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LUT’s usage in simulations

Why Light Lookup Tables (LUT)?

e Photons simulations in LArTPC’s computationally expensive (~20-30k photons/MeV)

e Precompute visibility and TOF of voxelized detector with MC simulation -> LUT
(x,y,z) -> (visibility, time distribution of SiPM hits)

Edep sim
(geant4)

Y

Energy segments

larnd-sim

Y

24.6.2025

A

Standalone OpSim

(geantd)

LUT

Visibility & timing
information

ND-LAr flow

Recombination model
N_photons per dE

Photon propagation
using LUT

Time hit distribution
using LUT

Y

Scintillation model
fpromt, fast/slow
decay

Y

Poisson-smearing
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Electronic response:
Waveforms




SIREN - Implicit Neural Representations with Periodic Activation
Functions

Siren:
e Train on LUT from simulation, but also on data! -> Data-driven LUT

e LUT of FSD is 5GB, Siren models ~ 10-100 MB

Resources and pointers:

e Original Siren paper: (https://arxiv.org/pdf/2006.09661)

e |carus paper (https://arxiv.org/pdf/2211.01505)

e Siren repo (https://github.com/CIDeR-ML/siren-lartpc)

Computing:
e Ran on 1x Nvidia RTX 2080 Ti GPU (local Ihep-cluster)

24.6.2025
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Motivation and way forward

H . ; RTACT finetune with muon track data
FIrSt Stage' Sien vnsnplllty train siren on LUT vis > Radon data (2x2)
calibration with data

F18 data (FSD)

Y

| directly train siren on
F sl
data

once with siren as
LUT replacement

T \

Second stage: Sirentv: train LUT = interface with < simulation with simulation
vis & time distr. larndsim larndsim comparison

¢ A

once with LUT
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FSD LUT - Overview

Contents of FSD LUT

e \Voxelsize~1.5x15x1.5cm?
e Pervoxel 10’ photons emitted
e (n, n,n, n,.)= (32, 200, 64, 120)

For each of the 120 channels:

e visibility  (fraction of photons registered by a given SiPM)
o {0 (shortest travel time)

e t0_mean (mean arrival time)

e time distr (time distribution of hits)

Full FSD LUT is ~5 GB of data, only visibilities are ~300MB

24.6.2025
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Minimum visibility | channel 31 | visibility = 3.900e-08

LUT - time distribution = ; — tme dstruton
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FSD LUT - mean projected visibility
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FSD - LUT
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Box Plots convention

Boxplots:

P,s(vis) < vis = P_(vis)

Whiskers:
lower whisker =P (vis)

upper whisker = P (vis)

Outliers:

P, (vis) < Vis < P(vis)

24.6.2025
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First results of a SIREN training on FSD LUT

Hyperparameters:
e Number of hidden layers ~ n =10 First layer \
e Number of features n_ =512 hy® = sin (wu (Z W, z; + bﬁu)))
e ‘“sine frequency” w, =30 "
e validation fraction 5%
e max training epochs 10°000
e vis log transformation eps = 1e-7

Loss: weighted-MSE

e lOg“,(l‘““l_. + 6) = 10{.’;“)(6) 1 N G i 5
l0g 0 (Vimax + €) — log(e) L=+ DD wij (95 — vig)
i=1 j=1
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Predicted vs True Visibility

|
H
1

|°910 (Vpred)

|
w
1

LCM (60 channels) ArCLight (60 channels)

10°
104
103
102

i H
10!

i T T T T — T T T T 100

-6 -5 -4 -3 -6 -5 -4 -3
10910 (Virye) 10910 (Virue)

24.6.2025 16

Counts



Model metrics

Absolute bias (per channel & voxel) bavs = |[Vpred — Verie

Relative bias (per channel & voxel)

Icarus paper (over all channels & voxels) babs = (| (%) — vy,
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Absolute bias distribution for each channel

LCM channels: absolute bias
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Model metrics

Absolute bias

Relative bias

e Can explode for small true visibilities
e Smallest visibility is 1 photon hit-> v_. = 107

e Assuming binomial uncertainty and small probability

o /p ~ (p(1-p)/sart(N))/p ~ 1/sqrt(N)

-> Uncertainties on visibilities

o, (v=107)~100 %
o, (v=10°)~32%
o, (v=10%)~10 %

24.6.2025
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|pred — true|
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Mean absolute bias vs true visibility (Viye = 0 shown at 1078)
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Binned bias vs true visibility: ACL vs LCM (300 bins)
Mean absolute bias vs true visibility (Viue = 0 shown at 1078)
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Comparison mean relative bias vs thresholds

Threshold for true vis Uncertainty of vis_thr Mean LCM channels [%] Mean ACL channels [%]
1e-7 O, (v =107) ~ 100 % 10.83 19.73
1e-6 o, (v=10°)~32% 6.59 9.33
1e-5 o, (v=10°)~10 % 3.54 412
7.2

Relative bias plot per channel (Icarus
paper): https://arxiv.org/pdf/2211.01505

Rel. Bias [%]
~
(@]
|

T T T T
0 20 40 60 80 100 120 140 160 180
PMT

* |carus paper choose a true vis threshold

of 4.5e-5, but the visibility range was larger
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True total visibility at
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True total visibility at Selected voxel line
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True total visibility at

z=471.09 mm, x=9.75 mm
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True total visibility at Selected voxel line
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True total visibility at

z=471.09 mm, x=-183.34 mm
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True total visibility at

z=471.09 mm, x= -198.19 mm
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True total visibility at

z=471.09 mm, x=-213.04 mm
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True total visibility at

z=471.09 mm, x=-227.90 mm
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True total visibility at
z=471.09 mm, x=-227.90 mm
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True total visibility at
z= 4710.09 mm, x=-227.90 mm
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log1o (Visibilitypreq)

