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Light axions can potentially leave a cosmic background just like the neutrinos. We complete the
study of thermal axion production above the QCD phase transition by providing a smooth and
continuous treatment across the electroweak phase transition. Focusing on flavour conserving
axion couplings, we quantify axion production due to scattering of thermal bath particles and we
include for the first time the contributions from the longitudinal components of the W and Z bosons.
We perform a model independent analysis in terms of axion effective coupling to heavy quarks, and
we also study the predictions for particular QCD axion scenarios, the so-called Minimal Flavour
Violating Axion, as well as the invisible axion KSVZ and DFSZ models. Finally, we explore
the possibility of testing with cosmological observations the solar axion interpretation of the
XENON1T excess. We study minimal scenarios with a detectable signal in future CMB surveys:
axions coupled democratically to all fermions, axion-electron coupling generated radiatively and
the DFSZ framework for the QCD axion.
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Production of Thermal Axions across the ElectroWeak Phase Transition

1. Motivation

When building frameworks Beyond the Standard Model (BSM) to address some of the SM
open problems it is common that new light or massless degrees of freedom arise. Among the many
different candidates for new light states, axions are one of the best motivated extensions of the SM,
which arose originally as a solution to the Strong CP Problem [1–3]. The Strong CP Problem is the
name that receives the astonishing cancellation needed for the predicted value of the 𝜃 parameter,
which encodes CP violation in the strong sector as well as the one coming from the quark mass
matrices, that in the SM is related to the neutron electric dipole moment (nEDM) 𝑑𝑛 according to
the following expression [4]:

𝑑𝑛 ∼ 𝜃 × O(10−16) 𝑒 · 𝑐𝑚. (1)

Current measurements of the nEDM [5, 6] bound the theta parameter to be at the order 𝜃 ≤ O(10−10),
which is surprisingly small for a dimensionless parameter. The axion dynamically solves this and,
additionally, was found to be a possible dark matter (DM) candidate [7], appearing also naturally
within string theories [8]. On top of this, axions are one possible explanation to the observed excess
by the XENON1T collaboration [9], making it a very phenomenologically interesting object to study.
Axions are currently being searched for following many different strategies: from helioscopes
like CAST [10] or IAXO [11, 12], haloscopes like ADMX [13, 14], light shining through wall
experiments or indirectly through stellar cooling. In addition to this, there exists the possibility of
detecting effects due to the existence of axions through a cosmological probe: the effective number
of neutrinos. If axions are produced hot and behave like dark radiation they can leave an imprint
on the relativistic degrees of freedom in the universe, that can be parametrized as a modification to
the effective number of neutrinos and is related to the axion abundance, 𝑌𝑎, as follows:

Δ𝑁𝑒 𝑓 𝑓 ' 74.85𝑌4/3
𝑎 . (2)

This cosmological observable is expected to be measured with increased precision in the future
by CMB-S4 [15], LiteBIRD [16] and the Simons Observatory [17], allowing to study the axion
couplings and decay constant through its effect on Δ𝑁𝑒 𝑓 𝑓 . This dependence is the main object of
study in this text, analyzing different production processes and models.

2. Setup

Axion interactions with the SM degrees of freedom can be parametrized in the following way:

L𝑎𝑥𝑖𝑜𝑛 𝑖𝑛𝑡 ⊃
1
𝑓𝑎

(
𝑐𝑋
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𝜇𝜈𝑋
𝜇𝜈𝑎 + 𝑐𝜓𝜕𝜇𝑎�̄�𝛾

𝜇𝜓

)
, (3)

where 𝑎 is the axion field with its so-called decay constant being 𝑓𝑎 and 𝑐𝜓 and 𝑐𝑋 its coupling
constants to fermions and gauge bosons respectively, 𝑋 stands for any SM gauge boson, with
�̃�𝑎
𝜇𝜈 = 1

