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QCD Axion through Neff

The QCD Axion (a) is a very light particle that

Solves the “Strong CP problem" via coupling to gluons

La =
αs

8π
a
f

GµνG̃µν

Integrating by parts: La = αs
8π

∂µa
f K µ,

=⇒ continuous shift symmetry a→ a + c

But: boundary term sensitive to QCD Instantons,
1 Induces a potential V (a) ≈ Λ4

QCD cos(a/f );
2 =⇒ Drives ��CP to zero
3 =⇒ Axion mass ma ≈ Λ2

QCD
f

Bounds on f ⇔ bounds on ma
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8 61. Axions and other similar particles

Number counts of HB stars in a large sample of 39 Galactic GCs compared with the
number of red giants (that are not much affected by Primakoff losses) give a weak
indication of non-standard losses which may be accounted by Primakoff-like axion
emission, if the photon coupling is in the range |GAγγ | = (2.9 ± 1.8) × 10−11 GeV−1 [53].
Still, the upper bound found in this analysis,

|GAγγ | < 6.6 × 10−11 GeV−1 (95% CL), (61.13)

represents the strongest limit on GAγγ for a wide mass range, see Figure 61.1.
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Figure 61.2: Exclusion ranges as described in the text. The intervals in the
bottom row are the approximate ADMX and CAST search ranges. Limits on
coupling strengths are translated into limits on mA and fA using the KSVZ values
for the coupling strengths, if not indicated otherwise. The “Beam Dump” bar is
a rough representation of the exclusion range for standard or variant axions. The
limits for the axion-electron coupling are determined for the DFSZ model with an
axion-electron coupling corresponding to sin2 β = 1/2.

December 1, 2017 09:36

This talk (quarks & lepton production)

Caveat: Constraints based on couplings with e, γ,
nucleons... Expected O(1/f ), but model dependent.

Small ma � O(eV ) =⇒ acts as Radiation, visible in CMB
(Cosmic Axion Background)
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1 Couple with continuous shift symmetry with all SM

2 Only breaking: Instanton-induced (tiny) mass

Terminology:

1 If it couples to GG̃ =⇒ “QCD Axion"

2 If not: =⇒ Axion-Like Particle (“ALP")
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Cosmic Axion Background via gluons

Due to αs
8π

a
f GµνG̃µν QCD Axions can be produced by

gluon scatterings in the Early Universe

Can be produced at high T and decouples at T . TDEC
→ hot relic (dark radiation)
(M.Turner, 1987; Masso, F. Rota, and G. Zsembinszki, 2003, Salvio, Strumia, Xue, 2014)

Scattering rate (via gluons) vs. Hubble
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Figure: (Massò et al. Phys.Rev. D66 (2002).).

Γs ≡ 〈σv〉 · nEQ
g =

(
αs
2πf

)2 g2
s · T 3 vs. H ≈ T 2

MPl
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At T > TDEC ≡ thermal equilibrium

Example:
1 f = 109GeV =⇒ TDEC ≈ 10TeV
2 f = 1010GeV =⇒ TDEC ≈ 104TeV



Axions as Hot
Relics

The QCD
Axion

Axions via
Gluons

Axion via
Quarks

Axion/ALPs
via Leptons

The H0
tension

QCD Axion produced via gluons

Scattering rate (via gluons) vs. Hubble

�

+ 
rossed

�

�

1

Figure: (Massò et al. Phys.Rev. D66 (2002).).

Γs =
(
αs
2πf

)2 g2
s T 3 vs. H ≈ T 2

MPl
.

At T > TDEC ≡ thermal equilibrium

Example:
1 f = 109GeV =⇒ TDEC ≈ 10TeV
2 f = 1010GeV =⇒ TDEC ≈ 104TeV



Axions as Hot
Relics

The QCD
Axion

Axions via
Gluons

Axion via
Quarks

Axion/ALPs
via Leptons

The H0
tension

QCD Axion produced via gluons

Scattering rate (via gluons) vs. Hubble

�

+ 
rossed

�

�

1

Figure: (Massò et al. Phys.Rev. D66 (2002).).

