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In this contribution, I explore the phenomenology of massive Axion-Like Particles (ALPs) cou-
pled to quarks and gluons, dubbed ‘QCD ALPs’, with an emphasis on the associated low-energy
observables. ALPs coupled to gluons and quarks not only induce nuclear interactions at scales
below the QCD-scale, relevant for ALP production in supernovae (SNe), but naturally also couple
to photons similarly to the QCD-axion. I discuss the link between the high-energy formulation
of ALP theories and their effective couplings with nucleons and photons. The induced photon
coupling allows ALPs with masses m, 2 1 MeV to efficiently decay into photons, and astrophys-
ical observables severely constrain the ALP parameter space. We show that a combination of
arguments related to SN events rule out ALP-nucleon couplings down to g,n 2 107! = 10710

for m, > 1 MeV — a region of the parameter space that was hitherto unconstrained.
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1. The induced photon coupling

The phenomenology of Axion-Like Particles (ALPs) at low energies is typically determined
by the effective couplings to photons and matter fields

! UV Oua u m%z 2 1
L5 ZgayaFﬂvF +ZN:gaNMN7 YsN + - 4 (D

where g, is the ALP-photon coupling, F,, is the electromagnetic field strength tensor, FH is its
dual, N = p, n represents nucleons with masses my, g,n are the ALP-nucleon couplings and m,
is the ALP mass. Many of the theoretical and experimental efforts are focused on the coupling
of ALPs with photon g,y in the first term of Eq. (1). In particular, the ALP-photon coupling
leads to important signatures in astrophysical photon spectra, from X-ray to PeV energies (see
Refs. [1, 2] for recent reviews on astrophysical axion bounds). On the other hand, the ALP-nucleon
couplings in Eq. (1) source the most relevant ALP production channels in compact stellar systems,
such as neutron stars (NS) and core-collapse Supernovae (SNe), i.e. NN-bremsstrahlung and pion
conversion [3—6]. However, the ALP’s low-energy couplings to both nucleons and photons may
naturally originate from a common high-energy theory and are not completely independent. In
particular, the low-energy effective Lagrangian in Eq. (1) provides an effective description of ALP
interactions with the Standard Model at energies below the QCD confinement scale. At higher
energies, such interactions are expected to be generated by couplings to the fundamental degrees of
freedom, i.e. the quarks and gauge fields. In this work, we consider ‘QCD ALPs’ with interactions
to quarks and gluons given by
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where g; is the coupling constant of QCD, f, is the axion decay constant, G};,, is the gluon field
strength tensor, Gl‘jy = % €EuvpoGP7 its dual, ¢, and ¢, are model-dependent constants, and
q =u,d,s,c,t, b runs over the quark species and m,, g is the bare mass of the QCD ALP. Here, we
focus on the phenomenology resulting from the coupling of the massive ALP to quark and gluons
in Eq. (2), resulting in an “irreducible” coupling of the ALP to photons in addition to ALP-nucleon
couplings. In particular, in Ref. [7] we demonstrated that the two couplings are related by the
following equations
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holding for the cases of a null (¢, = 0) and a non-null (¢, = 1) coupling to gluons. For the sake
of simplicity in the following we will focus on the case ¢, = 0, while a complete discussion for the
cg = 1 scenario is reported in Ref. [7].

In the following, we will focus on the region of the parameter space in which ALPs are
significantly produced during a SN explosion by means of nuclear processes. We point out that,
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due to the induced photon coupling, massive ALPs produced in SNe can rapidly decay into photon
pairs giving rise to directly or indirectly observable signatures. Specifically, we focus on the range
of ALP masses 1 MeV < m, < 700 MeV where ALP radiative decays are efficient, leading to the
limits displayed in Fig. 1.

2. Observable signatures of ALP decays

Depending on the values of the decay length 1,, ALPs can decay inside or outside the photo-
sphere of the progenitor star with radius Ry, giving rise to different signatures. In particular, ALPs
with 1, < Repy Will predominantly decay inside the SN progenitor star, depositing energy there,
while those with 4, > Ren, mostly decay outside the volume of the star, leading to a potentially
observable gamma-ray signal. Both of these scenarios will be discussed in the following sections.

