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Using a fully relativistic lattice fermion action, we compute the form factors of the semileptonic decay
B — 7/, which is required for the determination of the Cabibbo-Kobayashi-Maskawa matrix element
|V .| We employ the Mobius domain-wall fermion formalism for the generation of lattice ensembles with
2 4 1 sea quark flavors as well as for the valence heavy and light quarks. We compute the form factors at
various values of the lattice spacing and multiple light and heavy quark masses, and extrapolate the results
to the physical point. We combine our lattice results with the available experimental data to obtain

Vo] = (3.93 +0.41) x 1073,
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I. INTRODUCTION

The determination of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix element |V,;,| from the measurement of the
exclusive semileptonic decay B — z£v requires precise
knowledge of the corresponding decay form factors, which
can be obtained using lattice simulations of quantum
chromodynamics (QCD). For the first time in lattice
QCD we calculate these quantities using a fully relativistic
approach. |V, | is an important Standard Model parameter,
and the ratio |V, |/|V .| is a particularly sought-after result
that requires continued refining of both these elements of
the CKM matrix.
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Heavy quarks require special consideration in lattice
QCD since, on coarse lattices, discretization errors from
large masses in lattice units, amg, become uncontrollable.
Therefore, B — n£v calculations typically use effective
actions for b quarks, such as nonrelativistic QCD
(NRQCD) [1-3], the Columbia interpretation of relativis-
tic heavy quarks (RHQ) [4] and the Fermilab interpreta-
tion of the Sheikholeslami-Wohlert clover action [5].
Alternatively, it is possible to use multiple values of the
heavy quark mass am, < am,, in a fully relativistic action
and extrapolate to the physical mass. This requires that
sufficiently fine lattices are available to keep am, small
enough that discretization effects can be controlled when
combining the data at various lattice spacings. We take the
latter approach in this work using the Mobius domain-wall
fermion action [6—10]. We use the same action for the heavy
and light quarks, and for both valence and sea light quarks.

With the M6bius domain-wall fermion formalism, the
leading discretization effects are of O(a?). In our analysis
we extrapolate the results at finite lattice spacing to the
continuum limit assuming that there are effects of O(a?) as
well as a term proportional to (am)?, which is specific to
the heavy quark. The maximum value of am, used in this
work is 0.688 so that discretization effects are kept under
control. The continuum extrapolation is combined with the
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extrapolation to the physical heavy and light quark masses
in a global fit function. The associated systematic errors are
estimated by introducing higher order dependences on the
lattice spacing and quark masses.

The momentum transfer range in B — z£v decays is
large, owing to the large energy release from the b quark.
The most precise experimentally available data points are in
the small momentum transfer ¢ << m? corresponding to
the kinematics where the pion recoil momentum is large.
The small recoil data near maximum momentum transfer
q* ~26.46 GeV? is less copious and the relative statistical
error is larger. On the lattice QCD side, the most accurate
form factor results are obtained at large momentum transfer
when the recoil momentum is small. In order to make most
use of the available information from both experiment and
lattice calculations, one can combine the data to constrain
the ¢*> dependence using the so-called z-parameter expan-
sion [11-18], as first applied to the B — #£v process in
Ref. [19]. This approach only makes assumptions about the
analytic structure of the form factors and, because it only
involves an expansion about a small parameter z, the results
are robust. We follow this strategy in this work and estimate
the associated errors.

In calculations of both |V, | and |V ;| there exist persistent
tensions between their exclusive and inclusive determina-
tions [20,21]. The cause(s) of this tension is still unclear,
although new theoretical and experimental analyses for |V |
arerevealing potential problems in previous analyses, such as
the assumed functional form of the form factors. A recent
review of the |V, | puzzle can be found in Ref. [22], while
general overviews of the CKM matrix elements from a lattice
perspective can be found in Refs. [23,24].

A more elaborate analysis of |V,,| is premature due to
the small branching fraction, but care is needed to ensure
that the choice of the parametrization of the form factors
allows systematic improvement when more data becomes
available. On the exclusive side, the model-independent
lattice calculation is a key element in the combined analysis
with experimental data. In this work we provide a fully
nonperturbative computation of the B — z£v form factors
with controlled extrapolation to the physical mass param-
eters for both heavy and light quarks as well as to vanishing
lattice spacing. A discussion of the inclusive determination
of |V,;| is beyond the scope of this paper as it involves very
different theoretical methods, such as perturbative QCD
and the heavy quark expansion, but we note that a
promising new direction for tackling the problem using
lattice QCD is also being developed [25,26].

The rest of this paper is organized as follows. In Sec. 11
we discuss the relevant background, including details on
the form factors obtained from the calculation and how they
are extracted using the appropriate matrix elements. The
lattice setup and procedure for our calculation is described
in Sec. III, while further details of the ensemble generation
and the properties of the generated ensembles are described

in the Supplemental Material [27]. We discuss the results of
the lattice form factors and the estimation of various
sources of systematic uncertainties in Sec. IV. In Sec. V
we discuss the continuum results for the form factors, the
use of the z-parameter expansion to obtain results across the
entire g> range, and our main result: the determination of
|V.»| when our lattice form factors are combined with
differential branching fractions from experiment. Finally,
we conclude in Sec. VI.

II. FORM FACTORS

Form factors to describe the semileptonic decay of a B
meson to a pion can be defined for the transition matrix
element (z(p,)|V¥#|B(pg)) of the flavor-changing vector
current V¥ = gy*Q as

M3 — M2
(P! B(py)) = f () | P + P = =E T

2 2
+ fola?) B g (1)
q
where f,(q?) and f,(q*) are the vector and scalar form
factors of this process, pp and p, are the four-momenta of
the B and =z respectively, and Mg and M, are their masses.
The momentum transfer is ¢* = p% — ph. At ¢> = 0 there
exists a kinematic constraint, f,(0) = f(0).
A common alternative parametrization that is useful for
lattice calculations relates the matrix elements to parallel and
perpendicular form factors, f(E,) and f | (E,), through

(x(po)IV¥B(pp)) = vV 2Mp[v"f)| + Prif1]. (2)

where v# = pl /My is the velocity of the B meson, and
Py =ph—(v-p,)v*. The pion energy E, is related to
the momentum transfer of the leptons by

My Mg

M, (3)

ElrEv'plr

Throughout this paper we keep the B meson on the lattice at
rest and so can use the relations

(z(po)|V°IB(ps))

fI(ER) = . (4)

M,
fJ_(Eﬂ) — <7z(pﬂ)|‘2/]l‘|4i(p3)>pil’ (5)

where the temporal, 4 = 0, and spatial, x4 = i, components
of the vector current V# are considered, respectively.

Another possible parametrization—motivated by heavy
quark effective theory—is [28]

(=PI VHIB(0)) =2 | F1(0- p)0* + f2(0- pr) L] (6)

‘Pr

054502-2



FORM FACTORS OF B — z£v AND A ...

PHYS. REV. D 106, 054502 (2022)

where the B meson state is defined as |B(v)) =
(1/v/Mpg)|B(pg)) such that it is properly defined in the
heavy quark limit. The form factors f(v-p,) and
fa(v - p,) are also consistently defined in the heavy quark
limit and the heavy quark mass dependence would start
from 1/m,. Comparing with Egs. (4) and (5), we get

_ Si1(E)

fl(v.pﬂ)+f2(v.pﬂ)_7’ (7)
Fa(v-pa) = fo(Ey) (jg) ®)

The relation to the conventionally defined form factors
f1(¢*) and fo(g?) is given by

f+(q2):\/.M—;{fZ(U‘pﬂ)—l-fl(y.p”)}, (9)

UV Pr MB

2
folg?) = V%ﬁ{mwﬂ)m(v-pm
V- 2
S Tl O TR ]
or, equivalently, by
fold) = ﬁ U ((E) + (Mg = EDFL(E). (1)
) = (M= E) (B + (B = M) ()

(12)

In the limit v - p, — 0, the soft pion theorem and the
pole dominance ansatz is justified using the heavy meson
chiral Lagrangian approach and one obtains [28]

S v/ Mp- UV Dg (13)

2f7[ /U'pzr—’_AB’

lim f2(’l) ' pﬂ) = 9B*Bx
v-p,—0

with M- the mass of the vector meson B*, Ay =Mp-—Mp
the hyperfine splitting, 5+ and f, the B* and = decay
constants respectively, and ggp, the B*Bx coupling.

