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Dark sink enhances the direct detection of freeze-in dark matter
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We describe a simple dark sector structure which, if present, has implications for the direct detection of
dark matter (DM); the dark sink. A dark sink transports energy density from the DM into light dark-sector
states that do not appreciably contribute to the DM density. As an example, we consider a light, neutral
fermion y which interacts solely with DM y via the exchange of a heavy scalar ®. We illustrate the impact
of a dark sink by adding one to a DM freeze-in model in which y couples to a light dark photon y" which
kinetically mixes with the Standard Model (SM) photon. This freeze-in model (absent the sink) is itself a
benchmark for ongoing experiments. In some cases, the literature for this benchmark has contained
errors; we correct the predictions and provide them as a public code. We then analyze how the dark sink
modifies this benchmark, solving coupled Boltzmann equations for the dark-sector energy density and
DM yield. We check the contribution of the dark sink y’s to dark radiation; consistency with existing
data limits the maximum attainable cross section. For DM with a mass between MeV — O(10 GeV),
adding the dark sink can increase predictions for the direct detection cross section all the way up to the

current limits.

DOI: 10.1103/PhysRevD.110.L031702

Introduction. Ongoing direct detection experiments [1-8]
and a growing number of future proposals (see e.g., [9] for
an overview) promise greatly increased sensitivity over an
expanding range of DM masses. A target of these experi-
ments is the freeze-in benchmark [10-12] where DM is
produced through a light dark photon mediator.

The dark photon benchmark is well-motivated. A dark
photon enjoys a privileged decoupling of constraints in the
limit that it becomes massless [13]. Other light mediators
that couple to electrons experience relatively tight con-
straints from stellar bounds [14]. Furthermore, for fer-
mionic DM lighter than O(5 MeV), the successful
predictions of big bang nucleosynthesis (BBN) can present
an obstacle to the construction of models with large direct
detection cross sections [15].1 Given these arguments, a
relevant question is; are the experiments targeting DM
frozen-in via the dark photon probing other reasonable
models of DM? Or are these direct detection experiments

'Models of such light DM which evade the BBN bounds
include HYPERs [16] and UV freeze-in at low reheating
temperatures [17].
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utilizing electron recoils largely testing a single idea? The
substantial experimental effort motivates a concurrent effort
by theorists to elucidate which models of DM are coming
under the microscope.

In this letter, we introduce a simple dark sector which
modifies the predicted signals of nonthermal DM scenarios;
the dark sink. A dark sink transports energy from the DM
into light dark sector states that do not contribute to the DM
density. The representative dark sink we present is com-
prised of a neutral fermion y which solely interacts with
DM y. These interactions help determine the correct DM
abundance via yy — wy annihilations.

We add this dark sink to the minimal freeze-in bench-
mark in which y is charged under a gauged U(1)" whose
dark photon y’ kinetically mixes with the SM photon. As a
byproduct of our analysis, we note the current literature for
this freeze-in scenario contains errors [1 1,12].2 We provide
our corrected prediction for this model which is of
immediate relevance as a primary target for ongoing direct
detection experiments [1-8].

We detail the coupled Boltzmann equations of the dark
sink and solve them numerically for the dark-sector energy

There are papers which agree with our updated results and
have noted some of the above errors, but do not give an easily
accessible correction to the usual benchmark found widely in the
literature [18,19].
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density and DM yield. We find the range of possible direct
detection cross sections for DM in the MeV-TeV mass
range while ensuring the correct DM relic abundance and
that y’s do not contribute too much to the effective number
of cosmological neutrinos N.s. For DM in the MeV to
100 GeV range, the power of the dark sink is to essentially
allow any direct detection cross section between current
experimental bounds and the freeze-in benchmark. Thus,
just the existence of this extra state y in one of the simplest
models of DM can have significant consequences; any
improvement in experimental bounds probes dark sink
models.

The dark sink. To the SM, we add a gauged U(1)" with dark
fine structure constant . The associated light dark photon
7' kinetically mixes with SM hypercharge. After electro-
weak symmetry breaking, the kinetic mixing to the SM
photon is

£> gF;wFﬂv. (1)
We also assume the dark photon has a negligible mass. For
concreteness, we set m, ~ 1072* GeV so that the kinetic
mixing is unconstrained by COBE/FIRAS [20,21] or black
hole superradiance [22,23]. The lightness of the dark
photon with respect to the energy transfers in direct
detection experiments enhances the direct detection cross
section. We consider Dirac fermionic DM y with charge +1
under U(1)" in the range MeV < m, < TeV. The lower
bound is motivated by the threshold of ongoing direct
detection experiments, but also allows us to ignore
plasmon decay contributions to freeze-in [24]. The upper
bound is set by perturbativity considerations, as we discuss
in depth below. As in the usual case of freeze-in, it is

helpful to define the portal coupling, x = ¢+/d’/a, which
determines both the amount of DM production from SM
thermal bath annihilations and the expected direct detec-
tion rates.

