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ABSTRACT: We have extracted the ratio |Vyp|/|Ve| from a combined study of the available
inputs on B — (, p,w)l~ 7y and B(B;) — (D™, Dg*))ﬂfﬂg (¢ = p or e) decays. We have
done our analysis with and without the inclusion of the available experimental results on the
branching fraction BR(Bs — K*u~1,) or the ratio of the rates I'(Bs — K¢~ 1) /T(Bs —
Df¢~1y). We have used all the available experimental data on the branching fractions
in different ¢%-bins, the available theory inputs on the form factors from lattice and the
light cone sum rule (LCSR) approach; analysed the data in different possible scenarios and
presented the results. From a combined analysis of all the b — ¢/~ vy exclusive decays, we
have obtained |V,y| = (40.5 & 0.6) x 1073 and from all the b — u{~ ¥, modes, we obtain
[Vip| = (3.46 £ 0.12) x 1072 which changes to |Vy| = (3.51 4 0.13) x 1072 after dropping
BR(Bs — KTu~1,). We hence report the values of the ratio |V|/|Vis| = 0.085 & 0.003
and 0.087 £ 0.003 with and without the input from By — K+ p~ v, modes, respectively. We
have also predicted the ratio I'(Bs — KT¢~1,)/T(Bs — DF¢~7) using the fit results. In
addition, we provide the predictions of BR(Bs — K+t~ v,) and BR(B — (p,w){~ %) in
the Standard Model (SM) in small ¢*-bins.
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1 Introduction

The Cabibbo-Kobayashi-Maskawa (CKM) matrix plays a central role in the understanding
of the mechanism of quark mixing within the Standard Model. Hence precise determination
of its elements is essential. An accurate extraction of these elements have received special
attention in both theoretical and experimental capacities in the last few decades. The
unitarity relation ), Vi3 Vi; = 0 leads to six unitarity triangles; the area of each being a
measure of CP-violation. One of these triangles is obtained from the relation:

Vi Vud + Vi Vea + Vi Via = 0. (1.1)

(2

Using the above relation one can obtain a triangle whose sides are of equal magnitudes,
and one of the primary goals of the flavour community is the precise construction of this
triangle [1]. To date, the elements |V,;| and |Vg| are known to a relatively less degree of
precision as compared to the other CKM elements required to construct the above triangle.
The decay rates of the semileptonic b — ¢/~ vy and b — wl~ v, transitions are sensitive
to |V|? and |Vyp|? respectively, and are hence useful for the extractions of these CKM
elements. In this regard, the corresponding exclusive and inclusive decays play essential
roles. Concerning the exclusive decays, we have a good amount of information available
on the B — ¢~ iy, B— D®¢~ i, and By — Dg*)ﬁﬂg,l decays [2]. So far, |V,;| has been
extracted using the available information on B — 7~ decays [1-4] while V| has been
extracted independently from the B — D®)¢~ 5, [5-10] and B, — D=1, [11] decays.
The inclusive determination of |V,;| is heavily dependent on the QCD modelling of the
non-perturbative shape function; for details see the refs. [12-15]. On the contrary, the
inclusive determination of |V,;| is relatively clean, see for example the refs. [16-19]. As
mentioned above, the up-to-date values of these elements extracted from exclusive and
inclusive decays can be seen from HFLAV or PDG [1, 2| and the references therein. It has

LCharge-conjugate decays are implied.



been observed that the inclusive determinations of these two elements have higher values
concerning the corresponding values extracted from exclusive decays. The difference is
higher in the extracted values of |V,;|. No convincing explanations for the scenario are
available till date.

For a better understanding of the observed discrepancies, it is important to extract
the CKM elements from other modes. For example, |V,| can be extracted separately from
B, — Dg*)E* vp and Ay, — AT~y decay modes apart from the B — D™ ¢~ 5, decays and the
extracted values can be compared. The absence of light spectator quarks in By — Dg*)é_ Uy
transitions makes them more attractive from the theoretical viewpoint as the statistical
errors in Lattice QCD computations, and finite volume effects get highly reduced. After
analysing the available data on By — Dg*)f_ﬁg decay, the LHCb collaboration had obtained
|Vp| = (42.3 £ 1.4) x 1072 [11] which is consistent with that extracted from B — D¢~ 1,
decays [1]. Similarly, apart from the B — 7l~ ¥ decay modes, the study of the additional
modes like B — pl~7 and B — wl~ 7 would provide complementary information on the
estimates of |V,;5|. Equally important are the measurements of the ratios of the leptonic or
semileptonic decay widths sensitive to the ratio of |Vy;| and |V|. For example, the ratio
of the CKM elements |Vy;3|/|Ves| has been measured by the LHCD collaboration from the
measurements of the ratio of the decay width T'(Ay — pu~v)/T(Ay — Acp™ ) [2, 20], and
their measured value is given by

V| /| Vew| = 0.079 = 0.004eyp = 0.004y,. (1.2)

Recently, there has also been a measurement of the ratio Rgp = BR(BS —
Kty v)/BR(Bs — Dfp~ ) from LHCb [21] in two bins of the By — K~ momentum
transfer, namely ¢® < 7 GeV? and ¢ > 7 GeV? with B, — D,uv acting as the normalization
channel. The respective measured values are as given below

RISY. — (1.66 + 0.08(stat) + 0.07(syst) + 0.05(D;)) x 1073,
RIMEM — (3.25 + 0.21(stat) T 1S (syst) £ 0.09(Dy)) x 1072 (1.3)

where the uncertainties correspond to statistical, systematic and due to the Dy — K+TK 7~
branching fraction. After incorporating the theory calculations on the form factors, the
branching ratios as mentioned above are used to extract the ratio |Vyp|/|Ve| which are
given as follows:

Vol /| Vep 'Y = 0.061 4 0.002exp % 0.003¢3,,
Vsl /| Vip|M8® = 0.095 = 0.004exp, & 0.007,. (1.4)

Here, the theoretical uncertainties correspond to D branching fraction and the form factor
integrals, for details see [21]. According to the LHCb collaboration, the difference in the
predictions in the two bins are related to the differences in the theory inputs in the high
(lattice) and low-bins (LCSR), respectively.

The measurements of the ratio |Vy;|/|Ve| can be directly used to construct the unitarity
triangle defined via eq. (1.1). However, these measurements could also be helpful to



constrain |V,;| once we have the precise estimates of |V| and the above ratio or vice
versa. This kind of exercise will provide complementary information concerning the different
measurements and may help to understand the discrepancies between the inclusive and
exclusive determinations.

In this paper, we have extracted |V,| from a combined study of B — D®)/~ 7, and
B, — Dg*)ﬁ_ vy decays after incorporating all the available experimental data [5, 9, 11] and
the information on the form factors from the theory like lattice QCD [6, 7, 10, 22-24] and
LCSR [25, 26]. We have also extracted |V,;| from independent and combined studies of
the B — (7, p,w)¢~ ¥y decay modes, including the available experimental data [27-32] and
the theory inputs from lattice [33-35] and LCSR [25, 36-38]. Along with these b — wl~ 1y
modes, we have further analyzed the available information on By — K+~ v, decay, like
the ¢? integrated branching fraction measured by LHCb [21]

BR(Bs = K+~ 7,) = (1.06 + 0.054ta: & 0.084y5) x 1077, (1.5)

and the inputs on the form factors from lattice [34, 39, 40] and LCSR [41]. For a comparative
study, we have defined a few distinct fit scenarios with and without the inputs from
By — K+~ 1, decay. In all these fits, we have extracted the ratio |Vi|/|Ves| and predicted
the ratio of the branching fractions: B(Bs — K*pu~v,)/B(Bs — D p~v,) which can be
compared to the respective measurements. The results obtained for |V,;|/|Ve| from the
semileptonic decays of B and B, mesons have been compared with the one measured by LHCb
from a measurement of the ratio of baryonic decays like I'(Ay — pu~v)/T'(Ap — Acp™ D).
Refs. [4, 42] had focused on the extractions of |V,;| from the simultaneous studies of the
B — wl vy and B, —» K w1~ v, modes, we have a slightly different approach, and the results
are in good agreement within the error bars.

In some additional fits, alongside the available decay modes mentioned above, we have
included the measured values of the ratio of branching fractions given in eq. (1.3) and the
theory inputs on the form factors for B, — K decays from lattice [34, 39, 40] and LCSR. [41].
In these fits, we have not included the measured value of B(Bs — Ku~1,) as input since
the measured values for the ratios are obtained from the measurement of B(Bs — K W Uy)
after normalizing it by the measured branching fraction B(Bs — Dsp~v,,). Furthermore, in
these fits, we have extracted |Vys|, |Ve| and the correlation between them, along with their
correlations with all the form factor parameters. Including all these pieces of information,
we subsequently estimated the ratio Rpp (for a check) and the |Vp|/|Ves|.

2 Theory

2.1 B decays to pseudoscalar mesons

As mentioned in the introduction, we have considered the semileptonic decays of B and
B, mesons to pseudoscalar and vector mesons in this analysis. The expressions for the
corresponding decay rate distributions are given in refs. [9, 44-47]. The respective rates of
the B and B, decays to pseudoscalar mesons are dependent on the form factors f. o(g?) [48]
while those for the decays to vector mesons depend on the four form factors A07172(q2)



Constants

Values

Gr

X1+
Xg- (0) (for F)

X (0) (for fo)

KT (0) (for g and ;)
T (0) (for f and F})

1.166 x 107° GeV~2
5.84 x 1074+ GeV—2
4.69 x 1074 GeV~—2
2.19 x 1072 GeV—2
7.58 x 1073 GeV 2

Table 1. Various inputs used in this analysis [43].

Form factor involved

Bt pole masses (GeV)

f+ and g
f and F

Fy
fo

6.32847, 6.91947, 7.030
6.73847, 6.750, 7.145, 7.150
6.27447, 6.8712, 7.250
6.70347, 7.122

Table 2. Pole masses used in the B — D®*) modes.

Form factor involved B pole masses (GeV)
f+ 6.32847, 6.91947, 7.030, 7.280
g 6.32847, 6.91947, 7.030, 7.280
f and Fy 6.73847, 6.750, 7.145, 7.150
Iy 6.27447, 6.8712, 7.250
fo 6.70347, 7.122

Table 3. Pole masses used in the B, — Dg*) modes.

and V(¢?). These form factors are non-perturbative quantities and the major sources of
theoretical uncertainties in the decay rates. The non-perturbative methods like lattice QCD
and LCSR are useful to predict the shape of the form factors within the kinematically
allowed regions. Note that lattice QCD calculations predict the form factors at high-q?
values while the calculations based on the LCSR approach are more reliable near ¢ = 0.
However, we need to determine the shape of the form factors in the whole kinematically
allowed ¢? region. Therefore, to determine the shape of the ¢? spectrum of the form factors
in heavy-to-heavy transitions like B — D) and B, — Dg*) in physically allowed regions, we
use the following z(¢?)-expansion as was suggested in [44] by Boyd-Grinstein-Lebed (BGL):

N
1 o
(o) = ]
)= —se > a2l 2.1
1@ = 5 (qz)@(qz,to)jzo j (2.1)
The conformal map from ¢ to z = z[q?; to] is given by:
Vi — @ — i =1
=g, to) = Yl L (2.2)

VPV T

where t1 = (mp £ mp)? and tg =t (1 — /1 —t_/t;). F refers to the final state meson.
to is a free parameter that governs the size of z in the semileptonic phase space. This



parameterization of the form factors relies on a Taylor series expansion about z = 0. The key
ingredient in this approach is the transformation that maps the complex ¢ plane onto the
unit disc |z| < 1. The coefficients aé- follow weak as well as strong unitarity constraints [44].
Here, f;(¢?) includes the form-factors ff)(qQ) and fés) (q?) relevant for the B(By) — D(Ds)
decays, along with the form factors Fl(s) (@®), f9(¢?), ¢¥)(¢?) and FQS)(qQ) associated to
the B(Bs) — D* (D7) decays. Note that I, f, g and F» are related to Ag 12 and V' which
can be verified, for example, from ref. [49].

