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Minimal QCD Axion

@ It couples to Topological Charge Density:
f,=5.7x10°GeV (eV/m,)

[Grilli, Hardly, Pardo, Villadoro “16]
A :
[Hook 21]

Coupling required to “relax” the Strong CP problem, namely:

:%\ Neﬁer\xelo_zer\/@-lo—mcm-e VS

mg, GeV

n p n (GeV~! ~ 10~4cm) <107%°cm-e
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Minimal QCD Axion

@ It couples to Topological Charge Density:
f,=5.7x10°GeV (eV/m,)

[Grilli, Hardly, Pardo, Villadoro “16]
A :
[Hook 21]

H[> BSM imprints to cosmological history of the Universe!

momenta K temperature momenta 2 temperature



Minimal QCD Axion
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@ It couples to Topological Charge Density: | @ = . GG
f,=5.7x10°GeV (eV/m,) ”fa
[Grilli, Hardy, Pardo, Villadoro 16]
[Hook 21]

H[> BSM imprints to cosmological history of the Universe!

A -MIGHT ADDRESS CDM A VERY LIKELY A HOT RELIC
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Minimal QCD Axion

@ It couples to Topological Charge Density: | @
f,=35.7x10°GeV (eV/m,)
[Grilli, Hardly, Pardo, Villadoro ‘16]
-
[Hook 21]

Decoupling happening
roughly at temperature .

OMeV) X (eV/m,)*

l.e. smaller mass, higher
decoupling temperature!




Minimal QCD Axion
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Hot Axions from pions

[Georgi, Kaplan, Randall 86]
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Hot Axions from pions

General form of low energy axion QCD Lagrangian:

I Co Y . r — ([ mu O i (14cg09)
L = q (Za'i‘ maa’Y{S) q QLA.[QQR -+ h.C., ]\‘-[a = ( 0 .y ) e 2fa
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Hot Axions from pIioNs

G.Piazza @ NP Signal 23

-

. oorf(500)inI=L=0
/ FSI zirt final-state interactions (FSI) are resonant
N AN ChPT cannot produce resonances & (770)inf=L =1

“Inverse Amplitude Method (IAM); Tene: Pr-81. 2201

AiP(s)
— AP(s)/A(s)

Definite 1, J amplitudes Ap(s) =

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

v Phases obtained in IAM correspond to phases of zr scattering: Watson th.!
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Hot Axions from pIioNs
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AXIoN spectral distortions do matter ...

[Notari, Rompineve, Villadoro 22|

L =25-10" GeV

High momenta k decouple later than low k.
They see a lower g« —> Greater AN



Hot Axions from pions
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Cosmological bounds on QCD axion

Minimal QCD Axion (T < T.)

fa [10° GeV]

00 60 30 20

Planck -+ lens + LSS + SN

m, <0.22eV @95 %
[Bianchini, Grilli, Valli ‘23]
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¥ HOW CAN WE
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BBN ERA IN ACDM

PR - ol
e
n+e < p+vr, (nn/np)szMevz 1/6

Nucleosynthesis naively at 7., ., ~ Bp =~ 2.2 MeV ... BUT:

ucl.

I'n+p—>D+y) ~ nB<0V>Dy

IT(n+p<—D+y) ~ n, eXp(_BD/Ty)<0V>Dy

.e., it really starts at T, ., such that: ng ~ exp(—Bp/T,,.;)



BBN ERA IN ACDM

Deuterium “bottleneck” implies 7, ., =~ 0.1 MeV. After that :

b N ~ all neutrons into helium-4

& e D /1) |10 1mey = 1T
Q9
G D N = i O
p Mg n, + n,

Baryon mass fraction In helium-4

O(10™>) residual amount of deuterium and helium-3 relative to p.

