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Abstract: We develop an economical theoretical framework for combined explanations
of the flavor physics anomalies involving muons: (g − 2)µ, RK(∗) , and b→ sµ+µ− angular
distributions and branching ratios, that was first initiated by some of us in ref. [1]. The
Standard Model (SM) is supplemented with a lepton-flavored U(1)X gauge group. The
U(1)X gauge boson with the mass of O(0.1)GeV resolves the (g − 2)µ tension. A TeV-
scale leptoquark, charged under the U(1)X , carries a muon number and mediates B-decays
without prompting charged lepton flavor violation or inducing proton decay. We explore
the theory space of the chiral, anomaly-free U(1)X gauge extensions featuring the above
scenario, and identify many suitable charge assignments for the SM+3νR fermion content
with the integer charges in the range XFi ∈ [−10, 10]. We then carry out a comprehensive
phenomenological study of the muonic force in representative benchmark models. Interest-
ingly, we found models which can resolve the tension without conflicting the complementary
constraints, and all of the viable parameter space will be tested in future muonic resonance
searches. Finally, the catalog of the anomaly-free lepton-non-universal charge assignments
motivated us to explore different directions in model building. We present a model in which
the muon mass and the (g − 2)µ are generated radiatively from a common short-distance
dynamics after the U(1)X breaking. We also show how to charge a vector leptoquark under
U(1)µ−τ in a complete gauge model.
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1 Introduction

Two sets of observables may be pointing to a new muonic force: i) that the measurements
of the anomalous magnetic moment of the muon, (g − 2)µ, [2, 3] are disagreeing with the
R-ratio data-driven theory prediction [3–24]1 and ii) the deviations from predictions in rare
B meson decay observables, in particular b → sµ+µ− angular distributions [27, 28] and
branching ratios [29–35] (we will collectively refer to them as “b→ sµµ anomalies”) and the
lepton-flavor university (LFU) ratios RK(∗) [36, 37]. Among these, the observables RK(∗)

stand out in particular, because their predictions are extremely clean in the Standard
Model (SM) [38–40]. The most recent update of RK increased the significance of the
anomaly and, for the first time, LHCb declared evidence for lepton flavor universality
violation (LFUV) [37]. While RK(∗) could be explained by New Physics (NP) coupling to
electrons or muons, an explanation in terms of muonic NP provides a consistent combined
explanation of all anomalies in rare B decays, i.e. the b → sµµ anomalies and RK(∗) (for
recent global fits see e.g. [41–45]).

In contrast to the possible new flavor-diagonal couplings of NP to muons there is
striking absence of any such NP hints in lepton-flavor-violating (LFV) transitions, such
as µ → eγ and µ → 3e. Numerically, taking as an example NP that induces the
dimension-5 dipole moment operators after the electroweak symmetry breaking, Leff ⊃
−e v ¯̀i

Lσ
µν`jRFµν/(4πΛij)2 + h.c., with v = 246 GeV the electroweak vacuum expectation

value (VEV), the NP scale required to explain the (g− 2)µ anomaly is Λ22 ' 15 TeV. This
should be compared with the much more stringent bound Λ12(21) & 3600 TeV on the effec-
tive NP scale implied by the absence of the µ→ eγ transition [46]. The hierarchy between
the two effective scales persists even if the couplings to electrons are Yukawa suppressed:
Λ12(21)

√
me/mµ & 250 TeV. Qualitatively similar implications follow from the absence of

τ → µγ transitions [47].
The high suppression of flavor-violating effects strongly hints at NP with an almost

exact muon-number symmetry, U(1)Lµ . The U(1)Lµ symmetry forbids flavor-violating
transitions with muons, but still allows for deviations from flavor universality, i.e., different
flavor-diagonal couplings to electrons, muons, and taus. A number of proposed solutions to
the experimental anomalies are based on an anomaly-free lepton-flavored symmetry group
U(1)Lµ−Lτ [48–57], one of three such anomaly-free symmetries of the SM in the absence of
right-handed neutrinos which allow a SM-like Yukawa sector for the quarks and diagonal
charged lepton Yukawa couplings (up to an overall hypercharge shift) [58–60]. For instance,
a light U(1)Lµ−Lτ gauge boson Xµ can generate a 1-loop contribution to (g − 2)µ of the
right size in order to explain the deviations in the experimental measurements, while at
the same time not being excluded by other complementary searches [51, 52]. For the RK(∗)

anomalies, on the other hand, a heavy gauge field Xµ was used along with a set of vector-
like quarks [56, 57]. The other gauging choices used to explain RK(∗) are U(1)B3−Lµ [61–63],
third family hypercharge [64–66], and other alternatives [60, 66–79]. Note, however, that

1However, a recent lattice calculation of the (g − 2)µ by the BMW collaboration is closer to the mea-
surement [25] suggesting new physics in e+e− → hadrons data. The latter option seems to be more difficult
to reconcile with the complementary constraints, see e.g. [26].
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it is not possible to explain both (g − 2)µ and RK(∗) in an effective field theory (EFT)
with a single light mediator Xµ that provides the dominant contribution. We show this
in complete generality in section 3.4: the size of the Xµ contribution required to explain
the deviations in (g − 2)µ and RK(∗) is ruled out by a combination of constraints from
B → Kνν̄, τ → 3µ and neutrino trident production.

A different class of mediators that can successfully explain the flavor anomalies are
the leptoquarks [80]. The lepton-flavored U(1)X gauge symmetry would constrain the
leptoquark couplings, which can be crucial for having a viable phenomenology [1, 81, 82].
For instance, the TeV-scale muoquarks, i.e., the leptoquarks that interact only with muons
and not with electrons or taus, are motivated by both i) the already mentioned muon
anomalies in (g−2)µ and rare B decays; and ii) by the stringent constraints on the charged
LFV. A subset of chiral anomaly-free U(1)X extensions of the SM, under which leptoquarks
are charged, provide natural theories for muoquarks while also addressing the absence of
proton decay. A pragmatic proposal for the common explanation of the muon anomalies
utilizes a light Xµ for (g − 2)µ and a heavy muoquark S3 = (3, 3, 1/3)XS3

connected by
the underlying U(1)X gauge symmetry [1].

In this paper, we systematically explore the theory space of anomaly-free U(1)X gauge
extensions of the SM, extending the scenario in ref. [1]. In section 2 we study the anomaly-
cancellation conditions and identify a complete set of quark-flavor-universal and third-
family-quark U(1)X models with appropriate rational charge assignments for the SM+3νR
chiral fermions with the maximal charge ratios ≤ 10. The solutions are classified as vector-
like (section 2.2.1) or chiral (section 2.2.2) depending on the charges of the left- and the
right-handed e, µ and τ .

We then address whether U(1)Lµ−Lτ is a unique gauge group that can lead to a success-
ful phenomenology: an explanation of (g − 2)µ with the light Xµ while avoiding all other
constraints. As we will show, there are very few other anomaly-free gauge group choices
that are not excluded by the present experimental constraints and can simultaneously ex-
plain the (g − 2)µ anomaly. We carry out a detailed phenomenological study to confront
the preferred region (section 3.1) with the complementary constraints from neutrino trident
production (section 3.2), non-standard neutrino interactions, Borexino and light resonance
searches (section 3.3). The constraints are applied to several carefully chosen benchmark
models in section 3.5 to illustrate possible scenarios.

The lepton-flavored U(1)X systematics outlined in section 2 opens up new directions
in model building beyond the scenario of ref. [1]. We illustrate this with two examples. In
section 4 we present a model in which the muon mass and the (g−2)µ are both radiatively
generated at one-loop level by the TeV-scale muoquarks after the U(1)X -breaking scalar
obtains a VEV. This is made possible by the chiral solutions of the anomaly cancellation
conditions, which forbid the dimension-4 muon Yukawa in the unbroken phase. Remark-
ably, the (g − 2)µ tension and the muon mass sharply predict the leptoquark mass in the
range that is of interest for direct searches at colliders. A different type of a model build-
ing example is presented in section 5, where we show how to construct an ultraviolet (UV)
completion of the vector muoquark model. This example also gives a possible unification
scenario of the U(1)X into a simple Lie group.

– 3 –
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Finally, section 6 contains our conclusions, while appendices contain further details on
the equivalence of charge assignments for the products of U(1) subgroups (appendix A.1),
the mass basis of the gauge sector (appendix A.2), the RG running of the kinetic mixing
(appendix A.3), the X boson decay channels (appendix B.1), the contributions to RK(∗)

from a light X vector boson (appendix B.2) and the generators of U(1)X embeddings in
SU(5) (appendix C).

2 Model classification

We start by classifying the anomaly free models that, in addition to the SM, contain a
new gauge group U(1)X and a muoquark, that is, a leptoquark that only couples to muon
flavored fermions (muons and muon neutrinos). We assume that all the couplings allowed
by the gauge symmetry are nonzero. As such the fact that muoquark only couples to
muons is imposed by the choice of charge assignments under U(1)X , eq. (2.13). Similarly,
the charge assignments, eq. (2.14), forbid the proton decay, while quark Yukawas are fully
allowed in eq. (2.12) or partially in eq. (2.30). In the rest of the section we discuss these
requirements in detail.

2.1 General gauged flavor U(1)X
Throughout the manuscript we assume that the SM is extended by three right-handed
neutrinos. The chiral fermions of the theory thus carry the following charges under the
SU(3)C × SU(2)L ×U(1)Y ×U(1)X gauge group,

Qi ∼
(
3,2, 1

6 , XQi

)
, Ui ∼

(
3,1, 2

3 , XUi

)
, Di ∼

(
3,1,−1

3 , XDi

)
,

Li ∼
(
1,2,−1

2 , XLi

)
, Ei ∼ (1,1,−1, XEi) , Ni ∼ (1,1, 0, XNi) ,

(2.1)

with i = 1, 2, 3 the flavor index. The SU(2)L doublets (singlets) are left (right) Weyl spinors
under Lorentz symmetry.

A consistent ultraviolet (UV) gauge theory has to be free of chiral anomalies. In this
work we require that the U(1)X charge assignments for the field content in eq. (2.1) are
already anomaly free.2 This results in six conditions corresponding to the cancellation of
(mixed) triangle anomalies between U(1)X , SM gauge groups, and gravity [85],

SU(3)2
C ×U(1)X :

3∑
i=1

(2XQi −XUi −XDi) = 0 , (2.2)

SU(2)2
L ×U(1)X :

3∑
i=1

(3XQi +XLi) = 0 , (2.3)

U(1)2
Y ×U(1)X :

3∑
i=1

(XQi + 3XLi − 8XUi − 2XDi − 6XEi) = 0 , (2.4)

2Our construction could be viewed as a low-energy effective theory in which anomalies could alternatively
be canceled by a higher-dimension Wess-Zumino-Witten operator [83]. The WZW operator is generated
by integrating out heavy chiral fermions in the UV. In general, it is not always clear how to make these
fermions heavy enough to satisfy the self-consistency of the effective theory assumptions. For an example
see, e.g., ref. [84].
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Gravity2 ×U(1)X :
3∑
i=1

(6XQi + 2XLi − 3XUi − 3XDi −XEi −XNi) = 0 , (2.5)

U(1)Y ×U(1)2
X :

3∑
i=1

(X2
Qi −X

2
Li − 2X2

Ui +X2
Di +X2

Ei) = 0 , (2.6)

U(1)3
X :

3∑
i=1

(6X3
Qi + 2X3

Li − 3X3
Ui − 3X3

Di −X
3
Ei −X

3
Ni) = 0 . (2.7)

We consider only rational solutions motivated by the unification scenario, i.e., embedding
the U(1)X into a simple Lie group at high-energies. We can work with integer charges
without loss of generality, since for any set of rational charges {pFi/qFi}, there is an equiv-
alent set of integer charges obtained by rescaling the gauge coupling gX with the least
common denominator. Any set of integer charges {XFi} satisfying the anomaly condi-
tions (2.2)–(2.7) can be used to generate up to (3!)6 inequivalent solutions (and a corre-
spondingly smaller set, if some of the charges for different families coincide), by permuting
the flavor specific charges within each species. Below, we list the solutions to the Diophan-
tine equations (2.2)–(2.7) up to this freedom of family permutations.

