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Direct detection – status of nuclear recoil searches

Snowmass Cosmic Frontier 2023 report







? mass, spin, interactions, production ?



Data



Data



Observables

Arxiv: 1903.05140 (Astro2020 decadal)



The plan

• Ultra-brief overview of computational tools

• Mass -- Lessons from BBN

• Spin -- Lessons from cosmic structures

• Interactions -- Lessons from large and small scales

• BONUS: Thermal history -- Lessons from 21-cm cosmology

recap



Computational tools
 ultra-brief review



Linear cosmology --- CLASS/CAMB

https://arxiv.org/abs/1104.2932















Structure formation --- simulations

Ethan Nadler/Risa Wechsler/R. Kaehler/SLAC National Accelerator Laboratory/Stanford University



Structure formation --- semi analytic models

Nadler+ 2022



And also… baryons….

https://alterbbn.hepforge.org/
https://parthenope.na.infn.it/

Need to compute/measure 
nuclear reaction rates for BBN:

https://alterbbn.hepforge.org/
https://parthenope.na.infn.it/


I. Spin  
lessons from cosmic structures



Tremaine-Gunn bound (~1970s)

• Measure LOS velocity dispersion =>       
mass profile M(r) and density profile 𝜌(r).

• +Jeans stability => escape velocity

• +Pauli exclusion => fermi velocity 
        

𝑣!"# ≈
2𝐺𝑀(𝑟)

𝑟  

𝑣! < 𝑣"#$
https://arxiv.org/abs/astro-ph/0004381



Teamwork time



Teamwork time

Estimate the lower bound on fermionic dark matter 
mass, from Leo II dwarf spheroidal galaxy, using the 
measurements of the escape velocity and density 
at half light radius, shown in the figure. 

How does your result compare to the result of the 
paper linked at the top of the figure?

How would you improve this bound?

Hint: You will need formulas from the previous slide, 
and possibly also the following constants:

https://arxiv.org/pdf/2010.03572.pdf



II. Mass 
lessons from BBN



II. Mass 
lessons from BBN

Allowed range of DM mass is huge.

Plot by T. Lin.



BBN

For a review: https://arxiv.org/pdf/1903.09187.pdf



Primordial element abundances

For a review: https://arxiv.org/pdf/1903.09187.pdf



For a review: https://arxiv.org/pdf/1903.09187.pdf



What about dark matter?
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Thermal relic abundance



credit: D. BaumannTime

Thermal relic abundance



credit: D. Baumann

Thermal relic abundance

Time



Question for you



Question for you

What happens to the temperature of the universe when a 

particle falls out of equilibrium (by becoming non-relativistic)? 

A) It stays constant

B) It increases

C) It decreases

D) It depends on the particle interactions

E) I have no idea



Question for you

A

D C

B

Which of the four scenarios occurs if H > 𝚪 while T>>m? 

(m=particle mass, T=temperature, 𝚪=rate of particle production/annihilation)



Question for you

Plot by T. Lin

Which of the four scenarios occurs if H > 𝚪 while T>>m? 

(m=particle mass, T=temperature, 𝚪=rate of particle production/annihilation)



In case of DM annihilation:

S = const

Heating  

Expansion speeds up

Yp increases*

Neutron half life is ~15 min



BBN with light dark matter

Contribution from SM + dark 
matter or other light relics

𝑁𝑒𝑓𝑓(𝑚x, ∆𝑁v)	≡ 𝑁𝑒𝑓𝑓, 𝑤
(𝑚x)(1+ ∆𝑁v /3)

Contribution from other relativistic d.o.f.

An+ 2022
Jenssen, 2016; Sabti+. 2019.



A light thermal relic can alter both early and 
late expansion history.

Light enough to become non-relativistic during BBN
(while annihilating into photons or neutrinos):

0.1 MeV < mχ < 20 MeV



BBN with light dark matter

An+ 2022; Giovanetti+, 2021;
Krnjaic+McDermott, 2019;
Nollett+Steigman, 2014, 2015;
Jensen, 2016; Sabti+, 2019.



