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We investigate baryogenesis from dark matter oscillations in the ultraviolet freeze-in regime. We find
that the mechanism can simultaneously accommodate the observed abundances of baryons and dark matter
for dark matter masses in the 10 keV to 2 MeV range, provided the reheat temperature lies between the
temperature of the electroweak phase transition and ∼10 TeV. The mechanism predicts observable
consequences due to the presence of a light dark matter component that is relativistic during structure
formation, and x-ray bounds on decaying dark matter can set strong constraints depending on the operator
mediating dark matter production.
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I. INTRODUCTION

The nature of dark matter (DM) and the origin of the
baryon asymmetry are two of the biggest outstanding
questions in particle physics. Both necessitate new particles
or interactions that are out of equilibrium at some point in
the Universe’s history, and it is natural to consider the
scenario in which there is a common departure from
equilibrium that is responsible for establishing both abun-
dances. Several such scenarios have been studied in the
literature, such as asymmetric DM [1–11] and baryogenesis
via freeze-out of symmetric DM [12–16], both of which
assume that DM was at some point in equilibrium with
Standard Model (SM) particles.
It is, however, possible that particles involved in resolv-

ing the questions of DM and baryogenesis were never in
equilibrium throughout cosmic history. Such species are
produced via freeze-in [17–22], where the particles’ inter-
action rates are not large enough to equilibrate them with
the SM plasma. Freeze-in models have become increas-
ingly popular in recent years because they occur generically
in hidden-sector scenarios and they avoid increasingly
stringent constraints from laboratory and astrophysical
searches for thermal DM. Unfortunately, this same feature
of freeze-in can also make it difficult to test, as the tiny
couplings needed to keep species out of equilibrium can
also render signal rates negligible in experiments [22].

If freeze-in simultaneously accounts for both baryo-
genesis and the DM abundance, however, then the pros-
pects for experimental discovery of the model can be
considerably improved. In the recently proposed mecha-
nism of freeze-in baryogenesis via DM oscillations [23,24],
DM must possess a coupling to SM particles in order to
generate an asymmetry; this in turn necessitates the
existence of new, electromagnetically charged states that
mediate interactions between DM and the SM. When DM
is produced from the on-shell decay of the charged states,
the charged-particle masses must lie around the weak scale
and can be the target of collider searches. Furthermore, the
masses of DM particles affect the timescale of DM
oscillations, such that simultaneously accounting for the
baryon asymmetry and DM abundance restricts the DM to a
relatively narrow mass range (∼keV −MeV). The freeze-in
coupling can also not be too small because the baryon
asymmetry would otherwise be insufficient to account for
the observed value. These properties are also found in the
Akhmedov-Rubakov-Smirnov (ARS) mechanism for lep-
togenesis via right-handed neutrino (RHNs) oscillations
[25,26], which works with GeV-scale RHNs that have
couplings potentially large enough to allow experimental
detection of the RHNs [27].
All prior studies of the cosmology and phenomenology

of freeze-in baryogenesis via DM oscillations have been
done within the framework of infrared (IR) freeze-in, in
which the charged mediator between DM and the SM has a
mass below the reheat temperature of the Universe. In this
scenario, DM production rates grow relative to the Hubble
expansion rate, H, down to energies comparable to the
electroweak scale. BecauseH ≪ T for temperatures T well
below the Planck scale, IR freeze-in models typically
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feature very small couplings (≲10−7) to prevent total
equilibration of DM.
There exists another limit: ultraviolet (UV) freeze-in

[21,28–30]. In this case, DM is produced by scattering via a
virtual mediator at energies well below the mediator mass.
UV freeze-in occurs in cosmologies with a reheat temper-
ature that is sufficiently low as to exponentially suppress
the on-shell production of the mediator. The couplings
between the SM and DM are now nonrenormalizable, and
the DM interaction rate falls relative to Hubble over time.
Consequently, the feebleness of the DM-SM interaction can
be explained by hierarchies between the reheat temperature
and the mass of the mediator rather than by small
dimensionless couplings; this is analogous to the reason
for the feebleness of the weak interactions at energies well
below the electroweak scale.
We undertake the first comprehensive study of baryo-

genesis from DM oscillations in the UV limit. We find that it
is possible to simultaneously account for DM and baryo-
genesis within UV freeze-in provided the reheat temperature
falls within the approximate range 130 GeV–10 TeV. The
parameter space ismuchmore restricted than for IR freeze-in,
with the lightest DM state necessarily lying well below a
mass of 1 keV. The model faces stringent constraints from
structure formation and x-ray line searches such that several
implementations of UV freeze-in are already ruled out, and
we expect that future improvements in these observables
should further test interesting parameter space forUV freeze-
in baryogenesis. In contrast with IR freeze-in, however,
colliders are no longer a promising avenue for discovering
the new states associated with DM and baryogenesis, at least
in the scenarios we consider here.
Baryogenesis through DM freeze-in can also occur

through an entirely different mechanism, in which the
baryon asymmetry and DM abundance are generated
simultaneously through feeble CP-violating decays of or
scattering induced by a heavy parent particle, rather than
through DM oscillations and rescattering. This has been
studied for both IR and UV freeze-in [31–34].

II. MECHANISMS FOR FREEZE-IN
BARYOGENESIS VIA DM OSCILLATIONS

A. Review of IR freeze-in

We can obtain the UV limit of a freeze-in model by first
considering IR freeze-in and then integrating out the heavy
mediators. We therefore consider a freeze-in leptogenesis
model along the lines of Refs. [23,24]. The model consists
of two Majorana singlet fermion DM candidates, χ1 and χ2,
with masses M1 and M2, respectively, and, one or more
scalars,Φa, where a is an index running over the number of
scalars. The scalars carry SM gauge quantum numbers that
allow it to have renormalizable couplings to DM and either
quarks or leptons.
DM interaction term: Consider, for concreteness, the

case in which the Φa have the same SM gauge charges as

the SM Higgs doublet. In terms of Weyl spinors, the DM
interaction Lagrangian is

LDM ¼ −Fa
αIΦaLαχI þ H:c:; ð1Þ

where Lα is the SM lepton doublet, α is a SM lepton flavor
index, I is a DM flavor index in the mass eigenbasis, and
Fa
αI is the coupling. This interaction is sufficient to account

for DM and baryogenesis through IR freeze-in. We con-
sider other, equally viable, choices for the SM quantum
numbers of Φa when we make the transition to the UV
freeze-in regime in Sec. II B.
The coupling in Eq. (1) is consistent with an exact

Uð1ÞB−L symmetry where every Φa has B − L charge of
þ1. It is also consistent with a Z2 symmetry where Φa and
χI are odd and all SM fields are even. Such a Z2 symmetry
makes DM exactly stable.
The couplings Fa

αI are sufficiently small that DM does
not reach equilibrium, although Φa are nearly always in
equilibrium as a result of SM gauge interactions. We
assume that the Φa do not acquire vacuum expectation
values (VEVs).
If the reheat temperature of the universe exceeds the

masses of the Φa particles, then DM is produced through
Φ�

a → Lαχ and the conjugate process. Because DM is
typically out of equilibrium, it is produced in interaction
eigenstates that then undergo coherent propagation and
oscillation.1 To generate an asymmetry, higher-order proc-
esses are needed: subsequent inverse decays Lβχ → Φ�

b
lead to net processes likeΦ�

aLβ → Φ�
bLα. A combination of

phases from oscillation and CP-violating couplings can
lead to a difference in rate compared to the corresponding
antiparticle process, ΦaL̄β → ΦbL̄α, at OðF4Þ.
When there exists only a single scalar, this CP-violating

difference leads to asymmetries in individual lepton flavors
but not overall lepton number.2 A net lepton asymmetry
originates only after washout erodes the asymmetries in SM
lepton flavors at different rates, and thus the total asym-
metry is OðF6Þ.
Alternatively, when there exist multiple scalars, kin-

ematic differences in Φa (inverse) decay between the time
of DM production and annihilation can lead to a total lepton
asymmetry atOðF4Þ, which is a significant enhancement in
the weak-washout limit.3

1It is generally true for the parameters of interest to us that the
DM mass splitting is sufficiently small that they are produced
coherently.

2The Majorana masses for χ can, in principle, produce a total
lepton number at this order in perturbation theory, but such rates
are suppressed by an additional factor of M2

χ=T2 and are
negligible for DM masses consistent with this mechanism,
Mχ ∼ 100 keV.

3In the case where Φa couples to quarks instead of leptons,
thermal mass effects from the large top quark Yukawa coupling
can also lead to an enhanced asymmetry.
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In both scenarios, a portion of the total lepton asymmetry
is transferred to baryons via sphalerons, which decouple at
a temperature Tew ≈ 132 GeV during the electroweak
phase transition [35]. After sphaleron decoupling, the
baryon asymmetry is locked in and protected from any
subsequent dynamics that might otherwise wash out the
asymmetry.
The baryon asymmetry is maximized when χ oscillations

occur at a rate comparable to the Hubble expansion rate for
T ≈MΦ1

, where Φ1 is the lightest mediator species. If
oscillations are much slower than this rate, then an
insufficient time-evolution phase accrues by the time that
DM decouples completely from the SM and the resulting
lepton asymmetry is negligible. Conversely, if oscillations
are much faster than this rate, then they time-average to
zero over much of the time of DM production, limiting the
size of the asymmetry. The optimal DM oscillation time
typically corresponds to DMmass splittings on the order of
M2

2 −M2
1 ∼ ð100 keVÞ2 forMΦ1

∼ TeV. To avoid overpro-
ducing the DM energy density, both χ1 and χ2 mass
eigenstates typically need to have masses at or below a
few hundred keV.
As mentioned earlier, the freeze-in coupling in Eq. (1)

preserves an exact Uð1ÞB−L symmetry. Any lepton asym-
metry produced from this interaction is exactly counter-
balanced by an asymmetry in Φa. If all Φa decay prior to
the electroweak phase transition, the asymmetries sum to
zero and baryogenesis fails. If, instead, at least some
population of Φa persists until after sphalerons decouple
at Tew, the part of the B − L asymmetry stored in baryons is
protected and baryogenesis can be successful. Viable
baryogenesis therefore requires either: MΦ1

≲ TeV such
that there is a non-negligible thermal abundance of Φ1 at
the time of sphaleron decoupling, or cτΦ1

≳HðTewÞ−1 ∼
1 cm so that a population of Φ1 survives even if it is much
heavier than the electroweak scale.
Explicit breaking of Uð1ÞB−L: In addition to the minimal

coupling in Eq. (1), there might exist other interactions
between Φa and SM fields that violate Uð1ÞB−L, such as

LΦ−SM ¼ −λaαβΦ�
aQαdcβ þ H:c: ð2Þ

Here, Qα is the quark doublet and dcβ is the singlet down-
type antiquark. This operator can significantly impact the
asymmetry generated in the IR scenario. If the Φa → Qdc

decay induced by this operator predominates, then the
lepton asymmetry produced by DM scattering is not
washed out by Φa decays and persists even after all Φa
have disappeared. Viable parameter space with MΦ1

≫
TeV consequently opens up even for short life-
times, cτΦ1

≪ HðTewÞ−1.
The explicit breaking of Uð1ÞB−L also breaks the Z2

symmetry stabilizing DM. However, the same parametrics
that keep DM out of equilibrium also suppress its decay

rate. As a result, the χI are still metastable DM candidates
with lifetimes longer than the age of the universe. Potential
observational consequences of this scenario include indi-
rect detection signatures associated with photons produced
in DM decay, and flavor-violating signals induced by the λ
couplings.
The particular Uð1ÞB−L-breaking coupling of Eq. (2)

radiatively generates Φ −H mixing, which in turn leads to
DM decay. These radiative corrections are quadratically
divergent, suggesting that some fine tuning is needed to
bring the DM decay rate below current constraints.
Different Φ gauge charges permit different Uð1ÞB−L-break-
ing operators, however, leading to a variety of predictions
for the DM decay rate. We survey the full range of
operators that can break Uð1ÞB−L and induce DM decay
in Sec. II B, and we provide a parametric estimate of DM
lifetime there for one operator. We perform a more
quantitative study in Sec. IV B.
Because Uð1ÞB−L is restored when λαβ ¼ 0, it is tech-

nically natural for the λ couplings to vanish. Both Uð1ÞB−L-
preserving and Uð1ÞB−L-violating scenarios are worth
considering, and IR freeze-in leptogenesis is viable in both
cases. Conversely, we are about to see that Uð1ÞB−L must be
explicitly broken for UV freeze-in leptogenesis to be
successful.
More details on baryogenesis from IR freeze-in via Φa

decays can be found in Refs. [23,24].

B. From IR to UV using effective field theory

All previous work on freeze-in leptogenesis via DM
oscillations assumed that DM is produced through the
decay of on-shell scalars Φa, in which case most DM
particles are produced at T ∼MΦa

. However, it is possible
that the reheat temperature is well below the masses of all
the Φa, in which case DM is produced exclusively through
2 → 2 scattering mediated by virtual scalars. This is known
as UV freeze-in because most DM production occurs
around the time of reheating. In some ways, UV freeze-
in is more theoretically appealing than IR freeze-in because
the feeble DM-SM interaction can be naturally explained
even with Oð1Þ couplings provided TRH ≪ MΦa

. By
contrast, IR freeze-in always requires tiny dimensionless
couplings between the dark and visible sectors.
A benchmark UV scenario: When there exists a large

hierarchy between the reheat temperature and the mediator
masses, the DM couplings are best described by an
effective field theory (EFT) in which the scalar mediators
have been integrated out. We refer to this as the “fully UV”
scenario. If we start from the two interactions of Eqs. (1)
and (2), the operators responsible for DM scattering in the
EFT are

LEFT ¼ CαβIJðLαχIÞðχ†JL†
βÞ

þ ½DαIðLαχIÞðQdcÞ þ H:c:�; ð3Þ
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where we assume for simplicity that only a single quark
flavor couples: λaαβ → λa in Eq. (2). At leading order, the
EFT coefficients are related to the IR couplings via

CαβIJ ¼
X
a

Fa
αIF

a�
βJ

M2
Φa

; ð4Þ

DαI ¼
X
a

Fa
αIλ

a

M2
Φa

: ð5Þ

The advantage of working in the EFT is that we only need
to consider the physically relevant combinations of cou-
plings and masses CαβIJ and DαI . Note that the first
operator is self-adjoint and thus CαβIJ ¼ C�

