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In this letter, we consider a class of scenarios in which the dark matter is part of a heavy hidden sector
that is thermally decoupled from the Standard Model in the early universe. The dark matter freezes-out
by annihilating to a lighter, metastable state, whose subsequent abundance can naturally come to domi-
nate the energy density of the universe. When this state decays, it reheats the visible sector and dilutes
all relic abundances, thereby allowing the dark matter to be orders of magnitude heavier than the weak

scale. For concreteness, we consider a simple realization with a Dirac fermion dark matter candidate
coupled to a massive gauge boson that decays to the Standard Model through its kinetic mixing with hy-
percharge. We identify viable parameter space in which the dark matter can be as heavy as ~1-100 PeV
without being overproduced in the early universe.

© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

The Weakly Interacting Massive Particle (WIMP) paradigm pro-
vides a compelling cosmological origin for dark matter (DM) can-
didates with weak-scale masses and interactions. In the early uni-
verse, at temperatures above the WIMP’s mass, interactions with
the Standard Model (SM) produce a thermal population of WIMPs
and sustain chemical equilibrium between dark and visible matter.
When the temperature falls below the WIMP’s mass, these inter-
actions freeze-out to yield an abundance similar to the observed
cosmological DM density. This narrative is known as the “WIMP
miracle.”

In recent years, however, this framework has become increas-
ingly constrained. The Large Hadron Collider has not yet discovered
any new physics, and limits from direct detection experiments
have improved at an exponential rate over the past decade. For
DM candidates that annihilate at a sufficient rate to avoid be-
ing overproduced in the early universe, unacceptably large elastic
scattering cross sections with nuclei are often predicted. To evade
these constraints, one is forced to consider models that include
features such as coannihilations [1,2], resonant annihilations [1,3],
pseudoscalar couplings [4-7], or annihilations to final states con-
sisting of leptons or electroweak bosons [8-16].

It is equally plausible, however, that the DM is a singlet under
the SM and was produced independently of the visible sector dur-
ing the period of reheating that followed inflation (for a review,

* Corresponding author.
E-mail address: gkrnjaic@perimeterinstitute.ca (G. Krnjaic).

http://dx.doi.org/10.1016/j.physletb.2016.06.037

see Ref. [17]). By freezing-out through annihilations to SM singlets,
the DM in such models can avoid being overproduced while easily
evading the constraints from direct detection experiments [18-25].
In this letter, we explore this class of scenarios, focusing on hidden
sectors that are thermally decoupled and, therefore, never reach
equilibrium with the visible sector. In this case, the DM freezes-
out of chemical equilibrium within its own sector, unaffected by
SM dynamics.

So long as the hidden sector consists entirely of SM singlets,
renormalizable interactions between the SM and the DM can pro-
ceed only through the following gauge singlet operators: HTH,
B*Y, and H'L, known as the Higgs portal [18,26-40], the vector
portal [18,41], and the lepton portal [18,42], respectively. If the
couplings that facilitate such interactions are sufficiently small, the
hidden and visible sectors will be decoupled from one another,
potentially altering the thermal history of the universe (see, e.g.,
Refs. [43-47]).

If, by coincidence, a hidden sector DM candidate has a GeV-
TeV scale mass and weak-scale couplings, it will behave in many
respects like a typical WIMP, although possibly with very feeble in-
teractions with the SM. Alternatively, if the hidden sector is much
heavier than the SM, its lightest particles may be long-lived and
come to dominate the energy density of the universe. When these
states ultimately decay through portal interactions, they can de-
posit significant entropy into the SM bath, thereby diluting the
naively excessive DM abundance. Thus, in this class of models, the
DM may be much heavier than the mass range typically favored by
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standard thermal relic arguments; as large as ~1-100 PeV without
exceeding the measured cosmological dark matter density.

