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Ina Flood,l’2 Rafael Porto ,1 Jane Schlesinger,1 Brian Shuve ,1 and Maxwell Thum®'

lHarvey Mudd College, 301 Platt Boulevard, Claremont, California 91711, USA
2University of Maryland, 1490 Regents Drive, College Park, Maryland 20742, USA

® (Received 1 October 2021; accepted 15 April 2022; published 17 May 2022)

Sterile neutrinos at the GeV scale can resolve several outstanding problems of the Standard Model (SM),
such as the source of neutrino masses and the origin of the baryon asymmetry through freeze-in
leptogenesis. However, they can be challenging to detect experimentally due to their small couplings to SM
particles. In extensions of the SM with new interactions of the sterile neutrinos, they can be produced
copiously at accelerators and colliders. We systematically investigate the impact of such novel interactions
on the asymmetry from freeze-in leptogenesis. We find that the interactions tend to bring the sterile
neutrinos into equilibrium at early times, leading to a significant reduction in the generated asymmetry. We
also show that observable rates of several hidden-sector neutrino signatures, such as SM Higgs decays to
pairs of sterile neutrinos, can be inconsistent with the observed baryon asymmetry and provide an

opportunity to falsify freeze-in leptogenesis.
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I. INTRODUCTION

Leptogenesis is a popular solution to the problem of the
matter-antimatter asymmetry, in part because it simulta-
neously accounts for the observed masses of Standard
Model (SM) neutrinos along with the baryon asymmetry
[1]. In the original proposal, thermal leptogenesis is
difficult to test because the right-handed neutrinos
(RHNSs) responsible for generating the baryon asymmetry
have masses >10° GeV [2], well beyond the reach of
current or planned experiments. However, there exist many
models, such as the neutrino minimal SM (vMSM) [3] and
resonant leptogenesis [4,5], that can simultaneously
account for neutrino masses, baryogenesis, and even dark
matter (DM) with all new states lying at or below the weak
scale. This has led to a resurgence of experimental and
phenomenological studies of RHN at the GeV-TeV scales
(for recent reviews, see, e.g., Refs. [6-8]), including at
hadron colliders [9—-15], electron-positron colliders [16,17],
and accelerators [18-26].

While GeV-scale RHNs are kinematically accessible at
many experiments, the simplest implementation of the
seesaw mechanism of neutrino masses [27-32] predicts
tiny couplings (~1077) between the RHNs and SM par-
ticles. Even the highest-intensity upcoming experiments do
not have the luminosities needed to probe such tiny

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

2470-0010/2022/105(9)/095025(35)

095025-1

couplings [8]. Fortunately, many theories featuring sub-
weak-scale RHNs predict new or modified interactions of
the RHNs that improve the prospects for discovery. These
include models of left-right gauge symmetry [33-37],
gauged baryon minus lepton (B — L) number [38—42] with
spontaneous breaking of B — L to generate the RHN
Majorana masses, or more general hidden sectors involving
RHNs [43.,44]. Even in the yMSM, a large part of the viable
parameter space requires larger Yukawa couplings of the
RHNs than is expected from the type-I seesaw mechanism
[45-47], suggesting some approximate lepton number
symmetry [48]. If the breaking of this symmetry is
dynamical, we once again expect interactions between
the RHNs and new scalar degrees of freedom. These
new interactions modify the phenomenology of RHNS,
often providing new avenues for discovering the physics of
neutrino mass.

However, new interactions between RHNs and other
states change the dynamics of the RHNs in the early
universe. In particular, successful theories of baryogenesis
require a departure from thermal equilibrium [49,50]. In
models with RHNs below the weak scale, the baryon
asymmetry originates primarily from the mechanism of
freeze-in leptogenesis via RHN oscillations, also known as
Akhmedov-Rubakov-Smirnov (ARS) leptogenesis [3,51].
For freeze-in leptogenesis, it is typically assumed that
RHNSs are absent after reheating, and they remain out of
equilibrium for almost the entire cosmic history down to the
weak scale due to their tiny Yukawa couplings with SM
neutrinos. This provides a very long time for the RHN
production, oscillation, and scattering needed to generate a
substantial asymmetry. If, however, there are new
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interactions involving the RHNs, they can be brought into
equilibrium far earlier than they otherwise would, inhib-
iting the generation of an asymmetry. In other words, the
same new couplings that improve the discovery prospects
for RHNs could also invalidate their role in generating a
lepton asymmetry.

In this paper, we analytically and numerically demon-
strate that the asymmetry from freeze-in leptogenesis can
be severely curtailed depending on the equilibration time,
feq> Of the RHNs. In particular, the bulk of the asymmetry in
ARS leptogenesis is generated on the timescale of oscil-
lations among the RHN mass eigenstates, #, ~ E/AM?
[3,51], where E is the energy of a particular coherent
superposition of RHN mass eigenstates and AM? is the
squared-mass difference. If 7. < 7., the generation of a
lepton asymmetry is greatly suppressed by a fifth-power
dependence on the scattering rate of RHNs. This greatly
diminishes the possibility of obtaining the observed baryon
asymmetry. Conversely, if 7oy > 7o then asymmetry gen-
eration is not inhibited by the new RHN interactions, and
the hidden-sector predictions are identical to the minimal
ARS scenario.

Because of the severe suppression of baryon asymmetry
in scenarios where 7.4 < /., the couplings between RHNs
and hidden-sector couplings must be small to generate a
sufficient asymmetry. We study in detail a particular
hidden-sector model consisting of a singlet scalar, ¢, with
a SM-Higgs-portal quartic coupling 4 and a Yukawa
coupling y to the RHNs. Over a range of hidden-sector
particle masses and coupling hierarchies, we find that
baryogenesis requires yv/A <2 x 1075 (see Fig. 16 for
our final result). This places an upper bound on the
magnitude of certain hidden-sector signals of RHNS,
including SM Higgs decay to RHN pairs, such that an
observable signal at the Large Hadron Collider (LHC)
could falsify freeze-in leptogenesis as an explanation for
the baryon asymmetry. By contrast, other channels such as
h — ¢¢ — 4 RHNs can be detected without interfering
with leptogenesis. Although we focus on a particular
hidden-sector model, we expect that the analytic results
and numerical methods we have developed should extend
straightforwardly to any hidden-sector coupling to RHNSs.

Several earlier works have considered the impact of
hidden-sector interactions on ARS and GeV-scale lepto-
genesis. Reference [52] examined the effects of RHN
equilibration due to interactions with gauge bosons and
scalars in a gauged U(1)z_, model, finding that it was
possible to obtain freeze-in sterile neutrino DM while
maintaining the viability of leptogenesis. The authors
presented modifications to the quantum kinetic equations
for leptogenesis that are analogous to those we derive,
provided estimates of equilibration timescales that can be
used to identify parameters for which leptogenesis is
unsuppressed, and studied the effects of RHN thermal-
ization on some benchmark points. This study was

generally focused on smaller couplings than those we
consider in the present work. Reference [53] similarly
considered a gauged U(1),_; model and derived relatively
simple and conservative bounds on the hidden-sector param-
eters by requiring sufficient baryon asymmetry from freeze-
out, but not freeze-in, leptogenesis. Finally, Ref. [54]
sketched out some estimates for parameters in the singlet
Majoron model that would avoid spoiling leptogenesis due to
RHN equilibration, although some of their stated conditions
are overly conservative. To our knowledge, we perform the
first comprehensive study of the parametric suppression of
the freeze-in lepton asymmetry due to RHN equilibration
including the effects of equilibration within the hidden sector,
which allows us to make definitive statements about the
parameters consistent with leptogenesis and the consequent
phenomenological implications.

Following a review of the relevant dynamics and time-
scales of the ARS mechanism, we analytically investigate
the suppression of lepton asymmetry due to RHN equili-
bration in Sec. II. We provide details of our scalar-RHN
hidden-sector model in Sec. III, and in Sec. IV we study the
effects of RHN equilibration in a particular limit that
facilitates comparison with our analytic results from
Sec. II, namely, assuming that the dark scalar is always
in thermal equilibrium. In Sec. V, we provide a full
treatment of the equilibration of the hidden sector, allowing
us to study leptogenesis for all model parameters. Finally,
we turn to the model phenomenology in Sec. VI, delin-
eating the parts of parameter space in which a discovery
would imply that the baryon asymmetry could not originate
through freeze-in leptogenesis, and the parts of parameter
space in which the leptogenesis predictions are equivalent
to those of ARS.

II. HIDDEN-SECTOR INTERACTIONS AND
FREEZE-IN LEPTOGENESIS

A. Review of ARS leptogenesis

We first review the main results of freeze-in leptogenesis,
focusing on the timescales of asymmetry generation that
will be important in assessing the effects of new inter-
actions on leptogenesis. In the YMSM, the SM is supple-
mented with two RHNs,' N 1, each of which has a Majorana
mass M;. The new terms in the Lagrangian are

_ M, __
Ly =—FyLy(eH" )N, — TINﬁN, +He., (1)

where H is the SM Higgs field, L,, is the lepton doublet of
flavor @, and we have written the Lagrangian in the mass-
diagonal basis for N;. This Lagrangian implements the

"The vMSM includes three RHNs in total, only two of which
play a role in leptogenesis. We therefore focus on the case with
two RHNs. The addition of a third RHN can somewhat expand
the parameter space for leptogenesis [55-57].
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FIG. 1. Feynman diagram illustrating one of the physical
processes underlying freeze-in leptogenesis. The decays of a
SM Higgs create coherent superpositions of RHN mass eigen-
states, Ny, a subset of which subsequently annihilate back into a
SM Higgs. The rate of the net process LyH* — L H"* can differ
from the CP-conjugate process when propagation phases are
taken into account, giving rise to asymmetries in individual
lepton flavors. These asymmetries are subsequently processed
into a total baryon asymmetry by flavor-dependent washout
effects.

type I seesaw mechanism [27-32] with SM neutrino mass
matrix mgs = v*(FM™'FT),5/2, where v =246 GeV is
the SM Higgs vacuum expectation value (VEV). We use the
Casas-Ibarra parametrization for the F' couplings [58] (see
the Appendix A for more details). Our discussion of the
asymmetry in ARS leptogenesis closely parallels that of
Ref. [59] and is restricted to the weak washout regime.

We assume that there are no N; produced in reheating.
Because of the typically small Yukawa couplings F;, the
RHNs are slowly produced out of equilibrium in inter-
actions like H* — N,;L,. In general, the RHNs are pro-
duced in superpositions of mass eigenstates, and because
they are out of equilibrium, they propagate coherently, with
the amplitude for each mass eigenstate acquiring a phase
e”, with ¢; = [E;dt. A small subset of these RHNs
inverse decay back into a Higgs field at a later time,
NIL/; — H*, giving rise to a net reaction Ly;H* — L, H* as
illustrated in Fig. 1. The matrix element of this process
goes as

M(LyH* = LH*) & Foi Fje™h 4 FpFppe™:. (2)

The matrix element for the CP-conjugate process has a
change in sign for the phases in the Yukawa couplings but
not for the phases from time evolution because the energy is
always positive. The difference in squared matrix elements
between the LyH* — L,H* and ZﬁH — L,H processes is

ML — LHP ~ [ M(LyH — LH)?
X Im(F(xlFﬁZF};’lFZZ) sin |:/(E2 — El)d[:| s (3)

where the integral is computed between the times of N;
production and the subsequent annihilation. We see that,
for nondegenerate N;, a CP asymmetry between leptons
and antileptons accumulates at O(F?*) due to RHN
oscillations.

The CP asymmetry in scattering rates represented by
Eq. (3) does not change the total lepton number since
processes like LzH* — L,H* conserve overall lepton
number. Indeed, summing over all lepton flavors in
Eq. (3) gives a result of zero. However, the rates are
asymmetric in lepton flavor; for example, it may be that
I(L,H* - L,H*) >T(L,H — L,H), which would result
in an excess of muons over antimuons and an equal excess
of positrons over electrons. Because of the nonzero SM
lepton chemical potentials yu, resulting from the lepton-
flavor asymmetries, subsequent decays H — L,N; occur at
a different rate than H* — LN, due to differences in Pauli
blocking; the net effect is a total lepton number asymmetry
arising at O(F®), with an equal and opposite asymmetry
stored in the RHNs. This total lepton asymmetry is then
transferred to a baryon asymmetry via sphalerons, with the
final baryon asymmetry determined at the time of sphaleron
decoupling at the electroweak phase transition. This is the
standard ARS mechanism.

The out-of-equilibrium Sakharov condition for baryo-
genesis must be satisfied in order to generate a CP
asymmetry. Therefore, the relevant timescale for our
analysis is the time of lepton-flavor asymmetry generation
established by Eq. (3). The subsequent redistribution of the
flavor asymmetries into a total lepton asymmetry occurs
even if the N; are in thermal equilibrium provided the
lepton-flavor asymmetries have already been generated by
the time of RHN equilibration. In other words, if the RHNs
come into equilibrium by some new interaction that con-
serves SM lepton number, the further generation of lepton-
flavor asymmetries is suppressed after equilibration, but any
preexisting flavor asymmetries will not be eradicated. Thus,
if we want to determine the impact on leptogenesis of the
RHNs coming into equilibrium by some new interaction, the
dominant effect is on the generation of lepton-flavor asym-
metries at O(F*) from Eq. (3).

To determine the timescale of flavor asymmetry gen-
eration, we assume that the coherent RHN state is ultra-
relativistic with momentum k() for both mass eigenstates”

*This is a standard approximation in the studies of SM neutrino
oscillations, and it gives the correct result provided the initial
wave packet is sufficiently broad that the different energy
eigenstates do not separate during propagation [60]. Refer-
ence [59] argued that the effects of propagation decoherence
are expected to be small for this baryogenesis mechanism.
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and that the oscillation time is long compared to the initial
production time of the RHN state. We can then evaluate the
oscillation phase, finding

y . AM
Adt(EZ_E1>NWI%, 4)

where AM3, = M% — M? and H(t) is the Hubble expansion
rate. Since H = (2¢)~! in a radiation-dominated universe,
we see that the oscillation frequency is AM3,/(3k), and
hence the oscillation frequency increases as a function of
time due to momentum redshift.

An important timescale for asymmetry generation is the
time it takes for the RHN state to oscillate once. It is
convenient to change to a dimensionless time variable,

2= Tew/T(1). (5)

where T is the temperature and 7., =~ 131 GeV is the
temperature at sphaleron decoupling. To get an estimate for
the oscillation time, we perform a thermal average over
RHN momenta, using (7/k)=1/2 for Maxwell-
Boltzmann statistics.” We then define Zose as the dimen-
sionless time at which Eq. (4) is 1, corresponding to
approximately one oscillation:

12T3W 1/3
Zosc = 5 . s (6)
AM3 M

where M, ~ 7 x 10'7 GeV is defined so that the Hubble
rate is H(T) = T?/M,. Because the flavor asymmetry
generation rate is proportional to the sine of the oscillation
phase, the sign of the asymmetry being created changes
when the oscillation phase crosses an integer multiple of 7.

At early times, 7 < 7, the oscillation phase is small,
and the rate of asymmetry generation is consequently very
slow. At late times, z > z,., the oscillations become very
rapid, and the positive and negative contributions to
the asymmetry average to zero. Therefore, the bulk of
the asymmetry is created during times z ~ z.,. Since the
baryon asymmetry is fixed at the time of sphaleron
decoupling, z = 1, the asymmetry is largest if z,, ~ 1.
In this case, the asymmetry generation rate accumulates
over the entire age of the universe to the point of sphaleron
decoupling. The condition z,, =1 implies an optimal
squared-mass splitting AM2, ~ (10 keV)2. For RHNs in
the GeV range, this corresponds to a mass degeneracy
AM = M, — M, ~107'° GeV, which is the reason why

The quantity for Fermi-Dirac statistics differs by 10%, but we
use Maxwell-Boltzmann statistics throughout for consistency in
various rates and abundances that we calculate.

most (although not all) implementations of the ARS
mechanism feature highly degenerate RHNs.*

B. Right-handed neutrino equilibration

According to the above discussion, the bulk of asym-
metry generation occurs in the vicinity of a particular
dimensionless time z... In ARS leptogenesis, the only
couplings of the RHNs are to SM leptons, and we take the
Yukawa couplings to be sufficiently small that the RHNs do
not come into equilibrium until z~1 (i.e., the weak
washout limit). As a result, RHN equilibration does not
substantially affect the generation of the asymmetry in the
minimal RHN model.

