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We discuss a simple renormalizable, gauge invariant model with a fermiophobic Z0 boson: it has no
couplings to the three Standard Model (SM) chiral families, but does couple to a fourth vectorlike (VL)
family. The SM Higgs couples to the fourth VL lepton, leading to an enhanced contribution to the muon
anomalous magnetic moment ðg − 2Þμ. The latter contribution requires a nonvanishing coupling of Z0 to
right-handed muons, which arises within this model due to mixing effects between the SM and VL
fermions, along with Z0 couplings to the second generation SM lepton doublet and third generation SM
quark doublet. This model can simultaneously account for the measured B-decay ratios RKð�Þ and ðg − 2Þμ.
We identify the parameter space where this explanation is consistent with existing experimental
constraints coming from Bs − B̄s mixing, neutrino trident production and collider searches. We also
check that the SM Higgs coupling to the fourth VL lepton does not produce a dangerous contribution to the
Higgs diphoton decay.

DOI: 10.1103/PhysRevD.105.035015

I. INTRODUCTION

Although the vast majority of particle-physics data is
consistent with the predictions of the Standard Model
(SM), in recent times a conspicuous series of discrepancies
in flavor observables has been established. One example
is the discrepancy in rare flavor-changing processes
mediated by quark-level bðb̄Þ → sðs̄Þll̄ transitions,
explored in the past by BABAR [1] and Belle [2], along
with LHC [3,4]. In particular, the ratio of B-mesons
decaying to Klþl−, which involves a b̄ → s̄ll̄ transition,
has been recently measured by LHCb [5] in the dilepton
mass-squared range 1.1 < q2 < 6 GeV2 for the final states
μþμ− over eþe−,

R½1.1;6�
K ¼ BrðB → Kμþμ−Þ

BrðB → Keþe−Þ ¼ 0.846þ0.044
−0.041 ; ð1Þ

along with the ratio of B-mesons decaying to K�lþl−,
measured in the past by LHCb [6],

R½1.1;6�
K� ¼ BrðB → K�μþμ−Þ

BrðB → K�eþe−Þ ¼ 0.69þ0.16
−0.12 : ð2Þ

Within the SM, lepton universality predicts RKð�Þ ¼ 1, up
to corrections of order 1% [7–11] due to the different mass
of muons and electrons. Hence, the previous observations
of RKð�Þ seem to indicate the breaking of SM lepton
universality, up to the 3.1σ [5] of the most updated
measurement of RK , while RK� is compatible with the
SM expectations at 2.4 − 2.5σ [6].
The apparent discrepancy of RKð�Þ with the SM may be a

hint of new physics. Following these recent measurements
of LHCb, a number of phenomenological analyses of this
data, see, e.g., Refs. [12–24], favor new physics operators
of the form s̄LγμbLμ̄LγμμL or s̄LγμbLμ̄RγμμR. In particular,
RKð�Þ can be explained by only the purely left-handed (LH)
operator with a coefficient Λ−2 where Λ ∼ 40 TeV, or also
by a linear combination of both. Promising candidates for
the arise of such effective operators are tree-level exchange
of a hypothetical, electrically neutral and massive Z0 boson
(see, e.g., [25–30]) with nonuniversal couplings to SM
fermions, or the contribution of a hypothetical leptoquark
(LQ) coupling with different strengths to the different types
of charged leptons (see, e.g., [31–34]).
Independent of the RKð�Þ anomaly, there also exists a

discrepancy with the SM predictions in the experimentally
measured anomalous magnetic moments a ¼ ðg − 2Þ=2 of
the muon and possibly the electron. The long-lasting
noncompliance of the muon aμ with the SM was first
observed by the Brookhaven E821 experiment at BNL [35].
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This discrepancy has been recently confirmed by the most
recent measurement of the Fermilab experiment [36],

Δaμ ¼ aμ − aSMμ ¼ ð2.51� 0.59Þ × 10−9; ð3Þ

a result 4.2σ greater than the SM prediction [37–57] and in
excellent agreement with the previous BNL E821 meas-
urement. Such a discrepancy can also be addressed by Z0
models [58–66] or leptoquarks [67–69], along with models
involving extended scalar content and/or vectorlike (VL)
fermions [70–73]. In particular, the minimal Z0 explan-
ations [58] require to introduce τ − μ couplings in order to
obtain an enhanced contribution proportional tomτ. In such
models, dangerous contributions to the flavor-violating
processes τ → 3μ or τ → μγ may arise, along with possible
breaking of lepton universality in leptonic tau decays,
which is currently unobserved. Instead, Refs. [59–66]
consider a fermiophobic Z0 model where the Z0 couplings
with SM fermions are obtained through mixing with a 4th
VL family. An enhanced contribution to Δaμ is obtained
through a coupling between the SM Higgs and a 4th VL
lepton, although it has to be checked that such a coupling
would not spoil the existing Higgs diphoton decay data.
Moreover, this contribution requires a nonvanishing cou-
pling of Z0 to right-handed (RH) muons, in such a way that
a purely left-handed explanation of RKð�Þ , as in previous
studies [29,30], cannot be performed in this case. The fact
that the latest phenomenological analyses [23,24] leave the
possibility to include an effective operator s̄LγμbLμ̄RγμμR in
the explanation of RKð�Þ opens the possibility to explain
simultaneously RKð�Þ and ðg − 2Þμ within this Z0 model.
However, it has to be checked whether such simulta-

neous explanation of both anomalies can also preserve all
currently released high energy experimental data, such as
the measurement of the mass difference ΔMs of neutral Bs
mesons, the observations of neutrino trident production and
the most recent collider signatures. Ideally, such a model
should be imminently testable with well-designed future
searches. Moreover, Uð1Þ0 extensions of the SM can be
affected by Landau poles well below the Planck scale, and
in some cases only a few orders of magnitude above the
TeV scale [74]. However, we consider here a bottom-up
approach, where the Uð1Þ0 extension acts as an effective
low energy theory, which would be embedded into a larger
symmetry group below the energy scale of the Landau pole.
Regarding the electron g − 2, there also exist measure-

ments which suggest a possible discrepancy with the SM
[75,76]. In [59], a similar Z0 model was considered for
addressing both the electron and muon g − 2. It was
concluded that it is not possible to address both anomalies
simultaneously, mainly due to the strong bounds coming
from Brðμ → eγÞ and neutrino trident. The fermiophobic Z0
model is a good candidate to explain either ðg − 2Þμ or
ðg − 2Þe (respecting all constraints) but not both simulta-
neously. Instead, in this article we will try to address both

