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ABSTRACT: We develop an economical theoretical framework for combined explanations
of the flavor physics anomalies involving muons: (g — 2),, R+, and b — su*p~ 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), 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+3vg fermion content
with the integer charges in the range X, € [—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), 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),—- 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),, [2, 3] are disagreeing with the
R-ratio data-driven theory prediction [3-24]" and ii) the deviations from predictions in rare
B meson decay observables, in particular b — sy~ angular distributions [27, 28] and
branching ratios [29-35] (we will collectively refer to them as “b — sup anomalies”) and the
lepton-flavor university (LFU) ratios Ry [36, 37]. Among these, the observables Ry (.
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 Ry« 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 — sup anomalies and Ry (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 u — ey and p — 3e. Numerically, taking as an example NP that induces the
dimension-5 dipole moment operators after the electroweak symmetry breaking, L.g D
—ev@ia““éﬁF#y/(élwAij)z + h.c., with v = 246 GeV the electroweak vacuum expectation
value (VEV), the NP scale required to explain the (g —2), anomaly is Aoy ~ 15TeV. This
should be compared with the much more stringent bound Aj5(21) 2 3600 TeV on the effec-
tive NP scale implied by the absence of the y — ey transition [46]. The hierarchy between
the two effective scales persists even if the couplings to electrons are Yukawa suppressed:
Aig21yy/me/my, 2 250 TeV. Qualitatively similar implications follow from the absence of
T — wy transitions [47].

The high suppression of flavor-violating effects strongly hints at NP with an almost
exact muon-number symmetry, U(1)r,. The U(1)r, 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)g, -z, [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)r,-r, gauge boson X, can generate a 1-loop contribution to (g — 2),, 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 Ry (.)
anomalies, on the other hand, a heavy gauge field X, was used along with a set of vector-
like quarks [56, 57]. The other gauging choices used to explain Ry are U(1)p;—r, [61-63],
third family hypercharge [64-66], and other alternatives [60, 66-79]. Note, however, that

"However, a recent lattice calculation of the (g — 2), by the BMW collaboration is closer to the mea-

+

surement [25] suggesting new physics in eTe™ — hadrons data. The latter option seems to be more difficult

to reconcile with the complementary constraints, see e.g. [26].



it is not possible to explain both (g — 2), and Ry in an effective field theory (EFT)
with a single light mediator X, that provides the dominant contribution. We show this
in complete generality in section 3.4: the size of the X, contribution required to explain
the deviations in (g — 2), and Ry is ruled out by a combination of constraints from
B — Kvv, 7 — 3u 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), and rare B decays; and i¢) 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 X, for (¢ —2), and a heavy muoquark S3 = (3, 3, 1/3) Xg, 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+3vg
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, p and 7.

We then address whether U(1)z, . is a unique gauge group that can lead to a success-
ful phenomenology: an explanation of (g — 2), with the light X,, 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 (¢ — 2), 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),, 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), 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.



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 R ()
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
SUB3)e x SU(2)r x U(1l)y x U(1)x gauge group,

Q; ~ (3,27%,)(@2.)7 U ~ (3,1,§,XU1,), D; ~ (3,1,—%,XDZ.>,

(2.1)
Li~(1,2,-5,X),  E~(L1,-1,Xg),  Ni~(1,1,0,Xy),

with ¢ = 1, 2, 3 the flavor index. The SU(2), 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.? This results in six conditions corresponding to the cancellation of
(mixed) triangle anomalies between U(1)x, SM gauge groups, and gravity [85],

3

SUB)E x U(l)x : Y (2Xq, — Xy, — Xp,) =0, (2.2)
=1
3

SU@2)7 x U(l)x : Y (3Xq, + X1,) =0, (2.3)
=1
3

UML) xU(l)x : Y (Xo, +3X1, — 8Xy, —2Xp, — 6Xp,) =0, (2.4)
=1

20ur 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].



3

Gravity”> x U(L)x : Y _(6X¢q, +2X1, —3Xy, —3Xp, — Xg, — Xn,) =0, (2.5)
=1
3
Uy x U)X 0 > (X3, — X7, —2XG, + Xp, + X3,) =0, (2.6)
=1
3
UM% D (6XP, +2X} —3X} —3X), — X3, —X3)=0. (2.7)
=1

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 {pr, /qr,}, 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 {Xp, } satisfying the anomaly condi-
tions (2.2)-(2.7) can be used to generate up to (3!)% 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.? In the following we then give an exhaustive set of
inequivalent integer solutions of egs. (2.2)—(2.7) with

—10 < Xp, <10 for every F; 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
1
H = <1,2,2,XH) L 6=(11,0,X,), (2.9)

where H is the SM Higgs (with U(1)x charge Xp) and ¢ 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, Xy — Xy —aY7}, gives a physically equivalent theory,
cf. appendix A.1. In particular, after a linear invertible field transformation g = (Y, Xf)T
becomes

1 —
gy =L7q; where L= (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)y x U(1)4 or, equivalently, a
U(1)r, x U(1)r symmetry.

3 As a point of reference, this ratio is 6 for the SM hypercharge.



In what follows, we use the above reparameterization invariance to make H a U(1)x
singlet,
Xg=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,

Xq, = Xu, = Xp, = X, forall i,j,k=12,3 (2.12)

such that their masses and the CKM mixing matrix are allowed by the gauge symmetry,
ie. Y Q'Hul and ij Q'Hd’ where H = eH*. The conditions (2.12) reduce the number
of inequivalent sets of Xp, charges in the range [—10, 10] from the original 21546 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:

o The leptoquark coupling (¢¢-LQ) is allowed for p but not for e and 7,
Xoy # Xiy 5 (2.13)

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

o The diquark couplings (¢¢-LQ or ggH-LQ) are forbidden and thus proton decay is
suppressed, postponing the potential U(1)p 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 x 3 x 3 while in the leptoquark coupling (¢¢-LQ) it is 3 x 3,
this implies

X, # +3Xg for SU(2), doublet scalars, and vectors 1(3)5, (2.14a)
Xy, # —3X, for SU(2), singlet and triplet scalars, and vector doublets. (2.14b)

This is satisfied for 272 and 273 sets, respectively.

e The ¢ charge should be chosen such that gg¢-LQ dimension-5 operators are forbidden,
i.e. the U(1)p 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)p_3z, 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 Xy is determined from the structure of the neutrino mass matrix, and in general
the proton decay inducing dimension-5 operator gg¢—LQ could be allowed. This does not
happen in the U(1)p_3z, model and no dimension-5 proton decay operator is allowed in