Because ARS leptogenesis is a freeze-in implementation
of leptogenesis,5 its success depends crucially on the fact
that the RHNs are not brought into equilibrium before z.
If there exists a new interaction that produces RHNs with
rate I'y, then the RHNs come into equilibrium around a
dimensionless time z., defined by

=1. (7)

In the following sections, we consider specific models of
RHNSs coupled to scalar degrees of freedom in which we
can compute z., in terms of model parameters. This allows
us to compare Zeq and z, to determine whether the lepton
asymmetry is suppressed. For now, however, we take a
more generic approach and stipulate a coupling £ <« 1 that
connects the hidden sector, including RHNSs, to the SM.
Because the RHNs have masses well below the electroweak
scale and the only dimensionful scale in the SM before
electroweak symmetry breaking is the temperature, 7', we
can argue on general grounds that

Ty = ayé’T, (8)

where ay is some dimensionless number that can be
calculated from the full theory. For example, the production
rate of RHNs from Higgs decays and 2 <> 2 scattering in
ARS leptogenesis gives a value of ay ~ 5 x 1073 [55,66].
We can now compute the equilibration time,

‘A mass-degenerate  RHN spectrum is not needed if
My =~ 10 keV. However, if the RHNs are at the keV scale, it
is impossible to simultaneously obtain the observed baryon
asymmetry and SM neutrino masses because the Yukawa
couplings are too small. In models where the oscillation states
are not RHNs, a nondegenerate spectrum of keV-scale singlets
can give the correct baryon asymmetry [59].

Note that the YMSM can also generate a lepton asymmetry via
freeze-out, i.e., in the departure of RHNs from equilibrium due to
finite-mass effects [47,57,61-65]. We return to this possibility in
Appendix E, discussing the implications of new hidden-sector
interactions for low-scale freeze-out leptogenesis.

095025-4



HIDDEN-SECTOR NEUTRINOS AND FREEZE-IN ...

PHYS. REV. D 105, 095025 (2022)

Zo = Tew
“ aNszo’

©)

and from this we determine the ratio of equilibration to
oscillation times,

1 AM2 .\ 1/3
e (s (10)
Zose  an&” \12Mj

For the asymmetry to be unaffected by RHN equilibration,
we need Zeq/Zosc 2 1. We thus find

2\ 1/3
52 si % / . (11)
ay 12M%

If we take a typical squared-mass splitting of AM3, =
(10 keV)? and ay = 1072, the coupling constraint is
£<1077, a value so small as to render the hidden-sector
states nearly unobservable in current experiments.

The constraint is surprisingly robust: Even if we increase
the squared mass splitting to AM3, = 1 GeV?, which is
typically too large to obtain the correct baryon asymmetry
in the minimal ARS setup, the constraint only relaxes to
& < 1073, This preliminary analysis suggests that for almost
any new hidden sector coupled to RHNs, an experimental
discovery of the new particle’s couplings to RHNs could
cause the RHNs to equilibrate before the oscillation time-
scale, suppressing the lepton asymmetry.

C. Asymmetry suppression

The equilibration of the RHNs halts the generation of the
lepton-flavor asymmetries for two reasons. First, unitarity
and CPT conservation dictate that the generation of any CP
asymmetry requires at least one species of particle to have a
distribution that deviates from the equilibrium value [50].
This property is manifest in the CP-violating source terms
that result from the calculations of lepton-flavor asymme-
tries in both the closed-time path (CTP) [55,67,68] and
density-matrix formalisms [3,51] of nonequilibrium quan-
tum field theory applied to freeze-in leptogenesis. Second,
the creation and annihilation of RHNs from hidden-sector
interactions leads to decoherence that suppresses the
oscillation phase needed to generate an asymmetry. The
deviation of RHN abundances from equilibrium is expo-
nentially damped with characteristic timescale I'y'.
Consequently, lepton-flavor asymmetry generation shuts
off rapidly after z.

To obtain an analytic estimate of the magnitude of
asymmetry suppression, we take the quantum Kkinetic
equations for the RHN density matrices (see Sec. IVA
and Appendix B) and employ a perturbative calculation in
the Yukawa coupling, F, that is valid when the RHNs are
far from equilibrium [3,59,64]. The Ilepton-flavor

asymmetries at dimensionless time z are proportional to
the factor®

, : 3_ .3
Az) _/ZdZZ/ZZ dz, sin<Z2g Z‘), (12)
0 0 Zosc

which is the imaginary part of the time evolution phase
integrated over all RHN production times (z;) and anni-
hilation times (z, > z;). This is simply an integral of the
collision terms for production and annihilation of RHNSs,
which are independent of z, dressed by the oscillation
phase. This perturbative calculation has been performed in
detail in the literature [3,59,64], and we refer the reader to
these references for a more thorough derivation of Eq. (12).

The argument of the sine function is simply Eq. (4) recast
in dimensionless form. At very late times compared to the
oscillation time, z > z,., this provides the usual ARS result

1273, \*3
A > 7,0) 20672202 =067 —=) | (13
ARS (2> Zogc) Zof AV, My (13)

such that the Iepton-flavor asymmetries scale like
(AM3,)72/3. This explains why, in ARS leptogenesis,
delaying the onset of oscillations through smaller RHN
mass splittings leads to a larger asymmetry: A longer
integration time before the onset of rapid oscillations leads
to a larger total asymmetry.

If, however, the RHNs come into equilibrium at
Zeq <K Zose» the asymmetry generation gets cut off. We
employ an instantaneous decoupling approximation, in
which we assume asymmetry generation is unaffected by
new RHN interactions prior to z., and completely stops
after zey. For zeq > zo, the asymmetry has already
saturated, and the cutoff has no effect, giving the standard
ARS result. By contrast, the lepton-flavor asymmetries for
Zeq K Zose are proportional to

Ze z 3_.3
Alzeq) :/ qd@/ " dz, sin <Z23 Zl) (14)
0 0 Zosc

. 3_.3
z/zquQ/szzl <Z23 Zl) (15)
0 0 Zosc

3 5
=t (16)
20z3c

This can be expressed in terms of physical parameters as

®For the interested reader, the coefficient between the asym-
metry in flavor @ and the function A(z) is AY,/A(z) =
4(m*Moay | Tew)* Y S IM[F? F o (F'F),] [64]. However, this
constant is not important for our parametric study in this section.
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Tgw AM%I
80ay My &1

A(Zeq) = (17)

We see that the asymmetry can be suppressed by the tenth
power of the coupling & between the hidden sector and the
SM. Even if the coupling is only slightly larger than the
value satisfying z.q ~ Zosc, there is an enormous suppres-
sion of the asymmetry, rendering leptogenesis nonviable.
We also see that the dependence of the asymmetry on the
squared-mass splitting is the opposite of the usual ARS
case, Eq. (13): Because the RHNs come into equilibrium
before oscillations occur, the asymmetry is enhanced by
having oscillations occur earlier in time. Indeed, the
optimal mass splitting is the one giving Ze & Zeq- Using
Eq. (10), treating the coupling £ as a given and setting
Zose = Zeq» WE get an optimal mass-squared splitting of
AM2 (optimized) 12MOGN§6 (18)
Substituting into our expression for the asymmetry,
Eq. (17), gives

372,

A o (optimized) _
(2eq) 20a%,M2E

(19)

Even in the best-case scenario where the mass splitting is
optimally configured to get the largest asymmetry, we still
get a quartic suppression of the asymmetry in the cou-
pling &.

In deriving these results, we have thermally averaged the
oscillation phase prior to calculating the asymmetry. This is
typically done to make the quantum kinetic equations for
leptogenesis simpler to solve, and it leads to a single
oscillation time, z,., for all RHNSs. In reality, there exists a
distribution of RHN momenta, each of which oscillates at
its own frequency. Consequently, the total asymmetry
should be calculated by convolving the momentum-depen-
dent asymmetry with the RHN phase-space distribution. In
Appendix C, we perform a numerical study of the effects of
the different momentum-averaging prescriptions. We find
that the asymmetry changes by roughly 15% for the
optimized baryon asymmetry with z, = z.q, but it varies
by a factor of up to 7.5 when z,,. > z.,. However, since the
asymmetry has a &0 coupling dependence in this limit,
our numerical estimates of the couplings needed for
successful leptogenesis are only off by about 20% if we
take the simpler approach. Because the quantitative effect is
minimal, for the remainder of this work we retain the
momentum-averaging prescription for the RHN energies
outlined in this section.

D. Summary

Here, we summarize the results of the last several
sections:

(i) In ARS Ieptogenesis, most of the lepton-flavor
asymmetries are generated on a typical dimension-
less timescale z,,., which is inversely correlated with
the RHN squared-mass splitting: A smaller splitting
gives rise to a later oscillation time.

(i1) If any new interactions bring the RHNs into equi-
librium at a time z4, then the interactions have no
effect if the RHN equilibration occurs after the
oscillation time, but they significantly suppress
the asymmetry if equilibration occurs before the
oscillation time. To avoid RHN equilibration prior to
oscillation, hidden-sector couplings need to be
sufficiently small that experimental detection of
the new RHN interactions would be challenging.

(iii) Quantitatively, the lepton-flavor asymmetry is sup-
pressed by the tenth power of the coupling connect-
ing the hidden sector to the SM for fixed mass
splittings, which means that leptogenesis is no
longer viable if the RHNs equilibrate prior to the
oscillation time. The asymmetry is enhanced for
larger RHN squared-mass splittings because this
makes the oscillation time earlier and closer to the
equilibration time; even if the RHN mass splitting is
tuned to maximize the asymmetry, the asymmetry is
still suppressed by the fourth power of the coupling
connecting the hidden sector and the SM.

III. DARK SCALAR MODEL

Many simple and popular models of hidden sectors
contain a new dark scalar. This could, for example, be a
scalar associated with the spontaneous breaking of lepton
number, giving Majorana masses to the RHNs. We will be
somewhat agnostic about the full theory, considering a real
scalar ¢ that couples to the SM and to RHNs according to
the following Lagrangian:

Y

A
Ly = =S HIHP "2 NN,

— FyL,(eH* )N, +H.c. (20)
For completeness, we have repeated the Yukawa couplings
F between the SM Higgs and the RHNs so that all the
relevant model interactions can be found in Eq. (20). In the
early universe, we now have two main production modes of
RHNs: in SM Higgs boson decays and 2 <> 2 scattering via
the couplings F',;, and in ¢ decays and annihilations via the
couplings y;;. This model has been considered in detail in
the context of freeze-in dark matter in Ref. [69], which
includes calculations of the relevant rates incorporating
quantum statistics.

We take ¢ to have a tree-level mass, M, as well as
thermal contributions to the self-energy from the surround-
ing medium. For now, we neglect finite-density corrections
from the ¢ coupling to RHNS since we are most interested
in the ¢ properties prior to RHN equilibration when there is
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a negligible RHN density. We also treat the ¢* self-quartic
coupling as small: Because a larger thermal mass for ¢ only
serves to increase the RHN production rate, taking the self-
quartic coupling to be small allows us to get conservative
bounds on the parameter space.7 We therefore use the
following thermally corrected ¢ mass,

_ A
M(T) :M;+6T2, (21)

in calculations where it is relevant, such as the ¢p — N;N;
decay rate.

We take the most pessimistic scenario in which no
additional asymmetry is produced through the couplings
vzs- This is most easily realized by taking the couplings to
be real and flavor universal, y;; = yd;;.

The parameter space of this theory is expansive, and
there are several interesting limits. If we subscribe to the
hidden-sector paradigm, in which ¢ and the RHNs both
belong to the hidden sector, we generically expect the
coupling y to be large because it connects particles within
the hidden sector, whereas the mediator couplings 4 and F
are expected to be tiny. Alternatively, we can imagine a
scenario in which the RHNSs are truly sterile and have tiny
couplings to all fields. In this case, we expect 4 to be larger
than y.

If 2 < F, then the RHNs are the dominant mediators
between the SM and the hidden sector and ¢ plays a
negligible role, both cosmologically and phenomenologi-
cally. Since this limit simply reduces to the conventional
ARS scenario (which typically does not bring the RHNs
into equilibrium until close to the time of electroweak
symmetry breaking), we do not consider it further. Of much
more interest is the scenario 41 > F, in which case ¢ comes
into equilibrium and provides a significant new source of
RHN production. The equilibration of RHNs from ¢
decays can then suppress the lepton asymmetry according
to the arguments of Sec. II.

Before embarking on our study, we summarize the
principal finding of our study: Realizing successful lepto-
genesis requires that the hidden-sector couplings satisfy
yVA<2x 107 over a vast swathe of parameter space.
While the precise coupling bound depends on the particular
scenario, this is a handy rule of thumb for determining the
viability of leptogenesis. The optimal baryon asymmetries
for a range of couplings 1 and y are presented in Fig. 16.

We begin our numerical explorations of the dark scalar
model in Sec. IV with a simpler case: We assume that 4 is
sufficiently large that ¢ is always in equilibrium, and y is
very small. We use this relatively simpler scenario to show
numerical agreement with the parametric asymmetry

"We have also performed numerical studies verifying that
varying the ¢»* quartic coupling does not appreciably change our
results.

suppression predictions from Sec. II. We then move on
in Sec. V to the more interesting scenario where both ¢ and
the RHNs are out of equilibrium at early times.

Throughout, we assume that the RHN masses, M;, are
constant. If the RHN masses originate from spontaneous
symmetry breaking induced by the scalar ¢, then there may
be a period of time in the early Universe when M; = 0 at
tree level. We study this case in Appendix D, finding that
the final results for the optimal baryon asymmetry as a
function of the hidden-sector couplings (summarized in
Fig. 16) persist even for nontrivial thermal histories of the
RHN masses.

IV. ASYMMETRY WITH ¢ IN EQUILIBRIUM

A. Rates and quantum Kkinetic equations

In this section, we assume that ¢ is always in equilibrium
with the SM in computing the equilibration of RHNs and
determining the resulting effect on leptogenesis. While this
approximation does not incorporate the full effects of
equilibration within the hidden sector, it allows us to study
the effects of RHN equilibration on leptogenesis in a
manner that facilitates comparison with analytic results.

When ¢ is abundant in the early universe, there are two
significant modes of RHN production: ¢ — N;N; and
¢¢p — N;N,. The first process depends on the ¢ mass
and can be suppressed if M, is small:

(Cpon,n,) = My Ky @"’/T)
NN = R Ky (M) T)

(22)

where K; are modified Bessel functions of the second kind
and we have taken the limit M > M. Equation (22) gives
the partial width into a single RHN flavor and helicity; we
separately track the decay rates into N;N; and N,N,
because the N; and N; density matrices evolve according
to separate quantum kinetic equations. The annihilation of
¢ pairs into RHNs is independent of M¢ (up to a
logarithmic enhancement in 7'/ M¢ due to forward scatter-
ing) but is of higher order in the coupling y.

Using Maxwell-Boltzmann statistics and assuming
T > M¢, which is expected for dark scalar masses at or
below the weak scale, we find the following thermally
averaged rates:

2772
y-M
o)) = ggor (23)

(24)

1.50y*T .850T
<F¢¢—>N,N,> = 0y 10g<0 8—50 )

3

_ eq
where <F(/)¢—>N,N,> =n, (6{/”/)_WIN,U>.

The ¢ decay rate is smallest in the limit where the tree-
level mass vanishes, M b= 0, and Md, is dominated by the
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FIG. 2. Dimensionless equilibration times for the RHNS, z.4, as a function of the dark Higgs coupling to RHNSs, y and My = 0 (left
panel); M, = 100 GeV (right panel). We have assumed that ¢ is always in equilibrium with the SM. The different blue contours
represent different values of the dark Higgs-SM Higgs quartic coupling: A = 1 (solidline); 4 = 10! (dashedline); 1 = 1072 (dottedline).
To facilitate comparison with the oscillation timescale z,., we have indicated in red the values of z. corresponding to RHN squared

2

mass splittings of A M2, = 10 keV? (top) and A M3, = 1 GeV? (bottom). We see that couplings y > 10~* cause the RHNs to come into
equilibrium prior to oscillation and asymmetry generation for the indicated values of AM3,.

thermal correction. In this case, the rates are strictly
functions of temperature, and we have

2
yoAT
(Tyonn,) = 3345 (25)

~
~

(26)

1.50y4T 2.08
<F¢¢->N,N,> - 10g< )

6473 NG

Using these rates, we have determined the dimensionless
time of equilibration of the RHNSs, Zeg» which is defined as
the time at which the total RHN production rate is equal to
the Hubble expansion rate. We show these equilibration
times in Fig. 2 for two values of the tree-level dark scalar
mass, M, = 0 and 100 GeV, comparing them to oscillation
times z,,. spanning the range from Sec. Il A. We see that for
A >y, the RHNs can equilibrate before oscillations begin
for couplings as small as y ~ 107%, in approximate agree-
ment with our arguments in Sec. II B. Also, the tree-level
mass is typically irrelevant for determining the equilibra-
tion timescale of the RHNs when M, < 100 GeV. Due to
the smallness of y, we find that the 2 <> 2 processes are
irrelevant compared to the dominant 1 <> 2 process for N
equilibration, and we do not include them further in this
part of our analysis.

