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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 ASy 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 g,,,. We find g,,, < 2.1 x 107! GeV~! for ALP masses m, <
2x 1077 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 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 PeV gamma 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-PeV gamma-
ray observations have been used to constrain the population
of cosmic-ray electrons [10], protons and nuclei [11] in the
Galactic disk, also in synergy with 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

The advent of large-field-of-view ground-based tele-
scopes, such as e.g. Tibet ASy [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-PeV energies
and superseding previous upper limits from CASA-MIA
[3] and IceTop [4]. This is complemented at lower energies,
E, 2 1 TeV, by ARGO-YBIJ [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
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photons can also supply part of the observed emission. First
implications of Tibet ASy 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 a minimally coupled with the photon via the
Lagrangian [40]

1
L:u = _7gay}/F

, 1 wkF*a=g,,E - Ba, (1)
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thus inducing a conversion of ALPs into photons (propa-
gating as an electromagnetic wave E with wave vector k
linked to its energy via E = |k|) and vice versa in the
presence of an external magnetic field B, the so-called
Primakoff process [41]. Various processes of ALP produc-
tion and photon conversion can be tested with high-energy
gamma-ray astrophysics, and typically allow us to set
constraints on ALPs in the mass of 107''-107¢ eV. We
refer the reader to the summary plots of Ref. [39] and
references therein.

This conversion mechanism implies that, among other
effects, a fraction of photons produced by high-energy
astrophysical sources, instead of being absorbed through
interactions with internal radiation fields or the CMB and
EBL, may convert into ALPs which then travel unimpeded
and reconvert into photons in the Milky Way’s magnetic
field. Such a way to alter the transparency of the universe
has been discussed thoroughly in the past, also highlighting
some possible anomalies in TeV data [42,43]. Therefore,
the existence of ALPs enlarges the gamma-ray horizon, and
makes the detections of extragalactic very high-energy
photons smoking gun signatures of their nature.

At the highest energies, the production of photons in
astrophysical sources is accompanied by the production
of a neutrino flux, either through p — p or p —y inter-
actions. In particular, the sub-PeV neutrino flux measured
by IceCube is believed to originate from extragalactic
sources and cosmic-ray interactions therein [44-49].
Multimessenger analyses constrain the contribution of
different source classes to the neutrino diffuse flux, in
particular the ones from p — p interactions, which is
severely challenged by Fermi-LAT gamma-ray data in
the GeV domain [50-54].

The goal of the present work is to assess what is the
ALPs parameter space that can be constrained with the sub-
PeV (1 TeV-1 PeV) diffuse signal, exploiting the synergy
with the astrophysical neutrino flux. In particular, we
will follow the model of Refs. [53,55] and quantify the
cumulative ALP-induced gamma-ray flux from a popula-
tion of extragalactic neutrino sources. We then use the latest
measurement of the sub-PeV Galactic diffuse emission
with HAWC and Tibet ASy to set competitive constraints
on the ALP-photon coupling in a portion of the ALPs
parameter space only mildly explored by gamma-ray tele-
scopes so far. To this end, we model the guaranteed diffuse
gamma-ray contributions from cosmic-ray interactions
with gas and radiation, and from TeV emitters below the
telescope’s detection threshold. This is the first time the
model of Ref. [55] is constrained with real data and that
Galactic sub-PeV gamma rays are used to derive bounds on
the ALPs’ parameter space.

The organization of the paper is as follows: In Sec. II, we
introduce the dataset adopted and the characteristics more
relevant for our specific purpose. In Sec. III, we discuss the
guaranteed contribution to the sub-PeV gamma-ray diffuse

emission coming from interstellar emission and unresolved
sources. The ALPs production model associated with high-
energy neutrino emitting sources is described in Sec. IV.
After presenting the statistical framework for the analysis in
Sec. V, we then discuss our results in Sec. VI and conclude
in Sec. VIL

II. THE DATA

The Tibet air shower and muon detector—Tibet ASy in
short—has recently published the detection of sub-PeV
gamma rays in the energy range from 100 TeV to 1 PeV
originating in the Galactic disk [56] and not associated with
known, localized sources emitting in the TeV energy band.
The collaboration reports their results for two regions of
interest (ROI): (i) 25° < I < 100° and |b| < 5° coinciding
with the region in which the ARGO-YBJ collaboration
reports the detection of a diffuse gamma-ray flux at TeV
energies [5]; (ii) a larger region spanning 50° < [ < 200°
and |b| < 5°, from which the CASA-MIA air shower array
has derived upper limits on the gamma-ray emission toward
the end of the past millennium [3].

The gamma rays seen by Tibet ASy are believed to be
of Galactic origin, i.e., to be almost exclusively due to
hadronic cosmic-ray interactions within the Milky Way.
Indeed, extragalactic contributions are highly suppressed
at sub-PeV energies, because of the high opacity of the
universe caused by the CMB and EBL [57,58]. The
reported Tibet ASy diffuse emission measurement is also
cleaned from events that are attributed to TeV-bright
Galactic sources listed in the TeVCat online catalog' and
localized in the analysis ROI. This implies that Ref. [56]
reports a true measurement of the diffuse flux along the
Galactic plane: The 38 gamma-ray events above 398 TeV
are “orphan” events not associated with any known
Galactic object.

We complement the Tibet ASy dataset with the meas-
urement of the Galactic diffuse emission reported by the
HAWC collaboration [6] in a region defined by 43° < [ <
73° and |b| < 2° or |b| < 4°—hence overlapping with the
Tibet ASy’s two ROIs—and at energies from 10 TeV to
100 TeV, based on data taken between 2013 and 2019.
Similarly to the Tibet ASy dataset, the HAWC collabora-
tion has derived the diffuse gamma-ray flux along the
Galactic plane by subtracting the emission of all detected
sources residing in the respective ROIs. The diffuse
gamma-ray spectral energy distribution in both HAWC
ROIs follows a power law with parameters quoted in
Table 1 of Ref. [6].

In what follows, we will use both measurements of the
truly diffuse emission from the Galactic plane (see Sec. V
for further details) in a combined analysis to constrain the
coupling strength of ALPs to photons.

1http://tevcatZ.uchicago.edu/.
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We notice that also the LHAASO-KM2A collaboration
recently presented a preliminary measurement of the very-
high-energy gamma-ray emission from the inner Galactic
plane [59]. In this case, however, known Galactic sources
are masked in the analysis. Given the little information
about the masking procedure and the very preliminary
nature of the result, which for a few energy bins reveal
some tension with Tibet ASy data, we decided not to
consider the LHAASO-KM2A measurement for the pur-
pose of this work.

The adopted data are displayed in Fig. 3.

III. THE ASTROPHYSICAL SUB-PeV
y-RAY DIFFUSE FLUX

To describe the conventional astrophysical gamma-ray
emission along the Galactic plane at sub-PeV energies,
we consider two “guaranteed” diffuse contributions: The
interstellar emission (IE) and the cumulative emission from
pointlike and extended sources too faint to be resolved by
the instruments whose measurements we are using, i.e.,
subthreshold (sTH).

