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ABSTRACT: Thermal axion production in the early universe goes through several mass
thresholds, and the resulting rate may change dramatically across them. Focusing on
the KSVZ and DFSZ frameworks for the invisible QCD axion, we perform a systematic
analysis of thermal production across thresholds and provide smooth results for the rate.
The QCD phase transition is an obstacle for both classes of models. For the hadronic
KSVZ axion, we also deal with production at temperatures around the mass of the heavy-
colored fermion charged under the Peccei-Quinn symmetry. Within the DFSZ framework,
standard model fermions are charged under this symmetry, and additional thresholds are
the heavy Higgs bosons masses and the electroweak phase transition. We investigate the
cosmological implications with a specific focus on axion dark radiation quantified by an
effective number of neutrino species and explore the discovery reach of future CMB-S4

surveys.
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1 Introduction

The unexpected invariance of strong interactions under transformations flipping the arrow
of time is one of the most challenging puzzles in fundamental physics. This remarkable ex-
perimental fact is equivalent to state that Quantum ChromoDynamics (QCD) is invariant,
within experimental uncertainties, under the combination of parity and charge conjugation
(CP) in agreement with the CPT theorem. Such a CP violation by strong interactions is
parameterized by an effective dimensionless parameter 6 that is expected to be of order
one, but the lack of observation of a fundamental neutron electric dipole moment put the
spectacular constraint § < 10719 [1-3]. Anthropic explanations are not viable [4, 5], and
understanding this severe inequality is known as the strong CP problem.



The Peccei-Quinn (PQ) mechanism [6, 7] is one of the most appealing solutions. A
new Abelian U(1)pq symmetry, anomalous under strong interactions and spontaneously
broken, plays the role of the main character. At energies much lower than the PQ breaking
scale f,, the only residual degree of freedom is an approximate Nambu-Goldstone boson a
known as the axion [8, 9] that acquires the anomalous coupling to gluons

s a ~
Lo D — — QA gAnv | 1.1

PQ 2 g G (1.1)

Here, we denote the QCD fine structure constant by s = g2/(47), the gluon field strength
by Gﬁl, with the index A = 1,...,8 running over the adjoint indices of the color gauge

group, and its dual by GAw = e“l’p"G;‘U /2. Once strong interactions confine, QCD non-
perturbative effects generate a potential that leads to an axion mass [10, 11]

(1.2)
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The PQ breaking scale f, suppresses axion couplings as well. Such a scale is constrained
by terrestrial and astrophysical axion searches, and accounting only for the axion coupling
to gluons in eq. (1.1) leads to the rather conservative bound f, > 10® GeV: the axion must
be light and weakly-coupled. The field evolution in the early universe goes through two
main phases: the axion is initially stuck by Hubble friction, and once its mass becomes
comparable to the expansion rate it begins oscillating around the minimum of its potential.
The oscillation amplitude gets damped by the Hubble friction, and the axion settles down
at its minimum which is CP-conserving as ensured by the Vafa-Witten theorem [12]: QCD
dynamics itself solves the strong CP problem. The energy density stored in the field oscil-
lations can account for the observed dark matter abundance [13-15]. Furthermore, axion
interactions with standard model (SM) fields are responsible for a plethora of phenomena
in the early universe [16] and the target of an intensive experimental effort [17-19].

This work investigates a distinct cosmological signal of PQ theories: the production of
relativistic axions from scatterings and/or decays of particles belonging to the primordial
thermal bath [20]. Given their thermal origin, such hot axions are produced with energies
of the size of the bath temperature, and their typical energy will stay of the size of the one
for photons as long as they are relativistic. This statement holds regardless of whether they
thermalize or not, and the axion mass in eq. (1.2) ensures that axions produced thermally
are still relativistic as late as at recombination.

Such hot axions manifest themselves experimentally as an additional contribution to
radiation in the early universe. How do we have access to this quantity? Two key events in
the expansion history allow us to bound the energy density stored in relativistic particles.
Following a chronological order, the first is Big Bang Nucleosynthesis (BBN) when the
thermal bath synthesized light nuclei. The successful agreement between predictions and
observations gives us information about the expansion rate at BBN and it bounds additional
radiation. This effect is parameterized by an effective number of neutrino species on top
of the SM contribution, N, = 3 + AN,. After the recent measurement of the deuterium
burning rate by LUNA [21], ref. [22] found the constraint N, = 2.880 & 0.144.



Another important event is the formation of the Cosmic Microwave Background (CMB)
since additional radiation alters the CMB anisotropy spectrum at small angular scales.
This effect is also parameterized in terms of an effective number of additional neutrino
species Neg = folf\/[ 4+ ANeg. The SM naive prediction Ngflf\/[ = 3 does not hold because
neutrino decoupling is not instantaneous [23], and we have NSM =~ 3.0440 [24-26]. The
most stringent constraint, Neg = 2.99 &+ 0.17, comes from the Planck collaboration [27].

Future CMB surveys forecast an extraordinary improvement in measuring this quan-
tity, and conservative configurations of CMB-S4 can reach AN&MB_S‘l(lo) ~ 0.02 —
0.03 [28, 29]. What does this value imply for fundamental physics? Let us consider a
scalar field, such as the axion, and let us assume that it reaches thermal equilibrium in the
early universe. Even if we take the most pessimistic hypothesis that decoupling happened
well above the weak scale, the resulting contribution would be ANyg ~ 0.027. If decou-
pling happened at lower temperatures and/or if the field has a larger number of internal
degrees of freedom the expected value is larger. Thus future CMB-5S4 surveys are sensitive
to any relic light particle that was once in equilibrium with the standard model thermal
bath [30, 31].

Figure 1 shows how future CMB surveys provide a powerful probe of light and elusive
physics beyond the SM. Here, we choose the conservative value ANngB_S‘l(la) = 0.03.
For hot relics that thermalized at early times and decoupled when the bath temperature
was Tp, we take four dark radiation candidates ®: scalar, Weyl fermion, massive vector,
and Dirac fermion. The effective relativistic degrees of freedom contributing to the energy
density at high temperatures are g.¢ = {1,7/4,3,7/2}. The prediction for AN as a
function of Tp, derived in eq. (D.20) of appendix D, explicitly reads

AN = gog X 13.69 g5M(Tp) =4/ (1.3)

with gfy(TD) the effective number of SM entropic degrees of freedom at Tp. We employ
two different sets of data for gSM(Tp), refs. [32] (dashed lines) and [33] (dotted lines), and
we notice how the treatment of thermal bath has a tiny effect on the final predictions
(see appendix D for more discussion). This result is valid for a standard thermal history
with no significant releases of entropy that would dilute the expected amount population
of relativistic axions. Exceptions are possible, as for example around the time of the QCD
phase transition (QCDPT) [34] or the electroweak phase transition (EWPT) [35].

An important message from figure 1, which is quantified by the expression in eq. (1.3),
is that the later the relic decouples the larger is its contribution to ANeg. Planck data
already exclude dark radiation that decoupled around the time of the QCDPT, and future
experiments will probe hot relics that decoupled earlier. Production of dark radiation
around or below the QCDPT is particularly timely and promising for future experiments.
This is true for any dark radiation candidate, and in particular for the QCD axion which
is the subject of our investigation.

These spectacular projections make rigorous calculations a top priority. Recently,
several collaborations revised predictions for the hot axion abundance. Production above
the weak scale via quark and gluon scattering was investigated by ref. [36] with the inclusion
of Debye screening effects. Later on, refs. [37, 38] provided rigorous treatments of thermal
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Figure 1. Contribution to ANgg from light relics that were once in thermal equilibrium as a
function of the decoupling temperature Tp. Different colors represent different particle spins, and
the width of each line corresponds to the two different treatments of the relativistic degrees of
freedom provided in refs. [32] (dashed lines) and [33] (dashed lines). The shaded region is excluded
by Planck [27], the dot-dashed lines show the CMB-S4 discovery reach [28, 29].

effects, and ref. [38] extended the analysis to production via electroweak gauge fields and
top quark. These studies considered production above the weak scale. Scatterings of heavy
quarks below the electroweak scale were analyzed by refs. [39, 40], and this analysis is valid
only well above the QCDPT. At lower temperatures, hadron scatterings were considered
by refs. [41-46]. The analysis in ref. [47] bound the axion mass to m, < 7.46eV and
mg < 0.91€V for thermalization with gluons and pions, respectively. Ref. [48] investigated
production via lepton scatterings and decays, which is immune to QCD complications, and
it pointed out a possible connection with the so-called Hubble tension [49, 50].

The presence of mass thresholds across which production rates change dramatically is
an issue rarely addressed in the literature. As a step forward toward the proper treatment
of the EWPT, ref. [51] provided a smooth connection between rates within an effective field
theory framework containing only one Higgs doublet. Although it is not the most general
case for PQ theories, it is always a good approximation in the so-called decoupling limit
where the heavy Higgs bosons are much more massive than the weak scale. A threshold
common to all axion models is the QCDPT where axion interactions with quarks and
gluons become non-perturbative, strong interactions confine and one must resort to non-
perturbative techniques. Recently, ref. [52] provided the first smooth treatment of the
QCDPT for the axion coupling to gluons in eq. (1.1).

In this work, we provide predictions for the amount of axion dark radiation within UV
complete models. Our methodology features two key steps. First, we evaluate the axion



production rate at any temperature with smooth treatments of all mass thresholds. With
the rate in hand, we solve the Boltzmann equation for the axion abundance and translate
the resulting amount into a correspondent ANeg.

Notwithstanding the broad landscape of PQ theories [53, 54], we can divide them into
two main classes according to the origin of the color anomaly.

o KSVZ axion [55, 56]. SM fields are PQ-neutral, and the color anomaly is due to
a new heavy-colored fermion ¥ that gets mass from PQ breaking. Following the
chronology of the expansion history, the first mass scale that we encounter is the
fermion W. Binary collisions involving ¥ are the main production channel above
such a threshold. Gluon scatterings mediated by the operator in eq. (1.1), which
is generated once we integrate out ¥, control the production rate at temperatures
below the ¥ mass. These processes are the main production channel until we reach
the scale where strong interactions confine. This is the second and the last threshold
that we need to treat for this framework, and we connect the production rate above
confinement with the one where the relevant degrees of freedom become hadrons.

o DFSZ axion [57, 58]. SM quarks are responsible for the color anomaly and the
Higgs sector is extended with another weak doublet. We work in the decoupling limit
where the heavy Higgs bosons have a mass m4 substantially larger than the weak
scale. Such a high mass scale is the first threshold: we have a two Higgs doublet
model (2HDM) above and the SM below, respectively. The second threshold is the
EWPT, not present for the KSVZ case because the axion did not couple to the Higgs
field; PQ charges of the Higgs and SM fermions make it relevant for this case. Finally,
the QCDPT is also something to account for as we did for the previous case, although
the details of the matching are different as a consequence of different axion couplings.

We compute the production rate at any temperature for the KSVZ and DFSZ axion
in sections 2 and 3, respectively. We employ these results in section 4 to quantify how
many axions are produced thermally in the early universe and to predict the resulting
contribution to ANgg. Section 5 contains our conclusions, and we defer all technical details
to appendices.

2 The KSVZ axion

The minimal ingredients for the KSVZ framework are an electroweak singlet complex scalar
o and a vector-like colored fermion W. Electroweak charges for the fermion are allowed but
not mandatory, and we work in the scenario where it is only charged under the fundamental
of the SU(3). gauge group. The Lagrangian for this case reads

Lrsvy = (8“(,0)T aucp + \T/ZID\I/ — Vksvz ((p) — (yq; QOT\T/L\I/R + h.C.) . (2.1)

A bare fermion mass term is forbidden by some suitable symmetry, and we identify well-
defined chiralities ¥y, r = Pr, gV through the action of chiral projectors P, r = (1 Fv°)/2.



The theory features a global symmetry that acts on the fields as follows
©— eiq(pOZ@’ U, — eiqLa\I’L , \IJR — eiqRa\PR . (22)

For any value of the transformation parameter «, the Lagrangian in eq. (2.1) is invariant as
long as the scalar potential Vicsyz(¢) does not change and the charges satisfy ¢, = qr —qr.
Furthermore, two crucial ingredients must be satisfied for this to be a viable PQ symmetry:
broken in the vacuum state and anomalous under strong interactions. The potential

Viesva(e) = A (Iel* —3/2)" . (2:3)

where A, is the quartic self-coupling for the field and v, its vacuum expectation value
(vev), satisfies the first requirement. The condition on the anomaly is satisfied as long
as the global symmetry is not vector-like, qr, # qgr (i-e., ¢, # 0). Thus the phase of the
complex scalar ¢, which corresponds to the KSVZ axion, appears in the gluon anomaly
operator in eq. (1.1) and it eventually leads to a natural solution of the strong CP problem.

The KSVZ axion originates solely from the phase of the complex scalar ¢. As long
as the quartic coupling is A\, ~ O(1), the radial mode of ¢ is rather heavy with a mass
O(vy,). We neglect fluctuations along the radial direction, and we identify the axion a as
the phase of the complex field, ¢ — (% / \@) ¢'/Ys . The Yukawa coupling is responsible

for a fermion mass, my = yyv,/ V2, which can be smaller than the symmetry breaking
scale v, if yg is small, but not in conflict with collider searches for heavy colored states
(my 2 TeV).

The effective Lagrangian below the symmetry breaking scale reads

inear 1 > . —1 T
clinean) _ 50 adua + Vi - e UL, e (2.4)

We find this Lagrangian convenient to compute the axion production rate at temperatures
above my. At lower temperatures, it is preferable to employ a different field basis. Let us
describe in detail the difference between these two choices to exploit the interplay between
the axion and PQ-charged fields. On one hand, the PQ symmetry can be linearly realized
and the axion appears as the phase of the PQ breaking scalar as in eq. (2.1). On the
other hand, the PQ symmetry can be non-linearly realized and the axion shifts under a
PQ transformation, a — a + const. The second option can be reached by performing the
axion-dependent chiral rotation ¥ — exp {iﬁﬁyﬂ U, and the resulting Lagrangian contains
the changes at the classical level as well as the effects of the anomaly through eq. (A.31)
L{pon-linear) _ %(Waﬁua + i — 2’;2\1/7#75\1/ + ;jqf;af},,é/*w . (2.5)

We introduce the axion decay constant f, and we set it to f, = v, so we reproduce the
normalization in eq. (1.1). Although the field basis to describe axion interactions is not
unique, the scattering cross sections calculated in appendix C are independent on such a
choice.