The evolution of the lepton asymmetry is determined by
solving a set of coupled quantum kinetic equations that
simultaneously track the RHN density matrices along with
the lepton asymmetry. It is convenient to write the RHN
density matrices as ny(t);;, = ny Ry(t),,, where Ry(t),, =
0y corresponds to N; being in equilibrium; in this section,
we assume that the RHNs are sufficiently relativistic that
the dimensionless yield, Y3 = ny!/s, can be treated as time
independent (where s is the entropy density), although we

consider the time dependence of Y} in our study of freeze-
out leptogenesis in Appendix E.

The initial conditions for the quantum kinetic equations
are taken to be Ry = Ry = 0, consistent with freeze-in and
vanishing lepton asymmetries. Because we assume that ¢ is
in equilibrium in this section, the momentum-averaged
Boltzmann equations for the RHN density matrices and
lepton asymmetry are of the standard form for ARS
leptogenesis [3,56,61,64], along with additional terms in
the Ry and Ry equations that account for RHN production
and destruction from ¢ (inverse) decays:

dR . 1 -
— = —i[(H),Ry] - (F,){FTF, Ry —T}
dt 2
21 R
~ e (Cponn, ) (RY = 1) + Ty 0.1 ) F'uF
N
1 - .
- 5 <Fw.0.2>{FIMF’ RN}’ (27)

where (H) is the momentum-averaged RHN Hamiltonian
with finite-temperature corrections, and (I',y.0.1.w.02) are
thermally averaged rates of RHN production from SM
Higgs decay/scattering, stripped of coupling constants.
These reaction rates take into account both 1 <> 2 and 2 <
2 processes involving the RHN coupling F to the SM Higgs
and neutrinos [56,61], including washout terms® that
depend on the SM lepton chemical potential normalized
to temperature, .

We have derived the term incorporating ¢p <> NN, using
the CTP formalism [55,70], neglecting, for simplicity,

5The two washout rates come from the collision terms that
depend on the lepton chemical potential, and they differ in
whether or not they have a RHN distribution function in the initial
state.
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Abundances and asymmetries as a function of dimensionless time, z, for various couplings y between RHNs and the dark

scalar, ¢p. We have fixed 1 =0.1, My =1 GeV, M| =1 GeV, AM =3 x 1078 GeV, and the Yukawa couplings F' () indicated in
Eq. (28). In the left panel, the dashed lines indicate max (Y ), and the solid lines indicate the asymmetry in the anomaly-free electron
number, AY, = AYp;3_; . We take the following values of y: y = 0 (red lines), corresponding to the standard ARS scenario; y =

6 x 107° (black lines); and y = 107> (blue lines). It is evident that asymmetry generation is suppressed once Y comes into equilibrium.
Right panel: electron flavor asymmetry AY, (solid lines) and total asymmetry AYz_; (dotted lines) for various values of y: y = 0 (top,
red); y =6 x 107® (middle, black); and y = 10~ (bottom, blue). While the flavor asymmetries stop growing when the RHNs
equilibrate, the reprocessing of the flavor asymmetries into a total B — L asymmetry persists at later times.

quantum statistics and assuming flavor universality of the y
coupling.9 The factor of 2 in the collision term for ¢p — NN,
accounts for the fact that two N; quanta are produced or
destroyed in each collision.

The quantum kinetic equation for Ry is the same as that
for Ry, but with y - —u and F — F*. The full set of
quantum kinetic equations that we solve, including the
equation for the lepton asymmetry and the form of the rates
(Thw.o.l.wo2), is provided in Appendix B.

In the above treatment of the RHN density-matrix
evolution, we have neglected terms that change the helicity
of the RHN state and consequently violate lepton number.
These typically have a subdominant effect on the asym-
metry from freeze-in over the parameters of interest to us.
The ratio of the lepton-number-violating (LNV) and lepton-
number-conserving rates is (My/T)? times an O(1 — 10)
number [56]. We typically consider parameters with My <
10 GeV and asymmetry generation at 7 2 1 TeV, and we
consequently expect LNV effects to yield a 10~ effect; we
have also checked that including the LNV terms does not
appreciably change our freeze-in results. LNV is important,
however, for the asymmetry produced from freeze-out of
the RHNs after they come into equilibrium, and we
examine these effects in Appendix E.

B. Numerical results

We begin our numerical study by examining the relation-
ship between RHN equilibration, and the evolution of
anomaly-free flavor (AY, = AYp/;_; ) and total B—L

The density-matrix dependence of our collision term agrees
with that in Ref. [52] in the limit of flavor-universal coupling and
neglecting quantum statistics.

number (AYg_;) asymmetries. To do this, we select a
benchmark point with M ,=1GeV, 1=0.1, M; =1 GeV,
and RHN couplings to the SM Higgs given by

—0.575 +0.608i —1.141 —0.725i
FO = [ —3.461 —1.047i 1909 —1.764i | x 1078,
—1.421 —1.089i 2.867 —0.421i
(28)

which is consistent with the observed SM neutrino masses
and mixings for M; ~ M, ~ 1 GeV. We obtain this coupling
matrix using the Casas-Ibarra parametrization [58] (see
Appendix A).'"" We solve the Boltzmann equations for
different values of the ¢»-RHN coupling, y, and RHN mass
splitting, AM = M, — M,.

We show our results in Fig. 3. We express all abundances
in terms of the dimensionless yield, ¥ = n/s. In the left
panel, we show the time evolution of Y and the electron-
flavor asymmetry, AY,, for AM =3 x 107® GeV and
various values of y. We choose the electron flavor for
concreteness, but the effect on the other flavor asymmetries
is analogous.

We see that when y = 0, corresponding to minimal ARS
leptogenesis, the RHNs are out of equilibrium for all times
before the electroweak phase transition, and the flavor
asymmetry saturates around the oscillation time, z.. For
larger values of y, the RHNs come into equilibrium earlier,
and the generation of the flavor asymmetry is suppressed

"The parameters going into this matrix are m; =0,
m, = 8.6 meV, my = 58 meV, § = 221°, 5 = 60° - 6.
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FIG. 4. Electron flavor asymmetry, AY,, as a function of
dimensionless time, z, for various RHN mass splittings AM in
GeV as indicated in the figure. We take y = 107>, with other
parameters the same as in Fig. 3. We see that increasing AM
enhances the asymmetry at earlier times, which leads to a larger
final asymmetry when oscillations are interrupted by RHN
equilibration. When AM is sufficiently large that z < Zegs
however, the RHNs oscillate too early, and the asymmetry
saturates at smaller values for larger splittings.

once the RHNs are close to equilibrium. As expected, we
see an absence of oscillation in AY, when z.q < Zgg-

In the right panel of Fig. 3, we compare the time
evolution of the flavor and total asymmetries for the same
parameters as above. It is evident that the total asymmetries
are smaller than the flavor asymmetries because they arise
at higher order in the couplings F. We see that the total
asymmetry continues to accumulate after the RHNs equili-
brate because the total asymmetry results from a reproc-
essing of the existing lepton-flavor asymmetries rather
than from a direct source of CP violation. However,
the suppression in the flavor asymmetry from RHN

107-8F AN .

, 10-10F kS
< . L
N\ N\
» o "
10-12 o¢ “’.O\J
' N
"o
-1l . - ‘ RN
1.x107% 2.x1076 5.x1070 1.x107° 2.x107° 5.x107°
)

equilibration carries over to the overall normalization of
the total asymmetry, giving rise to a comparable reduction
in the total B — L asymmetry.

We show the effects of RHN mass splitting on the lepton-
flavor asymmetries in Fig. 4. For the smallest mass splittings,
oscillation is delayed until after RHN equilibration,
Zose > Zeg> SUPPressing the asymmetry. As the mass splitting
increases, corresponding to an earlier oscillation time, the
suppression is less pronounced. This is in qualitative agree-
ment with our estimate in Eq. (17), where we found that the
asymmetry was larger with increased AM3, = M5—
M? ~2MAM. Once the mass splitting is sufficiently large
that 7, < z¢q, then we recover the typical ARS scaling
where the asymmetry is optimized by delaying oscillations.
The optimal asymmetry occurs for zo, ~ Zeq, Which in the
case of the benchmark shown in Fig. 4, corresponds to
AM ~ 107 GeV. We see that the larger mass splitting partly
mitigates the suppression of the asymmetry from RHN
equilibration, but the optimal electron flavor asymmetry is
still orders of magnitude lower than the optimal asymmetry in
the ARS limit from Fig. 3.

Having shown that the qualitative suppression of asym-
metries due to RHN equilibration is in accordance with the
discussion in Sec. IIC, we now turn to a quantitative
comparison. In particular, from Eq. (17) we expect that
flavor asymmetries should be inversely proportional to the
tenth power of the effective coupling between the SM and
the hidden sector, £7'°, and linearly proportional to AM.
For the dominant RHN production rate in Eq. (25), we see
that the effective squared coupling is £ = y?, where the 1
dependence comes from its contribution to the ¢ thermal
mass. We therefore expect that asymmetries should scale
like y~19273, provided Zzeq < Zose. In Fig. 5 we hold all
parameters fixed except for the couplings y and 4, and we
see that the numerical solutions to the quantum kinetic
equations indeed show a y~'9A=> dependence on the

07F &0 T e e
o . -,
o, *
PN .,
10-10k o, o,
>:J
< "x.}\\
.,
10717 o, N
l_. “
".-_.‘ .‘.\‘
10-14 ‘ ‘ N
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A

FIG. 5. Electron flavor asymmetry, AY,, shown as a function of y (left) for the indicated values of 1, and A (right) for the indicated
values of y. Other parameters are the same as in Fig. 3. The points are the lepton-flavor asymmetries obtained from numerically solving
the quantum kinetic equations, while the dashed lines indicate a y~' (left) power-law dependence and A~ (right) power-law

dependence.
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FIG. 6. Left panel: electron flavor asymmetry, AY,, shown as a function of AM. We have fixed My = 1 GeV, M; =1 GeV, 1 = 0.1,
y = 1073, and the Yukawa couplings F/) indicated in Eq. (28). The points are the flavor asymmetries obtained from numerically solving
the quantum kinetic equations, while the dashed lines indicate AM and AM~%% power-law dependence to facilitate comparison with
analytic results. Right panel: dependence of AY, on tree-level dark scalar mass, M. We set AM = 3 x 107 GeV and otherwise keep

all parameters apart from M, the same.

asymmetry in the limit of ultrarelativistic ¢. This is an
extremely severe suppression of the asymmetry as a
function of the couplings: For yv/4 =2 x 1076, flavor
asymmetries are below 10717,

We now investigate the dependence of the lepton-flavor
asymmetries on the RHN mass splitting, AM. We show our
results in the left panel of Fig. 6 for a representative
benchmark point. As predicted, when z,. > z¢q the asym-
metry grows linearly with AM, reaches a maximum for mass
splittings giving z,, ~ Zeq> and then decreases again. In the
limit 7, < z¢q, We expect to reproduce the ARS result

which predicts an asymmetry dependence of AM~2/3,
Instead, we see a slightly shallower power-law dependence
of approximately AM~%6, which is due to the residual effects
ofthe ¢ — NN, process and leads to a preference for earlier
oscillation times than predicted by ARS. We have checked
that when we set the 4 and y couplings to zero, we recover the
ARS prediction of AM~2/3,

We also examine the effect of the tree-level dark scalar
mass, M, on the asymmetries. Earlier, we argued that the
RHN production rate is minimized when M, is as small as
possible; in other words, leptogenesis is most viable when
the mass of ¢ is dominated by the irreducible thermal mass
from its coupling to SM Higgs. We show our results in the
right panel of Fig. 6, finding that, indeed, the asymmetry is
largest for tree-level masses M, < 100 GeV. For larger
masses, the asymmetry suppression due to RHN equili-
bration is even more pronounced because the decay rate is
dominated by the tree-level ¢ mass. If the ¢ is sufficiently
heavy, its abundance is Boltzmann-suppressed prior to
RHN equilibration, and the asymmetry approaches the
ARS value; however, depending on the hidden-sector
couplings, we see that this requires a very heavy mass
(M 4, ~ PeV), which would put its effects far outside of the
reach of even colliders like the LHC or FCC.

C. Viable baryogenesis

Finally, we wish to address the most pressing question:
Given a particular set of couplings 4 and y, and a set of
masses M, and M, what is the largest asymmetry that can
be obtained? Is it compatible with the observed baryon
asymmetry of AYy = 8.65 x 107! [71]? To make progress
in answering this question, we identify parameters for
leptogenesis that give the largest asymmetry in the ARS
limit and then determine the impact of RHN equilibration
on the asymmetry. Because ARS is a freeze-in leptogenesis
mechanism, the flavor and total asymmetries increase with
larger Yukawa couplings F, provided the couplings are not

1078 ¢

10-12b < . . . . 1 . .
0.001 0.005 0.010 0.050 0.100 0.500 1

z

FIG. 7. Flavor and total B — L asymmetries with FU) defined
in Eq. (29), and other parameters set to AM = 1.5 x 1073 GeV,
My = 1GeV, 4=0.1,and y =3 x 1075, The final muon and
tau asymmetries are suppressed by washout, but the electron
asymmetry is protected, leading to a large B — L asymmetry of
comparable size to AY,. This maximizes the asymmetry when the
Yukawa couplings, F, are large enough to be in the strong
washout regime.
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FIG. 8. Left panel: baryon asymmetry as a function of y obtained using the Yukawa texture approximately equal to FUD from Eq. (29)
(although with Im® adjusted slightly for each point), which gives the largest asymmetry in the strong washout regime by protecting the
asymmetry in a single lepton flavor. We set M, = 1 GeV, and for each value of y and 1, we optimize the parameters AM and Imw to
give the maximum baryon asymmetry. The dashed lines indicate a y~* power-law dependence, and we find good agreement with the
analytic prediction of Eq. (19). The observed baryon asymmetry is indicated with the dot-dashed line. For comparison, the optimized
ARS asymmetry for this benchmark is AY; = 2 x 1077, and the dip seen around y = 5 x 107 is due to flavor effects. Right panel:
optimal AM as a function of y, demonstrating that larger mass splittings (and earlier oscillation times) are preferred for larger couplings.
The dashed lines indicate a y® power-law dependence to compare numerical results with the analytic prediction of Eq. (18).

so large that they bring the RHNs fully into equilibrium and
wash out the asymmetry.

In fact, the largest ARS asymmetry results when two
flavors of the SM lepton come into equilibrium with RHNs
but one flavor does not due to suppressed couplings with
the RHNs. For example, if exactly two of the lepton
numbers (such as the muon and tau) come into equilibrium
with the RHNSs, a net baryon asymmetry still results if the
electron asymmetry is protected [46,55,72]. The time
evolution of flavor and total asymmetries is shown in
Fig. 7 for a benchmark point with this behavior. We see that
the relatively large Yukawa couplings F lead to a more
substantial asymmetry at early times. Even though the
muon and tau flavors come into equilibrium with the RHNs
and their asymmetries are exponentially damped, the
electron flavor stays out of equilibrium, preserving a net
B — L asymmetry. While the protection of a flavor asym-
metry from washout occurs in any model where the
coupling of RHNSs to one flavor is suppressed relative to
the others, the suppression of the electron’s coupling to
RHNS occurs naturally in the YMSM with normal hierarchy
when Imw > 1 in the Casas-Ibarra parametrization, cor-
responding to an enhancement in the magnitude of F
relative to the naive seesaw prediction [73].

The particular F matrix used in Fig. 7 is

1.33 4+ 0.930i 0.947 — 1.34i
FUD = | —2.084+3.15i 321 +2.04i | x1077. (29)
—-4.5242.80i 2.81 +4.49i

This corresponds to a particular alignment such that the
Dirac and Majorana phases of the Pontecorvo-Maki-

Nakagawa-Sakata (PMNS) matrix sum to —z/2 and Rew =
/4 [46,72,73].11 We take the lightest RHN neutrino mass
to be M; =5 GeV, which gives rise to larger F' couplings
than M| =1 GeV while still allowing Imw > 1 to realize
the natural suppression of the RHN coupling to electrons in
the YMSM [73]. We further assume for concreteness that
the SM neutrinos have a normal mass hierarchy, and for the
results to follow, we optimize the asymmetry over the mass
splitting AM and Imaw, the latter of which can enhance the
overall magnitude of F.

