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Figure 1: (Left) Graphical schematic of a proposed CUPID crystal: as well as providing a bolometric
signal, light detectors would read out either scintillation or Cherenkov light in order to distinguish
the ↵ background from the �� signal. (Right) The observed spectrum in CUORE (black) and the
projected impact of removing the ↵ background (red). FIXME Can we overlay your ROI on this
figure?? Also, need better quality figs please.
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Figure 2: (Left) Projected contribution of different background event types to the ROI in the SNO+
liquid scintillator detector in the first year of data taking. Background is dominated by the directional
8B solar neutrinos, thus a directional detector such as THEIA can expect to reduce this background
dramatically and, thus, improve signal sensitivity. (Right) Projected sensitivity for CUPID and THEIA
experiments.

References
[1] M. Yeh et al., Nucl. Inst. & Meth. A660 51 (2011).
[2] B. Adams et al., Nucl. Instr. Meth. Phys. Res. A732, (2013) 392.
[3] J.R.Alonso, et al., Ăİ arXiv:1409.5864 (2014).
[4] G. D. Orebi Gann for the Theia Interest Group, in Proceedings of the Prospects in Neutrino

Physics, arXiv:1504.08284 [physics.ins-det] (2015).
[5] R. Bonventre, G. D. Orebi Gann, arXiv:1803.07109 (2018). arXiv: 1307.7335 (2013)
[6] J. Caravaca et al., Phys. Rev. C 95, 055801 (2017)
[7] J. Caravaca et al., Eur. Phys. J. C 77: 811 (2017)

4

Björn Penning Rome Superconducting Sensor Workshop

Multi-Target DM

11

Achieved recently Tc ~15-20 mK 
→ ~100 meV threshold achievable on 1 cm3 crystals 

● Operate TES in QET configuration with a resolution of 
273 meV 

● Different targets to maximise sensitivity to DM and to 
obtain different responses to backgrounds

● Multi-target approach enables us to identify and 
discriminate backgrounds and mitigate their impact
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The XLZD detector: concept design

4/15

Leverage the knowledge and experience of the former collaborations → inherited 
detector design (dual-phase Xe TPC) but bigger! 

● WIMP interacting with Xe → nuclear recoil (NR)
● S1 scintillation light to indicate start time and allow drift (Z) reconstruction
● Amplified S2 secondary scint. light (ionisation) to reconstruct XY position
● Energy of events → S1+S2 ; S2/S1 to discriminate nuclear recoil from electron 

recoil (ER)

Baseline: 60 t of LXe (80 t if Xe market permits)
→ Initial performance verification with 40 t (same TPC diameter)

3 grids to create drift (240-290 V/cm) and extraction regions (6-8 keV) → On-going 
R&D projects to study both effects at large sizes by the PANCAKE (Freiburg) and 
Xenoscope (Zurich) facilities, respectively

~3 m ⌀

~60t LXe

S1 
pulse

S2 
pulse

Drift timeFigure 2. Cryogenic resonator board with
the LC resonator chip in the center and the
NIST SA13 SQUID at the bottom, together
with the snubber (R1) and bias (R3) chip re-
sistors. The board is placed in an aluminum
box at the still stage at →700 mK inside the
cryostat.

Figure 3. McGill’s ICEboard warm readout electronics.
The blue motherboard hosts the FPGA for digital process-
ing, while the red mezzanine cards contain the ADCs and
DACs. The DB-37 cable at the bottom connects to the
SQUID Controller Board (not shown here), while the Eth-
ernet cable at the top interfaces with the host PC. The board
supports the readout of up to 8 fMUX modules, although
we only use one in this work.

high-speed serial links available (SFP or QSFP directly from the FPGA), so this will not be an issue
in the long term.

4.2 New high-bandwidth fMUX firmware

30 ICE boards are currently deployed at the South Pole Telescope (SPT) in Antarctica, where they
read out approximately 16,000 TES detectors for the SPT-3G experiment [4, 22], scanning the
CMB sky. For CUPID TES readout, we are using the exact same warm hardware as for SPT-3G;
however, the science requirements are very di!erent. While the SPT slowly scans the sky, requiring
a low sampling rate, CUPID must read out its detectors much faster to avoid 2𝐿𝑀𝑀 pileup events.
Therefore, new fast readout firmware was designed at McGill to meet its science goals, specifically
for CUPID. We present its inner workings below.

