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based on work by Garzelli, Moch, Ostapchenko, Sigl 
and PROSA collaboration
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Aartsen et al [IceCube collaboration], PRL 125 (2020) 
121104 [arXiv:1807.11492]

Components of the Diffuse Spectrum 

astrophysical neutrinos have a harder 
spectrum than atmospheric neutrinos 
which have a spectrum steeper by 
one power of energy than cosmic ray 
spectrum due to energy-dependent 
decay probability of pions, thus  

flavour ratio  
for astrophysical neutrinos, but 

 

for  due to energy-dependent 
decay probability of muons; flavour ratio 
saturates at few percent level above 
~ 100 GeV due to kaon production.

∼ E−3.7

(νe + ν̄e)/(νμ + ν̄μ) ∼ 1

(νe + ν̄e)/(νμ + ν̄μ) ∼ 0.3(10 GeV/Eν)
Eν ≳ GeV
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Introduction/Reminder on 
atmospheric neutrinos

Gaisser, arXiv:1910.08851

p +A
Z →A′￼

Z′￼ + π±/K± + ⋯

π±/K± → μ+(μ−) + νμ(ν̄μ)

μ+(μ−) → e+(e−) + νe(ν̄e) + ν̄μ(νμ)
Conventional neutrino fluxes from 
decays of light mesons and other light 
hadrons are suppressed 
by one power in energy compared to 
the primary nucleon flux at high 
energies due to the charged pion 
decay probability  

Prompt neutrino fluxes from decays of 
heavy mesons and other hadrons follow 
roughly the primary nucleon flux at 
high energies

∼ (20 GeV/Eπ)
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after M.V. Garzelli



5

Calculation of Atmospheric Lepton Fluxes

These are known as cascade equations. There is a critical energy above which interactions 
dominate over decay; for charged pions it is about 20 GeV (-> conventional neutrino flux) 
for charmed hadrons it is much higher, > 107 GeV (-> prompt neutrino flux with harder spectrum)

Most relevant for us is the all-nucleon flux which depends both on the all-particle flux and the 
mass composition

where the Z-moments are, e.g. for interactions
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under assumption of mass composition -> 
flux models used in Garzelli et al., JHEP10 (2015) 115

From cosmic ray (CR) all particle spectrum to CR all nucleon spectra

summary of all particle spectrum 
from different experiments

LHC center of mass



7

G. Sigl, book “Astroparticle Physics: 
Theory and Phenomenology”, Atlantis 
Press/Springer 2016 

see also K.-H.Kampert and M.Unger, 
Astropart.Phys. 35 (2012) 660

Indications of “Peters cycles” 
for galactic and extragalactic 
sources whose maximal 
energies are proportional to 
the charge Z and extend up to 
~ 1017 and 1020 eV, respectively

Global Picture on Mass Composition
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S. Thoudam et al., A&A 595, A33 (2016) [arXiv:1605.03111]
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S. Thoudam et al., A&A 595, A33 (2016) [arXiv:1605.03111]
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QCD Predictions and Experimental Data on charmed 
hadron production

Charmed hadron production cross sections depend on parton distribution 
functions (PDF) and fragmentation functions (FF) which in turn depend on 

 and x and z (longitudinal momentum fractions), respectively. 
Dependence on  can be treated perturbatively, whereas x and z 
dependence contains non-perturbative effects. The theoretical predictions 
for the partonic cross sections depend on charm quark (pole) mass, 
factorisation and renormalisation scales (assuming collinear factorisation)





Idea is to fit the non-perturbative components of PDFs and FFs with as 
many measurements as possible to minimise uncertainties when 
extrapolating to energies and phase space inaccessible to direct 
experiments but relevant for cosmic ray physics.

μ2
f

μ2
f

σpp→D+X = ∑
i,j

PDF(xi, μ2
f ) PDF(xj, μ2

f ) ⊗ ̂σij→cX(xi, xj, μf , μr, mc, z) ⊗ FFc→D(z, μ2
f )
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, 
PROSA 2015 PDF, data: LHCb collaboration, JHEP 03 (2016) 159, 

and erratum 09 (2016) 013

pp → D± + X at s = 13 TeV

M. Garzelli et al., JHEP 05 (2017) 004 [arXiv:1611.03815]

differential cross sections are NLO predictions, only total cross section is known to NNLO



Comments
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theoretical uncertainties larger than experimental uncertainties on D 
meson production cross section; this can be reduced, however, by taking 
ratios of suitable quantities (e.g. at different energies or at different 
rapidities at same energy), as also pointed out by LHCb collaboration. 

theoretical cross sections known to NLO for dσ/dpT (not yet 
NNLO) and to NNLO for total cross section σ 

