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Motivation
❖ Axion-like particles (ALPs) appear in many BSM scenarios 

and are well motivated: strong CP problem, mediator to  
hidden sector, pNGB of spontaneously broken global 
symmetry, explanation of (g-2)μ, …

❖ Assume the existence of a new pseudoscalar resonance a, 
which is a SM singlet and whose mass is protected by a 
(approximate) shift symmetry a→a+const.

❖ How can one probe such an ALP at colliders?

Im�
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M. Neubert:  Recent progress on ALPs (La Thuile 2019)                                                                                                             1

[previous studies: Kim, Lee 1989; Djouadi, Zerwas, Zunft 1991; Rupak, Simmons 1995; Kleban, Ramadan 2005; 
 Mimasu, Sanz 2014; Jäckel, Spannowsky 2015; Knapen, Lin, Lou, Melia 2016; Brivio et al. 2017; …]



Effective Lagrangian
❖ The ALP couplings to the SM start at D=5 and are described by 

the effective Lagrangian (with                                a NP scale):
[Georgi, Kaplan, Randall 1986]

be above 1MeV. In Section 4 the preferred region of parameter space in which an ALP can
explain the anomalous magnetic moment of the muon is derived. Section 5 is devoted to a
detailed discussion of the exotic Higgs decays h ! Za and h ! aa. We discuss which regions
of parameter space can be probed with 300 fb�1 of integrated luminosity in Run-2 of the LHC,
and which regions can already be excluded using existing searches. In Section 6 we extend
this discussion to the exotic decay Z ! �a, and we study Z-pole constraints from electroweak
precision tests. We conclude in Section 7. Technical details of our calculations are relegated
to four appendices.

2 E↵ective Lagrangian for ALPs

We assume the existence of a new spin-0 resonance a, which is a gauge-singlet under the SM
gauge group. Its mass ma is assumed to be smaller than the electroweak scale. A natural way
to get such a light particle is by imposing a shift symmetry, a ! a+ c, where c is a constant.
We will furthermore assume that the UV theory is CP invariant, and that CP is broken only
by the SM Yukawa interactions. The particle a is supposed to be odd under CP. Then the
most general e↵ective Lagrangian including operators of dimension up to 5 (written in the
unbroken phase of the electroweak symmetry) reads [51]
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where we have allowed for an explicit shift-symmetry breaking mass term ma,0 (see below).
G

A
µ⌫ , W

A
µ⌫ and Bµ⌫ are the field strength tensors of SU(3)c, SU(2)L and U(1)Y , and gs, g and

g
0 denote the corresponding coupling constants. The dual field strength tensors are defined as

B̃
µ⌫ = 1

2
✏
µ⌫↵�

B↵� etc. (with ✏0123 = 1). The advantage of factoring out the gauge couplings
in the terms in the second line is that in this way the corresponding Wilson coe�cients are
scale invariant at one-loop order (see e.g. [52] for a recent discussion of the evolution equations
beyond leading order). The sum in the first line extends over the chiral fermion multiplets F
of the SM. The quantities CF are hermitian matrices in generation space. For the couplings
of a to the U(1)Y and SU(2)L gauge fields, the additional terms arising from a constant shift
a ! a+ c of the ALP field can be removed by field redefinitions. The coupling to QCD gauge
fields is not invariant under a continuous shift transformation because of instanton e↵ects,
which however preserve a discrete version of the shift symmetry. Above we have indicated the
suppression of the dimension-5 operators with a new-physics scale ⇤, which is the characteristic
scale of global symmetry breaking, assumed to be above the weak scale. In the literature on
axion phenomenology one often eliminates ⇤ in favor of the “axion decay constant” fa, defined
such that ⇤/|CGG| = 32⇡2

fa. Note that at dimension-5 order there are no ALP couplings to
the Higgs doublet �. The only candidate for such an interaction is

OZh =
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�
�
†
iDµ �+ h.c.
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g

2cw

(@µa)

⇤
Zµ (v + h)2 , (2)
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only if the e↵ective Lagrangian contains an explicit mass term for the ALP. Its e↵ect is
suppressed, relative to the first term, by a factor m

2

a,0/m
2

h. The third term is the leading
operator mediating the decay h ! Za at tree level [47]. These decay modes will be of
particular interest to our discussion in Section 5.

After electroweak symmetry breaking (EWSB), the e↵ective Lagrangian (1) contains cou-
plings of the pseudoscalar a to ��, �Z and ZZ. The relevant terms read
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where sw = sin ✓w and cw = cos ✓w, and we have defined
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The fermion mass terms resulting after EWSB are brought in diagonal form by means of field
redefinitions, such that U †

u Yu Wu = diag(yu, yc, yt) etc. Under these field redefinitions the
matrices CF transform into new matrices

KU = U †
u CQ Uu , KD = U †

d CQ Ud , KE = U †
e CL Ue ,

Kf = W †
f Cf Wf ; f = u, d, e .

(9)

In any realistic model these couplings must have a hierarchical structure in order to be con-
sistent with the strong constraints from flavor physics. We will discuss the structure of the
flavor-changing ALP couplings in a companion paper [56]. For now we focus on the flavor-
diagonal couplings. Using the fact that the flavor-diagonal vector currents are conserved, we
can rewrite the relevant terms in the Lagrangian in the form
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where the sum runs over all fermion mass eigenstates, and we have defined (with i = 1, 2, 3)

cuiui = (Ku)ii � (KU)ii , cdidi = (Kd)ii � (KD)ii , ceiei = (Ke)ii � (KE)ii . (11)

ALP couplings to neutrinos do not arise at this order, because the neutrino masses vanish
in the SM, and hence the neutrino axial-vector currents are conserved. The leading shift-
invariant coupling of an ALP to neutrino fields arises at dimension-8 order from an operator
consisting of ⇤a times the Weinberg operator. Even in the most optimistic case, where no
small coupling constant is associated with this operator, the resulting a ! ⌫⌫̄ decay rate would
be suppressed, relative to the a ! �� rate, by a factor of order m

2

a v
4
/⇤6. Alternatively, if

Dirac neutrino mass terms are added to the SM, the corresponding couplings in (10) yield a
a ! ⌫⌫̄ decay rate proportional to m

2

⌫ . In either way, for ⇤ in the TeV range or higher, this
decay rate is so strongly suppressed that if an ALP can only decay into neutrinos (e.g. since
it is lighter than 2me and its coupling to photons is exactly zero for some reason) it would be
a long-lived particle for all practical purposes.

6

EWSB

(C�� = CWW + CBB etc.)
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Effective Lagrangian
❖ The ALP couplings to the SM start at D=5 and are described by 

the effective Lagrangian (with                                a NP scale):
[Georgi, Kaplan, Randall 1986]

The first term is the leading Higgs portal interaction, while the second one is the leading
operator mediating the decay h ! Za at tree level [20]. This decay mode will be of particular
interest to our discussion, see Section 5.1.

After electroweak symmetry breaking (EWSB), the e↵ective Lagrangian (1) contains cou-
plings of the pseudoscalar a to ��, �Z and ZZ. The relevant terms read
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The fermion mass terms resulting after EWSB are brought in diagonal form by means of field
redefinitions, such that U †

u Yu Wu = diag(yu, yc, yt) etc. Under these field redefinitions the
matrices CF transform into new matrices
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Note that KD = V †KUV , where V = U †
u Ud denotes the CKM matrix. In any realistic

model these couplings must have a hierarchical structure in order to be consistent with the
strong constraints from flavor physics. We will discuss the structure of the flavor-changing
ALP couplings in Section 7. For now, let us focus on the flavor-diagonal couplings of a to
fermions. Using the fact that the flavor-diagonal vector currents are conserved, we can rewrite
the relevant terms in the Lagrangian in the form
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defined (with i = 1, 2, 3)

cuiui = (Ku)ii � (KU)ii , cdidi = (Kd)ii � (KD)ii , ceiei = (Ke)ii � (KE)ii . (8)

ALP couplings to neutrinos do not arise at this order, because the neutrinos masses vanish
in the SM, and hence the neutrino axial-vector currents are conserved. The leading shift-
invariant coupling of an ALP to neutrino fields arises at dimension-8 order from an operator
consisting of ⇤a times the Weinberg operator. Even in the most optimistic case where no small
coupling constant is associated with this operator, the resulting a ! ⌫⌫̄ decay rate would be
suppressed, relative to the a ! �� rate, by a factor of order m2
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⌫ . In either way, for ⇤ in the TeV range or higher, this decay
rate is so strongly suppressed that if the ALP can only decay into neutrinos (e.g. since it is
lighter than 2me and its coupling to photons is exactly zero for some reason) it would be a
long-lived particle for all practical purposes.

3

+ flavor off-diagonal terms

EWSB

be above 1MeV. In Section 4 the preferred region of parameter space in which an ALP can
explain the anomalous magnetic moment of the muon is derived. Section 5 is devoted to a
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Effective Lagrangian
❖ The ALP couplings to the SM start at D=5 and are described by 

the effective Lagrangian (with                                a NP scale):

❖ At D=6 order and higher, additional interactions arise:

❖ Our goal is to probe scales Λ~1-100 TeV at the LHC

❖ Include one-loop corrections in production and decay rates
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where GA
µ⌫ , W

A
µ⌫ and Bµ⌫ are the field strength tensors of SU(3)c, SU(2)L and U(1)Y , and gs, g

and g0 denote the corresponding coupling constants. B̃µ⌫ = 1
2✏

µ⌫↵�B↵� etc. (with ✏0123 = 1) are
the dual field strength tensors, and � is the scalar Higgs doublet. The advantage of factoring
out the gauge couplings in the terms in the second line is that in this way the corresponding
Wilson coe�cients are scale invariant at one-loop order (see e.g. [23] for a recent discussion
of the evolution equations beyond leading order). The sum in the first line extends over the
chiral fermion multiplets F of the SM. The quantities CF are hermitian matrices in generation
space. We have indicated the suppression of the dimension-5 operators with some new-physics
scale ⇤. Note that the only other candidate dimension-5 operator

(@µa)

⇤

�
�† iDµ �+ h.c.

�
(2)

is redundant, because it can be reduced to the fermionic operators in (1) using the field
equations [20], contributing an extra term �cff = �2T f

3 to the coe�cients cff defined in
relation (8) below.

In our discussion we will be agnostic about the values of the Wilson coe�cients and al-
low the ratios Ci/⇤ be of O(1/TeV). In concrete models of new physics one may find that
some operators (in particular those involving ALP couplings to bosons) have loop-suppressed
couplings. However, in other models, involving e.g. new strongly coupled sectors or large
multiplicities of new particles in loops, these coe�cients can be large. As we will discuss in
Section 4, the puzzle of the anomalous magnetic moment of the muon can be resolved in our
model only if C��/⇤ = O(1/TeV), so it is definitely worthwhile to keep this option in mind.

The ALP can receive a mass by means of either an explicit soft breaking of the shift
symmetry or through non-perturbative dynamics, like in the case of the QCD axion [? ]. We
will assume that ma ⌧ v. At dimension-6 order and higher, several additional operators can
arise. Those relevant to our analysis are

L
D�6
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(@µa)(@

µa)�†�+
C(7)

Zh

⇤3
(@µa)

�
�† iDµ �+ h.c.

