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We consider a dark sector model containing stable fermions charged under an unbroken U(1) gauge
interaction, with a massless dark photon as force carrier, and interacting with ordinary matter via scalar
messengers. We study its early Universe evolution by solving a set of coupled Boltzmann equations that track
the number density of the different species, as well as entropy and energy exchanges between the dark and
visible sectors. Phenomenologically viable realizations include: (i) a heavy (order 1 TeV or more) leptonlike
dark fermion playing the role of the dark matter candidate, with various production mechanisms active
depending on the strength of the dark-visible sector portal; (ii) light (few GeV to few tens of GeV) quarklike
dark fermions, stable but with suppressed relic densities; (iii) an extra radiation component in Universe due
to dark photons, with temperature constrained by cosmic microwave background data, and in turn preventing
dark fermions to be lighter than about 1 GeV. Extra constraints on our scenario stem from dark matter direct
detection searches: the elastic scattering on nuclei is driven by dipole or charge radius interactions mediated
by either Standard Model or dark photons, providing long-range effects which, however, are not always
dominant, as usually assumed in this context. Projected sensitivities for next-generation detectors cover a
significant portion of the viable parameter space and are competitive with respect to the model-dependent

constraints derived from the magnetic dipole moments of leptons and cooling of stellar systems.
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I. MOTIVATIONS AND SYNOPSIS

The existence of a multicomponent dark sector has been
extensively discussed in the literature (see [1,2] for two
recent reviews). Such framework generally includes many
new states with no direct interactions with the Standard
Model (SM) particles, but possibly interacting among
themselves by means of new forces. Motivations for this
construction have been put forward in a variety of different
contexts, ranging, e.g., from beyond SM physics in con-
nection to collider data and flavor anomalies, to explaining
the nature of the dark matter component of the Universe, and
to addressing possible shortcomings in the SM of cosmology.

In particular, regarding the dark matter problem, any
nonrelativistic stable dark state can potentially contribute
to the Universe’s matter budget. Because of the se-
cluded nature of the dark sector which prevents large
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couplings to ordinary matter, these states automatically
satisfy observational properties for dark matter, mostly
derived under the assumption that the only relevant
interaction between dark and ordinary matter is gravity.
On the other hand, given the complexity of the dark sector,
the phenomenology of dark matter candidates in this
context could be richer than simply looking at gravitational
effects. For example, dark matter itself could be multi-
component or in composite forms; dark sector interactions
may lead to macroscopic effects and, for instance, impact
on the paradigm in the SM of cosmology that dark matter
should be described as a collisionless fluid.

In this paper we illustrate the interplay among different
effects occurring when the dark sector contains several
species. More explicitly, we will discuss the -early
Universe’s thermal history in such a scenario and the
generation of dark matter and other stable relics. One
peculiarity is the fact that there are two reservoirs of states,
ordinary and dark, and their temperatures are not neces-
sarily the same. Therefore, a set of coupled Boltzmann
equations, tracking at the same time the number density of
the different species and the energy exchanges between the
two sectors, needs to be considered.

To investigate explicitly this issue, we must first commit
ourselves to a specific model of the dark sector (which we
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do in Sec. II by considering a rather minimal setup). The
choice of model provides an explicit spectrum of states
within the dark sector, the interaction strengths among the
dark states, and the strength of the portal interaction
between the dark and SM states. These must be supplied
in order to extract definite predictions. In particular, we
shall assume that the dark force is long range, that is
mediated by an unbroken U(1) gauge interaction.
Regarding the particle content, besides the force carrier,
a massless dark photon, we introduce a set of stable dark
fermions charged under the U(1). One of these may
account for most of dark matter in the Universe since it
is rather heavy, at the TeV scale or above, and passes upper
limits from self-interaction effects [3-5]. The others are
much lighter, have suppressed relic abundances, but concur
in determining the ratio between dark and visible photon
temperatures at late times; such ratio is constrained by
cosmic microwave background (CMB) data, given that
dark photons contribute as an extra radiation component
to the Universe’s dynamics. In this respect, the role of
portal interactions between dark and visible sectors is also
important: we consider scalar messengers mediating
Yukawa-like interactions. The latter are also crucial for
selecting the mechanism for dark matter generation and
final relic densities. Such interplay is discussed in detail in
Sec. III.

Direct detection, namely the attempt to measure nuclear
recoils induced by dark matter scatterings, is one of the
main tools to test a given dark matter scenario. In our
framework, the direct-detection cross section is mostly
driven, via loop induced magnetic dipole and charge radius
interactions, by the massless mediators, SM and dark
photons. While long-range interactions are present and
boost the recoil spectrum at low recoil energies, the
correlated contact terms are also contributing to the cross
section and may be dominant (contrary to standard lore that
contact interactions can be neglected in the presence of
long-range effects). These aspects are illustrated in Sec. IV,
bridging also between astrophysical, cosmological, and
high-energy observables and relative constraints, demon-
strating once more the diversity of the phenomenological
implications of introducing such a multicomponent dark
sector.

II. A MODEL OF THE DARK SECTOR

Several dark sector models have been studied in the
literature and they are usually classified [2] according to the
portal through which they interact with ordinary matter. We
consider a model consisting of dark fermions that are, by
definition, singlets under the SM gauge interactions. These
dark fermions interact with the visible sector through a
portal provided by scalar messengers which carry both SM
and dark-sector charges. These scalars are phenomenologi-
cally akin to the sfermions of supersymmetric models.

In general, we can have as many dark fermions as
there are in the SM; they can be classified conveniently
according to whether they couple (via the corresponding
messengers) to quarks (q;, ug, dg) or leptons (I;, eg):
we denote the former (hadronlike) Q and the latter (Iepton-
like) y. The Yukawa-like interaction Lagrangian can be
written as [6,7]:

LD —QL(¢1TJ_(R1L + SgTQ%CIL + SETQRQQL)

—gr(Pprrer+ Sy QYug+ Sy OPdg) +He.  (2.1)

The L-type scalars are doublets under SU(2),, while the
R-type scalars are singlets under SU(2);. The S;  mes-
sengers carry color indices [unmarked in (2.1)], while the
messengers ¢; r are color singlets. The Yukawa coupling
strengths are parametrized by a; z = g%’ z/(4r); they can
be different for different fermions and as many as the SM
fermions.

In order to generate chirality-changing processes, we
must have the mixing terms

LD=ASo(H phepy +HTSYSY + HTSRTSP) 4 Hee., (2.2)

where H is the SM Higgs boson, H = ic,H*, and S, a
scalar singlet of the dark sector. After both S, and H take a
vacuum expectation value (VEV) (ug and v—the electro-
weak VEV—respectively), the Lagrangian in Eq. (2.2)
gives rise to the mixing between right- and left-handed
states.

Dark sector states interact by means of an unbroken
U(1), gauge symmetry; the corresponding massless gauge
boson is the dark photon y, whose coupling strength we
denote by ap = g3 /(4r). We assign different dark U(1),,
charges to the various dark sector fermions to ensure, by
charge conservation, their stability. There is no kinetic
mixing between the ordinary and the dark photon [8,9]. The
latter is a distinctive feature of models in which the dark
photon is, and remains, massless as opposed to those in
which the gauge symmetry is broken and the dark photon is
massive. While there is no tree-level coupling between dark
fermions and SM photons, and between ordinary matter
and dark photons, the mixing in Eq. (2.2) leads, through
one-loop diagrams and therefore operators of dimension
larger than four, to an effective coupling of ordinary matter
to the dark photon as well as of the dark fermions to the
ordinary photon.

When the dark sector scalar S, and the Higgs boson
acquire VEVs, the scalar messengers must be rotated to
identify the physical states. Considering first the lepton
sector, while before the rotation all ¢ states have the same
mass my, after the rotation we find the mass eigenstates
(labeled by +)
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1
V2

with masses my, = mgy+/1 £ 1, where we defined the
mixing parameter:

hy = (¢Le + ¢R)» (2-3)

— /ISMSU
Ny = 2 -
My

(2.4)

We must have n, < 1 in order for the ¢_ state to be
physical. In the new basis, the interaction terms in Eq. (2.1)
in the lepton sector is given by

L0 > —g ¢, (Zrvr) — %(gﬂ +¢5) (Zrer)
_9r

V2

The picture in the hadronic sector is perfectly specular; in
the following we will indicate generically with mg the mass
for the eigenstates S¥, and SP, before the rotation, and keep
n, as mixing parameter for the physical eigenstates:

(% — ") (Frer) + He. (2.5)

1 I b
Looking at (2.5), we can see that for y to be a stable
dark-sector species, its mass must be at most my_+ m,.
Similarly, for a dark-sector species Q, the mass must be no
heavier than mg_+ m,, where m, is the mass of the SM
species corresponding to Q. This sets an upper bound for

the mixing 7,:
M 2
sy < 1- (ﬂ> ’
m¢’s

where M, , stands for the mass of the heaviest stable dark-
sector species and my ¢ for the mass parameter of the
corresponding messenger. We assume that M, , is much
heavier than any SM species. The upper bound in Eq. (2.7)
also guarantees that the scalar messengers are heavier than
the dark fermion into which they can thus decay.

This model can be considered as a template for many
models of the dark sector with the scalar messenger as
stand-in for more complicated portals. It is a simplified
version of the model in [6], which might provide a natural
solution to the SM flavor-hierarchy problem. It has been
used to predict new decays for the Higgs boson [10-12],
neutral Kaons [13] and the Z-boson [14] as well as invisible
decays for the neutral K- and B-mesons [15].

Models of self-interacting dark matter charged under
Abelian or non-Abelian gauge groups and interacting
through the exchange of massless as well as massive
particles have a long history [3—6,16-34]. We have relied
in particular on [3,5,21,22]—the constraints of which we
recover in our framework where dark matter is only a

SY=—(8Y, £5Y) and SP=

(2.7)

component among the many of the dark sector within the
specific underlying model defined by Egs. (2.1)—(2.2).
Interacting dark matter can form bound states. The phe-
nomenology of such atomic dark matter [24] has been
discussed in the literature (see [4] and references therein).
In this paper, we shall only consider the case in which these
bound states, if they exist, are mostly ionized.

A. Constraining the model

Several limits on the parameter space of the model are
known from high-energy physics and tests in astrophysical
and cosmological environments. We list below the most
severe constraints and the relative implications for mass
parameters and coupling constants, as a preliminary outline
of the regions in parameter space which will be relevant in
the analysis of dark matter candidates within this frame-
work. These constraints will be discussed further in Sec. IV,
when examining current limits and projected sensitivities
from dark matter direct detection experiments.

Contrary to the case of a massive dark photon, constraints
from flavor and precision physics, as well as radiative
emission in astrophysical bodies, come from one-loop order
corrections providing the coupling to SM fermions. Under
the assumption of CP conservation in the dark sector, the
limits quoted below are mostly derived from the effective
magnetic moment of SM fermions with respect to the dark
photon or the ordinary photon, induced by dark fermion—
scalar messenger loops. Since a change in the chirality of the
fermions is required, the limits are strongly dependent to the
mixing 7,. Depending on the process under consideration,
the experimental limits only constrain particular combina-
tions of couplings and masses in the dark sector. At this level,
it is then more useful to quote results for Yukawa couplings
and dark-sector masses for specific flavors, rather than taking
them to be universal as in Eq. (2.1).

(i) Precision physics: Magnetic dipole moments of
leptons provide a deeper insight on the parameter
space. From the experimental measurement of the
electron magnetic dipole moment [35], we find:

> 2 x 103 TeV,

(mg-)* 0.01
My Mg/ apag

where mj stands for the mass of corresponding dark
fermion. A comparable limit can be found from the
experimental measurement of the muon magnetic

dipole moment [36]:

(2.8)

my-)*0.01
( ¢M) > 4 x 10% TeV.
n  ng O/Za’;e

(2.9)

Since the measurement of the tau magnetic dipole
moment is experimentally challenging, the corre-
sponding limit is much less relevant, at about the
GeV level.
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(i)

(iii)

Except for taulike dark sector species, these limits
point to lepton-like scalar messengers at a heavy scale,
say 10 TeV or above, and leptonlike dark fermions
significantly lighter, say at 1 TeV or below—unless the
couplings @; or ay gets suppressed, or the mixing
parameter 7, is small.

Collider physics: Direct searches for charged scalar
particles at the LHC [37] set a limit [15]

mi > 940 GeV, (2.10)
for the messenger mass related to the dark fermions
QY and QOP, while [38] have set constraints on the
mass of sleptons, which give the following lower
bound on the mass of leptonlike scalar messengers:

m¢$ Z 290 GeV. 2.11
¢

The limit increases to 1.5 TeV if more families are
included. No limits exist for the masses of the dark
fermions from events in which they are produced
because they are SM singlets and do not interact
directly with the detector.

Astrophysics probes: Dark sector species can change
the energy transport in astrophysical environments.
Constraints for models with a massless dark photon
from astrophysics have been discussed in [39—41].
The most stringent limit comes from stellar cooling
in globular clusters by dark-photon Bremsstrahlung
emission of electrons scattering on “He nuclei; for a
standard choice of environmental parameters, and an
upper value of 10 ergg~' s~ on the extra cooling
rate by exotic processes [42], we find:

ms-)*1 0.1 0.01
( ":) — >3x103 TeV. (2.12)
My Ns\/@p \/aag

This limit applies specifically to the Yukawa cou-
pling to electrons and the corresponding messenger
state, and affects regions in parameter space analo-
gous to the limit in Eq. (2.8). When considering,
instead, extra cooling effects in supernovae, the most
relevant process is the dark photon emission in
nucleon-nucleon Bremsstrahlung. From the neutrino
signal of supernova 1987A one can deduce:

(mi)?>  0.001

Mot 15/ apay ag

The above limit applies to the Yukawa couplings of
u and d quarks and the corresponding messenger
states. This sets an impact on the parameter space
analogous to the leptonic sector, except that, for
quarklike dark fermions, we will also explore the

>2.4 x 102 TeV.