Γs =
(
αs
2πf

)2 g2
s T 3 vs. H ≈ T 2

MPl
.

At T > TDEC ≡ thermal equilibrium

Example:
1 f = 109GeV =⇒ TDEC ≈ 10TeV
2 f = 1010GeV =⇒ TDEC ≈ 104TeV



Axions as Hot
Relics

The QCD
Axion

Axions via
Gluons

Axion via
Quarks

Axion/ALPs
via Leptons

The H0
tension

QCD Axion through Neff

If a particle:
1 Was in equilibrium at T > TDEC
2 Decouples at some T . TDEC
3 Has negligible mass

After decoupling na ∝ a−3 and ρa ∝ a−4, acts as a hot relic
(like neutrinos)

Affects Matter-Radiation equality (if m� O(0.1 ∼ 1eV ))
=⇒ Observable by CMB (and BBN)

Traditionally parameterized by effective neutrino number

Neff = 3.046 + ∆Neff

∆Neff ≈
13.6

g4/3
∗,DEC

.
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∆Neff diluted by g∗,DEC

Abundance ∆Neff diluted if total number of relativistic
species in the plasma g∗,DEC is large
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Figure 1: The e↵ective degrees of freedom for the energy density (g⇢) and for the entropy density (gs).
The line width is chosen to be the same as our error bars at the vicinity of the QCD transition where we
have the largest uncertainties. At temperatures T < 1 MeV the equilibrium equation of state becomes
irrelevant for cosmology, because of neutrino decoupling. The EoS comes from our calculation up to
T = 100 GeV. At higher temperatures the electroweak transition becomes relevant and we use the results
of Ref. [13]. Note that for temperatures around the QCD scale non-perturbative QCD e↵ects reduce g⇢
and gs by 10-15% compared to the ideal gas limit, an approximation which is often used in cosmology.
For useful parametrizations for the QCD regime or for the whole temperature range see [17].

One of them took the pion decay constant the other applied the w0 scale [10]. 32 di↵erent analyses
(e.g. the two di↵erent scale setting procedures, di↵erent interpolations, keeping or omitting the coarsest
lattice) entered our histogram method [12, 8] to estimate systematic errors. We also calculated the
goodness of the fit Q and weights based on the Akaike information criterion AICc [8] and we looked
at the unweighted or weighted results. This provided the systematic errors on our findings. In the low
temperature region we compared our results with the prediction of the Hadron Resonance Gas (HRG)
approximation and found perfect agreement. This HRG approach is used to parametrize the equation of
state for small temperatures. In addition, we used the hard thermal loop approach [1] to extend the EoS
to high temperatures.

In order to have a complete description of the thermal evolution of the early universe we supplement
our QCD calculation for the EoS by including the rest of the Standard Model particles (leptons, bottom
and top quarks, W , Z, Higgs bosons) and results on the electroweak transition [17]. As a consequence,
the final result on the EoS covers four orders of magnitude in temperature from MeV to several hundred
GeV.

Figure 1 shows the result for the e↵ective numbers of degrees of freedom as a function of temperature.
The widths of the lines represent the uncertainties. The tabulated data are also presented in [17]. Both
the figure and the data can be used (similarly to Figure 22.3 of Ref. [14]) to describe the Hubble rate and
the relationship between temperature and the age of the universe in a very broad temperature range.

We now turn to the determination of another cosmologically important quantity, �(T ). In general the
Lagrangian of QCD should have a term proportional to LQ = 1/(32⇡2)✏µ⌫⇢�Fµ⌫F⇢�, the four-dimensional
integral of which is called the topological charge. This term violates the combined charge-conjugation and
parity symmetry (CP). The surprising experimental observation is that the proportionality factor of this
term ✓ is unnaturally small. This is known as the strong CP problem. A particularly attractive solution
to this fundamental problem is the so-called Peccei-Quinn mechanism [15]. One introduces an additional
(pseudo-)scalar U(1) symmetric field. The underlying Peccei-Quinn U(1) symmetry is spontaneously
broken –which can happen pre-inflation or post-inflation– and an axion field A acts as a (pseudo-)Goldstone
boson of the broken symmetry [19, 20]. Due to the chiral anomaly the axion also couples to LQ. As a