While the SPT firmware [13] is optimized for high multiplexing ratios at low sample rates,
CUPID does the opposite. The new firmware increases the output data rate to 156 ksps, up by
three orders of magnitude compared to 153 sps for SPT-3G. On the other hand, the fMUX ratio is
reduced to 10x, down from 128x for SPT-3G. The SPT firmware achieves such high multiplexing
factors through the use of polyphase filter banks (PFBs), a very e"cient way of splitting the band
into multiple narrow channels. Since the requirements for CUPID are the opposite (only a few very
wide channels), the PFBs have been removed, significantly reducing the firmware footprint of the
design. The architecture of the new firmware is shown in figure 4.

The firmware signal processing works as follows. Raw data comes in from the analog-to-digital
converter (ADC) at 20 Msps and is quadrature demodulated to baseband by mixing it with the local
oscillator (LO) signal, which generates the tones for all 10 channels using Direct Digital Synthesis

– 7 –
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HEP vs. NP
• We share the same unit system among all physics subareas


• I hope we can work together for the advancement of science as a whole

15

<latexit sha1_base64="uH2sQkso5FLTRLu61/b+mTWkmV4=">AAAB6nicdVDJSgNBFHwTtxi3qEcvjUHwNMwESeJBCHjJMYJZIBlCT6cnadKzpPuNEEJ+wouIFwU/xl/wb+wsHuJS8KCoqqZfPT+RQqPjfFqZjc2t7Z3sbm5v/+DwKH980tRxqhhvsFjGqu1TzaWIeAMFSt5OFKehL3nLH93O/dYDV1rE0T1OEu6FdBCJQDCKRvK6Q58qckOYGbeXLzj2daVcdB3ym7i2s0ABVqj38h/dfszSkEfIJNW64zoJelOqUDDJZ7luqnlC2YgO+HSx6oxcGKlPgliZiZAs1LUcDbWehL5JhhSH+qc3F//yOikGFW8qoiRFHrHlR0EqCcZk3pv0heIM5cQQypQwGxI2pIoyNNfJmerf/cj/pFm03ZJdursqVGurI2ThDM7hElwoQxVqUIcGMBjDE7zCmyWtR+vZellGM9bqzSmswXr/AqtzjJA=</latexit>

⊋ = c = 1



Complementary Measures
3

YGK: HEP-NP cryogenic experiments 05/22/2026



Complementary Measures
3

YGK: HEP-NP cryogenic experiments 05/22/2026

c = 1



Complementary Measures
3

YGK: HEP-NP cryogenic experiments 05/22/2026

c = 1 (ft/nsec)



Complementary Measures
3

YGK: HEP-NP cryogenic experiments 05/22/2026
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hc = 1.2 μm ⋅ eV
(low energies)
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c = 1 (ft/nsec)

hc = 1.2 μm ⋅ eV
(low energies)

ℏc = 0.2 GeV ⋅ fm
(high energies)
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Synergies in Cryogenic Low Background Experiments
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Synergies in Cryogenic Low Background Experiments
• HEP
➡ Profound question: nature of dark matter
 Direct detection technologies: liquid 

noble gas TPCs, bolometers, HPGe 
detectors

 What determines sensitivity: energy 
threshold, backgrounds, exposure

 Underground labs
 Scales of projects: O($1M)-O($100M)
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• NP
➡ Profound question: nature of neutrino
 Neutrinoless double beta decay technologies: 

HPGe detectors, bolometers, liquid noble gas 
TPCs

 What determines sensitivity: energy 
resolution, backgrounds, exposure

 Underground labs
 Scales of projects: O($1M)-O($100M)

In Europe, both science topics fall under the umbrella of “astroparticle physics”
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Preliminary artist view of nEXO in the SNOLAB Cryopit

13Neutrino 2018, Jun 2018 EXO-200 and nEXO - Gratta
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Leverage the knowledge and experience of the former collaborations → inherited 
detector design (dual-phase Xe TPC) but bigger! 

