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Annihilation Scattering

Relic abundance predicts scattering in these scenarios
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Figure 2: Schematic picture of the relic abundances due to freeze-in and freeze-out as
a function of coupling strength. The way in which the freeze-out and freeze-in yield
behaviours connect to one another is model-dependent. As we show in detail in Section
5, freeze-in and freeze-out are in fact two of the four basic mechanisms for thermal DM
production, and we sketch the “abundance phase diagrams” of DM depending upon
the strength and type of the DM-thermal bath interaction and the DM mass.

In the simple case that the DM mass m0 is the only mass scale entering �v, we have �v ⇠ �02/m02,
where �0 is the relevant interaction strength, giving a freeze-out yield of

YFO ⇠
1

�02

✓
m0

MPl

◆
. (2.4)

Freeze-in assumes a negligible initial X abundance, but increasing the interaction strength, �,
increases the production from the thermal bath, while freeze-out begins with a full T 3 thermal
number density of DM particles, and reducing the interaction strength, �0, helps to maintain this
large abundance (see Figure 2). Indeed, the yields eqns.(2.2) and (2.4) show inverse dependences
on the coupling and mass, which is stressed by writing

YFI ⇠ �2 mtm, YFO ⇠
1

�02 m0tm0
, (2.5)

where tm ⇠MPl/m2 (t0
m ⇠MPl/m02) is the Hubble time at the epoch of freeze-in (freeze-out). The

freeze-out abundance decreases with tm0 while the freeze-in abundance is increased by occurring
at late times.

Despite these opposite features, freeze-out and freeze-in share crucial common aspects: the final
out-of-equilibrium abundance, given the relevant particle masses and couplings, can be computed
solely from an initial state of bath particles that are in thermal equilibrium, and the resulting
abundance is dominated by IR physics.

For freeze-out the special case �0
⇠ 1 and m0

⇠ v, the scale of weak interactions, gives DM as
“Weakly Interacting Massive Particles”, or WIMPs, with

YFO ⇠
v

MPl
. (2.6)

In practice the cross section may involve more than one mass scale in the TeV domain, so that there
are orders of magnitude spread in the abundance expected from WIMP dark matter. Nevertheless,

5

From Hall, Jedamzik, March-Russell, West 2009
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Warning: there exists viable param space away from benchmarks

Can be tested with small (< kg) semiconductor experiments  
and accelerator experiments like LDMX

Electron excitations (theory): Essig, Fernandez-Serra, Mardon, Soto, Volansky Yu 2016; Griffin, Inzani, 
Trickle, Zhang, Zurek 2020; Griffin, Hochberg, Inzani, Kurinsky, TL, Yu 2020; Knapen, Kozaczuk, TL in prep
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Direct detection of sub-GeV DM
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Electron recoil experiments
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Recent surface runs from SuperCDMS and SENSEI have 
demonstrated single e- (~1 eV threshold) sensitivity

SENSEI: Skipper CCDs
SuperCDMS: athermal 

phonon readout

Fig by T. Aramaki2004.11378 
2005.14067 
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CMB bounds can be weakened somewhat by 
introducing additional dark radiation Sabti et al. 2019 

See also: Knapen, TL, Zurek 2017 
and Green, Rajendran 2017

MeV-scale DM in thermal equilibrium constrained by CMB, BBN



Dark sectors below ~MeV
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BBN and CMB bounds strongly constrain sub-MeV dark 
sectors in equilibrium with the standard model. 

What kinds of sub-MeV thermal relic DM are possible?

