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Massive Gravitons as Feebly Interacting Dark Matter Candidates
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We detail our discovery of a chiral enhancement in the production cross sections of massive spin-2
gravitons, below the electroweak symmetry breaking scale, that makes them ideal dark matter candidates
for the freeze-in mechanism. The result is independent of the physics at high scales and points toward
masses in the keV-MeV range. The graviton is, therefore, a sub-MeV dark matter particle, as favored by
the small scale galaxy structures. We apply the novel calculation to a Randall-Sundrum model with
multiple branes, showing a significant parameter space where the first two massive gravitons saturate the

dark matter relic density.
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Despite the overwhelming evidence for the presence of a
dark matter (DM) component in our Universe, also indi-
rectly observed in galaxies and galaxy clusters, the nature
of this matter component remains a mystery. In the standard
model (SM), no known particle can play the role of DM:
the only candidates, neutrinos, have a relic density many
orders of magnitude below the required one, which is
roughly 5 times the relic density of ordinary baryons.
Extended objects, like primordial black holes, remain a
possibility, alas still requiring new physics to explain their
presence [1].

A particle DM candidate can only emerge from new
physics beyond the SM. The most popular and time
honored possibility has been the weakly interactive massive
particle (WIMP), which requires substantial interactions
with the SM particles, with an annihilation cross section on
the order of the electroweak ones, 6v ~ 2.0 x 1072 cm?/s,
independent of the DM mass in order to achieve the
observed relic density Qpyh? ~ 0.12 [2]. The nonobserva-
tion of new physics signals at colliders (the LHC) and at
DM direct and indirect detection experiments has, however,
put this scenario under stress [3]. Hence, this “WIMP
crisis,” has prompted the exploration of alternative pos-
sibilities. Here we will be interested in the freeze-in
mechanism of feebly interacting massive particles
(FIMPs), which never attain thermal equilibrium with
the SM bath [4]. This is usually obtained by tuning a
coupling to very small values, typically on the order of
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1078 — 1079 provided the DM is stable (protected by a
parity). Another possibility, called ultraviolet (UV) freeze-
in [5], relies on higher-dimensional operators suppressed
by a large scale. In the latter case, the naive expectation is
that unitarity violation renders the DM relic density highly
sensitive to the unknown reheat temperature at the end of
the inflationary phase. Here, we will present a novel
scenario based on a spin-2 DM candidate where, albeit
the freeze-in is induced by a nonrenormalizable operator,
the UV sensitivity of the predictions is curbed by the
electroweak scale. The mechanism behind this is a chiral
enhancement of some scattering amplitudes involving
massive SM fermions, which is only activated below
the electroweak symmetry breaking (EWSB) scale,
Tew ~ 160 GeV.

The couplings of the spin-2 state (also known as massive
graviton) G, to the SM particles can be parametrized by
the following four-dimensional effective Lagrangian:

oL 4
Legr = Z 1 (2@ - Wyuﬁl)

i=spin

N

g=n

where 7 is the Minkowski metric, and the factors within
parentheses are the stress-energy tensors 7%, for the

SM particles of different spins (i =0,%,1). As such,
L' is the SM Lagrangian for the particles of spin i
and, since the spin sum of the graviton polarization
Puap =% (PuaPup+ PoaPus =3P, Pos), Wwith P, =
N — (k,k,/M%) is traceless, the terms proportional to
L in Eq. (1) do not contribute. Explicit expressions for the
various spins can be found in Ref. [6]. Note that the
massive spin-2 DM candidate is not the mediator of
gravitational interactions, which are generated by the usual
massless gravitons in our scenario. Universal couplings
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between the massive graviton G, and all the SM particles
ensures unitarity in the high energy limit before the chiral
symmetry breaking. Hence, we will stick to this assumption
and denote the universal coupling as Cy. The results we
present here are independent of the origin of the degrees of
freedom needed to give mass to the spin-2 state, while later
we will focus on a class of five-dimensional models, where
the mass is generated by the compactification of the
extra space.

The freeze-in generally proceeds via decays of heavier
particles or pair annihilations of the SM particles in the
thermal bath. The FIMP belongs to a hidden sector that
communicates to the SM sector via a superweak portal.
Assuming that the inflaton dominantly decays into the SM
particles, the initial DM abundance after reheating can be
neglected, so that the FIMP relic density is produced via an
accumulation process. In our simplified model, the massive
graviton is a perfect FIMP candidate for DM due to the
smallness of the gravitational coupling Cy. As we will see,
however, as the massive graviton can decay via the same
coupling, Cy is forced to be too small to produce a sizable
density of gravitons. Here we will point out a mechanism in
place below the EWSB scale that invalidates this con-
clusion. First, we introduce the Boltzmann equation
(BE) describing the production of the FIMP graviton in
the early Universe. For a generic scattering process
B, + B, » By + G, where B;,3; are the SM particles,
the evolution of the massive graviton number density ng
follows the BE [4],

