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(NOT SO-) EARLY CAREER AWARD
Advancing CMB science through new detectors



COSMIC FRONTIER AND DETECTORS
§ Cosmic Frontier: Understand the nature of early & late cosmic acceleration

– Cosmic surveys
§ Generic Detector R&D

– More direct connection to Cosmic Frontier



Emitted 380,000 years after the dawn of our Universe, the 
CMB is a unique probe of early and late Universe physics. 

The patterns in the CMB 
carry clean signals from 
extremely high energy 
processes involved in the 
birth of our universe

Secondary signals (e.g., lensing and the 
SZ) 
encode vast troves of information from the 
more recent universe (e.g., dark matter, 
Hubble tension, …) 4



POWERFUL APPROACH TO 
FUNDAMENTAL PHYSICS
§ Anchors our cosmological model
§ Precision test of our thermal 

history
– Are there light BSM particles?

§ Unique method for measuring 
the energy scale of Inflation
– Would correspond to GUT-

scale
§ Signal is faint. Requires 

measuring lots of photons. 
– Need lots of detectors. 1000 2000 3000
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• Precision tests of early 
thermal history

• New relic particles
• Precision cosmology
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TES FOR CMB

§ Antenna collects photons from telescope
§ Photons transmitted via superconducting transmission line. Signal is filtered and 

channelized.
§ Photons thermalize on suspended island, changing the island temperature.
§ Change in temperature changes electrical resistance of TES.
§ TES is held at constant voltage, change in resistance results in a change in TES 

current.
§ TES current is measured by a low noise Superconducting Quantum Interference 

Device amplifier.

Detectors possess multiple functionalities, components, materials



BUILD ARRAY THROUGH LAYERING
For SPT-3G full process has 15 steps requiring 18 stepper masks and 
direct write of wiring pattern. CMB-S4 is similar.

12

TES 
Deposition –
sets Tc

Microstrip –
mm-wave loss

Bolometer 
release – sets 
Psat



Multi-disciplinary Lab facilities & expertise

17,000 ft2 class 100-1000 cleanroom facility
Complete suite of lithography, deposition, 
etching, and metrology tools

Expertise in materials synthesis
Capabilities for characterization and modeling 
of materials properties

SUPERCONDUCTING DEVICES

▪ Cross-Lab applications
– HEP: CMB, Dark Matter, CEvNS
– PHY: Neutrinoless Double Beta Decay,  EIC
– APS: X-ray micro-calorimeters
– Quantum Information Science 13



ECA ENABLES SCALING UP CMB DETECTORS
Sensitivity of CMB detector is set by detected photon flux.
Increasing experiment sensitivity requires more detectors.

SPTpol camera
(2012-2017)

SPT-3G camera
(2017- )



BUILDING ON THE ECA



SPT-3G (2017- )
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SPT-3G is a currently observing Stage-3 CMB 
camera.
• Performance is excellent and on-track to meet 

5-year survey sensitivity goal

SPLAT forecasting for CMB-S4 is based off its 
performance.



SPT-3G MEASUREMENTS

arXiv:2212.05642
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Small area survey 
primarily targeting 
inflationary 
gravitational 
waves, enabled 
by the sky 
coverage, low 
horizon blockage, 
and ultra stable 
atmosphere of the 
polar site.

Large area survey 
motivated by Neff, 
matter mapping, 
and time domain 
science and 
enabled by the 
mid-latitude site

CMB-S4: TWO SUPERB SITES, ONE COLLABORATION

1 Large Telescope, and
9 Small Telescopes, 3 per mount

South Pole

2 Large Telescopes

Atacama, Chile

Observed from Chile

Observed from South Pole 



a

Sensitivity CMB detectors are background limited.  The only way to meet our 
science targets is to deploy more detectors.

CMB-S4: more  than 10x all CMB detectors yet deployed!

● 16k pixels
● 10 detector wafers (0.17 sq. meters)
● The largest deployed focal plane

State-of-the-art: SPT-3G

● 496k superconducting TES detectors
● 363 detector wafers (6.4 sq. meters)
● A major scale-up requiring the expertise of DOE labs19

superconducting TES detectors

SO+UK+JPCMB-S4



NEW PHYSICS VIA RARE EVENT SEARCHES
Dark Matter
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dramatic progress in our ability to compensate for high-
momentum physics that is cut out !see, e.g., Bogner et al.
"2003#$, but reliably correcting for low energy excitations
such as core polarization is a longstanding problem. Par-
tial summation of diagrams, a tool of traditional
effective-interaction theory, is helpful but apparently not
foolproof.

In the long term these issues will be solved. As al-
ready mentioned, the coupled-cluster approximation, an
expansion with controlled behavior, is being applied in
nuclei as heavy as 40Ca. With enough work on three- and
higher-body forces, on center-of-mass motion, and on
higher-order clusters, we should be able to handle 76Ge.
The time it will take is certainly not short, but may be
less than the time it will take for experimentalists to see
neutrinoless double beta decay, even if neutrinos are in-
deed Majorana particles and the inverted hierarchy is
realized. And the pace of theoretical work will increase
dramatically if the decay is seen. Observations in more
than one isotope will only make things better. Our opin-
ion is that the uncertainty in the nuclear matrix elements
in no way reduces the attractiveness of double beta de-
cay experiments. Given enough motivation, theorists are
capable of more than current work seems to imply.

