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Highest energy photon in the laboratory
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Fig. 3. Photon production cross-section measured by the Arm1 (red filled circle) and Arm2 (blue open circle) detectors. The left figure presents the results for η > 10.94, 
which covers the zero-degree collisions angle. The right figure presents those for 8.81 < η < 8.99, which corresponds to the fiducial area in the large calorimeters of the 
detectors. The bars and hatched areas correspond to the statistical and systematic uncertainties, respectively. Only uncorrelated systematic uncertainties between Arm1 and 
Arm2 are considered in these plots.

Fig. 4. Comparison of the photon production cross-section obtained from the experimental data and MC predictions. The top panels show the cross-section and the bot-
tom panels show the ratio of MC predictions to the data. The shaded areas indicate the total uncertainties of experimental data including the statistical and systematic 
uncertainties.

uncertainty on the production cross-section was calculated by mul-
tiplying the relative error of the multi-hit identification efficiency 
(i.e. the discrepancy between the data and MC simulation) by the 
ratio of multi-hit events to single-hit events.

5.5. Unfolding

It was discovered that the interaction model dependency of 
the ‘multi-hit cut’ correction factors, computed from the train-
ing sample, was the main source of systematic uncertainty in the 
cross-section unfolding process. EPOS-LHC predicted a higher mul-
tiplicity of photons than QGSJET II-04. Thus, a larger correction 

factor was expected in EPOS-LHC than in QGSJET II-04. We per-
formed cross-section unfolding with a training sample of 5 × 107

inelastic collisions generated by EPOS-LHC. The relative difference 
between the QGSJET II-04 and EPOS-LHC results was chosen as the 
systematic uncertainty associated with the unfolding.

5.6. Decay correction

The systematic uncertainty related to the correction for the 
decay of long-lifetime particles was estimated as the maximum 
relative fluctuation between the corrections predicted by the EPOS-
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Astrophysical photons provide a unique 
opportunity to study physics at PeV scale 2



Outline
• Introduction to the Astrophysics in sub-PeV to PeV

• Origin of galactic cosmic rays
• sub-PeV photon observations with air shower arrays

• ALPACA: first sub-PeV astrophysics in the southern
hemisphere
• BSM physics with sub-PeV to PeV photons

• LIV/ALP/DM/PBH…
• Summary

3



4

• 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!!



Gamma-ray sky

https://fermi.gsfc.nasa.gov/ssc/

http://tevcat.uchicago.edu

HESS: A&A 612, A1 (2018) 

GeV

TeV
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Air shower MC

Air shower measurements and PID
• Air shower observation is essential to detect low flux sources
• 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 6

Shower size measured by the ground array

Crab analysis by Tibet AS 𝛾 Collaboration
PRL 123, 051101 (2019) 
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EM showers Hadronic showers

w/o PID

First >100TeV detection from Crab in 20197Tibet AS 𝛾 Collaboration, PRL 123, 051101 (2019)

PID in the Tibet experiment
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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.
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Dawn of sub-PeV gamma-ray astronomy
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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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>56TeV

HAWC Collaboration, 
ApJ 881:134 (2019)

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 
rings (0–15!pc, 15–29!pc, 29–44!pc and 44–55!pc) centred at the OB2 association. The green circles are the cosmic ray densities derived above 10!TeV 
using HAWC γ-ray data. The y errors are the statistical errors and the x error bars are the width of the x bins. The orange and blue lines are the 1/r profile 
(signature of the continuous particle injection) and constant profile (signature of the burst injection), respectively, calculated by assuming a spherical 
symmetry for the γ-ray emission region and by averaging the density profile over the line of sight within the emission region. The black dashed line is the 
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& = /

�

(&�&
�

)Γ , with 
E0 = 4.2 TeV being the pivot energy. The flux normalization is 
/

�

= ���

+���

−���

(TUBU�)+����

−����

(TZTU�)×10−13 cm−2 s−1 TeV−1 and the spec-
tral index is Γ = −����

+����

−����

(TUBU�)+����

−����

(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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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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Figure 1. Significance maps of the region monitored by LHAASO. A point test source with a spectral index
of 2.6 for WCDA data and 3.0 for KM2A data is used.

significance. In this work, a power-law spectrum is assumed with an index of 2.6 for WCDA data in
the energy range 1�25 TeV and 3.0 for KM2A data at energies E > 25 TeV as initial conditions.
This leaves only one free parameter for the likelihood calculation. According to Wilks’ Theorem, the
TS is distributed as �2 with one degree of freedom (dof), and the significance can be estimated with
S =

p
TS. Figure 1 shows the significance maps obtained in the energy bands 1 TeV < E < 25 TeV

and E > 25 TeV in Galactic coordinates. The signals are clearly visible. However, most sources
in the Galactic plane are nearby and overlapping. Hence, further analysis is needed to derive each
source separately.

3. CONSTRUCTION OF THE CATALOG

The identification of point-like gamma-ray sources and their corresponding significance can be
roughly derived from Figure 1. However, it is important to note that the significance may be over-
estimated due to the overlap with nearby sources. Conversely, in the search for point sources, a
significant portion of the sources may actually be extended, resulting in an underestimation of their
significance. To improve source detection, the significance of a given source is reassessed by coupling
the fitting of localization, extension and spectrum, and new potential sources are also explored. In
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M. Ohnishi
300m

ALPACA Array

13

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) 
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1 m   AS Detector  x  (97+304)  (82,800 m  )

Ver.1.0
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M. Ohnishi1. Air Shower (AS) Array ~83,000m2
= 401 x 1m2 Scintillation Detector

2. Underground Muon Detector (MD) ~3600m2
= Water-Cherenkov-Type, 2.5m overburden (~19X0)  

56m2 with 20”f PMT  x 96 Cells

ALPACA Project

ALPAQUITA

ü Gamma-ray air shower has much less muons.
Background cosmic rays can be rejected by >99.9% @100TeV.

