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Measurement of Very-high-energy Diffuse Gamma-ray Emissions from the Galactic Plane with
LHAASO-WCDA
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The diffuse Galactic gamma-ray emission is a very important tool used to study the propagation and interac-
tion of cosmic rays in the Milky Way. In this work, we report the measurements of the diffuse emission from
the Galactic plane, covering Galactic longitudes from 15° to 235° and latitudes from —5° to +5°, in an energy
range of 1 TeV to 25 TeV, with the Water Cherenkov Detector Array (WCDA) of the Large High Altitude Air
Shower Observatory (LHAASO). After masking the sky regions of known sources, the diffuse emission is de-
tected with 24.60 and 9.10 significance in the inner Galactic plane(15° < [ < 125°, |b| < 5°) and outer Galactic
plane (125° < I < 235°, |b| < 5°), respectively. The WCDA spectra in both regions can be well described by a
power-law function, with spectral indices of —2.67 + 0.05, in the inner region and —2.83 + 0.19, in the outer
region, respectively. Combined with the Square Kilometer Array (KM2A) measurements at higher energies, a
clear softening of the spectrum is found in the inner region, with change of spectral indices by ~ 0.5 at a break
energy around 30 TeV. The fluxes of the diffuse emission are higher by a factor of 1.5 — 2.7 than the model pre-
diction assuming local CR spectra and the gas column density, which are consistent with those measured by the
KM2A. Along Galactic longitude, the spatial distribution of the diffuse emission shows deviation from that of
the gas column density. The spectral shape of the diffuse emission are possibly variation in different longitude
region. The WCDA measurements bridge the gap between the low-energy measurements by space detectors
and the ultra-high-energy observations by LHAASO-KM2A and other experiments. These results suggest that

improved modeling of the wide-band diffuse emission is required.

PACS numbers: 95.85.Pw,98.70.Sa

Introduction. — One of the most fundamental unresolved
problems in astrophysics is the origin and propagation of cos-
mic rays (CRs). Besides the direct measurements of energy
spectra and arrival directions of individual composition of
CRs, the diffuse y-ray emission plays a unique and comple-
mentary role in constraining the origin and propagation of
CRs. The diffuse y-ray emission is usually expected to be
produced through interactions between CRs (nuclei and elec-
trons/positrons) and the interstellar medium (ISM) or radia-
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tion field [1-3]. Modeling of the diffuse emission in the high-
energy y-ray bands (HE, <0.1 TeV) is consistent with the mea-
surements at high and intermediate latitudes by Fermi Large
Area Telescope [4], supporting the basic framework of CR
propagation and interaction in the Milky Way.

Measurements of the wide-band diffuse y-ray emission is
particularly important in constraining the origin and testing
the propagation models of CRs. Due either to the small field-
of-view of imaging atmospheric Cherenkov telescope arrays
or the limited sensitivity of extensive air shower detector ar-
rays, the observations of diffuse y-ray emission have been
challenging for groundbased experiments for a long time. A
few measurements have been reported by MILAGRO [5, 6],
H.E.S.S. [7], ARGO-YBJ [8], ASy [9], and HAWC [10]. Par-
ticularly, the recent precise measurement by the Square Kilo-
meter Array (KM2A) of the Large High Altitude Air Shower
Observatory (LHAASO) [11] in the energy range from 10 to
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FIG. 1. The significance maps in Galactic coordinate of the inner Galaxy region (top panel) and outer Galaxy region (bottom panel)) for
Niir = 200 (corresponding to energies bigger than several TeV) after masking the resolved LHAASO and TeVCat sources.

1000 TeV, together with the Fermi measurement in space be-
low TeV energy [12], gives the diffuse emission in a very wide
energy range and offers new insights in understanding the ori-
gin of the diffuse y-rays and the propagation model for CRs
(e.g., [13-16]). Nevertheless, the detection of diffuse emis-
sion in energy range from 1 to 10 TeV is still lacking, which
hinders a good discrimination of different models. In this
work, we report the measurement of diffuse y-ray emission
from the Galactic plane in the energy range from 1 to 25 TeV
using the Water Cherenkov Detector Array (WCDA) of the
LHAASO experiment. The energy coverage of WCDA fills
the gap between Fermi and LHAASO-KM2A. Together with
Fermi and KM2A, the Galactic diffuse emission covering an
energy range of more than 6 orders of magnitude (from sub-
GeV to PeV) will be obtained for the first time.

