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In this work, we consider the implications of current b → slþl− (l ¼ e, μ) measurements on several
B → K�τþτ− observables under the assumption that the possible new physics can have both universal as
well as nonuniversal couplings to leptons. For new physics solutions which provide a good fit to all
b → slþl− data, we intend to identify observables with large deviations from the Standard Model (SM)
predictions as well as to discriminate between various new physics solutions. For this we consider the
B → K�τþτ− branching fraction, the K� longitudinal fraction fL, the tau forward-backward asymmetry

AFB and the optimized observables in the Pð0Þ
i basis. Further, we construct the τ − μ lepton-flavor

differences (Qτμ) between these tau observables and their muonic counterparts in B → K�μþμ− decay.
Moreover, we also consider lepton-flavor ratios (Rτμ) of all of these observables. We find that the current
data allows for deviations ranging from 25% up to an order of magnitude from the SM value in a number
of observables. For e.g., the magnitudes of Qτμ

P3
and Qτμ

P0
8
observables can be enhanced up to an order

of magnitude, a twofold enhancement in Qτμ
AFB

is possible along with ∼50% enhancement in Rτμ
K�

and ∼25% in Rτμ
AFB

. Moreover, the branching ratio of B → K�τþτ− can be suppressed up to 25%.

A precise measurement of these observables can also discriminate between a number of new physics
solutions.

DOI: 10.1103/PhysRevD.107.055004

I. INTRODUCTION

The measurements of several observables in decays
induced by the quark level transition b → slþl−ðl ¼
e; μÞ show propitious signatures of new physics beyond
the Standard Model (SM) interactions [1]. These observ-
ables are mainly related to B → K�μþμ− and Bs → ϕμþμ−
decay modes. The measured value of the optimized angular
observable P0

5 in B → K�μþμ− in 4.0 GeV2 ≤ q2 ≤
6.0 GeV2 bin deviates from the SM prediction at the level
of 3σ [2–5]. Further, the experimental value of the branching
ratio of Bs → ϕμþμ− decay does not concur with the SM
prediction at the level of 3.5σ level [6,7]. Moreover, there is
dissimilitude in the measured and SM prediction of the
branching ratio Bs → μþμ− decay [8–13]. However, the
recent measurement by theCMSCollaboration using the full
Run 2 dataset [14] shifts the world average of the branching
ratio Bs → μþμ− [15] to a value which is in excellent
agreement with its SM prediction [16,17]. These disparities

can be accommodated by assuming new physics with
imperative couplings to muons.
The mismatch between the electron and muon sector,

owing to new physics beyond the SM, can be delineated
by the ratio observables R. These observables enmesh
agglomeration between different lepton flavors. The
lepton-flavor universality violating (LFUV) ratios RK ≡
ΓðBþ → Kþμþμ−Þ=ΓðBþ → Kþeþe−Þ and RK� ≡ΓðB0 →
K�0μþμ−Þ=ΓðB0→K�0eþe−Þ has been measured by the
LHCb Collaboration. The measurement of RK showed a
exiguous of 3.1σ as compared to the SM value ≈1 [18,19]
in the 1.1 GeV2 ≤ q2 ≤ 6.0 GeV2 bin [20]. The measure-
ments of RK� , in the 0.045 GeV2 ≤ q2 ≤ 1.1GeV2 and
1.1 GeV2 ≤ q2 ≤ 6.0 GeV2 bins also had dissent with the
SM at level of ∼2.5σ [21]. These anomalous measurements
required new physics with nonuniversal couplings to
muons and electrons.
The deviation of 3.1σ was obtained assuming RSM

K ≈ 1

which is valid only under the approximation of neglecting
the QED corrections. These corrections can be significant
as the lepton masses break lepton-flavor universality (LFU)
and their scales are different from that of b mass scale.
However in [22–24] it was shown that these corrections are
small. In particular the hard-collinear logs are absent in the
structure-dependent QED corrections. Hence, RK can be
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considered as a clean theoretical observable. The same
conclusion applies to the RK� observable.
A few more lepton-flavor universality violation (LFUV)

ratios have been measured by the LHCb Collaboration.
These are in B0 → KSμ

þμ− and Bþ → K�þμþμ− decay
modes [25]. The measured values of the ratios RKS

≡
ΓðB0 → KSμ

þμ−Þ=ΓðB0 → KSeþe−Þ and RK�þ ≡ ΓðBþ →
K�þμþμ−Þ=ΓðBþ → K�þeþe−Þ have relatively large errors
as compared to RK and RK� and are consistent with their
SM predictions below 2σ level. Apart from these ratios, the
LFUV new physics can also be captured by constructing
additional LFUV observables by taking difference of
optimized observables in the muon and electron sector,

Qμe

Pð0Þ
i

¼ Pð0Þμ
i − Pð0Þe

i [26]. The Qμe
P0
4
and Qμe

P0
5

observables

have been measured by the Belle Collaboration [27].
However, due to large errors, the measured values are
consistent with the SM prediction of ≈0.
The above b → sll anomalies can be be analyzed in a

model independent framework using the language of
effective field theory. However, there can be a number
of approaches under which the global analysis of b → sll
data can be performed. The most common framework is
where new physics is assumed to be present only in b →
sμþμ− decay [13,28–40]. In another approach, new physics
is allowed to be present in electron sector along with muons
with nonequal Wilson coefficients (WCs) [36,41,42]. Thus
in both of these approaches, the new physics couplings are
nonuniversal in nature.
In [43] a new approach was explored where apart from

having nonuniversal WCs affecting only b → sμþμ− decay,
one can also have universal WCs equally affecting all b →
sll processes, l ¼ e, μ, τ. Although LFUV new physics
contributions are mandatory to explain RKð�Þ anomalies, a
universal new physics contribution which is the same for all
leptons is not ruled out even though measurements in b →
see sector are consistent with SM predictions. In fact, such
a contribution gives rise to scenarios with a statistical
significance at least as relevant as that of only LFUV
framework and can also motivate the construction of new

models beyond SM including not only LFUV but also LFU
new physics contributions [35,43,44].
Very recently, on December 20, 2022, the LHCb

