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We obtain new bounds on effective axionlike particle (ALP)-neutrino interactions from their loop-level
impact on the ALP couplings to electroweak gauge bosons γZ, ZZ and WþW−. Both types of interactions
are connected via the chiral anomaly, which allows to overcome the fermion mass suppression of tree-level
analyses. ALP couplings to charged leptons are considered simultaneously with ALP-neutrino ones,
as required by gauge invariance. Complete one-loop computations are presented together with relevant
kinematic limits. We leverage data obtained from rare meson decay measurements alongside observations
from collider experiments, among others. The novel constraints are particularly competitive for ALP
masses ≳100 MeV, evidencing the powerful potential of future ALP searches at colliders which target its
couplings to electroweak gauge bosons.
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I. INTRODUCTION

The quest for axions that solve the strong CP-problem,
and more generally axionlike particles (ALPs), is ongoing
with increasing intensity. Their interest stems from their
nature as pseudo-Goldstone bosons (pGBs) which are
singlets of the Standard Model of particle physics (SM),
and are thus the generic tell-tale of yet undiscovered
symmetries in Nature, classically almost exact but hidden
(aka spontaneously broken). Beyond axions, many exten-
sions of the SM predict pGBs which are SM singlets, such
as for instance theMajoron associated to a dynamical nature
of neutrino masses [1–5], pGBs from flavor symmetries
known as flavons [6–9], or within composite Higgs models
[10], extradimensional theories [11,12], and phenomeno-
logical string models with their plethora of spontaneously
broken Uð1Þ global symmetries, as well as pGBs in many
inflationary theories [13].
Because ALPs are pGBs, their new physics scale fa is

much larger than their mass ma ≪ fa. They are thus
conveniently studied within the model-independent frame-
work of effective field theory (EFT), i.e., in terms of a tower
of operators weighted down by inverse powers of fa. The

leading operators have mass dimension five: purely deriva-
tive couplings as pertains GBs, plus shift-breaking anoma-
lous couplings and a mass term for the ALP. In analyses of
generic ALPs—to be considered below—the parameters
fma; fag are treated as free and independent (unlike in true-
axion theories which solve the strong CP problem, for
which their product is dynamically fixed).
For ALPs, the range of possible values of fa and ma is

wide, leading to an incredibly rich phenomenological arena
for particle and astroparticle physics. To compound their
intrinsic interest, both axions and ALPs can be excellent
candidates to explain the nature of dark matter (DM). An
intense theoretical exploration is ongoing on ALP EFTs and
their predictions for laboratory experiments, astrophysics
and cosmology, together with the construction of ultraviolet
(UV) complete theories. In synergy with it, a plethora of
experiments, which look for ALPs in different regimes and
with diversified techniques, are either already taking data or
scheduled to do so in the next decade [14].
We address in this work the effective interactions

between ALPs and neutrinos. At leading order in the
ALP EFT these appear as combinations of ALP derivative
insertions ∂μa and fermionic currents, that is, in the form of
chirality-conserving fermion bilinears with arbitrary coef-
ficients. Their tree-level impact on observables turns out
to be proportional to the fermion masses, as it can be
straightly inferred from the classical equations of motion
(EOM): they show that—at the classical level—the ALP-
fermionic operators are tradable by chirality-flipping ones
proportional to the fermion masses [15–18]. Given the tiny
masses of neutrinos, their tree-level contribution is thus
extremely suppressed and negligible. In contrast, this mass
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suppression is overcome when the system is contemplated
including one-loop effects [19]. This is obvious noting that
the use of EOMs is tantamount to a chiral rotation which
necessarily induces at one-loop anomalous ALP couplings,
and in consequence mass-independent components. The
present experimental constraints on ALP couplings to γZ,
ZZ, and WþW− will be shown to be strong enough to
suggest relevant bounds on ALP-neutrino interactions, in
spite of the Oðα=πÞ weight of one-loop effects. The loop-
induced impact of ALP-neutrino interactions on the cou-
pling of ALPs to electroweak (EW) bosons will be shown to
probe regions of the parameter space for ALP-lepton
couplings that are otherwise unexplored.
The ALP EFT theory is constructed for scales fa ≫

v ≃ 246 GeV where v is the SM electroweak (EW) scale. A
proper EFT formulation must then be explicitly SUð3Þ ×
SUð2Þ × Uð1Þ gauge invariant above the electroweak scale.
This brings into the game the couplings of ALPs to charged
leptons, as the left-handed components of the latter unavoid-
ably accompany left-handed neutrinos. Bounds on charged
ALP-lepton couplings have been previously explored
[20–24] and these will be taken into account in our analysis.
Furthermore, recent works [25–27] propose to study the
impact of DM ALPs on neutrino propagation and oscil-
lations, and cosmology, but they explore a much lighter
range of ALP masses than that considered in this paper.
We present the complete one-loop corrections to the

couplings of ALPs to on-shell EW gauge boson pairs, γγ,
γZ, ZZ, and WW, induced by ALP couplings to neutrinos
and charged leptons. Our work expands and completes
previous corrections involving ALP fermionic currents
[15–17,23,28]. Neutrino masses will be disregarded, unless
otherwise stated in which case the role of Pontecorvo–Maki–
Nakagawa–Sakata (PMNS) mixing will be discussed.
Various kinematics regions and limits are contemplated:
the best—and novel—bounds on ALP-neutrino interactions
will turn out to be those for relatively heavy ALPs, ma ≳
100 MeV up to 1 TeV, correlated with the fact that the
strongest constraints on ALP couplings to heavy EW bosons
stem from collider searches and from rare meson decay
searches.
An additional comment is pertinent in the framework of

the most general ALP EFT. The latter may include from the
start dimension five anomalous ALP couplings to gauge
bosons, with arbitrary coefficients. In consequence, the
contribution stemming from the chiral rotation described
above will confront experiment mixed with that from the
putative anomalous gauge couplings of ALPs in the initial
Lagrangian. In spite of this, bounds on the coefficients of
ALP-neutrino flavor-diagonal couplings can be extracted
from experiment, barring fine-tuned cancellations among
the contributions from both sources.
The structure of this manuscript can be inferred from the

Table of Contents.