In eq. (2.1), the variable z is also related to the recoil variable w (w = vp.vp with vp
and vp being the four-velocities of the B and the final state mesons respectively) as

L VaE1-3
_\/w—i-l—i-\@7

where w is related to the momentum transferred to the dilepton system (¢?) as ¢ =

(2.3)

m% +m% — 2mpmpw. The Blaschke factor P;(q?) accounts for the poles in f;(¢?) for the
subthreshold resonances with the same spin-parity as the current defining the form factors.
Mathematically, the P;(¢?) is defined as

Pi(¢*) = [] 2la% t), (2.4)

where for a single pole

—2p

2[g%ty] = 1Z ,With 2, = z[t,; to]. (2.5)

— ZZp

The role of the P;(¢?) is to eliminate the poles in f;(¢?) at the resonance masses below the
threshold. Following eq. (2.2), we will get

\/(mB +mp)? —m% — VAmpmp
\/(mB +mp)? —m% + VAmpmp

(2.6)

Zp =

Here, mp denotes the pole masses. The detailed calculation of the outer functions ¢;(¢?;to)
are available in [44]. The numerical inputs for the perturbatively calculable x-functions
along with other relevant inputs for the outer functions are taken from [43, 44, 50, 51]. In
table 1, we give the values of the y functions relevant to the different form factors. The pole
masses used in B — D™ and By — Dg*) channels are given in tables 2 and 3, respectively.
To determine the shape of the form factors for B — (7, p,w)¢~ i, and By, — K{~
decays, we use the simplified series expansion in z as given in ref. [36] by Bharucha-Straub-

Zwicky (BSZ):
1 N

fild®) = aj, [2(¢% to) — 2(0;t0)]*. (2.7)

2
1—*/mp; =)
In eq. (2.7), mp,; denotes the mass of the sub-threshold resonances compatible with the
quantum numbers of the respective form factors and a’,’;s are the coefficients of expansion,
the details are given in ref. [36]. Another commonly used approach for the parametrizations



Nsig for By — Dguv Nig for By — Djiuv

Bin Value (1078) Bin Value (1078)
1-1.1 0.123 + 0.011 1-1.1 1.962 £+ 0.134
1.1-1.2 0.496 + 0.039 1.1-1.2 2.839 + 0.267
1.2-1.3 0.905 + 0.064 1.2-1.3 2.854 + 0.267
1.3-14 1.278 £+ 0.082 1.3-14 2.504 4+ 0.236
1.4-1.5 1.595 £+ 0.095 | 1.4 - 1.46723 | 1.339 £ 0.161

1.5 - 1.54667 | 0.835 £ 0.049

Table 4. Synthetic data created for B, — DS modes [11].

of the B — m and B, — K form factors in the literature is provided by Bourrely-Caprini-
Lellouch (BCL) [52]. A comparative study of these two approaches in the extractions of
Vo] from B — ¢~y decays has been undertaken in ref. [53]. The results are extremely
consistent with each other in both approaches. As we have mentioned earlier, for B — p
and B — w form factors only the inputs from LCSR approaches are available [25, 36]. In
these approaches, the pseudo data points are obtained following the parametrization given
in eq. (2.7). We have used the simplified expansion as given above for all the heavy-to-light
transitions in order to be consistent.

Note that there have been attempts to extract |V,;| from B — 7”7, decays using
the BGL parametrization for the corresponding form factors [54]. However, as argued in
refs. [52, 55] the dispersive bounds allow the higher order terms in the BGL expansion to
contribute significantly (here |zmax| &~ 0.3) for heavy-to-light transitions. Therefore, one may
need to consider more terms in the series, and the fit may not be stable with the currently
available inputs. However, for the heavy-to-heavy transitions, the dispersive bounds suggest
that only the first few terms in the series are required for a reasonable accuracy, which has
already been observed in the fits to data in B — D™/~ 1, decays [51, 56].

3 Analysis and results

In this section, we discuss the details of our analyses along with the individual results. In
the first few analyses, we independently extract |Vi| or |Vp| from the respective modes, as
mentioned earlier. Following these, we perform an extraction from the different combined
analyses. We also carry out separate analyses with the different inputs for the form factors
from the different lattice groups and LCSR, which help us understand the impact of different
theory inputs. For all of these individual fits, we predict the ratio |Vi|/|Ves| and the ratio
of branching fractions: ~

_ BR(B; = Ktu )

" BR(Bs = Dipu—v)’

BF (3.1)

in the low and high ¢? bins and compare with the measured values given in eq. (1.3). Finally,
we carry out combined fits for all the available inputs on b — ¢/~ 7, and b — ul™ v, decay
modes with and without the measured values given in eq. (1.3), and predict |Vip|/|Vep|. All
the fits and subsequent analyses have been carried out using a Mathematica® package [57].



Fit parameters | Fit results from [11] | Our fit using table 4
|Vep| x 103 423+ 14 423+ 1.2
ap 0.037 £ 0.009 0.037 £ 0.012
a1 0.28 4+ 0.27 0.29 £ 0.32
b1 -0.06 £ 0.07 -0.06 £+ 0.10
c 0.0031 £ 0.0023 0.0027 £ 0.0030
G(0) 1.094 + 0.034 1.081 £ 0.031
dy -0.017 £ 0.008 -0.014 +£ 0.006
da -0.26 £ 0.05 -0.25 £ 0.04
ha, (1) 0.900 £ 0.013 0.902 £+ 0.012

Table 5. Comparison of the fit results given in ref. [11] with those obtained from a fit to the
synthetic data generated in this analysis using the results of [11].

Mode Inputs X2in/DOF | pvalue (%) | |V x 10°
B — DI Experiment+Fermilab/MILC [6] + 33.0/47 93.9 414+ 1.1
HPQCD [7] + LCSR [25]

B — D*I™ v Experiment+Fermilab-MILC [10] + 120.5/81 0.3 39.2 £0.8
LCSR [25]

Bs— DYI"v | Experiment+ HPQCD [23, 24] + 2.98/17 99.9 422 + 1.3
LCSR [26]

Experiment+ Fermilab/MILC [22] + 29.3/20 8.2 44.0 £1.3

HPQCD [23, 24] +LCSR [26]

All modes All Experiments + All lattice + LCSR | 273.9/156 | 1.7 x 107% | 40.5 + 0.6

All Experiments + All lattice 163.2/150 21.8 40.3 =+ 0.6

(except fff(’Ds Fermilab/MILC [22])
+LCSR

Table 6. A comparative study of the extraction of |V| in different channels.

In the following subsections, we discuss the details of the available inputs, the different fit
scenarios and the respective results for the different analyses.

3.1 |Vgy| from B — D®¢~ 5y and B, — Dg*)f_ﬂg decays

Apart from B, — Dg*)éfﬁg, experimental measurements are available on the partial branch-
ing fractions in bins of dilepton invariant mass squared ¢? for all the rest of the decays
we mentioned above. In 2015, the Belle collaboration analyzed the B — DI~ decay and
provided measurements for the differential decay width in the recoil variable w in 10 w-bins
for both the charged and neutral B decays with electrons and muons in the final state [5]. In
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Figure 1. The ¢? distributions of the form factors in B — D and B — D* decays. The lattice and
LCSR datapoints are also shown in the plots. The LCSR inputs shown are from [25].

2018 and 2023, the collaboration presented their results for the differential distributions in
w, cos;, cosB, and x in 10 bins for the B — D*I~ v decay mode [9, 58], which we have used
in our analysis. In addition to these experimental results, we consider the inputs for the
hadronic form factors available from various sources. For the B — D form factors, we take
lattice inputs from the Fermilab-MILC collaboration [6] and the HPQCD collaboration [7].
In [6], the form factors fi and fjy are given at three values of the recoil variable w = 1,
1.08 and 1.16. The HPQCD collaboration has provided the fit results for the form factor
parameters following the BCL expansion, using which we have created synthetic data points
for fi and fp at w = 1, 1.06 and 1.12. The table for these inputs alongside the respective
correlations can be obtained from refs. [51, 56]. The lattice inputs for the form factors of
B — D* mode are taken from the Fermilab-MILC collaboration [10] where the values of
the form factors g, f, F} and Fs are provided for the first time at non-zero values of the
recoil, namely w = 1.03, 1.10 and 1.17 respectively. We use these pseudo data points and
the given correlations directly in our analyses. The other relevant details of the method for
analysing the data on B — D*{~ i, are similar to the one given in [51]. Note that from the
LCSR approach, for both the B — D and B — D* form factors, we have incorporated the
inputs only at ¢? = 0 given in ref. [25].
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Figure 2. The ¢° distributions of the form factors in By — Dg*) decays. The lattice and LCSR
points are also shown in the plots. The legends are the same as that used in figure 1. The LCSR
inputs shown are from [26].

In ref. [11] the LHCb collaboration have extracted |Vg| by analysing the data and
lattice inputs on By — Dg*)ﬂ_ vy decays. Here, a different technique is introduced for the
measurement of |V,|. Instead of probing the rate distributions over the g2 or the recoil
angles, another variable fully reconstructed from the visible decay products is used. This
variable is the momentum of the Dg*) meson transverse to the By flight direction, called
Py (Dy). Note that for By — Dt~ decays, D is reconstructed via its decay D — DX
(with X = v or 7¥), and hence the momentum of D? is not known. For this case too, the
P, (Dy) is considered as the component of the Dy momentum transverse to flight direction
of the By meson. Neither does the paper provide any relation between the P, (Ds) and
the recoil angle, nor can their results be directly used in other phenomenological analyses.
However, they do provide the fit results for the BGL coefficients along with some other
inputs which can be useful to create pseudo data for the rate with the recoil angle (w). In

the LHCb paper [11], the signal yield Nig is defined as:

5 (x) ——
N :N(*)T/ dl(Bs —>dé7s [ V)d< (3.2)

where ¢ could be the recoil angle w for B, — Dsu~ v and (w, cosb,,, cosbp, x) for B, —



D~ v channels. Here, the other parameters are defined as:

(%) £(4) ()
N = DN 8K (3.3)
B(BY — D®~pty,)

_ fsB(Dy - K*K—n")
K= fiB(D— = K+K—n") (34)
fs B(D; - KtK—77)

" f4B(D*~ - D-X)B(D— - K+K—7")

K*

(3.5)

where fs/f4 is the ratio of B? to BY meson production fractions. Details of these inputs
are provided in the LHCb paper. Using the fit results of table-IX of the LHCb paper [11]
and the respective correlations, we have created the pseudo data for the signal events in
small w-bins, which we have presented in table 4. Note that for By — Dj transitions, there
are existing results from Lattice groups at non-zero recoil, namely Fermilab-MILC [22] and
HPQCD [23] where the fit results of the respective form factor parameters are provided
following BGL and BCL parametrizations respectively. For By — D7 decays, the HPQCD
collaboration has given pseudo data for the form factors at w = 1,1.04,1.08, and 1.12 [24].
For the B; — D, form factors, LHCb has used the fit results for the BGL coefficients from
ref. [23] as nuisance parameters in their fits, while for the By — D} form factors, they have
used only the input from HPQCD on f*(w = 1) [59] which was available by then. They
have not considered any input from the Fermilab-MILC collaboration.

