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(a) E >10 TeV (b) E >100 TeV

FIG. S2. Significance maps around the Crab nebula observed by the Tibet AS+MD array for (a) E > 10 TeV and for (b)
E > 100 TeV, respectively. The cross mark indicates the Crab pulsar position.

MUON DISTRIBUTION MEASURED BY THE MD ARRAY

In this paper, the total number of particles detected in the MDs (i.e. ⌃Nµ) is used as the parameter to discriminate
cosmic-ray induced air showers from photon induced air showers. As shown in Fig. 2 in the paper, the muon cut
threshold depends on the ⌃⇢, where ⌃⇢ is roughly proportional to energy, and ⌃⇢ = 1000 roughly corresponds to
100 TeV.

For E > 100 TeV, the averaged ⌃Nµ for the cosmic-ray background events is more than 100, while the muon cut
value is set to be approximately ⌃Nµ = 10 ⇠ 30 depending on ⌃⇢. As a result, we successfully suppress 99.92% of
cosmic-ray background events with E > 100 TeV, and observe 24 photon-like events after the muon cut.

Figure S3 shows the relative muon number (Rµ) distribution above 100 TeV for the Crab nebula events. Rµ is
defined as the ratio of the observed ⌃Nµ to the ⌃Nµ on the muon cut line in Fig. 2 at the observed ⌃⇢. Three
events among 24 photon-like evens have ⌃Nµ = 0 which corresponds to the leftmost bin corresponds Rµ = 0 in
Fig. S3. We find a clear bump of muon-less events in Rµ < 1 region, and the relative muon distribution after the
muon cut (Rµ < 1) is consistent with that estimated by the photon MC simulation. This is unequivocal evidence for
the muon-less air showers induced by the primary photons from an astrophysical source.
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FIG. S3. Relative muon number (Rµ) of the Crab nebula events with E > 100 TeV. Rµ is defined as the ratio of the observed
⌃Nµ to the ⌃Nµ value on the muon cut line in Fig. 2 at the observed ⌃⇢. The leftmost bin indicates the number of events with
Rµ = 0. The black points show the number of observed events from the Crab nebula. The solid red histograms and dashed
blue histograms show the photon MC simulation and the observed cosmic-ray background events, respectively. The central
vertical dashed line indicates the muon cut position at Rµ = 1.

Tibet AS 𝛾 Collaboration, 
PRL 123, 051101 (2019)

We have looked for correlations between the sources of
systematic uncertainty and have not found any. Therefore, the
effect of each source of systematic uncertainty can be added in
quadrature to the others. The systematic uncertainties on each
of the fit parameters in the log-parabola likelihood fit can be
seen in Table 5.

The major sources of systematic uncertainty are described
below. Figure 13 shows the shift due to systematics in
E2dN/dE as a function of energy for each estimator.

4.5.1. Angular Resolution Discrepancy

A discrepancy in the 68% containment between data and
simulation can be seen in Figure 8. While the cause of this is
not immediately clear, it is thought to be at least partially
caused by the shower curvature model used during reconstruc-
tion not yet having an energy dependence.

The 68% containment in the Monte Carlo is underestimated
by approximately 5%. The effect of this has been investigated
by scaling the PSF up by this amount and refitting the Crab
Nebula. The maximum effect on the flux is ∼5%, occurring at
the lowest energies (see Figure 13). At the highest energies this
effect is almost completely negligible.

4.5.2. Late Light Simulation

This was the largest source of uncertainty (∼40% in flux) in
Abeysekara et al. (2017a) and arose from a mismodeling of the
late light in the air shower. This is thought to stem from a
discrepancy between the time width of the laser pulse used for
calibration and the time structure of the actual shower. From
simulation, it is expected that the width of the arrival time
distribution of single photoelectrons (PEs) at the PMT should
be 10 ns, but examining the raw PE distributions in data
shows a discrepancy above 50 PEs. Improved studies of the
PMTs have decreased the size of this uncertainty in this work,
although it is still one of the dominant sources of uncertainty.
Systematic uncertainties have been derived by varying the size
of this effect and observing the impact on the flux.

4.5.3. Charge Uncertainty

The charge uncertainty encapsulates how much a PMT
measurement will vary for a fixed amount of light, as well as
the relative differences in photon detection efficiency from
PMT to PMT. The amount of uncertainty has been varied and
the effect on the flux studied. This is not a dominant source of
systematic uncertainty.

4.5.4. Absolute PMT Efficiency/Time Dependence

The absolute PMT efficiency cannot be precisely determined
using the calibration system (see Abeysekara et al. 2017a for a
discussion). Instead, an event selection based on charge and
timing cuts is implemented to identify incident vertical muons.
Vertical muons provide a monoenergetic source of light and
can be used to measure the relative efficiency of each PMT by
matching the muon peak position to the expected one from the
MC simulations. These efficiencies were determined for
different epochs in time and used to measure the range of
uncertainties. This is one of the dominant sources of
uncertainty, along with the late light simulation.

Figure 12. Significance map above 56 TeV in reconstructed energy for the GP (left) and NN (right). The maximum significance is 11.2σ for the GP and 11.6σ for the
NN. Both significance maps have been smoothed for presentation purposes.

Table 5
Systematic Uncertainties on Fit Parameters

Estimator Parameter Sys. Low Sys. High

GP f0 −2.11×10−14 2.00×10−14

α −0.03 0.01
β −0.03 0.01

NN f0 −1.69×10−14 3.23×10−14

α −0.02 0.03
β −0.02 0.02

Note. The systematic uncertainties on the fit parameters, for each estimator.
The units for f0 are TeV cm−2 s−1.
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Extended Data Fig. 5 | Phenomenological fits to the γ−ray observations of 
LHAASO J1908+0621, and previous observations of potential counterparts. 
The inset shows the KM2A significance map, indicating the potential 
counterparts of the UHE γ-ray source. The colour bar shows the significance 
( TS). The green circle indicates the PSF of LHAASO. The Fermi LAT points for 
LHAASO J1908+0621 analysed in this work, as well as ARGO48, HESS49 and 
HAWC4 data, are shown together with the LHAASO measurements. The dotted 
curve shows the leptonic model of radiation, assuming an injection of electron/
positron pairs according to the pulsar’s spin-down behaviour, with a breaking 
index of 2 and an initial rotation period of 0.04 s. A fraction of 6% of the current 
spin-down power of the pulsar PSR J1907+0602 at a distance of 2.4 kpc is 
assumed to be converted to e± pairs to support the γ-ray emission. The injection 
spectrum of electrons is assumed to be N E E E( ) ∝ exp{−[ /(800 TeV)] }e

2
e
−1.75 .  

