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Measurements of All-Particle Energy Spectrum and Mean Logarithmic Mass of Cosmic
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We present the measurements of all-particle energy spectrum and mean logarithmic mass of cosmic rays
in the energy range of 0.3-30 PeV using data collected from LHAASO-KM2A between September 2021
and December 2022, which is based on a nearly composition-independent energy reconstruction method,
achieving unprecedented accuracy. Our analysis reveals the position of the knee at 3.67 4+ 0.05 &= 0.15 PeV.
Below the knee, the spectral index is found to be —2.7413 &+ 0.0004 + 0.0050, while above the knee, it is
—3.128 £ 0.005 + 0.027, with the sharpness of the transition measured with a statistical error of 2%. The
mean logarithmic mass of cosmic rays is almost heavier than helium in the whole measured energy range.
It decreases from 1.7 at 0.3 PeV to 1.3 at 3 PeV, representing a 24% decline following a power law with an
index of —0.1200 £ 0.0003 £ 0.0341. This is equivalent to an increase in abundance of light components.
Above the knee, the mean logarithmic mass exhibits a power law trend towards heavier components,
which is reversal to the behavior observed in the all-particle energy spectrum. Additionally, the knee
position and the change in power-law index are approximately the same. These findings suggest that the
knee observed in the all-particle spectrum corresponds to the knee of the light component, rather than the
medium-heavy components.

DOI: 10.1103/PhysRevLett.132.131002

Introduction.—The energy spectrum of cosmic rays
spans a wide range from 10° to 10%° eV, roughly following
a power law of dN/dE « E, where y is the differential
spectral index. Features in the spectrum correspond to
changes in y. At approximately 4 PeV, the differential
spectral index changes from y =~ —2.7 at low energies to
y ~ —3.1. This structure is referred to as the “knee” [1]. The
knee as the beginning of the transition of high energy
cosmic rays from galactic to extra-galactic origin is still
controversial. The energy spectrum and chemical compo-
sition of cosmic rays can provide crucial clues regarding the

origin, acceleration, and propagation mechanisms of the
most energetic particles in the galaxy [2,3]. Understanding
the origin of the knee in terms of the energy spectrum is
often considered fundamental for determining the origin of
cosmic rays. Space-borne experiments have now extended
the direct measurement of the energy spectrum of proton
and helium nuclei to 100 TeV [4,5]. Because of the rapidly
decreasing flux with increasing energy, measuring cosmic
rays beyond 100 TeV by space-borne experiments is
challenging. The data for the spectrum above a few hundred
TeV are produced by ground-based large air shower arrays.
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The knee structure at few PeV in all-particle energy
spectrum of cosmic rays has been observed by many
experiments [6—15]. Ground-based indirect experiment is
the only way to measure cosmic rays with energies in the
knee region, while the main problem with these experi-
ments arises from the entanglement of primary energy,
composition, and the high-energy hadronic interaction
models used to interpret air showers. The chemical
composition and high-energy hadronic interaction models
dependent systemic errors in flux were a few tens of
percent. Recently, some high-energy hadronic interaction
models were updated based on new data from the Large
Hadron Collider (LHC) at TeV energies [16,17]. Although
a single-composition energy spectrum is the most effective
way for solving this problem, identifying the composition
is challenging. Thus, the problem of composition depend-
ence on energy reconstruction must be solved to measure
cosmic ray energy spectra accurately.

The Large High Altitude Air Shower Observatory
(LHAASO) is a ground-based air shower observatory at
4410 m above sea level in Daocheng, China [18-20]. The
high altitude of the observatory enables LHAASO to
measure showers with energies in the knee region close
to their maxima with minimum fluctuations. It consists of
three detector arrays: a kilometer square array (KM2A), a
water Cherenkov detector array (WCDA), and a wide-field-
of-view Cherenkov or fluorescence telescope array
(WFCTA). More details about the experimental setup can
be found in [19]. The array used in this measurement is the
KM2A that measures electromagnetic particles (electron,
positron, and gamma) and muons of air showers with high
precision [21] by the electromagnetic particle detectors
(EDs) and muon detectors (MDs), respectively. The MD
threshold for i is about 1 GeV [22]. The detector layout is
shown in Fig. S1 of the Supplemental Material [23]. The
number of electromagnetic particles (N.) and muons (N,,) is
the deposited charge by electromagnetic particles and
muons expressed in units of minimum-ionizing particles.
Basing on the Matthews-Heitler model [24], a new param-
eter, derived by summing N, and N, is used to reconstruct
primary energy in a calorimetric way. This approach is
insensitive to primary composition and hadronic interaction
models thus is crucial for measuring accurately the energy
spectrum.

