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Thermal dark matter from a highly decoupled sector
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It has recently been shown that if the dark matter is in thermal equilibrium with a sector that is highly
decoupled from the Standard Model, it can freeze out with an acceptable relic abundance, even if the dark
matter is as heavy as ~1-100 PeV. In such scenarios, both the dark and visible sectors are populated after
inflation, but with independent temperatures. The lightest particle in the dark sector will be generically
long-lived and can come to dominate the energy density of the Universe. Upon decaying, these particles can
significantly reheat the visible sector, diluting the abundance of dark matter and thus allowing for dark
matter particles that are much heavier than conventional WIMPs. In this paper, we present a systematic and
pedagogical treatment of the cosmological history in this class of models, emphasizing the simplest
scenarios in which a dark matter candidate annihilates into hidden sector particles which then decay into
visible matter through the vector, Higgs, or lepton portals. In each case, we find ample parameter space in
which very heavy dark matter particles can provide an acceptable thermal relic abundance. We also discuss

possible extensions of models featuring these dynamics.
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I. INTRODUCTION

Over the past several decades, weakly interacting mas-
sive particles (WIMPs) have been the leading class of
candidates for our Universe’s dark matter. This paradigm
has been motivated primarily by the fact that a stable
particle species with a weak-scale mass and interaction
strength is predicted to freeze out of thermal equilibrium in
the early Universe with a relic abundance that is compa-
rable to the measured cosmological density of dark matter.
As such, particles are also often found within frameworks
that address the electroweak hierarchy problem (including,
but not limited to, weak-scale supersymmetry), and this
connection has become commonly known as the “WIMP
miracle” [1].

The WIMP paradigm has motivated an expansive exper-
imental program, consisting of direct detection, indirect
detection, and collider searches. As these efforts have
progressed, however, no conclusive detections have been
made, and increasingly powerful bounds have been placed
on dark matter’s nongravitational interactions with the
Standard Model (SM). Over the traditional range of
WIMP masses (~10-1000 GeV), direct detection experi-
ments now strongly constrain the dark matter’s elastic
scattering cross section with nuclei [2—5], and astrophysical
observations by gamma-ray telescopes [6,7] and cosmic ray
detectors [8—10] have also begun to constrain the WIMP
parameter space. Although many WIMP models remain
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viable, it is perhaps surprising that no definitive detection of
particle dark matter has yet been made.

In light of this experimental situation, it has become
increasingly interesting to consider dark matter scenarios
beyond the conventional WIMP paradigm. In this paper, we
focus on dark matter candidates with negligible couplings
to the SM and that reside within a sector that is thermally
decoupled from the visible matter in the early Universe.
In doing so, we build upon our previous recent work [11]
by considering a wider range of models and discussing their
phenomenology in greater detail.

Throughout this study, we assume that the visible sector,
which contains the SM, is supplemented by a decoupled
hidden sector, which contains the dark matter. We further
assume that both sectors are thermally populated during
postinflation reheating and maintain separate temperatures
throughout cosmological evolution [12,13]. Although
sequestered from the SM, the hidden sector may consist
of many new additional particle species with sizable mutual
interaction rates. In particular, it is possible that the lightest
stable hidden species, X, freezes out via XX — YY anni-
hilation, where Y is a lighter hidden sector species that
ultimately decays into SM particles. Being stable, we take
X to be our dark matter candidate.

If the Y is short-lived, it will never dominate the energy
density of the Universe and will have little effect on
cosmological evolution. In this regime, X will freeze out
with the observed dark matter abundance only if its mass and
couplings are similar to those of traditional WIMPs.
Although, in principle, such a scenario can be viable for a
wide range of masses, constraints from perturbative unitarity
typically require my < O(100) TeV [14] (see, however,
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Ref. [15]). This bound can be circumvented, however, if the
entropy of the visible sector increases appreciably after the
freeze-out of X [16-26]. For instance, a heavy and long-lived
species in the hidden sector could come to dominate the
energy density of the Universe before decaying to SM
particles, thereby diluting all relic abundances, including
that of X. As we will see in Sec. IV, the increase in the visible
sector entropy from Y decay scales as « Ty 2, where Ty is the
lifetime of the unstable species. Thus, for sufficiently large
Ty, it is possible to significantly dilute the abundance of X,
thereby achieving an acceptable density of dark matter, even
for masses well above the conventional limit from perturba-
tive unitarity, my > 100 TeV.

Long lifetimes are straightforwardly realized if the
decaying particle is the lightest hidden sector state. In fact,
if the hidden and visible sectors are highly decoupled, the
lightest hidden sector state will automatically be long-lived,
since its width relies on a coupling that is too small to
sustain thermal equilibrium between the two sectors. We
emphasize that this picture is relatively universal and can be
found within any model in which the dark matter freezes
out through annihilations in a heavy and highly decoupled
hidden sector that is populated after inflation. In contrast to
scenarios in which an additional out-of-equilibrium decay
is invoked solely to dilute the initial cosmological abun-
dances of various species, dilutions of the type considered
in this paper are an inevitable consequence of thermal
decoupling.

The remainder of this paper is structured as follows.
In Sec. II, we review the early Universe thermodynamics of
scenarios with a decoupled hidden sector. We then discuss
in detail the processes of thermal freeze-out and out-of-
equilibrium decay in Secs. III and IV, respectively. In
Sec. V, we discuss possible contributions to the effective
number of neutrino species within this class of scenarios. In
Sec. VI, we describe three concrete realizations of dark
matter in a decoupled hidden sector, in which the hidden
and visible sectors interact through the vector portal, Higgs
portal, or lepton portal. Finally, we briefly summarize our
results and conclusions in Sec. VII.

I1. HIDDEN SECTOR THERMODYNAMICS

In this section, we review the thermodynamic evolution
of a generic hidden sector, whose constituents interact very
feebly with the visible sector. In the decoupled limit, these
sectors influence each other’s evolution only indirectly by
either modifying the cosmic expansion rate, or by injecting
energy through any decays of hidden sector particles into
the visible sector. We begin by considering two particle
species within the hidden sector: the lightest hidden sector
particle, Y, and the lightest stable hidden sector particle, X.
The stable species will annihilate through processes such as
XX — YY until its abundance freezes out of equilibrium, in
analogy with conventional WIMP freeze-out. Since Y is
the lightest particle in the hidden sector, ¥ can only decay
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FIG. 1. A schematic diagram of the processes that we will
consider in this study. Here X, the dark matter candidate,
annihilates into pairs of metastable hidden sector Y particles.
If the hidden sector is heavy and extremely decoupled from the
visible sector (which contains the Standard Model), then Y will be
long-lived and may eventually dominate the Universe’s energy
density. Upon its decay into Standard Model particles, Y reheats
the visible Universe and dilutes all particle abundances, including
the relic density of X.

to the SM, either directly or through a multistep cascade,
e.g.,Y — --- — SM; this setup is depicted schematically in
Fig. 1. For simplicity, we will assume for the moment that
the interactions between these two sectors are too feeble
to reach equilibrium. Such feeble interactions could arise,
e.g., through mass-mixing, loop-induced effects, or sup-
pressed tree-level interactions and may be sufficiently small
such that Y will be relatively long-lived, with a lifetime as
long as 7y ~ O(1) second.

If kinetically decoupled, the hidden and visible sectors
will each be described by distinct thermal distributions
whose respective temperatures evolve differently over time.
It is useful to define the ratio of the hidden and visible
sector temperatures, £ = T, /T. Here and throughout this
paper, quantities pertaining to hidden sector dynamics are
labeled with a subscript or superscript “A,” while those
without such a label denote visible sector quantities.

