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39Università di Milano, Dipartimento di Fisica, Milano, Italy
40INFN, Sezione di Milano, Milano, Italy

41Nationaal Instituut voor Kernfysica en Hoge Energie Fysica (NIKHEF), Science Park, Amsterdam, Netherlands
42Bergische Universität Wuppertal, Department of Physics, Wuppertal, Germany
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61Universidade Federal do Paraná, Setor Palotina, Palotina, Brazil

62IFLP, Universidad Nacional de La Plata and CONICET, La Plata, Argentina
63Fermi National Accelerator Laboratory, Fermilab, Batavia, Illinois, USA

64Stichting Astronomisch Onderzoek in Nederland (ASTRON), Dwingeloo, Netherlands
65University of Chicago, Enrico Fermi Institute, Chicago, Illinois, USA

66New York University, New York, New York, USA
67Karlsruhe Institute of Technology (KIT), Institut für Prozessdatenverarbeitung und Elektronik, Karlsruhe, Germany

68Michigan Technological University, Houghton, Michigan, USA
69Experimental Particle Physics Department, J. Stefan Institute, Ljubljana, Slovenia

70Center for Astrophysics and Cosmology (CAC), University of Nova Gorica, Nova Gorica, Slovenia
71Present address: Hakubi Center for Advanced Research and Graduate School of Science, Kyoto University, Kyoto, Japan
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83Louisiana State University, Baton Rouge, Louisiana, USA
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Instantons, which are nonperturbative solutions to Yang-Mills equations, provide a signal for the
occurrence of quantum tunneling between distinct classes of vacua. They can give rise to decays of particles
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otherwise forbidden. Using data collected at the Pierre Auger Observatory, we search for signatures of such
instanton-induced processes that would be suggestive of super-heavy particles decaying in the Galactic
halo. These particles could have been produced during the post-inflationary epoch and match the relic
abundance of dark matter inferred today. The nonobservation of the signatures searched for allows us to
derive a bound on the reduced coupling constant of gauge interactions in the dark sector: αX ≲ 0.09, for
109 ≲MX=GeV < 1019. Conversely, we obtain that, for instance, a reduced coupling constant αX ¼ 0.09
excludes masses MX ≳ 3 × 1013 GeV. In the context of dark matter production from gravitational
interactions alone, we illustrate how these bounds are complementary to those obtained on the Hubble
rate at the end of inflation from the nonobservation of tensor modes in the cosmological microwave
background.

DOI: 10.1103/PhysRevLett.130.061001

Should a flux of astrophysical photons with energies in
excess of ≃108 GeV be detected, it could be compelling
evidence for the decay of super-heavy relics dating from the
early universe [1,2]. Possible mechanisms taking place
during or at the end of the inflationary era in big bang
cosmology have been shown to be capable of producing
such particles [3–14]. The abundance of the stable super-
heavy particles could then evolve to match the relic
abundance of dark matter (DM) inferred today, for viable
parameters governing the thermal history and the geometry
of the universe, such as the reheating temperature or the
Hubble expansion rate at the end of inflation. Stability for
super-heavy particles is more easily achieved for a dark
sector interacting with the standard model (SM) sector only
via gravity. The absence of other DM-SM couplings is
consistent with the extensive observational evidence for
the existence of DM based on gravitational effects alone.
However, even particles protected from decay by a sym-
metry can eventually disintegrate due to nonperturbative
effects in non-Abelian gauge theories and produce ultra-
high energy (UHE) photons. In this Letter, we show that the
absence of such photons in the data of the Pierre Auger
Observatory provides constraints on the coupling constant
of a hidden sector pertaining to super-heavy dark matter
(SHDM), possibly unified with SM interactions at a high
scale. The constraints are illustrated in Fig. 1 in terms of the
reduced coupling constant of a hidden gauge interaction
and the mass of the SHDM candidate. Our results show that
the coupling should be less than ≃0.09 for a wide range of
masses. After explaining how these constraints are
obtained, we briefly discuss their relevance for delineating
viable regions of cosmological parameters, in a manner
complementary to the constraints provided by the non-
detection so far of tensor modes in the cosmological
microwave background anisotropies [15,16].
Contemporary motivations for SHDM.—Technical

naturalness has provided an important motive for the
emergence of new physics at the TeV scale [18], but
the corresponding new particles have escaped detection so
far [19–21]. An alternative tool to infer the energy scale of
new physics relies on assessing the scale ΛI at which the

