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The energy spectrum and mass composition of cosmic rays are measured by two complementary
classes of instruments: space- and balloon-borne detectors that resolve individual elements up to sub-
PeV energies, and ground-based air-shower observatories that extend the reach to beyond 10! GeV
but resolve only broad mass groups. The Global Spline Fit (GSF) is a data-driven model that
combines both into a single, self-consistent description of the flux of all elements from hydrogen
to nickel. The flux of four leading mass groups is parametrized by cubic basis splines, imposing
smoothness but no astrophysical expectation on the spectral shape, while the energy-scale offsets
of the participating experiments are cross-calibrated within their quoted systematic uncertainties
as part of the fit. The model is defined at the local interstellar spectrum, with the effect of solar
modulation at the lowest energies accounted for in the fit. The fit uses the most precise recent
data, among them the elemental spectra from AMS-02, CALET, and DAMPE, the knee-region
measurements of LHAASO, and the fluorescence-based composition of the Pierre Auger Observatory,
and describes about one thousand data points with x?/ndf ~ 1.3, or 0.83 after de-weighting localized
disagreements between data sets, demonstrating that the global body of cosmic-ray data is consistent
once energy scales are aligned. The model delivers the flux, the mass composition, and their full
covariance, along with a compact reduced representation for uncertainty propagation. We further
provide the cosmic-ray nucleon flux, which differs from widely used parametrizations by 20-50%
over four decades in energy. This amounts to many times the remaining model uncertainty and has
direct consequences for atmospheric neutrino and muon flux predictions.

In preparation, to be submitted within days
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Connection between direct and indirect measurements
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Treatment of energy scale differences and uncertainties

Allow shift in energy scale (nuisance parameter)

f(E):J(E)dE—J< 2 ) :

dE " \14zz ) 1425

Global minimization of all parameters

"= Z.Ziz z((a[ﬁ%))

J
Flux and <InA> Energy-scale offset
residuals residuals

Calculation of covariance matrix (uncertainties)
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Many new and updated data sets available

TABLE I. Data sets in the GSF. For each experiment we list the detection technique, the observables used, and the quoted
energy-scale systematic og/FE that defines the offset parameter of Eq. (4). Spectrometer scales (—) are treated as exact.
Daggers () mark og/FE values that are not published by the experiment but adopted here as representative conventions.
Detailed treatment (observation windows, hadronic models, covariance structure) is tabulated in the SM.

Experiment Technique Observables in fit org/E Ref.

Direct (elemental flures vs. rigidity; solar modulation per observation window)

ACE-CRIS satellite spectrometer sub-leading elements; O — 131, 32]
HEAO-3 satellite heavy elements P-Ni (w/o S, Fe) 2% 33] GSF'2026

PAMELA satellite spectrometer p, He — 34]

AMS-02 station spectrometer p—Fe, D — 23, 35—38]

CALET station calorimeter p, He, Ni, Ti, Cr 2% 21, 39—41]

DAMPE satellite calorimeter p, He, C, O, Fe, B 2% 42, 43]

ISS-CREAM station calorimeter p 2% [44]

NUCLEON-KLEM satellite p, He, C, O; all-particle 5% [45]

Indirect (air showers: group fluxes, fractions, (InA))

HAWC surface array all-particle; p+He 16% 146, 47]

GRAPES-3 surface array p 25%] 48]

LHAASO surface + imaging Cherenkov all-particle; (InA); p; He 8% (13, 49, 50]

IceCube/IceTop surface + in-ice array all-particle; 4 fractions 10%1 [51] Hadronic interaction models:
IceTop (low energy surface array all-particle 10%]1 52] .

Tunka—1(33 | non-imaging Cherenkov all-particle; 4 fractions 10%! 53, 54] Separate fltS, average Used,
TALE (hybrid) hybrid (InA) 10%" [55] sys. uncertainty from envelope
Telescope Array surface array all-particle (E > 10'%2° eV) 21% 56]

Pierre Auger hybrid all-particle; 4 FD fractions 14% (57, 58]

Fxcluded: KASCADE-Grande [59]; CALET B [60], C, O, Fe [21] (SM S3); H.E.S.S./VERITAS iron [61, 62/;
NUCLEON-KLEM iron; ACE-CRIS iron; TALE monocular [63]
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Importance of distinguishing elements and mass groups
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Connection between direct and indirect measurements
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GSF-2026 - shown with original energy scales
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All-particle flux '
P vs. particle energy Inclusive nucleon flux vs. nucleon energy
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Mass composition uncertainty at highest energies
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Comparison of GSF-2026 prediction for In(A) with data
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Some tension found for LHAASO data (probably related to four mass groups)
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Xmax moments - Auger Observatory Phase |

Auger Phase | final data on Xmax measurement with fluorescence telescopes
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Comparison ignoring field-of-view biases
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Comparison of composition data - field of view effects

Auger: only analysis of
showers for which all

TA: all showers analyzed,
comparison with detector-
relevant Xmax are folded Xmax distributions

observable, comparison (biased by limited field-of-
with theoretical Xmax view)
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(Yushkov, Auger & TA,
UHECR 2024)

’ Joint working group: no significant difference found
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History of predictions: average depth of shower maximum

TA: many analyses done with QGSjet 11.03 (protons)