For our initial conditions, we take & = &, where the
subscript denotes the value immediately following post-
inflation reheating. At early times, significantly before the
decay of Y, entropy is approximately conserved independ-
ently in both sectors. Hence, the evolution of & can be
tracked using the forms for the entropy densities, s =
(272 /45)g,(T)T? and s;, = (22%/45)g"(T;)T;, where g,
and ¢" correspond to the effective relativistic degrees
of freedom in equilibrium with the visible and hidden
sectors, respectively. Conservation of entropy implies that
Sp/S = S/ 8|ins» from which it follows that £ evolves as

9D\ g '
5_ <g*inf) (gil(Th)> éi“f' (1)

For the most part, we will be interested in 7 >
O(100) GeV, for which g, = g,y &~ 106.75. For the case
of my < T) < my, gi‘inf = cygy + cxgx and ¢! = cygy,
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FIG. 2. Temperature dependence of £ = T',,/T, for the case that
X is a Dirac fermion and Y is a massive neutral vector boson.
RFO (NRFO) denotes that Y freezes out while (non)relativistic.
Otherwise, Y is assumed to be in chemical equilibrium. Canna-
bilism occurs indefinitely if ¥ remains in chemical equilibrium
once T, < my, as seen by the sharp rise in & for the blue
and dashed-red lines, corresponding to my = my/10 and
my = my /50, respectively. Similarly, for the yellow-dashed line,
we once again take my = my/ 10, but assume that once T}, < my,
Y only remains in chemical equilibrium up until it freezes out at
T), ~my/5, at which point £ ~ 1/R. Also, as illustrated by the
dashed light-blue line, we fix my = my/50 and assume that Y
freezes out while still relativistic. In this case, £ is truncated
by Eq. (2), up until 7, < my, at which point £ ~ 1/R. Finally, we
show the limiting case of my <« my as depicted by the solid
orange line.

where cx y = 1(7/8) for bosonic (fermionic) X, Y, and gy y
are the number of internal degrees of freedom of X, Y,
respectively. Under these assumptions, Eq. (1) reduces to

/
- (1 +CX9X>1 e 2)

Cy9y

This behavior is exhibited in the solid orange line of
Fig. 2, corresponding to the case of my <« my, for which
£/ & 1s nearly constant when T, < my.

The ratio £/&,¢ can evolve quite differently, however, if
the conditions described above are not met; for example, if
we relax the assumption that 7', > my. In this case, if Y is
in equilibrium for temperatures 7, < my, then its entropy
density is given by

5 1/2
myny m Th _
= 1), N gY( 8);1'3 ) e/, (3)

causing the hidden sector to enter into a state of “cannibal-
ism,” (see, e.g., Refs. [27-30]). In this case, conservation of
hidden sector entropy, s,R>, implies that
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R3T,l/ 2 ,—my /Ty — constant, (4)

where R is the scale factor. In the limit that T, < my,
the variation of the exponential dominates, and the
above expression can be approximated as e”/Tr o R,
or T, xmy/InR. As a result, £ increases rapidly as a
function of the scale factor, such that

R

f“ﬁ- (5)

This behavior is exhibited by the solid blue, dashed red, and
dashed yellow lines in Fig. 2, each of which depict periods
of cannibalism in the hidden sector.

Alternatively, if Y freezes out of chemical equilibrium
while still relativistic, the value of & will be held to that
described in Eq. (2) until ¥ becomes nonrelativistic, at
which point £ « 1/R. This can be seen from the phase-
space density of Y. Once a relativistic species has frozen
out in the hidden sector, its comoving number density is
conserved and, as a result, the phase-space density, f (or
equivalently (E — u)/T},), is held constant,

f~e BN v dn/dPp ~ R3/R™ = constant. (6)

Imagine that Y freezes out at 7', T > my, and E\~
pl > my, and consider later times before Y becomes
nonrelativistic. Assuming that Ey > uy and using the fact
that Ey/T), is fixed, the temperature of Y evolves as

E , R T
Th:T;,E—sz;lp—sz;lﬁzT;lF, (7)
Y Py

and, hence, & = &. Alternatively, imagine that while Y is
nonrelativistic, its comoving number density becomes or is
already fixed. In this case, its kinetic energy scales as
Eyyin x 1 /R?, and hence so does T,. From this it follows
that & = &R /R = £'T/T'. Furthermore, through a similar
argument as above, in the nonrelativistic limit,

i My — Hy
ThIThm» (8)

which gives uy = my + (4} — my)T,,/T}.

In Fig. 2, we illustrate the behavior of £ for a number of
possible scenarios. Although we have assumed in generat-
ing this figure that X is a Dirac fermion and Y is a neutral
vector boson, the discussion in this section is more general,
and applies to X and Y of any spin. In evaluating £, we have
numerically solved the equation s,(ET)/sy,(EineTing) =
s(T)/s(Tiy), along with s= (p+P)/T and s, =
(pn + P,,)/ Ty, and the general forms for energy density
and pressure of a species, i [31]
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E2 — m2)1/2
pi =2 / (E? = mr}) E2dE,
27 m; CXP[(E /’lz)/Th] +1
. 0 E? —m? 3/2
P, =9 / (E? - mi) dE, 9)
67* Jm, exp[(E—p;)/Ty] £ 1

where yu; denotes the chemical potential and the 4-1 in the
demoninators is positive in the case of fermions and
negative for bosons.

III. HIDDEN SECTOR FREEZE-OUT

Chemical equilibrium in the hidden sector is governed
n n—1

by processes such as YY: -+ < YY ..., XX < YY, and
XYY < XY. When the rate of these reactions is overtaken
by Hubble expansion, the corresponding comoving number
densities become fixed (until the time at which Y begins to
decay). In this section, we review this process of chemical
freeze-out for the case of a hidden sector that is thermally
decoupled from the SM [32-34].

The coupled system of Boltzmann equations for the
number densities of X and Y is given by

: ny
nx +3Hny = —<m)>X<n§(— e§2 n}qz) + e
ny

2
) n
ity + 3Hny = +{ov)y (n% - egz n;qz)
ny

<0U2>x(’7x”% - n;annY)

= (o0%)y(ny — ny'n})

—_ FYnY —_

—{(ov)y(n} = n§n}) + - -, (10)

where %', denotes an equilibrium number density, (ov)y
is the thermally averaged cross section for XX — Y7V, and
I'y is the decay rate for Y into SM particles. The quantities
(6v?)y, (60?)y, and (60®), are the thermally averaged
“cross sections" for XYY - XY, YYY —>YY, and
YYYY — YY, respectively. For brevity, we have not
included symmetry factors; for example, if X is not self-
conjugate, then (ov)y should be replaced with (cv), /2.
The ellipses denote higher-order processes that are
subdominant.

The Boltzmann equations in Eq. (10) are greatly sim-
plified in the case of entropy conservation. This is valid at
times significantly before the decay of Y, or in cases in
which Y never dominates the energy density. In particular,
we will recast the above equations in terms of the yield or
comoving number densities, Yxy =nyy/s (not to be
confused with the species Y). Taking the time derivative
of Yxy gives

SYX.Y:nX,Y_nX,Y;~ (11)
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Conservation of visible sector entropy, sR> = constant,
implies that

o=, (12)

Then, substituting Eq. (12) into Eq. (11) gives
S.YX,Y :l;lX’y+3HnX’y. (13)

Invoking entropy conservation once again, S « TR =

constant, gives /T = —H, which can be rewritten in terms
of x=my/T,

X = Hx. (14)
Using the chain rule and Eq. (14), we then have

dYyy
—

.YX,Y = Hx (15)

By substituting Egs. (13) and (15) into Eq. (10), we find

dYy —s(ov)x Yy eq2

—_—= Yz— Yq o

dx Hx X quz +

dyy 1 S A

T {s(a@x (YX - Y;qz Yy
—TyYy = s(ov?)x(Yx Y} = ¥y'YxYy)
— 53 (ov?)y (Y3 = YY)
—S3<0v3>y(Y§—Yeyq2Y§)+"']' (16)

The Hubble parameter, H, is given in terms of the visible
and hidden sector energy densities

87 8 72
H? = 3, (p+pm) =5 302,30 —(9.T*+ ¢'T})
4 3 .4 _eff
Eim_gg%’ (17)
45 m?*, x

where my =1.22x 10" GeV, and we have defined
" =g, +gi&".