II. THE ALP EFFECTIVE LAGRANGIAN

The ALP EFT Lagrangian, up to operators with mass
dimension five, reads [17,18,29,30]

LALP ¼
1

4
∂μa∂μa −

1

2
m2

aa2 þ Lgauge
a þ Lfermion

∂a ; ð2:1Þ

where Lgauge
a stands for the anomalous ALP-gauge boson

effective couplings, which at energies above EW symmetry
breaking can be written as

Lgauge
a ¼−cG̃

a
fa

Gα
μνG̃

μν;α− cW̃
a
fa

Wi
μνW̃μν;i− cB̃

a
fa

BμνB̃μν;

ð2:2Þ

with Gα
μν, Wi

μν and Bμν denoting the field strength of the
strong and EW gauge bosons respectively (i ¼ 1, 2, 3 and
α ¼ 1;…; 8), while Lfermion

∂a stands for the gauge-invariant
ALP-fermion derivative interactions,

Lfermion
∂a ¼

X
Ψ

∂μa

fa
ΨγμcΨΨ; ð2:3Þ

where the sum runs over the chiral fermionic fields of
the SM: Ψ ¼ fQL; LL; uR; dR; eRg, each Ψ being a
3-component vector in flavor space and cΨ 3 × 3 being
Hermitian matrices in that space.1 Note that no coupling to
putative right-handed neutrinos is considered, as neutrino
masses will be neglected below. In all generality, those
chiral fields in the Ψ set are not the left and right com-
ponents of fermion mass eigenstates. Nevertheless, the
rotation of the cΨ matrices to the mass basis [15–18] is not
relevant for the main results of this paper, which focuses on
purely leptonic couplings neglecting neutrino masses (i.e.,
all cΨ matrices will be disregarded except for cE and cL).
Lψ
∂a simplifies then to

Lfermion
∂a ¼ ∂μa

fa
LLγ

μcLLL þ ∂μa

fa
ēRγμcEeR;

¼ ∂μa

fa
ν̄Lγ

μcLνL þ ∂μa

fa
ēγμðcEPR þ cLPLÞe;

¼ ∂μa

2fa
ν̄Lγ

μð1 − γ5ÞcLνL þ ∂μa

2fa
ēγμððcE þ cLÞ

þ ðcE − cLÞγ5Þe; ð2:4Þ

where PR;L stands for the chirality projectors, and in the last
two lines the left-handed EW lepton fields have been

1Note that there exists in addition a shift-invariant bosonic
operator involving the Higgs doublet, OaΦ ¼ ∂μaðΦ†iD

↔

μΦÞ=fa,
which has not been included in Eq. (2.1), as it would be redundant
given the choice made to consider all possible fermionic
couplings in Lψ

∂a [17].
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decomposed on their electrically charged and neutral
components LL ¼ ðeL; νLÞ, with e ¼ eR þ eL. This illus-
trates that the ALP-neutrino couplings are defined only in
terms of cL, while their analysis unavoidably requires to
contemplate as well the couplings of charged leptons
to ALPs.
It is worth to remind that in flavor-diagonal scenarios

and at tree-level, the “phenomenological” couplings to the
physical leptons only depend on the axial component of the
operators in Eq. (2.4) (see Refs. [17,18]),

Lfermion
∂a ⊃

∂μa

fa

X
l

ðcννÞllν̄lγμγ5νlþ
∂μa

fa

X
l

ðceeÞlllγμγ5l;

ð2:5Þ

where cee and cνν are defined as

cee ≡ ðcE − cLÞ cνν ≡ ð−cLÞ ð2:6Þ

Indeed, the orthogonal combination, i.e., the vectorial
coupling, vanishes due to the conservation of vectorial
currents (lepton number) at classical level.2 At the quantum
level, though, lepton number currents are broken due to
chiral anomalies and the vector components do contribute
even in the flavor-diagonal case: they will induce inter-
actions between the ALP and heavy gauge bosons, which
will be taken into account. In any case, because in all
generality there are only two independent set of couplings,
fcE; cLg, we choose to show our results below in terms of
the two phenomenological combinations defined in

Eq. (2.6), as they are more transparent to confront exper-
imental data.
At energies below EW symmetry breaking, the bosonic

Lagrangian Lgauge
a in Eq. (2.2) can be rewritten in terms of

the EW gauge boson mass eigenstates,

Lgauge
a ¼ −

1

4
gaggaGα

μνG̃
μν;α −

1

4
gaγγaFμνF̃μν

−
1

4
gaγZaFμνZ̃μν −

1

4
gaZZaZμνZ̃μν

−
1

2
gaWWaWþ

μνW̃μν;−; ð2:7Þ

with

gagg ≡ 4

fa
ceG; gaγγ ≡ 4

fa
ðc2wcB̃ þ s2wcW̃Þ;

gaWW ≡ 4

fa
cW̃; gaZZ ≡ 4

fa
ðs2wcB̃ þ c2wcW̃Þ;

gaγZ ≡ 8

fa
cwswðcW̃ − cB̃Þ; ð2:8Þ

where cwðswÞ is the cosine (sine) of the weak mixing angle.

A. Leptonic EOM

The low-energy equations of motion (EOM) for the
lepton fields, taking into account one-loop anomalous
corrections, can be written as

∂μa

fa
ēRγμcEeR ¼ −

�
i
a
fa

ēLMEcEeR þ H:c:

�
þ Tr½cE�

a
fa

g02

16π2
BμνB̃μν;

∂μa

fa
ēLγμcLeL ¼

�
i
a
fa

ēLMEcLeR þ H:c:

�
− Tr½cL�

a
fa

�
g02

64π2
BμνB̃μν þ g2

64π2
WμνW̃μν

�
;

∂μa

fa
ν̄Lγ

μcLνL ¼
�
i
a
fa

ν̄LMνcLνR þ H:c:

�
− Tr½cL�

a
fa

�
g02

64π2
BμνB̃μν þ g2

64π2
WμνW̃μν

�
; ð2:9Þ

where ME and Mν denote here the generic mass matrices
for charged leptons and neutrinos, respectively, and where
the anomalous contributions have been left expressed here
in terms of the hypercharge and SUð2ÞL field strengths, Bμν

and Wμν respectively, for notation compactness. Given the
tiny values of neutrinos masses, Eq. (2.9) already shows
that experimental bounds on ALP couplings to massive EW

gauge bosons directly suggest limits on the flavor-diagonal
components of ALP-neutrino couplings, barring fine-tuned
cancellations with tree-level gauge couplings or underlying
symmetries in the UV complete theory. A well-known
example is the DFSZ axion [31,32], in which an extra
Peccei-Quinn symmetry leads to an exact cancellation. This
is then a true QCD axion, not a generic ALP.