T o
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where H is the Hubble expansion parameter defined as the
time derivative of the logarithmic scale factor In a(¢), K is
the first modified Bessel function of the second kind, and
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with Ap p,_.p,¢ standing for the amplitude squared after
the solid angle integration and s = (pjp, + pj, )2. The right-
hand side of Eq. (2) is the interaction rate density y(7') for
DM production, where the thermal average is performed by
the technique developed in [7]. By solving the BE with the
proper initial condition, one finds that the FIMP relic
density is directly proportional to the 2 — 2 cross section,
in contrast to the inverse proportionality in freeze-out
models. At high temperatures, above the EWSB scale,

we find that all amplitudes squared scale like Ap p _p o~
C%g?s, where g; is an appropriate SM coupling. The only
exception is the process hh — hG, for which the amplitude
is a constant Ay,_,c x C;(m}/v?). As Cy~My! is
suppressed by the Planck mass to ensure Hubble timescale
stability, the cross sections are too small to provide a
DM-like relic density via 2 — 2 scattering freeze-in.

In this Letter, we discovered a chiral enhancement of a
class of processes that is active below the EWSB scale
and in the limit of light graviton. Thus, in the following, we
will assume that M ; is much smaller than any other scale in
the process. The chirally enhanced processes involve SM
fermions and a massless gauge boson. The most dominant
ones, therefore, involve quarks and gluons: ¢g — ¢G,
qg9 — qG, etc. Note that the process with heavy lepton
pairs and one photon will also undergo this chiral enhance-
ment, but suppressed by a factor of e?/(4¢?) in the
amplitude squared. For the process gq — ¢G, the total
amplitude squared before EWSB is calculated (see the
Supplemental Material [8]) using the Feynman Rules
in [6,9],

128%«
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where g, is the chromodynamic coupling and the result is
consistent with the results in [10] in the limit of M5 — 0. In
contrast, after EWSB, the leading term in the small Mg
expansion is given by

. 2567C3 gem2s(s + 2m3)
99 9M4C¥;

: (5)

This term comes from the contribution of the longitudinal
polarization of the massive graviton in terms of (k,k, /M),
which contributes only after a chirality flip of the fermion
line via a mass insertion. The enhancement is more
effective for heavy quarks (the bottom and charm, as the
top is too heavy to be in thermal equilibrium below the
EWSB) and can overcome the Planck suppression for M
in the keV-MeV range. For the process gg — ¢G, we can
use the cross symmetry to get the amplitude squared,

- 256%C%,g§m?1(s —4m§)2(s + mg) .
3sMy¢,

(6)

Note that, when inserting the amplitudes squared in the BE
(2), we need to consider the renormalization group evolu-
tion of the coupling constant, a,(u) = (¢g?/4x) where
u = +/s. In the numerical results, we will use the following
one-loop running coupling:
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BT ;—ﬂlog (ML) . (7)

We are now ready to compute the massive graviton relic
density. After reheating, the Universe entered into the
radiation-dominated era, with the reheating temperature
Try representing the maximum temperature reached by
the thermal bath [11,12]. The freeze-in production of the
massive graviton can be divided into two phases: the UV
phase above the EWSB scale and the infrared (IR) one
after EWSB, i.e., for temperatures above and below
the critical temperature 7T~ 160 GeV [13]. The SM
particles are in thermal equilibrium after reheating, while
the massive graviton is not. This is because the super-
weak portal ensures y(7) < Hn,? both in the UV and IR
phases. As a simple estimation, after EWSB, for the
massive graviton to stay in nonequilibrium requires
T? < n%Mp (M¢;/m3). Provided the FIMP mass is Mg ~
1 MeV, this translates to an upper bound T, <1 TeV.
Rewriting the BE in terms of the yield Y; = ng/S, with §
being the entropy density, the IR contribution to the freeze-
in density can be written as

1 Tc dT o \/E
YR~ —— — ds(s —4m2)'\2A, K, [
R 2048ﬂ6/T SH Mmg (s = dmq) Agq 1<T)

QCD

o (s=mdl (V5
+ZLZ dss3—/2qugK1 7 ) (8)
with
2 2 sT3 ; 2 T2
S: T g* , — dﬂ" - (9)
45 90 Mo,

where Mp, is the reduced Planck mass for the Hubble
parameter in the radiation-dominated era, Tocp ~
150 MeV and ¢ =~ ¢, ~ 10, As typically Ty > T, the
IR contribution is not sensitive to the reheating temperature
Try- Moreover, the temperature integration is dominated
by the interval close to T'¢ with the IR yield proportional to
mg. Hence, even though the processes involving lepton
pairs can continue to temperatures below the QCD phase
transition, their contribution remains subleading. By evalu-
ating Eq. (8) numerically and taking into account the
bottom and charm quarks, we obtain the following result:

