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C. Bleve,24 J. Blümer,29 M. Boháčová,21 D. Boncioli,19, 10 C. Bonifazi,30, 31 L. Bonneau Arbeletche,32 N. Borodai,68

A.M. Botti,7 J. Brack,33 T. Bretz,15 P.G. Brichetto Orchera,7 F.L. Briechle,15 P. Buchholz,34 A. Bueno,35 S. Buitink,36
9
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J.M. González,5 N. González,73 I. Goos,5, 29 D. Góra,6 A. Gorgi,2, 3 M. Gottowik,42 T.D. Grubb,4 F. Guarino,49, 14
22

G.P. Guedes,74 E. Guido,3, 16 S. Hahn,29, 7 P. Hamal,21 M.R. Hampel,7 P. Hansen,63 D. Harari,5 V.M. Harvey,4 A. Haungs,29
23

T. Hebbeker,15 D. Heck,29 G.C. Hill,4 C. Hojvat,64 J.R. Hörandel,12, 41 P. Horvath,47 M. Hrabovský,47 T. Huege,29, 36
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J. Perez Armand,92 C. Pérez Bertolli,7, 29 L. Perrone,58, 45 S. Petrera,9, 10 C. Petrucci,19, 10 T. Pierog,29 M. Pimenta,137

V. Pirronello,43, 37 M. Platino,7 B. Pont,12 M. Pothast,41, 12 P. Privitera,66 M. Prouza,21 A. Puyleart,69 S. Querchfeld,42
38

J. Rautenberg,42 D. Ravignani,7 M. Reininghaus,29, 7 J. Ridky,21 F. Riehn,1 M. Risse,34 V. Rizi,19, 10 W. Rodrigues de39

Carvalho,12 J. Rodriguez Rojo,18 M.J. Roncoroni,7 S. Rossoni,82 M. Roth,29 E. Roulet,5 A.C. Rovero,54 P. Ruehl,34
40

A. Saftoiu,22 M. Saharan,12 F. Salamida,19, 10 H. Salazar,80 G. Salina,86 J.D. Sanabria Gomez,90 F. Sánchez,7 E.M. Santos,92
41

E. Santos,21 F. Sarazin,76 R. Sarmento,1 C. Sarmiento-Cano,7 R. Sato,18 P. Savina,81 C.M. Schäfer,29 V. Scherini,58, 45
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H. Schieler,29 M. Schimassek,27, 7 M. Schimp,42 F. Schlüter,29, 7 D. Schmidt,27 O. Scholten,36 H. Schoorlemmer,12, 41
43
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81University of Wisconsin-Madison, Department of Physics and WIPAC, Madison, WI, USA140

82Universität Hamburg, II. Institut für Theoretische Physik, Hamburg, Germany141
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96University of Łódź, Faculty of High-Energy Astrophysics,Łódź, Poland157
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Using the data of the Pierre Auger Observatory, we report on a search for signatures that would be suggestive162

of super-heavy particles decaying in the Galactic halo. From the lack of signal, we present upper limits for163

different energy thresholds above &108 GeV on the secondary by-product fluxes expected from the decay of the164

particles. Assuming that the energy density of these super-heavy particles matches that of dark matter observed165

today, we translate the upper bounds on the particle fluxes into tight constraints on the couplings governing the166

decay process as a function of the particle mass. Instantons, which are non-perturbative solutions to Yang-Mills167

equations, can give rise to decay channels otherwise forbidden and transform stable particles into meta-stable168

ones. Assuming such instanton-induced decay processes, we derive a bound on the reduced coupling constant169

of gauge interactions in the dark sector: αX . 0.09, for 109 . MX/GeV < 1019. Conversely, we obtain that, for170

instance, a reduced coupling constant αX = 0.09 excludes masses MX & 3× 1013 GeV. In the context of dark171

matter production from gravitational interactions alone during the reheating epoch, we derive constraints on the172

parameter space that involves, in addition to MX and αX , the Hubble rate at the end of inflation, the reheating173

efficiency, and the non-minimal coupling of the Higgs with curvature.174
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I. INTRODUCTION175

