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Abstract

We give an overview of collider searches for Axion-like particles (ALPs). The intention of this review is to give a pedagogical
introduction to collider phenomenology of ALPs, and provide a starting point for newcomers, including suitable references to deepen
their knowledge. We motivate how ALPs arise from the breaking of approximate global symmetries and describe their interactions
across different scales in an effective field theory framework. We further review the dominant production and decay channels for
ALPs at high-energy hadron and lepton colliders as well as indirect ways to probe their interactions via precision measurements of
Standard Model processes.
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Objectives

e Theoretical motivation for Axion-like particles

e Effective field theory of Axion-like particle interactions: degrees of freedom, basis choice and renormalization group evolution
e Axion-like particle production and decay at hadron and lepton collider experiments

e Indirect and non-resonant searches for Axion-like particles

e Summary of current collider bounds on Axion-like particles coupled to photons

1 Introduction

The last few decades of high-energy collider experiments have led to a major paradigm shift, challenging our preconceptions about new
physics at the TeV scale. It is essential to ask ourselves what we can learn from the data, notably from the absence of direct evidence for
physics beyond the standard model (BSM) at the Large Hadron Collider (LHC). One possibility is that new physics could be more exotic
than originally thought and may be present in signatures that we have not yet considered. Alternatively, the scale of new physics, Agsm,
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may be sufficiently above the electroweak (EW) scale, such that new particles are too heavy to be directly produced at the LHC. In this
case, we must rely on indirect search strategies, in which precise standard model (SM) measurements may yield unexpected deviations.
These can be interpreted in scenarios with heavy new states via the framework of effective field theory (EFT). If, instead, relatively light
new particles exist, their couplings to the SM must be rather suppressed, since we have not conclusively observed them, although collecting
more data may yet shed light on such scenarios.

Perhaps a more realistic case could be that the underlying theory comprises some combination of these scenarios, as in the case of
Axion-like particles (ALPs). This scenario introduces a singlet, pseudoscalar state, a, with a mass, m,, around or below the EW scale. The
fact that it has not yet been observed suggests that its couplings to the SM should not be too large. Moreover, since it is the only addition to
the particle spectrum, one may also want to motivate why it remains relatively light compared to Agsm, where we might expect a plethora
of new particles to reside. A simple motivation for both of these observations, which is one of the defining features of this scenario, is that
the ALPs are pseudo-Nambu-Goldstone bosons (pNGBs) of an unknown, spontaneously broken, global symmetry. First, the fact that some
additional broken symmetry exists, leaving ALPs as a low-energy remnant, implies the presence of additional new physics and therefore an
EFT expansion to naturally suppress ALP interactions. Second, their pPNGB nature explains why they are relatively light compared to Agsy.
This is analogous to the description of pions in low-energy QCD, where role of the ‘UV’ physics is played by the heavier bound states such
as the p meson. In practice, the pNGB nature manifests itself in a shift-symmetry of the ALP field, @ — a + ¢ where c is a constant, under
which the ALP interaction Lagrangian should be approximately invariant. This means that the ALP couples preferentially via derivative
interactions:

Lawr > £L(0,a). M

The mass term ~ m2 a” explicitly breaks this symmetry, which was only taken to be approximate. However, this term (and any other explicit

breaking terms such as those describing a potential for the ALP) are assumed to be sub-leading in the ALP description.

In summary, ALPs are SM singlet, spin-0 fields that are odd under parity transformations and interact primarily via derivative couplings.
Altogether, this implies that the leading interactions with the SM are described by an EFT, and ALP couplings are intrinsically suppressed
by a dimensionful parameter, conventionally referred to as the decay constant, f,

a
Lap ~ 0 ( f) . @)
This is analogous to the pion decay constant, f;, that suppresses pion couplings in chiral perturbation theory. This ALP decay constant is
typically assumed to be related but not exactly equal to Agsm, much like f; is to Aqcp. In postulating a relatively light, new particle with
suppressed interactions, the ALP scenario aligns well with the current experimental status in high-energy physics. Moreover, their EFT
description, on one hand, explains why their couplings are weak, and on the other, requires the presence of yet new BSM states at higher
energies, also motivating indirect new physics searches. ALPs are therefore a timely and experimentally motivated benchmark scenario to
consider in high-energy physics, and it is evident that they have grown significantly in popularity in the last decade.

Besides being experimentally motivated, ALPs are also highly motivated from a theoretical point of view. Most of us will have en-
countered Axions in connection with the famous solution to the strong CP problem [1-4]. However, global symmetries are ubiquitous in
quantum field theory, and it is reasonable to expect that more may exist beyond those of the SM, and that their breaking may lead to light
pNGBs. Indeed ALPs can arise in many BSM scenarios such as string compactifications [5, 6], supersymmetric theories [7], neutrino-mass-
generation mechanisms [8—10], as well as composite-Higgs realizations featuring additional pNGBs [11]. Moreover, ALPs can be viable
dark matter (DM) candidates or serve as mediators to the DM sector, see e.g. [12—16].

Specific models may lead to relations between the properties and interactions of the ALP, for example, in typical Axion solutions to
the strong CP problem, the ALP mass is inversely proportional to its decay constant. However, it is useful to pursue a model-independent,
bottom-up approach to cover as broad a range of scenarios as possible. We therefore treat m, and f as independent, free parameters along
with the interaction strengths of the ALP with the various SM particles, described by the ALP-EFT. Our only requirement is that the EFT is
a valid description of the high scale physics at energies below Aggym and, in particular, we must have m, < Agsm.

An EFT is constructed by writing down the most general set of interactions between its degrees of freedom that respect its symmetries.
The particle content of the ALP-EFT corresponds simply to the SM states plus a. In this review, we are concerned with high-energy collider
probes of ALPs, and so it is appropriate to consider the full, unbroken gauge symmetry group of the SM. This ensures that the underlying
UV theory can reproduce the SM at low energies. The SM part of this EFT is known as the Standard Model Effective Field Theory (SMEFT)
and describes gauge-invariant, effective interactions between SM states, and the ALP-EFT amounts to adding analogous terms involving
the ALP. Since we have not yet definitively pinned down the nature of EW symmetry breaking, assuming a linear realization (i.e., taking
the Higgs as an SU(2) doublet field) may be considered restrictive. Non-linear EW symmetry breaking can be described by the EW chiral
Lagrangian [17-19] and the associated EFT that incorporates a dynamical Higgs is sometimes referred to as Higgs effective field theory, or
HEFT [20-22]. Although we do not discuss it any further in this review, choosing an EFT that implements a non-linear realization of EW
symmetry breaking would lead to a different ALP-EFT, which is often referred to as the non-linear ALP EFT [23].

Since ALPs can arise from a variety of UV completions, in principle there is no prior on m,, nor its couplings to the SM states. Many
concrete models predict more than one ALP candidate with different masses, further motivating the exploration of ALPs across multiple
scales. The only certainty is that, as will be discussed in Section 3.3, renormalization group evolution (RGE) mixes the coefficients of the
ALP EFT order-by-order in the expansion, meaning that assuming the absence of particular ALP couplings is a scale-dependent statement
and one is bound to generate all interactions allowed by the underlying symmetries at some loop order.
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Fig. 1: Summary of bounds on the ALP-photon coupling adapted from Ref. [24].

Our review will focus on a particular ALP mass range in which colliders can offer complementary sensitivities to existing bounds from
other sources. Ref. [24] is an extremely useful resource for ALP-hunters which compiles many existing bounds on various ALP couplings.
‘We emphasize, however, that many of these searches probe individual ALP couplings and their sensitivity may vary in the case where more
than one type of ALP coupling is present. Moreover, they may also only apply over a range of ALP couplings, and become irrelevant
when the ALP is too strongly coupled, or too long-lived for example. Figure 1 shows a typical example of a collection of limits on the
ALP-photon coupling, g4y, defined in Eq. (19), over a wide mass range, and assuming only this coupling is present. Along with the bounds
from various sources, the figure indicates iso-contours of constant decay length of the ALP, assuming only the a — yy decay channel is
possible. In the lower left, the “QCD Axion” band indicates the region in which the simplest Axion models predict the coupling to lie,
according to the aforementioned inverse relation between m, and f.

Broadly speaking, we can group experimental searches for ALPs into three categories. The first concerns the well known bounds on
ALPs arising from astrophysics and cosmology. These tend to target the ALP couplings to photons, electrons and nucleons, and come from
a variety of sources such as axion helioscopes like CAST [25-27] searching for an ALP flux from our sun (m, < eV), modifications of the
stellar populations in globular clusters [28, 29] (m, < keV), observations of supernova 1987a (m, < MeV) [30-38], and many more. The
m, ranges next to each set of bounds indicate that each astrophysical phenomenon used to set a constraint has a characteristic temperature
that limits the ALP mass range to which it is sensitive and that these types of bounds only generally apply up to m, ~ 100 MeV, as seen
in Fig. 1. In some cases, the bounds are sensitive to a characteristic timescale of the ALP decay, i.e., they probe ALPs that have a specific
lifetime. For example, Big Bang Nucleosynthesis bounds [39] are sensitive to lifetimes of order 1 second. Such bounds will depend more
strongly on a combination of m, and the set of ALP couplings to SM states. Notably, from the point at which the “Cosmic background”
limits apply in Fig. 1, the ALP lifetime is longer than the age of the universe, and it can act as cold DM.

A second category of ALP bounds come from low-energy experiments such a “Light shining through walls” and beam-dump experi-
ments. These experiments look to experimentally produce a flux of ALPs that travel a finite distance through some shielding material (the
“wall”) before decaying in an instrumented region. Such experiments also probe ALPs of specific lifetimes given by the baseline of the
experiment. The ALP mass to which the experiment is sensitive then depends on the production mechanism, and current bounds extend out
to the hundreds of MeV range, but generally probe a complementary region with stronger ALP couplings.

