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Dark matter from dark photons: A taxonomy of dark matter production
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We analyze how dark matter (DM) can be produced in the early Universe, working in the framework of a
hidden sector charged under a U(1)" gauge symmetry and interacting with the Standard Model through
kinetic mixing. Depending on the masses of the dark matter particle and of the dark photon, as well as on
the hidden U(1)’ gauge coupling and the kinetic mixing parameter, we classify all the distinct regimes
along which the observed dark matter relic density can be accounted for. We find that nine regimes are
potentially operative to produce the DM particles, and these operate along five distinct dynamical
mechanisms. Among these, four regimes are new and correspond to regimes in which the DM particles are
produced by on-shell dark photons. One of them proceeds along a new dynamical mechanism, which we
dub sequential freeze-in. We argue that such regimes and the associated dynamical mechanisms are
characteristic of DM models for which, on top of the Standard Model and the dark sector, there are other
massive, but relatively light particles—akin to the dark photon—that interact with both the SM and the DM

sectors.
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I. INTRODUCTION

As the nature of dark matter (DM) remains a mystery, it
is possible that DM is a particle that belongs to a whole new
hidden sector. This hidden sector may be coupled through
the Standard Model (visible sector) through a few possible
portals [1]. The question we study further in the present
work is how to account, in generic terms, for the abundance
of a dark matter (DM) particle produced through portals.
For the case of the kinetic mixing portal with a massless
dark photon, this has been addressed in much detail in
Ref. [2]. That work also includes the case of dark matter
creation through the Higgs portal. In the present work, we
consider the possible impact of a finite dark photon mass.
More generically, our study applies to DM production in
models in which a relatively light particle couples both to
the DM and to SM particles.

The existence of a massive dark photon, associated with
a hidden U(1)" gauge interaction, has been the object of
many investigations, both theoretically and experimentally;
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see, e.g., the reviews in Refs. [3—5]. This possibility is well
motivated, very rich phenomenologically, and moreover, is
directly related to the DM problem. Indeed, a gauge
symmetry is a most natural way to stabilize a particle
[6-10]. Specifically, we consider the following simple and
popular model:

1 € 1
v 2
£~ BB, B"B|, + m}B"B,
(1.1)

Here y is a Dirac fermion, singlet under the SM gauge
group but charged under U(1) and will be our DM
candidate. Its covariant derivative is D, = 0, + ie'By,
where B;, and e’ are the U(1)" gauge field and coupling.
This dark, or hidden, sector is coupled to the Standard
Model (SM) sector through the so-called kinetic mixing
portal term, which mixes the dark gauge field with the SM
hypercharge one with a mixing parameter € [11]. This
Lagrangian thus involves four new parameters: mpy, €, €/,
and what will turn out to be the mass of the dark photon
particle, m,. Equivalently, we will make use of the hidden-
sector fine structure constant o = e?/4x and of the
combination k = &cos@ye’/e, which is the millicharge
of the DM in the limit m,, — 0. The dark photon mass can
arise either through the Stiickelberg [12] or through the
Brout-Englert-Higgs mechanism [13,14]. In the latter case,
there are necessarily several other parameters and degrees
of freedom (d.o.f.) associated with U(1)’ breaking [the dots

+iyPy — mpmpx + .
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FIG. 1. The three sectors (blobs) and their three connections
(lines). In the limit of a massless dark photon, (or more generally,
as €. — 0; see text), the connection between the SM and dark
photon blob is absent.

in Eq. (1.1)]. In the sequel, we will assume that these extra
ingredients may be neglected. However, we will briefly
discuss their possible impact in Appendix B.

In the case of a massless dark photon, the problem of
accounting for the DM abundance through the kinetic
mixing portal has been studied in Ref. [2]. It has been
shown in that work that the observed relic density could be
reached along four distinct dynamical mechanisms depend-
ing on the values of the parameters of the model. These
dynamical mechanisms are freeze-in (regime Ia in the
sequel) [2,15-17], reannihilation (Illa) [2,16], secluded
freeze-out (IVal),1 and finally, the standard textbook thermal
freeze-out mechanism (Va and Vb). Altogether, these four
mechanisms lead to five different regimes through which
the DM abundance can be reached in the case of a massless
dark photon. Indeed, the standard freeze-out of the dark
matter particles could occur either through annihilation into
SM particles (Vb regime) or into the dark photons
themselves (Va regime). We will thus distinguish produc-
tion mechanisms (classified using roman numerals) and
regimes (distinguished using the latin letter a or b, as in the
case of freeze-out).

The aim of the present work is to revisit this classi-
fication of DM production mechanisms, taking into account
the possible effects of the mass of the dark photon. By
considering the dark photon model above, the generic
underlying structure we will be considering is that of a
system composed of three distinct particle sectors, together
with three possible connections between the sectors. This
structure is depicted in Fig. 1, again with a focus on the
kinetic mixing setup and its ingredients. So, the three
sectors (depicted as blobs) consist of the SM, the dark
matter particle y, and the massive dark photon y’, while the
connections between the sectors (depicted as lines) are
parametrized by the mixing € (or more precisely €., which
will be defined below), the hidden fine structure constant
a, and the “millicharge” k. Considering such a structure,
we will point out the existence of four new regimes

lBy secluded freeze-out, we refer here to a scenario in which
DM nparticles freeze out in the dark sector [18,19], but with a
temperature 7" different from the temperature of the SM visible
sector, as in Refs. [2,9].

FIG. 2. The nine possible DM production regimes in the dark
photon scenario. A double-sided arrow means that the two
corresponding sectors have reached chemical equilibrium; a
single-sided arrow indicates slow out-of-equilibrium production
of one sector by the other one; a dashed line corresponds to a
subdominant interaction between the sectors. Regimes Ia and Ib,
11, IIa and IIIb, IVa and IVb, Va and Vb are associated with five
distinct mechanisms to produce the DM abundance: the freeze-in
(I), sequential freeze-in (II), reannihilation (III), secluded freeze-
out (IV) and freeze-out (V) mechanisms, respectively. (see Secs.
IIT A and III B). Notice that the diagrams are identical for the
reannihilation and secluded freeze-out mechanisms. Note also
that the SM-to-y’ connection is parametrized by €. when we take
into account the thermal corrections. Without such corrections, it
is parametrized by e.

(denoted as Ib, II, Illa, and IVa), including one along a
new dynamical mechanism (II), making in total potentially
nine distinct ways to reach the observed DM abundance.

As we will explain in the following sections, the
nine production regimes can be read from this figure by
considering the different ways through which the hidden-
sector particles can be created and whether they are in
thermal equilibrium with each other and/or with the SM
sector. In Fig. 2, one sees the four new regimes that emerge
in the case of a massive dark photon (and so are absent in
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the massless limit—see later), denoted Ib, II, IIla, and
(a priori; see, however, below) IVa. As the solid arrow lines
between the sectors suggest, they all correspond to regimes
in which DM is created from the SM sector via the
production of real, on-mass-shell dark photons. All these
regimes follow each other along a characteristic pattern in
the parameter space, which in the sequel we call “the phase
diagram” and that will be displayed later in Sec. III. Most
interestingly, some of these new regimes allow for DM
production for values of « that are even smaller than in the
case of standard freeze-in (regime la). As we will see,
whether a specific regime is actually relevant will depend
not only on the connection parameters, but also on the DM
and dark photon masses.

Our work is organized as follows: In Sec. II, we will
present how the various particles in the kinetic portal model
of Eq. (1.1) can interact, focusing on the case of a massive
dark photon. Next, in Sec. III, we will derive and discuss
the parameter space or phase diagram in which we show,
as a function of the parameters, how the different regimes
that lead to the observed DM relic density are related with
each other. We discuss each regime in detail but put a
particular emphasis on the new regimes. For the sake of our
classification and to simplify our discussion, in that section
we will be putting aside some complications that arise due
to the peculiar nature of the kinetic mixing portal. In
particular, we neglect there the impact of thermal effects on
the propagation and production of dark photons. These will
be considered in Sec. IV, emphasizing their impact on the
different production regimes we found. Next, we will
discuss briefly in Sec. V the other constraints which hold
on this model. Finally, in Sec. VI, we will elaborate on the
generality of the phase diagram we have obtained, discus-
sing the possible effect of other d.o.f. and then drawing our
conclusions. Appendix A contains a technical summary
based on the existing literature on thermal effects on dark
photon production and progagation. The case in which the
mass of the dark photon arises through the Brout-Englert-
Higgs mechanism is considered in Appendix B.

II. THE THREE SECTORS AND
THEIR CONNECTIONS

We focus on the model of Eq. (1.1) and aim at studying
the abundance of the new particles—here, the dark matter,
made of particles y and }, and the dark photon, y’. To
determine the relevant processes, we need to establish the
coupling of dark photons to the SM sector. The procedure is
standard and consists first in having canonical kinetic terms
for the gauge fields; we repeat the argument here for
the sake of clarity. To do so, we exploit the fact that the
values of e that are relevant for DM production will always
turn out to be small numbers, so we can treat the effects
of mixing as a perturbation. From Eq. (1.1), making the
nonorthogonal transformation

B'* — B'" —¢B* and B* — B¢ (2.1)
leads to
| y
L— = B"By, +5miB"B, —ém BB,
—7r'x (B, —€B,) + - (2.2)

to leading order in €, where we only show the terms relevant
for our argument. The SM particles themselves couple
to the SM gauge fields—in particular, the neutral ones,
Bt = cos Oy Afy — sin Oy, Zj and W; = sin Oy Afy + cos Oy Zj,
where Oy is the SM Weinberg angle; we put the subscripts
0 on Aj and Zj, to insist on the fact that they are the usual
SM fields.