The LHAASO experiment. — The LHAASO [17] is a multi-
component CR and vy-ray detection facility located on Haizi
Mountain about 4410 meters above sea level in Daocheng,
Sichuan province, China. It is designed to detect air showers
induced by CR particles with energies from ~TeV to ~EeV
and by photons from ~ 100 GeV to >PeV. The WCDA is
one of the three major components of LHAASO. It is a close-
packed, surface water Cherenkov detector facility with an area
of 78,000 m2. The WCDA consists of three ponds, two of
them have an area of 150 x 150 m? with 900 detector units
each, and the third one has an area of 300 x 110 m? with
1320 detector units. The primary goal of WCDA is to sur-
vey the northern y-ray sky in the very-high-energy (VHE)
band [17, 18]. The large field-of-view and high sensitivity of
WCDA makes it a powerful detector for the study of diffuse
y-ray emission.

Data analysis. — The data used in this work is collected
by WCDA between March 5, 2021 and July 31, 2023. Af-
ter quality cuts, the total live time is 763 days. The event

selection criteria are the same as in Ref. [19]. The parame-
(7)) .
ter PINChness, defined as P = % Zﬁil %, where ¢; is the

logarithm of the i-th PMT charge, ({;) and o, are the aver-
age value and dispersion of a sample of gamma-like events,
is applied to exclude hadronic showers [20]. In this work
we set £ < 1.1. The region of interesting (ROI) is same as
that used in the KM2A analysis [11], i.e., the inner Galaxy
plane (15° < [ < 125°, |b] < 5°) and the outer Galactic plane
(125° < I < 235° |b| < 5°. The analysis in different lon-
gitude regions are also performed. The events are binned by
number of hits in six bins, i.e., 60-100, 100-200, 200-300,
300-500, 500-800, =800, which represent increasing energies
from ~ 1 TeV to ~ 25 TeV. For the outer region, the mea-
surement is performed for the last four bins to keep a rela-
tively high significance. We also update the KM2A results for
25 < E < 1000 TeV, following the analysis of [11], but using
the full array data from July 20, 2021 to July 31, 2023 and the
updated source mask compared to the one used in this work.
The background, mainly from residual CR events, is esti-
mated using the “direct integral method” [21]. This method
assumes that the detection efficiency is slowly varying and the
time-average within a relatively short time window can prop-
erly reflect the background content. The time step to calculate
the background is chosen to be 1 hour, and the time window
is chosen to be +5 hours of each step. Some spurious large-
scale structures of the background may exist, which have been
corrected in the analysis (see Fig. S1 of the Supplemental
Material) [11]. Quite a number of pointlike and extended
sources have been detected [19, 22, 23]. To reduce the im-
pact of y-rays sources on the background estimate, we mask
the Galactic plane with latitudes || < 10° for declinations
6 < 50° and |b| < 5° for 6 > 50°. The sky regions around
sources out of the Galactic plane, based on the TeVCat as
of December 2022 [24] and WCDA/KM2A source list [19],



are also masked. The mask radius is chosen to be 5 times of

0 =[O+ Org. Where 0y is the fitted Gaussian exten-
sion of the source and o is the Gaussian width of the point
spread function of WCDA. In this work we adopt o5t = 0.5°
for all energy bins to keep the same sky regions.

To measure the diffuse emission, we also mask known
sources detected by LHAASO [19] and those listed in TeVCat
[24], with different mask radii, to balance the remaining sky
region and the impacts from sources. We adopt a mask radius
of 2.5 times of o as defined above for each source. For pul-
sar halos Geminga and Monogem, whose morphologies are
not well described by simple Gaussian functions, the mask
radius is set to be 8° which can largely remove the emission
from these two sources. The regions of interest (ROI) can be
seen in Fig. 1, where blank regions are masked out. Since the
source list and source extensions of WCDA are different from
those of KM2A, the ROIs also differ slightly from the previ-
ous KM2A analysis [11]. Specifically, the solid angle of the
ROI is 0.172 (0.255) for the inner (outer) region in this work,
compared with 0.206 (0.268) of the previous KM2A ROI [11].
We also estimate the residual contamination from resolved
sources, through a fitting of the morphological distribution of
the data for different rings surrounding resolved sources (rep-
resented by the multiplicative factor of source extension o),
using simulated templates of resolved sources and the diffuse
emission. See Fig. S2 of the Supplemental Material for
illustration. The contamination fraction, given in Table S1 of
the Supplemental Material, will be subtracted when eval-
uating the diffuse fluxes.