The production of the KSVZ axion goes through three main cosmological phases that
are separated by two mass thresholds: (i) the mass of ¥; (ii) the confinement scale.



2.1 Matching at the heavy PQ fermion threshold
Above the heavy fermion mass my, axion production is driven by the scatterings
U+ —g+ta, U/U4g—V/U+a, (2.6)
where g is a gluon. Below my, the rate is controlled by quark (¢) and gluon scatterings
g+g—g+a, g+q—9g+a, q/qd+9—q/i+a. (2.7)

The long range nature of gluon interactions leads to IR divergences that need some care.
The prescription to regularize such divergences of ref. [59], which holds for soft external
momenta (p ~ gsT'), works only in the weak-coupling regime for axion production [37].
Once the QCD coupling gs gets stronger one needs to go beyond the hard thermal loop
(HTL) approximation. Ref. [38] parameterized the rate in such a regime as follows!

- 2
dNg — 2((3)dg Cg\I, (T) as 6
= = E3(T)T° . 2.
Y99 = qvar —  ad 87 f 3(T) (28)
Here, ég‘I’ (T') denotes the effective gluon anomaly coefficient discussed in the next paragraph.

The numerical factors are d, = 8 and ((3) ~ 1.2 for the dimension of the SU(3) adjoint
representation and the Riemann zeta function, respectively. The result for F5(7T') provided
by ref. [38] for temperatures well above the weak scale allows us to deal with the heavy PQ
fermion threshold, but it is not enough to approach the QCDPT. We evaluate F3(T") in
appendix B at any temperature in the QCD perturbative regime, and we keep into account
the decoupling of heavy quarks. We evaluate the rate with the aid of the ‘RunDec’ [60]
code that accounts for the running of the strong coupling constant o up to four loops.

The UV origin of gluon scatterings is due to a heavy PQ-charged colored fermion. At
temperatures much larger than its mass the effect is negligible, and it becomes relevant only
once we integrate out the fermion for physical processes with typical energies smaller than
the mass of the fermion itself. We can make this statement quantitative by evaluating the
1PI effective action.? For a generic colored fermion x charged under PQ, we can perform
a chiral rotation to induce the trilinear axion anomalous coupling to gluons

Qs a
=cX x —

(Wilson) s
o S T,

A ~NAuv
GA.GA (2.9)

Here, the Wilson coefficient ¢ ¢ is a constant number that depends on the quantum numbers
of the fermion y. However, if one cares about the axion production rate the relevant
quantity to consider is the 1PI effective action that we parameterize as follows

Qs @
87 fa

!Expressions analogous to eq. (2.8) hold for subdominant processes mediated by electroweak gauge

ﬁ((zlPI) _ é;((QQ) >

A ~NAuv
GAGA (2.10)

bosons with appropriate modifications of F3(T'), group theory factors, and gauge coupling constants [38].
2This important difference between Wilsonian and 1PI effective coupling was pointed out by ref. [61]
within the context of axino production for SUSY PQ theories.
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Figure 2. KSVZ axion production rate across the heavy colored PQ fermion mass my = 10° GeV.
The black solid line indicates the total rate, and it is the sum of ¥ scatterings (solid blue) and
thermal gluon scattering (solid red). We show for comparison the gluon scattering rate obtained
with only the Wilsonian action contribution (dashed red).

Contrarily to the previous case, the effective coupling 5§<(q2) depends on the momentum
exchanged in the physical process under consideration. The relation between the Wilson
coefficient and the 1PI effective coupling reads

~X(q2) 1 arcsin? | /Tx T <1
g < [ 1 \/17771 2 , (211)
Cg Tx —1 Nog + o _r Ty > 1
4 1—y/1—7 ! X

where we express the momentum dependence in terms of the dimensionless 7, = q?/ 4mi.

After this general discussion, we get back to the KSVZ axion (c;' =1) and set ¢® =~ T?
in eq. (2.11). When VU is a degree of freedom of the thermal bath, with the universe much
hotter than my, one-loop 1PI corrections effectively cancel out the Wilson coefficient lead-
ing to 6g‘I’(T2)/cg‘I’ ~ (my/T)?1log? [T /my]. The diminished gluon scatterings at T > my
ensures the dominance of ¥ collisions. At temperatures below my, the effective coefficient
59‘1’ (T' < mg) becomes nearly unity and this is the radiative remnant of W.

We set my = 10° GeV (vertical green line), and we plot the combination 7,f> as a
function of the temperature in figure 2. Axion interactions below myg mediated by the
dimension 5 operator with gluons lead to the scaling v, oc f; 2. In the opposite regime, the
axion interacts via a renormalizable Yukawa coupling yy = v/2my/ f,, and the rate scales
as Y, o< Y3, o< fo2 also at high temperatures once we fix the fermion mass. The solid black
line denotes the total rate that is the sum of ¥ (solid blue line) and gluon (solid red line)
scatterings. In order to appreciate the difference between Wilsonian and 1PI descriptions,
we also show the gluon scattering rate that we would get by accounting for the Wilsonian



contribution only (dashed red line); this corresponds to setting 5;’ (T) = 1 in eq. (2.8)
at any temperature. Consistently with our picture, the solid and dashed red lines are
in exact agreement for T' < my, and they differ significantly for larger temperatures. In
particular, 7;’9/ P o 76 dominates even at large temperatures while the correct functional

dependence for the production rate in the UV scales as vy o< T,

2.2 Matching at the QCD threshold

The picture where the axion field interacts with quarks and gluons breaks down once we
approach the scale Ay ~ 2 GeV and strong interactions become non-perturbative. Quarks
are confined within hadrons at lower energies, and one must resort to non-perturbative
techniques. Here, we employ the ones of chiral perturbation theory (ChPT) to compute
the axion production rate from hadron collisions, and we provide a smooth result across the
QCDPT. As we review in appendix A, the correct prescription to determine axion couplings
to hadrons is to match currents with the same symmetry properties between the UV and
IR theories [62, 63]. Such a procedure is straightforward within the KSVZ framework since
the axion interacts with the strong sector only through the anomalous coupling to gluons.
We find it convenient to rotate it away due to the large instanton effects at low energy,
and this is done via the axion-dependent field redefinition of the light quarks
5

q— e atay q, (2.12)

where ¢, = M1 /2 Te[M '] and M, = diag(mu, mq, ms). As a result, we switch to axion
interactions to quark currents via the derivative interactions

oua _
> < ]’ﬁ "°q. (2.13)
q=u,d,s a

The matching conditions provided in appendix A allow us to find axion couplings to mesons
(for coupling to baryons see ref. [42]).

Up to what UV cutoff Acppr can we push ChPT? We treat the primordial plasma
within the hadron resonance gas (HRG) approximation [64-66] which is inconsistent with
lattice QCD results above T' > 150 MeV [67]. Furthermore, leading order ChPT for axion
production suffers perturbativity problems at 7' > 62MeV [68]. Notwithstanding both
values of Acppr being smaller than Ayn, we find it plausible that the axion production
rate between Acppr and Ay is connected smoothly since the QCDPT is a crossover where
thermodynamic variables are continuos [69, 70]. Such a connection for the anomalous
coupling to gluons, and in particular for the KSVZ axion, was provided recently by ref. [52].

Contributions to axion production from processes involving baryons (e.g. nucleons) and
heavy mesons (e.g. K and 7 mesons) are highly suppressed since Acppr ~ O(100) MeV.
The leading contribution, within the region where the ChPT formalism is reliable, comes
from scatterings of pions that couple to the axion via the interactions

o KSVZ
ﬁggggg) = 212 Sammn (7T07r+8“7r* + 70 otrt — 27r+7r*(9“7r0> . (2.14)
Jo Jfx
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Figure 3. KSVZ axion production rate across the QCDPT. Pion scatterings dominate at low
temperatures (T < Acnpr) whereas thermal gluon scatterings control the rate where QCD is
perturbative (7' 2 An). We interpolate between these two regimes for the two different values
Achpr = 62MeV (dashed red) and 150 MeV (dashed blue).

Here, cX5VZ = (2/3)Tr[A3¢,] with A* a Gell-Mann matrix. We follow ref. [11] and take the
average of the values provided by refs. [71-73]: we find m,,/mg4 = 0.48 and m,,/m, = 0.024
that leads to cS5VZ ~ (.12, The processes producing axions in this regime are

a1 -7’ +a, +7’ »at ta, 4+ s +a. (2.15)

We summarize their cross sections in appendix C.

Figure 3 illustrates the production rate across the QCDPT. Solid black lines show
numerical results in the two regions where we have control of our calculations: low tem-
peratures (1" < Acnpr) by pion scatterings (vrr), and high temperatures (7' 2 An) by
thermal gluon scatterings (v49). We interpolate them with the cubic ‘spline’ method.
The dashed red and dashed blue lines correspond to the best-fit interpolated results with
Achpr = 62 MeV and 150 MeV, respectively. They closely coincide with each other, and the
consistency of the interpolation demonstrates confidence in our inference of a seamlessly
connected rate.

2.3 Summary: production rate for the KSVZ axion

We summarize the KSVZ axion production rate in the whole temperature range in figure 4.
Renormalizable interactions at large temperatures give vy oc T4, gluon scattering mediated
by a dimension 5 operator below m,, give v44 o< T 6. The rate drops below the QCDPT
because of an exponential Maxwell-Boltzmann suppression for the pion number density.

~10 -
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Figure 4. KSVZ axion production rate for a heavy colored PQ fermion mass my = 10° GeV.

3 The DFSZ axion

A complex scalar singlet ¢ is also the starting point for the DFSZ framework. However,
instead of introducing a new colored fermion we extend the SM Higgs sector with another
weak doublet. We consider a two Higgs doublet model (2HDM) where the Higgs fields H,
and H, carry opposite hypercharges +1/2 and couple to up- and down-quarks, respectively.
The essential 2HDM features needed for our discussion are summarized in appendix A.
The Lagrangian for scalars within the DFSZ framework takes the schematic form

Lorsz = (DMH,)' D, H, + (D" Hy)' Dy Hy + (%) 8,0 — Vorsz (Hu, Hay) . (3.1)

Unlike the previous case, SM fields are PQ-charged and in particular the combination H, Hy
carries a non-vanishing PQ charge. The specific scalar potential is model-dependent, but
it must ensure the spontaneous breaking of two symmetries: PQ at the scale v,, and elec-
troweak at the scale v. The latter is due to the vevs of the Higgs field H, and H; that
we parameterized as v,/v/2 and vg/v/2, respectively. Following a standard convention in
the literature, we parameterize their ratio as tan 8 = v,/vy. Moreover, scalar potential
interactions must couple the PQ breaking field ¢ with the two Higgs doublets to have a
solution to the strong CP problem. Options for this latter constraint include the renor-
malizable coupling ¢?H!'ic?H; and the super-renormalizable coupling ¢! Hl'ic? Hy. We
keep our discussion general and we parameterize this coupling as follows

Ucﬁ/\/§

where we introduce the vev of the complex scalar field (¢) = v,/ V2. Upon appropriate
field redefinitions, it is always possible to set the B parameter to be real and positive. The

.'. T
Vbrsz (Hu, Hy, <p) OB ( 14 ) H;{iOJHd + h.c., (3.2)
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exponent r is connected to the so-called domain wall number via the relation Npw = 3r,
and Npw corresponds to the number of degenerate vacua of the axion potential. Finally,
SM fermions have the following Yukawa interactions with the Higgs fields

L£2HDM-IT —QL ﬁ[u y(“)uR + QL f[d y(d)dR + EL ﬁd y(e)eR + h.c. . (3.3)

Yukawa

where H, = ioc?H} and y(o‘), with a = u, d, e, are Yukawa matrices for the type-11 2HDM.

At energies below PQ breaking, the phase of the scalar field ¢ corresponds to the
axion. As in the KSVZ scenario, there are the two typical ways to delineate the ef-
fective axion interactions to other fields. When the PQ symmetry is linearly-realized,
p— <v¢ / \/§> e~@/V the effective axion Lagrangian is given by

. 1 — >
Liisy = 50"adua — B [e TS H[io Hy + hie | (34)

On the contrary, we can realize the PQ symmetry non-linearly via axion-dependent
field redefinitions £ — exp {iqgﬁ} &, where we rotate all fields ¢ carrying a non-vanishing
PQ charge g¢. The PQ invariance of the scalar potential in eq. (3.2) imposes the constraint
qH, + qu, = r = Npw/3. Likewise, the invariance of the Yukawa couplings in eq. (3.3)
imposes the relations among global charges: qpn, = —q@, + Qug, qu, = —9Q,; + 94y, and
qH, = —qr1, + Qep- After these rotations, we find the Lagrangian

_ R
STapfrf+ > qu HLi DM H,

; 1 a,a
non—linear " [
LDrsy, = 5(9 adya — ”

f [e%

®

3.5
A AA g I 1571 9" = &
GG ew o g Wi W v 5o s Bu VBW} ’

g2
3272

a
+ — | Npw
Ve

where f denotes SM fermions and we introduce the spin-one Higgs currents H, iz? pHe =
Hl(iD,H,) — (iD,H})H,. The anomaly coefficients after these rotations can be deter-
mined through the general result in eq. (A.31), and they explicitly read ¢y = —9q¢9, —3qr,,
¢y = —qQ; + 8quyr + 244, — 3qrL; + 6qe,. As we discuss later, generic values of gy, and
g, induce after electroweak symmetry breaking a mixing between the axion and the lon-
gitudinal Z weak gauge boson. Finally, we parameterize the axion anomalous coupling to
photons below the weak scale in the standard form as follows E (a/v,) (¢?/32712) F,, F* .
We extract if from the couplings in eq. (3.5) and we find E = (8/3) Npw.

We work in the so-called decoupling limit where the extra Higgs bosons are much
heavier than the weak scale. Indeed, the 2HDM is phenomenologically constrained to be
in such a region to respect LHC bounds [74-77]. There are three thresholds in this case.
Two of them are analogous to the KSVZ scenario: the heavy Higgs bosons m4, and the
QCD non-perturbative scale Ay ~ 2 GeV. An additional threshold is the EWPT.

3.1 Matching at the heavy Higgs bosons threshold

Above the EWPT, the axion field lives entirely inside the phase of ¢. The linear realization
of the PQ symmetry, with interactions as in eq. (3.4), is the most convenient option to
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perform the rate calculation in this phase. The single axion coupling reads
i .a B .
LB D iy (HIio*Hy) + hec., (3.6)
a

where the factor of (1/3) comes from the normalization of the Wilson coefficient of the
gluon anomaly operator, v, = Npw fq, to reproduce the convention in eq. (1.1).

