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In addition to anomalies associated with the muon g − 2 and the branching ratio (BR) of B → Dð�Þτν̄,
Belle II recently observed an unexpectedly large BR in the Bþ → Kþνν̄ decay. To resolve the anomalous
excesses in these observables, we propose a framework involving a leptoquark, denoted by S1, which has
the feature that down-type quarks merely couple to neutrinos but not the charged leptons, avoiding the strict
constraint from the Bs → μ−μþ decay. With the introduction of the Uð1ÞLμ−Lτ

gauge symmetry, the Z0 with
light mass not only resolves the muon g − 2 anomaly, but also ensures that S1 couples exclusively to the
third-generation leptons so that only τν̄τ and τ-neutrino modes are involved in the processes b → clν̄ and
b → sνν̄, respectively. Under the dominant constraints from jΔFj ¼ 2 processes, we find that the S1
contributions to the BRs of B → Kð�Þνν̄ and KL → π0νν̄ can be factorized into the same multiplicative
factor multiplying the standard model predictions, and the enhancement can be up to a factor of 2. In
particular, BðKþ → πþνν̄Þ can reach the upper 1σ error of the experimental value, i.e., ≃15.4 × 10−11. We
also show that the model can fit the new world averages of RðDð�ÞÞ and contribute significantly to the τ
polarization in the B → Dτν̄ decay and BðBc → τν̄Þ.
DOI: 10.1103/PhysRevD.109.075004

I. INTRODUCTION

Loop-induced rare processes in the standard model (SM)
are commonly considered promising places for probing
new physics effects. One example is the muon anomalous
magnetic dipole moment (muon g − 2), which deviates
from the Dirac theory prediction through its radiative
corrections and is thus sensitive to new physics contribu-
tions. Currently, using the data-driven approach to evaluate
the hadronic vacuum polarization (HVP) leads to a 5.1σ
deviation from the SM prediction [1,2].1

Using the exclusive- and hadronic-tag approaches with
362 fb−1 of data, the Belle II Collaboration has observed
the first evidence of Bþ → Kþνν̄ decay, which arises from
the electroweak box and penguin diagrams in the SM. The
combined result from both tag approaches is reported as [12]

BðBþ → Kþνν̄Þ ¼ �
2.3� 0.5ðstatÞþ0.5−0.4ðsystÞ

�
× 10−5

¼ ð2.3� 0.7Þ × 10−5; ð1Þ

indicating a 2.7σ deviation from the SM prediction.
Earlier measurements by BABAR were reported as

ð0.2� 0.8Þ × 10−5 [13] and ð1.5� 1.3Þ × 10−5 [14], while
Belle’s results were ð2.9� 1.6Þ × 10−5 [15] and ð1.0�
0.6Þ × 10−5 [16]. Using the weighted average, the com-
bined branching ratio (BR) from all five data yields
BðBþ → Kþνν̄Þ ¼ ð1.3� 0.4Þ × 10−5 [12]. If we take
the SM prediction to be BðBþ → Kþνν̄ÞSM ¼ ð4.65�
0.62Þ × 10−6 [17], the ratio of the measurement to the
SM result can be estimated as

Rν ≡ BðBþ → Kþνν̄Þ
BðBþ → Kþνν̄ÞSM ¼ 2.80� 0.94: ð2Þ

This deviation from the SM prediction hints at the
possibility of exotic interactions in b → sνν̄ or b → sþ
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1The first complete lattice QCD result of HVP calculated by the
BMW Collaboration shows a 2.1σ deviation from the data-driven
approach [3]. This results in a reduced tension between theory and
experiment. Moreover, applying the recent measurement of
eþe− → πþπ− cross section, the CMD-3 experiment obtains a
consistent result with BMW [4,5]. Nevertheless, since the CMD-3
result disagrees with earlier measurements, such as BABAR [6],
BESIII [7], CLEO-c [8], CMD-2 [9], and KLOE [10], resolving
this tension requires more lattice QCD efforts and new experi-
ments, e.g., MUonE [11], to confirm/remove the discrepancy.
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invisible processes [18–26]. In this study, we focus on the
former scenario and, more generally, we investigate the rare
decaying processes involving the di → djνν̄ transitions,
where ðdi; djÞ ¼ ðb; sÞ or ðs; dÞ.
Leptoquarks (LQs) have been broadly studied as poten-

tial solutions to the anomalies of lepton-flavor universality
measured in B meson decays [27–42]. Among the scalar
LQ models, the LQ S1 with the SUð3ÞC × SUð2ÞL ×Uð1ÞY
quantum numbers ð3; 1;−2=3Þ couples down-type quarks
to neutrinos but not charged leptons. Because of this
distinctive feature, the effects of S1 only affect the di →
djνν̄ processes, but not those involving the di → djlþl0−

transitions. The fact that current experimental measure-
ments on Bs → μþμ− [43,44] and RðKð�ÞÞ [45] show no
significant deviations from the SM [46] makes the S1 model
a perfect model to explain the above mentioned Rν anomaly
and to enhance the BRs of B → KðK�Þνν̄ in general.
In addition to enhancing the BRs of B → KðK�Þνν̄

decays, the S1 model offers an explanation for the anoma-
lies observed in RðDð�ÞÞ [31–36]. The current experimental
values are RðDÞ ¼ 0.357� 0.029 and RðD�Þ ¼ 0.284�
0.012 [44]. The SM results obtained by various lattice QCD
groups show agreement with each other [47–55], and the
SM predictions averaged by the Heavy Flavor Averaging
Group are given as RðDÞ ¼ 0.298� 0.004 and RðD�Þ ¼
0.254� 0.005 [44]. These measurements reveal an overall,
notable 3.3σ deviation from the SM in the b → cτν
decays [44].
The S1 couplings to quarks and neutrinos are generally

