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Dark matter (DM) could be a nonthermal relic that freezes in from extremely weak, sub-Hubble
annihilation and decay of Standard Model (SM) particles. The case of Dirac DM freezing in via a dark
photon mediator is a well-studied benchmark for DM direct detection experiments. Here, we extend prior
work to take into account the possibility that DM is pseudo-Dirac with a small mass splitting. If the mass
splitting is greater than twice the electron mass but less than the dark photon mass, there will be distinct
cosmological signatures. The excited state y, is initially produced in equal abundance to the ground state
x1- Due to the small couplings needed to explain the observed relic abundance, the excited state population
can decay at late cosmological times, primarily via the three-body process y, — y;e*e™. This injects
energetic electrons into the ambient environment, providing observable signatures involving big bang
nucleosynthesis, cosmic microwave background spectral distortions and anisotropies, and the Lyman-a
forest. Furthermore, the ground state particles that are populated from the three-body decay receive a
velocity kick, with implications for DM clustering on small scales. Inelastic freeze-in thus gives a
motivated decaying DM candidate, where the long lifetimes are connected to the relic abundance

mechanism.
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I. INTRODUCTION

The origins of dark matter (DM) in the early Universe
remain an open question, with many possible thermal and
nonthermal channels leaving a relic DM abundance that
matches the observed present-day quantity Q.h* =
0.1200 £ 0.0012 [1]. If DM has a very small coupling
to the Standard Model (SM) plasma such that interactions
always occur at a rate below the Hubble expansion rate,
then DM could be produced by the freeze-in mechanism. In
this case, the DM is not in thermal equilibrium with the SM,
and its density accumulates via rare annihilations and
decays of particles in the SM thermal bath [2-4]. Many
DM candidates, including sterile neutrinos and certain
supersymmetric DM candidates, are naturally produced
by the freeze-in mechanism [5-24]. Freeze-in is a rather
general mechanism that can be realized in many models
and produce the observed abundance of DM, provided the
appropriate range of couplings [25].
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The freeze-in mechanism naturally complements the
possibility of a dark sector, where DM exists alongside
other auxiliary particle content beyond the SM. For
example, if there is a mediator that has a small coupling
both to the SM and to the DM, then the small effective
freeze-in couplings can be readily explained as originating
from the product of two small numbers. A simple,
technically natural example of such a mediator is a kineti-
cally mixed dark photon [26]. In particular, freeze-in of
Dirac fermions via dark photon interactions has emerged as
a key benchmark model for direct detection experiments
[27-29], where the same combination of couplings that
explains the DM relic abundance also predicts the scatter-
ing cross section. The same freeze-in cross section can also
be probed in cosmological searches [30], providing a
motivated target in searches for DM-baryon interactions
in the early universe [31,32].

Moving beyond this simple scenario, we note that when
the dark gauge symmetry is broken, the Dirac fermions can
split into two Majorana mass eigenstates and the couplings
in this DM model are purely off-diagonal. This allows for
inelastic processes that can be exothermic or endothermic,
leading to markedly different behavior from the pure Dirac
counterpart. The phenomenology of DM with inelastic
interactions has been studied extensively, originally being
proposed for its novel direct detection and astrophysical
signatures [33—40]. For pseudo-Dirac DM, the mechanisms
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for producing the relic abundance include the standard
freeze-out production mechanism [41,42] as well as the
resonant [43] and forbidden [44] regimes. This candidate
was also studied in the freeze-in regime [45] for parameter
space motivated by the subsequently excluded XENONIT
excess [46,47]. More generally, the mass splitting leads to
the possibility that the excited state can decay with long
lifetimes. In the parameter space we explore in this work,
the small couplings needed for freeze-in can lead to decays
during relatively recent cosmological epochs. Inelastic
freeze-in therefore provides a model target for cosmologi-
cal searches for decaying DM, with a decay lifetime that is
connected to the DM production mechanism.

In this paper, we focus on freeze-in of pseudo-Dirac DM
via dark photon mediators. We work in the limit where the
mediator is lighter than the DM, m, < m,, which renders
my as an irrelevant scale during freeze-in, making the
required couplings insensitive to the mediator mass.
Additionally, we will consider the regime where the A'—
DM coupling is smaller than the A’—SM coupling, g, < ee.
Then the DM is dominantly produced through annihilations
and decays of SM particles rather than freezing-in from a
thermally populated dark sector. Freeze-in from the SM
poses the most predictive scenario, which we shall sub-
sequently refer to as “visible freeze-in” and which we will
show can also be targeted by collider searches for the
mediator in the m, ~ 10 MeV-10 GeV mass window.

Motivated by these considerations as well as by the
possibility of complementary late-Universe phenomenol-
ogy, we primarily consider DM in the mass range m, ~
30 MeV-1 TeV with mass-splittings & > 2m,. With
0 > 2m,, the standard lore (with some exceptions, e.g.
[41,42]) for pseudo-Dirac DM in the freeze-out regime is
that the excited state is efficiently depleted thermally in the
early Universe. However, due to the small couplings in the
freeze-in regime, the excited state does not necessarily get
thermally de-populated and therefore there can be a
metastable relic abundance of the excited state. We focus
on the regime & < my, which prevents the y, from
decaying rapidly via y, — y,A’. For § > 2m,, there will
then be a late decay of the excited state to the ground state
plus charged SM leptons, y, — y,£7¢~. Meanwhile, for
0 <2m, the lifetime of y, would be many orders of
magnitude longer than the age of the Universe since decays
to neutrinos are suppressed by G% and phase space factors,
and y, — y; + 3y is also suppressed by powers of «,,, and
phase space factors [44]. For the couplings relevant to
freeze-in, the decay y, — y,£T¢~ can occur during cos-
mological epochs where the injection of energetic charged
leptons can heat or ionize the baryons, causing an observ-
able departure from the standard cosmology. Furthermore,
the ground-state DM particle produced in the decay
receives a velocity kick that would alter the formation of
structure on small scales, which could be observable with
probes of cosmological clustering.