M
Qpit=— -6y
IR 3.6x 1070 Gev R

2
~3.0 % 10° Gevs I | (10)
M}
G

Since the couplings of G to the SM particles are model
independent and uniquely dictated by symmetries,
we can ignore the self-interactions after including a

radionlike field r. The decay width of a graviton of a
few MeV mass is governed by the Lagrangian in Eq. (1),

9CH M,

NG = ete” +up;+yy) =—2c-

(11)

Now we can estimate the upper bound of the IR freeze-in
contribution by combining Eq. (10) with the lifetime 75 =
6.58 x 10723 /T from Eq. (11),

(12)

1.6 MeV'\ 6 1077
Qth2§O.12x< 6 e) 07 sec

G G

Given the larger branching ratio of graviton into yy than
into eTe”, we impose an appropriate lifetime limit
76 2 10?7 sec, deriving from the stringent bounds from
indirect detection and cosmic microwave background
(CMB) [14,15]. Hence, in Eq. (12), for each fixed value
of M, the maximum relic density is given by the largest
value of Cj that satisfies the lifetime bound. We found,
therefore, that the DM relic density can be saturated by a
single massive graviton with M; < 1.6 MeV, with increas-
ing lifetimes (decreasing Cy) for smaller masses.

The UV contribution can be computed with a similar
formula to Eq. (8), taking into account all the quarks in the
SM (which are massless in this regime). Numerically, we
obtain

Quvh? =12 x 10*° GeVC%L Mg
M 4
~Qph?—S5 ). 13
R (4.0 GeV) (13)

Note that we used Tgy = 10° GeV as a template value [11]
in the above estimate. Because of the linear divergence in s
of Eq. (4), the integration of BE gives Qyyh? « Try. One
can anticipate, for M5 ~ O(1) MeV, that the UV result is at
most 104 times the IR one and much smaller in the case of
a lower Try input.

We now connect this result to a realistic model for the
massive graviton. The model setup is an extension of the
Randall-Sundrum (RS) model [16—18] with multiple branes
[19-23], where all the SM particles are put on the
intermediate brane y = ryz with a tension 7 « (k, — k),
where k;, are the curvatures in the two intervals. To
estimate the relic density, we can ignore the small differ-
ence between the two curvatures and take k ~ Mp. Hence,
in addition to a tower of Kaluza-Klein (KK) massive
gravitons G, the low energy theory contains a potentially
light radion r peaked around the IR brane y = r,z. The
effective Lagrangian in Eq. (1) needs to be extended with
the interactions between the massive gravitons and the
radion r by expanding the RS metric,
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Lo = CHZG("WT;;D +dyrV,, Ve
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where [lr = 70,0, r and G is the massless graviton (zero
mode). The last term in Eq. (14) is composed of cubic self-
interactions. The effective couplings for G") are derived by
the integration of 5D wave function overlaps [24,25],

1 x2

A_H4\/§J2(xn> ’

1 \/6[1 - ‘IO(-xn)}

MPl X%JZ(xn)

(15)

CH:

C, = ’ (16)

where we applied an approximation in the limit of
e n=r)7 <1 and defined Ay = Mpe *41732)7 The
x,, is the root of J;(x,) = 0. The self-interaction strength
is characterized by Cgp? and the bulk integration predicts
Co ~ 1/AR with A = Mpe ¥ The coupling of radion
to diphoton originates from the trace anomaly at the loop
level,

d, = 8”0\’%\ (bEM ZF) (17)

with the cutoff scale A, = Mpe ¥21772)7 and we used
the electromagnetic beta function bgy = —(11/3), with
> Fi~—(1/9) related to the loop functions of W and
those heavy fermions including ¢, b, ¢, s,z, and p [26,27].

The mass and coupling orders are of crucial importance
for the cosmological stability of the lightest KK graviton as
DM. Note that in this 5D model the coupling G'V-G°-G° is
highly suppressed by order of Mp e 2%, unlike the bigravity
model, where this coupling is absent [28]. The decay width
of a massive graviton into two zero gravitons is negligible.
Also the hadronic decays are kinematically forbidden for
M in the MeV range. For the lightest KK graviton, due to
the O(1) self-coupling, we have to require m, > M ;) /2 to
shut down the decay of G(") — 2r. Hence, the relevant
decay channels are G S etem, vp, and yy with their
decay width given by Eq. (11). The other decay patterns
will be determined by the mass of radion. Note that from
naive dimensional analysis a radion mass [or dilaton in the
4D conformal field theory (CFT) dual] is expected to be
around the KK scale [29-31], without the necessity for a
fine-tuning. First of all, we calculated the decay width for