The solid curves correspond to the hadronic model of radiation. Two types of 
energy distributions are assumed for the parent proton population: (i) a single 
power-law spectrum of parent protons, N(E) ≈ E−1.85exp[−E/(380 TeV)] (thin solid 
curve); (ii) a broken power-law spectrum with an exponential cutoff of parent 
protons, with indices 1.2 and 2.7 below and above 25 TeV, respectively, and a 
cutoff energy of 1.3 PeV (thick solid curve). In the inset sky map, the black 
diamond shows the position of PSR J1907+0602, the black contours correspond 
to the location of supernova remnant SNR G40.5-0.5 and the white circle is the 
position and size of HESS J1908+063. The cyan regions are the dense clumps 
described in Methods. The average density in the whole γ-ray emission region is 
estimated to be about 10 cm−3. γ-ray absorption due to photon–photon pair 
production (see Methods) is taken into account in the theoretical curve.

LHAASO Collaboration, 
Nature, 594, 33-36 (2021)

best-fit Nishimura-Kamata-Greisen (NKG) function [20].
The energy resolutions with S50 are roughly estimated to
be 20% and 10% for 100 and 400 TeV, respectively. The
absolute energy scale uncertainty was estimated to be 12%
from thewestwarddisplacement of theMoon’s shadowcenter
due to the geomagnetic field [21]. The live time of the dataset
is 719 days fromFebruary 2014 toMay 2017, and the average
effective detection time for the Galactic plane observation is
approximately 3700 h at the zenith angle less than 40°. The
data selection criteria are the same in our previous work [12]
except for the muon cut condition. According to the CASA-
MIA experiment, the marginal excess along the Galactic
plane in the sub-PeV energies is 1.63 σ, and the fraction of
excess to cosmic-ray background events is estimated to be
approximately 3 × 10−5 [18]. In order to search for signals
with such a small excess fraction,we adopt a tightmuon cut in
the present analyses requiring for gamma-ray-like events to
satisfyΣNμ < 2.1 × 10−4 ðΣρÞ1.2 or ΣNμ < 0.4, where ΣNμ

is the total number of muons detected in the underground
muon detector array. This is just one order of magnitude
tighter than the criterion used in our previous work [12]. The
cosmic-ray survival ratio with this tight muon cut is exper-
imentally estimated to be approximately 10−6 above 400TeV,
while the gamma-ray survival ratio is estimated to be 30% by
the MC simulation. The comparison between the cosmic-ray
data and the MC simulation is described in Fig. S1 in
Supplemental Material [22].
Results and discussion.—Figure 1 shows arrival direc-

tions of gamma-ray-like events in (a) 100ð¼102.0Þ < E <
158ð¼102.2Þ TeV, (b) 158ð¼102.2Þ<E<398ð¼102.6ÞTeV,
and (c) 398ð¼102.6Þ < E < 1000ð¼103.0Þ TeV, remaining
after the tight muon cut. It is seen that the observed arrival
directions concentrate in a region along the Galactic plane
(see also Fig. 2). Particularly in Fig. 1(c), 23 gamma-ray-
like events are observed in jbj < 10° which we define as the
on region (NON ¼ 23), while only ten events are observed
in jbj > 20° which we define as the off region (NOFF ¼ 10).
Since the total number of events before the tight muon cut
is 8.6 × 106, the cosmic-ray survival ratio is estimated to be
1.2 × 10−6 in jbj > 20° above 398 TeV. We use NOFF in
jbj > 20° to estimate the number of cosmic-ray background
events, because the contribution from extragalactic gamma
rays in E > 100 TeV is expected to be strongly suppressed
due to the pair-production interaction with the extragalactic
background light. The mean free path lengths for the pair
production for 100 TeV and 1 PeV are a few megaparsecs
and 10 kpc, respectively [29].
Since the ratio (α) of exposures in on and off regions is

estimated to be 0.27 by the MC simulation with our
geometrical exposure, the expected number of background
events in the on region with jbj < 10° is NBG ¼ αNOFF ¼
2.73, and the Li-Ma significance [30] of the diffuse gamma
rays in the on region is calculated to be 5.9 σ. The number
of events and the significances in each energy bin are
summarized in Table S1 in Supplemental Material [22].

The observed distribution of the number of muons for
E > 398 TeV after the muon cut is consistent with that
estimated from the gamma-ray MC simulation as shown in
Fig. S2 in Supplemental Material [22]. The highest-energy
957ðþ166

−141ÞTeV gamma ray is observed near the Galactic
plane, where the uncertainty in energy is defined as the
quadratic sum of the absolute energy-scale error (12%) and
the energy resolution [12]. Solid circles in Fig. 2 display
NON − NOFF as a function of b in (a) 100 < E < 158 TeV,
(b) 158 < E < 398 TeV, and (c) 398 < E < 1000 TeV.
The concentration of diffuse gamma rays around the
Galactic plane is apparent particularly in Fig. 2.
In order to estimate contribution from the known

gamma-ray sources, we searched for gamma-ray signals

FIG. 1. The arrival direction of each gamma-ray-like event
observed with (a) 100 < E < 158 TeV, (b) 158<E<398TeV,
and (c) 398 < E < 1000 TeV, respectively, in the equatorial
coordinate. The blue solid circles show arrival directions of
gamma-ray-like events observed by the Tibet ASþMD array.
The area of each circle is proportional to the measured energy of
each event. The red plus marks show directions of the known
Galactic TeV sources (including the unidentified sources) listed
in the TeV gamma-ray catalog [9]. The solid curve indicates the
Galactic plane, while the shaded areas indicate the sky regions
outside the field of view of the Tibet ASþMD array.
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cosmic ray density profile above 100 GeV from ref. 19, which clearly 
favours the 1/r profile. Alternatively, the 1/r profile is less striking 
for TeV cosmic rays because of their escape time.

The angular size of the Cygnus Cocoon is about 2.1°, which trans-
lates into a radius of r = 55 pc at 1.4 kpc. The size of the Cocoon is 
similar in both the TeV and GeV energy range. Assuming a loss-free 
regime, the particles from tens of GeV to hundreds of TeV diffuse 
in the region over a time tdiff given by tdiff = r2/(2D) (ref. 20), where D 
is the particle diffusion coefficient. If D(E*) = β D0(E*), where D0(E*) 
is the average diffusion coefficient in the Galaxy at a given energy E* 
and β is the suppression coefficient, then at 10 GeV
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The diffusion time (tdiff) of 10 GeV particles detected with 
Fermi-LAT needs to be shorter than the age of the Cyg OB2 associa-
tion tage, that is, tdiff (10 GeV) < tage ≈ 1−7 Myr (ref. 21), which yields 
β > 0.002. By contrast, the diffusion time of 100 TeV particles must 
be longer than the light-travel time to the edges of the Cocoon, 
tdiff (100 TeV) ≫ Rdiff/c, where Rdiff is the diffusion radius and c is the 
speed of light. With D0(100 TeV) = 3 × 1030 cm2 s−1, we obtain β ≪ 1. 
The combination of observations by the GeV and TeV instruments 
provides unique insights to particle transport in the Cocoon super-
bubble. The ‘suppression of the diffusion coefficient’ (β) is found to 
be 0.002 < β ≪ 1. This confirms that closer to particle injectors, high 
turbulence is driven by the accelerated particles, and cosmic rays 
are likely to diffuse more slowly than in other regions of the Galaxy.

