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We study the cosmology and phenomenology of freeze-in baryogenesis via dark-matter oscillations,
taking the dark matter to couple to Standard Model leptons. We investigate viable models both with and
without a Z2 symmetry under which all new fields are charged. Lepton flavor effects are important for
leptogenesis in these models, and we identify scenarios in which the baryon asymmetry is parametrically
distinct from and enhanced relative to leptogenesis from sterile neutrino oscillations. The models we study
predict the existence of new, electroweak-charged fields, and can be tested by a combination of collider
searches, structure-formation studies, x-ray observations, and terrestrial low-energy tests.

DOI: 10.1103/PhysRevD.105.095027

I. INTRODUCTION

The nature of dark matter (DM) and the origin of the
baryon asymmetry are two of the most important open
questions in particle physics. In this paper we study an
extension of the Standard Model (SM) that simultaneously
addresses both questions. We consider a model of freeze-in
DM [1–6] involving two DM mass eigenstates, the mass
splitting between which is sufficiently small that DM
production, propagation, and annihilation are coherent
processes in the early universe. In this situation, the
different propagation phases associated with the two DM
mass eigenstates can lead to SM particle/antiparticle
asymmetries [7], along lines similar to asymmetry gen-
eration via oscillations of right-handed neutrinos in ARS
leptogenesis [8,9].
In the minimal version of the model we consider, the

particles beyond the Standard Model (BSM) are a pair of
gauge-singlet Majorana fermions χi (i ¼ 1; 2), which con-
stitute the DM, and a complex scalar Φ with charges
ð1; 1;−1Þ under the SUð3Þc × SUð2Þw × Uð1Þy SM gauge
group. While Φ is in equilibrium with the SM due to its
gauge interactions, we assume that one or both of the χi are
feebly interacting and never come fully into equilibrium. In
two-component notation, the interaction term responsible
for DM production is

L ⊃ −FαiecαχiΦþ H:c:; ð1Þ

where ecα are left-handed spinors with hypercharge þ1,
representing the SUð2Þw-singlet charged leptons of the SM,
with flavor index α. We work in the mass basis for both the
DM and the SM leptons. Since Φ carries only hypercharge,
it can be as light as Oð100 GeVÞ depending on its
couplings to DM and SM fermions. This simple model
is sufficient to obtain both the observed baryon and DM
abundances.
As in the ARS mechanism, the production and oscil-

lation of DM can generate asymmetries in individual
flavors of SM leptons. Although the leading-order lepton
flavor asymmetries sum to zero, flavor-dependent washout
of these asymmetries can lead to a nonzero total lepton
number asymmetry. However, our model also features
potential sources for a flavor-summed asymmetry that
are distinct from the ARS mechanism, arising from the
asymmetry that can be stored inΦ. In particular, the particle
content allows Φ to couple to the SM lepton doublets,

L ⊃ −
λαβ
2

lαlβΦ� þ H:c:; ð2Þ

which can significantly impact both the asymmetry calcu-
lation and the collider phenomenology. This interaction
violates the Z2 symmetry under which the BSM particles χ
and Φ are odd, leading to astrophysical signatures of DM
decay such as X-ray lines.
Reference [7] first established the mechanism of freeze-

in baryogenesis via DM oscillations by studying a related
model, in which the DM couples to a QCD-charged scalar
and SM quarks. We briefly summarize the main findings of
that paper. In the quark-coupled case, flavor mixing
prevents the quarks from having flavor-dependent chemical
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potentials. This spoils the ARS mechanism, which depends
critically on the presence of flavor-dependent asymmetries
to generate a flavor-summed one. To find a nonzero
asymmetry in the minimal realization, with a single
QCD-charged scalar and two DM states, one needs to
take into account the flavor-dependence of the quark
thermal masses, particularly of the top quark. The DM
must have a substantial coupling to the top quark for the
asymmetry to be large enough, and the viable parameter
space is tightly constrained, with the scalar having a mass
of at most a few TeV. The parameter space broadens in the
presence of an additional source of DM production, for
example a second, heavier scalar whose decays leave
behind a “primordial” coherent DM background. Even
in this second scenario, the lightest scalar is typically not far
above the TeV scale for parameters that work for both DM
and baryogenesis. In either scenario, the DM mass is in the
∼10–1000 keV range, and the lifetime of the ∼TeV-mass
scalar typically satisfies cτ ≳ cm, potentially leading to
events with displaced jets plus missing transverse momen-
tum at colliders. Finally, Z2-violating terms for the quark-
coupled case are tightly constrained by proton decay,
making it more challenging for those interactions to be
relevant for baryogenesis.1

As already mentioned, the mechanism of freeze-in
leptogenesis has most commonly been discussed in the
context of the production and oscillation of right-handed
neutrinos in SM neutrino mass models [8,9] (see Ref. [10]
for a review). There has also been a recent proposal in
which the freeze in of DM and baryogenesis are simulta-
neously achieved through the interference of tree and loop
processes in the decay of a heavy mediator particle [11],
and there exist earlier proposals of asymmetric DM models
in which SM and DM asymmetries are simultaneously
generated through out-of-equilibrium scattering [12–14].

A. Generation of flavor-dependent asymmetries

In this paper, we study three model benchmarks, each
with a different mechanism that ultimately generates a
baryon asymmetry. However, at leading-order in the DM
couplings, the process that generates asymmetries in
individual lepton flavors, depicted in Fig. 1, is always
essentially the same.
Consider the DM interaction of Eq. (1), involving a

single BSM scalar Φ. For a generic DM coupling matrix

Fαi, each Φð�Þ decay produces a coherent superposition of
DM mass eigenstates that depends on the flavor of the
lepton produced in association. The DM abundance thus
arises at OðF2Þ. Subsequent DM oscillations and inverse
Φð�Þ decays generate flavor-dependent ecα=ecα asymmetries
at OðF4Þ. SM-Yukawa interactions and sphalerons then
produce asymmetries in other SM species as well.
Neglecting neutrino masses, the three charges

Xα ≡ B=3 − Lα ð3Þ

are conserved in the SM, where B is baryon number and Lα

is lepton flavor number. The final baryon asymmetry is
proportional to X ≡P

α Xα, the B − L charge stored in the
SM sector, at the sphaleron decoupling temperature Tew ≃
131.7 GeV [15]. In our bookkeeping, we always define
the Xα charges of the BSM particles to be zero,
XαðΦÞ ¼ XαðχiÞ ¼ 0, even when we find it useful to
regard one or both of these particles as carrying lepton
number.
For sufficiently small Fαi, and assuming that the universe

starts with Xα ¼ 0 after reheating, a perturbative calcula-
tion of the Xα asymmetries is appropriate. The leading-
order asymmetries turn out to be proportional to the
coupling combination [8,9]

Im½Fα1F�
α2ðF†FÞ12�; ð4Þ

which means that the flavor-summed asymmetry X van-
ishes at this order,

X
α

Im½Fα1F�
α2ðF†FÞ12� ¼ Im½jðF†FÞ12j2� ¼ 0: ð5Þ

FIG. 1. Feynman diagram illustrating the production of DM
(χi), its propagation, and subsequent annihilation. First, the scalar
Φ� decays into χi and the SM particle ecα; following propagation,
the χi field annihilates with another SM field ecβ to reconstitute
Φ�. The net reaction is ecβΦ� → ecαΦ�. The process is a coherent
sum over χi mass eigenstates since χi is out of equilibrium.

1More precisely, the Z2-violating terms can be relevant in
quark-coupled models only for certain matter content and
coupling choices. Reference [7] focused on the case in which
the DM couples to the uc quarks of the SM, L ⊃ −FαiΦiucαχi.
With this choice, the relevant Z2-violating term, Φ�dcdc is B-
violating (with the DM assigned B ¼ 0). If the DM instead
couples to dc (and always definingΦ to be an SUð3Þc triplet), the
Z2-violating couplings Φ�ql and Φucec are B-conserving but
Φ�ucdc andΦqq are not. Finally, if the DM couples to q, the only
relevant Z2-violating coupling is Φdcl, which is B-conserving.
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In the absence of additional model ingredients, then, no
baryon asymmetry is generated at OðF4Þ. We now define
our three benchmark models, specifying how a final baryon
asymmetry arises in each.

B. Model benchmarks

(1) The minimal model: Without the need for additional
model ingredients, effects of OðF6Þ and higher spoil the
cancelation that leads to zero net X charge at OðF4Þ [8,9].
As in ARS leptogenesis, flavor-dependent washout can
deplete the asymmetry in certain lepton flavors more than
others, leading to an X charge density that is equal to the
asymmetry in DM. We take these effects into account at
the perturbative level in Sec. II, and in Sec. III Awe use the
network of quantum kinetic equations (QKEs) presented in
the Appendix D 2 to solve for the cosmological evolution
of the various flavor asymmetries and identify the viable
parameter space for DM and leptogenesis.
(2) The UVDM model: The cancelation of the baryon

asymmetry at fourth-order in DM couplings assumes that
the interaction of Eq. (1) is entirely responsible for DM
production and annihilation. As for the case of DM
couplings to QCD-charged states [7], an additional source
of coherent χ production can strongly enhance the asym-
metry [7,16]. There are many possibilities for this addi-
tional DM interaction; for concreteness, in Sec. III B we
follow Ref. [7] by adopting a model with a second, heavier
scalar Φ2, leading two coupling matrices, F1

αi for Φ1 and
F2
αi for Φ2. In this scenario theOðF4Þ baryon asymmetry is

proportional to

Im½ðF1†F1Þ21ðF2†F2Þ12�; ð6Þ

which does not vanish in general.
(3) The Z2V model: Even if the interaction of Eq. (1) is

the only coupling of the DM to the SM sector, additional Φ
interactions with SM fields can also qualitatively impact
the asymmetry calculation, as we explore in Sec. IV. The
Z2-violating case admits two additional renormalizable
interaction terms,

L ⊃ −hαilαχiH −
λαβ
2

lαlβΦ� þ H:c:; ð7Þ

where H is the SM Higgs doublet, lα are the SM lepton
doublets, and we assume only a single scalar Φ. X-ray line
constraints on DM decay prevent the neutrino-portal
couplings hαi from playing a role in leptogenesis if χ is
taken to be the DM [9,17]. By contrast, the Z2V couplings
λαβ can be large enough to significantly modify the
asymmetry calculation while being consistent with all
experimental and observational constraints. These inter-
actions violate Xα, and they shift the OðF4ÞXα charge
densities produced by the DM interactions to produce a
baryon asymmetry at OðF4λ2Þ. Moreover, we will see that

the Z2V couplings can be large enough that the baryon
asymmetry is dramatically enhanced relative to the minimal
model. To be more precise, if all three independent Z2V
couplings come into equilibrium, the lepton chemical
potentials are driven to be flavor universal, which in turn
drives all asymmetries to zero. If, however, only one or two
of the Z2V couplings come into equilibrium, the baryon
asymmetry is not washed out and effectively arises
at OðF4Þ.

C. Structure formation constraints

With the DM abundance generated at OðF2Þ and the
baryon asymmetry arising at OðF4Þ or higher, a general
challenge in these models is to produce a large enough
baryon asymmetry without overproducing DM. Because
we require the DM energy density to match the observed
value, lighter DM means a larger DM number density and
larger DM couplings, leading to a larger asymmetry. The
DM/leptogenesis tension is therefore minimized by taking
the DM to be as light as allowed by observational probes of
structure formation. Constraints from Lyman-α forest data
are often expressed as a lower bound onMwdm, the mass of
a warm thermal relic. Recent studies have obtained lower
bounds onMwdm ranging from 1.9 keV [18] to 5.3 keV [19]
at 95% confidence level; see also Refs. [20–22]. A more
stringent constraint on the dark matter mass applies in the
type of freeze-in model we consider, with a heavy particle
in thermal equilibrium decaying to out-of-equilibrium DM
plus an additional light state. By matching matter power
spectra, Refs. [23,24] find that the constraint Mwdm >
5.3 keV translates to Mdm ≳ 16 keV for freeze-in via two-
body decay.
In the models we consider, with two DM mass eigen-

states, it is possible for χ1 to be much lighter than this
∼16 keV lower bound, provided that the DM energy
density is dominated by χ2. Moreover, this type of scenario
is particularly advantageous for getting a large asymmetry,
because χ1 can have larger couplings than would otherwise
be allowed by the observed DM energy density. The authors
of Refs. [21,25,26] present constraints on mixed cold/warm
dark matter in theMwdm − r plane, where r is the fraction of
DM energy density in the warm state. The most stringent
constraints are obtained in Ref. [21], which uses Lyman-α
forest data to find, at 2σ CL, r≲ 0.3 for Mwdm ≃ 2 keV,
going down to r≲ 0.08 forMwdm ≃ 0.7 keV, at which point
the bound on r appears to have leveled off.
We take these findings into account in an approximate

way. We require the mass of χ2, the heavier DM particle,
to satisfy M2 > 15 keV. The lighter DM particle, χ1, can
be arbitrarily light provided that the fractional χ1 con-
tribution to the DM energy density is sufficiently small.
For Majorana-fermion DM that decouples at temperatures
around or above the electroweak scale (as is the case in the
models we consider), and which comes fully into equi-
librium before decoupling, the observed DM energy
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density is realized for a DM particle mass of ≃0.1 keV.
For M1 ≪ 0.1 keV, then, r is acceptably small regardless
of the sizes of the χ1 couplings. We call M1 ≪ 0.1 keV
the massless χ1 limit.2

We will study the massless χ1 limit to determine, for
example, the full range ofΦmasses and lifetimes that work
for DM and leptogenesis. We will also identify viable
parameter space with larger M1, under the assumption that
points with r≲ 0.1 give acceptable matter power spectra
for arbitrary M1. A detailed and robust determination of
the ðM1;M2; rÞ parameter space allowed by structure-
formation constraints is work in progress, and beyond
the scope of this paper. It is clear, however, that there exists
abundant parameter space for DM and leptogenesis that
does satisfy these constraints.

D. Outline of our analysis

The outline of the rest of the paper is as follows. In
Sec. II, we present a perturbative analysis of DM and
leptogenesis in the minimal model. The analysis provides
useful context for understanding the results of subsequent
sections while also motivating the need to work with the
full system of QKEs to map out the viable parameter space
more completely.
We present DM and leptogenesis results for the minimal,

UVDM, and Z2V models in Secs. III A, III B, and IV,
respectively. For each model, we show results for the
massless-χ1 limit to determine the range of allowed masses
and lifetimes for the collider targetΦ (or lightest scalar,Φ1,
in the UVDM model), along with the allowed range of DM
masses. We also investigate what parts of the parameter
space survive departure from the massless-χ1 limit: how
heavy is χ1 allowed to be, and to what extent (if at all) must
the couplings of the lighter DM state χ1 dominate over the
couplings of χ2?
We find viable parameter space for all three models. In the

minimal model, the upper bound onMΦ is∼1.5 TeV, andΦ
decays promptly in much of the viable parameter space.
Moreover, the minimal model is constrained to be near its
massless-χ1 limit: we need M1 ≲ 0.05 keV, and the χ1
couplings must be much larger than those of χ2. In contrast,
the UVDM model has ample parameter space with M1 ≳
15 keV and a long-lived Φ1 particle. To a lesser degree,
the Z2V model also has viable parameter space with
M1 ≳ 15 keV, with the scalar typically decaying promptly
for scenarios in which the Z2V couplings significantly
impact leptogenesis. Although larger Φ masses are viable
in the UVDM and Z2V models, the largest asymmetries
are realized for MΦ ≲ 1 TeV. We discuss implications for
collider searches and other experimental probes, including
gμ − 2, in Sec. V.

We relegate certain technical details to a series of
Appendixes. These include benchmark DM coupling
matrices (Appendix A), equilibrium chemical potential
relations (Appendix B), reaction density calculations
(Appendix C), background for our adopted system of
QKEs (Appendix D), and a discussion and collection of
perturbative results (Appendix E).

II. PERTURBATIVE ANALYSIS
OF THE MINIMAL MODEL

A. DM versus OðF4Þ flavor-dependent asymmetries

In this section, we quantitatively study the OðF4ÞXα

asymmetries alongside the OðF2Þ DM abundance, all
within the minimal model. In addition to highlighting
certain qualitative aspects of asymmetry generation, this
perturbative analysis also illustrates how the combined DM
and leptogenesis requirements predict upper bounds on the
masses of the new particles, making Φ in particular a
promising target for colliders. Our three model benchmarks
share the same basic mechanism for the leading-order Xα

asymmetries, so this discussion is also a useful starting
point for understanding our final DM and leptogenesis
results. The reader more interested in those final results
should skip ahead to Secs. III and IV.
This section draws from the perturbative results derived

and collected in Appendix D 1 and Appendix E. For those
results to apply, two conditions must be satisfied. First,
the abundances of both χ mass eigenstates must remain
well below their equilibrium values. Second, we need
ΓΦ=Hew ≲ 2, where Hew is the Hubble parameter at
sphaleron decoupling and where

ΓΦ ¼ Tr½F†F�
16π

MΦ ð8Þ

is theΦ decay width in the minimal model, at leading order
(e.g., neglecting thermal mass effects). This second con-
dition ensures that washout processes, including those that
do not depend on the DM abundance, have at most an
order-one effect on Yα.

3 The leading-order calculation of
the DM abundance in Appendix E 1 leads to

Yð2Þ
χ

Yeq
χ

≃ 0.16 ×

�
500 GeV

MΦ

�
2
�
ΓΦ

Hew

�
; ð9Þ

where Yð2Þ
χ is the OðF2Þ DM number-density divided by

entropy density (defined to include both DM mass eigen-
states but only one helicity state: χ or χ, not both), and

2Even if it into equilibrium, a Majorana fermion of negligible
mass that decouples at T ≳ Tew gives a contribution to Neff well
within the BBN and CMB constraints [27].

