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Thermal neutrino portal to sub-MeV dark matter
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Thermal relics lighter than an MeV contribute to the energy density of the universe at the time of
nucleosynthesis and recombination. Constraints on extra radiation degrees of freedom typically exclude
even the simplest of such dark sectors. We explore the possibility that a sub-MeV dark sector entered
equilibrium with the Standard Model after neutrino-photon decoupling, which significantly weakens these
constraints and naturally arises in the context of neutrino mass generation through the spontaneous
breaking of the lepton number. Acquiring an adequate dark matter abundance independently motivates the
MeV scale in these models through the coincidence of gravitational, matter-radiation equality, and neutrino
mass scales, (mp/TMRE)!/4m, ~MeV. This class of scenarios will be decisively tested by future
measurements of the cosmic microwave background and matter structure of the universe. While the
dark sector dominantly interacts with Standard Model neutrinos, large couplings to nucleons are possible in
principle, leading to observable signals at proposed low-threshold direct detection experiments.
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I. INTRODUCTION

The mass of dark matter (DM) is relatively uncon-
strained. Demanding that its de Broglie wavelength is
smaller than the typical size of dwarf galaxies requires
mpy = 10722 eV, while microlensing searches for massive
composite objects imply that mpy < 10°% GeV [1-3].
However, if DM acquired its abundance through thermal
contact with the Standard Model (SM) bath, the viable mass
range is significantly reduced and a much sharper picture
emerges. For concreteness, we define “thermal dark matter”
in this manner: thermal dark matter: dark matter that
acquired its cosmological abundance after entering thermal
equilibrium with the Standard Model bath at temperatures
much higher than the freeze-out temperature of number-
changing interactions.

The canonical example of this scenario is embodied by
the weakly interacting massive particle (WIMP) paradigm,
in which DM is assumed to be in thermal contact with the
SM bath while relativistic before chemically (and later
kinetically) decoupling from the SM while nonrelativistic.
For mpy; 2 keV, thermal DM is sufficiently cold such that
the free-streaming length in the early universe does not
suppress the growth of matter perturbations on scales larger
than the observed structures in intergalactic gas [4,5]. For
larger masses, perturbative unitarity requires mpy S
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100 TeV under the assumption of a standard thermal
cosmological history [6]. Thus, the thermal DM paradigm
drastically restricts the possible mass range.

Although no theoretical inconsistencies arise for small
masses, mpy = MeV is often quoted as a robust lower
bound on the mass of any thermal relic [7—14]. Such limits
are usually derived from indirect measurements of the
expansion rate of the universe in the radiation-dominated
epoch, which can be parametrized in terms of the effective
number of neutrino species, Ng. Sub-MeV thermal DM is
relativistic at the time of nucleosynthesis and can modify
N. However, the successful predictions of standard big
bang nucleosynthesis (BBN) and observations of the
cosmic microwave background (CMB) constrain N to
lie near the SM expectation, N ~ 3.045 [15-17].

As originally pointed out in Refs. [18-20] and recently
studied in the context of light DM in Ref. [21], constraints on
sub-MeV relics can be alleviated if equilibration between the
DM and SM sectors occurs after neutrinos have already
decoupled from the photon bath. As we will argue below,
this process of delayed equilibration is characteristic of
thermal DM that is much lighter than a GeV. In this work, we
investigate a concrete and predictive model in which this
scenario naturally arises for DM thermally coupled to SM
neutrinos. There has been a resurged interest in models of
light thermal DM that interacts with neutrinos [22-27],
which has largely been driven by the fact that such
interactions constitute a simple mechanism to evade strong
constraints from late-time distortions of the CMB [28].

Although our investigation is warranted solely as a proof
of concept for sub-MeV thermal relics, the consideration of
such models is timely. Various experimental technologies
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TABLE I. Notation and various temperature scales discussed throughout this work.

Notation Definition Value

T; Temperature of species i = X, v, y

T Shorthand for the photon temperature (7,) e

& Temperature of species i normalized to the photon temperature T;,/T

Tvdec Photon temperature at v-y decoupling ~0O(MeV)

TXed Photon temperature at X-v equilibration > my (model input)
TXdec Photon temperature at X-v chemical decoupling ~my (model input)
TBBN Photon temperature at the end of nucleosynthesis ~O(10) keV
TKD Photon temperature at which X kinetically decouples < my (model input)

have recently been proposed for the direct detection of
thermal DM down to the keV scale [29-32]. However,
below an MeV, the landscape of cosmologically viable
models that will be tested by these experiments is rather
unclear and underexplored (see Refs. [13,33] for detailed
investigations of some simplified models). While the most
minimal versions of the models examined in this work do
not give rise to observable signals at these low-threshold
detectors, variations upon these scenarios yield detectable
rates. We will investigate this in more detail toward the end
of this work. Furthermore, as we will discuss below, our
setup will be definitively tested by upcoming cosmological
observations, such as CMB-S3/S4 (and to some degree
21 cm) experiments.

The remainder of this paper is structured as follows. In
Sec. II, we review the standard considerations of sub-MeV
thermal relics as studied in previous literature. We then
discuss in detail how the standard constraints can be
alleviated in a model-independent manner in Sec. III. In
Sec. IV, we introduce a simple concrete model motivated by
the observed masses and mixing angles of the SM
neutrinos. These models predict DM-neutrino couplings
of size O(1071°)-O(10™) and independently motivate
thermal DM near the MeV scale through the coincidence
of gravitational, matter-radiation equality and neutrino
mass scales, i.e., mpy ~ (mp/TVRE)/4m, ~ MeV. We
then turn to the cosmology and possible modes of detection
in Secs. V and VI. We briefly summarize our results and
conclusions in Sec. VII. A more detailed discussion on
some aspects of the model is presented in Appendix A.

II. REVIEW OF SUB-MeV THERMAL RELICS

In this section, we discuss the physics of light relics and
their effects on the measurements of primordial light
element abundances and the CMB. For the models con-
sidered in this work, the main impact of the new degrees of
freedom (d.o.f.) is through their contribution to the Hubble

expansion rate,
]\ 1/2 1/2
Hx~ <?”> Prad (1)
p

where mp; ~ 1.22 x 10" GeV is the Planck mass and we
have assumed that the energy content of the universe is
dominated by the radiation component, p,,4. The radiation
energy density includes contributions from SM particles (y,
e*, v) and the dark sector. It is conveniently parametrized
by the effective number of neutrino species, N, such that

Prad = py[l + (7/8)( EM)4Neff(T)]v (2)

where &M(T) = TSM /T, is the neutrino-to-photon temper-
ature ratio in the standard cosmology [see Eq. (8) below].
Thus, Ny is simply the neutrino and dark sector contri-
bution to the total radiation energy density, normalized to
the photon bath. In contrast to the common definition of
N4 as a late-time quantity (only to be evaluated at the time
of recombination), N (T) in Eq. (2) parametrizes the
expansion rate at temperatures below a few MeV. N can
be modified either by changing the actual number of d.o.f.
in the radiation bath or by altering 7',/ T,. The notation for
these and other relevant temperature scales is compiled in
Table I for convenience.

Novel evolution of Nz (7') can modify the predictions of
primordial nucleosynthesis and recombination. The out-
comes of these cosmological epochs have been precisely
measured and therefore constrain nonstandard behavior of
Ng;. Below, we summarize the effects of varying Ny on
aspects related to BBN and the CMB and then review how
light dark sectors can run afoul of the resulting constraints.

A. Big bang nucleosynthesis

N is constrained by observations of light nuclei
abundances, as reviewed in, e.g., Ref. [34]. The abundances
of helium-4, “He, and deuterium, D, are measured with a
precision of a few percent and therefore provide the most
sensitive probes of the expansion rate during the epoch of
nucleosynthesis. We now discuss these elements in turn.

In the early universe, neutrons and protons interconvert
through weak processes such as ne™ <> pp,. Once the
temperature of the photon bath drops below the neutron-
proton mass difference, ~MeV, the neutron-proton ratio is
approximately fixed, n/p ~ exp [-(m, —m,)/T,,], where

T,, ~ 0.8 MeV is the freeze-out temperature. Most of these
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neutrons are eventually converted into “He due to its large
binding energy per mass (the remainder decays or ends up
in deuterium or heavier nuclei). Hence, the “He mass
fraction can be estimated by a simple counting argument,
Y, ~2(n/p)/(1 +n/p)~1/4. Helium-4 is also produced
in stars, but its primordial abundance can be observatio-
nally inferred, for instance, from measurements of recom-
bination emission lines of ionized gas in low-metallicity
dwarf galaxies [35].

Primordial nucleosynthesis is the dominant source of
deuterium, since it is destroyed in stellar processes. Its
abundance provides an additional handle on constraining
the expansion rate at temperatures below an MeV.
Deuterium also plays a crucial role in the production of
“He through such reactions as DD — p°H followed by
SHD — n*He [36]. Due to the small values of the deuterium
binding energy (~2 MeV) and the baryon-to-photon ratio
(~10719), the production of light nuclei is delayed until
T ~ 100 keV, a phenomenon known as the “deuterium
bottleneck.” However, unlike “He, once produced, deu-
terium is easily destroyed. Deuterium burning proceeds
through the same reactions as mentioned above until
T ~ 50 keV. Its primordial abundance can be determined,
e.g., through observations of absorption spectra of distant
quasars [37].

Modifications to Ny correspond to changes in the
Hubble expansion rate. For N > 3, the expansion rate
is enhanced, so that weak processes that convert n <> p
freeze out earlier (at a larger temperature, 7', ,). As a result,
the neutron-proton ratio, n/p, is increased, leading to a
larger primordial “He abundance with AY, ~0.013AN
for small AN [38,39]. Deviations in N also modify the
predicted abundance of deuterium. An increased cosmo-
logical expansion rate corresponds to a shorter timescale for
efficient deuterium burning during 7 ~ 50 keV-100 keV.
Hence, for N ; > 3, the predicted deuterium abundance is
increased.

If the baryon density is fixed by the observed nuclear
abundances, recent detailed studies have determined
Negp ~2.85£0.28 [39] and Ngr ~ 2.87 £ 0.31 [40] within
lo during nucleosynthesis. The spread in the inferred
value of Ny is largely determined by the uncertainty
in the primordial value of Y,. This can be seen using
AY,~0.004 [41] and the parametric relation ANy ~
AY,/0.013~0.3 [38]. The best-fit central value of N
additionally depends on the inferred baryon-to-photon
ratio, which is largely driven by the observed deuterium
abundance.

B. Cosmic microwave background

Observations of the CMB power spectrum are also
sensitive to the total radiation energy density at the time
of recombination. Detailed analyses of this effect are
presented in Refs. [42,43]. We summarize their arguments

below. CMB temperature anisotropies on scales smaller
than the diffusion length of photons at recombination are
exponentially damped, a mechanism known as Silk or
diffusion damping [44]. On the microscopic level, this
corresponds to the stochastic process of photons Thomson
scattering with free electrons. Hence, the diffusion distance,
r4, can be written parametrically as r; ~ \/N/lmfp, where N
is the number of scatters, A, ~ 1/(n,07) is the photon
mean free path, n, is the free electron number density, and
o7 is the Thomson cross section. The diffusion length scale
is therefore 1y~ \/1/(HAngp)dmey ~ \/1/(Hn,or). A
larger N.g (and correspondingly larger H) decreases the
diffusion damping distance scale. As a result, photons
travel a shorter average distance out of overdensities.
However, observations of the CMB measure the angular
scale of diffusion, 8, = r;/D,, where D, is the angular
distance to the surface of last scattering. D, is not
independently determined, since it depends on the evolu-
tion of dark energy from recombination to present. The
dependence on D, can be eliminated by considering the
length scale of the sound horizon, r; ~ 1/H, at the time of
recombination. The position of the first acoustic peak in the
CMB power spectrum is dictated by the corresponding
angular scale, 0, = r;/D,. Hence, the ratio of angular
scales 0,/0, = ry/r, ~ v/H/(n,o7) is independent of D,.
The position of the first peak has been measured to a
precision of 5 x 10™* [28]. Thus, fixing €, to the observed
value, the scaling argument above implies that larger N
(and hence H) leads to a larger 8, thereby suppressing
power in the damping tail of the CMB. Note that the degree
of damping at small angular scales is increased for larger
N, even though the underlying physical diffusion length
is decreased. This behavior is seen explicitly in full
Boltzmann simulations [42,43]. The argument above also
makes explicit the degeneracy between Ny and Y ,; since
n, x 1—7Y,, the effect on r,/r, from decreasing Y, can be
compensated by increasing N;. This degeneracy is broken
by considerations of BBN.

Measurements by the Planck satellite constrain the
effective number of neutrino species at the time of the
last scattering with unprecedented precision, Ny =~
3.15 4+ 0.23 at 68% confidence [28]. Although the inclu-
sion of different cosmological datasets modifies this result
slightly, we will take this value as a representative bench-
mark in our analysis. A recent direct measurement of the
local Hubble constant, H,, is in tension with the inferred
value from Planck data at the level of ~3.40 [45]. The
inclusion of additional relativistic species at the time of
recombination significantly alleviates the tension, favor-
ing AN ~0.4 [45-48]. This is not the case when the
“preliminary” Planck measurements of high-# polariza-
tion are included, which favor a standard cosmology, but it
is possible that this dataset is plagued by low-level
systematics [28,49].
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C. Standard light relics

Neutrinos decouple from the photon bath at a temper-
ature of 79 ~2 MeV [50]. A set of sub-MeV hidden
sector (HS) particles (collectively denoted as X) that is
equilibrated with the SM at temperatures below 7%%° can
lead to significant deviations in the observed value of N .
The lightest stable particle of this HS constitutes the DM of
the universe. For simplicity, we assume that X couples to
the SM neutrinos and that all such particles have a common
mass given by my. We first consider the standard case
where X equilibrates with the SM neutrinos before the
point of neutrino-photon decoupling, as has been inves-
tigated in Refs. [7—14]. The temperature evolution of the
neutrino bath is then easily derived from the conservation
of comoving entropy density.

