
CUPID-1T: A FUTURE NORMAL HIERARCHY 
BOLOMETRIC EXPERIMENT

CUPID-1T: HALLMARKS
• 1000 kg of 100Mo in a new cryostat and/or multiple facilities worldwide
• Sensitivity: T1/2> 8×1027 years (3𝜎), m𝛽𝛽>4-7 meV (NH)

REQUIREMENTS 
• Reduction in the background compared to CUPID (x20)
• Readout for O(10k) crystal array

POTENTIAL EXPANSIONS
• Large volume cryogenic facilities in multiple UG labs worldwide
• Possible detector parameters:

• Main detectors: 
• ~1900 kg of Li2MoO4, few keV thresholds possible

• Light detectors:
• ~6200 units, 68 kg of Ge (or 29 kg of Si)
• O(10 eV) threshold, active 𝛾 and surface veto

• Could also deploy specialized towers, e.g. SuperCDMS style DM 
detectors

TARGET TIMELINE: ANTICIPATED CONSTRUCTION LATE 
2020'S, COMMISSIONING EARLY 2030'S
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CUPID pre-CDR: arxiv:1907.09376
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Li2MoO4 crystals
250 kg of 100Mo
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Sensitivity: 
T1/2> 1.5×1027 years (IH) 

Li2MoO4 crystals
1000 kg of 100Mo

New cryostat
Sensitivity:

T1/2> 9.2×1027 years (NH)

Potential Geometry 
● Considered 5cm cubic crystals
● Aimed for 2000kg of Li2Mo04
● Increased radius by 15cm height by 45.5cm
● Considered 5cm cubic crystals with 1.5cm 

lateral separation, 0.8cm vertical
● Arranged in towers of 4 like in CUORE

Fig 1: 5cm cubic CUPID 1T detectorFig 2: Top view 2
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https://arxiv.org/pdf/1907.09376.pdf
https://arxiv.org/pdf/1907.09376.pdf


PHYSICS BEYOND 0𝜈𝛽𝛽
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LONGER-TERM R&D ON ADVANCED DETECTOR 
TECHNOLOGIES: 

• Superconducting coating of crystals to enhance PSD 
capabilities (CROSS @ Canfranc)

• Active 𝛾 veto (synergy with low-mass DM experiments)
• High-speed superconducting sensors (TES, MKID)
• Multiplexed readout (synergy with CMB)
• Cryogenic CMOS ASIC developments (synergy with QIS)
• Technological overlap with dark matter, CMB experiments 

and quantum sensor/QIS community

GEANT4 rendering of  the EDELWEISS cryostat and the detectors. Experimen Due to their small size they have small hea The muon signals are very large and are affected by non-linearities of  the TES  

We fit the muon pulse using a thermal 
model and extract thermal parameters 
that affect energy resolution. 

Development of  transition-edge sensor based large area photon detectors for CUPID

Vivek Singh, UC Berkeley                      Neutrino - 2020 (Poster # 97)

CUPID: CUORE Upgrade with Particle ID Transition-edge sensors for photon detectors

Next generation bolometric search for 0!"" experiment. 
CUPID pre-CDR (arXiv:1907.09376)

Detector performance
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• Increase sensitive mass 
by enrichment 
• Active background 
rejection through ! / ("-#) 
separation 
• Goal:  
➡ �EFWHM ≤ 5 keV @ 

2615 keV     
➡ B = 0.1 c/ton/y in 

ROI 
➡ <m"">   ~  10  meV 

discovery sensitivity  
(10 yrs of  live time) 

• CUORE has successfully demonstrated that a ton 
scale bolometric experiment is feasible.  

• CUPID will build on the experience of  CUORE 
and use its cryogenic infrastructure.  

• Li2MoO4 detectors recognized as baseline 
• Enrichment > 95%  
• ~ 1500 crystals with ~ 250 kg of  100Mo 
• Demonstrated active background rejection. 

[see Poster ID 419. on the CUPID-Mo experiment  

by Benjamin Schmidt]

Rendering of  CUORE cryostat with 1500 
crystals inside it 

• Dominant background is degraded 
alphas from surface contamination 

• Leverage energy loss mechanism in the 
crystal to tag particle type 

• Use auxiliary low temperature 
calorimeter to detect light. Should have  

High radiopurity 
 Low heat capacity  
High photon collection efficiency  
Very low threshold (~ 100 eV) 
Excellent timing resolution to 
discriminate the 2$"" pile up events 

from 0$"" events. 

