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The muon anomalous magnetic moment measurement has, for more than a decade, been a long-
standing anomaly hinting the physics beyond the Standard Model (BSM). The recently announced
results from muon g − 2 collaboration, corresponding to 3.3σ deviation from Standard Model value
(4.2σ in combination with previous measurement) are strengthening the need for new physics coupled
to muons. In this letter, we propose a novel scenario in which Standard Model (SM) is augmented by
an axion-like particle (ALP) and vector-like fermions. We find that such a model admits an excellent
interpretation of recent muon g−2 measurement through quantum process featuring ALP interacting
with muons and newly introduced fermions. Previously proposed explanations with ALPs utilize
interactions with photons and/or SM fermions. Therefore, in this letter we complement and extend
such scenarios. We also discuss collider prospects for the model as well as the possibility that ALP
is long lived or stable dark matter (DM) candidate.

Introduction.– Since the Higgs boson discovery in
2012, high-energy community has been chiefly oriented
in the direction of new physics, whose existence was pre-
viously unambiguously confirmed only in neutrino oscil-
lation experiments. While LHC has not discovered new
particles, several anomalies appeared at a statistical sig-
nificance with which conclusive statements can not be
established; however such findings still allow us to specu-
late and hope that new physics is hiding just around the
corner. One of the measurements which has previously
induced great attention is anomalous muon magnetic mo-
ment measurement at BNL that deviates by ∼ 3σ [1, 2]
from SM. The BNL Muon g − 2 collaboration has mea-
sured it to be aµ(BNL) = 116592089(63) × 10−11 [1],
while theoretical predictions find it to be aµ(theory) =
116591810(43)×10−11 [3]. This result was not challenged
by any other measurement for years; however, recently re-
sults from the g−2 experiment at Fermilab were reported
[4]. This announcement has further strengthened the
hint for new physics because significant deviation from
SM value, corresponding to 3.3σ (4.2σ in combinaiton
with BNL result), was reported. It is indeed important
to mention that community put huge effort in these SM
predictions over the two decades and these are listed in
chronological order as: HMNT06 [5], DHMZ10 [6], JS11
[7], HLMNT11 [8], DHMZ17 [9], KNT18 [2], see also the
recent ones [2, 3, 9–27].

The letter is based on this result. Our main goal is to
scrutinize a previously unconsidered new physics model
for which we will show that it can explain the discrep-
ancy between the measurement and the theoretical SM
value of muon g−2. The cornerstone of our model is the
presence of axion-like particle (ALP). Axions are one of
the most scrutinized extensions of the SM, being chiefly
considered as a solution to the strong CP problem [28];

note that axions can, however, also serve as a viable DM
candidate [29–33]. ALPs are a generalization of axions
where their mass and the decay constant are assumed
not to be related and are typically treated as indepen-
dent parameters.

In the context of an additional contribution to anoma-
lous muon magnetic moment, ALPs have been previously
explored in several publications [34–37] (for other light
scalar scenarios, see [38–46]). In Ref. [34], g − 2 discrep-
ancy is addressed in the model with both ALP-photon
and ALP-fermion interactions, through one and two-loop
diagrams. In Refs. [35, 36], the authors went one step be-
yond and considered the dominant effect of axion-muon-
fermion coupling where the fermion is either electron or
tau lepton. It is important to mention that one can not
achieve correct sign and strength for the muon g−2 with
just lepton flavor conserving couplings of the ALP. Fur-
ther, the interpretation with lepton flavor violating cou-
plings suffers from stringent lepton flavor violation con-
straints [35] and it can be further narrowed down by sev-
eral low energy experiments. Motivated by this, in this
letter, we generalize such approach and consider heavy
fermions which are part of the heavy fermion sector. As
a result, we get an additional chiral enhancement in the
total muon g−2 contribution and this interpretation does
not lead to tight lepton flavor violating observable. Our
model does not feature further extensions of scalar and
gauge sectors, in contrast with Ref. [37] where the au-
thors considered ALP interactions with dark photon to
explain muon g − 2 discrepancy.

