a o /SUPER
& TORONTO CDMS

Stefan Zatschler on behalf of SuperCDMS
University of Toronto

Modeling cryogenic Dark Matter detectors
for SuperCDMS

CAP Congress 2023 // Fredericton, June 22" 2023

Cryogenic Dark Matter Search



Dark Matter direct detection
Principal idea: DM is made of particles which interact with atoms in different ways.

B Any observable interaction counts!

» NR = nuclear recoil Estimate of DM flux on Earth

> ER = electronic recoil — 110000 DM particles per cm? per s

» DM Density: 0.3 GeV/cm?
» DM Mass: 60 GeV
» Relative velocity: 220 km/s
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SuperCDMS at SNOLAB C
UTE

® Dilution refrigerator with a
closed-loop cryogenics system
m Initial payload: 24 detectors
» iZIP towers: 10 Ge + 2 Si crystals
» HV towers: 8 Ge + 4 Si crystals
» Complementary science reach
® Collaboration with CUTE

» Cryogenic Underground
TEst facility

SuperCDMS infrastructure being
installed right now!
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SuperCDMS science reach
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SuperCDMS detector technology
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How to measure Dark Matter interactions?

Setting: Low-energy deposit of DM particle recoiling on detector lattice
m Cryogenic calorimeters at temperatures ~ 10 - 15mK
® Athermal phonon sensors - Transition Edge Sensors (TES)

Absorber £ leasi
low heat capacity (C) at ven’F releasing energy . . .
low temperature in the crystal m Energy deposit creates e /h™ pairs
and prompt phonons in crystal
m Charges drift in external electric field
m Drifting charges emit NTL phonons
» Signal amplification

Signal formation

Thermal

Athermal » Sensitivity to single e~ /h™ pairs
conductance () phonon m Phonon collection with TES
Thermal bath sensor » Pulse reconstruction
~10 - 15 mK » Measure of energy deposit
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How to measure Dark Matter interactions?

Setting: Low-energy deposit of DM particle recoiling on detector lattice
m Cryogenic calorimeters at temperatures ~ 10 - 15mK
® Athermal phonon sensors - Transition Edge Sensors (TES)

Sensors measure E,,
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Signal formation

m Energy deposit creates e~ /ht pairs
and prompt phonons in crystal
v,, ™ Charges driftin external electric field
m Drifting charges emit NTL phonons
» Signal amplification
» Sensitivity to single e~ /h™ pairs
® Phonon collection with TES

» Pulse reconstruction
» Measure of energy deposit
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How to measure Dark Matter interactions?

Setting: Low-energy deposit of DM particle recoiling on detector lattice
m Cryogenic calorimeters at temperatures ~ 10 - 15mK
® Athermal phonon sensors - Transition Edge Sensors (TES)

A

Signal formation

m Energy deposit creates e~ /ht pairs
and prompt phonons in crystal

m Charges drift in external electric field

m Drifting charges emit NTL phonons
sQuib . I
@out » Signal amplification
Rres » Sensitivity to single e~ /h™ pairs

m Phonon collection with TES

> » Pulse reconstruction
Temperature [mK] » Measure of energy deposit

Resistance [mQ]
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How to measure Dark Matter interactions?

Setting: Low-energy deposit of DM particle recoiling on detector lattice
m Cryogenic calorimeters at temperatures ~ 10 - 15mK
m Athermal phonon sensors - Transition Edge Sensors (TES)

o
N
A

T T Signal formation
-amplitude —— Outer channel 1

AT=E/C —— Inner channel m Energy deposit creates e~ /h" pairs
I ] and prompt phonons in crystal
m Charges drift in external electric field

) m Drifting charges emit NTL phonons
Decay time 1 . e .

