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Ultraheavy atomic dark matter freeze-out through rearrangement
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Atomic dark matter is usually considered to be produced asymmetrically in the early Universe. In this
work, we first propose that the symmetric atomic dark matter can be thermally produced through the freeze-
out mechanism. The dominant atom antiatom annihilation channel is the atomic rearrangement. It has a
geometrical cross section much larger than that of elementary fermions. After the atomic formation, this
annihilation process further depletes dark matter particles and finally freezes out. To give the observed dark
matter relic, the dark atoms are naturally ultraheavy, ranging from 10° to 10'° GeV.
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I. INTRODUCTION

More than 80% of the matter in our Universe today is
dark matter (DM) [1]. But the nature of DM is still a
mystery that suggests new physics beyond the Standard
Model (SM) of particle physics [2-4]. Among all DM
candidates, the weakly interacting massive particle (WIMP)
scenario [5-9] is widely recognized. Its production mecha-
nism, the thermal freeze-out [10,11], is quite natural and
attractive. The observed DM density is simply determined
by the fundamental parameters, such as the DM mass and
its coupling to the SM particles.

However, WIMP predictions have several conflicts with
the observations, such as the small scale problems [12,13].
Besides, the DM with a mass of WIMP scale has received
strong constraints from direct detection experiments [14—
18]. Another appealing candidate, atomic dark matter [19—
241, appears as an extension of dark U(1) gauge symmetry.
Since dark atom particles are naturally self-interacting, this
atomic DM scenario can be utilized to solve the small scale
problems [25-31]. In addition, atomic DM also has rich
phenomenology in the direct detection [22] and indirect
detection [32] experiments.

Being an analogy to the atoms in the SM sector, the
atomic DM in the current literature is always designed as
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asymmetric. Its production is usually considered as the out-
of-equilibrium decay of right-handed neutrinos in the early
Universe [22,33] as an extension of leptogenesis [34]. The
assumption that the production of dark atoms occurs
through thermal freeze-out is compelling since it reduces
model complexity and provides a rich phenomenology
while leaving other possibilities unexplored.

In this work, we first point out that the DM can be
symmetric atomic states, which are thermally produced
through freeze-out to give the observed relic. The dark
sector contains a heavier fermion y,, and its lighter partner
. with opposite dark U(1)y charges, as well as the same
amount of their antiparticles. When the Universe cools
down, the dark fermions begin to form atomic bound states.
The dark atom mass is dominated by the heavier fermion
X p» While its radius is determined by the lighter one y, [35].
After formation, dark atom and antiatoms annihilate by
experiencing an intermediate state of dark positronium and
protonium. This is the so-called atomic rearrangement. Its
cross section is geometrical and proportional to the atomic
size, which is much larger than that of a single fermion, as
shown in the cartoon in Fig. 1." Thus, the DM number
density is further depleted, and the eventual freeze-out is
determined by the atomic rearrangement. As an important
result, the symmetric atomic DM scenario naturally pro-
duces ultraheavy DM beyond the unitarity bound [3 8-40].

After introducing such a scenario and its freeze-out
history, we explore the viable parameter space. Finally,
possible signatures and constraints of the symmetric dark

'"The self-destructing DM has a similar nature that it annihi-
lates after rearrangement [36,37].

%Several exquisite mechanisms, such as Refs. [41-45], can also
produce ultraheavy or hyperheavy DM thermally.
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FIG. 1. Tlustration of the annihilation cross sections of elemen-
tary dark proton, y,, and atomic bound state, y, (not to scale).
The elementary fermions y, annihilate when their distance is
smaller than ~ap/m - while the dark atoms would rearrange
within a distance ~1/apm, . The latter process is hugely
enhanced for a; < 1 and m, 3> m; .

atom scenario are discussed. Throughout the paper, we use
natural units where c = h =k = 1.