A. Interstellar emission model

The theoretical modeling of the IE at sub-PeV energies
has recently gained increasing attention, and more and
more refined models have consequently been published.
This interest originates from a twofold reason: On the one
hand, the availability of reliable measurements of the
Galactic plane diffuse signal at these energies with cur-
rent-generation instruments like HAWC [6], Tibet ASy [56]
and LHAASO [59], and, on the other hand, the need to
push forward the theoretical understanding of this astro-
physical component in order to compete with the growing
experimental precision that is expected with the advent of
LHAASO and Cherenkov Telescope Array (CTA).

Recently, Ref. [13] has provided a comprehensive model
for Galactic diffuse gamma-ray production at sub-PeV
energies, investigating the effect of uncertainties related
to cosmic-ray injection spectra and transport, and making
use of latest available gas maps and cosmic-ray data.
Models with a spatial dependence of the diffusion coef-
ficient rigidity index (“y-optimized” models) were found to
better reproduce the observed hardening of cosmic-ray
protons in Fermi-LAT data, as well as to match sub-PeV
gamma-ray observations from ARGO-YBJ, HAWC, Tibet
ASy and LHAASO better than conventional models where
the diffusion coefficient rigidity behavior is constant in
space. An alternative phenomenological model proposed
in [60], and its comparison to Tibet ASy data, corroborates
the claim of spatially dependent diffusion at sub-PeV
energies. In this analysis, we adopt two models (MAX
and MIN) for the “y-optimized” IE from [13], which are a
proxy of the uncertainty on the exact realization of the
cosmic-ray transport in the Milky Way above 10 TeV while

being consistent with cosmic-ray data. Absorption of
gamma rays onto interstellar radiation fields and on the
CMB is included.

The gamma-ray maps, ®F(E, [, b), used in Ref. [13] are
publicly available. We start from these data products to
derive all results related to IE. The IE MAX and MIN
contribution in the two ROIs of interest for this analysis are
displayed in Fig. 3.

B. Contribution from unresolved sources

The expected cumulative emission from a population of
unresolved sources is a characteristic of each instrument as
it depends on its specifications and performance. In other
words, HAWC and Tibet ASy exhibit different detection
thresholds to gamma-ray sources within their sensitivity
reach. Depending on the source-count distribution flux of
the underlying population of gamma-ray sources, i.e., the
number of sources per unit flux dN/dS, sources too faint to
be detected and whose flux is below the detection threshold
will remain “unresolved” and contribute, cumulatively, to
the diffuse gamma-ray emission. The (true) underlying
population of (Galactic) pointlike and extended very-high-
energy sources is then the same for both telescopes, so that
a single phenomenological model to describe said pop-
ulation can be used.

Studies of unresolved sources from different astrophysi-
cal objects and their contribution to the gamma-ray diffuse
emission have been extensively performed at GeV energies
for Fermi-LAT observations, e.g., [61], especially to
interpret the origin of the so-called Fermi diffuse
gamma-ray background, see Ref. [62] for a review. A
quantitative characterization of the gamma-ray emission
associated with unresolved sources in Fermi-LAT data has
been used to calibrate the IE models presented in Sec. IIT A.
While the contribution of unresolved sources is important
for large-scale diffuse signals in extended ROIs, as most of
the Fermi-LAT observations are, it is of lesser relevance
for typical Cherenkov telescopes measurements, given the
limited instrument field of view (FOV). Nonetheless,
studies of bright TeV emitters have shown that the corre-
sponding unresolved population can significantly contrib-
ute to the TeV large-scale diffuse signal in the Galactic
disk [63-65]. The contribution of unresolved sources is
expected to rise at very high energies where large-FOV
ground-based telescopes are more sensitive to large-scale
diffuse signals.

With the aim of quantifying what is the contribution of
unresolved sources to the diffuse emission measurements,
we follow the prescriptions outlined in [66], whose details
we further describe in Appendix A.

We consider that the Galactic population of very-high-
energy sources is spatially distributed according to pulsars
following the best-fit model of Ref. [67], with p(r) the
source number density, cf. Eq. (A1). We normalize p(r) to
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unity when integrated over the full volume of the
Milky Way.

We model the gamma-ray luminosity function of
TeV-bright sources, £(Lt.y), as in Ref. [68], where the
function parameters are tuned to match the outcome of
the H. E. S. S. Galactic plane survey by assuming a pop-
ulation of pulsar wind nebulae, cf. Eq. (A3), and L.y refers
to the gamma-ray luminosity of an individual object of
the population in the energy band from 1 to 100 TeV. The
number of sources per unit volume and luminosity can then
be written as:

dN
—_ = L . 2
d3rdLTeV p(r) X’C( TeV) ( )

To compute the flux of unresolved sources in a given
energy range from the source population luminosity func-
tion, one needs to assume an average source spectrum. As
in Ref. [66], we parametrize the average source spectrum
by a power law with exponential cutoff:

o(E) = K()(l TEV) P exp (— EE) (3)

where the value of K, follows from the requirement that
Eq. (3) is normalized to one when integrated from 1 TeV
to 100 TeV. The spectral parameters f and E_ are free
parameters of the model. We adapt the value of f and E, in
order for our model to better match the properties of
detected TeV-bright Galactic sources, as well as gamma-ray
data from HAWC and Tibet ASy, and therefore these
parameters’ values differ slightly from what has been
employed in [66].

The cumulative flux, ®™H, of all TeV-bright sources
below a detection threshold Sty is defined as:

Sti
OTH(E) = o(E) A L S

where dN/d®q.y is directly related to Eq. (2) under the
change of variable L.y = 47d*®.y(E) and integrating
out the spatial dependence. We refer the reader to
Appendix A for more details and definitions, which
follow from Refs. [66,68]. The detection threshold,
Sth, depends on the telescope performance. By com-
paring our model predictions from Eq. (4) with HAWC
and Tibet ASy published instrument performance,
we derive an estimate of each telescope’s detection
threshold Sty.

We highlight now the details of our procedure to fix the
values of the parameters Sttt SHAWC E and p.