Collaboration updated the measurements of RK and RK�

[45,46] by including the experimental systematic effects
which were absent in the previous analysis. The updated
measurements of RK and RK� are now consistent with the
SM predictions. A global analysis of b → sll data using
the updated measurements was performed in [47].
If both universal and nonuniversal new physics WCs are

present then the universal couplings will generate new
physics effects in b → sτþτ− decay with WCs in μ and τ
sectors being the same. Therefore, it is interesting to see
what impact the universal coupling determined by the
updated b → slþl− (l ¼ e, μ) data will have on observ-
ables in decays induced by the quark level transition
b → sτþτ−. In this work we study this implication for
several CP-conserving observables in B → K�τþτ−.1 Apart
from analysing the branching ratio, the K� polarization
fraction, the τ forward-backward asymmetry and optimized
angular observables in B → K�τþτ− decay, we also con-
sider τ − μ lepton-flavor differences (Qτμ) and ratios (Rτμ)
of these observables.
The plan of the work is as follows. In the next section, we

discuss the fit results based on the assumption that both
universal and nonuniversal coupling to leptons are present.
In Sec. III we provide definitions and theoretical expres-
sions of observables related to B → K�τþτ− decay used in
our analysis. In Sec. IV we provide results obtained in our
work. We finally conclude in Sec. V.

II. NEW PHYSICS IN b → sμ+ μ− : LFU
CONSERVING AND VIOLATING APPROACH

In this section we discuss constraints on new physics
couplings under the assumption that LFU new physics is
allowed in addition to LFUV new physics contributions
affecting only b → sμþμ− transition. Within the SM, the
effective Hamiltonian for b → slþl− transition can be
written as

HSM
eff ¼ −

αemGFffiffiffi
2

p
π

V�
tsVtb

�
2
Ceff
7

q2
½s̄σμνqνðmsPL þmbPRÞb�l̄γμlþ Ceff

9 ðs̄γμPLbÞðl̄γμlÞ

þ C10ðs̄γμPLbÞðl̄γμγ5lÞ
�
þ H:c:; ð1Þ

where αem is the fine-structure constant, GF is the Fermi
constant, Vts and Vtb are the Cabibbo-Kobayashi-Maskawa

(CKM) matrix elements and PL;R ¼ ð1 ∓ γ5Þ=2 are the
chiral projection operators. The q in the C7 term is the
momentum of the off shell photon in the effective b → sγ�
transition.
Assuming new physics in the form of vector and axial-

vector operators, the new physics effective Hamiltonian for
b → slþl− process can be written as

1A few examples of correlating current B anomalies with new
physics in b → sτþτ− in specific model dependent scenarios can
be seen in [48–51].
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HNP
eff ¼ −

αemGFffiffiffi
2

p
π

V�
tsVtb½C9lðs̄γμPLbÞðl̄γμlÞ

þC10lðs̄γμPLbÞðl̄γμγ5lÞ þ C0
9lðs̄γμPRbÞðl̄γμlÞ

þC0
10lðs̄γμPRbÞðl̄γμγ5lÞ� þ H:c:: ð2Þ

Here Cð9;10Þl and C0
ð9;10Þl are the new physics WCs. In the

presence of LFU new physics, the WCs can be written as

Cð9;10Þe ¼ Cð9;10Þτ ¼ CU
ð9;10Þ;

C0
ð9;10Þe ¼ C0

ð9;10Þτ ¼ C0U
ð9;10Þ;

Cð9;10Þμ ¼ CU
ð9;10Þ þ CV

ð9;10Þμ;

C0
ð9;10Þμ ¼ C0U

ð9;10Þ þ C0V
ð9;10Þμ: ð3Þ

Hence the CU andC0U WCs contribute equally to all decays
induced by the b → slþl− transitions whereas CV and C0V

contribute only to b → sμþμ−.
A global fit to all b → slþl− data, i.e., LFUV observ-

ables along with b → sμþμ− and b → seþe− observables,
preferred new physics in C9μ whereas a fit to all LFUV
observables preferred C9μ ¼ −C10μ new physics scenario.
Therefore a 2D scenario with CU

9 along with CV
9 ¼ −CV

10 is

expected to provide a good fit to data, with a significance at
least at the level of fits with only LFUV contributions, if not
better. This motivated a new approach in which apart from
having nonuniversal WCs affecting only b → sμþμ− decay,
an universal component equally affecting all b → sll
processes, l ¼ e, μ, τ was explored [43]. Indeed such a
scenario provided an extremely good fit to all b → slþl−

data [35]. A complete set of all such scenarios are
illustrated in Table I. These scenarios can be classified
into two categories:

(i) Class-A (scenarios characterized by CU
9 contribu-

tion): Here we have four favored scenarios. These
solutions were first identified in [43]. In the notation
of [35] except S-V, all are 2D solutions.

(ii) Class-B (scenarios characterized either by CU
10 or

C0U
10 contribution): Here again we have four favored

solutions. These additional scenarios which can arise
naturally in several new physics models were in-
troduced in [44]. For e.g., S-IX can be generated in
2HDM models [52] whereas other solutions can be
induced in Z0 models with vectorlike quarks [53,54].

In Table I, we list the 1σ range of WCs along with pull
for each favored scenarios as obtained in [35]. These values
were obtained by performing a global fit to all available
data except measurements related to Λb → Λμμ. In Table I,

TABLE I. Allowed new physics solutions [35]. In our fit, the pull is defined as
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
χ2SM − χ2bf

p
where χ2bf is the χ

2 at
the best-fit value in the presence of new physics and χ2SM is the value of χ2 in the SM. The value of χ2SM is ≈217
before December 2022. This includes the measurements of RK and RK� by the LHCb Collaboration [20,21], the
measurements of RK� by the Belle Collaboration [55] and the world average of the branching ratio of Bs → μþμ− as
obtained in [13] (denoted by “old”). In the updated fit (denoted by “new”), using the observables listed in Sec. II, the
value of χ2SM reduces to ≈184.