CMB with light dark matter

An+ 2022; Giovanetti+, 2021;
Krnjaic+McDermott, 2019;
Nollett+Steigman, 2014, 2015;
Jensen, 2016; Sabti+, 2019.



CMB with light dark matter

An+ 2022; Giovanetti+, 2021;
Krnjaic+McDermott, 2019;
Nollett+Steigman, 2014, 2015;
Jensen, 2016; Sabti+, 2019.

Dark matter mass bounds are sensitive to 
small shifts in best-fit values of Neff and Yp.



DM mass bounds

55

*Colored = allowed mass ranges 
(95% CL) An+ (2022)

-CMB is more constraining than primordial abundances.
-Strongest bound is from CMB +  primordial abundances, around 15 MEV
-Weakest bound is around 100 keV
-Addition of ACT+SPT to Plank improves bounds by up to 80% for neutrino coupled
-Bounds on EM coupled DM sensitive to choice of data: small inconsistency between CMB data 
sets in value of Neff.

-SO will either exclude thermal relics lighter than 20 MeV, or provide evidence for non-standard BBN.



Digression: 
late-time (residual) annihilation bounds

Arxiv:2007.11493
ArXiv:1506.03811

• If DM is a thermal relic, its annihilation is related to relic abundance! 

• There are bounds from CMB and X-rays. 



III. Interactions
lessons from small and large scales



























Question for you



Question for you

Which panel features DM-baryon scattering?

A B



Nguyen+ (2021)



Nguyen+ (2021)



Snowmass Cosmic Frontier 2023 report

DM microphysics at the small-scale frontier

Lyman-alpha forest, dwarf galaxies, stellar streams, galaxy clustering, strong and 
weak lensing, intensity mapping, etc.







Damping of Pk



non-collisional damping collisional damping







𝜆!" ≈ ∫ 𝑐𝑑𝑡/𝑎
non-rel.

dec.







Question for you



Neutrinos are much lighter than WDM. Their 
transfer function is shown in top panel, WDM 
transfers are shown at the bottom.

Why is the shape of the damping so different 
in the two cases?

A) Because neutrinos are still weakly coupled to 

other particles, while WDM is not.

B) Because WDM has a different phase space 

density.

C) Because neutrinos contribute much less to 

the overall energy energy density than DM.

D) Because neutrinos decouple earlier and are 

thus colder than WDM. 

Question for you







Teamwork time



Estimate the comoving wavenumber k at which Pk is suppressed due to 
DM-baryon elastic scattering, assuming DM particle mass of 1 GeV and 
velocity-independent interaction cross section of 2e-28 cm^2. How does 
that scale compare to the scale of the modes corresponding to the 
smallest halos detected in galaxy surveys today?

Hints: First, assume that DM is tightly coupled to baryons until the rate of 
scattering (per DM particle) drops below the Hubble rate, at which point 
instantaneous decoupling occurs. Assume that decoupling takes place 
during radiation domination. Take the average mass of baryons to be 
about 1GeV (proton mass). What was the size of the mode that entered 
the horizon at this time?

To relate this size to a halo mass scale, assume a spherical collapse of a 
small overdensity, 2\pi/k in diameter; assume that all the mass enclosed 
within that diameter ends up in one halo. Remember that ~25% of the 
critical density today is in dark matter. Also remember that the comoving 
horizon is aH, where H=Hubble parameter. Assume a flat universe.

Teamwork time

https://arxiv.org/pdf/1904.10000.pdf               https://github.com/eonadler/DMBaryonScattering/

https://arxiv.org/pdf/1904.10000.pdf






Case of sterile neutrinos

What if DM is NOT a thermal relic?



Dodelson-Widrow mechanism

𝑣( 𝑣)x



Dodelson-Widrow mechanism

𝑛 ⟷ 𝑝 + 𝑒* + 𝑣+

𝑝 + 𝑒* ⟷ 𝑣++ n

𝑝 + 𝑣+ ⟷ 𝑒, + 𝑛

𝑣( 𝑣)x



Dodelson-Widrow mechanism 

…ruled out, due to decay and X-ray production.