Although the mechanism described in this letter could be real-
ized within the context of the Higgs, vector, or lepton portals, for
concreteness we will focus here on the vector portal scenario. For
our DM candidate, we introduce a stable Dirac fermion, X, which
has unit charge under a spontaneously broken U(1)x gauge sym-
metry, corresponding to the massive gauge boson, Z’. The hidden
Lagrangian contains:

€ —
[,D—iB'uvZ;/w—i-gDMZ;LX'}/MX, (1)

where Zl’w and B, are the U(1)x and hypercharge field strengths,
respectively, and € quantifies their kinetic mixing [48,49]. A small,
non-zero value of € can be radiatively generated if heavy U(1)x x
U(1)y charged particles are integrated out at some high scale.
Since any value of € is technically natural, it is generic to expect
€ < 1. Thus, if Z’ is the lightest hidden sector particle, it can eas-
ily be very long-lived, leading it to dominate the energy density
of the universe and change significantly the predictions of thermal
freeze-out.

The thermal freeze-out from chemical equilibrium of the X
population is dictated by their annihilation cross section which,
for mx > my, is given by:

oy
OVXX—2'2 = "> » 2)

my
where ax = g%M/47T and we have dropped subleading terms (see
Supplementary Material, Sec. A.1).! This leads to a relic abundance
comparable to the measured dark matter density for weak-scale
couplings and masses, ax ~ 0.0035 x (mx/100 GeV). Although
somewhat heavier DM particles with larger couplings are also pos-
sible, partial-wave unitarity imposes a constraint on oy, which
translates into a hard upper limit of myx < 100 TeV [51]. This
bound can be comfortably circumvented, however, if the hidden
and visible sectors are decoupled at early times.

As an initial condition, we take the hidden and visible sectors to
be described by separate thermal distributions, with temperatures
of T, and T, respectively. The ratio of these temperatures, &jnf =
(Th/T)ins, is determined by the physics of inflation, including the
sectors’ respective couplings to the inflaton [52,53]. Using entropy
conservation in each sector, we can calculate the time evolution of
& (prior to the decays of Z'):

Sho_ &
S 8«

h 1/3 1/3
8, inf g«
_>S=§inf< *,’11n> ( > s
& &, inf

where g, and gl are the numbers of effective relativistic degrees-
of-freedom in the visible and hidden sectors, respectively. If the
SM temperature is well above the electroweak scale, g, > g, inf. AS
the temperature of the hidden sector falls below my, gf decreases
from gz + (7/8)gx to gz, bringing £ from &pr to (13/6)1/3 & &
1.3 &jpf, for my < my.

As the universe expands, X will eventually freeze-out of chemi-
cal equilibrium, yielding a non-negligible relic abundance. The evo-
lution of the number density of X (plus X), ny, is described by the
Boltzmann equation:

£3 = constant (3)

! In the m z > my regime, the dominant annihilation channel is XX — Z’ — SM,

with a cross section that is proportional to €2. If Z’ is long-lived, this annihilation
cross section will be too small to facilitate a viable thermal freeze-out [50].

. 1 n2,
fix +3Hnx == {ov) (n%— nz—znfaeq>, (4)
Z',eq

where (o v) is the thermally averaged cross section for the process
XX —Z'Z', H=[87 (psm+ pp)/3m%]"/? describes the expansion
rate of the universe in terms of the energy densities in the visi-
ble and hidden sectors, and mp; ~ 1.22 x 10!° GeV. Here, we have
assumed that nxy = ng. Note that this expression allows for the
possibility that the Z’ number density is not equal to the equilib-
rium value, as the Z’ population is also expected to freeze-out of
equilibrium during this epoch.

In the case that nz remains close to its equilibrium value dur-
ing the freeze-out of X (see Supplementary Material, Sec. A.3), the
Boltzmann equation can be solved semi-analytically. In this case,
the thermal relic abundance of X (plus X) is given by:

X5\ 8T a4 38b/xp\ !
Qxh? ~85 x 10-11 - ( + S”)