ü Wide FoV (~2sr) observation regardless day/night and weather
- Angular resolution ~0.2o @100TeV 
- Energy resolution ~20%  @100TeV 14



ALPAQUITA Air Shower Array

Construction status:
2022 Jun.  Deploy detectors
2022 Sep. Partial operation
2023 Apr.  Full operation

¼ALPACA-scale air shower array
1m2 scintillation detector x 97 with 15m spacing
Effective area ~18,000m2

1m2 5mm lead plate
1m2  Scintillator
(50cm x 50cm x 5cm x4)

Inverse pyramid shape
Stainless steel box
(White painted inside)

2-inch PMT  x1

Air Shower Trigger Condition：
Any 4 detectors with >0.6 particles within 600ns
à Air shower trigger rate ~280Hz

Cosmic-ray mode energy ~7 TeV 15



Installation of cables Installation of PMTs

GPS survey DAQ system 16



ALPAQUITA Air Shower Analysis
g-ray/cosmic ray

Interaction with atmosphere

Secondary particles (Air shower)

Surface particle detector

Red arrow:
head à core position
direction à arrival direction
length à zenith angle

E ~20 TeV

1. Relative arrival timing   (Color scale)
2. Number of particles (Circle size)
à Reconstruct direction and energy

Electromagnetic (e+/-, g)
Muons  (µ+/-)
Hadrons (p+/-/0 …)

conical shape fitting
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E >100 TeV
(mostly hadronic CRs)

Big Events!
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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 10 GeV 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�����«���

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

ALPAQUITA sensitivity

• Construction of underground muon detector starts 
in 2024 => completion of ALPAQUITA

• Completion of full ALPACA in 2025
• A few bright TeV sources are within the 

ALPAQUITA 1yr sensitivity
• Half of the known southern TeV sources are within 

ALPACA 1yr sensitivity 

                                                                                                                                                                  ͞�^dh�/K�z��/^�HK�&/E�>�����^dZh�dhZ����>�DK�h>K�D��WKK>͟���>�WZKz��dO ALPACA EN RAYOS COSMICOS͟ 

 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

Site photo + CG image of MD by design company

30m

21Many sub-PeV sources will be discovered in the coming years.



BSM physics 
with sub-PeV to PeV photons 
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How Astro photons tell us BSM?

log(E)

log(F)

Astro photons have generally power law energy spectrum 24



How Astro photons tell us BSM?

log(E)

log(F)

High-energy cutoff is expected due to the acceleration limit 25



How Astro photons tell us BSM?

log(E)

log(F)
Protheroe & Meyer Phys. Let. B, 493, 1 (2000)

Photon-photon interaction leads more suppression at high energy (distance dependent)

galaxy size

nearby galaxy
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How Astro photons tell us BSM?

log(E)

log(F)
Protheroe & Meyer Phys. Let. B, 493, 1 (2000)

Photon-photon interaction leads more suppression at high energy (distance dependent)

Test of QED at PeV

galaxy size

nearby galaxy

27



How Astro photons tell us BSM?

log(E)

log(F)

• Some BSM scenarios predict a sharp cut off
• Some BSM scenarios predict less attenuation
=> Detection or non-detection of high-energy photon can constrain the BSM scenarios 

Protheroe & Meyer Phys. Let. B, 493, 1 (2000)

galaxy size

nearby galaxy
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Lorentz Invariance Violation (LIV)

Because of the high energies and long distances to the sources, astrophysical observations provide a
unique opportunity to test possible signatures of Lorentz invariance violation (LIV). Superluminal LIV
enables the decay of photons at high energy. The high altitude water Cherenkov (HAWC) observatory is
among the most sensitive gamma-ray instruments currently operating above 10 TeV. HAWC finds evidence
of 100 TeV photon emission from at least four astrophysical sources. These observations exclude, for the
strongest of the limits set, the LIVenergy scale to 2.2 × 1031 eV, over 1800 times the Planck energy and an
improvement of 1 to 2 orders of magnitude over previous limits.

DOI: 10.1103/PhysRevLett.124.131101

Introduction.—The precise measurements of very high
energy (VHE) photons can be used as a test for fundamental
physics, such as the Lorentz symmetry. As for any other
fundamental principle, exploring its limits of validity has
been an important motivation for theoretical and experi-
mental research. Lorentz invariance (LI) powerfully con-
strains fundamental interactions of particles and fields.
Moreover, theories that go beyond the standard model of
particles (SM), such as quantum gravity or string theories,
can motivate Lorentz invariance violation (LIV) [1–11].
Therefore, the dedicated experimental tests of such effects
may also help to clear the path to a unification theory of the
fundamental forces of nature. Small LIVeffects might occur
with unrelated magnitudes in different sectors such as
gravitational wave propagation, interactions of gravity
and matter, or light propagation. In the photon sector, some
effects of LIVare expected to increase with energy and over
long distances due to cumulative processes in photon
propagation. Therefore, astrophysical searches provide
sensitive probes of LIV and its potential signatures, such
as energy-dependent time delay, photon splitting, vacuum
Cherenkov radiation, photon decay, and many other phe-
nomena [12–20].
The high altitude water Cherenkov (HAWC) observatory

is a wide field-of-view array of 300 water tanks, each
containing four photomultiplier tube detectors. HAWC is
located at 4100 m above sea level at 19° N near the Sierra
Negra volcano, in Puebla, Mexico, covering an area of
22 000 m2. Since 2015, HAWC has operated with a live
fraction duty cycle greater than 95%. HAWC recently
reported detailed measurements of gamma-ray emission
above 100 TeV [21,22], made possible thanks to the
development of advanced energy reconstruction algorithms,
including one using an artificial neural network (NN).
The HAWC observations of high-energy photons in

