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The Global Spline Fit (GSF) is a data-driven parameterization of the cosmic-ray flux and corre-
sponding mass composition. It combines direct and indirect measurements of cosmic-ray flux of
individual elements from 1 GeV to 10'! GeV, considering their uncertainties and possible differ-
ence in the energy scale of the measurements. At lower energies, the flux is corrected to the local
interstellar spectra using the individual data-taking periods of the experiments. The systematic
energy scale uncertainty for each experiment is treated as a nuisance parameter and minimized
jointly with other model parameters, thus, matching the flux from indirect measurements above
the knee to direct measurements below the knee region. Since the original work was presented
in 2017, many new measurements have been published by both direct and indirect cosmic-ray
experiments. This presentation describes an updated GSF model, referred to as GSF-2025, which
includes datasets from the last eight years. We assess the mutual compatibility and demonstrate
the impact of the newly added data on the all-particle flux and mass composition over 11 decades
in energy. It is shown that a much better understanding of the energy region around the knee is
obtained.

39th International Cosmic Ray Conference (ICRC2025)

15-24 July 2025 ICRC 2025

. The Astroparticle Physics Conference
Geneva, Switzerland Geneva July 15-24, 2025

© Copyright owned by the author(s) under the terms of the Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License (CC BY-NC-ND 4.0). https://pos.sissa.it/


https://pos.sissa.it/
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composition

1. Introduction

The number of high-quality measurements of the all-particle flux of cosmic rays and also of
high-statistics data sets of fluxes of individual elements or mass groups has increased over the last
two decades considerably. This has motivated the authors of [1] to develop a first purely data driven
parametrization of the overall cosmic ray spectrum and its composition, called Global Spline Fit
(GSF), in 2017. Having a self-consistent parametrization of the world data of cosmic-ray fluxes,
including the corresponding data-derived uncertainty bands, is very valuable for a multitude of
applications ranging from identifying regions of inconsistent data or of lack of information, over
the calculation of secondary particle fluxes in the atmosphere, to interpreting the observed flux and
composition features in terms of astrophysical models and theories.

Several important challenges have to be addressed to obtain an agnostic description of the
data: (i) The different data sets cover only a fraction of the cosmic ray spectrum and there are
energy ranges without detailed composition data. (ii) Different measurements are characterized by
different sys. uncertainties, in particular, of the overall energy scale of the data sets. (iii) Low-energy
data are available for individual elements and sometimes even for several isotopes of one element,
high-energy data are available only for mass groups. (iv) Inconsistent data sets of the existing world
data have to be identified and, if needed, excluded. (v) Trying to implement as much as possible an
agnostic approach, no assumptions on the shape of the spectra should be used as external constraints.
This necessarily leads to a certain dependence of the results on the choice of smallest scale of a
structure in the spectrum. (vi) At low energy, solar modulation should be corrected for to obtain
the local interstellar spectrum (LIS).

The GSF approach is one implementation of solutions to these challenges based on combining
piecewise spline fits for the individual elements of the cosmic ray spectrum. These individual
spline fits are, by construction, connected smoothly to reproduce the flux data. Thanks to obtaining
the parameters of the spline functions by a global minimization, also uncertainties and correlations
(encoded in the covariance matrix) can be given for the obtained flux model and used in applications
of it.

2. Methods

2.1 Model Construction

We adopt the Global Spline Fit (GSF) framework introduced in 2017 for a data-driven modeling
of cosmic-ray spectra. In this approach, all cosmic-ray nuclei are partitioned into four mass groups
(L =1...4)—proton (p), helium (He), the oxygen group (O*), and the iron group (Fe*) — roughly
dividing the logarithmic mass scale into four equal parts. Each group is represented by a leading
element (indicated with a star) whose flux Jz (R) is modeled as a smooth function of rigidity R. We
use a flexible spline parametrization: specifically, J;(R) is expanded in a basis of cubic B-splines
defined on a grid in In R. A scaling factor R~3 is applied to each spline series to improve numerical
stability. The four group-spline functions together span a rigidity range from about 1 GV up to
3 x 10'! GV, covering the entire energy spectrum from GeV to ultra-high energies.