The aim of this study is to search for signatures of176

Planckian-interacting massive particles in the data of the177

Pierre Auger Observatory and to derive constraints on the par-178

ticle physics and cosmological parameters governing the via-179

bility of the Planckian scenario of dark matter (DM). Ultra-180

high energy cosmic rays (UHECRs), those cosmic rays with181

energies above '108 GeV, are charged particles accelerated182

by electromagnetic fields in special astrophysical environ-183

ments. Still, the search for subdominant fluxes of particles that184

could reveal either some new mechanism of particle acceler-185

ation or new physics is continuously gaining sensitivity with186

the increased exposure of the Pierre Auger Observatory [1].187

Should one detect UHECRs, and in particular photons, clus-188

tered preferentially in the direction of the Galactic Center,189

then this could provide compelling evidence of the presence190

of super-heavy relics produced in the early universe and de-191

caying today [2, 3]. Such super-heavy particles have been192

proposed to form the DM [4–16].193

The nature of DM remains elusive. The leading benchmark194

relies on assuming the existence of weakly-interacting mas-195

sive particles (WIMPs) that were in equilibrium in the ther-196

mal bath of the early universe before dropping out of equilib-197

rium when the temperature became lower than their mass [17–198

19]. To explain the relic abundance of DM observed today, the199

mass of these particles should lie in the range 102–104 GeV,200

which is consistent with the expectations from the technical201

naturalness to have new physics at the TeV scale [20]. How-202

ever, WIMPs have escaped any detection so far [21–23]. All203

in all, the various null results give increasingly strong con-204

straints for the WIMPs to match the relic density. Although205

the exploration of the complete WIMP parameter space re-206

mains of great importance, the current lack of signal provides207

a motivation to consider alternative models of DM.208

There are good motives for considering super-heavy DM209

(SHDM) particles rather than WIMPs. New physics could210

manifest only at a very high energy scale, such as the GUT211

scale (MGUT) or even the Planck scale (MPl). Such a possi-212

bility has emerged from the estimation of the instability scale213

ΛI of the Standard Model (SM) that characterizes the scale214

at which the SM Higgs potential develops an instability at215

large field values. For the current values of the Higgs and top216

masses and the strong coupling constant, the range of ΛI turns217

out to be high, namely 1010 to 1012 GeV [24–26]. While the218

change of sign of the Higgs quartic coupling λ at that scale219

could trigger a vacuum instability due to the Higgs potential220

suddenly becoming unbounded from below, the running of λ221

for energies above ΛI turns out to be slow [24]. This pecu-222

liar behaviour leaves the possibility of extrapolating the SM223

to even higher energies than ΛI, up to MPl, with no need to in-224

troduce new physics to stabilize the SM. In this case, the mass225

spectrum of the dark sector could reflect the high energy scale226

of the new physics.227

Various mechanisms taking place at the end of the infla-228

tionary era in Big Bang cosmology are capable of producing229

SHDM particles. Inflation could be driven by the presence of230

a scalar field, the inflaton, which slowly rolled down its poten-231

tial during the inflationary era before reaching its minimum.232

The inflaton field then started coherent oscillations around its233

minimum potential and subsequently decayed into SM parti-234

cles that reheated the universe (the reheating era) while ther-235

malizing. The production of SHDM could have occurred in236

the same manner on the condition that the inflaton experienced237

a steep potential right after the period of slow-rolling motion238

so as to generate large-amplitude oscillations (see, e.g., [27]).239

The coupling between the inflaton and the particles is however240

required to be fine-tuned to a very small value to avoid over-241

shooting the DM content. Alternatively, SHDM could also242

be produced during the coherent oscillations of the inflaton243

prior to its decay, due to the “non-adiabatic” expansion of the244

background space-time acting on the vacuum quantum fluctu-245

ations [8, 28]. Particles with masses of the order of the infla-246

ton mass can result from this gravitational production mecha-247

nism. Constraints on such scenarios have already been placed248

using cosmic-ray data at ultra-high energies [29], and will be249

updated and complemented in a forthcoming publication. In250

this article and the accompanying Letter [30], we instead con-251

sider particles with masses anywhere between '108 GeV and252

MPl. These can have been produced after the period of infla-253

tion has ended by annihilation of SM particles through the254

exchange of a graviton [11], or by annihilation of inflaton255

particles through the same exchange of a graviton [16]. In256

this context, the only interaction between SM and dark sec-257

tors is gravitational. For this reason, these SHDM particles258

have been dubbed as Planckian-interacting massive particles259

(PIDM), and we shall use this term hereafter when we need260

to be specific to this minimal coupling for SHDM particles261

– keeping the term SHDM for setups with additional feeble262

couplings. The absence of DM-SM couplings is consistent263

with the large panoply of observational evidence for the exis-264

tence of DM based on gravitational effects alone. Once SM265

and inflaton particles have populated the dark sector prior to266

the radiation-dominated era, the abundance of PIDM particles267

set by the freeze-in mechanism [31–33] can evolve to match268

the relic abundance of DM inferred today for viable param-269

eters governing the thermal history and geometry of the uni-270

verse [11].271

The absence of direct coupling between PIDM and the SM272

(apart from gravitational) leaves only a few possible obser-273

vational signatures. The large values of the Hubble expan-274

sion rate at the end of inflation Hinf needed to match the relic275

abundance ΩCDMh imply tensor modes in the cosmological276

microwave background anisotropies that could be observed277

in the future [11]. On the other hand, even if the absence278

of direct interactions guarantees the stability of the particles279

in the perturbative domain, PIDM protected from decay by a280

symmetry can eventually disintegrate due to non-perturbative281

effects in non-abelian gauge theories and produce UHECRs282

such as (anti-)protons/neutrons, photons and (anti-)neutrinos.283

The aim of this study is to search for such signatures in the284

data from the Pierre Auger Observatory and to derive con-285

straints on the various particle-physics and cosmological pa-286

rameters governing the viability of the PIDM scenario for287

DM.288

The paper is organized as follows. In section II, we derive289
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upper limits on the flux of secondary by-products expected290

from the decay of the particles. We show in particular that291

the most stringent limits are provided by the absence of UHE292

photons. By relating, in the framework of instanton-induced293

decay, the lifetime of the particles to the coupling constant294

αX of a hidden sector pertaining to PIDM, the limits obtained295

in section II are shown in section III to be sufficient to pro-296

vide upper bounds on αX as a function of MX . Here αX is the297

gauge coupling constant of a hidden non-abelian symmetry298

possibly unified with SM interactions at a high scale. In sec-299

tion IV, we use the results obtained in [11, 16] for the PIDM300

scenario to relate the reheating temperature Trh (the tempera-301

ture at the end of the reheating era), the Hubble expansion rate302

Hinf and the mass of the particles MX to the relic abundance303

ΩCDMh = (0.1199± 0.0022) [34], with h being the dimen-304

sionless Hubble constant [34]. The relationship obtained is305

then used to delineate viable regions to these quantities and306

αX . In parallel, it is important to assess the possible impacts307

of inflationary cosmologies on the astronomically-long life-308

time of the vacuum of the SM [24, 35]. Large fluctuations of309

free fields generated by the dynamics on a curved background,310

because of the presence of a non-minimal coupling ξ between311

the Higgs field and the curvature of space-time, might indeed312

challenge this lifetime. Requiring the electroweak vacuum not313

to decay yields constraints between the non-minimal coupling314

and the Hubble rate at the end of inflation [36], which are315

propagated in the plane (ξ ,αX ) in section V. Finally, the re-316

sults are summarized in section VI.317

II. SEARCHES FOR SHDM/PIDM SIGNATURES AT THE318

PIERRE AUGER OBSERVATORY319

Regardless of the underlying model of particle physics that320

regulates the decay process of the SHDM particles, pairs321

of quarks and anti-quarks of any flavor are expected as by-322

products of disintegration. They give rise to a direct produc-323

tion of fluxes of UHE photons and neutrinos as well as to a324

cascade of partons that then produce a cascade of hadrons,325

among which are nucleons and pions, which themselves de-326

cay and generate copious fluxes of UHE photons and neutri-327

nos. All these secondaries can be scrutinized in UHECR data.328

A. Prediction of the fluxes of secondaries329

Secondaries are expected to be emitted isotropically, in pro-330

portion to the DM density accumulated in galaxy halos. For331

each particle i = {γ,ν ,ν ,N,N}, the flux as observed on Earth332

is dominated by the contribution of the Milky Way halo. It333

can be obtained by integrating the position-dependent emis-334

sion rate qi per unit volume and unit energy along the path in335

the direction n,336

Ji(E,n) =
1

4π

∫
∞

0
ds qi(E,x�+xi(s;n)). (1)337

Here, x� is the position of the Solar system in the Galaxy, s is338

the distance from x� to the emission point, and n≡ n(`,b) is339

 
X

x=2E/M

-10
10

-9
10

-8
10

-7
10

-6
10

-5
10

-4
10

-3
10

-2
10

-1
10 1

dN
/d

x

-1
10

4
10

9
10

14
10

19
10

nucleons
γ
ν

Figure 1. Energy spectra of decay by-products of an SHDM particle
(MX = MPl here) in the qq̄ channel, based on the hadronization pro-
cess described in [37].

