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The QCD Axion

Peccei-Quinn (PQ) Mechanism:

Dynamical Solution to the
Strong CP problem
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New global U(1)pq symmetry

 spontaneously broken at the scale f, (f. » mz)
* anomalous under strong interactions

Pseudo Nambu-Goldstone boson in the
low-energy spectrum (“QCD axion”)
with (“anomalous™) coupling to gluons

a Og

fo 8T
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Peccei, Quinn, Phys.Rev.Lett. 38 (1977) and Phys.Rev.D 16 (1977)

Wilczek, Phys.Rev.Lett. 40 (1978) and Weinberg, Phys. Rev. Lett. 40 (1978)



Properties of the QCD Axion

--------- oo
» Coupling to gluons and (not mandatory) "t Ja
to electroweak gauge bosons Qem @ ., =
Derivat . L e Coyry FYE,
* Derivative couplings to fermions 81 fa
The QCD axion is elusive! O a —
""""" < Cyp ; Py
Axion (zero-temperature) mass
from non bati ial 10° GeV
-perturbative potentia Mg = 5.7 7 meV

The QCD axion is very light!

Georgi, Kaplan, Randall, PLB169 (1986)



QCD Axion vs ALPs

Axion-Like-Particles (ALPs) are ubiquitous
in extensions of the Standard Model

e Pseudo-Nambu-Goldstone-bosons

* Axions in string theory

f_ QCD AXxion —\ K_ ALPs —\

Coupling to gluons mandatory Coupling to gluons optional

10° GeV
k ¢ maﬁA%(/fX

o )mev ) U Y

In this talk, | will clarify which results apply specifically to
the QCD axion and which extend to general ALPs

My, :5.7(




All Roads Lead to meV Axions

The meV is more than a
mass scale, it is where
four roads in axion

physics converge

f ournal of €Cosmology and Astroparticle Physics\

An IOP and SISSA journal
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Axions at the meV crossroads: theory, cosmology,
astrophysics, and experiments

Michele Cicoli",*" Francesco D'Eramo,“? Luca Di Luzio "¢

Damiano F.G. Fiorillo ",/ Maurizio Giannotti',%/* Alicia Gomez ",/

Diego Guadagnoli ',* Mathieu Kaltschmidt ,%" Bradley J. Kavanagh",'

Alessandro Lella”’,“? Giuseppe Lucente ’,” David J.E. Marsh"," Federico Mescia'",’
Alessan dro Mirizzi",»%* Javier Redondo %" Nicole Righi"',”* Jaime Ruz",!

Ken'ichi Saikawa ", Elisa Todarello","*“* Edoardo Vitagliano " “? and Su-Yang Xu ¥

Cicoli, FD et al., JCAP 07 (2026) 060

Theory, Cosmology, Astrophysics and Experiments all provide

independent and complementary reasons to focus on the meV scale,
where theoretical expectations, observational sensitivity and
experimental opportunities naturally converge
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Why the meV mass scale?

~—— PQ Quality Points to meV Axions ~
; O g e |
V%: _8’1,5 An_4 IL h.C. C% éma=0.5—5meV§
UuVv %‘,”‘
. _nAé\—/n I sin o g S
e — . c Auv = Mp
2 n/2 1 fC% mg 21308 I I I I I I1!)95 I I = I;(lmi I I — I1IO11
k f, [GeV] )
— meV Axions from the UV ~
2 1 Large-complexity string
= 4 | compactifications naturally
£ 6/I/i/l/ = push the QCD axion toward
50 *  RM =100
< 5 b — o0 the meV scale
|/ ¢ Ab =491
—105 200 R 400
\_ h> Gendler and D/J.E. Marsh, Phys. Rev. Lett. 134 (2025)  /

Gendler, D.J.E. Marsh, McAllister, J. Moritz, JCAP 09 (2024)



Axions In Stars




Axions from Dense Nuclear Media

~— Already Probing meV Axions N
Dense nuclear environments NS Cooling: m, < 16 meV
are powerful axion factories Buschmann, Dessert, Foster,