Above the mass scale m 4, axion production is controlled by scatterings of Higgs bosons
mediated by the interactions in eq. (3.6). At temperatures below m 4, the number density
of heavy Higgs bosons gets Maxwell-Boltzmann suppressed and axion production is due
to scatterings of SM particles (including the lighter Higgs doublet corresponding to the
SM-like Higgs). The interactions mediating scatterings at low temperatures can be found
by integrating out the heavy scalars

- .a cosacosff = ~ sinasin 8 =
R e e
e ; ’ (3.7)
sin asin 8 '

L Hswm Y(e)dR> +h.c.
with Hgyr the SM-like Higgs doublet. The Yukawa matrices y(® for the 2HDM appearing
in eq. (3.3) and the correspondent Y(® defined in eq. (A.7) are related as follows

1
(d _ = y(@)
cos 3

1
;o Y=y (3.8)

1
W = y
Y cos 3

sin 3 ’ Y
The mixing angle a between the two doublets is a temperature dependent quantity and it
is defined in eq. (C.8). As the temperature drops below m4, thermal corrections to the
Higgs mass matrix become sub-dominant with respect to the overall mass scale v/ B. Hence
the mixing angle « is approximated by § and the mass eigenstates coincide nearly with
those in the vacuum defined in eq. (A.23)-(A.25).

The interactions in eq. (3.7) are equivalent, via appropriate field redefinitions, to the

commonly used DFSZ axion interactions with SM fields parameterized as follows

—li o0 = _ - _ B
Lpons near — 1 (CQLQL’Y“QL + cupUrY'uR + capdry*'dg + cr, Liy" Ly, + ceR€R7“€R)

Ja
(3.9)
with cg, — cup = cos? 3/3 and CQ,— Cdp = CL, — Ce = sin? /3. We point out how working
with a linearly realized PQ symmetry and with axion interactions in eq. (3.7) prevents any
axion mixing with the Z boson. The lack of such a mixing, which for the non-linear
realization in eq. (3.9) must be achieved by hand, is automatic with our procedure.

The scatterings producing final state axions and their relative cross sections are sum-
marized in appendix C, and they lead to the rate shown in figure 5. Consistently with
our choice to work in the decoupling limit, we set v/2B = 10° GeV and the resulting heavy
Higgs bosons mass is around the same scale. We visualize this mass threshold with a verti-
cal green line. The total rate is given by the solid black line. At temperatures larger than
m4, scatterings of heavy Higgs bosons dominate the total rate, and this is the contribution
va that we denote with a solid magenta line. As expected, the magenta line drops expo-
nentially at temperatures below m 4. Scatterings of SM particles control axion production
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Figure 5. DFSZ axion production rate across the heavy Higgs bosons thresholds. We set tan § = 10
and v2B = 105 GeV ~ m4. The solid black line denotes the total rate. The solid magenta line
(v4) is the partial rate from scatterings of heavy Higgses. The dashed gray line (ysym) corresponds
to the rate due to only SM particle scattering processes.

below my4. At temperatures much smaller than m 4, the rate can be evaluated either with
the interactions in eq. (3.7) or the ones in eq. (3.9). As explained, once the temperature
is much smaller than m 4 the temperature dependent angle o reaches the constant value
B and the two Lagrangians are equivalent. However, once we are not too far from my,
the correct prescription is to evaluate axion production via eq. (3.7). For comparison, we
report the rate computation obtained by using the non-linear realization in eq. (3.9) at
all temperatures (ygy, dashed gray line). As expected, it agrees with the full result at
temperatures below m4 but it is substantially different at large temperatures.

3.2 Matching at the electroweak threshold

We work in the decoupling limit and therefore we can match across the electroweak thresh-
old. Axion interactions in eq. (3.9) are valid both above and below the EWPT and this
is the field basis we employ to go across this threshold. We only consider the 2HDM pa-
rameter space with a smooth EWPT. If the mass of the heavy neutral pseudo-scalar m 4
defined in eq. (A.24) is much heavier than the SM Higgs and Z boson, as it is the case for
the decoupling limit, then the EWPT would be second order [78, 79].

Similarly to the KSVZ scenario, the anomalous coupling to gluons mediates axion
production, and the rate is given again by the expression in eq. (2.8). The UV origin
for this interaction in the KSVZ scenario was the Yukawa operator of the heavy colored
fermion W. On the contrary, for the DFSZ scenario this operator originates from the
Yukawa operators of SM quarks. The coupling Eg(q2) in the 1PI effective action receives
threshold corrections from each quark as prescribed by eq. (2.11). The low-energy remnant
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once we integrate each quark can be read off eq. (3.9): ¢ = cos®3/3 and c;l = sin? 8/3
for the each family of up-type quarks and down-type quarks, respectively. The production
rate through the gluon anomaly vanishes above the EWPT, and it subsequently becomes
more and more significant due to the accumulated effective 1PI gluon coupling.
Furthremore, quark scatterings via the couplings given in eq. (3.9) also contribute to
axion production. Their cross sections are provided in appendix C. The matching across
the EWPT for this class of interactions was spelled out in ref. [51]. Axion production via
SM fermion scatterings requires a chirality flip. Above the EWPT, a chiral flipping can
occur only via the Yukawa interactions in eq. (3.7) so that only fermion scatterings with
components of the Higgs doublet contribute to the axion production. On the contrary, after
spontaneous electroweak symmetry breaking, the same Yukawa interactions provide quark
masses that allow for chirality flips also for scatterings with gauge bosons, with gluons
dominating the rate because of the hierarchy among the gauge coupling constants.

3.3 Matching at the QCD threshold

The procedure to investigate DFSZ axion production below the QCDPT is analogous to the
one discussed in section 2.2 for the KSVZ scenario. The leading order axion coupling to the
strong sector in the KSVZ scenario originates only in the gluon anomalous term, whereas
there are the additional axion interactions to the quark currents in the DFSZ scenario as
given by eq. (3.9). In other words, the effective axion interactions to the current of the light
quarks (u,d, and s below Ay) can be written as eq. (2.13) with the replaced coefficients

myt cos? 3
Cy = 1 ,
2T | M, | 6
— s 2
m sin® 8
ca = gy H (3.10)
2T [ M|
my! sin? 3
Cs =

Here, the first element for each coefficients comes from the gluon anomaly in common with
the KSVZ scenario and the second one comes from the PQ charge of SM quarks.
Through the same matching procedure discussed in appendix A, we find the effective
axion couplings to hadrons. We report here the ones to pions, which dominate the rate,
and they are still given by the operator in eq. (2.14) but with the replaced coefficient
Brsz = sy SO (311)
Figure 6 shows the numerical result for the axion production rate across the QCDPT.
The total rate is denoted by the solid black line. At temperatures right below the confine-
ment scale, pion scatterings (7. ) dominate axion production. As discussed already for the
KSVZ scenario, this evaluation for the rate is trustworthy only up to the cutoff Acppr, and
we interpolate the axion production rate between Acppr and Ay = 2 GeV. The dashed red
and dashed blue lines correspond to the interpolations for Acppt = 62 MeV and 150 MeV,
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Figure 6. DFSZ axion production rate across the QCDPT. We set tan 8 = 10. QCD is perturbative
for T'> Ax = 2GeV and the rate is controlled by both gluon and quark scatterings. Right below
confinement, but still above T' ~ 10 MeV, pion scatterings (y,,) dominate. Below T < 10MeV,
lepton scatterings (ve,,.) is the only production channel available. We interpolate for the two values
Achpr = 62MeV (dashed red) and 150 MeV (dashed blue). The brown region identifies the EWPT.

respectively. Unlike the KSVZ scenario, these two interpolations give slightly different re-
sults for the DFSZ case. We will discuss the impact of the interpolation on cosmological
observables in the next section.

The DFSZ axion also interacts with leptons via the effective couplings in eq. (3.9).
Perturbation theory can be employed at all temperatures for production via leptons since
they do not carry color charge. The relevant scattering processes together with their cross
sections are summarized in appendix C. As shown in figure 6, when the universe cools
down much below Acppr (ie., T < my), the pion contribution to the axion production
rate diminishes exponentially and lepton scatterings (v.,) become eventually dominant.

The bump arising near the EWPT (brown region) in the high temperature region of
figure 6 is the combination of several effects. Below the EWPT, the production rate is the
sum of two contributions: thermal gluon scatterings via the axion anomalous coupling with
a rate y,9 X T6, and bottom quark scatterings with gluons with a rate scaling as v, oc T4
(the different scaling is because the bottom mass provides the chirality flip). As we go
above the weak scale, the thermal gluon scattering rate 74, switches off, and top quark
scatterings become available. However, we do not have fermions masses and therefore
bottom and top quark scatterings (comparable since of tan § = 10) lead to the scaling as
Yot X T%.
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Figure 7. DFSZ axion production rate for m4 ~ /5 x 10° GeV, tan 3 = (10, 3) (solid, dashed).

3.4 Summary: production rate for the DFSZ axion

We summarize the production rate for the DFSZ axion in the whole temperature range
in figure 7. Besides providing results for tan 5 = 10 (solid black), as done already for
the previous figures, we show the rate also for tan 3 = 3 (dashed black). To ease the
comparison, we set B to reproduce the same heavy Higgs boson mass in the two cases,
ma ~ /Btan 3 = /5 x 10° GeV. Similarly to the KSVZ case, axion production is con-
trolled by renormalizable interactions above the heaviest threshold, the heavy Higgs boson
mass in the DFSZ scenario, and the rate consequently scales as v4 o< T2. At temperatures
below m 4 but still above the EWPT, axion production processes proceed via dimension
5 operators coupling the axion to SM fermions (with top and bottom dominating), and
therefore the rate scales as v, p, o T6. Axion couplings to top quarks exhibit the tan® 3 sup-
pression discussed previously, and as a consequence the production rate with tan 5 = 3 at
temperatures between m 4 and the EWPT is relatively larger than the one for tan g = 10.
Below the EWPT, quark scatterings with gluons are dominant but top quarks quickly
disappear from the bath, and the production rate is almost independent on tan 3. Con-
trarily to the previous case, below the weak scale the SM fermion scattering rate scales as
Yep X T 4 and in this region it dominates over the thermal gluon scattering that becomes
active below the top quark mass with scaling 44 TS. Pion scatterings dominate below
the QCDPT and before we hit the Maxwell-Boltzmann suppression. Another important
difference with respect to the KSVZ scenario is that the production is active even below
the QCDPT since the axion couples to leptons, and interactions with muons and electrons
give a rate with the scaling 7., T4,
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4 QCD axion dark radiation

Scatterings of thermal bath particles produce axions in the final state, and the typical
energy involved in each process is the bath temperature: the produced axions carry a
kinetic energy much larger than their mass and therefore they are ultra-relativistic. What
happens next? Initially, there are not enough axions to give the inverse (axion destruction)
process and to ensure ultimately thermal equilibrium; axions just free-streams with their
momentum decreasingly as the inverse scale factor. If axion production is efficient, we
produce enough of them to thermalize with the primordial bath until the universe gets
too cold and diluted, and they decouple with a relativistic thermal abundance exactly as
neutrinos do.

A natural and useful application of the rates computed in sections 2 and 3 is keeping
track of the axion abundance. Our conceptual starting point is an early universe going
through an inflationary expansion, and inflaton decays generate the thermal bath afterward.
Our only assumption is that inflationary reheating ends at high scales, and in particular the
primordial thermal bath of relativistic SM particles dominates the energy budget earlier
than the EWPT. However, we do not commit to any explicit hypothesis about axion
production during inflationary reheating, but we consider two opposite cases in our analysis:
we end reheating with no axions whatsoever, or we begin the radiation dominated era with
a full thermal axion abundance. These two extremes cover all the options in between.

The quantitative tool to track the axion abundance is the Boltzmann equation

dng

dt

+3Hn, =C, . (4.1)

Here, n, is the axion number density and ¢ is the cosmic time. The number density dilution
due to the Hubble expansion is accounted for by the term on the left-hand side proportional
to the Hubble parameter H; in the absence of interactions, this is the only effect changing
the axion number density. If number changing processes happen at an appreciable rate,
we have to include their effects through the collision term C, on the right-hand side.

We focus here on collisions producing one axion in the final state. For this class of
processes, which is by far dominant as a consequence of the tiny couplings, the general
expression for the collision term takes the form

Co = Va (1 - ”‘g) . (4.2)

Na

Here, the function -y, is the total axion production rate which is the sum of several contri-
butions, one for each process that we account for. If we consider thermal gluon scatterings
the rate is given by the expression in eq. (2.8). For a generic binary collision

B; Bj — Bra (4,3)
with B; a bath particle (SM or beyond the SM), the associated rate reads

Yij—ka = n?qn§q<O—BiBj—>Bkavrel> . (44)

~ 18 —



Initial state bath particles are in thermal equilibrium, the scattering cross section is mul-
tiplied by the Moeller velocity, and the brackets denote a thermal average over all possible
initial states. We use the Maxwell-Boltzmann statistics for the equilibrium density of bath
particles since quantum degeneracy effects lead to negligible corrections
2
eq _ gzsz m;
n, = Ko|—] . 4.5
: o2 7 ( T (45)

The particle mass and internal degrees of freedom are denoted by m; and g;, respectively,

and the second kind modified Bessel functions are denoted by K;(z). The explicit expres-
sion for the thermally averaged cross section reads [80]

9ig;T [ . A(s,mi,m;) Vs
Vij—ka = ?:2;4 /smmds\/%]aij%ka(s)Kl - | - (4.6)

The integral accounts for all the possible squared center of mass energies s in the collision

with cross section aij%ka(s). The lower integration extreme corresponds to the kinematical
threshold sy, = Max [(ml + mj)z, mi], and the Kallén function A is defined as follows

A(s,mi, mj) = [s — (m; + mj)ﬂ {3 — (m; — mj)ﬂ . (4.7)

It is convenient to rewrite the Boltzmann equation in terms of dimensionless quantities.
We trade n, with the comoving number density Y, = n,/sg, where sg is the entropy density
of the thermal bath. Other than being dimensionless, the comoving number density is
advantageous because it scales out the effect of the Hubble expansion and therefore it varies
only if number changing processes are in action. Likewise, we replace the time evolution
variable ¢ with the dimensionless inverse temperature x = M/T. Here, the choice for the
scale M is purely conventional. Upon using the general result provided in eq. (D.8) of
appendix D, which is a consequence of entropy conservation, we trade t with x and rewrite
the Boltzmann equation in terms of dimensionless quantities

dY, 1 dlog g«s Ya () ( Y, )
=(1—-= 1- . 4.8
dlogx ( 3 dlogx ) H(z)sg(z) 7% (48)

Our ultimate goal is to quantify how axions contribute to ANeg. Regardless of the

details of axion production, there will be a point where Hubble expansion takes over the
production, and this can happen because of two reasons. Particles participating in axion
production can be massive, and as the bath temperature decreases number densities get
exponentially suppressed. Even if production is mediated by massless particles, the universe
gets too cold and diluted eventually to give appreciable interactions within a Hubble time.
Such a freeze-out of interactions happens when the bath temperature was Tr.o., long before
the CMB formation, and the axion comoving density freezes to a constant value

Yo(T < Tro.) =Y, ® = constant . (4.9)

Finding such an asymptotic value is the goal of our Boltzmann equation analysis. Once we
have it, we evaluate AN.g via the general relation in eq. (D.23) that for the axion reads

4
1 (11 ) 413 | 452y 9o (Lomp) Yo

ANer =7 {7

(4.10)

274
1= 55w Ya©
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Figure 8. Axion comoving number density Y, as a function of x = GeV /T for the KSVZ axion.
The three colors for the solid lines correspond to different axion decay constants f,. Each solution
is presented as a band whose width corresponds to two different treatments of the thermal bath
relativistic degrees of freedom. The dashed black line describes the equilibrium distribution. The
vertical axis on the right identifies the contribution to ANg.