The effective number of relativistic d.o.f., gi, in each
bath (i =v, X, y) determines the entropy density,
s;=(27%/45)g. T3, and energy density, p; = (7*/30)g.T%,
where T'= T, is the temperature of y and e* bath. For three
generations of left-handed SM neutrinos,

¢ =(7/8)x3x2=21/4. (3)

At temperatures below T%%¢, the comoving entropy den-
sities in the v — X and photon bath are separately con-
served. Using that 5, x =5, + sy and s, separately scale
as a=3 (a is the scale factor), one finds

¢+ gx

4
*

& = const, (4)

where

&=T,/T (5)

is the temperature of species i normalized to the photon
temperature [S51]. We will assume for simplicity that X is
lighter than m,. Treating electron-photon decoupling as
instantaneous, we can approximate the number of relativ-
istic d.o.f. coupled to the photon bath as ¢.(T 2 m,) =
2+ (7/8)x4=11/2 and ¢.(T <m,) =2. Equating
Eq. (4) at temperatures above and below m,, and using
that £,(T = m,) = 1, one recovers the standard result

4\ 1/3

We emphasize that this formula makes use of the instanta-
neous decoupling approximation and depends only on the
number of electromagnetically coupled d.o.f. (and not on
the content of the v — X bath).

When X becomes nonrelativistic, it heats up the SM
neutrinos and negligibly contributes to the entropy density
of the v — X bath. Again using Eq. (4), but for 7, Z my and
T, < my, we find that

cmem=(3)7 (15" o

For later convenience, we define &M as the value of &,
assuming a standard cosmology (g¥ = 0) such that

LT 2 m,,
={ s (3)

Using the above results, the defining expression for N
in Eq. (2) can be rewritten as

In Eq. (9), we have assumed that X decouples instanta-
neously once its temperature drops below its mass
(Tx < my), which is encapsulated by the Heaviside step
function, ® [51,52]. Note that Eq. (9) reduces to N ~3
when g¥ = 0and &, = &M In the SM, neutrino decoupling
is not instantaneous, and e* annihilations partially heat the
neutrino bath, resulting in N¢ >~ 3.045 [15-17]. In Eq. (9),
we have approximated 3.045 ~ 3. Substituting Eqgs. (7)
and (8) into Eq. (9), we find that

N{3(1 +9/95),
31+ gf /),

if X equilibrates with the SM neutrinos at temperatures
above TV, If eV < my < MeV, then Eq. (10) gives
Negr 2 3.57 (Negr 2 3.79) at the time of nucleosynthesis
(recombination) for ¢gX¥ > 1. As discussed in Secs. I A
and II B, this is excluded from considerations of BBN and
Planck measurements of the CMB by more than 2o.
Furthermore, realistic models of light thermal DM often
require g¥ > few, leading to even larger deviations in N .
It is this basic insight that has driven many studies to claim
that sub-MeV thermal DM is not cosmologically via-
ble [7-14].

T,6Z my,
v X (10)
Tv SmX’

III. DELAYED EQUILIBRATION

A. Temperature evolution and effective number
of neutrino species

In Sec. II, we noted that a single sub-MeV d.o.f. that is
equilibrated with the SM below the temperature of neu-
trino-photon decoupling, 79 ~ 2 MeV, can lead to devi-
ations in Ny that are in conflict with considerations
of BBN and the CMB. In this section, we illustrate that
if light relics enter equilibrium with the SM at temperatures
below T%%¢, then such constraints are significantly relaxed
[18-21].

Let us assume that a similar collection of sub-MeV
particles (X) equilibrates with the SM neutrino bath while
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FIG. 1. The evolution of the dark matter comoving number

density (Ypy) as a function of the photon temperature (7). In the
standard WIMP framework (red curve), dark matter is assumed to
be in equilibrium with the Standard Model bath long before
freeze-out. Dark matter produced through freeze-in (yellow
curve) is assumed to have a negligible abundance at early times
and never fully equilibrates with the Standard Model. We propose
a scenario (blue curve) that alleviates strong constraints from
measurements of the effective number of neutrino species and is
much more akin to the WIMP paradigm, in which an initially cold
(compared to the photon bath) population of sub-MeV particles
relativistically equilibrates with the Standard Model bath after
neutrino-photon decoupling and before freeze-out. Similar
behavior is also expected for standard WIMPs, although the
temperature at equilibration (7%°9) is typically much larger.

relativistic but affer neutrino-photon decoupling. The
assumption of relativistic equilibration is not strictly neces-
sary, but simplifies the estimates below (see Sec. III C).
As summarized in Table I, we define 7%% > my and

Temperature Evolution

TXdc ~ my as the temperature of the photon bath at which
X enters and exits equilibrium with neutrinos, respectively,
and TBBN ~ (10-50) keV as the temperature at which
nucleosynthesis has effectively concluded. We will be
interested in the case where the HS is initially colder than
the SM bath. A schematic representation of the cosmological
evolution of the HS comoving number density is shown in
Fig. 1. Contrary to DM that is produced via freeze-in [53],
we assume that the HS is fully relativistic while equilibrating
with the SM, analogous to the thermal history of a
standard WIMP.

For concreteness, we assume that X equilibrates with the
SM neutrinos after neutrino-photon and electron-photon
decoupling, i.e., TX% < T¥%¢ 1, ~ MeV. An example of
the temperature evolution of the neutrino and HS baths is
shown in Fig. 2. These results were obtained by numeri-
cally solving the Boltzmann equations for the X and v
energy densities. Analytic approximations will be derived
below. If HS-SM equilibration occurs through decays and
inverse decays of a HS species into neutrinos (X <> vv),
then the relevant Boltzmann equations are

Px(Tx) + 3H(pY (Tx) + Px'(Tx))
= =T %my (ny!(Tx) = nx'(T,)).
P (T,) +4Hp,*(T,)

=~ +T%my (ny (Tx) (11)
where I'%¢ is the decay rate for X — vv. We have assumed
that the number and energy densities and pressure have
equilibrium form (denoted by the superscript “eq”), com-
pletely characterized by the temperatures indicated. This is
approximately true of the neutrino bath, whose distribution

—nx(T,)),

Effective Number of Neutrino Species

1 55_ T [rrrTrTTeTe [rrrTrTTTe frrrTrTTTe ]
09 5:_ ) Lo _
038 C PRy e ]
> . 45 AREECEET PP PP EEE TP LR L E
Zorf T T T T T T N s y [ ]
y 06 = af : ]
w05 . - ]
L 35k =
04 g ]

L r TXeqa o v dec
03 T Lovev v 0 Lovun v 0 Loy T 3 ' Levuw o0 0 | Livew vy [

1 107! 1072 1073 1 107! 102 1073
T, [MeV] T, [MeV]
FIG. 2. (Left) Temperature evolution (normalized to the photon temperature) of the neutrino (red curve) and dark matter (blue curve)

sectors for an initial temperature ratio of £, = 0.3. Compared to standard cosmology, neutrino—dark matter equilibration and decoupling
cools and heats the neutrino population relative to its expected value in the Standard Model, respectively. The horizontal gray dashed
lines correspond to the approximate analytic estimates of Eqs. (16) and (19). (Right) Evolution of the effective number of neutrino
species in the case that dark matter equilibrates with neutrinos after (solid blue curve) or before (dotted blue curve) neutrino-photon
decoupling. The horizontal gray dashed lines correspond to the approximate analytic estimates given in Eqgs. (17) and (20). For
concreteness, we have taken the hidden sector to be made up of a 10 keV Majorana fermion and a 5 keV real scalar.
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maintains a quasiequilibrium form even after weak inter-
actions have decoupled; in the dark sector this assumption
requires the presence of self-interactions that thermalize the
X d.o.f. In writing the above equations, we have also
neglected Bose-enhancement and Pauli-blocking factors.
Including these effects modifies the collision term by O(1)
factors, but does not significantly change our results.
Equation (11) can be solved numerically for the evolution
of Ty, as a function of the photon temperature, 7. The time
variable can be traded for the photon temperature through
the relation [54]

= —3p (%o _l(p + Py (12)
dT tot tot/»

where pio = p, +p, + px and similarly for the pressure
density, P... In Eq. (11), we have neglected chemical
potentials, assuming that the interactions between the HS
and neutrino baths enable each species to rapidly track
equilibrium distributions dictated by Tx,. This is a good
approximation for the model described below in Sec. 1V,
since chemical potentials are suppressed by number-
changing reactions involving a light spin-0 mediator. In
particular, for O(1) couplings and keV-scale masses in the
HS scalar potential of Sec. IV C, 4 — 2 self-interactions
involving the spin-0 mediator decouple well after DM
freeze-out.

In the left panel of Fig. 2, we show the cosmological
evolution of the neutrino and HS temperatures normalized
to that of the photon bath as solid red and blue lines,
respectively, assuming that the HS consists of a 10 keV
Majorana fermion and a 5 keV real scalar. For comparison,
we also display the temperature evolution of the neutrino
bath in the SM (dotted red), assuming that no new light
thermal relics are present (¢f = 0). The initial HS-SM
temperature ratio is fixed to £y = 0.3, such that the HS is
initially much colder than the SM neutrino and photon
populations. Energy conservation then implies that v — X
equilibration cools (heats) the neutrino (X) bath at
T ~ TXe4, If this occurs after neutrino-photon decoupling,
this leaves the photon bath unaffected. Later, when the
temperature drops below my and the HS decouples, X
dumps its entropy back into the neutrinos, reheating them
to a temperature slightly above the SM expectation. These
two processes, equilibration (neutrino cooling) and decou-
pling (neutrino heating), have counteracting effects on the
neutrino temperature, which lead to a partial cancellation
and a significant reduction in modifications to Ny, whose
evolution is shown as the solid blue line in the right panel of
Fig. 2. If the HS is initially colder than the SM bath, this
cancellation is a direct consequence of thermodynamics
and does not constitute a tuning of the model. For
comparison, we also show the temperature evolution of
N, taking the standard assumption that equilibration
occurs before neutrino-photon decoupling (dotted blue

curve), as in Sec. I C and Refs. [7-14]. If equilibration
occurs after neutrino-photon decoupling, deviations in N
are significantly reduced. We now derive analytic approx-
imations for the asymptotic behavior of &,y and N,
which are shown as the horizontal gray dashed lines
in Fig. 2.

As we will soon see, N 1s sensitive to the initial value
of &y =Tyx/T before X —v equilibration or electron-
photon decoupling, but, similar to DM production via
freeze-in, it is insensitive to the particular value of &£y as
long as &y < 1 [53]. We define & = & (T 2 T4, m,) as
this initial temperature ratio. As mentioned above, for
simplicity, we assume that electron decoupling occurs
before DM equilibration. Comoving entropy is conserved
as electrons decouple from the photon plasma. Electron
annihilations heat photons relative to the neutrino and X
baths. Hence, as in Sec. Il C, for 7%%4 < T < m,, we have

4\1/3
fy(TXCq S T S me) = <H> 3

4\ 1/3
aresTsn)=(5) & )

Along with Eq. (9), this implies that Ny is given by

N (T 2 TX9) 53(1 +§§9(4>- (14)

This is the standard result for an uncoupled population of
dark radiation.

If the HS and neutrino baths equilibrate while X and v
are relativistic, the sum of their comoving energy densities,
puixa®, is approximately conserved. This can be seen
from Eq. (11), which implies that d(p,,xa*)/dt=
puixa*H(1 =3w), where w=P,,x/p,.x. When T,>m,
and Ty > my, we have w=~1/3 and d(p,,ya*)/dt ~0.
Therefore,

@&+ gk e,
(go)*3

before and immediately after X — v equilibration, where we
have used s, a=3. Equating this expression at temper-
atures above and below 7%, we find

4\ 1/3 gp+gxéo4>1/4
TMeSTSTY) > (— ) (55 ) . (16

where &,y =&, = £y is the temperature ratio when X is
equilibrated with the SM neutrino bath. Comparing the
above expression to the standard result of Eq. (8), we see
that for & < 1, v — X equilibration significantly lowers
the temperature of the neutrino bath, ie., &y <&M,
Equations (9) and (16) then imply that

= const, (15)
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g

Neg(TX4¢ S T < T%°9) =3 <1 + —259(4) (17)
Gx

during X — v equilibration and before X becomes non-
relativistic. Note that Eq. (17) is identical to the expression
of Eq. (14). This is consistent with the fact that
d(p,,xa*)/dt ~0 and that N is defined in terms of the
total radiation energy density.