Lithium-7 “survives” in smaller relative abundance, O(10~19).
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Regular Article - Theoretical Physics

PRyMordial: the first three minutes, within and beyond the
standard model

PRyMordial: The first 3 min in O(1O) gec

Anne-Katherine Burng Younger Tim Californian Me




PRyMordial: Overview

@ [LOVGNEN A new package for BBN phenomenology

‘ Featuring:  — simplified, but precise, method for v decoupling
— ab-initio efficient computation of N <—>p
— a customizable up-to-date nuclear network
— several built-in options for New Fhysics

Meets precision for state-of-the-art SM predictions.
Opens up uncharted territory for BSM in BBN era.

& Uy Pyinon-based, userfriendly & numerically fast ...

O vallima

github.com/vallima/PRyMordial

‘) ) DiffEq.jl from Sci Machine Learning kit in Jf{T][F8
P



http://github.com/vallima/PRyMordial

PRyMordial: BBN ctate-ot-the-art predictiong
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Minimal QCD Axion (Tdec < T¢)

fa [10° GeV]

00 60 30 20

Planck -+ lens + LSS + SN

+ BBN [Bianchini, Grilli, Valli 23]

m, <0.18eV @ 95 %

Cosmological bounds on QCD axion
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CMB temperature measurements
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Minimal QCD Axion (Tdec < T¢)

fa [10° GeV]

00 60 30 20

Planck -+ lens + LSS + SN

0.11 0.22

+ BBN

+ ACT + SPT
0.08 [Bianchini, Grilli, Valli 23]

m,<0.16eV
@ 95 % HDI

30% improvement
with respect to

[Notari, Rompineve,
Villadoro 22 |

Cosmological bounds on QCD axion
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Minimal QCD Axion

1075

Semiclassical

brxxd [Moore & Tassler, 2011]
Kotov, 2018 [Quenched]
Mancha & Moore, 2022

lLorenzo Maio (Pisa U. and INFN, Pisa), Manuel Naviglio (Pisa U. and INFN, Pisa) (Aug 2, 2023)

il
[] [Quenched]
& arXiv:2305.17120
[Quenched]
P  This work [2 + 1 QCD]
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|Sphaleron rate of Ny = 2 41 QCD &

Claudio Bonanno (Madrid, IFT), Francesco D'Angelo (Pisa U. and INFN, Pisa), Massimo D'Elia (Pisa U.

e-Print: 2308.01287 [hep-lat]
1

1 2 3 4 5

T/T.




Minimal QCD Axion

@= Jd4x e™( @ (x)@(0)) H Im {-- @ )

QI\/IeV < T <600 MeV
) 1—‘sph(‘k| — O) — Aé (T/ Tc)e [Bonanno, D’Angelo, D’Elia,

Maio, Naviglio 23]
Ao ~ 142.3 MeV, e ~ 1.81 , T, = 155 MeV

& Recipe for a reasonable (?) forecast:
(1) Axion initially in thermal equiliorium

(1) Extrapolate somehow sphaleron rate at non-zero
momentum (e.g. constant within sphaleron size)

dY, ',
— Ir (qu — Ya)

(') Set initial condition @ Te:
dt H




Cosmo Present & Future of QCD Axion

[Bianchini, Grilli, \alli 23]
' Planck-+lens+LSS-+SN
Planck-+lens+LSS+SN+BBN+ACT+SPT
SO+DESI BAO

-DESI BAO

0.05 - > m, > 0.06 prior

0.0 0.1 0.2 0.3



1 SciPost Phys. 10, 050 (2021)
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(Minimal) QCD axion
showsg up ag cogmological

— Hot Dark Matter —
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M
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@ T[ODAY —> linear Cogmology + improved ChPT : Lo

F

0.04 eV

my< Ol6 eV @ 95 % probabi[ifgj (CMB + LSS + BBN)

—

® FUTURE —> coemo bound competitive w/ current agtro probeg



@ LIOW TO IMPROVE ON AXION THERMAL RATE
— going beyond SU2)r ChROT @ T =0

— gtrong gphalerong VS quark-gluon plagma

@ MINIMAL QCD AXION VS AXION UV MODELS

® NON-LINEAR COSMOLOGICAL OBSERVABLES
— Lyman-a congtraintg

— EFTofLQS (CLASS-DT/ DyBird)

— other meaguremente / forecagte




