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FIG. 1. Grand Unified Neutrino Spectrum (GUNS) at Earth, integrated over directions and summed over flavors. Therefore,
flavor conversion between source and detector does not a↵ect this plot. Solid lines are for neutrinos, dashed or dotted lines for
antineutrinos, superimposed dashed and solid lines for sources of both ⌫ and ⌫. The fluxes from BBN, the Earth, and reactors
encompass only antineutrinos, the Sun emits only neutrinos, whereas all other components include both. The CNB is shown for
a minimal mass spectrum of m1 = 0, m2 = 8.6, and m3 = 50 meV, producing a blackbody spectrum plus two monochromatic
lines of nonrelativistic neutrinos with energies corresponding to m2 and m3. See Appendix D for an exact description of the
individual curves. Top panel: Neutrino flux � as a function of energy; line sources in units of cm�2 s�1. Bottom panel: Neutrino
energy flux E ⇥ � as a function of energy; line sources in units of eV cm�2 s�1.

mixing with hypothetical sterile neutrinos, large nonstan-
dard interactions, spin-flavor oscillations by large non-
standard magnetic dipole moments, decays and annihila-
tion into majoron-like bosons, for the CNB large primor-
dial asymmetries and other novel early-universe phenom-
ena, or entirely new sources such as dark-matter annihi-
lation in the Sun or Earth. We will usually not explore
such topics and rather stay in a minimal framework which
of course includes normal flavor oscillations.

In the main part of the paper we walk the reader
through the GUNS plots of Fig. 1 and briefly review the
di↵erent components approximately in increasing order

of energy. In Sec. II we begin with the CNB, discussing
primarily the impact of neutrino masses. In Fig. 1 we
show a minimal example where the smallest neutrino
mass vanishes, providing the traditional blackbody ra-
diation, and two mass components which must be non-
relativistic today.
In Sec. III we turn to neutrinos from the big-bang nu-

cleosynthesis (BBN) epoch that form a small but domi-
nant contribution at energies just above the CNB. This
very recently recognized flux derives from neutron and
triton decays, n ! p+ e

� + ⌫e and 3H !
3He+ e

� + ⌫e,
that are left over from BBN.

Vitagliano, Tamborra and Raffelt 2019
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mixing with hypothetical sterile neutrinos, large nonstan-
dard interactions, spin-flavor oscillations by large non-
standard magnetic dipole moments, decays and annihila-
tion into majoron-like bosons, for the CNB large primor-
dial asymmetries and other novel early-universe phenom-
ena, or entirely new sources such as dark-matter annihi-
lation in the Sun or Earth. We will usually not explore
such topics and rather stay in a minimal framework which
of course includes normal flavor oscillations.

In the main part of the paper we walk the reader
through the GUNS plots of Fig. 1 and briefly review the
di↵erent components approximately in increasing order

of energy. In Sec. II we begin with the CNB, discussing
primarily the impact of neutrino masses. In Fig. 1 we
show a minimal example where the smallest neutrino
mass vanishes, providing the traditional blackbody ra-
diation, and two mass components which must be non-
relativistic today.
In Sec. III we turn to neutrinos from the big-bang nu-

cleosynthesis (BBN) epoch that form a small but domi-
nant contribution at energies just above the CNB. This
very recently recognized flux derives from neutron and
triton decays, n ! p+ e

� + ⌫e and 3H !
3He+ e

� + ⌫e,
that are left over from BBN.
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di↵erent components approximately in increasing order

of energy. In Sec. II we begin with the CNB, discussing
primarily the impact of neutrino masses. In Fig. 1 we
show a minimal example where the smallest neutrino
mass vanishes, providing the traditional blackbody ra-
diation, and two mass components which must be non-
relativistic today.
In Sec. III we turn to neutrinos from the big-bang nu-
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nant contribution at energies just above the CNB. This
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Our model
We consider a scheme of SI where the new interaction, mediated by a new pseudoscalar mediator,

 involves both active and sterile neutrinos: 

vaHE

vaHE

vaC𝜈B

𝜑
vs
vs

Neutrinos without interaction

Neutrinos absorbed and arriving as sterile 

We study the modifications on the expected (ultra-)high neutrino fluxes at Earth  implied by the new 
coupling, estimating the possibility to measure this effect in  present and future apparatus, depending on 
the neutrino energies.
Fiorillo, Miele, Morisi, Saviano 2020,  PRD 101,083024, arXiv:2002.10125

Fiorillo, Miele, Morisi, Saviano 2020,  PhysRevD 102.083014, arXiv:2007.07866
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• Majorana neutrinos 

• For the simplest choice,  

φ is a pseudoscalar 

2

principle allow an identification of the tau neutrino ra-
tio in the ultrahigh energy range. We therefore reach the
conclusion that a combined analysis of the energy and fla-
vor structure of the astrophysical neutrino fluxes in the
energy region above the PeV would allow to provide defi-
nite informations about the possibility of active-neutrino
sterile interactions.
The outline of the paper is the following: in Section

II we specify our model, emphasizing the role of the pa-
rameters. We then discuss in Section III the constraints,
coming from laboratory experiments, cosmological ob-
servations and astrophysical data. A description of the
benchmark fluxes we have analyzed, as well as of the
methods used to describe the e↵ects of the interaction, is
provided in Section IV. In Section V we show our results
and discuss it. Finally, in Section VI, we come to our
conclusions.

II. MODEL

In this section we describe the model of active-sterile
neutrino interaction analyzed for this work. For definite-
ness we assume throughout the paper that neutrinos are
described by Majorana spinors. We also consider just
one sterile neutrino ⌫s coupling with the active ones via
a new interaction given by

LSI =
X

↵

�↵ ⌫↵�5⌫s' , (1)

where ↵ = e, µ, ⌧ and �↵ are dimensionless free couplings.
The presence of �5 is connected with the Majorana na-
ture of the neutrinos, since the scalar contraction ⌫↵�5⌫s

would otherwise vanish. In order to maintain parity, the
mediator of the interaction ' is chosen as a pseudoscalar.
The interaction in eq.(1) is assumed to arise after the

breaking of SUL(2) weak group, since it explicitly vio-
lates it. The study of a complete Standard Model La-
grangian is beyond the scope of the present paper, since
we are only interested into the phenomenological conse-
quences of the interaction (1). Nevertheless, it is inter-
esting to observe that our interaction must be embedded
into a more fundamental theory that will give rise to a
4⇥ 4 neutrino mass matrix in the bases ⌫e, ⌫µ, ⌫⌧ , ⌫s di-
agonalized by a 4⇥ 4 unitarity matrix parametrized1 by
three mixing angle between active-active states ✓12, ✓13,
✓23 and three mixing angles between active-sterile states
✓1s, ✓2s, ✓3s. For simplicity we assume here that ✓is ⌧ 1,
so small as to neglect its e↵ects. Even though this is
a simplification which restricts the space of parameters
we explore, it allows us to disentangle the e↵ects due to
the interaction from the e↵ects due to the active-sterile
mixing.

1 We do not include in this counting the CP violating phases.

The couplings �↵ are free parameters of the model,
which means that we have an ample freedom of choice for
our model. The most natural possibility is �e = �µ = �⌧ ,
since it preserves lepton universality. However, also the
case in which only �⌧ 6= 0 is very interesting: even though
it is not motivated by symmetry properties, we will see
that it is only very weakly constrained by mesons decay.
It can therefore lead to larger e↵ects on the astrophysical
fluxes without being excluded by present experiments. In
our investigation we therefore consider these two bench-
mark cases.

As mentioned in [2], the cross section for the collision
of sterile-active neutrinos exhibits a resonance in the t-
channel. In fact, if a sterile neutrino with momentum p

collides with a fixed active neutrino, the resonance condi-
tion t = M

2
' gives the following expressions for the energy

of the final sterile and of active neutrino:

E
i
s =

m
2
i +m

2
s �M

2
'

2mi
, E

i
a =

p
p2 +m2

s+
m

2
i �m

2
s +M

2
'

2mi
(2)

where mi is the mass of the i�th active neutrino, M'

is the mass of the pseudoscalar ' and ms is the mass of
the sterile neutrino. Since mi ⌧ ms,M', from eq. (2) it
follows that the resonance condition can be satisfied for
positive energies if ms > M'. If this condition is satis-
fied, the decay channel ' ! ⌫s⌫ is also kinematically sup-
pressed. The amplitude for the process therefore depends
critically on details of the model we have left unspeci-
fied. In fact, if the scalar mediator were completely sta-
ble, with no other decay channels, the t-resonance comes
unregulated, giving rise to a non integrable pole in the
di↵erential cross section and a diverging total cross sec-
tion. This situation is analogous to the divergence of
the total cross section for Rutherford scattering. The
regularization of this divergence in the case of a stable
mediator particle depends, just as in the case of Ruther-
ford scattering, on the transverse structure of the beam:
if the radius of the beam is a, the cross section cannot
exceed ⇡a

2, so that the total cross section will saturate to
this value. It is however uncommon for a particle to be
completely stable, if this stability does not descend from
some specific property or conservation law. Therefore, It
is unlikely that our mediator should be completely stable
and it may have other decay channels, giving rise to a fi-
nite total decay rate �. This decay rate regularizes the
divergence. Obviously, this implies a dependence on a
new parameter � into our work for the region ms > M'.
In what follows, we adopt the choice that the dominant
decay channel is the decay into two active neutrinos via a
very small mixing angle. We will discuss in Section IVB
the dependence of our results on this assumption.

III. CONSTRAINTS

In the simple extension of the Standard Model under
consideration, we introduce two new species of matter:
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The couplings �↵ are free parameters of the model,
which means that we have an ample freedom of choice for
our model. The most natural possibility is �e = �µ = �⌧ ,
since it preserves lepton universality. However, also the
case in which only �⌧ 6= 0 is very interesting: even though
it is not motivated by symmetry properties, we will see
that it is only very weakly constrained by mesons decay.
It can therefore lead to larger e↵ects on the astrophysical
fluxes without being excluded by present experiments. In
our investigation we therefore consider these two bench-
mark cases.

As mentioned in [2], the cross section for the collision
of sterile-active neutrinos exhibits a resonance in the t-
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where mi is the mass of the i�th active neutrino, M'

is the mass of the pseudoscalar ' and ms is the mass of
the sterile neutrino. Since mi ⌧ ms,M', from eq. (2) it
follows that the resonance condition can be satisfied for
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fied, the decay channel ' ! ⌫s⌫ is also kinematically sup-
pressed. The amplitude for the process therefore depends
critically on details of the model we have left unspeci-
fied. In fact, if the scalar mediator were completely sta-
ble, with no other decay channels, the t-resonance comes
unregulated, giving rise to a non integrable pole in the
di↵erential cross section and a diverging total cross sec-
tion. This situation is analogous to the divergence of
the total cross section for Rutherford scattering. The
regularization of this divergence in the case of a stable
mediator particle depends, just as in the case of Ruther-
ford scattering, on the transverse structure of the beam:
if the radius of the beam is a, the cross section cannot
exceed ⇡a

2, so that the total cross section will saturate to
this value. It is however uncommon for a particle to be
completely stable, if this stability does not descend from
some specific property or conservation law. Therefore, It
is unlikely that our mediator should be completely stable
and it may have other decay channels, giving rise to a fi-
nite total decay rate �. This decay rate regularizes the
divergence. Obviously, this implies a dependence on a
new parameter � into our work for the region ms > M'.
In what follows, we adopt the choice that the dominant
decay channel is the decay into two active neutrinos via a
very small mixing angle. We will discuss in Section IVB
the dependence of our results on this assumption.

III. CONSTRAINTS

In the simple extension of the Standard Model under
consideration, we introduce two new species of matter:

The interaction is flavor dependent and mediated by a pseudoscalar particle. 
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where mi is the mass of the i�th active neutrino, M'

is the mass of the pseudoscalar ' and ms is the mass of
the sterile neutrino. Since mi ⌧ ms,M', from eq. (2) it
follows that the resonance condition can be satisfied for
positive energies if ms > M'. If this condition is satis-
fied, the decay channel ' ! ⌫s⌫ is also kinematically sup-
pressed. The amplitude for the process therefore depends
critically on details of the model we have left unspeci-
fied. In fact, if the scalar mediator were completely sta-
ble, with no other decay channels, the t-resonance comes
unregulated, giving rise to a non integrable pole in the
di↵erential cross section and a diverging total cross sec-
tion. This situation is analogous to the divergence of
the total cross section for Rutherford scattering. The
regularization of this divergence in the case of a stable
mediator particle depends, just as in the case of Ruther-
ford scattering, on the transverse structure of the beam:
if the radius of the beam is a, the cross section cannot
exceed ⇡a

2, so that the total cross section will saturate to
this value. It is however uncommon for a particle to be
completely stable, if this stability does not descend from
some specific property or conservation law. Therefore, It
is unlikely that our mediator should be completely stable
and it may have other decay channels, giving rise to a fi-
nite total decay rate �. This decay rate regularizes the
divergence. Obviously, this implies a dependence on a
new parameter � into our work for the region ms > M'.
In what follows, we adopt the choice that the dominant
decay channel is the decay into two active neutrinos via a
very small mixing angle. We will discuss in Section IVB
the dependence of our results on this assumption.
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principle allow an identification of the tau neutrino ra-
tio in the ultrahigh energy range. We therefore reach the
conclusion that a combined analysis of the energy and fla-
vor structure of the astrophysical neutrino fluxes in the
energy region above the PeV would allow to provide defi-
nite informations about the possibility of active-neutrino
sterile interactions.
The outline of the paper is the following: in Section

II we specify our model, emphasizing the role of the pa-
rameters. We then discuss in Section III the constraints,
coming from laboratory experiments, cosmological ob-
servations and astrophysical data. A description of the
benchmark fluxes we have analyzed, as well as of the
methods used to describe the e↵ects of the interaction, is
provided in Section IV. In Section V we show our results
and discuss it. Finally, in Section VI, we come to our
conclusions.

II. MODEL

In this section we describe the model of active-sterile
neutrino interaction analyzed for this work. For definite-
ness we assume throughout the paper that neutrinos are
described by Majorana spinors. We also consider just
one sterile neutrino ⌫s coupling with the active ones via
a new interaction given by

LSI =
X

↵

�↵ ⌫↵�5⌫s' , (1)

where ↵ = e, µ, ⌧ and �↵ are dimensionless free couplings.
The presence of �5 is connected with the Majorana na-
ture of the neutrinos, since the scalar contraction ⌫↵�5⌫s

would otherwise vanish. In order to maintain parity, the
mediator of the interaction ' is chosen as a pseudoscalar.
The interaction in eq.(1) is assumed to arise after the

breaking of SUL(2) weak group, since it explicitly vio-
lates it. The study of a complete Standard Model La-
grangian is beyond the scope of the present paper, since
we are only interested into the phenomenological conse-
quences of the interaction (1). Nevertheless, it is inter-
esting to observe that our interaction must be embedded
into a more fundamental theory that will give rise to a
4⇥ 4 neutrino mass matrix in the bases ⌫e, ⌫µ, ⌫⌧ , ⌫s di-
agonalized by a 4⇥ 4 unitarity matrix parametrized1 by
three mixing angle between active-active states ✓12, ✓13,
✓23 and three mixing angles between active-sterile states
✓1s, ✓2s, ✓3s. For simplicity we assume here that ✓is ⌧ 1,
so small as to neglect its e↵ects. Even though this is
a simplification which restricts the space of parameters
we explore, it allows us to disentangle the e↵ects due to
the interaction from the e↵ects due to the active-sterile
mixing.