3

∆Neff ≈
13.6

g4/3
∗,DEC

If TDEC � 100 GeV, =⇒ g∗,DEC ≥ 106.75

=⇒ ∆Neff . 0.027 (only upper bound!)
(maybe detectable by CMB-Stage 4 experiments)
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(pseudo-)scalar U(1) symmetric field. The underlying Peccei-Quinn U(1) symmetry is spontaneously
broken –which can happen pre-inflation or post-inflation– and an axion field A acts as a (pseudo-)Goldstone
boson of the broken symmetry [19, 20]. Due to the chiral anomaly the axion also couples to LQ. As a
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Figure 1: The e↵ective degrees of freedom for the energy density (g⇢) and for the entropy density (gs).
The line width is chosen to be the same as our error bars at the vicinity of the QCD transition where we
have the largest uncertainties. At temperatures T < 1 MeV the equilibrium equation of state becomes
irrelevant for cosmology, because of neutrino decoupling. The EoS comes from our calculation up to
T = 100 GeV. At higher temperatures the electroweak transition becomes relevant and we use the results
of Ref. [13]. Note that for temperatures around the QCD scale non-perturbative QCD e↵ects reduce g⇢
and gs by 10-15% compared to the ideal gas limit, an approximation which is often used in cosmology.
For useful parametrizations for the QCD regime or for the whole temperature range see [17].

One of them took the pion decay constant the other applied the w0 scale [10]. 32 di↵erent analyses
(e.g. the two di↵erent scale setting procedures, di↵erent interpolations, keeping or omitting the coarsest
lattice) entered our histogram method [12, 8] to estimate systematic errors. We also calculated the
goodness of the fit Q and weights based on the Akaike information criterion AICc [8] and we looked
at the unweighted or weighted results. This provided the systematic errors on our findings. In the low
temperature region we compared our results with the prediction of the Hadron Resonance Gas (HRG)
approximation and found perfect agreement. This HRG approach is used to parametrize the equation of
state for small temperatures. In addition, we used the hard thermal loop approach [1] to extend the EoS
to high temperatures.

In order to have a complete description of the thermal evolution of the early universe we supplement
our QCD calculation for the EoS by including the rest of the Standard Model particles (leptons, bottom
and top quarks, W , Z, Higgs bosons) and results on the electroweak transition [17]. As a consequence,
the final result on the EoS covers four orders of magnitude in temperature from MeV to several hundred
GeV.

Figure 1 shows the result for the e↵ective numbers of degrees of freedom as a function of temperature.
The widths of the lines represent the uncertainties. The tabulated data are also presented in [17]. Both
the figure and the data can be used (similarly to Figure 22.3 of Ref. [14]) to describe the Hubble rate and
the relationship between temperature and the age of the universe in a very broad temperature range.

We now turn to the determination of another cosmologically important quantity, �(T ). In general the
Lagrangian of QCD should have a term proportional to LQ = 1/(32⇡2)✏µ⌫⇢�Fµ⌫F⇢�, the four-dimensional
integral of which is called the topological charge. This term violates the combined charge-conjugation and
parity symmetry (CP). The surprising experimental observation is that the proportionality factor of this
term ✓ is unnaturally small. This is known as the strong CP problem. A particularly attractive solution
to this fundamental problem is the so-called Peccei-Quinn mechanism [15]. One introduces an additional
(pseudo-)scalar U(1) symmetric field. The underlying Peccei-Quinn U(1) symmetry is spontaneously
broken –which can happen pre-inflation or post-inflation– and an axion field A acts as a (pseudo-)Goldstone
boson of the broken symmetry [19, 20]. Due to the chiral anomaly the axion also couples to LQ. As a
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Figure 1: The e↵ective degrees of freedom for the energy density (g⇢) and for the entropy density (gs).
The line width is chosen to be the same as our error bars at the vicinity of the QCD transition where we
have the largest uncertainties. At temperatures T < 1 MeV the equilibrium equation of state becomes
irrelevant for cosmology, because of neutrino decoupling. The EoS comes from our calculation up to
T = 100 GeV. At higher temperatures the electroweak transition becomes relevant and we use the results
of Ref. [13]. Note that for temperatures around the QCD scale non-perturbative QCD e↵ects reduce g⇢
and gs by 10-15% compared to the ideal gas limit, an approximation which is often used in cosmology.
For useful parametrizations for the QCD regime or for the whole temperature range see [17].