For Tibet ASy, the collaboration reports that a dedicated
search toward the known positions of 60 TeVCat sources
within their total FOV (22° < £ < 225° |b| < 5°) resulted
in 37 gamma-ray-like events (E > 100 TeV) when

applying a 0.5° search window.” We interpret this stacked
number of sourcelike excess counts in a conservative way:
We assume that at most 37 of these known sources could
have contributed to the measured emission with exactly a
single gamma ray. Hence, the Tibet ASy array has—in the
most optimistic scenario—a sensitivity suited to detect the
37 brightest sources listed in TeVCat within its FOV. We
analyze the properties of the currently detected TeV-bright
Galactic sources in the TeVCat that fall within the total
Tibet ASy FOV, and use the reasoning above to set a
lower bound on the experimentally achievable detection
threshold—this is a conservative choice for the final
purpose of this work as explained in detail below. From
TeVCat and the listed references therein, we collect the
spectral parameters of the known TeV-bright sources in the
total FOV of Tibet ASy. Among the 60 TeVCat sources,
there are also a number of Galactic objects whose detection
has been recently announced by the LHAASO collabora-
tion [69]. Unfortunately, most of these sources lack spectral
characterization, and only the differential photon flux at
100 TeV in units of the Crab nebula’s flux is provided. We
include these LHAASO sources assuming that they exhibit
a differential gamma-ray spectrum coinciding with the
one of the Crab as stated in Ref. [70], and rescale the flux
normalization according to the given photon flux informa-
tion. Additionally, since the Tibet ASy collaboration does
not find any gamma-ray event above 400 TeV associated
with the positions of detected TeV-bright sources, we
impose an exponential cutoff at E. = 300 TeV for all
TeVCat sources whose spectrum is described by a simple
power law. We notice that the selected cutoff energy is in
line with the reported spectra of the three PeVatron
candidates detected by LHAASO [69]. We then calculate
the flux S above 100 TeV for each one of the 60 TeV-bright
sources considered. We show the cumulative source count
distribution, dN/dS, of the 60 TeVCat sources in the
bottom panel of Fig. 1. By imposing that at least 37
sources have been detected by Tibet ASy, we conclude that
the detection threshold of Tibet ASy cannot be smaller than
10% of the Crab nebula’s flux above 100 TeV, which we
adopt as the value for STbet.

In case of HAWC, instead, the source detection threshold
is obtained from the second HAWC catalog (2HWC) [71]
by deriving the flux in the energy range of interest, from 10
to 100 TeV, for each listed source and setting SH3WVC to the
minimal value among the resulting flux values, i.e., 2% of
the Crab flux in this energy range.

“This number does not account for subtraction of background
estimated events. Considering 8.7 background events, the source-
like event counts reduce to 28.3. We notice that using this number
instead of 37 would imply a larger detection threshold, i.e. a
larger contribution of unresolved sources to the diffuse Galactic
signal, and, ultimately, a stronger bound on the ALP-photon
coupling.

083020-4



FIRST CONSTRAINTS ON AXIONLIKE PARTICLES FROM ...

PHYS. REV. D 106, 083020 (2022)

-1

Scrap(> 100 TeV)
””” 10%Scyan(> 100 TeV)
I detected TeV-bright sources

dN/dS (full Tibet ASy FOV)
A L . AR

—_
L

0 T165 —160 —155 —15.0 —115 —110 —13.5 —13.0
log;, S(> 100 TeV)

Scran(> 100 TeV)
***** 10%Scran(> 100 TeV)
H  detected TeV-bright sources

cumulative dN/dS (full Tibet ASy FOV)

17 ~16 4 —13
log;, S(> 100 TeV)

—18

FIG. 1. Top: differential number of sources listed in TeVCat
that fall within the FOV of Tibet ASy depending on their flux
above 100 TeV S(> 100 TeV). Bottom: same as top panel but
displaying the cumulative number of sources. The spectral
information for each source has been extracted either directly
from TeVCat or the associated references therein. For compari-
son, we display in orange S(> 100 TeV) of the Crab nebula
according to its spectrum reported in Ref. [70], as well as the
fiducial threshold of Tibet ASy (vertical gray line) defined by
requiring that at most 37 sources could have contributed one
photon to the total excess counts obtained from stacking the
observations in the direction of all known TeV-bright sources in
the full FOV of the array.

Lastly, we compute the average value of the spectral
index for the set of detected TeV-bright sources in Tibet
ASy’s FOV—which includes the HAWC ROI as a subset—
and use it as the average spectral index for the synthetic
source population, # = 2.6. We set the energy cutoff of the
synthetic source population E,. to 300 TeV, consistently
with what assumed for the TeV-bright emitters.

We show the resulting cumulative flux of subthreshold
pointlike and extended sources, @™, in Fig. 3, computed
from Eq. (4) for the Tibet ASy and HAWC ROIs and
derived instrument thresholds. We find that in the HAWC
energy range 25% of the total observed emission is due to
resolved sources (taken from [6]) while IE accounts for
56%/50% and subthreshold sources for 44%/50% in the
MAX/MIN scenario. In the case of Tibet ASy, we obtain that

IE contributes 70%/56% and subthreshold sources about
30%/44% (MAX/MIN) to the measured gamma-ray flux
excluding resolved sources.

IV. THE ALPS SUB-PeV y-RAY DIFFUSE FLUX

An exotic large-scale diffuse signal can eventually
contribute to the diffuse sub-PeV gamma-ray emission.
We here consider the cumulative gamma-ray flux from
ALP-photon conversion as sourced by high-energy neu-
trino emitters. We follow the prescriptions presented in
[53,55], considering the latest determination of the astro-
physical neutrino flux and state-of-the-art values for all
the relevant parameters at play, e.g. star formation rate,
magnetic field distributions, etc.

A. Modeling the sub-PeV gamma-ray emission
of star-forming galaxies

Given the constraints from GeV data on the contribution
of p — p production to the neutrino flux, we assume that
the entirety of the observed astrophysical neutrino flux is
generated by p — y interactions in extragalactic sources. We
thereby follow and adopt a proposition that has already
been studied in Ref. [72] and which was corroborated by
further evidence in Ref. [73]. p — y interactions generate an
associated in situ gamma-ray spectrum, whose profile is
closely related to the neutrino spectrum via [74]

E dnN.
e A R (s)
dE, 2) 277 dE,

based on the relation E, ~ 2E,, and on the fact that, in each
interaction, two photons are produced per three neutrinos.
Another crucial constraint on our model comes from the
extragalactic gamma-ray background (EGB) measured by
Fermi-LAT [75]. The EGB comprises all gamma-ray
emission from extragalactic sources including resolved
localized emitters after subtracting the MW’s foreground
contribution. It is dominated by the cumulative emission
of resolved extragalactic sources like blazars [76,77]. A
related quantity is the isotropic diffuse gamma-ray back-
ground (IGRB), which entails all extragalactic gamma-ray
emission but the resolved emitters. In contrast to the EGB,
the bulk of its emission is likely to be caused by star-
forming galaxies [78]. Both quantities can already be
explained with gamma-ray emission arising from p — p
interactions in the relevant extragalactic sources. Hence, we
assume that the gamma-ray flux due to the p —y contri-
bution follows a smoothly broken power law—and hence
the neutrino component as well—to suppress its intensity at
GeV energies. Following [55], we remain agnostic about
the nature of the neutrino emitters, rather we assume that
the underlying in sifu neutrino spectrum is parametrized as
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dn, E\?2 [E)\2|-
e @) o
In the present work, we fix @ = 2.87 to the best-fit power-
law spectral index derived from the measured 7.5-year
IceCube neutrino flux of astrophysical origin based on the
high-energy starting event sample (HESE) [79]. The break
energy E, follows from a fit of Eq. (6) to the 7.5-year
HESE and 6-year Cascade data [80]. We find E;, = 25 TeV
to provide an adequate fit to both datasets. The spectrum
normalization N, (with respect to the extragalactic source)
is fixed by requiring that the theoretically predicted
cumulative differential neutrino flux at Earth [53]