Here, g8M(Tcoyp) is the SM contribution to the effective number of entropic degrees of free-
dom, and the second term in the denominator accounts for the axion contribution to the en-
ergy density. As explained in appendix D, this correction can be at most 1/(1+¢>M(Tr.0.))
and therefore becomes more relevant for late axion production. The SM contribution can-
not be less than approximately 4, hence the correction can be at most 25%. However,
axions are produced well above the MeV scale for most of the parameter space we explore,
and our complete results are well described by the approximated expression
4/3 4 4/3
AN ~ = (11) : [ i g (Tems) Y| (4.11)

7\ 4 45¢(3)
4.1 KSVZ axion

The production rate for the KSVZ axion, with a smooth treatment of the heavy colored
PQ fermion and the QCDPT thresholds, is shown in figure 4 as a function of the temper-
ature. We feed the Boltzmann equation in eq. (4.8) with this rate, and we show results
from numerical integrations in figure 8. We set the mass of the heavy PQ fermion to
my = 10° GeV, as done already in section 2, and we run our code starting from an initial
temperature T; = 107 GeV. Thus we always go across the ¥ threshold. Furthermore, we set
nq(T;) = 0 as the initial condition to produce this figure, and this choice has no impact on
our final results as we discuss below. We employ the dimensionless combination z = M /T
as the evolution variable, and we set M = 1 GeV to have the QCDPT around the region
x~1.

Different colors denote different choices for the axion decay constant f, which is the
only free parameter within the KSVZ framework. As a matter of fact, each solution is
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not a line but rather a band whose width is due to the two different datasets [32, 33] that
we employ for the temperature evolution of the effective relativistic bath degrees of free-
dom. Finally, the dashed black line denotes the axion equilibrium comoving density whose
analytical expression is rather simple, Y,*4(z) = 45((3)/(27* g.s()), and whose tempera-
ture dependence is only due to the change in the effective entropic degrees of freedom of
the thermal bath. The three solid lines reach the thermal equilibrium distribution rather
quickly, as early as T ~ 10% GeV, and therefore setting the initial condition n,(7}) = 0 has
no impact on the final results for the values of f,; chosen in figure 8.

At small enough temperatures (i.e., large x), the number density reaches an asymptotic
value in agreement with eq. (4.9). We include a second vertical axis on the right of figure 8
to identify the corresponding value of ANeg as quantified by eq. (4.10). This contribution
increases as we go to lower values of f,, consistently with the picture that larger axion
couplings keep physical processes efficient at lower temperatures (see eq. (1.3) and figure 1).

Our choices for the axion decay constant correspond to generating a A Neg equal to the
Planck bound at 20 (red), 20 and lo for CMB-S4 surveys (green and blue, respectively).
Astrophysical constraints bound the axion decay constant from below [81-83]. We impose
the bound from SN1987A provided by the recent ref. [84] that for the KSVZ axion results
in f, > 1.4 x 108 GeV. Neutron star cooling provides bounds in the same ballpark [85, 86].
Thus current Planck bounds on AN.g are sentitive to KSVZ axions with f, one order of
magnitude below the stellar exclusion bound, and future CMB-S4 surveys will probe the
range f, ~ (10%,10%) GeV that is still not in conflict with any experimental constraint.

We investigate how ANg depends on f, in figure 9. We solve the Boltzmann equation
again with initial condition n,(7;) = 0, but we consider a few different values for T;
corresponding to the different solid colored band (whose width quantifies our uncertainties
due to different treatments of the bath). The red line shows AN as a function of f,
for any value of T; much larger than the PQ fermion mass that we keep mg = 10° GeV
as in the previous plots. Axion production at temperatures above my is controlled by
a renormalizable coupling, and the rate normalized by the ¥ number density scales as
Ya/ny x T as long as U are relativistic. This has to be compared with the Hubble
expansion rate that scales as H ~ T2 /Mpy. Thus axion production is most efficient at
low temperatures, and most axions coming from W scatterings are created at temperatures
around my.> On the contrary, below the heavy PQ fermion we have a rate normalized by
the bath number density scaling as v,/ns & T3, and this temperature behavior is stronger
than the one for the Hubble rate: axion production is most efficient in the UV at the highest
temperature available T;. This explains the different results for large values of f,: axions
do not have enough interaction strength to thermalize in the early universe, and smaller
initial temperatures lead to smaller ANy because at low temperatures the production is
less efficient. At low enough values of the axion decay constant thermalization is achieved,
and all colored lines coincide: the resulting prediction for ANeg does not depend on T;.

We provide in figure 9 also the prediction for A Neg once we set the thermal equilibrium
distribution as initial condition for the axion number density at temperatures above the

3This “IR domination” is the same as the one for dark matter freeze-in [87].
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Figure 9. Contribution to ANg as a function of the axion decay constant f, for the KSVZ axion.

> 3 x 109 GeV, lead to

~

weak scale (dashed gray line). Large axion decay constants, f,
ANgg =~ 0.027 which is the value associated with a spin-0 particle that was once in thermal
equilibrium and decoupled above the weak scale (green line in figure 1 at large 7p). In this
range of f,, we set the initial abundance to the equilibrium value by hand and interactions
are completely harmless. Things are different as we approach lower f, since couplings get
stronger and they can keep the axion in equilibrium below the weak scale. The resulting
prediction for ANgg coincides with the solid red band for f, < 3 x 10? GeV regardless of

the initial value of T; as long as we keep T; 2 1TeV (for lower values of T; the expected
ANeg would be larger, see eq. (1.3)). This result can be understood from the plot in
figure 8: for the axion decay constant range we are interested in, axions always reach
equilibrium long before the time when the bath temperature gets to the TeV scale. Thus in
< 10° GeV,

~y

the physical region of our interest where the signal is detectable, 10° GeV < f,
our predictions for ANgs do not depend on the initial condition for the axion number
density.

4.2 DFSZ axion

We now turn to the DFSZ framework. The production rate, this time with smooth treat-
ments of three different mass thresholds, is shown in figure 7 as a function of the tem-
perature. Exactly as we just did for the KSVZ axion, we feed the Boltzmann equation in
eq. (4.8) with this rate, find the asymptotic value of the axion comoving number density
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Figure 10. Axion comoving number density Y, as a function of & = GeV/T for the DFSZ frame-
work. Notation as in figure 8.

and quantity the correspondent contribution to ANeg. We fix the model parameters to
the same values as in section 3, tan 8 = 10 and m4 ~ V2B = 10° GeV, and we run our
Boltzmann code again starting from an initial temperature T; = 107 GeV; this ensures that
we pass again all the mass thresholds in the scenario under investigation. The numerical
output of the differential equation integrations is shown in figure 10. The axion number
density reaches its equilibrium value rather quickly, and therefore setting its initial value to
zero does not impact our final results. At low temperatures, consistently with our previous
discussion, the comoving number density settles to a constant value. We choose again three
numerical values for the axion decay constant leading to AN.g equal to the Planck bound
and the projected sensitivities of future CMB experiments. They are in the same ballpark
as the ones for the KSVZ scenario.

Astrophysical bounds are more severe for this case. Data from SN 1987A [83] constrain
again the axion decay constant, but this time the numerical value associated to the bound
is slightly different because the DFSZ axion couples also to quarks. For the tan 5 chosen in
this analysis, we find f, > 1.9 x 10® GeV. However, this is not the leading bound since the
DFSZ axion couples to electrons as well. Studies of red giants [88] and white dwarfs [89]
provide competitive bounds, with the one coming from the latter slightly stronger. For the
DFSZ parameter chosen in our analysis, this corresponds to the bound on the axion decay
constant f, > 5.2 x 10 GeV. Thus future CMB-S4 surveys will probe a rather small region
of the DFSZ parameter space that is still not excluded.

We quantify the last statement in figure 11 where we explore how A Neg depends on the
axion decay constant. Solid colored bands provide the prediction obtained with vanishing
initial axion abundance at various initial temperatures T;. For comparison, we report also
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Figure 11. Contribution to ANeg as a function of the axion decay constant f, for the DFSZ axion.

the prediction for the case when we begin the Boltzmann equation evolution with axions
already in thermal equilibrium. As it was the case for the KSVZ axion, the predictions
differ only at large values of the axion decay constant. This figure shows manifestly how
the severe astrophysical constraints rule out most of the region where the signal in ANeg
is detectable in the future. Even if we consider large values of T; and small enough axion
decay constants, f, < 2x10°GeV, the signal is barely within the reach of CMB-S4 surveys.

~

Finally, we explore how our predictions depend on tan 8 in figure 12 where we show
ANgg as a function of f, for tan 5 = 3. We set the heavy Higgs boson mass my4 to the
same value as for figure 11, and we update stellar bounds consistently to account for the
different axion couplings. As explained in section 3, the production rates for tan § = 3 and
10 differ only above the EWPT with the former enhanced by approximately one order of
magnitude. If axions are in thermal equilibrium until the time when the bath temperature
is of the order of the weak scale there will be no difference between the two cases. This
is manifest from a comparison between figures 11 and 12: the resulting hot DFSZ axion
abundances with f, < O(10°) GeV are very similar for tan 3 = 10 and 3. However, we
notice an effect at larger values of f, where it takes more effort for the axion to thermalize,
and the predicted amount of dark radiation is enhanced for tan 5 = 3. Thus ANcg does
depend on tan 8 at large values of f,, and smaller tan 8 makes the signal detectable for a
wider range of axion decay constant values.
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Figure 12. Same as figure 11 but for tan g = 3.

4.3 Interplay with inflationary reheating

Our analysis so far relied upon the assumption that the energy density of the universe was
dominated by a gas of relativistic particles at the time of axion production. This is the
extrapolation of how we “look at” our universe at the time of BBN, and it is worth keeping in
mind that it is an extrapolation not supported by any observation. Within the inflationary
paradigm, this extrapolation must come to an end because back enough in time the energy
budget was controlled by the vacuum energy of the inflaton field. Inflaton decays populate
the thermal bath eventually, and the highest temperature Tz ever achieved during the
radiation dominated epoch is known as the reheating temperature. Thus throughout our
numerical Boltzmann analysis we have always implicitly assumed the hierarchy Tx > T;.
Our predictions are insensitive to the dynamics of inflation as long as the reheating
temperature is high enough. For both of the frameworks under investigation, axion pro-
duction is mediated by renormalizable couplings above the highest mass threshold; we have
a Yukawa interactions with the W fermion and a scalar potential cubic term with the Higgs
fields H, and Hy in the KSVZ and DFSZ framework, respectively. The renormalizability
of the axion couplings ensures that production is most efficient in the IR, and therefore
around the mass of the heavy particles. Thus all we need is a reheat temperature larger
than the heavy thresholds: Tr > my and Tgr > my for the KSVZ and the DFSZ frame-
work, respectively. As a matter of fact, inflaton decays can provide an additional source
for axion dark radiation. However, we consider also this option since in our analysis we
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accounted for the two extreme situations, nq(7;) = 0 and nq(7;) = n4(T;), and this en-
sures that we cover all possible options. As we have already explained, our final predictions
in the parameter space region where the signal is detectable do not depend on the initial
conditions.

What happens for lower values of TRr? Inflationary dynamics can play a relevant role
only for T < my or Tr < m4. In this regime, we solve the coupled Boltzmann equations
describing inflationary reheating?

dp

(thb +3Hpg = —Lypy (4.12)
d

SR AHpr = Typy (4.13)

This system describes the evolution of the inflaton (¢) and the radiation bath (R) energy
densities. Inflaton decays, with a rate I'y, deplete the former and enhance the latter.
The Hubble expansion rate, which allows us to understand when axions are produced most
efficiently once we compare it with the production rate, is given by the Friedmann equation
and it has the following scaling

H_,/7p¢+pRN T2 1 T <Tg (4.14)
V3Mpy  Mp1 | (T/TR)? Tr < T < Taiax

Below the reheat temperature Tr we have the typical scaling for a radiation dominated
epoch. The reheat temperature is connected to the inflaton decay width through the rela-
tion Tr ~ /T, Mp;. Although this is defined as the highest temperature ever achieved by
the thermal bath during the radiation dominated epoch, this is not the highest temperature
achieved by the thermal bath in general. The bath itself exists even for temperatures larger
than Tg as a sub-dominant component since the decaying inflaton is still dominating the
energy budget. The highest temperature ever achieved is usually denoted by Tyax and
it scales as Tyjax =~ (Mp]Fd)E%) 1/ 4, with E}l the constant energy density driving the in-
flationary expansion. Thus the bath temperature spans a potentially large range between
Twvax and Tgr before becoming the dominant energy component. During this phase, which
corresponds to an early matter domination with the energy budget controlled by inflaton
oscillations, the Hubble rate is proportional to 7.