● WIMP interacting with Xe → nuclear recoil (NR)
● S1 scintillation light to indicate start time and allow drift (Z) reconstruction
● Amplified S2 secondary scint. light (ionisation) to reconstruct XY position
● Energy of events → S1+S2 ; S2/S1 to discriminate nuclear recoil from electron 

recoil (ER)

Baseline: 60 t of LXe (80 t if Xe market permits)
→ Initial performance verification with 40 t (same TPC diameter)

3 grids to create drift (240-290 V/cm) and extraction regions (6-8 keV) → On-going 
R&D projects to study both effects at large sizes by the PANCAKE (Freiburg) and 
Xenoscope (Zurich) facilities, respectively

~3 m ⌀

~60t LXe

S1 
pulse

S2 
pulse

Drift time

Common issues: availability of Xe, material selection, background rejection, TPC design, readout
Different optimization: low thresholds (DM) vs 2.5 MeV (0𝜈𝛽𝛽); 136Xe vs natXe 
 → Collaborations joining forces to pursue both science goals
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Xenon acquisition supports staged approach with

~3m diameter

~2
m

early science phase
40t TPC, < 5yr operation, 
shallow TPC design

main science phase
(60t TPC, > 10yr operation, 
optimized 1:1 aspect ratio)

+ 80t option in tall TPC, 
depending on Xe market

TPC with large natXe target for direct dark matter search, 
offers position reconstruction, calorimetry and low background

֜ High sensitivity to 0ʆɴɴ-decay

Projection bands cover a baseline scenario (lower bounds) based on state-of-the-art DM LXe-TPC 
performance to more progressive assumptions on backgrounds (upper bounds). 
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136Xe

Alberto Uson | XLZD

136Xe  2𝜈𝛽𝛽 with T2𝜈
1/2 = 2.2⨉1021 yr , and Q𝛽𝛽=2.46 MeV

Neutrinoless mode (0𝜈𝛽𝛽): BSM that would demonstrate Majorana neutrinos (+ hints about mass ordering) 

→ Best current limit: T0𝜈
1/2 > 2.3⨉1026 yr (KamLAND-Zen)

XLZD will have 5.3 t of 136Xe, as 8.9% present in natural Xe (60 t)

Main backgrounds: 

Excellent energy resolution required: 𝜎~0.6% Q𝛽𝛽

Xe-136 double beta decay (𝛽𝛽)

11/15

❏ Internal→ 214Bi (2.45 MeV), 137Xe n-capture (4.2 MeV)

❏ External → 208Tl (2.62 MeV)
● reducible: 𝛾-rays from detector materials 

● irreducible: solar 8B neutrinos, 2𝜈𝛽𝛽 mode

more info about 𝛽𝛽 in LXe 
TPC in E. Jacquet talk

can be reduced by tagging 𝛼 from 214Po

can be reduced with Skin veto

Optimistic case*

Nominal case

*Depending on the 
ability to tag 214Bi

*Optimistic case: 
higher BiPo tag eff, less 
external 𝛾-rays, better 

Eres and SS/MS 
discrimination;  
SURF’s 𝜇 flux

More info in 

publication: 
arXiv:2410.19016v1
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Measurement in PandaX-4T with
Implications on the Nuclear Matrix
Elements and Majorons
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Chen Cheng , Xiangyi Cui , Manna Deng , Yingjie Fan  et al.
(PandaX Collaboration)
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FIG. 2. The SS data spectra and the fit for the 136Xe 2ωεε
half-life are shown for Run0 (top) and Run1 (bottom) from
20 keV to 2800 keV with a bin size of 4 keV. The horizontal
axis represents the reconstructed energy in the data. Xe→

denotes the contributions from 124Xe, 125Xe, 127Xe, 129mXe,
131mXe, and 133Xe. Material includes the contributions from
SSP 232Th, SSP 238U, detector 60Co, detector 40K, detector
232Th, and detector 238U. The lower panel shows the residuals
together with ±1ϑ, ±2ϑ, and ±4ϑ bands.

FIG. 3. Comparison of 136Xe 2ωεε half-lives and ϖ2ω31 val-
ues from the KamLAND-Zen experiment [10] and our present
analysis. The gray dashed line indicates the zero ϖ2ω31 .
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FIG. 4. Spectra fits with Majoron-emitting εε decay signals
(n = 7) for Run0 (top) and Run1 (bottom), respectively. The
figures are similar to Fig. 2 but with the upper limit (90% CL)
on the Majoron-emitting εε signal (mode n = 7) illustrated
as hatched histograms. The lower panel shows the residuals
together with ±1ϑ, ±2ϑ, and ±4ϑ bands.