One of them took the pion decay constant the other applied the w0 scale [10]. 32 di↵erent analyses
(e.g. the two di↵erent scale setting procedures, di↵erent interpolations, keeping or omitting the coarsest
lattice) entered our histogram method [12, 8] to estimate systematic errors. We also calculated the
goodness of the fit Q and weights based on the Akaike information criterion AICc [8] and we looked
at the unweighted or weighted results. This provided the systematic errors on our findings. In the low
temperature region we compared our results with the prediction of the Hadron Resonance Gas (HRG)
approximation and found perfect agreement. This HRG approach is used to parametrize the equation of
state for small temperatures. In addition, we used the hard thermal loop approach [1] to extend the EoS
to high temperatures.

In order to have a complete description of the thermal evolution of the early universe we supplement
our QCD calculation for the EoS by including the rest of the Standard Model particles (leptons, bottom
and top quarks, W , Z, Higgs bosons) and results on the electroweak transition [17]. As a consequence,
the final result on the EoS covers four orders of magnitude in temperature from MeV to several hundred
GeV.

Figure 1 shows the result for the e↵ective numbers of degrees of freedom as a function of temperature.
The widths of the lines represent the uncertainties. The tabulated data are also presented in [17]. Both
the figure and the data can be used (similarly to Figure 22.3 of Ref. [14]) to describe the Hubble rate and
the relationship between temperature and the age of the universe in a very broad temperature range.

We now turn to the determination of another cosmologically important quantity, �(T ). In general the
Lagrangian of QCD should have a term proportional to LQ = 1/(32⇡2)✏µ⌫⇢�Fµ⌫F⇢�, the four-dimensional
integral of which is called the topological charge. This term violates the combined charge-conjugation and
parity symmetry (CP). The surprising experimental observation is that the proportionality factor of this
term ✓ is unnaturally small. This is known as the strong CP problem. A particularly attractive solution
to this fundamental problem is the so-called Peccei-Quinn mechanism [15]. One introduces an additional
(pseudo-)scalar U(1) symmetric field. The underlying Peccei-Quinn U(1) symmetry is spontaneously
broken –which can happen pre-inflation or post-inflation– and an axion field A acts as a (pseudo-)Goldstone
boson of the broken symmetry [19, 20]. Due to the chiral anomaly the axion also couples to LQ. As a
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The line width is chosen to be the same as our error bars at the vicinity of the QCD transition where we
have the largest uncertainties. At temperatures T < 1 MeV the equilibrium equation of state becomes
irrelevant for cosmology, because of neutrino decoupling. The EoS comes from our calculation up to
T = 100 GeV. At higher temperatures the electroweak transition becomes relevant and we use the results
of Ref. [13]. Note that for temperatures around the QCD scale non-perturbative QCD e↵ects reduce g⇢
and gs by 10-15% compared to the ideal gas limit, an approximation which is often used in cosmology.
For useful parametrizations for the QCD regime or for the whole temperature range see [17].

One of them took the pion decay constant the other applied the w0 scale [10]. 32 di↵erent analyses
(e.g. the two di↵erent scale setting procedures, di↵erent interpolations, keeping or omitting the coarsest
lattice) entered our histogram method [12, 8] to estimate systematic errors. We also calculated the
goodness of the fit Q and weights based on the Akaike information criterion AICc [8] and we looked
at the unweighted or weighted results. This provided the systematic errors on our findings. In the low
temperature region we compared our results with the prediction of the Hadron Resonance Gas (HRG)
approximation and found perfect agreement. This HRG approach is used to parametrize the equation of
state for small temperatures. In addition, we used the hard thermal loop approach [1] to extend the EoS
to high temperatures.