The rest of this paper is organized as follows. In Sec. II,
we review the model of pseudo-Dirac DM coupled to a
kinetically mixed dark photon. We establish self-consistent
theoretical motivations for considering our chosen param-
eter space that are complementary to the more phenom-
enological motivations described above. In Sec. III, we
compute the freeze-in relic abundance, further establi-
shing that the 50% of DM produced initially in the excited
state is not immediately depleted by scattering processes.
Specifically, we confirm that both y,f — y;f and y,y, —
x1x1 are inefficient in the early Universe, ensuring a rich
cosmological scenario where the excited state is metastable
and can decay at later times. In Sec. IV we compute the
differential decay width for the three-body decay, finding
that most of the energy from the mass splitting ends up in
the electrons and finding that the y; gets a velocity kick of
order v ~ 6/m,, resulting in half of the DM being “warmed
up” after the excited state decays. In Sec. V, we explore
existing cosmological constraints and future probes of the
decay of metastable excited states from freeze-in (from
both the injected electrons and the recoiling y). Discussion
and concluding remarks follow in Sec. VI.

II. MODEL AND PARAMETER SPACE

We consider a pseudo-Dirac DM model with two nearly
mass-degenerate Majorana states y; and y,, where the mass
splitting is represented by 6 = m,, — m,,. This dark sector
is coupled to the Standard Model through a massive dark
photon, A’, with dark gauge coupling g,. The dark photon
kinetically mixes with the SM hypercharge with mixing
strength €, with the interaction Lagrangian,

£>o- gF;wF’;”
Rotating the fields to a basis with canonical kinetic terms,
below the scale of electroweak symmetry breaking we
obtain [48,49]

— 19, A 707" (1)

2
. . mz i
£ D -1 (g)(A/," + gxe Sin 6W mZ,l) JDM
VA Al
2
ee my

m
I U VA _ 7 AL M
Py R — Ay —eecos Oy ——=—5-A,Jgy.
wmz — my, mz —msy

(2)

where m, is the dark photon mass, J’]f:M(Y) is the electro-

magnetic (hypercharge) SM current and Ji = y2r¥y; is
the off-diagonal DM current. We consider purely off-
diagonal interactions but note that models of inelastic
DM with diagonal couplings are also possible [42,50,51].

A. Origin of dark sector masses and interactions

As a minimal setup for generating the dark sector masses
and interactions, we consider a complex dark Higgs field,
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@), with a dark charge of two that couples to a standard
Dirac fermion ¥ with interactions [52,53]

-y, (PCYD;, + Hee.) + V(@p), (3)

where D, =0, —iqg,A, is the covariant derivative,
g =1(2) is the charge for W(®p), V(®p) is the dark
Higgs potential and C denotes charge conjugation. The
vacuum expectation value (vev) of the dark Higgs, ®, =
(vp + hp)/+/2 breaks the U(1), symmetry, generating the
dark photon mass. Additionally, the Yukawa interaction
results in a Majorana mass term for the two components of
Y. The corresponding fermion mass matrix is given by

oo (0o

with my, = \/EyXUD. This can be diagonalized to obtain
two nearly mass-degenerate states, y; = i(y — £)/+/2 and
2> = (n+&)/V2. This change of basis gives the off-
diagonal A’ interaction in Eq. (1). In addition, there are
interactions involving the dark Higgs, but we will be
working in the limit of a heavy dark Higgs such that
the interactions do not play an important role in the
phenomenology.

In this scenario, we have the following relationships in
the full theory:

5 = 2\/5)))(1}1)

th = \/ZlDUD. (5)

Here Ap is the dark Higgs quartic coupling. The splitting
and overall mass scale of the DM depends on the relative

my = 2g,0p,

my,, =mp+ \/Ey){UD

size of the Majorana mass \/nyv p to the Dirac mass mp.
Throughout the paper, we will generally work in the limit of
8 < my, where m; = (m,, + m, )/2 can be considered as
an average mass scale.

B. Parameter space

In this work, we will be primarily interested in the dark
photon mass range m, € [10 MeV, 10 GeV], a benchmark
for various ongoing and upcoming terrestrial searches
(see for instance Fig. 2). Since we will work in the
light mediator limit, m, < my, we will consider my ~
30 MeV~-1 TeV. For m; < 30 MeV, strong bounds on n,/
coming from accelerator searches imply that the light
mediator limit is difficult to satisfy, whereas for
my 2 1 TeV, the electroweak phase transition may affect
freeze-in production, which is beyond the scope of what we
consider in this work. The parameter space we consider is
also compatible with astrophysical constraints on dark

photons from stellar energy loss [54], SN1987A [55],
and cosmological constraints from big bang nucleosynthe-
sis (BBN) [56].

Our focus is on visible freeze-in, where a single
combination of couplings, €g,, determines both the DM
relic abundance and late-Universe phenomenology. As we
will show in the next section, in order to obtain the DM
relic abundance in this scenario the typical couplings
required are eg, ~ 107", For visible freeze-in, we also
require g, < ee, which implies small dark gauge couplings
9y < 107%. In the region of parameter space where gy 18
larger than ee, the production of DM would primarily be
through dark photon fusion, which scales as g, and
destroys this tight connection between early-universe
production and late-universe observables. Larger values
of g, could also overproduce DM through dark photon
fusion, although this requires further study accounting for
in-medium effects [54]. Furthermore, keeping g, small is
more interesting cosmologically because this prevents the
depopulation of the excited state through y,y, — yix;, as
discussed in the next section. Motivated by this potential
for a richer cosmology, we also focus on the parameter
space where 6 < m,s, which ensures that the excited state is
cosmologically long-lived.

Finally, in order to isolate the effects of the pseudo-Dirac
DM freeze-in, we require the dark Higgs to be sufficiently
heavy to not meaningfully participate in any freeze-in
dynamics or late-time interactions, with m;, > mg, my.
This requirement also has the effect of ensuring that in our
parameter space, the dark Higgs is so heavy as to not be
subject to strong stellar bounds [57]. Since the heaviest DM
we consider has a mass of 1 TeV, m;, > 1 TeV. Together
with the relationships in Eq. (5), my, <my/g,, this
suggests that m,, m; << m, over our entire parameter
space for g, < 107, consistent with our assumptions.