�
�†�+ . . . . (3)

2

be above 1MeV. In Section 4 the preferred region of parameter space in which an ALP can
explain the anomalous magnetic moment of the muon is derived. Section 5 is devoted to a
detailed discussion of the exotic Higgs decays h ! Za and h ! aa. We discuss which regions
of parameter space can be probed with 300 fb�1 of integrated luminosity in Run-2 of the LHC,
and which regions can already be excluded using existing searches. In Section 6 we extend
this discussion to the exotic decay Z ! �a, and we study Z-pole constraints from electroweak
precision tests. We conclude in Section 7. Technical details of our calculations are relegated
to four appendices.

2 E↵ective Lagrangian for ALPs

We assume the existence of a new spin-0 resonance a, which is a gauge-singlet under the SM
gauge group. Its mass ma is assumed to be smaller than the electroweak scale. A natural way
to get such a light particle is by imposing a shift symmetry, a ! a+ c, where c is a constant.
We will furthermore assume that the UV theory is CP invariant, and that CP is broken only
by the SM Yukawa interactions. The particle a is supposed to be odd under CP. Then the
most general e↵ective Lagrangian including operators of dimension up to 5 (written in the
unbroken phase of the electroweak symmetry) reads [51]
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(1)

where we have allowed for an explicit shift-symmetry breaking mass term ma,0 (see below).
G

A
µ⌫ , W

A
µ⌫ and Bµ⌫ are the field strength tensors of SU(3)c, SU(2)L and U(1)Y , and gs, g and

g
0 denote the corresponding coupling constants. The dual field strength tensors are defined as

B̃
µ⌫ = 1

2
✏
µ⌫↵�

B↵� etc. (with ✏0123 = 1). The advantage of factoring out the gauge couplings
in the terms in the second line is that in this way the corresponding Wilson coe�cients are
scale invariant at one-loop order (see e.g. [52] for a recent discussion of the evolution equations
beyond leading order). The sum in the first line extends over the chiral fermion multiplets F
of the SM. The quantities CF are hermitian matrices in generation space. For the couplings
of a to the U(1)Y and SU(2)L gauge fields, the additional terms arising from a constant shift
a ! a+ c of the ALP field can be removed by field redefinitions. The coupling to QCD gauge
fields is not invariant under a continuous shift transformation because of instanton e↵ects,
which however preserve a discrete version of the shift symmetry. Above we have indicated the
suppression of the dimension-5 operators with a new-physics scale ⇤, which is the characteristic
scale of global symmetry breaking, assumed to be above the weak scale. In the literature on
axion phenomenology one often eliminates ⇤ in favor of the “axion decay constant” fa, defined
such that ⇤/|CGG| = 32⇡2

fa. Note that at dimension-5 order there are no ALP couplings to
the Higgs doublet �. The only candidate for such an interaction is

OZh =
(@µa)

⇤

�
�
†
iDµ �+ h.c.

�
! �

g

2cw

(@µa)

⇤
Zµ (v + h)2 , (2)
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Example: ALP decay into photons
❖ Including the complete set of one-loop corrections, we 

obtain from the effective Lagrangian:

where (                     ):

Figure 1: Representative one-loop Feynman diagrams contributing to the decay a ! ��. The
internal boson lines represent charged W bosons and the associated charged Goldstone fields (dotted
line). The last diagram contains the (gauge-dependent) self-energy ⇧�Z(0). One also needs to include
the on-shell wave-function renormalization factor for the external photon fields.

3 ALP decays rates into SM particles

The e↵ective Lagrangian (1) governs the leading interactions (in powers of v/⇤) giving rise
to ALP decays into pairs of SM gauge bosons and fermions, while the additional interactions
in (3) are needed to parametrize the exotic decays of Higgs bosons into final states involving
an ALP. In computing the various decay rates, we include the tree-level contributions from
the relevant operators as well as the one-loop contributions induced by fermion loops to final
states involving bosons. These are often numerically important, and they can be dominant in
new-physics models where the coe�cients CV V in (1) (with V = g,W,B) are loop suppressed.
In some cases we also include bosonic loop corrections where relevant.

3.1 ALP decay into photons

In many scenarios, the di-photon decay is the dominant decay mode of a light ALP. Because
of its special importance, we have calculated the corresponding decay rate from the e↵ective
Lagrangian (1) including the complete set of one-loop corrections. The relevant Feynman
diagrams are shown in Figure 1. We obtain
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(9)
where ⌧i ⌘ 4m2

i /m
2
a for any SM particle, and N f

c and Qf denote the color multiplicity and
electric charge (in units of e) of the fermion f . The loop functions read

B1(⌧) = 1� ⌧ f 2(⌧) ,

B2(⌧) = 1� (⌧ � 1) f 2(⌧) ,
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The fermionic loop function has the property that B1(⌧f ) ⇡ 1 for light fermions with mass

mf ⌧ ma, while B1(⌧f ) ⇡ �
m2

a

12m2
f
for heavy fermions (mf � ma). It follows that each

electrically charged fermion lighter than the ALP (if those exist) adds a contribution of order
cff/(16⇡2) to the e↵ective Wilson coe�cient Ce↵

�� . Even if the original coe�cient C�� were
to vanish for some reason, these loop contributions would induce an e↵ective coe�cient Ce↵

��

at one-loop order. We emphasize that the contributions of light quarks to Ce↵
�� cannot be
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Figure 1: Representative one-loop Feynman diagrams contributing to the decay a ! ��. The
internal boson lines represent charged W bosons and the associated charged Goldstone fields. The
last diagram contains the (gauge-dependent) self-energy ⇧�Z(0). One also needs to include the
on-shell wave-function renormalization factors for the external photon fields.

3 ALP decay rates into SM particles

The e↵ective Lagrangian (1) governs the leading interactions (in powers of v/⇤) giving rise to
ALP decays into pairs of SM gauge bosons and fermions, while the additional interactions in (6)
are needed to parametrize the exotic decays of Higgs bosons into final states involving an ALP.
In computing the various decay rates, we include the tree-level and one-loop contributions from
the relevant operators. We find that fermion-loop corrections can be numerically important,
and they can even be dominant in new-physics models where the coe�cients CV V in (1) (with
V = G,W,B) are loop suppressed.

3.1 ALP decay into photons

In many scenarios, the di-photon decay is the dominant decay mode of a light ALP. Because
of its special importance, we have calculated the corresponding decay rate from the e↵ective
Lagrangian (1) including the complete set of one-loop corrections. The relevant Feynman
diagrams are shown in Figure 1. We define an e↵ective coe�cient Ce↵

�� such that
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To an excellent approximation (apart from a mild mass dependence in the loop corrections)
the a ! �� decay rate scales with the third power of the ALP mass. For a very light ALP
with ma < 2me this is the only SM decay mode allowed, and with decreasing ALP mass the
decay rate will eventually become so small that the ALP will leave the detector and appear
as an invisible particle.

The expression for Ce↵

�� depends on the ALP mass. Ifma � ⇤QCD, then all loop corrections,
including those involving colored particles, can be evaluated in perturbation theory. We obtain
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electric charge (in units of e) of the fermion f . The loop functions read
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Figure 1: Representative one-loop Feynman diagrams contributing to the decay a ! ��. The
internal boson lines represent charged W bosons and the associated charged Goldstone fields. The
last diagram contains the (gauge-dependent) self-energy ⇧�Z(0). One also needs to include the
on-shell wave-function renormalization factors for the external photon fields.

3 ALP decay rates into SM particles

The e↵ective Lagrangian (1) governs the leading interactions (in powers of v/⇤) giving rise to
ALP decays into pairs of SM gauge bosons and fermions, while the additional interactions in (6)
are needed to parametrize the exotic decays of Higgs bosons into final states involving an ALP.
In computing the various decay rates, we include the tree-level and one-loop contributions from
the relevant operators. We find that fermion-loop corrections can be numerically important,
and they can even be dominant in new-physics models where the coe�cients CV V in (1) (with
V = G,W,B) are loop suppressed.

3.1 ALP decay into photons

In many scenarios, the di-photon decay is the dominant decay mode of a light ALP. Because
of its special importance, we have calculated the corresponding decay rate from the e↵ective
Lagrangian (1) including the complete set of one-loop corrections. The relevant Feynman
diagrams are shown in Figure 1. We define an e↵ective coe�cient Ce↵

�� such that
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To an excellent approximation (apart from a mild mass dependence in the loop corrections)
the a ! �� decay rate scales with the third power of the ALP mass. For a very light ALP
with ma < 2me this is the only SM decay mode allowed, and with decreasing ALP mass the
decay rate will eventually become so small that the ALP will leave the detector and appear
as an invisible particle.

The expression for Ce↵

�� depends on the ALP mass. Ifma � ⇤QCD, then all loop corrections,
including those involving colored particles, can be evaluated in perturbation theory. We obtain
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electric charge (in units of e) of the fermion f . The loop functions read
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Figure 1: Representative one-loop Feynman diagrams contributing to the decay a ! ��. The
internal boson lines represent charged W bosons and the associated charged Goldstone fields. The
last diagram contains the (gauge-dependent) self-energy ⇧�Z(0). One also needs to include the
on-shell wave-function renormalization factors for the external photon fields.

ALP couplings to neutrinos do not arise at this order, because the neutrino masses vanish
in the SM, and hence the neutrino axial-vector currents are conserved. The leading shift-
invariant coupling of an ALP to neutrino fields arises at dimension-8 order from an operator
consisting of ⇤a times the Weinberg operator. Even in the most optimistic case where no small
coupling constant is associated with this operator, the resulting a ! ⌫⌫̄ decay rate would be
suppressed, relative to the a ! �� rate, by a factor of order m2

a v
4
/⇤6. Alternatively, if Dirac

neutrino mass terms are added to the SM, the corresponding couplings in (8) yield a a ! ⌫⌫̄

decay rate proportional to m
2
⌫ . In either way, for ⇤ in the TeV range or higher, this decay

rate is so strongly suppressed that if the ALP can only decay into neutrinos (e.g. since it is
lighter than 2me and its coupling to photons is exactly zero for some reason) it would be a
long-lived particle for all practical purposes.

3 ALP decay rates into SM particles

The e↵ective Lagrangian (1) governs the leading interactions (in powers of v/⇤) giving rise
to ALP decays into pairs of SM gauge bosons and fermions, while the additional interactions
in (4) are needed to parametrize the exotic decays of Higgs bosons into final states involving
an ALP. In computing the various decay rates, we include the tree-level contributions from
the relevant operators as well as the one-loop contributions induced by fermion loops to final
states involving bosons. These are often numerically important, and they can be dominant in
new-physics models where the coe�cients CV V in (1) (with V = g,W,B) are loop suppressed.
In some cases we also include bosonic loop corrections where relevant.

3.1 ALP decay into photons

In many scenarios, the di-photon decay is the dominant decay mode of a light ALP. Because
of its special importance, we have calculated the corresponding decay rate from the e↵ective
Lagrangian (1) including the complete set of one-loop corrections. The relevant Feynman
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Example: ALP decay into photons
❖ Including the complete set of one-loop corrections, we 

obtain from the effective Lagrangian:

where (                     ):

Figure 1: Representative one-loop Feynman diagrams contributing to the decay a ! ��. The
internal boson lines represent charged W bosons and the associated charged Goldstone fields (dotted
line). The last diagram contains the (gauge-dependent) self-energy ⇧�Z(0). One also needs to include
the on-shell wave-function renormalization factor for the external photon fields.

