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1 Introduction

The recent measurement of the anomalous magnetic moment of the muon, a,, by Fermilab
Muon g-2 Experiment [1], has sparked immense interest in the physics community since,
together with the previous measurement by Brookhaven National Laboratory [2], they
present a combined 4.20 tension with the Standard Model (SM) result [3-3§],

a P — aiM = (251 £59) x 10711, (1.1)

which strongly suggests the existence of new physics (NP) contributions to this quantity.
This value does not take into account the latest lattice results from the hadronic vacuum
polarization SM contributions, presented by the BMW collaboration [39], which seem to
soften the tension in the a, measurement; however, since it introduces another tension in
ete” — hadrons cross-section [40-43], we will neglect it for now.

From the lens of the Standard Model Effective Field Theory (SMEFT), the new
contribution to a, (at tree-level) is given by

Aay, = a)t — M = Amyv (Re {agﬁ} cw —Re [ai{,ﬂ Sw) = 4mﬂva2’2 (1.2)
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where m,, is the mass of the muon, v the vacuum expectation value (VEV) of the Higgs, e
the electric charge, ey (sw) the co-sine (sine) of the Weinberg angle and o}, and o, the
coefficients of the dipole operators,

;i? = (Zia"”ej) HB,, +h.c., (1.3)
zegv = (Eia’“’ej) UIHW;{V +h.c., (1.4)

where ¢ and j correspond to flavour indices. Below the electroweak scale, in the low-energy
effective field theory (LEFT), the tree-level contribution to a,, is given by the photon dipole
operator, whose Wilson coefficient is L, = %aey. Results in this paper will be quoted as
contributions to c.

In spite of contributing at tree-level to a,, the SMEFT dipole operators are generated
only at loop level by weakly-coupled UV completions [44—46] and, as such, a complete
one-loop analysis of the contributions to a, needs to include the effects of the one-loop
running of tree-level generated operators and one-loop finite contributions at low-energy.
In ref. [47] it was shown that, besides the mentioned dipole operators, the only remaining
relevant contribution to a,, arises as a one-loop effect from Oé?]u for an EFT with a cut-off of
A =10 TeV. Being already a one-loop contribution, one only needs to consider the tree-level
generation of this operator, which can only occur by integrating out the scalar leptoquarks
S1 and Sy [45]; since these tree-level contributions are already well known [45, 47], for the
remainder of this paper we will focus solely on the contribution to a, arising from the
one-loop generation of the dipole operators.

Several completions to the SM (with a different number of new fields) have been
proposed in the literature to generate the dipole operators — see ref. [48] (and references
therein) for a comprehensive review of the status of such models. Interest has been given to
chirally enhanced solutions, that is, solutions in which the new contribution to a, is not
suppressed by the muon Yukawa coupling, because they can explain the observed Aa, with
masses for the new heavy particles typically large enough to avoid current experimental
constraints. In particular, refs. [49-54] studied chirally enhanced contributions for a wide
range of 3-field extensions of the SM.

In this work, we focus on the chirally enhanced contribution to a, produced by the
topology of figure 2, which we will refer to as bridge hereafter. We will study the possible
UV completions which can generate this diagram. Note that the particle connecting the
loop and 2 external states (the bridge) and one of the particles in the loop must be heavy,
but the other one can be heavy or light, and as such, either 2- or 3-field extensions can
generate this type of topology.

While the bridge diagram has been studied in some particular cases of 2-field extensions
with 2 vector-like leptons [55, 56], we perform a complete classification of all possible 2
and 3 fields extensions of the SM which can produce this topology. These extensions can
sometimes be accompanied by a box diagram! which one must take into account as well
when computing a,,.

In the LEFT, when the Higgs takes a VEV, this actually corresponds to the triangle diagram which is
usually considered in the literature.



Due to our approach in the SMEFT, we consider contributions from several 2-field
extensions which have been overlooked in the literature, where only the lepton Yukawa-
suppressed contributions to a, were considered excluding these models as explanations of
the anomaly either by direct searches or due to the negative sign in their contribution. By
considering the bridge contribution from these 2-field models, we are in fact restoring them
as possible explanations for the observed anomaly in a,,.

The 3-field extensions with chirally enhanced contributions considered in refs. [49—
54] generated the dipole operators through the box diagram, shown in figure 7. The
representations of the heavy fields which fit into that topology are different from the ones
which can generate the bridge diagram, and, as such, in this work we present a completely
new class of 3-field extensions that can account for the observed Aay,.

Given the added flexibility of considering 3 new degrees of freedom, we consider a
particular set of representations for the 3 fields in this class in which we can also address
the neutral flavour anomalies R and Rg~, as well as the Cabibbo angle anomaly. This
model is composed of an SU(2) triplet leptoquark, S, a triplet vector-like lepton, 3, and a
triplet vector-like quark, Wg. We present here the full one-loop matching conditions for
this model and study its one-loop phenomenology.

The article is organized as follows. In section 2 we explore the technicalities of the
computation of the matching conditions for the a, contribution. In section 3 we provide
generic results for the bridge topology for the different combinations of heavy scalar and
heavy fermion propagators that can generate it. section 4 is devoted to presenting the
results of Aa,, for all 2-field extensions which generate the bridge topology, featuring novel
results for a particular set of completions. In section 5 the same is done for 3-field extensions,
introducing a new class of models which can explain Aa,. Phenomenological considerations
which can be applied to all of these models are discussed in section 6. In section 7 we
perform the complete one-loop matching for a particular 3-field extension, in which the
neutral flavour anomalies and the Cabibbo angle anomaly can also be addressed.

2 Computation of a,

In this work we consider fermion and scalar? 2- and 3-field extensions of the SM which
generate the bridge topology of figure 2 — with the W or B gauge bosons attached on
either of the internal propagators.® Throughout all computations we neglect contributions
suppressed by lepton Yukawa couplings or by the Higgs mass (terms of the form my/M).

Some of the extensions we consider can also contribute to a, through other diagrams,
namely the usual box diagrams shown in figures 6 and 7. Therefore, for completeness, we
present in appendix A the contribution to a, for general representations of heavy fields
arising from box diagrams. With this and the general results from the bridge topology,

2Scalars can be replaced by heavy vectors with the same quantum numbers, but we do not present results
for those cases.

3Note that in practice one can directly calculate the diagram with the photon insertion and consider the
appropriate electric charge; however, to keep the language coherent within the SMEFT picture, we will refer
to diagrams with both W and B bosons.



which are presented in the next section, one can in principle calculate the full contribution
to a, for arbitrary UV extensions of the SM. Furthermore, note that depending on the
particular representation, some 3-field extensions can also generate diagrams with only 2 or
1 heavy propagators, which have different kinematic factors and must also be considered in
the calculation of the full a, contribution. When we present results for a particular SM
extension (in sections 4 and 5), we consider all possible contributions to a.

To obtain the one-loop matching conditions of the dipole operators, we compute the
4 point amplitude between {1, er, ¢, and B/W, with all momenta incoming, in the full
theory and in the SMEFT. For simplicity, we take the momentum of the Higgs, pg, to zero.
The kinematic structure which uniquely defines the dipole operators is ¢¢, where g is the
gauge boson momentum and € its polarization vector. This structure can be traded on-shell
by € - pe, since:

g df ue = —0g (]ﬁg —i—pe) ¢ Ue = —2€ - Pe Vg Ue (2.1)

where p, () is the momentum of the right-handed (left-handed) electron, and vy, u. are the
corresponding external spinors. In the second equality we considered the on-shell conditions
vp, =0 and P, ue=0 (when applied to the external fields for massless fermions). Therefore,
€ - p. ends up being the only relevant kinematic structure for the matching calculation.

For this specific case, performing the matching on-shell is particularly efficient since no
other connected diagrams can arise (without inserting lepton Yukawas). One could think of
attaching the gauge bosons to the external legs of the diagrams instead of in the internal
propagators. However, when the gauge boson is attached to the fermions, the diagram will
either result in a contribution proportional to p£¢ or ¢ P.» or, when the photon couples to
the Higgs, proportional to g - e =0 or pg - € = 0.

The same happens when the gauge boson is attached to the fermionic bridge, where one
can find that all contributions are proportional either to p,¢ or ¢ p_, being therefore zero
in light of the arguments presented above. Consequently, we only compute contributions
coming from insertions of gauge bosons in the particles in the loop. For the same reasons,
a mass insertion in the bridge propagator is needed, fixing the chirality of the coupling
between the two (three) heavy fields.

All results presented in sections 3 and 4 were cross-checked with matchmakereft [57].°
This tool calculates the one-loop matching conditions for UV extensions of the SM diagra-
matically and off-shell. Therefore, results in this case are given in terms of operators in a
Green’s basis, which must then be reduced to the Warsaw basis. When using matchmakereft
one must then take

G g1 ,a 91 ,a 91 ¢

Qe¢B = Qg — gﬁeHDz + gﬁeHm - ?/BeHDS; ) (2.2)
G 92 a 92 a

Qe = Qepy — gﬁeHDZ + gﬁeHm ; (2.3)

4An example of this are 3-field extensions in which a heavy Higgs is considered, where one must also
consider the diagrams generated by substituting it by the SM Higgs. Note also that the heavy Higgs by
itself can generate a contribution to a.

5When possible we also cross-checked our results against those in the literature.



where all the coefficients are written following the conventions stated in matchmakereft,
i.e., 8 for redundant operators, and the superscript G corresponds to Wilson coefficients
in the Green’s basis. We neglected Yukawa-suppressed contributions and the evanescent
coefficients vep, Yew. Following from eq. (1.2), one can then write the contribution to a,, as
a function of the Wilson coefficients in the Green’s basis as:

Aa, = 4m\/%v <g11 (OCSB)Z2 - 912 (OZSW)ZQ - % (55111)3)272)‘ (2.4)

3 General results

The bridge topologies can be divided according to the particle that runs in the bridge,
where by bridge we are referring to the internal propagator connecting the loop with 2
external particles. There can never be a SM particle in the bridge as it would give a
Yukawa-suppressed contribution. The possible heavy particles in the bridges are fixed by
the external SM particles to which it couples to:

1. Scalar bridge

The heavy scalar must couple to the left- and right-handed muon, which fixes the
quantum numbers to be the same as the SM Higgs. All the corresponding contributions
to a, are zero (they are always proportional to € - g).