PDFs used in literature: 
ABMP16, CT18, JR14, CJ15, HERAPDF, MSHT, … 
specifically constrained at low x  with LHCb data : PROSA and NNPDF
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comparison of parton distribution functions
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The PROSA2019 gluon distribution compared to PROSA2015, CT14, HERAPDF20 (left panel), 
and MMHT2014, ABMP16, CJ15, JR14 (right panel) 
The PROSA PDF uncertainty at small x is smaller than for other PDFs due to the inclusion of 
LHCb (and ALICE at large x) heavy-flavor production data

O. Zenaiev et al., JHEP 04 (2020) 118 [arXiv:1911.13184]
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O. Zenaiev et al., JHEP 04 (2020) 118 [arXiv:1911.13184]

right panel: sum over all sea 
quarks: 
LHCb data is relevant for also 
constraining sea quark PDFs, 
but they provide a subdominant 
contribution to prompt neutrino 
fluxes 
PROSA 2019 includes 
5, 7, 13 TeV data whereas 
PROSA 2015 only includes 7 TeV 
data

u and d quark valence PDFs
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Alternative Method for Z-moment computation

Ostapchenko, Garzelli, Sigl, Phys.Rev. D 107 (2023) 023014 [arXiv:2208.12185]

For power law CR primary proton spectra  one can write the prompt muon 
neutrino spectrum as 

 

Factorisation of the proton-to-neutrino Z-moment into pQCD dependent 
proton-to-charm quark moment and fragmentation and decay moments leads to 

 

where 

 

which allows to study the uncertainties at the level of c-quark production.

Ip(Ep) ∝ E−γp
p

I(p)
νμ(prompt)(Eν) ≃

Ip(Eν)
1 − Zp

p−air(Eν, γp)
Zνμ(prompt)

p−air (Eν, γp) .

Zνμ(prompt)
p−air (Eν, γp) ≃ Zc

p−air(Eν, γp) ∑
c,c̄

∑
hc

Zfragm
c (c̄)→hc

(γp) Zdec
hc→νμ

(γp) ,

Zc
p−air(E, γ) ≃ ∫dxc xγ−1

c
⟨Aair⟩

σinel
p−air(E/xc)

dσc (gg)
pp (E/xc, xc)

dxc
,
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Ostapchenko, Garzelli, Sigl, Phys.Rev. D 107 (2023) 023014 [arXiv:2208.12185]

Sensitivity of  to scale variationsZc
p−air(E)

scale variation is the biggest uncertainty regarding the perturbative input for calculation of prompt 
neutrino fluxes
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Summary of  variations

QCD uncertainties on prompt neutrino 
fluxes due to scale, PDF and charm mass 
variations, for a given cosmic ray all-
nucleon flux. 
Renormalization and factorisation scale 
uncertainties dominate 
PDF uncertainties increase with neutrino 
energy due to sensitivity to smaller x at 
larger CM energies; 
pole mass is ill-defined for confined 
particles 
heavy hadrons are neglected here

uncertainties on prompt neutrino 
fluxes due to cosmic ray all-nucleon fluxes 
(mass composition)

O. Zenaiev et al., JHEP 04 (2020) 118 [arXiv:1911.13184] 
and Garzelli et al., proceedings ICRC 2021
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Garzelli et al., proceedings ICRC 2021
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approach 1: superposition model: use nucleon PDFs for A nucleons 

approach 2: cold nuclear matter: uses nuclear PDFs 

shadowing/anti-shadowing effects not large, roughly 10% effect for 
shadowing 

differences are within scale uncertainties 

pA runs at LHC, new experiments sensitive to forward neutrinos 
(SND@LHC) and data from electron-ion collider (EIC) and large hadron-
electron colliders (LHeC) will further constrain nuclear PDFs

nuclear effects on prompt neutrino fluxes
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nuclear effects on prompt neutrino fluxes 

the largest contribution to the prompt  flux comes from the charmed mesons  

and 

νμ + ν̄μ D0 + D̄0

D+ + D−
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comparison to other predictions 
note: slope differences are due to different factorisation scales

O. Zenaiev et al., JHEP 04 (2020) 118 [arXiv:1911.13184]
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Introduction to intrinsic charm

Brodsky et al., Phys. Rev. D 23 (1981) 2745, Phys.Lett. 93B (1980) 451

proton Fock states  and : momentum fraction carried by c should be 
significant ~ 0.3 due to comparable velocities. 
Gluon/photon exchange gives rise to , upon interaction with 
another proton or a lepton (deep inelastic scattering)

uudc̄c⟩ uudc̄cc̄c⟩

pp → D0 + Λ+
c + X, D̄0* + Λ+

c + X, ⋯

Graudenz., Fortschr. Phys. 45 (1997) 629
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Old Evidence for Intrinsic Charm ?
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Old Evidence for Intrinsic Charm ?
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Evidence for intrinsic charm ?