The third category, from the 100 MeV to GeV regime and beyond, is the realm of collider physics, understandably so given that these are
the highest-energy experiments available to us. Examples of such bounds can be seen in the upper right part of Fig. 1. Here one can further
split this category into flavor and high-energy collider physics. The former involves searching for ALPs through the decays of mesons such
as pions, kaons, and B-mesons and efficiently probes the region up to about m, ~ 5 GeV, providing the best bounds in the 100 MeV-5 GeV
range. We will discuss these bounds in more detail in Section 4.4.

Above the mass of the B-mesons, ALPs cannot be produced via these decays and must therefore be produced through the decay of
heavier particles such as the Higgs and Z bosons or directly through hard scatterings at collider experiments. Independently of m,, colliders
enable the first direct probes of ALP couplings to the heavy states in the SM, since these can only be produced at high energy machines.
Bounds on such couplings from colliders would be complimentary across the whole mass range. However, the fact that the ALP couplings
mix under RGE implies that at some level, these couplings will be constrained indirectly by non-collider bounds, which are generally much
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more sensitive and yield limits that are well beyond collider sensitivity, even when arising at a loop-suppressed level. Given the focus on
collider phenomenology of this review, we will not consider ALPs with masses below the hundreds of MeV range.

The rest of the review is organized as follows. We begin in Section 2 with a pedagogical example of a complex scalar field theory
giving rise to a pNGB. In Section 3, we review the generic interactions of the ALP in the framework of an EFT at the EW scale assuming
a linearly-realized EW symmetry breaking. In Section 4, we discuss the main production modes of ALPs at colliders, and in Section 5 the
possible decay modes of the ALP into SM states. In Section 6, we focus on indirect constraints on ALPs through non-resonant production
and ALP-SMEFT interference. Finally, in Section 7 we summarize some key constraints from colliders on ALPs and briefly conclude
in Section 8.

2 Toy example

In the following, we highlight how pNGBs arise from spontaneously broken approximate global symmetries. We show how a U(1) symme-
try results in having a shift-symmetric angular mode, characterized by derivative couplings to other particles, and that these couplings are
suppressed by powers of the vacuum-expectation-value (vev) of the complex field it originates from. We consider a complex scalar field, ¢,
described by the following Lagrangian density:

L, =100 = V(p), V() = —1lg* + Agl*. 3)

L, has a global U(1) symmetry associated with a rephasing, ¢ — ¢®¢. When p?> > 0, the potential V(¢) leads to a non-zero vev for the
modulus of ¢,

©_
20 2

which spontaneously breaks the global U(1) symmetry. We can express the complex field ¢ in polar coordinates in terms of two real scalar
fields, r(x) and a(x),

(@)= @

r(x) + f .a(x)
e(x) = exp (l— ) (5)
V2 f
where r(x) and a(x) are defined such that they do not acquire a vev. The U(1) transformation leads to a shift: a(x) — a(x) + constant.
The scalar potential is independent of a(x) but contains a mass, m% = 2112, as well as trilinear and quartic self-interactions for r(x)
A
Vip) = V(r) = Af2r + Afr + Zr4 + constant. (6)
The kinetic term, instead, depends on both fields and takes the form
: 1 ‘a da Wf 1 1 roor
kin. i% . H i%

L= 3 Oure'’ +i(r+ f) a el = Eaﬂr[i"r+ 3 (1 + 2]—0 + F)aﬂa&“a. )

In addition to the kinetic terms for the two fields, it contains interactions involving derivatives of a(x) that are manifestly shift-invariant.
After the spontaneous breaking of the global U(1) symmetry, our theory describes a massive Higgs boson and a massless Nambu-Goldstone
boson.

Generating a mass term for a(x) requires an explicit breaking of the global symmetry. This can be realized, e.g., by adding to the
potential:

2
M

Voreak = 4

. 2
(<P2 + (<P*)2) = —%(r +f)? cos(Ta). ()

The polar representation on the right-hand side of Eq. (8) shows how the U(1) breaking term generates a potential for a(x) along with some
additional interaction terms with r(x). The vev of the modulus of ¢ is modified

1 [k emd o f
(@)—5 T=% )

and the new potential is still minimized at (a) = 0. Expanding Eq. (8) around a = 0 gives the corrections to the potential,

1 roor

V(©) + Voreak = V(r) + EWlﬁaz (1 + 2? + F

showing that a is now a pPNGB, having gained a mass, m,, from the explicit breaking along with some additional interactions, all of which
break its shift symmetry. Note that the potential in Eq. (8) retains a discrete version of the shift symmetry a — a + nxf, for any integer, n.'

) + 0", 10)

!Note that the same exercise can be done using the Cartesian form, ¢ = (h(x) + ix(x))/ V2, leading to the same conclusions. In this field basis, the shift symmetry is not
manifest but all interactions remain at dimension four, unlike in Egs. (7) and (10).
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To make contact with the general description of the ALP-EFT in the previous section, from this toy example we would integrate out the
radial mode, r, and identify m, with Aggy to obtain the low-energy EFT.

3 Interactions of an Axion-like particle

As discussed in the introduction, the ALP interactions are described by an EFT whose low-energy degrees of freedom are the SM particles
plus the ALP and that respects the symmetries of the SM, as well as an approximate shift-symmetry for the ALP. Up to mass dimension six,
the ALP effective Lagrangian that fulfills these conditions is given by
p<s _ 1 Mg A FuvA I vl v
L% =2 0,0 @) = S @+ oo T 5 Gl G e T2 S WL W ey T2 2B B

[ an 4f 4f

o*ta cH ; c " an
+ 28N Fe,y, F+ S yta(H'D H) + 22 (3a)d,a) H H
7 Z PETy SR "

where ¢, (F = q,u,d,l, e) are 3 X 3 hermitian (or symmetric in the CP-conserving case) matrices and ¢; (i = G, W, B, H) are real couplings.

Factors of «;/(4m) have been pulled out from the interaction terms with the SM gauge fields. Note that by doing so, we have implicitly

assumed that the bosonic ALP couplings are loop suppressed, while the fermionic ALP couplings arise at tree level. This will become
relevant when we discuss alternative forms of the ALP Lagrangian below.

The ALP mass term is the only term that explicitly breaks the shift symmetry, @ — a + ¢. The gauge boson couplings do not involve a

derivative of the ALP field and therefore do not obviously respect the shift symmetry. However, performing such a shift on the gauge boson

operators

a+c
i #V
7 Fuv F

has the effect of shifting the topological 6-term of the corresponding gauge group. Such a term can be written as total derivative

—
Fu F (12)

FLFY = Ky Ky = 2600 (A,WA;? +3 ﬁ_,-kA;A';A;j), (13)

where i indicates the adjoint index of an SU(N) gauge group with structure constants, f;jx, which does not affect the action at the perturbative
level. At the non-perturbative-level, only SU(3)¢ 6-term turns out to be physical?, meaning that the ALP-gluon coupling non-perturbatively
breaks the shift symmetry. In this review, we will only concern ourselves with perturbative observables, and hence where ALP-gauge
couplings are shift-symmetry preserving.

The dimension-five operator Oy = 0a (H*i(B”H) is redundant as it can be rewritten in terms of the ones in Eq. (11) by means of field
redefinitions [48], which — despite leading to different-looking Lagrangians — always preserve S-matrix elements. This can be seen by
redefining the fields in the SM Lagrangian by

H—- Hexp[ixH%], F - Fexp[ixp;] s (14)

with real rotation parameters xy and Xg, and where the latter is in general a matrix in flavor space. A key feature of these field redefinitions
is that, being chiral transformations, the fermionic path integral measure transforms non-trivially [49], inducing shifts of the ALP-gauge—
boson couplings, cyy, at order «;/4x. The selection of a specific basis is a choice; here we choose to work in a basis without the operator Og.
Note however, that even in a basis including Oy, the predicted a-Z-h and a-Z-h-h vertices do not contribute to amplitudes with the Z-boson
on-shell that one might have expected to mediate, e.g., h — Za or a — Zh [48, 50]. The term parametrized by c,; is the only shift-
symmetric, dimension-six interaction of the ALP and describes its leading interaction with the SM Higgs boson. Tree-level couplings of
the ALP to a SM Higgs boson and a Z boson, as needed for the decay & — Za, are first induced at mass dimension seven.

Even after removing the operator Oy, there are some remaining redundancies in the ALP Lagrangian in Eq. (11). These can be removed
by ALP-dependent field redefinitions of the type shown in Eq. (14), with the x; assigned according to the quantum numbers of each
state under the accidental U(1) symmetries of the SM, namely baryon (B) and lepton (L) number. These redefinitions imply additional
constraints on the elements of ¢z.> One can show that the ALP couplings to the baryonic and leptonic currents can be written in terms of

2For non-Abelian gauge theories the total derivative in Eq. (13) is physical due to the presence of spatially extended instanton solutions of the field equations, such that
fd“‘x@"l(“ does not vanish when evaluated at spatial infinity [40—45]. In terms of the gauge groups of the SM, the term for U(1)y is therefore unphysical. The SU(2).,
term also turns out to be unphysical because it can be removed by the anomaly-induced effect of performing a B + L transformation on the left-handed fermion fields (see,
e.g., [46,47]). This leaves only the SU(3)¢ term, whose physicality is precisely the origin of the strong CP problem.

