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Axions and Axion-like particles

• The QCD axion is a hypothetical particle postulated by Wilzcek and Weinberg in relation to 
the Peccei-Quinn mechanism [Peccei & Quinn, Phys. Rev. Lett. 38 (1977)]  to solve the strong-CP problem
of the QCD [Weinberg, PRL 40 (1978); Wilzcek, Phys. Rev. Lett. 40 (1978)] .

• Axion-like particles (ALPs) are novel particles which behave similarly to the QCD axion. They
emerge in UV completions of the Standard Model. 

• The QCD axion acquires a small mass as a consequence of the mixing with pions.

𝑚𝑎𝑓𝑎 ≈ 𝑓𝜋𝑚𝜋

• For ALPs no relation between their mass and couplings.
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Axions and Axion-like particles

• Axions and ALPs could interact with all the Standard model particles.
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• In this work we focus on their interaction with nuclear matter
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Supernova explosion and Neutrino emission

The explosion of SN 1987A confirmed the 

prediction from the SN simulation. 

• Duration of the burst ∼ 10 s

• 𝐸𝜈 ∼ 15MeV

• 𝐿𝜈 ≈ 1052 erg/𝑠

Core-collapse SN is the terminal phase of a massive star [M ≥ 8𝑀⊙]. 

➢ Subsequent SN explosion and cooling of the remnant by neutrino emission.

Events from SN 1987A
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Bounds on the ALP-nucleon coupling

• ALPs emission could represent an 

additional energy-loss channel during a SN 

explosion, which could shorten significantly

the neutrino burst.

Cooling bound.

• From SN 1987A  [Carenza & al., JCAP 1010 (2019)] :

g𝑎𝑝 < 1.2 × 10−9

• From Neutron Star cooling (Hess J1731-

347)  [Beznogov, Phys. Rev. C 98.3 (2018)] :

𝑔𝑎𝑛 < 2.8 × 10−10

[Payez, JCAP 02 (2020)]
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Aim of the work

• Extend the computation for ALP emissivity via nuclear interaction to massive ALP 

[𝑚𝑎 ∼ 𝒪 10 − 100 MeV ], including all the effects due to the nuclear medium.

➢ 𝑇𝑐𝑜𝑟𝑒 ∼ 30 MeV Boltzmann suppression ∼ 𝑒−
𝑚𝑎
𝑇 for 𝑚𝑎 ∼ 𝒪(100 MeV).

• Obtain a complete overview of ALP emission via nuclear processes in a realistic SN 

model.

• Extract new bounds on 𝑔𝑎𝑁 in the whole range of masses studied.

Two main processes for ALP production in a nuclear medium: 

𝑁𝑁 bremsstrahlung and pion conversions.
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𝑵𝑵 Bremsstrahlung

𝑁𝑁 Bremsstrahlung is the emission of an ALP after the scattering of two nucleons in a dense 

nuclear medium.

• First approach: «One Pion Exchange (OPE) 

approximation»

• In the massive case, the matrix element in OPE is given

by [Giannotti & Nesti, Phys. Rev. D 72 (2005)] :

𝑆 

spins

ℳ 2 =
𝒑𝑎
2

𝜔𝑎
2 𝑀0

2

Where 𝑀0
2 is the matrix element in the massless case.

OPE Approximation
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Corrections to the OPE approximation for the massless case [Carenza et al., JCAP 10.10 (2019)] :

➢ Non zero Pion mass in the propagator

➢ Two pions exchange

➢ Nucleons multiple scattering

➢Effective nucleon mass

➢Contact interaction contribution

𝑵𝑵 Bremsstrahlung
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2
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The extension to the massive case of the complete axion emission rate (emissivity) is
given by:

𝑄𝑎
𝑁𝑁 =

𝑔𝑎
2

16𝜋2
𝑛𝐵

𝑚𝑁
2 න

𝑚𝑎

+∞

𝑑𝜔𝑎𝜔𝑎 𝜔𝑎
2 −𝑚𝑎

2
3
2 𝑒−

𝜔𝑎
𝑇 𝑆𝜎

𝜔𝑎
𝑇

𝑵𝑵 Bremsstrahlung
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In this processes a pion is converted into an ALP after the scattering on a nucleon.

• If the fraction of pions inside the SN core is high enough, pion conversions could
become competitive with 𝑁𝑁 Bremsstrahlung [Carenza et al., Phys. Rev. Lett. 126.7 (2021)].

• In [Fore & Reddy, Phys. Rev. C 101.3 (2020)] it has been proved that

𝑛𝜋0

𝑛𝜋−
∼
𝑛𝜋+

𝑛𝜋0
∼
𝑛𝑝

𝑛𝑛
= 𝒪(0.1)

Pionic Compton processes
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The complete expression for ALP emissivity via Pionic Compton processes is:
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Pionic Compton processes
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The energy emitted per unit time (luminosity) is obtained integrating emissivity over 
the SN model:

𝐿𝑎 = 4𝜋න
0

𝑟𝑚𝑎𝑥

𝛼2 𝑄𝑎 𝑟 𝑟2 𝑑𝑟

Axion luminosity

Lapse factor
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Assuming that the neutrino burst observed from SN 1987A should not be shortened
more than ∼ 1/2 it is necessary that

𝐿𝑎(∼ 𝑔𝑎
2) ≲ 𝐿𝜈 ≈ 3 × 1052 erg/s

at 𝑡 = 1 s [Raffelt, Phys. Rept. 198 (1990)].