1 We do not include in this counting the CP violating phases.

The couplings �↵ are free parameters of the model,
which means that we have an ample freedom of choice for
our model. The most natural possibility is �e = �µ = �⌧ ,
since it preserves lepton universality. However, also the
case in which only �⌧ 6= 0 is very interesting: even though
it is not motivated by symmetry properties, we will see
that it is only very weakly constrained by mesons decay.
It can therefore lead to larger e↵ects on the astrophysical
fluxes without being excluded by present experiments. In
our investigation we therefore consider these two bench-
mark cases.
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nite total decay rate �. This decay rate regularizes the
divergence. Obviously, this implies a dependence on a
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In what follows, we adopt the choice that the dominant
decay channel is the decay into two active neutrinos via a
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the dependence of our results on this assumption.
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since it preserves lepton universality. However, also the
case in which only �⌧ 6= 0 is very interesting: even though
it is not motivated by symmetry properties, we will see
that it is only very weakly constrained by mesons decay.
It can therefore lead to larger e↵ects on the astrophysical
fluxes without being excluded by present experiments. In
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mark cases.
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where mi is the mass of the i�th active neutrino, M'

is the mass of the pseudoscalar ' and ms is the mass of
the sterile neutrino. Since mi ⌧ ms,M', from eq. (2) it
follows that the resonance condition can be satisfied for
positive energies if ms > M'. If this condition is satis-
fied, the decay channel ' ! ⌫s⌫ is also kinematically sup-
pressed. The amplitude for the process therefore depends
critically on details of the model we have left unspeci-
fied. In fact, if the scalar mediator were completely sta-
ble, with no other decay channels, the t-resonance comes
unregulated, giving rise to a non integrable pole in the
di↵erential cross section and a diverging total cross sec-
tion. This situation is analogous to the divergence of
the total cross section for Rutherford scattering. The
regularization of this divergence in the case of a stable
mediator particle depends, just as in the case of Ruther-
ford scattering, on the transverse structure of the beam:
if the radius of the beam is a, the cross section cannot
exceed ⇡a

2, so that the total cross section will saturate to
this value. It is however uncommon for a particle to be
completely stable, if this stability does not descend from
some specific property or conservation law. Therefore, It
is unlikely that our mediator should be completely stable
and it may have other decay channels, giving rise to a fi-
nite total decay rate �. This decay rate regularizes the
divergence. Obviously, this implies a dependence on a
new parameter � into our work for the region ms > M'.
In what follows, we adopt the choice that the dominant
decay channel is the decay into two active neutrinos via a
very small mixing angle. We will discuss in Section IVB
the dependence of our results on this assumption.

III. CONSTRAINTS

In the simple extension of the Standard Model under
consideration, we introduce two new species of matter:

 General case: 3 & 1 (3 active and 1 sterile)
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Allowed parameter space

The proposed model is subject to different constraints from: 

laboratory experiments  

Cosmological  observations 

Astrophysical observations
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The  new interaction opens new leptonic decay channels M ! ⌫s`' and M ! ⌫s`⌫`0⌫s

•Laboratory constraints 

Examples:

4

We begin by examining the three body decay K
+

!

µ⌫s'. In the limit of vanishing active neutrino masses,
the decay rate is

d�K!µ⌫s' = (6)

=
f
2
KG

2
F |�µ|

2

16MK(2⇡)3

Z
dEpdEk

Q

(M2
' +m2

µ � 2M'Ep)2
,

where

Q = 8M2
'[2(M'Ek � EpEk + p · k)⇥

(2Ep(M' � Ep)�M'Ep +m
2
µ)� (7)

(M2
' +m

2
µ � 2M'Ep)(EpEk + p · k)].

We have defined with p, q, k and P respectively the µ,
', ⌫s and K four-momenta, and in bold face their spatial
three-momenta. fK is the Kaon decay form factor.
With an analogous notations for the four body decay

K
+
! µ⌫s⌫s⌫

0
`, the decay rate can then be written:

d�K!µ⌫s⌫a⌫s =
G

2
F f

2
K |�µ|

2(
P

↵ |�↵|
2)

(2⇡)6M
(8)

Z
|p|2d|p||q|2d|q||k|d|k|d cos ✓d�

EpEqEk|p+ q|

q · lp · k
⇥
(q + l)2 �M2

'

⇤2 ,

where p, q, l, k and P denote the four-momenta re-
spectively of µ, ⌫s, ⌫0` and ⌫s. For convenience, we also
defined s = P � p. In this case, there are 5 independent
variables to parameterize the decay, which we choosed to
be |p|, |q|, |k|, the angle ✓ between p and q, and the az-
imuthal angle � between k and the plane determined by
p and q. In case p and q were collinear, this should be
interpreted as the azimuthal angle around the direction
of p
Both the processes K

+
! µ'⌫s and K

+
! µ⌫s⌫s⌫

0
`

should be observed as K ! µ + missing energy. The
closer Kaon decay process that is reported into PDG [7]
is K ! µ⌫⌫⌫ that can be used to constrain our processes.
Therefore, we impose that the branching ratio to this
channels should be smaller than 2.4⇥ 10�6 [7].
As mentioned in section II, a reasonable choice for a

qualitative picture of the general case is to take �e =
�µ = �⌧ = �. In Figure 2 we consider this case and we
show the region excluded by Kaon decay in the M'�ms

plane for various values of the coupling. From figure (2)
we observe that if

� � 0.01 and (ms orM') & 30MeV , (9)

then the correction to Kaon decay is within the experi-
mental bound.
The four-body decay channel only produces a bump in

the right part of the exclusion contours, corresponding to
a roughly horizontal line of exclusion that only constrains
ms, as expected from our previous considerations: just
as we had deduced, this bump is only relevant for � = 1.
The only case in which the results are drastically dif-

ferent from the choice of equal couplings for the three

Figure 2. Exclusion contours in the M' � ms plane for dif-

ferent values of the coupling � = �e = �µ = �⌧ , for the

choice of equal flavor coupling: the region below the contours

is excluded.

flavors is the one in which �⌧ 6= 0 and the other two cou-
plings are much smaller than it. In fact, as we mentioned
above, this case is unconstrained from meson physics and
even for value of �⌧ ⇠ O(1) the only relevant bound in
the M'�ms plane comes from Big Bang Nucleosynthesis
as discussed below.

B. Cosmological bounds

In addition to laboratory bounds, there could be ad-
ditional constraints coming from cosmology at di↵erent
epochs of the Universe. A first constraint comes from
the Big Bang Nucleosynthesis (BBN) epoch and specifi-
cally from the number of relativistic degrees of freedom.
In particular, the requirement is that there are no extra
relativistic species (apart from the ones predicted from
the Standard Model) at the moment of the BBN. This
naturally happens if the new introduced species ' and
⌫s are non relativistic and in thermal equilibrium before
and during BBN. Indeed, their distributions will be then
Boltzmann suppressed by a factor of e

�m/TBBN , where
TBBN ' 1 MeV, and will not count as extra degree of
freedom. Another constraint comes from the require-
ment that the new interaction does not a↵ect the free-
streaming nature (non interacting) of the active neutri-
nos at the time of the formation of the Cosmic Microwave
Background (CMB).

A full discussion of the cosmological bounds would re-
quire explicit solution of the evolution equations for all
the relevant species and is outside the scope of this work.
We will limit ourselves to an order of magnitude esti-
mate of the rates of the relevant processes to get a clear
idea of which portion of the parameter space is e↵ectively
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flavors is the one in which �⌧ 6= 0 and the other two cou-
plings are much smaller than it. In fact, as we mentioned
above, this case is unconstrained from meson physics and
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flavors is the one in which �⌧ 6= 0 and the other two cou-
plings are much smaller than it. In fact, as we mentioned
above, this case is unconstrained from meson physics and
even for value of �⌧ ⇠ O(1) the only relevant bound in
the M'�ms plane comes from Big Bang Nucleosynthesis
as discussed below.

B. Cosmological bounds

In addition to laboratory bounds, there could be ad-
ditional constraints coming from cosmology at di↵erent
epochs of the Universe. A first constraint comes from
the Big Bang Nucleosynthesis (BBN) epoch and specifi-
cally from the number of relativistic degrees of freedom.
In particular, the requirement is that there are no extra
relativistic species (apart from the ones predicted from
the Standard Model) at the moment of the BBN. This
naturally happens if the new introduced species ' and
⌫s are non relativistic and in thermal equilibrium before
and during BBN. Indeed, their distributions will be then
Boltzmann suppressed by a factor of e

�m/TBBN , where
TBBN ' 1 MeV, and will not count as extra degree of
freedom. Another constraint comes from the require-
ment that the new interaction does not a↵ect the free-
streaming nature (non interacting) of the active neutri-
nos at the time of the formation of the Cosmic Microwave
Background (CMB).

A full discussion of the cosmological bounds would re-
quire explicit solution of the evolution equations for all
the relevant species and is outside the scope of this work.
We will limit ourselves to an order of magnitude esti-
mate of the rates of the relevant processes to get a clear
idea of which portion of the parameter space is e↵ectively

In the standard sector the closer Kaon decay process is  with  BR= 2.4 × 10−6
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where p, q, l, k and P denote the four-momenta re-
spectively of µ, ⌫s, ⌫0` and ⌫s. For convenience, we also
defined s = P � p. In this case, there are 5 independent
variables to parameterize the decay, which we choosed to
be |p|, |q|, |k|, the angle ✓ between p and q, and the az-
imuthal angle � between k and the plane determined by
p and q. In case p and q were collinear, this should be
interpreted as the azimuthal angle around the direction
of p
Both the processes K

+
! µ'⌫s and K

+
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0
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should be observed as K ! µ + missing energy. The
closer Kaon decay process that is reported into PDG [7]
is K ! µ⌫⌫⌫ that can be used to constrain our processes.
Therefore, we impose that the branching ratio to this
channels should be smaller than 2.4⇥ 10�6 [7].
As mentioned in section II, a reasonable choice for a

qualitative picture of the general case is to take �e =
�µ = �⌧ = �. In Figure 2 we consider this case and we
show the region excluded by Kaon decay in the M'�ms

plane for various values of the coupling. From figure (2)
we observe that if

� � 0.01 and (ms orM') & 30MeV , (9)

then the correction to Kaon decay is within the experi-
mental bound.
The four-body decay channel only produces a bump in

the right part of the exclusion contours, corresponding to
a roughly horizontal line of exclusion that only constrains
ms, as expected from our previous considerations: just
as we had deduced, this bump is only relevant for � = 1.
The only case in which the results are drastically dif-
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flavors is the one in which �⌧ 6= 0 and the other two cou-
plings are much smaller than it. In fact, as we mentioned
above, this case is unconstrained from meson physics and
even for value of �⌧ ⇠ O(1) the only relevant bound in
the M'�ms plane comes from Big Bang Nucleosynthesis
as discussed below.

B. Cosmological bounds

In addition to laboratory bounds, there could be ad-
ditional constraints coming from cosmology at di↵erent
epochs of the Universe. A first constraint comes from
the Big Bang Nucleosynthesis (BBN) epoch and specifi-
cally from the number of relativistic degrees of freedom.
In particular, the requirement is that there are no extra
relativistic species (apart from the ones predicted from
the Standard Model) at the moment of the BBN. This
naturally happens if the new introduced species ' and
⌫s are non relativistic and in thermal equilibrium before
and during BBN. Indeed, their distributions will be then
Boltzmann suppressed by a factor of e

�m/TBBN , where
TBBN ' 1 MeV, and will not count as extra degree of
freedom. Another constraint comes from the require-
ment that the new interaction does not a↵ect the free-
streaming nature (non interacting) of the active neutri-
nos at the time of the formation of the Cosmic Microwave
Background (CMB).

A full discussion of the cosmological bounds would re-
quire explicit solution of the evolution equations for all
the relevant species and is outside the scope of this work.
We will limit ourselves to an order of magnitude esti-
mate of the rates of the relevant processes to get a clear
idea of which portion of the parameter space is e↵ectively
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flavors is the one in which �⌧ 6= 0 and the other two cou-
plings are much smaller than it. In fact, as we mentioned
above, this case is unconstrained from meson physics and
even for value of �⌧ ⇠ O(1) the only relevant bound in
the M'�ms plane comes from Big Bang Nucleosynthesis
as discussed below.

B. Cosmological bounds

In addition to laboratory bounds, there could be ad-
ditional constraints coming from cosmology at di↵erent
epochs of the Universe. A first constraint comes from
the Big Bang Nucleosynthesis (BBN) epoch and specifi-
cally from the number of relativistic degrees of freedom.
In particular, the requirement is that there are no extra
relativistic species (apart from the ones predicted from
the Standard Model) at the moment of the BBN. This
naturally happens if the new introduced species ' and
⌫s are non relativistic and in thermal equilibrium before
and during BBN. Indeed, their distributions will be then
Boltzmann suppressed by a factor of e

�m/TBBN , where
TBBN ' 1 MeV, and will not count as extra degree of
freedom. Another constraint comes from the require-
ment that the new interaction does not a↵ect the free-
streaming nature (non interacting) of the active neutri-
nos at the time of the formation of the Cosmic Microwave
Background (CMB).

A full discussion of the cosmological bounds would re-
quire explicit solution of the evolution equations for all
the relevant species and is outside the scope of this work.
We will limit ourselves to an order of magnitude esti-
mate of the rates of the relevant processes to get a clear
idea of which portion of the parameter space is e↵ectively
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flavors is the one in which �⌧ 6= 0 and the other two cou-
plings are much smaller than it. In fact, as we mentioned
above, this case is unconstrained from meson physics and
even for value of �⌧ ⇠ O(1) the only relevant bound in
the M'�ms plane comes from Big Bang Nucleosynthesis
as discussed below.

B. Cosmological bounds

In addition to laboratory bounds, there could be ad-
ditional constraints coming from cosmology at di↵erent
epochs of the Universe. A first constraint comes from
the Big Bang Nucleosynthesis (BBN) epoch and specifi-
cally from the number of relativistic degrees of freedom.
In particular, the requirement is that there are no extra
relativistic species (apart from the ones predicted from
the Standard Model) at the moment of the BBN. This
naturally happens if the new introduced species ' and
⌫s are non relativistic and in thermal equilibrium before
and during BBN. Indeed, their distributions will be then
Boltzmann suppressed by a factor of e

�m/TBBN , where
TBBN ' 1 MeV, and will not count as extra degree of
freedom. Another constraint comes from the require-
ment that the new interaction does not a↵ect the free-
streaming nature (non interacting) of the active neutri-
nos at the time of the formation of the Cosmic Microwave
Background (CMB).

A full discussion of the cosmological bounds would re-
quire explicit solution of the evolution equations for all
the relevant species and is outside the scope of this work.
We will limit ourselves to an order of magnitude esti-
mate of the rates of the relevant processes to get a clear
idea of which portion of the parameter space is e↵ectively
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flavors is the one in which �⌧ 6= 0 and the other two cou-
plings are much smaller than it. In fact, as we mentioned
above, this case is unconstrained from meson physics and
even for value of �⌧ ⇠ O(1) the only relevant bound in
the M'�ms plane comes from Big Bang Nucleosynthesis
as discussed below.

B. Cosmological bounds

In addition to laboratory bounds, there could be ad-
ditional constraints coming from cosmology at di↵erent
epochs of the Universe. A first constraint comes from
the Big Bang Nucleosynthesis (BBN) epoch and specifi-
cally from the number of relativistic degrees of freedom.
In particular, the requirement is that there are no extra
relativistic species (apart from the ones predicted from
the Standard Model) at the moment of the BBN. This
naturally happens if the new introduced species ' and
⌫s are non relativistic and in thermal equilibrium before
and during BBN. Indeed, their distributions will be then
Boltzmann suppressed by a factor of e

�m/TBBN , where
TBBN ' 1 MeV, and will not count as extra degree of
freedom. Another constraint comes from the require-
ment that the new interaction does not a↵ect the free-
streaming nature (non interacting) of the active neutri-
nos at the time of the formation of the Cosmic Microwave
Background (CMB).

A full discussion of the cosmological bounds would re-
quire explicit solution of the evolution equations for all
the relevant species and is outside the scope of this work.
We will limit ourselves to an order of magnitude esti-
mate of the rates of the relevant processes to get a clear
idea of which portion of the parameter space is e↵ectively
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a roughly horizontal line of exclusion that only constrains
ms, as expected from our previous considerations: just
as we had deduced, this bump is only relevant for � = 1.
The only case in which the results are drastically dif-

ferent from the choice of equal couplings for the three

Figure 2. Exclusion contours in the M' � ms plane for dif-

ferent values of the coupling � = �e = �µ = �⌧ , for the

choice of equal flavor coupling: the region below the contours
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flavors is the one in which �⌧ 6= 0 and the other two cou-
plings are much smaller than it. In fact, as we mentioned
above, this case is unconstrained from meson physics and
even for value of �⌧ ⇠ O(1) the only relevant bound in
the M'�ms plane comes from Big Bang Nucleosynthesis
as discussed below.

B. Cosmological bounds

In addition to laboratory bounds, there could be ad-
ditional constraints coming from cosmology at di↵erent
epochs of the Universe. A first constraint comes from
the Big Bang Nucleosynthesis (BBN) epoch and specifi-
cally from the number of relativistic degrees of freedom.
In particular, the requirement is that there are no extra
relativistic species (apart from the ones predicted from
the Standard Model) at the moment of the BBN. This
naturally happens if the new introduced species ' and
⌫s are non relativistic and in thermal equilibrium before
and during BBN. Indeed, their distributions will be then
Boltzmann suppressed by a factor of e

�m/TBBN , where
TBBN ' 1 MeV, and will not count as extra degree of
freedom. Another constraint comes from the require-
ment that the new interaction does not a↵ect the free-
streaming nature (non interacting) of the active neutri-
nos at the time of the formation of the Cosmic Microwave
Background (CMB).