2. Fermion bridge coupled to right-handed muon

The heavy fermion must have the same quantum numbers as the SM left-handed
lepton, A ~ (1,2,—1/2). The numbers in parenthesis denote the representations
under SU(3)., SU(2), and U(1)y, respectively.

3. Fermion bridge coupled to left-handed muon

The heavy fermion must either have the quantum numbers of a SM right-handed
lepton, E ~ (1,1, —1), or be an SU(2) triplet, ¥ ~ (1,3, —1).

We present the results for the contribution to a, from the bridge topologies for generic
representations of the heavy fields for these different vector-like lepton (VLL) bridges in
the next subsections.

For concreteness, the results are always presented corresponding to one specific orien-
tation of the internal propagators shown in the diagrams (in particular, we always avoid
the presence of fermion-number violating interactions). To translate from these results to
those with a flipped propagator — which may be needed for some choices of the gauge
representations of the heavy fields —, it is sufficient to add a minus sign in the contribution
corresponding to a gauge boson insertion in the flipped propagator.

3.1 VLL doublet bridge

When the bridge particle is a heavy fermion, we are left with 3 possibilities for the
combinations inside the loop: 1 extra heavy fermion, ¥, and the SM Higgs, figure la; 1
heavy fermion and 1 heavy scalar, @, figure 2; 1 heavy scalar and an SM fermion, figure 1b.



The latter case of figure 1b does not give a contribution to a,, and as such, it will be
neglected in the following discussion. The reason is that, since a mass insertion in the
bridge propagator is needed (as explained in section 2), an extra mass insertion is required
from the fermionic propagator in the loop in order to get the correct chirality for the
external fermions.

The most general Lagrangian, extending the SM with the VLL doublet, A, that can
generate a bridge-like contribution to a,, is the following:

LD gYa Uy, U B +gwT [ W,V Wi (3.1)
—~igYp B! (9,01 0—819,8) —ign T}, Wi (9,8}, — 10,8 )
+yMZ€R¢+TIKJ (yf@l PRAKQ)J—Fyé/E[PLAK‘I)J) +yFT}(]J€L7K\I/]¢)T]+h-C-,

where ® can stand generically for a heavy scalar or the SM Higgs (¢ always stands for the
SM Higgs), ¥ is a heavy fermion and ¢y, is the left-handed SM lepton. We do not write
family indices in the couplings with the SM leptons as we assume only the needed couplings
to muons. The indices I(), J(), K() correspond to the SU(2) components of the fields, Yy ()
denotes the hypercharge of W(®), and TV, T and T” are the Clebsch-Gordan coefficients of
the fields in the corresponding interaction term. For instance, for a colourless SU(2) triplet
¥ and SU(2) doublet @, one could have TIV}/{\}; = €1k, TIVK’S{; = ol /2, Tixy = (o) Ky,
T} = (0l€) ks, with € denoting the Levi-Civita tensor and o Pauli matrices.

With this notation, and defining T%’w = Yy0i; + Eg’w, where ) represents any particle,
we can write the generic result for ., from the bridge topology as:

az? = Z]YTeyMyFyf’ZTmJ [’Y\IITJV/’I\IITzlJI' + 'Y<I>T]ﬁ>T2/IJ’} ) (32)
IJ

with 7y ¢ being kinematic factors which will be defined below, corresponding to the insertion
of the gauge bosons on the fermion and scalar, respectively; their explicit expression depends
on the number of heavy propagators. N designs the dimension of the SU(3) representation
of U (and ®, by extension, when denoting a heavy scalar). T7% would be diagonal and
proportional to the electric charge if the charge eigenstate basis is chosen for the 1 multiplet,
i.e., T is diagonal.

The kinematic factors vy ¢ defined throughout section 3 can always be expressed as
these two functions of the masses:

iMp  Mp — AMEMZ + 3ME + 2ME Log [M3 /M2

f(Ma,Mp, Mc) = — . (3.3)
(47)% Mo (M2 — M2)°
h (M, My, M) = — iMp  Mp — M — 2MEME Log [M3/MZ] (3.4)
Y ) - 2 . .
(47)% M4 (M3 — M)’

For the case in which inside the loop we have another heavy fermion, ¥ and the SM
Higgs, figure la, the kinematic factors in eq. (3.2) are given by:

. —1
=Y = lim f(MAa M\I’7 Mq)) = (35)
Mg—0 (

47T)2MAM\1; '



(a) (b)

Figure 1. Left: bridge topology for the fermionic bridge with an extra heavy fermion and the SM
Higgs. Right: bridge topology for the fermionic bridge with an extra heavy scalar and a SM fermion.
Double lines represent heavy particles whereas single lines are SM particles. The gauge boson (B or
W) is represented outside the diagram since it can be attached to any of the internal propagators.

B, W

Figure 2. Bridge topology for the fermionic bridge with an extra heavy fermion and a heavy scalar.
Double lines represent heavy particles, whereas single lines are SM particles. The gauge boson (B or
W) is represented outside the diagram since it can be attached to any of the internal propagators.

If the bridge diagram with three heavy propagators is generated, figure 2, the contribu-
tion to aey is calculated with:

Y = f(MA7M\I’a M(I)) ) (36)
Yo = h(Ma, My, Msy) . (3.7)

3.2 VLL singlet (triplet) bridge

The relevant topologies for the case of a VLL singlet or triplet bridge are the same ones as
explored in the previous section for the doublet VLL bridge, changing only the fermionic
current since the bridge is now connected to the left-handed muon.

The relevant Lagrangian for an extension of the SM with a triplet, X, that generates
the bridge diagram is given by:

LD yMZLUI(ﬁPRE[ + yFﬁIQIeR +Tkry (y?iKPR\P](I)B + ybL EKPL\PI(I)T]) + h.c.,
(3.8)



where ¢! denotes the Pauli matrices and we use the same gauge conventions and general
notation introduced in egs. (3.1) and (3.2).
We can write the general result for the bridge contribution to ae. as:

90 —iNe

Oée,y = 4

v ®
ynyryy > Tsr [WTZ} + Y2175 } : (3.9)
I

For the singlet bridge case, F, the relevant Lagrangian is the following;:
LD yMZLngRE + yF@ﬂI)]eR + y{?EPR‘I/I(I)} + ybLEPL‘If[(I); + h.c., (3.10)

where once again we use the same conventions as in egs. (3.1), (3.2). The contributions to
Qe are given by:
292 iNe

agy = TyMyFyé% (Tr {T%‘I’]yqf + Tr [T%ﬂ%p) . (3.11)

For the diagram with one heavy fermion and the SM Higgs in the loop, the kinematic
factors on both egs. (3.9) and (3.11) and are given by:

=70 = lim f (ME(E)aM\IhM@) 7 (3.12)

whereas for the case in which a heavy fermion and a heavy scalar are in the loop, the
kinematic factors read:

o = f (Mps), My, Ma) (3.13)

Yo =h (ME(z), My, M@) : (3.14)

4 Two-field extensions

There is a finite number of two-field extensions of the SM which can generate the topologies
discussed previously, and as such, we will present the final oy — defined in eq. (1.2) —
contribution for all of them.

In table 1 we present all the possible completions which in principle generate a contri-
bution to a., from a bridge topology with only one heavy propagator besides the bridge,
figure 1la. Note that once the particle in the bridge is fixed, the quantum numbers of the
other heavy particle are also fixed.

The obtained contributions to ae, are given below, with all results to be understood as
divided by the loop factor (1672):

1. E~(1,1,—1) and A ~ (1,2, —1/2)

There are two different bridge diagrams that contribute in this case: one with the
singlet on the bridge and the doublet in the loop, and vice-versa.
R
e
a2? = YMYFYy

— . 4.1

The couplings above can be interpreted within the Lagrangian in eq. (3.1) or eq. (3.10).



Bridge Other Fermion a,, result

E~(1,1,-1) A~(1,2,-1/2)  eq. (41)

A3z~ (1,2,-3/2) eq. (4.2)

E~(1,1,-1) eq. (4.1)
A~ (1,2,-1/2) T~ (1,3,-1) eq. (4.3)
N ~ (1,1,0) eq. (4.4)
2o ~ (1,3,0) eq. (4.5)

Y~ (1,3,-1) A~ (1,2,-1/2) eq. (4.3)

Asg ~ (1,2,-3/2) eq. (4.6)

Table 1. 2-field UV completions which generate the bridge topology, with only two heavy propagators.
However we consider all possible topologies for the presented a, result both those coming from
single field topologies and from the box diagrams.

2. E~ (1,1,-1) and Ag ~ (1,2, —3/2)

2,2 _56 yMyFyz}} .

Yo T T UMMy,

(4.2)

3. A~ (1,2,—-1/2) and & ~ (1,3, —1)

There are two bridge diagrams relevant for this case: one with the doublet on the
bridge and the triplet in the loop, and vice-versa.

22 _ e ZJMZ/F?sz2

= 4.3
Yoy AMA My (4.3)
Both (3.1) and (3.8) can be used to interpret this result.
4. A~ (1,2,-1/2) and N ~ (1,1,0)
aZ?=0. (4.4)
This zero has been extensively discussed in the literature in refs. [55, 56].
5 A~ (1,2,-1/2) and ¥y ~ (1, 3,0)
R
2,2 CYMYFYy
2 _ b . 4.5
am/ 2MAMZO ? ( )
6. ¥~ (1,3,—1) and Ay ~ (1,2,-3/2)
Seymyryy
2,2 b
k) _— — . 4:6



These results were cross-checked against those in [56, 58, 59], and found agreement except
for the numerical factors in eq. (4.8) from ref. [58] for VLLs with doubly charged components.

