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The Standard Model (SM) is augmented with a U(1)B−3Lμ gauge symmetry spontaneously broken above 
the TeV scale when an SM-singlet scalar condenses. Scalar leptoquarks S1(3) = (3, 1(3), 1/3) charged under 
U(1)B−3Lμ mediate the intriguing effects observed in muon (g − 2), R K (∗) , and b → sμ+μ− angular 
distributions, while generically evading all other phenomenological constraints. The fermionic sector 
is minimally extended with three right-handed neutrinos, and a successful type-I seesaw mechanism 
is realized. Charged lepton flavor violation is effectively suppressed, and proton decay—a common 
prediction of leptoquarks—is postponed to the dimension-6 effective Lagrangian. Unavoidable radiative 
corrections in the Higgs mass and muon Yukawa favor leptoquark masses interesting for collider searches. 
The parameters of the model are radiatively stable and can be evolved by the renormalization group to 
the Planck scale without inconsistencies. Alternative lepton-flavored gauge extensions of the SM, under 
which leptoquarks become muoquarks, are proposed for comparison.

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
1. Introduction

The discovery of the muon in 1936 by Anderson and Nedder-
meyer marked the birth of modern particle physics. Today, we are 
facing a robust theory of elementary particles and their interac-
tions able to describe the vast phenomena observed in laboratories. 
The Standard Model (SM) of particle physics is a great success 
story, with (nearly) all of its relevant and marginal operators mea-
sured. In addition, it provides a rationale for the absence of long-
sought, yet unobserved, phenomena such as lepton flavor violation 
(LFV). Truncating the SM operators at the canonical dimension-4 
level, leads to an emergence of protective accidental symmetries. 
These symmetries are broken by irrelevant operators whose effects 
are suppressed by the next scale in physics, suggesting a long ride 
in front of the SM.

While we have indeed come a long way in our understanding of 
particle physics, there are still striking unresolved issues. Recently, 
several muon measurements have sparked new hope of making 
progress with tantalizing hints of physics beyond the SM. These 
are i) the anomalous magnetic moment of the muon (g −2)μ [1,2]
and ii) the rare B meson decay observables R K (∗) and b → sμ+μ−
angular distributions [3–9]. The SM prediction for R K (∗) is ex-
tremely clean [10–12] and requires much less effort compared to 
(g − 2)μ , where we use the prediction from the Muon g − 2 The-
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ory Initiative [2,13–33], but see also [34]. Some of the anomalous 
measurements imply (while others are consistent with) lepton fla-
vor universality violation (LFUV) between muons and their cousins, 
electrons and taus. The most recent update of R K increased the 
significance of the anomaly and, for the first time, LHCb declared 
evidence for LFUV [35]. Additionally, the most recent update on 
(g −2)μ from the Fermilab Muon g −2 experiment [36] confirmed 
the Brookhaven measurement [1] and strengthened the tension 
with the SM prediction [2].

On general grounds, LFUV is expected to be linked to LFV [37,
38]. Consider, for instance, the operator

L ⊃ −
√

2e v

(4π�i j)
2

�̄i
Lσ

μν�
j
R Fμν + h.c. , (1)

where �i j is the cutoff scale and v = 174 GeV. The (g − 2)μ
measurement is explained for �22 ∼ 15 TeV, whereas the ab-
sence of μ → eγ decays [39] sets a limit on �12(21) � 3600 TeV. 
Even when the couplings to electrons are flavor-suppressed: 
�12(21)

√
me/mμ � 250 TeV. Such a dramatic difference in scales 

is most naturally explained by a high-quality muon-number sym-
metry, U(1)Lμ , which forbids flavor violation but allows for non-
universality.

An important step in this direction is gauging an anomaly-free 
lepton-flavored symmetry group such as U(1)Lμ−Lτ [40–49]. This 
idea triggered a fruitful line of research into the anomalies: for ex-
ample, a very light U(1)Lμ−Lτ gauge boson X can at 1-loop order 
give the correct effect in (g − 2)μ while remaining unconstrained 
le under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
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by the complementary experiments [43,44]. In parallel, success-
ful U(1)Lμ−Lτ gauge models for R K (∗) were put forward using a 
contrasting heavy X field. The latter models also employ a set 
of vector-like quarks to mediate the X interactions with the SM 
quarks [48,49] (see also [50–54]). Unfortunately, the two anoma-
lies cannot be reconciled within the same parameter space.

