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PIONEER LXe calorimeter simulators @ TRIUMF

* Working team:

* LXe Calo prototype (Emma, Aleksey)

 Complete LXe calo (Ben)
e Jesus (co-op student)

* Reminders:
* Calo simulation meeting biweekly — Tuesdays @ 10 am PST:
https://pioneer.npl.washington.edu/do/view/Internal/CaloSimMeetings

 Ben and Emma wrote (and continue to update) a manual for the rootfile
output of the MonteCarlo repository “sim” tree
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| Xe Calorimeter Simulation

* Overview:
e complete simulation of the LXe calorimeter with optical photons

* Goals

Thistalk  * Understand how light is distributed in the calo

» Effects from detector geometry, materials, fiducial volume?
* What light do we see and where? Where do we need photosensors?

* Align optics between LXe prototype (see Emma’s talk tomorrow) and full calorimeter
(detector talks tomorrow by Toshiyuki, Chloé)

* Full calorimeter detector response and reconstruction
* |ldentify pileup events with the calo, minimize their negative impact

Software
workshop
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Liguid Xenon Optics

June 19, 2024

Lit review by Ben & Emma

* studies from MEG collaborators, theory, others:

summarized in an Overleaf

Optical parameters updated in simulation framework;

some still need improvement
Physics list: QGSP_BERT_EM4
Updated:

» refractive index vs wavelength (see plot)

* light yield: 45,000 photons / MeV
» scattering length (Rayleigh scattering)
* also quartz optical properties
Revisit:
e absorption length-1.5m

* Assume purity is better than 1 ppb of oxygen

» fast & slow decay constants —45 ns

Ben Davis-Purcell

Kobayashi, 2022 (MEG PhD thesis)

Table 2.10: Standard configuration of simulation for the LXe detector.

gemd
Geantd version 4.10.06.p03
Physics list G4EmStandardPhysics
W-value for electron [eV] 21.6  Optial Photon Wavelength
W-value for a-particle [eV] 19.6 g
Scintillation Wavelength (mean) [nm| 175
Rayleigh scattering length [em] 45
Absorption length [cm] 500
Refractive index of LXe 1.69
Reflectivity of PMT holder 0.5
PDE (MPPC / PMT) 0.12/0.16
Scintillation time constant [ns| 22 (fast) / 45 (slow)
c 24
29 —— Updated optics
A Currently in framework
5 ; ¥  MEG Measurement
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https://github.com/PIONEER-Experiment/geometry/blob/develop/generator/optical_physics/input/lxe.json

| Xe Calorimeter in Geant4

“keyhole” — will move to this geometry
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”Pacman” bullet — current geometry
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[ Xe Simulation Geometry — Current setup

* 0.,=145% R;=10cm
e D =25 radiation lengths (70.24 cm)

. 1|90|(|) PMTs uniformly distributed on outer
she

e Hamamatsu model R12699-406-M4 h
* Square: 48.5 mm x 48.5 mm \/
e Quartz window with 2.5 mm thickness

 Window:
* 500 um Al =2 cm vacuum - 200 um Ti-Al alloy
e (TRIUMF summer student Jesus working on
geometry studies)
* Simulation (calo-only):
e 100,000 events (ScintScale = 0.2) each of:
* muons decay from rest at center of calo (Michel)
e T — ev - forced decay from rest (pienu)
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PMT Locations
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PMT Hit Times

 Time of photon hitting PMT, relative to time of positron hitting the calorimeter (pienu -7 — e*v,)
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Light Distribution in the LXe Calo

All PMTs hit * “random” single pienu event
10¢ * z-axis: # of photons hitting the PMT
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Light Distribution in the LXe Calo

All PMTs hit
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Photosensors on inner calo window surface

* 300 small photosensors added to bullet

* 100 on hemisphere, 200 on tube

e currently just testing the optics and understanding results; for real detector, could implement small,
flexible silicon photomultipliers on inner surface (see talk from Toshiyuki tomorrow)

Thanks to Bob for the nice CAD rendering! Green = optical surface

June 19, 2024 Ben Davis-Purcell 11



Counts

PMTs hit per event
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Photons detected per event