We now vary y and A, using the optimal values of AM
and the magnitude of F (via adjustments to Imw) to give the
largest possible asymmetry. We report our results in terms
of the baryon asymmetry for each set of parameters, which
can be obtained from the B — L asymmetry after taking into
account spectator effects [74]:

28

AYB - %AYB—L‘ (30)

We show our final results in Fig. 8 for My, = 1 GeV. In the
left panel, we show the optimal baryon asymmetry as a
function of y for two values of the quartic coupling A. For
comparison, we also show a y~™* power-law dependence
with dashed lines. When the hidden-sector couplings are
sufficiently large that the RHNs equilibrate well before the
electroweak phase transition, we see that our numerical
solutions for the optimal baryon asymmetry closely follow

""Note that Refs. [72,46] use opposite sign conventions for the
Majorana phase, but the physical parameters in this limit are the
same for both.
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the y~* power law, in agreement with our analytic argu-
ments in Eq. (19) with £ = Ay?. In the right panel of Fig. 8,
we show the mass splitting which optimizes the asymmetry
for each value of y and 1. As the RHNSs equilibrate earlier,
the optimal mass splitting tends to cause oscillations to
begin earlier as well, such that z,, ~ z.q- The dependence
of the optimal mass splitting on y is approximately y°, again
in agreement with our earlier arguments in Eq. (18).

To summarize, we have shown that couplings of new
hidden-sector particles to RHNs can bring the RHNs into
equilibrium earlier than they otherwise would, significantly
suppressing the asymmetry from freeze-in leptogenesis. We
studied a concrete dark scalar-RHN model, and having
assumed that the new dark scalar is always in equilibrium,
we confirmed that the asymmetry can suffer from a tenth-
power dependence on the coupling, bringing the RHNs into
equilibrium. We find that the couplings must satisfy yv/4 <
1073 to obtain the observed baryon asymmetry, even when
other parameters have been optimized. Our numerical
results agree very well with our earlier analytic arguments
based on an asymmetry cutoff at z., from Sec. I[IC. We
therefore expect the results from this section to readily
generalize to any model where the RHNs are brought into
equilibrium via an interaction involving fields in thermal
equilibrium with the SM.

In the next section, we study the effects on leptogenesis
of a hidden sector with multiple fields that can all be out of
equilibrium simultaneously (with the SM and one another).

V. FULL TREATMENT OF HIDDEN-SECTOR
EQUILIBRATION

The quantum kinetic equations in the previous section
were simplified by assuming that the dark scalar, ¢, is
always in equilibrium with the SM. In this limit, both ¢ —
N;N; and H — L,N, produce RHNs with typical momen-
tum ~7. This is no longer the case when ¢ is out of
equilibrium. To illustrate why this is the case, consider the
production of two dark scalars via the process HH* — ¢¢.
These ¢ quanta have momenta ~7". Now, imagine that one
undergoes the ¢p - N;N; decay and the other undergoes
the ¢ — N,;N,; decay, followed by two instances of the
scattering N;N; — ¢¢. This net process has taken two ¢
quanta and turned them into four ¢ quanta, now with a
characteristic energy ~7 /2. This process can occur repeat-
edly: In the limit that interactions within the hidden sector
are in equilibrium (but both ¢ and RHNs are out of
equilibrium with the SM), this results in a rapid cooling
of the hidden sector down to a dark temperature 7y ~ p(lj/ +
where pq is the hidden-sector energy density. There are now
multiple possible equilibration timescales corresponding to
the establishment of kinetic and chemical equilibrium
within the hidden sector as well as between the hidden
sector and the SM.

We first describe in Sec. VA our treatment of the
Boltzmann equations modeling the equilibration of the
hidden sector. This allows us to derive quantitative results
in Sec. VB for the evolution of the hidden-sector abun-
dances and temperatures. Finally, we incorporate these
results into the calculation of the lepton asymmetry and
numerically determine the implications for leptogenesis in
Secs. V C and V D, respectively.

A. Hidden-sector equilibration: Formalism and
Boltzmann equations

In principle, when ¢ and N are far from equilibrium, we
need to solve the full momentum-dependent Boltzmann
equations for the distribution functions f, and fy. This
requires solving a very large system of coupled differential
equations with one equation for each momentum mode,
and the quantum kinetic equations for leptogenesis sim-
ilarly need to be solved for a large number of momenta.

We pursue a computationally simpler approach that
allows for the treatment of both chemical and kinetic
equilibrium. We take the following ansitze for the stat-
istical distribution functions:

_ ooy g Tyl
_ongt) Tyt

where we have characterized the ¢ () field by some
characteristic temperature T, (Ty). To determine the time
evolution of the hidden-sector distributions, we need four
Boltzmann equations to solve for all of ny(¢), ny(t), Ty (1),
and T,(t). This approach does not capture the possible
deviation of the hidden-sector distribution functions from
the Maxwell-Boltzmann form, but it does allow us to model
leading-order effects of the different typical momenta of ¢
and N. We neglect any backreaction on the SM temper-
ature, 7, as a result of hidden-sector equilibration due to the
much larger number of degrees of freedom in the SM.

The evolution of the ¢ number density originates from
production and annihilation with the SM Higgs field, as
well as (inverse) decays and scattering with RHNs. The
RHN number density is, to leading order, only affected by
its interactions with ¢. The Boltzmann equations for the
number densities are derived in the usual fashion by finding
an average over the momentum-dependent Boltzmann
equations [75], although care must be taken in determining
the temperatures used in the thermal average. The resulting
Boltzmann equations are
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hy +3Hny = =2((o(¢pp — HH")v)7,ny(1)* = (o(¢pp — HH")v)7ny (T)’]

_ 22 [<F¢—>N1N,>T4,”¢(t) - <F¢~N1N1>TNn;q<TN) (n’}:\év(I;ZQZ]

i, + 3Hny, =2 [<F¢~N,N,>T¢”¢(‘) = Lo )1y (T) (L(I)Q 2]

=23 [(6(0 = R0 ng07 = ol = Nt P (Y] o)
”?\?(TN
T [<o<¢¢ e NN, g (1 = {0(db — NN )y (T ) (%) } e

where (---)7 denotes a thermal average over temperature
Ty. Note that all thermally averaged quantities with
identical initial or final particles include appropriate sym-
metry factors. The factors of 2 in the first and third lines of
the n equation result from two ¢ particles being produced
or destroyed in each collision, while the factor of 2 in the
second line results from summing over decays to both N;
and N,. The factor of 2 in the first line of the ny , equation
similarly results from the production or destruction of two
N; in each ¢ decay or inverse decay, and there is no sum
over RHN flavors in the N; equation because we assume
the couplings y;; are flavor diagonal (and, in fact, univer-
sal). The Boltzmann equation for ny, is the same as for ny,
because of an assumed lack of CP violation in the hidden
sector; however, we keep them separate here because their
quantum kinetic equations for leptogenesis are ultimately
different.

To determine the evolution of the temperatures 7 and
Ty, we determine differential equations for the evolution of
the energy density p, (py) by first multiplying the

momentum-dependent Boltzmann equation by E, (Ey)
and then integrating over momentum. When there are
identical particles in the initial or final state, we appropri-
ately symmetrize each integral so that the energy-weighted
collision term tracks the net inflow or outflow of energy for
the species under consideration (for more details, see
Appendix B 3). We then use the ansatz Eq. (31) to relate
py to ny and Ty (and similarly for py), which allows us to
determine the time evolution of the temperature. Unlike for
the number-density Boltzmann equations, we also need to
take into account elastic scattering processes that change
the momentum of the various species involved in the
collision. Due to the complexity of the collision terms,
we assume that ¢ and N are always relativistic: As we will
see in Sec. V B, T, and T do not differ from 7" by more
than about an order of magnitude at any point in time, and
as we found earlier, the asymmetry is largest for
M, < 100 GeV, in which case ¢ is always highly relativ-
istic even when taking into account cooling within the
hidden sector.

Assuming ¢ and N are relativistic, the energy-weighted Boltzmann equations are

py +4Hpy = —[(o(¢pd — HH )0Ey)7, ny(1)* = (o(¢d — HH*)0E,)ni(T)?]

— n§(T)ny(1){o($H — $H)VE,)r, <T_T4 _ >

- 2M¢ZF¢—>N,N, {”(/;(t) - n;,q(TN) (
T

ny, (1)

_ z}: {@((M, = NIN)OE )7, ng(0)7 = (0(dp = NN 0Ey) 7 i (T )? (nj;i(TN)>z]

_ §ﬂ¢(I>ZnN,(t)<G(¢N1 N ¢N1)”E¢>r¢ (ﬁ 3 1) ’

T, (35)

095025-14



HIDDEN-SECTOR NEUTRINOS AND FREEZE-IN ...

PHYS. REV. D 105, 095025 (2022)

pn, +4Hpy, = MyTy_n N, [”(/;(f) -

1

0ol

+3 [<a<¢¢ > NN VE )7, ng(1)2 = (o(dd — NN JoE,) g nid(T)? ( e )]

ny (Ty)

+ %n¢(t)ZI:nN,(t)<6(¢NI — ¢N)vEy)7, <% B 1)’ (36)

where (6vE)y, are energy-weighted thermally averaged
cross sections. The collision terms for py are half the
magnitude of those for p: In all cases, this is due to the fact
that ¢ can decay into and scatter off of both N; and N, but
py only counts the energy density in the particle N; and not
N, (of course, in the absence of CP violation, PN, = PR,)-
Similarly, in the second line we have summed over both
¢H — ¢pH and pH* — ¢pH* elastic scattering, although the
energy-weighted cross section in Eq. (36) is calculated with
respect to only one of these Higgs states.'? Note that there is
no thermal average for the ¢ decay width in the energy-
weighted Boltzmann equation because the energy-weight-
ing factor of £, in the numerator of the thermal average
integral cancels the denominator of the time dilation factor,
M,/, /Ey, and as a result, the energy-weighted thermal
average is independent of temperature. The precise defi-
nitions of all terms and rates in the Boltzmann equations, as
well as the dimensionless versions of the Boltzmann
equations that we use for our numerical studies, are
presented in Appendix B 3.

Finally, we must modify our expression for the thermally
corrected ¢p mass to account for the fact that in the 1 <y
limit the dominant contribution to the ¢ mass can poten-
tially come from RHNs. We compute this contribution
following the method of Ref. [76] using our ansatz Eq. (31),
and the finite-temperature mass M(ﬁ with this correction is

7 y N
M}(T.Ty) = + Aro g Z ’T%V eq' . (37)

where we have already summed over contributions from
both N, and N, states. For flavor-universal couplings, this
sum just gives a factor of the multiplicity of RHNS.

We can gain some analytic understanding of the early
stages of hidden-sector equilibration from Egs. (33)—(36).
At the earliest times, the dominant production of hidden-
sector particles proceeds through HH* — ¢p¢p and
¢ — N;N,;. The average ¢ energy produced from SM

“In evaluating the SM Higgs number density, ny, we assume
that ny and ny- separately count the number of Higgs and anti-
Higgs states, respectively. Thus, gy = gy+ = 2 because of the
SU(2) multiplicity.

N

Higgs scattering is the energy transfer rate divided by
the particle production rate,

(0(¢pp — HH")vE,);
2o(¢pgp — HH")v)r
Using the relativistic Maxwell-Boltzmann relation that the

temperature of a species is a third of its mean energy, this
gives an early-time relation

avg. ¢ energy = =2T. (38)

Ty=—+ (39)

which we take to be the initial condition for T'. The reason
why ¢ is initially colder than the SM Higgs is because of
the 1/s dependence of the scattering cross section, which
tends to deplete the lowest-energy H states. At later times,
elastic scattering ¢H — ¢pH redistributes kinetic energy
and drives the temperatures to be equal.

Similarly, the initial production of N; is dominated by
¢ — N;N,; decays, so the average N; energy produced
from ¢ decays is'?

M¢F¢—’N1N1

avg. N; energy = =T,. (40)
2<F¢—>N,N1>T¢ /
This gives the early-time relation
T, 2T
¢
Ty=—=—. 41
v=t=5 (41)

which is independent of the flavor I and which we take to
be the initial condition for 7. Once again, the N;
population is colder than the originating ¢ population.
This can be understood by the time dilation factor in ¢
decays: Because the ¢ particles that decay are predomi-
nantly from the coldest part of the statistical distribution,
this leads to Ty < T,. Furthermore, the energy from a
single ¢ is divided among two RHNSs.

We can also obtain an analytic expression for the dark
energy density and temperature in the limit where ¢ and N,

PAs discussed earlier, the energy transfer rate from ¢ decays
for a ¢ particle of any energy is the same as for a ¢ particle at rest
due to the effects of time dilation.
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have established equilibrium amongst themselves but not
with the SM. In this case, pg = p; + >, (pn, + px,) and
Tq=T, =Ty are related by the usual equilibrium rela-
tions. Neglecting the backreaction from the hidden-sector
energy density, we can integrate the collision term for
HH* — ¢¢ in the energy-density equation for ¢, giving

/12

-~ _M,T3,
32750

Pd (42)
which, due to rapid interactions within the hidden sector, is
distributed within both ¢ and RHNs. This expression is
valid provided the reverse processes of ¢ pairs annihilating
into the SM are negligible, Y, < Y3!(T) and T, < T. We
can use the Maxwell-Boltzmann relation between energy
density and temperature to express the dark energy density
in terms of T,

Ty /12M0 1/4 AZM()Z 1/4 3

T (969dn3T> N <96gdn3Tew) - W
where gg = 5 is the number of degrees of freedom in the
hidden sector for two RHNs. We see that the temperature of
the hidden sector increases relative to the SM temperature
as z'/4.

Finally, we can estimate the time at which equilibration
occurs within the hidden sector. This approximately cor-
responds to the conditions n,(c(¢p¢p — N;N;)v) ~ H and
ny,(6(N;N; — ¢¢)v) ~ H, where the thermal averages are
computed over either T, or Ty (they are the same once
local equilibrium is reached in the hidden sector). The
number densities of ¢ and N; can be computed analytically
at early times by ignoring the backreaction terms, and the
parametric scaling of the time of equilibration within the
hidden sector is

1

Zhs. eq & F . (44)

B. Hidden-sector equilibration: Results

We begin by showing the evolution of the hidden-sector
abundances and temperatures for some benchmark points.
In solving the Boltzmann equations, we take as our initial
conditions Y, =Yy =107 and initial hidden-sector
temperatures given by Eqgs. (39) and (41). We consider a
system with two RHNs.

1. Evolution of hidden-sector temperatures and
abundances

First, we consider benchmarks with 1 < y such that the
coupling within the hidden sector is much stronger than the
coupling between the hidden sector and the SM. In Fig. 9,

1,
0.50r
=
~
2> 0.10
e O
0.05
solid : N
dashed : ¢
0.01 L L L
1079 10~ 107 0.001 0.100

FIG. 9. Abundances (upper plot) and temperatures (lower plot)
as functions of dimensionless time z, expressed as ratios to the
values when in equilibrium with the SM, for ¢ (dashed lines) and
N (solid lines). Here, we show benchmarks for which the hidden
sector comes to local equilibrium before equilibrating with the
SM. We take 1 =35 x 107°, M, = My =1 GeV, and consider
two values of y: 0.01 (blue) and 0.5 (red). Note that when the
hidden sector establishes local equilibrium, the abundances and
temperatures rapidly approach the values predicted by the dark
temperature, Eq. (43).

we show the time evolution of the N and ¢ abundances and
temperatures, both taken as ratios with respect to the values
when fully in equilibrium with the SM. At early times, the
N and ¢ temperatures stay fixed at the values derived in
Egs. (39) and (41), and the abundances grow according to a
naive integration of the number-density Boltzmann equa-
tion with no backreaction effects. With the sufficient
accumulation of ¢ and N particles, however, 2 — 2
processes become important within the hidden sector,
leading to rapid equilibration within the hidden sector to
the temperature predicted in Eq. (43). If T4 is below the
initial values of 7y and Ty, then the hidden sector rapidly
evolves to a colder, higher-multiplicity state as dictated by
the hidden-sector equilibrium condition. The whole sector
then evolves towards equilibrium with the SM. In both
cases, we see relatively rapid changes to the hidden-
sector temperature and abundances at the time of local
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FIG. 10. Abundances (upper plot) and temperatures (lower
plot) as functions of dimensionless time z, expressed as ratios to
the values when in equilibrium with the SM, for ¢ (dashed lines)
and N (solid lines). Here, we show benchmarks for which N
equilibrates with ¢ after ¢ is already in equilibrium with the SM.
We take A =3 x 1073, M, =My =1 GeV, and consider two

values of y: 107 (blue) and 2 x 1072 (red).

equilibration. Note that even with the rapid cooling, the
hidden-sector temperature is never more than about an
order of magnitude colder than the SM temperature for z >
1073 and 4 < 1073, and hence the relativistic assumptions
for ¢ and N are reasonable for masses of phenomenological
interest.

