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Motivation
❖ New pseudoscalar particles appear in many extensions of the 

SM and are well motivated theoretically: strong CP problem, 
mediators to a hidden sector, pNGB of a spontaneously broken 
global symmetry, …

❖ Assume the existence of a new pseudoscalar resonance a, 
which is a SM gauge singlet and whose mass is kept much 
lighter than the electroweak scale by a shift symmetry a→a+c

❖ Such particles could explain various low-energy anomalies, 
such as the muon (g-2)μ or the recently observed excess in 
Beryllium decays

[Chang, Chang, Chou, Keung 2000; Marciano, Masiero, Paradisi, Passera 2016]
[Feng et al. 2016; Ellwanger, Moretti 2016]
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Effective Lagrangian
❖ The couplings of an axion-like particle (ALP) a to the SM start 

at dimension 5 and are described by the effective Lagrangian 
(with Λ a new-physics scale):

❖ The only other dimension-5 operator:

can be reduced to the fermion operators above by the equations 
of motion, hence no tree-level couplings to the Higgs arise!

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 much smaller than the electroweak scale. A natural
way to get such a light particle is by imposing a shift symmetry under 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
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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
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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
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[Georgi, Kaplan, Randall 1986]
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Effective Lagrangian
❖ The couplings of an axion-like particle (ALP) a to the SM start 

at dimension 5 and are described by the effective Lagrangian 
(with Λ a new-physics scale):

❖ At dimension-6 order and higher additional interactions arise; 
those relevant to our discussion are:

❖ We are interested in probing scales Λ~1-100 TeV at the LHC
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Effective Lagrangian
❖ After electroweak symmetry breaking, the effective Lagrangian 

contains couplings to photons and Z-bosons given by:

with:

❖ In the mass basis, the couplings to fermions contain both flavor 
diagonal and flavor off-diagonal contributions, but the latter must 
be strongly suppressed; the diagonal couplings can be written as:

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 †
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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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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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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.
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ALP decay into photons
❖ Including the complete set of one-loop corrections, we 

obtain from the effective Lagrangian:

where                         and:

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
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(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

v4/⇤6. Alternatively, if Dirac
neutrino mass terms are added to the SM, the corresponding couplings in (8) yield a a ! ⌫⌫̄
decay rate proportional to m2

⌫

. 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 2m

e

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 C

V 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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ALP decay into lepton pairs
❖ Including the complete set of one-loop corrections, we 

obtain from the effective Lagrangian:

where:

calculated in QCD perturbation theory unless the ALP mass satisfies ma � ⇤
QCD

. For light
ALPs, these contributions must be evaluated in chiral perturbation theory, where they are
represented by loop graphs involving charged pions and kaons (see e.g. [24]).

The calculation of the electroweak loop corrections to the decay rate is far more involved
than that of the fermion loops. We have evaluated the relevant diagrams shown in Figure 1
in a general R⇠ gauge. After some intricate cancellations, the main result of these corrections
is to renormalize the fine-structure constant ↵ in the expression for the rate, which is to be
evaluated at q

2 = 0, as appropriate for on-shell photons. As mentioned earlier, the Wilson
coe�cient C�� is not renormalized at one-loop order. The remaining finite correction in (9) is

strongly suppressed, since the loop function B

2

(⌧W ) ⇡ m2
a

6m2
W

is proportional to the ALP mass

squared.
It is interesting to compare the our result for the fermionic contributions to the a ! ��

decay rate with the corresponding e↵ects on the di-photon decay rate of a CP-odd Higgs
boson. In this case the Higgs boson couples to the pseudoscalar fermion current, and one finds
an expression analogous to (9), but without the “1” in the expression for the loop function
B

1

(⌧f ) [25]. The di↵erence can be understood using the anomaly equation for the divergence
of the axial-vector current, which allows us to rewrite the ALP-fermion coupling in (7) in the
form

cff
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µ
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Fµ⌫ F̃
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where the dots represent similar terms involving gluons and other electroweak gauge fields.
The first-term on the right-hand side is now of the same for as the coupling of a CP-odd Higgs
boson to fermions, while to second term has the e↵ect of adding “1” to the function B

1

(⌧f ).
Note that (to an excellent approximation) the a ! �� decay rate in (9) scales with the

third power of the ALP mass. For a very light ALP with ma < me/2, 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.

3.2 ALP decay 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 (4). In analogy with (9), we write the result in the form (with
` = e, µ, ⌧)
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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

5

CBB. We find
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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 m2

` ⌧ m

2

a the loop function in the photon term is
given by

g(⌧`) = �1

6

✓
ln

m

2

a

m

2

`

� i⇡

◆
2

+
2

3
+O

✓
m

2

`

m

2

a

◆
. (14)

In (16) we have regularized the UV divergences of the various contributions using dimensional
regularization in the MS scheme. Only the sum of all contributions is scale independent, i.e.
the scale dependence of c``(µ) compensates the scale dependence of the other terms. We do
not show the one-loop corrections term for the tree-level coe�cient c`` itself. They contain IR
divergences, which cancel in the sum of the decay rates for a ! `

+

`

� and a ! `

+

`

�
�

soft

with
a soft photon in the final state.

The scheme-dependent constant �

1

in (16) arises from the treatment of the Levi-Civita
symbol in d dimensions. We follow the standard procedure of expressing the product ✏↵��� ✏µ⌫⇢�

in terms of the determinant of a 4⇥ 4 matrix consisting of elements of the metric tensor [? ].
In this way, we obtain

✏

↵���
������ = i(d� 3)(d� 2)(d� 1) �↵

�

5

. (15)

from which we derive �

1

= �11

3

. In a scheme where instead the Levi-Civita symbol is treated
as a 4-dimensional object, one would have �

1

= 0.
Relation (16) shows two important facts: first, at one-loop order couplings of the ALP to

fermions are induced from operators in the e↵ective Lagrangian coupling the ALP to gauge
bosons; and second, it would be inconsistent to set c`` to zero in (1), since this scale-dependent
coe�cient mixes with bosonic operators under renormalization and hence it must contain scale-
dependent terms, which cancel the explicitly scale-dependent logarithms in the above result.
Because of the presence of such terms, the only information that can conclusively be extracted
from the calculation of the low-energy contributions performed above are the coe�cients of
the large logarithms obtained by identifying the factorization scale µ with the UV cuto↵ ⇤.
The result for these logarithmic contributions simplifies when one adds up the various terms
in (16), since they can be derived in the unbroken phase of the electroweak theory. We obtain

c
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+. . . , (16)

where the first two terms arise from the loops of SU(2)L and U(1)Y gauge bosons, for which
tr(⌧A⌧A) = 3

4

and Y`L = �1

2

, Y`R = �1. The last term contains the finite large logarithm
related to the long-distance photon contribution, with C�� given in (5).

6

a a

l

l

lW, Z, γ

l

M. Neubert: LHC as an axion factory                                                                                                                            6



Constraints on Cγγeff and ceeeff

❖ ALPs with masses below ~1 MeV are incompatible 
with couplings 

��-�� ��-�� ��-� ��-� ��-� � ���

���

�
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Figure 3: Regions in ALP coupling space where the experimental value of (g � 2)µ is reproduced
at 68% (red), 95% (orange) and 99% (yellow) CL, for ma = 1 MeV (left) and ma = 10 GeV (right).
We assume Kaµ(⇤) = 0 at ⇤ = 1TeV and neglect the tiny contribution proportional to C�Z .

measurements [17, 72]. Energy loss of stars through radiation of ALPs is constrained by the
ratio of red giants to younger stars of the so-called horizontal branch (HB stars) [15, 75].
The corresponding excluded region is shaded purple. Another strong constraint arises from
the absence of a photon burst in coincidence with the neutrino events from the supernova
SN1987a [76] (shaded yellow). These constraints do not depend on direct ALP detection and
are therefore robust for ALP masses ma < 2me, in the sense that they insensitive to the exis-
tence of ALP couplings to particles other than photons. These robust constraints require an
extremely tight bound |Ce↵

�� |/⇤ ⌧ 10�15 TeV�1 [Where is the true lower bound (see Fig-
ure 1 in [17])?] in the mass window between 150 eV and 1MeV. [What is the correct upper
edge?] For smaller ALP masses the bounds are weaker, ranging from |Ce↵

�� |/⇤ < 10�9 TeV�1

for ma = 150 eV to |Ce↵

�� |/⇤ < 3 · 10�7 TeV�1 for ma < 4 eV. Below 4 eV the tightest bound
comes from HB stars. It extends all the way down to ... [Where?] Above the threshold
ma = 2me ⇡ 1MeV, decays of the ALPs into electron–positron pairs may a↵ect the assump-
tions of some of these constraints in a non-trivial way.

Axion helioscopes like the Tokyo Axion Helioscope (SUMICO) and the CERN Axion Solar
Telescope (CAST) search for ALPs produced in the Sun and exclude the blue parameter space
[73, 74]. [Are they robust if other couplings exist?] Beam-dump searches are sensitive to
ALPs radiated o↵ photons, which are exchanged between the incoming beam and the target
nuclei (Primako↵ e↵ect) and decay back to photons outside the target. The orange area is
a compilation of di↵erent runs performed at SLAC [77, 78]. Radiative decays ⌥ ! �a of
Upsilon mesons have been searched for at CLEO and BaBar [79, 80], and yield the excluded
area shaded light green. Bounds from collider searches for ALPs include searches for mono-
photons with missing energy (e+e� ! �a) at LEP (dark orange), tri-photon searches on and

11

[Armengaud et al. 2013; Jaeckel, Spannovsky 2015; many others …]

model dependent!

Ci/⇤ ⇠ (0.01� 1)TeV�1
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Pattern of decay rates
❖ Assuming that the relevant Wilson coefficients are equal 

to 1, one finds the following pattern of decay rates: 

��-� � �� ���

���

���

�

��-�

e+e�

µ+µ�

⌧+⌧�

c c̄

b b̄

��

gg

Hadronic

Decays

��-� � �� ���

��-�

��-�

��-�
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Figure 2: ALP decay rates into pairs of SM particles versus m
a

, obtained by setting the relevant
e↵ective Wilson coe�cients to 1. The left plot covers the low-mass range m

a

< 500 MeV, while the
right plot covers the high-mass region up to m

a

= 100 GeV. The gray area between 3m
⇡

< m
a

<
3 GeV shows the region dominated by exclusive hadronic final states, in which calculations of the
rates are a✏icted by large uncertainties. The light gray area between m

⇡

< m
a

< 3m
⇡

is populated
by semi-hadronic modes such as a ! ⇡0e+e� and a ! ⇡0⇡0�, whose rates are however strongly
suppressed relative to purely hadronic decay modes. The rates for decays into heavy-flavor jets are
shown separately.