We use conservation of entropy when X becomes non-
relativistic and decouples, since this process occurs in
equilibrium. Hence,

v£3 3
geov + 9:8x tgféx = const, (18)
g«

just before and after X becomes nonrelativistic. Equating

this expression above and below 7X9¢ ~ m, and using
Egs. (16) and (9), we find

s 1/3 @ 1/12 g o) V4
arsre= ()7 (142) 7 (14 E

(19)
and

N (T < TXdC) ~ 3 <1 + g) . (1 + gf(;;*) (20)

Note that in the & <1 limit and taking TX9¢ ~ my,
Egs. (14), (17), and (20) reduce to

Negt(T Z my) ~3 (21)
and
Nege (T < my) ~3(1 + ¢¥/g)'? 2 3.18, (22)

where in the inequality we have imposed ¢X > 1 for any
light HS.

Compared to the standard result of Eq. (10), the
deviation in N4 away from its SM expectation is signifi-
cantly reduced in Eq. (20) for & < 1. As mentioned
previously, if 74 < 7%, then v — X equilibration drains
the neutrino bath of energy, lowering its temperature
compared to that of photons. Later, when X becomes
nonrelativistic and decouples, it reheats the neutrinos to a
temperature close to the SM expectation. These processes
have counteracting effects on &,, such that the neutrino bath
is reheated to a smaller degree than if 7%Xed > Tvdec,
However, as seen from Eq. (19), even for Zj?( ~ (), there
is an irreducible heating of the neutrino bath since
equilibration of two initially decoupled gases leads to an
overall increase in the comoving entropy of the v —X
system. In the left (right) panels of Fig. 2, the horizontal

Planck

Nett
7 T T T I T I T
L |
6 .
L BBN (TXde < 7BBY) _ | ]
5 — — .
Planck + UH\ . g
X g4 = = A =1
|
|

__________ " Minimal |
T)l[ N_I()(EIHJ

BBN (TXdu(: » TBBY)
1

1 1 . . | . . = |
0 05 1
£x
FIG. 3. Values of g¥ (the effective number of sub-MeV dark

sector states that equilibrate with neutrinos) and &) (the initial
dark sector-to-photon temperature ratio) compatible with the
effective number of neutrino species at the time of nucleosyn-
thesis (green) and recombination (blue). Regions compatible with
BBN are shown for scenarios in which dark matter decouples
from neutrinos before (7%%¢ > TBBN) and after (7% < 7BBN)
the end of nucleosynthesis. We also highlight parameter space
that alleviates the tension between Planck and local measure-
ments of the Hubble parameter, H,. The representative model
space (red area) corresponds to a dark sector with a dark matter
scalar or Majorana fermion and a scalar mediator. The vertical
dashed gray line corresponds to the standard assumption that X
equilibrates with neutrinos before neutrino-photon decoupling

& ~1).

gray dashed lines correspond to the approximate values
given by Egs. (16) and (19) [Egs. (17) and (20)]. The
numerical solutions are in good agreement with these
approximate expressions, which warrants their use in the
remainder of this work. We also note that a similar
cancellation arises when a sub-MeV relic equilibrates
directly with the photon bath after neutrino-photon
decoupling, but we will not explore such models in
this work.

Equations (14), (17), and (20) imply that constraints
from nucleosynthesis and the CMB can be alleviated if
TXed < 774 and & < 1. In Fig. 3, we highlight regions of
parameter space in the g% — &% plane that are compatible
with measurements of Ng. If 7X4 < 779 then & # 1 in
general and its value encapsulates the sensitivity of our
setup to physics in the ultraviolet. For instance, if X was
initially in thermal equilibrium with the SM but decoupled
at T 2 Agcep before reentering equilibrium at 7' < Tvdec,
then & ~ (10/100)'/3 ~ 0.5. More generally, £ # 1 arises
in theories of asymmetric reheating of the DM and SM
sectors [55]. Throughout this work, we take 59( to be a free
parameter of the low-energy theory. Note that physics at
low energies is insensitive to this temperature ratio as long
as & < 1. This is analogous to the level of ultraviolet
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sensitivity for DM produced from freeze-in processes,
where one typically assumes a negligible initial DM
abundance at early times [53].

For TX4 < Tvd¢ N 4 transitions from Eq. (17) to
Eq. (20) near the decoupling temperature, 7% ~ my.
As a result, limits from nucleosynthesis depend on the
ordering of 7X4¢ ~ my and TBBN ~ (10-50) keV. Regions
compatible with BBN are shown in Fig. 3 for both of the
temperature orderings 77X < TBBN apd 7Xdec > TBBN,
For TXdec < TBBN N . is static during BBN and is given
only by the expression in Eqs. (14) and (17). However, for
TXdec > TBBN N i+ evolves from the form given in
Egs. (14) and (17) to that of Eq. (20) during nucleosyn-
thesis. Detailed studies of BBN, which demand N ~
2.85 + 0.28 within 1o, often assume a single fixed value of
N throughout the entire formation of light nuclei [34].
However, as we have seen, this is not generally the case for
a light HS that equilibrates and decouples from the SM
during nucleosynthesis [56]. In deriving a constraint, we
demand that N never deviates from the best-fit constant
value by more than 20, i.e., |Nqgx(T) —2.85] <0.56 for
T > T®BN. We note that this is most likely overly
conservative, since for & < 1 and values of 7%%¢ only
slightly greater than TBBN, significant deviations in the
expansion rate will only occur at the end of nucleosynthesis.
For instance, this could potentially lead to slight changes in
the deuterium or Li abundance without affecting the
production of “He. It would be interesting to consider the
bounds from detailed investigations of BBN, while assum-
ing time variations of Ny in this manner. We leave such
considerations to future work [57].

Cold DM is necessarily nonrelativistic at the time of
recombination, i.e., eV <« TX%¢ ~ my. To remain consis-
tent with Planck measurements of the CMB within 2o, we
demand that [N (T) — 3.15] < 0.46 for T < my, where we
take the form for N given in Eq. (20) [28]. Note that this
CMB bound on Ng; assumes standard nucleosynthesis,
which is modified in the delayed equilibration scenario,
as described above. A more realistic approach would be
to fit both Y, and N4 to the CMB power spectrum. This
can significantly expand the allowed parameter space due
to the Y ,-N.y degeneracy described in Sec. IIB. Also
shown in Fig. 3 are regions of parameter space that
alleviate the tension between Planck and local measure-
ments of the Hubble parameter, H,. As a representative
favored range, we take N ~ 3.4 + 0.05 [45-48]. Models
of light thermal DM require a stable species and a light
mediator. We highlight regions of parameter space
corresponding to the presence of two real scalars in
the HS (¢¥ = 2), or a light Majorana fermion and a real
scalar (¢ =2.75). The standard case of TX¢d > Tvdec
corresponds to the limit & ~ 1, which is in strong tension
with measurements of both the CMB and primordial
nuclei abundances for ¢g¥ > 1.

Equilibration

(equilibrated)

~1/T->

FIG. 4. T'/H as a function of decreasing temperature for dark
matter—Standard Model elastic scattering through the exchange of
either a light (blue curve) or heavy (red line) mediator, ¢. For
I'/H = 1, the hidden sector is in thermal contact with the
Standard Model bath. Light mediators generically predict that
dark matter enters equilibrium with the Standard Model bath
before decoupling.

B. General model building

We have demonstrated that constraints on sub-MeV
thermal relics are weakened when the HS equilibrates
with the SM after neutrino-photon decoupling. We would
like to understand if this naturally occurs in models of
light thermal DM. It has long been appreciated that
thermal DM which couples to the SM solely through the
electroweak force must be heavier than the GeV scale.
The so-called Lee-Weinberg bound relates the mass of
thermal DM to the weak scale (my,), the temperature at
matter-radiation equality (TMRE ~ 0.8 eV), and the Planck
mass (mp;), such that mpy = m3,/(TMREmp)'/2 ~ GeV
[58]. Equivalently, thermal DM that is lighter than a GeV
often requires the presence of new light mediators [59]. It
is therefore natural to expect that sub-MeV thermal DM,
denoted by y, is accompanied by additional HS media-
tors, ¢, that are nearby in mass. In this case, there are
two processes that can equilibrate the two sectors:
scattering between HS and SM states, and decays of ¢
into the SM. As we will show, the temperature depend-
ence of either of these processes generically predicts that
a light HS enters thermal equilibrium with the SM while
relativistic. This is illustrated in Fig. 4. The equilibration
point is independent of HS mass scales for scattering, but
for decays, it occurs later as HS masses are lowered. If
this proceeds at temperatures below a few MeV, the
mechanism described in Sec. II A is realized and
modifications to N during nucleosynthesis and recom-
bination are reduced.

At temperatures much greater than m, or m,, we
parametrize the rate for scattering and decays/inverse-
decays as
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Do ~ a3qT  (scattering),

Dgec ~ aeqmi/T (decays), (23)

where a. is the effective coupling governing equilibration
and the factor of m,,/T in the decay rate is a time-dilation
factor. Comparing either process to the Hubble parameter,
H ~ T?/myp,, demonstrates that the rate for equilibration
overcomes the expansion rate at temperatures below

T4 ~ a2 mp;  (scattering),
TX ~ (@eqmimp)'/?  (decays) (24)

(aro/deq) (TMRETXed)1/2 (scattering),

i {(aFo/aeq)1/3(mx/mw)w(TMRE/mm)1/6TX°q (decays).

m

Equation (26) implies that y and ¢ equilibrate with the SM
after neutrino-photon decoupling (7X4 < 7¥4¢ ~ MeV) if

(apo/aeq)  (scattering),
(aFO/IOGaeq)'/3(m)(/mq,)2/3 (decays).

(27)

mxsker{

Bounds on warm DM typically exclude m, < few x keV
[4,5]. Therefore, m, 2 keV along with Eq. (27) motivates
@po > . This can be accomplished if the processes
governing freeze-out are enhanced compared to those
governing equilibration. This is a natural hierarchy, for
instance, in models of secluded DM [60], those involving
freeze-out through resonant annihilations [61], or strongly
interacting hidden sectors [62]. Once y and/or ¢ become
nonrelativistic, 'y, and [y, are either suppressed by
Boltzmann or T/m,, , factors. At this point, the equilibra-
tion rate quickly drops below Hubble expansion and the HS
decouples from the SM. This behavior can be contrasted
with equilibration through the exchange of a heavy
mediator, in which case the rate governing equilibration
always falls faster in temperature than H ~ T?/mp,. This is
typical of the weak processes that maintain v-e equilibrium
where [y, ~ G2T°. Schematic examples of these scenar-
ios are shown in Fig. 4.

The presence of light mediators is strongly motivated for
sub-GeV thermal DM. Thermalization through these light
mediators generically predicts that DM enters equilibrium
with the SM while relativistic and before DM freeze-out, as
highlighted in Fig. 4. If DM is sufficiently light and there
exists a hierarchy between the couplings governing freeze-
out and those governing scattering/decays, then the HS
equilibrates with the SM after neutrino-photon decoupling,
alleviating constraints from measurements of N.y. In

for scattering and decays, respectively, where TX%4 denotes
the temperature at which the DM and SM sectors equili-
brate. The rate of DM annihilation into hidden sector
or SM particles during freeze-out can be parametrized as
oV~ a%o / mf{, where apg is an effective coupling. y then
acquires an abundance in agreement with the observed DM
energy density for

TMRE ;)12 (25)

In Sec. IV we will specialize to the case of “secluded” DM
annihilations into hidden sector particles. Using this rela-
tion in Eq. (24) allows us to write m,, in terms of 7%,

m;( ~ aFO(

(26)

I

Sec. IV, we turn our attention to a concrete model that
explicitly realizes this mechanism. However, as an aside,
we first briefly comment on scenarios in which the HS
instead does not equilibrate with the SM bath until it is
semi- or nonrelativistic.

C. Nonrelativistic equilibration

In the previous sections, we focused on a scenario that is
closely related to the standard WIMP paradigm: the HS and
SM baths are in equilibrium at temperatures much greater
than the DM mass, with chemical decoupling from the SM
occurring at temperatures much lower than the DM mass.
This is to be contrasted with freeze-in production, in which
case DM never fully equilibrates with the SM [53].
Although it is not the central focus of this work, an
interesting situation may arise between these two extremes,
where the HS fully equilibrates with the SM while the DM
is semi- or nonrelativistic, but before freeze-out of number-
changing interactions. We briefly comment on this pos-
sibility here.

A few of these cosmological scenarios are shown in
Fig. 5. The blue lines correspond to models in which DM
fully equilibrates with the SM neutrino bath after neutrino-
photon decoupling but well before thermal freeze-out. The
cosmology denoted by the solid blue line was already
discussed in detail in Sec. IIT A, in which the DM is
relativistic during HS-SM equilibration. This case is most
analogous to the WIMP paradigm, and simple analytic
approximations for the evolution of the HS/neutrino tem-
peratures and N were derived in Sec. III A. If the HS and
neutrino baths equilibrate while DM is semi- or non-
relativistic, p,,ya* is no longer conserved. Instead, the
system of Boltzmann equations in Eq. (11) must be solved
numerically. Such models are shown as the dashed and
dotted blue contours in Fig. 5.

095030-9



ASHER BERLIN and NIKITA BLINOV

PHYS. REV. D 99, 095030 (2019)

Generalized Sub—MeV Freeze—Out

WIMP

Sub—MeV Relic
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FIG. 5. Schematic evolution of the dark matter comoving
number density (Ypy) as a function of the photon temperature
(T). Compared to Fig. 1, we additionally include scenarios in
which dark matter equilibrates fully with the Standard Model
bath after neutrino-photon decoupling while semi- or nonrela-
tivistic (dashed and dotted blue curves). Such cosmologies
interpolate between the two extremes of WIMP-like freeze-out
and freeze-in.

