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1. Introduction

The challenge for a fundamental theory of nature is to describe both particle physics and
cosmology. Accelerator experiments and cosmological observations provide complementary infor-
mation to constrain the same theory. We have long known that only about 4% of the content of
the universe is ordinary baryonic matter; the remainder is dark matter (~ 22%) and dark energy
(~ 74%). The ACDM model, in which the expansion of the universe today is dominated by the cos-
mological constant A and cold dark matter (CDM), is the simplest model that provides a reasonably
good account of all astronomical and cosmological observations [1].

The cosmological evolution is described by Einstein’s field equation,
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where R, and R are respectively the Ricci tensor and scalar, g, is the metric tensor, 7j,, is
the energy momentum tensor, Greek subscripts run from O to 3, and G is Newton’s gravitational
constant. The cosmological constant encapsulates two length scales: the size of the observable
Universe [A] = L™2 and of the dark energy [A/G x ¢3/#i] = L™*. The observed value of the
cosmological constant Agps =~ 0.74 X 3H§ /c? =~ 1.4 x (10%° m)~2 gives a characteristic length of
dark energy ~ 85 um, where we have adopted the recent measurement of the Hubble constant
Hy ~ 73 km/s/Mpc by the SHOES team [2, 3].

The SU3)c ® SU(2);, ® U(1)y Standard Model (SM) of strong and electroweak interactions
encapsulates our current best understanding of physics at the smallest distances (< 1072! m) and
highest energies (center-of-mass energies /s ~ 14 TeV). Even though the SM continues to survive
all experimental tests at accelerators [1], it is widely considered to be an effective theory. Besides
missing gravity, the SM does not include a mechanism for giving neutrinos their masses, and does
not incorporate dark matter or dark energy. Moreover, if we compare the strength of gravity to that
of the SM interactions we find that

GME [(hc) = (Mu [ My,)* =~ 107 < 1, )

where My is the Higgs mass and M, is the Planck mass.

Leaving aside for the moment the SM downsides, a question to ask ourselves is: why is the
gravitational interaction between SM particles so much weaker than the other SM interactions? On
the flip side, why is the Planck mass so huge relative to the SM or dark energy scales?

A way to connect the hierarchies between particle physics and cosmology is via the size of extra
dimensions which are necessary ingredients for consistency of string theory [4-6]. Indeed, if their
size is large compared to the fundamental (string) length, the strength of gravitational interactions
becomes strong at distances larger than the actual four-dimensional (4D) Planck length [7, 8]. As a
result, the string scale is detached from the Planck mass consistently with all experimental bounds
if the observable universe is localized in the large compact space [8].

In these Proceedings we summarize the state-of-the-art in this subject area, and discuss future
research directions. We begin by reviewing the emergence of a new paradigm of quantum gravity.
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2. The Landscape and the Swampland

The Swampland Program seeks to amplify our understanding of the fundamental constraints
accompanying a consistent theory of quantum gravity (QG) [9]. The basic thought is that an
effective field theory (EFT) might seem consistent as a stand-alone theory in the IR (anomaly free),
but coupling the theory to gravity in the UV may uproot its consistency. Actually, given the scarcity
of consistent EFTs coupled to QG, it is easier to rule inconsistent theories out. The goal is therefore
to circumscribe the subset of 4D EFTs that can be UV-completed to a QG theory and are said
to belong in the landscape from the complementary subset of theories that do not admit such a
completion and are relegated to the swampland. This is done by enumerating criteria classifying
the properties that an EFT must satisfy in order to enable a consistent completion into QG. As
the energy increases and we get closer to the QG scale the swampland criteria provide stronger
constraints on the boundary that separates the swampland from the landscape. This implies that the
space of UV-consistent EFTs encircles a conical-shape structure that is cartooned in the left panel
of Fig. 1.
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Figure 1: Left. The space of EFTs that are a low energy limit of quantum gravity forms a cone in theory
space, because the swampland constraints become stronger at high energies. Right. Moduli space .# with
an infinite distance limit between points P and Q. From Ref. [10].

Q

The swampland criteria have evolved to some set of conjectures, which can be used as new
guiding principles to construct compelling UV-completions of the SM. There are many swampland
conjectures in the literature; actually, too many to be listed here and so readers are referred to
comprehensive reviews [11-14]. Conjectures linked to towers of states, however, deserve some
attention because they are closely related to the topics we will explore in this proceedings.

Consider a gravitational EFT with a moduli space .# (i.e. a space parameterized by the
massless scalar fields in the theory) and whose metric is given by the kinetic terms of the scalar
fields.! The distance conjecture (DC) states [15] that infinite distance limits A¢ — oo, with
reference to geodesic field distance A¢ = d(P, Q) illustrated in Fig. 1, are accompanied by an
infinite tower of exponentially light states

m(Q) ~ m(P) e %, 3)

In the presence of a mechanism of moduli stabilization, the moduli space is discretized corresponding to a finite
landscape of vacua which is assumed to be large enough for the following arguments to hold.
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where distance and masses are measured in Planck units, and A is an order one positive constant.
The archetypal example to gain intuition about the DC is a theory compactified on a circle.
Taking R to be the modulus controlling the radius (or radion), it is straightforward to see that
the Kaluza-Klein (KK) modes have masses that scale as mfl = n?/R?, with n € Z. Now, after
dimensional reduction of the gravitational piece of the action and the corresponding field redefinition
to go into the Einstein-frame, the kinetic term of the Lagrangian for the radion field takes the form
Zin O (OR)?/R?. The distance in field space between points R; and R; is measured by the field

space metric, given by 1/R?, and is found to be

R; 1
d(R, Ry) = / Vs R = In(Re /Rl @
R;