Higgs potential develops an instability at large field
values. Its estimation at the two-loop level was made
possible by the precise measurements of the Higgs mass
and the top Yukawa coupling [22–24]. It turns out to result
in a very high energy scale, ΛI ¼ 1010 to 1012 GeV.
Moreover, the particular slow running of the Callan-
Symanzik βλ function relative to the self-Higgs coupling
makes it possible to extrapolate the SM up to MPl without
encountering any instabilities [22]. Renouncing natural-
ness to solve the problem of the mass hierarchy, new
degrees of freedom could thus appear only in the range
between ΛI and MPl, motivating searches for SHDM. We
note also that while some have argued that the properties
of nuclei and atoms would not allow complex chemistry if
the electroweak scale were too far from the confinement
scale of QCD [25], there is no such anthropic requirement
for the mass scale of DM.
Independent of the intrinsic consistency of the SM up to

a very high scale, models of gravitational production of
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FIG. 1. Upper limits at 95% C.L. (Confidence Level) on the
coupling constant αX of a hidden gauge interaction as a function
of the massMX of a dark matter particle decaying into a dozen qq̄
pairs. For reference, the unification of the three SM gauge
couplings is shown as the blue dashed line in the framework
of supersymmetric grand unified theory [17].
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DM provide another motivation for a spectrum of super-
heavy particles. While no coupling between the SM and
DM sectors is introduced in the concordance model of
cosmology, most DM models invoke some weak cou-
plings, or new feeble couplings, to explain DM production
during the postinflationary reheating period. It turns out,
however, that the introduction of such couplings is not a
compelling necessity if one considers the minimal
assumption of graviton exchange to act as the only portal.
Recent studies have indeed shown that, on the condition
that DM is super heavy, the relic abundance observed
today can be reproduced for tenable ranges of quantities
governing the inflationary and reheating eras in the early
Universe [9,14]. In addition, while structure formation
constrains the mass density of DM, it does not preclude
SHDM models as it leaves a carte blanche for the mass
spectrum of the particles.
SHDM particles interacting with SM particles through

gravitons alone have been dubbed as Planckian-interacting
massive particles (PIDM) [9], and we shall use this term
when we need to be specific. There are only a few possible
signatures to test this scenario for DM. We show that if
instanton effects are strong enough, PIDM particles could
decay and their by-products could be detected in ultra-high
energy cosmic ray (UHECR) data. Conversely, the non-
observation of these by-products allows us to set upper
bounds on the dark sector coupling constant. We note that
these limits are, to date, the best ever obtained from
instanton-mediated processes; they are an indirect probe
of the instanton strength.
Decay mechanisms of SHDM particles.—Some SHDM

models postulate the existence of super-weak couplings
between the dark and SM sectors. The lifetime τX of the
particles is then governed by the strength of the couplings
gX and by the dimension n of the operator standing for the
SM fields in the effective interaction [26]. This results in
lifetimes that are in general far too short for DM to be stable
enough, unless a practically untenable fine tuning between
gX and n holds [3,26,27]. Stability of super-heavy particles
is thus preferentially calling for a new quantum number
conserved in the dark sector so as to protect the particles
from decaying. Nevertheless, as we have already pointed
out in the study motivation, even stable particles in the
perturbative domain will in general eventually decay
due to nonperturbative effects in non-Abelian gauge
theories [28–30].
Instanton-induced decay can thus make observable a

dark sector that would otherwise be totally hidden by the
conservation of a quantum number [31]. Assuming quarks
and leptons carry this quantum number and so contribute to
anomaly relationships with contributions from the dark
sector, they will be by-products of decays together with the
lightest hidden fermion. The lifetime of the decaying
particle follows from Ref. [32],

τX ≃M−1
X exp ð4π=αXÞ; ð1Þ

with αX being the reduced coupling constant of the hidden
gauge interaction. In this expression, we retained only the
exponential dependency in α−1X , dropping the functional
determinants arising from the exact content of fields of the
underlying theory. The constraints inferred using Eq. (1)
are indeed barely destabilized for a wide range of numerical
factors given the exponential dependency in α−1X .
Equation (1) provides us with a relationship connecting
the lifetime τX, which is shown below to be constrained by
the absence of UHE photons, to the coupling constant αX.
Production of ultrahigh energy photons.—In most