flavor dependent. It is thus a common practice in the
literature to assume an arbitrary structure of the flavor
couplings. However, it would be more compelling if a
specific flavor structure comes from an underlying sym-
metry. In particular, the symmetry that may naturally
suppress couplings to leptons in the first two generations
holds the potential for explaining the observed excesses
in RðDð�ÞÞ. Models with the Uð1ÞLμ−Lτ

gauge symmetry,
denoted by Uð1Þμ−τ, have been extensively studied for
various phenomenological reasons [56–58], including its
potential role in resolving the muon g − 2 anomaly [59–62].
It is found that if the SM is extended to include the Uð1Þμ−τ
gauge symmetry, not only can the muon g − 2 puzzle be
resolved, we also provide a natural way to obtain desirable
flavor couplings to the LQ. Additionally, due to the lepton-
flavored Uð1Þμ−τ gauge symmetry, the LQ S1 carrying
the quantum number F ¼ 3Bþ L ¼ 2 can only couple to
the quarks and leptons, and the diquark couplings to two
quarks are suppressed [63]. Therefore, the proton still
remains stable.
Once the SM symmetry is extended to include the

Uð1Þμ−τ gauge symmetry, the model then has the following
features: (i) S1 primarily couples to the third-generation
leptons, while its couplings to first- and second-generation
leptons are naturally suppressed. (ii) In the absence of a

new weak CP phase, there are only three independent
down-type quark couplings in the model, denoted by yqLk,
that are interconnected by the Cabibbo-Kobayashi-
Maskawa (CKM) matrix. This results in various flavor-
changing neutral current (FCNC) processes in B and K
decays involving these three parameters. (iii) The charged
lepton mass matrix is forced to be diagonal due to the
presence of the Uð1Þμ−τ gauge symmetry. Therefore, no
lepton-flavor mixings are introduced if the SM Higgs
doublet is the only scalar field responsible for the sponta-
neous electroweak symmetry breakdown. We note that
the gauge coupling gZ0 of Oð10−4Þ with Z0 mass of
Oð10–200Þ MeV can readily explain the muon g − 2
anomaly, as has been studied extensively in the literature
[58,60,62,64–68]. In this work, we focus on the LQ effects
on the di → djνν̄ and b → cτν̄τ decays.
Since the effective Hamiltonian for the di → djνν̄

transitions mediated by S1 has the same interaction struc-
ture as in the SM, the BRs of B → KðK�Þνν̄ and KL → πνν̄
in this model can be factorized into a scalar factor, which
encodes the effects of S1, multiplied by the SM values.
When considering the stringent constraints from the
jΔFj ¼ 2 processes (F ¼ s and/or b), numerical analyses
yield the typical values of yqLk as yqL1 ∼Oðλ2Þ and
yqL2 ∼OðλÞ when we set yqL3 ∼Oð1Þ, written in terms of
Wolfenstein’s parameter λ ≃ 0.225. With this structure of
the new Yukawa couplings, the BRs for B → KðK�Þνν̄ and
KL → πνν̄ can possibly exceed the SM predictions by at
least a factor of 2. In this case, BðKþ → πþνν̄Þ can reach
the upper 1σ error of the experimental value. In addition,
RðDÞ and RðD�Þ can be enhanced up to the central values
of current data.
In the following, we will formulate the BRs for the

exclusive di → djνν̄ processes mediated by S1 in Sec. II.
Constraints from ΔK ¼ 2 and ΔBq ¼ 2 are analyzed in
Sec. IV. Detailed numerical analysis and discussions are
given in Sec. V. Our findings are summarized in Sec. VI.

II. B → Kð�Þνν̄ AND K → πνν̄ VIA LQ S1

According to the model setup, only leptons in the last
two generations and S1 carry the Uð1Þμ−τ charges. More
explicitly, Table I shows the SUð2ÞL ×Uð1ÞY ×Uð1Þμ−τ
quantum numbers of all leptons and S1. Based on these
assignments, the Yukawa interactions of the LQ S1 are
given by

TABLE I. Quantum numbers of the leptons and LQ S1.

eLðRÞ μLðRÞ τLðRÞ S
−1
3

1

Lμ − Lτ 0 1 −1 −1
SUð2ÞL 2(1) 2(1) 2 1
Uð1ÞY −1ð−2Þ −1ð−2Þ 1 −2=3
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−LY ⊃ Qc
Liτ2y

q
LLτðS−

1
3

1 Þ� þ ucRy
u
RτRðS−

1
3

1 Þ� þ H:c:; ð3Þ

where the quark-flavor indices are suppressed, QT
L ¼

ðu; dÞL and LT
τ ¼ ðντ; τÞL represent the quark and the

third-generation lepton doublets, respectively, and Fc ¼
Cγ0F� with C being the charge conjugation operator.
The Uð1Þμ−τ gauge symmetry restricts the charged lepton
mass matrix to be diagonal. Consequently, the lepton-flavor
mixing matrices Vl

R;L are both unit matrices, e.g., Vl
R;L ¼ 1.

