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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 1011 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 o!sets
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 e!ect 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 ω2/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 di!ers 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.

I. INTRODUCTION

The sources of the cosmic radiation, its mass composi-
tion, and its transport through the Galaxy remain open
questions, and no first-principles calculation predicts the
cosmic-ray flux at Earth with meaningful precision. Any
accurate, full-range description of the spectrum must
therefore be constructed from data. The measurements
come in two distinct classes. Below a few hundred TeV,
cosmic rays are observed directly by magnetic spectrom-
eters and calorimeters flown on satellites and balloons,
which identify individual elements, at the lowest energies
even isotopes, with percent-level precision. At higher
energies the steeply falling flux makes direct detection
impractical, and observations rely on extensive air show-
ers, recorded through Cherenkov and fluorescence light
or through surface arrays that sample the electromag-
netic and muonic shower footprint. Air-shower observ-
ables constrain the primary mass only to about one unit
in the natural logarithm of the mass number, lnA, so
indirect experiments report the fluxes of a few broad
mass groups, or moments of the mass distribution such as
the mean logarithmic mass →lnA↑, rather than elemental
spectra.

Any global description of the cosmic-ray flux must
therefore bridge elemental and group-level information
in a consistent way. The Global Spline Fit (GSF) does
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this by decomposing the all-particle flux into four leading
mass groups (protons, helium, the oxygen group, and the
iron group) that span roughly equal intervals in lnA. In
the energy range of direct measurements the fit follows
the individual elemental spectra and sums them into the
groups; at higher energies the same four group fluxes are
constrained by air-shower data. Both regimes are fit si-
multaneously with one model.

The defining choice of the GSF is its parametriza-
tion. Each leading flux is a cubic basis spline in the
logarithm of magnetic rigidity, which imposes smooth-
ness but no functional form motivated by acceleration
or propagation physics. This sets the GSF apart from
the model parametrizations in common use, such as the
poly-gonato model [1], the models of Gaisser, Stanev,
and Tilav [2, 3], of Gaisser and Honda [4], of Zatsepin
and Sokolskaya [5], and, more recently, the LHAASO-
anchored model of Ref. [6]. All of these describe the flux
as a sum of broken power laws with rigidity-dependent
cuto!s. Over the past decade the precision of direct mea-
surements has revealed successive spectral breaks in in-
dividual elemental fluxes that such rigid forms do not
anticipate: a fixed number of power-law segments under-
represents the structure present in the data and imprints
the modeler’s expectations on the result. A spline basis
with a full covariance, including the correlations between
mass groups, follows any feature the data require and
represents the allowed range of fluxes and compositions
more faithfully. The goal of the GSF is thus deliber-
ately descriptive: to represent the current observational
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Global Spline Fit – Initial Version of ICRC 2017

Observation: 
Increasingly complete 
and consistent data sets


Aim: 
- Agnostic flux parametrization 

(minimum of assumptions)

- Sys. and stat. uncertainties 

of data sets

- Parametrization with 

uncertainties and correlations 
(covariance matrix)

H.P. Dembinski et al. ICRC 2017 (1711.11432v1)
3

Combining direct/indirect data
•  Cover	all	energies:	Use	direct	and	air-shower	measurements	
•  Solar	modulation	correction	uses	standard	force-field	approximation	
•  Approximate	treatment	of	sub-leading	elements	at	high	energies	

Hans	Dembinski	|	MPIK	 4	

p 
He 

Fe 

O 

Direct	observation	
fluxes	of	individual	elements	

Air-shower	observation	
total	flux	and	mass	groups	

 2017 



Parametrization by B-splines (defined by knots)
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Results

Flux and <lnA>
residuals

Energy-scale offset
residuals

• Fitting to minimize the residual 𝑆, which consists of flux residuals, <lnA> residuals 
(of LHAASO data), and the energy-scale offset residuals.

GSF 2024 model (Data set 1)
Energy-scale offsets

Model comparisons

Mean lnA

• Flux of leading elements L of four mass groups (p, He, O*, Fe*) are described with smooth 
spline curves.

Summary

• New data from 100 GeV to PeV (Data set 1 vs. 2): 
- Spectrum hardening around 300 GV and 

softening around tens of TV for proton and helium.
- These result in new features in the nucleon flux:

bump around 10 TeV/n and dip around
hundreds of TeV/n.

• New AMS-02 data (Data set 1 vs. 3):
- Higher flux of heavy elements compared

with GSF2019. 

• LHAASO (Data set 1 vs. 4):
- Lighter mean lnA at the knee.

Introduction
The cosmic-ray flux is used as an input to calculate the atmospheric neutrino flux, so 
it is important to quantify the uncertainty of the cosmic-ray flux reflecting the 
experimental uncertainties.

The Global Spline Fit (GSF) [1] is a data-driven model of the cosmic-ray flux and 
mass composition. The GSF combines direct and indirect measurements of cosmic 
rays from 1 GeV to 1011 GeV considering their uncertainties. 

In this work, we update the GSF with recent experimental data.

References of updated/new data are shown in bold.

ACE-CIRS [2]*
HEAO [3]**
PAMELA [4, 5]
AMS-02 [6, 7 ,8 ,9]

• Updates the Global Spline Fit [1], a data-driven 
model of cosmic ray flux and mass composition, 
with recent data sets.

Mass-group fraction

Nucleon flux

𝐽𝐿 𝑅 = (𝑅/GV)−3෍
𝑘

𝑎𝐿𝑘 𝑏𝑘(ln(𝑅/GV))

𝑆 =෍
𝑖

𝑧𝑖2 +෍
𝑗

𝑧𝐸𝑗
(σ[E]/𝐸)𝑗
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Flux of leading element L : 

• Energy-scale offset 𝑧𝐸 is introduced to adjust energy-scale of each experiment. 

amplitude spline curve

𝐽 𝐸 =෍
𝐿

෍
𝑗

𝑤𝐿𝑗 𝐽𝐿 𝑅𝑗 𝐸
d𝑅
d𝐸 𝑗

Total flux : 

Four mass-groups 
with
roughly equal lnA
width 

• Other elements flux in a group are kept constant at high energies where mass-group 
fractions are measured.

ISS-CREAM [10]
NUCLEON-KLEM (NK) [11, 12]*
CALET [13, 14, 15]*
DAMPE [16, 17, 18]

TUNKA [25, 26]
IceCube [27, 28]
KASCADE Grande [29]
TA [30, 31]
Auger [32, 33, 34, 35]

• To demonstrate the impacts and assess the mutual combability of new data,
four variant data sets are prepared in addition to the Data set 1:

Data set 2:
+) CREAM I+III 

(proton, He) [36]
-) ISS-CREAM, CALET, 

DAMPE, NK, 
GRAPES-3

Data set 3:
+) all HEAO, ACE-CRIS (Fe), CALET (B, O, C, Fe, Ni) [37, 38, 39, 40], NK (Ne, Mg, Si, Fe, Ni) [41]

-) AMS-02

Data set 4:
-) LHAASO

Data set 5:
Use the same Auger data [42] as GSF 2019, the previous 
model presented in [43], instead of that used in Data set 1.

* Fe of ACE-CRIS, Fe-group elements of NK, B, C, O and Fe of CALET are in tension with AMS-02 data, and they are not included in
Data set 1 but included in Data set 2. 

** For a given element, use AMS-02 measurements if available; otherwise, use HEAO measurements. In Data set 2, all HEAO 
measurements are used instead of AMS-02.

Data set 1

• Smaller uncertainties reflecting recent precise 
cosmic-ray measurements.

• New features in cosmic-ray flux and nucleon flux.

• Calculate the atmospheric neutrino flux with the 
updated GSF model.

χ2/ ndf = 1034 / 1072 = 0.96

• Further study on the impact of new 
measurements.

• Publish the updated GSF model and provide 
code for download.

Outlook

flux ratio

“GSF 2019” is the previous GSF model presented in [43].

p He
Li

Be B

C N

O F Ne
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Mg Al
Si P

S Cl

Ar
Ca
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Fe Co
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p           He         O*         Fe*

• Experimental uncertainties are propagated to the model uncertainty with covariance matrix.

• The overall features of the spectra of the previous 
model re confirmed with the updated fit

Nucleon flux

Cosmic-ray flux

Flux of individual element (rigidity)

All-particle flux (particle energy)
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Data set 5:
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** For a given element, use AMS-02 measurements if available; otherwise, use HEAO measurements. In Data set 2, all HEAO 
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cosmic-ray measurements.
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code for download.
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with recent data sets.

Mass-group fraction

Nucleon flux
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Flux of leading element L : 

• Energy-scale offset 𝑧𝐸 is introduced to adjust energy-scale of each experiment. 

amplitude spline curve
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Total flux : 

Four mass-groups 
with
roughly equal lnA
width 

• Other elements flux in a group are kept constant at high energies where mass-group 
fractions are measured.

ISS-CREAM [10]
NUCLEON-KLEM (NK) [11, 12]*
CALET [13, 14, 15]*
DAMPE [16, 17, 18]

TUNKA [25, 26]
IceCube [27, 28]
KASCADE Grande [29]
TA [30, 31]
Auger [32, 33, 34, 35]

• To demonstrate the impacts and assess the mutual combability of new data,
four variant data sets are prepared in addition to the Data set 1:

Data set 2:
+) CREAM I+III 

(proton, He) [36]
-) ISS-CREAM, CALET, 

DAMPE, NK, 
GRAPES-3

Data set 3:
+) all HEAO, ACE-CRIS (Fe), CALET (B, O, C, Fe, Ni) [37, 38, 39, 40], NK (Ne, Mg, Si, Fe, Ni) [41]

-) AMS-02

Data set 4:
-) LHAASO

Data set 5:
Use the same Auger data [42] as GSF 2019, the previous 
model presented in [43], instead of that used in Data set 1.

* Fe of ACE-CRIS, Fe-group elements of NK, B, C, O and Fe of CALET are in tension with AMS-02 data, and they are not included in
Data set 1 but included in Data set 2. 

** For a given element, use AMS-02 measurements if available; otherwise, use HEAO measurements. In Data set 2, all HEAO 
measurements are used instead of AMS-02.

Data set 1

• Smaller uncertainties reflecting recent precise 
cosmic-ray measurements.

• New features in cosmic-ray flux and nucleon flux.

• Calculate the atmospheric neutrino flux with the 
updated GSF model.

χ2/ ndf = 1034 / 1072 = 0.96

• Further study on the impact of new 
measurements.

• Publish the updated GSF model and provide 
code for download.