do ¢ [odN
v - v 1 '*
dE, 4z A ap, (T

dr

dz

dz, (7)

yields the measured 7.5-year HESE neutrino flux (single
flavor) of 2.12 x 107" GeV-!em=2s~ ' sr=! at 100 TeV
[79]. In Eq. (7), E, =E,(1+7z), |dt/dz|] = Hy'(1 +
2)7H QA +Q,,(1 +2)%)71/2 with Hy = 70 kmMpc3 57!
and Q,, = 0.3 as well as Q, = 0.7. The functional param-
eterization of the star-formation rate density p,.(z) at
redshift z is taken from Ref. [81]. We adopt the therein
reported parameter values as benchmark scenario, while we
employ the variations of these parameters proposed in
Ref. [82] (for the Salpeter initial mass function, IMF) in
order to study the impact of the uncertainty associated to
this quantity. The choice of the cosmological parameters
above is consistent with this prescription for p,.. As a result,
we obtain the following normalization constants (units
of 107! GeV-'em=2s~'sr7!): (benchmark scenario)
Ny = 2.42; (upper boundary) Ny = 2.67; (lower boundary)
Ny = 2.13. We anticipate that uncertainties in the IMF will
have a negligible impact on our final limits.

B. From gamma rays to ALPs in star-forming galaxies

Gamma rays escaping the neutrino sources, under the
hypothesis of a nonzero ALP-photon coupling, can then
convert into ALPs and back in the presence of external
magnetic fields. We consider efficient ALP-photon con-
version within extragalactic sources and in the Milky Way,
whereas we neglect any potential conversion within the
intergalactic medium [83] which follows from the
assumption that the extragalactic magnetic field does not
attain values around the observational upper bounds of B <
6 x 107 G for a turbulent magnetic field with coherence
length of 50 Mpc or B < 1 x 10~ G for a coherence length
corresponding to the Hubble horizon based on Faraday
rotation of light from distant quasistellar objects [84]. The
Planck collaboration has quantified the upper bounds on
the extragalactic magnetic field from Faraday rotation of
CMB photons amounting to B < 1380 nG for a comoving
coherence length of 1 Mpc [85]. The details of the ALP
propagation formalism can be found in the literature, see,

for instance, Refs. [83,86]. In Appendix B, we summarize
some basic equations related to this formalism, so that the
reader can more easily follow our discussion and grasp the
relevance of the different astrophysical parameters at play.
All calculations of the ALP-photon conversion probability
either in extragalactic or Galactic environments are per-
formed with the publicly available python package
gammaALPs [87], which provides the functionalities to
apply the domain model approximation or the conversion in
the Galactic magnetic field. In all the required calculations,
we employ a user-defined photon-photon dispersion rela-
tion (based on the choice of interstellar radiation fields
below) following the prescription in Ref. [88].

The photon-ALP conversion probability within extraga-
lactic sources depends on intrinsic properties like their
magnetic field strength B, their electron density and the
strength of their interstellar radiation fields. While, up to this
point, no assumption on the neutrino source has been made—
since we calibrated the gamma-ray flux at production using
the observed neutrino flux—a minimal degree of specifica-
tion is required to compute the photon-ALP conversion
probability within these sources. Among others, star-forming
galaxies have been recently advocated to generate a sizable
contribution to the observed diffuse neutrino flux [89-91],
despite early reported discrepancies between neutrinos
produced by hadronic processes (in particular p — p inter-
actions) in star-forming galaxies and Fermi-LAT constraints
on their companion gamma-ray emission.’

We here resort to a modeling based on a prototypical star-
forming galaxy with parameters in accordance with obser-
vations of nearby galaxies, see Ref. [92] for a review and
references therein. In particular, to model the dispersion
effects, we assume an electron density of n, = 0.05 cm™3 at
z =0 [92], and apply the redshift evolution in Ref. [93] to
describe sources at higher redshifts. We adopt the selection of
radiation fields proposed in Refs. [93,94]—which includes
an ultraviolet, optical and infrared radiation field as well as
the CMB—and the associated redshift evolution to model
these quantities in our population of extragalactic sources.

A pivotal question in our model is the strength and
structure of the magnetic field typically realized in the
extragalactic neutrino sources under study. We are interested
in modeling the large-scale, coherent or regular, magnetic
field in the neutrino sources. We rely on the recent results
of the CHANG-ES survey of nearby disk and spiral galaxies
[95]. Reference [96] analyzes the magnetic fields in the
halo of spiral galaxies. The polarization stacking analysis
of 28 galaxies shows a clear underlying, ordered, X-shaped

3Taking into account the gamma-ray contribution from the
cosmic-ray production mechanisms presented in some of these
more recent works may further enhance the expected ALP-
induced gamma-ray flux from star-forming galaxies with respect
to what is presented here. A detailed and thorough analysis of the
combined diffuse ALP flux from p — p and p — y interactions is
left for future study.
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structure, which emerges as a common feature of the mean
magnetic field of likely most spiral galaxies. A regular, large-
scale magnetic field in the halo is detected in 16 galaxies,
extending at least up to 7 kpc distance from the midplane of
the disk. Nonetheless, the radio polarization measurements
provide indications that the extension of the ordered mag-
netic fields is larger. This is consistent with the typical
assumption of energy equipartition between magnetic field
and non-thermal electrons, which implies that the magnetic
field scale height is a factor of two to four larger than the
measured synchrotron halo height. Reference [96] also
concludes that the large-scale (coherent) magnetic fields in
the halos are ordered on scales of about 1 kpc or larger. We
model the magnetic halo of the sources to be spherically
symmetric and extending up to 10 kpc from their center.
We fix the coherence length to Ly = 1 kpc. The coherence
length is relevant for the calculation of the photon-ALP
conversion probability. To this end, we employ the domain
model approximation [86,97,98] in which the conversion
probability is evaluated for a series of cells with fixed length
and magnetic field conditions (strength and orientation with
respect to the photon/ALP propagation direction). We use the
mean regular magnetic field strength and associated variance
derived from a sample of 21 star-forming galaxies [99], i.e.,
|IB| =5+ 3 uG at z = 0 to quantify the distribution of the
magnetic field strength perpendicular to the line-of-sight B .
In each cell of the domain model approximation, the
components of the magnetic field vector B are drawn from
a Gaussian distribution with zero mean and variance 2B8% /3
to ensure that (|B, |) ~ B .

The redshift evolution of magnetic field extension and
strength in extragalactic sources suffers from uncertainties
similar to the cases of magnetized jets or galaxy clusters.
While coherent magnetic fields have been observed in distant
galaxies, for instance at z = 0.439 as reported in Ref. [100],
their generation and evolution are still a subject of ongoing
research from a numerical [101,102] as well as an observa-
tional [103] point of view. There are indications that large-
scale regular galactic magnetic fields require time to form,
rendering their existence a feature that is expected for
galaxies at z < 1 [104] whereas small-scale turbulent mag-
netic fields should dominate at higher redshifts. Likewise, it
is not fully understood if and how much the magnetic field
strength changes with increasing redshift, an uncertainty also
pointed out in our initial reference [93]. To estimate the
impact of the magnetic field modeling on our constraints, we
consider two scenarios: (i) The redshift evolution of the
magnetic field strength is adopted from the prescription of
Eq. (9) in Ref. [93], while the coherence length L scales as
L(z) = Ly/(1 + z); (ii) The field strength of the regular
magnetic field does not change compared to its values at
z = 0 but we keep the redshift evolution L(z).

