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‣ Spectral characteristics from acceleration and 
propagation mechanism effects 

‣ Mass composition reveals information about local 
source environment and of cosmic ray propagation in 
the Galaxy.  

‣ In general, it is thought that cosmic rays with energies 
below PeV are of galactic origin and that their 
acceleration and transport in the Galaxy occur through 
diffusive processes driven by B-fields.  

‣ Energies up to PeV assumed from 1st order Fermi 
acceleration in shocked plasmas of SNRs with 
propagation through scattering on random fluctuations 
in the ISMF. 

‣ CR of  extra-galactic origin above 109 GeV 
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 The Cosmic-Ray Spectrum
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2

 The Cosmic-Ray Spectrum
https://web.physics.utah.edu/~whanlon/spectrum.html

‣ Previously: little data in 10 TeV - 100 TeV region 

‣ Recent direct measurements have been extended to 
higher energies 

‣ Ground-based experiments to lower energies 

‣ Overlap allows for cross-calibration



10 GeV - 100 TeV

• ATIC-2

• Energy spectra of protons and He, C, O, Ne, Mg, Si, and 
Fe nuclei 

• Complex structure of the energy dependence of the mean 
logarithm of atomic weight.  (i. e. softening at ~ 10 TV)

Direct measurements
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account approximately using the correction coeffi-
cients. In this study, were used the FLUKA code for
primary protons and helium nuclei with different initial
energies to perform quantitative simulation of the
instrumental shape of charge lines. The problem of
reconstructing the initial intensities of overlapping pro-
ton and helium lines was solved accurately taking into
account the obtained functions. The refined processing
data are shown in Fig. 1. The refined results differ only
slightly from the more approximate preliminary data
[5, 8]. These results confirm the conclusion on different
average slopes of the proton and helium spectra: the
helium spectrum is on average flatter. Figure 1 shows,
along with the ATIC-2 data, the results of the AMS
[9, 10], CAPRICE-98 [11], and BESS-TeV [12] exper-
iments.

 

Spectra of Abundant Even Nuclei from Carbon to Iron 

 

The following methodical effects were taken into
account upon obtaining spectra of abundant nuclei
beginning from carbon.

(1) Backgrounds related to the high-energy tails of
charge distributions for proton and helium lines, which
result from either fluctuations of ionization losses in sil-
icon detectors (Landau distribution tails) or the influ-
ence of inverse currents and nuclear interactions of par-
ticles in the charge unit were taken into account. Due to
these high-energy tails, a primary proton or helium
nucleus can simulate the arrival of a heavier nucleus,
which can distort noticeably the values of fluxes of
nuclei heavier than helium.

(2) The FLUKA code was used to calculate the
instrumental shapes of charge lines for each nucleus of
interest and the cross backgrounds of different nuclei
(due to the interactions with silicon matrix design ele-
ments, a nucleus can be falsely recorded as another
nucleus with either higher or lower charge). The prob-
lem of taking into account the line overlap was solved
accurately using this information (it is reduced to solu-
tion of a system of linear equations).

(3) The logarithmic growth of the ionization power
of particles (shift of charge lines) with increasing parti-
cle energy. In fact, were used the connection of the
position of charge lines with the energy release in the
calorimeter rather than with the initial particle energy,
and this dependence was approximated by a linear
function of the energy logarithm with the slope 

 

α

 

 =
1.2% per decade of energy release. It was shown that
the coefficient 

 

α

 

 depends weakly on the particle charge
(as was expected).

(4) The upper layer of the scintillator hodoscope
was used as the additional charge detector; this
approach allowed us to obtain the charge spectrum with
a much better resolution (the line full width at half-
maximum for the carbon line was on average 0.77

 

e

 

 for
the silicon matrix and 0.59

 

e

 

 for the combination of sil-
icon matrix and scintillator hodoscope) at the expense
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 Spectra of protons, helium, and other abundant
nuclei.

E, GeV/particle 
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best-fit spectral indices for proton and helium nuclei,
respectively, as a function of low- and high-energy bounds
used in selecting the data input to the fit. These figures show a
gradual change of index as the low-energy bound is increased,
for both proton and helium spectra. The large similarly colored
areas in the two-dimensional maps correspond to a most
probable index value of about −2.6 for proton and helium
spectra, in the region below 20 TeV.

The combined fluxes from CREAM-I and CREAM-III for
protons and helium nuclei, given in Table 3 and shown in
Figure 6, were estimated by weighting the separate spectra with
their respective flight exposures. Uncertainties are propagated
from the separate statistical uncertainties of both results. As
shown in Figure 6, the CREAM-I and CREAM-III combined
data show the same steepening as the CREAM-III data.
However, their statistical uncertainties are rather large above
∼20 TeV, and more data are needed.

The measured CREAM-III p/He ratio is on average 9.6±0.3
for the 1 TeV/nto 63 TeV/nrange, while the CREAM-I ratio is
9.1±0.5 from 2.5 TeV/nto 63 TeV/n. The measured ratio from
CREAM-III is significantly smaller than that of ∼20 measured in
the range 10–100 GeV/n (See Figure 7). The p/He ratios in
CREAM-III have large statistical uncertainties and fluctuations
above 10 TeV/n, where more data are clearly needed.

6. Discussion

As mentioned in Section 1, a number of models have been
suggested to explain the observed hardening and abundances in
cosmic-ray spectra. The CREAM-III results are compared here
with two models by Zatsepin & Sokolskaya (2006) and Ptuskin
et al. (2010), as shown in Figure 8. The model of Zatsepin &
Sokolskaya (2006) describes the cosmic-ray spectrum in terms
of three different classes of sources, each indicating a power-
law in rigidity with its specific spectral index and maximal

Figure 3. Proton (left) and helium (right) spectra from CREAM-III (filled circles) with power-law fits (lines). Statistical uncertainties are shown. Selected previous
measurements are also shown: AMS-02 (triangles), ATIC-2 (diamonds), CREAM-I (squares), and PAMELA (stars).

Figure 4. Distribution (left) of the best-fit spectral index as a function of the low- and high-energy bounds for the range of points used in the fit, for CREAM-III proton
data, and distribution (right) of the resulting best-fit index values.
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10 GeV - 100 TeV

• CREAM I-III: 

• apparent suppression beyond 20TeV in the spectra of H

•  Statistical uncertainties are large and suggest additional 
data needed.