A full discussion of the cosmological bounds would re-
quire explicit solution of the evolution equations for all
the relevant species and is outside the scope of this work.
We will limit ourselves to an order of magnitude esti-
mate of the rates of the relevant processes to get a clear
idea of which portion of the parameter space is e↵ectively
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where p, q, l, k and P denote the four-momenta re-
spectively of µ, ⌫s, ⌫0` and ⌫s. For convenience, we also
defined s = P � p. In this case, there are 5 independent
variables to parameterize the decay, which we choosed to
be |p|, |q|, |k|, the angle ✓ between p and q, and the az-
imuthal angle � between k and the plane determined by
p and q. In case p and q were collinear, this should be
interpreted as the azimuthal angle around the direction
of p
Both the processes K

+
! µ'⌫s and K

+
! µ⌫s⌫s⌫

0
`

should be observed as K ! µ + missing energy. The
closer Kaon decay process that is reported into PDG [7]
is K ! µ⌫⌫⌫ that can be used to constrain our processes.
Therefore, we impose that the branching ratio to this
channels should be smaller than 2.4⇥ 10�6 [7].
As mentioned in section II, a reasonable choice for a

qualitative picture of the general case is to take �e =
�µ = �⌧ = �. In Figure 2 we consider this case and we
show the region excluded by Kaon decay in the M'�ms

plane for various values of the coupling. From figure (2)
we observe that if

� � 0.01 and (ms orM') & 30MeV , (9)

then the correction to Kaon decay is within the experi-
mental bound.
The four-body decay channel only produces a bump in

the right part of the exclusion contours, corresponding to
a roughly horizontal line of exclusion that only constrains
ms, as expected from our previous considerations: just
as we had deduced, this bump is only relevant for � = 1.
The only case in which the results are drastically dif-

ferent from the choice of equal couplings for the three
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flavors is the one in which �⌧ 6= 0 and the other two cou-
plings are much smaller than it. In fact, as we mentioned
above, this case is unconstrained from meson physics and
even for value of �⌧ ⇠ O(1) the only relevant bound in
the M'�ms plane comes from Big Bang Nucleosynthesis
as discussed below.

B. Cosmological bounds

In addition to laboratory bounds, there could be ad-
ditional constraints coming from cosmology at di↵erent
epochs of the Universe. A first constraint comes from
the Big Bang Nucleosynthesis (BBN) epoch and specifi-
cally from the number of relativistic degrees of freedom.
In particular, the requirement is that there are no extra
relativistic species (apart from the ones predicted from
the Standard Model) at the moment of the BBN. This
naturally happens if the new introduced species ' and
⌫s are non relativistic and in thermal equilibrium before
and during BBN. Indeed, their distributions will be then
Boltzmann suppressed by a factor of e

�m/TBBN , where
TBBN ' 1 MeV, and will not count as extra degree of
freedom. Another constraint comes from the require-
ment that the new interaction does not a↵ect the free-
streaming nature (non interacting) of the active neutri-
nos at the time of the formation of the Cosmic Microwave
Background (CMB).

A full discussion of the cosmological bounds would re-
quire explicit solution of the evolution equations for all
the relevant species and is outside the scope of this work.
We will limit ourselves to an order of magnitude esti-
mate of the rates of the relevant processes to get a clear
idea of which portion of the parameter space is e↵ectively
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flavors is the one in which �⌧ 6= 0 and the other two cou-
plings are much smaller than it. In fact, as we mentioned
above, this case is unconstrained from meson physics and
even for value of �⌧ ⇠ O(1) the only relevant bound in
the M'�ms plane comes from Big Bang Nucleosynthesis
as discussed below.

B. Cosmological bounds

In addition to laboratory bounds, there could be ad-
ditional constraints coming from cosmology at di↵erent
epochs of the Universe. A first constraint comes from
the Big Bang Nucleosynthesis (BBN) epoch and specifi-
cally from the number of relativistic degrees of freedom.
In particular, the requirement is that there are no extra
relativistic species (apart from the ones predicted from
the Standard Model) at the moment of the BBN. This
naturally happens if the new introduced species ' and
⌫s are non relativistic and in thermal equilibrium before
and during BBN. Indeed, their distributions will be then
Boltzmann suppressed by a factor of e

�m/TBBN , where
TBBN ' 1 MeV, and will not count as extra degree of
freedom. Another constraint comes from the require-
ment that the new interaction does not a↵ect the free-
streaming nature (non interacting) of the active neutri-
nos at the time of the formation of the Cosmic Microwave
Background (CMB).

A full discussion of the cosmological bounds would re-
quire explicit solution of the evolution equations for all
the relevant species and is outside the scope of this work.
We will limit ourselves to an order of magnitude esti-
mate of the rates of the relevant processes to get a clear
idea of which portion of the parameter space is e↵ectively
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is K ! µ⌫⌫⌫ that can be used to constrain our processes.
Therefore, we impose that the branching ratio to this
channels should be smaller than 2.4⇥ 10�6 [7].
As mentioned in section II, a reasonable choice for a

qualitative picture of the general case is to take �e =
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show the region excluded by Kaon decay in the M'�ms
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then the correction to Kaon decay is within the experi-
mental bound.
The four-body decay channel only produces a bump in

the right part of the exclusion contours, corresponding to
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ms, as expected from our previous considerations: just
as we had deduced, this bump is only relevant for � = 1.
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choice of equal flavor coupling: the region below the contours
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flavors is the one in which �⌧ 6= 0 and the other two cou-
plings are much smaller than it. In fact, as we mentioned
above, this case is unconstrained from meson physics and
even for value of �⌧ ⇠ O(1) the only relevant bound in
the M'�ms plane comes from Big Bang Nucleosynthesis
as discussed below.

B. Cosmological bounds

In addition to laboratory bounds, there could be ad-
ditional constraints coming from cosmology at di↵erent
epochs of the Universe. A first constraint comes from
the Big Bang Nucleosynthesis (BBN) epoch and specifi-
cally from the number of relativistic degrees of freedom.
In particular, the requirement is that there are no extra
relativistic species (apart from the ones predicted from
the Standard Model) at the moment of the BBN. This
naturally happens if the new introduced species ' and
⌫s are non relativistic and in thermal equilibrium before
and during BBN. Indeed, their distributions will be then
Boltzmann suppressed by a factor of e

�m/TBBN , where
TBBN ' 1 MeV, and will not count as extra degree of
freedom. Another constraint comes from the require-
ment that the new interaction does not a↵ect the free-
streaming nature (non interacting) of the active neutri-
nos at the time of the formation of the Cosmic Microwave
Background (CMB).

A full discussion of the cosmological bounds would re-
quire explicit solution of the evolution equations for all
the relevant species and is outside the scope of this work.
We will limit ourselves to an order of magnitude esti-
mate of the rates of the relevant processes to get a clear
idea of which portion of the parameter space is e↵ectively
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where p, q, l, k and P denote the four-momenta re-
spectively of µ, ⌫s, ⌫0` and ⌫s. For convenience, we also
defined s = P � p. In this case, there are 5 independent
variables to parameterize the decay, which we choosed to
be |p|, |q|, |k|, the angle ✓ between p and q, and the az-
imuthal angle � between k and the plane determined by
p and q. In case p and q were collinear, this should be
interpreted as the azimuthal angle around the direction
of p
Both the processes K
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should be observed as K ! µ + missing energy. The
closer Kaon decay process that is reported into PDG [7]
is K ! µ⌫⌫⌫ that can be used to constrain our processes.
Therefore, we impose that the branching ratio to this
channels should be smaller than 2.4⇥ 10�6 [7].
As mentioned in section II, a reasonable choice for a

qualitative picture of the general case is to take �e =
�µ = �⌧ = �. In Figure 2 we consider this case and we
show the region excluded by Kaon decay in the M'�ms

plane for various values of the coupling. From figure (2)
we observe that if

� � 0.01 and (ms orM') & 30MeV , (9)

then the correction to Kaon decay is within the experi-
mental bound.
The four-body decay channel only produces a bump in

the right part of the exclusion contours, corresponding to
a roughly horizontal line of exclusion that only constrains
ms, as expected from our previous considerations: just
as we had deduced, this bump is only relevant for � = 1.
The only case in which the results are drastically dif-
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flavors is the one in which �⌧ 6= 0 and the other two cou-
plings are much smaller than it. In fact, as we mentioned
above, this case is unconstrained from meson physics and
even for value of �⌧ ⇠ O(1) the only relevant bound in
the M'�ms plane comes from Big Bang Nucleosynthesis
as discussed below.

B. Cosmological bounds

In addition to laboratory bounds, there could be ad-
ditional constraints coming from cosmology at di↵erent
epochs of the Universe. A first constraint comes from
the Big Bang Nucleosynthesis (BBN) epoch and specifi-
cally from the number of relativistic degrees of freedom.
In particular, the requirement is that there are no extra
relativistic species (apart from the ones predicted from
the Standard Model) at the moment of the BBN. This
naturally happens if the new introduced species ' and
⌫s are non relativistic and in thermal equilibrium before
and during BBN. Indeed, their distributions will be then
Boltzmann suppressed by a factor of e

�m/TBBN , where
TBBN ' 1 MeV, and will not count as extra degree of
freedom. Another constraint comes from the require-
ment that the new interaction does not a↵ect the free-
streaming nature (non interacting) of the active neutri-
nos at the time of the formation of the Cosmic Microwave
Background (CMB).

A full discussion of the cosmological bounds would re-
quire explicit solution of the evolution equations for all
the relevant species and is outside the scope of this work.
We will limit ourselves to an order of magnitude esti-
mate of the rates of the relevant processes to get a clear
idea of which portion of the parameter space is e↵ectively
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flavors is the one in which �⌧ 6= 0 and the other two cou-
plings are much smaller than it. In fact, as we mentioned
above, this case is unconstrained from meson physics and
even for value of �⌧ ⇠ O(1) the only relevant bound in
the M'�ms plane comes from Big Bang Nucleosynthesis
as discussed below.

B. Cosmological bounds

In addition to laboratory bounds, there could be ad-
ditional constraints coming from cosmology at di↵erent
epochs of the Universe. A first constraint comes from
the Big Bang Nucleosynthesis (BBN) epoch and specifi-
cally from the number of relativistic degrees of freedom.
In particular, the requirement is that there are no extra
relativistic species (apart from the ones predicted from
the Standard Model) at the moment of the BBN. This
naturally happens if the new introduced species ' and
⌫s are non relativistic and in thermal equilibrium before
and during BBN. Indeed, their distributions will be then
Boltzmann suppressed by a factor of e

�m/TBBN , where
TBBN ' 1 MeV, and will not count as extra degree of
freedom. Another constraint comes from the require-
ment that the new interaction does not a↵ect the free-
streaming nature (non interacting) of the active neutri-
nos at the time of the formation of the Cosmic Microwave
Background (CMB).

A full discussion of the cosmological bounds would re-
quire explicit solution of the evolution equations for all
the relevant species and is outside the scope of this work.
We will limit ourselves to an order of magnitude esti-
mate of the rates of the relevant processes to get a clear
idea of which portion of the parameter space is e↵ectively
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where p, q, l, k and P denote the four-momenta re-
spectively of µ, ⌫s, ⌫0` and ⌫s. For convenience, we also
defined s = P � p. In this case, there are 5 independent
variables to parameterize the decay, which we choosed to
be |p|, |q|, |k|, the angle ✓ between p and q, and the az-
imuthal angle � between k and the plane determined by
p and q. In case p and q were collinear, this should be
interpreted as the azimuthal angle around the direction
of p
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should be observed as K ! µ + missing energy. The
closer Kaon decay process that is reported into PDG [7]
is K ! µ⌫⌫⌫ that can be used to constrain our processes.
Therefore, we impose that the branching ratio to this
channels should be smaller than 2.4⇥ 10�6 [7].
As mentioned in section II, a reasonable choice for a

qualitative picture of the general case is to take �e =
�µ = �⌧ = �. In Figure 2 we consider this case and we
show the region excluded by Kaon decay in the M'�ms

plane for various values of the coupling. From figure (2)
we observe that if

� � 0.01 and (ms orM') & 30MeV , (9)

then the correction to Kaon decay is within the experi-
mental bound.
The four-body decay channel only produces a bump in

the right part of the exclusion contours, corresponding to
a roughly horizontal line of exclusion that only constrains
ms, as expected from our previous considerations: just
as we had deduced, this bump is only relevant for � = 1.
The only case in which the results are drastically dif-

ferent from the choice of equal couplings for the three
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ferent values of the coupling � = �e = �µ = �⌧ , for the
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flavors is the one in which �⌧ 6= 0 and the other two cou-
plings are much smaller than it. In fact, as we mentioned
above, this case is unconstrained from meson physics and
even for value of �⌧ ⇠ O(1) the only relevant bound in
the M'�ms plane comes from Big Bang Nucleosynthesis
as discussed below.

B. Cosmological bounds

In addition to laboratory bounds, there could be ad-
ditional constraints coming from cosmology at di↵erent
epochs of the Universe. A first constraint comes from
the Big Bang Nucleosynthesis (BBN) epoch and specifi-
cally from the number of relativistic degrees of freedom.
In particular, the requirement is that there are no extra
relativistic species (apart from the ones predicted from
the Standard Model) at the moment of the BBN. This
naturally happens if the new introduced species ' and
⌫s are non relativistic and in thermal equilibrium before
and during BBN. Indeed, their distributions will be then
Boltzmann suppressed by a factor of e

�m/TBBN , where
TBBN ' 1 MeV, and will not count as extra degree of
freedom. Another constraint comes from the require-
ment that the new interaction does not a↵ect the free-
streaming nature (non interacting) of the active neutri-
nos at the time of the formation of the Cosmic Microwave
Background (CMB).

A full discussion of the cosmological bounds would re-
quire explicit solution of the evolution equations for all
the relevant species and is outside the scope of this work.
We will limit ourselves to an order of magnitude esti-
mate of the rates of the relevant processes to get a clear
idea of which portion of the parameter space is e↵ectively
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spectively of µ, ⌫s, ⌫0` and ⌫s. For convenience, we also
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flavors is the one in which �⌧ 6= 0 and the other two cou-
plings are much smaller than it. In fact, as we mentioned
above, this case is unconstrained from meson physics and
even for value of �⌧ ⇠ O(1) the only relevant bound in
the M'�ms plane comes from Big Bang Nucleosynthesis
as discussed below.

B. Cosmological bounds

In addition to laboratory bounds, there could be ad-
ditional constraints coming from cosmology at di↵erent
epochs of the Universe. A first constraint comes from
the Big Bang Nucleosynthesis (BBN) epoch and specifi-
cally from the number of relativistic degrees of freedom.
In particular, the requirement is that there are no extra
relativistic species (apart from the ones predicted from
the Standard Model) at the moment of the BBN. This
naturally happens if the new introduced species ' and
⌫s are non relativistic and in thermal equilibrium before
and during BBN. Indeed, their distributions will be then
Boltzmann suppressed by a factor of e

�m/TBBN , where
TBBN ' 1 MeV, and will not count as extra degree of
freedom. Another constraint comes from the require-
ment that the new interaction does not a↵ect the free-
streaming nature (non interacting) of the active neutri-
nos at the time of the formation of the Cosmic Microwave
Background (CMB).

A full discussion of the cosmological bounds would re-
quire explicit solution of the evolution equations for all
the relevant species and is outside the scope of this work.
We will limit ourselves to an order of magnitude esti-
mate of the rates of the relevant processes to get a clear
idea of which portion of the parameter space is e↵ectively
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spectively of µ, ⌫s, ⌫0` and ⌫s. For convenience, we also
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flavors is the one in which �⌧ 6= 0 and the other two cou-
plings are much smaller than it. In fact, as we mentioned
above, this case is unconstrained from meson physics and
even for value of �⌧ ⇠ O(1) the only relevant bound in
the M'�ms plane comes from Big Bang Nucleosynthesis
as discussed below.

B. Cosmological bounds

In addition to laboratory bounds, there could be ad-
ditional constraints coming from cosmology at di↵erent
epochs of the Universe. A first constraint comes from
the Big Bang Nucleosynthesis (BBN) epoch and specifi-
cally from the number of relativistic degrees of freedom.
In particular, the requirement is that there are no extra
relativistic species (apart from the ones predicted from
the Standard Model) at the moment of the BBN. This
naturally happens if the new introduced species ' and
⌫s are non relativistic and in thermal equilibrium before
and during BBN. Indeed, their distributions will be then
Boltzmann suppressed by a factor of e

�m/TBBN , where
TBBN ' 1 MeV, and will not count as extra degree of
freedom. Another constraint comes from the require-
ment that the new interaction does not a↵ect the free-
streaming nature (non interacting) of the active neutri-
nos at the time of the formation of the Cosmic Microwave
Background (CMB).