8« Gev—2

16 ]04 Xf 0.1 2 my 2 gsff/g*
~ 1.6 x — —_— — —),
30 ax PeV 0.1

where a and b are terms in the expansion of the DM annihila-
tion cross section, ov/2 &~ a + bv?® + O(v*) (see Supplementary
Material, Sec. A.1), and gfffz g+ gf &4 at freeze-out. xfg, which
is defined as the mass of X divided by the SM temperature at
freeze-out, is found to be ~ 20 x & over a wide range of parame-
ters (see Supplementary Material, Sec. A.4). From Eq. (5), it is clear
that a PeV-scale DM candidate with perturbative couplings will
initially freeze-out with an abundance that exceeds the observed
DM density (Q2xh? > Qpmh? =~ 0.12). It has long been appreci-
ated, however, that this conclusion can be circumvented if the
universe departed from the standard radiation-dominated picture
after DM freeze-out [54-66]. A novel point that we emphasize here
is that such a departure is generically expected within the context
of hidden sector models with small couplings to the visible sec-
tor. More specifically, as the universe expands, the remaining Z’s
will become non-relativistic and quickly come to dominate the en-
ergy density of the universe when pz = 0.0074g.£2 .mz T3 >

(2/30)g, Té‘om, which occurs at a visible sector temperature of:
mgz
Tgom ~1TeV x &3 (—) 6
dom X Smf 50 TeV (6)

This expression is valid so long as the Z’s depart from chemical
equilibrium while relativistic. When the Z’ population ultimately
decays, it will deposit energy and entropy into the visible sec-
tor, potentially diluting the DM abundance to acceptable levels. In
Fig. 1, we show the evolution of the energy densities in the visi-
ble and hidden sectors, for a representative choice of parameters
in this model.

For a simple estimate of this effect, suppose that all of the Z’s
decay at t = 7. Immediately prior to their decays, they dominate
the energy density as non-relativistic matter, so H =2/3t,. Com-
bining this with the Friedmann equation, H? = 87z /3m?, we
find:

4 my T3
— ~ 0.062 gy £y ——- (7)
917 Mp

Thus the temperature of the visible sector immediately prior to the
decays is given by:

o 031GeV (e B0 my Y2100\ (8)
it \ 1010 100 TeV g )

i~
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my=1 PeV, m, =50 TeV, ay=0.2, e=107'2, &r=1
T T T T T T T

10—4_ .

ﬂ/ Ptot

1071 8

1078 §

1 —-10L_1 1 1 1 1 1 1
10* 102 10° 102 10* 107 107® 10710
T [GeV]

Fig. 1. The evolution of the energy densities of dark matter (blue solid), of Z’s (yel-
low dashed), and in the visible sector (orange dot-dashed), as a function of the
visible sector temperature. Upon becoming non-relativistic, the Z’s quickly come to
dominate the energy density of the universe and, when they decay, they heat the
SM bath and dilute the X abundance. This is a rather generic feature of models
with a heavy and decoupled hidden sector. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

From energy conservation (psy = pz/), the temperature of the SM
bath immediately following the Z’ decays is set by the relation
(7r2/30)g,uT‘f1 = m} /612, which yields the final visible sector
temperature:

Tp~ GeV | — my )" (100) 9)
= 10-10 / \ 100 Tev g )

As a consequence of the reheating that results from these decays,
the abundances of any previously frozen-out relics (including X)
will be diluted by a factor of (T /T;)3:

S 10-10 m, \1/2 1/4
2800 x [ — (72) (ﬂ) Si?lf'
Si € 100 TeV 100

A more careful calculation, integrating over the Z’ decay rate [67],
yields:

_ 1/3
S5 ~6s0x (190)( Mz )" (1827 1/4;3
S; € 100 TeV 100 inf>

(10)

myx/mz =20, §inr=1
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where (g,) denotes the time-averaged value over the period of de-
cay. Combining this with Eq. (5), we find that the final DM relic
abundance is:

012/ € 0.045\2 / my \2 /100 Tev\ /2
Qxh? ~
X g \10783 ) ax PeV My

X | = .
30 0.1 <gl/3)3

In Fig. 2 we plot some of the phenomenological features of this
model as a function of the DM mass and the degree of kinetic
mixing between the Z’ and SM hypercharge. The black contours
denote the regions where the DM density is equal to the measured
cosmological abundance, for three values of the hidden sector in-
teraction strength, ax. Below the brown region, Z’' decays deposit
significant entropy into the visible sector, reducing the final X
abundance.