3ForMΦ ≫ Tew, a Φ=Φ� asymmetry generated at T ∼MΦ has
decayed by a factor ∼e−ΓΦ=ð2HewÞ by the time of sphaleron
decoupling. We therefore adopt ΓΦ=ð2HewÞ≳ 1 as our criterion
for washout effects to be important, although this is of course
based on a rough estimate.
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Yeq
χ ≃ 1.95 × 10−3 is the equilibrium abundance for an

individual helicity and mass eigenstate of χ particle.
Equation (9) shows that the ΓΦ=Hew ≲ 2 perturbativity
condition is the limiting one for larger Φ masses.
The OðF2Þ DM energy density, ρð2Þdm, is determined by

Yð2Þ
χ , the DM masses M1 and M2, and a mixing angle

θ ¼ arctan ½ðF†FÞ22=ðF†FÞ11�; ð10Þ

which controls the DM composition produced byΦ decays:
at OðF2Þ, the χ1 and χ2 number densities are proportional
to cos2 θ and sin2 θ, respectively. In Appendix E 1 we find

ρð2Þdm

ρobsdm

≃ 22

�
ΓΦ

Hew

��
M̄

15 keV

��
500 GeV

MΦ

�
2

; ð11Þ

where

M̄≡M1 cos2 θ þM2 sin2 θ: ð12Þ

is the average mass of the χ particles, weighted by
abundance.
In Appendix E 1, we also show that the OðF4ÞXα

asymmetry (charge density divided by entropy density),
evaluated at the sphaleron decoupling temperature Tew,
satisfies

Yð4Þ
α

Yobs
B

≲ ð1.5 × 104Þsin22θ

×

�
ΓΦ

Hew

�
2
�
500 GeV

MΦ

�
4

I ð4Þðxew; βoscÞ; ð13Þ

where xew ≡MΦ=Tew, Yobs
B ¼ 8.7 × 10−11 is the observed

baryon asymmetry [28], and the function I ð4Þ is defined in
Eq. (E10) and plotted in Fig. 21(a). It is at most of order
one, and depends on the oscillation parameter

βosc ≡M0ΔM2

6M3
Φ

≃ 0.2 ×
�
500 GeV

MΦ

�
3 ΔM2

ð15 keVÞ2 ; ð14Þ

where ΔM2 ≡M2
2 −M2

1 is the DM mass-squared splitting
and M0 ≃ 7.1 × 1017 GeV is defined so that the relation
between Hubble parameter and the temperature is H ¼
T2=M0 at early times. The inequality of Eq. (13) is
saturated when the phases and additional mixing angles
(besides θ) that parametrize the DM coupling matrix Fαi
take on appropriate values; see Eqs. (E9) and (E13) in
Appendix E.
A typical χ state produced at high temperatures T ≫ MΦ

undergoes ∼βosc=10 oscillations by the time the temper-
ature drops to T ¼ MΦ, at which point the Φ abundance
begins to become Boltzmann-suppressed. In Fig. 21(a), we
see that I ð4Þðxew; βoscÞ, and therefore the asymmetry, is

suppressed at large and small values of βosc. For small βosc,
the oscillations do not have enough time to develop before
the temperature becomes too small to have an appreciable
rate for inverse Φ decay. For large βosc, the oscillations
become rapid at early times, which cuts off the asymmetry
growth prematurely. In Fig. 21(a), I ð4Þðxew; βoscÞ is peaked
at βosc ∼ 1 for MΦ ∼ Tew and βosc ∼ 4 × 10−2 for
MΦ ≫ Tew. The smallness of these optimal βosc values
reflects the importance of lower-energy χ particles (which
oscillate more rapidly) and oscillations that occur at
temperatures well below MΦ (whose effects are enhanced
by the larger integrated time at lower temperatures).
We now take the massless-χ1 limit to see how large Yð4Þ

α

can be, consistent with the DM constraint. For fixed masses
and fixed θ, the DM constraint allows us to determine

Tr½F†F� and therefore ΓΦ. Taking M1 → 0 and ρð2Þdm ¼ ρobsdm
in Eq. (11), we find

ΓΦ

Hew
≃
�
0.21
sin θ

�
2
�
15 keV
M2

��
MΦ

500 GeV

�
2

; ð15Þ

which we can use to rewrite Eq. (13) as

Yð4Þ
α

Yobs
B

≲ 125 × cot2 θ

�
15 keV
M2

�
2

I ð4Þðxew; βoscÞ: ð16Þ

Figure 2 shows I ð4Þðxew; βoscÞ versusM2 for variousMΦ in
the massless-χ1 limit. In this figure, the location of the peak
shifts to higher M2 as MΦ is increased. As the available
time for oscillations is reduced (by increasing MΦ), a
shorter oscillation timescale (realized for larger M2) is
preferred.
If Φ decays produce equal abundances of χ1 and χ2

(θ ¼ π=4, i.e., maximal mixing), one can use Eq. (16) and
the properties of the I ð4Þ function to show that requiring

Yð4Þ
α > Yobs

B leads to the upper bounds M2 ≲ 300 keV
and MΦ ≲ 8 TeV.

FIG. 2. In the massless-χ1 limit, I ð4Þðxew; βoscÞ versus M2 for
various MΦ.
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Equation (16) shows a 1=θ2 enhancement of Yð4Þ
α for

small mixing, θ ≪ 1. We can understand this enhancement
as follows. In the massless-χ1 limit, the χ1 contribution to
the energy density is negligible, and imposing the DM
constraint amounts to choosing the couplings of χ2, which
are proportional to ðTr½F†F�Þ1=2 sin θ, in such a way that the
χ2 energy density matches ρobsdm . That is, decreasing θ means
increasing ðTr½F†F�Þ1=2 to keep the χ2 couplings held fixed.
This causes an increase in the χ1 couplings, which are
proportional

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Tr½F†F�

p
cos θ, and therefore an increase in

the asymmetry. Exploiting this effect allows Yð4Þ
α ∼ Yobs

B to
be realized for somewhat larger Φ and χ2 masses than for
the case of maximal mixing. However, the perturbativity
condition ΓΦ=Hew ≲ 2 provides a ceiling. One can use
Eqs. (15) and (16) to show that the DM constraint,

ΓΦ=Hew < 2, and Yð4Þ
α > Yobs

B can only be simultaneously
satisfied for M2 ≲ 700 keV and MΦ ≲ 9 TeV.
Those are the largest masses that can give an asymmetry

in an individual lepton flavor that is comparable to the
observed baryon asymmetry, consistent with the DM
constraint and roughly consistent with the perturbative
assumption. A rather extreme optimization is required
to realize these values, for example a particular texture
for the F matrix that leads to Φ decaying predominantly
to a lighter DM mass eigenstate with M1 ≪ 0.1 keV.
Moreover, we remind the reader that the flavor-summed
asymmetry, and therefore the baryon asymmetry, is in fact
zero at OðF4Þ in the minimal model.

B. DM versus OðF6Þ baryon asymmetry

We now extend our perturbative study of the minimal
model to OðF6Þ, the order at which a baryon asymmetry
arises. Throughout this section, we adopt an F matrix of the
form given in Eq. (A2), with θ and the overall scale Tr½F†F�
free to vary. The remaining parameters that define F are
fixed at values that are favorable for getting a large
asymmetry (but not exactly optimal; see Appendix A 1
for details). For this choice of F matrix, we find in
Appendix E 1 that the final OðF6Þ baryon asymmetry is

Yð6Þ
B

Yobs
B

≃ 23sin22θ

×

�
ΓΦ

Hew

�
3
�
500 GeV

MΦ

�
6

I ð6Þðxew; βoscÞ; ð17Þ

where the function I ð6Þ is defined in Eq. (E23) and plotted
in Fig. 21(b). We get the maximum asymmetry, subject to
the DM constraint, by taking the massless-χ1 limit. In that
case we can use Eq. (15) to eliminate ΓΦ=Tew in Eq. (17),
leading to the upper bound

Yð6Þ
B

Yobs
B

≲ ð8.6 × 10−3Þ cos
2 θ

sin4 θ

�
15 keV
M2

�
3

I ð6Þðxew; βoscÞ ð18Þ

for our benchmark F matrix.
Keeping in mind that I ð6Þ is never larger than ∼1=2,

it is clear at this point that Φ must couple preferentially
to the lighter DM state, χ1, for the asymmetry to be large
enough. If Φ decays instead produce equal χ1 and χ2
abundances (θ ¼ π=4), the asymmetry of Eq. (18) is maxi-
mized for M2 ¼ 15 keV (which saturates our adopted
structure-formation bound) and MΦ ≃ 700 GeV. These
additional optimizations only get the asymmetry up to

Yð6Þ
B =Yobs

B ≃ 8 × 10−3.
To get a sense of the parameter space that opens up for

smaller θ, we set ΓΦ=Hew ¼ 2, at the high end of what is
reasonable for our perturbative analysis, and use Eq. (15) to
eliminate θ in Eq. (18); the bounds we obtain in this way are
guaranteed to apply only in the perturbative regime. We find

that the DM constraint and Yð6Þ
B ¼ Yobs

B can only be simulta-
neously satisfied for M2 ≲ 30 keV and MΦ ≲ 800 GeV,

with a maximum Yð6Þ
B of about six times the observed value

for the optimal masses MΦ ≃ 400 GeV and M2 ¼ 15 keV.
For these optimal masses, Eq. (15) gives θ ≃ 0.12. So, our
perturbative analysis suggests that the minimal model works
for DM and leptogenesis within a rather constrained param-
eter space. In particular, Φ must decay mostly to χ1, which
must be quite light—otherwise there would be nothing
gained by χ1 having larger couplings than χ2.
We now turn to a more detailed and comprehensive

analysis of DM versus leptogenesis in the minimal,
UVDM, and Z2V models.

III. RESULTS FOR Z2-PRESERVING SCENARIOS

A. Results for the minimal model

To extend our study of the minimal model to larger
values of ΓΦ=Hew, we turn to the system of quantum kinetic
equations (QKEs) presented in Appendix D 2. In our
implementation of the QKEs, which follows that of
Refs. [29,30], the equations are integrated over momentum
using a thermal ansatz for the DM momentum distribution;
see Eq. (D21). The QKEs track the χ and χ̄ density matrices
and the Xα densities, all of which evolve slowly because
only F-induced interactions change them. The collision
terms in the QKEs involve the Φ and ecα chemical
potentials, which can be expressed in terms of the Xα

densities and the χ and χ̄ density matrices using the
asymmetry relations derived in Appendix B. For further
details we refer the reader to the Appendixes.
To present results for the minimal model, we will first

take the massless-χ1 limit to see the full range of Φ masses
and lifetimes and DM masses that work for DM and
leptogenesis. Then we will see what happens to the viable
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parameter space as we increaseM1. We will take essentially
the same approach when we present results for the UVDM
and Z2V models.
For the benchmarkFmatrix given in Eq. (A2), ρdm andYB

are determined once we specify Tr½F†F�, θ, and the BSM
particle massesM1,M2, andMΦ. For Figs. 3 and 4, we take
the massless-χ1 limit. Figure 3 shows contours of YB=Yobs

B in
the Φ mass-lifetime space for various M2, with θ chosen to
satisfy the DM constraint at each point. The relation

ΓΦ

Hew
≃ 0.8

�
cτΦ
cm

�
−1

ð19Þ

is usefulwhen connecting to our earlier perturbative analysis,
in which we adopted ΓΦ=Hew ∼ 2 as a rough cutoff on the

perturbative regime, corresponding to cτΦ ∼ 0.4 cm. For the
DMmasses chosen for Figs. 3(a)–3(d), we find that the QKE
asymmetry is about a factor ∼2–3 smaller than the pertur-
bative one for MΦ ¼ 500 GeV and ΓΦ=Hew ¼ 2. We will
present a more detailed comparison of QKE and perturbative
results for the UVDM and Z2V models, in which a more
significant proportion of the viable parameter space lives in
the perturbative regime.
In Fig. 3(a), we takeM2 to be equal to 15 keV, our lower

bound on the DM mass based on structure-formation
considerations. The YB=Yobs

B ¼ 1 contour of this plot,
which lies within MΦ ≲ 1.5 TeV and cτΦ ≲ 0.6 cm, there-
fore represents our estimate of the full mass-lifetime
parameter space for Φ in the minimal model. The Φ
particle decays promptly (as far as collider searches are
concerned) in much of the viable parameter space, and the

FIG. 3. For the minimal model in the massless-χ1 limit, contours of YB=Yobs
B (blue, solid) and θ (gray, dashed) in the ðMΦ; cτΦÞ plane,

for (a)M2 ¼ 15 keV, (b)M2 ¼ 25 keV, (c)M2 ¼ 50 keV, and (d)M2 ¼ 100 keV, with the Fmatrix set to the minimal model benchmark
form of Eq. (A2). At each point in the plane, θ is chosen to satisfy the DM constraint.
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relatively low ceiling on its mass makes Φ a promising
target for colliders. Baryon asymmetries over 100 times the
observed value are in principle consistent with the DM
constraint, but those large asymmetries require θ ≪ 1.
Much of the viable parameter space has θ < 0.1, consistent
with expectations based on the perturbative analysis. In
Figs. 3(b)–3(d) we see the mass-lifetime space contract for
largerM2, going up to 100 keV, which is roughly the largest
viable DM mass in the minimal model.
To obtain these results, we neglect thermal corrections to

the DM masses. A proper treatment of these effects is quite
involved due to the challenges of modeling the k ∼MΦ
momentum modes that are important at x ∼ 1. However, we
have performed some numerical estimates of DM thermal
mass effects that suggest that YB may be suppressed below
the observed value in the small-MΦ, small-cτΦ corners of
the plots in Fig. 3. The impact is most significant for the
M2 ¼ 15 keV plot, where our estimates indicate that life-
times below cτΦ ∼ 0.1 cm for MΦ ∼ 100 GeV, and below
cτΦ ∼ 10−3 cm forMΦ ∼ 300 GeV, may not be viable. The
impacted lifetimes shift to lower values for larger M2, and
we still find viable parameter space with MΦ as low as
100 GeV, without significant suppression in the peak
asymmetries realized at higher MΦ. Apart from the lower
ðMΦ; cτΦÞ region just described, the viable parameter space
is largely unaffected. We leave a more careful study of these
effects for future work.

Still working in the massless-χ1 limit, Fig. 4 shows how
the viable ranges of MΦ and M2 expand as θ decreases. At
fixed MΦ and θ, the asymmetry is suppressed as M2

increases due to the smaller DM couplings required to
match the observed DM energy density. At fixedM2 and θ,
the suppression of the asymmetry at large MΦ is due to the
oscillations not having time to develop, while the suppres-
sion at small MΦ arises because significant dark matter
production continues after asymmetry growth has slowed,
requiring smaller DM couplings. Finally, at fixed θ, larger
M2 means a shorter oscillation timescale and a somewhat
larger MΦ that maximizes the asymmetry. The more
dramatic shift of the θ ¼ 0.01, M2 ¼ 15 keV contour to
lower MΦ is a strong-washout effect. Washout suppression
of the asymmetry depends on ΓΦ=Hew, while the DM
energy density is proportional to θ2M2ΓΦ=M2

Φ for small θ.
Once the DM constraint is imposed, ΓΦ=Hew is propor-
tional toM2

Φ=ðθ2M2Þ, leading to stronger washout at larger
MΦ and lower M2.
Figures 5 and 6 show the impact on the parameter space

when we depart from the massless-χ1 limit, allowing a non-
negligible fraction of the DM energy density to be stored in
χ1. In Fig. 5 we take MΦ ¼ 500 GeV and M2 ¼ 15 keV,
favorable for producing a large asymmetry, and show
baryon asymmetry contours in the M1 − sin2 θ plane. We
see that DM and leptogenesis require M1 ≲ 0.2 keV, even
before we impose a constraint on r, the fraction of dark

FIG. 4. For the minimal model in the massless-χ1 limit, YB versus MΦ for various θ and M2, with the F matrix set to the minimal
model benchmark form of Eq. (A2). For each combination of parameters, Tr½F†F� is chosen to satisfy the DM constraint.
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matter energy density in χ1. Once we impose r < 0.1, as
favored by Lyman-α forest observations, the constraint
tightens to M1 ≲ 0.05 keV. Figure 6 shows how the MΦ −
M2 space shrinks asM1 increases, with the effect becoming
more pronounced for a more stringent upper bound on r.
Our study of the minimal model shows that the viable

parameter space is quite constrained, with the various upper
bounds MΦ < 1.5 TeV, cτΦ ≲ 0.6 cm, M2 ≲ 100 keV,
M1 ≲ 0.05 keV and θ ≲ 0.2. For much of the parameter
space, theΦ particle is a realistic discovery target for future
runs of the LHC, as we discuss in Sec. VA.

B. Results for the UVDM model

The parameter space for DM and leptogenesis opens up
significantly if we include an additional source of DM
production [7,16]. For concreteness, we consider a model
in which the DM couples to two scalars Φ1 and Φ2, both
of which have the same SM quantum numbers as the
Φ particle of the minimal model. We focus on the case
with MΦ2

≫ MΦ1
, so that Φ2 impacts the dark matter and

leptogenesis calculations only through the coherent χ
background its decays leave behind. This “decoupled-
Φ2” regime highlights the fact that the basic mechanism
of asymmetry generation can work for any additional
source of coherent DM production at high temperatures.
Our study of the UVDM model in this section has close
similarities to the analysis of the scenario with two QCD-
charged scalars in Ref. [7], although there are important
differences as far as the associated collider phenomenology
is concerned.
In the UVDM, two interaction terms are relevant for DM

production,

L ⊃ −F1
αie

c
αχiΦ1 − F2

αie
c
αχiΦ2 þ H:c: ð20Þ

The cancelation of the flavor-summed asymmetry atOðF4Þ
is spoiled in the presence of the two coupling matrices F1

and F2. Furthermore, for both the asymmetry and DM
calculations, the dependence on MΦ1

and ΓΦ1
is different

than for MΦ and ΓΦ in the minimal model. This is largely
because the DM abundance produced by Φ2 decays is an
additional free parameter, which we label as YUV

χ (defined
to include both DM mass eigenstates but only one helicity
state). We also now have two separate mixing angles
describing the relative production of the two DM mass
eigenstates: θ1 controls the branching ratios of Φ1 to the
lighter and heavier DM states, and θ2 does the same for Φ2.

FIG. 5. For the minimal model, contours of YB=Yobs
B (blue,

solid) and r (red, dashed) in the ðM1; sin2 θÞ plane, for MΦ ¼
500 GeV andM2 ¼ 15 keV, with the F matrix set to the minimal
model benchmark form of Eq. (A2). At each point in the plane,
Tr½F†F� is chosen to satisfy the DM constraint.

FIG. 6. For various M1, the contours enclose the ðMΦ;M2Þ space that is viable for DM and leptogenesis in the minimal model, with
the Fmatrix set to the minimal model benchmark form of Eq. (A2). At each point in the plane, Tr½F†F� and θ are chosen to maximize YB
subject to both the DM abundance constraint and the upper bound on r indicated; for the contours shown, that maximum YB is
equal to Yobs

B .
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As before, small θ means that decays to χ1 are favored over
decays to χ2.
We present perturbative results for the UVDM model in

Appendix E 2. Equations (E27) and (E29) give the OðF2Þ
DM energy density and OðF4Þ baryon asymmetry, respec-
tively. The OðF4Þ asymmetry can be written as

Yð4Þ
B

Yobs
B

≃ ð1.03 × 105ÞJ
�
YUV
χ

Yeq
χ

�

×

�
ΓΦ1

Hew

��
500 GeV
MΦ1

�
2

Ĩ ð4Þðxew; βoscÞ; ð21Þ

where the Ĩ ð4Þ function is defined in Eq. (E30) and plotted
in Fig. 21(c), and we define xew ≡MΦ1

=Tew in the context
of the UVDM model. The factor J depends on the phases
and mixing angles that determine the two DM coupling
matrices F1 and F2; see Appendix A 2 for details. We adopt
an optimal benchmark for asymmetry generation with
J ¼ sin 2θ1 sin 2θ2, as realized for the coupling matrices
given in Eq. (A9).
For selected DMmasses and mixing angles, Figs. 7 and 8

show the viable mass-lifetime parameter space for Φ1. At
each point on the mass-lifetime plane, the DM energy
density produced by Φ1 decays is determined, and the
DM constraint is therefore satisfied by adjusting YUV

χ .

FIG. 7. For the UVDMmodel, contours of YB=Yobs
B in the ðMΦ1

; cτΦ1
Þ plane, for various DMmasses and mixings, with the F matrices

set to the UVDM benchmark of Eq. (A9). At each point in the plane, the abundance of DM produced by Φ2 decays, YUV
χ , is chosen so

that the total DM energy density from Φ1 and Φ2 decays matches the observed value. The dashed contours are based on the OðF4Þ
asymmetry of Eq. (21), while the solid contours are based on numerical solution of the quantum kinetic equations presented in
Appendix D 2. The two calculations are in reasonable agreement in the perturbative regime, cτΦ1

≳ 1 cm. In (a) and (c) we take the
massless χ1 limit, with M2 ¼ 15keV. In (b) and (d) we take M1 ¼ 15keV and M2 ¼ 20keV.
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In Fig. 7(a) for example, below and to the left of the
diagonal line where the various YB contours become very
narrowly separated, the DM energy density produced byΦ1

exceeds ρobsdm , and the DM constraint cannot be satisfied.
The dashed contours in Fig. 7 are based on our

perturbative results, Eq. (21) for YB and Eq. (E27) for
ρdm, while the solid contours in both Figs. 7 and 8 are
obtained by numerically solving the QKEs introduced in
Appendix D 2, with the initial condition taking into account
the primordial abundance YUV

χ . Figure 7 shows reasonable
agreement between the perturbative and QKE calculations
for cτΦ1

≳ 1 cm; the differences at long lifetimes are
mainly due to the thermal ansatz adopted for the DM
energy distribution in the QKE approach.