Solutions WCs 1σ range [35] Pull [35] 1σ range (old) Pull 1σ range (new) Pull

S-V CV
9μ ð−1.02;−0.11Þ ð−0.98; 0.003Þ (−1.31, −0.53)

CV
10μ (0.08, 0.84) 6.6 (0.15, 0.97) 7.7 (−0.66, 0.07) 4.5

CU
9 ¼ CU

10
ð−0.73; 0.07Þ ð−0.76; 0.08Þ (−0.13, 0.58)

S-VI CV
9μ ¼ −CV

10μ ð−0.59;−0.44Þ ð−0.60;−0.45Þ ð−0.33;−0.20Þ
CU
9 ¼ CU

10
ð−0.56;−0.26Þ 6.9 ð−0.44;−0.18Þ 7.7 ð−0.43;−0.17Þ 4.1

S-VII CV
9μ ð−1.07;−0.63Þ ð−1.15;−0.77Þ ð−0.43;−0.08Þ

CU
9

ð−0.52; 0.01Þ 6.7 ð−0.35; 0.15Þ 7.4 ð−1.07;−0.58Þ 5.5
S-VIII CV

9μ ¼ −CV
10μ ð−0.41;−0.27Þ ð−0.47;−0.32Þ ð−0.18;−0.05Þ

CU
9

ð−0.99;−0.63Þ 7.2 ð−0.87;−0.45Þ 7.9 ð−1.15;−0.77Þ 5.6
S-IX CV

9μ ¼ −CV
10μ ð−0.63;−0.43Þ ð−0.61;−0.43Þ ð−0.27;−0.12Þ

CU
10

ð−0.44;−0.05Þ 6.3 ð−0.32; 0.07Þ 7.4 ð−0.09; 0.27Þ 3.6
S-X CV

9μ ð−1.13;−0.84Þ ð−1.10;−0.82Þ ð−0.72;−0.41Þ
CU
10

(0.13, 0.42) 6.9 (0.19, 0.50) 7.8 (0.05, 0.34) 4.6
S-XI CV

9μ ð−1.20;−0.91Þ ð−1.23;−0.95Þ ð−0.82;−0.51Þ
C0U
10

ð−0.35;−0.10Þ 6.9 ð−0.37;−0.16Þ 7.8 ð−0.26;−0.04Þ 4.6
S-XIII CV

9μ ð−1.27;−0.96Þ ð−1.27;−0.98Þ ð−0.96;−0.60Þ
C0V
9μ (0.13, 0.60) (0.20, 0.59) (0.22, 0.63)

CU
10

(0.10, 0.47) (0.14, 0.52) (0.01, 0.38)
C0U
10

ð−0.15; 0.21Þ 6.7 ð−0.17; 0.14Þ 8.1 ð−0.08; 0.24Þ 5.1
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we also provide our fit results using the methodology
adopted in Refs [38] and using the updated measurements
of RK and RK� by the LHCb Collaboration in December,
2022 [45,46]. We also use the modified world average of
the branching ratio of Bs → μþμ− in the light of updated
measurement from the CMS Collaboration [14,15]. In
addition, we included observables from b → seþe− sector.
For comparison, we also provide our fit results using data
before December 2022 updates. In the following we list all
observable used in our fit.
We include following LFUV observables in the fit: The

updated measurement of RK and RK� by the LHCb
Collaboration in December 2022 using the full Run 1
and 2 dataset [45,46]. We do not include measurements of
the ratios RK0

S
and RK�þ by the LHCb Collaboration [25] in

our updated fits as they are expected to suffer from the same
experimental systematic effects that lead to the updated
values of RK and RK� which are now consistent with their
SM predictions. Further, we do not include Qμe

P0
4
and Qμe

P0
5

in

the fits.
We now list b → sμþμ− observables used in the fit. Here

we do not include any measurements in the intermediate q2

regions, i.e., 6 GeV2 ≤ q2 ≤ 14.0 GeV2.
(1) The updated world average of the branching ratio of

Bs → μþμ− which is ð3.45� 0.29Þ × 10−9 as ob-
tained by the HFLAVaveraging group [15,47]. This
updated value is due to new analysis performed by
the CMS Collaboration with the full Run 2 data-
set [14].

(2) Recently updated differential branching fraction
measurements of Bs → ϕμþμ− by LHCb in various
q2 intervals [7].

(3) The differential branching ratios of B0 → K�0μþμ−

[56–58], Bþ → K�þμþμ−, B0 → K0μþμ− and Bþ →
Kþμþμ− [58,59] in different q2 bins.

(4) The branching fraction of inclusive decay modeB →
Xsμ

þμ− [60] where Xs is a hadron containing only
one kaon is included in the fit in the low and high-
q2 bins.

(5) The longitudinal polarization fraction fL, forward-
backward asymmetry AFB and observables S3, S4,
S5, S7, S8, S9 in the decay B0 → K�0μþμ− in various
intervals of q2, as measured by the LHCb Collabo-
ration in 2020 [4], along with their experimental
correlations.

(6) The angular observables fL, P1, P0
4, P

0
5, P

0
6, and P0

8

in B0 → K�0μþμ− decay measured by ATLAS [61]
and P1, P0

5 measured by CMS [62]. The measure-
ments of fL and AFB by the CDF and CMS
Collaborations are also included [57,58].

(7) The full set of angular observables for Bþ →
K�þμþμ− decay mode was determined for the first
time by LHCb in 2020 [63]. Here, we consider results
for FL and P1 − P0

8 optimized angular observables,
along with their experimental correlation [63].

(8) We include the CP-averaged observables fL, S3, S4,
and S7 in Bs → ϕμþμ− decays measured by the
LHCb in 2021 with the available experimental
correlations [64].

The eleven b → seþe− observables used in our global
analysis are as follows:
(1) The measurement of differential branching fraction

of B0 → K�0eþe− in 0.001 ≤ q2 ≤ 1.0 GeV2 bin by
the LHCb Collaboration [65].

(2) The measurement of differential branching fraction
of Bþ → Kþeþe− in 1.0 ≤ q2 ≤ 6.0 GeV2 bin by
the LHCb Collaboration [66].

(3) The measured values of the branching ratios of B →
Xseþe− by the BABAR Collaboration in both low as
well as high-q2 bins [60].

(4) The longitudinal polarization fraction fL in the
decay B0 → K�0eþe− in 0.002 ≤ q2 ≤ 1.12 GeV2

bin as measured by the LHCb Collaboration [67].
(5) The angular optimized observables P0

4 and P0
5

measured by the Belle Collaboration in 0.1 ≤ q2 ≤
4 GeV2, 1.0 ≤ q2 ≤ 6.0 GeV2, and 14.18 ≤ q2 ≤
19.0 GeV2 bins [27].