(2.13)

(iv)
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possibility of larger mass splittings with respect to
the messenger states, with m, even at the GeV scale.
Self-interactions for dark matter particles: As al-
ready anticipated, our scenario gets severely con-
strained for light dark matter candidates because of
the long-range self-interactions induced by the
U(1), gauge symmetry. The most severe observa-
tional limits come from the impact on the dark
matter density distribution in collapsed dark matter
structures, rather than effects in the early Universe or
the early stages of structure formation [3,4,22].
Bounds have been derived from the dynamics in
merging clusters, such as the bullet cluster [43], the
tidal disruption of dwarf satellites along their orbits
in the host halo, and kinetic energy exchanges
among dark matter particles in virialized halos.
Among these limits, the latter turns out to be the
most constraining: energy exchanges through dark
matter self-interactions tend to isotropize dark mat-
ter velocity distributions, while there are galaxies
whose gravitational potentials show a triaxial struc-
ture with significant velocity anisotropy. A limit
has been derived by estimating an isotropization
timescale (via hard scattering and cumulative
effects of many interactions, with Debye screening
taken into account) and comparing that timescale to
the estimated age of the object [22]: a refinement of
this limit involves tracking the evolution of the
velocity anisotropy due to the energy transfer [5].
The ellipticity profile inferred for the galaxy
NGC720, according to Fig. 4 of Ref. [5] sets a
limit of about:

0.01\2/3
m, (—) > 300 GeV
ap

(2.14)
where m, here stands for the dark matter mass—
anticipating that we will focus on a leptonlike dark
fermion as dark matter candidate—and the «ap
scaling quoted this equation is approximate and
comes from the leading m, over aj scaling in the
expression for the isotropization timescale. Note that
the limit quoted here is subject to a number of
uncertainties and assumptions; it is less stringent
than earlier results, such as the original bound
quoted from [3], as well about a factor of 3.5 weaker
than [22] (see also, e.g., [44,45]). On the other hand,
results on galaxies from N-body simulations in self-
interacting dark matter cosmologies [46], taking into
account predicted ellipticities and dark matter den-
sities in the central regions, seem to go in the
direction of milder constraints, at about the same
level or slightly weaker than the value quoted in
Eq. (2.14). This result is also subject to uncertainties,
such as the role played by the central baryonic
component of NGC720.
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As benchmark avoiding self-interaction con-
straints we will consider cases with dark matter
mass about 1 TeV and a, ~ 1072,

We wish to reiterate that all throughout the history
of the Universe, the dark sector is ionized. In our
situation, we have multiple dark components: a
dominant component consisting of heavy species
and a subdominant component consisting of light
species. Since both species are charged under the
dark U(1), there is additional interaction between
the heavy and light species apart from the self-
interaction between identical species.

Investigating the effect of having multiple dark
matter components on structure formation at small
and large scales is an interesting possibility that is
beyond the scope of our work, but it could be a
potential avenue for further exploration. Instead, we
shall assume that we are working in the regime in
which the multicomponent feature has negligible
effect on structure formation.

B. Reference framework and parameter space

Taking into account the emerging picture, we will
consider a scenario with: (i) scalar messengers as the
heaviest states in the dark-sector, (ii) a leptonlike dark
fermion y playing the role of dark matter, lighter than scalar
messengers but at a comparable mass scale, and (iii) two
dark fermions QY and QP coupled to the quarks, which are
much lighter than y and representative of the light dark
sector (we shall see that the masses of the light dark species
turn out to be indirectly constrained by CMB limits on
exotic radiation components). Unless comparing to specific
observables, to keep the model numerically tractable—but
also without losing any of the main trends—we will adopt a
set of simplifying assumptions. We restrict ourselves to the
case in which all messenger states have a degenerate mass
spectrum defined by a single mass parameter m,y = mg and
a single mixing parameter 7,. For simplicity, the Yukawa
couplings of all the dark fermions are also taken to be
equal, and with a; = ay. The extra parameters we need to
deal with are the mass of the dark matter candidate m,,, the
common mass m, for the two light quarklike dark fermions
and the dark photon coupling ap.

The remainder of the paper is devoted to additional
constraints coming from the thermal history of the Universe
and dark matter searches.

III. THERMAL HISTORY AND RELIC DENSITY

A. General picture

The aim is to compute the cosmological relic density for
the stable species in the dark sector. The technical calcu-
lation, via a set of coupled Boltzmann equations, is
discussed in the next section. However, it is useful to
illustrate first a few features characterizing our setup.

The lightest fermions of given dark charge, leptonlike or
hadronlike, are stable, and their number density in the early
Universe heat bath changes through processes involving
pair productions and pair annihilations; initially in equi-
librium (chemical equilibrium; see the discussion below for
a clarification on this point), they decouple in the non-
relativistic regime. Thus, they have a relic density which
can be approximated by the celebrated “WIMP miracle”
formula:

2. 1072 GeV—2
5x 107 Ge >’ 3.1)

Q, ,h?~0.1 <
o (v0,3.00)
where (vo,; o) is the thermal average of the pair anni-
hilation cross section for either y or Q, including all
kinematically allowed final states. However, there are
two elements which make the computation in the case at
hand more involved than in other WIMP setups. First,
while one usually deals only with SM final states, the pair
annihilation may involve both particles belonging to the
dark sector and to the SM sector; the leading processes are
into two dark photons and a pair of SM fermion-
antifermion of the corresponding type, as shown in Fig. 1
for the QQ initial state. Assuming that s-wave processes
dominate, the thermal average of the pair annihilation cross
sections, in the limit of small temperature corrections and
massless final states, are approximately given by:

2 7 :
aD aL m){vQ
V0.~ D ~— and vo 0— 1~ ’
(v0,3.00-101,) mng,Q (v0,2.00-17) mé,s <m¢,5>
(3.2)

Substituting these approximate expressions into Eq. (3.1),
one can find the preferred mass ranges for which €, is at the
level of the cosmological dark matter abundance, while €,
is instead negligible (fulfilling the scheme emerging from
the set of constraints discussed in the previous section).
Taking ap and @; to be O(1072), and messenger scalars
lying around 10 TeV, we find that thz ~ 0.1 if m, is in the
1-10 TeV range; ys predominantly annihilate into dark
photons (SM fermions) if (a; /ap)?(m,/m,)* is much less
than (greater than) unity. Requiring that €, is at most 1% of
the Universe’s matter density, we find as a conservative

Q—r— VWD Q¢

I

I

Qy S A

|

— P I
Q—— NV VWD Q—e— < q

FIG. 1. The Feynman diagrams giving the dominant contribu-

tions to the total pair annihilation rate of hadronlike dark sector
fermions; diagrams contributing to the process for leptonlike dark
fermions are analogous.
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(Visible sector)

SM fermions (T)

AN

cxL,R

SM photon (T) | <gmmmcimp>

(Dark sector)

Dark photon (T,) A Dark fermions (T )

FIG. 2. Schematic diagram of the interactions between the
different reservoirs of states. a,,, = e*/(4x) and o = g3/ (47x)
are, respectively, the electromagnetic and dark photon interaction
strengths. The coupling a; y are defined by the Lagrangian in
Eq. (2.1). Ordinary and dark photons do not talk directly to
each other.

upper bound on the masses of the hadronlike species
mg < 100 GeV; Qs predominantly annihilate into dark
photons.

The second point we need to pay attention to is the fact
that “thermal bath” effects, neglected so far, can actually
have a significant impact on the overall picture.
Analogously to the photon in the SM sector, the dark
photon is crucial in keeping dark sector particles at a
common temperature via, e.g., the large energy exchanges
in Compton-like dark fermion—dark photon elastic scatter-
ings. These elastic scattering processes maintain kinetic
equilibrium within the dark sector. Moreover, being a stable
massless particle, the dark photon can potentially give a
sizable contribution to the budget for the energy density in
radiation in the Universe, even at epochs, such as recombi-
nation, at which extra radiation components are tightly
constrained. The general picture is given schematically
in Fig. 2. Assuming that the U(1), coupling ap is
perturbative but still sufficiently large, dark photon inter-
actions (or, eventually, a chain of processes involving
additional interactions with other mediators/forces in the
dark sector) enforce that all dark sector particles in the
thermal bath have a common temperature 7 ;. Analogously,
Compton scattering between SM photons and SM particles
maintains kinetic equilibrium within the visible sector.
However, the temperature 7" of the visible sector may be
different from T,.

In the regime at which messenger scalars are non-
relativistic, and with their number densities suppressed,
the communication between visible and dark sectors (both
at the level of particle number-changing processes and
elastic scatterings) is mostly regulated by the Yukawa-like
interactions in Eq. (2.1). Let us first turn off the portal
interactions, i.e., &; = ax = 0. In this case the thermal bath
in the visible and dark sectors evolve independently, and
one can track 7 and 7, by imposing entropy conservation

separately in each of the two sectors, see, e.g., [21]. The
cooling process goes as the inverse of the scale factor plus a
correction due to the change in effective number of
relativistic degrees of freedom, when particles becoming
nonrelativistic transfer their entropy to lighter, relativistic
states of the corresponding sector. We define the temper-
ature ratio between dark and visible sectors at a given time ¢
to be

(3.3)

and consider some initial time #,, with the temperature in
the visible sector denoted by Ty, at which two sectors are
already decoupled. Assuming that entropy densities in the
dark and visible sectors, which are respectively given by:

27> 272
Sq=—-—0us,(Ta)TS and s, ==——g.s (T)T°,

45 45 (34)

are separately conserved in a comoving volume, one finds
that the temperature ratio at the CMB epoch is given by:

g*sd(foTo) g*Sv(TCMB) 173
9xs8, (fCMB TCMB) Gxs, (To)

507 (35)

fCMB =

where g.5 (T) counts the number of internal degrees of
freedom (fermionic species are weighted by 7/8) for all SM
particles that are relativistic at temperature 7', and g, (74)
is the analogous quantity in the dark sector. Evaluating this
ratio is relevant since this is the epoch at which extra
radiation components are most severely constrained by
cosmological observables. The limit is usually given in
terms of N, the effective number of neutrinolike species,
i.e., fully relativistic fermions with two internal degrees of
freedom, and with a temperature which is a factor of
(4/11)'/3 cooler than photons. N is related to the
radiation energy density by:

7(4

p0) =101+ (57) Nenl0] 3)

The Planck satellite has measured N at the CMB epoch to
be [47]: Neg = 3.27 +0.15, 68% CL. Subtracting out the
contribution from the three standard model neutrinos [48]
N S}}’[ = 3.046, and assuming that the dark photon is the only
dark sector relativistic state at the CMB epoch, giving rise to
the extra radiation component p, ,(T,(1)) = p,(T(2))&*(1),
we can translate the upper limit on N from Planck into a
limit on the temperature ratio at the CMB epoch; one finds:

Eomp < 0.54,  68% CL. (3.7)

The 26 and 36 upper limits are, respectively, about 0.59 and
0.63. Our reference dark sector framework consists of: the
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dark photon, one leptonlike Dirac fermion y, and N light
hadronlike Dirac fermions Q being relativistic at the
initial time #,. From Eq. (3.5) we obtain g.g,(£70)/
g*Sd (é:CMB TCMB) = (7NQ + 1 1)/4 Even fora Single famlly
of dark hadrons (N = 2) we find {cpp ~ 0.61&), in tension
with the limit quoted in (3.7) if £, = 1 (namely T = T ; at
t = t). As we increase the number of light species in the dark
sector, this problem gets more severe. A possible way out is to
relax the initial condition. In principle the picture with
decoupled sectors can be extrapolated to 7, as high as,
say, the reheating temperature. One can then assume an initial
temperature mismatch between the two sectors, with a cooler
dark sector (i.e., £y < 1), and thus the dark photon contri-
bution to the radiation component of the Universe can be
made small relative to the visible sector contribution. Similar
conclusions (for various implementations of the dark-sector
portal) were reached in, e.g., [3,21,40,49-52].

On the other hand, when the messenger portal is turned
back on, allowing for nonvanishing Yukawa couplings «;,
and ag, energy (and entropy) can be exchanged between
visible and dark sectors. Regardless of what is assumed for
£y, even if the system is not initially in kinetic equilibrium,
for couplings sufficiently large, we expect it to relax to a
maximum entropy configuration with the two temperature
in the two sectors that will tend to become equal. This
brings back the problem of satisfying the bound on extra
radiation component associated to the dark photon at the
CMB epoch, and will effectively translate on an upper
bound on the Yukawa couplings. Since a; and ap both
enter in the discussion for kinetic and chemical equilib-
rium, these two aspects have to be considered at the same
time, as we will do with the set of coupled Boltzmann
equations that we introduce in the next subsection and solve
numerically.