As a cross check, we have reproduced the fit results (with the identical inputs) as given
in the LHCDb paper using the pseudo data points from table 4. For comparison, we have
presented the result of this fit in table 5 alongside the fit results of LHCb. The results are
absolutely consistent with each other. We have fixed the values of a few other inputs defined
in eq. (3.3) to their central values in this fit, since the associated errors have negligible
impact on the extraction of |V,|. Note that LHCb carried out their analysis with the mass

(%)

of the muon m, = 0. In this analysis for By — D5~ v, decays we have set the mass of
the muon to zero. The extracted value of |V| is not sensitive to the muon mass which has
been observed earlier in the studies of B — D™y~ decays [8, 9].

We use the pseudo data points given in table 4 as inputs alongside the lattice inputs on
the form factors for both the decays in the zero (w = 1) and non-zero (w # 1) recoil regions
from the refs. [22-24]. For Bs — D7 decays, we have directly used the pseudo data for the
form factors at w = 1,1.04,1.08, and 1.12 provided by the HPQCD collaboration [24]. For
Bs; — D decays, we have generated correlated synthetic data points for the form factors fi
and fp using the fit results of the Fermilab-MILC analysis [22] at three values of the recoil
variable, namely w = 1, 1.08 and 1.16 and from the fit results of the HPQCD analysis [23]

at w = 1, 1.06 and 1.12.2 In addition, we have incorporated the LCSR inputs for all the

2There is no particular reason behind choosing the specified values of w to create the pseudo data. For
B, — D; form factors, Fermilab/MILC has provided the results for the BGL coefficients after fitting the
pseudo data created at the points w = 1, 1.08 and 1.16 [22]. We simply chose the same points to create
the pseudo data. For the pseudo data corresponding to the HPQCD fit, we did not choose points beyond
w = 1.12, as their results are directly calculated for ¢> 2 9.5GeV? or w < 1.11 [24]. We note that the lattice
data points they have provided for the Bs; — D} form factors contain w = 1,1.04,1.08, and 1.12, and none
beyond. A similar argument applies to B — D form factors for HPQCD.
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form factors only at ¢? = 0 from ref. [26]. We truncate the series expansion given in eq. (2.1)
at N = 2 and note that the extracted value of |V| does not change for the fit with N = 3.
However, for that fit, the higher-order coefficients a of g(¢?) has a large error and goes
beyond the unitarity bound. Hence this coefficient is mostly unconstrained, which means
one has to wait for more precise data.

In table 6, we have presented our fit results for |V| in all the different analyses. The
fit results for the coefficients along with the respective correlations are provided separately
in a json file. In all the fit results we have discussed in this paper, the respective errors
are presented at their 1-o confidence interval (CL). As described above, the pseudo data
obtained on the decay rates for By — Dg and By — D} are correlated. Hence, we have not
done separate analyses for these two modes. The shape of the form factors as a function of
¢? in both B and B, decays to D®) and Dg*) are shown in figures 1 and 2, respectively. To
see the impact of the combined analysis, we have plotted the shapes of the form factors
from the combined analysis against those from the analyses of the individual modes. We see
that they are pretty consistent with each other. We have not shown the shape for féB s=Ds
and A(? D5 since we have not constrained them from the fits. This is because we have
obtained the decay rates for By decays with m, = 0. Hence the respective rates are not
sensitive to these form factors.

The extracted value of |V| is lower as obtained from B decays than from B, decays.
In general, the inputs from Fermilab/MILC are very precise. They play an essential role in
controlling the overall error of the fit parameters, which are also visible in the obtained
shape of the form factors wherever applicable; for example, see figure 1 and 2a. Also, we
observe that the inclusion of the inputs on f +SHD ¢ from the Fermilab/MILC results in a
slight upward shift in the value of |V| as compared to the fit without these inputs. The
extracted value of |V| from a combined fit, including all the available inputs, is given by

V| = (40.5 +0.6) x 1073 (3.6)

whose deviations from the inclusive determination of (41.69 + 0.63) x 1073 obtained from
the analyses of the ¢> moments and the differential rates [19], and from the inclusive
determination of (42.16 & 0.51) x 10~3 obtained using lepton energy and hadronic invariant
mass moments distributions [18] are ~ 1.4 and 2.1 o respectively. Note that we have obtained
a very low p-value of this combined fit. We have checked that the reason for such a low fit
probability is the lattice datapoints on f fij ¢ from the Fermilab/MILC collaboration [22].3
On dropping these data points, the p-value of the fit increases significantly (~ 21.8%) and
|Vip| = (40.3 & 0.6) x 1073, which is consistent with the result of the combined fit shown
in eq. (3.6). The corresponding fit result is in the bottom row of table 6. The dropping of
the Fermilab/MILC data for By — Dj transitions is motivated by the lack of a complete
analysis of the systematic uncertainties in these form factors.

Following the dispersive matrix approach in the description of the hadronic form factors,
the extracted value V| = (41.2 & 0.8) x 10~2 which has been obtained from an average of
the extracted values of |V,y| from the B — D®*)¢~ 5, and B, — Dg*)fﬂg [43, 60, 61]. This
is very much consistent with the results we have obtained from a combined fit of all the
available inputs.

3In particular, the points at w = 1.08 and 1.16 are picked up as outliers with pull ~ 4.
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Figure 3. The ¢? distributions of the form factors f, and fy for B — ml~7 modes. The lattice
and LCSR datapoints are also shown in the plots. The labels “LCSR(1)” and “LCSR(2)” refer to
the inputs from LCSR [25] and [38] respectively.

Apart from AZ7P"(¢?), the ¢? shapes of almost all the other form factors obtained from
the fit results are more or less consistent with the lattice or LCSR inputs. From figure le we
can see that the shapes of AB7P"(¢?) obtained from fits (individual and combined) are not
consistent (at 1-o) with the lattice inputs from Fermilab/MILC at w = 1.03, 1.10 and 1.17
respectively, while the ¢? shapes of the rest of the form factors like f fHD (¢?), Ag?D “(¢%)
and VB7P"(¢?) are consistent with the lattice inputs from Fermilab/MILC and wherever
applicable with HPQCD (figure 1). Similarly, it is evident from figure 2 that the shape
of all the form factors related to Bs; — Dg*) decays are fully consistent with the HPQCD
estimates. However, we note from figure 2a that the pseudo data points for f ﬁ_)D * from
Fermilab/MILC are very precise and lie on the edge of the ¢? distribution determined from
the fits. In particular, the point at w = 1.16 lies outside the fitted region. The LCSR
predictions at ¢?> = 0 have large errors and are entirely consistent with the fit results with

negligible impact on the fits.

3.2 |Vl from B — (m, p,w)€ ¥, and B; — Kp~ v, decays

Data on the differential B — 7/~ decay rates is available from BaBar (2011) [27], Belle
(2011) [28], BaBar (2012) [31], Belle (2013) [32]. A g*-averaged spectrum of all these
measurements is obtained by HFLAV [62] which we have directly used in our analysis. The
lattice collaborations RBC/UKQCD [34] and JLQCD [35] provide synthetic data points for
f+.0(¢%) with full covariance matrices (both systematic and statistical) at three ¢* points
which we have directly used in our analysis. On the other hand, the Fermilab/MILC
collaboration [33] provides the fit results for the BCL coefficients of the z-expansions of
the respective form factors. We use their fit results to generate correlated synthetic data
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Figure 4. The ¢2 distributions of the form factors f, and fy for By — K w~ v, modes. The lattice
and LCSR datapoints are also shown in the plots.
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Figure 5. The ¢? distributions of the form factors Ag, A;, A and V for B — pl~ 7 modes. The
LCSR datapoints are also shown in the plots. The labels “LCSR(1)”, “LCSR(2)” and “LCSR(3)”

refer to the inputs from LCSR [25, 36] and [37] respectively.
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Mode Fits with the Inputs X2in/DOF | p-value(%) | |Vip| x 103 Vol /| Ven|

Borl b (I) All Experiment+JLQCD 10.8/11 45.7 3.98 + 0.42 | 0.098 =+ 0.010
(IT) Fit-I + LCSR [25, 38] 16.3/29 97.2 3.73 4+ 0.24 | 0.092 + 0.006
(IIT) All Experiment+Fermilab/MILC | 11.7/12 46.6 3.78 4 0.16 | 0.093 + 0.004
(IV) Fit-III + LCSR [25, 38] 24.2/30 76.2 3.84 4 0.15 | 0.095 + 0.004
(V) All Experiment+RBC/UKQCD | 11.0/11 443 3.75 4 0.34 | 0.093 £ 0.009
(VI) Fit-V + LCSR [25, 38] 17.5/29 95.3 3.57 4+ 0.23 | 0.088 + 0.006
(VII) All Experiment+ 27.2/17 5.5 3.69 & 0.24 | 0.091 =+ 0.006
RBC/UKQCD+JLQCD
(VIII) All Experiment+ All Lattice | 50.8/24 0.1 3.69 + 0.13 | 0.091 =+ 0.003
(IX) Fit-VIIT + LCSR [25, 3] 55.7/42 7.7 3.69 4 0.12 | 0.091 =+ 0.003
B — 7l and (X) All Experiment + All Lattice 74.9/38 0.03 3.60 4 0.11 | 0.089 =+ 0.003
By — Kl i (XI) Fit-(X) + LCSR [25, 38, 41] 95.5/57 0.1 3.50 4 0.10 | 0.086 =+ 0.003
(XII) All Experiment+ All Lattice 58.8/32 0.3 3.74 4 0.12 | 0.092 + 0.003

except inputs from

HPQCD on B, — K [40]

(XIII) Fit-(XIT) + LCSR [25, 38, 41] | 88.4/51 0.1 3.52 = 0.10 | 0.087 % 0.003

B —pl™v Experiment + LCSR [25, 36, 37| 31.2/41 86.6 3.22 £ 0.26 | 0.080 £ 0.007

B —wl™ v Experiment+LCSR [36, 37] 8.6/15 89.7 3.09 £ 0.33 | 0.076 £+ 0.008
B — 7w(p,w)l™ v All inputs combined 99.6/100 49.4 3.58 £ 0.11 | 0.088 £ 0.003
B — mand By — K: 117.8/96 6.5 3.52+£0.10 | 0.087 4 0.003

Experiment + Lattice

B — m(p,w)l” v and B — (p,w): Experiment
+ LCSR
B, = Kl v For all modes: Experiment + 137.2/115 7.7 3.45 £+ 0.09 | 0.085 £ 0.003

lattice + LCSR

Table 7. A comparative study of the impact of the form factor inputs for different channels on the
extraction of |Vy].

points at exactly the same ¢? values as RBC/UKQCD, with an extra point for fi at
¢> = 20.5GeV?2. In addition to the lattice inputs, we have used the inputs on the form
factors obtained by LCSR approaches [25, 38]. Note that due to the adoption of a different
approach? the predictions in [25] have large errors as compared to those given in ref. [38].
Ref. [38] provides the form factors f;(q?) at ¢> = —10,-5,0,5,10 GeV? and fo(¢?) at

“The analysis in [38] uses the two-particle twist-two pion light-cone distribution amplitude (LCDA).
The results are more precise than those obtained in [25], which is an LO calculation with the ill-known
B-meson LCDA.
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Figure 6. The ¢* distributions of the form factors Ay, Ay, A; and V for B — wl~ 7 modes. The
LCSR datapoints are also shown in the plots. The labels “LCSR(2)” and “LCSR(3)” refer to the
inputs from LCSR [36] and [37] respectively.