The fluxes of individual elements J; are determined from direct measurements (e.g. HEAO
and AMS-02 data) and fitted using individual splines (lower left panel of Fig. 1). At energies



Global Spline Fit GSF-2025 — An update of the data-driven model of the cosmic-ray flux and its mass
composition

30 p o* Fe* 107
Nl. Fe*
Fega Co
( ]
25 1 Cr.'Mn (; 106 4
. Ti. Y é; ,/ AN
20 D EE 2 -
o £ 105 4 e
Ar X 7
S o Cl T // i
N 15 1 SigyP 5 , I
N ,Al o~ 104 - / I
E.. a 4 AR
10 - Ne @"Na 2 / V/
o@'F Q / A
.0 s ¥ = \1;
CoN 210440 i \
57 Be, *B 1 '
o 1 \
P Li s
0l® T L/ A — Vi R
! ! T T T 1102 103 104 105 106 107 108 10° 1010 101!
0 1 ) 3 4 101 102 10° 10* 105 106 107 108 10° 10'° 10
InA Exin/GeV
104 4 p Pierre Auger A —.—:— 0.89
Telescope Array - —e—]— 091
© KASCADE-Grande 4| ~——e—— | 0.76
= 103 4 ‘ Tunka-133 —e— 098
5 IceCube —e— 106
g LHAASO - 0ge . T 102
X 10%7 Qo GRAPES-3 e
= V e HAWC - - 1.05
. Fe VERITAS | —————— | 0.73
2 10" 5 /-——*';W HES.S. ] —e= 097
= NUCLEON-KLEM - —e— 094
> 100 4 ISS-CREAM - « 099
< DAMPE - * 0.99
> CALET o 098
= 107! 5 AMS-02 - e 1.00
PAMELA - e 1.00
HEAO - - : 0.94
1072 T T T T T ACE-CRIS{ = 100
10210t 102 100 10t 107 100 0.5 06 07 08 09 1.0 1.1 12 13 14 15
RIGV Eexp/Egsk

Figure 1: Top left: GSF mass groups, each named after a leading element (starred), divide In A into four
parts. Circle areas indicate flux ratios J;(R)/Jr(R). Top right: Iron group flux (thick line), elemental iron
(dashed), and subleading elements (thin lines). Bottom left: Direct measurements of proton, helium, oxygen,
and iron fluxes; unlabeled points show subleading elements. Bottom right: GSF energy scale adjustment
factors; values < 1 indicate underestimated energy. See Tab. 1 for data sources.

outside of this range, where no data are available, the relative abundance with respect to the leading
element, wy; = J;/Jr, is kept constant in rigidity and determines the average composition of that
group. These ratios are shown in the top left panel of Fig. 1 for a rigidity outside of the direct
measurement range. This grouping strategy — assigning the elements to four groups of roughly equal
size in In A — is common practice and reflects the fact that air-shower experiments have relatively
coarse resolution in mass (approximately constant resolution in In A). It provides a reasonable
approximate description of composition: neighboring elements tend to show nearly constant flux
ratios (in R) in direct observations. The total all-particle flux J(E) at energy E is obtained by
summing contributions from all groups (and all elements therein), converting each group’s rigidity-
dependent flux to energy space. Notably, the flux of a heavy-element group (e.g. iron group) can
be significantly higher than the flux of its leading element alone, as shown in the top right panel of
Fig. 1.
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Figure 2: Top: Scaled particle flux per energy interval from direct and indirect measurements (see Tab. 1) for
the sum of elements in a light (proton + helium) and heavy (other elements) mass group; the total flux (thick
solid, black) is also shown for reference. Bottom: Fraction of flux per energy interval from direct and indirect
measurements for the four mass groups with leading elements proton, helium, oxygen, and iron. Error bars
indicate the quadratic sum of statistical and systematic uncertainties. Lines and error bands represent the
GSF fit. All data points are adjusted to the common energy scale.