βαJI.
If DαI ¼ 0, SM B − L is exactly conserved in the EFT

and no total SM B − L asymmetry can be generated. It is
therefore necessary for SM B − L (and the associated
DM-stabilizing Z2 symmetry) to be explicitly broken, with
DαI nonzero.
In general, both of the EFT couplings in Eq. (3) should

be considered when computing the DM abundance and
baryon asymmetry. However, since the C couplings are
products of two freeze-in couplings whereas the D cou-
plings have only one, it is possible for the C couplings to be
sufficiently subdominant that we can neglect them. The
baryon asymmetry to DM abundance is also maximized in
this limit, since the C couplings contribute to the DM
abundance but do not directly lead to a lepton asymmetry,
making it harder to realize baryogenesis without overpro-
ducing DM. In what follows, our quantitative studies
mainly focus on a benchmark scenario in which
DαIðLαχIÞðQdcÞ is the only important DM interaction term
in the EFT.
Leptogenesis in the UV scenario: We now discuss how

the asymmetry is produced, comparing and contrasting
with IR leptogenesis. At OðD4Þ, processes such as LαQ →
χ†I d

c† followed by χ†I d
c† → LβQ can produce CP asym-

metries in individual lepton flavors, but not an overall
lepton asymmetry. This is similar to the single-scalar IR
scenario. At OðD6Þ, a total lepton asymmetry can be
produced from flavor differential washout in a manner
analogous to IR freeze-in leptogenesis mechanisms such as
ARS leptogenesis [25,26].
In UV leptogenesis, most DM interactions occur at high

temperatures, T ∼ TRH. This is in contrast with IR lepto-
genesis, for which most DM is produced when T ∼MΦ1

. It
is therefore optimal for the oscillation time to be matched to
the expansion rate at reheating, HðTRHÞ, which implies

M0ΔM2

6T3
RH

∼ 1; ð6Þ

where M0 is defined so that HðTÞ ≈ 1.66
ffiffiffiffiffi
g�

p
T2=MPl≡

T2=M0, and ΔM2 ≡M2
2 −M2

1 is the difference of squared

DM masses. A somewhat larger DM mass is preferred in
UV leptogenesis relative to the IR scenario so that
oscillations occur at early times, T ∼ TRH. This larger
DM mass scale can lead to overproduction of DM, and
consequently the viable parameter space for UV lepto-
genesis is more constrained than for IR leptogenesis. We
will show that UV leptogenesis necessitates relatively low
reheat temperatures, TRH ∼ TeV.
As is common in the UV freeze-in literature, we assume

that the universe reheats instantaneously to a temperature
TRH, which we take to be a free parameter. Realistic models
of reheating take into account the finite time over which
reheating occurs, and there are typically periods prior to the
end of reheating when the temperature is even higher than
TRH. We expect, however, that any asymmetry and DM
produced during reheating are suppressed by subsequent
entropy injection during the final period of reheating.
Previous studies found that DM production during reheat-
ing is negligible when DM production is mediated by
dimension-6 operators like the ones we study [36],
although larger deviations are possible for nonstandard
cosmologies [37].
For leptogenesis, it is not possible to make such a

universal statement because there exists an additional
timescale in the problem, namely that of DM oscillations.
DM production during reheating could conceivably still
contribute to the asymmetry if the DM oscillation rate is
comparable to the expansion rate prior to the end of
reheating. In this case, DM oscillations are too rapid after
reheating and the asymmetry produced during the radiation-
dominated epoch is negligible. This effect ismost relevant for
larger DM masses, for which we expect that the parameter
space for leptogenesis would lead to an overproduction of
DM and is not viable. Therefore the instantaneous reheat
approximation should allow an adequate estimate of the
successful parameter space for simultaneously accounting
for DM and leptogenesis. We intend to study the effects of
realistic reheating on oscillation leptogenesis in future work.
Additional operators and alternative models: Eq. (2)

includes just one possible Uð1ÞB−L-violating interaction
involving Φa and SM fermions. More generally, we might
start instead with

LΦ−SM ¼ −λaαβΦ�
aQαdcβ − λ0aαβΦ�

aLαecβ

− λ00aαβΦaQαucβ þ H:c: ð7Þ

In a simplified scenario in which only the λ0a couplings are
significant, integrating out theΦa scalars produces a purely
leptonic DM interaction term in the EFT,

LEFT ¼ EαβγIðLαχIÞðLβecγÞ þ H:c:; ð8Þ

with
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EαβγI ¼
X
a

Fa
αIλ

0a
βγ

M2
Φa

ð9Þ

at leading order. In Sec. III, we study baryogenesis and DM
production both via the semileptonicD couplings of Eq. (3)
and via the fully leptonic E couplings of Eq. (8). We find
quantitatively similar results for these two lepton-number-
violating (LNV) operators.4

Expanding our scope further, we can also consider Φa
with various quantum numbers that allow renormalizable
couplings of these scalars to χI and SM fermions.
Integrating out the Φa scalars generates the dimension-
six DM EFT operators of Table I. We continue to ignore
operators with two χ fields, which affect DM production
without contributing to baryogenesis. Each EFT operator
violates either lepton number or baryon number. Proton-
decay constraints on the baryon-number-violating (BNV)
operators are generally too stringent for those operators to
be relevant for baryogenesis in our scenario: the reason is
that viable baryogenesis requires χ to be much lighter than
the proton mass such that proton decay modes like p →
πþχ cannot be kinematically forbidden. While we do not
attempt a comprehensive study of the cosmology of various
LNVoperators, we expect that the results we obtain for the
ðLχÞðQdcÞ and ðLχÞðLecÞ operators in Sec. III are rea-
sonably representative, and that all of the LNVoperators are
therefore viable for DM and baryogenesis.
Regardless of which LNV operator we consider, the

neutrino-portal operator χLH is radiatively generated at
some level. After electroweak symmetry breaking, this
operator leads to DM decay to a photon and a neutrino or
antineutrino, in potential conflict with photon-line searches
for decaying DM. For the LNV operators in Table I that
involve the SM lepton doublets, the operator is generically
induced at one loop via a diagram obtained by connecting
the appropriate SM fermion lines to the SM Higgs via a SM

Yukawa interaction. The associated contributions to the
neutrino-portal coupling are suppressed by a loop factor,
the DM and Uð1ÞB−L-violating couplings, and a SM
Yukawa coupling. In Sec. IV B we will see that parameter
values that are viable for baryogenesis and DM require
additional suppressions or cancelations to be consistent
with line searches.
The flavor structures of the EFT operators do allow for

such additional suppressions. Suppose, for example, that
the fully leptonic couplings EαβγI of Eq. (8) are nonzero
only when γ ≠ α and γ ≠ β are both satisfied. This
corresponds to there being no overlap between the flavors
of left-handed (LH) leptons and the flavors of right-handed
(RH) leptons involved in the beyond-SM couplings. In this
case, no neutrino-portal coupling is generated radiatively at
any order in perturbation theory, in the approximation
where we neglect SM neutrino masses. The LχH coupling
induced by the semileptonic operator ðLχÞðQdcÞ can also
be suppressed for particular flavor structures, although in
this case simply making the EFT operator off-diagonal in
quark flavor space (in the basis in which the down-type
Yukawa couplings are diagonal) still leaves two-loop
contributions involving two additional up-type-quark
Yukawa couplings and a Cabibbo-Kobayashi-Maskawa
(CKM) mixing.
In Sec. IV B, we provide more details of the DM lifetime

in various scenarios. Here, we provide a parametric estimate
in the case where only λ0 ≠ 0 and the only flavor of lepton
that shows up in both LH and RH fields in Eq. (8) is the
electron. In this case, the DM lifetime is approximately

τχ2→γν ∼ 2 × 1028 s

�
100 keV

M2

�
3
�

MΦ

1 TeV

�
4
�
10−9

Fλ0

�
2

:

ð10Þ

While the age of theUniverse is only∼1018 s, there aremuch
stronger mass-dependent constraints on DM lifetime from x-
ray lines (∼1028 s for DM at the 100 keV scale). UV
leptogenesis only depends on the quantity Fλ0=M2

Φ; we
see that this quantity should be ∼10−30 GeV−4, which
corresponds to MΦ ∼ 3 × 107 GeV if F; λ0 ∼ 1, with lower

TABLE I. Baryon-number violating (BNV) and lepton-number violating (LNV) dimension-six DM EFT
operators that can be generated by integrating out scalars Φa in various representations of

SUð3Þc × SUð2Þw × Uð1Þy, chosen to allow a Φð�Þ
a –χI–SM-fermion Yukawa coupling. All flavor indices are

suppressed. The bold refers to representations of non-Abelian parts of the Standard Model gauge group.

Φa charges BNV LNV

ð3; 2; 1=6Þ � � � ðQχÞðLdcÞ
ð3; 1; 2=3Þ ðucχÞðdcdcÞ � � �
ð3; 2;−1=3Þ ðdcχÞðucdcÞ, ðdcχÞðQ†Q†Þ ðdcχÞðQLÞ, ðdcχÞðuc†ec†Þ
ð2; 1; 1=2Þ � � � ðLχÞðQdcÞ, ðLχÞðQ†uc†Þ, ðLχÞðLecÞ
(1, 1, 1) � � � ðecχÞðLLÞ

4Integrating out Φa also generates operators involving only
SM fields. While such operators can potentially affect the baryon
asymmetry by mediating flavor-changing interactions among SM
particles, they do not do so for the benchmarks we consider in
Sec. III.
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scalar masses giving the same decay rate if F; λ0 are smaller
than 1.
The one-loop contributions to the neutrino-portal cou-

pling induced in the EFT by ðLχÞðQdcÞ can be understood
as a consequence of one-loop H −Φa mixing in the UV
theory, which only arises when the Φa have the same SM
gauge charges as the SM Higgs. Integrating out Φa scalars
that transform instead as ∼ð3; 1;−1=3Þ under the SM gauge
group can generate a ðχdcÞðuc†ec†Þ LNV operator in the
EFT. The neutrino-portal coupling is induced by this
operator only at two loops, and it is suppressed by
charged-lepton, up-type-quark, and down-type-quark
Yukawa couplings, in addition to DM and Uð1ÞB−L-
violating couplings. We estimate that with particular flavor
choices, the contributions to the neutrino-portal coupling
can be rendered below current limits.

C. Mixed UV-IR scenario

It is possible that there exists a hierarchy of scalar masses
such that MΦ1

≲ TRH ≪ MΦ2
. In this case, our theory

consists of the EFT of Eq. (3), along with the coupling
of an on-shell scalar as in Eq. (1). We refer to this as the
“mixed UV-IR” scenario.
In this case, the results for DM and baryogenesis are very

similar to the case where there exist two on-shell scalars
withMΦ1

≪ MΦ2
: a primordial abundance of DM (whether

produced from virtual Φ2-mediated scattering or from on-
shell Φ2 decays) undergoes inverse-decay at much later
times into Φ1, leading to an asymmetry at OðF4Þ. When
there exists a hierarchy of scales in the model such that a
primordial abundance of DM is produced at temperatures
T ≫ MΦ1

, it doesn’t matter much whether DM is produced
by on-shell Φ2 decays or 2 → 2 scatterings mediated by
virtual Φ2 exchange. In fact, for a fixed primordial DM
abundance, the only difference between the two scenarios is
the DM spectrum, which is hotter for production in the EFT
relative to on-shell decays.
We do not undertake a full study of the mixed UV-IR

scenario because of the similarity to earlier results for the
two-scalar case from Ref. [24]. However, the mixed UV-IR
scenario does provide a controlled testing ground to better
understand the effects of the DM spectrum on the parameter
space of leptogenesis. We return to this study in Sec. V.

III. FULLY UV BARYOGENESIS

A. Quantum kinetic equations

The DM quantum state is represented by a pair of density
matrices, fχ and fχ̄ ≡ f̄χ , whose evolution is determined by
a set of quantum kinetic equations (QKEs) for each
comoving DM momentum mode y≡ jk⃗j=T [25,26,38].
For the parameters of interest to us, DM is always highly
relativistic and so we approximate Eχ ≈ jk⃗j everywhere
except in the QKE term inducing oscillations. Oscillations

are included by keeping the leading mass-dependent
correction to the DM dispersion relation. The QKE for
fχ has the form

dfχ
dt

¼ −i½Eχ ; fχ �

−
1

2

X
α

��
Γ>
α

2Eχ
; fχ

�
−
�
Γ<
α

2Eχ
; 1 − fχ

��
; ð11Þ

where Γ>
α =2Eχ and Γ<

α =2Eχ are the DM absorption and
emission rates, respectively, for collisions involving lepton
flavor α and DM comoving momentum y. For our main
analysis, we consider DM production via the semileptonic
operator in Eq. (3). The DM absorption and emission rates
are independent of fχ but depend on the SM chemical
potentials μLα

, μQ, and μdc . The QKE for f̄χ is found by
taking D → D� and μ → −μ relative to the QKE for fχ.

5

The energy Eχ in the commutator includes both tree-level
masses and thermal corrections; since the thermal masses
are aligned with the interaction eigenstates, they tend to
suppress oscillations when they are the dominant contri-
butions to the χ masses.
During the epoch of leptogenesis, there exists a general-

ized lepton number with LðχÞ ¼ −1. This symmetry is
broken explicitly by the χ Majorana masses, but helicity-
flipping rates leading to lepton-number violation are sup-
pressed by M2

χ=T2 ≪ 1 relative to the lepton-number-
conserving rates and are irrelevant for T > Tew. This means
that the lepton asymmetry in flavor α is equal to a χ
asymmetry produced in scatterings involving flavor α.
This allows us to derive evolution equations for the
anomaly-free SM charge asymmetries Xα ≡ ΔB=3 − ΔLα

byusing the χ and χ̄QKEs to determine theproduction rate of
an asymmetry between χ and χ̄ due to scattering with leptons
of flavor α. Note that we define Xα to include only the
asymmetries in SM fields. We provide further details on the
derivation of the QKEs in Appendix A, including full
expressions for the QKEs that we solve in our analysis.
The QKEs in Eq. (11) are challenging to solve because

each DM comoving momentum mode y has its own
differential equation, reflecting its own oscillation and
equilibration timescales. All of these equations must be
separately integrated to determine the values of fχ and f̄χ
for each momentum mode. If the DM spectrum is not too
far from a Fermi-Dirac distribution, however, then we can

5This prescription depends on the convention for how the χ̄
density matrix is defined, with several conventions appearing in
the literature and not always clearly articulated. For the D and E
EFT couplings [in Eqs. (3) and (8), respectively], for which each
collision involves at most one DM particle, the choice of
convention is irrelevant. When multiple DM states can interact
in a single collision, such as for the C EFT coupling in Eq. (3), it
is important to implement the QKEs consistently. We address this
further in Appendix A 3.
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simplify the QKEs by assuming that DM has a thermal
spectrum, fχ ∝ fFermi−Dirac. We then integrate over all
momentum modes and solve the resulting momentum-
integrated QKEs, significantly reducing the number of
separate equations to solve. We refer to this as making a
“thermal ansatz” for the DM spectrum.
To motivate the use of a thermal ansatz, we show in

Fig. 1 the DM spectrum from UV production in the EFT, as
well as from IR production via on-shell Φa decays [24],
comparing both to a thermal distribution. The UV spectrum
is given in Eq. (B10). The peaks differ by only an Oð1Þ
number from the Fermi-Dirac distribution, although the
tails differ by larger factors. Based on the results of
previous studies [23,24,39,40], we expect that the thermal
ansatz induces at most Oð1Þ shifts in the final DM
abundances and baryon asymmetries obtained from the
QKEs, apart from corners of parameter space that are
sensitive to the tails of the spectrum. For the results in
Sec. III B, we employ the thermal ansatz to solve the QKEs,
whereas we revisit the validity of this approximation and
the dependence of leptogenesis on the DM spectrum in
Secs. III C and V.
Throughout, we normalize the DM abundance to the

entropy density, Yχ ≡ nχ=s, and we use the dimensionless
time variable z≡ Tew=T in solving our equations and
reporting solutions.