PRELIMINARY: need to

P ienu understand shape before Michel
converting to energy
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Energy distribution

pienu events Michel events
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Energy and # of photons: pienu

n Photon Hits

PRELIMINARY: brand new
with new photosensors —
need to further
investigate their effects
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250

200

150

100

50

Edep =[69,71] MeV

x10°

T

IllélllllIII|III|III|III|III|III

nHits vs Theta

Entries 69758
Mean x 0.2606
Meany  1.666e+05 |
Std Dev x 0.4294
Std Devy 1.54e+04

100

80

60

40

20

2 0 0.2 0.4 0.6 0.8

oL
oL
|
O
s

1

II|III|III|III|III|III|IIIII O

1.2

cos(6) /0.02 rad

Ben Davis-Purcell



Slides and work by Aleksey Sher

Aside: Optical Photons in GEANT4 - Additional
Tools/Toolkits Development Work

1. GPUs for improved optical photon simulation:
* GPU acceleration for optical photons (can provide computational advantage)
* Opticks

2. Investigating differences between GEANT4 and NEST:
e Alternative scintillation models: NEST (Noble Element Simulation Technique)
* Does NEST explain MEG discrepancy?

June 19, 2024 Ben Davis-Purcell




Slides and work by Aleksey Sher
Opticks: GPU

Optical Photon Simulation nVIDIA® OPTIX

via NVIDIA ® Optix™ 7, CUDA ™

Prospects:
Cedar Cluster CPUs: 338 GPUs: 190
Promising tool, potential for ~102 speed increase
Aleksey is in contact with developers

GPU power is 190*100=19000 CPU

equivalent. Which is x56 more capable
Status:

cluster.
Implementation underway — developer working
through bugs 4 GPUs can replace whole cedar cluster
Opticks package remains an interesting tool, worth
pursuing for TRIUMF Science Technology division Link to presentation by Hans

Wenzel (G4 integration developer)

June 19, 2024 Ben Davis-Purcell


https://indico.jlab.org/event/459/contributions/11814/attachments/9457/13711/CaTS_chep2023_v10.pdf

Slides and work by Aleksey Sher

MEG Prototype NEST Testing
(Noble Element Simulation Technique)

Simple geometry (taken after MEG prototype):
372 x 372 x 495 mm?3 of LXe

57 mm diameter sensitive surfaces placed inside to form a 6x6x8 array

Incoming 10-70 MeV e” beam shoots into the center of the volume ¢

Front View Side View

Trajectories:IMag=100

June 19, 2024 Ben Davis-Purcell 18



Slides and work by Aleksey Sher

NEST Testing

Difference is clearly

observed, however:

* Lightyield is different
between G4 and NEST

* E field parameteris a
tricky one and needs
to be better
understood

G4 Resolution and NEST Resolution
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Slides and work by Aleksey Sher

NEST Testing

Equalizing the light yield of G4 and NEST for 30 MeV
*NEST has internally controlled LXe parameters, including light yield.
P.E. detected

h1

Entries 9999

Mean 1.004e+06

Std Dev  6.439e+04

Number of Events
2

T II||III|

30 1.71E-02 2.36E-02 1.62E-02

2

NEST Conclusions:

* Results different from G4

* No zero-E-field model in NEST; large effect on
energy resolution

* Lightyield does not explain the difference

e o b L ke * Has potential for tuning simulation to data, but

800 900 1000 1100 1200 _ .
Number of Optical photons more work with NEST team required

10

|III|
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Summary: LXe Calo Simulation Tasks

* Geometry Geometry
v’ optical properties U inner calo cone photosensors
U keyhole calo
O corresponding “realism” i.e. dead material, photosensors
O improved optics

v’ LXe windows
v" inner calo radius photosensors

Optics
O understand angular energy response
O material reflectivity variation

* Optics
v light distribution in calo

v’ clustering U optical segmentation
v’ NEST investigation Q clustering for pileup ID?
* Energy resolution
* Energy resolution 0 albedo
v" window thickness U effect of particles exiting fiducial volume
v’ updated radiation length Q incorporating full detector