A 2-field extension can also generate a bridge topology with 3 heavy propagators,
figure 2, if the fermion in the bridge is the same as the fermion that propagates in the
loop. The extensions for which this can occur are listed in table 2. The corresponding
contributions to a., are:

1. E~(1,1,-1) and Sy ~ (1,1,0)

. M — AMEME, +3MY, + 2M} Log [M3/ME |

al? = —eysymyr : (4.7)

3
4 (M3 - M)
2. E~(1,1,—1) and Sy ~ (1,1, -2)

v BMpE—AMEME, + M, + (2M4, — AMEME, ) Log | M3/ME, |
ae'y =eYp YmMmYyr

2 (M3 - M§2)3

(4.8)
3. A~ (1,2,-1/2) and S ~ (1,1,0)
Vo o MA—4MIM3E 4+ 3ME +2MY Log | M3 /M3, |
Qey = —€Yp YMYF 3 ; (4.9)
4 (M3 - MZ)
4. A~ (1,2,-1/2) and & ~ (1,1, -1)
agf =0; (4.10)

5. A~ (1,2,—1/2) and Zg ~ (1,3,0)

4 2 2 4 2 2 4 2 2
vo  p MA+AMAMZ —5ME — (4M2 MZ + 2M2 ) Log | M3 /M2 |
ey — €Yp YMYF ;

« )

3
4 (M3 - MZ)
(4.11)
6. A~ (1,2,—-1/2) and Z; ~ (1,3, 1)

TMA ~8ME M2, + M2, +(~10M2 M3 +4M2 ) Log [ M3 /M2 ]

042’72 = —eyyymyr 5 SN2 ;
2(ME-M2))
(4.12)
7. ¥~ (1,3,-1) and Ey ~ (1,3,0)
MZ — M2 + M2 Log | M2 /M3
aZ? = —eysynmyr : - [ : ] 5 (4.13)

(g -, )

~10 -



8. ¥~ (1,3,—1) and Z ~ (1,3, —2)

aZ?=0. (4.14)

A few comments are in order concerning these results. First, we are considering here
only one family of heavy particles for simplicity. Therefore, in this type of completions,
where the bridge coupling ¥, involves two fields that are equal, it will be zero when the
gauge structure is antisymmetric. This is the case for completions (4.10) and (4.14). Note
that this is not true in general when dealing with multiple families for heavy fields. On the
other hand, for models (4.7), (4.9), (4.11) and (4.13), the couplings y% and yL are related
by hermitian conjugation; therefore, we redefine yf = yf + ybL * as the effective coupling
with the right-handed chirality and write our results using such convention.

These models have been considered previously in the literature [49, 59, 60], apart from
the ones that involve fermion number violating (FNV) vertices which, to the best of our
knowledge, are first explored here. However, only the Yukawa-proportional contribution
was considered, which made it so that most of the models in table 2 were excluded as
explanations of Aa,, since the new particles had to be lighter than what was allowed by
experiments. Since we are performing our calculations in the unbroken phase of the SM, it
becomes easier to see the chirally enhanced contribution coming from the bridge diagram,
which allows for heavier particles to explain a,, and as such, opens up this class of models
as possible explanations of the anomaly.

A particularly interesting example is the contribution of the model with A ~ (1,2, —1/2)
+ Ep ~ (1,3,0) extension where the contribution is taken to be always negative in the
literature (and as such excluded as an explanation of the observed anomaly). However,
from eq. (4.11), we see that, given the dependence on the couplings, we have the freedom
to make the contribution positive in order to account for the observed Aa,.

5 Three-field extensions

The possible three-field extensions which can generate the bridge diagram of figure 2 are
infinite due to the existence of a heavy loop. As such, in this section we present the
conditions set on the gauge representations of the new fields, for the bridge contribution to
a, to be generated. These conditions are once again fixed by the particle which runs in
the bridge.

All conditions are defined considering no FNV vertices. In the presence of those
interactions, one can simply check whether the conjugate version of the fields respects the
following conditions.

The extra heavy scalar, ®, and heavy fermion, ¥, must respect:

1. VLL singlet

SU(2)e ® SU(2)y = 1; (5.2)

- 11 -



Fermion Scalar Result

So ~ (1,1,0) eq. (4.7)

E~(1,1,-1)
Sy~ (1,1,-2) eq. (4.8)
So ~ (17 170) €q (49)
A~(1,2,-1/2) S~ (1,1.—1) eq. (4.10)
o~ (1,3,0) eq. (4.11)
=1~ (1,3,—-1)  eq. (4.12)
5~ (1,3, 1) =0~ (1,3,0) eq. (4.13)

Table 2. 2 field fermion-scalar UV extensions which generate the bridge topology with 3 heavy
propagators. Completions in gray color involve fermion number violating interactions.

2. VLL doublet

Yo — Yo = —1/2, (5.3)
SU(2)e ® SU(2)y = 2;

3. VLL triplet

Yy - Yo =-1,
SU(2)e ® SU(2)y = 3,
SU(2)p ® SU(2)y = 1,

where eq. (5.6) refers to the coupling with the bridge triplet and eq. (5.7) to the
coupling with the SM right-handed muon.

As for the color charge, we always need to form a singlet with the two fields in the loop,
® and V. Larger color representations will result in an enhancement factor to the diagram,
as explored in [53] for completions with box diagrams.

Limiting ourselves to, at most, triplet representations of SU(2), the UV completions
which can generate the bridge topology are listed in table 3.

It is evident that none of these completions is among the ones explored in refs. [49-54]
and as such constitute novel extensions of the SM which can in principle contribute to
a,. Let us present the final expression for these models, using the notation introduced in
egs. (3.1), (3.8) and (3.10). Again, a factor 1/167% is omitted in all cases and we neglect
contributions proportional to the lepton Yukawa. We present the results in terms of a
generic hypercharge for ¥, Yy, and use the notation (¥, ®) ~ (SU(2)y, SU(2)s) to indicate
the SU(2) representations of the fields, as listed in table 3.
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Bridge (SU(2)y,SU(2)p) Result

(171> eq. (58)
Pt =y (2,2) eq. (5.9)
(3,3) eq. (5.10)
A~ (1,2,-1/2) (2,1) egs. (5.11), (5.12)
(2,3) eqs. (5.13), (5.14)
Y~ (1,3,-1) (2,2) eq. (5.15)
(3,3) eq. (5.16)

Table 3. Three-field UV extensions which generate the bridge topology, considering only singlet,
doublet and triplet SU(2) representations. We show only the SU(2) representations of the 2
extra fields, ® and W, since the color representation must be the conjugate of each other and
their hypercharge must respect the conditions specified above. Switching the assigned SU(2)
representations between ® and W is also a possible extension.

1. E~(1,1,-1)+ (¥,®) ~ (1,1)

o2? — eNM\IIyMyFyl?
T aMp (M - M3’

{ (MF - M3) (M3 (1 - 2Yy) + M (1 +2Ya))

— 2 (~ MYy + MEME (1+ o)) Log [M3/M3] |
(5.8)

2. E~ (1,1,—1) + (T, ®) ~ (2,2)

2.9 eN M\IJZUM?/F% { 2 2 2 2
ol = Mz — M Mz (1 —2Yy) + Mg (1 4+ 2Y4
7 2Mg (M\% — M¢2)3 ( v @) ( ® ( qj) v ( qj))

-2 (_M(%Y\p + MMz (1+ Y\p)) Log [M\%/Mc%}} ;
(5.9)

3. E~(1,1,—1) + (T, ®) ~ (3,3)

3eNM R
2,2 YYMYFYp { 2 2 2 2
ot = Mz — M Mz (1 —-2Yy) + Mg (1 + 2Y;
I 4Mg (M‘%—M%)3 ( v (b) ( @ v) w \p))

— 2 (= MgYy + MEMZ (1 + Yy)) Log [M3/M3] } :

(5.10)
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4. A~ (1,2,-1/2) + (T,8) ~ (2,1)

22 GNM\II?/M:UF?J}?

T AMA (MG - M)

. {2 (MF — MZ) (M3 (1 - Ya) + M3 Yy)
— (Mg (1 - 2Yy) + M{MZ (1 +2Yy) ) Log | M3 /M3] } ;
(5.11)
5. A~ (1,2,-1/2) + (¥, ®) ~ (1,2)

22 _ eNM\yyMyFylf%

T aMa (M3 - M3)°

{ (M3 — M3) (M3 (1 - 2Vy) + M (1 +2Ya))

— 2 (~ MYy + MEME (1+ 4)) Log [M3/M3] |
(5.12)

6. A~ (1,2,—1/2)+ (¥,®) ~ (2,3)

022 _ eNMyymyryf

2 2 2 9
ey 4MA (M\% . Mq%)g {2 (MlII - M(I)) (Mq> (1 — 3Y\IJ) + M\I’ (2 + 3Y\I!))

+ (Mg (1+6Yy) — M MZ (7 + 6Yy) ) Log [ M3 /M3] } ;
(5.13)

7. A~ (1,2,-1/2) + (¥, ®) ~ (3,2)

M\I,—M%) (M;f’> (T—6Yy)+M3 (—1+6Yq,))

o022 —_ eNM\I/yMyFyf {( 2
T -0

—2 (Mg (2—3Yy)+MIMZ (1+3Y@)) Log [M%/M%} } ;

(5.14)
8. S~ (1,3,—1)+ (T, ) ~ (2,2)
292 eNM\PyMyFyl];% 2 2 2 2 2
o — My — Mgz — Mg Log | Mg, /M. ; 5.15
2 2M2(M5—Mg>2{ § — M3 — M3 Log [M3/M3]} (5.15)
9. ¥~ (1,3,—1) + (¥, ®) ~ (3,3)
NM R
022 = - S WIMIT [ — 03— M3 Log [M3/M3]} (5.16)

T My (M3 - M3
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6 General phenomenological considerations

Among the new particles introduced, the one expected to be the most constrained by
experiment is the VLL in the bridge, as it is the only one which must have a coupling to 2
SM particles.

The mixing of VLLs with the SM muon is bounded by electroweak precision observables
(EWPO) [61, 62]:

(

Y < 0.03(0.04 6.1
Y yar < 0.065 (0.075) (6.2)
Ma

v

o <0.1(0.11 .
oy £0.1(01), (6.3

for the singlet, doublet and triplet of SU(2) respectively at 1 (2) o confidence levels.

Direct searches at colliders for these VLLs set lower limits on their masses. Ref. [63]
set a limit of Mg 2 175 GeV for a singlet VLL decaying through muon or electron channels.
However, ref. [64] estimates that the HL phase of the LHC could exclude masses lighter
than 800 GeV. The doublet has more recently been probed by CMS [65], where masses
below ~ 800 GeV are excluded; these are conservative results for our study as only tau
decays were considered, whereas in order to explain a, the VLL must couple to muons. For
the triplet case, ref. [66] estimates the discovery reach of the LHC at 3ab™! at 50 to be of
approximately 1.4 TeV.

