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Outline

A This talk will give an overview of hdvArSoft
deals with simulating light and why it's hard.

A | will mention a bit about reconstruction

A Tomorrow, we will go through few a couple
examples in the tutorial.



Simulation Flowchart
(Legacy Version)

Each stage is a module
Each stage passes data products, “objects”, to the next stage.
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Simulation Flowchart
(New Version)

Each stage is a module

Each stage passes data products, “objects”, to the next stage.
Particle List, Energy

SimChannels mﬂs

v
OpDetDigitizer ~ AuxDetSim
(simulate PDs and (Simulate electronics
their electronics) Of non-tpc detectors,
e.g. CRT)

Y
imPhotonCounter
(Count Photons

per Channel)




A Light source:

How many
photons are
generated?

What is their time
distribution?

What is their
wavelength?

A Transport:

How many
photons make it
to the detector?

How long does it
take them?

Do they
scatter/get
absorbedetc?

Elements of Light Sim in a Nutshel

A Detection:

I What is our detection
efficiency?

i Does it depend on
position on detector?

T Are there any extra
timing effects?



Different modes of simulation

A Full optical simulation (extremely slow)
I Requires definition of all optical properties.
A Fast optical simulation (faster, but less precise
I Still need to run full optical at least once
I Majority of optical properties "burned In"

I Three primary methods exist: Seamalytic,
optical library, GANN.




Full optical lightsimulation

|sotropic €mission:

Optical photons un_de?t: i \
Rayleigh scattering/|| | \

Wavelength shifting'| ;
Reflection /refraction at medium boundaries
Bulk absorption

In large detectors, the tracking of each
individual photon is prohibitively long:
approaches need to be usedy
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Fast optical model: Optical Library

projX39 Setup1 projX0 Setup1

TPC Anode plane
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* 5x5x5cms3 voxel size
* 500000 photons/voxel
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« 104 x 109 x 141 = 1598376 voxels
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<N>PMT-mrs=(%5 "-9791‘%)'1-\" visibility s, 1000 cosmics in SBND  ~7-3GB
step

wResolution depends on voxel sizes
granularity effects at short distances

: _ Memory
wOptical library size scales with detector siZgs | I

and number of photon detectors

wProhibitive memory use for events with large energy depositionsdasmic$
wDifficult to get working in DUNE, so different approach currently used.



Fast optlcal model: SemrAnalytic

A Given a dEdxin a point (X, y, z) we want to
predict the number of hits in our optical
detector (X, ¥, 2)

A Isotropic scintillation emission makes the
problema I £ Y geandetric
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Full Optical Sim ¥sastSinknobs

Full Optical Sim Fast Optical
Timing Constants Tunable Tunable
Energy Spectrum Tunable Tunable
(although affects transport)
lonization/Scintillation Tunable Tunable
Yield (handwavy implemented) (handwavy implemented)
Rayleigh Scattering Tunable “Burned in”
Timing Parametrization Not needed “Burned in”/but
separate
Material Properties Tunable “Burned In”
OnePhoton vs chooseable chooseable

LitePhotons
A This table Is for referencrewe'll come back to it
later.



Emission
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Scintillation mechanism n LAr

w Recombination luminescence

Art+ Ar A{ recombination e
Ar,+e__, Ay _,2Ar+hv g

e

ionization

~
~
e\
~

| a

singlet

1.6 ps

excitation triplet

wSelttrapped excitation luminescence
Ar+Ar__, Ay, 2Ar+hv
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Scintillation wavelength in LAr

Ph. Rev. B 56 (1997), 6975
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In liquid argon, the overall spectrum is w
represented by a gaussian shape, peakil
I N2dzy R < I m@egmyyY

lardataalg / lardataalg / Detectorinfo / larproperties.fcl

# Fast and slow scintillation emission spectra, from [J Chem Phys vol 91 (1989) 1469]

FastScintEnergies: [7.2, 7.9, 8.3, 8.6, 8.9, 9.1, 9.3, 9.6, 9.7, 9.8, 1@, 10.2, 10.3, 10.6, 11,
SlowScintEnergies: [7.2, 7.9, 8.3, 8.6, 8.9, 9.1, 9.3, 9.6, 9.7, 9.8, 1@, 10.2, 10.3, 10.6, 11,
FastScintSpectrum: [ 0.0, 0.04, 0.12, 0.27, 0.44, 0.62, 0.80, 0.91, 0.92, .85, 0.70, 0.50, 0.31, 0.13, 0.04,
SlowScintSpectrum: [ 0.0, 0.04, 0.12, 0.27, 0.44, 0.62, 0.80, 0.91, 0.92, .85, 0.70, 0.50, 0.31, 0.13, 0.04,

11.6, 11.9]
11.6, 11.9]
0.01, 0.0]
0.01, 0.0]

