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We present a new paradigm of dark matter freeze-out, where the annihilation of dark matter particles is
catalyzed. We discuss in detail the regime in which the depletion of dark matter proceeds via 2y — 2A’ and
3A’ — 2y processes, where y and A’ denote dark matter and the catalyst, respectively. In this regime, the
dark matter number density is depleted polynomially rather than exponentially (Boltzmann suppression) as
in classical weakly interacting massive particles and strongly interacting massive particles. The paradigm
applies for a secluded weakly interacting dark sector with dark matter in the MeV-TeV mass range.
The catalyzed annihilation paradigm is compatible with cosmic microwave background and big bang

nucleosynthesis constraints, with enhanced indirect detection signals.
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Introduction.—The existence of dark matter (DM) is
well established via ample evidence from cosmological and
astrophysical observations [1]. However, the nature of dark
matter is still unknown. To solve this puzzle, tremendous
efforts have been devoted to searching for dark matter
candidates and studying production mechanisms of dark
matter in the early Universe. Among all the mechanisms
that reproduce the observed abundance of dark matter, the
possibility of thermal dark matter, where dark matter keeps
in thermal equilibrium with standard model (SM) particles
in the early Universe, is especially popular and compelling.

For massive thermal dark matter, DM particles remain in
thermal and chemical equilibrium while dark matter par-
ticles are relativistic. As the universe cools down, DM
particles are depleted via certain processes, and the abun-
dance of dark matter goes down. These processes “freeze
out” when their interaction rate falls below the expansion
rate of the Universe, and consequently the DM abundance
stops decreasing and is a constant afterwards. There are
essentially two kinds of processes leading to depletion of
DM particles described in the literature. The first type is the
process in which DM particles annihilate into other
particles, mostly SM particles. The other type is the
number-changing process of dark matter. For the first case,
the most studied scenario is the self-annihilation process
[2], e.g., 2DM — 2SM. In particular, weakly interacting
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massive particles (WIMPs) that naturally reproduce the
correct relic abundance have attracted extensive attention
[3-5]. Other variations of the self-annihilation case include
coannihilation [6-8], semiannihilation [9], and the like
[6,10-21]. For the number-changing process, the most
studied process is 3DM — 2DM annihilation, dubbed as
strongly interaction massive particle (SIMP) annihilation
[22,23]. Subsequently, other number-changing processes
have been proposed and discussed, including the
Z,-symmetric SIMP [24,25] and co-SIMP processes [26].

In this Letter, we propose a new pattern of dark matter
burning in the early Universe beside the two aforementioned
kinds of processes, where the abundance of dark matter is
determined by ‘“catalyzed” processes. In catalyzed proc-
esses, there are some other particles beside DM that act as the
catalyst. The catalyst can enhance the rate of dark matter
burning, yet the catalyst itself is not consumed in the reaction
[27-29]. This process provides us with an alternative
reaction pathway to make the reaction happen without
changing the reactants and products. Specifically, in this
work we study a simple regime of catalyzed annihilation
with two processes leading to depletion of DM particles:
2y — 2A’ and 3A’ — 2y, where y and A’ denote dark matter
and the catalyst, respectively. We show in Fig. 1 a depiction
of how these annihilation channels result in the depopulation
of DM particles, that is, three 2y — 2A’ processes together
with two 3A’ — 2y processes effectively deplete two DM
particles. Note that the assisted annihilations [20,21,30] are
not catalyzed reactions since the assisters are consumed in
the reaction. The co-SIMP process SM + y +y - SM + y
[26] is not a catalyzed reaction either, since y +y — y is
kinetically forbidden and it is groundless to discuss

Published by the American Physical Society
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FIG. 1. Schematic illustration of the catalyzed annihilation of
DM y (red line) with a catalyst A" (blue line). Three 2y — 2A’
processes plus two 34" — 2y processes effectively deplete the
number of DM particles by two.

enhancement of this unphysical process. The same thing
happens to Ref. [31]. We note also that catalyzed processes
are being considered in big bang nucleosynthesis [32].
The observed DM abundance can be reproduced in the
catalyzed annihilation paradigm for a wide mass range of
dark matter. We emphasis that the thermal evolution in the
catalyzed annihilation paradigm is unique. Unlike WIMPs
and SIMPs, where the DM number density n, tracks the
Boltzmann distribution and shrinks exponentially before
freeze-out, the catalyzed annihilation could lead to this
polynomial suppression of n, as the Universe cools down:

nZo<s3/20<T9/2, (1)

where s and T denote the entropy density and temperature
of the Universe. Thus, the catalyzed annihilation lasts
longer and freezes out at later times. To reproduce a correct
relic abundance, the cross section of DM annihilation
2y — 2A’ should be enhanced since there is less time to
redshift to today [15], which corresponds to enhanced
indirect detection signals.

