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S. Carrá, V. Goumarre, R. Gupta, S. Heim, J. Küchler,
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This article describes a search for low-mass axion-like particles (ALPs) at the Large Hadron
Collider (LHC). If ALPs were produced at the LHC via gluon-gluon fusion and decayed to bosons,
the energy dependence of the measured diboson cross-sections would differ from the Standard Model
expectation. Measurements of WW and Zγ differential cross-sections by the ATLAS collaboration
are interpreted to constrain ALP couplings to W -, Z-bosons and photons assuming gluon-gluon-
fusion production.

Axions and more generally axion-like particles
(ALPs) [1, 2] appear in many extensions of the Standard
Model (SM). Often introduced to solve specific questions
like the strong CP problem [3–6], they can also be promis-
ing dark matter candidates [7–9]. The canonical QCD
axion is expected to be extremely light, ma . 10−2 eV,
and feebly interacting, with axion scales out of direct
experimental reach, fa & 108 GeV. However, recently
proposed “heavy QCD axions” motivated by the Peccei-
Quinn (PQ) quality problem [10–18] may involve scales
as low as fa ∼TeV [19–36], renewing the interest of col-
lider searches for the axion [37–51].

Searches for ALPs have been performed at many differ-
ent experiments and cover a large range of masses (ma)
and coupling strengths to SM particles; see Ref. [52] for
a recent compilation of results. Following the suggestion
of Ref. [47], in this article we explore instead the high-
energy tails of differential diboson cross-sections in the
search for off-shell production of low-mass ALPs. If

√
ŝ

is the energy of the hard-scatter interaction, the cross-
section for s-channel production of boson pairs via ALP
exchange is expected to increase with ŝ, while the SM
cross-sections fall with 1/ŝ.

The theoretical framework used throughout this ar-
ticle is a linear effective field theory (EFT), in which
electroweak physics beyond the SM (BSM) is described
by a linear EFT expansion [53, 54] in terms of tow-
ers of gauge invariant operators ordered by their mass
dimension. The chosen EFT includes the SM plus an
ALP [1, 2, 41], and the scale of the new physics is the
ALP decay constant fa. The EFT approach is only valid
if the probed energy is much lower than this scale, i.e.√
ŝ� fa. However, in the applied model the value of fa

only affects the overall cross-section and not the differen-
tial distribution, so that the results can easily be scaled
to any value of fa.

The most general CP-conserving effective Lagrangian

describing bosonic ALP couplings reads

L =
1

2
∂µa∂

µa+
1

2
m2
aa

2 +
1

4
gaggaGG̃+

1

4
gaWW aWW̃

+
1

4
gaZZaZZ̃ +

1

4
gaγγaF F̃ +

1

4
gaγZaF Z̃ . (1)

These bosonic interactions depend solely on three coef-
ficients cW̃ , cB̃ and cG̃, which can be directly related to
physical interactions and to the coupling parameters [47]:

gagg =
4cG̃
fa

, gaWW =
4cW̃
fa

(2)

gaγγ =
4

fa

(
sin2 θW cW̃ + cos2 θW cB̃

)
(3)

gaZZ =
4

fa

(
sin2 θW cB̃ + cos2 θW cW̃

)
(4)

gaZγ =
8

fa
sin θW cos θW (cW̃ − cB̃), (5)

where gagg is the coupling strength of the ALP to gluons,
gaγγ to photons, gaWW /gaZZ to W/Z bosons and gaZγ
to a Z boson and a photon. An additional term that cou-
ples the ALP to the Higgs field can be introduced in the
bosonic Lagrangian inducing a mixing of the ALP with
the longitudinal component of the Z boson, and affecting
the fermion couplings. For this article the coefficient of
this term, caφ in Refs. [47, 55], is set to zero [56].

In Ref. [47], diphoton, dijet and ZZ data were used
to constrain the parameters gagg, gaγγ and gaZZ . In this
article, the differential cross-sections for WW and Zγ
production measured with the ATLAS detector [57–59]
are analyzed to constrain gaWW and gaZγ . The ALPs
are assumed to be produced via the gluon-gluon fusion
(ggF) process. In principle other production modes, such
as vector-boson fusion, are also possible but are not con-
sidered in this article.