III. ONE-LOOP INDUCED COUPLINGS

In this section we present the complete one-loop con-
tribution of ALP-lepton couplings in Eq. (2.4) to the strength
of the ALP-EW gauge bosons fgaγγ; gaWW; gaZZ; gaγZg

2This does not hold for flavor nondiagonal couplings, which
can be relevant in practice when considering ALP decays to
charged leptons (e.g., ALP → eμ); these will not be considered in
this work.
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defined in Eq. (2.8). These corrections correspond to the
triangle diagram in Fig. 1,3 and include all combinations of
axial and vectorial insertions which stem from the SM
electroweak gauge couplings. For completeness, both the
anomalous and mass-dependent [35,36] one-loop correc-
tions will be developed. For the computation of the latter, the
ALP field a and the SM bosons will be taken to be on-shell,
and thus the amplitudes will be written in terms of the gauge
boson masses MW and MZ, the charged lepton masses ml
and the ALP mass ma. Nevertheless, the amplitude for any
coupling with the ALP off-shell can be immediately
obtained from the expressions below by simply replacing
m2

a → p2
a, where pa is the ALP four-momentum. All

computations have been performed with the help of the
Mathematica packages FeynCalc and PACKAGE-X [37,38].

Although neutrino masses are to be disregarded in the
main text because they induce negligible corrections, their
impact is nevertheless made explicit for the no flavor-
mixing case in the Appendix. In turn, lepton-flavor mixing
effects would be a priori present for final state W bosons,
but the amplitudes would remain in practice equivalent to
those for the no flavor-mixing scenario due to the unitarity
of the PMNS matrix: we have verified that the GIM-
suppressed flavor corrections are of order Oðm2

νm2
l=M

4
WÞ

and thus totally negligible.
Without further ado, we present next the results for the

amplitudes computed from the triangle diagram in Fig. 1, in
the limit mν → 0 for all neutrino flavors.

A. Contributions to gaγγ
Previous computations of the ALP-photon interaction

induced at one-loop by ALP-charged lepton couplings can
be found in Refs. [16,17,28], whose results we verified.
They stem from the diagram in Fig. 1 with charged leptons
running in the loop. Being electrically neutral, neutrinos do
not play a role in this two-photon channel, and the induced
coupling reads

gloopaγγ ¼ −
αem
πfa

�
TrðceeÞ þ 2

X
l

ðceeÞllm2
lC0ð0; 0; m2

a; ml; ml; mlÞ
�

¼ −
αem
πfa

�
TrðceeÞ −

X
l

ðceeÞllτlfðτlÞ2
�
; ð3:1Þ

where l ¼ e, μ, τ here and all through the paper, τl ≡ 4m2
l=m

2
a, and C0 is the scalar 3-point Passarino-Veltman function

(see Ref. [39]),

C0ðq21;q22;p2;m1;m2;m3Þ≡
Z

1

0

dx
Z

x

0

dy
ðx− yÞyq21− ðx− yÞðx− 1Þq22 − yðx−1Þp2− ym2

1− ðx− yÞm2
2þðx− 1Þm2

3

; ð3:2Þ

and

fðτÞ ¼
8<: arcsin 1ffiffi

τ
p for τ ≥ 1;

π
2
þ i

2
log 1þ ffiffiffiffiffiffi

1−τ
p

1−
ffiffiffiffiffiffi
1−τ

p for τ < 1:
ð3:3Þ

This shows that the size of the effective ALP-photon
coupling in Eq. (3.1) only depends on the ratio m2

l=m
2
a

(assuming that the ALP and both photons are on-shell
particles). In particular, in the heavy ALP limit, ma ≫ ml,

the second term in Eq. (3.1), which is mass-dependent,
becomes negligible, and then only the first term remains:

gloopaγγ ≈ −
αem
πfa

TrðceeÞ for ml ≪ ma: ð3:4Þ

This first term is the anomalous term of the triangle
diagram, which is mass-independent. Basically this term
corresponds to the chiral anomaly from the fermion current
to which the ALP is coupled in Eq. (2.4). On the other
hand, in the light ALP limit ma ≪ ml, both terms—the
anomalous and the mass-dependent one—partially cancel
each other and the net coupling is suppressed as

FIG. 1. One-loop diagram contributing to the ALP-gauge
effective couplings originated from the ALP-fermion coupling.

3Notice that the one-loop amplitudes computed here cannot
be obtained from the mixing of ALP-EFT operators via running,
as the anomalous operators are only renormalized by them-
selves [33,34].
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gloopaγγ ≈ −
αem

12πfa

X
l

ðceeÞll
m2

a

m2
l

for ml ≫ ma: ð3:5Þ

This is a well-known property of the triangle diagram for
vector-like gauge interactions and massless gauge bosons
such as QED [40]. This behavior will not hold in the
presence of massive gauge bosons, i.e., the Z and W
bosons, see below.

B. Contributions to gaγZ
Even though neutrinos—being electrically neutral—

cannot run in the loop that induces gaγZ, this ALP-gauge
bosons coupling can still be used to measure the physical
couplings between ALPs and neutrinos as shown by its
dependence on cνν. Indeed, the one-loop-induced ALP-γZ
coupling reads:

gloopaγZ ¼ αem
cwswπfa

�
TrðcννÞ − 2s2wTrðceeÞ þ ð1 − 4s2wÞ

X
l

ðceeÞllm2
lC0ð0;M2

Z;m
2
a; ml; ml; mlÞ

�
;