A full discussion of the cosmological bounds would re-
quire explicit solution of the evolution equations for all
the relevant species and is outside the scope of this work.
We will limit ourselves to an order of magnitude esti-
mate of the rates of the relevant processes to get a clear
idea of which portion of the parameter space is e↵ectively
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where p, q, l, k and P denote the four-momenta re-
spectively of µ, ⌫s, ⌫0` and ⌫s. For convenience, we also
defined s = P � p. In this case, there are 5 independent
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Therefore, we impose that the branching ratio to this
channels should be smaller than 2.4⇥ 10�6 [7].
As mentioned in section II, a reasonable choice for a
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flavors is the one in which �⌧ 6= 0 and the other two cou-
plings are much smaller than it. In fact, as we mentioned
above, this case is unconstrained from meson physics and
even for value of �⌧ ⇠ O(1) the only relevant bound in
the M'�ms plane comes from Big Bang Nucleosynthesis
as discussed below.

B. Cosmological bounds

In addition to laboratory bounds, there could be ad-
ditional constraints coming from cosmology at di↵erent
epochs of the Universe. A first constraint comes from
the Big Bang Nucleosynthesis (BBN) epoch and specifi-
cally from the number of relativistic degrees of freedom.
In particular, the requirement is that there are no extra
relativistic species (apart from the ones predicted from
the Standard Model) at the moment of the BBN. This
naturally happens if the new introduced species ' and
⌫s are non relativistic and in thermal equilibrium before
and during BBN. Indeed, their distributions will be then
Boltzmann suppressed by a factor of e

�m/TBBN , where
TBBN ' 1 MeV, and will not count as extra degree of
freedom. Another constraint comes from the require-
ment that the new interaction does not a↵ect the free-
streaming nature (non interacting) of the active neutri-
nos at the time of the formation of the Cosmic Microwave
Background (CMB).

A full discussion of the cosmological bounds would re-
quire explicit solution of the evolution equations for all
the relevant species and is outside the scope of this work.
We will limit ourselves to an order of magnitude esti-
mate of the rates of the relevant processes to get a clear
idea of which portion of the parameter space is e↵ectively
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spectively of µ, ⌫s, ⌫0` and ⌫s. For convenience, we also
defined s = P � p. In this case, there are 5 independent
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Therefore, we impose that the branching ratio to this
channels should be smaller than 2.4⇥ 10�6 [7].
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flavors is the one in which �⌧ 6= 0 and the other two cou-
plings are much smaller than it. In fact, as we mentioned
above, this case is unconstrained from meson physics and
even for value of �⌧ ⇠ O(1) the only relevant bound in
the M'�ms plane comes from Big Bang Nucleosynthesis
as discussed below.

B. Cosmological bounds

In addition to laboratory bounds, there could be ad-
ditional constraints coming from cosmology at di↵erent
epochs of the Universe. A first constraint comes from
the Big Bang Nucleosynthesis (BBN) epoch and specifi-
cally from the number of relativistic degrees of freedom.
In particular, the requirement is that there are no extra
relativistic species (apart from the ones predicted from
the Standard Model) at the moment of the BBN. This
naturally happens if the new introduced species ' and
⌫s are non relativistic and in thermal equilibrium before
and during BBN. Indeed, their distributions will be then
Boltzmann suppressed by a factor of e

�m/TBBN , where
TBBN ' 1 MeV, and will not count as extra degree of
freedom. Another constraint comes from the require-
ment that the new interaction does not a↵ect the free-
streaming nature (non interacting) of the active neutri-
nos at the time of the formation of the Cosmic Microwave
Background (CMB).

A full discussion of the cosmological bounds would re-
quire explicit solution of the evolution equations for all
the relevant species and is outside the scope of this work.
We will limit ourselves to an order of magnitude esti-
mate of the rates of the relevant processes to get a clear
idea of which portion of the parameter space is e↵ectively
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flavors is the one in which �⌧ 6= 0 and the other two cou-
plings are much smaller than it. In fact, as we mentioned
above, this case is unconstrained from meson physics and
even for value of �⌧ ⇠ O(1) the only relevant bound in
the M'�ms plane comes from Big Bang Nucleosynthesis
as discussed below.

B. Cosmological bounds

In addition to laboratory bounds, there could be ad-
ditional constraints coming from cosmology at di↵erent
epochs of the Universe. A first constraint comes from
the Big Bang Nucleosynthesis (BBN) epoch and specifi-
cally from the number of relativistic degrees of freedom.
In particular, the requirement is that there are no extra
relativistic species (apart from the ones predicted from
the Standard Model) at the moment of the BBN. This
naturally happens if the new introduced species ' and
⌫s are non relativistic and in thermal equilibrium before
and during BBN. Indeed, their distributions will be then
Boltzmann suppressed by a factor of e

�m/TBBN , where
TBBN ' 1 MeV, and will not count as extra degree of
freedom. Another constraint comes from the require-
ment that the new interaction does not a↵ect the free-
streaming nature (non interacting) of the active neutri-
nos at the time of the formation of the Cosmic Microwave
Background (CMB).

A full discussion of the cosmological bounds would re-
quire explicit solution of the evolution equations for all
the relevant species and is outside the scope of this work.
We will limit ourselves to an order of magnitude esti-
mate of the rates of the relevant processes to get a clear
idea of which portion of the parameter space is e↵ectively
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We have defined with p, q, k and P respectively the µ,
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where p, q, l, k and P denote the four-momenta re-
spectively of µ, ⌫s, ⌫0` and ⌫s. For convenience, we also
defined s = P � p. In this case, there are 5 independent
variables to parameterize the decay, which we choosed to
be |p|, |q|, |k|, the angle ✓ between p and q, and the az-
imuthal angle � between k and the plane determined by
p and q. In case p and q were collinear, this should be
interpreted as the azimuthal angle around the direction
of p
Both the processes K

+
! µ'⌫s and K

+
! µ⌫s⌫s⌫

0
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should be observed as K ! µ + missing energy. The
closer Kaon decay process that is reported into PDG [7]
is K ! µ⌫⌫⌫ that can be used to constrain our processes.
Therefore, we impose that the branching ratio to this
channels should be smaller than 2.4⇥ 10�6 [7].
As mentioned in section II, a reasonable choice for a

qualitative picture of the general case is to take �e =
�µ = �⌧ = �. In Figure 2 we consider this case and we
show the region excluded by Kaon decay in the M'�ms

plane for various values of the coupling. From figure (2)
we observe that if

� � 0.01 and (ms orM') & 30MeV , (9)

then the correction to Kaon decay is within the experi-
mental bound.
The four-body decay channel only produces a bump in

the right part of the exclusion contours, corresponding to
a roughly horizontal line of exclusion that only constrains
ms, as expected from our previous considerations: just
as we had deduced, this bump is only relevant for � = 1.
The only case in which the results are drastically dif-

ferent from the choice of equal couplings for the three
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flavors is the one in which �⌧ 6= 0 and the other two cou-
plings are much smaller than it. In fact, as we mentioned
above, this case is unconstrained from meson physics and
even for value of �⌧ ⇠ O(1) the only relevant bound in
the M'�ms plane comes from Big Bang Nucleosynthesis
as discussed below.
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In addition to laboratory bounds, there could be ad-
ditional constraints coming from cosmology at di↵erent
epochs of the Universe. A first constraint comes from
the Big Bang Nucleosynthesis (BBN) epoch and specifi-
cally from the number of relativistic degrees of freedom.
In particular, the requirement is that there are no extra
relativistic species (apart from the ones predicted from
the Standard Model) at the moment of the BBN. This
naturally happens if the new introduced species ' and
⌫s are non relativistic and in thermal equilibrium before
and during BBN. Indeed, their distributions will be then
Boltzmann suppressed by a factor of e

�m/TBBN , where
TBBN ' 1 MeV, and will not count as extra degree of
freedom. Another constraint comes from the require-
ment that the new interaction does not a↵ect the free-
streaming nature (non interacting) of the active neutri-
nos at the time of the formation of the Cosmic Microwave
Background (CMB).

A full discussion of the cosmological bounds would re-
quire explicit solution of the evolution equations for all
the relevant species and is outside the scope of this work.
We will limit ourselves to an order of magnitude esti-
mate of the rates of the relevant processes to get a clear
idea of which portion of the parameter space is e↵ectively
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principle allow an identification of the tau neutrino ra-
tio in the ultrahigh energy range. We therefore reach the
conclusion that a combined analysis of the energy and fla-
vor structure of the astrophysical neutrino fluxes in the
energy region above the PeV would allow to provide defi-
nite informations about the possibility of active-neutrino
sterile interactions.
The outline of the paper is the following: in Section

II we specify our model, emphasizing the role of the pa-
rameters. We then discuss in Section III the constraints,
coming from laboratory experiments, cosmological ob-
servations and astrophysical data. A description of the
benchmark fluxes we have analyzed, as well as of the
methods used to describe the e↵ects of the interaction, is
provided in Section IV. In Section V we show our results
and discuss it. Finally, in Section VI, we come to our
conclusions.

II. MODEL

In this section we describe the model of active-sterile
neutrino interaction analyzed for this work. For definite-
ness we assume throughout the paper that neutrinos are
described by Majorana spinors. We also consider just
one sterile neutrino ⌫s coupling with the active ones via
a new interaction given by

LSI =
X

↵

�↵ ⌫↵�5⌫s' , (1)

where ↵ = e, µ, ⌧ and �↵ are dimensionless free couplings.
The presence of �5 is connected with the Majorana na-
ture of the neutrinos, since the scalar contraction ⌫↵�5⌫s

would otherwise vanish. In order to maintain parity, the
mediator of the interaction ' is chosen as a pseudoscalar.
The interaction in eq.(1) is assumed to arise after the

breaking of SUL(2) weak group, since it explicitly vio-
lates it. The study of a complete Standard Model La-
grangian is beyond the scope of the present paper, since
we are only interested into the phenomenological conse-
quences of the interaction (1). Nevertheless, it is inter-
esting to observe that our interaction must be embedded
into a more fundamental theory that will give rise to a
4⇥ 4 neutrino mass matrix in the bases ⌫e, ⌫µ, ⌫⌧ , ⌫s di-
agonalized by a 4⇥ 4 unitarity matrix parametrized1 by
three mixing angle between active-active states ✓12, ✓13,
✓23 and three mixing angles between active-sterile states
✓1s, ✓2s, ✓3s. For simplicity we assume here that ✓is ⌧ 1,
so small as to neglect its e↵ects. Even though this is
a simplification which restricts the space of parameters
we explore, it allows us to disentangle the e↵ects due to
the interaction from the e↵ects due to the active-sterile
mixing.

1 We do not include in this counting the CP violating phases.

The couplings �↵ are free parameters of the model,
which means that we have an ample freedom of choice for
our model. The most natural possibility is �e = �µ = �⌧ ,
since it preserves lepton universality. However, also the
case in which only �⌧ 6= 0 is very interesting: even though
it is not motivated by symmetry properties, we will see
that it is only very weakly constrained by mesons decay.
It can therefore lead to larger e↵ects on the astrophysical
fluxes without being excluded by present experiments. In
our investigation we therefore consider these two bench-
mark cases.

As mentioned in [2], the cross section for the collision
of sterile-active neutrinos exhibits a resonance in the t-
channel. In fact, if a sterile neutrino with momentum p

collides with a fixed active neutrino, the resonance condi-
tion t = M

2
' gives the following expressions for the energy

of the final sterile and of active neutrino:
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where mi is the mass of the i�th active neutrino, M'

is the mass of the pseudoscalar ' and ms is the mass of
the sterile neutrino. Since mi ⌧ ms,M', from eq. (2) it
follows that the resonance condition can be satisfied for
positive energies if ms > M'. If this condition is satis-
fied, the decay channel ' ! ⌫s⌫ is also kinematically sup-
pressed. The amplitude for the process therefore depends
critically on details of the model we have left unspeci-
fied. In fact, if the scalar mediator were completely sta-
ble, with no other decay channels, the t-resonance comes
unregulated, giving rise to a non integrable pole in the
di↵erential cross section and a diverging total cross sec-
tion. This situation is analogous to the divergence of
the total cross section for Rutherford scattering. The
regularization of this divergence in the case of a stable
mediator particle depends, just as in the case of Ruther-
ford scattering, on the transverse structure of the beam:
if the radius of the beam is a, the cross section cannot
exceed ⇡a

2, so that the total cross section will saturate to
this value. It is however uncommon for a particle to be
completely stable, if this stability does not descend from
some specific property or conservation law. Therefore, It
is unlikely that our mediator should be completely stable
and it may have other decay channels, giving rise to a fi-
nite total decay rate �. This decay rate regularizes the
divergence. Obviously, this implies a dependence on a
new parameter � into our work for the region ms > M'.
In what follows, we adopt the choice that the dominant
decay channel is the decay into two active neutrinos via a
very small mixing angle. We will discuss in Section IVB
the dependence of our results on this assumption.

III. CONSTRAINTS

In the simple extension of the Standard Model under
consideration, we introduce two new species of matter:
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should be observed as K ! µ + missing energy. The
closer Kaon decay process that is reported into PDG [7]
is K ! µ⌫⌫⌫ that can be used to constrain our processes.
Therefore, we impose that the branching ratio to this
channels should be smaller than 2.4⇥ 10�6 [7].
As mentioned in section II, a reasonable choice for a

qualitative picture of the general case is to take �e =
�µ = �⌧ = �. In Figure 2 we consider this case and we
show the region excluded by Kaon decay in the M'�ms

plane for various values of the coupling. From figure (2)
we observe that if

� � 0.01 and (ms orM') & 30MeV , (9)

then the correction to Kaon decay is within the experi-
mental bound.
The four-body decay channel only produces a bump in

the right part of the exclusion contours, corresponding to
a roughly horizontal line of exclusion that only constrains
ms, as expected from our previous considerations: just
as we had deduced, this bump is only relevant for � = 1.
The only case in which the results are drastically dif-

ferent from the choice of equal couplings for the three

Figure 2. Exclusion contours in the M' � ms plane for dif-

ferent values of the coupling � = �e = �µ = �⌧ , for the

choice of equal flavor coupling: the region below the contours

is excluded.

flavors is the one in which �⌧ 6= 0 and the other two cou-
plings are much smaller than it. In fact, as we mentioned
above, this case is unconstrained from meson physics and
even for value of �⌧ ⇠ O(1) the only relevant bound in
the M'�ms plane comes from Big Bang Nucleosynthesis
as discussed below.

B. Cosmological bounds

In addition to laboratory bounds, there could be ad-
ditional constraints coming from cosmology at di↵erent
epochs of the Universe. A first constraint comes from
the Big Bang Nucleosynthesis (BBN) epoch and specifi-
cally from the number of relativistic degrees of freedom.
In particular, the requirement is that there are no extra
relativistic species (apart from the ones predicted from
the Standard Model) at the moment of the BBN. This
naturally happens if the new introduced species ' and
⌫s are non relativistic and in thermal equilibrium before
and during BBN. Indeed, their distributions will be then
Boltzmann suppressed by a factor of e

�m/TBBN , where
TBBN ' 1 MeV, and will not count as extra degree of
freedom. Another constraint comes from the require-
ment that the new interaction does not a↵ect the free-
streaming nature (non interacting) of the active neutri-
nos at the time of the formation of the Cosmic Microwave
Background (CMB).

A full discussion of the cosmological bounds would re-
quire explicit solution of the evolution equations for all
the relevant species and is outside the scope of this work.
We will limit ourselves to an order of magnitude esti-
mate of the rates of the relevant processes to get a clear
idea of which portion of the parameter space is e↵ectively

the correction to Kaon decay is within the experimental bound 

•Laboratory constraints 

Allowed parameter space (1)



•Supernovae constraints  

Supernovae neutrinos with energy of 10-100 MeV  can produce non relativistic sterile neutrinos via 
secret interactions. 

These sterile neutrinos might, depending on their interaction, escape 
the SN giving rise to an observable energy loss.