B. Results and viable parameters

We now determine the viable parameter space for
baryogenesis and DM in the fully UV scenario. We use
the semileptonic coupling benchmark in Appendix C,
which provides the maximum asymmetry in the weak-
washout limit relative to the DM abundance. In this
benchmark, DM is only coupled to two lepton flavors
because that is the minimum needed for an asymmetry to be
generated. We expect the two-flavor benchmark to capture

all of the relevant physics of leptogenesis while reducing
the number of free parameters to consider. This allows us to
more clearly understand the physics underlying the cou-
pling structures that lead to successful leptogenesis.
There are five free parameters:
(i) TRH, the reheat temperature (equivalently, zRH≡

TEW=TRH).
(ii) M1, the mass of the lighter DM eigenstate.
(iii) M2, the mass of the heavier DM eigenstate.
(iv) TrD†D, which parametrizes the overall (squared)

coupling strength of leptons to DM, summed over
both DM flavors.

(v) θ, an angle whose tangent parametrizes the strength
of the mediator coupling to χ2 relative to
χ1: tan θ≡

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðD†DÞ22=ðD†DÞ11

p
.

The solutions to the QKEs for the DM abundances,
electron flavor asymmetry, and baryon asymmetry are
shown as a function of z in Fig. 2 for a benchmark point
that gives the correct DM energy density. The UV nature of
freeze-in is evident, with most production of DM and the
baryon asymmetry occurring around TRH. The asymmetry
accrues notably later than the DM yields, however, because
sufficient time must pass for DM oscillations to develop.
We now systematically explore the viable parameter space

for DMand baryogenesis.We first consider the scenariowith
M1 ¼ 0. Because baryogenesis occurs at higher order in
the freeze-in coupling than DM production, freeze-in baryo-
genesis typically overproduces the DM abundance
while underproducing the asymmetry. The requirement that
M1 ¼ 0 therefore minimizes the DM abundance without
affecting baryogenesis, giving the largest possible parameter
space. Because it is always possible to lower the baryon

FIG. 1. Comoving momentum spectrum of DM particles
produced from (red) on-shell decay of Φa; (blue) 2 → 2 scatter-
ing in the EFT with Φa integrated out; (dashed) Fermi-Dirac
distribution.

FIG. 2. DM abundances, electron flavor asymmetry
Xe ≡ B=3 − ΔLe, and baryon asymmetry YB as a function of
dimensionless time, z≡ Tew=T, for a benchmark point that
simultaneously gives the correct DM energy density and baryon
asymmetry: zRH ¼ 0.1, M1 ¼ 0, M2 ¼ 100 keV, θ ¼ 0.092,
TrD†D ¼ 8.08 × 10−28 GeV−4. The muon flavor asymmetry,
jXμj, is not shown because it is nearly indistinguishable
from jXej.
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asymmetry by changing the CP-violating phase or other
coupling parameters away from the optimal value of our
benchmark from Eq. (C1), we consider a parameter point to
be viable if it gives YB=Yobs ≥ 1 while simultaneously
satisfying Ωχ2þχ̄2ðz → ∞Þ ¼ Ωobs

DM.
We present our results by fixing values of ðzRH;M2Þ, and

then plotting the two coupling contours that give the
observed baryon asymmetry and DM abundance, respec-
tively.6 Our results for zRH ¼ 0.1 (corresponding to
TRH ≈ 1.3 TeV) and various values of M2 are shown in
Fig. 3. There are two competing effects of the DM mass
scale. For smaller values ofM2, there exists a larger number
density of DM particles for fixed ΩDM. This predicts a
larger coupling, which in turn enhances the baryon asym-
metry. At the same time, asymmetry generation is most
efficient when the squared mass splitting ΔM2 is such that
the oscillation rate is matched to the Hubble expansion rate
around the time of reheating, Eq. (6). For zRH ¼ 0.1 and
M1 ¼ 0, this optimal mass splitting corresponds to
M2 ≈ 150 keV; we therefore see the parameter space shrink

for larger DM masses than this, with no viable parameter
space for M2 ≳ 1500 keV.
All of the viable parameter space has θ ≪ 1. To under-

stand this, note that the largest asymmetry results when one
of the flavors of DM comes close to equilibrium (in this
case, χ1), in which case there is a large χ1 abundance to
participate in the second stage of scattering necessary for
baryogenesis. WhenM1 ≈ 0, χ1 is effectively dark radiation
that redshifts away and contributes negligibly to the
Universe’s energy budget today even if it comes into
equilibrium. It does contribute to the effective number of
neutrino species, Neff ; however, current bounds allow an
equilibrium Weyl fermion contribution to Neff provided it
decouples prior to the electroweak phase transition [41,42].
In contrast, χ2 must always remain far from equilibrium to
avoid overclosing the Universe, and this means that a larger
asymmetry is generated when Yχ2 ≪ Yχ1 . Since θ para-
metrizes the relative coupling of the SM to χ2 vs χ1, the
ratio of baryon asymmetry to DM abundance is maximized
for θ ≪ 1. Evidently, UV freeze-in for baryogenesis is only
viable in the limit where χ1 couples much more strongly to
the SM than χ2.
The limit θ ≪ 1 is stable under radiative corrections. To

see this, we note that the limit θ → 0 results in an additional

FIG. 3. Coupling consistent with observed baryon asymmetry (shaded blue region) and DM abundance (dashed line) from freeze-in
baryogenesis with zRH ≡ Tew=TRH ¼ 0.1 and (top left) M2 ¼ 25 keV; (top right) M2 ¼ 100 keV; (bottom left) M2 ¼ 400 keV;
(bottom right) M2 ¼ 1600 keV. We take M1 ¼ 0 and use the optimized semileptonic coupling benchmark from Appendix C; we
consider a parameter point to successfully achieve the baryon asymmetry if YB ≥ Yobs

B , since it is always possible to make the asymmetry
smaller than predicted by the benchmark by modifying CP-violating phases in the couplings. For sufficiently large couplings, the
asymmetry is suppressed by washout effects, which explains why the shaded blue regions are bounded from above.

6We use Yobs
B ≈9.7×10−11 and ρcdm=s≡M1Yχ1þχ̄1þM2Yχ2þχ̄2≈

4.32×10−10GeV.
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Z2 symmetry under which only χ2 is charged. Thus, small
values of θ are technically natural.
Reheat temperature: We now investigate the viable

parameter space for different reheat temperatures. The
primary effect of raising the reheat temperature is that
DM and baryogenesis occur earlier, raising the optimal
value of ΔM2 according to Eq. (6). Consequently, DM is
heavier, exacerbating the tension of obtaining the observed
baryon asymmetry without overproducing DM.
We show results for zRH ¼ 0.02 (corresponding to

TRH ≈ 6.6 TeV) in Fig. 4. For oscillations to occur around
the time of reheating, the optimal DM mass is
M2 ≈ 1500 keV. Consequently, we see a significantly
reduced viable parameter space at small values of M2; in
fact, there is no parameter space for baryogenesis without
overclosing the Universe for M2 ≲ 150 keV. There is a
small region of viable parameter space in the range
150 keV≲M2 ≲ 2000 keV.
We find that for zRH < 0.0139 (corresponding to

TRH ≳ 9.5 TeV), it is no longer possible to simultaneously
account for DM and baryogenesis. Conversely, if the reheat
temperature is too low to restore electroweak symmetry, the
baryon asymmetry vanishes due to the absence of spha-
leron processes. The simultaneous success of UV freeze-in
DM and baryogenesis thus requires reheat temperatures
between Tew and about 10 TeV.

Massive χ1: When both DM eigenstates are massive, the
range of viable parameters is smaller because there is an
additional contribution to theDMenergydensity from χ1, but
with no corresponding enhancement to the baryon asym-
metry. To determine the extent of the viable parameter space,
we fix zRH andM2 as before, and wevary θ andM1. For each
parameter point, we fix the overall squared coupling magni-
tude TrD†D so that the combined χ1 and χ2 energy densities
today match the observed DM energy density.
We show our results in Fig. 5 for zRH ¼ 0.1 and various

values of M2; we find similar results for other reheat
temperatures. In all cases, χ1 must be significantly lighter
than χ2, with M1 ≲ 0.1 keV to achieve successful lepto-
genesis and satisfy constraints. As before, we also see that
the only viable parameter space for DM and leptogenesis
has θ ≪ 1: in other words, χ1 couples more strongly than χ2
to the SM and is brought close to equilibrium. This is why
χ1 must be light enough to avoid overclosing the Universe.
For M1 ≳ eV, χ1 is a hot, subdominant component of DM
that can affect structure formation and the CMB. In Fig. 5,
we additionally show the excluded region from probes of
structure formation. We provide details of these constraints
in Sec. IVA.
Validity of EFT: The couplings in the EFT depend on the

parameters of the UV-complete theory through the rela-
tion D ∼ Fλ=M2

Φ, where F and λ are Z2-preserving and

FIG. 4. Coupling consistent with observed baryon asymmetry (shaded blue region) and DM abundance (dashed line) from freeze-in
baryogenesis with zRH ≡ Tew=TRH ¼ 0.02 and (top left) M2 ¼ 100 keV; (top right) M2 ¼ 500 keV; (bottom left) M2 ¼ 1000 keV;
(bottom right) M2 ¼ 2000 keV. We take M1 ¼ 0 and other parameters the same as in Fig. 3.
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Z2-violating couplings ofΦ, respectively. The highest value
of MΦ consistent with a perturbative UV completion of the
EFT is MΦ ∼ 1=

ffiffiffiffi
D

p
. Since we assume that the reheat

temperature is low enough that the scalars can never be
directly created, we need TRH ≪ MΦ, and consequently
TRH ≪ 1=

ffiffiffiffi
D

p
. Figures 3 and 4 show that the largest

couplings consistent with DM and baryogenesis are
jDj2 ∼ 10−22 GeV−4, leading to a constraint TRH ≪
300 TeV at its strictest. This is easily compatible with the
reheat temperatures that we used in our calculations; in
particular, we found that TRH ≲ 10 TeV is needed for
successful baryogenesis.
While TRH ≪ MΦ is a necessary condition on the

validity of the EFT, it is not sufficient. If the DM mass
splitting is sufficiently small, it is possible that oscillations
are inefficient for k ∼ TRH but much more efficient for
k ≫ TRH. The EFT is only valid if k ≪ MΦ for all
momentum modes contributing to the asymmetry, and
for some parameters the enhancement of the asymmetry
from the oscillations in these high-momentum modes could
compensate for the Boltzmann suppression. Nevertheless,
the exponential Boltzmann suppression always wins when
k greatly exceeds TRH. For Oð1Þ couplings of the scalar to

DM and SM fields, it is always possible to make MΦ over
an order of magnitude larger than TRH, and therefore the
EFT can be valid for the full range of parameters that we
consider. Of course, if the F and λ couplings are smaller,
then MΦ would be smaller as well; this would restrict the
range of reheat temperatures and DM masses for which our
approach is valid.
Dependence on LNVoperator: So far, we have presented

our results assuming that the DαIðLαχIÞðQdcÞ operator in
Eq. (3) is most relevant in the EFT. However, it is possible
that the EαβγIðLαχIÞðLβecγÞ operator in Eq. (8) is dominant
instead. These two operators have different implications for
X-ray constraints, which we discuss further in Sec. IV B.
For the time being, however, we briefly summarize how our
viable parameter space changes depending on which LNV
operator is larger.
According to the discussion in Sec. IV B, there are strong

x-ray constraints except when Φa couples exclusively to
different flavors of LH and RH leptons. We consider a
particular flavor structure that is safe from X-ray bounds,
namely with EαβγI nonzero only for α∈ f1; 2g, β ¼ 2, and
γ ¼ 3 [24]. Subject to this restriction, we reoptimize the
components of the coupling matrix to maximize the total

FIG. 5. Parameter space for viable baryogenesis, shaded in blue, as a function ofM1 and coupling parameter θ for zRH ¼ 0.1 and (top
left) M2 ¼ 50 keV; (top right) M2 ¼ 200 keV; (bottom) M2 ¼ 800 keV. The other coupling parameters are fixed to obtain the correct
total DM abundance while optimizing the asymmetry. The red and yellow shaded regions are excluded from structure formation
constraints on a warm fraction of the total DM abundance (Ωχ1=ΩDM < 0.1) [43–45], and constraints on a light but massive relic (LiMR)
from CMB, BOSS, and weak lensing [46], respectively; see Sec. IVA for more details. Note that M1 ≲ 0.1 keV for all parameters
consistent with constraints giving successful leptogenesis.
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perturbative asymmetry (see the fully leptonic coupling
benchmark in Eq. (C1). The viable parameter space, shown
in Fig. 6, is similar to that of the semileptonic operator in
Eq. (3), showing that the viability of leptogenesis does not
depend significantly on the nature of the freeze-in operator
provided that it explicitly violates B − L.

C. Perturbative validation of QKE study

Our main results were derived using the momentum-
integrated QKEs. However, these QKEs assume a thermal
ansatz for the DM momentum, whereas the true DM
spectrum is hotter than that of a Fermi-Dirac distribution
according to Fig. 1. Furthermore, it is important to validate
our numerical implementation of the full QKEs. Therefore,
we perform a perturbative calculation of the DM abundance
and baryon asymmetry, which allows for a more careful
treatment of the effects of the DM spectrum on the
asymmetry, and we compare the results to those from
the thermally averaged QKEs.
The approximations used in each approach are as

follows:
(i) DM spectrum: the thermally averaged QKEs assume

a thermal ansatz for the momentum distribution,
while the perturbative approach takes into account
the nonthermal nature of the DM spectrum and

tracks the DM oscillations separately in each mo-
mentum mode;

(ii) Deviation from equilibrium: the QKEs are valid
even when one or both species are close to equi-
librium, whereas the perturbative approach is only
valid if all DM states are far from equilibrium;

(iii) Thermal masses: the QKEs include thermal correc-
tions to χ masses, although for the purposes of
comparison we can additionally solve the QKEs
without thermal masses to determine their effect.
The perturbative approach neglects thermal masses.