In the discussion above we have ignored the possibility of flavor-changing ALP decays, such
as a ! e±µ⌥ and a ! bs̄. The relevant ALP couplings are strongly constrained by low-energy
precision measurements. This will be discussed in more detail in Section 7. [Don’t forget!]

3.5 Constraints on the ALP–photon and ALP-electron couplings

The couplings of ALPs to photons and electrons have been constrained over vast regions of
parameters space using a variety of experiments in particle physics, astro-particle physics
and cosmology. Since our work is motivated by the idea that ALPs could interact with SM
particles with couplings of order (0.01�1)TeV�1, such that these interactions can be probed
at the LHC, we need to address the question of how the existing bounds can be satisfied. In
Figure 3 we show a compilation of existing exclusion regions for the ALP–photon (left) and
ALP-electron (right) couplings.

3.5.1 Constraints on the ALP–photon coupling

Consider first the exclusion regions in the m
a

� |Ce↵

��

| plane shown in the left panel. The pa-
rameter space excluded from cosmological constraints is shaded gray. This includes constraints
from measurements of the number of e↵ective degrees of freedom, modifications to big-bang
nucleosynthesis, distortions of the CMB spectrum and extragalactic background light (EBL)
measurements [17, 72]. Energy loss of stars through radiation of ALPs is constrained by the

10
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(g-2)μ  anomaly
❖ Persistent deviation of the anomalous magnetic moment 

of the muon,                              , from its SM value provides 
one of the most compelling hints for new physics:

❖ In our model we find two one-loop contributions of 
potentially different sign (with                      ):

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 � a

SM

µ = (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
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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)
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The loop functions read
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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
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FIG. 1. ALP-induced one-loop contributions to the anoma-
lous magnetic moment of the muon.

non-linearly, insertions of �†
� are accompanied by fac-

tors 1/f2 rather than 1/⇤2, where f is the analog of the
pion decay constant [28]. As a result, the contribution of

C

(7)

Zh can be enhanced by a factor ⇠ ⇤2

/f

2 if f < ⇤ [6].
Importantly, in models featuring heavy particles which
receive their mass from electroweak symmetry breaking,
an additional non-polynomial dimension-5 operator
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can be generated [22]. It gives a contribution to the
h ! Za amplitude that is parametrically enhanced com-
pared with the h ! aa amplitude. The decay h ! Za is
unique in the sense that a tree-level dimension-5 coupling
can only arise from a non-polynomial operator. A search
for this decay mode can thus provide complementary in-
formation to h ! aa searches and o↵er important clues
about the underlying UV theory.

In this letter we consider decays of the ALP into pho-
tons and charged leptons, with decay rates given by
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The same couplings enter the diagrams shown in Fig-
ure 1, which show the ALP-induced contributions to the
anomalous magnetic moment aµ of the muon, whose ex-
perimental value di↵ers by more than 3� from the SM
prediction: a

exp

µ � a

SM

µ = (288 ± 63 ± 49) · 10�11 [25].
It has been emphasized recently that this discrepancy
can be explained by postulating the existence of an ALP
with sizeable couplings to both photons and muons [2].
While the first graph in Figure 1 gives a contribution of
the wrong sign [26, 27], the second diagram can over-
come this contribution if the Wilson coe�cient C�� is
su�ciently large [1, 2]. At one-loop order, we find the
new-physics contribution

�aµ=
m

2

µ

⇤2

⇢
� c

2

µµ

16⇡2

h

1

(x)� 2↵

⇡

cµµC��


ln

⇤2

m

2

µ

�h

2

(x)

��
,

(5)
where x = m

2

a/m
2

µ. The functions hi(x) are posi-
tive and satisfy h

1

(0) = h

2

(0) = 1 and h

1

(x) ⇡ 0,

FIG. 2. Regions in ALP coupling space where the experimen-
tal value of (g�2)µ is reproduced at 68% (red), 95% (orange)
and 99% (yellow) confidence level (CL), for ma = 1GeV.
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) for x � 1. Their analytical expressions
will be given in [23]. Our result for the logarithmically
enhanced contribution proportional to C�� agrees with
[2]. We omit the numerically subdominant contribution
from Z exchange, which is suppressed by (1 � 4 sin2 ✓w)
and comes with a smaller logarithm ln(⇤2

/m

2

Z). A pos-
itive shift of aµ can be obtained if cµµ and C�� have
opposite signs. Figure 2 shows the parameter space in
the cµµ � C�� plane in which the muon anomaly can be
explained in terms of an ALP with mass of 1GeV (we
use ⇤ = 1TeV in the argument of the logarithm). The
contours are insensitive to ma for lighter ALP masses
and broaden slightly for ma > 1GeV. A resolution of
the anomaly is possible without much tuning as long as
one of the two coe�cients is of order ⇤/TeV, while the
other can be of similar order or larger. Since cµµ enters
observables always in combination with mµ, it is less con-
strained by perturbativity than C�� . We thus consider
the region where |C�� |/⇤ . 2TeV�1 and |cµµ| � |C�� |
as the most plausible parameter space.
We now turn our attention to the exotic Higgs decays

h ! Za and h ! aa, arguing that over wide regions
of parameter space – including the region motivated by
(g� 2)µ – the high-luminosity LHC can serve as an ALP
factory. At tree-level, the e↵ective interactions in (2) and
(3) yield the decay rates
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(g-2)μ  anomaly
❖ Assuming the ALP-induced contributions are the 

dominant new-physics effect, the anomaly can be 
explained for natural values of Wilson coefficients:

-�� -� � � ��
-��

-�

�

�

��

-�� -� � � ��
-��

-�

�

�

��

Figure 4: Regions in ALP coupling space where experimental value of (g � 2)µ is reproduced at
68% (red), 95% (orange) and 99% (yellow) CL, for ma = 1 MeV (left) and ma = 10GeV (right). We
assume Kaµ(⇤) = 0 at ⇤ = 1TeV and neglect the tiny contribution proportional to C�Z .

The large logarithm in the term proportional to C�� agrees with [7] (the remaining finite
terms were not displayed in this reference). Provided the Wilson coe�cients cµµ and C��

are of similar magnitude, this logarithmic contribution is the parametrically largest one-loop
correction. It can give a positive shift of aµ provided the product cµµ C�� is negative. The
correction proportional to C�Z is suppressed by (1� 4s2w) and hence is numerically subdomi-
nant. Note also that the contribution proportional to (cµµ)2 is suppressed in the limit where
m

2

a � m

2

µ, while the remaining terms remain unsuppressed. The coe�cient Kaµ(µ) cannot be
determined without having an explicit UV completion of our model at hand. However, it is
not unreasonable to assume that its e↵ect is subleading at the high scale µ = ⇤.

Figure 4 shows the regions in the parameter space of the couplings cµµ and C�� in which
the experimental value of the muon anomalous magnetic moment can be explained in terms
of the ALP-induced loop corrections in Figure ??, without invoking a large contribution from
the unknown short-distance coe�cient Kaµ(⇤). There is a weak dependence on the ALP mass,
such that the allowed parameter space increases for m2

a � m

2

µ. Interestingly, we find that an
explanation is possible without much tuning for values |C��| ⇠ 1 and |cµµ| & 2, or for |cµµ| < 1
and |C��| & 2. Since the coupling of the ALP to muons is not constrained by perturbativity,
we consider the first possibility more plausible. We will now explore if this scenario is allowed
by existing measurements at the Z pole.

5 Exotic decays of the Higgs boson into ALPs

The presence of the ALP couplings to SM particles gives rise to the possibility of various exotic
decay modes of the Higgs boson, which might be discoverable during the high-luminosity run

10
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Higgs decays into ALPs
❖ The effective Lagrangian allows for the decays h→Za and 

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

❖ The subsequent ALP decays can readily be reconstructed, 
largely irrespective of how the ALP decays

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

M. Neubert: LHC as an axion factory                                                                                                                           11



Operator analysis of the decay h→Za
❖ The effective Lagrangian does not contain any D=5 

operator giving a tree-level contribution to this decay

❖ Including one-loop corrections, we find:

where              and: 

of the LHC. The relevant decay modes are h ! Za and h ! aa. These o↵er a variety
of interesting search channels for ALPs, depending on how a and the Z boson decay. In
some regions of parameter space, the decay h ! Za may be reconstructed in the h ! Z�

search channel and appear as a new-physics contribution to this decay mode. The present
experimental upper limits on the pp ! h ! Z� rates reported by CMS [29] and ATLAS [30]
(both at 95% confidence level (CL)) are 9 and 11 times above the SM value, respectively, thus
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 ! Z�, Z��

channels can potentially probe regions in the ma –C�� parameter space that are inaccessible
to any other searches.