A popular alternative is a class of leptoquark models, which 
provide a simple dynamical solution to both anomalies (see 
e.g. [55–68]). Their advantage is that they induce semileptonic 
transitions at the tree level, while dangerous 	F = 2 transitions 
occur only at the 1-loop order. The contribution to (g − 2)μ enters 
at the 1-loop but can have a chiral enhancement. In fact, there is 
a simple leptoquark model featuring two scalar leptoquark fields 
that can simultaneously explain both anomalies [69,70]. However, 
the main drawback of leptoquark models is that they grossly break 
the SM accidental symmetries at the renormalizable level. Specif-
ically, marginal dimension-4 operators of the quark-quark (qqS†) 
and quark-lepton (q�S) type predict excessive proton decay and 
LFV in stark contrast with observations. A resolution is the idea 
of combining leptoquarks with a gauged lepton symmetry as in 
Ref. [71,72].

Lepton-flavored U(1) gauge symmetries impose nontrivial re-
strictions on the structure of the neutrino mass matrices. This 
has been thoroughly studied in the literature in the context of 
two-zero-texture (-minor) structures, aiming at predicting the re-
maining parameters in the neutrino sector [73–77]. Building on 
Refs. [44,70,72,77], we show how to naturally reconcile all muon 
anomalies in a single framework and rationalize why these are 
the first signs of physics beyond the SM. We face the challenge 
of generating a phenomenologically acceptable neutrino sector in 
leptoquark models with gauged lepton flavor while keeping the 
proton stable. It turns out that the U(1)B−3Lμ gauge symmetry has 
the desired property of also forbidding dangerous baryon-number-
violating dimension-5 operators.

In Section 2 we present the model and discuss the parameter 
space capable of addressing the anomalies. Section 3 outlines al-
ternative models and a connection with b → cτν decays. We show 
that no tuned cancellations is needed in the observables, the scalar 
masses respect finite naturalness, and the couplings can be extrap-
olated to high-energies without inconsistencies.

2. A model for (g − 2)μ and b → sμ+μ−

We extend the SM+3νR with a gauged U(1)B−3Lμ symmetry un-

der which the leptons �2
L , μR, νμ,R have charge −3, while qi

L, u
i
R, di

R
all have charge +1/3. With this fermion content, the symmetry is 
anomaly-free. An SM singlet 
 with U(1)B−3Lμ charge q
 = +3 is 
responsible for the spontaneous breaking of the new symmetry. In 
addition, the matter field content is extended with two scalar lep-
toquarks S1 = (3, 1, 1/3) and S3 = (3, 3, 1/3) of charge +8/3 under 
U(1)B−3Lμ .

The renormalizable Lagrangian for this model is

L =LSM−V H + |Dμ
|2 + |DμS1|2 + |DμS3|2 − 1
4 X2

μν

− (
η3L

i qc i
L �2

L S3 + η1L
i qc i

L �2
L S1 + η1R

i uc i
R μR S1

+ η̃1R
i d

c i
R νμ,R S1 + h.c.

) + 1
2εB X Bμν Xμν (2)

− V H
(H,
) − V 13(H,
, S1, S3) + ν̄ i
Ri /Dν i

R

− (
yij
ν �̄i

L H̃ν
j

R + Mij
R ν̄ci

R ν
j

R + yij


ν̄ci

R ν
j

R + h.c.
)
,

where the SU(2)L contraction in the left-handed Yukawa couplings 
is with iσ 2σ a for S3 and iσ 2 for S1 with Pauli matrices σ a .

The gauge symmetry ensures that leptoquarks couple exclu-
sively to 2nd generation leptons through the Yukawa couplings 
ηx . Leptoquarks coupling exclusively to 2nd generation leptons are 
2

properly referred to as muoquarks. We will show how this struc-
ture reconciles the muon anomalies with the complementary con-
straints. We then separately address the scalar potential and the 
kinetic mixing, as it has minimal baring on the flavor analysis: in 
1-loop matching it only gives corrections on top of the operators 
already generated at tree-level.

Finally, due to the extra gauge symmetry, the model has ac-
cidental baryon and individual lepton number symmetries at the 
renormalizable level just like the SM. Furthermore, there is an acci-
dental baryon number conservation at the level of dimension-5 op-
erators. It is an intricate relation between i) neutrino masses and 
mixings, ii) matter stability, and iii) the high-quality U(1)Lμ global 
symmetry, which ultimately leads to the choice of the U(1)B−3Lμ

gauge symmetry. An alternative choice is discussed in Section 3.

2.1. Muoquark solution of the muon anomalies

We assume that 
 develops a large VEV so as to break 
U(1)B−3Lμ and decouple the X , ν i

R , and 
 fields for the moment. 
The remnant of the U(1)B−3Lμ symmetry provides an effective 
U(1)Lμ global symmetry under which the muoquarks are charged. 
This forbids LFV processes such as μ → eγ but introduces new 
lepton non-universal muophilic interactions. The idea is to use a 
tree-level S3 exchange to explain the R K (∗) anomalies and an S1
loop for the (g − 2)μ .

