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P. Travnicek,23 C. Trimarelli,22,10 M. Tueros,54 M. Unger,34 L. Vaclavek,47 M. Vacula,47 J. F. Valdés Galicia,62 L. Valore,48,17

E. Varela,85 A. Vásquez-Ramírez,91 D. Veberič,34 C. Ventura,57 I. D. Vergara Quispe,54 V. Verzi,88 J. Vicha,23 J. Vink,102

PHYSICAL REVIEW D 109, L081101 (2024)
Letter

2470-0010=2024=109(8)=L081101(11) L081101-1 Published by the American Physical Society

https://orcid.org/0000-0001-6863-6572


S. Vorobiov,72 C. Watanabe,36 A. A. Watson,103 A. Weindl,34 L. Wiencke,24 H. Wilczyński,6 D. Wittkowski,76

B. Wundheiler,7 B. Yue,76 A. Yushkov,23 O. Zapparrata,84 E. Zas,11 D. Zavrtanik,72,71 and M. Zavrtanik71,72

(The Pierre Auger Collaboration)*

1University of Adelaide, Adelaide, S.A., Australia
2Laboratório de Instrumentação e Física Experimental de Partículas—LIP and Instituto Superior Técnico—
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50Università del Salento, Dipartimento di Matematica e Fisica “E. De Giorgi”, Lecce, Italy
51Universidade Federal Fluminense, EEIMVR, Volta Redonda, Rio de Janeiro, Brazil

52Case Western Reserve University, Cleveland, Ohio, USA
53Universität Siegen, Department Physik—Experimentelle Teilchenphysik, Siegen, Germany

54IFLP, Universidad Nacional de La Plata and CONICET, La Plata, Argentina
55Instituto de Astronomía y Física del Espacio (IAFE, CONICET-UBA), Buenos Aires, Argentina

56Departamento de Física and Departamento de Ciencias de la Atmósfera y los Océanos, FCEyN,
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Dark matter particles could be superheavy, provided their lifetime is much longer than the age of the
Universe. Using the sensitivity of the Pierre Auger Observatory to ultrahigh energy neutrinos and photons,
we constrain a specific extension of the Standard Model of particle physics that meets the lifetime
requirement for a superheavy particle by coupling it to a sector of ultralight sterile neutrinos. Our results
show that, for a typical dark coupling constant of 0.1, the mixing angle θm between active and sterile
neutrinos must satisfy, roughly, θm ≲ 1.5 × 10−6ðMX=109 GeVÞ−2 for a mass MX of the dark-matter
particle between 108 GeV and 1011 GeV.

DOI: 10.1103/PhysRevD.109.L081101

Introduction. Despite its countless successes, the Standard
Model (SM) of particle physics is known to be incomplete.
Missing elements include, among others, dark matter (DM)
and neutrino masses. A minimal extension to the SM is
to add right-handed neutrinos inert to SM interactions
(“sterile” neutrinos) that mix with left-handed ones active
under weak interactions (“active” neutrinos) via the Brout-
Englert-Higgs mechanism. Sub-eV mass eigenvalues result
from mixing angles made sufficiently small by highly
enough massive sterile neutrinos (seesaw mechanism [1,2]).
Other extensionsmay use additional sterile neutrinos, as their
number is in general largely underconstrained. This is the
case of the extensionpresented in [3], considered in this study
as a beyond-standard-model (BSM) benchmark. In this
model, which includes DM and neutrino masses, a second
sterile neutrino is assumed to rendermetastable a superheavy
particle referred to as X with mass MX and lifetime τX, the
decay products of which can leave unique signatures in the
data of the Pierre Auger Observatory [4].
A superheavy particle that is metastable attracts par-

ticular attention if it is to be a viable DM candidate.
The constraints imposed on τX are indeed demanding;
τX ≳ 1022 yr, see e.g., [5–11] for recent estimates in various
channels. Compliance with these constraints indeed calls

