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Abstract

We study the Standard Model and the new physics predictions for the lepton-flavour-universality vio-
lating (LFUV) ratios in various b → s�+�− channels with scalar, pseudoscalar, vector, axial-vector, and 
� baryon final states, considering both unpolarized and polarized final state hadrons. In order to formulate 
physical observables, we use the model independent effective Hamiltonian approach and employ the helicity 
formalism. We provide the explicit expressions of the helicity amplitudes in terms of the Wilson coefficients 
and the hadronic form factors by using the same kinematical configuration and polarization conventions for 
all the decay channels. We perform the numerical analysis with new physics scenarios selected from the 
recent global fits to b → s�+�− data, having specific new physics model interpretations. We find that some 
of the LFUV ratios for these complementary channels in different kinematical regions have high sensitivity 
to new physics and the future measurements of them in Belle II and LHCb experiments, along with testing 
new physics/LFUV, can help to distinguish among some of the different new physics possibilities.
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Table 1
Experimental values for the LFD observable P ′

5 in different q2 bins.

LFD 
observable

Measured value Deviation Collaboration

〈P ′
5〉[4.3,8.68] −0.19+0.16

−0.16 ± 0.03 3.7σ LHCb [3]

〈P ′
5〉[4,6] −0.300+0.158

−0.159 ± 0.023 2.8σ LHCb [4]

〈P ′
5〉[6,8] −0.505+0.122

−0.122 ± 0.024 3.0σ LHCb [4]

〈P ′
5〉[4,6] 0.26 ± 0.35 ± 0.18 2.7σ ATLAS [5]

〈P ′
5〉[4,8] −0.267+0.275

−0.269 ± 0.049 2.1σ Belle [6]

〈Pμ′
5 〉[4,8] −0.03+0.31

−0.30 ± 0.09 2.6σ Belle [7]

〈P ′
5〉[6,8.68] −0.64+0.15

−0.19 ± 0.13 ∼ 1.0σ CMS [8]

〈P ′
5〉[4,6] −0.439 ± 0.111 ± 0.036 2.5σ LHCb [9]

〈P ′
5〉[6,8] −0.583 ± 0.090 ± 0.030 2.9σ LHCb [9]

1. Introduction

Flavour-changing neutral-current (FCNC) processes involving b → s�+�− quark level tran-
sitions can play a pivotal role in the indirect searches of physics beyond the Standard Model 
(SM). These transitions are CKM and loop suppressed within the SM and therefore have high 
sensitivity to potential new physics (NP) effects. Interestingly, recent experimental data on neu-
tral current decays induced by b → s�+�− transitions have pointed towards several observables 
in tension with the SM predictions. Due to this fact, these transitions currently stand among the 
most promising indications of NP.

The reported observables can be grouped into two sets: b → sμ+μ− observables that in-
clude only muons, called as lepton-flavour dependent (LFD) observables, and the other known as 
lepton-flavour-universality violating (LFUV) observables that involve both muons and electrons. 
The set of LFD observables contains several angular observables, in particular P ′

5 observable in 
the B0 → K∗0μ+μ− decay [1,2], showing discrepancies from the SM values, which are col-
lected in Table 1. In addition, more LFD observables such as the branching fractions of the 
B → Kμ+μ− [10], B → K∗μ+μ− [10–12], and Bs → φμ+μ− [13,14] decays are found to be 
on the lower side compared to their SM estimates. These LFD observables, while being sensi-
tive to NP [15–19], can not establish the NP case unambiguously because of the involvement of 
the hadronic uncertainties originating from the different long-distance effects, in particular from 
form factors, power corrections, and charm resonances [20–25]. Therefore, without having addi-
tional data or a complete and reliable calculations of the hadronic uncertainties there remains a 
possibility to explain the currently observed LFD anomalies with more conservative assumptions 
on the involved hadronic contributions [26–30].

The second set with LFUV observables includes the ratios of branching fractions involv-
ing both b → sμ+μ− and b → se+e− transitions. In Table 2, we list the deviations observed 
by the LHCb collaboration in ratios RK ≡ B(B+ → K+μ+μ−)/B(B+ → K+e+e−), and 
2
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Table 2
LHCb predictions for the LFUV ratios in different q2 bins.

LFUV 
observable

Measured value Deviation

R
[1,6]
K

0.745+0.090
−0.074 ± 0.036 [35] 2.6σ

R
[1.1,6]
K

0.846+0.060+0.016
−0.054−0.014 [36] 2.5σ

R
[1.1,6]
K

0.846+0.042+0.013
−0.039−0.012 [37] 3.1σ

R
[0.045,1.1]
K∗ 0.66+0.11

−0.07 ± 0.03 [38] 2.4σ

R
[1.1,6]
K∗ 0.69+0.11

−0.07 ± 0.05 [38] 2.5σ

RK∗ ≡ B(B0 → K∗0μ+μ−)/B(B0 → K∗0e+e−) from their SM expectation of 	 1 [31,32]. 
Additionally, we have recent Belle results for RK [33] and RK∗ [34], which are combined to-
gether for the charged and neutral decay modes, and are presented in multiple q2 bins. However, 
due to large errors, these results are in agreement with both the SM and the LHCb measure-
ments. Moreover, additional LFUV observables, such as Q4,5 = P

μ′
4,5 − P e′

4,5 [39], have been 
observed by the Belle collaboration [7]. Furthermore, LHCb has also performed the test of lepton 
flavour universality (LFU) violation in the baryon decay �b → pK−�+�− [40], and the decays 
B+ → K∗+�+�− and B0 → KS

0�+�− [41] which are isospin partners of the formerly tested 
B0 → K∗0�+�− and B+ → K+�+�− decays. All the measured central values of the LFUV ra-
tios corresponding to these decays are lower than the SM predictions, which shows a consistent 
tendency. Contrary to the LFD observables, SM predictions for the LFUV observables RK and 
RK∗ are theoretically clean as the hadronic uncertainties essentially cancel and therefore they 
hold the key to unravel NP without ambiguity.

Interestingly, several model independent global fit analyses [42–58] performed with the as-
sumption of LFUV NP present only in the b → sμ+μ− sector have pointed out two simple 
one-dimensional (1D) NP scenarios (S1) CNP

9μ or (S2) CNP
9μ = −CNP

10μ, that can provide better fit 
to all the b → s data with preferences reaching ≈ 5 − 6σ compared to the SM. However, per-
forming the separate fits, it is observed that the inclusion of the more recent RK and RK∗ data 
has created tensions between the separate fit to LFD and LFUV set in both the scenarios S1 and 
S2 along with increasing the significance gap between the two LFUV fits of the two scenarios 
[42,50,53]. These tensions, if not statistical fluctuations, could be indications of NP also present 
in b → se+e−. For instance, in Ref. [53], it is shown that the additional LFUV NP in b → se+e−
along with the basic scenarios S1 and S2 leads to a number of new scenarios, which can remove 
tensions along with improving the overall fit to all data. Another complementary approach pro-
posed in [59], before the latest RK and RK∗ measurement, showed that several scenarios with 
both LFU and LFUV NP contributions to the Wilson coefficients (WC), CNP

9� and CNP
10� can im-

prove the agreement with the overall data. After the latest RK and RK∗ data, more updated global 
fit analyses [42,50], have again pointed out various NP scenarios with enhanced significance, and 
an improved preference for the NP scenarios with right-handed currents (RHC) have been ob-
served to emerge. Furthermore, a better description of data can also be obtained by increasing 
the degrees of freedom, i.e., 2D fits, along with the assumptions such as NP affects only muons.

As there is no unique solution and many new scenarios are piling up due to the recently 
emerging NP patterns in global fit analyses, it is particularly important to discriminate between 
3
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different possible scenarios and to devise methods to further confirm or constrain patterns of 
NP [60,61]. One way is to consider the complementary channels induced by the same quark 
level b → s�+�− transitions, and analyze the implications of the different NP scenarios for the 
theoretically clean LFUV ratios in different kinematical regions. The list of decay channels in-
duced by the b → s�+�− transition is long, and the LFUV ratios in a number of decay channels 
have been studied [62–65] based on the previous data. In the present study, we consider the 
most recent experimental results and restrict to seven exclusive channels Min → Mf �+�−, with 
Min = B, Bs, �b and Mf = f0, K∗

0 , K, K∗, φ, K1, �. We study these channels in the model in-
dependent effective Hamiltonian approach by employing the helicity formalism. The theoretical 
analysis of LFUV observables in complementary hadronic decays, along with providing addi-
tional tests of LFU, similar to being performed in RK and RK∗ , can help to distinguish and 
further strengthen some of the emerging NP patterns in the global fit analyses, before going on 
to build the accurate NP models accommodating the B decay anomalies [66–68].

The paper is organized as follows. In section 2, we describe the effective Hamiltonian and 
the decay amplitude for b → s�+�− transitions. In section 3, we consider the helicity formalism 
and work out the explicit expressions of the helicity amplitudes for the considered decays. In 
section 4, we construct LFUV observables. Section 5, is devoted to numerical analysis, where 
we also present our choice of the NP scenarios from different global fit analyses. The results are 
summarized in section 6.

2. Effective Hamiltonian and decay amplitude

The effective weak Hamiltonian for b → s�+�− transition is given by

Heff = −4GF√
2

VtbV
∗
ts

[
6∑

i=1

CiOi +
8∑

i=7

(
CiOi + Ci′Oi′

)

+
∑

i=9,10

(
(Ci + CNP

i� )Oi + CNP
i′� Oi′

)]
, (1)

where we have neglected the doubly Cabibbo suppressed contribution (∝ VubV
∗
us), and GF is the 

Fermi coupling constant. The operators Oi≤6 are the same as the P c
1,2, P3,...,6, given in Ref. [69], 

and the others are

O7 = e

16π2 mb

(
s̄σμνPRb

)
Fμν, O7′ = e

16π2 mb

(
s̄σμνPLb

)
Fμν,

O8 = gs

16π2 mb

(
s̄σμνT

aPRb
)
Gμν a, O8′ = gs

16π2 mb

(
s̄σμνT

aPLb
)
Gμν a,

O9 = e2

16π2 (s̄γμPLb)(l̄γ μl), O9′ = e2

16π2 (s̄γμPRb)(l̄γ μl),

O10 = e2

16π2 (s̄γμPLb)(l̄γ μγ5l), O10′ = e2

16π2 (s̄γμPRb)(l̄γ μγ5l), (2)

where e (gs) is the electromagnetic (strong) coupling constant, and mb represents the running 
b-quark mass in the MS scheme.

Within the SM, major role in b → s�+�− transition, is played by operators O7,9,10, whereas 
contributions of primed dipole operators O7′,8′ are suppressed by ms/mb , and therefore we ne-
glect them. Furthermore, the factorizable contributions from current-current, QCD penguins and 
4



F.M. Bhutta, Z.-R. Huang, C.-D. Lü et al. Nuclear Physics B 979 (2022) 115763
Table 3
The SM Wilson coefficients Cμ

i
up to NNLL accuracy given at the scale μ ∼ mb .

C1 C2 C3 C4 C5 C6 C7 C8 C9 C10

−0.294 1.017 −0.0059 −0.087 0.0004 0.0011 −0.324 −0.176 4.114 −4.193

chromomagnetic dipole operators O1−6,8 can be absorbed into the effective Wilson coefficients 
Ceff

7 (q2) and Ceff
9 (q2) [69–74]. The explicit expressions of these Wilson coefficients, which we 

used, are presented in appendix A. It is important to mention that, in Eq. (1), we have considered 
NP contributions only in O9(′) and O10(′) operators because the emerging viable NP solutions 
from the global fits of all the b → s data, which we consider in our study, are only in the form of 
vector and axial-vector operators. The numerical values of Wilson coefficients at μ ∼ mb in the 
SM are presented in Table 3.