3The redundancy of Oy is analogously connected to the remaining U(1)y hypercharge global symmetry of the SM. Redefining the fields setting x; proportional to
hypercharge generates a relation purely between Oy and the fermion couplings, as the global symmetry is not anomalous, such that no gauge boson operators are
involved.
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parameter conditions Ny=1 Njy=3(CP-conserving) N;=3
my 1 1 1
cilf Ca> Cww» Cyws Cy € R 4 4 4
c-/f Ny x Ny symmetric/hermitian matrices S5x1 5%x6 5x9
Y rotations -1 -1 -1
L; rotations -1 -3 -3
(B — L) rotation -1 -1 -1
7 30 46

Table 1: Number of free parameters of the dimension-five ALP Lagrangian for one or three fermion families.

bosonic operators

d,a Op +0, + 0y Ny /
=TT | = qg (0w~ 670m)
(15)
dua i
%Jz =[0.+0,]" = 22 (gzoww - 8’2033) R

where the O, are the operators corresponding to the Wilson coefficients ¢, in Eq. (11). Equation (15) gives us one relation between the
quark and gauge couplings related to B conservation, along with one relation per lepton species, corresponding to the conservation of L;
with i = e, u, 7. In total, we thus find one redundancy for the quark couplings and three redundancies for the diagonal lepton couplings for
Ny =3 fermion generations. A very nice and explicit summary of field redefinitions and operator basis reduction, is given in appendix B
of [51].

In Table 1, we list the number of independent parameters of the dimension-five ALP Lagrangian for one and three fermion families.
In total, seven (46) parameters of the ALP Lagrangian are independent for Ny = 1 (N; = 3) fermion families. If we make the additional
assumption that the ALP Lagrangian is CP-even, the number of independent parameters reduces to 30 for three fermion generations. In the
rest of the review, we focus on CP-even ALP couplings, i.e. we consider ¢y to have real entries only. For CP-violating ALP couplings, we
refer to the review in [52]. For ALP couplings up to higher mass dimensions, the number of free parameters in the ALP Lagrangian has
been determined up to mass dimension 15 using Hilbert series techniques [53]. An operator basis has been constructed for the ALP-EFT
above and below the EW scale up to (and including) mass dimension eight [53].

A commonly used alternative form of the Lagrangian in Eq. (11) writes the ALP Lagrangian as that of a pseudoscalar. In this basis, all
of the ALP-fermion couplings are chirality-flipping:

, 1 m2 _oa ag ~ . aLa —wl - @y a —u
L/Ds6 :z([)ﬂa)(a“a)— ?“az + 8o ? EG}A;VGF A +cwwﬁ j7 W;VW/‘ L. 4—; ?Bva‘u
(16)
2 N
l% (QH?‘,'dR + Q_ﬁ?uulg + ZHY'eeR +h.c. )+ 2“7 (Q_¢Y;ldR + Q_Q‘ISYIMMR + I:(bY;eR +h.c. )+ CfL; (6“a)(6ﬂa) H'H.

One can use field redefinitions of the type given in Eq. (14) to move from the derivative basis to the chirality-flipping basis. Since there are
more free parameters in the fermion sector of Eq. (16), additional requirements on the Lagrangian parameters need to be applied to ensure
that it corresponds to a shift-symmetric ALP. This basis change shifts the ALP-gauge—boson couplings by combinations of traces of the
original fermion couplings, Tr[cr]. Specifically, the gauge boson couplings in the chirality-flipping basis are related to the derivative basis
Wilson coefficients as

Cyw = Cyw — %Tr [3¢co+cL],

- 1 .
Coe = Coe T ETr [cu +C1— 2cQJ B Cpp = Cpp + Tr

3 3 6 2

4 1 1 1
=€+ Cg— —Cp+C — —cL] s (17)

and the Yukawa-like coupling matrices Y, and Y/, are given by
?d = i(chd - cQYd) B ?u = i(Yucu - cQYu) B ?e = i(Yece - cLYe) 5

(18)
Y, = (chf, —2¢pYacy + c2QYd) Y, = (Yue) - 2o Ve, + c2QYu) , Y. = (Yecg —2¢,Y €0 + ciYe) )

The derivative ALP couplings to fermions can be entirely traded for Yukawa-like operators that, after EW symmetry breaking (EWSB),
lead to CP-odd Yukawa interactions for the ALP as well as four-point A-a-f; - fz couplings. Crucially, these couplings are weighted by the
corresponding Yukawa matrices of each fermion species and ultimately lead to interactions that are proportional to each fermion mass, as
shown in the next section. The fermionic contributions to the ALP-boson couplings in Eq. (17) arise at one-loop order. As a result, the two
bases are only equivalent up to one-loop effects in the ALP-fermion couplings. Finally, we note the appearance of a” interaction terms at
dimension six which must be included at this order to maintain the equivalence of the two operator bases [54].
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3.1 The ALP Lagrangian after electroweak symmetry breaking
After EWSB, the ALP couplings to the SM mass eigenstates are
2

1 m, a Y PR Zuv Zuv wHY
LDSG(:UEW) = E (6;13)(6”‘1) - 7 a2 + ? (gagg Gﬁv G* A + 8ayy F,uv F* + 8ayz F,uv 7" + 8azz Z,uv "+ 8aww W;V Wg )
2ea = Sy =y =y
+ 5 Faw (Wiwy (swF™ + cuZ") + (sudy + cu ) (Wi WE = W, W) (19)
Cun 2
+ Lrerm (uEW) + Z_ch(aya)(aﬂa)(h +2vh),

where e is the electromagnetic coupling constant and s,, and c,, denote the sine and cosine of the Weinberg angle, respectively. *
The mass-mixing in the neutral gauge sector leads to the following relations between the mass-basis couplings and the Wilson coefficients
of Eq. (11)

8agg = &CGU’ 8ayy = 7-Cyy = 1(033 + Cow)s 8azz = > 5 Cz = azl > (Citxcww + sa/cﬂl?):
4r 4 4 4drsscyy 4nsycy 20)
2 2 @
8ayz = Cyz = (CyCww = 834Csp) 8aww = — 5 Cww
Y2 drsyew L 2msyey v 2782 ’

2
where « is the electromagnetic fine structure constant. The two Wilson coefficients, c,; and ¢, lead to four couplings between the ALP
and the EW gauge bosons. It is therefore not consistent in general to consider each of these phenomenological couplings separately. At
most one of these four couplings can be switched off by imposing a relation between the two Wilson coefficients. An interesting physical
limit is the photophobic scenario, where ¢, = —cy,, and the ALP does not couple to photons. It was shown in [55] that this limit is well
defined from a model-building point of view, in that it reflects a spurious shift symmetry and is therefore stable under loop corrections up to
shift-symmetry breaking effects o m2. Since g,,, tends to be the most constrained by non-collider data, particularly for masses below the
GeV scale, this scenario represents a case in which collider probes may offer complementary information.
The ALP-fermion interactions in the fermion mass basis read
Oual _ B - - B B B

Lierm(pew) = N g Kyy,up + g Ky, ug + dpKpy, dp + drKayudr + Vi Kpy,ve + e Ky ep + erKeyuer|s 2n
where the ALP-fermion couplings k are related to the matrices ¢x in Eq. (11) by the unitary rotations that diagonalize the SM Yukawa
matrices,’ e.g. ky = U,L 1€oU,. 1. The matrices ky and kp are not independent as they are related by the CKM matrix Vexy = U; Uar as

kp = V) ko Verm - (22)

At this point it is useful to briefly comment on the potential flavor structure of ALP interactions. In the SM after EWSB, the individual
flavor rotation matrices, Uy,;/, only ever appear in charged-current interactions, and in the combination corresponding to Vcgym. This is a
consequence of the U(3)? flavor symmetry of the SM that is only broken by the Yukawa interactions. Non-flavor-universal ALP-fermion
interactions also break U(3)’ and hence lead to a dependence on the individual rotation matrices. In this case, they still only appear in
the specific U'crU combinations and remain unmeasurable. Indeed, the choice of flavor basis before EWSB is arbitrary, i.e. what one
defines to be first, second and third generation. Typically, one works in one of the so-called up- or down-aligned bases, where the freedom
to flavor-rotate the five fermionic SM representations is used to diagonalize the Yukawa matrices for the leptons along with one of either
the up- or down-type quarks, respectively. After EWSB, the remaining freedom to rotate the other left-handed quark component is used
to diagonalize its mass matrix. In practice, these basis choices correspond to setting all but one of the left-handed quark flavor rotation
matrices to the identity and the remaining rotation matrix to the CKM matrix.

Upn=1 (f =), Unp =, {UM,L =1, Uy = V_lc_KM (up-aligned) o3
: Uyr =1, U, =V (down-aligned)
This means that, even though one may assign flavor-diagonal couplings to the ALP before EWSB, flavor-changing neutral current interac-
tions will be generated by rotating to the mass basis. In the up- and down-aligned bases, these will be generated in the down- and up-quark
sectors, respectively.
We can rewrite the SM fermion currents that the ALP couples to in terms of its vector and axial-vector components as

~ . - 1 -1
Jiermu = fir kel Yu fie + fir ks li; vu fir = [kF]ijﬁy#E (I=ys)fi+ [kf]ijﬁz (T +ys)yu fi
(24

1. . 1
=58 fivufi+ 5ehs Jivuvs £

4Note that we have redefined the ALP field as a — a (l — CHH vz/(Zfz)) to recover a canonical form for the ALP kinetic term.
5The matrices Uy,1/x are defined by U;LYfo'R = Y diag-
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Fig. 2: One-loop contributions to the RG running and matching of the ALP-lepton coupling from the ALP-top coupling.

where we have defined

Crf = [kf]ij - [kF]ij > Crfy = [kf]ij + [kF]ij' (25)

The flavor-conserving vector currents are conserved in processes mediated by the strong or electromagnetic interactions, making the cou-
plings ¢y observable only for flavor-changing neutral current processes mediated by the weak interactions [56]. For the flavor-diagonal
(i = j) ALP couplings, we can therefore write Eq. (21) as

i ota =
L?ef,i =27 Z crrfyuyst, (26)
f=ud.l

where ¢y (without indices on the fermions) now refers to the flavor-conserving coefficients only.
Using integration by parts and equations of motion after EWSB, we can move from the derivative description of Eq. (21) to the mass-
basis equivalent of the chirality-flipping basis of Eq. (16).