In what follows, we will first introduce particle physics
model under consideration. Then, we will present how
Fermilab g − 2 measurement can be explained in such
framework. Before concluding, we will discuss further
probes of the considered model, particularly at LHC,
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and also refer to the possibility of ALP being a long
lived or stable particle, case in which it can serve as a
DM candidate.

The Model and contribution to muon g − 2.–
The relevant part of the Lagrangian containing new

fields reads

L = LALP + Lmass + Lyukawa ⊃(
CµE1

2Λ
∂αa µ̄γ

αγ5E1 +
CµE2

2Λ
∂αa µ̄γ

αγ5E2 + h.c.

)
+(

m1L̄LLR +m2Ē2LE2R +m3µ̄RE2L + h.c.
)

+

(y1 l̄LHE2R + y2L̄LHµR + y3L̄LHE2R+

y4L̄RHE2L + h.c.) . (1)

Here, in last three parentheses we separated effective
Lagrangian including ALP field, a, mass and Yukawa
terms. The effective part of the Lagrangian respects
SU(3)C × U(1)Q. Higgs field is denoted by H, lL =
(νµL µL)T ∼ (1, 2,−1), µR ∼ (1, 1,−2) are SM fermion
SU(2) doublet and singlet, respectively.

The heavy fermion sector contains LL = (NL E1L)T ∼
(1, 2,−1), E2L ∼ (1, 1,−2) together with corresponding
fields with right-handed chirality, LR and E2R, respec-
tively. The heavy fermions are hence vector-like and they
are assumed to interact only with the second generation
of SM leptons. Their masses, m1 and m2 are for simplic-
ity assumed to be degenerate and in what follows will be

jointly denoted with mE . The last term in the second
and the first two terms in the third row of Eq. (1) con-
tribute to the muon-heavy fermion mixing. Such inter-
actions are not relevant for muon g − 2 explanation that
we discuss below; however, the induced mixing could set
the constraint on the mass scale of heavy fermions as
well as induce unwanted ALP coupling to photons. We
note that these terms can be forbidden if one invokes
parity symmetry under which heavy fermions and ALP
have (−) and SM fields including muons have (+) charge.
The presence of such symmetry also prevents ALP from
decaying and makes it a successful DM candidate. We
remind the reader that DM production in this scenario
would occur through the misalignment mechanism that
is independent of any interactions appearing in Eq. (1).

The Feynman diagram illustrating leading BSM con-
tribution to muon g−2 is shown in Fig. (1). We obtained

Figure 1. Feynman diagrams representing leading BSM con-
tribution to muon magnetic moment for the considered model.
Here i, j = 1, 2 and i 6= j.

∆aµ = ∆

(
g − 2

2

)
=
−qEm2

µm
2
E

4π2Λ2

∫ 1

0

dx
[CµE1C

∗
µE1

+ CµE2C
∗
µE2

](x2 − x3)−Re[CµE1C
∗
µE2

λ]vewmµ x
2

m2
µx

2 +
(
m2
E −m2

µ

)
x+m2

a(1− x)
, (2)

where qE = 1 is the electric charge of vector-like
fermions in units of e, λ = 1√

2
(y3 + y4) and vew = 246

GeV. Let us point our that interactions in the first and
the last row of Eq. (1) contribute to the g − 2, while the
terms in the second row of Eq. (1) are crucial for mak-
ing propagating new fermions massive; if their mass was
vanishing or very small with respect to the electroweak
scale, not only would we lose the effect on muon g − 2,
but, in addition, such model, with light charged states
would already be heavily disfavored.

