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Evidence for Dark Matter from all scales: 
Gravitational Interaction

Rotation Curves of Galaxies

Cosmic Microwave Background (CMB)

Structure Formation

Gravitational Lensing
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T. Lin, 2019 

Nature of Dark Matter?
our knowledge is limited:
DM can be explained by candidates with a mass range spanning
over 90 orders of magnitude.
each model can only be partially constrained.
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Ultimate goal: 
Direct detection of DM through non-gravitational interactions!



A well-studied apronach to produce DM:
through interaction with the Standard Model thermal bath.

depending on the interaction:

DM abundance is mainly established by

freeze-out or freeze-in mechanisms.

Thermal 
Bath DM
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Freeze-out:
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Due to thermalization:
no dependence on the initial 
temperature of the bath

Example:WIMPs
weak-scale couplings, 

weak scale mass



LUX-ZEPLIN (LZ) Experiment, 2022

image credit: Carmen Carmona  

Nuclear recoil
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WIMPs:
benchmark targets for 
direct detection experiments

DM signal: a recoil rate that exceeds 
the detector-internal background

multi-ton-scale target masses

a clear path for even larger 
detectors to reach the neutrino fog



Direct detection of Sub-GeV DM:

T. Lin, 2019 

image credit: Carmen Carmona  

Electron recoil

6/19SENSEI collaboration

Cutting-edge technologies!



Thermal production of MeV DM is disallowed by BBN

G. Krnjaic, S. D. McDermott, 2019 R. An, V. Gluscevic, E. Calabrese, J. C. Hill, 2022 

Alternative: freeze-in!
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light DM requires dark sectors



Freeze-in:

the DM final abundance is built
up gradually over time ṅ� + 3Hn� = �h�vi
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renormaizblae operators 
and very small coupling 
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� ⌧ 1
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Y� ⇠ �2mPl

T
⇠ �2mPl

m�

L. J. Hall, K. Jedamzik, J. March-Russell, S. M. West, 2009

IR freeze-in:
insensitive to temperatures
 above DM mass



<latexit sha1_base64="7lgQ47iYZE+QjzDAG5g4pMBI43Y=">AAACKXicbVDLSgMxFM34tr6qLt0Ei+CqzIioy6IgLlwoWBWaWjLpHQ0mmZCHUIb5HTf+ihsFRd36I6a1gq8DgcM593JzTqoFty6OX6OR0bHxicmp6crM7Nz8QnVx6dTm3jBoslzk5jylFgRX0HTcCTjXBqhMBZyl13t9/+wGjOW5OnE9DW1JLxXPOKMuSJ1qAxNJ3RWjojgsifXagiOZoawgoC0XuSqLjXL/gmjDJXQKIj1RPghfrFOtxfV4APyXJENSQ0McdaqPpJszL0E5Jqi1rSTWrl1Q4zgTUFaIt6Apu6aX0ApUUQm2XQySlngtKF2c5SY85fBA/b5RUGltT6Zhsh/L/vb64n9ey7tsp11wpb0DxT4PZV5gl+N+bbjLDTAneoFQZnj4K2ZXNPTkQrmVUELyO/JfcrpRT7bqm8ebtcbusI4ptIJW0TpK0DZqoAN0hJqIoVt0j57Qc3QXPUQv0dvn6Eg03FlGPxC9fwCHYalI</latexit>
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Benchmark freeze-in model:
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Freeze-in model: 
extraordinarily small coupling between 
the DM and the SM.

Despite this, the ultralight mediator leads to 
a large enhancement of the direct detection 
cross section at low momentum transfers.

target of 
direct detection program!

L. J. Hall, K. Jedamzik, J. March-Russell, S. M. West, 2009
X. Chu, T. Hambye, M. H. G. Tytgat, 2012
R. Essig, J. Mardon, T. Volansky, 2012



Relic abundance:
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x ⌘ m�/T
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Previous studies: 
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Trh >> m� : xrh = 0

<latexit sha1_base64="WelwB1OcClDf4X1z3WwzVpshcqk="></latexit>
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! unique(m�) ! unique �̄e(m�)

but reheating temperature can be below the mass! 10/19
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�production ⇠ e�2m�/T

Impact of reheating temperature:

V. A. Kuzmin, V. A. Rubakov, 1998
C. Cosme, F. Costa, O. Lebedev, 2023

to match the relic abundance: 
larger portal coupling, larger scattering cross-section!
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Impact of reheating temperature on 
freeze-in benchmark:
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Low reheating temperature: 
Implications for direct detection

Freeze-in benchmark target: 

a region defined by reheating temperature rather than a single curve.

<latexit sha1_base64="vo4Yhq1i2LfWPiusE/OcA3Lu+b8="></latexit>
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Alternative: 
Opening up the parameter space
 with high reheating temperature: 

more complicated dark sectors that 
introduce new dark degrees of freedom. 
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P. N. Bhattiprolu, R. McGehee, A. Pierce, 2023



Maximum temperature of the Universe:

Radiation Domination
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t
(entropy conservation)

Reheating
(entropy production)
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⇢rad/⇢tot ⌧ 1

<latexit sha1_base64="6SzZhGlO+FtEOSmsm30gH5c6eL8=">AAAB9HicbVA9SwNBEJ2LXzF+RS1tFoNgFe4kqIVF0MYyQr4gOcLeZi9Zsrt37u4Fw5HfYWOhiK0/xs5/4ya5QhMfDDzem2FmXhBzpo3rfju5tfWNza38dmFnd2//oHh41NRRoghtkIhHqh1gTTmTtGGY4bQdK4pFwGkrGN3N/NaYKs0iWTeTmPoCDyQLGcHGSn79pt5Lu0oggZ+mvWLJLbtzoFXiZaQEGWq94le3H5FEUGkIx1p3PDc2foqVYYTTaaGbaBpjMsID2rFUYkG1n86PnqIzq/RRGClb0qC5+nsixULriQhsp8BmqJe9mfif10lMeO2nTMaJoZIsFoUJRyZCswRQnylKDJ9Ygoli9lZEhlhhYmxOBRuCt/zyKmlelL3LcuWhUqreZnHk4QRO4Rw8uIIq3EMNGkDgEZ7hFd6csfPivDsfi9ack80cwx84nz9nv5Hh</latexit>

T < Tmax
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Maximum temperature vs. reheating temperature:
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Conclusion:

The impact of the reheating temperature on the benchmark
freeze-in model.
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A reheating temperature below the mass of DM suppresses production 
rate; a larger portal coupling is required to achieve the observed relic 
abundance. This enhancement consequently lifts up the freeze-in 
benchmark target for direct detection.

A potential future detection that lies between the current observational 
limits and the traditional freeze-in benchmark would directly probe the 
reheating temperature and the conditions of the universe in its earliest 
moments.