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-1 seesaw realization of the
neutrino mass in U(1) L,-L, introduces dimension-5 proton decay plus shows some tension
in fitting 23 and >°; m,, [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 ¢;; NEN; where X¢;; = —XnN;, — Xn;. 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 X, € [—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 : X, = Xp, forall i=1,23, (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]:

o The scalar leptoquark S3 = (3,3,1/3, Xg,), where Xg, = —X, — Xp,, gives V — A
contribution to b — sutu~ transitions, see e.g. [1, 80, 82, 88-96]. The condition
in eq. (2.14b) implies X, # —3X, such that the dimension-4 operator QQSs is
forbidden.

o The scalar leptoquark S = (3,1,1/3, Xg,), where Xg, = —X, — X, or Xg, =
— Xy, — Xg,, implemented in “vector category” models, couples to both Lo and Es
to give the mg-enhanced contribution to (g — 2),, see e.g. [1, 80, 92, 96-100]. The
condition in eq. (2.14b) is Xy, # —3X,.

o The scalar leptoquark Ry = (3,2,7/6, Xg,), where Xp, = X, — X1, or Xg, = X, —
XE,, and the condition in eq. (2.14a) is Xy, # 3X, such that dimension-5 operator
ddHT Ry 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



leptoquark representation is also used to address the (g—2),, 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),.

o The vector leptoquark Uy = (3,1,2/3, Xy, ), where Xy, = X, — X, or Xy, = X, —
Xp,. The baryon number violating dimension-5 operator QQdH U, is forbidden when
Xy, # 3Xg, eq. (2.14a). Possible UV completions for the U; 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, p and
7 leptons carry the same X charge. Solutions to the anomaly conditions (2.2)—(2.7) that
further satisfy egs. (2.12) and (2.15) are parameterized by [60]

X+ X, + X,

Xp = XeTLe + AX'UJ,TLM + XTTL-,- — ( 3

) Tg+aYr+ Y XnTn,, (2.17)
%

where {Tp,Ty,,Tr,,TL,} are the usual baryon and lepton numbers for the SM fermions,
while T, are the right-handed neutrino numbers (also T, Le,wNi = 0). The reparame-
terization invariance (Xp — Xr — aYr) allows to restrict the discussion to the case a = 0
in agreement with eqgs. (2.11) and (2.12), that is, —9X, = X. + X, + X;. The coef-
ficients {X¢, X, X7, Xn,, XNy, XNy} in eq. (2.17) need to satisfy the Diophantine equa-
tions [85, 118]

X6+XM+XT=ZXN“ X§+X3+X§:ZX]?{,Z,. (2.18)

We group the solutions to the above equations in three non-exclusive classes, up to
arbitrary permutations in flavor indices {e, u, 7} and { Ny, Na, N3},

Class 1: Xe=Xn,, Xu=Xn,, X; = Xn,, (2.19)
Class 2:  Xe=Xn, Xu=-X;, Xn,=-Xn, (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 {X., X, X;}
and {X¢, X,,, Xn,} taken as free parameters in egs. (2.19) and (2.20), respectively. The
solutions that have X, = Xy, = —X; = — X, 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



2), while there are two exceptional (Class 3) charge assignments. These are (up to flavor

permutations),
{Xe, X, X7} = {-5,-1,6}, {Xny, XNy, XNy} = {-3,-2,5}, (2.22a)
(Xo, X, X} = {—3,-2,5}, (XN, XNy, Xy} = {5, 1,61 (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 egs. (2.19)—(2.20) automatically satisfy the Diophantine equa-
tions (2.2)—(2.7). Upon relaxing our search requirement | Xp, | < 10, all solutions of Class 1
and 2 are parameterized by three arbitrary integers (X., X,, X;) and (X, X,, Xn,), re-
spectively. Class 3 models, corresponding to chiral solutions of the Diophantine equation,
are not easily parameterized beyond |Xp,| < 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 X, € [—10, 10] for which the right-handed
e, i and 7 charges change to

Xp, = X1, +bp,, (2.23)
Xpy, = X1, + bpy, (2.24)

The universal quark charge is —9X, = X, + X, + X1,, while the right-handed neutrino
charges are Xpy,, Xy, and Xpy,. The 18 solutions that have

bE1 = _bE2/2 = bEgu (226)
are listed in table 1 (up to flavor permutations). The remaining three solutions are

{XL1,2,3} = {_77 0, 7}> {bE1,2,3} = {_17 3, _2}3 {XN1,2,3} = {_5a -3, 8}a (2'27)
{XL1,2,3} = {_57 -3, 8}7 {bEl,Q,s} = {_27 3, _1}7 {XN1,2,3} = {_67 —4, 10}7 (2‘28)
{XL1,2,3} = {_57 6, 8}> {bE1,2,3} = {1? -3, 2}’ {XN1,2,3} = {07 3, 6}' (2'29)

These solutions are particularly interesting as they facilitate models in which the muon
mass and the (g — 2), 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, and Y;j are
then no longer arbitrary 3 x 3 complex matrices but, rather, have a texture restricted by
the gauge symmetry. The “2 4+ 1”7 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:

Xq, = Xu, = Xp, = Xqp, forall i,j,k=12 and

(2.30)
X@; = Xy; = Xp; = Xg5 -



XLl XL2 XL3 bEl XNI 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 ) 6 2 1 3 )
-1 ) ) 2 1 3 )
-3 ) 7 2 1 3 )
0 4 ) 1 1 3 )
2 2 5 -1 1 3 5
—4 ) 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 ) 7
-2 2 9 -1 -6 5 10
-1 2 8 -1 -6 7 8
3 ) 10 -1 2 6 10

Table 1. Charge assignments (up to family permutations) for bg, = —bg,/2 = bg, case (Category
IT) 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

2X,,, + Xgs = 3X,, (2.31)

where X, 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. X, can be taken as a free
parameter, while X, is set to Xy, = (3X,; — X,)/2, with X, the flavor-universal quark
charge assignment for a given solution listed in section 2.2. In the phenomenological studies
qo = 0 and X, = 3X, # 0.

The non-Abelian accidental symmetry of the renormalizable Lagrangian without
Yukawa interactions is the SU(2)g x SU(2)y x SU(2)p flavor symmetry, under which the
first two generations transform as doublets, while the third generation is a singlet [121, 122].