Using the effective Hamiltonian given in Eq. (1), the decay amplitude for the process Min →
Mf �+�−, including the SM and the NP contributions, can be written as1

M
(
Min → Mf �+�−) = GF α

2
√

2π
VtbV

∗
ts

{
T

1,Mf
μ (�̄γ μ�) + T

2,Mf
μ (�̄γ μγ5�)

}
, (3)

where

T
1,Mf
μ = (Ceff

9 + CNP
9� )

〈
Mf (k)|s̄γμ(1 − γ5)b|Min(p)

〉
+ CNP

9′�

〈
Mf (k)|s̄γμ(1 + γ5)b|Min(p)

〉
− 2mb

q2 Ceff
7

〈
Mf (k)|s̄iσμνq

ν(1 + γ5)b|Min(p)
〉
, (4)

T
2,Mf
μ = (C10 + CNP

10�)
〈
Mf (k)|s̄γμ(1 − γ5)b|Min(p)

〉
+ CNP

10′�

〈
Mf (k)|s̄γμ(1 + γ5)b|Min(p)

〉
. (5)

To calculate T
i,Mf
μ (i = 1, 2), one requires the involved hadronic matrix elements which can be 

parameterized in terms of the transition form factors. As we consider various decay channels with 
Min = B, Bs, �b and Mf = f0, K∗

0 , K, K∗, φ, K1, �, we give the hadronic matrix elements, in 
terms of the transition form factors, for each case in appendix B. The form factors, for the decay 
Bs → f0(980)�+�−, and B → K∗

0 (1430)�+�− can be calculated using the light cone QCD sum 
rule approach [75], and three-point QCD sum rules [76]. For B → K transition form factors, light 
cone sum rules (LCSR) predictions can be extrapolated at q2 ≤ 8 GeV2 to the whole kinematical 
region by applying z-series expansion [77]. The simplified series expansion for B → P form 
factors has been adopted which was originally proposed in [78]. For the decays B → K∗�+�−
and Bs → φ�+�−, we use the series expansion fits to LCSR and lattice form factors [79]. The 
transition form factors in terms of rapidly converging series parameter can be expressed as [79]
Fi(q

2) = Pi(q
2) 

∑
k αi

k[z′(q2) − z′(0)]k , where Pi(q
2) = 1

(1−q2/m2
R,i )

is simple pole representing 

1 We neglect the non-factorizable contributions such as the non-perturbative charm-loop corrections which are not the 
expected sources of the deviations in R (∗) [20,24].
K

5
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the first resonance in the spectrum. For B → K1(1270, 1400)�+�− decay, the physical states 
K1(1270) and K1(1400) are mixed states of K1A and K1B with mixing angle θK1 defined as

|K1(1270)〉 = |K1A〉 sin θK1 + |K1B〉 cos θK1 , (6)

|K1(1400)〉 = |K1A〉 cos θK1 − |K1B〉 sin θK1 . (7)

The corresponding mixing relations among different matrix elements and for the form factors are 
explicitly given in [64,80–82]. For numerical analysis, we use the light-cone QCD sum rule form 
factors [80]. For the �b → ��+�− decay, we use the lattice QCD results of the form factors for 
whole q2 range [83]. The form factors used in [83] are related to our notation of the form factors 
as f V

t,0,⊥ = f0,+,⊥, f A
t,0,⊥ = g0,+,⊥, f T

0,⊥ = h+,⊥, and f T5
0,⊥ = h̃+,⊥.

3. Helicity formalism and helicity amplitudes

The decay amplitudes can be expressed in terms of helicity basis as described in [84], and 
references therein. The orthonormality and completeness properties of helicity basis εα(n =
t, +, −, 0), with three spin 1 components orthogonal to momentum transfer i.e., q ·ε(±) = q ·ε =
0, can be expressed as follows

ε∗α(n)εα(l) = gnl,
∑

n,l=t,+,−,0

ε∗α(n)εβ(l)gnl = gαβ, (8)

with gnl = diag(+, −, −, −). Using the completeness property given in Eq. (8), the contraction 
of leptonic tensors L(k)αβ and hadronic tensors Hij

αβ = T
i,Mf
α T

j,Mf

β (i, j = 1, 2), can be written 
as

L(k)αβH
ij
αβ =

∑
n,n′,l,l′

L
(k)
nl gnn′gll′H

ij

n′l′ , (9)

where the leptonic and hadronic tensors are expressed in the helicity basis as follows

L
(k)
nl = εα(n)ε∗β(l)L

(k)
αβ , H

ij
nl = ε∗α(n)εβ(l)H

ij
αβ . (10)

Both leptonic and hadronic tensors given in Eq. (10), will be evaluated in two different frame of 
references. The lepton tensor L(k)

nl will be evaluated in ll̄ CM frame. However the hadron tensor 

H
ij
nl will be evaluated in the rest frame of decaying hadron.

3.1. Helicity amplitudes for Min → S�+�− decays

H
ij
nl = (

ε∗α(n)T i,S
α

) · (ε∗β(l)T
j,S
β

) ≡ Hi,S
n H

j,S

l , (11)

where, for Min = Bs , and S = f0(980), explicit helicity amplitudes are obtained as

H
1,f0
t = i

m2
Bs

− m2
f0√

q2
(Ceff

9 + CNP
9� − CNP

9′� )f
f0
0 (q2),

H
2,f0
t = i

m2
Bs

− m2
f0√

q2
(C10 + CNP

10� − CNP
10′�)f

f0
0 (q2),

H
i,f0± = 0,
6
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H
1,f0
0 = i

√
λ

q2

[
(Ceff

9 + CNP
9� − CNP

9′� )f
f0+ (q2) + 2mb

mBs + mf0

Ceff
7 f

f0
T (q2)

]
,

H
2,f0
0 = i

√
λ

q2

[
(C10 + CNP

10� − CNP
10′�)f

f0+ (q2)
]
, (12)

similarly, for Min = B , and S = K∗
0 (1430),

H
1,K∗

0
t = i(Ceff

9 + CNP
9� − CNP

9′� )
[m2

B − m2
K∗

0√
q2

f
K∗

0+ (q2) +
√

q2f
K∗

0− (q2)
]
,

H
2,K∗

0
t = i(C10 + CNP

10� − CNP
10′�)

[m2
B − m2

K∗
0√

q2
f

K∗
0+ (q2) +

√
q2f

K∗
0− (q2)

]
,

H
i,K∗

0± = 0,

H
1,K∗

0
0 = i

√
λ

q2

[
(Ceff

9 + CNP
9� − CNP

9′� )f
K∗

0+ (q2) + 2mb

mB + mK∗
0

Ceff
7 f

K∗
0

T (q2)
]
,

H
2,K∗

0
0 = i

√
λ

q2

[
(C10 + CNP

10� − CNP
10′�)f

K∗
0+ (q2)

]
. (13)

Here λ ≡ λ(m2
Bs(B)

, m2
f0(K

∗
0 )

, q2).

3.2. Helicity amplitudes for Min → P�+�− decays

H
ij
nl = (

ε∗α(n)T i,P
α

) · (ε∗β(l)T
j,P
β

) ≡ Hi,P
n H

j,P

l , (14)

where, for Min = B , and P = K , explicit helicity amplitudes are calculated as

H
1,K
t = m2

B − m2
K√

q2
(Ceff

9 + CNP
9� + CNP

9′� )f K
0 (q2),

H
2,K
t = m2

B − m2
K√

q2
(C10 + CNP

10� + CNP
10′�)f

K
0 (q2),

H
i,K
± = 0,

H
1,K
0 =

√
λ

q2

[
(Ceff

9 + CNP
9� + CNP

9′� )f K+ (q2) + 2mb

mB + mK

Ceff
7 f K

T (q2)
]
,

H
2,K
0 =

√
λ

q2

[
(C10 + CNP

10� + CNP
10′�)f

K+ (q2)
]
. (15)

Here λ ≡ λ(m2
B, m2

K, q2).

3.3. Helicity amplitudes for Min → V �+�− decays

H
ij
nl = (

ε∗α(n)T i,V
α

) · (ε∗β(l)T
j,V
β

)
= (

ε∗α(n)ε∗μ(r)T i,V
α,μ

) · (ε∗β(l)ε∗ν(s)T
j,V )

δrs ≡ Hi,V
n H

j,V

l , (16)
β,ν

7
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where, from angular momentum conservation, r = n and s = l for n, l = ±, 0 and r, s = 0 for 
n, l = t . The explicit helicity amplitudes for Min = B(Bs), and V = K∗(φ), are derived in terms 
of the Wilson coefficients and the form factors as2

H
1,K∗(φ)
t = −i

√
λ

q2 (Ceff
9 + CNP

9� − CNP
9′� )A

K∗(φ)
0 ,

H
2,K∗(φ)
t = −i

√
λ

q2 (C10 + CNP
10� − CNP

10′�)A
K∗(φ)
0 ,

H
1,K∗(φ)
± = −i

(
m2

B(Bs)
− m2

K∗(φ)

)[
(Ceff

9 + CNP
9� − CNP

9′� )
A

K∗(φ)
1(

mB(Bs) − mK∗(φ)

)
+ 2mb

q2 Ceff
7 T

K∗(φ)
2

]
± i

√
λ
[
(Ceff

9 + CNP
9� + CNP

9′� )
V K∗(φ)(

mB(Bs) + mK∗(φ)

)
+ 2mb

q2 Ceff
7 T

K∗(φ)
1

]
,

H
2,K∗(φ)
± = −i(C10 + CNP

10� − CNP
10′�)

(
mB(Bs) + mK∗(φ)

)
A

K∗(φ)
1

± i
√

λ(C10 + CNP
10� + CNP

10′�)
V K∗(φ)(

mB(Bs) + mK∗(φ)

) ,

H
1,K∗(φ)
0 = −8imB(Bs)mK∗(φ)√

q2

[
(Ceff

9 +CNP
9� − CNP

9′� )A
K∗(φ)
12 + mbC

eff
7

T
K∗(φ)
23

mB(Bs) + mK∗(φ)

]
,

H
2,K∗(φ)
0 = −8imB(Bs)mK∗(φ)√

q2

[
(C10 + CNP

10� − CNP
10′�)A

K∗(φ)
12

]
. (17)

Here λ ≡ λ(m2
B(Bs)

, m2
K∗(φ)

, q2).

3.4. Helicity amplitudes for Min → A�+�− decays

H
ij
nl = (

ε∗α(n)T i,A
α

) · (ε∗β(l)T
j,A
β

)
= (

ε∗α(n)ε∗μ(r)T i,A
α,μ

) · (ε∗β(l)ε∗ν(s)T
j,A
β,ν

)
δrs ≡ Hi,A

n H
j,A

l , (18)

where, from angular momentum conservation, r = n and s = l for n, l = ±, 0 and r, s = 0 for 
n, l = t . The explicit helicity amplitudes for Min = B , and A = K1, are given as

H
1,K1
t = −

√
λ

q2 (Ceff
9 + CNP

9� + CNP
9′� )V

K1
0 ,

H
2,K1
t = −

√
λ

q2 (C10 + CNP
10� + CNP

10′�)V
K1
0 ,

2 With the different conventions used in [85,86], similar expressions of the helicity amplitudes are obtained for B →
K∗ channel by employing the more sophisticated generalized helicity amplitude formalism.
8
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Table 4
The possible helicity configu-
rations for �b → ��+�− de-
cay.

s�b
s� λjeff

+ 1
2 − 1

2 0(t)

− 1
2 + 1

2 0(t)

+ 1
2 + 1

2 1

− 1
2 − 1

2 −1

H
1,K1± = −

(
m2

B − m2
K1

)[
(Ceff

9 + CNP
9� + CNP

9′� )
V

K1
1

mB − mK1

+ 2mb

q2 Ceff
7 T

K1
2

]

± √
λ
[
(Ceff

9 + CNP
9� − CNP

9′� )
AK1

mB + mK1

+ 2mb

q2 Ceff
7 T

K1
1

]
,

H
2,K1± = −(C10 + CNP

10� + CNP
10′�)

(
mB + mK1

)
V

K1
1 ± √

λ(C10 + CNP
10� − CNP

10′�)
AK1

mB + mK1

,

H
1,K1
0 = − 1

2mK1

√
q2

[
(Ceff

9 + CNP
9� + CNP

9′� )
{
(m2

B − m2
K1

− q2)
(
mB + mK1

)
V

K1
1

− λ

mB + mK1

V
K1
2

}
+ 2mbC

eff
7

{
(m2

B + 3m2
K1

− q2)T
K1
2 − λ

m2
B − m2

K1

T
K1
3

}]
,

H
2,K1
0 = − 1

2mK1

√
q2

(C10 + CNP
10� + CNP

10′�)

[
(m2

B − m2
K1

− q2)
(
mB + mK1

)
V

K1
1

− λ

mB + mK1

V
K1
2

]
. (19)

Here λ ≡ λ(m2
B, m2

K1
, q2).