a unit vector on the sphere pointing to the longitude ` and lat-340

itude b, in Galactic coordinates. The 4π normalisation factor341

accounts for the isotropy of the decay processes.342

The emission rate is shaped by the DM density nDM, more343

conveniently expressed in terms of energy density ρDM =344

MX nDM, and by the differential decay width into the particle345

species i as346

qi(E,x) =
ρDM(x)

MX

dΓi(E;MX )

dE
. (2)347

The ingredients are thus well separated in terms of astrophys-348

ical and particle-physics inputs. There are uncertainties in the349

determination of the profile ρDM. We use here the traditional350

NFW profile as a reference [38],351

ρDM(R) =
ρs

(R/Rs)(1+R/Rs)2 , (3)352

where R is the distance to the Galactic center, Rs = 24 kpc,353

and ρs is fixed by the DM density in the solar neighborhood,354

namely ρ� = 0.3 GeV cm−3. There are uncertainties in the355

determination of this profile. We will use other profiles such356

as those from Einasto [39], Burkert [40] or Moore [41] as357

sources of systematics. The other ingredient shaping the emis-358

sion rate is the particle-physics factor that regulates the fluxes359

of secondary UHECRs from the decay of the super-heavy par-360

ticles. In most of SHDM models, the decay is assumed to361

occur initially in the parton/anti-parton channel (refereed to362

as qq channel). The factor is then the (inclusive) differential363

decay width into secondary i that accounts for the parton cas-364

cade and hadronization process. For a particle with mass MX365

decaying into partons a that hadronize into particles of type366

h, the differential width dΓi/dE relies primarily on the hadron367

energy spectrum, which can be written as [42]368

dNh(x,M2,M2
X )

dx
= ∑

a

∫ 1

x

dz
z

1
Γa

dΓa(y,M2
X )

dy

∣∣∣∣∣
y=x/z

Dh
a(z,M

2).

(4)369
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Figure 2. Signal term of the directional density, δ µ(n,E = 32EeV),
as expected to be observed at the Pierre Auger Observatory in galac-
tic coordinates.

Here, x= 2Eh/MX , z=Eh/Ea and y= x/z are the various frac-370

tions of available maximum momentum and primary parton371

momentum carried by the hadron under scrutiny. To lowest or-372

der for a two-body decay, the decay width of the particle into373

parton a, dΓa/dy, is proportional to δ (1−y), so that dNh/dx is374

then proportional to ∑a Dh
a(x,M

2), the constant of proportion-375

ality being the inverse of the number of quark flavors nF [43].376

The Dh
a(z,M

2) functions are the fragmentation functions for377

hadrons of type h from partons a, with M2 the factorisation378

scale chosen to be M2 ' M2
X . These functions are evolved,379

starting from measurements at the electroweak scale up to the380

energy scale fixed by MX , using the DGLAP equation to ac-381

count for the splitting function that describes the emission of382

parton k by parton j. The energy spectra of photons, neutri-383

nos and nucleons, dNi/dx with i = {γ,ν ,N}, then follow from384

the subsequent decay of unstable hadrons. Among the various385

computational schemes [37, 44–47], there is a general agree-386

ment for these spectra to be of the form E−1.9. We use the387

scheme of Ref. [37] in this study, which is illustrated for the388

quark/anti-quark channel in Fig. 1 in terms of dNi/dx. Note389

that to study decays into p quarks/anti-quarks pairs (p > 1),390

the phase space factor entering into Eq. (4) through the width391

dΓa/dy then scales as (2p−1)(2p−2)z(1− z)2p−3 [44].392

All in all, this allows us to express qi as393

qi(E,x) =
ρDM(x)
MX τX

dNi(E;MX )

