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Out of equilibrium annihilation

PHENU

New type of spectral feature

From, e.g., an asymmetric population of P
oscilatting into anti-P after a phase transition
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If E  > M , gauge bosons can be radiated and generate a
shower

ν Z/W
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Energy dependent process
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target neutrino
number
density

Self-scattering:
Very low density, but high
energies

Numerically hard (triple integral)

  → Assume instantaneous decay, i.e.
all neutrinos produced at the same
redshift with energy m/2
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Observational:
Atmospheric flux (SuperKamiokande, Icecube) > 50 MeV

Astrophysical flux (Icecube) < 5 PeV
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Upper bound on f
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Cielo, Escudero, Mangano, Pisanti ‘23

Planck ‘18
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Competing bounds
with observations

PHENU

Bianco, Depta, Frerick, Hambye, Hufnagel,Schmidt-Hoberg 25'
Hambye, Hufnagel, Lucca, 21'
Acharya, Khatri, 19'

N  bound on additional neutrino energy densityeff

BBN bound from photo and hadro disintegration of
light elements 

CMB anisotropies bound 

Cosmological:

LPTHE
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Ratio > 1: Unconstrained by theoretical bounds

Ratio > 10 : Potentially observable today-2

Ratio < 10 : Signal too weak to be observed-2

Ratio < 10 : Hopeless-5

Combination:
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Ratio > 1: Unconstrained by theoretical bounds

Ratio > 10 : Potentially observable today-2

Ratio < 10 : Signal too weak to be observed-2

Ratio < 10 : Hopeless-5

Potentially observable in IceCube,
HyperK, KM3NeT

PHENU

Combination:

LPTHE
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Given  the energy at the peak and the amplitude of a spectrum, 2 parameters
can be reconstructed:

Abundance and mass
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Reconstruction of the heavy
relic parameters:

Given  the energy at the peak and the amplitude of a spectrum, 2 parameters
can be reconstructed:

Abundance and mass
Lifetime and mass
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PHENUs could be produced in the early
universe with sharp spectral features

Scattering on the background or with other
PHENUs is negligible

Sharp spectral features are observable for a
range of lifetime, mass and abundance

PHENU 29
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Elastic interactions Inelastic interactions
Replace one PHENU by two high-energy
neutrinos of smaller energies (upscatter
CNB)
Easy to implement
More neutrinos to track →
computationally expensive

For a proper treatment, need to
implement EM and hadronic cascades
→ Hard to implement
Most secondary neutrinos at lower
energy → can be neglected
→ PHENU disappears into other SM
particles
Less neutrinos to track → simplifies
computation
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Stay tuned!
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with my human

arXiv:2507.02063
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Decay Spectra
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Δ controls the width of the box.

In the limit where Δ = 0 we recover the 2-body
decay spectrum
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Annihilation
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Not too  constraining for large
mass as it is satisfied as long

as T  is  sufficiently lower
than m

inj

P
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Final state radiation broadening
If E  > M , gauge bosons can be radiated and generate a
shower

ν Z/W

Production of (many) secondary neutrinos of lower energies
Energy dependent process

Sharp feature mostly unaffected
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Vitagliano, Tamborra, Raffelt ‘19









Corps

K. Bays et al. [SK coll.], ‘12



Richard et al. [SK Coll.]  15'



Models
Scalar triplet
Majoron
Vector decay (Coy, Hambye ‘20)