3 ALP decays rates into SM particles

The e↵ective Lagrangian (1) governs the leading interactions (in powers of v/⇤) giving rise
to ALP decays into pairs of SM gauge bosons and fermions, while the additional interactions
in (3) are needed to parametrize the exotic decays of Higgs bosons into final states involving
an ALP. In computing the various decay rates, we include the tree-level contributions from
the relevant operators as well as the one-loop contributions induced by fermion loops to final
states involving bosons. These are often numerically important, and they can be dominant in
new-physics models where the coe�cients CV V in (1) (with V = g,W,B) are loop suppressed.
In some cases we also include bosonic loop corrections where relevant.

3.1 ALP decay into photons

In many scenarios, the di-photon decay is the dominant decay mode of a light ALP. Because
of its special importance, we have calculated the corresponding decay rate from the e↵ective
Lagrangian (1) including the complete set of one-loop corrections. The relevant Feynman
diagrams are shown in Figure 1. We obtain
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c and Qf denote the color multiplicity and
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The fermionic loop function has the property that B1(⌧f ) ⇡ 1 for light fermions with mass
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for heavy fermions (mf � ma). It follows that each

electrically charged fermion lighter than the ALP (if those exist) adds a contribution of order
cff/(16⇡2) to the e↵ective Wilson coe�cient Ce↵

�� . Even if the original coe�cient C�� were
to vanish for some reason, these loop contributions would induce an e↵ective coe�cient Ce↵
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at one-loop order. We emphasize that the contributions of light quarks to Ce↵
�� cannot be
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Figure 1: Representative one-loop Feynman diagrams contributing to the decay a ! ��. The
internal boson lines represent charged W bosons and the associated charged Goldstone fields. The
last diagram contains the (gauge-dependent) self-energy ⇧�Z(0). One also needs to include the
on-shell wave-function renormalization factors for the external photon fields.

3 ALP decay rates into SM particles

The e↵ective Lagrangian (1) governs the leading interactions (in powers of v/⇤) giving rise to
ALP decays into pairs of SM gauge bosons and fermions, while the additional interactions in (6)
are needed to parametrize the exotic decays of Higgs bosons into final states involving an ALP.
In computing the various decay rates, we include the tree-level and one-loop contributions from
the relevant operators. We find that fermion-loop corrections can be numerically important,
and they can even be dominant in new-physics models where the coe�cients CV V in (1) (with
V = G,W,B) are loop suppressed.

3.1 ALP decay into photons

In many scenarios, the di-photon decay is the dominant decay mode of a light ALP. Because
of its special importance, we have calculated the corresponding decay rate from the e↵ective
Lagrangian (1) including the complete set of one-loop corrections. The relevant Feynman
diagrams are shown in Figure 1. We define an e↵ective coe�cient Ce↵

�� such that
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To an excellent approximation (apart from a mild mass dependence in the loop corrections)
the a ! �� decay rate scales with the third power of the ALP mass. For a very light ALP
with ma < 2me this is the only SM decay mode allowed, and with decreasing ALP mass the
decay rate will eventually become so small that the ALP will leave the detector and appear
as an invisible particle.

The expression for Ce↵

�� depends on the ALP mass. Ifma � ⇤QCD, then all loop corrections,
including those involving colored particles, can be evaluated in perturbation theory. We obtain
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Figure 1: Representative one-loop Feynman diagrams contributing to the decay a ! ��. The
internal boson lines represent charged W bosons and the associated charged Goldstone fields. The
last diagram contains the (gauge-dependent) self-energy ⇧�Z(0). One also needs to include the
on-shell wave-function renormalization factors for the external photon fields.

3 ALP decay rates into SM particles

The e↵ective Lagrangian (1) governs the leading interactions (in powers of v/⇤) giving rise to
ALP decays into pairs of SM gauge bosons and fermions, while the additional interactions in (6)
are needed to parametrize the exotic decays of Higgs bosons into final states involving an ALP.
In computing the various decay rates, we include the tree-level and one-loop contributions from
the relevant operators. We find that fermion-loop corrections can be numerically important,
and they can even be dominant in new-physics models where the coe�cients CV V in (1) (with
V = G,W,B) are loop suppressed.

3.1 ALP decay into photons

In many scenarios, the di-photon decay is the dominant decay mode of a light ALP. Because
of its special importance, we have calculated the corresponding decay rate from the e↵ective
Lagrangian (1) including the complete set of one-loop corrections. The relevant Feynman
diagrams are shown in Figure 1. We define an e↵ective coe�cient Ce↵
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To an excellent approximation (apart from a mild mass dependence in the loop corrections)
the a ! �� decay rate scales with the third power of the ALP mass. For a very light ALP
with ma < 2me this is the only SM decay mode allowed, and with decreasing ALP mass the
decay rate will eventually become so small that the ALP will leave the detector and appear
as an invisible particle.

The expression for Ce↵

�� depends on the ALP mass. Ifma � ⇤QCD, then all loop corrections,
including those involving colored particles, can be evaluated in perturbation theory. We obtain
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Figure 2: Representative one-loop Feynman diagrams contributing to the decay a ! `+`�.

amplitude. Combining all terms, we obtain (assuming ma 6= m⇡)

C
e↵

�� (ma . 1GeV) ⇡ C�� � (1.92 ± 0.04)CGG �
m

2

a

m2
⇡ � m2

a


CGG

md � mu

md +mu
+

cuu � cdd

32⇡2

�

+
X

q=c,b,t

NcQ
2

q

16⇡2
cqq B1(⌧q) +

X

`=e,µ,⌧

c``

16⇡2
B1(⌧`) +

2↵

⇡

CWW

s2w

B2(⌧W ) .

(22)

The contribution from the coe�cient css not shown here would be suppressed, for light ALPs,
by a factor of order m2

⇡/m
2

⌘ relative to the contributions from cuu and cdd.

3.2 ALP decays into charged leptons

If the ALP mass is larger than 2me ⇡ 1.022MeV, the leptonic decay a ! e
+
e
� or decays

into heavier leptons (if kinematically allowed) can be the dominant ALP decay modes in
some regions of parameter space. We have calculated the corresponding decay rates from
the e↵ective Lagrangian including the complete set of one-loop mixing contributions from the
bosonic operators in (1) and (7), see Figure 2. In analogy with (12), we write the result in the
form (with ` = e, µ, ⌧)

�(a ! `
+
`
�) =

mam
2

`

8⇡⇤2

��ce↵``
��2

s

1 �
4m2

`

m2
a

, (23)

which is approximately linear in the ALP mass. At one-loop order, the e↵ective Wilson
coe�cient ce↵`` receives contributions from c`` as well as from the diboson coe�cients CWW and
CBB. Using the linear combinations of Wilson coe�cients defined in (8), we find

c
e↵

`` = c``(µ)
⇥
1 + O

�
↵
�⇤

� 12Q2

` ↵
2
C��


ln

µ
2

m2

`

+ �1 + g(⌧`)

�

�
3↵2

s4w

CWW

✓
ln

µ
2

m2

W

+ �1 +
1

2

◆
�

12↵2

s2wc
2
w

C�Z Q`

�
T

`
3

� 2Q`s
2

w

�✓
ln

µ
2

m2

Z

+ �1 +
3

2

◆

�
12↵2

s4wc
4
w

CZZ

✓
Q

2

`s
4

w � T
`
3
Q`s

2

w +
1

8

◆✓
ln

µ
2

m2

Z

+ �1 +
1

2

◆
.

(24)

Here Q` = �1 is the electric charge of the charged lepton, and T
`
3
= �

1

2
is the weak isospin of

its left-handed component. In the limit where m
2

` is either much smaller or much larger than

10



Pattern of decay rates
❖ Assuming that the relevant Wilson coefficients are equal 

to 1/TeV, we find the following pattern of decay rates: 
e+e�

µ+µ�

⌧+⌧�

c c̄

b b̄

��

gg

3⇡
��-� � �� ���

��-�

��-�

��-�

��-��
��-� � �� ���

���

���

�

��-�

e+e�

µ+µ�

⌧+⌧�

c c̄

b b̄

��

gg

3⇡
��-� � �� ���

��-�

��-�

��-�

��-��

��-��
��-� � �� ���

���

���

�

��-�

��-�

Figure 3: ALP decay rates into pairs of SM particles obtained by setting the relevant e↵ective
Wilson coe�cients to 1 (top), or by setting the ALP–fermion couplings to 1 and the ALP–boson
couplings to 1/(4⇡2) (bottom). The gray area between 1 and 3GeV shows the region in which
various exclusive hadronic (and di�cult to calculate) decay channels such as a ! ⇢⇢ open up. In
this interval the rate �(a ! hadrons) is expected to interpolate between the black and red lines. The
rates for decays into heavy-flavor jets are shown separately.

with CF = 4/3. The perturbative calculation of this expression can be trusted as long as
ma � ⇤QCD and mq � ⇤QCD. For the light quarks, the appropriate infrared scale is not the
quark mass but a typical hadronic scale such as m⇡. We have derived the estimate (16) by
using the above result for the gluon contribution to cqq in (13).

3.4 Summary of ALP decay modes

Above we have presented an overview of possible ALP decay modes into SM particles. The
upper panel in Figure 3 shows the various decay rates for a new-physics scale ⇤ = 1TeV as a
function of the ALP mass, under the assumption that the relevant coe�cients |C

e↵

�� |, |C
e↵

GG| and
|c

e↵

ff | are all equal to 1. For di↵erent values of these parameters, the rates need to be rescaled by
factors (|Ce↵

ii |/⇤)2. For example, in the lower panel we assume that the ALP–boson couplings
are loop suppressed. If all Wilson coe�cients are of the same magnitude and the ALP is
lighter than the pion (or if it does not couple to colored particles at all), the dominant decay

13
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Constraints on Cγγ and cee

[Armengaud et al. 2013; Jäckel, Spannowsky 2015; many others …]

��-�� ��-�� ��-� ��-� ��-� � ���

���

�

��-�

��-�

��-�

���-���-���-�

���

�

��-�

��-�

Figure 4: Existing constraints on the ALP–photon (left) and ALP–electron coupling (right) derived
from a variety of particle physics, astro-particle physics and cosmological observations. Several of
these bounds are model dependent. The BaBar constraint in the right-hand plot assumes cµµ ⇡ cee,
see (32); otherwise, this is a bound on |ce↵µµ|. See the text for more details.

0. (However, integrating out a single, complete electroweak multiplet will always generate
contributions to CWW and CBB with same sign.) The assumption that such a cancellation
can be engineered was made in the recent analysis in [26]. Moreover, relation (13) shows that
even in this case an e↵ective coupling C

e↵

�� 6= 0 will inevitably be generated at one-loop (and
higher-loop) order as long as some couplings in the e↵ective Lagrangian are set by the TeV
scale. To see this, consider the following numerical results in the relevant mass window:

C
e↵

�� (1MeV) ⇡ C�� � 1.92CGG + 5 · 10�13
CWW � 6 · 10�3

cee � 5 · 10�8
cµµ � 2 · 10�10

c⌧⌧

� 2 · 10�7 (cuu � cdd) � O(10�8) css � 4 · 10�10
ccc � 1 · 10�11

cbb � 3 · 10�14
ctt ,

C
e↵

�� (100 keV) ⇡ C�� � 1.92CGG + 5 · 10�15
CWW � 2 · 10�5

cee � 5 · 10�10
cµµ � 2 · 10�12

c⌧⌧

� 2 · 10�9 (cuu � cdd) � O(10�10) css � 4 · 10�12
ccc � 1 · 10�13

cbb � 3 · 10�16
ctt .