Our analysis shows that, for y ~ 1, local equilibration
inside the hidden sector occurs very early (zj . ¢q ~ 1077 for
A~ 1073). This suggests that large couplings to RHNS,
even within a thermally decoupled hidden sector, can be
problematic from the point of view of RHN equilibration
and decoherence effects.

We next consider the opposite limit, namely 4 2 y, in
which case we expect ¢ to equilibrate with the SM prior to
RHNSs equilibrating with ¢. For the extreme case 1 > y, we
expect to recover the results of Sec. IV. We show the results
for two benchmark points in Fig. 10. We note that in both
cases, Y, is linearly proportional to z as ¢ comes into
equilibrium; since the source for Y production is propor-
tional to Y, this gives Yy a 7% dependence at early times.

0.100F ™

0.001F

Zhs.eq

1077F

1.x107"

FIG. 11. Dimensionless time at which N equilibrates with ¢,
Zhs. oq» defined as the time at which Ty = 0.97 . The solid curves
show numerical results for the indicated values of A, while the
dashed lines show a y=> power-law dependence to facilitate
comparison with analytic arguments provided in the text.

For y =2 x 1072, the RHNs come into equilibrium at
around the same time as ¢. For y = 10™*, however, we see
that the temperature rises to a new plateau of 7'/3, which
corresponds to Eq. (41) evaluated with Ty =T since ¢
comes into equilibrium with the SM. Furthermore, since Y,
is constant after it equilibrates with the SM, there is a break
in the Y evolution, and it transitions to a time dependence
that is linear in z. It takes much longer for N, to come into
equilibrium with this linear dependence in z than in the
regime where the time dependence is z%; for 1 < y this
linear time dependence dominates the RHN production
history and reproduces the qualitative features found in
Sec. IV. We see that, for both benchmarks, T, and Ty are
both an O(1) factor different from the SM temperature, 7.

2. Coupling dependence of equilibration time

Next, we study the quantitative dependence of the time
of RHN equilibration on the couplings y and 4. When the
N, come into equilibrium, they first enter equilibrium with
¢ (and may simultaneously equilibrate with the SM if ¢ and
the SM are in equilibrium). A hallmark of equilibrium is
that T, = T. We therefore define a hidden-sector equili-
bration time, z, .4 as the time at which the ratio
Ty/Ty=0.9. In Fig. 11, we show zj¢q as a function
of y for two values of A: 107* and 5 x 107°.

When y > 4, we are in the regime where the RHNs and
¢ first come to local equilibrium within the hidden sector,
and they subsequently evolve as a whole towards equilib-
rium with the SM. For both values of 4, the equilibrium
time scales as y~2A~' in accordance with Eq. (44) (a
quadratic power-law dependence is indicated by the dashed
lines in Fig. 11). For A = 107, we also see a y~2 power law
in the A > y limit, which agrees with the arguments from
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Sec. I'V. The result is somewhat different for smaller values
of A, as seen in the A =5 x 107° curve. The reason is as
follows: While ¢ is out of equilibrium, the abundance of
RHN s grows as z2, whereas it only grows as z once ¢ is in
equilibrium with the SM. For sufficiently small values of 4,
the RHNs come into equilibrium around the same time as
¢, and the parametric scaling goes as y~! instead of y=2. In
Fig. 11, the equilibration time scaling for 1 = 5 x 107® and
small y is indeed zj 5 eq o ¥~

3. Comparison with previous results

Finally, it is instructive to compare the results taking into
account full hidden-sector equilibration with our findings
from Sec. IV, where we assumed that ¢ was always in
equilibrium and that N had a common temperature with the
SM. To facilitate the comparison, we consider 4 = 0.5 > vy,
which is the same limit as Sec. IV and for which it is valid to
assume that ¢ is in equilibrium with the SM throughout the
cosmological production of RHNs. We solve the
Boltzmann equations from Sec. VA twice: First, we solve
the full Boltzmann equations, and second, we solve them
imposing the conditions that Ty = T, = T and Y, = Y,\.

The time evolution of Y, is shown for both solutions in
Fig. 12. It is evident that, at early times, the two methods
closely agree. In this epoch, the NN — ¢ and NN — ¢¢p
processes are negligible, so the RHN abundance is inde-
pendent of T'y. However, as the RHN abundance grows, the
inverse processes become more important, and we see that
the full Boltzmann equations generally predict a slower
approach to equilibrium. One way of understanding this is
that the typical RHN momentum is given by Ty < T, and
hence the annihilation cross section is larger than if it had
the same temperature as the SM.

0.001 0.010 0.100 1

z

107° 1074

FIG. 12. Dimensionless time dependence of the RHN abun-
dance, Yy, for 2 = 0.5 and the indicated values of y. The solid
lines show the full solutions of the Boltzmann equations from
Sec. VA, while the dashed lines show the solutions to the
Boltzmann equations where we have constrained Ty =T, =T

and ¥, = beq.

Because the approach to equilibrium is delayed relative
to the findings in Sec. IV, we expect that the results from
that section are overly pessimistic with respect to the effects
of RHN equilibration on baryogenesis. However, the
parametric dependence of the equilibration time continues
to hold: In Fig. 13, we show the dimensionless time at
which the RHNs come into equilibrium for each of the two
methods, where for concreteness we define the equilibra-
tion time as the time at which Yy = 0.9Y3. It is evident
that both the full solution to the Boltzmann equations and
the solution with T, =T have the same parametric
dependence zoq y~2; the delay in equilibration predicted
by the full Boltzmann equations is a constant across all
couplings. Thus, all of our earlier results should hold in the
A>y limit, although the actual equilibration time is
somewhat delayed (and the lepton-flavor asymmetries
consequently larger) by properly considering kinetic and
chemical equilibration of the hidden sector.

4. Summary

We have studied the equilibration of ¢ and RHNs using
Boltzmann equations that track both number- and energy-
changing processes. We find that, over a significant range
of parameters, the RHN equilibration time scales as y~2, in
agreement with earlier arguments. However, there can be
deviations from this power-law scaling when RHN and ¢
equilibration occur on comparable timescales. We find that,
at early times, the ¢ and N; temperatures are held at
constant values determined by the ratio of energy-weighted
and regular thermally averaged rates, while in the limit of
large coupling within the hidden sector, ¢ and N establish
local equilibrium with abundance and temperature evolu-
tion dictated by Eq. (43). In the opposite limit, ¢ comes into
equilibrium well before N;, and the results of Sec. IV give

o
IS
10-4¢ 4
107 4
10-0 E
1077k . i L . J
5.x10701.x107° 5.x107°1.x10™ 5.x107* 0.001
Yy
FIG. 13. Dimensionless RHN equilibration time, Zeg» defined

such that Y y(zeq) = 0.9Y}/ as a function of y with 2 = 0.5. The
solid lines show the full solutions of the Boltzmann equations
from Sec. VA, while the dashed lines show the solutions to the
Boltzmann equations where we have constrained Ty =T, =T
and Y, = Y. Both solutions exhibit a z., & y™ dependence.
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the qualitatively correct timescales, although the true
equilibration time is somewhat delayed with respect to
our earlier findings.

C. Quantum kinetic equations for leptogenesis

We wish to incorporate the results of Sec. VA into our
quantum kinetic equations for leptogenesis. However, there
is a complication: The formalism of Sec. V A assumes that
all RHNs have a temperature 7p, whereas the RHNs
produced from decay and scattering of SM Higgs have a
typical momentum ~7'. Indeed, the quantum kinetic equa-
tions of Sec. IV A are thermally averaged over distributions
with temperature 7.

To resolve this without solving the complicated full
momentum-dependent Boltzmann equations, we instead
consider the separate evolution of rwo separate RHN
populations: the hidden-sector population of RHNs as
described by the formalism in Sec. VA with a temperature
Ty (which we denote as a background RHN density, Yy ),
and the population of RHNSs produced in specific, coherent
superpositions of RHN mass eigenstates from SM Higgs
processes at temperature 7 (which we describe by the
matrices Ry, and Ry ). Itis the coherently propagating, out-
of-equilibrium Ry, Ry populations that can generate a

lepton asymmetry. We assume that the RHNs predomi-
nantly equilibrate through the hidden-sector interactions
involving ¢; in other words, Y 5(z) > Y3!(T)Ry. This tells
us, for example, that processes like H — #N have a
negligible impact on the abundance of RHNs at temper-
ature T'y, and the evolution of this population Y is given
purely by solving Eq. (34) above.
The density matrix for N can now be written as

(Yn)y = YV (T)(Ry)y + Yy(1)8y. (45)

We substitute this into the usual ARS quantum kinetic
equations for leptogenesis, supplemented with collision
terms representing ¢ <> N;N; and ¢¢p <> N;N, processes.
The quantum kinetic equations give the time evolution of
the full density matrix, Y, and we can relate this to the
evolution of Ry via

e~ YI(T)\ dr  di

where we again assume that the RHNs are sufficiently
relativistic that Y3!(T) is approximately independent
of time.

We now consider the various parts of the quantum kinetic
equations, neglecting lepton-number-violating terms as we
did in previous sections.

1. Oscillation terms

The oscillation terms, proportional to [H,Yy|, are
identical to the minimal ARS model. For the population
Yy, the density matrix is diagonal, and the commutator
vanishes.

2. ARS collision terms

The ARS collision terms representing H <> #N; and
associated SM 2 <> 2 processes, given schematically in
Eq. (27) in terms of thermally averaged rates (I',) and
(T'y..), are the same as before except with the replacement
(Ry)1y = (Ry);y + Y561/ YA(T). Additionally, we have
to account for the fact that the terms proportional to Y
represent processes like N,(Ty)Z(T) — H for which the
colliding species have different temperatures. We reevalu-
ate the thermal averaging procedure for this case, finding
that in the limit of Maxwell-Boltzmann statistics the term in
the quantum kinetic equation is exactly the same as before
except the thermally averaged cross section is computed
using the geometric mean temperature,

Compared to the nondimensionalized quantum kinetic
equations we used before (see Appendix B 1), the ARS
collision terms proportional to Y 5 are multiplied by a factor
of T/Ty. In the limit where T, — T, this trivially reduces
to the usual ARS collision term. The full form of the
quantum kinetic equations we use is provided in
Appendix B 4.

3. Hidden-sector collision terms

Given the two distinct populations of RHNs, there are
three categories of hidden-sector annihilation modes into
one or more ¢ particles: N;N;, N;N;, and N,N, annihi-
lation. We are most interested in the limit where the hidden
sector is equilibrated through ¢ interactions and not
through SM Higgs decays, and consequently, we can
assume Yy > Vil (T)Ry,. This suppressed abundance
of RHNs from SM Higgs decays renders the N;N;
annihilation rate negligible. In this same limit, we find
that the N,N, collision terms sum (by definition) to
dYy/dt, and this same quantity is then immediately
subtracted in Eq. (46); in other words, these collisions
are internal to the hidden sector and are irrelevant for the
evolution of the RHN abundances Ry, Ry responsible for
leptogenesis.

Finally, we are left to compute the collision term for
N,N, annihilation. As with the ARS collision terms, we
must thermally average over an annihilation process where
the species have different temperature, and we reach the
same conclusion that the thermally averaged cross section
must be computed with respect to the geometric mean
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temperature, T. In other words, the reaction rates are the
same as those in Eq. (34) but with T — T. We also need to
generalize the collision terms from Eq. (34) to include off-
diagonal density-matrix elements. Because the hidden-
sector couplings are universal, the density matrix for N
is (Yg,);; = Y56y Thus, the ¢ collision term in the
quantum kinetic equation (27) is modified to

dRy Y (T)Yy
—_— = —2 F z————R
dt < ()—»N,N,>T Y;;](T)z N
(o — NN o) D0
- - 7 —
S6¢¢ V)U)T Y?\;](T)z N

-+ ARS terms. (48)

A similar modification is made to the quantum Kkinetic
equation for Ry.

In Eq. (48), we have assumed that the abundance of
RHNSs from hidden-sector interactions, N, is CP symmetric
and the result of solving Egs. (33)—(36). We also assume
that the rate of N;N, annihilation is sufficiently small that it
does not appreciably modify the temperature of the scalars,
Ty. We do not need to include the reverse reaction,
¢¢p — N,N,, since by definition R is separately tracking
the out-of-equilibrium RHNs produced from SM Higgs
decay and not the internal dynamics of the hidden sector. In
other words, Eq. (48) describes the absorption of the out-of-
equilibrium RHN population Ry into the hidden sector.

The absorption of RHNs responsible for leptogenesis
into the rapidly interacting hidden sector occurs on time-
scales given by the inverse decay and 2 — 2 scattering rate
into ¢. This leads to an exponential damping of the
population of Ry when these processes occur faster than
Hubble expansion and the hidden-sector neutrinos are in
equilibrium with the SM. Asymmetry generation is sup-
pressed in this limit because the asymmetry depends on
phases from the coherent propagation of RHNs between the
time of production and destruction, which are encoded in
the phases in R . If the RHNSs rapidly annihilate into ¢, and
subsequently scatter and decay in various ways, the states
rapidly become entangled with the environment and the
phase information is effectively lost (indeed, if ¢-H
scattering is rapid, the ¢ produced from RHN annihilation
can turn into SM Higgses, quarks, etc., and not even return
to a RHN state). Because of the flavor universality of ¢
decays, the RHNs produced by hidden-sector interactions
cannot give rise to the specific coherent superpositions of
mass eigenstates needed to generate a net asymmetry. Thus,
the process of asymmetry generation is suppressed when
the RHNs responsible for leptogenesis begin to rapidly
interact with other hidden-sector RHNSs.

0.010
0.001¢
1074
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<
10719
10—2\,
1 —23 -
107 107 0.001 0.010 0.100 1
z
FIG. 14. Dimensionless-time evolution of (top panel)

hidden-sector abundances, (bottom panel) electron flavor and
B — L asymmetries, for M, =1 GeV, AM =3 x 107% GeV,
A=5x10"° y=15x 1073, and SM Higgs coupling F) from
Eq. (28).

D. Leptogenesis results

We begin our numerical study of the full effects of hidden-
sector equilibration on leptogenesis by examining the evo-
lution of the lepton asymmetries as a function of time for
scenarios with y 2 4. For concreteness, we take M, =
1 GeV and use the benchmark Yukawa coupling F() from
Eq. (28) and RHN mass splitting AM = 3 x 1078 GeV. We
show the time evolution of the hidden-sector abundances and
lepton asymmetries in Fig. 14 for the case 1 = 5 x 1076,
y =5x1073. For z <1073, the hidden sector has not
reached equilibrium, and the asymmetry is generated as
usual. For z 2 0.1, the RHNs have equilibrated with the SM,
and flavor asymmetry generation halts entirely. For inter-
mediate values of z, we see that the hidden sector has reached
internal equilibrium but is not in equilibrium with the SM,
which suppresses but does not entirely stop the generation of
lepton-flavor asymmetries.

We can understand the intermediate suppression of the
asymmetry as follows: Scattering within the hidden
sector tends to drive the RHN density matrix to
(Yy);; = Y3 (Ty)8,,. However, because T # Ty we have
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FIG. 15. Baryon asymmetry including the full treatment of
hidden-sector equilibration for M,=1GeV, AM=3x 1073 GeV,
SM Higgs coupling F), and the indicated values of A.

(Yy),, # YA(T)8;,, and there is still net production of
RHNs from SM Higgs decays. These two processes reach
aquasi-steady state, with each Ry element having magnitude
~[1 =Yg /uYN(T)(Ty_n,n,)~". This gives rise to a poly-
nomial suppression of the off-diagonal elements of (Ry),,
(and, consequently, the CP-asymmetry source) in inverse
powers of y. By contrast, for z = 0.1, N reaches the same
temperature and abundance as the SM, and there is no more
net production of RHNs, leading to an exponential decay of
the off-diagonal elements of the density matrix. This explains
the much sharper turn-off of asymmetry generation once the
RHNSs come into full equilibrium with the SM.