Our comparison allows us to quantify each of these effects
on the DM abundance and baryon asymmetry.
We obtain the perturbative result by iteratively integrat-

ing the full, momentum-dependent QKEs from Sec. III A,
keeping for each quantity only the terms at leading order in
the freeze-in coupling, D. The DM abundance is thus
determined at OðD2Þ, the lepton flavor asymmetries at
OðD4Þ, and the total asymmetry at OðD6Þ. The full
procedure is outlined in detail in Appendix B.
In our analysis, we set zRH ¼ 0.1 and we make χ1

massless; as in Sec. III B, we varyM2, TrD†D, and θ while
fixing all other couplings to optimize the asymmetry. We
show in Fig. 7 the values of TrD†D and θ that give the
observed DM abundance and baryon asymmetry for various
values of M2. We calculate the results in three ways:

FIG. 6. Coupling consistent with observed baryon asymmetry (shaded blue region) and DM abundance (dashed line) from freeze-in
baryogenesis via the purely leptonic operator in Eq. (8) with zRH ≡ Tew=TRH ¼ 0.1 and (top left) M2 ¼ 25 keV; (top right)
M2 ¼ 100 keV; (bottom left) M2 ¼ 400 keV; (bottom right) M2 ¼ 1600 keV. We take M1 ¼ 0 and use the optimized fully leptonic
coupling benchmark from Appendix C 1.
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perturbatively solving the momentum-dependent QKEs;
solving the thermally averaged QKEs neglecting thermal
masses; and, solving the thermally averagedQKEs including
thermal masses.
There are several evident trends. As expected, all three

calculations agree at small coupling for the DM abundance,
but the perturbative calculation for the asymmetry can
differ from the QKE solutions. In this limit, we expect the
perturbative calculation to be more correct since it incor-
porates the full DM spectrum.7 At lower masses, the
thermally averaged QKEs overpredict the asymmetry
(leading to a small value of TrD†D to obtain the observed
asymmetry), whereas at larger masses the thermally aver-
aged QKEs underpredict the asymmetry. This can be
understood from the spectra in Fig. 1: because the true
DM spectrum is hotter than the Fermi-Dirac distribution,
the true oscillation phase is suppressed relative to that
predicted for a species in equilibrium. When M2 is small,
oscillations do not have enough time to develop before UV

freeze-in stops and a hotter spectrum further suppresses the
asymmetry. Conversely, when M2 is large, oscillations
occur rapidly and the hotter spectrum allows a longer
interval to produce the asymmetry before oscillations begin
averaging to zero, which enhances the asymmetry. When
the oscillation scale is matched to the reheat temperature,
which for zRH ¼ 0.1 corresponds to M2 ∼ 150 keV, both
methods give almost the same result.
From Fig. 7, we can estimate the error induced by the

thermal ansatz in the QKEs as ≲25%. We expect, however,
that this error could get larger for very large hierarchies
between the oscillation and Hubble expansion rates around
the time of reheating.
Comparing the perturbative solution and full solution

without thermal masses allows us to assess the effect on the
asymmetry of higher-order processes neglected in the per-
turbative calculation. For zRH ¼ 0.1, the full solution
diverges from the perturbative scaling when TrD†D≳
5 × 10−27 GeV−4. The parameters giving rise to the
observed DM and baryon abundances for these parameters
are within the perturbative regime, but barely: increasing the
squared coupling by an Oð1Þ factor pushes into the regime
where the perturbative calculation breaks down. This is
consistent with our finding that χ1 has to be very light and
relatively close to equilibrium in order to simultaneously
account for DM and leptogenesis.

FIG. 7. Parameters that give observed DM abundance (solid) and baryon abundance (dashed) for zRH ¼ 0.1 using different
approximations to solve the QKEs: (thin weight) perturbative solution of the full momentum-dependent QKEs; (medium weight)
solution of the thermally averaged QKEs without thermal masses; (thick weight) solution of the thermally averaged QKEs including
thermal masses. The χ2 mass is set to (top left) M2 ¼ 50 keV; (top right) M2 ¼ 200 keV; and (bottom) M2 ¼ 800 keV.

7We have checked that perturbatively solving the thermally
averaged QKEs agrees with the full solution of the thermally
averaged QKEs at small coupling, which confirms that the
discrepancy seen here is due to the different treatments of the
DM spectrum.
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Perhaps the most important difference comes from
including or neglecting the χ thermal masses. Figure 7
shows that thermal masses are important even for small
couplings where the perturbative calculation is otherwise
valid. This is due to the fact that the tree-level χ mass scale
is quite small. Furthermore, at large coupling the asym-
metry is greatly suppressed by thermal masses: indeed, for
M2 ¼ 50 keV, neglecting the thermal masses suggests that
the observed asymmetry can be achieved for θ at or below
10−3, whereas including them cuts off the parameter space
below ∼5 × 10−3.
To summarize, comparing different methods of solving

the QKEs has allowed us to determine that effects of the
DM spectrum are largely negligible for our analysis, and
that parts of the parameter space exist where the perturba-
tive calculation gives an adequate prediction of the DM
abundance and baryon asymmetry. However, nearly the
entire parameter space is somewhat close to equilibrium,
and a full solution of the QKEs including thermal masses is
needed when the success of leptogenesis is marginal.

IV. PHENOMENOLOGY

A. Structure formation

When DM is warm, it free streams in the early Universe
and can observably inhibit the formation of small-scale
structure relative to cold DM. The small-scale matter power
spectrum can be constrained from observations of the
Lyman-α forest [47,48], counts of Milky Way satellite
galaxies [49–52], and strongly lensed quasars [53,54].
When DM is a single species that is produced from IR
freeze-in (on-shell decays Φ → L̄ χ̄) at T > Tew, Lyman-α
observations require MDM ≳ 16 keV [55–57] (although
constraints vary among individual analyses), while lensing
and satellite counts require MDM ≳ 24 keV [58]. For
freeze-in baryogenesis where the lightest DM state is
massless and acts as dark radiation, these bounds apply
directly to the χ2 mass, M2 [23,24].
Structure formation constraints are expected to be

stronger for UV freeze-in because the DM spectrum is
hotter than in the IR scenario (see Fig. 1). We therefore
reinterpret the above constraints for the spectrum resulting
from UV freeze-in, with an explanation of our method
provided below. We find that Lyman-α constraints bound
MDM ≳ 24 keV, while strong lensing and satellite counts
require MDM ≳ 41 keV. The M2 ¼ 25 keV benchmark in
Fig. 3 is in tension with the latter constraint, although we
include it to facilitate an understanding of how the interplay
between leptogenesis and DM varies with the χ2 mass.
Improvements to our understanding of the power spectrum
at small scales would either allow for a discovery or, in the
case of a null result, further constrain UV freeze-in.
To reinterpret existing constraints on UV freeze-in, we

use existing constraints on a benchmark in which warm

DM (WDM) is assumed to be thermal and constitutes the
entirety of DM. Its mass is MWDM and temperature is

TWDM ¼
�
ΩDMh2

93 eV
MWDM

�
1=3

Tν; ð12Þ

where Tν is the temperature of the SM neutrinos [59]. The
lower bounds for MWDM are 5.3 keV from Lyman-α [48]
and 9.2 keV from strong lensing and satellite counts [58].
We use CLASS [60,61] to compute the linear matter

power spectrum for WDM, PWDMðkÞ, and the transfer
function relative to cold DM,

T 2ðkÞ ¼ PWDMðkÞ
PCDMðkÞ

: ð13Þ

The half mode, k1=2, is defined as the wave number at
which the power in WDM is half of the power in CDM,
T 2ðk1=2Þ≡ 1

2
[62]. k1=2 gives an estimate of the length scale

at which structure formation is suppressed by free stream-
ing. We then compute the linear matter power spectrum and
transfer function for UV freeze-in with M1 ¼ 0. The
unnormalized spectrum is given by the function ξðyÞ
(where y≡ k=T) in Eq. (A16) of Appendix A 1; we input
tabulated values of ξðyÞ to CLASS. We then determine the
DM masses M2 that give the same k1=2 scales correspond-
ing to the excluded values of MWDM. This allows us to
determine the bounds on M2 of 24 keV (Lyman α) and
41 keV (lensing and satellites) given above.
This is a relatively simple way of comparing the

constraints from UV freeze-in and thermal WDM, and
as a result our mapping of theMWDM bounds toM2 is only
approximate. However, we expect our results to be rela-
tively robust since the transfer functions for UV freeze-in
and thermal WDM are nearly indistinguishable. We have
checked that another simple metric for mapping models to
one another, δA [63], gives essentially the same bounds on
M2 as the method based on k1=2. As an additional cross
check, we repeated this procedure to rederive the bounds on
IR freeze-in DM, finding constraints on the DM mass
consistent with those reported in the literature to within
about 10% [55–58].
When χ1 is massive, it also contributes to warm DM

given that our analysis from Sec. III B showed that DM
and leptogenesis can be simultaneously successful only if
M1 ≲ keV. Depending on M2, we get either mixed cold-
warm or warm DM with multiple components.
References [43–45] constrained the mixed cold-warm sce-
nario, putting bounds on the fraction r of the DM energy
density that is in warmDM. ForMWDM ≲ 0.7 keV, the most
stringent constraint is from analysis of Lyman-α data and
gives r≲ 0.08. This constraint assumes a thermal spectrum,
whereas the χ1 spectrumwill bemore energetic inUV freeze-
in. Additionally, the constraints are likely stronger on
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scenarios where both χ1 and χ2 are warm. For the present
study, we take an approximate bound r≲ 0.1, and we defer a
full study to future work since our general results do not
depend sensitively on these constraints.
We also include bounds from a recent study of light relics

using observations of the matter power spectrum from the
CMB, BOSS, and weak lensing [46]. Reference [46] sets
constraints on the temperature Tχ1 as a function of Mχ1
assuming that χ1 is fully thermalized. In our scenario, the χ1
temperature is fixed at Tχ1 ≈ 0.467Tν because χ1 is
produced above the electroweak phase transition, but χ1
may have a subequilibrium abundance. Since the amplitude
of the suppression of the matter power spectrum is
determined by Ωχ1h

2 ∼ Yχ1T
3
χ1, we can reinterpret their

constraints on Tχ1 as constraints on Yχ1 instead. For
Mχ1 ≲ 1 eV, there is no constraint from the analysis of
Ref. [46], but at larger masses this analysis places con-
straints on otherwise viable parameter space for DM and
leptogenesis.
If the lightest DM species remains relativistic throughout

the recombination era, it induces a shift in Neff of 0.047
[46]. This is allowed by current constraints but would be
within reach of CMB-S4 [64].

B. X-ray constraints on DM decay

According to the discussion in Sec. II B, leptogenesis in
the fully UV regime requires lepton number (along with the
Z2 symmetry stabilizing DM) to be explicitly broken. As a
result, DM can decay via χI → ναγ; ν̄αγ and is thus subject
to x-ray bounds on monochromatic photon emission from
DM decay. The x-ray constraints depend on the specific
operator(s) contributing to DM and baryogenesis.
Additionally, DM can decay via χ2 → χ1γ; we will show
that for every point consistent with DM and baryogenesis, it
is possible to find a UV completion for which this decay is
safe from observational constraints.
As noted earlier, there exist EFToperators that lead to the

observed asymmetry and DM abundance while suppressing
astrophysical x-ray production rates below current bounds.
For example, the fully leptonic coupling EαβγIðLαχIÞðLβecγÞ
does not produce astrophysical x-ray lines (in the limit of
vanishing neutrino masses) when the couplings EαβγI are
only nonzero when both γ ≠ α and γ ≠ β. For the
ðχdcÞðuc†ec†Þ operator, DM decays to a photon and
(anti)neutrino are suppressed by additional loop factors
and small SM couplings.
For operators that induce photon-line signals, there are

generally two contributions to the amplitude. One origi-
nates from a dipole operator χσμνðLHÞFμν that directly
mediates χ decay. The other comes from DM-neutrino
mixing induced, for example, by a neutrino-portal coupling
hνðχLHÞ, which leads to DM decay through aW loop. The
magnitude of the ratio of the DM-neutrino mixing decay
amplitude to the dipole-induced decay amplitude is

proportional to GFM2
Φ, and so the DM-neutrino mixing

contribution is expected to dominate for the UV freeze-in
scenario with MΦ ≫ TRH. We now consider each contri-
bution in turn, starting with the neutrino-portal coupling.
We begin by considering models in which the Φ scalars

have the same quantum numbers as the SM Higgs field. We
generically expect a mass mixing term in the potential,
μ2HΦ�, that suffers from a hierarchy problem. After
electroweak symmetry breaking, this leads to a VEV hΦi ∼
μ2hHi=M2

Φ for MΦ ≫ μ; hHi. The Φ VEV then induces
χ − ν mixing (and DM decay). The Φ VEV leads to the
same DM decay rate as a direct neutrino-portal coupling
hνðχLHÞ with hν ∼ Fμ2=M2

Φ.
X-ray line bounds fromNuSTAR[65–68] and INTEGRAL

[69,70] approximately require hν ≲ 10−15–10−13 for Mχ

ranging from 10 to 100 keV [24]. In Sec. III B, we saw that
withF ∼ λ ∼ 1, we hadMΦ ∼ 106–107 GeV. Thus, to satisfy
X-ray constraints we find μ≲ 0.1–1 GeV. This suggests a
scalar mass mixing that is tuned below the weak scale,
although at a level commonly considered in many hidden-
sector theories.
The neutrino-portal coupling can additionally be radia-

tively generated from vertex-correction diagrams featuring
intermediate Φ loops. These can be present even if Φ has
different quantum numbers from H. For example, the
operator ðχecαÞðLβLγÞ originates from integrating out a
scalar with the same quantum numbers as the RH leptons,
and it induces a neutrino-portal coupling at one loop.
Within the EFT, this radiative correction to the neutrino-
portal coupling is quadratically divergent, suggesting that
the factor ofM−2

Φ in the coupling is cancelled by a factor of
M2

Φ from the cutoff, leaving a contribution of order Fλ0.
This naïve estimate agrees with the prediction for the
neutrino-portal coupling, hναI , in the full UV theory [24],

hναI ≈ −
X
β

λ0αβFβIyβ
8π2

ln
Λ
MΦ

; ð14Þ

where yβ is the SM lepton Yukawa coupling. This expres-
sion assumes that the neutrino-portal coupling vanishes at
some scale Λ and is generated from renormalization-group
running between Λ and MΦ. The product Fλ0 must be
relatively large for UV freeze-in leptogenesis to succeed:
from Fig. 3, we have Fλ0 ≳ 10−6 for MΦ ¼ 10 TeV. Λ and
MΦ are therefore tuned to be in close proximity with one
another to satisfy observational constraints.
Even if theneutrino-portal coupling toDMvanishes, loops

can still induce a direct dipole coupling χσμνðLHÞFμν. This
contribution appears in scenarios in which there exists a
vertex-correction diagram to the neutrino-portal coupling
and a photon attaches to one of the internal lines. The dipole
coupling is finite and calculable in the UV theory. For
example, if we consider the UV completion of the fully
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leptonic operator EαβγIðLαχIÞðLβecγÞ, the rate of χI → γνþ
γν̄ decay due to the dipole coupling is [24]