Outlook

flux ratio

“GSF 2019” is the previous GSF model presented in [43].
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• Experimental uncertainties are propagated to the model uncertainty with covariance matrix.

• The overall features of the spectra of the previous 
model re confirmed with the updated fit

Nucleon flux

Cosmic-ray flux

L*Where available individual elements are used, 
above this energy range weight is kept constant
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Results

Flux and <lnA>
residuals

Energy-scale offset
residuals

• Fitting to minimize the residual 𝑆, which consists of flux residuals, <lnA> residuals 
(of LHAASO data), and the energy-scale offset residuals.

GSF 2024 model (Data set 1)
Energy-scale offsets

Model comparisons

Mean lnA

• Flux of leading elements L of four mass groups (p, He, O*, Fe*) are described with smooth 
spline curves.

Summary

• New data from 100 GeV to PeV (Data set 1 vs. 2): 
- Spectrum hardening around 300 GV and 

softening around tens of TV for proton and helium.
- These result in new features in the nucleon flux:

bump around 10 TeV/n and dip around
hundreds of TeV/n.

• New AMS-02 data (Data set 1 vs. 3):
- Higher flux of heavy elements compared

with GSF2019. 

• LHAASO (Data set 1 vs. 4):
- Lighter mean lnA at the knee.

Introduction
The cosmic-ray flux is used as an input to calculate the atmospheric neutrino flux, so 
it is important to quantify the uncertainty of the cosmic-ray flux reflecting the 
experimental uncertainties.

The Global Spline Fit (GSF) [1] is a data-driven model of the cosmic-ray flux and 
mass composition. The GSF combines direct and indirect measurements of cosmic 
rays from 1 GeV to 1011 GeV considering their uncertainties. 

In this work, we update the GSF with recent experimental data.

References of updated/new data are shown in bold.

ACE-CIRS [2]*
HEAO [3]**
PAMELA [4, 5]
AMS-02 [6, 7 ,8 ,9]

• Updates the Global Spline Fit [1], a data-driven 
model of cosmic ray flux and mass composition, 
with recent data sets.

Mass-group fraction

Nucleon flux

𝐽𝐿 𝑅 = (𝑅/GV)−3෍
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Flux of leading element L : 

• Energy-scale offset 𝑧𝐸 is introduced to adjust energy-scale of each experiment. 

amplitude spline curve
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𝐿

෍
𝑗

𝑤𝐿𝑗 𝐽𝐿 𝑅𝑗 𝐸
d𝑅
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Total flux : 

Four mass-groups 
with
roughly equal lnA
width 

• Other elements flux in a group are kept constant at high energies where mass-group 
fractions are measured.

ISS-CREAM [10]
NUCLEON-KLEM (NK) [11, 12]*
CALET [13, 14, 15]*
DAMPE [16, 17, 18]

TUNKA [25, 26]
IceCube [27, 28]
KASCADE Grande [29]
TA [30, 31]
Auger [32, 33, 34, 35]

• To demonstrate the impacts and assess the mutual combability of new data,
four variant data sets are prepared in addition to the Data set 1:

Data set 2:
+) CREAM I+III 

(proton, He) [36]
-) ISS-CREAM, CALET, 

DAMPE, NK, 
GRAPES-3

Data set 3:
+) all HEAO, ACE-CRIS (Fe), CALET (B, O, C, Fe, Ni) [37, 38, 39, 40], NK (Ne, Mg, Si, Fe, Ni) [41]

-) AMS-02

Data set 4:
-) LHAASO

Data set 5:
Use the same Auger data [42] as GSF 2019, the previous 
model presented in [43], instead of that used in Data set 1.

* Fe of ACE-CRIS, Fe-group elements of NK, B, C, O and Fe of CALET are in tension with AMS-02 data, and they are not included in
Data set 1 but included in Data set 2. 

** For a given element, use AMS-02 measurements if available; otherwise, use HEAO measurements. In Data set 2, all HEAO 
measurements are used instead of AMS-02.

Data set 1

• Smaller uncertainties reflecting recent precise 
cosmic-ray measurements.

• New features in cosmic-ray flux and nucleon flux.

• Calculate the atmospheric neutrino flux with the 
updated GSF model.

χ2/ ndf = 1034 / 1072 = 0.96

• Further study on the impact of new 
measurements.

• Publish the updated GSF model and provide 
code for download.

Outlook

flux ratio

“GSF 2019” is the previous GSF model presented in [43].
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• Experimental uncertainties are propagated to the model uncertainty with covariance matrix.

• The overall features of the spectra of the previous 
model re confirmed with the updated fit

Nucleon flux

Cosmic-ray flux

Treatment of energy scale differences and uncertainties 
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Allow shift in energy scale (nuisance parameter)

Data-driven model of the cosmic-ray flux and composition Hans Peter Dembinski

law term,
JL(R) = Â

k
aLk ⇥bk

�
ln(R/GV)

�
⇥ (R/GV)�3, (2.1)

where bk
�

ln(R/GV)
�

are standard cubic B-splines defined over a common vector of knots, aLk are
the coefficients adjusted in a global fit to all data sets, and (R/GV)�3 is the shaping factor. The
latter stabilizes numerical results. Without the shaping factor, the coefficients aLk would vary over
many orders of magnitude. This would lead to precision loss in numerical computations.

The knot locations form a regular grid in ln(R/GV), with a typical step size of 0.5. We double
(half) the step size in regions where the flux varies more (less). We tested that the exact placement
of knots has negligible impact on our results by varying all knot positions by ±0.1.

Our model parametrizes the differential flux of nuclei per rigidity interval J(R). Air-shower
measurements of the cosmic-ray flux are reported as the differential flux of nuclei per energy inter-
val J(E). The latter is computed from the former as J(E) = J(R)dR/dE. The relationship between
total energy E and rigidity R depends on the number of nucleons A and protons Z and is computed
individually for each element. Air-shower measurements describe the flux of mass groups. We sum
the flux of all elements in each group when comparing the model to such measurements.

We consider the effect of a potential energy-scale offset zE = (Ẽ �E)/E for each experiment,
where Ẽ is the energy reported by an experiment for the differential flux J̃(Ẽ) reported by an
experiment. If J(E) is the true flux at the true energy E, the apparent flux is

J̃(Ẽ) = J(E)
dE
dẼ

= J
✓

Ẽ
1+ zE

◆
1

1+ zE
. (2.2)

For a power-law spectrum J(E) µ E�a , the apparent flux is changed by a factor of (1+ zE)a�1

when plotted on the same graph. For example, a small energy-scale offset of 10 % results in an
apparent increase of 18 % for a spectral index a = 2.7. This effect is well known [2, 3], and has
been corrected by hand before. To our knowledge, the GSF approach is the first that derives the
energy-scale offsets from a global fit, so that the corrections are a result instead of an input.

With these ingredients, we can compute residuals between measurements and the GSF model,
and find spline amplitudes which minimize these residuals. We use a global least-squares fit to all
data sets at once. We numerically find the spline amplitudes aLk and energy-scale offsets zE,l by
minimizing the function

F 0 = Â
i

Fi +Â
i

✓
zE,i

sE,i

◆2

, (2.3)

where the term Fi represents the sum of squared residuals between data points and the GSF model
for an experiment i, which depend on the spline amplitudes and the energy-scale offset zE,i for
that experiment. To compute residuals, we take both statistical and systematic uncertainties into
account. We also include correlations of systematic uncertainties, because systematic effects typ-
ically affect several data points similarly. A detailed treatment of systematic uncertainties is very
important in a fit of cosmic-ray data, since they are often the largest uncertainties.

Each offset zE,i is handled as a squared residual over the relative energy-scale uncertainty sE,i

of experiment i and added to F 0. If the offsets zE,i are zero (no energy-scale adjustment), the second
sum is minimal, but the first sum may increase. The global fit finds a balance, where energy-scale
offsets minimize the deviations of experiments from the model (and therefore from each other), but
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Results

Flux and <lnA>
residuals

Energy-scale offset
residuals

• Fitting to minimize the residual 𝑆, which consists of flux residuals, <lnA> residuals 
(of LHAASO data), and the energy-scale offset residuals.

GSF 2024 model (Data set 1)
Energy-scale offsets

Model comparisons

Mean lnA

• Flux of leading elements L of four mass groups (p, He, O*, Fe*) are described with smooth 
spline curves.

Summary

• New data from 100 GeV to PeV (Data set 1 vs. 2): 
- Spectrum hardening around 300 GV and 

softening around tens of TV for proton and helium.
- These result in new features in the nucleon flux:

bump around 10 TeV/n and dip around
hundreds of TeV/n.

• New AMS-02 data (Data set 1 vs. 3):
- Higher flux of heavy elements compared

with GSF2019. 

• LHAASO (Data set 1 vs. 4):
- Lighter mean lnA at the knee.

Introduction
The cosmic-ray flux is used as an input to calculate the atmospheric neutrino flux, so 
it is important to quantify the uncertainty of the cosmic-ray flux reflecting the 
experimental uncertainties.

The Global Spline Fit (GSF) [1] is a data-driven model of the cosmic-ray flux and 
mass composition. The GSF combines direct and indirect measurements of cosmic 
rays from 1 GeV to 1011 GeV considering their uncertainties. 

In this work, we update the GSF with recent experimental data.

References of updated/new data are shown in bold.

ACE-CIRS [2]*
HEAO [3]**
PAMELA [4, 5]
AMS-02 [6, 7 ,8 ,9]

• Updates the Global Spline Fit [1], a data-driven 
model of cosmic ray flux and mass composition, 
with recent data sets.

Mass-group fraction

Nucleon flux

𝐽𝐿 𝑅 = (𝑅/GV)−3෍
𝑘
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Flux of leading element L : 

• Energy-scale offset 𝑧𝐸 is introduced to adjust energy-scale of each experiment. 

amplitude spline curve
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Total flux : 

Four mass-groups 
with
roughly equal lnA
width 

• Other elements flux in a group are kept constant at high energies where mass-group 
fractions are measured.

ISS-CREAM [10]
NUCLEON-KLEM (NK) [11, 12]*
CALET [13, 14, 15]*
DAMPE [16, 17, 18]

TUNKA [25, 26]
IceCube [27, 28]
KASCADE Grande [29]
TA [30, 31]
Auger [32, 33, 34, 35]

• To demonstrate the impacts and assess the mutual combability of new data,
four variant data sets are prepared in addition to the Data set 1:

Data set 2:
+) CREAM I+III 

(proton, He) [36]
-) ISS-CREAM, CALET, 

DAMPE, NK, 
GRAPES-3

Data set 3:
+) all HEAO, ACE-CRIS (Fe), CALET (B, O, C, Fe, Ni) [37, 38, 39, 40], NK (Ne, Mg, Si, Fe, Ni) [41]

-) AMS-02

Data set 4:
-) LHAASO

Data set 5:
Use the same Auger data [42] as GSF 2019, the previous 
model presented in [43], instead of that used in Data set 1.