(33)
For ALP masses below 100 keV each loop contribution scales with m

2

a. We observe that
reaching |C

e↵

�� |/⇤ < 10�15 TeV�1 requires a significant fine-tuning of essentially all Wilson
coe�cients in the e↵ective Lagrangian (1). This includes the coe�cient CWW , even though its
one-loop contribution is very small. As we will show below, the one-loop radiative corrections
to the ALP–electron coupling induce a contribution �cee ⇡ �0.8 · 10�2

CWW independently
of the ALP mass, which adds the terms 5 · 10�5

CWW and 2 · 10�7
CWW to the two values

shown in (33). It follows that ALPs with masses in the range between 150 eV and 1MeV are
incompatible with the assumption of couplings to SM particles that could be probed at high-
energy particle colliders. For masses below 150 eV, on the other hand, a mechanism which

16

model dependent!
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Resolving the (g-2)μ  anomaly
❖ Anomalous magnetic moment of 

the muon could be explained by 
virtual ALP exchange:

❖ Anomaly                                         
can be reproduced for O(1) Wilson 
coefficients Cγγ and cμμ

❖ BaBar search for                                                  

significantly constrains the 
allowed parameter space (grey)

❖ Tighter constraints expected from 
Belle II
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Figure 6: Regions in ALP coupling space where the experimental value of (g � 2)µ is reproduced
at 68% (red), 95% (orange) and 99% (yellow) confidence level (CL), for di↵erent values of ma. We
assume Kaµ(⇤) = 0 at ⇤ = 1TeV and neglect the tiny contribution proportional to C�Z . For
ma > 2mµ, the gray regions are excluded by a dark-photon search in the e+e� ! µ+µ� + µ+µ�

channel performed by BaBar [84].

is of order ⇤/TeV, while the other one can be of similar order or larger. Since cµµ enters
observables always in combination with mµ, it is less constrained by perturbativity than C��.

An important constraint on the ALP–photon and ALP–muon couplings, C�� and cµµ,
can be derived from a search for light Z

0 bosons performed by BaBar, which constrains the
resonant production of muon pairs in the process e+e� ! µ

+
µ
� + Z

0
! µ

+
µ
� + µ

+
µ
� [84].

The Feynman diagrams contributing to this process at tree level (and for me = 0) are shown
in Figure 7. Neglecting the electron mass and averaging over the initial-state polarizations,

20
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Figure 6: Regions in ALP coupling space where the experimental value of (g � 2)µ is reproduced
at 68% (red), 95% (orange) and 99% (yellow) confidence level (CL), for di↵erent values of ma. We
assume Kaµ(⇤) = 0 at ⇤ = 1TeV and neglect the tiny contribution proportional to C�Z . For
ma > 2mµ, the gray regions are excluded by a dark-photon search in the e+e� ! µ+µ� + µ+µ�

channel performed by BaBar [84].

is of order ⇤/TeV, while the other one can be of similar order or larger. Since cµµ enters
observables always in combination with mµ, it is less constrained by perturbativity than C��.

An important constraint on the ALP–photon and ALP–muon couplings, C�� and cµµ,
can be derived from a search for light Z

0 bosons performed by BaBar, which constrains the
resonant production of muon pairs in the process e+e� ! µ

+
µ
� + Z

0
! µ

+
µ
� + µ

+
µ
� [84].

The Feynman diagrams contributing to this process at tree level (and for me = 0) are shown
in Figure 7. Neglecting the electron mass and averaging over the initial-state polarizations,

20

BaBar excluded
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Figure 3: One-loop diagrams contributing to the anomalous magnetic moment of the muon.

4 Anomalous magnetic moment of the muon

The persistent deviation of the measured value of the anomalous magnetic moment aµ =
(g� 2)µ/2 from its theoretical value predicted in the SM provides one of the most compelling
hints for new physics. The di↵erence aexpµ � aSMµ = (288± 63± 49) · 10�11 [28] di↵ers from zero
by more than 3 standard deviations. It has been emphasized recently that this discrepancy
can be accounted for by an ALP with an enhanced coupling to photons [7]. At one-loop order,
the e↵ective Lagrangian gives rise to the contributions to aµ shown in Figure 3. The first
graph, in which the ALP couples to the muon line, gives a contribution of the wrong size [? ];
however, its e↵ect may be overcome by the second diagram, which involves the ALP coupling
to photons (or to �Z), if the Wilson coe�cient C�� in (1) is su�ciently large. Performing a
complete one-loop analysis, we find that our model gives rise to the new-physics contribution

�aµ =
m2

µ

⇤2

(
Kaµ(µ)�

(cµµ)2

16⇡2
h1

✓
m2

a

m2
µ

◆
�

2↵

⇡
cµµ C��


ln

µ2

m2
µ

+ �2 + 2� h2

✓
m2

a

m2
µ

◆�

�
↵

2⇡

1� 4s2w
swcw

cµµ C�Z

✓
ln

µ2

m2
Z

+ �2 +
3

2

◆�
,

(19)

where Kaµ denotes the coe�cient of the operator in the D = 6 e↵ective Lagrangian of the
SM which gives a tree-level contribution to aµ, namely (written in the broken phase of the
electroweak theory)

L
D=6
e↵ 3 �Kaµ

emµ

4⇤2
µ̄ �µ⌫F

µ⌫µ . (20)

The loop functions read

h1(x) = 1 + 2x+ x(1� x) ln x� 2x(3� x)

r
x

4� x
arccos

p
x

2
,

h2(x) = �
x

3
+

x2

6
ln x+

2 + x

3

p
x(4� x) arccos

p
x

2
.

(21)

They are positive and satisfy h1(0) = 1 and h1(x) ⇡ (2/x)(ln x� 11
6 ) for x � 1, and h2(0) = 0

and h2(x) ⇡ (ln x + 1
2) for x � 1. The scheme-dependent constant �2 is again related to

contractions of Levi-Civita tensors in d dimensions. From the relevant relation

✏↵��� ✏µ⌫�� = (d� 3)(d� 2)
�
g↵⌫g�µ � g↵µg�⌫

�
(22)

we derive �2 = �3. In a scheme where instead the Levi-Civita symbol is treated as a 4-
dimensional object, one would have �2 = 0.
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Figure 3: One-loop diagrams contributing to the anomalous magnetic moment of the muon.

4 Anomalous magnetic moment of the muon

The persistent deviation of the measured value of the anomalous magnetic moment aµ =
(g� 2)µ/2 from its theoretical value predicted in the SM provides one of the most compelling
hints for new physics. The di↵erence aexpµ � aSMµ = (288± 63± 49) · 10�11 [28] di↵ers from zero
by more than 3 standard deviations. It has been emphasized recently that this discrepancy
can be accounted for by an ALP with an enhanced coupling to photons [7]. At one-loop order,
the e↵ective Lagrangian gives rise to the contributions to aµ shown in Figure 3. The first
graph, in which the ALP couples to the muon line, gives a contribution of the wrong size [? ];
however, its e↵ect may be overcome by the second diagram, which involves the ALP coupling
to photons (or to �Z), if the Wilson coe�cient C�� in (1) is su�ciently large. Performing a
complete one-loop analysis, we find that our model gives rise to the new-physics contribution

�aµ =
m2

µ

⇤2

(
Kaµ(µ)�

(cµµ)2

16⇡2
h1

✓
m2

a

m2
µ

◆
�
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⇡
cµµ C��


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µ2

m2
µ

+ �2 + 2� h2

✓
m2

a
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µ

◆�

�
↵
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2
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(19)

where Kaµ denotes the coe�cient of the operator in the D = 6 e↵ective Lagrangian of the
SM which gives a tree-level contribution to aµ, namely (written in the broken phase of the
electroweak theory)

L
D=6
e↵ 3 �Kaµ

emµ

4⇤2
µ̄ �µ⌫F

µ⌫µ . (20)

The loop functions read

h1(x) = 1 + 2x+ x(1� x) ln x� 2x(3� x)

r
x

4� x
arccos

p
x

2
,

h2(x) = �
x

3
+

x2

6
ln x+

2 + x

3

p
x(4� x) arccos

p
x

2
.

(21)

They are positive and satisfy h1(0) = 1 and h1(x) ⇡ (2/x)(ln x� 11
6 ) for x � 1, and h2(0) = 0

and h2(x) ⇡ (ln x + 1
2) for x � 1. The scheme-dependent constant �2 is again related to

contractions of Levi-Civita tensors in d dimensions. From the relevant relation

✏↵��� ✏µ⌫�� = (d� 3)(d� 2)
�
g↵⌫g�µ � g↵µg�⌫

�
(22)

we derive �2 = �3. In a scheme where instead the Levi-Civita symbol is treated as a 4-
dimensional object, one would have �2 = 0.

9

[Marciano, Masiero, Paradisi, Passera 2016]

[BaBar: 1606.03501]
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Higgs Decays as an ALP Factory
[see also: Dobrescu, Landsberg, Matchev 2000; Chang, Fox, Weiner 2006; Draper, McKeen 2012; Curtin et al. 2013]

© Matthias Neubert



On-shell Higgs decays into ALPs
❖ Effective Lagrangian allows for 

h→Za and h→aa decays at rates 
likely to be accessible in the 
high-luminosity run of LHC 
(already with 300 fb-1)

❖ Branching ratios can reach 10%

❖ Higgs physics provides powerful observatory for ALPs 
in the mass range between 1 MeV and 60 GeV, which is 
otherwise not easily accessible to experimental searches

-� -� � � �
-�

-�

�

�

�

Figure 15: Allowed region for the Wilson coe�cients Ce↵

Zh and Ce↵

ah obtained from the present
bound Br(h ! BSM) < 0.34 (orange) derived from the global analysis of Higgs decays [98]. The
black dashed line shows the projected bound one would obtain for Br(h ! BSM) < 0.1, as expected
for 3000 fb�1 of integrated luminosity at

p
s = 14 TeV.

Note that the second Higgs-portal interaction in (6) does not contribute in this approximation,
because its e↵ect is suppressed by m

2

a/m
2

h. Numerically, we obtain for ⇤ = 1TeV

C
e↵

ah ⇡ Cah(⇤) + 0.173 c2tt � 0.0025
�
C

2

WW + C
2

ZZ

�
, (60)

indicating that the top-quark contribution, in particular, can be sizable. Relation (58) shows
that even if the portal coupling Cah vanishes at some scale, an e↵ective coupling is induced
at one-loop order if the ALP couples to at least one of the heavy SM particles (t, Z or W ).
Also, because of the presence of UV divergences in the various terms, the coupling Cah(µ)
must cancel the scale dependence of the various other terms, and hence it is not consistent
to set it to zero in general. For a light ALP (ma < 1GeV) a 10% h ! aa branching ratio is
obtained for |C

e↵

ah |/⇤2 = 0.62TeV�2. Note that a Wilson coe�cient of this size could even be
due to a loop-induced contribution from the top quark, if |ctt|/⇤ ⇡ 1.9TeV�1.