=2 1
n
2 |
g [ -
c - //*
2 08— I
2 L \
£ / \
L e / .
\
- I \
0.6~ g \
- // \
L | ?
- \
0.4— ;i |
\
i / \
i / n
| L \
0.2 / \
- / \i
/i \
- ./ AN
OI I. lj/l | L1 1 1 I | | 11 | | 1 11 |\r—.-_.|..||
7 8 9 10 11 12

energy [eV]

13



Scintillation signal shape in LAr

A In all measurementsthe overall scintillation light emissionexhibits a double exponential
behaviorin time

A this is aresult of excimerdecays(at 90 K) characterizedy two very different components a
fast component with a time constantof _¢ f 6ns, and by a slow component with a time

constantof _£1.3> a
lardataalg / lardataalg / DetectorInfo / larproperties.fcl

ScintFastTimeConst: 6. # fast scintillation time constant (ns)
ScintSlowTimeConst: 1590. # slow scintillation time constant (ns)

This is where DUN$pecific parametrizations g -
live now: o}
duneopdeiduneopdeiPhotonPropagatlom..g
g106 :_
£
2
Note:

A slow time constant value convolved with the 1¢°
WLSdelay,resultsin a larger value.

That is what we're currently doing in DUNE

10* =

IIlIIIIIIll'lll|l||llllllll‘lllllllllllllll
0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200

time [ns]
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https://github.com/DUNE/duneopdet
https://github.com/DUNE/duneopdet/tree/develop/duneopdet

(arbitrary units)

Photon signal

Scintillationyields

A The lifetimes of the fast and slow

Particle T Tr Is/It Reference
components agree within experimental Electron 6.3+0.2 1020+60 0.083 Kubota et al.®
uncertainties for different particles (5.0+0.2) (860+30) (0.045) (E =6 kV/cm)*

4.6 1540 0.26 Carvalho and Klein®
_ _ _ 4.18+0.2 1000495 Keto et al.
A Light yield and fast/slow ratio depend on 111050 Suemoto and Kanzaki
LET (the specific energy loss along the pa 6 12 1590+100 0.3 This work
a ~5 1200+£100 Kubota et al.®
Ph. Rev. B 27 (1983), 5279 44 1100 3.3 Carvalho and Klein®
i y | ylII | ‘ 7.1+1.0 1660+ 100 1.3 This work
{&_ Lig. Ar “
il f \.\ F.F. 6.8+1.0 15504100 3 This work
°
A
'>.\ T = 6.7 nsec
e lardataalg / lardataalg / DetectorInfo / larproperties.fcl
wl | \""\",;..,,,JL.:G“”"” 1  ScintYield: 24000. # total scintillation yield (ph/Mev)
T "'Lrl-‘—!‘ R X
Tg = 7.5 nsec U CHN TS e e ScintYieldRatio: 0.3 # fast / slow scint ratio (needs revisitting)
écintByParticleTypsz true # whether to use different yields and
10]“ - # Scintillation yields and fast/slow ratios per particle type
\\. ST MuonScintYield: 24000
A MuonScintYieldRatio: 0.23 iy Jpn. J. Appl. Phys. Vol. 41 (2002) pp. 15335,_. _
}_ \“”““{\ ‘ P%onSc%ntY%eld: | 24000 - Vo ro Ko s A
02k K u"“.::. PionScintYieldRatio: 0.23 s HH o T [
u i ElectronScintYield: 20000 %U_s ___________ ..-iﬂﬁﬁ}_
Al ElectronScintYieldRatio: 0.27 £ o (H) H{{ta'pha) IM
KaonScintYield: 24000 £°° (He)
el KaonScintYieldRatio: 0.23 % 0.4
ProtonScintYield: 19200 &
| ProtonScintYieldRatio: 0.29 0z i1y °
. ! . A A AlphaScintYield: 16800 o0 L : T T
i i . “(0 ) i il i AlphaScintYieldRatio: 0.56 ' LET (MeVig/cm’)




L vs Q and Electric Field

Excitation ratio { e- e

a =Ny /N;=0.21 Q = Ne = NiR

e L =Ny = Nex+ Ni(1 — R)

% AFE
e — P = —
-4 A * +Ar A i radiative decay Q + L= NeX + Nl o W. k
(Creditto W. Foreman) r > Al ol | (19.5¢p1.0) eV

PHYSICAL REVIEW D 101, 012010 (2020) .
larsim / larsim / lonizationScintillation / ISCalcCorrelated.cxx

// using this recombination, calculate number of ionization electrons

A Electric Fields applied to the LAr medium  gouble const num_electrons = (energy_deposit / fWion) x recomb;
also affect the intensity weights of the o
decay components by the recombination (R