We show the temperature evolution of N for these
generalized scenarios in Fig. 6, analogous to the right panel
of Fig. 2. The various contours correspond to the examples
shown in Fig. 5. For each of these lines in Fig. 6, HS-SM
equilibration occurs after neutrino-photon decoupling. The
solid blue contour corresponds to HS-SM equilibration
while the DM is relativistic, as studied in Sec. III A. For

Effective Number of Neutrino Species

3.5 T T T T
3 (Smaller 7Y°9)
P
= |
TXeq o pvde

3_ T e e WE ", E

[ Lovw w0 [T [

1 107! 102 1073

T, [MeV]

FIG. 6. The evolution of the effective number of neutrino
species in the case that dark matter equilibrates with neutrinos
after neutrino-photon decoupling. The solid (dashed and dotted)
contour corresponds to the scenario shown in Fig. 5, where the
hidden sector equilibrates with the neutrino bath while the dark
matter is relativistic (semi- or nonrelativistic). The relativistic
case is identical to the one shown in the right panel of Fig. 2. For
concreteness, we have taken the hidden sector to be made up of a
10 keV Majorana fermion and a 5 keV real scalar.

the dashed and dotted blue contours, equilibration occurs
instead when the DM is semi- or nonrelativistic, as illus-
trated in Fig. 5. In Sec. IIT A, we noted that the increase in
N at late times is due to an irreducible heating of the
neutrino bath since the equilibration of two initially
decoupled gases leads to an overall increase in the comoving
entropy of the v — X system, i.e.,

1 1
dSD+X = dQ <T— - T—> > 0, (28)
X v

where Q is the heat exchanged between the two sectors.
If the HS is equilibrated to semi- or nonrelativistic temper-
atures, instead of relativistic ones, the overall heat transfer
and entropy increase are reduced, leading to a corresponding
decrease in the overall heating of the neutrino bath once the
HS becomes nonrelativistic. As a result, modifications to
N at late times are suppressed compared to relativistic
equilibration, as shown explicitly in Fig. 6. Although it is
beyond the scope of this study, such models constitute an
interesting possibility for light, predictive, thermal-like DM.
In the next section and the remainder of this work, we will
instead focus on an explicit realization of the cosmological
scenarios involving relativistic equilibration, as discussed in
Sec. I A.

IV. SUB-MeV DARK MATTER WITH A
MAJORON MEDIATOR

The measurement of neutrino oscillations has firmly
established the presence of neutrino masses and mixing
amongst the different flavor eigenstates. Along with the
gravitational observations of DM, the discovery of neutrino
masses strongly motivates the existence of physics beyond
the SM. We now outline a minimal model that realizes the
mechanism described in the previous sections. This model
generates the neutrino mass splittings and mixing angles,
along with the parameters of the DM sector, through the
spontaneous breaking of the lepton number. In Sec. IVA,
we discuss the basic framework that is needed to generate
the appropriate parameters in the neutrino sector. In
Sec. IV B, we extend the model to include a stable neutral
lepton, which will play the role of DM. We briefly discuss
the details of the Higgs sector in Sec. IV C. A more detailed
discussion concerning the explicit forms for the masses and
interactions of the HS particles is given in Appendix A.

A. Neutrino sector

The SM lacks the necessary ingredients to explain the
observed neutrino masses and mixing angles. A simple
solution is to include the dimension-five Weinberg oper-
ator, (LH)*/A,, [63]. Below the scale of electroweak
symmetry breaking, this operator generates neutrino
masses parametrically of the form m, ~ v?/A,,, where v ~
246 GeV is the SM Higgs vacuum expectation value
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(VEV) and A, is the effective scale of new physics. A
natural microscopic realization of this operator is the so-
called seesaw mechanism, which introduces right-handed
neutrinos that are uncharged under the SM gauge group
[64-68]. If neutrinos are Majorana, then m, # O breaks
lepton number U(1),. The global U(1), symmetry can be
broken explicitly, as in minimal seesaw models with an
explicit Majorana mass for the right-handed neutrinos, or
spontaneously when a U(1), -charged scalar acquires an
expectation value. In the latter case, right-handed neutrino
masses are generated dynamically, and the seesaw mecha-
nism can be implemented. Such models involve majorons,
the pseudo-Nambu-Goldstone bosons (pNGBs) of U(1),
[69—71]. This light pseudoscalar will play the role of the
mediator between the visible and dark sectors.

In writing down the model, we follow the notation and
conventions of Refs. [72,73]. We introduce a complex
scalar, o, of lepton number L = 2,

1 .
o= +S+id), (29)

where we have assumed that ¢ acquires a nonzero VEV,

(6) = f/+/2. S and J are the real and imaginary excitations
of o, where J (often dubbed the majoron) is the Goldstone
boson of spontaneous U(1), breaking. In the presence of
suppressed terms that softly break the lepton number, J is a
pseudo-Goldstone and acquires a small mass. Soft U(1),-
breaking terms can arise in the scalar potential, which is
examined in Sec. IVC and Appendix A2. While we
naturally expect m; < f, we will not specify the exact
form of U(1), breaking and treat the majoron mass, m;, as
a free parameter of the low-energy theory. A discussion of
how such masses may arise from gravitational effects in a
more complete theory is provided in Appendix (A3).

We introduce three generations of right-handed neutri-
nos, N, with lepton number L = —1. The most general
renormalizable and U(1), -symmetric Lagrangian coupling
o and N to the SM lepton sector is then given by

1
-LD yI_/LNH + EyNO-Nz + H.C., (30)

where two-component spinor and flavor indices are
implied. Above, L and H are the SM lepton and Higgs
doublets, respectively. Below the scale of electroweak and
U(1), breaking, the interactions in Eq. (30) give rise to the
neutrino mass matrix in the (v, N) basis,

Mm—< OT mD), (31)

mD MN

where mp = y,v/v/2 and My = yyf/v/2 are 3 x 3 mass
matrices. Diagonalizing M,y gives rise to the neutrino mass
basis, n; (i =1,2,...,6), with masses m;. We define the

unitary matrix V that diagonalizes the full active-sterile
neutrino mass matrix by
VTMHNV* = diag(ml, ...,mﬁ), (32)
where V relates the gauge and mass eigenstates.1
In the seesaw limit (mp/My < 1), ny,3 and ngsg are
SM-like and sterilelike neutrino species, respectively, with
masses schematically of the form m; ;3 ~m%/My and
my s~ My ~ f. The off-diagonal entries of V' correspond
to active-sterile mixing and are suppressed by mp/My ~

\/mi,3/mys56 < 1. This is made explicit by the Casas-
Ibarra parametrization as discussed in Appendix A 1 [74].
The interactions of the neutrino mass eigenstates (n;) with
the scalar d.o.f. take the parametric form

—L:N (m,-mj)l/z <¥+%> nii’lj ‘|’H.C., (33)
where £ is the SM Higgs field. The explicit forms of these
couplings, along with ones involving SM gauge bosons, are
given in Appendix A 1. The most important feature of the
above interactions is their proportionality to the neutrino
masses, which is characteristic of the Higgs mechanism. In
general, there may be other contributions to the masses of
the sterile neutrinos, for instance originating from Dirac
masses with additional L = 41 sterile neutrinos. In this
case, the mass parameters mysq written in these inter-
actions are implicitly assumed to be the piece given by the
scale f, i.e., ~f x Omys¢/0f. However, it is important to
keep in mind that My > f is still possible in extended
models. We will return to this point later in Sec. VA.

Mass mixing in the neutrino sector also induces inter-
actions of the sterile states with electroweak currents and
generates couplings of S and J to charged leptons and
quarks via neutrino loops. These interactions are typically
too small to be phenomenologically relevant, but we
discuss them briefly in Secs. IV C and VIC as well as
in Appendix A.

B. Dark matter sector

The model described in the previous section involves
a viable mechanism for neutrino mass generation. The
new particles include a naturally light pseudo-Nambu-
Goldstone boson, J, that couples to neutrinos. This is
precisely the setup required to realize a viable cosmology
for sub-MeV DM as described in Secs. II and III. To
complete the model, we introduce an additional Weyl
fermion, y, of lepton number L = —1 and charged under
an additional Z,. The Z, prevents y from mass mixing with

'We have chosen to work in the convention where the
complex conjugate of V relates the two bases of left-handed
Weyl spinors, in accordance with the four-component conven-
tions of Refs. [72,73].
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the active or sterile neutrinos and stabilizes y, which will
serve as our DM candidate. The only renormalizable term
consistent with the above symmetries is

1
~L D340 + He. (34)

The phase of y can be chosen such that the Yukawa
coupling, 4,, is purely real. Below the scale of U(1),
breaking, y acquires a mass,

Iof
m ="

In four-component notation, the interactions of the
Majorana fermion, y, with J and § are given by

(35)

L2 XSiy + X Jyivy, (36)

where the couplings are defined as

e M
SToav22f]
A m
VA SR 4
ERENoRTS 7

C. Scalar sector

The U(1),-preserving renormalizable scalar potential is
given by

Vi(H.0) = —uy|HP? + Ay |H|* = p3lof? + Ao|ol*
+ dorr|o|H. (38)

This potential does not generate a mass for the majoron, J.
However, soft U(1),-breaking terms such as

Vy= —(u?6® + a,o|H|* + H.c.) (39)

can give rise to a radiatively stable mass for J. The full
potential is then given by

V=V, +Vy (40)

We fix the phase of ¢ such thatits VEV, f, is real, leaving a
single physical phase in the couplings x, and a,. This
phase leads to CP-violating mixing of J with S and &. The
details of mass diagonalization and constraints on the scalar
potential parameters are discussed in Appendix A 2.

As we will illustrate in Sec. V, delayed equilibration of
the majoron sector is achieved for m; < mg << m;,. We will
assume that the mixing angles in the scalar sector are small,
such that they do not significantly impact physics in the
DM sector. Indeed, we will show in Sec. VIC and in

Appendix A that the Higgs mixing with light states is
strongly constrained by stellar cooling, rare meson decays,
and Higgs decays, implying that the scalar mixing angles
are suppressed. In this hierarchical limit, the scalar mass
eigenstates (¢, ,3) are nearly aligned with the gauge basis
(J, S, h), with masses

Rea,v?

V2f o

2

2 o2 ~ ”
my ~m; ~4Reu; +

Rea,v

V2f

m3 =~ m? ~ 207 (41)

m3 =~ mi =22, f* +

This assumption will be relaxed in Sec. VID when we
consider possible signals in futuristic low-threshold direct
detection experiments. For 1, ~ O(1), the mass of the CP-
even scalar, S, is near the scale of U(1); breaking, mg ~ f.
For simplicity, we will fix mg = f in estimates and
numerical results below.

We also note that tree-level mixing between J, S, and the
SM Higgs, h, is not solely responsible for interactions
between the HS and the electrically charged SM fermions.
Additional contributions arise from diagrams involving
loops of active/sterile neutrinos and electroweak gauge
bosons. We will not discuss these contributions in detail
and instead refer the interested reader to the relevant
sections of Refs. [72,73]. For instance, the radiatively
induced Yukawa couplings among J, S, and the SM quarks
and charged leptons are naturally of size

m,,mf
167202

L (SFf+Jfir’f), (42)
where f is a charged SM fermion. The effect of this
coupling is analogous to S — & and J — h mass mixing with
an effective angle, 0., given by

sin Ogp ~ ~0(1075), (43)

ml/
167%v
where we have taken m, ~ 0.1 eV. As a result, tree-level
contributions to J, S — /# mixing are only phenomenologi-
cally relevant for sin@ > 10715, As we will discuss below,
the suppressed size of these radiative interactions makes
them irrelevant for the physics governing early universe
cosmology and the signals discussed in Secs. Vand VI. We
will come back to these couplings in Sec. VIC, where we
discuss effects of J and S on the physics of stellar cooling.

V. COSMOLOGY
A. Equilibration

In this section, we will discuss aspects related to the
equilibration of DM with the SM. DM, y, is assumed to
equilibrate with the SM neutrinos, v, while both sectors are
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FIG. 7. Representative Feynman diagrams responsible for dark matter freeze-out (left) and equilibration (right).

relativistic. Since the majoron, J, is a pseudo-Goldstone
of U(1),, we naturally take m,  f 2 m;. In this case, y
freezes out through annihilations into pairs of on-shell
majorons, yy — JJ, followed by J — vy, as shown in
Fig. 7. From the interactions given in Sec. IV B, the
nonrelativistic cross section for this process is

(-7

JJ) ~0?
vl =) T )

4 1 1
X<1—2r§+§r‘} —r? Y 8), (44)

where v (not to be confused with the SM Higgs VEV) is the
relative DM velocity, and we have defined the mass ratio
ry=my;/m, < 1.1In Eq. (44), we have also taken the limit
that mg =~ f > m,, m;. This form suggests that y acquires
an abundance in agreement with the observed DM energy
density for

f2

~010%) —2— .
m, ( )<TMREmP1)1/2

(45)

Hence, f ~ 10 MeV-1 GeV for m, ~keV-MeV. In the
minimal model described in Sec. IV, the masses of
the sterile neutrinos and HS scalars are also governed by
the U(1), scale, f, and therefore, we parametrically
expect My ~mg~ f < GeV.