A global fit to above data is performed using CERN
minimization code MINUIT [68]. The χ2 function is
defined as

χ2ðCi;CjÞ ¼ ½OthðCi;CjÞ−Oexp�TC−1½OthðCi;CjÞ−Oexp�;
ð4Þ

where OthðCi; CjÞ are the theoretical predictions of N
observables (179 after December 2022 update) used in
the χ2 fit, Oexp are the corresponding central values of the
experimental measurements and C is the total covariance
matrix. This N × N matrix is constructed by adding the
individual theoretical and experimental covariance matri-
ces. The experimental correlations are included for the
angular observables in B0 → K�0μþμ− [4], Bþ →
K�þμþμ− [63], and Bs → ϕμþμ− [64] whereas the theo-
retical covariance matrix includes form factors and power
corrections uncertainties. These are computed using fla-
vio [69] where the observables are preimplemented based
on Refs. [70,71].
We quantify the goodness of fit by pull which is defined

as
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
χ2SM − χ2bf

p
. Here χ2SM is the value of χ2 in the SM and

χ2bf is the χ2 at the best-fit value in the presence of new
physics. We see from Table I that the value of χ2SM
decreased from 217 to 184 indicating that the discrepancy
of data from the SM has reduced considerably. All
previously favored scenarios still remains the favored ones
but with smaller values of pull. This is expected as the
overall tension between the experimental measurements
and SM has reduced. In the Sec. IV, we obtain predictions
for B → K�τþτ− observables using our updated values of
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WCs as given in Table I. In next section we provide a
description of these observables.

III. B → K�l+l− OBSERVABLES

The angular distribution of B0 → K�0ð→ K−π−Þlþl−

decay is completely encapsulated by four in dependent
kinematical variables. These are traditionally chosen to be
the three angles (θK, θl, and ϕ) and the invariant mass

squared of the dilepton system [q2 ¼ ðpB − pK�Þ2]. In the
notation of Ref. [72], the full angular decay distribution of

B0 → K�0ð→ K−πþÞlþl− decay is given by

d4Γ
dq2d cos θld cos θKdϕ

¼ 9

32π
Iðq2; θl; θK;ϕÞ; ð5Þ

where

Iðq2;θl;θK;ϕÞ ¼ Is1sin
2θK þ Ic1cos

2θK þ ðIs2sin2θK þ Ic2cos
2θKÞ cos2θl þ I3sin2θKsin2θl cos2ϕþ I4 sin2θK sin2θl cosϕ

þ I5 sin2θK sinθl cosϕþ ðIs6sin2θK þ Ic6cos
2θKÞ cosθl þ I7 sin2θK sinθl sinϕ

þ I8 sin2θK sin2θl sinϕþ I9sin2θKsin2θl sin2ϕ: ð6Þ

The twelve q2 dependent angular coefficients IðaÞi [73–75]
are bilinear combinations of theK�0 decay amplitudes which
in turn are functions of WCs and the form-factors which
depend on the long-distance effects. The functional depend-

ence of the angular coefficients IðaÞi in terms of decay
amplitudes (Ai) are given in the Appendix.
The full angular distribution of the CP-conjugated mode

is given by B0 → K�0ð→ Kþπ−Þlþl−

d4Γ̄
dq2d cos θld cos θKdϕ

¼ 9

32π
Īðq2; θl; θK;ϕÞ: ð7Þ

For B0 → K�0ð→ K−πþÞlþl− decay, θK is the angle

between the directions of kaon in the K�0 rest frame and

the K�0 in the rest frame of B̄. The angle θl is between the
directions of the l− in the dilepton rest frame and the
dilepton in the rest frame of B̄ whereas the angle ϕ is
the azimuthal angle between the plane containing the
dilepton pair and the plane encompassing the kaon and

pion from the K�0. For B0 → K�0ð→ Kþπ−Þlþl− decay
mode, θK is the angle between the directions of kaon in the
K�0 rest frame and the K�0 in the rest frame of B whereas
the angle θl is between the directions of the lþ in the
dilepton rest frame and the dilepton in the rest frame of B.
This leads to the following transformation of angular
coefficients under CP [51]

IðaÞ1;2;3;4;5;6 ⇒ ĪðaÞ1;2;3;4;5;6; IðaÞ7;8;9 ⇒ −ĪðaÞ7;8;9; ð8Þ

where ĪðaÞi are the complex conjugate of IðaÞi . Therefore,

combining B0 and B0 decays, one can construct following
angular observables which depend upon the average of the

distribution of the B0 and B0 [74]

SðaÞi ¼ IðaÞi ðq2Þ þ ĪðaÞi ðq2Þ
dðΓþ Γ̄Þ=dq2 : ð9Þ

The difference of these angular coefficients will result in
corresponding CP-violating angular observables [74,76].
Several well-established observables in the decay of B →

K�lþl− can be expressed in terms of angular coefficients

IðaÞi as well as CP-averaged angular observables SðaÞ:
(i) The angular integrated differential decay rate can be

written in terms of angular coefficients as

dΓ
dq2

¼
Z

d cosθld cosθKdϕ
d4Γ

dq2d cosθKd cosθldϕ

¼ 3

4
ð2Is1 þ Ic1Þ−

1

4
ð2I32 þ Ic2Þ: ð10Þ

(ii) The normalized forward-backward asymmetry can
be expressed in terms of CP-averaged angular
observables SðaÞ as

AFB ¼
�Z

1

0

−
Z

1

−1

�
d cosθl

d2ðΓ− Γ̄Þ
dq2dcosθl

=
dðΓþ Γ̄Þ

dq2

¼ 3

8
ð2Ss6 þ Sc6Þ: ð11Þ

(iii) The K� longitudinal polarization fraction can be
written in terms of SðaÞ observables as

fL ¼ −Sc2: ð12Þ

The SðaÞ observables are more prone to hadronic uncer-
tainties. One can construct optimized observables with
reduced uncertainties by proper combination of fL and
SðaÞ observables. These observables have been proposed
by several groups, see for e.g., [28,77–82]. A frequently used
form is the set of observables given in [28,82]. A generalized
and extensive analysis of angular distribution formalism can
be found in Ref. [75]. In this work, for B → K�τþτ− decay,

we consider the following set of optimized observables Pð0Þ
i

defined in Ref. [28,82] and written in the basis of [3]:
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P1 ¼
S3
2Ss2

; P2 ¼
Ss6
8Ss2

; P3 ¼
S9
4Ss2

;

P0
4 ¼

S4
2

ffiffiffiffiffiffiffiffiffiffiffiffiffi
−Ss2Sc2

p ; P0
5 ¼

S5
2

ffiffiffiffiffiffiffiffiffiffiffiffiffi
−Ss2Sc2

p ;

P0
6 ¼

S7
2

ffiffiffiffiffiffiffiffiffiffiffiffiffi
−Ss2Sc2

p ; P0
8 ¼

S8
2

ffiffiffiffiffiffiffiffiffiffiffiffiffi
−Ss2Sc2

p : ð13Þ

The B → K�lþl− observables suffer from hadronic
uncertainties which is mainly due to form factors
[70,71,83] and nonlocal contributions associated with
charm-quark loops [83–89]. The form factors in the low-
q2 region are calculated using light-cone sum rules (LCSR)
or light-meson distribution amplitudes whereas in the high-
q2 region, form factors are obtained from lattice computa-
tions [90,91].