] Long and Safdi, Phys. Rev. Lett. 128 (2022)
thanks to their extreme -
temperatures and densities SNI987A: Mg S 12meV
Fiorillo, Gil Muyor, Janka, Raffelt,Vitagliano, JCAP 03 (2026)
\_
Looking Ahead
(— DD2: T=30MeV ; ng=nNsat; Yp=0.3 \
1074 ———- Dp-ne* : N[E.+ =my]=0.182
The next nearby supernova (d = kpc) S o e
~~~~~~~ ap-pn® (DFSZ) N[E» = myp] =13.2
could turn today’s meV axion limits 7 ™ [P e S -t
into tomorrow’s discovery S
a+N— N+7° 7y

E (MeV)
\- Cavan-Piton, Guadagnoli, lohner, Fernandez-Menendez,Vittorio, JHEP 07 (2025) —J




Axion Terrestrial Searches
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Experimental Paths to meV Axions

(" )

Helioscopes
(BabylAXO / I1AXO)

Solar axions and systematic
scanning of the meV mass
range

GHz

RBF+UF

10—13

ADMX
OVISAVH =

HAYSTAC  ddVD

10~ 14

ddVvVO

10—15

o

/LLL/V >
-
4”
_-
-

10—16

T TTTT

-

Haloscopes
(CADEX)

High-frequency resonant

searches pushing detecti
toward the meV scale

N (0

on

\_

Condensed Matter

Axion quasiparticles
as resonant detectors

MnBi, Te4: tunable resonances
in the meV range

~

_J

THz

=

IR AT R AT N . |||||\hl

10—17

10~° 104

103 102

meV mass window )’”a eV,

Figure from Cicoli, FD et al., JCAP 07 (2026) 060



Axion Cosmic Relics

B EXPERIMENTS



Cold Dark Matter and Axion Mass

C The meV mass window )

103
|

102 101 /6 /2
| | | |

|
Pre-inflation 108 GeV 107 GeV

na GHT’V(Isocurvature)

POSt-inﬂation StringS: Benabou, 2024 s

SMASH, 2016 s—
Models: Cogenesis, 2020
VISHv, 2022
Wantz, 2009 e——
Berkowitz, 2015

. Bonati, 2016
Latt1ce/ X ( T) . Borsanyi, 2016
Dine, 2017 s—
Kim, 2024

Saikawa, 2024

Gorghetto, 202

Kawasaki, 2012

. Kawasaki, 2014 e
Strings+Walls: Fleury, 2015
Klaer, 2017 wm

Benabou, 2024

Kawasaki, 20

Npw > 1: .
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1072 1078 1077 10°° 10 107%* 102 102 10! 109

QCD axion mass, m, [eV]

meV axions: large initial misalignment angle for

pre-inflation whereas post-inflationary

production can still yield a sizeable relic fraction

Figure from https://cajohare.github.io/AxionLimits



https://cajohare.github.io/AxionLimits

There i1s More than just Dark Matter

. Axion Couplings 1l. Primordial Bath

/ \\ / History of the Universe \
£
a xx : 5 ¥ /s £ ¢

Eint — CXES—T‘_X'W/XLW —+ Ca)

(%a—ﬂ .
f (Ulelme )

Axion interactions with all Standard

Model fields, beyond the light Early universe filled with a
degrees of freedom probed by thermal bath of Standard Model
astrophysics and terrestrial searches particles up to temperatures of

K J \ approximately | TeV J




There i1s More than just Dark Matter

- . Axion Couplings N [ 1l. Primordial Bath \
a OCX ~ a a — Ef g%ﬁ _ : 5#
Lint =cx——X"" X, - Hoy® : ‘W s
g CXfa87T pr T Cy £ (Ulolateha

Axion interactions with all Standard

Model fields, beyond the light Early universe filled with a
degrees of freedom probed by thermal bath of Standard Model
astrophysics and terrestrial searches particles up to temperatures of

k J \ approximately | TeV J

'With these two ingredients,\

K the universe does the rest!