Question for you



Question for you

How will the abundance line in this plot change, if only 10% of 
DM are sterile neutrinos? 

A) It will move up. 
B) It will move down.
C) It depends on the cosmology.



de Gouvea + (2019), etc.

Sterile neutrinos + neutrino self-interactions



99

DM mass
de Gouvea + (2019), etc.

Sterile neutrinos + neutrino self-interactions = allowed?
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Sterile neutrinos + neutrino self-interactions

de Gouvea + (2019), etc.
NB: Class assumes specific PSD!!
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Power suppression from sterile 
neutrino free streaming:
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Lab bounds on neutrino self-interactions: 

https://arxiv.org/pdf/2203.01955.pdf



103

An, Gluscevic, Nadler, Zhang (2023)

Mediators > 1GeV are ruled out.

Hard to escape thermal constraints…



104

Nadler, DES+, 2021
For a review: https://arxiv.org/pdf/1602.04816.pdf

Bounds on resonantly-produced sterile neutrino





BONUS!

IV. Thermal history
 lessons from 21-cm cosmology









21-cm global signal

110

Spin temperatures is controlled by:
• radiative transitions (CMB temperature)
• atomic collisions (i.e. gas temperature)
• Lyman-alpha background (Wouthuysen–

Field effect)

https://arxiv.org/pdf/1005.4057.pdf
https://arxiv.org/pdf/1206.0267.pdf

Occupation number of hyperfine levels
determines the intensity of the 21-cm line.



21-cm global signal

111

Spin temperatures is controlled by:
• radiative transitions (CMB temperature)
• atomic collisions (i.e. gas temperature)
• Lyman-alpha background (Wouthuysen–

Field effect)

https://arxiv.org/pdf/1005.4057.pdf
https://arxiv.org/pdf/1206.0267.pdf

Occupation number of hyperfine levels
determines the intensity of the 21-cm line.





Driskell + (2022)
Munoz+ (2016)Bowman + (2018)

Barkana+ (2018)
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Suppression of structure: 
(Not included in previous modeling)

Structure is suppressed:

Global 21-cm signal with IDM

Driskell + (2022)



Global 21-cm signal with IDM

117

Driskell + (2022)

Suppression + cooling





In conclusion



In conclusion



Key points

• Dark matter dominates matter content of the universe today, and also  

signals existence of new physics.

• There are many viable theoretical models.

• Cosmological observables probe different aspects of DM microphysics, 

but smallest scales enter cosmological horizon at earliest times and thus 

are typically sensitive to particle physics at higher energies.

• CMB and BBN probe the early universe, mass and production 

mechanisms.

• LSS and 21-cm signal can probe interactions and thermal history.

• Discovery might require evidence across observables…



Cosmological discoveries* in this decade?
SO (being deployed);CMB-S4; JWST (in operation);LSS surveys: DESI (in operation),                          

Rubin/LSST (start 2025?), Euclid (launch July 1?), Roman (2027) , SphereX (2025).

* Measurements:

 sum of neutrino masses (SO/CMB-S4/LSS).

 minimum halo mass (Rubin, DESI, Roman etc). 

 Large scale B-modes (CMB). 

* Stress-tests:

 cosmological tensions (SPT/ACT, SO  + LSS surveys).

 DE equation of state (LSS).

 Tests of GR (LSS).

 structure formation (baryonic effects, bias+) (LSS).

* Large New Open Space:

 light relics and BBN (CMB).

 small-scale DM physics (clustering/stellar streams/lensing).

 astrophysics of the first galaxies (JWST).

 black holes and neutron stars (LIGO/Virgo). 

 Non-gaussianity (LSS+CMB).



https://arxiv.org/pdf/1904.10000.pdf         
https://github.com/eonadler/DMBaryonScattering/

A) Teamwork time?             B) Nap time?

https://arxiv.org/pdf/1904.10000.pdf




Solutions to teamwork problems