A likelihood fitting method is employed to derive the flux
of the diffuse emission, in the whole energy band or in-
dividual energy bin. To properly account for the spectral
shape of the emission in a wide energy band, from TeV to
PeV, a smoothly broken power-law (SBPL) function, ¢(E) =
¢ (E/10TeV) ™ [1 + (E/Ew) 1“5, is assumed, where Ey,
is the break energy, @ and S are the photon indices before
and after the break, and s characterizes the smoothness of
the break which is fixed to be 5 in this work. For the fit-
ting of the WCDA data alone in a limited energy range, we
assume a power-law spectrum ¢(E) = ¢o (E/10TeV)™ in-
stead. The test statistic (TS) is defined as two times of the
logarithmic likelihood ratio of the signal plus background hy-
pothesis (H) and the background only hypothesis (Hy), i.e.,
TS = 2In(Lsp/Ly). The TS value follows approximately
a y? distribution with two (four) degrees of freedom for PL
(SBPL) model. The forward-folding method is used to de-
termine the model parameters, i.e., for a given set of model
parameters, we convolve the instrumental response functions
to get the expected number of events, and then construct the
Poisson likelihood according to the observations.

Results on diffuse emission. — Fig. 1 shows the signifi-
cance maps for My > 200 in Galactic coordinate for the in-
ner (top panel) and outer (bottom panel) regions, respectively.
The one-dimensional significance distributions of these two
regions and the control regions shifted by 20° in Galactic lat-
itudes are given in Fig. S3 of the Supplemental Material.
The detection significance of diffuse emission is about 24.60
(9.10) in the inner (outer) region. For the first time, the multi-

TeV diffuse emission in the outer Galactic plane is detected
by LHAASO-WCDA.

The spectral energy distributions (SED) of the diffuse emis-
sion from ~TeV to PeV in the two regions are given in Fig. 2.
The shorter error bars represent the statistical errors, and
the longer ones are the quadratic sum of the statistical er-
rors and the systematical uncertainties (see below for details).
The data of the fluxes together with the statistical and sys-
tematic uncertainties can be found in Tables S2 and S3 of
the Supplemental Material. The diffuse y-ray fluxes are
lower by a factor of several than those of CR electrons and
positrons [25-28], as shown in Fig. S4 of the Supplemental
Material. However, in our data-driven background estimate
method, the electron and positron background is largely sup-
pressed given their nearly isotropic spatial distribution. For
a better comparison with the neutrino emission [29], we also
present the total fluxes without source masks in Fig. S5 of the
Supplemental Material.

The wide-band spectra are fitted with the SBPL function,
with parameters being presented in Table I. The fitting re-
sults indicate that breaks of the spectra, around 30 TeV, exist.
Quantitatively, a single power-law fitting gives a TS value of
1099.10 (272.29) for the inner (outer) region, while the SBPL
fitting gives 1131.25 (273.40). Therefore, the significance of
the spectral break in the inner region is about 5.30°, given
two more free parameters. For the outer region the break is
not statistically significant. Within the statistical uncertain-
ties, the spectral parameters in the inner and outer Galactic
plane are consistent with each other. We further divide the in-
ner region into three sub-regions, with Galactic longitudes of
1 € [15°,50°],1€[50°,90°]and / € [90°, 125°], and re-fit their
spectra. The results are shown in Fig. 3. The spectral index
of the third sub-region is found to be slightly harder (~ 20
significance) than the other two sub-regions, as can be seen
in Table II. Such differences remain for the background esti-
mate with different mask region (|b| < 10°) and time window
(24 hours). These results indicate that spectral variations may
exist across the Galactic plane.

We also derive the spatial distributions of the WCDA dif-
fuse emission along Galactic latitudes and longitudes, as
shown in Fig. 4. The results are compared with the gas distri-
butions obtained from the sum of atomic hydrogen from the
HI4PI survey [30], molecular hydrogen from the CO survey
[31] with a CO-to-H, conversion factor of Xco = 1.6 x 10%°
cm? (Kkms™')~! [4], and an ionized hydrogen component
from the model of [32]. An alternative way is to use the dust
opacity to trace the gas column density [33]. Differences from
these two methods vary for different regions of the Galaxy.
On average, we find that the inferred gas column densities
in the ROIs defined in this work are smaller than 10%. It
is shown that the latitude distributions are roughly consistent
with the gas distributions in both the inner and outer regions.
The fitting of the gas template to the data gives p-values of
0.003 — 0.013 of the two regions. However, the longitude dis-
tribution deviates clearly from the gas distribution. The gas
template fitting shows a p-value of 6.0 x 107!, Similar re-
sults have also been obtained for the KM2A measurements
at higher energies [11] (see Fig. S6 of the Supplemental
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TABLE 1. SBPL fitting parameters of the wide-band diffuse emission measured by WCDA and KM2A

Region ¢ at 10 TeV

(1072 TeV-' ecm™? s7!sr!)