II. SYMMETRIC DARK ATOM SCENARIO

In the dark atom scenario, the dark sector contains a
heavier fermion y, with mass m, —and its lighter partner y,
with mass m,, , as well as their antiparticles 7, .. x, and
x. interact through a long-range force with opposite
charges, which allows the formation of a bound state.
Throughout this paper, we take the long-established dark
U(1)y as an example for implementation. The bound
atomic state y4 = (y,x.) shall form when the temperature
is below their binding energy E;. The subscripts p and e are
analogies to the proton and electron in the SM. The dark
atom y, and its antiparticle account for the DM today.

Our main body Lagrangian is the same as the usual dark
atom model [21,22]. However, we do not have the addi-
tional assumption of atom-antiatom asymmetry. The
Lagrangian is,

1 1 1 1
LD e F, = FUFy = FPF, + 5 m3,A'MA),

+)_(p(iD - m;(p))(p +)_(e(iD - m;() e (1)

Here, A’ and F’ are the dark U(1)y gauge boson and field
strength. As usual, the dark proton y, carries U(1)y charge
+1 while dark electron y, has charge —1. This dark U(1)y
has a mixing with the SM U(1),,, by a mixing angle e.
The dark gauge boson has a tiny mass to mediate a long-
range force and exists as dark radiation. With a mixing
satisfying the current limit ¢ < 10712 [46,47], the dark
sector cannot always be in kinetic equilibrium with the SM
sector and will attain its own temperature 7. To avoid the
big bang nucleosynthesis (BBN) constraint for A’, we take
T,=Tgyé and ¢ = 0.2.> Both the dark proton and dark

*Roughly the extra effective relativistic degree of freedom
should be smaller than 0.28 [48] measured from CMB. This
translates to a constraint on the temperature ratio, which is 7, <
0.5T g\ [24].

electron maintain in chemical equilibrium inside the
dark sector through their annihilation into gauge bosons,
Xp(e) T Xpe) <> 2A” in the very beginning. The thermal

averaged cross section (64 v) = ap/m; , is proportional

to the square of particle wavelength. Since the dark proton
mass is much larger than that of electron and binding
energy, y, will first freeze out through such a channel, and
its yield Y v =My, /s stays as a constant for the moment.
As long as the mass of dark U(1)y gauge boson A’ is
much smaller than both fermion masses, we can treat the
interaction between dark fermions as a Coulomb potential
[49], and describe dark atoms by a simple Bohr model with
high accuracy. The binding energy and Bohr radius of the
dark atom are
B — 1, 1
b= 5 apH, apht

where dark fine structure constant a, = ¢* /4 and reduced
mass u = (m, m, )/(m, +m,)=~m,. Withap <1, the
dark atom size is larger than the Compton wavelength of
both y, and y,.

The dark sector temperature is roughly the kinetic energy
of particles inside it. When the Universe cools down to
T, ~ E,, the relative kinetic energy between dark protons
and electrons becomes smaller than the atomic binding
energy. After that, both atom and antiatom begin to form.
The atomic formation (AF) cross section is [50],

16z o3 (E\'Y2 [(E
w3 (m) w() o
H X X

Symmetry between atom and antiatom indicates that
their annihilation also happens once number density
accumulates. In the nonrelativistic limit, the annihilation
is dominated by the atomic rearrangement (AR) processes
[51,52],

pxe) + (pke) = Gpitp) +Xe + Xes (4a)

pxe) + (pke) = Giprp) + (ete)- (4b)

The bound states (7,x,) and (y.x.) shall decay to dark
photons subsequently once they are formed. Thus, the
atomic annihilation is effectively one directional. In prin-
ciple, y, and ¥, can directly annihilate in flight without
forming the intermediate (¥,y,), but the cross section is
usually small compared to the rearrangements [52]. The
above processes have a geometrical cross section [51,52],

(oarV) = Crrs. (5)