IV. RESULTS AND DISCUSSIONS

In this section we provide predictions for several
observables in B → K�τþτ− within the SM as well as
for various new physics scenarios considered in Sec. II. The
aim is to look for deviations from the SM as well as to
distinguish between various allowed beyond SM scenarios.
The observables are classified into three categories:

(i) τ observables.
(ii) τ − μ lepton-flavor differences.
(iii) τ − μ lepton-flavor ratios.
The τ observables include differential branching ratio of

B → K�τþτ−, fL and AFB. We also consider the optimized
angular observables P1;2;3 and P0

4;5;6;8. From these observ-
ables, we construct the following τ − μ lepton-flavor
differences:

Qτμ
B ¼ BðB → K�τþτ−Þ − BðB → K�μþμ−Þ;

Qτμ
fL

¼ fLðB → K�τþτ−Þ − fLðB → K�μþμ−Þ;
Qτμ

AFB
¼ AFBðB → K�τþτ−Þ − AFBðB → K�μþμ−Þ;

Qτμ

Pð0Þ
i

¼ Pð0Þ
i ðB → K�τþτ−Þ − Pð0Þ

i ðB → K�μþμ−Þ: ð14Þ

We also consider the following lepton-flavor ratios:

Rτμ
K� ¼ BðB → K�τþτ−Þ

BðB → K�μþμ−Þ ;

Rτμ
AFB

¼ AFBðB → K�τþτ−Þ
AFBðB → K�μþμ−Þ ;

Rτμ
fL

¼ fLðB → K�τþτ−Þ
fLðB → K�μþμ−Þ ;

Rτμ
Pj

¼ PjðB → K�τþτ−Þ
PjðB → K�μþμ−Þ ;

Rτμ
P0
k
¼ P0

kðB → K�τþτ−Þ
P0
kðB → K�μþμ−Þ ; ð15Þ

where j ¼ 1, 2 and k ¼ 4, 5. Here we do not consider the
following LFU ratios:

Rτμ
P3

¼ P3ðB → K�τþτ−Þ
P3ðB → K�μþμ−Þ ;

Rτμ
P0
6

¼ P0
6ðB → K�τþτ−Þ

P0
6ðB → K�μþμ−Þ ;

Rτμ
P0
8
¼ P0

8ðB → K�τþτ−Þ
P0
8ðB → K�μþμ−Þ : ð16Þ

This is due the fact that these observables have large errors
due to zero crossings in their q2 spectra. The lepton-flavor
differences and ratio observables have been studied in μ − e
sector in Refs. [26,36,92–94].
For B → K�τþτ− decay, the ditauon q2 ranges from

15 GeV2 to 19.2 GeV2. Within this region, the form factors
are computed using a combined fit to lattice and LCSR
results. The predictions of the branching ratio, fL, AFB,
optimized angular observables P1;2;3 & P0

4;5;6;8 in B →
K�τþτ− decay along with the LFU ratio Rτμ

K� are obtained
using flavio [69]. We obtained the prediction of other
LFU ratios defined above along with the difference
observables Qτμ by implementing them in flavio using
the corresponding predefined τ and μ observables.
In the following, we provide integrated values of all

considered observables in [15–19] q2 bin, which is the only
bin relevant for B → K�τþτ− decay. The q2 graphs will be
shown only for those observables for which a noticeable
deviation from the SM, say more than 25%, is allowed for
atleast one of the new physics solutions. Further, we
perform separate analysis for class-A and B solutions,
i.e., we will firstly compare amongst various allowed
solutions within one class and then look for possible
distinction between the two classes of new physics
solutions.
The predictions of integrated values of τ observables in

[15–19] q2 bin are exhibited in Table II. It is evident that the
predictions for the branching ratio of B → K�τþτ− for
scenarios V and VI are consistent with the SM whereas the
S-VII and S-VIII solutions can lead to a suppression of up
to ∼25% in the value of BðB → K�τþτ−Þ. This is also
reflected from the graph of differential branching ratio
which is portrayed in Fig. 1. It can be seen that the 1σ
allowed region for S-VII and S-VIII do not overlap with the
corresponding SM range. Further, no notable deviation is
allowed for any of the class-B new physics solutions i.e.,
solutions characterized either by CU

10 or C
0U
10 contributions.

The allowed values of longitudinal polarization fraction
fL for all solutions are consistent with the SM predictions.
This includes class-B solutions as well. The same is true for
AFB and P1. The angular observable P2 can be suppressed
by ∼5% as compared to the SM for the new physics
solutions S-VII and S-VIII. The remaining scenarios do not
provide any interesting features.
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The value of P3 in SM is 0.00� 0.02. As illustrated in
the Table II, none of the new physics scenarios can provide
any useful enhancement in the P3 observable. The value of
P0
4 in the SM is ∼ −0.6 which remains almost the same for

all considered scenarios. The SM prediction for P0
5 observ-

able is ∼ − 1. Any large deviation in this observable is
forbidden by the current b → sll data as can be seen from
Table II. Within the SM, the value of observable P0

6 is
0.00� 0.13. All four scenarios considered in our analysis
do not show any improvement over SM value as culminated
from the table. For P0

