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We propose a new thermal freeze-out mechanism for ultra-heavy dark matter.

Dark matter

coannihilates with a lighter unstable species that is nearby in mass, leading to an annihilation
rate that is exponentially enhanced relative to standard WIMPs. This scenario destabilizes any
potential dark matter candidate. In order to remain consistent with astrophysical observations, our
proposal necessitates very long-lived states, motivating striking phenomenology associated with the
late decays of ultra-heavy dark matter, potentially as massive as the scale of grand unified theories,

MGUT ~ 1016 GeV.

The Weakly Interacting Massive Particle (WIMP)
paradigm has motivated searches for dark matter (DM)
particles with weak-scale masses and interactions with
the Standard Model (SM). In this scenario, the large
thermal number density of DM is depleted through 2 — 2
processes that eventually freeze out of chemical equilib-
rium once the associated rate drops below the expan-
sion rate of the universe. The observation that weak-
scale masses and couplings give rise to an abundance
of WIMPs that is in agreement with the observed DM
energy density is often referred to as the “WIMP mira-
cle.” This narrative provides a useful benchmark that has
guided the experimental community for decades. How-
ever, in spite of their allure, WIMPs have alluded detec-
tion to date; the Large Hadron Collider (LHC) has not
yet observed definite signs of new physics [I], 2], and lim-
its from null results of direct detection experiments have
grown at an exponential rate [3H6].

One plausible explanation for the absence of discov-
ery is that DM has a mass that is much larger than the
electroweak scale. For mg, > O(100) GeV, the LHC
center of mass energy is insufficient to create a signif-
icant number of DM particles in proton collisions, and
the suppressed number density, n,,, « 1/mg,,, limits
the ability of direct detection or astrophysical searches.
The situation is exacerbated if DM is additionally a SM
singlet. In this case, DM resides in a hidden sector (HS)
that is populated independently following post-inflation
reheating [7H9]. The DM abundance is then depleted
through annihilations to lighter HS states that possess
feeble couplings with SM particles [10].

Within the WIMP framework, perturbative unitarity
of the theory, supplemented with astrophysical data, lim-
its the DM mass to be my,, < O(10°) GeV [11]. How-
ever, it has long been appreciated that this bound can
be circumvented by invoking a non-standard cosmologi-
cal history [12H21]. Large injections of entropy into the
SM bath dilute the current abundance of any relic species
by effectively increasing the present age of the universe.
For example, if a particle of comparable mass decays after

DM freezes out with O(1) couplings, then

Teq mMpl

mp,, ~ O0(107%) < 10® GeV . (1)

RH

In Eq. , Tru and Teq ~ 0.8 €V are the temperatures
of the SM bath after the decay and at matter-radiation
equality, respectively. The inequality is a result of de-
manding that Try 2 10 MeV, in agreement with the suc-
cessful predictions of Big Bang nucleosynthesis (BBN).
Completely saturating perturbative unitarity increases
the above upper bound by O(10).

In this Letter, we propose a new thermal freeze-out
mechanism in which my,, > 10! GeV. With this phi-
losophy in mind, we will not focus heavily on an explicit
model, but will discuss a simplified Lagrangian that ex-
hibits the required dynamical structure. DM coannihi-
lates with a lighter unstable HS species that is nearby
in mass, leading to an annihilation rate that is exponen-
tially enhanced relative to standard WIMPs. DM chem-
ically decouples once the number density of the lighter
species is sufficiently diluted by Hubble expansion, ef-
fectively delaying freeze-out. In the simplest construc-
tions, this scenario destabilizes any potential DM can-
didate. To remain consistent with astrophysical obser-
vations, our proposal necessitates very long-lived states,
motivating striking phenomenology associated with the
late decays of ultra-heavy DM, potentially as massive
as Mgyt ~ O(10'%) GeV. Non-thermal mechanisms for
producing ultra-heavy DM have been studied previously,
e.g., in the context of inflation, gravitational production,
or large entropy injections [22H29]. To the best of our
knowledge, the processes studied in this work represent
the first investigation of superheavy DM that is generated
from thermal freeze-out in a sector that has comparable
energy density to the SM bath at early times.