For θ1 ¼ θ2 ¼ π=4, the case of maximal mixing, χ1 and
χ2 have equal overall coupling strengths and are produced
with equal abundances. In this case, Φ1 is long lived
for most of the parameter space that works for DM
and leptogenesis, with cτΦ1

as large as tens of meters,
as Figs. 7(a) and 7(b) show. Moreover, there is viable
parameter space with comparable χ1 and χ2 masses,
as we see in Fig. 7(b). This is all in sharp contrast to the
minimal model, where we needed Yχ1 ≫Yχ2 , M1≪1 keV,
and cτΦ ≲ 1 cm for DM and leptogenesis to work. The
UVDM parameter space extends out to larger Φ1 masses
than colliders will probe in the near future, but the largest
asymmetries, over 100 times the observed value, are
realized for MΦ1

≲ 1 TeV.

FIG. 8. The viable ðMΦ1
; cτΦ1

Þ space for DM and leptogenesis in the UVDM model, for various DM masses and mixings. The
abundance of DM produced by Φ2 decays, YUV

χ , is chosen so that the total DM energy density from Φ1 and Φ2 decays matches the
observed value. These contours are based on numerical solution of the quantum kinetic equations presented in Appendix D 2. In (a–c)
we take maximal DM mixing for M1 ¼ 0, M1 ¼ 15 keV, and M1 ¼ M2=2, and in (d) we take θ1 ¼ θ2 ¼ 1=10 and M1 ¼ 0.
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Even larger YB is possible with small mixing (θ1,
θ2 ≪ 1), but only in the massless χ1 limit. This is illustrated
in Figs. 7(c) and 7(d). For M1 ≪ 0.1 keV, the suppression
of YB from the small mixing angles is more than compen-
sated by the larger overall size of DM couplings that match
the observed DM energy density. Comparing Figs. 7(a)
and 7(c), we see that small mixing allows for shorter Φ1

lifetimes. Indeed, for small enough θ1 and θ2, cτΦ1
can be

as small as in the minimal model. When the χ1 and χ2
masses are comparable, on the other hand, nothing com-
pensates for the suppression of YB due to small θ1 and θ2,
and the viable parameter space shrinks dramatically, as seen
in Fig. 7(d).
Figure 8 shows how the mass-lifetime parameter space

shifts and contracts as M2 is increased. We take maximal
mixing for Figs. 8(a)–8(c), with M1 ¼ 0, M1 ¼ 15 keV,
and M1 ¼ M2=2, respectively; the last of these three plots
shows that in the UVDM model, both DM masses can be
well above those currently probed by Lyman-α forest
observations. Figure 8(d) shows that even larger χ2 and
Φ1 masses are possible in a small-mixing scenario with
θ1 ¼ θ2 ¼ 1=10. Here we restrict our attention to the
massless-χ1 limit, because for these mixing angles and
M1 ≳ 15 keV, the small viable parameter space shown in
Fig. 7(d) quickly disappears as M2 is increased.
Figures 7 and 8 do not show the full extent of the UVDM

mass-lifetime space one would find by maximizing the
baryon asymmetry with respect to all other parameters. It
turns out that Φ1 masses of up to ∼20 TeV can work for
DM and leptogenesis, but only in the massless-χ1 limit, and
with M2 and all mixing angles and phases tuned appro-
priately. The required optimization is similar to what was
presented in Appendix B of Ref. [7] for the case with QCD-
charged BSM scalars. Our results here for the ec-coupledΦ
are consistent with the results of Ref. [7], once one takes
into account the different spectator-effect factors and
different Φ gauge multiplicities.
In summary, broad ranges of parameters work for DM

and leptogenesis in the UVDM model, including scenarios
with M1 > 15 keV and comparably sized χ1 and χ2
couplings. Unlike in the minimal model, Φ1 has a lifetime
cτΦ1

> cm for much of the viable parameter space. We
discuss the implications for LHC searches in Sec. VA.

IV. THE Z2V MODEL

A. Qualitative discussion

In this section we do not impose the Z2 symmetry that
guarantees absolute DM stability in the minimal and
UVDM models. There are now two interaction terms that
can induce changes in the Xα charge densities: the Z2-
preserving DM coupling and a new “Z2V” interaction term:

L ⊃ −FαiecαχiΦ −
λαβ
2

lαlβΦ� þ H:c: ð22Þ

The Z2V term has the same gauge and flavor structure as an
R-parity-violating coupling often considered in supersym-
metric theories; because the SUð2Þw indices of the SM
lepton doublets are contracted antisymmetrically, the λαβ is
an antisymmetric matrix in lepton flavor, and there are
therefore three independent Z2V couplings. We neglect a
possible neutrino-portal coupling hαilαχiH because, as we
discuss in Sec. V B 1, x-ray line constraints prevent them
from being large enough to be relevant for leptogenesis.
The λ couplings, on the other hand, can significantly impact
the asymmetry calculation. The rough criterion for a Z2V
coupling λ to come into equilibrium in the early universe
is that the λ-induced Φ decay width should be at least
comparable to the Hubble parameter at T ¼ MΦ, leading to

λ≳ 10−7 ×

�
MΦ

500 GeV

�
1=2

: ð23Þ

This is a far smaller coupling than has been probed
experimentally. The x-ray line constraints on the λ cou-
plings depend on the lepton flavors involved, but we will
show in Sec. V B 1 that they are rarely stronger than
λ < 10−4, and are often much weaker, for the parameter
space that works for leptogenesis and DM. Other con-
straints on λ from low-energy experiments are never more
stringent than λ≲ 10−2, as we discuss in Sec. V C.
To see how Z2V couplings might be relevant for lepto-

genesis, consider for simplicity a scenario with ec and μc

(but not τc) coupled to DM, and a single Z2V interaction
involving le and lτ: L ⊃ −λlelτΦ� þ H:c: At OðF4Þ, there
are no asymmetries in Φ, χ, or the third-generation leptons,
but we have equal and opposite asymmetries in ec and μc,
and thanks to SM processes, equal and opposite asymme-
tries in le and lμ. Then the number of lelτ → Φ inverse
decays will differ from the number of l̄el̄τ → Φ� inverse
decays, and a Φ asymmetry is generated at OðF4λ2Þ. That
is enough to guarantee a net B − L charge in the SM sector
at the same order. To see this, note that the interactions
of Eq. (22) respect a generalized B − L symmetry, with
LðΦÞ ¼ 2, LðχÞ ¼ −1, and BðΦÞ ¼ BðχÞ ¼ 0.4 No χ
asymmetry arises at OðF4Þ and, because the λ coupling
does not involve DM, the χ asymmetry remains zero at
OðF4λ2Þ. At this order, then, the SM sector has a B − L
charge equal in magnitude to that stored in Φ=Φ�.
Two simple observations turn out to have important

implications for the viable Z2V model parameter space.
First, larger Z2V couplings can produce a larger asymmetry
without increased DM production. Second, even if a λ
coupling is large enough to invalidate the perturbative
OðF4λ2Þ calculation of the asymmetry, that λ coupling does
not necessarily lead to washout of the asymmetry. To

4The DM Majorana masses do not respect this symmetry, but
the associated effects come with ∼M2

χ=T2 suppressions and can
be neglected.

BERMAN, SHUVE, and TUCKER-SMITH PHYS. REV. D 105, 095027 (2022)

095027-12



illustrate the second point, we return to the simple example
of the previous paragraph and consider the case in which λ
is large enough that it comes fully into equilibrium.
Imagine that equal and opposite number density asymme-
tries for le and lμ are first generated at OðF4Þ (that is,

δnð4Þle
¼ −δnð4Þlμ

) and subsequently processed by λ, neglect-

ing for simplicity spectator effects associated with SM
processes. By conservation of the generalized B − L, we
have

X
α

δnlα þ 2δnΦ ¼ 0; ð24Þ

where we set the χ asymmetry to zero because it arises only
at higher order in F. With λ in equilibrium we also have the
chemical potential relation

μle þ μlτ − μΦ ¼ 0: ð25Þ

We can solve this pair of equations for δnle þ δnlτ, taking

δnlμ ¼ δnð4Þlμ
¼ −δnð4Þle

, because lμ is not involved in the

Z2V coupling. This leads to a flavor-summed asymmetry

X
α

δnlα ≃ −δnð4Þle
×

�
2=3 T ≫ MΦ

12ðMΦ
2πTÞ3=2e−MΦ=T T ≪ MΦ;

ð26Þ

where we use the relativistic or nonrelativistic relation
between μΦ and δnΦ depending on the temperature. We see
that the flavor-summed asymmetry effectively arises at
OðF4Þ when λ comes into equilibrium. It makes sense that
the OðF4Þ asymmetry is Boltzmann suppressed at temper-
atures far below the Φ mass. The B − L charge in the SM
sector is equal in magnitude to the sum of the B − L charge
stored in χ=χ̄, which is zero atOðF4Þ, and the B − L charge
stored in Φ=Φ�, which has essentially decayed away for
T ≪ Φ. For sufficiently large MΦ, the dominant contribu-
tion to the asymmetry arises at OðF6Þ. As explained in
Appendix C b, this contribution is distinct from the OðF6Þ
ARS one. It arises from the generation of aΦ asymmetry at
OðF4Þ, followed by generation of an OðF6Þ χ asymmetry
due to Φð�Þ decays to DM.
In our simple example with only ec and μc coupled to

DM, the asymmetry would be driven to zero if the Z2V
coupling that came into equilibrium were λ12 instead of λ13.
In that case, no asymmetry develops in the third-generation
leptons, and Eq. (25) is replaced with μle þ μlμ − μΦ ¼ 0,
which when combined with Eq. (24) forces all chemical
potentials to zero. More generally, for a generic F matrix
involving all active flavors, we should expect an OðF4Þ
asymmetry if one or two of the three Z2V couplings come
into equilibrium. If all three Z2V couplings come into
equilibrium, then the chemical potentials of all three

leptons are forced to be flavor-independent, preventing
any asymmetry from being generated at all.5

In our full calculation of the asymmetry, described in the
following section, we take into account that the λ inter-
actions continually process asymmetries as they are gen-
erated, and that SM spectator processes affect how the
various asymmetries are related [31].

B. Calculating YB in the Z2V model

In the QKEs of Appendix D 2, the Z2V interactions do
not enter into the evolution equations for the DM density
matrices Yχ and Y χ̄ . However, each Z2V interaction brings
about a change in the Xα charges, so the evolution
equations for the associated charge densities Yα do get
modified. For example, if we have a single Z2V coupling
λ12, then each Z2V-induced Φ decay, Φ → l1l2, produces
the changes ΔX1 ¼ ΔX2 ¼ −1. As shown in Eq. (D29),
both dY1=dt and dY2=dt get contributions proportional to
jλ12j2ðμl1 þ μl2 − μΦÞ at leading order. The chemical poten-
tials μΦ and μlα can be expressed in terms of Yχ , Y χ̄ , and Yα

using the results of Appendix B.6

Figure 9 shows the effect on the baryon asymmetry when
one or more Z2V couplings are large enough to come into

FIG. 9. For a particular set of BSM particle masses and DM
couplings, the baryon asymmetry as a function of Z2V coupling
strength, with either one, two or all three independent Z2V
couplings turned on. The DM couplings are set to the minimal
model benchmark, Eq. (A2), with only the electron and muon
coupling to DM, and with TrF†F determined by the DM
abundance constraint.

5This is true for the case of two DMmass eigenstates. For three
or more DM mass eigenstates, an asymmetry can arise at OðF6Þ
even if all active flavors have the same chemical potential [30];
this is the case in a model considered in Ref. [7] involving a single
QCD-charged scalar.

6The proportionality to ðμl1 þ μl2 − μΦÞ holds if jμΦ=Tj ≪ 1 is
satisfied. In our numerical work we allow for the possibility of
highly asymmetric Φ=Φð�Þ abundances using the approach
described in Appendix D; see Eq. (D31). This refinement is
quantitatively unimportant in almost all scenarios we study in this
paper, however.
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equilibrium. For the chosen parameter point, ec and μc

couple to DM, and a YB value well below the observed one
arises in the absence of Z2V couplings. If a single Z2V
coupling, λ13, is large enough to come into equilibrium,
λ13 ≳ 10−7, the final baryon asymmetry is enhanced by
about two orders of magnitude relative to the Z2-preserving
case. If both λ13 and λ23 come into equilibrium, the final
baryon asymmetry YB is again enhanced by a large factor,
although only about half as large as for the case with a
single Z2V coupling. Finally, if all three Z2V come into
equilibrium, the asymmetry is strongly suppressed, as
expected. For the parameters chosen, the asymmetry
happens to change sign as λ is increased in this three-λ
case, because the OðF6Þ and OðF4λ2Þ contributions have
opposite sign.
If one or two of the Z2V couplings come into equilib-

rium, the final baryon asymmetry is insensitive to the
precise values of those couplings, as is evident in the YB
plateaus at larger λ in Fig. 9. In this case, YB effectively

arises at OðF4Þ. To write down an expression for Yð4Þ
B , it is

convenient to define β to be the “special” flavor singled out
by the Z2V couplings: in the case of a single Z2V coupling
in equilibrium, β is the flavor whose lepton doublet is not
involved in that Z2-violating coupling, while in the case of
two Z2V couplings in equilibrium, it is the flavor whose
lepton doublet is involved in both of those couplings. In

Appendix E 3 we show that Yð4Þ
B is determined by Yð4Þ

β , the
OðF4Þ asymmetry in the special flavor β, calculated in the
absence of Z2V couplings, i.e., using the minimal model
result of Eq. (E9). For example, if only λ12 comes into
equilibrium, we have β ¼ 3, and we get a baryon asym-
metry atOðF4Þ if and only if one would calculate anOðF4Þ
asymmetry in X3 in the absence of the Z2V coupling.
More precisely, we find

Yð4Þ
B ≃ Yð4Þ

β ×
300cΦ

237þ 766cΦ
one λ in eq: ð27Þ

Yð4Þ
B ≃ −Yð4Þ

β ×
150cΦ

237þ 529cΦ
two λ’s in eq:; ð28Þ

where the cΦ function is defined in Eq. (B11) and plotted in
Fig. 20. The exponential suppression of cΦðxÞ at large x

leads to a Boltzmann-suppressed Yð4Þ
B for T ≪ MΦ, as we

anticipated in the discussion surrounding Eq. (26). We
evaluate cΦðxÞ at xew ≡MΦ=Tew in Eqs. (27), (28) to get
the final asymmetry. For our numerical studies in the rest of
this section, we adopt the Z2V benchmark F matrix of
Eq. (A13) and take one λ coupling in equilibrium, such that
the OðF4Þ asymmetry is maximized.
For Eq. (27) or (28) to be a good approximation for the

baryon asymmetry, three conditions must be satisfied. First,
one or two λ couplings must be large enough to come into
equilibrium, ≳10−7 while the remaining λ coupling(s) are

small enough to remain well out of equilibrium, ≲10−8.
Second, we need the F couplings to be small enough to
justify a perturbative treatment of the F couplings, which
means Yχ ≪ Yeq

χ . Third, the OðF6Þ contributions to the
asymmetry must be subdominant, which is not the case if
the OðF4Þ asymmetry is strongly Boltzmann suppressed.
In the large-MΦ regime, YB is dominated by the OðF6Þ

contribution discussed earlier, given in Eq. (E48) for our
Z2V benchmark F matrix. The OðF4Þ Φ asymmetry leads
to an OðF6Þ χ asymmetry that persists after the Φ particles
have disappeared, ensuring a surviving baryon asymmetry.
The interplay between the OðF4Þ and OðF6Þ asymmetries
will be evident in the results we present in the following
section.

C. Results for the Z2V model

We now present numerical results for DM and lepto-
genesis in the Z2V model. We adopt the Z2V benchmark F
matrix of Eq. (A13) and take one λ coupling in equilibrium.
In Fig. 10 we see that the large enhancement of the
asymmetry relative to the minimal model opens up a
narrow region of viable parameter space with
M1 > 15 keV. In this plot, θ and TrF†F are chosen to
maximize the asymmetry subject to the DM constraint. One
finds that θ is relatively large, θ ∼ 1, for the parameter space
shown. We therefore expect that the perturbative result of
Eq. (27), which is used in Fig. 10(a), should be more
accurate than QKE results based on a thermal ansatz for the
DM momentum distribution. The QKE calculation gives a
smaller viable parameter space, but we see in Fig. 10(b) that
the difference is mostly due to the thermal averaging. We
show this by modifying the perturbative calculation to
incorporate the same thermal ansatz, which amounts to

using the I ð4Þ
t:a: function defined in Eq. (E20) in place of I ð4Þ

in Eq. (E9). The remaining discrepancy between the QKE
and perturbative results is mostly due to the fact that our
perturbative treatment approximates sphaleron decoupling
to occur instantaneously at T ¼ Tew, whereas we take into
account that sphaleron decoupling is a gradual process
when we numerically solve the QKEs, following the
approach of Ref. [32] (see Appendix D 2 for details).
For the relatively large values of M1 shown in Fig. 10,

the OðF4Þ contribution to the asymmetry dominates
throughout the viable parameter space. We consider the
massless-χ1 limit in Fig. 11, which opens up the parameter
space to smaller θ and larger MΦ. For Figs 11(a)–11(c) we
take M2 ¼ 15 keV and compare the QKE calculation with
(a) theOðF4Þ contribution, (b) theOðF6Þ contribution, and
(c) the sum of those two perturbative contributions. We see
the Boltzmann suppression of the OðF4Þ contribution for
MΦ ≳ 1 TeV, with the OðF6Þ contribution dominating at
larger MΦ. The same effect is evident in Figs. 11(d)–11(f),
for which we take M2 ¼ 50 keV. Here we see that
increasing the DM mass shifts the parameter space for
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DM and leptogenesis to larger MΦ and smaller θ. In
Figs. 11(c) and 11(f) the sum of the two perturbative
contributions gives good agreement with the QKE result for
sufficiently large θ.
For smaller θ, higher-order effects in F become impor-

tant and the perturbative treatment is not reliable. The
relevant quantity for determining whether higher-order
effects are important is Yχ=Y

eq
χ , which is why the pertur-

bative range for θ depends onMΦ. We get close agreement
in the perturbative regime because we implement the same
thermal ansatz for the DM momentum distribution in the
perturbative calculation as in the QKE calculation. The
poorer agreement at lower MΦ is mostly due to thermal
mass effects, which are only significant in this region, and
which are only included in the QKE calculation.
In Fig. 11, we include thermal averaging in our pertur-

bative calculations as a consistency check with our QKE
calculations. However, at least in the perturbative regime,
not performing thermal averaging should yield a more
accurate result. In Fig. 12, we include the full momentum
dependence in the perturbative calculation. For
M1 ¼ 15 keV, the MΦ and θ parameter space that works
for DM and leptogenesis is limited to θ ≳ 0.4 and
300 GeV≲MΦ ≲ 700 GeV, as we see in Fig. 12(a).
Meanwhile, Figs. 12(b) and 12(c) should be compared
with Figs. 11(c) and 11(f), which take the same DMmasses
but with thermal averaging. We see that the agreement with
QKE results is not as close when we take thermal averaging
out of the perturbative calculation. The discrepancy is again

largest for MΦ ∼ 100 GeV, where thermal mass effects are
also significant, leading to QKE asymmetries more than
five times smaller than the nonthermally averaged pertur-
bative ones. The QKE calculation nevertheless gives a
reasonably accurate picture of the viable parameter space.
Because the perturbative calculation becomes unreliable for
sufficiently small θ, in the remainder of this section we use
the QKE calculation to explore the full parameter space.
Figure 13 shows the viable ranges of χ2 and Φ masses in

the Z2V model for various θ, in the massless-χ1 limit. We
see larger YB values compared with those in Fig. 4 for
minimal model. Maximal mixing is viable for M2 ≲
20 keV and MΦ ≲ 1 TeV, while for small θ, DM and
leptogenesis can work forMΦ well beyond 10 TeVandM2

well beyond 1 MeV.
For fixed θ, the peaks of the contours in Fig. 13 tend to

shift to larger MΦ as the DM mass is increased. Larger
DM mass means a shorter timescale for oscillations and
asymmetry generation, which in turn means a larger
optimal MΦ for generating an asymmetry subject to the
DM constraint. This shift is obvious, for example, in the
θ ¼ 0.1 and θ ¼ 0.05 plots, in which the DM couplings are
big enough thatOðF6Þ contributions tend to give the largest
asymmetries, but not so big to completely invalidate the
perturbative approximation. The shift is less noticeable for
the plots with large mixing, θ ¼ 0.4 and θ ¼ π=4. Here, the
OðF6Þ contribution is unimportant, and the Boltzmann
suppression of the OðF4Þ contribution prevents much
movement to larger MΦ.