 For Mφ and ms >10 MeV, this situation is never verified and so our model is not 
subjected to SN constrains   

•Cosmological constraints 

BBN requirement: no  extra relativistic d.o.f. at the BBN-time (～1 MeV)

CMB requirement: free-streaming active v at the CMB-time (～1 eV) 

Both satisfied for Mφ and ms >10 MeV  

Allowed parameter space (2)
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Neutrino Fluxes without SI
Active-sterile neutrino interaction can become relevant at very different energy scales 
depending on the mass of the scalar mediator 𝜑.
The energy at which the absorption  over neutrinos from the Cosmic Neutrino Background (CNB) is 
most relevant is of the order of  M2

'/m↵

In the selected parameter space,  this energy scale corresponds to a range of  [PeV -104 PeV] 

                      The dominant source of neutrinos is expected to be constituted by galactic and extragalactic 
astrophysical sources (Active Galactic Nuclei (AGN) and Gamma Ray Bursts (GRB))

A good fit to the observed IceCube data  below the PeV is represented by a simple PL spectrum 

We discuss the effect of the new interaction on a PL spectrum with parameters obtained by the fit 
to the IceCube data

We consider two benchmark fluxes: 
- an astrophysical PL flux in the range below 100 PeV
- a cosmogenic flux, in the Ultrahigh energy range 

D.R. Williams (IceCube), 2018

PeV scale

 100 PeV
It is expected that a dominant source of neutrinos should have cosmogenic origin. 

A competing source of neutrinos could still be of astrophysical nature, provided for example by blazars  
and Flat Spectrum Radio Quasar Righi et al. 2020Murase et al. 2014

Ninetta Saviano, INFN Napoli 8



v Fluxes with SI and Transport Equation 
In the generalized multiflavor case: 

flux of active neutrinos per unit energy interval per unit solid angle at a redshift z (      

flux of sterile neutrino

7

previous work [2] we showed that their results can be
reproduced by parameterizing the cosmogenic neutrino
spectrum as:

d�⌫

dEd⌦
=

Z
dz

0

H(z0)
⇢(z0)f [E(1 + z

0)], (13)

where ⇢(z) is the Star Forming rate [13]. We refer the
reader to [2] for the method of determination of the func-
tion f(E) describing the energy spectrum.
For cosmogenic neutrinos we again assume a flavor

structure at the source (1 : 2 : 0).

B. With secret interaction

Because of the secret interactions, active neutrinos can
collide with active neutrinos from the CNB, producing
sterile neutrinos and thereby causing a depletion of the
flux observable at Earth. The transport equation for ac-
tive neutrinos is in principle coupled to the transport
equation for sterile neutrinos, since the secret interac-
tions produce sterile neutrinos which can in turn collide
with other CNB neutrinos to regenerate part of the orig-
inal flux. The form of these equations has been given
in [2], and we reproduce it here for the generalized mul-
tiflavor case. We define with �i(z, E) the flux of ac-
tive neutrinos in the ith (i = 1, 2, 3) mass eigenstate per
unit energy interval per unit solid angle at a redshift z,
while �s(z, E) denotes the flux of sterile neutrinos, where
in absence of mixing the sterile mass eigenstate is indi-
cated with s. The flux at Earth is connected with the
flux at generic redshift by the relation d�⌫

dEd⌦ = �(0, E).
We write separate equations for the mass eigenstates be-
cause, as discussed in [2], the propagation is diagonal
in the mass eigenstates, given the path between colli-
sions much larger than the oscillation lengths. In other
words, due to the very fast oscillations caused by mixing,
in between two collisions, a neutrino decoheres to mass
eigenstates.
The transport equations take the form:

H(z)(1 + z)

✓
@�i(z, E)

@z
+

@�i(z, E)

@E

E

1 + z

◆
=
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! E)n(z)

�⇢(z)(1 + z)f(E)⇠i, (14)

where f(E) is the neutrino spectrum produced at the
source and ⇠i is the fraction of neutrinos produced at
the source in the ith mass eigenstate. Similarly, for the

sterile flux we write:

H(z)(1 + z)
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Z
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0)
d�ss

dE
(E0

! E)n(z). (15)

For convenience, we have denoted by �i and �s the cross
sections for the collision of an ith mass eigenstate and a
sterile neutrino, respectively, with a CNB neutrino. Cor-
respondingly, d�↵�

dE (E0
! E) is the cross section for the

production of a � neutrino with energy E after the colli-
sion of a ↵ neutrino with energy E

0 with a CNB neutrino.
If the regeneration processes play an important role,

the task of determining the e↵ect of the interaction is
computationally expensive, since it requires the numeri-
cal solution of the system of four coupled partial integro-
di↵erential equations

In our previous paper [2], we found that the regenera-
tion was unimportant for a limited region of the parame-
ter space, with masses of sterile neutrino and scalar medi-
ator around 250 MeV. Here we have analyzed this ques-
tion more thoroughly, taking in consideration a wider
parameter space. We have adopted a perturbative ap-
proach in which the regeneration processes are treated as
a perturbation and we have tested its validity a posteriori
by comparing the perturbation induced by regeneration
with the unperturbed flux.

We find that both cosmogenic and astrophysical fluxes
are practically una↵ected by regeneration. The physical
reason behind this behavior is connected with the cosmo-
logical evolution of the sources, and in particular with the
fact that the sources are distributed at various redshifts.
In fact, while neutrinos produced at high redshifts, with
z � 0.1, are severely suppressed due to the absorption
on the CNB, neutrinos produced at low redshifts are only
weakly absorbed. Thus the flux has always a component,
produced at low redshift, which is roughly unabsorbed
and which dominates against the small regenerated flux
produced at high redshifts. The perturbative approach
shows in fact that the corrections coming from regener-
ation, both for cosmogenic and astrophysical fluxes, are
typically not larger than about 10%.

The negligible e↵ect of regeneration is therefore con-
nected with the presence of sources at small redshifts,
masquerading the regenerated flux. Thus we expect that,
for point-like sources localized at large redshifts, regen-
eration e↵ects should instead be non negligible. Even
though IceCube has identified so far a single realistic
candidate of point-like astrophysical source, in the future
one may expect noticeable improvements in this respect.
Therefore, it might be interesting to have a qualitative
idea of the e↵ect of regeneration on the neutrino spectra
from point-like sources. In Figure 3 we show the spectra
expected at Earth for a generic source at two fixed red-
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weakly absorbed. Thus the flux has always a component,
produced at low redshift, which is roughly unabsorbed
and which dominates against the small regenerated flux
produced at high redshifts. The perturbative approach
shows in fact that the corrections coming from regener-
ation, both for cosmogenic and astrophysical fluxes, are
typically not larger than about 10%.

The negligible e↵ect of regeneration is therefore con-
nected with the presence of sources at small redshifts,
masquerading the regenerated flux. Thus we expect that,
for point-like sources localized at large redshifts, regen-
eration e↵ects should instead be non negligible. Even
though IceCube has identified so far a single realistic
candidate of point-like astrophysical source, in the future
one may expect noticeable improvements in this respect.
Therefore, it might be interesting to have a qualitative
idea of the e↵ect of regeneration on the neutrino spectra
from point-like sources. In Figure 3 we show the spectra
expected at Earth for a generic source at two fixed red-
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previous work [2] we showed that their results can be
reproduced by parameterizing the cosmogenic neutrino
spectrum as:
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where ⇢(z) is the Star Forming rate [13]. We refer the
reader to [2] for the method of determination of the func-
tion f(E) describing the energy spectrum.
For cosmogenic neutrinos we again assume a flavor

structure at the source (1 : 2 : 0).

B. With secret interaction

Because of the secret interactions, active neutrinos can
collide with active neutrinos from the CNB, producing
sterile neutrinos and thereby causing a depletion of the
flux observable at Earth. The transport equation for ac-
tive neutrinos is in principle coupled to the transport
equation for sterile neutrinos, since the secret interac-
tions produce sterile neutrinos which can in turn collide
with other CNB neutrinos to regenerate part of the orig-
inal flux. The form of these equations has been given
in [2], and we reproduce it here for the generalized mul-
tiflavor case. We define with �i(z, E) the flux of ac-
tive neutrinos in the ith (i = 1, 2, 3) mass eigenstate per
unit energy interval per unit solid angle at a redshift z,
while �s(z, E) denotes the flux of sterile neutrinos, where
in absence of mixing the sterile mass eigenstate is indi-
cated with s. The flux at Earth is connected with the
flux at generic redshift by the relation d�⌫

dEd⌦ = �(0, E).
We write separate equations for the mass eigenstates be-
cause, as discussed in [2], the propagation is diagonal
in the mass eigenstates, given the path between colli-
sions much larger than the oscillation lengths. In other
words, due to the very fast oscillations caused by mixing,
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eigenstates.
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ator around 250 MeV. Here we have analyzed this ques-
tion more thoroughly, taking in consideration a wider
parameter space. We have adopted a perturbative ap-
proach in which the regeneration processes are treated as
a perturbation and we have tested its validity a posteriori
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with the unperturbed flux.
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If �  sterile 
neutrinos can decay


The decay rate is so large 
that we can assume that 
all active neutrinos are 

immediately regenerated 
by the decay

ms > Mφ

Perturbative treatment 
of the regeneration term

φ

unimportant  for the full parameter space we consider.
The perturbative approach shows in fact that the corrections coming from regeneration, 
both for cosmogenic and astrophysical fluxes, are typically not larger than about 10% 

the results of the first order perturbation theory may cause small but non-negligible 
changes to the spectrum

regeneration
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range roughly below 100 PeV. In this region the ef-
fects of active-sterile interaction can be detected only
if the sterile mass is su�ciently low that the process
is not kinematically forbidden. As in the previous sec-
tions, we distinguish between the two possibilities: either
�e = �µ = �⌧ = �af (where af denotes all flavors), or
�e = �µ = 0 and �⌧ 6= 0.
In the first case, the Kaon decay strongly constrains

the possible values of the coupling. In particular, we
find that the optimal choice to have noticeable e↵ects
below 100 PeV is to have small sterile masses, large scalar
masses and �af = 1. We take as benchmark values ms =
10 MeV and M' = 1 GeV.
In the second case, in which the mediator only couples

to tau neutrinos, the constraints from Kaon decay are ir-
relevant and we can also consider lower masses forM'. In
order to maximize the e↵ect in this energy range, we have
chosen the benchmark values of ms = 15 MeV, M' = 10
MeV and �⌧ = 1, as represented in Fig, 4 where we show
the neutrino spectra after the new interaction for both
the choices of �, together with the IceCube HESE data
[16]. From this Figure we can infer that the second pos-
sibility is already testable using IceCube data while the
first case is essentially undistinguishable from the power-
law in the energy range probed by IceCube.

Figure 4. Astrophysical all flavor neutrino power law spectra:

the thick line is the flux with no interaction, while the dot-

ted line corresponds to the case of �af = 1 and the dashed

one denotes the case �⌧ = 1, as described in the text. The

experimental points are the IceCube HESE data.

An interesting aspect revealed by Figure 4 is that the
new interaction causes a cuto↵-like feature in the spec-
trum in the range between 1 PeV and 10 PeV. In fact,
the second case with only �⌧ , shows a sudden drop of
the flux at the energy at which the process ⌫↵⌫� ! ⌫s⌫s

becomes kinematically allowed.
The e↵ects of the new interaction can also cause sig-

nificant changes in the flavor structure of the spectrum
since the induced depletion acts di↵erently on each fla-
vor modifying the flavor ratio, namely the fraction of
electron, muon and tau neutrino fluxes. Since the de-
pletion is energy dependent, the result will be an energy
dependent flavor ratio. In Figures 5 we show the flavor
ratios as a function of the energy for the two cases, �af

and �⌧ respectively. We see that the case of only �⌧ has
a threshold behavior with a sudden change of the fla-
vor ratio. This change is quite relevant, especially when
compared with the change in the case �af . We remind
the reader that we assumed a flavor ratio at the source
(1 : 2 : 0): at low energies, where the e↵ects of the inter-
action are inactive, we recover the typical flavor structure
(1 : 1 : 1) at the Earth as expected.

Figure 5. Flavor ratio at Earth as a function of the energy for

the first benchmark case in the text (ms = 10 MeV,M' = 300

MeV, �e = �µ = �⌧ = 1) (top pannel) and second benchmark

case in the text (ms = 15 MeV, M' = 10 MeV, �⌧ = 1)

(bottom pannel).
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of the spectrum, namely the modifications of the flavor
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Cutoff-like feature in the spectrum:

both the choices of λ, together with the IceCube HESE data
[72]. From this figure, we can infer that the second
possibility is already testable using IceCube data, while
the first case is essentially undistinguishable from the
power law in the energy range probed by IceCube.
An interesting aspect revealed by Fig. 4 is that the new

interaction causes a cutoff-like feature in the spectrum in
the range between 1 PeV and 10 PeV. In fact, the second
case, with only λτ, shows a sudden drop of the flux at the
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Mφ ¼ 10 MeV, where regeneration may slightly change
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decays; in addition to the absorption, there is a small
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1 PeV. As mentioned before, this result has been obtained
using first order perturbation theory for the treatment of the
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The effects of the new interaction can also cause
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since the induced depletion acts differently on each flavor
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dependent, the result will be an energy dependent flavor
ratio. In Fig. 5, we show the flavor ratios as a function of the
energy for the two cases, λaf and λτ, respectively. We see
that the case of only λτ has a threshold behavior with a
sudden change of the flavor ratio. This change is quite
relevant, especially when compared with the change in the
case λaf. We remind the reader that we assumed a flavor
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effects of the interaction are inactive, we recover the typical
flavor structure ð1∶1∶1Þ at the Earth as expected.
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can also be represented in the flavor triangle: we show this
for case λτ ¼ 1, which has the largest effect, in Fig. 6. The
red and the orange points correspond to an energy of
105 GeV and 108 GeV, respectively. The flavor sensitivity,
which has been forecasted for IceCube-Gen2 [73], in the
case of pion beam sources with a flavor ratio ð1∶2∶0Þ at the
source, has been shown as well. The triangle representation
suggests the possibility that future experiments might be
able to unveil a different flavor structure possibly caused by
active-sterile secret interactions. It is worth noticing that
this change induced by the interaction is also dominant with
respect to the uncertainty due to the mixing parameters. A
fundamental feature of the change in flavor induced by
secret interactions is that it has a unique energy depend-
ence, which descends from the resonances and thresholds
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the first benchmark case in the text (ms ¼ 10 MeV,
Mφ ¼ 300 MeV, λe ¼ λμ ¼ λτ ¼ 1) (top panel) and second
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Results and detection chances for PL Spectrum (2)
Changing in the flavour ratio:
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ratio, can also be represented in the flavor triangle: we
show this for case �⌧ = 1, which has the largest e↵ect, in
Figure 6.
The red and the orange points correspond to an energy of
105 GeV and 108 GeV, respectively. The flavor sensitiv-
ity which has been forecasted for IceCube-Gen2 [17], in
the case of pion beam sources with a flavor ratio (1 : 2 : 0)
at the source, has been shown as well. The triangle repre-
sentation suggests the possibility that future experiments
might be able to unveil a di↵erent flavor structure pos-
sibly caused by active-sterile secret interactions. It is
worth noticing that this change induced by the interac-
tion is also dominant with respect to the uncertainty due
to the mixing parameters.
A fundamental feature of the change in flavor induced by
secret interactions is that it has a unique energy depen-
dence, which descends from the resonances and thresh-
olds of the interaction. Since the data from IceCube-
Gen2 might allow in the future to investigate the inter-
play between flavor and energy, this is a result which
might be of experimental interest.

Figure 6. Flavor ratio, reproduced in the flavor triangle, for

varying energy for the second case in the text (ms = 15 MeV,

M' = 10 MeV, �⌧ = 1). The red and orange points corre-

spond to an energy of 10
5
GeV and 10

8
GeV, respectively.

The forecasted sensitivity of IceCube-Gen2 is shown as well.

B. Cosmogenic

For the case of cosmogenic fluxes, which are relevant
at higher energies, the absorption e↵ect is most impor-
tant for higher masses of the sterile neutrino and of the
scalar mediator. In this part of the parameter space, the
constraints from mesons decay are substantially irrele-
vant, so there is no need to distinguish between the two
case studied above. We will therefore analyze as a single
choice the case �e = �µ = �⌧ = 1, ms = 250 MeV and
M' = 250 MeV. In Figure 7 we show the e↵ect of the
interaction on the cosmogenic flux. We can observe that
the e↵ect is maximal around 109÷10 GeV. We address the

reader to our previous paper [2] for more details also in
relation to future experiments.

Figure 7. Cosmogenic all flavor neutrino power law spectra:

the thick line is the flux with no interaction, while the dashed

line correspond to the benchmark case described in the text.

As in the astrophysical neutrino case, also for the cos-
mogenic flux we analyze the flavor structure as a function
of energy, as shown in Figures 8.

Figure 8. Flavor ratio at Earth as a function of the energy for

the cosmogenic benchmark case in the text (ms = 250 MeV,

M' = 250 MeV, �e = �µ = �⌧ = 1).