III. LATTICE CALCULATION

A. Ensembles and correlators

We use the Mobius domain-wall fermion action [10] in
this work for both heavy and light quarks. The gauge
ensembles were generated with 2 + 1 flavors of dynamical
quarks by the JLQCD Collaboration. The tree-level
Symanzik-improved gauge action is employed, and stout
smearing [29] is applied to the gauge fields when coupled to
fermions. The lattice ensembles used in this work are

summarized in Table I. They form a subset of those
generated by the JLQCD Collaboration. (The full list is
found in the Supplemental Material [27].) Each ensemble is
given an ID of the form “X-ud#-sa”, where X(=C, M, orF)
denotes the lattice spacing, the number after ud represents
the pion mass in units of 100 MeV, and the letter after s
distinguishes whether the strange quark mass is above (a) or
below (b) its physical value.

The simulation parameters are chosen as follows. The
lattice spacings for coarse “C,” middle “M” and fine “F”
lattices are 0.0804(1), 0.0547(1) and 0.0439(1) fm, corre-
sponding to lattice cutoffs a~! = 2.453(4), 3.610(9) and
4.496(9) GeV, respectively. We use a range of light quark
masses that correspond to pion masses from 500 MeV
down to 230 MeV. They are roughly tuned to 500 (ud5),
400 (ud4), 300 (ud3) and 230 (ud2) MeV. Two values of
strange quark mass are taken to sandwich its physical value
on the coarsest lattice, i.e., above (sa) or below (sb) the
physical strange quark mass. Lattice volumes are 323 x 64,
483 x 96 and 643 x 128 for the three lattice spacings,
respectively. They are chosen such that the spatial extent
L of the lattice is kept constant, ~2.6 fm, in physical units.
The only exception is for the “C” ensemble with the lightest
pion mass, “C-ud2-sa-L”, which has a larger volume of
483 x 96. The temporal extent N is chosen as Ny = 2L.
All ensembles satisfy the condition M, L > 4, which is
often required to suppress the finite volume effects to a
sufficient level, i.e., below a few per cent level for meson
masses, decay constants, and form factors. We summarize
the parameters of the gauge configurations including the
light and strange sea quark masses, m; and mg, in Table I.
The ID for each ensemble is the same as those in the
Supplemental Material where further details about the
lattice ensembles, including the measurement of the lattice
spacing through the gradient flow, the observation of the
topology tunnelings, and the light pseudoscalar meson
masses and decay constants, are discussed [27].

The chiral symmetry of Mobius domain-wall fermions is
not exact due to the finite fifth dimension L. The resulting
residual mass depends on the lattice spacing and the details
of the implementation of the domain-wall fermion. In our
case the residual mass on the coarsest lattice (f = 4.17, the
“C” lattices) is at the level of 1 MeV and an order of
magnitude smaller on finer lattices (“M” and “F”). Detailed
measurements are described in the Supplemental Material
[27]. The residual mass, however, does not directly affect
the analysis of the B — #£v form factors because we use
the pion and kaon masses as parameters to control the chiral
extrapolation.

In addition to this work, the ensembles have so far been
used for a determination of the renormalization constants
[30], a calculation of the charmonium correlator and the
extraction of the charm quark mass and the strong coupling
constant [31], and a calculation of the D semileptonic decay
form factors [32]. The lattice data have also been applied to
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TABLE L

Parameters of the gauge configurations used in this analysis. We give the ID, the lattice spacing,

coupling and dimensions in the first four columns. The number of configurations, Ny, are given in column five. We
then provide the light, strange and heavy quark masses in lattice units in the next three columns respectively. Finally,
we note the number of times sources N used for each set of parameters, where a time source at ¢ = 0 is always
employed, and additional time sources are evenly spaced in the time direction.

ID a (fm) B L3> x Ny x L,

chg am; amsg amg Ntsrc

C-ud5-sa 0.080 4.17 323 x 64 x 12

C-ud5-sb 0.080 4.17 323 x 64 x 12

C-ud4-sa 0.080 4.17 323 x 64 x 12

C-ud4-sb 0.080 4.17 323 x 64 x 12

C-ud3-sa 0.080 4.17 323 x 64 x 12

C-ud3-sb 0.080 4.17 323 x 64 x 12

C-ud2-sa-L 0.080 4.17 483 x 96 x 12

M-ud5-sa 0.055 4.35 483 x 96 x 8

M-ud4-sa 0.055 4.35 483 x 96 x 8

M-ud3-sa 0.055 4.35 483 x 96 x 8

F-ud3-sa 0.044 4.47 64% x 128 x 8

100 0.019 0.04 0.44037 2
0.68808
0.44037
0.68808
0.44037
0.68808
0.44037
0.68808
0.44037
0.68808
0.44037
0.68808
0.44037

2

100 0.019 0.03 2
1
2
2
2
1
4
4
4
1
4
0.68808 2
2
2
2
2
2
2
4
2
2
4
2
1

100 0.012 0.04
100 0.012 0.03
100 0.007 0.04
100 0.007 0.03

100 0.0035 0.04

50 0.012 0.025 0.27287
0.42636
0.68808
0.27287
0.42636
0.68808
0.27287
0.42636

0.68808

0.210476
0.328869
0.5138574

50 0.008 0.025

42 0.0042 0.025

50 0.003 0.015

a calculation of the topological susceptibility in QCD [33],
a study of the Dirac eigenvalue spectrum and a precise
calculation of the chiral condensate [34], another study of
the Dirac eigenvalue spectrum but in the high energy region
[35], the short-distance current correlator and its compari-
son with experimental data [36], and a proposal for lattice
calculations of inclusive B meson decays [25,26].

The valence sector also uses the Mobius domain-wall
fermion action and the light quark masses are the same as
used in the sea. Heavy quark masses were chosen as
amg = 1.25" x am,, for n >0 and limited to values
amg < 0.7 to keep discretization errors under proper con-
trol. This results in mass values am, < amgy < 2.44 x am,.
The charm quark mass in lattice units, am,., is tuned such that
the spin-averaged charmonium 1S state reproduces its
physical mass. (Details are discussed in Ref. [31].) Since
the lowest heavy quark mass used is that of the charm, we
have the process D — #Zv included as part of our dataset.
We can then use form factors from that decay plus the
additional heavier quark masses to extrapolate to the
physical b quark mass.

In order to extract the form factors, we compute the
three-point functions of the form

CouP(1.T) = D _ePeta9) (PY(x. 0)VA(y. 1) P(z. T)).

xyz

(14)

where PS5 and Pz are interpolating operators to create or
annihilate the pseudoscalar pion and heavy mesons. These
operators are smeared to enhance the overlap with the
corresponding ground state. The smearing is applied in a
gauge invariant manner using an operator (1 — (a/N)A)N
with a discretized Laplacian A and parameters o = 20 and
N = 200. The source of the quark propagator is generated
on the entire source time slice with random Z, noise, and
then the smearing is applied. The B meson is always set at
rest so that ¢ = —p,. The source-sink separation in the
temporal direction 7 is kept approximately fixed in
physical units across all lattice spacings. We use T = 28,
42 and 56 on ensembles with f = 4.17, 4.35, and 4.47,
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respectively. The ground state can then be well isolated by
the fits as described in Sec. III B.

The heavy-to-light vector current is defined as
V¥ = gy"Q. Both light (¢) and heavy (Q) quark fields
are described by the Mobius domain-wall fermion action,
and the current is local on the lattice. The renormalization
constant Zy is multiplied with the current afterwards, as
discussed in Sec. III C.

We also compute the pion and heavy meson two-point
functions. These are used to constrain the energies of the
initial and final states in the combined fit, as discussed in
Sec. III B.

These measurements are performed on N, gauge
configurations for each ensemble and repeated N, times
by always using time source ¢ = 0 and then shifting the
source and sink time slices by N;/Ny.. The number of
measurements is thus N, X Ny per ensemble. Details are
listed in Table I for each choice of ensemble and valence
heavy quark mass.

B. Two-point and three-point correlator fits

To extract the required form factors, we perform simul-
taneous fits of all two-point and three-point correlators for
each set of ensembles and quark mass parameters using a
constrained multiexponential fit [37]. Doing so allows us to
fit the majority of the time extent of the correlators while
isolating the ground states—needed to determine the form
factors—from the excited states, which can be discarded.
We include data starting from time slice #,,,;, = 2, 3 or 4 in
the fit, depending on the ensemble. The two-point corre-
lators are fit to the cosh form

Texp—1

Col) = S apbifetrt + embratrod)
n=0

(15)

where the subscripts P, n correspond to state n of
pseudoscalar P, such that n = 0 is the ground state. The
interpolating operators are always smeared at the source,
and are either local or have the same smearing parameters at
the sink. The amplitudes ap,, and bp , are then equal for the
smeared sink or different if the sink is local. We always fit
both cases simultaneously to improve the determination of
the ground-state energy. We use n.,, =3 and, since we
only require ground-state energies and amplitudes for our
calculation, we simply check that fits with two or four
exponentials give consistent ground-state results. This
multiexponential approach to our fits ensures the uncer-
tainty due to contamination of excited states is taken into
account.
For the three-point correlators, we fit to the form

Nexp—

1
E —-E, -E T-
C3pt(t’ T) — aﬂ_’nvnﬁmaE.me /r.nte Bm( t>.

n.m=0

(16)

The energies, E, , and Eg ,,, and smeared amplitudes, a,,
and ag,,, are the same as those from the pion and heavy
meson two-point correlator fit form. The amplitude V),
which connects the ground-state heavy meson to the
ground-state pion, is needed to determine the form factors.
It relates to the corresponding matrix element by

(z|V*|B)

R 17
2VE, My (17)

o
Voo =

As with the two-point correlators, we use ng,, = 3.