3.5. Helicity amplitudes for �b → ��+�− decay

H
ij
nl =

∑
s�b

,s�

(
ε∗α(n)T i

α(s�b
, s�)

) · (ε∗β(l)T
j
β (s�b

, s�)
)

≡
∑

s�b
,s�

H i
n(s�b

, s�)H
j

l (s�b
, s�). (20)

The helicity s�b
of the parent baryon is fixed by angular momentum conservation relation, 

s�b
= −s� + λjeff . The possible helicity configurations are shown in Table 4. Using the explicit 

results of the spinor matrix elements for different combinations of spin orientations, represented 
in appendix E, we work out the expressions of the non-vanishing helicity amplitudes
9
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H 1
t (±1/2,∓1/2) = ∓m�b

− m�√
q2

√
s+(Ceff

9 + CNP
9� + CNP

9′� )f V
t

− m�b
+ m�√
q2

√
s−(Ceff

9 + CNP
9� − CNP

9′� )f A
t ,

H 2
t (±1/2,∓1/2) = ∓m�b

− m�√
q2

√
s+(C10 + CNP

10� + CNP
10′�)f

V
t

− m�b
+ m�√
q2

√
s−(C10 + CNP

10� − CNP
10′�)f

A
t ,

H 1±(±1/2,±1/2) = ±√
2s−

[
(Ceff

9 + CNP
9� + CNP

9′� )f V⊥ + 2mb

q2 Ceff
7 (m�b

+ m�)f T⊥
]

− √
2s+

[
(Ceff

9 + CNP
9� − CNP

9′� )f A⊥ + 2mb

q2 Ceff
7 (m�b

− m�)f
T5⊥

]
,

H 2±(±1/2,±1/2) = ±√
2s−(C10 + CNP

10� + CNP
10′�)f

V⊥ − √
2s+(C10 + CNP

10� − CNP
10′�)f

A⊥ ,

H 1
0 (±1/2,∓1/2) = ∓

√
s−
q2

[
(Ceff

9 + CNP
9� + CNP

9′� )(m�b
+ m�)f V

0 + 2mbC
eff
7 f T

0

]

−
√

s+
q2

[
(Ceff

9 + CNP
9� − CNP

9′� )(m�b
− m�)f A

0 + 2mbC
eff
7 f

T5
0

]
,

H 2
0 (±1/2,∓1/2) = ∓

√
s−
q2 (C10 + CNP

10� + CNP
10′�)(m�b

+ m�)f V
0

−
√

s+
q2 (C10 + CNP

10� − CNP
10′�)(m�b

− m�)f A
0 . (21)

It is important here to mention that the expressions of the helicity amplitudes correspond to 
intermediate results and depend upon the kinematics and polarization vectors convention. For 
the �b → ��+�− decay, our conventions are consistent with that used in Ref. [87]. However, 
the final decay observables remain same and are independent of the conventions used.

4. Formulation of physical observables

The differential decay rate in terms of helicity amplitudes for Min → Mf �+�− transitions, 
with Min = B, Bs and Mf = f0, K∗

0 , K, K∗, φ, K1, can be expressed as [84]

d�
(
Min → Mf �+�−)

dq2 = G2
F α2|VtbV

∗
ts |2q2

√
λβl

3.29m3
inπ

5

[
2m2

�

q2 3Re
(
H

2,Mf

t H
2,Mf

t

)

+
(

1 + 2m2
�

q2

)[
H

1,MT
f H

1,MT
f +Re

(
H

1,Mf

0 H
1,Mf

0

)]

+
(

1 − 4m2
�

q2

)[
H

2,MT
f H

2,MT
f +Re

(
H

2,Mf

0 H
2,Mf

0

)]]
, (22)

where

H
i,MT

f H
i,MT

f ≡ Re
(
H

i,Mf

+ H
i,Mf

+
)

+Re
(
H

i,Mf

− H
i,Mf

−
)

. (23)
10
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When the final state (Mf ), is a vector or axial-vector, the longitudinal and transverse polariza-
tions can be separated and labelled as L and T , respectively. The corresponding decay rates are 
written as

d�(Min → ML
f �+�−)

dq2 = G2
F α2|VtbV

∗
ts |2q2

√
λβl

3.29m3
inπ

5

[
2m2

�

q2 3Re
(
H

2,Mf

t H
2,Mf

t

)

+
(

1 + 2m2
�

q2

)
Re

(
H

1,Mf

0 H
1,Mf

0

)

+
(

1 − 4m2
�

q2

)
Re

(
H

2,Mf

0 H
2,Mf

0

)]
, (24)

d�(Min → MT
f �+�−)

dq2 = G2
F α2|VtbV

∗
ts |2q2

√
λβl

3.29m3
inπ

5

[(
1 + 2m2

�

q2

)
H

1,MT
f H

1,MT
f

+
(

1 − 4m2
�

q2

)
H

2,MT
f H

2,MT
f

]
. (25)

Similarly, differential decay rate for �b → ��+�− decay is calculated as

d�
(
�b → ��+�−)

dq2 = G2
F α2|VtbV

∗
ts |2q2

√
λβl

3.210m3
�b

π5

[
2m2

�

q2 3
{ ∣∣∣H 2

t (+1/2,−1/2)

∣∣∣2

+
∣∣∣H 2

t (−1/2,+1/2)

∣∣∣2 }
+

(
1 + 2m2

�

q2

){∣∣∣H 1+(+1/2,+1/2)

∣∣∣2

+
∣∣∣H 1−(−1/2,−1/2)

∣∣∣2+
∣∣∣H 1

0 (+1/2,−1/2)

∣∣∣2+
∣∣∣H 1

0 (−1/2,+1/2)

∣∣∣2}

+
(

1 − 4m2
�

q2

){∣∣∣H 2+(+1/2,+1/2)

∣∣∣2 +
∣∣∣H 2−(−1/2,−1/2)

∣∣∣2

+
∣∣∣H 2

0 (+1/2,−1/2)

∣∣∣2 +
∣∣∣H 2

0 (−1/2,+1/2)

∣∣∣2 }]
. (26)

The decay rate in Eq. (26) can be separated into two parts. The first part corresponding to �b

and � having opposite spins is denoted as d� 
(
�b → �0�+�−)

/dq2, while the other part with 
�b and � having same spins is labelled as d� 

(
�b → �1�+�−)

/dq2. The LFUV observables 
are constructed by taking the ratio of decay rates for Min → Mf μ+μ− and Min → Mf e+e−,

RMf

[
q2

min, q
2
max

]
=

q2
max∫

q2
min

dq2d�(Min → Mf μ+μ−)/dq2

q2
max∫

q2
min

dq2d�(Min → Mf e+e−)/dq2

. (27)

For the vector and axial-vector final states, polarized LFUV ratios are defined as
11
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R
M

L,T
f

[
q2

min, q
2
max

]
=

q2
max∫

q2
min

dq2d�(Min → M
L,T
f μ+μ−)/dq2

q2
max∫

q2
min

dq2d�(Min → M
L,T
f e+e−)/dq2

. (28)

Similarly, for �b → ��+�− decay

R�

[
q2

min, q
2
max

]
=

q2
max∫

q2
min

dq2d�(�b → �μ+μ−)/dq2

q2
max∫

q2
min

dq2d�(�b → �e+e−)/dq2

, (29)

R�0,1

[
q2

min, q
2
max

]
=

q2
max∫

q2
min

dq2d�(�b → �0,1μ+μ−)/dq2

q2
max∫

q2
min

dq2d�(�b → �0,1e+e−)/dq2

. (30)

5. Predictions for LFUV ratios in the SM and the NP scenarios

5.1. NP scenarios

To give predictions and perform numerical analysis of the LFUV ratios, we first specify our 
choice of the NP scenarios, from two sets of recent global fit [42,53]3 to the b → s�+�− data,4

which could be easily realized in the specific simple NP models.

3 Maximum likelihood fit with Gaussian distribution (or minimum χ2 fit) has been utilized in [42,53] by treating 
the theoretical and experimental covariance matrices equally. In [42], it is specified that asymmetric uncertainties have 
been symmetrized by taking the largest uncertainty, while in [53] the fit was performed with the help of MINUIT [88], 
flavio [89] and Wilson [90] using the default configuration of these packages.

4 These two sets of fit both have taken into account the measurements of LFUV ratios R
K(∗) , and differential branching 

ratios, angular observables and polarization fractions for various b → sμ+μ− channels, including B → K(∗)μ+μ− , 
Bs → φμ+μ− , B → Xsμ

+μ− and Bs → μ+μ− , measured by different collaborations including LHCb, CMS, 
ATLAS, Belle, BaBar and CDF. In the more recent analysis [42], further updates on RK [37], branching ratios 
B(B0,+ → K0,+μ+μ−) [33] and B(Bs → μ+μ−) [91], and angular distribution of B+ → K(∗)+μ+μ− [92,93]
and B → K∗e+e− [94] were also included. For details, see [42,53] and the references therein. For the calculation of 
observables, B → K(∗) form factors in [20] (LCSR) and [95] (LCSR+lattice QCD) were respectively adopted in [42]
and [53] (using flavio), and Bs → φ form factors in [79] (LCSR+lattice QCD) were used in both [42] and [53]. Besides, 
the charm loop effects identified in [20] were also considered in [42,53].
12
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Table 5
Best-fit values of the Wilson coefficients, and the 1σ ranges of dif-
ferent NP scenarios with assumptions, such as, purely LFUV NP in 
b → sμ+μ− , additional arbitrary LFUV NP in b → se+e− along with 
LFUV NP in b → sμ+μ− , and both LFU and LFUV NP.

Scenario Best-fit value 1σ

S1 CNP
9μ

−1.06 [−1.20,−0.91]

S2 CNP
9μ

= −CNP
10μ

−0.44 [−0.52,−0.37]

S3 CNP
9μ

= −CNP
10μ

−0.67 [−0.82,−0.52]

CNP
9e

= −CNP
10e

−0.28 [−0.48,−0.08]

S4 CNP
9μ

= −CNP
10μ

−0.64 [−0.78,−0.50]

CNP
9e

−0.65 [−1.09,−0.21]

S5 CV
9μ

= −CV
10μ

−0.30 [−0.39,−0.21]

CU
9 −0.92 [−1.10,−0.72]

S6 CV
9μ

−1.12 [−1.28,−0.95]

CU
10′ −0.31 [−0.46,−0.15]

1) Assuming LFUV NP in b → sμ+μ− only, two basic (1D) NP scenarios (S1) CNP
9μ and (S2) 

CNP
9μ = −CNP

10μ, continue to provide better fit to all data, including the latest experimental 
inputs [42,53]. Therefore, for the S1 and S2 scenarios, we consider the best-fit Wilson coef-
ficients from table-1 of Ref. [42], and collect them in Table 5, for the sake of completeness. 
S1 and S2 can be realized in the simplest NP models involving the tree-level exchange of a 
leptoquark (LQ) or a Z′ boson. While S1 is only possible with a Z′, S2 can appear in both 
LQ and Z′ models [45].