Data.—Data collected by the LHAASO-KM2A from
September 2021 to December 2022 are utilized for this
analysis. A maximum variation of approximately 12 hPa
was observed in the atmospheric pressure, resulting in a
change of about 4.4% in the muon spectra, as illustrated in
Figs. S2 and S3 of the Supplemental Material [23]. The
constant intensity cut (CIC) method [25,26] is employed to
correct for the atmospheric pressure effect. Subsequently,
the discrepancy in the number of muons under different
atmospheric pressures is reduced to less than 0.6%.

The CORSIKA (v77410) air shower generator [27] with
the high-energy interaction models QGSJETII-04 [16],
EPOS-LHC [17] and SIBYLL-2.3d [28], is used to gen-
erate air-shower events. For the low-energy interactions the
FLUKA [29] code is used. The detector response simu-
lation is based on the GEANT4 package [30], named
G4KM2A [21,31]. The simulated detector response agrees
with the response of a real detector [21]. The Monte Carlo
simulation is described in detail in the Supplemental
Material [23].

Event selection.—High-energy electromagnetic particles
near shower cores can punch through the MD overburden
soil, which can pollute the measurement of muons [32,33].
In order to mitigate this effect, N, within a range of 40—
200 m from the shower core is selected for analysis. To
ensure consistency in the analysis, N, within the same
range of 40-200 m from the shower core is also taken into
account. The LHAASO is located at an altitude of 4410 m
above sea level with an vertical atmospheric depth of
600 g/cm?, which corresponds to the shower maxima of
cosmic rays with energies in the knee region. To capture
cosmic ray showers near their maxima within an energy
range of 2 orders of magnitude, events are selected with
zenith angles ranging from 10° to 30°, which corresponds to
an atmosphere depth of 610 and 690 g/cm?, respectively. It
is important to note that cosmic rays of different energies
reach their shower maxima at varying atmospheric depths.
Further information regarding the event selection process
can be found in the Supplemental Material [23]. Above
0.3 PeV, all five mass groups of cosmic ray components
reach full detection efficiency, as shown in Fig. S4 of the
Supplemental Material [23]. Therefore, the geometric
aperture after considering core location and zenith angle
selection can be derived using the following equation:

0, 2r
Agr = S / sin 0 cos 00 / dg. (1)
0, 0

Here, S represents the area of the 320—420 m ring from the
center of the KM2A, [0, 0,] is the observed zenith range
with 8, = 10° and 6, = 30°. The geometric aperture Ay is
determined to be 0.16 km? sr. In this Letter, we present the
all-particle energy spectrum and the mean logarithmic mass
of cosmic rays based on a dataset of 7 x 107 events,
covering an energy range from 0.3 to 30 PeV.

Energy reconstruction.—Basing on the Matthews-
Heitler model [24], a nearly composition-independent
parameter N, is adopted to reconstruct the primary energy
of cosmic rays in a calorimetric way, which is defined as
follows:

Ne, = N +2.8N,,, (2)

where the calculation of N, (or N,) considers only
the EDs (or MDs) within 40-200 m from the shower
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FIG. 1. The LHAASO-KM?2A all-particle energy spectrum flux
multiplied by E27° as a function of energy. The gray shadow band
represents the estimated systematic uncertainties. The results of
the HAWC [38], CASA-MIA [15], Tibet-III [6], KASCADE
[11], IceCube/IceTop [9,10] are also plotted for comparison. The
error bars represent the statistical uncertainties.