Also plotted in this figure are the constraints from the null
results of direct detection experiments and the successful predic-
tions of Big Bang Nucleosynthesis (BBN). Comparing the elastic
scattering cross section between DM and nuclei predicted in this
model to the most recent constraints from LUX [68] (for a value
of ax that yields the desired thermal relic abundance, again as-
suming that mx > myz), we arrive at a constraint of € < 1.1 x
103 x (mz /100 GeV)?, for my > 50 GeV. To assure consistency
with BBN, we require that the temperature of the universe exceeds
10 MeV after the decays of the Z’' population, resulting in the
following constraint: € > 2 x 10~'3 x (100 TeV/m)'/? (g, /10)1/4
(see Supplementary Material, Secs. A.5-A.6).

The constraints described in the previous paragraph can be sat-
isfied for a wide range of €, spanning many orders of magnitude.
Depending on the degree of kinetic mixing, the hidden and visi-
ble sectors may have been entirely decoupled from one another,
or kept in kinetic equilibrium through interactions of the type
y f < Z'f (see Supplementary Material, Sec. A.7). Quantitatively,
we find that the rate for these processes exceed that of Hubble
expansion if: € > 1077 x (T/10 GeV)!/? (shown as the orange re-
gion in Fig. 2). Thus for smaller values of €, the hidden sector
will not reach equilibrium with the visible sector and will remain
decoupled. Furthermore, in the yellow regions of Fig. 2, the Z’ pop-
ulation decays prior to the freeze-out of X.

(12)

mx/mgz =20, &ipi=10
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Fig. 2. The black contours represent the regions of the mx-¢ plane in which the dark matter density is equal to the measured cosmological abundance, for three values of the
hidden sector interaction strength, vy, and for mz =my/20. In the left panel, we adopt equal initial temperatures for the hidden and visible sectors, &inr = (T, /T)inr = 1. In
the right panel, we instead assume that the universe was highly dominated by the hidden sector after inflation, &,f = 10. In each panel, the red and blue regions are excluded
by direct detection and BBN constraints, respectively. In and above the orange and yellow regions, the hidden and visible sectors are in kinetic equilibrium during dark matter
freeze-out, or the Z’ population decays before the freeze-out of X, respectively. In and above the brown region, the Z’ population never dominates the energy density of the
universe, and thus does not significantly dilute the dark matter relic abundance. In contrast to the case of a standard thermal relic, dark matter from a decoupled sector can
be as heavy as ~1-100 PeV without being overproduced in the early universe. (For interpretation of the references to color in this figure, the reader is referred to the web

version of this article.)
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In Fig. 1 and in the left-panel of Fig. 2, we have presented
results for a case in which the visible and hidden sectors were ini-
tially reheated to similar temperatures after inflation, &, =1. It is
also interesting to consider scenarios in which the initial temper-
atures of these sectors are very different. In the &, < 1 case, the
Z' population does not come to dominate the energy density of
the universe, and their decays do not significantly impact cosmo-
logical history. The DM in this scenario, however, is produced with
a relic abundance that is proportional to &, making it possible to
avoid overproduction even for very large masses. An even more in-
teresting case is that in which reheating preferentially populates
the hidden sector, with comparatively little SM particle content
(&inf > 1), corresponding to the right-panel of Fig. 2. In this case,
the energy density of the universe will remain dominated by the
hidden sector until the Z’ population decays, thereby generating
the SM bath. In the &> 1 limit, the final abundance of DM is
approximately given by:

0.06\? 2 7100 Tev\ /2 /100
aut~o12x (2 (55) (M) (%)
ax PeV mz 8x

100 \"* (e \ (&/8mr)’ 3
B3/ \102)\13 ) (13)

This allows for an acceptable X abundance, without violating the
constraints from BBN, for masses as high as:

ax\>/ 10
mx§40PeV E W s (14)
. X Z/

where we have taken g, =~ 10 near BBN temperatures. If we select
a value of oy that saturates the unitarity bound [51], this scenario
allows for DM as heavy as myx ~ 5 EeV x [10/(myx/mz:)].