The gauge symmetry fixes the lepton flavor coupling to S1,3 but 
not the quark flavor structure of ηx

i . The SM Yukawa interactions 
exhibit a good approximate flavor symmetry U(2)q × U(2)u × U(2)d
under which the first two generations transform as doublets, while 
the third generation is a singlet [78] (see also [79]). When this 
symmetry is exact, only the top and bottom quarks are massive 
and the CKM matrix is the identity. A slight breaking, needed 
to fit data, is minimally provided by the leading breaking spu-
rion V = (Vtd, Vts)

T, which is a doublet of U(2)q , together with 
two bidoublets 	u,d [78,80]. Thinking about this symmetry as a 
remnant of deep UV dynamics, it is reasonable to assume the muo-
quark Yukawa couplings share a similar structure. In particular, we 
expect the left-handed couplings to be η1(3)L ∝ O(V ) ⊕ 1 and the 
relevant right-handed ones to be η1R ∝ O(	

†
u V ) ⊕ 1. This sets the 

relative size between different quark flavors. On general grounds 
we expect the absolute sizes of the couplings and the muoquark 
masses M1,3 to be similar. Remarkably, when ηx

3 = O(0.1) and 
M1,3 = O (TeV), this setup explains b → sμ+μ− and (g − 2)μ
anomalies with negligible corrections to any other complementary 
constraints. (Note that U(2)3 is just one example of a CKM-like fla-
vor structure in the quark sector.)

The most general S1 + S3 renormalizable model is matched 
to the SM effective field theory at the 1-loop level in Ref. [81]. 
We implement these results in a code that is interfaced with the 
Python package smelli (the SMEFT likelihood tool) [82,83]. Af-
ter we pass the SMEFT Wilson coefficients, which we compute 
from the parameters of our Lagrangian (2) at the matching scale 
μM , to smelli, this tool automatically takes care of the renor-
malization group running down to the meson scale as well as the 
intermediate matching to the low-energy EFT [84–88] thanks to 
the wilson [89] package. It further uses flavio [90] to compute 
a large list of electroweak-scale and low-energy precision observ-
ables, including charged LFV and LFU, magnetic moments, neu-
tral meson mixings, semileptonic and rare meson decays, etc. The 
full list of observables included in the initial version of smelli
can be found in the appendix of [82], but this list has been ex-
tended [91], and we refer to [92] for the up-to-date version. We 
use smelli v2.3.0, which takes into account the most recent 
results for R K [35] and (g − 2)μ [36] as well as the current world 
average of BR(Bs,d → μμ) from [93], which includes the most 
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Fig. 1. The preferred muoquark Yukawa couplings from the global fit to low-
energy data. Here we choose η3L

i = (Vtd, Vts, 1) η3L
3 , η1L

i = (Vtd, Vts, 1) η1L
3 , and 

η1R
i = (0, 0, 1) η1R

3 . The muoquark masses are set to M1 = M3 = 3 TeV.

recent LHCb measurement [94]. With this setup, we are now in po-
sition to perform a global fit in the parameter space of our model.

Shown in Fig. 1 is the preferred region in the η3L
3 versus 

η1L
3 = η1R

3 plane for M1 = M3 = 3 TeV. We take η̃1R = 0, as loop-
induced contributions from the heavy right-handed neutrinos are 
expected to be negligible in the fit. Muon anomalies clearly prefer 
the parameter space far away from the SM limit ηx

3 = 0. The best 
fit point is (η3L

3 , η1L
3 = η1R

3 ) 	 (0.42, 0.12) with a 	χ2 	 56 com-
pared to the SM point. The current limits from direct searches at 
the LHC are M3 � 1.7 TeV [95] and M1 � 1.4 TeV [96], while the 
final reach of HL-LHC is projected in [97]. The indirect effects in 
the high-pT lepton tails are also beyond the HL-LHC projections 
for the best fit couplings [98]. The change in the mass is accom-
modated by an approximate linear change in the couplings keeping 
the same low-energy Wilson coefficients. However, the finite nat-
uralness of the Higgs mass and muon Yukawa, disfavors heavier 
muoquarks, as discussed later.

While in principle both muoquarks contribute to all anomalies, 
there is a clear factorization, namely S1 dominates in the (g − 2)μ
thanks to the chiral enhancement from the top quark, whereas S3
dominates in b → sμ+μ− since it gives a tree-level contribution 
unlike S1. The U(2) flavor structure provides sufficient suppression 
in all other complementary processes such as K L → μ+μ− [99]. 
When varying the O(1) coefficients in front of the spurions we 
find the same goodness of fit: the best fit region is shifted to 
accommodate for b → sμ+μ− , but none of the complementary ob-
servables listed above receive a large pull.