If we consider renormalizable interactions, production of particles via scatterings is
efficient at low temperatures for a radiation dominated universe. This is the case also
during inflationary reheating given the higher power of the temperature appearing in the
scaling for the Hubble parameter. One can be more quantitative and state that in the
range 5 < d < 8, with d the mass dimension of the operator mediating scatterings, the
production is dominated at small temperatures during reheating and therefore maximized
at Tr [91-94]. In particular, for d < 8 the final abundance does not depend on Tyjax.
Only for d > 8 particle production is UV dominated also during inflationary reheating,
and therefore the resulting abundance is sensitive to Tyiax and to the details of reheating.

4The second equation is valid only if radiation has the equation of state pr = pr/3. Strictly speaking,
this is only valid above the weak scale. For corrections to this simplified description see ref. [90].
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For the axion frameworks studied in this work, we never go above mass dimension 5
and therefore we are never sensitive to the peculiarities of inflationary reheating. Whether
we are below the mass of ¥ for the KSVZ or the mass of A for the DFSZ, axion interactions
are mediated by dimension 5 effective operators and the production is maximed at Tr. This
is the scenario investigated by ref. [38] with the gluon and top quark couplings dominating
the production rate for the KSVZ and DFSZ axion, respectively.

5 Conclusions

The PQ mechanism, where the 6 parameter of QCD is promoted to a dynamical field,
is undeniably one of the most elegant solutions to the strong CP problem. A plenitude
of UV complete candidate models provides viable realizations of PQ symmetry breaking,
but they all share the same low-energy residual: an approximate Nambu-Goldstone boson.
Such a field, known as the axion, features the model-independent coupling to gluons given
in eq. (1.1) as well as model-dependent interactions with other SM particles. Given the
Nambu-Goldstone nature of the axion, its couplings to visible matter are suppressed by the
large PQ breaking scale and this makes axion detection very challenging. Notwithstanding
these difficulties, the field of axion experimental searches has been literally blossoming in
the recent decade, and the present time is rather unique for the quest for axions.

In spite of the rich set of options for axion couplings, all the terrestrial searches are
sensitive to a handful of them: the ones to light quarks and gluons that in turn describe
coupling to nuclei, the one to electrons, and the one to photons. An effective low-energy
theory with only these interactions, with any UV completion that can be matched onto it,
is enough to capture the phenomenology of axion searches.

We focused on an experimental signature to which all axion couplings can potentially
contribute. The physics is the one of thermal axion production in the early universe,
and the experimental manifestation is the presence of additional radiation that we infer
from the CMB anisotropy spectrum. The net signal is accumulated through the expansion
history with axions produced from bath particle collisions possibly at all temperature scales.
Trustworthy predictions are possible only upon knowing axion couplings to all SM particles
and to the model-dependent beyond the SM degrees of freedom specific to each theory.

The effect we consider is quantified by an additional contribution to the effective num-
ber of neutrinos species ANyg. Bounds on the amount of axion dark radiation from the
Planck data are already quite remarkable, and prospects provided by CMB-S4 surveys
make this signal rather intriguing for the future. This population of relativistic axions can
also leave an imprint on cosmological structure through baryon acoustic oscillations (BAO),
and this effect provides an additional constraint on ANeg [95-97]. Future large scale struc-
ture surveys will provide an improved BAO measurement, and this determination will be
complementary to the CMB anisotropy spectrum. Furthermore, ref. [98] suggested recently
how such a cosmic axion background could be detected even with experiments in our ter-
restrial laboratories, although the signal is more sensitive to non-thermal energy spectra.
These impressive projections combined with the top-down motivation make reliable theo-
retical predictions for the amount of axion dark radiation of the utmost importance.
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This work addressed the presence of mass thresholds through the expansion history.
As we showed with two explicit examples, the KSVZ and the DFSZ frameworks, passing
through them alters the production rate significantly. For the KSVZ scenario, the rate
changes significantly across the heavy fermion mass because renormalizable axion interac-
tions become non-renormalizable, and this changes the rate temperature dependence. An
analogous threshold is due to the heavy Higgs bosons in the DFSZ scenario, and in such a
case the EWPT is also an important threshold where axion production mediated by fermion
scattering changes drastically its temperature behavior as a consequence of chirality flips
induced by fermion masses [51]. Finally, the QCDPT is common to both frameworks, and
the matching procedure is far from being straightforward [52].

The central results of our analysis are predictions for AN.g as a function of the axion
decay constant f,. They are explicitly presented in figure 9 for the KSVZ framework, and
in figures 11 and 12 for the DFSZ framework. Scatterings of thermal bath particles lead
to a detectable signal in the future for both cases. For the KSVZ axion, the less severe
stellar bounds allow for a stronger signal, as large as the 20 sensitivity of future CMB-5S4
surveys and for values of the axion decay constant f, < 3 x 10°GeV. On the contrary,
white dwarf bounds for the DFSZ axion allow for a signal only detectable at 1o in the
future. The range of testable axion decay constants for the KSVZ axion depends on the
specific value of tan 5. For the two representative cases we analyzed, tan 8 = 10 and 3, the
signal is testable for axion decay constants satisfying the upper bounds f, < 2 x 10 GeV
and f, <6 x 10° GeV, respectively.

~

We assumed a radiation dominated universe through our analysis, but the production
rates in figures 4 and 7 are independent of the cosmological history. They can be employed
to investigate axion production for alternative scenarios such as late inflationary reheating.
Our methodology can also be extended to other microscopic realizations besides the two
frameworks studied here. Flavor-violating axion couplings, with the production rate con-
trolled by decays of bath particles instead of scatterings, are of particular interest. Plausible
origins for the flavor violation can be loop corrections to axion couplings [99-103], or they
can even be present at tree-level as a consequence of the PQ) charge assignments [104, 105].
Predicting ANeg for specific axion UV complete models, along the lines of the analysis
presented here, would be a piece of useful information to discriminate among them.
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A Conventions and useful results I: particle physics

We collect in this appendix our notations and conventions for SM fields and Lagrangian.
Starting from the electroweak symmetric phase, we describe the SM gauge group and the
matter content. We present spectrum and interactions, above and below the weak scale, for
the case of a minimal Higgs sector with just one scalar weak doublet. The DFSZ framework
features two Higgs doublets, and we discuss spectrum and interactions for this case as well.
We quantify the effect of anomalous chiral rotations that are necessary to perform changes
of field basis. Finally, we provide basic notions of ChPT and we introduce the formalism
that, among several applications, allows us to determine axion couplings to hadrons.

Standard Model with minimal Higgs sector. At energies above the Fermi scale, the
theory enjoys a full SU(3). x SU(2)r, x U(1)y gauge symmetry, and the Lagrangian takes
the form

£SM = ﬁgauge + ﬁfermion + ﬁHiggs + EYukawa . (Al)

The first term contains gauge boson kinetic terms
r 1 GA H,Z/GA 1 I pvyrrl 1 uy A
gauge — _Z v ZW W;w - ZB BW’? ( '2)
and they are constructed by employing the field strengths defined as follows

G, =0.Gy — 0,Gf + g5 FAPCGHGY
Wi, =0,W, —9,W, + g’ wiwk (A.3)
B, =9,B, — 9,B,

with fAB¢ and /K the structure constants of the non-Abelian groups SU(3). and SU(2)z,
respectively. The indices A =1,...,8 and I = 1,2, 3 run over the adjoint representations.
Fermion and scalar kinetic terms are expressed via the gauge covariant derivative
A ol

D, =0, — igS7Gﬁ — iggwpf —ig'YB, . (A.4)
The non-Abelian generators are Gell-Mann (A1) and Pauli (o) matrices, and they act on
color and weak-isospin indices (if any), respectively. The Abelian part has instead a term
proportional to the hypercharge Y of the field the covariant derivative acts on. The SM
matter fields with their quantum numbers are listed in table 1. Upper case fermions denote
weak doublets whereas lower case fermions are singlet under the weak-isospin group, and
the index i runs over the three fermion generations. Fermion kinetic terms read

Litermions = QriQr + ugilPur + drilddg + L iDLy + égiler . (A.5)
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‘ Qri UR; dri L €Ri H

SU(3). 3 3 3 1 1 1
SU2)L 2 1 1 2 1 2
Uy | +1/6  +2/3  —1/3 —1/2 -1  +1/2

Table 1. SM matter fields and gauge quantum numbers (i runs over the three generations).

We use a compact notation where the sum over the three different generations is under-
stood. The Lagrangian for the Higgs field has a canonically normalized kinetic term and
the most general renormalizable scalar potential leading to electroweak symmetry breaking

A
Locatar = |D,H? = Vam(H) = |D, H|? + > HYH — Z(HTH)2 . (A.6)

Finally, the Yukawa part of the Lagrangian (also in a compact matrix form) reads
Lyukawa = —Qr HY Wup — Q HY Ddp — L, HY@eg 4 hec., (A7)

u,d,e)

where H = ic2H*. In the most general fermion basis, Y are generic 3 X 3 matrices in

flavor space, and they can be diagonalized upon performing bi-unitary rotations
YW =yl vWu,, . (A.8)

Here, 1) = u,d, e and the matrices Y(¥) are diagonal. Hence we redefine fermion fields by
performing the following unitary rotations in flavor space

Qr— Uy, Qr, ur —Uyzur, dr—Ug,dr, Lp—Ue L, er—Uecer. (A9)
After these operations, the Yukawa Lagrangian in eq. (A.7) takes the form
Lyukawa = —Qr HY Wug — Qr HVexm Y Ddp — L HY @ep + hec., (A.10)
where we introduce the Cabibbo-Kobayashi-Maskawa (CKM) matrix Vogy = UJf LUy

Electroweak symmetry breaking. The scalar potential in eq. (A.6) has an electroweak
symmetry breaking minimum where the Higgs field gets a vacuum expectation value (vev)

(H) = 1 <0> : v? = 4‘;2 = (246 GeV)? . (A.11)

As a consequence, electroweak gauge bosons acquire mass terms and mix among each other.
The complete gauge boson mass spectrum reads

wWhxiw?
+_ "p M _ 9
WM —T, mwi—g’l),
2 2 A2
Zy, :cwaj’—stu, my = 974_921, ( )

2
Au:stE—i—chu, my =0,
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where the photon remains massless and we define the weak mixing angle
1

(Sw,Cw) = W(Q,,g) .

Likewise, the Yukawa operators in eq. (A.10) provide fermion masses once the Higgs field

(A.13)

gets a vev. The presence of the CKM matrix makes fermion mass terms still not diagonal,
and the unitary rotation dy — Vegwm dr, on the left-handed down quarks brings us to the
physical states. The fermion mass eigenvalues are equal to the diagonal entries of the
Yukawa matrices multiplied by v/v/2.

Once electroweak symmetry is broken, the Lagrangian schematically reads again as in
eq. (A.1) but this time the four contributions have different ingredients. The piece for gauge
bosons contains again kinetic terms for gauge bosons, but this time with field strengths of
the electroweak mass eigenstates, and also mass terms for the W and Z bosons. Fermions
fill vector-like representations of the gauge group, and gauge interactions are conveniently
expressed in terms of the covariant derivative

A + — 3
D, = 8M—igs)\2Gﬁ—ij§ (”2wj + UQW,;> —% <"2 - siQ) Z,—ieQA,. (A.14)
Here, we introduce the Pauli matrices o0& = o! 4 i0? that are used to define the ladder
operators for the weak isospin group. Furthermore, we define (minus) the electron charge
e = g¢'/gw > 0 and the electric charge generator Q = 03/2 + Y. The same covariant
derivative describes gauge interactions for the radial model of the Higgs field, the Higgs
boson h, and this is the only scalar appearing in the Yukawa interactions with fermions.

Two Higgs Doublet Model. The Lagrangian for a theory with two weak doublets H,,
and H, is richer than the one given in eq. (A.6), and it takes the schematic form

(2HDM
Escalars

) = |D,H,)? + |DuHy|* — Varpa (Hy, Hy) - (A.15)

We assign opposite hypercharges to the scalars, Y3, 4 = +1/2, and only operators with an
even number of Higgs fields can appear in the scalar potential since they are weak doublets.
Considering only renormalizable operators, we can only have terms with two of four Higgs
fields built from the only three quadratic gauge invariant combinations: HzHu, H;Hd, and
HTig?H,. The first two options cannot carry a net PQ charge whereas the last one can.
Keeping in mind that we are interested in the DFSZ framework, we consider theories where
the combination H, H; has a non-vanishing PQ charge.
We consider the renormalizable and gauge invariant scalar potential

Vanon (Hu, Hg) = —p2 HIH, — p2H Hy + (B HTio®H, + h.c.) T
A A
ZI(HZHu)z + f
M(HTio?Hy)(H io? Hy)' .

(HYHy)? + N3(HIH,,)(H) Hy)+ (A.16)

The only operator that is not invariant under P(Q is the quadratic one proportional to B.
Within the DFSZ framework, it arises once the P(Q breaking scalar gets a vev, and the
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phase of B contains the axion field above electroweak symmetry breaking. Upon redefining
the Higgs doublets, it is possible to take the PQ-breaking coefficient B to be real and
positive.

We search for an EWSB minimum where only the neutral components acquire vevs

1 (0 1 0
Hu = = = = ’
() \/i(i}u) ﬁ(vsinﬁ)
1 (v 1 [wvcosp
H = —= = — .
=5 (5) -5 (")
The vevs satisfy the constraint v? = v2 + v3 = (246 GeV)?, and we define the angle 3 as
tan f = v, /vg. The minimum conditions are

(A.17)

2
T Z% {?Sin2f3+(>\3+)\4)C0825} —3 Bﬁ,
an (A.18)

2
M?zZ% |:)\22COS25+()‘3+>\4)511125} — Btanf .

We expand around this EWSB vacuum and we determine the mass spectrum. The
Higgs doublets can be decomposed in terms of neutral and charged scalar components

Hf vatSy+iPy
u
Hy =\ y4s,4in, | > Hq = I‘f, : (A.19)
V2 u

For neutral fields, we distinguish between CP-even and CP-odd scalars. The squared mass
matrices for the charged, pseudo-scalar and scalar fields read respectively

9 <B/ tan 8 — %)\41)2 cos’3 B - %)\402 sin 203 )

m =
© B - %)\4112 sin 28 Btan(§ — %)\41)2 sin? 8
1/t 1
S , (A.20)
1 tan 3

md = B/tan B+ i\v?sin? B —B+ 5 (A3 + Ag) v?sin(28) ‘
—B+ 1 (A3+Ag)v?sin(28)  Btan B+ A0 cos? B
The first two matrices have vanishing determinant, and this ensures massless Goldstones

to provide longitudinal components for the W and Z gauge bosons. The masses of the
heavy charged (H*) and pseudo-scalar (A) Higgs bosons can be found from the trace

mi+ =Tr[mg] = — - ;
8”12(;5 ) 2 (A.21)
2 27
m% =Tr[mp| = Sn(25)

The CP-even Higgs bosons, the SM-like h and the heavier H, are both massive. We provide

here the mass eigenvalues in the decoupling limit which is valid when B > v?