For both scenarios, we derive the average expected ALP
flux from the extragalactic neutrino source population
at redshift z by incorporating the uncertainty on B .

We determine the sample averages over 5000 single
realizations of extragalactic sources where B, is drawn
from a Gaussian distribution with mean and variance
corresponding to the experimentally inferred values above.

Besides the large-scale regular field, most disk and spiral
galaxies also show evidence for turbulent magnetic fields at
few hundred parsecs scales, with intensities compatible with
the regular ones. We checked that the contribution of the
turbulent component is negligible in our model, as also
pointed out in Ref. [105] for the Milky Way magnetic field.
We therefore neglect the turbulent magnetic field component.

C. ALP reconversion in the Milky Way and its
implications

A fraction of the ALP flux arriving at the Milky Way will
reconvert into gamma rays due to the Galactic magnetic
field. The structure and strength of its regular component—
at least in comparison to extragalactic magnetic fields—
are more precisely known. We utilize the Jansson and
Farrar Galactic magnetic field model [106] with parameter
updates according to the measurements of the Planck
satellite [107]. Such more detailed description of the
magnetic field structure allows us to derive the probability
for a reconversion event for each line-of-sight. Besides, the
Milky Way hosts a number of interstellar radiation fields
whose spatial distribution we describe with the profile
reported in Ref. [108], contributing to both dispersion and
absorption terms, c.f. Appendix B. Their temperatures and
relative normalizations are again taken from Ref. [93] to
ensure consistency with the prototype model applied to the
extragalactic source population.

As an illustrative example, we display in Fig. 2 the
evolution of the photon (normalized to 1) and ALP fluxes
(m, =100 neV and g,, =5x 107" GeV™") within
extragalactic sources (left panel) and in the Milky Way
(right panel) at a representative energy of 100 TeV. The
extragalactic source panel represents the average result
from an ensemble of individual objects at redshift z = 1
where the photon-ALP conversion has been derived as
outlined above. Concerning the Milky Way, we show the
impact of photon-ALP conversion events along the line-of-
sight in the direction of # = 50° and b = 0°, i.e., a direction
that is located within the ROI of both telescopes under
study. We do not show the evolution of the fluxes from the
sources at z = 1 to the Milky Way since one of our main
assumptions is that no efficient conversion takes place in
this intermediate domain. Moreover, the in situ gamma-ray
flux is expected to be completely attenuated either in the
source or on the CMB and EBL. The left panel of this
figure shows that at sub-PeV energies the absorption of
gamma rays on especially the cosmic microwave back-
ground is quite important in the high-redshift universe so
that our assumption appears reasonable.

In Fig. 3, we show the spectral energy distribution of the
derived ALP-induced gamma-ray flux from star-forming
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FIG. 2. Evolution of the photon (blue) and ALP (orange) fluxes
as a function of the distance traveled within either an extragalactic
source (left panel) or the Milky Way (right panel). The displayed
photon flux has been normalized to one, the ALP flux scales
accordingly. For definiteness, the ALP parameters are set to m, =
100 neV and g,, =5x 107" GeV~' while the considered
energy of the particles is 100 TeV. To calculate the conversion
within extragalactic objects, we have applied the approach for
magnetic field scenario (i) described in the text to derive an
average expectation. The sources are located at redshift z = 1.
For the Milky Way, we have chosen the representative direction
(Z,b) = (50°,0°), which is part of the ROI of both instruments
whose measurements we utilize to set upper limits on the ALP
parameter space.

galaxies for an ALP mass of 100 neV and a coupling
corresponding to the upper limit for the MAX IE model
(see below).

In case of a nonzero coupling between photons and
ALPs, gamma rays produced in the Milky Way will also
convert into ALPs and escape detection by gamma-ray
telescopes, thus reducing the signal we want to constrain.
This affects astrophysically produced gamma rays from
collisions of very-high-energy cosmic rays with the inter-
stellar medium or radiation fields, as well as gamma rays
produced by localized pointlike or extended objects such as
supernova remnants, pulsars or pulsar wind nebulae. In
order to include this effect and lacking a 3D model for the
production of photons along the line of sight, we incor-
porate the photon survival probability due to ALPs in an
effective way: We modify the standard gamma-ray spec-
trum of these contributions by multiplying the energy and
position-dependent Galactic photon survival probability
calculated with gammaALPs with the astrophysical model
prediction derived under the assumption of g,, =0. In
particular, for the IE contribution, we multiply the all-sky
map of the IE model by the survival probability map,

OE (E.1,b) = OE(E,1,b) x (1 - P, (E.Lb)). (8)

and then derive the expected flux in the ROL In this way,
the spatial dependence of the probability is fully accounted
for. For the subthreshold contribution, instead, we calculate
the on-average expected survival probability in the corre-
sponding ROI and then multiply the subthreshold contri-
bution flux by this factor®:
®STH(E) — (DSTH(E) X <1

abs

=Py (E,LLD))ror-  (9)

The numerical results that we obtain from gammaALPs
are derived by considering propagation through the entire
Milky Way along the line-of-sight, while Galactic gamma
rays may be produced all along this trajectory. Albeit this
approach potentially overestimates the modulation of the
astrophysically expected spectra rendering our constraints
rather conservative, we anticipate that the error induced is
negligible with respect to other sources of uncertainty. As
an example, for the particular realization of ALP param-
eters in Fig. 3, the average loss of gamma rays is only
around 4% in the ROI of Tibet ASy or HAWC, over the
relevant energy band from 10 TeV to 1 PeV.

V. STATISTICAL FRAMEWORK

We conduct a combined maximum likelihood analysis to
constrain the diffuse ALP flux generated by the very-high-
energy gamma-ray emission from p — y-interactions in the
population of neutrino-generating extragalactic sources.
We choose a y’-function as the fundamental quantity to
construct the likelihood function £, which reads

L= e

je{Tibet HAWC}

(10)

The y>-function is a function of a single parameter, namely
the normalization @ of the ALP contribution ®*L* to the
astrophysically expected gamma-ray emission in the Tibet
ASy and HAWC ROI. Quantitatively, it is defined as

2=y BT O+ FO 002

k O—?,k ’
where the index k runs over the energy bins of each
experimental dataset ®;, ®'F denotes the gamma-ray
emission associated to the interstellar emission as predicted
by the two models that we adopt; ®*™ is the gamma-ray
component due to unresolved pointlike and extended
sources in the ROI of the respective instrument according
to our reasoning detailed in the previous section and a%
refers to the variance of the respective experimental data for

“We notice that the survival probability does not strongly vary
within the ROIs considered.
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FIG. 3. Gamma-ray spectra of the emission components used to fit the Tibet ASy [56] (ROL: 25° < ¢ < 100° |b| < 5° lefr) and

HAWC data [6] (ROL: 43° < ¢ < 73°, |b| < 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 (a = —2.6, E. =300 TeV, STt = 10%Sc, (> 100 TeV),
SHAVC = 2% S ¢4 ([10, 100] TeV)). 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 g, = 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 m, = 100 neV.