axis [32]. In this Letter, the energy reconstruction formula
differs slightly from the previous article [32] where
quasivertical events within one energy decade were
selected. Instead, the zenith angle range of 10°-30° is
chosen for cosmic rays with energy covering 2 orders of
magnitude. The energy reconstruction formula used is
log;o(E/GeV) = py+ p;-logjo(Ne,), details can be found
in the Supplemental Material [23]. Above a few hundred
TeV, the correlation between N, and the primary energy
becomes nearly independent of the components as dem-
onstrated in Fig. S5 using the QGSJETII-04 model and the
Gaisser H3a model as examples in the Supplemental
Material [23]. This suggests that the composition of the
cosmic rays does not significantly impact the accuracy of
the energy reconstruction based on N,. The differences
of parameters p, and p; in energy reconstruction formulas
for different composition models (such as Gaisser H3a
[34], Horandel [35], GST [36], and GSF [37]) are very
small, as shown in Table S1 of the Supplemental Material
[23]. Therefore, the energy reconstruction formulas for
each high-energy hadronic interaction models are based on
the average parameters of four composition models, as
shown in Table S2 of the Supplemental Material [23].
Different hadronic interaction models result in energy
reconstruction formulas with little difference, so the
average one is used to reconstruct cosmic ray energy,
which is log;o(E/GeV) = 2.791 + 0.993 - log;(Ne,)-

All-particle energy spectrum of cosmic rays.—The core
location, direction, and energy of a shower are recon-
structed, and the binned flux can be calculated using the
following formula

AN
) = E A T :

~

where AN represents the number of events per energy bin
in a given time interval T, and A represents the geometric
aperture. To validate this method, simulation data are
analyzed in the same way, and the results are presented
in Fig. S6 of the Supplemental Material [23], which
confirm that our method can reproduce all the input spectra
with high accuracy.

The all-particle energy spectrum of primary cosmic rays
is calculated following Eq. (3) within the energy range of
0.3 to 30 PeV, as shown in Fig. 1 from which the knee
structure is clearly visible.

The systematic error of the spectrum is considered as
follows. The single particle calibration uncertainty of one
ED and MD is less than 2% [39] and 0.5% [33], respec-
tively. At 300 TeV, the average number of triggered EDs and
MDs is approximately 200 and 50, respectively. Therefore,
the measurement uncertainty of N, and N, are both less
than 0.15%, which contribute a negligible uncertainty on
all-particle energy spectrum. The impact of local variations
in air pressure on the results of this Letter is estimated to be
approximately +3%. The systematic uncertainty observed
between different composition models, such as Gaisser H3a,
Horandel, GST, and GSF models, are found to be less than
+1.5%. The influence of QGSJETII-04, EPOS-LHC, and
SIBYLL-2.3d high-energy hadronic interaction models on
the flux systematic uncertainty is approximately +2.5% as
shown in Fig. S9 of the Supplemental Material [23]. The
shadow band in Fig. I represents the systematic uncertain-
ties associated with air pressure, composition models, and
different high-energy hadronic interaction models. A com-
parison of these systematic errors can be found in Table S3
of the Supplemental Material [23]. The values of the all-
particle energy spectrum, along with the corresponding
statistical and combined systematic uncertainties (excluding
the uncertainty from hadronic interaction models), can be
found in Table S5 of the Supplemental Material [23].

The ASy experiment shows that the difference between
the pure proton and pure iron primary models becomes
larger in the lower energy region, where the difference in
the intensities between the two models exceeds a factor of 3
at 10'* eV [6]. The IceTop-73 results show that the
difference of energy spectrum intensities between assuming
pure proton and pure iron models exceeds a factor of 1.5 at
2 PeV [40]. Of course, the extreme cases of pure proton and
pure iron do not reflect reality. In this Letter, the flux
difference between the pure proton and pure iron models is
approximately 12%, which is better by more than a factor
of 10 than that of previous experiments and thus allows for
a more robust and reliable estimation of the primary energy
of cosmic rays.

