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MAKING DARK MATTER 
OUT OF LIGHT: 

THE COSMOLOGY OF 
SUB-MEV FREEZE-IN

Katelin Schutz 
Snowmass CF3 Meeting 8/17/2020 

Based on Dvorkin, Lin, KS in prep. (2009.xxxxx)  
and Dvorkin, Lin, KS PRD (2019)



POINT TO KEEP IN MIND FOR SNOWMASS PURPOSES

➤ I will treat sub-MeV freeze-in as a “case study” for a 
more general goal: let’s try to move towards being 
more fully self-consistent in matching early 
Universe theories of DM to cosmo/astro constraints 

➤ Can we work to lower the barrier of doing “end-to-
end” limit-setting (considering full history of DM 
candidate) and make it so that we don’t have to 
tailor analyses to specific theories? Should we be 
thinking about community recommendations on 
this front?



MAKING DARK MATTER OUT OF LIGHT 
(“THERMAL-ISH” FREEZE-IN)

Dvorkin, Lin, KS (PRD 2019)



Thermal freeze-out

 Relic abundance is independent of initial conditions of 
reheating after inflation (as long as DM is in the bath) 

 Fine with BBN and Neff (above masses of a few MeV)  

 Relevant couplings can be experimentally probed
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Small electric charge

Freeze-in via a light mediator will happen at the 
lowest temperature that is kinematically available! 
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e+ sub-MeV DM

sub-MeV DM
Time

~ T-2
Ɣ

Freeze-in via a light mediator will happen at the 
lowest temperature that is kinematically available! 

➞ This is the simplest allowed way to make 
charged DM

Ɣ’

e-

Light Dark Photon 
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 Relic abundance is independent of initial conditions of 
reheating after inflation, sensitive to low temperatures 

 Fine with BBN and Neff ?



10�1100101

T [MeV]

10�3

10�2

10�1

100

101

102

103

104

105

106

⌦
D

M
/⌦

re
li
c

m� = 1 MeV

Freeze-out

Freeze-in

Electrons

neutrino decoupling

n
n

deuterium forms



SM

SM

DM

DM
Time

Thermal freeze-in

 Relic abundance is independent of initial conditions of 
reheating after inflation, sensitive to low temperatures 

 Fine with BBN and Neff (above keV mass scale)
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FREEZE-IN VS. FREEZE-OUT COUPLINGS TO THE SM

coupling at freeze-out/in

Much more observable if there is a low-velocity 
enhancement, for instance v-4

Hall et al. (2009)



10�3 10�2 10�1 100

m� [MeV]

10�14

10�13

10�12

10�11

10�10

10�9

E
↵e

ct
iv

e
ch

ar
ge

,
Q

=

g �

/e

Freeze-in

energy (i.e. here E12 is understood to be equal to
p

s12 + q 2
12.) Inserting two such factors

into the definition of the thermally averaged cross section

h�vi n
EQ
1 n

EQ
2 =

 
4Y

i=1

gi

Z
d̄

3
pi

2Ei

!Z
d

3
q12ds12

2E12

Z
d

3
q34ds34

2E34
e

�(E1+E2)/T
|M|

2 (67)

⇥ (2⇡)4
�(p1 + p2 � p3 � p4)�(q12 � p1 � p2)�(q34 � p3 � p4),

we notice that the integrand does not depend on the frame of q34 so the two-body phase
space of p3 and p4 can be evaluated in the center-of-mass frame of q34,

�34(s34) ⌘

Z
d̄

3
p3

2E3

Z
d̄

3
p4

2E4
(2⇡)4

�(q34 � p3 � p4) |M|
2

=


2
e
2
g

2
X

8⇡(s34 � m
2
A0)2

s

1 �
4m2

X

s34

✓
s
2
34 +

1

3
(s34 � 4m2

e
)(s34 � 4m2

X
) + 4s34(m

2
X

+ m
2
e
)

◆
.

Inserting this and integrating over s12 and q12, we have

h�vi n
EQ
1 n

EQ
2 = g1g2

Z
d̄

3
p1

2E1

d̄
3
p2

2E2

Z
d

3
q34ds34

2E34
�(p1 + p2 � q34)e

�E34/T �34(s34). (68)

Again, we notice that the integrand is Lorentz invariant with respect to changes in p1 and
p2 so their two-body phase space can be evaluated in their center-of-mass frame,

�12(s34) ⌘
1

8⇡

s

1 �
4m2

e

s34
. (69)

The thermally-averaged cross section becomes
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where K1 is the first order modified Bessel function of the second kind. This was derived
independently but agrees with the expression from Gondolo & Gelmini.

8.2 Phase Space

ṅX + 3HnX = n
2
e
h�vi (73)

9 Appendix about scattering
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FREEZE-IN IS THE MAIN BENCHMARK FOR PROPOSED DIRECT DETECTION EXPERIMENTS
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STELLAR EMISSION CONSTRAINTS

Ɣ*

Light particles

Light particles

This process can extinguish stars quickly if 
the final state is unhindered by the plasma

Photon has an in-medium 
mass inside plasma, phase 
space available for decays



PLASMON DARK MATTER

Ɣ* Ɣ’

sub-MeV DM

sub-MeV DM

This process makes 
dark matter efficiently 
in the early Universe!