several locations across the sky creates the unique oppor-
tunity to test LIV, through the precise measurement and
reconstruction of these VHE photons. Previous studies of
possible LIV constraints with HAWC have indicated its
special utility in LIV searches. For instance, Ref. [23]
analyzes the possibility to test energy-dependent time
delays through GRB and pulsar measurements, which
would result in strong limits on LIV in the photon sector.
In Ref. [24], the potential of LIV photons to decay to eþe−

was explored. Further preliminary results were presented in
Refs. [25,26].
Superluminal LIV allows photons to decay at high

energies. Photon decay to light fermions proceeds over
short distances (centimeters or less) once above the energy
threshold of the process [12–17], which would lead to a
hard cutoff at high photon energies in astrophysical spectra
[27]. Another process, photon decay into multiple photons
[19,20,28], also predicts a significant reduction of the
photon flux at VHEs beyond which no photons should
reach the Earth from astrophysical distances.
In this work, we study four Galactic sources to determine

whether there is a hard cutoff compatible with LIV photon
decay in the observed spectra of each source. We find that
none of them favor such a phenomenon, and we use recent
observations of photons above the energy of 100 TeV with
HAWC to improve LIV limits by 1 to 2 orders of magnitude
over previous values [12,19,29]. In the next section, we
present the highlights of LIV photon decay phenomena.
Then, we describe the analysis and present our results,
assess systematic uncertainties and sensitivity of our
measurements, and finally, present our conclusions.
Lorentz invariance violation.—The introduction of a

Lorentz violating term in the SM Lagrangian or sponta-
neous Lorentz symmetry breaking can induce modifica-
tions to the particle dispersion relation, compared to the
standard energy-momentum relationship in special relativ-
ity [11,14,30]. Although there are various forms of modi-
fied dispersion relation (MDR) for different particles and
underlying LIV theories, several of them lead to similar
phenomenology, which can be useful for LIV tests in
extreme environments such as the astroparticle scenarios
we consider here [12,14,28,30–32]. Phenomenologically,
the LIV effects can be generalized as a function of energy
and momentum. In this way, a family of effective MDRs
can be addressed for different particles. The MDR for
photons is (hereafter, natural units are used, c ¼ ℏ ¼ 1.)

E2
γ − p2

γ ¼ #jαnjpnþ2
γ ; ð1Þ

where ðEγ; pγÞ is the photon four-momentum, αn is the LIV
parameter, n is the leading order of the correction from the
underlying theory, and pγ ≈ Eγ at first order in αn [33–38].
The sign usually refers to the so-called superluminal (þ),

PHYSICAL REVIEW LETTERS 124, 131101 (2020)

131101-2

and subluminal (−) dominant phenomena. For n > 0, limits
on the LIV parameter αn can be interpreted in terms of
some LIV energy scale,

EðnÞ
LIV ¼ α−1=nn : ð2Þ

Strong constraints on EðnÞ
LIV have been set in astroparticle

physics by several techniques [18,29,39–46], and below we
further constrain it with HAWC observations.
Photon decays.—Kinematically forbidden processes in

classical relativity can be allowed in LIV scenarios, such as
vacuum Cherenkov radiation, spontaneous photon emis-
sion, photon decay, and photon splitting [12,28,30–32,47].
The last two could have strong effects on astrophysical
photons due to the long distances and the VHE of those
processes. Here we consider decay into both eþe−, and into
multiple gamma rays.
Considering the photon decay, γ → eþe−, due to super-

luminal LIV, the resulting decay rates are fast and effective
at energies where the process is allowed [12,48,49]. This
creates a hard cutoff in the gamma-ray spectrum with no
high-energy photons reaching the Earth from cosmological
distances above a given threshold. The threshold for any
order n is given by

αn ≤
4m2

e

En
γ ðE2

γ − 4m2
eÞ
; ð3Þ

where me stands for the electron mass [12]. Equations (2)
and (3) show that the lower limits on EðnÞ

LIV (upper limits on
αn) become more stringent with the increase in the
observed photon energy by a factor of E1þ2=n

γ (E−ðnþ2Þ
γ

for upper limits on αn).
From Eqs. (2) and (3), we can find EðnÞ

LIV for n ¼ 1 and 2,

Eð1Þ
LIV ≳ 9.57 × 1023 eV

!
Eγ

TeV

"
3

; ð4Þ

Eð2Þ
LIV ≳ 9.78 × 1017 eV

!
Eγ

TeV

"
2

: ð5Þ

Hence, a lower limit for EðnÞ
LIV in the photon sector directly

emerges from any observed high energy cosmic photon
event. Different fermion decay channels can be explored,
but only the lightest γ → eþe− channel is considered in this
Letter. Photon decay in flight from the source leads to a
straightforward way to bound LIV that depends primarily
on the energy of observed photons, and secondarily on the
energy resolution and uncertainties of the detector.
A second superluminal LIV decay process considered in

this work is photon splitting to multiple photons, γ → Nγ.
References [19,28] show that the dominant splitting proc-
ess is the photon decay into three photons (3γ), which has

been studied in a model of quantum electrodynamics
including LIV and n ¼ 2.
The decay rate of photon splitting is [19,20,28]

Γγ→3γ ¼ 5 × 10−14
E19
γ

m8
eE

ð2Þ10
LIV

; ð6Þ

which is significantly smaller than the photon decay rate
considered in the previous section. However, this process
has no threshold, and is kinematically allowed whenever
E2
γ > p2

γ . It becomes significant when photons propagate
through cosmological distances and also predicts a cutoff at
the highest energy part of the photon spectra of astrophysical
sources. Despite the lack of a kinematical energy threshold,
the strong photon energy dependence of Eq. (6) produces
an effective one: an energy region narrow compared to
HAWC’s energy resolution in which the probability for
photons to arrive from a source sharply drops.
Because we observe photons from distant sources, we

equate themean free path of a photon to the distance between
the source and observer L that is we take L Γ ¼ 1, with Γ
translated to units of kpc−1. The corresponding LIV limit, as
a function of the highest photon energy, is given by,

Eð2Þ
LIV > 3.33 × 1019 eV

!
L
kpc

"
0.1
!