Still, this leaves us with infinitely many integer solutions of the anomaly cancellation
conditions. For concreteness, we limit the maximal ratio of the largest and the smallest
nonzero charge magnitudes to be ≤ 10.3 In the following we then give an exhaustive set of
inequivalent integer solutions of eqs. (2.2)–(2.7) with

− 10 ≤ XFi ≤ 10 for every Fi in eq. (2.1), (2.8)

building on the work of ref. [85], while imposing further constraints to produce viable
muoquark models.

2.2 Quark flavor universal U(1)X
The symmetry-breaking scalar fields are

H =
(

1,2, 1
2 , XH

)
, φ = (1,1, 0, Xφ) , (2.9)

where H is the SM Higgs (with U(1)X charge XH) and φ is the SM singlet responsible
for the breaking of U(1)X . Shifting the U(1)X charge assignments for all fields f by a
universal multiple of the hypercharge, Xf → Xf−aYf , gives a physically equivalent theory,
cf. appendix A.1. In particular, after a linear invertible field transformation qf = (Yf , Xf )ᵀ
becomes

q̃f = Lᵀqf where L =
(

1 −a
0 1

)
. (2.10)

The ambiguity in charge assignments is a direct consequence of the freedom in defining the
U(1) subgroups for a symmetry group with several Abelian factors. A familiar example is
the QCD, which, ignoring the anomalies, has a global U(1)V × U(1)A or, equivalently, a
U(1)L ×U(1)R symmetry.

3As a point of reference, this ratio is 6 for the SM hypercharge.
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In what follows, we use the above reparameterization invariance to make H a U(1)X
singlet,

XH = 0 , (2.11)

and thus H is the usual SM Higgs. To simplify the discussion further, we require all quarks
to have the same U(1)X charge,

XQi = XUj = XDk ≡ Xq, for all i, j, k = 1, 2, 3, (2.12)

such that their masses and the CKM mixing matrix are allowed by the gauge symmetry,
i.e. Y ij

u Q̄iH̃uj and Y ij
d Q̄iHdj where H̃ = εH∗. The conditions (2.12) reduce the number

of inequivalent sets of XFi charges in the range [−10, 10] from the original 21 546 920 of
ref. [85] to 276.

The theory will also have a leptoquark field charged under U(1)X coupled exclusively
to muons [1, 81, 82]. To realize the muoquark [1], we further impose:

• The leptoquark coupling (q`-LQ) is allowed for µ but not for e and τ ,

X`2 6= X`1,3 , (2.13)

where ` is L or E, i.e., the three flavors of Li or Ei (i = 1, 2, 3) are not all charged
the same. Out of 276 sets, 273 satisfy this criteria.

• The diquark couplings (qq-LQ or qqH-LQ) are forbidden and thus proton decay is
suppressed, postponing the potential U(1)B violating effects to dimension-6 opera-
tors, the same as in the SM EFT. Given that the color contraction in a diquark
(qq-LQ) coupling is 3 × 3 × 3 while in the leptoquark coupling (q`-LQ) it is 3 × 3,
this implies

X`2 6= +3Xq for SU(2)L doublet scalars, and vectors 1(3)2/3 , (2.14a)

X`2 6= −3Xq for SU(2)L singlet and triplet scalars, and vector doublets. (2.14b)

This is satisfied for 272 and 273 sets, respectively.

• The φ charge should be chosen such that qqφ-LQ dimension-5 operators are forbidden,
i.e. the U(1)B stays an accidental symmetry up to dimension-6 Lagrangian.

The observed structure of neutrino masses and mixings may impose further nontrivial
constraints on the setup. We make no attempt to impose these constraints when listing the
anomaly-free U(1)X models below, since they depend on whether or not there are additional
scalars in the theory. For instance, the U(1)B−3Lµ model proposed in ref. [1] requires no
additional scalars, since it already admits the minimal realization of the neutrino masses.
The nontrivial change from the requirements listed in the bullets above is that now the
charge Xφ is determined from the structure of the neutrino mass matrix, and in general
the proton decay inducing dimension-5 operator qqφ−LQ could be allowed. This does not
happen in the U(1)B−3Lµ model and no dimension-5 proton decay operator is allowed in

– 6 –
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the case of a realistic type-I seesaw model that gives the neutrino masses and mixings in
agreement with the neutrino oscillations data.

The situation is expected to be different for a generic U(1)X gauge model. Assuming
only the minimal breaking sector will normally impose a texture of the Majorana mass
matrix that is too restrictive and will not be able to accommodate the observed neutrino
mixing and mass patterns. For example, the minimal type-I seesaw realization of the
neutrino mass in U(1)Lµ−Lτ introduces dimension-5 proton decay plus shows some tension
in fitting θ23 and ∑imνi [86], calling for additional structure to be added [87]. In general,
it is always possible to introduce additional U(1)X symmetry-breaking scalars whose VEVs
then populate the missing entries in the mass matrix. For example, the mass matrix of the
right-handed neutrinos can be populated by φijN̄ c

iNj where Xφij = −XNi −XNj . In such
extensions some care needs to be taken to remove the potential Goldstone bosons, as well
as to avoid baryon number violating operators at dimension-5. While the catalog of the
models derived in this manuscript provides a good starting point, a detailed discussion of
the neutrino sector is beyond the scope of the present work and is left for future studies.

With the above caveat about neutrino masses in mind let us now move to the classifica-
tion of different anomaly free U(1)X models. It is remarkable that almost all anomaly-free
charge assignments XFi ∈ [−10, 10] in the quark flavor universal U(1)X automatically sat-
isfy the muoquark conditions. The list of charge assignments can be classified into two
categories:

vector category : XLi = XEi for all i = 1, 2, 3 , (2.15)
chiral category : the rest. (2.16)

In the vector category models the charged lepton Yukawas for all three generations are
allowed by the U(1)X symmetry, while in the chiral category models at least some of the
charged lepton Yukawas are forbidden and thus all the lepton masses are generated only
after the U(1)X symmetry is spontaneously broken.

Before discussing each of the two categories in more detail, let us consider several
examples of muoquarks adopting the nomenclature from ref. [80]:

• The scalar leptoquark S3 ≡ (3,3, 1/3, XS3), where XS3 = −Xq −XL2 , gives V − A
contribution to b → sµ+µ− transitions, see e.g. [1, 80, 82, 88–96]. The condition
in eq. (2.14b) implies XL2 6= −3Xq such that the dimension-4 operator QQS3 is
forbidden.

• The scalar leptoquark S1 ≡ (3,1, 1/3, XS1), where XS1 = −Xq − XL2 or XS1 =
−Xq − XE2 , implemented in “vector category” models, couples to both L2 and E2
to give the mt-enhanced contribution to (g − 2)µ, see e.g. [1, 80, 92, 96–100]. The
condition in eq. (2.14b) is X`2 6= −3Xq.

• The scalar leptoquark R2 ≡ (3,2, 7/6, XR2), where XR2 = Xq −XL2 or XR2 = Xq −
XE2 , and the condition in eq. (2.14a) is X`2 6= 3Xq such that dimension-5 operator
ddH†R2 is forbidden. Note that otherwise such operators would lead to excessive
proton decay even when suppressed by the Planck scale [80, 101, 102]. This scalar

– 7 –
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leptoquark representation is also used to address the (g−2)µ, see e.g. [80, 96, 98, 100].
We will employ it in section 4 to build a model for radiative muon mass and (g−2)µ.

• The vector leptoquark U1 ≡ (3,1, 2/3, XU1), where XU1 = Xq −XL2 or XU1 = Xq −
XE2 . The baryon number violating dimension-5 operator QdH†U1 is forbidden when
X`2 6= 3Xq, eq. (2.14a). Possible UV completions for the U1 vector muoquark will be
presented in section 5. This leptoquark representation was extensively discussed in
the literature to address the B-decay anomalies, see e.g. [103–117].

2.2.1 Vector category U(1)X charge assignments

The vector category is defined such that the left-handed and the right-handed e, µ and
τ leptons carry the same X charge. Solutions to the anomaly conditions (2.2)–(2.7) that
further satisfy eqs. (2.12) and (2.15) are parameterized by [60]

XF = XeTLe +XµTLµ +XτTLτ −
(
Xe +Xµ +Xτ

3

)
TB + aYF +

∑
i

XNiTNi , (2.17)

where {TB, TLe , TLµ , TLτ } are the usual baryon and lepton numbers for the SM fermions,
while TNi are the right-handed neutrino numbers (also TB,Le,µ,τNi = 0). The reparame-
terization invariance (XF → XF − aYF ) allows to restrict the discussion to the case a = 0
in agreement with eqs. (2.11) and (2.12), that is, −9Xq = Xe + Xµ + Xτ . The coef-
ficients {Xe, Xµ, Xτ , XN1 , XN2 , XN3} in eq. (2.17) need to satisfy the Diophantine equa-
tions [85, 118]

Xe +Xµ +Xτ =
∑
i

XNi , X3
e +X3

µ +X3
τ =

∑
i

X3
Ni . (2.18)

We group the solutions to the above equations in three non-exclusive classes, up to
arbitrary permutations in flavor indices {e, µ, τ} and {N1, N2, N3},

Class 1 : Xe = XN1 , Xµ = XN2 , Xτ = XN3 , (2.19)
Class 2 : Xe = XN1 , Xµ = −Xτ , XN2 = −XN3 , (2.20)
Class 3 : the rest. (2.21)

This generalizes the results from ref. [60], which mainly considers Class 1 solutions (but
also explores the use of a Class 3 solution to introduce LFV in the neutrino sector). The
Class 1 and Class 2 solutions are three-parameter family of solutions, with {Xe, Xµ, Xτ}
and {Xe, Xµ, XN2} taken as free parameters in eqs. (2.19) and (2.20), respectively. The
solutions that have Xµ = XN2 = −Xτ = −XN3 are both of Class 1 and Class 2.

Scanning over the general results from ref. [85] (see also [119]) for the anomaly-
free U(1)X extensions of the SM, we find the charge assignments that satisfy the
anomaly conditions (2.2)–(2.7), the charged lepton condition (2.15), the muoquark con-
ditions (2.13)–(2.14), and have the ratio between the largest and the smallest nonzero
charge magnitudes 10 or less. There are in total 252 for eq. (2.14b) and 251 for eq. (2.14a).
Out of these 77 (or 76) belong to Class 1, 185 to Class 2 (with 12 both in Class 1 and Class
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2), while there are two exceptional (Class 3) charge assignments. These are (up to flavor
permutations),

{Xe, Xµ, Xτ} = {−5,−1, 6}, {XN1 , XN2 , XN3} = {−3,−2, 5}, (2.22a)
{Xe, Xµ, Xτ} = {−3,−2, 5}, {XN1 , XN2 , XN3} = {−5,−1, 6}. (2.22b)

Class 1 and 2 models can be considered to be vector-like solutions to the Diophan-
tine eq. (2.18), in the usual physics nomenclature from anomaly cancellations. Indeed,
any numbers satisfying eqs. (2.19)–(2.20) automatically satisfy the Diophantine equa-
tions (2.2)–(2.7). Upon relaxing our search requirement |XFi | ≤ 10, all solutions of Class 1
and 2 are parameterized by three arbitrary integers (Xe, Xµ, Xτ ) and (Xe, Xµ, XN2), re-
spectively. Class 3 models, corresponding to chiral solutions of the Diophantine equation,
are not easily parameterized beyond |XFi | ≤ 10. However, given some effort this problem
has been solved [120] (see also [119]).

2.2.2 Chiral category U(1)X charge assignments

There are additional 21 charge assignments for XFi ∈ [−10, 10] for which the right-handed
e, µ and τ charges change to

XE1 = XL1 + bE1 , (2.23)
XE2 = XL2 + bE2 , (2.24)
XE3 = XL3 + bE3 . (2.25)

The universal quark charge is −9Xq = XL1 +XL2 +XL3 , while the right-handed neutrino
charges are XN1 , XN2 and XN3 . The 18 solutions that have

bE1 = −bE2/2 = bE3 , (2.26)

are listed in table 1 (up to flavor permutations). The remaining three solutions are

{XL1,2,3} = {−7, 0, 7}, {bE1,2,3} = {−1, 3,−2}, {XN1,2,3} = {−5,−3, 8}, (2.27)
{XL1,2,3} = {−5,−3, 8}, {bE1,2,3} = {−2, 3,−1}, {XN1,2,3} = {−6,−4, 10}, (2.28)
{XL1,2,3} = {−5, 6, 8}, {bE1,2,3} = {1,−3, 2}, {XN1,2,3} = {0, 3, 6}. (2.29)

These solutions are particularly interesting as they facilitate models in which the muon
mass and the (g − 2)µ are both generated at one-loop order (see section 4).

