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IceCube has observed a flux of cosmic neutrinos, with a “bump” in the energy range 10≲ E=TeV ≲ 100

that creates a 3σ tension with γ-ray data from the Fermi satellite. This has been interpreted as evidence for a
population of hidden cosmic-ray accelerators. We propose an alternative explanation of this conundrum on
the basis of cold dark matter which decays into sterile neutrinos after oscillations produce the bump in the
cosmic neutrino spectrum.
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I. INTRODUCTION

The most immediate message emerging from IceCube’s
discovery of cosmic neutrinos is that the flux level observed
is exceptionally high by astronomical standards [1–3]. The
magnitude of the observed diffuse neutrino flux is above
about the level of the Waxman-Bahcall bound [4], which
applies to neutrino production in optically thin sources. As
always, the devil is in the details. Neutrinos are inevitably
produced in association with gamma rays when accelerated
baryonic cosmic rays produce charged and neutral pions in
interactions with intense radiation fields or dense clouds
of gas surrounding the accelerator. The subsequent decay of
charged pions via πþ → μþνμ followed by muon decay
μþ → eþνeν̄μ (and the charge-conjugate processes) pro-
duce a neutrino flux, whereas the associated gamma-ray
flux originates in the decay of neutral pions, π0 → γγ. On
average, pionic νs and γs carry one quarter and one half of
the energy of the parent pion, respectively. If the sources
were optically thin, then on the basis of these approxima-
tions we would expect roughly equal fluxes of νs and γs [5].
Before confronting this equality with experiment, we must
account for the fact that, unlike neutrinos, gamma rays
are degraded in energy by electromagnetic cascades and
contribute to the diffuse GeV-TeV flux that has been
precisely measured by the Fermi satellite [6]. The neutrino
flux observed by IceCube in the energy range 10≲
E=TeV≲ 100 creates a 3σ tension with Fermi data where
there is not a commensurate gamma ray flux.
The IceCube-Fermi tension has been interpreted as

evidence for a population of hidden cosmic-ray accelerators,

viz. sources that are more efficient neutrino than gamma-ray
emitters [7–9]. This interpretation, however, requires some
fine-tuning as it would need a source environment with the
following:

(i) A low-density region for cosmic ray protons to be
accelerated without suffering catastrophic spallations.

(ii) A medium-density region where the baryonic cos-
mic rays can interact, but charged pions are able
to decay.

(iii) A high-density region in the outer parts of the source
to trap the photons, and perhaps also the baryonic
cosmic rays.

Since the proton-proton cross section is comparable to the
pion-proton cross section (σπp=σpp ≃ 2=3), the first two
requirements are difficult to reconcile. Neutrino production
requires an optically thin source: the high energy cutoff of
the cosmic ray spectrum comes primarily from pion pro-
duction; however, pion production cannot be significant
at lower energies to allow cosmic rays to be adequately
accelerated. While protons experience magnetic confine-
ment, neutrons can escape and then decay to yield a cosmic
ray proton flux.
These considerations can be translated to conditions on

the characteristic timescales: the proton interaction time
scale τint, the neutron decay lifetime τn, the cycle time of
confinement τcycle, and the total proton confinement time
τconf . For sufficient acceleration, τint ≫ τcycle is required.
Additionally, in order for neutrons to escape the source,
τn > τcycle. Finally, to produce neutrons and neutrinos,
τint ≪ τconf [10]. These conditions are required of optically
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thin sources. A condition for hidden cosmic-ray acceler-
ators is τn < τcycle, which contradicts the conditions for
neutrino emission from optically thin sources. Instead, to
trap gamma rays (produced via π0 decay) and cosmic rays,
one would need a high-density optically thick region in the
outer parts of the source to encircle the optically thin
engine. This hypothetical source structure is certainly not
the most natural and it needs some fine-tuning.
In this paper we present an alternative explanation of the