As predicted by the DC, Taking the decompactification limit R — oo we see that the KK tower

~d(R, Ri—%) " 1p the opposite limit at infinite distance R — 0 the KK tower

becomes light, m, ~ e
does not satisfy the DC. However, in this limit there is another infinite tower that is becoming light;
namely, the winding modes (wrapping strings), which present the same behaviour as the KK modes
in the decompactification limit. All in all, we arrive at a staggering conclusion: fo satisfy the DC in
KK compactifications we need extended objects that can wrap some compact directions and become
light in the limit in which they shrink to zero size.

Before moving on, we bring up a refinement of the DC, which is known as the emergent string
conjecture (ESC) and states that any infinite distance limit is either a decompactification limit or a
limit in which there is a weakly coupled string becoming tensionless [16]. Recently it was argued
[17, 18] that bottom-up arguments from black hole properties provide general evidence for the ESC.

The DC and the ESC can be generalized to other field space configurations beyond the moduli
space. For example, we can define a notion of distance between different metric and flux configura-
tions of anti-de Sitter spacetimes [19-21], such that the flat space limit A — 0 is located at infinite
distance in this metric configuration space. The related distance in the space of AdS vacua is then
given as

d(Ai, Ag) = [In(Ar/Ai)], )

and the anti-de Sitter distance conjecture (AdS-DC) states [19] that any AdS vacuum has an
infinite tower of states that becomes light in the flat space limit A — 0, satisfying

m ~ |A|Y, (6)

with @ a positive constant of order one. Besides, under the hypothesis that this scaling behavior
holds in de Sitter (dS) space, an unbounded number of massless modes also pop up in the limit
A — 0[19]. A point worth noting at this juncture is that the AdS-DC modifies the EFT expectation
A ~ Ao +m!' in which A stands for the contribution of the heavy modes. The vanishing of Ay is
argued to be intrinsically related to the modular invariance of string theory (see also the discussion
in [22]). Furthermore one can formulate a conformal field theory (CFT) distance conjecture about
the spectrum of certain (holographically dual) conformal and world sheet field theories [23-25],
and one can also generalize it to topology change and non-geometric spaces at infinite distance [26].

In a way, similar to the AdS-DC, a distance conjecture for black hole solutions in the EFT was
put forward [27]. Concretely the black hole entropy distance conjecture (BHEDC) states that the
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limit of infinite black entropy Sgy — oo is at infinite distance in the space of BH metrics and the
associated BH entropy distance can be expressed as

d(Sp.i» Ser) = [In(Spr,s/Seri)| - (7

Following the infinite distance conjecture, there must be a corresponding mass scale with a tower
of “states", whose masses in Planck units are given as

m~ (Spu)?, ®)

where ( is a positive constant. Further discussion and more evidence for the BHEDC for extremal
and non-extremal black holes was subsequently given in [28-31]. In addition, the BHEDC can be
also applied for so called minimal black holes. Their minimal horizon size Ly, serves as a working
definition for the species scale Agp [32-36] and the corresponding species length [, in the EFT (see
also the discussion in section 3.1 and section 8.):2

lsp = Ay = Luin. ©9)

It follows that the species scale is related to the entropy of the minimal black hole in the following

way:
M

Asp = % .
(SBH,min) 42

Employing the BHEDC to minimal black holes one can then infer that the limit of vanishing species

10)

scale Ag, — 0 is at infinite distance in the space of EFTs, with a distance given as

d(Asp,iy Asp,f) = |1n(Asp,f/Asp,i)

s (11D
and with a tower of massless states, in which masses scale as
m ~ (Asp)y s (12)

where v is a positive constant. Combing this with the AdS-DC it follows that the cosmological
constant A and the species scale, i.e. the UV cut-off of the EFT, are parametrically related at the
boundary of the moduli space as

Al = (A (13)

So the limit of a small cosmological constant goes along with the limit of a small species scale and
vice versa. Furthermore minimal black holes and the species scale can also be used to introduce
the notion of species thermodynamics [41, 49], which connects the thermodynamic properties of
the KK and string species to an entropy and temperature functional over the moduli space of vacua.

The DC, the AdS-DC, and the BHEDC can be further generalized for more general manifolds
using geometric flow equations [50-56]. Specifically, the following Ricci flow distance conjecture

2Alternatively, Agp = M),/ v/F] can be identified with the scale at which R? corrections to the Einstein action become
important, with F; =~ N being the one-loop topological string free energy [37]. In [38] it was shown that this definition
of the species agree with the one from minimal black holes for a specific type of charged black holes. Further recent
discussion about the species scale can be found in [39-49] and recently further arguments for the agreement of these two
definitions of the species scale were provided in [18].
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was formulated [50]: For a d-dimensional Riemannian manifold, the distance in the field space of
the background metrics along the Ricci-flow is determined by the scalar curvature R(g):

d(Ri, Ry) = [In(Re/R;)| - (14)

Here R; and Ry are the corresponding initial and final values of the scalar curvature. Furthermore
it is stated that at R = O there is an infinite tower of additional massless states in quantum gravity.