2.3 Third-family-quark U(1)X
One can relax the assumption of universal U(1)X charges for quarks, eq. (2.12), and instead
allow for family-dependent quark charges. The quark Yukawa matrices Y ij

u and Y ij
d are

then no longer arbitrary 3 × 3 complex matrices but, rather, have a texture restricted by
the gauge symmetry. The “2 + 1” quark charge assignment is particularly well-motivated
by phenomenology. In this case, the U(1)X charge of the third quark family differs from
that of the first two families, the latter still taken to be universal:

XQi = XUj = XDk ≡ Xq12 for all i, j, k = 1, 2, and
XQ3 = XU3 = XD3 ≡ Xq3 .

(2.30)
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XL1 XL2 XL3 bE1 XN1 XN2 XN3

−1 −1 2 −1 −2 −1 3
−6 −1 7 −1 −7 −2 9
−5 −2 7 −2 −7 −3 10
−3 −2 5 −2 −9 −1 10
−5 −1 6 −1 −9 −1 10
−2 5 6 2 1 3 5
−1 5 5 2 1 3 5
−3 5 7 2 1 3 5
0 4 5 1 1 3 5
2 2 5 −1 1 3 5
−4 5 8 2 1 3 5
−3 4 8 1 −1 3 7
−2 4 7 1 −1 4 6
−3 6 6 3 3 3 3
1 1 7 −2 −3 5 7
−2 2 9 −1 −6 5 10
−1 2 8 −1 −6 7 8
3 5 10 −1 2 6 10

Table 1. Charge assignments (up to family permutations) for bE1 = −bE2/2 = bE3 case (Category
II) with maximal ratio of nonzero charges less or equal to 10. See section 2.2.2 for details.

The anomaly cancellation conditions (2.2)–(2.7) are identical to the quark flavor-universal
case (section 2.2) provided that

2Xq12 +Xq3 = 3Xq , (2.31)

where Xq is defined in eq. (2.12). The quark flavor-universal solutions found in section 2.2
can, therefore, immediately be extended to the 2 + 1 case. Each flavor-universal solution
generates a one-parameter family of 2 + 1 charge assignments. Xq3 can be taken as a free
parameter, while Xq12 is set to Xq12 = (3Xq −Xq3)/2, with Xq the flavor-universal quark
charge assignment for a given solution listed in section 2.2. In the phenomenological studies
(section 3.5), we will focus on the scenario where Xq12 = 0 and Xq3 = 3Xq 6= 0.

The non-Abelian accidental symmetry of the renormalizable Lagrangian without
Yukawa interactions is the SU(2)Q × SU(2)U × SU(2)D flavor symmetry, under which the
first two generations transform as doublets, while the third generation is a singlet [121, 122].
As discussed in the literature [121–123], the minimal set of the symmetry-breaking spurions
capable of explaining the observed quark masses and the CKM mixing matrix consists of a
doublet V ∼ (2,1,1) and two bidoublets ∆U ∼ (2, 2̄,1) and ∆D ∼ (2,1, 2̄). For the 2 + 1
charge assignments, the bidoublet spurions are allowed in the Yukawa interactions already
at the dimension-4 level. The doublet V is generated only at the dimension-5 level,

L ⊃ xui
Λ QiH̃φU3 + xdi

Λ QiHφD3 + H.c. , (2.32)
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after the U(1)X -symmetry-breaking scalar φ gets a VEV (here Xφ = −Xq3 and i = 1, 2).
If there is a hierarchy between the φ VEV and the masses of integrated modes, 〈φ〉/Λ� 1,
this can explain the smallness of the CKM parameters V ≈ (Vts, Vtd)T . As detailed in the
next section, the light Xµ solution of the (g − 2)µ anomaly predicts 〈φ〉 close to the EW
scale and, therefore, xu2/Λ ≈ Vts/〈φ〉 ∼ (10TeV)−1.

A simple UV completion of the operators in eq. (2.32) is to integrate out at tree-level
heavy vector-like quarks in the gauge representations of the right-handed up and down
quarks. For instance, integrating out vector-like Ψ ∼ (3,1, 2

3 , 0) would generate the first
operator in (2.32) but not the second, leading to a down-alignment. This alignment is
favored by the strong constraints on the flavor-changing neutral current (FCNC) processes
in the down-quark sector, see e.g. ref. [123].

The down-alignment is also useful in the presence of a light flavor-violating mediator.
The non-universal quark charges, after flavor rotations to the mass basis, lead to flavor-
violating Xµ couplings. Decays such as B → KX impose very stringent limits on a sub-
GeV vector boson Xµ, see eq. (3.9). These can be avoided in the down-alignment scenario
(xdi = 0 and xui 6= 0). In this case, the 3× 3 down quark Yukawa matrix is a sum of a 2× 2
matrix for the light quarks and a single entry for the third generation. The Xµ couplings
within these two subspaces are proportional to the identity matrix and are not affected
by flavor rotations required for down quark mass diagonalization. In contrast, the Xµ

couplings to the up quarks receive off-diagonal entries after up-quark mass diagonalization.
Due to the residual U(2) protection, the Xcu coupling has the CKM suppression V ∗cbVub.
The relevant observables are: D → πX (below the dimuon threshold X mostly decays to
neutrinos) and D − D̄ mixing. We will derive the bounds in section 3.5.5.

Finally, the muoquark conditions from section 2.2 change with non-universal quark
charges. Motivated by the flavor anomalies, we choose the leptoquark charge XLQ to al-
low for the leptoquark couplings with the third-generation quarks and second-generation
leptons at the renormalisable level while preventing all other leptoquark and diquark
couplings.4

Let us consider as an illustration a scalar leptoquark S3 ≡ (3,3, 1/3, XS3). Assuming
Xq3 6= 0 and Xq12 = 0, we further require:

i) the interaction Q3L2S3 is allowed,

ii) Q3L1,3S3, Q1,2L1,3S3, and Q1,2,3Q1,2,3S
†
3 are forbidden.

For this to be true, the following set of conditions needs to be satisfied

XL2 6= {XL1,3 , XL1,3 −Xq3 ,−Xq3 ,−2Xq3 ,−3Xq3} . (2.33)

These criteria are met by 171 inequivalent sets of XFi charges in the range [−10, 10] out of
which 158 belong to the vector category (cf. eq. (2.15)) and 13 are in the chiral category.

4The choice of the third quark generation is indeed advantageous in many ways. For instance, the
one-loop leptoquark contribution to the (g − 2)µ is enhanced when the top quark is running in the loop
(section 4).
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Consider for example the sub-GeV Xµ vector boson of the gauged U(1)X with:

Xq12 = 0 , Xq3 = −3 ,
XL1,2,3 = XE1,2,3 = XN1,2,3 = {0, 1, 8}, {0, 2, 7}, {0, 4, 5}, or {0,−1, 10}. (2.34)

These benchmarks satisfy eq. (2.33) and do not couple X to electrons or valence quarks.
The S3 muoquark at tree-level contributes to b → sµµ decays and can fit the data

well, see e.g. ref. [1]. The coupling to the strange quark is generated in a way similar to
the CKM matrix, i.e., by a dimension-5 operator

L ⊃ zui
Λ Q

C
i L2S3φ

† + H.c. , (2.35)

where i = 1, 2. This operator is allowed by gauge symmetry despite the U(1)X charges
already being fixed by eqs. (2.32) and (2.33). The simplest way to generate this operator
without spoiling the down-alignment of Xµ interactions is to introduce a vector-like lepton
χ ∼

(
1,2,−1

2 ,−XS3

)
. More precisely, the interactions QC1,2χLS3 and χ̄Rφ†L2 generate the

operator in eq. (2.35) when the χ field gets integrated out at tree-level.

3 Light Xµ phenomenology

When the U(1)X gauge bosonXµ is light, it can give the dominant new physics contribution
to (g− 2)µ and potentially resolve the discrepancy between the measurements and the SM
prediction, see e.g. [124]. In this section we show that the (g − 2)µ anomaly can indeed
be explained, without violating other experimental constraints, by a sub-GeV vector boson
Xµ in a broad class of U(1)X gauge models. The U(1)X models that we consider all admit
the muoquark solution of the rare B decay anomalies in the RK(∗) ratios and b → sµµ

angular distributions and branching ratios.
The model independent discussion in sections 3.1, 3.2, and 3.3 is limited to the flavor-

conserving Xµ couplings applicable for the U(1)X gauge models. Section 3.4 contains also a
short discussion of challenges facing a light vector boson that would be flavor-violating [125].
The main goal of section 3.4 is to show that a single light Xµ cannot simultaneously resolve
both the (g−2)µ and rare B decay anomalies, and therefore another heavy mediator such as
S3 ≡ (3,3, 1/3, XS3) is required. Section 3.5 then contains several benchmark models that
can solve both the (g−2)µ and rare B decay anomalies, with most of the phenomenological
discussion focused on Xµ while for the S3 phenomenology we refer to [1, 82, 89, 92, 93].

3.1 Muon (g − 2)µ
Recently, the Muon g − 2 collaboration at the Fermilab announced its first preliminary
measurement of the muon anomalous magnetic moment [126–128], consistent with the BNL
result [2]. The combination of the two experimental results (aavg

µ ) differs by 4.2σ [126] from
the SM prediction (aSM

µ ),5

∆aRµ = aavg
µ − aSM

µ = (251± 59)× 10−11 . (3.1)
5Obtained from the measurements of R-ratios, see [3] and reference therein. This prediction is sup-

ported by the electroweak precision tests, where the same e+e− → hadrons data is used to calculate
α(mZ) [129, 130].
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The SM prediction obtained on the lattice by the BMW collaboration [25], on the other
hand, differs by only 1.6σ from the experimental average, and is thus consistent with
∆aµ = 0. In the numerical studies we use eq. (3.1) with the caveat that the situation calls
for further studies of the SM prediction.

The light gauge boson Xµ that couples to muons,

L ⊃ gX µ /X(qV − qAγ5)µ , (3.2)

gives the following 1-loop contribution to the muon anomalous magnetic moment, see, e.g.,
refs. [124, 131],

∆aµ = g2
X

8π2 r
2
µ

[
q2
V IV (rµ) + q2

A IA(rµ)
]

= g2
X

8π2

{
q2
V − 2 r2

µ q
2
A, mX � mµ

2
3r

2
µ

[
q2
V − 5 q2

A

]
, mX � mµ

, (3.3)

where r` = m`/mX and

IV (r`) =
∫ 1

0
dx 2x2(1− x)

1− x+ r2
`x

2 , IA(r`) = −
∫ 1

0
dx2x(1− x)(4− x) + 4r2

`x
3

1− x+ r2
`x

2 (3.4)

Both IV (r`) and IA(r`) are monotonic functions of mX such that the vector (axial)
contributions to aµ are always positive (negative). Thus, in order to account for the central
value of ∆aµ in eq. (3.1), the vector coupling needs to be nonzero, qV 6= 0. Numerically,

gX =
( ∆aµ

251× 10−11

)1/2{ 4.5× 10−4[q2
V − 2 q2

A r
2
µ

]−1/2
, mX � mµ,

5.5× 10−4 r−1
µ

[
q2
V − 5 q2

A

]−1/2
, mX � mµ.

(3.5)

For mX below or comparable with the muon mass, the gauge coupling required to explain
the observed ∆aµ is gX ∼ O(10−4). To get the correct sign, eq. (3.5) implies that Xµ needs
to predominantly couple vectorially, with the axial-to-vector ratio of couplings required to
be below

∣∣qA/qV ∣∣ < mX/(
√

2mµ)� 1 when mX � mµ, and below
∣∣qA/qV ∣∣ < 1/

√
5 when

mµ � mX .