Catalyzed freeze-out.—In order for the catalyzed anni-
hilation paradigm to work, there are four requirements:
(1) The dark sector is nearly secluded. (2) The catalyst is
long-lived (=107 s). (3) The catalyst is slightly lighter
than DM (1 < m,/my < 2). (4) The annihilation channels
shown in Fig. 1 are present.

The dark sector should be secluded so that the annihi-
lation channels to SM particles freeze out before the
catalyzed annihilation. The catalyst is lighter than DM
and long-lived so that its number density is large and the
3A’ — 2y process is not suppressed, which ensures that
the catalyzed annihilation happens. If A’ decays quickly, the
paradigm recovers to the secluded DM regime [11,12]. In
addition, the catalyzed annihilation will heat up the dark
sector. For simplicity, we assume the dark sector could be
scattered with SM particles intensely enough to maintain
thermal equilibrium with SM particles.

We show in Fig. 2 a typical thermal history of dark
matter that freezes out via catalyzed annihilation. For now,
we are focused on the regime in which the mass ratio of
dark matter and the catalyst r = m,/my is no larger than
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FIG. 2. Thermal evolution of DM y (solid red) and the catalyst
A’ (solid blue). The dashed colored curves denote equilibrium
yields y = 71/s, while the dashed black curve shows the approxi-
mate DM yield y, = n," /s during the catalyzed annihilation

stage with n’* =\ /n3,(63v?)/(o,v) from Eq. (4). The param-

eters are taken from the model presented below.

1.5. As shown in the figure, there are four stages in the
thermal evolution.

Equilibrium stage: Both y and A’ stay in chemical
equilibrium due to the number-changing processes in the
dark sector. The dominant number-changing process is
3A" - 2y for r = 1.1. Other processes with DM in the
initial state, e.g., yA’A’ — yA’, are suppressed and negli-
gible, since n, < ny. In this stage, we have,

n,~i,, Ny iy (2)

=My
n, n denote the number densities, and 7,4 are the
equilibrium densities. In the nonrelativistic limit, we have
i, x = gyu(m,xT/27)¥?e™4/T, where g denotes num-
ber of internal degrees of freedom.

Chemical stage: y and A’ are chemically decoupled from
equilibrium, but they can still maintain chemical equilib-
rium with each other via the 2y <> 2A’ process:

n;(/ﬁ)( = nA’/ﬁA" (3)

Catalyzed annihilation stage: As the rate of 24’ — 2y
(inverse process of 2y — 2A’) descends exponentially at
low temperature, the 34" — 2y process dominates it. The
evolution of the DM number density is now controlled by
the catalyzed annihilation, i.e., 2y — 24’ and 34’ — 2.
Before freeze-out, the rates of the 2y — 24’ and 34" — 2y
reactions are much larger than the rate of change of n,, as
well as the Hubble rate and rates of other reactions [see
Eq. (10)]. Thus, neglecting the subdominant terms, we get
this approximate relation:

<02”>”§ = <53”2>”fy- (4)

We use (6,v) and (630?) to denote the thermally averaged
cross sections of 2y — 2A’ and 3A’ — 2y, respectively.
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In this stage, since y, = ny/s is practically constant and
(o,v) and (630?) are polynomial functions of 7, Eq. (4)
indicates that n, is polynomially suppressed. The scaling of
n, is similar to the scaling of the number density of the
assisting particle after DM freeze-out in Ref. [21].

Freeze-out stage: As the Universe expands, the rate of
the catalyzed annihilation decreases and dark matter
freezes out.

The equilibrium stage ends when the rate of 34" — 2y
falls below the Hubble constant H. The temperature of
departure from equilibrium 7'. can be determined approx-
imately with

(o30*)A3, ~ H(fy + 71,). (5)

We note that the annihilation channels to SM particles or
the 3A’ — 2A’ process can also deplete dark sector particles
and T, could be altered if these channels freeze out later.
The ending of the chemical stage is insignificant since the
freeze-out temperature 7, and relic abundance can be
estimated without it. Lastly, the catalyzed annihilation
freezes out when the rate drops below H. T, is deter-
mined by

(o2v)n5 ~ (o30*)n3, ~ Hn,,. (6)

The relic abundance of DM can be estimated approx-
imately in the same manner as WIMPs [15,33]:

Q — m)(SOHm vV Gxm xf
“ PcSm \/g*A,f <621)> ’
where x; = m, /T. Since x; is dependent on x. = m, /T,

we solve for x, with Eq. (§) first. Simplifying Eq. (5),
we find

(7)

773 (8)

x, = Llog Px0024
2 Gx,c "X

g5 my Moy (0 UZX]

where Mp, is Planck mass. With x,. determined in Eq. (8),
we can solve for n,. Substituting the result into Eq. (6),
we get

1/2 1/5
xp = <1293*f My {o30); (0307) xé)/ 9)
f’ —_— . .

ga/f m;(<031]2>3/2 ‘

The subscripts m, ¢, and f in the equations above mark
the temperatures 7 = m,, T., and Tf, respectively, for the
quantities, which include the entropy density s, the Hubble
constant H, the effective degrees of freedom g, [34], and
the thermally averaged cross sections. Note that if x,. is
delayed due to annihilations to SM particles or 34" — 2A’,
Egs. (9) and (8) should be modified to include these

processes. Note also that DM will freeze out earlier in
this case with a smaller relic abundance.