Imposing the current upper limit Br(h ! BSM) < 0.34 (at 95% CL) [98], we obtain

��Ce↵

ah

�� < 1.34


⇤

1TeV

�2

. (61)

More generally, if both coe�cients are non-zero, the allowed values for C
e↵

Zh and C
e↵

ah are
constrained to lie within the orange region in Figure 15. At the end of LHC operation, with
a projected integrated luminosity of 3000 fb�1 at

p
s = 14TeV, one expects the improved

bound Br(h ! BSM) < 0.1 [99], which would imply that the two coe�cients must be inside
the dashed black contour in the figure. The constraint on C

e↵

ah alone would then be |C
e↵

ah | <

0.62 (⇤/TeV)2. Invisible ALP decays would lead to invisible Higgs-boson decays, for which

30

[ATLAS & CMS: 1606.02266]
Bounds from Br(h→BSM) < 0.34

(95% CL)
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Example: Exotic decay h→aa
❖ Higgs portal interaction and loop-mediated processes 

allow for ALP pair production in Higgs decay:

with: 

❖ A 10% branching ratio is obtained for

5.2 h ! aa decay rate

By means of the Higgs portal interaction in the dimension-6 e↵ective Lagrangian (3), as
well as by loop-mediated dimension-6 processes, the Higgs boson can decay into a pair of
ALPs. This decay would have be missed in all existing Higgs-boson searches, [True?] and it
provides for interesting search modes in the future high-luminosity phase at the LHC. We have
calculated the h ! aa decay rate including the tree-level Higgs-portal interaction as well as
all one-loop corrections arising from two insertions of operators from the dimension-5 e↵ective
Lagrangian (1). The relevant diagrams are shown in Figure 8. Since both the Higgs boson
and the APL couple to fermions proportional to their mass, only the top-quark contribution
needs to be retained in the second diagram. We find

�(h ! aa) =

��Ce↵
ah

��2

32⇡

v2m3
h

⇤4

✓
1�

2m2
a

m2
h

◆s

1�
4m2

a

m2
h

. (27)

where the e↵ective coupling is given by

Ce↵
ah = Cah(µ) +

Nc y2t
4⇡2

c2tt


ln

µ2

m2
t

� g1(⌧t/h)

�
�

3↵

2⇡s2w

�
g2CWW

�2

ln

µ2

m2
W

+ �2 � g2(⌧W/h)

�

�
3↵

4⇡s2wc
2
w

✓
g2

c2w
CZZ

◆2 
ln

µ2

m2
Z

+ �2 � g2(⌧Z/h)

�
,

(28)
with ⌧i/h ⌘ 4m2

i /m
2
h and �2 = �3. The relevant loop functions read

g1(⌧) = ⌧ f 2(⌧) + 2
p
⌧ � 1 f(⌧)� 2 , g2(⌧) =

2⌧

3
f 2(⌧) + 2

p
⌧ � 1 f(⌧)�

8

3
. (29)

Numerically, we obtain for ⇤ = 1TeV

Ce↵
ah ⇡ Cah(⇤) + 0.173 c2tt � 0.0025

�
C2

WW + C2
ZZ

�
, (30)

indicating that the top-quark contribution in particularly can be sizeable. Relation (28) shows
that even if the portal coupling Cah vanishes at some scale, an e↵ective coupling is induced
at one-loop order if either the ALP couples to at least one of the heavy SM particles (t, Z or
W ). Also, because of the presence of UV divergences in the various term, the coupling Cah(µ)
must cancel the scale dependence of the various other terms, and hence it is not consistent to
set it to zero in general.

Depending on the pattern of ALP decay modes, the final state could be searched for in
the four-lepton or four-photon channels. For light ALPs, the large boost factors can lead to
collimated lepton jets or signatures with less than four isolated photons. [Also comment on
other decay modes!] Imposing the current upper Br(h ! invisible) < 0.35 at 95% CL [42],
corresponding to �(h ! aa) < 2.1MeV, we obtain the bound

��Ce↵
ah

�� < 1.34


⇤

1TeV

�2
. (31)

14

Figure 8: Parameter space excluded by searches for enhancements of the SM decay h ! �� (blue)
and from searches for h ! �� + �� (dashed) on the left panel. Limits from searches for h ! Z�
(right panel). The gray contours indicate the universal limit from the constraint on h ! BSM.

A 10% h ! aa branching ratio is obtained for |Ce↵
ah | ⇡ 0.62 (⇤/TeV)2. These bound are

obtained by neglecting the ALP mass. The bounds get weaker is ma approaches the kinematic
thresholdmh/2. [Complete this and work out what constraint the existing data on h ! ��
imply!]

5.3 Probing the parameter space of a photophilic ALP

In the following we collect constraints on Higgs decays into ALPs from modifications of SM
branching ratios and searches for exotic decays. We distinguish signatures of h ! aa decays,
mediated by the dimension six operator in (3) and searches sensitive to the decay h ! aZ,
which can be induced at dimension five or seven as elaborated in Section 5.1. The branching
ratios and lifetime of the ALPs play a crucial role in both cases. For ALPs produced via
h ! aa decaying into a ! XX the average decay length is given in the Higgs rest frame by

La =
�a�a
�tot
a

=
mh

2ma

s

1�
4m2

a

m2
h

Br(a ! XX)

�(a ! XX)
. (32)

We assume, that in order to reconstruct the final state particles, the decay a ! XX needs to
take place before the inner tracker (for X= leptons and jets) or the electromagnetic calorimeter
(for X = �). The fraction of events for which this happens is given by

fdecay = 1� e�Ldet/La ⇡

(
1 ; La ⌧ Ldet ,

Ldet
La

; La � Ldet ,
(33)
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with ⌧i/h ⌘ 4m2
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3 . The relevant loop functions read
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Numerically, we obtain for ⇤ = 1TeV

C
e↵
ah ⇡ Cah(⇤) + 0.173 c2tt � 0.0025

�
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2
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�
, (35)

indicating that the top-quark contribution in particularly can be sizable. Relation (33) shows
that even if the portal coupling Cah vanishes at some scale, an e↵ective coupling is induced
at one-loop order if either the ALP couples to at least one of the heavy SM particles (t, Z or
W ). Also, because of the presence of UV divergences in the various term, the coupling Cah(µ)
must cancel the scale dependence of the various other terms, and hence it is not consistent to
set it to zero in general.

Depending on the pattern of ALP decay modes, the final state could be searched for in
the four-lepton or four-photon channels. For light ALPs, the large boost factors can lead to
collimated lepton jets or signatures with less than four isolated photons. [Also comment on
other decay modes!] Imposing the current upper limit Br(h ! invisible) < 0.35 [AT: This
contradicts numbers on previous page. Should be Br(h ! BSM) < 0.34?] at 95% CL [71],
corresponding to �(h ! aa) < 2.1MeV, we obtain the bound
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. (36)

[Also use invisibles bound if a is meta-stable!] A 10% h ! aa branching ratio is obtained for
|C

e↵
ah | ⇡ 0.62 (⇤/TeV)2. These bound are obtained by neglecting the ALP mass. The bounds

get weaker is ma approaches the kinematic threshold mh/2. [Complete this and work out
what constraint the existing data on h ! �� imply!]

5.3 E↵ect of a macroscopic ALP decay length

ALPs produced in the decay of a heavy particle such as a Higgs boson are highly boosted,
and hence their lifetime is enhanced by the relativistic time dilation e↵ect. If the ALP is light
or weakly coupled to SM fields, its decay length can become macroscopic, and hence only a
small fraction of ALPs decay inside the detector. Since to good approximation Higgs bosons
at the LHC are produced along the beam direction, the average decay length of the ALP
perpendicular to the beam is L

?
a (✓) = sin ✓ �a�a/�a, where ✓ is the angle of the ALP with
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Figure 14: Feynman diagrams contributing to the decay h ! aa. The last diagram involves the
Higgs couplings to W and Z bosons.

is essentially independent of the values of the Wilson coe�cients |c
e↵

`` |. We strongly encourage
our experimental colleagues to extend these searches to lower masses and to separate the final-
state lepton flavors. The expected asymmetry between electron, muon and tau final states
from ALP decays would be a striking signature of a light pseudoscalar boson. The possibility
to observe light new particles in Higgs decays with this final state has also been pointed out in
[103]. A heavier ALP can also decay into heavy-quark pairs, which would provide spectacular
signatures such as h ! Za ! `

+
`
�
bb̄, or into di-jets, i.e. h ! Za ! `

+
`
�
j(j), where a single

jet would be observed in the case of two strongly collimated jets. Very light or weakly coupled
ALPs can remain stable on detector scales. In this case, a Higgs produced in vector-boson
fusion or in association with a Z-boson or a top-quark pair can lead to interesting signatures
of the type pp ! hjj ! Z + /ET + jj, pp ! hZ ! ZZ + /ET , or pp ! htt̄ ! Z + /ET + tt̄.

5.2 ALP searches in h ! aa decay

By means of the Higgs portal interactions in the dimension-6 e↵ective Lagrangian (6), as well
as by loop-mediated dimension-6 processes, a Higgs boson can decay into a pair of ALPs. We
have calculated the h ! aa decay rate including the tree-level Higgs-portal interactions as
well as all one-loop corrections arising from two insertions of operators from the dimension-
5 e↵ective Lagrangian (1). The relevant diagrams are shown in Figure 14. Since both the
Higgs boson and the ALP couple to fermions proportional to their mass, only the top-quark
contribution needs to be retained in the second diagram. Keeping ma only in the phase space
and neglecting it everywhere else, we find
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where the e↵ective coupling is given by

C
e↵

ah = Cah(µ) +
Nc y

2

t

4⇡2
c
2

tt


ln

µ
2

m2

t

� g1(⌧t/h)

�
�

3↵

2⇡s2w

�
g
2
CWW

�2

ln

µ
2

m2

W

+ �1 � g2(⌧W/h)

�

�
3↵

4⇡s2wc
2
w

✓
g
2

c2w

CZZ

◆2 
ln

µ
2

m2

Z

+ �1 � g2(⌧Z/h)

�
,

(58)
with ⌧i/h ⌘ 4m2

i /m
2

h and �1 = �
11

3
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Figure 14: Feynman diagrams contributing to the decay h ! aa. The last diagram involves the
Higgs couplings to W and Z bosons.
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Example: Exotic decay h→aa
❖ Depending on ALP decay modes, several interesting 

final-state signatures can arise:
❖ h→aa→γγ+γγ, where the two photons in each pair are 

either resolved (for ma > ~100 MeV) or appear as a 
single photon in the calorimeter (adds to h→γγ signal)

❖ h→aa→l+l-+l+l- with l=e,μ,τ 
❖ h→aa→4j, including heavy-quark jets, …

❖ Most of these decays can be reconstructed
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❖ Weakly coupled light ALPs can have a              
macroscopic decay length, hence only                                
a fraction fdec decays inside detector

❖ We define effective branching ratios:

❖ Even for La >> Ldet there remains some sensitivity 

Decay-length effect

3

for |ctt| ⇡ 1.04 (⇤/TeV), while a combination of the
top-quark contribution and the dimension-7 contribution

from C(7)
Zh can give Br(h ! Za) = O(10�3) without tun-

ing. With such rates, large samples of ALPS will be
produced in Run-2 of the LHC.

If the ALP is light or weakly coupled to SM fields, its
decay length can become macroscopic, and hence only
a small fraction of the ALPs decay inside the detector
component. The average decay length is La = �a�a/�a,
where �a and �a are the usual relativistic factors and
�a is the total decay width of the ALP. If the ALP is
observed in the decay mode a ! XX, we can express its
total decay width in terms of the branching fraction and
partial width for this partial decay, i.e.