3.2 Neutrino trident production

The neutrino trident production provides important bounds on the muonic force explana-
tions of the (g − 2)µ anomaly [51]. The muon neutrino and the left-handed muon form an
electroweak doublet and thus share the same coupling to Xµ, proportional to ∝ (qV + qA).
Since any explanation of the (g − 2)µ anomaly must be mostly vectorial (see eq. (3.5)), a
flavor diagonal explanation of the (g − 2)µ anomaly necessarily implies NP contributions
to the trident production νµN → νµNµ

+µ− induced by the νµ neutrino scattering on nu-
cleus N . The strongest bound on the NP contributions to the trident production cross
section is from the CCFR experiment that reported σCCFR/σSM = 0.82± 0.28 [132], where
σCCFR is the measured cross section and σSM the SM prediction. For comparison, we also
show in figure 1 a weaker constraint from the NuTeV experiment [133]. Note that the
NuTeV analysis claims to have identified an additional background that was not included
by the CCFR.
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The calculation of the trident production cross section in the presence of NP was
performed in ref. [51] (see also [52, 134, 135]), by considering the scattering of neutrinos
on the potential photons sourced by the nucleus, νµγ → νµγµ

+µ−. We use the public
code of ref. [52] to calculate the SM and NP cross sections, including the kinematical
cuts [132]. The public code was modified to include the light spin-1 with both vectorial
and axial-vector couplings. Only the dominant flux (νµ) is used.

3.3 Other constraints

Borexino. The Borexino experiment measured a cross section for the elastic scattering
of 7Be solar neutrinos on electrons [136, 137]. Because of neutrino oscillations the flux on
Earth is composed of all three neutrino flavors incoherently scattering on electrons. The
tree-level Xµ exchanges can modify the scattering rate from the SM expectation. Since no
deviation was observed, this implies bounds on Xµ couplings to fermions that are due to a
combination of direct U(1)X charges and induced couplings from kinetic mixing of Xµ with
the photon (in particular to the electron). For the numerical estimates we closely follow
the analysis in ref. [52]. The bound becomes stronger if Xµ also couples to tau and electron
neutrinos in addition to the muon neutrino and becomes weaker if the direct coupling of
Xµ to the electron cancels against the kinetic-mixing-induced one.

Light resonance searches. New light resonances can be probed by a number of intensity
frontier experiments, summarized, e.g., in refs. [138, 139]. In the numerical estimates we
mostly use DarkCast [138] to recast the existing and future projections of dark photon
bounds. The Xµµ coupling is currently probed by NA62 (K → µνX decays) [140, 141],
and BaBar (searches for X → µµ decays in the 4µ final state) [142]. In case of couplings
to baryon number and/or to electron via kinetic mixing there are additional bounds from
the LHCb dark photon searches [143–145], NA64 [146], BaBar [147] and NA62 (invisible
π0 decays) [148].

For future projections on the sensitivity to Xµµ coupling we consider NA64µ [149–152],
M3 [153], Belle-II [154], NA62 [140] and ATLAS [155]. For other couplings (e.g. to hadrons)
we also consider the projections for LHCb from ref. [143].

Astrophysics and cosmology. The parameter region of interest easily passes the astro-
physical and cosmological constraints. The Xµ decays to neutrinos before the onset of BBN
for mX & 6MeV [156]. The potential supernova 1987A limits discussed in [157] (see [158]
for the robustness of the bound) apply to much smaller couplings in the considered mass
range. That is, the values of gX relevant for the explanation of the (g − 2)µ anomaly lead
to Xµ trapping in the proto-neutron star and, therefore, to no cooling constraints.

Non-standard neutrino interactions. Neutrino non-standard interactions (NSI)
change the oscillation of the neutrinos as they propagate through matter via the MSW
mechanism [159–161]. Such changes, in turn, influence the global fit to oscillation data and
constrain the size of the interactions [162].

LNSI = − GF

2
√

2
∑
f,αβ

εfαβ(fγµf)(ναPLνβ) (3.6)
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The oscillation is decided by the forward scattering limit, where an effective theory de-
scription is suited even for small X masses. The couplings will then depend on the charges
of the matter fields, f = {e, p, n}, and neutrinos, as well as the gX/mX setting the over-
all strength of the interactions. Since ordinary matter (atoms) are electrically neutral,
any contribution to the interactions from kinetic mixing with the photon cancels in the
end [163]. With that in mind, we use the bounds of ref. [164] directly to constrain NSI in
our benchmark models irrespective of the kinetic mixing.

Other bounds on neutrino interactions stem from the coherent scattering on nu-
clei [165, 166], which was observed by the COHERENT experiment [167]. Since the mo-
mentum transfer of the neutrinos in COHERENT is ∼ 50 MeV, right in the middle of the
viable mX window for a (g − 2)µ explanation, the effective interaction (3.6), which was
considered e.g. in [163, 168–170], overestimates the NP contribution to the cross section.
Therefore, we determine the COHERENT bounds on a dynamical light vector boson. To
this end, we have implemented the relevant contributions into the public Python code
7stats [170]. This code includes the COHERENT CsI data [167, 171] and provides a
χ2-function that we use to set bounds on our benchmark models.

3.4 A single mediator for both (g − 2)µ and rare B decay anomalies?

An interesting question is whether a single mediator could be responsible for both the
(g− 2)µ and rare B decay anomalies. Here we explore to what extent this is possible when
the mediator is a neutral spin-1 boson, Xµ. We keep the discussion quite general so that
the results also apply to the different U(1)X models.

We construct an EFT with the dynamical gauge field Xµ and the U(1)X symmetry-
breaking scalar φ, while the rest of the BSM spectrum is integrated out. In particular, the
quark flavor-violating Xbs interaction, needed to explain the anomalies in rare B decays,
is a result of some unspecified short-distance physics (e.g., from integrating out heavy
vector-like fermions). The relevant effective Xµ interactions are given by

Leff ⊃+ gX (qV + qA) νµL /X νµL + gX µ /X (qV − qA γ5)µ

+
[
b /X (gbsL PL + gbsR PR) s + H.c.

]
, (3.7)

extending the effective Lagrangian in eq. (3.2). For U(1)X models, the second line can arise
from higher-dimension gauge invariant operators, for example from (φ†Dµφ)(Q2γ

µQ3), . . .,
after the breaking of U(1)X by the φ VEV. The flavor-diagonal couplings to muons and
muon neutrinos, on the other hand, occur in U(1)X models directly from charging them
under the U(1)X group.

The EFT in eq. (3.7) now allows us to address the central question of this subsection:
can the anomalies in both (g−2)µ and rare B decays be explained by one-loop and tree-level
exchanges of Xµ, respectively, or is an additional short-distance contribution needed?

The NP effects that could explain RK(∗) and the b→ sµµ anomalies can be expressed
in terms of the modified Wilson coefficients C9 and C10 that we define as in ref. [41]. The
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tree-level Xµ exchanges contribute as (cf. [172])

C
(′)
9,10 = qV,A

N

gX g
bs
L(R)

q2 −m2
X + imXΓX

, (3.8)

where N = GF α√
2π VtbV

∗
ts is a normalization factor. The Xbs couplings gbsL(R) are stringently

constrained, e.g. by BR(B → Kνν) if Xµ is lighter than the B meson or by the Bs
neutral meson mixing. Since right-handed quark couplings are not needed to explain the
anomalies in rare B decays (cf. e.g. [41]), in the following we set gbsR = 0. Here we focus
on light Xµ with mX < mB −mK , such that the most important constraint on gbsL comes
from BR(B → Kνν) [173–176]. For BR(X → νν) ' 1, this bound is given by [172]

gbsL . 0.7× 10−8 mX

GeV . (3.9)

Consequently, an explanation of RK(∗) and the b → sµµ anomalies requires sizable Xµµ
couplings.

Let us now consider the one-loop contributions to (g − 2)µ from Xµ and either e, µ
or τ running in the loop (forgetting for the moment about UV completions). For e and τ
running in the loop, the Xµ couplings are flavor violating, a possibility suggested in [125].
The (g − 2)µ excess can, in principle, be explained by the flavor-violating Xµτ coupling,
with mX > 1.7GeV. In contrast, the Xeµ coupling leads to a negative contributions to
∆aµ. For the flavor-conserving option, with Xµ coupling to muons, inducing the (g−2)µ in
the loop is viable, as long as vector couplings are larger than axial ones, see the discussion
in section 3.1. If we want to explain (g − 2)µ and the anomalies in rare B decays at
the same time, the requirement of a sizable Xµµ coupling to explain the latter precludes
an explanation of (g − 2)µ predominantly through flavor-violating Xµτ couplings. The
presence of both Xµτ and Xµµ couplings would lead to a too large BR(τ → 3µ) in conflict
with experimental bounds [177]. This leaves us with the possibility that both the (g − 2)µ
and rare B decay anomalies could be due to flavor diagonal Xµµ couplings.

In figure 1 we show the regions in the mX — gX plane, in which a light Xµ with
couplings given by eq. (3.7) can explain the measured values of (g − 2)µ and RK for
different choices of qA/qV .6 The region where the (g − 2)µ measurement can be explained
at the 2σ level is represented by solid black lines (dashed black lines give the central values).
The viable region becomes smaller and moves to larger values of gX as |qA/qV | increases.
For |qA/qV | > 1/

√
5 ≈ 0.45, no explanation is possible at all (cf. section 3.1). The orange

shaded area shows the mX and gX values that can explain the LHCb measurement of
RK [37] at the 1σ level, while gbsL satisfies eq. (3.9). Since RK is measured in a bin of
the invariant dilepton mass squared, q2 ∈ [1.1, 6]GeV2, an Xµ with m2

X ∈ [1.1, 6]GeV2

can only enhance RK if it couples to muons (this is further discussed in appendix B.2).
The boundaries of this region are shown in figure 1, as gray dotted lines. In conclusion,

6In figure 1 the Xee couplings were set to zero. However, even if these were allowed to vary, the
conclusions would not have changed. The Xµµ coupling, needed to explain the (g − 2)µ anomaly, is
expected to be much larger than the size of Xee coupling allowed by the bounds from the light resonance
searches, cf. section 3.3.
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Figure 1. Parameter space for the light Xµ solution to the (g − 2)µ anomaly with the 2σ region
and the central values in solid and dashed black, respectively. The gray region is excluded by
the neutrino trident production (see section 3.4). In the orange region, the LHCb measurement of
R

[1.1,6]
K can be explained at the 1σ level while satisfying the constraint on qbsL,R from BR(B → Kνν).

The neutrino trident bound and the predictions for (g − 2)µ are independent of the overall sign
of qV , while explaining the RK measurement requires qV > 0 for m2

X . 1.1GeV2 and qV < 0 for
m2
X & 6GeV2.

the measured value of RK cannot be explained for m2
X ∈ [1.1, 6]GeV2. Outside this mass

window, as expected from fits to RK in the Cµ9 — Cµ10 plane (see e.g. [41]), we find that
RK can be explained for vanishing and negative qA/qV and that sizable positive qA/qV can
preclude an explanation.

The most important constraint on the parameter space shown in figure 1 is due to
neutrino trident production (cf. section 3.2). The gray shaded area is excluded at 95%
C.L. by the CCFR measurement (light gray region). A weaker bound from the NuTeV ex-
periment mentioned in section 3.2 is also shown in darker gray. When the CCFR constraint
is satisfied, it is only possible to explain (g−2)µ for |qA/qV | . 0.2 and mX . 400MeV. An
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explanation of RK for mX < mB −mK is even completely excluded by the CCFR bound.7
This, in particular, applies to the small window at mX ' 2.5GeV and qA/qV ' −0.4,
where a combined explanation of (g − 2)µ and RK would be possible otherwise [172]. We
conclude that a single mediator mX cannot explain both the (g − 2)µ and rare B decay
anomalies while satisfying all constraints as long as the couplings of left-handed muon and
muon neutrino are related by SU(2)L gauge invariance. The lack of a combined solution
to the b→ sµµ and (g− 2)µ from a light vector agrees with the findings of refs. [178, 179].
These analyses also pointed out that BR(Bs → µµ) effectively rules out mX . 1.4 GeV as
an explanation of RK(∗) unless the Xbs coupling is due to an effective dipole operator.

3.5 Benchmarks

For the benchmarks we focus on the extended gauge sector from gauging the U(1)X groups
discussed in section 2. After EWSB, the relevant part of the Lagrangian reads

L ⊃ −1
4F

2
µν −

1
4X

2
µν + 1

2ε FµνX
µν + 1

2m
2
XX

2
µ + eAµJ

µ
EM + gXXµJ

µ
X , (3.10)

where JµEM,X are the EM current and the current associated with U(1)X , respectively. This
ignores a small Xµ–Zµ mixing proportional to the kinetic-mixing parameter ε, which we
will assume to be no larger than O(gX). We relegate further details about the mixing of
EW and Xµ gauge bosons to appendix A.2.

