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ARGO conceptual design in SNOLAB Cube Hall

Process & DAQ
systems

Water shield tank

Inner LAr veto

Ultrapure acrylic vessel

Low-radioactivity ,
underground argon target ——

Digital SiPMs covering the full
acrylic vessel surface

~400 tonnes of underground argon, 300 tonnes fiducial mass, 3000 tonne-year exposure.
~250 m? of pixelated digital silicon photomultiplier (SiPM) readout.

NSERC-funded since 2021. SNOLAB Gateway-1a approval in 2025 for prototyping and concept
development.



Sensitivity to WIMP search with ARGO

& 1044 =
= =4
s F 3 ———— LZ 2024 90%CL exclusion [10.1103/4dyc-z8z1]
& e DS20k 56 discovery (200 T-y) [10.1051/epjconf/202328006003]
= | S — XLZD 36 evidence (1000 T-y) [10-1016/nuciphysb 2024.116473]
e ARGO 56 discovery (3000 T_y)[10.1016/j.nuCIphysb.2024.1164%‘6_;]‘5:; vz’c”)\]eﬂ\
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WIMP mass [TeV/c?]

Complete suppression of ER backgrounds in argon leads to a stronger discovery potential with ARGO.


https://journals.aps.org/prl/abstract/10.1103/4dyc-z8zf
https://doi.org/10.1051/epjconf/202328006003
https://doi.org/10.1016/j.nuclphysb.2024.116473
https://doi.org/10.1016/j.nuclphysb.2024.116436

Broad Neutrino Sensitivity in ARGO

With a large fiducial mass, low-background, high-resolution LAr detector:

e Access to both low- and high-energy solar neutrinos.
e Excellent sensitivity to core-collapse supernova neutrinos.

Solar neutrino flux at Earth [10.1201/9781315195612]

10" —
Detection Channels: 10" "Be (0.86 MeV) &
s _150
CEvNS: atmospheric & supernova neutrinos 11‘;: l pep (1.44 MeV) —ggg;

Elastic scattering: pep, '‘Be, CNO neutrinos —ggp
8B (<15 MeV).-rap
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10’

CC absorption: 8B & hep neutrinos on “°Ar

\

Cross-section being measured by i i
v 10

DEAP-3600. Results coming out soon! 10" Energy [MeVl —.
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https://www.taylorfrancis.com/books/oa-mono/10.1201/9781315195612/neutrino-physics-kai-zuber

Photodetectors for ARGO: Digital SiPMs

Digital SiPM
Analog SiPM
HV
HV see, yesterday’s talk
SPAD N “Light Detection in DRD2” SPAD A\ 5
by Miguel Angel Garcia Peris x 0(10°)
""""" Quench Quench Digital
J Amplifier, e Signa!
— Shaper, — ADC Processing

/ :
Analog current sum \ SiPM capacitance — electronic noise

embedded electronics — direct digital output

Analog sum of SPAD currents — electronic noise SPAD level control — selectively disable noisy SPADs

conversion to digital using external ADCs. Programmable hold-off delay — afterpulse mitigation

e scalability to 100s of square meters, while maintaining low noise levels.

e Excellent timing (~1 ns-scale) & spatial resolution — advanced vertex reconstruction & event ID.



ARGO geometry & photodetector arrangement in the RAT

simulation framework

Water shield

Cryostat (stainless steel shellfilled with insulator)

LAr
STPM

av  tpb_layer

Cryoliquid

(underground LAr)

Norite Rock

vertical cross-section of ARGO detector in RAT

https://rat.readthedocs.io/en/latest/

SiPM tile
[10 cm x 10 cm]

250 m? photodetector area
~25 million pixels

ane  ~104 SPADs within
a single pixel

7m

7m

SiPM tile arrangement on the outer side of acrylic
vessel, providing a 41T photodetector coverage.


https://rat.readthedocs.io/en/latest/

A geometrical SiPM model for realistic simulation of
photon detection in SPADs

Anti-reflective coating layer (60 nm) E-field

1100 nm —>

Avalanche region (1 um)

600 pm Si substrate M. L. Knoetig et. al., IEEE 2014,

DOI: 10.1109/TNS.2014.2322957

100 mm \/

Schematic of a SiPM tile used in the MC

e SiPM modeled as a discretized virtual grid of SPADs (25 pm pitch).
e SiPM geometrical fill factor of (70%)

e An efficiency correction factor parametrizes the effect of optical trenches.