Eγ

TeV

"
1.9
: ð7Þ

Once again, this photon decay in flight from the source leads
to a direct way to bound the LIV energy scale that mainly
depends on the highest energy photons observed. It is
interesting to note that the higher-order process of Eq. (7)
produces a stronger limit than the lower order photon decay
of Eq. (5).
Refs. [19,20,28] discuss a different method of setting

limits on subluminal LIV with n ¼ 2 using modifications to
the Bethe-Heitler interaction of photons in the atmosphere.
However, unlike the photon splitting process, this does not
result in a sharp effective threshold. Thus setting a limit
using this effect must use different analysis techniques than
the ones we have used to analyze the HAWC data, and we
must defer such analysis to a later publication.
Limit calculation.—Since the emphasis here is on the

upper extremes of the spectrum, several details of the
HAWC analysis are changed compared to previous analy-
ses such as that of the Crab Nebula spectrum [21]. First, we
concentrate on the NN energy estimator as it is expected to
have better energy resolution (0.1–0.15 in log10 E=TeV
above 50 TeV) [21]. Second, we re-bin the two highest bins
of estimated energy, subdividing both the (100,178) and the
(178,316) TeV bins into three finer bins each of equal size
in log space.
We consider the Crab and three other sources which

have evidence of emission above 100 TeV in recon-
structed energy [22,50]. For spectral assumptions, we
consider a log-parabola for the Crab, eHWC J1907þ
063, and eHWC J2019þ 368, and a cutoff-exponential

PHYSICAL REVIEW LETTERS 124, 131101 (2020)

131101-3

and subluminal (−) dominant phenomena. For n > 0, limits
on the LIV parameter αn can be interpreted in terms of
some LIV energy scale,

EðnÞ
LIV ¼ α−1=nn : ð2Þ

Strong constraints on EðnÞ
LIV have been set in astroparticle

physics by several techniques [18,29,39–46], and below we
further constrain it with HAWC observations.
Photon decays.—Kinematically forbidden processes in

classical relativity can be allowed in LIV scenarios, such as
vacuum Cherenkov radiation, spontaneous photon emis-
sion, photon decay, and photon splitting [12,28,30–32,47].
The last two could have strong effects on astrophysical
photons due to the long distances and the VHE of those
processes. Here we consider decay into both eþe−, and into
multiple gamma rays.
Considering the photon decay, γ → eþe−, due to super-

luminal LIV, the resulting decay rates are fast and effective
at energies where the process is allowed [12,48,49]. This
creates a hard cutoff in the gamma-ray spectrum with no
high-energy photons reaching the Earth from cosmological
distances above a given threshold. The threshold for any
order n is given by

αn ≤
4m2

e

En
γ ðE2

γ − 4m2
eÞ
; ð3Þ

where me stands for the electron mass [12]. Equations (2)
and (3) show that the lower limits on EðnÞ

LIV (upper limits on
αn) become more stringent with the increase in the
observed photon energy by a factor of E1þ2=n

γ (E−ðnþ2Þ
γ

for upper limits on αn).
From Eqs. (2) and (3), we can find EðnÞ

LIV for n ¼ 1 and 2,

Eð1Þ
LIV ≳ 9.57 × 1023 eV

!
Eγ

TeV

"
3

; ð4Þ

Eð2Þ
LIV ≳ 9.78 × 1017 eV

!
Eγ

TeV

"
2

: ð5Þ

Hence, a lower limit for EðnÞ
LIV in the photon sector directly

emerges from any observed high energy cosmic photon
event. Different fermion decay channels can be explored,
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energy resolution and uncertainties of the detector.
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References [19,28] show that the dominant splitting proc-
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the ones we have used to analyze the HAWC data, and we
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upper extremes of the spectrum, several details of the
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ses such as that of the Crab Nebula spectrum [21]. First, we
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have better energy resolution (0.1–0.15 in log10 E=TeV
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straightforward way to bound LIV that depends primarily
on the energy of observed photons, and secondarily on the
energy resolution and uncertainties of the detector.
A second superluminal LIV decay process considered in

this work is photon splitting to multiple photons, γ → Nγ.
References [19,28] show that the dominant splitting proc-
ess is the photon decay into three photons (3γ), which has

been studied in a model of quantum electrodynamics
including LIV and n ¼ 2.
The decay rate of photon splitting is [19,20,28]

Γγ→3γ ¼ 5 × 10−14
E19
γ

m8
eE

ð2Þ10
LIV

; ð6Þ

which is significantly smaller than the photon decay rate
considered in the previous section. However, this process
has no threshold, and is kinematically allowed whenever
E2
γ > p2

γ . It becomes significant when photons propagate
through cosmological distances and also predicts a cutoff at
the highest energy part of the photon spectra of astrophysical
sources. Despite the lack of a kinematical energy threshold,
the strong photon energy dependence of Eq. (6) produces
an effective one: an energy region narrow compared to
HAWC’s energy resolution in which the probability for
photons to arrive from a source sharply drops.
Because we observe photons from distant sources, we

equate themean free path of a photon to the distance between
the source and observer L that is we take L Γ ¼ 1, with Γ
translated to units of kpc−1. The corresponding LIV limit, as
a function of the highest photon energy, is given by,

Eð2Þ
LIV > 3.33 × 1019 eV

!
L
kpc

"
0.1
!