Figure 3 shows the spectrum fitted with the following
formula [11,41]:

J(E) = ®, - (E)" <1 + <£>S)<W')/S, (4)

Ey
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FIG. 2. The (In(A)) (red dots) from experimental data as a
function of cosmic rays energy. The error bars show the statistical
uncertainties. The gray shadow band represents the combined
systematic uncertainties. The results of CASA-MIA [14] and
Tunka-133 [44] are also plotted for comparison. The shadow
bands represent the systematic uncertainty for KASCADE
[11,45] and IceCube/IceTop [9] experiment, respectively. The
curves are the (In(A)) which are calculated according to the
cosmic rays composition models.

where E, corresponds to the knee position, y; and y, are
spectral asymptotic slopes before and after knee, s is the
sharpness parameter of the knee. According to our fitting
results, the knee position is at 3.67 = 0.05 £ 0.15 PeV,
where the first term is statistical error and the second is
systematic error. The spectral indices are —2.7413 4+
0.0004 £ 0.0050 and —-3.128 +0.005 £ 0.027 before
and after the knee, respectively. The energy spectral index
changes 0.387 +0.005 +0.027 before and after the
knee, with the sharpness of the transition measured at
4.2 40.1 £0.5. This Letter represents one of the most
precise measurements of the all-particle energy spectrum
to date. The numerical values for different high-energy
hadronic interaction models are summarized in Table S4 of
the Supplemental Material [23].

Mean logarithmic mass of cosmic rays.—According to
the Matthews-Heitler model [24], the muon content of a
cosmic ray shower is dependent on its composition and

energy as follows:
E \7/
wpoa (75 (5)

where A represents the mass of the cosmic ray, with a value
of 1 for a proton and 56 for iron. Additionally, ¢, refers to
the critical energy at shower maximum [42]. According to
Eq. (5), given the energy, the relationship between the
mean of the logarithmic muon content [(In(N,))] and the
mean logarithmic mass of cosmic rays [(In(A))] can be
determined

(In(N,)) = xo + x; - (In(A)). (6)

The parameters x, indicate the proton (In(N,))y and x,
indicate 1 — f [43]. These parameters are obtained through
fitting simulation data. To reduce the statistical fluctuation
of the simulation data, the energy interval of the simulation
data is set to 0.2, as shown in the left plot of Fig. S7 of the
Supplemental Material [23]. These parameters, x, and xi,
exhibit variations with energy within the energy range of
logo(Ewe/GeV) = 5.5 and 7.5, as shown in Fig. S7 of
Supplemental Material [23] using the QGSJETII-04 model
as an example. By fitting the relationship between x, or x;
and cosmic ray energy, we can interpolate to obtain the
corresponding values of x;, or x; within a 0.1 energy
interval. The validation of this method, using four assumed
composition models, is illustrated in Fig. S8 of the
Supplemental Material [23]. These figures confirm that
our method can reproduce all the input composition models
with high accuracy.

Using the above method, LHAASO measures the (In(A))
in each cosmic ray energy bin from 0.3 to 30 PeV, and these
measurements are shown in Fig. 2, along with results from
other experiments. The distribution of (In(A)) predicted by
Gaisser H3a, Horandel, GST, and GSF models are also
depicted in Fig. 2. At low energy region around 300 TeV,
our results are consistent with the predictions of the
Horandel, Gaisser H3a models. However, as the energy
increases, our results deviate from the predictions of the
Horandel or Gaisser H3a models, indicating that these
models are not able to fully explain our observations.

The systematic error of the (In(A)) is considered as
follows. The impact of local variations in air pressure on
(In(A)) is approximately +4%. The differences of (In(A))
between several cosmic ray composition models, such as
Gaisser H3a, Horandel, GST, and GSF models, are found
to be less than £3%. The distribution of (In(A)) for the
QGSIJETII-04, EPOS-LHC, and SIBYLL-2.3d models
exhibits a very similar shape, as shown in Fig. S9 of
the Supplemental Material [23], and the maximum differ-
ence between them is less than +6%. The shadow band in
Fig. 2 represents the systematic uncertainties associated
with air pressure, composition models, high-energy had-
ronic interaction models and the parameters x, and x;
obtained by fitting the simulation data. The detail values of
these systematic errors can be seen in Table S3 of the
Supplemental Material [23]. The values of (In(A)), along
with their corresponding statistical and combined system-
atic uncertainties (excluding the uncertainty from hadronic
interaction models), are included in Table S6 of the
Supplemental Material [23].