We use the PYTHON packages GVAR [38], LsqFIT [39] and
CORRFITTER [40] to fit our correlators. The fit parameters
are given Bayesian priors as follows. The magnitudes of
meson two-point amplitudes can be estimated by fitting that
correlator alone with a single exponential at large time t,
which leaves only the ground-state contribution. The heavy
meson and pion two-point amplitudes are found to be of
order 0.1-1.0 (smeared) and 10-30 (local), depending on
the lattice spacing of the ensemble. These are taken as the
central values, and the priors are given very conservative
widths that are 5 times these values. Similarly, one can
extract estimates of the magnitudes of the three-point
amplitudes, which are found to be of order 1.0 (u = 0)
and 0.4 (u = 1,2, 3), and we again assign widths 5 times
these values. Priors for the energies of ground states with
zero momentum are given 10% widths. The energies of
ground states with nonzero momentum get their priors
according to the dispersion relation for energy using the
prior of the zero momentum ground state. The gaps
between energies of two consecutive states are given priors
of ~0.7 GeV with 70% widths.

We simultaneously fit a substantial amount of two-point
and three-point correlator data, including multiple am and
g* values. This can be difficult as we have to invert large
covariance matrices in our fits. If the available statistics is
limited, as it is in our case, the eigenvalues of the matrices
tend to be underestimated and driven to zero. A standard
way to deal with this is to impose singular value decom-
position (svd) cuts cg4. In this procedure any eigenvalue
smaller than cy,4 times the largest eigenvalue e, is
replaced by cgg€ma- The use of the svd cuts makes the
matrices less singular. This is a conservative approach since
it can only serve to increase the final error. We have chosen
the value of ¢4 for each ensemble such that the fit quality
is good while keeping as many eigenvalues as possible.

As we have to use fairly large svd cuts in these fits, using
x* per degree of freedom (y?>/Ngy) as a measure of
goodness-of-fit becomes less reliable. An svd cut increases
the uncertainties in the data without increasing the random
fluctuations in the data means. This tends to make the
contributions from the parts of the y? function affected by
the svd cut much smaller than naively expected, which
pulls ¥>/Ngo down artificially. We therefore check the fits
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and the final y% /N4, by adding extra noise to the priors and
svd cut, which does not change the fits significantly.

In Figs. 1-6 we show how well our fit results agree with
the correlator data for various values of lattice spacing, pion
mass and heavy quark mass. In Fig. 1 (left panel) we plot a
representative example of the ratio of three-point and two-
point correlators, Cyo(7)/(C,(t)Cp(T — t)), alongside the
fit result. The data at § = 4.17, am, ; = 0.007 and amy =
0.44037 with zero momentum insertion are shown. In the
time range where the ground states dominate, this ratio
will be a constant: the three-point ground-state amplitude
divided by the two-point ground-state amplitudes. Towards
T = 28 we observe a significant curvature of the correlator
ratio downward. If, on the other hand, we plot the ratio of
the three-point correlator to the leading exponential func-
tions e %+ and e+~ a much longer plateau is evident
as shown in Fig. 1 (right panel). This implies that the
significant excited state contribution comes from the B
meson two-point function. The plateau represents
a,0Vioapo in Eq. (16). In either case, the fit results

50
EIIEEEEIIIIIIIi
= 0 f ',
| % |
S w0 { .
Q =
;\E 35 -
= w i
C o2
] V% mom = 000, mg = me -
0 5 10 15 20 25
t/a

capture the excited-state effects in the data very well.
We emphasize that we do not fit these correlator ratios.
Rather, we use the simultaneous, multiexponential fits to
two-point and three-point correlators described earlier in
this section for each ensemble.

Similar plots of the three-point function divided by the
ground-state exponentials are shown in Figs. 2-4 for
the lattice data obtained at the coarsest lattice, f = 4.17.
Here the data are shown for both temporal (left) and
spatial (right) vector-current components for all available
momentum insertions: (0,0,0), (0,0,1), (0,1,1), (1,1,1) in
units of 27/ L. Figures 2 and 3 should be compared for the
effect of different light quark masses, while Figs. 2 and 4
should be compared for the effect of different heavy
quark masses. In all cases, the fit results closely follow the
lattice data.

The correlators computed on finer lattices are shown in
Figs. 5 and 6. General observations are the same as those on
the coarse lattice, but we observe larger noise due to limited
statistics, especially on the finest lattice at # = 4.47 (Fig. 6).

0.058 P
— 0.056 } }
|

iy,

V0 mom = 000, mg = me

5o,
S
= 0.050 t E
S 0018
g
0.046
0 5 10 15 20 %
t/a

FIG. 1. Three-point correlator data with a V? insertion on the ensemble with § = 4.17, am, ; = 0.007 and amy = 0.44037. The bands
represent the fit results and their fit range. The pion is created at + = O while the B meson is annihilated at = 7. Left panel: the three-
point correlator is divided by the pion and B meson two-point correlators. Right panel: the three-point correlator data is divided by the
exponential function corresponding to the meson ground-state energies extracted from our fits.

£ V% mom = 000, mg = m,
. 0.08 E V% mom = 001, mg = m
’T\ 1 VY mom = 011, mg = m
% I VOmom =111, mg = m,
T 0061
o Ill]lllllllllllxll““l
o
; 0.04
& s
Q')0.02 IiIIx"'-"t"“l‘Izzzz
*
rTTTIrrrrrresikd
0.00
0 5 10 15 20 25
t/a

0.020
{4 V*mom = 001, mg = me
¥ VFmom =011, mg = m.
f 0.015 I VEmom = 111, mg = m,
3
= [}
L i
<0.010 Pisiiissssssnang,
L £ s 3
= - 3,
= 1 g
&0005] x HHHI‘IHHH%H%
x
*xxsspriffttl
0.000
0 5 10 15 20 25
t/a

FIG. 2. Three-point correlators V# divided by corresponding ground-state exponentials. Data is from the ensemble with f = 4.17,
am, ; = 0.007 and amy = 0.44037. The pion is created at r = 0 while the B meson annihilated at 7 = T Results for the temporal (left)
and spatial (right) vector currents are shown for all available momenta: (0,0,0), (0,0,1), (0,1,1), (1,1,1) in units of 2z/L.
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C. Current renormalization

For the lightest heavy quark mass, i.e., when amy = am,,
we find that it is sufficient to renormalize our currents using
results from the massless coordinate space current correlators
as described in Ref. [36]. However, as discussed in
Refs. [25,41], discretization effects arising from larger quark
masses can lead to the renormalization constant Zy, from

1.2
® amg = 0.68808
@
1.1 1 o
&
2 1
] [0} ®
E)\\ @ ®
:jé 091 (D(D ®®
» @
) ‘D@m@@@@@@@@@@@@@
0.8 1
07 T T T T T
0 5 10 15 20 25
t/a
1.2
O amg=0.42636
M @ amg=0.66619
114@ B
= ® ©
17 m
fg\ B
\‘:% 0.9 G
@)
0.8 1
0.7 T T T T
0 10 20 30 40
t/a
1.2
@ amg = 0.328869
[l amg=0.513857 @
&
&
=
S)
0.8
0-7 T T T T T
0 10 20 30 40 50
t/a

FIG. 7. Ratio of the B; — B, three-point correlators at time
slices ¢ to the B two-point correlators. The data is from the
ensembles with f = 4.17 and am; = 0.007 (top), p = 4.35 and
am; = 0.0042 (middle), and p = 4.47 (bottom). The heavy
quark masses are shown in the plots. They correspond to m, =
1.25%m, and 1.25%m,.

vector currents QyﬂQ deviating substantially from 1. We
therefore consider it prudent to use the matrix element
(B,|Qy,0|B,) to partially renormalize our vector current
alongside the massless renormalization results. (Here B
stands for the pseudoscalar state comprising the heavy quark
Q and the strange quark.)

By calculating three-point By — B, correlators and
demanding that the inserted temporal vector current matrix
element is 1—since it is conserved in the continuum—we
can obtain the renormalization constant

Zy,, = (B,|QroQ|B,). (18)

We then take the overall renormalization constant for the

heavy-light current Zy = /Zy , Zy = where the renorm-
alization constant for light-light current are determined as

Z‘_,iq = 1.047(10), 1.038(6), 1.031(5) at g =4.17, 4.35,

4.47, respectively [30].