Phys. Rev. B 20, 3486

// calculate scintillation photons
double const num_photons = (Nq - num_electrons) x fScintPreScale;

// calculate recombination survival fraction

150"

Xe
. * * if (fUseModBoxRecomb) {
= if (ds > 0) {
E double Xi = fModBoxB * dEdx / EFieldStep;
Zjoo N recomb = log(fModBoxA + Xi) / Xi;
e - r
| I P N }
g """"""""" else {
:: recomb = 0;
3 Sor . \. l }
5 e e .--...---A----.A_E_-___‘. }
o . Xe .
else {
0 ' . . . ) ) . recomb = fRecombA / (1. + dEdx * fRecombk /gEfEElEEEEElf
0 2 4 6 8 10 12 }

e shenan fen) dunesimLArG4lonAndScint_dune.fcl

{ SNPAOSAD[ ! NDnt I N} YSGUSNBE®L2Y! YR{ OAY G/ I £ Odz I 172 NJ






Scintillation light propagation

Scintillation (emission):

ns

number of photo

0.

o
.

10* |

3 X T,«(6 NS) + 0.7 x T, (1300 NS)

Q:Ne :NiR’

L=N,=Ng+N;(1-R), We need how to get our

number of detected photons

l tfast= 6 ns
and their arrival timed
Tow= 1300 NS AE Transport effects
: ' Q+L=Ne+Ni =7
L th

T 00 S M O ] G 1V S 0 ST S L,
0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200
time [ns]

Scintillation photons have energy lower than the first excited state of the Ar atom, therefore
pure LAr is transparent to its own scintillation radiation

However, during propagation through LAr VUV photons may undergo elastic interactions c
atomst Rayleigh scattering

Rayleigh Scattering affects, in a non negligible way, the light signals in our detectors in
O2YLI NRA&2Y GAGK G(GKS dGLIWz2NBé¢ SYAUGUSR aoayid.

It is important to understand/model it properly in liquid argon



Rayleigh Scattering in LArSoft

wElastic scattering of photon with medium of € 22 b
particle ~1/10 size of the wavelength (chan%e ]
angle/direction) 82 o

5 E
15
—5103
‘m-'lt‘it:rh 10
_____________ i e
5 :
wSmall uncertainties in the index of refraction |
|.|||..I|..||..|||.|||I|.||||..|!|..|

can drastically change the scattering length 150 200 250 300 850 400 450 500

Wavelength [nm]

lardataalg / lardataalg / DetectorIinfo / larproperties.fcl

# Refractive index as a function of energy (eV) from arXiv:2002.09346
RIndexEnergies: [ 1.18626, 1.68626, 2.18626, 2.68626, 3.18626, 3.68626, 4.18626, 4.68626, 5.18626,
RIndexSpectrum: [ 1.24664, 1.2205, 1.22694, 1.22932, 1.23124, 1.23322, 1.23545, 1.23806, 1.24116, 1

RayleighEnergies: [ 1.18626, 1.68626, 2.18626, 2.68626, 3.18626, 3.68626, 4.18626, 4.68626, 5.18626,
RayleighSpectrum: [ 1200800, 390747, 128633, 54969.1, 27191.8, 14853.7, 8716.9, 5397.42, 3481.37, 23
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Fast optlcal model: SemrAnalytic

A Given a dEdxin a point (X, y, z) we want to
predict the number of hits in our optical
detector (X, ¥, 2)

A Isotropic scintillation emission makes the
problema I £ Y geandetric
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a0 : N,Q = e AabsAE-Sy((ga)—
_ 47

T r

27 b r
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Transport corrections to light signals

Eur. Phys. J. C (2021) 81:349 Border effects:
= L
T 148 * 0c[0,10] deg x
c I = 6e[10,20] deg £ ,
Sl 0 c[20,30]deg | < N_.x = Nmax + €1(0)dr
<% ,;,:?3:':3;:;! " €[30, 40] deg
= [ . ", ’ =
Wrae N IR S S e T P b T
S W iy 8 e [50, 60] deg O-----3-.:::@::::5:::::"'---w ...... -
£ R 0 < [60, 70] deg Bromeeddbenn-- §-==eF-c-n- BilgIlli o=
087" &7 f 0 € [70, 80] deg
e T, + 6 e[80,90] deg L] S S S
06l RS * Frmmeee- bER EEEEE &= -
045 41 IR ERSA N 500 300 400 500 600 700 800
2 Pgo ¥ d_ [cm]
0.2 CL'_.?} .
C S, Field-cage
B | 1 1 1 | L1 1 1 ‘ 1 | 1 | | 1 L1 1 | L1 1 | | | I".'\‘-T‘.:
% 100 200 300 400 500 600

distance [cm]

dmax —d
d— do ) A dmaj—d

—_— e

dmax - d()