for adjusting a reduced coupling constant αX down to a tiny
level and, simultaneously, the multiplicity of the final state
to a large value [12,13]. This is in general challenging
for theoretical constructions, unless the decay rules are
based on nonperturbative effects [14,15]. In the BSM
benchmark [3], however, the lifetime does not resort to
such a fine tuning. The DM particle X interacts only with
sub-eV and superheavy (1012–1014 GeV) sterile neutrinos,
of masses mN and MN respectively, via Yukawa couplings
ym and yM. In the mass-eigenstate basis, neutrinos are then
quasiactive or quasisterile, depending on the mixture of
active and sterile neutrinos governed by a small mixing
angle θm ≃

ffiffiffi
2

p
ymυ=mν, with υ the electroweak scale and

mν the mass of the known neutrinos. To leading order in ym,
quasiactive neutrinos are produced from quasisterile ones
subsequent to the decay of X. Consequently, the coupling
ym controls the dominant decay channels and allows for
trading a factor ðMX=MPÞ2 (withMP the Planck mass) for a
ðmνθm=vÞ2 one in the decay width of X. This trading
enables the reduction of the width by a factor ∼10−25θ2m for
a benchmark valueMX ¼ 109 GeV, leading to the required
lifetimes well beyond the age of the Universe.
Ultrahigh energy (UHE) neutrinos and photons are

expected to emerge from the cascade of the X decay. In
this paper, we use the sensitivity of the Pierre Auger
Observatory to such neutrinos and photons to impose
constraints on the active-sterile neutrino mixing angle θm
for DM masses MX ≳ 108 GeV. After recalling the main
features of the observatory that enable the detection of
neutrinos and photons, we present the main decay channels
of the X particle. We then calculate the number of neutrinos
and photons expected to be observed at the observatory as a
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function of θm and MX. Their nonobservation allows us to
constrain θm for MX ≳ 108 GeV. In a last section, we
comment on the complementary bounds obtained on MX
from DM abundance and on θm from cosmological
observations.

Pierre auger observatory. The Pierre Auger Observatory
is the largest ground-based observatory that exploits
extensive air showers to study UHE cosmic rays [4].
Several detection techniques are combined. A surface of
3; 000 km2 is covered with a ground array of particle
detectors separated by 1,500 m surrounded by fluorescence
detectors spread over four sites. This baseline configuration
is complemented with low-energy enhancements; a first
nested array of 24 km2 with particle detectors separated by
750 m and overlooked by three additional fluorescence
telescopes with an elevated field of view, and a second one
of 1.14 km2 with detectors separated by 433 m, some of
them on top of buried scintillation modules used to measure
the number of high-energy muons. The fluorescence
detectors provide, during moonless nights, direct observa-
tion of the longitudinal shower profile, which allows for the
measurement of the energy and the primary-mass sensitive
depth of the shower maximum, Xmax. On the other hand,
the ground-level and underground detectors sample the
shower particles with a permanent duty cycle. Although
showers are observed at a fixed slice in depth with this
technique, their longitudinal development is embedded in
the signals detected.
Neutrinos of all flavors can be distinguished from nuclei

through showers developing deeply in the atmosphere at
large zenith angles (down-going detection mode) [16],
while tau neutrinos can undergo charged-current inter-
actions and produce a τ lepton in the crust of the Earth that
eventually decays in the atmosphere, inducing an upward-
going shower (Earth-skimming detection mode) [17]. In
both cases, neutrinos can be identified at the Observatory
with signals in the ground-level particle detectors that are
spread over time, by contrast to narrow ones expected from
the much more abundant nuclei-induced showers at large
zenith angles [18–20]. Photon-induced showers have also
distinct salient features [21,22]. Their first interactions are of
electromagnetic nature, and the transfer of energy to the
hadron/muon channel is reduced with respect to the bulk
of hadron-induced showers. This results in a lower number
of secondary muons. Additionally, as the development of
photon showers is delayed by the typically small multiplicity
of electromagnetic interactions, their Xmax is deeper in the
atmosphere than for showers initiated by hadrons.
Based on these characteristics, a number of analyses

have been designed to make the most of the sensitivity of
the different detectors of the Observatory to neutrinos above
≃108 GeV [23] and to photons above 5 × 107 GeV [24–27].
The nonobservation of point sources and diffuse fluxes
allowed the derivation of upper bounds that constrain
various models very effectively. In the following, we

draw constraints on the BSM benchmark [3] from these
nonobservations.