B. Boltzmann equations

Having highlighted above that SM and dark sector states
may have, in general, different temperatures, 7 and 7T,
respectively, it is useful to keep track of them separately.
Hence, in what follows, we adopt the following notation: i,
will generically indicate a species in the dark sector, while
species in the visible sector will be denoted by i,; i will, in
general, stand for any species in either sector. To track the
distribution function of a state i;, we follow [53,54] and
consider the generic Boltzmann equation

LIf,) = CIf,). (3:8)
where f; is the occupation number for the particle iy, L is
the Liouville operator tracking the evolution in the
Friedmann-Robertson-Walker (FRW) background, and C
is the collision operator. The Liouville operator takes the
form

_ . (%, - O,
L{fld} _Eid< at Hp 81—5>’

(3.9)

where p is the physical momentum of i; and H is the
Hubble rate. In the early Universe, the Hubble rate is
dominated by radiation components coming from the
visible and dark sectors. The first Friedmann equation tells
us that

. 473
45M3,

H(1) (9.0 (T)T* + g.a(T ) T4]. (3.10)

In the dilute limit, the collision operator acting on f; is
driven by 2 — 2 processes, such as iy +j <« k+1[. It is
then obtained by summing terms of the form:

1
i encalfispi)) =5 [ dIL(p )T (pOAT (p) 285 (5, + 23 = pi = )

X {=|M(ig+j = k+DI*fi,(pi,)f ()1 £ fr(p)][1 £ f1(p1)]

+ Mk +1—ig+ DHIPfelp) f1(p) 1 £ £, (pi)IN £ £i(p))]}

where dIl;(p;) = d*p;/[(27)*2E,(p,)] are the usual
phase-space integration factors.

When tracking chemical equilibrium, i.e., the evolution
of the number density of i;, only inelastic processes are
relevant. Given the structure of our model, the relevant
number changing processes for y and Q states (for 7, not
too large) are all in the form of particle-antiparticle pair
annihilation or creation (see Fig. 1), namely

C(i")[ id] = Zcid-ﬁ—fde Jotio [fia] + Zcid—&-fde jd—&-]d[ id]-
Jv Ja#Fia

(3.12)

(3.11)

The expression for CU™)[f i,] can be simplified under
the standard set of assumptions: (i) CP invariance in the
process iy + iz — jq+ jg so that |[M_|? = |M_J?
(strictly true in our model); (ii) dilute limit, with f; < 1,
1 £+ f; = 1, and equilibrium distributions with occupation
numbers approximated as

E. —u
7 = 1B Dy ep (<ETH )y

and (iii) kinetic equilibrium among dark sector states
as enforced by elastic scatterings on the dark photon.

083009-7
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Following from (ii), one can safely assume that standard model states follow equilibrium distributions and, using
conservation of energy, formally rewrite their occupation numbers in terms of thermal distributions for the dark sector states
in the form

fif5, —f (E T)f( )(E;,,,T)=GXP (—E;E) = exp (—E’;E“> f( )(Ed,T)f( )(E,d,T) (3.14)

Note that we have T rather than T, in the last expression. As for (iii), this implies that, for any dark sector state, one may
assume that there is an overall scaling—only dependent on time—of the occupation numbers of dark sector species with
respect to equilibrium distributions:

fi(Eit) = FEE, Ty(0) = A, (DF D (E;, Ty(1)), (3.15)

9 being the number densities of i, obtained by integrating f;, and f E:‘”, respectively.

To find the evolution equations for the number densities n;, of the relevant dark-sector fermions, we take the zeroth-order
moment of the Boltzmann equation to obtain

with n; and nl(:

’;lid +3Hnid = Z[_<Uv>idfd—>il,fv(Td)n2 + <0v>ldld—>l i, ( )n%d,eq(T)] + Z [_<6 ldld—>jdjd<Td>n + <Gv>jd]d—>id?d(Td)ni,]'
i, JaFla

(3.16)

It is understood that the sum over j, includes the dark photon. The thermally averaged cross section (ov) in (3.16) is
defined, in terms of the corresponding Mgller cross section, as

&*py d*p, (eq) (.4 plea) () . 5
B B T _ I(Q:)I'* (Z”P) (Gv)ll—)Uf (pl’T)f; I (p27T) 3 17
(0v);inj(T) = L5 d*ﬁz eq) = . (3.17)
| G55 G “Ups; D) (p:T)

Looking at (3.16), there are three independent variables: ¢, T, and T,. In the standard approach, one closes the system by
assuming entropy conservation; this leads to a time-temperature relation. In our current setup, however, the two sectors are
allowed to exchange energy and entropy, and thus the entropy of either sector is neither conserved. Nevertheless, the time
evolution of the entropies of both sectors will allow us to obtain a well-posed system of ordinary differential
equations (ODE).

In tracking the entropy of both sectors, we first need to introduce the definition of entropy of species i in terms of the
occupation number f;. This is given by

dp
== | —=(filnf; = fi). 3.18
Sl /(271_)3 (fl nfl fl) ( )
Its evolution can be obtained by differentiating s; with respect to time, and then using Boltzmann equation. We have
: &’p
Sl+3HSl——/—3C[fl] lnf, (319)
(27)

We then take the sum of (3.19) over dark-sector species. Using kinetic equilibrium and dilute limit assumptions, one
obtains:

&
Sd+3HSd:—Z/ p Cinf;,]+

" LEcy,) - ZlnA,d / s Ol (320

where A;, has been defined in Eq. (3.15) above, and C (D[, .| is the elastic part of the collision operator. Similarly, for s,
we have:
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In the sum over dark-sector/visible sector species, we only take those processes that involve the transfer of entropy from one
sector to the other. To proceed further, it is appropriate to digress into the discussion of the elastic part of the collision
operator. It encodes the processes of type i + B <> i + B (i.e., the processes represented by the diagrams shown in Fig. 3),
where i is some species scattering from bath particles B, which also contribute to the entropy transfer between the two

PHYS. REV. D 102, 083009 (2020)

dp

W1, CElf, ).

(3.21)

sectors. As demonstrated in [55], it can be written as

elf
l

ZC1+B<—>1+B fl]

(3.22)

where C; p.,;yp|fi] is a Fokker-Planck type operator, given by

0 of i
Civpoirplfi] = ap

i

[th(El’TB)(E TBa +sz>} 8813[ [ViB(Ei’TB) 95 }(T =T)).

o (3.23)

In obtaining this expression, it is assumed that the momentum transfer between i and B is much smaller than the typical
momentum of either species. The momentum transfer rate can be shown to be given by:

1

E.T
vin(Ei-T) = 483 E2T (1 — |7,]2/3)

where 4p2,, = [so —

/ dEpfp(Eg. Tp)

\/ﬁ {116 /0 d’W'z(—f)] . (324)

(m; + mg)?|[so — (m; — mg)?]/so and sy = m? + m% + 2E;Ep. Using (3.23), we have

d3 _>i (el) d3 _>i afz
(2][)3 Cfil =—=(Tp = T)) W}’w( i Tp)Pi 8 =3n{(Tg = T:)(ris)(T:» Ts), (3.25)
where we identify the thermal average of the momentum transfer rate
fﬁ . (E T )_' Of; oodE E2 2\3/2 E. T (eq) E. T
(is) (T Ty) = o) ViB\"i- TB)Pi " 35 Jm, i(Ef =mi)2yig(Ei. Tp)f " (Ei. T)) (3.26)
ip)\1i1p)= 55 . :
525 - 5 = dE;(E} - m}) 2 £ (E,. T))

At this point we would like to emphasize the following: if
the species i were nonrelativistic, 7; < m;, one could
ignore the dependence of y;p on energy, and the thermal
average may be safely replaced as (y;z)(T;,Tp)~
vig(E; = m;, Tg). For instance, this applies for the case
of scatterings of nonrelativistic DM particles from a bath of
relativistic SM species (this is the limit applied, e.g., in
[56]). In our scenario, however, we would also like to
account for entropy transfers from the dark-sector to the
visible sector; this situation corresponds to the case where

jv + 3HSD ~ Z Z GUE zbtl—ndtd(T) i, eq(T) + <GUE>1dzd—>l iy

ll ’d

the dark-sector species act as bath particles for scatterings
of visible sector species. When the scattering species are
relativistic, one needs to take into account the energy
dependence of y;5 and perform the thermal average at each
step in the numerical solution of the system of coupled
differential equations; further details about the technical
implementation of this term are given Appendix B.

We are now in the position to write down the evolution
equations for the entropies in the visible and dark sectors;
we have (see also the analogous set of equations in [57])

)”12(,] - 32 Z<7itid>(T7 Td) (?) nil,,eq(T)’

i g

sd + 3Hsd ~ _Z Z GUE ldtd—>i,,7v (Td) - <Gv>i,ﬁd—>il,f1,(Td)Td lnAid)n%d

T-T,
+(<61}E>z,z,—>tdu(T> <61)>11,I_>1d1d< )lenA ; eq +SZZ yl]l Tdv ( ) uy

T (3.27)

ld lz
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where we have introduced yet another thermal average

J SRR (00) i glE(p1) + Ex(p2)l £ (pis TVF (p2: T)

) P -
JEREE Y (i 1) (p3 T)

(ovE) ﬁ—»j}(T) = (3.28)

From Eq. (3.27) it is transparent that if 7 = T'; at early times the entropy exchange processes balance out, as expected from
the condition of thermal equilibrium. Also, once the dark sector particles decouple, the entropies of the two sectors are
separately conserved. The approach to kinetic equilibrium between the two sectors will then be relevant if we start with an
initial temperature asymmetry and when the heavy dark sector species are still relativistic.

We choose to solve the system of coupled differential equations using the scale factor a as the independent variable.

Using Eq. (3.4), we rewrite the evolution equations for the entropies as evolution equations for the temperatures:

UE

l i ﬁl,,t,/(T)Yzz eq(T) + <61}E>ldld—>l iy (Td)Y ]

vhy

d(nT) 1 5,(T)
dna)  hg (T)+3TH T.To)hys ZZ ’
T-T
T o L) T () V(D)
i, g
d(InT,) 1 N s3(T)
d(Ina) hs,(Ta) 3T H(T.Tq)sa(Ta)h

- <Gv>ldld—>l iy (Td)Td ll’lA }

T Td) Z Z Zisin)

*Sd

+ [<61}E>1 i —>ldld(T)

Td zz{ GUE ldld—>l,lL(T )

Ly

<61}>1,1,—>1d1d( )lenAII] zeq(T)}

T-T
T, ¢

(3.29)

where we have written explicitly that the Hubble rate H depends both on 7 and T, see Eq. (3.10), we have defined

1 d(ll’l g*SL‘)

hes (D) =14 3 i)

and h*Sd<Td) =1 +

1 d(ll’l g*Sd)

3d(nT,) (3:30)

and have normalized all number densities to the entropy density in the visible sector, defining Y; = n;/s,, with i being any
species—in the visible sector or in the dark sector. For such variables and again using the scale factor a as independent

variable, the Boltzmann equation (3.16) takes the form:

= -3Y;,

1+ hg (T)

5,(T)

d(InT)
d(In a)}

+ <Gv>id7d—>i,,l, ( ld eq

d(In a)

DI+ =

Ja#ia

+ H(LT, Td) {izv[_<o-v>ldla—>l i (Td)Y

Wi, TV + <av>,d;(,ﬁ,,;d<Td>Y§d]}- (3.31)

Equations (3.29) and (3.31) constitute the closed system of differential equations to be solved.

C. Numerical results

As mentioned at the end of Sec. II, we will consider a
dark sector framework with the following fermionic con-
tent: (i) one leptonlike dark fermion y, with mass m,,, which
acts as our dark matter candidate, and (ii) two hadronlike
states, with masses mgyu and mgp, that are lighter than y.
The evolution of the number density of each dark sector
fermionic species is governed by Eq. (3.31). Regarding
scalar messengers, we assume them to be degenerate in

mass such that they are specified by a single mass
parameter mg, and a universal mixing #ng. Meanwhile,
the other parameters relevant for the discussion are:
(i) the U(1)p gauge coupling ap, and (ii) the Yukawa-
like couplings «; and ap, which are taken to be equal
for simplicity. Despite the model residing in a seven-
dimensional parameter space, main trends can be illustrated
on benchmark cases. In particular, unless explicitly stated,
we will start illustrating the framework by focusing on the
following choice of parameters:
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FIG. 3. The Feynman diagrams for the elastic amplitudes of the dark sector fermions with dark photons (left and center) and with SM

fermions (right). Only the contribution of the diagram on the right is included in the numerical solutions since the two Compton-like
diagrams are by assumption in equilibrium.

mgouv = 10 GeV, mgo =20 GeV, mg = 10 TeV, approximately matches the dark matter density in the
5 Universe as measured from cosmological observations.

ap =107, and ns=0. (332) 14 Fig. 4 we present results for the numerical solution of
the Boltzmann code for four different sets of pairs (a;, m, ).
We will then vary the Yukawa-like coupling a; and  Ineach panel asolid line shows, as a function of the inverse
properly adjust m,, so that the relic density of y  of the temperature in the visible sector 7', the evolution of
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FIG. 4. Solutions of the Boltzmann equations for four different benchmark point in parameter space, as specified in Table I. These are
representative of the four regimes labeled region I, I, III, and IV (from left to right and top to bottom) and described in the text. The solid
lines track Y; , the comoving number density normalized over the visible sector entropy, for each fermionic dark species i,. The dashed
lines indicate the value of Y;  if i; were in chemical equilibrium with the visible sector heat bath at temperature 7. The dash-dotted line
shows the evolution of & = T,/T, the ratio of the dark-to-visible sector temperatures.
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the number density for y, QY and QP, normalized to the
entropy density in the visible sector; such evolution is
followed from an initial time #;, with initial temperature
T, = 108 GeV, to some low temperature at which all
comoving number densities are frozen to their relic
values. Y; for each dark fermion species i, is compared
to the corresponding Y;, .,(T), namely the ratio between
the equilibrium number density n;,,,(T,)—assuming
T, = T—and again s,(7T), which is shown as a dashed
line. This comparison is relevant since the case of Y;,
tracking Y; ., corresponds to the species i; being in
chemical equilibrium as well as kinetic equilibrium
between visible and dark sectors. In each panel we also
show, with a dash-dotted line, the temperature ratio
between dark and visible sectors; values of &(r) = T,/T
can be read on the vertical scale on the right-hand side—
notice that, to show more clearly its variation over time, the
range of values displayed is adjusted in each panel (while
the displayed range for Y; , on the left-hand side of each
panel, is kept fixed). Following the general discussion in
Sec. III A, for all benchmark models considered in the plot,
it is assumed that at 7, the dark sector is significantly colder
than the visible sector, starting the numerical solution
with &(79) = 0.1.