These parametric estimates for the relevant mass scales
suggest that processes involving N, J, and S are all
potentially relevant when considering equilibration
between the DM and SM sectors. We will assume that
rates for scattering processes in the HS, such as yy < JJ,
are large compared to reactions involving both HS and SM
species. Therefore, equilibration between the SM and a
single species in the HS rapidly equilibrates all of the
lightest particles in the HS, namely y and J. As noted in
Sec. III, sub-MeV thermal relics are viable provided that
the HS equilibrates with the SM at temperatures below
Tvde¢ ~ 2 MeV. Therefore, it is imperative that processes
involving SM neutrinos and N, J, and S do not equilibrate

before this point. We now proceed to discuss these various
processes in detail.

In the limit that m; ¢ > eV, the decay rates of J and §
into SM neutrinos are

I'J-w

)= 167tjfz Z i,
> m? (46)

i=1-3

(s —

“16 f2

where the sum is over the three active neutrino flavors.
From examining the Boltzmann equations in Eq. (11), the
effective energy transfer rates from decays and inverse
decays that can be compared to Hubble expansion are

mJ”jq(Tu)
p(T,)
sn?‘(Ty)
pA(T,)

[Xed(J < w) ~ r(J - w),

rXed(§ < w) ~ (S - w), (47)

where n}; is the equilibrium number density of J and S,
respectively [55,75]. These processes are able to maintain
kinetic equilibrium between the HS and SM if
*ed4(J, S <> ) 2 H. The ratio,

rXed4(J, S < w)/H, (43)

peaks at temperatures comparable to the mass of the
decaying particle, T~m J.s- For concreteness, let us
assume that mg 2 m, 2 m , We find that equilibration
occurs at temperatures 7, 2 m,, through J < vv decays if

m -2 /m,\ 2
~0O(1 4 £ >1,
00 (i) () 2

(49)

rXed(J < )
H

or through S < vv decays if
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rXed(s < w)
H

m -3/2
~O(104) x ()T 5,
(1077) (100 keV) ~

(50)

T,~mg

In the above estimates, we have set m, ~ 0.1 eV, mg ~ f,
and have fixed f to the thermally favored value in Eq. (45).
Equations (49) and (50) imply that for m, ~ keV-MeV and
m; 2 1072m,,, equilibration through J <> v dominates
over S < vu.

Decays of the sterile neutrinos (N <> Jv) are also poten-
tially able to equilibrate the two sectors. For the simplest
choices of mixing parameters (R = 1 in Appendix A 1),
each generation of N couples to a single generation of v. For
My > my, the corresponding decay rate is

mDMlzv
T l6xf?

T(N = Jv) (51)

[*¢4(N < Jv) is given by the analogous form of Eq. (47).
We find that these decays efficiently equilibrate the DM and
SM sectors if

[Xed(N < Jv) m -1
- el ~O(10° z >1, (52
B |y, 00 <100kev) =1 (52)

where, once again, we have fixed f to the thermally
favored value in Eq. (45). If these processes equilibrate
the DM and SM sectors before neutrino-photon decoupling
(which is possible if My 2 few x 100 MeV), then N < Jv
decouples above the QCD phase transition, resulting in
& ~(10/100)'/3 ~ 0.5. From Fig. 3, such values of & still
significantly alleviate the bounds from measurements of
N However, as we will see below in a detailed calculation,
thermal freeze-out of y often favors My ~ f < few x
O(100) MeV and hence potentially larger values of &,
worsening this scenario to some degree. To summarize, in
the minimal models considered so far, sterile neutrino
decays (N <> Jv) often (but not always) prematurely equili-
brate the DM and SM sectors, spoiling the mechanism of
Sec. 1L

These issues can be circumvented, for instance, if the
mass of N has contributions from additional heavier scales
(My > f) or if the postinflation reheat temperature of the
universe is comparatively small (MeV < Try < f). The
first case can be realized if the mass of N is lifted by an
additional right-handed neutrino, N¢, of opposite lepton
number, L = +1. This charge assignment allows for a
Dirac mass involving N and N¢ which can be parametri-
cally larger than the scale f. The second possibility, which
involves a low reheat temperature, avoids premature
equilibration mediated by on-shell sterile neutrinos with
My ~ f. However, processes involving intermediate off-
shell sterile neutrinos can still potentially equilibrate the HS
and SM bath before neutrino-photon decoupling. Such

reactions include Jv <> Jv through an intermediate off-
shell N. In the limit that m; < T < M, the cross section
is parametrically of size

2
v

ov(Jv = Jv) ~ % (53)

After fixing f to the cosmologically favored value in
Eq. (45), this implies that Jv <> Jv never maintains
equilibrium between DM and the SM for Ty < TeVx
(m,/100 keV)2.

Other scattering processes include yv <> yv through J
and S exchange, Ju <> Zv, and St <> ht, where ¢ is the SM
top quark. We find that the rates of equilibration for these
reactions are subdominant compared to the ones considered
above since they are suppressed by additional small
couplings.2 The strength of St <> ht or Jt <> ht explicitly
depends on the scalar mixing angles defined in Eq. (A22).
For Tgry = my,, demanding that these processes do not
equilibrate the DM and SM sectors at temperatures above a
few MeV requires scalar mixing angles smaller than
O(1078). On the other hand, for Tgyy ~ few x MeV, similar
processes, such as Je <> ye, do not equilibrate the two
sectors for mixing angles less than O(107").

B. Dark matter freeze-out

In Sec. VA, we demonstrated that various processes
can potentially equilibrate the DM and neutrino baths at
relativistic temperatures (T > m,, m;) and after neutrino-
photon decoupling (T < MeV). To acquire a relic abun-
dance that is in agreement with the observed DM
energy density, y must remain in chemical equilibrium
until it is nonrelativistic, freezing out at temperatures
T ~m,/10. As mentioned in the beginning of Sec. VA,
DM freeze-out proceeds through annihilations into pairs of
on-shell majorons, i.e., yy — JJ, followed by J — vv (see
Fig. 7). For convenience, we repeat the form for the
nonrelativistic cross section from Eq. (44),

(1=

64nf* (1—13/2)°

ov(yy — JJ)~0?

4 1 1
X <1 —2r3—|—3r‘}—3r§+32r§>. (54)

In calculating the relic abundance of y, we follow the
semianalytic approach as detailed in Refs. [52,76],

*For m; < eV, yv <> yv through J exchange may dominate
over J <> vv. However, a simple estimate using Eq. (26) shows
that, in this case, equilibration for m, % O(keV) is only possible
for neutrino masses that are larger than what is experimentally
allowed, i.e., m, > eV.
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FIG. 8. Values of the scale f required for y to freeze out with an

abundance that is in agreement with the observed dark matter
energy density, assuming that the hidden sector is able to
equilibrate with the Standard Model while relativistic. The
thickness of the band corresponds to varying the y —J mass
ratio between m, /m; = 1.01 and m, /m,; > 1. On the right axis,
we also show the ratio m,/f, fixing the neutrino masses to
m, = 0.1 eV. This ratio is representative of the size of inter-
actions between the Standard Model neutrinos and the
majoron, J.

X/ (3z:xb/xf>—l’ 55)

Qh? =85 x 10711
“ % 74 GeV—

where &y is evaluated at freeze-out, b = ov/v? as in
Eq. (54), and

¢ =g+ &+ gy (56)

As before, X collectively denotes the light species in the HS
(v and J). x; is the value of x = m,, /T at freeze-out and can
be solved numerically through the relation

c(c+2
xfz§X1n< (47[3 )

45 2 Y266 x;
2 /g A R (1= 36 /2x)
(57)

where ¢~ O(1) is a constant chosen by matching to
numerical solutions of the Boltzmann equation.

In Fig. 8, we show the value of f as a function of the DM
mass, m,, that is needed for an adequate freeze-out abun-
dance of y, assuming that the HS equilibrates with the SM
neutrinos at relativistic temperatures, i.e., T > m,, my. We
have taken m, > m;, and the thickness of the contour in
Fig. 8 corresponds to varying the y — J mass ratio between
m,/m; = 1.01 and m,/m; > 1. In calculating the thermal
values of f, we have utilized the semianalytic results in
Eqgs. (55) and (57). Note that Fig. 8 is in agreement with the
parametric estimate of Eq. (45),

£~ O(10) my* (TMRE gy ) /4, (58)

Delayed Equilibration

—_—my = 0.24 eV A

2
10 - —m; =0eV

my [keV]

FIG.9. The approximate dark matter—majoron mass ratio that is
needed for the hidden sector to relativistically (red and purple) or
semirelativistically (blue) equilibrate with the Standard Model
neutrino bath. The different colored bands (bounded by solid and
dashed lines on top and bottom) correspond to hidden sector
temperatures at equilibration of £x7%4 = (1,3,10) x m,. The
width of each band is given by varying the lightest Standard
Model neutrino mass, m;, within the cosmologically allowed
range of m; = 0 eV (dashed line) and m; = 0.24 eV (solid line).
The scale f is set to the thermal relic value computed in Fig. 8.

These cosmologically favored values of f imply the pres-
ence of new physics associated with the spontaneous
breaking of U(1); below the GeV scale.

Figure 9 shows the required DM-majoron mass ratio,
m,,/m,, as a function of m,, for various values of the lightest
neutrino mass, m;, such that y acquires an adequate
cosmological abundance and that the HS relativistically
equilibrates with the neutrino bath. In doing so, we fix the
scale f as in Fig. 8 and assume that equilibration is
dominated by the process J <> vv. In this case, the HS
equilibrates relativistically with the SM neutrinos
(ExTX4 ~ few x m,,) if Eq. (49) is fulfilled, which in turn
fixes the mass of the majoron, m;, as a function of f, m, and
m,,. We are also interested in the generalized scenario of
Sec. [II C, in which the HS equilibrates with the SM while y
is semi- or nonrelativistic. The different colored regions in
Fig. 9 correspond to HS temperatures at HS-SM equilibra-
tion of £xTX¢ = (1,3,10) x m,,. The width of each band is
given by varying the lightest neutrino mass within the
cosmological allowed range of m; = 0 eV-0.24 eV [28].
After fixing m;, the masses of the other SM neutrinos are
given by the observed mass splittings [77,78]. The regions in
Fig. 9 were obtained by solving the Boltzmann equations in
Eq. (11) to find 7%, The qualitative behavior can also be
obtained by comparing the rate of J <> vv with the Hubble
expansion rate.

We conclude this section with a brief derivation of the
scaling in Fig. 9. In Sec. VA, we argued that if the decays
and inverse decays of sterile neutrinos (N <> Jv) are
suppressed either through low reheat temperatures or
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additional contributions to Mj, then majoron decays
(J <> vv) are dominantly responsible for equilibrating
the two sectors below the temperature of neutrino-photon
decoupling. Solving Eq. (49) for f at T ~ T, we find
f? ~ mim3mp; /(TX%9)3. Substituting this into Eq. (45) and
solving for m, gives

m,\ ! TXeA\ =3/2 /e \ 1/4
() () ) e o

If we enforce that 7%¢4 > m, 2 my, then Eq. (59) reduces to

1/4
m, < (T’ﬁ‘;E> "y ~ Mev. (60)
Equation (60) implies that the sub-MeV scale for thermal
DM is a natural consequence of the smallness of the
observed neutrino masses. This numerical coincidence is
surprising, since the MeV scale has been motivated here in
a completely independent manner, compared to the discus-
sion in the beginning of this work. Hence, the framework
and model described in the previous sections self-
consistently motivate thermal DM below the MeV scale.

VI. SIGNALS AND CONSTRAINTS

We now discuss signals and constraints for the model
outlined in Secs. IV and V. These include cosmological and
astrophysical considerations of the CMB, the small- and
large-scale structures of matter, neutrino scattering in the
early universe, DM self-interactions, and stellar cooling.
We also briefly explore the possibility of observing more
direct signals in terrestrial searches for light DM, sterile
neutrinos, or majorons. While many of the models are
already tightly constrained by existing measurements, there
remain viable regions of parameter space that will be
decisively tested in the near future. This is illustrated
explicitly in Fig. 10 as a function of the mass ratio,
m, /m,, and the DM mass, m,. Throughout this parameter
space, we fix &xT% = (1-3)xm,, so that the DM
sector equilibrates with the SM before y is nonrelativistic
(well before freeze-out), analogous to the standard picture
for thermal WIMPs. We also fix the lightest SM neutrino
mass, my, and the scale of U(1), breaking, f, as in Figs. 8
and 9 so that y makes up the entire DM abundance at
late times.

A. CMB

The general framework discussed in Sec. III will be
decisively tested by observations of the CMB in various
ways. First, the light HS d.o.f. alter the radiation energy
density at the time of recombination; this modification is
encoded in the effective number of neutrinos, N.;. The
impact of Ny on the CMB sky is described in Sec. II B.
The near-future CMB-S3 and S4 experiments, consisting of

Thermal Dark Matter

T
10~ ? _
NG ]
2, ]
YK‘ 2 4
\Z 74
~ X 6 2, 1
g S C2y A .
- y // /-
x & N G\(;)) 7
3 N # sy
3/ & —
L < 2 b
I : - N
5: <
&
10 10? 10°
my [keV]

FIG. 10. The viable dark matter parameter space for a sub-MeV
hidden sector coupled to Standard Model neutrinos. For every
value of the dark matter mass, m,,, and dark matter-majoron mass
ratio, m,/m,, the lepton number breaking scale, f, is fixed to
reproduce the correct relic abundance, as in Fig. 8. Requiring that
the hidden sector equilibrates with the neutrino bath at a given
temperature sets a lower bound on the neutrino masses; in the
blue shaded regions, this lower bound exceeds the upper limit on
>~ m, set by CMB measurements for &, 7%/ m, =1, 3. In the
red shaded regions, dark matter free-streaming or acoustic
oscillations in the hidden sector result in a cutoff in the matter
power spectrum that is inconsistent with the smallest observed
dark matter substructures. Since the smallest halo mass is subject
to uncertainty, we show the resulting constraint for M o5 =
10° M o (solid red curve) and 108 M, (dotted red curve).

a collection of ground-based telescopes, will have unprec-
edented sensitivity to deviations of AN ~ 0.06 and 0.027
within 1o, respectively [79]. As noted in Eq. (22), the
presence of even a single sub-MeV d.o.f. in the HS that
relativistically equilibrates with the SM neutrinos below an
MeV implies that AN 2 0.18 at the time of recombina-
tion. Hence, CMB-S4 experiments will definitively test the
presence of such thermal relics, regardless of their con-
tribution to the abundance of cosmological DM.