ΓI ¼
αM3

I

512π4
X
α

����Xβ
EβαβIMβ

�
ln
M2

Φ
M2

β

− 1

�����2: ð15Þ

This ratevanishes if the flavor structure is such thatEβαβI ¼ 0

(in other words,Φ does not couple to the same flavors of LH
and RH lepton). For example, if the only nonzero couplings
toΦ areFeI ,FμI , and λμτ (equivalent toEeμτI andEμμτI being
nonzero), then the model is completely safe from x-ray
bounds. It is still possible to generate a baryon asymmetry
with this structure, and we showed numerical results for it
in Fig. 6.
If, however, Φ couples to at least one common LH and

RH lepton flavor, x-ray bounds can set limits on themodel. If
this common flavor is either μ or τ, then the decay rate is
enhanced because of the factor ofM2

β in the decay rate. Using
the estimates from Sec. III B that predict the values of the
couplingsE consistentwith successful baryogenesis,we find
that the χ2 lifetime is≲1025 s, which is completely excluded
by x-ray constraints over the viable DM mass range [69]. If
instead the common flavor is exclusively e, then the rate is
suppressed enough for a sliver of viable parameter space to
exist. For example, we find that the M2 ¼ 25 keV bench-
mark in Sec. III B predicts τχ2 ≲ 2 × 1029 s, which is
marginally consistent with current constraints. However,
larger values of Mχ2 are excluded because the decay rate
increases as M3

χ2 . We therefore find that baryogenesis with
the fully leptonic operator is in strong tension with x-ray
boundswhen there is a common coupling to the sameLHand
RH lepton flavor, except for a small region of parameter
space with Mχ2 ≲ 25 keV where Φ couples to LH and RH
electrons.
Finally, we turn to the decay χ2 → χ1γ. This decay rate is

proportional to
P

α;β jCαβ12j2, where the relevant EFT

Lagrangian term is CαβIJðLαχIÞðχ†JL†
βÞ and the Wilson

coefficient CαβIJ is defined in Eq. (4). Both DM flavors
participate in this coupling, and so it is not possible to
forbid the χ2 → χ1γ decay using flavor symmetries in the
manner that was possible for χ2 → νγ. Because this
operator does not contribute to leptogenesis, we cannot
directly relate its role in DM decay to the parameter space
for DM and leptogenesis in Sec. III B. In terms of couplings
in the UV-complete theory, the χ2 → χ1γ decay rate is
modified by a factor of ðF=λÞ2 compared to χ2 → νγ. It is
therefore possible to suppress χ2 → χ1γ decays in the limit
F ≪ λ. We also note that the χ2 → χ1γ decay rate scales
like M5

2 rather than M3
2M

2
β (where β is the lepton flavor

running in the loop), which introduces an additional
relative suppression in some part of the parameter space.
It is possible to realize the F ≪ λ limit while preserving

perturbativity in the UV-complete theory. Both F and λ are

of order unity when MΦ ¼ ðTrD†DÞ−1=4; therefore, it is
possible to make F ≪ λ ifMΦ ≪ ðTrD†DÞ−1=4. We further
require MΦ ≫ TRH in order to realize UV freeze-in. We
have checked that for all viable parameters giving freeze-in
leptogenesis and DM in Sec. III B, it is possible to choose
parameters in the UV completion such that the χ2 → χ1γ
decay rate is below current bounds while satisfying the
above constraints onMΦ; in some instances, the decay rate
is safe from constraints by more than ten orders of
magnitude. We therefore do not include any constraints
from this decay mode in our results. At the same time, we
note that for different choices of F, λ, andMΦ that give rise
to the same values of D, it is possible to make this decay
rate close to the current x-ray bounds and thus potentially
observable with future telescopes.

V. EFFECTS OF DM SPECTRUM ON
LEPTOGENESIS: MIXED UV-IR

When there exist multiple DM production mechanisms,
the resulting baryon asymmetry can be significantly larger
than via a single mediator [23,24]. Unless the two medi-
ators have comparable masses (or the DM oscillation time
is very short), the dynamics can be understood as follows: a
coherent collection of DM particles is produced by the
mediator operating at higher energies. These states undergo
oscillations, and the combination of relative phases from
coherent superposition and oscillation leads to CP violation
in scattering rates through the other mediator active at lower
energies. References [23,24] studied the scenario with two
scalars Φ1 and Φ2 (with MΦ2

≫ MΦ1
), in which case the

coherent background of DM particles is produced at
T ∼MΦ2

, while the asymmetry is produced predominantly
by inverse decays at T ∼MΦ1

. The viable parameter space
for this scenario is substantial, with the observed DM
abundance and baryon asymmetry consistent with DM
masses up to 500 keVandΦ1 masses up to 5 TeVor higher.
Over much of the parameter space, all DM species are far
from equilibrium and a perturbative approach to solving the
QKEs is valid.
We expect that these results are largely independent of

the production mechanism operating at high energies. In
other words, DM could be produced through some entirely
different mechanism (such as inflaton decay), and as long
as the interaction eigenstate is not aligned with the Φ1-DM
interaction eigenstate, an asymmetry can be produced. The
magnitude of the asymmetry is most sensitive to the density
of DM from the original production mechanism, and one
can imagine adjusting the couplings of whatever produc-
tion mechanism exists to give the same primordial DM
density matrix. The resulting asymmetry would then be
entirely independent of the specifics of the first stage of
DM production.
There is one important caveat: the momentum distribu-

tion of DM particles depends on the precise production
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mechanism. Even within the simplest scenario where the
coherent collection of DM particles is produced through the
interactions of a scalar Φ2, we saw in Fig. 1 that the DM
spectrum depends on whether DM is produced from on-
shell Φ2 decays (with TRH ≳MΦ2

) or from off-shell
scattering (with TRH ≪ MΦ2

). Leptogenesis in the former
channel is fully IR because all DM interactions are with on-
shell scalars, whereas the latter channel is mixed UV-IR
because DM is produced from UV freeze-in via the heavier
off-shell scalar but then undergoes inverse decays to an on-
shell Φ1.
In this section, we compare baryogenesis in the fully IR

and mixed UV-IR scenarios to assess the impact of the DM
spectrum on baryogenesis. To do this, we use the same
matrix structure for the coupling to DM in both cases to
generate the same coherent superposition of background
DM particles. We also adjust the magnitude of the
couplings to give the same momentum-integrated DM
number densities in both scenarios. For simplicity, we
assume in both cases that DM couples to a single lepton
flavor, which is sufficient to generate a lepton asymmetry.
Together, this imposes a relationship between the on-shell
Φ2 coupling F2

IJ in the fully IR case, and the EFT coupling
CIJ in the mixed UV-IR case,

ðC†CÞJI ≈
8.70

MΦ2
T3
RH

ðF2†F2ÞIJ; ð16Þ

where the numerical prefactor originates from differences
in the integral over the DM spectrum in each scenario; see
Eq. (B27). We then compute the ratio of the asymmetry
resulting from the two spectra. Since the full effects of the
DM spectrum are only captured in the perturbative method
outlined in Sec. III C, we restrict our analysis to this
approach and assume that the production of DM mediated
by Φ2 occurs well before the inverse decays at T ∼MΦ1

,
namely TRH;MΦ2

≫ MΦ1
. For details of the calculation,

see Appendix B 2.
The ratio of the asymmetries depends on the oscillation

phase accrued by the time of leptogenesis, T ∼MΦ1
. This is

parametrized by the dimensionless quantity

βosc ≡ ΔM2M0

6M3
Φ1

: ð17Þ

The rate of asymmetry generation contains the oscillatory

factor sinðβoscx3y Þ, where x≡MΦ1
=T ¼ MΦ1

z=Tew. We
show our results in Fig. 8 for various values of MΦ1

.
We see that the asymmetry in the mixed UV-IR scenario is
always smaller than that from the fully IR scenario, and
while the two primordial DM production mechanisms give
comparable results over much of the parameter space, there
can be a significant suppression in the UV-IR asymmetry if
βosc ≪ 1 and MΦ ∼ Tew. This indicates that the results of

freeze-in baryogenesis depend in general on the spectrum
of primordial DM production. When the parameters allow
rapid oscillations to develop before DM decoupling, how-
ever, the final result does not depend dramatically on the
DM production mechanism.
We can qualitatively understand the behavior of the

asymmetry ratio in certain limits. When the oscillation rate
is too slow for oscillations to fully develop before Φ1

decouples from the plasma (βosc ≪ 1), we can perform a
series expansion on the oscillatory sine factor in calculating
both asymmetries, and βosc therefore cancels in the ratio of
asymmetries. Thus, we see that the asymmetry ratio is flat
in the limit βosc ≪ 1 for all Φ1 masses.
In this limit, it is also possible to estimate the contribution

of the asymmetry from each momentum mode, y. We find
that each momentum mode contributes equally to the
asymmetry for y≲M2

Φ1
=ð4TewÞ2, but is suppressed for

larger momenta. This follows from the fact that asymmetry
production at temperatureT is dominated bymodeswithCM
energy equal to the Φ1 mass, E2

CM ∼ 4yT2 ∼M2
Φ1
, and the

numerics work out such that the asymmetry produced per
unit y is effectively constant. For sufficiently large y,
however, the condition 4yT2 ∼M2

Φ1
is only satisfied for

T < Tew and such modes therefore do not contribute to
the asymmetry. ForMΦ1

∼ Tew, onlymomentummodeswith
y ≪ 1 contribute to the asymmetry, and since the DM
population for such modes is much higher for IR-dominated

FIG. 8. Ratio of asymmetries from mixed UV-IR scenario vs
fully IR scenario assuming primordial DM abundance is nor-
malized to be equal in both scenarios. The ratio of asymmetries is
shown as a function of βosc ≡ ΔM2M0=ð6M3

Φ1
Þ, which quantifies

the oscillation phase for DM momentum mode k ¼ T when
T ¼ MΦ1

. The results are shown for zRH ¼ 0.001, and for the
fully IR asymmetry, we take MΦ2

¼ TRH, although the results do
not depend on these quantities provided MΦ2

; TRH ≫ MΦ1
. All

curves converge to a common value at βosc ≫ 1, although the
MΦ1

¼ 3 TeV curve lies slightly below the 300 GeV and 1 TeV
curves for βosc ∼ 2–20. The results indicate that the hotter
spectrum predicted by UV production of DM tends to suppress
the asymmetry when compared to DM production from on-shell
scalar decays.
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1 → 2 DM production relative to UV production, the
asymmetry is much larger in the former case.8 For larger
MΦ1

, however, a broader range of momentum modes
contribute, and the asymmetries become comparable in both
scenarios.
We also see universal behavior in the βosc ≫ 1 limit,

which is the result of a series expansion in 1=βosc. To show
this, we perform a change of integration variables to
u ¼ x3=y. Then, the asymmetry resulting from DM pro-
duced in a particular process can be written in the
approximate formZ

∞

0

dufðuÞ sinðβoscuÞ; ð18Þ

where the function fðuÞ encodes the time dependence of
the reaction density for the DM production process; see
Appendix B 2 for complete expressions. The lower limit of
integration can be well approximated by 0 because in both
scenarios, the primordial abundance of DM responsible for
baryogenesis is produced well before oscillations occur. We
can take the upper limit to infinity because the rapid
oscillations effectively halt the asymmetry generation at
late times, and hence the result is independent of the precise
endpoint of asymmetry generation.
For βosc ≫ 1, such that oscillations occur more rapidly

than any other timescale in the problem, and jfðuÞj → 0 as
u → ∞, it is possible to show that the integral evaluates
simply to −fð0Þ=βosc. Since this same factor of 1=βosc
shows up in both the 1 → 2 asymmetry and the EFT
asymmetry, it cancels in the ratio, which tends to a constant
value at large βosc.
In summary, our analysis shows that the asymmetry from

freeze-in baryogenesis depends on the DM spectrum, and
the asymmetry from different DM production modes can
differ by many orders of magnitude in the small-oscillation
regime because the asymmetry is sensitive to the low-
momentum tail of the DM distribution. When oscillations
are rapid, however, it appears that an Oð1Þ change in the
spectrum leads to an Oð1Þ change in the asymmetry such
that the results of freeze-in in one particular model can
approximately apply to a broader range of DM production
mechanisms at high temperature.