dE
, (5)394

with τX = Γ
−1
X the lifetime of the X particles. The salient395

features of the flux from the decay by-products of super-heavy396

particles are thus the presence of 2-to-3 (3-to-4) times more397

photons (neutrinos) than nucleons on the one hand, and its398

peculiar directional dependency.399

B. Search for secondaries from the decay of SHDM in data of400

the Observatory401

The features described above can give rise to observational402

signatures that can be captured at the Pierre Auger Observa-403

tory, located in the province of Mendoza (Argentina) and cov-404

ering 3000 km2 [1]. UHECRs can only be studied through405

the detection of the showers of particles they create in the406

atmosphere. As the cascade develops, nitrogen and oxygen407

molecules get excited by the many ionizing electrons created408

along the shower track. The ultraviolet fluorescence caused by409

the subsequent de-excitation of the molecules can be detected410

by telescope stations, made up of arrays of several hundreds411

of photomultiplier tubes that, thanks to a set of mirrors, each412

monitor a small portion of the sky. The isotropic emission en-413

ables observing the cascades side-on up to 30 or 40 km away414

on moonless nights and thus the reconstruction of the longi-415

tudinal profile of the showers. This reconstruction allows the416

inference of both the energy of the showers in a calorimetric417

way, without recourse to external information to calibrate the418

energy estimator, and the slant depth of maximum of shower419

development, (Xmax), which is a proxy, the best available to420

now, of the primary mass of the particles. Complementing421

the fluorescence detectors, particle detectors deployed on the422

ground can be operated with a quasi-permanent duty cycle and423

thus provide a harvest of data. The subset of events detected424

simultaneously by the fluorescence and the surface detectors425

is used to develop a calibration curve such that an energy es-426

timate can be assigned to each event [48–50]. Such a hybrid-427

detection approach is advantageous for providing a calorimet-428

ric estimate of the energy for events recorded during periods429

when the telescopes cannot be operated, thus avoiding as-430

sumptions about the primary mass and the hadronic processes431

that control the shower development to infer the energies.432

The Pierre Auger Observatory is such a hybrid system. The433

array of particle detectors is made of 1600 water-Cherenkov434

detectors deployed on a 1500 m triangular grid. The array435

is overlooked from four stations, each containing six tele-436

scopes used to detect the emitted fluorescence light. The en-437

ergy resolution achieved is 10% above 1010 GeV [48]. The438

integrated exposure of the Observatory over the last 17 years,439

122 000 km2 sr yr, has enabled us to measure the arrival di-440

rections, within 1◦ [51], of more than 2 600 UHECRs above441

3.2×1010 GeV. This data set, the largest available at such ener-442

gies, is used to search for a component of UHECRs following443

the arrival direction pattern predicted by Equation (1). Pre-444

vious related searches have been conducted using much more445

modest data sets [52–57]. The high energy thresholds con-446

sidered here, namely from 1010.5 GeV to 1010.9 GeV, allow us447

to minimize the uncertainties inherent in the modelling of the448

Galactic magnetic field bending the (anti-)proton trajectories.449

A thorough exploration of the entire energy range accessible450

to the Observatory is left for a future study.451

To search for a sub-dominant directional dependency sug-452

gestive of a DM signal, the set of observed arrival directions is453

required to match in the best possible way a directional den-454

sity µ(n,E) ≡ µ(n,>E) that consists of the sum of a back-455

ground density and a signal density built from Eq. (1). The456

balance between the two contributions is left free and denoted457

as ζ . As the dependencies with energy of the background458

and of the signal terms are different, the resolution effects459

(in energy) are expected to distort the balance parameter. A460

forward-folding of the detector effects is thus carried out to461

build µ(n,E;ζ ). Under these conditions, the isotropic back-462

ground density above an energy threshold E, µbkg(n,E;ζ ), is463

modelled as464
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µbkg(n,E;ζ ) = ω(n)
∫
>E

dE ′
∫

dE0 Jbkg(E0;ζ ) κbkg(E ′,E0), (6)465

where ω(n) is the directional exposure [58], Jbkg(E0;ζ ) is the energy spectrum of the background built such that the total energy466

spectrum J(E) reported in Ref. [48] is the sum of the background and the signal contributions,467

Jbkg(E0;ζ ) = J(E)− ζ

4π

∫
dn ∑

i
Ji(E,n), (7)468

and κbkg(E ′,E0) is the response function of the detector. In the energy range of interest, the latter reduces to a pure resolution469