As discussed in ref. 10, although the PWN powered by PSR 
J2021+4026 and PSR J2032+4127 cannot explain this extended 
Cocoon emission, we cannot rule out that the emission could be 
from a yet-undiscovered PWN. The nearby γ Cygni SNR might 
not have been able to diffuse over the Cocoon region because of 
its young age10. The γ-ray emission measured from the Cocoon 

region over five orders of magnitude in energy is likely produced by  
protons in the GeV to PeV range that collide with the ambient dense 
gas. The spectral shape in the TeV energy range is well described by 
a power law without an indication of a cut-off up to energies above 
100 TeV. Therefore, it might be the case that the powerful shocks 
produced by multiple strong star winds in the Cygnus Cocoon can 
accelerate particles, not only to energies up to tens of TeV as previ-
ously indicated by the Fermi-LAT detection, but even beyond PeV 
energies. However, the presence of a cut-off or a break in the GeV to 
TeV γ-ray spectrum at a few TeV, as evidenced in the measurements 
of both ARGO and HAWC detectors, argues against the efficiency 
of the acceleration process beyond several hundred TeV.

The break in the γ-ray spectrum around a few TeV could be due 
to either leakage of cosmic rays from the Cocoon or a cut-off in the 
cosmic ray spectrum injected from the source. In the first scenario, 
the γ-ray emission is dominated by recent starburst activities less 
than 0.1 Myr ago. The diffusion length in the Cocoon is 100–1,000 
times less than that in the interstellar medium owing to strong mag-
netic turbulence10 that is plausibly driven by starburst activities. The 
lower-energy cosmic rays are confined by the magnetic field of the 
Cocoon, whereas higher-energy cosmic rays escape from the region 
before producing γ rays, which results in a spectral break from GeV 
to TeV regime. An injection index of α ≈ −2.1 for the cosmic ray spec-
trum is needed to explain the Fermi-LAT observation. Such a spec-
trum can be achieved by different particle acceleration mechanisms, 
for example through shock acceleration. An example of the leakage 
model is illustrated as the thick solid grey line in Fig. 2a. Assuming 
a recent activity that happened 0.1 Myr ago and a gas density of 30 
nucleons per cm3 as suggested by H i and H ii observations22, the 
proton injection luminosity is found to be Lp ≈ 4 × 1037 erg s−1 above 
1 GeV (Methods). The data above 100 TeV suggest that the stellar 
winds inject protons to above PeV with a hard spectrum.

In the second scenario, the γ-ray emission is produced by contin-
uous starburst activities over the OB2 star lifetime, 1–7 Myr. In this 
scenario, a hard cosmic ray spectrum of α ≈ −2.0, depending on the 
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Fig. 2 | Spectral energy distribution of the γ-ray emission and cosmic ray density at the Cocoon region. a, Spectral energy distribution of the Cocoon 
measured by different γ-ray instruments. Here, Φγ is the γ-ray flux, which is given by Eγ

2 × dN/dEγ and Eγ is the γ-ray energy. Blue circles are the spectral 
measurements for the Cocoon in this study. The errors on the flux points are the 1σ statistical errors. At low TeV energy, HAWC data agree with the 
measurements by the ARGO observatory shown in grey squares14. The red and grey circles are the Fermi-LAT flux points published in ref. 15 and ref. 10, 
respectively. The grey triangles are from the Fermi-LAT analysis in ref. 19. The grey solid and dashed lines are γ-ray spectra derived from the hadronic 
modelling of the region. (The leptonic modelling results are provided in Extended Data Fig. 1). b, Cosmic ray energy density profile calculated for four 
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local cosmic ray density above 10!TeV based on Alpha Magnetic Spectrometer measurements18. The black triangles are the cosmic ray densities above 
100!GeV from ref. 19.
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declination (dec.) = 41.51° ± 0.04°), which is a slightly extended 
source with a Gaussian width of 0.27° and is possibly associated 
with the PWN TeV J2032+4130 (refs. 12,13), and HAWC J2030+409, 
which is a very-high-energy counterpart of the GeV Cygnus 
Cocoon10 (Methods). The region after subtraction of HAWC 
J2031+415 (PWN) and 2HWC J2020+403 (γ Cygni) is shown  
in Fig. 1b.

HAWC J2030+409 contributes ~90% to the total flux detected 
at the ROI and is detected with a test statistic (equation (1), likeli-
hood ratio test), TS, of 195.2 at the position RA = 307.65° ± 0.30°, 
dec. = 40.93° ± 0.26°. The extension is well described by a 
Gaussian profile with a width of 2.13° ± 0.15° (stat.) ± 0.06° (syst.). 
The location and the Gaussian width of the source are consistent 
with the measurements by Fermi-LAT from above 1 GeV to a few 
hundred GeV.

The spectral energy distribution of the Cygnus Cocoon 
has been extended from 10 TeV in the previously published  
measurement by the ARGO observatory14 to 200 TeV in this 
analysis. The measurement above 0.75 TeV can be described 
by a power-law spectrum E/�E& = /
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(TZTU�). The flux is compat-
ible with an extrapolation from the Fermi-LAT measurement at 
1–300 GeV (refs. 10,15). Compared to Γ = −2.1 in the Fermi-LAT GeV 
data, a significant softening of the energy spectral density is evident 
at a few TeV in the ARGO data14 and persists beyond 100 TeV in the 
HAWC data (Fig. 2a).

GeV γ rays observed by Fermi-LAT can be produced either by 
high-energy protons interacting with gas or by high-energy elec-
trons upscattering stellar radiation and dust emission10. Above a few 
TeV, the inverse-Compton process between relativistic electrons 
and stellar photons is suppressed by the Klein–Nishina effect. If 
produced by electrons, the γ-ray emission is therefore not expected 

to be peaked toward the stellar clusters, but rather trace the dif-
fuse dust emission across the entire Cocoon. This adds difficulty to 
the task of distinguishing the leptonic and hadronic origins of the 
γ-ray radiation. The measurements of the Cygnus Cocoon emission 
above 10 TeV break the degeneracy of the two origins. As shown 
in Extended Data Fig. 1, we find it unlikely that a single electron 
population produces γ rays from GeV to the highest energy by 
inverse-Compton emission without its synchrotron radiation vio-
lating the flux constraints posed by radio16 and X-ray17 observations. 
The leptonic origin of the γ-ray radiation by the Cygnus Cocoon is 
therefore disfavoured as uniquely responsible for the observed GeV 
and TeV flux.

