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Abstract

By combining swampland conjectures with observational data, it was recently suggested that the cosmo-
logical hierarchy problem (i.e., the smallness of the dark energy in Planck units) could be understood as
an asymptotic limit in field space, corresponding to a decompactification of one extra (dark) dimension of
a size in the micron range. In these Proceedings we examine the fundamental setting of this framework
and discuss general aspects of the effective low energy theory inherited from properties of the overarching
string theory. We then explore some novel phenomenology encompassing the dark dimension by look-
ing at potential dark matter candidates, decoding neutrino masses, and digging into new cosmological
phenomena.
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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 information 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 cosmological 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 equation,

1 871G
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where Ry, and R are respectively the Ricci tensor and scalar, g,y is the metric tensor, T,y is the energy momentum tensor, and
G =1/ (SNM%,) 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/h] = L. The observed value of the cosmological constant
Agbs ~ 0.74 x 3H2Z /c? ~ 1.4 x (10%° m) 2 gives a characteristic length of dark energy ~85 ym, where we have adopted the recent
measurement of the Hubble constant Hy ~ 73km/s/Mpc by the HST + SHOES team [2].

At currently achievable collider center-of-mass energies /s ~ 14TeV or, equivalently, at distance scales <10~2! m, the Stan-
dard Model (SM) of strong and electroweak interactions, amended with appropriate neutrino masses, provides a successful
and predictive theoretical description of all available data [1]. The experimental success of the SM can be considered as the tri-
umph of the gauge symmetry principle to describe particle interactions. Its gauge structure is described by the symmetry group
SU(3)c ® SU(2)p ® U(1)y, with electroweak symmetry breaking at an energy scale of M, ~ TeV. On the grounds of this, the
masses of the weak force carriers (W* and Z9) are about 16 orders of magnitude smaller than M, and so the weak force is 102
times stronger than gravity.

A way to connect these hierarchies between particle physics and cosmology is via the size of extra dimensions which are
necessary ingredients for consistency of string theory [3]. 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 [4,
5]. As aresult, 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 [5].

In these Proceedings we summarize the state-of-the-art in this subject area, and discuss future research directions.
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2. FOUNDATIONS OF THE DARK DIMENSION

The Swampland program seeks to understand which are the “good” low-energy EFTs that can couple to gravity consistently
(e.g., the landscape of superstring theory vacua) and distinguish them from the “bad” ones that cannot [6]. In theory space, the
frontier discerning the good theories from those downgraded to the swampland is drawn by a family of conjectures classifying the
properties that an EFT should call for/avoid to enable a consistent completion into quantum gravity. These conjectures provide a
bridge from quantum gravity to astrophysics, cosmology, and particle physics [7, 8, 9].

For example, the distance conjecture (DC) forecasts the appearance of infinite towers of states that become exponentially light
and trigger the collapse of the EFT at infinite distance limits in moduli space [10]. Connected to the DC is the anti-de Sitter (AdS)
distance conjecture, which correlates the dark energy density to the mass scale m characterizing the infinite tower of states, m ~
|Al%, as the negative AdS vacuum energy A — 0, with « a positive constant of O(1) [11]. Besides, under the hypothesis that this
scaling behavior holds in dS (or quasi dS) space, an unbounded number of massless modes also pop up in the limit A — 0.

As demonstrated in [12], applying the AdS-DC to dS space could help elucidate the radiative stability of the cosmological
hierarchy A/ M;‘, ~ 107120, because it connects the size of the compact space R | to the dark energy scale A~1/4 via R | ~ AA~1/4,

where the proportionality factor is estimated to be within the range 10~! < A < 107*. Actually, the previous relation between R |
and A derives from constraints by theory and experiment. On the one hand, since the associated Kaluza-Klein (KK) tower contains
massive spin-2 bosons, the Higuchi bound [13] provides an absolute upper limit to a, whereas explicit string calculations of the
vacuum energy (see, e.g., [14, 15, 16, 17]) yield a lower bound on «. All in all, the theoretical constraints lead to 1/4 < a < 1/2.
On the other hand, experimental arguments (e.g., constraints on deviations from Newton’s gravitational inverse-square law [18]
and neutron star heating [19]) lead to the conclusion encapsulated in R} ~ AA1/4 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 [12]. A theoretical amendment on the
connection between the cosmological and KK mass scales confirms &« = 1/4 [20]. Assembling all this together, we can conclude that
the KK tower of the new (dark) dimension opens up at the mass scale mgg ~ 1/R . Within this set-up, the 5-dimensional Planck
scale (or species scale where gravity becomes strong [21, 22, 23, 24]) is given by My ~ m%(/K?’ Mf,/ 3,

It is of course interesting to explore whether there is a relation between the supersymmetry (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 [25, 26, 27]. 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 A8 ~ TeV, and therefore is within reach of LHC and of the next generation of hadron colliders [28].
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 [28].