function [48]. The signal term, on the other hand, is given by470

δ µ(n,E;ζ ) = ζ ω(n)
∫
>E

dE ′
∫

dE0 ∑
i

Ji(E0,n)κi(E ′,E0). (8)471

Both the response function and the “lookback position” of the472

particles in the Galaxy detected in the direction n, xi(s;n),473

depend on the nature of the particles:474

• photons: a resolution function κγ accounts for a475

bias (factor 2 at 30 EeV decreasing smoothly to 1476

at 100 EeV) [59], while the lookback position is via477

straight-line motion, xn(s) = sn.478

• (anti-)neutrons: the resolution function is approximated479

by that of the background, κn = κbkg, while the look-480

back position is via straight-line motion, xn(s) = sn.481

The attenuation is neglected given the large decay-482

length value in the energy range scrutinized.483

• (anti-)protons: the resolution function is approximated484

by that of the background, κp = κbkg, while the look-485

back position is using the well-established method that486

consists of retro-propagating protons and anti-protons487

from the Earth, counting the time spent in ρDM before488

exiting the Galaxy [60]. The magnetic field model con-489

tains the so-called JF12 regular component [61] and a490

turbulent one, the amplitude of which is fixed to equal491

the envelope of the regular field.492

• (anti-)neutrinos: they are not accounted for in this493

anisotropy-search analysis, given the absence of a con-494

tribution to the observed number of events.495

The resulting density δ µ(n,E) is shown in Fig. 2 for E =496

32 EeV. The final density fitted to the data through a likelihood497

function L(ζ ) = ∏events µ(ni,E;ζ ) is normalised to 1 when498

integrated over arrival directions,499

µ(n,E;ζ ) =
µbkg(n,E;ζ )+δ µ(n,E;ζ )∫

dn µ0(n,E;ζ )+
∫

dnδ µ(n,E;ζ )
. (9)500

The analysis is performed for energy thresholds spaced by501

∆ lgE = 0.1. The largest deviation from the no-signal hypoth-502

esis is insignificant (within 2σ ) for lg(E/GeV)= 10.7. Upper503

limits at 90% C.L. on the all-sky-averaged JDM(E)≡∑i Ji(E)504

flux are then obtained by solving with Monte Carlo simula-505

tions the equation
∫
≥Ldata

dL p(L (ζ90)) = 0.90 and are re-506

ported as the red filled circles in Fig. 3.507

Apart from the anisotropies present in the arrival directions,508

another signature in favor of the decay of SHDM particles509

would be the presence of UHE photons in the data of the Ob-510

servatory. The identification of photon primaries relies on the511

ability to distinguish the showers generated by photons from512

those initiated by the overwhelming background of nuclei.513

Since the radiation length in the atmosphere is more than two514

orders of magnitude smaller than the mean free path for photo-515

nuclear interactions, the transfer of energy to the hadron/muon516

channel in photon showers is reduced with respect to the bulk517

of hadron-induced showers, resulting in a lower number of518

secondary muons. Additionally, as the development of pho-519

ton showers is delayed by the typically small multiplicity of520

electromagnetic interactions, they reach Xmax deeper in the at-521

mosphere with respect to showers initiated by hadrons. Both522

the ground signal and Xmax can be measured at the Observa-523

tory. Although showers are observed at a fixed slice in depth524

with the array of particle detectors, the longitudinal develop-525

ment is embedded in the signals detected. The fluorescence526

and particle detectors are complemented with the low-energy527

enhancements of the Observatory, namely three additional flu-528

orescence telescopes with an elevated field of view, overlook-529

ing a denser array of particle detectors, in which the stations530

are separated by 750 m. The combination of these instruments531

allows showers to be measured in the energy range above532

108 GeV.533

Three different analyses, differing in the detector used,534

have been developed to cover the wide energy range probed535

at the Observatory and have been reported in Ref. [62–64].536

No photons with energies above 2×108 GeV have been un-537

ambiguously identified so far, leading to the 95% C.L. flux538

upper limits displayed in Fig. 3 as the filled blue squares.539

The limit above 1011.2 GeV (green triangle), stemming from540

the non-detection so far of any UHECR [48], including pho-541

tons, is also constraining [47, 65]. In the energy range above542

2×1010 GeV, the limits on photon fluxes are observed to be543

much more constraining than those inferred from the absence544

of significant anisotropies. This is because the accumulated545

exposure to photons enables us to probe fluxes less than a few546

percent of that of UHECRs, while the current sensitivity to547

anisotropies does not allow for capturing an amplitude less548

than 10 to 15% of the UHECR flux.549
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Figure 3. Upper limits on secondaries produced from the decay of
SHDM particles.

Finally, (anti-)neutrinos, another emblematic signature of550

SHDM particle decays, can also be identified at the Observa-551

tory. Neutrinos of all flavors can interact in the atmosphere552

through charged- or neutral-current interactions and induce a553

“downward-going” shower that can be detected [66]. In addi-554

tion, tau neutrinos (ντ ) can undergo charged-current interac-555

tions and produce a τ lepton in the Earth’s crust that eventually556

decays in the atmosphere, inducing an upward-going shower557

[67]. Tau neutrinos are not expected to be copiously pro-558

duced at the astrophysical sources; yet approximately equal559

fluxes for each neutrino flavour should reach the Earth as a re-560

sult of neutrino oscillations over cosmological distances [68–561

70]. The identification of neutrinos relies on salient zenith-562

dependent features of air showers. For highly-inclined cas-563

cades (zenith angle larger than 60◦), neutrino-induced show-564

ers initiated deep in the atmosphere near ground level have565

a significant electromagnetic component when they reach the566

array of particle detectors, producing signals that are spread567

over time. In contrast, inclined showers initiated at a shallow568

depth in the atmosphere by the bulk of UHECRs are domi-569

nated by muons at the ground level, inducing signals in the570

particle detectors that have characteristic high peaks associ-571

ated with individual muons, which are spread over smaller572

time intervals. Thanks to the fast sampling (25 ns) of the dig-573

ital electronics of the detectors, several observables that are574

sensitive to the time structure of the signal can be used to dis-575

criminate between these two types of showers.576

Neutrino limits obtained at the Observatory [71] are also577

displayed in Fig. 3 as the continuous line. Except at the low-578

est energies, these limits are seen to be superseded by photon579

limits in the search for SHDM by-product decays.580

III. CONSTRAINTS ON GAUGE COUPLING IN THE581

DARK SECTOR582

A. Pertubative-decay processes583

Some SHDM models postulate the existence of super-weak584

couplings between the dark and SM sectors. The lifetime τX585

of the particles is then governed by the strength of the cou-586

plings gXΘ (or reduced couplings αXΘ = g2
XΘ

/(4π)) and by587

the mass dimension n of the operator Θ standing for the SM588

fields in the effective interaction [72]. Even without know-589

ing the theory behind the decay of the DM particle, we can590

derive generic constraints on αXΘ and n. The effective inter-591

action term that couples the field X associated with the heavy592

particle to the SM fields is taken as593

Lint =
gXΘ

Λn−4 XΘ, (10)594

where Λ is an energy parameter typical of the scale of the new595

interaction. In the absence of further details about the oper-596

ator Θ, the matrix element describing the decay transition is597

considered flat in all kinematic variables so that it behaves as598

|M |2 ∼ 4παXΘ/Λ2n−4. On the basis of dimensional argu-599

ments, the lifetime of the particle X is then given as600

τXΘ =
Vn

4πMX αXΘ

(
Λ

MX

)2n−8

, (11)601

where Vn is a phase space factor. As a proxy for this factor,602

we use the expression derived for N− 1 particles in the final603

state [73],604

Vn =

(
2
π

)n−1

Γ(n−1)Γ(n−2), (12)605

with Γ(x) the Euler gamma function.606

Equation (11) provides us with a relationship connecting607

the lifetime τXΘ to the coupling constant αXΘ and to the di-608

mension n.609

From Eq. (11), it is apparent that the coupling constant αXΘ610

and the dimension n have to take specific values for super-611

heavy particles to be stable enough [4, 72]. We now show that612

the absence of UHE photons provides powerful data to infer613

the viable range of values. Assuming that the relic abundance614

of DM is saturated by SHDM, constraints can be inferred in615

the plane (τXΘ,MX ) by requiring the flux calculated by aver-616

aging Equation (1) over all directions to be less than the limits,617

618 ∫
∞

E
dE ′〈Jγ(E ′,n)〉 ≤ J95%

γ (≥E), (13)619
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where 〈·〉 stands for the average over all directions. In prac-620

tice, for a specific upper limit at one energy threshold, a lower621

limit of the τXΘ parameter is derived for each value of mass622

MX . The lower limit on τXΘ is subsequently transformed into623

an upper limit on αXΘ by means of Eq. (11). This defines a624

curve in the plane (τXΘ,MX ). By repeating the procedure for625

each upper limit on J95%
γ (≥ E), a set of curves is obtained, re-626

flecting the sensitivity of a specific energy threshold to some627

range of mass. The union of the excluded regions finally pro-628

vides the constraints in the plane (αXΘ,MX ). In this man-629

ner we obtain the contour lines shown in Fig. 4 for several630

values of n and for an emblematic choice of GUT Λ value.631

The scale chosen for αXΘ ranges from 1 down to 10−5. It is632

observed that for the limits on photon fluxes to be satisfied,633

the mass of the super-heavy particle cannot exceed &109 GeV634

(&1011 GeV) for operators of dimension equal to or larger635

than n = 8 (n = 10), while larger masses require an increase636

in n. To approach the large masses while keeping operators637

of dimension relatively low, “astronomically-small” coupling638

constants should be at work. The same conclusions hold for639

other choices of Λ. All in all, for perturbative processes to640

be responsible for the decay of SHDM particles requires quite641

“unnatural” fine-tuning.1642

B. Instanton-induced decay processes643

The sufficient stability of super-heavy particles is better644

ensured by a new quantum conserved in the dark sector so645

as to protect the particles from decaying. The only interac-646

1 See, however, Ref. [74] for a model in which SHDM couples to the neutrino
sector.
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tion between the dark sector and the SM one is then gravi-647

