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Axions and axion-like particles, commonly referred to as ALPs here, are among the most popular
extensions of the Standard Model. They are as pseudo-Nambu-Goldstone bosons of a high energy
global symmetry that is spontaneously broken naturally light and weakly coupled, presenting an
interesting alternative to heavy new particles. In this short overview we present how ALPs can
be added to the Standard Model. We then show how ALP couplings to SM particles evolve
from high to lower energy scales. This scale running generates, independent from the specific
UV coupling structure, flavour-changing ALP couplings in the down-type quark sector. Using
that flavour-changing processes are experimentally well-constrained, we are then able to derive
strong constraints on UV ALP couplings from flavour experiments that are complementary to
astrophysics and collider searches. We present our findings in a benchmark scenario where at the

UV scale we assume only the coupling to SU(2) gauge bosons to be non-vanishing.
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1. Introduction

The Standard Model of Particle Physics (SM) stands sound in its description of the smallest
particles in nature and their interactions. Nevertheless, multiple experimental results as well as
theoretical considerations suggest an extension of the SM. Examples include the empirical evidence
of neutrino oscillations that prove that not all neutrinos can be massless, and the so-called strong
CP problem, i.e. the question why the strong nuclear interactions obey CP symmetry, even though
there is no profound theoretical principle dictating this behaviour. Among the most prominent
beyond the SM (BSM) models are axions and axion-like particles, commonly referred to as ALPs
in this article. They are pseudo-Nambu-Goldstone bosons (pNGBs) of a spontaneously broken
approximate global U(1)pg symmetry that is realised at a scale A much larger than the electroweak
scale [1-4]. In analogy with the pions of QCD that as pNGBs of the chiral symmetry are much
lighter than the scale at which this symmetry is broken, ALPs are naturally much lighter than the
scale of U(1)pg breaking. Since their couplings are typically suppressed by powers of the large
scale A, ALPs as light and weakly coupled particles are an interesting alternative to heavy new
physics. In the literature, many explicit models for ALPs apart from the initial QCD axion have
been considered, e.g. heavy or composite QCD ALPs [5, 6], flavon and familon particles [7-9],
and composite Higgs models [10, 11].

2. Effective field theory for ALPs

The most general effective Lagrangian including ALP couplings to the SM particles up to
dimension 5 is given by [12]
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Here, Gy, le‘v and By, are the field-strength tensors of SU(3)., SU(2)z and U(l)y, BH =
%e’“’“ﬁBaﬁ and similar for the other gauge bosons are the dual tensors, and ay = g2/(4n),
a> = g?/(4r) and a; = g’*/(4n) are the corresponding coupling parameters. The sum in the first
line extends over all fermion multiplets, and ¢y are hermitian 3 X 3 matrices in generation space.
The Higgs doublet is denoted by ¢. The suppression scale f of the ALP couplings is related to the
scale of symmetry breaking by f = 4w A. Note that this Lagrangian has 50 real parameters!. The
five U(1) symmetries of the SM 2 can be used to remove five of these parameters. Canonically this
is employed to eliminate the ALP-Higgs coupling c 4, and we adopt this choice in this work as well.

As a remnant of the UV U(1)pg symmetry, the ALP Lagrangian inherits a shift symmetry
a — a+constant. The symmetry is manifest in the derivative couplings of the ALP and for the
couplings to SU(2);, and U(1)y gauge bosons its effect can be absorbed using field redefinitions.
The coupling to QCD gauge bosons only preserves a discrete version of the shift symmetry. In a
general set-up, we also allow for a direct soft breaking of the shift symmetry by including a mass

11 (ALP-mass) + 1 (ALP-Higgs coupling) + 3 (ALP-gauge boson couplings) + 5 X 9 (ALP-fermion couplings)
2the individual lepton numbers, baryon number and hypercharge
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Figure 1: Feynman diagrams contributing to the RG evolution of flavour-diagonal ALP-fermion couplings.
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Figure 2: Feynman diagrams contributing to the RG evolution of flavour-changing ALP-fermion couplings.

term in the Lagrangian. Taking effects from QCD instantons into account, the physical ALP mass
is given by [13-16]

2 2,2
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where m , and f, are the pion mass and decay constant.

For ALPs lighter than the EW scale, it is necessary to evolve their couplings to SM particles
down to the respective scale using RG methods [16—18]. At the EW scale, the heavy SM particles,
i.e. the top quark, the Higgs boson and the W and Z bosons, are integrated out and the theory is
matched onto a low-energy EFT without these fields present as propagating degrees of freedom.
Just below the EW scale, this necessarily generates flavour-diagonal couplings of ALPs to all SM
particles via diagrams as exemplary given in figure 1. Since the SM also features flavour-changing W
boson interactions, these effects can implement themselves through scale evolution and matching
onto the EFT, such that at the lower energy scale of experiments ALPs have tree-level flavour-
changing couplings even though the UV theory might be flavour-blind or -diagonal. Exemplary
diagrams contributing to the generation of flavour-changing couplings are shown in figure 2. We
find it instructive to give a representative numerical approximation of the strength of these induced
flavour-changing effects. Assuming a flavour-diagonal UV coupling structure ¢r = crl, we define
Yoo
diagonalises the down-type Yukawa matrix. V = UI,Ud is the CKM matrix. We then find for the
off-diagonal elements (with i # j)

the flavour changing coupling in the down-type sector as kp = U;cQUd, where UZYde =

kp(my)ij =107°V5V,,[ - 6.1cgG — 2.8cww — 0.02c 5
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3. Probing ALPs with flavour physics

The lightest of ALPs m, < 100 MeV are typically well-constrained by astrophysical observa-
tions such as supernovae and axion halo- and helioscopes. In contrast, ALPs with masses < 10 GeV
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Figure 3: Excluded parameter space in the benchmark scenario where the ALP only couples to SU(2)r,
gauge bosons is non-vanishing at the high energy scale. For details on how the individual constraints were
derived, see [19]. On the right-hand side we compare flavour constraints with constraints from exotic Higgs
and Z decay searches.

are best probed by direct resonance searches at colliders or searches for rare Higgs and Z boson
decays. In the SM, flavour-changing currents are well-constrained. It is therefore possible to de-
rive strong constraints on flavour-changing ALP couplings, and through equation (3) relate them
to UV ALP-Lagrangian parameters. Here we show that flavour physics are therefore predestined
to neatly fill in the previously unprobed parameter space of intermediate ALP masses 100 MeV
< mg < 10 GeV. We study the reach of these experiments within a benchmark scenario where only
the coupling to SU(2)r gauge bosons is non-vanishing at the UV scale, and all other couplings
including flavour-changing ones are generated radiatively. We present our findings in figure 3.
Details on how to derive the individual bounds can be found in [19]. On the right hand side of this
figure we compare the flavour bounds with the reach of exotic Higgs and Z decay searches from [20].
When the ALP is light m, < 5 GeV, flavour constraints are clearly dominant. The same exercise
was repeated in [19] for the benchmark scenarios where the ALP only has a coupling to SU(3).
gauge bosons, U(1)y gauge bosons, or one of the SM fermion multiplets. While the individual
constraints and relative strength of the bounds vary among the scenarios, the general shape is the
same and provides important constraints for *'medium-heavy’ ALPs that are complementary to other
experimental searches.
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