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We reassess the B — #£'v, differential branching ratio distribution experimental data released by the
BABAR and Belle Collaborations supplemented with all lattice calculations of the B — 7z form factor shape
available to date obtained by the HPQCD, FNAL/MILC, and RBC/UKQCD Collaborations. Our study is
based on the method of Padé approximants and includes a detailed scrutiny of each individual data set that
allows us to obtain [V,,| = 3.51(8),(7)ys % 107°. The semileptonic B — n")¢*v, decays are also

addressed and the 7-' mixing discussed.
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I. INTRODUCTION

Quark flavor-changing transitions in the standard model
are described by the Cabibbo-Kobayashi-Maskawa (CKM)
matrix whose elements, V;;, weight the strength of the
interaction. The CKM matrix satisfies unitarity imposing
> VijVii=6j and >, Vy;Vi, =6y To verify these
relations, a precise determination of the magnitude of
the CKM elements becomes of capital importance since
an eventual deviation of unitarity of the CKM matrix may
be a hint of new physics. The most common (unitarity
triangle) combination to look at is

ViaVip +VeaVep + ViaVip =0, (1)

which contains the best-known side quantity V.,V7, but
also involves V,;,, one of the least-known elements. The
inclusive, B - X,fv,, and exclusive, B — nfv,, semi-
leptonic decays of a B meson represent an advantageous
laboratory to determine the value of |V ,,;,| yielding the most
precise value up to date. Inclusive determinations are based,
for example, on the operator product expansion and
perturbative QCD while exclusive determinations require
knowledge of the shape of the participant meson form
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factor (FF) as a function of ¢, yielding the hadronic
transition. Numerically, the 2015 PDG reported values
showed a 3.16 deviation between the inclusive, |V,,;,| =
(441 £0.157013) x 1073, and the exclusive, |V,,|=
(3.28 £0.29) x 1073 [1], determinations with a resulting
average of |V,,| = (4.1340.49) x 1073, The updated
2016 PDG version [2] reports, respectively, |V,,| =
(4.49 £0.16758) x 1073 and |V,,|=(3.72£0.19) x 1073
[3] for the inclusive and exclusive decays whose deviation,
2.60, has slightly been reduced due to the one-o shift of the
exclusive result. At present, the PDG reports [4], respec-

tively, |V, = (4.49 + 0.15@(},4_’(());1176[h +0.17) x 107 and

|Vup| = (3.70 £0.10 £ 0.12) x 1073 [5] for the inclusive
and exclusive determinations. The origin of this long-
standing discrepancy between the inclusive and exclusive
determinations still remains unclear, demanding the result-
ing combined average, |V,,| = (3.94 &+ 0.36) x 1073 [4],
to be borrowed with caution. As pointed out already in
Ref. [6], and recently adopted in Ref. [7], a new physics
explanation of this tension is very unlikely and, therefore, it
might be due to an underestimation of uncertainties in the
experimental and/or theoretical analysis.

In this work, we reexamine the exclusive B — nfv,
decays and extract |V ;| following an alternative approach,
regarding the parametrization of the participant vector form
factor, slightly different than the most commonly used
z-expansion and vector meson dominance models, and
profiting from the large set of experimental data and lattice
simulations. A detailed scrutiny of each individual data set,
explored bin by bin, allows us to identify agreements and
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tensions among them and propose a path towards further
determinations.

The hadronic matrix current for the B — #£v, decay can
be written as

m% —m2
(7(p)|VulB(pB)) = f+(q?%) <p3 + P — CITE),,

2 2
mp — my

+fo(q2)qu (2)

where ¢ = pp — p, = ps + p,, is the transferred momen-
tum to the dilepton pair while f,(¢?) and fo(q?) are,
respectively, the participant vector and scalar form factors
encoding the dynamics of the strong interactions occurring
in the heavy-to-light B — 7z hadronic transition.

For light leptons (e and u), one can safely take the
m, — 0 limit so that only the f,(g?) is relevant and the
corresponding partial decay width distribution is given by’

dF(B - ”&/f) G%«"|Vub|2 3 2
da? = 3 3|pn| |f+(q”)
q 1927 my,

2

)

where p, = \/(m3 + m2 — ¢*)* — 4mjm? is a kinematical
factor accounting for the momentum of the pion in the B
meson rest frame. The main source of uncertainty in the
extraction of |V ;| lies on the vector form factor which, in
turn, requires a reliable parametrization in terms of ¢°.

From the experimental side, the CLEO Collaboration
reported the first measurement of the B — z£v, branching
fraction in 1996 [9], later updated in 2003 [10], and
released the partial branching ratio distribution measured
in 4 ¢? bins in 2007 [11]. More recently, the g> decay
spectra have been measured, respectively, in 6 and 12 bins
of g> by BABAR in 2011 [12] and 2012 [13], and by Belle
in 13 bins in 2011 [14] and in 13 and 7 bins for the B® and
B~ mode, respectively, in 2013 [15].

On the lattice QCD side, results on the form factor shape
at large ¢> were obtained by the HPQCD Collaboration in
2007 [16] and by the Fermilab Lattice and MILC (FNAL/
MILC) Collaborations in 2008 [17] in 5 and 12 bins of g2,
respectively. In 2015, the RBC and UKQCD (RBC/
UKQCD) Collaborations released new results in 3 bins
of ¢ [18] and the FNAL/MILC Coll. presented an updated
analysis [3].

In total, we have a set of five experimental measurements
of the B — nfv, decay spectra driving the form factor
shape at small ¢> and a set of four lattice QCD simulations
for the form factor dominating the large ¢ region. In order
to determine |V ;| with good precision (beyond 10%), it is
desirable to have a suitable parametrization of the inter-
mediate energy region (15 — 20 GeV?) connecting both the

'"The interested reader is referred to Ref. [8] for a recent
parametrization of the scalar form factor f;(g*) based on
dispersion relations.

small- and large-g” regions in a continuous and derivable
way, under the constraints of unitary and analyticity.

The aim of this work is to consider the theory of Padé
approximants (PAs in what follows) to describe the
required form factor f. (¢*) and provide the aforemen-
tioned parametrization to interpolate between small-and
large-g> regions. In turn, as we will show below, this
method can be used to examine whether experimental and
lattice data are consistent with the unitary constraints
imposed by the form factor or not, with the corresponding
implications when extracting the |V,|.

The key point to realize is that the form factor £, (¢*) is a
Stieltjes function, which is a function that can be repre-
sented by an integral form defined as [19]

riay = [ 46 (w) @)

1 —ug*’

where ¢(u) is any bounded and nondecreasing function.
By defining R = sy = (mp + m,)?> GeV?, identifying
do(u) = %wdu, and making the change of variables
u = 1/s, Eq. (4) returns the dispersive representation of the
form factor

Fla) = [Ty R (5)

. ’
r)s, 5 —q*—ie

where g? is the invariant mass of the lepton pair. Since the
FF, and its imaginary part, is created by the vector current,
Imf, (s) is a positive function (Imf , (s) = zp(s), and p(s)
the spectral function), the requirement of ¢(u) to be
nondecreasing is fulfilled and the convergence of PAs to
the FF is guaranteed.

Padé theory not only provides a convergence theorem for a
sequence of PAs to Stieltjes (or Stieltjes-type) functions, i.e.,
limy p7-00 P (¢%) = f1(g%) = 0, but also its rate of con-
vergence [19,20], given by the difference of two consecutive
elements in the PA sequence. As we will see later, this error
prescription will return very small theoretical uncertainties.
To be more conservative, in Refs. [21-24] we designed a
different method to extract such uncertainty which yields
errors at the level of the statistical ones.

Let us remind that a PA to a Stieltjes function is also a
Stieltjes function as well [19]. As such, it must have an
imaginary part positive defined. All zeros and poles of our
approximants must lie along the unitary branch cut in order
to fulfill the unitary requirements that the FF imposes. If a
particular PA does not show this feature, it means the data
set fitted is not fulfilling the unitary requirements that must
have. Thus, both defects (poles cancelled by a close-by
zero in the numerator, also called “Froissart doublet’) and
the appearance of poles and zeros outside the unitary
branch cut are indications of a violation of unitary to a
certain degree. We shall come back to this point later (see
Sec. IVA).
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Padé approximants to a given function are ratios of two
polynomials (with degree M and N, respectively),2

> Moai(q?) _ G+ a1q’ + ... +ay(g*)”
1+ b1¢* + ... + by (g*)Y

PH@) = S b

s

(6)

with coefficients determined after imposing a set of a
accuracy-through-order conditions with the function one
wants to approximate:

f(@?) = PY(q®) = O(g?)"* 1. (7)

Besides ordinary sequences of PAs we will also consider
Padé Type approximants T (¢*) and Partial Padé approx-
imants P} y_,(g?) in our study. T (¢*) have the denom-
inator fixed in advanced (by imposing the location of the
zeros of it), while Py y_,(g*) only Q zeros of the
denominator are fixed in advanced while the rest are left
free. The main advantage of fixing a pole is that the number
of parameters to fit decreases by one and typically allows to
reach higher elements of the sequence [21]. If the sequence
is large enough and the position of the first singularity is
accurately known, the convergence of the T% (g?) is faster
than the convergence of ordinary PAs for Stieltjes functions
[19,25,26].