3. DARK MATTER CANDIDATES

After the big bang, the cosmological energy density scales with time t as p ~ 1/(Gt?) and the density needed for a region of mass
Mgy to collapse within its Schwarzschild radius is p ~ c®/ (G3MZBH), that being so primordial black holes (PBHs) would initially
have around the cosmological horizon mass [29]

Mg~ S 105 (f ) g @
G 10-23s

This means that a black hole would have the Planck mass (M, ~ 105 g) if they formed at the Planck time (107%5s), 1 M, if they
formed at the QCD epoch (107°s), and 10° My, if they formed at t ~ 1s, 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 not set in stone, on cosmological scales they would behave like a typical CDM particle.
However, an all-dark-matter interpretation in terms of PBHs is severely constrained by observations [29, 30, 31]. The extragalactic
~-ray background [32] and on the CMB spectrum [33] constrain PBH evaporation of black holes with masses <107 g, whereas the
non-observation of microlensing events from the MACHO [34], EROS [35], Kepler [36], Icarus [37], OGLE [38] and Subaru-HSC [39]
collaborations constrain black holes with masses >10?! g. Of course it is of interest to see whether new effects associated to the dark
dimension could relax these bounds.

It has long been known that microscopic black holes—with Schwarzschild radii smaller than the size of the dark dimension—
are quite different: they are bigger, colder, and longer-lived than a usual four-dimensional (4D) black hole of the same mass [40].
Indeed, black holes radiate all particle species lighter than or comparable to their temperature, which in four dimensions is related

to the mass of the black hole by
M2 M -1
Tpn = P (=t MeV, 3

BH = 8 Mpn (1016 g) € ®)
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whereas for five dimensional black holes the temperature mass relation is found to be [41]

1 M,Al/8 —1/2
Ty = o) = L MpA (Mo )y ey )
64 1t Al/ZMéﬁz 1010 ¢

where we have taken A ~ 1073 as suggested by astrophysical observations [42, 43]. It is evident that 5D black holes are colder than
4D black holes of the same mass. The Hawking radiation causes a 4D black hole to lose mass at the following rate [44]

dMpp M2 N
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whereas a 5D black hole has an evaporation rate of [41]

dMpy
dt
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where ¢;(Tpy) 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 T';_; /, ~ 2/3 and I';_; ~ 1/4 are the (spin-weighted) dimensionless greybody factors
normalized to the black hole surface area [45]. In the spirit of [46], graviton emission can be neglected because the KK modes are
excitations in the full transverse space, and so their overlap with the small (higher-dimensional) black holes is suppressed by the
geometric factor (7s/R | )? relative to the brane fields, where 7, is the Schwarzschild radius [47]. Thus, the geometric suppression
precisely compensates for the enormous number of modes, and the total contribution of all KK modes is only the same order as
that from a single brane field.

Now, integrating (5) and (6) it is easily seen that 5D black holes live longer than 4D black holes of the same mass. Armed with
this result a straightforward calculation shows 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 104 < Mgy / g < 102! [41]. This range is extended compared to that in the
4D theory by 3 orders of magnitude in the low mass region.

An astonishing coincidence is that the size of the dark dimension R; ~ wavelength of visible light. This means that the
Schwarzschild radius of 5D black holes is well below the wavelength of light. For point-like lenses, this is 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 [39].

It was observed in [48] 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 [49].
Consider a tower of equally spaced dark gravitons, indexed by an integer [, and with mass m; = Imgy. The partial decay width of
KK graviton [ to SM fields is found to be,

A2 13
KK

Ik, = —XK 7
SM 80 M2, @

where A takes into account all the available decay channels and is a function of time [50].