2.2. Symmetry breaking

Heavy vector resonances with couplings to both quarks and 
leptons have been extensively searched for at the LHC. The most 
recent ATLAS 13 TeV search with 139 fb−1 of data [100] reports 
the exclusions on the couplings as a function of the mass in 
their Fig. 4 (b). A viable benchmark example in our case is gauge 
coupling g X = 0.1 and mass mX = 3 TeV. The high-pT dimuon 
tails [98] set an upper limit on g X/mX for large mX . In the op-
posite limit, the bounds are avoided when g X is small enough (see 
Fig. 5 of [98]). It is, however, always possible to take the decou-
pling limit, namely large mX and small g X , without conflicting the 
muoquark solution of muon anomalies. We expect X to have negli-
3

gible effects in flavor physics through suppressed penguins, which 
decouple in the same limit.1

The symmetry breaking scalar 
 develops a VEV 〈
〉 = v
 re-
lated to the X mass by v
 = √

2mX/3g X or 14 TeV for the bench-
mark point. Taking M2

1,3 > 0 and small cross-quartic couplings, 
guarantees that S1,3 do not develop a VEV, and the part of the 
scalar potential relevant for symmetry-breaking is

V H
 = −μ2
H |H|2 − μ2


|
|2 + 1
2 λH |H|4
+ 1

4 λ
|
|4 + λ
H |
|2|H|2 . (3)

We can directly relate the potential parameters for the Higgs VEV 
v = 〈H〉; v
; the masses of the radial modes mh, mφ ; and the mix-
ing angle, which has to satisfy θ � 1 by assumption for viable 
phenomenology:

λH = 1
2 v−2[m2

h − θ2	m2],
λ
 = v−2




[
m2

φ + θ2	m2],
λ
H = 1

2 θ	m2/(v v
), (4)

μ2
H = 1

2

[
m2

h − θ2	m2] + 1
2 θ	m2 v
/v,

μ2

 = 1

2

[
m2

φ + θ2	m2] + 1
2 θ	m2 v/v
,

where 	m2 = m2
h − m2

φ . For λH , λ
 ∼ 0.1, the radial mode φ has a 
mass around the TeV scale for the benchmark point. A small λ
H =
10−3 consistent with the finite naturalness discussed below leads 
to unobservable mixing with the Higgs boson [101,102].

2.3. Naturalness

The contribution to the scalar potential involving the muo-
quarks is

V 13 = M2
1|S1|2 + M2

3|S3|2 + λ
1|
|2|S1|2 + λ
3|
|2|S3|2
+ 1

2 λ1(S†
1 S1)

2 + λH1|H|2|S1|2 + λH3|H|2|S3|2
+ κH3 H†σ Iσ J H(S†I

3 S J
3 ) + (κH13 H†σ I H(S†

1 S I
3) + h.c.)

+ 1
2 λ3(S†

3 S3)
2 + 1

2κ3(S†I
3 S J

3 )(S† J
3 S I

3)

+ 1
2υ3(S†I

3 S J
3 )(S†I

3 S J
3 ) + λ13|S1|2|S3|2

+ κ13(S†I
3 S1)(S†

1 S I
3) + (υ13(S†

1 S I
3)(S†

1 S I
3) + h.c.). (5)

We qualitatively examine the UV consistency of the model through 
the RG flow of the couplings from the best fit discussed in Sec. 2.1. 
In particular, we explore the running of the full model with β-
functions at 3-loop order for the gauge and 2-loop order for 
Yukawa and quartic couplings derived with RGBeta [103–105]. 
The SM couplings have been fixed at μM as part of the match-
ing process. The resulting flows for a few selected couplings are 
shown in Fig. 2.

All terms in the 1-loop β-functions of the 
 cross-quartic cou-
plings λ
H , λ
1, and λ
3 involve this set of 
 cross quartics or 
are U(1)B−3Lμ gauge contributions (with/without kinetic mixing). 
These three couplings can, consequently, be taken simultaneously 
small while limiting radiative correction with a floor determined 
by gauge and 2-loop contribution. While taking all λ
x(μM) = 0
gives λ
x(MPl) ∼ 10−3, λ
x(μM) = 10−3 gives slow running cou-
plings (see Fig. 2). We, therefore, take the latter as a natural min-
imal λ
x that prevents a large tuning in the Higgs mass (with a 
contribution λ
H v2


) as 
 condenses.

1 A U(1)B−3Lμ model with vector-like quarks and X as the main mediator of 
b → sμ+μ− anomaly cannot reconcile the Bs meson-mixing constraints with the 
high-pT dimuon tails [98].
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As in most models with many scalar degrees of freedom, the 
quartic couplings tend to reinforce each others running in such a 
way that they drive each other to Landau poles quickly. Avoiding 
any such before the Planck scale in our case tends to favor small 
quartic couplings � 0.05 at the matching scale. Individual cou-
plings can be larger, but in particular the muoquark self-couplings 
have fast running due to their large multiplicity, leading to poles 
(typically driven by λ3). The constraints from absence of Landau 
poles are much stronger than those obtained from electroweak 
precision data and Higgs signal strengths [70,106], which constrain 
the couplings at O(1). For the benchmark point, we take all re-
maining quartic couplings of V 13 to be 0.05 at μM .