In the regime ŝ � m2
a and ŝ � m2

V , the ggF cross-
section for non-resonant production of two bosons, V1
and V2, mediated by an ALP, is given by

σ(V1V2) ∝ g2aggg2aV1V2
ŝ (6)
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where gagg is the coupling of the ALP to gluons and
gaV1V2 is the coupling to the two vector bosons of the
ALP decay.

Three measurements are interpreted in this arti-
cle: a WW cross-section measurement with a jet veto
(WW0j) [57], a WW cross-section measurement with a
requirement of at least one jet (WW1j) [58] and a Zγ
cross-section measurement [59]. Only events in which
one W boson decays to an electron and an electron neu-
trino (eνe) and the other to a muon and a muon neutrino
(µνµ) are considered in theWW measurements, while the
Zγ analysis only includes Z boson decays to electron or
muon pairs. Corrections are applied for any experimen-
tal effects and the results are presented in fiducial regions
defined by the selection criteria in Table I.

TheWW0j measurement uses data with an integrated
luminosity of 36.1 fb−1. Two leptons are selected with
transverse momentum pT(`) > 27 GeV and a require-
ment on the pseudorapidity of |η(`)| < 2.5. Requirements
on the invariant mass of the two leptons, M(``), and the
transverse momentum of the dilepton system, pT(``), are
applied to reduce background due to Drell-Yan produc-
tion, as well as the contribution of Higgs boson decays.
The magnitude of the missing transverse momentum,
~pmissT , is denoted as Emiss

T . Events with hadronic jets
with pT > 35 GeV and |η| < 4.5 are vetoed to suppress
backgrounds from top quark production. The measure-
ment is performed differentially in six observables.

TheWW1j measurement is based on 139 fb−1 of data.
In addition to kinematic requirements on the leptons and
the dilepton system, events are required to have at least
one jet with pT > 30 GeV and |η| < 4.5. The measure-
ment is performed differentially in numerous variables.

Table I: Selection criteria defining the fiducial regions
of the WW0j, WW1j and Zγ cross-section

measurements [57–59]. In the Zγ analysis the photon
must be isolated w.r.t. hadrons in the event, see text

and Ref. [57]. Only jets with |η(jet)| < 4.5 are
considered for the jet pT requirements.

Variable Selection Cut
WW0j WW1j Zγ

pT(`) [GeV] > 27 > 27 > 30, 25
|η(`)| < 2.5 < 2.5 < 2.47
M(``) [GeV] > 55 > 85 > 40
pT(``) [GeV] > 30 – –
Emiss

T [GeV] > 20 – –
pT(jet) [GeV] < 35 > 30 –
pT(γ) [GeV] – – > 30
|η(γ)| – – < 2.37
∆R(`, γ) – – > 0.4
M(``γ) +M(``) [GeV] – – > 182

The Zγ cross-section measurement is also based on
139 fb−1 of data, and selects events with a Z boson can-
didate as well as an isolated photon with high transverse

momentum, pT(γ) > 30 GeV and a requirement on the
photon pseudorapidity of |η(γ)| < 2.37. A requirement
on the sum of the invariant masses of the dilepton sys-
tem and the ``γ system, M(``γ), is applied to reduce
the contribution from events where the photon is radi-
ated off a lepton. The photon is required to be iso-
lated from hadrons and leptons within a cone defined
by ∆R =

√
∆η2 + ∆φ2 where ∆η and ∆φ are the dif-

ferences between the photon and the other particle in
pseudo-rapidity and azimuthal angle, respectively. The
Zγ cross-sections are measured differentially in six ob-
servables.

Cross-sections for SM qq̄ →WW production are deter-
mined at next-to-next-to-leading order (NNLO) in QCD,
using the parton-level generator Matrix [60–62], includ-
ing off-shell effects and the non-resonant and resonant
gluon-initiated contributions at LO. For improved pre-
cision, the NNLO MATRIX prediction is also comple-
mented with NLO corrections to gluon-induced WW pro-
duction [63] and with NLO electroweak (EW) corrections
that also include the photon-induced contribution [64].
For all predictions the NNPDF 3.1 LUXqed parton dis-
tribution function (PDF) set is used [62, 65]. The renor-
malization and factorization scales are set to half the in-
variant mass of the W bosons, M(WW )/2.