Direct measurements

4

Proton Helium

rigidity. For example, it is assumed that the first class comes
from the explosion of isolated stars into the interstellar
medium, the second one comes from supernovae within the
local superbubble, and the third one comes from nova stars
with consideration of solar modulation effects characterized by
the modulation parameter. The first class of sources is limited
in its energy reach, while sources from the second class
accelerate cosmic rays efficiently up the knee region at about
3×1015 eV, which results in a softening over tens of TeV. The
contribution of the third class sources is mostly in the energy
region below ∼300 GeV/n. In this model, the hardening of
proton and helium spectra in the TeV regime is accounted for

from spectral index differences between the first and third
classes, i.e., supernovae into the interstellar medium and novae,
respectively. The other model in Figure8 by Ptuskin et al.
(2010) is a steady-state cosmic-ray spectrum, taking into
account magnetic-field amplification and Alfvénic drift both
upstream and downstream of supernova shocks. Different types
of supernova remnants (SNRs) and their evolution were
considered, including Type Ia, Type IIP, Type Ib/c, and Type
IIb SNRs, which constitute about 90% of all supernovae. The
source normalization for nuclei from protons to iron was
adjusted from a fit to the observed cosmic-ray composition at a
reference energy of 1 TeV. According to the modeling, the
Type IIP SNRs (most frequent in the Galaxy) accelerate
particles by forward shocks up to about 100 TeV and the Type
Ia and Type Ib/c SNRs (less frequent) accelerate particles up to
the knee. The reverse shocks in these SNRs produce very hard
particle spectra with about order of magnitude smaller
maximum energies. Each shock is modified by the pressure
of the accelerated particles and produces a concave energy
spectrum. This explains the deviations of the calculated
interstellar cosmic-ray spectrum from a simple power-
law form.
Measured proton and helium energy spectra from the

CREAM-III flight exhibit significant fluctuations as well as
an apparent suppression beyond 20 TeV, where statistical
uncertainties are large. Additional data will be needed to reduce
statistical uncertainties and clarify the situation, especially
above 100 TeV, where there are few events for previous
instrument exposures. The CREAM payload has recently been
transformed for accommodation on the International Space
Station (ISS). It is currently scheduled to launch on SpaceX-12
in 2017 June to be installed on the ISS JEM-EF module. The
CREAM instrument on the ISS is expected to have better
performance than that for the balloon flights. For instance, the
SCD provides four independent measurements of the charge,
each with a resolution of <0.2e, while the SCD on the balloon
flights provided two independent measurements. In addition,
reduced event losses are expected on the ISS compared to the
balloon flights, due to reduced atmospheric overburden and
detector materials above the SCD. The performance of the
calorimeter on the ISS is expected to be the same as that for the
balloon flights, measuring cosmic rays in the energy range of
1011 to >1015 eV, with energy resolution ∼40%. Along with
newly introduced top and bottom counting detectors and a
boronated scintillator detector, it is expected to measure lower-
energy events on the ISS, especially electrons, given a new e/p
separation capability. The CREAM energy reach is expected to
be increased by more than an order of magnitude with a three-
year exposure on the ISS. A three-year exposure on the ISS will
greatly reduce the statistical uncertainties and extend CREAM
measurements to energies beyond any reach possible with
balloon flights, as illustrated in Seo et al. (2014).

This work was supported in the U.S. by NASA grants
NNX11AC50G, NNX11AC52G, and their predecessor grants,
in Mexico by DGAPA-UNAM grant IN109617, and in
Korea by the National Research Foundation grants (No.
2015R1A2A1A01006870, and No. 2015R1A2A1A15055344).
The authors thank NASA Wallops Flight Facility, Columbia
Scientific Balloon Facility, and National Science Foundation
Office of Polar Programs for the successful balloon launch, flight
operations, and payload recovery. This work is supported by

Figure 7. Ratio of proton to helium fluxes from CREAM-I (open squares) and
CREAM-III (filled circles) compared with other measurements: JACEE (open
crosses, Asakimori et al. 1998), RUNJOB (filled crosses, Apanasenko
et al. 2001), CAPRICE94 (pluses, Boezio et al. 1999), CAPRICE98 (open
inverted triangles, Boezio et al. 2003), LEAP (open circles, Seo et al. 1991),
ATIC-2 (open diamonds), and PAMELA (thin crosses). Statistical uncertainties
for CREAM-I and CREAM-III data are shown.

Figure 8. CREAM-III (filled circles) and CREAM-I (open squares) spectra for
proton and helium nuclei, compared with models by Zatsepin & Sokolskaya
(2006, dashed line) and Ptuskin et al. (2010, solid line).
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10 GeV - 100 TeV

• DAMPE: 

• Measurements of the spectrum of protons (Q. An et 
al., 2019) between 40 GeV and 100 TeV; 

Direct measurements

5
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10 GeV - 100 TeV

• DAMPE: 

• Measurements of the spectrum of protons (Q. An et 
al., 2019) between 40 GeV and 100 TeV; 

• He for E = 70 GeV - 80 TeV (F. Alemanno et al., 
2021).

Direct measurements
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10 GeV - 100 TeV

• DAMPE: 

• Measurements of the spectrum of protons (Q. An et 
al., 2019) between 40 GeV and 100 TeV; 

• He for E = 70 GeV - 80 TeV (F. Alemanno et al., 
2021).

• First confirmation of TeVs cutoffs in H and He 
spectra reported by ATIC-2 AND CREAM I-III.

Direct measurements
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Q. An et al., Science Adv.  (2019)
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FIG. 3: Helium spectrum weighted by E2.6 (top panel) measured by
DAMPE. In the bottom panel, we compare the DAMPE spectrum
(converted to kinetic energy per nucleon assuming the AMS-02 mea-
sured 3He/4He isotope ratio [26]) with previous measurements by
PAMELA [4], AMS-02 [6], CREAM-III [3], ATIC-2 [2], and NU-
CLEON (KLEM) [9]. Error bars of the DAMPE data show the statis-
tical uncertainties. The inner and outer shaded bands denote the sys-
tematic uncertainties from the analysis (�ana) and the total systematic

uncertainties including those from hadronic models
✓q
�2

ana + �
2
had

◆
.

For the PAMELA and AMS-02 results, the error bars contain both
the statistical and systematic uncertainties added in quadrature. For
the other measurements, only the statistical uncertainties are shown.

⇠0.5% for the track selection e�ciency (�track), ⇠3.5% for
the charge selection e�ciency (�charge). We re-weighted the
spectrum of the MC simulations with spectral index chang-
ing from 2.0 to 3.0, and found that the helium fluxes changed
by . 1%. The analysis using energy measurements with 14
layers of the BGO calorimeter led to . 1% di↵erences from
the results presented here. These two were combined together
to give systematic uncertainties from the spectral unfolding,
�unf . The 3He/4He isotope ratio, which mainly a↵ects the cal-
culation of the average number of nucleons, was estimated to
contribute to about 0.2% (�iso) of the fluxes at low energies
(⇠100 GeV) and even smaller at higher energies via varying
the ratio by ±5% which is conservative according to the AMS-
02 measurements [26]. We also estimated the e↵ect of back-
ground subtraction through varying the PSD charge selection
of Eq. (1) by ±5%, and found that the results di↵ered by about

1% � 1.5% (�bkg). The total systematic uncertainty from the
analysis was given by the quadrature sum of the above uncer-
tainties, which was about 5.6%. The absolute energy scale
of the measurement, whose uncertainty was estimated to be
⇠1.3% based on the geomagnetic cuto↵ of e± [36], would re-
sult in a global but tiny shift of the spectrum, and was not in-
cluded in the total systematic uncertainty. Di↵erent analyses
obtained consistent results within the uncertainties.

The largest systematic uncertainty comes from the hadronic
interaction models. In this work we used the di↵erences be-
tween the results based on the GEANT4 and FLUKA simu-
lations as the hadronic model systematic uncertainties, which
turned out to be about 12%� 15% for incident energies above
300 GeV. At lower energies, we used the test beam data of He-
lium with kinetic energies 40 GeV/n and 75 GeV/n [25] to es-
timate the e�ciencies and energy deposit ratios, and obtained
the flux di↵erences between the test beam data and simula-
tion data of ⇠13%. Thus the systematic uncertainties from the
hadronic model below 300 GeV were estimated as 13%. The
statistical and systematic uncertainties for di↵erent incident
energies are summarized in Fig. S8 of the Supplemental
Material.

