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production of 
heavy leptons 
and hadrons

(Di Marco, Alves Batista, Sánchez-Conde, 2025)
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production of 
heavy leptons 
and hadrons

 

neutrinos!

(Di Marco, Alves Batista, Sánchez-Conde, 2025)



7

egmf?

cmb

c𝜈b

isrf

gmf

extreme 
source?

cosmic rays (p, nuclei, …)  

background 
photons

molecular 

cloud 

neutrino & 𝛾-ray fluxes – in propagation (usually)

(credit: Fermi-LAT website)

(credit: Pierre Auger website)

(credit: IceCube website)hadronic 
interactions!

(credit: 
KM3Net 
website)



8

egmf?

cmb

c𝜈b

isrf

gmf

extreme 
source?

cosmic rays (p, nuclei, …)  

background 
photons

molecular 

cloud 

neutrino & 𝛾-ray fluxes – in propagation (usually)

gamma rays

neutrinos



9

egmf?

cmb

c𝜈b

isrf

gmf

extreme 
source?

background 
photons

molecular 

cloud 

(Alves Batista+, 2019)

neutrinos

gamma rays

cosmic rays (p, nuclei, …)  

neutrino & 𝛾-ray fluxes – in propagation (usually)

(Das+, 2023)
super h

eavy dark 

matte
r d

ecay

cosm
ogenic

χ ⟶
#
q%q
gg
…

→ p, 𝐞,
𝛄, 𝛎



10

cmb isrf

gmf

extreme 
and/or exotic 

source?

background 
photons

neutrino & 𝛾-ray fluxes – in propagation?

background 
photons

?
gamma rays

gamma rays

neutrinos

background 
photons

neutrinos



electromagnetic cascades – cosmological rates 11

 

usual electromagnetic processes… 

cosmic microwave background (CMB) extragalactic background light (EBL)cosmic radio background (CRB) 
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…. and high-s processes…

(Di Marco, Alves Batista, Sánchez-Conde, 2025)

electromagnetic cascades – new cosmological rates
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for energies > 𝟏𝟎𝟏𝟖 𝐞𝐕muon productions on CMB! 

(Di Marco, Alves Batista, Sánchez-Conde, 2025)

electromagnetic cascades – new cosmological rates



these scenarios in CRPropa 
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- new decay plugin:

CRPYTHIAxDecays
(synergy between CRPropa & PYTHIA)

- new interaction plugins:

EMMuonPairProduction
EMChargedPionPairProduction

EMTauonPairProduction
EMElectronMuonPairProduction

MC code to simulate 
astroparticle propagation!

(Alves Batista+, 2022)

(Bierlich+, 2022)

MC event generator 
for high-energy 

physics collisions!

PYTHIA

https://github.com/GDMarco/CRPYTHIAxDecays
https://github.com/GDMarco/EMMuonPairProduction
https://github.com/GDMarco/EMChargedPionPairProduction
https://github.com/GDMarco/EMTauonPairProduction
https://github.com/GDMarco/EMTauonPairProduction


simulations – gamma-ray propagation 15

sources characterised by 𝐄𝐦𝐨𝐧𝐨,𝜸 > 𝟏𝟎𝟏𝟖𝐞𝐕 and 𝒛 > 𝟎. 𝟏

observables about the emerging 
neutrinos with 𝑬𝝂 > 10 PeV



16mono sources – emerging 𝜈 energy spectra

(Di Marco, Alves Batista, Sánchez-Conde, 2025)



17mono sources – emerging 𝜈 energy spectra

(Di Marco, Alves Batista, Sánchez-Conde, 2025)

increasing the redshift 
the maximum energy 

decreases, also the 
peaks’ locations



18mono sources – emerging 𝜈 energy spectra

(Di Marco, Alves Batista, Sánchez-Conde, 2025)

broader spectra 
peaks, increasing the 

source energy 



19mono sources – emerging 𝜈 energy spectra

peaks 
z and energy 
dependent

(Di Marco, Alves Batista, Sánchez-Conde, 2025)
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plateau/increasing 
after the peaks

(Di Marco, Alves Batista, Sánchez-Conde, 2025)

peaks 
z and energy 
dependent



21ps: emerging 𝜈 energy spectra - propagation
NOT included in this work, 

however:
potential interactions with 

neutrino/photons backgrounds

  

(Di Marco, Alves Batista, Sánchez-Conde, 2025)



22ps: emerging 𝜈 energy spectra - propagation

rates for massless 
neutrinos, at z=0! 

  

(Di Marco, Alves Batista, Sánchez-Conde, 2025)

NOT included in this work, 
however:

potential interactions with 
neutrino/photons backgrounds

  



23mono sources – flavour probabilities

𝐄𝛄 = 𝟏𝟎𝟐𝟎𝐞𝐕, 𝒛 = 𝟎. 𝟏𝟓 𝐄𝛄 = 𝟏𝟎𝟐𝟐𝐞𝐕, 𝒛 = 𝟎. 𝟏𝟓

Neurthino code with the last NuFit-6.0 parameters, «propagating probabilities» 

(Di Marco, Alves Batista, Sánchez-Conde, 2025)

https://github.com/KM3NeT/Neurthino.jl


24mono sources – flavour probabilities

𝐄𝛄 = 𝟏𝟎𝟐𝟐𝐞𝐕, 𝒛 = 𝟕

(Di Marco, Alves Batista, Sánchez-Conde, 2025)

𝐄𝛄 = 𝟏𝟎𝟐𝟎𝐞𝐕, 𝒛 = 𝟏𝟎

 

…. increasing the redshift…

 

…. more well-defined shapes!