From a theoretical perspective, parametrizations based
on resonance-exchange ideas [27-30] have been widely
used so far to describe the B — n FF shape. The para-
metrizations proposed by Becirevic-Kaidalov [31] and
Ball-Zwicky [32,33], incorporating some properties of the
FF such the value of the kinematical constraint at g> = 0
and the position of the B* pole in the old-times spirit
[27-30], became rather popular in the first decennial of this
century. Both descriptions contain free parameters, such
additional poles that pick up effects of multi-particle states,
to be fixed from fits to experimental data. However, the
election of these ansitze induces a source of theoretical (or
systematic) uncertainty difficult to quantify. Moreover, as
argued in Ref. [17], if the reconstruction of the FF obtained
only from fits to experimental data is seen as inconsistent
with the shape derived by the Lattice collaborations, one
would not unveil whether experiment and theory disagree
or simple parametrizations are insufficient. To improve on
that, the so-called z-parametrization was proposed [34-36].
This is based on a conformal transformation expansion
which guarantees unitary constraints on its coefficients,
even though in practice the constraints are rather weak.

We would like to remark at this point that all the
aforementioned descriptions of the FF are in a form or
another a certain kind of Padé approximant.

*With any loss of generality, we take by = 1 for definiteness.

Lets us return to the 2015 and 2016 PDG editions
reported values for |V,;,| from exclusive processes, (3.28 £
0.29) x 1073 and (3.72 4 0.19) x 1073, respectively. They
were obtained from simultaneous fits to the four most
precise measurements of BABAR [12,13] and Belle [14,15]
together with the 2008 and 2015 FNAL/MILC Collabora-
tions lattice simulations on the FF, respectively. While the
2015 PDG value corresponded to the determination pro-
vided by the HFAG as of summer 2014 [1], the updated
2016 PDG version reports the value obtained by the FNAL/
MILC Collaborations in 2015 [3]. These two values
have been determined by using a z-parametrization as fit
function and show a sizable deviation of 1.3¢ whose origin
stems mainly from the following fact. While the lattice FF
simulations from the FNAL/MILC Collaborations in 2008
[17] were included into the fit in the HFAG analysis of
2014, and on top of that only 4 of the 12 points were used to
avoid correlations between neighboring points, the result
obtained by FNAL/MILC in 2015 considers their updated
FF simulation ones [3]. Moreover, while the 7 bins of the
B~ decay mode measurement reported by Belle in 2013
were not included into the HFAG 2014 fit, the FNAL/
MILC 2015 include them into their analysis.

Previous PDG reported values, e.g. |V,,| = (3.23 +
0.30) x 10~ in PDG 2012, showed the corresponding
HFAG fit results obtained from simultaneous fits to the
existent experimental measurements at the time together
with the FNAL/MILC form factor predictions of 2008
using 6 of the 12 points instead of 4 of 12 as in the HFAG
result of 2014. Both the choice of the FNAL/MILC 2008
number and bin-points to fit and the omission of the
HPQCD form factor lattice simulations of 2007 is rather
unclear to us. Accepting the FNAL/MILC lattice form
factor calculation of 2015 presents several improvements
with respect to their 2008 predictions,3 still the theoretical
error associated to the FF represents the largest uncertainty
in |V,,|. In this respect, the lattice simulation provided by
the RBC/UKQCD Collaboration [18] has been welcomed,
obtaining  [V,;| = (3.61 & 0.3215y5) X 107 from a
combined fit to their results for the form factor together
with BABAR and Belle experimental data.

More recently, Ref. [37] obtained |V,,| = (3.59 +
0.12,) x 1073 from a combined fit to BABAR and Belle
data and the FNAL/MILC form factor simulations of 2015
supplemented by the light-cone sum rule (LCSR) result at
g*> = 0 GeV? [38], while the HFAG update for the summer
2016 consists in employing an average ¢* in experimental
and lattice data (including this time the measured g spectra of
the B~ decay mode of Belle 2013) with the LCSR prediction
at ¢*> = 0 GeV? [38] obtaining |V | = (3.65 + 0.09, +
0.114) x 1073 [39].

The 2015 updated analysis shifted downward the central
values of the FF and reduced the error by almost a factor of three
with respect to the study of 2008.
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In 2016, the FLAG working group reported |V,;,| =
(3.62 £ 0.14) x 1073 from a fit to lattice and BABAR and
Belle experimental data [40], while the current PDG edition
reports the HFLAV value of 2017 |V ;| = (3.70 £0.10 £
0.12) x 1073 [4,5] obtained from an averaged ¢ spectrum
of all BABAR and Belle data sets constraining the y?
minimization by averaged values for the coefficients of the
form factor parametrization derived by the lattice groups
and by the LCSR prediction at ¢> = 0.

Finally, a closer look to the plots of the corresponding fit
results of the different analyses reveals a discrepancy
between HFAG 2014 and Ref. [37], and lattice groups
[3,18] on the position of the last experimental datum of
both BABAR 2011 and BABAR 2012 measurements.”

Although the different |V ;| determinations are consis-
tent with each other, we find the situation slightly unclear
and without consensus among different groups regarding
the use of experimental and theoretical data to fit.

The main purpose of this work is to reanalyze the B —
nfv, experimental data and discuss the impact of including
into the fit each of the lattice-QCD simulations on the FF
shape. We use the method of Padé approximants to para-
metrize the B — = transition. These provide for a model-
independent method, simple and user-friendly, with the
important advantage of incorporating FF’s unitary and
analyticity constraints by construction, thus providing a
systematic error.

We have discussed the Padé method in Refs. [21,22,25]
and illustrated its usefulness as fitting functions in
Refs. [23,24,41,42] applied to the description of the 7, n
and 7/ transition form factors. In these cases, the approx-
imants showed an interesting ability to connect the low-and
high-energy realms while improving the description of part
of the intermediate-energy regime. The method allows us
here to obtain a value for |V |, including both statistical and
systematic uncertainties coming from the fit function, with a
stamp of model independence. Constraints from unitary of
the form factor will show up naturally and will provide for a
roadmap towards next steps to follow both for theoretical as
well as experimental studies.

Although being the most precise, B — zfv, only
amounts to ~7% of the B — X,fv, decays. Measure-
ments of the branching fractions distributions of BT —
wt¢*v, and of BY — ¢+, in 5 bins of g were released in
2012, and the branching ratio of B™ — /¢, reported, by
the semileptonic charmless program of BABAR [13].
In the second part of this work, we will tackle the BT —
n")¢+v, decays, predicting the differential branching ratio
distributions and extracting the 7-#/ mixing angle taking

*This point has the smaller error out of the 6 (12) BABAR
2011(12) data points. The g* average of experimental data of
HFAG 2016, however, places this point in the middle of each bin
as in Refs. [3,18].

advantage of the B — x form factor parametrizations
obtained in the first part of this work.

As a final introductory remark, we shall mention that a
method based on dispersion theory to extract |V ;| from the
B4 decay has been proposed in Ref. [43].

This article is structured then as follows: In Sec. II, we
address the analytical structure of the participant B —
form factor and discuss the most common theoretical
descriptions that have been considered in literature so
far. In this section, we also present our proposal, a para-
metrization based on the unitary and analyticity of the FF
which allows us to use a sequence of PAs. In Sec. III, we
show our fit results to the BABAR, Belle, and CLEO
differential branching ratio distribution experimental data,
which enables us to determine the product |V, (0)| and
extract, subsequently, |V ;| by using the LCSR prediction
of f.(0) given in Ref. [38]. In Sec. IV, we discuss the
impact of including the different lattice QCD predictions on
the FF shape into the analysis and determine |V ;| directly
from a simultaneous fit. In this section, we present our
central fit results, evaluate the role of introducing the value
of £(0) as an additional restriction in the y*> minimization,
and perform fits to the lattice data alone. Unitary constraints
on the Padé approximants are discussed in Sec. IVA. In
Sec. V, we predict the Bt — 5)#+v, differential branching
fractions distributions and determine the -/ mixing.
Finally, our conclusions are devoted to Sec. VL

Preliminary results of this study were presented in [44,45].