(section 3.5), we will focus on the scenario where X,

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 Ay ~ (2,2,1) and Ap ~ (2,1,2). 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,

u_ d_
Lo %‘@HW?, n %QiH¢D3 t He., (2.32)

~10 -



after the U(1) x-symmetry-breaking scalar ¢ gets a VEV (here X, = — X, and i = 1,2).
If there is a hierarchy between the ¢ VEV and the masses of integrated modes, (¢)/A < 1,
this can explain the smallness of the CKM parameters V ~ (Vis, Viq)T. As detailed in the
next section, the light X, solution of the (g — 2), anomaly predicts (¢) close to the EW
scale and, therefore, 2% /A ~ Vis/(¢) ~ (10 TeV)~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
) %7
operator in (2.32) but not the second, leading to a down-alignment. This alignment is

quarks. For instance, integrating out vector-like ¥ ~ (3,1, %,0) would generate the first
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 X, couplings. Decays such as B — KX impose very stringent limits on a sub-
GeV vector boson X, see eq. (3.9). These can be avoided in the down-alignment scenario
(z¢ = 0 and x% # 0). In this case, the 3 x 3 down quark Yukawa matrix is a sum of a 2 x 2
matrix for the light quarks and a single entry for the third generation. The X, 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 X,
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;Vip.
The relevant observables are: D — 7 X (below the dimuon threshold X mostly decays to
neutrinos) and D — D 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 X1 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.*

Let us consider as an illustration a scalar leptoquark S3 = (3,3,1/3, Xg,). Assuming
Xy # 0 and X, = 0, we further require:

i) the interaction Q3L9Ss5 is allowed,
i) Q3L1353, Q1,2L1353, and Q17273Q172735§ are forbidden.
For this to be true, the following set of conditions needs to be satisfied
Xpo #A{XL, 5, X1y 5 — Xggy —Xgy, —2Xg5, —3Xg5 } (2.33)

These criteria are met by 171 inequivalent sets of Xp, 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.

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

XQ12 =0, XQ3 = -3,

XIios = XB1os = XNyos =10,1,8}, {0,2,7}, {0,4,5},0r {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 — suu 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

Lo %@ffzgsgqs* + He., (2.35)

where i = 1,2. This operator is allowed by gauge symmetry despite the U(1)x charges
already being fixed by egs. (2.32) and (2.33). The simplest way to generate this operator
without spoiling the down-alignment of X, interactions is to introduce a vector-like lepton
x ~ (1,2,—3,—Xg,). More precisely, the interactions @%x 1S3 and Yro! Ly generate the
operator in eq. (2.35) when the y field gets integrated out at tree-level.

3 Light X, phenomenology

When the U(1) x gauge boson X, is light, it can give the dominant new physics contribution
to (g —2), 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), anomaly can indeed
be explained, without violating other experimental constraints, by a sub-GeV vector boson
X,, 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 Ry (. ratios and b — supu
angular distributions and branching ratios.

The model independent discussion in sections 3.1, 3.2, and 3.3 is limited to the flavor-
conserving X, 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 X, cannot simultaneously resolve
both the (g—2),, and rare B decay anomalies, and therefore another heavy mediator such as
Ss = (3,3,1/3, Xg,) is required. Section 3.5 then contains several benchmark models that
can solve both the (g —2), and rare B decay anomalies, with most of the phenomenological
discussion focused on X, while for the S3 phenomenology we refer to [1, 82, 89, 92, 93].

3.1 Muon (9 —2),

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 (aj,’8) differs by 4.20 [126] from
the SM prediction (aEM),5

Aalt = a% — SM = (251 £ 59) x 107! (3.1)

®Obtained 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

a(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 1.60 from the experimental average, and is thus consistent with
Aa,, = 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 X, that couples to muons,

LD gxiX(av —qavs)u, (32)
gives the following 1-loop contribution to the muon anomalous magnetic moment, see, e.g.,

refs. [124, 131],

2 2 2 2 2
9 g qy — 27,44, mx < m
Aay, = 51 [q%fv<m>+qiu<m>]=x{ V1o ' b (33)

w2 |3 [a —5dh],  mx>my,

where 7, = my/mx and

22(1 — ) 20(1 —z)(4 — z) + 4r2a®
dx dzx 4
v(re) / 1—m+rm2 / 1 —z+ riz? (3-4)

Both Iy (ry) and I4(r¢) are monotonic functions of mx such that the vector (axial)
contributions to a, are always positive (negative). Thus, in order to account for the central
value of Aa, in eq. (3.1), the vector coupling needs to be nonzero, gy # 0. Numerically,

A V2 (45 x 1074 [g2 — 24312
gxz( T ) M0y 2aan] o s (3.5)

251 x 10-11 5.5x 1074 g2 —5¢3) 7% mx > m,.

For myx below or comparable with the muon mass, the gauge coupling required to explain
the observed Aay, is gx ~ O(107*). To get the correct sign, eq. (3.5) implies that X, needs
to predominantly couple vectorially, with the axial-to-vector ratio of couplings required to
be below |ga/qv| < mx/(v/2m,) < 1 when mx < m, and below |ga/qv| < 1/+/5 when
my, < mx.

3.2 Neutrino trident production

The neutrino trident production provides important bounds on the muonic force explana-
tions of the (g —2), anomaly [51]. The muon neutrino and the left-handed muon form an
electroweak doublet and thus share the same coupling to X, proportional to o< (qv + qa).
Since any explanation of the (¢ — 2), anomaly must be mostly vectorial (see eq. (3.5)), a
flavor diagonal explanation of the (g — 2), anomaly necessarily implies NP contributions
to the trident production v, N — v, Nu*p~ induced by the v, 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 occpr/osn = 0.82 %+ 0.28 [132], where
Ocorr 18 the measured cross section and ogy 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, v,y — v,yutp~. 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 (v,) is used.

3.3 Other constraints

Borexino. The Borexino experiment measured a cross section for the elastic scattering
of "Be 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 X, exchanges can modify the scattering rate from the SM expectation. Since no
deviation was observed, this implies bounds on X, couplings to fermions that are due to a
combination of direct U(1) x charges and induced couplings from kinetic mixing of X,, 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 X, also couples to tau and electron
neutrinos in addition to the muon neutrino and becomes weaker if the direct coupling of
X, 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 X pu coupling is currently probed by NA62 (K — pvX decays) [140, 141],
and BaBar (searches for X — pu decays in the 4y 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
70 decays) [148].

For future projections on the sensitivity to X puu coupling we consider NA64,, [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 LHCDb from ref. [143].

Astrophysics and cosmology. The parameter region of interest easily passes the astro-
physical and cosmological constraints. The X, decays to neutrinos before the onset of BBN
for mx 2 6 MeV [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),, anomaly lead
to X, 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].

Gr S ol () 7o PLvs) (3.6)

‘CNSI = -
2v2 ;35
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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),, 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
x2-function that we use to set bounds on our benchmark models.

