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Outline

This talk will cover scintillation light simulation and reconstruction in LArSoft
 – physics of scintillation light in LArTPCs

 – the different simulation modes available

 – scintillation light reconstruction

Next, we will have a hands-on session where you will get to have a go running the 
scintillation light simulation and reconstruction for yourself
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Each stage is a module 
(or set of modules)

Each stage passes data 
products, “objects”, to 
the next stage

Event Generator 
(GENIE, CORSIKA, 
ParticleGun, etc.)

LArG4 proper Ionisation and 
scintillation emission

Ionisation drift 
simulation

Fast optical 
simulation

DetSim
(wire response 

and electronics)

OpDetDigitizer
(photo-detector 

response) Simulation looks like 
raw data at this point 

Charge 
Reconstruction 
(hits, clusters)

Light 
Reconstruction 
(OpHits, flashes)

Higher level 
reconstruction, 

charge-light 
matching

Simulation flowchart
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This lecture 
+ tutorial
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Elements of light simulation

Light Source:
- How many photons are 

produced?

- What is their wavelength?

- What is their time 
distribution?

Transport:
- How many photons make it 

to the photon detector?

- How long does it take them?

- Do they scatter / get 
absorbed / reflected, etc.?

Detection:
- What is our detection 

efficiency?

- Are there any extra 
timing effects?
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Full optical simulation (extremely slow)
– propagate each scintillation photon individually 
– extremely slow, but performance can (and is) enhanced using GPUs

Fast optical simulation (faster, but less precise)
– still need to run full optical at least once
– majority of optical properties "burned in"
– three primary methods exist: 

optical library, semi-analytical, generative neural network

Different modes of simulation 
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Full optical simulation

Scintillation yield ∼24000 photons / MeV –– for GeV-scale interactions in large detectors, 
tracking each individual photon is prohibitively slow -> alternative approaches needed

6

Optical photons undergo:
• Rayleigh scattering
• Wavelength shifting 
• Reflection / refraction at boundaries 
• Bulk absorption

Isotropic emission: 
Rayleigh scattering λRS = 100 cm 

Boundary processes:
Reflections and WLS 
before absorption 
Labs = 20 m 



Patrick Green | 27/10/2026 | UK LArSoft Workshop 2026

On-going efforts to use GPUs for full optical 
simulation in DUNE

1. Opticks, using NVIDIA OptiX
– developed for JUNO and adapted for DUNE 

EPJ Web Conf. 337 (2025) 01093, arXiv:2608.27306

2. Celeritas
– developed for LHC experiments (CMS, ATLAS)

EPJ Web Conf. 295 (2024) 11005

Different computation challenges: GPU 
resources more limited + in some cases using 
vendor specific tools (NVIDIA OptiX) Opticks example, 400× speed-up (Nvidia RTX 5090)

Image: I. Parmaksiz, A. Higuera

Full optical simulation using GPUs
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10.1051/epjconf/202533701093
10.1051/epjconf/202533701093
10.1051/epjconf/202533701093
10.1051/epjconf/202533701093
https://doi.org/10.48550/arXiv.2608.27306
https://doi.org/10.1051/epjconf/202429511005
https://doi.org/10.1051/epjconf/202429511005
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Fast optical simulation: optical library

Map of visibilities: probabilities of photons from each voxel reach each photo-detector

Size scales with LAr volume, voxel size (granularity), number of photo-detectors – memory and disk

- used in MicroBooNE, but prohibitive size for larger detectors (DUNE) or many photo-detectors (SBND)

arXiv:2603.23691Typical voxel size: 5×5×5 cm3
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https://doi.org/10.48550/arXiv.2603.23691
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𝜆!" → ∞

Eur. Phys. J. C 81 (2021) 4, 349

Fast optical simulation: semi-analytical model

Isotropic emission makes the problem almost geometric, can calculate analytically

- almost because we have Rayleigh scattering and border effects – need to correct for via parametrization 

Current approach used in SBND and DUNE (far detectors + some protoDUNE geometries)
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10.1140/epjc/s10052-021-09119-3
10.1140/epjc/s10052-021-09119-3
10.1140/epjc/s10052-021-09119-3
10.1140/epjc/s10052-021-09119-3
10.1140/epjc/s10052-021-09119-3