FIG. 10. Baryon asymmetries in the larger-M1 regime of the Z2V model, with the F matrix set to the Z2V benchmark form of
Eq. (A13). We takeMΦ ¼ 500 GeV, which roughly maximizes the range of viableM1 values. At each point in the plane, Tr½F†F� and θ
are chosen to maximize YB subject to the DM abundance constraint. In (a), we show contours of YB=Yobs

B , using the OðF4Þ perturbative
calculation of Eq. (27), without thermal averaging. In (b) we compare YB ¼ Yobs

B contours based on the nonthermally-averaged
perturbative calculation, the OðF4Þ pertrubative calculation with thermal averaging [see the discussion leading to Eq. (E20)], and
numerical solution of the QKEs (see Appendix D 2).
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FIG. 11. In the Z2V model, contours of YB=Yobs
B in the ðMΦ; sin2 θÞ plane for M2 ¼ 15 keV (a–c) and M2 ¼ 50 keV (d–f), in the

massless-χ1 limit, with the F matrix set to the Z2V benchmark form of Eq. (A13). We compare the results from numerical integration of
the QKEs with the OðF4Þ contribution of Eq. (27) (a, d), the OðF6Þ contribution of Eq. (E48) (b, e), and the sum of both (c, f). For the
perturbative contributions, we adopt the same thermal ansatz for the DM momentum distribution as used to derive the QKEs, which

means using the I ð4Þ
t:a: function defined in Eq. (E20) in place of I ð4Þ in Eqs. (E9) and (E45), and we impose the DM constraint using the

OðF2Þ result for ρdm based on Eqs. (E3)–(E6).

FIG. 12. Similar to Fig. 11, except without thermal averaging in the perturbative calculation. In (a), we take M1 ¼ 15 keV and
M2 ¼ 20 keV to provide a view of the larger-M1 parameter space that complements Fig. 10. Comparison of (b) and (c) with Figs. 11(c)
and 11(f) shows the effect of thermal averaging.
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Because we take the massless-χ1 limit in Fig. 13, the DM
couplings become larger for smaller θ and fixed M2. The
OðF6Þ contribution therefore increases in importance
relative to the OðF4Þ one as θ is reduced. For example,
the features in the θ ¼ 0.2, M2 ¼ 50 keV contour reflect
comparably sized, well separated peaks from the OðF4Þ
and OðF6Þ contributions, whereas for θ ¼ 0.1 and
θ ¼ 0.05, the peak in the M2 ¼ 50 keV contour is heavily
dominated by the OðF6Þ contribution. For similar reasons,
the M2 ¼ 30 keV peak shifts to larger MΦ for smaller θ,
but the movement for M2 ¼ 15 keV is less pronounced
because the OðF6Þ contribution is itself peaked at lower
MΦ, due to the longer oscillation timescale.
A power-law scaling of YB with MΦ is evident at large

MΦ in Fig. 13. From Eqs. (E48) and (E47) one can show

that for fixed θ, the OðF6Þ asymmetry is proportional to
M−1

2 M−3
Φ in the regime in which only a small fraction of an

oscillation has time to develop, βosc ≪ 1. In Appendix C b
we show that the maximum OðF6Þ asymmetry, optimized
with respect to M2 and θ, falls off as M−3=2

Φ for large MΦ,
and that this delicate tuning of parameters can allow DM
and leptogenesis to work out to MΦ ∼ 100 TeV and M2 ∼
10 MeV while staying at least roughly within the pertur-
bative regime.
Finally, although many of the features of Fig. 13 can be

understood at the perturbative level, the θ ¼ 0.01 plot in
particular is heavily impacted by effects higher-order in F.
For θ ¼ 0.01 andM2 ¼ 15 keV, for example, we are in the
strong-washout regime, and the interesting shape of the
associated contour does not emerge at the perturbative

FIG. 13. Similar to Fig. 4, except for the Z2V model instead of the minimal model: in the massless-χ1 limit, YB versusMΦ for various
θ and M2, with the F matrix set to the Z2V benchmark form of Eq. (A13). For each combination of parameters, Tr½F†F� is chosen to
satisfy the DM constraint.
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level. Moreover, the contours in the θ ¼ 0.01 plot clearly
do not satisfy the perturbative relation YB ∝ 1=M2 for fixed
MΦ and βosc ≪ 1.
The impact on the parameter space due to structure

formation constraints, which come into play for
M1 ≳ 0.01 keV, can be seen in Figs. 14 and 15. For
Fig. 14 we take the same MΦ and M2 as for Fig. 5 for
the minimal model, where we found we needed M1 ≲
0.05 keV for DM and leptogenesis to work while satisfying
r < 0.1. Applying the same r < 0.1 constraint to the Z2V
model, we see that YB values two orders of magnitude

larger the observed one are possible for M1 ∼ 0.05 keV,
and that M1 values up to several keV are viable. The
appropriate bound on r is dependent on the DMmasses, the
details of which we leave for future work. Figure 15, which
can be compared with Fig. 6 for the minimal model, shows
how parameter space with larger M1 opens up as the upper
bound on r is relaxed.
In this section, we have seen that Z2-violating inter-

actions can qualitatively impact the parameter space for
DM and leptogenesis. If one or two of the three indepen-
dent λ couplings are large enough to come into equilibrium,
the asymmetry is typically dramatically enhanced relative
to the minimal model. This leads, for example, to viable
parameter space with larger mixing angles θ ∼ π=4 and χ1
masses,M1 ≳ 15 keV. Finally, for a Z2V coupling to come
into equilibrium, we need

cτΦ ≲ 1=HT¼MΦ
∼ 6 mm ×

�
500 GeV

MΦ

�
2

: ð29Þ

For much of the Z2V-model parameter space that works for
DM and leptogenesis, λ far exceeds the minimum value for
equilibration, and we have cτΦ ≪ mm, in which case Φ
qualifies as promptly decaying as far as collider searches
are concerned.

V. PHENOMENOLOGY

A. Collider constraints

At the LHC, Φ pair production would be followed by
Φ → lþ invisible, where the invisible particle is either a
neutrino (in the Z2V model) or DM (in the minimal and
UVDMmodels). In much of the viable parameter space for
the minimal and Z2V models, cτΦ is short enough for CMS
and ATLAS searches for promptly decaying sleptons to be
effective [33–36]. In the UVDM model, on the other hand,

FIG. 14. Similar to Fig. 5, except for the Z2V model instead of
the minimal model: contours of YB=Yobs

B (blue, solid) and r (red,
dashed) in the ðM1; sin2 θÞ plane, for MΦ ¼ 500 GeV and
M2 ¼ 15 keV, with the F matrix set to the Z2V benchmark
form of Eq. (A13). At each point in the plane, Tr½F†F� is chosen
to satisfy the DM constraint.

FIG. 15. Similar to Fig. 6, except for the Z2V model instead of the minimal model. For variousM1, the contours enclose the ðMΦ;M2Þ
space that is viable for DM and leptogenesis in the Z2V model, with the F matrix set to the Z2V benchmark form of Eq. (A13). At each
point in the plane, Tr½F†F� and θ are chosen to maximize YB subject to both the DM abundance constraint and the upper bound on r
indicated; for the contours shown, that maximum YB is equal to Yobs

B .
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cτΦ is typically long enough to bring searches for long-
lived particles (LLPs) into play, including the ATLAS
displaced lepton search [37] and the CMS search for heavy
stable charged particles (HSCPs) [38]. Similar signatures
have been proposed for other models of freeze-in DM [39]
(for a recent study of LHC-friendly freeze-in models,
see Ref. [40]).
Figure 16 shows viable parameter space for the minimal

model and, for selected parameters, the UVDM model. For
our Z2V model benchmarks, with one or two Z2V
couplings coming into equilibrium, much (but not all) of
the parameter space has cτΦ ≪ 1 mm, and the full Φ mass
range shown in Fig. 16 is viable; see Eq. (29) and Fig. 13.
Figure 16 also shows exclusion regions from LHC
searches, with flavor-coupling assumptions and caveats
specified below. The essential takeaway is that while LHC
analyses have already probed some of the interesting
parameter space for the each of the models, much of it
remains open for exploration, particularly so if Φ has an
appreciable branching ratio to τ þ invisible.
While we have chosen models with an SUð2Þw-singletΦ

for detailed study, it is worth emphasizing that scenarios

with an SUð2Þw-doublet Φ coupled to DM through an
FαiΦ�lαχi interaction term can work equally well for DM
and leptogenesis. The collider phenomenology of a doublet
Φ can differ significantly from the singlet, especially in the
presence of Z2V couplings, which can have arbitrary flavor
structure provided that they are small enough to satisfy
FCNC constraints. For example, a Φlec coupling can lead
to decays of the neutral component of Φ to opposite-sign,
dileptons of any flavor combination. Alternatively,Φmight
decay hadronically via Φqdc and/or Φquc couplings; if
these hadronic decays are displaced and/or produce top
quarks, they might result in a detectable signal. We set aside
investigation of potential collider probes of the doublet case
for future work, and now provide details on the various
collider constraints on an SUð2Þw-singlet Φ.

1. Prompt searches

The collider constraints on a promptly decaying Φ
depend on its branching ratios Be;μ;τ, where for example
Bμ ≡ BðΦ → μþ invisibleÞ. In the models we consider, it
is appropriate to regard the DM as massless in the collider
context. LHC searches [33–36] then rule out 110 GeV <
MΦ < 425 GeV and 100 GeV < MΦ < 450 GeV for
Be ¼ 100% and Bμ ¼ 100%, respectively, while there is
no LHC constraint for Bτ ¼ 100% [42]. At the top of the
green shaded region in Fig. 16, which represents the
exclusion for Be ¼ 100%, the gradual fade-out around
cτΦ ∼ 1 mm is meant to reflect our uncertainty regarding
the degradation of prompt searches with increasing
lifetime.
The leptogenesis mechanisms in the minimal and Z2V

models both require Φ to couple to two or more lepton
flavors. In fact, if Z2V couplings dominate Φ decay, the
largest branching ratio that any one flavor can have is 50%;
specializing to the simple scenario in which a single Z2V
coupling λαβ dominates, we have Bα ¼ Bβ ¼ 50%. Going
beyond the single-flavor assumption in interpreting existing
slepton search results is not completely straightforward.
Consider, for example, a scenario with Be ¼ Bμ ¼ 50%.
Because of the same-flavor requirement, the signal effi-
ciency for Φ pair-production would be ≃1=2 that for a
mass-degenerate ẽR; μ̃R pair in SUSY. Reference [34] gives
cross-section limits for combined ẽL;R and μ̃L;R production.
Bounding the NLO-NLL Φ pair-production cross sections
[43–48] to be below twice those limits, we obtain the cyan
exclusion region in Fig. 16: 130 GeV < MΦ < 290 GeV.7

This exercise ignores that Φ production would also lead,
in the chosen scenario, to opposite-sign, different-flavor
dilepton events, which are used to define control regions
for background estimation in the analysis of Ref. [34].

FIG. 16. LHC constraints from searches for promptly decaying
sleptons [33–36], displaced leptons [37], and HSCPs [38], along
with parameter space for the minimal model [from Fig. 3(a)] and
for the UVDM model, under two different DM coupling
assumptions [from Figs. 7(a) and 7(c)]. As discussed in the text,
the green prompt and purple displaced excluded regions are for
Be ¼ 100%; the corresponding limits for Bμ ¼ 100% are roughly
similar. For the prompt case, the cyan region is a tentative
estimate of the limits for Be ¼ Bμ ¼ 50% (see the text). The
lifetime cutoffs for the prompt and HSCP exclusion regions are
highly approximate. We take the CMS HSCP exclusion contour
from Ref. [41] and extend it from MΦ ¼ 270 GeV to MΦ ¼
360 GeV by assuming a similar behavior.

7Performing the same steps with the cross-section limits
reported in Ref. [33] does not appear to lead to any excluded
region.
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For that reason, our Be ¼ Bμ ¼ 50% exclusion region is
tentative at best. We have also ignored that kinematic
differences between l̃L and l̃R pair-production might lead to
different efficiencies. However, the separate cross-section
limits for LH and RH sleptons given in an earlier 13 TeV
CMS analysis [35] are similar enough to suggest that this
issue is unimportant.
The most recent ATLAS and CMS slepton search results

do not include separate cross-section upper limits for
selectrons and smuons. This complicates extracting limits
when the e or μ signals are suppressed by a significant
branching ratio for Φ → τ þ invisible, even if we simply
neglect the potential contribution to the signal from events
with taus.8 For example, consider the two cases Be ¼ Bτ ¼
50% and Bμ ¼ Bτ ¼ 50%. Ignoring Φ events with τs, the
signal efficiency is now ≃1=4 that for slepton pair-pro-
duction. Taking into account the reported relative efficien-
cies for muons and electrons, the cross-section limits for
combined ẽL;R and μ̃L;R production given in Ref. [34]
can be used to exclude narrow regions within the range
155 GeV < MΦ < 185 GeV for Bμ ¼ Bτ ¼ 50%, while
no region is excluded for Be ¼ Bτ ¼ 50%. However, this
exercise presumably underestimates the true sensitivity,
because it includes background with both flavors of
dilepton pairs even though the signal has a single flavor,
electrons or muons. The 35.9 fb−1 CMS analysis [35] does
give separate cross-section upper limits for smuons and
selectrons, but they are not strong enough to constrain the
Be ¼ Bτ ¼ 50% and Bμ ¼ Bτ ¼ 50% scenarios, assuming
we can neglect Φ decays to τs.
These various observations motivate dedicated LHC

analyses that target intermediate-mass “slepton-like” par-
ticles (M ∼ 100–300 GeV) with lower values of σ ×
Bðlþl− þ invisibleÞ than those associated with the multiple
flavors of LH and RH sleptons of SUSY, including the
possibility of mixed flavor in the final-state dileptons.

2. Displaced searches

For the longer lifetimes typical of the UVDM model, the
ATLAS displaced lepton search [37] is relevant. The purple
excluded region in Fig. 16 applies to the case with
Be ¼ 100%. The limits for Bμ ¼ 100% are comparable;
for example, the maximum mass excluded (for the optimal
cτΦ ≈ 6 cm) lowers from ≃580 GeV to ≃550 GeV. For
Bτ ¼ 100%, there appears to be no excluded region for
the optimal cτΦ ≈ 4.5 cm (although the mass range from
100–200 GeV is on the borderline).

The asymmetry generation mechanism in the UVDM
model does not require Φ1 to couple to multiple lepton

flavors, but it is certainly allowed. We use the cross-section
upper limits provided by Ref. [37] to obtain rough
estimates of the mass reach in such scenarios. For
Be ¼ 50%, and ignoring decays that do not involve
electrons, the maximum excluded mass falls from
≃580 GeV to ≃440 GeV. For Bμ ¼ 50%, and ignoring
decays that do not involve muons, the maximum excluded
mass falls from ≃550 GeV to ≃410 GeV.

3. Searches for heavy stable charged particles

Taking into account only direct stau pair production, a
CMS search for HSCPs, Ref. [38], obtains a bound of
approximately 360 GeV for a long-lived stau, for a SUSY
parameter point in which the stau is mostly τ̃R. This bound
should apply to the model we consider for cτΦ≳ several
meters. In Fig. 16 we roughly estimate the exclusion in the
mass-lifetime plane by using the results of Ref. [41] up to
MΦ ¼ 270 GeV and extrapolating those results up until
MΦ ¼ 360 GeV. The authors of Ref. [41] find that when
they apply their analysis to 8 TeV data, their results match
reasonably well with the earlier study of Ref. [49].

B. Astrophysical constraints

1. X-ray line constraints on the Z2V model

In the presence of the Z2-violating couplings of Eq. (7),
the DM is unstable, and the partial width for χ → νγ; ν̄γ
decays is constrained by x-ray observations. The neutrino
portal couplings induce χi-neutrino mixing, with mixing
angle

θχi−ν ≃
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP

αjhαij2
p

vffiffiffi
2

p
Mi

≃ 1.2 × 10−6
� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP

αjhαij2
p

10−13

��
15 keV
Mi

�
: ð30Þ

The partial width for χi → νγ; ν̄γ is [50–57] is

Γi ¼
9αG2

F

1028π4
sin2 2θχi−νM

5
i : ð31Þ

Results based on NuSTAR [58–61] and INTEGRAL [62]
data then constrain θχi−ν < 10−6 − 10−8 for DM masses
ranging from 10 keV to 100 keV, corresponding to upper
bounds on the overall neutrino-portal coupling strengthffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP

α jhαij2
p

of ∼ð7 × 10−14Þ − ð5 × 10−15Þ. These strin-
gent limits justify neglecting the neutrino portal couplings
in our asymmetry calculations.
We now focus on the Z2V couplings λαβ, which induce

DM decays via diagrams such as that of Fig. 17, leading to
a χi → νγ; ν̄γ partial width of

8Light-flavor leptons produced from tau decays will differ
kinematically from leptons directly produced by Φ decay, and
such decay modes have a total branching fraction of only 35%.
We leave an estimate of the potential impact ofΦ → τ þ invisible
decays on searches in the e, μ channels for future work.
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Γi ¼
α

512π4
M3

i

M4
Φ

X
α

����Xβ
λαβFβiMβ

�
log

M2
Φ

M2
β

− 1

�����2; ð32Þ

where Mi is the χi mass and Mβ are the masses of the SM
leptons.
For purposes of illustration, we specialize to benchmarks

with a single Z2V coupling in equilibrium and an F matrix
of the form described in Sec. A 3. These scenarios still
allow a wide range of possible partial widths, depending on
the SM lepton flavor running in the loop. For example,
if the single Z2V coupling involves l2 and l3 (λ≡ λ23)
while the DM couples to ec1 and ec3, we get

Γ2 ¼
αjλj2Tr½F†F�sin2θ

1024π4
M3

2M
2
τ

M4
Φ

�
log

M2
Φ

M2
τ
− 1

�
2

; ð33Þ

for the partial width of the heavier DM particle. Permuting
the flavors involved in the λ andF couplings leads to the same
result except with Mτ replaced by Mμ or Me. For these
benchmark scenarios, the partial width of χ1 is given by
replacing sin θ → cos θ in Γ2, but because χ1 might be too
light to contribute to a detectable X-ray signal, we focus
on Γ2.
The “τ-mediated” partial width of Eq. (33) leads to the X-

ray bounds on λ shown in the left column of Fig. 18 (plots a,
d, and g), for various M2 in the massless-χ1 limit. At each
point in the plane, Tr½F†F� is fixed by the DM density
constraint. In regions that work for DM and leptogenesis, the
upper bound on λ is typically∼10−2 − 10−3 and never below
10−4. The middle and right columns of Fig. 18 show the
weaker bounds on λ that result when DM decays are instead
mediated by muons or electrons, respectively, due to the
flavor structure of the DM and Z2V couplings.
The λ couplings generate neutrino-portal couplings via

the diagram of Fig. 17 with the photon line removed. To
assess the potential impact of this radiative effect on DM
decay, we consider the case in which the hαi are negligible
at the cutoff scale Λ, leading to

hαi ≃ −
X
β

λαβFβiyβ
8π2

log
Λ
MΦ

ð34Þ

at low energies, where yβ is the SM Yukawa coupling for
lepton flavor β. We continue to focus on benchmarks with a

single Z2V coupling, so that only one term contributes to
the sum in Eq. (34), and only for one value of α. The DM
decay amplitude has a 1=M2

Φ-suppressed “IR” contribution,
which persists for hαi ¼ 0, and a “UV” contribution
proportional to logðΛ=MΦÞ, arising from radiative gener-
ation of the neutrino-portal couplings.
Although the IR and UV contributions should be

combined at the amplitude level, for a simple comparison
we evaluate the ratio

Rβ ≡ ΓUV
2

ΓIR
2

¼ 9G2
FM

4
Φ

32π4

� log Λ
MΦ

logM2
Φ

M2
β
− 1

�2

; ð35Þ

where ΓIR
2 is the χ2 partial width to νγ; ν̄γ in the hαi → 0

limit, while ΓUV
2 is calculated using the neutrino portal

couplings of Eq. (34) and otherwise neglecting the λ
couplings (that is, ignoring 1=M2

Φ-suppressed contributions
to the amplitude). The ratio depends on the flavor β of SM
lepton running in the loop. We show contours ofRτ andRe
in Fig. 19, corresponding to τ-mediated and e-mediated
scenarios. For MΦ ≲ 500 GeV, the IR contribution domi-
nates in either scenario, even for a Planck-scale cutoff. For
MΦ ∼ 1 TeV, the UV contribution dominates for Λ ≳
1011 GeV in the τ-mediated scenario but is still subdomi-
nant in the e-mediated scenario up to Λ ∼ 1016 GeV.
Unlike the λ upper bounds shown in Fig. 18, which are
based on the IR contribution, the x-ray constraints on λ one
derives taking into account only the UV contribution get
stronger with increasing MΦ, due to the larger DM
couplings required by the DM abundance constraint.
However, the bound is never stronger than λ < 10−4 for
the parameters shown in Fig. 18, even for Λ ¼ 1016 GeV
with τ in the loop.