The bsm benchmark. In the BSM benchmark [3], the DM
candidate is a pseudoscalar particle X coupled to the sterile
neutrinos sector alone. The interaction can be represented
diagrammatically as

ð1Þ

with q the four-momentum of X, and γ the Dirac matrices.
Sterile neutrinos, which are right-handed, are denoted as N.
Two types of Majorana sterile neutrinos are actually
introduced. The first type, NM, corresponds to the right-
handed neutrino of the seesaw mechanism, with a super-
heavy mass MN . The second type, Nm, with mass mN , is
necessary to allow the X particle to decay in an electroweak
channel. In the basis of interaction eigenstates, the cou-
plings between sterile neutrinos, active neutrinos and SM
Higgs isospinor scalar fields through Yukawa parameters
ym and yM give rise, after symmetry breakdown, to Dirac
masses mD

Nm
¼ ymυ=

ffiffiffi
2

p
and mD

NM
¼ yMυ=

ffiffiffi
2

p
. Assuming

the hierarchymN < mD
NM

≪ MN, the three mass eigenstates
associated to the eigenvalues ðm1; m2; m3Þ are well-
approximated by the following mixing between νL (active
neutrinos), NM and Nm (and their conjugate partners with
superscripts ‘c’:

ν1 ≃ ðNm þ Nm
cÞ þ θmðνL þ νL

cÞ; ð2Þ

ν2 ≃ ðνL þ νL
cÞ − θmðNm þ Nm

cÞ; ð3Þ
ν3 ≃ NM; ð4Þ

with the mixing angle θm, assumed to be ≪ 1, defined as
θm ≃ ymυ=

ffiffiffi
2

p ðm1 þm2Þ. For small mixings, the first
(second) mass eigenstate ν1 (ν2) is almost the light sterile
(active) neutrino with a small admixture of the active
(sterile) one, and that the third mass eigenstate ν3 is almost
the superheavy sterile neutrino. Note that to avoid com-
plications that would be irrelevant to the question of DM,
the flavor couplings in the active neutrino sector are
considered diagonal in this study. The three mass eigen-
values read as

m1 ≃mN; ð5Þ
m2 ≃ y2mυ2=2MN; ð6Þ

m3 ≃MN: ð7Þ
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The third eigenstate ν3 appears to decouple from the
two other states. While the superheavy particle NM is
essential to provide the mass to the active neutrino through
a mixing angle θM ¼ yMυ=2MN identical to that of the
standard seesaw mechanism [1,2], we shall ignore ν3
hereafter. From the constraints on SM neutrino massesP

mν ≤ 0.12 eV inferred from cosmological observa-
tions [28], we use hereafter m2 ≃ 0.04 eV as a benchmark.
As for m1, following [3], we use m1 ¼ 10−4 eV to fix the
ideas; we shall see below that as long as m1 ≪ m2, results
are not sensitive to the specific choice. That m1 ≪ m2 is
required for the lifetime of X to be much larger than the age
of the universe.
To leading order in θm, the interaction described by

Eq. (1) gives rise, in the basis of mass eigenstates, to the
two-body decay X → ν1ν1. However, in the relevant
parameter space such that m1 ≪ m2 ≪ me ≪ mZ ≪ MX,
the total width ΓX is dominated by three-body channels
stemming from the diagram depicted in Eq. (1) and the
interaction between active/sterile neutrinos and the Higgs
isodoublet with Yukawa coupling ym ≃

ffiffiffi
2

p
θmm2=v. The

channel X → hν1ν2, diagrammatically represented as

ð8Þ

gives the most important contribution to the width [3],

ΓX
hν1ν2

¼ α2Xθ
2
m

192π3

�
MX

MP

�
2
�
m2

v

�
2

MX: ð9Þ

Due to the structure of the interaction depicted in Eq. (1), a
factor ðMX=MPÞ2 expected from dimensional arguments
[12] is traded for a factor ðm2=vÞ2.
Although subdominant, there are two other three-body

decay channels of interest, namely X → Zν1ν2 and X →
Wν1e with respective widths,