Eγ

TeV

"
1.9
: ð7Þ

Once again, this photon decay in flight from the source leads
to a direct way to bound the LIV energy scale that mainly
depends on the highest energy photons observed. It is
interesting to note that the higher-order process of Eq. (7)
produces a stronger limit than the lower order photon decay
of Eq. (5).
Refs. [19,20,28] discuss a different method of setting

limits on subluminal LIV with n ¼ 2 using modifications to
the Bethe-Heitler interaction of photons in the atmosphere.
However, unlike the photon splitting process, this does not
result in a sharp effective threshold. Thus setting a limit
using this effect must use different analysis techniques than
the ones we have used to analyze the HAWC data, and we
must defer such analysis to a later publication.
Limit calculation.—Since the emphasis here is on the

upper extremes of the spectrum, several details of the
HAWC analysis are changed compared to previous analy-
ses such as that of the Crab Nebula spectrum [21]. First, we
concentrate on the NN energy estimator as it is expected to
have better energy resolution (0.1–0.15 in log10 E=TeV
above 50 TeV) [21]. Second, we re-bin the two highest bins
of estimated energy, subdividing both the (100,178) and the
(178,316) TeV bins into three finer bins each of equal size
in log space.
We consider the Crab and three other sources which

have evidence of emission above 100 TeV in recon-
structed energy [22,50]. For spectral assumptions, we
consider a log-parabola for the Crab, eHWC J1907þ
063, and eHWC J2019þ 368, and a cutoff-exponential
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model for eHWC J1825 − 134, as shown in Fig. 1. These
choices are consistent with the more detailed information
on the sources found in Refs. [21,22]. In analogy with
Ref. [22], we use the best-fit source position for recon-
structed NN energy > 56 TeV. Finally, to desensitize the
results to imperfect modeling of the point spread function,
the analysis is carried out in bins with fixed radius about the
central position (a so-called top hat bin), chosen for each
source to be large enough that the results no longer depend
on the choice of top hat radius; see the Supplemental
Material [51].
This analysis provides a lower energy limit, Ec, beyond

which there is weak or no evidence for the continuation of
emission for each source. This lower limit on a hard cutoff
also serves as an upper limit on observed photon energy, Eγ .
We perform a fit to the chosen energy spectrum shape and
compare the fit likelihood with that of the fit of an energy
spectrum convolvedwith a hard cutoff at energyEc. The hard
cutoff is convolved with both the HAWC energy resolution
and an additional smoothing of 0.1 in log10ðE=TeVÞwidth to
avoid bin edge effects [51]. The smoothed hard cutoff is
therefore wider than the actual HAWC energy resolution.
Because the hard cutoff model accounts for photons which
are misreconstructed with energy higher than Ec, this test is
independent of any assumed spectral shape above Ec.
Comparisons of the best-fit spectra with those expected with
a hard cutoff at 100 TeV are shown in Fig. 1. The source
spectra are discussed in detail in Ref. [21].
First, we consider whether sources show an actual

preference for such a hard cutoff. Specifically, we find
the profile likelihood (with spectral fit parameters opti-
mized for each Ec) as a function of Ec and consider the
statistical significance of each value of Ec; see Ref. [51].
The statistical test is to calculate the log-likelihood ratio
(details in Ref. [51]) of the fit with no cutoff and the fit
including such a cutoff,

D ¼ 2 ln
!

LðÊcÞ
LðÊc → ∞Þ

"
; ð8Þ

where Êc is the best fit value of Ec, and the null hypothesis
is the LI limit Êc → ∞. We calculate the p value of
observing D or greater (50% of D values are 0 since
upward fluctuations cannot drive Ec above ∞ [52]). The
resulting p values in the Table I indicate that none of the
sources prefer a cutoff. Details of the binned likelihood and
treatment of background and forward folding for resolution
effects are given in Ref. [51].
Because our spectra do not indicate a significant pref-

erence for Ec < ∞, we proceed to set a lower limit on Ec,
which would occur in LIV photon decay signatures. We
consider here two confidence levels (C.L.): 95% and
99.73% (“3σ”). The corresponding values of 2Δ lnL (using
Wilks’ theorem) for the intervals are 2.71 and 7.74. These
limits are intrinsically one sided, as we lose statistical
power to identify a finite Ec for large values of Ec. The
results shown in Table I indicate that we have evidence for
greater than 100 TeV emission at >95% C.L. from all four
sources and 3σ evidence from three of them. More
statistical detail can be found in Ref. [51].
The 95% C.L. limits are reinterpreted as limits on Eγ .

Then Eqs. (4), (5), and (7) directly lead to lower limits to
Eð1Þ
LIV and Eð2Þ

LIV, while we derive upper limits on α0 from
Eq. (3), when n ¼ 0. Because a hard photon decay cutoff
due to LIV would be at the same energy for any source, we
also combined the likelihood profiles of all four sources
and found an Ec limit of 285 TeV, some 11% higher than
the limit from eHWC J1825 − 134 alone [51]. In this way,
HAWC can exclude the LIV energy scale of the new
physics, Eð1Þ

LIV, to greater than 1031 eV, over 1800 times the
Planck energy scale (EPl ≈ 1.22 × 1028 eV), and more
constraining than the best previous values [12,29]. We

calculate limits on Eð2Þ
LIV from photon splitting only for

individual sources, because the limit depends on the source
distance to the observer [53]. These limits are more
powerful than the Eð2Þ

LIV limits from photon decay and more
constraining than previous values [19,20].
We present the HAWC 95% C.L. LIV limits in Table II.

For comparison, Fig. 2 shows previous strong limits on
photon decay using VHE photons from HEGRA [12,29],
CANGAROO [17], and HESS [15]. We also show limits
due to LIV energy-dependent time delay searches with the

FIG. 1. Comparison of the best-fit spectra with those expected
were a hard cutoff found at 100 TeV. From top to bottom at 1 TeV:
the spectra for the Crab, J1825 − 134, J1907þ 063, and
J2019þ 368. The bands represent statistical uncertainties of
the fits.

TABLE I. HAWC sources and photon energy limits (TeV).