In the fit of Majoron-emitting ωω, the likelihood is sim-
ilar to Eq. (3), except that 136Xe 2εωω is moved from the
signal term to the background term, and then, Majoron-
emitting ωω is introduced as the signal. As an example,
the best-fit spectrum for mode n = 7 is shown in Fig. 4.
No statistically significant evidence for Majoron-emitting
ωω decays is observed for any mode considered here, and
the lower limits on Majoron-emitting ωω half-lives are
derived at the 90% confidence level (CL), as summarized
in Table III. The extension of the lower bound of the ROI
from 600 keV (as in EXO-200 [29]) to 20 keV consider-
ably improves the sensitivity to mode n = 7, where the
Majoron-emitting ωω spectrum peaks at approximately
600 keV, leading to the most stringent constraint. How-
ever, our sensitivity to modes n = 1, 2, and 3 is limited
due to our 136Xe exposure being only 0.16 times that of
EXO-200 [29] and our higher background level. Simi-
larly, the backgrounds are consistent with expectations,
with only the contributions from 85Kr in Run1 and SSP
232Th pulled by 1.7ϑ and 1.2ϑ, respectively (Table II).
The bias of the overall e!ciency obtained from the fit is
2.6%± 1.8% (Run0) and →0.6%± 1.8% (Run1), and the

PandaX-4T
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CUORE

May 31st, 2022 - Neutrino 2022 - I.Nutini (Milano Bicocca) 5

Low temperature and low vibrations  
TeO2 detectors to be operated as calorimeters at 
temperature ~10 mK 

• Multistage cryogen-free cryostat : Nested vessels at 
decreasing temperature 

5 Pulse Tube Cryocoolers 40W @ 40K, 1.2W @ 4K 
Custom 3He/4He DU 2mW @ 100mK, 4μW @ 10mK 

• Mechanical vibration isolation: Reduce energy 
dissipation by vibrations

Dell'Oro S. et al., Cryogenics 102, 9, (2019)
https://doi.org/10.1016/j.cryogenics.2019.06.011 

CUORE

LNGS
Low background  
• Deep underground location  
• Strict radio-purity controls 

on materials and assembly  
• Passive shields from 

external and cryostat 
radioactivity 

• Detector: high granularity 
and self-shielding

The CUORE challenge

Adams D. et al. (CUORE collaboration), Prog.Part.Nucl.Phys. 122 (2022) 103902, 
https://doi.org/10.1016/j.ppnp.2021.103902

SuperCDMS @ SNOLab

CUORE @ LNGS
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Summary

● TESSERACT has state-of-the-art technology 
for detection of sub-eV events.

○ Probe different types of Dark Matter 
interactions and a large LDM mass range

○ Identify & discriminate backgrounds to 
drive the exploration of this novel regime

● TESSERACT very experienced team  
supported by US, France & Switzerland

● Probing new phase space even in surface runs!

● Most targets demonstrated to work, R&D 
focuses on science-readiness

● Official project phase started, infrastructure 
well developed and construction started

● Planning to move to Modane in 2028 

29

Cryogenic Calorimeters (Bolometers)
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Figure 1: (Left) Graphical schematic of a proposed CUPID crystal: as well as providing a bolometric
signal, light detectors would read out either scintillation or Cherenkov light in order to distinguish
the ↵ background from the �� signal. (Right) The observed spectrum in CUORE (black) and the
projected impact of removing the ↵ background (red). FIXME Can we overlay your ROI on this
figure?? Also, need better quality figs please.
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Figure 2: (Left) Projected contribution of different background event types to the ROI in the SNO+
liquid scintillator detector in the first year of data taking. Background is dominated by the directional
8B solar neutrinos, thus a directional detector such as THEIA can expect to reduce this background
dramatically and, thus, improve signal sensitivity. (Right) Projected sensitivity for CUPID and THEIA
experiments.
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CUPID
• CUPID: CUORE Upgrade with Particle ID 

• Also uses 100Mo enriched crystals: 
Li2MoO4 

• Builds off successful demonstration of 
CUPID-Mo + experience of CUORE 

• Scintillating calorimeters using NTD-Ge 
thermistors

40

Aim to explore past IH

CUPID Numbers: 
✦ 45x45x45 mm3 cubic crystals ~ 280 g 
✦ Each facing 2 Ge LD 
✦ 1596 LMO crystals total (95% enrichment) 
✦ 1710 Ge LDs 
✦ δE Qββ: at least 5 keV FWHM 
✦ LD baseline resolution: 100 eV RMS 
✦ LD timing resolution: < 170 µs 
✦ Background Index: < 10-4 cts/keV/kg/yr 
✦ Half-life exclusion sensitivity: 1.4x1027 yr