Patrick Green | 27/10/2026 | UK LArSoft Workshop 2026

Generative neutral network (GENN):
– network trained on Geant4 

simulation of voxelized detector, 
similar to a library

– rather than storing visibilities in 
look-up table, use network to 
predict at run-time

– avoids memory limitation of 
library, at some CPU cost 

Available in DUNE (some geometries)

Mach. Learn. Sci. Tech. 3 (2022) 1, 015033

Fast optical simulation: neural networks 
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Emission
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1.3 μs
• Self-trapped excitation luminescence

Ar* + Ar Ar*
2  2Ar + hv

Ar+ + Ar Ar+
2

Ar+
2 + e         Ar*

2  2Ar + hv

• Recombination luminescence 

Scintillation mechanism in LAr 
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LAr scintillation light properties

Argon is a prolific scintillator:
 ∼40000 photons/MeV @ zero electric field

Emission is in vacuum-ultraviolet (VUV) spectrum:
 ∼128 nm (FWHM ≃ 6 nm)

Argon excimer decays characterized by two very 
different time components (singlet / triplet):
 a fast component, τs ∼ 6 ns
 and a slow component, τT ∼ 1.3 μs *

*Note:  when the slow time constant is convolved with the 
emission time of a commonly used wavelength-shifter (TPB) 
this results in a larger value ≈ 1.5-1.6μs
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Phys. Rev. B 
56 (1997), 6975 
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LAr scintillation light properties in LArSoft

In LArSoft the scintillation light properties are all parameterised in either:

- old way “legacy” –– via fhicl: lardataalg/DetectorInfo/larproperties.fcl [MicroBooNE, DUNE (partial)]

- new way “refactored” –– all material properties defined directly in GDML [SBN, DUNE (partial)]

- may then be overwritten in individual experiment repositories

These properties are read when running the full optical simulation
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GDML (SBND – “_full_simulation.gdml”)
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Phys. Rev. B 20, 3486 (1979)Services.LArG4Parameters.IonAndScintCalculator: “Correlated"

Strength of the electric field applied to the LAr 
impacts the amount of recombination 
à alters amount of charge (Q) and light (L)

Effect is anti-correlated, as electric field increases Q 
grows, L decreases. At 500 V/cm, energy deposit 
about equally divided between Q and L

In LArSoft modelled in ISCalcCorrelated:

Scintillation Yields: E-field
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Jpn. J. Appl. Phys. Vol. 41 (2002) pp. 1538–1545;
Ph. Rev. B 27 (1983), 5279

Light yield and fast/slow ratio depend on how 
ionising the particles are:

– muons: ∼24000 photons/MeV, ∼ 25% prompt light
– alphas: ∼16800 photons/MeV, ∼ 60% prompt light

Scintillation Yields: Particle Type

In LArSoft this is 
configured in 
larproperties.fcl, 
ScintByParticleType

In DUNE: LArQL model 
[JINST 17 C07009 (2022)]

• combined charge–light 
model with corrections 
for dE/dx, E-field, etc.
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Propagation

17
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Scintillation light propagation

Next step is to calculate how many photons reach our photon-detectors ⇒ transport effects

Emitted photons are lower energy than the first excited state of the Ar atom
  ⇒ pure LAr is transparent to its own scintillation radiation

However, during propagation photons may undergo elastic scattering on Ar atoms 
 ⇒ Rayleigh scattering

Transport effects impact, in a non-negligible way, the light signals that our photon detectors see

It’s important to understand and model this properly in liquid argon.
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Rayleigh scattering length for VUV photons in Ar 
measured variously between ∼50 – 120 cm

– hard to measure, small uncertainties in the index of 
refraction drastically change the scattering length 𝜆$%

– most recent measurement around 100 cm, adopted 
by most LArTPC experiments [JINST 15 P09009 2020]

𝜆!" ∼100cm  <<   typical size of LArTPC detectors 
 à has significant impact on light seen

In LArSoft: larproperties.fcl (legacy) or in GDML (new)

GDML (SBND example)

Rayleigh scattering in Argon
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Detector materials (field cage, etc) may reflect or absorb scintillation photons
– can significantly impact light observed, especially important for emission close to the borders 

or in the corners of the detector – border effects

Detector materials – absorption / reflection

To model this need to define the properties 
of every material present

– many not massively well known
– defined either in larproperties.fcl 

(legacy) or in GDML (new)