¢®> = —10, -5, 5,10 GeV? respectively, whic play an essential role in our fits. Our results

do not depend on the inputs from ref. [25]. The value of fy at ¢> = 0 is obtained via the
QCD relation f4(0) = fo(0). The relevant details of these inputs and the correlations can
be seen from our earlier publication [63].

We have analysed all these available inputs in different possible combinations in the
extractions of |Vy| from the B — 7l decays (Fit-(I) to Fit-(IX)) in table 7. We have
incorporated the HFLAV average for the available experimental data on these decays in all
these fits. The impact of inputs from different lattice groups has been studied separately and
compared. Also, in all these cases, we have checked the impact of the LCSR inputs [25, 38|.
As we have mentioned earlier the fit is sensitive to the LCSR inputs from [38] and practically
insensitive to the inputs from [25]. A couple of cases exhibit a shift in the best fit value
of |V after the inclusion of the LCSR inputs. Finally, we combine all the available
information and extract |V,;| along with the form factor parameters. The results for |V,
are given in the fifth column of table 7. Note that the extracted value of |V,;| is higher
in the fit with the lattice data from JLQCD. However, it has a large error due to large
uncertainties in the corresponding (lattice) data. The inclusion of LCSR in this fit reduces
the error considerably along with a reduction of the best fit value by ~ 6%. The inclusion
of LCSR also results in a similar observation for the fit with only RBC/UKQCD. In this
case however, the best fit value of |V,;| is much lower than what we obtain in the fit with
Fermilab/MILC or JLQCD alongside the LCSR. After combining all the inputs from the
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Mode Fits scenarios of table 7 XZin/DOF | p-value(%) | V| x 103 [Vl /| Ven|

Boanlv Fit-VIII 10.66/12 55.8 3.69 £ 0.20 | 0.091 = 0.005
Fit-IX 15.4/30 98.7 3.67 £ 0.17 | 0.091 £ 0.004

B — wl~7 and Fit-X 11.7/13 54.9 3.57 £ 0.15 | 0.088 + 0.004
By, — KI™0 Fit-XI 29.8/32 57.7 3.41 £ 0.11 | 0.084 + 0.003
B — w(p,w)l"v All inputs combined 58.6/88 99.3 3.51 £ 0.13 | 0.087 &+ 0.003
B — mand B; = K: 53.9/71 93.5 3.46 £ 0.12 | 0.085 £ 0.003

Experiment + Lattice

B — m(p,w)l"v and B — (p,w): Experiment

+ LCSR

By — Kl v For all modes: Experiment + 70.7/90 93.4 3.36 &+ 0.10 | 0.083 + 0.003

lattice + LCSR

Table 8. Determination of |V,;| in various scenarios after adopting the procedure.

three different lattice groups along with all the experimental results on B — 7/~ decays,
we obtain

V| = (3.69 +0.13) x 1073, (3.7)

Note that the error is ~ 3%, which is due to the precise lattice inputs from Fermilab/MILC
collaboration. As we can see from the table that the extracted value of |V,;| has ~ 6%
error if we carry out the fit without the inputs from Fermilab/MILC. In the combined fit,
the inclusion of LCSR does not change the result, since the inputs from Fermilab/MILC
have played the dominant role due to their smaller errors than the other inputs in this
scenario too. Note that in this combined analysis the new inputs are the lattice inputs from
JLQCD. The predictions based on the data, Fermilab/MILC and RBC/UKQCD is given
by |Vas| = (3.70 £ 0.16) x 1073 [2, 53, 62].

In figure 3 we have plotted the ¢? dependence of ffﬁ’“ (¢?) obtained from the above fit
results to B — m¢~ v decays. We have compared the shapes obtained from Fit-VIII and
Fit-IX, which shows that including LCSR inputs does not change the shapes. We have
also plotted the shapes obtained from Fit-(I), which have large errors but are consistent
with the ones obtained from the other two fits. Note that in all the fits the shapes for
f f_”r(qQ) are very precise and consistent with the lattice and the respective LCSR inputs.
However, the fit values for fP=™ at ¢> = 5 and 10 GeV? are inconsistent with the respective
LCSR inputs [38] at their 1-o ranges. The fit value for f=7(¢?> = 0) is fully consistent
with the LCSR results from the fits with and without the LCSR inputs. Furthermore,
the lattice input from Fermilab/MILC at ¢ = 19 GeV? is slightly off as compared to the
shapes obtained from Fit-VIII and Fit-IX. The inputs on the form factors corresponding to
Bs; — K transitions are available from Lattice QCD collaborations like Fermilab/MILC [39],
RBC/UKQCD [34] and HPQCD [40]. RBC/UKQCD provide the pseudo data points at
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¢*> = 17.6, 20.8, and 23.4 GeV? respectively, which we have directly used in our analyses.
Also, we have generated synthetic lattice data points at ¢> = 17.6, 20.8, and 23.4 GeV?
respectively, from the fit results of the form factor parameters given in the Fermilab/MILC
and HPQCD analyses. Ref. [41] reports the value of the form factor f +S%K at ¢*> = 0 only
following the LCSR approach. In the BSZ expansion (eq. (2.7)) for the form factors in
Bs; — K decays, we have considered terms up to N = 2. In table 7 (Fit-X to Fit-XIII),
we have presented the extracted value of |V, from the combined analyses of the available
information on B — 7¢ v and By — Ku v decays. In addition to all the available
experimental data and theory inputs on B — w¢~ ¥ decays as discussed above, we include
the data on B(Bs; — KTu~1,) (eq. (1.5)), the lattice and LCSR inputs on ff,%_)K(qQ). In
addition, here we carry out a few more analyses to see the impact of different theory inputs.
From the results obtained, we note that the extracted values of |V,;| from these combined
fits are sensitive to the lattice inputs from HPQCD as well as to ffsﬁK(O) from LCSR [41].
Though in all these fits, the extracted values of |V,;| are consistent with each other, the
best fit value has increased by ~ 4% after dropping the inputs from HPQCD. Including all
the lattice and experimental data in the fit, we have obtained

V| = (3.60 £ 0.11) x 1075, (3-8)

The exclusion of the lattice inputs on ffij from HPQCD results in a 4% increase in the
best-fit point of the extracted value of |Vy;3|.

In figure 4, we have compared the ¢? variation of fffo_}K (¢) obtained from the results
of the combined fits: Fit-X, Fit-XI, Fit-XII given in table 7. In the same plots, we have also
shown the ¢? shapes of ffij (¢?) obtained only from the lattice inputs on By, — K form
factors. Note that the f ffﬁK (¢?) shapes obtained only from the lattice data are consistent
with those obtained from Fit-X and Fit-XI, respectively. However, the ¢ shapes for f ff'o%K
obtained from Fit-XII, where the HPQCD inputs for fffoﬁK (¢?) have been dropped, are
slightly inconsistent with the rest of the three distributions within 1-o in the low-¢? regions.
All of them are pretty consistent at high ¢ though. In table 11 in the appendix we have
predicted the branching fractions BR(B, — K{~ ;) in different ¢-bins using a few fit
results given in table 7.

Our analyses also include the available inputs on B — p(w)l~ ¥ decays. For B —
p(w)l~ v transitions, the experimental inputs for these channels correspond to the measure-
ments on the partial branching fractions in bins of ¢? from BaBar, and Belle collabora-
tions [27, 29, 31, 32].° The situation is a bit grim for the form factors associated with the
B — p and B — w transitions. Both the B — p¢~ iy and B — wl~ iy decays are sensitive to
the four form factors: V(¢?), Ao(q?), A1(¢?) and As(q?) for which no lattice estimates exist
till date. All these form factors are estimated in the LCSR approach, which is available

for a few values of ¢2, including the one at ¢®> = 0 [25, 36, 37]. All these form factors are

®Note that in ref. [64], the average of the ¢ spectra measured for the B — p€~ 7, and B — wl™ 7,
decays at the Belle and BaBar have been generated. For the average in B — pf~ 7, the analysis uses two
uncorrelated datasets from Belle and BaBar. Also, for B — wf™ 7, the analysis in [64] does not include the
data from BaBar 2012 analysis [31]. They have only used the datasets from BaBar and Belle, which are
uncorrelated. Therefore, we preferred to analyse all the independent measurements as separate inputs.
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Experimental: Rgp (Low) = (1.66 4+ 0.12) x 1073, Rgp (High) = (3.25 + 0.28) x 1073

Analysed Mode(s) Scenario (Inputs) Predictions of Rpr (1073)
Low (¢ < 7 GeV?) | High (¢% > 7 GeV?)
B — wl~ 1y, b— "7y, and Experiment + Lattice 1.98 + 0.42 3.79 £ 0.53
no experimental inputs
on BR(Bs — Ku~,) Experiment+Lattice+LCSR 2.59 £ 0.43 4.14 £ 0.51
B — wl~ 1y, b— "7y, and Experiment+Lattice 1.65 + 0.21 3.38 £ 0.26
BR(Bs — Ku~ )
Experiment+Lattice+ LCSR 2.10 £ 0.19 3.37 £0.24
B = (m, p,w)l~ g, b — cl~ 1y,
and no experimental inputs | Experiment+Lattice+LCSR 2.37 + 0.37 3.78 +0.42
on BR(Bs — Ku~,)
Allb — c(u)l~v Experiment+Lattice+LCSR 2.08 £0.18 3.31 £0.23

Table 9. Predictions for the ratios of the branching fractions obtained in the different fit scenarios.