In order to have a complete description of the thermal evolution of the early universe we supplement
our QCD calculation for the EoS by including the rest of the Standard Model particles (leptons, bottom
and top quarks, W , Z, Higgs bosons) and results on the electroweak transition [17]. As a consequence,
the final result on the EoS covers four orders of magnitude in temperature from MeV to several hundred
GeV.

Figure 1 shows the result for the e↵ective numbers of degrees of freedom as a function of temperature.
The widths of the lines represent the uncertainties. The tabulated data are also presented in [17]. Both
the figure and the data can be used (similarly to Figure 22.3 of Ref. [14]) to describe the Hubble rate and
the relationship between temperature and the age of the universe in a very broad temperature range.

We now turn to the determination of another cosmologically important quantity, �(T ). In general the
Lagrangian of QCD should have a term proportional to LQ = 1/(32⇡2)✏µ⌫⇢�Fµ⌫F⇢�, the four-dimensional
integral of which is called the topological charge. This term violates the combined charge-conjugation and
parity symmetry (CP). The surprising experimental observation is that the proportionality factor of this
term ✓ is unnaturally small. This is known as the strong CP problem. A particularly attractive solution
to this fundamental problem is the so-called Peccei-Quinn mechanism [15]. One introduces an additional
(pseudo-)scalar U(1) symmetric field. The underlying Peccei-Quinn U(1) symmetry is spontaneously
broken –which can happen pre-inflation or post-inflation– and an axion field A acts as a (pseudo-)Goldstone
boson of the broken symmetry [19, 20]. Due to the chiral anomaly the axion also couples to LQ. As a
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The line width is chosen to be the same as our error bars at the vicinity of the QCD transition where we
have the largest uncertainties. At temperatures T < 1 MeV the equilibrium equation of state becomes
irrelevant for cosmology, because of neutrino decoupling. The EoS comes from our calculation up to
T = 100 GeV. At higher temperatures the electroweak transition becomes relevant and we use the results
of Ref. [13]. Note that for temperatures around the QCD scale non-perturbative QCD e↵ects reduce g⇢
and gs by 10-15% compared to the ideal gas limit, an approximation which is often used in cosmology.
For useful parametrizations for the QCD regime or for the whole temperature range see [17].

One of them took the pion decay constant the other applied the w0 scale [10]. 32 di↵erent analyses
(e.g. the two di↵erent scale setting procedures, di↵erent interpolations, keeping or omitting the coarsest
lattice) entered our histogram method [12, 8] to estimate systematic errors. We also calculated the
goodness of the fit Q and weights based on the Akaike information criterion AICc [8] and we looked
at the unweighted or weighted results. This provided the systematic errors on our findings. In the low
temperature region we compared our results with the prediction of the Hadron Resonance Gas (HRG)
approximation and found perfect agreement. This HRG approach is used to parametrize the equation of
state for small temperatures. In addition, we used the hard thermal loop approach [1] to extend the EoS
to high temperatures.

In order to have a complete description of the thermal evolution of the early universe we supplement
our QCD calculation for the EoS by including the rest of the Standard Model particles (leptons, bottom
and top quarks, W , Z, Higgs bosons) and results on the electroweak transition [17]. As a consequence,
the final result on the EoS covers four orders of magnitude in temperature from MeV to several hundred
GeV.

Figure 1 shows the result for the e↵ective numbers of degrees of freedom as a function of temperature.
The widths of the lines represent the uncertainties. The tabulated data are also presented in [17]. Both
the figure and the data can be used (similarly to Figure 22.3 of Ref. [14]) to describe the Hubble rate and
the relationship between temperature and the age of the universe in a very broad temperature range.