Other direct bounds could be taken from the particles that run in the loop, through
EW or QCD (when possible) pair production. However, this — and other possible probes —
are clearly dependent on the choice of model and it is beyond the scope of this paper to go
over the particular phenomenological implications of every model.

Another common issue with chirally enhanced solutions to a, has to do with the large
contribution to the muon Yukawa through the same diagrams which explain a, but without
the gauge boson insertion. This is not a problem for the bridge diagram with a VLL triplet
since, in order to have a non-zero contribution, an insertion of a W-boson is needed. For the
case of the singlet and doublet VLL bridges, indeed one can expect a sizable contribution
to the muon Yukawa; however, this could only be bounded by fine-tuning arguments to
account for a cancellation between this contribution and a possible tree-level coefficient.
One can further explore possible UV scenarios in which the Yukawa couplings and the
dipole operators have the same origin [67—69).

7 The triple triplet model

So far, we have focused only on the contributions of SM extensions towards a,. However,
given the degrees of freedom we introduce by considering multi-field extensions, we have
enough flexibility to try to accommodate other anomalous observations. The purpose of this
section is to show a particular example of how the bridge topology can connect explanations
of different anomalies.
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Of particular interest within the latest measurements is the suggestion of lepton flavour
universality violation in B-meson decays. The ratio

BR (B — K(*)ﬁu)
BR (B — K®)ee)

R = (7.1)
is close to 1 in the SM, but the observations of these ratios show a combined deviation from
the SM prediction of more than 4 o [70-74].

Another tension within the SM is the possible violation of unitarity in the first row
of the CKM matrix, known as the Cabibbo Angle Anomaly (CAA). Direct measurements
of Vs from leptonic kaon decays seem to be in tension with those which assume CKM
unitarity coming from super-allowed [ decays [75, 76]. The significance of this tension is
quoted as 3 or 50 depending on the parametrization of the 5 decays. We parametrize this
tension as the deviation from unity of the R(V,s) observable, which is defined as the ratio
between the extraction of V,¢ from purely muonic kaon decays over the one extracted from
B decays assuming unitarity [77, 78]. In [77, 78] it is shown how this deviation is directly
related to a correction in the muonic vertex with the W boson, which we denote by €,,:

LD %W;E’}/MPLVJ'((SU + Eij), (72)
where 7, j run over lepton families.

With the goal of also explaining these two anomalies, we consider one specific realization
of the last class of models in table 3, in which the SM is extended with the vector-like lepton
triplet, X, a triplet scalar leptoquark with hypercharge —1/3, S3, and a triplet vector-like
quark, ¥q, with hypercharge —4/3.

The triplet leptoquark is well-known to be a good solution for the neutral flavour
anomalies at tree-level [79-82], whereas the vector-like lepton triplet can explain the CAA,
in spite of creating some tension with EWPO [62, 78].5 In order to explain a, with the
bridge topology including these two particles, we fix the quantum numbers of V.

The Lagrangian of this model is the following;:

i 5 =1 . =TI Ki - =TI K
L yilpigo’ S5+ yh UL St eni + iyf ! KSR 0l  S3T + iyl VKT 0 pS5T 73
+ NTg5 oo 0S8t 4+ Num; 291 SE 4+ hee.,
with ¢¢ = Cg" and C the charge conjugation matrix. The SM SU(2) doublets ¢, and ¢;, are
in the down-quark and charged lepton diagonal basis, respectively.

In the simplest version of this model, we will consider the minimal set of couplings
which allow for an explanation of the observed discrepancies in B-meson decays, Vokwm
unitarity and the anomalous magnetic moment of the muon. Therefore we suppose just one
family of heavy particles and assume that new physics only couples to second generation
leptons. This also helps to avoid some constraints like the Lepton Flavour Violating (LFV)

The latest CDF IT measurement of the W-boson mass [83] has significantly increased the tension between
CAA and EWPO (see [84] for a recent analysis). However, addressing this anomaly is beyond the scope of
this paper.
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decay p — ey. With respect to quarks, we will only allow for second and third generation
couplings in )\fgj, namely A¥" and /\g“ )

The aforementioned anomalies are explained in this model by the generation of (’)g)’@)
at tree-level by S3 exchange, Ogg also at tree-level by ¥ exchange and a bridge-like one-loop
contribution to Aa,. The expressions for the relevant Wilson coefficients are:

skiylJ
(1) - 3)\Sk Ag 1
e L,j,k,l T 4AM, O 162 ) (7.4)
xkiy\UJ
(3) _ASMAg 1
[%q L,j,k,l o 4M§3 +0 (167r2 ’ (7.5)
i, %]
®)7] _ Yryr 1
[O‘HZLJ T 4M O (16772> ’ (7.6)
[aeB]iJ ~0, (7.7)

M2 M2 +M2 L M§3

. — og

g By g | M ™SS Lok [
eWlij — 16772 ME (M‘%Q _ M§3)2 )

where the ~ means that we are neglecting Yukawa-suppressed contributions and the notation
of the Wilson coefficients follows the convention of matchmakereft [57].

Explaining Rg? and CAA essentially fixes the ratios zg = \g" )\g“ /M gg and zp =
y4./Ms,, up to one-loop corrections that break this scale invariance in couplings over masses.
However, the loop factor suppression assures that observables are approximately flat on
the values of the masses (in a certain range). The z7 ratio also enters in the expression for
Aa,,, but we have enough freedom with the couplings yf‘ and xp = yé’é /My, to fix both
observables to the desired value. Note also that, since they couple two and three heavy
fields, both 3, and xr always generate coefficients at one-loop order, so in principle one
expects a wider parameter space in comparison to other couplings.

In order to study the one-loop low-energy phenomenology of the model, we computed
the complete one-loop matching with matchmakereft [57]” and used smelli [85-88] to
construct a x? function from the observables at low energy in terms of the Wilson coefficients
matched at a high scale. We then performed a fit, minimizing the x? function using the
iminuit [89] python package; for this fit we considered the observables given in smelli in
the classes of leptonic observables (which include magnetic dipole moments for leptons),
lepton flavour universality for neutral currents (for anomalies in B decays such as Rg?)7
EWPO (which contain observables sensitive to deviations in the electroweak vertices) and
quark flavour related observables (which include meson decays and mixing).® Besides these
observables taken directly from smelli, we also added €y,.

"The output from matchmakereft is provided in the supplementary material attached to this paper.
8Further details on all the observables included in these classes can be found in appendix D of [85] where
they are listed.
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SM Model Pull

Observable Experiment Pull SM (o)

Prediction Prediction model (o)

ay 0.0011659181(4) 0.0011659201(4) 0.0011659206(4)  0.82 4.22

(Rpe)(BY — K+t e—)[1:0.60] 1 0.79 0.85(5) 1.41 3.21
(Ryue) (B — K*0pt—)[0:045,11] 0.93 0.87 0.65(12) 1.98 2.39
(Rue)(B® — K*0¢+—)[1-1.6.0] 0.99 0.79 0.68(12) 1.04 2.55
€t 0 0.40e-3 0.58(15)e-3 1.20 3.87

AM, 1.25(8)e-11 1.25(8)e-11 1.1688(14)e-11 1.08 1.07

AM, 3.9(5)e-13 3.9(5)e-13 3.33(15)e-13 1.25 1.25

My 80.36 80.35 80.379(12) 2.28 1.72

A, 0.147 0.146 0.151(2) 2.77 2.22

Table 4. Individual values for the SM prediction, model prediction, experimental measure and
pulls of the most relevant observables as given by smelli. Definitions of these observables (and
updated values) can be read from the flavio [88] documentation, which smelli uses to calculate
contributions from the Wilson coefficients to low-energy observables.

In addition to the flavour assumptions commented above, we further imposed the
couplings to be lower than 1, and fixed the masses to My = 3.4TeV, Mg, = 2TeV and
My, = 4.6 TeV. As explained, the observables were essentially flat in masses between 1-
5TeV, so we chose this hierarchy as an example that avoided current experimental detection
limits but that could be reached by upcoming searches. Other hierarchies and values for
the masses between 1-5TeV are also feasible and yield similar results.

The best fit point in this setup is:

zp =0.2 TeV 1 zg = 0.00078 TeV ~2,
o7 = 0.17 TeV 1, A% =0.07, (7.9)
yf = 0.10, yR = 0.13,

which corresponds to a global pull from the SM of 6.2 ¢. For the calculation of this pull, we
considered the observables that were fitted, i.e., the ones available in smelli in the classes
EWPO, leptonic observables, lepton flavour universality for neutral currents and quark
flavour observables; we do not include ¢, since we did not consider its correlations with
the observables in the stated classes. In table 4, we collect some of the individual pulls,
both from experiment and SM, for the most relevant observables.

In figures 3 and 4 we show the 1- and 2-0 regions from the best-fit point for the model
parameters that generate tree-level Wilson coefficients using the global likelihood provided
by smelli. For each point in the grid, we minimize the value of x? by varying the other
parameters of the model. The profiles in the rest of the variables that contribute only at
one-loop are very similar to what one would expect from only taking the tree level solutions
(i.e. they feature somewhat flat directions), showing that the one-loop effects give us enough
freedom to explain Aa, without spoiling the anomalies independently explained at tree
level. These flat directions are illustrated in the plots of figure 5, where the coupling on the
x-axis only contributes at one-loop; note that a vanishing ybL coupling is allowed since it
does not contribute to the relevant anomalies.
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Figure 3. The 1 (2)-0 regions in green (yellow) around the model’s best fit point. For each zg
and 27 point in the plot, the other couplings were marginalized in order to minimize the 2. The
observables included in the fit were the ones available in smelli in the classes EWPO, leptonic
observables, lepton flavour universality for neutral currents and quark flavour observables, and ¢,
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Figure 4. The 1 (2)-0 regions in green (yellow) around the model’s best fit point. For each point
in the plot, the other couplings were marginalized in order to minimize the x2. The observables
included in the fit were the ones available in smelli in the classes EWPO, leptonic observables,
lepton flavour universality for neutral currents and quark flavour observables, and ¢,,,. Values of
)\g" very close to zero were not plotted because that would imply A& larger than 1 for a fixed zg
and M Sg-
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Figure 5. The 1 (2)-0 regions in green (yellow) around the model’s best fit point. For every plot,
the vertical axis represents a coupling that enters observables a tree-level, whereas the horizontal
axis represents one that only contributes at one-loop. For each point in the plot, the other couplings
were marginalized in order to minimize the 2. The observables included in the fit were the ones
available in smelli in the classes EWPO, leptonic observables, lepton flavour universality for neutral
currents and quark flavour observables, and ¢,,,.