This has further implications for the LQ interaction
described in Eq. (3), as it only couples to the third-
generation leptons due to the absence of light-charged
leptons involved in the process. As a result, the interactions
in Eq. (3) exclusively induce the b → cτντ decay through
the Yukawa couplings yuR2 and yqL3 and have no contribu-
tions to the light lepton modes. In other words, RðDð�ÞÞ can
be enhanced without suppressing the additional contribu-
tions to the light lepton modes. Additionally, from the
Yukawa couplings in Eq. (3), although only the τ neutrino
is involved in the di → djνν̄ decays, we will demonstrate
that the BRs for B → Kð�Þνν̄ and K → πνν̄, in combination
with the SM contributions, can be enhanced up to a factor
of 2 compared to the SM results. Because of the lack of
evidence that calls for new CP-violating sources in the
processes considered in this work, CP violation origi-
nates purely from the Kobayashi-Maskawa (KM) phase in
this study. Therefore, yqL and yuR are assumed to be real
parameters.
Taking the up-type quarks to be the diagonalized states,

Eq. (3) in terms of physical states can be expressed as

−LY ⊃
�
uCLy

q
LPLτ þ uCRy

u
RPRτ

�
ðS−1

3Þ�

− dCLV
TyqLPLντðS−1

3Þ� þ H:c:; ð4Þ

with V ¼ Vd†
L being the CKM matrix. We note in passing

that generating neutrino mass would require additional
mechanisms not explored in this work. Therefore, we
will treat the neutrinos as massless particles and refrain
from introducing the Pontecorvo-Maki-Nakagawa-Sakata
(PMNS) matrix for describing the mixing among neutrino
flavors. Even if we include the PMNS matrix in Eq. (4)
when calculating the BRs for neutrino-related decays, the
final results after summing up all neutrino flavors remain
independent of the PMNS matrix due to its unitarity.
Hence, we omit the PMNS matrix in Eq. (4).
From Eq. (4), the tree-level-induced FCNCs in the down-

type quark processes are only determined by VTyqL. To reveal
the flavor couplings, YS1 ≡ VTyqL can be decomposed as

YS1
d ≈ Vtdy

q
L3 − λyqL2 þ yqL1;

YS1
s ≈ Vtsy

q
L3 þ yqL2 þ λyqL1;

YS1
b ≈ yqL3; ð5Þ

where we have applied Vud≈Vcs≈Vtb≈1, Vus≈−Vcd≈λ,
and Vts;td ≪ Vtb. The ratio of Bd − Bd to Bs − B̄s mixing
due to purely LQ contributions is given by ΔmS1

Bd
=ΔmS1

Bs
∼

jYS�
1

b YS1
d j2=jYS�

1

b YS1
s j2. To match the SM result of

ΔmBd
=ΔmBs

∼ λ2, which aligns with the experimental
observations, and simultaneously achieve RðDð�ÞÞ enhance-
ment, the condition jyqL1j < jyqL2j < jyqL3j for the Yukawa
couplings is required. For processes involving the di →
djνν̄ transitions, the only relevant new parameters are mS1
and yqLk. We will show that, when these parameters are
bounded by observables ofΔK ¼ 2 andΔB ¼ 2 processes,
the model can yield significant deviations on the B →
Kð�Þνν̄ and K → πνν̄ processes from the SM predictions.
Note that the b → sτ−τþ transition can be induced by the
interactions in Eq. (4) through the box diagrams, predomi-
nantly mediated by oneW and one S1 in the loop. However,
compared to the SM contribution, the box diagrams indeed

are suppressed bym2
W=m

2
S1
. Using Y

S�
1

b YS1
s ¼ 0.1 andmS1 ¼

1.5 TeV, the resulting Hamiltonian of the box diagrams is a
factor of ∼4% smaller than that in the SM. Therefore, we
neglect the S1 contribution to b → sτ−τþ.
Based on the couplings in Eq. (4), the effective inter-

actions for di → djνν̄, combined with the SM contribution,
are given by

HLQ ¼ CSM
L V�

tdi
Vtdj

�
Xt þ CS1

L;ijδlτ
�
d̄iγμPLdjν̄lγμPLνl;

ð6Þ
where PL ¼ ð1 − γ5Þ=2, Xt ¼ 1.469� 0.017 [18], and the
effective coefficients are defined as

CSM
L ¼ 4GFffiffiffi

2
p αem

2πs2W
; CS1

L;ij ¼ −
ðYS1

di
Þ�YS1

dj

2m2
S1
V�
tdi
VtdjC

SM
L

: ð7Þ

Since only left-handed currents are involved in Eq. (6), the
S1 contributions to the BRs for the decays B → Mνν̄ with
M ¼ K or K� can be factored out together with the SM
result as a multiplicative factor. The resulting BRs can then
be simplified as

BðB → Mνν̄Þ ¼ BðB → Mνν̄ÞSMRν;

with Rν ¼ 2

3
þ 1

3

				1þ CS1
L;bs

Xt

				
2

; ð8Þ

where B ¼ BþðBdÞ when M ¼ KþðK�0Þ. Using the B →
K;K� form factors that combine light-cone sum-rule and
lattice QCD [18,69,70] studies, the SM predictions of their
BRs are [17]

BðBþ → Kþνν̄ÞSM ¼ ð4.65� 0.62Þ × 10−6;

BðBd → K�0νν̄ÞSM ¼ ð10.13� 0.92Þ × 10−6: ð9Þ
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It is worth mentioning that the current experimental upper
limit for B → K�νν̄ at 90% confidence level (C.L.) is
BðB → K�νν̄Þ < 2.7 × 10−5 [16], where BðB → K�νν̄Þ
combines the results from the charged and neutral B meson
decays. Including the SM errors at 90% C.L., we obtain
Rν < 2.2. We will take this upper bound as an input for the
parameter scan. Since the new physics effect can be
factored out, the longitudinal polarization fraction of K�
in the model is expected to be the same as that in the SM,
i.e., FSM