From Fig. 3 we can observe that the Helium spectrum
experiences a hardening at ⇠TeV energies and then shows
a softening around ⇠30 TeV. The spectral fitting (see the
Supplemental Material which includes Ref. [37]) gave a
significance of the hardening of 24.6�, and a hardening en-
ergy of (1.25+0.15

�0.12) TeV. What is more interesting is the soften-
ing feature which is clearly shown in the DAMPE spectrum. A
possible softening of the spectrum was reported by previous
measurements [3, 9], but the limited statistics and the large
systematic uncertainties prevented a conclusion on this spe-
cific point. The significance of the softening from the DAMPE
measurements is about 4.3�. The softening energy is found
to be 34.4+6.7

�9.8 TeV, with a spectral change �� = �0.51+0.18
�0.20.

Together with the softening energy of the DAMPE proton
spectrum, 13.6+4.1

�4.8 TeV [7], the results are consistent with a
charge-dependent softening energy of protons and helium nu-
clei, although a mass-dependent softening cannot be excluded
by current data.

Summary. — The GCR helium spectrum from 70 GeV to
80 TeV is measured with 4.5 years of the DAMPE data. We
confirm the hardening feature of the helium spectrum reported
by previous experiments. The hardening is smooth with a
hardening energy of ⇠1.3 TeV. The DAMPE data further re-
veals a softening feature at ⇠34 TeV with a high significance
of 4.3�. Combined with the proton spectrum, the soften-
ing energy is well consistent with a dependence on particle
charge, although a dependence on particle mass can not be
ruled out yet. These results will provide important implica-
tions in understanding GCR acceleration or propagation pro-
cesses. Extending the DAMPE measurements to even higher
energies is possible with new data and improved analysis per-
formance.

Acknowledgements. — The DAMPE mission was funded
by the strategic priority science and technology projects in
space science of Chinese Academy of Sciences. In China
the data analysis is supported by the National Key Research

F. Alemanno et al., Phys. Rev. Lett. (2021)
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• DAMPE: 

• Confirmation of the softening  at ~ 25 TeV for combination 
of p and He spectra

• Extension to 300 TeV

• Overlapping with indirect measurements

Direct measurements
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10 GeV - 100 TeV

• ISS-CREAM: showed preliminary results at 
ICRC2021 that seem to support HAWC observations 
on the recovery of light cosmic ray spectra around 100 
TeV

Direct measurements
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G. H. Choi, PoS(ICRC2021)094

PoS(ICRC2021)094

ISS-CREAM Cosmic-Ray proton spectrum G. H. Choi

Figure 5: Compilation of proton spectrum; The black line is a fitted line of the spectral index using the
ISS-CREAM proton data with statistical and systematic errors in the energy range 2.5 to ⇠ 65 TeV.

The result of our proton spectrum with a single power-law (PL) fit obtained W = 2.67 (±0.02)
through equation (3) at the low energy range from 2.5 to 12.5 TeV. The result is consistent with that
our prior CREAM experiment within the errors. We also observed the spectrum clearly softens at
⇠ 10 TeV. It was fit by a Smoothly Broken Power-Law (SBPL) equation (4). The fit result is shown
with the black line in Fig. 5, the fitted index using data to energy from 2.5 to 65 TeV is 2.66 (±
0.03) for a power-law break at ⇠ 11.9 (± 5.2) TeV and �W is 0.33 (± 0.07) with a significance of ⇠
4.62f. We also tried to extend the fit to the energy range above 100 TeV, but the break point of the
energy moves to lower energy and the significance gets lower due to large statistical uncertainties.
This result as the spectrum softens around 10 TeV is consistent with the bump-like structure as
reported in the CREAM-I + III, DAMPE and NUCLEON. We will discuss the fit results in more
detail in upcoming publications.

�(⇢) = �0

✓
⇢

⇢0

◆�W
(<2 BA B ⌧4+)�1 (3)

Where W is a spectral index.
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Where ⇢1 is the energy at which the spectrum changes and V is a smoothness fit parameter.

6

ISS-CREAM; NASA; UMd



10 GeV - 100 TeV

• CALET: Measurements of the p and He spectrum confirm 
the cutoffs in the p spectrum between 50 GeV and 60 TeV.

Direct measurements
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O. Adriani et al. Phys. Rev. Lett. (2022)
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   Indirect Detection Methods

gamma shower             Proton shower               Iron shower                       

Imaging Atmospheric Cherenkov Telescope (IACT) Extensive Air Shower Array (EAS)

Image: Armelle Jardin-Blicq (HAWC Collaboration)

Images: Fabian Schmidt, University of Leeds, UK (https://www.iap.kit.edu/corsika/)

HAWC Collaboration

HAWC Collaboration

https://www.iap.kit.edu/corsika/


12

   Indirect Detection Methods

‣ Detection of secondary air shower particles 

‣ Large variance in shower development 

‣ Method: 

‣ Limited observables: deposited charge, lateral charge 
distribution, core location, arrival direction, etc. 

‣ Use Monte Carlo simulations to statistically separate 
different mass species based on observables: 

‣ Direct cuts 

‣ ML methods 

‣ (typically) use an unfolding method to derive physical 
spectrum from observed spectrum, accounting for 
effective area, efficiency.
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‣ More than 82% of H and He in 
subsample

• Age parameter is sensitive to composition

Light

Select a sample enriched with light nuclei

• Select a subsample using a cut on the age
• Content of H + He in subsample

‣ Subsample must have a large relative 
abundance of H and He.

5) Analysis
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G. D’Agostini, Nucl. Inst. Meth. Phys. Res., 362 (1995).

Amenomori, M. et al, Phys. Rev. D (2000)
J. C. Arteaga-Velázquez (ISVHE-CRI 2022)



EAS Experiments 10 TeV - 1 PeV
• TIBET measured the energy spectrum of H and He for E = 200 TeV - 1 PeV. 

• EAS-TOP with MACRO, on the intensity of H, He and CNO primaries.

• KASCADE, on the flux of p primaries [6].

• ARGO-YBJ performed measurements on the spectrum of the H+He mass group. 

Early Ground-based Measurements
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Amenomori, M. et al, Phys. Rev. D (2000)
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• TIBET measured the energy spectrum of H and He for E = 200 TeV - 1 PeV. 

• EAS-TOP with MACRO, on the intensity of H, He and CNO primaries .

• KASCADE, on the flux of p primaries .

• ARGO-YBJ performed measurements on the spectrum of the H+He mass group. 

Early Ground-based Measurements
EAS Experiments 10 TeV - 1 PeV

Aglietta, M. et al, Astro. Phys. 21 (2004)

Aglietta, M. et al, Astro. Phys. 10 (1999)

EAS Array+Deep Underground µ-detector

Piero Vallania

https://www.researchgate.net/profile/Piero-Vallania
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• TIBET measured the energy spectrum of H and He for E = 200 TeV - 1 PeV. 

• EAS-TOP with MACRO, on the intensity of H, He and CNO primaries .

• KASCADE, on the flux of p primaries .

• ARGO-YBJ performed measurements on the spectrum of the H+He mass group. 