Case m, = 0: In the limit m,, = 0, we see from Eq. (2.2)
that the SM particles do not couple to the dark photon,
identified with E;l, while the y particles are coupled to
the SM photon A{j with millicharge x = ee’/e, where
¢ = écosfy. They are also coupled vectorially to the Zj
boson, with coupling —e’etan 8y,. Thus, if m, =0, the
only possibility to create dark photons is to go through the
production of y particles.

Case m, # 0: If instead m, # 0, dark photons can be
created directly by SM particles through the mixing mass
term

—em’,B), B = —em’, B, (A} — tan 0y Z)  (2.3)
in Eq. (2.2). Like in the description of neutrino oscillations,
we refer to the basis of Eq. (2.2) as the interaction
eigenstate basis. It is interesting to go forward and
diagonalize the mass terms. We will only consider cases
in which mp << m,, and so again we perform the diag-
onalization to leading order in € <« 1. Performing the
orthogonal transformation

A =PB" —eAy and A" =Aj+eB* (24)
transforms Eq. (2.3) into
—e tan HWm}%,A;ZS, (2.5)

while my = m,,, with my like in the SM. Now, it is easy to
see that this mixing term introduces a mass splitting
between the A’* and Zj field that is O(e*) and thus can
be neglected. So the dark photon field A, has indeed a mass
My = my, (2.6)
while the field A# is massless. This eigenmass basis makes
clear that the particles y couple only to the massive dark
photon and to the SM Z boson, and not to the massless
photon, a fact that is well known in the literature:
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e’)?y")((Bl’l —¢éB,) =epr'y(A, +etanbyZ,).  (2.7)
(We drop the O subscript on the Z field from now on as
mz, = myz.) Also, the electrically charged SM particles,
like the electron, couple to the dark photon with coupling

61/_/)/”1//140” = ey"/y”y/(Aﬂ + €A;t)‘ (28)

The above discussion highlights the fact that, when the
dark and SM photons are both massless (and so degener-
ate), one may define the photon to be the state that couples
to SM electrically charged particles [2,20], whereas in the
massive case the photon does not couple to the DM. It
however raises the question of how to take the limit
m, — 0. This will be addressed in Sec. IV. In the mean-
time, we consider the case m, # 0.

In the model just introduced, we must thus consider
the existence of three distinct populations (or sectors, or
reservoirs) of particles in the early stages of the Universe.
The main reservoir consists of the SM particles; they will
be assumed to be in thermal equilibrium at a temperature 7.
The hidden sector consists on one side of the y particles and
their antiparticles (DM) and, on the other side, of the dark
photons. These two populations do not have to be neces-
sarily in thermal equilibrium with each other or with the
SM sector. Their respective abundance depends then on
how the three reservoirs are connected with each other.
The dominant processes directly connecting the SM and
DM populations are the pair annihilation of SM particles
(or Z-boson decay for some mass range) into DM pairs [2].
The strength of these processes is essentially set by a single
parameter (the “millicharge”),

Kk=e\/d/a.

The processes connecting the SM reservoir and the dark
photon population are, on the other hand, determined by the
€ parameter; these a priori include bremsstrahlung e*e® —
e*e*y’ (which may be neglected), Compton scattering
ety — e*y/, pair annihilation e*e~ — yy/, and coalescence
eTe” = y. They involve distinct powers of a but also
distinct temperature dependence and so are dominant in
different mass and temperature regimes. As for the proc-
esses connecting the DM and dark photon populations, they
are set by o and are dominated (at lowest order in ) by
7'y’ < yj. The Feynman diagrams for all these connecting
processes are shown in Fig. 3. This structure leads to the
diagram of Fig. 1, where the blobs represent schematically
the reservoirs, and the lines the possible connections. In the
massless case, the triangle of Fig. 1 has one connecting
edge fewer, since there is no direct connection between the
hidden photon and SM populations. This, in brief, explains
why there are more DM production regimes in the massive
case than in the massless case.

(2.9)

I X X
v'/Z
/ Z
f X X
(@) (b)
f fo 7
/ ,
I
v VT
(c) (d)
! x o
Y X
f X o4
© (€))
FIG. 3. Feynman diagrams for all the connecting processes

between the three populations.

III. PHASE DIAGRAM OF DARK MATTER
PRODUCTION

We now turn to the systematic discussion of the
dependence of the DM relic abundance on the connector
parameters, starting from an empty reservoir in the dark
sector, passing through all the regimes, up to a dark sector
that is fully in thermal equilibrium with the SM.2

For the sake of clarity and generality, we will not include
in this section any of the thermal effects that are specific to
the dark photon setup. Instead, thermal effects on dark
photon production, which can be very important in some
cases as we shall see, will be determined and discussed in
Sec. IV. Also, in this section and the sequel, we will rely
heavily on the results obtained in Ref. [2], to which we refer
for more in-depth discussions of some of the production
regimes, including explicit expressions for the relevant
cross sections (given in that reference for a massless dark
photon).

The DM abundance depends on the DM and dark photon
masses, and on two among the three connector parameters
K, &, and e, since only two are independent; see Eq. (2.9).
Thus, for a given set of y and y’ masses, one can, for
instance, give the relic abundance as contour lines in the
k-a' plane. This representation leads to a “phase diagram”
that displays the various regimes. Note importantly that for

’If the visible and hidden sectors were feebly coupled with
each other, it would not be surprising that the reheating at the end
of inflation took place mostly in one of the sectors rather than
both of them. We assume here that the reheating happened in the
visible sector.

095018-4



DARK MATTER FROM DARK PHOTONS: A TAXONOMY ...

PHYS. REV. D 100, 095018 (2019)

-5
S
El
on
o L
—
-10
—15 )/

-4 -12 -10 -8 -6 -4 -2 0

Log;ol«]

FIG. 4. DM relic density obtained as a function of « and o
for mpy = 3 GeV and m,, = 1 GeV. This diagram displays the
various different production regimes which can lead to the
observed relic density without taking thermal effects into ac-
count. For this particular choice of masses, one obtains six
different production regimes along four dynamical mechanisms:
freeze-in (Ia and Ib), sequential freeze-in (II), reannihilation
(Illa), and freeze-out (Va and Vb).

all the discussion below we will always assume that
m, < mpy;, so that DM is always kinematically free to
annihilate into dark photons. The opposite case m,, > mpy
leads to a different (and simpler) phenomenology that we
will not discuss here. The phase diagram comes out from
integrating a set of Boltzmann equations that determine the
evolution of the DM and y’ yields as a function of the
visible sector temperature. For the case of a massless dark
photon, the contour lines of constant DM relic density in
the phase diagram have roughly the shape of a rectangle
(dubbed the “mesa” in Ref. [2]), displaying five regimes,
along four dynamical production mechanisms. These four
mechanisms are freeze-in (Ia in the classification of Fig. 2),
reannihilation (I1Ib), secluded freeze-out (IVb), and ordi-
nary freeze-out (with freeze-out either to dark photons, Va,
or to SM particles, Vb), leading altogether to five distinct
regimes. Starting with an empty hidden sector, the DM
abundance is reached through the following sequence of
regimes:

Ia— b - IVb - Va— Vb (m, =0).

, (3.1)
In particular, the freeze-in regime, Ia, proceeds through
slow k-driven SM — DM processes and leads to a vertical
line at small « in the “mesa” structure of the phase diagram;
see Ref. [2]. When the dark photon mass matters, this
simple vertical line structure does not hold anymore, and

-5
2
2
o0
o)
-
-10
-15
-4 -12 -10 -8 -6 -4 -2 0
Logj[«]
FIG. 5. Same as Fig. 4, but with mpy = 100 GeV and
m, =10 GeV.

instead, one has a more complicated structure for small «.
Actually, one can distinguish four more regimes for values
of x that are small enough so that the SM — DM processes
do not thermalize. This is illustrated by the phase diagram
depicted in Fig. 4, in which we get for one example set
of masses mpy; = 3 GeV and m,, = 1 GeV. Much heavier
DM candidates are of course possible, as shown in Fig. 5,
for mpy = 100 GeV and m, = 10 GeV. More to the
point, the phase diagram, which shows contour lines of
constant DM relic density, has a distinct shape: the “mesa”
has an extension toward much smaller values of the «
parameter, suggesting the shape of a “mooring bollard.”
These features, and the corresponding new regimes, are,
as we shall see, due to the possibility of dark photon
production of DM.

The most generic sequence of regimes appearing along
the mooring bollard pattern is the one appearing in Figs. 4
and 5—that is to say,

la»Ib—I—1Ila—Va— Vb (m,#0). (3.2)
This structure, on top of the regimes already existing in the
massless case (Ia, Va, and Vb), involve three new regimes:
Ib, II, and Illa. The fourth new regime, IVa, as well as
the two other regimes already existing in the massless
case (Illb and IVD), can appear for other choices of the
parameter and more generally for other models. The four
new regimes arise from the extra SM production of dark
photons. In all cases, the mooring bollard shape of the
phase diagram is a generic signature.