In the four panels of Fig. 4, going from left to right and
top to bottom, «@; is progressively increased from a
relatively small value for which the entropy exchanges
between dark and visible sector are inefficient at any time,
up to a regime at which kinetic equilibrium between the two
sectors is reached at the very beginning of the numerical
solution and maintained at temperatures lower than the
chemical decoupling temperature of the lightest dark
fermion. The values of the couplings, the dark fermion
mass spectrum, as well as the results of the relic densities
of the three dark fermions, and the value &q-yp of the
temperature ratio at the CMB epoch, are given in Table I.

TABLE L

To explain trends in Fig. 4, considering the same bench-
mark cases and focusing on y, in Fig. 5 the effective
interaction rates for relevant processes in Egs. (3.29) and
(3.31) are compared to the Universe’s expansion rate H
(as usual, as a rule of thumb, a given process is efficient only
when the ratio is larger than one). The pair annihilation rates
into dark photons and/or SM leptons, which are shown
separately, drive chemical decoupling; the role of y in
restoring and maintaining kinetic equilibrium can be
sketched from the effective energy transfer rate from dark
fermion annihilations and y elastic scattering on SM leptons,
i.e., the combinations one obtains when factorizing out
Y%d /H and Y, /H in, respectively, the second and third term
on the right-hand side (rhs) of Eq. (3.29). In the same plot we
also show that, for all benchmark models, the scattering rate
of y on dark photons is much larger than H at any temper-
ature, justifying the assumption of kinetic equilibrium among
dark sector states.
The four panels in Figs. 4 and 5 correspond to four
different regimes in the parameter space. These are
(i) Region I (top-left plots) This is the regime in which
the portal between dark and visible sectors is
virtually absent, and the pair annihilation into dark
photons enforces chemical equilibrium of fermions
in the dark sector at large temperatures. In this case
the relic density of y can be estimated as the thermal
freeze-out of a nonrelativistic species from the dark
sector, which is analogous to the freeze-out of a
standard WIMP from the visible sector: Y, at freeze-
out can be shown to be

é:f.o.(m)(/Td)f.o.
Y;(,f.o. ~ I A7 TP
(ov),, m,Mp

, (3.33)

with the dark-sector freeze-out temperature being
about

Numerical values of the couplings and masses used to generate the plots in Fig. 4, as well as their

corresponding results for the relic densities and temperature ratio at CMB. We have chosen the couplings and
masses such that y would give a relic density that is close to the measured value of the matter density:
Qh? = 0.1186. In all cases, we have taken ap = 1072 and m; = 10 TeV.

Region Coupling Species Mass (GeV) Relic density (Qh?) Temp. ratio at CMB
I a, = 1071 X 1850 0.1183 0.0613
oY 10 2.573 x 1073
oP 20 4.457 x 107
II ap =1.75x1078 X 1000 0.1221 0.1856
oY 10 8.948 x 1073
oP 20 1.520 x 1074
I a, =107 X 480 0.1192 0.5712
oY 10 3.866 x 107*
oP 20 6.499 x 1074
v a; =0.35 X 5000 0.1239 0.3757
oV 10 2.039 x 104
oP 20 3.372 x 1074
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FIG. 5.

Rates (normalized over the Hubble constant) of annihilation (solid lines) and scattering processes (dashed lines) involving the

leptonlike heavy dark fermion [see Eq. (3.16)] into dark photons (yp) and SM states. The rate of entropy exchange is also plotted [see
Eq. (3.27)], and is labeled by '/ H(T ;). The plot refers to the same four benchmark models displayed in Fig. 6 and specified in Table I, as
representative of regions I, II, III, and IV in the parameter space (from left to right and top to bottom).

m
(T—){) ~In (&, (ov), m,Mp)
d/ f.o.

1
+§ln In (é%o.<0U>meIMp]). (334)
The relic density of y is then
(0] T ()]
QM =Q i Sto.(y/ Ta)r, (3.35)

o =1 (m){/Td)f-O-"ff.o.zl '

In this regime, the evolution of ¢ is obtained by
assuming that the entropies of the dark and visible
sectors are separately conserved. Note that due to the
Universe’s expansion, both 7; and T decrease; the
temperature ratio £ = T,;/T increases whenever T,
decreases slower than 7. This occurs when a dark
species becomes nonrelativistic and heats up the
dark photon plasma. The ratio reaches a peak at

(i)

083009-13

around 7' = mgu, and then decreases since SM
photons are heated up by SM degrees of freedom
becoming nonrelativistic, and, especially, at the
QCD phase transition when quarks and gluons are
transformed into bound-state hadrons.

Region II (top-right plots): The moderate increase in
ay, is still insufficient to reach kinetic equilibrium
between the two sectors. The effective energy trans-
fer rate and the elastic scattering rates are still
smaller than H at all temperatures, see Fig. 5.
Nevertheless, the entropy leakage between the two
sectors cannot be ignored, as one can see in the
partial readjustment of £ in the top-right panel of
Fig. 4. Meanwhile in this regime, the relic density
for y, while still mostly determined by y pair
annihilations into dark photons, is also dictated by
pair annihilations of visible sector particles populat-
ing the dark-sector with more dark fermions. This
scheme is reminiscent of the freeze-in production
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FIG. 6. Left panel: relic density Q)(h2 of the DM candidate y vs @

1. for fixed @, = 1072 and initial temperature ratio £, = 0.1. One can

see the effect of changing m, and the effect of changing the left-right mixing for messenger scalars. The four marked regions are
discussed in the text. Right panel: relic density of QU relative to the relic density of y, as a function of mgu. As expected, Qy h? increases
with mge since the annihilation cross section to dark photons goes as mézu The Yukawa coupling is taken everywhere to be a; = 0.1.

mechanism for feebly interacting massive par-
ticles (FIMPs) [58]. As an approximate expression,
Eq. (3.35) still applies, with however a slight increase
in the thermal bath reservoir within which the freeze
out of the thermal component is taking place and a
shift in &, .

(iii) Region III (bottom-left plots): This is the regime
in which «; is large enough to enforce kinetic
equilibrium between the two sectors from the very
first steps of the numerical solution, up to the freeze
out temperature of the dark matter component (but—
for the specific parameter choice displayed—not up
to the temperature at which the light fermions
become nonrelativistic). It is however still too small
for the y pair annihilation into SM leptons to play a
role in setting the dark matter relic density; the
annihilation into dark photons is still the dominant
channel and the standard WIMP formula, Eq. (3.1)
applies. Notice that the peak in the temperature ratio
exceeds unity, since the light fermions become
nonrelativistic after kinetic decoupling. It follows
that this is the benchmark case with largest cyg,
slightly above the 16 bound from Planck.

(iv) Region IV (bottom-right plots): This scenario is
similar to region III, except that, concerning the relic
density of y, a; is sufficiently large for SM lepton-
antilepton pairs to be the dominant final state in the
annihilation rate driving the WIMP rule-of-thumb
formula Eq. (3.1). In the case at hand, «a; is also
large enough to ensure kinetic equilibrium between
dark and visible sectors at all temperatures at which
dark fermions are relativistic, hence £ becomes 1
immediately after 7, and is not increasing further.

The four regions are also shown in the left panel of
Fig. 6, where the relic density of y is plotted as a function of
ar. We have kept m,,, ap, and 5 fixed for each curve. As
expected from the previous discussion, thz is not nec-
essarily a monotonic function of a; and so there are
multiple values of a; giving the same relic density. In
regions I and III, Q)(h2 is independent of «a;, since in both
regimes it is the annihilation to dark photons that deter-
mines the relic density of y. Note that region I is the regime
where the dark sector out of kinetic equilibrium with
respect to the visible sector at all times, while region III
is the regime where kinetic equilibrium holds until, at least,
the chemical freeze-out of y. Region II is the transition
region between I and III: since the energy/entropy transfers
and freeze-in effects become more efficient as «; increases,
thz increases as well. Region IV is the regime in which
annihilations into SM leptons become dominant: following
from Egs. (3.1) and (3.2), we have Q,h? « a;”. The change
in m,, produces a vertical shift of regions I, II, and III. This
follows from the fact that, for these regimes, the relic
density of y is determined by the annihilation to dark
photons, and thus Q,h* o m;. The trend changes for region
IV; we have Q,7? o m;?. We also include the case where
the left-right mixing between scalar messengers is maxi-
mal, i.e., ng=1— (mx/mq;)z; this makes one of the scalar
messengers lighter. A lighter scalar messenger increases the
rate of processes enforcing kinetic equilibrium, which
slightly changes the transition in region II; it also increases
the annihilation rate to SM fermions, leading to the
transition from region III to IV at a smaller a;, as well
as it leads to a decrease in the relic density in region IV.

083009-14



PHENOMENOLOGICAL CONSEQUENCES OF AN INTERACTING ...

PHYS. REV. D 102, 083009 (2020)

The value «;, of the transition between regions III and IV
can be roughly estimated by imposing that the annihilation
cross section to SM species is about the same as the
annihilation to dark photons; this leads to

me 2
ar, =ap (m_s) (1 —ﬂs)-

X

(3.36)

For instance, if , = 0, ap = 1072, and mg/m, =2 (as in
the blue curve in the left panel of Fig. 6), we have
ap, ~4x 1072,

In the right panel of Fig. 6 we explore how the relic
density of the lighter dark fermions change with their
masses. Given the constraints on light particles with long-
range interactions in DM halos, such relic densities must be
much suppressed compared to thz, at the level of about
1% or lower. In general, the lighter the dark fermion, the
more efficient the pair production/annihilation is into dark
photons; since chemical decoupling is regulated by this
final state, the relic density decreases accordingly. The right
panel of Fig. 6 indeed shows the expected scaling
Quh* « mZQU, for each choice of the parameters a; and
m,,. In general a contribution to the matter density below
one percent can be obtained for my < 500 GeV. For
example, for ap = 0.1 and m, = 1 TeV, this upper value
is 40 GeV, while for m, = 5 TeV the upper value shifts up
to 195 GeV. For ap = 0.01, the upper values are 50 GeV
and 70 GeV, for m, =1 TeV and m, =5 TeV, respec-
tively. The ratio of the relic densities of QU over y is weakly
dependent on «; .

In the left panel of Fig. 7, we show the temperature ratio
at the CMB as a function of a;, for fixed ap, m,, and m,
while N, the number of light dark quarks, and mg, the
common mass of the dark quarks, are allowed to change
individually. On the right panel of Fig. 7, we present a
contour plot of &qyp in the mgy —a; plane, for fixed
ap =102, m, =1 TeV, and N, = 2. The contour plot
has been generated by performing a scan of m, from
10 MeV to 300 GeV, and a; values from 10710 to 10!, All
results in Fig. 7 are obtained in numerical solutions of the
Boltzmann code assuming as initial temperature ratio
&y = 0.1. As previously mentioned in Sec. III A, bounds
on N constrain extra contributions to the amount of
radiation energy density. This constraint translates to an
upper bound on the temperature ratio at CMB, given
by Eq. (3.7).

There are a few features emerging from Fig. 7. As
expected, at any given a;, the ratio £cyp increases as the
number of light species N, increases. In particular, in the
limit of vanishing Yukawa coupling «a; , i.e., when the two
sectors do not communicate with each other, -y depends
on N, only. For our reference model, the scaling is
Ecmp « (TN + 11)1/3. This follows from the fact that
entropy is injected into the dark sector bath when dark
species become nonrelativistic. Since the CMB epoch
occurs at relatively late times, {cyp does not depend on
mgp. Recall also that in this limit, oy o &y and we are
assuming a rather small &,.

Starting from a vanishingly small a; , entropy exchanges
between visible and dark sectors, that tend to equilibrate the

. 0.63
102
0.6
1073
051 10+
0.59
’ 10—5 ,w\
Lo4 8
3 1074 L S
- , | I
= 1 1 i
—— Ng= 10 i E 0.54
(% Y/ S p— No=1mg=100GeV | ] i i
-~ Ng=1.mg=10 GeV i |
[ 1
01] No=1,mqg=1GeV 10~ | S s
1< [
= —— Ng=2,mg=1GeV 15 P s
1010 1 e 5 LN
109109 10-* 107 10-° 10> 104 103 10-2 10-! 19 10 10 10 10
mq (GeV)

ar

FIG.7. Left: plot of g versus ay, for varying my, at fixed Ny = 1, and for varying N, at fixed my = 1 GeV. The colored regions
correspond to 2 — o (green), 3 — ¢ (orange), and >3 — ¢ (red) bands. Here we have taken m, = 10 TeV, m, = 1 TeV, and ap, = 1072
Right: contour plot of cyp on the a;, — m plane, taking the same values of my, m, and ap as in the left panel. Each colored regions
correspond to 2 — ¢ (green), 3 — o (orange), and >3 — ¢ (red) bands. The remaining regions correspond to £cyp that are not excluded at
16 by the current CMB limit on N,g. The vertical lines correspond to half the masses of the neutral mesons K; and B°, which could
decay into a particle-antiparticle pair of dark quarks. (e.g., see [15]).
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FIG. 8.
(Ieptonlike) dark fermions and the ordinary photon (right).

mismatch &, in the initial temperatures, become more
efficient as we increase a;. This leads to increasing
Ecmp- In the left panel of Fig. 7 this is the rising branch
at a; < 107%. The largest increase is obtained at some
intermediate @; for which kinetic equilibrium is reached at
early times, but is not maintained at the epoch at which y or
the light dark fermions become nonrelativistic. When these
particles become nonrelativistic, they transfer their entro-
pies mainly to dark photons, which makes &(¢) become
larger than 1 at some intermediate temperatures.