__dp
—HT — H(p' N =
S t3HE +p) =)

min

ldng,
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where we sum over (i,j) = (f,f), (z*,77), (K*,K"),
(W*,W~). g; is the number of degrees of freedom for the
SM particle i, Wz is the fully-averaged squared matrix
element, and s,;, = max(4m7,4m?). We have assumed
Maxwell-Boltzmann statistics in deriving p’ above.

The evolution of the DM number density, or equivalently

DM yield Y = n, /s defined as the ratio of the DM number

3dinT T dT

The dark sink augments the freeze-in benchmark through
the introduction of a light, neutral dark fermion . yw
interacts with y but, importantly, not with anything in the
SM. The y — y interaction is mediated by a heavy scalar
mediator @,

Yy

2
[0}

LD

TP (2)

We assume @ is sufficiently heavy so that it is produced
negligibly and the effective operator in Eq. (2) is sufficient.
This is an assumption that can be readily satisfied for sub-
GeV DM where mg 2 50m, still allows both the correct
relic abundance and perturbative couplings. However,
making DM annihilations large enough for heavier DM
starts to require lighter @, a point we return to later.
We have also verified that the DM self interactions
mediated by @ are sufficiently small.

We must also ensure that y is not too heavy or abundant so
that it does not contribute substantially to the DM relic abun-
dance or Neff.3 For the former, it is sufficient and simplest to
assume y has a negligible mass, as we do for the rest of the
paper. The latter gives a constraint on the parameter space for
the dark sink, which we will explicitly verify.

The coupling in Eq. (2) allows yy — wyw. The DM
production proceeds in two simultaneous steps:
(1) SMSM — y7 annihilations of charged SM particles
produce DM pairs through the vector portal; (2) y’s quickly
thermalize with yw’s to a dark-sector temperature 7" < T,
eventually annihilating via yy — wy to deplete the DM
abundance until it reaches the observed value.

Boltzmann equations and solutions. We begin by enumer-
ating the set of coupled Boltzmann equations which
govern the evolution of the energy density in the dark
sector and the DM yield, assuming Maxwell-Boltzmann
statistics. First, the energy density in the dark sector,
due to SMSM — y7 processes through the vector portal,
is governed by the Boltzmann equation:

4g; [® V5 NG
(4”)5/ ds|/\/l|izj_w-{\/s—4m?\/s—4m§ <TK2 <?> ~T'K, <? 7
(i.J) §

1d1 T dT’ "omlT
S D ad =BT K<m_) (3)

3 3z2 T

I
density n, and the total entropy in the visible and the dark
sectors s, is governed by

A simpler model where »’s annihilate to light scalar ¢’s via
a Yukawa interaction—without the addition of the fermionic
yw—fails because the Yukawa interaction also gives rise to a too
large y self-interaction for sub-GeV DM.
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FIG. 1. The evolution of the DM yield (top panel) and the
temperature in the dark sector relative to the SM bath (bottom
panel), for m, =1 MeV and k = 2.5 x 1071° (red) and 2.5 x
107" (blue), as a function of m,/T. The red and blue curves
correspond to two qualitatively different ways to achieve the
observed DM relic abundance (dotted gray); “dark sink
quasifreeze-out” and “dark sink freeze-in,” respectively. The
usual freeze-in curve (kg = 1.94 x 107!!; black; top panel) is
also shown for comparison. See text for more details.

HT dy Y?
——— = (ov)’ {Y@? + (1 ——) Y2 —Yﬂ. (4)
s dT ! vz, ) OF

Yose = qu % represents a quasi-static equilibrium

abundance [11,25] described in more detail below, and
the thermally averaged annihilation cross section for
XX = wy is

3
(ov) ~—"2 L, T, (5)
dr mg

(o) is the thermally-averaged annihilation cross section of
DM to the SM summed over all final-state pairs of charged
SM fermions. Here we have taken the limit ml/ T > 1,
valid for all later times of interest during the DM’s
evolution.