The general set of Boltzmann equations that deter-
mine the evolution of the DM and y' abundances
(Ypm, = npwmy /s, with s being the entropy density and

095018-5



THOMAS HAMBYE et al.

PHYS. REV. D 100, 095018 (2019)

npm = 1, + ny) as a function of time, and therefore lead to
the phase diagram, takes the form®

dYpm
zHs dz = <5DM—>SMU>[(”quM)2 - ”123M]
D nyg eq \2 2
+ (TBy—sm) (8 72 [(npp)” = bl
DM
+ (6y~pm0)17, = (ODN—y V) Dy (3.3)
dy
ZHs dzy = (0, smV) gy [”;S - ny]
+ <O-DM—>7’”>”2DM - <O-y’—>DMv>n}%’7 (34)

where H is the Hubble parameter and z = mpy; /T, with T
being the temperature of the visible sector. The quantity I'”
refers to the Z decay rate into a pair of DM particles. In
writing these Boltzmann equations, we assume that the
dark photon is lighter than the dark matter. A sum over the
different SM <> DM and SM <> ¥’ channels is implicit
everywhere in these equations. In the sequel, so as to avoid
cluttering of the equations, we will regroup the scattering
and decay terms involving SM particles into

(3.5)

7€s?vl<->DM = <0'DM—>SMU><”1e)qM)2 + <Fls)M—>DM>”§?v[

and

Ysmoy = (Oysm¥)ngyn’. (3.6)

Although the Boltzmann equations contain many terms,
for most production regimes, only one or two of these
terms are relevant. As we will also see, these equations are
not sufficient to correctly determine the amount of DM
produced in the reannihilation regimes, which are charac-
terized by hidden and visible sectors with distinct temper-
atures: in these cases, one also needs to evaluate the energy
that has been transferred from the SM to the hidden-sector
particles.

To understand the distinction between the various
production regimes, it is useful to start by delimiting the
regions of parameter space depending on whether or not the
various connecting processes lead to thermalization. To
determine whether the DM particles thermalize with the
SM thermal bath, we use the simple criteron

1—‘SM<—>DM >1
H ~

T~mpyp

(3.7)

SHere and in subsequent Boltzmann equations, we have
included factors of 1/2, typical of Dirac DM particles, in the
definitions of the cross sections [21].

Thus, we do not consider the scenario in which the dark
photons produced through freeze-in subsequently decay into
pairs of DM particles [22-24].

with Tspopm = Ysuepm/ oy (2)- This leads to the fol-
lowing condition on the millicharge parameter:

12
K> Ky = 3.8 x 1077 (M) , (3.8)

GeV

which is depicted by a vertical line in Figs. 4 and 5. As for
the thermalization of the dark photons with the SM thermal
bath, what matters typically is if thermalization (which
leads to E,, ~ T) has occurred by the time the DM number
freezes, T ~ mpy;. Thus, similarly to the condition above,
we use’

FSM(—);/

zZ 1 .
ner| oz (3.9

T~mpym

as the condition for the thermalization of the dark photons
with the SM, which numerically translates into a condition
on the (in principle effective, but we remind the reader that
we neglect the thermal effects for the time being) mixing
parameter,

3.10
GeV ( )

eZen=4.1x10"8 <M> 1/2,
with Cgye,y = ygcllv[(_)y,/n;q (z). As k = e\/d/a, this con-
dition corresponds to a diagonal dashed line in the phase
diagram; see Figs. 4 and 5. As for the thermalization
between the dark photons and DM particles themselves, it
depends on the scenario considered. We now discuss each
of the new regimes, using the phase diagram of Fig. 4 as
reference.

A. Freeze-in: Regimes Ia and Ib

The Ia freeze-in regime corresponds to the production of
DM particles directly from the SM particles, through out-
of-equilibrium processes SM — DM parametrized by . In
this regime,  is assumed to be too small for the processes
¥y’ — DM to play any role. Thus, in Eq. (3.3), only the
SM — DM term is relevant for producing the DM.

dz ~ yg‘ll\/[eDM (Z)

Regimela: zHs (3.11)

For fixed DM mass, the production depends only on the
parameter k, so the observed relic abundance is given by a

>Notice that relativistic species do not reach kinetic equilib-
rium long before they enter into chemical equilibrium [2]. In
particular, the kinetic ySM — ySM and chemical SMSM — yy
processes enter into equilibrium at about the same time, because
they involve relativistic particles. As for the elastic scattering
processes y'f — y'f, which could bring y’ into Kinetic equilib-
rium, they are suppressed by an extra power of € with respect to

vV'f=rf.
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vertical line in the phase diagram, corresponding to the
lower-left corner in Fig. 4.

Note that for the small value of ¢, and with the value of k
that this freeze-in regime requires, x ~ 10719, values of ¢ lie
above the critical value ey, for the thermalization of dark
photons [Eq. (3.10)]. Thus, unlike for the SM — DM
freeze-in scenario in the massless dark photon case, in
this instance the dark photons thermalize with the SM
sector, forming a single thermal bath characterized by the
temperature 7. However, this thermalization does not
change anything in the dynamics of this freeze-in regime
as a function of 7, since the DM particles are created
dominantly by the SM particles. The only effect is that the
thermalized y’ (dark photons) modify the number of
relativistic d.o.f. and thus the Hubble expansion rate.
The modification is of order ¢,/gsM =2/g3M ~ 1072, a
small effect that we neglect in Fig. 4.

In Fig. 6, we show as a function of mpy; the k required to
reach the observed relic abundance in the Ia regime, which
we denote as ky,. Effectively, as the thermalized dark
photons play a negligible role in the production of the
DM particles, this curve is essentially (modulo a slight
dependence on the dark photon mass in the dark photon
propagator), the same as in the massless dark photon case
[2]. The dependence of xj, on mpy is complicated by the
fact that the dominant production channels depend also
on mpy, but otherwise the number of DM particles
created through SM; SM; — DM DM is simply related
to equilibrium quantities evaluated at a temperature
T« max{mi, mDM},

10710

10711 J

€ 012

10713 4

— my=1GeV _ my =10 GeV

10-1 , :
109 10! 102 103 10*
mpwm (GOV)

FIG. 6. Values of « needed to account for the observed relic
density, as a function of mpy,, for the standard freeze-in (regime
Ia, green line) and for the sequential freeze-in (regime I, orange
line for m, =1 GeV and blue line for m, = 10 GeV) in the
Kk — mpy plane. The shaded regions thus correspond to regime
Ib—that is, freeze-in from thermalized dark photons. We consider
m, < mpy.

(n?q)2<GSMi—>DMv>
YDM(Z) = Zi:Ci Hs )

T=max{T ,m;mpy }

(3.12)

where the ¢;’s are coefficients of order unity that depend on
the channel considered [2].

Going up along the vertical line of the Ia regime depicted
in Fig. 4, the value of o' increases while that of ¢ decreases.
Thus, at some point, € becomes smaller than ey, (given in
Fig. 4 by the diagonal dashed line). However, before
this could happen and while the dark photons are still in
thermal equilibrium with the SM, ' becomes large enough
for the thermal dark photons to sizeably pair-produce
DM particles. So, in this case, DM becomes dominantly
produced through y’ — DM freeze-in instead of SM —
DM freeze-in. Clearly, in this case, a smaller value of « is
required to avoid the overproduction of DM particles and as
a result, the abundance depends only on ¢/, giving rise to
the horizontal line depicted in Fig. 4. This “freeze-in from
dark photons” regime is denoted as Ib in this figure.6 For
this regime, the only relevant term in the Boltzmann
equation is the one producing DM from dark photons:

dYDM ~ .,
dz - Trepw

RegimeIb: zHs (3.13)

with 51y = (0yopm?)(n)')?, so that the DM yield is

simply given by

(n)2(2) o pm0)

Hs T=Max (T .mpy|

Ypm(z) = ¢y . (3.14)

with ¢, = O(1). In the limit m,, < mpy;, we found that the
value of o required to create the right amount of DM
particles out of equilibrium from the y’ is

ap, =25 x 1071( g*(mDM)g*,S(mDM)>1/2’ (3.15)
where the dependence on the in-equilibrium SM d.o.f.
stems from the Hs factor in the denominator of Eq. (3.14).
As stated above, the value of « in the Ib regime must be
below that of Ia, xy,, so as to avoid the overproduction of
DM. However, if it becomes much smaller than xy,, we
enter in yet another regime, which we now discuss.

B. Sequential freeze-in: Regime II

As we move along the Ib regime line toward smaller
values of k in Fig. 4, the value of ¢ decreases. Thus, at some

®This regime has been briefly discussed in Ref. [25], where it is
dubbed “inverse annihilation,” and in Ref. [26], in a model with a
scalar singlet that mixes with the Higgs. It is also considered in a
scenario with a Z' based on a B — L gauge symmetry, which
appeared simultaneously with our work [27].

095018-7



THOMAS HAMBYE et al.

