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The diffuse Galactic γ-ray emission, mainly produced via interactions between cosmic rays and the
interstellar medium and/or radiation field, is a very important probe of the distribution, propagation, and
interaction of cosmic rays in the Milky Way. In this Letter, we report the measurements of diffuse γ rays
from the Galactic plane between 10 TeV and 1 PeV energies, with the square kilometer array of the Large
High Altitude Air Shower Observatory (LHAASO). Diffuse emissions from the inner (15° < l < 125°,
jbj < 5°) and outer (125° < l < 235°, jbj < 5°) Galactic plane are detected with 29.1σ and 12.7σ
significance, respectively. The outer Galactic plane diffuse emission is detected for the first time in the
very- to ultra-high-energy domain (E > 10 TeV). The energy spectrum in the inner Galaxy regions can be
described by a power-law function with an index of −2.99� 0.04, which is different from the curved
spectrum as expected from hadronic interactions between locally measured cosmic rays and the line-of-
sight integrated gas content. Furthermore, the measured flux is higher by a factor of ∼3 than the prediction.
A similar spectrum with an index of −2.99� 0.07 is found in the outer Galaxy region, and the absolute
flux for 10≲ E≲ 60 TeV is again higher than the prediction for hadronic cosmic ray interactions. The
latitude distributions of the diffuse emission are consistent with the gas distribution, while the longitude
distributions show clear deviation from the gas distribution. The LHAASO measurements imply that either
additional emission sources exist or cosmic ray intensities have spatial variations.

DOI: 10.1103/PhysRevLett.131.151001

The origin and propagation of cosmic rays (CRs) remain
among the most important unresolved problems in astro-
physics. Unlike the direct measurements of energy spectra
and anisotropies of CRs in the local vicinity, the diffuse
Galactic γ-ray emission allows a measurement of the spatial
distribution of CRs throughout the Galaxy. It can thus
provide much more important information of the produc-
tion and propagation of CRs. Typically, there are three main
components of the diffuse Galactic emission [1–3]: the
decay of neutral pions produced by inelastic collisions
between CR nuclei and the interstellar medium (ISM),
the inverse Compton scattering (ICS) of CR e� off the

interstellar radiation field (ISRF), and the bremsstrahlung
radiation of e� in the ISM. The canonical CR propagation
and interaction model (homogeneous and isotropic diffu-
sion) can largely account for the all-sky data measured by
space telescopes while being consistent with the local CR
measurements, except for the underpredicted γ-ray fluxes in
the inner Galaxy for energies above a few GeV [2–4].
For energies below 1 TeV, the all-sky diffuse emission

has been measured by space detectors such as OSO-3 [5],
SAS-2 [6], COS-B [7], EGRET [8], and Fermi-LAT [4].
At higher energies, successful detections of the diffuse
emission were only achieved by a few ground-based
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experiments in selected regions of the Galactic plane [9–14].
The recent measurements of the diffuse emission above
100 TeV by Tibet-ASγ [14] revealed flux excesses compared
with the conventional model prediction (e.g., [15–17]).
High-precision measurements of the diffuse emission in
the very-high-energy (VHE; 30 GeV to 30 TeV [18]) to
ultra-high-energy (UHE; 30 TeV to 30 PeV [18]) domain,
with only minor statistical and systematic uncertainties, are
crucial to understanding the origin and propagation of CRs,
particularly the physical origin of the new spectral features of
CR nuclei by recent direct measurements [19–22] and the
potential contributions from unresolved source populations
(e.g., [1,18,23–26]).
We report the measurements of the diffuse emission

from the Galactic plane in a wide energy range, from 10
to 1000 TeV. We use the data recorded by the square
kilometer array (KM2A) of the Large High Altitude Air
Shower Observatory (LHAASO) experiment located at
Haizi Mountain (100°.01E, 29°.35N; 4400 m above the
sea level), Daocheng, Sichuan province, China [27]. The
LHAASO experiment is a large area, wide field-of-view
observatory for CRs and γ rays with hybrid detection
techniques [27]. In April 2019, LHAASO started taking
data with a partial array, and successfully opened the PeV
γ-ray window with its extraordinary sensitivity [28–32]. In
July 2021, LHAASO completed the installation of its entire
detector array and started its scientific operation.
Air showers produced by primary particles were simu-