8 Conclusions

We have studied in detail the chirally enhanced contribution to a, arising from the bridge
topology shown in figure 2. Results for this contribution have been presented for arbitrary
extensions of the SM, in terms of the gauge representations of the heavy fields.

The particular representations of the combination of heavy fields which can generate
the bridge diagram have been classified in terms of 2- or 3-field extensions. The full results
for the contribution to a, of all possible 2-field extensions have been presented; for 3-field
extensions, due to the infinite number of possibilities, we presented the results for extensions
with singlet, doublet and triplet representations SU(2). For higher representations, the
general results presented in section 3 (and in appendix A for the box diagrams) can be used
to compute the contribution to a,.

Within these results, we arrive at a class of 2-field extensions with a fermion and a
scalar which had previously been discarded in the literature but that, with this chirally
enhanced contribution from the bridge diagram, can in principle be viable solutions to
the a, anomaly. The studied 3-field extensions which generate the bridge topology also
represent a completely new class of models to explain the a, anomaly.
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An interesting avenue to pursue is to study the specific phenomenology of these models
to explore the parameter space in which they can explain a, and also other anomalous
observations. For example, within the 2-field fermion-scalar extensions, some include a
scalar singlet which could play the role of Dark Matter.

An exercise in this direction was also performed in this work, in which we explored
the full one-loop phenomenology of a 3-field extension which not only generates the bridge
topology but can also explain the neutral B-anomalies, Rx and R+, and the CAA. This
model, which we denote by the triple triplet, is constituted by a triplet leptoquark —
responsible for explaining the B-anomalies at tree-level —, a triplet vector-like lepton —
which accounts for the CAA at tree-level — and a vector-like quark — needed to generate
the bridge topology.

Using matchmakereft [57] to perform the full one-loop matching of this model — which
we provide in the supplementary material attached to this paper — and smelli [85], we
have shown the allowed parameter region which not only explains the aforementioned
anomalies but also respects bounds from an array of other observations.
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A Box diagram results

For completeness, we present in this appendix the generic results for the contribution to
a, by the box diagrams. Note that, while in our study these results are important for
only some SM gauge representations of the BSM fields, these contributions are the ones
commonly considered in the literature.

For the box diagram with two heavy fermion propagators, figure 6a, the schematic
Lagrangian reads

LD yrTrjVirdjer + yLTIJKE,IQbT]‘I’QK +yRTH  Uard PR i
+ Ty Vards PLV ik + hee. (A1)

where we use the same conventions for the gauge interactions of ¥ and ® as in eq. (3.1).
The contribution to a., is given by:

1
aZ? = (4) eYRYL > VY [TIJTzJKT?ngzI/%)ﬁl
x=R,L

+TIJT2JKT1@21T?<KW$2 + TIJTszKTIIgQIT}ﬂﬂ ; (A.2)
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(a) (b)

Figure 6. Left: box diagram contribution to a., with 2 heavy fermion propagators. Right: box
diagram contribution to ae, with 1 heavy fermion propagator and 1 heavy scalar propagator. Double
lines represent heavy particles whereas single lines are SM particles. The gauge boson (B or W) is
represented outside the diagram since it can be attached to any of the internal propagators.

¢ B, W
Y ﬁ

E€R EL

Figure 7. Box diagram contribution to a., with all heavy internal propagators. Double lines
represent heavy particles, whereas single lines are SM particles. The gauge boson (B or W) is
represented outside the diagram since it can be attached to any of the internal propagators.

where x sums over the right- and left-handed chiralities and the kinematic factors read:

751 = 07
Mo, (322 Log (M50} — a2 1 ar2
n vo \ My, og 3z ) — M + My,
Y, = — ) 5 5
16
i My, (M2, - M3,)
Yo, =0,
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2

M,
. My, (-M&U2 Log < M?l) + Mg, — M52>

]

R __
T2 T T a2

)

My, (M3, — M§,2>2
75 =0,
—i

=— A3
167T2M\p1M\1/2 ( )

Vg

For the box diagram with a light fermion in which the heavy fermion couples with the
right-handed muon, the Lagrangian reads:

LD yrTE VP ser +yrTrpos PV + yéT}I:]E‘I)T]PRT/) +h.ec., (A.4)

where v is any light SM fermion which fits with the heavy field representations. The
resulting contribution to e is:

7
al = (4) eNyryLYa [TFJTﬂIT}szQ{}’y\IJ
+TFJT112Y1&T£]7¢ + TIEJT}QT]J/TQ%"Y@} ) (A.5)

with the following kinematic factors:

2
M2 <(M§ + M2) Log (%é) —2M2 + QM%)

T = —

(Mg — M3)° 7
~M2Log (M) 4 M2 — M2
o LOg M(% + N4 P
Y = 2 s
(Mg, — Mg)
4 2172 Mg, 4
M\I’ — 2M\IJM(I> LOg Mié — Mq)
Yo = (A.6)

3
(MG — M3)

In the case the heavy fermion couples with the left-handed muon, the relevant Lagrangian
can be written as:

LD yRTIzJKEI(I)TJ\Ile +yr Tk V10 Pk + yo T ® e + hec. (A7)

resulting in the following contribution to ay:

7
ag = <4) eNyryrys |Ts 1 Tl Tiox Tic v

+T2£J1TI22KT%K'T?<)'JW + T2ZJITI22KT§J’T}'J'V<I>} ; (A.8)
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where
2

M,
M2 ((M%,l + M3) Log (M“g> —2M3, + 2M§,)

PY\I/ = 3 )
(M3, - 013)
M2, Log () — a2+ M2
v, 08\ 2 T, 3
Yy = — P) 5
(a3, - 013)
2
M — 2M2 M2 Log (;‘%) — M}

(M — M3)°
When there are only heavy propagators in the box diagram, figure 7, the relevant
Lagrangian reads:

LD yrTEH 1P rer + yLTIQJE‘Py@’E + YR Tk P20 PRV
+ynTrokVardsPLV 1k +hec, (A.10)
and the resulting o, is given by:
o = () S oy [THTH T T,
X=R,L
T2 T ook Ty My, + T2 Tizk i Ty (A.11)
where

L _
’y\Ill_

2

1672 MC% [(MW2 _M‘I’l) (M‘I’l +M‘I’2) <M§> (M‘I’z _M‘Pl) (M‘Pl +M‘P2) (M\%l (M(%—QM\%z)

M2
+M§>> Log (M\I;l> — (Mo —My,) (Mg, +Ms) (Mg, —Ms) (My, + M) (M%,l (Mg, —2M§)
(93]

M2
+M@ZM£))+M$2 <M51—M£>3Log( )] »

Mg,z
1
2 2 2 2 3 2 27 (A12)
(My, = My,)” (My, +Mg,)” (M3 — Mg, )" (Mg, —Ms)~ (Mg, +Mas)
e, =
i
602 Mus (M% (My,—My,) (Mg, +My,) ((M\Ifl —Mg) (My, +Ms)
(My, —Me) (My,+Ms) (Mg Mg, —3Mg M3 +2Mg)+Mg (Mg, — My, ) (Mg, +My,)
M\% 3 M\%
(Mg, +2M3 —3M3) Log ) |+ Mg, (MG, —M3)" (Mg, —2M3) Log - X
M2 M,
1
(A.13)

(M‘I’1 _M‘I’z)2 (M‘I’1 +M‘I’2)2 (M‘I’1 _M‘I’)3 (M‘I’1 +M‘I>)3 (M‘I’z _M‘I’)Q (M‘I’z +M‘I>)2 ,
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Vg, =
i 3 M2
[M&’,l (— (M3, - M3)") Log ( “’1 ) + M3, (Mg, —Mg) (My, +Ms)
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We cross-checked this last result of the box diagram with only heavy internal propagators
with eq. (4.4) of ref. [53] in the limit of degenerate masses and found perfect agreement.

— 95—



Open Access. This article is distributed under the terms of the Creative Commons

Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in

any medium, provided the original author(s) and source are credited. SCOAP? supports

the goals of the International Year of Basic Sciences for Sustainable Development.

References

1]

2]

[11]

[12]

[13]

[14]

MUuUON G-2 collaboration, Measurement of the Positive Muon Anomalous Magnetic Moment to
0.46 ppm, Phys. Rev. Lett. 126 (2021) 141801 [arXiv:2104.03281] [INSPIRE].

MUON G-2 collaboration, Final Report of the Muon E821 Anomalous Magnetic Moment
Measurement at BNL, Phys. Rev. D 73 (2006) 072003 [hep-ex/0602035] [INSPIRE].

T. Aoyama et al., The anomalous magnetic moment of the muon in the Standard Model, Phys.
Rept. 887 (2020) 1 [arXiv:2006.04822] [INSPIRE].

M. Davier, A. Hoecker, B. Malaescu and Z. Zhang, Reevaluation of the hadronic vacuum
polarisation contributions to the Standard Model predictions of the muon g — 2 and a(m%)
using newest hadronic cross-section data, Eur. Phys. J. C 77 (2017) 827 [arXiv:1706.09436]
[INSPIRE].

A. Keshavarzi, D. Nomura and T. Teubner, Muon g — 2 and a(M%): a new data-based
analysis, Phys. Rev. D 97 (2018) 114025 [arXiv:1802.02995] [InSPIRE].

G. Colangelo, M. Hoferichter and P. Stoffer, Two-pion contribution to hadronic vacuum
polarization, JHEP 02 (2019) 006 [arXiv:1810.00007] [INSPIRE].

M. Hoferichter, B.-L. Hoid and B. Kubis, Three-pion contribution to hadronic vacuum
polarization, JHEP 08 (2019) 137 [arXiv:1907.01556] INSPIRE].

M. Davier, A. Hoecker, B. Malaescu and Z. Zhang, A new evaluation of the hadronic vacuum
polarisation contributions to the muon anomalous magnetic moment and to a(m%), Bur. Phys.
J. C 80 (2020) 241 [Erratum ibid. 80 (2020) 410] [arXiv:1908.00921] [INSPIRE].