It is worth pointing out that the potential is stable all the way 
up to the Planck scale in the benchmark scenario; although υ3
runs negative, the condition λ3 + κ3 + υ3 ≥ 0 is satisfied, ensuring 
stability. The minimum of the potential discussed in the previous 
section is thus the true vacuum.

The large charges of the muoquarks under the U(1)B−3Lμ sym-
metry has profound impact on the RG flow. The g4

X contribu-
tion to the muoquark quartic couplings scale with their charge 
to the fourth power, and so is extremely sensitive to the value of 
g X .2 For instance, g X (μM) = 0.15 leads to a Landau pole at MPl , 
whereas g X (μM) = 0.25 pulls the pole to ∼ 1011 GeV. The same 
large charges (with that of the muon) also cause sizable running 
in the kinetic-mixing parameter εB X . For our benchmark point 
g X (μM) = 0.1 we observe εB X (MPl) − εB X (μM) ∼ 0.2 regardless 
of the exact value εB X (μM) (cf. Fig. 2). As a natural value for this 
parameter we take εB X = 0.1, which is perfectly consistent with 
phenomenology [107].

As in any model with multiple mass scales, there is a risk 
that the heavier scale will destabilize the lighter through radiative 
corrections. In our case the 1-loop correction to the Higgs mass 
parameter due to the heavy muoquark is [81]

δμ2
H = − 9(λH3 + κH3)

(4π)2
M2

3

(
1 + ln

μ2
M

M2
3

)

+ 3λH1

(4π)2
M2

1

(
1 + ln

μ2
M

M2
1

)
+O(μ4/M2

1,3).

(6)

With the small quartic couplings of O(0.05), as preferred by the 
RG, the theory is finitely natural for M1,3 �O(1 TeV). Tuning ar-
guments therefore favor light muoquarks which is a great news for 
collider searches.

Additionally, the S1 muoquark generates a non-multiplicative 
radiative corrections to the muon Yukawa coupling [81,108,109]:

δyμ = − 3

(4π)2

(
1 + ln

μ2
M

M2
1

)
η1L∗

i yi j
u η1R

j . (7)

For the part of parameter space with large enough couplings to 
explain the (g − 2)μ , a tuning argument again favors models with 
smaller masses. In our best fit point the change in yμ is roughly 
50%. The same muoquark loop that gives the threshold correction 
to yμ also gives rise to a significant running of this Yukawa as 
shown in Fig. 2. This is yet another independent argument in favor 
of lighter muoquarks potentially accessible at high-pT .

2.4. Neutrino masses and proton decay

Coming back to the neutrino sector outlined in the last line of 
the model Lagrangian (2), the U(1)B−3Lμ gauge symmetry imposes 
a flavor structure for yν , MR and y
 . Notably, yν splits into a 2 ×2

2 E.g. the 1-loop λ3 β-function has a contribution dλ3/ d lnμ ⊃ 1024g4
X /(27π2).
4

Fig. 2. The RG flow of a selection of couplings from the benchmark point to the 
Planck scale. All couplings were included in the running, and none of them develops 
a Landau pole in this range.

electron–tau block and a diagonal muon entry. When 
 receives a 
VEV, the Majorana mass matrix is entirely populated except for 
the (2,2) entry. This structure has enough parametric freedom to 
explain the observed neutrino oscillation data [110], the limit on 
the sum of neutrino masses from Planck [111], and the absence of 
neutrinoless double beta decay [112]. Ref. [77] performed a careful 
analysis of a specific limit when the y13,31

ν and y23

 are set to zero, 

arriving at the two-zero minor structure of type DR
1. This limit per-

fectly accommodates neutrino oscillations data, predicting 
∑

i mνi

comfortably below the present limit and no neutrinoless beta de-
cay. The firm predictions of the DR

1 can be alerted in our case by 
nonzero y13,31

ν and y23

 parameters.

The type-I seesaw formula for the masses of the active neutri-
nos,

mν 	 −v2 yν

(
MR + y
〈
〉)−1

yT
ν , (8)

suggests that in our chosen benchmark the Dirac Yukawa is in the 
same ballpark as the electron Yukawa, O(10−6). The S1 muoquark, 
contributing to (g − 2)μ would radiatively correct the y22

ν with 
the bottom quark in the loop [113]. The η̃1R

3 coupling is an input 
parameter, however, if it is of the same order as the η1R

3 coupling, 
it would contribute comparably to the tree-level. Hence, no tuning 
is introduced here.

Finally, the Lagrangian in Eq. (2) respects baryon number and 
keeps the proton stable. However, the absence of B violation for 
a TeV-scale leptoquark model has to be required also for the lead-
ing irrelevant operators arising at dimension-5 [114,115]. Quantum 
gravity is expected to break global charges [116], and even if the 
dimension-5 operator under consideration is suppressed by the 
Planck scale, it is not enough to evade the stringent bounds on 
the proton lifetime. This seems to be a quite generic issue often 
neglected in the literature, with the notable exception of the Pati–
Salam gauge leptoquark, see e.g. [117–130].