https://doi.org/10.1109/TNS.2014.2322957

Optical crosstalk: photons generated in SPAD avalanche that trigger
secondary avalanches in other SPADs

Incident light External crosstalk

Anti Reflective Passivation layer
Metal / coating y
/
electrode

Quenching

resistor :

. region region

Optlcal 9 n-implant J

Isolation

trench CT photon
Epitaxial layer

Internal crosstalk

electron

see, yesterday’s talk “The impact of

secondary photon emission of Silicon
photomultipliers (SiPM) to noble liquid Vertical cross-section of a SiPM

detectors” by Lei Wang



Measurements of optical CT vield in SPAD avalanches

Differential emission spectrum of crosstalk
photons in HPK VUV4 SiPMs
Number of crosstalk photons External CT photon

. . g 01 ! ]
generated in an avalanche yield per avalanche S P ' ]
© 35— i
: s
\ 30:—- il )W{‘H%Hw i
4 Vyy 25; . Hﬁﬂmﬁ :
Device Source Photon per Photon YieldfAvalanche E = i ; HH?{;[HPF
Avalanche e~ Air LAr LXe 20f : {,H{’EH
HPK VUV4 479 | (1.0£02)x107° [ 0.50 £0.08 [ 0.8 £0.1 | 1.1 £0.2 ok , Hqﬁﬂ*ﬂ
FBK VUV-HD3 56 + 7 (12402)x1075 | 076 £ 0.11 | 1.8 +02 | 1.7+ 0.2 £ Mfﬂ'ﬁ
T 10° y 4
K. Raymond et. al., IEEE 2023, DOI: 10.1109/NSSMICRTSD49126.2023.10338577 5:: :
il
o
Also see, yesterday’s talk by Lei Wang.

500 600 700 800 1000

900 0!
Wavelength [nm]

J. McLaughlin et. al., Sensors 2021, DOI: 10.3390/s21175947

e (50 - 60) optical crosstalk photons generated in a SPAD avalanche.
e Per avalanche, (1 - 2) CT photons escape the SiPM bulk — potential external crosstalk.
([ J

Infrared emission wavelength of CT photons; low detection efficiency.


https://ieeexplore.ieee.org/abstract/document/10338577
https://www.mdpi.com/1424-8220/21/17/5947

Kev results from MC simulation

PDE

0.35

0.3

0.25

SiPM PDE vs wavelength
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External crosstalk angular distribution (wrt surface normal)
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Impact of optical crosstalk on key detector observables

e How does crosstalk affect the energy threshold?
e Does it distort photon hit clustering patterns?

e What is its impact on event position reconstruction?

11



Rejecting ER backgrounds through pulse-shape discrimination

Exploit the different lifetimes of LAr excimer states.
Eur. Phys. J. C 81, 823 (2021)

-
o
)

Singlet (6 ns) vs. triplet (1600 ns) — strong ER
background rejection.

T T T T ! T T X ¥ T 1
—+4— Ar39-Data PER
—+— PSD model ® ]
—+— Ar-40 recoil MC PR

-
o
[3,)

f(;” S(t) dt
Jor S(t) ot

-

o
w
[

PSD parameter, f, —

< (0,1)

Nuclear recaoil 3

Events per 0.0025 Fprompt
2
I

102 IILKJ Hﬂ‘b’l .

HJ\I _:

Using PSD, ER background rejection at ~10~ : \r\l:

demonstrated by DEAP-3600. [ ST S N | | N 1] I I ﬂs
0.2 0.3 0.4 0.5 0.6 0.7 0.8

Fprompt (nSc) at 110 N
In ARGO, y

Fp distribution in the lowest PE bin of the ROI
> SiPM photodetectors (optical crosstalk noise)

> Increased Rayleigh scattering (much larger size) .’


https://doi.org/10.1140/epjc/s10052-021-09514-w

Pulse-shape discrimination with SiPMs

Target: < 0.05 ER events in the ROl in 10 live-years.

Leakage probability PL(f) at fIO value corresponding to
50% NRA — probability for an ER event to occur in the

[fp, 1] range.

1
J; PSD(f)df
PL(f) = 2
fo PSD(f)df
e evaluating detector performance with current SiPM
specifications.
e determining constraints on SiPM devices to reach

targeted performance.

