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Evidence for Dark Matter from all scales:
Gravitational Interaction

Rotation Curves of Galaxies

Gravitational Lensing

2
£
> 1
3]
L
@
>
o
£
[=]
[+4

Structure Formation

R (<1000 LY)

Cosmic Microwave Background (CMB)

6000 |- o M N
[ L ]
'y
5000 |
. '
__. 4000+ +
e '
= 3000 F {
(&)
2000 :- + ' \/
4
1000 |- , W i y
R iy v\\_\_\%
0 4+ + 3 + + L -~ +— + 1 —— L +— + L
STl
B of l' ) : 4 . + ‘ )‘ t+.[|”'+,t ++’i‘“.ﬁ“‘ l‘hn. 'M‘wﬁ*‘wnﬂ*;*qr 0
9 a0 Hh .w*{, A M .30
-600 "J L1l 1 1 A 1 60
2 10 30 500 1000 1500 2000 2500




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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“Ultralight” DM “‘Light"” DM WIMP  Composite DM Primordial

(Q-balls, nuggets, etc) bhck h()lCS

non-thermal dark sectors
bosonic fields sterile v
can be thermal T. Lin, 2019

Ultimate goal:
Direct detection of DM through non-gravitational interactions!
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A well-studied apronach to produce DM:
through interaction with the Standard Model thermal bath.

Thermal
Bath

depending on the interaction:
DM abundance is mainly established by
freeze-out or freeze-in mechanisms.
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Freeze-out:

ny +3Hn, = —(ov) (n?< — ni)eq)

Due to thermalization:
no dependence on the initial
temperature of the bath

Example:WIMPs

weak-scale couplings,
weak scale mass

log[Y(x)/Y(x=1)]

x=m/T

SM

SM
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WIMPs:
benchmark targets for
direct detection experiments

Nuclear recoll

image credit: Carmen Carmona

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

multi-ton-scale target masses

WIMP-nucleon og [cm"’]

a clear path for even larger
detectors to reach the neutrino fog
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Direct detection of Sub-GeV DM:
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T. Lin, 2019

Cutting-edge technologies!

SENSEI collaboration

image credit: Carmen Carmona

Electron recoll
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cross section o [cm?]

Thermal production of MeV DM is disallowed by BBN

light DM requires dark sectors
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Alternative: freeze-in!

7/19



Freeze-in:

the DM final abundance is built | ,
up gradually over time Ny + 3Hn, = —(ov) %— % eq)

renormaizblae operators

A< 1 V. o \2MPL 42Tl
and very small coupling X

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

IR freeze-In:

Insensitive to temperatures
above DM mass
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Benchmark freeze-in model:

€
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X. Chu, T. Hambye, M. H. G. Tytgat, 2012
R. Essig, J. Mardon, T. Volansky, 2012
V/Z
f X
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Freeze-in model: RO 3
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Relic abundance:
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Previous studies:
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but reheating temperature can be below the mass!
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Impact of reheating temperature:

bMeV < T, < My V. A. Kuzmin, V. A. Rubakov, 1998

I duct; ~ 6—2’mx /T C. Cosme, F. Costa, O. Lebedev, 2023
production

Vo) = [ [ZwBB%XXw(Y;qV

Number of Particles

Energy

to match the relic abundance:
larger portal coupling, larger scattering cross-section! 11/19



Impact of reheating temperature on
freeze-in benchmark:

f X
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Low reheating temperature:
Implications for direct detection
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Freeze-in benchmark target:

a region defined by reheating temperature rather than a single Curve.]3/]9
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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.

P. N. Bhattiprolu, R. McGehee, A. Pierce, 2023
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Maximum temperature of the Universe:

Reheating

(entropy production)

| -
| T ~a *
prad/ptot < 1 \Trh
T o q !
T < 1 ihax
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Maximum temperature vs. reheating temperature:

Tmax > Trh
Tmax = Irh

Tmax = I'th

Radiation Temperature (T)

Reheating

-

Scale factor (a)
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inflaton decays to radiation directly
D.J. H. Chung, E. W. Kolb, A. Riotto, 1998 -
G. F. Giudice, E. W. Kolb, A. Riotto, 2000

E. W. Kolb, A. Notari, A. Riotto, 2003

C. Cosme, F. Costa, O. Lebedev, 2024
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inflaton has generic dissipation rate -~
dependent on temperature and scale factor

R. T. Co, E. Gonzalez, K. Harigaya, 2021

Resonant reheating: s-channel inflaton annihilation
B. Barman, N. Bernal, Y. Xu, 2024
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Conclusion:

The impact of the reheating temperature on the benchmark
freeze-in model.

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.
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DM-electron scattering rate

particle physics
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