SHDM models, the production of quark-antiquark pairs
is expected in the decay by-products, giving rise to large
fluxes of UHE particles such as nucleons, photons, and
neutrinos. This is because each pair triggers a QCD cascade
until the hadronization of the partons occurs and the
unstable hadrons eventually decay. Various computational
schemes have been applied to predict the energy spectra of
the UHE particles [33–37]. The fragmentation of a parton
into a hadron is determined from the fragmentation
functions of partons convolved with hadronization func-
tions, which do not depend on the scale MX and can
therefore be calculated from the available data. The
fragmentation functions, on the other hand, are evolved
starting from measurements at the electroweak scale up to
the energy scale fixed by MX using the Dokshitzer–
Gribov–Lipatov–Altarelli–Parisi equation. We use the
scheme detailed in Ref. [33] in this study. Overall, the
spectra of the UHE particles is of the form E−1.9 in the qq̄
channel, and is barely softened by kinematical effects in
large-multiplicity final states [34,38].
As shown below, it turns out to be more efficient to

search for decaying super-heavy particles via UHE-photon
by-products. Because of their attenuation over intergalactic
distances, only those emitted in the Milky Way can survive
on their way to Earth. The emission rate per unit volume
and unit energy qγ from any point labeled by its Galactic
coordinates is shaped by the density of DM particles, nDM,

qγðE;x⊙ þ snÞ ¼ 1

τX

dNγ

dE
nDMðx⊙ þ snÞ; ð2Þ

where τX is the lifetime of the particle, x⊙ is the position of
the Solar System in the Galaxy, s is the distance from x⊙ to
the emission point, and n≡ nðl; bÞ is a unit vector on the
sphere pointing to the Galactic longitude l and latitude b.
Hereafter, the density is more conveniently expressed in
terms of energy density ρDMðxÞ ¼ MXnDMðxÞ, normalized
to ρðx⊙Þ ¼ 0.3 GeVcm−3. There are uncertainties in the
determination of this profile. We take as reference the
traditional Navarro–Frenk–White profile [39]. We have
checked that other profiles such as those from Einasto [40],
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Burkert [41], or Moore [42] would lead to differences
within 2% in the determination of αX.
The expected flux (per steradian) of UHE photons pro-

duced by the decay of super-heavy particles, JDM;γðE;nÞ, is
obtained by integrating the position-dependent emission
rate qγ along the path of the photons in the direction n,

JDM;γðE;nÞ ¼
1

4π

Z
∞

0

ds qγðE;x⊙ þ snÞ; ð3Þ

where the 4π normalization factor accounts for the isotropy
of the decay processes. While the peak value of the flux is
inversely proportional to the unknown MX and τX param-
eters, the energy and directional dependencies are deter-
mined by Eq. (2). The exact content of quarks and leptons
depends on the specific underlying model. Yet, instanton-
induced decays obey selection rules that involve neces-
sarily large multiplicities. As a proxy, we consider a dozen
qq̄ pairs and adapt dNγ=dE in Eq. (2) accordingly [27]. The
flux pattern on the sky is more intense in a hot-spot region
around the Galactic center; it provides therefore clear
signatures. On the other hand, the nonobservation of
UHE photons enables one to constrain the all-sky flux
observed over the solid angle ΔΩ, hJDM;γðE;nÞi ¼R
ΔΩ dnJDM;γðE;nÞ=ΔΩ, and thus to constrain the unknown
MX and τX parameters.
Constraints on dark-sector coupling constant from

instanton-induced decays.—Of particular interest would
thus be the detection of UHE photons from regions of
denser DM density such as the center of our Galaxy.
Because of the spectral steepness of the expected flux, this
search can presently only be done through large ground-
based detectors that exploit the phenomenon of extensive
air showers. The identification of photon primaries relies on
the ability to distinguish showers generated by photons
from those initiated by the overwhelming background of
protons and heavier nuclei. Since the radiation length in
the atmosphere is more than 2 orders of magnitude smaller
than the mean free path for photonuclear interactions, the
transfer of energy to the hadron-muon channel is reduced in
photon showers with respect to the bulk of hadron-induced
showers, resulting in a lower number of secondary muons.
Additionally, as the development of photon showers is
delayed by the typically small multiplicity of electromag-
netic interactions, they reach the maximum development of
the shower, Xmax, deeper in the atmosphere with respect to
showers initiated by hadrons.
Both the ground signal and Xmax can be measured at the

