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Total Galactic emission at TeV-PeV:

‰ȟ ‰ȟ ‰ȟ

Earth

Source component isdue to the interaction of 
acceleratedparticles(hadronsor leptons) with the 
ambient medium (ISM or CMB) within or close to an 
accelerationsite (suchasPWNe, SNRs).

‎ȟ

HadronicSource componentisdue to the interaction of 
acceleratedhadronswith the ambient medium (ISM or CMB) 
within or close to an accelerationsite (suchasSNRs).

‰ȟ ‰ȟ ‰ȟ

Diffuse component isdue to the interaction of CRs
with the ISM

LA THUILE 2026 G. Pagliaroli
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THE PROTON-PROTON PRODUCTION PROCESS OF DIFFUSE EMISSION
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ÅSpatialcorrelationwith 

the interstellargas

ÅEnergy correlationdue 

the kinematicof the 

process
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The High-energy Neutrino Galacticemission

IceCubeobtained a 4.5̀  evidencefor Galacticdiffuse 
emission

Whatare the ingredientsinside these 0 or 
KRA templates? 

Abbasi, R, et al. 2023, Science, 380, 1338

The IceCubeDetectionisbasedon specific
Templates for the diffuse emission

LA THUILE 2026
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Differentialinelasticcross section
of pp interaction

Cosmic-rayenergy and 
spatialdistribution

Interstellar gas distributionin the 
Galaxy 

Large-scale HE Diffuse Galactic emission:
Gamma-ray absorptionon CMB 
Vernetto & Lipari, 2016

AAFrag Kachelriess et al., 2023
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The role of Cosmic Ray distribution:

HE gamma-ray  MEASUREMENTS 
HESS: 1-100 TeV
MILAGRO: 10-50 TeV
ARGO: 0.3-2 TeV
HAWC: 0.4-100 TeV

TIBET: 100-600 TeV
LHAASO: 10-1000 TeV

MODELS Providing TEMPLATES

De La Torre Luqueet al., Astron.Astrophys. 672 (2023) A58,

Dundovicet al., Astron.Astrophys. 653 (2021) A18

D. Gaggero et al., Astrophys. J. Lett. 815, L25 (2015)

Lipari et al., Phys.Rev.D 98 (2018) 4, 043003

Pagliaroli et al, JCAP (2016), Pagliaroli et al, JCAP (2018)

é..etc

Standard Case 

HardeningCase

Verysimilarto the 0

Verysimilarto the KRA
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Cosmic-ray energy spectra@2025
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LHAASO data align IceTop

Aartsenet al., 2019 (IceTop), 
Antoni et al., 2005 (KASCADE), 
Finger, 2011 (KASCADE)

The gamma-ray (neutrino) flux atὉ ρὝὩὠ(Ὁ ρππὝὩὠ) isdeterminedby CRs

with Ὁ ρπὝὩὠ(Ὁ ςὖὩὠ)

LHAASO coll, Sci.Bull. 70(2025)4173-4180

May 2025

LA THUILE 2026 G. Pagliaroli

Clear tension between IceTop

and KASCADE data -set



The contributionof heavy elements
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ÅLHAASO proton data align with IceTop and dominate the systematic around the «knee».

ÅThe relevant flux for the diffuse is in energy per nucleon, for which proton component is dominant .

ÅThe contribution from Helium is 14% of the proton one. 

ÅThe uncertainty due to heavy elements is around 5% at 1 PeV

LHAASO coll, Sci.Bull. 70(2025)4173-4180 G. Pagliaroli



The contributionof heavy elements
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ÅLHAASO proton data align with IceTop and dominate the systematic around the «knee».

ÅThe relevant flux for the diffuse is in energy per nucleon, for which proton component is dominant .

ÅThe contribution from Helium is 14% of the proton one. 