ðg − 2Þμ and RKð�Þ simultaneously, which are insensitive to
electrons, hence no prediction for ðg − 2Þe will be given.
There are other Z0 models in the literature which address

both anomalies by considering a 4th VL family. In [60] the
couplings to muons are loop-induced, while the model in

[61] contains an extra Zð1Þ
1 × Zð2Þ

2 discrete symmetry and the
Z0 in [62,63] is not fermiophobic. The models in [64,65] are
similar model to that considered here but with general
mixing between VL and SM fermions, which leads to a
large number of parameters, including all possible Z0
couplings to SM fermion, along with dangerous FCNCs
and Z − Z0 kinetic mixing. Such a framework makes it
difficult to systematically explore the parameter space, and
instead a search of best fit points is performed. Moreover,
such analyses reveal that the relevant parameters to simulta-
neously address RKð�Þ and ðg − 2Þμ are only Z0 couplings to
bs quarks and muons. Hence, in contrast to the analyses in
[64,65], in the present paper we consider a simplified Z0
framework involving the fewest number of parameters in
which the explanation of both anomalies can be simulta-
neously realized, allowing a systematic exploration of the
parameter space.
The remainder of this article is organized as follows: in

Sec. II we outline the renormalizable and gauge invariant
fermiophobic model in which the Z0 only couples to a
vectorlike fourth family. In Sec. III, we show how it is
possible to switch on the couplings of the Z0 to the muon and
bs-quarks through mixing with the VL fermions, thereby
eliminating all unnecessary couplings and allowing us to
focus on the connection between the RKð�Þ and ðg − 2Þμ
anomalies. The phenomenology and the constraints that
affect this model are presented in Sec. IV. In Sec. V we

TABLE I. Particle assignments under SUð3Þc × SUð2ÞL ×
Uð1ÞY ×Uð1Þ0 gauge symmetry, i ¼ 1, 2, 3. The singlet scalars
ϕf (f ¼ Q; u; d; L; e; ν) have Uð1Þ0 charges −qf4 ¼
−qQ4;u4;d4;L4;e4;ν4 [28].

Field SUð3Þc SUð2ÞL Uð1ÞY Uð1Þ0

QLi ¼
�
uLi
dLi

�
3 2 1=6 0

uRi 3 1 2=3 0
dRi 3 1 −1=3 0

LLi ¼
�
νLi
eLi

�
1 2 −1=2 0

eRi 1 1 −1 0

QL4; Q̃R4 3 2 1=6 qQ4

uR4; ũL4 3 1 2=3 qu4
dR4; d̃L4 3 1 −1=3 qd4
LL4; L̃R4 1 2 −1=2 qL4

eR4; ẽL4 1 1 −1 qe4
νR4; ν̃L4 1 1 0 qν4
ϕf 1 1 0 −qf4

H ¼
�

hþ
ðvþh0Þ= ffiffi

2
p
�

1 2 1=2 0
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systematically explore the parameter space of the model, and
we also display and discuss the results from our analysis.
Finally, Sec. VI concludes the article.

II. THE MODEL

The model [28] (Table I) includes the three chiral families
of left-handed (LH) SUð2ÞL doublets ðQLi; LLiÞ and right-
handed (RH) SUð2ÞL singlets ðuRi; dRi; eRiÞ of the SM,
i ¼ 1, 2, 3; along with one vectorlike family of fermions
(formed by LH and RH SUð2ÞL doublets QL4; LL4, and
Q̃R4; L̃R4, together with LH and RH SUð2ÞL singlets
uR4; dR4; eR4; νR4 and ũL4; d̃L4, ẽL4; ν̃L4). The vectorlike
fermions are charged under a gauge symmetry Uð1Þ0, while

the three chiral families remain neutral under this symmetry,
which is the reason behind the model being called
fermiophobic. The scalar sector is augmented by gauge
singlet fields ϕf with nontrivial charge assignments −qf4
under the new symmetry, which are responsible for
spontaneously breaking Uð1Þ0 developing vacuum expect-
ation values (VEVs) hϕfi. The Z0 boson generated after
the symmetry breaking has a mass at the same scale hϕfi.
On the other hand, the vectorlike neutrino singlets would
lead to the type Ib seesaw mechanism for generating the
light neutrino masses, which was introduced in [77],
although this is beyond the scope of this article.
The full renormalizable Lagrangian is

Lren ¼ yuijQ̄LiH̃uRj þ ydijQ̄LiHdRj þ yeijL̄LiHeRj þ yu4Q̄L4H̃uR4 þ yd4Q̄L4HdR4 þ ye4L̄L4HeR4 þ yν4L̄L4H̃νR4

þ xQi ϕQQ̄LiQ̃R4 þ xLi ϕLL̄LiL̃R4 þ xui ϕ
�
u
¯̃uL4uRi þ xdi ϕ

�
d
¯̃dL4dRi þ xeiϕ

�
e
¯̃eL4eRi

þMQ
4 Q̄L4Q̃R4 þML

4 L̄L4L̃R4 þMu
4
¯̃uL4uR4 þMd

4
¯̃dL4dR4 þMe

4
¯̃eL4eR4 þMν

4
¯̃νL4νR4 þ H:c: ð4Þ

where H̃ ¼ iσ2H�, i ¼ 1, 2, 3. The requirement of Uð1Þ0
invariance of the Yukawa interactions involving the fourth
family yields the following constraints on the Uð1Þ0
charges:

qQ4
¼ qu4 ¼ qd4 ; qL4

¼ qe4 ¼ qν4 : ð5Þ

It is clear from Eq. (4) that fields in the 4th, vectorlike
family obtain masses from two sources. Firstly, from
Yukawa terms involving the SM Higgs field, such as
ye4L̄L4HeR4, which get promoted to chirality-flipping fourth
family mass termsMC