.a h ; i _ ; i
Liam = =i (1 + ;)fz;”(cf;f,(mf +m) Yy + S mly = m) i ) @7
where i, j run over the fermion generations. The flavor-diagonal couplings take a particularly simple form
diug.~.2 ﬁ ol FAd
Lferm_lf(l-'—v)fg:dl(‘ffmffy fs (28)

corresponding to that of the Yukawa-like operators in Eq. (16)°.

The approximate equality here emphasizes the fact that this relation neglects the shifts of ALP-gauge—boson couplings that are induced
at one-loop order when moving between the two bases. They can be derived knowing the anomalous contributions to the divergence of the
axial currents. This nevertheless implies that the derivative ALP couplings are classically equivalent to Eq. (27) and therefore lead to the
same tree-level amplitudes. All such amplitudes mediated by ALP-fermion couplings are therefore proportional to the fermion mass.

3.2 Chiral Lagrangian

At energies of the order of 2 GeV, the only active degrees of freedom are the light quarks u, d and s, which are confined to hadrons. We
should therefore describe the ALP interactions by their coupling to the light mesons (7, K, 77) at and below this energy scale. We do not
discuss the chiral effective Lagrangian here and refer to [48] and references therein instead.

3.3 Renormalization group effects

The couplings of ALPs are probed by various experiments across a wide range of energy scales. Therefore, a consistent analysis of the
corresponding bounds requires the use of the renormalization group (RG) equations and matching. The effective Lagrangian in Eq. (11)
is assumed to arise from integrating out new heavy particles at a scale A far above the weak scale. Since we are interested in making
predictions at scales around m,, which is assumed to be well below A, we can evolve the Wilson coefficients and operators in the effective
Lagrangian down to the scales of interest by solving their RG equations.
The form of the Lagrangian chosen in Eq. (11) (with the couplings @; with i = s, L,Y pulled out from the definition of the Wilson
coeflicients) ensures that the ALP couplings to the SM gauge fields do not receive any running contributions [57]
Beos = ,=0. 29)

=0, ,B('ww = vy =0, ﬁL'BB =

d d
—c —_— —
dlogu ° dlogu dlogu *
However, the ALP-fermion couplings, ¢y, are scale dependent and satisfy a set of RG equations. These have been calculated including
two-loop effects in the gauge couplings and at one loop in the Yukawa interactions [48, 58—60]. Note that even though certain operators
like Oy can be removed from the basis, they are still required as counterterms when calculating the RG evolution. Any dependence on the

shifts xy necessary to remove Oy from the basis will drop out in the prediction of physical quantities.

6The same result can be obtained by performing the appropriate field redefinition discussed in Section 3 to transform the derivative basis into the chirality-flipping basis
and subsequently breaking EW symmetry to obtain the mass-basis interactions.
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Depending on the energy scale of an observable, we may need to run from the high scale A to the EW scale, match to the low-energy
effective theory, run down to ~ 2 GeV and match onto the chiral effective Lagrangian. Numerically, it is typically the running from A to the
EW scale which contributes dominantly.

An interesting feature of the RG evolution is that all fermion couplings, including the lepton couplings c, receive large running con-
tributions from the top-quark coupling c,;. Therefore, even models without lepton couplings at the high scale can have sizable ALP-lepton
couplings at a lower, experimentally accessible, scale. The contributions from the running down to the electroweak scale (approximated at
one-loop order) and the one-loop matching corrections generated when integrating out the top quark can be written as

(A 1/7
cg/w>=cﬁ<A>+3Z’—(&‘;[l -2 }cn<A>+ (30)

_ 2
Acr(upw) = =37} %EW) log(’:j—?] CulEw) + -+ 3D

respectively, where the ellipsis refers to contributions from Wilson coefficients other than c,, and @, = y?/(4x) with y, ~ 1 denoting the SM
top Yukawa coupling. Numerically, assuming c/(A) = 0,

cee(upw) + Acee(upw) = (0.130 = 0.019) ci(A) = 0.111 cx(A), (32)

such that the ALP coupling to leptons at the electroweak scale is only an order of magnitude smaller than the ALP-top coupling at the
high scale, A.” We show the diagrams corresponding to the running and matching contributions in Fig. 2. The diagram on the left is
UV-divergent and requires the operator O as a counterterm. Mapping Oy back to operators describing ALP-fermion interactions gives
rise to the mixing of the top and lepton couplings. This effect has important phenomenological consequences for light ALPs at or below the
keV scale, where the coupling to electrons is tightly constrained by astrophysical observables and can imply strong, indirect constraints on
other ALP couplings such as ¢, via RG running [59].

3.4 Effective couplings

Beyond tree level, we can define effective couplings that absorb potential loop-contributions,
Ciﬁ = ¢, + (loop - contributions), (33)

where the ¢, correspond to the tree-level couplings to fermions and gauge bosons, ¢y and c,y-, as defined in Egs. (26) and (20), respectively.
Note that, like their associated ALP-EFT Wilson coefficients, the effective couplings to gauge bosons retain «@;/4m loop normalizations,
where «; = @, @;. These effective couplings are defined by the loop-level form-factors for the associated three-point amplitudes evaluated
on-shell. As such they cannot be directly used in Feynman diagrams for higher-point amplitudes, where a complete set of loop-diagrams
involving the tree-level vertices should be considered. For a detailed study of one-loop contributions to the couplings, we refer to [51].

Here, we only consider the effective ALP-gluon coupling as an example. Just like the gluon couplings of the SM Higgs boson, this
coupling receives sizable contributions from diagrams with a quark loop

Cel = oo+ ) Cagma) Bi(z,), (34)
q

where 7, = m2/ (4m(21) and the loop functions are given by®

) arcsin® T, <1,
Bim=1-7"f(), f@ =4, PN = (35)
_Z(lnl_m+zn), T>1.

Evaluating the loop function B; in the limits of an ALP mass much larger or smaller than a given quark g, we find that B(7) ~ 1 for
my < mg and B (1) ~ —mg / (12m§) for m, > m,. We can conclude that (very much unlike the SM Higgs coupling) all fermions lighter than
m, contribute significantly to the effective coupling of the ALP to photons.

We can alternatively write the effective coupling in terms of the parameters of the Lagrangian in Eq. (16)

C = gos + Z Coq [Bl(rq) - 1] , (36)
q

where the —1 in the bracket is a result of the different Feynman rules of the fermion couplings. Comparing this result with Eq. (34) and
using the relation between ¢, and ¢, from Eq. (17) in the mass basis

_ 1 1
Coc = Coe + ETr [c, +cs—2¢p] = coe + 5 Zq: Cqq 37)

This one-loop result is a good approximation of the two-loop result of 0.116 c,;(A) in [48].
8Note that in the literature there exist different definition of 7 (which is sometimes defined of the inverse of its definition here) and the function f (which is sometimes
defined as the square root of its definition here).
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we can see that the effective coupling is the same in both bases. We note, again, that the two basis are equivalent up to one-loop effects in
the fermion couplings.

This discussion highlights an important point of distinction between the fermionic couplings of a shift-symmetric ALP from those of a
generic pseudoscalar particle. Had we started from a non-zero fermion coupling in the chirality-flipping basis, we would have observed the
non-decoupling behavior, CT — constant, when taking m, — co, analogous to the Higgs boson case. Taking, instead, a shift-symmetric
(derivative) fermion coupling for the ALP predicts a decoupling behavior, C¢f — 0, in this limit. The loop-level correction to & in Eq. (37)
compensates the non-decoupling of the loop-function of the chirality-flipping coupling to recover the same prediction in the shift-symmetric
limit. Similarly, shift-symmetric fermion couplings yield corrections to ALP-photon couplings that decouple in the limit of large m, or
m, — 0. Fermion coupling contributions to the effective couplings to massive EW gauge bosons do not decouple in general and the limit
m, — 0 1is of course not possible with all particles on-shell [51].

4 Production at colliders

In this section, we will discuss various on-shell production modes for ALPs at colliders. As we will see, ALPs can be produced in many of
the same ways as the SM Higgs boson. However, the fact that ALP interactions are described by an EFT with higher derivative interactions
leads to ALP production modes displaying a characteristic energy growth compared to a general spin-zero particle. This means that we can
exploit the high center-of-mass energies of collider experiments to efficiently produce and search for ALPs. In this section, we will focus
on single ALP production processes, although we note that ALP pair production is also a potentially interesting avenue for investigation.
This process would inherently arise at dimension-six in the ALP-EFT and we will not discuss it further in this review. Different production
modes will be sensitive to different ALP couplings with SM fields and we will proceed by discussing several possible production channels
that could be used to probe different sectors of the ALP interactions introduced in Section 3.

4.1 Gauge boson couplings

The fact that the ALP is a SM singlet pseudoscalar dictates a characteristic structure for its coupling with gauge bosons:

Wi

Z v

“vs

a v ’
Laxx = gaxx’?XwX,uv; X X, € {Fuv’ G;}v}a (38)

which leads to the following Feynman rule for the three-point a-X-X" vertex, with all momenta incoming:

Xu (pQ)

(l(pl) -———- : 2i(1+6xx’)g(17)(wfuvprrp§pgr,

X, (p3) 39)

where € is the totally antisymmetric Levi-Civita tensor and the Kronecker delta, d,/, accounts for the extra symmetry factor when X and X’
are identical. The vertex depends on the external gauge boson momenta, p, and p3, and €,,,, appears because of the CP-odd nature of the
ALP. This interaction can mediate a number of ALP production modes in high-energy particle collisions.