2
mj o~ {/\1 sin B+ Ay cos? B+ (A3 + A1) sin2(26)} % ,

9B Mt 9 (A.22)
sin(2/3) * [ 4

3
mw
12

— (A3 + )\4)} sinQ(QB)% :
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The charged mass eigenstates result in

(G”r>:<simﬂ—‘cosﬁ>(h"ﬁ[T)7 (A.23)
HT cos 3 sinp H,

where G is the charged Goldstone eaten up by the W boson. Likewise, if we dub G the
Goldstone eaten by the Z boson, we have the pseudo-scalar mass eigenstates

<G0>:<sinﬁ—fﬁ08,3> (Pu> . (A.24)
A cos 3 sin Py

Finally, in the decoupling limit (B > v?), we have the CP-even mass eigenstates

<h> :< sin 3 C?Sﬂ) (Su> . (A.25)
H —cosf sinf3 Sq

Anomalous chiral rotations. Chiral, axion dependent, rotations on fermion fields can
be useful to find a new field basis better suited for the specific framework under investiga-
tion. Here, we state our conventions for these field transformations and we quantify gauge
anomaly effects. For a generic Dirac fermion y, before accounting for any interaction, the
theory has a U(1)y symmetry where both left- and right-handed Weyl components are ro-
tated with the same phase, and we have a conserved Noether’s vector current Jﬁv) = XVuX-
If the fermion is massless (m, = 0) then the theory has also the U(1)4 symmetry, where
left- and right-handed Weyl components are rotated with opposite phases, and the result-
ing Noether’s current results in J,SA) = X7u7’x. On the contrary, if the fermion field is
massive, we have that the axial current has a non-vanishing divergence

oM = 2m,, XX - (A.26)

classical

The result above is valid at the classical level. Once we include quantum corrections,
the axial current can be non-conserved if the fermion carries gauge charges, even if the
fermion itself is massless. It is possible to derive its divergence by different methods, like
evaluating the Green function of the axial current with gauge bosons in perturbation theory
(triangle diagrams) [106, 107], or via the Jacobian of the path integral measure [108].

We start from the well-known QED result

e? ~
SN W (A.27)

anomaly 872

o g

The generalization to a non-Abelian gauge theory, such as QCD, does not require any new
calculation, all we need to do is adding a group theory factor to the QED expression in
Eq. (A.27) (the triangle diagrams have the same Lorentz structure)

9; ~ 9; ~
= =T 194P] GE,GPm = — 2 GG, GO (A.28)

w 7(A)
0 JM anomaly 872 1672

where t© are generators of the color group normalized as Tr [tCtD } = 09D /2.
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We have all the tools to quantify the effects of performing chiral rotations. For a
generic massless Dirac fermion y, charged under a representation R of the SU(3). gauge
group, we perform the local axial rotation

X — explica(z)y’]x - (A.29)

As a consequence, the Lagrangian changes due to both classical and quantum effects. The
former is straightforward whereas the latter can be found by computing the change in the
path integral measure [108]. We do not need to reproduce the derivation since we know
that this contribution must reproduce the equation of motion in Eq. (A.28). Thus we have

— 9pca X" VX 4 ALy lanomaty = @0 DF 4+ AL omary = 0 - (A.30)

Upon comparing we find how chiral rotations alter the Lagrangian at the quantum level

AL, | — a4 x %jafyécw . (A.31)

anomaly
This is valid for an axial rotation of a Dirac fermion as in eq. (A.29). If we only rotate one
Weyl component the result is half the one above and with the appropriate sign.

Rudimental ChPT. We review basic notions of Chiral Perturbation Theory
(ChPT) [109-111] needed to study axion couplings. Our starting point is the QCD La-
grangian with Ny = 3 quark flavors

1 . _
Lqcp = _EGWGW +Gilpq — [qrMyqr, +h.c] . (A.32)

For the ease of notation, we introduce the quark vector in flavor space ¢ = (u d )7 where
each entry is a Dirac field with left and right-handed components. Chiral projectors, defined
in the usual way P g = (1 F+°)/2, extract the different quark chiralities: g r = Pr R q.
The quark mass matrix in the mass eigenbasis reads M, = diag (my,, mq4, ms).

If we neglect the quark mass matrix, left- and right-handed quarks are decoupled
and the QCD Lagrangian in Eq. (A.32) is invariant under independent rotations of the
two fermion chiralities: the theory has a global U(3)r, x U(3)r symmetry. The vectorial
part of the symmetry group where both chiralities are rotated by the same angle, namely
the baryon number U(1)y and the isospin SU(3)y, are good approximate symmetries
of Nature; the former is broken by gauge anomalies whereas the latter is only broken
by quark mass differences and electroweak interactions. The axial part U(1)4 x SU(3)a
is spontaneously broken by the quark condensate, and we do not expect mixed parity
multiplets in the hadronic spectrum but rather Goldstone bosons associated to the broken
axial generators. However, there is no Goldstone boson associated to the broken U(1)4
symmetry since m,; > m;. This was dubbed as the U(1)4 problem of QCD [112] and
it was solved only thanks to a complete understanding of the rich structure of the QCD
vacuum [113, 114]. We do not have a ninth Goldstone boson 7’ in the spectrum because
the U(1)4 is not even an approximate symmetry of the QCD Lagrangian in the massless
limit since it is anomalous.
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Concerning the spontaneous breaking of the SU(3)4 part, we employ a non-linear
sigma model to describe the associated Goldstone bosons. Keeping only terms with two
derivatives, which correspond to quadratic terms in the exchanged momentum O(p?), we
have the low-energy chiral Lagrangian

2 a \a
Lonpr = 2 Tr uta,ul U = exp {z T ] , (A.33)
4 fr
where \® are the SU(3) Gell-Mann matrices and fr ~ 93 MeV. The Goldstone bosons ¢,
with a = 1,..., 8, enter through the unitary matrix U that under a generic chiral rotation

transforms as U — LU R'. We pick the basis

TN = | V2rm —n%+ % V2KY | . (A.34)
V2K— V2 K° —2%

This choice is convenient since these fields are physical eigenstates once we introduce chiral
symmetry breaking quark masses.

The Lagrangian in Eq. (A.33) holds for exact chiral symmetry in the high-energy
theory. Quark masses, which break chiral symmetry, are easily incorporated by applying
the formalism of Refs. [110, 111] for matrix elements of currents in the chiral effective theory.
Furthermore, this method also allows us to derive axion couplings to the Goldstone octet
in eq. (A.34). We review this method starting from the QCD Lagrangian written as follows

1 . _ . _ _
Locpts = _ZGWGW +qilPq — [qr(s + ip)gr + h.c.] — qr "yuqr — Grr*vuqr - (A.35)

Here, we include four different external sources S: scalar s, pseudo-scalar p, vector left
I*, and vector right r#. The QCD Lagrangian with quark mass terms in Eq. (A.32) is
recovered for [# = r# = p = 0 and s = M,. Setting the spin-one sources to a non-vanishing
value allows us to deal with coupling to vector bosons, such as the photon, as well as the
spin-one axion currents. Finally, the pseudo-scalar current p also plays an important role
to determine axion couplings.

The Lagrangian in eq. (A.35) has a local SU(2)r, x SU(2)r symmetry where left- and
right-handed quarks transform separately

qr.(x) — L(x)qr(x), qr(z) — R(z)qgr(x), (A.36)
and the sources also transform as follows
s(z) +ip(x) — L) [s(x) +ip(2)] R(z)',
lu(z) — L(z)l,(x) L(z)" 4 i0,L(z) L(x)", (A.37)
ru(z) = R(x)ru(z) R(z)" +i0,R(z) R(x)" .

In the above equations, we restore the explicit dependence on the space-time location x to
emphasize that the transformation is local. The spin-one sources transform as gauge fields
so we define the covariant derivative

DU = 8,U +il,U —iUr,, (A.38)
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and we can match the Lagrangian in Eq. (A.35) onto a low-energy chiral Lagrangian

2 2
LchpT4s = ij Tr {D“UJr DHU} + f?”Tr [(s +ip)UT +U(s — zp)} . (A.39)

Here, p is a dimensionful parameter that we determine by the requirement of reproducing
the meson masses

2
£G.B.mass = EChPT+S|§i§\;/L[:rM:0 = H %TI‘ |:M(UT + U)} =

M —mgq My + Mg + 4mg 2} (A.40)
5 Na] TN+ 3 no |+
— {(mu +mg)m T+ (mg 4+ mg) KOKO 4 (my, +mg) KK~

(1, + mg) om0 + oMy

[E—

If we look at the pion mass, and we neglect the mixing with the 7, we find m2 = p(my,+mq).

B Conventions and useful results II: thermal corrections

We discuss thermal corrections in this appendix. We analyze axion production via thermal
gluon scattering, and we compute thermal masses for the DFSZ Higgs sector.

Thermal corrections to axion production via gluon loops. The axion production
rate can be expressed in terms of the axion self-energy [115, 116]

d3p d3p
a:—2/7a E, ImHa:/iaHCf. B.1
v 28, (27T)3fBE( ) 2, (271_)3 ( )

Here, fpr(E,) is the Bose-Einstein distribution and IT denotes the non time-ordered ax-
ion two-point function. At finite temperature, the expansion parameter is not anymore
a5/ (4m) but rather the gauge coupling constant gs because of collinear enhancements [59],
and this require in principle the resummation of infinite processes involving many particles.
However, as explained by ref. [38], such an enhancement is absent for the axion anomalous
interaction given in eq. (1.1), and we can safely consider only binary scatterings. Never-
theless, even if one restricts to binary collisions there are still IR divergences to take care
of. The production rate with IR divergence properly accounted for can be found in ref. [38]
but only at high temperatures, T' > 10* GeV. We extend this study to lower temperatures.

Only one diagram contributes to the production rate, the one-loop axion two-point
functions with virtual gluons. Within the context of the optical theorem, this contribution
could be interpreted as the thermal gluon decay [38]; using the cutting rules, we could
identify diagrammatically as g, — gtn + @ where gy, indicates the thermal excitation of
the gluon field in a medium. This is the reason why ref. [38] dubbed it the ‘decay” diagram.
We evaluate the it with the resummed thermal gluon propagators in the loop, and we work
at the leading order in g; because we can restrict to binary collisions. At this point, all we
need to derive a proper thermal gluon propagator.

For a generic gauge theory, thermal effects induce the following correction to the gluon
two-point function in momentum space

1
A'/:'thermal = _§GﬁHMVGf . <B2)
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The thermal self energy II* is a function of the external momentum K* = (w, kk). Here
and thereafter, capital characters denote four-vectors whereas lower-case characters their
components. The four-vector K has a spatial component of size k and direction k.

There are two® sources for the gluon self-energy at one-loop: gluon self-interactions
and gauge interactions of colored fermions (i.e., quarks)

=11 + Z A (B.3)
The pure gauge contribution reads

d®p
m fBE(P)

g" (4p - k — 2k*) — 8pHp¥ + 2kFkY — SpHkY — 3p”kH
2p - k + k2
g" (4p - k + 2k?) + 8pHp” — 2kFKY — 3pHk” — HpkH
+ )
2p -k — k2

where C3(G) denotes the quadratic Casimir operator for the adjoint representation and
fB.E.(p) is the Bose-Einstein distribution. The contribution from a quark ¢ with mass m,
results in
H,uu -9 2 d3p
qg = 98/2Ep(2) [fFD( ») +fFD( )}
» {g“”p -k — 2pt'p” — pt'k” — pVEH n g"'p -k +2ptp” — pt'k” — pVEH
2p - k + k2 2p -k — k2 ’

(B.5)

where E), = ,/p? +m2, and frp(E,) and frp(E,) are the Fermi-Dirac distributions for the
quark g and the anti-quark g, respectively.
We decompose II*” into its longitudinal (L) and transverse (T) components [118, 119]

w? — k2

™= - ", (B.6)
1 1 .y

The longitudinal and transverse gauge contributions read

Tl = —C2(G) ;: < ) /dprE [2pL+ % —% ] (B.8)
2 _ 1.2
i =~y mhy 4 Ca@) 2 [aogon ) 2o+ ] g

5If we consider axion production from thermal scatterings of SU(2)r weak or U(1)y hypercharge gauge
bosons there is an additional one from Higgs doublets [117].
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where we set I, = p and

W W4
L=1-—log|— B.10
- log w_] , (B.10)
P+ wy P —wt
Ly=1 +1 B.11
s = log |2t driog |22k ] (B.11)
P+ wy P — Wy
M = Nlog |———| — (p— —w_)log |[— B.12
(p+eo4) (p-+ ) log | L2 | — (p— ) (p - wo) og |[E=2 | (B2

with wy = (w + k)/2. We assume a negligible particle/antiparticle asymmetry for quarks,
and consistently we set frp(FE,) = frp(FE,). We find

2 2 2 2 2 2 2
o g; [w—k p (w* = k%) +4E; + 4Epw
Tl = — 82 ( 12 )/dpEpfFD(Ep) [8— ok Ny
2 k%) +4E2 —AE
LW R AR, SR o g
pk
1 g2 p? 2m?2 + (w? — k%)
mrly = = 5 g+ 2 /dpEpfFD(Ep) §- T (- N (B

(B.15)

Ny = log [2(Epw + pk) + (w? — k?)]