Based on the partial wave unitarity limit [35]
6,0 < (4m/m3v), we can estimate the upper bound of
DM mass from Eq. (7) for the catalyzed annihilation
paradigm. With x; 2 100, we deduce m, < 100 TeV. It
is compelling to notice that, compared to SIMP dark matter
that lives in the MeV scale [22], the 3 — 2 process can
apply to such a heavy dark matter.

In order to study the thermal evolution and DM freeze-
out in a quantitative way, we turn to Boltzmann equations.
As discussed above, we neglect the subdominant 3 — 2
annihilation channels, including yA’A" — yA’, yyA' — A’A’,
xxA" = yy, and yyy — yA' and assume 3A’ — 2A’ is
subdominant. If A’ decays to SM particles, the Boltzmann
equations reads

2
. _nZ
n,+3Hn, = —(o,0) <n§ - n)% ﬁ’; )

A
2
n
= X
+ <03U2> <ni/ - nil __2> ’
n
X
nz/
I;lA/ + 3HI’ZA/ = +<021)> <I’l§ - 171)% _124 >
ny
A

(o30?) (ni, - ﬁ—g)
v
— (Tar) (na = iyr).

The yield y, 4+ = n, o//s can be solved numerically and is
shown in Fig. 2.

Mass ratio.—In the previous section, we concentrated on
the mass ratio r < 1.5. In fact, the catalyzed annihilation
paradigm can go beyond this limit. When the mass ratio is
slightly larger than 1.5, i.e., 3my < 2m,, (630°) is expo-
nentially suppressed as the temperature goes down:

N W

(10)

2r—3)x/r’ (11)
where x = m,, /T. During the catalyzed annihilation period,
with fewer DM particles produced via the 3A" — 2y
process since the cross section is smaller, the DM number
density shrinks more sharply. Consequently, the catalyzed
annihilation freezes out much earlier.

As the mass ratio grows, when r < 2, it is intriguing to
notice that the 44’ — 2y process may play a part in the
catalyzed annihilation. To be specific, after a period of
catalyzed annihilation governed by 2y —2A’ and 34" — 2y
as usual, there would be an extra stage of catalyzed
annihilation predominated by 2y — 2A’ and 4A’ — 2y in
which the nonsuppressed 4A” — 2y process takes over the
role of converting A’ to DM particles since the cross section
of 3A” — 2y is exponentially suppressed [Eq. (11)], Similar
to Eq. (4), we can deduce an approximate relation that
holds in this stage:

(030%) o e~
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FIG. 3. Curves of relic abundance Qxh2 for m, = 350 GeV
(solid red) and m, = 1000 GeV (solid blue) with respect to
different mass ratios r. For dashed colored curves, the 44" — 2y
process is neglected. The dashed black curve denotes the
observed DM relic abundance [36]. The parameters are taken
from the model presented in below.

(o2v)n2 = (040 )1, (12)
where (64v%) denotes the thermally averaged cross section
for 4A’ — 2y. The presence of 44’ — 2y is essential. If it is
neglected, as discussed previously, n, shrinks sharply and
dark matter freezes out early. Once 4A’ — 2y takes charge,
the sharp fall of n, is bent, and the polynomial suppression
recovers [compared to Eq. (1)]:

n, «s* o T°. (13)
Thus, the catalyzed annihilation freezes out at later times,
leading to enhanced DM relic abundance.

For an even larger mass ratio, we expect processes with
more catalysts annihilating to two DM particles, e.g.,
5A" = 2y, to possibly play a role in the catalyzed annihi-
lation, especially when the dark sector is strongly coupled.

We show in Fig. 3 the variation of DM relic abundance
Q)(h2 with different mass ratios. When the mass ratio passes
the critical value of 1.5, Q){h2 decreases rapidly. On the
other hand, for r < 2, relic abundance is increased if the
4A" — 2y process is included.