4 once the SM Higgs acquires a VEV.
Secondly, from vectorlike mass terms, likeML

4 L̄L4L̃R4. For
the purpose of clarity, we shall treat MC

4 and ML
4 as

independent masses in the analysis of the physical quan-
tities of interest, rather than constructing the full fourth
family mass matrix and diagonalizing it, since such
quantities rely on a chirality flip and are sensitive to MC

4

rather than the vectorlike masses ML
4 . Spontaneous break-

ing of Uð1Þ0 by the scalars ϕf spontaneously acquiring
VEVs gives rise to a massive Z0 boson featuring couplings
with the vectorlike fermion fields. In the interaction basis
such terms will be diagonal and of the following form:

Lgauge
Z0 ¼ g0Z0

μðQ̄LDQγ
μQL þ ūRDuγ

μuR þ d̄RDdγ
μdR

þ L̄LDLγ
μLL þ ēRDeγ

μeR þ ν̄RDνγ
μνRÞ; ð6Þ

where

DQ ¼ diagð0; 0; 0; qQ4
Þ; Du ¼ diagð0; 0; 0; qQ4

Þ; Dd ¼ diagð0; 0; 0; qQ4
Þ;

DL ¼ diagð0; 0; 0; qL4
Þ; De ¼ diagð0; 0; 0; qL4

Þ; Dν ¼ diagð0; 0; 0; qL4
Þ: ð7Þ

At this stage, the SM quarks and leptons do not couple to
the Z0. However, the Yukawa couplings detailed in Eq. (4)
have no requirement to be diagonal. Before we can
determine the full masses of the propagating vectorlike
states and SM fermions, we need to transform the field
content of the model such that the Yukawa couplings
become diagonal. Therefore, fermions in the mass basis
(denoted by primed fields) are related to particles in the
interaction basis by the following unitary transformations

Q0
L ¼ VQL

QL; u0R ¼ VuRuR; d0R ¼ VdRdR;

L0
L ¼ VLL

LL; e0R ¼ VeReR; ν0R ¼ VνRνR: ð8Þ

This mixing induces couplings of SM mass eigenstate
fermions to the massive Z0, which can be expressed as
follows

D0
Q ¼VQL

DQV
†
QL
; D0

u ¼VuRDuV
†
uR; D0

d ¼VdRDdV
†
dR
;

D0
L ¼VLL

DLV
†
LL
; D0

e ¼VeRDeV
†
eR ; D0

ν¼VνRDνV
†
νR :

ð9Þ

III. MIXING

In this article, we consider a minimal mixing framework1

in which both anomalies RKð�Þ and ðg − 2Þμ can be
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simultaneously addressed. This requires that the 4th VL
fermion family mixes only with the third generation of the
SM quark doublet and with the second generation of the
SM lepton doublet and singlet,

VQL
¼ VQL

34 ; VLL
¼ VLL

24 ; VeR ¼ VeR
24; ð10Þ

where

VQL
34 ¼

0
BBB@

1 0 0 0

0 1 0 0

0 0 cos θQ34 sin θQ34

0 0 − sin θQ34 cos θQ34

1
CCCA; ð11Þ

VLL;eR
24 ¼

0
BBB@

1 0 0 0

0 cos θLL;eR
24 0 sin θLL;eR

24

0 0 1 0

0 − sin θLL;eR
24 0 cos θLL;eR

24

1
CCCA; ð12Þ

so for the matrices in Eq. (9) we obtain

D0
Q¼VQL

34 DQðVQL
34 Þ†

¼ qQ4

0
BBBBB@
0 0 0 0

0 0 0 0

0 0 ðsinθQ34Þ2 cosθQ34 sinθ
Q
34

0 0 cosθQ34 sinθ
Q
34 ðcosθQ34Þ2

1
CCCCCA; ð13Þ

D0
L ¼VLL

24DLðVLL
24 Þ†

¼ qL4

0
BBB@
0 0 0 0

0 ðsinθLL
24 Þ2 0 cosθLL

24 sinθ
LL
24

0 0 0 0

0 cosθLL
24 sinθ

LL
24 0 ðcosθLL

24 Þ2

1
CCCA; ð14Þ

D0
e ¼VeR

24DeðVeR
24Þ†

¼ qL4

0
BBB@
0 0 0 0

0 ðsinθeR24Þ2 0 cosθeR24 sinθ
eR
24

0 0 0 0

0 cosθeR24 sinθ
eR
24 0 ðcosθeR24Þ2

1
CCCA; ð15Þ

hence in this basis the relevant Z0 couplings read

LZ0 ⊃ Z0
μðgbbb̄LγμbL þ gLμμμ̄LγμμL þ gRμμμ̄RγμμRÞ; ð16Þ

where

gbb ¼ g0qQ4
ðsin θQ34Þ2; ð17Þ

gLμμ ¼ g0qL4
ðsin θLL

24 Þ2; ð18Þ

gRμμ ¼ g0qL4
ðsin θeR24Þ2: ð19Þ

We also obtain a CKM suppressed bs coupling in the basis
in which the up-quark mass matrix is diagonal. In this basis,
VCKM ¼ V†

dL
, and we find the couplings

Z0gbss̄LγμbL; ð20Þ

where

gbs ¼ gbbVts ¼ g0qQ4
ðsin θQ34Þ2Vts; ð21Þ

and Vts ≈ −0.04. Usually RKð�Þ can be addressed with just
gbs and gLμμ couplings (see, e.g., [28–30]), but we also need
gRμμ in order to simultaneously explain ðg − 2Þμ in this
model, as we shall see in the next section. Moreover, here
both anomalies RKð�Þ and ðg − 2Þμ are insensitive to
electrons and taus, hence the electron and tau related Z0
couplings and mixing angles are free parameters.
Therefore, no prediction is given in this model for decays
with taus like B → Kð�Þττ̄ and other LFV processes like
ϒ → τμ. This is different from other Z0 models such as
[58], where Z0 couplings with taus are involved in the
explanation of ðg − 2Þμ.