To determine the dependence of the asymmetry on the
hidden-sector couplings, we fix M,, AM, and F D) to the
above values, and we vary 4 and y. The resulting baryon
asymmetry is shown in Fig. 15. For values of y that are just
large enough to equilibrate RHNs before oscillations, we
recover the y~'% power-law dependence of the asymmetry.
When y is larger, however, we see a break in the power-law
dependence for values of y that correspond to internal
equilibration within the hidden sector prior to ¢ coming
into equilibrium with the SM. This break can be seen, for
example, in the vicinity of y = 0.0015 for A= 107> in
Fig. 15, and the power law softens to between y~®° and
y~’. This is because of the effect seen above where local
equilibrium within the hidden sector suppresses, but does not
completely halt, asymmetry generation. The asymmetry no
longer has a simple power-law dependence on 4 either since
the asymmetry for any given benchmark point depends on an
interplay of rates and temperatures involving both the SM
and the hidden sector. Nevertheless, we still observe a steep
suppression of the asymmetry as functions of both 4 and y.

We finally turn to the optimal baryon asymmetry given a
set of hidden-sector couplings 4 and y. We pursue a similar
strategy as in Sec. IV C, where we choose the set of
couplings FU" given in Eq. (29) that are enhanced relative

1078

107%

10 10L

(optimized)
AY

1071

10712

5.x107* 0.001
Y

5.x107°1.x 107

FIG. 16. Left panel: baryon asymmetry as a function of y
obtained using the Yukawa texture FU7) from Eq. (29) including
the full treatment of hidden-sector equilibration. We set
M, =1 GeV, and for each value of y and 1, we optimize the
mass splitting to give the maximum baryon asymmetry. The dot-
dashed line indicates the observed baryon asymmetry. The ARS
asymmetry corresponding to y = 0 is AY; =2 x 1077,

to the naive seesaw prediction so as to give the largest
asymmetry without equilibrating the asymmetries in all
three flavors of leptons. For each value of y and 4, we
choose the value of the mass splitting AM for which the
baryon asymmetry is largest. We show the y dependence of
the optimized baryon asymmetry in Fig. 16 for several
values of A spanning various hierarchies for the hidden-
sector couplings. At large A, we recover the y™* power-law
dependence seen in Sec. IV C, confirming that our earlier
assumption that ¢ is always in equilibrium allows us to
predict the correct parametric dependence of the asymme-
try. For smaller values of 4, the full equilibration of the
hidden sector becomes important, although even in this
case the power law is only marginally softer (by up to 10%
in the exponent).

Viable baryogenesis necessitates obtaining the observed
value of AY. For 1> 1073, we obtain a consistent limit
y\/z < 1.5 x 107>, which is nearly the same as our result
from Sec. IV C. For smaller values of 4, it is slightly relaxed
to yv/4 <2 x 1075, Remarkably, these results are consis-
tent with our simplistic perturbative analysis, as well as the
analysis assuming that ¢ is always in equilibrium. This is in
part due to the very steep suppression of the asymmetry
with respect to couplings, such that even substantial
changes in the asymmetry from variations in the assump-
tions underlying the hidden sector are compensated by
minor adjustments to the couplings.

VI. PHENOMENOLOGY AND IMPLICATIONS
FOR LEPTOGENESIS

We have found that, for the case of a Higgs-portal
scalar coupled to RHNs, viable baryogenesis requires
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yV/A <2 x 107 over a wide range of parameters. In this
section, we investigate the phenomenological implications.

At some level, ¢ inevitably mixes with the Higgs via
loop-induced processes involving the RHNs and charged
leptons. This is typically very small, being suppressed by
the square of the Yukawa couplings, F, between the RHNs
and SM Higgs. If ¢ gets a VEV (v,), however, then mass
mixing occurs at tree level:

ﬂv¢v

V>
4

¢h. (49)

where h is the real, uneaten Higgs boson field. From
measurements of the SM Higgs couplings and other
collider probes, the strongest constraint on the mixing
angle between % and ¢ over the kinematic range of interest
to us is € < 0.07 [77,78]. In the limit of small mixing, the
SM-dark Higgs mixing angle is

lv¢v

0~ (50)

4(mj, —mg)”

and in the following, we assume that the two scalars are
nondegenerate.

Note that vy is a priori undetermined by the couplings 4
and y. We can identify two well-motivated possibilities: In
the first, v is responsible for giving the RHNs mass,'* and
consequently satisfies the relation v, = M /y. This allows
us to relate v to existing model parameters. For the second
possibility, we can imagine that ¢ is not the dominant
source of mass for the RHNSs, in which case vy is a free
parameter. However, m is, in principle, related to v, and
the self-quartic coupling, Ay, by mj, = Av;,/3, and since A
acquires radiative corrections from 4, the ¢ mass cannot be
arbitrarily decoupled from wv,. Therefore, it is a well-
motivated possibility that v ~ 1-100 GeV, in which case
it is straightforward to accommodate ¢ masses throughout
the phenomenologically relevant range.

There are at least three processes of phenomenological
interest in probing RHN couplings within the hidden
sector: SM Higgs boson decays to RHN pairs [79-85],
SM Higgs boson decays to ¢ pairs (followed by
¢ — N;N;) [86], and direct production of ¢ in heavy-
quark meson decays, with subsequent decay to RHNs. We
now consider each in turn.

"If this is the case, we should also consider the timing of the
lepton-number-breaking phase transition and whether it is valid
to use the zero-temperature RHN masses in our analysis. We
address this point in Appendix D, showing that our general
conclusions hold even in the case of vanishing tree-level RHN
masses in the early universe.

0.005f L — -
BF(h — NN) =10"°
X
0.001f A
~< 5.x107" 2 —
Qb// “%/ BF(h — NN) =10
L1074 & )
~ / ‘\"t')' 7 N — 109
5. x 1070} BF(h — NN) = 10
107° 107 0.001 0.010 0.100 1
Y
FIG. 17. SM Higgs branching fraction to RHN pairs, summed

over two RHN flavors, with M, =15 GeV, My =5 GeV, and
assuming My = yvy. The red shaded region corresponds to
parameters incompatible with freeze-in leptogenesis, while the
blue shaded region indicates where the mixing angle 0 exceeds
the level at which it is constrained by Higgs coupling measure-
ments and direct searches.

A. SM Higgs decays to RHN pairs

The branching fraction summed over two RHN
species is

92y2mh

BF(h g NINI) ~ 87[1"h B

(51)

where ', # 4 MeV is the SM Higgs width.
For the case in which the RHNs acquire their masses
from v, the y dependence cancels entirely to give

BE(h — N,N,) My, v
- ~ .
1287 (m} — m3)°T,

(52)
In Fig. 17, we plot contours of this branching fraction as a
function of A for M b= 15 GeV, M =5 GeV, and assum-
ing v, = My/y. We indicate the region incompatible with

leptogenesis, y\//_1 >2x 1075, as well as the combination
of couplings for which 6 would exceed 0.07 and potentially
conflict with constraints on the mixing angle from direct or
indirect searches. In most of the blue shaded region, the
mixing angle is large because v, X v.

Since we expect ~10% Higgs bosons at the LHC [87], in
the most optimistic scenario, we assume it will be possible
to achieve sensitivity to branching fractions ~10~7. There is
consequently a small sliver of parameter space consistent
with freeze-in leptogenesis and a LHC signal in SM Higgs
decays, but for most of the branching fractions that can be
probed in LHC searches, a discovery would strongly
disfavor RHN involvement in freeze-in leptogenesis.

Alternatively, if RHNs do not acquire mass through
spontaneous symmetry breaking, then v, is a free param-
eter. In Fig. 18, we show contours of the SM Higgs
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FIG. 18. SM Higgs branching fraction to RHN pairs, summed

over two RHN flavors, with M, = 15 GeV and v, treated as a
free parameter (unrelated to RHN masses). The coupling y is set
to the largest value consistent with freeze-in leptogenesis, while
the blue shaded region indicates where the mixing angle 6
exceeds the level at which it is constrained by Higgs coupling
measurements and direct searches.

branching fraction to RHNs as a function of v and 1. We
fix y by setting it to the largest value allowed by lepto-
genesis. Once again, we see a region of parameter space
that is marginally testable with v, 2 TeV, although there
must be a hierarchy of hidden-sector parameters v, > M 4.

B. SM Higgs decays to ¢b pairs

The decay h — ¢¢ occurs for all m, < m,,/2 with the
approximate branching fraction (neglecting phase-space
suppression)

A2
BE(h — ¢¢) ~ T2 T (53)
~3x 1078 (L> 2. (54)
1075

This rate is independent of both y and v,. However, if we
want to test the coupling of ¢ to RHNs, we should also
require ¢ — N;N; decay. Therefore, the rate we are
interested in is the product branching fraction summing
over RHN flavors,

BF(h — ¢¢)BF(¢p > NN)? (55)

202 2 2
~ - 2 f 2/,2) " (56)
1287zm, I, \y* + 0°pmy /v

where f is the heaviest fermion flavor to which ¢ can
decay, and # = 3 (1) is a color factor for decays to quarks
(charged leptons). Note that, for expediency, we again
neglect phase-space suppressions, which typically give
O(1) corrections to these branching fractions.

0.010F

0.001¢

~< 107

BF = 107"

1070L, - ‘
107 107 107

Y

0.001 0.010

FIG. 19. SM Higgs product branching fraction BF(h —
$¢)BF(¢p - NN)?, with My =15 GeV, My =5 GeV, and
vy = My/y. The red and blue shaded regions are the same as in
Fig. 17.

We first consider the case where RHN masses originate
from v, = My/y, showing our results in Fig. 19 for a
benchmark point with M, = 15 GeV and My =5 GeV.
The prospects are somewhat more favorable for this signal
than for direct 1 — NN decays, as branching fractions as
large as 107 can be compatible with leptogenesis.
However, this is still a challenging target to reach given
the difficulties of triggering and reconstructing exotic
Higgs decays at the LHC [88].

We next turn to the case where RHN masses have a
separate origin and v is a free parameter. We show our
results in Fig. 20, and we see that leptogenesis is much less
constraining of this scenario. The reason is that the mixing
between ¢ and h can be made arbitrarily small by taking
vy < v, while the branching fraction Eq. (55) is unaffected.
Consequently, it is possible to take y << 1 and preserve the
lepton asymmetry. In other words, the Higgs-portal cou-
pling is large, leading to a significant &z — ¢¢ rate, and as
long as 6 is appropriately small, the ¢ particles still
predominantly decay into RHNs even with a tiny value
of y.

In the small-mixing, large-A limit, the dominant model-
independent constraints come from measurements of the
SM Higgs width [89] such that the Higgs branching
fraction into ¢ is comparable to the total SM Higgs width.
In practice, there can be stronger constraints from searches
for h — ¢¢; however, this depends on the RHN lifetime
and mixing angle with particular lepton flavors, so we do
not explicitly calculate these model-dependent constraints;
a dedicated study is certainly merited. However, sensitivity
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FIG. 20. SM Higgs product branching fraction

BF(h — ¢¢)BF(¢ > NN)?, with M, = 15 GeV, and v,, treated
as a free parameter (unrelated to RHN masses). The coupling y is
set to the largest value consistent with freeze-in leptogenesis. The
red region indicates parameters that are ruled out by measure-
ments of the SM Higgs width, while the blue region indicates
where the mixing angle 0 exceeds the level at which it is
constrained by Higgs coupling measurements and direct searches.

to branching fractions =107 is potentially achievable,
meaning that searches for 7 — ¢¢p — 4N can likely probe
parameter space motivated by leptogenesis.

It is worth noting that the above conclusion holds even if
we take v, — 0 such that ¢ is not responsible for lepton-
number breaking. In this case, there is no mixing between ¢
and the SM Higgs, and ¢) always decays 100% to RHNS. It
is therefore possible to get large i — ¢p¢p — 4N signals by
taking 4 > y in the absence of mixing.

C. B-meson decays to ¢

Formg > my + mg, the dominant production mechanism
is B — X ¢, with an inclusive rate of BF(B — X, ¢) ~ 3.360?
for my << mg [90]. The corresponding rate for the exclusive
B — K¢ process is BF(B — K¢) ~0.436%>. Given the
sensitivity of existing LHCb searches [91], a sensitivity to
branching fractions ~107!° for high-efficiency, low-back-
ground searches seems feasible in the near future.

We show the B — K¢, ¢p —» NN product branching
fraction as a function of the hidden-sector couplings in
Fig. 21 under the assumption vy, = My /y. We consider a
benchmark with M, =2 GeV and My = 0.5 GeV. We see
that there is a relatively wide range of testable parameter
space, although both y and A must be very small. An
appreciable mixing results because v, > v > my, imply-
ing a significant hierarchy of scales in the hidden sector.

0.001f"

1071¢

~< 107

107(5,
10—7,‘ . ‘ ‘ E
107¢ 107 10~ 0.001 0.010

Yy

FIG. 21. The B-meson product branching fraction

BF(B — K¢)BF(¢ — NN), with M, = 2 GeV, My = 0.5 GeV,
and vy = My/y. The red and blue shaded regions are the same as
in Fig. 17.

Finally, we consider the hypothesis where v, is a free
parameter unrelated to RHN masses, and we plot the
B-decay branching fractions in Fig. 22. It is evident that
a substantial parameter space is accessible to experiment
while simultaneously being consistent with the observed

0.100¢

0.010¢

0.001¢

1074}

100 1000 10*

vy (GeV)

FIG. 22. The B-meson product branching fraction
BF(B — K¢)BF(¢p - NN),with My =2 GeV,My = 0.5 GeV,
and v, treated as a free parameter (unrelated to RHN masses). The
red and blue shaded regions are the same as in Fig. 20.
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baryon asymmetry. Part of the reason for this is that the
heaviest available SM fermions into which ¢ can decay are
strange quarks and muons, both of which have tiny masses.
This means that a substantial branching fraction of ¢ —
NN occurs even with large € and small y to maintain the
viability of leptogenesis. Furthermore, the large number of
B mesons expected at the LHCb and B-factories allow even
tiny branching fractions to be proved in the near future.

D. Summary

The consistency of observable phenomenological sig-
natures with leptogenesis depends strongly on the particu-
lar model and search mode. We find, in general, that it is
very challenging to accommodate a large # — NN decay
rate while simultaneously satisfying SM Higgs coupling
observations and the observed baryon asymmetry through
freeze-in leptogenesis. Similarly, there is only a narrow part
of parameter space that can be tested at the LHC in & —
¢p,p > NN decays provided ¢ is responsible for the
generation of RHN masses. By contrast, if RHN masses are
unrelated to the ¢p VEV, large signals can be accommodated
in h— ¢¢,¢p - NN, and seeing such a signal would
strongly point towards a hidden sector with 4>y for
consistency with leptogenesis. If a large width were
observed for ¢, this would disfavor leptogenesis mediated
by the RHNs. Finally, we find that observable signals in
B — K¢, ¢ — NN are readily consistent with leptogenesis,
although this channel is only relevant for ¢ masses below
the B mass.

There are various ways to more carefully compare
hidden-sector phenomenology with freeze-in leptogenesis.
For example, we have neglected direct ¢ production modes
such as pp — ¢ in gluon fusion, which could be an order
of magnitude larger than SM-Higgs-mediated production
modes for light M ,. Furthermore, the overlap of phenom-
enologically accessible parameter spaces with those of
successful leptogenesis could be more precisely determined
with dedicated analyses of the signals and backgrounds for
each production mode, decay mode, and lifetime.
Nevertheless, our analysis provides a clear indication of
which signals could falsify leptogenesis and which signals
are largely consistent with the observed asymmetry; we
leave a dedicated study to future work.

VII. CONCLUSIONS

We have performed a comprehensive study of the
implications for freeze-in leptogenesis of hidden-sector
interactions involving right-handed neutrinos. In particular,
we have analytically derived the suppression of the lepton
asymmetry due to early equilibration of RHNs from
hidden-sector interactions. We have also conducted a
numerical study for a particular model including two
RHNs and a dark scalar, ¢p. The resulting baryon asym-
metry is significantly suppressed provided the RHNs come

into equilibrium prior to the RHN oscillation time, and we
have derived a bound from freeze-in leptogenesis on the
hidden-sector couplings that is robust for different coupling
hierarchies and equilibration timescales.

We further considered the phenomenological implications
of our leptogenesis results, studying possible signatures of the
¢-RHN interaction at high- and low-energy colliders and
mapping the couplings consistent with freeze-in leptogenesis
into ¢» and RHN production rates. We have found that an
observation of the decay 4 — NN would likely conflict with
the requirement of obtaining the observed asymmetry through
freeze-in leptogenesis, while other exotic Higgs and B-meson
decays are consistent with freeze-in leptogenesis. Our work
informs the compatibility of freeze-in leptogenesis with
different experimental searches of interest.

Given the concordance of our numerical findings with
the analytic results derived for the general case in Sec. II,
we expect that our results directly extend to related models
such as a Z’ coupled to the U(1);_, current and, hence,
coupled to the RHNs as well as dictated by anomaly
cancellation. Such a model also requires a dark Higgs in
order to generate Majorana masses for the RHNs, and if
anything, the constraints on the couplings should be even
more strict compared to the simple model we have studied.