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 y? functions according to

Ay* = 12(0) - 7*(0). (12)

where 0 denotes the best-fit value of the ALP flux normali-
zation parameter minimizing the value of the y2-function in
Eq. (11). Since Ay? is a function of a single degree of
freedom, we find the upper limit on 8 at a 95% confidence
level (CL) when it attains a value of 3.84 [109].5 The
constraint on € can directly be translated to an upper limit on
the coupling strength between ALPs and photons g,,, by
using a grid of representative coupling strength values for
fixed ALP mass m,, which we interpolate.

VI. RESULTS

The combined data from Tibet ASy 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 ASy (25° <Z# < 100° |b| < 5°)

SPDG Review Statistics, Table 40.2.

combined with the larger ROI of HAWC (43° < £ < 73°,
|b| < 4°) results in the most stringent upper limits on the
ALP-photon coupling constant g,,, 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 auseful measure to gauge the room left for an ALP signal
(for ALP masses m, <2 x 107 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 ASy
collaboration), for the different astrophysical background
models adopted in this work. This information can con-
sequently be used to recast our results to different models for
the gamma-ray signal from ALP-photon conversion.

We obtain competitive 95% CL upper limits on g,,, 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 masses m, > 1078 eV for the
maximal IE scenario. We stress that the contribution from
unresolved sources, at least for Tibet ASy, 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
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FIG. 4. 95% CL upper limits on the ALP-photon coupling strength g,,,, as a function of the ALP mass m, derived from the combined
analysis of the Tibet ASy (25° < ¢ < 100°, |b| < 5°) and HAWC measurement (43° < £ < 73°, |b| < 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 “y-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].

Gayy S2.1% 107" GeV~! form,<2x107"eV. (13) 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 E, at tens of TeV used 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

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 p,(z) 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 ASy 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
ASy dataset provides a less influential contribution.
Indeed, when including Tibet ASy data we obtain an
improvement of about a factor of 1.3. The main reason is

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
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coupling to photons. We leveraged on the gamma-ray/
neutrino multimessenger connection and predict the cumu-
lative gamma-ray flux of a population of high-energy
astrophysical objects, which would be responsible for
the entirety of the neutrino signal, and we include the
effect of ALP-photon conversion in the sources, as well as
in the Galaxy. In order to model the guaranteed gamma-ray
contribution to the Galactic diffuse emission from “stan-
dard” astrophysics, we made use of the latest models for IE,
which represent the state-of-art in the field, and carried out
a careful analysis of subthreshold pointlike and extended
sources by estimating realistic detection thresholds. For this
analysis, we combined Tibet ASy and HAWC data. In
principle, also LHAASO preliminary data [59] could have
been added to the analysis further improving the limits.
Nonetheless, given the preliminary nature of these results,
we preferred not to include them in this work.

In the mass range m, ~ 107-10=° eV, the most con-
straining limits come from searches for ALP-induced polari-
zation features in magnetic white dwarfs [117], with little
astrophysical contamination to the linear polarization
signal predicted so far. Besides those, our limits result to
be competitive with, and even supersede, most of the current
bounds from high-energy gamma-ray astrophysics. Even
under the assumption of the MIN IE model, our limits are
comparable with the ones from a combined analysis of a
sample of TeV blazars detected by HAWC [110], and the ones
from the spectral analysis of very-high-energy gamma rays
from the blazar Mrk421 [113]. Both limits are affected by
severe uncertainties in the blazar jet and intracluster magnetic
field models. Analogous uncertainties related to the configu-
ration of the intracluster magnetic field can substantially
weaken the limits from the search of ALP-photon induced
spectral oscillations from the active galactic nuclei in galaxy
clusters NGC 1275 and PKS 2155-304, see the discussion
in [118]. Our approach offers a complementary, independent,
probe of the ALP parameter space accessible by current
gamma-ray telescopes, and extends it to higher masses
progressively closing the gap up to ADMX limits [119].

Our results depend on the better determined (at least with
respect to extragalactic objects) Galactic magnetic field and
rely on a large-scale signal characterization which is less
dependent on single-source uncertainties. The main ALP
model uncertainty is here represented by the assumptions
about the structure and redshift evolution of the magnetic
field extension and strength in extragalactic sources.
Assuming either a constant source magnetic field or, instead,
its redshift evolution induces a variation of about 50% of the
final limits. Improvements in the determination of the major
source class contributor to the astrophysical neutrino flux
will allow us to better refine the source model for gamma-ray
production and ALPs propagation, and to reduce the uncer-
tainties related to the modeling of the source magnetic field.

As for background modeling uncertainties, we stress that
we have assumed, at least for Tibet ASy an optimistic

instrumental threshold to pointlike and extended source
detection: Such a lower bound on the experimentally
achievable detection threshold sets a conservative bound
on the ALP-photon coupling. The dominant uncertainty
affecting the bound is instead related to the IE model. Given
the scarcity of data from TeV-bright sources, the uncer-
tainty attributed to the unresolved Galactic population may
only be reduced by increasing the sample size of detected
sources via instruments like LHAASO and CTA with future
observations. We also stress that the absorption of Galactic
gamma rays induced by conversion of these photons into
ALPs, albeit already quite small, is surely overestimated,
reducing our final signal strength and therefore leading to a
weaker, but conservative, bound.

Given these uncertainties of the “guaranteed” Galactic
astrophysical contribution to the sub-PeV measurement of
Tibet ASy and HAWC, we checked that setting upper limits
on the photon-ALP coupling g,,, for m, <2 x 1077 eV
assuming merely the ALP component itself (and no other
astrophysical contribution from IE and subthreshold
sources) deteriorates the constraints by a factor of about
3 compared to the result stated in Eq. (13), still slightly
stronger than CAST and HB limits [115,116]. This rather
conservative approach allows us to gauge what we can gain
in modeling contributions to the guaranteed astrophysical
background.

In the future, besides improvements on the sub-PeV
Galactic diffuse emission modeling and measurements,
ALPs—and more in general exotic physics—searches will
benefit from observations at higher latitude, where also the
Galactic (diffuse and source) emission is suppressed.
Interestingly, Tibet ASy has sensitivity also to high-latitude
(|b| > 20°) photons, and, recently, Ref. [120] has used the
full charged cosmic-ray Tibet ASy measurements to set an
upper limit on the diffuse gamma-ray emission for |b| > 20°.
By using these data as reported in [ 120], we obtain, however,
a bound which is a factor of about 3 weaker than our
constraint in Eq. (13), i.e., using the scenario of maximal IE
in the sub-PeV energy range. Nonetheless, the uncertainty of
the IE at higher latitudes is significantly reduced compared
to the Galactic disk so that future observations by LHAASO
are expected to set robust, world-leading constraints from
high-latitude observations [2].