* Fe of ACE-CRIS, Fe-group elements of NK, B, C, O and Fe of CALET are in tension with AMS-02 data, and they are not included in
Data set 1 but included in Data set 2. 

** For a given element, use AMS-02 measurements if available; otherwise, use HEAO measurements. In Data set 2, all HEAO 
measurements are used instead of AMS-02.

Data set 1

• Smaller uncertainties reflecting recent precise 
cosmic-ray measurements.

• New features in cosmic-ray flux and nucleon flux.

• Calculate the atmospheric neutrino flux with the 
updated GSF model.

χ2/ ndf = 1034 / 1072 = 0.96

• Further study on the impact of new 
measurements.

• Publish the updated GSF model and provide 
code for download.

Outlook

flux ratio

“GSF 2019” is the previous GSF model presented in [43].
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• Experimental uncertainties are propagated to the model uncertainty with covariance matrix.

• The overall features of the spectra of the previous 
model re confirmed with the updated fit

Nucleon flux

Cosmic-ray flux

Global minimization of all parameters

 2017 

Calculation of covariance matrix (uncertainties)



Global Spline Fit – Initial version of ICRC 2017

H.P. Dembinski et al. ICRC 2017 (1711.11432v1)

 GSF-2017 
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Many new and updated data sets available

8

6

TABLE I. Data sets in the GSF. For each experiment we list the detection technique, the observables used, and the quoted
energy-scale systematic ωE/E that defines the o!set parameter of Eq. (4). Spectrometer scales (—) are treated as exact.
Daggers (†) mark ωE/E 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 ωE/E Ref.

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

ACE-CRIS satellite spectrometer sub-leading elements; O — [31, 32]

HEAO-3 satellite heavy elements P–Ni (w/o S, Fe) 2% [33]

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, →lnA↑)
HAWC surface array all-particle; p+He 16% [46, 47]

GRAPES-3 surface array p 25%† [48]

LHAASO surface + imaging Cherenkov all-particle; →lnA↑; p; He 8% [13, 49, 50]

IceCube/IceTop surface + in-ice array all-particle; 4 fractions 10%† [51]

IceTop (low energy) surface array all-particle 10%† [52]

Tunka-133 non-imaging Cherenkov all-particle; 4 fractions 10%† [53, 54]

TALE (hybrid) hybrid →lnA↑ 10%† [55]

Telescope Array surface array all-particle (E ↓ 1018.25 eV) 21% [56]

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

Excluded: 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]

tematic uncertainty, as LHAASO does, we use the pub-
lished result as is. For the Auger composition, where in-
terpretations under SIBYLL-2.3e and EPOS-LHC-R dif-
fer strongly, the delivered fit covers both: we fit sepa-
rately under each interpretation and combine the two at
the covariance level (the mixture of Sec. IVE), so that
the published uncertainty spans the two hadronic inter-
pretations rather than committing to one. SIBYLL-2.3e
is the baseline within the mixture: no other data set in
the fit is interpreted with EPOS-LHC-R, and that inter-
pretation alone would leave a discontinuity against the
lower-energy composition measurements (Sec. VC).

A small number of data sets is deliberately ex-
cluded, with the reasons stated here for transparency.
The CALET boron [60], carbon, oxygen, and iron
spectra [21] lie 15–24% below the consistent AMS-
02/DAMPE/NUCLEON-KLEM ensemble of the same
elements, with mean pulls of →2.8ω to →4.5ω against
the fitted fluxes. This normalization discrepancy is far
beyond the 2% CALET energy-scale freedom; it is doc-
umented by the collaboration for iron and is under in-
vestigation as instrumental. The comparison is shown
in SM S3. The CALET titanium and chromium spec-
tra from the same release show no such o!set, with
mean pulls of →0.2ω and →0.7ω against the fitted fluxes,
and are used. The NUCLEON-KLEM iron spectrum

is excluded for the same reason: its normalization lies
about 40% below the DAMPE iron measurement across
its range, while the NUCLEON-KLEM spectra of the
lighter elements agree with the ensemble. At the low-
est energies, the ACE-CRIS iron spectrum is in tension
with the AMS-02 iron flux where their rigidity cover-
ages meet after the solar-modulation mapping, and is ex-
cluded; we prefer to leave the sub-GV iron range uncon-
strained rather than anchor the spline to a spectrum that
disagrees with the higher-rigidity data. Conversely, the
heavy elements between phosphorus and nickel are taken
from HEAO-3, which remains the only source for them
until the corresponding AMS-02 spectra are published.
The KASCADE-Grande composition [59] cannot be rec-
onciled with the neighboring experiments: accommodat-
ing it would require an energy-scale shift far beyond its
uncertainty interval (fe ↑ 0.74), and even with that shift
it remains incompatible with them. The tension is local
to this data set and, given the large uncertainties, barely
pulls the result; it is removed for the consistency of the
ensemble. The iron spectra of the imaging air-Cherenkov
telescopes H.E.S.S. [61] and VERITAS [62] are super-
seded by the direct DAMPE iron measurement, which
now reaches ↓1.5 PeV. The low-energy IceTop knee spec-
trum [52] enters with its own energy-scale o!set, indepen-
dent of the coincident IceCube/IceTop analysis (di!erent
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FIG. 1. Elements and mass groups of the GSF. A group is
named after its leading element, marked by a star; groups
divide the lnA axis into four roughly equal parts. The area
of each circle is proportional to the flux ratio of the element
to its group leader (values tabulated in the SM).

their members,

J(E) =
∑

L

∑

j→L

wLj JL

(
Rj(E)

) (dR
dE

)

j
, (2)

where wLj are the abundance weights and Rj(E) the
per-species kinematic conversion (SM S1). The same
splines predict every composition observable used in the
fit: group fluxes, group fractions of the total, and the
mean logarithmic mass

→lnA↑(E) =

∑
i lnAi Ji(E)∑

i Ji(E)
, (3)

with the sums running over all elements i.

B. Energy-scale cross-calibration

No standard candle exists for air showers, and the ab-
solute energy scale of each air-shower experiment carries
a correlated systematic uncertainty of typically 10–20%,
usually the dominant one. For a steeply falling spectrum
even a modest scale shift produces a large apparent flux
change: if an experiment’s energy scale is o!set by a fac-
tor fe = Ẽ/E, the flux it reports is distorted as

J̃(Ẽ) =
1

fe
J

(
Ẽ/fe

)
, (4)

which for a power law J ↓ E
↑2.7 turns a +10% scale

o!set into an 18% flux excess.

FIG. 2. Flux of the oxygen (top) and iron (bottom) groups
(thick lines) compared to the flux of the leading elements
alone (dashed) and of the sub-leading elements (thin lines).
The o!set between group and leading element underlines the
role of the sub-leading abundances.

The GSF treats these o!sets as nuisance parameters.
Each experiment e with a quoted energy-scale uncer-
tainty ωE,e receives one parameter ze, entering the com-
parison of model and data through fe = 1 + ωE,e ze,
and a Gaussian penalty z

2
e is added to the fit objective.

The o”cial energy-scale uncertainty of each experiment
is used where one is published; where none is available, a
representative value informed by the detection technique
and by cross-checks against neighboring experiments is
adopted (marked by a dagger in Table I). The ensem-
ble of experiments is thereby cross-calibrated algorithmi-
cally, within the quoted systematics, with the percent-
level energy scales of the magnetic spectrometers acting
as the absolute anchor. The fitted o!sets are themselves
a result of the analysis and are presented in Sec. IVB.

5

E. What the uncertainty band means

The GSF uncertainty is constructed to cover the
spread among experiments, including their energy-scale
freedom. An estimator that shrinks to the precision of
the single most precise instrument would misstate what
the ensemble knows. The two-pass de-weighting and
the one-sided global scaling implement this for every fit-
ted observable, whether flux, group fractions, or →lnA↑:
where experiments disagree beyond their stated errors,
the band widens accordingly (at the knee, the second
knee, and in the Auger–Telescope-Array energy range),
and because the composition observables participate in
the correction they also gain weight in the determina-
tion of the energy-scale o!sets. Because statistical and
systematic uncertainties are combined, the resulting in-
tervals do not have strict frequentist coverage. They do,
however, define a full parameter covariance that propa-
gates to any derived quantity through its Jacobian, so
that the tension of an external measurement or model
prediction with the GSF can be quantified as a pull, the
signed deviation from the band divided by the combined
uncertainty of the two. Amplitudes and o!sets form
one joint covariance, so users of the published model
can propagate the energy-scale freedom together with
the flux uncertainty; the role of the global-scale mode
is discussed in Sec. VA. Propagation recipes for derived
quantities are given in SM S2, and a compact reduced
representation of the covariance is described in Sec. VI
and SM S4.

III. DATA SELECTION

Table I lists the data entering the fit; several data sets
are accessed through the Cosmic-Ray Database [64]. The
selection follows the principles of Ref. [16]: we use the
most recent and most detailed release of each measure-
ment, prefer results interpreted with post-LHC hadronic
interaction models wherever they exist, favor techniques
with smaller model dependence (optical and hybrid air-
shower observation, multi-component detection), and re-
quire composition sensitivity at high energy. Exceptions
are made where a gap in coverage would otherwise open:
the IceCube composition analysis is retained although its
only published interpretation is based on the pre-LHC
model SIBYLL 2.1, and the Telescope Array surface-
detector spectrum is retained although it carries no com-
position information, since it is the only measurement of
the flux at the highest energies from the northern hemi-
sphere and complements Auger. The Telescope Array
fluorescence composition, by contrast, is not included:
its published interpretations rely on pre-LHC hadronic
models, and its statistical power is small compared to
the Auger fluorescence measurements.