tational, as in the PIDM instance of SHDM models. Never-648

theless, even stable particles in the perturbative domain will649

in general eventually decay due to non-perturbative effects in650

non-abelian gauge theories. Such effects, known as instan-651

tons [75–77], provide a signal for the occurrence of quan-652

tum tunneling between distinct classes of vacua, forcing the653

fermion fields to evolve during the transitions and leading654

to the generation of particles depending on the associated655

anomalous symmetries [78]. Instanton-induced decay can656

thus make observable a dark sector of PIDM particles that657

would otherwise be totally hidden by the conservation of a658

quantum number. Following Ref. [79], we assume quarks659

and leptons carry this quantum number and so contribute to660

anomaly relationships with contributions from the dark sec-661

tor,2 they will be secondary products in the decays of PIDM662

together with the lightest hidden fermion. The presence of663

quarks and leptons in the final state is sufficient to make usable664

the hadronization process described in Section II. The exact665

particle content is governed by selection rules arising from the666

instanton transitions that are regulated by the fermions cou-667

pled to the gauge field of the dark sector. As a proxy inspired668

from Ref. [79], we assume here that a dozen of qq̄ pairs are669

produced in the decay process and that half of the energy goes670

into the dark sector.671

The lifetime of the decaying particle follows from the cor-672

responding instanton-transition amplitude obtained as a semi-673

classical expansion of the associated path integral about the674

2 Alternatively, the particles of the dark sector could carry some SM hyper-
charge.
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instanton solution, which provides the zeroth-order contribu-675