GH(d) = Nmax (

N, = J/y_Q X G{-\I'(d, 0, dr)/cos(0) y
/ N

Geometric estimation Transport correction z 21




Time structure of detected signals

Scintillation (emission): Propagation:
0.3 X Tg,i(6 Ns) + 0.7 x Ty, ( 1300 nS) Direct transportation + Rayleigh Scattering
8 F %‘160?
£ E
2 g 140
e 8
§106 - g 120f-
> s i
[= S 100j
2 £ I —_
+ 7
60—
40
L 20
0500400800 800 7000 1200 1400 1600 1800 2000 2200 L L .
time [ns] time [ns]
gl Ly af I NBES¢ RSGSOG2NE UGN
Qo . .
g ﬁ Average PMT signal at 100 cm thg e_ffeqtlve_tlme structure of the detected
g1 scintillation light
'-06 =4
gk ty =tg +1(d,0) +twrs + tdet,
: (6 Al EOOEI A
| 0O OOAT @&l do
10° i i
050040600 8007060 1200 1400 7001800 5006 5200 0 7, AAICHT A
time Insl o AAOAABI B
.
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Time structure of detected signals

Eur. Phys. J. C (2021) 81:349

N,/ N

= - 0
e  SBN-like on-axis C
. C B e
O  SBN-like off-axis L At == a i—o—{k—a—ﬁ
10 & s DUNE-like on-axis -0.05 = iiii
5§ A DUNE-like off-axis L B i
[ 1+ Y 01 e e  SBN-like on-axis
1L L C ©  SBN-like off-axis
E ¢ 015 4o DUNE-like on-axis
- i%% r B & DUNE-like off-axis
10 i i%%?‘i%ﬁﬂoc—u O —0.2:—
:lIJl]IIIJlIIIIIJIIIJIIIIIIIIIIJIIIJII 7025‘JJJJJJJJJJJJJJJJJIIIIIIII'IIII'IIIII
0 100 200 300 400 500 600 700 800 “~0 50 100 150 200 250 300 350 400
distance [cm] distance [cm]
1 1 c+ioo ;
tt(x) =N ——— eks+s 85 ds 4+ Ny e ,
§ 211 Je—ico —
~ g Exponential
Landau

larsim / larsim / PhotonPropagation / opticalsimparameterisations.fcl

# VUV/DIRECT LIGHT: TIMING PARAMETERISATION
# Parameters of the Landau + Exponential (<= 350 cm) and Landau (> 350 cm) models
# Landau parameters
Distances_landau_generic: [@, 25, 50, 75, 1@e, 125, 150, 175, 260, 225, 25@, 275, 300, 325, 350, 375, 40
Norm_over_entries_generic: [ [4.64837, 4.64837, 2.86581, 1.4143, 0.974871, 0.71311, 0.55772, 0.461078, @
0.297132, ©.297132, 0.297132, 0.297132, 0.297132],
[3.43562, 3.43562, 1.61042, 0.981127, 0.64465, 0.476552, 0.369063, 0.310461, 0.264819, @
Mpv_generic: [ [2.73373, 2.73373, 3.599, 5.80141, 7.57883, 9.56959, 11.6047, 13.6676, 15.6126, 17.5389,
21.3254, 21.3254],
[2.19676, 2.19076, 4.0163, 5.86531, 8.09466, 10.4547, 12.9261, 15.2731, 17.7939, 20.6664

larsim [ larsim [ PhotonPropagation /| PDFastSimPAR.fcl

IncludePropTime: true

N
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(Digression: Enhancing the Light Yield ILArTPCs

1. WLSCoated reflector foils
Cathode Anode

Light Yield DUNE-SP Foils: RS90cm

[4)]
[=]

Not to scale ’;-? - - Both
= 45—
2 E - VUV
0 o 40 - Visible
> 35/ .
~ S g ¢ (Credit to P. Greeh)
— ) 30:
RS % 25% jj
59 = ine +
o = < T bt
g P toF gt
0 = = —+—
..*‘ E 52_ +++—*—I | | —T—+_*—I+ |
"‘“'" o} % B0 100 150 200 250 300 _ 350

Light Yield DUNE-SP: Xenon Doping

% 502 —=— Ar: RS = 90cm
% 45— —=— Xe: RS = 700cm
¢ - O £ ot
@ S asf] (Creditto P. Green)

() - ;
: 1 1 1 1 I 1 1 1 1 I 1 1 1 1 ‘ 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I L
125 o Tenm % 50 100 150 200 250 300 350

ANNAN NANNY
(VAVAVAVAW VUUVL X (cm) 24




SemitAnalytic model extensions (available)