The cosmic ray energy density above a proton energy of 10 TeV 
is calculated for four annuli up to 55 pc from Cyg OB2 (Fig. 2b). We 
find that the cosmic ray energy density in all spatial bins is larger 
than the local cosmic ray energy density of 10−3 eV cm−3 based on 
Alpha Magnetic Spectrometer measurements18. Therefore, as for the 
GeV γ rays10, TeV γ rays come from the freshly accelerated cosmic 
rays inside the Cygnus Cocoon, rather than from the older Galactic 
population.

The radial profile of the cosmic ray density yields information 
on the mechanism that accelerates particles in the Cygnus Cocoon. 
Assuming that a cosmic ray accelerator has been active in the cen-
tre of the region at a radius of r = 0, roughly at the location of Cyg 
OB2, a 1/r dependence of the cosmic ray density would imply that 
the acceleration process has continuously injected particles in the 
region for 1–7 Myr. A continuous acceleration process, which can-
not be guaranteed by a single supernova explosion event, could be 
produced by the combined and long-lasting effect of multiple pow-
erful star winds. Conversely, a constant radial profile would imply a 
recent (< 0.1 Myr) burst-like injection of cosmic rays, such as from a 
supernova explosion event. Although the measured cosmic ray pro-
file seems to agree with a 1/r dependence, a constant profile, namely 
a burst-like injection, cannot be excluded. This is in contrast to the 
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Fig. 1 | Significance map of the Cocoon region before and after subtraction of the known sources at the region. a, Significance map of the Cocoon region. 
The map is in Galactic coordinates, where b and l refer to latitude and longitude, respectively. It is produced as described in ref. 11. The blue contours are 
four annuli centred at the OB2 association as listed in Supplementary Table 1. The green contour is the ROI used for the study, which masks the bright 
source 2HWC J2019+367. b, Significance map of the Cocoon region after subtracting HAWC J2031+415 (PWN) and 2HWC J2020+403 (γ Cygni). The 
light-blue, medium-blue and dark-blue dashed lines are contours for 0.16, 0.24 and 0.32 photons per 0.1°!×!0.1° spatial bin, respectively, from Fermi-LAT 
Cocoon10. Both maps are made assuming a 0.5° extended disk source and a spectral index of −2.6 with 1,343 days of HAWC data.
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◦ ◦

< Erec <

∆ ◦± ◦ ∆ ◦± ◦

liQaWiRQ (Dec) UelaWiYe WR Whe kQRZQ CUab SRViWiRQ (R.A. =
83.63 , Dec = 22.02 , J2000.0 eSRch) aUe VhRZQ iQ Fig.
15. The laVW eQeUg\ SRiQW iQ Fig. 15 iV RbWaiQed XViQg Whe
biQV ZiWh 100 TeV 1 PeV. WheQ a cRQVWaQW YalXe
iV  XVed  WR  fiW  Whe  SRViWiRQV  aW  all  eQeUgieV,  Ze  RbWaiQ
R.A. = í0.024 0.016 ,  Dec = 0.035 0.014 .

◦
◦

◦

◦ >
σ

∆
◦± ◦ ∆ ◦± ◦

The  CUab  NebXla  caQ  be  RbVeUYed  b\  KM2A  fRU
abRXW  7.4  hU  SeU  da\  ZiWh  a  ]eQiWh  aQgle  leVV  WhaQ  50 ,
cXlPiQaWiQg aW  7 .  The RbVeUYaWiRQ WiPe fRU ]eQiWh aQgle
leVV  WhaQ  30   iV  4.3  hU  SeU  da\.  TR  check  fRU  a  SRVVible
V\VWePaWic SRiQWiQg eUURU aW laUge ]eQiWh aQgleV, Whe RbVeU-
YaWiRQ  Rf  Whe  CUab  NebXla  aW  ]eQiWh  aQgleV  higheU  WhaQ
30   iV  aQal\]ed  VeSaUaWel\.  AW  eQeUgieV  25  TeV,  Whe
achieYed  VigQificaQce  iV  12 ,  aQd  Whe  RbWaiQed  SRViWiRQ
UelaWiYe  WR  Whe  kQRZQ  CUab  SRViWiRQ  iV  R.A.  =
í0.073 0.042 ,  Dec  =  0.074 0.032 .  ThiV  UeVXlW  iV
URXghl\ cRQViVWeQW ZiWh WhaW RbWaiQed XViQg all daWa ZiWh-
iQ VWaWiVWical eUURUV.

◦

AccRUdiQg  WR  WheVe  RbVeUYaWiRQV  Rf  Whe  CUab  NebXla,
Whe  SRiQWiQg  eUURU  Rf  KM2A  fRU  Ȗ-Ua\  eYeQWV  caQ  be
dePRQVWUaWed WR be leVV WhaQ 0.1 .

D.    AQJXODU UHVROXWLRQ

◦

θ2

θ

σPSF

AccRUdiQg  WR  a  UeceQW  HESS  PeaVXUePeQW  [30],  Whe
iQWUiQVic  e[WeQViRQ Rf  TeV Ȗ-Ua\ ePiVViRQ fURP Whe CUab
NebXla  iV  abRXW  0.014 .  CRPSaUed  ZiWh  Whe  PSF  Rf  Whe
KM2A  deWecWRU,  Whe  iQWUiQVic  e[WeQViRQ  iV  Qegligible.
TheUefRUe,  Whe  aQgXlaU  diVWUibXWiRQ  Rf  Ȗ-Ua\V  deWecWed  b\
KM2A fURP Whe CUab NebXla VhRXld be PaiQl\ dXe WR Whe
deWecWRU  aQgXlaU  UeVRlXWiRQ.  FigXUe  16  VhRZV Whe   PeaV-
XUed  aQgXlaU  diVWUibXWiRQ  iQ  KM2A  daWa  iQ  WZR  eQeUg\
UaQgeV. The VRlid-aQgle deQViW\ Rf UecRUded eYeQWV iQ Whe
YiciQiW\ Rf Whe CUab NebXla iV VhRZQ aV a fXQcWiRQ Rf  ,
ZheUe    iV Whe  aQgle  WR  Whe  CUab diUecWiRQ.  The diVWUibX-
WiRQ  iV  geQeUall\  cRQViVWeQW  ZiWh  Whe  aQgXlaU  UeVRlXWiRQ
RbWaiQed  XViQg  MC  ViPXlaWiRQV.  FRU  each  eQeUg\  biQ,  a
GaXVViaQ  fXQcWiRQ  iV  XVed  WR  fiW  Whe  aQgXlaU  diVWUibXWiRQ
VhRZQ iQ Whe lefW-haQd aQd Piddle SaQelV Rf Fig. 16. The
UeVXlWiQg    fURP CUab daWa  iV  cRQViVWeQW  ZiWh  ViPXla-

WiRQV, aV VhRZQ iQ Whe UighW-haQd SaQel Rf Fig. 16.