ÅThe uncertainty due to heavy elements is around 5% at 1 PeV

# Take-home message:

Diffuse gamma-rays 
and neutrinosprobe 
the proton flux at the 

knee
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DiffuseGalacticHE gamma-ray from TIBET-AS:

ςυᶼ ὰ ρππᶼȟὦ υᶼ υπᶼ ὰ ςππᶼȟὦ υᶼ

Ὁ
Ȣ
Ὠ
ὔ

Ὠ
Ὁ
Ὃ
Ὡὠ
Ȣ
ὧά

ί
ίὶ

ÅTibet
ÅArgo

ÅTibet
ÅCasa Mia

‎Phys.Rev.Lett. 126(2021)14,141101
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DiffuseGalacticHE gamma-ray models vs data:

ςυᶼ ὰ ρππᶼȟὦ υᶼ υπᶼ ὰ ςππᶼȟὦ υᶼ
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Standard Case B 

ÅStandard Case  (Thickline)

The Spectrum of the CR isuniform inside 
the Galaxy and correspondsto the one 
we measureat the Earth

ÅHardeningCase (Dashedline)
The Spectrum of CR changesinside the 
Galaxy and becomesharder toward the 
inner Galaxy

Phys.Rev.Lett. 126(2021)14,141101
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DiffuseGalacticHE gamma-ray models vs data:

ςυᶼ ὰ ρππᶼȟὦ υᶼ υπᶼ ὰ ςππᶼȟὦ υᶼ
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ÅTibet
ÅArgo

ÅTibet
ÅCasa Mia

ARE WE 
MISSING 
SOMETHING???

‎

Standard Case B 

ÅStandard Case  (Thickline)

The Spectrum of the CR isuniform inside 
the Galaxy and correspondsto the one 
we measureat the Earth

ÅHardeningCase (Dashedline)
The Spectrum of CR changesinside the 
Galaxy and becomesharder toward the 
inner Galaxy

Phys.Rev.Lett. 126(2021) 14, 141101
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Source component includesthe 
contributionof all the Galactic
hadronicgamma-ray sources both
resolved and unresolvedby gamma-
ray detectors

Sources Populationstudy based
on HGPS catalogof H.E.S.S.

Sources catalogs

15

GalacticHigh-Energy Gamma Sources

The Total flux contribution due to 
unresolvedsources isnot negligible

Pagliaroliet al., Universe9 (2023) 9, 381
Cataldo et al., Astrophys.J. 904(2020) 2, 85
Steppaet al., Astron.Astrophys. 643(2020) A137

G. Pagliaroli



Weaddthe contributionof unresolvedsources to the truly diffuse 
emissionwithout the hypothesisof CR spectralhardening.

Tibet AS♬ :

υπᶼ ὰ ςππᶼȟὦ υᶼȟὉ υππὝὩὠ

ÅTibet
ÅCasa Mia

Standard case  + 
UnresolvedPWNesources

Vecchiotti et al. Astrophys.J. 928(2022) 1, 19

ςυᶼ ὰ ρππᶼȟὦ υᶼȟὉ υππὝὩὠ

LA THUILE 2026
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Weaddthe contributionof unresolvedsources to the truly diffuse 
emissionwithout the hypothesisof CR spectralhardening.

Tibet AS♬ :

υπᶼ ὰ ςππᶼȟὦ υᶼȟὉ υππὝὩὠ

ÅTibet
ÅCasa Mia

Standard case  + 
UnresolvedPWNesources

Vecchiotti et al. Astrophys.J. 928(2022) 1, 19

ςυᶼ ὰ ρππᶼȟὦ υᶼȟὉ υππὝὩὠ

# Take-home message:

Unresolvedgamma-ray 
sources contributeto 
the diffuse emission

Unresolvedsources reduce the need
for CR hardening.

LA THUILE 2026
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The High-energy Neutrino Galacticemission

All flavor, πᶼ ὰ σφπᶼȟὦ υᶼ

The observed
neutrino signalcan 
be interpretedas:

All the hadronic
Galacticsources 

The two diffuse models 
consideredabove: 
Standard Case 
HardeningCase

G. Pagliaroli 18



IceCubevs HardeningCase: 

ÅIn the scenario with a CR 
spectral hardening there 
is not space for the 
contribution of hadronic 
sourcesȢ

HardeningCase

•ȟ •ȟ ‚ȟὉ •ȟ

WeexpectPeVatronsin 
our Galaxy and the 
hardeningcase needsof 
hadronicsources to 
exists!

Vecchiottiet al. Astrophys. J. Lett. 956 (2023)2, L44

19G. Pagliaroli



IceCubevs HardeningCase: 

ÅIn the scenario with a CR 
spectral hardening there 
is not space for the 
contribution of hadronic 
sourcesȢ

HardeningCase

•ȟ •ȟ ‚ȟὉ •ȟ

WeexpectPeVatronsin 
our Galaxy and the 
hardeningcase needsof 
hadronicsources to 
exists!