III. EARLY UNIVERSE BEHAVIOR

A. Freeze-in production of DM

For g, < ee, the dominant channels contributing to
freeze-in are the annihilation of SM fermions, ff —
X1X2, or Z-decays, Z — y,y». The latter process is most
important in the mass range GeV < 2m; < my. As noted in
the previous section, dark photon fusion is a negligible DM
production channel for the range of couplings we consider.
We additionally note that purely finite-temperature pro-
duction channels, such as plasmon decay to y,y,, are
negligible for DM masses above ~1 MeV [29]. We also
ignore the RG running of the couplings and the temperature
corrections to the processes considered here. For produc-
tion via Z-decays that happens at T ~m /3, thermal
corrections to the Z-mass are much smaller than the
vacuum value of the Z-mass [58]. For heavier DM, thermal
corrections (e.g., thermal masses) may have an O(10%)
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Left: Evolution of the various contributions to the total DM abundance today, including the neutrino (dashed), quark (dotted)

and charged lepton (dot-dashed) channels for m; = 35 GeV (purple) and m; = 350 GeV (pink). The masses are chosen to yield
representative values of the freeze-in couplings that are maximally or minimally affected by Z-decays. Right: The coupling combination
that reproduces the DM relic density in the light mediator limit. The result is shown as a function of the DM mass assuming classical
(yellow) and quantum (red) statistics. The dashed gray line corresponds to results from previous work [3]. These results are independent

of my and 6 assuming my << my, my < myz, and § < my.

effect on the DM abundance [59] but will not change our
results qualitatively.

Given the assumptions above, the DM number density
can be obtained by solving the Boltzmann equation,

dy
SHXWM - <Gv>f?—>)(1){zn.% + (D) zoyhizs (6)

where Y, = n, /s is the comoving number density of the
ground or excited state, H is the Hubble rate, s is
the entropy density, x = m;/T, and the two terms on the
right correspond to the thermally averaged annihilation and
decay rates, respectively.

For 6 < my and T > m;, the thermally averaged anni-
hilation cross section above scales as e?¢?g; cos” Oy /T2 in
the light mediator limit, whereas the decay rate scales as
e*g2 sin® Oyym? /(2T) for T > my. The corresponding con-
tributions to the total DM comoving number density can then
be obtained by integrating Eq. (6) from x — 0 to x — oo,
giving

222 2
e“e~q; cos” Oy M
Y‘;‘lfoc 9y wivlip (7)

ny

* g, sin? Oy Moy

(8)

Yf} x -
where Mp; is the Planck mass.

For a more precise calculation of the DM production rate
that includes the relevant relativistic spin statistics factors
for particles in the initial state, we use the freeze-in routines
of mictOMEGAs [60] with a pseudo-Dirac DM model

implemented in CALcHEP [61]. The resulting DM produc-
tion rate through various channels is plotted in the left panel

of Fig. 1 for m; = 35 GeV and m; = 350 GeV. Note that
micrOMEGAs includes the contribution from decays within
the corresponding 2 — 2 processes in which the decaying
particle can be produced on-shell (see Ref. [60] for details).
This can be seen in the left panel of Fig. 1 as the difference
in slope of the total production rate for m; =35 GeV,
which gets a significant contribution from Z-decays, versus
my = 350 GeV, which does not.

Summing up the various contributions gives us the total
DM abundance,

0 0 0 0 0
(Y)mm)m + Y)(zm)(z)s zzy)nm)?s

pY pY

Qpy ©)
Here, p? and s° are the critical energy density and entropy
density today. The last approximation comes from the fact
that the ground and excited states are symmetrically pro-
duced because for 6 < my, the model effectively behaves
as standard Dirac DM at the time of freeze-in when 7' 2 m;.
Requiring that the final abundances matches the observed
relic density [1] gives us the product of the couplings g, ¢ as
a function of the DM mass. The final result, g,¢ ~ O(10~'!)
in the DM mass range of interest, is plotted in Fig. 1 (right).
The yellow line corresponds to solving the Boltzmann
equation assuming a Maxwell-Boltzmann distribution for
the particles in the initial state whereas the red line
corresponds to a more accurate calculation using Fermi-
Dirac and Bose-Einstein distributions as appropriate. For
2my > my, g,€ is independent of the DM mass, which can
also be inferred from Eqgs. (7)—(9). We note that our results
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FIG. 2. Left: bounds on the freeze-in parameter space (dotted region) from beam dump and collider experiments. See [62—-64] for a
review. The horizontal lines show the values of e for which we obtain the observed abundance of DM for g, = 10~8 (solid) and
gy = 107 (dashed) and my = 35 GeV (purple) and m; = 350 GeV (pink). In this paper, we focus on the window where g, < ee which
gives visible freeze-in from SM particles (as opposed to from the dark sector). Right: projections from various experiments.

agree with those of [3] above a few hundred GeV and below
100 MeV, but differ by an O(1) factor around the Z
resonance (dashed line in Fig. 1). This can be traced to a
missing factor of tan 6y, in Eq. (73) of [3].

In Fig. 2, we compare our freeze-in parameter space with
accelerator searches for dark photons in the € — my plane.
Assuming g, < 1075, there is a minimum kinetic mixing
for freeze-in to produce the observed relic abundance. This
minimum on the freeze-in window is given by the dashed
lines for my =35 GeV and m; =350 GeV. As noted
above, for DM with masses around ~10 GeV, the primary
mode of production occurs via Z-decays, so smaller values of
€g, produce the observed relic DM density compared to the
m; = 350 GeV benchmark. Additionally, for m,, 6 < my,
the DM freeze-in abundance is independent of the dark
photon mass and the mass-splitting. The shaded regions of
Fig. 2 show bounds (left) and projections (right) from various
fixed-target, beam dump, collider and neutrino experiments
on a kinetically mixed dark photon [62—-64].