NNPDF collaboration, Nature 608 (2022) 483

possible evidence for intrinsic charm (IC) from LHCb data on Z-boson production in 
association with charm jets

LHCb collaboration, Phys.Rev.Lett. 128 (2022) 082001

Fraction of charmed jets in 3 rapidity intervals
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with  the overall weight of proton Fock states containing IC contributing 
to the inelastic cross section and  the constituent c-quark light-cone 
momentum fraction distribution, normalised to unity: 

dσc(intr)
p−air (E, xc)

dxc
= wc

intr σinel
p−air(E) f (intr)

c (xc) ,

wc
intr

f (intr)
c (x)

Differential Cross Section for intrinsic charm production

Functional shape motivated 
by the valence quark 
distribution on slide 11.
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For example, in the Meson Baryon Model based on Hobbs, Londegan, Melnitchouk, PRD 89 (2014) 074008 

one obtains

Main ingredient for the calculation of the  and  which enter the cascade 

equations for the prompt fluxes. 

ZD0(intr)
p−air ZΛc(intr)

p−air

for wIC = 0.01
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Intrinsic Charm for the 3 models from 
previous slide, , wc

intr = 0.01 γp = 3

perturbative c quark production for different PDFs 
(flatter energy dependence)

note that the normalisation of IC 
moments is quite uncertain due to 
different hadronisation of 
constituent quarks

For IC one can approximate the Z-moment as 

 

This is neither energy nor target dependent, causing a neutrino flux which follows 
the primary CR spectrum. In contrast, the prompt component from perturbative 
charm production is flatter than the primary spectrum.

Zc(intr)
p−air (γp) = Zc(intr)

pp (γp) = wc
intr ∫dxc xγp−1

c f (intr)
c (xc) ,
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Garzelli, Ostapchenko, Sigl, to appear

with  where  is the IC content of the proton and  
is the probability to "free" intrinsic charm quarks from their virtual state and hadronize them.

wIC = w(0)
IC wc(frag)

IC w(0)
IC wc(frag)

IC

central IC and pQCD

minimum IC, maximum pQCD maximum IC, minimum pQCD

pr
eli

mina
ry
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Charm component in modern PDFs (CT14)
µF = 2.5 GeV µF = 10 GeV
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 lower lines are standard PDF sea quarks, blue is intrinsic charm PDF (sea plus valence) 
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Prompt Neutrino Fluxes with intrinsic charm PDFs

Other calculations: 
Halzen and Wille, Phys. Rev. D 94 (2016) 014014 [arXiv:1605.01409] (upper limits 
compatible with our results) 
Laha and Brodsky, Phys. Rev. D 96 (2017) 123002 [arXiv:1607.08240 claims smaller 
upper limits]

 here it is assumed that hadronization of intrinsic charm and perturbative charm is identical; 
intrinsic charm is contained only in the PDF



Conclusions
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1.) Recent updates on prompt neutrino component based on latest QCD results 
and data, in particular LHCb, are important to interpret HE neutrino fluxes 
and disentangle astrophysical from atmospheric neutrinos.

2.) Deduced uncertainties are relatively large, up to a factor ~ 5; 
dominated by QCD and above ~ 106 GeV by poorly understood cosmic ray all-
nucleon flux

3.) Below the “knee" atmospheric prompt neutrinos from intrinsic charm have 
slightly softer spectrum than prompt neutrinos from perturbative charm 
production and can thus potentially be disentangled. This allows to put 
constraints on IC from IceCube data.

4.) Limit on contribution of intrinsic charm to the total prompt neutrino flux 
is of order 0.001 (including fragmentation effects), rather independently of 
the intrinsic charm model
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Backup Slides
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Uncertainties in the heavy-quark content of PDFs

⇤ Ansatz:
charm and bottom in the nucleon PDFs are radiatively generated:

for scales µF  mc (µF < mb) no charm (bottom) in PDFs

for scales µF > mc (µF > mb) charm (bottom) is produced by
QCD evolution through g ! cc̄ and c ! gc splittings
(g ! bb̄ and b ! gb splittings)

⇤ Further possibility:
additional non-perturbative charm and bottom components:
) Models for intrinsic charm/bottom.

Original motivation: old experimental data at large xF .
But, no need for intrinsic charm/bottom at LHC
(at least for the observables studied so far).
Possible probe of the (non-)existence of intrinsic charm at LHC:
pp ! Zc , �c