The results of other experiments, whose energy regions
overlap with this Letter, are also plotted for comparison.
While measurements from other experiments show a
gradual increase in the mean logarithmic mass, our meas-
urement reveals a decrease followed by an increase, with the
sharpness of the transition measured at 5.5 + 0.3 £ 0.9. The
systematic uncertainty of our measurement results is +£9%,
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FIG. 3. Upper: The all-particle energy spectrum flux multiplied
by E>7 as a function of energy. Bottom: The (In(A)) of cosmic
rays as a function of energy. The error bars show the statistical
uncertainties and the gray shadow band represents the estimated
combined systematic uncertainties. The blue solid curves indicate
the fit of Eq. (4) to the data.

indicated by the gray shadow band in Fig. 2. In comparison,
both the IceCube/IceTop experimental [9] and KASCADE
[45] measurement results exhibit a systematic uncertainty of
approximately +25%, represented by the shadow bands in
Fig. 2. This Letter is the most precise measurement of
(In(A)) in this energy region to date. The (In(A)) from
different theories has been studied in [46] for the energy
region from 10" to 10'7 eV. Results on (In(A)) from the
muon content N, and those from the depth of shower
maximum X, show the same tendency toward heavier
(In(A)) with energy beyond several PeV. Our results agree
with this expectation in this energy region, where the
(In(A)) becomes heavier with energy beyond several PeV.

The fitting results of the all-particle energy spectrum and
the (In(A)) of the cosmic ray using Eq. (4) are shown in
Fig. 3. We find an interesting feature of the (In(A)) of
cosmic rays: it decreases by 24% between 0.3 and 3 PeV
and becomes heavier. The (In(A)) is closest to He
[In(A) = 1.39], and lighter than CNO [In(A) = 2.64],
suggesting that the first cutoff of the all-particle energy
spectrum is due to light components, instead of the

medium-heavy components. Another interesting feature
is that the mean logarithmic mass exhibits a variation with
energy, which is reversal to the behavior observed in the all-
particle energy spectrum. The fitting results of (In(A)) has a
spectral index of y; = —0.1200 4= 0.0003 + 0.0341 before
the energy where the composition of cosmic rays shows a
clear change from helium on average toward the heavier
CNO on average. The corresponding change in the spectral
index is Ay =0.497 £ 0.008 £ 0.039, occurring at an
energy position of 5.36 £ 0.08 £ 0.46 PeV. In our mea-
surements, we obtained an all-particle energy spectrum
index of —2.74 before the knee, while the (In(A)) distri-
bution exhibits a decrease with a spectral index of —0.12.
This could be a hint that the energy spectrum index of the
light component is [-2.74 — (=0.12)] = —2.62 before the
knee. The fit results for EPOS-LHC, QGSJETII-04, and
SIBYLL-2.3d high-energy hadronic interaction models of
(In(A)) can be found in Table S7 of the Supplemental
Material [23].

Conclusions.—In this Letter, the data collected by the
LHAASO-KM?2A array from September 2021 to December
2022 is used to measure all-particle energy spectrum of
cosmic rays from 0.3 to 30 PeV. A composite variable N,
combining the number of electromagnetic particles and
muons, is weakly dependent on the composition mass of
cosmic rays and is used to reconstruct the shower energy.
The knee of the primary energy spectrum is observed
around 3.67 £ 0.05 £ 0.15 PeV with a change of index
~0.387 £ 0.005 £ 0.027. The combined systematic uncer-
tainties caused by air pressure, composition models, and
high-energy hadronic interaction models are approximately
+4.5%. The difference between the pure proton and pure
iron assumption models is approximately 12%.

The (In(N,)) in cosmic rays air showers with energies
from 0.3 to 30 PeV is measured by KM2A detectors. The
relationship between (In(N,)) and (In(A)) of cosmic rays is
studied using the simulation data with EPOS-LHC,
QGSJETI-04 and SIBYLL-2.3d as high-energy hadronic
interaction models. The (In(A)) exhibits a variation with
energy, which is reversal to the behavior observed in the all-
particle energy spectrum. The derived (In(A)) becomes
heavier after several PeV. The distribution of (In(A))
suggests that the first cutoff of the all-particle energy
spectrum is light components, not the medium-heavy
components. The combined systematic uncertainties, which
include air pressure, composition models, the uncertainty of
the parameters x, and x; obtained by fitting and high-energy
hadronic interaction models are approximately +9%.
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