The SM cross-sections for the ``γ process are com-
puted with Matrix [66] at NNLO in QCD, corrected
to particle level using the factors provided in Ref. [59].
The gluon-initiated contributions is included at LO but
amounts to only 2%. The cross-sections are obtained
with the CT14nnlo PDF set [67], and the transverse mo-
mentum (qT ) subtraction method [68]. The values of
the renormalisation and factorization scales are set to√
M(``))2 + pT(γ)2. Smooth-cone photon isolation [69]

is imposed as discussed in Ref. [59]. EW radiative cor-
rections to Zγ production have been computed at NLO
for the qq̄, qγ and γγ initial states in Refs. [70–72].

The absence of a complete combined calculation of
NLO EW and NNLO QCD corrections leads to the ques-
tion whether the NLO EW corrections associated with
the qq̄ initial state should be applied multiplicatively or
additively to the NNLO QCD corrections. We follow the
strategy of the respective publications: For WW0j and
Zγ, the average between the two choices is taken as cen-
tral value and the difference between the average and
either of the choices as the uncertainty, as recommended
in Ref. [73]. In the WW1j analysis, the NLO EW cor-
rections are applied multiplicatively and no uncertainty
is applied as in the probed phase space the electroweak
and QCD corrections should factorize.

Uncertainties on the theoretical predictions due to pos-
sible higher order QCD contributions are estimated by
varying the renormalisation and factorization scales by
factors of up to two. Uncertainties arising from the choice
of PDF set and the value of αs are assessed according to
the PDF4LHC recommendations [74] using the 68% con-
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fi d e n c e l e v el ( C L) v ari ati o n s of t h e N N P D F s et [ 7 5].
A L P si g n al e v e nt s ar e pr o d u c e d wit h t h e M a d-

G r a p h 5 _ a M C @ N L O [ 7 6] M o nt e C arl o g e n er at or i n-
t erf a c e d t o P y t hi a 8 [ 7 7] f or p art o n s h o w eri n g a n d
h a dr o ni z ati o n. S a m pl e s ar e pr o d u c e d v ar yi n g eit h e r
c G̃ , c ˜B or c ˜W f or a fi x e d v al u e of f a u si n g t h e s et of o p er a-
t or s d e s cri b e d i n R ef. [ 4 1]. T h e f oll o wi n g p ar a m et er s ar e
u s e d u nl e s s ot h er wi s e st at e d: f a = 1 Te V a n d m a = 1 k e V.
F or t hi s a n al y si s t h e v al u e of m a i s irr el e v a nt a s l o n g
a s m a ŝ , a n d it w a s e x pli citl y t e st e d t h at t h e cr o s s-
s e cti o n i s i n d e p e n d e nt of m a f or m a < 1 0 0 G e V. T h e
c o u pli n g of t h e a xi o n t o gl u o n s, g a g g , i s i n pri n ci pl e a n
i n d e p e n d e nt fr e e p ar a m et er. I n t h e si m ul ati o n it w a s s et
t o g a g g = 1 Te V − 1 i n li n e wit h R ef. [ 4 7], a n d s o m e of t h e
r e s ult s b el o w ar e pr e s e nt e d f or t hi s a s s u m pti o n. H o w e v er,
i n or d er t o c o m p ar e t h e s e n siti vit y of t hi s a n al y si s wit h
c o n str ai nt s fr o m pr e vi o u s e x p eri m e nt s, it i s a s s u m e d t h at
t h e r ati o of t h e E W a xi o n c o u pli n g s o v e r t h e gl u o ni c c o u-
pli n g i s c o ntr oll e d b y t h e str e n gt h of t h e c orr e s p o n di n g
g a u g e c o u pli n g c o n st a nt s, g a V 1 V 2 / g a g g = α V 1 V 2 / α s [ 7 8].
T hi s a s s u m pti o n i s w ell m oti v at e d b y p s e u d o N a m b u-
G ol d st o n e b o s o n s wit h a n o m al o u s c o u pli n g s g e n er at e d
b y t h e tri a n gl e di a gr a m wit h O ( 1) gr o u p t h e or y f a ct or s,
s e e e. g. R ef. [ 4 6].