¼ αem
cwswπfa

�
TrðcννÞ − 2s2wTrðceeÞ − 2ð1 − 4s2wÞ

X
l

ðceeÞllm2
l

m2
a −M2

Z
ðfðτlÞ2 − fðτZlÞ2Þ

�
; ð3:6Þ

where τZl ≡ 4m2
l=M

2
Z (previous computations can be found

in Refs. [16,17]). The dependence on cνν is a consequence
of the chiral anomaly since the Z boson couples with
different weak charges to right-handed and left-handed
leptons, and thus the equation exhibits the cL contribution
which is shared with charged leptons, see Eq. (2.6).
Once again two distinct types of contributions appear:

the first two terms in Eq. (3.6) are anomalous ones and thus
mass-independent, while the mass-dependent term is pro-
portional to m2

l times the contribution from fðτÞ functions.
The latter is induced exclusively by the axial combination
of couplings. Given that the Z boson is much heavier than
any SM lepton, the following approximation for the fðτZÞ
function in Eq. (3.6) is pertinent:

fðτZlÞ2 ≈
1

4

�
π þ i log

�
M2

Z

m2
l

��
2

: ð3:7Þ

It follows that the mass-dependent term in Eq. (3.6) is
always suppressed, at least, by a factor m2

l=m
2
Z, in contrast

with the case for gaγγ in Eq. (3.1). This means that the
anomalous term in gaγZ will not be canceled in any
kinematic region of ma. In other words, the anomalous
term will always dominates gaγZ while the mass-dependent
term provides at most a correction of order Oðm2

l=M
2
ZÞ,

gloopaγZ ≈
αem

cwswπfa

�
TrðcννÞ−2s2wTrðceeÞþO

�
m2

l

M2
Z

��
: ð3:8Þ

This property will also hold for all ALP couplings to heavy
EW bosons considered below.
Simplified formulas of interest for different regimes of

ALP mass versus ml and MZ read:

(i) For ma ≪ ml ≪ MZ:

gloopaγZ ≈
αem

cwswπfa

�
TrðcννÞ − 2s2wTrðceeÞ − ð1 − 4s2wÞ

×
X
l

ðceeÞllm2
l

2M2
Z

�
π þ i log

�
M2

Z

m2
l

��
2
�
: ð3:9Þ

(ii) For ml ≪ ma ≪ MZ:

gloopaγZ ≈
αem

cwswπfa

�
TrðcννÞ − 2s2wTrðceeÞ

− ð1 − 4s2wÞ
X
l

ðceeÞllm2
l

M2
Z

log

 
m2

aM2
Z

m4
l

!

×

�
log

�
ma

MZ

�
þ iπ

��
: ð3:10Þ

(iii) For ml ≪ MZ ≪ ma:

gloopaγZ ≈
αem

cwswπfa

�
TrðcννÞ − 2s2wTrðceeÞ

− ð1 − 4s2wÞ
X
l

ðceeÞllm2
l

m2
a

log

�
m2

aM2
Z

m4
l

�
×

�
log

�
MZ

ma

�
þ iπ

��
: ð3:11Þ

C. Contributions to gaZZ
The complete correction to the on-shell a − ZZ coupling

induced at one-loop by ALP-neutrino and ALP-electron
couplings reads
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gloopaZZ ¼ −
αem

2c2ws2wπfa

�
ð1 − 2s2wÞTrðcννÞ þ 2s4wTrðceeÞ −

X
l

ðceeÞllm2
l

m2
a − 4M2

Z

�
Bðm2

a; ml; mlÞ − BðM2
Z;ml; mlÞ

þ ½ð1 − 4s2wÞ2M2
Z þ 2s2wð1 − 2s2wÞm2

a�C0ðm2
a;M2

Z;M
2
Z;ml; ml; mlÞ

��
; ð3:12Þ

where B is the function DiscB in PACKAGE-X (see Ref. [17]), which can be written as

Bðp2; m1; m2Þ≡
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λðp2; m2

1; m
2
2Þ

p
p2

log

�
m2

1 þm2
2 − p2 þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λðp2; m2

1; m
2
2Þ

p
2m1m2

�
; ð3:13Þ

in which λ is the Källén triangle function: λða; b; cÞ≡
a2 þ b2 þ c2 − 2ab − 2bc − 2ca. As in the previous case,
given that ml ≪ MZ for all SM leptons, the B functions in
Eq. (3.12) can be approximated as

BðM2
Z;ml; mlÞ ≈ iπ þ log

�
m2

l

M2
Z

�
; ð3:14Þ

and

C0ðm2
a;M2

Z;M
2
Z;ml; ml; mlÞ ≈ C0ðm2

a;M2
Z;M

2
Z; 0; 0; 0Þ:

ð3:15Þ

In the assumption that all particles are on-shell, the
only physical process stemming from the a − ZZ vertex in
Fig. 1 corresponds to the decay of a heavy ALP into two
Z bosons, for which the relevant kinematic regime is
ml ≪ ma, and thus

gloopaZZ ≈ −
αem

2c2ws2wπfa

�
ð1 − 2s2wÞTrðcννÞ þ 2s4wTrðceeÞ −

X
l

ðceeÞllm2
l

m2
a − 4M2

Z

�
log

�
M2

Z

m2
a

�
þ ðð1 − 4s2wÞ2M2

Z þ 2s2wð1 − 2s2wÞm2
aÞC0ðm2

a;M2
Z;M

2
Z; 0; 0; 0Þ

��
: ð3:16Þ

This expression can be simplified for ALPs much heavier than the Z boson,

gloopaZZ ≈ −
αem

2c2ws2wπfa

�
ð1 − 2s2wÞTrðcννÞ þ 2s4wTrðceeÞ − 2

X
l

ðceeÞllm2
l

m2
a

�
log

�
MZ

ma

�
þ iπ þ s2wð1 − 2s2wÞ

�
π2

3
þ log

�
M2

Z

m2
a

�
2
���

: ð3:17Þ

Note that this expression is also valid in the regimeml ≪ MZ ≪ ma for off-shell ALPs upon the replacementm2
a → p2

a and
as long as M2

Z ≪ p2
a.