Björn Penning Rome Superconducting Sensor Workshop

Multi-Target DM

11

Achieved recently Tc ~15-20 mK 
→ ~100 meV threshold achievable on 1 cm3 crystals 

● Operate TES in QET configuration with a resolution of 
273 meV 

● Different targets to maximise sensitivity to DM and to 
obtain different responses to backgrounds

● Multi-target approach enables us to identify and 
discriminate backgrounds and mitigate their impact



Synergies between HEP and NP
• Common features
 Large mK cryogenic installations: thermal design, mechanical design, IR suppression
 Sensitivity to vibrations, radioactive and non-ionizing backgrounds 
 Backgrounds: material screening and selection, radiopurity
 Superconducting sensors, microfabrication techniques, cabling, interconnects
 Cryogenic electronics: superconducting (SQUIDs) and semiconductor (HEMTs, CMOS)
 Room-temperature electronics, multiplexed readout
 Data processing pipelines

• Next-generation projects are agile, modest in size, fit very well in the “small 
scale project” initiatives

 E.g. TESSERACT, CUPID
 Generic R&D efforts for next-next generation fit very well into KA25 portfolio

10
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Examples of Joint Development

• Cryogenic Photon Detector developed  by CUPID and SuperCDMS 
groups

 Ballistic phonon readout (QET)
 Best (at the time) baseline energy resolution 𝜎E=3.9±0.4 eV
 Time jitter 𝜎t=2.3𝜇s

• TESSERACT sensors have since exceeded this performance 

11
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TABLE I. QET design specifications for the CPD describing
the W TESs and the Al fins that each QET consists of. The
active surface area refers to the amount of substrate that is
covered by the Al fins of the QETs, while the passive surface
area is that which is not covered by the Al fins, but by the
Al bias rails, bonding pads, and other structures that absorb
athermal phonons, but do not add to the signal.

Specification Value
TES Length [µm] 140
TES Thickness [nm] 40
TES Width [µm] 3.5
Number of Al Fins 6
Al Fin Length [µm] 200
Al Fin Thickness [nm] 600
Al-W Overlap [µm] 10
Number of QETs 1031
Active Surface Area [%] 1.9
Passive Surface Area [%] 0.2

FIG. 1. Left: A picture of the CPD installed in a copper
housing. The instrumented side is shown facing up. Right:
The design of the QETs used for the detector. (Blue: Al fins,
Purple: W TES.)

trothermal feedback Transition-edge sensors (QETs)25,26

with Tc = 41.5mK was deposited on one side of the wafer.
The QETs are uniformly distributed over the wafer’s sur-
face and connected to a single readout channel. The uni-
form and distributed nature of the channel allows for the
fast collection of athermal phonons with minimal posi-
tional dependence, reducing e�ciency penalties from ef-
fects such as athermal phonon down-conversion27,28. The
opposite side of the Si wafer is unpolished and noninstru-
mented. The detector and QET mask design can be seen
in Fig. 1. In Table I, the QET design specifications for
the CPD are listed.

The detector was studied at the SLAC National Accel-
erator Laboratory in a cryogen-free dilution refrigerator
at a bath temperature (TB) of 8mK. The detector was
placed in a copper housing and was held mechanically
with the use of six cirlex clamps. The cirlex clamps also
provided the thermal link between the detector and the
copper housing. The QET arrays were voltage biased and
the current through the TES was measured with a DC
superconducting quantum interference device (SQUID)
array with a measured noise floor of ⇠4 pA/

p
Hz.

TABLE II. Fitted and calculated parameters of the TES
from IV curves and complex impedance data. The complex
impedance data are given for the bias point of R0 ⇡ 35%RN

(see Ref. 32 for definitions of parameters). The systematic
errors on GTA and Tc represent the upper bounds on these
values, using the hypothesis that the observed excess noise in
the sensor bandwidth is entirely due to parasitic bias power.