The CMB also constrains these models through indirect
measurements of SM neutrino masses. Because the
majoron is the pseudo-Goldstone of the lepton number,
its interactions with neutrinos are set by m,/f, which in
turn determines the equilibration temperature, 7%, as
described in Sec. V (see Fig. 9). For fixed m, and m,,
larger HS-SM equilibration temperatures require heavier
SM neutrinos. Thus, for certain choices of parameters,
relativistic equilibration of the HS can be in conflict with
upper bounds on neutrino masses. One such upper bound
comes from Planck measurements of the temperature
power spectrum (TT), which currently constrains the
sum of the SM neutrino masses such that >, ym; <
0.72 eV [28]. This corresponds to a bound on the lightest
neutrino mass of m; < 0.24 eV for the normal and inverted
mass orderings. Combinations of the Planck dataset with
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other cosmological observations further tighten this bound
as much as » ;_,_ym; <0.18 eV [28,80]. However, it has
been noted that uncertainties in the CMB lensing amplitude
can significantly weaken these cosmological limits [80].
Hence, for simplicity, we show only the Planck TT
constraint in Fig. 10, for various choices of the equilibra-
tion temperature.

B. Structure formation

1. Dark matter free-streaming and acoustic oscillations

The models considered throughout this work can lead to
observable deviations in the observed matter power spec-
trum. Light DM that remains coupled to HS or SM
radiation until late times can suppress power at small
scales via two distinct mechanisms: free-streaming and
acoustic oscillations. These processes wash out structure
below a characteristic comoving length scale, A, Which
sets a lower bound on the present day mass of the smallest
gravitationally collapsed DM structures,

4z

1 3
Mewotr = ?pDMﬂgutoff ~1.4x 108 Mg x (ﬁ) ,

(61)

where ppy = 1.26 x 107% GeV em™ is the present cos-
mological DM energy density [34]. The cutoff scale is
determined by solving Boltzmann equations describing the
coupled DM-radiation system during the epoch of DM
decoupling and free-streaming, which modifies the initial
primordial matter power spectrum [81-83]. Here, we merely
estimate the cutoff scales for the two effects following
Refs. [22,84,85]. The scale that enters Eq. (61) is then given
by the larger of the two lengths associated with free-
streaming (Agg) and acoustic oscillations (4,0),

Acutofr = Max (Ags, 440)- (62)

We now discuss each of these in turn.

Once y kinetically decouples from the radiation bath
(either from HS majorons or SM neutrinos), it begins to
freely diffuse across the universe, suppressing matter
perturbations smaller than the free-streaming scale, Ags.
This length scale is defined as the comoving distance
traversed by DM from the time of decoupling (assumed to
occur during radiation domination) until matter-radiation

equality,
IMRE
/11:5 = CEs dt
)

where a is the scale factor, v, = p,/E, is the physical
velocity of y, fxkp and fyrg are the cosmological
times associated with DM kinetic decoupling and matter-
radiation equality, respectively, and cgg is an O(1) number.

Q &

, (63)

There is some ambiguity in cgg due to different conventions
and O(1) factors that appear in the Boltzmann equation
treatment of free-streaming [83]. For example, in Ref. [85],
cps = 1/2, while Ref. [83] finds cpg = 7/(2v/6) ~ 0.64.
In evaluating Agg, we take cpg = 1/2. To simplify the
evaluation of Eq. (63), let us assume that y kinetically
decouples while nonrelativistic at a photon temperature of
TXP < O(MeV). In this case, Eq. (63) can be simplified to

473
Aps = Cps (E giff £
X

TKD\ ~1/2 m =172
~0.13 Mpc x cgséy (ﬁ) (W)

TKDm)( -1/2 mPll TKD
T_o 0g TMRE

TKD
(

where ¢ is defined as in Eq. (56), Ty ~2.3 x 107 eV is
the present day photon temperature, TXP is the temperature
of the photon bath at DM kinetic decoupling, and &y and
o are evaluated at TXP,

Density fluctuations of the DM fluid that enter the
horizon while DM is kinetically coupled to SM neutrinos
and/or relativistic majorons oscillate with the radiation
bath, similar to the baryonic acoustic oscillations in the
baryon-photon plasma. The amplitude of these modes is
damped due to their coupling to radiation. As a result, they
do not undergo the usual logarithmic growth during
radiation domination [83]. This results in suppressed power
on scales smaller than the comoving horizon at decoupling,

t 1 1
Ao = / Cdtm=—— (65)
0 a agpHgp

where axp and Hygp are the scale factor and Hubble
parameter at DM kinetic decoupling. Once again assuming
that DM kinetic decoupling occurs at temperatures
8P < m,, O(MeV), Eq. (65) is approximately

Ano = (4_”3 gﬁf) “12 mpy

45 ™7,
TKD -1
~0.1 M — , 66
o (1) (66)

where ¢S is evaluated at TXP, as in Eq. (64).

In order to evaluate Egs. (64) and (66), we need to
determine the photon temperature at kinetic decoupling,
TXP. The DM, y, chemically decouples when yy <> JJ
freezes out (see Sec. V B), but remains in kinetic equilib-
rium with the SM bath directly through yv <> yv or
indirectly through yJ < yJ (+J < wv). Since yJ < yJ
is governed by the same couplings as yy <> JJ, the fact that
xx <> JJ freezes out at Tx ~ m, /10 implies that yJ < yJ
decouples at Tx ~m,;/10. For Tx ~m,;/10 and m; ~ m,,
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the rate for yJ <> yJ is enhanced over that of yv <> yv by
approximately

oo (i) (5)

Hence, yv <> yv decouples well before yJ < yJ, and we
expect yJ<>yJ to dictate 7XP. In the limit that m, >
Ty, my, the differential rate for this scattering process is
approximately

2

do
——(yJ J)—£ 63
a0 =) = (68)

where p; is the momentum of J in the center of mass frame
and ¢ is the usual Mandelstam variable.

We follow Refs. [22,85] in calculating the temperature at
kinetic decoupling, 7XP. We estimate TXP by equating the
momentum relaxation rate for yJ <> yJ (denoted by y) to
the Hubble expansion rate,

Ol < x1)(TEP) = H(T*P), (69)

where y(yJ <> xJ) is defined as

. 1 L d3p1
o xh)= g e [T EB+ 5)

(70)

0 d
X %/ dt(—t)—a.
vV Py +mjyJ-4p; dt

Above, f; is the phase-space density of J, and do/dr is as
given in Eq. (68). In the nonrelativistic limit and taking
f > m,,my, this becomes

48 m,m3T?
y(xJ < xJ) 23—7;3(%

Equations (69) and (71) allow us to estimate the kinetic
decoupling temperature, TXP, through the relation

mj 20 1/2 5 mxmgmm
M | () e
Ex TKD 0 geff X f4

N omy (M)
=17+1n [(100 keV> <mj> 5§], (72)

TKD

e~ Mi/éxT (71)

where ¢&f and &y are evaluated at , and in the second
equality we have fixed f to the thermally favored value, as
shown in Eq. (45) and Fig. 8.

The minimum halo mass, M., can be calculated
using Egs. (61), (62), (64), (66), and (72). Various
astrophysical observations, such as Milky Way satellite
counts and the Lyman-a absorption lines of distant
quasars, constrain Mg < (10’-10°)M, corresponding

0 Acurosr < (0.05-0.2) Mpc (see, e.g., Refs. [4,5,86-92]
and references within). We will conservatively demand that
M yoir < 10° M as shown by the solid red line in Fig. 10,
although we additionally highlight regions of parameter
space in which M = 108 M, as a dotted red line.

The minimum halo mass constraint sets a lower limit on
the DM mass of m, 2 (10-50) keV, for the thermal relic
parameter space shown in Fig. 10. This is a stronger bound
compared to the often-quoted limit on warm DM [4], which
is usually assumed to have decoupled from the SM while
relativistic at large temperatures. In the present model, the
momentum of y redshifts less between chemical decou-
pling and matter-radiation equality because y remains
coupled to the radiation bath of J and v until late times.
Asseenin Fig. 10, the bound becomes more severe for larger
values of m, /m; since y decouples later [see Eq. (72)] as
m; — 0. Furthermore, for m,/m; < few, the cutoff in the
power spectrum (Aqyof) 1S controlled by free-streaming,
while for larger values of m, /m, acoustic oscillations in the
HS dominate. This can be understood by taking the ratio of
Egs. (64) and (66). For m, ~ O(10) keV, we find

A -1/2 -1/2
2 (10)x<7’:’f§)> ~fewx<m%> . (73)

AO my

where in the second equality we have used Eq. (72). As a
result, acoustic oscillations dominate over free-streaming
in controlling the matter power spectrum cutoff for
m,/m; 2 few. These limits will be improved in the near
future with, e.g., observations of the 21 cm hydrogen line in
the cosmic dark ages [93-95]. For instance, an order of
magnitude improvement in the sensitivity to Aqyo Would
probe most of the remaining parameter space in Fig. 10.
Various studies have examined the effect of DM-neutrino
scattering (yv — yv) on the matter power spectrum [84,96—
102]. We previously showed in Eq. (67) that this process
decouples well before yJ <> yJ and therefore is not
relevant for structure formation. However, for completeness
we will compare the upper limits derived in the works listed
above to the scattering rate for yv <> yv in our model.
Majoron exchange dominates this process, since m; < mg;
the low-energy cross section takes the parametric form

274
(ov(yv — yv)) ~few x —;

—_, 74

gt
where the T* temperature dependence arises from the CP-
odd nature of the interaction between the majoron and the
nonrelativistic y. For sufficiently large scattering rates, DM
and neutrinos are tightly coupled in the early universe,
altering the observed matter power spectrum, for instance,
in large galaxy surveys. These effects constrain the size of
the DM-neutrino opacity, O = (ov(yv — yv))/m,, where
the temperature scaling of Q is parametrized as either
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constant, Q « T°, or falling as the temperature squared,
Q « T?. In the case of constant scaling, the strongest
bounds lead to the constraint Q < 1073 cm?/GeV [100].
Since the predicted rate in Eq. (74) falls as T*, we
conservatively compare the upper bound from Ref. [100]
to the value predicted in our model at temperatures near
matter-radiation equality, 7 ~ eV, which gives the strongest
possible constraint. We find that the predicted rate in our
model is many orders of magnitude below this observa-
tional limit throughout the relevant parameter space shown
in Fig. 10.

2. Dark matter and neutrino self-interactions

Nonstandard neutrino interactions mediated by new
forces (such as the majoron) can also alter the behavior
of fluctuations in the photon and baryon fluids during the
early universe. In the standard cosmology, neutrinos diffuse
freely after decoupling from the photon plasma at temper-
atures of a few MeV until they become nonrelativistic well
after recombination. Such free-streaming radiation creates
anisotropic shear stress, which, through gravity, suppresses
the amplitude and shifts the phase of acoustic modes in the
CMB that enter the horizon during this epoch [42,43,103].
However, if self-interactions (or interactions with another
species) allow neutrinos to form a tightly coupled fluid
before matter-radiation equality, the point at which they
begin free-streaming is delayed. As a result, the strength of
anisotropic stress is reduced compared to the SM expect-
ation, and the power in subhorizon fluctuations is corre-
spondingly increased and shifted in phase toward smaller
angular scales.

Recent studies have investigated the effects of neutrino
self-interactions (vv — vv) on the CMB, where the strength
of the neutrino opacity is parametrized in terms of the
dimensionful coefficient of a four-fermion operator, G
[48,104,105]. These analyses have found that G <
1/(50 MeV)? is consistent with data from Planck, the
Sloan Digital Sky Survey, and local measurements of the
Hubble parameter. In particular, for the models considered
in Sec. IV, elastic neutrino scattering proceeds through the
exchange of the light spin-0 mediators, J and S. In the limit
that m, < eV < m; g, the relevant cross section is para-
metrically

ov(w — w) ~ G T3, (75)

where the effective coupling is given by

m2

Gett ~ —5—5—. 76
eff fzm%s ( )

Since m; <« myg, elastic neutrino scattering is dominantly
governed by majoron exchange, so that Gg ~ m2/(f>m?).
From Figs. 8—10, the viable parameter space of our model is

given by m, <0.1 eV, fz 10 MeV, and m; 2 100 eV,
which implies that

1
Geir S ( (77)

10* MeV)?"

This is orders of magnitude below the upper bound derived
in Refs. [48,104-106]. We note that the v — J coupling in
the early universe also delays neutrino free-streaming
until J becomes nonrelativistic. The bound on delayed
free-streaming in Refs. [104,105] can be stated in terms of a
lower limit on the redshift at neutrino decoupling:
Zydee > 1.3 x 10°. For the masses m; > keV, as considered
in this work, v decouples from J well before this epoch.