ΓX
Zν1ν2

¼ α2Xg
2θ2m

798π3 cos2 θW

�
MX

MP

�
2
�
m2

mZ

�
2

MX; ð10Þ

ΓX
Wν1e

¼ α2Xg
2θ2m

768π3

�
MX

MP

�
2
�
m1

mW

�
2

MX; ð11Þ

with g the weak-isospin gauge constant and θW the
Weinberg angle. These two widths share the same structure
as ΓX

hν1ν2
modulo smaller numerical factors.

Ultrahigh energy neutrinos and photons. UHE neutrinos
and photons are expected as byproducts of the decay of any
particle with a mass much larger than the electroweak scale.
Ultimately, they result from splitting-particle effects due to
soft or collinear (real) radiative corrections enhanced by
large logarithmic factors at high scale. The probability that
a particle a at a scale μa fragments to produce a particle b at
a scale μb carrying a fraction x of the initial energy is
described by a fragmentation function (FF) Db

aðx; μa; μbÞ.
The FFs are evolved starting from measurements at the
electroweak scale up to the energy scale MX. In the QCD
sector, the evolution is governed by DGLAP equations to
account for the splitting function that describes the emis-
sion of parton k by parton j. The resulting prompt spectra
of photons and neutrinos have been derived in [29] and
in several subsequent studies. Similarly, electroweak
cascading can be described by evolution equations valid
for a spontaneously broken theory [30]. Seminal works
of [29,31,32] in the QCD sector and of [33] in the
electroweak one have provided the calculation of the
FFs to derive the prompt flux of high-energy secondaries
from the decay of a particle at high scale. We use hereafter
the up-to-date HDMSpectra tool [34] to calculate the
energy spectra of UHE neutrinos and photons from the
decay of the X particle in the X → hν1ν2, X → Zν1ν2 and
X → Wν1e channels.
The number of neutrinos nνðEÞ expected to be observed

above an energy threshold E results from the integration
over the sky of the directional exposure EνðE;nÞ of the
observatory and of the flux of neutrinos emitted isotropi-
cally in proportion to the DM density accumulated in
galaxy halos [35],

nνðEÞ ¼
ZZ

≥E
dndE0 EνðE0;nÞ

4πMX

�
dΓνðE0Þ
dE0

Z
dsρðx⊙þ snÞ

þΩXρc

Z
dz

e−SνðE0;zÞ

ð1þ zÞHðzÞ
dΓνðE⋆Þ

dE0

����
E⋆¼ð1þzÞE0

�
:

ð12Þ
The first contribution is from the Milky Way halo, in which
the DM energy density is parameterized by a profile
function ρðxÞ. x⊙ is the position of the Solar system in
the Galaxy, s is the distance from x⊙ to the emission point,
and n≡ nðl; bÞ is a unit vector on the sphere pointing to
the longitude l and latitude b, in Galactic coordinates.
There are uncertainties in the determination of the Galactic-
halo profile. We use here the traditional Navarro-Frenk-
White profile as a reference [36],

ρDMðRÞ ¼
ρs

ðR=RsÞð1þ R=RsÞ2
; ð13Þ

where R is the distance to the Galactic center, Rs ¼ 24 kpc,
and ρs is fixed by the DM density in the solar neighbor-
hood, namely ρ⊙ ¼ 0.44 GeVcm−3 [37]. To quantify the
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systematics stemming from the uncertainties on this profile,
we repeat the analysis using other ones [38–40]. The
second contribution in Eq. (12), which is obtained by
integration over redshift z and which amounts to about
10% of the first one, is from all other galaxies. ρc is the
critical energy density,ΩX is the DM abundance, SνðE; zÞ is
the neutrino opacity of the Universe as calculated in [41],
and the Hubble rate HðzÞ depends on that observed today,
H0, and on the total matter abundance, Ωm, through
HðzÞ ¼ H0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ωmð1þ zÞ3 þ ð1 −ΩmÞ