25mono sources – flavour probabilities

𝐄𝛄 = 𝟏𝟎𝟐𝟐𝐞𝐕, 𝒛 = 𝟕

(Di Marco, Alves Batista, Sánchez-Conde, 2025)

𝐄𝛄 = 𝟏𝟎𝟐𝟎𝐞𝐕, 𝒛 = 𝟏𝟎

”most likely
electronic”



26mono sources – flavour probabilities

𝐄𝛄 = 𝟏𝟎𝟐𝟐𝐞𝐕, 𝒛 = 𝟕

(Di Marco, Alves Batista, Sánchez-Conde, 2025)

𝐄𝛄 = 𝟏𝟎𝟐𝟎𝐞𝐕, 𝒛 = 𝟏𝟎

”most likely
muonic”
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leptonic 𝜈 production – in active galaxies? 30

(Halzen, 2023)

(Abbasi+, 2024)
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hadronic models trying to explain:
- neutrino excess

- abscence of TeV gamma rays 



leptonic 𝜈 production – in hot corona 32

neutrinos
gamma rays



leptonic 𝜈 production – rates in corona 33

interaction rate ratios background 

neutrinos
gamma rays

(Di Marco, Alves Batista, Sánchez-Conde, 2025)



leptonic 𝜈 production – energy spectra 34

neutrinos
gamma rays

(just by considering electron and 
muon pair production processes)

(Di Marco, Alves Batista, Sánchez-Conde, 2025)
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in science: 

heavy leptons and hadrons production in EM cascades might: 

- alter expected gamma-ray and neutrino balance;
(cosmogenic? exotic physics searches, e.g. dark matter?)

- leptonically produce neutrino in source, e.g. AGNs;

in simulation framework: 

synergy between CRPropa & PYTHIA simulation codes, 
(useful in other frameworks?)

χ ⟶ #
q%q
gg
…
→ p, 𝐞, 𝛄, 𝛎

?
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in science: 

heavy leptons and hadrons production in EM cascades might: 

- alter expected gamma-ray and neutrino balance;
(cosmogenic? exotic physics searches, e.g. dark matter?)

- leptonically produce neutrino in source, e.g. AGNs;

in simulation framework: 

synergy between CRPropa & PYTHIA simulation codes,
(useful in other frameworks?) 

χ ⟶ #
q%q
gg
…
→ p, 𝐞, 𝛄, 𝛎

?

¡thank you! J

concluding with some prospects
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primordial: cosmic
microwave background

(CMB)

astrophysical:
cosmic radio background 

(CRB), extragalactic 
background light

(EBL)
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EBL Stecker et al. 2016 (UL)
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(Alves Batista & Saveliev, 2021)



EBL with redshift 41

evolution trace of 
extragalactic 

sources' emission 
between the IR to the UV

(- largely uncertain at 
higher redshifts

- lots of models)



42neutrino & 𝛾-ray fluxes – super heavy dark matter
lifetime 𝛕𝛘 ≫ 10$% yr

mass 10& ≲ 𝐌𝛘 ≲ 10$' GeV

χ ⟶ $
q&q
gg
…

→ p, 𝐞, 𝛄, 𝛎

χ ⟶ b+b

leptonically-produced 
neutrinos during  

propagation of gamma rays?
extragalactic DM, 

neutrino absorption 

galactic DM,
only CMB



neutrino & 𝛾-ray fluxes – cosmic string 43

(Lunardini & Sabancilar, 2012)

expected fluxes depending on:

• moduli coupling

• kinks "sharpness"

• (neutrino masses)

EM cascade energy density:

 

neutrinos?



mono sources – energy fraction 44

𝑬𝝂 > 10 PeV
most of the initial
energy absorbed, 
less than 1% goes

into neutrinos 

adiabatic energy loss
scaling

~ 1/(1+z)

(Di Marco, Alves Batista, Sánchez-Conde, 2025)



45mono sources – 𝜈 distance travelled

in the highest energy
sources cascading effects

might happen

(Di Marco, Alves Batista, Sánchez-Conde, 2025)



46in source – 𝜈 energy spectra

including only muon 
and electron pair

production & X-ray
background field

(computationally
expensive to add other

interactions and/or
trying to recreate the

AGN environment)

(Di Marco, Alves Batista, Sánchez-Conde, 2025)



interaction rates - cosmological 47

computed tables at:
EMCascadePlugins-data

(Di Marco, Alves Batista, Sánchez-Conde, 2025)

https://github.com/GDMarco/CRPropa3-data/tree/EMCascadePlugins-data
https://github.com/GDMarco/CRPropa3-data/tree/EMCascadePlugins-data
https://github.com/GDMarco/CRPropa3-data/tree/EMCascadePlugins-data
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computed tables at:
EMCascadePlugins-data

(Di Marco, Alves Batista, Sánchez-Conde, 2025)

https://github.com/GDMarco/CRPropa3-data/tree/EMCascadePlugins-data
https://github.com/GDMarco/CRPropa3-data/tree/EMCascadePlugins-data
https://github.com/GDMarco/CRPropa3-data/tree/EMCascadePlugins-data


CRPYTHIAxDecays – muon decay 49

injecting 1e5 muons  of 
1 TeV along the x-axis!

(angular correction ON)

electrons

electronic 
(anti)neutrinos

muonic 
neutrinos

(Di Marco, Alves Batista, Sánchez-Conde, 2025)