The Xµ couplings to the SM fermions are determined by the form of the current JµX
and by the size of the kinetic mixing parameter ε. The JµX is given by the U(1)X SM
fermion charges Xf ,

JµX =
∑
f

Xffγ
µf, (3.11)

and is specific to each model we consider. The value of ε we treat as a free parameter, with
the exception of the Lµ − Lτ model, where we follow the literature and assume that the
kinetic mixing is generated exclusively by the mass difference between the tau and the muon
running in the loop, and is therefore predicted to be ε ∼ O(egX/16π2), see section 3.5.2
for details. This relies on the assumption that ε vanishes at the high scale (as required for
gauge coupling unification). Furthermore, for U(1)Lµ−Lτ the kinetic mixing parameter ε
has vanishing β function at 1-loop above the EW scale , while the 2-loop contribution is
(m2

τ −m2
µ)/v2 suppressed. It is thus appropriate to make the approximation that in the

U(1)Lµ−Lτ model the kinetic mixing only receives the contributions from muons and taus.
The other benchmark models we consider have a nonzero β-function for the kinetic mixing
parameter ε. For these models we therefore do not expect to have ε = 0, except for special
tuning points. Typically, it is reasonable to assume ε . gX , which is what we use in the
sample plots. The 1-loop running of the ε parameter is further analyzed in appendix A.3.

All the models allow for the S3 muoquark to be part of the spectrum. We assume
that this is the case, which means that both (g − 2)µ and the anomalies in rare B decays
can be explained simultaneously. In the rest of this section we focus on the part of the

7Since the stringent bound on gbsL from BR(B → Kνν) does not apply for mX > mB−mK , it is possible
to explain RK in this higher mass region.
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Figure 2. Parameter space for the light Xµ solution of the (g − 2)µ anomaly in the U(1)Lµ−Lτ
model. The shaded regions are excluded by various experiments, as denoted in the legend, with
dotted lines giving the future projections for the exclusions, while the 2σ region between the black
solid lines is preferred by (g − 2)µ (dashed line for central values).

phenomenology that is relevant for explaining the (g−2)µ anomaly, i.e., on the constraints
on the couplings of the light gauge boson, Xµ.

3.5.1 Gauged Lµ − Lτ
For completeness we start the list of benchmark models with the Lµ−Lτ gauge symmetry,
which has a long history as an explanation for the (g − 2)µ anomaly [48, 49, 51]. The 2nd
and 3rd generation SM leptons carry opposite charges, and form vector-like representations
under U(1)Lµ−Lτ :

Xe = XN1 = 0, Xµ = −Xτ = 1, XN2 = −XN3 . (3.12)

The right-handed neutrinos N2,3 can carry vector-like charges, XN2 = −XN3 , that are in-
dependent of the charges of the SM leptons. However, as long as XN2,N3 are not excessively
large (or if the right-handed neutrinos are heavy) their exact values are expected not to
change appreciably the phenomenology of the gauged Lµ − Lτ model.

In figure 2 we show with black lines the 1σ parameter band (dashed black for central val-
ues), for which the Lµ−Lτ model explains the observed (g−2)µ. The model is not expected
to have any appreciable kinetic mixing parameter and thus the UV value of ε is set to zero.
At one loop the muon and tau kinetic mixing diagrams lead to an effective momentum-
dependent mixing, already taken into account in the DarkCast model [52, 180], which
gives an effective coupling of Xµ to the electrons at the percent level. The resulting con-
straints (future projections) in figure 2 are thus taken directly from DarkCast and are
shown as shaded colored regions (dashed lines) with color coding denoted in the legend.
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Figure 3. Parameter space for the light Xµ solution of the (g−2)µ anomaly in the B−3Lµ model.
The shaded regions are excluded by various experiments, as denoted in the legend, while the 2σ
region between the black solid lines is preferred by (g − 2)µ (dashed line for central values).

3.5.2 Gauged B − 3Lµ
The B − 3Lµ gauge group has charges

Xµ = XN2 = −3, Xe,τ = XN1,N2 = 0, XQi,Ui,Di = 1
3 . (3.13)

This is another example of the vector category of U(1)X charge assignments. The
U(1)B−3Lµ was the first gauge group used in a muoquark construction [1]. This group
is particularly suitable for the task at hand because it allows for a phenomenologically vi-
able type-I seesaw, with only one symmetry-breaking scalar, while still forbidding U(1)B-
violating dimension-5 operators that could otherwise be induced by S3 leptoquark ex-
changes. In contrast to the Lµ−Lτ model, a sizable kinetic mixing parameter is generated
by the RG running. For this reason we use the benchmark numerical value ε = 0.1 gX .

In figure 3 we report the bounds on the B − 3Lµ model in the sub-GeV mass region,
i.e., in the mass region where Xµ could potentially explain the (g − 2)µ anomaly (1σ
range is denoted with solid black lines, the central values with dashed black lines). Since
Xµ couples to quarks, a significant part of the relevant parameters space is excluded
by the di-muon resonance searches at the LHCb (orange region), and by the bounds
on π0 → γXµ decays from NA62 (purple region). Even more stringent constraints on
the model are imposed by the bounds on the NSI interactions from the global fits to
the neutrino oscillation data (yellow region) and from the measurements of the coherent
neutrino-nucleus scattering by COHERENT (light magenta). These bounds are sufficiently
strong to completely exclude the model.
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Figure 4. Parameter space for the light X solution to the (g−2)µ anomaly in U(1)Le−Lµ model (left
plot) and U(1)Le−Lµ−Qem (right plot). The shaded regions are excluded by various experiments, as
denoted in the legend, while the 2σ region between the black lines is preferred by (g − 2)µ (dashed
lines denote central values).

The bounds on the B − 3Lµ model, figure 3, are representative of the bounds that
would be obtained for a generic U(1)X model with nonzero B charges. In order for such
models to lead to a viable explanation of the (g− 2)µ anomaly, one would need to increase
the Lµ charge assignment well over the B charges. This can be achieved, for instance,
by taking the linear combination c1(B − 3Lµ) + c2(Lτ − Lµ) for the gauge group, where
c2 � c1.

3.5.3 Gauged Le − Lµ
The gauged Le − Lµ model,

Xτ = XN3 = 0, Xe = −Xµ = 1, XN2 = −XN1 , (3.14)

is obtained from the Lµ−Lτ model, eq. (3.12), through a simple permutation of the charge
assignments, but leads to a drastically changed phenomenology. The large electron charge
greatly enhances the Xµ interactions with electrons. Since such couplings are targeted by
many of the light-sector searches one may expect that these exclude the U(1)Le−Lµ model
as an explanation of the (g − 2)µ anomaly.

In figure 4 (left) we show the constraints on the U(1)Le−Lµ model assuming vanishing
kinetic mixing in the UV. The parameter space that would explain the (g− 2)µ anomaly is
excluded by a number of different experiments: both by NA64, Borexino, and constraints
on NSI from neutrino oscillation fits. A different choice of the kinetic-mixing parameter
can change the effective Xµ couplings to electrons, reducing the importance of some of the
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experimental constraints. Taking for example ε = −gX/e leads to effective Xµ charges that
are equivalent to the charges in the Le − Lµ +Qem model, see appendix A.1. In this case,
the electron charge vanishes. However, this then introduces effective Xµ charges to quarks
proportional to their electric charges Qq,em. We illustrate this scenario in figure 4 (right).
The NA64 and Borexino bounds become less stringent, the COHERENT bound becomes
more stringent, while the choice of kinetic mixing parameter (i.e. shifting all Xµ couplings
proportional to Qem) has no effect on the NSI constraints from neutrino oscillations. We
can therefore conclude that it is not possible to explain the (g − 2)µ anomaly using just
the Le − Lµ model or its Le − Lµ +Qem variant.

3.5.4 Gauged B − 2Le − Lµ
Both the Le−Lµ model and the B−3Lµ model illustrate that if the Xµ couplings to valence
quarks and/or electrons are comparable to its couplings to muons, the constraints from
bounds on NSI due to neutrino oscillations fits are going to be very stringent. A possible
charge assignment that may circumvent the NSI bounds from atmospheric and long baseline
neutrino oscillation experiments is B − 2Le −Lµ. For this charge assignment the ordinary
earth matter is almost invisible to Xµ.8 For B− 2Le−Lµ with vanishing kinetic mixing in
the UV, the Xµ couplings to electrons are large enough that NA64 and Borexino bounds
exclude such an explanation of (g−2)µ. However, this may no longer be the case for judicial
choices of kinetic mixing. Changing the kinetic mixing parameter ε does not impact the
NSI bounds from neutrino oscillations, while the value ε ' −2gX/e effectively eliminates
the electron charge, relaxing the NA64 and Borexino bounds (and simultaneously relaxing
the COHERENT bound). Such a value of ε may at first appear to be tuned. However,
this is nothing but a reparameterization of a gauge group with nontrivial Higgs charge as
described in section 2.2. The choice ε = −2gX/e is equivalent to the U(1)X group with
XH = −1 and Xdi = −Xui = 1. The constraints are shown in figure 5, which show that
the (g − 2)µ region is always excluded.9 In particular, the preferred parameter space does
not pass the NSI bound, even though the model is specifically designed for this purpose.

3.5.5 Gauged 9B3 − 8Lµ − Lτ
As the benchmark third-family-quark model we investigate the U(1)9B3−8Lµ−Lτ model,
eq. (2.34). As discussed in section 2.3, a (g − 2)µ solution of this type should be down-
aligned to avoid strong constraints from B decays. However, this still leaves strong bounds
from D −D mixing and D → πX decays.

For the former, we reuse the results of ref. [181] where the operator product expansion,
treating charm quark as heavy, was used to obtain the meson mixing bounds on flavored
light vector mediators. The D − D̄ mixing measurements translate to a bound mX &
60 MeV(gXXq3/10−4), if the NP couplings are real, and mX & 360 MeV(gXXq3/10−4) for a
NP contribution with the maximal weak phase. To be conservative, we assume that the NP
couplings are real. In particular, the off-diagonal couplings are only in the Xµ couplings

8Atoms with isospin symmetric nuclei are Xµ neutral, while for the average element composition of earth
there are slightly more neutrons than protons, with approximate ratio ' 1.05 : 1.00, see eq. (2.17) in [162].

9We thank Pilar Coloma for a dedicated global fit of neutrino oscillations in this model.

– 22 –



J
H
E
P
0
4
(
2
0
2
2
)
1
5
1

10−3 10−2 10−1
10−5

10−4

10−3

10−2

g X

B − 2Le − Lµ, ε = 0

10−2 10−1 100

B − 2Le − Lµ, ε = −1.98 · gX e−1

(g − 2)µ

NSI osc.

COHERENT

Borexino

CCFR

NA64

LHCb

BaBar

NA62

mX [GeV]

Figure 5. Parameter space for the light X solution to the (g − 2)µ anomaly in the third-family
quark model U(1)B−2Le−Lµ model. The shaded regions are excluded by various experiments, as
denoted in the legend, while the 2σ region between the black lines is preferred by (g − 2)µ (dashed
lines denote central values).
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Figure 6. Parameter space for the light X solution to the (g − 2)µ anomaly in the third-family
quark model U(1)9B3−8Lµ−Lτ model. The shaded regions are excluded by various experiments, as
denoted in the legend, while the 2σ region between the black lines is preferred by (g − 2)µ (dashed
lines denote central values).

to left-handed up quarks, and these are taken to be equal to Xq3gX |V ∗ubVcb|. We show this
bound in figure 6 as the dark blue shaded region.