Particle ID

• Low transition temperature  with relatively fast fabrication time possible 
with “bilayers”  

• Negative electrothermal feedback keeps TES stable and decreases sensor 
time constant ; faster pulses   

• Iridium goes superconducting at ~ 140 mK. We use the proximity effect 
of  a normal metal (like, Au and Pt) to reduce the Tc.

 Device specification:  
• 2” Silicon wafer as optical 

photon absorber 
• Ir/Pt (100 nm/60nm) bilayer 

with Nb traces as electrical 
leads. 

• Transition temperature of  ~ 37 mK  
• Sensor dimension 300 %m x 300 %m 
•  We have deposited Au pads, coupling the TES 
to the wafer for better phonon collection 
efficiency  

•  Tc  relatively unchanged with addition of  Au 
pads but signal-to-noise improves drastically.

square Ir/Pt bilayer TES

square Ir/Pt bilayer TES in the 
middle with Au pads on both sides

IV characteristics 
• We can operate the 
detector down to 10 
mK by choosing a 
suitable bias point.   
• Due to the steep slope 
in the biased region, the 
sensitivity of  a TES is 
much larger than NTD-
Ge thermistors 
(CUORE like sensors)

Timing resolution
•  Generate a train of  blue LED light pulse with 
known separation time >> decay time 

•  Examine distribution of  trigger time between 
the subsequent pulses in detector response 

•  Timing resolution of  &t ~ 5 %s 

•  Detector satisfies the criteria for rejecting 2$"" 
pile up events

(top) Detector response to train of  LED pulses of  varying amplitude 
injected every 20 ms (right) distribution of  't between two consecutive 

pulses 

Energy resolution
• We perform calibration using muon spectra**. We look at the coincident 
event between a muon paddle and TES detector

• We fit the data with a convolution of  
Gaussian and Landau distribution 

• Most probable energy deposited in the Si 
wafer corresponds to 71 keV. 

•   &EFWHM / E ~ 0.3 at 71 keV  

Muon Spectra

Muon pulse of  71 keV fitted to a thermal model 

Estimated baseline resolution (() of  the detector as a 
function of  thermal coupling between TES sense 

and the Si absorber. This is consistent with the 
estimates from photon statistics from the LED 

pulses (within large uncertainty due to absence of  
absolute calibration). 

Future direction
• Absolute energy calibration using Fe-55 X ray source.  
• Further increasing the thermal coupling between absorber and sensor to improve baseline 

resolution.  
• Multiplexing multiple sensors through a single SQUID channel. 
•  Light detector energy scale, threshold, pulse shape characteristics being studied. 

** Unfortunately, the energy calibration campaign using X-ray sources has been put on hold due to COVID situation.

Detector response 
•  The response is characterized by the 
internal heat capacities and conductances 
of  the elements used in construction. 

• The coupling between TES and absorber 
should be much larger than heat leaking 
out from the wafer to thermal bath.  

• Optimization of  Au pads size necessary

Fiber 
Optic

Wafer 
Holder

TES-based LD 

• Working space in ISO class 4 clean 
room of IJCLab (Orsay) is fully set up

• 5x NTDs  (41B 3x3x1 mm) are glued

Al coated crystal

CROSS

Performance of a Large Area Photon Detector For Rare Event Search Applications 2

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.)

opposite side of the Si wafer is polished and noninstru-77

mented. We note that this would inherently hinder the78

detection of visible photons, for which there was no at-79

tempt to study. The detector and QET mask design can80

be seen in Fig. 1. In Table I, the QET design specifica-81

tions for the CPD are listed.82

The detector was studied at the SLAC National Ac-83

celerator Laboratory in a BlueFors™ cryogen-free refrig-84

erator at a bath temperature (TB) of 8mK. The detec-85

tor was placed in a copper housing and was held me-86

chanically with the use of six cirlex clamps. The cirlex87

clamps also provided the thermal link between the de-88

tector and the copper housing. The QET arrays were89

voltage biased and the current through the TES was90

measured with a DC superconducting quantum interfer-91

ence device (SQUID) array with a measured noise floor92

of ⇠4 pA/
p
Hz.93

A collimated 55Fe X-ray source was placed inside the94

cryostat and was incident upon the noninstrumented side95

of the CPD in the center of the detector. A layer of Al96

foil was placed inside the collimator to provide a calibra-97

tion line from fluorescence at 1.5 keV25,26. The collima-98

TABLE II. Fitted calculated parameters of the TES from IV
curves. The systematic errors on GTA and Tc represent the
upper bound 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 [nJ/K] 0.48± 0.04 (stat.)+0.49