Perhaps the most widely-studied production mode is that ALP production in association with a gauge boson initiated by fermion-anti—
fermion scattering, ff* — a + X, as depicted in Feynman diagram of Fig. 3.

Fig. 3: Feynman diagram for fermion-anti—fermion initiated ALP production in association with a SM gauge boson, X, mediated by the
ALP gauge-boson coupling in Egs. (38) and (39).

For a fixed center-of-mass energy, this process predicts a mono-energetic ALP recoiling against a gauge boson in the final state. As an
example, an ALP with a photon interaction of the type shown in Eq. (39) would give rise to an ALP+y final state through the annihilation
of any electrically charged fermion-anti—fermion pairs. The squared matrix element for this scattering process in terms of the mass-basis
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coupling of Eq. (19) is

= 2 s 2,0 S 2+ u?

IM(Fe0F ) = apayvw)| = 162, 0% =l ) (40)
where e and Qy are the electromagnetic coupling and the electric charge of the fermion, respectively, and s, 7, u are the usual Mandelstam
variables defined in terms of the external momenta, p;. The amplitude squared displays a characteristic energy growth ~ s/f2, while the
quantity in brackets contains the dependence on the scattering angle between the ALP and the initial state fermion. The growth with the
square of the energy gives a total, spin-averaged cross section that tends to a constant in the high-energy limit,

ezQ.Zf ggw my ’
O—ff—m+y(s) = e 72 I-—.

(41
s

This behavior can be inferred on dimensional grounds, since 2 — 2 matrix elements are dimensionless and we have a factor of 1/f in the
interaction vertex.

The unique interactions of ALPs predict potentially large rates for production in association with a photon, that are relatively enhanced
at high energies compared to typical SM backgrounds, which tend to fall steeply with the center-of-mass energy. High-energy colliders are
therefore a promising place to search for ALPs that couple with the photon, where we would expect signatures involving boosted ALPs
recoiling against an energetic photon in the final state, as shown in [61, 62]. Many of the collider bounds from the LEP, Belle II, Babar and
BES III experiments shown in Fig. 1 rely on this production process. The same conclusions can be drawn for ALP production in association
with other SM gauge bosons. As discussed in Section 3, the three couplings ¢pp, Cww and g control the ALP-gauge—boson interactions
and can mediate production in association with a photon, Z-boson, W-boson or gluon, with the same high-energy dependence [23, 62]. For
example, LHC experiments have performed searches for high-mass ALPs in triboson final states mediated by these production processes
and the subsequent decay of the ALP into a pair of EW gauge bosons [63, 64], as well as searches for boosted di-jet resonances that could
probe the quark and/or gauge boson couplings [65-69]. In the case of photon- or Z-associated production, the process can be mediated in
the s-channel by either a Z boson or a photon. Therefore, for ALP-y production, there is a potentially resonant channel when m, < my,
which can be described by on-shell Z-boson production decaying via the ay channel, as we discuss later in Section 5.

The other main channel by which the ALP can be produced directly from its coupling to gauge fields is via the fusion of two vector
bosons. In this case, the on-shell ALP production amplitude is

4 2 2 8 ixx’ 4 m%{ m?(’

IMX (DX (p2) = a(ps)|” = 2(1 + 6xx) 7”10 /1(—2’ W] (42)
with A(z, ) = (1 — 7 — r)*> — 4zr.° This amplitude is applicable to production via gluon-gluon fusion (ggF) at hadron colliders, mediated by
cqq; We refer to, e.g., Refs. [70-72] for phenomenological and experimental studies in the diphoton decay channel, or Ref. [73] for a study
of heavy ALPs decaying to #7. In general, ALPs produced via gluon fusion can be probed by a wide array of resonance searches performed
at the LHC thus far, depending on their preferred decay mode.

The other gauge couplings can also mediate on-shell ALP production if the gauge bosons are emitted quasi-collinearly from the colliding
particles, as is the case for Higgs boson production via vector boson fusion (VBF) [74, 75]. Figure 4(a) depicts the Feynman diagram for
this process in partonic scattering. Here the gauge bosons are not precisely on-shell, but the rate can be estimated using the equivalent

Z

ff F'F' Lp Lp
! g
----a Sl
y
I F.F Lp Lp
Z
(a) (b)

Fig. 4: Feynman diagrams depicting ALP production via VBF. (a) Partonic contribution to non-exclusive VBF production. The emitting
legs can be any fermion (f), F)) or anti-fermion (f*’, F)) and the intermediate vector bosons, X*’, can be any force-carrier of the SM
(y/Z/W*/g). (b) Exclusive ALP production via photon fusion in the ultra-peripheral collisions of heavy ions () or (anti-)protons (p) of
electric charge, Z. The scatterers remain intact in this process.

photon approximation [76-78] and its generalization to massive gauge bosons [79], or the full 2 — 3 process can be directly simulated via
Monte Carlo tools. This type of production process is possible for lepton, proton-(anti)proton and heavy ion collisions or combinations
thereof. In contrast with VBF Higgs production in the SM, there can also be a sizable photon contribution. In the case of lepton colliders,

One could also replace g vy With C;‘g{, in Eq. (42)
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the neutral and charged VBF channels are easily distinguished as the former retains the initial-state leptons in the final state while the latter
yields neutrinos, leading to an ALP plus missing-energy signature.

Ultra-peripheral heavy ion collisions have been shown to be particularly sensitive to the ALP-photon coupling, as the photon luminosity
receives a coherent enhancement due to the large electric charge of the ions, Z, with the production rate scaling like Z* [80]. Figure 4(b)
depicts the Feynman diagram for this type of process, where the initial state scatterers remain intact. These searches have been performed
at the LHC [81-85], targeting ALP decays into a pair of photons. This process was recently used to observe light-by-light scattering
(yy — vyy) in the SM, which constitutes the main background for the ALP search. Beyond m, ~ 100 GeV, the coherent enhancement of the
photon flux is lost as the photons begin to resolve the nuclear structure of the ion. The analogous process for proton-proton collisions can
extend the sensitivity to higher masses, since the length scale at which the proton structure is resolved is much shorter [86, 87]. In order
to access the ultra-peripheral regime, the protons are tagged in the final state using dedicated spectrometers placed a few hundred meters
downstream of the collision point. Although the photon luminosity itself is no longer enhanced by a large electric charge, the large available
luminosity delivered by the LHC experiment compensates to a degree.

The ALP couplings to EW gauge bosons can mediate other direct production processes, in association with a number of other final states.
Some notable examples include production in association with a gauge boson pair, ff* — a + XX’, and vector boson fusion in association
with a gauge boson, ff’ — a + FF’X. In the case where W bosons appear in intermediate or final states, both processes are sensitive to the
four-point interactions arising from the non-Abelian nature of SU(2), shown in the middle line of Eq. (19). Figure 5 shows two example
Feynman diagrams for these processes. At dimension five, these interactions are not independent of the lower point couplings but could be
decoupled from g, at higher orders in the ALP EFT, starting at dimension seven.

f/

FF
(@) (b)

Fig. 5: Feynman diagrams for the rare ALP-production modes sensitive to the four-point interactions with gauge bosons that only depend
on guyy- (a) Production in association with a W— and a Z-boson or a photon. (b) Production via VBF in association with a W-boson.

4.2 Fermion couplings

As discussed in Section 3, ALP-fermion couplings are proportional to the fermion mass. This makes ALP-fermion couplings more challeng-
ing to probe experimentally, particularly those of the lighter fermions. In fact, all of the processes mediated by the gauge boson couplings
discussed in Section 4.1 also have contributions in principle from the various ¢x. However, in practice they involve the emission of an ALP
from a light lepton or quark and are therefore highly suppressed, justifying their omission.

Therefore, like the SM Higgs, the most promising production modes for probing ALP-fermion couplings are those involving the heaviest
fermions. The processes that achieve direct sensitivity to the ALP-fermion couplings are ALP production in association with fermions.
Most notably we have production in association with a fermion-anti—fermion pair, ff* — a + FF’ (or gg — a + FF’ in the hadron collider
case, where F, F’ are quarks) as shown by the Feynman diagrams in Fig. 6. In practice, 7 and potentially bb pairs offer the most promising

7 P
X Crp/
~ - a
f F
(a) (b)

Fig. 6: Feynman diagrams for ALP production in association with a fermion-anti—fermion pair via an (a) fermion-anti—fermion initial state
and a (b) gluon-gluon initial state relevant for production in association with a quark-anti—quark pair at hadron colliders.

sensitivity at hadron colliders. Some searches for pp — a + tf production have been performed targeting the bb [88] and leptonic [89] decay
modes of the ALP. A related channel is ALP production in association with, e.g., a single top quark. Considering all of the single-top—quark
production channels in the SM, it is possible to emit an ALP from any of the intermediate or external particles. Being an EW-induced
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process, it will be sensitive not only to the left-handed ALP-top and ALP-bottom couplings, but additionally to the W-boson and gluon
couplings [90]. For a recent collection of collider bounds on ALP-lepton couplings, see [91].

Besides the tree-level processes discussed so far, another way to access ALP-fermion couplings at colliders is by their contributions to
loop-level processes such as gluon fusion where, as discussed in Section 3.4, ALP-gauge-boson couplings receive one-loop contributions
from all fermions. Ref. [73], for example, studies the sensitivity of a heavy, top-philic ALP produced in gluon fusion and decaying into a
top-antitop pair. In general, the effective ALP-gauge—boson couplings offer sensitivity to derivative couplings to light-fermions, which do
not decouple in the same way that Yukawa couplings of the Higgs bosons do.