3. Combined fit to direct and indirect data

The GSF model is fitted to a broad collection of cosmic-ray measurements, including both direct
observations of individual elemental spectra and indirect air-shower observations of aggregate fluxes
and composition. All-particle energy spectra from air-shower arrays are compared to the sum of all
group fluxes Jyi(E). In cases where experiments report partial fluxes (such as the light-component
p + He or heavy-component C-Fe), the model predictions are formed by summing the appropriate
group contributions (e.g. J, + Jye for the light group) (Fig. 2 top). Composition measurements
given as fractional abundance (fractions of total flux in a mass group) are also incorporated by
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comparing fractional group fluxes at the corresponding energies (Fig. 2 bottom). In this manner,
the GSF simultaneously fits all available datasets — each with potentially different energy ranges
and reporting formats — in one consistent framework.

Statistical and systematic uncertainties of each data point are combined in quadrature and
used to weight the fit (effectively constructing a y? or likelihood function). Importantly, direct
experiments typically have well-calibrated energy (rigidity) scales, whereas indirect experiments
often have sizable systematic uncertainties in energy calibration. The GSF method addresses this by
treating each experiment’s energy-scale offset zg as a nuisance parameter to be determined by the fit.
In practice, an energy shift corresponds to adjusting the data’s energy axis by a factor (1 + zg), and
the flux by (1+z£)~!. Allowing small zz adjustments (within the reported calibration uncertainty of
each experiment) enables an automatic cross-calibration of all data sets on a common energy scale.
This approach generalizes earlier efforts that aligned spectra “by hand” — here the shifts are obtained
algorithmically as part of the global fit [2-4]. The penalty term 3} ;(zk,;/ O'E,_,)2 is added to the total
X to constrain each shift z E,j Within the experiment’s uncertainty og, ;. This simultaneous fitting of
flux and energy-scale parameters significantly reduces systematic normalization differences between
experiments, leading to a more coherent all-particle spectrum.

The model has on the order of 300 free parameters (about 20 B-spline coefficients for each of 4
groups, about 5 coefficients for each of subleading elements, plus a modest number of energy-offset
parameters) to be determined from the data. We perform an iterative, hybrid fitting procedure to
efficiently handle this high-dimensional optimization. In essence, the method alternates between
adjusting the flux shapes (linear step) and adjusting the experimental energy scales (non-linear step)
to find a consistent minimum. Finally, a joint fit of all parameters together is performed starting from
the previous solution to ensure that a true global minimum is reached and to compute the covariance
matrix of the best-fit parameters. The covariance (obtained from the inverted Hessian matrix at the
minimum) provides uncertainty estimates for each fitted component, which can be propagated to
uncertainty bands on the flux predictions. The outcome of this procedure is a smoothly varying,
data-driven cosmic ray flux model that spans many decades.

3.1 Data Selection and New Data Sets

The complete list of cosmic-ray data sets used in the 2025 update of the Global Spline Fit
(GSF) is provided in Tab. 1. Several new high-energy direct measurements have been incorporated,
including elemental spectra from CALET, DAMPE, NUKLEON, and ISS-CREAM. For many
elements, the latest AMS-02 data supersede earlier measurements from HEAO and ACE-CRIS.
This replacement is motivated by the significantly higher precision of AMS-02 and the limited
statistical impact of the older data in the global fit. In cases where AMS-02 and HEAO data were
in tension, AMS-02 was given preference. In the energy range near the knee, recent results from
HAWC, GRAPES-3, and in particular LHAASO have substantially improved the observational
coverage, bridging the gap between direct and indirect measurements of the light-component flux.
At ultra-high energies, we have incorporated updated measurements of the energy spectrum and
mass composition from the Pierre Auger Observatory.