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

An interesting question is whether a single mediator could be responsible for both the
(9 —2), and rare B decay anomalies. Here we explore to what extent this is possible when
the mediator is a neutral spin-1 boson, X,. 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 X, and the U(1)x symmetry-
breaking scalar ¢, 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 X, interactions are given by

Legt O+ gx (qv + QA)%LXWL +9xBX (qv —qavs)p
+ [DX (g Po+ g Pr)s + He. |, (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 (d)TDMgZ)) (Q7"Q3), - - .,
after the breaking of U(1)x by the ¢ 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 (¢9—2), and rare B decays be explained by one-loop and tree-level
exchanges of X, respectively, or is an additional short-distance contribution needed?

The NP effects that could explain Ry, and the b — sup anomalies can be expressed
in terms of the modified Wilson coefficients Cg and C1¢ that we define as in ref. [41]. The
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tree-level X, exchanges contribute as (cf. [172])

bs
C(;)lo _ qv,A 9X 9L(R)

- ) 3.8
9, N q2—m§(—|—imxl“x ( )

where N = %th‘/j; is a normalization factor. The Xbs couplings g%s( ) 1€ stringently
constrained, e.g. by BR(B — Kwvv) if X, is lighter than the B meson or by the B,
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 g%f = 0. Here we focus
on light X, with mx < mp — my, such that the most important constraint on gis comes
from BR(B — Kvv) [173-176]. For BR(X — vv) ~ 1, this bound is given by [172]
mx

g% <0.7%x 1078 GV

(3.9)

Consequently, an explanation of Ry (., and the b — sup anomalies requires sizable X pupu
couplings.

Let us now consider the one-loop contributions to (¢ — 2), from X, and either e, p
or 7 running in the loop (forgetting for the moment about UV completions). For e and
running in the loop, the X, couplings are flavor violating, a possibility suggested in [125].
The (g — 2), excess can, in principle, be explained by the flavor-violating X pi7 coupling,
with mx > 1.7GeV. In contrast, the Xeu coupling leads to a negative contributions to
Aay,. For the flavor-conserving option, with X, coupling to muons, inducing the (¢ —2), 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 (¢ — 2), and the anomalies in rare B decays at
the same time, the requirement of a sizable X uu coupling to explain the latter precludes
an explanation of (g — 2), predominantly through flavor-violating X u7 couplings. The
presence of both X 7 and X ppu couplings would lead to a too large BR(7 — 3u) in conflict
with experimental bounds [177]. This leaves us with the possibility that both the (g —2),,
and rare B decay anomalies could be due to flavor diagonal X ppu couplings.

In figure 1 we show the regions in the myxy — gx plane, in which a light X,, with
couplings given by eq. (3.7) can explain the measured values of (¢ — 2), and Ry for
different choices of g4/qy.® The region where the (g — 2),, measurement can be explained
at the 20 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 |ga/qy| increases.
For |ga/qv| > 1/4/5 ~ 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 1o level, while g% satisfies eq. (3.9). Since Ry is measured in a bin of
the invariant dilepton mass squared, ¢®> € [1.1,6] GeV?, an X . with m% € [1.1,6] GeV?
can only enhance Ry 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,

In figure 1 the Xee couplings were set to zero. However, even if these were allowed to vary, the
conclusions would not have changed. The Xpuu coupling, needed to explain the (¢ — 2),, 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 X, solution to the (¢ — 2), anomaly with the 20 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[é'l’ﬁ] can be explained at the 1o level while satisfying the constraint on q%ﬁ g from BR(B — Kvv).
The neutrino trident bound and the predictions for (g — 2), are independent of the overall sign
of qy, while explaining the Ry measurement requires gy > 0 for m% < 1.1 GeV? and ¢y < 0 for
m% 2 6GeV?.

the measured value of Ry cannot be explained for m% € [1.1,6] GeV2. Outside this mass
window, as expected from fits to Ry in the C¥ — CJj, plane (see e.g. [41]), we find that
Ry can be explained for vanishing and negative g4/qy and that sizable positive g4 /qy 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), for [ga/qv| < 0.2 and mx < 400 MeV. An
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explanation of R for my < mp —mp is even completely excluded by the CCFR bound.”
This, in particular, applies to the small window at myx ~ 2.5GeV and qa/qy ~ —0.4,
where a combined explanation of (g — 2),, and Rx would be possible otherwise [172]. We
conclude that a single mediator mx cannot explain both the (¢ — 2), 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); gauge invariance. The lack of a combined solution
to the b — spp and (g —2), from a light vector agrees with the findings of refs. [178, 179].
These analyses also pointed out that BR(Bs — pu) effectively rules out my < 1.4 GeV as
an explanation of Ry (. 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

LD —%Fiu — ixgy + %5FWXW + %m§{X§ +eA, b + gx X, T, (3.10)
where ng  are the EM current and the current associated with U(1)x, respectively. This
ignores a small X, ~Z,, mixing proportional to the kinetic-mixing parameter ¢, which we
will assume to be no larger than O(gx). We relegate further details about the mixing of
EW and X, gauge bosons to appendix A.2.

The X,, couplings to the SM fermions are determined by the form of the current J%
and by the size of the kinetic mixing parameter €. The J§ is given by the U(1)x SM
fermion charges Xy,

I =Y X', (3.11)
7

and is specific to each model we consider. The value of € we treat as a free parameter, with
the exception of the L, — L, 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 ¢ ~ O(egx/1672), see section 3.5.2
for details. This relies on the assumption that e vanishes at the high scale (as required for
gauge coupling unification). Furthermore, for U(1)z, . the kinetic mixing parameter e

has vanishing 8 function at 1-loop above the EW scale , while the 2-loop contribution is
2

(mz — mi) /v? suppressed. It is thus appropriate to make the approximation that in the
U(1)L, L, model the kinetic mixing only receives the contributions from muons and taus.
The other benchmark models we consider have a nonzero S-function for the kinetic mixing
parameter €. For these models we therefore do not expect to have € = 0, except for special
tuning points. Typically, it is reasonable to assume € < gx, which is what we use in the
sample plots. The 1-loop running of the € 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 (¢ — 2), and the anomalies in rare B decays

can be explained simultaneously. In the rest of this section we focus on the part of the

"Since the stringent bound on g% from BR(B — Kwvv) does not apply for mx > mp —mr, it is possible
to explain Rk in this higher mass region.
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Figure 2. Parameter space for the light X, solution of the (g — 2), anomaly in the U(1)r, .
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 2¢ region between the black
solid lines is preferred by (g — 2),, (dashed line for central values).