II. B - 7 FORM FACTOR

A form factor is an analytic function everywhere in the
complex plane except for isolated poles and branch cuts.
Poles correspond to single particle intermediate states while
branch cuts originate when the energy reaches a threshold
for producing multi-particle intermediate states. For the
B — nfv, decay concerning us, the lightest production
threshold is located at sy = (mp + m,)*> GeV?, lying
slightly above the available kinematical energy range of
the decay, 0<g*<(mz—m,)*GeV?. A first approximation
to the form factor suggests a single pole description driven
by the exchange of a u#b intermediate state, the B* meson
with mass mp- = 5.325 GeV (with very small width) and
quantum numbers J* = 1~,

This single pole description would correspond in
Eq. (5) to using for the spectral function p(s) =
f(0)ym2.5(s — m%.). This gives rise to the vector meson
dominance model (VMD) with a B* pole appearing
between the available phase space and the lowest produc-
tion threshold, (mp —m,)* < s, < (mp + m,)* GeV?,

(0
T o

f+(q2)

where f, (0) is a normalization constant.
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However, this model obviates effects of heavier
vector states. BeCirevi¢ and Kaidalov (BK) [31] proposed
a modification of the VMD via including, above ¢*> =
(mg + m,)*> GeV?, a heavier narrow-width resonance,
a B, through adding Imf  (s) = zp(s) « 8(s —m3.,) in
Eq. (5), leading to

r p)
1=¢*/m}y.  1—q*/m}.’

filg®) = ©)
Implementing that the form factor behaves as 1/g* at large

q* together with £, (0) = r| + r,, the standard expression
for the BK form factor reads

f+(0)
(1=¢*/mp)(1 —ag®/my.)’

where a fixes the position of the second fitted effective pole.

Later on, Ball and Zwicky (BZ) [32,33] proposed a similar
expression in terms of three parameters {f, (0),r, a} by
imposing the form factor to fall-off as ~1/¢* at large g¢*
instead. The matching f,(0) = r; +r, and r = ry(a — 1)
leads

filg®) = (10)

rq?/m3.
(1-¢*/mg.)(1 — ag®/my;)

(11)

where r may be understood as a parameter which encodes
the relative weight of the second effective resonance with
respect to the first one.

The above two parametrizations fix the position of the B*
pole to its mass, mg = 5.325 GeV, while the rest of the
free parameters, {f, (0),a} and {f,(0), r, @} in Egs. (10)
and (11), respectively, are inferred from fits to experimen-
tal data.

Exploiting the analyticity and positivity properties of the
vacuum polarization functions, Okubo and collaborators
proposed the method of unitary bounds [34] in the context
of kaon decays, which later on was applied for semileptonic
B decays [36,46]. This method, called z-parametrization
and reviewed in Refs. [35,47], parametrizes f, (¢*) as a
Taylor expansion in terms of a conformal complex variable
z as follows:

f+(0)

1 —q*/m3.

f+(q2) =

fild?) = ORED nzan @) @) (12)
where
V1-@/t—\/1-q}/t;
A a) = VI=d/t, +T-a3/t; )

%) a function

with 7, = (mp + m,)? GeV? and ¢(q% q
q’) = z(q*. mj,) is

given in Ref. [35]. The function P(

the Blaschke factor which accounts for the pole at
g*> = m3,. The free parameter g is chosen to optimize
the fit. Assuming the spectral function driving the FF to be
saturated by Bz vector intermediate states, unitary and
crossing symmetry guarantee the coefficients a,(g3) to
satisfy Y% jaz(q3) < 1.

In practice, Eq. (12) is truncated at a finite order
(typically up to first or second order) which implies the
FF to behave as ~1/¢* at large |¢?| due to ¢(¢°, ¢3), in
contradiction with perturbative QCD scaling [29,30].
Beyond, as discussed in [36], the outer function has an
unphysical singularity at the Bz production threshold 7.
This unphysical singularity may distort the behavior
near the upper end of the physical region, where the FF
is poorly known. These considerations triggered an alter-
native z-parametrization proposed in [36] by Bourrely-
Caprini-Lellouch (BCL):

1 N-1 .
fi(d®) = > b
" 1 - qz/m%x n=0 "

YR
NNZ(qz,Q?))N, (14)

where the pole included by hand ensures the correct
analytic structure in the complex plane and the proper
scaling, f.(¢*) ~1/¢* at large ¢>.

Let us comment that the z-parametrization is not a zero-
preserving transformation with respect of ¢ unless the
particular choice g3 = 0 is made, which implies z — 0 does
not come from ¢> — 0, but rather from a large g> value. This
poses a word of caution when using the z-parametrization to
determine the behavior of the FF at low g% We would like to
add here that the definition of z(¢?, g3) corresponds formally
with a Quadratic approximant (QA), a well-defined exten-
sion of a PA that includes square-root terms [44,48,49].
These are built in the same spirit than Padé approximants and
arise by squaring Eq. (7) yielding the quadratic equation
[44.,48,49]
0(2)f3(z) +2R(2)f+(2) + S(z) = O "+*2).  (15)

where Q(z), R(z) and S(z) are polynomials of order ¢, r, s,
respectively. The solution of Eq. (15) leads to

2) £ VR*(2) = 0(2)S(2)
0(z) ’

047 (z) = R (16)

with the special feature of generating a branch cut thanks
to the square root. In particular, we thus have z(g?,0) =
QA1 '(¢?), with coefficients Ry=—1, Sy = Qy =0, R, =

= Q; = 1/2. As such, it is formally a PA of order given
by the truncated series, either in Eq. (12) or (14), for which
the PA convergence constraints must be applied.
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A description of the form factor based on effective
Lagrangian ideas is recently proposed in [50].

To complete the overview, the AFHNV approach [51,52]
is based on the Omnes representation which expresses the
analytic function in terms of its phase along the boundary
of the analyticity domain. If one takes into account the pole
g* = m3,, assumes that the FF have no zeros in the
complex plane, and by Watson’s theorem that the phase
5(1) is equal, below the first inelastic threshold, to the phase
of the P- wave with I =1/2 of the zB — nB elastic
scattering, the representation reads (assuming n > 1 which
implies a multiply-subtracted dispersion relation-and
neglects altogether the dispersive integral):

f+(‘12) =

mB

2Hf+ q1 (mB* q/)]a,( )’ (17)

*

where a;(¢*) Notice that after the multi-

2 2
= Hi:O,i;é j ﬁ
ply-subtracted dispersion relation the exponential behavior
at large ¢> does not corresponds to the one from QCD and,
due to the lack of the dispersive integral, the original branch
cut g> <t,.

To conclude, as we mentioned at the Introduction,
Egs. (8), (10), (11), and (12) can be seen as particular
elements of the general sequence of PAs given in Eq. (6).
Strictly speaking then VMD, BK and BZ correspond,
respectively, to the 79(¢%), P{(¢*) and P}, (¢*) elements
while the z-parametrization is related to a quadratic
approximant.

III. FITS TO THE B — ntv, BABAR
AND BELLE DATA

Our first analysis consists of fitting the most recent B —
ntv, branching ratio distribution experimental data
released by BABAR in 2011 [12] and 2012 [13] and by
Belle in 2011 [14] and 2013 [15]. We will also briefly
discuss the effect of including CLEO 2007 results [11] into
the fit, which are usually neglected. In order to facilitate the
reproduction of our results, we include here the tables from
which we pull the experimental data. For CLEO 2007, we
use the results reported in Table I of Ref. [1 1].5 For BABAR
2011, we employ the data collected in Tables X and
XXVIII of Ref. [12], while for BABAR 2012, we use
Tables XXIII, XX VIIL, and XXXI of Ref. [13].° Regarding
Belle 2011, we employ the data gathered in Tables III, TV,
and V of Ref. [14], respectively. Finally, for Belle 2013, we

>CLEO 2007 result consists in measurements of partial branch-
ing fractions in only 4 unequal ¢> subregions and no bin-to-bin
correlation matrix is reported. For our analysis, we have placed
each experimental datum at the middle of each of the corresponding
subreglon% and scaled the bin values accordingly.

®For BABAR 2012, we use the combined analysis of both B°
and B~ modes assuming isospin symmetry.