The U(1)B−3Lμ gauge symmetry, however, with the available 
field content ensure that B number is conserved also at the 
dimension-5 effective Lagrangian.3 The leading breaking is ex-

3 The only way to build color singlets with non-vanishing baryon number at this 
order is with fields S S S , qS S , or qqS . These combinations have U(1)B−3Lμ charge 
±8, ±5, and ±2, respectively. It is easy to verify that they cannot be completed to 
a gauge invariant dimension-5 operator with the available matter fields.
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Table 1
Three types of muoquark models, which can address the muon anomalies for a 
variety of lepton-flavored U(1)X gauge groups. For each model class, a field respon-
sible for addressing a corresponding anomaly, is listed. The R2 muoquark with SM 
charges (3, 2, 7/6) can be used as an alternative to S1 for addressing the (g − 2)μ .

Type A Type B Type C

R K (∗) , b → sμμ S3 S3 heavy X
(g − 2)μ S1/R2 light X S1/R2

pected at dimension 6 similarly to the SM. It is a nontrivial fact 
that this is compatible with the minimal realization of neutrino 
masses. This is, for instance, not the case for U(1)Lμ−Lτ symme-
try where the minimal neutrino sector [72] allows for a coupling 
1/MPl qc

L S†
3


†qL, which, together with the qc
L�L S3 needed for the 

anomaly, leads to proton decay in gross violation of the experi-
ment. We estimate that such leptoquark has to be several orders of 
magnitude heavier to respect the proton lifetime bound, or, equiv-
alently, the couplings should be smaller. In either case, the expla-
nation of the anomaly is gone. Going beyond the minimal neutrino 
mass realizations in U(1)Lμ−Lτ , even more involved constructions 
proposed in the literature share this problem, see e.g. [131–134].

3. Alternative models

We now turn our focus to alternative models for the muon and 
B-decay anomalies, in some of which the U(1)B−3Lμ symmetry is 
exchanged for other U(1)X symmetries. These models offer differ-
ent scenarios of phenomenological interest.

3.1. The scenarios for muon anomalies

U(1)B−3Lμ is only one example of many possible lepton-
flavored gauge extensions of the SM, under which leptoquarks be-
come muoquarks. Variations of the model can use different choices 
of U(1)X symmetry to ensure the leptoquarks coupling exclusively 
to second generation leptons and fall into three classes shown in 
Table 1 based on what mediators are responsible for the B-decay 
and (g − 2)μ anomalies. Below we give some specific examples of 
these variations:

Type A — As a showcase example, we trade the U(1)B−3Lμ for 
a U(1)Lμ−Lτ gauge symmetry to obtain an extension of the lep-
toquark model of Ref. [72]. The leptoquarks are assigned charge 
−1 under the symmetry, such that they still couple exclusively to 
2nd generation leptons. The minimal type-I seesaw realization of 
the neutrino mass with the U(1)Lμ−Lτ -breaking scalar of charge 
+1 predicts the two-zero minor structure CR, which shows some 
tension in fitting θ23 and 

∑
i mνi [77], thus more elaborate model 

building may be needed [134].4

The muoquark solution of the muon anomalies discussed above 
applies equally to this model. The main phenomenological differ-
ence is that the gauge vector X does not couple to quarks and 
is less constrained at colliders. Thus, the X field can more easily 
elude current experimental bound (see Fig. 2 of [43]). For exam-
ple, constraints from neutrino trident production requires mX �
60 (200) GeV for g X ∼ 0.1 (0.3). Again, X and 
 can simply be de-
coupled in the limit of the large v
 and small gauge coupling. This 
scenario belongs to Type A class of models as explained in Table 1.

Type B — A second avenue to address (g − 2)μ arises in this 
model, invoking a light U(1)Lμ−Lτ gauge boson X as a media-
tor running in the loop [40,43,135]. The discrepancy between the 

4 We will not explore these constructions in any detail here but merely reiterate 
the point that a charge-1 scalar is potentially problematic since it enables a baryon-
number-violating dimension-5 operator.
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Fig. 3. Allowed parameter space for the light X solution to the (g − 2)μ anomaly 
in the U(1)B−3Lμ model. The shaded regions are excluded by various experiments, 
while the region between the black lines is preferred by (g −2)μ . The upper (lower) 
plot uses kinetic mixing εB X = gX (εB X = gX /10).

experiment and the SM prediction can be resolved with mX ∼
20 MeV and gauge coupling g X ∼ 5 · 10−4, nestling snugly in the 
window allowed by current experimental constraints, such as CCFR 
and Borexino [43,44]. In fact, even the future DUNE experiment is 
not expected to cover the entire window [44]. In this scenario, S1
is entirely superfluous to the anomalies and can be removed from 
the model altogether. Additionally, the small allowed region for 
X mass and couplings gives a sharp prediction for the U(1)Lμ−Lτ

sector. We have checked that the small gauge coupling and asso-
ciated small kinetic mixing are stable under radiative corrections. 
The R K (∗) anomaly in this scenario is still explained by a tree-level 
mediation of S3, and with a similar allowed parameter space as 
before.