We generated three-point correlators on each of the
ensembles with the heavier of the available strange quark
masses. On each ensemble and for each value of amy >
am, we used smeared sources and sinks with time
separation 7. We averaged over two time sources that
were separated by half the temporal extent of the lattice.
The exception was on the finest ensemble for which we
used only a single time source. We also generated two-point
correlators with the same sources so that we could extract
the required matrix element by

] Ca (1
(B|0700IB.) — C—((T))
pt

(19)

We show plots of the ratio from Eq. (19) in Fig. 7 for
ensembles with f = 4.17, 4.35 and 4.47. We are able to
find plateaus in all cases and thus simply fit to a constant in
these regions. Table II gives the results for Z“,IQQ.

TABLE II. Results for the inverse of the heavy-heavy renorm-
alization constant Z“,IQ with statistical errors for each f value. In
columns two and three we give the light and heavy quark masses
respectively. We provide the fit ranges we used in column four.

ﬁ am; amg [tmim tmax] Z;LQ )(2/Nd0f
4.17 0.019  0.68808 [11, 14]  0.8342(29) 0.45
0.012  0.68808 [11, 14]  0.8382(35) 0.36
0.007  0.68808 [11, 14]  0.8396(28) 0.46
435 0.012  0.42636 [8, 21] 0.9878(6) 0.38
0.66619 [14,21]  0.8013(24) 0.73
0.008  0.42636 [8, 21] 0.9886(6) 0.83
0.66619 [14, 21]  0.8031(27) 0.89
0.0042  0.42636 [8,21]  0.9877(4) 0.73
0.66619 [14, 21]  0.8020(26) 0.37
447 0.003  0.328869  [12, 28]  1.0062(7) 0.96
0.513857  [10, 28]  0.9267(14) 0.94

054502-8



FORM FACTORS OF B — z£v AND A ...

PHYS. REV. D 106, 054502 (2022)

IV. RESULTS

A. Global fit to form factors

In order to obtain the B to z form factors f1(v - p,) + fo(v - p,) and f,(v - p,) at the physical quark masses and in the
continuum limit, we perform a global fit. The form factors are functions of v - p, = E, which should also be parametrized.
We assume the energy dependence of the form factor f (v - p,) + f>(v - p,) is described by a simple polynomial, and use a

fit function

3
Fi(v- )+ fav-pa) = co(l +

=1

cEnN%Ez) (1+ C1og8f®=" + Cy2Ny2 M2)

Cm Nm )
X <1 + #> (14 C,26m%)(1 4 C,(Agepa)* + C(amg)z(amQ)z). (20)
mQ 58

For f>(v - p,), since we expect a contribution from the vector meson (B*) pole as described in Eq. (13), we use

E

. =Dy|—r
f2(v-pg) 0|:EH+AB
mg” " no

< D, N
X1 +——
mo

Here C, and D, are fit parameters, and N, are normali-
zation constants that fix the units for energies and masses.
These have been chosen so that C, and D, are ~O(1). We
choose Np=1/(0.3GeV) and N,z =1/(0.3 GeV)?,
where 0.3 GeV is a typical pion mass/energy, and
Ny, =1 GeV™'. We take Agcp = 0.5 GeV.

The heavy quark mass dependence as an expansion
in terms of 1/mg is justified because the form factors
fi(v-p,) and f>(v- p,) can be defined even in the heavy
quark limit. The 1/m term represents the first correction
to that limit.

The strange quark masses have been set such that they
are close to the physical strange quark mass. They are not,
however, exactly tuned so we include the term

dm; = ()2 = (mP*)2) / (mBe>*)?
= [(Z(Mllgt)Z _ (M}?t)Z) _ (2(M113(hy8)2 _ (MghyS)Z)]/
[2(ME™®)? — (ME™*)?] 22)

in our fit to take this into account. Having two strange
quark masses on either side of the physical mass on the
coarsest lattice allows the fit to determine the coefficient of
this correction term.

For the light quark mass dependence, we take the
expectation from SU(2) “hard-pion” chiral perturbation
theory for heavy-light mesons [42] (see also Ref. [43]):

2 2
Mo \ 0 Me (03
Axf,

3
5fB—>ﬂ:—L—‘(3g%*B”+1)< A2

(1 + DE,,NEEH):| (1 + D)(log(sz_)ﬂ + DM%,NM%M?T)

) (14 Dy 5m2) (1 + Dy (Aqen)? + Dignyy2(amo)?). (1)

plus a term linear in M2. We take 1.0 GeV as the value for
the scale A appearing in the chiral logarithm terms. For the
pion decay constant f, appearing in the denominator,
we take f, = 130.4 MeV. The logarithmic dependence
expected from chiral effective theory is not very significant
with the precision of the current lattice data, and in our
main fit we use the result from SU(2) chiral perturbation
theory by fixing C, o, = D, 10s = 1. However, this depends
on the value we choose for the B* Bz coupling gp-p,. In the
literature, the extracted values cover a wide range [44-49],
and it is not straightforward to assess the overall uncer-
tainty. On the other hand, it is not clear whether we can see
the chiral log in our data. We therefore estimate the
systematic uncertainty related to this term by setting
gppr = 0.45 [44] as a representative value in our main
fit with fixed C, o, and D, o, = 1, followed by another fit
where C, 1o, and D, are free fit parameters. In this way
the uncertainty due to gp-p, is taken into account in the
estimated systematic error. This is discussed in Sec. IV B.

We assume that the leading discretization effects appear
as an overall factor of the form (1 + C,.(Aqcpa)® +
Clamyy (amg)?), and do not consider cross terms, e.g., a

term of the form E,a” with independent parameters. This is
justified because the dependence on the lattice spacing is
small. We confirmed that adding such cross terms with free
fit parameters has a negligible effect on the fit.

We find a good fit when simply fitting up to the quadratic
term in pion energy for f1(v - p,) + f2(v - p,), but larger
uncertainties in data points with large pion momentum
make it unclear what behavior is exhibited at higher pion
energies. For this reason we include the cubic term in
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TABLE III.  Our best fit parameters from the global fit functions [Egs. (20) and (21)].

Cy Cg Cp Cps Chp Ciny Co, Cp Clamy)y
1.33(8) -0.37(5) 0.09(3) —0.009(6) 0.096(10) —-0.34(6) 0.06(4) —-0.6(6) 0.04(7)
D, Dy Dp2 Dy Dy D,, D, D, D<amQ>2
0.52(5) —0.086(14) 0.026(15) —0.09(14) 0.10(7) 0.03(1.09) 0.14(12)

Eq. (20). The impact of the choice to include this higher
order term is minimal since, as we will discuss in Sec. VA,
when extrapolating toward g> = 0 we restrict our choice of
synthetic data for the z-expansion to the region of pion
energies covered by our simulation data. For f»(v - p,) we
only include a term linear in the pion energy.

Fitting both form factors fi(v- p,) + fo(v- p,) and
fa(v - p,) simultaneously, we obtain a fit with y?/Ngo =
0.59 (Ngor = 182). We use Bayesian priors for the fit
parameters: we choose 1.0 +£2.0 for Cy, and D, and
0.0 £2.0 for all other fit parameters. Results for the
parameters from the global fit are given in Table III.

We illustrate the extrapolations in pion mass, heavy
quark mass and lattice spacing in Figs. 8-10, respectively.
Figure 8 shows the form factors f(v- p,) + f2(v- p,)
and f,(v- p,) as functions of v-p, = E, computed at
different light quark masses corresponding to M, = 300,
400 and 500 MeV. The extrapolations to the chiral limit (or
to the physical pion mass) are performed using the fit to
Egs. (20) and (21). One can see that the values of the form
factors are rather stable as a function of the quark mass. The
data points are well described by the global fit shown by

1.4 17—
N ® M, ~ 500 MeV
1.2 0 M~ 400 MeV
O M, ~ 300 MeV
1.0
0.8
0.6
0.4
0.2
B = 4.35, mg = 1.25°m,
0.0 0.2 0.4 0.6 0.8 1.0
E; [GeV]
FIG. 8. Heavy-to-light form factors f(v- p,)+ fo(v- p,)

and f,(v- p,) at light quark masses corresponding to M2 =~
300 MeV (diamonds), 400 MeV (squares) and 500 MeV
(circles). Data at f=4.35 (1/a~3.6GeV) and at my=1.56m,..
Dashed curves are the results of the global fit at corresponding
pion masses, and the solid curves show the fit results extrapolated
to the physical pion mass.

dashed curves. The thick curves represent the results
corresponding to the physical pion mass.

The heavy quark mass extrapolation is demonstrated in
Fig. 9, which shows the form factors computed for three

2.0

O myg=m.