BR(Bs—Kp~v)
Here, R refers to BR(B. 5D 1)

fully correlated. For B — p transitions, the LCSR data points along with the respective
covariance matrices are given in ref. [25] for ¢*> = —15, —10, —5,0,5 GeV?, which we directly
use in our fits. In ref. [36], the fit results for the coefficients of the z-expansion are given
using which we generate correlated synthetic data points for the form factors A;, A2 and V'
at ¢> = 0,5,10 GeV? and for Ay at ¢% = 5,10 GeV?2,5 respectively, for the B — p transitions.
For B — w transitions, we generate correlated synthetic data points for the form factors A,
Ay and V at ¢? = 0,4,8 GeV? and for A at ¢°> = 4,8 GeV2. Also, here for both the modes for
the BSZ expansion of the form factors, we have truncated the series at N = 2, which can be
improved further once the inputs from the lattice are available. For both these decays, from
the analyses of the independent modes, we obtain relatively lower values of |V,;| though
they have large errors and are consistent with the ones from egs. (3.7) and (3.8) respectively.
Hence the combination of both these modes with the B — m¢~ 7 and B, — K p~ vy, decays
will result in a lower value of |V,;;| than that expected from the combined or independent
analyses involving the B — m/~v and By, — K p~ v, decays.

In figure 5, we determine and compare the ¢ shapes of the form factors in B — p
decays. We extract the shapes from the different fits corresponding to the independent
modes as well as from the combined analyses with and without the inputs from By — K TN
decays. Note that the shapes obtained from the analysis of only B — pl~ decay modes
are consistent with those obtained from the two other analyses (combined analyses) in the
last two rows of table 7. The shapes are also consistent with the LCSR inputs used in the
analyses. We observe a similar pattern in the extracted shapes of the form factors shown in
figure 6 for B — w decays. To further improve the results from the combined analysis, we
need to wait for the lattice results of these vector modes and more precise measurements.
The predictions for the branching fractions BR(B — pf~ ) and BR(B — wl~ i) in a few
small ¢? bins are given in table 12 in the appendix, along with a follow-up discussion.

SAt ¢ = 0, Ap is related to A; and As, thus it isn’t independent. So, in order to keep the covariance
matrix positive semi-definite, we don’t include the datapoint for Ag at ¢ = 0.
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Mode(s) Inputs Xoin/DOF | Vi x 103 | V| x 103 l\‘v/:ﬂ Correlation (%)
(IVas, [V ]
Bl v Experiment+ All Lattice 171.1/156 | 3.61 £ 0.15 | 40.4 £ 0.6 | 0.089 + 0.004 12.8
and Experiment+All Lattice+LCSR | 191.7/167 | 3.43 + 0.12 | 40.4 £ 0.6 | 0.085 %+ 0.003 14.1
b—cl v Experiment+ All Lattice 176.1/166 | 3.57 £ 0.13 | 40.3 £ 0.6 | 0.089 + 0.003 11.5
+LCSR (without fP+=7)
b—cl v, Experiment+Lattice+LCSR 231.8/225 | 3.34 £ 0.10 | 40.4 + 0.6 | 0.083 £ 0.003 124
b—ul"v Experiment+ All Lattice 219.5/224 | 3.51 £ 0.11 | 40.2 + 0.6 | 0.087 £ 0.003 10.4
+LCSR (without f5:7%)

Table 10. Extractions of the ratio |Vyp|/|Ve| from the fits to b — ¢(u)lv modes, including the ratio
_ BR(Bs—Kpuv)

Rpr = §R(5.5D.wy 0 the two bins of B, — K momentum transfer [21].

In the last column of table 7, we have shown the extracted values of the ratio |Vis|/|Ves|
for each of the fit scenarios. In all these estimates, the value of |V,| has been taken from
the “all modes” fit in table 6 (second last row). Note that all these estimates are more or
less consistent with the measured value from the ratio of the baryonic decay rates given
in eq. (1.2).

Note that the fit to data and all the available lattice inputs in B — /"7 and
By — Kp~ v decays, separately and combinedly, have x2?/d.o.f larger than one. For
example, the fits (VIII) and (X) in table 7 have x2?/d.o.f ~ 2.12 and 1.97, respectively.
This is due to the precise Lattice inputs from the Fermilab/MILC collaboration. Following
the method of PDG, which has also been adopted by FLAG [65], one can rescale the error
of the fitted parameters by the factor v/x2/d.o.f which does not have any impact on the
respective correlations. This method will increase the error of the fitted parameters. In this
paper, we have used this rescaling method slightly differently though the extracted error
will be the same as one can obtain from a direct rescaling by \/x?/d.o.f given in table 7.
We have noticed that the combined fit to the z-expansion coefficients with all the Lattice
inputs for the B — 7 mode has x?/d.o.f = 40.0/12 and for the B, — K mode has x?/d.o.f
= 22.5/13. We then rescale the uncertainties of the z-expansion coefficients in B — 7 and
Bs — K form factors by the factors 1/40.0/12 = 1.83 and /22.5/13 = 1.32, respectively.
We use these form-factor parameters as nuisance parameters in the subsequent fits with
the experimental data and LCSR inputs. The results are shown in table 8. We find that
the p-values of the fits have increased, and also, the uncertainties on |V,;| have increased
as compared to the results of table 7. We have adopted these results for the z-expansion
coeflicients in the rest of our analysis, as discussed below.

Furthermore, for the cases discussed in table 7, we have predicted the ratio of the
branching fractions defined in eq. (1.3) in the low and high-¢? regions. In such predictions,
we need the value of |Vy|?/|Vep|?, for which we consider the extracted values provided in
table 8. In table 9, we have presented the results for a few specific cases of the combined
analyses. We divide the results into two main segments depending on whether or not the
experimental input on BR(B, — K 1~ v,) has been considered in the fits. Note that in

Bs—K
I

both segments, we need to consider lattice/LCSR inputs on +o  to get the predictions

for the ratios. For the fit scenario without the input B(Bs — K W~ y), the predictions for
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|Vunl(B = 1 v and BR(B, - K 1 v)) (Expt+Lattice)
|Vup|(B - 7 1v and BR(Bs - K 1v)) (Expt+Lattice+LCSR)
|Vep|(Combined modes) (Expt+Lattice+LCSR)

32 300 395 400 405 410 415 420 B o mlvand Ryr (ExprLattice)
|V bl v IO; — B - 7 1vand Ry (Expt+Lattice+LCSR)
[«
(a) (b)

Figure 7. 1o allowed regions and the respective correlations in the |V,;| and |V,| plane. The
legend shows the scenarios with the corrresponding colour coding. The respective numbers are taken
from the table 6, and the specific cases in tables 8 and 10, respectively.

the ratios are given by

RIS sar—1 = (1.98 +0.42) x 1072,
REE 5y = (3.79+£0.53) x 10°%. (3.9)

In these predictions, the shape of the form factors fffo_)K (¢?) depend only on the lattice

inputs for these form factors, not on the data on By — K i~ vy In the alternative scenario
where the extraction of |V,|/|Vis| depends on the experimental result for BR(Bs — Ku~1,,),
the predictions are given by

RS sar— = (1.65 +0.21) x 1073,
REE o = (3384 0.26) x 107°. (3.10)

These values are slightly less than the ones given in eq. (3.9), which is due to a smaller value
of |Vip|/|Ves| obtained in the corresponding case (see table 8). In all these scenarios, the
inclusion of the LCSR inputs on f2 7 (¢? = 0) = f* 7% (¢* = 0) increases the respective
predicted values of Rpr in both the ¢? regions. It is even seen that the predictions with the
LCSR inputs are not consistent with the individual experimental results for the scenarios
when B(Bs — Ku~1,) are not included in the fits.

Finally, we carry out a couple of fits using the experimental results on leg,’}‘é and R%i%h
(egs. (1.3)) alongside the other inputs discussed earlier other than BR(Bs — Ku~v,). Like
before, we have checked the impact of different inputs on the results. The different fits
and the corresponding results with the respective errors are shown in table 10. For all the
fits, we have extracted |Vis|, |Ve|, and their respective correlation, using which we have
estimated the ratio |Vp|/|Vep|. In all the different fits, the extracted values of the ratio
of the CKM elements are consistent. They also agree with the measured value from the
baryonic decays given in eq. (1.2). As was observed earlier, the inclusion of LCSR input
on f +SHK (¢? = 0) reduces the value of the ratio and |V,| in these fits too. Furthermore,
the estimated values of |V,;| agree with the results given in eq. (3.6). Note that in these
fits, there will be a correlation between |V,;| and V3|, which are shown in the last column
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in table 10. In figure 7a, we have shown the allowed regions in the |V,;;| — |Vep| plane for
a few specific fits including the B — 7¢~v;, B, — Kp~ v, and all b — cf~ vy modes. We
have also shown the correlations between |Vy;| and |Vg| from the fits with Rpp instead
of BR(Bs — Ku~1,). Corresponding to each fit scenario defined in table 10, we have
estimated the ratio Rpp in the low and high ¢? regions. The numbers are presented in
table 13 in the appendix along with the respective errors in their 1-o CI.

4 Summary

In this paper, we have extracted the CKM element |V,;| from the combined studies of
the B — (m,p,w)¢" ¥y and By — Kpu~ i, decays, and |Vy| from a combined study of
B — D®¢~ 5, and By — Dg*)fﬂg decays. We have divided our analysis into several
scenarios to see the impact of different inputs. For each of these scenarios, we have extracted
the ratio of the CKM elements |“‘;’Z_:‘|, &%i%%.
Also, for a consistency check, we have separated our analyses into two segments based
on whether or not the measured value BR(Bs — Ku~7,) has been considered as an

and the ratio of the decay rates Rpp =

input. In both types of cases, we have found a good agreement between the measured
[Vio| D(Ap—pp”vy)
[Vep] T(Ap—Acp— )
values from the semileptonic mesonic decays. From the combined analysis we obtain

|Vep| = (40.5 4 0.6) x 1073, The following are our best results for |Vy|:

value of obtained by LHCb from the measurement of and our estimated

(3.6940.20)x 1073,  From B — 7w/~ i, analysing the data and lattice,

(3.57+0.15)x 1073,  From B — 7¢~ i and By — Kpu~,, analysing the data
Vo and lattice,

ub| — _
(3.514+0.13)x 1073,  From B — (m,w,p)¢~ iy, analysing the data, lattice and LCSR,

(3.46+£0.12) x 1073,  From B — (m,w,p)¢~ ¥, and Bs — Ku~ v, analysing the data,
lattice and LCSR.

Using the above results, we respectively obtain:

0.0914+0.005, From B — m¢~ 7, and all b— ¢/~ 7, modes,
Vip| | 0.08840.004,  From B — ml~ vy, By — Ky~ 7, and all b— ¢~ 5y modes,

Vel ] 0.087£0.003,  From B — (m,w, p)¢~ 7, and all b— cf~ 7 modes,

0.085+0.003,  From B — (m,w,p){~ ¥y, Bs — Ku~ 1, and all b— cf~ 7, modes.

Our estimated values of ‘”‘9:"

that measured by LHCb from the data on Rpp in the high-¢? regions but not with the
one obtained in the low-¢? regions. In addition, our estimated values of Rpr in the low
and high-¢? regions from the analyses with BR(Bs — K 1~ v,) as input alongside all
the other inputs more or less agree with the respective measured values. Without the
inclusion of BR(Bs — K p~vy,) in the fit, the estimated values of Rpr disagree with the
respective measured values when we include f +SﬁK (¢> = 0) in the fit. We have shown

with and without the input from B, — K p~ v, agree with

the ¢? shapes of the form factors for each of the decays considered. In addition, using the
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results of fits, we have given the SM predictions for the branching fractions BR(B — pl~ ),
BR(B — wl~ i), and BR(Bs — K¢~ 1) in small ¢ bins. In most bins, the currently
available inputs allow predictions with an accuracy < 10%. However, in a few bins, the
error could be larger than 10%. We have to wait for more precise inputs from lattice and
experiments for further improvements.