J




Lifetime Shapes the Phenomenology

N | B
Decay: a-»XX
- 3
O K ]
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M Figure from: FD, PoS CORFU2025 (2026) 117



For Today: Light and Stable Axions

% s’
> o"*’@ |
O
)
B
&

Dark Radiation )

Sub-Component

~ (Ma~0.1eV)




Signals also from the Other Regions

— e Ll LU TPIT TTTH TP T e g
Related work |
includes...
N *A J L -
" Axion decays to photons )
= & | and the 21 cm Signal i
S &5’ (ma. ~ 100 keV)
S - Iy 2\ FD, Cima, JCAP 02 (2026) /) =
<= N \ . 4 -~
— > ’ = =
T ————— e S E
' Axions coupled to SM fermions ' T ——— — =
i Warm Dark Matter 1 Axion Portal to
| (ma ~ 10 keV) ; | Scalar Dark Matter :
;; | (ma ~ GeV) :
\ FD, Lenoci, Dekker, Phys.Rev.D |12 (2025) || J “ !
e —— —- \ FD, Sassi, JHEP 07 (2025) )
,' N\ o S S

Lf | S — ,_

Mg



Thermal Axions

~ Unavoidable Production
\
1 L ,g;i: %iG’“’(N}W
Scatterings and/or decays of 8 fa
thermal bath particles produce ﬂi L Qem @
axions with kinetic energy much ™ Ja
larger than their mass (i.e.,“hot”) .. < y 3;@ Dyt

\_
f Signals

Additional radiation at:

* BBN (ma. s MeV)
e CMB (ma = 0.1 eV)

If ma ~ 0.1 eV we have a hot dark matter component
\_ (exactly as neutrinos in the Standard Model) )




Thermal Axions
- Unavoidable Production ™

T {:: s 9 vy
Scatterings and/or decays of 8 fo
thermal bath particles produce iii e Qom @ puv s
axions with kinetic energy much ™ Ja
larger than their mass (i.e.,,“hot”) .. < %%%uv%

\_

Axion/fermion couplings

Baumann, Green,Wallisch, Phys.Rev.Lett. | |7 (2016)
Ferreira, Notari, Phys.Rev.Lett. 120 (2018)

FD, Ferreira, Notari, Bernal, JCAP I (2018)
Arias-Aragon, FD, Ferreira, Merlo, Notari, JCAP |1 (2020)
Arias-Aragon, FD, Ferreira, Merlo, Notari, JCAP 03 (2021)
Green, Guo,Wallisch, JCAP 02 (2022)

FD.Yun, Phys.Rev.D 105 (2022) Axion WDM mass bound

E;dlz_iak, L?Ie;Ln,JII;\IEPIgZI (IZOO?ZS())M) Ferreira, Notari, Rompineve, Phys.Rev.D 103 (2021)
—-ENOCL TYS.BEV. ) ’ Caloni, Gerbino, Lattanzi,Visinelli, JCAP 09 (2022)
ED, Di Valentino, Giare, Hajkarim, Melchiorri, Mena, Renzi, Yun, JCAP 09 (2022)

Notari, Rompineve,Villadoro, Phys.Rev.Lett. 131 (2023)
Bianchini, Grilli,Valli, Phys.Rev.D |10 (2024)

Axion/gauge boson couplings

Graf, Steffen, Phys.Rev.D 83 (201 1)

Salvio, Strumia, Xue, JCAP 01 (2014)

FD, Hajkarim,Yun, JHEP 10 (2021)

FD, Hajkarim,Yun, Phys.Rev.Lett. [28 (2022)
Caloni, Gerbino, Stengel Lattanzi, JCAP 10 (2024)
Bouzoud, Ghiglieri, JHEP 01 (2025)




Dark Radiation in the CMB

—— Dirac Fermion

Massive Vector

Weyl Fermion

Scalar

— ANg " >Q0)

1072 IR R NI R MR NI R O N A Y| A RN 1| A B N AA| A A AT AR R At A WAt
10> 107* 102 102 107! 10° 10' 102 10° 107

FD, Hajkarim, Yun, JHEP 10 (2021)



Improved Prediction for ANes

~

Scatterings and/or decays of
thermal bath particles produce
axions with kinetic energy much

Unavoidable Production

M . ¢¢ ’» a a
larger than their mass (i.e.,,“hot”) .. < co 2 Bty
- Tracking the Axion Population ~
dn,
I S E
* Equilibrium thermodynamics for the conversion to energy
* Spectral distortions neglected g /11\%/3