Having enumerated the Boltzmann equations for the
dark sink scenario, let us take the limit in which y,, — 0 so
that the dark sink decouples from DM. Doing so, the
number density Boltzmann equation simplifies to

HT dY
~ T (o0)Y ™. (6)

This recovers the usual freeze-in scenario and the resulting
prediction is shown in black in Fig. 1 and as the (bottom)
solid red lines in Figs. 2 and 3. This differs from the

10-28¢
10-2°
10-30
10-31

—

3] o
£ 1072
& E
© 10—33
1034 E-

10735

1036

37: 1 , Freeze-in .
10° 10' 10 10°
m, [MeV]

FIG. 2. The power of the dark sink is to lift the usual freeze-in
benchmark such that the entire red region reproduces the correct
relic abundance. Shown in gray are the latest direct detection
constraints from PandaX [6], DAMIC-M [7,8], SENSEI [3,4],
XENONIT S2 data [2] from solar reflected DM [27], and
DarkSide [5], as well as constraints from the CMB [28-30].
The previous result for the freeze-in benchmark is shown in
dashed gray [12].

prediction often cited for this scenario [11,12], shown as
dashed gray curves. The discrepancy for m, > 1 GeV may
be traced to an incorrect factor in going from the gauge to
mass basis for the (dark) photons, while the source of the
discrepancy for m, < 1 GeV is still unknown. For details,
see the Supplementary Material [26].

We now turn to the impact of the dark sink. It
accommodates larger values of k, which a priori would
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FIG. 3. The power of the dark sink is to lift the usual freeze-in

benchmark such that the entire red region reproduces the correct
relic abundance. Shown in gray is the latest direct detection
constraint from XENONIT [1,31] as well as the perturbativity
constraint discussed in the text. The previous result for the freeze-
in benchmark is shown in dashed gray [11].
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overproduce the DM; the y —wy interaction provides
compensating annihilations and we adjust (6v)’ to ensure
the correct DM abundance is recovered. Depending on how
much greater « is than the freeze-in value, kg, different
cosmological histories follow. For much larger x, we dub
the qualitative behavior “dark sink quasifreeze-out.” An
example is shown as the red curve in Fig. 1 and may be
understood as follows. At early times, Ysg < Y¢q since
(ov) < (ov)’. During this period, the middle term in
Eq. (4) is negligible relative to the first term. Omitting
it, we find the Boltzmann equation resembles that of
ordinary freeze-out. Thus, the DM yield traces Y, until
it begins to freeze-out. At this point, we transition to a
regime where Ysg 2 Y¢q. So, we may instead ignore the
first term in Eq. (4) for the middle term. The Boltzmann
equation again resembles that of ordinary freeze-out, but
now in which Y gg plays the role of the usual equilibrium
yield. Then, the DM yield traces Ygg until the annihila-
tions yy — wi become slow relative to the Hubble
expansion rate. This occurs roughly when (ov)'Y ~ H/s.
This second freeze-out can then result in the observed DM
abundance.

The above occurs as long as there is a sufficient buildup
of DM to allow it to follow Y g during the intermediate
range of temperatures. However, if « is relatively close to
kg1, then the evolution is qualitatively different. In this case,
DM undergoes what we call “dark sink freeze-in,” an
example of which is shown as the solid blue curve in Fig. 1.
Here, at early times, again Yogg < Y¢g, the middle term in
Eq. (4) is negligible, and the DM yield traces Y, until it
begins to freeze-out. However, if there is not enough DM at
this freeze-out time, then annihilations of SM particles to
DM pairs are not balanced by DM annihilations to y pairs.
Then, both the first and last terms on the right side
of Eq. (4) are negligible, and the middle term may be
rewritten as simply (ov)Y 4% This corresponds to the usual
Boltzmann equation for freeze-in. The only difference to
ordinary freeze-in is: the initial epoch where Y traced Y,
causes the initial DM yield to be slightly smaller than the
would be yield of a pure freeze-in scenario at the same
T/m,. This indicates that x must be slightly larger than in
the usual freeze-in paradigm in order to achieve the correct
relic abundance. See the Supplementary Material [26] for
the evolution of the yield for benchmarks with different
DM masses.

The joint Planck CMB and baryon acoustic oscillation
(BAO) measurements of N constrain the dark-sector
temperature to be [28,32]

T'/T <0437 (95% CL), (7)
while upcoming CMB-S4 experiment is expected to further
constrain 77/ T to less than 0.292 at 95% CL [29]. In Fig. 1,
we show the (expected) N bound on 77/T from Planck

(CMB-S4) as a solid (dashed) gray line in the bottom
subplot. There, we also show the evolution of 7'/T as a
function of m, /T, after numerically integrating Eq. (3), for
two benchmark «.

The power of the dark sink. The existence of the light y
may dramatically impact the expected y direct detection
signals as the y annihilation channel largely decouples the
DM relic abundance from the expected direct detection
rate. The rate of direct detection can greatly exceed the
usual freeze-in expectation.

