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We discuss a new strategy to detect axion-like particles (ALPs) using the high-energy gamma-
ray photons that are produced in or near sources of high-energy astrophysical neutrinos. These
gamma-ray photons can convert to ALPs in the magnetic field of the source galaxy and can travel
long distances. When these ALPs encounter the Milky Way magnetic field, they convert back
to high-energy gamma-ray photons which can be detected by HAWC, CTA, and LHAASO. We
show that this technique can probe ALP - photon coupling down to 10~'! GeV~! and ALP masses
up to 3 ueV in ten years of observation. This talk reports on Ref. [1]
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1. Introduction

The search for new physics is one of the main avenues of physics research. In this area, axion-
like particles, characterized by their g,y aE - B, where 8ay 1s the coupling strength, a the ALP, E the
photon’s electric field, and B an external magnetic field, is a well motivated candidate. As a result
of this coupling, photons can convert into ALPs (and vice versa) in the presence of magnetic fields.
This process has been used to devise numerous techniques to search for ALPs [2]. In Ref. [1], we
present a new technique to search for ALPs using this coupling.

The discovery of high-energy astrophysical neutrinos by the IceCube collaboration is one of
the most important discoveries in astroparticle physics [3, 4]. Besides the coincidence with TXS
0506+056 [5], no other high-energy astrophysical neutrino sources have been identified and the
high-energy astrophysical neutrino sky is isotropic. There has been numerous studies based on
these neutrinos, with some focusing on better ways to distinguish signal to background [6], some
on dark matter interpretations [7], some on the contributions to the atmospheric prompt neutrino
flux [8], and some on new signal topologies in IceCube [9]. It is possible that astrophysical sources
which produce these high-energy neutrinos are also producing high-energy gamma-rays via the
p— p and p — v interactions. In such a case, the neutrino and the photon might have comparable
energies. These high-energy (energies between few TeV and a few PeV) photons have a short
mean free path (few Mpc to ~ 10 kpc) compared to the extragalactic distances where these sources
are located. As such, these photons are not expected to reach the Earth. The situation changes
dramatically in the presence of ALPs. In addition to this high-energy photon flux, an additional
contribution is produced by cosmic-ray interactions with the gas inside the Milky Way. We find
that ALPs can leave a signature in this photon spectrum too.

2. Search technique and results

This search technique depends on a number of source parameters, which are as of now un-
known. These are the magnetic field of the source, the redshift distribution of the sources, and the
precise shape of the neutrino spectrum. We take the neutrino spectrum as

E, 2+ E, 20
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where the neutrino energy is denoted by Ey, and E;, = 40 (12) TeV is the break energy for the two
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cases that we consider, and the spectral index is oo = 2.92(2.48). The per-flavor normalization
is 2.46(1.57) x 1078 GeV~'ecm™2s~'sr™! at E, = 100 TeV. We assume that the neutrinos are
produced via the p — 7 interactions so that the energy of the photon, E, ~ 2E,. In order to tackle
the uncertainty in the magnetic field, we assume that at z = 0 the magnetic field strength follows
the mean value given in Ref. [10]. We model the magnetic field via the domain model and assume
that the domain length to be 1 kpc. We follow the discussion in Refs. [11, 12] to model the photon
- ALP mixing. We assume that the magnitude of the extragalactic magnetic field is such that the
photon - ALP mixing in that region is negligible.

When these ALPs reach the Milky Way, they can convert back into high-energy photons in the
Galactic magnetic field. We model the Galactic magnetic field by following the Ref. [13]. ALP-
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Figure 1: Top: LHAASO’s sensitivity (red) to a diffuse ALP flux for the realistic scenario. The hatched re-
gion demonstrates the variation due to the source B-fields (B, =3,5,10 1G). We assume a coherence length
of 1 kpc. The shaded regions are limits from CAST, various haloscopes, and astrophysics. We also show fu-
ture sensitivities of CTA, ALPS-II, and IAXO. The solid black line (“ALP DM") shows the parameter space
below which ALPs can act as dark matter. Middle: Limits from HAWC (blue) and LHAASO (red). Hatched
regions show the uncertainty from our assumptions: lower (upper) boundary is for the realistic (conservative)
scenario. The upper boundary is not visible for HAWC. See Ref.[1] for the relevant references. Bottom:
Relative sensitivity to the photon-flux from a diffuse-ALP flux for a LHAASO-like experiment.
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photon conversion inside the Milky Way can be computed using

d ; .
i = Hais,p] - % {Hops, p} +iQ, 2.2)

where p is the density matrix which contains particle densities and coherence, Hyis and Hypg are
the dispersive and absorptive Hamiltonian respectively [12]. The source term for Galactic p — p
gamma-ray production is Q.

Due to the isotropic distribution of the high-energy astrophysical neutrinos, the ALP flux that
is incident on the Milky Way is also isotropic. However, due to the anisotropy of the regular Milky
Way magnetic field, the resultant high-energy photons produced via this method have an anisotropic
distribution on the sky (see right panel of Fig. 1). This morphology can be used to separate it from
the background. The potential background is made up of high-energy gamma-ray produced via
cosmic-ray interactions inside the Milky Way and is distributed along the plane.

The reach in the g,y - m, plane, where m, is the ALP mass, is shown in the left panel of Fig. 1
which is calculated assuming a ten year observation time window for HAWC and LHAASO. We
see clearly that our technique can probe unconstrained parts of the parameter space. Although there
are uncertainties at present, yet with more data the various inputs of our technique can be optimized.
Due to the vastly different values of the photon mean free path (for the energies that we consider)
and the source distance, it is very difficult for this signal to be confused with the background. This
proposed signal is a smoking gun signature for ALPs and we hope that experimental data will show
the true strength of this technique.
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