Source p value Ecð95%Þ Ecð3σÞ
eHWC J1825 − 134 1.000 244 158
eHWC J1907þ 063 0.990 218 162
eHWC J0534þ 220 (Crab) 1.000 152 104
eHWC J2019þ 368 0.828 120 88
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Fermi-LAT [18], and limits due to photon splitting [19,20].
For a more comprehensive list of these limits and those
presented in this work, including corresponding values of
αn, see the Supplemental Material [51].
We derived the limits above for the LIV coefficients

within the general MDR framework, although related limits
can also be evaluated in the framework of the standard
model extension (SME) [11,54]. The SME provides a
general field-theoretic framework that considers all
observer-scalar operators, which are products of the SM
and LIV coefficients. The SME coefficients are in general
nonisotropic tensors, but their isotropic parts can be written
in terms of the corresponding MDR coefficients as

described in the Supplemental Material (which also gives
constraints from this work on directionally dependent SME
coefficients). In the SME scenario for n ¼ 1 (or any odd n),
photon decay in SME occurs only for one of the two
possible photon polarizations, which involves a drop in
photon flux by a factor of 2; see Ref. [51] for a further
discussion. In addition, odd n implies also the effect of
birefringence which has been strongly constrained in the
SME [55], over 10 orders of magnitude stronger than the
constraints to photon decay by the Eð1Þ

LIV excluded here.
Sensitivity and systematic uncertainties.—We studied the

sensitivity of our method by simulating source instances of
the HAWC fit spectra with hard cutoffs, and by computing
the expected limits of the HAWC best fit spectra without
hard cutoffs. These are nearby Galactic sources, for which
background light absorption [56–59] is negligible for the
distances in Table II. Our simulations of hard cutoffs at 50,
100, and 200 TeV in all spectra resulted in combined fits to
Ec within 8% or better of the simulated hard cutoff energy.
The expected combined fit limits had a median of 240 TeV,
with 2=3 of the results between 213 and 279 TeV (−11 to
þ16%), suggesting a statistical uncertainty of about 15%.
The actual limit of 285 TeV is þ15% higher than the
expected median, just over 1σ.
Following Refs. [21,22], we considered a number of

systematic uncertainties affecting the LIV limits. We
summarize them in Table III, emphasizing the effects on
Ec from the combined limit as this is the most powerful.
Varying simulation parameters in analyzing actual data had
relatively minor effects on the results (−4 to 7%), obtained
by adding the effects of all simulation parameters in
quadrature. The most important parameters were phototube
efficiency, the time structure of calibration pulses vs real
showers, and charge resolution [21]. Using the best
spectrum model (best log likelihood among log parabola
or power law with exponential cutoff) produced results
within 1% of using the 2nd best spectral shape for all
sources. We also considered the effects of applying a
different central source position using all energy bins above
1 TeV instead of above 56 TeV as the center of the top hat
fit, and found the effects to be less than 1%. Finally, [21]
estimates the uncertainty of the absolute HAWC energy
scale as a −6% difference from IACTenergy scales at lower
energies of 1–30 TeV. Combining these in quadrature gives
systematic uncertainty on Ec of 7%.

FIG. 2. HAWC 95% C.L. LIV limits for n ¼ 0, 1, and 2. We
show previous strong constraints due to photon decay, as well as
based on an energy-dependent time delay (ΔtLIV) and photon
splitting (3γ). For n ¼ 1, HAWC limits are orders of magnitude
above EPl. ð∼1028 eV).

TABLE II. HAWC sources and 95% C.L. lower limits on Ec,
LIV coefficients, and the distance to the observer, L. α0 are upper
limits while EðnÞ

LIV are lower limits. Systematic uncertainties are
given in the Supplemental Material [51].

Source

Ec L α0 Eð1Þ
LIV Eð2Þ

LIV Eð2Þ
LIV ð3γÞ

TeV kpc 10−17 1031 eV 1023 eV 1023 eV

J1825 − 134 244 1.55 1.75 1.39 0.58 12
J1907þ 063 218 2.37 2.2 0.99 0.47 10.1
J0534þ 220 152 2 4.52 0.34 0.23 4.99
J2019þ 368 120 1.8 7.25 0.17 0.14 3.15

Combined 285 % % % 1.29 2.22 0.8 % % %

TABLE III. Effects of systematic errors on Ec for combined
sources.

Simulation −4% to þ7%
Spectrum choice −1%
Source location −1%
Energy scale −6%

Overall −7% to þ7%
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Experimental refinements and technical innovations in the field of extensive air shower telescopes have
enabled measurements of Galactic cosmic-ray interactions in the sub-PeV range, providing new avenues
for the search for new physics and dark matter. For the first time, we exploit sub-PeV (1 TeV–1 PeV)
observations of Galactic diffuse gamma rays by HAWC and Tibet ASγ to search for an axionlike-particle
(ALP) induced gamma-ray signal directly linked to the origin of the IceCube extragalactic high-energy
neutrino flux. Indeed, the production of high-energy neutrinos in extragalactic sources implies the
concomitant production of gamma rays at comparable energies. Within the magnetic field of the neutrino
emitting sources, gamma rays may efficiently convert into ALPs, escape their host galaxy unattenuated,
propagate through intergalactic space, and reconvert into gamma rays in the magnetic field of the
Milky Way. Such a scenario creates an all-sky diffuse high-energy gamma-ray signal in the sub-PeV range.
Accounting for the guaranteed Galactic astrophysical gamma-ray contributions from cosmic-ray
interactions with gas and radiation and from subthreshold sources, we set competitive upper limits
on the photon-ALP coupling constant gaγγ . We find gaγγ < 2.1 × 10−11 GeV−1 for ALP masses ma ≤
2 × 10−7 eV at a 95% confidence level. Our results are comparable to previous limits on ALPs derived
from the TeV gamma-ray domain and progressively close the mass gap toward ADMX limits.
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I. INTRODUCTION