L ¼ 0.47� 0.03 [18]. It is interesting to utilize this
property to distinguish the interaction structures of poten-
tial new physics models. A formula analogous to Eq. (8)
can be derived for the B → πðρÞνν̄ decays. Utilizing
the form factors obtained in Refs. [69,71], the SM
predictions can be estimated as BðBþ → πþðρþÞνν̄Þ≃
1.8ð3.7Þ × 10−7. Compared to B → KðK�Þνν̄, these BRs
are suppressed by jVtd=Vtsj2. Even though their BRs could
have significant deviations from the SM expectations due to
the Yukawa coupling YS1

d , they are still far from current
experimental sensitivities, where the current upper limits
are BðBþ → πþðρþÞνν̄Þexp < 1.4ð3.9Þ × 10−5 [43].
According to the interactions introduced in Eq. (6) and

the parametrizations for the BRs of the Kþ → πþνν̄ and
KL → π0νν̄ decays as shown in Refs. [72,73], the influence
of S1 on the BRs of these decays can be obtained,
respectively, as

BðKþ → πþνν̄Þ ¼ 2

3
BðKþ → πþνν̄ÞSM þ κþð1þ ΔEMÞ

3

×


�
ImXS1

eff

λ5

�2

þ
�
ReðV�

csVcdÞ
λ

PcðXÞ

þ ReðXS1
effÞ

λ5

�
2


; ð10Þ

where XSM
eff ¼ V�

tsVtdXt, XS1
eff ¼ XSM

eff þ V�
tsVtdC

S1
L;sd, and

PcðXÞ ¼ 0.404� 0.024 denotes the charm-quark contri-
bution [72–74], ΔEM ¼ −0.003, κþ ¼ ð5.173� 0.025Þ×
10−11ðλ=0.225Þ8; and

BðKL → π0νν̄Þ ¼ BðKL → π0νν̄ÞSMRν: ð11Þ

Note that it is a prediction of the model with the assumed
hierarchy in the yqLk couplings that both BðB → Mνν̄Þ and
BðKL → π0νν̄Þ have approximately the same fractional
deviation, Rν defined in Eq. (8), from their respective
SM values. The SM predictions for the rare kaon decays
are [17]

BðKþ → πþνν̄ÞSM ¼ ð8.60� 0.42Þ × 10−11;

BðKL → π0νν̄ÞSM ¼ ð2.94� 0.15Þ × 10−11: ð12Þ

For the Kþ → πþνν̄ decay, the current experimental meas-
urement, combining E949 at BNL [75] and NA62 at

CERN [76], is ð11.4þ4.0
−3.3Þ × 10−11. With the 2021 data

analysis by KOTO, the upper limit for KL → π0νν̄ now is
BðKL → π0νν̄Þ < 2 × 10−9 [77]. From Eq. (11), it can be
seen that, similar to B → Mνν̄, the LQ contribution to
KL → π0νν̄ can be expressed as a product of the SM
prediction and a scalar factor that encodes the S1 effects.
When the small weak phase of Vts is neglected, Y

S1
s is a real

parameter, and the imaginary part of Vtd from YS1
d forKL →

π0νν̄ can be factored out as part of the SM prediction.
Consequently, the CP-violating effect does not appear in
the multiplicative factor in Eq. (11).
For mZ0 ∼Oð100Þ MeV, B → Kð�Þνν̄ can proceed

through the resonant channel B → Kð�ÞðZ0 →Þνν̄.
Though the Z0 gauge boson of Uð1Þμ−τ can only couple
to the second- and third-generation leptons, by kinetic
mixing with the Uð1ÞY gauge boson in the SM, the induced
effective interactions of Z0 with quarks can be written as
L ⊃ −eϵJμZ0

μ [78], where e is the QED coupling and Jμ is
the electromagnetic current of quarks. Accordingly, the
b → sZ0 transition can be induced via the penguin diagram
mediated by the W gauge boson and top quark, and the
resulting effective Hamiltonian is obtained as

Hb→sZ0 ¼ −CZ0 s̄γμPLbZ0
μ

¼ −
4

ffiffiffi
2

p
GFV�

tsVtb

ð4πÞ2
�
m2

t QteϵI0ðxtÞ
�
s̄γμPLbZ0

μ;

ð13Þ

where Qt ¼ 2=3 is the electric charge of the top quark,
xt ¼ m2

t =m2
W , and the loop integral is defined as

I0ðxtÞ ¼
Z

1

0

dy
y

1þ ðxt − 1Þy : ð14Þ

The effective Hamiltonian for the b → sνν̄ transition
mediated by the light Z0 can be written as

HZ0 ¼ gZ0CZ0

q2 −m2
Z0 þ imZ0ΓZ0

s̄γμPLbν̄l0γμPLνl0 ; ð15Þ

where l0 ¼ μ, τ, ΓZ0 is the width of the Z0 gauge boson, and
q2 is the invariant mass of the neutrino pair. The total
effective Hamiltonian for the b → sνν̄ transition should
combine Eqs. (15) and (6). However, because the
Z0-mediated contribution becomes dominant at the Z0 reso-
nance, i.e., when q2 ≈m2

Z0 , the BRs of B → Kð�Þνν̄ can be
decomposed as BðB → Kð�Þνν̄Þ ¼ BðB → Kð�Þνν̄ÞLQ þ
BðB → Kð�ÞZ0Þ × BðZ0 → νν̄Þ. The BRs for B →
ðK;K�ÞZ0 can be obtained as

BðBþ → KþZ0Þ ¼ τBþ
mBjCZ0fþðm2

Z0 Þj2
64π

m2
B

m2
Z0
; ð16Þ
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BðBd → K�0Z0Þ ¼ τBd

mBjCZ0A12ðm2
Z0 Þj2

π

m2
K�0

m2
Z0

; ð17Þ

where τBþ and τBd
are the lifetimes of Bþ and Bd,

respectively, and fþðq2Þ and A12ðq2Þ are the B →
ðK;K�Þ form factors. We note that the longitudinal com-
ponents of K� and Z0 in Bd → K�0Z0 play the dominant
effect, where the associated form factors A1;2ðq2Þ are
derived from the axial vector current. Because of the fact
that mK�0 ≪ mBd