We have also done the fits including the measured values of Rpp instead of BR(BS —
|Vub‘
|Vcb|

. For all these different analyses, using

Kp~v,) along with the other inputs and extracted the ratio which are in good

(Ap—pp~ )
T(Ap—Acp™ )
the fit results, we are able to reproduce the measured values of Rgr in both the low and

agreement with that measured from

high-¢? regions with reasonably good consistency.
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A Predictions for the branching fractions

For completeness, in table 11, we provide the predictions for the BR(B, — K~ v,) in the
SM for a few small g2 bins which can be tested in future experiments. We have considered
inputs from lattice for the shape of the form factors and also checked the results, including
the LCSR input ffj)_}K(q2 = 0). Hence, the predictions are solely based on lattice or
“lattice + LCSR”. For these predictions, we have considered |V,;| from Fit-VIIT or Fit-1X
given in table 7. The removal of HPQCD inputs for the form factors reduces the predicted
values of the branching fractions in the low ¢? bins (0 < ¢> < 12 in GeV?), and they are not
consistent (at 1-0) with the ones presented including all the lattice results. Note that these
two types of predictions are consistent in the high-¢? regions (¢? 2> 12GeV?). We have
noticed a difference in the shapes of the form factors between the two types of fits in the low
q? regions (figure 4). Furthermore, the inclusion of f +f(fK (¢*> = 0) from LCSR changes the
values of the branching fractions in the lower bins and for the bin [0, 2] GeV? the predicted
values are not consistent with each other at 1-o. This difference is due to the inconsistency
of the LCSR input with the lattice-predicted shape of the respective form factors at ¢> = 0
(figure 4). The predicted values are marginally consistent up to ¢> ~ 12GeV?, and above
that, they are consistent at 1 o. Note the predictions based on the inputs from lattice and
LCSR have 1-0 errors of about < 10% almost in all the bins. However, for the predictions
with only lattice, the low ¢? bins have errors < 20%.

In table 12, we have presented our predictions for the branching fractions BR(B —
p(w)¢~ ) in small g>-bins. Here, for both the decay modes, the SM predictions are obtained
using only the available LCSR inputs on the respective modes and |V,;;| has been taken from
the fit to B — m¢~ iy decays (experiment + lattice + LCSR). Currently, the SM predictions
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BR(Bs — K{~ i) x 10°

Bin[GeV?] | With All Lattice | All Lattice without HPQCDB*=X¢"7 | With All Lattice + LCSR
0-2 1.21 + 0.22 0.46 + 0.23 1.68 +0.21
2-4 1.25 + 0.20 0.57 + 0.23 1.67 + 0.19
4-6 1.27 + 0.18 0.67 + 0.21 1.62 + 0.17
6-8 1.28 + 0.16 0.78 £ 0.19 1.56 + 0.15
8-10 1.28 + 0.14 0.87 + 0.17 1.51 + 0.14
10 - 12 1.27 4+ 0.13 0.96 + 0.15 1.44 £+ 0.13
12 - 14 1.24 4 0.12 1.01 + 0.13 1.36 4 0.12
14 - 16 1.18 + 0.11 1.03 + 0.11 1.26 + 0.10
16 - 18 1.07 + 0.09 0.99 + 0.09 1.12 + 0.09
18- 20 0.90 + 0.08 0.86 + 0.08 0.92 + 0.07
20 - 22 0.60 + 0.05 0.59 + 0.05 0.62 + 0.05
22 - 23.75 0.17 £ 0.01 0.16 + 0.01 0.17 £ 0.01

Table 11. Predictions of BR(B, — K¢~ ) in small bins of ¢, where |V,;| are taken from the fits
to B — ¢~ vy, i.e. from Fit-VIII or from Fit-IX in table 7 depending on the respective scenarios.
These predictions are based only on the lattice or lattice and LCSR, respectively.

are based on only the LCSR inputs (|Vyp| from B — 7) and have large errors (< 20%). Also,
the measured values have large errors and are fully consistent with the predicted values
based on LCSR. Predictions have also been obtained from the results of the combined fit to
B — (m, p,w)¢~ 1y decays, and these predictions have relatively small errors (< 10%). For
B — pl~ 1y decays, these predictions from the results of the combined fit are lower than
those obtained only from the LCSR inputs due to a lower value of |V,;| obtained in the
combined fit. Note that for B — p¢~ i, decays, the predictions of the combined fit do not
fully agree with the SM predictions based on LCSR and the respective measured values
in all the bins. However, we have to keep in mind that the present measured values have
large errors. In the absence of the possibility of NP in these modes, the predictions of the
combined fits could also be considered as the SM predictions with relatively small errors.
Apart from the very low ¢? bin, the SM predictions for BR(B — wl~ ) are consistent with
the respective measured values. The predictions obtained from the combined fit result are
also consistent with the respective SM predictions and the measured values except a few
bins. The predictions obtained from the results of the combined fit have a lower value than
the SM predictions only from the LCSR in this case as well due to the same reasons that
have been discussed above.

In table 13, we have presented our estimates of the ratio Rpp corresponding to each
fit scenario defined in table 10 using the respective fit results of the |Vp|/|Ves| and the
respective form factor parameters. The estimated values are consistent with the respective
measured values. Also, here we note that the LCSR inputs f +5_>K (¢> = 0), do impact
the ratios.
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Bin[GeV?]

BR(B — pt~)x10°

BR(B — wt~ ) x10°

Experiment

SM Prediction
(only LCSR)

From fit results

Experiment

SM Prediction

(only LCSR)

From fit results

0-4
4-8
8-12
12 - 16
16 - 20
16 - 20.2
20 - 20.285

3.73 £ 1.10
7.18 £1.28
8.06 £ 1.37
7.23 £ 1.36
6.26 £ 1.24

0.17 £ 0.79

5.28 £ 0.82
6.91 £ 1.08
8.06 £ 1.30
8.26 £ 1.43
5.85 £ 1.18

0.11 £ 0.03

4.22 £ 0.32
5.44 £ 0.34
6.26 £ 0.37
6.32 + 0.39
4.36 £ 0.34

0.08 £ 0.01

1.38 £ 0.50
2.83 = 0.46
2.85 £ 0.79
247 £ 0.94

2.40 £ 1.18

2.69 £ 0.69
3.50 £ 0.75
4.08 £ 0.82
4.18 £ 0.88

2.96 £ 0.75

1.65 £+ 0.18
2.34 £ 0.16
2.87 £ 0.18
3.05 £ 0.25

2.21 £ 0.29

Table 12. Experimental data and SM predictions for B — (p,w)¢~ 7 modes with |V,;| = (3.69 +
0.12) x 10~3 (obtained from B — 7¢~© modes). “From fit results” corresponds to the fit results
obtained from combined analysis with B — (7, p,w)¢~ 7 modes.

Experimental: Rpr (Low) = (1.66 + 0.12) x 1073, Rgr (High) = (3.25 4 0.28) x 1073
Mode Inputs Predictions of Rpp (1073)
Low (¢> < 7 GeV?) | High (¢> > 7 GeV?)
B —nwl v Experiment+All Lattice 1.67 £ 0.11 3.32 £ 0.20
and Experiment+All Lattice+LCSR 1.79 £ 0.10 3.17 £ 0.18
b — cl~v | Experiment+All Lattice+LCSR 1.67 £ 0.11 3.30 £ 0.19
(without f2+7%)
b — cl~v, | Experiment+All Lattice+LCSR 1.80 £ 0.10 3.08 + 0.17
b — ul"v | Experiment+All Lattice+LCSR 1.63 + 0.11 3.30 £ 0.19
(without f2:7%)

Table 13. Estimated values of the ratio of the branching fractions Rgp using the fit results of
[Vibl/|Ves| and the form factor parameters from the individual cases in table 10.

Open Access.

This article is distributed under the terms of the Creative Commons

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

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

References

[1] HEAVY FLAVOR AVERAGING GROUP and HFLAV collaborations, Averages of b-hadron,
c-hadron, and T-lepton properties as of 2021, Phys. Rev. D 107 (2023) 052008
[arXiv:2206.07501] [NSPIRE].

[2] A. Ceccucci, Z. Ligeti and Y. Sakai, Semileptonic b-Hadron Decays, Determination of Vey, Vs,
https://pdg.lbl.gov/2022 /reviews /rpp2022-rev-ckm-matrix.pdf.

[3] A. Biswas, S. Nandi, S.K. Patra and 1. Ray, New physics in b — stf decays with complex
Wilson coefficients, Nucl. Phys. B 969 (2021) 115479 [arXiv:2004.14687] INSPIRE].

— 24 —


https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1103/PhysRevD.107.052008
https://arxiv.org/abs/2206.07501
https://inspirehep.net/literature/2100284
https://pdg.lbl.gov/2022/reviews/rpp2022-rev-ckm-matrix.pdf
https://doi.org/10.1016/j.nuclphysb.2021.115479
https://arxiv.org/abs/2004.14687
https://inspirehep.net/literature/1793575

[4]

[5]

G. Martinelli, S. Simula and L. Vittorio, Fxclusive semileptonic B — mwlyy and By — K/lyy
decays through unitarity and lattice QCD, JHEP 08 (2022) 022 [arXiv:2202.10285] [INSPIRE].

BELLE collaboration, Measurement of the decay B — D{vy in fully reconstructed events and
determination of the Cabibbo-Kobayashi-Maskawa matriz element |Vup|, Phys. Rev. D 93
(2016) 032006 [arXiv:1510.03657] INSPIRE].

MILC collaboration, B — D{v form factors at nonzero recoil and |Ve| from 2 + 1-flavor
lattice QCD, Phys. Rev. D 92 (2015) 034506 [arXiv:1503.07237] [INSPIRE].

HPQCD collaboration, B — Dlv form factors at nonzero recoil and extraction of |Ve|, Phys.
Rev. D 92 (2015) 054510 [Erratum ibid. 93 (2016) 119906] [arXiv:1505.03925] [INSPIRE].

BELLE collaboration, Precise determination of the CKM matriz element |Vyp| with
B — D** (= iy decays with hadronic tagging at Belle, arXiv:1702.01521 [INSPIRE].

BELLE collaboration, Measurement of the CKM matriz element |Ve| from B® — D*~(+uv, at
Belle, Phys. Rev. D 100 (2019) 052007 [Erratum ibid. 103 (2021) 079901]
[arXiv:1809.03290] INSPIRE].

FERMILAB LATTICE et al. collaborations, Semileptonic form factors for B — D*{fv at nonzero
recoil from 2 + 1-flavor lattice QCD: Fermilab Lattice and MILC Collaborations, Eur. Phys. J.
C 82 (2022) 1141 [Erratum ibid. 83 (2023) 21] [arXiv:2105.14019] [INSPIRE].

LHCB collaboration, Measurement of |Ve| with B — Dg*)_;ﬁyﬂ decays, Phys. Rev. D 101
(2020) 072004 [arXiv:2001.03225] [NSPIRE].