Early Ground-based Measurements
EAS Experiments 10 TeV - 1 PeV

T. Antoni, et al. Astro. Phys J. 612, 2004

https://www.iap.kit.edu/kascade
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VII. DISCUSSION

The energy spectrum of the light component of the
primary cosmic rays from 1012 to 1015 eV plays an im-
portant role to understand the mechanisms of acceleration,
propagation, and galactic confinement. Spectral differ-
ences between the proton and helium components might
be related to different types of sources and acceleration
environments [8,41]. The present analysis does not allow
the determination of the individual proton and helium
contributions to the measured flux, and shows a discrep-
ancy with the spectra obtained at lower energies from
direct measurements by the passive balloon-borne experi-
ments JACEE and RUNJOB. The disagreement with the
spectrum obtained adding the proton and helium compo-
nents quoted by RUNJOB [30] is remarkable. This dis-
crepancy takes place also at energies around 100 TeV
where the JACEE and RUNJOB experiments report a
proton spectral index of about !2:8 [6,30]. Deriving the
primary energy spectrum from ground-based EAS mea-
surements introduces uncertainties related to the hadronic
interaction model underlying the analysis. The strip multi-
plicity spectrum measured by ARGO-YBJ is mainly due to
the electromagnetic component of the shower, the fraction
of muons and hadrons being less than 10%. This

component is sensitive to parameters governing the longi-
tudinal development of the shower, like the proton-air
inelastic cross section and the energy transferred to the
leading particle (elasticity). These processes influence the
number of particles observed at ground level. A different
longitudinal development of the shower could stretch or
compress the energy scale in such a way as to affect the
spectral shape. In this context it is worthwhile to note that
the proton-air inelastic cross section measured by the
ARGO-YBJ experiment in the energy range ð1#
100Þ TeV [37] has been found in good agreement with
the values set in the CORSIKA/QGSJET code. According to
the results shown in Fig. 6, the QGSJET and SYBILL
models provide the same description of the longitudinal
development of the shower in the energy range of interest.
Moreover, dedicated calculations find that the influence on
the shower size of different low-energy models (GHEISHA
and FLUKA) is negligible [42]. These results give support
to the present interpretation of the ARGO-YBJ experimen-
tal data.

VIII. CONCLUSIONS

The peculiar features of the ARGO-YBJ experiment—
high segmentation coupled to a digital readout, full
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FIG. 7 (color online). The differential energy spectrum of the light component (proton and helium)measured byARGO-YBJ (filled red
triangles) compared with the proton (open circles) and helium spectra (filled circles) measured by the CREAM experiment [43]. The
crossed circles represent the sum of the proton and helium data measured by CREAM [5]. The blue dotted line represents the best fit to
proton and heliumdata quoted byHörandel [3], and the shaded area is obtained considering the errors on the fit parameters. The dashed line
represents the JACEE proton and helium measurements [6], and the dash-dotted line represents the RUNJOB proton and helium
measurements [30] (the errors on both are not reported). The black cross represents the proton and helium flux measured by EAS-TOP
and MACRO Collaborations [40]. The spectra obtained at lower energies by PAMELA (green diamonds) [44], AMS (stars) [45], BESS
(squares) [46], and CAPRICE (inverted triangles) [47] are also shown.

B. BARTOLI et al. PHYSICAL REVIEW D 85, 092005 (2012)

092005-8

• TIBET measured the energy spectrum of H and He for E = 200 TeV - 1 PeV. 

• EAS-TOP with MACRO, on the intensity of H, He and CNO primaries .

• KASCADE, on the flux of p primaries .

• ARGO-YBJ performed measurements on the spectrum of the H+He mass group.

• Consistent with single power law with γ = −2.64±0.01

B. Bartoli,  et al. Phys. Rev. D (2012) 
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FIG. 6. The proton plus helium spectrum measured by the ARGO–YBJ experiment using the full

2008–2012 data sample. The error bars represent the total uncertainty. Previous measurement

performed by ARGO–YBJ in a narrower energy range by analyzing a smaller data sample is also

reported (blue squares) [4]. The green inverted triangles represent the sum of the proton and

helium spectra measured by the CREAM experiment [24]. The proton (stars) and helium (empty

stars) spectra measured by the PAMELA experiment [25] are also shown. The light component

spectra according to the Gaisser-Stanev-Tilav (dashed–dotted line) [26] and Hörandel (dashed line)

[23] models are also shown.

showing a good agreement between the two distributions. The contribution to the total

systematic uncertainty due to the reliability of the detector simulation has been evaluated

by using the unfolding probabilities and turns out to be about ±6%.

3. Hadronic interaction models

In order to estimate e↵ects due to the particular choice of the high energy hadronic

interaction model in Monte Carlo simulations, a dataset has been generated by using the

SIBYLL 2.1 model [27, 28]. These data have been compared with the QGSJET dataset

used in this analysis. In figure 8 the ratio between the multiplicity distributions obtained by

using QGSJET model and the one obtained by using SIBYLL is reported as a function of

primary energy. The plot shows that the variation of the multiplicity distributions obtained

14

B. Bartoli,  et al. Phys. Rev. D  (2015) 

Early Ground-based Measurements
EAS Experiments 10 TeV - 1 PeV

Cao, Zhen. Universe. 7. 339. (2021)



Other Recent Ground-based Measurements
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• HESS, on the spectrum of Fe nuclei.

Consistent with single power law: γ = 2.62 ± 0.17 

• One of the first indirect observations in agreement 
with direct measurements of Fe component. 

12
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FIG. 10: Differential iron energy spectrum measured with H.E.S.S. for the hadronic models QGSJET and SIBYLL multiplied
by E2.5 for better visibility of structures. The spectral points for both models are measured for the same energies. For better
visibility the SIBYLL points were shifted 10% upwards in energy. The error bars show the statistical errors. The systematic
flux error in each bin is 20%. The measurements from balloon experiments with data points at the highest energies are shown
for comparison [8, 25, 26] (a compilation with more measurements from balloon experiments and space born measurements can
be found in [1]). For a better visibility no horizontal bars marking the bin ranges are shown, they can be found in the respective
papers. When comparing the measurements one should bear in mind that the experiments have different charge thresholds for
their definition of the iron band (see legend).

The statistical error on the measured iron flux is com-
parable to these systematic errors. This means that with-
out an improvement in the latter, the total error of the
measurement can not be significantly reduced by increas-
ing the exposure time of the data set. However, an in-
creased data-set would enable one to extend the measure-
ment towards higher energies. We note that, despite the
systematic uncertainties, the iron flux determined with
this technique is one of the best measurements in this
energy range. The good agreement between the mea-
sured fluxes from balloon experiments and those given
here lends confidence to the results from both techniques.

VI. SUMMARY & OUTLOOK

A technique for the detection of cosmic rays by resolv-
ing the Cherenkov emission from primary particles has
been presented and applied to H.E.S.S. data. As a result
1899 events with Direct Cherenkov light in at least two
telescopes were detected and it was shown that these DC-
events can be considered as background-free. Different
parameter distributions of these events were compared
to simulations using two different hadronic interaction
models and good agreement with the data was found for
both. The strong correlation between the DC-light and
the charge of the primary shower particle made a charge
estimate possible, from which the energy dependent frac-
tion of iron in the data was derived. The energy spectrum

F. Aharonian, et al, Physical Review D (2007) 

IACT Experiments 10 TeV - 1 PeV

https://namibian.org



In order to demonstrate the stability of our results, we divided the data set into two sub-samples: 60 hours 

observations in 2016 and 10 hours in 2017. It is obvious, that the results are stable. The statistical errors are 

close to each other for both rather different as a size data set. It demonstrates, that our statistical uncertainty is 

dominated by the statistics of Monte Carlo simulations.