If instead «@; is large enough to maintain kinetic
equilibrium when dark fermions become nonrelativistic,
entropy injections are shared by the SM degrees of freedom
and the result is a decrease in {qyp. At the same time the
reverse effect occurs: SM states becoming nonrelativistic
and injecting entropy into the dark sector, rather than just
heating SM photons, with then an increase in c-yp. The
efficiency in these two-direction exchanges clearly depends
on all parameters regulating kinetic equilibrium between
the two sectors, including m,, mg, and the messenger
masses m and myg, as well as on the parameters setting the
temperatures at which the dark fermions become non-
relativistic (regulated also by m, and mg). In the left panel
of the figure, we show in particular the @; dependence of
Eomp for different values m and Ny = 1, while the case
Ny = 2isillustrated for a sample value in the left panel and
in the full range my € (10 MeV,300 GeV) in the right
panel. As the entropy transfer is particularly large at the
QCD phase transition, at a temperature of about 150 MeV
[59], it is crucial whether, at this epoch, Q are relativistic
and/or visible and dark sectors are in kinetic equilibrium.

As seen from Fig. 7, the CMB limits on N turn out to
be a very severe constraint on the content of light fermions
in the dark sector. Assuming an a; of at least 1072, a
favorable situation in order to satisfy the CMB limits at
1 — o level would be to keep N 0 =< 2 and take mg to be at
least 5 GeV. Future tighter constraints on N4 will impact
on the parameter space even more severely.

X e X

Feynman diagrams for the leading (one-loop) contributions to the coupling between quarks and the dark photon (left) and

IV. DIRECT DETECTION SEARCHES

Direct searches test the interactions of dark matter particles
with ordinary matter. As a preliminary step to project direct
detection limits into our framework, we need to write down
the effective coupling between dark leptons and quarks.
Scattering processes are mostly driven by massless media-
tors: SM and dark photons. Since there is no kinetic mixing
between the SM and the dark photon, the leading contribu-
tions appear at one-loop order, as shown in Fig. 8.

Computing the diagrams in Fig. 8 yields the fol-
lowing dimension 5 (magnetic dipole) and dimension 6
(charge-radius) effective operators :

@ 4
£5 2 9p (qy)l) (éaﬂUQ>Xﬂb +e (j{/) <)_(O'#U)()F/w (41)
ZADJD Dy
& ey
‘C6 2> —=9p (q) L0 ) (Elny)aﬂXﬂu —-e ()()’/ 5 ()_(}/y)()aﬂF/w
CR,}/D] ACR,y]

(4.2)

where F,, and X, are, respectively, the field strength
associated with the SM photon and the dark photon. The
dipole and charge-radius couplings, denoted by d,;/Ap and
ccr/[Acg)?, respectively, carry additional labels. These
additional labels specify: the fermion they are associated
with, and the massless gauge boson such fermion is coupled
to. In the discussion below we will both show results referring
to a generic framework in which dipole and charge-radius
couplings are treated independently of each other, as well as
focus on our specific framework; in the latter case, they are
given in terms of our model parameters and strong correla-
tions appear. In particular, assuming universal couplings and
g; = gr, We have

'We assume for simplicity that CP invariance is respected in
the dark-sector and there are no electric dipole moments.
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(%) ()
dﬁff{r _ o My F(l)(m my,  my ) CC%?.}/ _a 1 ja%d) (my my . my )
Ag() 47”“35 Dy \""" D Mg s Tl ) [A(C)Q ]2 4”"’1; CRy\"" i, Mg Mgy
7 - b -
(9) (a)
dﬂj-rn _aL Mg (g CCqR-rn _a 1

FD,yD (mQ’ mg_, ms+)’ FCR,yD(mQ9 mg_, m5+). (4.3)

(@) 2 (@99 12 2
Ay drmy [ ACR’}'D] 4 ms
The exact expressions for the functions Fp and F g, which are either of order 1 or logarithmically enhanced, are given in
Appendix C. Here we just quote useful approximate expressions assuming that m; < my,_and my < mg_:

2
Fi)(my.my_my ) = —<1 + ’"g)
i () I3
FY) (mg.ms_.mg,) = [4111(%) —2} - {4111(’:;5;) _2] (Z_z_>2
FO)  (mg,ms_,ms) :% {13 - 121“(%)} + 31—6 [13 —12In (Z—Z)] (Z—j>2 (4.4)

If we plug in typical values of dark-visible couplings and particle masses in the dark sector (where we take
my =mg, = 10% TeV), we have

dy;) : = oy
— 7~ (=159 x 1078 GeV~! . G
o = (71599 © )(10" 200 GeV/ - my.
D.y ’
o 10 TeV) 2
RY_ ~ (-4.26 x 10710 GeV~2) <a—fl> < . >
NG v
(a)
i . u m 10 TeV' 2
7D~ 2. 1 -9 -l > . Q
i & (2.56 x 10~ GeV )<10—2) (10—1 10 GeV m
A s
5 C(qug#u ( 1.94 x 10~ G V—z) ap ar 10 TeV) 2 (4 5)
—_— 2~ (—]. € ' |
P NG, M

A further correlation is with the additional contribution to the magnetic dipole moment of SM leptons predicted in our
framework; this involves a single class of loop diagrams in which the virtual messenger scalars couple with the SM
photon, which is analogous with the bottom-right diagram in Fig. 8 with the particles y and e exchanged. Such contribution is
given by

(0

dy, ap m 0)
A(—l)y = Em—QXFD’y(mX,mq;_,mdu) (46)
Dy &-

where again F, is order one and can be approximated as

2
—2{1 +8<njf—:_) {1 —111(%)]}(%— 1), m, <K my- < my-

l
FY) (myomye.mys) . 4.7)
—%—F 2—%(1—&), mX§m¢—<<m¢+.

o my=
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In the following we will first analyze separately the cases in
which DM-nucleus scattering is mediated by: (a) the SM
photon, and (b) the dark photon. Case (a) has already been
discussed in the literature, and some results are reproduced
here (see, e.g., [60-64]; see [65] for another possible long-
range interaction for dark matter). Case (b), in which nuclei
carry a (dark) magnetic moment, is explored here for the first
time. We discuss the differential recoil rates, exclusion curves
and projected sensitivities that one obtains considering each
of the two massless mediators. Since both cases (a) and
(b) involve dipole-vector interactions between DM and
nucleons, one expects a term in the scattering amplitude
which scales as the inverse of the momentum transfer, giving
itan enhancement in the recoil rate at small recoil energies. On
the other hand, we demonstrate here that one cannot naively
conclude that the latter is the dominant effect and neglect other
terms. While the enhancement is indeed present, it may get
dominant over other terms only at extremely small recoil
energies. It follows that, for what regards the phenomenology
of the model, dimension 5 operators are not always playing
the main role.

A. Direct detection analysis: An overview

The direct detection differential recoil rate, namely the
number of scattering events per unit time, detector mass
and recoil energy, can be generally written as

dR 20 R doy
— — &3 .
= el / )

T X

(4.8)

In this equation the product of |v|, the modulus of the
velocity of the DM particle in the detector frame, times the
local DM particle number density, expressed in terms of
the ratio between the local DM density p, and the DM mass
m,,, gives the flux of DM particles in the detector at given
|¥|. Such flux is weighted over the velocity distribution for
DM particles in the detector frame f(¥) and convolved with
the DM-nucleus differential cross section doy/dEg. The
sum in the equation is over target nuclear isotopes 7, with
mass mp and relative abundance cy. The integral includes
any |v| large enough to give a recoil energy Ey, i.e., larger
than v, = |4|/(2u,7), where p,r is the target nucleus-
DM reduced mass, u,;r = m,mr/(m, -+ my), and the
momentum transfer |g| is related to the value of the recoil
energy via Ep = |G|>/(2m7). In what follows, for the
astrophysical dependent quantities p, and f(7), we just
refer to the standard assumptions in the direct detection
community: a local DM halo density of 0.3 GeV/cm? and
a Maxwellian velocity distribution in the Galactic frame,
with standard values of the velocity dispersion, and of the
circular and escape velocities at the position of the Sun.
While results are mildly dependent on these assumptions,
they do not affect in any way the general discussion.
The DM-nucleus differential cross section do;/dEy is
derived in steps. Given the coupling of DM with quarks,

one retrieves the effective coupling of DM with nucleons.
The general formalism developed to describe nonrelativ-
istic EFT interactions goes as follows: the nonrelativistic
reduction of the Lagrangian density for the elastic scatter-
ing of a heavy DM particle on a proton or a neutron at rest
can be written in terms of a set of 15 Hermitian, leading-
order operators (see e.g., [66,67]), i.e.:

LNreFT = Z Z ¢ M(g.v _'L,SX,SN)- (4.9)
i=1 N=p,n
Each (’)l(-N) is built out of a different contraction of four

three-vectors: the momentum transfer (7 the transverse
component of the DM particle velocity 7+ (7 - § = 0); the

spin of the DM particle and of the nucleon, respectively Sx

and Sy. The second step is mapping the single-nucleon
interactions into nuclear interactions; the general structure
for the differential cross section takes the form:

do
dEYI; 2n|v |ZZ Z "

a=1 7,7/=0,1

V(5L PaP W (),

(4.10)

where the proton-neutron basis has been replaced by the
isospin basis, 7 and 7’ are isospin indices, S, are the dark-

matter response functions containing contractions of (’)l(m
terms and depend on the coefficients appearing in (4.9),
v, =7+ q/(2u), and W, are the nuclear response func-
tions which are essentially form factors accounting for the
composite structure of the nucleus.

Once we have the differential recoil rate, the expected
number of direct detection events can be computed
using [68]:

dEp,

I (4.11)

N, MTE/ ¢ERd

where M is the mass of the detector, Ty is the exposure
time, and ¢(Eg) is the efficiency curve specific to a
particular experiment. We can then use the data on the
observed number of scattering events in a direct detection
experiment, to constrain DM-nucleon interactions. To
obtain the usual exclusion curves with some specified
confidence level 1 — @, one must, in principle, obtain the
confidence interval [0, N,,] from the posterior probability
distribution of N, given the observed number of events
N,. A fixed value of N, corresponds to a contour in the
space of parameters that we are trying to constrain.
Alternatively, to obtain exclusion plots, we use here the
likelihood ratio test. First compute the Poisson likelihood
functions:

083009-18



PHENOMENOLOGICAL CONSEQUENCES OF AN INTERACTING ...

PHYS. REV. D 102, 083009 (2020)

(b+N,)N

! e—(b+N,,)’
N,!

L(N,.bIN,) = (4.12)

where b is the number of background events, and then
obtain the test statistic

L(N, =0.b|N,)

=-21
"L(N,.BIN,)

(4.13)

The test statistic 4 follows a half-chi-squared distribution
with one degree of freedom. The exclusion region will then
correspond to those values of N, which give probabilities
above the confidence level: for 90% CL, we reject those
values of N, which give 4 < —1.64. In what follows we
shall use bDcalc [68,69], a package written specifically for
dark-matter direct detection calculations, including the
calculation of differential recoil rates and likelihoods
needed for obtaining parameter constraints at some speci-
fied confidence level. We will apply the procedure above to
compare against the latest results from the XENON
collaboration, which has produced the strongest upper
limits in the DM particle mass range of interest for our
framework [70], and to infer projected sensitivities of one
of the proposed next-generation direct detection experi-
ments, the DARWIN experiment [71], as representative of
nearly final target for the direct detection field. In both
cases we have checked that our results match closely
published results when the DM nucleus interaction is

2 1- _ 1 12 (u/p) 1
guyﬂu—gdyﬂdﬁpyﬂp—l—%%Fz 14 _3

d .
~FS /,,)] (Pic,aq"p) +

assumed to be mediated by the standard spin independent
operator.

B. SM photon-mediated processes

We consider first interactions mediated by SM photons
(abbreviated as ym in the following). The dipole and charge
radius effective coupling between dark leptons and SM
quarks can be readily extracted from the effective operators
in Egs. (4.1) and (4.2):

dif), 1 el
) Y =3 UV 7 Tl
L,=e { 2 i) + AD P (r x)}

CRy

(4.14)

where ¢* is the transfer four-momentum. We map the quark
operators to the nucleon operators by using the form factors
in [72]. We have

q(ka)r*q(ky)

_ i
- N(k) | FY™ () +

N v
mng/ '(q?)o™q, | N(ky),

(4.15)
where N =n, p, and the Fl(q/ N coefficients are QCD
matrix elements. Applying (4.15) to the quark vector
current in (4.14) we get

2 u/n 1 n o7
[_ plm _ L pa >] (fio,uqn).  (4.16)

32 3

2m,,

Following the prescription for mapping dark-matter-nucleon operators to their nonrelativistic counterparts [66,73], the

effective, nonrelativistic DM-nucleon interaction is

(%) (x)
[ — o2 ity [Zmﬂ ng)] + ¢ dity [ 1 (p)] 2

T A L A [2m,

Here we have adopted the standard operator numbering

-

oM=11y  OY=3,-5y.