D. Contributions to gaWW

Finally, the correction to the a-WW on-shell coupling induced at one-loop by the insertion of ALP-neutrino and
ALP-electron couplings reads

gloopaWW ¼ −
αem

2s2wπfa

�
TrðcννÞ −

X
l

ðceeÞllm2
l

m2
a − 4M2

W

�
Bðm2

a; ml; mlÞ

þ
�
1 −

m2
l

M2
W

��
iπ þ log

�
M2

W

m2
l
− 1

�
þM2

WC0ðm2
a;M2

W;M
2
W;ml; ml; 0Þ

���
; ð3:18Þ

where the second (mass-dependent) term corresponds to the diagram in which the two fermionic legs attached to the ALP in
Fig. 1 are electrons and the vertically exchanged lepton is a neutrino, and viceversa for the anomalous term. Note that all
contributions are flavor diagonal at the leading order in which we work.4

4As an illustration of the (in)dependence with respects to the PMNS mixing matrix UPMNS, it is easy to see that, if leptonic mixing is
considered, the ðceeÞll coupling in the second term in Eq. (3.18) would be simply replaced by

P
i U

PMNS
νil

ðceeÞll0 ðUPMNS
l0νi

Þ� ¼ ðceeÞll0δll0,
recovering the original equation for the scenario with no lepton mixing.
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Taking again the limit ml ≪ ma;MW , the expression
above simplifies to

gloopaWW ≈ −
αem

2s2wπfa

�
TrðcννÞ −

X
l

ðceeÞllm2
l

m2
a − 4M2

W

�
log

�
M2

W

m2
a

�
þM2

WC0ðm2
a;M2

W;M
2
W; 0; 0; 0Þ

��
; ð3:19Þ

which can be further approximated for an ALP much
heavier than the W boson,

gloopaWW ≈ −
αem

2s2wπfa

�
TrðcννÞ −

X
l

ðceeÞllm2
l

m2
a

log

�
M2

W

m2
a

��
:

ð3:20Þ

IV. BOUNDS ON ALP-NEUTRINO
EFFECTIVE INTERACTIONS

We present next the bounds on ALP-neutrino coup-
ling which follow from the experimental bounds on
fgaγγ; gaWW; gaZZ; gaγZg couplings (barring fine-tuned can-
cellations with hypothetical tree-level anomalous couplings
in Eq. (2.2), as explained earlier). We include bounds on the
ALP-electron coupling as they impose further constraints on
the ALP-neutrino sector, due to gauge invariance correla-
tions between cee and cνν that arise from the coupling to
left-handed leptons cL, see Eq. (2.6).
In the previous section it was shown that the anomalous

terms in the couplings of ALPs to massive gauge bosons
suffice for the numerical analysis, given today’s experi-
mental precision,

gloopaγZ ≈ −
αem

swcwπfa
ð2s2wTrðceeÞ − TrðcννÞÞ; ð4:1Þ

gloopaZZ≈−
αem

2s2wc2wπfa
ð2s4wTrðceeÞþð1−2s2wÞTrðcννÞÞ; ð4:2Þ

gloopaWW ≈ −
αem

2s2wπfa
TrðcννÞ: ð4:3Þ

This is in contrast with the ALP-photon channel in the
regime of light ALPs, ma ≲ml, in which case the mass-
dependent term in Eq. (3.1) cancels the anomalous con-
tribution, so that gloopaγγ ≈ 0 is a reasonable approximation in
that kinematical regime, see Eq. (3.5).
It follows from Eq. (3.1) and Eqs. (4.1)–(4.3) that the

experimental bounds on the ALP-photon coupling gaγγ lead
to bounds on TrðceeÞ only, while the experimental bounds
on the ALP-WW coupling gaWW can be directly translated
into bounds on TrðcννÞ. In contrast, the data on the two ALP
couplings involving the Z boson—Eqs. (4.1) and (4.2)—
constrain two (different) combinations of both traces, which
define flat directions of the EFT. In order to avoid such

cancellations altogether, simultaneous bounds on at least
two different phenomenological ALP couplings among the
three in Eqs. (4.1)–(4.3) have to be considered.
The bounds on TrðcννÞ and TrðceeÞ relevant for the

kinematical region under discussion are illustrated in
Figs. 2–5. They depict the constraints derived from colliders
(green and red), rare meson decays (blue and yellow), beam
dump experiments (gray) and astrophysics/cosmology (pur-
ple). Figures 2 and 3 summarize the bounds obtained on
TrðcννÞ=fa as a function ofma, for two distinct values of the
ALP coupling to charged leptons cee. For reference, Fig. 4
depicts instead the constraints on TrðceeÞ=fa assuming
cνν ¼ 0. Finally, Fig. 5 sheds a different perspective: it
depicts our results in the fcνν; ceeg trace parameter space,

FIG. 2. Direct and loop induced bounds on jTrðcννÞ=faj
derived from several experimental searches assuming no ALP-
electron couplings: cee ¼ 0.

FIG. 3. Direct and loop induced bounds on jTrðcννÞ=faj
derived from several experimental searches assuming no ALP
coupling to right-handed electrons (cE ¼ 0) so cee ¼ cνν ¼ −cL.
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for different values of ma. Details on all those figures
follow:
(i) The photophobic ALP is depicted in Fig. 2. It assumes

ðceeÞii ¼ 0, i.e., no tree-level flavor-diagonal ALP-
charged lepton interactions. This holds for cE ¼ cL,
that is, if the coupling matrices for left-handed and

right-handed leptons coincide. This forbids ALP de-
cays into same-flavor charged leptons (at tree-level)
and into photons (at one-loop-level), from which the
popular denomination as “photophobic” follows [41].
Such a benchmark is particularly relevant for invisible
searches, in which the ALP is measured as MET.
Indeed, for ALPs lighter than the massive EW gauge
bosons, the only possible decay is then a → ν̄ν, which
is naturally suppressed by neutrino masses. It follows
that the ALP can be in practice considered stable at
collider distances for masses up to ma ≤ MZ.

(ii) Fig. 3 illustrates another interesting—and complemen-
tary—case: an ALP which couples to charged leptons
and to neutrinos with the same strength, i.e., cee ¼
cνν ¼ −cL. In other words, it only interacts with left-
handed lepton doublets, i.e., cL ≠ 0; cE ¼ 0. The limits
in the photophobic case—Fig. 2—are approximately
maintained, but for a reduction in the LEP and mono-Z
sectors and the strengthening of the constraints from
Zγγ searches, to be discussed below. More importantly,
Fig. 3 exhibits strong additional constraints from rare
meson decays into charged leptons and photons (in
yellow), beam dump experiments (in gray) and from
astrophysics and cosmology (in purple) given that the
ALP-electron channel—and therefore the ALP-photon
channel—is now open.