PHYS. REV. D 100, 095018 (2019)

point ¢ becomes smaller than €,; i.e., the dark photons no
longer thermalize with the SM. At this point, clearly
Eq. (3.13) does not apply, since n, is no longer equal to
its equilibrium value n;f]. Thus, the system enters a new

regime in which none of the processes induced by «, ¢, or o
have ever been in thermal equilibrium. Also, the SM —
DM freeze-in processes induced by « are clearly too slow to
be efficient, since x < xy,. However, it turns out that the
slow out-of-equilibrium production of dark photons from
the SM (which is controlled by ¢) followed by the slow out-
of-equilibrium production of DM by these unthermalized
dark photons can produce enough DM. We thus have a
chain of successive freeze-in processes, something we dub
“sequential freeze-in”; see regime Il in Fig. 4. As DM — y/
and y’ - SM processes have a negligible impact in this
regime, they drop from the Boltzmann equations, which
take the form

) ) dy, o
Regime II.szd—Z R Y sMesy' (3.16)

zHs 2z STrepm

(3.17)

where 7, .pu = (6, pmv)(n,)>. With respect to the
equilibrium reaction density, this reaction density is sup-
pressed by a (n,/n}}(z))? factor, with n, determined by
the first Boltzmann equation [Eq. (3.16)]. As the number of
dark photons produced by SM particles is proportional to
€%, the number of DM particles, which is proportional
to nf, (6,_pmV), is x €e*a? ~k*. Thus, in the sequential
freeze-in regime, the relic density depends only on « (as in
Ia freeze-in regime, albeit with a smaller value of x < «y,)
and corresponds to a vertical line in the phase diagram, as
seen in Fig. 4.

The line separating regimes Ib and I is the line for which
€ = ey,. Consequently, the value of x required to reach the
DM abundance in regime II is set by setting ¢ = ¢, while
taking ' = ay, for the regime Ib [Eq. (3.15)]. For example,
for the masses considered in Fig. 4, this gives

/
[ O
K = €t Flb ~ 10_13 < Kias

in good agreement with the numerical value shown in this
figure. This shows that along sequential freeze-in it is
possible to have a SM-to-DM connection (i.e., millicharge
k) which may be orders of magnitude weaker than along the
ordinary freeze-in regime: for the example of Fig. 4, «y; is
3 orders of magnitude smaller than «y,.

We give in Fig. 6 the value kp as a function of mpy
corresponding to the observed DM relic density. This is
aimed at illustrating the fact that sequential freeze-in
requires a smaller value of k. Thermal effects below will

(3.18)

somehow change the details of the picture, but not this
overall conclusion, which we deem to be general for the
model with relatively light mediators. Figure 6 also shows
that, for large values of mpy/m./, ky tends to ky,, meaning
that the only relevant mechanism to produce DM in this
case is regime Ia in this region of parameter space. This
merging of regime II (and thus of the intermediate regime
Ib too) with the ordinary Ia freeze-in regime for large values
of mpy/m, is due to the fact that more massive DM
candidates are produced at higher temperatures, and thus at
earlier times. If the dark photons have less time to thermal-
ize with the SM, they will need a comparatively larger
mixing to achieve it. Thus, the turning from phase Ib to II
occurs for a larger value of x, making xj; get closer to Kla.7

C. Reannihilation: Regimes IIla and IIIb

Moving in Fig. 4 along regime II toward larger values of
o, clearly, at some point @ becomes large enough for the
DM and the dark photon to reach thermal equilibrium so
that the system enters a new regime called reannihilation.
As explained at length in Ref. [2], this regime holds if two
conditions are fulfilled. First, it requires that thermalization
of the dark sector occurs without thermalization with the
SM sector. Consequently, the system is composed of
two thermal baths (the SM and the hidden sector) charac-
terized by two different temperatures, 7 and 7’ with
T > T'. Second, this regime requires that the slow out-
of-equilibrium production of dark sector particles from the
SM ones still be efficient at the time of freeze-out of the
DM into hidden-sector particles (which takes place at a
temperature 77 < mpy). In this case, DM freezes later than
in the case of a standard freeze-out in the hidden sector
(i.e., a “secluded freeze-out”; see below) and undergoes a
period of reannihilation.

In the present case, reannihilation could be achieved
in two distinct ways, depending on whether the hidden
sector is populated through SM — y’ (controlled by ¢) or
through SM — DM (controlled by «) slow processes.
These regimes are denoted as Illa and IIIb, respectively,
in Figs. 2(d), 2(e), and 4. Now, in practice, if one moves
toward larger values of ' along the sequential freeze-in
regime (regime II) line in Fig. 4, the system enters into
regime IIla and not regime I1Ib. This simply stems from the
fact that, with a value of «x as small as the one which holds
for regime II and which is smaller than for the ordinary
SM — DM freeze-in la regime, DM particles cannot
be sizeably produced through SM — DM processes.
Consequently, we begin with regime Illa and discuss next
regime IIIb.

The value of o for which the transition from II to IIla
regimes occurs corresponds to the minimum value of o for

"When we take into account the finite-temperature corrections,
we will see that the merging of regimes «y; and kj, occurs for
somewhat smaller values of mpy/m,; see Sec. IV.
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which the DM < y' processes thermalize before the
number of DM particles freezes. This is determined by
requesting that the rate for y — DM be larger than the
Hubble rate when the out-of-equilibrium SM — ¥’ source
stops creating dark photons with an energy large enough for
the ¥ — DM process to proceed—that is, when T ~ mipyy,

(oy-pmviny > 1. (3.19)
H T~mpy

In this equation, the number density of dark photons that
have been created out of equilibirium from the SM, n,/, can
be related to their number density if they were in thermal
equilibrium with the SM thermal bath, ', multiplying it
by the square of the ratio between ¢ and the value ¢y, that
leads to thermalization, given in Eq. (3.10), so that
ny = (€/ew)’n,!(T). Thus, the value of ajy, at the II-to-
IIIa transition follows from the one required for the DM <«
¥’ processes to thermalize if the dark photon was in thermal
equilibrium with the SM, as

€th
oy = i“ﬁh- (3.20)
This gives

1/2
ol ~2 x 107 <M> . (3.21)

GeV

Once the dark photons and the DM particles have
thermalized, the abundance of y’ and DM particles are
governed by the following set of Boltzmann equations:

day,
. . Y ed
Regime Illa: zH's 7 =Ysmoy (2)

= 7poom(@) {1—( Tou )2] (3.22)

You(2)

dYDM eq / |: < YDM )2:|
zHs =y, .pm@)|1— . 3.23
az e\ ) [ 62

The y/ <> DM terms are responsible for the thermalization
between the ' and DM particles. They account for the
fact that the y’ number density is the one at equilibrium
taken at temperature 77, i.e., Y;f*(z’ ), so that the corre-

sponding reaction rate is 7! ,\,(z'). The first term of the

first equation describes the slow production of dark photons
from the SM.

The above Boltzmann equations can be solved provided
we know T” as a function of 7. This is determined from
integrating the Boltzmann equation for the SM-to-hidden-
sector energy transfer® [2]:

SWe neglect in this equation the subdominant elastic process
Y f = 7'f; see footnote 5.

/

dp .
ZHd—Z +4H(p' +p') = (ns?\/l<z))2<05M_>DMvAE>

+ (ng(ll\/[ (Z) )2 <GSM—>}/’ UAE> .
(3.24)

In reannihilation regime Illa, the second term dominates the
process of energy transfer. Plugging the equation of state
p'(p) into this equation allows us to determine p’, which in
turns gives 7" as the solution of

P =p () + pou(@) (3.25)

For instance, when T’ < mpy, the equation of state is p’ =
(¢ =mppYpms) /3, and ppy(z') = ppp(2)Yom/ Ypu (2)-
The DM production dynamics and the final amount of
DM particles obtained from these Boltzmann equations
along the reannihilation regime have been discussed in
Ref. [2]. The final amount of DM it gives, Qpu,
approximately scales as log({c.rv))/{6,_pmv) (Where

(0erv) = \/(0sMoy V) (0pMoyv). This gives a Qpy o«
log(d’e)/a’* scaling, explaining why this regime leads
to a line which is close to horizontal in the phase diagram
of Fig. 4.

As said above, the IIla reannihilation regime is a new
regime that is absent in the case of a massless dark
photon. In the latter case, the reannihilation regime which
shows up is IIIb, along which the dark sector is populated
through SM — DM processes; see Ref. [2]. In this case,
the Boltzmann equations are the same as for the regime
[IIa, trading the ygp.,, source term in Eq. (3.22) for a
YsmwpMm source term in Eq. (3.23). For the massive dark
photon case, we will see below that this regime occurs
only when one includes the thermal corrections and when
m, is much smaller than mpy, so that the phase diagram
is approximately the same as for the massless case (i.e.,
with the shape of a “mesa,” displaying only Ia, IlIb,
IVb, Va, and Vb regimes). As explained in Ref. [2], the
regime IIIb leads to an abundance Qpy,; which scales
as log(x)/a.