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

3.5.1 Gauged L, — L,

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

X,=Xn =0, X,=-X,=1, Xy, = —Xn,. (3.12)

The right-handed neutrinos Ns 3 can carry vector-like charges, Xy, = —Xy,, that are in-
dependent of the charges of the SM leptons. However, as long as X, n, 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 L, — L; model.

In figure 2 we show with black lines the 1o parameter band (dashed black for central val-
ues), for which the L, — L, model explains the observed (g—2),. The model is not expected
to have any appreciable kinetic mixing parameter and thus the UV value of ¢ 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 X, 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 X, solution of the (¢ —2),, anomaly in the B —3L,, model.
The shaded regions are excluded by various experiments, as denoted in the legend, while the 2¢
region between the black solid lines is preferred by (g — 2), (dashed line for central values).

3.5.2 Gauged B - 3L,

The B — 3L, gauge group has charges
1
X, =Xy, = -3, Xer =Xy, N, =0, XQ,.u;,p; = 3" (3.13)

This is another example of the vector category of U(l)x charge assignments. The
U(1)p—3r, 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) g-
violating dimension-5 operators that could otherwise be induced by S3 leptoquark ex-
changes. In contrast to the L, — L, model, a sizable kinetic mixing parameter is generated
by the RG running. For this reason we use the benchmark numerical value ¢ = 0.1 gx.

In figure 3 we report the bounds on the B — 3L, model in the sub-GeV mass region,
i.e., in the mass region where X, could potentially explain the (¢ — 2), anomaly (lo
range is denoted with solid black lines, the central values with dashed black lines). Since
X,, 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 7T0

— 7X,, decays from NAG62 (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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L. — Ly, e/p-loop effective mixing L. — L, + Qem, € = gx/10
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Figure 4. Parameter space for the light X solution to the (§—2),, anomaly in U(1)r, 1, model (left
plot) and U(1)r, -1, Q... (right plot). The shaded regions are excluded by various experiments, as
denoted in the legend, while the 20 region between the black lines is preferred by (g — 2),, (dashed
lines denote central values).

The bounds on the B — 3L, 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), anomaly, one would need to increase
the L, charge assignment well over the B charges. This can be achieved, for instance,
by taking the linear combination ¢i(B — 3L,) + co(L; — L,) for the gauge group, where
co > C1.

3.5.3 Gauged L. - L,

The gauged L. — L, model,
X;=Xn, =0, Xe=—-X,=1, XN, = —XnNys (3.14)

is obtained from the L, — L, 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 X, interactions with electrons. Since such couplings are targeted by
many of the light-sector searches one may expect that these exclude the U(1)r, 1, model
as an explanation of the (¢ — 2), anomaly.

In figure 4 (left) we show the constraints on the U(1)z,—z, model assuming vanishing
kinetic mixing in the UV. The parameter space that would explain the (g —2), 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 X, couplings to electrons, reducing the importance of some of the
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experimental constraints. Taking for example ¢ = —gx /e leads to effective X, charges that
are equivalent to the charges in the L, — L, + Qe model, see appendix A.1. In this case,
the electron charge vanishes. However, this then introduces effective X, charges to quarks
proportional to their electric charges Qg 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 X, 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), anomaly using just
the L, — L, model or its L, — L, + Qem variant.

3.5.4 Gauged B—-2L. - L,

Both the L, — L, model and the B —3L,, model illustrate that if the X, 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 — 2L, — L,,. For this charge assignment the ordinary
earth matter is almost invisible to X M.S For B —2L. — L, with vanishing kinetic mixing in
the UV, the X, couplings to electrons are large enough that NA64 and Borexino bounds
exclude such an explanation of (9—2),. However, this may no longer be the case for judicial
choices of kinetic mixing. Changing the kinetic mixing parameter ¢ does not impact the
NSI bounds from neutrino oscillations, while the value e ~ —2gx /e effectively eliminates
the electron charge, relaxing the NA64 and Borexino bounds (and simultaneously relaxing
the COHERENT bound). Such a value of € 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 ¢ = —2gx /e is equivalent to the U(1)x group with
Xg = —1and X4, = —X,, = 1. The constraints are shown in figure 5, which show that
the (g — 2), region is always excluded.” 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 983 — 8L, — L;

As the benchmark third-family-quark model we investigate the U(1)op;—sr, 1, model,
eq. (2.34). As discussed in section 2.3, a (g — 2), 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 — 7X 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 — D mixing measurements translate to a bound my >
60 MeV (gx X4,/107%), if the NP couplings are real, and myx > 360 MeV (gx X,,/107%) 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 X, couplings

8 Atoms with isospin symmetric nuclei are X » 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.
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Figure 5. Parameter space for the light X solution to the (¢ — 2), anomaly in the third-family
quark model U(1)p_ar,. — r, model. The shaded regions are excluded by various experiments, as
denoted in the legend, while the 20 region between the black lines is preferred by (g —2),, (dashed
lines denote central values).
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Figure 6. Parameter space for the light X solution to the (¢ — 2), anomaly in the third-family
quark model U(1)9p,—s L,—L, model. The shaded regions are excluded by various experiments, as
denoted in the legend, while the 20 region between the black lines is preferred by (g — 2),, (dashed
lines denote central values).

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

Potentially even more sensitive is the D — wX decay, where X decays to neutrinos,
resulting in the D — 7+ Fyis5 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 — uv search [182] that was reinterpreted in ref. [183] as the bound
on D — wa decays for a massless invisible pseudoscalar a, giving Br(DT — 7nta) <
8-1075. We expect this recast to be valid also for X u 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 2 T0MeV (gx X4, /107°), assuming 100% branching ratio to neutrinos, which is valid in
our benchmark up to the muon threshold, mx < 2m,,. 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 — wutp~, D — pu™pu~ should be considered (as
well as D — pEpniss 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 X, solution to (9—2), in this model. The only viable models of
this kind would be the ones with | Xy, g,| > |Xg,|, 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),_, charge assignments
(weighting more heavily toward the latter). Clearly, one can approximate arbitrarily well
the physics of U(1),—, by allowing for sufficiently large charges of the latter group.

3.5.6 Chiral model: gauged L, ,

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.

L, model:

(XLla XL27 XL3) = (_1a7a _6)a (XEla XEQ) XEg) = (1767 _7)7
(Xnys XNyy Xng) = (—7,-2,9), Xg,,p;,u; = 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), 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
L, —7 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), except for a small window around 100 MeV, assuming that the kinetic mixing
vanishes in the UV. The axial coupling to the electron gives a negative contribution to
(9 — 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 ¢, for instance even for values as
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Figure 7. Parameter space for the light X solution to the (g — 2), anomaly in the i#_T model.
The shaded regions are excluded by various experiments, while the region between the black lines
is preferred by (g —2),,.

large as € = £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 L, — L, 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 INJN_T model to future work.