The final abundances of X and Y can be found by
numerically solving either Eq. (10) or (16). However, it is
often the case that processes responsible for depleting the
number density of Y at temperatures 7, < my are sup-
pressed relative to those governing the freeze-out of X. If
there also exists the hierarchy, my > my > O(100) GeV,
it is sensible to assume that Y freezes out when it is
relativistic at temperatures significantly above the weak
scale. Approximating ny with the relativistic expression

ny ~ cy¢(3)gyT;/n®, where ¢}, =1(3/4) for bosonic
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(fermionic) Y, and g, = 106.75, we have Y, = Yy~
0.0026¢% (gy + gxcx/cy)E . where we have also used
Eq. (2). Changing variables once again to A = Yy — Y§/,
the first line of Eq. (16) can be rewritten as

dA inq eq
where we have defined
_ s{ov)y T g a+ 6Eb/x
flx)= Hx EﬁmxmmT’ (19)

and where ovy = a + bv? is the cross section for XX — YY
prior to thermal averaging.

It will suffice to solve Eq. (18) semianalytically. To do
so, first consider its form before X departs from chemical
equilibrium. At this point, Yy tracks Y§! very closely and,
hence, dA/dx is negligible, giving

vy 1

A=—"0 Fx)[A+2vS]

(20)

Freeze-out occurs when Yy no longer tracks Y ;q, or in other
words, when A is comparable to Y5'. Specifically, freeze-
out is defined by A = cY§!, where ¢ is some order-one
number chosen to match numerical solutions. We will take
¢~ 0.4 for s-wave annihilation [31]. Assuming that X
freezes out when nonrelativistic at x = x, Eq. (20), along
with ny' & gy(m%/2nx;)*?e™ and A = cY', then imply
that

e (et 55 o £ (a+65b/x))
X =gl 3 5 —giffmxmpl\/x—f(l_gé/zxf) s
(21)

where ¢ and ¢ are evaluated at freeze-out. In practice, the
above equation may be solved numerically for xj.

Now, consider the form of Eq. (18) after X departs from
chemical equilibrium. At this point, Y% is negligible due to
Boltzmann suppression and, hence, 92 A~2 = —f(x).
Integrating this from x = x; to x = oo, and using the fact
that A(x = o0) < A(x = xy), we find

Yalx = 00) ! = [:’ dxf (x)

|7 g a+3&b/x;
h B@mxmm xpoo

where ¢, and ¢S are evaluated at freeze-out. Note that in
Eq. (22), we have ignored variation of ¢¢" from x = x; to
eff

x =o00. For &,>1, it is possible that ¢¢

(22)

varies
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significantly over this domain, in which case we will
instead use the more general form:

3 [ 7 © a4 6Eb/x
YX(X = 00) 1 ~ Eg*mxmpl/ de\/ﬁ.
xr *

The relic abundance today is evaluated as Qy =
mysoYx(x = 00)/p., where sy = 2891.2 cm™ is the vis-
ible sector entropy density today and p, = 1.05375 x
103h> GeVem™ is the critical energy density [35].
When Eq. (22) applies, this leads to

(23)

Qyh? =8.5x 107!

x/ o (a + 35b/xf>—1' (24)

. GeV~2

This will constitute the final abundance of X, provided that
no entropy is transferred into the visible sector. If instead
the SM entropy increases by a factor S;/S;, Qyh? is
effectively reduced by the same factor. This is simple to
see from the following argument. Imagine that the visible
sector has an initial entropy of §;, which is later raised to S
through some unspecified process. Before this entropy
increase, X has an energy density pi = mys;Yy, where
s; = S;/R3. Expansion of the Universe dilutes the energy
density such that

. R3 s.R3 S.
p{(:plXR_g:mXYX#:mXYXR_;
SS mxs YX
:mXYXR_;S_f: S fS ) (25)
o SilSi

where s, = §;/ R3. Therefore, the dark matter energy
density today is py = mysoYx/(S;/S:). Hence, Qyh?, as
written in Eq. (24), is diluted by the factor S;/S;. As we
will show in the next section, the radiation coming from the
late-time out-of-equilibrium decay of Y naturally generates
such an increase in entropy.

IV. OUT-OF-EQUILIBRIUM DECAY

In the previous section, we described the thermal freeze-
out of a dark matter candidate, X, which resides in a sector
that is highly decoupled from the SM. We now turn our
attention to the lightest particle species in the hidden sector,
Y, which is assumed to be unstable and will eventually
decay into SM particles. Due to the highly decoupled
nature of the hidden sector, however, we expect such
decays to be highly suppressed, leading Y to be long-lived.
Furthermore, upon becoming nonrelativistic, the energy
density of Y scales as py o« R™3, while the visible bath
instead evolves as pgy & R™*. As a result, py/pgy scales
linearly with R, thus making it possible for the ¥ population
to come to dominate the energy density of the early
Universe, and significantly reheating the SM bath upon
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its eventual decay. In this section, we investigate the
consequences arising from this out-of-equilibrium decay,
closely following the approach described in Ref. [31].

Using the sudden-decay approximation, it is simple to
work out an estimate for the reheating of the visible sector.
Imagine that Y, which is nonrelativistic, comes to dominate
the energy density of the Universe up until time # = 7y, at
which point it decays into SM particles which quickly
thermalize with the visible bath. Using conservation of
energy, the energy density of the Universe immediately
prior to the decay, py, should equal the energy density in
radiation immediately after the decay. We will denote these
two snapshots in time as t =7y —¢, and t =7y + €,
respectively, where €, is some small positive time-scale
relative to 7y. We will also use notation such that the label
“i” corresponds to t = 7y — ¢;, while “f”” corresponds to
t = 7y + €¢,. Immediately prior to decay, the Friedmann
equation gives

4 87 RY/4
H(t=1y—¢€)=—5 = —> Y
( Ty —€) 97%/ 3m§1py 3m 2 Simy 'y
1673
135 2 g*TleYYv (26)
or, equivalently,
15m?2
Td=— 2 (27)
4n’g.myYyty

Solving for py in terms of 7y in Eq. (26) and enforcing
energy conservation leads to

m> 2
pl T 4
py = =2-9.T%, (28)
6zry, 3077/

or, equivalently, for the reheat temperature,

5m2 \ 3/4
T3 = ( ol ) . (29)
I \gr'ny

The increase in SM entropy, in the sudden-decay approxi-
mation, is then found by taking the ratio of T3/T7,

Sf N T} 1/4 mYYYTY/2
i m
We will now derive the change in entropy more sys-
tematically, no longer relying on the sudden-decay approxi-
mation. From the definition of 7y, Ny  e™"/*, we obtain
the differential equation,

d<R3ny> 1
— = ——R’ny, 31
dr Ty ny (31)

PHYSICAL REVIEW D 94, 095019 (2016)

which when expanded and divided by R? gives
I;ZY + 3H”ly = —ny/Ty. (32)

Since Y is assumed to be nonrelativistic, py = myny, and
the above equation is equivalent to

py +3Hpy = —py/ty, (33)
which has the general solution

R;

pr(®) = py(R) () e,

Now, imagine that as Y decays, the energy deposited is
rapidly converted into relativistic thermalized particles.
It follows from the second law of thermodynamics that

a0 _ —d(Rpy) _ -R’

ds = T dt(py + 3Hpy)

T T
=B ey, (33)

where in the last equality we have used Eq. (33). Solving
= (27%/45)g,T>°R® for T and substituting into the
equation above,

sg_ginBer _ 2Lg Ry
T Ty 45 ¥ Ty
277 \'3RR}
=<EQ*> T—lPY(Ri)e_(t_ti>/TY’ (36)
Y

where in the last equality we used Eq. (34). A formal
solution to Eq. (36) is

4
§40 = 577+ 3r(R)Rizy!

