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D. Nosek,89 V. Novotny,89 L. Nožka,47 A Nucita,58, 45 L.A. Núñez,90 C. Oliveira,59 M. Palatka,21 J. Pallotta,88 P. Papenbreer,42
35
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Instantons, which are non-perturbative solutions to Yang-Mills equations, provide a signal for the occurrence161

of quantum tunneling between distinct classes of vacua. They can give rise to decays of particles otherwise162

forbidden. Using data collected at the Pierre Auger Observatory, we search for signatures of such instanton-163

induced processes that would be suggestive of super-heavy particles decaying in the Galactic halo. These164

particles could have been produced during the post-inflationary epoch and match the relic abundance of dark165

matter inferred today. The non-observation of the signatures searched for allows us to derive a bound on the166

reduced coupling constant of gauge interactions in the dark sector: αX . 0.09, for 109 . MX/GeV < 1019.167

Conversely, we obtain that, for instance, a reduced coupling constant αX = 0.09 excludes masses MX & 3×168

1013 GeV. In the context of dark matter production from gravitational interactions alone, we illustrate how these169

bounds are complementary to those obtained on the Hubble rate at the end of inflation from the non-observation170

of tensor modes in the cosmological microwave background.171

Should a flux of astrophysical photons with energies in172

excess of ' 108 GeV be detected, it could be compelling173

∗ spokespersons@auger.org; http://www.auger.org

evidence for the decay of super-heavy relics dating from174

the early universe [1, 2]. Possible mechanisms taking place175

during or at the end of the inflationary era in Big Bang176

cosmology have been shown to be capable of producing such177

particles [3–14]. The abundance of the stable super-heavy178

mailto:spokespersons@auger.org
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Figure 1. Upper limits at 95% C.L. on the coupling constant αX of
a hidden gauge interaction as a function of the mass MX 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 GUT [17].