lated with the CORSIKA code (version 7.6400) [33], with
the GHEISHA and QGSII models for low-energy (≤ 80 GeV)
and high-energy (> 80 GeV) hadronic interactions. We
simulate γ-ray events, with energies from 1 TeV to 10 PeV
following a power-law spectrum of E−2.0, with zenith
angles from 0° to 70°, and with shower cores randomly
distributed within 1 km from the array center. The detector
response of KM2Awas simulated using a specific software
G4KM2A [34], which is based on the GEANT4 framework
(v4.10.00) [35]. The simulation data were reconstructed
using the same algorithms applied to the experimental data.
Comparisons between simulation and observational data
show good consistency [36].
Data analysis.—The present work utilizes data acquired

by the KM2A 1=2 array from December 26, 2019 to
November 30, 2020 (with a live time of 302 days), by the
3=4 array from December 1, 2020 to July 19, 2021 (with a
live time of 219 days), and by the full array from July 20,
2021 to September 30, 2022 (with a live time of 423 days).
The whole Galactic plane with Galactic latitudes within
�5° in the field of view of LHAASO is adopted as our
region of interest (ROI). We further divide the analysis
region into two parts, the inner Galaxy region (jbj < 5°,
15° < l < 125°) and outer Galaxy region (jbj < 5°, 125° <
l < 235°), for detailed studies.
We use the sequence of arrival times and deposited

energy of the secondary particles recorded by the

electromagnetic detectors (EDs) to reconstruct the direction
and energy of a primary CR or γ-ray event. The 68%
containment angle of KM2A is about 0.5° − 0.8° at 20 TeV
and 0.24° − 0.30° at 100 TeV, depending on the zenith
angles of incident photons [36]. The energy is recon-
structed using the particle density at a perpendicular
distance of 50 m from the shower axis ρ50, as obtained
via a likelihood fit of the lateral distribution using the
Nishimura-Kamata-Greisen [37] function. The energy res-
olution is about 24% at 20 TeV and 13% at 100 TeV, for
events with zenith angles less than 20° [36].
The numbers of muons recorded by the muon detectors

(MDs) were used to distinguish γ-ray-induced showers
from CR-induced ones. The muon-to-electromagnetic-
particle ratio, Rμe ¼ log½ðNμ þ 10−4Þ=Ne�, was used to
reject CR events. For pointlike source analysis, the muon
selection criteria were optimized to guarantee retaining
90% of the γ-ray events at energies above 100 TeV for a
typical Crab Nebula–like source based on simulations [36].
In this work, we restricted criteria to further suppress the
CR background at high energies, thus obtaining a maximal
detection significance of the diffuse emission. The CR
rejection power is about 98% at 10 TeV and 99.9993% at
400 TeV, and the γ-ray survival fraction is higher than 50%
for the interest energy range in this work.
We further apply the following event selection condi-

tions: (1) the number of triggered EDs and the number of
deposited particles used in the shower reconstruction are
both larger than ten; (2) the zenith angle of the recon-
structed direction is less than 50°; (3) the number of
particles detected within 40 m from the shower core is
larger than that within 40–100 m; (4) the shower age is
within 0.6–2.4. The data are binned into 0.1° × 0.1° pixels
in celestial coordinates, and into equal logarithmic energy
bins with bin width Δ logE ¼ 0.2. Because of limited
statistics in the outer Galaxy region, we use a bin width
of Δ logE ¼ 0.4.
In this study, the “direct integral method” [38] was

utilized to estimate the background in each pixel. This
approach assumes that the collecting efficiency’s spatial
distribution in the detector coordinates remains stable
over a short period. The background can be accurately
determined by convolving the total event rate with the
normalized spatial distribution. However, due to changes
in detector efficiency of EDs caused by temperature
variations, which differ for different detectors, the spatial
distribution undergoes slight changes over time during the
data taking. We employed a sliding window method to
obtain a smoothed spatial distribution to address this issue.
Specifically, a time step of 1 h was selected, and at each
step, events that arrive within �5 h were used to calculate
the spatial distribution. This long time window may result
in spurious large-scale structures of the background, which
need to be corrected during the analysis (see Sec. A of
Supplemental Material [39]).
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To reduce the impacts of known sources to the back-
ground estimate, we mask out relevant sky regions when
calculating the background. Detected sources by
LHAASO-KM2A [40] with a pretrial significance of 5σ,
and known sources from those compiled in TeVCat [41,42]
were masked with mask radii Rmask ¼ n · σ, where n is a
constant factor, and σ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ2PSF þ σ2ext