I n t h e γ fi n al st at e, o nl y a → Z γ i s c o n si d er e d. I n
p ri n ci pl e t h er e i s al s o a c o ntri b uti o n fr o m γ ∗ γ b ut b a s e d
o n t h e c o n str ai nt s alr e a d y s et i n R ef. [ 4 1] it i s n e gli gi bl e.
T h e A 1 4 t u n e i s u s e d f or t h e m o d eli n g of p art o n s h o w er-
i n g, t h e h a dr o ni z ati o n a n d t h e u n d erl yi n g e v e nt. P art o n
l u mi n o siti e s ar e pr o vi d e d b y t h e N N P D F 2. 3 L O P D F s et.
T h e L O cr o s s- s e cti o n fr o m t h e g e n er at or pr e di cti o n i s
u s e d. It i s w ort h n oti n g t h at it i s li k el y t h at t h er e ar e
l ar g e N L O c orr e cti o n s, si mil ar t o t h e f a ct or of ∼ 2 f o u n d
f or g g F pr o d u cti o n of t h e Hi g g s b o s o n, a n d a c c o u nti n g
f or t h e s e w o ul d r e s ult i n m or e stri n g e nt c o n str ai nt s t h a n
t h o s e pr e s e nt e d h er e. F or t h e A L P pr e di cti o n s n o t h e o-
r eti c al u n c ert ai nti e s ar e c o n si d er e d.

T h e fi d u ci al s el e cti o n s of t h e W W a n d Z γ cr o s s-
s e cti o n m e a s ur e m e nt s s h o w n i n T a bl e I ar e a p pli e d t o
t h e g e n er at e d A L P e v e nt s u si n g RI V E T a n al y si s r o u-
ti n e s [ 7 9]. I nt erf er e n c e b et w e e n t h e S M a n d t h e A L P
p r o c e s s i s n e gl e ct e d. F or t h e W W 0 j c h a n n el, 1 7 % of
all a → W W → e ν µ ν e v e nt s p a s s t h e fi d u ci al s el e cti o n.
M o st of t h e i n e ffi ci e n c y ari s e s fr o m t h e j et v et o w hi c h
r ej e ct s n e arl y 7 5 % of t h e A L P e v e nt s. F or t h e W W 1 j
c h a n n el, t h e fr a cti o n of a → W W → e ν µ ν e v e nt s p a s s-
i n g t h e fi d u ci al s el e cti o n i s 4 5 %. I n t h e Z γ c h a n n el, 5 5 %
of all a → Z γ → + − γ ( = e a n d µ ) e v e nt s ar e s el e ct e d.

T h e m e a s ur e d cr o s s- s e cti o n i n e a c h bi n i s c o m p ar e d t o
t h e s u m of t h e S M a n d v ar yi n g A L P c o ntri b uti o n s. T h e
p r e di cti o n s a n d t h e m e a s ur e d cr o s s- s e cti o n s ar e u s e d t o
c o n str u ct a bi n n e d li k eli h o o d f u n cti o n L b a s e d o n a pr o d-
u ct of P oi s s o n pr o b a bilit y t e r m s o v er all bi n s of t h e di ff er-
e nti al cr o s s- s e cti o n di stri b uti o n. T hi s f u n cti o n d e p e n d s
o n t h e pr o d u ct of c o u pli n g p ar a m et er s, g a V 1 V 2

× g a g g ,
a n d a s et of n ui s a n c e p ar a m et er s θ t h at e n c o d e t h e ef-
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Fi g ur e 1: Di ff er e nti al cr o s s- s e cti o n s a s a f u n cti o n of
(t o p) t h e l e a di n g l e pt o n p T m e a s ur e d i n W W 0 j e v e nt s,
( b ott o m) t h e tr a n s v er s e m a s s m T m e a s ur e d i n W W 1 j
e v e nt s. T h e d at a i s c o m p ar e d t o t h e S M pr e di cti o n a n d

a h y p ot h eti c al A L P si g n al wit h m a = 1 k e V,
f a = 1 Te V, g a g g = 1 Te V − 1 , a n d g a W W a s s h o w n i n t h e
l e g e n d c orr e s p o n di n g t o t h e d eri v e d 9 5 % C L u p p er li mit

i n e a c h a n al y si s. T h e l o w er p a n el s s h o w t h e r ati o s of
t h e d at a a n d of t h e s u m of S M a n d A L P c o ntri b uti o n t o

t h e S M pr e di cti o n.

f e ct of s y st e m ati c u n c ert ai nti e s i n t h e si g n al a n d b a c k-
gr o u n d e x p e ct ati o n s. All e x p eri m e nt al u n c ert ai nti e s o n
t h e m e a s ur e m e nt s a s d o c u m e nt e d i n R ef. [ 5 7 – 5 9] a n d t h e
u n c ert ai nti e s o n t h e S M pr e di cti o n s r el at e d t o P D Fs a n d
hi g h er or d er Q C D / E W c orr e cti o n s a s di s c u s s e d a b o v e,
ar e i n c or p or at e d a s n ui s a n c e p ar a m et er s wit h G a u s si a n
c o n str ai nt s.