IceCube-Fermi tension in which active neutrinos originate
via decaying dark matter into sterile neutrinos. These sterile
neutrinos oscillate to produce the “bumpy” signal in the
10≲ E=TeV≲ 100 energy range. The dark matter origin of
IceCube neutrinos has been extensively discussed in the
literature. However, in most of these studies the dark matter
particle couples to the Standard Model (SM) through (i) the
quarkQ doublet, (ii) the lepton L and/or HiggsH doublets,
(iii) the W or Z gauge bosons, (iv) a massless dark photon
which mixes with the ordinary photon, or (v) a dark Z0
which mixes with the Z [11–21]. Therefore, in these
models, dark matter decay leads to fluxes of both neutrinos
and photons. As a matter of fact, the photon signal has been
used to constrain these scenarios [22–24]. The novelty of
the scenario proposed herein is that the dominant flux of
IceCube neutrinos in the energy range 10≲ E=TeV≲ 100
originates via oscillations of sterile neutrinos produced at
cosmological distances, but without a gamma-ray counter-
part, thereby addressing the IceCube-Fermi tension; for
earlier work that explains the IceCube PeV events without
consideration of Fermi data see [25].
The layout of the paper is as follows. We begin in Sec. II

by reviewing the cosmological constraints on decaying
dark matter. In Sec. III we provide an outline of the basic
setup of the Boltzmann transport equation, specifying
model assumptions on the neutrino mass spectrum, sterile
neutrino interactions, and oscillation parameters. In Sec. IV
we confront the model predictions with IceCube data.
In Sec. V we discuss related phenomenology. Finally, we
summarize our results and draw our conclusions in Sec. VI.

II. CONSTRAINTS ON DECAYING
DARK MATTER

A large number of observations in cosmology and
astrophysics provide overwhelming evidence for dark
matter [26]. However, so far the origin of this evidence
has been purely gravitational; hence we have very few clues
about the particle nature of the dark matter. We know dark
matter is essential for structure formation in the late
Universe, so most of it (though not all) must be stable
on cosmological timescales.
The dominant paradigm in dark-matter phenomenology

has been to consider frameworks in which the total
dark matter (DM) density today, Ωdm, is made up of one
stable particle species. However, it may well be that many
particle species—perhaps even a vast number—contribute

nontrivially to the abundance, with some of these quasi-
stable, as in Ref. [27].
For simplicity, we consider two cold components to

constitute dark matter, one of which is stable, denoted
by χsc, and the other which decays, denoted by χdc, with a
lifetime τdc ≳ tLS, where tLS is the time of last scattering.
The fraction F of decaying dark matter is

F≡ Ωdc

Ωdm
; ð1Þ

where Ωdm ¼ Ωdc þΩsc, and the Ωs are the energy
densities today in units of the critical density. Here, Ωdc
is the density parameter today as if none of it had decayed.
We consider the particular case in which χdc decays with

a branching fraction of essentially unity via χdc → νsν̄s,
where νs is a sterile neutrino that behaves as dark radiation.
See Ref. [25] for a model that realizes this scenario.
The dynamics associated with the energy of the νs could
change the evolution of cosmological perturbations, lead-
ing to observable consequences, thereby allowing us to
place constraints on F and the decay width Γdc of χdc.
Anisotropies in the cosmic microwave background (CMB)
temperature and polarization fields measured by the Planck
mission [28] when combined with baryonic acoustic
oscillations data from BOSS data release 12 (aka DR-12)
[29] imply

F < 1.28 × 10−2 ð2Þ

and

F Γdc < 2.25 × 10−5 Gyr−1 ð3Þ

at the 95% C.L. [30]. This small fraction of dark radiation
cannot alter significantly the expansion rate [31–38].
Therefore, we can safely assume that the evolution of
the Universe is described by the standard Λ cold dark
matter cosmological model, with the Hubble parameter
given by

HðzÞ ¼ H0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ΩΛ þΩmð1þ zÞ3 þΩrð1þ zÞ4

q
; ð4Þ

where H0 ¼ 100 h km=s=Mpc is the Hubble constant and
ΩΛ, Ωm, and Ωr are the present day fractions of the dark
energy density, the nonrelativistic matter density, and the
radiation density. The cosmological parameters are nor-
malized to CMB data, with h ¼ 0.6766 [28].