2(Epw — pk) £ (w? — k?)
For a massless quark (m? = 0), we recover the analytic expressions in the literature [38].
With the gluon self-energy at our disposal, we can evaluate the spectral densities

1
2 —-k2 1
pr. = —2Im < . (B.17)

The imaginary part must be extracted according to the rescription w — w-+i07. In order to
deal with technical difficulties in the numerical analysis, we take into account the spectral
densities rewritten as

pilk) = 27 Z; (k) 6 (w? — w} ()) + p§™ (B.18)

where ¢ = (T, L) and Z; indicates the residues at the poles of w = +w; (k) which are located
in the time-like region (|w| > k), and we consider the contribution from the continuum parts
cont

ps°™ only in the space-like region (Jw| < k) [117].
We express the axion two-point function in terms of spectral densities

< 4o (_9 21/°Odk /Oodk b g (ko) [ (Ea — ko)
@ 43\ 3272f, ) pa Jooo 0 0 |k—pal BN B ’

{ (pr (k) pr. (@) + pr. (k) pr (@) [(k + 0)* = p2] [P — (k — @)’]

k2 q2 2
+pr (k) pr (q) Kkg + qg) ((k2 —pi+d?) + 4k2q2> + 8kogo (K + ¢* - pﬁ)] } :

(B.19)
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Figure 13. The control function F3 defined in eq. (2.8) as a function of the temperature (left) and
the strong coupling g, (right). The dashed gray line on the right panel corresponds to the Hard
Thermal Loop (HTL) approximation [37, 59], and it is valid only for small couplings gs < 0.5.

where d, = 8 is the dimension of the SU(3) strong gauge group and the four momentum
of the gluons are K* = (ky, kl%) and Q* = P! — K" = (qo,qG). We integrate numerically
eq. (B.1) where we use eq. (B.19) for the axion self-energy. We employ the ‘RunDec’ [60]
code to account for the running of the strong coupling constant up to four loops. The
numerical result of the control function F3 defined in eq. (2.8) is shown in figure 13; the
left and right plots illustrate the value of F3 in the function of temperature 7" and the strong
coupling gs, respectively, including the decoupling of quarks at different temperatures.

Thermal masses for the electroweak sector. The tree-level scalar potential for the
2HDM is given in eq. (A.16). The thermal evolution of electroweak sector in the 2HDM is
the subject of refs. [1207123], and one-loop thermal corrections to the potential read

Vi (Hi, T) = 55 Z [anB [mb( H;) /Tﬂ —nsdp {m?c(Hi) /Tﬂ ] . (B.20)
b.f

Here, we include contributions from bosons and fermions, and we denote their (Higgs fields

dependent) masses my,(H;) and my(H;), respectively. The relative minus sign is due to

fermion fields running in the loop. The dimensionless quantities n; and ny count the num-

ber of internal degrees of freedom. The function Jp and Jp are defined as follows [118, 119]

JB mb/T2 / daa? log Vmumi/ﬂ} , (B.21)
Jr [mf/T2 :/ dzz?®log [1—1—6_\/932””?””2] ) (B.22)
0

At high temperatures, more specifically for my, ;/T < 1.8 [124], we can approximate

4 2.2 2\ 3/2 2 6
1
B{mg/TQ]N T me_”<mb> _7%]gmb +(’)< ),(B.23)

L

45 12T 6\ 12 32T4 78 4,12
7t 2 m? 1 m? m2 6
2 /2 f f
o] I N SR 0 B.24
P30 ~ 3~ a8 T2 +o( 7 ) (B:24)

where ay = 72 exp(3/2 — 2vg) and a; = 16a; with the Euler-Mascheroni number vg.
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In the electroweak symmetric phase, the global minimum is located with the Higgs
fields at the origin, v, q(T" > Tgwpr) = 0. The thermal corrections to the quadratic
fluctuations of the Higgs fields around the origin read

Vit = s (T) HYH, + dp (T) H} Hy (B.25)
where

- (w) 2

T2(9 5, 3 0 2 (Y;- )
S (T =—|=¢g*>+=¢ _— AL+ 4 2 B.2
pa (T) 51 129 T3 +6 i +3A +4A3 +2Mq |, (B.26)

2 T2 (9 5 3 2 (}A/z'(d))Q 2 (}A/i(e)f

0 TY=—1|-= = 6 2 3\ 4\ 2\ . (B.27
pa (T) o1 | 29 +2 + cos? 3 + cos2 +3A2 +4A3 + 274 ( )

The factors of cos or sin 8 come from the Yukawa interactions to reproduce the SM
fermion spectrum. One can obtain the thermally corrected mass matrices for the Higgs
sector by 02 (VZHDM + V;;IDM) JOH;0H; where Voppm denotes the zero-temperature and
tree-level scalar potential in eq. (A.16). These corrected masses will be used in the calcula-
tion of cross sections for axion production above the weak scale (see appendix C for more
details).

C Conventions and useful results III: cross sections

We present results for the cross section for each binary collisions producing hot axions in
the final state. With the only exception of thermal gluon scatterings, which we evaluated
in the previous appendix, these are the processes that we have to account for. We express
each cross section as a function of the (squared of the) center of mass energy, and we
evaluate the thermal average as prescribed by eq. (4.6). The interaction rate in eq. (4.4)
is what we need to incorporate into our Boltzmann equation analysis. We employ the
FeynCalc package to check all analytical expressions for cross sections [125, 126].

KSVZ axion above the heavy fermion threshold. At temperatures larges than
my the dominant processes for axion production are scatterings of the heavy colored PQ
fermion through the interaction in eq. (2.5). We set the axion decay constant f, to nor-
malize the gluon anomalous coupling, and we find the cross sections

g2 my mz‘l/
S S
Ty tiga = g 5~ artanh 4? 1, (C.1)
TIa1 4T
2 my 2 4 2

Y my My my

OU4g—TUta = O—‘i/—i-g—)\il—i-a = 192;-']1‘2 . Sm?I} (48 — 372 — 9 — 210g [3]) . (02)
a1l —"w
S

DFSZ axion above the heavy Higgs bosons threshold. In this phase, we find
it convenient to work with the linear realization of PQ symmetry with the only axion
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interaction in eq. (3.6). Quark-antiquark annihilations have cross sections

(12
B2 > Y@'(u) 1— ™y
ZUQZ +ul = Hl4a — ZU Ltup—Hata ~ 5767 f252  sin? 2 (C.3)
i TJa (1 _ m;@)
o-(d) 2 m2
B2 XY ‘ 1—
Zan +d s Hi4a ZUQ¢L+J§2—>Hu+a = 5767252 cos? B 2 N2 (C.4)
e 2

The indices 7, j run over quark flavors, my, , are the thermally corrected masses of the each
Higgs doublet, and Y (@d) are the diagonalized Yukawa matrices appearing in eq. (A.10)
for up-quarks and down-quarks, respectively. The expressions in egs. (C.3) and (C.4) have
poles at the mass of the Higgs boson different from the one on the external state, and this
can lead to divergences when we integrate over the phase space. We regularize such an
unpleasant behavior with Breit-Wigner corrections to internal propagators, and we use the
decay widths

Z |Y(u)|2 [y () Z il M, ©5)
sin? 871' ’ Ha = cos? B cos2f3 ) 8 '

When Higgs fields appear in the initial state we have the cross sections

ZUQiLJrH;%u%%»a = Z ud 4 Hy— Qi +a Z Qi +Hy—wy+a Z @) +H —Qi +a
ij ] v v

A 2 2 2 2
B2 A Y(u) 1 demeHu 1 my,
(] 1 - - < -
= 2 arcoth s — 5
2.2 2 2 2 2 2 _ 2 I
2887 f2s?  sin®f (1 _mi L My 1 My,
P s s

(C.6)

Z Qi +Hf—»dl,+a — Z T4+ H,—Qi +a Z Qi +Hy—dy+a — Z &, +H]>Q! +a
ij iJ

2 2 _ 2
= 2 92 2 P) 2 aI‘COth g - 2 = 2 )
2887 f2s?  cos? 3 m2, _ Mh, _ MH,™h,
1— —Hu == 1 -

(C.7)

for scatterings mediated by up-type and down-type quark Yukawa interactions, respec-
tively. The expressions in eqs. (C.4) and eq. (C.7) describe lepton scatterings with ¥ (@) —
1408

The doublets H, and H,; are not mass eigenstate but we provide a simple two-step
procedure to convert the cross sections above into the ones for mass eigenstates.®

6The axion coupling in eq. (3.6) possesses the SO(2) symmetric property for the Higgs doublets, and
the cubic vertex can be written as iB(a/f.)H] ¢ H; with H; = (Hu,iUQH;) and €¢'? = —¢*! = 1.
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1. We introduce the temperature dependent mixing angle «

| éfu _ sin «v c?s « H; , (C.8)
10“H} —cos« sin «v Hs
where H1 and Hs denote the lighter and the heavier physical states, respectively. As

expected, we recover a &~ 3 at low temperatures, T' < (2B/ sin 25)"/2.

2. We can replace the interaction states H, 4 in egs. (C.3)-(C.7) with the physical
eigenstates Hj o through the rotation above. As an example

() |2
Bz S| (1-miy/s)
Za—i j i = cos’a , (C.9)
o QitupmHita 576w f2s?  sin? 8 (1 —ml /5)2
2
() |2
,oBr SR (- mi/s)
ZUV i et, = sin®« . (C.10)
r L tup—Hy+a 5767rf352 2 6 (1 B m%{ /s>2
1

Furthermore, there are the additional contributions to the axion production from gauge
boson scatterings. In this case, since the Higgs doublets are identical in terms of the gauge
charge assignment there are no mixing angles appearing in the cross section for physical
states. After straightforward calculations, we find the cross section for the case of the
initial gauge boson state

g% B2 (14 s;)artanh [1 — 2%] +5;—1

THAVu=H] ta = TH4 Vi Hysiba = 1447 f2 52 (1—s)°

Ji
(C.11)
with s; = m%{l /s and gy the corresponding gauge coupling. If the gauge boson in the final
state we find

THitHjzioVita = Ogii gt V,ta

_ dygy B? 1
288mf252 1 — 2 (s; + s;5) + (si — s5)

2(—2\/1—2(81‘4-83')4—(81'—8]')2

V1= 2050+ 57) + (5 — 5)° V1205 +57) + (50 — 5)°
+artanh [ T+ (5 —5)) + artanh [ pa—
1—(si+sj)
+ (1 — 2s; — 2s;) arcoth [ J ] ) . (C.12)
V12050 +55) + (51 — 5)°

DFSZ axion below the heavy Higgs bosons and above the EWPT. As the uni-
verse cools down further below the heavy Higgs boson masses, such heavy degrees of free-
dom are integrated out and the bath contains effectively only SM particles. We employ
here the non-linear realization of the PQQ symmetry with axion couplings given in eq. (3.9).
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Matrix elements of SM fermion scatterings depend only on the combinations [51]

Cu = —CQp T Cup
Cq = —cQ, t+ Cdg » (C.13)
ée = _CLL + CER

for the up-type quarks u = (u,c,t), the down-type quarks d = (d, s,b), and the charged-
lepton e = (e, u, 7), respectively. The chirality flip mentioned in the main text is such that
only processes with the components of the complex Higgs doublet contribute to the rate.
Thus the rate will be dominated by third generation SM fermions since their interaction
strength with the Higgs field is proportional to the Yukawa couplings. We parameterize the
Higgs field H” = (x4 ,X0), where each doublet component is a complex scalar field, and
we also introduce y_ = XL and x§ = XB' The scattering cross sections take a particular
simple form once we ignore CKM factors, which lead only to few percent corrections since
the rate is controlled by third generation fermions. If both initial state particles are SM

fermions
A2 2
&y
. _ Gy
Ofi=x0a T TIfoxGa T a2 (C.14)
A2 2 A 2
L Y5+ Cp Y
o _Gytiy;
Offoxa =0 fox-a = T gappr (C.15)

Here, f is a generic SM fermions and y; the associated Yukawa coupling in the basis where
such a coupling is diagonal. The fermion f’ is the weak-isospin partner of f. If a scalar
appears in the initial state we have

Cr Y
_ o o . rr
O fxo—fa _fog—>fa - JfX8_>fa - Gfxg—>fa - 647Tf2 ) (016)

~2 2 A 2
Gy tepyp

fo_ﬁf/a :O-f_X+4>f7/a — 647Tf2 (017)
a

DFSZ axion below the EWPT and above the QCDPT. Below the EWPT, SM
fermions and gauge bosons acquire a finite mass. We perform calculations in this phase with
the PQ symmetry non-linearly realized, and cross sections still depend only on the same
combinations in eq. (C.13). We report here explicit expressions for quark scattering cross
sections, the lepton case is a straightforward generalization. Here, we generalize the results
provided by ref. [51] by accounting also for flavor-violating processes whose contributions
lead to corrections proportional to CKM factors.
We begin with quark/antiquark annihilations. For final state gluons we have

Am?2

e2g2  mi/s
a9s o/ artanh - —1 . (C.18)

g = =
q+q—g+a 2 2
Inf21l—4m2/s

S

If we replace the gluon with the SM Higgs boson, we find

52 [y (@) |2 m2
K Y’ ’ 1 - Th 4m3i 4m3i 4mgi
O-(Ii‘i‘(ji—)h—i-a = 6477-]‘3 L 477131. 1-— T — T artanh 1-— T . (Clg)

S
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Quarks can also annihilate to weak gauge bosons. For final state Z bosons we have

A 9 2 2
Gl om0
O 10 = _Z _9_ 4
w;+u;—+Z+a 5767Tf3 m2Z 2 s s
S 1 S
4 4 2 2 2
17@§-+32"3V-”§'(9”2%-%40"3V> ey
+4 artanh [{/1— —=| | , (C.20)
Am?2 . S
1_ S
22 [@? m?
GIROT At (my () yme
g 7 = £ _9_Z
ditdi=Z+a — “py6y 2 m? Am?. s 5
S Sl
4 4 2 m2 2
57 + 87 - 7 (974 + 47 ) ey
+4 artanh [{/1 — : (C.21)
4mii S
- S

for up and down quarks, respectively. Quark/antiquark annihilations to the charged weak
gauge boson W¥ can be flavor-changing processes, and their cross sections read

2
2 my
g 7 + =0 = — = ’VU 2 g 1= =
ui+d;—Wt+a dj+u;—=W=+a CKM 12877]‘2 m2, {1 _ (muﬁ‘mdj)T [1 B (mui_mdj)z}
S

S

aME o, 2miy (m“l * mdﬂ')Q (m“‘ — M )2
(BB ) (1o T -y

S

s s s
_ . ;
2 2 2 2 my, =My,
o MM, 2myy — my, + mg, 14+ %
+ 2¢;, arcoth = =| +
s
\/1 _ (muz+mdj) \/1 _ (m“‘l mdj)
L s s u
i m2 —m?2 i
2m3,2m12,v+mgi—mfl, 1 vl
+2¢5—2 L arcoth =" = | +
S S
\/1 _ (mui+mdj) \/1 . (m“i_mdj)
L s s .
2 2
m2 m? 1— Mt

A oA Tug M
+ 4¢,6q9——5— arcoth
s

(C.22)

We switch to quark or antiquark scattering with SM bosons. For a gluon we have

22 Mg 2 4

: 2

. e Cq9s S mg o my,
Oota—saita = O +a—sita = -k
G BrgT 1927rf31 mg, s 52

3 —2log ln?” . (C.23)
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For a SM Higgs boson in the initial state we find

2
Cq

Oq. ; = 0g, 7 =
qi+h—q;i+a qi+h—qi+a 6471']‘3 <1 _ (mh+mqi)2> <1 B (mh—mqi)2>

2 _ 2 2 B 2
y <1_mh8m‘h>\/1_(mh+m%) \/1_(mh mq¢)+ (C.24)

mg, 1— L%
— 4—" arcoth 8

s (m+m W (mn—ma,)°
\/1 S Vi

In the case of incident Z bosons, cross sections read
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for up and down quarks, respectively. Likewise, flavor-chaging processes with charged weak
gauge bosons W give the cross section
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One can easily derive the cross section of the scatterings of dj + W' — u; + a (equiv-
alently, Jj + W™ — @; +a) from eq. (C.27) with the exchange of m,,, <> mg, and &, <> &.