2. Supernova constraints

Mixing of SM and sterile neutrinos is constrained by
SN1987A. If the mixing angle θνN is too large, an excessive
fraction of the energy of the supernova explosion is carried
away by the sterile neutrinos. One might expect the
couplings of the χ particles in our models to be similarly
constrained, but this is not the case in the minimal and
UVDM models. Even if the DM couples to electrons, the
cross section for the process eþe− → χχ inside the core
of the supernova is proportional to F4=M4

Φ, versus the
G2

F sin
2ð2θνNÞ dependence for a weak interaction that

produces a sterile neutrino. The constraints in the sterile
neutrino case are never stronger than sin2ð2θνNÞ≲ 10−13

for any mass; see for example the “no-feedback” results of
Ref. [63]. Meanwhile, we typically need F ∼ 10−7 for DM
and leptogenesis, so that F4 is less than this upper bound by
about fifteen orders of magnitude. In the Z2V model, χ can
be produced singly with cross sections that are proportional

FIG. 17. Feynman diagram for DM decay induced by Z2V
couplings.
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to λ2F2 instead of F4. Here it is less obvious that the
supernova cooling constraint can be ignored, although even
a mild suppression from the λ2 factor seems likely to be
enough to evade it. Moreover, these constraints become
irrelevant if either the DM or Z2V couplings do not
involve electrons, a scenario that works perfectly well
for leptogenesis.

C. Other Z2V phenomenology

1. Constraints from low-energy probes

Various low-energy measurements constrain the λ −MΦ
parameter space of the Z2V model. Some of the bounds can
be inferred from earlier studies of LLEc superpotential
terms in the context of R-parity-violating supersymmetry,

FIG. 18. Contours of YB=Yobs
B (blue, solid) and X-ray bounds on λ (red, dashed) in the ðMΦ; sin2 θÞ plane for M2 ¼ 15 keV (a-c),

M2 ¼ 50 keV (d-f), andM2 ¼ 200 keV (g-i). We take the massless-χ1 limit and adopt benchmark scenarios with a single Z2V coupling
and the F matrix chosen as described in Sec. A 3. In the left column (plots a, d, and g), the flavor structure of the DM and Z2V couplings
is such that the charged fermion in the diagram of Fig. 17 is a τ lepton; the λ bounds for the cases of μ-mediated and e-mediated decays
are shown in the middle column (plots b, e, and h) and right column (plots c, f, and i), respectively.

BERMAN, SHUVE, and TUCKER-SMITH PHYS. REV. D 105, 095027 (2022)

095027-22



summarized in Ref. [64]. To interpret these in the context of
the Z2Vmodel, we replace the three flavors of right-handed
sleptons by a single Φ field and decouple the left-handed
sleptons entirely.
Via tree-levelΦ exchange, a nonzero λ12 coupling affects

the muon decay rate and thereforeGF, which in turn affects
the extraction of jVudj, jVusj, and jVubj from nuclear β
decays, kaon decays, and charmless B meson decays.
References [64,65] obtain the 2σ constraint

jλ12j≲ 5 × 10−2
�

MΦ

100 GeV

�
: ð36Þ

The constraint does not change appreciably when we
update the analysis using current PDG values for the
CKMmatrix elements [28]. Measurements of atomic parity
violation in cesium lead to a similar constraint on jλ12j,
while neutrino-electron scattering gives a weaker bound.
Exchange of Φ can also lead to tree-level violation of

lepton flavor universality. Focusing for simplicity on
scenarios in which a single λ coupling dominates (neglect-
ing possible cancelations), the current PDG average for the
ratio Γðτ → μν̄μντÞ=Γðτ → eν̄eντÞ leads to the constraints

jλ13j≲ 2 × 10−2
�

MΦ

100 GeV

�
ð37Þ

jλ23j≲ 7 × 10−2
�

MΦ

100 GeV

�
: ð38Þ

The upper bound on jλ23j is the same as reported in
Refs. [64,65], while the upper bound on jλ13j has strength-
ened following the BABAR measurement of Ref. [66].
Similarly, updating the analysis based on the ratio of partial
widths Γðτ → μν̄μντÞ=Γðμ → eν̄eντÞ, we find

jλ12j≲ 1 × 10−2
�

MΦ

100 GeV

�
ð39Þ

jλ23j≲ 6 × 10−2
�

MΦ

100 GeV

�
: ð40Þ

The current 2σ bound on jλ12j is significantly stronger than
that obtained at the time of the original analysis [64,65],
while the bound on jλ23j has again not changed much.
If two or more λ couplings are sufficiently large, Z2V

interactions can lead to lepton flavor violating signals.
Updating the bound given in Ref. [64] to take into the
current experimental limit Bðμ → eγÞ < 4.2 × 10−13

(90% CL) [67], we obtain

jλ13λ�23j≲ 4 × 10−5
�

MΦ

100 GeV

�
2

ð41Þ

as the μ → eγ constraint on the Z2V model.
To obtain the bound from μ → e conversion we follow

Ref. [68]. The ratio of the conversion rate relative to the
overall muon capture rate is

Rðμ → eÞ ¼ 4α5Z4
eff jFðqÞj2m5

μ

ZΓðμcap:Þ
× ½jAR

1 − AL
2 j2 þ Z2jAL

1 − AR
2 j2�; ð42Þ

where we neglect any direct coupling of Φ to quarks. The
effective vertices are [68]

AL
1 ¼ λ13λ

�
23

288π2M2
Φ

ð43Þ

AR
2 ¼ λ13λ

�
23

192π2M2
Φ
; ð44Þ

with the others zero. We therefore have

Rðμ → eÞ ¼ α5ZZ4
eff jFðqÞj2m5

μ

82944π4M4
ΦΓðμcap:Þ

jλ13λ23j2: ð45Þ

The strongest current limits are from the SINDRUM-II
experiment, where gold (Z ¼ 79) was used as the target
nucleus. The muon capture rate for gold is ΓAu ¼ 13.1 ×
106 s ¼ 8.6 × 10−18 GeV [69]. The effective atomic num-
ber is Zeff ¼ 33.64 [69,70]. Finally, we need the nuclear
form factor jFðqÞj. Although Ref. [70] does not provide
these form factors for gold, it does provide them for lead
(Z ¼ 82):

F̄p ¼ 0.25; ð46Þ

F̄n ¼ 0.22: ð47Þ

FIG. 19. Contours ofR ¼ 0.1 (blue) andR ¼ 1 (red), whereR
is the ratio of decay widths defined in Eq. (35). The solid and
dashed contours are for the tau-mediated and electron-mediated
scenarios, respectively.
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Reference [68] appears to take a weighted average of the
form factors according to the number of protons and
neutrons. This gives us jFj ¼ 0.232. Using the
SINDRUM-II limit Rðμ → eÞ < 7 × 10−13 [71], we find
the limit

jλ13λ�23j≲ 1.8 × 10−3
�

MΦ

100 GeV

�
2

: ð48Þ

This constraint is much stronger if there exist both LH and
RH sleptons due to log enhancements of the Feynman
parameter integrals, but since we only have a RH-type
scalar the bound is much weaker.
For an analysis of μ → 3e decays, we again follow

Ref. [68]. In terms of the same loop-induced FCNC photon
vertices of Eqs. (43), (44), the μ → 3e branching fraction is

BFðμ→ 3eÞ ¼ 6π2α2

G2
F

×

�
jAL

1 j2þ
8

3

�
log

m2
μ

m2
e
−
11

4

�
jAR

2 j2 − 4AL
1A

R
2

�
:

ð49Þ

The current PDG limit, Bðμ → eγÞ < 4.2 × 10−13, then
gives

jλ13λ�23j≲ 9.1 × 10−4
�

MΦ

100 GeV

�
2

; ð50Þ

a limit that is slightly stronger than for μ → e conversion
but less stringent than μ → eγ.

2. The gμ − 2 anomaly

Measurements of the muon anomalous magnetic
moment, aμ ¼ ðgμ − 2Þ=2, by the BNL E821 and
Fermilab Muon g − 2 experiments may indicate the need
for new physics beyond the SM [72,73]. Reference [73]
puts the discrepancy between experiment and SM theory at

aμðExpÞ − aμðSMÞ ¼ ð251� 59Þ × 10−11; ð51Þ

using the combined BNL and Fermilab measurements
and the SM value determined by the Muon g − 2 Theory
Initiative [74].
In the Z2V model of Sec. IV, aμ receives a negative

contribution from a one-loop diagram with Φ and SM
leptons running in the loop. We can extract the contribu-
tion from the results of Ref. [75], which considered aμ
in the context of R-parity-violating supersymmetry. One
finds [75]

ðaμÞΦ; one loop ¼ −
jPαλα2j2
48π2

M2
μ

M2
Φ
: ð52Þ

In the model we have focused on in this paper, with an
electroweak-singlet Φ, it is therefore not possible to
explain the gμ − 2 discrepancy.

On the other hand, a gμ − 2 explanation may be possible
in the model variation with an electroweak-doublet Φ for
special arrangements of parameters. Consider for concrete-
ness a scenario in which DM couples only to the SM lepton
doublets of the first two generations, while Φ has a single
Z2V coupling, to l2ec3:

L ⊃ −F1iΦ�l1χi − F2iΦ�l2χi − λΦl2ec3 þ H:c: ð53Þ

Taking λ to be large enough to come into equilibrium in the
early universe, a baryon asymmetry is generated at OðF4Þ
via the mechanism discussed in Sec. IV. The one-loop
contribution to aμ is [75]

ðaμÞΦ; one loop ¼ þ jλj2
48π2

M2
μ

M2
Φ0

ð54Þ

≃ð240 × 10−11Þ × jλj2
�
100 GeV
MΦ0

�
2

; ð55Þ

whereMΦ0 is the mass of the electrically neutralΦ particle.
The g − 2 discrepancy can thus be resolved for λ ∼ 1
and MΦ0 ∼ 100 GeV.
The special flavor structure assumed in Eq. (53) evades

certain experimental constraints. In the absence of addi-
tional sources of lepton flavor violation (e.g., neutrino
masses), the operators lχH, lσμνχHBμν, and lσμνχσaHWa

μν

are not generated radiatively. This can be seen from a
symmetry under equal phase rotations of the fields H, l3,
ec1, and e

c
2, which is respected by the interactions of Eq. (53)

and the SM charged-lepton Yukawa couplings. The inter-
actions responsible for neutrino masses presumably violate
this symmetry and cause these operators to be induced
at some level, but these effects are model-dependent and
generally come with additional loop and coupling suppres-
sions.9 It is thus possible to satisfy the x-ray constraints
considered in Sec. V B 1, even for the small Φ0 masses and
large Z2V couplings required by the g − 2 anomaly.
At the LHC,Φ0Φ0� pair production would lead to events

with μτ pairs. A detailed study would be required to
determine the status of this scenario with respect to existing
LHC searches. The CMS search for LFV Higgs decays
[76], which constrains the branching ratio forH → τμ to be
below 0.15% at 95% CL, might be relevant, but there are
various aspects of that analysis that would seem to
seriously reduce the signal efficiency forΦ pair production.

9Radiative contributions to an HΦ mass-squared term, which
induces Higgs-Φ mixing, come with similar suppressions. As
usual for a mass-squared term in the scalar potential, these
radiative contributions are proportional to Λ2, where Λ is the
cutoff of the theory.
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These include a veto on extra leptons and boosted decision
tree variables chosen based on the kinematics of H → μτ
events, which differ significantly from those of events with
pair-production of particles that decay to μτ.

VI. CONCLUSIONS

The freeze-in production and oscillation of DM provides
a simple and well-motivated mechanism for baryogenesis.
When DM couples to SM leptons, there must exist at least
one new electroweak-charged scalar that can be as light
as 100 GeV, and its couplings to the SM affect both the
magnitude of the resulting asymmetry as well as the
phenomenology. We have identified three benchmark
models of interest that highlight the novel cosmology
and signatures: a minimal scenario in which there exists
a single new scalar and all non-SM fields are charged under
a Z2 symmetry that stabilizes DM; a scenario where
primordial production of DM through an unspecified
mechanism can provide an enhancement to the asymmetry;
and, a scenario in which the Z2 symmetry is broken, and
SM lepton flavor effects likewise enhance the asymmetry
relative to the minimal model.
We have found the minimal model to be quite con-

strained, with the mass of the scalar, Φ, required to lie
below approximately 1.5 TeV such that high-energy
collider searches could be sensitive to much of the
parameter space favored by baryogenesis. In the other
models, Φ can be heavier, although in that case the
couplings are typically aligned to couple preferentially to
the lighter DM state, which has a mass well below 1 keV to
give a subdominant contribution to the dark matter energy
density. Current collider constraints arise from searches
for prompt or displaced leptons and missing transverse
momentum motivated largely by supersymmetry, but the
different flavor structure in our models leads to a weak-
ening of several of these constraints and motivates dedi-
cated searches for scalars that can decay to multiple flavors
of leptons.
Constraints from structure formation and dark radiation

significantly impact the parameter spaces of all of the
models, and so there are good prospects for observing a
signal if the sensitivities can be improved. Furthermore, the
model that violates the Z2 symmetry can give an observable
x-ray line from DM decay and/or signals at low-energy
terrestrial experiments, including a possible explanation of
the ðgμ − 2Þ anomaly for the case of an electroweak-
doublet Φ.
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APPENDIX A: BENCHMARK F MATRICES

1. Minimal model

By appropriate phase transformations on the charged
leptons, the Fαi matrix can be brought into the form

F¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Tr½F†F�

q 0
B@
cosθcosβ1cosγ1 sinθcosβ2cosγ2eiϕ1

cosθsinβ1cosγ1 sinθsinβ2cosγ2eiϕ2

cosθsinγ1 sinθsinγ2eiϕ3

1
CA;

ðA1Þ

with 0 ≤ θ, β1, β2, γ1, γ2 ≤ π=2 and 0 ≤ ϕ1, ϕ2, ϕ3 < 2π.
The partial widths of Φ to final states involving χ1 and
χ2 are proportional to ðF†FÞ11 ¼ cos2 θTr½F†F� and
ðF†FÞ22 ¼ sin2 θTr½F†F�, respectively. The DM energy
density therefore only depends on M1, M2, Tr½F†F�, and
θ, and not on any of the other angles or phases appearing
in F.
For our analysis of the minimal model, we adopt a

benchmark in which only two lepton flavors couple. We
take γ1 ¼ γ2 ¼ 0, ϕ1 ¼ π=2, and ϕ2 ¼ 0, with β1 and β2 set
to a common value, β1 ¼ β2 ¼ β. With these choices, the
OðF6Þ asymmetry, which is given in Eq. (E23), is propor-
tional to cos 2β sin2 2β. This factor is maximized for
cos 2β ¼ 1=

ffiffiffi
3

p
, and so we adopt

Fffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Tr½F†F�

p ¼

0
B@

cosθ cosβ i sinθ cosβ

cosθ sinβ sinθ sinβ

0 0

1
CA; cos2β ¼ 1ffiffiffi

3
p

ðA2Þ

as our benchmark F matrix for the minimal model. Having
equal-strength couplings for the two active flavors,
β ¼ π=4, gives zero asymmetry, because in that case the
washout rate is the same for both flavors, and the ARS
mechanism is spoiled.
For this benchmark, one finds that the combination of

couplings appearing in the OðF6Þ baryon asymmetry
evaluates to

P
αðFF†ÞααIm½F�

α1Fα2ðF†FÞ21�
ðTr½F†F�Þ3 ≃ 0.024 sin2 2θ: ðA3Þ

Performing a full numerical optimization for three active
flavors, we find that this two-active-flavor benchmark gives
an OðF6Þ asymmetry that is ≃0.82 and ≃0.69 times the
fully optimized symmetry for θ ¼ π=4 and for θ ≪ 1,
respectively. So although our simple benchmark does not
maximize the asymmetry (even at the perturbative level), it
gives a reasonable estimate of the full viable parameter
space for DM and leptogenesis.
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2. Benchmark F matrices for the UVDM model

In the UVDM model, the matrices F1 and F2 represent
the couplings of DM to Φ1 and Φ2, respectively. The
leading-order baryon asymmetry is proportional to

Im½ðF1†F1Þ21ðF2†F2Þ12�

¼ 1

4
JTr½F1†F1�Tr½F2†F2�; ðA4Þ

where J can be parametrized in terms of six mixing angles/
phases [7],

J ¼ sin 2θ1 sin 2θ2 cos ρ1 cos ρ2 sinðϕ2 − ϕ1Þ; ðA5Þ

with

cos θi ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðFi†FiÞ11
TrðFi†FiÞ

s
; ðA6Þ

cos ρi ¼
jðFi†FiÞ12jffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðFi†FiÞ11ðFi†FiÞ22
p ; ðA7Þ

ϕi ¼ argðFi†FiÞ12; ðA8Þ

and 0 ≤ ðθi; ρiÞ ≤ π=2.
The OðF4Þ baryon asymmetry is maximized for ρ1 ¼

ρ2 ¼ 0 and ϕ2 − ϕ1 ¼ π=2, choices which define our
UVDM benchmark. These parameters are realized, for
example, for the coupling matrices

F1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Tr½F1†F1�

q 0
B@

cos θ1 sin θ1
0 0

0 0

1
CA ðA9Þ

F2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Tr½F2†F2�

q 0
B@

cos θ2 i sin θ2
0 0

0 0

1
CA; ðA10Þ

in which only a single flavor of charged lepton couples.