Apart from the measurement of the diffuse flux in
selected regions of interest, the Tibet ASy collaboration
also published latitude profiles of the observed sub-PeV
gamma-ray events per energy bin taking into account the
entire FOV of the array, i.e., 22° < ¢ < 225° |b| < 5°.
However, these profiles only show the excess counts and
lack a proper conversion into a gamma-ray flux. Since
we lack the required information about the detector
specifications and geometry, exposure as well as event
selection/reconstruction efficiency, such a conversion can-
not be performed on our side. As already pointed out in
Ref. [14], the Tibet ASy latitude profiles contain valuable
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FIG. 5. Galactic latitude profile of the average photon-ALP
conversion probability P,_,,. The average has been performed
with respect to the full longitude extension and strips of 1°height in
Galactic latitude. We have selected three cases of ALP parameters:
(1, solid) m, = 100 neV and g,,, = 6.6 x 10~'" GeV~! (CAST
upper bound [115]); (2, dotted) m, = 100 neV and g,,, = 2.1 x
10~'"" GeV~! (upper bound from this work) and (3, dashed) m, =
500 neV and g,,,, = 6.6 x 10~'" GeV~'. We show the profiles for
three different energies: 50 TeV (green), 100 TeV (orange) and
1 PeV (purple). The vertical dashed lines indicate the boundaries of
Tibet ASy’s FOV in Galactic latitude.

information and constraining power for multiple classes
of “new physics.” We provide an illustrative plot of the
latitude profile of the average photon-ALP conversion
probability P,_, in the full Tibet ASy FOV in Fig. 5,
assuming m, = 100 neV and g,, = 6.6 x 10~'! GeV~!
(CAST upper limit [115]) and the Jansson and Farrar
Galactic magnetic field model as a solid line. On one side,
the latitude profile of the diffuse ALP signal therefore
strongly depends on the morphology of the Milky Way’s
Galactic magnetic field, attaining its maximal values within
the Galactic disk (regions with highest P,_, in Fig. 5).
On the other side, the significance of the effect is also
determined by the value of the ALP-photon coupling g,,,
[see dotted lines in Fig. 5 illustrating the scenario at the
upper limit stated in Eq. (13)] and the mass of the ALP
(dashed lines in the same figure for m, = 500 neV).
The latter choice of ALP mass was made to exemplify
the behavior in the regime where we lose sensitivity to the
exotic extragalactic ALP signal (see Fig. 4). In this mass
range the oscillatory nature of the ALP-photon conversion
becomes relevant. At 1 PeV this effect is still suppressed
while it is present at 50 TeV and 100 TeV altering the
general trend seen in all other plotted scenarios.

Hence, an angular analysis of the expected ALP signal
may be even more constraining than the analysis performed
in this work. Besides its applicability to Tibet ASy data, the
ALP-induced anisotropy of gamma rays due to the par-
ticular structure of the Galactic magnetic field is a universal
feature that may be detected by air shower arrays similar to
Tibet ASy and HAWC or Imaging Atmospheric Cherenkov

telescopes like H. E. S.S. or next-generation instruments
as, e.g., CTA that are capable of probing astrophysically
produced gamma rays above 10 TeV (as already pointed
our in, e.g., Ref. [121]). Moreover, the anisotropies’
morphology is energy-dependent in case of massive
ALPs as demonstrated by the dashed lines in Fig. 5 offering
a means to constrain g,,, and m, at the same time.

At these energies, such a search can already be con-
ducted at the level of event reconstruction and rejection of
hadronic extensive air showers: While a “gamma-cleaned”
sample of events, i.e., air showers classified as genuine
primary gamma rays, exhibits an ALP-induced anisotropy,
the corresponding sample of rejected air showers triggered
by hadronic primary cosmic rays, should not feature such
anisotropy. The large survey regions of the planned extra-
galactic and Galactic plane survey of CTA (see Ref. [122]
for the envisioned survey regions and observation schemes)
provide a suitable basis to perform such a search for ALPs.
In order to mitigate the uncertainty of the spatial morphol-
ogy of Galactic gamma-ray contribution at these energies,
a combination of several independent high- and low-
latitude ROIs that exhibit the sought-after anisotropy
may further enhance the sensitivity to ALP interactions
with photons.

Data Availability. The digitized data and PYTHON scripts
utilized to produce the results of this work are publicly
available at github [123].
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APPENDIX A: MODELING THE GAMMA-RAY
CONTRIBUTION FROM A SYNTHETIC
GALACTIC SOURCE POPULATION

The model developed in Ref. [66] is based on the number
density p and luminosity function £ of a synthetic Galactic
population according to:

dN

—_— Al
dPrdLyey (A1)

=p(r) x L(Ltev),
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where the axially symmetric p(r) is defined as the product
of the radial pulsar distribution reported in Ref. [67] and an
exponential function

() enfe(on (). e

with ro =8.5kpec, B=1.9, C=5.0 and H = 0.2 kpc.
The values of the parameters B and C correspond to the
best-fit for Model C in Ref. [67], which is coined therein as
the optimal model describing the distribution of pulsars in
the Galactic disk.

The luminosity function £ characterizes the intrinsic
luminosity distribution of all objects constituting the
synthetic TeV-bright population. It reads:

Rf(a—1)< Lrey >‘“

LTeV,max

L(Lrey) = (A3)

L TeV,max

Here, Lt.y refers to the gamma-ray luminosity of an
individual object of the population in the energy band
from 1 to 100 TeV. The free parameters of this expression
have been derived in Ref. [68] from the H. E. S. S. Galactic
plane survey results and its resulting source catalog [124].
We adopt the nominal values as stated by the authors,
i, Lyevmax =49 x10% ergs™!, 7=1.8x10° yr and
a = 1.5. Besides, this “reference scenario” the authors of
Ref. [68] provide a more aggressive set of parameters that
generates slightly larger fluxes. However, we will not make
use of the latter for the sake of remaining conservative in
our final ALPs limits.

To translate the intrinsic luminosity of each source into a
gamma-ray flux @, we have to assume an average gamma-
ray spectrum ¢(E). To this end, we select a power law with
exponential cutoff

o= Es) on(-E),

where the value of K follows from the requirement that
Eq. (A4) is normalized to one when integrated from 1 TeV
to 100 TeV. The spectral parameters f and E. are free
parameters of the model.