The direct detection cross section through the light y’
mediator at the usual reference momentum is [33]

_ 1675/4)2(60(21(2

. (8)

© (am,)
The range of direct detection cross sections allowed by the
dark sink scenario are shaded red in Figs. 2 and 3. In this
region, the coupling of y’s to y’s is perturbative and gives
the correct relic abundance. We also ensure compliance
with N as follows. We find the largest « for a given m,
which satisfies Eq. (7) by numerically integrating
Eq. (3) and deduce the resulting upper bound on &,.
The top solid (dashed) red line in Fig. 2 corresponds to
the (expected) 95% CL upper limit on &, from the Ny
measurements by Planck (CMB-S4). Also shown in
gray are the current direct detection constraints from
PandaX [6], DAMIC-M [7,8], SENSEI [3.,4], DarkSide
[5], and XENONIT [1,2,27,31]. Constraints from CMB +
BAO [30] become competitive with these for m, < MeV.
These constraints consider how DM-SM interactions cool
baryons and exert pressure on DM. The resulting earlier
recombination and suppressed structure formation modifies
the CMB spectra and matter power spectrum.

In Fig. 2, we see that the dark sink can allow cross
sections in a region of parameter space which is being
actively probed, but for which there are few other known
models due to stringent cosmological and astrophysical
constraints. For illustration, the chosen values of x corre-
sponding to dark sink quasifreeze-out and dark sink freeze-
in shown in Fig. 1 are denoted by stars.

In Fig. 3, again we see that the dark sink is being actively
probed by ongoing direct detection and gives further
interesting benchmarks between the freeze-in line and
current bounds. Notably, there is no top boundary corre-
sponding to an N constraint as in the sub-GeV case. For
these heavier DM, y’s are always decoupled and red-
shifting as radiation before the QCD phase transition,
which then guarantees their contribution to N is below
current constraints. Another difference to the light DM
case is shown as a gradient for m, 2 20 GeV. As in the
weakly interacting massive particle paradigm, for heavier
masses, achieving a sufficiently large cross section (ov)’
begins to require nonperturbative couplings. To offset
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larger couplings, we are pressed to consider lighter ®@. As
mg, approaches m,,, some @ would be produced on shell by
DM scatters in the dark sector bath. Then, a more proper
analysis tracing the @ abundance and contribution to the
dark bath is needed.

Though a more thorough treatment is necessary for these
heavier m,,, it does not present any insurmountable chal-
lenges. One would need to dynamically track the yield of
@, analogous to Eq. (4). Since @ only couples to y’s and
x’s via Yukawa couplings, the most relevant processes on
the right side of such an equation would be decays and
inverse decays to pairs of these fermions. For T’ > mg, ®’s
would have a non-negligible abundance in the dark-sector
bath and would contribute to ¢, ;. As 7" drops below mg,
the Yukawas y, and y, would determine the relative
branching ratios of @’s. If there is sufficient time before
T’ drops below m,, this relative branching will be erased by
the thermalization of DM with the dark sink. However, if
mg 18 too close to m,,, thermalization may be incomplete
and the decays of ® may leave an imprint on the evolution
of the DM abundance.

While constraints coming from large-scale coherent
magnetic fields and plasma instabilities have significant
uncertainties at present, in the future, [34,35] and related
approaches may rule out the possibility of y comprising all
of DM. Should y only make up a subcomponent of DM,
x5 would be proportionately smaller resulting in an even
larger parameter space than the range shown in Fig. 2.

Discussion. In this letter, we have introduced the dark sink;
light degrees of freedom in the dark sector exclusively
coupled to DM and not to the mediator or the SM itself. For
simplicity, we have taken a single light dark fermion y to
fill this role and demonstrated that the dark sink elevates
the difficult-to-detect phenomenology of usual freeze-in

benchmarks to detectable heights. The power of the dark
sink is highlighted in Figs. 2 and 3 where current direct
detection experiments are found to be probing dark sink
parameter space.

We have focused on DM masses in the MeV-TeV range.
The upper bound preserves perturbativity of our dark sink,
while the lower one is more arbitrary. Below m, ~MeV,
plasmon decay contributions to freeze-in become impor-
tant [24]. Accounting for this process in Eq. (3) should be
straightforward and could yield dark sink models at even
lower masses. Although we have concentrated on ongoing
direct detection efforts, these lower-mass benchmarks would
be relevant for a host of proposed experiments targeting such
sub-MeV DM [36-41]; we leave this to future work.

While we have illustrated the impact of a single additional
light dark sector particle in a well-motivated example with
implications for direct detection, it also of interest to study
a dark sink’s impact on other freeze-in phenomenology,
for example, long-lived particle [42] searches. A dark sink
could also modify direct detection signals in UV freeze-in
scenarios [16,17], though care may be required [43]. We
leave these directions for future work.

The data and the corresponding code for the corrected
predictions for the freeze-in benchmark model are publicly
available at this repository: [44].
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