D. Secluded freeze-out: Regimes IVa and IVb

As we have seen, the reannihilation regimes occur when
the slow source term producing hidden-sector particles
from SM particles is still active at the time when the
temperature of the thermalized hidden sector, 7’, becomes
smaller than mpy. If the source term becomes inactive
before T’ ~ mpy, the system would not be in the rean-
nihilation regime, but instead, the DM particles would
undergo a simple “secluded freeze-out.” By this, we mean
standard, textbook freeze-out, except that it takes place in a
hidden sector, characterized by a temperature 7" which
differs from that of the visible sector, T (see Ref. [2] for
details).
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In practice, though, secluded freeze-out does not occur in
the instances depicted in Figs. 4 and 5. This stems from the
fact that, for the values of the masses considered for these
figures, with in particular m, < mpy, the SM — ' source
term is still active at 7’ ~ mpy;. This is so because there is
no IR mass scale which could cut off this source term at
T' = mpy. Nevertheless, there are values of the masses for
which the secluded freeze-out regime clearly occurs. This is
in particular the case if m,; < mpy < m,, as in this case the
mass of the electron cuts the SM — DM and SM — y’
source term at T ~ m,, which can occur before T’ goes
below mpy. In principle, one can distinguish two regimes
here, depending on whether the dominant source term
comes from the SM — DM or SM — y’ processes, corre-
sponding to the IVa and IVb regimes, respectively.
However, in practice, without taking into account thermal
corrections, in this case only the regime IVa takes place,
because the SM — y’ source term naturally dominates in
the region of parameter space in the secluded regime.
Thermal corrections change this picture. As we shall see
below, the regime IVDb is the one which applies in this case.
In all cases, the relic density is essentially determined by
the value of , leading to an approximately horizontal line
in the phase diagram; see Fig. 4 and Ref. [2].

E. Freeze-out: Regimes Va and Vb

Finally, from the reannihilation or secluded freeze-out
regimes, if we increase x (and consequently €), at some
point all particles form a single thermal bath, characterized
by a single temperature 7', so that DM undergoes a standard
freeze-out. This happens when, on top of the o'-driven
processes which were already in thermal equilibrium in
the previous regimes, the x-driven processes and/or the
e-driven processes thermalize. Thus, such a transition into
the freeze-out regime takes place when either x becomes
larger than xy, [Eq. (3.8)] or € becomes larger than ey,
[Eq. (3.10)]. Also, the freeze-out can be dominated either
by the y’ <> DM annihilation process (leading to regime
Va, depending only on the value of o/, the horizontal line in
Fig. 6) or by the SM <> DM process for larger values of «
(leading to regime Vb, which depends only on the value
of k, the vertical line in Fig. 6). The transition between
regimes Va and Vb itself occurs when the SM <> DM rate
becomes larger than the y’ <> DM one.

IV. INCLUDING THERMAL EFFECTS

All the discussion of DM production regimes above has
been done without including any thermal effects and is
generic of what could also happen in other models of DM
based on three sectors with three connectors. The dark
photon model we considered is a bit special, as it is known
for displaying specific thermal effects, which can be
important in some cases. This has been studied at length
in the context of dark photon production, in particular in

stars [28—33]. Based on these studies, we will discuss now
these effects (focusing on dark photon production in the
early Universe) and on the change they imply for each DM
production regime unveiled in the previous section.

The most relevant issue concerns how to treat the limit
m, — 0, starting from a massive dark photon. Indeed, in
the massive case, one distinguishes the dark photon
interaction and mass eigenstate bases (see Sec. Il above),
while for m, — 0, the A, and A}, fields are degenerate, and
the distinction between the bases disappears. More con-
cretely, this implies that, in the massless limit, dark photons
do not couple to SM particles and so cannot be produced;
see the discussion following Eq. (2.2). How to take this
effect properly into account is subtle, but in the presence of
a medium, as in the Universe or inside stars, this has been
extensively studied in the literature, and eventually clarified
[28-33]. As this problem is central for a proper incorpo-
ration of the thermal effects, we recap the key results of
these works in Appendix A, while here we only summarize
the salient points, working in the interaction basis.

In a thermal bath, a propagating dark photon can mix
with an ordinary photon, which in turn interacts with the
plasma of charged particles. This process is depicted in
Fig. 7. In this figure, the double (single) wiggly lines depict
the dark photon (and, respectively, photon) propagators.
The crossed circles represent their mixing o< em?, and the
blob is the photon polarization in the thermal bath—for
instance, made of relativistic eTe™ particles. The dashed
straight line is a cut associated with taking the imaginary
part of the photon polarization tensor. In vacuum, if
nonzero, this cut would be related to the decay rate of
the dark photon into, say, eTe™ pairs, but in a plasma it
includes also the dark photon creation rate from coales-
cence processes, i.e., ete” -y [28,34]. By the same
token, a cut in a two-loop diagram with photon exchange
within the polarization tensor would lead to the dark photon
creation rate from Compton scattering, say, yet — y'e*,
and pair annihilation, i.e., ete™ — yy/, etc.

On top of this, in a medium one must distinguish the
behavior of the transverse and longitudinal components of
the photon polarization tensor. The latter corresponds to
genuine excitations of the medium, known as plasmons,
see, e.g., Ref. [35]. This, in turn, impacts the creation rate
for the production of transverse and longitudinal dark
photons. As we discuss in Appendix A, in most of the

FIG. 7. The imaginary part of the dark photon propagator
(double wiggly lines) in a medium includes both its decay rate
and creation rates.

095018-10



DARK MATTER FROM DARK PHOTONS: A TAXONOMY ...

PHYS. REV. D 100, 095018 (2019)

range of interest for dark matter particle production in the
early Universe, the creation of dark photons is dominantly
through transverse photons [31,32]. In a thermal bath, the
latter behave essentially as massive particles, with a thermal
mass (here denoted as wy) [36].

Rell, 7 = w} ~ Y elT?, (4.1)
i

where I1, 7 is the self-energy of transverse photons and e; is
the electric charge of the relativistic particles present in the
primordial plasma. Taking this into account, the creation of
transverse dark photons proceeds through an effective
mixing parameter € — €., With

€m2/

€= e = —— L 4.2

eff Wl}% _ Hy.T ( )
The numerator comes from the mixing mass term in
Eq. (2.3), and the denominator from the transverse photon
propagator with virtuality k> = m}%,. In the resonance region
m, ~ w, r, one must take into account the finite width of
in-medium transverse photon modes, o ImIL, ; < Rell, 7.
Production at the resonance m, ~ wy will play an impor-
tant role in the sequel, but essentially, the substitution rule
in Eq. (4.2) implies that the production of dark photons is
suppressed at high temperature/low dark photon mass,
m, < wr. In particular, in the limit m, — 0, e — 0,
which means that there is no more SM <> y’ connection, so
that the massless dark photon case is recovered smoothly
(ie., if my =0, it can be rotated away and thus does not
couple to SM EM currents). This phenomenon is familiar
from the MSW effect in neutrino oscillations, in which
oscillation into other neutrino flavors is suppressed by
the frequent neutrino interactions in matter. In the oppo-
site limit, however, e.; — €, and the production of dark
photons is onl(;f suppressed by the bare mixing e parameter,
as in vacuum.” Notice also that the substitution of Eq. (4.2)
is for the production of (transverse) dark photons on the
mass shell and not in processes with an exchange of virtual
photons/dark photons, which are essentially insensitive to
the dark photon mass. The rationale behind Eq. (4.2) is
discussed in Appendix A.

The main practical consequences of the above discussion
for the production of massive dark photons and DM in
the early Universe are that dark photon production is
suppressed at high temperatures (compared to its mass)
and subsequently is resonantly enhanced once wr = m,.
The latter occurs at a temperature approximately equal to
T\ =~ (afew)m, . This implies that if mpy is larger than
m, by more than 1 or 2 orders of magnitude—i.e., if

The spontaneous symmetry breaking case, as compared to the
Stiickelberg one, involves additional subtleties discussed in
Appendix B.

mpy > Troc—there is basically no significant production
of dark photons from the SM at times that are relevant for
DM production, so one recovers a mesa-shaped phase
diagram similar to the massless case. Thus, regimes Ib, II,
[Ila, and I'Va are irrelevant, and only regimes Ia, IIIb, IVb,
Va, and Vb remain, as in the massless case.

Figure 8 gives the evolution of the dark photon and DM
yields, Y, and Ypy, as a function of m, /T and for two
characteristic sets of parameters. The solid (dotted) lines
show the evolution including (not including) the thermal
corrections to dark photon production (see Appendix A for
details). The dotted lines show the evolution of Ypy, taking
m,, = 0 with other parameters unchanged.