Reconstruction
O implement waveforms
O event mixing: Pileup in calo
O Cerenkov vs scintillation light?
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Backup
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Slides and work by Aleksey Sher
Opticks:GPU

Optical Photon Simulation nVIDIA® OPTIX

via NVIDIA ® Optix™ 7, CUDA ™

Prospects:
Cedar Cluster CPUs: 338 GPUs: 190
Promising tool, with a potential of ~102 speed up

Established contact and active communication with

developers (Simon Blyth) GPU power is 190*100=19000 CPU

Hans Wenzel (developer on the G4 integration side) equivalent. Which is x56 more capable
is on the task of making the next iteration of

workable CaTS/Opticks tandem based on the newer Cluster.

Optix 7.0+

Simon is very passionate about the project 4 GPUs can replace whole cedar cluster

Opticks comes as the main recommended tool for
GPU accelerated ray tracing by G4 collaboration.
Other tools either are in the infancy stage, or just at
proof-of-concept stage or do not have G4
integration.

Link to Hans's presentation

June 19, 2024 Ben Davis-Purcell



https://indico.jlab.org/event/459/contributions/11814/attachments/9457/13711/CaTS_chep2023_v10.pdf

Slides and work by Aleksey Sher

Opticks:GPU _ -
Optical Photon Simulation n‘IIDIA® OPTIX

via NVIDIA ® Optix™ 7, CUDA ™

Status:

Implementation road has been chosen to follow the CaTS G4 example
Optix 7 transition is claimed to be complete, however difficulties remain. It is done for JUNO experiment,

as main developer is a member.
CaTS example has not been tested/optimized for the Optix 7 and work is ongoing
As Hans is working out the bugs the work at TRIUMF on this has been paused, leaving it in expert’s hands

Overall, the Opticks package remains to be a very interesting tool worth pursuing for TRIUMF Science
Technology division

Ben Davis-Purcell
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Slides and work by Aleksey Sher

NEST Efield

Looking at 30 MeV and varying the

Electric Field within NEST:

* Resolution is highly dependent on the
Efield

e https://arxiv.org/pdf/2210.07625.pd

* After contacting Paola Ferrario

(corresponding author for Spanish arxiv paper on LXe

low energy measurements) .

In fact, this non-zero value of the electric field is a bit of a problem of using NEST in our
applications. For instance, | found relatively large differences in yield and energy
resolution varying from 1 V/cm to 10 V/cm. For instance, energy resolution for 511-keV
gammas goes from 5.7% to 10.2% FWHM, in my G4-based application using NEST.

| talked to Matthew Szydagis, one of the main NEST developers, about this and he told
me that they are aware of this problem and we should include this variation as an error
in our results: he suggested | used 10 +- 5 V/cm. However, it seems a too large variation
to me, so in the end, | decided to use my Geant4 application without NEST and compare
the results with data to see if there is any difference which could be explained by adding
the effects simulated by NEST (I haven’t definite results yet).

June 19, 2024
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Slides and work by Aleksey Sher

NEST Conclusions

NEST does produce results different from the proprietary G4

Efield parameter of the NEST model has a large effect on the deduced energy resolution
and there is no zero-field model within NEST

Average light yield does not explain the difference
NEST collaboration recognizes problems with near zero field

NEST has potential for tuning and matching simulation results to data, but reliable data
and collaboration with the NEST team is required for this effort to be of value

June 19, 2024 Ben Davis-Purcell



PMT Hit Maps: Single Events

969/1000 PMTs were
hit by at least 1 photon
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Clustering

PMT Locations
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Clustering for pileup identification?