p
is the combined

Gaussian width of the point spread function (PSF) of
KM2A σPSF and the source extension σext. Since the PSF
varies with energy, we adopt the largest one in the energy
bin of 10–15 TeV to get consistent ROIs for all energy bins.
For a clean background sky region, n ¼ 5 is adopted. To
avoid repeated masking of the KM2A sources and TeVCat
ones, whenever the TeVCat source is located within 2σ,
where σ is the Gaussian source width of the KM2A source
fitted with E > 25 TeV, they are regarded as the same
source and the KM2A parameters are used. The Galactic
plane with latitude jbj ≤ 10° for declination δ ≤ 50° and
jbj ≤ 5° for δ > 50° was also masked. A smaller mask
region for high declination regions is to ensure sufficient
statistics left for an accurate background estimate.
To measure the diffuse emission, the contribution from

pointlike and extended sources should be excluded. Similar
with above, we mask both the sources detected by KM2A
and those by other experiments as compiled in TeVCat, but
with n ¼ 2.5 to balance the source contamination and the
residual sky area. Exceptions are adopted for several very
extended sources, i.e., 6° for the Cygnus cocoon and 8° for
Geminga and Monogem, which are slightly larger than 2.5
times of their extensions as compiled in TeVCat. Note that
deviations from Gaussian profiles of these sources may
exist [43].

The residual contamination of resolved sources after the
masking is estimated from the morphological analysis for
both the resolved sources and the diffuse emission. We
employ the 2D Gaussian templates weighted by the mea-
sured fluxes for known sources. For the diffuse emission,
we use the morphology of the gas distribution as traced by
the PLANCK dust opacity map, assuming a uniform ratio
between the dust opacity and the gas column [44]. Fitting to
the observational data we can obtain the relative contribu-
tions of the diffuse component and the residual source
component. The contamination of resolved sources for n ¼
2.5 is found to be smaller than 6% throughout the analyzed
energy ranges, as summarized in Supplemental Material,
Table S1 [39]. Because of the improvement of the PSF with
energy, the contamination decreases efficiently at high
energies. The contamination is subtracted when calculating
the fluxes of the diffuse emission.
We employ a test statistic (TS) that utilizes twice the

logarithmic likelihood ratio to determine the significance
of the diffuse emission. Specifically, we compute TS ¼
2 lnðLsþb=LbÞ, where Lsþb and Lb represent the like-
lihoods for the signal plus background hypothesis (H1)
and the background only hypothesis (H0), respectively.
We assume a power-law model of the spectrum of the
diffuse emission in the fitting, with ϕðEÞ expressed as
ϕ0ðE=E0Þ−α, where E0 ¼ 50 TeV is the pivot energy. We
implement a forward-folding procedure to optimize the
model parameters and estimate the background from the
observational data. Note that, the statistical uncertainties of
the background are relatively large at high energies, which
need to be properly considered in the fitting process.
The likelihood ratio is defined as

Lsþb

Lb
¼

Q
n
i¼0 PoissonðNobs

i ; Nsig
i ðϕ0; αÞ þ Nbkg;1

i Þ · GaussðNoff
i ;Nbkg;1

i ; σbkgi Þ
Q

n
i¼0 PoissonðNobs

i ; Nbkg;0
i Þ · GaussðNoff

i ;Nbkg;0
i ; σbkgi Þ ; ð1Þ

where Nobs
i is the observed number of counts in the ROI in

the ith energy bin, Noff
i is the estimated background number

of counts, Nsig
i is the predicted number of counts obtained

from folding the diffuse spectrum to the exposure and
response functions (energy and angular) of the KM2A
detector, Nbkg;0

i and Nbkg;1
i are predicted background num-

bers of counts under the hypotheses H0 and H1, and σbkgi is
the statistical uncertainty of the estimated background. Note
that Nbkg;0

i and Nbkg;1
i are nuisance parameters to be fitted.