Proton spectrum for 2016 and 2017

18

• HESS, on the spectrum of Fe nuclei.

• MAGIC, on the intensity of protons 

• VERITAS, on the spectrum of Fe nuclei. 

Other Recent Ground-based Measurements

• Preliminary results shown at ICRC2021 (not included in 
proceedings).


• Protons discriminated from other nuclei through ML

P. Temnikov, et al. ICRC (2021)

IACT Experiments 10 TeV - 1 PeV

© Max Planck Institute for Physics / R. Wagner
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• HESS, on the spectrum of Fe nuclei.

• MAGIC, on the intensity of protons 

• VERITAS, on the spectrum of Fe nuclei. 

12

Table III. Number of iron events and di�erential flux in each energy bin. Ec corresponds to the logarithmic bin center. The –
and — ratios are defined in Eq. (10). N refers to the total number of data events surviving the analysis cuts. Non and Noff are
the number of counts in the ON and OFF regions (see Fig. 3), respectively, and S is the derived number of signal (iron) events.

Bin Emin Emax Ec –s –b —s —b N Non Noff S di�erential flux
[TeV] [TeV] [TeV] [m≠2 s≠1 TeV≠1 sr≠1]

0 20 25.1 22.4 0.519 0.130 0.382 0.784 192 75 102 127 ± 19 (5.8 ± 0.9) · 10≠6

1 25.1 31.6 28.2 0.658 0.173 0.263 0.742 189 76 105 86 ± 15 (2.1 ± 0.4) · 10≠6

2 31.6 39.8 35.5 0.597 0.113 0.258 0.807 171 51 103 65 ± 13 (1.0 ± 0.2) · 10≠6

3 39.8 50.1 44.7 0.640 0.102 0.243 0.845 147 45 95 55 ± 11 (6.1 ± 1.2) · 10≠7

4 50.1 100. 70.8 0.708 0.0644 0.0841 0.862 337 67 229 71 ± 12 (1.5 ± 0.3) · 10≠7

5 100. 200. 141.3 0.838 0.0646 0.0798 0.907 197 41 141 37 ± 8 (4.0 ± 0.8) · 10≠8

6 200. 500. 316.2 0.842 0.0987 0.0722 0.831 65 13 48 8.8 ± 4.4 (3.1 ± 1.6) · 10≠9
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Figure 5. The energy spectrum of cosmic-ray iron nuclei as measured by the VERITAS experiment compared to previous
measurements by VERITAS [25], H.E.S.S. [24], and the balloon-borne detectors TRACER [21, 22] and CREAM [20]. Only
statistical uncertainties are shown.

energy range. The best-fit parameter values and their
statistical uncertainties are:

f0 = (4.82 ± 0.98) · 10≠7 m≠2 s≠1 TeV≠1 sr≠1

and

“ = 2.82 ± 0.30.

B. Systematic Uncertainties

The VERITAS collaboration typically assigns a 20 %
error to the absolute energy scale, due to the uncertainty
on the absolute telescope throughput. This uncertainty
has contributions from the variations in the atmospheric
density and aerosol profiles, changes in mirror reflectivity,
as well as uncertainties in the PMTs’ quantum e�ciency
and absolute gain. The value of 20 % was originally
determined for gamma-ray showers, using dedicated air
shower simulations and the relation between image size

and reconstructed energy. It is assumed to also hold for
iron-induced showers as the same components contribute

to the systematic uncertainty on the energy scale. For
the spectral index measured here, this corresponds to an
uncertainty of about 40 % on the normalization. Addi-
tionally, an uncertainty of 0.2 is assigned on the spectral
index.

Even during nominal observations, some of the PMTs
may be broken, or switched o� due to starlight causing
the current in that pixel to exceed the safe operations
limit imposed by VERITAS. Additionally, noisy pixels
(either due to hardware problems or due to noise due to
starlight) are not taken into account for the analysis. The
selection of DC pixels is particularly sensitive to these
‘dead’ pixels. In the dataset considered for this study,
there were on average 20 dead pixels in each camera.
This was taken into account for the detector simulations.
To assess the e�ect of the number of dead pixels, the
simulations were repeated with 0 and 40 dead pixels per
camera, bracketing the distribution in data. The e�ect on
the reconstructed spectrum was very small. Accordingly,
an uncertainty of 7 % was assigned to the normalization
and an uncertainty of 0.07 was assigned to the spectral
index due to the e�ect of dead pixels.

The template reconstruction method has an intrinsic

A. Archer, et al. Physical Review D 98 (2018)

Other Recent Ground-based Measurements

IACT Experiments 10 TeV - 1 PeV
http://www.nsf.gov
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F. Varsi, et al.  (ISVHECRI 2022)

P.K. Mohanty, et a.  PoS(ICRC2021)003

Other Recent Ground-based Measurements

• GRAPES-3 (EAS): 

• proton spectrum indicates a spectral break at ∼208TeV

• both H and He have reasonably good overlap with other 
measurements

Proton

https://grapes-3.tifr.res.in
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•   From hit times at PMTs, deposited charged, number of PMT’s with signal:
‣ Core location, (Xc, Yc)
‣ Arrival direction, θ
‣ Fraction of hit PMT’s, fhit

‣ Lateral charge profile, Qeff(r)
‣ … [HAWC Coll., ApJ 843 (2017) 39]

1) The  HAWC γ-ray observatory

3ECRS 2022, Nijmegen, the NetherlandsJ.C. Arteaga-HAWC p+He spectrum

 The HAWC !-ray observatory HAWC: J. C. Arteaga 

22



All-particle cosmic ray energy spectrum measured by the 
HAWC experiment from 10 to 500 TeV  

HAWC All-particle cosmic ray energy spectrum 

23

R. Alfaro, et al. Phys. Rev. D 96 (2017)

The number of events observed in time T, within the solid angle 
Ω, and with reconstructed energy Ereco, N(Ereco)  is related to the 
true energy distribution N(E) by


defines the probability of a shower with reconstructed energy Ereco to 
have been produced by a primary particle with energy E. "(E) is the 
efficiency to observe an event with energy E.


The unfolded energy distribution is given by convolving the unfolding 
matrix with the reconstructed energy distribution iteratively via

Bayesian Unfolding
G. D’Agostini, Nucl. Inst. Meth. Phys. Res., 362 (1995).



All-particle spectrum consistent with a broken 
power law 

     

with an index of γ1 = −2.5 ± 0.009 

with a break at  TeV, 

followed by an index of γ2 = −2.7 ± 0.004

ε = 9.9 ± 1.8. 
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HAWC All-particle cosmic ray energy spectrum 
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3.3 ALL-PARTICLE COSMIC RAY ENERGY SPECTRUM

!15

The all-particle cosmic ray energy spectrum obtained in this work compared with the results from 
direct and indirect cosmic ray experiments [14-22].