J and § exchange also gives rise to DM self-scattering
(xx = xx)- The self-scattering cross section per DM mass
is bounded from observations of the dynamics and struc-
tures of galaxy clusters to be 6/m, < cm?/g, where the
characteristic value of the relative DM velocity is > ~ 107>
[107-109]. We follow the discussion in Refs. [33,110,111]
to calculate the viscosity cross section for the self-scattering
of identical DM particles. For mg ~ f 2 m,, and in the limit
that v < m;/m, < 1, DM self-scattering is dominated by
majoron exchange,

ooy —axx) . my

m,  192xf*

(78)

For m, 2 keV, this rate is maximized for m, ~keV and
f~30 MeV, where f has been fixed to the thermally
favored value in Fig. 8. This gives o(yy — yx)/m, <
107% cm?/g, which is orders of magnitude below the
inferred upper bound.

C. Stellar cooling

New particles coupled to the SM can lead to additional
energy loss mechanisms in stellar systems, such as super-
novae, red giants, and horizontal branch stars. One of the
most powerful constraints on new light d.o.f. comes from
the observed cooling rate of SNI1987A [112]. For
my; < 10 MeV, annihilations of SM neutrinos into a light
majoron (vv — J) can lead to qualitative changes in the
measured neutrino burst duration. Supernova bounds on
majorons have been studied in detail in Refs. [113-116].
Here we estimate an upper bound on the J — v coupling as
follows. The energy loss rate per unit volume scales as Q7 ~
m,Tn, [116], where ", ~ m2m,/ f? is the zero-temperature
majoron decay rate [see Eq. (46)] and n, is the neutrino
number density for a given v flavor. It is important to
distinguish between electron and the heavy flavor neutrinos
in the core. The former have a large chemical potential,
Hy, =200 MeV, with n,, ~,u§e, while the latter have a
thermal population, such that n, ~ TgN, where Tgqy ~

30 MeV is the core temperature. The larger electron
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neutrino density leads to a stronger constraint on model
parameters (unless the electron-neutrino-like mass eigen-
state is massless). A conservative bound on the anomalous
cooling rate is obtained by requiring that the instantaneous
majoron-luminosity, £;, does not exceed the total neutrino-
luminosity of £, = 3 x 10°% erg/s [112],

L£,~0Q, (%”Rf.) <L, = f=MeV x (m;/keV), (79)

where R, ~ 10 km is the core radius and we have taken
m, = 0.1 eV to maximize the energy loss. Our estimate is in
good agreement with the dedicated analyses performed in
Refs. [113-116]. The lower bound on f in Eq. (79) is orders
of magnitude below the thermally favored values in Fig. 8.
Other relevant processes involving neutrinos include neu-
trino annihilation into pairs of majorons, i.e., vv — JJ.
However, compared to single majoron production, this rate
is suppressed by an additional factor of (m,/f)> < 1.
Finally, we note that right-handed neutrinos with a mass
of My ~ 200 MeV can help restart stalled shock fronts and
facilitate supernovae explosions [117]. This is precisely in
the cosmologically motivated region in Fig. 8 for My ~ f.

As discussed in Sec. IV C, interactions of J with SM
leptons also arise from loops of intermediate sterile and
active neutrinos. For instance, loop-induced -electron
Yukawas are parametrically of size m,m,/167°v>~1072°,
These are well below the upper bounds derived from
anomalous cooling of red giants and horizontal branch stars
in Ref. [118].

D. Direct searches

Another avenue in exploring these models consists
of direct searches for the light HS mediators (J, S, N)
and/or DM (y). As discussed in detail in Ref. [73],
limits on majoron-SM couplings are obtained from
searches for flavor-violating processes, such as neutrinoless
double beta decay, K — nJ, and y — eJ, which constrain
m,/f < 107°-1072, corresponding to f > 10 eV-10 keV
[72,119-122]. Furthermore, for sterile neutrinos near the
U(1),-breaking scale, f ~ 100 MeV, measurements of
meson decays, such as 7, K — v are also potentially
relevant and are sensitive to active-sterile mixing at the
level of m,/My < few x 107°-1078. See Ref. [123] for a
comprehensive review of such searches. While these limits
are not sensitive to the natural parameter space of these
models, they exclude nontrivial forms of the active-sterile
mixing matrix, R [see Eq. (A8)], that lead to enhanced
mixing in the neutrino sector.

Recent years have seen an increased focus on new
experimental technologies to explore the sub-GeV DM
frontier [124]. Of particular interest in this work are
futuristic detectors proposed to detect elastic recoils of
nucleons or electrons from DM as light as ~O(keV),
corresponding to ~O(meV) energy depositions [29-32]. In

this section, we investigate the potential sensitivity of these
experiments to the classes of models discussed throughout
this work.

The strength of y — SM elastic scattering is controlled by
the size of the S —h and J — h mixing angles, a and S,
respectively (defined in Appendix A 2). For the cosmologi-
cally favored parameter space in Fig. 8, Eq. (A27) suggests
that for m, ~ (1 —100) keV, g < 107'°-107'? is needed to
avoid tachyonic states in the HS scalar spectrum. The
prospects for such couplings to yield detectable rates is
minuscule, and hence, J-mediated interactions with charged
SM fermions are negligible within the context of direct
detection experiments. In contrast, the S — & mixing angle,
a, is not as constrained, so we focus on S-mediated
interactions. The Yukawa coupling of the SM fermions to
S is given by

Lo —a—':fsff. (80)

This can be matched onto a low-energy theory involving
nucleons (n) and pions (z*) [125],

a [4 2 1 _
Ez—zs{@mnnn+§<m§+7mﬁ>ﬂ+ﬂ } (81)

For mg ~ 10-100 MeV, the most stringent limits on « arise
from considerations of anomalous cooling of SN1987A
from the emission of § [126,127]. Such production is
strongly suppressed when mg = 200 MeV, and we instead
bound @ by demanding that the processes Sz <« yr,
Sp <> yp, Se <> ye, and S <> eTe™ do not prematurely
equilibrate the HS and SM at temperatures below the
QCD phase transition. For reheat temperatures at the level
of Try~5 MeV and mg~ 10-100 MeV, equilibration
through S — h mixing does not occur for a < 1075-1073,
respectively. In this mass range, considerations of SN1987A
constrain mixing angles larger than & ~ 107, If aris set to its
maximally allowed value and f is fixed to the thermal
line in Fig. 8, we find that the DM-nucleon elastic scattering
rate is well below the irreducible neutrino background,
6, < 107" cm?, while the electron scattering rate is many
orders of magnitude below the sensitivities of futuristic
proposed technologies [124].

We now consider variations upon these minimal models.
We will first propose a modification in which the scalar
mediator S is lighter than y and the scale f and possesses
additional couplings to the SM. As in Ref. [33], we assume
that S also couples directly to SM QCD, through an
interaction of the form

1
£~ SGiLG™, (82)

where A is the cutoff of the effective theory. This
interaction could be generated, for instance, from direct
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couplings to a vectorlike generation of heavy quarks. As
before, this can be mapped onto a theory involving
nucleons and pions at low energies. Parametrically, this
is of the form

L~y,San + y—"SG/ﬁ@”ﬂ. (83)
mn

As shown explicitly in Ref. [33], these couplings can
lead to detectable rates in proposed low-threshold detectors
for m, ~ mg ~ 100 keV, without conflicting with cosmo-
logical, astrophysical, or terrestrial constraints. In order to
enlarge the viable parameter space, we propose a slight
modification of the model in Ref. [33], which we now
outline.

Compared to canonical WIMPs, physics at temperatures
much greater than ~MeV 1is not directly important for
models of sub-MeV thermal relics. In light of this, we will
consider a low reheat temperature of the universe following
inflation, Try. The requirement of radiation domination
during BBN implies that Try 2 few MeV [128,129]. We
will take

TRH ~5-10 MeV (84)

for concreteness. This is also motivated in models involv-
ing gravitinos and/or moduli [130-132]. We now ask: what
are the maximum allowed values of the nucleon coupling,
¥, such that the DM and visible sectors do not equilibrate
before neutrino-photon decoupling? The decays and
inverse decays, J <> vy, are still assumed to equilibrate
the two sectors below a few MeV. We find that processes
involving protons, p, and pions, 7z, such as Sp < yp
and S7 <> yzr do not equilibrate the two sectors before
neutrino-photon decoupling provided that y, < 10751073,
where the lower (upper) part of the range corresponds to
Tru ~ 10(5) MeV, respectively. By closing a loop of
charged nucleons or pions, these couplings also generate
an interaction with photons, which (modulo tuning) is
naturally of size

aemyn
L~ SF, FH. 85
dxm, (85)

We demand that the processes S <> yy also do not prema-
turely equilibrate the DM and visible sectors. This leads to
the additional upper bound y, < 107#(mg/100 keV)~!/2.
Hence, in order for equilibration to occur below the temper-
ature of neutrino-photon decoupling, we will conservatively
require that y, < 1073,

An exhaustive study of the constraints on DM-nucleon
couplings in the context of MeV-scale particles has recently
been presented in Ref. [33]. Here, we summarize the most
relevant bounds. Considerations of cooling of horizontal
branch stars constrain y, < 1071, However, this limit
rapidly diminishes for mg 2 100 keV. For masses above

~200 keV, the dominant constraints are from measure-
ments of the meson decays, K — 78, leading to y,, < 107,
For y, = 1077, § is produced but trapped in supernova, and
bounds from anomalous cooling are evaded. Therefore,
limits from meson decays and stellar/supernovae cooling
restrict the nucleon coupling to be in the range

1077 <y, <107 (viable range), (86)
for mg 2 100 keV. As argued above, for couplings of this
size, DM-SM equilibration in the early universe is still
driven by the neutrino-majoron coupling, as in our minimal
scenario of Sec. VA. The DM-proton elastic scattering
cross section is roughly

2 4
Yu my

Efzm‘;'

olxp = xp) ~ (87)

For mg > 100 keV, and taking y, ~ 107, we have

(ep—p)~10-0emix (") (M )T g
—_ ~ X -2
THP =P M ng) \200kev)

where we have fixed f to the thermally favored value in
Fig. 8. Proposed experiments, such as superfluid helium
targets, are projected to be sensitive to cross sections as
small as 68 ~ 107*? cm? in this mass range [124].

VII. SUMMARY AND CONCLUSIONS

In recent years, there has been growing interest in
exploring new cosmological paradigms and modes of detec-
tion for particle dark matter in the keV-GeV mass range. For
such light masses, dark matter that is of a thermal origin is
strongly constrained from a plethora of cosmological and
astrophysical considerations, including nucleosynthesis, the
cosmic microwave background, structure formation, and
stellar cooling. In particular, sub-MeV thermal relics that
were in equilibrium with the Standard Model bath at temper-
atures below an MeV necessarily contribute to deviations in
the expansion rate of the universe at the time of nucleosyn-
thesis and/or recombination relative to the standard cosmol-
ogy. As aresult, models of sub-MeV thermal dark matter are
usually thought to be either excluded or require involved
model building to evade these constraints.

We have focused on a class of models that naturally evade
such claims. For instance, if a cold hidden sector equilibrates
with the Standard Model after neutrino-photon decoupling,
deviations in the expansion rate of the universe are strongly
suppressed, alleviating the corresponding bounds from
measurements of the effective number of neutrino species.
Although this statement applies to dark matter that equil-
ibrates either with neutrinos or photons, we have focused on
interactions with the Standard Model neutrino sector. This is
motivated, in part, by the fact that constraints derived from
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stellar cooling are much stronger for new light forces that
couple directly to electromagnetism.

We studied concrete realizations of the above scenario
where the dark sector masses and interactions, as well as
the observed neutrino masses and mixing angles, are
generated at a single scale corresponding to the sponta-
neous breaking of the lepton number in the Standard
Model. The pseudo-Goldstone boson associated with this
breaking is the majoron, which is the mediator responsible
for equilibrating the dark matter and Standard Model
sectors in the early universe. These models independently
motivate the sub-MeV scale; demanding that thermal dark
matter freezes out with an adequate abundance implies that
its mass is parametrically related to the Planck mass, the
temperature at matter-radiation equality, and the measured
neutrino masses by mpy ~ (mp/TMRE)/4m, ~ MeV.
Along with considerations of structure formation, this
restricts the viable mass range to mpy ~ 10 keV-MeV
and the majoron-neutrino interaction strength to be at the
1071° to 107~ level.

Despite the suppressed size of such interactions, this
class of models will be decisively tested in the near future.
For instance, thermal relics that relativistically equilibrate
with any Standard Model species after neutrino-photon
decoupling lead to an irreducible deviation in the effective
number of neutrino species above the projected sensitivity
of future CMB-S4 experiments. Improved measurements of
the small- and large-scale structure of the universe will also
probe these models, potentially testing most of the remain-
ing parameter space. Furthermore, it is possible to intro-
duce a large coupling of the majoron to nucleons which
preserves the viability of the cosmology provided that the
reheat temperature of the universe is small (~10 MeV). In
this case, dark matter detection is possible at recently
proposed low-threshold direct detection experiments aimed
at exploring the sub-GeV dark matter frontier.
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APPENDIX: MODEL DETAILS

1. Fermion masses and interactions

In this appendix we summarize our conventions and
present majoron and neutrino interactions in the mass basis.
Our conventions mostly follow those of Refs. [72,73]. First,

we obtain a useful parametrization of the neutrino mixing

matrix, V [see Eq. (32)], and the associated interactions in

the seesaw limit (mp/My < 1) where the active neutrino
mass matrix reduces to

M, = —-mpMy'm} (A1)

after integrating out the right-handed neutrinos.