Pierre Auger Observatory [43], where a hybrid detection
technique is employed for the observation of extensive air
showers by combining a fluorescence detector (FD) with a
ground array of particle detectors [surface detector, (SD)]
separated by 1500 m. The FD provides direct observation
of the longitudinal shower profile, which allows for the
measurement of the energy and the Xmax of a shower, while

the SD samples the secondary particles at ground level.
Although showers are observed at a fixed slice in depth
with the SD, the longitudinal development is embedded in
the signals detected. The FD and SD are complemented
with the low-energy enhancements of the Observatory,
namely three additional fluorescence telescopes with an
elevated field of view, overlooking a denser SD array, in
which the stations are separated by 750 m. The combina-
tion of these instruments allows showers to be measured in
the energy range above 108 GeV.
Three different analyses, differing in the detector used,

have been developed to cover the wide energy range
probed at the Observatory [44–46]. No photons with
energies above 2 × 108 GeV have been unambiguously
identified so far, leading to the 95% C.L. flux upper limits
displayed in Fig. 2. The limit above 1011.2 GeV, stemming
from the nondetection so far of any UHECR [47],
including photons, is also constraining [37,48]. For
comparison purposes, neutrino limits obtained at the
Observatory [49] are also displayed as the continuous
line. Indeed, neutrinos constitute in the figure another
emblematic signature of decays of super-heavy particles.
Except at the lowest energies, these limits are seen to be
superseded by photon limits, as are those from anisotropy
signatures searched for in the bulk of UHECR data shown
as red-filled circles [27].
Assuming that the relic abundance of DM is saturated by

super-heavy particles, constraints can be inferred in the
plane ðτX;MXÞ by requiring the all-sky flux integrated
above some energy threshold E to be less than the limits,R
∞
E dE0hJDM;γðE0;nÞi ≤ J95%γ ð≥ EÞ. For a specific upper
limit at one energy threshold, a scan of the value of the mass
MX is carried out so as to infer a lower limit of the τX
parameter, which is subsequently transformed into an upper
limit on αX by means of Eq. (1). This defines a curve. By
repeating the procedure for each upper limit on J95%γ ð≥ EÞ,
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FIG. 2. Flux upper limits of UHE photons, neutrinos, and
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a set of curves is obtained, reflecting the sensitivity of a
specific energy threshold to some range of mass. The union
of the excluded regions finally provides the constraints in
the plane ðαX;MXÞ. In this manner the shaded red area is
obtained in Fig. 1. As already noted, additional model-
dependent factors could be at play in the vacuum transition
amplitude [50] and thus in Eq. (1). Explicit constructions of
the dark sector are required to calculate these factors. Such
constructions are well beyond the scope of this Letter.
Although the limits presented in Fig. 1 are hardly desta-
bilized due to the exponential dependence in α−1X , we note
that a shift of �0.0013k would arise for factors 10�k. We
limit ourselves to showing with dotted and dashed lines the
bounds that would be obtained for k ¼ 2 and k ¼ 4,
respectively. These factors are by far the dominant sys-
tematic uncertainties.
Connection to cosmological scenarios.—We now briefly

mention how the results shown in Fig. 1 can be connected
to cosmological scenarios. Further details can be found in a
companion paper [27]. In inflationary cosmologies, the
inflaton field responsible for the rapid expansion of the
Universe, ϕ, slowly rolls down to its minimum of potential
before starting to oscillate about this minimum. This marks
the end of the inflation era at time H−1

inf , with Hinf the
Hubble rate at this time, and the beginning of a matter-
dominated era during which the production of SM particles
accompanying the decay of coherent oscillations of the
inflaton field reheats the Universe. The temperature rises
rapidly to a maximum before decreasing slowly until the
reheating era ends at time Γ−1