In this letter, we have considered a class of scenarios in which
the DM resides within a heavy sector that is highly decoupled from
the Standard Model. When the temperature falls below the mass of
the lightest hidden sector particle, this long-lived state is expected
to rapidly come to dominate the energy density of the universe, ul-
timately heating the visible sector and diluting the DM abundance
through its decay. In contrast to conventional WIMPs, DM candi-
dates as heavy as ~1-100 PeV can be thermal relics of a decoupled
hidden sector, without being overproduced in the early universe.
Although we have focused on a particular vector portal model in
this letter, we emphasize that similar phenomenology can appear
within the context of other DM models with a heavy hidden sec-
tor.
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Appendix A. Supplementary material

A.l. Dark matter annihilation

In this model, the DM annihilation cross section can be written
as an expansion in powers of velocity:

1
5 X717V = a+bvE 4+ O, (A1)
where the s-wave piece is:
2l (1 —12)3/2
= x ) (A.2)

m§  (2-r)2’

the p-wave contribution is:
may(1—rH)V2 24 +28r% —36r* +17r°)
12m% (2 —r2)*

and we define r =my /my.

b=

)

A.2. Z’ couplings to Standard Model fermions

The Z’ couples to SM fermions through kinetic mixing with hy-
percharge. Following Ref. [69], these vector and axial couplings are

given by g5y ra = (g, = &5,)/2, where

2 2 oo
m, gy Y, —m5 g sinfy cosbyw Qy
ng,L=€< £ = 22 2 . (A3)
my —m?%,

Here, 6y is the weak mixing angle, mz is the Z mass as predicted
in the SM, and gy and g are the U(1)y and SU(2); gauge cou-
plings, respectively.

A3. Z’ freeze-out

At very high temperatures, Ty 3> myz,mx, a number of inter-
actions will be able to maintain equilibrium among the particles
in the hidden sector. As T, drops below my and/or my, how-
ever, such processes become suppressed, ultimately leading to the
freeze-out of the comoving Z’ number density. In this section, we
estimate the temperature at which this freeze-out occurs.

We first consider interactions of the type Z'Z'Z’ — Z'Z’, me-
diated by a X loop. In analogy with the procedure followed in
Ref. [70], dimensional analysis suggests that this corresponds to
an operator of the form oz)s/zF;,/mi, where Fz is the Z' field
strength. The rate for such interactions can thus be estimated by:

A>T

2 2 2 X" h

FZ/Z/Z/—>Z/Z/ = nZ,<O’V > = nZ, 7m12 , (A4)
X

where A1 is an order one (or smaller) coefficient intended to pa-
rameterize our ignorance of the cross section. In the Tp > my
limit, this scattering rate exceeds the rate of Hubble expansion
when the following condition is met:

<<;(3)gz,r,§>2 MoxTy <4n3gfffT;})l/2

2 2~ 2 ¢4
b4 my 45mp &

(A5)

which reduces to:

Th . 03 (13 210 NV 0.1\ 3/1T f geff 12
My NA}/U £ PeV ax 100 .
(A.6)

Next, we consider processes of the type Z'XX — XX,

Tzxx—xx =nx{ov?) (A7)
2 AZO‘?(

=n
X 5
my

and Z'7Z'X - Z'X:

Tz zx—zx =nxnz (ov?) (A.8)
3
Azory
5
my
where A, and Az are order one coefficients. The rate for the later
process (which dominates over the former process for Ty < my)
exceeds the Hubble rate (in the Ty > my limit) when:

=anZr
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mxT\*?  (—myx\ (§3)gz T} Asay
s () oe( ) ()
h my
- <4ﬂ3gsffT;ll>1/2
~\ 45m2 g4 '
which is satisfied in the parameter range of interest for T, >
myx/10. These processes are therefore capable of maintaining
chemical equilibrium among the Z’ population until the temper-
ature drops below T, ~ myx/10. At that point, the comoving Z’
number density becomes fixed, until they ultimately decay.

We note that in our numerical results presented in Figs. 1
and 2, we have taken the abundance of the Z’ population to
be similar to the equilibrium value throughout the process of X
freeze-out. It is possible, however, that the processes capable of
changing the total number of hidden sector particles (such as those
described above) may become inefficient prior to the freeze-out
of X. In this case, the Z’ population will depart from chemical
equilibrium, ny # nezg. altering the relic abundance, Qxh?.