Collider searches for inelastic DM excited states (rather
than the mediator) are possible [65-67]; however, these
searches have focused on dark photons with my, >
m, +m,,, as motivated by the larger production cross
section and the benchmark of the visible (rather than dark
sector) freeze-out thermal history. Such collider searches do
not constrain the freeze-in scenario described in this work
because we consider lighter mediators my < m, +m,,,
the production cross sections are suppressed by the tiny
freeze-in couplings, and the excited state is cosmologically
long-lived, beyond the range of timescales that can be
probed at colliders.

We also note that there may be direct detection signatures
of the cosmologically populated excited state (rather than
being produced in a collider) if it has a lifetime that is

longer than the age of the Universe. This is possible in parts
of the parameter space due to the small mass splitting and
small freeze-in couplings, and is trivially true if the mass
splitting drops below the ~MeV two electron threshold.
This would lead to a situation where the relic DM excited
state can potentially down-scatter in terrestrial experiments
and deposit energy. Traditional direct detection experi-
ments are sensitive to a range of energy depositions that are
below the mass splittings we consider in this work, but
neutrino experiments could have sensitivity in the appro-
priate energy range. Despite the large exposures provided
by neutrino experiments, a preliminary estimate suggests
that due to the very small couplings relevant for freeze-in,
the expected number of observed down-scattering events is
much less than unity. Another avenue to produce signatures
at direct detection experiments is to upscatter the ground
state through interactions with cosmic rays followed by
downscattering in the detector [68]. However, Ref. [69]
showed that inelastic up-scattered DM can be used to
constrain DM-nucleon couplings as small as gyg, ~ 1074,
which is much larger than the freeze-in couplings we
consider in this work. Therefore, we find no meaningful
possibility of probing this parameter space via direct
detection.

B. Scattering processes

Although the ground and excited states are populated
equally by freeze-in, scattering processes may change their
relative number density after production. In this section, we
consider processes that convert y, to y; (and vice versa). If
efficient, these reactions can establish chemical equilibrium
in the dark sector with the Please note that as per PRD style,
the bullets in the bulleted lists have been changed to roman
lowercase letters.ground and excited state densities related

095016-5



HEEBA, LIN, and SCHUTZ

PHYS. REV. D 108, 095016 (2023)

byn,, ~ e~y n,,, where T, is the dark sector temperature.
Accordingly, any interactions that keep the dark sector in
chemical equilibrium can deplete the y, density for 7, <6
[41,45]. We show below that these processes are negligible
in our parameter space of interest.

You Dxoe=ve

FIG. 3.

(i) Coscattering off of SM fermions: y;f <> y»f. The

dominant coscattering channel is with electrons.
The rate of this process per DM particle, ' =
n,ov, scales as e’e? cos® Oy g2T> /m3, in the high-
temperature limit, and therefore could become
efficient with I' > H at early times. However, at
such large temperatures, the number densities of
x1, are negligible compared to the final freeze-in
relic abundance. A better metric for comparison is
therefore the rate normalized with the fractional
comoving abundance of dark matter, I' = (Y (T)/
Y9\, where Y2 is the total comoving abundance
of DM today. The rescaling by Ypum(T)/Ydy
captures the fact that DM produced by freeze-in
at early times (which could come into equilibrium
with the SM) would be a small subcomponent and
the majority of the total DM could be produced well
after coscattering becomes inactive. Simply compar-
ing I' to the Hubble expansion rate would not
capture the fact that any early thermalization would
not significantly affect the majority of the DM,
whose phase space distribution would be determined
by the freeze-in production channel rather than by
coscattering. In the limit Yy (7)/ Yy — 1, when
most of the DM has been produced, our comparison
of the normalized coscattering rate I with H reduces
to the usual comparison involving I".

In Fig. 3, we plot the normalized coscattering rate
of DM with electrons as a function of temperature

— ma =01GeV === my =1GeV - ma = 10 GeV

10t

my = 35GeV
10—11 4
: — my = 350 GeV
my = 1TeV
10714 ; ; ; ;
10° 10! 102 10° 10* 10°
T [GeV]
The normalized coscattering rate of DM with electrons,

x1€e < yre, compared to the Hubble rate as a function of
temperature for different values of m; and my,. The couplings
are chosen to satisfy the DM relic abundance. See text for details.
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(i)

for different values of mjy,my, and the couplings
that produce the observed DM abundance. The
requirement that this rate be sub-Hubble at freeze-
in, T ~ m;, results in a lower bound on the dark
photon mass for a given DM mass. Using
our estimate of I' gives a rough bound of
my 2 e€cosOyg,/Mym; ~ 029 GeV,/m;/TeV.
To determine a more careful bound, as well as to
show the rate in Fig. 3, we calculate the y|f — y»f
cross section numerically using CALcHEP. This
gives my > 28 MeV for m; = 350 GeV and m, >
48 MeV for my = 1 TeV, somewhat lower than the
analytic estimate. We emphasize that this bound
should be understood as a consistency check for our
requirement that the vast majority of DM is never in
equilibrium with the SM, since this could lead to
thermal depletion of the excited state. In the param-
eter space where this requirement does not hold, the
Boltzmann equation we use to compute the freeze-
in relic abundance would no longer be accurate.
One would then have to solve fully coupled Boltz-
mann equations for the ground and excited states
(potentially at the level of the phase space) to
accurately calculate the DM abundance, similar
to Refs. [50,70], which is beyond the scope of this
work.

Up/down-scattering: y1y1 <> x2x>. The cross sec-
tions for this process have been studied in [71] in the
non-relativistic limit. In the parameter space we
consider, m, a, << my and therefore we can use
the analytic results in the Born approximation
derived in [71]:

2.2 _ 26
47[(1)(1’}111 1 m, v?
X1 17%200 4 26m, \2 | 4mZ 0
mh, | (1==54)" + =245
Al A

m m

o _ %rn—nne
XXX ( ’

s (11)

mllv
where v is the velocity of either of the DM particles
in the center of mass frame. For DM produced via
freeze-in, the momentum is inherited from the
SM thermal bath with a typical momenta of T
and velocity v ~T/m,. Substituting for v allows
us to then calculate the corresponding rates,

Ny, Oy opy, V- The rate can also be analytically

estimated as I' ~ 107 GeV x a2T*/ (m%, + 4m?,T?),
where the DM number density is obtained by scaling
back its present day abundance, ppy(T)~
Pom(T/Ty)3. For DM in our mass range, this cor-
responds to an upper bound on a, < 1077 at the
temperatures relevant for freeze-in. As mentioned
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above, we are interested in the regime g, <ee~107%,
and therefore in our parameter space of 1nterest,
these scattering processes are always sub-Hubble.
We validate the above estimates with numerical
calculations of the full cross section using CALcHEP,
since for T 2 m; the approximations in [71] are no
longer valid. The full results in the nonrelativistic
limit are closely approximated by the expressions
given in Egs. (10) and (11). Note that in our model,
up- and down-scattering can also take place through
a Z in the r-channel, and we have checked numeri-
cally that the contribution from this diagram is
negligible.