La =
�a�a
�a

=
p
�2
a � 1

Br(a ! XX)

�(a ! XX)
. (7)

In the rest frame of the Higgs boson, [Explain why this

is good enough!] the boost factor is �a = (m2
h �m2

Z +
m2

a)/(2mamh) for h ! Za and �a = mh/(2ma) for h !

aa. As a consequence, only a fraction of events given by

fdec = 1� e�Ldet/La (8)

decays before the ALP has traveled a distance Ldet set
by the relevant detector components. We thus define the
e↵ective branching ratios

Br(h ! Za ! `+`�XX)
��
e↵

= Br(h ! Za)

⇥ Br(a ! XX) fdec Br(Z ! `+`�) , (9)

Br(h ! aa ! 4X)
��
e↵

= Br(h ! aa) Br(a ! XX)2 f2
dec ,

where Br(Z ! `+`�) = 0.0673 for ` = e, µ. If the
ALPs are observed in their decay into photons, we re-
quire Ldet = 1.5m, such that the decay occurs before the
electromagnetic calorimeter. For a given value of the Wil-
son coe�cients CZh or Cah, we can now present the reach
of high-luminosity LHC searches for h ! Za ! `+`���
and h ! aa ! 4� decays in the ma � |C�� | plane. We
require at least 100 signal events [Should we increase

this to e.g. 250 events in order to account for ef-

ficiencies?] in a dataset of 300 fb�1 at
p
s = 13TeV

(Run-2), considering gluon-fusion induced Higgs produc-
tion with cross section �(pp ! h + X) = 48.52 pb [? ]
and the e↵ective Higgs branching ratios defined above.
Figure 3 shows this parameter space in light green. In
the left panel we present the reach of Run-2 searches for
h ! Za ! `+`��� decays assuming |CZh| = 1 (solid
contour) [Or should we use 0.72?] and |CZh| = 0.1
(dashed contour) and |CZh| = 0.015 (dashed contour).
To reach sensitivity to smaller h ! Za branching ra-
tios with |CZh| = 0.01 or lower would require (slightly)
larger luminosity than 300 fb�1. The right panel shows
the reach of searches for h ! aa ! 4� decays assum-
ing |Cah| = 1 (solid contour), |Cah| = 0.1 (dashed con-
tour) and |Cah| = 0.01 (dotted contour). These contours
are essentially independent of the a ! �� branching ra-
tio unless this quantity falls below a critical value. For

h ! Za, one needs Br(a ! ��) > 2·10�4, 0.011 and 0.46
for |CZh| = 1, 0.1 and 0.015, respectively. For h ! aa in-
stead, one needs Br(a ! ��) > 0.006, 0.049 and 0.49 for
|Cah| = 1, 0.1 and 0.01. [Check values!] It is thus pos-
sible to probe the ALP–photon coupling even if the ALP
predominantly decays into other final states. The insen-
sitivity of the contours to Br(a ! ��) can be understood
by considering the behavior of the quantity fdec in (8).
The contours limiting the green regions from the left arise
from the region of large ALP decay length, La � Ldet, in
which case fdec ⇡ Ldet/La / �(a ! XX)/Br(a ! XX).
In this region the e↵ective branching ratios in (9) become
independent of Br(a ! ��) and only depend on the par-
tial rate �(a ! XX) / m3

a C
2
�� . On the other hand, the

number of signal events inside the probed contour re-
gions is bounded by the yield computed with fdec = 1
(prompt ALP decays), and this number becomes too
small if Br(a ! XX) falls below a critical value.

The red band in the two panels in Figure 3 shows the
parameter region in which the (g � 2)µ anomaly can be
explained in our framework. We only consider the region
|cµµ| = 2 � 10 in Figure 2, where the ALP–photon cou-
pling remains perturbative. (In principle, larger values of
|C�� | could also explain the anomaly.) Almost the entire
parameter space where the red band is not excluded by
existing experiments – the region above 30MeV [Check

value!] – can be covered by LHC searches for exotic
Higgs decays. Moreover, even if the relevant coupling
CZh and Cah are loop suppressed, in this region thou-
sands of signal events are expected in Run-2. [Be more

precise!]

Existing searches for h ! aa ! 4� decay already lead
to interesting bounds on the ALP parameter space. In
Figure 4 we show the constraints derived from an ATLAS
search in the high-mass region ma = 10� 62.5GeV [16],
an interpolation based on a search for ALPs with masses
ma = 100MeV, 200MeV and 400MeV [29], as well as
from a possible enhancement of the observed h ! �� rate
from highly boosted ALPs with masses ma . 100MeV,
for which the photon pairs produced in the decay of the
ALPs cannot be resolved in the calorimeter [10, 12, 30,
31]. As before, the solid and dashed contours correspond
to Cah = 1 and 0.1, respectively. To reach smaller values
of Cah and hence smaller h ! aa branching ratios will
require more luminosity. There exist no relevant searches
for the h ! Za ! `+`��� channel. However, in the
mass range ma . 40MeV [Check value!] the photons
from the ALP decay are strongly boosted, and hence the
final state becomes experimentally indistinguishable from
h ! Z� decay. Existing searches for this decay constrain
the cross section �(pp ! h ! Z�) to be less than 9� 11
times its SM value [32, 33]. The resulting bound is thus
still rather weak. Since the h ! Za signal does not
interfere with the decay h ! Z�, its contribution would
lead to an enhancement of the h ! Z� rate. This would
provide a very interesting signal once the decay h ! Z�
becomes within reach of the LHC.

If the ALPs decay dominantly into leptons, we require

3

for |ctt| ⇡ 1.04 (⇤/TeV), while a combination of the
top-quark contribution and the dimension-7 contribution

from C(7)
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produced in Run-2 of the LHC.
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tour) and |Cah| = 0.01 (dotted contour). These contours
are essentially independent of the a ! �� branching ra-
tio unless this quantity falls below a critical value. For

h ! Za, one needs Br(a ! ��) > 2·10�4, 0.011 and 0.46
for |CZh| = 1, 0.1 and 0.015, respectively. For h ! aa in-
stead, one needs Br(a ! ��) > 0.006, 0.049 and 0.49 for
|Cah| = 1, 0.1 and 0.01. [Check values!] It is thus pos-
sible to probe the ALP–photon coupling even if the ALP
predominantly decays into other final states. The insen-
sitivity of the contours to Br(a ! ��) can be understood
by considering the behavior of the quantity fdec in (8).
The contours limiting the green regions from the left arise
from the region of large ALP decay length, La � Ldet, in
which case fdec ⇡ Ldet/La / �(a ! XX)/Br(a ! XX).
In this region the e↵ective branching ratios in (9) become
independent of Br(a ! ��) and only depend on the par-
tial rate �(a ! XX) / m3

a C
2
�� . On the other hand, the

number of signal events inside the probed contour re-
gions is bounded by the yield computed with fdec = 1
(prompt ALP decays), and this number becomes too
small if Br(a ! XX) falls below a critical value.

The red band in the two panels in Figure 3 shows the
parameter region in which the (g � 2)µ anomaly can be
explained in our framework. We only consider the region
|cµµ| = 2 � 10 in Figure 2, where the ALP–photon cou-
pling remains perturbative. (In principle, larger values of
|C�� | could also explain the anomaly.) Almost the entire
parameter space where the red band is not excluded by
existing experiments – the region above 30MeV [Check

value!] – can be covered by LHC searches for exotic
Higgs decays. Moreover, even if the relevant coupling
CZh and Cah are loop suppressed, in this region thou-
sands of signal events are expected in Run-2. [Be more

precise!]

Existing searches for h ! aa ! 4� decay already lead
to interesting bounds on the ALP parameter space. In
Figure 4 we show the constraints derived from an ATLAS
search in the high-mass region ma = 10� 62.5GeV [16],
an interpolation based on a search for ALPs with masses
ma = 100MeV, 200MeV and 400MeV [29], as well as
from a possible enhancement of the observed h ! �� rate
from highly boosted ALPs with masses ma . 100MeV,
for which the photon pairs produced in the decay of the
ALPs cannot be resolved in the calorimeter [10, 12, 30,
31]. As before, the solid and dashed contours correspond
to Cah = 1 and 0.1, respectively. To reach smaller values
of Cah and hence smaller h ! aa branching ratios will
require more luminosity. There exist no relevant searches
for the h ! Za ! `+`��� channel. However, in the
mass range ma . 40MeV [Check value!] the photons
from the ALP decay are strongly boosted, and hence the
final state becomes experimentally indistinguishable from
h ! Z� decay. Existing searches for this decay constrain
the cross section �(pp ! h ! Z�) to be less than 9� 11
times its SM value [32, 33]. The resulting bound is thus
still rather weak. Since the h ! Za signal does not
interfere with the decay h ! Z�, its contribution would
lead to an enhancement of the h ! Z� rate. This would
provide a very interesting signal once the decay h ! Z�
becomes within reach of the LHC.

If the ALPs decay dominantly into leptons, we require

�

8
>>>>>><

>>>>>>:

La

Beam axis

h

a

ECAL

Ldet

� �

Z

Figure 7: Sketch of the decay h ! Za ! Z�� in a vertical cross section of the detector with the
beam axis. The gray shaded area represents the position of the electromagnetic calorimeter (ECAL).

leaving plenty of room for new-physics e↵ects. A discovery of the h ! Z� decay mode and an
accurate measurement of its rate are among the most pressing targets for the high-luminosity
LHC run. Very importantly, we will show that ALP searches in the h ! Za and h ! aa

channels with subsequent a ! �� or a ! e
+
e
� decays can potentially probe regions in the

ma –Ce↵

�� and ma – ce↵ee parameter space that are inaccessible to any other searches.
The lifetime of ALPs and their boost factor have important consequences on their dominant

decay modes. In particular, for very light ALPs or very weak couplings, the decay length can
become macroscopic and hence only a small fraction of ALPs decay inside the detector. Since
to good approximation Higgs bosons at the LHC are produced along the beam direction, the
average decay length of the ALP perpendicular to the beam axis is

L
?
a (✓) = sin ✓

�a�a

�a
⌘ La sin ✓ , (39)

where ✓ is the angle of the ALP with respect to the beam axis, �a and �a are the usual
relativistic factors in that frame, and �a is the total decay width of the ALP. For the example
of h ! Za decay followed by a ! ��, the geometry is sketched in Figure 7. Note that the
quantity L

?
a (✓) (but not La) is invariant under longitudinal boosts along the beam axis, and

we are thus free to define La and the angle ✓ in the Higgs-boson rest frame. If the ALP is
observed in the decay mode a ! XX̄, we can express its total width in terms of the branching
fraction and partial width for this decay, yielding

La =
p
�2
a � 1

Br(a ! XX̄)

�(a ! XX̄)
, (40)

irrespective of the choice of the final state XX̄. The relevant boost factors in the Higgs-boson
rest frame are �a = (m2

h � m
2

Z +m
2

a)/(2mamh) for h ! Za and �a = mh/(2ma) for h ! aa.
We call fZa

dec
and f

aa
dec

the fraction of all h ! Za and h ! aa events where the ALP decays
before they have traveled a perpendicular distance Ldet set by the relevant detector components
needed for the reconstruction of the particles X (i.e., the electromagnetic calorimeter if X is a
photon, and the inner tracker if X is an electron). Since two-body decays of the Higgs boson

21
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Probing the ALP-photon coupling
❖ Higgs analyses at the LHC (Run-2, 300 fb-1) will be able 

to explore a large region of uncovered parameter space:

��-�� ��-�� ��-� ��-� ��-� � ���

���

�

��-�

��-�

��-�

���-���-���-�

���

�

��-�

��-�

Figure 4: Existing constraints on the ALP–photon (left) and ALP–electron coupling (right) derived
from a variety of particle physics, astro-particle physics and cosmological observations. Several of
these bounds are model dependent. The BaBar constraint in the right-hand plot assumes cµµ ⇡ cee,
see (32); otherwise, this is a bound on |ce↵µµ|. See the text for more details.