p
. In both contribu-

tions, the particle X decays into a (SM) daughter particle
I whose FF leads to neutrinos. Thus, the differential decay
width into neutrinos, dΓν=dE, results from the convolution
of the differential decay width of X to I with the FF of I into
neutrinos. For a single flavor, it reads as

dΓν

dE
¼ 2

ΓX

X
I

Z
1

x

dy
y
dΓX

I ðyÞ
dy

Dν
I

�
x
y
;
MX

2
; 0

�
; ð14Þ

with x ¼ 2Eν=MX. In the hν1ν2 channel, the differential
decay width reads as

dΓX→hν1ν2
ν ðyÞ
dy

¼ 3ΓX
hν1ν2

y2; ð15Þ

for neutrino final states, while it reads as

dΓX→hν1ν2
h ðyÞ
dy

¼ 6ΓX
hν1ν2

yð1 − yÞ; ð16Þ

for Higgs final states [3]. Similar expressions hold in the
cases of the Zν1ν2 and Wν1e channels, with the corre-
sponding decay widths. Finally, the differential widths
entering into Eq. (14) account for all detectable flavors
for the ν2α species, where an explicit flavor index α is
reintroduced. In the down-going detection mode, the three
flavors contribute explicitly as

dΓν2;all

dE
¼ 2

ΓX

Z
1

x

dy
y

�X
α

�
dΓX→h

h ðyÞ
dy

Dν2α
h

�
x
y

�

þdΓX→Z
Z ðyÞ
dy

Dν2α
Z

�
x
y

�
þ2

dΓX→W
W ðyÞ
dy

Dν2α
W

�
x
y

��

þ
X
α;β

�
dΓX→h

ν ðyÞ
dy

Dν2α
ν2β

�
x
y

�
þdΓX→Z

ν ðyÞ
dy

Dν2α
ν2β

�
x
y

��

þ
X
α

2
dΓX→W

ν ðyÞ
dy

Dν2α
e

�
x
y

��
; ð17Þ

with flavor indices α and β. Additionally, the nonzero
probability for neutrinos in the final state for “no-splitting”
leads to an extra contribution,

Dν2α
ν2α

�
x
y
;
MX

2
; 0

�
≃ ξδ

�
x
y
− 1

�
; ð18Þ

with ξ ¼ 0.13. The contribution to the Earth-skimming
detection mode is obtained similarly, considering only the τ
flavor. Besides, the differential decay width into photons is
also calculated following the same procedure, with proper
FFs. Note that the expected photon fluxes to be compared
to the flux limits are almost entirely determined by the
contribution of the MilkyWay halo (due to their attenuation
over inter-galactic scales). The resulting energy spectra
are shown in Fig. 1 for MX ¼ 1010 GeV. The high-energy
enhancements are shaped by the nonzero probabilities for
splitting a few times only at high scales.

Constraints in the planes ðτX;MXÞ and ðθm;MXÞ.
Constraints in the planes ðτX;MXÞ and ðθm;MXÞ can be
derived from the nonobservation of neutrinos at the
Observatory. First, 90% C.L. lower limits on the lifetime
τX are obtained by setting, for a specific value of MX,
nνðEÞ, or nγðEÞ to the 90% C.L. upper-limit numbers
corresponding to the number of background-event candi-
dates in the absence of signal [42,43]. More details about
the upper-limit numbers for each specific analysis search-
ing for neutrinos or photons are provided in the supple-
mental material [44]. Subsequently, a scan in MX is carried
out. It leads to a curve in the plane ðτX;MXÞ that pertains to
the energy threshold E considered. By repeating the
procedure for several thresholds, a set of curves is obtained,
reflecting the sensitivity of a specific energy threshold to
some range of massMX. The union of the excluded regions
finally provides the constraints in the ðτX;MXÞ plane.
Results are shown in Fig. 2 (top panel); lifetimes within
the cross-hatched region are excluded. The region in full
red pertains to a particular value of a Yukawa coupling
λNm