One more related distance conjecture, the large D distance conjecture [57, 58], states that the
limit of large space-time dimension, d — oo, is also at infinite distance in the space of quantum
gravity vacua.

Another interesting limit arises with the gravitino mass going to zero. This is because the
gravitino mass is generally related to the scale of spontaneous supersymmetry (SUSY) breaking in
non-supersymmetric vacua (like the one we happen to live in) [59, 60]. The gravitino conjecture
states [61, 62] that in a supersymmetric theory with a non-vanishing gravitino mass mj3,,, a tower
of states becomes light in the limit m3,, — 0 according to

5
m ~ (@) M, (15)
My
where ¢ is an order-one positive parameter and M =M,/ V8r is the reduced Planck mass.
In closing, we review one last conjecture, which is not linked to a tower of states, but will be
relevant for our discussion. The weak gravity conjecture (WGC) states [63, 64] that for given a
gauge theory, weakly coupled to Einstein gravity, there exists a charged state with

- 2> — =0(1) (16)
extremal
in Planck units, where Qpy and Mgy are the charge and mass of an extremal black hole, O = gg, ¢
is the quantized charge of the state, and g is the gauge coupling.

The WGC can be seen as a kinematic requirement that allows extremal black holes to decay.
As can be inferred from the weak cosmic censorship [65], charged black holes must satisfy an ex-
tremality bound in order to avoid the presence of naked singularities. Intuition about the extremality
bound (16) arises spontaneously from the the Reissner-Nordstrom (RN) metric that describes the
simplest extremal black hole, which has its mass Mgy equal to its charge Qgy in appropriate units.
Note that if Qg = Mgy the single option for the black hole to decay is if there exists a particle
whose charge to mass ratio is at least one. If Mgy > Qpu the black hole has inner (Cauchy) and
outer (event) horizons, whereas if Mpy < Qpy, the RN metric describes a naked singularity.

3. Foundations of the Dark Dimension

3.1 In which region of the landscape do we live?

As demonstrated in [4], applying the AdS-DC to dS (or quasi dS) space [19] provides one
possible pathway to answer this question. Moving forward, we will walk along this pathway.

Many asymptotic limits are expected to have towers of KK modes. According to the dS-DC,

1/a

the vacuum energy scales as A ~ m'/%, with m the mass scale of the leading tower [19]. Since the
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KK tower contains massive spin-2 bosons, there is a strong constraint from fundamental physics,
unitarity, which is expressed in the form of the Higuchi bound and imposes an absolute upper limit
a = 1/2 [66]. Besides, « has a lower limit set by contributions of the Casimir energy; in four
dimensions @ > 1/4. Another property of asymptotic limits is that both m and A are very small in
Planck units. Therefore, since the observed amount of dark energy in our world is also very small,
A~ 10‘122Mg, it is tempting to speculate whether we could be living near an asymptotic limit.
We will then assume that we live within sight of the space boundary in some infinite distance limit.
This assumption automatically leads to the prediction of a tower of light fields at the energy scale

mix < AV* ~2.31 meV. (17)

Since we have not seen yet experimental evidence of such a tower, it must couple very weakly (if at
all) to SM fields.

The ESC connects infinite distance limits with the decompactification of n extra dimensions.
Now, consistency of large-distance black hole physics in the presence of a tower of N light fields
imposes a bound on the gravitational cutoff of the EFT, and the fundamental length is no longer
Ip =M, !, but rather the species length [32, 33]

Iy = VN I, (18)

The origin of (18) can be traced back using different arguments, we follow here the reasoning given
in [67] based on quantum information storage [68]. Consider a pixel of size L containing N species
storing information. The minimal energy required to localize N wave functions is of order N/L.
This energy can be associated to a Schwarzschild radius r; = N/ (LMg), which must be smaller
than the pixel size if we want to avoid the system to collapse into a black hole. Now, ry < L,
implies there is a minimum size [, = As‘p1 = Lyin = VN M » I associated to the scale where gravity
becomes strongly coupled and the EFT necessarily breaks down. Since I, constitutes the smallest
black hole size described by the EFT (involving only the Einstein term), Ay, codifies the “number
of light degrees of freedom” (i.e., the number of KK excitations lighter than the cut-off), given by
N ~ RI3", up to energies of order

M, ~ Asp _ mlrg((n+2)M;/(2+n)’ (19)

-1
KK

scale Ay, corresponds to the Planck scale M. of the higher dimensional theory.

where n is the number of decompactifying dimensions of radius R, ~ my; and where the species

Decompactification limits are tightly constrained by observations. Indeed, astrophysical bounds
from the requirement that neutron stars are not excessively heated by KK decays lead to a very
restrictive limit on the mass scale of the KK tower, which depends on the number of dimensions
that are decompactifying: R, < 44 uym forn =1, and R, < 10™* um for n = 2 [69]. The limit on
R, becomes more restrictive with rising n. For n = 1, deviations from Newton’s law impose a more
restrictive constraint, R; < 30 um [70]. Remember that the starting point here is the hypothesis

that associates the cosmological constant to a tower of states whose mass scale satisfies

mik =~ A4/, (20)
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where A is an order one parameter (more on this below). Now, we have seen that A4