Freeze-in is also not subject to the same bounds.  
Mass should be  keV due to stellar emission bounds≳ 10

Secluded sectors can evade this:

but loss in predictivity, observability
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Tiny couplings  for freeze-in — Neff bounds don’t applyκgχ ∼ 10−11

Predictive and detectable benchmark for direct detection 
in the light mediator limit mA′ ≪ mDM

σDM−target ∝ 1
v4

DMDM

A0
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FIG. 2. Evolution of the comoving DM number density for m� = 40 keV (left) and m� = 400 keV (right)

as compared to the relic abundance of DM with that mass. Also shown are the relative contributions from

electron-positron annihilations and plasmon decays, as discussed in the text.

time compared to annihiliation. These two criteria are shown in Fig. 2 and indeed we see that

plasmon decays are more dominant in determining the relic abundance for lower mass DM because

the decays are active for a longer period of time.

In terms of the e↵ective millicharge needed to produce the observed DM relic abundance, we find

that including plasmon decays leads to a significant reduction in coupling for keV-mass DM while

the e↵ect is small once m� = MeV. The change to the freeze-in benchmark for direct detection is

shown in Fig. 3, where the cross section for electron recoils is

�e =
16⇡Q

2
↵
2
µ
2
�e

(↵me)4
. (23)

Here µ�e is the electron-DM reduced mass, µ�e = mem�/(me + m�). At the lowest mass where

proposed low-threshold direct detection experiments are sensitive, the plasmon decay channel for

DM production lowers the expected signal strength by roughly an order of magnitude.

It has been noted in the literature [95–97] that millicharged DM could be e�ciently accelerated

in supernova remnants, which would lead to an accelerated component of dark cosmic rays and

eject DM from the disk. Both of these e↵ects can lead to substantial changes to the predicted direct

detection rates and sensitivities of proposed experiments shown above. However, the conclusions

are highly sensitive to aspects of cosmic ray physics which are not fully understood, such as the

injection of particles into the di↵usive shock acceleration process. The predictions would also be

sensitive to whether the DM obtains its e↵ective millicharge through a kinetic mixing portal; in

this case, the dark photon mass and couplings can a↵ect the acceleration, and an exploration of

these e↵ects is beyond the scope of this work.

IV. DARK MATTER PHASE SPACE DISTRIBUTION

Since freeze-in DM is so weakly coupled to the SM, it does not thermalize with the SM during

freeze-in and the phase space distribution can deviate substantially from a thermal distribution.

13

Cosmology of freeze-in

12 Cora Dvorkin, TL, Katelin Schutz 2019

Plasmon decay to DM most important for lower DM masses since ωp≈0.1kBT 
Impacts predicted direct detection cross sections

Plasmon decay

e+e- annihilation



Dark matter phase space
Dark matter is produced hot, with non thermal phase space
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Strong DM self-interactions 
could thermalize the phase 

space at later times
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Comparison with best WDM limits (> 6.5 keV, Nadler+ 2020)
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Bounds from structure formation

Dvorkin, TL, Schutz, to appear



DM-baryon scattering

16

Effect is sensitive to DM phase space and thermal history

 scattering cross section implies possible momentum-transfer  
between DM and baryon fluids during recombination

1/v4

Dvorkin, TL, Schutz, to appear
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The cosmology of sub-MeV dark matter freeze-in
Supplementary Material

Cora Dvorkin, Tongyan Lin, Katelin Schutz

DRAG FROM DM-BARYON SCATTERING

Boltzmann equations

The presence of interactions between DM and baryons implies that the DM fluid can be dragged non-gravitationally
by the photon-baryon plasma at a small level. To understand the e↵ects of this drag, we consider the bulk acceleration
and energy transfer imparted to the DM fluid averaged over many collisions. Working in synchronous gauge [56], and
allowing for a nonzero peculiar velocity for DM that comes from the interaction with baryons [57], the momentum
and energy transfer lead to modified evolution equations for the fluid perturbations:

�̇� = �✓� �
ḣ

2
, (S1)

�̇b = �✓b �
ḣ

2
, (S2)

✓̇� = �
ȧ

a
✓� + c2�k2�� + R�(✓b � ✓�), (S3)