We now turn to the determination of another cosmologically important quantity, �(T ). In general the
Lagrangian of QCD should have a term proportional to LQ = 1/(32⇡2)✏µ⌫⇢�Fµ⌫F⇢�, the four-dimensional
integral of which is called the topological charge. This term violates the combined charge-conjugation and
parity symmetry (CP). The surprising experimental observation is that the proportionality factor of this
term ✓ is unnaturally small. This is known as the strong CP problem. A particularly attractive solution
to this fundamental problem is the so-called Peccei-Quinn mechanism [15]. One introduces an additional
(pseudo-)scalar U(1) symmetric field. The underlying Peccei-Quinn U(1) symmetry is spontaneously
broken –which can happen pre-inflation or post-inflation– and an axion field A acts as a (pseudo-)Goldstone
boson of the broken symmetry [19, 20]. Due to the chiral anomaly the axion also couples to LQ. As a
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Figure 9. Summary of astrophysical hints in the (ga� ,ma) and (
p

ga�gae,ma) planes compared with
the expected sensitivity of IAXO. The 2� regions corresponding to five explicit QCD axion models
(DFSZ I, DFSZ II and A/J with E/N = 2/3, 5/3 and 8/3) that can account for the WD/RGB/R
anomalies following the work in [139] are shown. Only the fraction of the regions for which solar
axion production through the ga� or gae couplings is dominant, is shown on the left and right plots
respectively. The unitarity constraints have also been imposed. Left: The red-hashed region is the
hint from HB stars [202, 203, 231], obtained in the assumption of interaction with photons only. The
yellow region shows the customary band for QCD axion models, see text for details. The mentioned
hinted regions are shown as red segments. Note that the DFSZ lines have been displaced 5% upwards
for visibility as they overlap with A/J models. The A/J model with E/N = 5/3 does not appear here
because solar production via gae is dominant for all this region. Right: The IAXO sensitivity assumes
only solar production through the electron coupling. The 2� hinted regions appear as diamond-
shaped regions in yellow (A/J E/N = 5/3), red (A/J E/N = 8/3), orange (A/J E/N = 2/3), light
green (DFSZ II) and dark green (DFSZ I). The wide yellow band encompasses all possible DFSZ
models within unitarity constraints. As shown, the combined prospects of IAXO via the ga� and
ga�gae channels will probe most of the hinted region, with the only exception of the A/J E/N = 5/3
model, due to the extremely suppressed ga� coupling.

observable hint (1�) observable hint (1�)

WD G117 - B15A ↵26 = 1.89 ± 0.47 WD R548 ↵26 = 1.84 ± 0.93
WD PG 1351+489 ↵26 = 0.36 ± 0.38 WD L19-2 (113 s mode) ↵26 = 2.08 ± 1.35

WD L19-2 (192 s mode) ↵26 = 0.5 ± 1.2 WDLF ↵26 = 0.16+0.19
�0.14

luminosity of RGB tip ↵26 = 0.28+0.47
�0.24 R-parameter g10 = 0.29 ± 0.18

Table 3. Hints at 1 � from stellar cooling anomalies (from ref. [209]). Here, ↵26 = (gae ⇥
1013)2/4⇡ and g10 = ga� ⇥ 1010GeV. The hint on the R-parameter shown here assumes no ALP-
electron interaction.

of the data in [193–195] and are not given in the original references. The hint from the WDLF is derived
from the data in [198]. The RGB hint refers to the M5 data [200] and is calculated from a likelihood analysis
combining the observational and computational 1� errors in quadrature. It has a slightly smaller error than
the one reported in [190], which was based on a conservative interpretation of Fig. 2 in [200].

– 40 –
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Figure: Physics potential of the International Axion Observatory (IAXO)

109GeV & f/ci & 107GeV

5× 10−3eV & ma & 0.5eV (ci = 1, for QCD Axion)
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Planck CMB data (2015 and recent 2018)

Measured H0 in tension with direct local measurements
from SN 5

H0 = 67.27± 0.60 km s−1 Mpc−1 (CMB)
H0 = 73.52± 1.62 km s−1 Mpc−1 (SN)

Tension at 3.5σ (3.46σ including BAO)

Recently (Riess et al. 2019) claim:
H0 = 74.03± 1.42 km s−1 Mpc−1 (SN) =⇒ 4.4σ(!)