The g−2 collaboration has announced [4] aexpµ −aSMµ =
(22.9±6.9)×10−10 ( (25.1±5.9)×10−10 in combination
with BNL measurement). In Fig. (2), we indicate the
parameter space in our model that explains the reported
excess (red) as well the parameter space in which BNL
measurement [1] (green) and combined result (black) can
be addressed. Being unbiased toward the ALP mass, we
show results across orders of magnitude in that param-
eter; on the y-axis we show Λ. In calculations, we fixed

couplings λ = 1 and CµE1
= CµE2

= 1/
√

2, as well as
mE = 1 TeV. We note, however, that for small ALP
masses, the expression is independent of mE . In that
regime, value of ma is also not relevant for ∆aµ (see
Fig. (2)). This is because, in such case, expression in
Eq. (2) is simplified to ∆aµ ∝ (mµ/Λ)2 (vew/mµ). We
wish to stress that the dominant contribution arises from
the left diagram in Fig. (1) where both CµE1

and CµE2

enter; this allows us to regulate the sign of ∆aµ and we
can explain the recent measurement in case these two
couplings (as well as λ) are of the same sign which for
definiteness we take as positive. In the parameter space
where ma > mE , the denominator in Eq. (2) increases
which needs to be compensated by smaller value of Λ, as
visible from the figure. We conclude that, with natural
O(1) values of all involved couplings and Wilson coeffi-
cients, Λ should attain values around O(103 − 104) GeV
in order to explain the reported excess within the present
scenario.
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Figure 2. Muon g − 2 contribution that explains recent mea-
surement at Fermilab (red) in ma − Λ parameter space. For
completeness we also indicate region favored by BNL result
(green) and combined result (black).

Other probes and constraints.– Generally, if there

Figure 3. Collider test of the considered model.

is a BSM contribution to muon g−2, there are also tight
lepton flavor violation constraints that need to be re-
spected, see for instance [47, 48]. In the context of ALPs,
the authors of [35] have shown that for that reason, diag-
onal ALP couplings to fermions need to be suppressed; in
other words, the off-diagonal ALP coupling to fermions
should dominate in order to have a successful, uncon-
strained contribution to g − 2 that explains measure-
ments. In this letter, we took a similar path and assumed
that vector-like fermions prefer interacting with muons.
Such a scenario can be accomplished by utilizing flavor
symmetries. Further, ALP coupling to photon in this
model needs to be suppressed as well since, otherwise,
the contribution from diagrams in Ref. [34] could give
competitive or even dominant contribution with respect
to the diagram in Fig. (1). As previously discussed, mix-
ing between muons and heavy fermions can be avoided
with parity symmetry, otherwise presence of such mixing
would radiatively induce ALP-photon coupling.
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Figure 4. Production cross-sections for the process pp →
µ+µ− + 2a for different centre of mass energies at the LHC.

Another constraint on our heavy vector-like fermions
comes from the Higgs naturalness; these fermions will
contribute to the Higgs mass term µ2

HH
†H at the one-

loop level [49–51], i.e. |∆µ2
H | ∼ (1/4π2)(2|y3|2 +2|y4|2 +

y3y
∗
4+y∗3y4)m2

E < µ2
H = m2

H/2, where mH ' 125 GeV is
the Higgs mass. Since the sign of the radiative correction
∆µ2

H can be controlled by finite terms, we can employ
this correction to radiatively generate the desired Higgs
mass term, in a similar way as in the case of the “neutrino
option” [52, 53].

In Fig. (3), we show a diagram which demonstrates
that this scenario can be tested at present and future
hadron colliders (see related studies connecting muon
g-2 explanations and collider searches [54–57]). The
charged vector-like leptons can be pair-produced at
the LHC by standard Drell-Yan processes mediated
by s-channel Z/γ exchange and will further decay
dominantly to ALP and muon. To estimate the signal
cross-section, we implement our model file in FeynRules

package [58], and then analyzed the cross section for the
signal using MadGraph5aMC@NLO [59] event generator at
the parton level. In Fig. 4, we show the pair production
cross-sections of ALP in association with two muons for
different centre of mass energies (14, 27 and 100 TeV)
at the LHC. If ALP is long lived particle, the signature
would be dimuon+ /ET . Otherwise, if ALP can decay
within the detector volume, there is a possibility for
multi-lepton final state which is a very clean signature;
it can essentially be free from SM backgrounds with
proper Z− veto and other acceptance cuts. Hence, for
our scenario, such search at colliders complements the
opportunities at g − 2 experiments.

