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Summary. — The anomalous magnetic moment of the muon displays a 4.2σ ten-
sion with the Standard-Model prediction, if e+e− → hadrons data are used for
hadronic vacuum polarization. In these proceedings we review possible explana-
tions of this anomaly in terms of heavy new particles. As the necessary effect is of
the order of the electroweak Standard-Model contribution, viable explanations with
TeV-scale physics must involve an enhancement factor; in particular, one can obtain
the chirality flip of the dipole operator via a sizable coupling to the Higgs doublet
instead of the small muon Yukawa coupling. Such Standard-Model extensions then
also predict effects in Higgs and Z-boson decays to muons, with details depending
on the SU(2)L × U(1)Y representations of the new particles. We first review the
general case of chirally enhanced new physics, before discussing in more detail the
concrete example of leptoquark models.

1. – Introduction

The Run 1 result of the Fermilab Muon g − 2 experiment [1] confirmed the previ-
ous measurement at Brookhaven National Laboratory [2], leading to a combined world
average of

(1) aexpμ = 116 592 061(41)× 10−11,

which differs from the Standard-Model (SM) theory prediction [3] (mainly based on
refs. [4-23])

(2) aSMμ = 116 591 810(43)× 10−11,
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by 4.2σ(1). If this tension is indeed a signal of physics beyond the SM, the most pressing
challenge is unraveling its nature.

Given that Δaμ = aexpμ − aSMμ = 251(59)× 10−11 is larger than the electroweak (EW)

contribution of the SM, aEW
μ = 153.6(1.0) × 10−11 [6, 7], any BSM explanation must

be able to provide such a sizable effect. Apart from light new physics, which we will
not consider here (see ref. [32] for an extensive review of new physics in (g − 2)μ), this
can be achieved by a chirality flip originating from a large coupling to the SM Higgs
instead of the small muon Yukawa coupling in the SM. This chiral enhancement allows
for viable solutions for particle masses up to tens of TeV [33-39]. However, the same
mechanism also produces sizable effects in other processes, in particular h → μ+μ− and
Z → μ+μ−, albeit in general not probing the exact same combination of couplings. These
correlations are therefore not model independent, but require at least the specification
of the SU(2)L × U(1)Y representations of the new particles. Here, we first review the
general argument, before presenting concrete examples in leptoquark (LQ) models.

2. – Generic new physics effects

The effective Hamiltonian governing dipole transitions of charged leptons is given by

(3) Heff = c
�f �i
R �̄fσμνPR�iF

μν + h.c.,

with

a�i =
(g − 2)�i

2
= −2m�i

e

(
c�i�iR + c�i�i∗R

)
= −4m�i

e
Re c�i�iR ,

d�i = i
(
c�i�iR − c�i�i∗R

)
= −2 Im c�i�iR ,

(4)

where �i, �f ∈ {e, μ, τ}. This emphasizes that the Wilson coefficients (3) are not neces-
sarily subject to minimal flavor violation, i.e., a� is linear (rather than quadratic) in m�

and the phase of the Wilson coefficient for each flavor can be different.
In general, the dipole operator (3) does not imply immediate correlations with other

processes, but such connections can still be established for a wide range of simplified
models, i.e., we can parameterize the couplings of new scalars/vectors to SM leptons �i
contributing to the dipole operators as

LΦ = Ψ̄
(
ΓiL
ΨΦPL + ΓiR

ΨΦPR

)
�iΦ

∗ + h.c.,

LV = Ψ̄
(
ΓiL
ΨV γ

μPL + ΓiR
ΨV γ

μPR

)
�iV

∗
μ + h.c.,

(5)

where a sum over all fermions Ψ and scalars (vectors) Φ (V μ) is implicitly understood.
With these conventions at hand the contribution to the Wilson coefficients (for heavy

(1) The lattice-QCD results for hadronic vacuum polarization [24,25] indicate a smaller tension
than the SM prediction in ref. [3], but display a tension with e+e− data that for the intermediate
region in center-of-mass energy reaches 4σ [24-26], see also refs. [27-30] for the consequences of
this emerging tension. Note, however, that the lattice-QCD calculation of ref. [31] agrees with
e+e− data for this intermediate “window” quantity, and further calculations are required to
draw firm conclusions.
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new physics) are [38] (see also refs. [40, 41])

cfiRΦ =
e

16π2
ΓfL∗
ΨΦ ΓiR

ΨΦMΨ

fΦ
(M2

Ψ

M2
Φ

)
+QgΦ

(M2
Ψ

M2
Φ

)

M2
Φ

(6)