Vecchiottiet al. Astrophys. J. Lett. 956 (2023)2, L44

20

# Take-home message:

HardeningŎŀǎŜ Ҧ 
no room for hadronic
sources
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IceCubevs Standard Case : 

ÅIn the standard case the 
maximally allowed 
fraction is‚ πȢτπὉ
υππὝὩὠȢIf we

requirethat Galactic
sources shouldbe ableto 
accelerate particlesup to 
the CR «knee» then the 
fraction reducesto ‚
ḐπȢςπ

21

Vecchiottiet al. Astrophys. J. Lett. 956 (2023)2, L44

Standard Case 

LA THUILE 2026
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IceCubevs Standard Case : 

ÅIn the standard case the 
maximally allowed 
fraction is‚ πȢτπὉ
υππὝὩὠȢIf we

requirethat Galactic
sources shouldbe ableto 
accelerate particlesup to 
the CR «knee» then the 
fraction reducesto ‚
ḐπȢςπ

22

Vecchiottiet al. Astrophys. J. Lett. 956 (2023)2, L44

Standard Case 

LA THUILE 2026
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# Take-home message:

{ǘŀƴŘŀǊŘ ŎŀǎŜ Ҧ 
20% of gamma-ray 
sources are hadronic



LHAASO HE gamma diffuse emission

23

LHAASO claimedan excessof diffuse gamma-ray over the expectedsignal(gray band)

Cao et al., 2025 (LHAASO), 
arXiv: 2411.16021 November 2024

G. Pagliaroli
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Å Excess in LHAASO 

observations found only in the 

inner region at low energies.

Å Planck column density template  20 % lower

in inner region and 40% lower in lateral region.

LHAASO gamma vs LHAASO protons
Espinosa Castro et al.  Mon.Not.Roy.Astron.Soc.L20(2025) L26

LA THUILE 2026
G. Pagliaroli



25

Å Excess in LHAASO 

observations found only in the 

inner region at low energies.

Å Planck column density template  20 % lower

in inner region and 40% lower in lateral region.

LHAASO gamma vs LHAASO protons
Espinosa Castro et al.  Mon.Not.Roy.Astron.Soc.L20(2025) L26

Ref: He et al. Astrophys.J. 991(2025) 1, 4. 
He et al. Astrophys.J. 980(2025) 1, 17.
Vecchiotti et al., JCAP09(2025) 041
Kaciet al., Astrophys.J. 975(2024) 1, L6
Menchiariet al., Astron.Astrophys. 695(2025) A175
Ambrosone et al. Astron.Astrophys. 698(2025) L18

etc.
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Å Excess in LHAASO 

observations found only in the 

inner region at low energies.

Å Planck column density template  20 % lower

in inner region and 40% lower in lateral region.

LHAASO gamma vs LHAASO protons
Espinosa Castro et al.  Mon.Not.Roy.Astron.Soc.L20(2025) L26
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CONCLUSION

ÅDiffuse ɔ/ɜ aboveTeV energy probe CR at the knee

ÅUnresolvedsources are not negligible

ÅNeutrinosconstrainhadronicfractionof Galacticsources

ÅLHAASO challenges conventionalscenarios

27G. Pagliaroli



THANK YOU
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CONCLUSION

ÅThe diffuse gamma-ray and neutrino emissionaboveTeV energy 

dependon the CR distributionand spectruminside the wholeGalaxy

ÅWehavehintsthatunresolvedsources are contributingto the 

measuredsignalsat the highestenergy 

ÅThe Neutrino counterpartof the Galacticemissioncan help usto 

constrainthe fractionof hadronicGalacticsources

ÅLHAASO data show a persistentmismatch in bothnormalizationand 

spectralshapechallengingconventionalscenarios

29G. Pagliaroli



BACKUP SLIDES
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Take-home 

message:

Disagreement

in normalisation

and spectral

shape.
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Unresolved 
Sources

ÅPULSAR WIND NEBOULAE 
and TeV Halo

ÅSTAR CLUSTERS

ÅMICROQUASARS

ÅCOCOONS

Å «Contributionfrom unresolvedGlobularClusters negligible« 
He et al. Astrophys.J. 991(2025) 1, 4
Å «Contributionof unresolvedsources usingnonparametric

methodto derive the source countdistributionfrom the 
publishedfirst LHAASO source catalog isnot enoughin the 
innerregionof Lhaaso», He et al. 
Astrophys.J. 980(2025) 1, 17

Å «Unresolvedpulsarscontributionis lessthan 21% ±6% 
above100 TeV in the innerLhaasoregion», Kaciet al., 
Astrophys.J. 975(2024) 1, L6

Å «Young massive stellar clusters (YMSCs) »Menchiariet al., 
Astron.Astrophys. 695(2025) A175

Å «Cocoonscontribution» from Ambrosone et al., 

The agreement amongtheoreticalpredictionsand TIBET data can be improved!!   
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The Galacticgas templates
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+42% of contributionof heavierelements

ÅAtomichydrogentraced
by the 21-cm emission
line, H2 tracedby CO 
emissionline.