~ 85um
and so from (20) we conclude that if n = 2 the hypothesis is excluded by experiment, but if n = 1
the hypothesis can be made compatible with the experiment adjusting the proportionality factor,
which is estimated to be within the range 104 <1< 1072 Substituting n = 1 into (19) we have
M, ~ mllész,/ 3, and so 10° < M, /GeV < 10'9.3 We can combine this with the relation between
mgy and Ag, to derive the following relation

M, ~ Ay = A2 73 M2 (1)

In summary, when astrophysical bounds and gravitational tests of Newton’s law are combined
with the requirement that the size of the extra dimension is related to the cosmological constant, we
arrive at the conclusion encapsulated in (20); namely, that there is one extra dimension of radius
R, in the micron range, and that the lower bound for @ = 1/4 is basically saturated [4]. Because of
its connection to the observed dark energy, this dimension has been nicknamed the dark dimension.

In closing we note that explicit string calculations of the vacuum energy (see e.g. [73-76])
show that the lower limit on « is saturated. Actually, a theoretical amendment on the connection
between the cosmological and KK mass scales confirms @ = 1/4 [22].4

3.2 The scale of SUSY breaking

Itis of course interesting to explore whether there is a relation between the SUSY breaking scale
and the measured value of the dark energy density A. Such a relation can be derived by combining
two quantum gravity consistency swampland constraints, which tie A and the gravitino mass m3),
to the mass scale of a light KK tower and, therefore, to the UV cut-off of the EFT [59, 61, 62]. One
can then use the constraint on m3 ), to infer the implications of the dark dimension scenario for the
scale of supersymmetry breaking. In general, one can distinguish two situations. In the first case, the
gravitino mass and the cosmological constant are related to the same tower of states. This is arguably
the simplest scenario, in which the natural scale for SUSY signatures is of order A!/8 ~ TeV, and
therefore is within reach of LHC and/or of the next generation of hadron colliders [79]. In the
second case, m3, and A are related to different towers. This scenario requires a decoupling of
the gravitino mass from the cosmological constant and is thus more difficult to realize in concrete
models.

Possible string theory and effective supergravity realizations of the dark dimension scenario
with broken supersymmetry are discussed in [79].

3.3 The dark dimension as a space with two boundaries

It was recently conjectured that the dark dimension can be viewed as a line interval with end-
of-the-world 9-branes (EW9-brane) attached at each end [80]. This construction derives from the
10D Eg x Eg heterotic string theory in the strong coupling limit that has an orbifold S'/Z, eleventh

3 Auger data of highest energy cosmic rays favor M, ~ 1019 GeVv [71, 72].

4Unsubstantiated criticisms raised in [77, 78] have been addressed in [22]. We reiterate herein that quantum gravity
and string theory are different from field theory and lead to a finite result relating A to the KK scale via (20). Two
arguments support this statement: (i) the AdS-dC stressing that all infinities cancel out (for AdS, this conjecture holds in
many examples) and (i) the explicit one-loop string computation, which is finite due to modular invariance and confirms
a=1/4.
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dimension (the dark dimension), which is not visible in perturbation theory. The gravitational field
propagates in the bulk R'% x §'/Z,, whereas the Eg x Eg fields propagate only at the Z; fixed points
on the two EW9-branes.

The 10D coupling of the Ej is a fixed number in 11D supergravity (M-theory) units. When six
out of ten space-time dimensions are compactified on a Calabi-Yau (CY6) manifold, the tree-level
couplings of the effective 4D theory are simply given by the volume V of CY6 (always in M
units) [81, 82]. The SM gauge couplings (g) are observed to be O(1), and this forces V on one of
the branes to be O(1) in M;; units.

For smooth compactifications, the volume of CY6 at given position of the coordinate x'!,

v(x“):/ Vg dx, (22)
CY6

becomes an approximate linear function of the extra coordinate, and decreases from one Eg to
the other Eg [81]. This implies that v has different values at the two fixed points x"' =0 and
x!'' = 7p. Herein we identify V = v(0) and V' = v(np). Note that when the theory in one Eg is
perturbative the theory on the other Eg becomes non-perturbative when the radius p of the dark
dimension is large. This forces an upper bound on the size of the 11th dimension to avoid V’ to
become negative. If the anomaly coeflicient is O(1), then p ~ 1 um is not allowed. This is a
general phenomenon in orientifold compactifications in which couplings of localized interactions
acquire a linear dependence in the extra dimension if one extra dimension (transverse to the brane)
is large [83]. The absence of such divergences requires local tadpole cancellation (between branes
and orientifolds).

However, there are some particular non-geometric compactifications where the correction to
the other Eg coupling vanishes and there is no constraint on p [84]. In such a particular case,
we have the following connections between the 11D Planck mass, M| (defined in terms of the
coefficient of the Einstein Lagrangian in 11D supergravity, as M;; = x~2/%), the radius of the dark
dimension p, and the compactification radius R = yl/e,

k= 2a)/*R?, (23)

and
p = (/2 M) R® (24)

where V is the CY6 volume on the SM boundary and « = g?/(4n). For p ~ 1 um and phenomeno-
logical value @ ~ 1/25, we obtain Mg ~ R™' ~7x108GeV and M;; ~ 10°GeV.