2𝜀𝜇𝜈𝜌𝜎𝑋
𝜌𝜎𝑎 its dual and 𝛼𝑋 its associated gauge coupling constant, and 𝜓 can be any of

the SM fermion fields. The processes where the axions are produced are temperature dependent
and will lead to efficient production when they exceed the Hubble rate, which depends on 𝑇 as
𝐻 ∝ 𝑇2 during radiation domination. They can be divided in three categories, depending on the
SM particles involved: 𝑋 + 𝑋 → 𝑋 + 𝑎, with only gauge bosons. These processes exist both above
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and below the Electroweak Phase Transition (EWPT) and their production rate can be parametrized
as:

Γ ' 𝛼3
𝑋

𝑐2
𝑋

𝑓 2
𝑎

𝑇3. (4)

The dominant contribution is that due to gluons and, as Γ/𝐻 grows with 𝑇 , they are specially
relevant at high temperatures where, if thermalization is achieved, Δ𝑁𝑒 𝑓 ' 0.027 can be reached.
Following the process categorization, we find now the processes 𝜓 + 𝑋 → 𝜓 + 𝑎, 𝜓 + �̄� → 𝑋 + 𝑎,
involving fermions and gauge bosons. These processes lead to the following production rate for
temperatures above the fermion mass, 𝑇 > 𝑚𝜓:

Γ ' 𝛼𝑋𝑚
2
𝜓

𝑐2
𝜓

𝑓 2
𝑎

𝑇. (5)

For this reason, theses processes only exist below the EWPT and, additionally, for temperatures
smaller than 𝑚𝜓 they are Boltzmann suppressed, with Γ/𝐻 peaking at around 𝑇 ∼ 𝑚𝜓, being
dominated by gluons and heavy fermions.
The last class of processes is 𝜓 + 𝐻 → 𝜓 + 𝑎, 𝜓 + �̄� → 𝐻 + 𝑎, for processes that involve the Higgs
doublet. In this case, both above and below EWPT these processes will be present: below they will
involve the physical Higgs and the longitudinal components of the W and Z bosons, whereas above
any component of the Higgs doublet can appear in the process. For masses below the fermion mass
Boltzmann suppression will take place, whereas for higher temperatures the production rate is

Γ ' 𝑦2
𝜓

𝑐2
𝜓

𝑓 2
𝑎

𝑇3, (6)

with 𝑦𝜓 being the fermion Yukawa. These processes are also dominated by the heavy fermion
contributions and can thermalize at high temperature as well.

3. Model Independent Results

Using the previously listed production processes, we will show in Fig. 1 the predicted effect
on Δ𝑁𝑒 𝑓 𝑓 . In order to do so, we follow a model independent approach, sticking to an operator-by-
operator analysis considering only one axion coupling at a time. Solving the Boltzmann equation
downt to 1 GeV, so as to stay in the perturbative regime, a prediction for the effective number
of neutrinos as a function of the axion scale is obtained. This result is in fact sensitive to the
conditions in the Early Universe, as an initial abundance for the axion must be assumed; in our
case we assumed thermal initial abundance or zero, the latter leading to a dependence also on the
reheating temperature.

4. UV Complete Models

In this section we will explore specific models that predict precise axion couplings, leading to
a single prediction for Δ𝑁eff( 𝑓𝑎) shown in Fig. 2. In particular, we will consider the two classical
invisible axion scenarios, namely the DFSZ [18, 19] and KSVZ [20, 21] models. In the former,
the SM is extended by the addition of a second Higgs field and a new singlet scalar. In this model,
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Figure 1: Prediction for Δ𝑁eff as a function of 𝑓𝑎 . All different processes involving one same axion coupling are
considered within each line. Solid lines represent the prediction when assuming zero initial abundance and 𝑇𝑅𝐻 =

104 GeV, whereas dashed lines were obtained considering thermal initial abundance. The grey shaded region delimited
by a black line corresponds to the parameter space ruled out by CAST whereas the vertical green line shows the highest
value for 𝑓𝑎 IAXO is expected to explore, assuming in both cases the axion-photon coupling to be 1.