IV. PHENOMENOLOGY AND FLAVOR
CONSTRAINTS

A. ðg− 2Þμ
The diagrams displayed in Fig. 1 lead to Z0-mediated

contributions to the muon anomalous magnetic moment,
namely [59]

Δaμ ¼ −
m2

μ

8π2M2
Z0

�
ðjgLμμj2 þ jgRμμj2ÞFðm2

μ=M2
Z0 Þ

þ ðjgLμEj2 þ jgRμEj2ÞFðm2
E=M

2
Z0 Þ

þ Re½gLμμðgRμμÞ��Gðm2
μ=M2

Z0 Þ

þ Re½gLμEðgRμEÞ��
MC

4

mμ
Gðm2

E=M
2
Z0 Þ

�
; ð22Þ

whereGðxÞ andFðxÞ areOð1Þ loop functions, andmE is the
propagating mass of the 4th lepton. In our case, mE ≃ML

4

since we consider that the dominant source of mass for the
4th lepton is vectorlike, i.e., ML

4 ≫ MC
4 . For the upcoming

sections we shall fix ML
4 ¼ 5 TeV, in order to preserve

ML
4 ≫ MC

4 for a chirality-flipping mass MC
4 of order GeV.

The couplings between muons and VL leptons read

1Such a simplified mixing framework could be enforced by
introducing some family symmetry, however a discussion of this
is beyond the scope of this article.
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gLμE ¼ g0qL4 cos θ
LL
24 sin θ

LL
24

¼ g0qL4
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − gLμμ=ðg0qL4Þ

q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gLμμ=ðg0qL4Þ

q
; ð23Þ

gRμE ¼ g0qL4 cos θ
eR
24 sin θ

eR
24

¼ g0qL4
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − gRμμ=ðg0qL4Þ

q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gRμμ=ðg0qL4Þ

q
; ð24Þ

where from now onwewill assume g0qL4 ¼ 1 for simplicity.
Since the loop functions satisfy GðxÞ < 0 and FðxÞ > 0,

the contributions proportional to GðxÞ and FðxÞ in Eq. (22)
interfere negatively. However, for a chirality-flipping mass
MC

4 of order v=
ffiffiffi
2

p
(where v ¼ 246 GeV is the SM Higgs

VEV), the term proportional toMC
4 in Eq. (22) is dominant

and positive due toGðxÞ < 0, matching the required sign to
explain the experimental measurement of Δaμ by Fermilab
[36] [see Eq. (3)]. Hence, a nonvanishing coupling of Z0 to
RH muons is crucial to explain ðg − 2Þμ here: otherwise, if
we assume gRμμ ¼ 0, then gRμE vanishes and we lose the
dominant contribution proportional to MC

4 .

B. RKð�Þ

One possible explanation of the RKð�Þ measurements in
LHCb is that the low-energy Lagrangian below the EW
scale contains additional contributions to the effective
4-fermion operator with left/right-handed muon, left-
handed b-quark, and left-handed s-quark fields,

ΔLeff ⊃ GL
bsμðs̄LγμbLÞðμ̄LγμμLÞ

þ GR
bsμðs̄LγμbLÞðμ̄RγμμRÞ þ H:c:; ð25Þ

arising in our model from integrating out the Z0 boson
at tree-level [Fig. 2(a)]. The above operators contribute
to the flavor changing transitions bL → sLμ̄LμL and

bL → sLμ̄RμR, respectively. A Z0-mediated contribution
to Bs → μ̄μ [Fig. 2(c)] also arises.
We can express the coefficients GL

bsμ and GR
bsμ as a

function of the couplings gbb, gLμμ, and gRμμ,

GL
bsμ ¼−

VtsgbbgLμμ
M2

Z0
¼−Vtsðg0Þ2qQ4

qL4ðsinθQ34Þ2ðsinθLL
24 Þ2

M2
Z0

;

ð26Þ

GR
bsμ ¼−

VtsgbbgRμμ
M2

Z0
¼−Vtsðg0Þ2qQ4

qL4ðsinθQ34Þ2ðsinθeR24Þ2
M2

Z0
;

ð27Þ

where it can be seen that both GL
bsμ and G

R
bsμ have the same

sign in our model.
In Ref. [24], the vector and axial effective operators

Heff ⊃ N ½δC9ðs̄LγμbLÞðμ̄γμμÞ
þ δC10ðs̄LγμbLÞðμ̄γμγ5μÞ� þ H:c:; ð28Þ

N ¼ −
4GFffiffiffi
2

p VtbV�
ts

e2

16π2
; ð29Þ

had been fitted to explain RKð�Þ up to the 1σ level, as shown
in Tables II and III. From the results for δC9 and δC10 we
have computed the numerical values of GL

bsμ and GR
bsμ that

fit RKð�Þ up to the 1σ level,

δC9 ¼ −
GL

bsμ þ GR
bsμ

2N
⇒ GL

bsμ ¼ N ðδC10 − δC9Þ; ð30Þ

δC10 ¼
GL

bsμ −GR
bsμ

2N
⇒ GR

bsμ ¼ −N ðδC9 þ δC10Þ: ð31Þ

FIG. 1. Feynman diagrams in the model contributing to ðg − 2Þμ, photon lines are implicit.