Finally, it would be interesting to relax the chiral model search criteria beyond | Xp| <
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 L,, — L, model.

4 Muon mass and (g — 2), 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 (9—2), [188].

Model example. Let us consider a scenario in which the SM is extended by two scalar
leptoquarks, Sy and S_, in the (3, 2, 7/6) representation of the SM gauge group. This
leptoquark representation is usually called Ry 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, q%, tr, and the second generation leptons, Ei, ur- The model is assumed
to have a Z, parity symmetry under which S_ and ugr are odd, while all the other fields
are even,

LD nytrlE ioceSy —nr G pr S— + He. . (4.1)

The global phase rotations can be used to make the couplings 71, 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 Vy, = 1.

The Zs symmetry forbids the direct muon Yukawa coupling, Ziﬁ pr. This is then
generated only radiatively due to the presence of a Zy soft breaking term,

Liweax D —m2S1S_ + He., (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 Z5 symmetric mass terms,

L£o-m% TS —mi Ssy, (4.3)

to be degenerate, m% = m?g+ = m%i, with 0 < ﬁl% < m% This induces maximal mixing,
6 = m/4, into the mass eigenstates 512, with the corresponding physical masses given by
m%m) = m? F m?. Furthermore, we assume that m; < mg 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 my/mg and mg/mg (see [98, 187] for full expressions),

ﬁl2

- s
my ~ 1672 MLTIR m% )
3 m,mym2 m?2 (44)
Aa, ~ —— TS (54 2(1 — Qg)log —L | .
W g2 MR T Qs +2(1 - Qs)log w2

Assuming that m, is entirely generated by the above one loop radiative correction, the
ratio Aa,/m, depends only on two unknowns, mg and Qg,

m

2 2
m
Aa, ~ —5 5 —4Qs +2(Qs — 1) log —5 | . 4.5
: ms( Qs +2(Qs —1)log 13 (15)
Since Aa, needs to be positive, and mg > m; 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 Qg = 5/3. Consequently, Aa, = (251 £59) x 10~ points to
mg € [5 — 7] TeV. For nnr =~ 1, the soft breaking mass needed to match the muon mass
is then mg ~ 1TeV.

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

2 2 2
m; ~ [T m
Aa, = —B P =30, =52 ) (4.6)
my my my
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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),, anomaly. See the main text in section 4 for further details.

where

1—x 1—x9

1—21)2 (1—22)2 (1—mz)3

. r1logzr; xologao 113z -1 3x9 — 1 256% log =1
F(CIJl, .CCQ) = (

4.7
223 log 7o (4.7

T =m0 +2Q5<1_x1 1o =) (—m)

1 1 x1logxy  xzalogws )]

The preferred region in the S7,S2 mass plane, taking Qs = 5/3, that explains the observed
deviations in Aa,, is shown in figure 8 as the brown shaded band.!?

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)x, 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 Sy in the (3, 2, 7/6) representation
of the SM gauge group and the SM singlet ¢. The extra scalars carry the following charges
under the U(1)x, gauge symmetry

XS+ - _XL2 + XUi - _X,u, + Xq7 (48)
Xg. =—Xp, + Xq, = —Xu —bg, + Xg,
X¢> =—Xg + XS+ = bE2 . (4.10)

where X, = (=X, — X, — X;)/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)x, gauge symmetry.
However, there is a gauge invariant trilinear scalar coupling

LD -A¢STS. + He., (4.11)

We note in passing that requiring a positive contribution to Aa, 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)x, mass mixing term, m?% = Avy, once the SM singlet ¢ gets a
VEV, (¢) = vy and breaks U(1)x, spontaneously. The radiative generation of the muon
mass requires a single insertion of vy, a mechanism that is illustrated by the Feynman
diagram in figure 9. An alternative charge assignment for ¢ can be X4 = bg,/2, in which
case the quartic interaction £ D —x\(bQSiS_ is gauge invariant, giving m% = )\v?ﬁ and the
radiative generation of the muon mass is induced by two insertions of the ¢ VEV.

In the above set-up the X, gauge boson is no longer needed to resolve (g — 2), and
can be decoupled from the phenomenological discussion by taking the small gauge coupling
limit. In addition, the corrections to the h — ptp~ decays start at O(m?/m%) 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 U; muoquark with
the SM quantum numbers (3,1,2/3) as one of the leptoquarks charged under the gauged
U(1),—- as an example.

Gauge group and fermion embedding. We consider the gauge group
G5321 = SU(5) X SU(3)/ X SU(Q)L X U(l)/ (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):

Y~ (@ G )T, e~ (R VR vR)T. R ~ (di eheR)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)r, U(1)
5 1 1 2 —-1/2
eh 1 1 1 —1
qt 1 3 2 1/6
uly 1 3 1 2/3
dly 1 3 1 -1/3
YL 5 1 2 —1/10
Vi 5 1 1 2/5
Vg 5 1 1 -3/5

Table 2. Quantum numbers of SM-like fermions under the G321 gauge symmetry; i € {1,2}.

The SU(5) group contains the subgroup SU(3)s x U(1)s x U(1),—r C 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)s triplet that is uncharged under U(1),_, and is identified with a
third-generation quark, as well as two SU(3)s5 singlets charged under U(1),_, 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 x SU(3)" and U(1)5 x U(1)’, respectively,

SU(3)e = [SU(3)5 x SU(3)']diag » U(1)y = [U(1)5 x 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 Gs3o; — Gay X
U(1),—- that result in different vector boson spectra. In particular, there are two possible
intermediate gauge groups:

o GSM X SU(2)/“-

In this case, the breaking Gs321 — Gsm % U(1),—r is done in the following two steps.