Since 2017, when the first GSF was presented, the
observational landscape has changed most on the di-
rect side. AMS-02 [35] provides percent-level elemen-

FIG. 3. Direct measurements of the four leading elements ver-
sus rigidity, compared to the GSF (±1ω bands). Curves and
data are both local interstellar spectra: each experiment’s
points are demodulated with the window-averaged modula-
tion potential of its own observation period (SM S2). Un-
labeled points show sub-leading elements of the O→ and Fe→

groups; the deuteron (dimmed) is carried as a sub-leading
species of the proton group. Error bars combine statistical
and systematic uncertainties.

tal spectra from hydrogen to iron; CALET [39] and
DAMPE [42] extend calorimetric elemental measure-
ments to ↓100 TV, with DAMPE now covering p, He,
C, O, and Fe and observing a common softening near
15 TV, so that direct, charge-resolved data reach al-
most to the PeV scale (Fig. 3). In the knee region,
LHAASO contributes the all-particle flux and →lnA↑ with
a composition-independent energy scale [49] and the pro-
ton and helium spectra through the knee [13], which ex-
tend the earlier stand-alone measurement of the proton
knee [65]; its absolute energy scale is calibrated to 8%
with the cosmic-ray Moon shadow [50]. The TALE hy-
brid analysis constrains →lnA↑ across the second-knee re-
gion [55], and at the highest energies the Auger com-
position is taken from the 17-year fluorescence-detector
analysis [58], which supersedes the earlier neural-network
surface-detector results that were calibrated to it. Ice-
Cube spectra and mass fractions are used in their pub-
lished form with the full inter-group correlation ma-
trix [51]. Several of these inputs carry explicit covariance
information into the fit; for all others the stated statisti-
cal and systematic uncertainties are used as described in
Sec. II C.

Hadronic interaction models deserve a specific policy,
since too few air-shower data sets are interpreted with
the same model to allow separate global fits per model.
Where an experiment folds the model spread into its sys-
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Importance of distinguishing elements and mass groups
3

FIG. 1. Elements and mass groups of the GSF. A group is
named after its leading element, marked by a star; groups
divide the lnA axis into four roughly equal parts. The area
of each circle is proportional to the flux ratio of the element
to its group leader (values tabulated in the SM).
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j
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where wLj are the abundance weights and Rj(E) the
per-species kinematic conversion (SM S1). The same
splines predict every composition observable used in the
fit: group fluxes, group fractions of the total, and the
mean logarithmic mass

→lnA↑(E) =

∑
i lnAi Ji(E)∑

i Ji(E)
, (3)

with the sums running over all elements i.

B. Energy-scale cross-calibration

No standard candle exists for air showers, and the ab-
solute energy scale of each air-shower experiment carries
a correlated systematic uncertainty of typically 10–20%,
usually the dominant one. For a steeply falling spectrum
even a modest scale shift produces a large apparent flux
change: if an experiment’s energy scale is o!set by a fac-
tor fe = Ẽ/E, the flux it reports is distorted as

J̃(Ẽ) =
1

fe
J

(
Ẽ/fe

)
, (4)

which for a power law J ↓ E
↑2.7 turns a +10% scale

o!set into an 18% flux excess.

FIG. 2. Flux of the oxygen (top) and iron (bottom) groups
(thick lines) compared to the flux of the leading elements
alone (dashed) and of the sub-leading elements (thin lines).
The o!set between group and leading element underlines the
role of the sub-leading abundances.

The GSF treats these o!sets as nuisance parameters.
Each experiment e with a quoted energy-scale uncer-
tainty ωE,e receives one parameter ze, entering the com-
parison of model and data through fe = 1 + ωE,e ze,
and a Gaussian penalty z

2
e is added to the fit objective.

The o”cial energy-scale uncertainty of each experiment
is used where one is published; where none is available, a
representative value informed by the detection technique
and by cross-checks against neighboring experiments is
adopted (marked by a dagger in Table I). The ensem-
ble of experiments is thereby cross-calibrated algorithmi-
cally, within the quoted systematics, with the percent-
level energy scales of the magnetic spectrometers acting
as the absolute anchor. The fitted o!sets are themselves
a result of the analysis and are presented in Sec. IVB.
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FIG. 1. Elements and mass groups of the GSF. A group is
named after its leading element, marked by a star; groups
divide the lnA axis into four roughly equal parts. The area
of each circle is proportional to the flux ratio of the element
to its group leader (values tabulated in the SM).
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where wLj are the abundance weights and Rj(E) the
per-species kinematic conversion (SM S1). The same
splines predict every composition observable used in the
fit: group fluxes, group fractions of the total, and the
mean logarithmic mass

→lnA↑(E) =

∑
i lnAi Ji(E)∑

i Ji(E)
, (3)

with the sums running over all elements i.

B. Energy-scale cross-calibration

No standard candle exists for air showers, and the ab-
solute energy scale of each air-shower experiment carries
a correlated systematic uncertainty of typically 10–20%,
usually the dominant one. For a steeply falling spectrum
even a modest scale shift produces a large apparent flux
change: if an experiment’s energy scale is o!set by a fac-
tor fe = Ẽ/E, the flux it reports is distorted as

J̃(Ẽ) =
1

fe
J

(
Ẽ/fe

)
, (4)

which for a power law J ↓ E
↑2.7 turns a +10% scale

o!set into an 18% flux excess.

FIG. 2. Flux of the oxygen (top) and iron (bottom) groups
(thick lines) compared to the flux of the leading elements
alone (dashed) and of the sub-leading elements (thin lines).
The o!set between group and leading element underlines the
role of the sub-leading abundances.

The GSF treats these o!sets as nuisance parameters.
Each experiment e with a quoted energy-scale uncer-
tainty ωE,e receives one parameter ze, entering the com-
parison of model and data through fe = 1 + ωE,e ze,
and a Gaussian penalty z

2
e is added to the fit objective.

The o”cial energy-scale uncertainty of each experiment
is used where one is published; where none is available, a
representative value informed by the detection technique
and by cross-checks against neighboring experiments is
adopted (marked by a dagger in Table I). The ensem-
ble of experiments is thereby cross-calibrated algorithmi-
cally, within the quoted systematics, with the percent-
level energy scales of the magnetic spectrometers acting
as the absolute anchor. The fitted o!sets are themselves
a result of the analysis and are presented in Sec. IVB.
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Connection between direct and indirect measurements8

FIG. 5. Fractions of the four mass groups as a function of energy from composition-sensitive air-shower measurements, compared
to the GSF (±1ω bands). Data are adjusted to the common energy scale. The Auger fluorescence composition is shown under
both hadronic-interaction models: open circles denote the SIBYLL-2.3e interpretation (fitted), filled circles EPOS-LHC-R
(overlay, not fitted; Sec. IVE). Curves and data are in the same frame: the direct spectra entering the proton and helium
panels are demodulated with each experiment’s window-averaged modulation potential (SM S2).

coherent downward trend of the ensemble is discussed in
Sec. VA.

C. Spectrum and mass composition

Figure 6 shows the central result of this work: the
cosmic-ray flux and its decomposition into mass groups
from →1GeV to 1011 GeV, fit to the measurements of
the experiments described in Sec. III. Figure 7 shows the
same comparison with the data at their published en-
ergy scales (Sec. IVB). All established spectral features
emerge from the data without being built into the model:
the hardening of the proton and helium spectra near
200–300GV and their softening near 15 TV, the light-
component knee measured by LHAASO with the helium
knee near 7 PeV, the second knee, the ankle, the instep,
and the suppression at the highest energies. The posi-
tions of these features follow an approximately rigidity-
ordered sequence, a point we return to in Sec. VII.

In the knee region the composition is anchored from be-
low: the heavy (O→ and Fe→) fluxes entering the LHAASO
range are constrained by the direct elemental DAMPE
spectra, so that a large decrease of the heavy contribu-

tion could occur only within the narrow gap between the
DAMPE and LHAASO coverages. At the lowest ener-
gies, where few data sets contribute and their precision
is already high, the fit follows the elemental data closely.
Above a few GV the model band is set by the AMS-
02 statistics and is narrower than the scatter between
experiments, which is dominated by normalization dif-
ferences between the calorimetric instruments and AMS-
02 (CALET and DAMPE in particular); below a few
GV the solar-modulation nuisance instead dominates the
band and widens it beyond that scatter. This band-
coverage question is discussed in SM S3.

Figure 5 compares the fitted group fractions with the
composition-sensitive measurements, and Fig. 8 shows
the mean logarithmic mass and its variance. The com-
position grows gradually heavier from the knee toward
the ankle region and turns lighter beyond it, consistent
with the Auger and Telescope Array observations; the
elongation break observed by the TALE hybrid analysis
near 1017.1 eV is reproduced. The remaining composi-
tion tensions, most notably between the LHAASO flux
measurements and the LHAASO ↑lnA↓, and the inter-
pretation of the ω(lnA) band structure are collected in
Sec. V.

Hadronic interaction models: 
separate fits, average used, 
sys. uncertainty from envelope

Sibyll 2.3d/e

EPOS LHC-R
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FIG. 6. The cosmic-ray flux from →1GeV to 1011 GeV. Top: solid markers show direct measurements of the leading elements;
open markers show air-shower measurements of the all-particle flux and of mass groups. All data are adjusted to the common
energy scale found by the fit, and the direct data are demodulated to the local interstellar spectrum with each experiment’s
window-averaged modulation potential (SM S2), the frame in which the model is drawn. Lines and bands show the GSF
all-particle and group fluxes with their 1ω uncertainties. Bottom: the same fluxes, scaled by E3 and drawn with a linear flux
axis, emphasizing the structures between the knee and the suppression.
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trigger, reconstruction, and years); the resulting o!set
and the normalization tension it reveals in the transition
region are discussed in Sec. IVB. The TALE monocular
fluorescence spectrum [63] is excluded because its energy
estimator is composition-dependent and tied to the early
TALE →lnA↑ result, which is in tension with LHAASO.
The Telescope Array spectrum enters through the com-
bined TALE+surface-detector release [56], of which only
the surface-detector part above 1018.25 eV is used: be-
low that energy the combined spectrum is carried by the
TALE fluorescence data excluded above, and the stitch
is visible in the data themselves as a jump of the relative
statistical uncertainty from ↓ 8.5% to ↓ 1.8%.

IV. RESULTS

A. Fit quality

The fit describes the complete data set of Table I with
ω
2 = 1260 for 971 degrees of freedom before the weight

correction (ω2
/ndf = 1.30), reduced to ω

2
corr

= 807 after
the two-pass correction (ω2

corr
/ndf = 0.83; because this

ratio is below 1 the covariance is left unscaled rather than
shrunk, Sec. IID), using 15 energy-scale o!sets. These
are the values of the SIBYLL-2.3e baseline fit (Sec. IVE).
That a single smooth model reproduces direct and air-
shower measurements across eleven decades in energy,
once energy scales are adjusted within their quoted sys-
tematics, is itself a nontrivial result, given the historical
tensions between experiments in overlapping ranges. The
solution is robust: replacing the Gaussian o!set penalty
by a flat window leaves flux and composition essentially
unchanged, doubling the knot density does not alter the
result significantly (SM S1), and removing individual ex-
periments moves the best-fit fluxes well within the quoted
band.