8, the results are in the similar lines to
that of observable P3.
Thus, it is evident from Table II that none of the new

physics solutions considered in this work can provide a
large deviation, say 50% or more, from the SM prediction
in any of the τ-observables under consideration. Only a
deviation of 25% is allowed in the branching ratio of B →
K�ττ for S-VII and S-VIII solutions which belong to the
class-A scenario. It should be noted that this deviation is
in the form of suppression, i.e., the current new physics
solutions can only provide suppression in the τ observables.
As far as discriminating new physics solutions are con-
cerned, the fact that deviation is not substantial, a very
precise measurement would be required. None of the class-
B solutions can provide any notable deviation from the SM
in any of the τ observables. Therefore, any observational
suppression in BðB → K�τþτ−Þ would provide evidence in
support of class-A new physics in the form of the S-VII and
S-VIII solutions.TA
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FIG. 1. Plot for the q2 distribution in the SM as well as for
class-A new physics solutions for the branching fraction of
B → K�τþτ−. The light blue band is due to theoretical uncer-
tainties. The thick and dotted lines represent maximum deviation
from the SM for each new physics solutions. We have not shown
plots for other τ observables as their predictions for all considered
new physics scenarios only show marginal or negligible devia-
tions from the SM.
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We now consider LFU observables constructed by taking
difference of observables in the decay of B → K�τþτ− and
B → K�μþμ−. These Qτμ observables are defined in
Eqs. (14). The prediction of Qτμ observables for the q2

bin [15–19] GeV2 in the SM as well as for considered new
physics scenarios are shown in Table III.
The LFU difference between the longitudinal polariza-

tion fractions, Qτμ
fL
, is predicted to be ∼ − 0.25 in the SM.

This predicted value remains the same for all new physics
scenarios under consideration, including class-B solutions.
The observable Qτμ

AFB
provides promising features as its

value can be enhanced as compared to the SM for S-V and
S-VII solutions. These solutions can provide an ameliora-
tion up to twofold in the value of Qτμ

AFB
above its SM

prediction. The same feature is also reflected in the q2

distribution plot of Qτμ
AFB

as shown in Fig. 2. It should be
noted that none of the class-B solutions can provide any
visible deviation from the SM prediction of Qτμ

AFB
. Thus any

prominent deviation in this observable would disfavor
class-B solutions.
We now analyze lepton-flavor differences for optimized

observables. We firstly consider class-A solutions. The
prediction of Qτμ

P1
observable for all class-A solutions are

consistent with the SM. The SM value of observable Qτμ
P2

is
∼0.35. An enhancement of 10% is possible due to scenario
S-V whereas Qτμ

P2
for other class-A solutions are consistent

with the SM prediction. The SM prediction of Qτμ
P3

is
negligibly small, ∼10−3. Therefore this observable can be
measured only if any new physics contributions can
provide a very large enhancement. However, as can be
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FIG. 2. Plot for the q2 distribution in the SM as well as for
several class-A new physics solutions for the τ − μ lepton-flavor
difference observable, the Qτμ observable, for the forward
backward asymmetry AFB. The light blue band is due to
theoretical uncertainties. The thick and dotted lines represent
maximum deviation from the SM for each new physics solutions.
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seen from Table III, none of the class-A new physics
scenarios can effectuate any meaningful enhancement in
the value of Qτμ

P3
. The same is true for the Qτμ

P0
8
observable.

The SM prediction ofQτμ
P0
4
is ∼ − 0.01. None of the class-

A new physics solutions can generate any useful deviation
from the SM. The observableQτμ

P0
5

is predicted to be ∼ − 0.5

in the SM. None of the class-A scenarios show interesting
results for Qτμ

P0
5

observable. The SM prediction of Qτμ
P0
6

is

0.00� 0.06 which remains almost the same for all class-A
new physics solutions. Thus we see that none of the class-A
solutions can provide any noticeable deviation from the SM
in any of the Qτμ

Pð0Þ
i

observables.

The situation, however, seems to be encouraging for
class-B solutions, in particular the S-XIII solution. As can
be seen from Table III, the S-XIII solution can provide large
deviations from the SM in a number of Qτμ

Pð0Þ
i

observables.
For Qτμ

P1
observable, a threefold deviation from SM is

possible for S-XIII solution. For Qτμ
P2

observable, all
solutions cannot dispense any illustrious difference. A
tenfold enhancement in the magnitude of Qτμ

P3
is allowed

for the S-XIII solution. All other solutions predict SM-like
scenario for this observable.
The Qτμ

P0
5;6

observables are predicted to be close to their
SM values for all class-B solutions. A threefold enhance-
ment in the magnitude of Qτμ

P0
4
is allowed for the S-XIII

solution. The deviation is negligible for other solutions.
The S-XIII solution can effectuate an order of magnitude
enhancement in the magnitude of Qτμ

P0
8
observable. Similar

features are also delineated in the q2 graphs (Fig. 3) of these
Qτμ observables. Thus we see that Qτμ

Pð0Þ
i

observables can be

useful in discriminating between the class-A and class-B
scenarios. Any propitious deviation in these observables
can only be due to class-B solutions, particularly the S-XIII
solution.

FIG. 3. Plots for the q2 distribution in the SM as well as for class-B new physics scenarios for the τ − μ lepton-flavor difference
observables, theQτμ observables, for optimized observables P3 and P0

8. The light blue band is due to theoretical uncertainties. The thick
and dotted lines represent maximum deviation from the SM for each new physics solutions.

TABLE IV. Results for the q2 bin [15–19] GeV2 in the SM as well as for several new physics scenarios for the τ − μ lepton-flavor ratio
observables, the Rτμ observables, the longitudinal fraction fL, for the forward-backward asymmetry AFB, and several angular

observables Pð0Þ
i . Here we do not consider Rτμ

P3
, Rτμ

P0
6

and Rτμ
P0
8
ratios as they have large errors due to zero crossing.

Observable SM S-V S-VI S-VII S-VIII S-IX S-X S-XI S-XIII

Rτμ
K� 0.41� 0.01 (0.37, 0.67) (0.39, 0.46) (0.34, 0.40) (0.34, 0.39) (0.43 0.49) (0.45, 0.51) (0.46, 0.51) (0.48, 0.60)

Rτμ
fL

0.30� 0.01 (0.25, 0.31) (0.31, 0.34) (0.33, 0.36) (0.34, 0.37) (0.28, 0.30) (0.28, 0.29) (0.29, 0.29) (0.28, 0.31)
Rτμ
AFB

0.58� 0.02 (0.49, 0.77) (0.61, 0.67) (0.65, 0.79) (0.67, 0.74) (0.56, 0.59) (0.57, 0.61) (0.59, 0.62) (0.51, 0.62)
Rτμ
P1

1.05� 0.01 (1.06, 1.06) (1.06, 1.06) (1.06, 1.06) (1.06, 1.06) (1.06, 1.06) (1.06, 1.06) (1.06, 1.09) (1.09, 1.28)
Rτμ
P2