5.1 ALP searches in h ! Za decay

The e↵ective Lagrangian (1) does not contain operators contributing to the h ! Za decay
amplitude at tree level. The only contribution arising at dimension-5 order is due to fermion
loop graphs. Because both the Higgs boson and the ALP couple to fermions proportional to
the fermion mass, the only relevant e↵ects comes from the top quark. A tree-level contribution
to the h ! Za decay amplitude arises first at dimension-7 order, from the second operator
shown in (3). Evaluating both contributions, we obtain [20, 21]

�(h ! Za) =
m

3

h

16⇡⇤2

����C
(5)

Zh � Nc y
2

t

8⇡2

T

t
3

ctt F +
v

2

2⇤2

C

(7)

Zh

����
2

�

3/2

✓
m

2

Z

m

2

h

,

m

2

a

m

2

h

◆
, (23)

where C

(5)

Zh = 0, T t
3

= 1

2

, and �(x, y) = (1� x� y)2 � 4xy. The top-loop contribution involves
the parameter integral

F =

Z
1

0

d[xyz]
2m2

t � xm

2

h � zm

2

Z

m

2

t � xym

2

h � yzm

2

Z � xzm

2

a

⇡ 0.930 + 2.64 · 10�6

m

2

a

GeV2

, (24)

where d[xyz] ⌘ dx dy dz �(1� x� y � z).
The argument for the absence of a tree-level dimension-5 contribution to the h ! Za decay

amplitude holds in all new-physics models, in which the operators in the e↵ective Lagrangian
arise from integrating out heavy particles whose mass remains large in the limit of unbroken
electroweak symmetry [20, 21]. However, this argument does not apply for the class of models
featuring new heavy particles which receive their mass from electroweak symmetry breaking.
Concrete examples of such models, containing new heavy leptons or scalars, can be found in
... [Give some references!] The e↵ective Lagrangian for such models generically contains
operators which are non-polynomial in the Higgs field (see e.g. [19]). In our case, the relevant
operators start at dimension 5 [20],
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and modify the e↵ective vertices coupling the ALP to the Higgs boson. The decay h ! Za

is unique in the sense that, at dimension-5 order, a tree-level hZa coupling can only arise in
such special models. Its contribution to the decay amplitude was already included in (23).
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is unique in the sense that, at dimension-5 order, a tree-level hZa coupling can only arise in
such special models. Its contribution to the decay amplitude was already included in (23).
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a hierarchical structure in the mass basis in order to be
consistent with the strong constraints from flavor physics
[11]. It is thus reasonable to assume that the dominant
couplings are those to the top quarks, see (5) below.

When using an e↵ective Lagrangian to describe the
production and decays of the resonance S one should
keep in mind that in many new-physics scenarios the
masses of the heavy particles which are integrated out
are in the TeV range. When there is no significant mass
gap between S and the new sector, contributions from
operators with dimension D � 6 are not expected to be
strongly suppressed. Some of these operators can induce
new structures not present at dimension-5 level.

A. D = 5 operator analysis of S ! Zh decay

The decay S ! Zh has been studied in the context of
two-Higgs-doublet models, where it arises at the renor-
malizable level via the kinetic terms [12, 13]. However,
this requires the pseudoscalar S to be light (since the
e↵ect vanishes in the decoupling limit) and carry elec-
troweak quantum numbers. In this case the existence of
CP-odd couplings of the heavy scalar bosons can be re-
lated to three U(2) invariants of the scalar potential [14].
For the case of a gauge-singlet scalar considered here no
such invariants exist. Moreover, the e↵ective Lagrangian
up to dimension 5 does not contain any polynomial op-
erator which could mediate the decay S ! Zh at tree
level. The obvious candidate
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follows from the partial conservation of the Higgs current
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is the third component of weak isospin. The
resulting operators do not give rise to a tree-level S ! Zh
matrix element. Indeed, adding up the diagrams shown
in Figure 1 one finds that the tree-level S ! Zh matrix
element of the operator in (3) vanishes identically, and
the same is true for the S ! Zhh matrix element.

At one-loop order, the S ! Zh decay amplitude re-
ceives a contribution from an operator containing quark
fields, and since the Higgs boson couples proportional to

FIG. 2. Top-loop contributions to S ! Zh decay. We omit a
mirror copy of the first graph with a di↵erent orientation of
the fermion loop and diagrams involving Goldstone bosons.
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where QL is the third-generation left-handed quark dou-
blet and �̃ = ✏�⇤. The one-loop Feynman diagrams con-
tributing to the decay S ! Zh are shown in Figure 2.
Analogous diagrams involving electroweak gauge bosons
in the loop vanish, since it is impossible to saturate the
Lorentz indices of the ✏µ⌫↵� tensor associated with the
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We have evaluated the diagrams in Figure 2 in a general
R⇠ gauge. The resulting decay amplitude is

iA(S ! Zh) = �2mZ ✏⇤Z · ph
M

Ctop

5

,

with Ctop

5

= �Nc y
2

t

8⇡2

T t
3

c̃tt F ,

(6)

where T t
3

= 1

2

. The Z boson is longitudinally polarized,
and hence the structure 2mZ ✏⇤Z · ph ⇡ 2pZ · ph ⇡ m2

S is
proportional to the mass squared of the heavy particle.
The quantity F denotes the parameter integral

F =

Z
1

0

d[xyz]
2m2

t � xm2

h � zm2

Z

m2

t � xzm2

S � xym2

h � yzm2

Z � i0
, (7)

with d[xyz] ⌘ dx dy dz �(1� x� y � z). The factor y2t =
2m2

t/v
2 in (6) ensures that analogous contributions from

light fermions in the loop are negligible. Evaluating the
integral with mt ⌘ mt(mS) and with the physical Higgs
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[11]. It is thus reasonable to assume that the dominant
couplings are those to the top quarks, see (5) below.
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lated to three U(2) invariants of the scalar potential [14].
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erator which could mediate the decay S ! Zh at tree
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[11]. It is thus reasonable to assume that the dominant
couplings are those to the top quarks, see (5) below.
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D=5
[Bauer, MN, Thamm 2016]
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Figure 5: Left: Contours for the ratio �(h ! Za)/�(h ! Z�)
SM

in the plane of the Wilson

coe�cients ctt and C(7)

Zh for ma < 1 GeV and ⇤ = 1 TeV. Right: The same rate ratio as a function
of the e↵ective Wilson coe�cient Ce↵

Zh for ma = 1 GeV (solid), 10 GeV (dashed), 20GeV (dashed-
dotted) and 30 GeV (dotted). [Fix labels in both plots and put absolute value in the RH
plot! Label the blue curves?]

Concrete examples of such models, containing new heavy leptons or scalars, can be found in
... [Give some references and connect with non-linear EWSB!] The e↵ective Lagrangian
for such models generically contains operators which are non-polynomial in the Higgs field
(see e.g. [44]). At dimension-5 order, there is a unique such operator relevant to the decay
h ! Za. It is given by [42] [Which additional operators are generated when we integrate
by parts?]
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�† iDµ �+ h.c.

�
ln

�†�

µ2

+ . . . , (27)

and its contribution to the decay amplitude was already included in (24) and (26). The decay
h ! Za is unique in the sense that, at dimension-5 order, a tree-level hZa coupling can only
arise in such special models.

In the right plot in Figure 5, we allow for non-zero C
(5)

Zh and display the rate ratio as
a function of the e↵ective Wilson coe�cient Ce↵

Zh defined in (26) for di↵erent ALP masses.
In models where a tree-level dimension-5 contribution is present, one can naturally obtain
h ! Za rates exceeding the SM h ! Z� rate by orders of magnitude. For example, with
|Ce↵

Zh| = 0.3 and for a light ALP (ma < 1GeV) one finds a ratio of about 60, corresponding
to a 9% h ! Za branching ratio. This would be a spectacular new-physics e↵ect. We find
that the decay rate is approximately independent of the ALP mass as long as ma is below a
few GeV. The decay h ! Za is kinematically allowed as long as ma < mh �mZ ⇡ 33.9GeV.
Figure 5 shows that significant decay rates can be found even close to the kinematic limit.

The LHC collaborations have reported the 95% CL upper limit Br(h ! BSM) < 0.34 on

13

Operator analysis of the decay h→Za
❖ The resulting rates can naturally be of the same order as 

the h→Zγ rate in the SM, which makes them a realistic 
target for discovery at the high-luminosity LHC run: 
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Operator analysis of the decay h→Za
❖ The argument for the absence of a tree-level D=5 

operator can be avoided in BSM models containing new 
heavy particles receiving their mass from EWSB!

❖ In such models the unique, non-polynomial D=5 
operator:

can arise, which contributes to the rate at tree level

of the LHC. The relevant decay modes are h ! Za and h ! aa. These o↵er a variety
of interesting search channels for ALPs, depending on how a and the Z boson decay. In
some regions of parameter space, the decay h ! Za may be reconstructed in the h ! Z�

search channel and appear as a new-physics contribution to this decay mode. The present
experimental upper limits on the pp ! h ! Z� rates reported by CMS [29] and ATLAS [30]
(both at 95% confidence level (CL)) are 9 and 11 times above the SM value, respectively, thus
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 ! Z�, Z��

channels can potentially probe regions in the ma –C�� parameter space that are inaccessible
to any other searches.

5.1 ALP searches in h ! Za decay

The e↵ective Lagrangian (1) does not contain operators contributing to the h ! Za decay
amplitude at tree level. The only contribution arising at dimension-5 order is due to fermion
loop graphs. Because both the Higgs boson and the ALP couple to fermions proportional to
the fermion mass, the only relevant e↵ects comes from the top quark. A tree-level contribution
to the h ! Za decay amplitude arises first at dimension-7 order, from the second operator
shown in (3). Evaluating both contributions, we obtain [20, 21]
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where C
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Zh = 0, T t
3
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2

, and �(x, y) = (1� x� y)2 � 4xy. The top-loop contribution involves
the parameter integral
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where d[xyz] ⌘ dx dy dz �(1� x� y � z).
The argument for the absence of a tree-level dimension-5 contribution to the h ! Za decay

amplitude holds in all new-physics models, in which the operators in the e↵ective Lagrangian
arise from integrating out heavy particles whose mass remains large in the limit of unbroken
electroweak symmetry [20, 21]. However, this argument does not apply for the class of models
featuring new heavy particles which receive their mass from electroweak symmetry breaking.
Concrete examples of such models, containing new heavy leptons or scalars, can be found in
... [Give some references!] The e↵ective Lagrangian for such models generically contains
operators which are non-polynomial in the Higgs field (see e.g. [19]). In our case, the relevant
operators start at dimension 5 [20],

Lnon�pol

e↵
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(5)

Zh

⇤
(@µ

a)
�
�

†
iDµ �+ h.c.

�
ln

�

†
�

µ

2

+ . . . , (25)

and modify the e↵ective vertices coupling the ALP to the Higgs boson. The decay h ! Za

is unique in the sense that, at dimension-5 order, a tree-level hZa coupling can only arise in
such special models. Its contribution to the decay amplitude was already included in (23).