B. Energy scales

Figure 4 shows the fitted energy-scale factors fe. All
lie within the systematic uncertainties quoted by the ex-
periments. The spectrometer scales anchor the fit at the
percent level; among the air-shower experiments the fit
finds, for example, fe ↔ 1.00 for LHAASO, 1.04 for Ice-
Cube, 0.96 for Tunka-133, 0.93 for the Telescope Array,
and 0.87 for the Pierre Auger Observatory. The o!-
sets of the ultra-high-energy observatories form a lad-
der: each experiment overlaps the next in energy, and
the spline continuity chains their relative scales down
to the direct-measurement anchor. In the transition re-
gion between direct measurements and air-shower arrays
(↗0.3–10 PeV) the all-particle normalizations are not in
perfect agreement: the low-energy IceTop spectrum sits
systematically high, by up to ↗8%, relative to LHAASO
and the coincident IceCube analysis at a common en-
ergy scale. The fit absorbs these minor tensions through

FIG. 4. Fitted energy-scale factors fe = Ẽ/E per experiment.
Values below unity indicate that an experiment’s energy scale
is high relative to the common scale of the fit. Error bars
show the quoted 1ω energy-scale systematics; the spectrom-
eter scales (AMS-02, PAMELA, ACE-CRIS) are treated as
exact and anchor the ensemble.

the energy-scale o!sets, which remain well within the
quoted systematics (fe ↔ 1.04 for the low-energy Ice-
Top spectrum against the values above); the mass com-
position is una!ected, since the tension concerns a pure
all-particle normalization. Because the composition ob-
servables participate in the weight correction (Sec. IID),
they pull the air-shower scales upward by 2–3% relative
to a flux-only weighting, and the well-known ↗10% rel-
ative o!set between the Telescope Array and Auger is
reduced to about 6% in the global solution; Auger re-
mains the single outlier with an energy-independent o!-
set driven by its below-the-ankle flux (SD-750). The
residual scale di!erence appears as a coherent ↗10% flux
excess of the Telescope Array spectrum over the fitted
model through the ankle decade (below 1.5ε per point),
so that the all-particle spectrum above the ankle e!ec-
tively follows Auger: at the fitted scales the Auger points
scatter within ±2% of the model while Auger carries
about twice the Telescope Array’s statistical weight in
the common energy range, and an order of magnitude
more once its below-the-ankle spectrum, which anchors
the spline through continuity, is included. A larger Tele-
scope Array o!set would not improve the joint fit, be-
cause the residual is energy-dependent: it grows above
↗ 3 ↘ 1019 eV into the known high-energy Telescope
Array–Auger discrepancy, which an energy-independent
rescaling cannot remove without over-correcting the an-
kle region where the Telescope Array’s weight is concen-
trated. The cumulative size of the cross-normalization is
illustrated in Fig. 7, which shows the data of Fig. 6 at
their published energy scales: on the E

3-weighted panel
each spectrum moves vertically by about f2

e , and the all-
particle normalizations disagree at the 10–30% level. The

10

FIG. 7. Identical to Fig. 6, but with the data at their published energy scales.

GSF-2026 – shown with original energy scales
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FIG. 10. All-particle flux of the GSF (black line with
±1ω band) compared with widely used broken-power-law
parametrizations [1–5]. Bottom: ratio to the GSF.

V. DISCUSSION

A. The energy-scale systematic

The ensemble of fitted energy scales skews only
marginally low (mean o!set → ↑0.2ω), with the absolute
normalization anchored at low energies by the rigidity-
referenced interstellar spectrum, the solar modulation,
and the measured spectral features. This small shift is
carried in full by the published covariance and requires
no separate treatment.

B. Composition in the knee region: LHAASO flux
versus →lnA↑

One composition tension stands out. The fit
reproduces the light-component fraction implied by
LHAASO’s own flux measurements, with the fitted
(p+He)/all ratio matching the LHAASO fluxes at the
percent level across 0.3–3 PeV. This composition, how-
ever, corresponds to a ↓lnA↔ that is 0.2–0.3 heavier than
the ↓lnA↔ published by LHAASO from the same detec-
tor (1.58 versus 1.32 at the 1015.5 eV dip). The resulting
pulls of +1.5 to +2.4ω are robust: the hadronic-model
spread is already folded into the published uncertainties,
and neither additional spline freedom nor the removal of

other data sets relieves the tension, since the heavy com-
ponent entering the LHAASO range is anchored by the
direct DAMPE spectra.
This points to a tension between the LHAASO flux

and ↓lnA↔ analyses that the fit, which follows the fluxes,
cannot fully reconcile with the lighter ↓lnA↔. Two di-
rections could ease it: an underestimated systematic in
one of the two analyses, or a knee composition domi-
nated by elements lighter than the nitrogen–oxygen mass
scale of the intermediate group (carbon, or even the Be–B
range), which a four-group model cannot express at the
measured light fraction. The recent LHAASO-anchored
model of Lv et al. [6] reaches the lighter ↓lnA↔, but does
so by carrying an iron flux well below (roughly 0.4↗) the
level now measured directly by DAMPE [42], and by fit-
ting the LHAASO all-particle flux and ↓lnA↔ without the
LHAASO proton and helium spectra [13] that determine
the light component here. The direct DAMPE iron mea-
surement, which post-dates the anchors of that model,
thus disfavors the light-composition route and sharpens
the tension rather than removing it. We leave it as re-
ported; it is a concrete target for the next generation of
knee-region composition analyses.

C. The dispersion of the mass distribution

The variance ω
2(lnA) shown in Fig. 8 is a pure pre-

diction of the fit: no dispersion measurement enters the
likelihood, so the curve and its band follow entirely from
the fitted elemental fluxes and their covariance. Since
many elemental combinations produce the same disper-
sion, the equal two-component mixtures indicated by
dashed lines are visual references only. The composition
remains mixed, with ω

2(lnA) → 2, over roughly seven
decades in energy and turns nearly pure only at the high-
est energies, where the unfitted Auger moments reach
values consistent with zero, reflecting their narrow Xmax

distributions [58]. The ↓lnA↔ panel also illustrates the
hadronic-model policy of Sec. III: since the TALE ↓lnA↔
is interpreted with QGSJET-II-04, fitting the Auger frac-
tions under EPOS-LHC-R alone would imprint an artifi-
cial step in ↓lnA↔ between the two energy ranges, which
the SIBYLL-2.3e baseline avoids.

VI. THE NUCLEON FLUX

Atmospheric lepton fluxes are calculated from the
spectrum of nucleons arriving at the atmosphere, con-
veniently expressed per energy-per-nucleon EN = E/A:
a nucleus (Z,A) contributes Z protons and A ↑ Z neu-
trons, so that

JN (EN ) =
∑

i

[
Zi + (Ai ↑ Zi)

]
Ai Ji

(
AiEN

)
, (8)

summed over all elements i, with the proton and neutron
parts entering atmospheric cascades separately. The nu-
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FIG. 11. Nucleon flux versus energy per nucleon from the
GSF (thick line, ±1ω band) with the contributions of the
four mass groups. Dots mark the spline knots mapped to
equivalent nucleon energy.

cleon flux is not directly observed; by Eq. (8) it is an ele-
mentary derived quantity of the GSF, with uncertainties
propagated through the full covariance. Figure 11 shows
the result. The nucleon flux is dominated by the pro-
ton and helium contributions, and since the proton spec-
trum is now covered by data from GeV to EeV energies,
its uncertainty is correspondingly small; the sub-leading
abundances play essentially no role. The precision of the
recent direct data imprints sharply resolved features (the
200–300GV hardening, the 15 TV softening, the light-
component knee) that translate directly into structure
expected in atmospheric neutrino and muon spectra.

Figure 12 compares the GSF nucleon flux with the
parametrizations most widely used in atmospheric lep-
ton calculations. The di!erences reach 20–50% between
104 and 109 GeV, many times the GSF uncertainty band,
and their sources can be traced to specific measurements:
the AMS-02/DAMPE structures below 100 TV and the
LHAASO light-component knee at PeV energies. Pre-
dictions of atmospheric neutrino and muon fluxes built
on the older parametrizations inherit these deviations,
which may lie outside the typical uncertainty attributed
to the primary flux in standard estimates.

For applications that constrain or propagate these un-
certainties in their own fits, the full parameter covariance
is impractical. We therefore provide a compact nuisance-
parameter representation, which deforms the proton and
neutron fluxes relative to the central model,

Js(E;ω) = Js,central(E)
[
1 +

∑
k Hk(E) ωs,k

]
, (9)

where each component ωs,k is the relative flux deviation
at one of twelve fixed pivot energies and the cardinal

FIG. 12. Nucleon flux of the GSF compared with the
parametrizations of Refs. [1–5]. Bottom: ratio to the GSF;
the gray band shows the GSF ±1ω uncertainty.

functions Hk interpolate smoothly between them. The
24 components carry the exact covariance of the full fit at
the pivot energies, to be imposed as a Gaussian penalty.
The construction serves the same role as the principal-
component parametrization of the GSF uncertainty used
in daemonflux [66], with directly interpretable parame-
ters in place of eigenmode amplitudes. Between the piv-
ots the reduced uncertainty matches the full one within a
factor of 1.29 at worst over 1–109 GeV per nucleon, which
covers atmospheric-lepton applications; the construction
and its validation are described in SM S4.

VII. SUMMARY AND OUTLOOK

This work delivers a data-driven determination of the
cosmic-ray flux and mass composition from →1GeV to
1011 GeV, built from the most precise direct and air-
shower measurements available and deliberately agnostic
about the underlying astrophysics. With per-experiment
energy scales cross-calibrated within their quoted system-
atics, a single smooth model describes about one thou-
sand data points with ε

2
/ndf ↑ 1.3, or 0.83 after the lo-

calized disagreements are de-weighted by the PDG scale-
factor prescription (Sec. IID): once the energy scales are
aligned, the global body of cosmic-ray data forms a con-
sistent picture, to a degree that was not demonstrable
a decade ago. The progress of direct measurements,

All-particle flux vs. particle energy Inclusive nucleon flux vs. nucleon energy
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Mass composition uncertainty at highest energies8

FIG. 5. Fractions of the four mass groups as a function of energy from composition-sensitive air-shower measurements, compared
to the GSF (±1ω bands). Data are adjusted to the common energy scale. The Auger fluorescence composition is shown under
both hadronic-interaction models: open circles denote the SIBYLL-2.3e interpretation (fitted), filled circles EPOS-LHC-R
(overlay, not fitted; Sec. IVE). Curves and data are in the same frame: the direct spectra entering the proton and helium
panels are demodulated with each experiment’s window-averaged modulation potential (SM S2).

coherent downward trend of the ensemble is discussed in
Sec. VA.