(0% ﬁ Ebr
(TeV)

15° < 1 < 125° (inner)
125° < I < 235° (outer)

8.88 £ 0.53a
3.84 £ 0.37ga

—2.66 + 0.0545¢ —3.13 £ 0.085ta 32.84 £ 11.1645
=2.72 + 0.105 —2.92 £ 0.1045 27.86 £ 22.49 5
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FIG. 3. Fluxes of diffuse y-ray emission in the three sub-regions of
the inner Galactic plane measured by the WCDA. Only the statistical
errors are shown.

Material for the comparison between WCDA and KM2A).
Systematic uncertainties. — One of the major sources of

systematic uncertainties is the background estimate. We vary

the time window from =5 hours to +12 hours, and also change

TABLE II. Power-law fitting results of the LHAASO-WCDA diffuse
emission.

Region ¢o at 10 TeV a

(10°P TeV~' em™? s~! sr!)
15° < [ < 125° (inner) 8.50 + 0.58, —2.67 £ 0.054,
125° < I < 235° (outer) 3.49 £+ 0.554 —2.83 £ 0.19
15° <1< 50° 14.88 + 1.264, —2.69 + 0.06,
50° < 1<90° 5.55 £ 0.91 4 —2.78 £ 0.09,
90° < I < 125° 7.79 £ 0.81 —2.50 £ 0.09,

the mask regions for background estimate to |b| < 10° for
all declinations to obtain the variations of the results. The
other effect related with the background is the spurious large-
scale efficiency correction (see Sec. A of the Supplemental
Material), for which we adopt different smoothing angles
of 15°, 20°, 25°, and 30°. We find that the impacts of those
changes on parameters ¢, are about 6% (16%) and on « are
about 0.05 (0.13), for the inner (outer) region. The variation
of the atmosphere condition during the operation affects the
detection efficiency, which is not properly modelled in the
simulation. For point-like sources this effect is estimated to
be about 8% for the flux (¢p) and 0.02 for the spectral index
(@) [19]. Similar impacts on the diffuse emission is expected.
Combining these results, we obtain the total systematic un-
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FIG. 4. Galactic latitude and longitude profiles of the diffuse fluxes for Ny > 200 (corresponding to an energy range of about 3 — 25 TeV),

compared with the gas distributions as shown by solid lines.

certainties as 10% (18%) for ¢y and 0.05 (0.13) for a, for
the inner (outer) region, respectively. The discussion of sys-
tematic uncertainties of the KM2A results can be referred to
Ref. [11]. The systematic uncertainty of the flux in each en-
ergy bin has been shown in Fig. 2 and also in Tables S2 and
S3 of the Supplemental Material.

Discussion. — We compare the data with the predictions of
the hadronic interactions between CRs and the ISM. We adopt
the parameterizations of the local proton and helium spectra as
given in Ref. [11], which include the uncertainties of the cur-
rent measurements, especially for those measured by indirect
detection experiments above ~ 100 TeV. We assume that the
CR intensity is uniform in the Galaxy', and calculate the y-ray
emission using the local CR spectra and the line-of-sight in-
tegrated gas content. The y-ray production cross section used
is from the AAfrag package [36]. The expected diffuse y-ray
fluxes are shown by grey shaded bands in Fig. 2. We can see
that in the inner region the measurements are higher by a fac-
tor of ~ 2.7 than the prediction, and in the outer region the
measurements are higher by ~ 1.5 times. These results are
consistent with those found in the LHAASO-KM2A analysis
[11]. The HAWC measurements in a different sky region of
the inner Galaxy also showed a factor of 2 higher fluxes com-
pared with a DRAGON model prediction [10]. In the outer re-
gion, the predicted spectrum is consistent with the data within
uncertainties. We test the consistency of the spectral shape
between the prediction and the measurement in the inner re-
gion through a fit with free normalization of the model curve,
and get x> = 86.14 and 19.16 for 13 degrees of freedom, for
the “high” and “low” predictions (corresponding to the upper
and lower edges of the band shown in Fig. 2). The p-values
of the fittings are 7.61 x 107!3 and 0.12, respectively. Given