In summary, when six dimensions (x5 S, xlo) are compactified on a CY manifold, the eleven-
dimensional bulk of the world becomes 5D while the 9-branes at its boundaries become 3-branes.
The entire SM lives on one of those 3-branes and is oblivious to the bulk of the 5D world or its
other boundary. The threshold structure of the p > R 2 Iy, ~ M 11 regime of the M-theory can be
summarized as follows:

* Gravity has a threshold at a rather low energy scale mgx ~ 1/p ~ eV above which it becomes
5D. However, this threshold does not affect any gauge, Yukawa or scalar forces of the SM,
which remains 4D at distances shorter than p.

* The next threshold arises at the KK scale Mgg ~ 1/R ~ 7 x 108 GeV, where six more
dimensions open up for both gravity and gauge interactions.
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* Almost immediately above this scale (around Asp), the effective field theory description
breaks down and the fully quantized M-theory (whatever that is) takes over.

4. Dark Matter Candidates

The dark dimension provides a colosseum for dark matter contenders. In this section we review
the general properties of the various dark matter candidates.

4.1 Primordial black holes

It has long been speculated that black holes could be produced from the collapse of large
amplitude fluctuations in the early universe [85-88]. For an order of magnitude estimate of the
black hole mass Mgy, we first note that the cosmological energy density scales with time ¢ as
o ~ 1/(Gt?) and the density needed for a region of mass Mgy to collapse within its Schwarzschild
radius is p ~ %/ (G3M§H), so that primordial black holes (PBHs) would initially have around the
cosmological horizon mass [89]

(25)

This means that a black hole would have the reduced Planck mass (M b~ 1073 g) if they formed
at the Planck time (1073 s), 1 M, if they formed at the QCD epoch (1073 s), and 10°M,, if they
formed at ¢t ~ 1 s, comparable to the mass of the holes thought to reside in galactic nuclei. This
back-of-the-envelope calculation suggests that PBHs could span an enormous mass range. Despite
the fact that the mass spectrum of these PBHs is yet to be shaped, on cosmological scales they
would behave like a typical cold dark matter particle.

However, an all-dark-matter interpretation in terms of PBHs is severely constrained by obser-
vations [89-92]. To be specific, the extragalactic y-ray background [93], the cosmic microwave
background (CMB) [94], the 511 keV y-ray line [95-98], EDGES 21-cm signal [99], and the MeV
Galactic diffuse emission [100—102] constrain evaporation of black holes with masses < 10!7 g,
whereas the non-observation of microlensing events by MACHO [103], EROS [104], Kepler [105],
Icarus [106], OGLE [107] and Subaru-HSC [108] set an upper limit on the black hole abundance
for masses Mgy > 102! g.

Before proceeding, we pause and call attention to a captivating coincidence:

size of the dark dimension ~ wavelength of visible light, (26)

which implies that the Schwarzschild radius of 5D black holes is well below the wavelength of
light. For point-like lenses, this is precisely the critical length where geometric optics breaks down
and the effects of wave optics suppress the magnification, obstructing the sensitivity to 5D PBH
microlensing signals [108]. So SD PBHs escape these microlensing constraints; at the same time,
as pointed out in [109], they are: bigger, colder, and longer-lived than a usual 4D black hole of the
same mass.

Throughout we rely on the probe brane approximation, which ensures that the only effect of
the brane field is to bind the black hole to the brane [110]. This is an adequate approximation

10
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provided Mgy is well above the brane tension, which is presumably of the order of but smaller
than M,. We also assume that the black hole can be treated as a flat d dimensional object. This
assumption is valid for extra dimensions that are larger than the 5D Schwarzschild radius, which is
given by [111-113]

1/2

27

1 2 M,
rs(Mgn) ~ [— B

M, |3n M,

Schwarzschild black holes radiate all particle species lighter than or comparable to their
Hawking temperature, which in four dimensions is related to the mass of the black hole by

M? M
T p ( BH

-1
= ~ MeV 2
87TMBH 1016g) ev ( 8)

whereas for SD black holes the Hawking temperature mass relation is found to be [114]

Ty ~ — ~
B (1012 g

-1/2
) MeV . (29)
The numerical estimate of (29) applies to the dark dimension scenario with M, ~ 10'° GeV.5 It is
evident that 5D black holes are colder than 4D black holes of the same mass.
Armed with the Hawking temperature, we can now calculate the entropy of the 5D black
hole [115]

4
SBH = 3T Mgy s . (30)

In the rest frame of the Schwarzschild black hole, both the average number [116, 117] and the
probability distribution of the number [118-120] of outgoing particles in each mode obey a thermal
spectrum. However, in the neighborhood of the horizon the black hole produces an effective
potential barrier that backscatters part of the emitted radiation, modifying the thermal spectrum.
The so-called “greybody factor”, which controls the black hole absorption cross section, depends
upon the spin of the emitted particles s, their energy O, and Mpy [121-125]. The prevailing
energies of the emitted particles are ~ Ty ~ 1/rg, resulting in s-wave dominance of the final state.
This implies that the black hole evaporates with equal probability to a particle on the brane and in
the compact space [126, 127]. Thereby, the process of evaporation is driven by the large number of
SM brane modes.