11

[Bauer, MN, Thamm 2016]

[see e.g.: Pierce, Thaler, Wang 2006]
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Operator analysis of the decay h→Za
❖ One then obtains:

with non-zero        , allowing for much enhanced rates!

❖ For example, a 10% branching                                        
ratio (huge!) is obtained for 
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The argument for the absence of a tree-level dimension-5 contribution to the h ! Za decay

amplitude holds in all new-physics models, in which the operators in the e↵ective Lagrangian
arise from integrating out heavy particles whose mass remains large in the limit of unbroken
electroweak symmetry [20, 21]. However, this argument does not apply for the class of models
featuring new heavy particles which receive their mass from electroweak symmetry breaking.
Concrete examples of such models, containing new heavy leptons or scalars, can be found in
... [Give some references!] The e↵ective Lagrangian for such models generically contains
operators which are non-polynomial in the Higgs field (see e.g. [19]). In our case, the relevant
operators start at dimension 5 [20],
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and modify the e↵ective vertices coupling the ALP to the Higgs boson. The decay h ! Za

is unique in the sense that, at dimension-5 order, a tree-level hZa coupling can only arise in
such special models. Its contribution to the decay amplitude was already included in (23).
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Figure 8: Left: Contours for the ratio �(h ! Za)/�(h ! Z�)SM in the plane of the Wilson

coe�cients c
tt

and C(7)
Zh

for m
a

< 1 GeV and ⇤ = 1 TeV. Right: The same rate ratio as a function of
the e↵ective Wilson coe�cient Ce↵

Zh

for di↵erent ALP masses m
a

= 1 � 30 GeV.

The argument for the absence of a tree-level dimension-5 contribution to the h ! Za decay
amplitude holds in all new-physics models, in which the operators in the e↵ective Lagrangian
arise from integrating out heavy particles whose mass remains large in the limit of unbroken
electroweak symmetry [46, 47]. However, this argument does not apply for the class of models
featuring new heavy particles which receive their mass from electroweak symmetry breaking.
Concrete examples of such models, containing new heavy leptons or scalars, can be found in
... [Give some references and connect with non-linear EWSB!] The e↵ective Lagrangian
for such models generically contains operators which are non-polynomial in the Higgs field
(see e.g. [78]). At dimension-5 order, there is a unique such operator relevant to the decay
h ! Za. It is given by [46]

Lnon�pol
e↵ 3 C

(5)
Zh

⇤
(@µa)

�
�† iD

µ

�+ h.c.
�
ln

�†�

µ2
+ . . . , (41)

and its contribution to the decay amplitude was already included in (38) and (40). The decay
h ! Za is unique in the sense that, at dimension-5 order, a tree-level hZa coupling can only
arise in such special models.

In the right plot in Figure 8, we allow for non-zero C
(5)
Zh

and display the rate ratio as
a function of the e↵ective Wilson coe�cient Ce↵

Zh

defined in (40) for di↵erent ALP masses.
In models where a tree-level dimension-5 contribution is present, one can naturally obtain
h ! Za rates exceeding the SM h ! Z� rate by orders of magnitude. For example, with
|Ce↵

Zh

| = 0.3 and for a light ALP (m
a

< 1GeV) one finds a ratio of about 60, corresponding
to a 9% h ! Za branching ratio. This would be a spectacular new-physics e↵ect. We find

20
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Operator analysis of the decay h→Za
❖ Depending on the decay modes of the ALP, several interesting 

final-state signatures can arise:
❖ h→Za→Zγγ, where the two photons are either resolved (for 

ma > ~100 MeV) or appear as a single photon in the 
calorimeter

❖ h→Za→Zl+l- with l=e, μ, τ 
❖ h→Za→Z+2jets, including heavy-quark jets
❖ h→Za→Z+invisible

❖ All of these decay modes (perhaps even the invisible ones) can 
be reconstructed in Run-2 at the LHC!
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Operator analysis of the decay h→aa
❖ The Higgs portal interaction and other loop-mediated 

processes allow for ALP pair production in Higgs decay 
starting at D=6 order; we find:

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
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where the e↵ective coupling is given by
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with ⌧i/h ⌘ 4m2
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h and �
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Numerically, we obtain for ⇤ = 1TeV
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, (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
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Figure 6: Contours for the ratio of the h ! Za and h ! Z� decay rates versus C(5) e↵

Zh , assuming

C(7)

Zh = 0. The lines correspond to ma = 1 GeV (solid), 10 GeV (dashed), 20 GeV (dashed-dotted)
and 30 GeV (dotted).

leptonic decay modes dominate, the decay can be searched for in the h ! Za ! 4` mode.
Established searches for this final state define an invariant-mass window for each same-flavor,
opposite-charge lepton pair tailored to observe the SM decay mode h ! ZZ

⇤ ! 4`. Since
one of the Z bosons is o↵-shell, these windows are rather wide, but designed to exclude light
low-mass di-lepton resonances. [Refer to Gino’s paper [33] here!] Current ATLAS [34] and
CMS [35] analyses are sensitive to an on-shell Z�boson and a second lepton pair with invariant
mass down to 12GeV. Extending this window to lower masses in order to be sensitive to light
di-lepton resonances would be extremely interesting in light of our results. In particular, the
expected asymmetry between electron, muon and tau final states from ALP decays would be
a striking signature of a light pseudoscalar. A heavier ALP can also decay into heavy-quark
jets, which would provide another spectacular signature.

Figure 7: Feynman diagrams contributing to the decay h ! aa. The last diagram involves the
Higgs couplings to W and Z bosons.
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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
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�a�a
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a

=
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2ma

s

1� 4m2
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m

2

h
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�(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

f

decay

= 1� e

�Ldet/La ⇡
(

1 ; La ⌧ L

det

,

Ldet
La

; La � L

det

,

(33)
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where the e↵ective coupling is given by
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�
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(33)
with ⌧

i/h

⌘ 4m2

i

/m2

h

and �
1

= �11

3

. The relevant loop functions read

g
1

(⌧) = ⌧ f 2(⌧) + 2
p
⌧ � 1 f(⌧)� 2 , g

2

(⌧) =
2⌧

3
f 2(⌧) + 2

p
⌧ � 1 f(⌧)� 8

3
. (34)

Numerically, we obtain for ⇤ = 1TeV

Ce↵

ah

⇡ C
ah

(⇤) + 0.173 c2
tt

� 0.0025
�
C2

WW

+ C2

ZZ

�
, (35)

indicating that the top-quark contribution in particularly can be sizable. Relation (33) shows
that even if the portal coupling C

ah

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 C

ah

(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

��Ce↵

ah

�� < 1.34


⇤

1TeV

�
2

. (36)

[Also use invisibles bound if a is meta-stable!] 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 m

a

approaches the kinematic threshold m
h

/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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❖ Light ALPs with weak couplings can have macroscopic 
decay length, and hence only a fraction of them decays 
inside the detector

❖ If the ALP is detected in the decay mode a→XX, its 
average transverse decay length can be written as:

Decay-length effect

the ALP-induced loop corrections in Figure 4, without invoking a large contribution from the
unknown short-distance coe�cient Kaµ(⇤). There is a weak dependence on the ALP mass,
such that the allowed parameter space increases for m2

a � m2

µ. Interestingly, we find that an
explanation is possible without much tuning for values |C��| ⇠ 1 and |cµµ| & 2, or for |cµµ| < 1
and |C��| & 2. Since the coupling of the ALP to muons is not constrained by perturbativity,
we consider the first possibility more plausible. In Section 6, we will show that this scenario
is consistent with existing precision measurements at the Z pole.

5 Exotic decays of the Higgs boson into ALPs

The presence of the ALP couplings to SM particles gives rise to the possibility of various exotic
decay modes of the Higgs boson, which might be discoverable during the high-luminosity run
of the LHC. The relevant decay modes are h ! Za and h ! aa. These o↵er a variety
of interesting search channels for ALPs, depending on how a and the Z boson decay. In
some regions of parameter space, the decay h ! Za may be reconstructed in the h ! Z�
search channel and appear as a new-physics contribution to this decay mode. The present
experimental upper limits on the pp ! h ! Z� rates reported by CMS [59] and ATLAS [60]
(both at 95% confidence level (CL)) are 9 and 11 times above the SM value, respectively, thus
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 ! Z�, Z��
channels can potentially probe regions in the ma –C�� 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 is L?

a (✓) = sin ✓ �a�a/�a, where ✓
is the angle of the ALP with respect to the beam axis in the Higgs-boson rest frame, �a and
�a are the usual relativistic factors in that frame, and �a is the total decay width of the ALP.
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, i.e.

L?
a (✓) = sin ✓

p
�2

a � 1
Br(a ! XX̄)

�(a ! XX̄)
⌘ La sin ✓ . (26)

The boost factor is �a = (m2

h � m2

Z + m2

a)/(2mamh) for h ! Za and �a = mh/(2ma) for
h ! aa. For the example of a ! �� decays, the geometry is sketched in Figure 6.
We call fZa

dec

and faa
dec

the fraction of all h ! Za and h ! aa events where the ALPs decay
before they have traveled a perpendicular distance L

det

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
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Figure 6: Sketch of the decay h ! aa ! 4� in a vertical cross-section of the detector with the
beam axis in the plane of the paper. The gray shaded area represents the position of the ECAL.

are isotropic in the Higgs rest frame, it follows that

fZa
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=

Z ⇡/2

0

d✓ sin ✓
⇣
1 � e�Ldet/L?

a (✓)
⌘
,

faa
dec

=

Z ⇡/2

0

d✓ sin ✓
⇣
1 � e�Ldet/L?

a (✓)
⌘
2

.