✓̇b = �
ȧ

a
✓b + c2bk

2�b + R�(✓� � ✓b) +
⇢�

⇢b
R�(✓� � ✓b), (S4)

where overdots are derivatives with respect to conformal time, subscripts denote the species (DM denoted as � and
baryons as b), � denotes a perturbation to the mass density � ⌘ ⇢/⇢̄ � 1 of the relevant species, ✓ is the divergence
of the fluid peculiar motion (relative to Hubble flow) for a given species, h is the trace of the spatial part of the
metric perturbation in synchronous gauge. c denotes the sound speed of the relevant species, where c2� = 5T e↵

� /3m�

for nonrelativistic DM that is decoupled from the baryons and we use the e↵ective temperature for freeze-in. R�

is the DM-baryon velocity exchange rate (i.e. the coupling between the fluids, defined analogously to the usual
R� = (4⇢̄�/3⇢̄b)ane�t that couples the photons to the baryons through Thomson scattering with cross section �t).
Note that we define R� to be the rate of change of the bulk DM velocity; to get the change in the baryon velocity,
the factor of ⇢�/⇢b is needed in the final term of Eq. (S4) to account for the di↵erences in inertia of the fluids.

We work in the nonrelativistic limit, since DM-baryon scattering is most active at low velocities due to the light
mediator. Therefore, in solving these Boltzmann equations, we neglect the DM soundspeed c� because the DM is
nonrelativistic and very weakly coupled [KS: seems like we might need to revisit?]. Then the primary e↵ect of
nontrivial DM microphysics is through the velocity exchange rate encapsulated by R�, which can be expressed as

dVrel

dt
= �Vrel

R�

a
(S5)

for bulk DM velocity Vrel relative to the baryon fluid (distinct from the velocity of individual particles), where the
factor of a accounts for the transformation from conformal time to cosmic time t. This bulk DM acceleration can be
calculated by computing the first moment of the full Boltzmann equation including the collision term. For the DM,
this moment reads

dV�

dt
+ HV� = �

1

⇢�

Z
d̄3p�,i

2E�,i

d̄3pb,i

2Eb,i

d̄3p�,f

2E�,f

d̄3pb,f

2Eb,f

X

dof

|M|
2 (2⇡)4�(4) (p�,i + pb,i � p�,f � pb,f )p�,i (f�,ifb,i � f�,ffb,f ) ,

(S6)
where the term HV� accounts for Hubble damping, the subscript labels i and f refer to DM and baryons scattering
in the initial or final state, respectively, and where we have neglected Pauli blocking. Note that the phase space distri-
butions here are six dimensional,

R
d̄3x d̄3pf(x,p) = 1. Because the initial and final states’ phase space distributions

are identical for the relevant 2 ! 2 elastic scattering processes, the momenta can be relabelled and the two terms in
the collision integral can be collected to read

dV�

dt
+ HV� =

1

⇢�

Z
d̄3p�,i

2E�,i

d̄3pb,i

2Eb,i

d̄3p�,f

2E�,f

d̄3pb,f

2Eb,f

X

dof

|M|
2 (2⇡)4�(4) (p�,i + pb,i � p�,f � pb,f ) �p�f�(p�,i)fb(pb,i), (S7)

c2� =
5T e↵

�

3m�
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Drag in DM, baryon velocity perturbations:



DM-baryon scattering

17

Effect differs from CDM limit for DM-baryon scattering,  
and depends on size of DM self-scattering. 
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Cosmological probes of freeze-in

Dvorkin, TL, Schutz, to appear
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Freeze-in as millicharged DM

19
Jung-Tsung Li, TL 2020 
See also: Lasenby 2020

In the limit  is very small, this DM candidate behaves as  
millicharged (nano-charged) particle. 
mA′ 
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Jung-Tsung Li, TL 2020 
See also: Lasenby 2020

In the limit  is very small, this DM candidate behaves as  
millicharged (nano-charged) particle. 
mA′ 

How does this affect viability of 
candidate and direct detection? 

We find most of the DM will return 
to having roughly the original/

ambient DM velocity. 