)= () ()
N N N

(1) (x)

¢ d 2 2

CRs_ofP) 4. 2 W2 piv) [—OE’V)— il OEN)]- (4.17)
C);e’y]z AD}(,;/ my |Q‘

(4.18)

where O; and O, are the operators commonly labeled as, respectively, spin-independent and spin-dependent couplings, and

2 1
Fr=1-2 F7 4 3 FY'P % —0.772,

2 1
F = _Zfpm 4 ~Flm & 1934,

: : (4.19)
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TABLE II.

Types of DM-nucleon interactions mediated by Standard Model and dark photons, and classifications

of the nonrelativistic operators generated from such interactions. For a given relativistic operator in the second
column, the corresponding nonrelativistic interactions are listed as effectively long-range/contact (i.e., of order 1/|q]

or |g|%) and coherent/incoherent.

Mediator DM-nucleon operator Coherent Incoherent
SM photon (xio"q,x)(Ny,N) Long-range Os None
Contact O, Oy, O¢
(er*x)(Ny,N) Long-range None None
Contact O, None
Dark photon (Nic* q,N)( 27,) Long-range None O;
Contact 0, Oy, Oy
(NY"N)(rrux) Long-range None None
Contact 0, None

Notice that we have organized the terms in (4.17) in powers
of |g|; the first line is of order 1/|g|, while the second line is
of order |g|°. Looking at (4.17), we see that the ym dipole
interaction gives an Os contribution, which is long-range
and coherent, a O; contribution, which is a contact term
and coherent, and other short-range, incoherent contribu-

size of the corresponding couplings, the recoil spectrum
can either be dominated by dipole or charge-radius inter-
actions. We address this issue by treatln% first the two
couplings, namely dl(ll)y / A( , and cCRy c)sey as inde-
pendent free parameters. In the right panel of Fig. 9,
assuming that only one of them is nonzero, we show the

90% confidence level exclusion curve from XENONIT
data and the projected sensitivity curve for DARWIN as a
function of the dark matter mass m,,. Solid lines refer to the
case when the ym CR interaction is switched off, with
values of ym dipole coupling shown on vertical axis on the

tions. On the other hand, the ym CR interaction gives only a
contact, coherent OO; contribution. We summarize this
information in Table II.

Coherent terms are likely to provide the largest con-
tributions to the recoil spectrum. Depending on the relative
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FIG.9. Left: 90% confidence level exclusion curves from XENONI1T data and the projected sensitivity curves for DARWIN for a few
values of the dark matter mass m,, in the plane dipole coupling versus CR coupling. The diagonal line gives a visual guidance to separate
the regime in which, for a Xenon target and typical detector setups, direct detection rates are dominated by ym dipole interactions or ym
CR interactions. The orange region is the area spanned by a large sample of models within our dark sector setup. The horizontal and
vertical lines represent a projection of the muon magnetic dipole moment limit into a limit on, respectively, the dipole and CR
coefficients, within our framework and for two representative cases: a model with large mixing for scalar messenger (Proj. 1) and one
with small mixing (Proj. 2), see the text for details; the intersection points only should be compared with the result for XENONI1T and
DARWIN. Right: exclusion and projected sensitivity curves (90% CL) versus dark matter mass in case of either ym dipole interactions
only (solid lines, referring to the vertical scale displayed on the left-hand side) or ym CR interactions only (dashed lines, referring to the
vertical scale displayed on the right-hand side); also shown are the limits on the ym dipole coefficient derived within our framework and
the same parameter choices as in the left panel.
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left-hand side; on the other hand, dashed lines assume that
ym dipole interactions are negligible, with values of the ym
CR coupling displayed on the scale on the right-hand side.
In the left panel of Fig. 9, we show instead exclusion

and sensitivity curves in the plane dﬁ‘j{}//\g{; versus

c(cquy /[A<C);€),y]2 for a few representative values of the DM

mass m,: 200 GeV (dot-dashed lines), 1 TeV (dashed
lines), and 2 TeV (solid lines). In this plot the solid diagonal
line, which runs through the area where exclusion and
sensitivity curves bend, approximately marks the separa-
tion between the dipole-dominated (region above the line)
and the CR-dominated regimes (region below the line). In
fact, looking at the expression for the recoil rate contribu-
tion from ym dipole interactions, this is mostly driven by
the long-range and coherent Os5 operator and can be
approximated as:

() \ 2
<d_R> ZC(XZ <deV) 4s)((s)( + 1) 1 ZZ. (420)
dER dip.y Ag; 3 47TER
the ym CR contribution is instead of the form:
(%) 2
dR c
<_) ~ Cazm( (C 'f* ) "z, (4.21)
dEg CRy [AC};%,;/]Z 2rv

Using Xe as nuclear target, and considering experiments
which lose sensitivity below a recoil energy of few keV, we
find:

(d_R) / (d_R>
dER ) gipy dER ) cry Epa5 keV

d()r) C(;()
= —”ég / (f(’)” -2 50 GeV
AD.y [ACR,y]

>

(4.22)

which is about the delimiter shown in the plot.

There are additional information displayed in Fig. 9.
The orange polygonal region in the left panel denotes the
pairs of dipole-CR coefficients obtainable in our model
assuming a; = 107!, m, € 200 GeV,2 TeV], m, €
[1 TeV,100 TeV], my, € {11 TeV,10* TeV}, and m, <
my <my. . As it can be seen, there are models in our
framework that are excluded by XENONIT data, while
DARWIN will cut deeper into the parameter space. The full
region is within the area delimited by the condition in (4.22).
Hence we can infer that within our framework, for what
concerns ym interactions, the dipole term contributes more to
the direct detection rate than the CR term, although the latter
can be relevant as well. Note that this statement depends on
the type of the nuclear target and on the range of recoil
energies at which the experiment is sensitive.

Finally, in Fig. 9 we try to compare the direct detection
limits and projected sensitivities with other constraints.
There is no other process in which the operators introduced
in Eq. (4.14) are tested at a significant level, and hence a
model independent comparison is not possible. On the
other hand, as described above, within our framework the
loop diagrams giving rise to these interactions are closely
related to the loop diagrams contributing to the magnetic
dipole moments of leptons, which in turn are providing
among the tightest constraints on our model, recall the
discussion in Sec. IT A. For reference, we consider the case
in which the dark matter particle y is coupled to muons
(stronger constraints would follow in case of coupling to
electrons; the limits get essentially irrelevant in case of
coupling to tau leptons). The relation between coefficients
of the different operators is simply:

dif),  F)mumy my) dy),

NG, g (mymy my ) AL

(%)
CCry

1
A m, pW AW
CRy v Fp(my.my .my ) Ap,

(x) (u)
FC);?,r(mﬂ’ my_.mg ) dﬁlf;,r

(4.23)

Comparing against the experimental measurement of the
muon magnetic dipole moment [36], we find:

Y
<z

7 < 1.80 x 1078 GeV~!.

X (4.24)

Ss
IE

We project this limit into a limit on the ym dipole and ym CR
coefficients (hence comparing at this level against direct
detection) choosing two representative set of values for the
masses of the corresponding scalar messenger: in the first—
to which we refer as projection 1—we choose a large mixing
configuration (m,_,mg_) = (10 TeV,10* TeV), while in
the other—to which we refer as projection 2—we consider a
small mixing case (my_,my, ) = (10 TeV, 11 TeV). In the
left panel of Fig. 9 derived limits on ym dipole and ym CR
coefficients are shown, respectively, as horizontal and
vertical lines; the line-style reflects again the three sample
choices for m, and the position of the crossing point of
horizontal and vertical lines for the same model configuration
should be compared to the corresponding direct detection
curves (crossing points correspond to physical models in our
framework, and, as expected, they all lie in the dipole
dominated region). We see that in general, within our
framework, the muon magnetic dipole moment limit is more
constraining than the current direct detection limit. On the
other hand, future detectors will be more sensitive to smaller
dark matter dipole moments. Note that the effective dipole
operator requires a change in the chirality of the external
fermion, either through a sizable 7, or a mass insertion on the
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external leg. When 7, is sufficiently small, i.e.,n, < m,/m,,
the muon dipole is proportional to m, while the dark matter
dipole is proportional to m,: in thls case the muon dipole
tends to be much smaller than the dark matter dipole. The
projected limits on the ym dipole are also shown in the right
panel of Fig. 9; given that physical models in our framework
have a direct detection rate mostly driven by ym dipole
interactions to a first approximation the displayed limits can
be compared to the direct detection curves shown in this plot

|

(a)

d
_ 2 "Myp
£ro = 9071

D.yp

(I
?(qw" 4,9)(Zr.x) + 95

is the case Cg%).y / [Agg,y}z = 0, reinforcing the picture just

described.

C. Dark photon-mediated processes

The same procedure outline above can be applied to
compute the recoil rate in case of processes that are dark
photon-mediated (in the following: y,m); we start with the
effective SM quark-dark lepton interaction:

(9)

C(— (@r'q)Cerux)-

4.25
(A&, )

Borrowing the terminology from the previous section, we identify the first and second terms in (4.25) as ypm dipole and
charge-radius (CR) interactions, respectively. We then map the quark vector and tensor currents to nucleonic operators. The
nonrelativistic reduction of the effective DM-nucleon interaction yields

(N

W (N

) (N) (N) )
L, =g My _2mN 7> iy, 1 Aty L O, + & CCRyp (’) dMy i 2mN )
7D WGP T TP A 2my AW my ] T TP AW VHIDT ) o O T G
D.yp D.yp D.yp CR, }’D Dyp = ¥ "4
(4.26)
where Oy, Oy, and Oy are defined in Eq. (4.18), and
_o o (4
O;=iSy- <— X U ) (4.27)
my
Using the numerical values of QCD matrix elements obtained from lattice calculations [72], the coefficients in Eq. (4.26) are
in the form
N N N
dl(Vle)’D :fT<d§‘Z?7D> d1(‘4~2’D~1 = 11 dl(‘z?}’u> C(CR)J’D _f1< (g]g YD > (4.28)
N) Ny d N ’ :
A, A, A, AY), AR, T NG,
with
|
fr =0.5940.023, fr1 =0.79, fi=3, (4.29) Similarly to what has been done above for the ym case, we

and angle brackets denoting weighted averages that can be
safely removed if y ,m dipole and CR coefficients are about
the same for all light quarks. Analogously to the previous
case, we organized the terms in Eq. (4.26) in powers of |g],
with the first line of order 1/|g| and the second of order
|g|°. In the nonrelativistic reduction, the ypm dipole
interaction has led to: (i) a long-range, incoherent O term,
(ii) a contact, coherent O, term, and (iii) other short-range,
incoherent terms; the ypm CR interaction has generated
only one leading operator corresponding to a contact,
coherent O, term. A summary with relativistic operators
and the corresponding nonrelativistic reductions is given in
Table II.

consider first the y ,m dipole and CR couplings to a quark as
two independent coefficients, without any reference to our
scheme. In the left panel of Fig. 10, 90% confidence level
exclusion curve from XENONIT data and projected sensi-

tivity curves for DARWIN are shown in the plane g%dﬁf}?m /

AE;{}D Versus gz, cg’;_yu / [Ag£’y0]2 for a few sample values of
the dark matter mass: m, = 200 GeV, 1 TeV, 2 TeV. In the
right panel they are shown instead versus mass, assuming that
only one among the two coefficients are different from zero.
The solid diagonal line in the left panel marks again the
separation between the dipole-dominated region and CR-
dominated region, as we can check looking at the expressions
for the differential recoil rate. As in the previous case, CR
interactions contributes with the coherent term in the form
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(a) 2
( dR > ~C <gzD CCRyp ) f2A2
- 2
dER) cry, [Ag],%.yp]z 27v

where A is the atomic number of the target nucleus. On the
other hand and contrary to the previous case, for y,m dipole
|

(4.30)

dR AZ 13 x
- ~ C/ 2 T S
(dER> dip.yp (gD A(q) ) 2z 3ER < N> - v

D.yp

where Sy is the spin operator for the valence nucleon
(which is usually relevant for odd-even nuclei) and L is the
angular momentum associated with the internal motion of
the valence nucleon. Among the three contributions on the
right-hand-side, although the first has a my/Ey enhance-
ment, this has to compete with the large A3 and 1/v?
enhancements in the third term; moreover, the second term
is most often subleading compared to the third given that

((L - Sy)?) ~ By, where I, is the maximum angular
quantum number attained by the valence nucleon, typically
much less than A. Comparing first and third contributions,
one finds that the long-range 1/Ey enhancement takes over

only at recoil energies
sy(sy+1) v \?/100)3
3/4 1073 A7

(4.32)

Er <(1.5x 1077 keV){

i.e., in a range which is irrelevant for a Xe target (as well as
any target presently considered) and current detector
technologies. Hence the third term is the leading one,
and when taking the ratio between the rate in Eq. (4.31) and
that in Eq. (4.30) one finds

() i)
dER dip,yp dER CRyp

2
(9) (9)
g dﬂzm gz CC?RJ/D f2 (+fT1>
PAD S TPIAG p] myfi\2 0 Sy

D.yp D
(4.33)
It follows that:
(d_R) /(d_R> >
dER dip,yp dER CRyyp -
8, | &
2 YD 2 YD >
= 9p A(Q) /gD A(q) SR 2.8 GeV, (4.34)
D.yp [ CR,yD]

which is the delimiter shown as a solid diagonal line in the
left panel of Fig. 10.

interaction we cannot a priori assume that the long-range
effects dominate: given that the long-range O; term is
incoherent, we need to keep also the short-range coherent
O, term, getting

%ﬁ((i@,v)z) +%< +J;TTI> ] (4.31)