(27)

To good approximation one finds that faa
dec

⇡ (fZa
dec

)2 and for small L
det

/La

fZa
dec

⇡ ⇡

2

L
det

La
, faa

dec

⇡
✓
L
det

La

◆
2

ln
1.258La

L
det

, (28)

while for large L
det

/La both event fractions are very close to 1. We now define the e↵ective
branching ratios

Br(h ! Za ! `+`�XX̄)
��
e↵

= Br(h ! Za) Br(a ! XX̄) fZa
dec

Br(Z ! `+`�) ,

Br(h ! aa ! 4X)
��
e↵

= Br(h ! aa) Br(a ! XX̄)2 faa
dec

,
(29)

where Br(Z ! `+`�) = 0.0673 for ` = e, µ. If the decay length La ⌧ L
det

the e↵ective
branching ratios are just the products of the relevant branching fractions for the individual
decays. They depend on the squares of the Wilson coe�cients Ce↵

Zh and Ce↵

ah which govern the
Higgs decay rates into ALPs, and on the branching ratio Br(a ! XX̄) for the ALP decay
mode in which the ALP is reconstructed. In the opposite case, where the ALP decay length is
larger than the detector scale L

det

, the dependence on this branching ratio drops out to good
approximation, because the relevant product Br(a ! XX̄)/La / �(a ! XX̄) is governed by
the a ! XX̄ decay rate. Via this rate enters a dependence on the Wilson coe�cient Ce↵

XX

responsible for the decay a ! XX̄.

17

1 Exotic decays of the Higgs boson into ALPs

The presence of the ALP couplings to SM particles gives rise to the possibility of various exotic
decay modes of the Higgs boson, which might be discoverable during the high-luminosity run
of the LHC. The relevant decay modes are h ! Za and h ! aa. These o↵er a variety
of interesting search channels for ALPs, depending on how a and the Z boson decay. In
some regions of parameter space, the decay h ! Za may be reconstructed in the h ! Z�

search channel and appear as a new-physics contribution to this decay mode. The present
experimental upper limits on the pp ! h ! Z� rates reported by CMS [64] and ATLAS [65]
(both at 95% confidence level (CL)) are 9 and 11 times above the SM value, respectively, thus
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 ! Z�, Z��

channels can potentially probe regions in the ma –C�� 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 is L?

a (✓) = sin ✓ �a�a/�a, where ✓
is the angle of the ALP with respect to the beam axis in the Higgs-boson rest frame, �a and
�a are the usual relativistic factors in that frame, and �a is the total decay width of the ALP.
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, i.e.
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a)/(2mamh) for h ! Za and �a = mh/(2ma) for

h ! aa. For the example of a ! �� decays, the geometry is sketched in Figure 1.
We call fZa

dec and f

aa
dec the fraction of all h ! Za and h ! aa events where the ALPs decay

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
are isotropic in the Higgs rest frame, it follows that
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To good approximation one finds that faa
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❖ Fraction of events with ALPs decaying in the detector:

❖ We can then define effective branching ratios:

❖ For La >> Ldet, these become independent of 

Decay-length effect
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Figure 6: Sketch of the decay h ! aa ! 4� in a vertical cross-section of the detector with the
beam axis in the plane of the paper. The gray shaded area represents the position of the ECAL.
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where Br(Z ! `+`�) = 0.0673 for ` = e, µ. If the decay length La ⌧ L
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the e↵ective
branching ratios are just the products of the relevant branching fractions for the individual
decays. They depend on the squares of the Wilson coe�cients Ce↵

Zh and Ce↵

ah which govern the
Higgs decay rates into ALPs, and on the branching ratio Br(a ! XX̄) for the ALP decay
mode in which the ALP is reconstructed. In the opposite case, where the ALP decay length is
larger than the detector scale L

det

, the dependence on this branching ratio drops out to good
approximation, because the relevant product Br(a ! XX̄)/La / �(a ! XX̄) is governed by
the a ! XX̄ decay rate. Via this rate enters a dependence on the Wilson coe�cient Ce↵
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responsible for the decay a ! XX̄.
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the e↵ective
branching ratios are just the products of the relevant branching fractions for the individual
decays. They depend on the squares of the Wilson coe�cients Ce↵
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ah which govern the
Higgs decay rates into ALPs, and on the branching ratio Br(a ! XX̄) for the ALP decay
mode in which the ALP is reconstructed. In the opposite case, where the ALP decay length is
larger than the detector scale L
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, the dependence on this branching ratio drops out to good
approximation, because the relevant product Br(a ! XX̄)/La / �(a ! XX̄) is governed by
the a ! XX̄ decay rate. Via this rate enters a dependence on the Wilson coe�cient Ce↵
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responsible for the decay a ! XX̄.
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branching ratios are just the products of the relevant branching fractions for the individual
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ah which govern the
Higgs decay rates into ALPs, and on the branching ratio Br(a ! XX̄) for the ALP decay
mode in which the ALP is reconstructed. In the opposite case, where the ALP decay length is
larger than the detector scale L
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La � Ldet

La � Ldet

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 �m

2

Z +
m

2

a)/(2mamh) for h ! Za and �a = mh/(2ma) for h !
aa. As a consequence, only a fraction of events given by

f

dec

= 1� e

�Ldet/La (8)

decays before the ALP has traveled a distance L

det

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) f
dec

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 L

det

= 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 f

dec

in (8).
The contours limiting the green regions from the left arise
from the region of large ALP decay length, La � L

det

, in
which case f

dec

⇡ L

det

/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) / m

3

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 f

dec

= 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.
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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.
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aa. As a consequence, only a fraction of events given by
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�) = 0.0673 for ` = e, µ. If the
ALPs are observed in their decay into photons, we re-
quire L
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= 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 ! `
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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
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contour) [Or should we use 0.72?] and |CZh| = 0.1
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times its SM value [32, 33]. The resulting bound is thus
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lead to an enhancement of the h ! Z� rate. This would
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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
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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
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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
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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
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Phenomenological constraints
❖ Assuming the ALP decays into photons with a significant 

BR, current LHC data imply interesting bounds:
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Figure 9: Left: Excluded parameter space from searches for h ! Z� are shaded blue. Right:
Parameter space excluded by searches for enhancements of the SM decay h ! �� and from searches
for h ! �� + �� between ma = 100 MeV and ma = 10 � 62.5 GeV. The blue shaded regions are
excluded for Ce↵

ah = 1, the red shaded regions are also excluded for Ce↵

ah = 0.1. Dotted contours
correspond to Br(a ! ��) = 0.1. The grey dashed contours indicate the universal limit from the
constraint on h ! BSM.

Figure 8 shows that significant decay rates can be found even close to the kinematic limit.
The LHC collaborations have reported the 95% CL upper limit Br(h ! BSM) < 0.34 on

decays of the Higgs boson into non-SM final states from a combined analysis of the Higgs-
boson production and decays rates [71]. This implies the model-independent bound �(h !
BSM) < 2.1MeV on any decay rate involving new particles. For the special case of h ! Za
decay, we thus obtain

��Ce↵

Zh

�� < 0.72


⇤

1TeV

�
2

. (35)

This bound is obtained by neglecting the ALP mass and get weaker if ma approaches the
kinematic threshold ma = mh � mZ . The constraint from the projection for the branching
ratio of the Higgs in BSM states at

p
s = 14 TeV and a luminosity of 3000 fb�1 of Br(h !

BSM) < 0.1 is given by |Ce↵

Zh| ⇡ 0.34 (⇤/TeV). For Higgs-boson decays into invisible particles,
the stronger bounds Br(h ! invisible) < 0.23 (ATLAS [85]) and Br(h ! invisible) < 0.24
(CMS [63]), both at 95% CL, were derived, but do not currently constrain h ! Za decays,
even for Br(a ! invisible) = 1. Depending on the dominant branching ratio of the ALP,
the decay h ! Za has di↵erent interesting experimental signatures. Decays of the ALP into
photons can be searched for in the h ! Za ! `+`��� final state. No dedicated searches have
been performed in this channel yet, but for strongly boosted ALPs, the two photons can be
reconstructed as a single photon, and the decays h ! Za would lead to a modification of the
�(h ! Z�) cross section. Since there is no interference term, this cross section can only be
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Phenomenological constraints
❖ Assuming the ALP decays into leptons with a significant 

BR, current LHC data imply interesting bounds:
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Figure 10: The left panel shows the parameter space excluded by a search for h ! ZZd ! 2`+`�

with a solid (dotted) contour for Br(a ! `+`�) = 1(0.1). The right panel shows constraints from LHC
searches for h ! aa decays for various final states. The solid contours assume Br(a ! XX) = 1
if only one decay is constrained and Br(a ! XX) = Br(a ! Y Y ) = 0.5 if two final states are
considered. The dotted contour corresponds to Br(a ! XX) = 0.1 and Br(a ! XX) = 0.1,
Br(a ! Y Y ) = 0.9 for mY > mX . The gray dashed contour in both plots show the universal limit
from h ! BSM.

enhanced in this scenario. From Figure 8 follows that this enhancement could be of order
one and stronger. We estimate the mass below which the ALP will decay into di-photons
that mimic a single photon in the detector to be below ma < 47MeV, by adapting the boost
factor from the h ! aa decay for ma < 100MeV, following the analysis [67]. The current
limits on the cross section �(pp ! h ! Z�) < 9 � 11 ⇥ �(pp ! h ! Z�)

SM

than rule out
the blue shaded area shown in the left panel of Figure 11 above the blue solid contour for
Br(a ! ��) = 1 and the blue dotted contour for Br(a ! ��) = 0.1. For very low ALP
masses, sensitivity is lost irrespective of the branching ratio Br(a ! ��), because the e↵ective
branching ratio Br(h ! Za ! `+`���)

��
e↵

defined in (29) is independent of Br(a ! ��) and
goes to zero for large boost factors �a and small decay rates �(a ! ��).
If the leptonic decay modes are relevant, ALPs can be searched for in h ! Za ! 4` decays.
An analysis by ATLAS searching for new ”dark” bosons Zd produced in Higgs decays h ! ZZd

with subsequent decays ZZd ! 4`, where ` = e, µ can be reinterpreted to constrain Ce↵

Zh in the
considered mass windowmZd

= 15�35 GeV []. We show the excluded region in the left panel of
Figure 10, in which the solid (dotted) contour again correspond to Br(a ! `+`�) = 1(0.1). We
strongly encourage to extend these searches for lower masses and to separate final state lepton
flavours. The expected asymmetry between electron, muon and tau final states from ALP
decays would be a striking signature of a light pseudoscalar. The possibility to observe light
new physics in Higgs decays with this final state has also been mentioned in [64]. A heavier
ALP can also decay into heavy-quark jets, which would provide spectacular signatures, such as
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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:
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Figure 3: 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. See the text
for more details. [Add additional constraints, including mono-X and MAMI?]

ratio of red giants to younger stars of the so-called horizontal branch (HB stars) [15, 58]. The
corresponding excluded region is shaded purple. Another strong constraint arises from the ab-
sence of a photon burst in coincidence with the neutrino events from the supernova SN1987a
[59] (shaded yellow). These constraints do not depend on direct ALP detection and are there-
fore robust for ALP masses m

a

< 2m
e

, in the sense that they insensitive to the existence
of ALP couplings to particles other than photons. [Really true?] These robust constraints
require an extremely tight bound |Ce↵

��

|/⇤ ⌧ 10�15 TeV�1 in the mass window between 150 eV
and 1MeV. [What is the correct upper edge?] For smaller ALP masses the bounds are
weaker, ranging from |Ce↵

��

|/⇤ < 10�9 TeV�1 for m
a

= 150 eV to |Ce↵
��

|/⇤ < 3 · 10�7 TeV�1 for
m

a

< 4 eV. Below 4 eV the tightest bounds come from HB stars and helioscope experiments.
Above the threshold m

a

= 2m
e

⇡ 1MeV, decays of the ALPs into electron–positron pairs
may a↵ect the assumptions of some of these constraints in a non-trivial way.