A model.—The requirements for realization of the cata-
lyzed annihilation presented in the “Catalyzed freeze-out”
section can be easily met in many models. In this section, we
simply present a dark photon model [37—41] with a Dirac
fermion y charged under a novel U(1)’ gauge group with A’
being the gauge field. The Lagrangian for the dark sector is

1 1
Los = =3 FluF™ + 5 myA A" + 7D —m)y.  (14)

where D = J—igpA/ and g, is the gauge coupling
constant. The mass of the dark photon can be generated
via the Higgs mechanism (or Stueckelberg mechanism
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FIG. 4. Phase diagram and constraints for the dark photon
model in the (m,,T') plane with r = 1.5. The solid black curve
marks the boundary of the secluded phase and the catalyzed
phase of the model. Correct relic abundance can be reproduced
for each point in the figure by varying the value of g,. Especially,
we show, in gray dashed curves, five different values of g, that
reproduce a correct relic abundance. The nonperturbative region
is shaded gray, while the color-shaded regions denote the bounds
from various experiments and observations correspondingly.

[42,43]). We assume the dark Higgs boson is heavy and can
be neglected. SM particles are neutral under the U(1)’
gauge group. The dark photon can be kinetically mixed
with an SM hypercharge field:

€
L. =——— F B, 15
mix 2COS€W )2 ( )

where ¢ is the mixing constant and 6y denotes the
Weinberg angle. B* is the SM hypercharge field.
Therefore, the dark sector can communicate with SM
particles via the mixing, and the dark photon A’ can decay
to SM particles. € should be small so that the dark photon is
long-lived and acts as the catalyst. Additionally, the kinetic
mixing could not keep the dark sector in thermal equilib-
rium with SM since ¢ is small. In order to thermalize the
dark sector, we need another portal for the dark sector to
interact with SM particles, which might be the dark Higgs.
Anyhow, we will not model this part and simply assume
that the dark sector stays in thermal equilibrium before
freeze-out.

We show in Fig. 4 different phases for the model in the
calculation of the DM relic abundance. For short-lived dark
photons, before dark matter freezes out, it simply stays in
equilibrium with SM particles via the decay and inverse-
decay process. When DM particles annihilate into the dark
photons, they immediately decay. This is the secluded
phase of the model. On the other hand, when the dark
photon width Ty, is small, the catalyzed annihilation
emerges. It is a continuous shift, since the decay of the
dark photon can occur during the catalyzed annihilation.
When the dark photon decays after DM freeze-out, Q){h2 is
independent with T'y,. If A’ is sufficiently long-lived
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Ty <1072 GeV), it would come to dominate the energy
density of the universe. When it decays, considerable
entropy is produced and the DM abundance is diluted.
This effect can help circumvent the upper bound of the DM
mass [44—46] (see in Fig. 4). We show in Fig. 4 dashed gray
curves for five different values of g, that reproduce the
observed relic abundance.

The catalyzed annihilation paradigm is constrained by
numerous terrestrial and celestial experiments and obser-
vations. The residual annihilation of 2y — 2A’ after freeze-
out will distort the anisotropy of the cosmic microwave
background since the decay products of A’ are electrically
charged particles [47-53]. Similarly, the signal of DM
annihilation at present is detectable in indirect detection
experiments [54-59]. The signal is enhanced compared to
WIMPs with {6,v)y~5 x 1072 cm?s~! for s-wave anni-
hilation. We used bounds from the Fermi-LAT experiment
to constrain our model in Fig. 4. The late time decay of A’,
on the other hand, is also stringently constrained by the
cosmic microwave background [60-62], as well as big
bang nucleosynthesis [63—-65]. We note that these bounds
can be evaded in models in which the catalyst decays into
neutrinos or dark radiation [66—68]. Since the dark sector is
highly secluded, the constraints on scattering with nucleons
[69-72] are evaded.

For light dark photons, beam dump and fixed target
experiments provide great sensitivity on the mixing coupling
constant € [73-76]. Also, many new experiments [77-80]
have been proposed in recent years that focus on long-lived
particles. In addition, the long-lived dark photon can enhance
the cooling of supernova, and the constraints from SN 1987A
[81-83] are widely discussed. These bounds on the dark
photon model are considered and presented in Fig. 4.

Conclusion and discussion.—We proposed a novel
paradigm for thermal relic dark matter yielding the
observed relic abundance. The distinctive wisdom of the
paradigm is that the dark matter freeze-out proceeds via
catalyzed annihilation. We discussed in detail a scenario in
which the catalyzed annihilation includes 2y — 2A’ and
3A’ — 2y, where y and A’ are the dark matter and catalyst,
respectively. The paradigm applies to a wide mass range of
dark matter, from 1 MeV to 100 TeV, with a unique thermal
history compared to WIMPs and SIMPs. The paradigm also
offers a rich phenomenology that includes the indirect DM
search and long-lived particles.

We note that thermal decoupling effects can significantly
modify dark matter relic abundance [16,30,84-87]. We
leave this exploration to future work [88]. Additionally,
catalyzed annihilation dominating DM abundance can go
far beyond the reactions considered here and should be
investigated further.
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