III. BOLTZMANN TRANSPORT

The evolution of the neutrino density in phase space is
driven by Boltzmann’s transport equation, which equates
the directional derivative of the distribution function f
along the phase flow to a collision integral. Strictly
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speaking, the change in f along a phase space trajectory
with affine parameter λ is equal to the phase space density
C½f� of pointlike collisions that add or remove neutrinos
from the trajectory:

df
dλ

¼ C½f�: ð5Þ

The phase space measure is defined in such a way that f
and C½f� are both invariant scalars. For practical compu-
tations, it is necessary to introduce phase space coordinates,
which we take to be spacetime position coordinates xμ and
momentum space coordinates Pμ. Then,�

dxμ

dλ
∂
∂xμ þ

dPμ

dλ
∂

∂Pμ

�
fðxμ; PμÞ ¼ C½f�: ð6Þ

Before proceeding, we pause to present our notation. We
adopt lowercase Greek letters from the middle of the
alphabet for spacetime components (where indices take
on values 0, 1, 2, 3), lowercase Latin letters from the middle
of the alphabet for spatial components (where indices
take on values 1, 2, 3), lowercase Greek letters from the
beginning of the alphabet for neutrino flavors (where
indices take on value e, μ, τ, s), and lowercase Latin
letters from the beginning of the alphabet for neutrino mass
eigenstates (where indices take on values 1, 2, 3, 4).
Geometry comes into play via the geodesic equation
specifying the neutrino trajectories:

dPμ

dλ
þ Γμ

νσPνPσ ¼ 0; ð7Þ

where

Γμ
νσ ¼ 1

2
gμη

�∂gση
∂xν þ ∂gνη

∂xσ −
∂gνσ
∂xη

�
ð8Þ

are the affine connection coefficients,

Pμ ≡ dxμ

dλ
ð9Þ

is the four-momentum, and gμν is the metric tensor.
Substituting (7) and (9) into (6) we obtain�

Pμ ∂
∂xμ − Γσ

μνPμPν ∂
∂Pμ

�
fðxμ; PμÞ ¼ C½f�: ð10Þ

The pre- and postcollisional momentum four-vectors are
connected by energy-momentum conservation. However, it
has long been known that active neutrino interactions on
the cosmic neutrino background can be safely neglected
[39]. For simplicity, hereafter we assume that sterile
neutrino interactions can also be neglected. With this in
mind, we consider a gas of collision-free particles.

After production, the sterile neutrinos νs travel over
cosmological distances before their arrival at Earth. The
flavor composition at Earth is altered by neutrino oscil-
lations, which are due to each neutrino flavor state being a
superposition of propagation states νa,

jναi ¼
X
α

U�
αajνai; ð11Þ

where Uαa is an element of the mixing matrix U that
connects the flavor and propagation states [40]. For the
3þ 1 scenario under consideration U is a 4 × 4 unitary
mixing with 16 degrees of freedom: six mixing angles and
three Dirac phases [41–44]. Unitarity ensures conservation
of the total number of neutrinos of all flavors. Transitions
from flavor jναi to jνβi (or from jν̄αi to jν̄βi) can only be
described by their oscillation-averaged transition proba-
bility, which is found to be Pαβ ¼

P
a jUαaj2jUβaj2 [45].

All in all, the neutrino fluxes of different flavors at IceCube
is given by

dΦνα

dE

����
⊕
¼ Pαs

dΦνs

dE
¼

X
a

jUαaj2jUsaj2
dΦνs

dE
; ð12Þ

after all terms depending on mass squared differences are
averaged out over cosmological distances. Assuming a
general unitary mixing in the 3þ 1 flavor scenario such
that the mixing parameters relevant for high-energy neu-
trinos are unbounded [44], Monte Carlo samples show that
for a source of 100% sterile neutrinos there is a maximum
of 75% transformed into active flavors after oscillations,
i.e., one is left with a minimum of 25% sterile neutrinos at
Earth [46]. The effective fraction of active neutrinos on
Earth resulting from oscillations of sterile neutrinos will be
taken as a free parameter of the model but constrained to be
less than 75%.
For each neutrino mass state ma, we identify λ ¼ τa=ma,

where τa is the proper time. The norm of the four-
momentum reads

P2 ≡ gμνPμPν ¼ −E2=c2 þ p2 ¼ −mac2; ð13Þ

with E2=c2 ¼ −g00ðP0Þ2 and p2 ≡ gijPiPj, and where E is
the neutrino energy and p its physical (or proper) momen-
tum. Because of the mass shell relation (13) without loss of
generality we take only the spatial momentum components
Pi as independent variables [47]. The distribution function
in the restricted phase space is then given by