The U(1)Lμ−Lτ -breaking VEV, v
 , is given as v
 = √
2mX/

|q
|g X ∼ 60 GeV/|q
| while the cross-quartic coupling induces 
mixing between real scalars h and φ. This scenario has a chance 
to leave observable imprints in the overall Higgs couplings or in 
the invisible Higgs decays (h → X X) if the cross quartic in Eq. (3)
is large enough. On the contrary, as discussed in Sec. 2.3, we ver-
ified that a small mixing is stable under radiative corrections. For 
sufficiently large λ
 , the mass of φ can easily be above mh/2 such 
that h → φφ decays are absent. Even if the mixing is tuned away, 
φ decays promptly through φ → X X , way before BBN takes place, 
since the decay rate is dominated by the Goldstone mode ∝ |λ
|2. 
On that note, X → νν̄ of muon or tau flavor is safe from the BBN 
bounds [44].5

It is interesting that the light X explanation of the (g − 2)μ can 
also be adapted to the U(1)B−3Lμ model, i.e. the S1 field can be 
removed completely. In this model, the X coupling to quarks are 
not induced by kinetic mixing with the photon but follows directly 
from the gauge symmetry, increasing the sensitivity of some ex-
periments. Differently from the U(1)Lμ−Lτ model sans muoquarks, 
the running of the kinetic mixing is not multiplicative, and we ob-
serve that for the small g X , εB X needed in this scenario, we can 

5 See also [136–138] for potential connection with the H0 tension.
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expect [εB X (MPl) − εB X (μM)]/g X (μM) =O(1).6 The X coupling to 
electrons is completely determined by the mixing, and an enhance-
ment leads to stronger bounds from the Borexino experiment from 
scattering of solar neutrinos on electrons [44,139]. Ultimately, εB X

is a free parameter of the model, in the absence of any unification 
of the gauge groups in the UV, and can be chosen small to weaken 
this bound. The neutrino trident production, Nνμ → Nνμμ+μ− , 
constraint from the CCFR experiment [43,140] scales directly with 
the effective coupling of X to 2nd generation leptons, −3g X and 
(−3g X − eεB X ) for νμ and μ, respectively, and does not constrain 
the solution space for (g − 2)μ over the U(1)Lμ−Lτ models. We 
combine this constraints with the Darkcast [141] bounds on 
light vectors from a variety of different experiments. The combined 
bounds on the U(1)B−3Lμ light X explanation of the (g − 2)μ is 
shown in Fig. 3 along with the best fit for the anomaly. We see 
that for small values of εB X a region of parameter space allow for 
a light X explanation of the (g − 2)μ anomaly. The investigation of 
the constraints from coherent neutrino-nucleus scattering, as well 
as, neutrino non-standard interactions will be presented elsewhere.

Type C — Finally, when the X field is heavy enough, it can suc-
cessfully explain R K (∗) at tree-level. To name a few examples of 
explicit models, Ref. [48] is based on the U(1)Lμ−Lτ gauge group 
whereas Ref. [51] works with U(1)B3−L2 . The first model uses 
vector-like quarks to mediate the Z ′bs interactions. The second 
model directly couples muons with the third generation quarks, 
but requires additional structure to accommodate for the CKM ma-
trix and to mediate the interaction with the strange quark. These 
models are not able to simultaneously accommodate for (g − 2)μ
due to the constraints from the neutrino trident production. A 
simple solution is to add an S1 leptoquark charged under U(1)X

such that it only couples to muons as in Eq. (2). Alternatively, an 
R2 = (3, 2, 7/6) muoquark representation can be used [62]. While 
explaining (g − 2)μ , R2 can also give an additional contribution 
to the bsμμ effective coupling, potentially improving the fit to 
Bs → μ+μ− beyond what can be done with X alone. The muo-
quark is a compelling alternative to the colorless scalar represen-
tation, such as a H ′ = (1, 2, 1/2), due to the top-Yukawa enhance-
ment in the loop.

3.2. Combined explanation of R D(∗) and muon anomalies

In passing, we note that a variation of the model can simultane-
ously address the anomaly reported in charged-current transitions 
b → cτν together with the muon anomalies. The anomalous ob-
servables R D(∗) [142–152] show a combined tension from the SM 
at the level of 3.1 σ . The S1 leptoquark can resolve the tension 
when it couples to left-handed bottom quark and tau neutrino as 
well as right-handed charm quark and tau. The minimal-coupling 
scenario is compatible with other complementary observables, as 
shown in Ref. [70].