Al + (E) o
L 3

mg = 1.25%m,

mg = 1.25'm,

B =4.35, M, =500 MeV
0.0 0.2 0.4 0.6 0.8 1.0
E. [GeV]

FIG.9. Heavy-to-light form factors f,(v - p,) + f»(v - p,) and
f2(v - p,) at three different heavy quark masses: m,. (diamonds);
1.56m, (squares); and 2.44m, (circles). Data at f = 4.35
(1/a ~3.6 GeV) and at a fixed light quark mass corresponding
to M, ~ 500 MeV. Dashed curves are the results of the global fit
at corresponding heavy quark masses, and the solid curves show
the fit results extrapolated to the physical b quark mass.

1.2
® p=417
1.0 @ pg=435
O B=447
0.8 fl(ETr>+f2(E7r)l _
§ T N
0.6
0)
0.4 B tft
PE)
0.2
|p? = 27/ L)%, M = 300 MeV, mg = 1.25°m,
0.000 0.002 0.004 0.006 0.008 0.010
a2 [fm]?

FIG. 10. Continuum extrapolation of the form factors f(v -
Pz)+ f2(v- py) and for(v - p,) evaluated with a typical param-
eter choice: p2 = (27/La)? (note that the physical volumes of the
three lattices are similar); M, ~ 300 MeV; and my = 1.56m,.
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different heavy quark masses: my = m.; 1.56 x m.; and
2.44 x m,. We find that both form factors increase toward
the physical b quark mass. As represented in Egs. (20) and
(21), we extrapolate assuming dependence of the form
1/mg, and the results at the physical point are represented
by the solid curves. The systematic error due to the
effect of neglecting a 1/ sz term is estimated in the next
subsection.

The continuum extrapolation is shown in Fig. 10 for a
typical parameter choice (p2 = (2z/La)?, M, ~ 300 MeV
and mgy = 1.56 x m_). Since the physical volumes of the
three lattices are similar, so too are the values of the
physical momenta of the three points shown. We find that
the continuum extrapolation in a? is also mild, even though
a potentially significant discretization effect due to the
heavy quark mass of the form (am)? is expected. This is
partly because the renormalization factor discussed in the
previous section absorbs the bulk of the discretization
effects. The global fit forms of Eqs. (20) and (21) assume
that the discretization effect applies as an overall factor
(1 + C2(Agep@)® + C(amyy2(amg)?), independent of light
quark masses and energies v - p, = E,. This choice is
justified because the dependence on each such parameter is
small as we saw above. In principle this allows the global fit
to discriminate between the (amy)? and (Agcpa)? effects;
in practice, both terms in our fits return coefficients
consistent with zero.

The final results for f(v-p,)+f2(v-p,) and fr(v - p,)
at the physical quark masses and in the continuum limit are
shown in Fig. 11 as a function of v - p, = E,. The bands
represent the one standard deviation regions with only the
statistical uncertainties included. The region that our lattice
data cover is from 0.225 GeV to 0.975 GeV. The results
outside of this region are obtained from the fit functions in
Egs. (20) and (21). In the soft pion limit, the form factor
fa(v - p,) rapidly goes to zero as a result of the pole term

1.4

1.2

1.0

0.8

£ [Gev]'?

0.6

0.4

021,

0.0
0.0 0.2 0.4 0.6 0.8 1.0 1.2

E, [GeV]

FIG. 11. Results of the global fit of the data for f(v- p,) +
Sf2(v+ p.) (upper curve) to Eq. (20) and f5(v - p,) (lower curve)
to Eq. (21). The data from which these are obtained exist in the
region 0.225 GeV < E, < 0.975 GeV.

included in Eq. (21), and is not directly confirmed by the
lattice data.

B. Estimation of systematic errors

We now turn to the analysis of systematic uncertainties.
To make an assessment of their impact we perform addi-
tional fits with particular terms added or amended. We
attempt the following variations of the fits:

(1) The original fit using the form of Egs. (20) and (21).

(2) Adding a 1/ m2Q term such that the heavy quark
dependence of f(v-p,)+ fo(v- p,) is parame-
trized by a factor (l—l—CmQNmQ/mQ—I—szQszQ/mZQ)
instead of (1+C,,,N,,,/my). Similarly for f5(v-p,).

(3) Adding M? terms such that the pion mass depend-
ence of f1(v - p,) + f2(v- p,) is parametrized by a
factor (14 C,1000/57"/(4nf1)* + Coo Ny M7 +
CMiNiﬁMj‘,) instead of (1+C,100/577/(4nf,)* +
Cy2N,y2 M3). Similarly for f5(v - p,).

(4) Adding the nextordertermin £, sothat f (v - p,) +
f2(v- p,) is parametrized by (1 + > %, CpnNLER)
and f5(v- p,) by (1 + 320 DenNEEy).

(5) Adding a* terms such that the discretization effects of
fi(v-pg) + fo(v - p,) are parametrized by a factor
(14+Cp(Agepa)* +C (AQCDa)4+C(amQ)2 (amg)?)
instead  of (1 + Cp2(Aqen@)” + Ciamyy(amg)?).
Similarly for f>(v - p,).

(6) Adding (amg)* terms such that the discretization
effects of fi(v-p,) + fo(v- p,) are parametrized
by a factor (1 + Cp2(Aqepa)® + Clam, ) (amg)* +
Clamg)yt(amg)*) instead of (1 + Cp2(Aqepa)® +
Clamyr (amg)?). Similarly for fo(v - p,).

(7) Allowing the fit to determine the coefficient in front
of the chiral log, i.e., letting C,,, and D, ,, be free
fit parameters instead of fixing them to 1.

We plot the result of these alternative fits in Fig. 12 at three
representative ¢> values (19.15 GeV?, 23.65 GeV? and
26.40 GeV?) after converting to f(q?) and f,(q?). The
results are very stable across the alternative fits. The inner,
lighter gray band shows our statistical uncertainty only,
which is exactly the result from fit 1. The outer, darker gray
band displays our total error, which includes systematic
effects that come from the deviation from fit 1 of each of fits
2-7 added in quadrature.

We also plot the systematic uncertainty coming from each
of the listed sources as a function of pion energy in Fig. 13 for
both form factors £, and f, , covering the ¢* range where we
have data. They are estimated using the fits as described
above, i.e., the deviation from the main fit “1” is plotted. They
can therefore be either positive or negative. The estimated
total systematic errors (red dash-dot lines), calculated from
all sources of systematic uncertainty added in quadrature, are
comparable in size to the statistical errors (blue solid lines).
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FIG. 12. Results for f,(g?) (left panels) and f, (¢?) (right panels) for each of our fits (numbered according to the list in the text) in
tests of systematic uncertainties. The results at representative values of ¢ are shown: 19.15 GeV?, 23.65 GeV? and 26.40 GeV?2. The
inner gray bands are the statistical errors only, while the outer bands show the total statistical plus systematic uncertainties.

V. FORM FACTORS IN THE CONTINUUM
AND |V, |

The differential decay width relates to the form factors
f+(q*) and fo(q?), and |V,,;| through

dT(B = xt0)  GHVil (- m2 ) EE =0
d# 24r° q*M3
m2
x [(1 +2—q€)M§<E,% _ M) ()P
3”‘? 2 232 2412
+ 3% (52— MEP Lol ] (24)

where G is Fermi’s constant and m, is the lepton mass. For
electrons and muons the terms suppressed by m2 can be
discarded (at least at the current theoretical and experimental

precision), which means that the contribution from the scalar
form factor f;, can be neglected. Thus the relation between
the differential decay width and the form factors is reduced
to a much simpler form:

dl'(B - ntv)
dq*

G% | Vub |2

= =i pe(P)PIf (PP,

(25)

where the pion momentum in the rest frame of the B meson is

1

WH|:—

i VO34 M = ) = 4t

(26)
To determine |V,,|, we need the branching fractions
obtained from experiment as well as form factors from
our lattice calculation. In this section, we first discuss the
parametrization of the ¢g> dependence of the form factors.
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FIG. 13. Systematic errors as a function of pion energy for form

factors, fo (top panel) and f, (bottom panel). Individual
contributions are estimated using the fits as described in the
text. The total systematic errors (red dash-dot lines) are obtained
by adding the other systematic uncertainties in quadrature. The
statistical errors are depicted by the blue solid lines.

The treatment of the experimental data is then described so
that we can combine this with our lattice data to make a
determination of |V, |.

A. Form factor shape

We use the z-parameter expansion to parametrize the
shape of the form factors. Here, ¢ is transformed to a small
parameter z as

42 _
oty) = L Vil (27)

V@R

where 1, = (Mg + M+ )? is the B threshold. We are free
to choose the value of 7y <7,. We choose ty = (Mp +
M,)(v/Mg — /M,)? since this symmetrizes the values of z
around 0, with |z] < 0.28.