�
Pμ ∂

∂xμ − Γi
νσPνPσ ∂

∂Pi

�
fðxμ; PiÞ ¼ 0: ð14Þ

For a flat Friedmann-Robertson-Walker spacetime, the line
element reads
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ds2 ¼ −c2dt2 þ a2ðtÞ½dr2 þ r2ðdθ2 þ sin2dϕ2Þ�; ð15Þ

where the time coordinate (t) indicates the cosmic time and
the spatial coordinates (r; θ;ϕ) are comoving coordinates.
For each t, the spatial slices are maximally symmetric,
with aðtÞ the scale factor that gauges how the distance
between two points scales with time. The Christoffel
symbols are given by Γ0

00 ¼ 0, Γ0
0i ¼ 0, Γ0

ij ¼ δija _a=c,
and Γi

0j ¼ δijH=c, whereH ¼ _a=a is the Hubble parameter.
From now on, we take c ¼ 1 to simplify notation.

Substituting the coefficients of the affine connection into
(14) we have

�
E
∂
∂tþ Pi ∂

∂xi − 2EHPi ∂
∂Pi

�
fðxμ; PiÞ ¼ 0; ð16Þ

where the factor of 2 reflects that the connection coef-
ficients are symmetric in the lower indices.
Nevertheless, because of homogeneity of (Friedmann-

Robertson-Walker) spacetime, f cannot depend on the
spacial coordinates xi, and so the second term in (16) is
identically zero. Likewise, because of isotropy the phase
space function can only depend on the absolute value of
the momentum P2 ¼ δijPiPj. This implies that (16) takes
the form

� ∂
∂t − 2HP

∂
∂P

�
fðt; PÞ ¼ 0; ð17Þ

or using the proper momentum can be rewritten as

� ∂
∂t −Hp

∂
∂p

�
fðt; pÞ ¼ 0; ð18Þ

where we have made use of the fact that for a generic
function f ¼ fðx2Þ it follows that xið∂f=∂xiÞ ¼ xð∂f=∂xÞ,
with x2 ≡ δijxixj [48].
Because of isotropy over the momentum space the

neutrino number density relates to the phase space dis-
tribution according to

nνðt; pÞdp ¼ g
ð2πÞ3 4πp

2fðt; pÞdp; ð19Þ

where we have allowed for g ¼ 1=2 internal degrees
of freedom of Weyl spinors [49]. Multiplying (18) by
gd3p=ð2πÞ3 it follows that

� ∂
∂tþ 3H

�
nνðt; pÞ ¼ 0; ð20Þ

where the second term has been integrated by parts:

−H
g

ð2πÞ3
Z

4πp3dp
∂f
∂p ¼ 3H

g
ð2πÞ3

Z
4πp2dpf: ð21Þ

Even under the assumption that neutrinos propagate
unscathed, the neutrino energy is redshifted by a factor
of (1þ z) so we must correct (20) to account for the
adiabatic energy losses (E−1dE=dt ¼ H) and the source
term. Introducing these two terms, (20) can be rewritten as

� ∂
∂tþ 3H

�
nναðt; EÞ ¼

∂
∂E ½HEnναðE; tÞ� þQsðt; EÞPαs;

ð22Þ

where we have assumed that mdc ≫ ma to adopt the
ultrarelativistic approximation E ≈ p, and where the source
term Qsðt; EÞ describes the change of the net neutrino
number density due to χdc → νsν̄s decay [50].