E.    6SHFWUDO HQHUJ\ GLVWULEXWLRQ

s
σNs

= J ·Eα

α χ2

The Ȗ-Ua\ flX[ fURP Whe CUab NebXla iV eVWiPaWed XV-
iQg Whe QXPbeU Rf e[ceVV eYeQWV (N ) aQd Whe cRUUeVSRQd-
iQg VWaWiVWical XQceUWaiQW\ ( ) iQ each eQeUg\ biQ. The Ȗ-
Ua\ ePiVViRQ fURP Whe CUab NebXla iV aVVXPed WR fRllRZ
a  SRZeU-laZ  VSecWUXP  f(E) .  The  UeVSRQVe  Rf  Whe
KM2A deWecWRU ZaV ViPXlaWed b\ WUaciQg Whe WUajecWRU\ Rf
Whe CUab NebXla ZiWhiQ Whe FOV Rf KM2A. The beVW-fiW
YalXeV Rf J aQd   aUe RbWaiQed b\ PiQiPi]iQg a   fXQc-
WiRQ fRU 7 eQeUg\ biQV:

χ2=

7∑

i=1

(
Nsi
−NMCi

(J,α)
σNsi

)2

. ���

−1 −2 −1

SiQce Whe fiW Rf Whe VSecWUXP iV fRUZaUd-fRlded, Whe bi-
aVeV aQd eQeUg\ UeVRlXWiRQ iQ Whe eQeUg\ aVVigQPeQWV aUe
WakeQ iQWR accRXQW. The iQflXeQce cRPiQg fURP Whe aV\P-
PeWU\  iQ  eQeUg\  UeVRlXWiRQ  VhRZQ  iQ Fig.  8  caQ be   Qeg-
lecWed.  The  UeVXlWiQg  diffeUeQWial  flX[  (TeV   cP   V )

σSFLJ. 14.      (cRlRU RQliQe) SigQificaQce PaSV ceQWeUed RQ Whe CUab NebXla aW WhUee eQeUg\ UaQgeV.    iV Whe VigPa Rf Whe 2-diPeQViRQ
GaXVViaQ WakeQ accRUdiQg WR Whe PSF Rf KM2A. The cRlRU UeSUeVeQWV Whe VigQificaQce. S iV Whe Pa[iPXP YalXe iQ Whe PaS.

 

 

FLJ. 15.    (cRlRU RQliQe) The ceQWURid Rf Whe VigQificaQce PaS
aURXQd Whe CUab NebXla iQ R.A. aQd Dec diUecWiRQV aV a fXQc-
WiRQ Rf eQeUg\. The daVhed liQeV VhRZ cRQVWaQW YalXeV WhaW fiW
Whe ceQWURid fRU all eQeUgieV.

ObVeUYaWiRQ Rf Whe CUab NebXla ZiWh LHAASO-KM2A í a SeUfRUPaQce VWXd\ ChiQ. Ph\V. C 45, 025002 (2021)

025002-11

LHAASO Collaboration, 
Chin. Phys. C45, 023002 (2021)
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Extended Data Fig. 1 | Spectral gamma-ray energy distribution of G106.3+2.7. a, The flux data points with 1σ statistical error bars include measurements 
by Tibet AS+MD (red dots; this work), Fermi30 (blue squares), VERITAS14 (purple pentagons) and the Dominion Radio Astrophysical Observatory’s 
Synthesis Telescope2 (turquoise blue dots). The two red downward arrows above 1014 eV show 99% C.L. upper limits obtained by this work. Note that 
all the VERITAS data points are raised by a factor of 1.62 to account for the spill-over of gamma-ray signals outside their window size of 0.32∘ radius. 
The best-fit gamma-ray energy spectrum in the leptonic model is shown by the black solid curve, with the flux by the electron synchrotron radiation (the 
orange solid curve), the IC scattering of CMB photons (the green dashed curve) and the IC scattering of IR photons (the light blue dash-dotted curve). The 
gray open diamond shows the flux of PSR J2229+6114 obtained in the 2!−!10 keV range6. b, The best-fit gamma-ray energy spectrum in the hadronic model 
is shown by the turquoise blue solid curve. The lower panels show the residual Δσof the fit.
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package18, which allows us to estimate the parent particle spectrum 
to best reproduce the observed gamma-ray energy spectrum. For 
the energy distribution of the parent particles, we assume an expo-
nential cut-off power-law form of dN=dE / E!α exp !E=Ecutð Þ

I
. 

We provide the best-fit gamma-ray spectra for hadronic and lep-
tonic models (Extended Data Fig. 1) and list the best-fit param-
eters (Supplementary Table 2). In the hadronic model, we obtain 
Ecut ≈ 0.5 PeV and α ≈ 1.8. The value of α falls between that pre-
dicted in the standard diffusive shock acceleration (α = 2) and the 
asymptotic limit of the very efficient proton acceleration (α = 1.5)  
(refs. 19,20). The total energy of protons with energies >1 GeV 
(>0.5 PeV) is estimated to be ~5.0 × 1047 erg (3.0 × 1046 erg) for a tar-
get gas density of 10 cm−3. One might argue that, considering the 
estimated SNR age of 10 kyr, PeV protons escape the SNR much 
earlier than the present time in the standard theory of cosmic-ray 
acceleration. Given that Ecut ≈ 0.5 PeV and that the maximum energy 
of protons that remain inside an SNR is proportional to τ−0.5 where 
τ is the SNR age21, protons should be accelerated up to ~1.6 PeV at 
τ = 1 kyr in the case of G106.3+2.7. This suggests that the accelera-
tion of protons at G106.3+2.7 should be efficient enough21 to push 
their maximum energy up to ~1.6 PeV during the SNR free expan-
sion phase. In addition, G106.3+2.7 has a dense molecular cloud 
nearby that is indispensable for accelerated protons to produce 
TeV gamma rays via π0 production. With α ≈ 1.8, the proton energy 
spectrum does not appear softened, which implies that protons may 
not be able to escape the SNR easily owing to the suppression of the 
diffusion coefficient (Supplementary Information). Future observa-
tions of the physical parameters of G106.3+2.7 such as the magnetic 
field and the particle density could provide useful information for 
these theoretical studies on its mechanisms of particle acceleration 
and confinement.