For our final results of the f,(g?) form factor we
fit our data to the Bourrely-Caprini-Lellouch (BCL)
expansion [18],

N.—1
1 . k
fol®)=———5> b [zk— —1)FNe—ZNe| (28

+( ) l_qZ/M%* o k ( ) Nz ( )

where the denominator on the right hand side addresses a
pole at ¢*> = M3.. The second term in parentheses is
introduced to ensure that the form factor satisfies the
appropriate asymptotic form near the threshold. For the
scalar form factor, fy(gq?), we fit to a simple series
expansion in z:

N1
fo(@®) = biz~. (29)
=0

Another widely used parametrization is the Boyd-
Grinstein-Lebed (BGL) expansion [13,14]:

N

2 :; - 0 n
1old) = B P go(ore) 2

1 N
[+ = PP b D) Z; alz", (30)

where Py(g?) is usually taken as 1, and the pole in the
vector form factor is taken care of by the Blaschke factor
P, =1z(¢*>,M%.). The outer functions ¢(q>, 7)) and
¢, (g% ty) are analytic. Often, the outer function for the
scalar form factor is chosen as ¢,(q®, ) = 1. For the
vector form factor we follow [50] and choose

1
b (g% 10) = -~ (0)(\/ ty =g+ i = fo)
X7

x (\/tJr -q*+ m)yz
(=) s o

where 1. = (Mg + M,+)?, 1, =0.657_ and )(50> =

6.9 x 107* GeV~2. Note that the choice of t, differs
between the BCL and BGL z-expansion parametrizations
in our analysis. Although our final results use the BCL
parametrization, we confirmed that the BGL parametriza-
tion produces entirely consistent results.

The coefficients of the BCL ansatze in Egs. (28) and (29)
obey the unitarity constraint [18,51]

NZ
> Bunbuby S 1. (32)

m,n=0

This holds for both b; and bg. The coefficients B,,, are
symmetric in the indices, B,,, = B,,,, and satisfy the
relation B,,, = B|;,—,- They depend on the choice of 7,
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TABLE IV. Constants used to estimate the unitarity bound for
the BCL ansatz, taken from Refs. [18,5].

By By, By, B3 By Bys

fo 0.1032  0.0408 —0.0357 —0.0394 -0.0195 —0.0055
f+  0.0198 0.0042 -0.0109 —0.0059 -0.0002 0.0012

and we list them for our choice 1y = (Mg + M) (/Mg —
/M,)? for both form factors f, and f, in Table IV. We do
not implement these constraints explicitly in our fits, but we
do check that they are satisfied by our results.

From the results of the global fit, we generate synthetic
data for a range of ¢* values. Note that we have six degrees
of freedom left after the extrapolations, so we can pick six
data points (choosing more would result in a singular
correlation matrix). We choose to generate three data points
for each £ (¢?) and f((q?) at ¢* values g3 = 19.15 GeV?,
g5 = 23.65 GeV?, and ¢3 = 26.40 GeV?. We pick these so
that they are approximately evenly spaced in z. The values
of the form factors are given in Table V together with the
statistical and systematic errors at each point. The corre-
lation matrices of the statistical and systematic errors are
provided in Table VI. The systematic covariance matrix is
calculated as follows. For each reference ¢ value, we first
add all systematic effects listed in Sec. IV B in quadrature,
including correlations between different effects. We can
then calculate the (statistical) correlations between the total
systematic effects (for both form factors f, and f;) at
different reference g values.

Our results for a fit to the BCL form of the z-expansion
are given in Table VII. The correlation matrix of the
resulting parameters b, and bg are in Table VIII. We do
not use priors in this fit. We obtain a good fit when the order
of the polynomial is chosen as N, = 3. Here we impose the
kinematic constraint f, (0) = f(0), i.e., we have six data
points and five fit parameters. If we do not include the
constraint then we have six data points and six fit
parameters so cannot use y*/Ngof as a measure of goodness
of the fit. The fit result, however, remains unchanged.
Although we do not impose them explicitly, we find that the
unitarity constraints from Eq. (32) are satisfied and we get
0.034(16) and 0.122(44) for f, and f,, respectively.

TABLE V. Synthetic data points for f,(¢?) and fo(qg?) at
g} =19.15 GeV?, g3 =23.65 GeV?, and g3 = 26.40 GeV>.
Their statistical and systematic errors are listed together with
the total errors estimated by adding them in quadrature.

fola)) fi(gd) fi(g3) folgi) folg3) folg3)

Mean 1.165 2.600 6.597 0.500 0.703 0.937
Stat. err  0.067  0.152  0.423 0.019 0.026 0.036
Syst.err  0.099  0.229 0.631 0.027 0.037 0.043
Tot. err  0.120 0.275 0.760 0.033 0.045 0.056

TABLE VI. Statistical (upper panel) and systematic (lower
panel) correlation matrix for the synthetic data points at
g2 = 19.15 GeV?, ¢3 = 23.65 GeV?, and ¢3 = 26.40 GeV2.

fila) fo(@) fi(ad) folal) folaz) fola3)
fi(g?) 1000 0957 0901 0799 0728 0.663
f.(g3) 0957 1000 0989 0758 0720 0.662
f.(g3) 0901 0989 1000 0708 0682 0.639
folg3) 0799 0758 0708 1.000 0971 0921
folg2) 0728 0720 0682 0971 1.000 0.943
folg2) 0663 0662 0639 0921 0943  1.000

fola) (@) fi(a3) folai) folar) fola3)
f.(g?) 1000 099 0969 0761 0675 0.692
fi(g3) 0996 1000 0981 0737 0650 0.663
f.(g3) 0969 0981 1000 0682 0590 0.604
folg?) 0761 0737 0682 1.000 0992 0.996
folg2) 0675 0650 0590 0992 1.000 0.996
folg2) 0692 0663 0604 0996 0996 1.000

We find that N, = 2 is insufficient for a good fit. We also
test fitting the form factor f (¢*) alone using five synthetic
data points. This makes very little difference to the £, (¢?)
results. We plot results of the form factors across the entire
z range in Fig. 14. The blue squares show f(, and the red
circles show (1 —¢q*/M3.)f ., while the bands are their
corresponding fit results.

We can compare the form factors f,(¢?) and f,(g?) to
the results from other lattice QCD calculations when both
statistical and systematic uncertainties are included. Results
from the RBC and UKQCD Collaborations [4] and the
Fermilab Lattice and MILC Collaborations [5] are plotted

TABLE VII.  Fit results from the BCL z-expansion parametri-
zation with N, = 3 on our synthetic lattice data. Coefficient b{ is
fixed by the kinematic constraint f, (0) = f((0). The value is
b = 0.535(35).

by by by by by
0.391(40) —0.450(92) -0.92(29) -1.35(11) 0.33(31)
TABLE VIII.  Correlation matrix from the z-expansion fit to our

synthetic lattice data only with N, =3 using the BCL para-
metrization. The constraint f, (0) = f(0) has been applied (this
determines b).

be bi bt b9 b9
be 1000 0515 —0281  —0.100  0.102
bi  —0515 1.000 0.496 0.447 0.531
by —0.281 0.496 1.000 0.606 0.790
b0 —0.100 0.447 0.606 1.000 0.638
b9 0.102 0.531 0.790 0.638 1.000

054502-14



FORM FACTORS OF B — z£v AND A ...

PHYS. REV. D 106, 054502 (2022)

(1 - /MR f-

1.0
% ;

0.8

=

0.6

ol | I

-0.3

—0.2 —0.1 0.0 0.1 0.2 0.3

z

FIG. 14. Form factors using the BCL form of the z-parameter
expansion. Lattice data for f, (blue squares) and (1 — ¢*/M3.)f .
(red circles) are shown with corresponding fit bands covering the
entire z region.

alongside our results in Fig. 15. We restrict this comparison
to the g® region that approximately corresponds to the
inserted pion momentum in the lattice calculations and find
general agreement for both form factors. Near g2, there
are slight discrepancies with RBC/UKQCD for f;,(¢?) and
Fermilab/MILC for £, (g*). This may hint at some sys-
tematic effects, although the statistical significance is
limited.

It is also interesting to compare the lattice form factors
with theoretical expectations from heavy-quark symmetry.
In the soft-pion limit, the vector and scalar form factors,
f.(q?) and fo(g?), are related by [28]

i JO@) _ f 1= /My

-3 [+ (q%) fe o 9B

(33)

up to corrections of O(1/m3). This ratio is plotted in
Fig. 16 along with the theoretical expectation. We take

W) = ¢ /M) f(q)]

HQET
B JLQCD

0
18 20 2 21 % 2
¢’ [GeV?]