C. Spectrum and mass composition

Figure 6 shows the central result of this work: the
cosmic-ray flux and its decomposition into mass groups
from →1GeV to 1011 GeV, fit to the measurements of
the experiments described in Sec. III. Figure 7 shows the
same comparison with the data at their published en-
ergy scales (Sec. IVB). All established spectral features
emerge from the data without being built into the model:
the hardening of the proton and helium spectra near
200–300GV and their softening near 15 TV, the light-
component knee measured by LHAASO with the helium
knee near 7 PeV, the second knee, the ankle, the instep,
and the suppression at the highest energies. The posi-
tions of these features follow an approximately rigidity-
ordered sequence, a point we return to in Sec. VII.

In the knee region the composition is anchored from be-
low: the heavy (O→ and Fe→) fluxes entering the LHAASO
range are constrained by the direct elemental DAMPE
spectra, so that a large decrease of the heavy contribu-

tion could occur only within the narrow gap between the
DAMPE and LHAASO coverages. At the lowest ener-
gies, where few data sets contribute and their precision
is already high, the fit follows the elemental data closely.
Above a few GV the model band is set by the AMS-
02 statistics and is narrower than the scatter between
experiments, which is dominated by normalization dif-
ferences between the calorimetric instruments and AMS-
02 (CALET and DAMPE in particular); below a few
GV the solar-modulation nuisance instead dominates the
band and widens it beyond that scatter. This band-
coverage question is discussed in SM S3.

Figure 5 compares the fitted group fractions with the
composition-sensitive measurements, and Fig. 8 shows
the mean logarithmic mass and its variance. The com-
position grows gradually heavier from the knee toward
the ankle region and turns lighter beyond it, consistent
with the Auger and Telescope Array observations; the
elongation break observed by the TALE hybrid analysis
near 1017.1 eV is reproduced. The remaining composi-
tion tensions, most notably between the LHAASO flux
measurements and the LHAASO ↑lnA↓, and the inter-
pretation of the ω(lnA) band structure are collected in
Sec. V.

Hadronic interaction models: 
separate fits, average used, 
sys. uncertainty from envelope

Sibyll 2.3d/e

EPOS LHC-R
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Comparison of GSF-2026 prediction for ln(A) with data

11

FIG. 8. Mean logarithmic mass (top) and its variance (bot-
tom) as a function of energy, computed from the GSF, com-
pared with the →lnA↑ data used in the fit (LHAASO, TALE
hybrid). Open and filled circles show the →lnA↑ and ω2(lnA)
derived by Auger from its Xmax moments under the SIBYLL-
2.3e and EPOS-LHC-R interpretations [58], adjusted to the
common energy scale by the fitted Auger o!set. These mo-
ments are not used in the fit, since they derive from the same
events as the fitted Auger mass fractions; they are shown for
comparison only.

D. Comparison with previous parametrizations

Figure 10 compares the GSF all-particle flux with the
broken-power-law parametrizations in common use [1–5].
Deviations of 20–50% appear over wide energy ranges,
most prominently between 104 and 109 GeV, where the
new direct and knee-region data constrain the GSF to a
few percent. The older parametrizations pre-date most
of these measurements, and their smooth power-law seg-
ments average over the structures that the data now re-
solve; the comparison quantifies how far the empirical
knowledge of the flux has moved in the past decade.

Figure 9 resolves the same comparison by mass group
and extends it to the mean logarithmic mass. It also in-
cludes our earlier GSF2019 fit [16, 17], evaluated from
its original published parameter set, with its uncertainty
band. Each parametrization is decomposed into the four
GSF leading groups by summing its elemental compo-
nents. Up to the knee the models agree with the direct-
measurement groups at the 10 to 30% level. In the
104–105 GeV range, where the GSF2019 iron group was
constrained only by sparse measurements and formed a

near-flat direction of that fit, the flux is now constrained
directly by the DAMPE iron spectrum [42]. Above the
knee the light and heavy groups diverge, since each model
places its rigidity-dependent cuto!s at a di!erent energy,
and the spread in →lnA↑ follows the di!ering knee com-
positions.

E. Composition at the highest energies under the
hadronic-interaction-model mixture

The Auger fluorescence composition is provided in two
interpretations, obtained with the post-LHC hadronic-
interaction models SIBYLL-2.3e and EPOS-LHC-R, each
with per-bin posterior correlations. The two interpreta-
tions imply such di!erent compositions that averaging
them within a single likelihood would yield a blend that
reflects neither. To propagate this discrete ambiguity
into the modeled uncertainty we perform two complete
fits that are identical in every respect (data selection,
energy-scale treatment, weight correction, and covariance
construction) except for which model interpretation of
the Auger fractions enters, and combine them at the pa-
rameter level as an equal-weight two-point mixture: the
amplitude vector is the mean, ω = 1

2
(ωSIB + ωEPOS), and

the covariance is

” = 1

2
(”SIB + ”EPOS) +

1

4
#ω#ω

T
,

#ω = ωSIB ↓ ωEPOS,
(7)

whose rank-one between-model term is fully correlated
across all spline amplitudes. The resulting band spans
both single-model solutions coherently wherever they dif-
fer and collapses to the ordinary fit covariance where
they agree. Below ↔ 2 ↗ 108 GeV the SIBYLL-2.3e
and EPOS-LHC-R interpretations coincide, so the two
fits are indistinguishable there and the model choice
does not propagate to the knee or second-knee region.
The two component fits are of equal statistical quality,
ε
2
corr

/ndf = 807/971 = 0.83 under SIBYLL-2.3e and
806/969 = 0.83 under EPOS-LHC-R, so the fit quality
does not discriminate between the interpretations, and
the choice of SIBYLL-2.3e as the baseline rests on the
composition-continuity argument of Sec. III. Being an av-
erage of two minima rather than a minimum itself, and
combining fits to di!erent fraction data, the mixture has
no ε

2 of its own; the values quoted in Sec. IVA are those
of the SIBYLL-2.3e baseline. The mixture is provided in
the standard GSF parameter-plus-covariance format and
evaluates like any single fit. Since the underlying ambi-
guity is between two discrete hypotheses, the distribution
is bimodal, and the ±1ϑ band is a conservative smooth
rendering rather than a probabilistic statement about in-
termediate compositions. The fitted energy scales are in-
sensitive to the swap (Auger fe changes by +0.4%): the
ultra-high-energy scale ladder is set by the flux, not by
the fractions. Figures 5 and the pull panels of SM S5
show the Auger data under both interpretations.
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tom) as a function of energy, computed from the GSF, com-
pared with the →lnA↑ data used in the fit (LHAASO, TALE
hybrid). Open and filled circles show the →lnA↑ and ω2(lnA)
derived by Auger from its Xmax moments under the SIBYLL-
2.3e and EPOS-LHC-R interpretations [58], adjusted to the
common energy scale by the fitted Auger o!set. These mo-
ments are not used in the fit, since they derive from the same
events as the fitted Auger mass fractions; they are shown for
comparison only.

D. Comparison with previous parametrizations

Figure 10 compares the GSF all-particle flux with the
broken-power-law parametrizations in common use [1–5].
Deviations of 20–50% appear over wide energy ranges,
most prominently between 104 and 109 GeV, where the
new direct and knee-region data constrain the GSF to a
few percent. The older parametrizations pre-date most
of these measurements, and their smooth power-law seg-
ments average over the structures that the data now re-
solve; the comparison quantifies how far the empirical
knowledge of the flux has moved in the past decade.

Figure 9 resolves the same comparison by mass group
and extends it to the mean logarithmic mass. It also in-
cludes our earlier GSF2019 fit [16, 17], evaluated from
its original published parameter set, with its uncertainty
band. Each parametrization is decomposed into the four
GSF leading groups by summing its elemental compo-
nents. Up to the knee the models agree with the direct-
measurement groups at the 10 to 30% level. In the
104–105 GeV range, where the GSF2019 iron group was
constrained only by sparse measurements and formed a

near-flat direction of that fit, the flux is now constrained
directly by the DAMPE iron spectrum [42]. Above the
knee the light and heavy groups diverge, since each model
places its rigidity-dependent cuto!s at a di!erent energy,
and the spread in →lnA↑ follows the di!ering knee com-
positions.

E. Composition at the highest energies under the
hadronic-interaction-model mixture

The Auger fluorescence composition is provided in two
interpretations, obtained with the post-LHC hadronic-
interaction models SIBYLL-2.3e and EPOS-LHC-R, each
with per-bin posterior correlations. The two interpreta-
tions imply such di!erent compositions that averaging
them within a single likelihood would yield a blend that
reflects neither. To propagate this discrete ambiguity
into the modeled uncertainty we perform two complete
fits that are identical in every respect (data selection,
energy-scale treatment, weight correction, and covariance
construction) except for which model interpretation of
the Auger fractions enters, and combine them at the pa-
rameter level as an equal-weight two-point mixture: the
amplitude vector is the mean, ω = 1

2
(ωSIB + ωEPOS), and

the covariance is

” = 1

2
(”SIB + ”EPOS) +

1

4
#ω#ω

T
,

#ω = ωSIB ↓ ωEPOS,
(7)

whose rank-one between-model term is fully correlated
across all spline amplitudes. The resulting band spans
both single-model solutions coherently wherever they dif-
fer and collapses to the ordinary fit covariance where
they agree. Below ↔ 2 ↗ 108 GeV the SIBYLL-2.3e
and EPOS-LHC-R interpretations coincide, so the two
fits are indistinguishable there and the model choice
does not propagate to the knee or second-knee region.
The two component fits are of equal statistical quality,
ε
2
corr

/ndf = 807/971 = 0.83 under SIBYLL-2.3e and
806/969 = 0.83 under EPOS-LHC-R, so the fit quality
does not discriminate between the interpretations, and
the choice of SIBYLL-2.3e as the baseline rests on the
composition-continuity argument of Sec. III. Being an av-
erage of two minima rather than a minimum itself, and
combining fits to di!erent fraction data, the mixture has
no ε

2 of its own; the values quoted in Sec. IVA are those
of the SIBYLL-2.3e baseline. The mixture is provided in
the standard GSF parameter-plus-covariance format and
evaluates like any single fit. Since the underlying ambi-
guity is between two discrete hypotheses, the distribution
is bimodal, and the ±1ϑ band is a conservative smooth
rendering rather than a probabilistic statement about in-
termediate compositions. The fitted energy scales are in-
sensitive to the swap (Auger fe changes by +0.4%): the
ultra-high-energy scale ladder is set by the flux, not by
the fractions. Figures 5 and the pull panels of SM S5
show the Auger data under both interpretations.