A. Keshavarzi, D. Nomura and T. Teubner, g — 2 of charged leptons, a(M%), and the hyperfine
splitting of muonium, Phys. Rev. D 101 (2020) 014029 [arXiv:1911.00367] InSPIRE].

A. Kurz, T. Liu, P. Marquard and M. Steinhauser, Hadronic contribution to the muon
anomalous magnetic moment to next-to-next-to-leading order, Phys. Lett. B 734 (2014) 144
[arXiv:1403.6400] [INSPIRE].

FERMILAB LATTICE, LATTICE-HPQCD and MILC collaborations, Strong-Isospin-Breaking
Correction to the Muon Anomalous Magnetic Moment from Lattice QCD at the Physical Point,
Phys. Rev. Lett. 120 (2018) 152001 [arXiv:1710.11212] [INSPIRE].

BUDAPEST-MARSEILLE-WUPPERTAL collaboration, Hadronic vacuum polarization contribution
to the anomalous magnetic moments of leptons from first principles, Phys. Rev. Lett. 121
(2018) 022002 [arXiv:1711.04980] [INSPIRE].

RBC and UKQCD collaborations, Calculation of the hadronic vacuum polarization
contribution to the muon anomalous magnetic moment, Phys. Rev. Lett. 121 (2018) 022003
[arXiv:1801.07224] [iNSPIRE].

D. Giusti, V. Lubicz, G. Martinelli, F. Sanfilippo and S. Simula, Electromagnetic and strong
isospin-breaking corrections to the muon g — 2 from Lattice QCD+QED, Phys. Rev. D 99
(2019) 114502 [arXiv:1901.10462] [INSPIRE].

— 96 —


https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1103/PhysRevLett.126.141801
https://arxiv.org/abs/2104.03281
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2104.03281
https://doi.org/10.1103/PhysRevD.73.072003
https://arxiv.org/abs/hep-ex/0602035
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ex%2F0602035
https://doi.org/10.1016/j.physrep.2020.07.006
https://doi.org/10.1016/j.physrep.2020.07.006
https://arxiv.org/abs/2006.04822
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2006.04822
https://doi.org/10.1140/epjc/s10052-017-5161-6
https://arxiv.org/abs/1706.09436
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1706.09436
https://doi.org/10.1103/PhysRevD.97.114025
https://arxiv.org/abs/1802.02995
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1802.02995
https://doi.org/10.1007/JHEP02(2019)006
https://arxiv.org/abs/1810.00007
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1810.00007
https://doi.org/10.1007/JHEP08(2019)137
https://arxiv.org/abs/1907.01556
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1907.01556
https://doi.org/10.1140/epjc/s10052-020-7792-2
https://doi.org/10.1140/epjc/s10052-020-7792-2
https://arxiv.org/abs/1908.00921
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1908.00921
https://doi.org/10.1103/PhysRevD.101.014029
https://arxiv.org/abs/1911.00367
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1911.00367
https://doi.org/10.1016/j.physletb.2014.05.043
https://arxiv.org/abs/1403.6400
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1403.6400
https://doi.org/10.1103/PhysRevLett.120.152001
https://arxiv.org/abs/1710.11212
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1710.11212
https://doi.org/10.1103/PhysRevLett.121.022002
https://doi.org/10.1103/PhysRevLett.121.022002
https://arxiv.org/abs/1711.04980
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1711.04980
https://doi.org/10.1103/PhysRevLett.121.022003
https://arxiv.org/abs/1801.07224
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1801.07224
https://doi.org/10.1103/PhysRevD.99.114502
https://doi.org/10.1103/PhysRevD.99.114502
https://arxiv.org/abs/1901.10462
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1901.10462

[15]

[16]

[17]

[18]

[19]

[20]

PACS collaboration, Hadronic vacuum polarization contribution to the muon g — 2 with 2+ 1
flavor lattice QCD on a larger than (10 fm)* lattice at the physical point, Phys. Rev. D 100
(2019) 034517 [arXiv:1902.00885] [INSPIRE].

FERMILAB LATTICE, LATTICE-HPQCD and MILC collaborations,
Hadronic-vacuum-polarization contribution to the muon’s anomalous magnetic moment from
four-flavor lattice QCD, Phys. Rev. D 101 (2020) 034512 [arXiv:1902.04223] [INSPIRE].

A. Gérardin et al., The leading hadronic contribution to (g — 2),, from lattice QCD with
Nt =2+ 1 flavours of O(a) improved Wilson quarks, Phys. Rev. D 100 (2019) 014510
[arXiv:1904.03120] [INSPIRE].

C. Aubin, T. Blum, C. Tu, M. Golterman, C. Jung and S. Peris, Light quark vacuum
polarization at the physical point and contribution to the muon g — 2, Phys. Rev. D 101 (2020)
014503 [arXiv:1905.09307] [INSPIRE].

D. Giusti and S. Simula, Lepton anomalous magnetic moments in Lattice QCD+QED, PoS
LATTICE2019 (2019) 104 [arXiv:1910.03874] [iNSPIRE].

K. Melnikov and A. Vainshtein, Hadronic light-by-light scattering contribution to the muon
anomalous magnetic moment revisited, Phys. Rev. D 70 (2004) 113006 [hep-ph/0312226]
[INSPIRE].

P. Masjuan and P. Sanchez-Puertas, Pseudoscalar-pole contribution to the (g, — 2): a rational
approach, Phys. Rev. D 95 (2017) 054026 [arXiv:1701.05829] [INSPIRE].

G. Colangelo, M. Hoferichter, M. Procura and P. Stoffer, Dispersion relation for hadronic
light-by-light scattering: two-pion contributions, JHEP 04 (2017) 161 [arXiv:1702.07347]
[INSPIRE].

M. Hoferichter, B.-L. Hoid, B. Kubis, S. Leupold and S.P. Schneider, Dispersion relation for
hadronic light-by-light scattering: pion pole, JHEP 10 (2018) 141 [arXiv:1808.04823]
[INSPIRE].

A. Gérardin, H.B. Meyer and A. Nyffeler, Lattice calculation of the pion transition form factor
with Ny = 2+ 1 Wilson quarks, Phys. Rev. D 100 (2019) 034520 [arXiv:1903.09471]
[INSPIRE].

J. Bijnens, N. Hermansson-Truedsson and A. Rodriguez-Sanchez, Short-distance constraints
for the HLbL contribution to the muon anomalous magnetic moment, Phys. Lett. B 798 (2019)
134994 [arXiv:1908.03331] [INSPIRE].

G. Colangelo, F. Hagelstein, M. Hoferichter, L. Laub and P. Stoffer, Longitudinal
short-distance constraints for the hadronic light-by-light contribution to (g — 2), with large-N,
Regge models, JHEP 03 (2020) 101 [arXiv:1910.13432] [INSPIRE].

V. Pauk and M. Vanderhaeghen, Single meson contributions to the muon‘s anomalous
magnetic moment, Eur. Phys. J. C' 74 (2014) 3008 [arXiv:1401.0832] [INSPIRE].

I. Danilkin and M. Vanderhaeghen, Light-by-light scattering sum rules in light of new data,
Phys. Rev. D 95 (2017) 014019 [arXiv:1611.04646] INSPIRE].

F. Jegerlehner, The Anomalous Magnetic Moment of the Muon, Springer Tracts Mod. Phys.
274 (2017) 1.

M. Knecht, S. Narison, A. Rabemananjara and D. Rabetiarivony, Scalar meson contributions
to a p from hadronic light-by-light scattering, Phys. Lett. B 787 (2018) 111
[arXiv:1808.03848] [INSPIRE].

— 97 -


https://doi.org/10.1103/PhysRevD.100.034517
https://doi.org/10.1103/PhysRevD.100.034517
https://arxiv.org/abs/1902.00885
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1902.00885
https://doi.org/10.1103/PhysRevD.101.034512
https://arxiv.org/abs/1902.04223
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1902.04223
https://doi.org/10.1103/PhysRevD.100.014510
https://arxiv.org/abs/1904.03120
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1904.03120
https://doi.org/10.1103/PhysRevD.101.014503
https://doi.org/10.1103/PhysRevD.101.014503
https://arxiv.org/abs/1905.09307
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1905.09307
https://doi.org/10.22323/1.363.0104
https://doi.org/10.22323/1.363.0104
https://arxiv.org/abs/1910.03874
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1910.03874
https://doi.org/10.1103/PhysRevD.70.113006
https://arxiv.org/abs/hep-ph/0312226
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F0312226
https://doi.org/10.1103/PhysRevD.95.054026
https://arxiv.org/abs/1701.05829
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1701.05829
https://doi.org/10.1007/JHEP04(2017)161
https://arxiv.org/abs/1702.07347
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1702.07347
https://doi.org/10.1007/JHEP10(2018)141
https://arxiv.org/abs/1808.04823
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1808.04823
https://doi.org/10.1103/PhysRevD.100.034520
https://arxiv.org/abs/1903.09471
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1903.09471
https://doi.org/10.1016/j.physletb.2019.134994
https://doi.org/10.1016/j.physletb.2019.134994
https://arxiv.org/abs/1908.03331
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1908.03331
https://doi.org/10.1007/JHEP03(2020)101
https://arxiv.org/abs/1910.13432
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1910.13432
https://doi.org/10.1140/epjc/s10052-014-3008-y
https://arxiv.org/abs/1401.0832
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1401.0832
https://doi.org/10.1103/PhysRevD.95.014019
https://arxiv.org/abs/1611.04646
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1611.04646
https://doi.org/10.1007/978-3-319-63577-4
https://doi.org/10.1007/978-3-319-63577-4
https://doi.org/10.1016/j.physletb.2018.10.048
https://arxiv.org/abs/1808.03848
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1808.03848

[31]

[32]

[40]

[41]

[42]

[43]

G. Eichmann, C.S. Fischer and R. Williams, Kaon-box contribution to the anomalous magnetic
moment of the muon, Phys. Rev. D 101 (2020) 054015 [arXiv:1910.06795] [INSPIRE].

P. Roig and P. Sanchez-Puertas, Azxial-vector exchange contribution to the hadronic
light-by-light piece of the muon anomalous magnetic moment, Phys. Rev. D 101 (2020) 074019
[arXiv:1910.02881] [iNSPIRE].