1. G321 — Gsm x SU(2) 7

This first step proceeds via the SU(5) subgroup SU(3)s x SU(2),r x U(1)s C
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) & (3,2, -2/3), (5:5)

such that the third and second lepton generations are contained in doublets of
SU(2),r. 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),,. The vector
bosons that become massive by this breaking and their quantum numbers under
SU(3)c x SU(2)r, x U(1)y x SU(2),, are
— G, ~(8,1,0;1), a heavy gluon-like vector boson also known as coloron,
— BL ~ (1,1,0;1), a heavy B-boson-like neutral vector boson,
— U, ~ (3,1,2/3;2) (and its complex conjugate), an SU(2)r, singlet vector
leptoquark known as Uy, coming in a doublet of SU(2),.
2. SU2)pr = U(L)p—r
In this second step, the 2 of SU(2),, decompose under U(1),_, as

25161, (5.6)

such that the 7 and p leptons inside the SU(2),, doublets receive U(1),_-
charges —1 and +1, respectively. Similarly, the SU(2),, doublet of Uy lepto-
quarks splits into two leptoquarks with U(1),_, charges —1 and +1. Further-
more, the vector bosons in the SU(2),, triplet that mediate 7- transitions be-
come massive, while the one related to the diagonal SU(2),, generator becomes
the gauge boson of U(1),—-.

o SU(4)5 x U(1)y x SU(3)" x SU(2)r, x U(1)’

The breaking Gs321 — Gsm x U(1),—- is again done in two steps:

1. G5321 — SU(4)5 X U(1>5/ X SU(?))/ X SU(Q)L X U(l)/
This breaking proceeds via the SU(5) subgroup SU(4)s x U(1)5 € SU(5), under

which the fundamental 5 and the adjoint 24 representations decompose as'!

5— (4,1/10) ® (1,-2/5),

. (5.7)
24 — (1,0) @ (15,0) & (4,1/2) © (4, -1/2),

such that the third generation leptons stay unified with the third generation
quarks in the 4 of SU(4)s5, 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); x U(1)5 x SU(3)" x SU(2), x U(1) are
-V, ~(4,1/2;1,1,0) (and its complex conjugate), which contains the Uy lep-
toquark that couples second generation leptons to third generation quarks
as well as the SM neutral vector bosons that mediate 7-p transitions.
2. SU4)5 x U(1)y x SU(3)’ x U(1)) = SU(3)e x U(1)y x U(1),—~

This breaking proceeds via the SU(4)5 subgroup SU(3)4xU(1)4 C SU(4)s5, under

which the 4 decomposes as'?

45 (3,1/6) @ (1,-1/2). (5.8)

"The generator X5 of U(1)s is given in terms of the SU(5) generators Ts as X5 = \/%T) T24,

12The generator X4 of U(1)4 is given in terms of the SU(4)5 generators Ty as X4 = % T3S,
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The U(1),—, generator X,,_, and the hypercharge generator Y are given by the
linear combinations of the generators Xy, X4, and X; of U(1)s, U(1)y, and
U(1) as

3 5

The vector bosons that become massive in this step and their quantum numbers
under SU(3). x SU(2) x U(1)y x U(1),—, are:

- GL ~ (8,1,0,0), a heavy gluon-like “coloron”,
- BL ~ (1,1,0,0), a heavy B-boson-like neutral vector boson,

- Ul(f) ~ (3,1,2/3,1) (and its complex conjugate), a U; leptoquark coupling
third generation leptons to third generation quarks.

In addition, the heavy vector boson four-plet V), splits into (3,1,2/3,-1) ®
(1,1,0,2), which is the U; leptoquark coupling second generation leptons to
third generation quarks and the SM neutral vector that mediates 7-u 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 R+, while the LF'V transitions such as the
T — 3 decay are absent. In the U(1)x models the LFUV is hardcoded in the X, 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+3vr anomaly-free charge
assignments and their impact on the model building applications for the flavor physics
anomalies involving muons: (g — 2), and anomalies in rare B-meson decays (Ry(.) and
b — sptpu~ 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+3vg. 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
X,, gives a natural explanation of the (g — 2), 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, X, 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 X, vector boson to explain the (g — 2),, 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 X,, couplings to quarks and leptons are so
severe that only very few examples, such as the widely popular L, — L; 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 l?u_T 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 (¢ — 2), 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 spontanecously 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 X, 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 (¢ — 2), 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)” = U(1); x --- x U(1),, gauge group, with associated gauge fields A/,
i=1,...,n, and a set of matter fields {f} (fermions and/or scalars) carrying charges qu
under group U(1);. 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])

1 1w .
LD —Zmehilef , D =09,—iq/ Ai. (A1)

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 A — L,-jAg , where L € R™*"

is invertible. The kinetic term and the covariant derivative expressed in terms of the
transformed fields are given by
1

ED—4

Fuwhi] FI, DI =0, —ig Ay, (A.2)
where the new coupling matrix h = L7'h(L71HT is still positive-definite due to invertibility
of L, ensuring the validity of the transformed theory. The matter charges are also linearly
transformed, g/ = LT¢/. Since the field redefinitions give physically equivalent theories, the
linear transformations L;; 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 € Q™*™.

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)r, x U(1)y x 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, %mg(Xﬁ, 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 X, gauge interactions is, after U(1)x breaking,
given by

1 1 1 1 1
ZBfw — Zxﬁy + 3¢ B, XM — Z(W;}V)2 +|D,H* + §mg(Xg

+ BT+ WA + gx X, Tk,

Lo-
(A.3)

where Jé‘(,yyw are the respective fermion currents. After EW symmetry breaking due to
the SM Higgs VEV the above Lagrangian is,
1

2 v2
2mXXM

1 1 1
L>- i(AlQW + Xﬁu + ZELV) + 55 (CU)A,LLV - SwZ/u/)XMV + §M%ZZ +

+eA,Jh + 922,J5 + gx XY,

(A4)

where Z,,, A,, are the would be mass eigenstates had we had only the SM gauge group and
are given by B, = c¢ywZ, — suwA, and W[Z’ = cyZy + swAy, where ¢, = cos by, s, = sinb,,
with 6, the weak mixing angle. Also, gz = /g% + g3 is the usual coupling constant of the

Z,. A non-unitary transformation of the fields,

1
A A+ 2%, 75 7-X and X — —X, r.=vV1_, (A5
Te Te Te
eliminates the kinetic-mixing terms:

L, 9 2 2 M% Sw€ > m%{ 2
ED_Z(AMV+XMV+ZMV)+7 ZH_TXH +7X

€

1
+eAuJin+ 922,y + T—XM(gXJéé + cwe edly — swegzJYy).
&€
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For ¢ < 1, a rotation by s,& between Z and X suffices to mass-diagonalize the Lagrangian
up to subleading terms, giving (in a slightly abused notation with Z,, X, now denoting
the rotated fields)

1 2 2 2 1 2 r72 1 2 2
LD— Z(AW + X, +ZW) + §MZZM + §mXXu

+€AMJSM +gZZng +XM(9X‘];( + cye eJﬁ) (A7)
+ O(gxe, €%, em% /M%).
The result is that the effective U(1)x charge of the matter fields is
Cwee
9% = qx + " Qenm, (A.8)

where ggy; 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]

de  gigx

91 9x 1
= 2 EL = t=In— A9
QL dsn2 |25BX + SBBEQX +sxx¢€ ik n o’ (A.9)