5Planck 2018 results. VI. Cosmological parameters. Bernal, Verde &
Riess JCAP 2016. Riess et al. Astrophys. J., 2018.
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Hot axions and H0 tension

Tension remains, but can be alleviated to 3.6σ → 3σ

Model Coupling Prior (f/c)max [GeV] H0 [km s−1 Mpc−1] Tension (σ)

ΛCDM+∆Neff

µ scattering
3× 107 68.0+0.8

−0.7(+2.3
−1.1) 3.06 (2.75∗)

1011 67.8+0.6
−0.5(+1.4

−1.1) 3.36

1018 67.7+0.5
−0.4(+1.2

−1.0) 3.38

τ decay
6.3× 107 GeV 68.1+0.6

−0.5(+1.2
−1.0) 3.18

1011 67.8+0.6
−0.5(+1.2

−0.9) 3.35

1018 67.7+0.5
−0.4(+1.1

−0.9) 3.39

τ scattering
5× 108 68.0+0.5

−0.5(+1.0
−1.0) 3.25

1011 67.8+0.5
−0.5(+1.1

−1.0) 3.33

1018 67.7+0.5
−0.5(+1.1

−0.9) 3.39

Flat prior on Neff - 68.3+0.8
−0.7(+1.8

−1.2) 2.93

ΛCDM No coupling - 67.7+0.5
−0.4(+0.9

−0.9) 3.46

Tension with new Riess et al. 2019 SN claim, alleviated
to 4.4σ → 3.7σ
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Conclusions

1 If f . O(109) GeV, coupling with quarks and leptons
(with ci = O(1)) dominates over αs

8π
a
f GG̃

2 Efficiency peaks at T ≈ mf

3 For quarks (t ,b, c) =⇒ Neff . 0.05− 0.07
(measurable at 2σ by CMB S4)

4 For leptons (µ, τ ) =⇒ Neff . 0.6− 0.15
(measurable by CMB S4)

5 Non-diagonal couplings =⇒ production via Decays
more efficient (f . O(1010) GeV)

6 µ production can alleviate H0 tension level

7 Future CMB experiments will tell in a few years about
the Axion (and H0)

8 Interplay with direct detection (e.g. IAXO)



Axions as Hot
Relics

The QCD
Axion

Axions via
Gluons

Axion via
Quarks

Axion/ALPs
via Leptons

The H0
tension

Conclusions

1 If f . O(109) GeV, coupling with quarks and leptons
(with ci = O(1)) dominates over αs

8π
a
f GG̃

2 Efficiency peaks at T ≈ mf

3 For quarks (t ,b, c) =⇒ Neff . 0.05− 0.07
(measurable at 2σ by CMB S4)

4 For leptons (µ, τ ) =⇒ Neff . 0.6− 0.15
(measurable by CMB S4)

5 Non-diagonal couplings =⇒ production via Decays
more efficient (f . O(1010) GeV)

6 µ production can alleviate H0 tension level

7 Future CMB experiments will tell in a few years about
the Axion (and H0)

8 Interplay with direct detection (e.g. IAXO)



Axions as Hot
Relics

The QCD
Axion

Axions via
Gluons

Axion via
Quarks

Axion/ALPs
via Leptons

The H0
tension

Conclusions

1 If f . O(109) GeV, coupling with quarks and leptons
(with ci = O(1)) dominates over αs

8π
a
f GG̃

2 Efficiency peaks at T ≈ mf

3 For quarks (t ,b, c) =⇒ Neff . 0.05− 0.07
(measurable at 2σ by CMB S4)

4 For leptons (µ, τ ) =⇒ Neff . 0.6− 0.15
(measurable by CMB S4)

5 Non-diagonal couplings =⇒ production via Decays
more efficient (f . O(1010) GeV)

6 µ production can alleviate H0 tension level

7 Future CMB experiments will tell in a few years about
the Axion (and H0)

8 Interplay with direct detection (e.g. IAXO)
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