3. Benchmark F matrices for the Z2V model

For the Z2V model of Sec. IV, our benchmark F matrix
is motivated by scenarios in which either one or two of the
Z2V couplings come into equilibrium. In both cases there is
one “special” SM flavor: if a single Z2V coupling is in
equilibrium, it is the flavor of SM lepton doublet that does
not couple to Φ; if two Z2V couplings are in equilibrium, it
is the SM flavor involved in both of those couplings. For
this discussion, we label the special flavor with the index β.
As we discuss in Appendix E 3, the OðF4Þ baryon

asymmetry turns out to be proportional to

Yð4Þ
β ∝ Im½Fβ1F�

β2ðF†FÞ12�: ðA11Þ

We now refer back to the parametrization of the F matrix in
Eq. (A1). For fixed values of θ and Tr½F†F�, the parameters
relevant for the DM energy density, the maximum possible
value of the quantity in Eq. (A11) is

Im½Fβ1F�
β2ðF†FÞ12�

ðTr½F†F�Þ2 ¼ sin22θ
16

: ðA12Þ

For example, for β ¼ 1 the maximum value is realized for
γ1 ¼ γ2 ¼ 0, β1 ¼ β2 ¼ π=4, and ϕ2 − ϕ1 ¼ π=2. That is,
in scenarios with one or two Z2V couplings in equilibrium,
having only two active flavors couple to DM turns out to be
optimal for maximizing the asymmetry, in the perturbative
regime.
We take our benchmarkFmatrices to be ones in which ecβ

and one additional flavor of RH lepton couple, and in which
Eq. (A12) is satisfied. For β ¼ 1, one such F matrix is

F ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Tr½F†F�

2

r 0
B@

cos θ sin θ

cos θ i sin θ

0 0

1
CA; ðA13Þ

another would have zeros in the second row instead. For
β ¼ 2, the row of zeros can be the first or the third, and for
β ¼ 3 it can be the first or second. These various flavor
structures are equivalent as far as leptogenesis is concerned,
although they have different collider implications.

APPENDIX B: CHEMICAL POTENTIAL
RELATIONS

1. General relations

Neglecting neutrino masses, SM interactions conserve
the three charges Xα ≡ B=3 − Lα, where B is baryon
number and the Lα are charges associated with the three
lepton flavors. We define the Xα charges of the BSM
particles Φ and χ to be zero. The DM and Z2V interactions
are both Xα-violating, which allows nonzero Xα densities to
evolve starting from what we assume is a neutral state after
inflation. In Appendix D, we write down a set of quantum
kinetic equations (QKEs) that model the evolution of the
Xα and DM abundances, while in Appendix E we provide a
perturbative calculation of these Xα densities that are valid
in the weak-washout limit.
To calculate a final baryon asymmetry, we need to take

into account rapidly occurring SM spectator processes
using the appropriate relations among the asymmetries
of the various particle/antiparticle species. In this
Appendix, we derive those relations. We include possible
Z2V couplings from the start, which need not be in
equilibrium, but do not include a neutrino-portal coupling
for the DM. The Xα-violating interactions are then

BERMAN, SHUVE, and TUCKER-SMITH PHYS. REV. D 105, 095027 (2022)

095027-26



L ⊃ −FαiecαχiΦ −
λαβ
2

lαlβΦ� þ H:c: ðB1Þ

In the UVDM model, there exists an additional scalar field
Φ2 whose interactions can affect the chemical potential
relations. However, in our work we restrict our discussion
of the UVDM model to the decoupled-Φ2 regime such that
Φ2 is absent from the thermal bath at all cosmological times
relevant for leptogenesis, and so its couplings are not
relevant here.
Because the DM is light enough to be ultrarelativistic at

sphaleron decoupling, we can neglect DM masses in this
discussion. This allows us to treat the negative-helicity and
positive-helicity DM states as a particle/antiparticle pair, χ
and χ̄, carrying opposite values of conserved charges. We
define the B and L charges of χ and Φ to be Bχ ¼ BΦ ¼ 0,
Lχ ¼ −1, and LΦ ¼ 2. With these definitions, the inter-
actions of Eq. (B1) conserve bothB andL. We takeB − L to
be conserved in general, with B and L separately conserved
below the sphaleron decoupling temperature. The violation
of B − L induced by χ Majorana masses is inconsequential
for the masses and timescales we consider.
For particle species i, we define Yi ≡ ni=s and

δYi ≡ Yi − Yī, where ni is the number density and s is
the entropy density. The Xα charge densities are
Yα ≡P

iðXαÞiδYi, where ðXαÞi are the charges of particle
species i. In thisAppendix,wewill see thatwe can express all
asymmetries, including the baryon asymmetry YB≡P

i BiδYi, entirely in terms of the DM asymmetry δYχ

and the three Yα.
In terms of the χ and χ̄ density matrices introduced in

Appendix D, the DM asymmetry is δYχ ¼ Tr½Yχ − Y χ̄ �.
There are eleven additional particle/antiparticle asymme-
tries to consider, encoded in the chemical potentials μq, μuc ,
μdc , μlα , μecα , μH, and μΦ. We take the quark chemical
potentials to be flavor-independent due to flavor non-
conservation in the quark sector. Working in the electro-
weak symmetric phase and taking sphalerons to be
fully in equilibrium, we have the following system of
equations:

μq þ μuc þ μH ¼ 0 ðB2Þ

μq þ μdc − μH ¼ 0 ðB3Þ

μlα þ μecα − μH ¼ 0 ðB4Þ

9μq þ
X
α

μlα ¼ 0 ðB5Þ

Yy ≡
X
i

yiδYi ¼ 0 ðB6Þ

YB−L ≡X
α

Yα − 2δYΦ þ δYχ ¼ 0 ðB7Þ

Yα −
X
i∈SM

ðB=3 − LαÞiδYi ¼ 0: ðB8Þ

Equations (B2)–(B5) are enforced by SM Yukawa inter-
actions and sphalerons being in equilibrium. Equation (B6)
follows from hypercharge neutrality, with yi being the
hypercharge of particle species i, Eq. (B7) similarly
expresses neutrality under the conserved charge B − L,
and Eq. (B8) simply reflects the definition of the Xα

charges, with the sum over i restricted to SM particles.
Equations (B2)–(B8) can be solved to express all asym-
metries in terms of Yα and δYχ , using the appropriate
relations between number-density asymmetries and chemi-
cal potentials10:

δYi ¼ gici
μiT2

s
: ðB9Þ

Here, s is the entropy density and gi counts gauge and
flavor degrees of freedom (e.g., gq ¼ 3 × 3 × 2 ¼ 18,
while glα ¼ 2 for each flavor α). For simplicity, in
Eq. (B9) we neglect all masses (including thermal con-
tributions) except for that of theΦ particle, giving ci ¼ 1=6
for SM fermions and ci ¼ 1=3 for the SM Higgs doublet.
We take into account the potentially large mass of the Φ
particle, which leads to a temperature-dependent expres-
sion for cΦ. Defining

x≡MΦ=T; ðB10Þ

we find

cΦ ¼ 1

π2

Z
∞

x
dyy

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
y2 − x2

q
ey

ðey − 1Þ2 ðB11Þ

≃
�
1=3 x ≪ 1

x2

π2
K2ðxÞ x ≫ 1:

ðB12Þ

Figure 20 shows a plot of cΦ.
It is convenient to define Ysm to be the net B − L charge

stored in the SM sector:

Ysm ≡X
α

Yα: ðB13Þ

Solving our system of equations then leads to

YB ¼ 25

79
Ysm −

3

79
δYχ ðB14Þ

10Here we linearize in all chemical potentials including μΦ. In
our numerical work we make the replacement μΦ →
T sinhðμΦ=TÞ to allow for the possibility of a highly asymmetric
Φ population at temperatures well below MΦ; see also the
discussion leading to Eq. (D31).
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μecαT
2

s
¼ −

59

237
Ysm þ 2Yα þ

45

237
δYχ ðB15Þ

μlαT
2

s
¼ 91

474
Ysm − 2Yα þ

27

474
δYχ ðB16Þ

μΦT2

s
¼ 1

2cΦ
ðYsm þ δYχÞ: ðB17Þ

In the QKEs, the washout terms depend on μecα , μlα , and μΦ.
We use Eqs. (B15)–(B17) to substitute in for these
quantities, leading to a closed system of equations for
tracking δYχ and the Yα.
Equations (B14)–(B17) apply for all scenarios we

consider, in the electroweak symmetric phase and while
sphalerons remain in equilibrium. For the perturbative
calculations presented in Appendix E, we take these
relations to hold until sphaleron decoupling, which we
approximate as occurring instantaneously at Tew ¼
131.7 GeV [15]; to calculate the final baryon asymmetry
we evolve Yα and δYχ from high temperatures to T ¼ Tew

and then evaluate Eq. (B14) at T ¼ Tew. When we numeri-
cally solve the QKEs of Appendix D 2, we take into
account gradual sphaleron decoupling following the meth-
ods of Ref. [32], while continuing to use unbroken-phase
relations. Electroweak symmetry breaking could be taken
into account following Ref. [77], but we expect these
effects to be small. For example, for Z2-preserving scenar-
ios we find YB ¼ ð22=79ÞYsm in the unbroken phase (see
the discussion leading to Eq. (B18) below), versus YB ¼
ð22=74ÞYsm deep in the broken phase, a ∼7% difference.

2. Chemical potential relations in Z2-preserving
scenarios

In the minimal and UVDM models, we set the Z2-
violating couplings λαβ in Eq. (B1) to zero. In this case we
have an additional conserved Uð1Þ with only Φ and χ
charged, oppositely. The Φ and χ asymmetries are thus
equal, and Eq. (B17) then gives Ysm ¼ δYΦ ¼ δYχ . These

relations can also be understood as direct consequences of
neutrality under B − L, for two alternative BSM-particle
lepton-number assignments, fLΦ ¼ 1; Lχ ¼ 0g and
fLΦ ¼ 0; Lχ ¼ 1g, both of which are consistent with
B − L conservation in the Z2-preserving case (neglecting
χ masses, for the second assignment). With this simplifi-
cation, Eqs. (B14)–(B17) become

YB ¼ 22

79
Ysm ðB18Þ

μecαT
2

s
¼ −

14

237
Ysm þ 2Yα ðB19Þ

μlαT
2

s
¼ 59

237
Ysm − 2Yα ðB20Þ

μΦT2

s
¼ 1

cΦ
Ysm ðB21Þ

In these Z2-preserving scenarios, the present-day baryon
asymmetry is proportional to theΦ asymmetry at sphaleron
decoupling. For heavy Φ particles, MΦ≳ several TeV, the
final baryon asymmetry thus suffers an exponential sup-
pression if theΦ lifetime is much shorter than the age of the
universe at sphaleron decoupling, cτΦ ≪ tew ∼ cm. In the
Z2V model, on the other hand, the Φ and χ asymmetries
need not be equal, and this exponential suppression is not
guaranteed.

3. Chemical potential relations with
one Z2V coupling in equilibrium

For the Z2V model, we pay special attention to bench-
marks in which one or two of the three independent λ
couplings are in equilibrium, with the remaining coupling(s)
small enough to neglect.
Consider the case in which exactly one Z2V coupling

comes into equilibrium, and take the other Z2V couplings
to be zero for simplicity. There is then one particular lepton
flavor lβ that is not involved in Z2V interactions. The
chemical potentials of the two lepton flavors that do
participate in Z2V interactions, which we label as lγ and
lδ, satisfy the equilibrium relation

μlγ þ μlδ − μΦ ¼ 0: ðB22Þ

Using this relation along with Eqs. (B14)–(B17), which
apply generally, we can express YB entirely in terms of Yβ

and δYχ . We find

YB ¼ 300cΦYβ − 12½7þ cΦ�δYχ

237þ 766cΦ
: ðB23Þ

Although Eq. (B23) applies whenever the λγδ coupling is in
equilibrium, (where β ≠ γ and β ≠ δ), we will only use it

FIG. 20. The temperature-dependent function cΦ, defined in
Eq. (B11).
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when treating the DM couplings perturbatively, and under
the assumption that we can neglect Z2V couplings involv-
ing lβ. In that context, Yβ and δYχ can be calculated without
taking into account Z2V couplings and then plugged into
Eq. (B23) to get the baryon asymmetry. Provided a
perturbative treatment of the DM couplings is appropriate,
this is a good approximation even for nonzero λβγ and λβδ,
as long as those couplings are small enough not to come
into equilibrium. As discussed in Appendix E 3, YB

effectively arises at either OðF4Þ or OðF6Þ when one
Z2V coupling comes into equilibrium, while the contribu-
tions to YB from out-of-equilibrium Z2V couplings come
with an additional suppression.

4. Chemical potential relations with
two Z2V couplings in equilibrium

When two Z2V couplings come into equilibrium, we
instead define lβ as the lepton involved in both of the
independent Z2V couplings, so that both λβγ and λβδ are in
equilibrium, but λγδ is not. In this case it is convenient to
use the equilibrium relations

μlβ þ μlγ − μΦ ¼ μlβ þ μlδ − μΦ ¼ 0 ðB24Þ

and Eqs. (B14)–(B17) to express the baryon asymmetry as

YB ¼ −
75cΦðYβ − Yγ − YδÞ þ 3½28þ cΦ�δYχ

237þ 529cΦ
: ðB25Þ

The combination Yβ − Yγ − Yδ is unaffected by the in-
equilibrium Z2V interactions. In the perturbative context,
we can calculate that quantity and δYχ without taking into
account the Z2V couplings and then plug those values into
Eq. (B25) to get the baryon asymmetry, provided the
remaining coupling λγδ is small enough to remain out of
equilibrium.
If all three Z2V couplings come into equilibrium, the

lepton chemical potentials are flavor-universal, and one can
use Eqs. (B2)–(B8) to show that all asymmetries are
proportional to δYχ . In this paper we restrict our attention
to models with two χ mass eigenstates, in which case it
turns out all asymmetries vanish [30].

APPENDIX C: REACTION DENSITIES

In this Appendix, we provide expressions for reaction
densities and related quantities that appear in the QKEs of
Appendix D and in the perturbative results of Appendix E.
Focusing first on interactions involving the DM, the
momentum-integrated QKEs involve generalized reaction
density matrices in χi space, ½γXα �ij, where α labels the
flavor of charge lepton involved, and X indicates whether
the associated effects survive in the absence of asymme-
tries (X ¼ 0), are driven by a Φ −Φ� asymmetry

(X ¼ Φ1;Φ2),11 or are driven by an ecα − ēcα asymmetry
(X ¼ e1; e2). These reaction densities have the form

½γXα �ij ¼ F�
αiFαjðM̄2

Φ − M̄2
eÞ
Z

dΠFX; ðC1Þ

where the phase space factor is

dΠ ¼ d3k
ð2πÞ3

1

2EχðkÞ
d3p
ð2πÞ3

1

2EeðpÞ

×
d3q
ð2πÞ3

1

2EΦðqÞ
ð2πÞ4δ4ðq − p − kÞ; ðC2Þ

with EχðkÞ ¼ jkj, EeðpÞ ¼ ðM̄2
e þ jpj2Þ1=2, and EΦðqÞ ¼

ðM̄2
Φ þ jqj2Þ1=2. Here, the Φ and ecα masses-squared,

including the leading thermal contributions from the
Uð1Þy gauge coupling gy, are

M̄2
Φ ¼ M2

Φ þ 1

4
g2yT2; ðC3Þ

M̄2
e ¼

1

4
g2yT2; ðC4Þ

where we neglect contributions from the charged-lepton
Yukawa couplings and from possible jΦj2jHj2 and jΦj4
interaction terms.
The integrands appearing in the reaction densities are

F 0 ¼ f−ðyΦÞ½1 − fþðyeÞ� ðC5Þ

F e1 ¼ f−ðyΦÞfþðyeÞ½1 − fþðyeÞ� ðC6Þ

F e2 ¼ fþðyχÞfþðyeÞ½1 − fþðyeÞ� ðC7Þ

FΦ1 ¼ f−ðyΦÞ½1þ f−ðyΦÞ�½1 − fþðyeÞ� ðC8Þ

FΦ2 ¼ fþðyχÞf−ðyΦÞ½1þ f−ðyΦÞ� ðC9Þ

with

yχ ¼
EχðkÞ
T

; ye¼
EeðpÞ
T

; and yΦ¼EΦðqÞ
T

; ðC10Þ

and where

f�ðyÞ≡ ðey � 1Þ−1 ðC11Þ

are the standard Bose-Einstein (f−) and Fermi-Dirac (fþ)
distribution functions for vanishing chemical potential.
Because we label f� by the � sign appearing in the

11Note that Φ1 and Φ2 label different reaction densities for a
single scalar, rather than reaction densities for different scalars.
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associated expression, fþ and f− apply to particles that are
odd and even under exchange, respectively.
Carrying out all integrations besides those over EΦ and

Eχ , the reaction densities can be expressed as

½γXα �ij¼
F�
αiFαj

32π3
ðM̄2

Φ−M̄2
eÞ
Z

∞

M̄Φi

dEΦ

Z
Eþ

E−

dEχFX; ðC12Þ

with the implied replacement Ee → EΦ − Eχ in FX, and
with

E� ¼ M̄2
Φ − M̄2

e

2M̄Φ

�
EΦ

M̄Φ
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
EΦ

M̄Φ

�
2

− 1

s �
: ðC13Þ

In the Z2V model, we also need to consider Φ ↔ lαlβ
processes and their CP conjugates. The relevant reaction
density (no longer a matrix in χ space), is

γZ2Vαβ ¼ 2jλαβj2ðM̄2
Φ − 2M̄2

l Þ
Z

dΠZ2VFZ2V; ðC14Þ

where α and β label the flavors of leptons involved, and
where the overall factor of two arises from summation over
SUð2Þw gauge degrees of freedom. Here we use the
notation

dΠZ2V ¼ d3k
ð2πÞ3

1

2ElðkÞ
d3p
ð2πÞ3

1

2ElðpÞ

×
d3q
ð2πÞ3

1

2EΦðqÞ
ð2πÞ4δ4ðq − p − kÞ ðC15Þ

and

FZ2V ¼ f−ðyΦÞ½1 − fþðylÞ�½1 − fþðyΦ − ylÞ�; ðC16Þ

where in addition to theΦ-related quantities defined before,
we now have ElðpÞ ¼ ðM̄2

l þ jpj2Þ1=2, yl ¼ ElðpÞ=T, and

M̄2
l ¼

�
1

16
g2y þ

3

16
g2w

�
T2; ðC17Þ

where gw is the SUð2Þw gauge coupling. (In an attempt to
avoid notational confusion below, we have used energy
conservation to express FZ2V in terms of EΦ and ElðpÞ, the
energy of one of the two leptons.)
Carrying out the integration over k and then the

remaining angular integrations, the Z2V reaction density
can be expressed as

γZ2Vαβ ¼jλαβj2
16π3

ðM̄2
Φ−2M̄2

l Þ
Z

∞

M̄Φi

dEΦ

Z
Eþ

E−

dElFZ2V; ðC18Þ

where the limits of integration are now

E� ¼ EΦ

2
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
Φ − M̄2

Φ

p
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4M̄2

l =M̄
2
Φ

q
: ðC19Þ

The QKEs are challenging to solve numerically and we
therefore use reaction densities averaged over χ momentum
in these equations. In our perturbative calculation, however,
we are able to determine the contributions of each χ
momentum mode separately. For simplicity, we neglect
thermal masses in all of our perturbative calculations.
Reversing the order of integration in Eq. (C12) and carrying
out the EΦ integral gives

½γ0α�ij ¼
M4

Φx
−2

32π3
F�
αiFαj

Z
∞

0

dyg0ðx; yÞ; ðC20Þ

where

g0ðx; yÞ ¼ fþðyÞ log
�

1þ e−x
2=4y

1 − e−ðyþx2=4yÞ

�
; ðC21Þ

and where we continue to use the notation x≡MΦ=T. The
g0 function will feature in the perturbative calculations of
Appendix D 1 and Appendix E, in which we calculate
asymmetries and the DM energy density at leading order in
F, while taking into account the full momentum depend-
ence of the DM distribution function.
The perturbative calculations of Appendix E also involve

the γe1 and γΦ1 reaction densities. Because we neglect
thermal masses in our perturbative work, we can replace the
Eχ integration in Eq. (C12) with an Ee integration over the
same range, and we find that these two reactions densities
can be expressed as