In the first panel [Fig. 8(a)], we have taken m,, = 1 GeV,
mpy = 100 GeV, and couplings that lead to the
observed relic density when we include the thermal effects
(k =2x10""" and € = 5.6 x 107). Given that DM is 2
orders of magnitude heavier than the dark photon, this
panel shows that, as expected, the production of dark
photons is suppressed at high temperatures, and in par-
ticular at temperatures that are relevant for DM production,
T Z mpy. As aresult, when the dark photon yield becomes
important, around T ~ m, /(afew), the production rate
of DM from dark photon pair annihilation is already too
much Boltzmann suppressed to play any sizeable role in the
final amount of DM (red solid line). This means that DM is
mostly produced directly through x-driven SM — DM
processes, and that the relic density is very close to the one
obtained considering a massless dark photon (red dotted
line). Thus, the value of x is close to the value one needs in
the massless case, ky ~k, =2 x 1071, If, instead, one con-
siders the dark photon as massive but neglects the thermal
corrections, there is no suppression of the dark photon
production at high temperatures, and DM is sizeably
produced through dark photons. As a result, one obtains
a larger DM relic density (red dashed line). Therefore,
without thermal corrections, one would need a smaller
value of k. Indeed, for these masses, regime II applies so
that the overall scaling of the dark photon production of
DM is «e*a? «x k*, in which case one would need
Ky =2 x 10712,

The second panel [Fig. 8(b)] illustrates the opposite
situation, where the dark photon and DM masses are closer,
my = 1 GeV, mpy =3 GeV. Again, this is shown for
values of the couplings that lead to the observed relic
density taking into account thermal corrections, kj; = 3.6 X
107 and e = 107", With thermal effects included, the
resonance appears at a temperature close to m, ~ mpy. As
the production rate of DM from dark photons is not
Boltzmann suppressed when the dark photon production
is resonantly enhanced, the DM abundance strongly
increases, following the behavior of the dark photon
abundance. Consequently, the thermal corrections strongly
enhance the DM production from dark photon pair anni-
hilation, and this occurs both with respect to the massive
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FIG. 8. Comparison of the evolution of the dark photon (black
lines) and DM abundances (red lines), with (solid) and without
(dashed) thermal effects on dark photon production. The dotted
lines give the abundance of dark photons in the massless limit.
Panels (a) and (b) differ by the choice of dark matter and dark
photon masses. Both panels consider values of the couplings
which lead to the observed relic density when the thermal
corrections are taken into account (solid red lines): x =2 X
107" and e = 5.6 x 10~ for panel (a), and x; = 3.6 x 10~'* and
e = 107" for panel (b).

case without thermal correction and with respect to the
massless case. This implies that the value of x needed with
thermal corrections is smaller than the one required in the
massless case, kp, & 107! and is also smaller than the one
needed in the massive case without thermal corrections,
ky = 3 x 10713, In the latter case, the production is not
suppressed at high temperatures but is not boosted after-
wards by any resonance in the production. See Appendix A
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FIG.9. Same as Fig. 4, with mpy; = 3 GeV and m,, = 1 GeV,
but taking into account thermal effects on dark photon
production.

for a more detailed study of the effect of the resonance on
the DM production.

One related general consequence of thermal effects is
that they affect the thermalization of the dark photons with
the SM thermal bath. As a result, the simple criterion
I'/H > 1 of Eq. (3.9) has to be corrected, as the production
can be resonantly enhanced around 7' ~ T [see Eq. (4.2)
and Appendix A]. Thus, taking into account thermal
effects, in order to determine whether thermalization occurs
[i.e., if n, reaches Nn;’f](z)], one needs to solve explicitly
the Boltzmann equations. In this way, we find that the
thermalization condition becomes

1/2
€2 e =6x10"" (mDM> . (4.3)

GeV

Comparing with Eq. (3.9), we see that, as expected, a
smaller value of ¢ is needed for the dark photons to
thermalize with the SM sector.

Figure 9 gives the phase diagram obtained including the
thermal effects, for the same values of mpy; and m,, as in
Fig. 4; ie., my = 1 GeV, mpy = 3 GeV. One observes
that, as expected from Fig. 8, the “mooring bollard” shape
of the phase diagram is accentuated by the thermal
corrections, as the gap between the values of « in the Ia
and II regimes is larger. Similarly, Fig. 10 gives the phase
diagram including the thermal effects for the same values of
the masses as in Fig. 5.

To explain the various changes in these phase diagrams,
we now revisit each regime one by one.

Freeze-in regimes: In the Ia regime, the dark matter is
produced directly by SM particles, and the dark photons
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FIG. 10. Same as Fig. 5, with mpy = 100 GeV and
m, =10 GeV, but with thermal effects included.

and their potential thermal corrections iplay no role in
determining the dark matter abundance. % In regime Ib,
instead, the approximation we used of taking n;fl(z) in
the Boltzmann equation of Eq. (3.13) does not always give
the correct result. Instead, one has to take the actual value
of n,, as determined from Eq. (3.17). If mpy > m,,
Eq. (3.17) will give n, ~0, and the Ib regime will
disappear. Instead, if mpy 2 m,, n, will be enhanced
by the resonance and regime Ib will be relevant for a larger
range of couplings. The latter case is manifest in both phase
diagrams with thermal effects. If the resonance is at 7' <
mppm/3 (i.e., intermediate DM masses), the ¥’y — DM DM
freeze-in process is Boltzmann suppressed, and so it is not
as efficient as assumed when deriving the «j, coupling.
Thus, the turn toward smaller values of x can happen for
larger values of «; see Fig. 10 for such an example.
Sequential freeze-in: For m, not much smaller than
mpy, as in Figs. 9 and 10, the thermal effects lead to
smaller values of x than without thermal corrections
(see the discussion on the second panel of Fig. 8, which
gives the observed relic density along this regime). With
thermal corrections, this regime leads to a vertical line in
the phase diagram (as in the case without thermal correc-
tions), because the Y, o e? and y,.py x a scalings
remain unchanged. For m, << mpy;, this regime and the
intermediate regime Ib merge with the standard Ia freeze-in
regime, as shown in Fig. 11 for two choices of dark photon
masses (solid lines). Compared to Fig. 6 (reproduced as

""Notice, however, that plasmon decay can significantly
influence the relic abundance of very light, sub-MeV, dark matter
candidates [37].

10710

10711 J

¢ 10—12.

10—13 ]

— my=1GeV _ my =10 GeV
10714 ‘ ‘ ‘
10° 10 102 10° 10*
mpm (Ge\/)
FIG. 11. Dark matter candidates as shown in Fig. 6, but with

thermal corrections to dark photon production taken into account.
The additional dashed lines are given for the sake of comparison.
They correspond to the curves shown in Fig. 6, and thus are
without thermal effects.

dashed curves), the noticeable features are that resonant
production of dark photons leads to even smaller values of
K (see the discussion revolving around Fig. 8) and that the
regimes II (orange and blue curves) and Ia (green curve)
merge for relatively smaller values of mpy/m.,, for reasons
explained above.

Reannihilation regimes: For m, not much smaller than
mpwm, as in Figs. 9 and 10, we have seen above that the
production of DM is boosted from the fact that the
production of y’ is resonantly boosted at a temperature
which is still relevant for DM production. Thus, the Illa
production regime—i.e., DM through y’'—dominates even
more over SM — DM production than in the case without
thermal corrections (where it was already dominant; see
above). Instead, for m, < mpy, regime IlIb, where SM —
DM processes dominate, applies as in the massless case.

Secluded freeze-out: For mj, < mpy < m,, the IVa
regime, which applies in the absence of thermal effects
(see above), does not apply anymore, as in this case the
production of dark photons is highly suppressed. This is
due to the fact that, at 7 >> m,, the y’ production is
suppressed by thermal corrections and that for 7'~ m, <
m, there is no sizeable resonant production, as the
production is anyway Boltzmann suppressed. Regime
IVb nevertheless can apply for m,, < mpy;, when produc-
tion from the SM model is dominated by Z decays, as in the
massless case; see Ref. [2]. There is no Illa-to-IVb
transition (but only Illa-to-Va transition) because, as k
increases, so does ¢, and thus the production of dark
photons increases as well.

Freeze-out regimes: Since all particles are thermalized in
a single thermal bath, the effects of the above thermal
corrections on the dynamics of these regimes are negligible.
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V. COMMENTS ON CONSTRAINTS

As the goal of our work is primarily the classification of
the ways of producing DM, we only briefly comment on
possible constraints, with a focus on the harder-to-test,
small-x regimes. Indeed, as is well known, much of
the parameter space corresponding to the freeze-out and
reannihilation regimes of model (1.1) are already con-
strained or excluded, including by the direct-detection
searches; see, e.g., Refs. [2,38]. For the parameter ranges
relevant for the freeze-in regimes, no consequent produc-
tion at colliders and indirect-detection experiments of
hidden-sector particles is expected in general. The rates
of processes relevant for those searches—i.e., SM — ¥’ or
SM — ' - DM processes—are typically strongly sup-
pressed by the tiny parameters. Even so, if the mediator
is light enough (meaning m, <20 MeV in the case of
direct-detection searches of DM in the mpy = GeV and
above range), Rutherford scattering of DM on nuclei may
be strongly enhanced, so that for some values of the masses,
direct-detection experiments are already testing the freeze-
in regime [38] (based on Refs. [2,39]). For lighter dark
matter candidates, constraints on the parameter space of
the freeze-in regime of millicharged dark matter will be
possible in the future, exploiting the scattering of DM off
electrons, provided the dark photon is light enough, m, <
keV [39]. Sequential freeze-in, as well as freeze-in regime
Ib, in which DM is produced by the mediator, here the dark
photons extend the range of viable DM candidates toward
even more feeble DM-to-SM couplings. In the case of the
dark photon, the existence of these regimes is correlated to
the mass of the dark photons, and in particular to the
thermal effects discussed in Sec. IV. Specifically, for dark
photons much lighter than DM, m, < mpy, the produc-
tion of DM is effectively as in the massless dark photon
regime, and so along the standard Ia freeze-in regime. This
does not preclude the possibility that the new freeze-in
regimes could also be tested by direct detection, including
for models other than Eq. (1.1) [40].