4.3 Production cross sections at colliders

Here we present some illustrative cross sections for ALP production at colliders. These were computed at tree level and parton level using
Madgraph5_aMC@NLO3.5.3 [92] and a FeynRules [93] implementation of the ALP-EFT. PDF4LHC21 parton distribution functions [94]
are used, and jets are restricted to have pr > 20 GeV and pseudorapidity || < 5, where relevant. All rates are shown as a function of m,
between 10 GeV and 1 TeV, with an illustrative coupling value of c,/f = 1 TeV™', where ¢, is a coupling parameter that mediates the
process at tree-level.

In all cases, possible contributions from resonant W or Z decays to overlapping final states are removed, to highlight the intended
production processes. For example, VBF production at the LHC (pp — a + jj) could be polluted by contributions from production in
association with a hadronically-decaying W or Z boson. The latter would contribute in a completely different region of phase space and
could therefore be easily distinguished from VBF production, which is characterized by energetic jets with a large invariant mass and
rapidity separation. Analogous overlaps between VBF and associated production modes at lepton colliders are removed.

Figure 7 plots cross sections for various production modes at the 13 TeV LHC including ggF, VBF and production in association with a
jet, a SM gauge boson or a pair of top or bottom quarks. The cross sections span many order of magnitude across the different processes,
and each one drops by several orders of magnitude across the m, range. For couplings of order one, the gluon-initiated processes are the

— geF (con) — a+ Z (cyw) VBF (cps)
a+j(coe) — a+W*(epy) — a+tt(cu)
- — a+7y(cww) — VBF (cyw) a+ b (cy)
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—
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<
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Fig. 7: Cross sections in femtobarn for ALP production modes in 13 TeV proton-proton collisions. For each process, a single relevant ALP
coupling, indicated in brackets, that mediates the process at tree-level has been switched on with a value of c./f = 1 TeV~.

largest, followed by those that depend on the fermion couplings. The processes mediated by the EW gauge boson couplings are the rarest,
owing partly to the normalization of the operators with the @;/4n factors in Eq. (11). VBF rates are shown both for ¢, and ¢y, switched
on, as the former mediates only neutral weak boson fusion, while the latter also includes W-boson fusion, and leads to much larger cross
sections. Despite the analogous normalization factor, c,;-mediated processes still dominate over the fermion couplings thanks to the large
gluon luminosity at the LHC. The a + y channel drops sharply at m, = mz when it can no longer be mediated by an on-shell Z — ay decay
(see Section 4.4). VBEF falls off more slowly with m, and becomes the dominant production mode for ¢, at m, ~ 180 GeV. Although it
is not shown in the figure, VBF also becomes the dominant production mode at m, ~ 130 GeV for c¢,;. On the fermion couplings, it is
interesting to note the mass dependences of the bb and ¢7 associated production processes. Even though the ALP-fermion couplings predict
a + bb to suffer a relative suppression of mi /m? ~ 1073 with respect to a + 7, it still wins out at low m, due to the significantly larger phase
space and the larger parton luminosities at lower Bjorken-x.

Figure 8 shows some production modes at lepton colliders with center-of-mass energies corresponding to the Z-pole (91.2 GeV), the
Higgsstrahlung peak (240 GeV), just above the ¢7 threshold (365 GeV) and 1 TeV. The energies are illustrative of possible running points
for proposed future lepton colliders. These include Z and y associated production, neutral (a + £*£~) and charged (a + v,¥,) VBF, bb and 17
associated production, and — as examples of processes that are sensitive to the four-point ALP-gauge boson interactions — W* W~ associated
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production and VBF production in association with a W-boson (see Fig. 5). While neutral VBF and y/Z associated production depend
on both ¢y, and ¢y, the remaining EW production processes are only sensitive to ¢y,. To avoid poles in VBF amplitudes mediated by
photons, a cut of py > 1 GeV was imposed on final state charged leptons. At the Z-pole, the dominant channels come from on-shell Z — ay

— a+7 (cww) — a+ vy (cyw) a+bb (cw)
— a+Z (cww) — a4+ (cww) — a+tt (cy)
— A+ WW™ (cyn) — a+W* (cp) e/ f =1TeV™!
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Fig. 8: Cross sections in attobarn for ALP production modes in lepton anti-lepton collisions at various center-of-mass energies. For each
process, a single relevant ALP coupling, indicated in brackets, that mediates the process at tree-level has been switched on with a value of
co/f =1TeVh

and Z — abb decays. The loop-level normalization of c,,, in the former and the three-body phase-space suppression of the latter lead to
similar partial widths. Weak boson fusion processes also make up a subdominant component at /s =91 GeV. At 240 GeV, production
in association with Z/y becomes the most important and the neutral weak boson fusion grows in importance thanks to its photon-fusion
component. Although not shown in the figure, a + y production is most important for c,,. a + bb rates decrease with center-of-mass energy
due to their lack of energy growth with respect to the weak production modes. As the energy increases further, the a + #f channel opens and
dominates at the highest energies, thanks to the large top Yukawa enhancement. The relative importance of the weak-boson-fusion modes
increases with +/s, and neutral VBF eventually becomes the most important production mode for ¢y, and ¢, particularly at lower m,,.

4.4 Production in decays

As already mentioned above, ALPs can also be produced in the decay of SM particles, for instance in flavor-violating meson decays as well
as decays of the Higgs and Z boson. The large statistics collected thus far at flavor experiments, LEP and the LHC allow in many cases
for precise measurements of total widths and searches for exotic decay modes involving the ALP. Limits on exotic branching fractions of
the Higgs and Z-bosons hence result in important constraints on the couplings that induce these decays. The decay widths for the channels
Z — ya, h = Za and h — aa can be written in terms of the effective ALP couplings of Eq. (33) as [95]:

m§ (1’2 | ﬁ‘|2 m2 ¥
I'Z - ya) = ————|C¢ (1——"] s
96m3 f2 s2.c2 ' m%
3 2 2
m 2 m, m
[(h - Za) = —|ceT|" 32| £, = |, 4
( ) 167rf2| zh m’ m? “3)
mv? 2 om2 Y 4m2
r(h = _|ceff 1 - = 1-—=.
(h = aa) 327Tf4| ah ( m}zl ] m}zl

While an ALP coupling to the Z boson and a photon exists at tree-level at dimension-five, the effective s-a-a coupling is only induced
at loop level or at mass dimension six via the operator corresponding to c,,. The decay h — Za first arises at dimension seven or via
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Fig. 9: Sample Feynman diagrams contributing to effective flavor-violating ALP couplings.

top-loop contributions. Note that the redundant operator Oy does not contribute to a 4-Z-a coupling as discussed in Section 3. We refer
the reader to [48] for an explicit representation of the loop contributions to the effective couplings. ATLAS and CMS provide bounds on
h — aa [96-104] and h — Za [105] coming from direct searches for exotic Higgs decays in various final states such as corresponding to
different ALP decay modes. The above effective couplings can also be constrained by the total Z-boson-width measured at LEP as well as
the unmeasured Higgs branching fraction inferred collectively from LHC signal-strength measurements.

For masses below ~ 5 GeV, flavor experiments probing rare or exotic meson decays provide some of the most stringent constraints
on ALPs [106]. These precision tests rely on ALP contributions to flavor-violating processes, e.g., B — Ka or K — ma. These processes
are not only induced by flavor-violating ALP couplings, but also arise for flavor-conserving ALP couplings at the one-loop level. In the
latter case, the flavor change results from the SM W-boson couplings. We show two sample diagrams for one-loop contributions to b — sa
transitions for an ALP with flavor-conserving interactions in Fig. 9.1 Depending on the ALP mass and the kinematically open decay
channels, different experimental searches focus on the ALP leaving no signature in the detector, e.g. K — m + inv at NA62 [108], or its
decay to leptons and hadrons, e.g. at Belle II [109].

For constraints on flavor-violating ALP couplings see [4, 106, 110-122] for lepton-flavor violating ALPs, and [123, 124] for ALPs
contributing to flavor-violating top decays.

5 Decay and lifetime

Collider search strategies for ALPs depend on its decay channels and lifetime. For ALP masses below the di—electron-mass threshold, only
the decay a — yy is possible. However, for ALPs with masses in the MeV-GeV range, the ALP Lagrangian in Eq. (11) opens up a wide
spectrum of kinematically allowed two-body decays into fermions and gauge bosons. In the following, we will list the decay width of
individual ALP decay channels written in terms of the effective couplings C°T of the ALP defined in Eq. (33), which absorb potential loop
contributions into their definition.

When considering the decays of the ALP, we need to distinguish the regimes where the QCD is perturbative, m, > Aqcp, from the
region where it is not, m, < Aqcp, and we need to consider chiral perturbation theory instead. We will discuss the different decay channels
of the ALP in the following, starting from the perturbative region, m, 2 3 GeV.

5.1 Perturbative regime, ALP masses above 3 GeV
For m, > Aqcp, the partial widths for kinematically open two-body decays into SM particle are [55, 95]:
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The decay rate into gluons includes one-loop QCD corrections [95, 125]. Note that in addition to the channels listed above, oft-shell VV*
decays are relevant in the [50, 90] GeV range [55]. Moreover, loop-effects lead to couplings not present at tree level which can contribute
to additional decay channels such as a — Zh [50, 126]. In Fig. 10, we show the partial decay rates listed in Eq. (44) as a function of the

10The explicit calculation of this decay channel can be found, for instance, in this PhD thesis [107].
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Fig. 10: Partial decay widths in individual two-body decay channels of the ALP. Bosonic and fermionic modes are represented by solid and
dashed lines, respectively. The dotted line at 3 GeV highlights the beginning of the perturbative regime for the ALP mass. For each mode,
a single relevant effective ALP coupling that mediates the decay at tree-level has been switched on with a value of C<T/f = 1 TeV~!.