2) Motivated by removing the tensions between the separate fits to LFD and LFUV observables, 
we consider the NP scenarios extending S1 and S2, with additional arbitrary LFUV NP in 
b → se+e−, which affects only LFUV observables, leading to improved pulls with respect to 
the SM. While several scenarios extending S1 and S2, with the addition of one nonzero NP 
WC in b → se+e− are reported in [53], we pick only those scenarios, which can be realized 
in the context of the LQ and Z′ models, and have improved pulls with respect to the SM, 
compared to the ones obtained in S1 and S2. Therefore, we consider S3 and S4 from table-4 
of Ref. [53], that can be generated in Z′ model, whereas only S3 can be realized in the LQ 
models due to the fact that leptoquarks can only contribute to CNP

9� = −CNP
10�, � = e, μ. S3 

and S4 are listed in Table 5.
3) Next, we consider the NP hypothesis which allows LFU NP (equal contributions for all the 

lepton flavours), in addition to LFUV contributions to muons only. NP Wilson coefficients 
in this case can be represented as
13
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CNP
i(′)e = CU

i(′) , CNP
i(′)μ = CU

i(′) + CV
i(′)μ, (31)

with i = 9, 10, for the b → sμ+μ− and b → se+e− transitions, respectively. The superscript 
“U” and “V” represents the LFU and LFUV contribution, respectively. Several NP scenarios 
with both LFU and LFUV NP contributions are presented in table-4 of Ref. [42]. For the sake 
of simplicity, we restrict to the NP scenarios, which only extend S1 and S2, yielding equal 
or improved pulls compared to the corresponding ones for the S1 and S2 scenarios, given 
in table-1 of [42], and can be fairly easily realized in specific NP models. It is important to 
mention that one should be very careful while comparing pulls found in different analyses, 
as they strongly depend on the choice of observables, treatment of the theoretical errors, and 
the fact that how the analysis is performed. Therefore, we only consider comparison of pulls 
between scenarios obtained within a single analysis. Based on the above criteria, we consider 
S8 and S11 given in table-4 of [42], and label them as S5 and S6, as shown in Table 5. 
Scenario S5 can be generated via off-shell photon penguins [96] in a LQ model, while S6 
can be generated in Z′ model with vector couplings to muons and additional Vectorlike 
quarks with the quantum numbers of left-handed quarks doublets [97].

It is worth mentioning that the above two methods of considering additional b → se+e− NP are 
complementary and each NP scenario in one method can be translated into the other, and vice 
versa [98], however, they offer distinct fitting mechanism to LFD and LFUV observables and 
therefore may correspond to unique NP predictions. For example, it is suggested in Ref. [59], 
that assuming both LFU and LFUV NP provides a different mechanism to obey the constraint 
from the LFD observable B(Bs → μ+μ−), with large value of CV

10μ WC with opposite sign 

CU
10 WC value, and hence allows the possibility of new class of NP models with large LFU 

and LFUV contributions to C10μ at the same time, to account for the combined LFD+LFUV 
observables. This result is not obtained with only LFUV NP contributions to both b → sμ+μ−
and b → se+e−, as the additional LFUV NP in b → se+e−, affects only LFUV observables and 
the LFD observables, in this case, explained only by the LFUV NP contributions to b → sμ+μ−, 
lead to the other favoured NP scenarios with large pulls.

5.2. Predictions for the LFUV ratios

In this section, we explore the patterns of the lepton flavour universality violation, in different 
bins of the complementary ratios, due the presence of different NP possibilities in the form of 
the best-fit values of the Wilson coefficients, found in the recent global fit analyses. For that, we 
consider various LFUV ratios, including (pseudo-)scalar final states, Rf0 , RK∗

0
, RK , unpolarized 

and polarized (axial-)vector final states, Rφ(L,T ) , RK∗(L,T ) , R
K

(L,T )
1 (1270,1400)

, and � baryon final 

state with different spin orientations R�(0,1) . Experimentally, RK(∗) has already been measured 
by LHCb in the kinematical region q2 ≤ 6 GeV2, and by Belle in the low and high q2 regions 
with large errors. Future precision measurements of high q2 bins at Belle II and LHCb will be 
complementary and important for testing LFU, therefore, in our analysis, we consider only high 
q2 bins of RK(∗) .

In Figs. 1-5, we show the SM and the NP predictions, for the LFUV ratios in the low q2 bin, 
[0.045, 1] GeV2, the central q2 bin, [1, 6] GeV2, and the high q2 bin, [14, q2

max] GeV2. The 
height of the bars in Figs. 1-5, represent the uncertainty in the SM and NP predictions due to 
the errors in the form factors. We explicitly list the central values predictions and the predictions 
14



Fig. 1. Predictions for the LFUV ratios involving decays with scalar or pseudoscalar final state particles, Rf0 , RK∗
0

, and 
RK . Three kinematical regions, low [0.045, 1] GeV2, central [1, 6] GeV2, and high [14, q2

max] GeV2, are chosen, where 
q2

max = 19.2, 14.9, and 22.9 GeV2, for Rf0 , RK∗
0

, and RK , respectively. In each case, predictions from left to right, 
correspond to the SM and scenarios S1 to S6, depicted with different colours.

due to the errors in the form factors, for all the LFUV ratios in the SM and the NP scenarios, in 
Tables 7-13, of appendix F.

5.2.1. SM and NP predictions for RS and RP

In this section, we consider the LFUV ratios involving decays with scalar or pseudoscalar 
final states, Rf0 , RK∗

0
, and RK . SM and NP predictions for these ratios are shown in Fig. 1. It 

is clear from Fig. 1, that in all q2 bins, NP predictions for these ratios are considerably lower 
than the corresponding SM predictions. Considering, Rf0 first, the SM predictions of Rf0 in the 
central and high q2 bins are relatively clean and these bins are also very useful to distinguish 
among the different NP scenarios except between S1 and S2 scenarios. This means that the NP 
sensitivities vary for the different scenarios with the highest NP sensitivity observed in scenario 
S6. Next, for RK∗

0
, SM values in the low and central q2 bins are very clean therefore future 

measurements of RK∗
0

in these bins have the potential to reveal NP unambiguously, however in 
order to differentiate the NP scenarios very precise measurements of RK∗

0
will be required in 

these two bins as the form factor uncertainties in the presence of the NP scenarios also largely 
cancel out. On the other hand, the SM predictions in the low q2 bin of Rf0 , and the high q2

bin of RK∗
0

are not clean and also the NP predictions involve large uncertainties, resulting in the 
frequent overlap of the different NP scenarios, making such bins less useful. In any case, NP 
predictions for Rf0 and RK∗

0
should differ from the SM predictions, therefore it would be very 

useful for testing LFU by measuring them. In addition, very interestingly, the measurement of 
RK at high q2, which can be accessible at Belle II [99], can help to distinguish almost all NP 
scenarios, making such measurement very anticipated.
F.M. Bhutta, Z.-R. Huang, C.-D. Lü et al. Nuclear Physics B 979 (2022) 115763
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Fig. 2. Predictions for the LFUV ratios involving decays with vector or axial-vector final state particles, Rφ , RK∗ , 
RK1(1270) , and RK1(1400) , where only RK1(1270) values with θK1 = −34◦ , and RK1(1400) values with θK1 = 34◦
are presented. Three kinematical regions, low [0.045, 1] GeV2, central [1, 6] GeV2, and high [14, q2

max] GeV2, are 
chosen, where q2

max = 18.9, 19.2, 16, and 15 GeV2, for Rφ , RK∗ , RK1(1270) , and RK1(1400) respectively. In each case, 
predictions from left to right, correspond to the SM and scenarios S1 to S6, depicted with different colours.

Fig. 3. Same as Fig. 2, where final state particles are longitudinally polarized, giving polarized LFUV ratios, RφL , R
K∗L , 

R
KL

1 (1270)
, and R

KL
1 (1400)

.
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Fig. 4. Same as Fig. 2, where final state particles are transversely polarized, giving polarized LFUV ratios, R
φT , R

K∗T , 
R

KT
1 (1270)

, and R
KT

1 (1400)
.

Fig. 5. Predictions for the LFUV ratios, R� , R
�0 , and R

�1 , involving baryonic final state. Three kinematical regions, 
low [0.045, 1] GeV2, central [1, 6] GeV2, and high [14, q2

max] GeV2, are chosen, where q2
max = 20.3 GeV2. In each 

case, predictions from left to right, correspond to the SM and scenarios S1 to S6, depicted with different colours.
17
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5.2.2. SM and NP predictions for RV (L,T ) and RA(L,T )

In this section, we consider the LFUV ratios involving decays with unpolarized and polar-
ized vector or axial-vector final states, Rφ(L,T ) , RK∗(L,T ) , R

K
(L,T )
1 (1270)

, and R
K

(L,T )
1 (1400)

. Before 

presenting our predictions, we need to specify what value of the K1 mixing angle θK1 , we 
adopt. In fact, there are two widely used values, i.e., θK1 ∼ −34◦ [100], from B → K1γ and 
τ → K1(1270)ν, and θK1 ∼ 34◦ [101,102], from the study of the f1(1285) − f1(1420) and 
h1(1170) − h1(1380) mixing.5 These different possibilities of θK1 lead to different predictions 
for the observables. In the case of θK1 = −34◦, the branching ratio of B(B → K1(1400)�+�−)

is suppressed by one to two orders of magnitude with respect to B(B → K1(1270)�+�−), while 
in the case of θK1 = 34◦, the situation is reversed, such that B(B → K1(1270)�+�−) is more 
suppressed. Given the highly suppressed decay modes are difficult to measure experimentally, 
we only present the enhanced mode for each possibility of θK1 , i.e., B → K1(1270)�+�−, for 
θ = −34◦, and B → K1(1400)�+�−, for θ = 34◦. In fact, these two cases have very analogous 
predictions for RK1 as can be seen in the subsequent analysis.

In Fig. 2, we present the SM and the NP predictions for the unpolarized LFUV ratios, Rφ , 
RK∗ , and RK1(1270,1400). SM predictions of these LFUV ratios in the central and high q2 region 
are close to one, while in the low q2 region [0.045, 1] GeV2, due to non-negligible lepton mass 
effects [31], they are less than one. Further, considering the SM predictions, in the low q2 bin 
[0.045, 1] GeV2, it is important to mention that the involved branching fractions in these LFUV 
ratios are dominated by C7(′) , instead of C9,10, and these magnetic dipole Wilson coefficients 
enter in the helicity amplitudes corresponding to the vector leptonic current. However, compared 
to C7, C7′ is still ms/mb suppressed, and therefore we have ignored it for the SM predictions 
of these unpolarized LFUV ratios. Furthermore, for the NP predictions, in the low q2 region, 
although the branching fractions are highly sensitive to NP scenarios CNP

7(′) , contributions of these 
radiative coefficients CNP

7(′) to the LFUV ratios, involving both muons and electrons, are lepton 
flavor universal, and therefore they can only play a subleading role in interference terms involv-
ing additional semileptonic NP coefficients [49]. So, in our study, we do not further consider 
scenarios with CNP

7(′) , and for the NP predictions of these unpolarized LFUV ratios, in the low q2

region, we use the already selected NP scenarios.
In Fig. 2, we observe that in the low q2 region [0.045, 1] GeV2, Rφ is able to discriminate 

between the SM and the NP values although it cannot distinguish any specific NP scenario, 
and on the contrary RK1(1270,1400), in the same q2 bin, do not have good sensitivity to NP as 
the NP predictions overlap with the SM ranges, which also have relatively large uncertainties. 
With the increase of the momentum transfer, Rφ and RK1 become more sensitive to NP, and in 
the central q2 region [1, 6] GeV2, Rφ can distinguish S1 and S5, while RK1(1270,1400) are not 
able to discriminate any specific NP scenario. The measurement of Rφ in this region is very 
useful given the statistical uncertainty can be less than 0.05 after 50 fb−1 data is accumulated 
at LHCb [104]. Furthermore, in the high q2 region, sensitivity to NP becomes even more clear 
as both Rφ and RK1(1270,1400) have very small errors for the SM and NP predictions, and thus 
should be able to distinguish among most NP scenarios except between S2 and S6 in case of 
RK1(1270,1400). Besides, the high q2 bin of RK∗ is also very useful for differentiating among the 
NP scenarios, therefore future measurements of both RK and RK∗ in high q2 region would be 
crucial for probing NP signature in the form of LFUV, given the Belle II sensitivities are less 
than 4% with 50 ab−1 data [99].