222 \'BR(!) _,
dr 2 (=t 7y
/ <45 ) R

54/3 + ng(Ri)R?I' (37)

To simplify Eq. (37), we take note of two important
relations involving the energy density of SM radiation,
pPr, and the visible sector entropy, s

4
sT = gpky (38)
and
3/ 45 \1/3
PR=Y (zﬂzg > SR )
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We then have

PY(Ri)R?Si_4/3 = mYRiYYSi_l/3
4pr(R;)/3
S, T:/R}
1
SiTi/R;

“(smg.m) 0
>>1/3’ (40)

- myyy 45

T \22%.(T;
where we used Eq. (38) and Eq. (39) in the second and third
lines, respectively. Taking #; < 7y, 1, > 7y and substitut-
ing Eq. (40) into Eq. (37) then implies

Sf 4 45 1/3 myYY 3/4
= |1+4+= 1 , 41
S; [ - 3 (2”29*(Ti)> T; ( )

= myRiYySi_l/3 X

== myRiYYSi_l/3 X

where now [ is defined to be

o (2x* \3R(t)
[=13! dr| =— — e/, 42
TYA <45 g*) R(0)¢ (42)

In the limit that ¥ dominates the energy density before its
decay, a numerical form of [ is sufficient and Eq. (41) can
be approximated as

2

5 218309 ”3>‘/44myyf/§/ 7 (43)
Si m

where the brackets indicate time-averaging over the decay
[31]. Note that the difference between this numerical
solution and that found using the sudden-decay approxi-
mation is at most O(1). In practice, throughout this study,
we will numerically solve the system of equations, con-
sisting of Egs. (36), (41), and (42), and the Friedmann

equation,

H ="~
3m

(px + Py +PR): (44)
where py is determined from Eq. (34), pg = n°g,T*/30,
px x R73, and S = (22%/45)g,.T°R>.

V. THE EFFECTIVE NUMBER
OF NEUTRINO SPECIES

In models with a decoupled sector, there may be addi-
tional relativistic particles present during or after big bang
nucleosynthesis (BBN), with the potential to impact the
measured expansion history of the Universe. In this section,
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we briefly discuss this possibility within the context of the
class of models under consideration here.

In generality, the effective number of neutrino species,
Neg, is defined in terms of the energy density of the
Universe, or equivalently in terms of ¢ff. Allowing the
neutrino temperature to be different than that of the SM
plasma, we have

¢ = gM + &) + g

7
= M X 2x N X (), (49)

where SM — v denotes the SM omitting the three species of
neutrinos, &, =T,/T, §,=T,/T (we have restored the h
subscript for clarity), and & is 7,/T in the SM when
neutrino reheating from electron-positron annihilations is
neglected, ie., & = (4/11)'/3~0.714 for T <m, and
& =1 for T = m,.

For n, flavors of neutrinos, we have

7 7
§X2XNeffX(§8)4:§X2X” x & + gl (46)

Solving for N yields

Neff =n, <§—§> += (%) . (47)

In the SM, ¢! = 0, n, = 3, and when T < m,, &, is slightly
larger than £, so that N ~ 3.046.

Consider the case of three neutrino flavors and standard
cosmology (£, = &) with an additional decoupled hidden
sector. At early times, around BBN, for example, 7, = T,
and so the analogous calculation yields

Negr 3+ 91'54 (BBN). (48)
Alternatively, after neutrino decoupling, for instance at
recombination,

11

4
~ 3.046
N s += <4

) 48 (CMB). (49)

in agreement with Ref. [32].

Alternatively, we can also consider contributions to N
that arise from the decay products of the long-lived particle
species, Y. More specifically, consider a scenario in which
Y has a finite branching fraction, B,, to a light and
decoupled state, a. For as long as this population of decay
products remains relativistic, they will continue to con-
tribute to N (after which they will behave like matter).
This will be the case so long as T > T;m,/ f,my, where
T is the temperature of the Universe following the decays
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of Y and f, is fraction of my that goes into an individual a
(for example, for ¥ — aa, f, = 0.5).

Including the contribution from these decay products,
the effective number of neutrino species is given by

4 B T 1/3
Neff ~ 3.046 _|__3 a g*( p,dec) , (50)
7\1-B,)\ 9.(Ty)

where g, (7T, gec) # 10.75 and T, 4. is the temperature at
neutrino decoupling. Comparing this expression to
constraints on N.; from measurements of the CMB
(Negr = 3.15+£0.23) [36], we conclude that B,<
0.1[g,(T;)/100]'/3. Next generation CMB experiments
are anticipated to improve significantly upon this constraint
[37-39].

VI. MODELS OF DARK MATTER
IN A DECOUPLED SECTOR

The scenario described above is generic and can be
applied to several different classes of models. If the hidden
sector is composed of SM gauge singlets, it is natural for it
to be very weakly coupled to the visible bath. However, in
order to facilitate the decay of the metastable state, Y, into
SM particles, some portal between the two sectors must be
introduced. At the renormalizable level, such decays can
proceed through the following three operators: B,,,, |H|?,
and HL, known as the vector, Higgs, and lepton portals,
respectively.

In this section, we will investigate models utilizing each
of these portals in turn, focusing on the phenomenology
outlined in Secs. II-IV. Each model contains unique
features and introduces complications beyond the simplest
possible realization. We will proceed in order of increasing
complexity. In particular, in Sec. VI A, we explore the
vector portal, which serves as a simple and concrete
manifestation of the generic scenario described in the
previous sections. In Sec. VI B, we proceed to the Higgs
portal, which necessitates a careful treatment of the freeze-
out process, due to the fact that the singlet-like scalar
mediator may remain in chemical equilibrium while non-
relativistic. Section VIC presents the lepton portal model,
whose ultraviolet structure incorporates a heavy right-
handed neutrino which may have potential implications
for leptogenesis.

A. Vector portal

In the vector portal scenario [40,41], a new spontane-
ously broken U(1)y gauge symmetry is introduced, along
with a corresponding massive neutral gauge boson, Z'. As
our dark matter candidate, we add to this model a complex
scalar, ¢, which has a unit charge under U(1)y and couples
to the Z' through the gauge coupling g, . ¢» does not acquire
a vacuum expectation value (VEV) and is independent of

PHYSICAL REVIEW D 94, 095019 (2016)

the breaking of U(1)y. Alternatively, one could also
consider dark matter in the form of a Dirac fermion, as
we explored previously in Ref. [11]. If there exist particles
charged under U(1)y x U(1)y, a small degree of kinetic
mixing between the Z' and the SM hypercharge gauge
boson can be radiatively generated. The hidden sector
Lagrangian then contains the following interactions:

€ . N %
LD —EB/“’Z;“, + g7 Z), (" 0up — 9O, ") + 55, 2V Z, ||
(51)

There may also exist direct couplings between ¢ and the
SM Higgs through the interaction, |¢|?|H|*>. However, since
the hidden and visible sectors are thermally decoupled, this
interaction must be significantly suppressed. In this section,
we take the kinetic mixing parameter, €, to be the only
relevant coupling between the two sectors.

In the limit that m, > m,, mixing through e¢ generates
an effective interaction between the Z’ and SM fermions,

LD —egy YZufr"f +O(mz/mz),  (52)
f

where g, is the hypercharge gauge coupling and Y is the
hypercharge of the SM fermion, f [42]. This allows the Z’
to decay to SM fermions with a width given by

5
FZ’ = galé‘zmzl + O(mz/mz/). (53)

Similarly, ¢ couples to the SM Z through the terms

. 2
igz€s,,m . .
~L 2L 7, (¢ 0up — $0,07)
mZ,
2g%.€s,,m>
Zm—%ZZ’”Z,,IrﬁIZ + O(e?), (54)

where s,, is sine of the Weinberg angle. Through Z and Z’
exchange, these interactions allow ¢ to scatter off protons
in underground direct detection experiments, leading to a
spin-independent cross section given by

2
6, = 4gichaye? ,u4 , (55)
mzr

where ay = g%, /4, p is the reduced mass of the proton and
¢, and c,, is the cosine of the Weinberg angle.

Before any large increase in entropy occurs from Z’
decays, ¢ freezes out through the process ¢¢p — ZZ', with
an initial abundance given by Eq. (24). In particular,

Yov(¢pd - ZZ') = a + bv?, where
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Representative Feynman diagrams for processes that could potentially maintain the chemical equilibrium of the Z’ population
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where v is the relative ¢ velocity, and r = mz /m,.