ALP mass. Gauge boson decay widths display the characteristic cubic m, dependence, while fermion decay modes depend linearly on m,
and, like the Higgs boson, are proportional to the square of the fermion mass. Decays to massive EW gauge bosons are enhanced by inverse
powers of s, and with respect to the photon decay rate. For high ALP masses, decays to gluons and the more massive quarks dominate
(for equal effective couplings). The relative size of the contributions obviously depends on the normalization of the Wilson coefficients,
especially the fact that the effective couplings to gauge bosons include loop normalization factors @;/(4r), where @; = a, a;.

5.2 Non-perturbative regime, ALP masses below 1 GeV

If the ALP mass is not in the perturbative regime, i.e. m, < 1 GeV, hadronic decay rates and loop contributions need to be calculated using
the chiral effective Lagrangian. We do not show the matching of the Lagrangian in Eq. (19) onto the chiral effective Lagrangian explicitly
here, and refer instead to Section 2.4 of [106] and references therein.

We briefly discuss hadronic decay modes for ALP masses in the non-perturbative regime: The hadronic two-body decays a — nwr and
a — n'y are forbidden by CP invariance and angular momentum conservation. Three-body decay modes involving hadrons and photons or
electrons, i.e. a = any, a — n’yy and a — n°¢*e™, are strongly suppressed by phase space as well as powers of . Therefore, the dominant

hadronic ALP decay modes below 1 GeV are a — 37° and a — 7" 7~ n°. The decay width for these channels is given by

my m*

[(a — n*n’n%) = —6144773;2]?

2
(Acut*gab (’%) , 5)

a

where the functions g,, are given for neutral and charged pions as
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goo(r) = f a2 1= L0,

(-2 Jy
12 [0V 4r (40
ge-(r) = f dzA[1 = =z =122z,
(1-r2Jy z

with A defined below Eq. (42) and 0 < r < 1/9 to ensure that the decay is kinematically accessible. Ac,, is defined as

mg —ny

Acud = Cyy — Caa + 2CG<; (47)

mg +my,

Finally, it is worth noting that there is a sizable gluon-induced contribution to the effective ALP-photon coupling in the chiral effective
Lagrangian.

5.3 Decay length

Experimental signatures of ALPs also rely on the ALP decay length in relation to the size of the detector. The ALP decay length /,
determines whether the ALP decays to SM particles before, within or outside of a particle detector, leaving a prompt, displaced or missing-
energy signature, respectively. It can be expressed as

Lo = | Patanl/(maT*) (48)
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Fig. 11: Different kinematic regimes relevant for ALP decays, adapted from [127].

where p, 1. denotes the ALP momentum in the lab frame. The probability density of an ALP decaying after traveling a distance / is given
by an exponential function exp(—///,). For a detector of size Lqe, the probability density is

Mg Lae T )

— (49)
|Pa,]ab|

PDFdecay(mas Lyer) = exp (_
In case a single channel contributes to the decay rate, the decay probability is proportional to exp(gixx m},). The (m,, guxx) parameter space
can thus be split up into an invisible, displaced and prompt region, as shown in Fig. 11. The prompt region can be further split up into a
merged and resolved category. In the resolved category, both final-state particles can be resolved experimentally. For low ALP masses, the
decay products might be so close to each other that they are identified as a single object experimentally. As we can see in Fig. 11, invisible
and displaced ALP decay channels are particularly relevant for lower-mass ALPs, for instance for ALPs with m, <5 GeV tested in flavor
experiments as discussed in Section 4.4.
In practice, we are typically only interested in whether the ALP decays before or after traveling a certain distance in a given direction,
e.g. perpendicular to the beam pipe, such that only the transverse momentum py = |, 1a| sin 6, where 6 denotes the angle between the ALP
direction and the beam pipe, will enter Eq. (49). In that case, we integrate over the angle 6 to obtain the decay probability

(50)

/2 R 1"[0[
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where we used Rge for the detector length to highlight that we are interested in the radius of the detector. For ALPs produced in decays
A — Ba, the ALP momentum in the lab frame is as a function of the mass of the ALP as well as the those of the other particles involved in
the decay.

6 Non-resonant and indirect searches

So far, we have discussed on-shell production and decay as a collider probe of ALPs. An alternative and complementary method is to search
for indirect signs of these particles through measurements of processes without the ALP in the final state. In other words, the parameters of
the ALP-EFT can lead to modifications of processes involving only SM particles, which can be probed by precision measurements.

6.1 Non-resonant/off-shell effects

ALPs can manifest themselves indirectly by mediating SM amplitudes non-resonantly or off-shell, at center-of-mass energies /s > m,. As
shown in Eq. (39), the gauge boson interactions of the ALP scale with the momentum, which leads to amplitudes that grow with energy.
This is schematically shown in Fig. 12, representing a Feynman diagram for the ALP-mediated 2 — 2 scattering of SM gauge bosons.
When p? > m2, mf(, the momentum-dependent couplings over-compensate the 1/p? suppression from the ALP propagator, leading to an
amplitude that grows like p?/f2. On dimensional grounds, this is the maximal scaling achievable from dimension-five interactions.

Note that, in the off-shell case, the two powers of ALP couplings lead to a 1/f2 suppression, such that the effect on the amplitude is
at dimension six in the EFT-expansion and the amplitude squared grows with the fourth power of the energy. The cross-section therefore
grows with the square of the energy in the high-energy limit. For example, the unpolarized cross-section for ALP-mediated light-by-light
scattering, yy — a* — vy, is given by

2
58ayyS
2dnft

olyy —»a —yy) = (51)
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Fig. 12: Schematic Feynman diagram for the 2 — 2 scattering of SM gauge bosons mediated by an ALP with momentum-dependent
couplings.

Since the ALP-fermion couplings are proportional to fermion masses (see Eq. (27)), amplitudes involving two fermions and two gauge
bosons will instead scale with (myp)/f?, and four-fermion amplitudes will tend to a constant ~ m% /f2, like for a Higgs-boson mediated
amplitude.

Overall, the effective couplings of the ALP lead to energy-enhanced off-shell contributions in amplitudes involving gauge bosons.
These can be probed in high-energy tails of differential distributions of precision SM cross-section measurements. The energy growth
helps the ALP contributions to be distinguished from typical SM backgrounds, much like indirect new physics searches in the SMEFT
framework. Several phenomenological studies have been performed along these lines, focusing on LHC searches in diboson final-states,
either from gluon-fusion production gg — XX’ or in vector-boson-scattering topologies, gg — XX’qq, as well as tf final states [128-130].
The additional f? suppression leads to a weaker expected sensitivity than on-shell searches as well as these processes being sensitive to
products of ALP couplings. However, the off-shell probes have the benefit of being independent of m, provided that the processes are
measured in the high-energy regime, where the sensitivity is maximized. Moreover, they are also independent of the decay width and
branching fractions of the ALP, meaning that they are a more direct probe of the relevant couplings compared to on-shell production and
decay, which depends on all of the ALP couplings through the total width.

ALPs can also impact SM amplitudes indirectly through loop diagrams with virtual ALPs. Although these come with an added loop-
factor, the 1/ f? suppression is the same as the tree-level, off-shell effects discussed so far. Sufficiently precise measurement can nevertheless
lead to sensitivity to couplings that are otherwise difficult to probe, such as the ALP coupling to the top quark, c¢,. This coupling leads
to modifications of differential distributions in top pair production, pp — tf, for which a large amount of precise differential LHC data
exists. Figure 13 shows a selection of relevant Feynman diagrams for virtual ALP corrections to this process.

q

Fig. 13: Selected Feynman diagrams for virtual ALP contributions to pp — 7 mediated by the ALP-top coupling, ¢, taken from [131].

This top-philic ALP scenario has been studied in several works [131-133] finding that the indirect loop effects in #f data offer competitive
bounds to resonant searches in the intermediate mass window, 65 < m, < 350 GeV. Note that the first diagram in Fig. 13 corresponds to a
non-resonant ALP contribution to this process, yielding a positive-definite effect which will come to dominate at high invariant masses. The
virtual contributions, instead, are negative and maximized near the threshold region such that there is an interplay between these two effects
across the energy ranges probed by the LHC experiment. A non-zero ALP-gluon coupling would, instead, lead to a tree-level contribution
to the off-shell topology. For similar studies of virtual ALP corrections to Higgs decays and EW precision observables, we refer the reader
to Refs. [134] and [135], respectively.

6.2 ALP-SMEFT interference

As discussed in the introduction, the complete low-energy EFT that extends the SM with an ALP should include operators of the SMEFT,
made up only of the SM degrees of freedom. At dimension five, there is only one SMEFT operator consistent with the symmetries and
matter content, the so-called Weinberg operator, which violates lepton number by two units and has the schematic form, (HL)(HL¢). A
large number of possible operators exist at the following, dimension-six order, which are the subject of a wide-ranging program of precision
tests of the SM in high-energy physics.