* Maxwell-Boltzmann statistics (i.e., no quantum effects) ANeg = = (—) Pa
\ * Static thermal bath (i.e., no energy exchanged) [N Py .




Model Independent Contribution

Strong CP Problem

gg — ga
qq — ga
. q/q 9 — q/q a

a O

fo 8T

G"' G,

~— Above QCDPT ~

Long-range of gluon-mediated interactions
give rise to unpleasant IR behavior

Masso, Rota, Zsembinszki, PRD66 (2002)
Graf, Steffen, PRD 83 (201 )
Salvio, Strumia, Xue, JCAP 01 (2014) /

TT — Ta

~— Below QCDPT ~

Thermalization via pion scattering
requires rather small values of f,

Chang, Choi, PLB 316 (|993y




Thermal Gluon Scattering

[S—
<
)
[ T TTTTI [T TTTTII [T TTTTTI [T TTTTII [T TTTTI [ T TTTTI l
=
HOQ
]
L L [l [ RRE [ L L LN

[
-

5

Axion production rate y./[£(3)T°/(27) /2]

—_—
-_
1073 &
1074 9 e
S —
10—5 | | | | |
10* 10° 108 1010 1012

Temperature T in GeV
Salvio, Strumia, Xue, JCAP Ol (2014)



Approaching the QCD Scale

IIIIIII | IIIIIIII | IIIIIIII | IIIIIIII | IIIIIIII |
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102 101 1 101 102
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FD, Hajkarim,Yun, Phys.Rev.Lett. 128 (2022)



Approaching the QCD Scale
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Thermal Field Theory calculation
extended to lower temperatures
(but still in the QCD perturbative regime)

d°pq

2F, (2m)

3fBE(Ea,) ImHa — /

d°pq

2F, (27)°

H<

a

'7

o e b b

102

10~1

1
T/GeV

10!

FD, Hajkarim,Yun, Phys.Rev.Lett. 128 (2022)

102



Approaching the QCD Scale
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Pion scatterings below the QCDPT

Chang, Choi, PLB 316 (1993)
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FD, Hajkarim,Yun, Phys.Rev.Lett. 128 (2022)



Approaching the QCD Scale

J\\HH‘ | \\\HH‘ | \\\HH‘ | \\\HH‘ | \\\HH‘ 1
10 — -
- Y g8 N
01— —
\O B _
> — 10— —
Q) | _ |
©
Al B
K ok Interpolation in the -
o — . . . ]
%75 intermediate region
= a0 =
- Similar if we have also
=50 |- coupling to quarks —
Ll IR IR IR IR T

1072 10~1 1 101 102

T/GeV

FD, Hajkarim,Yun, Phys.Rev.Lett. 128 (2022)



KSVZ Axion — Production Rate

S I 111 1 I 111 R A 111/ A RN IR R AL R R A1 AR AR N
30 | KSVZ —
p— 20 — > % f —
O B = = QCDPT ' g B
> F 3 8l -
O 10 T W prysRevdew 126 Heavy PQ .
= : . B fermion & -
= = = g -
S - o O —
= o &2 _— .
— B P _
= - ~ -
0 - e -
)J _10 — X 2 ]
—20 —
S AT S I MU ET1 A AU R A AU | S S WY AR WAUL| RS AAT] BN ERI AR A

1072 10°1 1 10l 102 103 104 100 109 107

T/GeV

FD, Hajkarim,Yun, JHEP 10 (2021)



KSVZ Axion — Results for ANest

mgleV
10~1 102 103

e ) _
o S5
10_2 | — T; ~5>;10 GeV < _
| — = 10" GeV T~ _
u 4 X _
S =107 GeV =)\
| — =103 Gev = _
~ A\ /@ i
L L Lo\ L N
107 108 107 1019
Ja/GeV FD, Hajkarim, Yun, JHEP 10 (2021)

FD, Hajkarim,Yun, Phys.Rev.Lett. 128 (2022)



DFSZ Axion — Production Rate

30 [T & T T T T T T T T T T T T T 1]

j QCDPT e - l

B FD, Hajkarim,Yun B

- Phys.Rev.Lett. 128 _

20 (2022) L

o - > % 5

> i S 3 §

8 10 ~a R —

~ | O — ]

s B TR ~, _

g? - IS Heavy -

NG 0|— S5 5 - tanf = 10 . _

e - = L s Higgs -

2 - ",4 —— tanﬁ — 3 | bosons -
&) " <

Q - & ——