particles could then evolve to match the relic abundance of179

dark matter (DM) inferred today, for viable parameters gov-180

erning the thermal history and the geometry of the universe,181

such as the reheating temperature or the Hubble expansion182

rate at the end of inflation. Stability for super-heavy particles183

is more easily achieved for a dark sector interacting with the184

standard model (SM) sector only via gravity. The absence185

of other DM-SM couplings is consistent with the extensive186

observational evidence for the existence of DM based on187

gravitational effects alone. However, even particles protected188

from decay by a symmetry can eventually disintegrate due189

to non-perturbative effects in non-abelian gauge theories190

and produce ultra-high energy (UHE) photons. In this191

Letter, we show that the absence of such photons in the192

data of the Pierre Auger Observatory provides constraints193

on the coupling constant of a hidden sector pertaining to194

super-heavy dark matter (SHDM), possibly unified with SM195

interactions at a high scale. The constraints are illustrated in196

Fig. 1 in terms of the reduced coupling constant of a hidden197

gauge interaction and the mass of the SHDM candidate. Our198

results show that the coupling should be less than ' 0.09199

for a wide range of masses. After explaining how these200

constraints are obtained, we briefly discuss their relevance201

for delineating viable regions of cosmological parameters,202

in a manner complementary to the constraints provided by203

the non-detection so far of tensor modes in the cosmological204

microwave background anisotropies [15, 16].205

206

Contemporary motivations for SHDM. Technical natural-207

ness has provided an important motive for the emergence of208

new physics at the TeV scale [18], but the corresponding new209

particles have escaped detection so far [19–21]. An alterna-210

tive tool to infer the energy scale of new physics relies on as-211

sessing the scale ΛI at which the Higgs potential develops an212

instability at large field values. Its estimation at the two-loop213

level was made possible by the precise measurements of the214

Higgs mass and the top Yukawa coupling [22–24]. It turns out215

to result in a very high energy scale, ΛI = 1010 to 1012 GeV.216

Moreover, the particular slow running of the Callan-Symanzik217

βλ function relative to the self-Higgs coupling makes it pos-218

sible to extrapolate the SM up to MPl without encountering219

any instabilities [22]. Renouncing naturalness to solve the220

problem of the mass hierarchy, new degrees of freedom could221

thus appear only in the range between ΛI and MPl, motivating222

searches for SHDM. We note also that while some have ar-223

gued that the properties of nuclei and atoms would not allow224

complex chemistry if the electroweak scale were too far from225

the confinement scale of QCD [25], there is no such anthropic226

requirement for the mass scale of DM.227

Independent of the intrinsic consistency of the SM up to228

a very-high scale, models of gravitational production of DM229

provide another motivation for a spectrum of super-heavy par-230

ticles. While no coupling between the SM and DM sectors231

is introduced in the concordance model of cosmology, most232

DM models invoke some weak couplings, or new feeble cou-233

plings, to explain DM production during the post-inflationary234

reheating period. It turns out, however, that the introduction235

of such couplings is not a compelling necessity if one con-236

siders the minimal assumption of graviton exchange to act as237

the only portal. Recent studies have indeed shown that, on238

the condition that DM is super heavy, the relic abundance ob-239

served today can be reproduced for tenable ranges of quanti-240

ties governing the inflationary and reheating eras in the early241

Universe [9, 14]. In addition, while structure formation con-242

strains the mass density of DM, it does not preclude SHDM243

models as it leaves a carte blanche for the mass spectrum of244

the particles.245

SHDM particles interacting with SM particles through246

gravitons alone have been dubbed as Planckian-interacting247

massive particles (PIDM) [9], and we shall use this term when248

we need to be specific. There are only a few possible signa-249

tures to test this scenario for DM. We show that if instanton250

effects are strong enough, PIDM particles could decay and251

their by-products could be detected in ultra-high energy252

cosmic ray (UHECR) data. Conversely, the non-observation253

of these by-products allows us to set upper bounds on the254

dark sector coupling constant. We note that these limits255

are, to date, the best ever obtained from instanton-mediated256

processes; they are an indirect probe of the instanton strength.257

258

Decay mechanisms of SHDM particles. Some SHDM mod-259

els postulate the existence of super-weak couplings between260

the dark and SM sectors. The lifetime τX of the particles261

is then governed by the strength of the couplings gX and by262

the dimension n of the operator standing for the SM fields263

in the effective interaction [26]. This results in lifetimes that264

are in general far too short for DM to be stable enough, un-265

less a practically untenable fine tuning between gX and n266

holds [3, 26, 27]. Stability of super-heavy particles is thus267

preferentially calling for a new quantum number conserved in268

the dark sector so as to protect the particles from decaying.269

Nevertheless, as we have already pointed out in the study mo-270
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tivation, even stable particles in the perturbative domain will271