Coannihilation between two different DM species has
long been investigated as a possible contributor to the
freeze-out process [30, B1]. In the standard example,
DM, denoted by x, coannihilates with a slightly heavier
species, X/, into a pair of SM particles, x Y’ — SM SM.
x and X' are often assumed to both be charged under
a Zg symmetry, while m, < m,s ensures the cosmolog-



ical stability of x. To keep our discussion pedagogical,
we will momentarily consider the modified coannihilation
process in which m,, > m,/. As we will show, this does
not constitute a viable freeze-out paradigm, but is useful
in illustrating why related scenarios may have been over-
looked in the past. The thermal DM population departs
from chemical equilibrium once the coannihilation rate
becomes comparable to the Hubble parameter, H,

ny (ov) ~ H | (2)

where n,/ is the number density of x’. In order for x to
be a realistic candidate for the universe’s cold DM, we
will demand that this occurs at temperatures below its
mass, i.e., £y = m,/Tro > 1. On the other hand, m, >
m,s implies that x’ is relativistic with a corresponding
number density at freeze-out of n, ~ (m,/zy)3.

Parametrizing the thermally-averaged coannihilation
cross section as (ov) = o2 /m?, Eq. can be rewrit-
ten as

my ~ O(107%) (ay [z s) my - 3)

The same process that governs freeze-out also allows x
to decay, e.g., x = X’ SM SM, with a width that scales
as I'y ~ ai my. Stability of x demands that I'y, < Hy,
where Hj is the Hubble parameter today. Along with
Eq. (3), this implies

my, < O(1) eV . (4)

Eq. obviously contradicts the requirement that x is
non-relativistic at the time of matter-radiation equality.

We will aim to modify the above scenario such that x
is long-lived and is a viable DM candidate.! Let us as-
sume that a HS is thermally populated during the period
of reheating that follows inflation and possesses very fee-
ble interactions with the SM [8, [ B4]. The hidden and
visible sectors are taken to be kinetically decoupled, such
that each tracks a distinct thermal distribution governed
by the temperatures T, and T, respectively. In general,
Ty, # T, and we define the corresponding ratio immedi-
ately after inflation as

§inf = Th/T |inf . (5)

The time-evolution of & = T,/T can be derived from
its initial value, &, and the conservation of comoving
entropy density in the hidden and visible sectors. For
concreteness, we will focus on &, ~ O(1). DM, denoted
as x, possesses non-negligible interactions with a lighter
unstable HS species, X/, that is nearby in mass. Without
specifying the spin or specific form of the interactions,
we will assume that x coannihilates with x’ into a pair

1 One possible modification involves 3 — 2 processes where both
DM and a lighter species are in the initial state. This has been
explored in the context of light DM in Refs. [32] [33].
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FIG. 1: Representative Feynman diagrams for the freeze-out
(left) and decay (right) of dark matter, x. The lighter state
in the hidden sector, x’, is assumed to couple to a pair of
Standard Model particles.

of x/, through the process xx' — x'x’. We write the
corresponding thermally-averaged cross section as

2
«
(o) =5 O = XX (6)
X

where «,, is an effective coupling responsible for coanni-
hilation. An implicit Z3 symmetry acting on Y’ forbids
mass-mixing between x and x’. This process is depicted
in the left diagram of Fig.[I} A toy model for this scenario
will be presented towards the end of this work.

If x' is the lightest state in the HS, it is naturally
long-lived, since it can only decay into visible sector final
states,

Iy (X' — SM SM) = € m, . (7)

We will demand that € < 1, which guarantees that the
hidden and visible sectors remain thermally decoupled
throughout the freeze-out of x. Although we have written
Eq. such that ¥’ decays into pairs of SM particles, we
will more generally consider the scenario where x’ decays
into any pair of particles that are thermally coupled to
the photon plasma at early times.