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

Sxy = 2TrF [Qny] + TI'S [Qa}Qy]v (AlO)

with the two traces running over the Weyl-spinor and complex-scalar degrees of freedom, re-
spectively. For SM+3vg with an S35 muoquark the coefficients in the RG equation (A.9) are

43

SBB:?’ SBX:12Xq*3(Xq+XL2)*QZ(XLi“FXEQ)a
[

(A.11)
sxx =T2X7 +9(Xg + X1,)> +2>  [2X7 + X7, + X3, ].
i
In the models we consider the contribution from sxx is numerically negligible.
The 1-loop RGE can be integrated analytically in the gx,e < gp limit. The gx gauge
coupling can be treated as a constant to a very good approximation, since

d
% = O(gxe?, g%e, 9%)- (A.12)

The running of the hypercharge coupling is given by

dg1  sBB 3 V2472 /spp 2472
W g TOlxd) = e ="Tp=, T=Oheg (Ad9)
with ¢1(0) is the value of hypercharge coupling constant at scale ug. The running of ¢ is

driven by the hypercharge and integrates to

Ve + bt 9g18BX
£ = ————, where b= ———=—. A.14
T-—1t \/2471'2833 ( )
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L, — L, p/7-loop effective mixing B —3L,, ¢ =gx/10
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Figure 10. The X boson decay branching ratios in L, — L, model (left) and B — 3L, model
(right).

For RG running from the leptoquark mass scale, g = 3 TeV, to the Planck mass, Mp) ~
1.2-10"GeV, we have T ~ 85, while tp; = 36. To a reasonable approximation, we have

e(Mpy) — e(po) =~ 0.32e(uo) + 0.072spx gx - (A.15)

B The X boson phenomenology

B.1 Decay channels

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

B.2 Ry from a light X, vector boson

Here we extend the discussion given in section 3.4 regarding the predictions for Ry (.) in
the presence of a light vector boson X, . The Ry(.) observables are measured in bins of the
invariant dilepton mass squared ¢?, and are given in terms of the ¢?-differential branching

ratios by
Ghhax 1,2 ABR(B=K ™) utp~)
R[qlznirﬂq?nax] _ Tmin q dg? (B 1)
K  [Ghax da? dBR(B—=K(®ete) * )
fql?nin q dq2

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

dBR(B — K™ ¢t¢~
dg?

) ~ Rez fij(q2) CZ C]* ) (BQ)
0]

where fij(qQ) are ¢>-dependent functions that depend on the parameters such as meson
masses and hadronic form factors, while C; denote the ¢?-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 g?-dependent Wilson coefficients. In
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Figure 11. Upper panel: minimal values of R[Il('l’ﬁ} from g?-dependent Wilson coefficients in

eq. (B.3) with fixed qy = 1, g4 = 0, ¢ = 0.7 x 1078 &ov for different values of my and I'x. Blue,
orange, and green lines correspond to the values obtained for a relative width I'x /mx equal to 20%,
10%, and 5%, respectively. Dashed black lines correspond to the 1o region preferred by the LHCb
measurement [37]. Dotted gray lines mark the points where mx coincides with the boundaries of
the bin ¢? € [1.1,6] GeV2. Lower panel: values of gx corresponding to the minimal values of R[Il('l’s]
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,

b
o ()= WA IX9iin)
0 N q2—m§<—|—imxf‘x'

(B.3)

It is evident that due to these Wilson coefficients, the ¢ dependence of the differential
branching ratios, and thus the value of the integrals in eq. (B.1), strongly depends on the
mass myx. To demonstrate this, we show in the upper panel of figure 11 the minimal value
of R[Il('l’ﬁ} that can be obtained using the Wilson coefficients in eq. B.3 for different masses
myx and different widths I'x. We have fixed qy = 1, g4 = 0, g%” =0, g%s =0.7%x10"8 &%
(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[Il('l’G]

shown in the upper panel.
The black dashed lines represent the 1o region of the LHCb measurement [37], while the
gray dotted lines show the boundaries of the ¢> bin where m3 = ¢2;, = 1.1GeV? and
m% = ¢ =6 GeV?. One can clearly see that for my inside the bin, the minimal value of
Ry is always close to the SM value R[Il('m} ~ 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 ‘C’g(q2)‘2,

2 q2 92 (gbs)Q 1
Cy(q?)| = LIEX L . B.4
oo = T .

For T'3 < m%, one can use the narrow width approximation (NWA),

1 I /m2% —0 i

§(¢* —m3 B.5
(q2—m§()2+m%<F§( FXmX (q mX)v ( )
such that we get
2 7Tq2 g2 (gbs)Q
Colq? ~ YV IX VLT (g2 —m%). B.6

In the NWA, the § function in the pure NP contribution dominates the integral in eq. (B.1) if
mg( is inside the interval of integration. This contribution is always positive, so if X, couples
to muons, the numerator of Ry (. is always enhanced in this case. Since no suppression is

1,6]

possible, the minimal value of R[ll(' ™ is just the SM value. At the same time, gx has to

]

other hand, if mg( is outside the interval of integration, the pure NP contribution vanishes

vanish in order not to enhance R[Ii'l’ﬁ even further from the experimental result. On the

in the NWA and the interference with the SM contribution can lead to a suppression of
the numerator in R[Il('m].

The effect described above is most pronounced for the narrow X, width and is reduced
for a broad X, see figure 11. However, even for rather wide resonances (i.e. I'x/mx =
20%), it is only possible to achieve the R[Il('l’m value preferred by the LHCb results for m3%

either very close to the boundaries of the [1.1,6] GeV? bin or for m% 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 C SU(5) can be chosen as

1 1
26 2y/10
The generators of X, and X5 of U(1)4 and U(1)5 used in section 5 are proportional to
these SU(5) generators:

T = diag(1,1,1,-3,0), T2 = diag(1,1,1,1,—4). (C.1)

2 1
Xy = =T = ~ diag(1,1,1, -3,0), C.2
4 /6 6 g( ) (C.2)

and 9 1
Xy = —— T2 = — diag(1,1,1,1, -4). (C.3)

J10 % T 10

The generators X5 of U(1)5 and X, of U(1),_, are given by the two linear combinations

2
Xe=X4+ Xy = 5 diag (2,2,2,—-3,-3), (C.4)
and 3 5
Xy—r= §X4 — §X5/ = diag(0,0,0,—1,1). (C.5)
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