in general eventually decay due to non-perturbative effects in272

non-abelian gauge theories [28–30].273

Instanton-induced decay can thus make observable a dark274

sector that would otherwise be totally hidden by the conser-275

vation of a quantum number [31]. Assuming quarks and lep-276

tons carry this quantum number and so contribute to anomaly277

relationships with contributions from the dark sector, they278

will be by-product of decays together with the lightest hidden279

fermion. The lifetime of the decaying particle follows from280

Ref. [32],281

τX 'M−1
X exp(4π/αX ), (1)282

with αX being the reduced coupling constant of the hidden283

gauge interaction. In this expression, we retained only the284

exponential dependency in α
−1
X , dropping the functional285

determinants arising from the exact content of fields of the286

underlying theory. The constraints inferred using Eq. (1)287

are indeed barely destabilized for a wide range of numerical288

factors given the exponential dependency in α
−1
X . Eq. (1)289

provides us with a relationship connecting the lifetime τX ,290

which is shown below to be constrained by the absence of291

UHE photons, to the coupling constant αX .292

293

Production of ultra-high energy photons. In most SHDM294

models, the production of quark/anti-quark pairs is expected295

in the decay by-products, giving rise to large fluxes of UHE296

particles such as nucleons, photons and neutrinos. This is be-297

cause each pair triggers a QCD cascade until the hadroniza-298

tion of the partons occurs and the unstable hadrons eventually299

decay. Various computational schemes have been applied to300

predict the energy spectra of the UHE particles [33–37]. The301

fragmentation of a parton into a hadron is determined from the302

fragmentation functions of partons convolved with hadroniza-303

tion functions, which do not depend on the scale MX and can304

therefore be calculated from the available data. The fragmen-305

tation functions, on the other hand, are evolved starting from306

measurements at the electroweak scale up to the energy scale307

fixed by MX using the DGLAP equation. We use the scheme308

detailed in Ref. [33] in this study. Overall, the spectra of the309

UHE particles is of the form E−1.9 in the qq̄ channel, and is310

barely softened by kinematical effects in large-multiplicity fi-311

nal states [34, 38].312

As shown below, it turns out to be more efficient to313

search for decaying super-heavy particles via UHE-photon314

by-products. Due to their attenuation over intergalactic dis-315

tances, only those emitted in the Milky Way can survive on316

their way to Earth. The emission rate per unit volume and unit317

energy qγ from any point labelled by its Galactic coordinates318

is shaped by the density of DM particles, nDM,319

qγ(E,x�+ sn) =
1

τX

dNγ

dE
nDM(x�+ sn), (2)320

where τX is the lifetime of the particle, x� is the position321

of the Solar system in the Galaxy, s is the distance from x�322

to the emission point, and n ≡ n(`,b) is a unit vector on323

the sphere pointing to the Galactic longitude ` and latitude324

b. Hereafter, the density is more conveniently expressed in325

terms of energy density ρDM(x) = MX nDM(x), normalized to326

ρ(x�) = 0.3 GeV cm−3. There are uncertainties in the deter-327

mination of this profile. We take as reference the traditional328

NFW profile [39]. We have checked that other profiles such329

as those from Einasto [40], Burkert [41] or Moore [42] would330

lead to differences within 2% in the determination of αX .331

The expected flux (per steradian) of UHE photons produced332

by the decay of super-heavy particles, JDM,γ(E,n), is obtained333

by integrating the position-dependent emission rate qγ along334

the path of the photons in the direction n,335

JDM,γ(E,n) =
1

4π

∫
∞

0
ds qγ(E,x�+ sn), (3)336

where the 4π normalization factor accounts for the isotropy337

of the decay processes. While the peak value of the flux is338

inversely proportional to the unknown MX and τX parameters,339

the energy and directional dependencies are determined by340

Eq. (2). The exact content of quarks and leptons depends341

on the specific underlying model. Yet, instanton-induced342

decays obey selection rules that involve necessarily large343

multiplicities. As a proxy, we consider a dozen qq pairs and344

adapt dNγ/dE in Eq. (2) accordingly [27]. The flux pattern345

on the sky is more intense in a hot-spot region around the346

Galactic center; it provides therefore clear signatures. On347

the other hand, the non-observation of UHE photons enables348

one to constrain the all-sky flux observed over the solid angle349

∆Ω, 〈JDM,γ(E,n)〉 =
∫

∆Ω
dn JDM,γ(E,n)/∆Ω, and thus to350

constrain the unknown MX and τX parameters.351

352

Constraints on dark-sector coupling constant from353

instanton-induced decays. Of particular interest would thus354

be the detection of UHE photons from regions of denser355

DM density such as the center of our Galaxy. Due to the356

spectral steepness of the expected flux, this search can357

presently only be done through large ground-based detectors358

that exploit the phenomenon of extensive air showers. The359

identification of photon primaries relies on the ability to360

distinguish showers generated by photons from those initiated361

by the overwhelming background of protons and heavier362

nuclei. Since the radiation length in the atmosphere is more363

than two orders of magnitude smaller than the mean free364

path for photo-nuclear interactions, the transfer of energy to365

the hadron/muon channel is reduced in photon showers with366

respect to the bulk of hadron-induced showers, resulting in367

a lower number of secondary muons. Additionally, as the368

development of photon showers is delayed by the typically369

small multiplicity of electromagnetic interactions, they reach370

the maximum development of the shower, Xmax, deeper in the371

atmosphere with respect to showers initiated by hadrons.372

Both the ground signal and Xmax can be measured at the373

Pierre Auger Observatory [43], where a hybrid detection tech-374

nique is employed for the observation of extensive air showers375

by combining a fluorescence detector (FD) with a ground ar-376

ray of particle detectors (surface detector, SD) separated by377

1500 m. The FD provides direct observation of the longitudi-378

nal shower profile, which allows for the measurement of the379

energy and the Xmax of a shower, while the SD samples the380
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Figure 2. Flux upper limits of UHE photons, neutrinos and cosmic
rays as a function of energy thresholds.