~This work [P]  BaBar 2011 untagged (6 bins)
= BaBar 2012 untagged (12 bins)
10 + Belle 2011 untagged (13 bins) 4
+ Belle 2013 tagged B’ (13 bins)
v Belle 2013 tagged B~ (7 bins)
CLEO 2007 untagged (4 bins) |

dB/dq? x 10° [GeV 2]
(=)}

0 5 10 15 20 25 30

q* [GeV?]
FIG. 1. Simultaneous fit to BABAR [12,13] and Belle [14,15]

B — nfv, experimental data as obtained from the ;(fim mini-
mization of Eq. (19) with a P3(¢*) approximant (black solid line).
CLEO data [11] are not included from the fit and rather shown for
comparison.

employ the data given, respectively, in Tables X VII, X VIII,
XIX, and XX of Ref. [15]. To this later data, we have
added, as suggested in Table XII of [15], a systematic
uncertainty of 5.0% and 5.1% of the ¢ bin value for the B*
and B° mode, respectively, and assumed a systematic
correlation of the 49% between the two modes as written
in the paper below that Table. For our study, we assume, for
convenience, isospin symmetry to translate the Belle 2013
data on the B~ mode to the B ones through

ABY > ntt1,) = 2B A(B- = 2°¢-1,). (18)
Tp-

where 750 =(1.520+0.004)x 10725 and 75 = (1.638+
0.004) x 107'2 s, are, respectively, the mean life time of the
neutral and charged B mesons [2]. In all, we will treat the
five experimental data sets as independent measurements,
i.e., no statistical either systematic correlations between the
five different analyses is considered [3,18].

The y? function minimized in our first fit is defined as

6

2 _ BABARI1 BABARI11)—-1 A BABARI1
Adata = E A (COVij ) Aj
i,j=1
12
+ § A?ABARIZ (COVgABARH)—IA?ABARIZ
i,j=1
13
+ § A?e]lell(COV}Sjellell)—lA}Bellell
i,j=1
20
Bellel3 Belle13\—1 A Bellel3
+ ) ABellel3 (CoyBellel3) =1 gbelel3, (19)
i,j=1
where
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TABLE L

The product |V,,f,(0)| as obtained from fits to B — n¢v, data depending if the B* pole is

let as a free parameter to fit or fixed at mp- = 5.325 GeV. The corresponding |V,,| value extracted using
f.0)= 0.261f8’8§§) [38], the pole(s) of the approximants and the )(ﬁof are also shown. Poles placed far away from
the origin and Froissart doublet are denoted by " and ™', respectively. Errors are only statistical and symmetrized in

the last column.

Fit Approximant 2 Poles (GeV) |V, f.(0)] x 10*  |V,,[x 103
BABAR+Belle [12-15] Free B* P2 170 5.32 9.27(37) 3.57(33)
Py 171  531,1553 9.247927 3.56(35)
Fixed B* T2 170 = 9.28(31) 3.57(33)
P}, 157 9.83 9.261034 3.56(35)
BABAR+Belle +CLEO [11-15]  Free B* P2 163 5.32 9.25(37) 3.56(33)
Pl 163 532,13.86 9.2110% 3.54(34)
Fixed B* T2  1.74 e 9.25(31) 3.56(32)
P}, 164 8.30 933102 3.55(36)
CLEO 07 [11] Fixed B*  P), 094 6.66 8.44(96) 3.25(27)
BABAR 11 [12] Free B* P! 294 5.36 10.49(50) 4.03(40)
Py 281 543881 10.46(51) 4.02(39)
Fixed B* T2 293 e 10.74(69) 4.13(44)
P, 294 10.37¢ 10671040 4.11(48)
BABAR 11 reported value 10.80(56)
BABAR 12 [13] Free B* P> 0.70 5.36 8.58(59) 3.30(36)
P} 081 5351512 8.5910%7 3.30(41)
Fixed B* T3  0.70 e 8.621073 3.32(49)
P}, 070 13.87° 8.54102¢ 3.29(41)
BABAR 12 reported value 8.7(3)
Belle 11 [14] Free B* P2 132 5.25 8.9110:60 3.43(27)
P} 168 5.25% 9.05(70) 3.48(48)
Fixed B* T2 134 e 9.19(57) 3.53(37)
P}, 131 5.35tt 9.02104¢ 3.47(38)
Belle 11 reported value 9.23(18) 40t (21) gyst
Belle 13 [15] Free B* P! 143 5.19 9.131038 3.51(44)
Py 134 526738 9.19(53) 3.54(36)
Fixed B* T} 151 e 8.681030 3.34(43)
pl, 131 5.96 9.44103 3.63(43)

Adata _ ﬁ data _ L G%
ko \Ag? [p 1927°m3
B B

X |Vubf+(0>|2|pﬂ|3/2‘p%(q2)

2 (20)

with I'p the full width of the B meson, Cov;; denotes
the corresponding covariance matrix and PY(q?) =
PY(4?)/PM(0) the PA normalized to unity at the origin
of energies whose coefficients will be determined by
the fit.

Notice that we do not access |V, | but rather the product
|V.pf+(0)| that factors out in Eq. (20). However, we can
still extract |V,,| by invoking external information on the

f+(0). In this work, we use f.(0)=026170%

determined in a light-cone sum rules calculation [38].7
Other possible choices would be f,(0) = 0.26700% [53],
f+(0) =0.281 £0.033 [54], f,.(0) = 0.31 £ 0.02 [55] or
the recent f_(0) = 0.208 4+ 0.007 £ 0.015 + 0.030 [8].
We start fitting with ordinary PAs of the type P} (¢*) and
P (g*) where the poles are left free to be fitted and we
reach M = 2 and M = 0, respectively. Then, we proceed to
fit with sequences of the type T (¢*) and P}, (4*) by
fixing the B* pole to mp- = 5.325 GeV reaching, respec-
tively, M =2 and M = 1. In Fig. 1, we provide a graphical

7Actually, for this quantity we use /', (0) = 0.2595 £ 0.0215,
where we have symmetrized the errors.
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12 12
o BaBar 2011 untagged (6 bins) = BaBar 2012 untagged (12 bins)
10 — This work [P}] 10 — This work [P}]
o
I
% 8 8 {
<
5 6 } | 6
X
”g 4 4
g
2 2
0 0
0 5 10 15 20 25 30 0 5 10 15 20 25 30
4" [GeV?] 4" [GeV?]
12 12 5 -
« Belle 2011 untagged (13 bins) + Belle 2013 tagged 5 (13 bins)
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(2‘ ]
k= 6
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¢’ [GeV?] q* [GeV?]

FIG. 2.

Individual fits to BABARI11 [12] (left-top panel), BABAR12 [13] (right-top panel), Bellel1 [14] (left-down panel) and Belle13

[15] (right-down panel) experimental data sets on the B — n£v, differential branching ratio distribution.

account of the fit as obtained with P3(g*) compared to data,
while our fit results are collected in the first row of Table 1.
From the plot we observe that the uncertainty associated to
the fit, given by the gray error band, is slightly larger in the
low-g? energy region while from the Table we read that the
values for |V,,| determined with approximants with two
poles i.e. P}(¢*) and P (g*), give identical results than
the single pole ones, P3(g?) and T3(g?).

Then, we add CLEO 2007 experimental data into the y>
minimization of Eq. (19) and report the corresponding fit
results in the second row of Table I; upon comparison with
the results shown in the first row, we conclude that the
effect of including this data into the fit is tiny.

In order to further improve on what can be learned from
experimental data, we have also fitted experimental data of
each collaboration separately, an exercise that will be very
illustrative in order to determine |V |-

The individual fits are displayed in Fig. 2 and the
corresponding results shown, respectively, in the third
(CLEOOQ7), fourth (BABARI11), fifth (BABARI12), sixth
(Bellel1), and seventh (Bellel3) rows of Table I. From
our set of fits collected in this Table, the diagonal and near
diagonal P3(4?), Pi‘(l)(qQ), and P}, (¢*) approximants
deserve special attention. For these approximants, we find
some extraneous poles placed either far away from the origin
(marked with " in the Table) or pair up with a close-by zero in
the numerator becoming a defect (marked with " in the

Table), in accordance with the Nuttall-Pommerenke’s con-
vergence theorem [19,25]. We would like to point out that
the zeros of the numerator when individual fits to the BABAR
2012 data are performed tend to lie within the radius of
convergence in the region of negative g, a region we
expected out of zeros. This feature may explain why the
corresponding distribution is more rounded and with a
sizable negative fall off at the origin in comparison with
the other three individual fits. We also note that a Froissart
doublet appears at g> = —1 GeV for the P3 approximant
reached for individual fits to the Belle data of 2011.

We would like to note that individual fits to CLEO data
lead unrealistic results but for P? , (¢%). Also notice that the
fits to BABAR11 experimental data lead the worst y?/dof,
in agreement with Ref. [3], and the largest values for |V |,
in line with Ref. [38] but in contradiction with Refs. [3,18].
These two features are somehow reflected in the left-top
panel of Fig. 2 both in the error band and in the value of the
branching ratio distribution at ¢g> = 0 which are, respec-
tively, wider and larger than in the other three panels of the
figure. On the contrary, the fits to the BABAR12 data give
the best y2/dof and tends to give smaller |V,,| values.