Alternatively, the observed gamma-ray emission might result 
from protons accelerated by the SNR up to 0.1 PeV and then 
re-accelerated up to 1 PeV by the adiabatic compression of the 
Boomerang pulsar wind nebula (PWN) inside the SNR22. If the 
adiabatic compression ended at an age of 5 kyr as estimated in ref. 22,  
accelerated PeV protons need to travel a distance of 6 pc from the 
Boomerang PWN to the molecular cloud during the lapse time 
of T = 5 kyr until the present time. The diffusion coeffiicient of a 
0.5 PeV proton in the interstellar medium with a magnetic field of 
3 μG would be D ≈ 2 × 1030 cm2 s−1 (ref. 23), which gives a diffusion 
length of L ! 2

ffiffiffiffiffiffiffi
DT

p

I
 = 380 pc (ref. 24) for T = 5 kyr. As the diffusion 

length around an SNR could be shorter by a factor of 10 or more25, 
we then estimate L ≲ 38 pc. As this is much larger than 6 pc, it would 
be possible for 0.5 PeV protons to diffuse from the Boomerang 
PWN to the molecular cloud and emit TeV gamma rays through π0 
production. This scenario might not be natural, however, consid-
ering that TeV gamma-ray emissions have not been detected from 
other molecular cloud clumps around the source (Fig. 1, green con-
tours) although protons should also be able to diffuse up to them, 
and considering that the proton spectrum needs to be kept hard 
with α ≈ 1.8 after the diffusion of 6 pc for T = 5 kyr.

In the leptonic model, we obtain Ecut ≈ 190 TeV, α ≈ 2.3 and an 
SNR magnetic field strength of ~9 μG. The total energy of relativistic 
electrons with energies >10 MeV is estimated to be ~1.4 × 1047 erg. 
We estimate (Supplementary Information) that electrons need to be 
newly accelerated within 1 kyr if they originate from the SNR, and 
that electrons provided by the Boomerang PWN are not likely to 
produce the observed gamma-ray emission in view of the energy 
budget and the gamma-ray morphology. The X-ray flux for the 
small 2′-radius region at PSR J2229+6114 has been measured in the 
2−10 keV range6, whereas the X-ray flux for the extended region 
of our gamma-ray emission region with the 1σ extent of 0.24° has 
not been published yet, although X-ray data of the region observed 
by Suzaku, XMM-Newton and Chandra are publicly available 
(https://www.darts.isas.jaxa.jp/astro/suzaku/data/public_list/). We 
point out that a flux upper limit on the synchrotron spectrum at 
the X-ray band would provide important information to rule out 
the leptonic scenario for particle acceleration at the gamma-ray 
source (Supplementary Fig. 1). In a scenario presented in previous  
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Fig. 1 | Significance map around SNR G106.3+2.7 as observed by 
Tibet AS+MD above 10!TeV. The inset figure shows our point spread 
function (PSF). The red star with a 1σ statistical position error circle is 
the centroid of gamma-ray emissions determined by this work, whereas 
the magenta open cross, the black X mark and the blue triangle are the 
centroids determined by VERITAS14, Fermi29 and HAWC15, respectively The 
black contours indicate 1,420!MHz radio emissions from the Dominion 
Radio Astrophysical Observatory synthesis telescope16,17, and the cyan 
contours indicate 12CO emissions from the Five College Radio Astronomy 
Observatory survey3. The grey diamond at the northeast corner of the radio 
emission marks the pulsar PSR J2229+6114.
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Fig. 2 | Projected angular distribution of events observed above 10!TeV. 
The horizontal axis ϕ2 represents the square of the opening angle between 
the estimated event arrival direction and the centroid of gamma-ray 
emissions determined by this work. The red circles with 1σ statistical error 
bars are the experimental data with the best-fit black curve (Methods). 
The blue histogram is the expected event distribution by our Monte Carlo 
simulation assuming a point-like gamma-ray source.
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Tibet AS 𝛾 Collaboration, 
Nature Astron., 5, 460-464 (2021)
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Where are the CR sources?
What is the maximum acceleration energy (/nucleon)?
How do they propagate in the galaxy?

Knee
~4PeV 2nd Knee

~200PeV

Ankle
~5EeVGalactic?

Extra-galactic?

Gaisser et al. Front.Phys.(Beijing) 8 (2013) 748

Why sub-PeV gamma rays?
• Galactic protons are thought to be accelerated up to 

PeV (~knee)
• Where are their origins?
• Are CRs up to 100PeV (~2nd knee) heavy nuclei?

• Sub-PeV gamma rays point to the sources of PeV CRs
𝑝(𝐸) + 𝐼𝑆𝑀 → 𝑋 + 𝜋! → 𝑋 + 2𝛾 ~0.1𝐸

• Diffuse gamma rays tell us the CR distribution in the 
galaxy.

• Highest energy gamma rays tell us the acceleration limit 
in energy/nucleon.

Especially in the 
southern hemisphere, 

near the Galactic center!!
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4,740 m above sea level 
(16゜23’ S, 68゜08’ W)

ALPACA
(Andes Large area PArticle detector 

for Cosmic ray physics and Astronomy)
Mt. Chacaltaya, Bolivia
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1. Array coverage 82,800m2

= 401 x 1m2 plastic scintillators

2. Underground water Cherenkov 
muon detector (MD)  3700m2

Soil over 2m (~16X0) 
= 58m2 with 20”f PMT  x 64 cells

2m
15m

ü Cosmic-ray BG rejection power >99.9% @100TeV.
ü Angular resolution ~0.2° @100TeV,   Energy resolution ~20%@100TeV
ü 100% duty cycle, FOV 𝜃zen<40°(well studied), 𝜃zen<60°(in study) 



Air shower MC

Particle ID
• BG is enormous hadronic CR showers
• Number of penetrating muons 2m underground is used for hadronic/EM shower 

separation
• Technic is established by the Tibet AS𝛾 Collaboration 

Ground surface 7

Shower size measured by the ground array

Crab analysis by Tibet AS 𝛾 Collaboration
PRL 123, 051101 (2019) 
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Underground Muon Detector (MD)
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 4      RESUMEN EJECUTIVO 

 
 
 
4. Desarrollo del Proyecto 

4.1. Diseño Arquitectónico 
 
La arquitectura del MD POOL, es sumamente fundamental, no entraña mayores detalles, 
observando una tanque enterrado, con dos ingresos opuestos en sus vértices, los ingresos serán 
mediante una tapa metálica tipo escotilla.  
 

 
vista en 3D del MD POOL, justamente con el entorno natural 

 
4.2. Diseño estructural 

 
El Tanque Subterráneo, es una estructura de hormigón armado de 30mx30mx3.2m enterrado a 
una profundidad de 5.75m y una carga de tierra de 2.5m de altura, además cuenta con dos 
ingresos ubicados en sus extremos diagonalmente opuestos. 
Los dos ingresos tienen un tamaño 2.8x2.8m en el plano horizontal, modelado mediante muros 
de hormigón armado de un espesor de 15cm y una losa maciza (cubierta) con espesor también 
de 15 cm. Para poder ingresar se cuenta con una tapa metálica de ingreso de 90x90cm y una 
escalera marinera metálica, además cuenta con un descanso a una altura de -2.5m, modelado 

6

• Total 4 units, each composes of 16 cells of 
7.5mx7.5m.

• 2m soil overburden allows >1GeV muon 
penetration.

• Design finalizing with Bolivian construction 
design company.