In summary, the dark sector never enters into chemical or
kinetic equilibrium with itself or with the SM. Therefore
the comoving number densities of the ground and excited
states are the same as their values at the end of freeze-in
production. The fact that 50% of DM is present in the
excited state until later times is necessary for having
cosmological signatures.

IV. OUT-OF-EQUILIBRIUM DECAYS

Due to the small freeze-in couplings required to yield
the observed DM relic abundance, there is no substantial
DM annihilation rate to the SM via processes such as
2ox1 = ff. At the time of recombination, this rate is well
below CMB bounds on DM annihilation [1,72]. However,
the small freeze-in couplings can lead to a long lifetime for
the excited DM state, with the result that 50% of the DM is
decaying in the late universe. The signatures of the late
decay depend on the channel as well as the kinematics.

If 6 < 2m,, the excited state can only decay into y vv
and y; + 3y. The rates for these processes are suppressed
by a factor of G% and an electron loop respectively, as well
as phase space factors, making the excited state extremely
long-lived on cosmological timescales (see Appendix B1 of
[44]). On the other hand, for 6 > 2m,, the excited state can
decay into charged leptons, y, — y;£7¢~ with the dom-
inant decay channels being electrons (§ > 2m,) and muons
(6 > 2m,,) for MeV-GeV scale A’. To a very good approxi-
mation, above the decay threshold the partial decay width is
independent of the lepton mass and is given by,

gy (eecosOy)* &

I
3 IV
60 my

P AT

(12)

corresponding to a decay timescale of

€g, \ 2 ) =5 /1 GeV\
~1.3x 10’ £
130 S(m—”) (100 MeV) ( iy )

(13)

This decay injects energetic leptons into the SM plasma and
provides a velocity kick to the DM at times that are relevant

to cosmological observables. Depending on the phase
space of the decay products and the decay time, different
cosmological probes can be used to hunt for signatures of
this model.

In order to calculate the phase space, we start by
assuming that the relic population of y, is effectively
at rest during the epochs relevant for cosmological observ-
ables. The consistency of this assumption is validated below.
The phase space for the three-body decay is given by

ar— b d3p,(ldpf+d Pe 2
- 28, 28, Mh-nee

2 (2”)454(17;(2 — Py, — Dot — Pe)s (14)

where @ p; = d*p;/(2x)? and the matrix element for the
decay is
16(eeg, cosOy )
m3(p,, - p,)
(<p)(2_p11)2_m124,)2 C\F X
—mymy, (Pes-Pe-)+ Py P )Py, Pev)

+(Py e )Py, - Do) —2mpm, my, . (15)

2 _
|M|)(2—’)(1Lﬂ+f_ o

In the rest frame of y,, energy-momentum conversation
dictates that the momentum of y; is equal and opposite to
the net momentum of the #7¢#~ pair,

- m 2(m3, +523)  (my, —s53)?
|pm|—%\/1— Fo) W eml g

X2 X2

where /sy3 is the effective mass of the lepton pair,

53 = ﬁ P p)(l for net lepton pair momentum
Pet¢e- = —Dy,- Then, using the standard treatment for

a three-body phase space [73], we can write the partial
decay width as

/dl" _ 1 /d323
1287r2m)(2 27

2(’";2(] + 523) (mﬁl —s523)°
X4/ 1= 3 + 7
m m

X2 X2

x 4’“"|M<s23>| . (17)

Here |M|? is the matrix element squared integrated over all
angles in the rest frame of s,3. Equation (17) can then be
used to obtain a differential decay rate in either | ﬁ;m | orin
E /-, using the relationships with s,3 above.

We can parametrize the effect of this decay on the dark
and visible sectors in terms of the average kick velocity to
the y, produced in the decay, (v ), and the average
energy carried by the lepton pair, (Ez+,-). We define each
of these quantities as
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FIG. 4. The differential decay width as a function of a
normalized kick velocity, m,, vy /5, for different values of 6.
For concreteness, lines are shown with m, = 35 GeV; results
with other m,, are very similar. The dashed lines correspond to
the average kick velocity, (vyex)-

1 dar
(Vkiek) = f/d”;m dv. X Uy, (18)
X1
1 dr
<Ef+f—> = F/dEﬁf— m X Eg+f—. (19)

Since s,3 € [4m2, 6%, the limits of the integrals above are
given by

o
0 <15, | <5 /(& = 4m2)((omy, +m,,)? —4m)
X2
(20)
5 4m?
(m)(l +m}(2) + mf S E,/er— S 5. (21)

2m)(2

In Fig. 4, we plot the normalized differential decay width as
a function of the velocity kick given to y, for m, =
35 GeV, my =m,, /10 and different values of 5. The
dashed lines represent the average value of the kick
velocity. Note that although we plot the curves for speci-
fic values of m, and my, the normalization of the axes
ensures that, for a given 6, any value of m, ,m, will
essentially map on to the same lines. Additionally, Eq. (21)
implies that the energy transferred to the leptons is sharply
peaked around the mass splitting.