tion that depends exponentially on g−2
X [78]. It is the introduc-676

tion of this exponential factor in the effective interaction term677

that suppresses to a large extent the fast decay of the particles.678

Considering this zeroth-order contribution only, and recasting679

the expression in terms of the reduced coupling constant of680

the hidden gauge interaction αX , the lifetime of the particles681

is given as682

τX 'M−1
X exp(4π/αX ). (14)683

In this expression, we dropped, following Ref. [79], the func-684

tional determinants arising from the effect of quantum fluc-685

tuations around the (classical) contribution of the instanton686

configurations. Those from the Yang-Mills gauge fields yield687

a dependency in (4παX )
5+n1 in Eq. (14) with n1 = 3 (7) for688

SU(2) (SU(3)) theories for instance, a dependency that is neg-689

ligible compared to the exponential one in α
−1
X . Other func-690

tional determinants arise from the exact content of fields of the691

underlying theory. Again, the constraints inferred on αX us-692

ing Eq. (14) are barely changed for a wide range of numerical693

factors given the exponential dependency in α
−1
X .694

Eq. (14) provides us with a relationship connecting the life-695

time τX to the coupling constant αX . In the same way as in the696

perturbative case above, upper limits on αX can be obtained.697

They are shown as the shaded red area in Fig. 5. Our results698

show that the coupling should be less than ' 0.09 for a wide699

range of masses. As already stated, numerical factors could700

however arise in Equation (14) depending on the underlying701

model for the hidden gauge sector. For example, for a theory702

with a hidden Higgs field responsible for mass generation in703

the dark sector, the factors would involve the ratio between704

the mass of the lightest dark state and the energy scale of new705

physics through the vacuum expectation value [81]. Such ex-706

plicit constructions of the dark sector are, however, well be-707

yond the scope of this experimental study. Although the limits708

presented in Fig. 5 are hardly destabilized due to the expo-709

nential dependence in α
−1
X , we note that a shift of ±0.0013k710

for factors 10±k and limit ourselves to showing in dotted and711

dashed lines the bounds that would be obtained for k = 2 and712

k = 4, respectively. These factors are by far the dominant sys-713

tematic uncertainties.714

IV. CONSTRAINTS ON THE PRODUCTION OF PIDM715

PARTICLES DURING REHEATING716

We now turn to the connection between the results pre-717

sented in Fig. 5 and the scenarios of inflationary cosmologies.718

In addition to the instanton-mediated decays, PIDM particles719

can interact gravitationally. Two recent studies [11, 16] have720

shown that the gravitational interaction alone may have been721

sufficient to produce the right amount of DM particles at the722

end of the inflation era for a wide range of high masses, up723

to MGUT. PIDM particles are naturally part of this scheme.724

While the observation of UHE photons could open a window725

to explore high-energy gauge interactions and possibly GUTs726

effective in the early universe, the constraints inferred on αX727

allow us to probe the gravitational production of PIDM. We728

give below the main steps to derive an expression (Eq. (19))729

relating the present-day relic abundance of DM to the mass730

MX and other relevant parameters; more details can be found731

in Refs. [11] and [16].732

PIDM particles are assumed to be produced by annihila-733

tion of SM particles [11] or of inflaton particles [16] through734

the exchange of a graviton after the period of inflation has735

ended at time H−1
inf . In this context, SM particles are created736

by the decay of coherent oscillations of the inflaton field, φ ,737

with width Γφ , which is regulated by the coupling of the infla-738

ton to SM particles gφ and its mass Mφ as Γφ = g2
φ

Mφ/(8π).739

They subsequently scatter and thermalize until the reheating740

era ends at time Γ
−1
φ

when the radiation-dominated era begins741

with temperature Trh. This latter parameter, given by742

Trh ' 0.25ε(MPlHinf)
1/2 (15)743

with ε = (Γφ/Hinf)
1/2 the efficiency of reheating, is obtained744

by assuming an instantaneous conversion of the energy den-745

sity of the inflaton into radiation for a value of the cosmolog-746

ical scale factor a such that the expansion rate Hinf equates747

with the decay width Γφ [82]. Here, the number of degrees of748

freedom at reheating has been assumed to be that of the SM.749

For an instantaneous reheating to be effectively achieved, ε750

must approach 1, which, from the expression of Γφ , requires751

Mφ to be of order of Hinf and gφ not too weak. In the follow-752

ing, both Hinf and ε will be considered as free parameters to753

be constrained.754

The dynamics of the reheating period are quite in-755

volved [27, 83].3 As the SM particles thermalize, the plasma756

temperature rises rapidly to a maximum before subsequently757

decreasing as T (a) ∝ a−3/8,758

T (a)' 0.2(εMPlHinf)
1/2
(

a−3/2−a−4
)1/4

. (16)759

The a−3/8 scaling continues until the age of the universe760

is equal to Γ
−1
φ

, signaling the beginning of the radiation-761

dominated era at temperature Trh. During this period, the762

Hubble rate H(a) scales as the square root of the en-763

ergy density of the inflaton, ρφ , which itself scales as764

ρinf(ainf/a)3. Consequently, H(a) evolves as a−3/2, namely765

H(a) = Hinf(a/ainf)
−3/2 with ainf being the scale factor at766

the end of inflation. After reheating, both the tempera-767

ture and the Hubble rate follow the standard evolution in a768

radiation-dominated era, namely T (a) ∝ Trharh/a and H(a) =769

Hinfε
2(a/arh)

−2. The scale factor at the end of reheating is770

arh = ε−4/3ainf, guaranteeing the continuity of H(a).771

With these reheating dynamics in hand, the relic abundance772

of PIDM particles can be estimated. The energy density of773

the universe is then in the form of unstable inflaton particles,774

SM radiation and stable massive particles, the time evolution775

of which is governed by a set of coupled Boltzmann equa-776

tions [27]. However, because the energy density of the mas-777

sive particles is always sub-dominant, the evolution of the778

3 Note that we consider throughout this section, as in [27, 83], an equation
of state w = 0 for the inflaton field dynamics.
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Figure 6. Constraints in the (Hinf,MX ) plane. The red region is ex-
cluded by the non-observation of tensor modes in the cosmic mi-
crowave background [11, 84]. The regions of viable (Hinf,MX ) val-
ues needed to set the right abundance of DM are delineated by the
curves for different values of reheating efficiency ε [85] from dark
blue (ε = 1) to lighter ones (ε = 10−4), while values above (below)
the lines lead to overabundance of (negligible quantity of) DM. Ad-
ditional constraints from the non-observation of instanton-induced
decay of SHDM particles allow for excluding the mass ranges in the
regions to the right of the vertical lines, for the specified value of the
dark-sector gauge coupling.

