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Dark Matter



Particle Dark Matter Searches

● DM cosmology
○ ¼ of the mass in the Universe
○ Required to explain structure formation (aside from indirect evidence)
○ ΛCDM    
○ To decipher its cosmological origin, its composition, and interactions 

■ WIMPs, axions, sterile neutrinos, exotics, --
■ Cosmologically motivated DM candidates in the “dark sector”

● Current direct detection experiments are only sensitive to particle DM with 
masses above the mass of a proton

● Future direct detection experiments will search for particle DM with masses 
below the mass of a proton
○ Demanding new detection technologies



Fuzzy Dark Matter

● At large scales (~10Mpc+) cold dark 
matter is in excellent agreement with 
observations 

● At small scales the situation is less 
clear; there are several open questions

● Can quantum condensates be the dark 
matter? No reason why not 

● Study of possible consequences for 
matter distributions at small scales (due 
to cut-off at a lower halo mass scale)

● Need high-resolution simulations 
of the nonlinear 
Schrodinger-Poisson equation

● Can be carried out on current and 
next-gen supercomputers

● Initial work underway using a 
spectral method based on HACC’s 
distributed FFT (SWFFT)

● Also has consequences for 
structure formation in general

● No particles, so discreteness 
effects nonexistent, study NFW 
profiles, classical limit, etc.



Constraining DM through Observations: Strong Lensing

Direct test of structure formation: 
Large N-body simulations provide predictions for the 
properties of Dark Matter halos that are directly 
testable by using Strong Lensing as a probe of the 
cores of massive systems

Cosmic Telescopes - Strong lensing is a powerful tool 
with which to study the distant Universe
● Earliest galaxies (reionization!)
● Expansion Rate of the Universe   (e.g., SN 

Refsdal)
● Dark Matter Substructure (SPT + ALMA)



The SPT Strong Lensing Sample

• Uniform coverage of this 
uniformly-selected sample

• Imaging Program with PISCO
simultaneous griz’ imager installed 
on Magellan/Clay,  Hubble Space 
Telescope Snapshot campaign 

• Spectroscopic Campaign 
targeting lensed galaxies



• Ongoing simulation efforts to interpret observations:
    - “Outer Rim” simulation (HACC code; Habib+16, 
NewAst,42,49H)
    - 1.1 trillion particles with mass
    2.6x109 M⊙
    - (4.225 Gpc)^3 Volume
• Hydrosims coming soon!

• Expect >150 strong lenses to be detected in SPT 
cosmology sample

• Will be possible to measure the mean 
mass-concentration relation of massive halos to ∼5%, 
and constrain its scatter to ∼10% precision (statistical).

• Arc statistics, lens modeling to place constraints on 
SIDM

The SPT Strong Lensing Sample



Direct detection (post G2)

“Wave” dark matter (e.g. QCD axion)

● Conversion of dark matter into a photon
● Photon energy equals DM mass
● Rate proportional to photon coupling
● Superconducting detectors and devices to 

detect/sense (single) low frequency 
photons

“Particle” dark matter (e.g. low mass WIMPs)

● Dark matter scatters/absorbed by target 
materials:
○ Collective excitations (phonons, magnons), 

low mass nuclei, electrons
● Energy deposition is small
● Superconducting detectors with ultra low 

thresholds



Neutrinos ‘R’ Us



● Well known that cosmology probes neutrino physics

● Future surveys (SPT-3G, CMB-S4, LSST, DESI, ...) will reach interesting science targets:
- Primary CMB spectra: N_eff -> neutrino thermal history in the early Universe, neutrino 

decoupling, free-streaming nature, additional light relics
- CMB lensing, SZ clusters, large-scale structure tracers: Sum m_nu -> detection of minimal mass 

in normal ordering
- Large-scale structure tracers: neutrino thermal history at late times -> BSM interactions, neutrino 

decay, distortions in distribution function
- Main challenge is robustness of cosmological constraints

● Robustness wrt systematics (e.g. beam for N_eff) -> explore it with simulations and/or identify ways to 
marginalise the uncertainty

● Robustness wrt theory model (e.g. extended cosmological scenarios, non-linear evolution of cosmic 
structures, scale-dependent bias, …, for Σmν) -> joint analysis of multiple probes ( joint covariance?), 
explore simulations, identify clean signals

NB: Argonne HEP has experience in simulations and analysis of CMB and LSS data. Involved in all future 
surveys relevant for nu physics

             Cosmological Probes of Neutrino Physics



● Important open questions in Neutrino Sector (with respect to neutrino mass): 
○ What are the values of Absolute Neutrino Masses? 
○ What is the neutrino Mass Ordering?
○ Why is neutrino mass so small?
○ Is there a Majorana mass term contribution to neutrino mass (ie is the neutrino its  own anti-particle)? If 

yes, what are the Majorana CP-phases?
○ Are there sterile neutrinos?