Parameter Value
Rsh [m⌦] 5± 0.5
Rp [m⌦] 8.7± 0.8
RN [m⌦] 88± 10
P0 [pW] 3.85± 0.45
GTA [nW/K] 0.48± 0.04 (stat.)+0.49

�0.00 (syst.)
Tc [mK] 41.5± 1.0 (stat.)+10

�0 (syst.)
R0 [m⌦] 31± 3
⌧0 [µs] 1700± 200
L [nH] 190± 10
� 1.1± 0.1
L 80± 15

A collimated 55Fe X-ray source was placed inside the
cryostat and was incident upon the noninstrumented side
of the CPD in the center of the detector. A layer of Al
foil was placed inside the collimator to provide a calibra-
tion line from fluorescence at 1.5 keV29,30. The collimator
was tuned such that there was ⇠5Hz of the 55Fe K↵ and
K� decays incident on the detector. The detector was
held at a bath temperature TB ⌧ Tc for approximately
two weeks to allow any parasitic heat added by the cir-
lex clamps to dissipate. During this time, we attempted
to neutralize potential charged impurities within the Si
wafer as much as possible with ionization produced by a
9.13µCi 137Cs source placed outside of the cryostat.

To characterize the QETs, IV sweeps were taken at
various bath temperatures by measuring TES quiescent
current as a function of bias current31, with super-
imposed small square pulses providing complex admit-
tance25 at each point in the IV curve32–34. Since all the
QETs are connected in parallel in a single channel, the
channel was treated as if it were a single QET, describ-
ing the average characteristics of the total array. The IV
data allowed for the estimation of the parasitic resistance
in the TES line (Rp), the normal state resistance (RN ),
and the nominal bias power (P0). The e↵ective thermal
conductance between the QETs to the Si wafer (GTA)
and Tc were measured by fitting a power law to the mea-
sured bias power as a function of bath temperature32.
This measurement is a lower bound of these values, as it
assumes no parasitic bias power in the system. We sum-
marize these characteristics of the detector in Table II.

The complex admittance data allows us to estimate
the dynamic properties of the sensors. Throughout the
superconducting transition, primary and secondary ther-
mal fall times were observed, e.g. 58µs and 370µs, re-
spectively, at R0 ⇡ 35%RN . The origin of this additional
time constant is under investigation. Its appearance sug-
gests that we have a more complex thermal or electrical
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FIG. 2. The magnitude and phase of the measured com-
plex impedance are shown as the black and blue markers,
respectively. The modeled complex impedance is shown as
the cyan solid line. The black dotted line denotes the corre-
sponding bandwidth of 2.7 kHz for the thermal time constant
⌧� = 58µs.

system, e.g. phase separation33,35 or an extra heat ca-
pacity connected to the TES heat capacity36. A charac-
teristic plot of complex impedance of the TES circuit can
be seen in Fig. 2.

Knowledge of the TES parameters, given in Table II,
allowed for the calculation of the power-to-current re-
sponsivity, which was used to convert the measured
current-referred power spectral density (PSD) to the
noise equivalent power (NEP). These parameters were
used to predict the expected noise spectrum using the
single-heat-capacity thermal model25. A comparison of
the NEP to the model at R0 ⇡ 35%RN can be seen
in Fig 3. The excess noise spikes above approximately
500Hz have been experimentally confirmed to be largely
caused by vibrations from the operation of the pulse tube
cryocooler. The observed noise is also elevated above
our model at frequencies in the e↵ective sensor band-
width interval (approximately the inverse of the thermal
time constant ⌧�25) by a factor of ⇠ 2, as compared to
the prediction. This “in-band” excess noise is consis-
tent with two di↵erent hypotheses: a white power noise
spectrum incident on the detector of 8 ⇥ 10�18 W/

p
Hz

(e.g. a light leak) or a parasitic DC power in the bias
circuit of approximately 6 pW. If we assume the lat-
ter is the source, this allows us to calculate the upper
bounds on our estimates of GTA and Tc, as reported
in Table II. There remains bias-dependent excess noise
above the sensor bandwidth. We parameterize the ex-
cess TES Johnson–like noise with the commonly used M
factor25,37. Using values of M up to 1.8, depending on
bias point, can account for the discrepancy between ob-
servation and prediction at these frequencies. We note
that this “excess” noise could possibly also be explained
with a more complex thermal model.

The lowest integrated NEP was achieved at an op-
timum bias point of R0 = 31m⌦ ⇡ 35%RN . In addi-
tion to the characterization data, approximately 500,000
threshold triggered events and 80,000 randomly triggered
events were recorded at this bias.

