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Limits to gauge coupling in the dark sector set by the non-observation of instanton-
induced decay of Super-Heavy Dark Matter in the Pierre Auger Observatory data
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We investigate instanton-induced decay processes of super-heavy dark matter particles X produced
during the inflationary epoch. Using data collected at the Pierre Auger Observatory we derive a
bound on the reduced coupling constant of gauge interactions in the dark sector: oS¥ < 0.09, for
10" < Mx /GeV < 10%%. We show that this upper limit on oS¥ is complementary to that obtained
from the non-observation of tensor modes in the cosmic microwave background.



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 pro-
ducing 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 geom-
etry of the universe, such as the reheating temperature or
the Hubble expansion rate at the end of inflation. Stabil-
ity for super-heavy particles is more easily achieved for a
dark sector totally decoupled from the standard model
(SM), except gravitationally, and the absence of such
DM-SM couplings is consistent with the extensive obser-
vational evidence for the existence of DM based on grav-
itational effects alone. However, even particles protected
from decay by a symmetry can eventually disintegrate
due to non-perturbative effects in non-abelian gauge the-
ories 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 con-
straints on the coupling constant of a hidden sector per-
taining to super-heavy dark matter (SHDM), possibly
unified with SM interactions at a high scale. The con-
straints are illustrated in Fig. 1 in terms of the effective
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 de-
lineating viable regions of cosmological parameters, in a
manner complementary to the constraints provided by
the non-detection so far of tensor modes in the cosmo-
logical microwave background anisotropies [15, 16].

Contemporary motivations for SHDM. Among the
multiple hypotheses proposed to describe DM, particles
in the mass range 102-10* GeV undergoing weak in-
teractions have been the prime target for experimen-
tal searches. Consistent with the technical naturalness
to have new physics at the TeV scale [18], the thermal
production of such weakly-interactive massive particles
(WIMPs) leads, after their freeze-out from the thermal
plasma, to a relic abundance matching that observed [19-
21]. However, WIMPs have escaped any detection so
far [22-24]. Although the exploration of the complete
WIMP parameter space remains of great importance, a
broader search program must also be actively pursued.

As an alternative to WIMPs, there are good motives
for SHDM if new physics manifests only at a very high
energy scale, possibly the Planck scale Mp) or the GUT
scale. Such a possibility has emerged from the absence of
vacuum instability up to a scale A; = 101°—10'2 GeV, the
estimation of which at the two-loop level was made pos-
sible by the precise measurements of the Higgs mass and
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Figure 1: Upper limits at 95% C.L. on the effective coupling

constant oS¥ of a hidden gauge interaction as a function of

the mass Mx of a dark matter particle X decaying into ¢q.
For reference, the unification of the three SM gauge couplings
is shown as the blue dashed line in the framework of super-
symmetric GUT [17].

of the top Yukawa coupling [25-27]. Moreover, the par-
ticular slow running of the Callan-Symanzik 3, function
relative to the self-Higgs coupling makes it even possible
to extrapolate the SM up to Mp; without encountering
any instabilities [25]. Renouncing naturalness to solve
the problem of the mass hierarchy, nothing forbids there-
fore that new degrees of freedom appear only in the range
between A; and Mp;.

Nor do observational considerations preclude SHDM.
Structure formation constrains the mass density of DM,
but leaves a carte blanche for the mass spectrum of
the DM particles. Moreover 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 [28], there is no
such anthropic requirement for the mass scale of DM.
Actually, dark sectors would be as technically natural
as possible if the DM mass scale is very high. All in
all, consideration of super-heavy Dark Matter is well
motivated.

Decay mechanisms of SHDM particles. Some SHDM
models postulate the existence of super-weak couplings
between the dark and SM sectors. The lifetime 7x 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 [29]. This results
in lifetimes that are in general far too short for DM to
be stable enough, unless a practically untenable fine tun-
ing between gx and n holds [3, 29]. Stability of SHDM
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 de-
cay due to non-perturbative effects in non-abelian gauge
theories. Such effects, known as instantons [30-32], pro-
vide a signal for the occurrence of quantum tunneling be-
tween distinct classes of vacua, forcing the fermion fields
to evolve during the transitions and leading to the gener-
ation of particles depending on the associated anomalous
symmetries [33].