5 It has been proposed in [103] to extract the K1 mixing angle from τ− → K−ντ → (K−ω)ντ → (K−π+π−π0)ντ .
1
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Additionally, in Fig. 3, we show the results for the LFUV ratios in the presence of NP scenar-
ios, with the final vector and axial-vector states longitudinally polarized, RφL , RKL

1 (1270,1400) and 
RK∗L . These ratios can provide complementary information for testing the LFU. Although the 
ratios corresponding to longitudinally polarized final states, i.e., RφL , RKL

1 (1270,1400) and RK∗L

have similar behaviours with respect to Rφ , RK1(1270,1400) and RK∗ , RφL and RKL
1

are more 

sensitive to NP in the central q2 region, with RφL giving very distinct NP predictions for almost 
all the NP scenarios. In contrast, the LFUV ratios for transversely polarized final state mesons, 
as shown in Fig. 4, have even more interesting behaviours in the low q2 region: they are sensitive 
to effects from the NP scenarios except S4 because in these scenarios they are greater than the 
SM predictions and with small errors. In the central q2 region, RφT in different NP scenarios 
except S1 and S6 is quite distinct and clearly distinguishable from the clean SM prediction with 
NP scenarios showing sensitivity to both the positive and negative side of the SM, while in the 
same q2 bin RKT

1 (1270,1400) in different NP scenarios have relatively large errors, making it hard 

to discriminate among the NP scenarios except S4. In the high q2 region, analogous to RφL , 
RKL

1 (1270,1400) and RK∗L , the ratios for transverse polarization RφT , RKT
1 (1270,1400) and RK∗T

in both the SM and the NP scenarios have relatively small errors and they provide very good 
sensitivity to test the lepton flavor universality.

5.2.3. SM and NP predictions for R�(0,1)

In this section, we consider the LFUV ratios R�(0,1) . SM and NP predictions for the scenarios 
S1-S6, for the ratios R�, R�0 , and R�1 are presented in Fig. 5. It is observed that the behaviour 
of R� and R�0 is analogous in the sense that the large-recoil bins having low sensitivity to NP 
cannot distinguish among the different NP scenarios, the central q2 bins with increased sensi-
tivity to NP scenarios can partially distinguish the NP scenarios, and the low-recoil bins with 
distinct and clean SM and NP predictions can well distinguish all the NP scenarios. In contrast, 
for R�1 , most NP scenarios are non-distinguishable by using the central q2 bins, partially distin-
guishable by using the high-recoil bins and almost fully distinguishable by using the low-recoil 
bins. Therefore, the most remarkable conclusion on R�(0,1) is that it would be most helpful to 
measure the high q2 bins of R�(0,1) because these bins have very small uncertainties. Lastly, sim-
ilar to RφT , R�1 corresponding to S1 and S6, in central q2 region may exceed 1, which can be 
an interesting characteristic for these scenarios, although they are not distinguishable from each 
other.

6. Summary and conclusions

In recent years, a number of experimental measurements for the b → s�+�− transitions have 
shown deviations from the SM expectations. Such measurements include the branching ratios 
B(B → K(∗)μ+μ−) and B(Bs → φμ+μ−), the angular observables in B → K∗μ+μ− decay 
including the famous P ′

5 anomaly, and very importantly, the LFUV ratios RK(∗) which are “clean” 
probe for LFUV/NP. On the other hand, experimental measurements of the LFUV ratios for either 
more b → s�+�− channels or more kinematical regions at Belle II and LHCb have been put on 
the agenda [99,104]. In light of the current stage, we have studied the LFUV ratios for various 
b → s�+�− channels with (pseudo-)scalar and (axial-)vector final state mesons including Rf0 , 
RK∗

0
, RK , RK∗ , Rφ , RK1 as well as R� for �b → ��+�−. In particular, for the cases when 

spin-1 meson or the � baryon is the final state, we have also considered the LFUV ratios with 
the final state hadron longitudinally and transversally polarized.
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In our calculation, we have adopted the recent results of hadronic form factors calculated in 
lattice QCD or/and QCD light-cone sum rules (LCSR). Within the framework of the effective 
field theory, we have studied various decay channels by employing the helicity formalism, and 
give the expressions of the physical observables in terms of the helicity amplitudes by keep-
ing lepton mass effects. Further, we have explicitly worked out the expressions of the helicity 
amplitudes in terms of the (NP) Wilson coefficients and the general hadronic form factors, in a 
consistent manner, by using the same kinematical configuration and polarization conventions for 
all the decay channels, which allows others to easily check and use our expressions.

In the numerical analysis, we have made predictions and performed analysis for the SM and 
the selected NP scenarios. Given the updated measurements of RK(∗) suggest NP also present 
in b → se+e−, therefore, besides considering the two basic b → sμ+μ− NP scenarios S1 (CNP

9μ

only) or S2 (CNP
9μ = −CNP

10μ), we have also considered four NP scenarios which extend S1 and 
S2, assuming additional arbitrary LFUV NP in b → se+e− or both LFU and LFUV NP, and 
have explicit model interpretations. These scenarios are two b → sμ+μ− plus b → se+e− NP 
scenarios S3 and S4, and two LFU plus LFUV NP scenarios S5 and S6. The conclusions can be 
summarized as follows:

• RK(∗) in the high q2 region have quite good sensitivity to NP, therefore future precision 
measurements on the high q2 bins will be important complement to the measurements of 
low q2 bins in probing LFUV/NP in the b → s�+�− transition.

• Measurements of the LFUV ratios with scalar mesons in final states are also very helpful for 
distinguishing NP scenarios. In particular, Rf0 in the bins [1, 6] GeV2 and [14, q2

max] GeV2, 
and RK∗

0
in the bins [0.045, 1] GeV2 and [1, 6] GeV2 are useful because the theoretical 

uncertainties in these bins are relatively small compared with other bins.
• Rφ is useful for testing LFUV/NP in all kinematical regions and especially in the high q2

region where theoretical predictions have small errors and the different NP scenarios have 
distinct predictions. In contrast, RK1 in the SM and NP scenarios have larger errors in the 
low and central q2 bins and it has good sensitivity to NP in the central and high q2 region, 
with NP scenarios more distinct in the high q2 region.

• RφL and RKL
1

corresponding to longitudinally polarized final state meson have similar be-

haviours with respect to the unpolarized ratios Rφ and RK1 in all q2 bins, but for RφT and 
RKT

1
corresponding to transversely polarized φ and K1, the low and high q2 bins have less 

uncertainties in the NP predictions, while the central q2 bins NP predictions have large un-
certainties.

• R�, R�0 and R�1 are all very sensitive to NP with tiny theoretical errors in high q2 region, 
which can test LFUV with distinct NP predictions. R�(0,1) , in the region [0.045, 1] GeV2

do not have good sensitivity to NP, while in [1, 6] GeV2, the measurements of R�0 can 
distinguish some of the NP scenarios, e.g., the central q2 bin of R�0 can distinguish S4 and 
S5.

In conclusion, similar to RK(∗) , SM predictions for the various complementary LFUV ratios 
are theoretically clean in different kinematical regions and have high sensitivity to NP. There-
fore, the future measurements on the LFUV ratios for these additional channels, along with 
the more precise RK(∗) measurements, can provide critical information on testing NP/LFUV in 
the b → s�+�− FCNC transitions. In addition, LFUV ratios with polarized final state particles 
are also found to be sensitive to different NP scenarios, and therefore can provide additional 
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complementary probe of LFUV. With the running of Belle II and future upgrade of LHCb, the 
measurements of many LFUV ratios studied in this work will be accessible, especially RK(∗) in 
high q2 region and Rφ which have already been planned [99,104]. We hope upcoming exper-
imental and theoretical studies on the LFUV ratios in the b → s�+�− transitions, along with 
giving crucial evidence of possible NP behind the b → s�+�− anomalies, will also help to iden-
tify the true structure of the underlying NP, by differentiating among the emerging NP scenarios.
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Appendix A. SM Wilson coefficients

For the explicit form of the Wilson coefficients Ceff
7 (q2) and Ceff

9 (q2), we follow [69–74]. For 
the sake of completeness we give the expressions of these Wilson coefficients used in our study

Ceff
7 (q2) = C7 − 1

3

(
C3 + 4

3
C4 + 20C5 + 80

3
C6

)

− αs

4π

[
(C1 − 6C2)F

(7)
1,c (q2) + C8F

(7)
8 (q2)

]
,

Ceff
9 (q2) = C9 + 4

3

(
C3 + 16

3
C5 + 16

9
C6

)
− h(0, q2)

(
1

2
C3 + 2

3
C4 + 8C5 + 32

3
C6

)

− h(m
pole
b , q2)

(7

2
C3 + 2

3
C4 + 38C5 + 32

3
C6

)
+ h(m

pole
c , q2)

(4

3
C1 + C2 + 6C3 + 60C5

)
− αs

4π

[
C1F

(9)
1,c (q2) + C2F

(9)
2,c (q2) + C8F

(9)
8 (q2)

]
, (A.1)

where the functions h(m
pole
q , q2) with q = c, b, and functions F (7,9)

8 (q2) are defined in [70], 

while the functions F (7,9)
1,c (q2), F (7,9)

2,c (q2) are given in [72] for low q2 and in [73] for high q2. 
The quark masses appearing in all of these functions are defined in the pole scheme.
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Appendix B. Hadronic matrix elements

The matrix elements for the process Min → S�+�−, where the parent particle Min = Bs or B , 
and the daughter particle S is a scalar meson 0+, such as S = f0(980) or K∗

0 (1430), are given by

〈f0
(
K∗

0

)
(k)|s̄γμγ5b|Bs

(
B

)
(p)〉 = −i

[
f

f0(K
∗
0 )

+ (q2)Pμ + f
f0(K

∗
0 )

− (q2)qμ

]
, (B.1)

〈f0
(
K∗

0

)
(k)|s̄iσμνq

νγ5b|Bs

(
B

)
(p)〉 = −i

f
f0(K

∗
0 )

T (q2)(
mBs(B) + mf0(K

∗
0 )

)
×

[
q2Pμ −

(
m2

Bs(B) − m2
f0(K

∗
0 )

)
qμ

]
, (B.2)

where Pμ = pμ + kμ, and qμ = pμ − kμ. For the Bs → f0(980)�+�− decay, f f0+ , f f0
0 , f f0

T form 

factors are used in the numerical analysis. For that f f0− (q2) form factor can be expressed as

f
f0− (q2) = m2

Bs
− m2

f0

q2 (f
f0
0 (q2) − f

f0+ (q2)). (B.3)

The matrix elements for the process Min → P�+�−, where both initial Min = B , and final 
state meson P = K , are pseudoscalar in nature, can be expressed as

〈K(k)|s̄γμb|B(p)〉 = f K+ (q2)Pμ + f K− (q2)qμ, (B.4)

〈K(k)|s̄σμνq
νb|B(p)〉 = − f K

T (q2)

mB + mK

[
q2Pμ −

(
m2

B − m2
K

)
qμ

]
. (B.5)

For the B → K�+�− decay, f K+ , f K
0 , f K

T form factors are used in the numerical analysis. There-
fore, f K− (q2) form factor is decomposed using a similar expression to Eq. (B.3).