IV. BUMP HUNTING

We now turn to a comparison of the predictions of our
scenario with the IceCube neutrino data. Following our
previous study [18], we set τdc ≃ 6 × 1015 s and fix the
fraction of χdc particles to saturate the cosmological bound
(3), yielding F ¼ 4 × 10−6. With the assumed 2-body decay
(Nν ¼ 2) of χdc, the produced neutrino is monoenergetic,
with energy ε ¼ mdc=2. The neutrino energy distribution
from χdc decay is given by dNν=dE ¼ NνδðE − εÞ.
The source term takes the form

Qsðt; EÞ ¼
ndcðtÞ
τdc

dNν

dE
; ð23Þ

where

ndcðtÞ ¼ YdcsðtÞe−t=τdc ð24Þ

is the number density of χdc, sðtÞ is the entropy density with
sðt0Þ ≃ 2.9 × 103 cm−3, and

Ydc ¼ 3.6 × 10−9
FΩdmh2

mdc=GeV
ð25Þ

is the comoving number density at the CMB epoch.
We solve (22) using the Green’s function method, with

Gαsðt0; E0; t; EÞ satisfying
� ∂
∂tþ2H−HE

∂
∂E

�
Gαsðt0;E0;t;EÞ¼δsαδðt0− tÞδðE0−EÞ

and Gsαðt0;E0;t;EÞt0>t¼0: ð26Þ

Then,
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Gαsðt0; E0; t; EÞ

¼ Θðt − t0Þ
�
Ke−

R
t0
t
ð−2HÞdt00

þ
Z

e−
R

t0
t
ð−2HÞdt00dt0δsαδðE0 − aðtÞE=aðt0ÞÞ

�
; ð27Þ

where aðtÞ is the scale factor at cosmic time t and K the
integration constant [16]. The integral in the exponential is
given by

Z
t0

t
2Hdt00 ¼

Z
t0

t
2
da=dt00

a
dt00 ¼ ln

�
aðt0Þ
aðtÞ

�
2

: ð28Þ

Now, without loss of generality we set K ¼ 0 to obtain

Gsαðt0; E0; t; EÞ

¼ Θðt − t0Þ
Z �

aðt0Þ
aðtÞ

�
2

dt0δαsδðE0 − aðtÞE=aðt0ÞÞ:

ð29Þ

The density of neutrinos of flavor α at IceCube is found
to be

nναðt0; EÞ ¼
Z

T

t0

dt0
Z

dE0Qsðt0; E0ÞPsβGβαðt0; E0; t; EÞ;

ð30Þ

where

T ¼ 1

H0

Z ½1þzðT Þ�−1

0

adaffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ΩΛa4 þΩmaþΩr

p
≃

2

3H0

ffiffiffiffiffiffiffi
ΩΛ

p sinh−1
" ffiffiffiffiffiffiffi

ΩΛ

Ωm

s �
E
ε

�
3=2

#
≃ A

�
E
ε

�
3=2

: ð31Þ

In the solution to the integral in (31), we neglect decays
prior to recombination so we can omit Ωr. We use amax ¼
½1þ zðT Þ�−1 ¼ E=ε. Given h ¼ 0.6766, ΩΛ ¼ 0.6889,
and Ωm ¼ 0.3111 [28], the constant A is

A ¼ 2

3H0

ffiffiffiffiffiffiffi
Ωm

p ¼ 5.45 × 1017 s: ð32Þ

Note that HðT Þ ≃H0

ffiffiffiffiffiffiffi
Ωm

p ½1þ zðT Þ�3=2 when matter
dominates, so ½HðT Þ�−1 ≃ 8.17 × 1017ðE=εÞ3=2 s for
½1þ zðT Þ� ≫ 1.30 in the matter dominated era.
The density of neutrinos of flavor α at Earth is given by

nναðt0; EÞ ¼
NνYdcsðt0Þ

τdcE
e−T =τdc

HðT Þ Psα: ð33Þ

Finally, the all-flavor flux of active SM neutrinos at
IceCube is found to be

E2Φðνþν̄ÞSMðt0; EÞ ¼
X
e;μ;τ

c
4π

E2nναðt0; EÞ;