J. A. Morales - Soto, ICRC 2021. Cosmic ray energy spectrum measured with HAWC.

Preliminary
J. A. Morales - Soto, ICRC 2021

J. A. Morales-Soto & J. C. Arteaga-Velázquez ECRS 2022

All-particle cosmic ray energy spectrum measured by the HAWC experiment from 10 to 500 TeV  



• Produce LDF tables of MC protons:
   Binning in r, Qeff, θ and E

• Maximum likelihood to find table that best fits 
the Qeff(r) distribution of the event, from which 
E is obtained.
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[HAWC Collab., PRD 96 (2017); Z. Hampel-Arias’ PhD 
thesis, 2017]

(Qeff)

• Obtained event-by-event

• Fit of Qeff(r) with a NKG-like function:

with r0 = 124.21 m.
A, s are free parameters 

[HAWC Collab., APJ 881 (2017); J.A. Morales Soto et al., 
PoS(ICRC2019 359 (2019)]

2) EAS age and energy estimations
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 HAWC H+He Energy Spectrum HAWC: J. C. Arteaga 
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‣ More than 82% of H and He in 
subsample

• Age parameter is sensitive to composition

Light

Select a sample enriched with light nuclei

• Select a subsample using a cut on the age
• Content of H + He in subsample

‣ Subsample must have a large relative 
abundance of H and He.

5) Analysis

8ECRS 2022, Nijmegen, the NetherlandsJ.C. Arteaga-HAWC p+He spectrum 8
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6) H + He energy spectrum

H+HeComparison with measurements from other experiments
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HAWC data: H+He  16%± = Eδ

JACEE (98)
ATIC-02 (09)
CREAM (17)
NUCLEON (19)
DAMPE (21)
EAS-TOP (04)
ARGO-YBJ (15)
TIBET AS-gamma (EPOS-LHC, 19) • HAWC data is in agreement with ATIC-2 

close to 104 GeV.

• HAWC data confirm previous hints from 
ATIC-2, CREAM I-III and NUCLEON 
about the existence of a break in the 
spectrum of the light component of cosmic 

rays in the 104 - 105 GeV range.

• HAWC result is strengthened by recent 
DAMPE data.

[HAWC Collab., PRD 105 (2022)] 

15ECRS 2022, Nijmegen, the NetherlandsJ.C. Arteaga-HAWC p+He spectrum 15

 HAWC H+He Energy Spectrum HAWC: J. C. Arteaga 
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HAWC data H+He p-value = 2 x 10-5

-> 4.1σ deviation from   
s cena r i o w i th s i ng l e 
power-law.

• Test Statistics: 
   TS = - Δχ2 = 177.25 

• Results for the double 
power-law fit:

Δ γ = -0.32 ± 0.03

log10(E0/GeV) = 4.38 ± 0.06                 

γ1 = -2.51 ± 0.02 

γ2 = -2.83 ± 0.02

6) H + He energy spectrum

H+HeFit of spectrum

Power-law fit

Double power-law fit

[HAWC Collab., PRD 105 (2022)] 

‣ E0 = 24.0        TeV
+3.6
-3.1

14ECRS 2022, Nijmegen, the NetherlandsJ.C. Arteaga-HAWC p+He spectrum 14

 HAWC H+He Energy Spectrum HAWC: J. C. Arteaga 

27



2) Analysis procedure

• Unfold shower age vs log10(E) data to find the elemental spectra for H, He and heavy nuclei (Z > 2).
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n(s, log10 E)                : # events per ( s, log10 E ) bin.

Pj(s, log10 E| log10 ET): response matrix for EAS from mass group j
                                   (reconstruction and fluctuations).

Φj(ET)                         : spectrum for mass group j.

Aeff                                      : effective area  = Athrown εeff  .

HAWC data
• January/01/16 - June/03/19
• Teff =  3.21 years 
• Θ < 45O 

• Successfully reconstructed
• fhit  ≥ 0.2

• Hit PMT’s within radius of 
40 m > 40

Bins:
Δ log10 (E/GeV) = 0.1
Δ s = 0.17

5.17 x 1010 EAS

[R.Gold, Report ANL-6984, 1964]

[KASCADE Collab., App 24 (2005) 1]

 Apply Gold’s unfolding algorithm

4J.C. Arteaga-HAWC Cosmic Ray Composition ICRC 2021, online, Germany

• s = [1, 3.2] 
• log10 (E/GeV) = [3.5, 6.2]

 HAWC p, He, Z>=3 HAWC: J. C. Arteaga 
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3) Results

9J.C. Arteaga-HAWC Cosmic Ray Composition ICRC 2021, online, Germany

• The elemental spectra do not follow a power-law function. 

• HAWC data show fine structure (> 5σ) between 10 TeV and 251 TeV:

‣  Softenings at O(10 TeV) for H, He and Z > 2.

‣  Hints for hardenings close to 100 TeV for H and He.

• ΦH(E)/ΦHe(E) < 1 for E = [10 TeV, 100 TeV].

• Composition becomes heavier from 10 TeV to 100 TeV.

• Bump in the the all-particle spectrum at ∼ 46 TeV reported
    by HAWC in 2017 is due to the superposition of individual
    softenings in the spectra of light and heavy mass groups.

• Knee-like feature at ∼ 32 TeV in spectra of H+He observed by     
  HAWC in 2019 comes from individual cuts in spectra for H and He.
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[HAWC Collab., PRD 96 (2017) 122001]

[HAWC Collab., PoS(ICRC2019) 176]

 HAWC p, He, Z>=3 HAWC: J. C. Arteaga 
• The elemental spectra do not follow a power-law function. 
 
HAWC data show fine structure (> 5σ) between 10 TeV and 251 TeV:  
                    ΦH(E)/ΦHe(E) < 1 for E = [10 TeV, 100 TeV]. 

• Composition becomes heavier from 10 TeV to 100 TeV. 
• Bump in the the all-particle spectrum at ∼ 46 TeV reported by HAWC in 2017 is due to 

the superposition of individual softenings in the spectra of light and heavy mass 
groups.  
[HAWC Collab., PRD 96 (2017) 122001] 

• Knee-like feature at ∼ 32 TeV in spectra of H+He observed by HAWC in 2019 comes 
from individual cuts in spectra for H and He.  
[HAWC Collab., PoS(ICRC2019) 176] 
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3) Results

13J.C. Arteaga-HAWC Cosmic Ray Composition ICRC 2021, online, Germany
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• Good agreement of HAWC with direct data from DAMPE, ATIC-02 and CREAM I-III within systematic errors.

H and He spectra: Comparison with other experiments

• HAWC confirms softenings at tens of TeV observed by DAMPE, first hinted by ATIC-02, CREAM and NUCLEON.

 HAWC Composition HAWC: J. C. Arteaga  HAWC p, He, Z>=3 HAWC: J. C. Arteaga 
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3) Results

14J.C. Arteaga-HAWC Cosmic Ray Composition ICRC 2021, online, Germany
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HAWC data: H+He

JACEE (98)
ATIC-02 (09)
DAMPE (19)
NUCLEON (19)
CREAM (17)
ARGO-YBJ (15)

• Good agreement of HAWC with ATIC-02, CREAM 
and JACEE within systematic errors.

Light (H + He) and Heavy (Z > 2) spectra: Comparison with other experiments

• ARGO-YBJ disagrees with HAWC data for E < 50 
TeV.