Some tension found for LHAASO data (probably related to four mass groups)
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FIG. 19. Top four panels: best-fit fractions of protons, helium, nitrogen, and iron nuclei using air-shower simulations with the S!”#$$ 2.3e and
EPOS LHC-R hadronic interactions models. The error bars denote statistical (thick lines) and total (thin lines) uncertainties. Bottom panel:
𝐿-values of the fit. The error bars denote systematic uncertainties.
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Appendix D: Fits of composition fractions to 𝜴max distributions

The fitted 𝐿max distributions in each energy bin are shown in Figs. 22 and 23 for the S!”#$$ 2.3e and EPOS LHC-R hadronic
interaction models.
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FIG. 22. Fits of composition fractions of the mass groups (H, He, N, Fe) with S!”#$$ 2.3e in all energy bins: 𝐿max distribution of the data
(points with error bars) and composition templates (histograms).
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FIG. 23. Same as Fig. 22, but for EPOS LHC-R.
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FIG. 19. Top four panels: best-fit fractions of protons, helium, nitrogen, and iron nuclei using air-shower simulations with the S!”#$$ 2.3e and
EPOS LHC-R hadronic interactions models. The error bars denote statistical (thick lines) and total (thin lines) uncertainties. Bottom panel:
𝐿-values of the fit. The error bars denote systematic uncertainties.
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Appendix D: Fits of composition fractions to 𝜴max distributions

The fitted 𝐿max distributions in each energy bin are shown in Figs. 22 and 23 for the S!”#$$ 2.3e and EPOS LHC-R hadronic
interaction models.
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FIG. 22. Fits of composition fractions of the mass groups (H, He, N, Fe) with S!”#$$ 2.3e in all energy bins: 𝐿max distribution of the data
(points with error bars) and composition templates (histograms).
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FIG. 23. Same as Fig. 22, but for EPOS LHC-R.
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Do we have such a singular mass composition 

that we can use data for model calibration?
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Xmax moments – Auger Observatory Phase I14
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FIG. 15. Energy evolution of →𝐿max↑ and 𝑀(𝐿max) compared to the predictions from air-shower simulations using the hadronic interaction
models EPOS LHC-R and S!”#$$ 2.3e for proton and iron primaries. Statistical uncertainties are displayed by vertical error bars, while
systematic uncertainties are indicated by horizontal caps above and below the markers.
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FIG. 16. Energy evolution of →ln 𝑁↑ and Var(ln 𝑁) estimated using air-shower simulations with the hadronic interaction models EPOS LHC-R
and S!”#$$ 2.3e. Statistical uncertainties are represented by vertical error bars, and systematic uncertainties are indicated by horizontal caps
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Auger, arXiv:2605.12598, PRD 114 (2026), 043016

Auger Phase I final data on Xmax measurement with fluorescence telescopes



Xmax moments – Preliminary TAx4 results
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TAx4 Hybrid Xmax

ISVHECRI 2026・Lecce

Z. Gerber, PoS(ICRC2025)269

• TA×4 hybrid data (4 years) 
→ compared with MC primaries (QGSJET-II-03)

• Elongation rate
→ Data ≈ MC protons

• σ(Xmax) : the width of the Xmax distribution
→ less model-dependent, but needs large statistics

TAx4 Preliminary

TAx4 Preliminary

2026/7/06 36

Elongation rate Width of Xmax distribution
σ(Xmax) 

TA data
proton

iron

iron

TA data proton

Here, TAx4 means the additional array for the current TAx4
TAx4 data points are not much different from Auger results, 
interpreted at face value would be primaries heavier than Auger mass fits

TA, Gerber, PoS(ICRC2025)269

Model: QGSjet II.03



TAx4 Hybrid Xmax

ISVHECRI 2026・Lecce

Z. Gerber, PoS(ICRC2025)269

• TA×4 hybrid data (4 years) 
→ compared with MC primaries (QGSJET-II-03)

• Elongation rate
→ Data ≈ MC protons

• σ(Xmax) : the width of the Xmax distribution
→ less model-dependent, but needs large statistics

TAx4 Preliminary

TAx4 Preliminary

2026/7/06 36

Elongation rate Width of Xmax distribution
σ(Xmax) 

TA data
proton

iron

iron

TA data proton

Here, TAx4 means the additional array for the current TAx4

Comparison ignoring field-of-view biases
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FIG. 15. Energy evolution of and compared to the predictions from air-shower simulations using the hadronic interaction



Comparison of composition data – field of view effects
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Field of 
view

Telescope

Shower size

(1)

(2)

Auger: only analysis of 
showers for which all 
relevant Xmax are 
observable, comparison 
with theoretical Xmax 
distributions 

TA: all showers analyzed, 
comparison with detector-
folded Xmax distributions 
(biased by limited field-of-
view)
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Figure 3. Field of view bias. Left and middle panel: Air shower simulations at E=1019.5 eV. Right panel:
Data at 1018 eV < E <1018.25 eV.

distance of the shower core to the fluorescence
detector. That is, the farther away from a fluo-
rescence detector a track is detected, the smaller
becomes the observable upper slant depth bound-
ary X(FOVmin). Similarly the lower slant depth
boundary X(FOVmax) becomes larger for near
showers.
The absolute magnitude of the field of view bias
depends of course on the, a priori unknown, dis-
tribution of the depth of shower maxima of cosmic
ray showers. It is instructive to study the order of
magnitude of the field of view bias for simulated
showers with a known composition. The expected
Xmax distribution for protons with an energy of
1019.5 eV is shown in Fig. 3(a). The upper view-
able slant depth limits are indicated as arrows for
different zenith angles. For vertical tracks it is
around 880 g/cm2 at the southern observatory,
which is obviously not sufficient to detect the full
Xmax distribution. A convolution of the trun-
cated Xmax distributions with the arrival direc-
tions of isotropic cosmic rays (dN/d cos θ ∝ cos θ)
leads to an effective bias for the measurement of
the mean of the distribution. As can be seen in
the upper panel of Fig. 3(b), this bias can be as
large as 12 g/cm2. Due to the unknown com-
position and the theoretical uncertainties of air
shower simulations it can not be corrected for a
posteriori, since there is no unambiguous correc-

tion given a measured 〈Xmax〉.
The strategy followed in this analysis is therefore
to ignore showers that have a too small viewable
slant depth range. The rejection of showers with
X(FOVmin) <950 g/cm2 almost completely re-
moves the bias on 〈Xmax〉 in the simulation, cf.
lower panel of Fig. 3(b). The fiducial volume cuts
that ensure an unbiased 〈Xmax〉 can be derived
directly from data as illustrated in Fig. 3(c): The
dependence of 〈Xmax〉 on the slant depth bound-
aries is studied and events are only selected in the
region where 〈Xmax〉 is constant.

2.3. Results
The 〈Xmax〉 results presented here were derived

from hybrid data recorded between December
2004 and April 2007. In order to ensure a good
Xmax resolution, the following quality cuts were
applied to the event sample: The reconstructed
Xmax should lie within the observed shower pro-
file and the reduced χ2 of a fit with a Gaisser-
Hillas function should not exceed 2.5. Moreover,
insignificant shower maxima are rejected by re-
quiring that the χ2 of a linear fit to the longitu-
dinal profile exceeds the Gaisser-Hillas fit χ2 by
at least four. Finally, the estimated uncertainties
of the shower maximum and total energy must
be smaller than 40 g/cm2 and 20%, respectively.
Moreover, the fiducial volume cuts explained in

(Unger, NP Proc. Suppl. 190 (2009) 240)



Auger-TA comparison of Xmax distributions (2024)
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Comparing AugerMix shapes to TA

23

Joint working group: no significant difference found

Alexey Yushkov Auger – TA mass composition WG 12

Comparison of the Xmax moments measured at TA and Auger → TA

→Xmax↑ — agreement withing statistical and systematic uncertainties, in particular for lg(E/eV) > 18.5

σ(Xmax) — larger values in TA for lg(E/eV) = 18.5 ↓ 19.0, possible reasons:

↔ constant aerosol profiles used in TA increase σ(Xmax) by 18.9 g cm↓2 (in quadrature) [ApJ 858 (2018) 76]

↔ a few deep events in data can increase σ(Xmax) significantly (see Xmax distributions in next slides)
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Comparing Sibyll to QGSJet

The AugerMix result using Sibyll 2.3d is very similar to the old AugerMix result with QGSJetII-04
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(Yushkov, Auger & TA, 
UHECR 2024)
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History of predictions: average depth of shower maximum

TA: many analyses done with QGSjet II.03 (protons) 
Auger: newest EPOS, Sibyll with mass composition(Pierog, ISVHECRI 2026)
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History of predictions: elongation rate theorem

De =
dhXmax(E)i
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History of predictions: shower-to-shower fluctuations
14
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FIG. 15. Energy evolution of →𝐿max↑ and 𝑀(𝐿max) compared to the predictions from air-shower simulations using the hadronic interaction
models EPOS LHC-R and S!”#$$ 2.3e for proton and iron primaries. Statistical uncertainties are displayed by vertical error bars, while
systematic uncertainties are indicated by horizontal caps above and below the markers.
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Importance of nuclear fragmentation for fluctuations

T. Pierog, FZK, IK, page - 19NUFRA 2007 – Kemer - 29.09.2007

PAO Sensitivity to Nuclear Fragmentation

X
max

 Fluctuations : almost factor of 2 between extremes

Extrapolation to 1020 eV ???

RMS=29 g.cm-2

RMS=21 g.cm-2

RMS=16 g.cm-2

T. Pierog, FZK, IK, page - 6NUFRA 2007 – Kemer - 29.09.2007

Nuclear Fragmentation in Air Shower (2)

Realistic but simplified nuclear fragmentation in CORSIKA

Evaporation of nucleons and α following Campi 
approximation (from Wood-Saxon potential to Fermi surface) 

Some hadronic models have their own fragmentation 
(QGSJET, SIBYLL, DPMJET)

Only fluctuations are affected by nuclear 
fragmentation of heavy nuclei (up to Fe).