The numerical prefactor C ~ O(1) could be calculated by
investigating the potential between bound states. Generally,
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this factor depends on the collision energy. However, in
low-energy regions, this dependence is quite weak [52].
So, we treat it as constant and take C =1 for both
processes.4 The (oarv) is roughly the geometrical size
of the atom. As shown in Fig. 1, before and after the
formation of the bound state, the DM size increases by a
factor of ap'(m, /m,,)?, which significantly enhance the

annihilation cross section if m, > n,, . The DM annihi-

lation could happen again even with an already depleted
density. This further decreases the dark fermion number,
and the freeze-out of symmetric dark atoms is then finally
determined by atomic rearrangement. As we will see later,
the DM mass is ultraheavy, even beyond the unitarity
bound, to give the observed relic.

Apart from the processes in Eq. (4), the reaction
xp+ (pke) = (Xpxp) +X. and its conjugate reaction
occur simultaneously. Their cross sections, denoted as
6,4, are also geometric in nature, with 6,30 ~ ri. On
the other hand, the rearrangement of y, and the dark atom is
kinetically suppressed at low energy. This is because the
binding energy of (y,j.) is smaller than that of the dark
atom, making the reaction endothermic. As we will discuss
later, while the rearrangement annihilation between dark
protons and dark atoms leads to a rapid depletion of dark
protons once a certain number of dark atoms is produced,
the ultimate freeze-out of the dark atom is still primarily
determined by the processes described in Eq. (4).

However, the minimal thermal symmetric dark atom
model in Eq. (1) has an intrinsic problem. To efficiently
consume the dark proton number and convert them into
atoms, its lighter partner y, should have almost the same
yield at the time 7', ~ E,. The cross section of dark fermion
annihilation into the dark boson is inversely related to its
mass square. It means that y, has a larger annihilation rate
and stays in equilibrium for a longer time. The dark
electron has a smaller yield than that of the dark proton
when it freezes out. As a result, only a small part of the dark
proton can be consumed to form atoms while others are
left as millicharged particles. In such case, the atomic
annihilation effect becomes negligible, and the heavy dark
fermion density shall exceed the total DM density.

One way to solve this problem is to use areal scalar particle
¢, which can be the real component of dark Higgs from UV
completion of U(1)y, with mass 2m, < m, <2m,. It
couples to dark fermions through the Yukawa interaction,’

LY, 7oy + VeI eKe- (6)

“Since cross sections for processes in (4a) and (4b) are both
geometrical, they are naturally of the same order. Here we assume
that C = 1 for simplicity.

In principle, this scalar can couple to SM Higgs by
MAPH'H + ),¢* H' H. However, the interaction should be small
to avoid possible constraints from Higgs interaction.

Both Yukawa couplings, y, and y,, are small, so that the
scalar ¢p does not come into either kinetic or chemical
equilibrium with the dark sector. Its merit is to continuously
decay to y, to help the atomic formation process.

With the model and settings, we are ready to discuss the
whole thermal freeze-out history of our symmetric atomic
DM scenario.

III. FREEZE-OUT THROUGH ATOMIC
REARRANGEMENT

This section shows our scenario naturally introduces a
new freeze-out mechanism driven by atomic rearrangement.
In the early Universe, the symmetric dark atom scenario has
three typical energy scales: the dark proton mass m 9 the
dark electron mass m,, , and binding energy E,,. The unitarity
limit of cross section requires the dark coupling to be ap <
0.5 [39]. In this paper, the dark proton mass is ultraheavy,
and the mass difference between fermions is huge. Thus,

there is a hierarchy my, > m, > E, The whole freeze-out

histories of v, x., ¢, and y 4 have the following clear phases
as shown in Fig. 2. Here, the temperature parameter is
defined by x=E,/T,, and the parameters are taken as

ap =02,m, =1GeV,and 'y =1072* GeV.