½γe1α �ij ¼
M4

Φx
−2

32π3
F�
αiFαjge1ðxÞ ðC22Þ

½γΦ1
α �ij ¼

M4
Φx

−2

32π3
F�
αiFαjgΦ1ðxÞ; ðC23Þ

with

ge1ðxÞ ¼
Z

∞

x
dyΦ

Z
yþ

y−

dye
eye

ðeye þ 1Þ2ðeyΦ − 1Þ ðC24Þ

gΦ1ðxÞ ¼
Z

∞

x
dyΦ

Z
yþ

y−

dye
eyeeyΦ

ðeye þ 1ÞðeyΦ − 1Þ2 ðC25Þ

and

y� ¼ 1

2

h
yΦ �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
y2Φ − x2

q i
: ðC26Þ
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APPENDIX D: QUANTUM KINETIC EQUATIONS

Consider a single comoving DM mode, characterized by
a particular value of y≡ jkj=T. For this mode, information
about the χ1 and χ2 occupation numbers and quantum
coherence in fχ1; χ2g space can be encoded in a 2 × 2
matrix, fχ . Following Refs. [29,30], we take the quantum
kinetic equation (QKE) for fχ to have the form

dfχ
dt

¼ −i½Eχ ; fχ � −
1

2

X
α

��
Γ>
α

2Eχ
; fχ

	
−
�
Γ<
α

2Eχ
; 1 − fχ

	�
:

ðD1Þ

In the absorption and emission terms, we neglect DM
masses by taking Eχ ¼ jkj ¼ yTðtÞ, whereas in the com-
mutator term we define Eχ to be diagonal 2 × 2 matrix
whose nonzero entries are Ei ¼ ðM2

i þ y2TðtÞ2Þ1=2. As
discussed in Sec. III A, we leave for future work the
inclusion of thermal corrections to the DM masses, whose
effects are most important for large DM couplings and
small values of MΦ and ΔM2. We have chosen to work in
terms of flavor-specific rates for χ absorption and emission,
with the lepton flavor involved in the interaction labeled
by α. In evaluating these rates we include only decay and
inverse decay processes, Φ� ↔ ecαχi, which leads to

½Γ<
α �ij ¼ F�

αiFαjðM̄2
Φ − M̄2

eÞ

×
Z

dΠð2ÞfΦ� ðqÞ½1 − fecαðpÞ� ðD2Þ

½Γ>
α �ij ¼ F�

αiFαjðM̄2
Φ − M̄2

eÞ

×
Z

dΠð2ÞfecαðpÞ½1þ fΦ� ðqÞ�; ðD3Þ

where in general theΦ and ecα chemical potentials enter into
the distribution functions fΦ� and fecα , and where we define
the phase-space factor

dΠð2Þ ≡ d3p
ð2πÞ3

1

2EeðpÞ
d3q
ð2πÞ3

1

2EΦðqÞ
× ð2πÞ4δ4ðq − p − kÞ: ðD4Þ

As we did in Appendix C, we define EΦðqÞ ¼ ðM̄2
Φ þ

jqj2Þ1=2 and EeðpÞ ¼ ðM̄2
e þ jpj2Þ1=2, with M̄Φ and M̄e

defined in Eqs. (C3)–(C4). In Eq. (D4), we can take k to be
any four-momentum satisfying k2 ¼ 0 and jkj ¼ yT.

1. Perturbative treatment of the QKEs

We first analyze the QKEs with the goal of calculating
the Xα densities in the minimal model, at leading order. For
this purpose, we can ignore chemical potentials in the
distribution functions appearing in Eqs. (D2)–(D3). Wewill
also neglect thermal masses.

We start by taking three steps to rewrite Eq. (D1) in a
more convenient form. First, we use the relation

fþðyÞΓ>
α ¼ ½1 − fþðyÞ�Γ<

α ; ðD5Þ

which applies in the absence of chemical potentials. Here
fþ is the Fermi-Dirac function defined in Eq. (C11), and
we continue to use y ¼ jkj=T for the momentum of our
comoving DM mode.
Second, we switch our independent variable from t to

x≡MΦ=T: ðD6Þ

The entropy density and Hubble parameter can then be
written as sðxÞ ¼ 2π2g�M3

Φx
−3=45 and HðxÞ ¼ M2

Φx
−2=

M0, where g� ≃ 106.75 is the effective number of relativistic
degrees of freedom and M0 ≃MPl=ð1.66 ffiffiffiffiffi

g�
p Þ ≈ 7.12×

1017 GeV. We then have t ¼ ð2HÞ−1 ¼ x2M0=ð2M2
ΦÞ.

Third, we define interaction-picture quantities

f̃χ ≡U†fχU Γ̃<
α ≡U†Γ<U; ðD7Þ

where we take the time-evolution matrix to have the form

U ¼ diagf1; e−iϕg: ðD8Þ

The relative phase acquired between the two χ mass
eigenstates is

ϕ ¼
Z

t
dtðE2 − E1Þ ≃

Z
t
dt

ΔM2

2Eχ
¼ βoscx3=y; ðD9Þ

with βosc ≡ M0ΔM2

6M3
Φ
.

Following these three steps, the QKE for our comoving
mode can be written as

Hx
df̃χ
dx

¼ 1

2

X
α

�
Γ̃<
α

2Eχ
; 1 −

f̃χ
fþðyÞ

	
: ðD10Þ

To get the equation for χ̄, we replace f̃χ → f̃χ̄ and F → F�.
The number density of χ particles, nχ , is obtained by

integrating f̃χ over momentum and taking the trace. We
define the 2 × 2 matrix Ỹχ so that its trace is nχ=s:

Ỹχ ¼
1

s

Z
d3k
ð2πÞ3 f̃χ ¼

45

4π4g�

Z
∞

0

dyy2f̃χ : ðD11Þ

In a DM interaction involving lepton flavor α, the changes
in the Xα charge and in the χ and χ̄ populations are related
by ΔXα ¼ ΔNχ − ΔN χ̄. We then have

dYα

dx
¼ Tr

�
dỸχ

dx

����
α

−
dỸ χ̄

dx

����
α

�
; ðD12Þ
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where the α subscripts on the right-hand side specify that
only contributions associated with lepton flavor α are to be
included. Integrating both sides of Eq. (D10) over momen-
tum, we obtain

dỸχ

dx

����
α

¼ 45

8π4g�

1

xH

Z
∞

0

dyy2
�
Γ̃<
α

2Eχ
; 1 −

f̃χ
fþðyÞ

	
: ðD13Þ

To evaluate Yα at leading order, we plug Eq. (D13) and the
corresponding equation for χ̄ into Eq. (D12), using the
OðF2Þ expressions for f̃χ and f̃χ̄ ; integrating Eq. (D10)
gives

f̃ð2Þχ ðxÞ ¼
X
β

Z
x

0

dx0

x0Hðx0Þ
Γ̃<
β

2Eχ
ðx0Þ; ðD14Þ

while for f̃ð2Þχ̄ we replace F → F�. After these steps, we get
the following OðF4Þ expression for the Xα asymmetry:

Yð4Þ
α ðxÞ¼−

45

8π4g�

X
β

Z
∞

0

dyy2

fþðyÞ
Z

x

0

dx1
x1Hðx1Þ

Z
x1

0

dx2
x2Hðx2Þ

×Tr

��
Γ̃<
α

2Eχ
ðx1Þ;

Γ̃<
β

2Eχ
ðx2Þ

	
− ðF→F�Þ

�
: ðD15Þ

Because we ignore chemical potentials in the emission
rate, we can express Γ<

α in terms of the g0 function
introduced in Eq. (C21):

½Γ<
α �ij
2Eχ

¼ MΦ

16π
F�
αiFαj

x
y2

g0ðx; yÞ: ðD16Þ

We can verify this relation by carrying out the integrations
in Eq. (D2). Equivalently, we can start with the fact that, in
the absence of chemical potentials, Γ<

α is related in a simple
way to the γ0α reaction density defined in Eq. (C1),

γ0αðxÞ ¼
Z

d3k
ð2πÞ3

Γ<
α

2Eχ
ðxÞ ¼ M3

Φx
−3

2π2

Z
∞

0

dyy2
Γ<
α

2Eχ
ðxÞ:

ðD17Þ

Using the expression for γ0α given in Eq. (C20) again leads
to Eq. (D16).
In Eq. (D15), time evolution matrices appear through

the interaction-picture matrices Γ̃<
α and Γ̃<

β . Defining the
matrices

½Mα�ij ≡ F�
αiFαj and M̃αðxÞ≡U†ðxÞMαUðxÞ; ðD18Þ

the trace involves

X
β

Tr½fM̃αðx1Þ; M̃βðx2Þg − ðF → F�Þ�

¼ 8Im½F�
α1Fα2ðF†FÞ21� sin

�
βosc
y

ðx31 − x32Þ
�
: ðD19Þ

These steps lead to our final expression for the leading-
order Xα asymmetry,

Yð4Þ
α ðxÞ¼ 45

256g�π6

�
M0

MΦ

�
2

Im½Fα1F�
α2ðF†FÞ12�

×
Z

∞

0

dy
y2fþðyÞ

Z
x

0

dx1x21g0ðx1;yÞ

×
Z

x1

0

dx2x22g0ðx2;yÞsin
�
βosc
y

ðx31−x32Þ
�
; ðD20Þ

which is used extensively in our perturbative analyses.

2. Momentum-integrated QKEs

To go beyond a perturbative treatment of the QKEs, we
start by integrating Eq. (D1) over momentum, assuming a
thermal DM momentum distribution:

½fχ �ijðyÞ → fþðyÞ
½Yχ �ij
Yeq
χ

ðD21Þ

where Yeq
χ ¼ 135ζð3Þ=ð8π4g�Þ ≃ 1.95 × 10−3. The com-

mutator term can then be expressed in terms of the diagonal
matrix

Eχ ¼ diag

�
0;
ΔM2

2T



T
Eχ

��
; ðD22Þ

where hT=Eχi ¼ π2

18ζð3Þ ≃ 0.46. Linearizing in chemical

potentials, we find

sHx
dYχ

dx
¼ −is½Eχ ; Yχ � þ

X
α

�
γ1α −

1

2

�
γ2α;

Yχ

Yeq
χ

	�
; ðD23Þ

where γ1α and γ2α can be expressed in terms of the reaction
densities introduced in Appendix C:

γ1α ¼ γ0α −
μecα
T

γe1α −
μΦ
T

γΦ1
α ðD24Þ

γ2α ¼ γ0α þ
μecα
T

γe2α −
μΦ
T

γΦ2
α : ðD25Þ

The kinetic equations for χ̄ are obtained via the substitu-
tions Yχ → Y χ̄ , Fαi → F�

αi, μΦ → −μΦ, and μecα → −μecα :

sHx
dY χ̄

dx
¼−is½Eχ ;Y χ̄ �þ

X
α

�
γ̄1α−

1

2

�
γ̄2α;

Y χ̄

Yeq
χ

	�
; ðD26Þ
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with

γ̄1α ¼ γ0α
� þ μecα

T
γe1α

� þ μΦ
T

γΦ1
α

� ðD27Þ

γ̄2α ¼ γ0α
� −

μecα
T

γe2α
� þ μΦ

T
γΦ2
α

�: ðD28Þ

The Xα densities change only due to DM interactions and
Z2V interactions. Each DM interaction involving SM flavor
α produces equal changes to the Xα charge density and
the χ=χ̄ number-density asymmetry, ΔYα ¼ ΔTr½Yχ − Y χ̄ �.
Each Z2V interaction that changes the number of lα (l̄α)
particles produces an opposite (equal) change in Xα.
Working from these facts, we find

sHx
dYα

dx
¼ −Tr

�
γ0α

Yχ

Yeq
χ
− γ0α

� Y χ̄

Yeq
χ

�

−
2μecα
T

Tr½γe1α � − 2μΦ
T

Tr½γΦ1
α �

−
μecα
T

Tr

�
γe2α

Yχ

Yeq
χ
þ γe2α

� Y χ̄

Yeq
χ

�

þ μΦ
T

Tr

�
γΦ2
α

Yχ

Yeq
χ
þ γΦ2

α
� Y χ̄

Yeq
χ

�

− 2
X
β

�
μΦ
T

−
μlα
T

−
μlβ
T

�
γZ2Vαβ ; ðD29Þ

where γZ2V is defined in Eq. (C14).
As written, the QKEs presented in this Appendix are

valid assuming it is appropriate to linearize the Φð�Þ
distribution functions in chemical potential:

fΦ=Φ� ¼ f− � μΦ
T

f−ð1þ f−Þ: ðD30Þ

Although jμΦ=Tj ≪ 1 is almost always satisfied in the
scenarios of interest in this paper, we replace Eq. (D30)
with

fΦ=Φ� ¼ coshðμΦ=TÞf− � sinhðμΦ=TÞf−ð1þ f−Þ ðD31Þ

in our numerical work, a recipe that effectively takes into
account the possibility of a highly asymmetric Φ=Φð�Þ
background left behind at T ≪ MΦ, while remaining valid
in the jμΦ=Tj ≪ 1 regime.
We can express the chemical potentials appearing in the

QKEs in terms of Yα and Tr½Yχ − Y χ̄ �, using the results of
Appendix B. Then we numerically solve the system of
QKEs to obtain YsmðxÞ≡P

α YαðxÞ for temperatures down
to the Tew. Having done that, we determine the final baryon
asymmetry by following Ref. [32], which takes into
account gradual sphaleron decoupling. That is, we take

sHx
dYB

dx
¼ −ΓBðxÞ½YBðxÞ − Yeq

B ðxÞ�; ðD32Þ

where Yeq
B ðxÞ is calculated from YsmðxÞ using the relations

of Appendix B, which assume sphalerons to be in equi-
librium. We use the SM result for ΓB, because no new chiral
states couple to sphalerons in our model.

APPENDIX E: PERTURBATIVE RESULTS

1. Minimal model

a. OðF2Þ DM density in the minimal model

To calculate the DM abundance at leading order, we
ignore inverse Φð�Þ decays, neglect Pauli-blocking due to
the χ=χ̄ abundance, and neglect thermal mass effects. Using
the leading-order calculation of Appendix D 1, theOðF2Þ χ
number density divided by entropy density (which is equal
to that for χ̄) is

Yð2Þ
χ ðxÞ ¼ 1

sðxÞ
Z

d3k
ð2πÞ3 Tr½f̃

ð2Þ
χ ðxÞ� ðE1Þ

¼ 45

4π4g�

Z
∞

0

dyy2Tr½f̃ð2Þχ ðxÞ�; ðE2Þ

where f̃ð2Þχ is given in Eq. (D14). Here and for all of our
perturbative results, we switch to a notation in which Yχ is
number density divided by entropy density, a number rather
than a matrix. We restrict the notation in which Yχ

represents a matrix to Appendix D. We continue to use
x≡MΦ=T as our independent variable; see the paragraph
containing Eq. (D6).
Using Eqs. (E2), (D14), and (D16), and taking x → ∞ to

get the final abundance, we find

Yð2Þ
χ ¼ 45

64π5g�
TrF†F

M0

MΦ

Z
∞

0

dxx2g̃0ðxÞ; ðE3Þ

where we have defined the momentum-integrated quantity

g̃0ðxÞ≡
Z

∞

0

dyg0ðx; yÞ; ðE4Þ

with g0 itself defined in Eq. (C21).
The dark matter energy density, ρdm, is determined by Yχ,

the DM massesM1 andM2, and the θ parameter appearing
in Eq. (A1), which determines the relative abundances of χ1
and χ2. We have

ρð2Þdm

s
¼ 2M̄Yð2Þ

χ ; ðE5Þ

where

M̄ ¼ cos2 θM1 þ sin2 θM2 ðE6Þ
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is the average DM mass for the χ particles produced in Φ
decays, and where the factor of two takes into account the
two DM helicity states, χ and χ̄. Taking the observed DM
energy density to be ρobsdm=s ¼ 4.3 × 10−4 keV [28], we find

ρð2Þdm

ρobsdm

≃ 22

�
ΓΦ

Hew

��
M̄

15 keV

��
500 GeV

MΦ

�
2

; ðE7Þ

where Hew ¼ T2
ew=M0 is the Hubble parameter at spha-

leron decoupling and

ΓΦ ¼ Tr½F†F�
16π

MΦ ðE8Þ

is the Φ decay width.

b. OðF4ÞXα asymmetry in the minimal model

In the Maxwell-Boltzmann approximation, the OðF4Þ
flavor asymmetry in Xα ≡ B=3 − Lα can determined via a
relatively simple and physically motivated calculation that
separately considers Φð�Þ decays, inverse decays, and DM
oscillations in between. This is the approach introduced in
Ref. [7]. In the present work, we fully incorporate quantum
statistics and find it more convenient to obtain the desired
result via a perturbative analysis of the QKEs, which we
perform in Appendix D 1, neglecting thermal mass effects.
There we find that the OðF4ÞXα asymmetry, as a function
of x≡MΦ=T, is

Yð4Þ
α ðxÞ ¼ 45

256g�π6

�
M0

MΦ

�
2

× Im½Fα1F�
α2ðF†FÞ12�I ð4Þðx; βoscÞ; ðE9Þ

with

I ð4Þðx;βÞ¼
Z

∞

0

dy
Z

x

0

dx1x21g0ðx1;yÞ

×
Z

x1

0

dx2x22
g0ðx2;yÞ
y2fþðyÞ

sin

�
β

y
ðx31−x32Þ

�
ðE10Þ

and

βosc ≡M0ΔM2

6M3
Φ

ðE11Þ

≃0.214 ×
�
500 GeV

MΦ

�
3 ΔM2

ð15 keVÞ2 : ðE12Þ

Starting from the parametrization of Eq. (A1), one can
derive the bound (for any α)

jIm½F�
α1Fα2ðF†FÞ21�j ≤ sin22θ

�
Tr½F†F�

4

�
2

ðE13Þ

¼ sin22θ

�
4πΓΦ

MΦ

�
2

: ðE14Þ

Using this inequality and evaluating Eq. (E9) at the
sphaleron decoupling temperature, T ¼ Tew, we find

Yð4Þ
α ðxewÞ
Yobs
B

≲ ð1.5 × 104Þsin22θ

×

�
ΓΦ

Hew

�
2
�
500 GeV

MΦ

�
4

I ð4Þðxew; βoscÞ;

ðE15Þ

where

xew ≡MΦ=Tew; ðE16Þ

and where Yobs
B ¼ 8.7 × 10−11 is the observed baryon

asymmetry [28]. We use Eq. (E15) in the perturbative
analysis of Sec. II A.
For x ≫ 1, corresponding to MΦ ≫ T, the asymptotic

behavior of I ð4Þ for large and small β is

I ð4Þð∞; βÞ ≃
�
1.71 × 102β β ≪ 1

0.424=β β ≫ 1:
ðE17Þ

In Fig. 21(a), we see that peak values for I ð4Þðx; βÞ range
from ∼3 for x ≫ 1 (at β ∼ 4 × 10−2) to ∼0.05 for x ∼ 1
(at β ∼ 1).
The momentum-integrated QKEs of Appendix D 2

incorporate a thermal ansatz for the DM momentum
distribution; see Eq (D21). Adopting the same ansatz in
the perturbative context amounts to modifying Eq. (E10) by
the replacements

sin

�
β

y
ðx31 − x32Þ

�
→ sin

�
β



1

y

�
ðx31 − x32Þ

�
ðE18Þ

and

g0ðx2; yÞ
y2fþðyÞ

→

R
∞
0 dyg0ðx2; yÞR
∞
0 dyy2fþðyÞ

¼ 2

3ζð3Þ g̃0ðx2Þ; ðE19Þ

where in the first replacement, h1=yi ¼ π2

18ζð3Þ ≃ 0.46 is the

average T=Eχ for a thermal distribution, while the second
replacement involves the momentum-integrated function g̃0
introduced in Eq. (E4). After making these substitutions
and carrying out the y integration, Eq. (E10) becomes
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I ð4Þ
t:a:ðx; βÞ ¼