VI. DISCUSSION AND CONCLUSIONS

We have studied leptogenesis through DM oscillations
when freeze-in occurs in the UV regime. We have

specifically considered the case where DM couples to
the SM via a dimension-6 operator, which is the EFT that
results from integrating out a heavy scalar mediator. For
leptogenesis to occur, the operator must explicitly break
SM lepton number, and DM lacks a stabilizing Z2 sym-
metry. Leptogenesis proceeds through an ARS-like mecha-
nism in which asymmetries first accrue in individual SM
lepton flavors and are then converted to a total lepton
asymmetry through flavor-dependent washout.
It is possible to simultaneously achieve the observed DM

and baryon abundances through UV freeze-in, although
with restrictions on the allowed parameter space: the reheat
temperature must lie between the electroweak scale and
about 10 TeV, and DM masses are viable up to about
1.5 MeV. To avoid overproduction of DM, there must exist
one approximately massless DM eigenstate, leading to
current bounds and future prospects for probing the model
using searches for light, massive relics, and dark radiation.
The couplings needed for leptogenesis can also induce DM
decay into a SM neutrino and a photon at a level incon-
sistent with x-ray bounds, although there exist particular
operator structures that lead to a vanishing dipole moment
and are thus safe from indirect detection bounds on
decaying DM.
By definition, UV freeze-in depends on the physics of

reheating. We have employed the instantaneous reheating
approximation, which has been shown to be valid for
modeling DM production for the operators we considered.
Given the additional oscillation timescale relevant for
leptogenesis, however, a future study is warranted that
more carefully implements the dynamics of reheating to
investigate the possibility of contributions to leptogenesis
during the inflaton-dominated era. It would also be inter-
esting to understand whether (p)reheating could directly
produce a highly nonthermal DM population: significant
differences in the DM spectrum or abundance could
sufficiently modify DM scattering and oscillation rates
to meaningfully change the parameter space associated
with DM and leptogenesis.
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APPENDIX A: QUANTUM KINETIC EQUATIONS

1. Fully UV scenario

Our starting point is the full momentum-dependent QKE
for the χ density matrix, fχ , with comoving momentum
y≡ k=T, which can be derived following the methods in
Refs. [72,73] and references therein,

dfχðyÞ
dt

¼ −i½EχðyÞ; fχðyÞ�

−
1

2

X
α

��
Γ>
α ðyÞ
2Eχ

; fχðyÞ
�

−
�
Γ<
α ðyÞ
2Eχ

; 1 − fχðyÞ
��

: ðA1Þ

The reaction rate for DM production with momentum k due
to scattering with a lepton of flavor α is quantified by

Γ<
α;IJ ¼ 6D�

αIDαJ

Z
dΠSM½t2fdfL̄α

ð1 − fQÞ

× ð2πÞ4δ4ðpd þ pL − k − pQÞ
þ t2fL̄α

fQ̄ð1 − fd̄Þð2πÞ4δ4ðpL þ pQ − k − pdÞ
þ s2fQ̄fdð1 − fLα

Þð2πÞ4δ4ðpQ þ pd − k − pLÞ�;
ðA2Þ

where the three terms represent the scattering rates for
dL̄α → χQ, L̄αQ̄ → χd̄, and Q̄d → χLα, respectively. For
concreteness, we express results for the ðLαχÞðQdcÞ effec-
tive operator from Sec. II B, but it is straightforward to
obtain the analogous reaction rates for other operators. s
and t are the standard Mandelstam variables.9 The integral
is performed over the Lorentz-invariant phase space of the
SM states (which we take to be massless),

dΠSM ¼ d3pL

ð2πÞ32EL

d3pQ

ð2πÞ32EQ

d3pd

ð2πÞ32Ed
; ðA3Þ

and the SM statistical distributions are Fermi-Dirac dis-
tributions,

fψ ¼ 1

eðEψ−μψ Þ=T þ 1
ðA4Þ

for each species ψ , where μψ̄ ¼ −μψ . The reaction rate for
DMannihilation,Γ>

α;IJ=2Eχ , is almost the same asΓ<
α;IJ=2Eχ ,

but the statistical factors appearing in the initial and final
states are swapped: for example, the χQ → dL̄α reaction
density has the statistical factor fQð1 − fdÞð1 − fL̄α

Þ. The
reaction densities for fχ̄ are found by taking the complex
conjugate of the reaction density and taking μ → −μ for SM
chemical potentials (see Appendix A 3 for more details on
the choice of convention for the χ̄ density matrix).
We derive the QKEs for lepton asymmetries in terms of

the asymmetries Xα ¼ ΔB=3 − ΔLα preserved by electro-
weak sphalerons. Since chirality-flipping DM processes are
suppressed in the early Universe due to the smallness of the
DM masses, there exists an approximate generalized lepton
number symmetry with LðχÞ ¼ −1. Consequently, any
asymmetry produced in χ through interactions with a
lepton flavor α results in an asymmetry ΔLα of equal
magnitude and sign, and consequently an asymmetry Xα of
opposite sign. This relationship relates the change in χ − χ̄
number densities to the Xα charge normalized to the
entropy density, Yα ≡ Xα=s, giving

dYα

dt
¼ −Tr

�
dYα

χ

dt
−
dYα

χ̄

dt

�
; ðA5Þ

where the superscript α indicates that we only include the
reaction densities corresponding to lepton flavor α, and

Yχ ¼
1

s

Z
d3k
ð2πÞ3 fχ : ðA6Þ

Note that the oscillation terms of the DM QKEs vanish
when taking the trace of the DM density matrices. The
asymmetries Xα are related to the SM chemical potentials
through the relations given later in this appendix.
In Appendix B, we provide a perturbative solution to the

momentum-dependent QKEs that captures the leading
order behavior when all DM species are far from equilib-
rium. Away from this limit, however, it is hard to solve the
full momentum-dependent QKEs. We instead solve a
simplified set of thermally averaged QKEs. To do this,
we adopt a thermal ansatz for the DM density matrix by
assuming it has a Fermi-Dirac spectrum,

fχ;IJðk; tÞ ¼
Yχ;IJðtÞ
Yeq
χ

ff:d:χ0 ðkÞ ðA7Þ

¼ Yχ;IJðtÞ
Yeq
χ

1

ek=T þ 1
: ðA8Þ9These should not be confused with entropy density and time,

which are unfortunately also called s and t.
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We do not include a chemical potential for χ in the Fermi-
Dirac distribution since χ is not in chemical equilibrium
and its asymmetry is encoded in the difference Yχ − Y χ̄ .
Since the thermal ansatz ensures that the only momen-

tum dependence is in the Fermi-Dirac distribution, it is now
possible to integrate over DM momentum to obtain a
differential equation for the DM density matrix normalized
to entropy density, Yχ;IJ. Note that because DM is highly
relativistic throughout its freeze-in, the equlibrium number
density is effectively the same for both DM mass eigen-
states. The momentum-integrated QKE for χ is

dYχ

dt
¼ −i½hEχi; Yχ � þ

1

s

X
α

Z
d3k
ð2πÞ3

Γ<
α

2Eχ

−
1

2s

X
α

�Z
d3k
ð2πÞ3

Γ<
α þ Γ>

α

2Eχ
ff:d:χ ðkÞ; Yχ

Yeq
χ

�
; ðA9Þ

where for later convenience we have separated out terms
that are independent of Yχ , which model production of DM
in the absence of any DM abundance, and the terms
proportional to Yχ , which model annihilation and Pauli-
blocking effects.
It is convenient to separate the reaction densities into

three separate terms: a term that is independent of μ; a term
that depends on μ but not Yχ ; and, a term that depends on
both μ and Yχ . In addition to allowing us to separate the
collision integrals into more tractable components, this also
turns out to be helpful in a perturbative expansion since μ
and Yχ both vanish in the limit of zero coupling and the
product of the two therefore give higher-order contributions
to the QKEs.
We now consider each of these terms in sequence.
(1) Reaction density independent of μ: the relevant

reaction density we need to compute is

C0 ≡ 1

s

Z
d3k
ð2πÞ3

Γ<
α0

2Eχ

−
1

2s

�Z
d3k
ð2πÞ3

Γ<
α0 þ Γ>

α0

2Eχ
ff:d:χ ðkÞ; Yχ

Yeq
χ

�
;

ðA10Þ

where Γ<
α0 and Γ>

α0 are defined as in Eq. (A1) but
with all SM chemical potentials set to zero. Detailed
balance requires that the production and annihilation
rates cancel in equilibrium for each momentum
mode,

Γ<
α0ð1 − ff:d:χ Þ ¼ Γ>

α0f
f:d:
χ : ðA11Þ

We can then simplify C0 to get

C0 ¼
1

2s

�Z
d3k
ð2πÞ3

Γ<
α0

2Eχ
; 1 −

Yχ

Yeq
χ

�
: ðA12Þ

We define

γ0αðTÞ≡
Z

d3k
ð2πÞ3

Γ<
α0

2Eχ
¼ T3

Z
d3y
ð2πÞ3

Γ<
α0

2Eχ
: ðA13Þ

γ0α has dimension 4, while D�
αIDαJ has dimension

−4. Since the only dimensional scale in the problem
is T, we therefore know that

γ0α;IJ ¼ c0D�
αIDαJT8; ðA14Þ

where c0 is a dimensionless number.
To evaluate c0, we compute the reaction rate

Γ<
α0;IJ

2Eχ
ðy; zÞ ¼ 3T5

ewD�
αIDαJ

16π3z5
ξðyÞ; ðA15Þ

where the dimensionless factor ξðyÞ obtained by integrating over the SM statistical distributions is

ξðyÞ ¼ y
Z

∞

0

dy0
y03ey0

ðey0 þ 1Þðeyþy0 − 1Þ
Z

1

−1
dcθ

ð1 − cθÞ2
qþ

ln

" 
1þ e

yþy0þqþ
2

1þ e
yþy0−qþ

2

! 
eyþy0 þ e

yþy0−qþ
2

eyþy0 þ e
yþy0þqþ

2

!#

þ 2y
Z

∞

0

dy0
y03

ðey0 þ 1Þðey−y0 − 1Þ
Z

1

−1
dcθ

ð1 − cθÞ2
q−

ln

�
ey−y

0 þ e
y−y0þq−

2

1þ e
y−y0þq−

2

�
; ðA16Þ

and

q� ≡
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
y2 þ y02 � 2yy0cθ

q
: ðA17Þ

These integrals must be evaluated numerically, and the two terms come from s- and t-channel processes, respectively.
Integrating over all comoving momentum modes y gives c0 ≈ 0.0418.
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(2) Reaction density dependent on μ but not Yχ : the
collision term in the QKE is

C1 ≡ 1

s

Z
d3k
ð2πÞ3

Γ<
α

2Eχ
−
1

s

Z
d3k
ð2πÞ3

Γ<
α0

2Eχ
ðA18Þ

¼ 1

s

Z
dΠk

Γ<
α

2Eχ
−
γ0α
s

ðA19Þ

≡ γ1α
s
; ðA20Þ

where we have subtracted off the piece that is
independent of μ. Because fractional SM asymme-
tries are small, we linearize in SM chemical poten-
tials,

feqψ ≈ feqψ0 þ
μ

T
feqψ0ð1 − feqψ0Þ; ðA21Þ

where again the subscript 0 indicates the Fermi-
Dirac distribution with zero chemical potential.
Each of the three processes involved in DM

production/annihilation has three terms associated
with it (one for each SM chemical potential), leading
to a total of nine terms in C1. However, since each
SM fermion has the same statistical distribution,
appropriate changes of variables can be used to
simplify and combine these into a smaller set of
integrals to evaluate. Stripping out the coupling from
the reaction density, these are of the form

ci ¼
6

T8

Z
dΠSMdΠkF ið2πÞ4δ4ðkþpQ −pL −pdÞ;

where F i are some combination of Mandelstam
variables and statistical distribution functions. There
are ultimately five independent integrals to evaluate,
whose integrands are,

F 1 ¼ t2fd0fL0ð1 − fQ0Þð1 − fd0Þ; ðA22Þ

F 2 ¼ t2fd0fL0ð1 − fQ0Þð1 − fL0Þ; ðA23Þ

F 3 ¼ t2fd0fL0fQ0ð1 − fQ0Þ; ðA24Þ

F 4 ¼ s2fd0fL0ð1 − fQ0Þð1 − fd0Þ; ðA25Þ

F 5 ¼ s2fd0fL0fQ0ð1 − fQ0Þ; ðA26Þ

with

γ1α;IJ ¼ D�
αIDαJT8

�
ðc1 þ c3 þ c4Þ

μd − μQ
T

−ð2c2 þ c5Þ
μLα

T

	
: ðA27Þ

Evaluating the phase space integrals, we find

c1 ≈ 0.00797; ðA28Þ

c2 ≈ 0.00799; ðA29Þ

c3 ≈ 3.72 × 10−4; ðA30Þ

c4 ≈ 0.0239; ðA31Þ

c5 ≈ 0.001118: ðA32Þ

(3) Reaction density dependent on both μ and Yχ : the
collision term in the QKE is

C2 ¼ −
1

2s

X
α

�Z
d3k
ð2πÞ3

Γ<
α þ Γ>

α

2Eχ
ff:d:χ ðkÞ; Yχ

Yeq
χ

�

þ 1

2s

X
α

�Z
d3k
ð2πÞ3

Γ<
α0 þ Γ>

α0

2Eχ
ff:d:χ ðkÞ; Yχ

Yeq
χ

�
;

ðA33Þ

where we have again subtracted the term corre-
sponding to zero chemical potential. The relevant
reaction density we are interested in is

γ2α ≡
Z

dΠk½ðΓ<
α − Γ<

α0Þ þ ðΓ>
α − Γ>

α0Þ�ff:d:χ ðkÞ:

ðA34Þ

For each of the production and annihilation rates,
we have nine terms (three per process for three SM
chemical potentials), leading to a total of 18 terms.
Again, we can perform an appropriate change of
integration variables to decompose these integrals
into a set of three new integrals, along with integrals
already evaluated. The new integrals have the same
form as before, with integrands,

F 6 ¼ t2fL0fd0ff:d:χ ð1 − fd0Þ; ðA35Þ

F 7 ¼ t2fL0fd0ff:d:χ ð1 − fL0Þ; ðA36Þ

F 8 ¼ s2fQ0fd0ff:d:χ ð1 − fQ0Þ: ðA37Þ

The reaction density is
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γ2α;IJ ¼D�
αIDαJT8

�
ð2c6 þ c8 − c1 − c3 − c5Þ

μd − μQ
T

−ð2c7 þ c8 − 2c3 − c4Þ
μLα

T

	
: ðA38Þ

The remaining phase space integrals evaluate to

c6 ≈ 3.86 × 10−4; ðA39Þ

c7 ≈ 4.04 × 10−4; ðA40Þ

c8 ≈ 0.00119: ðA41Þ

Relation between Xα asymmetries and chemical
potentials: in our QKEs, we solve for the time
evolution of the Xα asymmetries, denoted Yα. The
reaction densities, however, depend on the chemical
potentials μd, μQ, and μLα

. Because the only states in
equilibrium are SM states, the relationships between
these quantities can be derived in the conventional
way using SM chemical potential relations, along
with hypercharge conservation and Xα conservation
in sphaleron interactions [74]. We find

μd
T

¼ 38

79

s
T3

X
α

Yα; ðA42Þ

μQ
T

¼ 14

79

s
T3

X
α

Yα; ðA43Þ

μLβ

T
¼ s

T3

�
−2Yβ þ

32

237

X
α

Yα

�
: ðA44Þ

The final baryon asymmetry is the usual relation,

YB ¼ 28

79

X
α

Yα: ðA45Þ

For the final baryon asymmetry, we assume an
instantaneous decoupling of sphalerons at the

electroweak phase transition. Since asymmetry pro-
duction in UV freeze-in is peaked near TRH, this is a
reasonable assumption provided TRH is parametri-
cally separated from Tew.
Oscillation term: the commutator only depends on

the relative average energy hE2 − E1i, which is
computed assuming a Fermi-Dirac distribution for
DM. The average relative energy in vacuum in the
highly relativistic limit is

hE2 − E1i ¼
ΔM2

2



1

jk⃗j

�
¼ π2ΔM2

36ζð3ÞT : ðA46Þ

The vacuum energy matrix can then be chosen to be

hEvaci ¼
�
0 0

0 hE2 − E1i

�
: ðA47Þ

Because the vacuum DM masses are in the keV
range, thermal corrections in the early Universe can
be important. We determine thermal mass correc-
tions by computing the in-medium one-loop correc-
tion to the χ propagator and solving for the modified
dispersion relation taking into account the shift in
the propagator pole [75]. We obtain

Ethermal ¼ −
7π2

45
ðD†DÞT4k: ðA48Þ

Averaging with the thermal ansatz gives

hEthermali ¼ −
49

8100ζð3Þ ðD
†DÞT5: ðA49Þ

Because thermal DM masses are aligned with the
interaction basis, they tend to suppress oscillations
when they are comparable to or larger than the
vacuum masses.
QKE summary: to numerically solve the QKEs,

we switch from ordinary time to the dimensionless
variable z≡ Tew=T. The QKEs in this form are

sHz
dYχ

dz
¼ −is½hEvaci þ hEthermali; Yχ � þ

1

2

X
α

�
γ0α; 1 −

Yχ

Yeq
χ

�
þ
X
α

γ1α −
1

2

�
γ2α;

Yχ

Yeq
χ

�
; ðA50Þ

sHz
dY χ̄

dz
¼ −is½hEvaci þ hE�

thermali; Y χ̄ � þ
1

2

X
α

�
γ0

�
α ; 1 −

Y χ̄

Yeq
χ

�
−
X
α

γ1�α þ 1

2

�
γ2�α ;

Y χ̄

Yeq
χ

�
; ðA51Þ

sHz
dYα

dz
¼ Tr

�
γ0α

Yχ

Yeq
χ
− γ0�α

Y χ̄

Yeq
χ
− 2γ1α þ γα2

Yχ

Yeq
χ
þ γα�2

Y χ̄

Yeq
χ

�
: ðA52Þ
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When solving the QKEs, we write the chemical
potentials embedded in γ1α and γ2α in terms of the
comoving Xα asymmetries, Yα, using the relations
given earlier.