¼ 10−5, the meaning of which will be explained below.
To illustrate the contribution from each secondary at our
disposal, we show as the dotted the contribution to the
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FIG. 1. Energy spectrum of neutrinos and photons from the
decay of the pseudoscalar particle X within the BSM benchmark
[3] (MX ¼ 1010 GeV).
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constraints stemming from neutrinos alone; an analysis of
the IceCube exposure dedicated to the benchmark-scenario
decay channels would likely provide better sensitivity for
exploring masses MX ≲ 108.5 GeV. The lower limit on τX
is then transformed into an upper limit on θm using the
expressions of the total width of the particle X. Results are
shown in the bottom panel for separate values of αX; color-
coded regions pertain to λNm

¼ 10−5 while their extension
(in cross-hatched) would require smaller values of λNm

.
Systematic uncertainties on θm constraints amount overall
to ≃� 15%; they are dominated by those on the neutrino
exposure [23]. The restricted ranges of MX for different αX
values come from the requirements not to overclose the
Universe with DM, while the exclusion hatched band
comes from not altering the expansion history of the
Universe with the presence of ultralight species such as
sterile neutrinos Nm. We now briefly explain how these
constraints are obtained.

In addition to its couplings to the DM sector and to the
SM one through the Higgs isodoublet, the sterile neutrino
Nm is also coupled to an inflationary sector in the
BSM benchmark [3]. This coupling, governed by a unique
Yukawa parameter λNm

for every ν1 neutrinos, yields to a
“radiative” production of X via a diagram similar to that
depicted in Eq. (8) (substituting X by the inflaton Φ in the
initial state, and h and ν2 byX and ν1 in the final states). Such
a mechanism leads to a direct production of DM during the
reheating period that can be sufficient, in general, to match
the right amount of DM observed today [45]. In the BSM
benchmark [3], values for λNm

are then required to range
preferentially around 10−5. To infer the DM density nX
produced mainly during the reheating epoch, we also
consider the minimal setup of gravitational production of
X particles through the annihilation of SM (inflaton) particles
as in [46] (as in [47]). In these conditions, X particles can be
produced as long as the collision rate of particles is larger than
the expansion rate H and/or as long as the inflaton field
oscillates. By contrast, nX is prohibitively low to allow any
thermal equilibrium for DM. The collision term in the
Boltzmann equation is then approximated as a source term
only. Overall, the Boltzmann equation reads as

dnXðtÞ
dt

þ 3HðtÞnXðtÞ ¼
X
i

n̄2i ðtÞγi þ n̄ϕðtÞΓXν1ν1 : ð19Þ

Here, the sum on the right hand side represents the con-
tributions from the SM and inflationary sectors. Using, on
the one hand, the evolution of the SM matter and inflaton
densities derived in [48] and [47], respectively, and, on the
other hand, the SMþ SM → X þ X and ΦþΦ → X þ X
reaction rates γi derived in [49] and [47], respectively, the
present-day relic abundance ofDMcan then be related, using
Eq. (19) in the same way as in [15], to the mass MX, the
Hubble rate at the end of inflation Hinf , and the reheating
efficiency ε quantifying the duration of the reheating period
(ε ¼ 1 for an instantaneous reheating) [46]. As a result,
viable couples of values for ðHinf;MXÞ scale as Hinf ∝ M2

X
up to a maximum value forMX, which depend on ε and αX.
This scaling is a consequence of the domination of the
radiative-production process over the gravitational one as
long as the allowed values of Hinf are too small for a given
MX value to generate significant particle production by
gravitational interactions. For larger masses, the contribution
from gravitational interactions added to the radiative pro-
duction of X leads to an overproduction of DM that
overcloses the universe, and there is thus no longer solution.
This explainswhy the color-coded regions extend up to some
maximum values ofMX in Fig. 2, for a benchmark value of
λNm

¼ 10−5. To the right of the regions shown in cross-
hatched, λNm

would need to be smaller.
Another constraint on θm stems from the upper bound on

the departure from 3 of the effective number of neutrino
degrees of freedom Neff , ΔNeff ¼ Neff − 3, inferred from

2610
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3010
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X�

