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Figure 4-9. Dark matter may have non-gravitational interactions with one or more of four categories of
particles: nuclear matter, leptons, photons and other bosons, and other dark particles. These interactions
may then be probed by four complementary approaches: direct detection, indirect detection, particle
colliders, and astrophysical probes. The lines connect the experimental approaches with the categories
of particles that they most stringently probe. The diagrams give example reactions of dark matter (DM)
with Standard Model particles (SM) for each experimental approach. From Ref. [130].

suggested by the WIMP miracle. Experimental sensitivities are expected to improve greatly on several
fronts in the coming decade but some modes require good understanding of astrophysical backgrounds.
Further, the signals are typically subject to uncertainties in the spatial distribution of dark matter (which
is often not directly constrained) and may be absent altogether whenever the dark matter annihilation is
insignificant now, e.g., in the case of asymmetric dark matter or P -wave suppressed annihilation.

• Particle Colliders. Particle colliders, such as the Large Hadron Collider (LHC) and proposed future
lepton colliders, produce dark matter particles that escape the detector, but are discovered as an excess
of events with missing energy or momentum. LHC experiments are sensitive to the broad range of masses
favored for WIMPs (especially if they couple to quarks and/or gluons), but are relatively insensitive to
dark matter that interacts only with leptons. Collider experiments are also unable to distinguish missing
momentum signals produced by a particle with lifetime ⇠ 100 ns from one with lifetime above 1017 s, as
required for dark matter.

• Astrophysical Probes. The particle properties of dark matter are constrained through its impact on
astrophysical observables. Dark matter distributions and substructure in galaxies are unique probes of the
“warmth” of dark matter and hidden dark matter properties, such as its self-interaction strength, and they
measure the e↵ects of dark matter properties on structure formation in the Universe. Examples include
the self-interaction of dark matter particles a↵ecting central dark matter densities in galaxies (inferred
from rotation velocity or velocity dispersion measures), the mass of the dark matter particle a↵ecting dark
matter substructure in galaxies (inferred from strong lensing data), and the annihilation of dark matter
in the early Universe a↵ecting CMB fluctuations. Astrophysical probes are typically unable to distinguish
various forms of CDM from one another or make other precision measurements of the particle properties
of dark matter.
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Figure 8: The swampland and landscape of EFTs. The space of consistent EFTs forms a cone because swampland constraints become
stronger at high energies. From Ref. [638].

⇤ as a source of dark energy [640]. The model building of quintessence fields play-
ing the role of dark energy has been featured extensively through the swampland pro-
gram [20, 641–643]. Of particular interest here, quintessence models tend to exacerbate
the H0 tension [644]. Actually, more generally, the swampland conjectures make it difficult
for fundamental theories based on compactification from extra dimensions to accommo-
date a period of accelerated cosmic expansion [645]. Such a restriction can be avoided
in models whose internal space is not conformally Ricci flat [646], e.g., the Salam-Sezgin
model [647]. Within this supergravity model, dark matter could acquire a mass term
which depends on the value of the quintessence field [648], thus realizing an effective
dark matter-dark energy coupling which could help to reduce (though not fully eliminate)
the H0 tension [69]. Examined separately, the axion weak-gravity conjecture [649] leads
to a bound on early dark energy models proposed to resolve the H0 tension [650].

On a separate track, the distance conjecture [651, 652], combined with the cosmologi-
cal hierarchy and bounds on deviations from Newton’s law [653], give rise to an exponen-
tially light tower of states with two mass scales: (i) the mass scale of states in the tower,
m ⇠ ⇤1/4/�, and (ii) the scale local EFT description breaks down, dubbed the species scale,
M̂ ⇠ ��1/3 ⇤1/12 M

2/3
Pl [431]. For � ⇠ 10�3, m ⇠ 1 eV is of the order of the neutrino scale

and M̂ ⇠ 1010 GeV coincides with the sharp cutoff observed in UHECR data. This implies
that the highest-energy cosmic rays could be an incisive probe of UV physics [434]. More-
over, this framework has interesting implications for the abundance of primordial black
hole dark matter [654].

