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Direct Detection Refresher
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XENON Collaboration [1805.12562]
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Direct Detection Future

Go lighter

Go lower
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+ many more!

Superfluid Helium
S. Knapen, T. Lin, K. Zurek 
[1611.06228,1709.07882]

Color Center Production in Crystals
R. Budnik et al.
[1705.03016]

Molecular Excitations
R. Essig et al.
[1907.07682]

Multiple Channels 
(recoils, transitions, phonons)

T. Trickle et al.
S. Griffin et al.

[1910.08092, 1910.10716]

Silicon Carbide
S. Griffin et al.
[2008.08560]

Diamond Detectors
N. Kurinsky et al.

[1901.07569]

Diamond Multiphonon
B. Campbell-Deem et al.

[1911.03482]

CaWO4
A. Coskuner et al.

[2102.09567]
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Where is Dark Matter?
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BBN bounds

Where is Dark Matter?

G. Krnjaic
S. McDermott
[1908.00007]3



BBN bounds

Not here?
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Two ways to get light, detectable DM

1) Dark phase transition at low temp.

(HYPERs)

2) Freezing-in at low reheating

temperatures
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Feeble couplings or heavy 
mediators

Much slower than Hubble

DM remains out-of-equilibrium

F. Elahi, C. Kolda, J. Unwin [1410.6157]

The Basics
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UV Freeze-In



The Basics

5

UV Freeze-In



1) HighlY interactive
ParticlE Relics (HYPERs)

PRL 130 (2023) 3, 031803  Gilly Elor, RM, & Aaron Pierce



E. Hardy, R. Lasenby
[1611.05852]

NA62 Collaboration
[2103.15389]

S. Knapen, T. Lin, K. Zurek
[1709.07882]

Constraints for HYPERs
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HYPER History

T

UV freeze-in relic abundance set early and
depends on        and  
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HYPER History

T

UV freeze-in

Dark-sector phase transition
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HYPER History

T

today

UV freeze-in

Dark-sector phase transition

Direct detection cross section grows!
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HYPER History

T

today

UV freeze-in

Dark-sector phase transition

Direct detection cross section grows!

What if this changes the relic 
abundance?

➢must prevent 
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Boundary found 
by maximizing 
via judicious choice 
of
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2) Freezing-in at low reheating 
temperatures

JHEP 01 (2023) 128   Prudhvi N. Bhattiprolu, Gilly Elor, RM, & Aaron Pierce



Low Reheating

BBN & CMB bounds
P.F. de Salas et al [1511.00672]
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heavy mediator



Low Reheating

BBN & CMB bounds
P.F. de Salas et al [1511.00672]
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heavy mediator



Low Reheating

BBN & CMB bounds
P.F. de Salas et al [1511.00672]

reduce pion contribution to yield

9

heavy mediator



Freezing-In @ Low Reheating
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Freezing-In @ Low Reheating

Relic abundance predicts a simple cross section
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BBN bounds

Where is Dark Matter?



Two ways to get light, detectable DM

1) Dark phase transition at low temp.

(HYPERs)

2) Freezing-in at low reheating

temperatures
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Two ways to get light, detectable DM

1) Dark phase transition at low temp.

(HYPERs)

2) Freezing-in at low reheating

temperatures
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Model-building effort is required to 
conceive of DM models that populate 
this parameter space while avoiding 

known constraints.



Two ways to get light, detectable DM

12

Model-building effort is required to 
conceive of DM models that populate 
this parameter space while avoiding 

known constraints.

A word of caution…. A call to action!
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