Potentially even more sensitive is the D → πX decay, where X decays to neutrinos,
resulting in the D → π+Emiss signature. Unfortunately, there is no dedicated experimental
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search for this signature yet. To indicate the potential experimental reach we can use the
recast of the CLEO D → µν search [182] that was reinterpreted in ref. [183] as the bound
on D → πa decays for a massless invisible pseudoscalar a, giving Br(D+ → π+a) <

8 · 10−6. We expect this recast to be valid also for Xµ masses of up to a few hundred
MeV, while for heavier masses the recast should be repeated, which we do not attempt
here. Using the expressions for decay branching ratios in [181] we then obtain the bound
mX & 70 MeV(gXXq3/10−5), assuming 100% branching ratio to neutrinos, which is valid in
our benchmark up to the muon threshold, mX < 2mµ. In figure 6 the bound is indicated
with a light blue dashed line. To obtain the complete sensitivity of rare meson decay
bounds other decay channels such as D → πµ+µ−, D → ρµ+µ− should be considered (as
well as D → ρEmiss once experimental searches are performed), which goes beyond the
scope of the present exploratory study.

Even so, figure 6 clearly demonstrates that the D meson bounds are strong enough to
completely rule out the light Xµ solution to (g−2)µ in this model. The only viable models of
this kind would be the ones with |XL2,E2 | � |Xq3 |, which would suppress the NP couplings
to the quark sector relative to the coupling to the SM leptons. This could be achieved
by modifying the present third quark family benchmark and replacing it with a linear
combination of these third-family charge assignments and the U(1)µ−τ charge assignments
(weighting more heavily toward the latter). Clearly, one can approximate arbitrarily well
the physics of U(1)µ−τ by allowing for sufficiently large charges of the latter group.

3.5.6 Chiral model: gauged L̃µ−τ

We now entertain a more exotic option for the U(1)X group from among the models of
section 2.2.2 with chiral charge assignments.

L̃µ−τ model:

(XL1 , XL2 , XL3) = (−1, 7,−6), (XE1 , XE2 , XE3) = (1, 6,−7),
(XN1 , XN2 , XN3) = (−7,−2, 9), XQi,Di,Ui = 0. (3.15)

The model has a large vectorial coupling to muons and only a small axial component.
This maximizes the NP contributions to the (g − 2)µ with the right sign to explain the
anomaly. The model also maintains a large ratio between the muon and electron charges,
without which there is little hope of evading the Borexino bound (that the Borexino bound
is relevant even for small induced couplings to electrons we saw already in the case of the
Lµ−τ model). Finally, the model has purely axial couplings to electrons and no couplings
to quarks such that NSI bounds are completely avoided. Figure 7 shows that the Borexino
and CCFR bounds are still strong enough to exclude most of the parameter space relevant
for (g − 2)µ except for a small window around 100MeV, assuming that the kinetic mixing
vanishes in the UV. The axial coupling to the electron gives a negative contribution to
(g − 2)e, which is known to high precision from two recent experiments [184, 185]. There
is some internal tension between the two experiments, but even the stronger bound on the
model from ref. [184] is weaker than the Borexino bound, as shown in figure 7. The bounds
do not change significantly for other reasonable values of ε, for instance even for values as
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Figure 7. Parameter space for the light X solution to the (g − 2)µ anomaly in the L̃µ−τ model.
The shaded regions are excluded by various experiments, while the region between the black lines
is preferred by (g − 2)µ.

large as ε = ±gX/10. In figure 7 we do not show the collider bounds. We expect these to be
qualitatively similar to the collider bounds for the Lµ−Lτ model, cf. figure 2. However, the
DarkCast code, which we used to derive the collider bounds, only has vector couplings
implemented at the moment. We therefore defer the complete phenomenological study of
the L̃µ−τ model to future work.

Finally, it would be interesting to relax the chiral model search criteria beyond |XF | ≤
10. We anticipate that this would generate additional feasible models with axial currents
that are further suppressed and also have a larger muon-to-electron charge ratio, further
relaxing the experimental bounds. Of course, this is just another way to approach the limit
of the Lµ − Lτ model.

4 Muon mass and (g − 2)µ at one loop

The observed smallness of Yukawa couplings can be explained in models in which fermion
masses are generated from radiative corrections [186, 187]. Here we focus on radiatively
generated muon mass. Since both the muon mass and the muon anomalous magnetic
moment are chirality flipping operators, the TeV-scale NP that at one-loop generates the
muon mass then generically also gives correlated one-loop NP contributions to (g−2)µ [188].

Model example. Let us consider a scenario in which the SM is extended by two scalar
leptoquarks, S+ and S−, in the (3, 2, 7/6) representation of the SM gauge group. This
leptoquark representation is usually called R2 as in ref. [80], however, for clarity we use a
simpler notation in this section. We assume that the leptoquarks are coupled to the third
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generation quarks, q3
L, tR, and the second generation leptons, `2L, µR. The model is assumed

to have a Z2 parity symmetry under which S− and µR are odd, while all the other fields
are even,

L ⊃ ηL tR`
2
L iσ2S+ − ηR q

3
L µR S− + H.c. . (4.1)

The global phase rotations can be used to make the couplings ηL,R real without loss of
generality. We assume that the left-handed quark doublet is defined in the down-quark
mass eigenstate basis and take Vtb = 1.

The Z2 symmetry forbids the direct muon Yukawa coupling, `2LH̃µR. This is then
generated only radiatively due to the presence of a Z2 soft breaking term,

Lbreak ⊃ − m̃2
SS
†
+S− + H.c. , (4.2)

which induces a finite one-loop contribution to the muon mass as well as to the anomalous
magnetic moment. For simplicity, we take the Z2 symmetric mass terms,

L ⊃ −m2
S−S

†
−S− −m2

S+S
†
+S+, (4.3)

to be degenerate, m2
S ≡ m2

S+
= m2

S−
, with 0 < m̃2

S � m2
S . This induces maximal mixing,

θ = π/4, into the mass eigenstates S1,2, with the corresponding physical masses given by
m2
S1(2)

= m2 ∓ m̃2. Furthermore, we assume that mt � mS as suggested by the direct
searches for leptoquarks at the LHC [189, 190].

Expanding the muon mass and the anomalous magnetic moment to the leading order
in mt/mS and m̃S/mS (see [98, 187] for full expressions),

mµ ≈
3

16π2 mtηLηR
m̃2
S

m2
S

,

∆aµ ≈
3

16π2 ηLηR
mµmtm̃

2
S

m4
S

(
5− 4QS + 2(1−QS) log m

2
t

m2
S

)
.

(4.4)

Assuming that mµ is entirely generated by the above one loop radiative correction, the
ratio ∆aµ/mµ depends only on two unknowns, mS and QS ,

∆aµ ≈
m2
µ

m2
S

(
5− 4QS + 2(QS − 1) log m

2
S

m2
t

)
. (4.5)

Since ∆aµ needs to be positive, and mS � mt experimentally, this puts a constraint on
possible values of leptoquark charge, QS & 1. In our example, the electric charge of the
scalars running in the loop is QS = 5/3. Consequently, ∆aµ = (251±59)×10−11 points to
mS ∈ [5 − 7]TeV. For ηLηR ≈ 1, the soft breaking mass needed to match the muon mass
is then m̃S ≈ 1TeV.

A wider parameter space opens up, if we move away from the limit mS+ 6= mS− .
Assuming as before that the muon mass is entirely due to the one loop radiative correction,
eq. (4.5) generalizes to [188]

∆aµ =
m2
µ

m2
t

F̃

(
m2
S1

m2
t

,
m2
S2

m2
t

)
, (4.6)
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Figure 8. Preferred parameter space in the muoquark model for the radiative muon mass genera-
tion as implied by the (g − 2)µ anomaly. See the main text in section 4 for further details.

where

F̃ (x1, x2) =
(
x1 log x1
1− x1

− x2 log x2
1− x2

)−1[ 3x1 − 1
(1− x1)2 −

3x2 − 1
(1− x2)2 + 2x2

1 log x1
(1− x1)3

− 2x2
2 log x2

(1− x2)3 + 2QS
( 1

1− x1
− 1

1− x2
+ x1 log x1

(1− x1)2 −
x2 log x2
(1− x2)2

)]
.

(4.7)

The preferred region in the S1, S2 mass plane, taking QS = 5/3, that explains the observed
deviations in ∆aµ is shown in figure 8 as the brown shaded band.10

U(1)X completion. The above scenario can be elegantly UV completed in our setup.
The scan over the anomaly free charge assignments in section 2 reveals a family of solutions
for which the dimension-4 muon Yukawa is forbidden. This occurs when the U(1)Xµ charge
of the left-handed muon is different from the charge of the right-handed muon. We assume
that in addition to the SM there are three scalars, the S± in the (3, 2, 7/6) representation
of the SM gauge group and the SM singlet φ. The extra scalars carry the following charges
under the U(1)Xµ gauge symmetry

XS+ = −XL2 +XUi = −Xµ +Xq , (4.8)
XS− = −XE2 +XQi = −Xµ − bE2 +Xq , (4.9)
Xφ = −XS− +XS+ = bE2 . (4.10)

where Xq = (−Xe−Xµ−Xτ )/9 (see section 2.2.2). The leptoquarks S+(S−) have allowed
couplings to the left-(right-)handed muons, respectively, i.e., they are the muoquarks. An
explicit mass mixing between S+ and S− is forbidden by the U(1)Xµ gauge symmetry.
However, there is a gauge invariant trilinear scalar coupling

L ⊃ −AφS†+S− + H.c. , (4.11)
10We note in passing that requiring a positive contribution to ∆aµ even in this more general case still

remains quite restrictive regarding the viable choices for the leptoquark gauge representations. In particular,
the (3, 1, 1/3) scalar leptoquark is not a phenomenologically viable possibility.
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Figure 9. A muoquark model for the radiative muon mass generation that also contributes to the
anomalous magnetic moment through the above diagram. See main text in section 4 for further
details.

that gives rise to the U(1)Xµ mass mixing term, m̃2
S = Avφ, once the SM singlet φ gets a

VEV, 〈φ〉 = vφ and breaks U(1)Xµ spontaneously. The radiative generation of the muon
mass requires a single insertion of vφ, a mechanism that is illustrated by the Feynman
diagram in figure 9. An alternative charge assignment for φ can be Xφ = bE2/2, in which
case the quartic interaction L ⊃ −λφ2S†+S− is gauge invariant, giving m̃2

S = λv2
φ and the

radiative generation of the muon mass is induced by two insertions of the φ VEV.
In the above set-up the Xµ gauge boson is no longer needed to resolve (g − 2)µ and

can be decoupled from the phenomenological discussion by taking the small gauge coupling
limit. In addition, the corrections to the h → µ+µ− decays start at O(m2

t /m
2
S) and are

well within the present experimental bounds on the Higgs couplings to muons.

5 A vector muoquark model

For a leptoquark to become a muoquark, it has to be charged under a U(1)X gauge symme-
try discussed in section 2. While this is straightforward for a scalar leptoquark, charging
a vector leptoquark in a UV complete model is more challenging. In this section, we
demonstrate that it is possible to construct UV-complete gauge models in which a vector
leptoquark carries a U(1)X charge. We build a model that contains a U1 muoquark with
the SM quantum numbers (3,1, 2/3) as one of the leptoquarks charged under the gauged
U(1)µ−τ as an example.

Gauge group and fermion embedding. We consider the gauge group

G5321 = SU(5)× SU(3)′ × SU(2)L ×U(1)′ (5.1)

and embed the third generation of quarks together with the second and third lepton gen-
erations into fundamental 5 multiplets of SU(5):

ψL ∼ (q3
L `

3
L `

2
L)ᵀ , ψ+

R ∼ (u3
R ν

3
R ν

2
R)ᵀ , ψ−R ∼ (d3

R e
3
R e

2
R)ᵀ . (5.2)

The quantum numbers of all SM-like fermions are collected in table 2. Even though the
SU(5) multiplets unify fields from different fermion generations, all gauge anomalies cancel.
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Field SU(5) SU(3)′ SU(2)L U(1)′

`1L 1 1 2 −1/2
e1
R 1 1 1 −1
qiL 1 3 2 1/6
uiR 1 3 1 2/3
diR 1 3 1 −1/3
ψL 5 1 2 −1/10
ψ+
R 5 1 1 2/5

ψ−R 5 1 1 −3/5

Table 2. Quantum numbers of SM-like fermions under the G5321 gauge symmetry; i ∈ {1, 2}.