GDML 
(SBND example)
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Optical library / GENN network:
• Encoded in visibilities in each voxel directly (sort of) 

from full optical simulation

Semi-analytical model:
• Treated as a correction to the geometric prediction

• Parameterised based on difference between geometric 
prediction and full optical simulation

• Also correct for border effects in analogous way 
(reflections/absorption)

In LArSoft models implemented in larsim:

larsim/PhotonPropagation/PDFastSimPVS_module.cc  (Library)
larsim/PhotonPropagation/PDFastSimPAR_module.cc (Semi-analytical)
larsimdnn/PhotonPropagation/PDFastSimANN_module.cc  (GENN)

Modelling in fast optical simulation
Eur. Phys. J. C 81 (2021) 4, 349
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In large detectors transport effects impact the 
time structure of the observed scintillation light, 
especially important for the prompt light

1300 ns

(1300 ns)

𝑡# = emission time

𝑡$ = transport time

𝑡%&" = WLS delay time

𝑡'($ = detector time

Time structure of detected signals

Observed:
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In fast optical simulation, modelled using parameterisations 
of Landau + Exponential fits to full optical simulation

– developed in conjunction with semi-analytical model, but 
can be used in combination with any approach to get 
number of photons (library, GENN, etc.)

Implemented in LArSoft in larsim:

Time structure of detected signals

Eur. Phys. J. C 81 (2021) 4, 349
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Detector 
specific

Configuration in SBND:
sbndcode/sbndcode/LarSoftConfigurations/opticalsimparameterisations_sbnd.fcl
sbndcode/sbndcode/LarSoftConfigurations/PDFastSim_sbnd.fcl 

A hybrid model is the default approach used in SBND:
– semi-analytical model (hits + timing) inside TPC
– slimmed-down optical library outside TPC

Implementation in SBND

24
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Detector 
specific

Configuration in DUNE:
duneopdet/PhotonPropagation/opticalsimparameterisations_dune.fcl
duneopdet/PhotonPropagation/PDFastSim_dune.fcl 

A hybrid model is the default approach used in DUNE:
– semi-analytical model (hits + timing) inside TPC
– slimmed-down optical library outside TPC (only available for some geometries)

Implementations also available in some DUNE geometries for GENN and are coming soon for GPU 
accelerated full optical simulation (Opticks, Celeritas) 

Implementation in DUNE far detectors
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Photon-detectors typically located only on one side of LArTPCs – highly-non uniform light yield

- regions furthest from photon detectors may see insufficient light for low energy triggering, etc. 
 –> methods to enhance light yield / improve light yield uniformity

(Aside): Enhancing the Light Yield in LArTPCs

1. WLS-Coated reflector foils (SBND, LArIAT)
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2.  Xenon doping   (DUNE-VD)

- shifts portion of scintillation photons 128 nm –> 178 nm (Xe excimer emission)

- Xe wavelength photons have much longer 𝜆$% ∼ 10 m 

(Aside): Enhancing the Light Yield in LArTPCs

Photon detectors at X = 0 cm
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Particles propagating in LAr also produce Cherenkov light:
– emitted in a cone relative to particle direction
– Cherenkov photon yield approximately 1-2% of scintillation yield 

[NIM A 516 (2004) 348-363]

➝ can be considered a second order effect with respect to scintillation 
emission, and is typically disregarded

dunesim/dunesim/Simulation/larg4services_dune.fcl

(Aside): Cherenkov radiation in LArTPCs

Possible* to simulate in LArSoft:

*Beware: no fast optical 
simulation exists, will use 
very slow full simulation!
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https://github.com/DUNE/dunesim/tree/develop
https://github.com/DUNE/dunesim/tree/develop/dunesim
https://github.com/DUNE/dunesim/tree/develop/dunesim/Simulation
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Detection

29
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VUV LAr scintillation light is hard to detect, absorbed by most materials 
– need to make use of wavelength shifters, e.g. TPB, PEN  

Photon detection system 
module in SBND, mixture of 
PMTs and X-Arapucas

Photon detectors: 
– PMTs coated with WLS (SBND) or with WLS-coated plates (MicroBooNE)
– X-Arapuca wavelength shifting light traps using SiPMs (DUNE, SBND)

Wavelength shifters emit ∼isotropically, 
 –> lose 50% of light emitted away from photon-detectors 