The cosmological evolution of y is governed by the cor-
responding Boltzmann equation,

'

ny + 3Hn, = —(ov) (nX ~ e niq) ny ,  (8)
X/

where n°? denotes the equilibrium number density. We
will assume that y’ decays after the freeze-out of y. In
this case, the comoving entropy densities of the hidden
and visible sectors are separately conserved during the
freeze-out process. Hence, the above form can be rewrit-
ten in terms of the yield, Y = n/s, and the dimensionless
parameter z = m, /T,

dy, s(ov) Yy e
T ) e o
X/

where s is the entropy density of the visible sector.



Eq. @D can be conveniently recast as

x (dYy/dz) (n2,/n$)) (ov) (Y Y
vt H Yy Y

—1) . (10)

which implies that y is unable to maintain chemical equi-
librium once

(n3/n$}H) (ov) ~ H . (11)

In order to estimate which values of m, lead to an
adequate DM abundance, we solve Eq. || for n!t and
equate the DM and radiation energy density at Teq ~
0.8 eV. If X’ is able to deplete its number density while
X freezes out, we can set n,» = n{J in Eq. (11). In this
case, x freezes out with the proper abundance for

mX ~ e(lfmxl/mx)l‘f/2€ X ax (ch mp1)1/2 3 (12)

where £ is evaluated at freeze-out and we have assumed
that the comoving entropy in the visible sector is ap-
proximately conserved at all times. For a,, ~ O(1072),
ay (Teq mp1)1/2 ~ O(1) TeV. Thus, the second factor in
Eq. corresponds to the usual coincidence of scales
as noted in the WIMP miracle paradigm. However, for
m,+ < m,, the prefactor in Eq. is representative of
the exponential enhancement in the number density of x’
target-scatterers. For perturbative values of o, this fa-
vors DM masses significantly above the electroweak scale.

Alternatively, if x’ is unable to deplete its number
density at temperatures below its mass, the analogue of

Eq. becomes
iy e T TP /2 5 (T ) L (13)

While still significantly greater than the electroweak
scale, the size of m, that is favored in Eq. is expo-
nentially smaller than that of Eq. . This is due to the
additional Boltzmann suppression of n,. when x’ remains
chemically coupled (zero chemical potential) throughout
the freeze-out of x.

The processes shown in Egs. @ and allow y to
deplete its number density through coannihilations with
x’. These same interactions unavoidably lead to its de-
cay through ¥y — x¥'x*x* — x’ SM - .-, as shown in the
right diagram of Fig. For instance, 5-body tree-level
and 3-body loop-level decays are possible, with the cor-
responding widths scaling as

riee(x — x’ SM SM SM SM)
4 2

~TR%P(x = X' SM SM) ~ ——2X—
X )™ 10275 (4m)i

my , (14)

where we have assumed that each x’ decays to a pair
of SM particles and hence have included 19272 (47)*
as an approximate 5-body phase-space factor or 3-body
and loop factor. We will focus on mass hierarchies of
roughly 1 < m,/m,s < 2, such that the analogous de-

NN £

cays X — XXX — xX'x’ SM SM and xy — X'x'x are

kinematically forbidden. As shown below, this is a nec-
essary condition. For m, /m, < 2, Ty /Ty ~ € < 1,
and it is possible for x to be cosmologically long-lived
while x’ decays before the onset of primordial nucleosyn-
thesis.

DM decays are strongly constrained by the cosmic
microwave background (CMB) regardless of the pre-
cise identity of the final state visible sector particles in
Eq. . In particular, measurements of the CMB power
spectrum place a model-independent bound on the DM
decay rate, I'y, < O(107%%) GeV [35]. Eq. then im-
plies that

<000 (%) (wgey) 0 09

which, from Eq. , bounds the lifetime of x’ from below.
Therefore, ¥’ is long-lived and naturally comes to dom-
inate the energy density of the universe for values of €
that are in accord with CMB measurements. Assuming
that x’ is not able to deplete its abundance once it be-
comes non-relativistic, we find that the energy density of
X' dominates over that of the SM prior to its decay for

e<10_4( Tty )1/2

1016 GeV (16)

Decays of X’ into SM radiation increases the entropy of
the visible sector bath and dilutes the abundance of the
relic x population by an amount

mX/ YX'