B.O. Lange, M. Neubert and G. Paz, Theory of charmless inclusive B decays and the
extraction of Vyp, Phys. Rev. D 72 (2005) 073006 [hep-ph/0504071] [iNSPIRE].

J.R. Andersen and E. Gardi, Inclusive spectra in charmless semileptonic B decays by dressed
gluon exponentiation, JHEP 01 (2006) 097 [hep-ph/0509360] [INSPIRE].

P. Gambino, P. Giordano, G. Ossola and N. Uraltsev, Inclusive semileptonic B decays and the
determination of |Vyp|, JHEP 10 (2007) 058 [arXiv:0707.2493] [INSPIRE].

U. Aglietti, F. Di Lodovico, G. Ferrera and G. Ricciardi, Inclusive measure of |Vyp| with the
analytic coupling model, Eur. Phys. J. C' 59 (2009) 831 [arXiv:0711.0860] [INSPIRE].

A. Alberti, P. Gambino, K.J. Healey and S. Nandi, Precision Determination of the
Cabibbo-Kobayashi-Maskawa Element Vi, Phys. Rev. Lett. 114 (2015) 061802
[arXiv:1411.6560] [INSPIRE].

P. Gambino, K.J. Healey and S. Turczyk, Taming the higher power corrections in semileptonic
B decays, Phys. Lett. B 763 (2016) 60 [arXiv:1606.06174] [INSPIRE].

M. Bordone, B. Capdevila and P. Gambino, Three loop calculations and inclusive Vcb, Phys.
Lett. B 822 (2021) 136679 [arXiv:2107.00604] [iNSPIRE].

F. Bernlochner et al., First extraction of inclusive Ve, from ¢ moments, JHEP 10 (2022) 068
[arXiv:2205.10274] [INSPIRE].

LHCB collaboration, Determination of the quark coupling strength |Vip| using baryonic decays,
Nature Phys. 11 (2015) 743 [arXiv:1504.01568] INSPIRE].

LHCB collaboration, First observation of the decay B? — K~ ptv, and Measurement of
\Vas|/|Ves|, Phys. Rev. Lett. 126 (2021) 081804 [arXiv:2012.05143] [INSPIRE].

— 95—


https://doi.org/10.1007/JHEP08(2022)022
https://arxiv.org/abs/2202.10285
https://inspirehep.net/literature/2036129
https://doi.org/10.1103/PhysRevD.93.032006
https://doi.org/10.1103/PhysRevD.93.032006
https://arxiv.org/abs/1510.03657
https://inspirehep.net/literature/1397632
https://doi.org/10.1103/PhysRevD.92.034506
https://arxiv.org/abs/1503.07237
https://inspirehep.net/literature/1355553
https://doi.org/10.1103/PhysRevD.93.119906
https://doi.org/10.1103/PhysRevD.93.119906
https://arxiv.org/abs/1505.03925
https://inspirehep.net/literature/1370444
https://arxiv.org/abs/1702.01521
https://inspirehep.net/literature/1512299
https://doi.org/10.1103/PhysRevD.100.052007
https://arxiv.org/abs/1809.03290
https://inspirehep.net/literature/1693396
https://doi.org/10.1140/epjc/s10052-022-10984-9
https://doi.org/10.1140/epjc/s10052-022-10984-9
https://arxiv.org/abs/2105.14019
https://inspirehep.net/literature/1865940
https://doi.org/10.1103/PhysRevD.101.072004
https://doi.org/10.1103/PhysRevD.101.072004
https://arxiv.org/abs/2001.03225
https://inspirehep.net/literature/1774910
https://doi.org/10.1103/PhysRevD.72.073006
https://arxiv.org/abs/hep-ph/0504071
https://inspirehep.net/literature/680286
https://doi.org/10.1088/1126-6708/2006/01/097
https://arxiv.org/abs/hep-ph/0509360
https://inspirehep.net/literature/693755
https://doi.org/10.1088/1126-6708/2007/10/058
https://arxiv.org/abs/0707.2493
https://inspirehep.net/literature/755992
https://doi.org/10.1140/epjc/s10052-008-0817-x
https://arxiv.org/abs/0711.0860
https://inspirehep.net/literature/766843
https://doi.org/10.1103/PhysRevLett.114.061802
https://arxiv.org/abs/1411.6560
https://inspirehep.net/literature/1329794
https://doi.org/10.1016/j.physletb.2016.10.023
https://arxiv.org/abs/1606.06174
https://inspirehep.net/literature/1471286
https://doi.org/10.1016/j.physletb.2021.136679
https://doi.org/10.1016/j.physletb.2021.136679
https://arxiv.org/abs/2107.00604
https://inspirehep.net/literature/1874047
https://doi.org/10.1007/JHEP10(2022)068
https://arxiv.org/abs/2205.10274
https://inspirehep.net/literature/2085762
https://doi.org/10.1038/nphys3415
https://arxiv.org/abs/1504.01568
https://inspirehep.net/literature/1358215
https://doi.org/10.1103/PhysRevLett.126.081804
https://arxiv.org/abs/2012.05143
https://inspirehep.net/literature/1835347

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[33]

[34]

[35]

[36]

[37]

J.A. Bailey et al., B — Ds/B — D Semileptonic Form-Factor Ratios and Their Application
to BR(BY — utu~), Phys. Rev. D 85 (2012) 114502 [Erratum ibid. 86 (2012) 039904]
[arXiv:1202.6346] INSPIRE].

E. McLean, C.T.H. Davies, J. Koponen and A.T. Lytle, B; — D v Form Factors for the full
g% range from Lattice QCD with non-perturbatively normalized currents, Phys. Rev. D 101
(2020) 074513 [arXiv:1906.00701] [INSPIRE].

HPQCD collaboration, B, — D form factors for the full ¢> range from lattice QCD, Phys.
Rev. D 105 (2022) 094506 [arXiv:2105.11433] INSPIRE].

N. Gubernari, A. Kokulu and D. van Dyk, B — P and B — V Form Factors from B-Meson
Light-Cone Sum Rules beyond Leading Twist, JHEP 01 (2019) 150 [arXiv:1811.00983]
[INSPIRE].

M. Bordone, N. Gubernari, D. van Dyk and M. Jung, Heavy-Quark expansion for By — Dg*)
form factors and unitarity bounds beyond the SU(3)p limit, Eur. Phys. J. C 80 (2020) 347
[arXiv:1912.09335] [INSPIRE].

BABAR collaboration, Study of B — wlv and B — plv Decays and Determination of |Vysl,
Phys. Rev. D 83 (2011) 032007 [arXiv:1005.3288] [INSPIRE].

BELLE collaboration, Measurement of the decay B® — m=¢*v and determination of |V,
Phys. Rev. D 83 (2011) 071101 [arXiv:1012.0090] [iNSPIRE].

BABAR collaboration, Branching fraction measurement of BY — wftv decays, Phys. Rev. D
87 (2013) 032004 [Erratum bid. 87 (2013) 099904] [arXiv:1205.6245] INSPIRE].

BABAR collaboration, Measurement of the BT — wlTv branching fraction with
semileptonically tagged B mesons, Phys. Rev. D 88 (2013) 072006 [arXiv:1308.2589]
[INSPIRE].

BABAR collaboration, Branching fraction and form-factor shape measurements of exclusive
charmless semileptonic B decays, and determination of |Vis|, Phys. Rev. D 86 (2012) 092004
[arXiv:1208.1253] [INSPIRE].

BELLE collaboration, Study of Fxclusive B — X, v Decays and Extraction of ||Vyp| using Full
Reconstruction Tagging at the Belle Experiment, Phys. Rev. D 88 (2013) 032005
[arXiv:1306.2781] [INSPIRE].

FERMILAB LATTICE and MILC collaborations, B — wél form factors for new-physics searches
from lattice QCD, Phys. Rev. Lett. 115 (2015) 152002 [arXiv:1507.01618] INSPIRE].

J.M. Flynn et al., B — wlv and Bs — K{v form factors and |Vyp| from 2 + 1-flavor lattice
QCD with domain-wall light quarks and relativistic heavy quarks, Phys. Rev. D 91 (2015)
074510 [arXiv:1501.05373] INSPIRE].

JLQCD collaboration, Form factors of B — wlv and a determination of |Vip| with Mébius
domain-wall-fermions, Phys. Rev. D 106 (2022) 054502 [arXiv:2203.04938] INSPIRE].

A. Bharucha, D.M. Straub and R. Zwicky, B — VT4~ in the Standard Model from light-cone
sum rules, JHEP 08 (2016) 098 [arXiv:1503.05534] INSPIRE].

J. Gao et al., Precision calculations of B — V' form factors from soft-collinear effective theory
sum rules on the light-cone, Phys. Rev. D 101 (2020) 074035 [arXiv:1907.11092] [INSPIRE].

D. Leljak, B. Meli¢ and D. van Dyk, The B — 7 form factors from QCD and their impact on
V|, JHEP 07 (2021) 036 [arXiv:2102.07233] INSPIRE].

— 96 —


https://doi.org/10.1103/PhysRevD.85.114502
https://arxiv.org/abs/1202.6346
https://inspirehep.net/literature/1090964
https://doi.org/10.1103/PhysRevD.101.074513
https://doi.org/10.1103/PhysRevD.101.074513
https://arxiv.org/abs/1906.00701
https://inspirehep.net/literature/1737717
https://doi.org/10.1103/PhysRevD.105.094506
https://doi.org/10.1103/PhysRevD.105.094506
https://arxiv.org/abs/2105.11433
https://inspirehep.net/literature/1864871
https://doi.org/10.1007/JHEP01(2019)150
https://arxiv.org/abs/1811.00983
https://inspirehep.net/literature/1701628
https://doi.org/10.1140/epjc/s10052-020-7850-9
https://arxiv.org/abs/1912.09335
https://inspirehep.net/literature/1771939
https://doi.org/10.1103/PhysRevD.83.032007
https://arxiv.org/abs/1005.3288
https://inspirehep.net/literature/855306
https://doi.org/10.1103/PhysRevD.83.071101
https://arxiv.org/abs/1012.0090
https://inspirehep.net/literature/878990
https://doi.org/10.1103/PhysRevD.87.032004
https://doi.org/10.1103/PhysRevD.87.032004
https://arxiv.org/abs/1205.6245
https://inspirehep.net/literature/1116411
https://doi.org/10.1103/PhysRevD.88.072006
https://arxiv.org/abs/1308.2589
https://inspirehep.net/literature/1247460
https://doi.org/10.1103/PhysRevD.86.092004
https://arxiv.org/abs/1208.1253
https://inspirehep.net/literature/1125973
https://doi.org/10.1103/PhysRevD.88.032005
https://arxiv.org/abs/1306.2781
https://inspirehep.net/literature/1238273
https://doi.org/10.1103/PhysRevLett.115.152002
https://arxiv.org/abs/1507.01618
https://inspirehep.net/literature/1381770
https://doi.org/10.1103/PhysRevD.91.074510
https://doi.org/10.1103/PhysRevD.91.074510
https://arxiv.org/abs/1501.05373
https://inspirehep.net/literature/1340702
https://doi.org/10.1103/PhysRevD.106.054502
https://arxiv.org/abs/2203.04938
https://inspirehep.net/literature/2048965
https://doi.org/10.1007/JHEP08(2016)098
https://arxiv.org/abs/1503.05534
https://inspirehep.net/literature/1353412
https://doi.org/10.1103/PhysRevD.101.074035
https://arxiv.org/abs/1907.11092
https://inspirehep.net/literature/1746256
https://doi.org/10.1007/JHEP07(2021)036
https://arxiv.org/abs/2102.07233
https://inspirehep.net/literature/1846695

[39]

[40]

[41]

[42]

[43]

[53]

[54]

[55]

[56]

[57]

FERMILAB LATTICE and MILC collaborations, B; — K/{v decay from lattice QCD, Phys. Rev.
D 100 (2019) 034501 [arXiv:1901.02561] INSPIRE].