inflationary and radiation energy densities largely decouple779

from the time evolution of the X-particle density nX . In addi-780

tion, because PIDM particles interact through gravitation only,781

they never come to thermal equilibrium. In this case, the col-782

lision term in the Boltzmann equation can be approximated as783

a source term only,784

dnX (t)
dt

+3H(t)nX (t)'∑
i

n2
i (t)γi. (17)785

Here, the sum in the right hand side stands for the contribu-786

tions from the SM and inflationary sectors. In the SM sector,787

ni = m2
X T K2(MX/T )/(2π2) [6], with K2(x) being the modi-788

fied Bessel function of the second kind, and γi = 〈σv〉 is the789

thermal-averaged cross section times velocity describing the790

SM+SM→PIDM+PIDM reaction [11, 85], which behaves as791

M2
X/M4

Pl for MX � T and as T 2/M4
Pl for MX � T . In the infla-792

tionary sector, ni = ρinf(ainf/a)3/Mφ , with Mφ = 3×1013 GeV793

in the following, and the production rate γi describes the794

φ + φ →PIDM+PIDM reaction [16]. In both SM and infla-795

tionary sectors, the production rates γi for fermionic DM are796

considered in the following. Introducing the dimensionless797

abundance YX = nX a3/T 3
rh to absorb the expansion of the uni-798

verse, and using aH(a)dt = da from the definition of the Hub-799

ble parameter, Eq. (17) becomes800

dYX (a)
da

' a2

T 3
rhH(a) ∑

i
n2

i (a)γi, (18)801

which, using the dynamics of the expansion rate during re-802

heating described above, yields the present-day dimensionless803

abundance YX ,0 assuming YX ,inf = 0. The present-day relic804

abundance, ΩCDM, can then be related to MX , Hinf, and ε805

through [11]806

ΩCDMh2 = 9.2×1024 ε4MX

MPl
YX ,0. (19)807

The viable (Hinf,MX ) parameter space is delineated by808

the curves corresponding to different values of ε in Fig. 6,809

from dark blue (ε = 1) to lighter ones (ε = 10−4). As810

the source term in the r.h.s. of Eq. (17) raises faster with811

Hinf than T 3
rhH(a), YX is a rising function of Hinf, and val-812

ues for (Hinf,MX ) above (below) the lines lead to overabun-813

dance of (negligible quantity of) DM. For high efficiencies814

(corresponding to short duration of the reheating era), the815

SM+SM→PIDM+PIDM reaction allows for a wide range of816

MX values to fulfill Eq. (19). For MX to be around the GUT817

scale, the expansion rate Hinf (being the proxy of the energy818

scale of the inflation) must be sufficiently high. Arbitrarily819

large values of Hinf are however not permitted because of the820

95% C.L. limits on the tensor-to-scalar ratio in the cosmic mi-821

crowave background anisotropies, which, once converted into822

limits on the energy scale of inflation when the pivot scale ex-823

its the Hubble radius [11, 84], yield Hinf ≤ 4.9×10−6MPl. For824

efficiencies below ' 0.01, the φ + φ →PIDM+PIDM reac-825

tion allows for solutions in a narrower range of the (Hinf,MX )826

plane, with in particular MX ≤Mφ as a result of the kinematic827

suppression in the corresponding rate γi [16].828

A clear signature of the PIDM scenario could be the detec-829

tion of UHE photons produced by the instanton-induced decay830

of the PIDM particles – so that no coupling between the sec-831

tors is required except gravitation. The excluded mass ranges832

obtained from the non-observation of instanton-induced de-833

cay of PIDM particles are regions to the right of the verti-834

cal lines for different values of dark-sector gauge coupling.835

While the range of MX extends from (well) below 108 GeV836

to '1017 GeV in the case of instantaneous reheating (ε = 1)837

and αX ≤ 0.085, the parameter space is observed to shrink for838

longer reheating duration and larger dark-sector gauge cou-839

pling. With the current sensitivity, there are no longer pairs840

of values (Hinf,MX ) satisfying Eq. (19) for (ε ≥ 0.01,αX ≥841

0.10).842

The allowed range of (ε,αX ) values is better appreciated in843

Fig. 7 for three values of Hinf. All regions under the lines are844

excluded. For Hinf = 109 GeV, the relic density can match the845

present-day one provided that MX ranges between '1011 and846

'1014 GeV, αX is less than '0.094, and the efficiency ε is847

larger than '30%; otherwise the PIDM scenario cannot hold848

to explain the (entire) DM content observed today in the uni-849

verse. For larger values of Hinf, the allowed range of (ε,αX )850

gets larger as well as the allowed range of MX . Larger values851

of αX are possible on the condition of having ε larger than852

' 0.13% (2.7%) for Hinf = 1013 GeV (1011 GeV). However,853

note that the available parameter space shrinks significantly by854

restricting the allowed mass range to high values. For the mass855

of the PIDM particles to lie above MGUT for instance, the al-856

lowed range of (ε,αX ) values then becomes (≥ 0.30,≤ 0.087)857

for Hinf = 1013 GeV. Probing such a value of Hinf will be pos-858

sible with the increased sensitivity to the tensor-to-scalar ra-859
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Planckian-interactive massive particles as DM delineated for three
examples of Hinf. All regions under the lines are excluded.

tio through the B-mode polarisation of the cosmic microwave860

background anisotropies in the next decade [86, 87]. In par-861

allel, the sensitivity to UHE photons will also improve thanks862

to the planned UHECR observatories [88, 89]. Hence the pa-863

rameter space allowing for GUT scale masses will be explored864

and could be either uncovered or significantly shrunk.865

V. CONSTRAINTS FROM SM STABILITY DURING866

INFLATION867

As previously stated, the SM Higgs potential develops an868

instability at large field value. As a consequence, the SM elec-869

troweak vacuum does not correspond to minimum energy, but870

to a metastable state. Still, a quantitative estimation of its rate871

of quantum tunnelling into a lower energy state in flat space-872

time leads to a lifetime comfortably larger than the age of the873

universe [24, 35]. Such an astronomically-long lifetime is not874

challenged in the cosmological context due to thermal fluc-875

tuations allowing the decay when the temperature was high876

enough [90]. Yet, it might be challenged due to large fluctu-877

ations of free fields generated by the dynamics on a curved878

background because of the presence of a non-minimal cou-879

X
α

0.08 0.085 0.09 0.095 0.1 0.105

ξ

-0.4

-0.2

0

0.2  = 0.01ε

 = 1ε = 0.1ε

conformal coupling

Figure 8. Constraints from vacuum stability in the PIDM scenario.
The excluded ranges of (ξ ,αX ) values for the scenario of Planckian-
interactive massive particles as DM is delineated for three examples
of ε – see text for details. For reference, the non-minimal value for
ξ expected from conformal theories is shown as the dashed line.

pling ξ between the Higgs field and the curvature of space-880

time during the inflation period. In such a case, new degrees881

of freedom at an intermediate scale below ΛI would be neces-882

sary to stabilize the SM and the PIDM scenario would some-883

how be invalidated.884

The size of the field fluctuations aforementioned are crit-885

ically determined by the Hubble rate parameter Hinf, which886

governs the dynamics of the SM Higgs during inflation. The887

requirement for the electroweak vacuum to maintain its astro-888

nomical lifetime allows constraints between the non-minimal889

coupling ξ and the Hubble rate Hinf in viable regions. Sta-890

bility bounds have been derived in the (ξ ,Hinf) plane by ac-891

counting for the curvature-dependent effective potential of the892

Higgs up to one-loop order [36]. They can be propagated into893

the (ξ ,αX ) plane. To do so, a scan in the variable αX is per-894

formed. For each value of αX , the corresponding upper limit895

on MX as obtained from Eq. (14) is used in Eq. (19) to deter-896

mine the viable Hinf value, which is finally used to read the897

associated range of allowed values for ξ from [36]. We show898

the result of the analysis in Fig. 8 for three different values of899

efficiency. For ε = 1, the lower-right region delineated by the900

black curve is excluded. For ε = 0.1, the exclusion zone de-901

lineated by the red curve is enlarged. Finally, for ε = 0.01, the902

exclusion zone is delineated by the yellow curve: there are no903

possible values in the region (ξ . 0.07,αX & 0.099) for the904

PIDM scenario to hold.905

For reference, the value of ξ = 1/6 that corresponds to906

a conformally-invariant coupling is shown as the dashed907

line. The experimental bounds from the LHC are |ξ | .908

2.6×1015 [91].909
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VI. CONCLUSION910

In this paper, we have considered a class of SHDM911

scenarios in which the DM lifetime is stabilized due to having912

no charges under SM interactions. In this case, DM may913

interact with SM particles through instantons of a gauge914

group describing the dark sector or only gravitationally. We915

obtained constraints on the masses and couplings in such916

PIDM scenarios by exploiting the limits placed on the flux of917

UHE photons using the data of the Pierre Auger Observatory.918

In this case, super-heavy particles with masses as large as the919

GUT energy scale could be sufficiently abundant to match920

the DM relic density, provided that the inflationary energy921

scale is high (Hinf ∼ 1013 GeV) and the reheating efficiency922

is high (so that reheating is quasi-instantaneous). This rules923

out values of the dark-sector gauge coupling greater than924

' 0.09. The mass values could however be smaller, relaxing925

the constraints on the efficiency. For more moderate values926

of ε , the need to avoid more than one bubble nucleation event927

in the observable universe during inflation implies then that928

the non-minimal coupling of the Higgs to the curvature is929

more than a few percent. It is likely that the examples of930

constraints inferred on models of dark sectors and physics931

in the reheating epoch in the framework of inflationary932

cosmologies only scratch the surface of the power of limits933

on UHE photon fluxes to constrain physics otherwise beyond934

the reach of laboratory experiments.935

936

Acknowledgments. The successful installation, commis-937

sioning, and operation of the Pierre Auger Observatory would938

not have been possible without the strong commitment and939

effort from the technical and administrative staff in Malargüe.940
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