From each of the individual fits shown in Table I, we can
order the experimental collaborations according to their
bottom-up |V,,| values as: BABAR12, Bellell, Bellel3,
and BABARI1. This ordering is in line with the corre-
sponding |V, | values reported by the experimental groups
from fits to their own experimental data.
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3L Deviation of BaBar 2011 data
e Fitto all data
2t o Fit to BaBar 2011 data only
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Deviation, in o, of each experimental datum with respect to our combined and individual fits. Solid and empty geometric

markers account, respectively, for the fits as given in Figs. 1 and 2.

The neat effect of fitting all experimental data sets
together with respect to fitting data of each Collaboration
separately can be seen in Fig. 3, where we represent the
number of ¢ deviations of each experimental datum with
respect the corresponding fits. In this figure, markers given
by solid geometric figures accounts for the fit as given in
Fig. 1 while empty geometric figures stand for the fits as
shown in Fig. 2. This allows us to order the four exper-
imental data sets according to their increasing degree of
soundness with respect to the common fit i.e., BABARI1,
Bellel3, Bellel1, and BABAR12. Clearly, BABARI11 data
points suffer the largest deviation when including the other
sets of data into the fit (see left-top panel in Fig. 3) while, on
the contrary, BABAR12 and Bellel1 data points seem to
drive the y*> minimization dominating the fit (see right-top
and left-down panels, respectively, in Fig. 3). Regarding
Belle13 experimental data points, they show some oscil-
latory scatter lying in between BABAR11 and BABAR12/
Bellel1 cases. This classification is further illustrated in
Fig. 4, where we show the Padé behavior extracted from the
corresponding individual fits compared to the Lattice form
factor predictions [16] (HPQCD), [17] (FNAL/MILC
2008), [18] (RBC/UKQCD) and [3] (FNAL/MILC 2015).
We would like to note that while the Pad€ as extracted from

fits to the individual BABAR 2012 data set accommodates
Lattice data rather well, the ones extracted from the
BABARI1 data set show the largest discrepancy which,
in turn, is enhanced at high-¢?.

o HPQCD 2007 (5 bins)

= FNAL/MILC 2008 (12 bins)

10t + RBC/UKQCD 2015 (3 bins)
+ FNAL/MILC 2015 (3 bins)

— BaBar 2011 [P}]

[—— BaBar 2012 [P]

+ Belle 2011 [P}]

[—+— Belle 2013 [P}]

0

T
i
il
i
i
1
i
i
i

JACS)
(=)}

q* [GeV?]

FIG. 4. Padé behavior extracted from the corresponding indi-
vidual fits of Fig. 2 compared to the form factor predictions
obtained by different Lattice Collaborations: HPQCD [16],
FNAL/MILC 2008 [17], RBC/UKQCD [18] and FNAL/MILC
2015 [3].
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IV. INCORPORATION OF THE FORM FACTOR
LATTICE CALCULATIONS

In the previous section, we have not accessed the
description of the form factor but rather its normalized
version to unity at g*> = 0. In order to achieve a para-
metrization of the form factor, we include the form factor
shape predictions at large g* obtained on the lattice as new
data sets to be fitted. In particular, we consider Table V of
the HPQCD Collaboration results [16] (consider the
erratum version of it), Tables II and V of the 2008
FNAL/MILC Collaborations predictions [17], Tables VI
and VIII of the RBC/UKQCD Collaborations calculation
[18] and, finally, the updated analysis of the FNAL/MILC

Collaborations of 2015 [3]. The latter provides its results as
|

5 HPQCDO0O7 ; 2 M/ 2 2
I (¢7); — Py (q°);
)(2 =X gata + Z < GHPQCle :
i=1 i

+ ) (FIALMIECO g2), — P (g2),) (Cov
+ Y (FEIIEEE(), — PY(42),) (Cov

+ 3 (fAMIE (g2 P (g7),)(Cov

where y2,., corresponds to Eq. (19).

The results derived from the minimization of Eq. (21) are
collected in Table III. In contrast to Table I, Table III
collects the results as obtained with each element of the
corresponding sequences going up to P, P3, T and PT |,
respectively. The final results, given in the last column,
include both statistical, from the fit, and systematic
uncertainties from the truncated PA sequence as the differ-
ence of central values of the element we have stopped the
sequence and the preceding one. Notice that the systematic
uncertainty increases when the B* pole is fixed.

The impact of including lattice data into the fit is evident
and allow us to determine |V ;| with improved precision

TABLE II. Central values, errors and correlation matrix for the
f+(g*) form factor provided by the FNAL/MILC 2015 Collab-
orations formula (Table XIV of Ref. [3]) at three representative q2
values.

7*[GeV?] 21 23 25
f(q%) 1.65(4) 2.39(6) 4.04(15)
21 1 0.78 0.32

23 0.78 1 0.83

25 0.32 0.83 1

FNAL/MILCOS)—I (flerAL/MILCOS(qz) o P%(qz) )
J

RBC/UKQCDIS)—] (fEBC/UKQCDIS(qz) o P%(qZ) )
J

a formula [56] rather than as synthetic data. For our
analysis, we have generated synthetic data at three repre-
sentative g* values that are gathered in Table II. In this
respect, it would be more beneficial if the result for the
form factor would be made available by the lattice-QCD
group at some representative g values, together with the
corresponding bin-to-bin correlation matrices.

The main advantage of performing a simultaneous
fit to all measured ¢ spectra experimental data supple-
mented by lattice QCD results on the FF shape is that
not only |V,,| but also f,(0) can be determined directly
from the fit since lattice data drive the height of the curve
of the decay spectra. The y? function to be minimized
reads

J

J

FNAL/MILC13y-1( lerAL/MILCIS(qz)j - PY(q))). (21)

reducing the associated statistical uncertainty by ~80%
with respect to the case when only the decay spectra is fitted
(cf. Table I). Again, we find some extraneous poles for the
diagonal P} and P} | elements. We find that one pole tends
to pair up with a close-by zero in the numerator becoming
Froissart doublet poles (see the dedicated discussion in
Sec. IVA).

As a matter of example, we gather the coefficients of the
Padé approximant P?(g?) in Table IV. In this Table we also
provide the series coefficients bgf) corresponding to the
BCL parametrization (cf. Eq. (14)) that are obtained by
matching the Taylor series expansion of P3(g?) with the
power series expansion of the BCL parametrization at
O(g"). The coefficients thus obtained are not directly fitted
to data but rather reconstructed from our rational function.
These lie in the ballpark of the most recent RBC/UKQCD
and FNAL/MILC Ilattice determinations [3,18] shown,
respectively, in the fifth and sixth columns of the Table
and are seen in nice agreement with the HFLAV fit values
[5] given in the last column. A graphical account of the
corresponding P?(g¢?) combined fit result is depicted in
Figs. 5 and 6 as compared to the decay spectra and FF
lattice data, respectively. In the latter, our prediction for the
BCL parametrization is also shown (purple dashed curve),
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TABLE III. |V,,| and f,(0) values as obtained from a simultaneous fit to B — z£v, decay data and lattice QCD form factor
simulations. The pole(s) of the approximants and the y7 ; are also shown. Poles placed far away from the origin and Froissart doublet are
denoted by "and ™', respectively. The results in the last column include a systematic error coming from the difference of central values of
the last two elements of the corresponding PA sequences. The errors are symmetrized.

Fits to BABAR and Belle data [12—15]+Lattice FF predictions [3,16—-18]

Parameter Elements of the PA sequence

Free B* pole PY Pl P? Final result
[Vip| x 10° 2.70(4) g 3.49(7) g 3.51(8) ar 3.51(8)sat(3)syst
f+(0) 0.408(4) at 0.262(9) 1a 0.265(10) 0.265(10) 400 (3) syt
Pole (GeV) 5.27 5.31 5.31

Lot 3.51 1.22 1.19

Free B* pole P P} P} Final result
V| x 10° 3.54(8) 3.51(8) 3.50(9) st 3.50(9)stat (D syst
f+ (0) 0272(8)Stdt 0'264(10)stat 0'259(9)stat 0'259(9)stat(5)syst
Poles (GeV) 5.33&7.55 5.31 & 12.77° 5.31 & 2.03"

Lot 1.25 1.19 1.13

Fixed B* pole 70 T! 72 Final result
|Vub| X 102 2'47(4)Stat 3'47(7)stat 3'54(7)stat 3'54(7)slat(7)sysl
f+ (0) 0'449(6)stat 0'259(9)stm 0'266(9)stal 0'266(9)stat(7)syst
Lo 4.84 1.31 1.23

Fixed B* pole Py, P}, P, Final result
|Vuh| X 103 3'53(7)Stat 3'54(7)stat 3.51 (7)stat 3.51 (7)stat(3)syst
f+(0) 0.274(7) gt 0.265(7) 0.263(8) 0.263(8) gt (2)syst
Pole (GeV) 7.65 9.15 6.0377

Lot 1.27 1.22 1.20

TABLE IV. Coefficients of the Padé approximant P?(g?), with the pole let as a free parameter, and of the reconstructed BCL
parametrization, where the pole is fixed to the B*. The latter are compared with the fitted coefficients determined by the RBC/UKQCD

and FNAL/MILC lattice groups [3,18] and with the HFLAV results [5].