Turning now to constraints competing with direct detec-
tion results, contrary to the ym case, there is a strong model-
independent bound impacting directly on the first operator in
Eq. (4.25). In fact, the ypm dipole for quarks can be
responsible for enhancing the cooling rate in supernovae,
allowing for nucleon-nucleon Bremsstrahlung emission of
dark photons; as discussed in Sec. II A, there is a tight
constraint one can extrapolate from the observed neutrino
flux from SN1987A. The detailed derivation of the limit is
rather involved and beyond the scope of this paper; we
consider instead an extrapolation from analogous scenarios.
In particular, Raffelt [42] computed the energy loss rate due
to nucleon-nucleon Bremsstrahlung with axion emission,
with the axion entering through a derivative coupling with the
nucleon axial current. More recently an improved calculation
has been implemented in [74]. For the case of y, emission,
Dobrescu [40] assumed that the rate of energy loss is two
times larger than in the case of axion emission, given that the
dark photon has two propagating degrees of freedom. If one
writes the effective nucleon-y, interaction as

gNyD

Ly, = 2 NoNX,,, (4.35)

mpy

following Raffelt and imposing that the extra energy loss rate
per unit mass induced by the novel Bremsstrahlung process
cannot exceed 10" ergg~!s~!, we find:

Iy, S 1414 1070 f1/2, (4.36)
Here, f is a fudge factor accounting for the deviation from the
Dobrescu assumption on the cooling rate when actually using
(4.1) (in the following we will just set it to 1). Mapping the
quantity gy, to the quark dipole moment in (4.1), and then

mapping to the y,m dipole coefficient constrained by direct
detection, we have

dﬁ? ap \'?
g —22 < (4.18 x 10710 GeV- )f1/2<m>

N
) ) (7)o

(lim)
gNVD
X
(1.414 x 10~
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FIG. 10. 90% CL exclusion curves from XENONIT data and projected sensitivity curves for DARWIN in case of y-mediated DM-
nucleus scatterings, in the plane dipole-CR coefficients (left panel) or when assuming that only one of the two coefficients is nonzero
(right panel, solid lines and the vertical scale on the left side refer to the y,m dipole operator, while dashed lines and the vertical scale on
the right side refer to the ypm CR operator). Model-independent supernova cooling limit on the y,m dipole for quarks are displayed as
horizontal solid lines for two representative values of ap: 1072 (black) and 5 x 1072 (green). Also shown in the left panel are two results
specific for our dark sector framework: vertical dashed lines represent the projection of the supernova limit on the ypm CR coefficient—
the intersection points with horizontal lines should be compared against direct detection results; the colored regions correspond to two
representative scans in the model parameter space, see the text for details.

This limit is shown with horizontal solid lines in the left and
right panels of Fig. 10, for a;, = 1072 (black) and aj, =
5% 1072 (green). As it can be seen, at face value, the
supernova limit is constraining ypm dipole of quarks at a
comparable level with respect to current direct detection data,
while, regarding future sensitivities, direct detection experi-
ments are going to be more competitive. On the other hand,

Pt.
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1077 — Pt.
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,CR
. dipole
, CR

N = =

1071()
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10114

10712
10(!
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FIG. 11.

the validity of the supernova limit has been recently ques-
tioned [75] since it relies on a mainstream picture for the
explosion mechanism of core-collapse supernovae which is
still, to a large extent, not well established; in alternative
scenarios the limitin Eq. (4.36) simply does not apply. In this
respect, information on the ypm dipole of quarks derived
from direct detection searches seem more reliable.

1076
— Pt. 1, dipole
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>
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Recoil spectra due to ym interactions (left panel) and ypm interactions (right panel) for sample models in our dark sector

framework. For each of the two cases, representative points in the parameter space have been chosen to have either a dipole-dominated
spectrum (Pt. 1), or a CR-dominated spectrum (Pt. 2); model parameters are specified in Table III. Contributions to the rate due to the
dipole operator and the CR operators are shown separately, respectively with solid and dashed lines. Note the long-range 1/E
enhancement appears only in case of ym dipole interactions.
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TABLE III. List of representative models chosen for generating the recoil spectra in Fig. 11.

Mediator Model parameters Dipole (GeV™!) CR (GeV~2)

y (Pt. 1) ap =0.1, m, =1TeV 1.45 x 1077 5.21 x 10710
my_ =10 TeV, my, = 11 TeV

y (Pt. 2) ar = 0.1, m, =50 GeV 2.70 x 1078 1.81 x 1072

m¢7 =5 TCV, m¢+ =6 TeV

yp (Pt. 1) a; =0.1, ap = 1072, mg =10 GeV 1.28 x 10710 9.95 x 10713
mg_ =50 TeV, mg, = 10° TeV

yp (Pt. 2) a; =0.1, ap, = 1072, mgy =10 GeV 2.55 x 10712 2.09 x 10~

mg =14 TeV, mg_ = 14.014 TeV
- +

While the y,m CR operator does not contribute the dark
photon emission via nucleon-nucleon Bremsstrahlung, a
constraint can be indirectly derived within our framework
implementing

92 C(Cl‘llg,n) _LF(C?R)-}’D (mQ’mSJmSJr) 2 df(‘ffz?yn (4 38)
D A 12 mgy pla) DA(q) )
[ CR,yD] Q Fpy, (mQ’mSJmSJr) D.yp

In the left panel of Fig. 10, limits on the ypm CR
coefficient, as derived from the supernova limit on the
ypm dipole, are shown with dashed vertical lines; these
projections are obtained assuming my = 10 GeV,
mg_=10TeV, and mg_= 10° TeV. Note that vertical
and horizontal lines cross in the dipole-dominated regime,
hence the relevant comparison with direct detection rates is
still in the limit of vanishing CR coefficient. Dipole
dominance is typical for the parameter space in our scheme.
In the left panel of Fig. 10 we show the regions in the
dipole-CR plane corresponding to a scan with a; = 107!,
mgy € [10 GeV, 50 GeV], ms_€[10TeV,10° TeV], mg, =
1.001 x 10° TeV, and either a; = 1072 (grey region) or
ap = 5x 1072 (green region); in scanning the model
space, we ensured that my < mg < mg_. Most models
are in the dipole-dominated area, with only tails extending
into the CR-dominated regime in case the ypm dipole gets
severely suppressed when S_ and S, are very close in mass
and hence the mixing 7, is very small.

In Fig. 11, we plot recoil spectra in case of ym
interactions (left panel) and ypm interactions (right panel)
for sample models in our dark sector framework. For each
mediator, we have chosen two representative points such
that “Pt. 17 lies in the corresponding dipole-dominated
region, while “Pt. 2” in the CR-dominated regime: the
corresponding model parameters are specified in Table II1.
Contributions to the differential rate of the dipole and CR
operators are shown separately. Notice the qualitatively
different shapes of the dipole contribution in the two cases:
the 1/Ep scaling due to long-range interactions can be seen
in the ym case, while contact interactions dominate in the
ypm case. Notice also that Pt. 2 in the ym case is rather
peculiar, since to find a model within the CR-dominated

regime we were forced to consider a relatively small m,,
below the range considered for the scan displayed in Fig. 10
and what we expect typically in our framework.

D. Comparison with relic density limits

We are now ready to combine direct detection results
with the constraints on our framework obtained by impos-
ing that the relic density of y matches the observed
abundance of DM in the Universe, Qpyh? = 0.1200 +
0.0012 [47]. We refer to our minimal 6-parameter setup,
slicing the parameter space along the m, — a; plane for
reference values of the dark photon coupling «j, of the
common scalar messenger mass parameter m, = ng and
mixing 7, and of the mass m, for light quarklike dark
fermions. In Fig. 12, along the curves labeled “relic” the
dark matter relic density matches the observed dark matter
density. In the “south-east” direction, i.e., toward larger m,
and smaller o, , the y relic density exceeds the observed dark
matter density, assuming that aj, is fixed. In the opposite
direction, the y relic density is a fraction of the observed dark
matter density. These portions of the parameter space could
be, in principle, recovered referring to, e.g., nonthermal
production of dark matter or nonstandard cosmological
frameworks, see, e.g., [76,77]).

In the top-left panel a maximal scalar mixing #, = 1 —
(m,,/m,)* has been considered, while in the top-left panel
it is tuned to zero; results for two representative values of
ap, are displayed, namely 1072 (solid lines) and 5 x 1072
(dashed lines), while the other parameters are fixed to
mg = 10 GeV and mg = 10 TeV. Each isolevel curve for
thz exhibits the features described by the decoupling
regimes for y discussed in Sec. III C. The upper branch
corresponds to region IV, where the yjy annihilation to SM
leptons controls the final relic density of y. The vertical
branch corresponds to region III where the annihilation to
yp determines the final relic density of y: note that, in order
to have the same relic density, increasing ap requires
increasing m,, as well, which is consistent with the expect-
ation from Eq. (3.2). The remaining branch corresponds to
region II, where the final relic density is still determined by
the yp channel, but in the relic density regime given by

083009-25



ACUNA, FABBRICHESI, and ULLIO

PHYS. REV. D 102, 083009 (2020)

10!

10

103
1074

105

Relic ap = 102
Relic ap = 5 x 102

106

107
108

1077

my (GeV)

10710

10% 10*

1014

1024
10 3
10— 1]

1077 4

o

1076
1077
10-%

10—!) 4

10°10

oy

10!

FIG. 12.  The lines labeled “relic” correspond to model parameters o, and m,, for which the relic density of y matches the abundance of
dark matter in the Universe. In the top-left panel the case of maximal mixing for scalar messengers is considered, while in the top-right a
case with 57, = 0 is displayed; in these two panels solid lines refer to the choice of a;, = 1072 and dashed lines to ap = 5 x 1072, while
the other parameters the model are fixed to sample values, see the text for details. Also displayed in two top panels are XENONIT limits
and DARWIN sensitivity curves due to y pm interactions, mainly due to the dipole operator in case of large mixing and the CR operator
in case of zero mixing; solid and dashed lines refer again to the two sample values of aj. In the bottom panel the four relic density
isolevel curves from the top panels are reproduced to be shown against XENONI1T and DARWIN results in case ym interactions are
included while ym interactions are switched off (by e.g., raising the mass scale for scalar messengers in the quark sector); the dipole

term is dominant and results do not depend on #, or ap.

Eq. (3.35), where a larger a;, leads to larger &; , and thus m,
must decrease accordingly (since (ov), goes as m;z). The
branch for region I is not shown in these plots, but would
simply correspond to a vertical line at lower values of «; .
Concerning direct detection limits and projected sensi-
tivities, in the top-left panel of Fig. 12, the XENONIT and
DARWIN curves (solid lines corresponding again to
ap = 1072, while dashed lines to 5 x 1072) are driven
by the ypm dipole operator, given that in the large mixing
scenario this gives a larger event rate than the ypm CR
operator: we find that a large part of the upper branches
with correct value of the relic density is already excluded
by current direct detection limits, while a larger portion of
region III will be tested with DARWIN. On the other hand,

in the top-right panel ;, = 0 suppresses the role of the ypm
dipole operator and the yp,m CR operator provides instead
the bulk of the direct detection events: while current
experiments do not test this regime, DARWIN will be
able to probe the branch with correct relic density in the
region IV and a portion of the one in region III. Note
however that these results depend to some extent on the
assumption of universality in the scalar messenger sector:
the displayed direct detection curves would shift to larger
values of @; in case some hierarchy between ¢ and S is
assumed, with a larger myg relaxing the direct detection
limits, without any significant impact on the result for the
relic density of y, given that the S scalars only interact with
SM quarks.
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A tighter connection appears with limits and projected
sensitivities when including ym interactions; having artifi-
cially switching off y ,m interactions, in the bottom panel of
Fig. 12 we show the curves stemming from the ym dipole
coupling, together again with the relic density isolevel curves
in case of both n; = 1 — (m,/m,)* and 57, = 0 (in this plot
we are always the dipole-dominated region in Fig. 9, hence
the ym CR coupling plays a minor role). Such results look
less constraining than for ym interactions, however they do
not depend on mg or 7,, and hence can be more solidly
compared against the relic density lines: we find that
XENONIT data are in fact excluding part of the upper
branch at small #, which was not tested via the ypm
operators, as well as that DARWIN will have a sizable
impact in probing our scenario.

V. SUMMARY AND CONCLUSIONS

It is plausible that the solution to the dark matter problem
may be in a context in which, on top of one or more
particles accounting for dark matter, there are several extra
states and/or extra forces. In this work, we have considered
a toy model realization of a multicomponent dark sector,
with an additional unbroken U(1) gauge interaction, medi-
ated by a massless dark photon, and with portal interactions
between dark fermions and SM fermions through scalar
messengers. The model is characterized by: (i) the dark
U(1) coupling ap, (ii) the Yukawa-like portal couplings
ay g, and (iii) the masses of the scalar messengers and the
dark fermions. Despite its simplicity, this model has a rich
dynamics and several phenomenological consequences. Its
stable relics can provide a significant additional radiation
component, as well as match the measured dark matter
density in the Universe, with dark components having
sizable interactions with ordinary matter as well as non-
negligible self-interactions.