The dilution of the ¢ density from late-time Z' decays
directly follows the discussion in Sec. IV. As seen from
Eq. (30), the required inputs are 7, and Y., the former of
which is given by the inverse of Eq. (53). Various processes
may keep Z’ in chemical equilibrium (with respect to the
rest of the hidden sector) as the hidden sector cools.
Representative diagrams that deplete the Z’' number density
are shown in Fig. 3. In the discussion preceding Eq. (18),
we noted that solving the Boltzmann equation is immensely
simplified if the Z' departs from chemical equilibrium
while it is still relativistic. Alternatively, in order for the Z’
to remain in chemical equilibrium while nonrelativistic, the
rate, I', for a process that depletes the Z' number density
must overcome Hubble expansion at or before the critical
temperature, 7, = my. Therefore, the quantity of interest
isT'/H, as evaluated at T), = m». If T'/H < 1, it is safe to
assume that the Z’' population freezes out while still
relativistic.

Z' Freeze—Out, my = 1 PeV, mz =50 TeV

T/H (Ty=myz)
s =
] ]
) =

10—14

10716

]0718 1 1 1 1

We first consider the process Z'Z'Z'Z' — Z'Z' mediated
by a ¢ loop. Gauge invariance and dimensional analysis
suggest that the rate for this process will scale as follows:

6 ,..8
aXmZ,

(2227 - Z'Z') ~n}, (57)

16
My

Similarly, the rates for the tree-level processes Z'Z' ¢p¢p —
¢¢ and Z'Z'7Z'p — Z'¢ can be written as

4
T(ZZ ¢d — p) ~ nym X,
my
ay
0(Z2Z'¢p — Z'¢p) ~non,, g (58)
¢

In Fig. 4, we plot the quantity I'/ H, evaluated at T}, = my,
as a function of ay for each of these three interactions. As
illustrated in this figure, for ay <0.5 and my/my 2 10,

Z' Freeze—Out, my = 1 PeV, mz = 100 TeV

I'/H (T,

FIG.4. T/H evaluated at T), = m as a function of the coupling ay, for the processes Z'Z'Z'7Z — Z'Z’' (ved), Z'Z' p¢p — ¢¢ (orange),
and Z'Z'Z'¢p — Z'¢p (blue), assuming that the hidden and visible sectors are thermally decoupled. We have taken m,; = 1 PeV, and
mz = 50(100) TeV in the left (right) panels. The width of the bands corresponds to &, = 0.1-10. Larger values of ;¢ lead to larger
rates relative to that of Hubble expansion. For m, = 50 TeV, corresponding to the left panel above, I'/H <« 1 and hence the Z’
population departs from chemical equilibrium while still relativistic. For smaller ratios of m,/mz, corresponding to the right panel,
processes that deplete the Z' number density allow the Z’ to remain in chemical equilibrium while nonrelativistic for ay > 0.5.
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I'/H < 107!, and the Z' population is not maintained in
chemical equilibrium. For the remainder of our analysis, we
will therefore assume that the Z' freezes out while it is
relativistic. Following the discussion above Eq. (18),
this implies that the Z' comoving number density is
Y, ~0.013& .. Assuming that Z' freezes out while rela-
tivistic allows us to focus solely on the first line of Eq. (16).
Despite this simplification, the term proportional to
(Yz/Y5})* deviates from unity when T, S my and the
equilibrium comoving number density becomes Boltzmann
suppressed. By numerically solving the Boltzmann equa-
tion, we find that the inclusion of this effect alters our
results by O(5%) for my/mz =~ 5 and by only O(1%) for
my/my ~ 20, relative to that obtained using the semi-
analytic approximation.

Throughout, we have assumed that e is sufficiently small
such that ¢ and Z’ are thermally decoupled from the SM
bath. We now revisit this assumption and consider scatter-
ing processes that could potentially equilibrate the two
sectors for sufficiently large values of e¢. The dominant
interactions are Z'f — (y/g)f and (y/g)f — Z'f, where f
is some SM fermion. At leading order in m;/m, we find

ov(Z'f - yf)~

aemQ%(g’zu + gczz) 2 7mé/
— v | +
6(s —m2,)

2m?,
—|—2<s—2m§, —|—mz>
s

x log %} , (59)

!

while for the reverse process,

3(s —m%)?

61)<7/f - Zlf) = 2s2

oo(Zf = 7f). (60)
Here /s ~ 4T is the center-of-mass energy,l Oy is the
electric charge of f, and g, , = —€g(Y;, £ Y, ), where
Yy, I is the hypercharge of SM fermion f; /. For processes
involving gluons instead of photons, one simply replaces
the quantity a.,, 07 with 4a,. If npov < H at T = my/x;,
then the hidden and visible sectors do not equilibrate before
the freeze-out of the dark matter abundance.

For our numerical results, we include contributions from
all SM fermions, f, and all gauge interactions involving
gluons and electroweak gauge bosons. We safely neglect
contributions from pure gauge boson external states (i.e.
Z'y — ff)since, for T > v, these are highly subdominant to
the total contribution from Z’f initiated rates and the
corresponding reverse processes on account of g, (7) = 100.

"For thermal distributions of bosons and fermions, the average
energy per particle is approximately p/n =2.70 and 3.15T,
respectively, so for fermion-boson scattering, the angle averaged
s = (p1 + p2)* = 2E\Ey = (4T)°.
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We illustrate the phenomenology of this model in Fig. 5, as
a function of the dark matter mass, m,, and kinetic mixing
parameter, €, for various values of ay, my;/my, and &y
The abundance of dark matter in the vector portal scenario
diverges from the typical WIMP estimate for sufficiently
small values of e. In this case, ¢ can be as heavy as
O(10) PeV before running afoul of constraints from big
bang nucleosynthesis (BBN). Along the black contours, the
final abundance of ¢ matches the observed dark matter
density, Qd,hz ~ 0.12. For longer lifetimes of the Z’ (smaller
values of €), Z' can come to dominate the energy density of
the Universe, corresponding to the parameter space below the
brown shaded region. In this case, the entropy dump from the
7' decay significantly dilutes the ¢ abundance, allowing for
large values of m  which would otherwise be inconsistent
with the observed density of dark matter. For lifetimes longer
than O(1) second, however, the reheating temperature after
the Z' decay is significantly less than 10 MeV, leading to
potential tension with the successful predictions of BBN
(shaded blue). For a sufficient degree of kinetic mixing, the
hidden sector and SM bath are maintained in Kkinetic
equilibrium in the early Universe (shaded orange), and
may potentially fall within the reach of direct detection
experiments, such as LUX [3,4] and PandaX [2] (shaded
red). We also highlight the parameter space in which the Z’
population dominates the energy density and decays before
the freeze-out of ¢ (shaded yellow). In this case, the hidden
and visible sector entropies are no longer conserved during
the freeze-out of ¢, invalidating the assumption that led to the
derivation of Egs. (16) and (24). Since, in most cases, the Z’
abundance does not dominate the energy density of the
Universe when it decays before the freeze-out of ¢, we
expect the resulting correction to be small.

For &, < 1, as considered in the bottom-left panel of
Fig. 5, the hidden sector is only modestly populated
(relative to the SM) after inflation. As a result, the effects
of the Z' decay are reduced, and only for much longer
lifetimes does the Z' population come to dominate the
energy density of the Universe. Regardless, compared to
the standard thermal WIMP calculation, thermal decou-
pling in this scenario results in the underproduction of the
hidden sector and thus allows for larger dark matter masses,
without exceeding the observed dark matter density.

Although we have focused on scalar dark matter in this
section, fermionic dark matter is also a viable possibility
within the context of vector portal scenarios [11].
Qualitatively, very similar conclusions are reached in these
two cases. In particular, Fig. 2 of Ref. [11] can be directly
compared to the results shown in Fig. 5 of this paper.

B. Higgs portal

In the Higgs portal scenario, a real scalar singlet, ¢,
couples to the SM Higgs at tree level [40,43—-59]. Working
in the basis where ¢ does not acquire a VEV, the general
scalar potential is given by
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Vector Portal, my/mz =20, &in=1
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Vector Portal, my/mz =10, &inr=1
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FIG.5. Selected regions of parameter space in the vector portal model. The black contours (Q, h* = 0.12) correspond to regions in the
my, — e plane where the final ¢ abundance matches the observed dark matter density for three different values of the Z' coupling,
ay = 0.03, 0.1, and 0.3. For larger values of ¢, and for the same three values of ay, the red regions (LUX) are currently ruled out by
direct detection constraints from LUX and/or PandaX [2,3]. On the other hand, in the shaded blue region (BBN) the Z’ decays reheat the
SM plasma to a temperature below 10 MeV, in potential tension with the successful predictions of BBN. In and above the brown region
(pz < psm), the Z' population never comes to dominate the energy density of the Universe, while in and above the yellow region
(tp < H;(l)) 7' dominates the energy density but decays before the freeze-out of ¢. The shaded orange region (KE) corresponds to
values of e for which kinetic equilibrium between the hidden and visible sectors is established. In the top-left and top-right panels, we
have fixed &s = 1 and m,/my = 20 and 10, respectively. The bottom-left and bottom-right panels illustrate the effect of varying &,
while fixing my/mz = 20.