● Neutrinos and Cosmology (across Argonne)
● Absolute neutrino mass scale and nature of neutrino mass not understood

          Argonne might present unique place to unify information from 
         cosmology (Σmν),  oscillation searches (Δmν, mass    

                   ordering), double-beta decay probes (Majorana mν = ?)
○ Combined analysis (correlations, systematics) of cosmology 

and lab data on ν mass?
● Argonne opportunities with novel detectors: NLDBD, beta-decay 

          measurements, keV sterile neutrino searches (amongst others)

● See next slides.

From CMB-S4 
white paper

Synergy of Cosmology and Laboratory Neutrino Searches 



• The question for Argonne: what roles we want to play?
-What is our vision?

• Should Argonne focus its neutrino efforts to concentrate on these measurements
1) through (Advances in) Cosmology ie CMB-S4 science, and theory/computing efforts?
2) through lab measurements (beta-decay, NLDBD decay) through detector design/fabrication and    

                         scientific efforts?

• Argonne (as the lab) has capacity to play roles in both 1) and 2), but in the areas under 2) HEP effort is 
constrained by DOE HEP as current HEP funds support only the accelerator-based oscillation searches 
that are important for measurements of mass-splittings, determination of mass ordering, and CP-violation 
but less connected to absolute neutrino masses.

 
• We should be thinking what we want to do in the next decade, and coupling 1) and 2) at the Argonne Lab 

level (if not within HEP division) would be a goal with very strong scientific motivation.

• ONE OF THE FIRST STEPS: WE WILL BE HOSTING A WORKSHOP ON “NEUTRINO SYNERGIES: 
COSMOLOGY AND LABOATORY EXPERIMENTS”

     https://indico.fnal.gov/event/21905/ (March 2-4, 2020)

Synergy of Cosmology and Lab Neutrino Searches: Argonne Opportunities  

https://indico.fnal.gov/event/21905/


Forecast sensitivity to Majorana phases from future experiments



Laboratory Neutrino Physics Experiments Enabled with High-Resolution/low 
threshold TES Detection Technologies  

● Majorana vs. Dirac nature of the neutrinos
○ NLDBD

■ Major challenge: background rejection (requires multiple signals for event reconstruction)
■ For bolometric techniques, requires detecting thermal signal and at least one other signal (e.g. 

Cherenkov light, scintillation)
■ Secondary signals typically faint. Requires low threshold detector technology. 

○ Neutrino capture with Tritium (cosmologically motivated, but challenging)
■ Direct measurements of cosmic neutrino background (and the lightest neutrino mass), CvB capture 

rate depends on whether neutrino is Majorana or Dirac
■ Capable of detecting keV sterile neutrinos in “Beta Decay mode”
■ Requires low threshold high resolution measurements of beta endpoint spectrum

● CEvNS
○ Search for light sterile neutrinos
○ Measure neutrino magnetic moment
○ Recoil events are low energy
○ Implement TES as high sensitivity thermistor coupled to target mass arrays



Cross Correlations 
(Dark Energy, Matter Mapping, Relativity)



The Future of Cosmic Frontier is Surveys. 

SPHEREX



Next generation surveys provide tremendous 
opportunities for multi-wavelength science.

Cross correlations

- Increase the constraining power of the surveys by combining multiple probes 
on the same sky area (more than just combining likelihoods!) 

- Help constrain systematic effects in analyses at different wavelengths
- Enable new probes not accessible by each survey alone (e.g., velocity field 

from the kinematic SZ effect reconstructed using CMB+galaxy survey data )

The existing program is already making impact here. 

What can we do that is new or enhanced above this? 



Stronger Connections to Theory

As the new experiments reach unprecedented depth and areal coverage,  there is 
significant room for both new probes and new techniques. 

● New estimators from higher order statistics (e.g., measuring “tau”, the optical 
depth to reionization, using high-ell CMB data (Phys. Rev. D 98, 123519, 2018))

● What are the most exciting extensions to the standard cosmological models to 
explore in data and simulations; increased feedback here to design robust 
cosmological probes

● Connections to GW experiments (LIGO-Virgo, LISA)  ; Modified Gravity 

● ?



Leveraging Argonne Computing Power to construct 
end-to-end models of CMB experiments 

● Lensing from SPT-3G, CMB-S4;  
tomographic combinations with 
optical tracers (LSST, DESI, 
SPHEREx)

● Exploration of systematics 
(instrumental & sky) using 
time-stream level simulations at 
ALCF

● Use SPT-3G to identify where the 
challenges will be at the depth of 
CMB-S4

The dashed blue and red lines show the dust and synchrotron 
(current upper limit) model assumed in the forecasting, at the 
foreground minimum of 95 GHz. The levels of dust and 
synchrotron are equal to the ones reported in [8]. The contribution 
of dust and synchrotron to the vertical error bars are shown in solid 
blue and red lines.   CMB-S4 science book

 



Planning for the Next Generation of Cosmic Frontier 
Surveys: Wide Area Spectroscopic Surveys

Cosmological Constraints from LSST will be limited by 
photometric redshifts (see also A.I.).  To truly leverage 
this billion dollar investment additional spectroscopic 
observations are required.  Given Argonne 
commitments to e.g., CMB-S4 is such a project 
something we would like to be heavily invested in?