2

3ζð3Þ
Z

x

0

dx1x21g̃0ðx1Þ

×
Z

x1

0

dx2x22g̃0ðx2Þ sin
�

π2β

18ζð3Þ ðx
3
1 − x32Þ

�
;

ðE20Þ

where “t.a.” specifies that a thermal ansatz has been
adopted for the DM momentum distribution.

c. OðF6Þ baryon asymmetry in the minimal model

In the minimal model, one can use Eq. (E9) to show that
the flavor-summed asymmetry vanishes at OðF4Þ:
Yð4Þ
sm ≡P

α Y
ð4Þ
α ¼ 0. As discussed in Appendix (B 2), we

have δYχ ¼ YΦ ¼ Ysm in the minimal model, so the Φ and
χ asymmetries vanish at OðF4Þ as well.
A flavor-summed asymmetry arises at OðF6Þ, via the

standard ARS mechanism [8,9]. In the presence of an

OðF4Þ chemical potential μð4Þecα
for a particular flavor lepton

(but with μð4ÞΦ ¼ 0, and continuing to neglect the DM
abundance), the difference between the rates per volume for
Φ� → χ þ ecα and Φ → χ̄ þ ecα decays is −2ðμecα=TÞTr½γe1α �,
where the γe1 reaction density is given by Eq. (C22) when
thermal mass effects are neglected. Each decay produces a
change ΔXα ¼ �1, so at OðF6Þ, the flavor-summed
asymmetry at sphaleron decoupling is

Yð6Þ
sm ¼ −2

Z
xew

0

dx
sHx

X
α

μð4Þecα

T
Tr½γe1α ðxÞ�: ðE21Þ

Equation (B19), with Yð4Þ
sm ¼ 0, allows us to rewrite this as

Yð6Þ
sm ¼ −

4M0

M5
Φ

X
α

Z
xew

0

dxx4Yð4Þ
α ðxÞTr½γe1α ðxÞ�: ðE22Þ

Finally, from Eq. (B18) we have YB ¼ KBYsm, with
KB ¼ 22=79. Using Eqs. (E9) and (E10), we can write
the final OðF6Þ baryon asymmetry as

Yð6Þ
B ¼

X
α

ðFF†ÞααIm½F�
α1Fα2ðF†FÞ21�

×
45KB

2048π9g�

�
M0

MΦ

�
3

I ð6Þðxew; βoscÞ; ðE23Þ

with

I ð6Þðx; βÞ ¼
Z

x

0

dx0x02ge1ðx0ÞI ð4Þðx0; βÞ: ðE24Þ

For the numerical studies of Sec. III A, we adopt the
benchmark F matrix introduced in Appendix A 1, so that
Eq. (A3) applies. For this benchmark we find

FIG. 21. For various MΦ, (a) I ð4Þ, (b) I ð6Þ, (c) Ĩ ð4Þ, and (d) Ĩ ð6Þ, plotted against β.
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Yð6Þ
B

Yobs
B

≃ 23 sin2 2θ

×

�
ΓΦ

Hew

�
3
�
500 GeV

MΦ

�
6

I ð6Þðxew; βoscÞ: ðE25Þ

For x ≫ 1, the asymptotic behavior of I ð6Þ for large and
small β is

I ð6Þð∞; βÞ ≃
�
12.8β β ≪ 1

0.157=β β ≫ 1:
ðE26Þ

Figure 21(b) shows I ð6Þðxew; βÞ versus β for various MΦ.

2. Perturbative results in the UVDM model

In the UVDM model, we include a “primordial” pop-
ulation of χ particles produced at high temperatures. For
concreteness, we adopt a model with two scalars Φ1 and
Φ2, which have hierarchical masses, MΦ2

≫ MΦ1
, and

independent DM coupling matrices F1 and F2. At OðF2Þ,
the DM energy density can be expressed as

ρð2Þdm

ρobsdm

¼ 22

�
ΓΦ

Hew

��
Mð1Þ

15 keV

��
500 GeV
MΦ1

�
2

þ 135

�
YUV
χ

Yeq
χ

��
M̄ð2Þ

15 keV

�
: ðE27Þ

Here, M̄ð1Þ and M̄ð2Þ are the average masses for DM
produced in Φ1 and Φ2 decays, respectively.
Generalizing Eq. (E6), we have

M̄ðiÞ ¼ cos2 θiM1 þ sin2 θiM2 ðE28Þ

for i ¼ 1; 2; θ1 and θ2 are determined from the coupling
matrices F1 and F2 analogously to Eq. (A1) for the minimal
model. The first term in Eq. (E27) gives the DM energy
density due to Φ1 decays, reproducing the result from
Eq. (E7) for the minimal model. The second term gives the
DM energy density due to Φ2 decays, which we express in
terms of YUV

χ , the number-density divided by entropy
density for DM particles from Φ2 decays (defined to
include both DM mass eigenstates but only one helicity
state: χ or χ̄, not both), and the reference value
Yeq
χ ¼ 135ζð3Þ=8π4g� ≃ 1.95 × 10−3, the equilibrium

abundance for an individual helicity and mass eigenstate
of χ particle. We express the Φ2 contribution in terms of
YUV
χ because we take Φ2 to be decoupled as far as

phenomenology is concerned. Its only impact is through
the coherent χ background its decays leave behind.
In the UVDM model, a baryon asymmetry arises at

OðF4Þ, due to χ production by Φ2 decay followed by
inverse decays to Φ1. We can obtain an expression for the
leading-order baryon asymmetry by appropriate

modification of the flavor-summed version of Eq. (E9),
which applies in the minimal model. We get

Yð4Þ
B ¼ 45KB

256g�π6
M2

0

MΦ1
MΦ2

× Im½ðF1†F1Þ21ðF2†F2Þ12�Ĩ ð4Þðxew; βoscÞ; ðE29Þ

with

Ĩ ð4Þðx; βÞ ¼
Z

∞

0

dy
Z

∞

0

dx2x22
g0ðx2; yÞ
y2fþðyÞ

×
Z

x

0

dx1x21g0ðx1; yÞ sin ½βx31=y�; ðE30Þ

where we define xew ≡MΦ1
=Tew in the context of the

UVDM model. Using the relations between F2 and YUV
χ

and F1 and ΓΦ1
, the final baryon asymmetry can be

reexpressed as

Yð4Þ
B

Yobs
B

≃ ð1.03 × 105ÞJ
�
YUV
χ

Yeq
χ

�

×

�
ΓΦ1

Hew

��
500 GeV
MΦ1

�
2

Ĩ ð4Þðxew; βoscÞ; ðE31Þ

where J , which is defined in Appendix A 2, satisfies
J ≤ sin 2θ1 sin 2θ2. We take the bound to be saturated for
our UVDM benchmark scenario, as it is for the F matrices
of Eq. (A9) for example.
For x ≫ 1, the asymptotic behavior of Ĩ ð4Þ for large and

small β is

Ĩ ð4Þð∞; βÞ ≃
�
303β β ≪ 1

1.18=β β ≫ 1:
ðE32Þ

Figure 21(c) shows Ĩ ð4Þðxew; βÞ versus β for various MΦ1
.

3. Perturbative results in the Z2V model

We restrict our perturbative analysis of the Z2V model to
cases in which one or two of the three independent Z2V
couplings come into equilibrium, and we neglect higher-
order corrections induced by Z2V couplings that remain
out of equilibrium. If all three Z2V couplings come into
equilibrium the baryon asymmetry essentially vanishes,
as discussed in Appendix B. In the Z2V model, the DM
abundance atOðF2Þ is given by Eq. (E3), as in the minimal
model. However, because we assume that the Z2V cou-
plings dominate the Φ decay width, Eq. (E7), which
expresses the minimal model connection between the dark
matter abundance and the Φ lifetime, no longer applies.
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a. YB at OðF4Þ in the Z2V model

One Z2V coupling in equilibrium: Consider the case of a
single Z2V coupling λγδ ¼ −λδγ in equilibrium. Then, for
the one lepton flavor that does not participate in Z2-
violating interactions, which we call β, the OðF4Þ result
for Yβ is unaffected by the Z2V coupling, allowing one to
use Eq. (E9) for that flavor. Furthermore, at OðF4Þ, there is
no χ asymmetry, δYð4Þ

χ ¼ 0. This is the case in the minimal
model, as discussed in Appendix B 2, and because the Z2V
couplings do not involve χ, it remains true in the Z2V
model. Equation (B23) then allows us to write the OðF4Þ
baryon asymmetry in this scenario as

Yð4Þ
B ¼ 300cΦ

237þ 766cΦ
Yð4Þ
β ; ðE33Þ

with Yð4Þ
β calculated using Eq. (E9). The final baryon

asymmetry is given by evaluating all quantities at x ¼ xew.
In fact, using δYð4Þ

χ ¼ 0, the equilibrium relation
Eq. (B22), and the general relations Eqs. (B14)–(B17),
one can express all OðF4Þ asymmetries entirely in terms of

Yð4Þ
β and Yð4Þ

γ − Yð4Þ
δ , the two combinations of Xα asymme-

tries that are not affected by the Z2V couplings and so can
be calculated using Eq. (E9). For example, we find

μð4Þecβ
T2

s
¼ 474þ 1296cΦ

237þ 766cΦ
Yð4Þ
β ðE34Þ

μð4Þecγ
T2

s
¼ Yð4Þ

γ − Yð4Þ
δ −

237þ 54cΦ
237þ 766cΦ

Yð4Þ
β ðE35Þ

μð4Þecδ
T2

s
¼ −ðYð4Þ

γ − Yð4Þ
δ Þ − 237þ 54cΦ

237þ 766cΦ
Yð4Þ
β ðE36Þ

μð4ÞΦ T2

s
¼ 474

237þ 766cΦ
Yð4Þ
β ; ðE37Þ

which we use below.
Two Z2V couplings in equilibrium: Similarly, for the

case with two Z2V couplings λβγ and λβδ in equilibrium,
and neglecting the remaining coupling λγδ, Eq. (B25)
leads to

Yð4Þ
B ¼ −

75cΦ
237þ 529cΦ

ðYð4Þ
β − Yð4Þ

γ − Yð4Þ
δ Þ; ðE38Þ

where we again use the result from the minimal model
Eq. (E9), to evaluate each of the three terms in the

combination Yð4Þ
β − Yð4Þ

γ − Yð4Þ
δ , which is not affected by

Z2V couplings to the extent that we can neglect λγδ. We can

express this combination entirely in terms of the minimal

model result for Yð4Þ
β , using the fact that Yð4Þ

sm ¼P
αY

ð4Þ
α ¼ 0

in the minimal model, giving

Yð4Þ
B ¼ −

150cΦ
237þ 529cΦ

Yð4Þ
β : ðE39Þ

In this equation, Yð4Þ
β is to be calculated using the minimal

model result, Eq. (E9), even though that expression does

not in fact give correct result for Yð4Þ
β in the particular Z2V

scenario under consideration.
Using δYð4Þ

χ ¼ 0, the equilibrium relation Eq. (B24), and
Eqs. (B14)–(B17), one can also express the other OðF4Þ
asymmetries in terms of Yð4Þ

β − Yð4Þ
γ − Yð4Þ

δ , which we can

again replace with twice the minimal model result for Yð4Þ
β .

We find

μð4Þecβ
T2

s
¼ 474þ 702cΦ

237þ 529cΦ
Yð4Þ
β ðE40Þ

μð4Þecγ
T2

s
¼

μð4Þecδ
T2

s
¼ −

237þ 648cΦ
237þ 529cΦ

Yð4Þ
β ðE41Þ

μð4ÞΦ T2

s
¼ −

237

237þ 529cΦ
Yð4Þ
β : ðE42Þ

We now take a moment to review the notation used in
Eqs. (E33)–(E42). In Eqs. (E33)–(E37), which apply in the
case of a single Z2V coupling in equilibrium, β is the
special flavor whose lepton doublet is not involved in that
Z2V coupling. In Eqs. (E39)–(E42), which apply in the
case of two Z2V couplings in equilibrium, β is the special
flavor whose lepton doublet is involved both of those Z2V
couplings. Both sets of equations apply when both DM
mass eigenstates and the remaining Z2V couplings remain
well out of equilibrium: λβγ and λβδ for Eqs. (E33)–(37) and
λγδ for Eqs. (E39)–(E42). In both sets of equations, the
minimal model result, Eq. (E9), is to be used to calculate
the asymmetries appearing on the right-hand sides.

b. YB at OðF6Þ in the Z2V model

For large Φ massses, MΦ ≫ Tew, the overall factors of
cΦ in Eqs. (E33) and (E39) exponentially suppress the
OðF4Þ baryon asymmetry (see Fig. 20). This is a conse-
quence of the fact there is no χ asymmetry at this order,

δYð4Þ
χ ¼ 0. The final baryon asymmetry is proportional to

the B − L charge in the SM sector at sphaleron decoupling.
For xew ≫ 1, the Φ abundance becomes Boltzmann sup-
pressed before sphaleron decoupling, along with any Φ
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asymmetry.12 When the surviving δYΦ at sphaleron decou-
pling is negligible, conservation of B − L, expressed by
Eq. (B7), tells us that the surviving B − L charge in the SM
sector is determined by the χ asymmetry at T ¼ Tew.
A nonzero δYχ is generated by Φð�Þ decays to DM in the

presence ofOðF4Þ chemical potentials for eαc and/or Φ. For
sufficiently large MΦ, then, the final baryon asymmetry
effectively arises at OðF6Þ.
The μecα -induced contribution to Yð6Þ

χ is essentially the
standard ARS one, equal to the right-hand side of
Eq. (E22). However, when considering this contribution
in the Z2V model there are two differences that arise
relative to the minimal model.
First, the Z2V couplings complicate the dependence of

the final baryon asymmetry on the DM couplings. To
calculate the quantity in Eq. (E22), one needs to express μecα
in terms of Xα, using the temperature-dependent relations
in Eqs. (E34)–(E36) or Eqs. (E40)–(E41). The final
expression is a mess; in particular the coupling dependence
cannot be summarized in terms of the usual OðF6Þ ARS
factor

P
αðFF†ÞααIm½F�

α1Fα2ðF†FÞ21�. For our Z2V bench-
mark F matrix, given in Eq. (A13), the μecα-induced

contribution to δYð6Þ
χ is not generally zero, even though

the standard OðF6Þ ARS coupling factor vanishes.
Second, andmore importantly, in the Z2V case the baryon

asymmetry does not necessarily disappear when the Φ
particles do, and consequently it possible to get a sufficiently
large asymmetry for larger Φ masses than in the minimal
model. In the minimal model, the final baryon asymmetry is
proportional to the Φ asymmetry at sphaleron decoupling,
and Eq. (E23) is a good approximation for the final baryon
asymmetry only to the extent that we can ignore washout of
δYΦ by Φ decay, ΓΦ ≲Hew. In the Z2V model, the baryon
asymmetry survives even in the absence of aΦ asymmetry at
sphaleron decoupling, provided a χ asymmetry has been
generated. For theZ2Vperturbative result to bevalidwe only
need the DM abundances to remain well below their
equilibrium values, and in particular it is not necessary for
ΓðΦ → χ̄ ecÞ≲Hew to be satisfied. For large Φ masses,
MΦ ≫ Tew, the perturbativity criterion based on the DM
abundance is the less restrictive one.
The μΦ-induced contribution is special to the Z2V

model, because in the minimal model we have μð4ÞΦ ¼ 0.
In fact, the μΦ-induced contribution tends to dominate
the μecα-induced one in the Z2V case, due to the different
combinations of distribution functions appearing in the γΦ1

and γe1 reaction densities. The new contribution to δYχ is
given by the analogue to Eq. (E21),

δYð6; from μΦÞ
χ ¼ −2

Z
xew

0

dx
sHx

μð4ÞΦ
T

X
α

Tr½γΦ1
α �: ðE43Þ

Using either Eq. (37) or Eq. (42) to express μΦ in terms of

Yð4Þ
β , which we evaluate using Eq. (E9), we obtain

δYð6; from μΦÞ
χ ¼∓ 45

2048π9g�

M3
0

M3
Φ
Tr½FF†�

× Im½Fβ1F�
β2ðF†FÞ12�Ĩð6Þðxew; βoscÞ; ðE44Þ

with

Ĩð6Þðx; βÞ ¼
Z

x

0

dx0x02AΦðx0ÞgΦ1ðx0ÞI ð4Þðx0; βÞ: ðE45Þ

Here, the upper and lower signs apply to the cases of one and
two Z2V couplings in equilibrium, respectively, gΦ1 is the
function defined in Eq. (C25), and AΦ takes into account the

temperature-dependent conversion from μð4ÞΦ to Yð4Þ
β :

AΦ ¼
� ð1þ 3.23cΦÞ−1 one Z2Vcouplings

1
2
ð1þ 2.23cΦÞ−1 twoZ2Vcouplings:

ðE46Þ

Asbefore, the flavorβ appearing inEq. (E44) is theone that is
either not involved in the Z2V coupling or the one that is
involved in both Z2V couplings, for the cases of one or two
Z2V couplings in equilibrium, respectively.
Taking a single Z2V coupling to be in equilibrium

and x ≫ 1, the asymptotic behavior of I ð6Þ for large and
small β is

Ĩð6Þð∞; βÞ ≃
�
194β β ≪ 1

1.50=β β ≫ 1:
ðE47Þ

Figure 21(d) shows Ĩð6Þðxew; βÞ versus β for various MΦ.
For MΦ ≫ Tew,which is the case in which the OðF6Þ

contributions to the baryon asymmetry dominate, we can
set cΦ ¼ 0 when evaluating Eqs. (B23) or Eqs. (B25) at
sphaleron decoupling to get the final baryon asymmetry,
giving YB ¼ −ð84=237ÞδYχ . Using this relation and spe-
cializing to the Z2V benchmark F matrix defined in
Eq. (A13), we obtain

����Y
ð6; from μΦÞ
B

Yobs
B

���� ≃ ð1.76 × 104Þ
�
Yð2Þ
χ

Yeq
χ

�3

× sin22θĨð6Þðxew; βoscÞ: ðE48Þ

We have used Eq. (E3) to express the asymmetry in terms
of the number density of dark matter particles rather than
the DM coupling strength. Equation (E48) applies for large
Φ masses, MΦ ≫ Tew, and relies on a perturbative expan-

sion that is valid for Yð2Þ
χ ≪ Yeq

χ .

12In our perturbative analysis of the Z2V model, we assume
that at least one λ coupling comes into equilibrium, which
guarantees that μΦ=T ≪ 1 always holds. In Z2-preserving sce-
narios, it is possible for aΦ asymmetry to survive at temperatures
T ≪ MΦ. In the Z2V model, Φð�Þ decays via Z2V interactions
prevent this from happening.
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To get a sense of how large MΦ can be consistent with
the DM and baryon asymmetry constraints, take M1 ¼ 0
and make the small angle approximation for θ. Imposing
the DM constraint, one finds

����Y
ð6;fromμΦÞ
B

Yobs
B

����≃240

�
Yð2Þ
χ

Yeq
χ

�2

×

�
500GeV

MΦ

�
3=2

β−1=2osc Ĩð6Þðxew;βoscÞ: ðE49Þ

For largeΦmasses, xew ≫ 1, the combination β−1=2osc Ĩð6Þ has
a maximum of ≃26 at βosc ≃ 3.7 × 10−2. Aggressively

taking Yð2Þ
χ ¼ Yeq

χ , one finds that the observed baryon
asymmetry can be achieved masses for Φ masses up to
MΦ ∼ 170 TeV, requiring a χ2 mass of M2 ∼ 40 MeV and

θ ∼ 2 × 10−3. For the more perturbative case Yð2Þ
χ ¼ Yeq

χ =3,
the observed baryon asymmetry can be achieved with
masses up to MΦ ∼ 40 TeV for M2 ∼ 4 MeV and
θ ∼ 9 × 10−3.
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