ÅHydrogengas column
density tracedby dust
opacitymap(Planck).

Aghanimet al., 2016,

Ade et al., 2011

Porter et al., 2022 (GALPROP),

BenBekhtiet al., 2016 (HI4PI),
Dame et al., 2001 (CO Survey)
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TAKE INTO ACCOUNT
THE LHAASO
MASK
Unresolved Sources are
distributed on the plane
and their contribution is
nearly destroied by the
mask in the inner Lhaaso
region

Not uniform CR 
distribution can provide
only few % of increase in 
the inner Lhaasoregion
due to the mask (external
regioncan be decreasedof 
10%)

The presenceof an 
hardeningof CR spectrum
toward the GC is also
negligible in the inner
Lhaasoregiondue to the 
mask

Anyideas to solve the mystery??????

G. Pagliaroli 35
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ÅVecchiotti et al. JCAP09(2025)041
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Slide from Luis

KASKADE new data-set nearlyalignsΧFinallyONE single proton flux!   

G. Pagliaroli 39
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gamma-ray emission

44Fermi-LAT in the energy range 20 MeV - 300 GeV

GALACTIC PLANE 

Large Scale Diffuse emission Sources 

G. Pagliaroli



Neutrino templates

KRAgamma= propagationmodel wherethe slopeof the 
diffusioncoefficientisafunctionof R: the CR spectrumis harder

towardthe galacticcenter 

Fermi-LATPi0 model = the spatialdistributionis providedby 

the gas and CR are uniform, the spectralindex if fixedto 2.7

G. Pagliaroli 45
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All-sky, per flavor

Comparisonof differentmodels for the neutrino diffuse 
emission:

Standard Case
HardeningCase

4!50ςπςσȟɴ ᶶṣᶮᶶṣṾɲ ᶯṣᶮᶷṣᶰᶮᶰᶱĆɅȡʬǸɶɾȡʌʳɐȒĞȡǸɅɅǍ

Trulydiffuse emission
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ANTARES:

ὰ σπᶼȟὦ ςᶼ

•ȟ •ȟ ‚ȟὉ •ȟ

First hint of neutrino emission from the Galactic ridge (ςȢς„ evidence)
Albert, A., et al. 2023, Phys. Lett. B, 841, 137951



HAWC 
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Astrophys.J. 961(2024) 1, 104
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Differenttemplates

De La Torre Luque et al., Astron.Astrophys. 672 (2023) A58= non-uniform cosmic-ray transportscenarios
usingDRAGONandHERMEScodesto build high-resolutionmapsand spectraldistributionsof that
emission. Min and Max are Kaskadeand IceTop. Base model: spatiallyindependentor dependent( -ɹ
optimized) diffusioncoefficient.  (ɹ -optimizedMin model issimilarto KRA gamma 5)

G. Pagliaroli 49



Model with hardening

Standard scenario 1 TeV
b = 0

Ὑ ρὯὴὧ

Diffuse Galactic ‎and ’emission:

100 TeV
b = 0

Ὑ Њ

Å The angle integrated‎-ray flux in the standard scenario is: ɮ χȢπ ψȢπ

ρπ ὧά ί ὋὩὠ , and increasesof a factorḐρȢςin the hardeningcase.
Å In the regionÌ φπᶼȟÂ ςᶼ, this factorbecomesḐς(Ḑσ) for ‎(’) respectively;
Å The angle integratedneutrino flux is3.9 % - 4.4 % (5.8 % - 8.2%) of the isotropicflux observedby 

IceCube (Abbasiet al, Phys. Rev. D.(2020)). Potentiallyobservablein specificregionof the sky.

50
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Ὣὥάάὥὶὥώ ὲὩόὸὶὭὲέ

Pagliaroli et al, JCAP (2016), Pagliaroli et al, JCAP (2018)

Abbasiet al, Phys. Rev. D.(2020)
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