Threshold = 100 hits, 8 NNs
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PMT Hit Maps:

Threshold = 50 hits, 8 NNs
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Single Events
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PMT Hit Maps: Single Events
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PMT Hit Maps: Single Events

All PMTs hit
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PMT Hit Clustering: Global Information
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PMT Hit Clustering: NN e

P

fect
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PMT Hit Clustering: Threshold eftf

ect
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PMT Hit Clustering
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* Change in NN has minor effect — default to 8
* Change in Threshold has large effect — default to 100 hits
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PMT Hit Clustering

DISCLAIMER:

 PMT clustering interesting and potentially useful, but need to
understand how to convert PMT hits to energy deposited and
account for lost photons — scale factor will be needed

* Need better understanding of theta energy dependence, Edep
in detector, and improved photon counting

June 19, 2024 Ben Davis-Purcell



Energy and Of phOtonS: p|enu Previous results
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’ 120x10° nHits vs Theta
«10° nHits vs Theta % e e e N [ s
g [ T | L LI | LI | L | L | LI | LI | L Entries 41 299 p : Mean x 0.1265
T 240— Mean x 0.2091 [0 g 10 » g |Meany  7.689e+04
g - M ’ £ - - s " Std Dev x 0.463
E 220— eany  1.681e+05 S 100 u . . u StdDevy 4244
ol = :Ig Bev X 0.4476 0 - . { 80
c 200 — evy 1;626e+04 90 :_ n
180 = g 80—
160 — 701~
140 — 60 60 .
120} : : = " oE
1 00 __ __ 40 : Il I 111 ‘ L1 1 ‘ 111 ‘ 111 ‘ L1 1 ‘ 111 ‘ 111 ‘ L1 1 ‘ 111 I Il 0
- H H - -08 -06 -04 -0.2 0 0.2 0.4 0.6 0.8 1
- with inner calo photosensors ] cos(8)/0.02 rad
80— —] 20
C 7 Edep = [66,67] MeV
60— — 1202107 nHits vs Theta
Colvv v b b bvv s bvv v bvv v bvv v bvn v by 10T 0 2 :‘ rrrr rrrrrrTrTrrrrpT T T T T T T T T Entries 14924 |0
-06 -04 -0.2 0 0.2 0.4 0.6 0.8 1 1.2 i - Mean x 0.3755
cos(0) /0.02 rad % 10— Meany  7.912e+04
£ - |. g StdDevx  0.5801
i i Anti - Std Dev y 4489
Profile: Edep = [65,70] MeV Projection: Edep = [65,70] MeV = 100
" 10% - nHits vs Theta_px C 100
£ F S s0ob- Entri 41299 -
E g T A 8 800F Mean 02091 90—
2 b Ty < 700 SDev 04476 - 80
E - £ o 80—
140~ = -
o o C 60
1205— 500~ 70—
100 E o
w“ 3 400E 60— 40
F 300~ r
60— o -
E 200~ S0
oF F C
20:_ 100:— 40_\| caoa v b v b v b s b b b b 1y 0
o o -08 -06 -04 -02 0 0.2 0.4 0.6 0.8 1
P = P P AN PN PPN IR I PP PP I Py =PI P AP U PP I IO PP I I cos(6) / 0.02 rad
-06 -04 -0.2 0 0.2 0.4 0.6 0.8 1 1.2 -06 -04 -02 0 0.2 0.4 0.6 0.8 1.2
cos(0) cos(0)

June 19, 2024 Ben Davis-Purcell




Energy and # of photons: Michel — frevieusresuis
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cos(0) /0.02 rad

June 19, 2024
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Energy and Angle Dependence (full detector)
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Energy and Angle Dependence (full detector)

hTheta
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No inner sensors: Pienu Energy and
Angle Dependence
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Edep =[62,63] MeV
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No inner sensors: Pienu Energy and
Angle Dependence

Edep =[63,64] MeV Edep = [64,65] MeV
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No inner sensors: Pienu Energy and
Angle Dependence
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No inner sensors: Pienu Energy and
Angle Dependence
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Edep =[68,69] MeV
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No inner sensors: Pienu Energy and Angle
Dependence

Profile: Edep =[51,52] MeV Projection: Edep = [51,52] MeV
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No inner sensors: Pienu Energy and Angle
Dependence

Profile: Edep = [57,58] MeV Projection: Edep = [57,58] MeV
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No inner sensors: Pienu Energy and Angle
Dependence

Profile: Edep = [63,64] MeV Projection: Edep = [63,64] MeV
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No inner sensors: Pienu Energy and Angle
D e p e n d e n C e Profile: Edep = [67,68] MeV Projection: Edep = [67,68] MeV

nHits vs Theta_px
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No inner sensors: Michel Energy and Angle
Dependence