FIG. 4. Direct and loop induced bounds on jTrðceeÞ=faj
derived from several experimental searches assuming no ALP-
neutrino couplings: cνν ¼ 0.

FIG. 5. Direct and loop induced bounds on the fjTrðceeÞ=faj;TrðcννÞ=fag parameter space for different ALP masses. Rare meson
decay bounds in yellow and astrophysical bounds in purple have been obtained assuming universal cee couplings.
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(iii) The bounds obtained on TrðceeÞ are presented in
Fig. 4. These are relevant to our discussion as they
further constrain the ALP-neutrino coupling in those
scenarios where both cee and cνν are nonzero (as
in Fig. 3).

(iv) The parameter space in the fTrðcννÞ;TrðceeÞg plane is
depicted in Fig. 5 for representative values of ma. The
white areas in this figure signal the hunting arena
available for ALP-neutrino interactions.

Previous works in the literature which derived constraints
on flavor-diagonal ALP-lepton couplings based on their
loop-impact on ALP couplings to EW gauge bosons
include:
(i) Reference [22], where new bounds on cE and cL were

derived from rare meson decays data, at the one-loop
and two-loop levels, restraining the analysis to one-
coupling-at-a-time among the two ALP-lepton cou-
plings, cE or cL.

(ii) References [21,23] again only consider one of the two
couplings. There, new bounds on the physical ALP
coupling to muons and electrons, respectively, are
derived from their one-loop contribution to the
ALP-photon coupling, gloopaγγ , while the ALP-neutrino
coupling is disregarded.

In our work we extend the analysis beyond the one-at-a-
time paradigm, exploring the bidimensional ALP-lepton
parameter space, and furthermore novel bounds are
extracted from data sensitive to anomalous ALP couplings
to Z and W bosons. Additionally, constraints represented
in Figs. 2–5 as dashed contours signal limits which require
extra elaboration or assumptions beyond the direct appli-
cation of the original references, to be detailed below.

A. Collider searches

For heavy ALPs with masses ma ≳Oð10Þ GeV, the
experimental bounds on their coupling to neutrinos are
dominated by the high-energy collider searches for beyond
the Standard Model (BSM) physics, here depicted in red
and green. These include bounds from Z observables at
LEP, LHC searches on mono-Z events [42], searches for
nonresonant ALPs in vector boson scattering (VBS) proc-
esses [43], light-by-light (γγ → γγ) scattering measured in
Pb-Pb collisions [44,45], diphoton production at LHC [46]

and resonant triboson searches for eitherWWW events [47]
or Zγγ events [41] mediated by heavy ALPs. Note that for
the nonresonant ALP searches the theoretical expressions
in the previous sections apply simply replacing m2

a by p2
a,

where pa is the ALP momentum. Additional collider
bounds derived in scenarios where lepton couplings are
set to zero (e.g. Refs. [48,49]) are not included here, as they
do not apply to our analysis.
A remarkable fact will be shown: in the heavy ALP

parameter space region, sizable ALP EW interactions are
still allowed at present, which evidences the need for
experimental efforts targeting such couplings.

1. Triboson bounds

For the triboson data, a → WþW− is the dominant ALP
decay mode when this channel is kinematically open, in
both Figs. 2 and 3; this is consistent with the requirement
assumed in data analysis [47]. Since at leading order gloopaWW
is independent of the ALP-charged lepton coupling cee—
see Eq. (4.3)—the small differences in the WWW triboson
bound between both figures are only due to mild changes in
the branching ratios for ALP decay into W bosons.
The analysis of the neutral triboson channel Zγγ is more

subtle. The figures show that the Zγγ triboson bound
becomes stronger for cee ¼ cνν than in the photophobic
case (cee ¼ 0) in Ref. [41], where it was originally
computed. The point is that the five diagrams in Fig. 6
contribute in the general case with both types of couplings
active, while for cee ¼ 0 the ALP coupling to photons
vanishes and only diagram 1 can contribute. The dashed
Zγγ bounds in Figs. 3 and 4 are qualitative estimations
obtained from the photophobic limit depicted in Fig. 2 via a
scale factor computed from the MadGraph5_aMC@NLO

[50,51] cross sections of the ALP-mediated process.5

Overall, the bounds from triboson searches are shown to
be superseded by those from nonresonant searches except
for a narrow window in ALP masses.

FIG. 6. Tree-level diagrams contributing to the ALP-mediated triboson process pp → Zγγ. Additional topologies (i.e., vector boson
scattering) are suppressed by the kinematic cuts imposed on the original analysis.

5As the ALP-mediated pp → Zγγ cross section presents a
quadratic dependence on the ALP-couplings in the resonant
scenario (see Fig. 6), we scaled the photophobic bound by a
factor ðσph=σÞ1=2, where σph denotes the cross section in the
photophobic case, and σ that in the alternative scenario.
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2. LEP and mono- Z bbounds

The bounds from Z observables at LEP are very relevant,
in particular those from the Z partial decay width to γþ inv.
[41,52] and from its total decay width6 [41,42], here
illustrated in green. They stem from experimental bounds
on gaγZ and gaZZ, which are recasted via the one-loop
analysis as limits on combinations of TrðcννÞ and TrðceeÞ—
Eqs. (4.1)–(4.2)—and thus the extraction of limits on
TrðcννÞ depends explicitly on TrðceeÞ.
The original mono-Z constraint is derived in Ref. [42]

for a photophobic ALP, which is shown here in Fig. 2.
Thus, in order to relate the former with the bound in Fig. 3,
we apply a scale factor on the pp → Za cross section
using again MadGraph5_aMC@NLO [50,51] as discussed
above.7 Furthermore, our bounds from Z → γ þ inv:
and mono-Z data in Fig. 2 extend to ALP masses
ma > 3mπ0 , as the hadronization of the ALP is 2-loop
suppressed in this photophobic scenario. Finally, to ensure
that the ALP remains invisible within the cee ≠ 0 scenario
(see Fig. 3) we impose a decay distance larger than 1 m
and 10 m [41,42] for the mono-Z and Z → γ þ inv:
bounds, respectively.