+
e

16π2

(
m�iΓ

fL∗
ΨΦ ΓiL

ΨΦ +m�fΓ
fR∗
ΨΦ ΓiR

ΨΦ

)
×

f̃Φ
(M2

Ψ

M2
Φ

)
+Qg̃Φ

(M2
Ψ

M2
Φ

)

M2
Φ

,

cfiRV =
e

16π2
ΓfL∗
ΨV ΓiR

ΨV MΨ

fV
(M2

Ψ

M2
V

)
+QgV

(M2
Ψ

M2
V

)

M2
V

(7)

+
e

16π2

(
m�iΓ

fL∗
ΨV ΓiL

ΨV +m�fΓ
fR∗
ΨV ΓiR

ΨV

)
×

f̃V
(M2

Ψ

M2
V

)
+Qg̃V

(M2
Ψ

M2
V

)

M2
V

,

with loop functions

fΦ(x) = 2g̃Φ(x) =
x2 − 1− 2x log x

4(x− 1)3
,

gΦ(x) =
x− 1− log x

2(x− 1)2
,

f̃Φ(x) =
2x3 + 3x2 − 6x+ 1− 6x2 log x

24(x− 1)4
,

fV (x) =
x3 − 12x2 + 15x− 4 + 6x2 log x

4(x− 1)3
,

gV (x) =
x2 − 5x+ 4 + 3x log x

2(x− 1)2
,

f̃V (x) =
−4x4 + 49x3 − 78x2 + 43x− 10− 18x3 log x

24(x− 1)4
,

g̃V (x) =
−3(x3 − 6x2 + 7x− 2 + 2x2 log x)

8(x− 1)3
,

(8)

where Q is the electric charge of the fermion. We calculated the contribution of the
massive vector boson in unitary gauge, so that the effects of Goldstone bosons are au-
tomatically included, which is possible since the matching on dipole operators gives a
finite result. The terms proportional to the heavy fermion mass are the ones that can
be chirally enhanced. These contributions have an arbitrary phase also for i = f while,
due to Hermiticity of the Lagrangian, the terms that are not chirally enhanced, i.e.,
proportional to ΓfL∗

ΨV,ΦΓ
iL
ΨV,Φ and ΓfR∗

ΨV,ΦΓ
iR
ΨV,Φ (included here for completeness), are real

for flavor-conserving dipole transitions. Importantly, this means that in case of a chirally
enhanced new physics effect, the Wilson coefficients of the corresponding dipole operators
are in general complex. While the real part generates an effect in the anomalous mag-
netic moment, the imaginary part is related to the electric dipole moment of the muon,
and absent further restrictions can thus be sizable [38, 42], potentially within reach of
future experiments [43,44].
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Table I. – Charge assignments and representations under SU(2)L × U(1)Y for the SM fields
and the different new particles. Hypercharge is parameterized by a free parameter X.

R Ψ,Φ ΦL,ΨL ΦE ,ΨE φ � e

SU(2)L

121 1 2 1

2 2 1
212 2 1 2
323 3 2 3
232 2 3 2

Y X − 1
2
−X −1−X 1

2
− 1

2
−1

3. – SU(2)L invariance

The relations in eqs. (5)–(7) are not manifestly SU(2)L invariant, but only invariant
with respect to U(1)EM. However, for new physics realized above the EW scale, SU(2)L
gauge symmetry must be respected. Therefore, let us consider a class of models with
new scalars and fermions that display the minimal features required to implement chiral
enhancement, allowing for a wide range of SU(2)L representations and hypercharges.
We can match these models onto the relevant set of dimension-6 effective operators in
SMEFT [45,46], based on which correlations have been pointed out in refs. [47-49].

In order to achieve chiral enhancement in aμ with new particles in the loop, at least
three fields (two scalars and one fermion or two fermions and one scalar) are needed, some
of which, as, e.g., in LQ models, can be taken from the SM. As a first step, we classify
the possible representations of three new fields under SU(2)L × U(1)Y and perform the
matching onto the relevant SMEFT operators.

There are two classes of models that display chiral enhancement for aμ: (I) two scalars
ΦL,E and one fermion Ψ and (II) two fermions ΨL,E and one scalar Φ. We thus define
the Lagrangians in these two cases as

LI = λI
L �̄ΨΦL + λI

E ēΨΦE +AΦ†
LΦEφ,

LII = λII
L �̄ΨLΦ+ λII

E ēΨEΦ+ κ Ψ̄LΨEφ,
(9)

Fig. 1. – Effects in h → μ+μ− (left, case I with R = 121) and Z → μ+μ− (right, case II with
R = 232), when imposing the constraint to reproduce Δaμ. In both cases, in the blue regions
the effect is too small to be observable, in the red region the couplings become non-perturbative,
but the parameter space in between can be probed at future colliders. Taken from ref. [57].



