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The QCD axion
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The QCD axion

2D ZLpept —(6 a)(0’a) + S—ﬂ]TG“’””G" + Zn(0,a,9,7)

The shift symmetry A theorem by Vafa and Witten (1984)
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can be used to remove the @ term
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implies that the axion will relax to the minimum of the
potential
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Universe axion production

Non-thermal production Thermal production

Thermal bath particles O
(gluons, pions, ...) .

V(alfy)

k,~T>m,

-27T

alf,;

The axion behave similarly to neutrino
k <« T and contributes to dark radiation.

a .
It can only be a small fraction of the

dark .
EL—|—3HC.L—|—m621(T)fa Siﬂ(—) — ark matter.
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Thermal production

SZD— 0,0)(0"a) + — L Gana
Q) + -GG,

O(T) ~ TI(f7 1) (T ~ T31f2

[Chang+ 93, ..., Di Luzio+ 21,

Notari+ 23, Di Luzio+ 23] QCD cross-over [Masso+ 02, Salvio+ 4]
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Thermal production

1, i
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Thermal production

Axion decoupled
from the SM, free
streaming like
neutrinos

TuMm

g~

Efficient production makes
the axion in thermal
equilibrium with the SM
bath

1, i
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Thermal production

Axion decoupled
from the SM, free
streaming like

neutrinos
N Tlll\/[?\
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Efficient production makes
the axion in thermal 2 11 %
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Thermal production

" Pion bath Quark-Gluon Plasma
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Thermal production

Solve Boltzmann

equations
dY I’
p— (qu — Y)_
dlogx H
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Thermal production

Solve Boltzmann

equations This formula may not be precise enough:

Caveats |. if the cross section depends on momentum, since

different momenta will decouple at different times;
= (v —y)— [ 1 g 8+
dlogx H 3 dlogx

2. if the number of degrees of freedom decrease
rapidly, higher momenta will be less diluted, leading
to spectral distortions;

3. because production may be never in thermal
equilibrium.
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Thermal production

Solve Boltzmann

equations This formula may not be precise enough:

Caveats |. if the cross section depends on momentum, since

different momenta will decouple at different times;
ay (yed _ Y)E , 1 dlog g« 2. if the number of degrees of freedom decrease
dlogx H 3 dlogx

rapidly, higher momenta will be less diluted, leading
to spectral distortions;

OF,

OlK|

3. because production may be never in thermal
Momentum-dependent equilibrium.

Boltzmann equation

0F,
ot

H |k

FG» (‘Faeq _‘Fa)
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Hot axions from pions

C
<, D> ——0da (2(3 n'ntn” —noatnT —n'nto,n )
Jalx
a s C 2 9 [Chang, Choi 1993]
o | O: Z WA (ff ) (S2 t* + u® — 3m§)

O * [Di Luzio, Martinelli, Piazza 2021]

NLQO: breaks down at T~60 MeV

How do you fix this issue?
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Hot axions from pions

_ . 0 _ .
Z>4 (zdﬂy" + yaﬂﬂ‘ays) q—qMqr+h.c. Inverse amplitude method

C

a

[Truong 1988]
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“©N0 my
‘ I(s) =
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O .
- = cos(d,,) Toohys T sin(d,.) Aohys

~z20 40 d [Di Luzio, Camalich, Martinelli, Oller, Piazza 2023]
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[Notari, Rompineve,Villadoro 2023]
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Late Universe
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fa [10° GeV]

60 30 20

3

consistent with [Notari,
Rompineve,Villadoro 2023]

m, < 0.22 eV at 95 % CL
f,>2.6x10" GeV at 95% CL

Planck + lens + LSS + SN [Bianchini, G*dC,Valli 2023]
0.11 0.22

Cosmological bounds on QCD axion
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...and BBN?

[Yeh, Shelton, Olive,
ields 2022]  CompersonwithCMB Comparison with BBN
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fa [10° GeV]

60 30 20

Planck + lens + LSS + SN [Bianchini, G*dC,Valli 2023]
0.11 0.22

3

+ BBN
We use PRyMordial [Burns, Tait, Valli

2023] to obtain a likelihood for Y,

D/H and He?/H as a function of N_g
and .

m, < 0.18 eV at 95 % HDI
£, >3.2x10" GeV at 95 % HDI

Cosmological bounds on QCD axion
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...and large multipole!
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fa [10° GeV]

60 30

3

20

Planck + lens + LSS + SN
0.11 0.22

+ BBN

= |+ ACT 4+ SPT

0.08
m, < 0.16 eV at 95 % HDI

f, > 3.6X 107 GeV at 95 % HDI

Cosmological bounds on QCD axion
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0.3

[Bianchini, G*dC,Valli 2023]

30% improvement with respect

to [Notari, Rompineve,
Villadoro 2023]



Conclusions

Conservative bound on m, from up-to-date measurements of CMB,

ground-based telescopes and abundances from BBN

m, < 0.16 eV at 95 % CL

Forecast for future surveys (Simons Observatory
and CMB-54) in the m_ vs Z m,, plane competitive =
with current constraints from astrophysics. = \
o
0.05 > my, > 0.06 prior
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Cooling of Horizontal Branch stars,
Supernovae, neutron stars give

£, = (107 = 10%) GeV

[see e.g. Di Luzio+ 2020]

Caveat: strong debate on validity/
uncertainties.

[Gorghetto, Hardy, Villadoro 2020]
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I = |d*xe™(@Q(x)@(0))

A

a,  ~
Q = 8—SGG is the topological charge
T

102 -
Semiclassical
: L [Moore & Tassler, 2011]

Kotov, 2018 [Quenched]

Mancha & Moore, 2022
[Quenched]

arXiv:2305.17120
[Quenched]

This work [2 + 1 QCD]
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[ = [d4xe kX (@(x)Q(0))

a,  ~
Q = 8—SGG is the topological charge
T

Expected sensitivity of Simons
Observatory and CMB-54

ACDM cosmology with three degenerate
neutrinos with m, = 0.02 eV

QCD axion in thermal equilibrium:
Y,(600MeV) =~ Y, (Tpy)
Conservatively estimate rate at zero
momentum via strong sphalerons

Set initial condition at 1. from:
dy, T, (Y9_ )
a H ¢ ¢
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[ = [d4xe kX (@(x)Q(0))

a,  ~
Q = 8—SGG is the topological charge
T

[Bianchini, G*dC,Valli 2023]

Expected sensitivity of Simons
Observatory and CMB-54

ACDM cosmology with three degenerate 0.15 -
neutrinos with m, = 0.02 eV |

.
)
QCD axion in thermal equilibrium: <
Y, (600 MeV) ~ Y, (Ty) S
Conservatively estimate rate at zero ]
momentum via strong sphalerons

Set initial condition at 1. from:

dy, T 0.05-

A

Planck+lens+LSS+SN

SO+DESI BAO

> _m, > 0.06 prior

= 4y -y
dt H(“ 2
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