0. (However, integrating out a single, complete electroweak multiplet will always generate
contributions to CWW and CBB with same sign.) The assumption that such a cancellation
can be engineered was made in the recent analysis in [26]. Moreover, relation (13) shows that
even in this case an e↵ective coupling C

e↵

�� 6= 0 will inevitably be generated at one-loop (and
higher-loop) order as long as some couplings in the e↵ective Lagrangian are set by the TeV
scale. To see this, consider the following numerical results in the relevant mass window:

C
e↵

�� (1MeV) ⇡ C�� � 1.92CGG + 5 · 10�13
CWW � 6 · 10�3

cee � 5 · 10�8
cµµ � 2 · 10�10

c⌧⌧

� 2 · 10�7 (cuu � cdd) � O(10�8) css � 4 · 10�10
ccc � 1 · 10�11

cbb � 3 · 10�14
ctt ,

C
e↵

�� (100 keV) ⇡ C�� � 1.92CGG + 5 · 10�15
CWW � 2 · 10�5

cee � 5 · 10�10
cµµ � 2 · 10�12

c⌧⌧

� 2 · 10�9 (cuu � cdd) � O(10�10) css � 4 · 10�12
ccc � 1 · 10�13

cbb � 3 · 10�16
ctt .

(33)
For ALP masses below 100 keV each loop contribution scales with m

2

a. We observe that
reaching |C

e↵

�� |/⇤ < 10�15 TeV�1 requires a significant fine-tuning of essentially all Wilson
coe�cients in the e↵ective Lagrangian (1). This includes the coe�cient CWW , even though its
one-loop contribution is very small. As we will show below, the one-loop radiative corrections
to the ALP–electron coupling induce a contribution �cee ⇡ �0.8 · 10�2

CWW independently
of the ALP mass, which adds the terms 5 · 10�5

CWW and 2 · 10�7
CWW to the two values

shown in (33). It follows that ALPs with masses in the range between 150 eV and 1MeV are
incompatible with the assumption of couplings to SM particles that could be probed at high-
energy particle colliders. For masses below 150 eV, on the other hand, a mechanism which

16

?
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Probing the ALP-photon coupling
❖ Higgs analyses at the LHC (Run-2, 300 fb-1) will be able 

to explore a large region of uncovered parameter space:

|Ce↵
ah | = 1, Br(a ! ��) > 0.006

|Ce↵
ah | = 0.1, Br(a ! ��) > 0.049

|Ce↵
ah | = 0.01, Br(a ! ��) > 0.49

❖ Region preferred by (g-2)μ can be  
covered completely!

❖ The ALP-photon coupling can be 
probed even if the ALP decays 
predominantly to other particles!

(for ⇤ = 1TeV)
��-� ��-� ��-� � ���

���

�

��-�

��-�

Figure 17: Constraints on the ALP mass and coupling to photons derived from various experiments
(colored areas without boundaries, adapted from [24]) along with the parameter regions that can be
probed using the Higgs decays h ! aa ! 4�. The left panel shows the reach of LHC Run-2 with
300 fb�1 of integrated luminosity (shaded in light green). We require at least 100 signal events. The
contours correspond to |Ce↵

ah |/⇤2 = 1 TeV�2 (solid), 0.1 TeV�2 (dashed) and 0.01 TeV�2 (dotted).
The red band shows the preferred parameter space where the (g � 2)µ anomaly can be explained at
95% CL. The right panel shows the regions excluded by existing searches for h ! �� and h ! 4�
(shaded in dark green), where we assume |Ce↵

ah |/⇤2 = 1TeV�2.

is not much weaker than our projection for 300 fb�1 shown by the solid line in the left panel
indicates that our requirement of 100 signal events is not unreasonable.

While the graphical displays in Figures 16 and 17 correctly represent the regions in the
ma � |C

e↵

�� | parameter space which can be probed using exotic Higgs decays, it is important
to emphasize that finding a signal in these search regions will require su�ciently large ALP–
Higgs couplings, as indicated by the solid, dashed and dotted contour lines in the plots.
Consequently, not finding a signal in any of these searches would not necessarily exclude the
existence of an ALP in this parameter space. An alternative way to present our results,
which makes this fact more explicit, is shown in Figure 18 for h ! Za (upper panel) and
h ! aa (lower panel). For three di↵erent values of the ALP mass, the green-shaded areas
to the right of the solid or dashed contours in the various plots now show the regions in the
parameter space of the relevant ALP–Higgs and ALP–photon couplings which can be probed
(again requiring at least 100 signal events) for di↵erent values of the a ! �� branching ratio.
This representation is more faithful in the sense that a negative search result would definitely
exclude the corresponding region of parameter space.

The colored lines overlaid in the plots indicate two interesting yet rather pessimistic sce-
narios, in which the ALP couplings to bosons are induced via loops of SM quarks only. Of
course, larger couplings can be expected if new particles contribute in the loops, or if for some

35
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Probing the ALP-lepton couplings
❖ Higgs analyses at the LHC (Run-2, 300 fb-1) will be able 

to explore a large region of uncovered parameter space:

|Ce↵
ah | = 1 , Br(a ! e+e�) > 0.006

|Ce↵
ah | = 0.1 , Br(a ! e+e�) > 0.049

|Ce↵
ah | = 0.01 , Br(a ! e+e�) > 0.49

���-���-���-�

���

�

��-�

��-�

Figure 19: Constraints on the ALP mass and coupling to leptons derived from various experiments
(colored areas without boundaries, adapted from [79, 80]) along with the parameter regions that
can be probed using the Higgs decays h ! Za ! `+

1
`�
1
e+e� (left) and h ! aa ! e+e�e+e�

(right). The areas shaded in light green show the reach of LHC Run-2 with 300 fb�1 of integrated
luminosity. We require at least 100 signal events. The contours in the left panel correspond to
|Ce↵

Zh|/⇤ = 0.72 TeV�1 (solid), 0.1 TeV�1 (dashed) and 0.015 TeV�1 (dotted), while those in the right
panel refer to |Ce↵

ah |/⇤2 = 1TeV�2 (solid), 0.1 TeV�2 (dashed) and 0.01 TeV�2 (dotted). The orange
and red regions overlaid in the plots show the corresponding parameter space that can be covered in
searches for the decay modes a ! µ+µ� and a ! ⌧+⌧� (see text for more explanations).

h ! Za, one needs Br(a ! ⌧
+
⌧
�) > 2 · 10�3 (solid) and 0.008 (dashed). For h ! aa,

one needs instead Br(a ! ⌧
+
⌧
�) > 0.041 (solid) and 0.36 (dashed). We observe that the

ALP–muon and ALP–tau couplings which can be probed are significantly smaller than the
ALP–electron couplings. This simply reflects that the relevant decay rates scale with the
square of the charged-lepton mass.

So far we have discussed searches in the a ! e
+
e
� channel independently of other leptonic

ALP decay modes. We emphasize, however, that in many new-physics models one would
expect a strong correlation between these modes. Indeed, if the leptonic couplings c`` are
approximately flavor universal, as shown in (32), then the orange and red areas labeled µ

+
µ
�

and ⌧
+
⌧
� in Figure 19 can actually be interpreted as parameter regions in which one can probe

the ALP–electron coupling. Indeed, if the ALP is heavy enough to decay into muons or taus,
the branching ratios for decays into lighter leptons will be tiny, and it will only be possible
to reconstruct the decay in the heaviest lepton that is kinematically allowed. Note that the
combination of the three di↵erent search regions nicely complements the region covered by
beam-dump searches.

Once again, it is instructive to consider an alternative way of representing the information
contained in Figure 19. For three di↵erent values of the ALP mass, the green-shaded areas to

38

(for ⇤ = 1TeV)

cee ⇡ cµµ ⇡ c⌧⌧

Assume (absence of LFV transitions):
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Figure 18: Parameter space in the plane of the ALP–photon and ALP–Higgs couplings (green
regions to the right of the black contours) for which at least 100 events are produced in the h !

Za ! `+`��� (top) and h ! aa ! 4� (bottom) search channels at the LHC Run-2 with 300 fb�1

and for ma = 10 GeV, 1 GeV and 100 MeV. The contours correspond to Br(a ! ��) = 1 (solid) and
0.1, 0.01, 0.001 (dotted), as indicated. The gray areas indicate the regions excluded by the bounds
(56) and (61). The colored lines show the values of the Wilson coe�cients in two specific scenarios,
in which the ALP–boson couplings are induced by loops of SM quarks (see text for more details).

reason the couplings arise at tree level. The red line corresponds to a model in which C
e↵

�� , C
e↵

Zh

and C
e↵

ah are generated from one-loop diagrams involving the three SM up-type quarks, which
are assumed to have equal couplings cuu = ccc = ctt. The orange dashed line corresponds
to a model in which only the top-quark coupling ctt is non-zero. This provides a concrete
example of a scenario in which the loop-induced ALP–Higgs couplings can be sizable, while
the induced ALP–photon coupling tends to be very small. In each case, the relevant coupling
|ctt|/⇤ is varied between 0.1TeV�1 and 10TeV�1, as indicated by the labels along the line.
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Figure 18: Parameter space in the plane of the ALP–photon and ALP–Higgs couplings (green
regions to the right of the black contours) for which at least 100 events are produced in the h !