0,

o B S 2
V(g H) = ~2|HP + A\H[ + 5 |H] + 3 |H['¢? V(g H) = Veu(H) + 5 [HPG ===+ 2% (63)
517.)2 Ky 2 K3 3 K4 4
I L] S E gt 61
4 * 2 ot 3!¢ +4!¢ (61)

where Vgy(H) is the SM Higgs potential. Note that it is
technically natural for o, to be very small. In particular, the
quantum correction to d; via a SM Higgs loop scales as
AS) ~ 81Alog (Ayy/my)/167%, where Ayy is the high-
energy cutoff of the theory. Since we will be most interested
in regions of small mixing, ¢ < 1, LHC constraints on SM
Higgs couplings are negligible [60,61].

In this model, we assume that ¢ is odd under an

where v = p/ VA~ 246 GeV and the tadpole coefficient is
chosen to prevent ¢ from getting a VEV. After electroweak
symmetry breaking, mass mixing between the SM Higgs,
h, and ¢ is controlled solely by the dimensionful parameter
01. In the limit that my, ~ /K, > my,, the mixing angle, e,
is approximated as

’U61

-5 (62)
Zmé

€= + O(my,/my),

so we will therefore focus on the phenomenology that arises
from the following simplified scalar potential,

approximate Z, symmetry, which is softly broken only
by the super-renormalizable portal coupling, ;, in the
simplified potential of Eq. (63). For sufficiently long ¢
lifetimes, corresponding to small values of ¢, we typically
need 0, to be in the neighborhood of
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€ m¢ 2
5, = GeV s 64
L e <1o-‘0> (Pev>’ (64)

in the general vicinity of the weak scale. In the full potential
of Eq. (61), there is an additional Z, breaking coupling, k3,
which renormalizes the value of §; at the one-loop level. To
ensure that this does not significantly increase the ¢ width,
this correction must not exceed ~&;, which implies

2
K3 < 167; _21‘
UV,
IOgm—d) 2

(65)

As our dark matter candidate, we introduce a singlet
Majorana fermion, y, which couples to ¢ through the
interactions

LD ¢x(As + 4,077 )x. (66)

After EWSB, mass mixing leads to the substitution
¢ — ¢ —eh, which generates an effective dark matter
coupling to the SM Higgs, allowing direct detection
experiments to constrain the quantity A,. In particular, y
scatters off nucleons through SM Higgs exchange with a
spin-independent cross section of

46 2 €\ (4 \?
051 &2 % 107% cm* X (O_1> (ﬂ) . (67)

Similarly, ¢ couples directly to the SM through

W= P22 22

min(r* —2)> " 2am’

+O(r?)

b
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0 € - 2e 1
LD —Z¢h2 —;Zf:mftﬁff +; <m%VW+”Wﬂ +§m§2ﬂzﬂ)

X <¢+%h¢> +0(€?). (68)

At leading order in ¢, ¢ decays to pairs of Higgs bosons,
SM fermions, and gauge bosons, with partial widths
given by

m;e2
(¢ — hh) = ol T O(my,/my)
— ncmquj%-e2
C(¢p— ff) = s T O(mys/my)
m3 62
T(p - VV) = ¢ +O(my/my),  (69)

C167(1 + by z)0?

where n. is the number of colors of the SM fermion, f,
and 6y, = 1(0) for Z (W*) final states. As seen from the
limiting  forms  above, TI'(¢ — hh)/T(¢p — ff) ~
(my/ms)* and  T(¢p > hh)/T(¢p — VV) ~ (my/my)*.
Since we will focus here on cases in which my >
100 GeV, the dominant decay channel is to pairs of
SM Higgs bosons.

Prior to the decay of ¢, y freezes out through its
annihilations within the hidden sector, yy — ¢¢. In par-
ticular, 6v(yy — ¢¢) = a + bv?, where

_ =2(r* = 1)°25 4+ 3(r% — 8r* +20r% — 12)2222 + 2(=2r% 4+ 10r* — 177> + 9)2}

12m§7z\/ 1-r(r?P=-2)*

A — 181222 + 92
96m;,

~

+O(r?),

where v is the relative y velocity, and r=mgy/m,. If ¢
departs from chemical equilibrium while relativistic, the
initial abundance of y is given by Eq. (24).

For the case of the vector portal, as discussed in
Sec. VIA, Z' depleting processes were suppressed. As
we shall see below, however, ¢ is able to maintain
chemical equilibrium in the Higgs portal case when
T, < my for sufficiently large values of A, or 1,. This is
directly tied to the fact that these interactions involve
scalars and correspond to operators of lower dimension.
Similar to as in the previous subsection, we consider
the process ¢pp¢ — ¢p¢ mediated by a y loop. Following
the approach described in Appendix, we find by explicit

(70)

calculation the rate for this process in the nonrelativistic
limit,

784/5 210
C(pgpd — ¢pp) = ”?p?m’ (71)

where, for simplicity, we have taken m, > m, and
Ay =2, =2A In Fig. 6, we show I'(¢ppp — ¢¢)/H
evaluated at T, =my as a function of A, =4,. It is
apparent that if 4, , 2 O(0.1), then I'/H % 1, indicating
that ¢ freezes out while nonrelativistic. In this case,
instead of using Eq. (24), we numerically solve the
coupled Boltzmann system in Eq. (16).
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FIG.6. TI'/H evaluated at T, = m, as a function of A, = 4,,, for
the process ¢¢pp — ¢, assuming that the hidden and visible
sectors are thermally decoupled. We have taken m, = 1 PeV
throughout and m, = 200 TeV (blue) and 10 TeV (red). The
width of the bands corresponds to &,; = 0.1-10. Larger values of
Enr lead to larger rates relative to Hubble expansion. I'/H <1
only for A, < O(0.1). For larger values of A ,, ¢ departs
chemical equilibrium after becoming nonrelativistic, and one

must numerically solve the coupled Boltzmann equations for y
and ¢.

If y and ¢ are to remain thermally decoupled from the
SM during dark matter freeze-out, the scattering processes,
¢h < tf and ¢t <> ht, must not exceed the rate of Hubble
expansion before 7' = m,, /x ;. At temperatures significantly
above 100 GeV, the SM Higgs VEV, v, is suppressed and,
hence, we will consider processes that do not depend
explicitly on electroweak symmetry breaking, such as the
¢ — h — h cubic term in Eq. (63) which is controlled by the
dimensionful coupling, ;. In the limit mgy > m;, my, we
find that the scattering processes are approximated as

_ 38im?

ov(ph — tf) ~ 3275 — )
¢

m?(s — mé)

ovlit = ¢h) ~ 1287025

5m? (4—x3)s
ov(gt = hi)~ 647rv22s t— m2) {m4 + xzs(g —m3)
¢ ¢ h ¢
22
og[ 2 4S<S 2m¢) 2 :| },
mi (my, + xj,s(s — my))
§tm? { (4= x3)(s —mj)
64zv*s | my 4 xjs(s — m3)

1
+ 51
s —my,

ov(ht — ¢t) »

+ élog [mg(m;i(i ;%T(%)Z— m?s))] } (72)
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where x;, = m;/m,, and the “v” on the right-hand side
denotes the SM Higgs VEV. If n;,6v S H at T = m, /x;,
then the hidden sector and the SM do not equilibrate before
the freeze-out of the dark matter abundance.