• Construction of first MD in this fiscal year.Site photo + CG image of MD by design company

30m
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1. Array coverage 82,800m2

= 401 x 1m2 plastic scintillators

2. Underground water Cherenkov 
muon detector (MD)  3700m2

Soil over 2m (~16X0) 
= 58m2 with 20”f PMT  x 64 cells

2m
15m

ü Cosmic-ray BG rejection power >99.9% @100TeV.
ü Angular resolution ~0.2° @100TeV,   Energy resolution ~20%@100TeV
ü 100% duty cycle, FOV 𝜃zen<40°(well studied), 𝜃zen<60°(in study) 

97 detectors

16 cells 
(1 MD unit)



ALPAQUITA Performance
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Fig. 16 Survival ratio of gamma-ray (red) and CR (black) events after applying the ΣNµ selection crite-
rion (see the thick black line shown in Fig. 13). Also shown are the corresponding gamma-ray equivalent
energy ranges of 10 TeV and 100TeV over the upper horizontal axis

than 1, the number of gamma rays is required to exceed 10. According to Fig. 17,
five sources − HESS J0835-455, HESS J1825-137, HESS J1908+063, HESS J1616-
508, and HESS J1702-420A − will be detected beyond 10 TeV, and the detection of
gamma-rays beyond 100 TeV is also possible for HESS J1702-420A if the spectrum
extends without cutoff.

For the extrapolated parts of the gamma-ray spectra, the attenuation caused by the
interstellar background photons is not considered. According to Vernetto and Lipari
(2016) [47], gamma rays of " 150 TeV coming from the Galactic Center can be
attenuated by " 20% until reaching our solar system due to the e+e− pair production
with infrared photons thermally emitted from the interstellar dust. Gamma rays of
" 1 PeV can also be attenuated by " 70% due to the interaction with the CMB
photons.

Furthermore, since the ALPAQUITA sensitivity curve is derived on the basis of
detector response to a hypothetical Crab-like source on the path in the sky of RX
J1713.7-3946 (see Section 3.1 and 5.3), the declination dependence of exposure
should be taken into account to properly evaluate the detectability of each gamma-ray
source. Figure 18 shows how much the declination dependence of exposure affects
ALPAQUITA sensitivity above 10 TeV and 100 TeV. The path in the sky assumed in
this study does not lead to the best sensitivity of ALPAQUITA. However, taking into
account factors such as gamma-ray absorption by the interstellar background photons

101EVperimentalϦAstronomWϦ(2021)Ϧ52:85«107

Fig. 6 Estimated trigger efficiency of the ALPAQUITA AS array as a function of the true energies of
primary gamma rays

The relation between the true energies of primary gamma rays and Σρ is shown in
Fig. 7. The red curve shows the optimum energy conversion formula and is written as

log10

(
E

TeV

)
= 4.4× 10−2

(
log10

(
Σρ

m−2

))2

+ 7.0× 10−1
(
log10

(
Σρ

m−2

))
− 7.6× 10−3.

Fig. 7 Relation between Σρ and Etrue. The red curve shows the conversion function from Σρ to gamma-
ray energy employed in the analysis (see Section 4.4)
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Fig. 13 Scatter plot of gamma-ray (red) and CR (blue) events in the (Σρ, ΣNµ) plane. Events with
ΣNµ < 0.1 are piled up at around ΣNµ = 0.01 and the ΣNµ values that contain 16%, 50%, and 84%
of analyzed events are shown by vertical bars both for gamma-ray (brown) and CR (light green) events.
The thick black line shows the optimum ΣNµ cut line used in the event selection criterion to discriminate
between gamma-ray and CR events. Also shown are the corresponding gamma-ray equivalent energy
ranges of 10 TeV and 100TeV over the upper horizontal axis

Fig. 14 Expected number of gamma-ray and CR events in one calendar year observation for 20m−2 <
Σρ < 25m−2 corresponding to the gamma-ray equivalent energy Eγ of 10 TeV (left) and 316m−2 <
Σρ < 398m−2 (Eγ = 100TeV, right). For the gamma rays, the energy spectrum of the Crab nebula
modeled by F. Aharonian et al. (2004) [41] is assumed. Events with ΣNµ < 0.1 are piled up at Σ Nµ =
0.01. The dashed blue lines show the typicalΣNµ cut value of eachΣρ bin (see the thick black line shown
in Fig. 13)
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Fig. 13 Scatter plot of gamma-ray (red) and CR (blue) events in the (Σρ, ΣNµ) plane. Events with
ΣNµ < 0.1 are piled up at around ΣNµ = 0.01 and the ΣNµ values that contain 16%, 50%, and 84%
of analyzed events are shown by vertical bars both for gamma-ray (brown) and CR (light green) events.
The thick black line shows the optimum ΣNµ cut line used in the event selection criterion to discriminate
between gamma-ray and CR events. Also shown are the corresponding gamma-ray equivalent energy
ranges of 10 TeV and 100TeV over the upper horizontal axis

Fig. 14 Expected number of gamma-ray and CR events in one calendar year observation for 20m−2 <
Σρ < 25m−2 corresponding to the gamma-ray equivalent energy Eγ of 10 TeV (left) and 316m−2 <
Σρ < 398m−2 (Eγ = 100TeV, right). For the gamma rays, the energy spectrum of the Crab nebula
modeled by F. Aharonian et al. (2004) [41] is assumed. Events with ΣNµ < 0.1 are piled up at Σ Nµ =
0.01. The dashed blue lines show the typicalΣNµ cut value of eachΣρ bin (see the thick black line shown
in Fig. 13)
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• CORSIKA (FLUKA + EPOS-LHC)+ GEANT4 simulation
• Trajectory of RXJ1713.7-3946 (23.4 deg zenith angle at culmination)
• Full efficiency > 20TeV
• 99.9% BG rejection while keeping 80% of photons @ 100TeV

S.Kato et al., Experimental Astronomy (2021) 52:85-107



ALPAQUITA construction in June 2022
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• Construction resumed in June 2022.
• Installation of 97 ground detectors completed.
• HV ON/calibration/DAQ start in Aug.-Sep., 2022.



H. Abdalla et al.: Evidence of 100 TeV �-ray emission from HESS J1702-420: A new PeVatron candidate

Fig. 3. �-ray flux maps of the HESS J1702-420 region, computed with the Ring Background Method, above 2 (top left), 5 (top right), 15 (bottom

left) and 40 (bottom right) TeV. All maps are correlated with a 0.1�-radius top-hat kernel, and the color code is in unit of �-ray flux (cm�2 s�1) per
smoothing area. The white contours indicate the 3� and 5� H.E.S.S. significance levels (Li & Ma 1983). The cyan markers indicate the position
(surrounded by uncertainty ellipses) of the Fermi-LAT sources 4FGL J1702.9-4131 and 2FHL J1703.4-4145. The former is associated with the
PSR J1702-4128 (in yellow), the latter with the SNR G344.7-0.1 (in gray). The circle around the SNR represents its angular extension (Giacani
et al. 2011). The white pentagon and upward-pointing triangle represent unidentified X-ray Suzaku sources. The orange markers show the positions
of nearby X-ray binaries. Finally, the center and 1� extension of HESS J1702-420A (HESS J1702-420B) are indicated in green (blue). In the
bottom-left corner of each panel the 68% containment radius of the H.E.S.S. PSF is shown, which – for the chosen analysis configuration – does
not have a strong dependency on the energy.