The study of UV constraints on IR physics is a burgeoning field, with many new concep-
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From WIMPs to WIMPzilla
• Favored model of Dark Matter is relic density of Weak Interactive Massive Particles (WIMPs)
• LHC experiments have given unsatisfactory results for the detection of WIMPs
• This gives rise to new models for Dark Matter particles, such as WIMPzilla Hypothesis
• Masses of WIMPzilla are in range 10ଵଶ GeV to 10ଵ଻ GeV, much larger than WIMPs
• WIMPzilla masses > 10ଵ଻ GeV are excluded by measurements of the cosmic microwave background
• Quantum tunneling effects may induce WIMPzilla decay, giving rise to observable signals in spectrum of 

UHECR

Birth and death of superheavy X-particles

➢ Intense fluctuating gravitational fields gave birth to superheavy X-particles just after the big bang

➢ The expansion of space during inflation distributed the X-particles through the cosmos

➢ After billions of years the X-particles decay  producing a range of detectable particles

➢ To estimate the flux of detectable particles we need to evaluate::

astrophysical factor 

particle physics factor
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possibility of complex chemistry if the electroweak scale was too far from the confinement scale of QCD30.
In this case, there would no longer be any real reason for DM to be linked directly or indirectly to the
electroweak scale. Although the structure formation constrains the DM density, it leaves a “carte blanche”
for the mass spectrum of DM. The dark sector would be as natural as possible if the DM scale is related to
the Planck scale or to the GUT scale.

Figure 1: Constraints on the mass and lifetime of
super-heavy DM particles from the absence of UHE
photons (green) and from the absence of CR with en-
ergy above 1020.2 eV (blue). The allowed region lies
above the curves. For illustration purpose, the 95%
CL upper limit on mass obtained from the possible
value of the Hubble rate at the end of inflation for a
reheating efficiency of 1% (10%) is shown as the ver-
tical dashed (dotted) line14.

SHDM particles that are only gravitationally
coupled could have been produced at the end of in-
flation via the “freeze-in mechanism”31–33, which
relies on annihilations of the standard model parti-
cles to populate the dark sector. An interesting con-
sequence is that, so as to produce enough such very
feebly coupled heavy particles, the reheating tem-
perature must be relatively high, which implies a
tensor/scalar ratio of the primordial modes possibly
detectable in the power spectrum of the CMB. The
limits inferred from the Planck satellite on this ratio
thus constrain the possible phase space for the mass
of the particles and the value of the Hubble rate at
the end of inflation28. The corresponding 95% CL
upper limits on the mass of SHDM, obtained from
the Hubble rate at the end of inflation not to over-
shoot the CMB bounds on tensor modes, are shown
as the vertical dashed and dotted lines in Figure 1
for reheating efficiencies of 1% and 10%, respec-
tively14. They are complementary to those obtained
from the upper limits on UHE-photon fluxes. Con-
versely, the absence of photons can be combined
with cosmological models and data to constrain fur-
ther the Hubble rate at the end of inflation as a func-
tion of the particle lifetime.

Alternatively to the freeze-in mechanism to produce super-heavy DM particles, it is worth noting that
a thermal freeze-out production could also be at play. Dynamical DM has been proposed, where different
dark-matter components can interact and decay throughout the current epoch34;35. On the other hand, an
annihilation rate that is exponentially enhanced relative to standard WIMPs could indeed be taking place if
an additional hidden sector exists, through a co-annihilation with the lighter slightly-unstable hidden-sector
species36. In this case, DM decouples once the number density of the lighter species is sufficiently diluted
by Hubble expansion, effectively delaying freeze-out. Then the search for UHE photons can also be used to
constrain the parameter governing the decay of the lightest state in the hidden sector into visible-sector final
states.

Summary. It is now beyond doubt that accelerated particles by electromagnetic processes in astrophys-
ical sites are responsible for the bulk of UHECRs. Yet a sub-dominant component could come from decay
products of SHDM particles. The continuous hunt for UHE photons with current and future UHECR de-
tectors could thus lead to a serendipitous discovery of DM. The sensitivity to such a scenario is growing
through, mainly, the bounds on UHE photons and the highest-energetic particles. The constraints are being
more restrictive and the allowed parameter space is shrinking.