Flavor at 105 GeV  

Flavor at 108 GeV 

forecasted sensitivity of IceCube-Gen2 

both the choices of λ, together with the IceCube HESE data
[72]. From this figure, we can infer that the second
possibility is already testable using IceCube data, while
the first case is essentially undistinguishable from the
power law in the energy range probed by IceCube.
An interesting aspect revealed by Fig. 4 is that the new

interaction causes a cutoff-like feature in the spectrum in
the range between 1 PeV and 10 PeV. In fact, the second
case, with only λτ, shows a sudden drop of the flux at the
energy at which the process νανβ → νsνs becomes kine-
matically allowed.
We also emphasize that, in the case ms ¼ 15 MeV,

Mφ ¼ 10 MeV, where regeneration may slightly change
the results because of the presence of sterile neutrino
decays; in addition to the absorption, there is a small
pileup of neutrinos in the region between 100 TeV and
1 PeV. As mentioned before, this result has been obtained
using first order perturbation theory for the treatment of the
regeneration term.
The effects of the new interaction can also cause

significant changes in the flavor structure of the spectrum
since the induced depletion acts differently on each flavor
modifying the flavor ratio, namely the fraction of electron,
muon, and tau neutrino fluxes. Since the depletion is energy
dependent, the result will be an energy dependent flavor
ratio. In Fig. 5, we show the flavor ratios as a function of the
energy for the two cases, λaf and λτ, respectively. We see
that the case of only λτ has a threshold behavior with a
sudden change of the flavor ratio. This change is quite
relevant, especially when compared with the change in the
case λaf. We remind the reader that we assumed a flavor

ratio at the source ð1∶2∶0Þ: at low energies, where the
effects of the interaction are inactive, we recover the typical
flavor structure ð1∶1∶1Þ at the Earth as expected.
The effects of secret interaction on the flavor structure of

the spectrum, namely the modifications of the flavor ratio,
can also be represented in the flavor triangle: we show this
for case λτ ¼ 1, which has the largest effect, in Fig. 6. The
red and the orange points correspond to an energy of
105 GeV and 108 GeV, respectively. The flavor sensitivity,
which has been forecasted for IceCube-Gen2 [73], in the
case of pion beam sources with a flavor ratio ð1∶2∶0Þ at the
source, has been shown as well. The triangle representation
suggests the possibility that future experiments might be
able to unveil a different flavor structure possibly caused by
active-sterile secret interactions. It is worth noticing that
this change induced by the interaction is also dominant with
respect to the uncertainty due to the mixing parameters. A
fundamental feature of the change in flavor induced by
secret interactions is that it has a unique energy depend-
ence, which descends from the resonances and thresholds
of the interaction. Since the data from IceCube-Gen2 might

FIG. 4. Astrophysical all flavor neutrino power law spectra: the
thick line is the flux with no interaction, while the dotted line
corresponds to the case of λaf ¼ 1 and the dashed one denotes the
case λτ ¼ 1, as described in the text. The experimental points are
the IceCube HESE data.

FIG. 5. Flavor ratio at Earth as a function of the energy for
the first benchmark case in the text (ms ¼ 10 MeV,
Mφ ¼ 300 MeV, λe ¼ λμ ¼ λτ ¼ 1) (top panel) and second
benchmark case in the text (ms ¼ 15 MeV, Mφ ¼ 10 MeV,
λτ ¼ 1) (bottom panel).

FIORILLO, MIELE, MORISI, and SAVIANO PHYS. REV. D 102, 083014 (2020)

083014-10

both the choices of λ, together with the IceCube HESE data
[72]. From this figure, we can infer that the second
possibility is already testable using IceCube data, while
the first case is essentially undistinguishable from the
power law in the energy range probed by IceCube.
An interesting aspect revealed by Fig. 4 is that the new

interaction causes a cutoff-like feature in the spectrum in
the range between 1 PeV and 10 PeV. In fact, the second
case, with only λτ, shows a sudden drop of the flux at the
energy at which the process νανβ → νsνs becomes kine-
matically allowed.
We also emphasize that, in the case ms ¼ 15 MeV,

Mφ ¼ 10 MeV, where regeneration may slightly change
the results because of the presence of sterile neutrino
decays; in addition to the absorption, there is a small
pileup of neutrinos in the region between 100 TeV and
1 PeV. As mentioned before, this result has been obtained
using first order perturbation theory for the treatment of the
regeneration term.
The effects of the new interaction can also cause

significant changes in the flavor structure of the spectrum
since the induced depletion acts differently on each flavor
modifying the flavor ratio, namely the fraction of electron,
muon, and tau neutrino fluxes. Since the depletion is energy
dependent, the result will be an energy dependent flavor
ratio. In Fig. 5, we show the flavor ratios as a function of the
energy for the two cases, λaf and λτ, respectively. We see
that the case of only λτ has a threshold behavior with a
sudden change of the flavor ratio. This change is quite
relevant, especially when compared with the change in the
case λaf. We remind the reader that we assumed a flavor

ratio at the source ð1∶2∶0Þ: at low energies, where the
effects of the interaction are inactive, we recover the typical
flavor structure ð1∶1∶1Þ at the Earth as expected.
The effects of secret interaction on the flavor structure of

the spectrum, namely the modifications of the flavor ratio,
can also be represented in the flavor triangle: we show this
for case λτ ¼ 1, which has the largest effect, in Fig. 6. The
red and the orange points correspond to an energy of
105 GeV and 108 GeV, respectively. The flavor sensitivity,
which has been forecasted for IceCube-Gen2 [73], in the
case of pion beam sources with a flavor ratio ð1∶2∶0Þ at the
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Results and detection chance for Cosmogenic Spectrum 
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in the atmosphere by means of 24 large telescopes placed
at four observation sites located atop small elevations on
the perimeter of the SD array. It is sensitive to UHECRs
with energy above (1018 eV) . On the other side, the SD
apparatus consists of an array of water-Cherenkov detec-
tors that are located on a large area of about 3000 km2

arranged in a hexagonal pattern.
Although the primary goal of PAO was to study UHE-

CRs, it has been shown in [82] that it can also study
cosmogenic neutrinos. Indeed neutrinos arriving at large
zenith angle (horizontal with respect to the detector) pro-
duce at the sea level extensive air showers with small ra-
dius of curvature [82], in contrast with other showers from
large zenith angles. The electromagnetic component of
ordinary air showers at large zenith angles from hadronic
cosmic rays is attenuated by the atmosphere before ar-
riving at the sea level. Deeply penetrating particles like
neutrinos come instead unattenuated [83]. Recent up-
grades of the PAO sensitivity can be found in [84] and
an integrated sensitivity to cosmogenic neutrino fluxes is
found of about 4 · 10�9 GeV cm

�2
s
�1

sr
�1. Such a sen-

sitivity will be improved by the Giant Radio Array for
Neutrino Detection (GRAND) [34], that will be located
in various favorable mountainous places in the world and
is planned to take data in 2025 and should reach, after
10 years of data, an integrated sensitivity to cosmogenic
neutrino fluxes of 1 · 10�10 GeV cm

�2
s
�1

sr
�1, thus im-

proving of a factor of ten the current PAO sensitivity.
GRAND will detect the radio emission coming from large
particle showers, namely extensive air showers, like PAO.
In the first detection stage, GRAND10k will use an array
of 10.000 radio antennas deployed over an area of 10.000
km2 GRAND10k. A second stage for grand is planned,
GRAND200k with 200.000 receivers, which could take
data starting from 2030.
A further class of experiments are the Askaryan radio

experiments, like ARIANNA [85]. The ARIANNA exper-
iment, located in the South Pole, aims to detect the radio
signals of cosmogenic neutrinos. The ARIANNA concept
is based on installing high-gain log periodic dipole an-
tennas close to the surface monitoring the underlying ice
for the radio signals following a neutrino interaction and
based on the Askaryan e↵ect.
In Figure 3 we provide the expected cosmogenic spec-

tra both in the absence of secret interactions and in their
presence, for some benchmark values of the scalar me-
diator masses. These spectra have been obtained under
the assumption of a purely protonic UHECRs flux (top
panel) and purely helium cosmic rays (bottom panel).
The coupling has been fixed to � = 1, while the sterile
mass is taken to be 250 MeV. The dashed, dotdashed
and dotted curve respectively correspond to a mass of
the scalar mediator of 300 MeV, 500 MeV and 1 GeV. In
agreement with the expectations, larger masses for the
mediator correspond to weaker absorption.
The sensitivities of the GRAND, the PAO and the AR-

IANNA [86] experiments are shown as well. It appears
that already the GRAND and the ARIANNA experiment

Figure 3. E↵ects on the cosmogenic spectrum expected in
the case of: top panel) proton cosmic rays, bottom panel)

helium cosmic rays. The continuous green curve is the
cosmogenic spectrum expected in the absence of secret in-
teractions, the dashed, dotdashed and dotted lines are the
spectrum for secret interactions with ms = 250 MeV and
M' = 300, 500, 1000 MeV respectively. The sensitivity of the
GRAND experiment, the 90% C.L. of PAO, the integrated
sensitivity of GRAND after 10 years of data and the sensitiv-
ity of the ARIANNA experiment are also shown.

after 3 years of data taking would be able to distinguish
the presence of the secret interaction, even for masses as
large as 500 MeV, at least in the case of purely protonic
UHECRs. In fact, while in the absence of the secret in-
teraction the cosmogenic flux should be detected up to
energies of ⇠ 1010 GeV, being above the sensitivity of the
experiment, the interaction causes its absorption, making
the flux undetectable already at energies of ⇠ 109 GeV.

This conclusion depends very strongly, however, on our
choice for the coupling. In fact, since the cross section,
appearing in the exponent of the absorption coe�cient,
grows as the fourth power of the coupling, already a
choice of � ⇠ 0.1 renders the absorption e↵ect completely
negligible. A milder dependence is the one expected on
the sterile neutrino masses. Raising this mass causes an

proton cosmic rays 
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reference spectrum given in Ahlers & Halzen 2012

The effect is maximal around 109÷10 GeV 
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Conclusions

We have investigated the effects on high- and ultra high- energy active neutrino fluxes due to active-
sterile secret interactions mediated by a new pseudoscalar particle. 

Active-sterile neutrino interactions become relevant at very different energy scales depending on the 
masses of the scalar mediator and of sterile neutrino. 

The final active fluxes can present a measurable depletion (absorption) observable in future 
experiments. 

The flux depletion can occur  both at lower energy, around the PeV, depending on the choice for the 
coupling, and at higher energy involving the cosmogenic neutrino flux. 

Another interesting phenomenological aspect of active-sterile secret interactions is represented by the 
changing in the flavor ratio as a function of neutrino energy. This effect could be interesting for next 
generation of neutrino telescopes. 



Thank you
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IceCube v: PL spectrum

Collection of astrophysical neutrino sources, each one producing a power law spectrum in energy 
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core, typically around 10 km. The cross section is eval-
uated for active neutrinos with typical energies of tenth
of MeV and sterile neutrinos at rest. The number den-
sity na can be estimated assuming a thermal distribution
f(E) of active neutrinos, with a typical temperature of
tenth of MeV, as in [8].
The second condition to be verified is that sterile neu-

trinos should be copiously produced in the supernova core
and that the energy injected into sterile neutrinos can ex-
ceed the threshold luminosity Ls ' 2⇥1052 erg/s (namely
Ls ' 8.2 ⇥ 1036 MeV2 in natural units, which we have
used throughout this work) for the supernova SN 1987A
[8]. We then estimate the luminosity in the proposed
model as:

Ls =

Z
d�a!s

dE
EdEf(E0

, r)f(E00
, r)dE0

dE
004⇡r2dr,

where f(E, r) is the distribution of active neutrinos inside
the core of the supernova. The temperature profile T (r)
is taken from [8].
The model under consideration could be in conflict

with SN 1987A data if both the above conditions would
simultaneously met. We have numerically verified that
this situation never occurs for all the parameter space
we considered, with ms and M larger than 10 MeV. In-
deed, for large values of the coupling � the energy in-
jected into sterile sector can easily exceed the threshold
indicated above, but the interaction between sterile and
active neutrinos is so strong that the mean free path is
much shorter than the supernova dimensions. For small
values of � we encounter the opposite situation where,
even if sterile neutrinos are practically free to escape the
supernova, they are produced in too small amounts to be
observable. We can therefore deduce that the model we
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sources. However, it is known that a good fit to the
observed IceCube data in the region below the PeV is
represented by a simple power law spectrum. Therefore,
in this range of energy, we limit our discussion on the
e↵ect of the new interaction on a power law spectrum
with parameters obtained by the fit to the IceCube data
given in [9].

At higher energies, from 100 PeV, there are no exper-
imental data on the neutrino flux. It is expected that
a dominant source of neutrinos should have cosmogenic
origin. On the other hand, recent studies have shown
that a competing source of neutrinos could still be of as-
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and Flat Spectrum Radio Quasars (FSRQ) [11].
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A. Without secret interaction

Power Law

We consider a collection of astrophysical neutrino
sources, each one producing a power law spectrum in
energy

g(E) = N E
��

, (11)

where g ⌘ �⌫e + �⌫µ + �⌫⌧ + �⌫e + �⌫µ + �⌫⌧ and � is
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Cosmogenic

Cosmogenic neutrinos are produced by the scattering
of high energy protons from the cosmic rays with the
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tenth of MeV, as in [8].
The second condition to be verified is that sterile neu-

trinos should be copiously produced in the supernova core
and that the energy injected into sterile neutrinos can ex-
ceed the threshold luminosity Ls ' 2⇥1052 erg/s (namely
Ls ' 8.2 ⇥ 1036 MeV2 in natural units, which we have
used throughout this work) for the supernova SN 1987A
[8]. We then estimate the luminosity in the proposed
model as:

Ls =

Z
d�a!s

dE
EdEf(E0

, r)f(E00
, r)dE0

dE
004⇡r2dr,

where f(E, r) is the distribution of active neutrinos inside
the core of the supernova. The temperature profile T (r)
is taken from [8].
The model under consideration could be in conflict

with SN 1987A data if both the above conditions would
simultaneously met. We have numerically verified that
this situation never occurs for all the parameter space
we considered, with ms and M larger than 10 MeV. In-
deed, for large values of the coupling � the energy in-
jected into sterile sector can easily exceed the threshold
indicated above, but the interaction between sterile and
active neutrinos is so strong that the mean free path is
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of high energy protons from the cosmic rays with the
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jected into sterile sector can easily exceed the threshold
indicated above, but the interaction between sterile and
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tuted by galactic and extragalactic astrophysical sources,
among which we mention Active Galactic Nuclei (AGN)
and Gamma Ray Bursts (GRB). The details of the emit-
ted neutrino spectra are sensitive to the physics of the

3 Of course if the sterile mass is too large it can kinematically
forbid the process: in determining the energy at which the ab-
sorption is most relevant one should take this factor into account.

sources. However, it is known that a good fit to the
observed IceCube data in the region below the PeV is
represented by a simple power law spectrum. Therefore,
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with parameters obtained by the fit to the IceCube data
given in [9].
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represented by a simple power law spectrum. Therefore,
in this range of energy, we limit our discussion on the
e↵ect of the new interaction on a power law spectrum
with parameters obtained by the fit to the IceCube data
given in [9].

At higher energies, from 100 PeV, there are no exper-
imental data on the neutrino flux. It is expected that
a dominant source of neutrinos should have cosmogenic
origin. On the other hand, recent studies have shown
that a competing source of neutrinos could still be of as-
trophysical nature, provided for example by blazars [10]
and Flat Spectrum Radio Quasars (FSRQ) [11].

The new interaction under consideration produces
however e↵ects which are qualitatively the same on all
these fluxes. For simplicity, we stick to the treatment
adopted in our recent paper [2] considering the e↵ects of
the new interaction on cosmogenic neutrino fluxes.

A. Without secret interaction

Power Law

We consider a collection of astrophysical neutrino
sources, each one producing a power law spectrum in
energy

g(E) = N E
��

, (11)

where g ⌘ �⌫e + �⌫µ + �⌫⌧ + �⌫e + �⌫µ + �⌫⌧ and � is
the spectral index. The IceCube analysis gives as best
fit value for the throughgoing muons data set � = 2.28
[12]. Due the similarity with the cosmogenic neutrino
production, we found convenient to adopt the Star Form-
ing rate ⇢(z) [13] for the cosmological evolution of these
sources. The normalization N is chosen in such a way to
reproduce the best fit for the di↵use neutrino flux mea-
sured by the IceCube Collaboration in the throughgoing
muons data sample. Therefore, the di↵use astrophysical
spectrum is written as:

d�⌫

dEd⌦
=

Z
dz

0

H(z0)
⇢(z0)g[E(1 + z

0)]. (12)
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source (1 : 2 : 0), corresponding to pion beam sources.