• Agreement of HAWC with ATIC-02 within 
systematic errors. 

•HAWC data is above NUCLEON, MUBEE and 
JACEE observations.

 HAWC Composition HAWC: J. C. Arteaga 
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Discussion

A. Albert et al. Phys. Rev. D 105 (2022)

‣ TeV softening in p+He spectrum could contribute to the softening observed 
at TeV energies in all-particle spectrum. 

‣ All-particle spectrum feature: wider and shifted to higher energies possibly 
from increasing influence of Z > 2 close to 100 TeV, consistent with heavy 
element data from NUCLEON, the mean shower age from HAWC and 
analysis of the efficiency of the age cut.  

‣ Decrease in ΦH+He/ΦTot ratio from 10 to 158TeV suggests relative increase in 
contribution of heavy nuclei in the total spectrum.  

‣ Diffusive shock acceleration predicts a power-law spectrum of nuclei from 
TeV to PeV.  

‣ Max. confinement energy by B-fields either at source or in Galaxy: rigidity 
dependent cuts at ~PeV 

‣ Measurements in tension with standard scenario.  

‣ Some nonconventional models predict features in the ~TeV spectra of 
different nuclei and invoke new kinds of accelerators, nearby sources, or 
modified mechanism of acceleration in astrophysical shocks  

‣ Further studies needed at energy spectra of heavier nuclei in 10 TeV − 1 
PeV range.
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Figure 11: The reconstructed cosmic ray energy spectrum for protons plus helium primaries in the
present analysis with HAWC (black points). The gray error band and the error bars represent the
systematic and statistical uncertainties, respectively. The all-particle energy spectrum for cosmic rays
measured by HAWC and presented in [17] is also shown (open squares). Statistical errors smaller than
the data points are not shown.

has the contributions from the statistics of MC and experimental data (see the next subsection and Appendix
B for details). The contributions were calculated according to [9, 50] and added to obtain the total covariance
matrix, Vstat, used for the fit.

By fitting the spectrum with Eq. (8), we obtained

�0 = 104.32±0.02 m�2 s�1 sr�1 GeV�1
,

�1 = �2.66± 0.01,

with �
2
0 = 177.51, for ⌫0 = 5 degrees of freedom. The fit with the broken power-law formula of Eq. (9) yielded

�0 = 103.71±0.09 m�2 s�1 sr�1 GeV�1
,

�1 = �2.51± 0.02,

�2 = �2.83± 0.02,

E0 = 104.38±0.06 GeV,

" = 9.8± 4.1.

Table 2: Values of the energy spectrum �(E) for the light mass group of cosmic rays as derived in
this analysis using HAWC data calibrated with the QGSJET-II-04 model. The width of the energy
bins employed in this study is � log10(E/GeV) = 0.2. The statistical (��stat) and systematic (��syst)
errors of the spectrum are also given.

E �(E) ± ��stat +��syst ���syst

[GeV] [m�2 s�1 sr�1 GeV�1]

7.94⇥ 103 (8.44 ± 0.07 +0.45 �1.06)⇥ 10�7

1.26⇥ 104 (2.66 ± 0.03 +0.14 �0.38)⇥ 10�7

2.00⇥ 104 (8.34 ± 0.12 +0.46 �1.36)⇥ 10�8

3.16⇥ 104 (2.42 ± 0.05 +0.29 �0.45)⇥ 10�8

5.01⇥ 104 (6.55 ± 0.16 +1.11 �1.33)⇥ 10�9

7.94⇥ 104 (1.77 ± 0.05 +0.41 �0.39)⇥ 10�9

1.26⇥ 105 (4.95 ± 0.19 +1.43 �1.12)⇥ 10�10
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H+He

• Energy spectrum was calculated as:

Φ  =  NUnf(E)/[ΔET ・Δteff・ΔΩ・ fcorr(E)・AeffH+He(E)]

6) H + He energy spectrum

Get energy spectrum from NUnf and effective area

Relative error Φ (%)
Statistical +/- 1.92
Exp. Data +/- 0.01

Response matrix +/- 1.92

Systematic +11.77/-18.71
Composition +0.86/-17.25
Aeff +1.85/-2.04
Cut at He or C +2.87/-0.75
Gold unfolding +1.23
Seed unfolding -1.42
Smoothing unfold. +3.73/-1.32 
PMT efficiency +5.00 
PMT threshold +2.33/-1.53 
PMT charge +1.83 
PMT late light +8.77/-0.14 
Hadronic model -6.47

Total +11.93/-18.81

log10(E/GeV) = 4.5  (32 TeV)

Statistical and systematic uncertainties

11ECRS 2022, Nijmegen, the NetherlandsJ.C. Arteaga-HAWC p+He spectrum 11
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Summary

33

• Earlier indirect measurements lacked statistics and were consistent with a single power law due to limited 
statistics. 

• Direct measurements suggest the existence of a rigidity-dependent cutoff in the energy spectrum at around 
10 TV 

• Dedicated measurements of cosmic ray composition have allowed to reconstruct the spectrum of the light 
component (H+He) and individual nuclei for cosmic rays in the range E = [10 TeV, 100 TeV].  

• First indirect observations by HAWC of a break at ~24.0 TeV in the cosmic-ray spectrum of H+He  

• Measurements confirm previous hints from ATIC-2, CREAM I-III and NUCLEON (and later confirmed by DAMPE)) 
that the H+He spectrum of cosmic rays deviates from a power-law behavior in the 10-100 TeV range. 

• HAWC and GRAPES-3 measurements suggest possible hardening in the intensities of H and He above 100TeV. 

• Further studies needed for energy spectra of heavier nuclei in 10 TeV − 1 PeV range.
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Backup



• Produce LDF tables of MC protons:
   Binning in r, Qeff, θ and E

• Maximum likelihood to find table that best fits 
the Qeff(r) distribution of the event, from which 
E is obtained.
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[HAWC Collab., PRD 96 (2017); Z. Hampel-Arias’ PhD 
thesis, 2017]

(Qeff)

• Obtained event-by-event

• Fit of Qeff(r) with a NKG-like function:

with r0 = 124.21 m.
A, s are free parameters 

[HAWC Collab., APJ 881 (2017); J.A. Morales Soto et al., 
PoS(ICRC2019 359 (2019)]

2) EAS age and energy estimations

100 TeV

⬥
⬥⬥

⬥
⬥⬥

⬥⬥
⬥

⬥
⬥

 Lateral age parameter (s) EAS primary energy:
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] 
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‣ More than 82% of H and He in 
subsample

• Age parameter is sensitive to composition

Light

Select a sample enriched with light nuclei

• Select a subsample using a cut on the age
• Content of H + He in subsample

‣ Subsample must have a large relative 
abundance of H and He.

5) Analysis

8ECRS 2022, Nijmegen, the NetherlandsJ.C. Arteaga-HAWC p+He spectrum 8
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Data after age cut

• Experimental data used for analysis:
    HAWC-300
    Δteff  = 3.74 years (94% livetime)
      (June/11/15-June/03/19)
       Δ Ω   = 0.27 sr

Total events       : 2.9 x 1012 EAS
 + selection cuts: 1.6 x 1010 EAS
 +           age cut: 9.9 x 109 EAS

 NRaw(Erec, j) = Σi P(Erec, j I Ei) NUnf(Ei)

Correct Nraw(Erec) for migration effects

5) Analysis

Build raw energy spectrum of subsample: Nraw(Erec) 

[G. D’ Agostini, DESY 94-099]
• Solve for NUnf(Ei) using Bayesian unfolding

• Stopping criterium: Minimum of weighted mean 
    squared error 

[G. Cowan, Stat. Data analysis, Oxford Press. 1998]

Response matrix

9ECRS 2022, Nijmegen, the NetherlandsJ.C. Arteaga-HAWC p+He spectrum 9
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• CORSIKA v 7.40 for EAS simulation.