¼ c
4π

NνYdcsðt0Þ
τdc

Ee−T =τdc

HðT Þ ϰ; ð34Þ

where

ϰ ¼
X

α¼e;μ;τ

Pαs ¼
X
α;a

jUαaj2jUsaj2: ð35Þ

Equation (34) can be written approximately as

E2Φðνþν̄ÞSM ≃N ðFΓdcϰÞ
�
E
ε

�
5=2

exp

�
−

A
τdc

�
E
ε

�
3=2

	
ð36Þ

where

N ¼ 2.43 × 1021
Nν

2

GeV
cm2sr

; ð37Þ

given Ωdmh2 ¼ 0.1193 [28]. The maximum of the distri-
bution of (36) occurs at

Epeak ≃
mdc

2

�
5τdc
3A

�
2=3

¼ mdc

2

�
τdc

3.27 × 1017 s

�
2=3

: ð38Þ

The IceCube data fix the location of the peak of E2Φðνþν̄ÞSM
[3]. A range of mass and lifetime combinations yield a
peak in the energy bin with the highest E2Φðνþν̄ÞSM ,
namely, for 8.36 × 104 ≤ E=GeV ≤ 1.86 × 105, an average
of 1.37 × 105 GeV.
For Epeak¼1.37×105GeV and τdc ¼ 6 × 1015 s, mdc ¼

4 × 106 GeV. Note, ε=Epeak ¼ ð1þ zpeakÞ ¼ 14.6 for this
value of mdc. For larger masses, the lifetime is shorter,
for example, τdc ¼ 3.8 × 1014 s for mdc ¼ 2.5 × 107 GeV.
For lighter masses, the lifetimes approach the age of the
Universe, for example, mdc ¼ 106 GeV corresponds to
τdc ¼ 4.7 × 1016 s. Figure 1 shows τdc as a function of
mdc for Epeak ¼ 1.37 × 105 GeV (solid line) and for
Epeak ¼ 8.36 × 104 − 1.87 × 105 GeV (shaded blue band).
The cross marks the location of the fiducial values τdc ¼
6 × 1015 s and mdc ¼ 4 × 106 GeV.
The flux of SM neutrinos from χdc → νsν̄s, scaled by E2,

as a function of E=ε is shown in Fig. 2. Because of the form
of (36), the shape is the same for any ε ¼ mdc=2 and
lifetime, shifted in E=ε because ofmdc. In Fig. 2, the flux has
been normalized so that the peak of the χdc → νsν̄s con-
tribution is E2Φðνþν̄ÞSM ¼5.80×10−8GeV=ðcm2 ssrÞ. The
lifetime is chosen from (38) with Epeak ¼ 1.37 × 105 GeV.
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As Figs. 1 and 2 show, a larger mdc corresponds to
a shorter lifetime and to the correspondingly larger
redshifts to the neutrino energy ε at production. If the
lifetime is too short, χdc decays will occur before recombi-
nation. The requirement that the E2Φðνþν̄ÞSM be < 1% of
the peak value from χdc decays at z ¼ 1100 corresponds
to τdc > 3.8 × 1014 s.
For smaller masses, we find an upper bound on the

lifetime of τmax
dc ¼ 5.8 × 1016 s if we require that for z ¼ 0,

E2Φðνþν̄ÞSM be< 1% of the peak value from χdc decays. The
two exclusion regions are shown by shaded purple bands in
Fig. 1. The shaded red bands correspond to excluded mdc

values, based on (38), accounting for the bin width of Epeak

that corresponds to the blue band. In what follows, we
assume Epeak ¼ 1.37 × 105 GeV.
For the χdc decay width in terms of an effective

coupling geff , Γdc ¼ g2effmdc=ð16πÞ, the lifetimes and
masses considered here require geff ∼ 5 × 10−23. Given
τmax
dc ¼ 5.8 × 1016 s, the bound on FΓdc in (3) translates to

F < 4.14 × 10−5; ð39Þ

several orders of magnitude lower than from the more
general constraint on F from CMB measurements.
With the approximate formulas for T and HðT Þ and the

relation between mdc and τdc, one can show that the
quantity Fϰ scales with mdc as