Throughout our analysis we use the best fit values from
the NuFit 3.2 global fit data for the active oscillation pa-
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Cosmogenic
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of high energy protons from the cosmic rays with the
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origin. On the other hand, recent studies have shown
that a competing source of neutrinos could still be of as-
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source (1 : 2 : 0), corresponding to pion beam sources.
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the NuFit 3.2 global fit data for the active oscillation pa-
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sources. However, it is known that a good fit to the
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fit value for the throughgoing muons data set � = 2.28
[12]. Due the similarity with the cosmogenic neutrino
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We assume for definiteness a flavor structure at the
source (1 : 2 : 0), corresponding to pion beam sources.

Throughout our analysis we use the best fit values from
the NuFit 3.2 global fit data for the active oscillation pa-
rameters [14], assuming normal neutrino mass ordering.

Cosmogenic

Cosmogenic neutrinos are produced by the scattering
of high energy protons from the cosmic rays with the
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Cosmogenic neutrinos are produced by the scattering of high energy protons from the cosmic rays with the CMB photons. 

Following the work of Ahlers and Halzen 2012,  we reproduce their results  parameterizing the cosmogenic neutrino 
spectrum as 

where ρ(z) is the Star Forming Rate 
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previous work [2] we showed that their results can be
reproduced by parameterizing the cosmogenic neutrino
spectrum as:

d�⌫

dEd⌦
=

Z
dz

0

H(z0)
⇢(z0)f [E(1 + z

0)], (13)

where ⇢(z) is the Star Forming rate [13]. We refer the
reader to [2] for the method of determination of the func-
tion f(E) describing the energy spectrum.
For cosmogenic neutrinos we again assume a flavor

structure at the source (1 : 2 : 0).

B. With secret interaction

Because of the secret interactions, active neutrinos can
collide with active neutrinos from the CNB, producing
sterile neutrinos and thereby causing a depletion of the
flux observable at Earth. The transport equation for ac-
tive neutrinos is in principle coupled to the transport
equation for sterile neutrinos, since the secret interac-
tions produce sterile neutrinos which can in turn collide
with other CNB neutrinos to regenerate part of the orig-
inal flux. The form of these equations has been given
in [2], and we reproduce it here for the generalized mul-
tiflavor case. We define with �i(z, E) the flux of ac-
tive neutrinos in the ith (i = 1, 2, 3) mass eigenstate per
unit energy interval per unit solid angle at a redshift z,
while �s(z, E) denotes the flux of sterile neutrinos, where
in absence of mixing the sterile mass eigenstate is indi-
cated with s. The flux at Earth is connected with the
flux at generic redshift by the relation d�⌫

dEd⌦ = �(0, E).
We write separate equations for the mass eigenstates be-
cause, as discussed in [2], the propagation is diagonal
in the mass eigenstates, given the path between colli-
sions much larger than the oscillation lengths. In other
words, due to the very fast oscillations caused by mixing,
in between two collisions, a neutrino decoheres to mass
eigenstates.
The transport equations take the form:

H(z)(1 + z)

✓
@�i(z, E)

@z
+

@�i(z, E)

@E

E

1 + z

◆
=

n(z)�i�i(z, E)

�

Z
dE

0�s(z, E
0)
d�sa

dE
(E0

! E)n(z)

�⇢(z)(1 + z)f(E)⇠i, (14)

where f(E) is the neutrino spectrum produced at the
source and ⇠i is the fraction of neutrinos produced at
the source in the ith mass eigenstate. Similarly, for the

sterile flux we write:

H(z)(1 + z)
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dE
(E0

! E)n(z). (15)

For convenience, we have denoted by �i and �s the cross
sections for the collision of an ith mass eigenstate and a
sterile neutrino, respectively, with a CNB neutrino. Cor-
respondingly, d�↵�

dE (E0
! E) is the cross section for the

production of a � neutrino with energy E after the colli-
sion of a ↵ neutrino with energy E

0 with a CNB neutrino.
If the regeneration processes play an important role,

the task of determining the e↵ect of the interaction is
computationally expensive, since it requires the numeri-
cal solution of the system of four coupled partial integro-
di↵erential equations

In our previous paper [2], we found that the regenera-
tion was unimportant for a limited region of the parame-
ter space, with masses of sterile neutrino and scalar medi-
ator around 250 MeV. Here we have analyzed this ques-
tion more thoroughly, taking in consideration a wider
parameter space. We have adopted a perturbative ap-
proach in which the regeneration processes are treated as
a perturbation and we have tested its validity a posteriori
by comparing the perturbation induced by regeneration
with the unperturbed flux.

We find that both cosmogenic and astrophysical fluxes
are practically una↵ected by regeneration. The physical
reason behind this behavior is connected with the cosmo-
logical evolution of the sources, and in particular with the
fact that the sources are distributed at various redshifts.
In fact, while neutrinos produced at high redshifts, with
z � 0.1, are severely suppressed due to the absorption
on the CNB, neutrinos produced at low redshifts are only
weakly absorbed. Thus the flux has always a component,
produced at low redshift, which is roughly unabsorbed
and which dominates against the small regenerated flux
produced at high redshifts. The perturbative approach
shows in fact that the corrections coming from regener-
ation, both for cosmogenic and astrophysical fluxes, are
typically not larger than about 10%.

The negligible e↵ect of regeneration is therefore con-
nected with the presence of sources at small redshifts,
masquerading the regenerated flux. Thus we expect that,
for point-like sources localized at large redshifts, regen-
eration e↵ects should instead be non negligible. Even
though IceCube has identified so far a single realistic
candidate of point-like astrophysical source, in the future
one may expect noticeable improvements in this respect.
Therefore, it might be interesting to have a qualitative
idea of the e↵ect of regeneration on the neutrino spectra
from point-like sources. In Figure 3 we show the spectra
expected at Earth for a generic source at two fixed red-

Flavor structure at the source (1 : 2 : 0)

Schneider,  2020
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iv) Secret interactions involving active and sterile
neutrinos simultaneously ⌫⌫ ! ⌫s⌫s[75, 76]

In this paper we consider a scheme of SI similar to
the point iv, wherein the new interaction, mediated by a
new pseudoscalar boson, intervene both active and sterile
neutrinos. While [75] explores the e↵ects of this interac-
tion on primordial nucleosynthesis, and [76] studies the
e↵ects of the interaction on neutrinos in the IceCube en-
ergy range of interest, we have analyzed the e↵ects of
this interaction on cosmogenic neutrino fluxes to ques-
tion their observability. We will assume throughout that
both the active and the sterile neutrinos are Majorana
particles: this is also the reason why we have to choose
a pseudoscalar mediator. In fact the scalar contraction
⌫̄⌫s is antihermitean and therefore not admissible as a
possible interaction operator: therefore the only possi-
ble contraction is ⌫̄�5⌫s. To preserve parity, we take the
mediator to be a pseudoscalar. In particular we study
the distortion implied by such new coupling on the ex-
pected cosmogenic neutrino flux estimating the possibil-
ity to measure this e↵ect in apparatus like GRAND [34].
For the sake of simplicity we will assume just one sterile
neutrino (hereafter denoted by ⌫s) coupling with the ac-
tive sector via this new interaction. Moreover, with the
aim to catch the main implications of such scenario on
cosmogenic neutrino flux we consider an active neutrino
only (hereafter denoted by ⌫), hence focussing on a more
simple 1 + 1 framework. However it would be straight-
forward to extend our analysis to three active neutrinos
even though we do not expect that the main results, here
obtained, would be drastically changed in a more realistic
3 + 1 framework. The interaction term then becomes

LSI = � ⌫�5⌫s' , (1)

where � is a dimensionless free coupling.

II. COSMOGENIC NEUTRINO FLUX AT
EARTH WITHOUT SECRET INTERACTIONS

As described above, cosmogenic neutrinos are pro-
duced by the scattering of high energy protons from the
cosmic rays with the CMB photons. The cosmogenic
neutrino flux �⌫ , expected to be isotropic, can be pa-
rameterized in the form

d�⌫

dEd⌦
=

Z
dz

0

H(z0)
F [z0, E(1 + z

0)] , (2)

where F [z0, E(1 + z
0)] is the number of neutrinos pro-

duced per unit time per unit energy interval per unit solid
angle per unit volume at redshift z

0 and with comoving
energy E(1 + z

0). We use as a reference the spectrum
proposed in [38], which constitutes a lower bound for the
cosmogenic neutrino spectrum. This is a conservative hy-
pothesis, since a higher flux would make easier to detect
the e↵ects of the interaction.

The quantity F [z0, E(1 + z
0)] depends of course on

the proton spectrum, which is itself the solution of a
Boltzmann equation (see [38]), which takes into account
the proton energy losses due to Bethe-Heitler processes
and their depletion due to p� processes. This calcula-
tion has been performed for example in [38], which pro-
vides the neutrino spectrum expected at Earth. It is
important to notice that they assume a cosmic ray spec-
trum purely made of protons and emitted by sources
whose density follows the star formation evolution. In
other words, the proton luminosity can be written as
Lp(z, E) = H(z)Qp(E), where Qp(E) is the proton in-
jection spectrum from the single sources and H(z) is the
Star Forming rate [77]

H(z) =

8
><

>:

(1 + z)3.4 z  1;

N1(1 + z)�0.3 1 < z  4;

N1N4(1 + z)�3.5
z > 4,

(3)

where N1 = 23.7 and N4 = 53.2. The proton luminosity
Lp(z, E) works as an input to the Boltzmann equation
which provides the function F [z0, E(1 + z

0)] in Eq. (2).
Since Ref. [38] only furnishes the final neutrino spec-
trum at Earth, and does not provide the proton spectrum
Qp(E) at each redshift, in principle one would not be
able to reproduce the function F [z0, E(1 + z

0)] in Eq. (2).
However, at su�ciently high energies the mean free path
for p� interaction becomes so small that neutrinos can
be assumed to be produced exactly at the same place in
which the emission of the protons occurs. If we make
the further hypothesis that at each redshift the injection
spectrum of the protons has exactly the same form, with
a redshifted energy, the function F [z0, E(1 + z

0)] takes
on the form

F [z0, E(1 + z
0)] = ⇢(z0)f [E(1 + z

0)] , (4)

where ⇢(z0) is proportional to the Star Forming Rate
given in Eq. (3).

After this simplification, there is a unique function
f [E(1 + z

0)] which reproduces the spectrum obtained by
[38]. While the e↵ects of these simplifications may be
relevant at lower energies, they should be almost irrele-
vant in the high energy part of the cosmogenic spectrum,
where the hypothesis of a small mean free path is natu-
ral. In particular, the mean free path for p� interactions
is typically of the order of 50 Mpc, which is small com-
pared to the cosmological distances.

The inversion of Eq. (2) under the ansatz of Eq. (4) is
in principle possible in an exact way through the use of
a Mellin transform. In fact, the equation takes the form

d�⌫

dEd⌦
=

Z
dz

0

H(z0)
⇢(z0)f [E(1 + z

0)]. (5)

However, due to the di↵erential properties of the func-
tions involved, this method is very hard to apply, because
of the very fast oscillations of the Mellin transform. It
is however possible to obtain a very good approximation

where F [z', E(1 + z')] is the number of neutrinos produced per unit time per unit energy interval per unit solid angle per unit 
volume at redshift z’ and with comoving energy E(1 + z’). 

Using as a reference the spectrum proposed in Ahlers & Halzen 2012, 
which constitutes a lower bound for the cosmogenic neutrino spectrum, 
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iv) Secret interactions involving active and sterile
neutrinos simultaneously ⌫⌫ ! ⌫s⌫s[75, 76]

In this paper we consider a scheme of SI similar to
the point iv, wherein the new interaction, mediated by a
new pseudoscalar boson, intervene both active and sterile
neutrinos. While [75] explores the e↵ects of this interac-
tion on primordial nucleosynthesis, and [76] studies the
e↵ects of the interaction on neutrinos in the IceCube en-
ergy range of interest, we have analyzed the e↵ects of
this interaction on cosmogenic neutrino fluxes to ques-
tion their observability. We will assume throughout that
both the active and the sterile neutrinos are Majorana
particles: this is also the reason why we have to choose
a pseudoscalar mediator. In fact the scalar contraction
⌫̄⌫s is antihermitean and therefore not admissible as a
possible interaction operator: therefore the only possi-
ble contraction is ⌫̄�5⌫s. To preserve parity, we take the
mediator to be a pseudoscalar. In particular we study
the distortion implied by such new coupling on the ex-
pected cosmogenic neutrino flux estimating the possibil-
ity to measure this e↵ect in apparatus like GRAND [34].
For the sake of simplicity we will assume just one sterile
neutrino (hereafter denoted by ⌫s) coupling with the ac-
tive sector via this new interaction. Moreover, with the
aim to catch the main implications of such scenario on
cosmogenic neutrino flux we consider an active neutrino
only (hereafter denoted by ⌫), hence focussing on a more
simple 1 + 1 framework. However it would be straight-
forward to extend our analysis to three active neutrinos
even though we do not expect that the main results, here
obtained, would be drastically changed in a more realistic
3 + 1 framework. The interaction term then becomes

LSI = � ⌫�5⌫s' , (1)

where � is a dimensionless free coupling.

II. COSMOGENIC NEUTRINO FLUX AT
EARTH WITHOUT SECRET INTERACTIONS

As described above, cosmogenic neutrinos are pro-
duced by the scattering of high energy protons from the
cosmic rays with the CMB photons. The cosmogenic
neutrino flux �⌫ , expected to be isotropic, can be pa-
rameterized in the form
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dEd⌦
=

Z
dz

0

H(z0)
F [z0, E(1 + z

0)] , (2)

where F [z0, E(1 + z
0)] is the number of neutrinos pro-

duced per unit time per unit energy interval per unit solid
angle per unit volume at redshift z

0 and with comoving
energy E(1 + z

0). We use as a reference the spectrum
proposed in [38], which constitutes a lower bound for the
cosmogenic neutrino spectrum. This is a conservative hy-
pothesis, since a higher flux would make easier to detect
the e↵ects of the interaction.

The quantity F [z0, E(1 + z
0)] depends of course on

the proton spectrum, which is itself the solution of a
Boltzmann equation (see [38]), which takes into account
the proton energy losses due to Bethe-Heitler processes
and their depletion due to p� processes. This calcula-
tion has been performed for example in [38], which pro-
vides the neutrino spectrum expected at Earth. It is
important to notice that they assume a cosmic ray spec-
trum purely made of protons and emitted by sources
whose density follows the star formation evolution. In
other words, the proton luminosity can be written as
Lp(z, E) = H(z)Qp(E), where Qp(E) is the proton in-
jection spectrum from the single sources and H(z) is the
Star Forming rate [77]
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where N1 = 23.7 and N4 = 53.2. The proton luminosity
Lp(z, E) works as an input to the Boltzmann equation
which provides the function F [z0, E(1 + z

0)] in Eq. (2).
Since Ref. [38] only furnishes the final neutrino spec-
trum at Earth, and does not provide the proton spectrum
Qp(E) at each redshift, in principle one would not be
able to reproduce the function F [z0, E(1 + z

0)] in Eq. (2).
However, at su�ciently high energies the mean free path
for p� interaction becomes so small that neutrinos can
be assumed to be produced exactly at the same place in
which the emission of the protons occurs. If we make
the further hypothesis that at each redshift the injection
spectrum of the protons has exactly the same form, with
a redshifted energy, the function F [z0, E(1 + z

0)] takes
on the form

F [z0, E(1 + z
0)] = ⇢(z0)f [E(1 + z

0)] , (4)

where ⇢(z0) is proportional to the Star Forming Rate
given in Eq. (3).

After this simplification, there is a unique function
f [E(1 + z

0)] which reproduces the spectrum obtained by
[38]. While the e↵ects of these simplifications may be
relevant at lower energies, they should be almost irrele-
vant in the high energy part of the cosmogenic spectrum,
where the hypothesis of a small mean free path is natu-
ral. In particular, the mean free path for p� interactions
is typically of the order of 50 Mpc, which is small com-
pared to the cosmological distances.