the up-type and down-type quarks couple differently to axions, while satisfying that their couplings
add up to 1/3 and, depending on to which Higgs doublet charged leptons couple, the anomaly ratio
𝐸/𝑁 can display two possible values. In the latter, however, the SM is extended only with a new
complex scalar singlet and heavy quarks, being the new fields the only with PQ charge. For this
reason, the only relevant process is the purely gluonic one and, depending on the representation of
these heavy quarks many values of 𝐸/𝑁 can be obtained.
In addition to these two well known models, we will also consider the prediction given by a specific
flavourful axion model: the Minimal Flavour Violating Axion [22], where the MFV assumption
was followed and the PQ symmetry was identified within the MFV flavour symmetry group. This
predicted a zero coupling of up-type quarks to the axion, as well as 𝐸/𝑁 = 8/3.

5. Complementarity with XENON1T

Finally, in this section we will comment on how axions compatible with the excess measured
by the XENON1T collaboration could leave an imprint on the Early Universe through Δ𝑁eff [23],
showing the results in Fig. 3. When the required axion-electron coupling is taken into account, it is
possible to translate it into an expected Δ𝑁eff produced by these light relics. In particular, we will
be considering three different scenarios. First, we consider a non-anomalous ALP with democratic
flavour conserving couplings to all fermions 𝑐𝜓 = 1. In this case, the signal in Δ𝑁eff is dominated
by axion-heavy quark scattering and, for the window in the axion scale relevant for XENON1T we
find Δ𝑁eff to be slightly above 0.04. The second scenario is one where the axion-electron coupling
is radiatively induced from an axion-fermion coupling (𝜓 = 𝜏, 𝑐, 𝑏 or 𝑡) at the UV scale. For each
case, we assume a single 𝑐𝜓 ( 𝑓 ) to be nonzero at the UV scale and solve the Boltzmann equation
including all the radiatively induced couplings at low energy. When only the top coupling exists in
the UV, the induced couplings are relevant and therefore accounted for when solving the Boltzmann
equation, yielding Δ𝑁eff ∼ 0.04. For the bottom and charm case, the axion remains in equilibrium
down to 1 GeV, where we stop the equation solving. Due to this, the value of Δ𝑁eff ∼ 0.044 should
be interpreted as a lower bound on the signal. Finally, the tau case can be solved down to much
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Figure 2: Prediction for Δ𝑁eff as a function of 𝑓𝑎 in the three discussed models. Regions excluded by CAST are
shown shaded in grey delimited by black vertical lines, whereas the highest 𝑓𝑎 IAXO could probe is shown with green
vertical lines. Solid vertical lines correspond to the smallest axion-photon coupling in the DFSZ and KSVZ models,
where different values are possible, while dot-dashed lines correspond to the largest possible axion-photon coupling.

lower temperatures as it does not involve QCD and can yield a boosted signal, up to Δ𝑁eff ∼ 0.3,
which is within the 2𝜎 sensitivity region of the latest CMB experiments. In particular, although
CMB and LSS data alone do not hint at a non-zero value of Δ𝑁eff [24], when including 𝑆𝐻0𝐸𝑆

2019 local Hubble constant measurement of 𝐻0 [25] there is a shift of the central value towards
Δ𝑁eff = 0.26+0.16

−0.15 [26] (or Δ𝑁eff = 0.28+0.16
−0.17 [27] adding also the Pantheon Supernova dataset)

which is in remarkable agreement with the above prediction. Such values will be tested also by
forthcoming CMB experiments, such as LiteBIRD [16], Simons Observatory [17] and CMB-S4
[15]. Lastly, we will also study the possibility of a DFSZ axion compatible with the XENON1T
excess being probed via Δ𝑁eff, having chosen the charged leptons to couple like down-type quarks.
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