For completeness, in Fig. 5, we show the parame-
ter space, in the effective coupling (geff ) – vector-like
lepton mass (mE) plane, which can naturally explain
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the correct strength and sign of muon anomalous mag-
netic moment. Here we define the effective coupling as
geff =| CµE1CµE2λ | (m2

E/Λ
2) and set the ALP mass to

0.1 GeV. The green and yellow shaded regions indicate 1σ
and 2σ allowed range for the muon anomalous magnetic
moment measurement [4] at Fermilab. Note that the re-
sult in Fig. 5 is still valid for any other ALP masses as
long as mE > ma. As previously mentioned, after being
pair-produced at the LHC by standard Drell-Yan pro-
cesses, the charged vector-like leptons will further decay
dominantly to ALP and muon. However, for our bench-
mark scenario, we find that the ALP has lifetime long
enough to leave the detector, and hence it leads to novel
pp → µ+µ− + E/T signature at the LHC. This signature
can exactly mimic chargino or slepton (smuon) signature
in supersymmetry where chargino/slepton decays back to
charged lepton and long-lived particle with/without neu-
trinos. Since there are several dedicated searches looking
for pp → µ+µ− + E/T signature [60] at the LHC, in this
way, stringent limits on vector-like lepton masses can be
set. To derive bound on vector-like lepton mass, we first
recast the limit from current pp → µ+µ− + E/T searches
[60] which is based on integrated luminosity of 139 fb−1

and center of mass energy
√
s = 13 TeV. After comparing

the cross sections in [60] and in our sceanrio, the limit
from [60] can be rescaled. We find that a vector-like lep-
ton of mass up to 780 GeV is excluded in our scenario,
see Fig. 5. We also extrapolate this result to get the dis-
covery reach at the HL-LHC with a target luminosity of
3 ab−1. We find that a vector-like lepton of mass up to
1049 GeV can be probed in this scenario. We also per-
form a naive estimation for the sensitivity at future pp
collider experiments corresponding to center of mass en-
ergies 27 TeV and 100 TeV by requiring 300 signal events.
In Fig. 5, the gray, black and red dashed lines indicate
the future sensitivity at the HL-LHC, HE-LHC and 100
TeV collider looking at pp → µ+µ− + E/T signature. In
summary, LHC is already testing a certain portion of
parameter space; however, mE & 1 TeV may still be em-
ployed to explain Fermilab g-2 result. Future colliders
will be able to dramatically improve the sensitivity on
the scenario presented in this paper.

Conclusions.– The main motivation for this work is
recent anomalous muon magnetic moment measurement
at Fermilab site, where an excess with respect to the SM
was reported. We propose a novel scenario in order to
explain this result. The cornerstone of the considered
model is ALP. The previous muon g − 2 explanations
with ALPs, considered in the context of BNL measure-
ment, feature ALP interactions with photons and SM
fermions. In this paper we complement and extend such
framework by scrutinizing the model where ALP inter-
acts semi-secretly, with SM muons and heavy vector-like
leptons. We find a viable parameter space in which re-
cent result can be successfully explained. As a comple-
mentary probe, we have also discussed collider probes of
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Figure 5. Summary plot in in the geff -mE plane, where ef-
fective coupling is defined as geff =| CµE1CµE2λ | (m2

E/Λ
2).

The green and yellow shaded region denote 1σ and 2σ al-
lowed range for the muon anomalous magnetic moment mea-
surement [4] at Fermilab. Red shaded zone is excluded from
current pp → µ+µ− + E/T searches [60] at the LHC. Gray,
black and red dashed lines indicate the future sensitivity
at the HL-LHC, HE-LHC and 100 TeV collider looking at
pp→ µ+µ− + E/T signature. Here we set ma = 0.1 GeV. See
text for details.

the model as well as the possibility to have ALP as a
viable DM candidate.
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