2. Mixed UV-IR scenario

When there exist at least two mediators Φa, it is possible
that the reheat temperature of the Universe satisfies
MΦ1

< TRH < MΦ2
. In this case, the production of DM

proceeds through IR freeze-in mediated by Φ1 and through
UV freeze-in mediated by Φ2. Because the baryon asym-
metry is enhanced when freeze-in occurs through multiple
mediators, the largest asymmetry will typically result
through mixed UV-IR freeze-in, where a primordial DM
abundance is produced through UV freeze-in, followed by
inverse decay into Φ1 (e.g., Lχ → Φ�

1).
The asymmetry in this case is determined entirely by the

DM density matrix at the end of UV freeze-in. We therefore
expect that the viable mass-coupling parameter space is
comparable to the scenario of fully IR freeze-in through
two on-shell scalars, where the primordial DM abundance
is determined through Φ�

2 → Lχ decay rather than through
UV freeze-in. Indeed, if the DM density matrices were
identical after the first stage of DM production, the
resulting asymmetries from inverse decay into Φ�

1 would
be identical too. However, the momentum spectrum of DM
is different for UV and IR freeze-in (see Fig. 1), and so the
DM density matrices are somewhat different between the
two cases even if the momentum-integrated number den-
sities of DM are identical.
In the present work, we are mainly interested in using

this mixed UV-IR scenario in order to derive the effects of
the DM momentum spectrum on the lepton asymmetry
generated from subsequent inverse decay into an on-shell
scalar. Accordingly, we specialize to a minimal model that
allows us to perform this study, namely Eq. (1), with a
single active lepton flavor coupled to DM,

Lint ¼ −Fa
IΦaLχI þ H:c: ðA53Þ

We study this in two cases: Φ1 and Φ2 have masses below
the reheat temperature (fully IR), and Φ1 has a mass below
the reheat temperature but the Φ2 mass is above the reheat
temperature (mixed UV-IR).
The differences in DM spectrum between IR and UV

freeze-in are most pronounced when both DM species are
far from equilibrium. In this limit, we can derive a
perturbative solution of the QKEs order by order valid
in the limit of small coupling to DM. We present only the
collision terms in the QKE that are relevant for the leading-
order baryon asymmetry. These consist of rates for DM
production and destruction from on-shell processes involv-
ing the scalars Φ1, Φ2 for fully IR freeze-in. For the
scenario of mixed UV-IR freeze-in, we also calculate

collision terms for scattering mediated by Φ2 in the limit
where Φ2 is sufficiently heavy to never be on-shell. We can
neglect washout in the perturbative solution, and conse-
quently we only include terms in the QKE that persist when
SM asymmetries are initially zero. All other terms propor-
tional to SM asymmetries are higher order in the perturba-
tive expansion.
The QKE describing the evolution of DM is the same as

in Eq. (A1), but because DM couples to a single lepton
flavor there is now only one flavor of DM production and
destruction rates. We decompose Γ< as

Γ< ¼ Γ<
IR þ Γ<

UV; ðA54Þ

where the first term corresponds toΦ�
1 → Lχ decay, and the

second term corresponds to L̄L → χχ̄ scattering.
For the decay Φ�

1 → Lχ, we have

Γ<
IR;IJ ¼ 2F�

IFJM2
Φ1

Z
dΠIRð2πÞ4δ4ðpΦ1

− pL − kÞ

× fΦ10
ð1 − fL0Þ; ðA55Þ

where

dΠIR ¼ d3pΦ1

ð2πÞ32EΦ1

d3pL

ð2πÞ32EL
; ðA56Þ

and fΦ10
and fL0 are the Bose-Einstein and Fermi-Dirac

distributions for Φ1 and L, respectively, with vanishing
chemical potentials. The reaction rate is a factor of two
larger than that in Ref. [24] because that study considered
an electroweak singlet scalar, whereas we consider a
doublet.
The IR DM production rate for comoving momentum

y ¼ k=T is [24]

Γ<
IR;IJ

2Eχ
¼ M2

Φ1

8πTew

z
y2

g0ðMΦ1
z=Tew; yÞF�

IFJ; ðA57Þ

where

g0ðx; yÞ≡ 1

ey þ 1
ln

1þ e−x
2=ð4yÞ

1 − e−ðyþx2=ð4yÞÞ : ðA58Þ

We neglect thermal corrections to the Φ1 mass. As for the
fully UV case, the QKE is linear in fχ , and so we can use
the principle of detailed balance to conclude that

ff:d:χ ðyÞΓ>
IR ¼ ½1 − ff:d:χ ðyÞ�Γ<

IR: ðA59Þ

Hence we can obtain Γ>
IR from Γ<

IR.
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For UV scattering LL̄ → χχ̄, we have

Γ<
UV;IJðkÞ ¼ 2

X
KL

C�
IKCJL

Z
dΠUVð2πÞ4δ4ðpL þ pL̄ − pχ̄

− kÞt2feqL0feqL̄0½δKL − fχ̄KLðpχ̄Þ�; ðA60Þ

where fχ̄ is the density matrix for χ̄ and

dΠUV ¼ d3pL

ð2πÞ32EL

d3pL̄

ð2πÞ32EL̄

d3pχ̄

ð2πÞ32Eχ̄
: ðA61Þ

Because this process does not violate SM lepton number,
it cannot directly create a lepton asymmetry. It is only
effective at creating a background population of DM, which
subsequently oscillates and inverse-decays intoΦ1 to create
an asymmetry. Thus, the leading contribution of the UV
collision rate to the asymmetry is the piece that persists
when fχ̄ → 0.
As in Eq. (A13), we define a reaction density in the

fχ̄ → 0 limit as

γ0UV ≡ T3

Z
d3y
ð2πÞ3

Γ<
UV

2Eχ
: ðA62Þ

By similar arguments to before, we use dimensional
analysis to conclude that

γ0UV;IJ ¼ d0ðCC†ÞJIT8; ðA63Þ

where d0 is a dimensionless constant.
To evaluate d0, we compute the reaction rate

Γ<
UV;IJ

2Eχ
ðy; zÞ ¼ ðCC†ÞJIT5

ew

16π3z5
ξUVðyÞ; ðA64Þ

where the dimensionless factor ξUVðyÞ obtained by inte-
grating over the SM statistical distributions is

ξUVðyÞ¼y
Z

∞

0

dy0
y03

ey
0 þ1

Z
1

−1
dcθ

ð1−cθÞ2
q−

ln

�
1þe

y0−y−q−
2

�
;

ðA65Þ

and q− ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
y02 þ y2 − 2yy0cθ

p
. These integrals must be

evaluated numerically.
Integrating over all comoving momentum modes y

gives d0 ≈ 0.00293.

3. QKEs and antiparticle density matrices

In the standard convention, the density matrices for states
χ and χ̄ are defined by [76]

fχ;IJðkÞ≡ 1

V
ha†JðkÞaIðkÞi; ðA66Þ

fχ̄;IJðkÞ≡ 1

V
hb†I ðkÞbJðkÞi; ðA67Þ

where a and b are the annihilation operators for particles
and antiparticles, respectively. This ensures that fχ and fχ̄
transform in the same way under unitary transformations in
flavor space, given that the mode expansion of the field ΨI

is the sum of terms with aI and b†I .
Because the flavor indices are transposed for the creation

and annihilation operators in fχ̄ relative to fχ , the QKE for
fχ̄ has a flipped sign in the commutator term in the QKE,
while the collision term is the same as for fχ, except taking
fχ ↔ fχ̄ and μ ↔ −μ for SM chemical potentials (see, for
example, Ref. [77]).
Note, however, that this is a different prescription than

what is commonly given in studies of oscillation baryo-
genesis such as ARS leptogenesis (see, for example,
[78,79]). In the alternate prescription, the antiparticle
QKE has the same sign on the oscillation term as for
the particle QKE, while the couplings in the rates are the
complex conjugates of those for the particle QKE (while
still taking μ ↔ −μ). We can understand these QKEs as
using an alternate definition for the antiparticle density
matrix,

f̄IJ ≡ 1

V
hb†JðkÞbIðkÞi; ðA68Þ

such that f̄TIJ ¼ fχ̄;IJ. Because the density matrix is
Hermitian, this is equivalent to f̄IJ ¼ f�̄χ;IJ. In most
expressions of the ARS QKEs, f̄ is used to quantify the
antiparticle density matrix. Since in typical ARS scenarios
the QKE for fχ is independent of f̄ (and vice versa), this
redefinition of fχ̄ → f̄ is straightforward to implement (and
typically done implicitly).
In the case of the mixed UV-IR scenario, however, the

collision term for fχ depends on fχ̄ (and vice versa).
Transforming fχ̄ → f̄ therefore affects the fχ QKE as well.
If this is not taken into account, the QKEs yield physically
nonsensical results. For example, they predict that DM
produced via the on-shell decay of Φ1 and then scattering
via an off-shell heavy Φ2 produces a nonzero lepton
asymmetry, even though the latter process conserves lepton
number. DM oscillations should not be able to retroactively
induce a lepton asymmetry at the time of Φ1 decay. When
we use the correct QKE, this contribution to the asymmetry
vanishes as expected.
For the quantitative results that we need, the fχ̄ term in the

fχ QKE is a higher-order effect and negligible. We therefore
follow the ARS-type prescription and implicitly use f̄ as our
antiparticle densitymatrix. However, because this distinction
is relevant in any model where the out-of-equilibrium state
can interact directly with itself, we explicitly comment here
on which density matrix we use, while neglecting to
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distinguish between the two definitions elsewhere because it
does not affect our results.

APPENDIX B: PERTURBATIVE SOLUTIONS

1. Fully UV scenario

While the full momentum-dependent QKEs in Eq. (A1)
are difficult to solve in generality, they can be solved
assuming all DM species are far from equilibrium. If we
assume that the Universe starts with fχ ¼ 0 and no SM
asymmetries, then terms involving higher powers of fχ and/
or μ are going to be parametrically smaller than those with
lower powers of the same quantity.
The oscillation term in Eq. (A1), however, partly spoils

this expansion. The reason is that oscillations become
significant when ΔM2=ð2yTÞ becomes of order H, and this
is true independent of the magnitude of fχ . To address this,
we first move into an interaction picture that resums the
oscillation contributions into exponential phases without
having to solve the QKE. Note that it is challenging to
incorporate thermal masses in this approach because the
mass eigenstates are continually changing, so we neglect
thermal masses in this calculation. Our approach closely
follows that of the perturbative calculations of Ref. [24].
In the interaction picture, the density matrices have the

form

f̃χðzÞ≡U†ðzÞfχðzÞUðzÞ; ðB1Þ

while the reaction rates are

Γ̃ðzÞ≡U†ðzÞΓðzÞUðzÞ: ðB2Þ

The unitary matrix taking into account time evolution is

UðzÞ≡
�
1 0

0 e−iϕ

�
ðB3Þ

with

ϕ≡
Z

t

tRH

ΔM2

2kðt0Þ dt ¼
ΔM2M0

6yT3
ew

ðz3 − z3RHÞ; ðB4Þ

where y ¼ k=T is the comoving momentum and M0 is
defined so that H ¼ T2=M0. We define the oscillation
parameter

βosc ≡ ΔM2M0

6T3
ew

; ðB5Þ

which quantifies the oscillation phase accumulated in the
y ¼ 1 momentum mode over the time between reheating
and the electroweak phase transition.