It follows that the average kick velocity and the average
energy transferred are given by,

S
(Vkiek) & ——
m)(l ’

(Epip-) 6. (22)

These values are derived in the rest frame of y,, and will be
essentially the same in the comoving frame if the typical

speed of y, is much smaller than vy, at the time of decay.
Freeze-in ends when the SM temperature T ~ m; and the y,
has a typical momentum of p, ~ T at this time. Since the
DM is not in kinetic equilibrium, the momentum redshifts
along with the SM thermal bath temperature and at late
times v, ~ T/m,,. This residual speed at the time of decay
will be smaller than vy as long as T < §, which is a valid
approximation for the cosmological observables that we
consider in this work. We can now apply the distributions
derived above to a range of interesting consequences for
cosmological observables in the following Section.

V. COSMOLOGICAL SIGNATURES

The out-of-equilibrium decays of the metastable excited
state can have observable implications in ongoing and
future cosmological probes. In this section, we focus on the
two complementary classes of signatures coming from
(1) energy injection into the baryonic sector and (2) sup-
pressing structure formation on small scales due to stream-
ing effects.

A. Energy injection from charged lepton pairs

As shown in the previous section, the ete™ pairs (or
wtu pairs, if the mass splitting is above threshold) from
the three-body decay get an O(1) fraction of the energy
available from the mass splitting. These charged particles
can subsequently deposit their energy into the photon-
baryon plasma or intergalactic medium (IGM), causing
ionization and heating. The efficiency of these effects
depends on the energy of the electrons (or other SM
particles) and ambient properties of the plasma or IGM,
and is captured via a parameter f.s(z), defined as the ratio
between the rate of injected and deposited energy density,

dEdep dEinj
avdr feff(Z) dVdr (23)
PDM(Z)5 T
= fer(z)— —Te". (24)
¢ 2m;

In the second line, we have used the fact that half of the DM
density is initially in the excited state and essentially all of
the energy from the mass splitting goes into the leptons.
HereI' =T, _,, s+, The efficiency f.s(z) depends on the
redshift and energy spectrum of injected particles.
Depending on the redshift when the decay occurs, this
energy deposition can alter BBN, the spectrum of cosmic
microwave background (CMB) photons, CMB anisotro-
pies, and Lyman-a forest measurements. There is also a
possibility for 21 cm signatures in the future [35,74-76],
pending an improved understanding of the relevant
baryonic astrophysics and observational systematics.
Assuming coupling constants fixed by freeze-in to produce
the DM relic abundance, we can then place bounds in the

095016-8



INELASTIC FREEZE-IN PHYS. REV. D 108, 095016 (2023)

my, = 350 GeV

my, =1 TeV

ma [GeV]

1072 107! 10° 1072 107! 10° 10!
d [GeV] 0 [GeV]

NS xe—o o+ A PIXIE s BBN FIRAS Planck S Lyman—o

FIG. 5. Constraints and forecast sensitivity for the dark photon mass and DM mass splitting at different DM masses corresponding to
m,,, = 35 GeV, 350 GeV, and 1 TeV (left, middle, and right panels). For all constraints, it is assumed that the coupling combination g, e
is fixed by saturating the DM relic abundance with freeze-in. In the hatched gray region, the excited state is not cosmologically relevant
because it decays extremely rapidly (right after freeze-in) via y, — A’y;. The mass splitting is shown for values above the ~MeV
electron production threshold for three-body decay. Meanwhile, the depicted dark photon masses range from the minimum allowed by
beam dump and collider experiments (shown as a black x in the left panel of Fig. 2) or alternatively the minimum mz, from becoming
cosmologically relevant as shown in Fig. 3. The maximum value of m,s depicted goes up to my = m, /3, since we focus on the
parameter region with m4 < m,, , but for heavier DM masses we also ensure that m, < m; which was an assumption made in the
freeze-in analysis. The dashed horizontal line represents the minimum 1, that can be accessed in the near future with beam dump and
collider experiments in the window of visible freeze-in couplings, shown as a black x in the right panel of Fig. 2. Meanwhile, the
diagonal dotted lines correspond to contours of constant y, lifetime for a few representative values (corresponding roughly to (i) the age

of the Universe, (ii) shortly after recombination, and (iii) one year after the big bang, from left to right).

parameter space of my, my/, and 6. All of the bounds and
forecast sensitivities are summarized in Fig. 5.

For decay lifetimes 7 < 10'? s, BBN currently provides
the tightest constraints on decaying DM [77-80]. At times
prior to recombination, energy injected in the form of e e~
pairs is approximately instantly deposited into the plasma
and f.r~ 1. The energy injection from DM three-body
decays can therefore enhance the dissociation of light
elements produced during BBN. The yields of these
elements are very sensitive to changes in the ambient
environment during and after BBN, and thus the agreement
of the measured yields with the ACDM prediction can be
used to constrain DM decay at early times. Note that the
dissociation only proceeds if the spectrum of injected
electron energies has support above the ~3 MeV energy
threshold for breaking apart light nuclei. For our model, the
combined electron-positron energy is effectively mono-
chromatic, but the energy of each of the individual particles
can vary. This ~3 MeV threshold can have a large impact
on the bounds when ¢ is near the MeV-scale. For instance,
Ref. [79] bounds the total fraction of DM energy injected
into the electromagnetic sector assuming electrons are
injected with energy above 10 MeV, while Ref. [80] finds
that there is a large impact on the limits when the energy of
the electrons injected is at the ~10 MeV scale. Without
doing a re-analysis of BBN bounds with our specific
electron spectrum, we conservatively apply the BBN
constraints of Ref. [79] when 6 > 6 MeV and note that
it is possible the bound extends slightly below this.

The application of this cut is apparent in the left panel
of Fig 5, where the shape of the BBN bound differs from
the other panels. In all, we find that due to the dependence
of the decay rate on ¢ and my,, BBN is currently able to
exclude a large swatch of parameter space for pseudo-Dirac
freeze-in.

When the decay occurs with a range of decay lifetimes
107 s <7< 1013 s, the energy injection heats the plasma
which alters the spectrum of CMB photons. The spectrum
does not have time to rethermalize if the energy injection
happens below redshift z ~ 10, corresponding to 7 ~ 107 s
or around 1 year after the big bang. This causes a spectral
distortion where the CMB spectrum deviates from a perfect
blackbody [81]. During the spectral distortion window,
charged particles deposit their energy into the plasma
almost instantaneously in a way that is insensitive to the
energy spectrum of injected electrons, so again f; ~ 1
with no strong dependence on é. This is the so-called “on-
the-spot” approximation for energy deposition, which is a
good approximation for z = 1000 [82,83]. A more precise
value for f.(z) can be calculated by using tools such as
DARKHISTORY [84] or EXOCLASS [85].