A new feature in this GSF update is the inclusion of measurements of the moments of logarith-
mic mass In A. Specifically, we include the first moment published by LHAASO and the first and
second moments from Auger. While moments of In A are not entirely independent of mass fraction
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Table 1: Experimental data used in the GSF-2025 fit. Altitude /& and atmospheric depth X are approximate
and intended for orientation. The last two columns show the systematic uncertainties on energy scale and
flux normalization. Legend: a) published systematic uncertainties used; b) uncertainty of flux fractions in
mass groups increased by 0.1; c) uncertainty of mass group fractions taken as the range across hadronic
interaction models; d) 0.2 for light/heavy flux, 0.1 for total flux. Atmospheric depths are based on [4].

Experiment Detector type hlkm] Xl|g cm™2] ows|EI/E  osyslJ]]J
ACE-CRIS [5, 6] satellite - - - a)
HEAO [7] satellite - - 0.02 a)
PAMELA [8, 9] satellite - - - a)
AMS-02 [10-13] satellite - - - a)
CALET [14-19] satellite - - 0.02 a)
DAMPE [20-23] satellite - - 0.02 a)
ISS-CREAM [24] satellite - - 0.02 a)
NUCLEON-KLEM [25]  satellite - - 0.05 a)
GRAPES-3 [26] surface array 2.2 600 0.50 a)
H.E.S.S. [27] Cherenkov telescope 1.8 795 0.05 a)
VERITAS [28] Cherenkov telescope 1.3 860 0.20 a)
HAWC [29, 30] surface array 4.1 540 0.16 a)
LHAASO [31, 32] optical + surface 4.4 520 0.10 a)
IceCube [33, 34] surface array 3.0 680 0.10 a), b)
Tunka [35, 36] optical 0.68 938 0.10 0.10
KASCADE-Grande [37]  surface array 0.11 1022 0.15 d)
TA [38, 39] optical + surface 1.4 845 0.20 0.10
Auger [40-45] optical + surface 1.4 845 0.14 a), c)

data, we find that these measurements provide additional constraints predominantly at higher ener-
gies, where mass group fraction data are sparse. In the overlapping energy region, the inclusion of
In A moments has negligible impact on the fit.

4. Results

The main result of the GSF model is shown in Fig. 3. We observe excellent consistency between
direct measurements, with all data sets agreeing within their quoted uncertainties. Notably, the
proton spectrum is now experimentally constrained from the lowest rigidities to the highest energies
observed, owing to recent data from DAMPE, ISS-CREAM, and LHAASO. The helium flux is also
well determined across the full energy range of direct measurements and the crossing of p and He
fluxes is well established.

The least certain components remain the oxygen and iron groups near knee energies. Between
the knee and the ankle, previously noted discrepancies between IceCube, Auger, and KASCADE-
Grande persist, largely unchanged since the 2017 GSF analysis. These tensions are not unexpected,
given the differing hadronic interaction models employed in the interpretation of air-shower data.

We encourage indirect detection experiments—such as TALE, LHAASO, and Auger—to pro-
vide results interpreted using multiple hadronic models to facilitate model-agnostic comparisons
and improve compatibility across datasets.

At ultra-high energies, the GSF fit continues to be dominated by data from the Pierre Auger
Observatory. The inclusion of recent composition and moment measurements has led to a further
reduction in the uncertainties of the high-energy mass composition.

In summary, the GSF-2025 model provides a coherent and comprehensive description of the
global cosmic-ray flux and composition data, serving both as a tool for interpretation and a reference
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Figure 3: Scaled cosmic-ray flux per energy interval from direct and indirect measurements (see Tab. 1).
Solid markers indicate direct measurements of the leading elements in each mass group; open markers
represent indirect air-shower observations. Error bars denote the quadratic sum of statistical and systematic
uncertainties, except for indirect mass-group data, where they are omitted for clarity. All data points are
adjusted to a common energy scale E, consistent with Fig. 1. Solid lines and shaded bands show the GSF
prediction and its uncertainty. Note that the fluxes of elemental oxygen and iron are lower than the total flux
of their respective mass groups, as discussed in the text.

for future theoretical and experimental studies.
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