Light dark photons and light millicharged particles are
also constrained by stellar as well as CMB (cosmic micro-
wave background) and BBN (big bang nucleosynthesis)
measurements. In particular, the impact of massive, feebly
coupled dark photons produced by freeze-in on cosmo-
logical observables has been studied in detail [41] (see also
Ref. [33]). BBN can constrain dark photons that have an
hadronic decay channel open, m, > 2 x m, ~ 300 MeV,
while CMB measurements are relevant for lighter dark
photons, 2m, <m, <100 MeV, through their energy
injection from dark photon decay into e /e™. For instance,
if m, =1 GeV, as in the phase diagram of Fig. 9, then the
range 10712 < e < 10710, which should show as an oblique
band in the phase diagram of Fig. 4, is excluded by BBN, as
can be seen from Fig. 5 of Ref. [41]. At the same time, for
mpym = 3 GeV, the sequential freeze-in runs from roughly
10712 < ey <3 x 1077, so that several candidates whose

abundances are set by sequential freeze-in are not excluded
by BBN measurements (or, for that matter, by any other
kind of currently known constraints). For m, = 10 GeV,
the range that is constrained by BBN corresponds to 5 x
1071 <e<5%x 10712 and 107'* <e < 10713, while for
mpy = 100GeV, 3 x 10712 <e; £1077, again leaving room
for viable candidates in the sequential freeze-in regime.

VI. GENERALIZATION TO OTHER MODELS

The model we considered above has a particular struc-
ture, where the three connections are determined by only
two independent parameters. One could therefore wonder if
the overall DM production regime picture we have obtained
above is deeply connected to this particular structure or is
more general. In this section, we would like to stress that
this picture applies to other models and that in particular the
sequential freeze-in regime could lead to the observed relic
density in many setups. In some cases, it can even be the
only possible way to produce DM.

To illustrate this discussion, let us take another example,
where DM is a fermionic particle y, coupled to a scalar
particle ¢:

L3 —(Yjxp+He.)—2yp"pHH. (6.1)
From such a structure, if the ¢ scalar field does not
acquire any vacuum expectation value (VEV), clearly
one cannot create any DM particle directly from the SM
(at lowest order in Y, and 44). The way to produce DM
from the SM is then to create first ¢ particles and from there
DM particles. Thus, the three new regimes we presented
above—Ib, II, Illa, and IVa—are the generic possible ones,
with ¥, and 4, playing the roles of ¢’ and € in the kinetic
mixing model above, respectively. In particular, if none of
the interactions thermalize, the sequential freeze-in is the
only possible one. If instead the ¢ scalar field has a VEV, it
mixes with the Higgs boson, and one gets a structure very
similar to that of the kinetic mixing model above, with
two parameters inducing the three connections between the
SM, ¢, and y fluids. DM can be pair-produced from SM
particles through Higgs and ¢ exchange, from a combi-
nation of the Y, and 4, interactions (similar to the «
combination above), ¢ can be produced from the SM
through 4, (similar to e above), and DM particles can be
produced by ¢ particles through the Y, interaction (similar
to the ¢’ coupling above)."" Thus, one expects a phase
diagram similar to the one we obtained above.

The structure of the phase diagram of Fig. 4 is deeply
connected to the fact that the sizes of the SM-to-mediator

"'Note that, unless it is forbidden in various ways, we could
also have a ¢H" H interaction which implies a ¢ — i mixing too.
In the presence of such a term, the various connections also
depend on this interaction.
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and mediator-to-DM interactions imply a lower bound on
the size of the processes which directly connect SM and
DM particles. For the kinetic mixing case, this is quantified
by the x = e\/d'/a relation. For the scalar mediation
example of Eq. (6.1), a similar phenomena occurs. If
instead one had three totally independent connections
between the three sectors, still the various regimes encoun-
tered above would be possible, in particular the sequential
freeze-in, but the overall picture would become more
complicated, as the phase diagram becomes a 3D diagram,
rather than a 2D one, as in Fig. 4. In this case, one can
produce dark matter in the nine ways described above.
Thus, at least nine regimes are possible, along the five
different dynamical ways of producing DM from the SM,
already mentioned above: freeze-in, sequential freeze-in,
reannihilation, secluded freeze-out, and freeze-out.

VII. CONCLUSIONS

In this work, we have analyzed the problem of DM
production in the framework of a very popular model in
which DM is charged under a hidden sector U(1)" and
interacts with SM particles through kinetic mixing. It is
impressive that such a simple framework can lead to a
structure of DM production regimes as rich as the one we
have uncovered. Indeed, we have found that DM produc-
tion out of the SM thermal bath through the kinetic mixing
portal involves no fewer than five different dynamical
mechanisms, and this along nine distinct regimes. This
result, which we obtained by considering the dark photon to
be massive, generalizes the massless dark photon case for
which four dynamical mechanisms, along five regimes,
were operative [2]. The four new regimes, including the one
based on a new DM production mechanism which we dub
“sequential freeze-in” (regime II in our classification of
possible regimes), all involve prior production of dark
photons by SM particles. While we focused on the kinetic
mixing portal model, the structure we have found is
actually characteristic of DM setups in which, on top of
the SM particles and DM particles, there are other particles,
akin to the dark photons, which can couple both to the SM
and to the DM particles. More precisely, it is characteristic
of models in which these three fluids communicate along
three connections, which are due to two different inter-
actions, here o’ and €. Such a structure thus applies to many
possible DM models. Despite the relative complexity of the
DM production structure, a simple picture emerges in the

A simple possibility of this kind would be to have a
scalar mediator ¢ and a scalar DM particles ¢py; with three
quartic terms, £ 3 —Ay_,¢'pH H — dpy_pydpmdomH H—
ADM_4,¢BM¢DM¢"’¢. If both ¢ and ¢py have no VEV, the three
connections remain fully independent at tree level and lowest
order in the couplings. Thus, one has still a minimum size for one
connection as a function of the other two, but loop suppressed,
which somewhat changes the overall picture.

phase diagram, as depicted in the plane @’ vs k = e/’ /a.
Indeed, the different production regimes follow a universal
pattern composed of vertical and (almost) horizontal lines
in the phase diagrams, arranged in a shape suggesting a
“mooring bollard.”

In practice, the four new DM production regimes turn
out to be operative when the mediator—here the dark
photon—is lighter than the DM particles by a factor
my/mpy 2 10~2. Below this bound, the mass of the hidden
photon is effectively negligible, and one recovers the
regimes of DM production of the massless case studied
in detail in Ref. [2]. In particular, one recovers in this limit
the characteristic “mesa” shape in the phase diagrams.

The new “sequential freeze-in” dynamical produc-
tion mechanism (regime II) involves the slow, out-of-
equilibrium production of dark photons, followed by a
slow out-of-equilibrium production of DM from these dark
photons. We find it interesting that such a chain of the
freeze-in production of particles is operative and can lead to
the observed relic density even in a model as simple as the
kinetic portal. The other new regimes are DM freeze-in
production from a thermalized population of dark photons
(Ib), and reannihilation (IIla) and secluded freeze-out (IVa)
through the freeze-in production of dark photons. For these
new regimes, the thermal effects on dark photon production
turn out to be important. On the one hand, they suppress the
production of dark photons, and thus of DM, at temper-
atures above the dark photon mass. On the other hand, they
imply subsequently a resonant production of dark photons,
which can strongly boost the DM production.

As a final comment, we stress that it is to be anticipated
that, in more complicated models, involving more fluids
and/or more independent connectors than considered
here, the various possible regimes can be determined by
following the strategy we followed in drawing Fig. 2. This
strategy requires us first to determine the various possible
connections between the fluids; second to look at the
possibilities of combining these connections considering
that each one either does reach the equilibrium before the
DM number freezes or does not, but may still play a role by
slowly producing one species from another one (along the
freeze-in way); and finally to keep in mind that when a
process in equilibrium decouples, the dynamics will also
depend on whether the slow processes are still active.
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APPENDIX A: THERMAL EFFECTS ON DARK
PHOTON PRODUCTION

The production rate of dark photons in a medium has
been studied extensively—in particular in Refs. [28-33].
For comprehensiveness, we recap here the main steps of
their arguments. We work in the interaction basis, treating
mixing as a perturbation. Through mixing with SM pho-
tons, dark photons have a self-energy that inherits thermal
features from those of photons (see Fig. 7),

€2m4,
I, =m?% . Al
14 my + (K2 _ Hy) ( )

with K2 = w? — k?, where K is the momentum of the
virtual dark photon. In particular, its imaginary part is

2,4
€ my,ImHy

ImIl, =
14 2 2 2
(my, - ReHy) + ImlL,

(A2)

where we set K* = m,, corresponding to the mixing of a
virtual photon into a dark photon on the mass shell. In
vacuum, ImlIT, is related to possible photon decay channels,
but in a thermal bath, ImIT, has terms corresponding to both
the emission and absorption rates of photons from the
medium':

Imll, = —al’, = —o(T) em — Ty abs)- (A3)
By detailed balance,14 the emission rate of a photon of
energy @ is Boltzmann suppressed compared to the
corresponding absorption rate,

Fe = eXp (_w/T)Fabsa (A4)
so that
r _ €2m;f,r%em (AS)
7' .em (m%/ _ RCH},)Z + wZ(ea;/T _ 1)21"%em

Now, at finite temperature, on top of genuine transverse
photons, the medium can also sustain the propagation of

PMore precisely, I is to be interpreted as the rate that
determines the approach to thermal equilibrium,

f(ws t) _feq & exp(_rt)’

where f is the distribution function of (here) dark photons. The
strange minus sign between the rates of emission and of
absorption can be traced to Bose-Einstein statistics; for fermions,
r T4Fem + Daps [34]. o )

More generally, this is due to the fact that the amplitude
squared for the emission and absorption process are equal, due to
unitarity [42].

longitudinal modes or plasmon waves. These correspond to
oscillations of charged particles that composed the thermal
bath. Thus, in the expression of the rate of production of
dark photons given by Eq. (A.5), one must thus distinguish
transverse (7)) and longitudinal (L) self-energy, and there-
fore emission/absorption rates, (I',IL,) — (I'7 ;. 117 ) [31].