1/2 ~1/2
mp FX,

S
g{" ~1.83 (gi/3)3/4

(17)
where g, is the effective number of SM relativistic degrees
of freedom, and the brackets denote time-averaging over
the decay of x’ [36]. For values of e that satisfy Eq. (15)),
S¢/S; > 1. Including this dilution for the estimate of
m, in Eq. , we find that the abundance of y matches
the observed DM energy density for

a2 &5 T.ym
Mo ~ O(1072) e(tmyr /mx)zs /6 XS Zeq'pl 18
x ~O(1077) o Trn (18)

Above, the temperature of the SM bath after the decay
of X’ is approximated by

5 1/4
1/2
Try ~ (g* W3> (mp Ty)'/? (19)

Aside from the large exponential prefactor, the paramet-
ric form in Eq. is nearly identical to that of Eq. .

In Fig. [2| we illustrate the viable parameter space in
the e—m,, plane for representative values of &ing, m, /My,
and «a,,. The black contours denote regions in which the
x energy density matches the observed DM abundance.
In computing the relic abundance of x, we have numeri-
cally solved the Boltzmann equation in Eq. , assuming
that x’ is unable to deplete its number density at temper-
atures below its mass. Also shown are constraints from
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FIG. 2: Viable parameter space in the e—m, plane for &,r = 1
and my/m,, = 1.5. x freezes out through coannihilations
with a lighter unstable particle in the hidden sector, x’. Along
the black contours, the x abundance is equal to the measured
dark matter energy density for different values of the effective
coupling, o,. For sufficiently small values of ¢, the light blue
region is excluded by BBN. For larger values of €, this model is
constrained from searches for the late decays of dark matter
into neutrinos by high-energy neutrino telescopes (yellow).
Similar decays into SM-singlets are excluded by measurements
of the CMB power spectrum (red).

cosmological and astrophysical probes. Preserving the
successful formation of light nuclei during BBN requires
that Try 2 10 MeV, which bounds € from below.

In the case that X’ (and hence x) decays to SM neutri-
nos, ground-based neutrino telescopes place strong upper
limits on e for DM masses significantly above a TeV [37-
39]. In Ref. [37], the non-observation of ultra-high en-
ergy neutrinos at the AMANDA, IceCube, Auger, and
ANITA telescopes restricts DM lifetimes to be greater
than 10%6 — 10?7 seconds for 10* GeV < m, < 10'6 GeV.
For lighter masses, the solar neutrino Super-Kamiokande
experiment has the greatest sensitivity, demanding 7, 2
10%* — 10%° seconds. More recent studies incorporat-
ing current IceCube data restrict 7, > 10?® seconds for
my, < 107 GeV [38,139]. The precise value of this limit
strongly depends on the energy spectrum of the neutrinos
produced in the decays of x, and we will simply impose
that 7, 2 1027 seconds. While a complete systematic
study of the potential signals at neutrino telescopes is
beyond the scope of this work, we note that in all like-
lihood this limit is conservative at our lower mass range
and overly aggressive at larger masses.

For x — v + ---, we show in Fig. 2] the regions of
parameter space that are in conflict with the null ob-
servations of neutrino telescopes. Furthermore, if y de-
cays to invisible radiation, we show exclusions from mea-
surements of the CMB. This latter scenario represents
the most model-independent limit on our proposed DM
model, since it applies to any decay products of x’. The
constraints described above can be satisfied for a wide
range of values for e. If ay, ~ O(1), x can be gener-
ated with an acceptable abundance for masses as large
as My ~ 10'5 — 106 GeV. Larger DM masses are phe-

[ Tspin[su@c[u)y]2s)

x || 1/2 1 0 0
ol 0] 1 0 |+1
N2 1 0 |+1
Nel[12] 1 0 |-1
L] 2 [ap2]a
elli2] 1 | 41 [+

TABLE I: An example charge assignment for a lepton portal
toy model.