secondary particles at ground level. Although showers are ob-381

served at a fixed slice in depth with the SD, the longitudinal382

development is embedded in the signals detected. The FD383

and SD are complemented with the low-energy enhancements384

of the Observatory, namely three additional fluorescence tele-385

scopes with an elevated field of view, overlooking a denser SD386

array, in which the stations are separated by 750 m. The com-387

bination of these instruments allows showers to be measured388

in the energy range above 108 GeV.389

Three different analyses, differing in the detector used, have390

been developed to cover the wide energy range probed at391

the Observatory [44–46]. No photons with energies above392

2×108 GeV have been unambiguously identified so far, lead-393

ing to the 95% C.L. flux upper limits displayed in Fig. 2. The394

limit above 1011.2 GeV, stemming from the non-detection so395

far of any UHECR [47], including photons, is also constrain-396

ing [37, 48]. For comparison purposes, neutrino limits ob-397

tained at the Observatory [49] are also displayed as the con-398

tinuous line. Indeed, neutrinos constitute in the figure another399

emblematic signature of decays of super-heavy particles. Ex-400

cept at the lowest energies, these limits are seen to be super-401

seded by photon limits, as are those from anisotropy signa-402

tures searched for in the bulk of UHECR data shown as red-403

filled circles [27].404

Assuming that the relic abundance of DM is saturated405

by super-heavy particles, constraints can be inferred in406

the plane (τX ,MX ) by requiring the all-sky flux integrated407

above some energy threshold E to be less than the limits,408 ∫
∞

E dE ′〈JDM,γ(E ′,n)〉 ≤ J95%
γ (≥E). For a specific upper limit409

at one energy threshold, a scan of the value of the mass MX410

is carried out so as to infer a lower limit of the τX parameter,411

which is subsequently transformed into an upper limit on αX412

by means of Eq. (1). This defines a curve. By repeating the413

procedure for each upper limit on J95%
γ (≥E), a set of curves414

is obtained, reflecting the sensitivity of a specific energy415

threshold to some range of mass. The union of the excluded416

regions finally provides the constraints in the plane (αX ,MX ).417

In this manner the shaded red area is obtained in Fig. 1. As418

already noted, additional model-dependent factors could be419

at play in the vacuum transition amplitude [50] and thus in420

Eq. (1). Explicit constructions of the dark sector are required421

to calculate these factors. Such constructions are well beyond422

the scope of this study. Although the limits presented in Fig. 1423

are hardly destabilized due to the exponential dependence in424

α
−1
X , we note that a shift of ±0.0013k would arise for factors425

10±k. We limit ourselves to showing with dotted and dashed426

lines the bounds that would be obtained for k = 2 and k = 4,427

respectively. These factors are by far the dominant systematic428

uncertainties.429

430

Connection to cosmological scenarios. We now briefly431

mention how the results shown in Fig. 1 can be connected432

to cosmological scenarios. Further details can be found in a433

companion paper [27]. In inflationary cosmologies, the infla-434

ton field responsible for the rapid expansion of the Universe,435

φ , slowly rolls down to its minimum of potential before start-436

ing to oscillate about this minimum. This marks the end of437

the inflation era at time H−1
inf , with Hinf the Hubble rate at438

this time, and the beginning of a matter-dominated era dur-439

ing which the production of SM particles accompanying the440

decay of coherent oscillations of the inflaton field reheats the441

Universe. The temperature rises rapidly to a maximum be-442

fore decreasing slowly until the reheating era ends at time443

Γ
−1
φ

, marking the beginning of the radiation-dominated era444

when the temperature decreases more rapidly as a−1, with a445

being the cosmological scale factor. The temperature at the446

end of reheating, Trh, is, together with Hinf, an important pa-447

rameter governing the dynamics of the reheating era summa-448

rized here – see Ref. [51] for details. A relevant combina-449

tion of these parameters is the reheating efficiency ε , which,450

defined as ε = (Γφ/Hinf)
1/2 [52], measures the duration of451

the reheating period. It can be related to Trh and Hinf through452