Edep =[16,17] MeV Edep =[20,21] MeV
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No inner sensors: Michel Energy and Angle
Dependence
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No inner sensors: Michel Energy and Angle
Dependence

Edep =[32,33] MeV Edep =[36,37] MeV
n 90000 T LI LI LI LI LI LI LI LI nHItS VS Theta N 90000 T LI LI LI LI LI LI LI LI nHItS VS Theta
2 - ! ! ! ' ! ! Entries 2470 2 - ! ! ! ' ' ! Entries 2799
- - Mean x 0.1197 - - Mean x 0.1298
2 80000~ Meany  3.6e+04 2 800001~ Meany  4.091e+04
C : Std Devx 0.5122 C - Std Dev x 0.5176
- 70000 StdDevy 2679 = 70000~ Std Devy 3071
- 4 12 - 4 —12
60000 — - " . — 60000 — —
50000 : . . LT S 50000 : I
§ ST B I - 3 -
40000} 48 40000f— a8
30000 6 30000 — .l
20000— — 4 20000— — 4
10000{— — 2 10000|— — 2
0 : 1 | | I | | 11 1 | 11 1 | 11 1 | 11 1 | 11 1 | 11 1 | | I | | 11 1 | 1 : 0 0 : 1 | 11 1 | 11 1 | 11 1 | 11 1 | | I | | 11 1 | 11 1 | 11 1 | 11 1 | 1 : 0
08 -06 -04 -02 O 02 04 06 08 1 08 -06 -04 -02 0 02 04 06 08 1
cos(6) /0.02 rad cos(0) /0.02 rad
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No inner sensors: Michel Energy and Angle
Dependence

Edep =[40,41] MeV Edep = [45,46] MeV
n 90000 T LI LI LI LI LI LI LI LI nHItS VS Theta N 90000 T LI LI LI LI LI LI LI LI nHItS VS Theta
E C l l l l l l Entries 2856 E - l l l l l l Entries 2696
- - Mean x 0.1229 - - Mean x 0.1408
> 80000} Meany 4.565e+04 3 800001~ Meany  5.185e+04
C C Std Dev x 0.5157 C C u Std Dev x 0.5168
= 70000 Std Devy 2945 - 70000 — Std Devy 3226
- 4 12 - =
60000 — — 60000 — — —12
- 4 —10 = ]
50000 — — 50000 —L —{10
- - 8 - .
40000— —] 40000— —] 8
30000 6 30000 — .l
20000— — 4 20000— —4
10000{— — 2 10000 — 2
0 : 1 | | I | | 11 1 | 11 1 | 11 1 | 11 1 | 11 1 | 11 1 | | I | | 11 1 | 1 : 0 0 : 1 | 11 1 | 11 1 | 11 1 | 11 1 | | I | | 11 1 | 11 1 | 11 1 | 11 1 | 1 : 0
08 -06 -04 -02 O 02 04 06 08 1 08 -06 -04 -02 O 02 04 06 0.8 1
cos(0) /0.02 rad cos(0) /0.02 rad

June 19, 2024 Ben Davis-Purcell




No inner sensors: Michel Energy and Angle
Dependence

Edep =[47,48] MeV Edep =[48,49] MeV
n 90000 | T LI LI | LI | LI | LI | LI | LI | LI nHItS VS Theta N 90000 | T LI LI | LI | LI | LI | LI | LI | LI nHItS VS Theta
E — Entries 1979 E C Entries 1194
- — M 0.2443 - C M 0.342
> 80000} . ean ; 5.4790+04 3 800001~ Moan ; 5.628e+04
E - n Std Dev x 0.5404 E C n Std Dev x 0.5592
- 70000— "L . StdDevy 3363 - 70000|— " " [StdDevy 3413