A. x, Freeze-out (T, ~ O(m,, ))

In this phase, the temperature is so high that all other
species remain relativistic and in equilibrium except y,,.
When the dark sector temperature is below m » the dark
proton becomes nonrelativistic and begins to freeze out
through the channel y, + 7, <> 2A’. For large U(1)y
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FIG. 2. The yield evolution of dark proton y, (red), dark
electron y, (green), scalar ¢ (blue), and dark atom y, (yellow).
We take m, =1GeV, ap =02, Ty=10"2* GeV, and
Yy, = 100Y) . The yield of dark atom initially increases due to
its formation, then decreases as a result of its rearrangement, and
finally freezes out. To achieve the observed relic €, h? =0.12,

the dark proton mass is m, = 10° GeV. For comparison, the

atom yield solution of the Saha equation is drawn as a gray
dashed line.
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coupling ap, the Sommerfeld enhancement and the bound-
state formation effects should be included in the annihila-
tion cross section, (chnv) = (a3/ m)%p) x S, as an effective
enhancement factor S [39]. The dark proton yield after this
first stage freeze-out Yf;p can be fixed by its mass, coupling,
and the enhancement factor. Since the y, mass is much
larger than that of y,, this first stage freeze-out temperature
my, /20 is far above binding energy E,. Thus, no dark atom
is formed and the yield Y)?p stays as a constant to give the
initial value of the red curve until T, ~ E;,. Currently, y,
with a mass larger than O(100) TeV is overproduced [38],
and the consumption by atomic rearrangement in later
phases is necessary.

At the same time, the scalar ¢ gradually freezes in
through the channel, 7, 4+, = ¢ + A’. Its yield after
freeze-in Y% is proportional to the annihilation cross section
of order yf,aD. It also depends on how long it lasts, 1/7/;,
where the T'; ~ O(m,, ) is the endpoint of freeze-in. By
integrating the Boltzmann equation of ¢, one can get

2
0 _7 ypaDMp
Gx Tfi

B. Atomic formation (T, X E;/x; ~ E;/30)
When the dark sector temperature cools down to
T, ~ E,, the dark electrons begin to pair with the dark
protons and form atoms. The density evolution of the dark
proton y,, dark electron y,, and atom state y, are described
by the following Boltzmann equations with respect to
time #:

dy Y
X’ — X
T loner) (sz v, - vy Y§§>
—s(0,i0)Y, Y. (8a)
dy
d—;(e = _S<O'Snn7j>(Y)2(e - (Y)e(?)z)
_ Y. Y. — ququ Y)(A
S<6AF1)> Xp™ Xe XptXe qu
XA
+ <F4)>Y(/) + S<6AR’U> Y;A + S<6pA ’U>Y1p Y){A, (Sb)
dy Y
XA eqyeq ~ X
d—tA - S<GAFU> <Y)(I)Y)((, - Y){pYXp Y;%)
- 2S<O’ARU>Y)2(A—S<UPAU>Y1P Y,. (8c)

o e .. _ 0 0 _
Theinitial conditionsare Y, (4 |T1:Eb = Y)rp @ Vs |T1=Eb =0.

Notice that the inverse process of the atomic rearrangement
is neglected. Here, Y;?=n;1/s and n}® is the number
density in equilibrium for the corresponding species. The
factor 2 in the second term on the right of Eq. (8c) comes

from the inclusion of two rearrangement processes
[Eq. (4)]. The evolution of antiparticles is the same.

The dark electron y, is injected into the Universe all
along this phase to pair with dark protons as the green
curve. The yield of y, is determined by the scalar ¢ decay,
¢ — Y.+ x., and its own annihilation to dark gauge boson
including Sommerfeld and bound state formation enhance-
ments. To make sure the y, number is large enough, the
initial yield of ¢ in Eq. (7) should be larger than the yield
of ypas Yy 2 V) .