-5= 10
mN

�
 secondaries only�

810 910 1010 1110
 (GeV)XM

10�10
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m�

BBN
 = 0.10X�
 = 0.05X�
 = 0.01X�

FIG. 2. Top: Constraints on τX as a function of MX for a value
of the couplings of sterile neutrinos with the inflationary sector
λNm

¼ 10−5. The dotted line illustrates the constraints stemming
from neutrino secondaries alone. Bottom: Constraints on θm as a
function ofMX for three different values of the coupling constant
αX, still for λNm

¼ 10−5. The hatched-red region θm ≥ 9 × 10−4 is
excluded from the constraint on ΔNeff (see text).
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cosmological observations. From Friedmann equation, the
Hubble parameter is governed by the energy-density
content, which, during the radiation-dominated epoch,
receives contributions from all relativistic species such
as photons, active neutrinos and possible sterile ones. A
significant value of ΔNeff would thus change the dynamics
of the expansion during the radiation era and thus impact on
the cosmological microwave background measurements as
well as on the big bang nucleosynthesis. Therefore, the
95% confidence-level current limits on ΔNeff < 0.3 [50]
provide constraints on the temperature Tν1 of ν1 neutrinos;

ΔNeff ¼
3

2

�
Tν1

Tν2

�
4

< 0.3: ð20Þ

This relationship is valid at any time before the radiation era
started, in particular at the time each neutrino species
decoupled from the thermal bath when the expansion rate
became larger than the interaction rate Rνi of the species νi.
Given that the ratio H=Rνi scales as ðT=T⋆νiÞ3 [51]
(denoting as T⋆νi the decoupling temperature of νi), and
given that the neutral-current interaction rate of the ν1
species is that of ν2 but reduced by θ2m, the relation T⋆ν1 ¼
θ−2=3m T⋆ν2 holds. As soon as T dropped below T⋆ν1, the
temperature of the freely expanding ν1 species fell as Tν1 ¼
ða⋆1=aÞT⋆ν1 (with a⋆1 the scale factor at the time of the
decoupling of the ν1 species). At temperatures T < T⋆ν1 ,
other particles that are still in thermal equilibrium, such as
electrons and positrons, annihilate once T becomes smaller
than theirmass and thus heat the rest of the relativistic species
(photons) relative to the neutrinos. Entropy conservation in
this “freeze-out” then gives rise to the relationship,

�
Tν1ðT⋆ν2Þ

T⋆ν2

�
3

¼ N ⋆2

N ⋆1
; ð21Þ

with N ⋆i the number of degrees of freedom at a ¼ a⋆i.
Combining Eq. (20) and Eq. (21) with N ⋆2 ¼ 43=4
(accounting for two photon-polarization states, three species
of neutrinos and three of antineutrinos, and electrons and
positrons eachwith two spin states) andT⋆ν2 ¼ 2 MeV [51],
we obtain that N ⋆1 ≳ 35.95 and thus, using [52] to convert
N into a temperature, the following bound on θm:

θm ≤
�
T⋆ν2
T⋆ν1

�
3=2

≃
�

2 MeV
215 MeV

�
3=2

≃ 9 × 10−4: ð22Þ

This bound is shown as the cross-hatched band in Fig. 2.1

Conclusion. In conclusion, we have shown that the data of
the Pierre Auger Observatory provide stringent constraints
on the angle θm mixing sub-eV sterile and active neutrinos
in the context of an extension to the SM that couples the
sterile neutrinos to a superheavy DM candidate [3]. For a
typical dark coupling constant of 0.1, the mixing angle θm
must satisfy, roughly, θm ≲ 1.5 × 10−6ðMX=109 GeVÞ−2
for a mass MX of the dark-matter particle between
108 GeV and 1011 GeV. Future sensitivity to the effective
number of neutrino degrees of freedom ΔNeff from
cosmological observations will be complementary, as they
will probe θm below 10−3 independent of the mass MX. In
particular, a value of ΔNeff departing significantly from 3
would call for sterile neutrinos and would fix the range of
the mixing angle θm. Our constraints would then be
decisive in determining whether the new physics thus
revealed in the neutrino sector is intimately related to that
of superheavy DM.
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Département Physique Nucléaire et Corpusculaire (PNC-
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