THE AMM OF THE MUON: BEYOND THE SM VIA CHIRAL ENHANCEMENT 5

Fig. 2. – Correlations between Br[h → μ+μ−], normalized to its SM value, and the new-physics
contribution to aμ (δaμ) for scenario Φ1 (left) and Φ2 (right) with m1,2 = 1.5TeV. The predic-
tions for different values of the LQ couplings to the Higgs are shown, where for Φ1 Y = Y1 and
for Φ2 Y = Y2+Y22. Even though the current ATLAS and CMS results are not yet constraining
this model, sizable effects are predicted, which can be tested at future colliders. Furthermore,
Φ1 yields a constructive effect in h → μ+μ−, while the one of Φ2 is destructive, such that they
can be clearly distinguished with increasing experimental precision. Taken from ref. [56].

where �, e, and φ are the lepton doublet, singlet, and Higgs field of the SM (through-
out, we follow the notation of ref. [46]). The conventions for the SM particles and the
SU(2)L quantum numbers and hypercharges Y are given in table I. We consider the
four combinations of SU(2)L representations (R) up-to-and-including triplets (see also
ref. [50]), while the hypercharge assignment can be parameterized in terms of a general
variable X. We further assume a Z2 symmetry to avoid mixing with SM fields, which
could generate tree-level effects in h → μ+μ− and Z → μ+μ− that are at least strongly
disfavored [51,38,52-56]. Moreover, aμ is only generated at loop level, further motivating
the study of loop effects in h → μ+μ− and Z → μ+μ− as well. The full results for all
cases discussed above can be found in ref. [57], in fig. 1 we show two examples for the
numerical analysis. In particular, the general case also covers the LQ models S1 and
S2 within case II with R = 121 and 212, respectively, and upon identifying ΨL = tL,
ΨE = tR, and κ = Yt, which is the special case we discuss in more detail in the following
section.

4. – Leptoquarks

In LQ models one adds in their minimal version only one new field to the SM. There-
fore, they are, with respect to their particle content, minimal models with chiral en-
hancement. In constructing these models one demands that the couplings to quarks and
leptons respect SM gauge invariance, resulting in 5 vector LQs and 5 scalar LQs [58].
Therefore, in eqs. (6) and (7) MΨ corresponds to the quark mass, MΦ and MV to the
LQ mass, respectively, and a factor Nc = 3 has to be added to take into account the fact
that quarks and LQs are colored.

There are two representations of scalar LQs that can easily accommodate aμ via a
chiral enhancement by the top mass of mt/mμ ≈ 1600 [59-66], so that even for TeV-scale
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Fig. 3. – Allowed parameter space by LEP [51] (light green) for the couplings to left- and right-
handed muons. In addition, we give the expected sensitivities of future collider experiments.
The finite renormalization of g2, induced by the effect in the Fermi constant, yields a lepton-
flavor-universal effect, which is depicted by the blue lines in the left figure. Here the parameters

λ
1(2)L
32 and λ

1(2)L
32 are the couplings of S1 (S2) to top quarks with left-handed and right-handed

muons, respectively. Taken from refs. [66, 68,67].

masses one can easily explain the tension in aμ. As in the generic case, sizable effects in
h → μ+μ− and Z → μ+μ− are observed [67]. However, the predictions are even more
direct as κ is given by the top Yukawa coupling. The predictions for h → μ+μ− are given
in fig. 2, where the only free parameters are the trilinear Higgs–LQ couplings. Neglecting
the effects of these couplings in Z → μ+μ−, where they only lead to dim-8 effects, the
predictions are shown in fig. 3.

5. – Conclusions

In these proceedings we reviewed the consequences of explaining g − 2 of the muon
in terms of heavy new physics. In practice, chiral enhancement is a necessary condition
for such an explanation, otherwise, direct LHC mass limits exclude most of the available
parameter space. In the general case, chiral enhancement requires at least three different
fields in the loop, and we worked out the matching onto SMEFT as well as the resulting
effects in h → μ+μ− and Z → μ+μ− for a wide range of such simplified models. Minimal
scenarios can be constructed by using SM particles in the loop, e.g., if one identifies two
of these fields with left- and right-handed top quarks, the third field becomes a scalar
LQ, defining a minimal model with chiral enhancement. For such a concrete setup,
the correlations with h → μ+μ− and Z → μ+μ− become even more predictive. In
this way, precision measurements of these processes at future colliders provide valuable
complementary information on explanations of aμ in terms of new degrees of freedom
above the EW scale.
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