3

What will GCOS data tell us about SHDM?

LAA et al. [arXiv:2105.12895]

➢	Null	search	results	☛	limits	on	X-life3me

➢	Advances	in	constraint-based	modeling	of	Grand	Unified	Theories

Coleman et al. [arXiv:2205.05845]

Pierre Auger Collaboration [arXiv:2203.08854]

➢	See	Markus’	talk	☛	“Chasing	UHE	Photons	with	GCOS”
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Excluded region of the Hillas plot 

➢	Total	energy	stored	in	E	and	B	fields	☛ 1
2

Z
(E2 +B2)dV ⇠ (E2 +B2)R3  RM2

Pl

LAA [arXiv:1807.09645]

or	en3re	system	collapses	in	black	hole	of	radius	R
➢	This	implies	☛ ER  MPl or BR  MPl

➢	Since																																					☛                e =
p
4⇡↵  1 E

CR,max

⇠ eBR  M
Pl

E
CR,max

⇠ eER  M
Pl

or
Casher and Nussinov [hep-th/9709127]
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The Dark Dimension 

➢	Cosmological	hierarchy	problem:	 ⇤ ⇠ 10�122 M4
Pl ☛ ⇤1/4 = 2.31 meV

➢	Solu3on:	add	a	compact	dimension	with	length-scale	in	micron	range	☛ the	dark	dimension

Montero, Vafa, and Valenzuela [arXiv:2205.12293]

6

Often there is an (infinite) tower of states with 
characteristic mass scale m related to the cut-off 
scale:

EFT of quantum gravity typically breaks down above a 
certain cut-off, where gravity becomes strong:          

II) AdS Distance conjecture

Species scale:

m

<latexit sha1_base64="xpmxyhk1TEh95S4sS9h4xcY+hDQ="></latexit>

⇤QG

<latexit sha1_base64="uE2jF/bG5BznuIhcD5piLmasEfE="></latexit>

Mp

<latexit sha1_base64="Z5eLkdslWKXG/vXvD1KmYsI29GU="></latexit>

⇤QG =
Mpp
N

[G. Dvali (2007)]

MPl

MUV

m

QFTs  typically break down 
above  certain cutoff  

where gravity becomes strong
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Figure 8: The swampland and landscape of EFTs. The space of consistent EFTs forms a cone because swampland constraints become
stronger at high energies. From Ref. [638].

⇤ as a source of dark energy [640]. The model building of quintessence fields play-
ing the role of dark energy has been featured extensively through the swampland pro-
gram [20, 641–643]. Of particular interest here, quintessence models tend to exacerbate
the H0 tension [644]. Actually, more generally, the swampland conjectures make it difficult
for fundamental theories based on compactification from extra dimensions to accommo-
date a period of accelerated cosmic expansion [645]. Such a restriction can be avoided
in models whose internal space is not conformally Ricci flat [646], e.g., the Salam-Sezgin
model [647]. Within this supergravity model, dark matter could acquire a mass term
which depends on the value of the quintessence field [648], thus realizing an effective
dark matter-dark energy coupling which could help to reduce (though not fully eliminate)
the H0 tension [69]. Examined separately, the axion weak-gravity conjecture [649] leads
to a bound on early dark energy models proposed to resolve the H0 tension [650].

On a separate track, the distance conjecture [651, 652], combined with the cosmologi-
cal hierarchy and bounds on deviations from Newton’s law [653], give rise to an exponen-
tially light tower of states with two mass scales: (i) the mass scale of states in the tower,
m ⇠ ⇤1/4/�, and (ii) the scale local EFT description breaks down, dubbed the species scale,
M̂ ⇠ ��1/3 ⇤1/12 M

2/3
Pl [431]. For � ⇠ 10�3, m ⇠ 1 eV is of the order of the neutrino scale

and M̂ ⇠ 1010 GeV coincides with the sharp cutoff observed in UHECR data. This implies
that the highest-energy cosmic rays could be an incisive probe of UV physics [434]. More-
over, this framework has interesting implications for the abundance of primordial black
hole dark matter [654].