G" - G+,
2 4 2
Cym <1 —m—z) (18)
47Z'MG MG

(G - G%) =

1016

1012 L

108,

104,

T (x 10" Sec)

107 . . - .
14.5 15.0 15.5 16.0 16.5 17.0
kr,
FIG. 1. The lifetime for the lightest KK graviton (red lines) and

the IR brane radion (blue line) as a function of kr,, with
kry = 11.0. The solid line corresponds to m, > 2m8>, whereas
the dashed line is for m, = 3.45Ak. The region with lifetime

below the age of the Universe (~H;') is shaded in green.

with the other relevant decay widths of G — 2G(1), 2r
and r — 2G", 2y given in [32-34].

Here we consider two scenarios: in one case, M ;i) /2 <
m, < Mg /2 allows for a Planck-suppressed decay of
G = G° + r and a prompt decay of G — 2r; in the
second, the radion is slightly heavier m, 2 2M ;1) > M e,
so that the radion and G (n > 3) quickly decay into 2 G(1)
in less than 107!* sec for M u ~2 MeV. As shown in
Fig. 1, for kr; = 11.0, we roughly need kr, 2 14.8 to make
the lowest KK graviton to be stable beyond the Hubble time
level. However for the IR brane radion, a much larger value
of kr, 2 16.7 is required to barely ensure the same
property. This reflects the fact that the cutoff scale Ay
of the KK graviton is of order Planck scale, while the one
for the radion is smaller. For the lighter radion case, the
dashed red line bends at a certain point, indicating that the
dominant decay becomes G(!) — G° + r, as the coupling
C, does not decrease with the radius r, of the IR brane. A
small m, will render the graviton G(!) less stable. Thus, the
second scenario seems to be a more natural option, where
the lightest two gravitons are both long-lived enough to
play the role of DM.

In the following, we will focus on the heavier radion
scenario. The heavier KK gravitons will also undergo a
nonthermal IR freeze-in and afterward cascade deposit their
density into the stable gravitons. Since the energy is
conserved during the subsequent freeze-in, the relic density
approximately is

10
Qh? = 1.75 x 10" RekErn=3mr 3™ 2 - (19)

n=1

where we traded (Cy, M) in Eq. (10) with the two radius
parameters in the 5D realization and summed up all the
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FIG. 2. The contour of relic density in the plane of (kry, kr),
where the blank region is viable for the graviton as long-lived
DM. The boundary of the pink region satisfies Q4% = 0.12 by
summing the direct and subsequent freeze-in. The light blue
region is excluded by the indirect direction.

contributions until the n = 10 KK graviton. Note that the
self-interactions of the radion receive a very large (finite)
one-loop correction from the KK gravitons, hence the 5D
description will no longer be reliable beyond the 10Myg
scale. The prediction of Fig. 2 is consistent with the upper
limit derived in Eq. (12). Since G") and G mainly
decay into diphoton and neutrinos, we impose a proper
gamma-ray bound 750 ~ 10750 > 10%® sec for the viable
relic density. In Fig. 2, the contours for relic density
Qh? =1072,1073,107*,1073,107%,1077) are parallel to
each other and equally spaced. Furthermore, the ratio of the
lines is determined by the exponential factor in Eq. (19)
(Ory/0ry) = 8/3. For kry ~11.2 and kr, ~ 15.8, the low-
est two KK gravitons can achieve a large fraction of the
observed DM relic density.

In summary, in this Letter we presented the effect of a
chiral enhancement for the single production of a massive
graviton in the early Universe. This enhancement is active
below the EWSB scale and insensitive to the UV physics.
Thanks to this novel effect, a generic massive graviton can
play the role of a FIMP DM candidate for masses M;< a
few MeV. Note that the mass range makes the spin-2
massive graviton an ideal sub-MeV DM particle, which
is currently favored by the small scale galaxy structure
[35-37]. We have applied this new result to an extension of
the Randall-Sundrum model with three branes. Depending
on the radion mass, only the first two KK gravitons can be
long-lived at a cosmological scale, while the higher modes
and radion decay very effectively into DM. Note that the
radion was considered as a DM candidate in [38], but being
difficult to account for a heavy relic density. We have also
implicitly assumed that the pair production of massive
gravitons is subdominant due to the gauge invariance of
self-interactions. This is the first time that a light spin-2

mode, or a class of “glueball” interpolated by the conserved
energy-momentum tensor of the strong dynamics from
AdS/CFT correspondence [39-41], is shown to be a
feasible DM candidate. We illustrated that there exists a
sizable parameter space where the light massive gravitons
can saturate the DM relic density, while escaping the
stringent bounds on decaying DM from indirect detection
and the CMB.
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