We have seen that loop contributions from virtual ALPs start to affect SM amplitudes at the order of 1/f2 in the EFT expansion,
corresponding to dimension six. We therefore expect that under RG evolution the ALP couplings should run and mix not only among
themselves, as discussed in Section 3.3, but also with the SMEFT Wilson coefficients of dimension six and higher. More explicitly,
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loop diagrams proportional to quadratic forms in the ALP couplings ~ c;c;/ f? generate UV divergences in scattering amplitudes between
SM states. These require local counterterms corresponding to SMEFT operators to absorb them and ultimately lead to a contribution
to the running of SMEFT Wilson coefficients. Schematically, the RG equation of a dimension-six Wilson coeficient, Cl@, will receive
contributions from other dimension-six operators encoded in the well known SMEFT anomalous dimension matrix, y;;, as well as from

dimension-five ALP interactions, cl(.s), through a new anomalous dimension matrix, yik‘fp , as follows
) ) *
d ; o (W) [e,” (Wl
Bi= i G = i) €60 + Vi G0 ==, (52)

where the SMEFT Wilson coefficients are implicitly suppressed by two powers of the cut-off parameter A and the dependence of the ys on
the renormalization scale u appears through the running of SM parameters. This equation encodes the scale dependence of the dimension-
six SMEFT coefficients at scales below A, which is typically assumed to be equal to or somewhat higher than f, up to A ~ 4z f. The exact
relation between the scale of the UV theory, A and f is model-dependent.

The ALP-EFT contributions to the SMEFT RG evolution, yfj“"kﬁFT‘A”’ were calculated in [136]. In general, the values of the SMEFT
coefficients are modified from the high scale down to a lower energy scale at which they may contribute to physical observables. This
allows us to place indirect constraints on the ALP-EFT coefficients through precision measurements of SM processes. As an example, the
coefficient of the dimension-six operator Oyp = (H'D*H )*(HTDuH) receives a contribution to its beta function from the ALP coupling to
the hypercharge gauge boson in the chirality-flipping basis, ¢,

3
2 o

24 2 2
T @0 F Y& (53)
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with Yy = 1/2 being the hypercharge of the Higgs. This operator violates custodial symmetry and is therefore tightly constrained by
electroweak precision tests, notably the measurement of the W boson mass, my.'! We can use this measurement to infer constraints on the
ALP-EFT under certain assumptions.

It can be shown that the relative shift in my induced by a non-zero Cpyp is given by

o
MW _0.36v2Crap . (54)
my
‘We can approximately determine the value of Cyp at the scale 4 = my by solving the S-function in Eq. (53) at the leading logarithmic order,
i.e. by neglecting the scale dependence of the right-hand side. In terms of the value of ¢;; at some high scale, say o = 2 TeV, assuming that

all other couplings (including Cpp itself) vanish at pp,

8a’ &2
Cip = Puplog 3= = 27045 }—2 log(znffvv). (55)
An illustrative relative precision on my of 1 X 1074, implies a bound of ¢,,/f < 1 GeV~!. This is similar to the bound found in [141], where
the normalization of the coupling differs by a factor ; /(4n).

In Ref. [141], a comprehensive, global SMEFT fit to collider data was interpreted in the context of the ALP-EFT, via ALP-SMEFT
interference. In many cases, the bounds obtained were found to be competitive or stronger than existing limits on ALP couplings. Since the
sensitivity in these types of analysis arise from the mixing with SMEFT operators, one of the key assumption is that the dominant operators
generated at the high scale are those involving the ALP, rather than the general dimension-six SMEFT operators, which are assumed to
vanish at the matching scale. The validity of this assumption is model dependent, but it was shown therein that for two explicit UV models
the analysis led to conservative constraints on the parameters. A global interpretation in the ALP-SMEFT, taking into account ALP-SMEFT
interference, finite virtual corrections from ALPs and direct searches would represent the most general, model-independent approach.

7 Summary of collider bounds on g,,,

Collider bounds on ALPs are an active and fast-evolving field of research. A living summary on ALPs at colliders and beyond is provided
in [24], although we note that at the time of writing it is mostly focused on bounds from astrophysical and cosmological sources. Here, we
discuss collider bounds on the ALP-photon coupling as a well-documented example and highlight some general features and caveats that
could apply the study of other ALP couplings.

In Fig. 14, we show a zoomed-in version of the plot in Fig. 1 focusing on the mass range above 10 MeV, where collider bounds become
relevant. Note that the limits presented assume an ALP-photon coupling only, with all other ALP couplings set to zero. Observables
focusing on prompt ALP decays (e.g. OPAL, LEP, Belle II, LHC) set a lower bound on the ALP coupling for a given ALP mass, while those
sensitive to a specific ALP lifetime (Faser [142], BaBar [143—-145], beam dumps like CHARM, E141, E137, NuCual, NA64 [127, 146-150]
and MiniBooNE [151]) have a characteristic wedge shape in the mass-coupling plane. For a given value of m,, the latter observables are

"In some cases, my is used as an input parameter that fixes the remaining parameters of the EW theory. In this event, corrections to my are propagated to other
predictions of the model, e.g. by correcting the relationship between the EM fine structure constant and the EW input parameters. Regardless of the input scheme used,
these modifications of the EW sector can be constrained by some combination of precision measurements [137-140].
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Fig. 14: Bounds on the ALP-photon couplings shown in Fig. 1, zooming into the high mass region and focusing on collider experiments,
adapted from Ref. [24].

thus only sensitive over a specific range of the ALP-photon coupling. For large g.,, values the ALP decays before reaching the detector
and for small g, values not enough ALPs are produced or their lifetime becomes so long that most of them decay after the detector.!? If
additional ALP couplings, e.g. to electrons, were present, the lifetime of the ALP would be modified and the upper limit on g,,, would be
shifted to lower ALP-photon couplings.

Different observables/experiments focusing on prompt ALP decays are sensitive to different ALP mass ranges. For ALP masses up to
several GeV, electron-positron colliders set tight constraints using the e*e~ — ay channel with photonic ALP decays. While limits from
LEP [152] in the m, < m, < 10 MeV range [153] and Belle II [154] focus on a 3y final state, limits from OPAL [80, 155] assume that the two
photons from the ALP decay are so boosted that they will be identified as a single photon experimentally, thus focusing on a 2y signature.
BES III [156, 157] focuses on the resonant e*e~ — J/ya,a — yy channel. This limit would be affected in the presence of an ALP-charm
coupling. PrimeEx [158, 159] and GlueX [159, 160] constrain Primakoft production with subsequent decay to two photons, targeting
different photon beam energies and hence being sensitive to different ALP mass ranges. The limits labeled “ATLAS/CMS” correspond to
data obtained in ultra-peripheral heavy ion collisions [82, 84], as discussed in Section 4.1. They provide the strongest sensitivity to the
ALP-photon coupling in the 10 < m, < 100 GeV range as a result of the enhancement of the photon luminosity by the large electric charge
of the heavy ions. Beyond 100 GeV, the strongest limits on the ALP-photon coupling is set by the LHC in proton-proton collisions, labeled
“LHC (pp)™.

The sensitivities of all the searches in this mass-coupling plane that rely on an ALP decaying to a pair of photons would be significantly
modified in the presence of additional ALP couplings. Such couplings would, in general, allow for additional ALP decays modes and
therefore modify the a — yy branching fraction, or its lifetime. Since the ALP-photon coupling is typically loop-generated and therefore
suppressed by agy, it is likely that the bounds in Fig. 14 would not directly apply to typical ALP models. A non-zero coupling to gluons of
comparable size, for example, would immediately suppress the diphoton branching fraction by a factor of 8 due to color multiplicity as well
as a relative factor of (a5 /agm)? ~ 190, and strongly motivate resonance searches in hadronic final states, instead. Similarly, as discussed
in Eq. (20), the ALP-photon coupling relies on a non-zero coupling of the ALP to the W and B field strength, c¢;; or cy,. Depending on
which of these couplings (or their combination) is responsible for the non-zero value of g,,,, additional constraints on the ALP are present.
In the mass range below 5 GeV, strong constraints from flavor physics apply for ¢, (see Section 4.4). For masses above my and 2my,
the decay channels a — Zy and/or a — ZZ open up and modify the ALP branching ratio. This would again modify the LHC limits shown
in Fig. 14. While Fig. 14 provides a useful first overview of current constraints on the ALP-photon coupling, it is clear that a global analysis
including multiple ALP Wilson coeflicients is needed to obtain a full picture of the status of constraints and consequently draw more robust
conclusions on our sensitivity to ALPs at colliders.

12Dashed lines in the plot represent lines of constant proper decay length, Ly-,y. To obtain the decay length in the frame of the associated beam dump, the Lorentz boost
into the detector rest frame needs to be performed. Therefore, the upper limits of the limits of the Faser, BaBar, beam dump and MiniBooNe limits is not parallel to lines
of constant gy, .
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8 Conclusions

Axion-like particles are theoretically well-motivated and arise in various extensions of the SM. Constraining the properties of these BSM
particles is an active and growing field of research. From a bottom-up perspective, there is no prior on the mass of these states, and they
can be searched for via a wide array of experimental techniques ranging from astronomical observations, to tabletop experiments, to high-
energy particle colliders. Colliders, in particular, offer the chance to provide the best tests for ALPs with masses greater than 100 MeV
or so. In this chapter, we have reviewed the effective field theory description of ALPs. We have analysed the interactions of ALPs with
SM particles at various energy scales and discussed the dominant production and decay modes through which they might be observed at
colliders. Moreover, we have reviewed how precision measurements of SM processes can yield indirect constraints on ALPs from non-
resonant production, loops of virtual ALPs and the ALP-SMEFT interference. Although the vast majority of constraints on ALPs focus
on one coupling at a time, it is clear that a more global approach is warranted. We hope that this chapter can serve as a starting point
for researchers beginning to work on the collider phenomenology of ALPs, providing them with a solid theoretical foundation as well as
a source of references to refine their knowledge. For those who are interested in ALPs beyond the collider context, e.g. in astrophysics,
cosmology and low-energy experiments, we refer to [161-164]. For a pedagogical introduction to axions and the strong CP problem,
see [165, 166].
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