The study of UV constraints on IR physics is a burgeoning field, with many new concep-

43

Vafa [hep-th/0509212]

Beest et al., [arXiv:2102.01111]
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What will GCOS data tell us about UV physics?

➢	Do	nuclear	species	in	source	spectra	scale	with	Z	beyond	the	ankle?

➢	Does	the	spectrum	cutoff	features	a	source	cutoff	but	without	universal	UV	cutoff?	

2

a minimum size lN ⌘ Lmin =
p

N M�1
Pl associated to the EFT

UV cuto↵ (a.k.a. species scale). The particle species we want
to consider here are the Kaluza-Klein (KK) excitations of the
graviton (and other possible bulk modes) given by N ⇠ Rn?l�n

N ,
up to energies of order

MUV = mn/(n+2)M2/(n+2)
Pl , (2)

where n is the number of decompactifying dimensions of ra-
dius R? ⇠ m�1 and MUV = l�1

N is the species scale that corre-
sponds to the Planck scale of the higher dimensional theory.

The tower of KK gravitons leads to significant deviations
from Newton’s gravitational inverse-square law at the energy
scale m. Thus far no such deviations have been found in the
short length-scale (⇠ 30 µm) regime [13], and so we arrive at
the bound m & 6.6 meV. Requiring this experimental bound
to be consistent with the theoretical bound from the swamp-
land conjectures suggests ↵ = 1/4, and so the mass scale of
the KK modes in the tower is estimated to be m ⇠ ⇤1/4/�,
with 10�4 . � . 10�1 [3]. Consistency with neutron star heat-
ing by the surrounding cloud of trapped KK gravitons [14]
requires n = 1 [3]. In closing, we note that for � ⇠ 10�3 we
have R? ⇠ 1 µm and physics becomes strongly coupled to
gravity at MUV ⇠ ��1/3⇤1/12M2/3

Pl ⇠ 1010 GeV.

III. EVIDENCE OF UV PHYSICS IN AUGER DATA?

The TA and the Pierre Auger collaborations found conclu-
sive evidence that the cosmic ray flux drops precipitously for
energies ECR & 1010.6 GeV [6, 7]. However, such an ob-
servation is still not conclusive on the origin of the suppres-
sion. There are two competing models to explain the observed
suppression: (i) the Greisen-Zatsepin-Kuz’min (GZK) e↵ect
due to UHECR interactions with the cosmic microwave back-
ground [15, 16] and (ii) the limiting acceleration energy hy-
pothesis [17], wherein it is postulated that the “end-of steam”
for cosmic accelerators is coincidentally near the putative
GZK cuto↵, with the exact energy cuto↵ determined by data.
Herein we come up with a third elegant explanation, in which
the observed suppression is controlled by the species scale of
the 5D theory.

To visualize our new explanation we consider a simple sys-
tem in which cosmic ray acceleration is due to a constant elec-
tric field E acting over a region of size R [18]. In this region,
a cosmic ray of charge e would be accelerated up to an en-
ergy ECR ⇠ eER. Now, the energy stored inside the region
U ⇠ E2R3 has associated a black hole event horizon of radius
RBH ⇠ U/M2

UV ⇠ (ECR/MUV)2R. Thus, if ECR � MUV, the
horizon size would be much larger than the acceleration re-
gion and so the system would collapse into a black hole. This
simple example can be generalized to astrophysical environ-
ments with extremely large magnetic field energy densities,
which would be gravitationally unstable [19]. All in all, since
e =
p

4⇡↵ < 1, we find that the maximum energy for a cos-
mic ray of charge Ze is Emax

CR . MUV, where Z is the charge of
the UHECR in units of the proton charge. This result is inde-
pendent of how compact and strong or extended and weak the
field configuration may be.
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FIG. 1: Skymap in Galactic coordinates of the arrival directions of
231 cosmic rays with ECR > 1010.72 GeV (green dots) and the 72 cos-
mic rays with ECR > 1010.76 GeV (blue dots); see text for details. The
locations of the four starbursts yielding the dominant signal of the
observed anisotropy are indicated by stars and the associated shaded
regions delimit 15� circular windows around the starbursts.