On the other hand, dark atoms are constantly being
formed and dissociated to maintain in equilibrium. Its
evolution can be analytically solved through the Saha
equation [53,54] [Eq. (8c) with only atomic formation
term since Y, is extremely small compared to Y, in this
stage]. The solution,

pSaha — e nsd (9)
XA _eq_eqx¥A»
){p Xe

shown as the gray dashed line, perfectly fits the yield
evolution of the atom (yellow curve). At this stage, the ¥,

(red curve) remains constant while the number density of

dark atoms increases exponentially, 73 oc /T,

C. Atomic rearrangement (T, X E;/x; ~ E; /100)

As n, accumulates, at the temperature T, = T, (with
xp = E,/T},), the rearrangement annihilation of dark pro-
ton and dark atoms dominates over the Hubble dilution
of Ny s

n, (6,4v) > H, (10)

where H(Tgy) = 2+/7°g,/45T%,/Mp with the Planck
mass Mp=1/\/Gy~12x 10" GeV. Meanwhile, the
atomic formation process is also intense:

n, (oapv) > H. (11)

Dark protons, together with dark electrons, quickly form
dark atoms and annihilate with antiatoms through atomic
rearrangement. So the yield of y, drops sharply right after
X, as shown in the red curve.

Shown as the yellow curve, the atomic annihilation also
decreases the yield of atom Y, . It becomes more and more
difficult for dark atoms to find each other and rearrange.
Atomic rearrangement freezes out at the temperature
T,=T; (with x; =E,/T;) and Hubble dilution takes
over. The eventual freeze-out point is determined by

n

L (OarY) = H. (12)

The relic of dark atoms makes up the observed DM today.
The final dark atom yield Y};A is predicted as
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o 3VS muxE
XA 7[3/2\/9—* MP

(13)

To fit the observed relic Q, h* = 2m,, so¥) h2/p. = 0.12,
where s((p.) denotes the entropy (critical) density today,
the DM mass should be

1 GeV) (9.2 /80 (0.2
~10° GeV = —{—). (14
o= o (55) () (G)(E) o
The final yield and DM mass depend simply on the
parameter m,, and are not sensitive to initial yields before
atomic formation. Even the dependence on coupling ap, is
canceled out. Besides, the final yield of the atom Yﬂ;

decreases a lot compared with ng. Thus, the dark proton

mass can be lifted to be ultraheavy as 10° GeV in the case
of Fig. 2.

After all the phases are finished, a large part of ¢ begins
to decay, I'y ~ y2my/4n ~ H(E,/x&). Without ¢ injec-
tion, the dark electron will finally annihilate and freeze out.

Since the mass difference is huge, m, < m, ~m, , the
Xe )(p XA

millicharged dark electron only accounts for a tiny portion
of DM.

So far, we have seen the key points of the symmetric dark
atom scenario. Its freeze-out is determined by atomic
rearrangement and can give the observed relic. Since the
geometric cross section of atom annihilation is much
larger than the annihilation cross section of y,, itself as a
pointlike particle, the number density of dark sector
particles is greatly suppressed, and its mass is enhanced
to be ultraheavy.

IV. PARAMETER SPACE AND CONSTRAINTS

We first explore the required parameter space of ¢ to
make the symmetric atomic DM scenario work. (i) We
expect the decay of ¢ to happen after the freeze-out of the
dark atom, T'j, < H(x;). Otherwise, the injection of y,
during atomic formation is not sufficient and y,, cannot be
significantly depleted. (ii) Since ¢ is produced by freeze-in
and never enters equilibrium, its yield after freeze-in
should be smaller than its relativistic equilibrium yield,
Yy < T,/#*s ~0.0018 g;'. (iii) The yield of y, before x,
is controlled by two major processes, its self-annihilation
and the decay of ¢. The depletion of y, due to its self-
annihilation should be compensated for by the production
from the decay of ¢. Its yield is approximately Y,, =

F¢Yf,’s /${66nv). To meet the criterion of the minimal
number density of y, as Eq. (11), one obtains another
requirement for ¢, which is TyY) > H(x,)*(05m0)/
s{oapv)?. In Fig. 3, we show the allowed parameter space