1=¢/G > Slgnqlla.mpllﬂcjatlon .
: » Sensitivity to single e~ /h™ pairs
® Phonon collection with TES
457 127 203 533 863 1193 1523 1853 > PUlse reconstruction
Time [us] » Measure of energy deposit

Current [uA]
o o o
> & S

=4
o
&

o
o
S

SuperCDMS Detector Monte-Carlo

& SUPER
% ouversity or UofT // Stefan Zatschler 716 MS
& TORONTO June 22,2023



SuperCDMS detectors

HV detector — low threshold
m Drifting charge carriers (e~ /h") across a
potential (V,) generates a large number
of Luke phonons (NTL effect)
m Trade-off: no NR/ER discrimination
Et = ErJF(Neh‘ e- Vb)
—— ™ —

total phonon  primary Luke phonon
energy  recoil energy energy

iZIP detector — low background
m Interleaved Z-sensitive lonization and
Phonon detector

® Prompt phonon and ionization signals
allow for NR/ER event discrimination

Sensors measure E;
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SuperCDMS detectors

HV detector — low threshold

m Drifting charge carriers (e~ /h™) across a
potential (V;) generates a large number
of Luke phonons (NTL effect)

m Trade-off: no NR/ER discrimination

Et:Er+(Neh‘e'Vb)

— ™~ —
total phonon  primary Luke phonon
energy  recoil energy

energy

iZIP detector — low background

m Interleaved Z-sensitive lonization and
Phonon detector

m Prompt phonon and ionization signals
allow for NR/ER event discrimination
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.95.082002

SuperCDMS phonon sensor — QET

QET - Quasiparticle trap assisted Electrothermal feedback Transition edge sensor

Trapping region e Impact
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= Interaction site
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Charge
i Trapping
https://figueroa.physics.northwestern.edu
m Sophisticated GEANT4-based framework to model crystal and sensor response

» Crystal dynamics: lattice definition, charge and phonon scattering, etc.
» Impurity effects: Charge Trapping, Impact lonization

» TES configuration: physical layout, circuitry and electro-thermodynamics
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Detector response modeling with G4DMC

Readout
Detector crystal Electronics

& GEANT4

A SIMULATION ToOLKIT CrystalSim TESSim  FETSim DAQSIm

Radiation
Source

( Copper Housing

m Particle tracking with GEANT4 application (SourceSim)

» Modeling of condensed matter physics with G4CMP (available on GitHub)
B Detector response = SourceSim + CrystalSim + TESSim/FETSim + DAQSIim
B Goal: Same reconstruction path for real and simulated data!

R SuperCDMS Detector Monte-Carlo R % SUPER
= UNIVERSITY OF UofT // Stefan Zatschler 1116 MS
& TORONTO june 22,2023


https://github.com/kelseymh/G4CMP

G4CMP: Physics processes

G4CMP - Condensed Matter Physics library for GEANT4

1) Production of e~ /h* pairs and phonons from O(keV) GEANT4 energy deposits
2) Transport of eV-scale (conduction band) electrons and holes in crystals
» Anisotropic transport of electrons
» Scattering, phonon emission (NTL), charge trapping, impact ionization
3) Transport of meV-scale (acoustic) phonons in deeply cryogenic crystals
» Mode-specific relationship between wave vector and group velocity
» Impurity scattering (mode mixing), anharmonic decays
4) Sensor modeling (SuperCDMS example: QET)

» User application implements phonon collection
» Phonons incident on QET trigger thin-film simulation (G4CMPKaplanQP)

More details: arXiv:2302.05998 (accepted by NIM A)
Source code: https://github.com/kelseymh/G4CMP
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https://arxiv.org/abs/2302.05998
https://github.com/kelseymh/G4CMP

G4CMP: Event processing flow
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https://arxiv.org/abs/2302.05998

SuperCDMS Si-HVeV prototype modeling

— 3
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B Si-HVeV = prototype HV detector with eV-scale resolution (one-sided QET readout)
m Tracking of single e~ /h* pair created at center in electric field of O(10) V/cm

» About ~5-10k steps for charge tracks in this configuration (mainly Luke scattering)

» About ~50k phonon tracks with ©(100) — O(1000) steps each (mainly surface reflections)
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SuperCDMS Si-HVeV prototype modeling
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B Si-HVeV = prototype HV detector with eV-scale resolution (one-sided QET readout)
m Tracking of single e~ /h* pair created at center in electric field of O(10) V/cm

» About ~5-10k steps for charge tracks in this configuration (mainly Luke scattering)