Padé P} (q?) BCL our prediction RBC/UKQCD [18] FNAL/MILC [3] HFLAV [5]
a, 0.265(10) b(f) 0.418(80) 0.412(39) 0.419(13) 0.418(12)
a 0.006(2) 10 ~0.341(199) ~0.511(184) ~0.495(55) ~0.399(33)
a 0.00005(8) e —0.668(368) 0.524(612) ~0.43(14) —0.578(130)
b, ~0.0354(1)

accommodating pretty well all lattice data but the last
datum and seen in nice agreement with the P3(g?) (black
solid curve) element it is reconstructed from. A closer look
to the FF shape displayed in Fig. 6 reveals that the lattice
simulations derived by the FNAL/MILC Collaboration in
2015 seem to dominate the large ¢° region (cf. Table VI).
Our preferred values for |V,,| and f,(0) after the
simultaneous fit results shown in Table III are

Vsl = 3'51(8)stat(3)syst x 1073,
[+(0) = 0‘265(1O)stat(3)syst’ (22)

corresponding to P?(¢?) when the pole is let as a free
parameter to fit. This choice is based on the fact that the

second pole of the sequence of the type P is rare
indicating that the single pole behavior for the form factor
seems favored.

To compare on the same footing regarding the number of
free parameters we choose

|Vub| = 3'51(7)stat(3)syst X 10_3’
[4(0) = 0.263(8) g (2) syt (23)

corresponding to the partial Padé P%.l when the B* pole is
fixed. Notice that the corresponding systematic uncertain-
ties are large enough to cover the difference with P3 and 77,
respectively.
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BaBa;r 2011 untagéed (6 bins)
BaBar 2012 untagged (12 bins)
Belle 2011 untagged (13 bins)
Belle 2013 tagged B° (13 bins)
Belle 2013 tagged B~ (7 bins)
CLEO 2007 untagged (4 bins) ]
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FIG. 5. Differential branching ratio distribution for B — 7,

decays as obtained from a combined fit to experimental data and
lattice predictions on the form factor shape with a P3(g?) (black
solid curve). CLEO data [11] is excluded from the fit but rather
shown for comparison.

The impact of including the value of the FF at g*> = 0,
f+(0) = 0.26175:929 [38], as an external restriction in the
7%, Eq. (21), is probed through the fits displayed in Table V
for our best-fit sequences discussed previously when £, (0)
was not included in the minimization (cf. Table III), and
repeated in this Table V, second column, for ease of
comparison. The corresponding fits are almost identical,
which guarantees the independency of our results with
respect of the model calculation of f, (0).

We have also performed fits including CLEO 2007
data [11] in the y?, and found that their impact in the
global fit is marginal and we hence refrain to show them,
and explored the effect of fitting all experimental data
together with certain groups of lattice FF simulations. We

* HPQCD 2007 (5 bins)
= FNAL/MILC 2008 (12 bins)
+ RBC/UKQCD 2015 (3 bins)
4+ FNAL/MILC 2015 (3 bins)
— This work [P3]
8 [—— BCL (prediction)

f+(42)

30

q* [GeV?]

FIG. 6. B — z form factor as obtained from a combined fit to
experimental data and lattice predictions on the form factor shape
with the approximant P?(g?*) (black solid curve). Our prediction
for the BCL parametrization is also shown (purple dashed curve).

have considered three groups, HPQCD+RBC/UKQCD,
HPQCD+RBC/UKQCD+FNAL/MILC08 and HPQCD+
RBC/UKQCD+FNAL/MILC2015, and collected the
results, respectively, in the second, third and fourth col-
umns of Table VI for the P?(g?) (the other sequences yield
almost identical results). When the updated FNAL/MILC
form factor simulation of 2015 is included into the fit, the
|Vup|(f(0)) is shifted upwards(downwards) yielding
smaller statistical uncertainties and slightly enlarging the
X3or- Upon comparison with last column, we conclude that
FNAL/MILC simulations of 2015 drives the form factor.
This fact explains why the 2016 PDG reported value has
been shifted with respect to the earlier edition by +1e.
We close this section by performing fits to the lattice FF
predictions alone and extract f, (0). This kind of exercise is

TABLE V. Comparison between the |V,;,| and f,(0) values as obtained from a simultaneous fit to B — n£v, experimental
data and lattice predictions on the FF shape with (second multicolumn) and without (first multicolumn) the LCSR prediction
f+(0) = 0.26177939 [38] as external restriction into the fit. In the upper part of the Table, the B* pole is left free to fit while in
the lower ones the pole is fixed. The pole(s) of the approximants and the )(fbf are also shown. The Froissart doublets are denoted

by "'. The first and second parentheses refer, respectively, to the statistical and systematic uncertainties. The errors are
symmetrized.
Table IIT Constraining f,(0)

Free B* pole P} P3 P} P3
[Vl x 10° 3.51(8)(3) 3.50(9)(1) 3.52(8)4) 3.48(9)(1)
f(0) 0.265(10)(3) 0.25909)(5) 0.264(8)(3) 0.259(8)(2)
Pole(s) (GeV) 5.31 5.31 & 2.03"" 5.31 531 & 243"
Lot 1.19 1.13 1.19 1.10

T Pi, T P
[Vp| x 103 3.54(7)(7) 3.51(7)Q3) 3.55(7)(7) 3.52(8)(2)
f4(0) 0.266(9)(7) 0.263(8)(2) 0.265(8)(7) 0.267(7)(2)
Pole (GeV) e 6.03 e 6.51
Lot 1.23 1.20 1.23 1.21
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TABLE VI.  Results for |V, | and £, (0) as obtained with a P?(g?) approximant from simultaneous fits to B — 7£v, partial branching
ratio experimental data [12—15] and FF simulations obtained by different lattice Col.: HPQCD [16], FNAL/MILC 2008 [17], RBC/
UKQCD [18] and FNAL/MILC 2015 [3]. Last column corresponds to our final results given in Table III collected here for ease of
comparison. The first and second parentheses refer, respectively, to the statistical and systematic uncertainties. The errors are

symmetrized.
HPQCD HPQCD

HPQCD +RBC/UKQCD +RBC/UKQCD

+RBC/UKQCD +FNAL/MILC 2008 +FNAL/MILC 2015 All (Table III)
[Viuo| x 10° 3.40(12)(0) 3.36(12)(2) 3.5209)(2) 3.51(8)(3)
f.(0) 0.274(14)(1) 0.275(13)(4) 0.264(10)(1) 0.265(10)(3)
Pole (GeV) 5.35 5.29 5.31 5.31
g 133 1.16 132 1.19

TABLE VIL.  Results for |V,,| and f (0) obtained from fits to lattice FF simulations alone: HPQCD [16], FNAL/

MILC 2008 [17], RBC/UKQCD [18] and FNAL/MILC 2015 [3]. The first and second errors in |V ;| correspond to
the uncertainty associated to f,(0) and to the measured branching ratio, respectively.

Lattice data sets Approximant Lot Poles (GeV) f.(0) [Vo| x 10°
All Free B* P 0.54 5.32,8.17 0.292(21) 3.44(25)(6)
[3,16-18] Fixed B* P‘f’l 0.56 7.87 0.284(15) 3.50(19)(6)
Refs. [3,16] Free B* Pg 0.48 5.32,8.34 0.297(21) 3.41(24)(6)

new and, as a byproduct, allows us to determine |V ;| by
equating the corresponding expression for the branching
ratio (BR) to the measured ones, BR(B® —» n=¢"v,) =
(1.45 4+ 0.05) x 10~* [4]. We only obtain reliable results
when, at least, the HPQCD 2007 and FNAL/MILC 2015
predictions are included into the data sets to be fitted and
for approximants with two poles. The corresponding fit
results are gathered in Table VII.