G. Colangelo, M. Hoferichter, A. Nyffeler, M. Passera and P. Stoffer, Remarks on higher-order
hadronic corrections to the muon g — 2, Phys. Lett. B 735 (2014) 90 [arXiv:1403.7512]
[INSPIRE].

T. Blum et al., Hadronic Light-by-Light Scattering Contribution to the Muon Anomalous
Magnetic Moment from Lattice QCD, Phys. Rev. Lett. 124 (2020) 132002
[arXiv:1911.08123] [iNSPIRE].

T. Aoyama, M. Hayakawa, T. Kinoshita and M. Nio, Complete Tenth-Order QED Contribution
to the Muon g — 2, Phys. Rev. Lett. 109 (2012) 111808 [arXiv:1205.5370] [INSPIRE].

T. Aoyama, T. Kinoshita and M. Nio, Theory of the Anomalous Magnetic Moment of the
Electron, Atoms 7 (2019) 28 [INSPIRE].

A. Czarnecki, W.J. Marciano and A. Vainshtein, Refinements in electroweak contributions to
the muon anomalous magnetic moment, Phys. Rev. D 67 (2003) 073006 [Erratum ibid. 73
(2006) 119901] [hep-ph/0212229] [INSPIRE].

C. Gnendiger, D. Stockinger and H. Stéckinger-Kim, The electroweak contributions to (g —2),
after the Higgs boson mass measurement, Phys. Rev. D 88 (2013) 053005 [arXiv:1306.5546]
[INSPIRE].

S. Borsdnyi et al., Leading hadronic contribution to the muon magnetic moment from lattice
QCD, Nature 593 (2021) 51 [arXiv:2002.12347] [InSPIRE].

A. Keshavarzi, W.J. Marciano, M. Passera and A. Sirlin, Muon g — 2 and A« connection,
Phys. Rev. D 102 (2020) 033002 [arXiv:2006.12666] [INSPIRE].

A. Crivellin, M. Hoferichter, C.A. Manzari and M. Montull, Hadronic Vacuum Polarization:
(9 — 2),, versus Global Electroweak F'its, Phys. Rev. Lett. 125 (2020) 091801
[arXiv:2003.04886] [INSPIRE].

B. Malaescu and M. Schott, Impact of correlations between a,, and acgep on the EW fit, Eur.
Phys. J. C 81 (2021) 46 [arXiv:2008.08107] [INSPIRE].

G. Colangelo, M. Hoferichter and P. Stoffer, Constraints on the two-pion contribution to
hadronic vacuum polarization, Phys. Lett. B 814 (2021) 136073 [arXiv:2010.07943]
[INSPIRE].

C. Arzt, M.B. Einhorn and J. Wudka, Patterns of deviation from the standard model, Nucl.
Phys. B 433 (1995) 41 [hep-ph/9405214] [INSPIRE].

J. de Blas, J.C. Criado, M. Pérez-Victoria and J. Santiago, Effective description of general
extensions of the Standard Model: the complete tree-level dictionary, JHEP 03 (2018) 109
[arXiv:1711.10391] [INSPIRE].

N. Craig, M. Jiang, Y.-Y. Li and D. Sutherland, Loops and Trees in Generic EFTs, JHEP 08
(2020) 086 [arXiv:2001.00017] [nSPIRE].

J. Aebischer, W. Dekens, E.E. Jenkins, A.V. Manohar, D. Sengupta and P. Stoffer, Effective
field theory interpretation of lepton magnetic and electric dipole moments, JHEP 07 (2021)
107 [arXiv:2102.08954] [INSPIRE].

~ 98 —


https://doi.org/10.1103/PhysRevD.101.054015
https://arxiv.org/abs/1910.06795
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1910.06795
https://doi.org/10.1103/PhysRevD.101.074019
https://arxiv.org/abs/1910.02881
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1910.02881
https://doi.org/10.1016/j.physletb.2014.06.012
https://arxiv.org/abs/1403.7512
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1403.7512
https://doi.org/10.1103/PhysRevLett.124.132002
https://arxiv.org/abs/1911.08123
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1911.08123
https://doi.org/10.1103/PhysRevLett.109.111808
https://arxiv.org/abs/1205.5370
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1205.5370
https://doi.org/10.3390/atoms7010028
https://inspirehep.net/search?p=find+doi%20%2210.3390%2Fatoms7010028%22
https://doi.org/10.1103/PhysRevD.67.073006
https://arxiv.org/abs/hep-ph/0212229
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F0212229
https://doi.org/10.1103/PhysRevD.88.053005
https://arxiv.org/abs/1306.5546
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1306.5546
https://doi.org/10.1038/s41586-021-03418-1
https://arxiv.org/abs/2002.12347
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2002.12347
https://doi.org/10.1103/PhysRevD.102.033002
https://arxiv.org/abs/2006.12666
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2006.12666
https://doi.org/10.1103/PhysRevLett.125.091801
https://arxiv.org/abs/2003.04886
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2003.04886
https://doi.org/10.1140/epjc/s10052-021-08848-9
https://doi.org/10.1140/epjc/s10052-021-08848-9
https://arxiv.org/abs/2008.08107
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2008.08107
https://doi.org/10.1016/j.physletb.2021.136073
https://arxiv.org/abs/2010.07943
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2010.07943
https://doi.org/10.1016/0550-3213(94)00336-D
https://doi.org/10.1016/0550-3213(94)00336-D
https://arxiv.org/abs/hep-ph/9405214
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F9405214
https://doi.org/10.1007/JHEP03(2018)109
https://arxiv.org/abs/1711.10391
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1711.10391
https://doi.org/10.1007/JHEP08(2020)086
https://doi.org/10.1007/JHEP08(2020)086
https://arxiv.org/abs/2001.00017
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2001.00017
https://doi.org/10.1007/JHEP07(2021)107
https://doi.org/10.1007/JHEP07(2021)107
https://arxiv.org/abs/2102.08954
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2102.08954

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[60]

[61]

[62]

[63]

P. Athron, C. Balazs, D.H.J. Jacob, W. Kotlarski, D. Stockinger and H. Stéckinger-Kim, New
physics explanations of a,, in light of the FNAL muon g — 2 measurement, JHEP 09 (2021)
080 [arXiv:2104.03691] [INSPIRE].

L. Calibbi, R. Ziegler and J. Zupan, Minimal models for dark matter and the muon g—2
anomaly, JHEP 07 (2018) 046 [arXiv:1804.00009] [INSPIRE].

L. Calibbi, T. Li, Y. Li and B. Zhu, Simple model for large CP-violation in charm decays,
B-physics anomalies, muon g — 2 and dark matter, JHEP 10 (2020) 070 [arXiv:1912.02676]
[INSPIRE].

P. Arnan, A. Crivellin, M. Fedele and F. Mescia, Generic Loop Effects of New Scalars and
Fermions in b — s¢*4~, (g — 2), and a Vector-like 4" Generation, JHEP 06 (2019) 118
[arXiv:1904.05890] [iNSPIRE].

A. Crivellin and M. Hoferichter, Consequences of chirally enhanced explanations of (g — 2),
for b = pp and Z — pp, JHEP 07 (2021) 135 [arXiv:2104.03202] [INSPIRE].

L. Allwicher, L. Di Luzio, M. Fedele, F. Mescia and M. Nardecchia, What is the scale of new
physics behind the muon g — 27, Phys. Rev. D 104 (2021) 055035 [arXiv:2105.13981]
[INSPIRE].

G. Arcadi, L. Calibbi, M. Fedele and F. Mescia, Muon g — 2 and B-anomalies from Dark
Matter, Phys. Rev. Lett. 127 (2021) 061802 [arXiv:2104.03228] InSPIRE].

N. Arkani-Hamed and K. Harigaya, Naturalness and the muon magnetic moment, JHEP 09
(2021) 025 [arXiv:2106.01373] [INSPIRE].

L. Delle Rose, B. von Harling and A. Pomarol, Wilson coefficients and natural zeros from the
on-shell viewpoint, JHEP 05 (2022) 120 [arXiv:2201.10572] [INSPIRE].

A. Carmona, A. Lazopoulos, P. Olgoso and J. Santiago, Matchmakereft: automated tree-level
and one-loop matching, SciPost Phys. 12 (2022) 198 [arXiv:2112.10787] [InSPIRE].

K. Kannike, M. Raidal, D.M. Straub and A. Strumia, Anthropic solution to the magnetic
muon anomaly: the charged see-saw, JHEP 02 (2012) 106 [Erratum ibid. 10 (2012) 136)
[arXiv:1111.2551] [iNSPIRE].

A. Freitas, J. Lykken, S. Kell and S. Westhoff, Testing the Muon g — 2 Anomaly at the LHC,
JHEP 05 (2014) 145 [Erratum ibid. 09 (2014) 155] [arXiv:1402.7065] INSPIRE].

K. Kowalska and E.M. Sessolo, Expectations for the muon g — 2 in simplified models with dark
matter, JHEP 09 (2017) 112 [arXiv:1707.00753] [INSPIRE].

J. de Blas, Electroweak limits on physics beyond the Standard Model, EPJ Web Conf. 60 (2013)
19008 [arXiv:1307.6173] [INSPIRE].

A. Crivellin, F. Kirk, C.A. Manzari and M. Montull, Global Electroweak Fit and Vector-Like
Leptons in Light of the Cabibbo Angle Anomaly, JHEP 12 (2020) 166 [arXiv:2008.01113]
[INSPIRE].

ATLAS collaboration, Search for heavy lepton resonances decaying to a Z boson and a lepton
in pp collisions at /s = 8 TeV with the ATLAS detector, JHEP 09 (2015) 108
[arXiv:1506.01291] [INSPIRE].

G. Guedes and J. Santiago, New leptons with exotic decays: collider limits and dark matter
complementarity, JHEP 01 (2022) 111 [arXiv:2107.03429] INSPIRE].

CMS collaboration, Search for vector-like leptons in multilepton final states in proton-proton
collisions at \/s = 13 TeV, Phys. Rev. D 100 (2019) 052003 [arXiv:1905.10853] [INSPIRE].