— - EWPT ]

B Arias-Aragon, FD, —

B Ferreira, Merlo, B

| Notari, L

u JCAP 03 (2042|_)_ ma |

Coo o o oo s o oo @t o

1072 107! 10 10! 102 10° 10* 10° 10° 107
T/GeV

FD, Hajkarim,Yun, JHEP 10 (2021)



DFSZ Axion — Results for ANes

mgleV

10~1 102 103

DFSZ

ma ~ /5 x 10° GeV

10~1 —
ANGMB-54 (35)-
B 000000 S R c —]
9 CMB-S4 ;.\

El ANggf (10)
ng(T;) =0 qE )

5
— T:22x1 S
10_2 T; >; 0” GeV = _
— =107 GeV =) —
— =5x10*Gev 2 2
— =3x10%GeV = _
= i
N [N L N AN
107 108 10° 1010
Ja [GeV]

FD, Hajkarim, Yun, JHEP 10 (2021)



A Worrisome Interpolation?

mgleV

10~1 102

10_1 = —
— AN&I}/IB -S4,2 o -
. o T S il
:2_3 B — ~ A1\1(:flt§413—54,1 o_
e
< T m=10fGev | 7 T T T TN T T T T I
B nqg(T;) =0 |
2 | — Our result )
10 E —_— Doubling E
C . Halving/ -
B BN EEE |
107 108 107



Finite QCD Axion Mass Effects?

s ™~

Planck: tension with o e

|II|IIII | |IIIIII
KSVZ ANgRnk o)

astrophysics and axion : 2 10° Gy
mass non-negligible

ANGMB-84 261

Finite axion mass

* Pion scatterings
Ferreira et al., Phys.Rev.D 103 (2021)
Notari et al., Phys.Rev.Lett. |31 (2023)
Bianchini et al.,, Phys.Rev.D 110 (2024)

1073

ANgIRnk o)

DFSZ

mag ~ /5 x 10° GeV
tan 5 =10

ANGMB-54 20

* Gluon, photon couplings
Caloni et al., JCAP 09 (2022)

. KSVZ and DFSZ T e

FD etal, JCAP 09 (2022) k FD, Hajkarim,Yun, JHEP 10 (202 I)J

_ SN1987A

109




Axion Mass Bound

~

KSVZ

PPPPPPPP

1
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~

© ® S Ao RS
© RN © ©
A >mylev]

my < 0.282(0.420) eV

I ‘/
TN / i /
~ Vv Q'\/ WIS
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-

0.8
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&
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<
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£66
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~—

FD, DiValentino, Giare, Hajkarim, Melchiorri, Mena, Renzi, Yun, JCAP 09 (2022)



A Minor Variation: FV Axions

Target of several 2fa 7,
terrestrial experiments T ]
¥
What about their role .
in the early universe!
Vi
Leptonic FV Hadronic FV
SN1987A Py . F
mm Planck 20) Frlt svd
e .
10 10 1;)7% . 10 10 10 : I;l::;li;i(z'z)o-) F;:
Current and future cosmological bounds
competitive (or sometimes even better!) T

F;} / GeV

than terrestrial searches
FD,Yun, Phys.Rev.D 105 (2022)
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Where do we stand?

T

D

Tmw — TaQ

Chang, Choi, Phys.Lett.B 316 (1993)
Di Luzio, Martinelli, Piazza, Phys.Rev.Lett. 126 (2021)
Notari, Rompineve,Villadoro, Phys.Rev.Lett. |31 (2023)

i Luzio, Camalich, Martinelli, Piazza, Phys.Rev.D 2018 (2023)

_

N
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gg — ga (and quarks) [

Graf, Steffen, Phys.Rev.D 83 (201 1) |

Salvio, Strumia, Xue, JCAP 0l (2014) ||

FD, Hajkarim,Yun, JHEP 10 (2021) | |

FD, Hajkarim, Yun, Phys.Rev.Lett. 128 (2022) |
Bouzoud, Ghiglieri, JHEP 01 (2025) |-

Bouzoud, Ghiglieri, Laine, Sakoda, JHEP 05 (2026) |
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Where do we stand?

D

Tmw — TaQ

Chang, Choi, Phys.Lett.B 316 (1993)