Axion helioscopes like the Tokyo Axion Helioscope (SUMICO) and the CERN Axion Solar
Telescope (CAST) search for ALPs produced in the Sun and exclude the blue parameter space
[60, 61]. [Are they robust if other couplings exist?] Beam-dump searches are sensitive to
ALPs radiated o↵ photons, which are exchanged between the incoming beam and the target
nuclei (Primako↵ e↵ect) and decay back to photons outside the target. The orange area is
a compilation of di↵erent runs performed at SLAC [62, 63]. Radiative decays ⌥ ! �a of
Upsilon mesons have been searched for at CLEO and BaBar [64, 65], and yield the excluded
area shaded light green. Bounds from collider searches for ALPs include searches for mono-
photons with missing energy (e+e� ! �a) at LEP (dark orange), tri-photon searches on and
o↵ the Z-pole (e+e� ! 3�) at LEP (light blue), and searches for the same final state at
CDF (purple) and LHC (dark orange). A detailed discussion of these searches can be found

12
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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:
❖ The ALP-photon coupling can be 

probed even if the ALP decays 
predominantly to other particles!

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

(for ⇤ = 1TeV)

|Ce↵
Zh| = 0.72 , Br(a ! ��) > 3 · 10�4

|Ce↵
Zh| = 0.1 , Br(a ! ��) > 0.011

|Ce↵
Zh| = 0.015 , Br(a ! ��) > 0.46

3

where �(x, y) = (1� x� y)2 � 4xy, and we have defined

CZh ⌘ C

(5)

Zh + v2

2⇤

2 C
(7)

Zh . Integrating out the top-quark
yields the one-loop contributions �CZh ⇡ �0.016 ctt and
�Cah ⇡ 0.173 c2tt [23]. For natural values of the Wilson
coe�cients the rates in (6) can give rise to large branch-
ing ratios. For instance, one finds Br(h ! Za) = 0.1
for |CZh|/⇤ ⇡ 0.34TeV�1 and Br(h ! aa) = 0.1
for |Cah|/⇤2 ⇡ 0.62TeV�2. Even in the absence of
large tree-level contributions, the loop-induced top-quark
contribution yields Br(h ! aa) = 0.01 for |ctt|/⇤ ⇡
1.04TeV�1, while a combination of the top-quark contri-

bution and the dimension-7 contribution from C

(7)

Zh can
give Br(h ! Za) = O(10�3) without tuning. With
such rates, large samples of ALPs will be produced
in Run-2 of the LHC. The model-independent bound
Br(h ! BSM) < 0.34 derived from the global analysis
of Higgs couplings [29] implies |CZh|/⇤ . 0.72TeV�1

and |Cah|/⇤2

< 1.34TeV�2 at 95% CL.
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 detec-
tor. 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 respect to the beam axis in the Higgs-boson rest
frame, �a and �a are the usual relativistic factors in that
frame, and �a is the total decay width of the ALP. 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, i.e.

L

?
a (✓) = sin ✓

p
�

2

a � 1
Br(a ! XX̄)

�(a ! XX̄)
. (7)

The boost factor is �a = (m2

h � m

2

Z + m

2

a)/(2mamh)
for h ! Za and �a = mh/(2ma) for h ! aa. As a
consequence, only a fraction of events given by

f

dec

= 1�
D
e

�Ldet/L
?
a (✓)

E
, (8)

where the brackets mean an average over solid angle, de-
cays before the ALP has traveled a distance L

det

set by
the relevant detector components. We define the e↵ective
branching ratios

Br(h ! Za ! `

+

`

�
XX̄)

��
e↵

= Br(h ! Za)

⇥ Br(a ! XX̄) f
dec

Br(Z ! `

+

`

�) , (9)

Br(h ! aa ! 4X)
��
e↵

= Br(h ! aa) Br(a ! XX̄)2 f2

dec

,

where Br(Z ! `

+

`

�) = 0.0673 for ` = e, µ. If the
ALPs are observed in their decay into photons, we re-
quire L

det

= 1.5m, such that the decay occurs be-
fore the electromagnetic calorimeter. For a given value
of the Wilson coe�cients CZh or Cah, we can now
present the reach of high-luminosity LHC searches for
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FIG. 3. Constraints on the ALP mass and coupling to pho-
tons derived from various experiments (colored areas without
boundaries, adapted from [5]) along with the parameter re-
gions (shaded in light green) that can be probed in LHC Run-
2 (300 fb�1 integrated luminosity) using the Higgs decays h !
Za ! `+`��� (top) and h ! aa ! 4� (bottom). We require
at least 100 signal events in each channel. The contours in
the upper panel correspond to |CZh|/⇤ = 0.72TeV�1 (solid),
0.1TeV�1 (dashed) and 0.015TeV�1 (dotted). Those in the
lower panel refer to |Cah|/⇤2 = 1TeV�2 (solid), 0.1TeV�2

(dashed) and 0.01TeV�2 (dotted). The red band shows the
preferred parameter space where the (g�2)µ anomaly can be
explained at 95% CL.
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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

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

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

(for ⇤ = 1TeV)

3

where �(x, y) = (1� x� y)2 � 4xy, and we have defined

CZh ⌘ C

(5)

Zh + v2

2⇤

2 C
(7)

Zh . Integrating out the top-quark
yields the one-loop contributions �CZh ⇡ �0.016 ctt and
�Cah ⇡ 0.173 c2tt [23]. For natural values of the Wilson
coe�cients the rates in (6) can give rise to large branch-
ing ratios. For instance, one finds Br(h ! Za) = 0.1
for |CZh|/⇤ ⇡ 0.34TeV�1 and Br(h ! aa) = 0.1
for |Cah|/⇤2 ⇡ 0.62TeV�2. Even in the absence of
large tree-level contributions, the loop-induced top-quark
contribution yields Br(h ! aa) = 0.01 for |ctt|/⇤ ⇡
1.04TeV�1, while a combination of the top-quark contri-

bution and the dimension-7 contribution from C

(7)

Zh can
give Br(h ! Za) = O(10�3) without tuning. With
such rates, large samples of ALPs will be produced
in Run-2 of the LHC. The model-independent bound
Br(h ! BSM) < 0.34 derived from the global analysis
of Higgs couplings [29] implies |CZh|/⇤ . 0.72TeV�1

and |Cah|/⇤2

< 1.34TeV�2 at 95% CL.
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 detec-
tor. 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 respect to the beam axis in the Higgs-boson rest
frame, �a and �a are the usual relativistic factors in that
frame, and �a is the total decay width of the ALP. 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, i.e.

L

?
a (✓) = sin ✓

p
�

2

a � 1
Br(a ! XX̄)

�(a ! XX̄)
. (7)

The boost factor is �a = (m2

h � m

2

Z + m

2

a)/(2mamh)
for h ! Za and �a = mh/(2ma) for h ! aa. As a
consequence, only a fraction of events given by

f

dec

= 1�
D
e

�Ldet/L
?
a (✓)

E
, (8)

where the brackets mean an average over solid angle, de-
cays before the ALP has traveled a distance L

det

set by
the relevant detector components. We define the e↵ective
branching ratios

Br(h ! Za ! `

+

`

�
XX̄)

��
e↵

= Br(h ! Za)

⇥ Br(a ! XX̄) f
dec

Br(Z ! `

+

`

�) , (9)

Br(h ! aa ! 4X)
��
e↵

= Br(h ! aa) Br(a ! XX̄)2 f2

dec

,

where Br(Z ! `

+

`

�) = 0.0673 for ` = e, µ. If the
ALPs are observed in their decay into photons, we re-
quire L

det

= 1.5m, such that the decay occurs be-
fore the electromagnetic calorimeter. For a given value
of the Wilson coe�cients CZh or Cah, we can now
present the reach of high-luminosity LHC searches for
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FIG. 3. Constraints on the ALP mass and coupling to pho-
tons derived from various experiments (colored areas without
boundaries, adapted from [5]) along with the parameter re-
gions (shaded in light green) that can be probed in LHC Run-
2 (300 fb�1 integrated luminosity) using the Higgs decays h !
Za ! `+`��� (top) and h ! aa ! 4� (bottom). We require
at least 100 signal events in each channel. The contours in
the upper panel correspond to |CZh|/⇤ = 0.72TeV�1 (solid),
0.1TeV�1 (dashed) and 0.015TeV�1 (dotted). Those in the
lower panel refer to |Cah|/⇤2 = 1TeV�2 (solid), 0.1TeV�2

(dashed) and 0.01TeV�2 (dotted). The red band shows the
preferred parameter space where the (g�2)µ anomaly can be
explained at 95% CL.
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Probing the ALP-photon coupling
❖ Existing Higgs analyses at the LHC already probe a 

significant region of parameter space:

|Ce↵
ah | = 1, Br(a ! ��) > 0.006

|Ce↵
ah | = 0.1, Br(a ! ��) > 0.049

4

FIG. 3. Constraints from di↵erent experiments on the ALP mass and coupling to photons. The leftt panel shows the parameter
space for which at least 100 h ! Za ! ��`+`� events for |CZh| = 0.1 (dashed contour) and |CZh| = 1 (solid contour) are
expected. The right panel shows the parameter space for which at least 100 h ! aa ! 4� events are expected at the LHC with
300 fb�1 shaded green for |Cah| = 0.01 (dotted contour), |Cah| = 0.1 (dashed contour) and |Cah| = 1 (solid contour). Within
the region shaded red, the deviation in (g� 2)µ can be explained within 2� [Better use 95% CL!] for |cµµ| = 2� 10. Bounds
from other experiments are adapted from [5]. [Put |C�� | on the axis!]
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��-�

��-�

FIG. 4. Constraints from di↵erent experiments on the ALP
mass and coupling to photons. Existing limits from searches
for h ! 4� are shown with the excluded region shaded dark
green and |Cah| = 1 (solid contour) and |Cah| = 0.1 (dashed
contour). Within the red contour, the deviation in (g�2)µ can
be explained within 2� [Better use 95% CL!] for |cµµ| =
2� 10. Bounds from other experiments are adapted from [5].