, the related form factors in the BR can be
simplified as A1ðq2Þ − A2ðq2Þ ≈ 16A12ðq2Þm2

K�0=m2
Bd

[69].
Taking mZ0 ¼ 100 MeV, ϵ ¼ 9.4 × 10−6, fþðm2

Z0 Þ ¼ 0.31
[79], and A12ðm2

Z0 Þ ¼ 0.256 [69], we obtain BðBþ →
KþZ0Þ ≃ 3.35 × 10−7 and BðBd → K�0Z0Þ ≃ 3.90 × 10−7,
while the muon g − 2 correction in this case is estimated to
be Δaμ ∼ 1.0 × 10−9. Even with BðZ0 → νν̄Þ ¼ 1, the BRs
for the B → Kð�Þνν̄ decays from the resonant Z0 contribu-
tion are at least 1 order of magnitude smaller than the SM
predictions. Therefore, the Z0 effect on B → Kð�Þνν̄ can
be neglected. The same conclusion can be applied to the
K → πνν̄ decays.

III. OBSERVABLES IN B → Dð�Þτν̄ AND Bc → τν̄

The Yukawa couplings yqL3;L2, together with yuR2, con-
tribute to the b → cτν̄τ transition. To illustrate the influence
on the observables related to the exclusive b → cτν̄τ decays
in the model, we show the effective Hamiltonian for
b → clν̄ mediated by W and S−1=31 as [62]

Hb→clν ¼
4GFVcbffiffiffi

2
p ��

1þ Cl
Vδ

l
τ

�
c̄γμPLblγμPLνl

þCτ
Sc̄PLbτ̄PLντ þ Cτ

Tc̄σμνPLbτ̄σμνPLντ
�
; ð18Þ

where the effective Wilson coefficients at the mS1 scale are
given by

Cτ
V ¼

ffiffiffi
2

p

4GFVcb

yqL3y
q
L2

2m2
S1

; Cτ
S ¼ −

ffiffiffi
2

p

4GFVcb

yqL3y
u
R2

2m2
S1

;

Cτ
T ¼

ffiffiffi
2

p

4GFVcb

yqL3y
u
R2

8m2
S1

: ð19Þ

The effective couplings Cτ
S and Cτ

T at the mb scale can be
obtained from the LQ mass scale via the renormalization
group equations. Following the results in Ref. [80], we
obtain Cτ

SðmbÞ ≈ 1.57Cτ
S and Cτ

TðmbÞ ≈ 0.86Cτ
T . It can be

seen that, although Cτ
V , which has the same current-current

interaction structure as the SM, can be induced, due to the
fact that jyqL2j < jyqL3j, the dominant effects by S1 are
through the scalar and tensor operators.
Some interesting observables related to the b → cτν̄τ

transition include RðDð�ÞÞ, defined as the ratios of

BðB → Dð�Þτν̄τÞ to BðB → Dð�Þlν̄lÞ with l being the light
leptons; PτðDð�ÞÞ, the τ polarization in the B → Dð�Þτν̄τ
decays; the longitudinal polarization FD�

L of D� in the B →
D�τν̄τ decay; and BðBc → τν̄τÞ. For numerical analyses, we
employ the simplified results [81]

RðDÞ
RðDÞSM ≈ j1þ Cτ

V j2 þ jCτ
Sj2 þ 0.9jCτ

T j2

þ Re
�
1.49Cτ

S þ 1.14Cτ
T

�
; ð20aÞ

RðD�Þ
RðD�ÞSM ≈ j1þ Cτ

V j2 þ 16.07jCτ
T j2

þ Re
�
−0.11Cτ

S − 5.12Cτ
T

�
; ð20bÞ

PD
τ

PD;SM
τ

≈
�

RðDÞ
RðDÞSM

�
−1
�
j1þCτ

V j2þ 3.18jCτ
Sj2

þ 0.18jCτ
T j2þRe

�
4.65Cτ

S− 1.18Cτ
T

��
; ð20cÞ

PD�
τ

PD�;SM
τ

≈
�

RðD�Þ
RðD�ÞSM

�
−1
�
j1þCτ

V j2 − 0.07jCτ
Sj2

− 1.86jCτ
T j2 þRe

�
0.22Cτ

S − 3.37Cτ
T

��
; ð20dÞ

FD�
L

FD�;SM
L

≈
�

RðD�Þ
RðD�ÞSM

�
−1
�
j1þ Cτ

V j2 þ 0.08jCτ
Sj2

þ 7.02jCτ
T j2 þ Re

�
−0.24Cτ

S − 4.37Cτ
T

��
:

ð20eÞ

The SM results are obtained as PD;SM
τ ¼ 0.325� 0.009,

PD�;SM
τ ¼ −0.497� 0.013, and FD�;SM

L ¼ 0.46� 0.04 [81],
whereas the current experimental measurements are
PD�;exp
τ ¼ −0.38� 0.51þ0.21

−0.16 [82] and FD�;exp
L ¼ 0.491�

0.053 [83,84]. The value of FD�;exp
L is estimated by

weighted averaging the measurements of Belle and
LHCb. On the other hand, the BR of Bc → τν̄τ can be
expressed as

BðBc → τν̄τÞ ¼ BðBc → τν̄τÞSM

×

				1þ Cτ
V −

m2
Bc

ðmb þmcÞmτ
Cτ
S

				
2

; ð21Þ

with BðBc → τν̄τÞSM ≃ 2.0% [85].