To assess the error that this approximation introduces, we have
compared our results to the numerical solution to the coupled sys-
tem of Boltzmann equations for X and Z’. For mx/mz 2 10, as
considered in this letter, we find that the value of Qxh? is im-
pacted at only the O(10)% level.

(A.9)

A.4. Freeze-out temperature

xy is defined as the ratio of the mass of the DM particle to the
visible sector temperature at freeze-out. This quantity is found by
solving the following equation by iteration:

X_fmln[c(c—i—Z)( 45> )]/ngmxmpl(a+5§b/xf)
§ 473 ngffxf (1—38/2xp)

Taking the parameter ¢ = 0.4 to match numerical results, this
yields:

5
% n208—tn (™) fom (%X ) £ 2 (L
£ Pev 01) 2™\13
1 eff
__ln X_f _111'1 g* ,
2"\ 275) 72" F00

which recovers the conventional WIMP expectation xy ~ 20 in the
& =1 limit.

}. (A10)

(A11)

A.5. Elastic scattering with nuclei

An upper limit on € can be placed from the null results of
direct detection experiments. The elastic scattering cross section
between DM and a nucleus of atomic mass A and atomic number
Z is given by:

2 [ ((2guv +ga) | 8 —SiHZQW)Sin92'>
OxN =M ax|Z 5 +

i 2
ms, sinfy m3

. 2
+2 sinfy

+(A_Z)((guv i Sav) gy 22)} ’ (A12)
ms, 4sin6y my

where u is the reduced mass. Here we have included terms result-
ing from both Z’ and Z exchange. In the mz > my limit, the mix-
ing angle between the Z and Z’ is sin6z ~ —e sinfywm?%/m2, [69],
and the cross section reduces to:
_ apaxe? gl cost oy 22

OXN
m?3,

(A13)

A.6. Constraints from BBN

If the decays of the Z’ population reheat the universe to a tem-
perature lower than ~1-10 MeV, this would likely destroy the
successful predictions of Big Bang Nucleosynthesis (BBN) [71]. By
setting the lifetime of the Z’ equal to 2/3H, we find that these
decays reheat the universe to a temperature given by:

5 \1/4
TRH%( ) vmp Iz,

738
where g, is the effective number of relativistic degrees-of-freedom
at temperature Try and the width is given by:

2 2
N~ emzBr | 2m; 2 4m

f z

(A14)

(A15)

where n. is the number of colors of the final state fermions and
Br=./1- 4mfr/m%, is their velocity. For mz > mz, mg, and sum-
ming over all SM fermions, this reduces to the following lifetime:

s 10719\? /100 TeV
T7~39x107°sx .
€ mgz:

(A16)

By requiring that the decays of the Z’ population do not reheat the
universe to a temperature below ~10 MeV, potentially destroying
the successful predictions of BBN, we must restrict € to the follow-
ing:

1/2 1/4
€>2x107 13 x <—100Tev> (g*) :

— A7
mgz: 10 ( )

A.7. Equilibrium between the hidden and visible sectors

Equilibrium between the hidden and visible sectors is obtained
if the rate of y f <> Z'f scattering exceeds the rate of Hubble ex-
pansion:

47T3gsffT4 1/2
Zayfez/fvnfz (72> s (A.18)
7 45mg,
where in the /s, mz > my limit:
aQ2(g%, + g%, 7mé
~ fiefv fa 2 z'
Oy frzrfV A T[Hem, - (A19)
2m?, s(1 —m?2,/s)?
+2(s—2m§/+ Z)ln(( 22/)>],
s m
f
and
aQ%(gt, +g%) TmA4
fiefv fa 2 z
oz VR 6m?, — A.20
T e —m2 2 [ “ s (420
2m3, s(1 —m2,/s)?
+2<s—2m§,+ Z)ln<( 22/))}.
s m%

Combining this with n; = 3¢(3)gsT3/472, and approximating
/s~ 4T, we find that Eq. (A.18) is satisfied if € > 1077 x
(T/10 GeV)1/2 (g, /100)1/4,
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