Instanton-induced decay can thus make observable a
dark sector that would otherwise be totally hidden by
the conservation of a quantum number [34]. Assuming
quarks and leptons carry this quantum number and so
contribute to anomaly relationships with contributions
from the dark sector, they will be secondary products in
the decays of SHDM together with the lightest hidden
fermion. The lifetime of the decaying particle follows
from [33]

Tx = hMy ' exp (47/ax), (1)

with A the reduced Planck constant and ax the reduced
coupling constant of the hidden gauge interaction. This
expression holds in the massless case. However, it re-
mains valid in the massive case for a spontaneously bro-
ken gauge symmetry, substituting the coupling constant
with an effective one oS = ax /(1+kp?u?/4), where p is
the instanton size, 1 the mass of the hidden-Higgs field
responsible for the mass generation in the dark sector,
and & its quartic self coupling [35, 36]. Equation (1) pro-
vides us with a relationship connecting the lifetime 7x,
which is shown below to be constrained by the absence
of UHE photons, to the coupling constant a‘}?.

Production of ultra-high energy photons. The exact
content of quarks and leptons in instanton-induced de-
cays obeys selection rules that involve very large multi-
plicities. In such a regime, the differential decay width
into particle species i is governed, quite independently of
the hidden gauge interaction, by the known probability
that a process initiated by parton a results in a specific
hadron A, and by the differential decay width of SHDM
into parton a. Starting from measurements at the elec-
troweak scale, the fragmentation functions are evolved
up to the energy scale fixed by Mx using the DGLAP
equation to account for the splitting function that de-
scribes the emission of parton k by parton j [37]. The
differential decay width finally reads as the energy spec-
trum of the final particles, dN;(E, Mx)/dFE, normalized
to the lifetime 7x. Among the various computational
schemes [37-41], there is a general agreement for spectra
of the form E~19.

Due to their attenuation over intergalactic distances,
only UHE photons emitted in the Milky Way can survive
on their way to Earth. The emission rate per unit volume
and unit energy ¢, from any point labelled by its Galactic

coordinates is shaped by the density of SHDM npy:

(B +om) = — T hno(xo +sm), (2
where xq is the position of the Solar system in the
Galaxy, and n = n(¢,b) is a unit vector on the sphere
pointing to the Galactic longitude ¢ and latitude b. Here-
after, the density is more conveniently expressed in terms
of energy density ppm = Mxnpwm. There are uncertain-
ties in the determination of this profile. We assume the
traditional NFW profile [42] and propagate a systematic
uncertainty of 10% this assumption generates in the de-
termination of 7x [43]. The energy density is normalized
to po = 0.3 GeV cm 3. The directional flux (per stera-
dian) of UHE photons produced by the decay of SHDM
particles, Jpm,,(E,n), is then obtained by integrating
the position-dependent emission rate g, along the path
of the photons in the direction n:

1 o0
Jomy(E,n) = E/o ds ¢,(F,xe + sn), (3)

where the 47 normalization factor accounts for the
isotropy of the decay processes.

Constraints on dark-sector coupling constant from
instanton-induced decays. Of particular interest would
be the detection of UHE photons from regions of denser
DM density such as the center of our Galaxy. Due to the
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 the showers generated by photons from
those initiated by the overwhelming background of pro-
tons and heavier nuclei. Since the radiation length in
the atmosphere is more than two orders of magnitude
smaller than the mean free path for photo-nuclear inter-
actions, in photon showers the transfer of energy to the
hadron/muon channel is reduced with respect to the bulk
of hadron-induced air showers, resulting in a lower num-
ber of secondary muons. Additionally, as the develop-
ment of photon showers is delayed by the typically small
multiplicity of electromagnetic interactions, they reach
the maximum development of the shower, X ..., deeper
in the atmosphere with respect to showers initiated by
hadrons.