The Hawking radiation causes a 4D black hole to lose mass at the following rate [98]

" M2 )
Mt = ——pz Zci(TH)frs
At |y 30720 7 M2, 4
Mgy 7
_8 ~
~ ~75%10 (1016g) > cilTu) f Ty gfs, 31)

i

5We have taken the highest possible value of M, to remain conservative in the estimated bound on the fraction of
dark matter composed of primordial black holes fppy.
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whereas a 5D black hole has an evaporation rate of [114]

dMgu 5/4 2 7
=9 (AT ci(Ty) f T
dt evap " Zl:
~ _13xio2 (Men B > ciTu) T gfs (32)
. 1016g iLH s 8/S,

l
where ¢;(Ty) counts the number of internal degrees of freedom of particle species i of mass
m; satisfying m; < Ty, f = 1 (f = 7/8) for bosons (fermions), and where Iy=12 = 2/3 and
I's=1 = 1/4 are the (spin-weighted) dimensionless greybody factors normalized to the black hole
surface area [128]. Now, comparing (31) and (32) it is easily seen that 5D black holes live longer
than 4D black holes of the same mass.

Integrating (32) we can parametrize the SD black hole lifetime as a function of its mass and

2
Mgy 6
s ™ 1 . ~ )

o 138 (10%) (zi q(rs)frs) o Gy

where we have used (29) to estimate that Ty ~ 1 MeV and therefore ¢;(Ty) receives a contribution

temperature,

of 6 from neutrinos, 4 for electrons, and 2 from photons, yielding 3, ¢;(Ty) f T's = 6. Armed with
(33) we can estimate the bound on the 5D PBH abundance by a simple rescaling procedure of the
d = 4 bounds on the fraction of dark matter composed of primordial black holes fpgy. The key point
for such a rescaling is that for a given photon energy, or equivalently a given Hawking temperature,
we expect a comparable limit on fpgy for both d = 4 and d = 5. For example, from (28) and (29)
we see that the constraint of fpgy < 5 X 107> for 4D black holes with Mgy ~ 10'® g [102], should
be roughly the same for the abundance of 5D black holes with Mgy ~ 10'% g. Now, since in d = 4
for My ~ 4 x 10'7 g we have fppy ~ 1 [102], this implies the same abundance for 5D black holes
of Mgy ~ 1015 g. By duplicating this procedure for heavier black holes we conclude that for a
species scale of O(10'° GeV), an all-dark-matter interpretation in terms of 5D black holes must be
feasible for masses in the range [114]

10" < Mgu/g < 107" (34)

This range is extended compared to that in the 4D theory by more than two orders of magnitude in
the low mass region.

Extremal black holes trace the boundary between black-hole configurations and horizonless
naked singularities. As put forward by the WGC, they are characterized by the minimally allowed
mass (radius) for a given amount of black-hole charge Qpy (or angular momentum). Near-extremal
black holes are characterized by a finite (non-zero) mass gap of the first excited state above the
extremal (zero-temperature) black-hole configuration [129]. The temperature of such near-extremal

black holes is found to be
BTy

12 >
Sph

The (35)

where S is a factor of order-one that controls the differences between Mgy and Qgy; for details
see [29, 49]. If there were 5D primordial near-extremal black holes in nature, then an all-dark-matter
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interpretation would be possible in the mass range [130]

1058 < Mgn/g < 107, (36)

Up until now we have assumed that the 5D black holes stay attached to the brane during the
evaporation process. Hereafter we relax this assumption and allow them wander off into the bulk.
Without knowing more details of the bulk and brane theory it is not worth considering to calculate
the probability of such wandering in detail. However, we can assume that the black holes are out
of the brane-world and study the evaporation effects of these bulk PBHs. Furthermore, it is always
possible that the PBHs are produced in the bulk to start with. This situation will be more appealing
within the model discussed in Sec. 6, in which we theorize that the dark dimension may have
undergone a uniform rapid expansion, together with the three-dimensional non-compact space, by
regular exponential inflation driven by an (approximate) higher dimensional cosmological constant.
If this were the case, then primordial fluctuations during inflation of the compact space could lead to
the production of black holes in the bulk. In what follows, we then assume that PBHs are localized
or propagate in the bulk.

Bulk black holes live longer than those attached to the brane. This is because KK modes are
excitations in the full transverse space and so their overlap with small (higher dimensional) black
holes is suppressed by the geometric factor (rg/R,) relative to the brane fields. This geometric
suppression precisely compensates for the enormous number of modes and the total KK contribution
is only of same order as that from a single brane field [126]. Actually, greybody factors suppress
graviton emission when compared to fermions and gauge bosons, and hence bulk black holes which
do not have access to the brane degrees of freedom are expected to live longer. In addition, since
there is no emission on the brane the bounds due to photon evaporation can be avoided. This implies
that PBHs localized in the bulk can provide an all-dark-matter interpretation if

10" < Mgu/g < 10!, (37)

where we have remained conservative, and following [131] we assumed that the ratio of the emitted
flux into a single brane field over a single bulk field is roughly a factor of two [114].