The QKEs for the interaction-picture density matrices
are the same as the ordinary QKEs, except that there is no
longer an oscillation term,

df̃χðyÞ
dt

¼ −
1

2

X
α

��
Γ̃>
α ðyÞ
2Eχ

; f̃χðyÞ
�

−
�
Γ̃<
α ðyÞ
2Eχ

; 1 − f̃χðyÞ
��

:

Leading order: DM abundance. At leading order, the
chemical potentials vanish. We can therefore use Eq. (A11)
to simplify the QKE, and also change from t to z,

zH
df̃χðyÞ
dz

¼ 1

2

X
α

�
Γ̃<
α0

2Eχ
; 1 −

f̃χ
ff:d:χ

�
: ðB6Þ

At leading order, we can also set f̃χ ¼ 0, giving

f̃ð1Þχ ðy; zÞ ¼
X
α

Z
z

zRH

dz1
z1Hðz1Þ

Γ̃<
α0ðy; z1Þ
2Eχ

: ðB7Þ

The DM abundance at this order is determined by
integrating f̃ð1Þχ over momentum,

Ỹð1Þ
χ ðzÞ ¼ 1

sðzÞ
Z

d3k
ð2πÞ3

X
α

Z
z

zRH

dz1
z1Hðz1Þ

Γ̃<
α0

2Eχ

¼ T3

sðzÞ
Z

d3y
ð2πÞ3

X
α

Z
z

zRH

dz1
z1Hðz1Þ

Γ̃<
α0

2Eχ

¼ 45

2π2g�S

X
α

Z
z

zRH

dz1
z1Hðz1Þ

Z
d3y
ð2πÞ3

Γ̃<
α0

2Eχ

¼ 45

2π2g�ST3
ew

X
α

Z
z

zRH

dz1z21
Hðz1Þ

γ̃0αðz1Þ; ðB8Þ

where the reaction density γ0αðzÞIJ ¼ c0D�
αIDαJT8

ew=z8 was
defined in Eq. (A13) and calculated in Eq. (A14). Note that
we can interchange the order of the y and z integrals but not
the k and z integrals because k is not redshift-invariant.
For the DM abundance at late times, z → ∞, we only

care about the on-diagonal elements of Ỹχ for which γ̃0
αII

¼
γ0
αII

(in other words, oscillations are not relevant for the DM
abundance). Summing over both χI and χ̄I , we obtain

Yð1Þ
χþχ̄;IIðz → ∞Þ ¼ 15c0ðD†DÞIIT3

ewM0

π2g�Sz3RH
: ðB9Þ

As expected for UV freeze-in, the DM abundance depends
on the reheat temperature through zRH ¼ Tew=TRH. Note
that we would obtain the same result at this order
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integrating the momentum-averaged QKE, Eq. (A50), since
this contribution is independent of the DM abundance and
therefore is also independent of any assumptions on the
DM spectrum.
The momentum dependence of the DM spectrum is

dYχ

dy
∝ y2ξðyÞ; ðB10Þ

where ξðyÞ is given in Eq. (A16).
Since DαID�

αI is real, the number densities of χ and χ̄ are
equal as a result of collisions involving lepton flavor α, and
hence the Xα asymmetries vanish at this order as well.
Second order: flavor asymmetries. To obtain the lepton

flavor asymmetries, we substitute our expression for f̃ð1Þχ

from Eq. (B7) back into the QKEs. We discard all terms

independent of f̃ð1Þχ since, by the arguments in the leading-
order calculation, these cannot contribute to the lepton
flavor asymmetry. Likewise, since the SM chemical poten-
tials vanish at leading order, we can set them to zero in the
collision terms at this stage of the calculation as well.
The result for the DM density matrix at this order due to

scattering from lepton flavor β is

f̃ð2Þχ;βðy; zÞ ¼ −
1

2ff:d:χ

Z
z

zRH

dz2
z2Hðz2Þ

� Γ̃<
β0

2Eχ
ðz2Þ; f̃ð1Þχ

�

¼ −
ey þ 1

2

Z
z

zRH

dz2
z2Hðz2Þ

Z
z2

zRH

dz1
z1Hðz1Þ

×
X
α

� Γ̃<
β0

2Eχ
ðz2Þ;

Γ̃<
α0

2Eχ
ðz1Þ

�
: ðB11Þ

For this calculation, we need the interaction-picture version
of the momentum-dependent reaction density from
Eq. (A15),

Γ̃<
α0;IJ

2Eχ
ðzÞ ¼ 3T5

ew

16π3z5
ξðyÞUðzÞ†IID�

αIDαJUðzÞJJ: ðB12Þ

The Xβ asymmetries are related to the DM asymmetries
according to,

Yð2Þ
β ðzÞ ¼ −

1

s

Z
d3k
ð2πÞ3 Tr½f̃

ð2Þ
χ;βðzÞ − f̃ð2Þχ̄;βðzÞ� ðB13Þ

¼ −
ey þ 1

2s

Z
z

zRH

dz2
z2Hðz2Þ

Z
z2

zRH

dz1
z1Hðz1Þ

×
X
α

Z
d3k
ð2πÞ3 Tr

�� Γ̃<
β0

2Eχ
ðz2Þ;

Γ̃<
α0

2Eχ
ðz1Þ

�
− ðD↔D�Þ

	
:

ðB14Þ

This evaluates to

Yð2Þ
β ðzÞ ¼ 405M2

0T
6
ew

256π10g�S
Im ½D�

β1Dβ2ðD†DÞ21�

×
Z

∞

0

dyy2ðey þ 1ÞξðyÞ2

×
Z

∞

zRH

dz2
z42

Z
z2

zRH

dz1
z41

sin

�
βosc
y

ðz32 − z31Þ
	
: ðB15Þ

At this order, the total asymmetry vanishes, becauseP
β Y

ð2Þ
β ∝ Im ½ðD†DÞ12ðD†DÞ21� ¼ 0, consistent with the

arguments in Sec. II B. Furthermore, the only states
involved in DM scattering that have a nonzero chemical
potential are the lepton doublets, Lα:

μð2ÞLα
ðzÞ
T

¼ −
4π2g�SY

ð2Þ
α ðzÞ

45
: ðB16Þ

Both μd and μQ are proportional to the total asymmetry,
which vanishes.
Third order: total B − L asymmetry. In the perturbative

expansion, the total asymmetry arises from washout

induced by μð2ÞLα
, which is of OðD4Þ. The dominant term

in the QKEs for the flavor asymmetries is the term that
depends on μ but not on Yχ , namely the γ1α term in
Eq. (A52); the term that depends on both μ and Yχ will
necessarily be of higher order in the coupling since Yχ is
OðD2Þ. Furthermore, the third-order contribution to the

DM density matrix, f̃ð3Þχ , does not result in a total
asymmetry unless there are three or more DM fla-
vors [23,73].
Using Eq. (A52), we obtain the B − L asymmetry by

summing over all of the flavor asymmetries,

Yð3Þ
B−LðzÞ ¼ 2

X
α

Z
z

zRH

dz3
sðz3ÞHðz3Þz3

Trðγ1αÞ ðB17Þ

¼ 4M0T3
ewð2c2 þ c5Þ

Z
z

zRH

dz3
z43

×
X
α

ðDD†ÞααYð2Þ
α ðz3Þ: ðB18Þ

The final baryon asymmetry is locked in at the electroweak
phase transition, and so

YB ¼ 28

79
Yð3Þ
B−Lðz ¼ 1Þ: ðB19Þ

2. Mixed UV-IR scenario

We follow the same perturbative method as elaborated
for the fully UV scenario to calculate the leading-order DM
abundance and asymmetry in the interaction picture.
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Leading order: DM abundance. The two leading con-
tributions to DM production in the UV-IR model are Φ�

1 →
Lχ (and its CP conjugate) and LL̄ → χχ̄. The DM
abundance from the first process has been calculated
in Ref. [24].
For the second, we follow the same reasoning as for the

fully UV scenario, except now using the reaction density
γ0UV,

Yð1Þ
χþχ̄;IIðz → ∞Þ ¼ 15d0ðCC†ÞIIT3

ewM0

π2g�Sz3RH
: ðB20Þ

The momentum dependence of the spectrum for this UV-
generated component of DM is

dYχ

dy
∝ y2ξUVðyÞ: ðB21Þ

As in the fully UV scenario, there are no asymmetries at
this order in the solution.
Second order: SM lepton asymmetry. At this order, a

total lepton asymmetry only results if the second DM
scattering process involves a different coupling from its
production [23,24]. As we have already argued, the UV
scattering process conserves lepton number and so it cannot
create a lepton asymmetry where none existed before.
Therefore, the dominant contribution to the lepton asym-
metry comes from DM production in LL̄ → χχ̄ scattering,
followed by Lχ → Φ�

1 inverse decay. We have checked that
the asymmetry indeed vanishes with the reverse ordering.
Because the lepton chemical potentials initially vanish,

we can again use Eq. (B6) and substitute the appropriate
UVor IR reaction rates. By analogy with Eq. (B14), the SM
B − L asymmetry at this order is

Yð2Þ
B−LðzÞ¼−

eyþ1

2s

Z
z

zRH

dz2
z2Hðz2Þ

Z
z2

zRH

dz1
z1Hðz1Þ

Z
d3k
ð2πÞ3

×Tr

��
Γ̃<
IR

2Eχ
ðz2Þ;

Γ̃<
UV

2Eχ
ðz1Þ

�
− ðC;F↔C�;F�Þ

	
;

where

Γ̃<
IR;IJ ¼

M2
Φ1
z

8πTewy2
g0ðMΦ1

z=Tew; yÞUðzÞ†IIF�
IFJUðzÞJJ;

Γ̃<
UV;IJ ¼

T5
ew

16π3z5
ξUVðyÞUðzÞ†IIðCC†ÞJIUðzÞJJ:

This evaluates to

Yð2Þ
B−LðzÞ ¼ −

45M2
0M

2
Φ1

128π8g�
Im ½F1�

1 F1
2ðCC†Þ12�

×
Z

∞

0

dyðey þ 1ÞξUVðyÞ

×
Z

z

zRH

dz2z22g0ðMΦ1
z2=Tew; yÞ

×
Z

z2

zRH

dz1
z41

sin

�
βosc
y

ðz32 − z31Þ
	
: ðB22Þ

Finally, the portion of the SM B − L asymmetry that
converts to a baryon asymmetry is calculated using the
methods from Refs. [23,24],

Yð2Þ
B ¼ 25

79
Yð2Þ
B−L; ðB23Þ

which is valid provided that Φ1 has a lifetime much longer
than the age of the Universe at Tew. Otherwise, Φ1 decays
will wash out the asymmetry, since Φ1 carries an asym-
metry that is equal in magnitude and opposite in sign
relative to the SM B − L asymmetry.
Comparing fully IR and mixed UV-IR scenarios: In the

mixed UV-IR scenario, an initial population of DM is
created through off-shell LL̄ → χχ̄ scattering via a heavy
intermediate state, Φ2. The baryon asymmetry is created
through subsequent decays or inverse decays involving a
lighter scalar, Φ1. We are interested in studying how the
predictions of this asymmetry differ from a fully IR
scenario, where the initial population of DM is produced
through the decays of a heavy on-shell state, Φ2.
To meaningfully compare the asymmetries, we normal-

ize the couplings so that the DM population produced from
off-shell Φ2-mediated scattering in the mixed UV-IR
scenario is identical to the DM population produced from
on-shellΦ2 decay in the fully IR scenario. The momentum-
integrated χ comoving number density from UV production
at T ≪ TRH is

Yχ;IJ ¼
15d0ðCC†ÞJIT3

ewM0

2π2g�Sz3RH
: ðB24Þ

The abundance from on-shellΦ2 decays at T ≪ MΦ2
is [24]

Yχ;IJ ¼
45dIRðF2†F2ÞIJM0

32π5g�SMΦ2

; ðB25Þ

where

dIR ¼
Z

∞

0

dxx2
Z

∞

0

g0ðx; yÞ ≈ 4.22: ðB26Þ

Thus, we should normalize the constants so that
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ðCC†ÞJI ¼
3dIRz3RH

16π3d0T3
ewMΦ2

ðF2†F2ÞIJ ðB27Þ

≈
8.70

T3
RHMΦ2

ðF2†F2ÞIJ: ðB28Þ

Using this normalization, we can replace C → F2 in the
expressions for the UV-IR asymmetry, and the coupling
constants cancel when computing the ratio of the UV-IR
asymmetry to the fully IR asymmetry calculated in Ref. [24].

APPENDIX C: COUPLING BENCHMARKS

Our benchmarks are related to those considered in earlier
works [24], and we follow analogous reasoning here.

1. Fully UV scenario

The UV model we consider has many free parameters.
Here, we motivate the choice of benchmarks that are
optimistic in that they optimize the magnitude of the
baryon asymmetry relative to the DM abundance without
unnecessary complexity.
Semileptonic operator: We consider theDαIðLαχIÞðQdcÞ

operator. When there exist two DM mass eigenstates, DM
must couple to at least two flavors of lepton to generate an
asymmetry. Since we do not expect qualitatively different
behavior with couplings to all three flavors of leptons, we
consider only the two-flavor case to simplify our analysis.
For concreteness, we call these flavors e and μ, although it
could in reality be any combination of lepton pairs. At
second order, the flavor asymmetries are equal and oppo-

site, Yð2Þ
e ¼ −Yð2Þ

μ , but flavor-dependent washout at third
order converts part of the flavor asymmetries into a total
asymmetry.
We use the same Yukawa texture as for IR freeze-in, since

this optimizes the asymmetry while minimizing the number
of free parameters to consider [24]. The benchmark is,

D ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
TrD†D

p 0
B@

cos θ cos β sin θ cos β

cos θ sin β i sin θ sin β

0 0

1
CA: ðC1Þ

θ parametrizes the relative magnitudes of the coupling to χ1
vs χ2, while β parametrizes the relative magnitudes of the
coupling to e vs μ. We also choose a maximal relative CP-
violating phase of π=2.
While we want the coupling to both lepton flavors to be

relatively large to generate appreciable flavor asymmetries,
we also do not want them to be equal: otherwise, the
washout rate is the same for each flavor and no net baryon
asymmetry results. In the perturbative limit, the asymmetry
is proportional to

YB−L ∝ ½ðDD†Þ11 − ðDD†Þ22� Im ½D�
11D12ðD†DÞ22Þ�

∝ cos2θsin2θ cos 2βsin22β: ðC2Þ

The asymmetry is therefore optimized for cos 2β ¼ 1=
ffiffiffi
3

p
,

and we fix this value of β throughout our work. While there
is an optimal value of θ for the asymmetry, the DM
abundance also depends on θ and it is possible to enhance
the asymmetry to DM abundance ratio with θ ≪ 1.
Therefore, we leave θ and TrD†D as free parameters.
Fully leptonic operator: We separately consider the

leptonic operator Eα23IðLαχIÞðL2ec3Þ for α ¼ 1, 2. At
second order in the perturbative calculation, the fact that
the χ and χ̄ abundances are the same ensures that the only
SM flavor asymmetries that accrue are due to CP asym-

metries in the L1 and L2 scattering rates. The Yð2Þ
α flavor

asymmetries are furthermore identical to the hadronic case
with the replacement of D → E.
The third-order calculation is now different, however.

There is now washout induced by μL2
regardless of the

other doublet flavor α involved in scattering. The washout
reaction density γ1α is the same as before with the replace-
ment μQ → μL2

and μd → μe3 . Since at second order in the
calculation μL1

¼ −μL2
, we have

Trðγ11Þ ∝ ðDD†Þ11
�
−ðc1 þ c3 þ c4Þ

μL2

T
ðC3Þ

−ð2c2 þ c5Þ
μL1

T

	
ðC4Þ

≈0.0151ðDD†Þ11
μL1

T
; ðC5Þ

Trðγ12Þ ∝ ðDD†Þ22
�
−ðc1 þ c3 þ c4Þ

μL2

T
ðC6Þ

−ð2c2 þ c5Þ
μL2

T

	
ðC7Þ

≈0.0493ðDD†Þ22
μL2

T
: ðC8Þ

The dominant contribution to the total B − L asymmetry
therefore arises from muon washout. We can straightfor-
wardly compute the B − L asymmetry assuming only
muon washout,

YB−L ∝ ðDD†Þ22 Im ½D�
11D12ðD†DÞ21Þ� ðC9Þ

∝ cos2θsin2θsin4βcos2β ðC10Þ

where we have used the same benchmark as in Eq. (C1).
This asymmetry is optimized for sin β ¼ ffiffiffiffiffiffiffiffi

2=3
p

, and so we
use this value of β for all studies with this operator.
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2. Mixed UV-IR scenario

In our study, we only compute the ratio of asymmetries
in the mixed UV-IR scenario to the fully IR scenario. When
using the coupling normalization from Sec. B 2, the

couplings cancel in this asymmetry ratio, and so our
findings for the mixed UV-IR scenario are independent
of the texture of the Yukawa couplings.
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