To determine σbkgi , we generate thousands of mock data
sets for each energy bin by randomly assigning the arrival
time of every event in the observational data. We then
apply the same background estimation technique to each
mock data set, which yields a distribution of estimated
background counts (Noff

i ) for a given energy bin. This

distribution can be approximately described by a Gaussian
distribution with width σbkgi . The likelihood function in
Eq. (1) includes a Poisson term, representing the statistical
probability of the observed number of events, and a
Gaussian term, representing the probability of the back-
ground fluctuation. The flux in each energy bin is deter-
mined by fitting the normalization parameter ϕ0, while the
spectral index is fixed at the best-fit value obtained from the
whole-band fitting.
Results.—The LHAASO-KM2A significance maps of

the two sky regions after masking detected sources are
shown in Fig. 1. The one-dimensional significance distri-
butions are given in Fig. S2 in Supplemental Material [39].
As a comparison, reference regions which are ROIs shifted
along the right ascension (R.A.) in the celestial coordinates
show standard Gaussian distributions of the significance,
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indicating that our background estimate is reasonable
(Fig. S2 of Supplemental Material [39]). The total signifi-
cance of the inner (outer) Galaxy region is 29.1σ (12.7σ).
No significant pointlike sources are present in the signifi-
cance maps after the mask, except for some hot spots,
which need more data to confirm whether they are pointlike
sources or diffuse emissions. The LHAASO results give the
first measurement of diffuse emission in the outer Galaxy
region in the VHE UHE domain.
Figure 2 shows the derived fluxes of the diffuse emission

in the two regions. The fluxes in different energy bins are
tabulated in Tables S2 and S3 of Supplemental Material [39].
From Fig. 1 we can see that considerable regions along the
innermost Galactic disk are masked for the inner Galaxy
region. Since the expected diffuse emission is nonuniform,
the current measurements are thus not equivalent to the
total average emission in the ROIs. As an estimate, we
find that the average diffuse emission in the ROIs without
any masking will be higher by ∼61% and ∼2% than our
measurements assuming a spatial template of the PLANCK
dust opacity map in the inner and outer Galactic regions,
respectively.
We fit the measured spectrum using a power-law

function, finding that the index is −2.99� 0.04stat for
the inner Galaxy region and −2.99� 0.07stat for the outer
Galaxy region (see Table I). Possible spectral structures
deviating from power laws are not significant, and more
data statistics are needed to further address such issues. As
a comparison, the power-law fitting to the spectrum without
subtracting the residual source contamination as given in
Table S1 obtains −3.01� 0.04stat for the inner region and
−2.99� 0.07stat for the outer region, indicating that the
effect due to residuals of known sources is minor.

In Fig. 3, we present the longitude and latitude profiles
for the two sky regions, for energy bands of 10–63 TeVand
63–1000 TeV. The latitude integration range when deriving
the longitude profile is from −5° to þ5°, and the longitude
integration ranges for the latitude profiles are the same as
the definitions of the ROIs. The diffuse emission shows a
clear decrease from the inner Galaxy to the outer Galaxy
and a concentration in the low Galactic latitudes. We fit the
longitude and latitude distributions using the gas template
traced by the PLANCK dust opacity map, as shown by the
solid line in each panel. The results show that the measured
latitude distributions generally agree with the gas distribu-
tion, except for a slight deviation for 10–63 TeV profile in
the outer region (the p value of the fitting is about 0.03). We
can see a clear deviation of the data from the gas template
for the longitude distribution. The fitting gives χ2=dof ¼
157.3=21 and 67.4=21 for 10–63 TeV and 63–1000 TeV
energy bands, corresponding to p values of about 7 × 10−23

and 10−6, respectively. The results indicate that the gas
distribution may not well trace the diffuse γ-ray emission
at very high energies. We calculate the angular power
spectrum of the relative γ-ray flux map with E > 25 TeV,
and find that it is consistent with the angular power
spectrum of the gas distribution for multipole l > 10 but
shows slightly higher power for smaller l, which may
indicate that the data are more clumpy than the gas
distribution. See Fig. S3 of Supplemental Material [39].
We also fit the latitude profiles by adding a Gaussian
latitude distribution centered at b ¼ 0 to the gas template
but find only slight improvements in the goodness of fit (see
Fig. S4 of Supplemental Material [39]).
Systematic uncertainties.—The event rate varies during