Because both the limiting acceleration energy hypotheses
and the GZK prediction accommodate the same rate in the
mean, it is di�cult to discriminate between them. Neverthe-
less, as we show in what follows, a discrimination becomes
feasible by analyzing UHECRs beyond the onset of the sup-
pression.

The Pierre Auger Collaboration reported a 4� significance
for a correlation between the arrival direction of cosmic rays
with ECR & 1010.6 GeV and a model based on a catalog of
bright starburst galaxies [20, 21]. When TA data are included
in the analysis the correlation with starburst galaxies is mildly
stronger than the Auger-only result, with a post-trial signif-
icance of 4.2� [22]. Because starburst galaxies are mostly
nearby, the UHECR flux attenuation factor due to GZK inter-
actions en route to Earth turns out to be negligible. Indeed,
taking into account attenuation about 90% of the accumulated
flux from starburst model emerges from a 10 Mpc-radius re-
gion. This implies that for each source, the shape of the ob-
served spectrum should roughly match the emission spectrum
by the starburst. Constraints based on the isotropic gamma-
ray background at TeV measured by Fermi LAT [23] seem
to support the association of UHECRs and nearby starburst
galaxies [24].

Now, if the flux suppression were primarily caused by the
limiting acceleration energy at the sources rather than by the
GZK e↵ect, in the absence of the dark dimension we would
expect that each source spectra beyond the GZK barrier would
have a distinctive shape characterized by properties inherent
to the acceleration environment. However, as we discussed
above, these cuto↵ spectra must be universal if physics be-
comes strongly coupled to gravity above about 1010 GeV.
This di↵erence could be a useful tool to discriminate among
the models.

Next, we demonstrate one possible test procedure using
public data. In our analysis we consider 231 cosmic rays
with ECR > 1010.72 GeV and incident zenith angle ✓ < 80�
detected by the Pierre Auger Observatory during 1/1/2014
and 3/31/2014 [25] as well as 72 cosmic rays with ECR >
1010.76 GeV and ✓ < 55� detected by TA during 05/11/2008
and 05/04/2013 [26]. For the four starburst galaxies domi-

3

TABLE I: Results of the likelihood fit.

Starburst Experiment Events � �min �max

NGC 4945 Auger 14 6.8 5.4 8.5
M83 Auger 13 4.6 3.7 5.7

NGC 253 Auger 8 4.8 3.6 6.4
NGC 1068 Auger 8 4.9 3.7 6.4
NGC 1068 TA 2 3.9 2.3 6.5

M82 TA 3 5.3 3.3 8.3

nating the anisotropy signal, we define an circular window
around their location in the sky with angular radius of 15�,
as shown in Fig. 1. Such an angular radius serves just as an
orientation to illustrate the test procedure. Assuming that star-
bursts emit UHECRs following an unbroken power law spec-
trum / E��CR we carry out a maximum likelihood estimation of
the spectral index at the sources. Our results are encapsulated
in Table I, where we give the number of events within each
source circle together with the values of � maximizing the
likelihood and the 68% confidence level intervals [�min, �max].
The starburst individual spectra are very steep, reflecting the
suppression of the UHECR flux, and are all consistent with
� = 5 within 1�, supporting universality. We conclude that
the analyzed database does not constrain MUV.

Continuing operation of Auger should yield a significance

level of 5� of the starburst hypothesis by the end of 2025 (±2
calendar years) [27]. Such a high-statistics database could be
much more impactful in testing whether the observed cuto↵
spectra of the starbursts are universal in origin.

IV. CONCLUSIONS

Motivated by principles from the Swampland program it
was recently proposed that our Universe may be close to an
infinite distance limit [2]. We have investigated some phe-
nomenological consequences of this intriguing proposal that
successfully addresses the cosmological hierarchy problem.
We have shown that it can provide an elegant explanation of
the the abrupt cuto↵ observed in the UHECR flux. We have
also shown that this explanation is testable with present and
near-future UHECR observatories.