2.1 Energy deposition in the SN envelope

ALPs with masses m, ~ O(10) — O(100) MeV can decay inside the SN mantle dumping a
large amount of energy inside the volume of the progenitor star [8]. In particular, if ALP decays
occur at radii R between the PNS radius Rpns and the envelope radius, the energy deposited by
ALP decays could power the ejection of the outer layers of the mantle during the SN explosion
event. Nevertheless, this energy deposition must not be larger than the predicted SN explosion
energy, otherwise it would gravitationally unbind most of the progenitor mass, independently of
neutrino heating or any other hypothetical explosion mechanism [9, 10]. This argument provides
a “calorimetric” constraint to ALP decays into photons. Moreover, to severely constrain such a
scenario, it is helpful to employ a SN population with particularly low explosion energies as the most
sensitive calorimeters [8, 11, 12]. In this case, their low explosion energy requires that the energy
released in the mantle by ALP radiative decays Eqep has not to exceed about 0.1 B. Following the
procedure for the computation of the energy deposition illustrated in Ref. [8], we have employed the
explosion-energy argument to obtain the limits displayed as an orange area in Fig. 1. These results
extend the region constrained by the SN cooling argument [5] to ALP masses m, > 200 MeV.

2.2 ALP induced gamma-ray burst from SN 1987A

If the ALPs produced in the core of a nearby SN can escape the photosphere of the progenitor
star and decay at larger radii into gamma-rays, some of these would be able to reach detectors
at Earth (see also Ref. [13]). The most constraining system to date is SN 1987A, located in the
Large Magellanic Cloud at a distance of dsny = 51.4 kpc. The Gamma-Ray Spectrometer on board
the Solar Maximum Mission (SMM) satellite was taking data for At = 223 s after the first signal
of SN 1987A, namely the neutrinos, reached Earth; no excess over the gamma-ray background
was found [14, 15], and hence the existence of ALPs with certain parameters can be excluded.
This argument allowed us to exclude the yellow region in Fig. 1, enlarging down to couplings
gan ~ 107! the region of the ALP parameter space excluded by the SN cooling argument for ALP
masses 100 < m, < 300 MeV.
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Figure 1: Summary plot of the bounds in the ¢, = 0 scenario. The blue region displays the SN 1987A cooling
bound placed in Ref. [5], while the violet region has been obtained by converting the limit on ALP-photon
interactions placed in Ref. [21] by searching for signatures of an irreducible ALP background to a constraint
on g4p. The other bounds have been calculated for this work, taking into account the induced photon
coupling for ALPs coupled to nucleons. The red region is excluded by the non observation of any signature
of a possible DSNALPB, the yellow contour depicts the range of parameters excluded by y-observations
in coincidence with SN 1987A, while the orange region is ruled out by requiring that ALPs do not deposit
energy in the SN mantle in excess of observations.

2.3 Diffuse SN ALP background

ALPs produced in all past SN explosions in the observable Universe may have led to a diffuse
SN ALP background (DSNALPB) [16]. This phenomenon and its observable consequences have
been analyzed in Refs. [4, 17, 18], taking into account the production of ALPs with masses
mg ~ O(10) MeV by means of NN bremsstrahlung and pion conversions. Radiative decays of
these heavy ALPs may have produced a contribution to the cosmic photon background, which
is measured by gamma-ray telescopes such as Fermi-LAT, and hence allows us to constrain the
ALP parameters [17]. Differently from the cited previous works, in our study, we analyze the
scenario in which both ALP emission and decays are set by the ALP-nucleon coupling g,n and the
induced, ‘irreducible’ photon coupling as in Eq. (3). Following Ref. [19], to constrain this scenario
we have employed the isotropic gamma-ray background measurements in the range of energies
E, 2 50MeV provided by the Fermi-LAT Collaboration, while fluxes at lower energies have to
be compared to the measurements from the COMPTEL experiment [20]. By requiring that the
intensity of the DSNALPB is less than the observed diffuse photon background in the considered
energy range we have excluded the red areas of the parameter space shown in Fig. 1, which extends
the SN cooling bound for ALP masses 5 MeV < m, < 300 MeV down to ggn ~ 10719,
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