Fϰ ≃ 6.0 × 10−10
�

mdc

4 × 106 GeV

�
: ð40Þ

For the mass range discussed here, 8.7×105≤mdc=GeV≤
2.5×107, we find 1.3 × 10−10 ≤ Fϰ ≤ 3.8 × 10−9. Given
(39), ϰ > 3.2 × 10−6. For our fiducial values, mdc ¼
4 × 106 GeV, τdc ¼ 6 × 1015 s, and F ¼ 4 × 10−6 we
obtain Ydc ≃ 4.3 × 10−22 and ϰ ¼ 1.5 × 10−4. This value
of κ can be achieved in a scenario with jUs4j2 ≃ 1 and
jUα4j2 ≲ 1.5 × 10−4 for α ¼ e, μ, τ, values well below
experimental constraints on active-sterile mixing [51]
and much smaller than jUe3j2 ≃ 2 × 10−2. For ϰ ∼ 10−4

and mνs ∼ 1 eV, active-sterile oscillations in cosmology

FIG. 2. The quantity E2Φðνþν̄ÞSM as a function of E=ε assuming
Epeak ¼ 1.37 × 105 GeV and the decay of χdc to sterile neutrinos
contributes maxðE2Φðνþν̄ÞSMÞ ¼ 5.80 × 10−8 GeV=ðcm2 s srÞ.

FIG. 1. The lifetime τdc versusmdc for Epeak ¼ 1.37 × 105 GeV
(solid line), 8.36 × 104 GeV (lower dashed line), and 1.87 ×
105 GeV (upper dashed line). The shaded purple regions are
excluded based on the requirement that χdc → νsν̄s decays
contribute less than 1% of the peak of E2Φðνþν̄ÞSM , so the shaded
red regions correspond to excluded values of mdc, accounting for
the range of Epeak. The cross marks the fiducial point of our
analysis.

FIG. 3. The total extragalactic γ-ray background (open sym-
bols) reported by the Fermi Collaboration [6] and the diffuse
astrophysical flux (solid symbols) reported by the IceCube
Collaboration (frequentist statistical analysis 7.5 yr data) [3].
The γ-ray result is shown for three foreground models, with the
yellow band showing background modeling uncertainties and the
gray band showing the cumulative intensity from resolved Fermi
sources at latitudes jbj > 20°. The SM diffuse astrophysical
neutrino flux is shown with the horizontal dashed line, and the
SM neutrino flux from dark matter decays is shown with the
magenta dashed line.
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will not violate bounds on the effective number of neutrino
species, as discussed in, e.g., Ref. [52].
In Fig. 3 we show the γ-ray flux and the monoenergetic

all-flavor flux of active SM neutrinos, smeared by redshift
evolution, together with the diffuse astrophysical neutrino
flux superimposed on IceCube data. The horizontal line in
Fig. 3 indicates the flux of astrophysical neutrinos pro-
duced via pion decay, which translates to equal fluxes of
neutrino flavors and is taken to saturate the Fermi flux,
given by

Φðνþν̄ÞSM;astro
ðEÞ

GeVcm2 sr s
¼ 1.5 × 10−18

�
E

105 GeV

�
−2
: ð41Þ

A cutoff (or steepening) of the astrophysical neutrino
spectrum around E ∼ 107 GeV is necessary to accommo-
date the nonobservation of νe or ντ events above this energy
[53]. The astrophysical neutrino flux adopted herein is
consistent at the 1σ level with the muon neutrino flux
reported by the IceCube Collaboration [54]. The (magenta)
dashed line is obtained for our fiducial parameters, or
alternatively, with a combination of parameters that satisfy
(38) and (40). The active flavor fractions of this all-flavor
neutrino flux at Earth are essentially unconstrained, as
discussed in [44].

V. RELATED PHENOMENOLOGY

Sterile neutrinos relevant to the MiniBooNE [55] and
LSND [56] anomalies have masses 1≲ms=eV≲ 10 and
active-sterile neutrino mixing with an amplitude at the level
of 0.01. IceCube places constraints on this 3þ 1 oscillation
framework by searching for Earth matter effects in oscil-
lations of atmospheric neutrinos with energies between
200 GeV and 10 TeV [57]. However, for the 100 TeV
energies of our scenario, no such matter effects are
observable at IceCube. This conclusion also applies for
sterile neutrino masses above 10 eV [58].
Proposed neutrino detection experiments along the LHC

beam line such as FASER [59–61] and FASERν [62,63], XSEN
[64,65] and SNDLHC [66] have the potential to probe
active-sterile mixing. Neutrinos that travel down the beam
line are produced by forward pions and kaons that decay
outside the detector, from W and Z decays, and from
prompt decays of charmed hadrons. Indeed, in the far
forward region, the dominant source tau neutrinos is from
D�

s decays [67], making ντ → νs oscillations the cleanest
signal. Even so, large uncertainties in forward charm
production kinematic distributions and cross sections mean
that until charm production calculations are better refined
with new forward production data, signals of ντ → νs
oscillations would be via observations of spectral distor-
tions [68]. With baselines of these far-forward experiments
on the scale of 500 m, a characteristic sterile neutrino mass
scale of 10s of eV will show oscillation dips for neutrino
energies of order ∼150 GeV if mixing angles are large

enough. To be observable, sufficiently large values of ϰ are
required, in particular, that jUτ4j2 ≃ 0.15, close to the
maximum allowed value [51]. To avoid the cosmological
constraints on such a large mixing angle, additional “secret
interactions” (viz. C½f� ≠ 0) could be invoked, as in, e.g.,
Refs. [69–71].

VI. CONCLUSIONS

We propose a novel explanation of the spectrum of
cosmic neutrinos on the basis of cold dark matter which
decays into sterile neutrinos that, after oscillations, produce
the bumpy signal observed in IceCube data. The dark
matter particle decays via χdc → νsν̄s with a branching
fraction of essentially unity, and thereby eliminates the
IceCube-Fermi tension. The scenario features interesting
phenomenology which can be summarized as follows:

(i) The total decay width of the dark matter particle
satisfies H0 < Γdc ≲HðzLSÞ. The lower limit en-
sures that most of the χdc particles have disappeared
by z ¼ 3, so monoenergetic neutrinos are not found
in IceCube searches of dark matter decay in the
Galactic center [72]. The upper limit on Γdc ensures
that the portion of the overall dark matter abundance
that has been depleted by decays prior to last
scattering is negligible, avoiding modifications of
ΛCDM predictions from big bang nucleosynthesis
or CMB phenomenology.

(ii) A subdominant CDM component decaying into
dark radiation after recombination depletes dark
matter density at low redshifts reducing the power
of the CMB lensing effect, which is at odds with
Planck data. This sets an upper limit of FΓdc <
2.25 × 10−5 Gyr−1 at 95% C.L. [30]. Normalization
to the IceCube flux yields a constraint on κFΓdc after
sterile-active neutrino oscillations, with mixing am-
plitude ∝ κ.

(iii) The thermalization of extra light species in the early
Universe modifies the energy density of radiation.
The presence of additional relativistic degrees of
freedom can be characterized by the number of
equivalent light neutrino species Neff≡ðρR−ργÞ=ρν
in units of the density of a single Weyl neutrino ρν,
where ρR is the total energy density in relativistic
particles and ργ is the energy density of photons [73].
For 1≲ms=eV≲ 10 and our fiducial value ϰ ¼
1.5 × 10−4, the mixing is not large enough to allow
a full energy transfer between the sterile and the active
states [52]. Indeed, due to incomplete thermalization
themodel prediction forNeff is virtually indistinguish-
able from that of three families of massless SM
neutrinos (Neff ¼ 3.046 [74]) in ΛCDM cosmology.

(iv) The allowed range for the sterile neutrino mass
encompasses the mass scale of the long-standing
anomalies in MiniBooNE [55] and LSND [56].
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However, for the preferred region of active-sterile
mixing parameters from short-baseline neutrino
experiments, the sterile neutrino is fully thermalized
(Neff ≃ 4) and therefore in strong tension with the
upper limit derived by the Planck Collaboration:
Neff ¼ 3.12þ0.25

−0.26 at the 95% C.L. [28].
(v) The energy of the sterile neutrino flux is outside the

range of oscillation searches for sterile neutrinos at
IceCube [57].

(vi) Proposed neutrino detection experiments along the
LHC beam line will be sensitive to active-sterile
neutrino mixing if κ is sufficiently large [68]. To
avoid the cosmological constraints on such a large
mixing with the hidden sector, a collision term
(C½f� ≠ 0) should be added to (10) to account for
secret neutrino interactions [69–71].

In summary, we have proposed a new scenario to explain
IceCube data. This scenario can be confronted with
future data from IceCube-Gen2 [75] and KM3NeT [76].
Observation by both of these neutrino-detection facilities

will be able to test whether the bumpy signal has a
cosmological origin.
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