We end with an observation: cosmogenic neutrinos [28]
could provide a smoking-gun signal of the GZK e↵ect, but
no neutrino has ever been observed above 107 GeV.
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What will GCOS data tell us about UV physics?

➢	Do	nuclear	species	in	source	spectra	scale	with	Z	beyond	the	ankle?

➢	Does	the	spectrum	cutoff	features	a	source	cutoff	but	without	universal	UV	cutoff?	

2

a minimum size lN ⌘ Lmin =
p

N M�1
Pl associated to the EFT

UV cuto↵ (a.k.a. species scale). The particle species we want
to consider here are the Kaluza-Klein (KK) excitations of the
graviton (and other possible bulk modes) given by N ⇠ Rn?l�n

N ,
up to energies of order

MUV = mn/(n+2)M2/(n+2)
Pl , (2)

where n is the number of decompactifying dimensions of ra-
dius R? ⇠ m�1 and MUV = l�1

N is the species scale that corre-
sponds to the Planck scale of the higher dimensional theory.

The tower of KK gravitons leads to significant deviations
from Newton’s gravitational inverse-square law at the energy
scale m. Thus far no such deviations have been found in the
short length-scale (⇠ 30 µm) regime [13], and so we arrive at
the bound m & 6.6 meV. Requiring this experimental bound
to be consistent with the theoretical bound from the swamp-
land conjectures suggests ↵ = 1/4, and so the mass scale of
the KK modes in the tower is estimated to be m ⇠ ⇤1/4/�,
with 10�4 . � . 10�1 [3]. Consistency with neutron star heat-
ing by the surrounding cloud of trapped KK gravitons [14]
requires n = 1 [3]. In closing, we note that for � ⇠ 10�3 we
have R? ⇠ 1 µm and physics becomes strongly coupled to
gravity at MUV ⇠ ��1/3⇤1/12M2/3

Pl ⇠ 1010 GeV.

III. EVIDENCE OF UV PHYSICS IN AUGER DATA?

The TA and the Pierre Auger collaborations found conclu-
sive evidence that the cosmic ray flux drops precipitously for
energies ECR & 1010.6 GeV [6, 7]. However, such an ob-
servation is still not conclusive on the origin of the suppres-
sion. There are two competing models to explain the observed
suppression: (i) the Greisen-Zatsepin-Kuz’min (GZK) e↵ect
due to UHECR interactions with the cosmic microwave back-
ground [15, 16] and (ii) the limiting acceleration energy hy-
pothesis [17], wherein it is postulated that the “end-of steam”
for cosmic accelerators is coincidentally near the putative
GZK cuto↵, with the exact energy cuto↵ determined by data.
Herein we come up with a third elegant explanation, in which
the observed suppression is controlled by the species scale of
the 5D theory.

To visualize our new explanation we consider a simple sys-
tem in which cosmic ray acceleration is due to a constant elec-
tric field E acting over a region of size R [18]. In this region,
a cosmic ray of charge e would be accelerated up to an en-
ergy ECR ⇠ eER. Now, the energy stored inside the region
U ⇠ E2R3 has associated a black hole event horizon of radius
RBH ⇠ U/M2

UV ⇠ (ECR/MUV)2R. Thus, if ECR � MUV, the
horizon size would be much larger than the acceleration re-
gion and so the system would collapse into a black hole. This
simple example can be generalized to astrophysical environ-
ments with extremely large magnetic field energy densities,
which would be gravitationally unstable [19]. All in all, since
e =
p

4⇡↵ < 1, we find that the maximum energy for a cos-
mic ray of charge Ze is Emax

CR . MUV, where Z is the charge of
the UHECR in units of the proton charge. This result is inde-
pendent of how compact and strong or extended and weak the
field configuration may be.
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FIG. 1: Skymap in Galactic coordinates of the arrival directions of
231 cosmic rays with ECR > 1010.72 GeV (green dots) and the 72 cos-
mic rays with ECR > 1010.76 GeV (blue dots); see text for details. The
locations of the four starbursts yielding the dominant signal of the
observed anisotropy are indicated by stars and the associated shaded
regions delimit 15� circular windows around the starbursts.