ϕ , marking the beginning of the
radiation-dominated era when the temperature decreases
more rapidly as a−1, with a being the cosmological scale
factor. The temperature at the end of reheating, Trh, is,
together with Hinf , an important parameter governing the
dynamics of the reheating era summarized here—see
Ref. [51] for details. A relevant combination of these
parameters is the reheating efficiency ε, which, defined
as ε ¼ ðΓϕ=HinfÞ1=2 [52], measures the duration of the
reheating period. It can be related to Trh and Hinf through
ε ≃ Trh=½0.25ðMPlHinfÞ1=2� [9].
PIDM particles can be produced during reheating by

annihilation of SM particles [9] or inflaton particles [14]
through gravitational interaction. The energy density of the
Universe is then in the form of unstable inflaton particles,
SM radiation, and stable massive particles, the time
evolution of which is governed by a set of coupled
Boltzmann equations [53]. However, because the energy
density of the massive particles is always subdominant, the
evolution of the inflationary and radiation energy densities
largely decouple from the time evolution of the PIDM-
particle density nX. In addition, because PIDM particles
interact through gravitation only, they never come to
thermal equilibrium. In this case, the collision term in
the Boltzmann equation can be approximated as a source
term only,

dnXðtÞ
dt

þ 3HðtÞnXðtÞ ≃
X
i

γin̄2i ðtÞ: ð4Þ

Here, the sum on the right hand side represents the
contributions from the SM and inflationary sectors.
Using, on the one hand, the evolution of the SM matter
and inflaton densities derived in Ref. [5] and Ref. [14]
respectively, and, on the other hand, the SMþ SM →
PIDMþ PIDM and ϕþ ϕ → PIDMþ PIDM reaction
rates derived for fermionic DM in Ref. [54] and
Ref. [14] respectively, the present-day relic abundance of
DM, ΩX, can be related to MX, Hinf , and ε through

ΩXh2 ¼
1.4 × 1023εMX

M5=2
Pl H

3=2
inf

Z
∞

ainf

da
HðaÞ

X
i

γia2n̄2i ðaÞ; ð5Þ

where h is the dimensionless expansion rate and ainf the
scale factor at the end of inflation.
The viable ðHinf ;MXÞ parameter space satisfying Eq. (5)

is delineated by the blue curves corresponding to different
values of ε in Fig. 3. Values for ðHinf ;MXÞ above (below)
the lines lead to overabundance of (negligible quantity of)
DM. Arbitrarily large values of Hinf are however not
permitted because of the 95% C.L. on the tensor-to-scalar
ratio in the cosmic microwave background anisotropies,
which, once converted into limits on the energy scale of
inflation when the pivot scale exits the Hubble radius, yield
Hinf ≤ 4.9 × 10−6MPl [9,16]. For efficiencies larger than a
few percent, PIDM particles are dominantly produced by
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the thermal bath of SM particles. A wide range of masses
MX is then allowed, including the Grand Unified scale,
provided that the energy scale of the inflation (Hinf being
the proxy) is high enough [9] and that the dark-sector gauge
coupling αX is less than ≃0.085. Larger values of αX
shrink the allowed range of MX, with, for instance, MX ≲
2 × 109 GeV for αX ¼ 0.1. For efficiencies below the
percent level, the production of PIDM particles from the
inflaton condensate dominates, allowing smaller values of
Trh to be viable. The allowed region forMX shrinks around
1013 GeV, close to the inflaton mass adopted here
(3 × 1013 GeV). We see that the scenario is then tenable
for αX ≲ 0.09.
In summary, we have illustrated here the power of upper

limits on the flux of UHE photons obtained at the Pierre
Auger Observatory to place constraints on physics in the
reheating epoch that could be related to Grand Unified
models. The minimal setup to produce DM is from
gravitational effects alone, consistent with the concordance
model of cosmology. This production mechanism could
lead to high values of the Hubble rate at the end of inflation
that could be revealed by future measurements of pri-
mordial tensor-to-scalar ratio provided that Hinf ≳ 6 ×
1012 GeV [55,56]. However, the only unambiguous sig-
nature to capture the existence of PIDM is through the
detection of UHE photons produced by the instanton-
induced decay. The nonobservation of such fluxes has
allowed us to probe in a unique way to date the instanton
strength through the dark-sector gauge coupling. It is likely
that the use of limits on UHE photon fluxes made in this
Letter only scratches the surface of the power of these limits
to constrain physics otherwise beyond the reach of labo-
ratory experiments.
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