The inversion of Eq. (2) under the ansatz of Eq. (4) is
in principle possible in an exact way through the use of
a Mellin transform. In fact, the equation takes the form

d�⌫

dEd⌦
=

Z
dz

0

H(z0)
⇢(z0)f [E(1 + z

0)]. (5)

However, due to the di↵erential properties of the func-
tions involved, this method is very hard to apply, because
of the very fast oscillations of the Mellin transform. It
is however possible to obtain a very good approximation
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FIG. 1: Minimal flux of cosmogenic neutrinos assuming dom-
inance of protons above 4 EeV. We show the results without
source evolution (dotted) and assuming source evolution ac-
cording to the star formation rate (solid). Also shown are the
projected sensitivities of IceCube (10 years) and the ARA-37
(3 years) as dashed lines. The thick dashed-dotted line shows
the approximation of the Auger spectrum above the ankle.
For comparison, we also show the bestfit cosmogenic neutrino
flux (green solid line) from Ref. [24] (Emin = 1018.5 eV) in-
cluding the 99% C.L. (green shaded area) obtained by a fit to
the HiRes spectrum.

IV. GENERALIZATION TO HEAVY NUCLEI

The case of a more general scenario including UHE
CR sources of heavy nuclei is more complicated. The
chemical composition observed at Earth is the result of
rapid photo-disintegration in the radiation background
and there is no simple connection to the source com-
position. However, since photo-disintegration conserves
the energy per nucleon we can derive a lower neutrino
limit by tracking the leading (heaviest) nucleus back to
its source starting from a composition Ao and Zo inferred
from UHE CR observations.

The parent nuclei during this back-tracking are at least
as heavy as the observed mass composition. For instance,
a single helium nucleus in the observed spectrum might
be produced via the production chain 10B !

9Be(+p) !
4He(+4He + p) from the source. The parent nuclei in
each step of this chain determine the interaction and en-
ergy loss rates during propagation. For a lower limit on
the cosmogenic neutrino flux we have to minimize the
emission rate density of the UHE CR nuclei associated
with their cascades in the CMB. This corresponds to a
maximal survival probability of nucleons. Hence, we can
derive a strict lower limit with the assumption that the

back-tracking of the nuclei is indefinite, i.e. we assume
no upper limit on the atomic mass number in the nuclei
cascades.

Photo-disintegration that drives the cascades competes
with photo-hadronic interactions and Bethe-Heitler en-
ergy loss. To first order, a photo-hadronic interaction of
the nucleon with energy E, charge Z and mass number
A can be approximated via the interaction rate of the
free proton as �A�(E) ' A�p�(E/A). Hence, the inter-
action rate per nucleon of the parent nucleus is the same.
Energy loss via Bethe-Heitler pair production, however,
scales as bA�(E) ' Z

2
bp�(E/A) and the e↵ective energy

loss per nucleon scales as Z
2
/A. Again, for a maximal

survival probability of the nucleons and hence a mini-
mal emission rate density of the sources, we assume a
minimal Bethe-Heitler energy loss of the nucleons. This
corresponds to the energy loss of a nucleus with charge
Zo and atomic mass number Ao associated with the ob-
served composition.

In summary, a lower limit on the cosmogenic neutrino
flux can hence be derived by the same Eqs. (2) and
(3) where we now replace the continuous energy loss by
its minimal contribution bmin(z, E) ' (Z2

o/Ao)bBH(z, E),
where bBH correspond to the energy loss of a free pro-
ton. The photohadronic interaction of the nucleons is
given by the average interaction of protons and neutrons.
The total number of nucleons per nucleon energy depends
on the observed (or inferred) mass composition of UHE
CRs. Assuming a single component we have the relation
ENJN (EN ) = AoECRJCR(ECR) with EN = ECR/Ao or
JN (EN ) = A

2

oJCR(ECR).

In the left panel of Fig. 2 we show the minimal cos-
mogenic neutrino fluxes for the case of helium, nitrogen,
silicon and iron dominance of the Auger spectrum. The
level of these fluxes is not in reach of present or future
neutrino observatories. However, cosmogenic neutrino
fluxes strongly depend on the maximal injection energy
of the sources. We conservatively assume for our method
that the maximal energy does not exceed the observed
energy of UHE CRs. However, it is in principle possible
that these models produce detectable fluxes of cosmo-
genic neutrinos [9] if the maximal energy significantly
exceeds A ⇥ EGZK. We will briefly discuss this in the
following section.

We can also generalize our method to the case of a
mixed compositions, which is indicated by the Auger CR
elongation rate distribution. For instance, if fi(ECR) de-
notes the fraction of nuclei with mass Ai at CR energies
ECR the mean mass number is given by

JN (EN ) '
X

A
2

i fi(AiEN )JCR(AiEN) . (8)

Hence the minimal cosmogenic neutrino flux in this
case is J

min

⌫ (E⌫) =
P

i J
min

i (E⌫), where the individual
J
min

i are derived in the same way as before but using
fi(ECR)JCR(ECR) as the input spectrum. As an example

Ahlers & Halzen 2012

where ρ(z) is the Star Forming Rate 
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For the sake of simplicity we will assume just one sterile
neutrino (hereafter denoted by ⌫s) coupling with the ac-
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only (hereafter denoted by ⌫), hence focussing on a more
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even though we do not expect that the main results, here
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the proton spectrum, which is itself the solution of a
Boltzmann equation (see [38]), which takes into account
the proton energy losses due to Bethe-Heitler processes
and their depletion due to p� processes. This calcula-
tion has been performed for example in [38], which pro-
vides the neutrino spectrum expected at Earth. It is
important to notice that they assume a cosmic ray spec-
trum purely made of protons and emitted by sources
whose density follows the star formation evolution. In
other words, the proton luminosity can be written as
Lp(z, E) = H(z)Qp(E), where Qp(E) is the proton in-
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where N1 = 23.7 and N4 = 53.2. The proton luminosity
Lp(z, E) works as an input to the Boltzmann equation
which provides the function F [z0, E(1 + z
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trum at Earth, and does not provide the proton spectrum
Qp(E) at each redshift, in principle one would not be
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for p� interaction becomes so small that neutrinos can
be assumed to be produced exactly at the same place in
which the emission of the protons occurs. If we make
the further hypothesis that at each redshift the injection
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on the form

F [z0, E(1 + z
0)] = ⇢(z0)f [E(1 + z

0)] , (4)

where ⇢(z0) is proportional to the Star Forming Rate
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relevant at lower energies, they should be almost irrele-
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where the hypothesis of a small mean free path is natu-
ral. In particular, the mean free path for p� interactions
is typically of the order of 50 Mpc, which is small com-
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The inversion of Eq. (2) under the ansatz of Eq. (4) is
in principle possible in an exact way through the use of
a Mellin transform. In fact, the equation takes the form
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tions involved, this method is very hard to apply, because
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is however possible to obtain a very good approximation
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shift values z, namely 0.1 and 0.01, with an E
�2 reference

spectrum. The e↵ects of regeneration are, as expected,
more important for larger redshifts of the source and can
drastically change the results.

Figure 3. Comparison between the spectra with pure absorp-

tion (dotted lines) and with both absorption and regeneration

(dashed lines) for an E�2
flux produced by a source at redshift

0.1 (top panel) and 0.01 (bottom panel). The thick line is the

unabsorbed spectrum, reproduced for reference. The sterile

and scalar mediator masses are fixed to the benchmark values

of 10 MeV; the coupling � is chosen as 1 for the tau neutrinos.
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angle we adopted. In fact, as we mentioned above, in the
regime ms > M', the mediator decay into an active and
sterile neutrino is inhibited. Under these conditions we
consider a mediator decay into two active neutrinos via a
very small active-sterile mixing angle. We evaluated the
dependence of negligible regeneration on the value of the
mixing angle. In general large active-sterile mixing angles
would lead to smaller regeneration e↵ects, because they
increase the decay rate of the mediator. On the other
hand we find that even very small mixing angles still
produce no relevant regeneration e↵ects. Therefore, our
conclusion that regeneration can be neglected for di↵use
fluxes is still valid. Since the active-active cross section
does not exhibit any t-channel resonance, it does not de-
pend on the precise value of the mixing angle, making
our results roughly independent of this assumption.
In the following, since we only deal with cosmogenic

and astrophysical neutrino fluxes, we neglect the regen-
eration processes, so that the transport equation for the
sole active neutrinos is given by

H(z)(1 + z)
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�⇢(z)f(E)⇠i (16)

In this equation �i is the cross section of the process
⌫i + ⌫j ! ⌫s + ⌫s, namely
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1

64⇡I2

X

j

Z t2

t1

|Mij!ss|
2(s, t)dt (17)

in terms of the Mandelstam invariants s = (p + l)2, t =
(p�k)2 and u = (p�q)2 with p, l, k and q the momentum
of the two active neutrinos and the two sterile neutrinos,
respectively. Moreover
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where m is the mass of the active neutrino ⌫ of CNB.
The squared amplitude is given by
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where � is the decay rate of the scalar mediator and M'

is its mass.
Therefore eq.(16) contains only an absorption term

and, for the astrophysical power law neutrino flux, it ad-
mits an analytical solution for the flux at Earth given
by

�i(E) =

Z +1

0

dz

H(z)
⇢(z)g [E(1 + z)]⇥

exp


�

Z z

0

dz
0

H(z0)(1 + z0)
n(z0)�⌫i [E(1 + z

0)]

�
⇠i .(20)

For cosmogenic neutrino fluxes the solution is identical
with we consider the function f(E) in place of g(E).

V. RESULTS

A. Power law

We start our discussion of the results with the case
of a power law astrophysical spectrum in the energy

Expected spectra at Earth for a generic source at two fixed redshift values z  with an E−2 reference spectrum.

The effects of regeneration are more important for larger redshifts of the source and can drastically change the results. 

z = 0.1

z = 0.01

 pure absorption

 pure absorption

both absorption and regeneration 

both absorption and regeneration 

reference unabsorbed spectrum 

z > 0.1,  the produced neutrinos are severely suppressed due to the absorption on the CNB 

z < 0.1,  the produced neutrinos are only weakly absorbed 

The flux has always a component, produced at low redshift, which is roughly unabsorbed and which dominates against 
the small regenerated flux produced at high redshifts, masquerading the effect. 
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in the atmosphere by means of 24 large telescopes placed
at four observation sites located atop small elevations on
the perimeter of the SD array. It is sensitive to UHECRs
with energy above (1018 eV) . On the other side, the SD
apparatus consists of an array of water-Cherenkov detec-
tors that are located on a large area of about 3000 km2

arranged in a hexagonal pattern.
Although the primary goal of PAO was to study UHE-

CRs, it has been shown in [82] that it can also study
cosmogenic neutrinos. Indeed neutrinos arriving at large
zenith angle (horizontal with respect to the detector) pro-
duce at the sea level extensive air showers with small ra-
dius of curvature [82], in contrast with other showers from
large zenith angles. The electromagnetic component of
ordinary air showers at large zenith angles from hadronic
cosmic rays is attenuated by the atmosphere before ar-
riving at the sea level. Deeply penetrating particles like
neutrinos come instead unattenuated [83]. Recent up-
grades of the PAO sensitivity can be found in [84] and
an integrated sensitivity to cosmogenic neutrino fluxes is
found of about 4 · 10�9 GeV cm

�2
s
�1

sr
�1. Such a sen-

sitivity will be improved by the Giant Radio Array for
Neutrino Detection (GRAND) [34], that will be located
in various favorable mountainous places in the world and
is planned to take data in 2025 and should reach, after
10 years of data, an integrated sensitivity to cosmogenic
neutrino fluxes of 1 · 10�10 GeV cm

�2
s
�1

sr
�1, thus im-

proving of a factor of ten the current PAO sensitivity.
GRAND will detect the radio emission coming from large
particle showers, namely extensive air showers, like PAO.
In the first detection stage, GRAND10k will use an array
of 10.000 radio antennas deployed over an area of 10.000
km2 GRAND10k. A second stage for grand is planned,
GRAND200k with 200.000 receivers, which could take
data starting from 2030.
A further class of experiments are the Askaryan radio

experiments, like ARIANNA [85]. The ARIANNA exper-
iment, located in the South Pole, aims to detect the radio
signals of cosmogenic neutrinos. The ARIANNA concept
is based on installing high-gain log periodic dipole an-
tennas close to the surface monitoring the underlying ice
for the radio signals following a neutrino interaction and
based on the Askaryan e↵ect.
In Figure 3 we provide the expected cosmogenic spec-

tra both in the absence of secret interactions and in their
presence, for some benchmark values of the scalar me-
diator masses. These spectra have been obtained under
the assumption of a purely protonic UHECRs flux (top
panel) and purely helium cosmic rays (bottom panel).
The coupling has been fixed to � = 1, while the sterile
mass is taken to be 250 MeV. The dashed, dotdashed
and dotted curve respectively correspond to a mass of
the scalar mediator of 300 MeV, 500 MeV and 1 GeV. In
agreement with the expectations, larger masses for the
mediator correspond to weaker absorption.
The sensitivities of the GRAND, the PAO and the AR-

IANNA [86] experiments are shown as well. It appears
that already the GRAND and the ARIANNA experiment

Figure 3. E↵ects on the cosmogenic spectrum expected in
the case of: top panel) proton cosmic rays, bottom panel)

helium cosmic rays. The continuous green curve is the
cosmogenic spectrum expected in the absence of secret in-
teractions, the dashed, dotdashed and dotted lines are the
spectrum for secret interactions with ms = 250 MeV and
M' = 300, 500, 1000 MeV respectively. The sensitivity of the
GRAND experiment, the 90% C.L. of PAO, the integrated
sensitivity of GRAND after 10 years of data and the sensitiv-
ity of the ARIANNA experiment are also shown.

after 3 years of data taking would be able to distinguish
the presence of the secret interaction, even for masses as
large as 500 MeV, at least in the case of purely protonic
UHECRs. In fact, while in the absence of the secret in-
teraction the cosmogenic flux should be detected up to
energies of ⇠ 1010 GeV, being above the sensitivity of the
experiment, the interaction causes its absorption, making
the flux undetectable already at energies of ⇠ 109 GeV.

This conclusion depends very strongly, however, on our
choice for the coupling. In fact, since the cross section,
appearing in the exponent of the absorption coe�cient,
grows as the fourth power of the coupling, already a
choice of � ⇠ 0.1 renders the absorption e↵ect completely
negligible. A milder dependence is the one expected on
the sterile neutrino masses. Raising this mass causes an
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after 3 years of data taking would be able to distinguish
the presence of the secret interaction, even for masses as
large as 500 MeV, at least in the case of purely protonic
UHECRs. In fact, while in the absence of the secret in-
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ratio, can also be represented in the flavor triangle: we
show this for case �⌧ = 1, which has the largest e↵ect, in
Figure 6.
The red and the orange points correspond to an energy of
105 GeV and 108 GeV, respectively. The flavor sensitiv-
ity which has been forecasted for IceCube-Gen2 [17], in
the case of pion beam sources with a flavor ratio (1 : 2 : 0)
at the source, has been shown as well. The triangle repre-
sentation suggests the possibility that future experiments
might be able to unveil a di↵erent flavor structure pos-
sibly caused by active-sterile secret interactions. It is
worth noticing that this change induced by the interac-
tion is also dominant with respect to the uncertainty due
to the mixing parameters.
A fundamental feature of the change in flavor induced by
secret interactions is that it has a unique energy depen-
dence, which descends from the resonances and thresh-
olds of the interaction. Since the data from IceCube-
Gen2 might allow in the future to investigate the inter-
play between flavor and energy, this is a result which
might be of experimental interest.

Figure 6. Flavor ratio, reproduced in the flavor triangle, for

varying energy for the second case in the text (ms = 15 MeV,

M' = 10 MeV, �⌧ = 1). The red and orange points corre-

spond to an energy of 10
5
GeV and 10

8
GeV, respectively.

The forecasted sensitivity of IceCube-Gen2 is shown as well.

B. Cosmogenic

For the case of cosmogenic fluxes, which are relevant
at higher energies, the absorption e↵ect is most impor-
tant for higher masses of the sterile neutrino and of the
scalar mediator. In this part of the parameter space, the
constraints from mesons decay are substantially irrele-
vant, so there is no need to distinguish between the two
case studied above. We will therefore analyze as a single
choice the case �e = �µ = �⌧ = 1, ms = 250 MeV and
M' = 250 MeV. In Figure 7 we show the e↵ect of the
interaction on the cosmogenic flux. We can observe that
the e↵ect is maximal around 109÷10 GeV. We address the

reader to our previous paper [2] for more details also in
relation to future experiments.

Figure 7. Cosmogenic all flavor neutrino power law spectra:

the thick line is the flux with no interaction, while the dashed

line correspond to the benchmark case described in the text.

As in the astrophysical neutrino case, also for the cos-
mogenic flux we analyze the flavor structure as a function
of energy, as shown in Figures 8.

Figure 8. Flavor ratio at Earth as a function of the energy for

the cosmogenic benchmark case in the text (ms = 250 MeV,

M' = 250 MeV, �e = �µ = �⌧ = 1).
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