FIG. 16. Form factor ratio fo(q%)/[(1 — ¢*/M%.)f(¢*)] as a
function of ¢ compared with the prediction in the soft-pion limit
from heavy-quark symmetry and yPT [28]. The width of the
green error band reflects only the uncertainties from ggp, =
0.45(5) (from Ref. [44]) and fp/fp =0.941(26) (from
Ref. [52]), and not any other theoretical errors.

9p-pr = 0.45(5) (from Ref. [44]) and f-/fp = 0.941(26)
(from Ref. [52]). The width of the green error band that
represents the heavy quark effective theory (HQET) expect-
ation reflects only the uncertainties from gz, and fp:/f g,
and not any other theoretical errors. For the lattice data, we
take our result of fit “1” extrapolated to the chiral limit
M2 =0, showing only the statistical uncertainty. The
agreement with the theoretical expectation in the soft pion
limit and ¢> — M3%, which is at the rightmost end of the
plot, is excellent.

B. Branching fractions from experiment

For the experimental results we use the following sets of
data: the BABAR 2010 untagged analysis in 6 bins [50]; the
Belle 2010 untagged analysis in 13 bins [53]; the BABAR
2012 untagged analysis in 12 bins [54]; and the Belle 2013
tagged analysis in which the B — 77£v process was

1.2 0.8
RBC/UKQCD RBC/UKQCD
Fermilab/MILC Fermilab/MILC
1.0 JLQCD T JLQCD
=
= 06
iy
=
~
= 0.5
|
0.4
0.3
18 20 22 24 26 18 20 22 24 26
¢ [GeV?] ¢ [GeVY]

FIG. 15. Comparison of the physical form factors f,(g*) and f. (g*) with results from other lattice QCD calculations. Results from
the RBC and UKQCD Collaborations are from Ref. [4] and results from the Fermilab Lattice and MILC Collaborations are

from Ref. [5].
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TABLE IX. Results of the fits to the branching fractions obtained from experiments.

Experiment BABAR 2010 BABAR 2012 Belle 2010  Belle 2013 All Excl. BABAR 2010
b /b —0.85(47) —0.24(44) —-1.25(26) —1.79(51) —0.96(19) —1.05(21)

by /bs 0.4(1.5) -3.8(1.3) —0.90(88) 1.1(1.6) —1.37(60) —1.42(65)

bg |V x 103 1.360(74) 1.499(59) 1.602(62) 1.558(85)  1.518(33) 1.557(36)

7%/ Nyo 1.99 0.45 1.18 1.26 1.39 1.07

p-value 0.11 0.91 0.30 0.21 0.04 0.36

measured in 13 bins and the B~ — z°/v process was
measured in 7 bins [55]. We deal with this last set of data by
assuming isospin symmetry, which allows us to convert the
B~ decay to the B® decay through

TBO

AB(B® - ntfv) =2—"-AB(B~ — 2’¢v), (34)

Tp-

where the mean life of the neutral and charged B mesons
are 7go = 1.519(4) ps and 75- = 1.638(4) ps, respectively
[56]. These are the same sets of data as used by the Heavy
Flavour Averaging Group (HFLAV) [20], the Flavour
Lattice Averaging Group (FLAG) [21] and in the analysis
presented in Ref. [57], as well as in the most recent lattice
calculations of |V ;| [4.5].

We assume that systematic correlations between each of
the individual datasets are negligible. We do, however,
include correlations from the systematic uncertainties in the
Belle 2013 analysis between the 13-bin and 7-bin data. The
Belle collaboration indicated systematic correlations of
49%. We construct a total covariance matrix for the B°
and B~ data (after conversion to the isospin symmetric B°
mode) by taking the direct sum of the statistical covariance
matrices (where the off-diagonal blocks are 0) and of the
systematic covariance matrices (with 49% correlation
between each of the bins in the off-diagonal blocks),
and then summing these two 20 x 20 matrices. The
inclusion of these systematic correlations was found to
have a negligible effect on the parameters and fit quality.

Our first step is fitting the four sets of data individually
and then collectively without any lattice input. Using the
BCL parametrization, we fit for the branching fraction in
the ith bin through

N
! 2473 2

i

pa(a®)PIf+(¢*)17dg?,  (35)

so that the combination of the form factor and CKM matrix
element results in an overall normalization of b |V ,,|.
The slope and the curvature from the z-expansion fits are
captured in the ratios b /b and b3 /b, respectively.
Table IX gives our results of fits to each of the branching
fraction results with N, = 3. We find that the fit quality is
acceptable for each set of data when fitted individually, but
that fitting all data simultaneously (“All”) results in a

relatively poor fit. This is due to a tension between the
BABAR 2010 data and the other results. We confirm this by
fitting various combinations of datasets, finding poor fit
quality whenever BABAR 2010 is included. Therefore, we
also give results for the case where BABAR 2010 is dropped
(“Excl. BABAR 2010”), which results in an acceptable fit.

Fitting with N, = 3 is sufficient, and higher order fits do
not improve the fit quality. Although we agree with the
values of the fitted parameters for the BABAR 2012 data
reported by the Fermilab Lattice and MILC Collaborations
in Ref. [5], we find that the fit quality is actually better. Our
result is in agreement with that found by the RBC and
UKQCD Collaborations [4] and the result presented in
Ref. [57] where they each find a similar discrepancy with
the fit quality reported by the Fermilab Lattice and MILC
Collaborations.

In Fig. 17 we plot 68% and 95% confidence regions for
b{ /by and by /b{ for each of the cases listed in Table IX.
This visually demonstrates the tension between the BABAR
2010 dataset and the other measurements. We also show the
consistency between these shapes and with the shapes
determined from our lattice only fit to the form factors
using the BCL parametrization with N, = 3 and with the
kinematic constraint f_ (0) = f,(0) imposed.

BaBar 2010

—4 1 BaBar 2012

Belle 2010

Belle 2013

All expts.

Excl. BaBar 2010
-84 JLQCD lattice only

-1.5 -1.0 -05 0.0 0.5 1.0

bt Ibgt

-35 -3.0 -25 =20

FIG. 17. Contour plots for the shape parameters b} /b; and
by /b§. We show 68% confidence regions with a solid outline,
and 95% regions with a dashed outline.
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C. Determination of |V ;|

We now turn to fitting the above branching fraction
results alongside our form factor results from the lattice. In
this way we can determine the z-expansion parameters b}’
and our main result of |V,,|, which appeared in the
normalization of the experiment-only fits above. As dis-
cussed earlier, the contribution from the scalar form factor
fo(q?) to the branching fraction is suppressed by the
squared lepton mass, and we neglect it. Therefore only
f.(q?%) appears in Eq. (35). However, we do include lattice
data for both form factors in the fit, and fit . (¢*), fo(q?)
and experimental branching fraction data simultaneously.
We impose the constraint f_(0) = fo(0) explicitly,
although this makes a negligible difference to our final
results since the low-g> region is primarily controlled by
the branching fraction data.

As we have only three data points for f,, N, = 4 gives the
maximum number of fit parameters we can use for f if
the constraint f_ (0) = f((0) is imposed (N, = 3 without
the constraint). For f, we have data points from lattice and
experiment, and are not limited to N, = 4. We therefore
choose (N{*, N§°) = (3,3), (4,4) and (5,4) for our main fits
(imposing the constraint at ¢> = 0), and (N1*,N{°)=(3,3),
(4,3) and (5,3) for test fits without the constraint. We find that
all these choices give a reasonable fit quality and the
parameters are stable. We take (N1, N1°) = (4,4) for our
accepted final result.

Numerical results for our combined lattice and experi-
ment fits are given in Table X. We first fit the lattice form
factors with each of the experimental branching fraction
analyses in turn and find acceptable fit quality in each case.
Next, we fit the lattice data alongside all experimental
datasets simultaneously. As in the experiment-only fit, we
do not find that the fit quality is particularly good when all
experimental analyses are included. We therefore provide a

further set of numerical values for the case where the BABAR
2010 analysis is excluded. This improves the fit quality
while all parameters are consistent with the all-experiment
fit. It should be noted that when BABAR 2010 is excluded,
the value of |V,;,| is determined to be marginally higher. The
unitarity constraints from Eq. (32) are satisfied in each case,
although we stress again that they are not explicitly imposed
on the fits. The correlation matrices for the combined fit of
all lattice and experimental data are in Table XI, while those
without BABAR 2010 are in Table XII.

The differential branching fraction data from experi-
ments, our lattice data (converted using |V,,| from our
accepted fit) and bands representing our z-expansion fit
results with all errors included are plotted in Fig. 18. The

differences among the results with different (N{ -, N{O) are
hardly visible, and they give essentially the same result for
V,|. We reiterate that we take (N7*, N1°) = (4,4) as our
main result. In Fig. 19 we again show the form factors
across the entire z range, this time using the above BCL fits
combining lattice form factor data and branching fractions
from experiment. The lattice data for f, (blue squares) and
(1= q*/M2%.)f . (red circles) are shown with correspond-
ing fit bands from the combined fit.