4.2 KK gravitons

It was observed in [132] that the universal coupling of the SM fields to the massive spin-2
KK excitations of the graviton in the dark dimension provides an alternative dark matter candidate.
Within this model the cosmic evolution of the hidden sector is primarily dominated by “dark-to-dark™
decays, yielding a specific realization of the dynamical dark matter framework [133]. Consider a
tower of equally spaced dark gravitons, indexed by an integer /, and with mass m; = [ mgx. The
partial decay width of KK graviton / to SM fields is found to be,
723 73
Ty = % (38)
80m M,
where A takes into account all the available decay channels and is a function of time [134].
In the absence of isometries in the dark dimension, which is the common expectation, the KK
momentum of the dark tower is not conserved. This means that a dark graviton of KK quantum »
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can decay to two other ones, with quantum numbers n; and n;. If the KK quantum violation can go
up to on, the number of available channels is roughly / 6n. In addition, because the decay is almost
at threshold, the phase space factor is roughly the velocity of decay products, v; m.s. ~ \Vmkk on/m;.
Putting all this together we obtain the total decay width,

3
n, 0
2 mj MKKOn
rtlot ~ Z Z rll/l// ~ B -2 X — 5” X _—
Mp my

<l o<lr<i-I MKK
2
B on*?—1— (39)
Mzml/z
pMKK

where 8 parametrizes our ignorance of decays in the dark dimension [132].
To estimate the time evolution of the dark matter mass assume that for times larger than 1/ l"tlot
dark matter which is heavier than the corresponding my; has already decayed, and so it follows that

_ 1/7
M?* mgx
my ~ (W) 27, (40)

where ¢ indicates the time elapsed since the big bang [132].

Consistency with CMB anisotropies requires I ;7 < 5x 1072 57! between the last scattering
surface and reionization [135]. Taking 4 = 1 (to set out the decay into photons) and using (38)
it follows that the CMB requirement is satisfied for / < 10% at the time ryr ~ 6 x 10* yr of
matter-radiation equality. In other words, by setting A ~ 1 and m;(tyr) < 1 MeV, the evolution
of m; with cosmic time given in (40) is such that at the last scattering surface the dominant KK
state in the dynamical dark matter ensemble has the correct decay width to accommodate the CMB
constraints [136].

Now, we have seen that dark matter decay gives the daughter particles a velocity kick. Self-
gravitating dark-matter halos that have a virial velocity smaller than this velocity kick may be
disrupted by these particle decays. Consistency with existing data requires roughly 6n ~ 1, and
B ~ 635 [137, 138]. For selected fiducial parameters, the cosmic evolution of the incredible bulk
predicts via (40) a dominant particle mass of ~ 900 keV at CMB, of ~ 500 keV in the Dark Ages,
of ~ 150 keV at Cosmic Dawn, and of ~ 50 keV in the local universe. This is in sharp contrast
to typical dark matter decay scenarios with one unstable particle (such as sterile neutrinos [139]).
Simultaneous observations of signals at Cosmic Dawn and in the local universe could constitute the
smoking gun of the incredible bulk [5].

For many purposes, a black hole can be replaced by a bound state of gravitons [140]. As
a matter of fact, a correspondence between 5D PBHs and massive KK gravitons as dark matter
candidates has been conjectured in [141].

4.3 A fuzzy radion

The radion stabilizing the dark dimension could be yet another dark matter contender [142].
This is because in principle the radion could be ultralight, and if this were the case it would serve
as a fuzzy dark matter candidate. A simple cosmological production mechanism brings into play
unstable KK graviton towers which are fueled by the decay of the inflaton. As in the previous
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model, the cosmic evolution of the dark sector is mostly driven by “dark-to-dark™ decay processes
that regulate the decay of KK gravitons within the dark tower, conveying another realization of the
dynamical dark matter framework [133]. In the spirit of [143], within this model it is assumed that
the intra-KK decays in the bulk carry a spontaneous breakdown of the translational invariance in
the compact space, such that the 5D momenta are not conserved (but now dn > 1). Armed with
these two reasonable assumptions it is straightforward to see that the energy the inflaton deposited
in the KK tower should have collapsed all into the radion well before BBN.

5. Neutrino Masses and Mixing

The dark dimension scenario provides a profitable arena to realize an old idea for explaining
the smallness of neutrino masses by introducing the right-handed neutrinos as 5D bulk states with
Yukawa couplings to the left-handed lepton and Higgs doublets that are localized states on the SM
brane stack [144—146]. The neutrino masses are then suppressed due to the wave function of the
bulk states.

More indicatively, we introduce three 5D Dirac fermions ¥, which are singlets under the SM
gauge symmetries and interact in our brane with the three active left-handed neutrinos in a way that
conserves lepton number. The S!/Z, symmetry contains x!! to —x'! which acts as chirality (ys)
on spinors. In the Weyl basis each Dirac field can be decomposed into two two-component spinors
Yo = WaL. Yar)"

The generation of neutrino masses originates in 5D bulk-brane interactions of the form

B 7] hij Zi I:IgbjR(x” = 0), (41)

where H = —io»H*, L; denotes the lepton doublets (localized on the SM brane), y;g stands for
the 3 bulk (right-handed) R-neutrinos evaluated at the position of the SM brane, x!' = 0 in the
dark-dimension coordinate x'!, and h;j are coupling constants. This gives a coupling with the
L-neutrinos of the form (H) vy, ;bJ-R(x“ = 0), where (H) = 175 GeV is the Higgs vacuum
expectation value. Expanding ;g into modes canonically normalized leads for each of them to a
Yukawa 3 x 3 matrix suppressed by the square root of the volume of the bulk VAR, My, i.e.,

hij Mg
Yij = ——= ~ hij—,
VR, M MP

where M; < M. is the string scale, and where in the second rendition we have dropped factors of

(42)

n’s and of the string coupling.