The advent of large-field-of-view ground-based tele-
scopes, such as e.g. Tibet ASγ [1] and LHAASO [2],
has recently opened a new astrophysical window on the
very-high-energy gamma-ray sky by measuring, for the
first time, the diffuse Galactic emission at sub-PeVenergies
and superseding previous upper limits from CASA-MIA
[3] and IceTop [4]. This is complemented at lower energies,
Eγ ≳ 1 TeV, by ARGO-YBJ [5] and, more recently, by
HAWC [6] measurements of the diffuse Galactic emission
over extended regions of the sky.
Without considering exotic physics phenomena—as dis-

cussed in the main body of this work—these observations
are supposed to be purely of Galactic origin, from cosmic-
ray interactions with gas and radiation fields, as well as
from the cumulative contribution of faint, i.e., unresolved,
Galactic sources. The “standard” extragalactic emission
from active galactic nuclei, normal galaxies, etc. is indeed
believed to be negligible at sub-PeV energies because of
absorption (and subsequent cascades) of sub-PeV gamma
rays on the cosmic microwave background (CMB) and the
extragalactic background light (EBL), whose main compo-
nents are the cosmic infrared background (CIB; originating
from reradiation of light absorbed by dust particles) and the

cosmic optical background (COB; radiation created by stars
and galaxies) both being at about 10% of the intensity of the
CMB [7]. The CMB and EBL together render the universe
almost opaque to sub-PeV gamma rays. For example, the
mean free path of 1 PeVgamma rays is limited to tens of kpc,
i.e., if observed, such emission can only be related to
Galactic astrophysical processes. At 10 TeV the mean free
path may be as large as tens of Mpc allowing observers on
Earth the study of the closest blazars [8,9]. Sub-PeVgamma-
ray observations have been used to constrain the population
of cosmic-ray electrons [10], protons and nuclei [11] in the
Galactic disk, also in synergywith the astrophysical neutrino
flux measurement [12], starting to provide a unique insight
onto the nature of cosmic-ray interactions [13].
Eventually, exotic processes which produce sub-PeV

photons can also supply part of the observed emission. First
implications of Tibet ASγ data have been derived, for
example, for heavy decaying dark matter [14,15]. We focus
here on axionlike particles (ALPs), elusive pseudoscalar
particles often predicted in multiple extensions of the
Standard Model of particle physics, e.g. [16–31], which
can also represent viable dark matter candidates [32–35]
in some portions of their parameter space [36–39]. We
consider ALPs aminimally coupled with the photon via the
Lagrangian [40]

Laγ ¼ −
1

4
gaγγFμνF̃μνa ¼ gaγγE ·Ba; ð1Þ
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which we use the upper error margin in case of asymmetric
error bars. As mentioned in Sec. II, the HAWC data is
provided in terms of a continuous power law. Thus, we bin
the spectrum in five logarithmically spaced energy bins
between 10 TeV and 100 TeV to apply the aforementioned
formalism. We explicitly introduced the dependence on
the ALP-photon coupling for all of our model components
to emphasize the impact of conversion events even on
astrophysically produced gamma rays. We set upper limits
on the normalization of the ALP component using a log-
likelihood ratio test statistic, which in this particular case
reduces to the difference between χ2 functions according to

Δχ2 ¼ χ2ðθÞ − χ2ðθ̂Þ; ð12Þ

where θ̂ denotes the best-fit value of the ALP flux normali-
zation parameter minimizing the value of the χ2-function in
Eq. (11). Since Δχ2 is a function of a single degree of
freedom, we find the upper limit on θ at a 95% confidence
level (CL) when it attains a value of 3.84 [109].5 The
constraint on θ can directly be translated to an upper limit on
the coupling strength between ALPs and photons gaγγ by
using a grid of representative coupling strength values for
fixed ALP mass ma, which we interpolate.

VI. RESULTS

The combined data from Tibet ASγ and HAWC allow us
to exploit the energy range from 10 TeV to 1 PeV to derive
constraints on the parameter space of ALPs. After having
conducted a maximum likelihood analysis, we find that the
smaller ROI of Tibet ASγ (25° < l < 100°, jbj < 5°)

combined with the larger ROI of HAWC (43° < l < 73°,
jbj < 4°) results in the most stringent upper limits on the
ALP-photon coupling constant gaγγ for all probed ALP
masses. In fact, when we only consider the theoretically
modeled astrophysical contribution in both ROIs, as shown
in Fig. 3 without any ALP-induced spectral modulation,
the data is entirely consistent with having solely IE and
an additional diffuse contribution from localized sources
below the detection threshold of the respective instrument.
As a useful measure to gauge the room left for anALP signal
(for ALP masses ma ≲ 2 × 10−7 eV) over the energy range
of interest, we quote in Table I the maximally allowed ALP
flux as a function of energy (adhering to the binning scheme
employed to the HAWC flux and as stated by the Tibet ASγ
collaboration), for the different astrophysical background
models adopted in this work. This information can con-
sequently be used to recast our results to differentmodels for
the gamma-ray signal from ALP-photon conversion.
We obtain competitive 95% CL upper limits on gaγγ as

illustrated in Fig. 4. In the left panel, we show the variation
of the limits induced by the change of the IE model, and we
confront our constraints with a sample of upper bounds
derived from high-energy and very-high-energy gamma-
ray instruments. We are able to improve some of these
literature constraints for ALP massesma > 10−8 eV for the
maximal IE scenario. We stress that the contribution from
unresolved sources, at least for Tibet ASγ, represents a
lower limit of the unresolved source flux, because of the
optimistic definition of the detection threshold. This is a
conservative choice for our purposes, since it leaves more
space for ALPs and implies a weaker limit on the ALP-
photon coupling.
Quantitatively, we obtain in the case of the MAX IE model

an upper limit of

FIG. 3. Gamma-ray spectra of the emission components used to fit the Tibet ASγ [56] (ROI: 25° < l < 100°, jbj < 5°; left) and
HAWC data [6] (ROI: 43° < l < 73°, jbj < 4°; right) of the Galactic diffuse emission (red). Light purple lines display the expected
contribution of the interstellar emission (IE) either in a minimal (dashed) or maximal (solid) scenario whereas the component arising
due to subthreshold sources is marked with a solid green line (α ¼ −2.6, Ec ¼ 300 TeV, STibetTH ¼ 10%SCrabð> 100 TeVÞ,
SHAWC
TH ¼ 2%SCrabð½10; 100% TeVÞ). The corresponding total astrophysical gamma-ray emission is denoted by dark purple lines

adhering to the same IE line style. Note that we display here the theoretically predicted spectra for gaγγ ≡ 0. For comparison, we add as
an orange solid line an example of the derived ALP-induced gamma-ray flux normalized to the value corresponding to the upper limit in
the MAX scenario for an ALP of ma ¼ 100 neV.