Eur. Phys. J. C (2021) 81:349

b
ko
T

o F . 0, c[0, 10] deg
2 2T DUNE-like - 6, <[10, 20] deg
O ,aF —— 0, e [20, 30] deg
"‘-.3 ’ :I Vil shiling B v Gc € [30, 40] deg
Z 164 o - 8, €[40, 50] deg
~ i /I , . 0, €[50, 60] deg
%14% f 0, e [60, 70] deg
S 120 /
= C -
1;& f ; Fhoion-detecior PO}
SR
0.8 i % | ,
065 by ST A i
04F by
0.2
O-IllllIIIIIIIIIlIIIIIIIII|IIII|IIII|I

50 100 150 200 250 300 350
d, [cm]

£2pp
N.Q.rc{f/et‘ted :/]V)/.dil'(’('l (£2c, dyQﬁ

Number of photons i
o QwLsx Qoil PD aperture as viewed
incident on the cathode by the bright spot

Ny.re_/'l()crc’a' = N.Q.ref/ected X A(d¢, 0, dr)/cos(6.)

PDBlocation + border correction

Ngeants / N, / €OS(6)

L A A L i L
0 200 400 600 800 1000
distance [cm]

c_ 1 1 1 l 1 1 1 I 1 1 1 l 1 I I

w LArSoft suits Serfinalytic model
simulation incorporating all of the
extensions:

- LAr and LXe wavelengths
(doping)
- Direct and Reflected light (foils)
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Fast optical model: SemAnalytic

duneopdefduneopdetPhotonPropagatiofopticalsimparameterisations_dune.fcl
Refactored:
duneopdef PhotonPropagatiotP DFastSim_dune.fcl

# ksokskorskoksokskokskokskokskorokskokskokskokskokskokokkokskokskokskokskokskskok ok skokskokskokskskokskokskokskokskokskskok stk skokokokskokskokskskokskok ko sk ok skok ok skok ok sk
# PARAMETERS SETS FOR SEMI-ANALYTIC SIMULATION ARE DEFINED HERE

# kkoksorskorokakokokokskokskokskorokakokokokskokokokokokokokokskokskokokokokokokskokskokskokokokokokokskokskokokskokokokskok ok skokokskokskokokokokokskokkokokokokskokokok ok kok ok
BEGIN_PROLOG

# VUV/DIRECT LIGHT: TIMING PARAMETERISATION
5 REEREsREEas

9 & DUNE FD #

10 BESHEEHEE

11

12 & Hits & Timing parameterization for DUNE FD, Ar scintillation

13 dunefd_pdfastsim_par_ar: f@local::standard_pdfastsim_par_ar

14  dunefd_pdfastsim par_ar.VUNTiming: @local: :dune_vuv_timing_parameterization

15  dunefd_pdfastsim par_ar.WUVHits: @local: :dune_vuv_RS188cm_hits_parameterization

16 ‘
17

# As above, with cathode reflections included

18  dunefd_pdfastsim par_ar_refl: f@local: :dunefd_pdfastsim_par_ar

19  dunefd_pdfastsim par_ar_refl.DoReflectedLight: true

20 dunefd_pdfastsim _par_ar_refl.VISTiming: @local::dune_vis_timing_parameterization

21 dunefd_pdfastsim par_ar_refl.VISHits: @local::dune_vis_ RS188cm_hits_parameterization

2.& . .

23 & As above, but fast-only scintillation for high Xe concentration More Conflguratlons
24 dunefd_pdfastsim par_ar_ fastonly: f@local: :dunefd_pdfastsim_par_ar k)EBl()\A/.

25  dunefd_pdfastsim par_ar_fastonly.DoSlowComponent: false



Hybrid model for the photon propagation

ASemi-AnaIytic model has a limitation: only applicable inside the active volume (geometric
approach)

ASimpIe idea to overcome the problem + Hybrid model: Semi-Analytic model inside the

TPC + Op-Library outside Currently implemented in
DUNEVD

[

160 22

20
18

140

120

Ny, / N / COS(b)

100

80

60

40

4 Li Jiaoyang

! 8
| Thanksto ™f Fe . 6
20 5
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(Digression: Cherenkov radiation imAr

A A particle propagating in a medium with velocity greaterthan ¢
that of light in the medium produces an electromagnetic t
shockwave with conic wavefront

A Photons are emitted with a precise angle with respect to
particle direction

cos B =
B ) nAr(A)
d°N  2ra
dvdx - c sin” O NIM A 516 (2004) 348363
EAQRA OAA O AN /dz
LI 1A O/ OA 5 = ¢ = 2.4
* , MA@ O OAAA: AN )d + AN %

A Can be considered a second order effect with respect to scintillation light emission

duneopdet/duneopdet/PhotonPropagation/photolibbuild_services_dune.fcl

EnableCerenkovLight: false # Cerenkov light OFF by default

28
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Wavelength shifter in LArSoft