Dvorkin, Lin, KS (PRD 2019)
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DIRECT DETECTION IMPLICATIONS OF PLASMON CHANNEL



DARK MATTER IS BORN 
“HOT” FROM FREEZE-IN

Dvorkin, Lin, KS (PRD 2019)

*Quotation marks because DM does not thermalize with the SM 
and doesn’t necessarily possess a temperature



DEALING WITH NON-THERMAL PHASE SPACE

Dvorkin, Lin, KS (PRD 2019)
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DEALING WITH NON-THERMAL PHASE SPACE

Dvorkin, Lin, KS (PRD 2019)
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DEALING WITH NON-THERMAL PHASE SPACE

Dvorkin, Lin, KS (PRD 2019)

DM can optionally 
thermalize in its own 
sector if there are 
self-interactions



PHASE SPACE IMPLICATIONS 
FOR COSMOLOGY

Dvorkin, Lin, KS in prep.



4

where µi is the angular size of the initial screen from the perspective of Earth. We can relate
the Einstein angle to more directly measurable parameters

✓E =

s
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. (10)

We find that the restriction on the physical size of the initial lens to not be resolved is
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What if we want to require that the spatial size resolved by the gravitational lens be larger
than the size constrained by the final plasma screen lens? Combining Eqs. (2) and (11), the
requirement is s

DLSdf�tF (Rf )

DLDS�t(1 + zL)
& 103. (12)

The time delay from gravitational lensing is only observable on timescales longer than the
scintillation timescale (we would look for repetition in the sharp scintillation feature in the
time domain.) Let us suppose that we saturate the inequality and set �t = �t. We then
require (up to order unity redshift and magnification factors) that the geometric average
of the distances between Earth and final plasma lens and gravitational lens and source be
significantly larger than the geometric average of the distances between Earth and the source
and Earth and the lens. This requirement seems a bit challenging to satisfy... Let me suppose
the distance to the final plasma screen is fixed at around a kiloparsec and that the distance
to the source is fixed around a gigaparsec. That constrains the ratio DLS/DL & 1012 and
since DLS < DS by definition that means that for an assumed DS of a gigaparsec then DL

would have to be of order 1 mpc... YIKES

⌦� =
m�

94 eV
11

4

✓
T�

T�

◆3

(13)

VELOCITY EFFECTS ON CLUSTERING (WARM DARK MATTER EXAMPLE)

Warm dark matter initial conditions:

Heavier Lighter

Image credit: Ben Moore

50 Mpc
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cancel the UV dependence of one of the 1-loop bispectrum diagrams, which you can see by amputating
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GRAVITATIONAL CLUSTERING AND PHASE SPACE

Dvorkin, Lin, KS in prep.

Non-thermal 
distribution has more 
low-low velocity 
particles but fatter 
high-velocity tail, can 
stream freely 

If DM can self-
thermalize then it 
must have a 
nontrivial sound 
speed and can’t 
stream freely 



MAPPING WDM CONSTRAINTS TO FREEZE-IN CONSTRAINTS

PRELIMINARY!

Dvorkin, Lin, KS in prep.



Dvorkin, Lin, KS in prep.

PRELIMINARY!

COSMOLOGICAL CONSTRAINTS ON FREEZE-IN

Ruled out 



DARK MATTER-BARYON DRAG APPARENT IN THE CMB

Planck Collaboration
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Scattering ~v-4 
for freeze-in
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21 cm EFT Warm-up Exercises

f. Bonus: Code up the F3 kernel in Mathematica and take the limit as the loop integral momentum gets
much larger than the external momentum. Express this in terms of �2

⌘ 1/3
R
d̄3qPL(q)/q2. Now sum

the P31 contribution to the power spectrum with the counterterm coming from P1̃1– what does the EFT
coe�cient for the LO operator have to equal to cancel out UV dependence? Note that this will also
cancel the UV dependence of one of the 1-loop bispectrum diagrams, which you can see by amputating
the external legs.

p�/T�

p2� f�(p�)
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DM-BARYON SCATTERING AND PHASE SPACE

Dvorkin, Lin, KS in prep.

More DM particles 
moving slower if DM 
does not thermalize, 
stronger v-4 

scattering effect seen 
in the CMB! 



DARK MATTER-BARYON DRAG RATE

Dvorkin, Lin, KS in prep.

PRELIMINARY!



DARK MATTER-BARYON DRAG EFFECT ON THE CMB
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Dvorkin, Lin, KS in prep.

PRELIMINARY!



Dvorkin, Lin, KS in prep.

COSMOLOGICAL CONSTRAINTS ON FREEZE-IN

PRELIMINARY!

Ruled out 



Dvorkin, Lin, KS in prep.

PRELIMINARY!

FUTURE COSMOLOGICAL CONSTRAINTS ON FREEZE-IN

Ruled out 



Dvorkin, Lin, KS in prep.

PRELIMINARY!

FUTURE COSMOLOGICAL CONSTRAINTS ON FREEZE-IN

Direct detection benchmark

Ruled out 



SUMMARY
➤ DM could be made by freeze-in off 

of decaying light, simplest way to 
make charged DM 

➤ Key benchmark for sub-MeV 
direct detection experiments 

➤ Non-thermal phase space 
structure leads to interesting 
cosmology: warm DM behavior + 
baryon dragging 

➤ Entire thermal history and phase 
space were crucial in setting self-
consistent limit— what would it 
take to ensure that this can also be 
done for other DM theories?



POINTS TO KEEP IN MIND FOR SNOWMASS PURPOSES

➤ Some questions relevant to freeze-in and beyond: 
➤ How can we map WDM ~keV mass limit to 

theories with thermal histories that are very 
different from WDM? 

➤ Can we set more consistent limits on theories with 
velocity-dependent DM scattering by considering 
full history of how such DM is produced? 

➤ Are there other DM theories with constraints that are 
ripe for careful reconsideration accounting for their 
full thermal histories?