Now, neutrino oscillation data can be well-fitted in terms of two nonzero differences Am?j =
mi2 - mj2 between the squares of the masses of the three mass eigenstates; namely, Am%1 =(7.53
0.18)x 107 eV? and AmZ, = (2.453+0.033)x 107 V2 or Am2, = —(2.536+0.034)x 10~ eV [1].
It is easily seen that to obtain the correct order of magnitude of neutrino masses the coupling #;;
should be of order 10™* to 107> for 10° < M,/GeV < 10'°.

Note that KK modes of the 5D R-neutrino fields behave as an infinite tower of sterile neutrinos,
with masses proportional to mgg. However, only the lower mass states of the tower mix with the
active SM neutrinos in a pertinent fashion. The non-observation of neutrino disappearance from

oscillations into sterile neutrinos at long- and short-baseline experiments places a 90% CL upper
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limit R, < 0.4 um for the normal neutrino ordering, and R, < 0.2 um for the inverted neutrino
ordering [147, 148].¢ This set of parameters corresponds to A < 1073 and so mgx = 2.5 eV [5].

Before proceeding, it is important to stress that the upper bounds on R, discussed in the
previous paragraph are sensitive to assumptions of the 5 dimension geometry. Moreover, in the
presence of bulk masses [149, 150], the mixing of the first KK modes to active neutrinos can be
suppressed, and therefore the aforementioned bounds on R, can be avoided [151, 152]. It is also
worth mentioning that such bulk masses have the potential to increase the relative importance of the
higher KK modes, yielding distinct oscillation signatures via neutrino disappearance/appearance
effects.

Non-minimal extensions of the dark dimension, in which m3,, and A have different KK towers,
allow a high-scale SUSY breaking and can therefore host a rather heavy gravitino together with a
modulino with a mass of about 50 eV [153]. For a particular example, we note that the modulino
could be the fermionic partner of the radion.” These models with high-scale SUSY breaking are
fully predictive through neutrino-modulino oscillations [154] which can be confronted with data to
be collected by experiments at the Forward Physics Facility [155, 156].

A seemingly different, but in fact closely related subject is the the sharpened version of the
WGC forbidding the presence of non-SUSY AdS vacua supported by fluxes in a consistent quantum
gravity theory [157]. This is because (unless the gravitino is very light, with mass in the meV range)
neutrinos have to be Dirac with right-handed states propagating in the bulk so that the KK neutrino
towers compensate for the graviton tower to maintain stable dS vacua [152].

6. Mesoscopic Extra Dimension from 5D Inflation

It is unnatural to entertain that the size of the dark dimension would remain fixed during the
evolution of the Universe right at the species scale, since the Higuchi bound implies a very low
inflation scale. One possible mechanism to accommodate this hierarchy is to inflate the size of the
dark dimension. The required inflationary phase can be described by a 5D dS (or approximate)
solution of Einstein equations, with cosmological constant and a 5D Planck scale M, ~ 10° GeV [5].
All dimensions (compact and non-compact) expand exponentially in terms of the 5D proper time.
It is straightforward to see that this set-up requires about 42 e-folds to expand the 5th dimension
from the fundamental length O(M_!) to the micron size O(R.). At the end of 5D inflation, or
at any given moment, one can interpret the solution in terms of 4D fields using 4D Planck units
from the relation M‘g = M?2R, which amounts going to the 4D Einstein frame. This implies that
if M;' < R < R, expands N e-folds, then the 3D space would expand 3N /2 e-folds as a result
of a uniform 5D inflation. Altogether, the 3D space has expanded by about 60 e-folds to solve
the horizon problem, while connecting this particular solution to the generation of large size extra
dimension.

6We arrived at these upper bounds by looking at the low mass limit of the lightest neutrino state in Fig. 6 of [148]
and rounding the numbers to one significant figure.

7In the standard moduli stabilization by fluxes, all complex structure moduli and the dilaton are stabilized in a
supersymmetric way while Kéhler class moduli need an input from SUSY breaking. The radion is Kéhler class and exists
in a model independent fashion within the dark dimension scenario.
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Besides solving the horizon problem, 4D slow-roll inflation predicts an approximate scale-
invariant Harrison-Zel’dovich power spectrum of primordial density perturbations [158, 159] con-
sistent with CMB observations [160]. This is due to the fact that the 2-point function of a massless
minimally coupled scalar field in dS space behaves logarithmically at distances larger than the cos-
mological horizon, a property which is though valid for any spacetime dimensionality [161]. When
some dimensions are however compact, this behaviour is expected to hold for distances smaller than
the compactification length, while deviating from scale invariance at larger distances, potentially
conflicting with observations at large angles. Remarkably, consistency of 5D inflation with CMB
observations is maintained if the size of the dark dimension is larger than about a micron, implying
a change of behaviour in the power spectrum at angles larger