Detecting light in LArTPCs

X-Arapuca operational principal
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VU
V

Wavelength shifter in LArSoft

Process handled by G4OpWLS:

- initial photon killed and new one created with a 
different wavelength

- user defines absorption and emission spectra

In LArSoft parameterized either in larproperies.fcl 
(legacy) or GDML (new)
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Measurement

𝜏 = 6.2𝑛𝑠

𝜏 = 2.5𝑛𝑠

TPB has complex time structure:
– bulk of light emitted promptly, but non-

negligible longer components

– non-negligibly alters observed time distribution

Geant4 (G4OpWLS class) only simulates Delta or 
Exponential model (neither is the case)

Instead, can simulate this separately in LArSoft:
– tools created for SBND, but not currently 

done in DUNE
– instead, approximate with longer late light 

time constant

Wavelength shifter time delay
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Photon simulation output objects
Choice of output objects (data product)

- SimPhotons objects (collections of OnePhoton) save detailed information about each detected photon

- SimPhotonsLite objects reduce size at the price of keeping only the number of photons at a time-step

The kind of object you want to save in your simulation is specified in the configuration file by:
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Full Optical Simulation Fast Optical Simulation

Emission Timing Constants Tunable Tunable

Emission Energy Spectrum Tunable Burned in, impacts 
transport

Scintillation Yield Tunable Tunable

Rayleigh Scattering Tunable Burned in

Transport Time Modeling Not needed Burned in, but separate

Material Properties Tunable Burned in

OnePhoton vs LitePhotons Chooseable Chooseable

Full optical simulation offers full flexibly, but impractical for large scale use

Fast optical simulation inflexible, parameters burned in during training: 
 –> needs re-training if detector design / understanding of light changes

Full optical simulation vs fast optical simulation
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Finally, we simulate the resulting waveforms we’d see on the photo-detectors:
– each incident photon gets swapped for an electronics response, either constructed 

from parameters (idealised) or from a measured response + add expected noise

Example PMT waveform in SBND 
compared with MC photon arrival times

Signal digitisation

Undershoot 
due to AC 
coupling à 
bipolar single 
photo-electron 
response 

35

Detector 
specific
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Reconstruction

36
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Step 1: optical hits

First, we look for pulses in the raw (or 
deconvolved) waveforms:

- in LArSoft, these pulses are stored in 
objects called OpHits

- OpHits are found when the waveform 
goes above a certain threshold and held 
until it drops back below

- this can lead to the merging of visibly 
separate optical signals, especially in the 
case of SiPMs (in the X-Arapucas)

- the OpHit time is decided by the first 
arriving photon
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Step 2: optical flashes

38

Optical hits from different photon 
detectors that are time-coincident are 
combined into Optical Flashes

- these are analogous to clusters in the 
charge reconstruction, but matched in 
time rather than space

Having a flash allows us to reconstruct 
the position of the particles that 
generated the light (roughly)

This can then be used to match the light 
signals to the reconstructed TPC tracks: 
Flash Matching
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Step 3: flash matching
We want to match the light (PDS) and charge (TPC) information for the same interaction: 

- provides t0 for each TPC interactions – enables out-of-time backgrounds (e.g. cosmics) to be removed 
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1. Estimate 3D points from the TPC object

2. Estimate 𝑁) for each 3D points

Image: M. Del Tutto

3. Estimate how many  𝛾 are 
detected (reach a Photon Detector)

4. We end up having an estimate of 
expected number of PE in one 
photo-detector

5. We build a hypothesis Flash
6. Once we have the flash hypothesis, we can run a matching
between the hypothesis and all the reconstructed flashes to 
see which one matches the best 
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Summary

Simulating scintillation light in LArTPCs is tricky:
- cut some corners to get it working in LArSoft with reasonable resource usage (memory, CPU)

- corners are cut, so always room for improvement – lots of on-going development

Scintillation light historically underutilized in LArTPC neutrino detectors (mostly just 
for triggering and cosmic rejection); but a lot of very valuable applications, e.g.

- improved calorimetry [PRD 101 012010 (2020), PRD 111 032007 (2025), PRD 112 012019 (2025)] 
 – 50% of energy deposited is going into the light 

- particle identification and background rejection: pulse shape discrimination (similar to dark 
matter experiments), nanosecond-scale timing [PRD 108 (2023) 5, 052010]
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