Processes handled by G40pWLS:
» Initial photon killed and a new one created with
different wavelength

w

—_
o

Spectra in LArSoft

ey
o
T | T I T | T | T ‘

—
2

» User must provide:

]
w

Y
o
|

» Absorption length as function of photon energy

I
(4]

TPB emission/absorption spectra
S

* Emission spectrum as function of photon energy

VUV

M e - ———— - ——— -

* Time delay between absorption and re-emission 107

107°

The WLSABSLENGTH defines the absorption length which is _}

. 1+ 1 PR T A ol N
the average distance travelled by a photon before it is absorbed 0 200 200 600 300 1000
by the TPB. A [nm]

107"

lardataalg / lardataalg / Detectorinfo [ larproperties.fcl

# WLS - TPB properties original tpb [@0.0, 0.0, 0.0, 0.0588,0.235, 0.853, 1.0,1.0,0.9259,0.70:
TpbEmmisionEnergies: [0.05,1.0,1.5, 2.25, 2.481, 2.819, 2.952,2.988,3.024, 3.1, 3.14,3.1807,
TpbEmmisionSpectrum: [0.0, 0.0, 0.0, 0.0588,0.235, 0.853, 1.0,1.0,0.9259,0.704,0.0296,0.011,
TpbAbsorptionEnergies: [0.05,1.77,2.0675, 7.42, 7.75, 8.16, 8.73, 9.78,10.69, 50.39]

TpbAbsorptionSpectrum: [100000.0,100000.0, 100000.0,0.001,0.00000000001,0.00000000001, ©.000(
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Wavelength shifter time delay

Geant4 (G40OpWLS class) only simulates Delta or Exponential model (none is the case f

PHYSICAL REVIEW C 91, 035503 (2015)

TABLE I. Decay times and relative abundances of the compo-
nents found in the decomposition into exponentials of the response
function of TPB to 127 nm photons. Only statistical errors from the 107" §

fit are quoted. ‘
Decay time (ns) Abundance (%) “
Instantaneous component 1-10 60+ 1 o \
Intermediate component 49 +£1 301 10 S
Long component 3550 = 500 8x1 o {
Spurious component 309 = 10 2+1 B
w If we wantto usethe Geant classhenwe 102} Measurement
would have to approachit by a single .
exponential(~6.2 ns) - T @R & i
- We know this is not what we )
measure 107
- It would alsorequire addinga line in - T a® &
OpticalPhysicfmodel switching not [N [V P VO N N AN AN AN AU A
iblevia fcl 0 20 40 60 80 100 120 140 160 180
possiblevia..fcl). WLS delay times [ns]

w In DUNEwe R 2 yuQdithe Geanét WLS

time simulation -



Photon simulation output objects
lardataobj / lardataobj / Simulation / SimPhotons.h

// This structure contains all the information per photon class SimPhotonsLite ,

// which entered the sensitive OpDet volume. I =~
public:

ELEEE WA - SimPhotonsLite();
v SimPhotonsLite(int chan)
public: : OpChannel(chan)

OnePhoton(); {}' et =R R ]

bool SetInSD; .

TVector3 InitialPosition; int  OpChannel;

TVector3 FinalLocalPosition; // in cm std::map<int, int> DetectedPhotons;

float Time;

float Energy; SimPhotonsLite& operator+=(const SimPhotonsLite &rhs);
; int MotherTrackID; const SimPhotonsLite operator+(const SimPhotonsLite &rhs) const;

bool operator==(const SimPhotonsLite &other) const;
I

// Define a OpDet Hit as a list of OpDet photons which were
// recorded in the OpDet volume.

class SimPhotons : public std::vector<OnePhoton>

class SimPhotons : public std::vector<OnePhoton>

wSimPhoton®objects (collections of OnePhoton) save detailed information about each
detected photon

Awnhile SimPhotonsLitebjects reduce memory and size at the price of keeping only the
number of photons at a time -slot.

AThe kind of object you want to save in your simulation is specified in the configuration
file by the line:

services.LArG4ParametersKpseLitePhotons5 true # false to save SimPhotons
™ ~ 32




Full Optical Sim JsastSinknobs

Full Optical Sim Fast Optical
Timing Constants Tunable Tunable
Energy Spectrum Tunable Tunable
(although affects transport)
lonization/Scintillation Tunable Tunable
Yield (handwavy implemented) (handwavy implemented)
Rayleigh Scattering Tunable “Burned in”
Timing Parametrization Not needed “Burned in”/but
Separate
Material Properties Tunable “Burned In”
OnePhoton vs chooseable chooseable

LitePhotons

A Hopefully should make more sense now.
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Signaldigitisation

There areseveral different prototypes and electronics available inttAgSoftdirectory.
My impression is that config files for many of them are nottaplate Qood project

opportunity)

duneopdefduneopdef OpticalDetectof

Main digitizer module is calle@pDetDigitizer o
One of the configurations istunefd_opdigi_unganged .