1.94� 0.01 (1.92, 2.52) (1.95, 1.97) (1.96, 2.15) (1.94, 1.98) (1.94, 1.95) (1.97, 2.06) (2.01, 2.09) (1.83, 2.06)
Rτμ
P0
4

1.012� 0.001 (1.01, 1.01) (1.01, 1.01) (1.01, 1.01) (1.01, 1.01) (1.01, 1.01) (1.01, 1.01) (1.01, 1.02) (1.02, 1.05)

Rτμ
P0
5

1.93� 0.01 (1.91, 2.47) (1.94, 1.96) (1.95, 2.13) (1.93, 1.96) (1.93, 1.94) (1.96, 2.03) (1.98, 2.06) (1.76, 2.02)

NEW PHYSICS IN B → K�τþτ−: A MODEL INDEPENDENT ANALYSIS PHYS. REV. D 107, 055004 (2023)

055004-9



Finally, we consider τ − μ lepton-flavor ratios of the
branching fractions, the longitudinal fractions, the forward

backward asymmetries and the Pð0Þ
i angular observables in

B → K�ll decay. The prediction for these observables in
the SM as well as for favored new physics solutions
belonging to class-A as well as class-B scenarios are given
in Table IV.
The SM prediction of Rτμ

K� is ∼0.4. It is apparent from
Table IV that amongst the class-A new physics solutions,
the S-V solution can engender largest enhancement in Rτμ

K� ,
by 60%, from the SM. The scenarios S-VII and S-VIII can
suppress the value of Rτμ

K� , ∼15% below the SM. These
features are also articulated in the q2 distribution of Rτμ

K�

which is depicted in the left panel of Fig. 4.
The class-B solutions can also relinquish large enhance-

ments from the SM value. The largest enhancement is
allowed for the S-XIII solution. This can enhance Rτμ

K� by
∼40%. The S-IX, S-X, and S-XI solutions can also induce
enhancement in Rτμ

K� . However these enhancements cannot
exceed by more than ∼20%. Further, it can be espied from
the right panel of Fig. 4 that none of the class-B solutions
can lead to suppression in Rτμ

K� below the SM value.
The SM prediction of τ − μ flavor ratio of the longi-

tudinal polarization asymmetries, Rτμ
fL
, is ∼0.3. None of the

class-A new physics scenarios, except S-V, can provide any
meaningful suppression in its value. Even for S-V, the
suppression can only be up to ∼15% The new physics
solution S-VII and S-VIII can ameliorate Rτμ

fL
by ∼20%

above the SM. Further, none of the class-B solutions can
invoke any divergence from the SM value of Rτμ

fL
.

Within the SM, the τ − μ flavor ratio of the forward
backward asymmetries, Rτμ

AFB
, attains a value of ∼0.6. It

should be noted that this ratio for μ − e observable, Rμ;e
AFB

, in
the [1, 6]GeV2 region is not a good observable to probe
new physics due to large errors in its SM prediction. This is
due to the fact that the q2 distribution of AFB exhibits a zero
crossing in this bin. For Rτμ

AFB
, the relevant q2 bin is [15, 19]

GeV2 for which there is no zero-crossing.
Amongst all class-A solutions, the S-V and S-VII

solutions can provide largest enhancement in Rτμ
AFB

. This
is apparent from the left panel of Fig. 5. The enhancement
can be up to 30%. None of the class-A new physics
solutions can deplete Rτμ

AFB
, except S-V which can induce

∼15% depletion. Further, none of the class-B solutions can
render large deviations from the SM.
We now consider τ − μ flavor ratio of the optimized

angular observables in B → K�ll decay. The flavor ratio
Rτμ
P1

is predicted to be ∼1 in the SM. None of the class-A
new physics solutions can provide any useful deviation
from the SM. The same is true for the Rτμ

P0
4
observable for

which the SM prediction is close to unity and all class-A
new physics scenarios fail to provide any impact. The status
remains the same for the Rτμ

P0
4
observable for class-B

solutions, i.e., none of the class-B solutions can provide
any visible deviation from the SM. However, as seen from
the right panel of Fig. 5, for Rτμ

P1
observable, the S-XIII

solution can invoke ∼20% boost over the SM value.
The flavor ratio Rτμ

P2
is predicted to be ∼2 in the SM. For

class-A, the S-V scenario can provide 30% enhancement
over the SM value. Apart from S-V, the S-VII scenario can

FIG. 4. Plots for the q2 distribution in the SM as well as for several new physics solutions for the τ − μ LFU ratio, the Rτμ observable,
for the branching fraction. The left and right panels correspond to the predictions for class-A and class-B solutions, respectively. The
light blue band is due to theoretical uncertainties. The thick and dotted lines represent maximum deviation from the SM for each new
physics solutions.
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also enhance Rτμ
P2

above the SM value, the enhancement can
only be up to ∼10%. These features are reflected in the q2

plot of Rτμ
P2
, the left panel of Fig. 6. None of the class-B

solutions can generate large new physics effects in Rτμ
P2

observable. This is evident from Table IV. The results are
almost the same for the Rτμ

P0
5

observable. Within the SM, this

observable is predicted to be ∼2. For class-A solutions, the

largest enhancement from the SM is provided by the S-V
solution, ∼25%, as can be seen from the right panel of
Fig. 6. The scenario S-VII can provide enhancement but
only up to ∼10%. The class-B solutions fail to generate any
observable impact on the Rτμ

P0
5

observable except S-XIII

solution which can induce marginal depletion in Rτμ
P0
5

, up

to ∼10%.

FIG. 5. Plots for the q2 distribution in the SM as well as for several new physics solutions for the τ − μ LFU ratio, the Rτμ observables.
The left and right panels correspond to the predictions for Rτμ

AFB
(class-A solutions) and Rτμ

P1
(class-B solutions), respectively. The light

blue band is due to theoretical uncertainties. The thick and dotted lines represent maximum deviation from the SM for each new physics
solutions.

FIG. 6. Plots for the q2 distribution in the SM as well as for several class-A new physics scenarios for the τ − μ LFU ratios, the Rτμ

observables, for the optimized observables P2 (left panel) and P0
5 (right panel). The light blue band is due to theoretical uncertainties.

The thick and dotted lines represent maximum deviation from the SM for each new physics solutions.
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Thus we see that the current data in b → sμþμ− sector
allows for large deviations in a number of observables
related to the decay of B → K�τþτ−. These observables
will be particularly interesting in hunting for violation of
lepton-flavor universality in μ − τ sector. However, the
situation is not so encouraging from the experimental front
due to presence of multiple neutrinos in the final state.
Therefore, in order to utilize the potential of B → K�τþτ−

decay, a significant improvement in the current τ
reconstruction techniques would be required.