L

det

= 2 cm, such that reconstructed events correspond

to decays before the inner tracker. We require 100 signal
events in h ! aa ! 2`+2`� and h ! aZ ! 2`+2`�,
respectively and show the corresponding reach based on
a dataset of 300 fb�1 in Figure 5 for an electron final state
and Br(a ! ee) = 1. We want to emphasize again, that
the reach shown in Figure 5 remains unchanged as long
as Br(a ! ee) & 0.02 for |Cah| = 1, Br(a ! ee) & 0.1
for |Cah| = 0.1, Br(a ! ee) & 0.8 for |Cah| = 0.01, and
Br(a ! ee) & 0.002 for |CZh| = 0.72, Br(a ! ee) & 0.08
for |CZh| = 0.1. [Move to supplemental material?]

In summary, we have shown that both for ALP decay-
ing to photons or electrons, the reach of LHC searches
for exotic Higgs decays h ! aa and h ! Za extends over
several orders of magnitude of ALP couplings. The pa-
rameter space tested by these Higgs decay modes probes
so far unconstrained territory, and allows to probe almost
the complete parameter space in which an ALP can pro-
vide an explanation for the deviation observed in (g�2)µ.
Analogous limits can be obtained for ALP decays into
muons, taus, jets, b quarks, and invisible decays, which
will be discussed in a future publication [24].
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❖ The ALP-photon coupling can be 
probed even if the ALP decays 
predominantly to other particles!

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

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

to explore new-physics scales reaching 100 TeV:

❖ Same as before, but with all Wilson 
coefficients set to 1 and varying 
new-physics scale Λ

❖ Scales up to 100 TeV can be probed 
in Higgs decays!

��-� ��-� ��-� � ���
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Figure 11: Constraints from di↵erent experiments on the ALP mass and coupling to photons. The
parameter space for which at least 100 h ! Za ! `+`�+�� (h ! aa ! ��+��) events are expected

at the LHC with 300 fb�1 is shaded green (blue) for C(5)e↵

Zh = Ce↵

ah = Ce↵

�� = 1.

modifications to big-bang nucleosynthesis, distortions of the CMB spectrum and the extra-
galactic background light (EBL) [15, 67]. The parameter space excluded by axion helioscopes
like the Tokyo Axion Helioscope (SUMICO) and the CERN Axion Solar Telescope (CAST)
searching for ALPs produced in the sun and converted to X-rays in a dipole magnet tube is
shaded blue [68, 69]. Energy loss of stars through radiation of ALPs is constrained by the
ratio of red giants to younger stars of the so-called horizontal branch (HB stars) [13, 70],
shaded purple. Another strong constraint arises from the absence of a photon-burst in co-
incidence with the neutrino events from the supernova SN1987a [71] (shaded yellow). Beam
dump searches are sensitive to ALPs radiated o↵ photons which are exchanged between the
incoming beam and the target nuclei (Primako↵ e↵ect) and decaying back to photons outside
the target. The orange area is a compilation of di↵erent runs performed at the Stanford Linear
Accelerator Center (SLAC) [72, 73]. Radiative decays of the Upsilon with an additional ALP
⌥ ! � + a have been searched for at CLEO and BaBar [74, 75], and the excluded area is
shaded light green. Bounds from collider searches for ALPs include searches for mono-photons
with missing energy at LEP e+e� ! �+ a (darker orange), tri-photon searches on and o↵ the
Z-pole e+e� ! 3� (lighter blue) and searches for the same final state at CDF (purple) and
LHC (dark orange). Details about these searches can be found in [21].

ATLAS has performed a search for h ! �� + �� decays applying a shower shape analysis
for ALP masses of ma = 100, 200 and 400MeV, based on 4.9 fb�1 of data obtained during the

20
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Probing the ALP-electron coupling
❖ Higgs analyses at the LHC (Run-2, 300 fb-1) will be able 

to explore a large region of uncovered parameter space:

(for ⇤ = 1TeV)
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Figure 16: Constraints from di↵erent experiments on the ALP mass and couplings to electrons.
The parameter space for which at least 100 h ! aa ! e+e� + e+e� events are expected at the
LHC with 300 fb�1 is shaded green with a dotted, dashed or solid blue contour for Ce↵

ah

= 0.01,
Ce↵
ah

= 0.1 and Ce↵
ah

= 1, respectively (left panel) and the parameter space for which at least 100
h ! Za ! e+e� + `+`� events are expected at the LHC with 300 fb�1 is shaded green with a dashed

or solid blue contour for C(5)e↵
Zh

= 0.1 and C(5)e↵
Zh

= 1, respectively (right panel). Bounds from other
experiments are adapted from [].

h ! �� + �� or h ! `+`� + �� events are expected for 300 fb�1 with Ce↵
Zh

= Ce↵
ah

= C
��

= 1
and varying new physics scale ⇤. Note, that now also the parameter space preferred by the
(g � 2)

µ

measurement is shifted, since c
µµ

= 1. The LHC will be able to probe new physics
scales as high as ⇤ = 102 TeV with the current run.

5.3.2 Decays into Leptons

If the ALP is heavy enough, m
a

> 2m
e

or m
a

> 2m
µ

, a significant fraction of ALPs can decay
into electrons or muons, especially if the decay into photons is loop-suppressed. The decay
chains h ! aa ! `+`� + `+`� and h ! Za ! `+`� + `+`� provide clean search channels
in this parameter space. In the case of a dominant ALP branching ratio to electrons, the
corresponding projections are shown in Figure 16. We require

LLHC ⇥ �13TeV(gg ! h) ⇥ Br(h ! aa ! e�e+e�e+)
���
e↵

> 100 ,

LLHC ⇥ �13TeV(gg ! h) ⇥ Br(h ! Za ! e�e+`+`�)
���
e↵

> 100 ,
(51)

respectively. In contrast to ALP decay into photons, we demand Ldet = 2 cm, such that only
events are considered to be reconstructed if the ALP decay into electrons takes place before

29

|Ce↵
Zh| = 0.015 , Br(a ! e+e�) > 0.46

|Ce↵
Zh| = 0.1 , Br(a ! e+e�) > 0.011

|Ce↵
Zh| = 0.72 , Br(a ! e+e�) > 2 · 10�4
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Probing the ALP-electron coupling
❖ Higgs analyses at the LHC (Run-2, 300 fb-1) will be able 

to explore a large region of uncovered parameter space:

(for ⇤ = 1TeV)

4

h ! Za ! `

+

`

�
�� and h ! aa ! 4� decays in the

ma � |C�� | plane. We require at least 100 signal events
in a dataset of 300 fb�1 at

p
s = 13TeV (Run-2), consid-

ering gluon-fusion induced Higgs production with cross
section �(pp ! h +X) = 48.52 pb [30] and the e↵ective
Higgs branching ratios defined above. Figure 3 shows
this parameter space in light green. In the upper panel
we present the reach of Run-2 searches for h ! Za !
`

+

`

�
�� decays assuming |CZh|/⇤ = 0.72TeV�1 (solid

contour), 0.1TeV�1 (dashed contour) and 0.015TeV�1

(dotted contour). Reaching sensitivity to smaller h ! Za

branching ratios obtained with |CZh|/⇤ < 0.015TeV�1

would require larger luminosity. The lower panel shows
the reach of searches for h ! aa ! 4� decays as-
suming |Cah|/⇤2 = 1TeV�2 (solid), 0.1TeV�2 (dashed)
and 0.01TeV�2 (dotted). These contours are essen-
tially independent of the a ! �� branching ratio unless
this quantity falls below certain threshold values. For
h ! Za, one needs Br(a ! ��) > 3 · 10�4 (solid), 0.011
(dashed) and 0.46 (dotted). For h ! aa, one needs in-
stead Br(a ! ��) > 0.006 (solid), 0.049 (dashed) and
0.49 (dotted). It is thus possible to probe the ALP–
photon coupling even if the ALP predominantly decays
into other final states. The insensitivity of the contours
to Br(a ! ��) can be understood by considering the
behavior of the quantity f

dec

in (8). The contours limit-
ing the green regions from the left arise from the region
of large ALP decay length, La � L

det

, in which case
f

dec

⇡ (⇡/2)L
det

/La / �(a ! XX̄)/Br(a ! XX̄). In
this region the e↵ective branching ratios in (9) become
independent of Br(a ! ��) and only depend on the par-
tial rate �(a ! XX̄) / m

3

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 f

dec

= 1
(prompt ALP decays), and this number becomes too
small if Br(a ! XX̄) falls below a critical value.

The red band in the panels shows the parameter region
in which the (g�2)µ anomaly can be explained. We con-
sider only the theoretically preferred region |cµµ| � |C�� |
and impose the constraint |cµµ|/⇤  10TeV�1. In prin-
ciple, larger values of |C�� | can also explain the anomaly.
Almost the entire parameter space where the red band
is not excluded by existing experiments – the region be-
tween 30MeV and 60GeV – can be covered by searches
for exotic Higgs decays. Even if the relevant couplings
CZh and Cah are loop suppressed, large event yields in
this region can be expected in Run-2.