Because both the limiting acceleration energy hypotheses
and the GZK prediction accommodate the same rate in the
mean, it is di�cult to discriminate between them. Neverthe-
less, as we show in what follows, a discrimination becomes
feasible by analyzing UHECRs beyond the onset of the sup-
pression.

The Pierre Auger Collaboration reported a 4� significance
for a correlation between the arrival direction of cosmic rays
with ECR & 1010.6 GeV and a model based on a catalog of
bright starburst galaxies [20, 21]. When TA data are included
in the analysis the correlation with starburst galaxies is mildly
stronger than the Auger-only result, with a post-trial signif-
icance of 4.2� [22]. Because starburst galaxies are mostly
nearby, the UHECR flux attenuation factor due to GZK inter-
actions en route to Earth turns out to be negligible. Indeed,
taking into account attenuation about 90% of the accumulated
flux from starburst model emerges from a 10 Mpc-radius re-
gion. This implies that for each source, the shape of the ob-
served spectrum should roughly match the emission spectrum
by the starburst. Constraints based on the isotropic gamma-
ray background at TeV measured by Fermi LAT [23] seem
to support the association of UHECRs and nearby starburst
galaxies [24].

Now, if the flux suppression were primarily caused by the
limiting acceleration energy at the sources rather than by the
GZK e↵ect, in the absence of the dark dimension we would
expect that each source spectra beyond the GZK barrier would
have a distinctive shape characterized by properties inherent
to the acceleration environment. However, as we discussed
above, these cuto↵ spectra must be universal if physics be-
comes strongly coupled to gravity above about 1010 GeV.
This di↵erence could be a useful tool to discriminate among
the models.

Next, we demonstrate one possible test procedure using
public data. In our analysis we consider 231 cosmic rays
with ECR > 1010.72 GeV and incident zenith angle ✓ < 80�
detected by the Pierre Auger Observatory during 1/1/2014
and 3/31/2014 [25] as well as 72 cosmic rays with ECR >
1010.76 GeV and ✓ < 55� detected by TA during 05/11/2008
and 05/04/2013 [26]. For the four starburst galaxies domi-

3

TABLE I: Results of the likelihood fit.

Starburst Experiment Events � �min �max

NGC 4945 Auger 14 6.8 5.4 8.5
M83 Auger 13 4.6 3.7 5.7

NGC 253 Auger 8 4.8 3.6 6.4
NGC 1068 Auger 8 4.9 3.7 6.4
NGC 1068 TA 2 3.9 2.3 6.5

M82 TA 3 5.3 3.3 8.3

nating the anisotropy signal, we define an circular window
around their location in the sky with angular radius of 15�,
as shown in Fig. 1. Such an angular radius serves just as an
orientation to illustrate the test procedure. Assuming that star-
bursts emit UHECRs following an unbroken power law spec-
trum / E��CR we carry out a maximum likelihood estimation of
the spectral index at the sources. Our results are encapsulated
in Table I, where we give the number of events within each
source circle together with the values of � maximizing the
likelihood and the 68% confidence level intervals [�min, �max].
The starburst individual spectra are very steep, reflecting the
suppression of the UHECR flux, and are all consistent with
� = 5 within 1�, supporting universality. We conclude that
the analyzed database does not constrain MUV.

Continuing operation of Auger should yield a significance

level of 5� of the starburst hypothesis by the end of 2025 (±2
calendar years) [27]. Such a high-statistics database could be
much more impactful in testing whether the observed cuto↵
spectra of the starbursts are universal in origin.

IV. CONCLUSIONS

Motivated by principles from the Swampland program it
was recently proposed that our Universe may be close to an
infinite distance limit [2]. We have investigated some phe-
nomenological consequences of this intriguing proposal that
successfully addresses the cosmological hierarchy problem.
We have shown that it can provide an elegant explanation of
the the abrupt cuto↵ observed in the UHECR flux. We have
also shown that this explanation is testable with present and
near-future UHECR observatories.

We end with an observation: cosmogenic neutrinos [28]
could provide a smoking-gun signal of the GZK e↵ect, but
no neutrino has ever been observed above 107 GeV.
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