Za ! `+`��� (top) and h ! aa ! 4� (bottom) search channels at the LHC Run-2 with 300 fb�1

and for ma = 10 GeV, 1 GeV and 100 MeV. The contours correspond to Br(a ! ��) = 1 (solid) and
0.1, 0.01, 0.001 (dotted), as indicated. The gray areas indicate the regions excluded by the bounds
(56) and (61). The colored lines show the values of the Wilson coe�cients in two specific scenarios,
in which the ALP–boson couplings are induced by loops of SM quarks (see text for more details).

reason the couplings arise at tree level. The red line corresponds to a model in which C
e↵

�� , C
e↵

Zh

and C
e↵

ah are generated from one-loop diagrams involving the three SM up-type quarks, which
are assumed to have equal couplings cuu = ccc = ctt. The orange dashed line corresponds
to a model in which only the top-quark coupling ctt is non-zero. This provides a concrete
example of a scenario in which the loop-induced ALP–Higgs couplings can be sizable, while
the induced ALP–photon coupling tends to be very small. In each case, the relevant coupling
|ctt|/⇤ is varied between 0.1TeV�1 and 10TeV�1, as indicated by the labels along the line.
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Probing the ALP-photon coupling
❖ Alternative representation of 

the parameter space in the 
ALP-Higgs and ALP-photon 
coupling plane

❖ Accessible region depends on 
the ALP mass and a→γγ 
branching ratio (dashed 
contours)

❖ Lines show predictions for the 
coefficients in two scenarios 
with couplings induced by 
loops of SM fermions

h ! Za ! `+`� + ��

h ! aa ! �� + ��
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Probing ALPs at Future Colliders 
❖ We focus on ALP decay 

a→γγ but similar results 
hold for ALP decays into 
leptons, jets or heavy 
quarks



��-� ��-� ��-� ��-� � ��

��-�

��-�

��-�

��-�

�

���

��-� ��-� ��-� ��-� � ��

��-�

��-�

��-�

��-�

�

���

ma = 1GeVma = 10GeV ma = 100MeV

10%

1%

0.1%

0.01%

0.001%

0.0001%

10%

1%

0.1%

0.01%

0.001%

0.0001%

|Ce↵
Zh|/⇤ [TeV

�1
]

LHC

LHC27

FCC-hh

��-� ��-� ��-� ��-� � ��

��-�

��-�

��-�

��-�

�

���
10%

1%

0.1%

0.01%

0.001%

0.0001%

10%

1%

0.1%

0.01%

0.001%

0.0001%

|Ce↵
ah|/⇤

2
[TeV

�2
]

��-� ��-� ��-� ��-� � ��

��-�

��-�

��-�

��-�

�

���

��-� ��-� ��-� ��-� � ��

��-�

��-�

��-�

��-�

�

���

��-� ��-� ��-� ��-� � ��

��-�

��-�

��-�

��-�

�

���

ma = 1GeVma = 10GeV ma = 100MeV

LHC

LHC27

FCC-hh

1%

0.1%

10%

1%

0.1%

10%
1%

0.1%

10%

Figure 15: Projected reach in searches for h ! Za ! `+`� + 2� and h ! aa ! 4� decays with

the LHC (green), HE-LHC (light green) and a 100 TeV collider (blue). The parameter region with

the solid contours correspond to a branching ratio of Br(a ! ��) = 1, and the contours showing the

reach for smaller branching ratios are dotted.

`+`��� (upper panels) and pp ! h ! aa ! 4� (lower panels) for ma = 100MeV, 1GeV
and 10GeV and Br(a ! ��) = 1. We further indicate the reach obtained in the case that
Br(a ! ��) < 1 by the dotted lines. Even though we rely on leptonic Z decays with Br(Z !

`+`�) = 0.0673 to account for the more challenging environment at hadron colliders, a future
100TeV collider significantly improves beyond the projected reach in Ce↵

Zh and Ce↵
ah of the FCC-

ee shown in Figure 10. The sensitivity to Ce↵
��, however, is comparable between the FCC-ee

and FCC-hh, and the projections for searches for e+e� ! ha ! bb̄�� at the second and third
stage of CLIC even surpass the FCC-hh sensitivity in Ce↵

�� . For all considered ALP masses,
the h ! Za decay could be observed at a 100TeV collider for Br(a ! ��) & 10�6 and the
h ! aa decay could be fully reconstructed for Br(a ! ��) & 0.01.
The results are similar for leptonic ALP decays. In Figure 16 we show the reach in the ce↵`` �Ce↵

Zh

24

ALP searches at future hadron colliders

(20 ab�1@100TeV)

(3 ab�1)

h ! Za

h ! aa

(15 ab�1)

(20 ab�1@100TeV)

(3 ab�1)

(15 ab�1)
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ALP searches at future e+e- colliders
5. Production processes of ALPs in e

+
e
�-annihilations

q

�

e
� (p)

e
+(p0)

� (k)

a (pa)

k

q

Z

e
� (p)

e
+(p0)

� (k)

a (pa)

j

Figure 5.5.: Feynman diagrams contributing to the process e+e� ! � a.

5.2. ALP search in an ALP-photon final state

In this section the process e
+
e
�

! �a is discussed. For the production of an ALP
together with a real photon in the final state, two distinct Feynman diagrams have to
be taken into account. The process can happen by the exchange of a photon or a Z

boson (see figure 5.5). The first two operators in (3.2) are mediating this coupling.
The matrix element is the sum of the two distinct Feynman diagrams and can be
written as

M = 4ie3 ✏↵�⌫µ k↵ q� v(p
0
, s

0) �µ (V +A �5) u(p, s) ✏
⇤
⌫(k,�), (5.15)

where
V = C� + cV CZ and A = �cACZ ,

C� =
1

s

C��

⇤
and CZ =

1

s
2

w c
2

w

1

s�m
2

Z + imZ�Z

C�Z

⇤
. (5.16)

Starting with this matrix element, the di↵erential cross section, summed over all
polarizations of the external photon, can be calculated as

d�(e+e� ! � a)

d⌦cm
= 2⇡ ↵

3
s
2

 
1�

m
2

a

s

!
3 ⇣

|V |
2 + |A|

2
⌘
(1 + cos2 ✓). (5.17)

The angular dependence of this process is (1 + cos2 ✓). By means of the di↵erential
cross section the total cross section can be obtained as

�(e+e� ! � a) =
32⇡2

↵
3
s
2

3

 
1�
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2

a

s

!
3 ⇣

|V |
2 + |A|

2
⌘
. (5.18)

With this process collider runs can probe the parameter space of ALPs in the plane
of C�� and C�Z . In the case where the ALP decays into photons, an e↵ective cross

section for the whole process e+e� ! � a ! � �� can be constructed, in the same way
as it is described in 5.1. Thus, the e↵ective cross section reads:

�(e+e� ! � a ! ���)e↵ = �(e+e� ! � a) Br(a ! ��) f (�a)
a . (5.19)

20

(assuming CWW=0, so that Cγγ and CγZ are correlated)

�/Z (k) �/Z (k)
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ALP searches at future e+e- colliders

based on work with Mathias Heiles
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Figure 6: Projected sensitivity regions for searches for e+e� ! �a ! 3� (left) and e+e� ! Za !

Zvis�� (right) at future e+e� colliders for Br(a ! ��) = 1. The constraints from Figure 4 are shown

in the background.

We show the projections for the various versions of the CLIC collider and the FCC-ee in
Figure 6, assuming CWW = 0 which implies C�Z = �s2wC��. The parameter space corresponds
to at least 4 expected signal events with the ALP decaying before it has reached the electro-
magnetic calorimeter (ECAL) which is assumed to be within a radius of ⇠ 1.5m of the beam
axis. We consider only visible decays of the Z boson with Br(Z ! visible) = 0.80. We also
impose the constraint |Ce↵

�Z | < 1.48⇤/TeV from the LEP measurement of the total width of
the Z boson.

The contours for the FCC-ee in Figure 6 combine the luminosities for the run at the Z-pole
(in case of e+e� ! �a), at

p
s = 2mW and at

p
s = 250GeV, whereas for CLIC we show

separate limits for three di↵erent versions of this collider. Note that the large luminosity of
the FCC-ee run at the Z pole leads to a significantly larger sensitivity in the e+e� ! �a
channel compared to the e+e� ! Za projection. Further, CLIC1500 and CLIC3000 allow to
probe considerably higher ALP masses compared to both CLIC380 and the FCC-ee. In this
and the following figures, the relevant ALP branching ratio into the observed final state is set
to a 100%. As we have shown in [25], the left boundary of the sensitivity region is largely
independent of this assumption. For branching ratios smaller than Br(a ! ��) = 1, the

reach in Ce↵
�� however is reduced by a factor

⇥
Br(a ! ��)

⇤1/2
. This follows from the cross

sections (16) and (17), which imply the scaling �(e+e� ! �a ! 3�) ⇠ |Ce↵
��|

2 Br(a ! ��) and
�(e+e� ! Za ! Z��) ⇠ |Ce↵

��|
2 Br(a ! ��), respectively.5

ALPs can also be produced in association with a Higgs boson. The rate for the process
e+e� ! ha depends on the Wilson coe�cient Ce↵

Zh in (5). The constraint �(h ! BSM) <
2.1MeV on the partial Higgs decay width into non-SM final states implies the upper bound
|Ce↵

Zh| < 0.72⇤/TeV [58]. Assuming that the Higgs boson is reconstructed in the bb̄ final states

5
Here we have again used that C�Z = �s2

wC�� .

14
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Br(a ! ��) = 1assumes

(0.5 ab�1)

(1.5 ab�1)

(3 ab�1)

Collisions
p
s [TeV] L [ab�1] # Z bosons # Higgs bosons References

ILC250 e+e� 0.25 2 ⇠ 2 ⇥ 107 ⇠ 500 ⇥ 103 [42]

ILC350 e+e� 0.35 0.2 ⇠ 9 ⇥ 105 ⇠ 30 ⇥ 103 [42]

ILC500 e+e� 0.5 4 ⇠ 9 ⇥ 106 ⇠ 550 ⇥ 103 [42]

CLIC380 e+e� 0.38 0.5 ⇠ 2 ⇥ 106 89 ⇥ 103 [43]

CLIC1500 e+e� 1.5 1.5 ⇠ 4 ⇥ 105 420 ⇥ 103 [43]

CLIC3000 e+e� 3 3 ⇠ 2 ⇥ 105 926 ⇥ 103 [43]

CEPC e+e� 0.091 0.1 1010 [38]

CEPC e+e� 0.25 5 106 [38]

FCC-ee e+e� 0.091 145 1012 [39]

e+e� 0.161 20 106 [39]

e+e� 0.25 5 107 [39]

LHC pp 14 3

HE-LHC pp 27 15 [44]

SPPC pp 100 3 [38]

FCC-hh pp 100 20 [45]

Table 1: Benchmark specifications of various future collider proposals. The number of Z and Higgs

bosons indicated with a ⇠ have been computed with MadGraph5 [63].

3 Collider reach for ALP searches

The reach of ALP searches at current and future colliders depends on the type of collider, the
ALP production mechanism, and the center-of-mass energy of the experiment. For the LHC
and the most advanced proposals for future colliders, we use the benchmark specifications
collected in Table 1. In the following, we determine the reach of future colliders in comparison
to the high-luminosity phase of the LHC with

p
s = 14TeV and an integrated luminosity of

L = 3ab�1.

3.1 ALP searches at the LHC and LEP

Constraints from ALP searches at LEP have been discussed for the associated production of
ALPs with a photon and the subsequent ALP decay into photon pairs (e+e� ! �a ! 3�)
[32], as well as for on-shell Z decays (e+e� ! Z ! �a ! 3�) [33]. The excluded parameter
space in the ma � |Ce↵

�� |/⇤ plane is shown in blue in Figure 4. At the LHC, exotic Higgs and Z
boson decays are the most promising search channels. Decays of on shell Z bosons at the LHC
have been discussed in [25, 32, 33, 35]. The constraints from these searches can be mapped
onto the ma � |Ce↵

�� |/⇤ plane under the assumption that the two couplings Ce↵
�� and Ce↵

�Z are
related to each other. For example, if the ALP couples to hypercharge but not to SU(2)L,
then (3) implies C�Z = �s2w C��, since CWW = 0. The corresponding constraint is shown in
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Conclusions
❖ Exotic Higgs and Z decays provide new probes for 

ALPs with masses between 1 MeV and 90 GeV, and 
couplings suppressed by Λ~1-100 TeV and beyond 

❖ Searches for final states such as                                     
or                       and final states with jets need to be 
devised

❖ Accessible parameter space could be significantly 
enlarged at future hadron and lepton colliders
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