# Assume 25 V bias with Sensl C-series SiPMs
# Gain at this voltage is 4ef6 --

that this corresponds to

ADCs

# the MaxAmplitude and VoltageToADC below has not been confirmed.

VoltageToADC: 151.5
LineNolseRMS: 2.6
DarkNoiseRate: 10.6
CrossTalk: 0.20
# Afterpulsing: 0.006
Pedestal: 1500
DefaultSimWindow: true
FullWaveformOutput: false
TimeBegin: 0]
TimeEnd: 1600
PreTrigger: 100
ReadoutWindow: 1000

T T T T T Y T g

Converting mV to ADC counts (counts in 1 mV)
Pedestal RMS in ADC counts, likely an underestimate
In Hz, Ranges 2-50 depending on Vbias

Probability of producing 2 PE for 1 incident photon
Afterpulsing is not yet simulated

in ADC counts

Use -1*drift window as the start time and

the TPC readout window end time as the end time
Qutput full waveform. Be careful with this option:
setting it to "true" can result in large output files
In us (not used if DefaultSimWindow is set to true)
In us (not used if DefaultSimWindow is set to true)
In ticks

In ticks

algo_threshold: @local::standard_algo_sspleadingedge gunefd opdigi threegang:

Added effects like
cross-talk, etc..

dunefd opdigi threegang.PulselLength:
dunefd opdigi threegang.PeakTime:
dunefd_opdigi

dunefd opdigi threegang.FrontTime:
dunefd opdigi threegang.BackTime:

*\
MMmﬁm&h\‘mlm‘WNT”"M"WH%

L L |
1001 1002 1003 1004 1005 1006 1007

Time (us)

Each PE gets swapped
For an electronics
response (here
Constructed from
Parameters)
Noise then added to
waveform

threegang.MaxAmplitude:

@local: :dunefd opdigi unganged
0.876
0.028
0.0594
0.013
0.386
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Optical signal reconstruction: OpHits

wThe first stage of the optical reconstructions looks for pulses in the raw
waveforms.

wThe light pulses in LArSoft are stored in objects called OpHits.

] OpHit(); // Default constructor
« OpHits are found when

the waveform is above private: lardataobj / lardataobj / RecoBase [ OpHit.h
certain threshold and held . ropChannel;
until continues to be so. unsigned short frrame;
. . double fPeakTime;
* E_SpeCIa”y for SIPM double fPeakTimeAbs;
signals this can lead to double fWidth;
merging of visibly j"“ﬁ}e :rejit ;
. . ou e m 1tuae;
separate optical signals. double fPEf
double fFastToTotal;

* OpHit Time is decided on
the first arriving photon. " W‘

ADCs

mwwm-wwmm

ot | I L I J
1‘R)OO 1001 1002 1003 1004 1005 1006 1007

Time (us) 37



Optical signal reconstruction: OpFlasr

+ OpHits from different photon detectors are
combined into Flashes. These are analogous
to clusters in the charge reconstruction, but
matched in time rather than space

* Having a flash allows us to try to reconstruct
the position of the particle that generated the

light (roughly) lardataobj / lardataobj / RecoBase / OpFlash.h
private:
* ThIS can then be USEd tO matCh the “ght double fTime { 0.0 }; ///< Time on @ref DetectorClocksHardware¢
5|gna|5 to the reconstructed TPC tracks = double fTimeWidth;  ///< Width of the flash in time [us]
: double fAbsTime; ///< Time by PMT readout clock
FlaSh MatChIng unsigned int fFrame; ///< Frame number

std::vector< double > fPEperOpDet; ///< Number of PE on each PMT
std::vector< double > fWireCenters; ///< Geometric center in each view
std::vector< double > fWireWidths; ///< Geometric width in each view

double fXCenter { NoCenter }; ///< Estimated center in x [cm]
double fXwWidth { NoCenter }; ///< Estimated width in x [cm]
double fYCenter; ///< Geometric center in y [cm]

double fYWidth; ///< Geometric width in y [cm]

double fZCenter; ///< Geometric center in z [cm]

double fZWidth; ///< Geometric width in z [cm]

double fFastToTotal; ///< Fast to total light ratio

bool fInBeamFrame; ///< Is this in the beam frame?

int fOnBeamTime; ///< 1Is this in time with beam?
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Flash MatchingOpTOFinder example

The two ingredients for flash matching:
wReconstructed Flashes
wTPC Objects (reconstructed objects in the TP(