A. Unitary constraints on Padé approximants fits

All zeros and poles of the approximants must lie along
the unitary branch cut in order to fulfill the unitary
requirements that the FF imposes [19]. If a particular PA
does not show this feature indicates the set of data fitted
may not be fulfilling the unitary requirements that shall
have. Thus, both defects and the appearance of poles and
zeros outside the unitary branch cut are indications of a
violation of unitarity to a certain degree. Since we have
performed a dedicated analysis collaboration by collabo-
ration, bin by bin, and since we have found some cases
which slightly violate these two statements, mostly happen-
ing when the BABAR 2012 data is involved, we are able to
identify the source of the unitary deviation and explore its
consequences. Of course, such deviations are consistent
with zero within errors, but they still have an impact on the
error assessment that we would like to estimate.

We find either complex-conjugate poles with an small
imaginary part or a zero(s) within the radius of convergence
for the P)(¢?) and P}?(g®) elements when fitting indi-
vidually the BABAR 2012 data set, respectively. In

particular, the complex-conjugate pole of P9(g?) is found
to be at 5.72 £ i0.53 GeV while the zeros of the numerator
are placed at —4.88 and —4.40 GeV for the P!(¢?) and
P3(4?) elements, respectively (the second zero of P3(g?) is
placed at 12.97 GeV, far away from the origin). A pole
cancelled by a close-by zero in the numerator within the
available phase space shows up in the P3(g?) element when
performing the joint fit to data and lattice.

In order to further explore on the origin of these
extraneous poles and zeros we have also performed fits
removing one experimental datum of each collaboration,
e.g., those with more tension according to our Figs. 2 and 3,
and see what can we learn. In particular, we remove the fifth
datum of BABAR 2011, the tenth of BABAR 2012 and Belle
2011 and the bin located at 9 GeV? of Belle 2013. By
doing this, we find that the zeros tend to move away from
the radius of convergence while the complex-conjugate
poles become Froissart poles.

For illustrative purposes, let us consider the P3(q?)
approximant mentioned above. The Froissart doublet dis-
appears from the phase space region and the P3(¢?)
becomes effectively a P}(g?) after removing these four
points,8 and the fit to the rest of experimental data and
lattice simulations yields |V,,| = 3.56(9) x 1073, £, (0) =
0.263(9) with one pole located at 531 GeV and
23 = 1.08, while the fit with a P3(g?) to all experimental

¥The Froissart doublet it is moved to the negative real axis and
the nonphysical pole tends to be cancelled by a complex-
conjugate zero with an small imaginary part in the numerator.
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points yielded, as collected in Table III, |V,,|=
3.50(9) x 1073, £.(0) =0.259(9) with a pole at
5.31 GeV and ;(ﬁof = 1.13. The impact of these four points
is remarkable, inducing a positive shift on the |V, | after
removing them by about A|V,,| =0.06 x 1073, a 0.5¢
deviation.

Breaking of unitary is then reducing the value of |V ;| an
enlarging the discrepancy between inclusive and exclusive
determinations. In view of this fact and the difficulty on
deciding the best strategy to take this unitary violation into
account when dealing with experimental data (other strat-
egies beyond removing bins could be envisaged), we have
decided to add in quadrature the difference A|V ;| as an
extra conservative source of error in our final determination
of the CKM parameter and Eq. (22) should be sound
Vil = 3.51(8) 4 (7)yse X 1072 This error could be
removed as soon as the experimental collaborations could
take our observation into account and explore systematically
the potential unitary violation within their data sets.

V.B* - 5")¢*v, DECAYS AND 5-y' MIXING

In the previous section, the B — z form factor f (g°)
has been parametrized using PAs to fit experimental data on
the B — n/v, differential branching ratio distribution w/o
lattice FF simulations. In this section, we would like to take
advantage of these parametrizations to describe the B —
n")¢*v, decays as discussed in the following.

The expression for the differential B+ — 5()¢*v, decay
width is given by the same expression as for the B — #fv,
decay mode in Eq. (3) by replacing the final state pion
by »")

dF(B+ —>’1(/)5+W) _ G%’|Vub|2
dq? 1927 m3,

+p()
o PIFE " (D) (24)

where now fs:”m(qz) represents the hadronic BT — y)
transition. What the BT — #() transition is probing is the
light-quark content of the 5"} mesons since the s5 compo-
nent can only be accessed via a B, meson decay. This is so
because from the quark-flavor perspective, the n and #’
mesons are made of admixtures of uit, dd and s5 compo-
nents. Defining [n,) = s |uii + dd) and |n;) = [s5) in this
quark-flavor basis, one can relate the mathematical |y, )
states with the physical |#")) ones through the following

( n > <cos ¢
W)  \sing
where ¢ gives the degree of admixture.

Contrary to f57(4?), there are no, to the best of our

. . B+}7</) 2
knowledge, simulations of the f " (¢*) form factors on

the lattice. For our purpose, we will therefore relate the

ff”(/)(qz) form factor with the f%7(¢?) ones using the
quark-flavor basis through [57] (assuming isospin sym-
metry between the u# and d quarks)

F(q?) = cos pf? " (g?) = cos o5 (¢7),
72(q?) = singfh "(¢?) = singf8 7 (¢7). (26)

taking 7,; ~ 7° as in Refs. [24,58].

For our study, we set the numerical value of the #-/
mixing angle to ¢ = 38.3(1.6)° [24] which, in turn, allow
us to provide an estimate for the B — 5) form factors at
g*> = 0. Using f87(0) from Eq. (22) we obtain

£57(0) = 0.208(4)(8)(1).
£47(0) = 0.164(5)(6)(1). (27)

where the first error corresponds to the uncertainty asso-
ciated to ¢ while the second and third error to the statistical
and systematic uncertainties ascribed to fZ7(0), respec-

tively. The values for fﬁw(/) (0) presented in Eq. (27)
can be compared with other theoretical predictions existent
in the literature: 2 7(0) = 0.275(36) [32], £ "(0) =
0.229(24)(11) and fZ(0) = 0.188(19)(9) [59], and
FL(0) = 0.16840842 and 277 (0) = 0.1307303 [60].
From Egs. (24) and (26), and taking f27(¢?) from any of
the descriptions given in Table III together with the
corresponding values for |V, |, we can describe the differ-
ential branching ratio distribution of the BT — 5)¢tu,
decays. Our prediction for the BT — n£*v, differential
branching fraction distribution is shown and compared with
BABAR 2012 measurements in 5 bins of ¢> in Fig. 7 for
P23(4?) (black solid curve). The description of experimental
data is quite competent although the second experimental

14

I

= BaBar 2012 B*—7 I'v, (5 bins)
__ Our prediction: B —n v, [P3] ]
— Our prediction: B —n' I'v; [P}] |

(=]

oo

dB/dg? x 10° x [4 GeV 2]
(=)}

4l
o
0 L
0 5 10 15 20
¢* [GeV?]

FIG. 7. Predictions for the Bt — n¢*v, (black) and B™ —
n'¢*v, (blue) differential branching ratio distribution. The
BABAR 2012 experimental data is taken from [13].
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datum seems to be slightly in tension. In Fig. 7 we also
show our prediction for the B™ — 5'#*v, branching ratio
distribution (blue solid curve), in this case without any
experimental data to compare with.

One interesting information we can extract from the
curves displayed in Fig. 7 is the corresponding integrated
branching ratios. We obtain

BR(B* = nf*v,) = 0.34(2)(1) x 1074,
BR(B* = /'¢*v,) = 0.15(1)(1) x 1074, (28)

where the first and second errors correspond, respectively,
to the uncertainty associated to |V ;| (cf. Table III) and
to the form factor. These values are 0.5¢ and lo away
from the branching ratio measurements BR(B'T —
nttvy) = 0.38(5)(5) x 107* and BR(B' — n/ttuv,) =
0.24(8)(3) x 10™* reported by BABAR in 2012 [13],
respectively. In light of these results, we conclude that
the simple mixing scheme assumed in Eq. (26) works quite
well for Bt — n£*v, decay while for BT — /¢, is not
conclusive due to the large uncertainty on the experimental
measurement. In order to go beyond the simple quark-flavor
basis decomposition, we would like to encourage the
experimental groups to measure again these channels with
improved precision.

We can also perform the exercise of letting the mixing
angle ¢ to float and determine its value by equating the
branching ratios as obtained in Eq. (28) to their corre-
sponding experimental values. In the spirit of Ref. [61],
we equate ratios of branching ratios in order to eliminate
the uncertainties associated to |V,;|. Similarly, we could
also compare with the B — 7y BABAR measurement,
BR(B* — n°*v) = 0.77(4)(4) x 107* [13]. The corre-
sponding ratios of branching ratios, after symmetrizing
errors, read

BR(B — 1'tuy,)

o —— = 0.63(295),
"I BR(B — nfvy) 25)
BR(B —)ﬂfl/f)
Ryjp=—ri— = 049(1
BR(B = ntvy,) 049(10),
BR(B — n/'tuy,)
Ryjp = 22 = 0.31(11), (29)

BR(B — nfv,)

that we equate to (cf. Eq. (26))

—-m,)? + 70
R/ _ |tan¢|2 f() ' dq2|pr] |3|FB ( 2)|2
mp— m,7 B+ 0 2\12
I dg?|p,PIFE ™ (q%)]
" 4 13 FE ()
R/ _|Sln¢|2f0m_m q|pn’| +0(2)‘
S dg? | p P FE A (g
2 L dg|p, PIFE (g
S dg? R PIFE ()2

| 2

(30)

17/7: - | cos ¢

)
2)|2
)

TABLE VIIL.  Predictions for the #-7' mixing (¢) as obtained by
equating Eq. (29) to Eq. (30).