The cooling bound
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Comparison with previous bounds
Dependence on 𝑔𝑎𝑛 and 𝑔𝑎𝑝 can be extracted from the following fitting formula:

𝐿 𝑎 ≃ 𝜖 × 𝑔𝑎𝑛
2 + 𝑏 × 𝑔𝑎𝑝

2 + 𝑐 × 𝑔𝑎𝑝𝑔𝑎𝑛 + 𝑑 × 𝑔𝑎𝜋𝑁 erg/cm−3 ≲ 3 × 1052 erg/cm−3

SN 1987A cooling Updated Bound

g𝑎𝑝 < 1.2 × 10−9 g𝑎𝑝 < 5 × 10−10

Neutron Star cooling New Bound

g𝑎𝑛 < 2.8 × 10−10 g𝑎𝑛 < 2 × 10−10

In the massless case:
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Massive axions experience the strong gravitational effects due to the dense inner core. In order to be 
emitted they must have energy enough to overcome the gravitational potential:

𝑑𝑁𝑎
𝑑𝜔𝑎 𝑔𝑟𝑎𝑣

=
𝑑𝑁𝑎
𝑑𝜔𝑎

Θ 𝜔𝑎 −
𝑚𝑎

𝛼

Where 𝛼 = 1 − 2𝑀/𝑅 is the lapse factor.

Gravitational trapping

Gravitationally

trapped

ALPs
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• Let us assume that the trapped axion decay into
photons.

𝑎 → 𝛾𝛾

• This would give rise to an additional photon flux
from a SN remnant

𝑑𝜙𝛾

𝑑𝐸𝛾
(∼ 𝑔𝑎

2 ; ∼ 𝑔𝑎𝛾
2 ) =

1

4𝜋𝑑2
2
𝑑𝑁𝑎 2𝐸𝛾

𝑑𝐸𝛾
𝑡𝑟𝑎𝑝

Γ𝑎𝛾𝛾𝑒
−Γ𝑎𝛾𝛾𝑡

• We can consider the SN remnant Cas A (𝑑 ≈ 3.4 kpc, t≈
320 yrs). Since no photon flux has been observed from 

Cas A [Hannestad & Raffelt,Phys. Rev. Lett. 88 (2002)] :

𝜙𝐸>100 MeV ≲ 10−7 cm−2 s−1

Gravitational trapping

Sensitivity of the EGRET experiment
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• Inside the SN core (𝑇 ∼ 30 − 40 MeV) massive ALPs could be copiously
produced by means of Bremsstrahlung and pionic Compton-like processes.

• We extended the computation of the ALP emission rates for these two
processes to the case of massive ALPs.

• The energy-loss argument allowed us to constrain 𝑔𝑎𝑁 in the mass range 
0,300 MeV. In particular in the low mass limit we found gap ≲ 5.2 × 10−10,

strengthening the previous bounds.

• Using gravitational trapping we also contrain the 𝑔𝑎𝛾- 𝑔𝑎 ALP parameter
space.

Summary
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The QCD axion
The QCD axion is a pseudoscalar particle postulated in relation to 
the Peccei-Quinn (PQ) mechanism to solve the Strong-CP problem in 
QCD.

• Axion lagrangian:
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• Axions acquire a small mass as a consequence of their mixing with pions

𝑚𝑎 𝑓𝑎 ≈ 𝑚𝜋𝑓𝜋

• The coupling constants depends on the energy scale 𝑓𝑎

PQ mechanism: the introduction of a global 
symmetry 𝑈 1 PQ spontaneously broken at 𝑓𝑎
and the Goldstone boson  is the axion [Peccei & 
Quinn, PRL 38 (1977)] 
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Supernova explosion and Neutrino emission

Core-collapse SN is the terminal phase of a 
massive star [M ≥ 8𝑀⊙].

• An initial gravitational collapse takes place.   

• Shock-wave formation and propagation.

• Ejection of the outer layers of the star.

• Neutrino cooling.

About the 99% of the released energy

(∼ 1053 erg) is emitted by 𝜈 and ҧ𝜈 of all

flavours.
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Structure functions
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Supernova Neutrinos

Neutronization burst
• Electron capture in 

the inner core

Accretion
• When shock stalls, 

𝜈 powered by infalling

matter

Cooling
• Cooling on 𝜈 diffusion

time scale
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Estimation of the mean free path
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Gravitational effects lead to a shift of the axion energy and time intervals:

𝜔𝑎 → 𝜔𝑎
′ = 𝛼𝜔𝑎 𝑑𝑡 → 𝑑𝑡′ =

𝑡

𝛼

So the emissivity becomes:
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𝑚𝑎
′ =

𝑚𝑎

𝛼
≃ 𝑚𝑎 1 +

𝑀

𝑅

Gravitational effects on axion emissivity
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Axion couplings and contact term
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Decay lengths
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Energy deposition bound
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