The SU(5) group contains the subgroup SU(3)5 × U(1)5 × U(1)µ−τ ⊂ SU(5) under which
the 5 decomposes as

5→ (3, 4/15, 0)⊕ (1,−2/5,−1)⊕ (1,−2/5, 1) , (5.3)

i.e. there is one SU(3)5 triplet that is uncharged under U(1)µ−τ and is identified with a
third-generation quark, as well as two SU(3)5 singlets charged under U(1)µ−τ that are iden-
tified with third and second generation leptons. The QCD and hypercharge gauge groups
are given by the diagonal subgroups of SU(3)5 × SU(3)′ and U(1)5 ×U(1)′, respectively,

SU(3)c = [SU(3)5 × SU(3)′]diag , U(1)Y = [U(1)5 ×U(1)′]diag . (5.4)

It can be easily verified that the sums of U(1)′ charges in table 2 and U(1)5 charges in
eq. (5.3) yield the correct hypercharges, see also appendix C.

Gauge sector and vector bosons. There are different ways to break G5321 → GSM ×
U(1)µ−τ that result in different vector boson spectra. In particular, there are two possible
intermediate gauge groups:

• GSM × SU(2)µτ
In this case, the breaking G5321 → GSM×U(1)µ−τ is done in the following two steps.

1. G5321 → GSM × SU(2)µτ
This first step proceeds via the SU(5) subgroup SU(3)5 × SU(2)µτ × U(1)5 ⊂
SU(5), under which the fundamental 5 and the adjoint 24 representations de-
compose as

5→ (3,1, 4/15)⊕ (1,2, −2/5) ,
24→ (1,1, 0)⊕ (8,1, 0)⊕ (1,3, 0)⊕ (3,2, 2/3)⊕ (3̄,2,−2/3) ,

(5.5)

such that the third and second lepton generations are contained in doublets of
SU(2)µτ . After this step, the spectrum of massless gauge bosons consists of the
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SM gauge bosons and an additional triplet of the unbroken SU(2)µτ . The vector
bosons that become massive by this breaking and their quantum numbers under
SU(3)c × SU(2)L ×U(1)Y × SU(2)µτ are
– G′µ ∼ (8,1, 0; 1), a heavy gluon-like vector boson also known as coloron,
– B′µ ∼ (1,1, 0; 1), a heavy B-boson-like neutral vector boson,
– Uµ ∼ (3,1, 2/3; 2) (and its complex conjugate), an SU(2)L singlet vector

leptoquark known as U1, coming in a doublet of SU(2)µτ .
2. SU(2)µτ → U(1)µ−τ

In this second step, the 2 of SU(2)µτ decompose under U(1)µ−τ as

2→ −1⊕ 1 , (5.6)

such that the τ and µ leptons inside the SU(2)µτ doublets receive U(1)µ−τ
charges −1 and +1, respectively. Similarly, the SU(2)µτ doublet of U1 lepto-
quarks splits into two leptoquarks with U(1)µ−τ charges −1 and +1. Further-
more, the vector bosons in the SU(2)µτ triplet that mediate τ -µ transitions be-
come massive, while the one related to the diagonal SU(2)µτ generator becomes
the gauge boson of U(1)µ−τ .

• SU(4)5 ×U(1)5′ × SU(3)′ × SU(2)L ×U(1)′

The breaking G5321 → GSM ×U(1)µ−τ is again done in two steps:

1. G5321 → SU(4)5 ×U(1)5′ × SU(3)′ × SU(2)L ×U(1)′

This breaking proceeds via the SU(5) subgroup SU(4)5×U(1)5′ ⊂ SU(5), under
which the fundamental 5 and the adjoint 24 representations decompose as11

5→ (4, 1/10)⊗ (1,−2/5) ,
24→ (1, 0)⊕ (15, 0)⊕ (4, 1/2)⊕ (4̄,−1/2) ,

(5.7)

such that the third generation leptons stay unified with the third generation
quarks in the 4 of SU(4)5, while the second generation leptons are singlets of
SU(4)5. The vector bosons that become massive in this step and their quantum
numbers under SU(4)5 ×U(1)5′ × SU(3)′ × SU(2)L ×U(1)′ are
– Vµ ∼ (4, 1/2; 1,1, 0) (and its complex conjugate), which contains the U1 lep-

toquark that couples second generation leptons to third generation quarks
as well as the SM neutral vector bosons that mediate τ -µ transitions.

2. SU(4)5 ×U(1)5′ × SU(3)′ ×U(1)′ → SU(3)c ×U(1)Y ×U(1)µ−τ
This breaking proceeds via the SU(4)5 subgroup SU(3)4×U(1)4 ⊂ SU(4)5, under
which the 4 decomposes as12

4→ (3, 1/6)⊕ (1,−1/2). (5.8)
11The generator X5′ of U(1)5′ is given in terms of the SU(5) generators T5 as X5′ = 2√

10 T
24
5 .

12The generator X4 of U(1)4 is given in terms of the SU(4)5 generators T4 as X4 = 2√
6 T

15
4 .

– 30 –



J
H
E
P
0
4
(
2
0
2
2
)
1
5
1

The U(1)µ−τ generator Xµ−τ and the hypercharge generator Y are given by the
linear combinations of the generators X5′ , X4, and X1 of U(1)5′ , U(1)4, and
U(1)′ as

Xµ−τ = 3
2 X4 −

5
2 X5′ , Y = X4 +X5′ +X1 . (5.9)

The vector bosons that become massive in this step and their quantum numbers
under SU(3)c × SU(2)L ×U(1)Y ×U(1)µ−τ are:

– G′µ ∼ (8,1, 0, 0), a heavy gluon-like “coloron”,
– B′µ ∼ (1,1, 0, 0), a heavy B-boson-like neutral vector boson,
– U

(τ)
µ ∼ (3,1, 2/3, 1) (and its complex conjugate), a U1 leptoquark coupling

third generation leptons to third generation quarks.

In addition, the heavy vector boson four-plet Vµ splits into (3,1, 2/3,−1) ⊕
(1,1, 0, 2), which is the U1 leptoquark coupling second generation leptons to
third generation quarks and the SM neutral vector that mediates τ -µ transitions.

6 Conclusions

Lepton-flavored U(1)X gauge extensions of the SM — the focus of this work — provide a
framework in which the first experimental deviations are expected to be seen in the lepton
flavor universality violating (LFUV) observables and not, as is more common in many
other new physics models, in the lepton flavor-violating (LFV) observables. The U(1)X
extensions of the SM are especially interesting in view of the recent flavor anomalies,
showing hints of new physics in LFUV ratios RK(∗) , while the LFV transitions such as the
τ → 3µ decay are absent. In the U(1)X models the LFUV is hardcoded in the Xµ gauge
boson interactions through generation-dependent charges (allowing, e.g., for the muonic
force). In contrast, the LFV is forbidden in the infrared-relevant operators. The LFV
effects arise only in the form of higher-dimensional operators, whose effects are power
suppressed by high-energy scales.

The bulk of the present manuscript dealt with different SM+3νR anomaly-free charge
assignments and their impact on the model building applications for the flavor physics
anomalies involving muons: (g − 2)µ and anomalies in rare B-meson decays (RK(∗) and
b → sµ+µ− angular distributions and branching ratios). Our main finding is that the
quark flavor universal (or third-family-quark), but lepton flavor non-universal, U(1)X gauge
symmetry extensions provide a natural framework for the introduction of a leptoquark
coupled to a single lepton flavor. Our attention was focused on the TeV-scale muoquarks
— leptoquarks that due to their U(1)X charges are allowed to couple to muons but not
to electrons and taus. We required the cancellation of the chiral anomalies within the
field content present at low-energies, i.e., already within the SM+3νR. This guarantees the
theory to be consistent without introducing additional U(1)X charged fields in the UV.

Our work builds on and extends the simple scenario for flavor anomalies that was
first proposed in ref. [1]. Extending the SM gauge group by an additional U(1)X gauge
symmetry was found to have two desirable effects. Firstly, it guaranteed that the S3
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scalar muoquark, needed to explain the anomalies in rare B decays through tree-level
contributions, does not have LFV couplings. Secondly, the existence of the gauge boson
Xµ gives a natural explanation of the (g − 2)µ anomaly through a one loop contribution.
In this manuscript we identified 273 inequivalent quark-flavor-universal models supporting
the muoquark when demanding that the ratio of maximal to minimal U(1)X charges is at
most equal to ten. As shown in section 2 one can classify the U(1)X models into two broad
categories based on whether or not for all three generations the dimension-4 lepton Yukawa
interaction are allowed by the U(1)X charges. The third-family-quark charge assignments
are easily derived from the quark-flavor-universal solutions, but the muoquark conditions
are slightly more involved (section 2.3). In this case, Xµ boson interactions with quarks
are flavor non-universal in the weak basis and flavor violating in the mass basis. This may
introduce potential problems with FCNC constraints. However, the theoretical advantage
of the third-family-quark class is that it can partially explain the approximate SU(2)3

flavour symmetry observed in the SM quark sector [121, 122].
In the rest of the manuscript, we showed three different uses for the U(1)X model clas-

sifications. The first question we addressed is how restricted are the new physics models
that use a light Xµ vector boson to explain the (g − 2)µ via one loop contributions (while
at the same time explaining the anomalies in rare B decays through tree level leptoquark
exchanges). We found that the constraints on Xµ couplings to quarks and leptons are so
severe that only very few examples, such as the widely popular Lµ − Lτ model, remain
viable. See section 3 for further details and several benchmark models. An interesting
new example which was not yet discussed in the literature is the chiral model L̃µ−τ intro-
duced in section 3.5.6. While in this work we studied a few benchmark models, a detailed
investigation of all models is left for future work.

Another application of the lepton-flavored U(1)X is in the models of radiative muon
mass generation that can simultaneously lead to the explanation of the (g − 2)µ anomaly.
The models with two TeV-scale leptoquarks exhibiting a parity symmetry were already
known to realize such a scenario. We point out that the parity symmetry can be an
automatic consequence of the U(1)X gauge symmetry. The mixing between the scalars is
then generated once the U(1)X becomes spontaneously broken. Further details on such
scenarios are given in section 4.

Our final application concerns the conundrum that whereas scalar leptoquarks are
easily charged under the U(1)X the vector leptoquarks are not. In section 5 we settle the
question whether or not it is even possible to have a vector muoquark in a perturbative
UV complete framework. For this purpose we built a proof-of-principle UV complete gauge
model for the Pati-Salam vector leptoquark, carrying a nonzero muon number.

In conclusion, the lepton-flavored U(1)X extensions of the SM provide a powerful
framework to address the current flavor anomalies. There is a variety of mediators to be
considered, such as light or heavy gauge bosons Xµ, heavy scalar-, or vector-leptoquarks.
The richness of the phenomenology such extensions entail is apparent from the large number
of possible chiral-anomaly-free charge assignments. Within the present work we probably
only scratched the surface of possibilities. One can imagine several different interesting
future research directions. As shown in ref. [1], the minimal realization of the neutrino
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masses imposes nontrivial requirements on the model building. Having a more complete
study of implications from U(1)X gauge symmetry on the neutrino sector would be highly
desirable. Another open question is what would be the result of relaxing assumption about
the cancellations of anomalies in the IR, allowing instead for chiral fermions that obtain
the mass from U(1)X breaking vacuum expectation values. We anticipate that many, if not
all, of the possible models can be successfully probed experimentally, since the parameter
space of interest for explaining the (g − 2)µ anomaly is mostly within reach of the next
generation experiments.
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A Kinetic mixing

A.1 Equivalence of charge assignments

For a gauge group with multiple Abelian factors, there is a continuum of physically equiv-
alent choices for the products of U(1) subgroups. The freedom in defining the Abelian
factors then translates into a continuum of physically equivalent charge assignments for
the matter field representations.

To demonstrate the equivalence of the charge assignments, let us consider a toy model
consisting of a U(1)n = U(1)1 × · · · ×U(1)n gauge group, with associated gauge fields Aµi ,
i = 1, . . . , n, and a set of matter fields {f} (fermions and/or scalars) carrying charges qfi
under group U(1)i. It is useful to absorb the gauge couplings into the definition of the
gauge fields so that the kinetic term and the covariant derivative are given respectively by
(see, e.g., ref. [191])

L ⊃ −1
4Fiµνh

−1
ij F

µν
j , Df

µ = ∂µ − iqfi Aiµ. (A.1)

All the information on the gauge couplings and kinetic mixing parameters is contained in
the symmetric, positive-definite matrix h.
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Consider now the effect of a linear field transformation Aµi → LijA
µ
j , where L ∈ Rn×n

is invertible. The kinetic term and the covariant derivative expressed in terms of the
transformed fields are given by

L ⊃ −1
4Fiµν h̃

−1
ij F

µν
j , Df

µ = ∂µ − iq̃fi Aiµ, (A.2)

where the new coupling matrix h̃ = L−1h(L−1)ᵀ is still positive-definite due to invertibility
of L, ensuring the validity of the transformed theory. The matter charges are also linearly
transformed, q̃f = Lᵀqf . Since the field redefinitions give physically equivalent theories, the
linear transformations Lij give a family of physically equivalent choices for the definitions
of U(1) factors, with appropriately transformed matter field charges. We limit ourselves to
rational charges, thus L ∈ Qn×n.