512x10 - All vs inner voxel comparison

Predicted vs True Visibility

All voxels

24.6.2025
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IOQIO (Vpred)

512x10 - All voxels

LCM (60 channels)
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|0910 (Vpred)

512x10 - Inner voxels

LCM (60 channels) ArCLight (60 channels)

|0910 (Vtrue) |09 10 (Vtrue)
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512x10 - All vs inner voxel comparison

Binned bias vs true visibility: ACL vs LCM (300 bins)
Mean absolute bias vs true visibility (Viye = 0 shown at 1078)

—
10—4 4
1075
()
=
S
[
K
8 107°
ACL mean absolute bias
d4 ¥ £ H ACL mean + std
.
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512x10 - All vs inner voxel comparison

Binned bias vs true visibility: ACL vs LCM (400 bins)
Mean absolute bias vs true visibility (Viue = 0 shown at 10~8)
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Next steps

e Hyperparameter
e Higher training sample, finer LUT voxelization?

e Implement a log-likelihood loss function

24.6.2025
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Backup slides
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Light simulation chain

Step 1 - Photon generation:

Charge Recombination model (E-Field)

L= (Wil - awgh)

Step 2 - Light propagation:

Use LUT to predict N_pe on
; SiPM channels (i) of track segment (j)

dN, y
dx ] *]

Npe,ij = €]Vi [ix’i)”iz]

LUT visibility map edep segment length

lonization electrons simulation

edep-sim (Geant4 wrapper) B
Runs on CPU 1arnd_51m
' : Runs on GPU
] L I L L
]
' Passage of particles '
! throgugh rrF:atter : ' % HDF5 output file
] ! 1 Light . > Phptocurrent > Optical de’(ector : in LArPix format
L] ! ) propagation simulation electronics '
| [P g : 5 - . | . Y
1 L, Recombination ) Slcmtillatlon light simulation 1
: ‘
[}
x Drifting Induced current Pixelated readout 1
3 > - —>
' electrons on pixel response ]
. ]
13 L}
" ]
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Light simulation chain

Step 3 - Time distr. per channel:

Use time distribution of LUT to predict time of photon hits

Step 4 - Apply scintillation model:

Convolve the scintillation Kernel with
the time distribution Ipe of channel (i)

lonization electrons simulation

per channel (i) I Spr l=4p .
Kernel: | | fun(r) = —¢ e 4 — e /s
. AtLut o B v @ w P s
[pC,i [II] = 6[ Zfl [lx,ly,lzslt T IO/AILUT] Npc,ij9 i
- t
J ; ] i .
Icine,i [i:] = Ipe,ilje] * fscine((ir = J1)O1),
P
. . Jt=Jt,min
LUT time distr.
fp prompt fraction, rp/rs: prompt & slow decay times
edep-sim (Geant4 wrapper) B
Runs on CPU 1arnd_51m
~inini : Runs on GPU
! D W, e O O, 0 0 S0 0 0 O G . O ) o 1
1 | Passage of particles 1! .
" HDF5 output file
: firagh et : t Light Photocurrent . | Optical detector . in LArPix format
L] ' : propagation simulation electronics :
L LR L L g A
: » U Recnmbination Scintillation light simulation '
: '
: Drifting .| Induced current Pixelated readout :
' electrons on pixel response ]
: ;
B ]
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Light simulation chain

Step 5 - Bin-wise Poisson smearing:
Apply Poisson smearing on Npe for each time bin

Poisson()\;)

/\i — Iscint [Zt] (St, Ipc_.disc [Zt] = 5t

edep-sim (Geant4 wrapper) =
Runs on CPU l.a rnd_51m
' : Runs on GPU
L} I ™ = mmmEmmEmEEm . EE - ... .. EE R .. R R R RGeS R .. === ==
L}
L] Passage of particles '
! throgugh rrr:atter : ' 2 HDF5 output file
1 ot . Light Photocurrent ,.| Optical detector : in LArPix format
! ! propagation simulation electronics '
| [P O § ry
L}
1
1) Recombination Scintillation light simulation ]
. '
L}
x Drifting Induced current Pixelated readout "
] > E —>
' electrons on pixel response ]
1 L}
1 ]
1 L}

lonization electrons simulation



Log transformation for visibility

Suppose looking at two true visibilities:
v(near-true)=v_. =107 ; v(far-true)= v, = 10°

And two predicted visibilities:
v(true-pred) =v, =2Xx 10 ; v(far-pred)= Vip =2 X 106

Using MSE directly:
np ™ Vot )2 = 10712

-V, )7 =10

e Loss(near) = (v

e loss(far) = (vf,p

Using log scale in MSE:
e Loss(near) = (log,o(v, )- 10g,,(v,))* = (log,(2 x 10°)- log,,(10%))? = log, ,(2)?

e Loss(far) =(Iog10(vf’p)- '0910(Vf,t))2 = log,,(2)?

24.6.2025
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SIREN - overview

First layer
n.: Number of features

hEU) = sin | wy Z w; (U) i+ bw) f: R3 -> R™
=1 n : Number of layers
First hidden layer
w,: Constant for all layers
. = ) . pnf f
R =sin [wo [ Y WA + (" f: R™ -> R" N: Number of voxels per batch
j=1
T C: Number of channels =120
-th layer
ng
h}k) = sin ZH “‘)hu‘ 2 +b“‘) f: R .> Rnf
Output layer
pEtY) — in e ERp) Lyt f: R .> RC=120

Loss: weighted-MSE

N: &
1 . 2
C E E wij (0ij — vij)
i=1 j=1
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