KSVZ and DFSZ axions below the QCDPT. The ChPT formalism describes low-
energy axion interactions with the strong sector. As discussed in the main text, we trust
calculations in this regime only up to Acppr ~ 100 MeV. Thus axion production is domi-
nated by pion scatterings mediated by the Lagrangian

0 anTmw — — _
£a7T7r7r = fﬂa CT (7707T+8M7T + 77071' 6M7T+ — 27T+7T 8“7T0> . (028)

The dimensionless coupling cgrrr Was given in the main text both for the KSVZ and the
DFSZ axion, and the consequent cross sections for pion scatterings result in
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DFSZ axion with leptons. The DFSZ axion has also interactions with leptons giving
cross sections [48]

ml2 4ml2.

¢ | artanh 1——=

2 A2 s s
e ¢:

S
EANCAN A% mt
2o () [ 1(5) - (3) -a-2es(%)
Q=0 fa. = ——C . (C.32

where the coupling é is defined in eq. (C.13).

D Conventions and useful results I'V: cosmology

In this work, we study production of thermal axions during a radiation dominated era. We
collect in this appendix useful properties of the primordial thermal bath. The cosmological
background where axion production takes place is a Friedmann-Lemaitre-Robertson-Walker
(FLRW) expanding universe with metric

ds? = dt* — a(t)*6;;dz'da? (D.1)

The growth of the scale factor a(t) is quantified by the Hubble parameter H (t) = (da/dt)/a(t)
which in turn depends on the energy density p of the universe via the Friedmann equation

He VP (D.2)
V3 Mp)
We use the reduced Planck mass Mp) = (87G) /2 = 2.44 x 10" GeV. Within our frame-
work, the energy budget is dominated by a thermal bath of relativistic particles in thermal
equilibrium with temperature T'. The associated energy density scales as follows

a0 9x (T) T4 ) (D.3)

where g.(T") denotes the effective number of relativistic degrees of freedom contributing to
the energy density. Another crucial property of the thermal bath is its entropy density
272

SR(T) - T5 g*s(T) T . (D4)

Likewise, g.s(T') are the effective number of entropic relativistic degrees of freedom.
Temperature as the evolution variable. The cosmic time ¢ appearing in the FLRW
metric in eq. (D.1) is not the most convenient variable to describe the evolution of a

radiation dominated universe. The presence of a thermal bath makes the temperature T'
of the bath itself the most natural variable to keep track of the expansion. For a radiation
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dominated universe the expansion is adiabatic and the entropy in a comoving volume sga®

does not change with time

dsp
— +3Hsp=0. D.5
ar T oHSR (D.5)
We plug the definition given in eq. (D.4) into eq. (D.5) and we find
ar HT
—_— = . D.6)
1 dlog g«s(T) (
di L+ 3 g

Given a generic function of time &, such as the axion number density n, appearing in the
Boltzmann equation, we can trade easily time with temperature derivatives

d§ _ <1 1d10gg*s(T)) i% ) (D.7)
dlogT 3 dlogT H dt

It is often convenient to employ the dimensionless evolution variable = M /T, with the
overall mass scale M purely conventional. Thus we find another useful relation

d d (1_1dlogg*s<:v>> 1dg

dlogz  dlogT 3 dlogx Hadt "~

(D.8)

Temperature dependence of ¢°M(T) and ¢SM(T). At large temperatures all the de-
grees of freedom are relativistic so ¢.(7") and g.s(7") are constant. However, we consider
axion production at temperatures below the weak scale where these quantities change as
SM particles become non-relativistic. It is worth noting thanks to eq. (D.8) that not only
the absolute values matter but also their temperature derivatives. This effect is particu-
larly significant around the QCDPT. We employ in our analysis the two different choices
for the SM effective relativistic degrees of freedom.

o Ref. [32]. At temperatures above the EW scale all particles are considered free and
massless and respecting the Stephan-Boltzmann law for bosons and fermions due to
the crossover nature of EW transition in the SM. For massive particles around and
below the EW scale when the temperature reaches each particle mass one should
follow Fermi and Bose statistics. For the strongly interacting fluid especially above
100 MeV including the crossover QCD transition at 150 MeV the result of lattice
simulation is used for up, down and strange quarks (2 + 1 flavors) added to the
result for the charm quark at 1GeV. Then they matched to the free gas limit at
very high temperatures. For temperatures below 100 MeV the hadron resonance
gas result for equation of state is used that matches to the lattice simulation of
equation of state below the QCD transition epoch. At temperatures around 1 MeV
the result of evolution of neutrino temperature with respect to photon temperature
that includes the effect of decoupling of different types of neutrinos is implemented.
In this model the number effective neutrinos based on previous calculation is assumed
as Neg =~ 3.046. The rest of SM particles considered free. Considering all these effects
improves the calculation for the extra number of relativistic particles for any given
models. There are uncertainties on hadron resonance gas model, lattice simulation,
and thermal effect of QCD at high temperatures, and electroweak transition.
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Figure 14. Effective number of SM relativistic degrees of freedom contributing to the energy
density g.(T) and to the entropy density g.s(T) as a function of the temperature. We report the
results of ref. [32] (green solid line) and ref. [33] (red solid line).

o Ref. [33]. This study uses a different treatment for the electroweak and QCD tran-
sitions, hadron resonance gas model, and neutrino decoupling. Around the EW tran-
sition the thermal corrections on the Higgs field evolution including the perturbative
and nonperturbative effects for the interaction in the EW sector are used. Since
around the EW transition the change of d.o.f. is not abrupt like the QCD case, due
to lesser interacting particles in the thermal bath, these corrections will have tiny
effects on the final result. Below 120 MeV the hadron resonance gas model and above
that the QCD equation of state from a different lattice simulation for 24141 flavors
are used. Then it is freely matched to the perturbative QCD equation of state above
1GeV. Around 1 MeV the neutrino decoupling is considered assuming Neg ~ 3.045.
Also, the negligible effects of plasma on electrons and photons are illustrated.

We compare the two different treatments in figure 14 where we show the tempera-
ture evolution for ¢gSM(T) (left panel) and ¢SM(T) (right panel). As it is manifest from
these results, theoretical uncertainties will cause at most 10% difference in our prediction
for the energy density stored in axion dark radiation. Furthermore, there are additional
contributions to the effective relativistic degrees of freedom at high temperatures for the
frameworks studied in this paper: the heavy PQ fermion and the extra Higgs bosons for
the KSVZ and the DFSZ models, respectively. We include their effects by treating them as
free particles with contributions given by the integrals in egs. (2.9) and (2.10) of ref. [32].

How to compute ANy ;. We provide the definition for the effective numbers of neutrino
species ANgg valid for a generic dark radiation candidate . When the universe was
approximately 380,000 years old, the plasma opacity to electromagnetic radiation suddenly
dropped and photons free-streamed until they reached our detectors today. At this stage the
bath temperature was approximately Tomp =~ 0.3 eV, and the only relativistic SM degrees
of freedom were photons and neutrinos. The total energy density stored in radiation reads

pr(TcMB) = py + pu + P =

7 oM 4 4/3
I+ g (NG + ANe) (11> pry . (D.9)
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In the last equality, the effect of ® is parameterized by an effective number of additional
neutrinos A Neg which we can find by direct comparison

4/3
A= (1) oo

D.10
(3) o (D.10)

CMB

We evaluate AN.g for a dark radiation candidate ® that reaches thermal equilibrium
with the bath at early times and it decouples subsequently. Thermal equilibrium erases
the memory of whatever happened at earlier times and we can neglect physics before
decoupling. As long as ® is coupled, the number and energy densities result in

¢(3) .3 1 boson
1o (T) = gno =2 T3 , - , D.11
#(T) =gne w2 ne = go 3/4 fermion ( )
2 1 boson
T) =gep—T*, b = . D.12
pa(T) =g 30 e = g0 7/8 fermion ( )

Here, g is a constant number accounting for the internal degrees of freedom (e.g., spin)
of the particle ®, and the distinction between bosons and fermions is due to the different
phase-space equilibrium distributions. The Riemann ¢ function appearing in the number
density is approximately ((3) ~ 1.2. We get rid of the temperature in the equations above
to find the relation between energy and number densities

_ Gx2 77/2 e ne 4/3
P =50 <<(3>> (2) (D-13)

Another useful expression is the one between energy and entropy densities for the photons

2

T 7% (45 sgp 4/3
=2x —T'=—[—= ) D.14
Py 30 15 (27r2 g*s(T)) (D-14)

We use egs. (D.13) and (D.14) to evaluate the dark radiation amount via eq. (D.10)

4 11N\ [ 2 Yo (Towm) | *
ANug = gup = [ — o ges(Tomp) 22 CMB) D.1
f 9¢7<4> <45C(3)9 (TemB) - (D.15)

with Y3 = ng/sg the ® comoving number density. After decoupling, which happens at a
temperature T, ®’s just free-stream: the phase-space distribution keeps a thermal shape
with temperature red-shifting with the scale factor as Tp o< @', and the number density

3

gets diluted as ng o< a~°. Thus the comoving number density stays constant because of

entropy conservation throughout the expansion

ne(Tp)  gne 45((3)

Yo (T =Ys(T <Tp)=Ys(Tp) = = D.1
o(Toms) = Yo(T < Tp) = Yo(Tp) sn(Tp) ~ gus(Tp) 27t (D.16)
We plug this expression for the comoving yield into eq. (D.15) and we find
4 /11 4/3 g*s(TCMB) 43
ANe = gsp = | — - . D.17
off G 7 ( 4 ) < g*s(TD) > ( )
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The effective number of relativistic entropic degrees of freedom includes contributions from
both the SM bath and ®. We define it as follows

9s(T) = g2M(T) + g2,(T) . (D.18)

The SM part is illustrated in the right panel of figure 14, and we quantify the additional
contribution by knowing that ®’s decouple at Tp and free-stream subsequently

o 1) 1 T>1Tp (D.19)
Gxs = gx® gflgvl(T) . .
g (Tp) T<Tp

By using this result we can find an equivalent way to express ANgg that reads

4 11 4/3 gSM (TCMB) 4/3
ANug = guo = [ — Ges \IOMB) ) D.20
! “’7(4) (giM(TD) (020

Unlike eq. (D.17), this result contains only the SM contribution to the entropic degrees of
freedom that we can read off the plots in figure 14. Furthermore, this relation is consistent
with the temperature ratio at the CMB formation as dictated by entropy conservation

1/3
(M Toww) ) Dot
=\ "y . (D.21)
CMB *8

Te
T’Y

The numerical result in eq. (1.3) of the introduction is a consequence of eq. (D.20), and the
value ¢3M(Tomp) = 2 + NSM x (7/11) ~ 3.94 that we use accounts for non-instantaneous
neutrino decoupling. The output of this analysis describes the curves in figure 1.

The case discussed above is not the most general one. Thermalization may not be
achieved, and even if ®’s reach thermal equilibrium the temperature Tp is not the most
practical variable to employ. As we do in our analysis for the QCD axion, the standard
procedure is to solve the Boltzmann equation and find the asymptotic density. We conclude
this appendix with the explanation of how to use such an asymptotic value to find AN.g.
The starting point is still eq. (D.15) since it does not rely upon any assumption about
thermalization. The only unknown quantity in that expression is the number of effective
entropic degrees of freedom at recombination g.s(Tcomp): the SM part is known, we need
to quantify the contribution from ® in terms of Yo (TcmB)

7\
92 (TomB) = gea (q))

27d Yo (Tcms)
T, '

50 9xs(TovB) o

= Jx® (D.22)

CMB

The full number of entropic relativistic degrees of freedom appearing after the last equality
is given by the two contributions in eq. (D.18). Thus the above equation allows us to solve
for g® (Tous) and eventually for g.s(Toms), and we find our final result

4 Yo (T, 4/3
AN — 4 (11\*3 4522(3) gfy(T@MB)% D.23
eff—g*<1>§ z 1— o4 Y5 (TomB) ' ( ’ )
BE I g0
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Figure 15. Left panel: production rate for the KSVZ axion employed in our paper (black), and
factor of 2 enhancement (red) or suppression (green) around the QCDPT. Right panel: predictions
for AN.g for the three different cases.

The second term in the denominator accounts for the entropy associated to the dark radi-
ation particle ®. We estimate its relevance by looking back at the case when ®’s decouple
at the temperature T, and we plug the explicit equilibrium comoving density as given in
eq. (D.16). We find that the correction results in g.a/(g5M(Tp) + g«a), and therefore it
is relevant only if the dark radiation stays in thermal equilibrium until a time when its
effective number of entropic degrees of freedom is comparable with the one of the SM bath.

Theoretical uncertainty on AN, due to the interpolation. We conclude this ap-
pendix with a discussion of theoretical uncertainties associated with our interpolation across
the QCDPT. In our work, we performed a smooth interpolation for the production rate
between Acppr and Ayx with the cubic ‘spline’ method, motivated by the fact that the
QCDPT is a crossover leading to mild shifts of thermal properties. One may wonder how
our predictions for AN.g are sensitive to the details of such an interpolating method. We
take the KSVZ axion case for concreteness, and we modify the production rate as shown in
the left panel of figure 15. The solid black line corresponds to the rate used in our analysis.
We consider two extreme cases where around the temperature scale 500 MeV the actual
rate is a factor of two larger (red line) or smaller (green line), and we make sure to match
these lines with our results below Acppr and above the mass of QCD resonances. The
resulting predictions for A Neg are shown in the right panel of figure 15. For values of the
axion decay constant not excluded experimentally, our predictions are quite insensitive to
the detail of the interpolation and therefore utterly solid.
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