For the process Min → V �+�−, where the parent particle Min = B or Bs , and the daughter 
particle V is a vector meson 1−, such as V = K∗ or φ, the matrix elements for such decays can 
be parameterized in terms of the form factors as

〈
K∗(φ)

(k, ε)
∣∣s̄γμb

∣∣B(
Bs

)
(p)

〉 = 2εμναβ

mB(Bs) + mK∗(φ)

ε ∗νpαkβV K∗(φ)(q2), (B.6)

〈
K∗(φ)

(k, ε)
∣∣s̄γμγ5b

∣∣B(Bs

)
(p)

〉 = i
(
mB(Bs) + mK∗(φ)

)
gμνε

∗νA
K∗(φ)
1 (q2)

− iPμ(ε ∗ · q)
A

K∗(φ)
2 (q2)(

mB(Bs) + mK∗(φ)

)
− i

2mK∗(φ)

q2 qμ(ε ∗ · q)
[
A

K∗(φ)
3 (q2) − A

K∗(φ)
0 (q2)

]
,

(B.7)

where

A
K∗(φ)
3 (q2) = mB(Bs) + mK∗(φ)

2mK∗(φ)

A
K∗(φ)
1 (q2) − mB(Bs) − mK∗(φ)

2mK∗(φ)

A
K∗(φ)
2 (q2), (B.8)

with A3(0) = A0(0). Here and throughout the whole study, we have used ε0123 = +1 convention 
for the Levi-Civita tensor. The additional form factors are the tensor form factors which can be 
expressed as
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〈
K∗(φ)

(k, ε)
∣∣s̄iσμνq

νb
∣∣B(

Bs

)
(p)

〉 = −2εμναβε ∗νpαkβT
K∗(φ)
1 (q2), (B.9)〈

K∗(φ)
(k, ε)

∣∣s̄iσμνq
νγ5b

∣∣B(
Bs

)
(p)

〉 = i
[(

m2
B(Bs)

− m2
K∗(φ)

)
gμνε

∗ν

− (ε ∗ · q)Pμ

]
T

K∗(φ)
2 (q2) + i(ε ∗ · q)

×
[
qμ − q2

m2
B(Bs)

− m2
K∗(φ)

Pμ

]
T

K∗(φ)
3 (q2).

(B.10)

The relations between the form factors in [79], and the form factors given in above matrix ele-
ments are

A
K∗(φ)
12 =

(
mB(Bs) + mK∗(φ)

)2
(m2

B(Bs)
− m2

K∗(φ) − q2)A
K∗(φ)
1 − λA

K∗(φ)
2

16mB(Bs)m
2
K∗(φ)

(
mB(Bs) + mK∗(φ)

) ,

T
K∗(φ)
23 =

(
m2

B(Bs)
− m2

K∗(φ)

)
(m2

B(Bs)
+ 3m2

K∗(φ) − q2)T
K∗(φ)
2 − λT

K∗(φ)
3

8mB(Bs)m
2
K∗(φ)

(
mB(Bs) − mK∗(φ)

) . (B.11)

For Min → A�+�− decay, where Min = B , and Mf = A, is a final state axial vector meson 
1+, such as K1(1270, 1400) meson. For this decay the matrix element can be parameterized in 
terms of transition form factors as follows

〈K1(k, ε)|s̄γμb|B(p)〉 = − (
mB + mK1

)
gμνε

∗νV
K1
1 (q2) + Pμ(ε ∗ · q)

V
K1
2 (q2)(

mB + mK1

)
+ 2mK1

q2 qμ(ε ∗ · q)[V K1
3 (q2) − V

K1
0 (q2)], (B.12)

〈K1(k, ε)|s̄γμγ5b|B(p)〉 = 2iεμναβ

mB + mK1

ε ∗νpαkβAK1(q2), (B.13)

where

V
K1
3 (q2) = mB + mK1

2mK1

V
K1
1 (q2) − mB − mK1

2mK1

V
K1
2 (q2), (B.14)

V
K1
3 (0) = V

K1
0 (0).

The other contributions from the tensor form factors are

〈K1(k, ε)|s̄iσμνq
νb|B(p)〉 =

[(
m2

B − m2
K1

)
gμνε

∗ν − (ε ∗ · q)Pμ

]
T

K1
2 (q2)

+ (ε ∗ · q)

[
qμ − q2

m2
B − m2

K1

Pμ

]
T

K1
3 (q2), (B.15)

〈K1(k, ε)|s̄iσμνq
νγ5b|B(p)〉 = 2iεμναβε ∗νpαkβT

K1
1 (q2) . (B.16)

The matrix elements for the process �b → ��+�−, where both initial Min = �b , and final 
state baryon �, are spin half particles, can be conveniently written in the helicity basis〈

�(k, s�)
∣∣s̄γμb

∣∣�b(p, s�b
)
〉 = ū�(k, s�)

[
f V

t (q2)(m�b
− m�)

qμ

2
q
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+ f V
0 (q2)

m�b
+ m�

s+
{
pμ + kμ − qμ

q2 (m2
�b

− m2
�)

}
+ f V⊥ (q2)

{
γμ − 2m�

s+
pμ − 2m�b

s+
kμ

}]
u�b

(p, s�b
),

(B.17)〈
�(k, s�)

∣∣s̄γμγ5b
∣∣�b(p, s�b

)
〉 = −ū�(k, s�)γ5

[
f A

t (q2)(m�b
+ m�)

qμ

q2

+ f A
0 (q2)

m�b
− m�

s−
{
pμ + kμ − qμ

q2 (m2
�b

− m2
�)

}
+ f A⊥ (q2)

{
γμ + 2m�

s−
pμ − 2m�b

s−
kμ

}]
u�b

(p, s�b
),

(B.18)

where we have s± = (m�b
± m�)2 − q2. Additionally,

〈�(k, s�)|s̄iσμνγ
νb|�b(p, s�b

)〉

= −ū�(k, s�)
[
f T

0 (q2)
q2

s+
{
pμ + kμ − qμ

q2 (m2
�b

− m2
�)

}
+f T⊥ (q2)(m�b

+ m�)
{
γμ − 2m�

s+
pμ − 2m�b

s+
kμ

}]
u�b

(p, s�b
), (B.19)

〈�(k, s�)|s̄iσμνγ
νγ5b|�b(p, s�b

)〉

= −ū�(k, s�)γ5

[
f

T5
0 (q2)

q2

s−
{
pμ + kμ − qμ

q2 (m2
�b

− m2
�)

}
+f

T5⊥ (q2)(m�b
− m�)

{
γμ + 2m�

s−
pμ − 2m�b

s−
kμ

}]
u�b

(p, s�b
). (B.20)

Appendix C. Details on the kinematics

C.1. Kinematics

The decay Min → Mf �+�− can be conveniently regarded as a quasi-two-body decay with 
Min → Mf jeff followed by jeff → �+�−, where effective current jeff, represents the off-shell 
boson. The polarization vectors of jeff satisfy the orthonormality and completeness relations as 
discussed in section 3. With Min(p) → Mf (k) 

(
jeff(q) → �+(p1)�

−(p2)
)
, we define momenta 

in the rest frame of the parent particle Min as

pμ = (min,0,0,0), kμ = (Ef ,0,0,−|�k|), qμ = (q0,0,0,+|�k|), (C.1)

where we choose daughter particle Mf to be moving along the negative z direction, and

q0 = m2
in − m2

f + q2

2min

, Ef = m2
in + m2

f − q2

2min

, |�k| =
√

λ(m2
in,m

2
f , q2)

2min

, (C.2)

where λ(m2
in, m

2
f , q2) is the Källén function

λ(a, b, c) = a2 + b2 + c2 − 2(ab + ac + bc). (C.3)
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Fig. 6. Kinematics of the Min → Mf �+�− decay.

In the dilepton rest frame, considering jeff decaying in the x −z plane, and �+(p1) lepton making 
angle θl with the z-axis (see Fig. 6),

p
μ
1 = (El, | �pl | sin θl,0, | �pl | cos θl),

p
μ
2 = (El,−| �pl | sin θl,0,−| �pl | cos θl), (C.4)

with

El =
√

q2

2
, | �pl | =

√
q2

2
βl, βl =

√
1 − 4m2

l

q2 . (C.5)

C.2. Polarization conventions

In the Min rest frame, the polarization four-vectors of the effective current (jeff), that decays 
to dilepton pair are

εμ(t) = 1√
q2

(q0,0,0, |�k|), εμ(±) = 1√
2
(0,∓1,−i,0),

εμ(0) = 1√
q2

(|�k|,0,0, q0), (C.6)

and in the dilepton pair rest frame the transverse polarizations of jeff remain same, while the time 
like and longitudinal polarizations read

εμ(t) = (1,0,0,0), εμ(0) = (0,0,0,1). (C.7)

Similarly, when the final state is vector or axial-vector particle, the polarization four-vectors of 
V (A) state moving along the negative z direction, in the Min rest frame are

εμ(±) = 1√
2
(0,±1,−i,0), εμ(0) = 1

mf

(|�k|,0,0,Ef ). (C.8)

Transverse polarizations of V (A) in its own rest frame remain same, whereas the longitudinal 
polarization reads

εμ(0) = (0,0,0,−1). (C.9)

Appendix D. Numerical inputs

In Table 6 we give the numerical values of the input parameters used in our study.
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Table 6
Default values of the used input parameters. Values of some parameters are strongly scale dependent, but 
most of these parameters cancel in the LFUV ratios.

GF = 1.1663787 × 10−5 GeV−2 [105] mB = 5.279 GeV [105]

|VtbV ∗
ts | = 0.0397+0.0008

−0.0006 [105] mBs = 5.367 GeV [105]

mb = 4.18+0.03
−0.02 GeV [105] τB = (1.519 ± 0.004) × 10−12 s [105]

α(mb) = 1/133.28 [83] τBs = (1.515 ± 0.004) × 10−12 s [105]

αs(mb) = 0.2233 [83] mf0 = 0.990 GeV [105]

me = 0.0005 GeV [105] mK∗
0

= 1.425 GeV [105]

mμ = 0.106 GeV [105] mK = 0.498 GeV [105]

m
pole
b

= 4.91 ± 0.12 GeV [106] mK∗ = 0.896 GeV [105]

m
pole
c = 1.77 ± 0.14 GeV [106] mφ = 1.020 GeV [105]

μb = 5 GeV [74] mK1A
= 1.31 GeV [107]

m�b
= 5.619 GeV [105] mK1B

= 1.34 GeV [107]

m� = 1.116 GeV [105] mK1(1270) = 1.272 GeV [102]

τ�b
= (1.471 ± 0.009) × 10−12 s [105] mK1(1400) = 1.403 GeV [105]

Appendix E. �b → � spinor bilinears

To calculate the hadronic helicity amplitudes for �b → ��+�− decay, we use the spinor 
representations given in [108,109]. For scalar and pseudo-scalar currents, we get

ū�(k,±1/2)u�b
(p,±1/2) = 0,

ū�(k,±1/2)u�b
(p,∓1/2) = ±√

s+,

ū�(k,±1/2)γ5u�b
(p,±1/2) = 0

ū�(k,±1/2)γ5u�b
(p,±1/2) = −√

s−, (E.1)

and for vector and axial-vector currents, we obtain

ū�(k,±1/2)γ μu�b
(p,±1/2) = ∓√

2s−εμ(±),

ū�(k,±1/2)γ μu�b
(p,∓1/2) = ±(

√
s+,0,0,−√

s−),

ū�(k,±1/2)γ μγ5u�b
(p,±1/2) = −√

2s+εμ(±)

ū�(k,±1/2)γ μγ5u� (p,∓1/2) = (
√

s−,0,0,−√
s+). (E.2)
b
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Appendix F. Predicted values of the LFUV ratios

In this appendix, we give the predicted central values with errors for the various LFUV ratios.