Leakage probability

F150 distribution in the lowest PE bin of the ROI

h_fp
10° Entries 16820
Mean 0.2383
vvvvvv Std Dev 0.057
%2/ ndf 83.61/66
Prob 0.07057

ScaleFactor 84.99 +0.66
GammaMean 0.2376 +0.0005
GammaWidth 0.02843 +0.00282
GaussWidth

10°

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Fprompt

ER background leakage probability

T T |1||'[r|||1

With SiPM optical CT
Without SiPM CT

N
0.7

Fprompt 13



Position reconstruction and event ID with pixelated photodetectors

Photon hit clustering for surface events, with a
3mm x 3mm pixelated readout

4000

3000

2000

1000

-1000

Y-coordinate [mm]

-2000

-3000

Reconstructed Z-coordinate [mm]

0 -4000

X-coordinate [mm]

Event ID based on characteristic hit patterns — a powerful tool

Surface alpha event reconstruction based
on photon time-of-flight

TTT

0 R APNS TTINR SRS TR PARNPVO AN SIS TR

ARGO fiducial volume

o o mmetene 8 heead nadtantah Ml e o 4 tePtudnlad

CrTTT

Radial distance [mm] of ARGO inner detector

for background rejection.

Time/charge—based position reconstruction algorithms for external & surface backgrounds.

Target of demonstrating a combined surface alpha rejecti

on at 107 or better.

o b b b b b b 1w
500 1000 1500 2000 2500 3000 3500 4000
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ARGOIlite: A single-phase Ar prototype in
DEAP-3600 shield tank at SNOLAB

DEAP water tank

Re-use DEAP systems: cryogenics, purification, shield tank. ARGOlite

Pixelated digital photodetectors (2 m? array) and Al-based DAQ.

Targets: ’H\

e demonstrate ER/NR PSD at 10~ with pixelated digital SiPMs.
e demonstrate surface alpha rejection (combined) at 107 or better.
e qualify the full optical chain for ARGO design.

Digital SiPMs with
pixelated readout

New capabilities for materials assays:

e surface alpha assay at 10 yuBg/m? and “2Ar (*°Ar) in Ar.

e direct material neutron rates, high sensitivity.

—r—r—k




Photon-to-digital converters (U. Sherbrooke & TRIUMF, Canada:

LNGS, U. LAquila, FBK, Italy

Two technologies for pixelated digital SiPMs for ARGO:

1) Sherbrooke PDCs: fully digital system in which each
SPAD is stacked onto a CMOS readout.

2) ATARI system FBK/LNGS: hybrid system with pixels
of 3 mm pitch connected to a readout ASIC on the
opposite side of a passive interposer.

Currently fabricating some sample wafers to evaluate yield
and performance, to decide on the 2m? array for ARGOlite.

Pratte JF et al. doi: 10.3390/s21020598

2 x Optical fibers

3D integrated photon detection module

A. Gola et. al., DRD4 — WG1

‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘

SiPM array
- '-—-' -
I A I <— PCB Interposer

C cvoswer _} G

2.5D integrated photon detection module

16


https://www.mdpi.com/1424-8220/21/2/598
https://indico.cern.ch/event/1473071/contributions/6447976/attachments/3048808/5387826/2025-04-09%20-%20Alberto%20Gola%20-%20DRD4%20-%20WG1.pdf

Smart DAQ system with edge computing for ARGO (U. Sherbrooke)

Data acquisition challenges:

e Large photodetector coverage — 250 m? total
active area.

Level 1

e Extremely high channel count.

e Operation in a complex cryogenic environment. s

1
PDC .
= Tile
el | controller

]
1
1 1
1 1
: i
EERe Switch BE
1
l !
H 1
]

Multi-level DAQ architecture:

e Low-level pre-processing with neural
network—based real-time filtering to reduce
data volume.

Data acquisition architecture using smart triggering
e High-level analysis with distributed
FPGA-based ML algorithms for complex

signals and DAQ performance monitoring.
17



Conclusions

ARGO is a 300-ton UAr fid. mass DM detector planned at SNOLAB. Flagship project of GADMC.

Photodetectors for ARGO: pixelated digital SiPMs with fast photon timing — excellent position
reconstruction & event ID based on characteristic hit patterns.

Developed a detailed geometrical model of SiPMs, including optical crosstalk:

o Reproduces SiPM PDE vs. wavelength, provides internal & external CT yields, and external
crosstalk angular distribution.

Developing a prototyping facility for ARGO, including digital SiPMs, that will replace DEAP-3600 in
2027, for operation from 2028 — 2030.

Approximate timeline is prototyping + design in place by 2031 to move ahead with ARGO project
implementation.