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 7 can decay to two other ones, with quantum numbers 17 and n,. If
the KK quantum violation can go up to 67, 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, vrms. ~ +/mggdn/m;. Putting all this together we
obtain the total decay width,

3
m m mgx 9.
Fiot ~ 2 Z Fg/l/; ~ ,8275 X 7’571 X &
1=l 0<l2l—1r Mp  MKK m
7/2 8)
m
~ BRon3?
2 1/27
Mpmgy

where B parametrizes our ignorance of decays in the dark dimension [48].
To estimate the time evolution of the dark matter mass assume that for times larger than 1/T% , dark matter which is heavier
than the corresponding m; has already decayed, and so it follows that

1/7
B L R ©)
! [345,43 /
3



Andromeda Proceedings BSM 2023

where t indicates the time elapsed since the big bang [48].
Consistency with CMB anisotropies requires Fﬂw < 5x 1072 57! between the last scattering surface and reionization [51].

Taking A = 1 (to set out the decay into photons) and using (7) it follows that the CMB requirement is satisfied for I < 108 at the
time fyr ~ 6 x 10* yr of matter-radiation equality. In other words, by setting A ~ 1 and m;(t\r) < 1MeV, the evolution of m; with
cosmic time given in (9) 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 [52].

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 n ~ 1, and B ~ 635 [53]. For selected fiducial parameters, the cosmic evolution of the incredible bulk predicts
via (9) a dominant particle mass of ~900keV at CMB, of ~500keV in the Dark Ages, of ~150keV at Cosmic Dawn, and of ~50keV
in the local universe. This is in sharp contrast to typical dark matter decay scenarios with one unstable particle (such as sterile
neutrinos [54]). Simultaneous observations of signals at Cosmic Dawn and in the local universe could constitute the smoking gun
of the incredible bulk [55].

For many purposes, a black hole can be replaced by a bound state of gravitons [56]. As a matter of fact, a correspondence
between 5D PBHs and massive KK gravitons as dark matter candidates has been conjectured in [57].

The radion stabilizing the dark dimension could be yet another dark matter contender [58]. 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 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 [49]. In the spirit
of [59], 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 én > 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.

4. 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 [60, 61, 62]. The neutrino masses are then suppressed due to the wave function of
the bulk states.

More indicatively, the generation of neutrino masses originates in 5D bulk-brane interactions of the form

£ D hl]ZZH‘Y](]/ = 0), (10)

where H = —ic» H*, L; denotes the lepton doublets (localized on the SM brane), '¥; stands for the 3 bulk (right-handed) R-neutrinos
evaluated at the position of the SM brane, y = 0 in the fifth-dimension coordinate y, and h;; are coupling constants. This gives
a coupling with the L-neutrinos of the form (H)vy, ¥;(y = 0), where (H) = 175GeV is the Higgs vacuum expectation value.
Expanding ¥; 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 /TR | M, i.e.,

hij M

Y. — ~ B2, 11
ij 7R, M, l]Mp (11)

where Ms S M, is the string scale, and where in the second rendition we have dropped factors of 7r’s and of the string coupling.

Now, neutrino oscillation data can be well-fitted in terms of two nonzero differences Amlzj = ml2 — m]2 between the squares

of the masses of the three mass eigenstates; namely, Am3; = (7.53 £0.18) x 107%eV? and Am3, = (2.453 £0.033) x 10~3eV? or
Am%2 = —(2.536 4 0.034) x 103 eV? [1]. It is easily seen that to obtain the correct order of magnitude of neutrino masses the
coupling h;; should be of order 10~* to 1075 for 10° < Ms/GeV < 1010,

Note that KK modes of the 5D R-neutrino fields behave as an infinite tower of sterile neutrinos, with masses proportional to
mgy. 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
limit R; < 0.4 ym for the normal neutrino ordering, and R; < 0.2 um for the inverted neutrino ordering [63, 64].1 This set of
parameters corresponds to A < 10~3 and so mgx > 2.5eV [55].

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 [65, 66], the mixing of the first KK modes
to active neutrinos can be suppressed, and therefore the aforementioned bounds on R can be avoided [67, 68]. 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.

1We arrived at these upper bounds by looking at the low mass limit of the lightest neutrino state in Figure 6 of [64] and rounding the numbers to one significant
figure.
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Non-minimal extensions of the dark dimension, in which Mj,, 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 [69]. 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 [70] which can be confronted with data to be collected by experiments
at the Forward Physics Facility [71, 72].