Similar to the previous section, Fig. 7 illustrates the
phenomenology of this model as a function of the dark
matter mass, m,,, and singlet-SM Higgs mixing parameter, e,
for representative values of the quantities m,/mgy, &,
and 4y ,. For simplicity, we consider the case that 4, = 4,,.
As discussed above, for 4 , 2 0(0.1), the abundances of y
and ¢ (prior to the decay of ¢) are calculated by numerically
solving the coupled Boltzmann equations, Eq. (16), incor-
porating the dominant processes (yy — ¢¢ and ¢ppp — ¢p¢p)
that are responsible for the depletion of both species. As in
Sec. VI A, for sufficiently suppressed values of the singlet-
SM Higgs mixing parameter, €, ¢ is long-lived and comes to
dominate the energy density of the Universe, diluting the
relic abundance of y upon its decay. However, compared to
the vector portal scenario, this effect is suppressed, largely
due to the enhanced strength of the process ¢pp — pep.
In particular, although larger values of 4, , deplete the initial
freeze-out abundance of y through the annihilations
xx — ¢¢, such couplings also enhance the 3 — 2 self-
annihilation for ¢, effectively depleting the comoving
number density, ¥, and softening the dilution from its
decay, as seen from Eq. (30). As a result, for 4, , ~ O(1),
Q)(h2 matches the observed dark matter abundance without

running afoul of constraints from BBN only for
m, < O(100) TeV, when &, = 1 and m, /m = 20.

C. Lepton Portal

The gauge singlet operator, LH, allows for the simple
construction of a model that links the hidden and visible
sectors through the lepton portal [40,62]. This same
operator is often invoked in seesaw models as an explan-
ation for the smallness of the SM neutrino masses [63—67].
For realistic models of neutrino masses and mixing angles,
there must be at least two right-handed SM singlet
neutrinos, N, with Yukawa couplings to the SM lepton
and Higgs doublets. As a result, models of neutrino masses
often involve adding several new parameters to the SM
Lagrangian, most of which are irrelevant to the dark matter
phenomenology. Therefore, we will choose to focus on a
simplified model involving only a single sterile neutrino, N,
which couples to a single lepton doublet, L, where L is one
of the SM leptons, L., L,, L, [68]. Additionally, as our dark
matter candidate, we will add a SM singlet Weyl fermion, y,
and a real scalar, ¢, which will allow y to annihilate through
the process yy — NN.

The relevant terms in the simplified Lagrangian take the
form

1
—L D y,NLH + 5MNN2 + AgyN +H.c., (73)
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FIG. 7. Selected regions of parameter space in the Higgs portal model. The black contours (Q,,,h2 = 0.12) correspond to regions in the
my — € plane where the final ¢» abundance matches the observed dark matter density for three different values of the y — ¢ couplings,
Ay =4, =0.25,0.5, and 1. The cross section for dark matter-nucleon scattering is beyond the reach of LUX or PandaX throughout the
parameter space shown. In the shaded blue region (BBN) the ¢ decays reheat the SM plasma to a temperature below 10 MeV, in potential
tension with the successful predictions of BBN. In and above the brown region (p,, < psym), the ¢ population never comes to dominate
the energy density of the Universe, while in and above the yellow region (7, < H;(l)) ¢ dominates the energy density but decays before
the freeze-out of y. The shaded orange region (KE) corresponds to values of ¢ for which kinetic equilibrium between the hidden and
visible sectors is established. In the top-left and top-right panels, we have fixed &,s = 1 and m,/m,; = 20 and 10, respectively. The
bottom-left and bottom-right panels illustrate the effect of varying &,¢ while fixing m,,/m, = 20. The jagged features depicted in some
of these curves are the result of kinematic thresholds for ¢ decay, which predominantly proceed to heavy SM states.

where the 2-component Weyl and SU(2), indices are ’ 1( N) < 0 v, v/ V2 ) ( 1/) q
implied. For generality, and in light of the necessity of ) /N2 My N

CP violation for leptogenesis, we will allow for y, and My
to be complex, but for simplicity take A to be real. (75)

In particular, the phases are parametrized as ) ]
The physical masses are given by the square roots of the

_ i, My — |[Myleitn 74 eigenvalues of M*M, where M is the mass matrix in
Yo = lle v = IMyle (74) Eq. (75). In the limit that |My|>> |y,|v, the physical
Although only one of these two phases is physical, we MASSes are
will allow for the presence of both explicitly in our v, |?v?
calculation. We will also assume that my > m, + |My| My & 2[My] my, % [My]. (76)

so that the ¢ decays promptly through ¢ — yN and,

hence, does not repopulate the dark matter, y, out of The mass eigenstate basis is defined by

equilibrium. v —eOn2=0) (jugy — evy),
After electroweak symmetry breaking, the neutrino mass iy )2 ) ‘
matrix is given by N m ™™ (v, + ievsy), (77)
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where

(78)

e ol (mySM> 12
V2|My| my,
and vgy and v, are predominantly SM-like and singletlike,
respectively.
Now, let us rewrite the relevant Lagrangian interactions
(to leading order in €) in 4-component notation, taking into

account all of the necessary field redefinitions to a basis in
which vgy, vy, and y are now Majorana spinors. We find

vl . _< dn dn >
L D — =L hvgyiy v, — A, cos—+sm—z
NG smiy vy — AU, rx

— eAPrgy (sm% — CoS ¢—N iy )){

€9 , _ .
—= 7, Usmiv*v,
+2Cw uVsmMUy Vs

mf

For the moment, we will ignore aspects relevant to lepto-
genesis, e.g., CP violation, so that the phases ¢, y are set to
zero, and the Lagrangian takes a more simplified form:

hA
\f

) +Hel  (79)

MUy + eMprsmir’y

huley Vs —

L <o €9
Zy lqu—W*yY”l— ¢+Hcl.
(80)
C Pm(r+ DWVI=2  Pmd o)
T 16x(m2(P = 1) —m2 ) T6x(m? +m¢) s

B 2mi(r+ 1)32(m}(r?

1)%(r(23r —8) +4) —2m2m é(r —1)(r+ 1)(r(23r—24) - 8) +

PHYSICAL REVIEW D 94, 095019 (2016)

vs Freeze—Out, my=2 PeV, m, =1PeV, m, =100 TeV
T T T T T T T

I'/H (Ty=m,,)

FIG. 8. I'/H evaluated at T, =m, as a function of the
coupling 4 for the processes v,v,v,v; — v,v, (red), and ¢pv,v, —
yv, (blue), assuming that the hidden and visible sectors are
thermally decoupled. We have taken mgy =2 PeV, and
m, =1PeV, and m, =100 TeV. The width of the bands
corresponds to &,y = 0.1-10. Larger values of &, lead to larger
rates relative to Hubble expansion. For 4 < O(1), I'/H <« 1 and
hence v, departs chemical equilibrium while it is still relativistic.

Before the decay of v, y freezes out via yy — v,
through the f-channel exchange of ¢ with an initial
abundance that is dictated by ov(yy — vy =
a + bv?, where

my(r(23r — 40) +-20))

3847zV1 — r(mg —

A2m3(my

~

—4m? m(/, + 5m(/))

O(r?),
96ﬂ(mx+m¢) +0(r)

v is the relative y velocity, and r = m, /m,. If v; departs
from chemical equilibrium while still relativistic, the initial
abundance of y is well approximated by the semianalytic
form in Eq. (24).

The interactions in Eq. (79) allow v, to decay to electro-
weak Higgs/gauge bosons and SM leptons. To leading order
in my/m,_, the corresponding rates are given by

I(vs = hvsm) ~ T(vs — Zusy)
€2m3

16702

~D(yy - WH5) » (82)

m2(rr = 1))*

(81)

|
Hence, in the case that m, > m;, the total width is
approximated as

2,3
3e*m;,

~
Y 16702

(83)

The elastic scattering of y with nuclei proceeds through loops
involving ¢ and v at leading order, resulting in rates that are
well below the irreducible neutrino background.