T h e s e n siti vit y t o g a V 1 V 2 × g a g g i s st u di e d f or e a c h of
t h e m e a s ur e d o b s er v a bl e s u si n g p s e u d o- e x p e ri m e nt s. It
i s e v al u at e d b y d et er mi ni n g t h e e x p e ct e d u p p er li mit s o n
t h e r el e v a nt A L P c o u pli n g p ar a m et er s.

F or W W 0 j pr o d u cti o n, t h e p T of t h e l e a di n g l e p-
t o n pr o vi d e s t h e b e st s e n siti vit y, w hil e f or W W 1 j pr o-
d u cti o n t h e tr a n s v er s e m a s s of t h e dil e pt o n s y st e m a n d

E mi s s
T , m T = (p T ( ) + E mi s s

T ) 2 − (p T ( ) + p mi s s
T ) 2 i s

t h e m o st s e n siti v e o b s er v a bl e. F or Z γ , t h e p h ot o n p T i s
t h e str o n g e st di s cri mi n at or. T h e di stri b uti o n s ar e s h o w n
i n Fi g. 1 a n d Fi g. 2, c o m p ar e d t o t h e S M pr e di cti o n a n d
t o t h e s u m of t h e pr e di cti o n f or t h e S M a n d a h y p ot h et-
i c al A L P si g n al, f or t h e W W a n d Z γ a n al y s e s, r e s p e c-
ti v el y.

T h e li k eli h o o d fit s t o t h e d at a s h o w n o si g ni fi c a nt d e-
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Figure 2: Differential cross-sections as a function of the
photon pT measured in Zγ events. The data is

compared to the SM prediction and a hypothetical ALP
signal with ma = 1 keV, fa = 1 TeV, gagg = 1 TeV−1,

and gaWW and gaZγ as shown in the legend
corresponding to the derived 95% CL upper limit of the
analysis. The lower panels show the ratios of the data
and of the sum of SM and ALP contribution to the SM

prediction.

viation from the SM predictions: The central values for
both the WW and the Zγ coupling of the ALP are con-
sistent with 0 within < 1.5σ. The observed and expected
limits on the coupling parameters at the 95% CL are
given in Table II. The expected upper limit of the WW1j
analysis is about a factor two better than that of the
WW0j analysis.

While the data constrain the product, gagggaV V , in
Table II constraints on gaV V are presented for a fixed
value of gagg = 1 TeV−1. They can trivially be converted
into limits on the product of the couplings gagggaWW

and gagggaZγ : the observed upper limits are gaWW <
0.62 TeV−2 and gaZγ < 0.37 TeV−2 at 95% CL, respec-
tively.

Table II: Observed (obs.) and expected (exp.) 95% CL
upper limits on the coupling parameters gaWW and
gaZγ based on the fit to the WW0j, WW1j and Zγ

data assuming gagg = 1 TeV−1, respectively. Also given
are the corresponding constraints on cW̃ and cW̃ − cB̃

for fa = 1 TeV.

Parameter Analysis
∫
Ldt 95% CL upper limit

[fb−1] obs. exp.
gaWW [TeV−1] WW0j, p�1T 36 1.21 1.00
gaWW [TeV−1] WW1j, mT 139 0.62 0.49
gaZγ [TeV−1] Zγ, pγT 139 0.37 0.29
|cW̃ | WW0j, p�1T 36 0.30 0.25
|cW̃ | WW1j, mT 139 0.15 0.12
|cW̃ − cB̃ | Zγ pγT 139 0.11 0.09

Based on Eq. 2, and assuming a value for fa, the
limits on the coupling parameters can be translated to
constraints on the coefficients cW̃ and cB̃ , as shown in
Table II. The value of fa = 1 TeV is chosen so that

the results can be compared directly to those derived in
Ref. [47] from ZZ and γγ measurements. It is worth not-
ing that the choice of fa = 1 TeV is rather controversial
as fa is the scale of new physics and the data used here
actually probe that regime directly, making the usage of
the EFT questionable. Since the choice of fa only affects
the coupling strength and does not affect the kinematic
distributions, the cW̃ and cB̃ values can easily be rescaled
to any fa value. For instance, for fa = 5 TeV the val-
ues of the upper limits on the coefficients are five times
higher.