(Fierog, ISVHECRI 2026) Auger: newest EPOS, Sibyll with mass composition



History of predictions: elongation rate theorem
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History of predictions: shower-to-shower fluctuations
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Predictions much more stable in time (more robust?)
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Importance of nuclear fragmentation for fluctuations
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Nobody has really worked on

nuclear fragmentation, no new data
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There is no (reasonable) way out, there are nuclei at UHE
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Important: LHC-tuned interaction models used for detailed interpretation
(FD telescopes: PRD 90 (2014), 122005 & 122005, PRD 114 (2026), 043016) (AERA/radio: PRL & PRD 2023)
(SD risetime: Phys. Rev. D96 (2017), 122003) (SD DNN: PRL 134 (2025) 021001 & PRD 111 (2025) 022003)

Number of charged particles

\4

Depth X (g/cm?)

Gx, p ~ 45 —55g/cm?
OX, Fe ™~ 1Og/cm2

(E ~ 10'%eV)
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Testing consistency of data with Sibyll* and Sibyll**

Conventional options for
enhancing muon production

Meson Baryon
sub-shower sub-shower
T p

30% chance to have
™0 as leading patrticle

Decay of p4
leading particle P

N
stops hadronic X A
sub-cascade P

Phenomenological modification

- Sibyll* enhanced muon production

- SibyllI** enhanced muon production &
lowered pion-air cross section
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(Astropart. Phys. 160 (2024) 102964)
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Use data for absolute calibration of mass scale?
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Details set mass scale, simple

| shift of Xmax might not be solution |
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Physics scenario of Waxman-Bahcall bound: one interaction

‘Neutrons escape
. fram the source
. o

py - photo-meson production
p+y — At — n+mt—v,...

Fermil
acceleration:

dN/dE ~ E2
In source:

- protons/nuclei
- electrons/positrons Target: radiation fields and matter



Assumptions and resulting bound

Sources inject only protons, luminosity normalized to CR data in range 10!° — |020 eV

Op(Ep) = AEp_z (Fermi acceleration of protons)

For each proton escaping the source exactly one interaction is assumed

p+Y — n T — 7 y+ Vy — n e’ V, \7“ Vi (single interaction)
/ N ———
branching 20% of p v
ratio 0.33 energy each particle has 25% of the

energy of the 1T
Neutrino flux

Dy, (Ev,) =0.33x0.2x0.25 X AE, >
Dy, (Ey,) <2 X 10~°GeV /cm?ssr

Correction factors related to

- cosmological evolution of sources

- neutrino oscillations (Waxman & Bahcall, PRD59, 1998)



Neutrino flux found at level of Waxman-Bahcall bound

Veto technique

High energy starting
events (HESE) (lceCube, Science 342 (2013) 1242856)

" Atmospheric Fluxes ————————————
gr— Prompt Upper LlnTt?\:?- Dj?lc.OGXZl:Se]s AStrOthSICal Flux
T == = Conventional (v, + v,) (zenith-averaged) [1.00x Honda2006] Measurements |
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— 3 R v, Best Fit (E~22)
| \\
r?m AN lceCube preliminary
N\
& AN
> h 5
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. .
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(o \
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= \ i
© ¥ Muon track events
N A I *\ I (muon-neutrino through Earth)
\\ 1
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Assumptions of WB upper bound for UHECRs

(Waxman & Bahcall, Phys. Rev. D59 (1999) 023002)

- Extragalactic cosmic-ray protons extending to the highest energies X
- One interaction with photon field per proton in source or source region

- Source production spectrum similar to Fermi acceleration

dN X GRS
dE
- Energy production rate (normalization) of 4 x 1044 erg Mpc-1 yr-1 ‘/

(Waxman, ApJ 452 (1995) L1)

Size of neutrino detector (water, ice) for observing this flux has to be V ~ 1 km3 f s/
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Challenges for building UHECR models & predicting neutrinos

CR confinement

magnetized region w. CR sources

UHE protons at Earth:
* £,~0.5...5EeV

— maximum rigidity of accelerators:

protons primary?

® Riax ™~ FF .« =5EV
protons secondary?

® Ruax ~ A/Z EF . = 10EV

— typical neutrino energies

neutrinos associated with UHECRs:

12.5PeV < E, < 250PeV

(Unger)

E°d [GeV ecm ™2 st sr]

(Murase 2019)

Problem 1: injection of mainly heavy elements
Problem 2: ions have to leave source

Problem 3: hard source spectrum
Problem 4: no diversity of source population
Problem 5: large degree of isotropy

(Lu, CERN Courier, 2025)

— - |ceCube cosmogenic v 90% limit (2025) ’ lceCube-Gen2: KM23Q213 |
Auger cosmogenic v 90% limit (2023) ’ ImogeLed gs CgsKmﬁgzrgg iggm
ceCube-Gen2:
AUER 230213 idee) modeled as astrophysical origin
-~ |ceCube astrophysical v
combined fit (2023)
7 i
ot ¢ /
= all flavours vl
1078 -
107° -
I I | i : | |
100 TeV 1 PeV 10 PeV 100 PeV 1 EeV 10EeV 100 EeV

neutrino energy

E° J(E) [eV? km? sr1yr]

(Unger, Farrar, Anchordoqui, PRD 92, 2015)
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