Di Luzio, Martinelli, Piazza, Phys.Rev.Lett. 126 (2021)
Notari, Rompineve,Villadoro, Phys.Rev.Lett. |31 (2023)

i Luzio, Camalich, Martinelli, Piazza, Phys.Rev.D 2018 (2023)
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~
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FD, Hajkarim, Yun, PhysRev.Lett. 128 (2022)

gg — ga (and quarks) [

Graf, Steffen, Phys.Rev.D 83 (201 1) |

Salvio, Strumia, Xue, JCAP 0l (2014) ||

FD, Hajkarim,Yun, JHEP 10 (2021) | |

FD, Hajkarim, Yun, Phys.Rev.Lett. 128 (2022) |
Bouzoud, Ghiglieri, JHEP 01 (2025) |-

Bouzoud, Ghiglieri, Laine, Sakoda, JHEP 05 (2026) |

Detectable by future —
CMB Surveys! —

ANeff

102 10~1

T/GeV

1




What’s next?

Axion production rate
across the confinement scale still unknown

4 )
Ya=T;1; X <Uz'j—>javre1>

Thermal bath Particle Physics

=

|. Cross sections with other hadrons!?
2. Thermal bath description between 150 MeV and a few GeV?
3. Boltzmann equation evolution and cosmological observables!?



Back to the Phase Space

- Axion Momentum Distribution ~
dfa(k,1) _ Ck. ) (1 fa(k,t) > Typical spectral distortions
dt ’ o (k,t) detectable in the future!
1 n n+m n n+m
C(k,t) = %/Hdm [] dm,em)*s* (Pn— Pa) IMP ] f5, ] (1 £5,)
i=1 j=n+1 i=1 j=n+1
- FD, Hajkarim, Lenoci, JCAP 03 (2024) /

Axion/fermion couplings Axion/gauge boson couplings

Axion WDM mass bound
Notari, Rompineve,Villadoro, Phys.Rev.Lett. 31 (2023)
Bianchini, Grilli,Valli, Phys.Rev.D |10 (2024)

Leptons
Ly

Badziak, Laletin, JHEP 02 (2025)
FD, Lenoci, Phys.Rev.D 110 (2024)




Fermion Couplings in Phase Space

o,a

f_ »Cint — 2fa Z Cﬁbafyﬂfyf)w
¥
Phase space distribution
very close to a thermal
one (with a different T)
even in the freeze-in region

10 PLANCK

100:—

NP

0.1r

(@°/27%) Fu(q, Ar) [ Ra(AF)

o 0 ik

k/T,=1T;/(AT,) X q

Phase space analysis matters!
Spectral distortions due to
non-instantaneous decoupling
alter the predictions

FD, Lenoci, Phys.Rev.D 110 (2024) ./




Fermion Couplings in Phase Space

€

t
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C

— Lin =

o,a
2fa

Z Cw@V“%lb
(

ORI L L A
.
e

10 107 10° 10° 107 10° 10° 10%

fa |GeV]

B astrophysics

A Neg
B Planck
0 Simons

CMB-54

futuristic

Comparison with
astrophysics

Future cosmological
probes will provide

stronger bounds!

FD, Lenoci, Phys.Rev.D |10 (2024)
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Outlook

~

Cicoli, FD et al., “Axions at the meV

Crossroads: Theory, Cosmology, Astrophysics,
and Experiments”, JCAP 07 (2026) 060

W, 27

Theory points naturally to
the meV scale

. 1\‘;} [ Thermal meV axions within
is.4® reach of future CMB surveys

We are already probing
meV axions

We are building ways to
discover meV axions
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predlctlons must keep pace

and challenges lie ahead!
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=2 phase space analysis
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mass bound

FD, Di Valentino, Giare, Hajkarim,
Melchiorri, Mena, Renzi,Yun, JCAP 09 (2022)
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