FERMIOPHOBIC Z0 MODEL FOR SIMULTANEOUSLY … PHYS. REV. D 105, 035015 (2022)

035015-5



The results displayed in Table II consider the so-called
“theoretically clean fit” which, as explained in Ref. [24],
displays the values of GL

bsμ and G
R
bsμ that simultaneously fit

RKð�Þ and the Bs → μ̄μ data. This fit is denoted as
theoretically clean since all the observables included are
free from theoretical uncertainties. On the other hand, the
global fit in Table III also includes the fit of angular
observables in B → K�μ̄μ data reported by LHCb, ATLAS
and CMS, which are afflicted by larger theoretical

uncertainties than the ratios of lepton universality violation
and the Bs → μ̄μ data [24].
On one hand, GL

bsμ shows similar best fit values of order
ð40 TeVÞ−2 in both fits, although the 1σ region is slightly
tighter in the global fit (Table III) than in the theoretically
clean fit (Table II). On the other hand, GR

bsμ shows the
largest differences between both fits. For the theoretically
clean fit, GR

bsμ < 0 is favored, although GR
bsμ > 0 is still

allowed. For the global fit, the situation is the opposite:

FIG. 2. (a) Z0 exchange diagrams contributing to RKð�Þ . (b) Z0 exchange diagrams contributing to neutrino trident production. (c) Z0

exchange diagrams contributing to Bs → μ̄μ. (d) Z0 exchange diagrams contributing to Bs − B̄s mixing.

TABLE III. Fit of RKð�Þ , Bs → μ̄μ data and angular observables of B → K�μ̄μ data (global fit) [24].

Best fit 1σ range

ðδC9; δC10Þ ð−0.56; 0.30Þ δC9 ∈ ½−0.79;−0.31�, δC10 ∈ ½0.15; 0.49�
ðGL

bsμ=N ; GR
bsμ=N Þ (0.86,0.26) GL

bsμ=N ∈ ½0.8; 0.94�, GR
bsμ=N ∈ ½−0.18; 0.64�

ðGL
bsμ; G

R
bsμÞ

�
1

ð38.34 TeVÞ2 ;
1

ð69.73 TeVÞ2
�

GL
bsμ ∈

h
1

ð39.75 TeVÞ2 ;
1

ð36.67 TeVÞ2
i
, GR

bsμ ∈
h
− 1

ð83.8 TeVÞ2 ;
1

ð44.44 TeVÞ2
i

TABLE II. Fit of RKð�Þ and the Bs → μ̄μ data (theoretically clean fit) [24].

Best fit 1σ range

ðδC9; δC10Þ ð−0.11; 0.59Þ δC9∈½−0.41; 0.17�, δC10 ∈ ½0.38; 0.81�
ðGL

bsμ=N ; GR
bsμ=N Þ ð0.7;−0.48Þ GL

bsμ=N ∈ ½0.64; 0.79�, GR
bsμ=N ∈ ½−0.98; 0.03�

ðGL
bsμ; G

R
bsμÞ

�
1

ð42.5 TeVÞ2 ;−
1

ð51.3 TeVÞ2
�

GL
bsμ ∈

h
1

ð44.44 TeVÞ2 ;
1

ð40 TeVÞ2
i
, GR

bsμ ∈
h
− 1

ð35.9 TeVÞ2 ;
1

ð205 TeVÞ2
i
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GR
bsμ > 0 is favored, although GR

bsμ < 0 is also allowed. As
a consequence, in both fitsGR

bsμ is compatible with zero and
hence RKð�Þ can also be explained with only the purely left-
handed operator s̄LγμbLμ̄LγμμL, as in previous Z0 models
[28–30]. However, we have shown that we need a non-
vanishing coupling of right-handed muons to Z0 in order to
explain ðg − 2Þμ, hence within this model we have a
nonzero right-handed contribution to RKð�Þ . Therefore,
we need to be aware of keeping such contribution, i.e.,
GR

bsμ, within the 1σ region of the considered fit.
Moreover, the best fit value ofGR

bsμ is negative within the
theoretically clean fit, but positive within the global fit. This
indicates that the extra angular observables of B → K�μ̄μ
data are relevant and drastically change the picture for
explaining RKð�Þ with effective operators s̄LγμbLμ̄RγμμR.
However, the fact that these angular observables are
affected by important theoretical uncertainties lead to some
tension in the community about whether angular observ-
ables of B → K�μ̄μ data should be considered or not in the
global fits. Because of this, during the remainder of this
work we will consider both fits for computing our results.
On the other hand, in our model GL

bsμ and GR
bsμ must have

the same relative sign. Therefore, we shall keep the product
qQ4

qL4 positive and then fit GR
bsμ in the positive region

allowed within the 1σ. We shall study whether this can be
challenging in the theoretically clean fit, where the positive
region allowed by the 1σ range of GR

bsμ is tiny. In other
words, the requirement of keepingGR

bsμ within the 1σ range
of the theoretically clean fit constitutes an extra effective
constraint over this model.

C. Bs − B̄s mixing

The Z0 coupling to bs-quarks in Eq. (20) leads to an
additional tree-level contribution [Fig. 2(d)] to Bs − B̄s
mixing,

ΔLeff ⊃ −
Gbs

2
ðs̄LγμbLÞ2 þ H:c: ð32Þ

where

Gbs ¼
g2bs
M2

Z0
¼ g2bbV

2
ts

M2
Z0

: ð33Þ

Such a new contribution is constrained by the results of
the mass difference ΔMs of neutral Bs mesons. The
theoretical determination of the mass difference is limited
by our understanding of nonperturbative matrix elements of
dimension six operators, which can be computed with
lattice simulations or sum rules. Here we follow the recent
analysis of Ref. [78], which displays two different results
for ΔMs,

ΔMFLAG019
s ¼ ð1.13þ0.07

−0.07ÞΔMexp
s ; ð34Þ

ΔMAverage019
s ¼ ð1.04þ0.04

−0.09ÞΔMexp
s : ð35Þ

ΔMFLAG019
s is obtained using lattice results, and is about

two standard deviations above the experimental numbers.
This result for the mass difference sets the strong bound

Gbs ≲ 1

ð330 TeVÞ2 : ð36Þ

On the other hand, ΔMAverage019
s , obtained as a weighted

average from both lattice simulations and sum rule results,
shows better agreement with the experiment, and a reduc-
tion of the total errors by about 40%. This result for the
mass difference sets a less constraining bound

Gbs ≲ 1

ð220 TeVÞ2 : ð37Þ

The resulting constraints will be shown as blue regions over
the parameter space.