There are strong bounds on deviations of the CMB
spectrum from a perfect blackbody [86,87], which can then
be translated to bounds on a fraction of the DM decaying to
energetic electrons [82]. These bounds as applied to our
parameter space are shown in Fig. 5 in the region labeled
“FIRAS,” in reference to the Far Infrared Absolute
Spectrometer aboard the Cosmic Background Explorer
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(COBE) [86]. While current spectral distortion limits are
not very competitive with other probes in the relevant
decay lifetime window (almost everything excluded by
FIRAS is already excluded by BBN), there would be a large
improvement in sensitivity to our parameter space [82,88]
with the proposed Primordial Inflation Explorer (PIXIE)
mission [89], as shown in the light gray region in Fig. 5
labeled “PIXIE.”

At times during and after recombination, 7 2 1013 s, the
injection of energetic electrons can partly ionize and heat
the IGM. In ACDM, the IGM is almost completely neutral
after recombination and the photons free-stream to good
approximation; ionization of the IGM due to DM decay
will cause CMB photons to rescatter, smearing out the
anisotropies. Strong bounds on the ionization fraction of
the IGM from Planck anisotropy measurements constrain
the deposition of ionization energy, which can be translated
to a constraint on decaying DM. Similarly, there is a
possibility that energy injection will heat the IGM during
epochs around z ~ 5, where the Lyman-a forest of atomic
absorption lines constrains the IGM temperature. Given a
measurement of this temperature, one can exclude proc-
esses which would further heat the IGM, allowing a
constraint to be set on the DM decay lifetime. For both
ionization and heating, f.; can vary substantially as a
function of the injected energy spectrum, species, and
redshift of injection, requiring a careful analysis involving
the use of specialized codes which self-consistently take
into account the effects of DM decay on the thermal history
of the IGM, including backreactions [84,85]. We leave such
an analysis as applied to our model for future work, and
note that because our charged particle spectra are not
monoenergetic, we are only able to estimate the corre-
sponding limits.

In order to estimate the limits on our parameter space, for
decay lifetimes near the time of recombination we apply the
bounds of Ref. [82]. This work constrained the fraction of
DM decaying as a function of decay lifetime assuming
Sferr = 1, which is a good approximation during and before
recombination. When translated to our parameter space we
find that the resulting limit is not very sensitive to this
assumption about f;. At late times well after recombina-
tion, however, f. can vary considerably so we apply the
bounds from Ref. [90] for CMB anisotropies and Ref. [91]
for the Lyman-a forest which solved for the deposition
efficiency in a self-consistent way. Instead of constraining
the fraction of DM decaying as a function of decay lifetime,
as was done in Ref. [82], these works instead constrain the
DM decay lifetime as a function of DM mass, and the
effects of the energy spectrum on f; cause this limit to
vary considerably for different DM masses. Both of those
works considered DM decay where the electron energy
injection spectrum is centered at half the DM mass, so we
translate their bounds by matching their DM mass with our
mass splitting, noting that this translation is only an
estimate because our electron energy spectrum is broad

while theirs is effectively a mono-energetic line. Moreover,
the energy density available from the DM mass splitting is a
small fraction of the total energy density of the DM. We
therefore estimate the constraint on our parameter space by
rescaling the decay rate to account for the lower energy
density available in the mass splitting so that the total
energy injected into the IGM is the same. Concretely, we
re-scale the lifetime bounds of Refs. [90] and [84] by
8/2my, as in Eq. (24). This re-scaling is supported by works
that consider a subcomponent of DM decaying rather than
looking at all of the DM having a particular decay lifetime
[79,82,90]. The resulting estimated limits on our parameter
space, combining early and late times, are shown as shaded
regions in Fig. 5.

For lifetimes comparable to the age of the Universe, there
can also be constraints on decaying DM from indirect
searches for the decay products, e.g., with x-ray and gamma
ray searches [92-95] which generally are weaker than
cosmological constraints from the IGM in the parameter
space of interest. One exception to this is the search for
cosmic ray electrons and positrons directly from the decay;
these particles cannot be detected from inside the solar
system due to shielding from the solar magnetic field, but
they can be observed by Voyager I [96], which has crossed
the heliopause. The resulting limits on decaying DM of
Ref. [97] are stronger than cosmological ones for mass
splittings greater than 6 2 20 keV, however when the
corresponding lifetimes are mapped onto our parameter
space, the values of my are too large for the analysis in
this work to be valid. Therefore, these limits do not appear in
Fig. 5 as the relevant parameter space probed by indirect
detection searches is already excluded by cosmological ones.

B. Free-streaming of the ground state

As shown in the previous section, as the relic 50% of DM
in the excited state decays, the resulting ground state
daughter particle receives a velocity kick with a recoil
spectrum peaked near v ~ 6/m,,. As aresult, the 50% of the
DM that was born in the ground state behaves as cold DM,
while the other 50% that gets produced from the decay can
undergo some free streaming, similar to warm DM (WDM)
or neutrinos. This effect has been previously studied in
detail in situations where all of the DM decays via a two-
body process to the ground state and a light degree of
freedom [98,99]. In this section, we instead estimate the
free-streaming length for the ground state population
produced via three-body decays, with a more detailed
study of structure formation in this model left to future
work. Based on our estimates, we find untested parameter
space to be within the reach of current probes of structure
formation on small scales, and potentially of interest for
future probes.

To estimate the scale of suppression of the transfer
function relevant for the matter power spectrum, we employ
the commonly used metric of the free-streaming length.
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FIG. 6. The same parameter space as Fig. 5 but showing the complementarity with probes of structure formation. Existing
cosmological constraints from Fig. 5 are shown here as dark gray regions, while the forecast for PIXIE is shown in light grey. The green
lines correspond to parameters that give a decay timescale and velocity kick that will yield a free streaming length £, (7. ), as estimated

in Eq. (25), equivalent to that of WDM at a given mass.