VI. EXPERIMENTAL ASPECTS

A. Background and experimental design

Double beta decay experiments are searching for a
rare peak "see Fig. 5# upon a continuum of background.
Observing this small peak and demonstrating that it is
truly !!"0"# is a challenging experimental design task.
The characteristics that make an ideal !!"0"# experi-
ment have been discussed "Elliott and Vogel, 2002; Zde-
senko 2002; Elliott, 2003#. Although no detector design
has been able to incorporate all desired characteristics,
each includes many of them. "Section VII.C describes
the various experiments.# Here we list the desirable fea-
tures:

• The detector mass should initially be large enough to
cover the degenerate mass region "100–200 kg of iso-

tope# and be scalable to reach the inverted-hierarchy
scale region "%1 ton of isotope#.

• The !!"0"# source must be extremely low in radio-
active contamination.

• The proposal must be based on a demonstrated tech-
nology for the detection of !!.

• A small detector volume minimizes internal back-
grounds, which scale with the detector volume. It
also minimizes external backgrounds by minimizing
the shield volume for a given stopping power. A
small volume is easiest with an apparatus whose
source is also the detector. Alternatively, a very large
source may have some advantage due to self-
shielding of a fiducial volume.

• Though expensive, the enrichment process usually
provides a good level of purification and also results
in a "usually# much smaller detector.

• Good energy resolution is required to prevent the
tail of the !!"2"# spectrum from extending into the
!!"0"# region of interest. It also increases the signal-
to-noise ratio, reducing the background in the region
of interest. Two-neutrino double beta decay as back-
ground was analyzed by Elliott and Vogel "2002#.

• Ease of operation is required because these experi-
ments usually operate in remote locations and for
extended periods.

• A large Q!! usually leads to a fast !!"0"# rate and
also places the region of interest above many poten-
tial backgrounds.

• A relatively slow !!"2"# rate also helps control this
background.

• Identifying the daughter in coincidence with the !!
decay energy eliminates most potential backgrounds
except !!"2"#.

• Event reconstruction, providing kinematic data such
as opening angles and individual electron energies,
can reduce background. These data might also help
distinguish light- and heavy-particle exchange if a
statistical sample of !!"0"# events is obtained.

• Good spatial resolution and timing information can
help reject background processes.

• The nuclear theory is better understood in some iso-
topes than others. The interpretation of limits or sig-
nals might be easier for some isotopes.

Historically, most !! experiments have faced U and
Th decay-chain isotopes as their limiting background
component. A continuum spectrum arising from
Compton-scattered # rays, ! rays "sometimes in coinci-
dence with internal conversion electrons#, and $ par-
ticles from the naturally occurring decay chains can
overwhelm any hoped for peak from the !!"0"# signal.
This continuum is always present because U and Th are
present as contaminants in all materials. The level of
contamination, however, varies from material to mate-

FIG. 5. The distribution of the sum of electron energies for
!!"2"# "dotted curve# and !!"0"# "solid curve#. The curves
were drawn assuming that %0" is 1% of %2" and for a 1−&
energy resolution of 2%.

496 Avignone, Elliott, and Engel: Double beta decay, Majorana neutrinos, and …

Rev. Mod. Phys., Vol. 80, No. 2, April–June 2008

Coherent Elastic 
Neutrino-Nucleus 
Scattering

Neutrinoless
Double-beta Decay



RARE EVENT SEARCHES
Recoil energy from particles (dark matter, neutrinos) 
interacting w/ target

▪ ns: Initial recoil
▪ 𝝁s: athermal excitations

• Collective excitations: Phonons, rotons, 
magnons

• Ionization, scintillation
• Photon emission

▪ ms: thermalization
Recoil spectrum for low mass DM and CEvNS rising 
exponentially at lower energy

– Pushes for lower thresholds

Excitations

𝛘,𝜈

𝛘,𝜈
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NEW MATERIALS TO TUNE TC
Au/Ir/Au proximity trilayers: Tc is tunable close to 20 mK (graph at lower left)
Ir/Pt proximity bilayers: Tc is tunable close to 20 mK (graph in lower middle)
Mn doped Al films: Tc is tunable close to 20 mK (graph at lower right)

Au/Ir/Au trilayer Ir/Pt bilayer Mn doped Al

22



TES FOR RARE EVENT SEARCHES
§ Couple to target masses instead of antennas

measured LED pulse 
histogram 
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MM-WAVE LINE INTENSITY MAPPING
Future cosmic surveys



R&D FOR MM-WAVE LIM

• 100X channel 
count

• 10X spectral 
resolution (R~100)

• Developing MKIDs



THOUGHTS

§ Connects HEP science with expertise and capabilities at Argonne
– Materials expertise
– Thin film processing facilities & associated testing

§ Enables leadership science
– SPT-3G
– CMB-S4

§ Established capabilities that lead to new opportunities
– Dark matter
– Neutrinos
– Cosmic surveys

ECA played a critical role in establishing HEP superconducting 
detectors at Argonne National Lab



THANK YOU