3. Multi wavelength observations

Even in the absence of a multi wavelength detection of HESS
J1702-420, low-energy observations can help to constrain the
TeV emission scenarios. Section 3.1 summarizes a dedicated
analysis of archival Fermi-LAT data in the HESS J1702-420
region, while Sect. 3.2 reports our considerations on the sur-
rounding ISM and Sect. 3.3 discusses archival Suzaku measure-
ments in the context of the new H.E.S.S. results.

3.1. Fermi-LAT data analysis and results

Launched in 2008, the Fermi-LAT is a pair-conversion instru-
ment sensitive to the HE �-ray domain (Atwood et al. 2009).
We analyzed ⇡12 yr of events with energies in the 10�900 GeV
interval, within a 10�⇥ 10� RoI encompassing HESS J1702-420.
Event selection and binning criteria are detailed in Appendix E.
The analysis, performed with fermipy (Wood et al. 2017), made
use of Pass 8 IRFs (Atwood et al. 2013).

To build the source model, we selected all sources from the
Fourth Fermi General Catalog (4FGL), Thompson (2019), and
second Fermi-LAT Catalog of High Energy Sources (2FHL),
Ackermann et al. (2016), within 20� from the RoI center. In
the model, we also included recent di↵use �-ray emission tem-
plates, both Galactic and extra-Galactic. More details on the
source modeling can be found in Appendix E. After the max-
imum likelihood fit, we produced a TS map to investigate the
presence of statistically significant excesses. For each spatial bin,
the algorithm compared the maximum log-likelihood obtained
by fitting the model, with the addition of a point source (� = 2
frozen, amplitude free) at that position, with that of the start-
ing model alone (null hypothesis). We verified that the TS map
does not significantly depend on the spectral index or spa-
tial morphology chosen for the test source. The TS map dis-
played in Fig. 4 shows that, within the source region, there is
no evidence for a significant excess, but some low-significance
fluctuations are present. For comparison, Fig. H.2 shows a TS

A152, page 7 of 21
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Fig. 17 Sensitivity curve of ALPAQUITA (the thick black curve) for a gamma-ray point source together
with the energy spectra of the H.E.S.S. [26, 46] and HAWC [17] gamma-ray sources that are in the
ALPAQUITA field of view. The thick purple curve shows the estimated sensitivity of ALPACA. The
ALPACA curve is derived by scaling the sensitivity curve of Tibet ASγ [40] considering the ratio of the
areas of these two experiments. Regarding the energy spectra, different colors indicate different source
species: supernova remnants (SNR) in red, pulsar wind nebulae (PWN) in blue, composite SNRs (Com-
posite) in green, compact binary systems (Binary) in magenta and unidentified sources (UNID) in gray,
respectively. The Crab Nebula spectrum modeled by M. Amenomori et al. (2019) [14] is shown in orange.
Solid and dashed lines show observed and extrapolated regions, respectively. In extrapolating the spectra,
the attenuation of gamma rays due to the e+e− pair production with the interstellar radiation field is not
taken into consideration

and the declination dependence of exposure does not affect the conclusion about the
source detection.

HESS J1702-420A HESS J1702-420A is a gamma-ray point source discovered by
H.E.S.S. along with the surrounding extended source HESS J1702-420B [46]. The
relation between these two sources is not clear. The energy spectra of both sources
extend up to " 100 TeV without showing cutoff, and HESS J1702-420A domi-
nates the total gamma-ray flux beyond 50 TeV with its extremely hard spectral index
(" 1.5). Although SNR G344.7-0.1 and PSR J1702-4128 are in the vicinity of the
gamma-ray emission region, it is not easy to consider these objects as the origin of
the emission [48, 49]. The absence of X-ray flux [50, 51] and the observation of
gamma rays in 10GeV to 30 TeV [52] do not favor the leptonic origin scenario of the
VHE gamma-ray emission, but the hadronic scenario is not conclusive because of the
lack of clear correlation between the VHE gamma-ray emission region and the ISM
distribution [46, 53]. According to Figs. 17 and 18, ALPAQUITA will detect HESS
J1702-420A above " 300 TeV with its one calendar year observation if the spectrum
extends without cutoff and to provide data to discuss the mechanism of the particle
acceleration taking place in this peculiar object.

��� #VNCPGKCLR?JϦ�QRPMLMKWϦ������Ϧ�����«���

HESS Collaboration, A&A 653, A152 (2021)

HESS J1702-420A

Mysterious object!?

S.Kato et al., Experimental Astronomy (2021) 52:85-107

ALPAQUITA sensitivity



Beyond PeV ‒ Mega (m2) ALPACA
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30 m spacing array
Area 1,011,600 m2

# of det. 1185

15 m spacing array
Area 82,800 m2

# of det. 313 
(Additional to 15 m spacing)

# of total det. 1185 + 313 = 1498

MD Array
900 m2 (16 Cells) x 60 = 54,000 m2

# of cells 960
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Where is the highest energy accelerator in our Galaxy?



Summary
• Sub-PeV gamma-ray astronomy opened a new window to reveal 

the highest energy CR accelerators in the Galaxy
• Successful experiments in the northern hemisphere
• Southern sky is yet unexplored

• ALPACA is a new air shower array constructed in Bolivia
• First sub-PeV observation in the southern hemisphere
• Underground MD technic established by the Tibet AS 𝛾 collaboration

• Observation will start soon
• Observation with 97 ground detectors, ALPAQUITA, will start soon
• Construction of first MD will start in this fiscal year
• Extension to 401 ground detectors + 4 MDs (full ALPACA) follows in 2023-2024 
• Idea of Mega ALPACA to reach PeV is proposed
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Stay tuned for ICRC2023 in Japan!!



icrc2023.org
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Survival Ratio After Muon Cut
100TeV10TeV

ü Cosmic rays will be 
rejected by ~99.9% 
@100TeV

ü Gamma rays will be 
retained over 90%
@100TeV

ALPACA full MC simulation
(AS 83000m2 + MD 5400m2)
Muon cut is optimized 
assuming Crab-like source

g

CRs



# of Events Before/After Muon Cut

ü # of cosmic rays   ~1 
/year >100TeV

ü # of gamma rays  ~50 
/year >100TeV

ALPACA full MC simulation
(AS 83000m2 + MD 5400m2)
Muon cut is optimized 
assuming Crab-like source

g

CRs

100TeV10TeV
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