We estimate this by assuming that the DM gets a physical
velocity kick vy;y at a time set by the lifetime 7 and that it
free-streams with a Hubble-damped velocity. Ignoring any
motion prior to the kick, the co-moving distance traveled by
the DM by some later time ¢ is

£.(1) = / / s S

where H(z) = Hy\/Qp + Q,,(1 +2)* + Q,(1 + z)*. For
the energy densities and present-day Hubble parameter, we
take the best-fit values from Planck 2018 [1]. Note that the
approximation of free-streaming is not a good one for times
long after matter-radiation equality (i.e., deep in the matter-
dominated era) because of the onset of structure formation
leading to gradients in the gravitational potential. In order
to be conservative in our estimate of the comoving free
streaming length today, we consider the free-streaming
length at the time of recombination, £, (t..). This means
that our estimate only applies in the parameter space to the
right of the contour of constant 7 = ¢, as shown in Fig. 6.

In order to estimate the sensitivity of probes of structure
formation in our parameter space, we equate . (f,.) with
the free-streaming length of the well-studied WDM model,
INPM = 0.07 x (mwpp/1 keV)™! Mpc for a Hubble
parameter of Hy = 70 km/s/Mpc [100-102]. This free-
streaming length maps onto the transfer function for the
matter power spectrum, as determined via Boltzmann
solvers, and leaves an imprint on the subsequent formation
of structure on small scales. There are many probes of
structure on small scales in linear and nonlinear regimes,
including the Lyman-a forest [103—105], the detection of
low-mass subhalos with galaxy surveys [106,107], gravi-
tational lensing and perturbations to stellar streams induced
by subhalos [108—111], and eventually 21 cm cosmology
[112]. Combining these probes can also help to break

degeneracies and strengthen bounds [113,114]; in particu-
lar, Ref. [114] was able to set a relatively aggressive bound
of mypm > 9.7 keV at 95% confidence.

In Fig. 6 we show the parameter points that yield an
estimated free-streaming length for pseudo-Dirac freeze-in
which matches that of a 9.7 keV WDM model. We use the
free-streaming length only to estimate the parameter space
where there might be observable impacts on structure
formation, and our estimate should not be taken as a
constraint since the results of Ref. [114] do not apply
directly to this scenario. Scenarios with mixed warm and
cold dark matter [115-117] are more similar to the one
considered here, but still differ since in this case the decay
of DM induces a non-trivial time dependence to the phase
space. A more detailed analysis is therefore necessary to
derive a constraint, which will be the subject of future work.

In the near future, the Vera Rubin Observatory is set to
target mypym ~ 18 keV by probing the subhalo mass func-
tion down to masses of 10°M, through a combination of the
effects of subhalos mentioned above [118]; we therefore also
show the freeze-in parameters that match the corresponding
WDM free-streaming length in Fig. 6. Finally, more futuristic
probes of structure formation on small scales could probe
free-streaming lengths well beyond these estimates [119]; we
show the parameter space that could be accessed with
sensitivity to free-streaming lengths at the kpc scale.
Overall, the structure formation signatures of this model
are manifest in a complementary portion of the parameter
space compared to other cosmological probes as well as
terrestrial signatures.

We note that DM that decays to a warm lighter state plus
relativistic species (like highly boosted electrons) can affect
the expansion history of the Universe and potentially
alleviate the Hubble and S8 tensions [120-125]. However,
decay lifetimes of interest for these tensions are generally
comparable to the age of the Universe at recombination. We
find that the parameter space that could observably alter the
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expansion history is excluded by strong CMB constraints on
injected energetic electrons, as shown in Fig. 5.

We additionally note that the presence of the excited state
can have an in situ impact on the internal dynamics of DM
halos after they have already collapsed. Due to the small
couplings relevant for freeze-in (and especially the small
values of g, considered in this work), DM self-scattering is
unlikely to be efficient enough for the inelastic nature of the
collisions to alter halo properties as in Refs. [126-128].
Meanwhile, the three-body decay of the excited state could
impact the halo through the velocity kick imparted to the
ground state. The resulting bounds on the decay lifetime are
generally comparable to the age of the Universe, ruling out
7 <30 Gyr under the assumption that the lifetime is
sufficiently long to only occur only after halos have formed
[129-131]. For this range of lifetimes, the CMB constraints
on the injection of energetic electrons already exclude the
whole parameter space, as shown in Fig. 5.

VI. DISCUSSION AND CONCLUSIONS

Inelastic freeze-in is a scenario where DM is produced
into both ground and excited states by freeze-in via small
couplings to the SM. The same couplings that explain the
relic abundance can lead to cosmologically long lifetimes
for the excited state, with distinct signatures for energy
deposition and structure formation once the excited state
starts to decay. Inelastic freeze-in thus provides a frame-
work that further motivates cosmological searches for
models of late-decaying DM.

In this work, we have explored a model of a pseudo-
Dirac fermion coupled to the SM via a kinetically mixed
dark photon. we find that in large part of the parameter
space there is a long-lived excited state that decays in the
late universe. For DM in the mass range ~30 MeV-TeV
with mass splittings above an MeV, we showed that there

are complementary probes of this model from accelerator
searches for dark photons and cosmological observables.
For dark photon couplings accessible with near-future
accelerator searches, the primary processes determining
the thermal history are the freeze-in production channels
ff = yix» and Z = y,x,, with a negligible amount of
scattering through other channels.

If the mass splitting is above ~1 MeV then the excited
state can decay to the ground state plus a pair of electrons
(or muons at higher mass splittings). The decays can inject
energy into the ambient environment, affecting BBN, CMB
spectral distortions and anisotropies, and the Lyman-a
forest. We find that the freeze-in mechanism can be realized
in a broad region of parameter space that is not excluded by
current constraints. We additionally find that much of the
currently allowed parameter space would be explored with
a future mission like PIXIE. Finally, we explored the
possibility of a cosmological signature arising due to the
kick imparted to the ground state DM particle during
the three-body decay, which could impact structure for-
mation on small cosmological scales that will be probed in
the near future.
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