B. Rare meson decays

Rare K and B decays provide limits in certain regions
of parameter space, here represented in blue and yellow.
The ALP will either escape detection as missing trans-
verse energy (MET) (in blue), or—in the nonphotophobic
case—decay next into lighter particles such as charged
leptons or photons (in yellow). All these rare processes
involve flavor-changing neutral currents (FCNC), which
in the SM only happen at loop level and are mediated by
W bosons. Thus, they typically set strong bounds on gloopaWW ,
which can be directly translated into a bound on
TrðcννÞ=fa via Eq. (4.3). Additionally, in the cνν ¼ 0

scenario such bounds can be recasted into (weaker)
bounds on TrðceeÞ=fa based on its loop-impact on cB̃
from Eq. (2.8) (through the anomalous contribution to
the γγ, γZ and ZZ couplings). The bounds analyzed in
this subsection can be inferred from the constraints
on cL and cE from Figs. 26 and 27 of Ref. [22]. It follows
that:
(i) For light ALPs, the best bounds stem from the search

for Kþ → πþν̄ν decays at the NA62 experiment [53],
i.e., the search for Kþ → πþ þ invisible; this MET
analysis can be directly reinterpreted in terms of ALPs
which are stable within the detector. We have adapted

those limits [22,53] assuming that the effect of cE will
be subleading with respect to that arising from cL.

8

(ii) For intermediate ALP masses and the general case
cee ≠ 0, Figs. 3–5 depict in yellow the limits for ALPs
unstable within collider distances. These include
several searches which are sensitive to: (i) the decay
rate of kaons into pions plus an ALP that later decays
into a eþe− or a γγ pair (labeled as K → πγγ; πe−eþ)
[54–57]; (ii) LHCb searches for resonant ALPs in
B → Kð�Þμ−μþ decays [58,59]; (iii) the measurement
of the partial decay width of Bs into muons [60];
(iv) several decay processes which can be mediated by
a → τ−τþ (B → Kτ−τþ and ϒ → γaðττÞ [61]), repre-
sented here generically under the label X → Yτ−τþ;
and (v) LHCb measurements of the B → K�e−eþ

branching ratio [62]. Notice that all these searches
require the ALP to decay into visible particles within
collider distances, and in consequence they do not
apply in the scenario cee ¼ 0. For instance, a maxi-
mum decay length of 60 cm (see Ref. [59]) is imposed
in Fig. 5 for bounds stemming from B → Kð�Þμ−μþ

searches at LHCb. For illustrative purposes, the
bounds shown assume universality, this is, equal
diagonal matrix elements ðceeÞii.
The channels with final state charged leptons

require the tree-level insertion of ALP-charged lepton
couplings cee in addition to their one-loop insertion,
unlike all other data considered here.

It is worth mentioning that, in some of the rare meson
processes analyzed, the ALP and/or some gauge boson(s) V
are off-shell, while our expressions above for gloopaVV 0 were
computed for on-shell external particles. Nevertheless, on
one side the generalization to off-shell ALPs is straightfor-
ward as explained, and, on the other, the gloopaWW dependence
on momenta is only present in mass-dependent terms which
are subleading with respect to the anomalous—and thus
momentum-independent—contributions, as discussed ear-
lier as well, and thus the bounds depicted are solid in this
respect.

C. Bounds on ALP-photon and electron couplings

Some of the bounds included in Fig. 3 arise from
observables involving the ALP coupling to charged lep-
tons, cee, either at tree-level or at one-loop level from its
impact on gloopaγγ —see Eq. (3.1)—independently of the value
of the physical ALP-neutrino coupling. However, those
bounds still impose limits on cνν due to its relation with cee
via gauge invariance [Eq. (2.6)]. These include:

6These are superseded in Fig. 3 by those stemming from
nonresonant VBS limits.

7Since the ALP-mediated pp → Za cross sections depend
quadratically on the ALP couplings, such scale factor is now
obtained as ðσph:ph:=σÞ1=2.

8This is justified as the bounds obtained in Fig. 27 Ref. [22] in
the cE ≠ 0 scenario are two orders of magnitude weaker than
those for the cL ≠ 0 scenario.
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(i) Astrophysics and cosmology bounds. For a general
nonphotophobic ALP, its putative decay into diphoton
pairs, Primakoff emission, and ALP production via
photon coalescence in a hot and dense environment
would contribute as an additional cooling channel for
SN1987a [23,63]—potentially shortening its neutrino
burst and producing observable gamma-rays after the
explosion—and would affect the luminosity evolution
of low-energy supernovae [64] (labeled as SNe).9

Similarly, it would leave a clear signature in the
CMB and BBN observations through the impact on
the effective number of early universe species for light
enough ALPs [65,66].

(ii) Beam dump searches for ALP-photon and ALP-
electron10 couplings [67–72].

(iii) High-energy collider searches for ALP-mediated di-
photon production at the LHC [46], and light-by-light
(γγ → γγ) scattering in Pb-Pb collisions [44,45].

The remaining constraints on cee in Fig. 4 are derived
assuming TrðcννÞ ¼ 0 (i.e., cL ¼ 0).

V. CONCLUSIONS

The dark sector of the Universe deserves utmost
attention as it heralds new laws of physics beyond the
Standard Model of particle physics. Neutrinos arguably
constitute excellent portals in this search, as their inter-
actions are not obscured by strong or electromagnetic
forces. We explored here the possible effective interactions
of neutrinos to axionlike particles. In addition to theoreti-
cal developments, we have derived new bounds on
ALP-neutrino interactions.
The model-independent tool of the ALP EFT has been

used in order to formulate the problem. Its inherent gauge
invariant nature ties necessarily together the exploration of
ALP couplings to neutrinos with those to charged leptons.
Our analysis has thus encompassed both types of cou-
plings, i.e., the set of fcee; cννgmatrices, exploring how the
limits on ALP-neutrino interactions may vary depending on
the assumptions about ALP interactions with charged
leptons. This is in contrast with previous literature, where
typically just about half of that parameter space was
tackled.
Neglecting neutrino masses, the trace of ALP-neutrino

couplings can be entirely traded by anomalous ALP
couplings to the set of EW gauge bosons fgaWW; gaZZ;
gaγZg as they are connected via the chiral anomaly. We