18
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Backup slides
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Springer Handbook of Electronic and Photonic Materials, 2nd Ed, Pg. 681

" Anti-reflection coating in SiPMs m

n
X
m d 2\%

. . Film
Isolation

trench

2 ] n

n \ \‘t
" % /Subswate
'

Refractive index vs wavelength SiPM reflectance vs wavelength
e | RRRAR | | ‘ - RS I TSI I I
'é E B A5 : Measured reflectance at 7° incidence |-
R = N = 32 nm SN, film
3 6 = 58 nm SiO, film
o =

_IIII|IIII'IIIIEIIII|IIII|II\I|IIII‘IIII|HII|IIII_

300 400 500 600 700

200 300 400 500 600 700 800
Wavelength [nm]

800
Wavelength [nm]

e Anti-reflective coating: reduce photon loss due to surface reflections (large difference in the Rl of LAr and Si)
e SiPM reflectance measured with a spectrophotometer equipped with an integrating sphere.

e Considering a non-absorbing single film deposited on a substrate, estimate film thickness that best matches

the measured reflectance. 21



Photon detection efficiency as an emergent property of the
geometrical MC model

PDE vs angle of incidence
Perfect absorber box

T L e B e e e L IS B S s e B
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Standalone MC geometry for SiPM PDE studies Wavelength [nm]

e Shoot optical photons of a given wavelength at the SiPM; check how many photons are detected.

e Photon wavelength: (100 - 800 nm); Angle of incidence: (0 - 75 degree) )



PE spectra of 50 keV electrons with different levels of oCT
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Photoelectron spectra of simulated 50 keV e-s (uniformly distributed within the LAr volume) for different
mean number of crosstalk photons per avalanche.

With increasing oCT, the PE vyield is amplified, along with the worsening of the energy resolution.



Internal crosstalk propagation

Distance at which iCT photons are detected Hit dist of CT photons in SiPM tiles
hiCT_dist 10 hCT_HitDist
r Entries 34158 r Entries 34158
" Mean 12.57 s Mean x 0.00322
Std Dev 11.45 C Meany  -0.000849
6 — Std Dev x 0.8135
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Efficiency factor P = exp[-iCT_dist / A]

0.3 0.4 05 0.6 0.7

0.8

0.9
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Quantifying the size of this correlated noise (crosstalk detection)

DiCT Crosstalk Probability [%]

60

40

20

Precise measurements of external CT
made with small-scale prototype LAr
detectors equipped with SiPM tiles.

Internal crosstalk probability vs over-voltage
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Optical crosstalk fraction vs trench efficiency

oCT_fraction = oCT_PE yield / Total_PE yield
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For a lambda value of ~0.003, the iCT fraction is roughly 30%, and the eCT fraction is around 9%;
similar to the measurement results shown previously,



SiPMs: A dense array of SPADs operated in Geiger mode that

trigger avalanche upon photon absorption

. DIRECT CURRENT
gl s o Cathode

i ! INVERSE CURRENT DUE TO THERMAL

i ! GENERATION IN THE DEPLETED ZONE

: 1 RQ

| ]

: : L] Veo

1 1 3 ~ V
¥ W >

| i APD

i |

1 1

- ' oAnode

single microcell THE SPAD AVALANCHE CURRENT
~ WORKS HERE (JUNCTION BREAKDOWN)

Array of microcells (SPAD

Single SiPM devices + quenching resistor) Geiger mode operation

e Photon absorption in SPAD high-field region triggers an avalanche, quenched via a resistor.
e SPAD recharges (t = few 100 ns) and becomes ready for the next photon.

e Summed microcell photocurrents provide a measure of the incident photon flux. 08



3D Photon-to-Digital Converters (U. Sherbrooke)

- . : Pratte JF et al. doi: 10.3390/s21020598
Fully digital system with SPAD level control: U. Sherbrooke ratte Jietal. aol °

Photon-to-Digital Converters

o e | e 0 T T 0
SPAD Array SPAD Array SPAD Array PAD A
aTImITo AT FEoiooTioIEnE  EampmrToomasr FEn TS
CMOS Electronic CMOS Electronic CMOS Electronic CMOS Electronic
Readout Readout

e Single-photon resolution with fast timing,
across the full dynamic range.

e Noisy SPADs can be selectively disabled,
reducing overall noise.

2 x Optical fibers

e Programmable hold-off delay for

afterpulsing mitigation. Full 3D integrated photon detection module
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