ADS D trkoyhRINI Q)F The flash

wProvide Tfor each TPC interaction matching code should match a TPC Object wi
its flash

Flash matching goals:
wldentify a neutrino interaction from
cosmic backgrounds

1. Estimate 3D pojnts from the TPC object

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

For all
3D points

PE : :
4. We end up having an estimate of

expected number of PE in one
I photo-detector

Hypothesis Flash For all

6. Once we have the flash hypothesis, we can rama&hing
between the hypothesis and all the reconstructed flashes to
see which one matches the best

PE
5. We build a hypothesis Flagh

Courtesy of M. Del Tutto

OpDet ID
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Summary

A Optical simulation is tricky, need to cut some corners tc
get it working in DUNE (size, number of photens
Memory, CPU).

A The fast simulation now works for both HD and VD Far
Detectors.

A There are many projects to look at: optical
Reconstruction for VD Is not battle testeptimised
and many other places.

A People to contact:

I PDC Phys conveners: Laura Pauluccl, Andrzej Szel
Michel Sorel

I Experts at large: Alex Himmel, Diego Garcia Gamez
Patrick Green

40



Have fun!



PMT Gain fluctuation

(Slide from F.J. Nicola
wNumber of secondary electrons generated at each dynode: random variable

wToy example: SOVARA L
- Consider 1e hits one of the dynode (with gain g A
- On average O "Qwith a standard deviatiop 1/ Q
- This leads to fluctuations in the SER

INCIDENT LIGHT

0=PHOTOCATHODE
10 10=ANODE
1to 9=DYNODES

wApproximations (approach directly taken from icaruscodenly takes into account

. . 2
fluctuations at first dynode: _,_ ov _t 1 1
<N>? g &% 8182---8n

- <N>: average number of electrons at the end of the multiplication chain (anode)
- , . fluctuationsin the total number of electrons at the anode

SPR (dark counts)

SPR (dark counts)

e - eneees cck S48 RSN BAN BEE &

ADC
g

- | P IRR—— 'I-'—'
r = - C . .i‘ I'
7980~ - 7980— B |

| \Pz:rloFlrst Pynode s & wFirst Dynode
3 uctuations - i
ot 1atio ok . Fluctuations
mec-'a'o' it QIG' = 'HI,O' - If:‘gl = 'rzla' = '1.;0' ") :1 1 1 1 1 1
Time Bin [2 ns] % e 100 10 120 _ 1%

130
Time Bin [2 ns]

sbndcode / sbndcode [ OpDetSim / PMTAIlg / pmtgainfluctuations_config.fcl 42



(Parenthesis): Light Signal Deconvolution

w In SBND we have PMT (and XARAPUCA) readow@itbuplingbipolar SER This makes accurate
light reconstructiora challenge (by F.J. Nicolas)

f): sbndcode / sbndcode [/ OpDetReco /| OpDeconvolution /

Produces deconvolved signals (also

»  OpDeconvolution module (in brie

Sta}rts with the rav'v::()pDetWa.veform OpDeconvolution module raw::0OpDetWaveform ob; ect's) to
objects (from DetSim stage) be fed to downstream reco algorithms
FeEESs s sssssese e EEeEEeEEESESSSe 611 MC Photon Arrival Times (scaled) [#PE]
8000 _HWYWWWJ : > MethDdS to: : g Deconvolved Waveform [#PE]
7900 | HI" IR IRIE 1 1 | : ! »  Perform deconvolution ;
' . N 1 441
' (using FFT) .
78001 } ' . . 1
—>! >  Baseline estimator — 1
e ' >  Reduce noise (waveforms 2
7600 4 | ' smoothing and filtering in } (RN .
MC Photon Arrival Times (scaled) [#PE] : the frequency dDma‘in) : ]
75001 1 —— Raw Wavefarm [ADCs] 1 ' O |-mamiei e (R0 B
10r00 15I00 20r00 2500 10‘00 15r00 ZOIOO 2500
Time Bin [2 ns] Time Bin [2 ns]
0.10
Downstream reconstruction chain: 0.05
. . . —0.05 1
wUsestandard OpHitand OpFlash finder algorititmsecover pulses #PE, _o10- T
.'. v .’. A~ = A A =4 X A K= w v — 4 (PEreco-PEtrue)/PEtrue
GnX dzaAy3a GKS RSO2y @2t SR ardayl 855 e
[- . ] OpDetWaveform i_ ) E)P_D:et_\nya_\ie_fc_nr_rf : _i OpHit OpFlash [ . ]

wOpHit and OpFlash configuration file with refined parameters for deconvi
waveforms

t Performance: resolution better than ~5% and unbiased at the level of fe

0 500 1000 1500 2000 /73
PEtrue



Optical Library parameters:
voxelization scheme

etect
specific
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