IV. CONSTRAINTS FROM ΔK = 2 AND ΔB= 2

Since the down-type quarks only couple to the left-
handed neutrinos via the LQ S1, strict constraints on the
parameters yqLk come from the jΔFj ¼ 2 processes that are
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induced via the box diagrams, where ντ and S1 run in the
box loops. Thus, the effective Hamiltonian for jΔFj ¼ 2
can be derived in a straightforward way as

HðjΔFj ¼ 2Þ ≈ 1

8

ðYS�
1

di
YS1
dj
Þ2

ð4πÞ2m2
S1

ðd̄iγμPLdjÞ2: ð22Þ

Using the matrix element hFjðq̄0γμPLqÞ2jFi ¼ f2FBFmF=3,
ΔmK ¼ 2ReðMK

12Þ and ΔmBq
¼ 2jMB

12j, the mass diffe-
rences for K-K̄ and Bq − B̄q mixings can be formulated as

ΔmS1
K ¼ ReðYS�

1
s YS1

d Þ2
64π2m2

S1

f2KBKmK

3
;

ΔmS1
Bq

¼ jYS�
1

b YS1
q j2

64π2m2
S1

f2Bq
BBq

mBq

3
; ð23Þ

where fF is the decay constant of the Fmeson and BF is the
bag parameter. Since the SM predictions on ΔmK and
ΔmBq

are consistent with experimental data and the
uncertainties from theoretical nonperturbative QCD effects
are larger than those of data, to bound the parameters yqLk
we conservatively require that the new physics contribution
is at least 1 order of magnitude smaller than the central
value of data; that is, we assume

ΔmS1
K;Bq

≲ 0.1Δmexp
K;Bq

; ð24Þ

where the current data areΔmexp
K ¼ ð5.293� 0.009Þ ðnsÞ−1,

Δmexp
Bd

¼ 0.5065� 0.0019 ðpsÞ−1, andΔmexp
Bs

¼ ð17.765�
0.006Þ ðpsÞ−1 [43].

To illustrate the jΔFj ¼ 2 constraints, we show the
contours of the mass differences with respect to yqLk
in Fig. 1, where yqL3 ¼ 0.8 and yqL1 ¼ 0.02 are used for
ΔmK (left plot) and ΔmBq

(right plot), respectively. For
numerical estimates, we have set mS1 ¼ 1.5 TeV,
fK

ffiffiffiffiffiffi
BK

p ¼ 0.132 GeV, fBd

ffiffiffiffiffiffi
Bd

p ¼ 0.174 GeV, fBs

ffiffiffiffiffi
Bs

p ¼
0.21 GeV [86], λ ¼ 0.223, Vtd ¼ Aλ2ð1 − ρ − iηÞ with
A ¼ 0.833, ρ ¼ 0.163, and η ¼ 0.357, and Vts ¼ −0.041
[43]. From the plots, it is seen that jyqL1j < jyqL2j < jyqL3j is
preferred when jyqL3j ∼Oð1Þ, as required to explain
RðDð�ÞÞ. We note that the results for yqL3 ¼ −0.8 and yqL1 ¼
−0.02 can be obtained from the corresponding plots in
Fig. 1 by making a parity transformation on the parameters,
i.e., yqL1;L2 → −yqL1;L2 for ΔmK and yqL2;L3 → −yqL2;L3 for
ΔmBq

. We also note in passing that the parameter distri-
butions for ΔmK andΔmBd

do not center at the origin in the
respective plots because of our choices of yqL3 ¼ 0.8 and
yqL1 ¼ 0.02. The distribution for ΔmBs

in Fig. 1(b), on the
other hand, is symmetric with respect to the origin because
it is insensitive to the choice of yqL1.

V. NUMERICAL RESULTS AND DISCUSSIONS

In this section, we analyze the S1 contributions to the
B → Mνν̄ and K → πνν̄ decays when the constraints from
jΔFj ¼ 2 are all taken into account. In this model, the
LQ only couples to the third-generation lepton, and the
involved parameters in the model are yqLk and mS1 . Both
CMS [87] and ATLAS [88] have searched for the scalar LQ
with a charge of e=3 using the tτ and bν production
channels. An upper bound on the LQ mass is given by
ATLAS to be mS ≥ 1.22 TeV when BðS1 → tτÞ ¼ 1=2.

y L3
q

= 0.8

ΔmK × 10
17[GeV] (a)

10
30

0.1

30
10

0.1

–0.2 –0.1 0.0 0.1 0.2
–0.2

–0.1

0.0

0.1

0.2

yL1
q

y L
2
q

0.1

0.1

0.1

0.1
3.5

3.5

3.5

3.5

11.7

11.7

11.7

11.7

100000000.0 100.100 1111

5555533

11111111

5555555555

00000000

33.5..3

11111

3

000

11111

000000000000000000000000000

33

1111

33 555555555555555555

000 1000000000000000000000000000000 11

0000

11111111000000000000000000 111110 100 10

000000000000000

5555555555

3333

.111.000000000.00000....111000 1000000000000000000 1

11111

55

000.0

00

5

111111

3 55.5.55

3.3.3

555555555555555555555

33 55555333.3 5555555

11111

110000 1111111

11

11

11

11111 7

00000000000000000000

1111111

11

0

111111

1111111111111000.00000000.0.11.....11110000000000

1

11 7

1111..

71111 ...77

7

11111111111111111111111111111111111111

111111111111111111111111

1111

000

1 7111 7

11111111

1111

1111111111111...7

11111111.

111

11

11111111

1.

77

7

7

7.