A seemingly different, but in fact closely related subject is the the sharpened version of the weak gravity conjecture forbidding
the presence of non-SUSY AdS vacua supported by fluxes in a consistent quantum gravity theory [73]. 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 [68].

5. 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. 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 [55]. 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; 1) 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% = M3R, which amounts going to the 4D Einstein frame. This implies

that if M I<R<R 1 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.

Besides solving the horizon problem, 4D slow-roll inflation predicts an approximate scale-invariant Harrison-Zel’dovich power
spectrum of primordial density perturbations [74, 75] consistent with CMB observations [76]. 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 cosmological
horizon, a property which is though valid for any spacetime dimensionality [77]. 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 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 than 10 degrees, corresponding to multiple moments ! < 30, where experimental errors are getting large [3].
Actually, the scale invariance of the power spectrum is obtained upon summation over the contribution of the inflaton KK-modes’
fluctuations that correspond to a tower of scalars from the 4D point of view. The tensor perturbations have been computed in [78].
The tensor-to-scalar ratio is found to be r = 24ey, and so the 95% CL upper limit » < 0.032 (derived using a combination of
BICEP/Keck 2018 and Planck data) [79, 80] places an experimental constraint on the potential slow-roll parameter: ey, < 0.0013.

Another interesting feature of 5D inflation is that the radion can be stabilized in a local (metastable) dS vacuum, using the
contributions of bulk field gradients [81] or of the Casimir energy, assuming a mass for the bulk R-handed neutrinos of the same
order of magnitude [82].

6. TENSIONS IN COSMOLOGY

Over the last few years, low- and high-redshift observations set off tensions in the measurement of the present-day expansion rate
Hp and in the determination of the amplitude of the matter clustering in the late Universe (parameterized by Sg) [83]. It was recently
noted that both these tensions can be resolved if the cosmological constant parametrizing the dark energy content switches its sign
at a critical redshift z. ~ 2 [84]. In addition, the so-called A;CDM model can accommodate the BAO Lyman-« disicrepancy [85]
and is in agreement with the otherwise puzzling JWST observations [86]. However, the AdS distance conjecture suggests that the
postulated switch in sign of the cosmological constant at zero temperature seems unlikely because the AdS vacua are an infinite
distance appart from dS vacua in moduli space [11]. A possible explanation for the required AdS — dS crossover transition in the
vacuum energy can be obtained using the Casimir forces of fields inhabiting the dark dimension [87]. Using entropy arguments
it is easily seen that any AdS — dS transition between metastable vacua must be accompanied by a reduction of the species scale
where gravity becomes strong.

7. CONCLUDING REMARKS

We have seen that the dark dimension scenario carries with it a rich phenomenology:

(i) It provides a profitable arena to accommodate a very light gravitino.

2In the standard moduli stabilization by fluxes, all complex structure moduli and the dilaton are stabilized in a supersymmetric way while Kahler class moduli need
an input from SUSY breaking. The radion is Kéahler class and exists in a model independent fashion within the dark dimension scenario.
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(ii) It encompasses a framework for primordial black holes, KK gravitons, and a fuzzy radion to emerge as interesting dark
matter candidates.

(iii) It also encompasses an interesting framework for studying cosmology and astroparticle physics.

(iv) It provides a natural set up for R-neutrinos propagating in the bulk to accommodate neutrino masses in the range 10~4 <
my /eV < 1071, despite the lack of any fundamental scale higher than M,.. The suppressed neutrino masses are not the result
of a see-saw mechanism, but rather because the bulk modes have couplings suppressed by the volume of the dark dimension
(akin to the weakness of gravity at long distances).

We have also seen that uniform 5D inflation can relate the causal size of the observable universe to the present weakness of
gravitational interactions by blowing up an extra compact dimension from the microscopic fundamental length of gravity to a large
size in the micron range, as required by the dark dimension scenario. Moreover, uniform 5D inflation can lead to an approximate
scale invariant power spectrum of primordial density perturbations consistent with observations of CMB anisotropies. The tensor-
to-scalar ratio is also consistent with observations. A rough estimate of the magnitude of isocurvature perturbations based on
entropy perturbations indicates that they are suppressed. A dedicated investigation along these lines is obviously important to be
done.
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