Planning for the Next Next Generation of 
Cosmic Frontier Surveys: Intensity Mapping

- Instrumentation
- Orthogonal technology

- Challenges for Simulations 
- AI+sim connection?

arXiv:1903.04496



APC White Papers for Future Surveys

● The MegaMapper: a z > 2 spectroscopic instrument for the study of Inflation 
and Dark Energy
○ https://baas.aas.org/wp-content/uploads/2019/09/229_schlegel.pdf

● SpecTel: A 10-12 meter class Spectroscopic Survey Telescope
○ https://baas.aas.org/wp-content/uploads/2019/09/045_ellis.pdf

● Packed Ultra-wideband Mapping Array (PUMA): A Radio Telescope for 
Cosmology and Transients
○ https://baas.aas.org/wp-content/uploads/2019/09/053_slosar.pdf 

● CMB-S4
■ https://baas.aas.org/wp-content/uploads/2019/09/209_carlstrom.pdf

● CMB-HD: An Ultra-Deep, High-Res Millimeter-Wave Survey Over Half the Sky
■ https://baas.aas.org/wp-content/uploads/2019/09/006_sehgal.pdf

https://baas.aas.org/wp-content/uploads/2019/09/229_schlegel.pdf
https://baas.aas.org/wp-content/uploads/2019/09/045_ellis.pdf
https://baas.aas.org/wp-content/uploads/2019/09/053_slosar.pdf
https://baas.aas.org/wp-content/uploads/2019/09/209_carlstrom.pdf
https://baas.aas.org/wp-content/uploads/2019/09/006_sehgal.pdf


Extra



Low-Mass DM Particle Direct Detection with Superfluid Helium 

● DM – nuclear scattering: > 300 MeV DM
○ Photons
○ Evaporated helium atoms

● DM – nuclear scattering: 1 -- 300 MeV DM
○ Evaporated helium atoms

● DM-off-shell nuclear interaction: 1 KeV -- 1 MeV DM
○ Evaporated helium atoms

● Enabling technology
○ Low-threshold low-Tc TES detector arrays measuring photons and 

evaporated helium atoms 



Low-Mass DM Particle Direct Detection with Dielectric 
Crystals or Superconducting Crystals 

● Dielectric crystals (Al2O3, GaAs)
○ Nucleus scattering, electron scattering, or DM particle absorption
○ Measuring athermal phonons in non-equilibrium detection with 

low-threshold TES arrays
○ Measuring heat in equilibrium detection with a single TES

● Superconducting crystals (Al, Nb) 
○ Nucleus scattering, electron scattering, or DM particle absorption
○ Measuring athermal phonons in non-equilibrium detection with 

low-threshold TES arrays
○ Measuring heat in equilibrium detection with a single TES



Low-Mass DM Particle Direct Detection Using 
Superconducting Resonators

● Detection schemes
○ Superconducting resonator measuring phonons created in the underneath 

dielectric crystal target
○ Superconducting resonator directly reads quasiparticles in the ground 

plane superconductor which is used as the detection target
● Benefit: large multiplexing resonator array for a detection mass scaling
● Challenge: synthesis of an ultra-low loss dielectric and superconducting films
● Sub-eV resolution goal in a short term and 10-meV resolution in a long term



Laboratory Neutrino Physics Experiments Enabled with High-Resolution TES Detection 
Technologies  

● NLDBD search
○ Majorana vs. Dirac nature of the neutrinos
○ Sensitive to the effective Majorana mass and sterile neutrinos
○ Major challenge: background rejection (requires multiple signals for event reconstruction)

■ Detect thermal signal and at least one other signal (e.g. Cherenkov light, scintillation)
■ Secondary signals typically faint. Requires low threshold detector technology 

● Neutrino capture with Tritium (well cosmologically motivated but challenging)
○ Direct measurements of cosmic neutrino background (and the lightest neutrino mass) 
○ Capable of detecting KeV sterile neutrinos in “Beta Decay mode”

● Light sterile neutrino search (testing cosmology models)
○ Electron antineutrino appearance (LSND & MiniBooNE) and reactor electron antineutrino disappearance
○ Oscillation measurements with enhanced event rate due to coherent elastic neutrino-nucleus scattering
○ Using monochromatic neutrinos from nuclear decays or reactor neutrinos
○ High-resolution pixelated detector array with TES readout for a direct oscillation signature

● Measurement of a neutrino magnetic moment
○ Measuring 𝝻𝝼 < 3 ×10-12𝝻B (cosmology ROI) for new physics beyond SM 
○ Using reactor neutrinos or neutrinos from Tritium beta decays
○ Semiconductor detector with a large thermal gain and TES readout