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

�0 (syst.)

tor was tuned such that there was ⇠5Hz of the K↵ and99

K� decays incident on the detector. The detector was100

held at TB ⌧ Tc for approximately two weeks to allow101

any parasitic heat added by the cirlex clamps to dissi-102

pate. During this time, we attempted to neutralize any103

potential charged impurities within the Si wafer as much104

as possible with ionization produced by a 9.13µCi 137Cs105

source placed outside of the cryostat.106

To characterize the QETs, IV sweeps were taken at107

various bath temperatures by measuring TES quiescent108

current as a function of bias current27, with super-109

imposed small square pulses providing complex admit-110

tance21 at each point in the IV curve28–30. Since all the111

QETs are connected in parallel in a single channel, the112

channel was treated as if it were a single QET, describ-113

ing the average characteristics of the total array. The114

IV data allowed for the estimation of the parasitic resis-115

tance in the TES line (Rp), the normal state resistance116

(RN ), and the nominal bias power (P0). The e↵ective117

thermal conductance between the QETs to the Si wafer118

(GTA) and Tc were measured by fitting a power law to119

the measured bias power as a function of bath temper-120

ature28. This measurement is a lower bound of these121

values, under the assumption of no parasitic bias power122

in the system. We summarize these characteristics of the123

detector in Table II.124

The complex admittance data allows us to estimate125

the dynamic properties of the sensors. Throughout the126

superconducting transition, primary and secondary ther-127

mal fall times were observed, e.g. 58µs and 370µs, re-128

spectively, at R0 ⇡ 35%RN . The origin of this additional129

time constant is under investigation. Its appearance sug-130

gests that we have a more complex thermal or electrical131

system, e.g. phase separation29,31 or an extra heat capac-132

ity (such as from the Al fins) connected to the TES heat133

capacity32. A characteristic plot of complex impedance134

of the TES circuit can be seen in Fig. 2.135

Knowledge of the TES parameters allowed for the136

calculation of the power-to-current responsivity, which137

was used to convert the measured current-referred power138

spectral density (PSD) to the noise equivalent power139

(NEP). Additionally, these parameters were used to pre-140

dict the expected noise spectrum using the hanging heat141

capacity model. A comparison of the NEP to the model142

SuperCDMS-style 
TES LD 
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The CUPID Experiment

CUPID (CUORE Upgrade with Particle ID) is a next-generation
bolometric experiment that will search for lepton number violation via
0⌫�� decay of 100Mo. To do this, it will operate over 1000 Li2MoO4

(LMO) crystals at a temperature of ⇠ 10 mK, searching for the decay’s
energy signature through the temperature change it induces in the
crystals. CUPID will build upon CUORE’s cryogenic infrastructure and
aim to explore the entire inverted neutrino mass hierarchy by using active
background suppression techniques.

Thermometers)
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Energy)
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Figure 3: Operating principle of a scintillating bolometer. The release of energy inside a
scintillating crystal follows two channels: light production and thermal excitation.

A scintillating bolometer functions by operating a scintillating crystal as a281

cryogenic bolometer (as described above) and coupling it to a light detector, as282

shown in Fig. 3. As it is for other large mass bolometers, the device works only283

at extremely low temperatures (�10 mK).284

When a particle traverses the scintillating crystal and interacts with the285

lattice, a large fraction of the energy is transferred into the crystal as heat,286

raising the internal energy, thus inducing the already mentioned temperature287

rise. A small fraction of the deposited energy produces scintillation light that288

propagates as photons outside the crystal. These are then detected by a separate289

light detector facing the crystal. The light detectors used so far for scintillating290

bolometers are bolometers themselves and consist of germanium wafers, kept291

at the same temperature as the main bolometer. Scintillation photons deposit292

heat into the wafer and induce a temperature rise, which is then measured by293

a second thermistor.294

The signals registered by the two thermistors are conventionally named heat295

(the one generated in the main bolometer) and light (the one induced in the296

light detector). Although they have the same nature (temperature rises), they297

originate by di�erent processes.298

An interesting feature of scintillating bolometers is that the ratio between the299

light and heat signals depends on the particle mass and charge. Indeed, while300

the thermal response of a bolometer has only a slight dependence on the particle301
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Bolometer

Figure 1: Schematic of bolometers set up to detect both heat and light

The Bolometric Detector Principle

The LMO crystals serve as both the source of double-beta decay events
and as the bolometric detectors. Decay events in the crystals have their
energy absorbed and converted into a notable change in temperature, due
to the small specific heats of the crystals when operated near 10 mK.
This temperature change is read out by either a Neutron Transmutation
doped Germanium thermistor (NTD) or a Transition Edge Sensor (TES)
attached to the crystal.