D. Neutrino trident

The Z0 couplings to the second generation of the SM
lepton doublet and singlet lead to a new tree-level con-
tribution [Fig. 2(b)] to the effective 4-lepton interaction

ΔLeff ⊃ −
ðgLμμÞ2
2M2

Z0
ðμ̄LγμμLÞðν̄μLγμνμLÞ

−
gRμμgLμμ
M2

Z0
ðμ̄RγμμRÞðν̄μLγμνμLÞ: ð38Þ

This operator is constrained by the trident production
νμγ

� → νμμ
þμ− [81–83]. Using the results of the global fit

in Ref. [79], the bound over gLμμ and gRμμ is given by

−
1

ð390 GeVÞ2 ≲
ðgLμμÞ2 þ gLμμgRμμ

M2
Z0

≲ 1

ð370 GeVÞ2 ; ð39Þ

whereas in our case only the right side of (39) applies, since
according to Eqs. (18) and (19) gLμμ and gRμμ have the same
relative sign in our model and hence the product gLμμgRμμ is
positive. The resulting constraints will be shown as orange
regions over the parameter space.

E. Constraints from lepton flavor violation

Within the lepton sector the Z0 only couples to muons,
hence no Z0 lepton flavor-violating couplings are generated.
Therefore, in our Z0 model there are no contributions to
lepton flavor-violating processes such as μ → eγ or τ → 3μ.

F. Collider constraints

Our model is not constrained by electron collider
searches since our Z0 does not couple to electrons.
However, further constraints on our model come from
LHC searches. For light Z0 masses, the LHC measurements
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of the Z decays to four muons, with the second muon pair
produced in the SM via a virtual photon [84,85], pp →
Z → 4μ, set relevant constraints in the low mass region of
Z0 models, 5≲MZ0 ≲70GeV [30,83,86,87]. We avoid such
a constraint by keeping MZ0 > 75 GeV in our analysis.
For heavier Z0 masses, the strongest constraints come

from LHC dimuon resonance searches, pp → Z0 → μþμ−,
see also [88,89]. In our model, the Z0 is dominantly
produced at the LHC through its coupling to bottom
quarks, bb̄ → Z0. The cross section σðbb̄ → Z0Þ from bb̄
collisions is given for gbb ¼ 1 in Fig. 3 of Ref. [90], we
multiply it by g2bb in order to obtain the cross section for
any gbb. We neglect a further contribution coming from
bs̄ → Z0 since it is CKM suppressed by V2

ts. Therefore, we
assume that σðpp → Z0Þ is dominated by the subprocess

bb̄ → Z0. The Z0 boson can subsequently decay into
muons, muon neutrinos, bottom quarks, bottom-strange
quark pair, and also into top quarks when kinematically
allowed. The partial decay widths are given by

ΓZ0→μμ̄ ¼
1

24π
½ðgLμμÞ2 þ ðgRμμÞ2�MZ0 ;

ΓZ0→νμν̄μ ¼
1

24π
ðgLμμÞ2MZ0 ;

ΓZ0→bb̄ ¼
1

8π
g2bbMZ0 ; ΓZ0→bs̄ ¼

1

8π
g2bbV

2
tsMZ0 ;

ΓZ0→tt̄ ¼
1

8π
g2bbMZ0

�
1 −

m2
t

M2
Z0

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4m2
t

M2
Z0

s
; ð40Þ

FIG. 3. The parameter space in the (gLμμ; gbb) plane compatible with RKð�Þ anomalies and flavor constraints (white). The Z0 mass varies
over the plane, with an unique Z0 mass for each point in the plane as required to match the best fit value for GL

bsμ[Eq. (26)] of the
theoretically clean fit in Table II [Fig. 3(a), 3(b), 3(c)] and the global fit in Table III [Fig. 3(d)]. We show the recent Bs − B̄s mixing
constraints (blue and light blue) [78], the neutrino trident bounds (orange) [79], and the region excluded by LHC dimuon resonance
searches (purple) [80]. When a nonvanishing gRμμ is considered, the red-shaded region is excluded of the 1σ range of GR

bsμ[Eq. (27)] for
the considered fit. The dashed lines correspond to constant values of MZ0 as specified in the plots.
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from which we compute BrðZ0 → μμ̄Þ analytically,

BrðZ0 → μμ̄Þ

¼ ΓZ0→μμ̄

ΓZ0→μμ̄þΓZ0→νμν̄μ þΓZ0→bb̄þΓZ0→bs̄þΓZ0→tt̄
: ð41Þ

Then σðpp → Z0 → μþμ−Þ is estimated using the narrow-
width approximation,

σðpp → Z0 → μþμ−Þ ≈ σðpp → Z0ÞBrðZ0 → μμ̄Þ; ð42Þ

and compared with the limits obtained from the dimuon
resonance search by ATLAS [80], which allows us to
constrain Z0 masses between 150 GeVand 5 TeV. Previous
studies [30] verified that the analogous Tevatron analyses
give weaker constraints than LHC. All things considered,
the resulting ATLAS constraints will be shown as purple
regions over the parameter space.

G. Higgs diphoton decay

After spontaneous symmetry breaking (SSB), the
Yukawa term in Eq. (4) involving the SM Higgs field
and the 4th VL lepton gives rise to the chirality-flipping
mass MC

4 , which gives a very important contribution in
Eq. (22) for accommodating Δaμ with the experimental
measurements. On the other hand, MC

4 is also expected to
give an extra contribution to the decay of the Standard
Model Higgs to two photons, a process that has been
explored in colliders. Firstly, within the SM, fermions
[Fig. 4(a)] and W� bosons [Figs. 4(c), 4(d)] contribute to
the decay channel h0 → γγ [91]

Γðh0→ γγÞSM
¼ α2m3

h

256π3v2

				F1ðτWÞþ
X

fϵSM
NcfQ2

fF1=2ðτfÞ
				2; ð43Þ

where α ¼ 1=137, mh ¼ 126 GeV, v ¼ 246 GeV, Ncf ¼
1ðleptonsÞ; 3ðquarksÞ, Qf is the electromagnetic charge of
the fermion f in units of e, and the loop functions are
defined as