the operation due to the variation of temperature and
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FIG. 1. The significance maps in Galactic coordinate of the inner Galaxy region [panel (a)] and outer Galaxy region [panel (b)] above
25 TeV after masking the resolved KM2A and TeVCat sources.
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humidity of the atmosphere, affecting the detection effi-
ciency for γ rays. This effect results in about 7% systematic
uncertainty for the flux (ϕ0) and 0.02 for the spectral index
(α) for pointlike sources [36]. For the diffuse emission in
this work, we expect that the variation of atmospheric
conditions contributes to similar systematic uncertainties
since its main impact is on the detection efficiency. The
array layout changed slightly for debugging purposes

during the operation, which results in about 1% variation
for ϕ0 and 0.02 change for α, estimated from simulations
with two layouts. To account for the systematic uncertain-
ties from the background estimate method, we vary the time
window for background estimate from �5 h to �2, �6,
and �12 h, vary the mask maps for the background
estimate (e.g., jbj ≤ 5° for declination δ ≤ 60° which
enables shorter time windows), and test different large-
scale efficiency correction parameters, and obtain the
impacts on ϕ0 of about 5% (10%) and on α of about
0.05 (0.10), for the inner (outer) region.
The γ-ray survival fraction as a function of the γ=CR

discrimination parameter Rμe is obtained by Monte Carlo
(MC) simulations. The difference in the survival fraction
between MC and experimental data may lead to systematic
uncertainties. We compared the spectra using different
groups of Rμe, and estimated the systematic uncertainties
to be about 2% (5%) for ϕ0 and 0.04 (0.06) for α for the
inner (outer) Galaxy region. By combining all these
systematic uncertainties in quadrature, the overall system-
atic uncertainties are 9% (12%) for ϕ0 and 0.07 (0.12) for α,
for the inner (outer) region. The systematic uncertainties of
the flux in each energy bin are given in Tables S2 and S3 of
Supplemental Material [39].
Discussion.—We compare the LHAASO measurements

of diffuse emission with the predictions of hadronic
interactions between CRs and the ISM. While the CR
spectra were directly measured with relatively small
uncertainties below ∼100 TeV [21,22,45,46], the uncer-
tainties at higher energies are large, particularly for
individual elements [47,48]. We use the sum of two
power-law functions with an exponential cutoff,P

i¼1;2 AiE−Bi expð−E=CiÞ, to describe the local spectra
of both protons and helium nuclei, and adjust the param-
eters Ai, Bi, Ci to give low and high fittings to the data (see
Fig. S5 and Table S4 of Supplemental Material [39]).
Assuming the CR intensity is uniform in the Galaxy as a
zero-order approximation, we obtain the expected diffuse
γ-ray emission in the two regions from hadronic inter-
actions between CR nuclei and the ISM. We assume the
ISM hydrogen and helium distributions follow the
PLANCK dust opacity map [44], and the number density
of helium to hydrogen is 1∶10. Heavier nuclei are expected
to contribute to a fraction of≲10% of the total emission and
are neglected in this work [49]. The secondary γ production
spectrum is calculated using the AAFRAG package [50].
We also include the γγ absorption effect [51], which is
important for E > 100 TeV [53].

FIG. 2. Measured fluxes of diffuse γ-ray emission in the inner
and outer Galaxy regions. The smaller error bars show the
statistical errors and the larger ones show the quadratic sum of
the statistical and systematic errors. In each panel, the dashed line
shows the best-fit power-law function of the data, the gray shaded
band shows the model prediction assuming local CR spectra and
the gas column density with the same mask as the data, and the
cyan shaded band is the gray one multiplied by a constant factor
of 3.0 for the inner region and 2.0 for the outer region.

TABLE I. Fitting parameters of the LHAASO-KM2A diffuse spectra.

