clear osmic- i it
. ray Muons : ]
e Pandora tags and removes obvious e I
. v
cosmicC rayS Event Slicing
PandoraTestBeam PandoraCosmic
e Event slicing — hierarchies N
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Source:
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Pandora Event Slicing
Divide up the detector activity into distinct particle hierarchies
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Learning Pairwise Associations

Energy #Events # Pandora slices # PFPs

0.5 GeV 3,099 269,052 1,607,255
ProtoDUNE-SP MC data 1 GeV 1,500 136,393 760,663
4 beam energies (0.5, 1, 2, 6 GeV/ic) 2 GeV 1,500 138,232 781,186
6 GeV 1,500 149,540 015,346
Total 7,599 693,217 4,064,450
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Learning Pairwise Associations
Edge classification problem — Should two reco PFPs belong to
the same slice?

Energy #Events # Pandora slices # PFPs

0.5 GeV 3,099 269,052 1,607,255
ProtoDUNE-SP MC data 1 GeV 1,500 136,393 760,663
4 beam energies (0.5, 1, 2, 6 GeV/ic) 2 GeV 1,500 138,232 781,186
6 GeV 1,500 149,540 015,346
Total 7,599 693,217 4,064,450
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Learning Pairwise Associations
Edge classification problem — Should two reco PFPs belong to

the same slice? Energy #Events # Pandora slices # PFPs
0.5 GeV 3,099 269,052 1,607,255
ProtoDUNE-SP MC data 1 GeV 1,500 136,393 760,663
4 beam energies (0.5, 1, 2, 6 GeV/c) 2 GeV 1,500 138,232 781,186
6 GeV 1,500 149,540 915,346
Total 7,599 693,217 4,064,450
Each readout is treated as a graph:
- node = reconstructed PFP 4 PFPs -> 4 nodes, 3 candidate pairs -> 3 edges
- edge = candidate PFP pair
- edge label = same_true_hierachy (0 or 1) P .
e0
'  PFP3
PF-PD
el -/ PFP2
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Learning Pairwise Associations
Edge classification problem — Should two reco PFPs belong to

the same slice? Energy #Events # Pandora slices # PFPs
0.5 GeV 3,099 269,052 1,607,255
ProtoDUNE-SP MC data 1 GeV 1,500 136,393 760,663
4 beam energies (0.5, 1, 2, 6 GeV/ic) 2 GeV 1,500 138,232 781,186
6 GeV 1,500 149,540 915,346
Total 7,599 693,217 4,064,450
Each readout is treated as a graph:
- node = reconstructed PFP 4 PFPs -> 4 nodes, 3 candidate pairs -> 3 edges
- edge = candidate PFP pair
- edge label = same_true hierachy (0 or 1) - PFP1 .
eQ |
.  PFP3

Output: the per-edge probability that
the two PFPs belong to the same true
hierarchy

PFPO

el - PFP2
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Learning Pairwise Associations
Node and edge features

N PFPs and M candidate pairs
node_x
[N, 6]
PFP features

edge_attr y
[M, 16] [M]
Pair features Target

edge_index
[2, M]
Connectivity
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Learning Pairwise Associations
Node and edge features

Ggeom etric features \
. . e PFP length
N PFPs and M candidate pairs e Number of 3D space points
e Is-primary flag
node_x e Is-track-like flag
[N, 6] e Is-shower-like flag
A\ PFP features J \o Number of reconstructed hits )
edge_attr y
[M, 16] [M]
Pair features Target
edge_index
[2, M]

Connectivity
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Learning Pairwise Associations
Node and edge features

Ggeometric features \
N PFPs and M candidate pairs * PFPlength |
e Number of 3D space points
node x e |Is-primary flag
= e |[s-track-like flag
[N, 6] e Is-shower-like flag
PFP features \o Number of reconstructed hits )
\. J
) /16 pairwise features \
edge_attr y e Centroid distance (1)
[M, 16] [M] e Direction cosine (1)
Pair f r Tar e Length, Aand B (2)
\. air reatures J arget e Length ratio (1)
: e Spacepoint count, Aand B (2)
edge—mdex e Spacepoint-count ratio (1)
2, M] e Primary flags, A and B (2)
- e Track-like flags, A and B (2)
Connectmty e Shower-like flags, A and B (2)
\ e Hit counts, A and B (2) /
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Learning Pairwise Associations
Training details

e 60-20-20% train/val/test event-level splits
e 100 epochs
e trained with class-weighted binary cross-

entropy
1 N
Lyce = - Z [yi In(g:) + (1 — ;) In(1 — ;)]