As a last step, we obtain the cumulative flux ®*TH of all
TeV-bright sources below a detection threshold St via

(A4)

dN
dq)TeV ’

A5
do TeV ( )

STH S
OH(E) = (E) A Doy ——

where the differential number of sources per unit flux CI>T6V6
is directly related to Eq. (A1) under the change of variable
Lyey = 4nd*®1y(E) and integrating out the spatial

®Note that the flux variable .y is again valid for the energy
band from 1 to 100 TeV.

dependence by substituting the boundaries of the region
of interest for a particular instrument and dataset (see
Ref. [68] for further details). In this framework, d is the
distance of an object to the Earth, while (E) refers to the
average photon energy of a source in the population given
the assumed average spectrum ¢(E) and energy band from
1 to 100 TeV, i.e.,:

100 TeV dE
E) = 1 TeV A6
= e (A0

APPENDIX B: FUNDAMENTALS OF
PHOTON-ALP MIXING

The physics of mixing between photon and ALP states,
i.e., the Primakoff process, follows directly from the
Lagrangian in Eq. (1). In what follows, we do not aim
at giving a precise reiteration of the formalism that has been
developed and refined over the last decade(s) but we
emphasize the basic equations and ingredients that are
necessary to calculate the probability that photon states
undergo a conversion into ALPs and vice versa. More
complete and rigorous treatments of both the physical and
the mathematical aspects of ALP propagation and con-
version can be found—without the intent of providing an
exhaustive list—in Refs. [40,83,86,97,98,125].

The Primakoff process requires the existence of an
external magnetic field B with a nonvanishing component
B, transversal to the propagation direction of an initial
photon or ALP state. Without loss of generality, we assume
that the initial state with energy E propagates in Z-direction
while the magnetic field is described according to B, =
B(cos 6, sin 0, 0)T such that cos @ is the polar angle between
the direction of the transversal magnetic field B, and the
X-direction of the transversal plane spanned by X and y. Let
A, and A, denote the respective photon polarization states.

In this setting, the evolution/propagation in Z-direction of
a pure photon-ALP state is given by [40,83]

dA i
dZ (H(_ﬁ% - 2 Habs) -A

where A = (A, A}, a)" defines the three-component wave
function that contains the ALP state a and the two photon
polarization states in the transversal plane denoted by A |
(perpendicular to the direction of B | ) and A| (parallel to the
direction of B | ). The photon polarization states are a linear
combination of A, and A, accordingly weighted by the
polar angle 6. Note that only polarization states parallel to
the transversal magnetic field component can convert to
ALP states.

The Hamiltonian H,,, characterizes the losses due to
photon absorption in the particular environment under
study, for instance, Galactic absorption or absorption on
the CMB and EBL. Absorption processes may also occur

(B1)
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TABLE 1. Maximally allowed ALP-induced gamma-ray flux for m, <2 x 1077 eV that contributes to the Galactic diffuse
measurement of HAWC and Tibet ASy at the 68.3%, 90%, 95%, 99% and 99.9% CL The first five rows indicate the flux associated
to the energy range of the HAWC diffuse measurement (ROI: 43° < [ < 73° and |b| < 4°) while the last three rows state the
corresponding values for Tibet ASy (ROI: 25° < [ < 100° and |b| < 5°). The first and second columns list the lower and upper boundary
of the considered energy bins. The adjacent block states the allowed flux level assuming our model of maximal IE whereas the last block
contains the respective values for the minimal IE model. The contribution from sub-threshold sources is always included in the
astrophysical model part. These values furthermore reflect the assumption of the fiducial prescription of the star-formation rate density
evolution of the universe, as well as scenario (i) of the magnetic field strength evolution in extragalactic neutrino-generating sources.

IE Max: O [GeV!7 ecm™2 57! sr71] IE MIN: @4 [GeV!7 cm™2 57! sr!]

Emin Emax

(TeV) (TeV) 68.3% 90% 95% 99% 99.9% 68.3% 90% 95% 99% 99.9%
10.0 159 294x107° 532x10° 720x107% 1.04x 107 134x107° 1.22x107° 149x107° 1.72x1075 2.17x 107> 2.61x 1075
15.9 25.1  496x107° 9.00x107° 1.22x107 1.79x 107> 230x 10> 2.09x 10~ 257 x 1075 297 x 10> 3.76x 10~ 4.52x 1073
25.1 398 6.50x 107 1.18x 107 1.62x 107 238 x 107 3.06x 107 278 x 107 343 x 10 397x107 5.04x 107 6.08 x 107>
39.8 63.1 638x107° 1.16x107° 1.60x 1075 238x 107> 3.07x1075 2.79x 107> 3.44x1075 3.99x 107 508x 107 6.14x 1075
63.1 1000 496x10° 9.06x107% 1.25x107° 1.87x1075 243 x 107> 220x 1075 273x 1075 125x107° 4.04x 1075 488 x107°
100.0  158.0 3.73x107° 6.82x107° 943 x10° 1.41x107 1.83x 107 1.66x 107> 2.06x 107 239x 107 3.03x 10 3.65x 107>
158.0 3980 1.74x107° 320x107° 444x10° 6.67x107° 8.68x10° 785x107° 9.75x107° 1.13x107° 144 x1075 1.74x107°
398.0 1000.0 6.78 x 107® 1.25x107% 1.75x10™° 2.67x107% 3.50x 10° 3.16x107% 3.95x107° 459x10° 5.87x10°% 7.10x 10=®
for ALPs but they scale quadratically with the coupling A, = gazyy B. (B7)

strength g,,, and are thus highly suppressed. Therefore, this
component can be expressed as

Haps = (B2)

oS o
S M o
o O O

under moderate assumptions about the properties of
the environments [83], where I" quantifies the (energy-
dependent) photon-photon absorption strength whose
analytic expression can be found in Ref. [98].

The other Hamiltonian H;, takes into account dispersion
effects in the photon-ALP state, i.e., processes inducing a
conversion of A and a. In the discussed geometrical
framework, it reads (neglecting the contribution due to
Faraday rotation) [40,98],

The dispersion matrix elements concerning the
perpendicular and parallel photon polarization states are
the result of different phenomena, i.e., refraction on the
electron plasma with electron density n, in the environment
under study—A, = —2zan,/(m,E); refraction on the
magnetic field with energy density pz = 1/2|B|>—
Ag = 24a’pg/(135m?) sin OE as well as photon-photon-
dispersion on radiation fields like the CMB, in which case
we find—A,, ~ 44a’peyp E/(135m;). Further radiation
fields can in principle contribute to A, . For the computation
of the dispersive part of the refraction index associated to
these contributions, we use the prescription in Ref. [88].
In reality and for all practical purposes, working with
pure states is an oversimplification of the problem. A better
description is to transform Eq. (B1) into its analog with
respect to density matrices. The density matrix of the photon-

A0 0 ALP system is constructed viap = A ® A". In this case, the
Ha=| 0 A& A, |. (B3) evolution of the density matrix is described by [83,98]
0 A, A,

where the individual matrix elements are defined as
follows [83,98]:

L = M) =5 (a0} (BS)

APPENDIX C: TABULATED FLUX VALUES AT
DIFFERENT EXCLUSION LEVELS

AL =Ap+285 + 4, (B4)
; In this section, we present in Table I the results of our
statistical analysis in terms of the maximally allowed ALP
A= At EAB Ay (B3) flux (for ALPymasses m, <2x 1077 eV) oyver the energy
5 range of interest (adhering to the binning scheme employed
A, =— my (B6) to the HAWC flux and as stated by the Tibet ASy
2E collaboration) for different exclusion levels.
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