F1 ¼ 2þ 3τ þ 3τð2 − τÞfðτÞ; ð44Þ

F1=2 ¼ −2τ½1þ ð1 − τÞfðτÞ�; ð45Þ

with

τi ¼ 4m2
i =m

2
h ð46Þ

and

fðτÞ ¼

8>><
>>:

½arcsin ð1= ffiffiffi
τ

p Þ�2; if τ ≥ 1;

− 1
4

�
ln

�
1þ ffiffiffiffiffiffi

1−τ
p

1−
ffiffiffiffiffiffi
1−τ

p
�
− iπ

�
2

; if τ < 1:
ð47Þ

Note here that for large τ, F1=2 → −4=3. The dominant
contribution to Γðh0 → γγÞSM is the contribution of the W
bosons,

F1ðτWÞ ≃ 8.33; ð48Þ

and it interferes destructively with the top-quark loop

FIG. 4. Diagrams contributing to the Higgs diphoton decay (h0 → γγ) where fSM ¼ ui; di; ei, i ¼ 1, 2, 3 and E4 is the 4th family VL
lepton.
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NctQ2
t F1=2ðτfÞ ¼ 3ð2=3Þ2ð−1.37644Þ ¼ −1.83526; ð49Þ

therefore

Γðh0 → γγÞSM ¼ α2m3
h

256π3v2
j8.33 − 1.83526j2

≃ 9.15636 × 10−6 GeV: ð50Þ

The exact result by taking into account the contribution of
all SM fermions is

Γðh0 → γγÞSM ¼ 9.34862 × 10−6 GeV; ð51Þ

and if we take Γðh0 → allÞPDG 2021 ¼ 3.2þ2.8
−2.2 MeV, then

BRðh0 → γγÞSM ¼ Γðh0 → γγÞSM
Γðh0 → allÞPDG 2021

× 100 ≃ 0.29%:

ð52Þ
Now we add the contribution of a fourth VL lepton

[Fig. 4(b)] with VL mass ML
4 that couples to the Higgs via

the chirality-flipping massMC
4 , whereM

L
4 ≫ MC

4 (in such a
way that the propagating mass of the fourth lepton can be
approximated by the VL mass) [92],

Γðh0 → γγÞ ¼ α2m3
h

256π3v2

				F1ðτWÞ þ
X

fϵSM
NcfQ2

fF1=2ðτfÞ

þMC
4

ML
4

F1=2ðτE4
Þ
				2: ð53Þ

FIG. 5. Bounds on the parameter space in the (gLμμ, gbb) plane for fixed Z0 masses: 75, 100, 200 and 500 GeV, as indicated on each
panel. Each panel also displays the considered MC

4 and gRμμ, while the propagating mass of the VL lepton is always kept as
mE ≃ML

4 ¼ 5 TeV. The green region explains Δaμ up to 1σ. The yellow and pink regions fit the Wilson coefficient GL
bsμ (26) up to 1σ

for the theoretically clean fit and the global fit [24], respectively. The red horizontal line shows the limit of the 1σ region for the Wilson
coefficientGR

bsμ (27) in the more restrictive theoretically clean fit (i.e.,GR
bsμ ≤ 0.03), in such a way that the parameter space above the red

line is excluded. The blue and orange areas show the Bs − B̄s mixing [78] and neutrino trident [79] exclusions, respectively, while the
purple region is excluded by LHC dimuon resonance searches [80].
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We can see that the new contribution proportional to
the chirality-flipping mass is suppressed by the heavier
VL mass. Moreover, this new contribution decreases
Γðh0 → γγÞ, since it interferes destructively with the most
sizable contribution of the W bosons. Let us now compare
with the experimental results for the h0 signal strength in
the h0 → γγ channel [93],

Rγγ ¼
Γðh0 → γγÞ

Γðh0 → γγÞSM
; ð54Þ

RPDG;2020
γγ ¼ 1.11þ0.1

−0.09: ð55Þ

In the case of MC
4 ¼ 200 GeV,

RVL
γγ ¼ j8.33 − 1.83526 − 0.0533333j2

j8.33 − 1.83526j2 ¼ 0.983813: ð56Þ

In the case of MC
4 ¼ 600 GeV,

RVL
γγ ¼ j8.33 − 1.83526 − 0.16j2

j8.33 − 1.83526j2 ¼ 0.951336: ð57Þ

Therefore, even for a value of MC
4 close to the perturbation

theory limit MC
4 ≲ ffiffiffiffiffiffi

4π
p

v=
ffiffiffi
2

p
≃ 616.8 GeV, the chirality-

flipping mass contribution to h0 → γγ is within the 2σ
range of RPDG;2020

γγ .

V. RESULTS AND DISCUSSION

In Fig. 3 we have displayed the parameter space in the
ðgLμμ; gbbÞ plane for gRμμ ¼ 0, 0.0001, 0.01, considering the
theoretically clean fit [Figs. 3(a), 3(b), 3(c)] and the global
fit [Fig. 3(d)]. In every case, there is parameter space free
from all the constraints that is able to explain RKð�Þ . If we set
gRμμ ¼ 0 (Fig. 3(a)), we are making a purely left-handed
explanation of RKð�Þ , hence recovering the same results as in
Ref. [30]. As gRμμ is increased, the condition of keeping the
contribution to bL → sLμ̄RμR (namely the Wilson coeffi-
cient GR

bsμ) within the 1σ range becomes constraining over

FIG. 6. The same as in Fig. 5 but for heavy Z0 masses: 1000 and 2000 GeV, as indicated on each panel.
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the parameter space, especially when the theoretically clean
fit is considered [Figs. 3(b), 3(c)]. On the other hand, if the
global fit is considered [Fig. 3(d)], then larger values of gRμμ
are accessible.
In Figs. 5 and 6, for light and heavy Z0 masses

respectively, it can be seen that both the contribution to
bL → sLμ̄LμL that explains RKð�Þ (namely the Wilson
coefficient GL

bsμ) and Δaμ can be produced simultaneously
within their 1σ region by a Z0 with a mass in the range of
75 GeV to 2 TeV, for both the theoretically clean fit and the
global fit. Within this range of masses, GL

bsμ, G
R
bsμ and Δaμ

can be simultaneously fitted with the same parameters up to
the 1σ ranges of both the theoretically clean fit and the
global fit, since in all the considered cases the parameter
space where GL

bsμ and Δaμ are simultaneously explained is
also within the 1σ range of GR

bsμ. The upper bound for the
latter in the theoretically clean fit is displayed in Figs. 5
and 6 as a red horizontal line, there is no lower bound
displayed since GR

bsμ is compatible with zero in both fits. In
all the explored cases, the condition of fitting GR

bsμ is less
constraining than Bs − B̄s mixing.
For light Z0 masses around 75–200 GeV (Fig. 5), both

anomalies RKð�Þ and Δaμ can be explained simultaneously
with the condition of small gRμμ andMC