7

11111111110000000

7

00000.00....0

7

000 111000 110000 11111111111000.........................0 111000

7

111111111

7777

0 111000

7

77

0

7

7

111

7.77.777777777

77777777777

0.3

0.3

0.3

0.3

1.3

1.3

1.3

1.3

3.3

3.3

3.3

3.3

yL1
q

= 0.02

ΔmBs × 10
13[GeV]

ΔmBd × 10
14[GeV]

(b)

–0.4 –0.2 0.0 0.2 0.4
–1.5

–1.0

–0.5

0.0

0.5

1.0

1.5

yL2
q

y L
3
q

FIG. 1. (a) ΔmS1
K (in units of GeV) with yqL3 ¼ 0.8 as a function of yqL1 and yqL2. (b) Δm

S1
Bq

(in units of GeV) with yqL1 ¼ 0.02. In both
plots, ΔmS1

K;Bq
≲ 0.1Δmexp

K;Bq
is applied.
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Given this measurement and the allowed parameter ranges
in Fig. 1, tτ and bντ are the dominant decays of the LQ in
the model. Thus, we take mS1 ¼ 1.5 TeV in our numerical
calculations. Since jyqL3j as large as 1.5 for mS1 ¼ 1.5 TeV
is still not excluded by the current data, we therefore
consider jyqL3j≲ 1.5 in the following analysis. Using the
high-pT tail of the pp → ττ distribution measured by
ATLAS [89] with the integrated luminosity of 139 fb−1,
the bound on the c − τ − S1 coupling can be obtained as
jyuR2j≲ 1.6 [90]. The consistent result using the Drell-Yan
high-pT tail can be found in Refs. [91,92].
To conduct a numerical analysis of the di → djνν̄

transitions, we need to identify suitable ranges for the

parameters yqLk. Guided by the observation that
Δmexp

Bd
=Δmexp

Bs
∼ λ2, we consider jYS1

d =YS1
s j ∼OðλÞ for the

LQ contributions to align with the experimental constraints.
From Eq. (5), as we assume jyqL3j ∼Oð1Þ, the appropriate
values for yqL1;L2 should be chosen as jyqL1j ∼Oðλ2Þ and
jyqL2j ∼OðλÞ. Thus, to determine the parameter space of the
three parameters yqLk under the constraints of jΔFj ¼ 2

processes, we perform a random parameter scan within the
following ranges:

yqL1 ∈ ð−0.05; 0.05Þ; yqL2 ∈ ð−0.15; 0.15Þ;
yqL3 ∈ ð−1.5; 1.5Þ: ð25Þ

The ranges of ΔmS1
K;Bq

that satisfy the conditions in Eq. (24)

are explicitly taken as follows: ΔmS1
K ∈ ð0.01;34.8Þ×

10−17 GeV, ΔmS1
Bd
∈ð0.01;33.3Þ×10−15GeV, and ΔmS1

Bs
∈

ð0.01; 11.7Þ × 10−13 GeV. According to the current exper-
imental upper limit of B → K�νν̄, we require Rν < 2.2 in
the parameter scan. Additionally, we will require that the
predicted BðKþ → πþνν̄Þ fall within its �1σ range.
Using 107 sampling points and the constraints mentioned

above, the predicted BR for Kþ → πþνν̄ in the yqL2-y
q
L3

plane is shown in Fig. 2, where the green, yellow, and cyan
regions give the BRs of ð8.2; 11.4; 15.4Þ × 10−11, respec-
tively. The reason for such a spreading pattern for each
specific BR is because of the more intricate dependence of
yqLk in BðKþ → πþνν̄Þ, as revealed in Eq. (11), than that in
BðB → Mνν̄Þ and BðKL → π0νν̄Þ. It is also because of this
observable that, compared to considering only ΔmK;Bd;Bs

as
the examples in Fig. 1, the preferred parameter space in the
plane is restricted to the first and third quadrants. Note that
the parameter space around the origin is excluded because

FIG. 2. Predictions for BðKþ → πþνν̄Þ and Rν in the plane of
yqL2 and yqL3, with yqL1 varying within the specified range and
under the constraints discussed in the main text.

(a) (b)

FIG. 3. (a) Contours of RðDð�ÞÞ in the yuR2-yqL3 plane and (b) correlation between RðDÞ and RðD�Þ in the model. The light blue and pink
bands represent the �1σ bands of RðDÞ and RðD�Þ, respectively. The solid square marks the SM predictions.
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we have assumed minimum new physics contributions to
ΔmS1

K;Bd;Bs
. This is also required in order to have significant

deviations in BðB → Mνν̄Þ and BðKL → π0νν̄Þ.
As alluded to before, theS1 contributions toBðB → Mνν̄Þ

andBðKL → π0νν̄Þ can be factored out togetherwith the SM
contributions into a scalar factor characterized byRν defined
in Eq. (8). We superimpose the distribution for Rν ¼ ð1.2;
1.8; 2.6Þ in Fig. 2 to show that such values are consistent
with the current measurement of BðKþ → πþνν̄Þ. The
dispersion in each particular value of Rν is due to the
variation in yqL1. This means that the BRs of BðB → Mνν̄Þ
and BðKL → π0νν̄Þ are allowed to be enhanced by a factor
of 2 ormore, thus accommodating theBelle II data in Eq. (2).
Finally, we show the impact of S1 on the observables in

the exclusive b → cτν̄ decay. Neglecting the minor influ-
ence of Cτ

V in Eq. (19), the parameters involved in the

b → cτν transition appear in the combination yqL3y
u
R2=m

2
S1
.

Using the formulas given in Eqs. (20a) and (20b), we show
in Fig. 3(a) several contours of RðDÞ and RðD�Þ in the
plane of yuR2 and yqL3 for the case of mS1 ¼ 1.5 TeV.
The� 1σ ranges of RðDÞ and RðD�Þ data are seen to
have a significant overlap. The correlation between RðDÞ
and RðD�Þ as we vary the value of the dominant factor
yqL3y

u
R2 is shown in Fig. 3(b), where the SM predictions

RSMðDÞ ≈ 0.298 and RSMðD�Þ ≈ 0.254 are marked by the
black square. Because of the absence of a significant
interfering effect between the SM and S1 contributions,
the linear relationship between RðDÞ and RðD�Þ does not
depend on the values of the parameters involved (e.g.,mS1).
The fact that the predicted correlation curve goes through a
good portion of the crossed region reflects the overlapped
parameter space in Fig. 3(a). A more precise determination