Existing searches for h ! aa ! 4� decay already im-
ply interesting bounds on the ALP parameter space. AT-
LAS has performed dedicated searches for this signature
at ma = 100MeV, 200MeV and 400MeV [31], as well
as in the high-mass region ma = 10 � 62.5GeV [16].
Lighter ALPs produced in Higgs decays would be highly
boosted, and the final-state photon pairs would therefore
be strongly collimated. For ma . 100MeV these pairs
cannot be resolved in the calorimeter and would be re-
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FIG. 4. Constraints on the ALP mass and coupling to elec-
trons derived from various experiments (colored areas without
boundaries, adapted from [36, 37]) along with the parameter
regions (shaded in light green) that can be probed in LHC
Run-2 (300 fb�1 integrated luminosity) using the Higgs de-
cays h ! Za ! `+`�e+e� (top) and h ! aa ! e+e�e+e�

(bottom). We require at least 100 signal events in each chan-
nel. The contours in the upper panel correspond to |CZh|/⇤ =
0.72TeV�1 (solid), 0.1TeV�1 (dashed) and 0.015TeV�1 (dot-
ted). Those in the lower panel refer to |Cah|/⇤2 = 1TeV�2

(solid), 0.1TeV�2 (dashed) and 0.01TeV�2 (dotted).

constructed as single photons [10, 12, 32, 33]. Hence, the
existing measurements of the h ! �� rate [29] can also
be used to derive constraints on the ALP couplings. At
present, non-trivial exclusion regions can be derived for
values |Cah|/⇤2 & 0.1TeV�2 [23]. Currently, there exist
no dedicated searches for the h ! Za ! `

+

`

�
�� decay

|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
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Conclusions
❖ Rare decays of the Higgs boson provide multiple new 

ways to probe for the existence of ALPs in the mass 
range between 1 MeV and 60 GeV and with couplings 
suppressed by scales Λ~1-100 TeV  

❖ In some regions of parameter space, the ALP signal 
would enhance the measured rates for h→γγ and h→Zγ  
(a target for the high-luminosity LHC run)

❖ In other regions, new searches for final states such as 
h→4γ, h→μ+μ-γγ, h→e+e-μ+μ- or h→e+e-+2jets need to be 
devised
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Electroweak precision tests
❖ Since we consider light new particles, loop corrections 

to electroweak precision observables can, in general, not 
be described in terms of oblique corrections

❖ Still, in our model the one-loop corrections to different 
definitions of the weak mixing angle and of the ρ 
parameter can be recast in terms of S, T, U:

expressed as
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(50)

In the correction terms sw and cw refer to the lowest-order expressions, e.g. s2w = g

0 2
/(g2+g

0 2).
Note that our relation for s2

0

di↵ers from a corresponding relation in [45], where the polarization
function ⇧��(m2

Z) in the first term has been expanded about q2 = 0. In a new-physics model
containing light new particles, such as ours, such an expansion is not legitimate.

We find that the ALP contributions to the vacuum-polarization functions vanish at q2 = 0,
and hence ⇢⇤ = 1 in our model. The individual ⇧AB(q2) function are quadratically divergent,
however these divergences cancel if we consider the di↵erences between the various definitions
of s2w. Setting the ALP mass to zero for simplicity, we obtain

s

2

W � s

2

⇤
��
ALP

=
16↵2

3

m

2

Z

⇤2

c

2

w

s

2

w

C

2

WW

✓
ln

µ

2

m

2

Z

+ �

2

+
5

3
+

c

2

w

s

2

w

ln c2w

◆

� 8↵2

m

2

Z

⇤2

CWW

s

2

w

�
c

2

w CWW � s

2

w CBB

�✓
ln

µ

2

m

2

Z

+ �

2

+ 2 +
i⇡

3

◆
,

s

2

0

� s

2

⇤
��
ALP

= �8↵2

m

2

Z

⇤2

CWW CBB

c

2

w � s

2

w

✓
ln

µ

2

m

2

Z

+ �

2

+ 2 +
i⇡

3

◆
,

(51)

where �

2

= �3. The imaginary parts in these expressions arises from loop graphs containing
a photon and an ALP and reflect the existence of the on-shell decay Z ! �a considered in
Section 6.1. In cross sections these imaginary parts only enter at two-loop order and thus
can be omitted to the order we are working. We can then match the above results with the
definition of the S, T , U parameters defined in terms of ⇢⇤ and the quantities in (51). This
leads to
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(52)

where we have set µ = ⇤. The coupling ↵ should be evaluated at µ = mZ . The presence of
UV divergences in these expressions signals that additional, short-distance contributions from
dimension-6 operators not containing the pseudoscalar a are required in order to cancel the
scale dependence. Like in our discussion in Section 4, we will assume that these are small at
the new physics scale, since they are not enhanced by the large logarithm ln(⇤2

/m

2

Z).
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Electroweak precision tests
❖ The resulting constraints on the Wilson coefficients 

derived from the global electroweak fit are rather weak: 
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Figure 12: Allowed regions in the parameters space of the Wilson coe�cients CWW�CBB (left) and
C���C�Z (right) obtained from the global electroweak fit [31] at 68% CL (red), 95% CL (organge)
and 99% CL (yellow). We assume that contributions from dimension-6 operators not containing the
ALP field can be neglected at ⇤ = 1 TeV.

Figure 12 shows the allowed parameter space in the plane of the Wilson coe�cients CWW�
CBB (left) and C���C�Z (right) obtained from the global electroweak fit [31]. The various
coe�cients are related by (5). We observe that the coe�cients CWW and C�� are largely
unconstrained, while CWW and C�Z are restricted to relatively narrow ranges. At 99% CL,
we obtain to good approximation |CWW | < 8 and |C�Z | < 6. [Explain flat directions!]

Another precision test can be performed by considering the running of the electromagnetic
coupling constant from q

2 = 0 to q

2 = m

2

Z . In our model we obtain
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where the vacuum-polarization functions now contain the ALP contribution only. Dropping
again a small imaginary part and setting µ = ⇤, we find
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[Derive a constraint in the C��-C�Z plane!]
[Make projections for FCC-ee and LHC Run-III!]

7 Flavor probes of ALP couplings

Let us consider the structure of the fermionic couplings of a in (1) in more detail. We note
first that these couplings are CP invariant only if a is a CP-odd particle. Since the matrices
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Electroweak precision tests
❖ Projections for a future FCC-ee lepton collider: 
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Figure 18: Allowed regions in the parameters space of the Wilson coe�cients CWW �CBB (left)
and C���C�Z (right) obtained from predictions for the global electroweak fit at a future FCC-ee
machine [85] at 68% CL (red), 95% CL (orange) and 99% CL (yellow) for three free parameters and

C(5)e↵

Zh = 0.72. We assume that contributions from dimension-6 operators not containing the ALP
field can be neglected at ⇤ = 1 TeV. For the parameter space within the dashed black contour, a
FCC-ee measurement of ↵(mZ) is within its projected errors [84].

A measurement of ↵ has been performed by the OPAL collaboration at a center of mass energy
of 193GeV [83]. [This is not very di↵erent from a measurement at mZ?!] The precision of
this measurement is at the per-cent level which is still compatible with values of CWW , CBB

of order 30. Improvement on the precision is expected at the FCC-ee where an uncertainty
of 10�5 is predicted [84]. In Figure (18) we show this expected bound assuming that the
theoretical error on ↵(mZ) will have decreased below the experimental uncertainty by the
time the measurement can be performed. In the same figure, we superimpose constraints from
the expected precision on the oblique parameters S, T and U at the FCC-ee where we assume
the central values of the fit to coincide with the Standard Model values [85]. Combining these
measurements can constrain |CWW | < 2 and |CBB| < 3. [Make projections for FCC-ee and
LHC Run-III!]

7 Flavor probes of ALP couplings

Let us consider the structure of the fermionic couplings of a in (1) in more detail. We note
first that these couplings are CP invariant only if a is a CP-odd particle. Since the matrices
CF are hermitian, no CP-violating phases arise (all eigenvalues are real). We can write these
interactions out explicitly as

L
e↵

3 @µa

⇤

�
Q̄L CQ �µ QL + ūR Cu �µ uR + d̄R Cd �µ dR + L̄L CL �µ LL + ēR Ce �µ eR
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Figure 18: Allowed regions in the parameters space of the Wilson coe�cients CWW �CBB (left)
and C���C�Z (right) obtained from predictions for the global electroweak fit at a future FCC-ee
machine [85] at 68% CL (red), 95% CL (orange) and 99% CL (yellow) for three free parameters and

C(5)e↵

Zh = 0.72. We assume that contributions from dimension-6 operators not containing the ALP
field can be neglected at ⇤ = 1 TeV. For the parameter space within the dashed black contour, a
FCC-ee measurement of ↵(mZ) is within its projected errors [84].

A measurement of ↵ has been performed by the OPAL collaboration at a center of mass energy
of 193GeV [83]. [This is not very di↵erent from a measurement at mZ?!] The precision of
this measurement is at the per-cent level which is still compatible with values of CWW , CBB

of order 30. Improvement on the precision is expected at the FCC-ee where an uncertainty
of 10�5 is predicted [84]. In Figure (18) we show this expected bound assuming that the
theoretical error on ↵(mZ) will have decreased below the experimental uncertainty by the
time the measurement can be performed. In the same figure, we superimpose constraints from
the expected precision on the oblique parameters S, T and U at the FCC-ee where we assume
the central values of the fit to coincide with the Standard Model values [85]. Combining these
measurements can constrain |CWW | < 2 and |CBB| < 3. [Make projections for FCC-ee and
LHC Run-III!]

7 Flavor probes of ALP couplings

Let us consider the structure of the fermionic couplings of a in (1) in more detail. We note
first that these couplings are CP invariant only if a is a CP-odd particle. Since the matrices
CF are hermitian, no CP-violating phases arise (all eigenvalues are real). We can write these
interactions out explicitly as

L
e↵

3 @µa

⇤

�
Q̄L CQ �µ QL + ūR Cu �µ uR + d̄R Cd �µ dR + L̄L CL �µ LL + ēR Ce �µ eR

�
. (57)
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from a measurement of α(mZ)
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