Still many open questions as to the 
astrophysics of millicharged DM

Adiabatic decompression

• mDM scatters on plasma waves as the shock remnants expands

a) Density argument: when shocked ISM density equals ambient ISM density, decompression stops 

b) Pressure argument: when shocked ISM pressure equals ambient ISM pressure, decompression stops
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distribution, or even colder!

11Jung-Tsung Li    jul171@ucsd.edu

Freeze-in as millicharged DM



Direct detection of freeze-in
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Direct detection of freeze-in
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New low-threshold experiments

Phonon excitations (theory): Pyle, Knapen, TL, Zurek 2018; Griffin, Knapen, TL, Zurek 2018;  
Griffin, Inzani, Trickle, Zhang, Zurek 2020; Griffin, Hochberg, Inzani, Kurinsky, TL, Yu 2020; …

Stellar constraints from 
Vogel and Redondo 2013



Phonon excitations
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5mm x 5mm x5 mm Polar Crystal 

 TES and QP collection antennas (W) 

Athermal Phonon Collection Fins (Al)

Athermal phonon readout

~gram size detector

+
DM scatters 
and excites 

dipole moment = 
optical phonon

Sapphire

Phonon excitations (theory): Pyle, Knapen, TL, Zurek 2018; Griffin, Knapen, TL, Zurek 2018;  
Griffin, Inzani, Trickle, Zhang, Zurek 2020; Griffin, Hochberg, Inzani, Kurinsky, TL, Yu 2020; …



Directional detection

Direction-dependent 
phonon modes in 

sapphire (Al2O3) lead 
to daily modulation  
as the Earth rotates 

In phase with sidereal day, 
not solar day — could be 

distinguished from 
terrestrial backgrounds.

ve

Earth axis of  
rotation

t=0�e

Cygnus
�e ~ 42°	

DEC ~ 48°

Celestial  
equator

crystal axis

�lab

�lab

crystal axist=1/2 day

FIG. 4. The setup assumed in our calculation of DM scattering rate. At t = 0, the z-axis of the crystal
coordinate system is aligned with the Earth’s velocity ve. With this choice, the modulation is independent of
the position of the lab, indicated by ✓lab. The Earth’s velocity is approximately in the direction of Cygnus,
which is at an angle of ✓e ⇡ 42� relative to the Earth’s axis of rotation. We also show the orientation of the
crystal after a half-day rotation.

The !⌫,q and e⌫,j,q obtained from phonopy will be the most important inputs for the DM scattering
rate calculations. The next missing ingredient is the effective coupling of the dark matter to the
displacement operator in (7). This coupling is model dependent and we treat it separately for dark
photon and scalar mediator cases in Secs. III and IV respectively.

D. Crystal alignment relative to dark matter flux

Before turning to the scattering rate computation, we first establish our assumptions and conven-
tions regarding the DM velocity distribution and the orientation of the DM wind in the frame of the
crystal, which will determine the directional signal. The incoming DM velocity in the lab frame is
modeled in a standard way, with a boosted Maxwell-Boltzmann distribution:

f(v) =
1

N0

exp


�

(v + ve)2

v2
0

�
⇥(vesc � |v + ve|), (14)

N0 = ⇡3/2v3

0

h
erf(vesc

v0
) �

2p
⇡

vesc
v0

exp
⇣
�(vesc

v0
)2
⌘i

(15)

with v0 = 220 km/s, and truncated by the escape velocity vesc = 500 km/s. The velocity of the Earth
with respect to the DM wind is indicated with ve, with |ve| ⇡ 240 km/s on average.

14

Griffin, Knapen, TL, Zurek 2018;  
Griffin, Hochberg, Inzani, Kurinsky, TL, Yu 202024
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Conclusions

Direct 
detection

Thermal relic dark sectors are a motivated class of dark matter models,  
with mass as low as ~10 keV.  

Freeze-in is one of the leading benchmarks below ~ MeV in mass. Complementary 
approaches from cosmology, astrophysics, and direct detection. 
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