The same reference attempts a combined explanation of R D(∗) , 
R K (∗) , and (g−2)μ introducing S1 and S3 leptoquarks and allowing 
for ten independent Yukawa parameters in the fit. The successful 
solution in the parameter space requires the S1 contribution to 
dominate new physics effect in R D(∗) . The main drawback of this 
solution is the need for a tuned cancellation in the LFV τ → μγ
observable [70]. The contribution to this decay is indeed unavoid-
able when one requires S1 to resolve both R D(∗) and (g − 2)μ . The 

6 The running of εB X is at one loop given by

dεB X

d lnμ
= 192gY gX + (86g2

Y + 577g2
X )εB X

192π2

and is completely dominated by the first term for gX > εB X most relevant in this 
scenario.
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Fig. 4. Preferred regions for the Yukawa couplings η1L
τ3 versus η1R

τ2 when S1 has 
Lμ − Lτ charge +1. The fit is driven by the b → cτν anomaly.

cancellation is achieved by an independent coupling not needed to 
fit the anomaly. This is another example suggesting a symmetry 
protecting against LFV.

In our setup, there is as an elegant resolution of all anoma-
lies, which does not require any tuning. The idea is to add an 
additional (tauphilic) S1 with charge +1 under U(1)Lμ−Lτ : it cou-
ples exclusively to tau and tau neutrino, so it has a minimal set 
of couplings needed to accommodate the R D(∗) . The couplings to 
the left-handed quarks are consistent with the U(2) symmetry, 
where the dominant couplings are with the bottom quark. The 
couplings to d and s, suppressed by Vts and Vtd , are consistent 
with the constraints from complementary observables. The weak-
est point of this setup is the unusually large right-handed charm 
coupling, not predicted by the minimal breaking of U(2)3 flavor 
symmetry. For M1 = 1.5 TeV, a benchmark point within 1σ is for 
|η1L

τ3 × η1R
τ2| ∼ 0.5. Large couplings to top quark are also allowed by 

the data but not needed for the anomaly. We show likelihood con-
tours in the η1L

τ3 – η1R
τ2 plane in Fig. 4, which demonstrate that the 

above benchmark point is indeed within the 1σ range around the 
best-fit point and that it is compatible with all constraints.7

On top of this, muon anomalies can be solved by both scenarios 
discussed in Sec. 3.1: with a S3 solution of b → sμ+μ− and i) the 
light X solution of (g − 2)μ or ii) a (mounphilic) S1 for (g − 2)μ . 
In other words, U(1)Lμ−Lτ provides an effective decoupling of dif-
ferent scenarios for solving b → cτν , b → sμ+μ− and (g − 2)μ . 
The solutions are standalone, which is important if some anoma-
lies go away, but are easily combined together without any side 
effects.

4. Conclusions

The Standard Model of particle physics is successful in explain-
ing both seen and unseen phenomena. When viewed as an effec-
tive theory, unseen phenomena such as proton decay or charged 

7 We consider all constraints implemented in smelli, as well as, from the 
high-pT pp → ττ tails proposed in [153] and recently updated in [63]. The rel-
evant constraints in smelli that involve the charm quark are: R D(∗) , BR(Bc →
τ+ντ ) [154], F L(B0 → D∗−τ+ντ ) [155], the relative partial branching ratios of 
B → D(∗)τ+ν [156,157], and the μ/e ratio of BR(B → D∗�+ν) [158,159]. No cou-
pling with the right-handed up quark is introduced such that D − D̄ mixing is 
unaffected. Charm decays to τ in the final state do not provide competitive con-
straints compared with the high-pT tails (for details see [160]).
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lepton flavor violation are attributed to the higher-dimensional op-
erators and become statements about the scale of new physics.

Muon anomalies in (g − 2)μ , R K (∗) , and b → sμ+μ− could be 
the first imprints of physics beyond the SM. The philosophy fol-
lowed here is to minimally extend the SM to account for these ef-
fects while keeping the same accidental symmetries of the lower-
dimensional operators in the EFT expansion of the new model. 
In particular, a U(1)X lepton-flavored gauge symmetry is used to 
ensure a high-quality lepton flavor symmetry such that LFUV is 
allowed when suitable leptoquarks mediators are present, while 
LFV is not. Besides, neutrino phenomenology and matter stability, 
when taken together, provide a nontrivial guide for model building.

Lepton-flavored U(1)X gauge extensions of the SM, under which 
leptoquarks become muoquarks, provide versatile framework for si-
multaneously addressing muon anomalies as explained in Table 1. 
All three types of models (Type A, Type B, and Type C) are ex-
emplified in Sec. 3.1, while a detailed investigation is left for the 
future work.
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