Both the ground signal and X,,,x can be measured at
the Pierre Auger Observatory [44], where a hybrid de-
tection technique is employed for the observation of ex-
tensive air showers by combining a fluorescence detector
(FD) with a ground array of particle detectors (surface
detector, SD) separated by 1,500 m. The FD provides di-
rect observation of the longitudinal shower profile, which
allows for the measurement of the energy and the X ax
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 tele-
scopes with an elevated field of view, overlooking a denser
SD array, in which the stations are separated by 750 m.
The combination of these instruments allows showers to
be measured in the energy range above 108 GeV.
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Figure 2: Flux upper limits of UHE photons, neutrinos and
cosmic rays as a function of energy thresholds.

Three different analyses, differing in the detector used,
have been developed to cover the wide energy range
probed at the Observatory [45, 46]. No photons with en-
ergies above 2x10% GeV have been unambiguously iden-
tified so far, leading to the 95% C.L. flux upper limits
displayed in Fig. 2. The limit above 10''2 GeV, stem-
ming from the non-detection so far of any UHECR [47],
including photons, is also constraining [41, 48]. For com-
parison purposes, neutrino limits obtained at the Obser-
vatory [49] are also displayed as the continuous line. In-
deed, neutrinos constitute another emblematic signature
of SHDM decays. Except at the lowest energies, these
limits are seen to be superseded by photon ones in the
search of SHDM by-product decays dominated by those
from the Galaxy.

Assuming that the relic abundance of DM is satu-
rated by SHDM, constraints can be inferred in the plane
(tx,Mx) by requiring the flux calculated by averaging
Eq. (3) over all directions to be less than the limits,
JP%(> E) < [27dE'(Jpmy(E',m)). For a specific up-
per 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 7x parameter, which is subsequently transformed
into an upper limit on oS by means of Eq. (1). This de-
fines a curve. By repeating the procedure for each upper
limit on J,?E’%(Z E), a set of curves is obtained, reflect-
ing 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 (oS, My). In this
manner the shaded red area is obtained in Fig. 1.

Connection to cosmological scenarios. We now briefly
mention how the results shown in Fig. 1 can be con-
nected to scenarios of inflationary cosmologies. In ad-
dition to the instanton-mediated decays, DM and SM
particles can interact gravitationally. We shall see below
that this mechanism alone may be sufficient to produce
the right amount of SHDM particles. While the obser-
vation of UHE photons could open a window to explore
high-energy gauge interactions and possibly GUTs effec-
tive in the early universe, the constraints inferred on oS
allow us to probe the gravitational production of SHDM.
Further details will be given in a future publication.

Following [9], super-heavy particles are assumed to be
produced by annihilation of SM particles through the
exchange of a graviton after the period of inflation has
ended. In this context, SM particles are created by the
decay of coherent oscillations of the inflaton field during
the reheating era. They subsequently thermalize prior
to the radiation-dominated era and can gravitationally
populate the SHDM sector via freeze-in [50-52] with the
right abundance to explain the relic abundance observed
today. The decoupling of the dark sector is maximal here,
as it is not even coupled to the inflationary sector.

In this scenario, SHDM production occurs dominantly
during the reheating period, the dynamics of which is
quite involved [53]. As the SM particles thermalize, the
plasma temperature rises rapidly to a maximum before
subsequently decreasing as T'(a) o< a~%/%, with a being
the cosmological scale factor. This scaling continues until
the age of the universe is equal to the lifetime of the infla-
ton, signaling the beginning of the radiation-dominated
era at the temperature Then ~ 0.25¢(Mp)Hine)'/2. The
parameter € here is the reheating efficiency that mea-
sures the duration of the reheating period [9]. During this
period, the Hubble rate H(a) scales as the square root
of the energy density of the inflaton, which itself scales
as a~3. Consequently, H(a) evolves as a~3/2 namely
H(a) = Hine(a/aing) /% with ajys being the scale factor
at the end of inflation. After reheating, both the temper-
ature and the Hubble rate follow the standard evolution
in a radiation-dominated era, namely T'(a) o< a~! and
H(a) = Hinre?(a/aren) 2. The scale factor at the end of
reheating is ayen = € #/3aing, guaranteeing the continuity
of H(a).