» About ~50k phonon tracks with ©(100) — O(1000) steps each (mainly surface reflections)
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SuperCDMS Si-HVeV prototype modeling
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B Si-HVeV = prototype HV detector with eV-scale resolution (one-sided QET readout)
m Tracking of single e~ /h* pair created at center in electric field of O(10) V/cm

» About ~5-10k steps for charge tracks in this configuration (mainly Luke scattering)

» About ~50k phonon tracks with ©(100) — O(1000) steps each (mainly surface reflections)
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SuperCDMS Si-HVeV prototype modeling
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B Si-HVeV = prototype HV detector with eV-scale resolution (one-sided QET readout)
m Tracking of single e~ /h* pair created at center in electric field of O(10) V/cm

» About ~5-10k steps for charge tracks in this configuration (mainly Luke scattering)

» About ~50k phonon tracks with ©(100) — O(1000) steps each (mainly surface reflections)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.032010

G4DMC parameter tuning for Si-HVeV

-1
o Rise-time and early fall-time 10
10°9 determined by initial QET absorption = = Data Template
10-2 4 —— Simulation
I Transition determined by g_
3 number of "low-energy" — 1034
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3 =]
£ 1071 =
= ) 3 10744
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h =5 ]
phonons 10 N
. Credits: W. Perry (Texas A&M) 10-6 . arXiv:2302.05998
= 200 200 500 00 1000 0 500 1000 1500 2000 2500 3000
Time [us] Time [ps]

B Goal: Match experimental phonon pulse template with G4ADMC simulation
B Multi-dimensional parameter tuning of CrystalSim + TESSim

» TES characteristics (T¢, Tw, circuitry), impurity densities, etc.
B Ongoing data-taking runs at test facilities (CUTE, NEXUS)

» SuperCDMS detector tower testing at CUTE is just around the corner!
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https://arxiv.org/abs/2302.05998

Summary

m Detector response modeling is crucial for understanding SuperCDMS’ sensitivity
» Sophisticated Detector Monte-Carlo framework based on GEANT4 and G4CMP

» Successful DMC parameter tuning using prototype Si-HVeV detector data
» GACMP technical paper: arXiv:2302.05998 (accepted by NIM A)

® Outlook

» Analysis of latest Si-HVeV data taken at test facilities is ongoing
» Moving to more complex SuperCDMS SNOLAB detectors (iZIP, HV)
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A SIMULATION TOOLKIT
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SuperCDMS detectors: Ge/Si V & iZIP

B Made of high-purity Ge and Si crystals

» Si detectors (0.6 kg each) provide sensitivity
to lower DM masses

» Ge detectors (1.4 kg each) provide sensitivity
to lower DM cross-sections

B Low operation temperature: ~ 15 mK
» Phonon measurement with TESs (HV, iZIP)
» lonization measurement with HEMTs (iZIP)

® Two-sided readout with multiple channels
to identify event position
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.95.082002

Science reach of SuperCDMS — Challenges

Understanding the detector response down to the semiconductor bandgap energy is
crucial to extend sensitivity (/eft) towards lower DM masses and cross-sections!
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Driving questions:

m Detector physics (phonon, charges, etc.) independently of the DM model (WIMPs, ERDM)
m Discrepancy of nuclear yield models and recent measurement campaigns (right)
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Low-threshold vs. low-background modes

HV detectors - low threshold iZIP detectors - low background
m High resolution total phonon measurement

m High resolution phonon and charge readout
® No yield or surface discrimination

m Discrimination of surface and ER back-

m Typical thresholds below 0.1 keV (4 eVee)! grounds from NR signal region
Phonon Energy [keVee]
PRD 99, 062001, 201 2.1 33 4.6 5.9 72 8.6
12 ==+ ER band
10! Y NR band "
— Constant Recoil Energy
8[ Ba Calibration

Cf Calibration
10°

events/keVee/kg/day

lonization Energy [keV]
o

107 pp ) LA \ 0 : |
AL -l L ___ PRD 91, 052021, 2015
0.5 1 15 2 4 6 8 10 12 14
Energy [keVee) Phonon Energy [keVnr]
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