V. CONCLUSIONS

We study the impact of current b → slþl− (l ¼ e, μ)
measurements on several observables in the decay of B →
K�τþτ− under the assumption that the possible new physics
contributions to b → slþl− can have both universal as
well as nonuniversal couplings to leptons. The analysis is
performed in a model agnostic way using the language of
effective field theory. The primary goal is to identify
observables where large new physics effects are allowed
by scenarios which provide a good fit to all b → sll data.
We also intend to discriminate between various new
physics solutions which are classified in two categories:
solutions having universal C9 couplings and solutions with
universal C10 or C0

10 couplings. We denote them as class-A
and class-B scenarios, respectively. In our analysis, we
consider a number of observables related to B → K�τþτ−.
These include the branching fraction, the K� longitudinal
fraction fL, the tau forward backward asymmetry AFB as
well as optimized angular observables P1;2;3 and P0

4;5;6;8.
We then construct τ − μ LFUV difference (ratio) observ-
ables by taking differences (ratios) of branching fractions,

fL’s, AFB’s and Pð0Þ
i ’s of B → K�τþτ− and B → K�μþμ−

decays.
For τ observables, i.e., for observables related only to

B → K�τþτ− decay, we observe the following:
(i) None of the allowed solutions can generate notable

enhancement in the branching fraction of B →
K�τþτ− decay. In fact, new physics solutions S-VII≡
ðCV

9μ; C
U
9 Þ and S-VIII≡ ðCV

9μ ¼ −CV
10μ; C

U
9 Þ belong-

ing to the class-A category can induce suppression up
to∼25% as compared to the SM.Nonotable depletion
in branching fraction is possible for any of the class-B
new physics solutions.

(ii) The K� longitudinal fraction fL and the tau forward
backward asymmetry AFB are predicted to be close
to their SM values for all allowed solutions.

(iii) No noticeable new physics effects are allowed in any
of the optimized angular observables for all new
physics solutions.

The results for τ − μ LFUV difference observables, Qτμ

can be summarized as follows:
(i) A twofold enhancement in Qτμ

AFB
is allowed for

S-V≡ ðCV
9μ; C

V
10μ; C

U
9 ¼ CU

10Þ and S-VII solutions.
None of the class-B solutions can induce any
meaningful enhancement.

(ii) A new physics solution, S-XIII≡ ðCV
9μ; C

0V
9μ; C

U
10;

C0U
10Þ belonging to the class-B scenario can provide

an order of magnitude enhancement in the absolute
values of Qτμ

P3
and Qτμ

P0
8
observables whereas an

enhancement up to threefold is allowed for Qτμ
P1

and Qτμ
P0
4
observables. None of the class-A solutions

can provide any noticeable deviation from the SM in
any of the Qτμ

Pð0Þ
i

observables.

Finally, we analyze τ − μ LFUV ratio observables, Rτμ.
Our main findings are as follows:

(i) The ratio of branching fractions of B → K�τþτ− and
B → K�μþμ− can be enhanced up to 40%–50% over
the SM value. This enhancement is possible for S-V
as well as S-XIII solutions.

(ii) The S-V and S-VII solutions can lead to more than
25% enhancement in Rτμ

AFB
over the SM value. No

class-B solutions can induce large new physics
effects in this observable.

(iii) Amongst the flavor ratio of optimized observables,
Rτμ
P2

and Rτμ
P0
5

can show maximum deviation, up to

25%, from the SM. This deviation is possible for
new physics scenario S-V. For other ratios, only
marginal deviation is allowed.

Therefore, in the considered framework, the current b →
sμþμ− data does allow for large new physics effects in a
number of B → K�τþτ− observables. These effects range
from 20%–30% up to an order of magnitude above the
SM level. Hence B → K�τþτ− decay mode has immense
potential to probe physics beyond SM, particularly by
complementing the quest for new physics signatures in b →
sμþμ− sector.
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APPENDIX: ANGULAR COEFFICIENTS

The twelve q2 dependent angular coefficients IðaÞi in
Eq. (6) can be expressed in terms of transversity amplitudes
which are given by [74]
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Is1 ¼
ð2þ β2lÞ

4

h
jAL⊥j2 þ jAL

k j2 þ ðL → RÞ
i
þ 4m2

l

q2
Re

�
AL⊥AR�⊥ þ AL

kA
R�
k

�
;

Ic1 ¼ jAL
0 j2 þ jAR

0 j2 þ
4m2

l

q2
½jAtj2 þ 2ReðAL

0A
R�
0 Þ� þ β2ljASj2;

Is2 ¼
β2l
4

h
jAL⊥j2 þ jAL

k j2 þ ðL → RÞ
i
;

Ic2 ¼ −β2l
h
jAL

0 j2 þ jAR
0 j2

i
;

I3 ¼
β2l
2

h
jAL⊥j2 − jAL

k j2 þ ðL → RÞ
i
;

I4 ¼
β2lffiffiffi
2

p
h
ReðAL

0A
L�
k Þ þ ðL → RÞ

i
;

I5=
ffiffiffi
2

p
βl ¼ ReðAL

0A
L�⊥ Þ − ðL → RÞ − mlffiffiffiffiffi

q2
p ReðAL

kA
�
S þ AR

kA
�
SÞ;

Is6 ¼ 2βl
h
ReðAL

kA
L�⊥ Þ − ðL → RÞ

i
;

Ic6 ¼ 4βl
mμffiffiffiffiffi
q2

p Re½AL
0A

�
S þ ðL → RÞ�;

I7=
ffiffiffi
2

p
βl ¼ ImðAL

0A
L�
k Þ − ðL → RÞ þ mμffiffiffiffiffi

q2
p ImðAL⊥A�

S þ AR⊥A�
SÞ;

I8 ¼
β2lffiffiffi
2

p ½ImðAL
0A

L�⊥ Þ þ ðL → RÞ�;

I9 ¼ β2l

h
ImðAL�

k AL⊥Þ þ ðL → RÞ
i
: ðA1Þ

The expression of transversity amplitudes which are written in terms of form factors Vðq2Þ, A0;1;2ðq2Þ, and T1;2;3ðq2Þ can be
found in Ref. [70].
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