It was also tested how the expected upper limits of
the WW0j and WW1j compare when using the same
method and the same luminosity. Using the p�1T distri-
bution and an integrated luminosity of 139 fb−1 for both
gives an expected limit of |cW̃ | < 0.20 for the WW0j and
|cW̃ | < 0.16 for the WW1j analysis. While the WW1j
provides a slightly stronger constraint, a statistical com-
bination of the two results would likely yield improved
results and could be considered in the future. The ex-
pected limit for the WW1j analysis of |cW̃ | < 0.16 based
on p�1T is a factor 1.25 larger than that obtained based on
mT, shown in Table II. Thus mT was used for the data
interpretation.

0.4− 0.2− 0 0.2 0.4

W~
c

0.4−

0.2−

0

0.2

0.4

B~c

 -1, 139 fbγATLAS Z

 -1ATLAS WW1j, 139 fb

 -1CMS ZZ, 36 fb

 -1, 36 fbγγCMS 

 100 GeV≤ a = 1 TeV and ma, f-1 = 1 TeVaggFor g

Figure 3: 95% CL constraints on cW̃ and cB̃ from this
work (Zγ and WW ) and from Ref. [47] (ZZ and γγ).
Values of gagg = 1 TeV−1, fa = 1 TeV and ma = 1 keV
are assumed. The yellow area is still allowed by all

analyses.

The observed upper limits on the coefficients cB̃ and
cW̃ for fa = 1 TeV are displayed in Fig. 3 for four analy-
ses: γγ and ZZ from Ref. [47], and WW1j and Zγ from
the present analysis. The WW process is independent of
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cB̃ while the other three processes depend on both cW̃
and cB̃ with different dependencies. When considering
all four constraints only the small area near zero is al-
lowed with |cW̃ | < 0.11 and |cB̃ | < 0.045. This area is
constrained just by the γγ and Zγ processes, and the
WW and ZZ processes add no further information in
this model.

In Fig. 4 the constraints derived in this analysis on
gaWW and gaZγ are compared to those from other ex-
periments, see Ref. [46] and references therein. For this
purpose, the assumption is made that gagg is related to
the coupling to EW vector-bosons via the gauge cou-
pling strengths, gaV1V2

/gagg = αV1V2
/αs as discussed

above. The constraints labelled “Photons" are based on
beam dump experiments, supernova SN1987a observa-
tions, as well as LHC results. Due to radiative correc-
tions of the axion-boson couplings to the axion-photon
couplings, these results can be converted to constraints
on gaWW and gaZγ , assuming only a very mild depen-
dence on fa [46]. For the constraints labelled “LHC",
it is a assumed that gagg is much larger than gaWW or
gaZγ , eliminating much of the dependence on the gluon
coupling [46]. The LHC bound on gaZγ for low masses
has been updated with respect to Ref. [46] with the re-
cent results on Z → γ+inv by ATLAS [80]. For reference
purposes, the QCD axion line is shown in black assuming
O(1) anomaly factors [81]

For the gaWW coupling, the present analysis closes a
gap in the coverage in the mass range between 0.4 GeV
and 100 GeV which was a challenging region of masses
since previous analyses studying solely EW axion cou-
plings are no longer applicable in the presence of a gluonic
coupling for masses above ma > 3mπ due to the open-
ing of the hadronic decay channel. For the gaZγ , a lot
of the mass range covered by this analysis was already
excluded by LEP analyses but this analysis extends to
lower couplings by up to a an order of magnitude.

We have evaluated recent ATLAS cross-section mea-
surements of WW and Zγ in the search for off-shell pro-
duction of low-mass axion-like particles. Such particles
would alter the spectrum at high energies. In the absence
of any significant excesses the measurements allow to con-
strain interactions of axion-like particles with EW and
strong gauge bosons. Together with the previous con-
straints based on the analysis of γγ data from Ref. [47],
the presented analysis provides strong constraints on the
coupling parameters of the linear bosonic ALP EFT. The
constraints presented here are the strongest to date in the
mass range ma ∼ (0.4−100) GeV for both the aWW and
the aZγ coupling for the parameter ranges considered.
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