Finally, we remark that in recent years there have been
additional refinements to the quantum kinetic equations for
leptogenesis to account for changes in rates in the broken
electroweak phase and the gradual process of sphaleron
decoupling, among other improvements (see, e.g.,
Ref. [47]). These works have also highlighted the possible
role of freeze-out leptogenesis in low-scale RHN models
[47,57,62,64]. We have briefly touched on this point in
Appendix E and generally expect our results to qualita-
tively hold even with these improvements to the calculation
of the lepton asymmetry; however, a more comprehensive
study is warranted to determine the precise implications for
the interplay between the hidden-sector phenomenology
and viable leptogenesis.
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APPENDIX A: PARAMETRIZATION OF RIGHT-
HANDED NEUTRINO COUPLINGS

We assume that there are two RHNs, which results in the
lightest SM neutrino being massless. The couplings
between the RHNs, SM neutrinos, and SM Higgs can be
parametrized following Casas and Ibarra [58],
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V2i

F=Y=
v

U,\/m,R\/My,

(A1)

where m, (My) is a 3 x 3 diagonal matrix of SM neutrino masses (2 x 2 diagonal matrix of RHN masses), and v =
246 GeV is the SM Higgs VEV. Note that U, is the PMNS matrix [92,93] with Majorana phase # and Dirac phase 6,

C12€13
_ is
U, = | —cozs12 — €“cia513503

is
S12823 — €'°C12€23513

. i
e "cy3syn spze”
i 5
e "7(012023 —e' 512S13S23) C13823 |» (A2)
—i i5
e(—e'cy3512513 — C12523)  €13Ca3

where c¢;3 = cos#,3, etc. Here, R is an orthogonal RHN mixing matrix with complex angle @ given by

0 0

R = cosw sinw

(A3)

—sinw Ccosw

When the imaginary part of  is large, then cos @ ~ cosh w
and sin @ ~ i sinh w, and we see that the Yukawa couplings
grow exponentially even though their contributions to the
SM neutrino masses are fixed due to cancellations among
various terms. This can be the result of approximate lepton
number symmetries that also make the RHN masses degen-
erate [48].

APPENDIX B: QUANTUM KINETIC EQUATIONS
FOR LEPTOGENESIS

1. Standard ARS terms

There have been extensive studies and refinements of the
quantum kinetic equations for the evolution of the RHN
density matrices and lepton-flavor asymmetries in ARS
leptogenesis (e.g., [3,45,46,56,61,64]). For the standard
ARS terms, we use the form and notation of the quantum
kinetic equations and rates from Ref. [56]. The equations
determine the time evolution of the RHN density matrices,
expressed as the dimensionless ratio Ry = ny/n}, and of
the lepton-flavor asymmetries in the anomaly-free quantities
B/3 — L,, which are expressed in terms of the corresponding
chemical potential divided by the temperature, y,, for flavor
a. The washout terms depend not on the B/3 — L, charge but
on the actual asymmetry in lepton doublets, y,. The two
quantities are related by the susceptibility matrix, y:

Ha = ZE XapHags (Bl)
p
| 257 20 20
20 20 257

Note the relative minus sign in y, which encodes the fact that
there is a relative minus sign between the L, and B/3 — L,

charges. This gives the washout terms for u, a positive
coefficient when expressed in terms of y,.

The ARS quantum kinetic equations (neglecting terms
that violate lepton number) can be expressed in terms of the
dimensionless time, z = T, /T, giving [56]

dR
d—N = i[Ry, Wy] + 3iz*[Ry. 1] = CO{Ry. Wy}
Z
1
+2COWy + C Vo, 4500, Ry}, (B3)
32T, dun
ew The — _COFRyFT — F*RyFT
MO dZ C ( N N )aa
+ C(w.o,l)(FFT)awua
C(W.O.Z)
+ (FRNFT + F*RNFT)aa/’lm <B4)
where
W ]'[2M0 FiF (BS)
N 1443,
JTZMO
=—— 9  FuF, B6
O T a4 (3T (B6)
n*MyAM3
= diag( 0, ———2L B7
’ mg( 108:(3>T2W> (B7)

are scattering and oscillation parameters for the ARS
Yukawa couplings.15 The Ry evolution equation is the
same as for Ry, but with F — F* and y —» —pu.

“Note that, through the rest of the paper, we have used
Maxwell-Boltzmann statistics, but the collision terms in this set
of quantum kinetic equations have been derived assuming
ultrarelativistic Fermi-Dirac RHNs. Since the differential equa-
tion is expressed in terms of Ry, the only effect of this is a ~10%
shift in scattering and oscillation rates relative to the Maxwell-
Boltzmann predictions, which has a negligible effect on our
conclusions. Therefore, for simplicity we use the form of the rates
as presented in Ref. [56] without attempting to correct them.
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The relationship between the dimensionless chemical
potential and the yield for the B/3 — L, charges is

45

AY, = 2
“6rtg

Haas <B8)

which accounts for the sum over SU(2) indices in SM
leptons. The values of C!") are

72(3)

co) — = (') ~0.106, (B9)
Lo 144(3)
ctvol) 2; (Fuor) ©0.114,  (BIO)
144£(3) .
Clwo2) — 5;3) (Fyon) 00526,  (BI1)
T

In the above, we have neglected the scale dependence of
SM couplings and lepton-number-violating interactions
(which we return to in Appendix E), and a thermal average
has been taken over RHN momenta (see Appendix C).
When solving the quantum kinetic equations for large
RHN mass splittings (corresponding to early oscillation
times), the numerical solution of the differential equations
can take a very long time due to the rapid oscillations
occurring at late times. For parameter points for which this
is an issue, we choose a cutoff time well after oscillations
start and at which point the flavor asymmetries have
flattened out, and we feed the output of the differential
equations at the cutoff time into a new set where we set the
off-diagonal components of Ry and Ry to zero and remove
the oscillation terms from the quantum kinetic equations
[72] (we do not use this approach in the freeze-out
calculations in Appendix E, for which this assumption is
not valid). To check the validity of this approach, we vary
the cutoff time by a factor of 50%, finding that for suitably
chosen cutoff times the effect on the final asymmetry is
below 1%. This procedure is particularly robust when the

RHNSs equilibrate prior to oscillation, in which case the
asymmetry very rapidly approaches a constant value.

2. New RHN interactions assuming ¢ is always in
equilibrium

We now include the effects of the model from Sec. III
assuming that the dark scalar, ¢, is always in thermal
equilibrium. In this case, we do not need to track the ¢
abundance, and the number of quantum kinetic equations
remains the same as for ARS. However, we add a collision
term in the Ry and Ry equations to account for ¢p <> NN,
processes. The evolution equations are modified as

dRN . 2YZq<F()—>N,N1>

= - (R% —T) + ARS,
dz ZH(z)Y N

(B12)

where we use the thermally averaged width from Eq. (22),
and we include analogous extra terms for Ry. There is, in
principle, also a contribution to the oscillation terms from
the thermal masses of N; induced by ¢, but since in Sec. IV
we assumed flavor-universal couplings to ¢, this contrib-
utes a universal phase of no physical consequence. There is
no modification to the equation for the evolution of the
lepton-flavor asymmetries.

3. Full Boltzmann equations for hidden-sector
equilibration

We begin with the number-density equations, which are
derived using the standard collision term (e.g., Ref. [94]).
We define the yields of the hidden-sector states as ¥, =
ng/s and Yy =ny, /s, where the entropy density s is
computed using the SM temperature and relativistic
degrees of freedom. This is a reasonable approximation
given that the number of degrees of freedom in the SM is
much larger than in the hidden sector, and it allows us to
ignore backreaction effects of the hidden-sector thermal-
ization on the SM temperature. The nondimensionalized
number-density Boltzmann equations are

dY) 2s . w
dz(/ zH[< ol — HH")v >T¢Y¢() (o(¢p¢ — HH )v)7Y, (T)?]
2
- : |:<F(/)—>N1NI>T¢Y(/)() <F¢_>N,N,>TNY¢ Ty) < >}
- 23 [t = 51 Y07 = et~ B v () ] e
d;;vl = ZiH |:<F¢-’N1N1>T¢ Y¢(l) - <F¢—>N1N,>TNY:J,q(TN) (Y%N(IY(,?])>2:|
i N Yy, (1) \?
+Z—H {<G(¢¢—>N,N,)U)T¢Y¢(t) (o(pp — NiNp)v) 7, YSH(Ty)? <Y?VC‘(TN)) } (B14)
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The thermally averaged rates in the above equation are,
in the relativistic limit,

* 12
(c(pp - HH )U>T:M’ (B15)
_ 1.50y* T
(o(¢d = NN Jv)y = o5 log <0.850 M_¢> (B16)
272
y M¢
Cpon,n, )1 = i (B17)

Note that the ¢¢ — N,N,; total cross section has a
t-channel singularity in the massless-¢ limit, which gives
rise to the observed logarithmic behavior in M /T.

—HH* 1
ngﬁ =— / dly dlly dlydlly, (2x)*s* (Z pu> E(E"" + Ey ){(|My, gy nn

The energy-weighted Boltzmann equations have the
form

p+3H(p + p) = Cg. (B18)

where p is the pressure. The collision terms for the energy-
weighted Boltzmann equation, Cp, have an additional
factor of the energy for the relevant species appearing
under the integral. For example, the collision term from the
energy-weighted ¢ Boltzmann equation for the process
¢¢p - HH* is (neglecting quantum statistical enhance-
ment/blocking factors)

Dafp, = Frf).  (B19)

where the symmetry factor of 1/2 accounts for the interchange of the ¢» momenta in the integral and we have written the
integrand in a form that makes the ¢; <> ¢, symmetry manifest. Similarly, for the elastic scattering process ¢H — ¢pH, the

collision term is

— 1 €
ngH "= / dn’/’ldnl/)zdnHl dHHz (2”)454 <Z pﬂ> 2 (E4)| - E’/)z)<|lel1H|—></’zH2 |2>(f¢1f1‘?| - fl/’zlez)’ (BZO)

where the factor of 1/2 accounts for a symmetry where we
simultaneously interchange ¢p; <> ¢, and H; <> H,, which
results from the fact that a single collision term includes
both forward and reverse processes (again, we write it in the
form where this symmetry is manifest in the integrand).
The other collision terms for ¢ - N;N;, ¢p¢p — N,;N,, and
¢N; — ¢N; can be determined in an analogous fashion. In
the above expressions,

d3
Il = gxad Px

~ (27)*2Ey (B21)

is the Lorentz-invariant phase space for species X, gy is the
number of degrees of freedom for X, and the squared matrix
element is averaged over all spins and SU(2) charges for
initial and final states.

We express our energy-weighted Boltzmann equations in
terms of the evolution of the dimensionless quantities Y,
Yy, w=T,/T, and u=Ty/T, all of which are invariant
under Hubble expansion for constant g,. Using our ansatz
Eq. (31), we find that

%Pfﬁq(%) = 3Tyny(1)

Py (t) = (B22)

in the relativistic limit and for Maxwell-Boltzmann sta-
tistics. This allows us to rewrite the change in energy
density as

. dw dy
Py +4Hpy = 3sTeWH<Y¢ €= + wd—;> . (B23)

This form manifestly shows that, when the collision terms
vanish, the equilibrium configuration dw/dz = dY ;/dz =
0 is a valid solution to the energy-weighted Boltzmann
equations.

Having evaluated all of the collision integrals, we can
now write the full, dimensionless form of the energy-
weighted Boltzmann equation for ¢:
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dw dy s
Vo Wt = = ap g ol = HH)J0E )1 Y1) = (o(gd — HH)oEy)Y(T)]
sYR(T)Y 4(1) 2M, ~, (1) )2
- H H)vE -1)- r Yu(t) = Y (T !
3TewH <0(¢ - ¢ )U (/)>T¢(W ) 3TewHZ $—>NN; (/1( ) 3 ( N) Y]C\?(TN)
S (o~ NN DOE )2, Y y(0 = (ol NN o)y YT (et}
AT H L IN)VEg )T, ¥y Np)VEg) 7 Xy Uy YTy
2sY (1) w
-7 ¢H ZYNI(t)(o(qu, - ¢N,)1)E,/,>T¢ (u - 1>. (B24)
ew 7
In the relativistic limit, the rates in the above equation are given by
12
(o(pdp — HH*)UE¢>T = 34T (B25)
/12
(o(¢pH — $H)VE ) = 6AaT’ (B26)
_ 2.98y* 1.09T
N/NvEy); = 1 = B27
(ol = NN )y = 5o (20 (827)
v
(6(¢N; — N )VEy)r = 256aT (B28)
The corresponding energy-weighted Boltzmann equation for N has a similar form:
du dYN M¢F¢_)N N YN (t) 2
Yy — L= LY 4 (1) = YT ) | s~
M T SRR ACEY Y5(Ty)
b (o = NN OB )1, Y y(0 = (ol — NN o) YT (o))
6T H Py #Tu" Yl(Ty)
sY 4, ()Y (1) w
¢ Ny
W<O-(¢NI — ¢N)vEy)7, ) (B29)

4. Quantum Kinetic equations including hidden-sector
equilibration

When interfacing the above Boltzmann equations with the

quantum kinetic equations for leptogenesis, we have to deal

with the fact that (prior to full equilibration) there exists a

population of RHNs produced through hidden-sector inter-

actions at temperature 7'y, and another population produced

from SM Higgs decay and scattering at temperature 7. We
denote the former abundance by Y 5 and the latter abundance
by Yy = Y3/(T)Ry, and we denote the geometric mean
temperature by 7 = /TT y. Because CP is conserved in the
hidden sector, we can assume that the RHN and anti-RHN
abundances are the same in the N sector. The ARS quantum
kinetic equations for Ry and p,, become

dR j 1 N w.0
TZN = i[Ry, Wy] + 3iz?[Ry. 7] — C(O){RN + WI\ET)]L WN} + 20O Wy + Cv- .1)0”
1 Yy 2 Yo (T) 5 _ Y (T)?
—wo2) R N g\ Zr,. 0y R NN D~ vy R ’
2 ow Ry vyt~ zm Mo ey YRy = g (000 = NNz gz ViR
(B30)
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32Tew dﬂAa
MO dZ

C(w.0,2)

+

As before, the Ry evolution equation is the same as for
Ry, but with F - F* and u — —pu. Because we are
assuming that the hidden sector is dominantly heated
through ¢ and not directly through SM Higgs interactions
with N, the influence of the couplings F between the SM
Higgs and the RHNs is negligible in determining the
evolution of the hidden-sector abundances and temperature.
We can then plug the solutions to the hidden-sector
Boltzmann equations into Eqgs. (B30) and (B31) to deter-
mine the impact on leptogenesis.

APPENDIX C: MOMENTUM AVERAGING AND
NEUTRINO OSCILLATIONS

A significant approximation underlying our quantum
kinetic equations is the use of momentum averaging. In
other words, we have assumed that the density matrix is
Yy(k, 1), = (Ry)yYN(T)fy(k,T), where fy is the
Maxwell-Boltzmann distribution if using classical statistics
or the Fermi-Dirac distribution if using quantum statistics;
in either case, it encapsulates the full dependence on k. We
can then integrate over k to obtain a set of momentum-
averaged differential equations. In practice, this amounts to
using [ dt(E, — E,); as the oscillation phase.

We now assess the validity of this approximation for our
study of the suppression of asymmetry from RHN equili-
bration. One concern is that our perturbative treatment in
Sec. II uses the same momentum-averaging procedure as
the quantum kinetic equations, and consequently, there is a
single oscillation time, z.., for the entire population of
RHNS. In reality, however, there is a separate oscillation
time for each momentum mode given by

64Ty )‘/3

—_— Cl1
AME, M, (D

Zose(q) = <

where ¢ =k/T is the comoving RHN momentum. The
thermal-averaging procedure replaces (1/q) — 1/2 pre-
dicted by Maxwell-Boltzmann statistics in the oscillation
phase to obtain the momentum-averaged (z,.) given
in Eq. (6).

The momentum-dependent z,,.(g) complicates our ear-
lier prediction that the asymmetry is suppressed provided
Zose 2 Zeq- NOW, we see that for every mass splitting and
equilibration time, there is a population of RHNs that
completes one oscillation and experiences no such sup-
pression, while the remainder of the RHN population has

. 2Y5 .
(FRNF'+F*RNFT+ N FF) .
ao

= —CO(FRyF' — F*RyF"),, + C™ D (FF) 1,

uY(T) (B31)

its contribution to the asymmetry suppressed by equilibra-
tion.'® A more correct calculation of the asymmetry would
compute the contribution to the asymmetry of each
momentum mode and then perform the sum over momenta
weighted by the RHN momentum distribution.