Goals for CUPID:

) Particle ID: ↵ events are the dominant background in the region of
interest for CUPID’s 0⌫�� search. The addition of light detectors
near the bolometers can allow active discrimination against ↵
backgrounds by checking for Cherenkov and/or scintillation light in
coincidence with the thermal signal

) Greater Mass: Isotope enrichment and the addition of even more
crystals to take full advantage of the cryostat’s capabilities

) Energy Resolution: CUORE has been able to achieve < 0.3%
FWHM energy resolution at Q��. CUPID will aim to maintain or
improve this quality of energy resolution even as it adds more
detectors and more components.

CUPID Electronics

Opportunities for CUPID Electronics

CUORE front-end electronics are currently all located at room
temperature outside the cryostat1

Signals from the NTDs on each bolometer are sent up to room temperature
electronics for amplification and processing
Moving electronics closer to the detectors requires operating them at lower
temperatures

CUPID will introduce 1000+ light detectors that also require readout
The upgrade to CUPID will present an opportunity to upgrade the
electronics infrastructure

Cryogenic CMOS

CMOS microelectronics operated at cryogenic temperatures have
shown promise as precision controllers and low-noise amplifiers
Cryogenic CMOS-based preamplifiers could o↵er a number of
advantages for CUPID:

) Reduce electronic noise by being near the detectors
) Ability to do time-domain multiplexing
) Cost-e↵ective and easily scalable to the thousands of detectors in CUPID

Challenges: need to minimize power dissipation to not impose
significant additional heat load on the cryostat
Needs to be very reliable, since cryogenic electronics cannot be
maintained while the cryostat is in operation

1C. Arnaboldi et al 2018 JINST 13 P02026 Figure 2: Schematic of how measurements are done with a dilution refrigerator

Cryogenic CMOS Characterization

CMOS Operation at Cryogenic Temperatures

Tests done with a TSMC 180 nm CMOS chip containing a wide range of
PMOS and NMOS of di↵erent sizes and threshold voltages
Measurements taken with chip placed at the mixing chamber stage of a
Oxford Triton-400 dilution refrigerator, kept at a base temperature of 100 mK
All MOSFETs remained operational down to 100 mK, and we were able to
extract the temperature dependence of a number of their properties2

Results show promise for design of an amplifier that can be operated at the
100 mK stage of a dilution refrigerator

Simulation of Cryogenic Behavior

Standard BSIM3 models are not designed to work at cryogenic temperatures,
but can be phenomenologically tuned to try to replicate cryogenic behavior
Shown in Fig. 4, a simple procedure of tuning the model parameters to one
device does not accurately predict the behavior of di↵erent sized devices at
the same temperature
Future work: further tuning of models to 100 mK behavior with
measurements of a wider array of device sizes

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
 (V)gsV

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1
6−10×

 (A
)

dsI

m NMOSµm/10µ0.5

100 mK
1 K
10 K
155 K
210 K
270 K
300 K

m NMOSµm/10µ0.5
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Figure 5: Extracted threshold voltages as a function of temperature, showing a general linear
dependence on temperature.
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Hysteresis E↵ects in the Cryogenic Regime

At low temperatures, some MOSFETs demonstrate a hysteresis e↵ect in
Id vs Vd, shown below, that only manifests when the scan goes from low
to high Vd

The e↵ect is stronger in larger sized devices and seems stronger in NMOS
than PMOS. The e↵ect appears at temperatures below around 40 K
The temperature dependence of the e↵ect and the fact that it only
appears when scanning Vd upwards suggests it is due to a forced
depletion zone formation when charge carrier freeze-out has occurred
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Figure 7: Id � Vd scans for 10µm/1.2µm NMOS device showing a temperature-dependent
hysteresis e↵ect. Top: scans at 100 mK showing the e↵ect only appears for increasing Vd.
Bottom: scans of the same device at 40 K, not exhibiting the same e↵ect.
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POSSIBLE PHYSICS TOPICS

• Low-mass DM 
• Neutrino magnetic moment (with external sources or beams)
• Solar axion searches
• Lorentz/CPT violations
• Tracked particle searches
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