° High-confldence edges (20.90) — Slices
connected component clustering

e 1x GPU on CINECA Leonardo, 100 GB
RAM, 1.7h wall-clock training time
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Learning Pairwise Associations
Training details

e 60-20-20% train/val/test event-level splits
e 100 epochs
e trained with class-weighted binary cross-

entropy
1 N
Lyce = - Z [yi In(g:) + (1 — ;) In(1 — ;)]

° High-confldence edges (20.90) — Slices
connected component clustering

e 1x GPU on CINECA Leonardo, 100 GB
RAM 1.7h waII clock tralnlng time
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Learning Pairwise Associations
Training details
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[ 13
e 60-20-20% train/val/test event-level splits & 0.9} 18
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1L, ) 0 50 100
Lyck = _E ; [yi ln(yi) + (1 - y?:) ll’l(l - yl)] Epoch
e High-confidence edges (20.90) — Slices e et E:
connected component clustering ? 0.3l ', 3‘:‘:_'2 _ :%
e 1x GPU on CINECA Leonardo, 100GB 2~ | alidation H
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Preliminary Results
Purity: Does each slice mostly contain hits from one true hierarchy?
Fraction of hits in a reco slice that comes from its dominant true hierarchy
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Preliminary Results
Purity: Does each slice mostly contain hits from one true hierarchy?
Fraction of hits in a reco slice that comes from its dominant true hierarchy

, 0.5 GeV beam , 1 GeV beam
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Preliminary Results
Completeness: Is each true hierarchy kept together in one slice?
Fraction of a truth hierarchy’s hits recovered in the reconstructed slice
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Preliminary Results

Completeness: Is each true hierarchy kept together in one slice?
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Preliminary Results
Two failure modes

Merging
2 truth hierarchies — 1 predicted slice

false positive rate
two unrelated PFPs are connected
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Preliminary Results
Two failure modes

Merging Fragmentation
2 truth hierarchies — 1 predicted slice 1 truth hierarchy — 2 predicted slices

false negative rate
two related PFPs are not connected

false positive rate
two unrelated PFPs are connected

DEEP UNDERGROUND FutureData4EU
EXPERIMENT




Preliminary Results
Efficiency: Fraction of reco truth hierarchies matched to a slice
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Preliminary Results

Adjusted Rand Index (ARI): Agreement between the predicted slice
and the true hierarchy grouping
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Adjusted Rand Index (ARI): Agreement between the predicted slice
and the true hierarchy grouping
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OUTLINE

Physics & Detectors
Pandora & Event Slicing

Learning Pairwise Associations
Preliminary Results
Summary
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The Deep Underground Neutrino Experiment

Sanford Underground
Research Facility

Fermilab
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Source: Deep Underground Neutrino Experiment (DUNE), Far Detecto-f
Technical Design Report, Volume I: Introduction to DUNE (2020).

Long-baseline neutrino oscillation experiment

» High-power proton beam of 1.2MW upgradable to 2.4MW.

« High-power, wide-range neutrino beam (~GeV energy range)

* Near detector (ND) (575m from the v source)

* Far detector (FD) in South Dakota (~1300km) and 1.5km deep underground
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DUNE-PRISM ND Complex
Off-axis beam measurement

« Constrain systematic uncertainties
« Beam monitoring

* |nitial neutrino flux measurement
before any oscillations

Sanford Underground
Research Facility

FutureData4EUV


https://warwick.ac.uk/fac/sci/physics/research/epp/exp/dune/
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DUNE-PRISM ND Complex .,\p
Off-axis beam measurement

TMS -> ND-GAr

« Constrain systematic uncertainties
« Beam monitoring

* |nitial neutrino flux measurement
before any oscillations
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DUNE: The FD Complex

~..”
Neutrinos from N
Fermi National \\)
Accelerator Laboratory
n llinots

1.5 km
underground at
SURF

o Facilty
and cryogenic
support systems

e = One of four

th > detector modules of the
module: Doop Undorground

Ynoontunity m i« Noutrino Experimom

'\.\ Source: https://neutrinos. portales.ciemat.es/dune-en

Sa\n'tord Underground
Rcsc:\nqh Facility

e 2—4 modules

* Fiducial (sensitive) mass of
40kt of liquid argon (LAr)

« Measure flavor-tagged
neutrino interaction and
compare the results with the

ND prediction

Fermilab
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