ϕ0 (10−14 TeV−1 cm−2 s−1 sr−1) α

Inner Galaxy 1.00� 0.04stat � 0.09sys −2.99� 0.04stat � 0.07sys
Outer Galaxy 0.44� 0.04stat � 0.05sys −2.99� 0.07stat � 0.12sys
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The results are given by gray shaded bands in Fig. 2,
with the bandwidth representing the uncertainty from the
CR flux measurements. It can be seen that the predicted
fluxes are lower than the measured ones [54]. As a
comparison, we scale the gray bands by a factor of 3 for
the inner region and 2 for the outer region, as shown by the
cyan shaded bands, which can roughly match with the data.
The spectral shapes of the measurements are basically
power laws, which are slightly different from the predicted
curved spectra. To quantify their differences, we fit the
fluxes (with statistical and systematic uncertainties added
in quadrature) with the predicted “high” spectral shape
(with normalization free) which gives χ2=dof ¼ 33.8=9
(7.7=4) in the inner (outer) region, and with the “low”
spectral shape which gives χ2=dof ¼ 21.9=9 (4.4=4). The p
values of the fittings are about 10−4–10−2 for the inner
region, and 0.10–0.35 for the outer region. As a compari-
son, the power-law fitting gives χ2=dof ¼ 9.1=8 (2.2=3).
For the inner region, excesses exist for the whole energy
band, while for the outer region, excesses mainly appear at
low energies (for E≲ 60 TeV). The LHAASO measure-
ments may thus imply the existence of additional sources
for the diffuse emission. The excesses may come from
unresolved sources. Although sources above 5σ detected by
KM2A and other experiments were masked from the data,
there should be sources below the chosen threshold whose

accumulative contribution may account for a fraction of
the observed emission [24]. The ICS from electrons and
positrons injected from pulsars or pulsar wind nebulae may
be proper candidates [1,18,23,25]. Some such sources were
detected as extended halos in the VHE band [30,43]. It is
expected that such pulsar halos may be general in the
Milky Way, giving remarkable diffuse emission in the VHE
to UHE band [23,25]. The imperfect correlation of the
longitudinal distributions of the data with gas may support
such a scenario. Alternatively, CR interactions with the
medium around acceleration sources [26,55], the spatial
variations of the CR spectra (e.g., harder spectra in places
other than the local vicinity [56–58]) or dust-to-gas
ratio [59] may also explain the excesses.
Conclusion.—We report the measurements of the

diffuse γ-ray emission in the VHE to UHE window of
10–1000 TeV from the Galactic plane using the LHAASO-
KM2A data. In total, 302 days of the half array data,
219 days of the 3=4 array data, and 423 days of the full
array data of LHAASO-KM2A are used in this work. To
reduce the contamination from detected sources, the sky
regions around known VHE=UHE sources and those newly
detected by the LHAASO-KM2A are masked. In the
Galactic plane, Two sky regions (Fig. 1), the inner Galaxy
and the outer Galaxy regions, are analyzed. After masking
the sources, we find significant diffuse emission above
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FIG. 3. Galactic longitude and latitude profiles of the diffuse emission for energy bands 10–63 TeV (top three panels) and
63–1000 TeV (bottom three panels), respectively. The solid line in each panel is the best-fit gas distribution according to the PLANCK
dust opacity map.
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10 TeV with 29.1σ and 12.7σ significance for the inner and
outer Galaxy regions, respectively. The outer Galaxy region
is, for the first time, to be observed to have VHE-UHE
diffuse emission. A power law can well describe the spectra
in both the inner and outer regions with similar spectral
indices of −2.99. Compared with the prediction of CR
interactions with the ISM, the LHAASO measured fluxes
are higher by a factor of 2–3 in both regions (for the outer
region the excess is evident for E≲ 60 TeV). The latitude
distributions of the diffuse emission are in general con-
sistent with the gas distribution, while deviation is shown in
the longitude distribution. The KM2A measurements
provide interesting insights in probing the source distribu-
tion and interactions of CRs in the Galaxy. Further under-
standing of the nature of the diffuse emission is expected to
be achieved with the accumulation of more data by KM2A
and the analysis from sub-TeV to ∼10 TeV energies with
the WCDA data, and/or a joint modeling of the recently
reported detection of neutrino emission from the Galactic
plane by IceCube Collaboration [60].
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