(a) (b)

(c) (d)

FIG. 4. (a) Contours of PD
τ =P

D;SM
τ (blue solid) and PD�

τ =PD�;SM
τ (red dashed) in the yuR2-y

q
L3 plane. (b) Contours of F

D�
L =FD�;SM

L (solid)
and BðBcÞ=BðBcÞSM (dashed) in the yuR2-y

q
L3 plane, where BðBcÞ≡ BðBc → τν̄τÞ. The green solid curves in (c) and (d) show the

correlations of PD
τ =P

D;SM
τ and BðBc → τν̄τÞ=BðBc → τν̄τÞSM with RðDÞ, respectively. The shaded areas correspond to the�1σ region of

the observed RðDÞ and the solid squares are the SM predictions.
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of both RðDÞ and RðD�Þ will be able to show whether they
are still in line with the model predictions.
Based on Eqs. (20c) and (20d), we plot contours for the

ratios of PD
τ and PD�

τ to their respective SM values in the
yuR2-y

q
L3 plane in Fig. 4(a), where the solid curves represent

PD
τ =P

D;SM
τ and the dashed curves are for PD�

τ =PD�;SM
τ .

Compared to PD�
τ , PD

τ exhibits more sensitivity to the
effects of S1. This behavior can be simply understood as
follows: The terms of linear Cτ

S and Cτ
T dominate the

contributions to the τ-lepton polarization. Since the coef-
ficient of Cτ

S is much larger in PD
τ than in PD�

τ and
Cτ
T=C

τ
S ¼ 1=4, PD

τ receives a more significant influence
from the LQ S1. We note that yqL3y

u
R2 < 0 due to the RðDð�ÞÞ

excesses; therefore, PD
τ is enhanced by the mediation of S1.

Using Eqs. (20e) and (21), we show contours denoting the
ratios of FD�

L (solid) and BðBc → τν̄τÞ (dashed) to their
respective SM values in Fig. 4(b). From Eq. (20e), the
contributions from linear Cτ

S and Cτ
T in FD�

L have a
comparable dependence to those in PD�

τ . Thus, FD�
L is

not significantly affected by the LQ S1. Moreover, accord-
ing to Eq. (21), the enhancement factor m2

Bc
=ððmb þ

mcÞmτÞ due to the LQ contribution leads to a considerable
reduction in BðBc → τν̄τÞ.
To illustrate the fact that the observables RðDÞ, PD

τ , and
BðBc → τν̄τÞ are more sensitive to the LQ effects, we show
the correlations of PD

τ =P
D;SM
τ and BðBc → τν̄τÞ=BðBc →

τν̄τÞSM with RðDÞ in Figs. 4(c) and 4(d), respectively,
where the solid squares denote the SM predictions and the
shaded areas are the current experimental data for RðDÞ
within 1σ errors. Currently, PD

τ and BðBc → τν̄τÞ have not
been observed in experiment yet. Nevertheless, their future
measurements can further test whether the S1 effects can
serve as a viable explanation for the anomalies observed in
RðDÞ and RðD�Þ.

VI. SUMMARY

Motivated by the surprisingly large branching ratio
of Bþ → Kþνν̄ reported by the Belle II Collaboration,
we have constructed a model that not only enhances
BðBþ → Kþνν̄Þ but also provides an explanation for the

muon g − 2 and BðB → Dð�Þτν̄Þ, where the long-standing
inconsistencies between the SM predictions and the exper-
imental measurements have not yet resolved. It is found
that the leptoquark S1 with a light Z0 gauge boson under the
assumed Uð1ÞLμ−Lτ

gauge symmetry can provide the
required mechanism to enhance these observables.
In addition to resolving the muon g − 2 anomaly through

the loop mediation of a light Z0, the introduced Uð1ÞLμ−Lτ

symmetry ensures that S1 only couples to the third-gen-
eration leptons. Therefore, the S1 LQ only contributes to
the b → cτν̄τ transition and does not affect the light
lepton modes. As a result, the predicted RðDÞ and
RðD�Þ values can explain the excesses observed in the
experimental data.
Because of the characteristic couplings of S1, the

induced di → djνν̄ processes involve solely the τ neutrino
and depend only on the three Yukawa couplings yqLk. When
considering constraints from ΔmK and ΔmBd;Bs

, the
B → KðK�Þνν̄, Kþ → πþνν̄, and KL → π0νν̄ processes
can be significantly enhanced by the effects of S1. Such
enhancements can be readily tested in future experiments.
We emphasize that the KM phase is assumed to be the sole
source of CP violation in the study; nevertheless, the CP-
violating process KL → π0νν̄ can still be enhanced up to a
factor of 2 compared to the SM prediction.
In addition to the impact on RðDÞ and RðD�Þ, we also

discuss the S1 contributions to the τ polarizations in
B → ðD;D�Þτν̄τ, the longitudinal polarization of D� in
B → D�τν̄τ, and the branching ratio of Bc → τν̄τ. We have
found that the τ-lepton polarization in B → Dτν̄τ and the
branching ratio of Bc → τν̄ν are more sensitive to the S1
effects, where the former is enhanced over the SM
prediction, while the latter is significantly reduced due
to the LQ contribution.
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