Table 7
SM and NP predictions for the LFUV ratio Rf0 in different bins. The first errors listed are due to the 
uncertainties of the form factors, and the second errors are due to the 1σ range of the best-fit Wilson 
coefficients in different NP scenarios.

Observable Scenario q2/GeV2 : [0.045,1] q2/GeV2 : [1,6] q2/GeV2 : [14, q2
max]

Rf0 SM 0.977+0.051
−0.036 1.000+0.007

−0.005 1.006+0.006
−0.005

Rf0 S1 0.766+0.052(+0.025)
−0.037(−0.023)

0.785+0.009(+0.026)
−0.006(−0.024)

0.789+0.008(+0.026)
−0.006(−0.024)

Rf0 S2 0.774+0.039(+0.022)
−0.028(−0.025)

0.792+0.005(+0.022)
−0.004(−0.025)

0.802+0.004(+0.022)
−0.005(−0.025)

Rf0 S3 0.783+0.040(+0.078)
−0.029(−0.078)

0.801+0.005(+0.080)
−0.004(−0.080)

0.811+0.004(+0.078)
−0.005(−0.078)

Rf0 S4 0.802+0.039(+0.093)
−0.029(−0.093)

0.821+0.006(+0.096)
−0.005(−0.096)

0.835+0.007(+0.097)
−0.009(−0.097)

Rf0 S5 0.824+0.053(+0.032)
−0.038(−0.032)

0.843+0.007(+0.033)
−0.005(−0.033)

0.852+0.005(+0.032)
−0.004(−0.032)

Rf0 S6 0.738+0.049(+0.032)
−0.035(−0.030)

0.755+0.008(+0.032)
−0.006(−0.031)

0.760+0.007(+0.033)
−0.006(−0.031)

Table 8
SM and NP predictions for the LFUV ratio RK∗

0
in different bins. The first errors listed are due to the uncer-

tainties of the form factors, and the second errors are due to the 1σ range of the best-fit Wilson coefficients in 
different NP scenarios.

Observable Scenario q2/GeV2 : [0.045,1] q2/GeV2 : [1,6] q2/GeV2 : [14, q2
max]

RK∗
0

SM 0.977 ± 0.001 1.000 ± 0.001 1.012 ± 0.014

RK∗
0

S1 0.759 ± 0.001(+0.027)
(−0.025)

0.778 ± 0.001(+0.028)
(−0.026)

0.791 ± 0.014(+0.028)
(−0.026)

RK∗
0

S2 0.795 ± 0.003(+0.019)
(−0.022)

0.814 ± 0.003(+0.020)
(−0.023)

0.829 ± 0.011(+0.020)
(−0.022)

RK∗
0

S3 0.805 ± 0.003(+0.070)
(−0.070)

0.824 ± 0.003(+0.072)
(−0.072)

0.838 ± 0.011(+0.071)
(−0.071)

RK∗
0

S4 0.839 ± 0.004(+0.098)
(−0.098)

0.859 ± 0.004(+0.100)
(−0.100)

0.876 ± 0.011(+0.101)
(−0.101)

RK∗
0

S5 0.837 ± 0.002(+0.029)
(−0.029)

0.857 ± 0.002(+0.029)
(−0.029)

0.873 ± 0.015(+0.029)
(−0.029)

RK∗
0

S6 0.733 ± 0.001(+0.033)
(−0.031)

0.751 ± 0.001(+0.034)
(−0.032)

0.764 ± 0.013(+0.034)
(−0.032)
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Table 9
SM and NP predictions for the LFUV ratios RK , R

K∗(L,T ) in the high q2 bin. The first errors listed are 
due to the uncertainties of the form factors, and the second errors are due to the 1σ range of the best-fit 
Wilson coefficients in different NP scenarios.

Scenario Observable q2/GeV2 : [14, q2
max] Observable q2/GeV2 : [14, q2

max]

SM RK 1.002+0.002
−0.002 RK∗ 0.998 ± 0.000

S1 RK 0.785+0.004(+0.026)
−0.003(−0.024)

RK∗ 0.785 ± 0.002(+0.025)
(−0.023)

S2 RK 0.800+0.003(+0.021)
−0.005(−0.024)

RK∗ 0.790 ± 0.003(+0.022)
(−0.025)

S3 RK 0.810+0.003(+0.077)
−0.005(−0.077)

RK∗ 0.800 ± 0.003(+0.080)
(−0.080)

S4 RK 0.834+0.006(+0.097)
−0.009(−0.097)

RK∗ 0.818 ± 0.005(+0.094)
(−0.094)

S5 RK 0.849+0.002(+0.032)
−0.003(−0.032)

RK∗ 0.841 ± 0.001(+0.033)
(−0.033)

S6 RK 0.791+0.004(+0.028)
−0.003(−0.026)

RK∗ 0.762 ± 0.003(+0.030)
(−0.028)

SM R
K∗L 0.999 ± 0.000 R

K∗T 0.998 ± 0.000

S1 R
K∗L 0.783 ± 0.002(+0.026)

(−0.024)
R

K∗T 0.786 ± 0.003(+0.025)
(−0.023)

S2 R
K∗L 0.794 ± 0.003(+0.022)

(−0.025)
R

K∗T 0.788 ± 0.004(+0.022)
(−0.025)

S3 R
K∗L 0.803 ± 0.003(+0.079)

(−0.079)
R

K∗T 0.798 ± 0.004(+0.080)
(−0.080)

S4 R
K∗L 0.824 ± 0.006(+0.095)

(−0.095)
R

K∗T 0.814 ± 0.008(+0.094)
(−0.094)

S5 R
K∗L 0.844 ± 0.002(+0.032)

(−0.032)
R

K∗T 0.840 ± 0.002(+0.033)
(−0.033)

S6 R
K∗L 0.755 ± 0.002(+0.032)

(−0.030)
R

K∗T 0.766 ± 0.005(+0.029)
(−0.028)
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Table 10
SM and NP predictions for the LFUV ratios R

φ(L,T ) in different bins. The first errors listed are due to the un-
certainties of the form factors, and the second errors are due to the 1σ range of the best-fit Wilson coefficients 
in different NP scenarios.

Observable Scenario q2/GeV2 : [0.045,1] q2/GeV2 : [1,6] q2/GeV2 : [14, q2
max]

Rφ SM 0.927 ± 0.004 0.997 ± 0.002 0.998 ± 0.000

Rφ S1 0.872 ± 0.013(+0.006)
(−0.005)

0.826 ± 0.008(+0.019)
(−0.018)

0.784 ± 0.001(+0.025)
(−0.024)

Rφ S2 0.858 ± 0.010(+0.007)
(−0.008)

0.800 ± 0.002(+0.021)
(−0.024)

0.791 ± 0.002(+0.022)
(−0.025)

Rφ S3 0.866 ± 0.009(+0.026)
(−0.026)

0.812 ± 0.002(+0.076)
(−0.076)

0.801 ± 0.002(+0.079)
(−0.079)

Rφ S4 0.863 ± 0.007(+0.024)
(−0.024)

0.811 ± 0.003(+0.076)
(−0.076)

0.819 ± 0.003(+0.094)
(−0.094)

Rφ S5 0.881 ± 0.008(+0.010)
(−0.010)

0.856 ± 0.003(+0.030)
(−0.030)

0.842 ± 0.001(+0.032)
(−0.032)

Rφ S6 0.867 ± 0.013(+0.007)
(−0.006)

0.806 ± 0.009(+0.023)
(−0.022)

0.760 ± 0.002(+0.031)
(−0.029)

RφL SM 0.974 ± 0.016 1.000 ± 0.002 0.999 ± 0.000

R
φL S1 0.763 ± 0.016(+0.025)

(−0.023)
0.783 ± 0.003(+0.026)

(−0.024)
0.783 ± 0.002(+0.026)

(−0.024)

RφL S2 0.772 ± 0.012(+0.021)
(−0.024)

0.792 ± 0.001(+0.022)
(−0.025)

0.795 ± 0.003(+0.022)
(−0.025)

RφL S3 0.781 ± 0.012(+0.078)
(−0.077)

0.801 ± 0.001(+0.079)
(−0.079)

0.804 ± 0.003(+0.078)
(−0.078)

R
φL S4 0.801 ± 0.012(+0.094)

(−0.094)
0.822 ± 0.002(+0.096)

(−0.096)
0.826 ± 0.005(+0.096)

(−0.096)

RφL S5 0.821 ± 0.016(+0.032)
(−0.032)

0.843 ± 0.002(+0.033)
(−0.033)

0.844 ± 0.001(+0.032)
(−0.032)

RφL S6 0.734 ± 0.015(+0.032)
(−0.029)

0.754 ± 0.003(+0.033)
(−0.031)

0.754 ± 0.002(+0.032)
(−0.031)

RφT SM 0.897 ± 0.000 0.985 ± 0.000 0.998 ± 0.000

RφT S1 0.940 ± 0.001(+0.006)
(−0.006)

1.020 ± 0.014(+0.012)
(−0.011)

0.785 ± 0.001(+0.025)
(−0.023)

R
φT S2 0.912 ± 0.000(+0.003)

(−0.003)
0.834 ± 0.008(+0.023)

(−0.026)
0.789 ± 0.002(+0.022)

(−0.025)

RφT S3 0.911 ± 0.000(+0.010)
(−0.010)

0.856 ± 0.008(+0.085)
(−0.085)

0.798 ± 0.002(+0.080)
(−0.080)

RφT S4 0.895 ± 0.001(+0.017)
(−0.017)

0.769 ± 0.004(+0.046)
(−0.046)

0.816 ± 0.003(+0.094)
(−0.094)

R
φT S5 0.910 ± 0.000(+0.004)

(−0.004)
0.905 ± 0.006(+0.032)

(−0.032)
0.840 ± 0.001(+0.033)

(−0.033)

RφT S6 0.943 ± 0.001(+0.007)
(−0.007)

1.025 ± 0.015(+0.015)
(−0.014)

0.764 ± 0.002(+0.030)
(−0.028)
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Table 11
SM and NP predictions for the LFUV ratios R

K
(L,T )
1 (1270)

, with θK1 = −34◦ , in different bins. The 
first errors listed are due to the uncertainties of the form factors, and the second errors are due to the 1σ

range of the best-fit Wilson coefficients in different NP scenarios.

