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A possible discovery channel for the axion!

* AXxions once in equilibrium with SM thermal bath contribute to the radiation
density of the Universe (AN, )
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A possible discovery channel for the axion!

* AXxions once in equilibrium with SM thermal bath contribute to the radiation

density of the Universe (AN, )

TDecoupling S 155 MeV = Tc

[Bazavov et al. 2012]
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Outline:

1. Thermal axion production from LO ChPT —> AN, and HDM bound

2. NLO corrections to assess the (bad) convergence of the chiral expansion;

3. Goal: extend the validity of ChPT up to 1, via unitarization technique.

Breakdown of chiral perturbation theory for the axion hot dark matter bound

Luca Di Luzio,»?:3>* Guido Martinelli,* T and Gioacchino Piazza’:*

Axion-pion thermalization rate in unitarized NLO chiral perturbation theory

Luca Di Luzio,"»?'* Jorge Martin Camalich,®>% T Guido
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Axion-Pion Effective Lagrangian: Leading Order
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Axion thermal production in the Early Universe

To extract the HDM bound we compute the axion decoupling temperature 1,
via the freeze-out condition*

['y(Tp) = H(TD)

Rate of reactions that keep the
axions in thermal equilibrium

1 d°pq d>ps d°ps3 0 H(T) = \/47T3 T T2
— — g*( )/45 /7n 1
L o) (2m)32F4 (2m)32FE, (27)32E5 (2 32E4 Z M P

(27)*0% (p1 + p2 — p3 — pa) frfo(1 £ f3)(1 & f4)

Hubble Rate

* For improved treatment of axion freeze-out see [Notari, Rompineve, Villadoro 2211.03799]
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Thermal scattering rate
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AN at LO in ChPT

Axion contribution to the Number of relativistic species
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9s(Tp)

LO ChPT set the bound
m, < 0.27 eV

See further:

'Melchiorri, Mena, Slosar, arXiv:0705.2695]
‘Hannestad, Mirizzi, Raffelt, Wong, arXiv:0803.1585]
‘Hannestad, Mirizzi, Raffelt, Wong, arXiv:1004.0695]
Di Valentino, Giusarma, Lattanzi,

Mena, Melchiorri, Silk, arXiv:1507.08665]




But... is ChPT valid?

The mean energy of 7z, a at
T ~ 80 MeV is
(E) = p/n ~ 305 MeV, 220 MeV

BUT

ChPT violates unitarity for
E = 460 MeV

see e.g. [Donoghue et al., PhysRevD.86.014025]

O 5 100 150 200
T [MeV]

s ChPT reliable?
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NLO axion production rate



Axion-Pion scattering: Next-to-Leading Order

Tree-level graph from NLO Lagrangian and loop amplitudes from LO Lagrangian
contributes to the same Order
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Amplitudes

» After renormalization & including NLO corrections to f,
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NLO Thermalization rate
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Breakdown of ChPT : I
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4+ The NLO corrections to total I ' reach 50% x LO at
T ~ 120 MeV, due to accidental cancellations:

4+ A more realistic estimate of T% by looking at the first
exclusive channels with large NLO correction.

= In 77" big corrections at T% ~ 70 MeV




AN, ¢ including NLO correction

I, cannot be extracted in the region of interest since the NLO ~ LO for 7" > 70 MeV
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Unitarization of Axion-Pion
scattering

Di Luzio, Martinelli, Camalich, Oller, GP [arXiv: 2211.05073 ]
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Unitarization to extend the validity of ChPT

S lnverse Amp|itUde Method (|A|V|)Z [Truong, PRL 61, 2526 | (2)
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) \)

The IAM amplitude satisfies unitarity and has the correct low-energy expansion of ChPT up to @(p4)
IAM LECs from fit to #xr scatt. [Dobado, Pelaez 1997]

v Phases obtained in IAM correspond to phases of nxr scattering: Watson th.!
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Partial wave amplitudes
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Cross Sections

+ 7t~ ChPT departs from IAM at /s ~ 450 MeV,
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Thermal rates
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Thermal rates "
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AN eff - lAM vs LO
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Conclusions

« Using ChPT at 7'~ 100 MeV corresponds to \/_ ~ 750 MeV, way above its validity!

» Unitarization provides a way to extend ChPT up to 7. ~ 155 MeV, including resonances and
satisfying unitarity;

* Accidentally, for the total rates, IAM is very close to LO

 |IAM Hot Dark Matter bound m, < 0.26 eV

¢ To Do: Kaons relevant at \/E ~ 800 MeV, f,(880), + including thermal effects

¢* Describe axion thermal production in the intermediate region between 155 MeV and 1 GeV *

*Espeoially relevant for future sensitivities
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Energy contributions to thermal rate
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Watson Theorem ........owm

s | ' Ly

R ! -
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The axion interacts weakly, but 77 final-state interactions are  WATSON PURELY
strong and resonant ELEMENTARY.. ™

. 4
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IAM “derivation” ... o1 250

L _ - 1
t(s) (5) Hs) Ret '(s) — io(s)

Im t(s) = o(s)|#(s)|? = Im

o= \1-4m?/s

Replace Re t~! by O(p*) ChPT expansion

£5(s)
MM (5) ~ 2 ~ satisfies unitarity
ty(s) — 14(s)

Reproduces simultaneously the low-energy expansion (Padé approx.) and
the lightest resonances without including them explicitly in the Lagrangian
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AN, the origins
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Effects of /V  on the CMB

6000 -

» N, 1T = H 1, time for photons diffusion in the |
plasma decreases, reducing Silk damping and 5000 Nett =4, g, = 3.82

restricting it to higher 2. £, 1 o Netr =3, g, = 3.36
» H 1 Acoustic oscillation length scale decreases, g
increasing the sound horizon. 7,4 1 O /\ @i
| ~" 2000 - /
 Overall less dumping but more peaks dumped. = : \
H1= /6,1 1000V 15w effect )
. : : cpy s oL
,1A\Iso, grswtatllone}lsrvevd/blue shift increased on ; - - -
St peak scales ( ) Multipole Moment ¢
Silk, Astrophys.J. 151 (1968)] [Brust, Kaplan, Walters, arXiv:1303.5379]

Sachs, Wolfe, Astrophys. J. 147 (1967)]
Bowen, Hansen, Melchiorri, Silk, Trotta, arXiv: astro-ph/0110636]

Brust, Kaplan, Walters, arXiv:1303.5379]
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ASTRO Bounds LGV E E
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see e.g. [Bar, Blum, D’Amico, 1907.05020]
MaleV, . g,, can be accidentally suppressed
[Di Luzio et al., Phys. Rept. 870 (2020) ] [Di Luzio, Mescia, Nardi, 1705.05370]
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