The transverse modes, corresponding to ordinary pho-
tons dressed by interaction with the medium, are the
simplest. In the relativistic regime and to leading order
in a, the transverse photons simply get a thermal mass,
albeit with a slight momentum dependence,

wh =>¢?T*/9 lowk
Rell, ; = ; . (A6)

3/2w% large k

where wp is the so-called plasma frequency and the sum is
over relativistic charged particles [36]. For later use, we
mention the fact that there is no substantial wave function
renormalization for the transverse modes.

The longitudinal mode self-energy has a more involved
structure. This is related to the fact that longitudinal
photons do not propagate in vacuum. Still in the relativistic
regime and to leading order in a, the self-energy takes the
form" [36]

K (@ w+k
Solving for w? — k* = Rell; (w (k), k) leads to

wiK*/@* k~0

. A8

ReHy'L — {

The behaviors of the dispersion relations of the transverse
(solid blue) and longitudinal (solid orange) modes are
depicted in Fig. 12.

For a longitudinal plasmon mode close to on shell,
w~ao,, Rell,; ~w}K?/w?, and one can write'®
[31,32,36]

1 N COZZL
K*—TI;  K*(0* - @?}) — iZyw’Imll,

(A9)

where, using Eq. (A.7), the wave-function normalization
Z; is given by

>We use here the definition of the longitudinal polarization
tensor of Refs. [31,32], 1, = H?PP , which differs from that of
Ref. [36], IBS = K2 /K°TI)FP.

To be clear, while we consider the real part of the self-energy
only to leading order in «, the imaginary part ImIl; may include
higher-order corrections in «, so as to describe, for instance,
Compton emission, etc.
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FIG. 12. Dispersion relations for wy(k) (blue solid line) and
w; (k) (orange solid line) in the relativistic regime, T > m,. They
are normalized to wp = 1. The dashed orange line is the
dispersion relation of a standard massive particle. The dispersion
relation of the transverse mode has w; = wp for small k and
wr & +/3/2w% + k* for large k. That of the longitudinal mode
has w; = wp for small k but asymptotes to w; ~ k for large k.
Also shown is the wave-function normalization Z; (green solid
line) which goes to zero at large k, revealing that the longitudinal
mode propagates only for small enough momenta.

! :1+k_23w%—w%+k2’

v, 2w} — k) (A10)

which satisfies Z; — 1 as k — 0 but goes to zero for
k Z wp, as shown in Fig. 12 (green solid line). This reflects
the fact that the longitudinal mode mostly exists for
moderate momenta. From this and Eq. (A.5), we get17

2,4 727L
- I e (A1)
Fon = (AP T (e — 1P Z )
with Z; = «?/ m>Zy.. This is to be compared to
2, 41T
em I
I rren (A12)

rem = (2~ ah) @ (T — AT

Comparing these expressions, one sees that at large 7,
wp > m,, and o ~ wp,

”Expression (A.11) agrees with the relevant literature [31,32],
see also Ref. [43], but perhaps a comment is in order. For
instance, it may be compared with Eq. (2.7) in Ref. [32] using the
fact that in Eq. (A.11) the longitudinal photon emission rates are
to be calculated as in vacuum, while in Ref. [32] (abbreviated RR)
they include factors interpreted as wave-function normalization:

ZLF;eem|us = l—‘yL.emlRR'

Ann./Com.: transverse modes

my =1 GeV

Ann./Com.: longitudinal mode
—— Coalescence

1072<

— All contributions

-===No thermal effect

10—4<

e T

10712 . . .
1073 1072 10! 109 10!
mw//T

FIG. 13. For ¢ = 107°, all contributions to the dark photon
yield as a function of the inverse temperature. One can distinguish
contributions from pair annihilation and Compton processes for
both transverse (red dashed line) and longitudinal modes (blue
dashed line), from the coalescence process (orange dashed line)
and from all contributions together (solid black line). For the
coalescence, we have taken into account the thermal corrections
to the mass of the SM particles that annihilate into a dark
photon [30].

Ik w* TL

7 .em y.em
e oy e, (A13)
Y .em y ~v.em

As the rate for production of longitudinal photon modes
itself is o m?,, due to current conservation, k”J” =0-
€' o m,, the overall scaling of this ratio is @ /m7, > 1.
So the production of dark photons is dominantly through
the production of longitudinal photons at high temperature,
wp Z my [31,32]. At lower temperatures, however, which

is the regime relevant for infrared dominated freeze-in
production,

FL/ FL m.,
F;'e‘“ ~Z2 F;e“‘ ~Z7 ;7 <1, (A14)
y'.em y.em

as Z; 2 1, so production is dominantly through bona fide
transverse photons [31,32]. Thus, the production of on-
shell dark photons proceeds essentially as in vacuum, but
with a cross section in which the mixing parameter should

be replaced by
e?m?,
4

(m% = Rell,)* + w*(e”/T = 1)’T7’

(A15)

€= egff =

legitimating the rule of thumb stated in Eq. (4.2).

Figure 13 illustrates all the contributions to the produc-
tion of dark photons. There, one recognizes the high-
temperature suppression of transversal modes [Eq. (A.13)]
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and the low-temperature suppression of the longitudinal
mode [Eq. (A.14)].

APPENDIX B: A NOTE ON DARK HIGGS
PRODUCTION

In the body of this work, we assumed that the only
relevant d.o.f. for DM production are, besides the SM
particles, the dark photon and the dark matter itself. They
thus apply as such if the mass of the dark photon arises
through the Stiickelberg mechanism. If, instead, the U(1)’
is broken through the Brout-Englert-Higgs mechanism, our
underlying basic assumption is that the dark Higgs (4') is
much heavier than both the dark photon and the dark
matter; i.e., that

m;i: /1/ nmy, 2},/7]/
M—y/-Z—>1 and k- > 1,

m}/ 21 a' mpm Mpm

(B1)

where A/ and v are the dark Higgs quartic coupling and
VEV. We assumed, for simplicity, that the DM is vectorlike
so that mpy; can be taken to be independent of ¢/, a hypo-
thesis that could be relaxed in a more elaborate scenario.
Now ' is a (very) tiny parameter for most of the parameter
space we consider, so these conditions can be easily met. If
this is not the case (for instance, if for some reason A’ itself
is a small parameter), then we may have, e.g.,

myy ~ m, << mpy. (B2)
If this is the case, the system becomes more complex, as we
must in principle take into account the abundance of /’
particles on top of that of the DM and the dark photons;
see Fig. 14.

An interesting aspect of this scenario is that the
process of associated production of dark Higgs (or dark-
Higgsstrahlung) SM — h'y’ is unsuppressed in the limit
m, — 0, and scales as [44,45]

a’K?
OSM—n'y & Ty (B3)
for large /s > (my +my,). As k =e\/d/a, the rate
of K production is proportional to ' and not o as
naively expected from the vertex L D e?v/WA,AM =
e'm,h' A, A", This result, familiar from SM Higgs physics,

FIG. 14. The sectors and their connections in the Higgs phase
of the dark photon model.

can be traced back to the fact that the process (B.3) is
dominated by longitudinal ¥’ emission at large energies.
Hence, the connection between the SM sector and the 4’ is
controlled by «, precisely like the DM itself; see Fig. 14. By
the same token, the connections between the /', the ¥/, and
the DM are all driven by ¢'.

From the above discussion and the (approximate) sym-
metry of Fig. 14, we thus expect that the production of
the dark Higgs will proceed as that of DM, starting from the
freeze-in regime Ia for tiny values of , then Ib with the
production of 4’ and DM from y’ in thermal equilibrium
with the SM sector, etc. So the abundance of 4’ should
essentially track that of DM, Y, ~ Yy, and this at least as
long as T Z mpy. Thus, if sequential freeze-in occurs, the
contribution of the process 'y’ — yjy should be subdomi-
nant compared to that of the process y'y’ — yj. Conse-
quently, and while a more detailed analysis may be of
interest, we tentatively conclude that, generically speaking,
the presence of A’ should not affect significantly the
structure of the phase diagram depicted in Figs. 9 and 10.

As for the symmetric phase, in which m,, = 0, it would
contain two DM candidates, as the complex scalar asso-
ciated with the dark Higgs would also be stable (by charge
conservation), and both would be produced at similar
rates for tiny couplings. In particular, as the abundance
at freeze-in is Ypy o« 1/mpy (barring production from
Z-boson decay; see Ref. [2]), both particles will give
(roughly) a similar contribution to the DM energy density,
Qpy < mpyYpy- While reannihilation and subsequent
regimes may have a richer structure than in a scheme with
a single DM candidate, we expect the phase diagram to
follow essentially the “mesa” pattern studied in Ref. [2].
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