4 . On the other hand,
as displayed in Fig. 6, for heavy Z0 masses of 1–2 TeV
both anomalies can also be explained simultaneously but it
is required to increase either gRμμ (two lower panels of
Fig. 6) or MC

4 (two upper panels of Fig. 6). In every case,
MC

4 is kept below the perturbation theory limit of
MC

4 ≲ ffiffiffiffiffiffi
4π

p
v=

ffiffiffi
2

p
≈ 618 GeV, and its contribution to

Higgs diphoton decay has been previously proven to be
within the 2σ range of the experimental signals even for
values of MC

4 close to the perturbation theory limit.
Moreover, in every case gRμμ is set to values for which
GR

bsμ can be simultaneously fitted, hence RKð�Þ is explained.
Fitting both anomalies simultaneously for MZ0 > 2 TeV
could in principle be possible but would require chirality-
flipping masses too close to the perturbation theory limit,
and/or values of gRμμ of Oð0.1Þ or higher, for which the 1σ
range of GR

bsμ in the theoretically clean fit becomes more
challenging to fit, leading to constraints over the parameter
space larger than the present limits of Bs − B̄s mixing.
Instead, if we consider the global fit that includes angular
observables of B → K�μ̄μ data, here GR

bsμ is compatible
with larger positive values and hence also larger gRμμ are
accessible, in such a way that explaining both anomalies
with heavier masses of Z0 is possible. However, Figs. 5 and
6 also show that collider constraints coming from dimuon
resonance searches by ATLAS [80] are very constraining
for MZ0 > 500 GeV. Although in every case we can still
find good points that simultaneously explain both RKð�Þ and
Δaμ while avoiding the ATLAS constraint, such points

could be ruled out in the future by the upcoming LHC run 3
starting in 2022.

VI. CONCLUSIONS

We have shown that both muon anomalies RKð�Þ and
ðg − 2Þμ can be simultaneously addressed in a simplified
fermiophobic Z0 model with 75 GeV≲MZ0 ≲ 2 TeV. The
explanation of ðg − 2Þμ in this model requires nonvanish-
ing couplings of Z0 to left-handed and right-handed muons
gLμμ, gRμμ, along with a nonvanishing chirality-flipping mass
MC

4 obtained from the coupling of a fourth vectorlike
lepton to the SM Higgs. The explanation of RKð�Þ also
requires a coupling of Z0 to bs-quarks. Such Z0 couplings
are obtained in this model through mixing of muons and
bottom quarks with a fourth vectorlike fermion family. In
particular, the Z0 coupling to bs is CKM suppressed since
gbbVts in the basis in which the up-quark mass matrix is
diagonal.
The scenario considered in this paper represents a

minimal mixing framework in which only three mixing
parameters are involved. By contrast, other Z0 models that
address both muon anomalies are either not fermiophobic
[62,63], consider extra symmetries [61] or involve a
general mixing framework with a very large number of
parameters [64,65], where only a search of best fit points
is performed. Instead, within the simplified approach
followed here, we had been able to systematically explore
the parameter space, extracting interesting conclusions in
the process.
The fact that the explanation of the muon g − 2 anomaly

requires a nonzero coupling gRμμ ≠ 0 means that it is not
possible to provide a purely left-handed explanation of
RKð�Þ as in previous studies [29,30] which do not consider
the muon g − 2 anomaly. Consequently it is necessary here
to fit both the LH and RH Wilson coefficients of the
effective operators, GL

bsμ and G
R
bsμ, within the 1σ range that

explains RKð�Þ according to the latest global fits [24]. This
leads to a more involved and highly constrained analysis
than often considered, which is summarized as follows.
Explaining both muon g − 2 and RKð�Þ anomalies for

MZ0 > 2 TeV becomes challenging if we consider the
theoretically clean fit where the positive 1σ region of
GR

bsμ is small. This is because larger values of gRμμ are
required to explain ðg − 2Þμ, but then this implies smaller
values of gbb to keep GR

bsμ within the 1σ range of the
theoretically clean fit. For heavier masses of Z0, larger
values of gbb are required to fit GL

bsμ. However, the heavier
the Z0 boson is, the larger the values of MC

4 must be to
explain ðg − 2Þμ, with MC

4 bounded from above by pertur-

bation theory, MC
4 ≲ ffiffiffiffiffiffi

4π
p

v=
ffiffiffi
2

p
≈ 618 GeV. On the other

hand, if we consider the global fit that includes angular
observables of B → K�μ̄μ data, here GR

bsμ is compatible
with larger positive values and hence also larger gRμμ are
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allowed, but the perturbation theory constraint over MC
4

remains. Despite these challenges we have been able to find
viable regions of parameter space which can explain both
the muon g − 2 and RKð�Þ , for both global fits.
Finally, we have studied the impact of collider searches

for this simplified model: constraints coming from exper-
imental measurements of Z → 4μ can be avoided by
keeping MZ0 > 70 GeV [30,83,86,87]. However, dimuon
resonance searches by ATLAS [80] are already very
constraining for MZ0 > 500 GeV, in such a way that the

good results of this model for heavy Z0 masses could be
probed by the upcoming LHC run 3 starting in 2022.
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