For the measured phonon-pulse shape, there are multi-
ple characteristic time constants. The pulse rise time was
measured as ⌧ph = 20µs, which is the expected charac-
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FIG. 3. Modeled noise components: TES Johnson noise (blue
solid), load resistor Johnson noise (blue dots), electronics
noise (purple dashed), thermal fluctuation noise (TFN) be-
tween the TES and the bath (yellow solid), and total modeled
noise (green solid) compared with the measured NEP (black
solid) for R0 ⇡ 35%RN . We additionally show the total noise
model (green alternating dashes and dots), which includes a
hypothetical environmental noise source of 8⇥ 10�18 W/

p
Hz

and excess TES Johnson noise with M = 1.8. The light-
purple line in upper portion of the figure denotes the power-
pulse shape (arbitrarily scaled), which consists of a single pole
at the observed rise time of 1/ (2⇡⌧ph) = 8 kHz.

teristic time scale for athermal phonons being absorbed
by the Al collection fins of the QETs for this design.
The dominant pulse fall time is consistent with the ex-
pectation from the complex impedance as we approach
zero-energy, where we confirmed the expected thermal
time constant ⌧� = 58µs via a fit of the rise and fall
times of the pulses. The secondary time constant from
the complex impedance of 370µs was also seen in these
low-energy pulses. The secondary time constant from the
complex impedance of 370µs was also seen in these low-
energy pulses, with an amplitude ratio of less than 2% to
the dominant decay exponential.
We observed an additional long-lived behavior in the

pulses, which can be estimated as a low-amplitude ⇠3ms
exponential tail whose magnitude scales linearly with the
event energy. As this tail is not seen in the complex
impedance data, it might be due to direct absorption of
phonons with energy smaller than the Al superconduct-
ing band gap into the TES26.
For energies above 300 eV, we observed a local sat-

uration e↵ect that manifests as the dominant fall time
lengthening with increased energy. In Fig. 4, we show av-
eraged pulses for various event amplitudes, showing the
dependence of the pulse fall time on energy. We associate
this e↵ect with high-energy, single-particle events push-
ing nearby QETs into the normal resistance regime, slow-
ing down the response of the total single-channel device.
We also note that there is a position-dependent e↵ect for
a subset of high-energy events, notable by a varying fall
time for events with the same amplitude. Our hypothe-
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FIG. 1. A zoomed-in portion of an example event within the
analysis ROI. The raw pulse (gray) is compared to the offline
optimal filter result (blue), the pulse template scaled by the
fit result (black dashed), the FPGA filter result (red with
dots), and the FPGA trigger threshold (black dotted). The
offline and FPGA optimal filters are highly correlated, but
not exactly the same, with corresponding energy estimates
for this event of 187 eV and 179 eV, respectively. The offset
between the optimal filters and the raw pulse is an artifact of
the filters, as they were set up to determine the time of the
beginning of the pulse, as opposed to the maximum of the
pulse.

course of the full exposure. Pulse amplitudes and start
times were reconstructed using the same phonon-pulse
template as in the FPGA triggering algorithm. Thus,
there are two different pulse amplitudes for each event—
one from the FPGA triggering algorithm and one from
the offline OF. In Fig. 1, we compare the different energy
estimators for a representative event.
This detector was optimized for maximum energy sen-

sitivity at low energies and does not have a large enough
dynamic range to observe the calibration lines without
nonlinear effects from saturation of the QETs. The non-
linearity is minimal within our region-of-interest (ROI),
which is below 240 eV. Above the ROI, the fall time
of the pulses increases monotonically with energy, which
can be explained by effects of local saturation. Localized
events can saturate nearby QETs to above the supercon-
ducting transition, while QETs far from the event stay
within the superconducting transition. Because this is
a single-channel device, the saturated and unsaturated
QETs are read out in parallel and thus effectively com-
bine into a single phonon pulse with an increased fall
time. In order to correct out the saturation effects within
the ROI, we follow the calibration method as outlined in
Ref. [17]. That is, the energy removed by electrothermal
feedback (EETF) [20] is saturation-corrected using an ex-
ponential model, and the OF-based energy estimators are
converted to units of energy via a linear fit to the cali-
brated EETF within the ROI. With this method, there
is an asymmetric systematic error in the baseline energy
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FIG. 2. Measured energy spectrum in the DM-search ROI for
the full exposure after application of the quality cuts. The
data have been normalized to events per gram per day per eV
and have been corrected for the event-selection efficiency, but
not the trigger efficiency. The inset shows the calibrated EETF

spectrum up to 7 keV, noting the locations of the different
spectral peaks. The known values of the dashed lines are
1.5, 5.9, and 6.5 keV for the Al fluorescence (pink), 55Fe Kα