A.2 Mass basis of the gauge sector

We next turn to the example at hand, the SM supplemented by the U(1)X gauge group.
To determine the mass eigenstates in the neutral gauge boson sector, it suffices to focus
on the SU(2)L × U(1)Y × U(1)X subgroup. We assume that the U(1)X is spontaneously
broken by a VEV of a SM singlet, resulting in a mass term, 1

2m
2
XX

2
µ, but can otherwise

remain agnostic about the specifics of the U(1)X breaking sector. That is, the part of
the Lagrangian describing the EW and Xµ gauge interactions is, after U(1)X breaking,
given by

L ⊃− 1
4B

2
µν −

1
4X

2
µν + 1

2εBµνX
µν − 1

4(W a
µν)2 + |DµH|2 + 1

2m
2
XX

2
µ

+ g1BµJ
µ
Y + g2W

a
µJ

aµ
W + gXXµJ

µ
X ,

(A.3)

where JµX,Y,W are the respective fermion currents. After EW symmetry breaking due to
the SM Higgs VEV the above Lagrangian is,

L ⊃− 1
4
(
A2
µν +X2

µν + Z2
µν

)
+ 1

2ε
(
cwAµν − swZµν

)
Xµν + 1

2M
2
ZZ

2
µ + 1

2m
2
XX

2
µ

+ eAµJ
µ
EM + gZZµJ

µ
Z + gXXµJ

µ
X ,

(A.4)

where Zµ, Aµ are the would be mass eigenstates had we had only the SM gauge group and
are given by Bµ = cwZµ − swAµ and W 3

µ = cwZµ + swAµ, where cw ≡ cos θw, sw ≡ sin θw
with θw the weak mixing angle. Also, gZ =

√
g2

1 + g2
2 is the usual coupling constant of the

Zµ. A non-unitary transformation of the fields,

A −→ A+ cwε

rε
X, Z −→ Z − swε

rε
X, and X −→ 1

rε
X, rε =

√
1− ε2, (A.5)

eliminates the kinetic-mixing terms:

L ⊃− 1
4
(
A2
µν +X2

µν + Z2
µν

)
+ M2

Z

2

(
Zµ −

swε

rε
Xµ

)2
+ m2

X

2r2
ε

X2
µ

+ eAµJ
µ
EM + gZZµJ

µ
Z + 1

rε
Xµ
(
gXJ

µ
X + cwε eJ

µ
A − swε gZJ

µ
Z

)
.

(A.6)
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For ε� 1, a rotation by swε between Z and X suffices to mass-diagonalize the Lagrangian
up to subleading terms, giving (in a slightly abused notation with Zµ, Xµ now denoting
the rotated fields)

L ⊃− 1
4
(
A2
µν +X2

µν + Z2
µν

)
+ 1

2M
2
ZZ

2
µ + 1

2m
2
XX

2
µ

+ eAµJ
µ
EM + gZZµJ

µ
Z +Xµ

(
gXJ

µ
X + cwε eJ

µ
A

)
+O

(
gXε, ε

2, εm2
X/M

2
Z

)
.

(A.7)

The result is that the effective U(1)X charge of the matter fields is

qeff
X = qX + cwe ε

gX
qEM, (A.8)

where qEM is the ordinary EM charge.

A.3 The RG running of the kinetic mixing parameter

The 1-loop running of the kinetic mixing parameter, as in eq. (A.3), is given by [191]

dε
dt = g1gX

48π2

[
2sBX + sBBε

g1
gX

+ sXXε
gX
g1

]
, t = ln µ

µ0
, (A.9)

with µ the renormalization scale, and µ0 the starting scale for RG running, to be taken
µ0 = 3TeV in the numerics below. The coefficients sxy are determined by the charges of
the matter fields of the model. We have

sxy = 2 TrF
[
QxQy

]
+ TrS

[
QxQy

]
, (A.10)

with the two traces running over the Weyl-spinor and complex-scalar degrees of freedom, re-
spectively. For SM+3νR with an S3 muoquark the coefficients in the RG equation (A.9) are

sBB = 43
2 , sBX = 12Xq − 3(Xq +XL2)− 2

∑
i

(XLi +XE2),

sXX = 72X2
q + 9(Xq +XL2)2 + 2

∑
i

[
2X2

Li +X2
Ei +X2

Ni

]
.

(A.11)

In the models we consider the contribution from sXX is numerically negligible.
The 1-loop RGE can be integrated analytically in the gX , ε� gB limit. The gX gauge

coupling can be treated as a constant to a very good approximation, since
dgX
dt = O

(
gXε

2, g2
Xε, g

3
X

)
. (A.12)

The running of the hypercharge coupling is given by

dg1
dt = sBB

48π2 g
3
1 +O

(
gXε

)
=⇒ g1(t) =

√
24π2/sBB√
T − t

, T = 24π2

sBB g2
1(0) , (A.13)

with g1(0) is the value of hypercharge coupling constant at scale µ0. The running of ε is
driven by the hypercharge and integrates to

ε =
√
Tε0 + bt√
T − t

, where b = g1sBX√
24π2sBB

. (A.14)
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Figure 10. The X boson decay branching ratios in Lµ − Lτ model (left) and B − 3Lµ model
(right).

For RG running from the leptoquark mass scale, µ0 = 3 TeV, to the Planck mass, MPl '
1.2 · 1019GeV, we have T ' 85, while tPl = 36. To a reasonable approximation, we have

ε(MPl)− ε(µ0) ' 0.32ε(µ0) + 0.072sBX gX . (A.15)

B The X boson phenomenology

B.1 Decay channels

In figure 10 we plot for clarity the branching ratios of the Xµ boson for several final states
as a function of the Xµ mass mX derived with DarkCast. The two benchmark models
are presented in section 3.5.1 and section 3.5.2.

B.2 RK(∗) from a light Xµ vector boson

Here we extend the discussion given in section 3.4 regarding the predictions for RK(∗) in
the presence of a light vector boson Xµ . The RK(∗) observables are measured in bins of the
invariant dilepton mass squared q2, and are given in terms of the q2-differential branching
ratios by

R
[q2

min, q
2
max]

K(∗) =

∫ q2
max

q2
min

dq2 dBR(B→K(∗)µ+µ−)
dq2∫ q2

max
q2

min
dq2 dBR(B→K(∗)e+e−)

dq2

. (B.1)

In the SM and for heavy NP particles, the differential branching ratios can be expressed as

dBR(B → K(∗)`+`−)
dq2 ' Re

∑
i,j

fij(q2)CiC∗j , (B.2)

where fij(q2) are q2-dependent functions that depend on the parameters such as meson
masses and hadronic form factors, while Ci denote the q2-independent Wilson coefficients
of effective operators in the weak Hamiltonian. In the presence of a light NP mediator,
its tree level effect can be modeled by introducing q2-dependent Wilson coefficients. In
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Figure 11. Upper panel: minimal values of R[1.1,6]
K from q2-dependent Wilson coefficients in

eq. (B.3) with fixed qV = 1, qA = 0, gbsL = 0.7× 10−8 mX
GeV for different values of mX and ΓX . Blue,

orange, and green lines correspond to the values obtained for a relative width ΓX/mX equal to 20%,
10%, and 5%, respectively. Dashed black lines correspond to the 1σ region preferred by the LHCb
measurement [37]. Dotted gray lines mark the points where mX coincides with the boundaries of
the bin q2 ∈ [1.1, 6]GeV2. Lower panel: values of gX corresponding to the minimal values of R[1.1,6]

K

shown in the upper panel.

particular, the Wilson coefficients most relevant in the presence of the Lagrangian eq. (3.7)
are given in eq. (3.8) and repeated here for convenience,

C
(′)
9,10(q2) = qV,A

N

gX g
bs
L(R)

q2 −m2
X + imXΓX

. (B.3)

It is evident that due to these Wilson coefficients, the q2 dependence of the differential
branching ratios, and thus the value of the integrals in eq. (B.1), strongly depends on the
mass mX . To demonstrate this, we show in the upper panel of figure 11 the minimal value
of R[1.1,6]

K that can be obtained using the Wilson coefficients in eq. B.3 for different masses
mX and different widths ΓX . We have fixed qV = 1, qA = 0, gbsR = 0, gbsL = 0.7× 10−8 mX

GeV
(cf. eq. (3.9)), but kept gX as a free parameter. The lower panel in figure 11 shows the
gX values that correspond to the minimal values of R[1.1,6]

K shown in the upper panel.
The black dashed lines represent the 1σ region of the LHCb measurement [37], while the
gray dotted lines show the boundaries of the q2 bin where m2

X = q2
min = 1.1GeV2 and

m2
X = q2

max = 6GeV2. One can clearly see that for mX inside the bin, the minimal value of
RK is always close to the SM value R[1.1,6]

K ' 1, while the corresponding value of gX drops
to zero.
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To understand this behavior, it is convenient to consider the pure NP contribution
proportional to

∣∣C9(q2)
∣∣2,∣∣∣C9(q2)

∣∣∣2 = q2
V g

2
X (gbsL )2

|N |2
1

(q2 −m2
X)2 +m2

XΓ2
X

. (B.4)

For Γ2
X � m2

X , one can use the narrow width approximation (NWA),
1

(q2 −m2
X)2 +m2

XΓ2
X

Γ2
X/m

2
X→0

−−−−−−−→ π

ΓX mX
δ(q2 −m2

X) , (B.5)

such that we get ∣∣∣C9(q2)
∣∣∣2 ∣∣∣

Γ2
X�m

2
X

≈ π q2
V g

2
X (gbsL )2

|N |2 ΓX mX
δ(q2 −m2

X) . (B.6)

In the NWA, the δ function in the pure NP contribution dominates the integral in eq. (B.1) if
m2
X is inside the interval of integration. This contribution is always positive, so ifXµ couples

to muons, the numerator of RK(∗) is always enhanced in this case. Since no suppression is
possible, the minimal value of R[1.1,6]

K is just the SM value. At the same time, gX has to
vanish in order not to enhance R[1.1,6]

K even further from the experimental result. On the
other hand, if m2

X is outside the interval of integration, the pure NP contribution vanishes
in the NWA and the interference with the SM contribution can lead to a suppression of
the numerator in R[1.1,6]

K .
The effect described above is most pronounced for the narrow Xµ width and is reduced

for a broad Xµ, see figure 11. However, even for rather wide resonances (i.e. ΓX/mX =
20%), it is only possible to achieve the R[1.1,6]

K value preferred by the LHCb results for m2
X

either very close to the boundaries of the [1.1, 6]GeV2 bin or for m2
X outside this interval.

C The generators of U(1) embeddings in SU(5)

The diagonal generators of SU(5) that commute with all the generators of the conventional
QCD gauge group embedding in the SU(5), SU(3)5 ⊂ SU(5) can be chosen as

T 15
5 = 1

2
√

6
diag(1, 1, 1,−3, 0) , T 24

5 = 1
2
√

10
diag(1, 1, 1, 1,−4) . (C.1)

The generators of X4 and X5′ of U(1)4 and U(1)5′ used in section 5 are proportional to
these SU(5) generators:

X4 = 2√
6
T 15

5 = 1
6 diag(1, 1, 1,−3, 0) , (C.2)

and
X5′ = 2√

10
T 24

5 = 1
10 diag(1, 1, 1, 1,−4) . (C.3)

The generators X5 of U(1)5 and Xµ−τ of U(1)µ−τ are given by the two linear combinations

X5 = X4 +X5′ = 2
15 diag (2, 2, 2,−3,−3) , (C.4)

and
Xµ−τ = 3

2 X4 −
5
2 X5′ = diag(0, 0, 0,−1, 1) . (C.5)
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