Based on these dynamics, the present-day relic abun-
dance of DM, Qx, can be related to Mx, Hi,s, and €
through [9]

9.2x10% et My [ a?
Qun?=2221 X a ——(ov)(n(a))?,
MPTE;h Qinf H(a) X

(4)
where h is the dimensionless expansion rate, (ov) the
cross-section-times-velocity for freeze-in based on gravi-
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Figure 3: Constraints in the (Hinf, Mx) plane. The red re-
gion is excluded by the non-observation of tensor modes in
the cosmic microwave background [9, 16]. The regions of vi-
able (Hinf, Mx) values needed to set the right abundance of
DM are delineated by the blue lines for different values of
reheating efficiency e [54] (the shaded areas represent the be-
ginning of the exclusion regions). Additional constraints from
the non-observation of instanton-induced decay of SHDM par-
ticles allow for excluding the mass ranges in the red-shaded
regions, for the specified value of the dark-sector gauge cou-
pling.

ton exchange for fermions [54], and n§' the number den-
sity of SHDM once frozen [53]. For high Mx values,
Eq. (4) can be satisfied provided that the reheating ef-
ficiency is large enough (corresponding to a short dura-
tion of the reheating era) and that the energy scale of
the inflation (Hjns being the proxy) is high enough [9].
The viable (Hins, Mx) parameter space is delineated by
the blue curves corresponding to different values of €
in Fig. 3, where the excluded shaded regions extend to
the whole parameter space below the curves. Arbitrarily
large values of Hj,¢ are however not permitted because
of the 95% c.l. limits on the tensor-to-scalar ratio in
the cosmic microwave background anisotropies, which,
once converted into limits on the energy scale of infla-
tion when the pivot scale exits the Hubble radius [9, 16],
yield Hinr < 4.9x107%Mp;. The other possible signa-
ture could be the detection of UHE photons produced
by the instanton-induced decay of the SHDM particles —
so that no coupling between the sectors is required. The
excluded mass ranges obtained from the non-observation
of instanton-induced decay of SHDM particles are shown
as the red shaded regions for different values of dark-
sector gauge coupling. While the range of Mx extends
from (well) below 108 GeV to ~ 10'7 GeV in the case of
instantaneous reheating (¢ = 1) and 5§ < 0.085, the pa-
rameter space is observed to shrink for longer reheating
duration and larger dark-sector gauge coupling. With
the current sensitivity, there are no longer pairs of values

(Hing, Mx) satisfying Eq. (4) for (e > 0.01, a5 > 0.10).
With increased sensitivity to the tensor-to-scalar ratio on
the one hand and to UHE photons thanks to the planned
UHECR observatories in the next decade [55, 56] on the
other hand, the parameter space will continue to shrink
towards the low-mass range and/or small gauge coupling
values.

Finally, it is important to assess the possible impacts of
Big Bang cosmology on other aspects apart from SHDM
production. In particular, the astronomically-long life-
time of the vacuum of the SM might be challenged in the
cosmological context due to thermal fluctuations allowing
the decay when the temperature was high enough, or due
to large fluctuations of free fields generated by the dy-
namics on a curved background because of the presence
of a non-minimal coupling £ between the Higgs field and
the curvature of space-time. Requiring the electroweak
vacuum not to decay yields constraints between the non-
minimal coupling ¢ and the Hubble rate Hj,¢ in viable
regions [57]. Propagation of the stability bounds derived
in the (&, Hin¢) plane into the (¢, J,(> E)) plane can be
achieved and will be reported elsewhere.

In summary, we have illustrated here the power of up-
per limits on the flux of UHE photons obtained at the
Pierre Auger Observatory to place constraints on Grand
Unified models and physics in the reheating epoch. It
is likely that these examples only scratch the surface of
the power of limits on UHE photon fluxes to constrain
physics otherwise beyond the reach of laboratory exper-
iments.
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