(blue), and 55Fe Kβ (cyan) lines, respectively. The two dotted
gray lines between 4 and 5 keV in calibrated EETF are the Si
escape peaks [29].

resolution, for which the upper bound corresponds to the
value achieved when calibrating EETF linearly to the Al
fluorescence line as opposed to the aforementioned ex-
ponential model (the lower bound). In Fig. 2, we show
the differential rate spectrum of the calibrated offline OF
amplitude, with the inset showing the differential rate
spectrum for the calibrated EETF.
Data selection and efficiency.—We make our final

event selection with a minimal number of selection crite-
ria (“cuts”) to remove poorly reconstructed events with-
out introducing energy dependence into the selection ef-
ficiency. This approach helps to reduce the complexity
of the analysis and thus avoid introduction of system-
atic uncertainties. We apply two data-quality cuts: a
prepulse baseline cut and a chi-square cut.
We define the event baseline as the average output

in the prepulse section of each event, which is the first
25.6ms of each trace. Large energy depositions have a
long recovery time, which may manifest itself as a sloped
baseline for subsequent events. Our trigger has reduced
efficiency for any low-energy events occurring on such a
baseline. We expected roughly 10% of the events to sit
on the tail of a high energy event in part because of the
high muon flux at the surface of ∼1muon/cm2/min [30].
The baseline cut is performed by binning the data across
the search in 400 s long bins and removing from each bin
the 10% of events that have the highest baseline.
The chi-square cut is a general cut on our goodness-of-

fit metric, for which we use the low-frequency chi-square
χ2
LF calculated from the offline OF fit [28]. This metric is

C.W. Fink et al. (CPD Collaboration), APL 118, 022601 (2021) I. Alkhatib et al. (SuperCDMS Collaboration), 
PRL 127, 061801 (2021)
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C. Capelli, DNP-2023

ANL, UCB, LBNL, McGill, VT, MIT

C. Capelli (Berkeley Lab) APS-JPS meeting - November 29, 2023

Cabling and connectors
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300K 

40K 

4K 

Still

Hex

10mK
TES

MUX

Al traces 
on Kapton

NbTi

Zif connector

• TESs at 𝓞(15 mK)


• Superconducting Al traces on kapton backing - from TES 
to multiplexing chip


• PCB with resonator chip at ~700 mK inside an Al 
magnetic shield box


• NbTi cables from PCB to cryostat flanges

• Prototypes tested in R&D PT-
cryostat


• Optimization of design open to 
further development


• Scalable to CUPID

C. Capelli (Berkeley Lab) APS-JPS meeting - November 29, 2023

fMUX readout chain
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C. Capelli (Berkeley Lab) APS-JPS meeting - November 29, 2023

fMUX readout chain
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Frequency-domain multiplexing of TES sensors

Leveraging years of experience for CMB 
Similar developments with 𝜇MUX, MKIDs, … 
Applications for 0𝜈𝛽𝛽, CE𝜈NS, neutrino mass, … 
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National lab — industry partnership to develop low-radioactivity cables: PNNL and QFlex

Credit: PNNL
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Common Challenges
• Advances in sensitivity require advancement in instrumentation
 Many novel ideas worth pursuing. Complementarity with microelectronics, QIS 

initiatives, SBIR
• Advances in sensitivity require scale and investment
 From medium sized projects (CMB-S4, LEGEND) to agile R&D efforts 

(TESSERACT, CUPID) to small-scale demonstrators 
• Advances in sensitivity require stable long-term operations
 Perfect application of AI/ML → complementarity with detector & accelerator 

operations 
• Advances in sensitivity require trained scientific workforce
 Common skillsets, but competing with industry, especially QIS and AI/ML will 

remain a challenge 
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Hitoshi’s Message
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HEP vs. NP
• We share the same unit system among all physics subareas


• I hope we can work together for the advancement of science as a whole
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