! Note that this assumption is over-simplified since variations of the CR in-
tensities across the Galaxy were found to be present [34, 35]. Assuming a
GALPROP model, which approximates the propagation halo as a cylinder,
employs a numerical method to solve the transport equations, and includes
experimental/observational inputs about the nuclear cross sections and gas
distributions [2], we find that the expected diffuse fluxes are higher (lower)
by 10% (40%) than the results obtained here for the inner (outer) region
after the same source mask.

the current large uncertainties of the spectral measurements of
individual CR species, we cannot draw a firm conclusion on
whether the diffuse y-ray data is consistent with the knee of
the light CR components or not based on the spectral shape
only.

If we compare the data (including those measured by
Fermi-LAT between 1 and 500 GeV [12], updated with the
new mask of this work) with the GALPROP model predic-
tion? in a wider energy range, from GeV to PeV, we find
that the excess mainly exists from several GeV to tens of
TeV (see Fig. 5). Such an excess may come from a popu-
lation of unresolved, low surface brightness sources such as
pulsar wind nebulae or pulsar halos [1, 13, 16, 42, 43]. The
spatial variations of the spectra of the diffuse emission may
further supports the hypothesis that unresolved sources may
exist, although other possibilities such as spatially-dependent
spectral slopes of CRs can not be excluded. Following
Ref. [12], we add an empirical component with spectrum
o« E72% exp (~E/20TeV) to the CR propagation model pre-
diction, and find a good agreement with the wide-band mea-
surements, as shown in Fig. 5. Other sources like young mas-
sive star clusters [44], the confinement and interaction of CRs
around acceleration sources [45-48], as well as the change
of the canonical propagation scenario [49-52] were also dis-
cussed in literature. The multi-messenger analysis of the dif-
fuse y rays and neutrinos [29] would be helpful in understand-
ing the nature of the diffuse emission.

Summary. — In this work we measure the diffuse y-ray
emission in an energy range of about 1 — 25 TeV from the
Galactic plane using the LHAASO-WCDA data. The detec-
tion significance of the diffuse emission, after masking sky
regions around resolved sources, is 24.60 for the inner Galac-
tic plane (15° < [ < 125°, |b| < 5°) and 9.10 for the outer
Galactic plane (125° < [ < 235°, |b|] < 5°) regions, respec-
tively. The diffuse emission from the outer Galactic plane
is for the first time detected in the multi-TeV energy range.

2 The propagation and source injection parameters were adjusted [37] to fit
the up-to-date measurements of CR primary and secondary nuclei [38—40].
One should be aware that, a homogeneous, isotropic diffusion is assumed
when calculating the CR propagation, which may be too simple [41].



B0 Inner
A i
E 10°L
L 4
> r T
[} L Tl
O 7
TN
E 10710 S
q E - ARGO-YBJ
w r
i e ASY — Total
= Fermi-LAT -+- Background
107"
F = LHAASO Extra
Ll | \HHH‘ | \HHH‘ Pl | \HHH‘ | \HH‘\‘ RN
10° 102 107 1 10 10? 10°

E[TeV]

Bl Outer
s 10°¢
£ r
|q° ------
>
[}
[
N [ S
510 ————— 7 T
2 F :
o C
m -
- — Total
101 & Fermi-LAT ---- Background
E = LHAASO Extra
7\\\\ | \HHH‘ | \HHH‘ Pl | \HHH‘ | \HHH‘ RN
10° 102 107 1 10 102 10°

E[TeV]
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two components.

The WCDA measurements fill the gap between direct detec-
tion by space telescopes and ultra-high-energy measurements
by groundbased experiments, and offer a full energy coverage
from GeV to PeV for the Galactic diffuse y-ray emission. The
SEDs of the diffuse emission in the two regions have been
measured with high precision. The WCDA spectra are consis-
tent with power-law models, with indices of —2.67 + 0.054
and —2.83+0.19,. The joint WCDA-KM2A spectrum shows
a break around 30 TeV in the inner region, with indices chang-
ing by about 0.5. The break in the outer region is not signif-
icant. We also show that there are slight spectral variations
across the Galactic plane in the inner region. The measured
fluxes are higher by a factor of 1.5 — 2.7 than the simple pre-
diction of hadronic interactions between CRs (with locally
measured fluxes) and the ISM, indicating that there are un-
modelled source components or spatial variations of CR dis-
tribution.
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