(blank area) that satisfies these three conditions for ¢ by
taking ap = 0.2 and m, = 10° GeV.
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FIG. 3. The parameter space for ¢ in the (y§m4,, y,) plane that
successfully initiates the thermal freeze-out of the symmetric dark
atom. Here we take ap = 0.2 and m, = 10° GeV.
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FIG. 4. The parameter space where dark atom is giving the
observed DM relic €, h? = 0.12. The horizontal axis is the DM
mass m,, ~m, , and the vertical axis is the coupling ap.
Different colors stand for different values of dark electron mass
m,, . The DM mass is not sensitive to the coupling but inversely
proportional to dark electron mass. The gray shaded area is
excluded by the BBN constraint and the overproduction of
e» 2, > 1%, .

The parameter space of the symmetric atomic DM to
give the correct DM relic Q, h* = 0.12 is shown in Fig. 4.
Here, we fix the scalar yield after its freeze-in as
Yy =100 x Y9 , and it decays around x = E,/T, ~ 100
by choosing appropriate y,, y,, and m,. Once the above
conditions are met, the impact of different parameter
values of ¢ on the dark atom abundance becomes negli-
gible. The DM relic then depends on three parameters, dark
fermion masses m,, , m, , and the dark U(1)y coupling ap.
One can see that the DM mass m,, ~m, can be in the
range of (10%,10'%) GeV by varying a C (0.05,0.5) and
m, C (107',10%) GeV. Exactly as expected in Eq. (14),
the DM mass m,, (m,, ) is not sensitive to coupling a,, but
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inversely proportional to the dark electron mass m, . The
reason is as follows. A lighter dark electron leads to a larger
atomic rearrangement cross section. The dark atom yield
becomes smaller after its freeze-out. As a result, the DM
shall be heavier to give the correct relic.

The parameters in the bottom-left corner of the figure lead
to an overproduction of y, by the criterion Q, > 1%, .
For a larger m, and a smaller ap, the annihilation cross
section of dark electron is suppressed. Thus, more dark
electrons are left as relic. The region where the dark fermions
have a small mass difference is disfavored. It indicates that
the freeze-out through atomic rearrangement naturally
produces DM heavier than the unitarity bound.

If the binding energy E,, o a2 m, is too small, the atomic
formation and annihilation happen around the BBN epoch.
The number and energy density of y,, before consumption
can be large enough to affect BBN. Thus, the bottom-right
corner is excluded as shown by the gray shaded area.

V. CONCLUSION AND DISCUSSION

In this paper, we propose a new scenario in which DM is
composed of both dark atoms and antiatoms symmetrically
and discuss its freeze-out production. In this scenario, a
heavier dark fermion y, pairs with a lighter partner y, to
form an atomic state. Since the cross section of atomic
annihilation through rearrangement is much larger than the
unitarity limit of y, annihilation, the dark sector particles
are further consumed after atomic formation. The dark
atom freeze-out is determined by their rearrangements.

Notably, the mass of DM can avoid the unitarity bound and
be lifted to O(10'%) GeV.

About the possible signatures of the symmetric dark
atom scenario, we have the following open discussions.
Compared with the asymmetric dark atom scenario, the
symmetric case has different phenomena for the annihila-
tion between particle and antiparticle appears. This anni-
hilation can be tested through indirect detection and
cosmological observation. Usually, such constraints are
not sensitive to heavy DM because of the small number
density [55,56]. However, the large annihilation cross
section of the symmetric DM is a remedy for this
deficiency. The ultraheavy symmetric atomic DM is self-
interacting with a huge cross section. Thus, its halo density
profile could be different from those of other models. This
difference also imprints in the matter power spectrum at
small scales. Furthermore, the annihilation of atomic DM
shall distort cosmic microwave background (CMB) and
leave indirect detection signals today. These phenomeno-
logical research studies will be explored in future works.
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