Observable Scenario q2/GeV2 : [0.045,1] q2/GeV2 : [1,6] q2/GeV2 : [14, q2
max]

RK1(1270) SM 0.922+0.018
−0.016 0.995+0.008

−0.005 0.998+0.000
−0.000

RK1(1270) S1 0.863+0.069(+0.006)
−0.051(−0.006)

0.819+0.048(+0.020)
−0.024(−0.018)

0.782+0.003(+0.026)
−0.002(−0.024)

RK1(1270) S2 0.853+0.053(+0.007)
−0.038(−0.009)

0.794+0.011(+0.022)
−0.005(−0.025)

0.793+0.003(+0.022)
−0.005(−0.025)

RK1(1270) S3 0.860+0.047(+0.026)
−0.035(−0.026)

0.805+0.013(+0.078)
−0.006(−0.078)

0.802+0.003(+0.078)
−0.005(−0.078)

RK1(1270) S4 0.859+0.039(+0.026)
−0.029(−0.026)

0.805+0.009(+0.078)
−0.011(−0.078)

0.823+0.006(+0.095)
−0.009(−0.095)

RK1(1270) S5 0.875+0.044(+0.010)
−0.034(−0.010)

0.850+0.019(+0.031)
−0.009(−0.031)

0.842+0.002(+0.032)
−0.003(−0.032)

RK1(1270) S6 0.864+0.073(+0.007)
−0.054(−0.007)

0.823+0.047(+0.021)
−0.023(−0.020)

0.788+0.004(+0.027)
−0.002(−0.026)

R
KL

1 (1270)
SM 0.963+0.103

−0.049 0.999+0.014
−0.007 0.998+0.000

−0.000

R
KL

1 (1270)
S1 0.749+0.105(+0.026)

−0.050(−0.024)
0.781+0.018(+0.028)

−0.008(−0.026)
0.782+0.003(+0.026)

−0.002(−0.024)

R
KL

1 (1270)
S2 0.773+0.081(+0.020)

−0.039(−0.023)
0.793+0.007(+0.022)

−0.006(−0.025)
0.794+0.003(+0.022)

−0.005(−0.025)

R
KL

1 (1270)
S3 0.781+0.082(+0.073)

−0.039(−0.073)
0.802+0.007(+0.079)

−0.006(−0.079)
0.804+0.003(+0.078)

−0.005(−0.078)

R
KL

1 (1270)
S4 0.809+0.084(+0.095)

−0.040(−0.095)
0.824+0.007(+0.096)

−0.009(−0.096)
0.826+0.006(+0.096)

−0.009(−0.096)

R
KL

1 (1270)
S5 0.816+0.110(+0.030)

−0.053(−0.030)
0.842+0.013(+0.032)

−0.007(−0.032)
0.843+0.002(+0.032)

−0.003(−0.032)

R
KL

1 (1270)
S6 0.754+0.113(+0.028)

−0.054(−0.026)
0.788+0.020(+0.028)

−0.010(−0.026)
0.789+0.004(+0.028)

−0.002(−0.026)

R
KT

1 (1270)
SM 0.893+0.004

−0.003 0.984+0.001
−0.000 0.998+0.000

−0.000

R
KT

1 (1270)
S1 0.947+0.005(+0.008)

−0.007(−0.007)
0.939+0.067(+0.001)

−0.046(−0.001)
0.783+0.003(+0.025)

−0.002(−0.024)

R
KT

1 (1270)
S2 0.911+0.001(+0.004)

−0.001(−0.004)
0.796+0.030(+0.024)

−0.017(−0.027)
0.792+0.003(+0.022)

−0.005(−0.025)

R
KT

1 (1270)
S3 0.910+0.001(+0.012)

−0.001(−0.012)
0.814+0.033(+0.087)

−0.020(−0.087)
0.801+0.003(+0.079)

−0.005(−0.079)

R
KT

1 (1270)
S4 0.889+0.005(+0.021)

−0.004(−0.021)
0.752+0.015(+0.048)

−0.007(−0.048)
0.821+0.006(+0.095)

−0.009(−0.095)

R
KT

1 (1270)
S5 0.909+0.001(+0.005)

−0.001(−0.005)
0.872+0.028(+0.033)

−0.018(−0.033)
0.842+0.002(+0.032)

−0.003(−0.032)

R
KT

1 (1270)
S6 0.950+0.005(+0.008)

−0.007(−0.009)
0.941+0.068(+0.002)

−0.047(−0.002)
0.787+0.004(+0.027)

−0.002(−0.026)
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Table 12
SM and NP predictions for the LFUV ratios R

K
(L,T )
1 (1400)

, with θK1 = 34◦ , in different bins. The first 
errors listed are due to the uncertainties of the form factors, and the second errors are due to the 1σ range 
of the best-fit Wilson coefficients in different NP scenarios.

Observable Scenario q2/GeV2 : [0.045,1] q2/GeV2 : [1,6] q2/GeV2 : [14, q2
max]

RK1(1400) SM 0.913+0.011
−0.012 0.994+0.006

−0.004 0.998+0.000
−0.000

RK1(1400) S1 0.904+0.057(+0.000)
−0.054(−0.000)

0.838+0.062(+0.016)
−0.034(−0.015)

0.782+0.003(+0.026)
−0.002(−0.024)

RK1(1400) S2 0.873+0.046(+0.005)
−0.042(−0.006)

0.792+0.014(+0.022)
−0.006(−0.025)

0.793+0.003(+0.022)
−0.005(−0.025)

RK1(1400) S3 0.879+0.040(+0.018)
−0.037(−0.018)

0.804+0.017(+0.079)
−0.008(−0.079)

0.802+0.003(+0.078)
−0.005(−0.078)

RK1(1400) S4 0.864+0.034(+0.010)
−0.031(−0.010)

0.793+0.013(+0.071)
−0.014(−0.071)

0.823+0.006(+0.095)
−0.009(−0.095)

RK1(1400) S5 0.889+0.035(+0.007)
−0.033(−0.007)

0.853+0.022(+0.031)
−0.011(−0.031)

0.842+0.002(+0.032)
−0.003(−0.032)

RK1(1400) S6 0.906+0.060(+0.001)
−0.057(−0.001)

0.842+0.061(+0.017)
−0.034(−0.016)

0.788+0.004(+0.028)
−0.002(−0.026)

R
KL

1 (1400)
SM 0.973+0.159

−0.067 0.998+0.015
−0.007 0.998+0.000

−0.000

R
KL

1 (1400)
S1 0.778+0.192(+0.022)

−0.079(−0.021)
0.783+0.022(+0.025)

−0.011(−0.024)
0.782+0.003(+0.026)

−0.002(−0.024)

R
KL

1 (1400)
S2 0.761+0.122(+0.023)

−0.049(−0.026)
0.789+0.007(+0.022)

−0.007(−0.025)
0.794+0.003(+0.022)

−0.005(−0.025)

R
KL

1 (1400)
S3 0.770+0.125(+0.082)

−0.050(−0.082)
0.798+0.007(+0.080)

−0.007(−0.080)
0.803+0.003(+0.078)

−0.005(−0.078)

R
KL

1 (1400)
S4 0.775+0.104(+0.085)

−0.046(−0.085)
0.816+0.010(+0.095)

−0.012(−0.095)
0.824+0.006(+0.096)

−0.009(−0.096)

R
KL

1 (1400)
S5 0.813+0.163(+0.033)

−0.068(−0.033)
0.840+0.013(+0.033)

−0.007(−0.033)
0.843+0.002(+0.032)

−0.003(−0.032)

R
KL

1 (1400)
S6 0.786+0.200(+0.024)

−0.083(−0.022)
0.791+0.025(+0.027)

−0.012(−0.026)
0.789+0.004(+0.028)

−0.002(−0.026)

R
KT

1 (1400)
SM 0.893+0.004

−0.003 0.984+0.001
−0.000 0.997+0.000

−0.000

R
KT

1 (1400)
S1 0.947+0.005(+0.008)

−0.006(−0.007)
0.945+0.068(+0.002)

−0.047(−0.002)
0.782+0.003(+0.026)

−0.002(−0.024)

R
KT

1 (1400)
S2 0.911+0.001(+0.004)

−0.001(−0.004)
0.798+0.031(+0.024)

−0.018(−0.027)
0.792+0.003(+0.022)

−0.005(−0.025)

R
KT

1 (1400)
S3 0.910+0.001(+0.012)

−0.001(−0.012)
0.817+0.035(+0.087)

−0.021(−0.087)
0.802+0.003(+0.079)

−0.005(−0.079)

R
KT

1 (1400)
S4 0.890+0.005(+0.021)

−0.004(−0.021)
0.753+0.016(+0.047)

−0.007(−0.047)
0.822+0.006(+0.095)

−0.009(−0.095)

R
KT

1 (1400)
S5 0.909+0.001(+0.005)

−0.001(−0.005)
0.874+0.029(+0.033)

−0.018(−0.033)
0.842+0.002(+0.032)

−0.003(−0.032)

R
KT

1 (1400)
S6 0.950+0.005(+0.009)

−0.007(−0.008)
0.947+0.069(+0.003)

−0.048(−0.003)
0.788+0.004(+0.027)

−0.002(−0.026)
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Table 13
SM and NP predictions for the LFUV ratios R

�(0,1) in different bins. The first errors listed are due to the un-
certainties of the form factors, and the second errors are due to the 1σ range of the best-fit Wilson coefficients 
in different NP scenarios.

Observable Scenario q2/GeV2 : [0.045,1] q2/GeV2 : [1,6] q2/GeV2 : [14, q2
max]

R� SM 0.935 ± 0.024 1.001 ± 0.008 0.999 ± 0.000

R� S1 0.896 ± 0.038(+0.004)
(−0.004)

0.838 ± 0.024(+0.018)
(−0.016)

0.785 ± 0.001(+0.025)
(−0.024)

R� S2 0.879 ± 0.030(+0.006)
(−0.007)

0.805 ± 0.012(+0.021)
(−0.024)

0.791 ± 0.001(+0.022)
(−0.025)

R� S3 0.885 ± 0.027(+0.021)
(−0.021)

0.817 ± 0.013(+0.076)
(−0.076)

0.801 ± 0.001(+0.079)
(−0.079)

R� S4 0.880 ± 0.024(+0.019)
(−0.019)

0.813 ± 0.011(+0.073)
(−0.073)

0.820 ± 0.002(+0.094)
(−0.094)

R� S5 0.899 ± 0.027(+0.008)
(−0.008)

0.863 ± 0.013(+0.030)
(−0.030)

0.842 ± 0.001(+0.032)
(−0.032)

R� S6 0.893 ± 0.040(+0.004)
(−0.004)

0.834 ± 0.025(+0.019)
(−0.018)

0.768 ± 0.001(+0.029)
(−0.027)

R
�0 SM 1.013 ± 0.088 1.004 ± 0.010 1.000 ± 0.001

R
�0 S1 0.805 ± 0.082(+0.024)

(−0.023)
0.790 ± 0.010(+0.025)

(−0.023)
0.784 ± 0.001(+0.026)

(−0.024)

R
�0 S2 0.800 ± 0.062(+0.023)

(−0.026)
0.792 ± 0.006(+0.022)

(−0.026)
0.796 ± 0.001(+0.022)

(−0.025)

R
�0 S3 0.809 ± 0.064(+0.082)

(−0.082)
0.802 ± 0.006(+0.081)

(−0.081)
0.805 ± 0.001(+0.078)

(−0.078)

R
�0 S4 0.826 ± 0.063(+0.096)

(−0.096)
0.819 ± 0.007(+0.095)

(−0.095)
0.827 ± 0.002(+0.096)

(−0.096)

R
�0 S5 0.860 ± 0.084(+0.034)

(−0.034)
0.845 ± 0.008(+0.033)

(−0.033)
0.845 ± 0.001(+0.032)

(−0.032)

R
�0 S6 0.795 ± 0.082(+0.026)

(−0.025)
0.784 ± 0.011(+0.027)

(−0.026)
0.769 ± 0.002(+0.029)

(−0.028)

R
�1 SM 0.901 ± 0.004 0.987 ± 0.004 0.998 ± 0.000

R
�1 S1 0.936 ± 0.007(+0.005)

(−0.005)
1.064 ± 0.081(+0.018)

(−0.016)
0.786 ± 0.001(+0.025)

(−0.023)

R
�1 S2 0.914 ± 0.001(+0.002)

(−0.003)
0.864 ± 0.058(+0.022)

(−0.025)
0.788 ± 0.001(+0.022)

(−0.025)

R
�1 S3 0.913 ± 0.001(+0.008)

(−0.008)
0.886 ± 0.058(+0.081)

(−0.081)
0.798 ± 0.001(+0.080)

(−0.080)

R
�1 S4 0.900 ± 0.004(+0.014)

(−0.014)
0.790 ± 0.042(+0.050)

(−0.050)
0.814 ± 0.003(+0.094)

(−0.094)

R
�1 S5 0.912 ± 0.001(+0.003)

(−0.003)
0.927 ± 0.040(+0.030)

(−0.030)
0.840 ± 0.001(+0.033)

(−0.033)

R
�1 S6 0.938 ± 0.008(+0.006)

(−0.005)
1.069 ± 0.083(+0.020)

(−0.019)
0.767 ± 0.002(+0.029)

(−0.027)
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