~ 99 —


https://doi.org/10.1007/JHEP09(2021)080
https://doi.org/10.1007/JHEP09(2021)080
https://arxiv.org/abs/2104.03691
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2104.03691
https://doi.org/10.1007/JHEP07(2018)046
https://arxiv.org/abs/1804.00009
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1804.00009
https://doi.org/10.1007/JHEP10(2020)070
https://arxiv.org/abs/1912.02676
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1912.02676
https://doi.org/10.1007/JHEP06(2019)118
https://arxiv.org/abs/1904.05890
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1904.05890
https://doi.org/10.1007/JHEP07(2021)135
https://arxiv.org/abs/2104.03202
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2104.03202
https://doi.org/10.1103/PhysRevD.104.055035
https://arxiv.org/abs/2105.13981
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2105.13981
https://doi.org/10.1103/PhysRevLett.127.061802
https://arxiv.org/abs/2104.03228
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2104.03228
https://doi.org/10.1007/JHEP09(2021)025
https://doi.org/10.1007/JHEP09(2021)025
https://arxiv.org/abs/2106.01373
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2106.01373
https://doi.org/10.1007/JHEP05(2022)120
https://arxiv.org/abs/2201.10572
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2201.10572
https://doi.org/10.21468/SciPostPhys.12.6.198
https://arxiv.org/abs/2112.10787
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2112.10787
https://doi.org/10.1007/JHEP02(2012)106
https://arxiv.org/abs/1111.2551
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1111.2551
https://doi.org/10.1007/JHEP05(2014)145
https://arxiv.org/abs/1402.7065
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1402.7065
https://doi.org/10.1007/JHEP09(2017)112
https://arxiv.org/abs/1707.00753
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1707.00753
https://doi.org/10.1051/epjconf/20136019008
https://doi.org/10.1051/epjconf/20136019008
https://arxiv.org/abs/1307.6173
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1307.6173
https://doi.org/10.1007/JHEP12(2020)166
https://arxiv.org/abs/2008.01113
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2008.01113
https://doi.org/10.1007/JHEP09(2015)108
https://arxiv.org/abs/1506.01291
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1506.01291
https://doi.org/10.1007/JHEP01(2022)111
https://arxiv.org/abs/2107.03429
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2107.03429
https://doi.org/10.1103/PhysRevD.100.052003
https://arxiv.org/abs/1905.10853
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1905.10853

[66]

S. Ashanujjaman, D. Choudhury and K. Ghosh, Search for exotic leptons in final states with
two or three leptons and fat-jets at 13 TeV LHC, JHEP 04 (2022) 150 [arXiv:2201.09645]
[INSPIRE].

M.J. Baker, P. Cox and R.R. Volkas, Radiative muon mass models and (g — 2),, JHEP 05
(2021) 174 [arXiv:2103.13401] [INSPIRE].

A. Greljo, Y. Soreq, P. Stangl, A.E. Thomsen and J. Zupan, Muonic force behind flavor
anomalies, JHEP 04 (2022) 151 [arXiv:2107.07518] [INSPIRE].

W. Yin, Radiative lepton mass and muon g — 2 with suppressed lepton flavor and
CP-violations, JHEP 08 (2021) 043 [arXiv:2103.14234] [INSPIRE].

LHCSB collaboration, Test of lepton universality with B® — K*9¢T¢~ decays, JHEP 08 (2017)
055 [arXiv:1705.05802] [INSPIRE].

LHCB collaboration, Search for lepton-universality violation in BT — K+{T{~ decays, Phys.
Rev. Lett. 122 (2019) 191801 [arXiv:1903.09252] INSPIRE].

M. Algueré et al., Emerging patterns of New Physics with and without Lepton Flavour
Universal contributions, Eur. Phys. J. C' 79 (2019) 714 [Addendum ibid. 80 (2020) 511]
[arXiv:1903.09578] INSPIRE].

J. Aebischer, W. Altmannshofer, D. Guadagnoli, M. Reboud, P. Stangl and D.M. Straub,
B-decay discrepancies after Moriond 2019, Eur. Phys. J. C' 80 (2020) 252
[arXiv:1903.10434] [INSPIRE].

M. Ciuchini et al., New Physics in b — sfY{~ confronts new data on Lepton Universality, Eur.
Phys. J. C 79 (2019) 719 [arXiv:1903.09632] InSPIRE].

Y. Grossman, E. Passemar and S. Schacht, On the Statistical Treatment of the Cabibbo Angle
Anomaly, JHEP 07 (2020) 068 [arXiv:1911.07821] [INSPIRE].

B. Belfatto, R. Beradze and Z. Berezhiani, The CKM unitarity problem: a trace of new physics
at the TeV scale?, Eur. Phys. J. C 80 (2020) 2.

A. Crivellin and M. Hoferichter, 8 Decays as Sensitive Probes of Lepton Flavor Universality,
Phys. Rev. Lett. 125 (2020) 111801 [arXiv:2002.07184] [INSPIRE].

M. Kirk, Cabibbo anomaly versus electroweak precision tests: An exploration of extensions of
the Standard Model, Phys. Rev. D 103 (2021) 035004 [arXiv:2008.03261] [INSPIRE].

V. Gherardi, D. Marzocca and E. Venturini, Low-energy phenomenology of scalar leptoquarks
at one-loop accuracy, JHEP 01 (2021) 138 [arXiv:2008.09548] [INSPIRE].

A. Angelescu, D. Bedirevié, D.A. Faroughy, F. Jaffredo and O. Sumensari, Single leptoquark
solutions to the B-physics anomalies, Phys. Rev. D 104 (2021) 055017 [arXiv:2103.12504]
[INSPIRE].

J. Kumar, D. London and R. Watanabe, Combined Ezplanations of the b — su™pu~ and
b — et~ v Anomalies: a General Model Analysis, Phys. Rev. D 99 (2019) 015007
[arXiv:1806.07403] [INSPIRE].

A. Crivellin, D. Miiller and L. Schnell, Combined constraints on first generation leptoquarks,
Phys. Rev. D 103 (2021) 115023 [arXiv:2104.06417] [INSPIRE].

CDF collaboration, High-precision measurement of the W boson mass with the CDF II
detector, Science 376 (2022) 170 [INSPIRE].

— 30 —


https://doi.org/10.1007/JHEP04(2022)150
https://arxiv.org/abs/2201.09645
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2201.09645
https://doi.org/10.1007/JHEP05(2021)174
https://doi.org/10.1007/JHEP05(2021)174
https://arxiv.org/abs/2103.13401
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2103.13401
https://doi.org/10.1007/JHEP04(2022)151
https://arxiv.org/abs/2107.07518
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2107.07518
https://doi.org/10.1007/JHEP08(2021)043
https://arxiv.org/abs/2103.14234
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2103.14234
https://doi.org/10.1007/JHEP08(2017)055
https://doi.org/10.1007/JHEP08(2017)055
https://arxiv.org/abs/1705.05802
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1705.05802
https://doi.org/10.1103/PhysRevLett.122.191801
https://doi.org/10.1103/PhysRevLett.122.191801
https://arxiv.org/abs/1903.09252
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1903.09252
https://doi.org/10.1140/epjc/s10052-019-7216-3
https://arxiv.org/abs/1903.09578
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1903.09578
https://doi.org/10.1140/epjc/s10052-020-7817-x
https://arxiv.org/abs/1903.10434
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1903.10434
https://doi.org/10.1140/epjc/s10052-019-7210-9
https://doi.org/10.1140/epjc/s10052-019-7210-9
https://arxiv.org/abs/1903.09632
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1903.09632
https://doi.org/10.1007/JHEP07(2020)068
https://arxiv.org/abs/1911.07821
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1911.07821
https://doi.org/10.1140/epjc/s10052-020-7691-6
https://doi.org/10.1103/PhysRevLett.125.111801
https://arxiv.org/abs/2002.07184
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2002.07184
https://doi.org/10.1103/PhysRevD.103.035004
https://arxiv.org/abs/2008.03261
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2008.03261
https://doi.org/10.1007/JHEP01(2021)138
https://arxiv.org/abs/2008.09548
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2008.09548
https://doi.org/10.1103/PhysRevD.104.055017
https://arxiv.org/abs/2103.12504
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2103.12504
https://doi.org/10.1103/PhysRevD.99.015007
https://arxiv.org/abs/1806.07403
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1806.07403
https://doi.org/10.1103/PhysRevD.103.115023
https://arxiv.org/abs/2104.06417
https://inspirehep.net/search?p=find+doi%20%2210.1103%2Fphysrevd.103.115023%22
https://doi.org/10.1126/science.abk1781
https://inspirehep.net/search?p=find+J%20%22Science%2C376%2C170%22

[84] M. Blennow, P. Coloma, E. Ferndndez-Martinez and M. Gonzalez-Lépez, Right-handed
neutrinos and the CDF II anomaly, arXiv:2204.04559 [INSPIRE].

[85] J. Aebischer, J. Kumar, P. Stangl and D.M. Straub, A global likelihood for precision
constraints and flavour anomalies, Eur. Phys. J. C 79 (2019) 6.

[86] P. Stangl, smelli — the SMEFT Likelihood, PoS TOOLS2020 (2021) 035
[arXiv:2012.12211] [NSPIRE].

[87] J. Aebischer, J. Kumar and D.M. Straub, Wilson: a Python package for the running and
matching of Wilson coefficients above and below the electroweak scale, Fur. Phys. J. C 78
(2018) 1026 [arXiv:1804.05033] INSPIRE].

[88] D.M. Straub, flavio: a Python package for flavour and precision phenomenology in the
Standard Model and beyond, arXiv:1810.08132 [INSPIRE].

[89] H. Dembinski and P.O. et al., scikit-hep /iminuit.

~ 31—


https://arxiv.org/abs/2204.04559
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2204.04559
https://doi.org/10.1140/epjc/s10052-019-6977-z
https://doi.org/10.22323/1.392.0035
https://arxiv.org/abs/2012.12211
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2012.12211
https://doi.org/10.1140/epjc/s10052-018-6492-7
https://doi.org/10.1140/epjc/s10052-018-6492-7
https://arxiv.org/abs/1804.05033
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1804.05033
https://arxiv.org/abs/1810.08132
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1810.08132

	Introduction
	Computation of a(mu)
	General results
	VLL doublet bridge
	VLL singlet (triplet) bridge

	Two-field extensions
	Three-field extensions
	General phenomenological considerations
	The triple triplet model
	Conclusions
	Box diagram results