nomenologically viable for a,, > 1, but this may be in
conflict with indirect constraints on the expansion history
during post-inflation reheating [40-45].2 Dedicated anal-
yses of the limits derived from neutrino telescopes may
shift the excluded regions of e. However, in Fig. [2| we
expect such corrections will at most introduce additional
O(1) factors since T'y, o< €*. It is enticing to note that DM
masses near the scale of grand unified theories are acces-
sible with O(1) couplings in the HS. We leave detailed
model building in this regard to future work. Decays into
hadronic final states are also possible, in which case lim-
its from air shower experiments, such as the Pierre Auger
Observatory, demand that 7, > 1030 seconds [49]. Hence,
compared to limits from high-energy neutrino searches as
shown in Fig. [2| hadronic decays would necessitate values
of € that are smaller by roughly a factor of a few.

A perturbative and renormalizable toy model can be
constructed if the HS interacts with the SM through the
lepton portal. We introduce a singlet DM Weyl field, y,
a Dirac pair of singlet right-handed neutrinos, N and N°¢,
and a complex scalar, ¢. N, N¢ and ¢, as well as the SM
lepton fields, L and e®, are charged under an unbroken
global Z3 symmetry, as shown in Table [ Simplifying to
the case of a single generation of SM leptons, the HS
Lagrangian then contains the following renormalizable
interactions

1
—LD §mXX2+ mNNNC+mi|¢|2

+ A X (N +@'N) + Ay (¢ N? + ¢f N©2)
+y,NLH +he., (20)

2 If DM is produced gravitationally at the end of inflation, and
never attains local thermal equilibrium, its cosmological abun-
dance is intimately connected to the generation of tensor modes
in the CMB [47]. In this case, a fairly flat inflaton potential is
required for mp,, > 1010 GeV [46]. In our study, DM resides
in a thermalized sector, and the majority of the SM bath is pro-
duced from the late decays of states that are in equilibrium with
the DM. We therefore expect most of the modes in the visible
bath to be adiabatic with the HS [48]. Furthermore, any isocur-
vature perturbations from the HS are damped if x is in chemical
equilibrium with the SM at early times but decouples while rel-
ativistic, possibly through the exchange of an additional heavy
mediator.



where 2-component Weyl and SU(2) indices are im-
plied, H is the SM Higgs, and mg > m,. In the second
line above, we have demanded that interactions amongst
HS particles respect the parity symmetry, Pyg : N <> N€¢,
¢ ot

In this model, N and N¢ play the role of X’ as dis-
cussed throughout this work. x freezes out with the
proper DM abundance through the process y N(©) —
¢* — N NE, At later times, N and N¢ decay to
Hv, Zv, and W*¢F. This toy model matches onto the
phenomenology discussed above through the identifica-
tions a, ~ Ay An (my/me)? and € ~ y,,. It is technically
natural to take y, < 1 since non-zero values explicitly
break Pyg and an accidental Zs under which x, N, and
N¢ are charged.

In Eq. 7 we have neglected writing down higher-
order operators that induce x decay. It is simple to
see that it is technically natural for the coefficient of
any such operator to be proportional to y2 ~ €2 < 1.
Since m, < my, 2my these may enter in one of several
ways. Operators of the form x Ogm, x N© Ogy, and
X (N + N¢) Ogy violate a Zg, Pyg, and Zj symmetry,
respectively, where Ogy is some collection of SM fields.
x — N(©) mass mixing is the only process that can lead
to decay rates suppressed by two powers of y,,, which is

forbidden by the Zs. Hence, at leading order, I'y ~ Y,
corresponding to the processes previously considered in
Eq. (14).

The global Zs is a generalization of lepton number
in the SM. Hence, if this lepton number is softly bro-
ken, for instance, by a small Majorana mass for N or
N¢€, out-of-equilibrium decays of N and N¢ may provide
a favorable condition for leptogenesis. However, elec-
troweak sphaleron conversion of a lepton asymmetry into
a baryon asymmetry demands that N and N€ reheat the
SM plasma to a temperature above O(100) GeV [50} [51].

This restricts € 2 O(107%) (m, /10 GeV)71/2. From
Fig. [2| this region of parameter space is in mild tension
with constraints from neutrino telescopes, although more
careful estimates may relax these limits.
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