After the freeze-out of y, v, remains in chemical
equilibrium until the rate for processes that deplete its
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FIG. 9. Selected regions of parameter space in the lepton portal model. The black contours (Q)(h2 = 0.12) correspond to regions in the
m,, — ¢ plane where the final y abundance matches the observed dark matter energy density for three different values of the y — v,
coupling, 4 = 0.1, 0.5, and 1. The cross section for dark matter-nucleon scattering is beyond the reach of LUX or PandaX throughout the
parameter space shown. In the shaded blue region (BBN) the v, decays reheat the SM plasma to a temperature below 10 MeV, in
potential tension with the successful predictions of BBN. In and above the brown region (p, < pgw), the v population never comes to
dominate the energy density of the Universe, while in and above the yellow region (z, < H, 7o) v dominates the energy density but
decays before the freeze-out of y. The shaded orange region (KE) corresponds to values of e for which kinetic equilibrium between the
hidden and visible sectors is established. The green dotted line (7'(z, ) > 100 GeV) corresponds to the boundary of the parameter space
in which the temperature of the SM plasma is above 100 GeV at the time of v decay, representing a favorable condition for leptogenesis.
In the top-left and top-right panels, we have fixed &, = 1 and m, /m, = 20 and 10, respectively, while the bottom-left and bottom-right

panels illustrate the effect of varying &, while fixing m,/m, = 20. The mass ratio, m,/m, = 1.1, is fixed throughout all panels.

number density falls below that of Hubble expansion.
The process v,v,v,v, — v, is mediated by a y — ¢ loop,
similar to the left-most diagram of Fig. 3. Assuming that
my > m,, the rate for this process scales as
112 m2
—, (84)

10
i

F(Usysysys - USUS) ~ ngx
Similarly, ¢v,vy — yv, may proceed, e.g., through an
s-channel ¢, analogous to the center and right-most
diagrams of Fig. 3. By dimensional analysis, we estimate
the corresponding rate as
/16

[(pvvg — qvg) = n,ng—s.
my

(85)

In Fig. 8, we plot the quantity I'/H, evaluated at
T, =m,, as a function of 4 for these two processes.
As illustrated in this figure, for 2 < O(1), [/H <1072,
and v, is not maintained in chemical equilibrium. For the
remainder of our analysis, we will therefore assume
that v, freezes out while relativistic. Following the
discussion above Eq. (18), this implies that the v
comoving number density is fixed as Y, ~0.01&);
and, as in Sec. VI A, this justifies calculating the initial
freeze-out abundance of y through the use of the semi-
analytic form in Eq. (24).

The hidden sector will remain thermally decoupled
from the SM during the dark matter freeze-out
process if the scattering processes v gy <> ff and
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vt <> vgyt do not exceed Hubble expansion before
T = m,/x;. For temperatures significantly above the
electroweak scale, vy —vgy mixing is suppressed, and
hence, we will refrain from considering processes

|

3|y, [Pm7s v

| 2

PHYSICAL REVIEW D 94, 095019 (2016)

that depend explicitly on such mixing. In the limit that
m, > m,, we find that the scattering cross sections for
vugy <> tt and vt <> gyt are approximated as

mi(s —m; )

ov(vvgy — 1) & ov(tt = vsvgy)

3270 (s —m3)?’

32zv?s(s —m3)*’

(.t ) m?|y,|? my —2m3 s(xj, —2) + s%x; m;. | s(s —m; )?
ov(vit — v ~ ) ,
s M 32mv*(s —m3) my + sxj(s —m7) s —mZ, £ mi(my, + sxi(s —m?))

(s —mg )?

ov(vgmt = vgt) & ov(vgt = vgut),

52

9

where x;, = my,/m,, and the “v” on the right-hand side is
the SM Higgs VEV. If n,  6v < H at T = m, /x, then the
hidden sector and the SM do not equilibrate before the
freeze-out of the dark matter abundance.

In Fig. 9, we plot some of the phenomenological features
of this model as a function of m, and ¢, fixing mj, = 1.1m,
and for various choices of m,/m,, and & In most
respects, this resembles the results shown in the previous
two subsections. In this case, however, we also show as a
green dotted line the boundary of the region in which the
temperature of the SM plasma is reheated to above
100 GeV through v, decays. Above this approximate
temperature, electroweak sphalarons are in thermal equi-
librium with the SM plasma, and are thus potentially able

to convert a lepton-antilepton asymmetry (such as one
generated through v, decays) into a baryon asymmetry.

VII. SUMMARY AND CONCLUSIONS

Motivated by the increasingly stringent constraints that
have been placed in recent years on dark matter in the form
of WIMPs, we consider in this study dark matter candidates
that are part of a larger sector with no sizable interactions
with the Standard Model. Such a hidden sector could very
plausibly be populated after inflation, and will undergo a
thermodynamic history that is independent of the visible
sector (which contains the Standard Model). As the hidden
sector cools, its lightest particles will become nonrelativ-
istic and may come to dominate the energy density of the
Universe. When these particles ultimately decay, they
reheat the Universe and dilute the abundances of any
previously frozen-out relics, including that of the dark
matter itself. This sequence of events is a generic conse-
quence of the hidden sector’s highly decoupled nature, and
phenomenology of this type can be found within a wide
range of theoretical frameworks.

In this study, we have described in some detail the
thermodynamics and cosmological evolution of models
that feature a highly decoupled hidden sector. After
presenting a more general discussion, we have considered

(36)

|
three simple, representative models, in which the hidden
and visible sectors interact through what are known as the
vector, Higgs, and lepton portals. In each of these cases, we
identify significant parameter space in which the decoupled
cosmological history considered here is viably realized.
Furthermore, due to the dilution that results from the
decays of long-lived hidden sector particles, the dark
matter can be as heavy as ~1-100 PeV in these scenarios,
without generating a dark matter abundance in excess of the
measured value.
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APPENDIX: 3 — 2 SCATTERING RATES

In this appendix, we will derive a general form for 3 — 2
scattering rates, ov*(X,X,X; — X|X5). Let |i) and |f)
abbreviate the initial and final states, respectively.
The relevant matrix element is related to the amplitude,
iM, by

(fli) = (27)*6* (kip —

kout) lM ’ (Al)

where kf . is the total incoming or outgoing 4-momenta.

The probability, P, for this process to occur is then
given by

o P

(LAl

Imagining that the scattering occurs in a spacetime box of
spatial volume V and time 7', the numerator above can then
be written as

(A2)
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[(f1i) [P = [(27)*6* (kin — kou)*| M [?

(2”)454(kin - kout>(2”)454(0)|M|2

(27)*6* (kin = kou) VT IM .

(A3)
The single-particle states are normalized as
(k|k) = (27)32E8%(0) = 2E, V. (A4)

Therefore, P = P/T can be expressed as

P _ (2”)464(kin - kout)|~/\/l|2 (AS)
8E|E,E; X 4EE, x V*°

Summing over the outgoing momenta results in a factor of
V x d®k’/(2x)? for each outgoing particle. This gives

(2ﬂ)454(kin kout)|'/\/l|2

p= — di, dic,,
8E1E2E3 X V2 !

(A6)

where dk; = d*k;/(27)32E;. “c”
o = P/flux. Therefore,

is defined such that

B P
~ (0/V)(02/V)

o (A7)

PHYSICAL REVIEW D 94, 095019 (2016)

and hence
. 2m)*6* (ki — k. 2~ —
o0 — py2 = BV i = k) M i 0
8E\E>E;
In the nonrelativistic limit, E; ~ m;,
2 1 2
ov: = ———— [ dLIPS,|M|%, (A9)
8m1m2m3

where dLIPS, = (27)*6*(kin — kou)dK, dkb. Also in the
nonrelativistic limit, the phase space integral is evaluated
to be

dcos6
167z(m; + my + ms)?
x [(my + my + m3)*
= 2(my + my + m3)*(m? + m3)

+ (m%/ - m%/)z]l/z.

dLIPS2 =

(A10)

Therefore, we find

oV =

5, my +my + m3)* = 2(my + my + m3)?(m% + m3) + (m3, — m3)?)1/2 /1
S x 128xm myms(m, + my + m3)? _

dcos O\ M|?, (All)
1

where S is a symmetry factor for identical outgoing states. In the limit that all incoming and outgoing particles are mass

degenerate, m; ;3 = my y = m, this reduces to

V5

S x 384zm3> J_

in agreement with that presented in Ref. [69].

1
dcos O M?, (A12)
1
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