To characterize these features and have reliable estimates
of final particle densities and temperatures, we have
introduced a properly extended system of coupled
Boltzmann equations, which track simultaneously the
number density of several particle species, as well as
entropy and energy exchanges between the dark and visible
sectors. We have solved it numerically, implementing a
few procedures allowing for fast—but very accurate—
solutions. The target is to have a leptonlike dark fermion y
as the dark matter candidate, a requirement which selects
viable regions in the model parameter space, without
however singling out a definite scheme for the dark matter
generation in the early Universe. In fact, depending on the
strength of the Yukawa portal between visible and dark
sector, we have identified four different regimes for the y
production, ranging from the limit of a WIMPlike scenario
in a totally decoupled dark sector, to a FIMP-like gen-
eration in case of intermediate coupling, and up to a
standard WIMP framework when the two sectors come
and stay in kinetic equilibrium all the way through the

chemical decoupling of all dark sector species. As a
consequence, our framework is not very predictive regard-
ing the mass scale of the dark matter candidate, which
we can only point to be rather heavy, in the range, say,
500 GeV-10 TeV, with portal couplings all the way from
about a; ~ 1072 — 1, down to around 10™° — 107",

The result on the relic density for leptonlike dark fermion
x 1s weakly dependent on the choice for the masses of the
lighter quarklike dark fermions Q. The latter can have a
negligible contribution to the Universe matter density, say
below 1% with respect to the heavy dark lepton contribu-
tion, if there is a sizable mass splitting between y and Q,
say mgp < 100 GeV form, 2 1 TeV. On the other hand, the
presence of light dark fermions enters critically in setting
the temperature ratio £ between dark photons and SM
photons at the kinetic decoupling between the two sectors;
this is one of the most critical observables in our model,
since the CMB constraint on the amount of extra radiation
in the Universe (usually given in terms of the effective
number of neutrinolike species N;) limits £ to be at most
0.6 (at the 3 —o level). For a given portal coupling,
constraints on the number and masses of light quarklike
dark fermions follow: e.g., in a scenario with two light dark
quarks (No =2) and the early-time temperature ratio
initialized to &, = 0.1, the limit on &qyp is satisfied at
1 — o level for any dark quark mass mg if a; < 1077; for
a; ~ 1073, m lighter than 10 GeV (2 GeV) are excluded at
1 — o (at2 —o);if a; ~ 107!, Q lighter than about 0.5 GeV
are excluded at more than 3 —o.

Regarding other constraints on our scenario, we checked
its testability with direct detection searches. The elastic
scattering of the dark matter candidate y on a nucleus can
be mainly driven by dipole (dimension 5) or charge radius
(dimension 6) interactions mediated by either the SM
photon or the dark photon. We have analyzed on general
grounds the interplay among the different operators, dis-
cussing features in the recoil spectrum and enlightening
that long-range effects are not always predominant (as
usually assumed in this context). After deriving current
limits and projected sensitivities for next-generation detec-
tors in terms of generic dipole and charge radius couplings,
we have applied the results to our specific toy model,
showing, e.g., that the DARWIN experiment will cover a
significant portion of the parameter space in which y is a
viable dark matter candidate, as well as it will be com-
petitive against the tightest (but model-dependent) con-
straints at present, including extra contributions to the
magnetic dipole moments of leptons and extra cooling of
stellar systems.

This exploratory work on a particular realization of a
multicomponent dark sector model, can be extended further
by investigating more general early-time initial conditions
as well as a further extension of the particle content or more
general particle interactions. Furthermore aspects are also
not discussed here, such as its mapping on precision and
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accelerator physics, or further cosmological and astrophysi-
cal implications, including, e.g., the level of dark matter
self-interactions. Some of this directions will be inves-
tigated in future work.
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APPENDIX A: MATRIX ELEMENTS AND
SOMMERFELD ENHANCEMENT

In writing the collision term in the right-hand side of the
Boltzmann equations in Sec. III, we need the amplitude
squared of the relevant annihilation and elastic scattering
amplitudes. Regarding the annihilation processes, the dark
fermions can annihilate to dark photons or SM fermions
(see Fig. 1). The squared amplitudes in case of y (the
expressions for Q are specular) are given by

MP,_, = 32200 tu — m3 (3t + u) — m; B 2mi(s —4m3) tu—m;(3u+1t) — mﬂ
AL 2D “ (t—m?)? (t—m2)(u—m?) (u—m?)?
1 1 2
|M|}20?_>ﬁ = 4n*((af + ag)(m; + mj —t)> + 8agagmymj] <[ - mé+ + - mé) ,
(m2+ m} — 1)
MP = 6r%a) AL (A1)
XRIR=1LLL L ([ —_ mé)z
|
i 1
where s, 1, and u are the standard Mandelstam variables. 6= opS(v) with S(v) = zap (A2)

When computing the pair annihilation cross section of dark
fermions we need to include the Sommerfeld enhancement
induced by the long-range attractive force mediated by dark
photons [78] (the importance of this nonperturbative effect
in the context of dark matter annihilations was first pointed
out by [79]); for such Coulomb term, the enhancement
can be computed analytically and added as a multiplicative
factor to the cross section o, accounting for contact
interactions

|

u—mi(3s+u)—m

s
2 _ 2.2 N4
|M|}(Vn—>nn = =32z aDQ)(

4
X

v 11— e—naD/v ’

where v is the velocity of each annihilating species in the
center-of-mass frame. As for the elastic scattering proc-
esses, the dark fermions can either undergo Compton-like
processes with dark photons, or scatter on SM fermions
(see Fig. 3). The squared amplitudes in case of y are

(s —m3)?

|M|§l—>){l = 47[2[((1% + a%)(m)z( + m12 — l/l)2 4 SaLaRm)z(mlz](

(m)% + ml2 —)?

IMP
(s — mi)2

- = 1677
XrlL=xrlL L

APPENDIX B: COMPUTATION OF
THERMAL AVERAGES

In the Boltzmann code developed in Sec. III there are
several quantities involving thermal averages. Starting with
pair annihilation cross sections, a method to efficiently

2mi(t — 4m?) su—ml(3u+s) - mj}]
Gom-m) T w-m) )
1 1

2
; 2),
u—my

2
u—my,

(A3)

|
compute (ov)(T), as defined in Eq. (3.17), was detailed
in [53]: Assuming equilibrium distribution functions with
occupation numbers approximated by the exponential in
(3.13), one can manipulate the numerator by performing a
change of integration variables from the two momenta p; and
prtoE. =E| + E,, E_=E, — E, and s, with the integral
in the first two that can be performed analytically, giving
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1
= 8 T[Ky (m/T)]2

< [ dsols)Vils —4mK (/). (B)

m

{ov)(T)

where K (z) and K,(z) are the modified Bessel functions of
order 1 and 2, respectively. The same method can be applied
to (owE)(T), see the definition in Eq. (3.28), obtaining

1
8m*T[K,(m/T)]?
« [” ds o(s)s(s — 4m2)Ky(\/5/ T).

m2

(6vE)(T) =~

(B2)

Both these expressions are very convenient when coming to
their numerical implementation: for any given particle
physics model, one can first tabulate the cross sections ¢

TDA\I =100 GeV
10! -
— (N (Tpar, T)
1074 — 1WE= mn_\,.f)
WE = E(Tpu), T)

103

10!

9 10
{1
104:{
10717
10! 10! 10° 10° 107
T (GeV)
TD_\/ = 100 T(‘\'
101! - )
— N (Toar, T) -
107 —— YE=mpy.T) g
YE = E.(Tpy). T)
101;
10!
=
]

10! 10! 10% 10° 107

T (GeV)

FIG. 13.

as a function of s, and then link to such tabulations for a fast
computation of thermal averages at any 7 in the temperature
evolution equations.

On the other hand, an analogous shortcut cannot be
implemented in thermal averages for momentum transfer
rates. Referring generically to the scattering process
i + B — i + B, the thermally averaged momentum transfer
rate (y;5)(T;, Tg) is a function of the temperature of both
the species i and bath particles B, see Egs. (3.26) and
(3.24), and such dependences cannot be simply factorized,
making the implementation in the numerical Boltzmann
code CPU-demanding. When investigating the kinetic
decoupling of massive dark matter particles i from the heat
bath, since this typically occurs in the regime at which the
temperature 7; is small compared to the particle mass m;,
[56,80] noticed that the dependence on the particle momen-
tum p; in y;3 can be approximately dropped, thereby
allowing to replace (y;)(T;, Tg) with y;z(E; = m;, Tp).

T[)A\[ =1TeV

— (N (T T) #
1074 — YE = mpy. T)
WE = E.(Tp). T)

10[1

103
10!

107 4

7 (GeV)

16
10—1:;

1017

10-! 10! 10% 10° 107

T (GeV)
TDJ[ = 1(]1 T(‘\
10! = L
— N (Tpar, T) ///
107 —— YE=mpy.T) e
YE = E.(Tpy), T) ///

10! 10! 10% 10° 107

T (GeV)

Plots of the thermal average of the momentum transfer rate, (y) (solid blue curve), the momentum transfer rate evaluated at

zero momentum (solid orange curve), and the momentum transfer rate evaluated at the stationary point £ = E, (Tpy) (green crosses), as
functions of the bath temperature 7. The process being considered here is Compton scattering between dark fermions, with mass
mpy = 1 TeV and temperature Ty, and dark photons which serve as the heat bath. The dark coupling is chosen to be a, = 1072
Notice the large deviation between the blue and orange curves when Tpyp > mpy. On the other hand, there is a good agreement between

y(E =E.(Tpm), T) and (y)(Tpu, T).
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When the scattering species is relativistic, this is not a fair
estimate; on the other hand, we can still use it as a guideline
for a better approximation: At 7; < m; the occupation
number in the integrand at the numerator of the lhs of
Eq. (3.26) is sharply peaked at the stationary point E; = m;
and y;3(E;, Tg) simply picks up the contribution coming
from the stationary point. On the other hand, when T'; 2 m;,
the occupation number has a relatively longer tail at higher
energies. The prefactor (E? — m?)¥/2 in the integral cannot
be neglected, and, to extract the peak contribution, one has to
search for the stationary point of the function

E.
F(E) =2~ Sin (B2 = )

3 (B3)

which is now at

(B4)

Note that going back to the limit 7; < m;, one correctly
retrieves E, = m; + O(T;). The agreement between
(y)(T;,Tg)and y(E; = E,(T;), Tp) is very good, as shown
in a sample case in Fig. 13.

APPENDIX C: LOOP CALCULATIONS

We report here a few details regarding the computation
of the y and yp vertex functions represented by the loop
diagrams in Fig. 8. For the yp, vertex function, involving a
SM quark ¢ on the external legs and a quarklike dark
fermion Q (with U(1),, charge Q) and scalar messengers
S, in the loop, we have

2, 2
_ . _ gr + g
q(K)ily,q(k) = gpQoq (k') E [(71‘ R) Ly, (mg,ms,. k. q) + (A)gLgrmoly,, (Mg, ms,. k, Q)] q(k), (C1)

A==+ 2

where ¢* is the momentum transfer. For the y vertex function, with a leptonlike dark fermion y on the external legs and the

corresponding lepton (with U(1)

em

charge Q;) and messengers scalars ¢, in the loop, we have

2,2
_ . - gty
RO (0) = Q)Y | () 1 )+ gl g o) ). (€2
s
The functions I, and I, are loop integrals, defined as
&l + MY+ m2yH 21 HlY —
Iﬁv(mf,ms,k,q)s/ 4[ (J + a)r"] + mjy Ly 21+ 9)"(K-1) ]
’ (27)* [D(L,ms)D(1 + q,m;)D(k — 1, my) D(l,my)D(I + q,mg)D(k —1,my)
d'l M+ J+a)r (21 + q)"
Iﬂ ) AR k? = ) C3
by (. ms. k. q) /(27:)4 [D(l, DU+ q.m)D(k—Lmy) "V D{L.m)D{+ g.m)D(k — . my) (©3)
where we introduced the function D(p, m) = p* — m?, while s, = land s, = —1. The sy sign structure is motivated by

the form of the interaction Lagrangian in Egs. (2.1) and (2.2): a dark fermion and its corresponding messenger scalar must

have opposite U(1), charges, while a SM fermion and its corresponding messenger scalar must have the same U(1)

charge.

em

The additional contribution to the magnetic dipole moment of SM leptons predicted in our dark sector framework is
computed from the y vertex function having SM leptons as external legs and a loop with y and ¢.. We find

2

2 2
s . +
I(K)iTAI(K) = eQ,I(K)S [(9 gR) Ji(myemg, K, @)+ (D) grgrm, Ji(my, my, k. q) | 1(k),

A==+

where

(C4)
. [ d 2L+ q) k=1
Ja(msp mg, k, q) = / (27)*D(I,m)D(1+ q,mg)D(k — 1, my)
44l (214 g)* (C3)

Hometea)= |

(27)*D(I,mg)D(I + g.mg)D(k — 1, mg)"
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Notice that only one term appears in these loop factors; this
follows from the fact that the messenger scalars have SM
quantum numbers, while the dark leptons do not.

Loop factors are computed using the standard Feynman
trick to rewrite denominators. A UV cutoff needs to be
introduced since [,, I,, and J, are logarithmically

()

FR)Yf (k) = % [F(K)io™ q.f (k)] + qz[/\‘ﬁ% [F(K)rf (K)].

D,V

divergent; as a renormalization condition, the vertex func-
tion at zero momentum transfer ¢* is subtracted to each
vertex function. Finally, dipole and charge-radius terms are
extracted at leading order in a momentum expansion of the
vertex functions. The general structure is

)

CR)V

Following the notation introduced in Eqgs. (4.3) and (4.6), we find

Fg(’z,(ml,mqgi,m%) ==-2 |:Il<
(2) 1
Feg, (myymg_my ) = 5 I

Fg)},n(mg,ms_,m5+) = —2|: <

1

1
F(D?},(m}(, m(/)i, m(m) = 2 |:Il (

where we introduced the following functions

1

Il (a, b) = m |:—2a2b2 In <a2
1

12(61, b) = m |:2<b6 - a6) In
1
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1
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