Diagonalizing M, gives the 3 x 3 matrix,

df = diag(ml, my, m3), (AZ)

where m;,; are the masses of the SM neutrinos. In

general, the phases of N can be chosen such that M is

purely diagonal, My = dj,. In the seesaw limit,

d, ~ diag(my, ms, mg), (A3)

where mys¢ (3> m;,3) are the masses of the sterile

neutrinos. The Dirac matrix, mp, can generally be
decomposed in the Casas-Ibarra form [74]

mp = iU deTﬂv

where R is a complex orthogonal 3 x 3 matrix that
parametrizes mixing between the active-sterile species.
For simplicity, we will set R = 1. As noted in Ref. [74],
this choice of R corresponds to the special case in which
v, and My are simultaneously diagonalizable, while the
charged lepton sector is not. This corresponds to a model
in which all of the lepton flavor violation originates from
the charged lepton sector. U is the standard Pontecorvo-
Maki-Nakagawa-Sakata matrix, whose entries are fixed
by the known neutrino mixing angles. Equation (A4) can
be proved by the following argument. We define the
unitary Pontecorvo-Maki-Nakagawa-Sakata matrix such
that it diagonalizes M,

(A4)

UM,U =d,. (A5)
Using Eq. (A1), we can rewrite Eq. (AS) as

= U'mpd,'mhU*

=d, = <\/d;1UTmD\/d,:1)
T
X <\/d;1UTmD\/d;1) = -1,

which implies that

\/dz U mpy/d;t = iRT,

where R is any complex matrix such that RRT = 1.
Solving for mp gives Eq. (A4). As stated in Ref. [74],
continuous forms of R (not including reflections) can be

(A6)

(A7)
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parametrized in terms of three complex angles. In the
seesaw limit, V takes the form

N U* —iU*\/d,R"\/d;" (A8)
-\ —i\/d; 'RV, 1 '

It is straightforward to check that Egs. (32) and (A8) hold
to leading order in d,/d,. The off-diagonal entries in
Eq. (A8) parametrize the active-sterile neutrino mixing.

Electroweak and U(1), breaking leads to mixing
amongst the neutrino states. We now switch to four-
component notation and denote the Majorana neutrino
mass eigenstates as n;, i = 1,2, ...,6, with mass m,, such
that n; , 3 are SM-like and nys5¢ are sterilelike. We para-
metrize the couplings of these states to the scalar sector as

£ I (25 + iy 28 n; + 57,050 + ir3250 ),

+ hi; (ﬂhs + ly5/1(” n; (A9)

where & is the physical SM Higgs field. As shown in
Ref. [72], the effective couplings are

i1
M) = ﬁ(m — m;)ImC;;,
290 = L fmy (Ls, —rec;,
Jp _2f i J 2 3 ]
29 = L m) ReC;; 15
Ss _2f 1 J ij
i) 1
/15113 =27 (m; —m;)ImC;;,
ﬂg&i) = - —(m + m;)ReC;;,
20 =L )ImC;; (A10)
e = 2y i
where following Ref. [72], we define
3
Ci=Y_ VuVi- (A11)
=1

In general, there may be other contributions to the masses
of the sterile neutrinos. In this case, the mass parameters
my s ¢ written in Eq. (A10) are interpreted as the piece given
by the scale f, i.e., ~f x Om/Of. The interactions of the
electroweak gauge bosons with the neutrinos are given by

L5 Z " (igy) + g5 v)n,
+ [0\ W2y (1 = )n; + Hel,  (Al12)

where the couplings are defined as

(i) _ 92
Zé = 4cw ReCij,
i 9

and

3
Bi;=) 8uVi;.

k=1

(Al14)

Note that V is a 6 x 6 matrix, but the sum above is only
over the first three indices, i.e., the activelike states. Using
the seesaw expression for V in Eq. (A8), C and B can be
written as

1 iv/d;R"\/d;!
\-iVaR 0 ’
5o (U iU\/H;RT\/_dgl)
= (" : .

(A15)

2. Scalar masses

The most general renormalizable potential with soft
U(1), breaking is given by

V= —pyHP + Al H|* = u3|ol? + Ao|ol*

+ donloP|HP? = (470> + a ol HI?). (A16)
We fix the phase of ¢ such that its VEV is real; the phases
of the Yukawa couplings 4, and y, defined in Egs. (30)
and (34) are fixed such that the resulting fermion
mass contributions are real. This leaves a single physical
phase in the model shared between the parameters p
and a,. The potential minimization conditions, OV /0v =
OV/df = 8V/0J =0, can be solved for uj , and the
imaginary parts of the soft terms,

1 ﬁReaa
Hy = Apv* + <§/10H T >f2a

1 Rea
w2 = A, f* + " 2 )0? — 2Reu?,
I (2 " ﬁf) .

2
Ima,v

NI (A17)

Imp? = —

Imposing these conditions, the scalar mass matrix in the (J,
S, h) basis simplifies to
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2 _Ima, 2
my if v \/Elma(,v
My =| =5 m3 (Ropy =By |,
V2Ima, v (Apy — %) vf m

(A18)

where the diagonal entries correspond to the masses of the
unmixed fields,

Rea,v?
m5 = 4Rep? + —=—, Al9
m3 =22, f> M (A20)
§ 7 \/Ef '
mi = 20,0%. (A21)

The mass matrix M (%, is diagonalized in the mass eigenstate
basis, given by ¢ , 3. In the limit of small mixing the flavor
eigenstates are related to ¢, 53 via

J L =y p ?1
Sl=1l7v 1 =-a o |, (A22)
h - a 1 @3
where the small angles «a, f, and y are defined by
V2Rea
Aoh — T—2)vf
a=- % (A23)
(my, — mg)
\/Elma v
=% A24
1 2
ma,v (A25)

P At —m3)

Large mixing in the scalar sector can lead to tachyonic
masses. The most stringent constraint is obtained in the
S — J sector (since J is the lightest state and mixing with &
is suppressed by the large Higgs mass). Requiring that
the S —J eigenstates have positive masses bounds the
mixing as

mgiy
mg —m

This constraint can also be translated into a bound on f,

2
b < fmJ;fls

vmj,

(A27)

which limits the size of tree-level interactions of the
majoron with charged SM fermions (see Appendix A 4).

3. Scale of lepton-number breaking
and Planckian effects

In this appendix, we briefly comment on two theoretical
aspects of the majoron construction described above. We
have introduced two new energy scales associated with
spontaneous and explicit U(1), breaking, f and my,
respectively, with f > m;. As we saw in Sec. V, consid-
erations of DM-SM equilibration require f to be much
smaller than the electroweak scale, i.e., f < v ~ 246 GeV.

The first issue associated with these new energy scales is
the radiative stability of f. Quantum corrections will
generically shift the mass term (and the resulting VEV)
of the U(1),-breaking field, o, to the UV cutoff of the
theory, ie., A> v. As with the SM Higgs hierarchy
problem, supersymmetry can be used to regulate the
sensitivity to UV physics. If the HS (including o) is
sequestered from the supersymmetry-breaking sector, a
naturally small f can be radiatively induced through
interactions with the SM via the right-handed (s)neutrino
[19]. However, a small supersymmetry-breaking scale in
the HS also implies the presence of new light d.o.f. (e.g.,
the superpartners of y and ¢) that can play an important role
in cosmology. A detailed investigation of this scenario is
beyond the scope of this work.

The second puzzling feature of the majoron construction
is the origin of the scale m,. If U(l), was an exact
symmetry (at least classically), the majoron would be
massless, so mj; > 0 requires an explicit breaking of
U(1),. While the hierarchy m; < f is protected by the
fact that J is a pNGB, it is interesting to ask why m; < f in
the first place if they are completely unrelated. Global
symmetries are expected to be absent in theories of
quantum gravity. A simplified argument is that a scattering
process with a global charge in the initial state can destroy
the charge in an intermediate black hole state. The black
hole cannot carry global charge, so it decays democratically
via Hawking radiation [133,134]. This means that the low-
energy effective field theories should have Planck-scale
violations of global symmetries. This is a well-known
problem in axion models with a global Peccei-Quinn U(1)
[135-137]. Thus U(1),-breaking effects should also
appear in the low-energy description [138,139].

If the Planck-scale effects are unsuppressed, then one
expects mass terms ~m# 6> to appear, which would remove
any pNGB from the spectrum. Thus, if we want a light
majoron, Planck effects should enter through marginal or
irrelevant operators ~1/mj,, n > 0. The standard way to
ensure this is to engineer U(1), to be an accidental
symmetry, i.e., one that is a consequence of gauge charge
assignments as in Ref. [139]. This can be accomplished,
e.g., using a gauged U(1),_, with an additional scalar field
@, such that the leading U(1), -breaking term is
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U”l(p”Z
LD>———+Hec,
mn1+n2—4
Pl

(A28)

where the integer powers n;, are determined by the
charge assignments Qp_; [6] and Qp_; [¢]. For example,
if Qp_ilo]=-2 and Qp_;[p] ={1/2,4/3,3,8}, the
lowest-dimensional L-breaking operators are dimension
five [139],

L {og*. 0203, 2. ). (A29)

mpy
When ¢ gets a VEV, these operators can be mapped onto
the L-breaking terms in the o potential in Eq. (40). Note
that for a given charge assignment with this minimal field
content, only one of the potential terms is generated at
dimension five. This means that it is a reasonable approxi-
mation to turn them on one at a time in this minimal
framework.

Is there a mass scale that is singled out by the Planck-
suppressed operators? The answer depends on what the
natural scale for spontaneous B — L breaking is. At the very
least, one needs to account for existing bounds on the
B — L gauge boson, a type of Z' which has been
extensively studied; see, e.g., Refs. [140-142]. The LHC
constrains  my /g, > 6-100 TeV  through dilepton
resonance searches and bounds on four-fermion contact

interactions [143,144]. Letting (¢) = vp_, /v/2 and my =
4997 Vp-1, the above experimental bound implies

q,vp-1 2 6-100 TeV, (A30)

where the range depends on the mass of the Z'. In the
minimal scenario with g, = Qp_1 [¢] = 4/3, the 26 term

is generated from a dimension-five operator

1,5 < U%—L ) 2
—o%p’ > | —= .
Mp 2V 2mp,

The experimental bound then suggests a very rough lower
limit on the majoron mass

(A31)

3
m ~ 2 ~“B=L > (100 keV)?.
mpy

(A32)

This bound can be much weaker if the mass is generated by
an operator with a higher dimension or if its Wilson
coefficient is not O(1). It can be larger if U(1), is explicitly
broken at a scale A < mp, e.g., the grand unified theory
scale. Thus, the natural size for the majoron mass (if B — L
is broken near the weak scale and the scale of explicit
breaking is mp;) is near the keV scale under the above
assumptions. This was also noted in Ref. [138]. While this

B — L is only anomaly-free affer including 3 RH neutrinos
[140]. When we include DM, it must also be charged under B — L
(since it couples to o), so the anomaly must be canceled again by
some additional states.

link is tenuous at best, it is reassuring that an internally
consistent picture for the scales f and m; seems attainable.

4. Interactions with charged fermions

The mixing of the dark sector scalars with the SM Higgs
gives rise to S and J coupling to SM fermions. These
interactions can be summarized by

Lo % BT —aS — (1 —a?/2 - P2)2)RFf,  (A33)

where we approximated ¢, ~ J, ¢, ~ §, and ¢3 ~ h. Note
that the interactions of the 125 GeV Higgs-like state are
suppressed relative to the SM expectation by an effective
mixing

cosOup =1 —0a?/2 — /2. (A34)

The strongest constraints on the scalar potential param-
eters come from rare meson and invisible Higgs decays.
These were recently analyzed in Ref. [127] in the context of
Higgs-portal coupled dark sectors. A detailed discussion of
flavor physics constraints is presented in Ref. [145]. An
invisibly decaying light scalar, ¢, that mixes with the SM
Higgs contributes to the invisible decay modes B — K*¢
and K* — 7%¢, whenever kinematically allowed. We are
interested in J and S that are much lighter than mp — mg
and mg —m,, so that the observed limits on these rare
decay modes constrain the effective mixing

sinf < 9 x 10°%(B* - K* +inv), (A35)

sin?fy < 3 x 1078(K* = 7% +inv).  (A36)

Measurements of the Higgs properties at the LHC also
constrain the parameters of the scalar potential. For
example, since y, N, S, and J are much lighter than #,
there are new invisible decay modes. The invisible branch-
ing fraction of the Higgs is constrained to be less than 0.23
at 95% confidence level [146,147], leading to the bound

m,\2 . v?
(35) s+ (1)

DY + (A <2x 107, (A37)
ij

where the terms correspond to & — yy, h — §S,JJ, and
h — n;n;, respectively.

Interactions of S and J with the charged SM fermions are
also generated by loops of neutrinos via couplings in
Egs. (A9) and (A12) [72,73]. Their characteristic size
[see Eq. (42)] corresponds to a tiny effective mixing of
~10715. Thus, even with the stringent constraints on the
mixing angles, the tree-level interactions of S and J with
charged SM fermions can be much larger than those induced
by loops.
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