It is difficult to solve the full momentum-dependent
quantum kinetic equations for the baryon asymmetry. We
can, however, straightforwardly compute the momentum-
dependent asymmetry perturbatively to estimate the inac-
curacies of our momentum-averaging procedure. We follow
Ref. [59], which computed the correct momentum-
averaged asymmetry for the case where a massive scalar
decays into oscillating singlets, and we replace the dom-
inant tree-level scalar mass in that case with the temper-
ature-dependent SM  Higgs mass (m% = «T?, where
k=~ 0.39 is determined from SM couplings [64]) relevant
for ARS leptogenesis. The asymmetry factor \A(z), cor-
rectly averaged over momentum and accounting for the
nonthermal momentum spectrum of RHNs produced from
SM Higgs decays, is

. VK o  emd7k/q
AN = ke h
3
3

3
Ze, Z; —_
/ qdzz/zdzlsin[ZZ
0 0 Zosc(‘])

If we replace z,..(g) with the momentum-independent
version from Sec. II, the g-integral gives 1, and we recover
the earlier expression for A(z.q), Eq. (13).

We compute the ratio of A™(z,,) to that of Eq. (13),
which was derived using the naive averaging of the
oscillation phase. We show our results in Fig. 23. We find
that for (o) = Zeq» Which gives the optimal baryon
asymmetry, the asymmetries from the two methods agree
within 15%. For the regime of significant asymmetry
SUPPIession, (Zos) > Zeq» We find that the naive momen-
tum averaging of the phase underestimates the true asym-
metry by a factor of 7.5. However, in this regime the

(€2)

] . (C3)

'We note that each momentum mode will also equilibrate at a
slightly different time, although we neglect this effect in the
illustrative calculation that follows. We expect the scattering rate
for a small momentum mode to be larger than one with k ~ T, so,
if anything, our assumption of equal equilibration times will
slightly exaggerate the effects of thermal averaging of the
oscillation phase.
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FIG. 23. Ratio of the asymmetry factor with correct momen-

tum-averaged asymmetry, A" (z), compared to the correspond-
ing factor A(z) from Eq. (12) with naive momentum averaging of
the oscillation phase. We plot this ratio as a function of (Zgs)/Zeq
for Zeqg = 0.01, although the curve looks identical for other values
of zeq. We find that in the limit where oscillations occur after
equilibration, the correct asymmetry is a factor of 7.5 larger than
the naive averaging prediction, whereas the two methods agree
within 15% for (Zs) = Zeq-

asymmetry scales like y~!°, so this change in the asym-
metry only shifts the value of the coupling leading to a
specified asymmetry suppression by about 20%. Thus,
even though our primary results in this paper use the naive
momentum averaging of the phase, our results for the
coupling magnitudes needed for successful leptogenesis
still hold both qualitatively and quantitatively up to 20%
differences. The full implementation and solution of the
momentum-dependent quantum kinetic equations is left for
future work.

APPENDIX D: THERMAL-MASS EFFECTS IN
OSCILLATIONS

In complete models, we might expect the RHN masses to
originate from spontaneous symmetry breaking of lepton
number after ¢ gets a VEV. We restrict ourselves to models
of spontaneous breaking of a discrete symmetry, so we do
not need to consider the additional effect of low-mass
Goldstone bosons, which would presumably further accel-
erate the RHN equilibration process.

Unless ¢ is highly decoupled from the SM, we might
expect that thermal contributions to the ¢ potential will lead
to a restoration of lepton number symmetry at high
temperatures. If this is the case, then RHNs will not have
tree-level masses prior to the lepton-number-breaking
phase transition, and consequently, oscillations induced
by the tree-level masses only occur after the phase
transition. If the RHN equilibration time z., occurs after
the phase transition, this is largely irrelevant because the
oscillation phase goes like z* and is dominated by the latest

times immediately prior to equilibration. If equilibration
happens before the phase transition, however, then our
parametric estimates, which assume that RHNs have their
zero-temperature masses, are incorrect.

If the RHNs have vanishing tree-level masses, their
Hamiltonians are dominated by finite-temperature effects.
In particular, the RHNs acquire an effective potential
through interactions with the SM Higgs as well as with
¢. The former cannot lead to the generation of an
asymmetry since the effective potential is aligned with
the interaction basis, and consequently, there is no inter-
ference of propagating energy eigenstates. The interactions
with ¢, however, are presumably aligned with the RHN
zero-temperature mass basis, and the resulting finite-
temperature potential can lead to oscillations. Following
the methods of Ref. [76], and assuming for concreteness
that ¢ is in equilibrium but N, is not, we have computed the
effective potential for N;, finding

272

it Vil
=2 D1
! 24k (D1)

for k > V¢, where we have disregarded a y;-independent
momentum term. Defining Ay? = y3 —y3, we can now
write the oscillation phase as

_ n . no o Ay*T?
sin [/] dt(Ez—El)} =sin <[I dt ik )

=sin [24?;?:;}) (z0—12 )} . (D2)

For Maxwell-Boltzmann statistics, (7/k) =1/2, and
hence thermally averaging the phase gives

. Iy Ay2M0
dt{E, — E|)| = -71).
sin [/l] (E, 1>} 48T, (22 —21)

(D3)

Assuming z, > z;, the dimensionless oscillation time for
which this phase equals unity is now

48T o

= . D4
Zosc Ay2 MO ( )

Following the perturbative calculations of Sec. II C and
Refs. [3,59,64], the asymmetry is proportional to a factor

Alz) = /Z dz, /Zz dz, sin {Zz —a
0 0 Zosc

which accounts for integrating over the collision terms
dressed by the oscillation phase. As in Sec. II C, we assume
that the RHNs come into equilibrium at a time

| o
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T
ayy-My

Zeq

where y is the coupling bringing the RHNS into equilibrium
and ay is a dimensionless prefactor. If z.q <z, then
equilibration occurs before oscillations begin, and the
asymmetry is suppressed. We can estimate the asymmetry
suppression by cutting the integrals off at z., and assuming
a small oscillation phase,

A(Zeq) = Azeq de Azz dZ] sin |:Z2 — Zl:| (D7)

ZOSC

Ay’ T3,

N D8
288axy°M3 (D8)

If we compare to Eq. (17), at face value, it seems that the
situation has improved: The asymmetry suppression “only”
scales inversely with the sixth power of the coupling
compared to the tenth power with a tree-level mass
splitting. The asymmetry also appears to be less suppressed
by inverse powers of M|,.

However, we now see that the optimal asymmetry is
essentially unchanged from before. The largest asymmetry
occurs if zy4 & z¢q. For a given value of y, this allows us to
solve for the squared difference in couplings Ay? in terms
of other parameters. The resulting optimized asymmetry
factor is

A(Z )(optimized) _ TgW
€q

e (DY)
6a%, M2y

Comparing with our earlier perturbative result, Eq. (19), we
find the same optimized asymmetry as before (up to a
prefactor that differs by 10%). In particular, the y™*
suppression of the asymmetry is the same even if the
difference in RHN energies originates from thermal effects
rather than tree-level masses.

The physical reason for this result is that the largest
possible value of the sine of the oscillation phase is 1,
whereas the integration of the collision terms that deter-
mines the magnitude of the asymmetry is determined by the
Hubble expansion rate at the equilibration time. In other
words, the parameters of any theory can always be adjusted
to give the optimal oscillation phase, but the magnitudes of
the integrals over the production and annihilation times of z
are restricted by H(z.,), giving rise to the particular
relations for the optimal asymmetry found above. This
strongly suggests that the results we derived assuming
nonzero tree-level masses of the RHNs should carry over to
arbitrary finite-temperature mass corrections.

APPENDIX E: FREEZE-OUT LEPTOGENESIS

So far, we have focused on freeze-in leptogenesis, which
occurs in the approach of the RHN distributions to
equilibrium. However, there is also a contribution to the
asymmetry during the process of freeze-out or, in other
words, the departure of the RHN distribution from equi-
librium at low temperatures. Freeze-out is less sensitive to
other interactions than freeze-in: Indeed, in conventional
thermal leptogenesis, an asymmetry is generated by the
decays of RHNs for 7'~ My even if the RHNs start out
with a thermal abundance.

For GeV-scale RHNs, the decays of nonrelativistic
RHNSs do not contribute to the baryon asymmetry because
they occur after the electroweak phase transition. However,
the equilibrium RHN abundance still changes due to finite-
mass effects even when highly relativistic, with

dyy 45 (My\?
dZ - 4”49*5 Tew ¢

(E1)

for Maxwell-Boltzmann statistics and taking 7 > My.
Even if the RHNs are kept “in equilibrium” by some
interaction, there is a small deviation from equilibrium that
results from the nonzero value of dYy!/dz. The importance
of freeze-out leptogenesis for GeV-scale RHNs has been
emphasized and comprehensively studied in several recent
works, which established a continuity between what had,
until recently, been considered distinct regimes of resonant
freeze-out leptogenesis and ARS freeze-in leptogenesis
[47,57,61-65,95].

We consider the same scenario as in the rest of the paper
with the RHNS coupling to a dark scalar, ¢. For the purpose
of the current argument, we assume that ¢ is in equilibrium
with the SM, although our results can be extended to the
more complicated case using the methods of Sec. V.
Assuming that the RHNs are predominantly produced
through the interactions with ¢, the leading term in the
Boltzmann equation for N is

eq
dYy o _2<F¢—>NN>Y1/) [Y2 _ (qu)z]
dz ~ zH(YSHr ©N O UNIE

(E2)

When the RHNs are close to equilibrium, this becomes

dYy 4<F¢—>NN>Yqu Yoy
dz = ZHYY (Yy = ¥y).

(E3)

In this limit, dYy/dz ~ dY}'/dz, and we get the deviation
of the RHN abundance from equilibrium,

45HY%I72 My\2 ()
Tew)

Yy—-Yi~x
N6 g, (Tpnn) Yy
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Because (I'y_yy) « y?, we see that the deviation from

equilibrium scales like y=2: The stronger the hidden-sector
forces, the closer the RHN abundance is to equilibrium.

What are the implications for leptogenesis? Since the
CP-violating source is proportional to ¥y — Y3 [50], this
means that a stronger coupling within the hidden sector will
quadratically suppress the lepton-flavor asymmetries pro-
duced from freeze-out leptogenesis. In the absence of the
coupling to ¢, the RHNs are kept in equilibrium by the
much smaller coupling F to the SM Higgs, so the expected
asymmetry suppression is ~F2?/y?. Given that typical
values of F are in the vicinity of 1077, the lepton
asymmetry from freeze-out leptogenesis is suppressed by
many orders of magnitude even for quite small hidden-
sector couplings.

There is another source of suppression: The lepton
asymmetry source term depends on the off-diagonal com-
ponents of the RHN density matrix, which are exponen-
tially damped by scattering with ¢». Much like in Sec. V D,
the net production of off-diagonal components of the RHN
density matrix from SM Higgs decays and scattering offsets
the destruction from scattering into ¢, leading to a quasi-
steady state where the off-diagonal components of Ry are
further suppressed by powers of the coupling y. The
combination of these two effects leads to a severe sup-
pression of the asymmetry when RHN interactions with ¢
are in equilibrium at a low scale, even though the
asymmetry source is different from what we considered
in freeze-in leptogenesis.

To quantify these effects, we perform a numerical study
for some benchmark points for which freeze-out lepto-
genesis gives rise to a viable baryon asymmetry in the
minimal model. By turning on the coupling y to the scalar
¢, we determine the suppression of the asymmetry as a
function of y. The asymmetry arising from freeze-out
leptogenesis can be isolated by assuming an initial con-
dition of (Ry),; = &;;, which eliminates any freeze-in
contribution. This is also a reasonable initial condition in
the case that the RHNs equilibrate with a hidden sector at
some temperature 7 > T,,. In Ref. [47], it was found that
the observed baryon asymmetry can be achieved in the
vMSM for My z 10 GeV with two RHNs, while in
Ref. [57], it was found that the freeze-out contribution
could account for the observed baryon asymmetry for RHN
masses as low as 3 GeV. The departure from equilibrium in
Eq. (E4) is more pronounced at larger RHN masses, leading
to a viable baryon asymmetry at larger RHN masses. As
with resonant leptogenesis, the asymmetry is maximized
for small mass splittings AM such that the oscillation time
is comparable to the Hubble time at the electroweak phase
transition.

To take into account the processes contributing to freeze-
out leptogenesis, we need to include lepton-number-
violating (LNV) collisions in our quantum Kkinetic
equations; we use the LNV rates from Ref. [56].

Additionally, the quantum kinetic equations (27) were
derived assuming that Y;? 1S a constant, but we must take
into account the fact that dYy!/dr+# 0 to obtain the
departure from equilibrium that drives freeze-out lepto-
genesis. This can be readily accommodated by replacing

dRy  dRy
—

dt dt

Ry dvy
Yy dr

(ES)

on the left-hand side of the quantum kinetic equations. We
have checked that, with an initial condition (Ry),; = &;;,
we obtain a nonzero baryon asymmetry from freeze-out if
we make the modifications described here, but we get zero
baryon asymmetry if we use the original form of the
quantum kinetic equations from Eq. (27).

We fix the Yukawa coupling texture to approximately that
of FU) in Eq. (28), although the overall scale of the Yukawa
couplings is determined as a function of My according
to the Casas-Ibarra parametrization. Furthermore, we take
Imw ~ 0.7, which optimizes the asymmetry for large M.
Fixing 4 = 0.1, M, = 10 GeV, and AM =2 x 107" GeV
(which is close to the optimal value), we compute the freeze-
out baryon asymmetry as a function of y for two choices of
RHN mass: My = 10 GeV and My = 40 GeV. We show
our results in Fig. 24. It is evident that for tiny values of y, we
obtain a viable baryon asymmetry through the freeze-out
mechanism for both masses. However, for y 2> 1070, there is
a sharp falloff in the asymmetry, with an approximate y=>8
power-law dependence due to a combination of suppressed
deviation from equilibrium and damping of the off-diagonal
elements of the RHN density matrix. This is less severe than
the asymmetry suppression of freeze-in leptogenesis but not
by much, and it is still of sufficient magnitude as to render
baryogenesis nonviable for y > 107> depending on the
precise value of M. Unlike for freeze-in, the asymmetry
cannot be substantially enhanced by varying AM.

10°F My = 40 GeV

107°F My = 10 GeV

10-10L ..
obs
AY3H

AYp

10~ 1L

10712,

10712k

107 M—
1.x1071

1.x107¢ 0.00001

Y

FIG. 24. Baryon asymmetry from freeze-out leptogenesis as a
function of y with initial condition (Ry),,(0) = &;;. We fix
A=0.1, My =10 GeV, and AMy =2 x 107" GeV, and the

Yukawa coupling F) from Eq. (28).
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The effects of the hidden sector can be substantially
mitigated if My > T.,,. For freeze-in, any interactions that
bring the RHNs into equilibrium over the entire cosmic
history prior to asymmetry generation greatly suppress the
asymmetry, and thus M, must be very heavy to give a
viable lepton asymmetry (as seen in Fig. 6). In freeze-out
leptogenesis, however, the bulk of the asymmetry is
generated close to T, and as long as the interactions are
out of equilibrium at this time, the asymmetry is not sup-
pressed. This is seen in Eq. (E4) from the fact that the
deviation from equilibrium of the RHN abundance is
inversely proportional to Yyl ~e™4/T for T <« M, and
hence we get a large departure from equilibrium by taking
Tew < M. In quantitative terms, we find thatif M, is larger
than about 10 TeV, freeze-out baryogenesis can occur for
essentially any perturbative value of y, while having viable
baryogenesis with y ~ 107> requires My 23 TeV. As a

result, making ¢ heavy provides a more substantial loophole
for avoiding asymmetry suppression in freeze-out baryo-
genesis, although if this is the case, ¢ is not likely to be within
kinematic reach of existing or near-future experiments.

Finally, we remark that our study of freeze-out lepto-
genesis suggests that the constraints from leptogenesis on
the hidden-sector couplings are comparable to those from
our study of freeze-in leptogenesis. However, we have not
performed a comprehensive study, in part because the
asymmetry in freeze-out leptogenesis is dominantly pro-
duced during the electroweak crossover, and consequently,
details of rates and sphaleron decoupling in the broken
phase become important [47]. We do not expect those
refinements to dramatically change the range of allowed
couplings, but the question merits a dedicated study that is
beyond the scope of the current work and its focus on
freeze-in leptogenesis.
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