5PDG Review Statistics, Table 40.2.
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gaγγ≲2.1×10−11 GeV−1 forma≤2×10−7 eV: ð13Þ

In the case of the MIN IE model, instead, the bounds
degrade by a factor of ∼1.5. We assume the magnetic field
redshift evolution case (i).
In the right panel, we display the uncertainty in the limits

due to the redshift evolution of the magnetic field in the
neutrino sources, i.e., the nontrivial redshift evolution
scenario (i) versus the constant magnetic field case (ii).
In this latter case, the upper limit stated in Eq. (13) degrades
by about 50%. This model ingredient is therefore a source
of systematic uncertainty as relevant as the uncertainty of
the IE at sub-PeV energies.
As anticipated, the uncertainty caused by the current

imperfect knowledge of the star-formation rate density
evolution _ρ#ðzÞ is almost negligible, and accounts for a
fractional change of ∼2% of the upper limits compared to
the benchmark scenario.
In the present analysis, we combine Tibet ASγ and

HAWC data. By considering only one ROI at a time we,
however, find that most of the constraining power is
derived from the HAWC measurement, while the Tibet
ASγ dataset provides a less influential contribution.
Indeed, when including Tibet ASγ data we obtain an
improvement of about a factor of 1.3. The main reason is

the strong in situ absorption of gamma rays on CMB
photons in the high-redshift universe depleting the
expected ALP-induced gamma-ray flux at Earth at ener-
gies above 100 TeV. We notice, however, that in the future
new measurements of the Galactic diffuse emission at
10 TeV will turn to be truly complementary to measure-
ments at lower energies. Consequently, these future sub-
PeV datasets may even dominate the constraining power
given that the peak of the ALP signal is indeed located at
these energies.
We note that—despite the asymmetric importance of

both datasets—our results are not strongly sensitive to the
assumed value of the break energy Eb at tens of TeVused to
fit the measured neutrino flux at Earth. To stress it once
more, the break in the neutrino/gamma-ray spectrum
reduces the impact of residual gamma rays that are—
despite our fundamental assumption—not fully attenuated
within the sources or on the CMB and EBL.
Finally, not accounting for photon losses regarding the

astrophysical gamma-ray emission induced by conversion
into ALPs would improve the limits by about 10%.

VII. DISCUSSION AND CONCLUSIONS

We have presented the first analysis using sub-PeV
(1 TeV–1 PeV) Galactic gamma rays to constrain ALPs

FIG. 4. 95% CL upper limits on the ALP-photon coupling strength gaγγ as a function of the ALP mass ma derived from the combined
analysis of the Tibet ASγ (25° < l < 100°, jbj < 5°) and HAWCmeasurement (43° < l < 73°, jbj < 4°) of the diffuse gamma-ray flux
along the Galactic plane. Left: dependence of the upper limits on the choice of the IE model. The yellow-shaded region illustrates the
constraints derived for the MIN scenario of the “γ-optimized” IE model from [13] while the enlarged black-hatched region denotes the
improvement of upper limits if the MAX scenario of the same theoretical model is realized in nature. Right: uncertainty on the constraints
arising from the two scenarios for the evolution of the magnetic field strength in extragalactic neutrino sources described in Sec. IV. The
black-hatched region displays the limit in scenario (i) for the case of maximal IE (as in the left panel) whereas the yellow region
illustrates the loss of sensitivity when instead scenario (ii), a constant magnetic field strength throughout the history of the universe, is
assumed. For comparison, we show various constraints on ALPs derived from different observables relevant in the very-high-energy
regime: HAWC TeV blazars [110], Fermi-LAT measurements of the spectra of NGC 1275 [111], H. E. S. S. searches for irregularities in
the spectra of PKS 2155-304 [112], combined ARGO-YBJ and Fermi-LAT observations of Mrk 421 [113] as well as the non-
observation of gamma rays from SN1987A [114]. Besides these gamma-ray probes of ALP presence, we display the upper limits
derived from the helioscope experiment CAST [115], whose constraints overlap with an independent constraint from an analysis of the
number of stars in the horizontal branch in old stellar systems [116] and a constraint due to the non-observation of polarization features
in the emission of white dwarfs [117]. This plot and the collection of current ALP upper limits have been generated with the software
and library provided by Ciaran O’Hare [39].
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• Interstellar Emission (IE; diffuse emission) and 
contribution from sub threshold sources (sTH) 
are modeled

• ALP contribution is modeled assuming star-
forming galaxy sources, its evolution, 
normalization by IceCube 𝜈 flux with 𝑚& and 𝑔&%%
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Summary
• Astrophysics reach sub-PeV to PeV photons since 2019

• Tibet, HAWC and LHAASO
• individual source and diffuse emission
• all observatories in the northern hemisphere

• First southern observatory ALPACA
• many sub-PeV to PeV sources will be revealed
• some of them will be PeV CR accelerators

• sub-PeV to PeV photons test new physics BSM
• LIV/ALP/DM(annihilation and decay)/PBH/…
• ALPACA can provide “PeV beams” to test BSM scenarios
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