ε ' Trh/(0.25(MPlHinf)
1/2) [9].453

PIDM particles can be produced during reheating by anni-454

hilation of SM particles [9] or inflaton particles [14] through455

gravitational interaction. The energy density of the universe456

is then in the form of unstable inflaton particles, SM radia-457

tion and stable massive particles, the time evolution of which458

is governed by a set of coupled Boltzmann equations [53].459

However, because the energy density of the massive particles460

is always sub-dominant, the evolution of the inflationary and461

radiation energy densities largely decouple from the time evo-462

lution of the PIDM-particle density nX . In addition, because463

PIDM particles interact through gravitation only, they never464

come to thermal equilibrium. In this case, the collision term465

in the Boltzmann equation can be approximated as a source466

term only,467

dnX (t)
dt

+3H(t)nX (t)'∑
i

γin2
i (t). (4)468

Here, the sum on the right hand side represents the contribu-469

tions from the SM and inflationary sectors. Using, on the one470

hand, the evolution of the SM-matter and inflaton densities de-471

rived in Ref. [5] and Ref. [14] respectively, and, on the other472
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hand, the SM+SM→PIDM+PIDM and φ +φ→PIDM+PIDM473

reaction rates derived for fermionic DM in Ref. [54] and474

Ref. [14] respectively, the present-day relic abundance of DM,475

ΩX , can be related to MX , Hinf, and ε through476

ΩX h2 =
1.4×1023εMX

M5/2
Pl H3/2

inf

∫
∞

ainf

da
H(a) ∑

i
γia2n2

i (a), (5)477

where h is the dimensionless expansion rate and ainf the scale478

factor at the end of inflation.479

The viable (Hinf,MX ) parameter space satisfying Eq. (5)480

is delineated by the blue curves corresponding to different481

values of ε in Fig. 3. Values for (Hinf,MX ) above (below)482

the lines lead to overabundance of (negligible quantity of)483

DM. Arbitrarily large values of Hinf are however not per-484

mitted because of the 95% C.L. on the tensor-to-scalar ra-485

tio in the cosmic microwave background anisotropies, which,486

once converted into limits on the energy scale of inflation487

when the pivot scale exits the Hubble radius, yield Hinf ≤488

4.9×10−6MPl [9, 16]. For efficiencies larger than a few per-489

cent, PIDM particles are dominantly produced by the thermal490

bath of SM particles. A wide range of masses MX is then al-491

lowed, including the Grand Unified scale, provided that the492

energy scale of the inflation (Hinf being the proxy) is high493

enough [9] and that the dark-sector gauge coupling αX is less494

than ' 0.085. Larger values of αX shrink the allowed range495

of MX , with, for instance, MX . 2× 109 GeV for αX = 0.1.496

For efficiencies below the percent level, the production of497

PIDM particles from the inflaton condensate dominates, al-498

lowing smaller values of Trh to be viable. The allowed region499

for MX shrinks around 1013 GeV, close to the inflaton mass500

adopted here (3×1013 GeV). We see that the scenario is then501

tenable for αX . 0.09.502

In summary, we have illustrated here the power of upper503

limits on the flux of UHE photons obtained at the Pierre Auger504

Observatory to place constraints on physics in the reheating505

epoch that could be related to Grand Unified models. The506

minimal setup to produce DM is from gravitational effects507

alone, consistent with the concordance model of cosmology.508

This production mechanism could lead to high values of the509

Hubble rate at the end of inflation that could be revealed510

by future measurements of primordial tensor-to-scalar ratio511

provided that Hinf & 6× 1012 GeV [55, 56]. However, the512

only unambiguous signature to capture the existence of PIDM513

is through the detection of UHE photons produced by the514

instanton-induced decay. The non-observation of such fluxes515

has allowed us to probe in a unique way to date the instanton516

strength through the dark-sector gauge coupling. It is likely517

that the use of limits on UHE photon fluxes made in this518

Letter only scratches the surface of the power of these limits519

to constrain physics otherwise beyond the reach of laboratory520

experiments.521
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Esteri (MAE); México – Consejo Nacional de Ciencia y566

Tecnologı́a (CONACYT) No. 167733; Universidad Nacional567
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