T. Pierog, FZK, IK, page - 6NUFRA 2007 – Kemer - 29.09.2007

Nuclear Fragmentation in Air Shower (2)

Realistic but simplified nuclear fragmentation in CORSIKA

Evaporation of nucleons and α following Campi 
approximation (from Wood-Saxon potential to Fermi surface) 

Some hadronic models have their own fragmentation 
(QGSJET, SIBYLL, DPMJET)

Only fluctuations are affected by nuclear 
fragmentation of heavy nuclei (up to Fe).

Nobody has really worked on 
nuclear fragmentation, no new data

(Pierog, NUFRA 2007)



There is no (reasonable) way out, there are nuclei at UHE
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Number of charged particles

Depth X  (g/cm2)

∆X1

∆Xmax

dP
dX1

=
1

λint
e−X1/λint

sX1,Fe ⇠ 10g/cm2

Important: LHC-tuned interaction models used for detailed interpretation

(FD telescopes: PRD 90 (2014), 122005 & 122005, PRD 114 (2026), 043016)
(SD risetime: Phys. Rev. D96 (2017), 122003)

sX1,p ⇠ 45�55g/cm2

(E ⇠ 1018 eV)
(AERA/radio: PRL & PRD 2023)

(SD DNN: PRL 134 (2025) 021001 & PRD 111 (2025) 022003)
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Testing consistency of data with Sibyll* and Sibyll**

11

Sibyll**

Can we achieve good/better 
description of Auger data? 

Sibyll**: adjust Xmax, reduce 
muon production

* p-p cross section
* meson-p cross section
* tune down rho0 enhancement

Is this enough to describe all 
Auger data?

…..

Auger

Phenomenological modification 
-    Sibyll*  enhanced muon production 
-    Sibyll** enhanced muon production & 

   lowered pion-air cross section

(Astropart. Phys. 160 (2024) 102964)

Muon production depends on hadronic energy fraction

p�

p0

p̄

n̄

p̄

L̄
p̄
p

p
p̄

1 Baryon-An+baryon pair produc+on   (Pierog, Werner 2008) 
• Baryon number conserva.on 
• Low-energy par.cles: large angle to shower axis 
• Transverse momentum of baryons higher 
• Enhancement of mainly low-energy muons

Baryon 
sub-shower

Meson 
sub-shower

Decay of 
leading par.cle 
stops hadronic 
sub-cascade

(Grieder ICRC 1973; Pierog, Werner PRL 101, 2008)

3 Leading par+cle effect for pions    (Drescher 2007, Ostapchenko 2016) 
• Leading par.cle for a π could be ρ0 and not π0 
• Decay of ρ0 to 100% into two charged pions

4 New hadronic physics at high energy   (Farrar, Allen 2012, Salamida 2009) 
• Inhibi.on of π0 decay (Lorentz invariance viola.on etc.) 
• Chiral symmetry restaura.on

30% chance to have
π0 as leading particle

61Several of these effects: Core-Corona model (Pierog et al.)

p�

2 Enhanced kaon/strangeness produc+on (Anchordoqui et al. 2022) 
• Similar effects as baryon pairs 
• Decay at higher energy than pions (~600 GeV)

p0 ! gg

r0 ! p+p�

Conventional options for 
enhancing muon production
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Use data for absolute calibration of mass scale?
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Appendix D: Fits of composition fractions to 𝜴max distributions

The fitted 𝐿max distributions in each energy bin are shown in Figs. 22 and 23 for the S!”#$$ 2.3e and EPOS LHC-R hadronic
interaction models.
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FIG. 22. Fits of composition fractions of the mass groups (H, He, N, Fe) with S!”#$$ 2.3e in all energy bins: 𝐿max distribution of the data
(points with error bars) and composition templates (histograms).
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FIG. 23. Same as Fig. 22, but for EPOS LHC-R.
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shift of Xmax might not be solution
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9

FIG. 6. The cosmic-ray flux from →1GeV to 1011 GeV. Top: solid markers show direct measurements of the leading elements;
open markers show air-shower measurements of the all-particle flux and of mass groups. All data are adjusted to the common
energy scale found by the fit, and the direct data are demodulated to the local interstellar spectrum with each experiment’s
window-averaged modulation potential (SM S2), the frame in which the model is drawn. Lines and bands show the GSF
all-particle and group fluxes with their 1ω uncertainties. Bottom: the same fluxes, scaled by E3 and drawn with a linear flux
axis, emphasizing the structures between the knee and the suppression.

 GSF-2026 
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In source: 
- protons/nuclei 
- electrons/positrons

Fermi 
acceleration:  
dN/dE ~ E-2

p
ν

π0
γp

π±

e±

Target: radiation fields and matter

p

π0
γp

π±
ν

pγ - photo-meson production 
      p+γ → Δ+ → n+π+→ν,...

Physics scenario of Waxman-Bahcall bound: one interaction

Neutrons escape 
from the source



Assumptions and resulting bound
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For each proton escaping the source exactly one interaction is assumed

p+ γ −→ n π+ −→ n µ+ νµ −→ n e+ νe ν̄µ νµ

20% of p 
energy each particle has 25% of the 

energy of the π+

Sources inject only protons, luminosity normalized to CR data in range 1019 – 1020 eV

branching 
ratio 0.33

Correction factors related to 
- cosmological evolution of sources 
- neutrino oscillations

Fnµ(Enµ)< 2⇥10�8 GeV/cm2 ssr

Neutrino flux

(Waxman & Bahcall, PRD59, 1998)

(Fermi acceleration of protons)

(single interaction)

<latexit sha1_base64="f8UW9zAtDfh5HfZUFFF0NWd5MkE="></latexit>

Qp(Ep) = AE�2
p

<latexit sha1_base64="uKmkQZZ9qTHeckd1smrLTNsMQHg="></latexit>

Fnµ(Enµ) = 0.33⇥0.2⇥0.25⇥AE�2
nµ



Neutrino flux found at level of Waxman-Bahcall bound
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ISVHECRI 2014 - Jakob van Santen - Recent results from neutrino telescopes

Evidence for high-energy astrophysical neutrinos 12

‣3 cascades over 
1 PeV in 3 years 
of data 

‣5.7 σ evidence for 
astrophysical 
neutrinos arXiv:1405.5303 (accepted for PRL)

Deposited energy

μ

νμ

✓

μ Veto

✘

‣Selected high-energy 
starting events in IceCube

High energy starting 
events (HESE)

Veto technique

Muon track events 
(muon-neutrino through Earth)

Waxman-Bahcall bound

(IceCube, Science 342 (2013) 1242856)



Assumptions of WB upper bound for UHECRs
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Size of neutrino detector (water, ice) for observing this flux has to be V ~ 1 km3

- Extragalactic cosmic-ray protons extending to the highest energies


- One interaction with photon field per proton in source or source region


- Source production spectrum similar to Fermi acceleration


- Energy production rate (normalization) of 4 x 1044 erg Mpc-1 yr-1

<latexit sha1_base64="GyA7cd+F+iJs8hfMppw8r1qEn88="></latexit>

dN
dE

⇠ E�g <latexit sha1_base64="e9C0LCsY7yhx7LhmIwvjROtd8g4="></latexit>

g = 1.8 . . .2.3

(Waxman, ApJ 452 (1995) L1)

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

✗

✓

✗

✓



Cosmic-Ray Reservoirs
Galaxy clusters/groupsStarburst galaxies

CR confinement 

target gas

magnetized region w. CR sources

CR p nµ

ne

e-

µ+

p+
nµ

ne

e+

n
p

supernovae
g-ray bursts
active galaxies

galaxies
active galaxies
galaxy mergers
accretion shocks

“cosmic-ray
reservoirs”

low-energy CRs are 
confined by magnetic fields

kpc
B~0.1-1 mG

Mpc
B~0.1-1 µG

sufficiently high-energy CRs
escape without interactions

n, g

CRLoeb & Waxman 06
KM, Inoue & Nagataki 08

Challenges for building UHECR models & predicting neutrinos
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(b) Composition at Earth

FIG. 2: Spectrum and composition at Earth. Dots are data from the Pierre Auger Observatory [10, 32], error bars denote
the statistical uncertainties and the shaded boxes in the red figure illustrate the experimental systematic uncertainties of the
composition. The composition estimates are based on an interpretation of air shower data with Epos-LHC. The lines denote
the predictions of our model.

source parameters
power law index of injected nuclei � fix -1
mass number of injected nuclei A1 free 28
maximum energy Ep

max free 1018.5 eV
cosmic ray power density, E ° 1017.5 eV

.
✏17.5 free 8.2 ˆ1044 erg

Mpc3 yr

evolution ⇠pzptqq fix star formation rate [37]

source environment
energy of maximum of photon field density "0 fix 50 meV
power law index of photon spectrum (" † "0) ↵ fix ` 5

2
power law index of photon spectrum (" • "0) � fix ´2
power law of escape length � fix ´1
ratio of interaction and escape time RFe

19 free 275

propagation to Earth
infra-red photon background – fix Kneiske04 [36]

spectrum of Galactic cosmic rays
power law index at Earth �gal free -4.2
mass number of Galactic nuclei Agal fix 56
flux fraction at 1017.5 eV fgal free 56%

TABLE I: Parameters of the fiducial model.

from Kaskade-Grande [38].

The resulting fit is shown in comparison to data in
Fig. 2. There is a good overall agreement between the
model and the data. The shape of the spectrum is de-
scribed well, including the ankle and the flux suppres-
sion. The model also qualitatively reproduces the in-
crease of the average logarithmic mass with energy and

the decrease of its variance. Normalizing this model to
the observed flux at Earth, we infer a comoving energy
injection rate in CRs at z “ 0 and above 1017.5 eV of
.
✏17.5 “ 8.2 ˆ 1044 erg

Mpc3 yr .

The neutrino signals of our model are shown in Fig. 3.
Details of the calculation are given in Appendix C. The
predicted anti-neutrino flux from neutron �-decay agrees

UFA model

(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 

(Unger, Farrar, Anchordoqui, PRD 92, 2015)(Lu, CERN Courier, 2025)Reminder: UHE Composition Pierre Auger Coll. PRD 114 (2026) 4, 043016
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UHE protons at Earth:
• Ep ⇡ 0.5 . . . 5EeV

! maximum rigidity of accelerators:

protons primary?
• Rmax ' Ep

max = 5EV

protons secondary?
• Rmax ' A/Z Ep

max = 10EV

! typical neutrino energies
• E⌫ '

1
20 ECR/A

neutrinos associated with UHECRs:

12.5PeV . E⌫ . 250PeV
3/29(Unger)