• Primary nuclei:
‣H, He, C, O, Ne, Mg, Si, Fe

‣E = 5 GeV – 3 PeV

‣E-2  spectra  weighted  to  follow  broken power-
laws  derived from  fits  to  AMS02 (2015),  
CREAM-II (2009 & 2011) and PAMELA (2011) 
data.

• θ < 70o;  Athrown~3 x 106 m2  

• Full simulation of detector response with GEANT 4.

• Fluka/QGSJET-II-04 as low(Elab < 80 GeV)/high-energy 
interaction models for the main analysis.

3) MC simulations

• Fluka/EPOS-LHC simulations to study effect of hadronic  
interaction model.

[HAWC Collab., PRD 96 (2017)]

5ECRS 2022, Nijmegen, the NetherlandsJ.C. Arteaga-HAWC p+He spectrum 5
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3) MC simulations

Composition models

• But also use different composition models for studies of systematics
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 Monte Carlo Simulation HAWC: J. C. Arteaga 
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4) Data selection

Selection cuts

‣ θ < 16.7º

‣ Successful core and arrival direction reconstruction
‣ Activate at least 40 PMTs within 40 m from core
‣ Fraction hit (# of hit PMT’s/# available channels) ≥ 0.2
‣ log10(E/GeV) = [ 3.5, 5.5]

• Important to reduce systematic effects on   
 results:

E ≥ 10 TeV:
 Δcore                 ≤ 15 m 
 |Δlog10(E/GeV)| ≤ 0.26 
 ΔΨ                     ≤ 0.55o

• Resolution:
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 Data Selection HAWC: J. C. Arteaga 
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fcorr    =  (Nlight /NlightH+He) AeffH+He(Ei) =  Athrown εH+He(Ei) cosθmax + cosθmin
2

5) Analysis

Obtain effective area from MC simulations
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• Correction factor due to contamination  
of heavy events

• Effective area of H+He in subsample
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• Energy spectrum was calculated as:

Φ  =  NUnf(E)/[ΔET ・Δteff・ΔΩ・ fcorr(E)・AeffH+He(E)]

6) H + He energy spectrum

Get energy spectrum from NUnf and effective area

Relative error Φ (%)
Statistical +/- 1.92
Exp. Data +/- 0.01

Response matrix +/- 1.92

Systematic +11.77/-18.71
Composition +0.86/-17.25
Aeff +1.85/-2.04
Cut at He or C +2.87/-0.75
Gold unfolding +1.23
Seed unfolding -1.42
Smoothing unfold. +3.73/-1.32 
PMT efficiency +5.00 
PMT threshold +2.33/-1.53 
PMT charge +1.83 
PMT late light +8.77/-0.14 
Hadronic model -6.47

Total +11.93/-18.81

log10(E/GeV) = 4.5  (32 TeV)

Statistical and systematic uncertainties
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 HAWC H+He Energy Spectrum HAWC: J. C. Arteaga 

44



H+He

6) H + He energy spectrum

12ECRS 2022, Nijmegen, the NetherlandsJ.C. Arteaga-HAWC p+He spectrum 12

Statistical and systematic uncertainties
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!11

3.2 ENERGY SPECTRUM ESTIMATION
From N(ER) we get the unfolded energy distribution N(E)

2) P(Ei |ER
j ) =

P(ER
j |Ei)P0(Ei)

∑nc
l P(ER

j |El)P0(El)
.

3) N(Ei) =
nE

∑
j=1

P(Ei |ER
j )N(ER

j ) =
nE

∑
j=1

MijN(ER
j ) .

4) P(Ei) ≡ N(Ei)
∑nc

i=1 N(Ei)
= N(Ei)

Ntrue
.

How? Iterative procedure, Bayesian Unfolding [11-13]

True event distribution

Response Matrix

Final probability

1) P(ER
j |Ei)

Bayes formula

(The minimum is employed as a stopping 
criteria for the iteration depth)

5)WMSE = 1
n

n

∑
i=1

σ̄2
stat,i + δ̄2

bias,i
N(Ei)

(calculated from MC data)

Weighted mean squared error

J. A. Morales - Soto, ICRC 2021. Cosmic ray energy spectrum measured with HAWC.46



Gold's Unfolding
Use matrix formalism: 

    
Introduce statistical errors using new response 
matrix  

           
and new unfolded vector 

where 

 
 is found iteratively using the set of 

equations:   

       
Priors given by nominal composition model.  
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Smoothing intermediate spectra with ROOT-CERN libraries 
(353HQ-twice algorithm). 

Stopping criterium: Minimum of Weighted Mean Square 

Error: 

                                          

[R.Gold, Report ANL-6984, 1964]
[KASCADE Collab., App 24 (2005) 1] 
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1. Use following functions:

2. Minimize χ2 with MINUIT and take into account correlation between points:

—> Single power law: 

—> Broken power law: 

[C. Patrignani et al. (PDG), Chin. Phys. C, 40 (2016) and (2017) update]

dΦ(E)/dE = Φ0 Eγ1 

dΦ(E)/dE = Φ0 Eγ1[ 1 + (E/E0)ε ] (γ2 - γ1)/ε

6) H + He energy spectrum

H+HeFit of spectrum

13ECRS 2022, Nijmegen, the NetherlandsJ.C. Arteaga-HAWC p+He spectrum 13

 H+He Energy Spectrum

HAWC: J. C. Arteaga 

HAWC: J. C. Arteaga 
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3) Results

8J.C. Arteaga-HAWC Cosmic Ray Composition ICRC 2021, online, Germany

• Statistical errors < 0.05%.

• Systematic errors < 78%

• Statistics of the MC data set + Effective area (< 7%).

• Uncertainties in parameters of the PMTs (< 55%).

• Hadronic interaction model: EPOS-LHC (< 30%).

• Unfolding procedure: bias, seed, reduced cross entropy 
technique (< 14%) .

• Bias in shower age (< 20%).

• Cosmic ray composition model: GSF, poligonato, JACEE, 
ATIC-02 (< 19%).

 HAWC p, He, Z>=3 HAWC: J. C. Arteaga 
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 HAWC Composition HAWC: J. C. Arteaga 

J.C Arteaga, PoS(ICRC2021)374

• Results show that the spectra of these mass groups have 
fine structures, in particular, individual softenings, whose 
energy positions increase with the primary mass. 

• Observation of softening in the spectra of H and He at ~ 
14 TeV and ~25TeV respectively.

• Confirms recent detections by DAMPE of similar features 
in p and He spectra.

• Agreement between both techniques confirms potential of 
high-altitude EAS for studying TeV cosmic rays. 

• Additional feature in spectrum of the heavy CR 
component in TeV region and indications in HAWC data 
of possible hardening in the intensities of H and He near 
100TeV in agreement with GRAPES-3. 
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