Mixing angle Ry sy Ry /x Ry)n

P (°) 4334+ 6.0 37.6 £ 8.0 482+ 11.0

The corresponding results are collected in Table VIII. We
observe that the central values show some scatter though
they all agree within errors due to the large uncertainties in
Eq. (29). In order to extract the mixing angle ¢ from B —
;") transitions with more precision, measurements of these
decays with higher precision are required.

As a final exercise, we would also liked to fit either the
individual BABAR 2012 B* — n£*v, decay experimental
data or perform a combined fit to B* — z£*v, and BT —
nf*v, decays with the goal to provide an alternative
semileptonic charmless B decay determination of |V ,,|.
However, due to the poor experimental situation in the
case of BT — n¢*uv,, we decide to postpone this analysis
for the future.

VI. CONCLUSIONS

In this paper we have reexamined the B — 7£v, decays
to extract the CKM parameter |V ;| based on experimental
data, lattice calculations and unitary constraints of the
participant form factor. Contrary to the most commonly
used z-expansion and vector meson dominance models, we
perform our analysis based on the method of Padé
approximants after realizing that most of the recent
previous analyses belong to the Padé theory, even though
no one mention it. Thus, the rules and constrains imposed
by the convergence theorems for Padé approximants to the
form factor, so far neglected, are fully exploited here,
allowing to ascribe to our final result a new source of
systematic or truncation error.

From our dedicated analysis, we obtain |V,,|=
3.51(8)ga(7)gyst X 1072, This quantity includes both stat-
istical, from the fitted data, and systematic, from the
truncation of the Padé sequence and our evaluation of
violation of unitarity combined in quadrature, uncertainties,
and has been obtained guaranteeing the independency with
respect of the model calculation of f,(0) as external
constrain.

On a first stage, after a detailed review of the state-of-the-
art experimental data, determinations of |V,,| and theo-
retical representations of the analytical structure of the form
factor, we have analyzed the measured ¢ differential
branching ratio distribution experimental data released
by the BABAR and Belle Collaborations. Our fitting
strategy started by performing a combined analysis to all
data sets using different types of Padé sequences. We thus
have determined first the product |V, f (0)| directly from
the fits and then extracted the CKM element |V ;| by
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invoking external theoretical information on f,(0). The
resulting fit results are presented in Table I and a graphical
account provided in Fig. 1. We then have carried out a
detailed analysis collaboration by collaboration. The out-
come of the individual fits is displayed in Fig. 2 and the
neat effect on each experimental datum due to fitting all
experimental data together with respect to fitting data of
each collaboration separately is shown in Fig. 3. This
exercise allows us to classify the four differential exper-
imental data sets according to their increasing degree of
robustness: BABAR 2011, Belle 2013, Belle 2011 and
BABAR 2012.

On a second stage, we have included into the analysis the
four available lattice QCD predictions on the form factor
shape. These data dominate the large-g> region, and it is
essential for a precise determination of |V ,;|. The corre-
sponding fit results are collected in Table III indicating that
the statistical uncertainty associated to |V, | is reduced by
~80% after the inclusion of lattice data. We have also found
that, out of the four lattice form factor simulations, the
predictions released by the FNAL/MILC Collaboration in
2015 tends to drive the form factor (see Table VI) but
slightly enlarging the y3 ;. As a byproduct of our analysis,
we have predicted the BCL form factor series coefficients
that are obtained by matching the corresponding Taylor
series expansion. The coefficients thus obtained are shown
and compared with the determinations given by lattice
groups in Table IV while the ¢ shape of the reconstructed
BCL parametrization is displayed in Fig. 6 proving the
ability of the Padé approximants in this transition.

On a third stage, motivated by the impact of the lattice
data, we have also explored fits to the lattice predictions
alone. The fit results are shown in Table VII reflecting that
only those approximants with two poles have the ability to
extract first £, (0) and then determine |V, | by equating the
theoretical expression for the branching ratio to the
corresponding experimental measurement.

Our central result, |V,;,| = 3.51(8)(7)gys x 1073, is
presented and compared with other determinations using
other methods and fitted data sets in Fig. 8. We would like
to remark two features concerning this value that are related
to the use of Padé approximants. The first one, is that the
central value tends to fall slightly downwards with respect
to the values determined with the z-expansion parametri-
zation in the studies carried out in the recent years. In part,
we attribute this to the synthetic data of the FNAL/MILC
Collaborations form factor simulations of 2015 generated
in this work at three representative g points. In this respect,
it would be more beneficial if the result for the form factor
would be made available by the lattice-QCD group at some
g* values. And the second one, is that the method allow us
to ascribe a systematic uncertainty from the truncated Padé
sequence. In fact, the z-paramaterizations do also allow to
attribute a systematic error following the same reasoning.
However, in practice, it has not so far usually been

HFL'AV 2017 ' ' s

HFAG 2016 i

Dingfelder 2016 ——

FLAG 2016 —a—

FNAL/MILC 2015 ——

RBC/UKQCD 2015 |

HFAG 2014 L

Imsong 2014 —a—

This work i

Bharucha 2015  +=--——&——--~

Bharucha 2015 oW -

LHCb —

UTFit 2016 _

CKMfitter 2015 ——

2j5 310 3f5 4.0
[VuIx10?
FIG. 8. Status of |V ;| determinations from the exclusive B —

ntv, decays (red square) including HFLAV 2017 [5], HFAG
2016 [39], Dingfelder 2016 [37], FLAG 2016 [40], FNAL/MILC
2015 [3], RBC/UKQCD 2015 [18], HFAG 2014 [1], Imsong
2014 [55] and this work (black square), from B — w¢v, (upward
blue triangle) and B — p£v, (downward orange triangle) Bhar-
ucha 2015 [62] and from A, — puv, (gray circle) LHCb [63],
and from indirect fits (green circle) UTFit 2016 [64] and
CKMfitter 2015 [65]. The solid and dashed error bar account,
respectively, for the statistical and systematic uncertainties.

considered. For example, based on our criterion, the result
as obtained by the FNAL/MILC Collaboration in 2015
would read |V, = 3.72(16),(9) s> Where the system-
atic uncertainty stems from the differing results for
N = 3,4 (cf. Eq. (14)). In our study, the ascribed systematic
uncertainty includes, for the first time, an additional
conservative source of error due to the unitarity constraints
discussed in Sec. IV A. These constraints have to do with the
appearance of extraneous poles and zeros outside the unitary
branch cut and might indicate, to a certain degree, violations
of unitarity.

As a final concluding remark for the B — z£v, decays,
we would like to point out that, contrary to the z-expansion
and VMD models where the B* pole position is fixed to
5.325 GeV in advance, a very competitive value for |V ;|
can be extracted without imposing any information regard-
ing the position of it as we have shown along the lines of
our detailed analysis.

In the second part of this work, we have addressed the
Bt = n")¢*v, decays taking advantage of the B — z form
factor parametrizations derived in the first part. In particu-
lar, we relate the participant By) form factor to the Bz
ones by a single Euler angle rotation assuming that the
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light-quark component of the ) is a ¢gg pion to a large
extent. Under this simple assumption, we estimate the B —
n") form factor at g> = 0 and obtain a reliable prediction
for the differential branching ratio distribution of the B —
n¢*uv, decay as shown in Fig. 7 compared to the BABAR
measurement in 5 bin of ¢*> released in 2012. As a
byproduct of our study, we have also extracted the #-#’
mixing angle. This quantity, however, carries a large
statistical error due to the large uncertainty on the measured
Bt — )¢ " v, branching ratios. Regarding our prediction
for the BT —» /¢Tuv, decay distribution, there is no
experimental data to compare with so far. In order to go
beyond the simple quark-flavor basis decomposition and
extract the -’ mixing angle with improved precision we
would like to encourage experimental groups to measure
these semileptonic BT — () transitions with improved
precision.

In the same spirit, the PA’s method can be used to
describe the D — {x,n,n'} form factors together with
effects of symmetry breaking [66] and determine the
|V.s| CKM element.
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