C.M. Bouchard et al., B, — K{lv form factors from lattice QCD, Phys. Rev. D 90 (2014)
054506 [arXiv:1406.2279] [INSPIRE].

A. Khodjamirian and A.V. Rusov, B, — K{lvy and By — n(K){T{~ decays at large recoil
and CKM matriz elements, JHEP 08 (2017) 112 [arXiv:1703.04765] [INSPIRE].

S. Gonzalez-Solis, P. Masjuan and C. Rojas, Padé approximants to B — wlvy and Bs — K/ly,
and determination of |Viu|, Phys. Rev. D 104 (2021) 114041 [arXiv:2110.06153] [InSPIRE].

G. Martinelli, M. Naviglio, S. Simula and L. Vittorio, |V¢eb|, lepton flavor universality and
SU(3)r symmetry breaking in Bs — Ds(x)fvl decays through unitarity and lattice QCD, Phys.
Rev. D 106 (2022) 093002 [arXiv:2204.05925] [INSPIRE].

C.G. Boyd, B. Grinstein and R.F. Lebed, Precision corrections to dispersive bounds on
form-factors, Phys. Rev. D 56 (1997) 6895 [hep-ph/9705252] [INSPIRE].

D. Becirevié¢, M. Fedele, 1. Nisandzi¢ and A. Tayduganov, Lepton Flavor Universality tests
through angular observables of B — D")/{T decay modes, arXiv:1907.02257 [INSPIRE].

M. Alguero, S. Descotes-Genon, J. Matias and M. Novoa-Brunet, Symmetries in B — D*{v
angular observables, JHEP 06 (2020) 156 [arXiv:2003.02533] [INSPIRE].

A. Biswas, L. Mukherjee, S. Nandi and S.K. Patra, Constraining new physics with possible
dark matter signatures from a global CKM fit, Phys. Rev. D 107 (2023) 055041
[arXiv:2111.01176] [INSPIRE].

Y. Sakaki, M. Tanaka, A. Tayduganov and R. Watanabe, Testing leptoquark models in
B — DYris; Phys. Rev. D 88 (2013) 094012 [arXiv:1309.0301] [nSPIRE].

P. Gambino et al., Challenges in semileptonic B decays, Eur. Phys. J. C 80 (2020) 966
[arXiv:2006.07287] [INSPIRE].

D. Bigi, P. Gambino and S. Schacht, R(D*), |V.p|, and the Heavy Quark Symmetry relations
between form factors, JHEP 11 (2017) 061 [arXiv:1707.09509] [INSPIRE].

S. Jaiswal, S. Nandi and S.K. Patra, Updates on extraction of |Ve| and SM prediction of
R(D*) in B — D*{v, decays, JHEP 06 (2020) 165 [arXiv:2002.05726] INSPIRE].

C. Bourrely, I. Caprini and L. Lellouch, Model-independent description of B — wlv decays and
a determination of |Vup|, Phys. Rev. D 79 (2009) 013008 [Erratum ibid. 82 (2010) 099902]
[arXiv:0807.2722] [INSPIRE].

A. Biswas, S. Nandi, S.K. Patra and 1. Ray, A closer look at the extraction of |Vy| from
B — wly, JHEP 07 (2021) 082 [arXiv:2103.01809] INSPIRE].

M.C. Arnesen, B. Grinstein, [.Z. Rothstein and I.W. Stewart, A Precision model independent
determination of |V (ub)| from B — wev, Phys. Rev. Lett. 95 (2005) 071802 [hep-ph/0504209]
[INSPIRE].

T. Becher and R.J. Hill, Comment on form-factor shape and extraction of |V (ub)| from
B — 7lv, Phys. Lett. B 633 (2006) 61 [hep-ph/0509090] [INSPIRE].

S. Jaiswal, S. Nandi and S.K. Patra, Extraction of |Vu| from B — D)y, and the Standard
Model predictions of R(D™)), JHEP 12 (2017) 060 [arXiv:1707.09977] [INSPIRE].

S. Patra, OptEx-1.0.0: WO Documentation, DOI:10.5281/zenodo.3404311.

— 97 -


https://doi.org/10.1103/PhysRevD.100.034501
https://doi.org/10.1103/PhysRevD.100.034501
https://arxiv.org/abs/1901.02561
https://inspirehep.net/literature/1712821
https://doi.org/10.1103/PhysRevD.90.054506
https://doi.org/10.1103/PhysRevD.90.054506
https://arxiv.org/abs/1406.2279
https://inspirehep.net/literature/1299686
https://doi.org/10.1007/JHEP08(2017)112
https://arxiv.org/abs/1703.04765
https://inspirehep.net/literature/1517488
https://doi.org/10.1103/PhysRevD.104.114041
https://arxiv.org/abs/2110.06153
https://inspirehep.net/literature/1997775
https://doi.org/10.1103/PhysRevD.106.093002
https://doi.org/10.1103/PhysRevD.106.093002
https://arxiv.org/abs/2204.05925
https://inspirehep.net/literature/2514325
https://doi.org/10.1103/PhysRevD.56.6895
https://arxiv.org/abs/hep-ph/9705252
https://inspirehep.net/literature/442856
https://arxiv.org/abs/1907.02257
https://inspirehep.net/literature/1742613
https://doi.org/10.1007/JHEP06(2020)156
https://arxiv.org/abs/2003.02533
https://inspirehep.net/literature/1784104
https://doi.org/10.1103/PhysRevD.107.055041
https://arxiv.org/abs/2111.01176
https://inspirehep.net/literature/1958821
https://doi.org/10.1103/PhysRevD.88.094012
https://arxiv.org/abs/1309.0301
https://inspirehep.net/literature/1252083
https://doi.org/10.1140/epjc/s10052-020-08490-x
https://arxiv.org/abs/2006.07287
https://inspirehep.net/literature/1800925
https://doi.org/10.1007/JHEP11(2017)061
https://arxiv.org/abs/1707.09509
https://inspirehep.net/literature/1613680
https://doi.org/10.1007/JHEP06(2020)165
https://arxiv.org/abs/2002.05726
https://inspirehep.net/literature/1780812
https://doi.org/10.1103/PhysRevD.82.099902
https://arxiv.org/abs/0807.2722
https://inspirehep.net/literature/790951
https://doi.org/10.1007/JHEP07(2021)082
https://arxiv.org/abs/2103.01809
https://inspirehep.net/literature/1849566
https://doi.org/10.1103/PhysRevLett.95.071802
https://arxiv.org/abs/hep-ph/0504209
https://inspirehep.net/literature/681235
https://doi.org/10.1016/j.physletb.2005.11.063
https://arxiv.org/abs/hep-ph/0509090
https://inspirehep.net/literature/691934
https://doi.org/10.1007/JHEP12(2017)060
https://arxiv.org/abs/1707.09977
https://inspirehep.net/literature/1613698
https://doi.org/10.5281/zenodo.3404311

[58]

[59]

[60]

[61]

[62]

BELLE collaboration, Measurement of Differential Distributions of B — D*{v,; and
Implications on V|, arXiv:2301.07529 [INSPIRE].

E. McLean, C.T.H. Davies, A.T. Lytle and J. Koponen, Lattice QCD form factor for
Bs; — DZlv at zero recoil with non-perturbative current renormalisation, Phys. Rev. D 99
(2019) 114512 [arXiv:1904.02046] [INSPIRE].

G. Martinelli, S. Simula and L. Vittorio, Ezclusive determinations of |Vep| and R(D*) through
unitarity, Eur. Phys. J. C 82 (2022) 1083 [arXiv:2109.15248] [INSPIRE].

G. Martinelli, S. Simula and L. Vittorio, |V.s| and R(D™) using lattice QCD and unitarity,
Phys. Rev. D 105 (2022) 034503 [arXiv:2105.08674] [INSPIRE].

HFLAV collaboration, Averages of b-hadron, c-hadron, and T-lepton properties as of 2018,
Eur. Phys. J. C' 81 (2021) 226 [arXiv:1909.12524] INSPIRE].

A. Biswas, S. Nandi, S.K. Patra and 1. Ray, Study of the b — d¢{ transitions in the Standard
Model and test of New Physics sensitivities, JHEP 03 (2023) 247 [arXiv:2208.14463]
[INSPIRE].

F.U. Bernlochner, M.T. Prim and D.J. Robinson, B — pfv and wlv in and beyond the
Standard Model: Improved predictions and |Vyp|, Phys. Rev. D 104 (2021) 034032
[arXiv:2104.05739] [INSPIRE].

FLAVOUR LATTICE AVERAGING GROUP (FLAG) collaboration, FLAG Review 2021, Eur.
Phys. J. C 82 (2022) 869 [arXiv:2111.09849] [INSPIRE].

~ 98 —


https://arxiv.org/abs/2301.07529
https://inspirehep.net/literature/2624324
https://doi.org/10.1103/PhysRevD.99.114512
https://doi.org/10.1103/PhysRevD.99.114512
https://arxiv.org/abs/1904.02046
https://inspirehep.net/literature/1727934
https://doi.org/10.1140/epjc/s10052-022-11050-0
https://arxiv.org/abs/2109.15248
https://inspirehep.net/literature/1935676
https://doi.org/10.1103/PhysRevD.105.034503
https://arxiv.org/abs/2105.08674
https://inspirehep.net/literature/1863707
https://doi.org/10.1140/epjc/s10052-020-8156-7
https://arxiv.org/abs/1909.12524
https://inspirehep.net/literature/1757149
https://doi.org/10.1007/JHEP03(2023)247
https://arxiv.org/abs/2208.14463
https://inspirehep.net/literature/2144098
https://doi.org/10.1103/PhysRevD.104.034032
https://arxiv.org/abs/2104.05739
https://inspirehep.net/literature/1858040
https://doi.org/10.1140/epjc/s10052-022-10536-1
https://doi.org/10.1140/epjc/s10052-022-10536-1
https://arxiv.org/abs/2111.09849
https://inspirehep.net/literature/1971260

	Introduction
	Theory
	B decays to pseudoscalar mesons

	Analysis and results
	|V(cb)| from bar(B) –> D**((*)) l**(-) bar(nu)(l) and bar(B)(s) –> D(s)**((*)) l**(-) bar(nu)(l) decays
	|V(ub)| from bar(B) –> (pi,rho,omega) l**(-) bar(nu)(l) and bar(B)(s) –> K mu**(-) bar(nu)(mu) decays

	Summary
	Predictions for the branching fractions