- 3 10 - " C
60000— — 60000 — . — 10
50000 = & 50000 — = s
40000 — 6 40000 —

o - o - 6
30000— — 30000 —

C . 4 C ] 4
20000— — 20000— —
10000 = B 10000 2

0 : 1 | | I - | 111 | 111 | 111 | 111 | 111 | 111 | | I - | 111 | 1 : 0 0 : 1 | 111 | 111 | 111 | 111 | | I - | 111 | 111 | 111 | 111 | 1 : 0
-08 -06 -04 -02 O 02 04 06 08 1 -08 -06 -04 -02 0 02 04 06 08 1
cos(0) /0.02 rad cos(0) /0.02 rad
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©® ATAR electronics

Opening angle, inner radius, ATAR cables,
beam size all must be considered together
e (Cables must not intercept the pion beam

===== ATAR cables

|45

Aside: Window geometry

Inner Window (closest to calo center) 500 Hm
Aluminum
Vacuum 2cm

200 um
Ti-Al alloy




Geometry Studies (co-op - Jesus Corral)

Geant4 L Xe Calorimeter Inner Windows = 0.5 mm Signal : ©* — e* v, Geant4 [ Xe Calorimeter Nominal Parameters Signal : ©* — e* v,
T | T | T T | FT T | T T | FTTT | T | T | 1T | T 0.18 [T T | T 1T | L | T T | T T | L | [ | L | 171
B d i - o -
10— Fiducial Volume ] | 017 __ Fiducial Volume ]
0. B 0 [0,90] degrees d d | ’ - 0 [0,90] degrees 7
| O[0,120] degrees ' [ | - 0 [0,120] degrees .
L d|' _ 0.16— ¢ —]
- g ‘ - .
011 a ¢ ] 0,15 . =
- u d $ - . - ]
N q ¢ - X 014 3
c - 0 0 . p - ]
S 01— $ — S - ? g ]
o B N © 013 —
© - $ . @ = |
(L B - = = 3
= B 3 0 i T 012 0 a ]
= 0.09— o — = C -
L — L o —
n i 0.11— ' —
- _ - Q a 7
- _| - o -
0.081— ] 01— o a ' —
T . : ¢ :
B i 0.09— o 6
—I | 1 I 111 | 1111 | 1111 | 1111 | 1111 I 1111 I 1111 | 1111 | 1 | I— :I 1| | I | I I | I I | I | | I | | I | I I | I 11 l:

0.07 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 0.08 18 19 20 21 22 23 24 25

Outer Windows Thickness [mm] Radiation Length

* Tail fraction: relative # of events in low energy (< 53 MeV) bin (Edep in calo)
 Still need to add back Edep in window
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MEG position resolution

Kobayashi, 2022 (MEG PhD thesis)

u Resolution v Resolution
Eo,g.v.,,,,...,..,,...,.., T T
s .t ] ;
3= 0.7'_— - -
0.6f 4}- - - between the two directions within the statistical uncertainty. The reason for the discrepancy is
C ] d ] . . . A — . . .
05— & R ) ¢ +— not understood. If the following situation is different between data and MC simulation, it might
F o explain the worse resolution.
0_4:— =% —: + N -
0 3:_ E : = e Scattering or absorption in LXe.
0 2 $ MEGHData § MEG I Data e Reflection at the PMT holder.
; MEG IIMC } MEG I MC e Size of the gamma-ray vertex at the target.
01; —&— MEG MC —&— MEG MC
0 PREPTRTIRN RRPURPTRT I RN SNU SN ST U S 0 PRI TR SRS SR PR U ST SRR
0 2 4 6 8 10 12 0 2 4 6 8 10 12
w[cm] wlcem]
(a) (b)

Figure 6.12: The position resolution in the (a) u and (b) v direction as a function of w. The
resolutions measured at all four slits are combined. The measured resolution of the MEG I LXe
detector (red) is worse than the expected resolution from the simulation (blue), but significantly

better than the resolution in the MEG (black).
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Open Questions / Tasks (May 2024)

* What is the final/nominal calo geometry including acceptance?

* Inner radius, opening angle, radiation length
* PMT distribution

* How does light get distributed in the detector?
e What is the effect of the “shadow” from the center of the calo?

* What are the various material effects and how can they be tuned?
* window thickness and dead material effect
* reflectivity of inner surface, PMTs

* What will be the full calo detector response and reconstruction?
* How can we identify and minimize the negative impact of pileup events?
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