have explored theoretically the one-loop impact of the
former on the latter (in addition to the well known impact
of ALP-charged lepton couplings on them and on gaγγ).
The complete one-loop computations were presented for
ALPs and EW gauge bosons on-shell.
We have next recasted existing bounds on anomalous

couplings of EW bosons to ALPs in terms of the fcee; cννg
parameter space, confronting data from different type
of experiments. These bounds hold barring underlying
symmetries in the UVor fine-tuned cancellations between
the contributions explored here and other sources of ALP-
EW gauge boson anomalous couplings. While similar
constraints have been set previously from rare meson
decays [22], the limits on ALP-neutrino interactions
extracted from collider data are presented here for the
first time. These span extensive novel territory in param-
eter space for a wide range of ALP masses, ranging from
ultralight ALPs to ∼103 GeV ALP masses, and they
sweep over several orders of magnitude in strength; data
from heavy ALP searches at colliders have a particularly
strong impact, see Figs. 2–5, which demonstrate the
potential of high energy probes as a tool to explore
ALP EW interactions and thus, indirectly, ALP-neutrino
couplings.
ALP-neutrino interactions are being increasingly con-

sidered in the arena of neutrino physics, because of their
intrinsic interest and for their putative impact on the
cosmological history and on astrophysics issues.
Hopefully this work will help to clarify the formulation
of the problem and to delimitate the frontiers of this quest.
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APPENDIX: COMPLETE EXPRESSIONS FOR ONE-LOOP COUPLINGS

1. Contributions from axial and vectorial insertions

We present the nonvanishing contributions to the one-loop induced couplings in Eqs. (3.6), (3.12) and (3.18), stemming
from all combinations of axial and vectorial insertions in Fig. 1.
Contributions to gaγγ: Equation (3.1) is directly obtained from the Axial-Vector-Vector contribution, i.e., the combination

of the axial coupling of the ALP to charged leptons and the (vectorial) couplings of the photons.
Contributions to gaγZ:

(i) Axial-vector-vector:

gAVVaγZ ¼ αem
2cwswπfa

ð1 − 4s2wÞ
X
l

ðceeÞllð1þ 2m2
lÞC0ð0;M2

Z;m
2
a; ml; ml; mlÞ: ðA1Þ

(ii) Vector-vector-axial:

gVVAaγZ ¼ αem
2cwswπfa

½2TrðcννÞ − TrðceeÞ�: ðA2Þ

Contributions to gaZZ:
(i) Axial-axial-axial:

gAAAaZZ ¼ −
αem

2c2ws2wπfa

�
1

8
½TrðcννÞ þ TrðceeÞ� −

X
l

ðceeÞllm2
l

m2
a − 4M2

Z

�
Bðm2

a; ml; mlÞ

− BðM2
Z;ml; mlÞ þ

m2
a

4
C0ðm2

a;M2
Z;M

2
Z;ml; ml; mlÞ

��
: ðA3Þ

(ii) Axial-vector-vector:

gAVVaZZ ¼ −
αem

2c2ws2wπfa

�
1

8
½TrðcννÞ þ ð1 − 4s2wÞ2TrðceeÞ�

þ 2
X
l

ðceeÞllm2
lð1 − 4s2wÞ2C0ðm2

a;M2
Z;M

2
Z;ml; ml; mlÞ

�
: ðA4Þ

(iii) Vector-axial-vector and vector-vector-axial:

gVVAaZZ ¼ αem
8c2ws2wπfa

fð−3þ 8s2wÞTrðcννÞ þ ð1 − 4s2wÞTrðceeÞg: ðA5Þ

Contributions to gaWW :
(i) Axial-axial-axial:

gAAAaWW ¼ −
αem

16s2wπfa

�
TrðcννÞ þ TrðceeÞ − 4

X
l

ðceeÞllm2
l

m2
a − 4M2

W

�
Bðm2

a; ml; mlÞ

þ
�
1 −

m2
l

M2
W

��
iπ þ log

�
M2

W

m2
l
− 1

�
þM2

WC0ðm2
a;M2

W;M
2
W;ml; ml; 0Þ

���
: ðA6Þ

(ii) Axial-vector-vector:

gAVVaWW ¼ gAAAaWW: ðA7Þ
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(iii) Vector-axial-vector and vector-vector-axial:

gVVAaWW ¼ αem
8s2wπfa

½TrðceeÞ − 3TrðcννÞ�: ðA8Þ

2. Nonvanishing neutrino masses

We present the results for the one-loop amplitudes associated to the triangle diagram in Fig. 1 for nonvanishing
neutrino masses mνl . Only the gaZZ and gaWW anomalous couplings receive additional contributions from mνl , while gaγγ
and gaγZ—Eqs. (3.1) and (3.6), respectively—remain unchanged. The expressions for gloopaZZ and gloopaWW read

gloopaZZ ¼ −
αem

2c2ws2wπfa

�
ð1 − 2s2wÞTrðcννÞ þ 2s4wTrðceeÞ −

X
l

ðceeÞllm2
l

m2
a − 4M2

Z
½Bðm2

a; ml; mlÞ − BðM2
Z;ml; mlÞ

þ ðð1 − 4s2wÞ2M2
Z þ 2s2wð1 − 2s2wÞm2

aÞC0ðm2
a;M2

Z;M
2
Z;ml; ml; mlÞ�

−
X
l

ðcννÞllm2
νl

m2
a − 4M2

Z
½Bðm2

a; mνl ; mνlÞ − BðM2
Z;mνl ; mνlÞ þM2

ZC0ðm2
a;M2

Z;M
2
Z;mνl ; mνl ; mνlÞ�

�
: ðA9Þ

gloopaWW ¼ −
αem

2s2wπfa

�
TrðcννÞ −

X
l

ðceeÞllm2
l

m2
a − 4M2

W

�
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−
�
1 −

m2
l

M2
W

��
log

�
ml

mνl

�
−M2
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W;M
2
W;ml; ml; mνlÞ

��
−
X
l
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W

�
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��
log

�
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2
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��
þ
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l
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νl
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a − 4M2
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�
ðcee − cννÞll log

�
ml

mνl

�
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2
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2
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��
: ðA10Þ

Note that these expression are also valid in the regime for off-shell ALPs upon the replacement m2
a → p2

a.
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