Our final result for |V, is thus from the combined fit
with all experimental data:

V| = (3.93 £0.41) x 1073 (36)

The uncertainty includes the statistical and systematic errors
originating from our lattice calculation as well as the
total errors from the experimental data. If we exclude the
BABAR 2010 dataset from the analysis, we obtain |V ;| =
(4.01 +£0.42) x 10~ with a much improved p-value (see
Table X).

Our result for |V ;| is compared with other lattice QCD
calculations and exclusive and inclusive determinations by

TABLE X. Results of the simultaneous fits to form factors from our lattice calculation and experimental branching fractions, with
(Nf*,N{O) = (4,4). We list b} here for completeness, but it is fixed through the constraint f, (0) = f,(0).

Experiment BABAR 2010 BABAR 2012 Belle 2010 Belle 2013 All Excl. BABAR 2010
be 0.388(40) 0.385(40) 0.390(40) 0.388(40) 0.389(40) 0.390(40)
bi —0.389(80) —0.350(78) —0.438(76) —0.469(84) —0.391(66) —0.411(69)
by —0.20(18) —0.72(16) —0.66(16) —0.57(18) —0.62(15) —0.66(15)
bt 1.79(77) —0.40(64) 0.23(65) 0.96(76) 0.22(52) 0.09(5)
b0 0.535(35) 0.536(35) 0.535(35) 0.533(35) 0.536(35) 0.536(35)
) ~1.31(12) ~1.33(12) ~1.35(12) ~1.35(12) ~1.33(12) ~1.34(12)
) 1.16(23) 0.56(17) 0.59(17) 0.71(21) 0.68(16) 0.60(16)
b 2.4(1.1) 0.63(97) 0.88(98) 1.3(1.0) 1.03(96) 0.85(96)
V.| x 103 3.58(41) 4.04(43) 4.10(45) 3.91(45) 3.93(41) 4.01(42)
ST By, biibi 0.075(59) 0.027(14) 0.023(9) 0.038(31) 0.020(8) 0.022(7)
S B, b0 b0 1.07(70) 0.21(24) 0.28(29) 0.44(42) 0.32(32) 0.27(28)
2%/ Naot 1.43 0.77 1.13 1.22 1.37 1.05
p-value 0.22 0.66 0.33 0.23 0.04 0.38
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TABLE XI. Correlation matrix from the z-expansion fit to all experiments and our synthetic lattice data with
(N{*, N{%) = (4,4) parameters. Note that bY is fixed by the constraint £, (0) = f(0).
Vil by by by by by b3 bs
V.l 1.000 —0.980 0.568 0.346 0.007 0.051 —0.409 —0.060
b —0.980 1.000 —0.652 -0.379 0.048 —0.067 0.392 0.064
by 0.568 —0.652 1.000 -0.024 —0.570 0.093 —0.349 —-0.159
by 0.346 —-0.379 —0.024 1.000 —0.192 0.153 0.066 —0.050
b¥ 0.007 0.048 —-0.570 —0.192 1.000 —0.158 0.126 0.251
b9 0.051 —0.067 0.093 0.153 —0.158 1.000 0.388 —0.647
b9 —0.409 0.392 —0.349 0.066 0.126 0.388 1.000 —-0.376
b —0.060 0.064 —-0.159 —0.050 0.251 —0.647 -0.376 1.000
TABLE XII. Correlation matrix from the z-expansion fit of our synthetic lattice data and experiment excluding
BABAR 2010 with (Nf*, N{°) = (4,4) parameters. Note that bY is fixed by the constraint f, (0) = f(0).
V| by by by by by b5 b

V.l 1.000 -0.977 0.552 0.379 0.039 0.056 -0.367 —0.040
b -0.977 1.000 —0.643 -0.412 0.019 —-0.073 0.348 0.045
by 0.552 —0.643 1.000 —0.008 -0.573 0.102 -0.326 -0.157
by 0.379 -0.412 —0.008 1.000 —-0.141 0.153 0.079 —-0.035
by 0.039 0.019 -0.573 —-0.141 1.000 -0.159 0.132 0.260
b9 0.056 —-0.073 0.102 0.153 —-0.159 1.000 0.393 —0.646
b9 —-0.367 0.348 -0.326 0.079 0.132 0.393 1.000 —0.382
by —0.040 0.045 —-0.157 —-0.035 0.260 —0.646 —0.382 1.000

HFLAYV and FLAG in Fig. 20. Compared with other lattice
QCD computations of the B — z£v process (Fermilab/
MILC [5], RBC/UKQCD [4] and HPQCD [3]) our result is
slightly higher but still consistent within the estimated
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FIG. 18. Fitting experimental branching fractions together with

form factors from lattice QCD to extract |V,;|. The error bands
show our fit results when we include (N’;’,N{O) terms in the
z-expansion. We find that Nf* > 3 gives a reasonable fit quality,
and take (N{’,N{O) = (4,4) as our main result.

errors. Our result is also compatible with the inclusive
determination, which we have taken from HFLAV [20]
using the “GGOU” analysis. We include dashed error bars
to indicate the spread of results from other methods. We
also note that our value is in good agreement with those of
Refs. [57-59], while moderately higher than—but still

(1—¢*/ME.) [+
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FIG. 19. Form factors using the BCL form of the z-parameter
expansion determined from a combined fit of lattice data and
branching fractions from experiment. Lattice data for f, (blue
squares) and (1 —¢*/M3%.)f, (red circles) are shown with fit
bands covering the entire z region.
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FIG. 20. Comparison of our result for |V,,| with other lattice
QCD calculations and exclusive and inclusive determinations by
HFLAYV and FLAG. The data point labeled “JLQCD” is our final
result (this work). Other results are from the following publica-
tions: the Fermilab Lattice and MILC Collaborations [5]; the
RBC and UKQCD Collaborations [4]; and the HPQCD Col-
laboration [3]. The value tagged A, — pZv is from Refs. [61,62].
This combines a lattice QCD calculation of the form factors
of the A, to p process with experimental measurement of the
ratio B(A) — pu~0,)/B(A) — Afpu~p,) presented by the LHCb
Collaboration, which allows the extraction of the ratio
[Vusl/IVep|. Using |V, = (39.5 £ 0.8) x 1073 from exclusive
decays [62,63], the authors quoted a value for |V ,;|. The FLAG
average is from the 2021 report [21], and the HFLAV exclusive
and inclusive results are from Ref. [20]. The inclusive data point
is from their GGOU analysis, with a second (dashed) error bar to
represent the spread of values from other frameworks.

consistent with—that in Ref. [60], all of which use lattice
form factor results as input.

VI. CONCLUSIONS

For the determination of |V,,;|, the combination of the
lattice computation of form factors and the experimental
measurements of the differential cross section is crucial.
This is not solely because the experiments can only measure
the product of the form factor £, (¢*) and |V, |, but because
they provide complementary information about the form
factor shape. The lattice calculation provides the form factor
in the large ¢* region with controlled errors, while the
experimental data are more sensitive to the low ¢ region. As
one can see from the fit results, by combining the data from
both experiment and lattice QCD, the form factor shape is
much better controlled.

Our combined result for |V, is 3.93(41) x 1073 when
including data from all experiments, and 4.01(42) x 1073
when excluding the 6-bin untagged BABAR 2010 analysis.
In both cases these results are consistent with the inclusive
determination of |V,,| and with previous results on the
exclusive B — nfv process.

The advantage of our lattice calculation over previous
work is the use of a fully relativistic lattice fermion

formulation, with which no extra matching procedure is
required. (For the renormalization constant, we employed a
strategy to eliminate the bulk of the large discretization
effects appearing in the wave-function renormalization by
making a non-perturbative determination of Zy, using
heavy-to-heavy three-point functions.) Our analysis there-
fore becomes rather straightforward: we simply assume the
discretization effects are of O(a*) and O((amg)?) and let
the numerical data determine their size by combining the
lattice data at various a and amgy. We also explore the
dependence on the heavy quark mass and find that it is
consistent with a leading 1/m correction to the heavy
quark limit.

A major challenge in this analysis was due to the
multiple extrapolations that have to be performed at the
same time in three parameter dimensions: the light quark
mass; the heavy quark mass; and the lattice spacing. We
find that these limits are reached rather smoothly with our
global fit function. We estimate systematic errors due to
potentially missing higher order terms in the ansatze by
attempting the fit including one such term at a time. There
is no single dominant source of error, but after adding them
in quadrature the total systematic error is comparable to the
statistical error in our calculation. The inclusion of heavier
masses for m, and smaller pion masses would help further
control systematic effects, while additional statistics is the
key to improving the calculation of these form factors in the
future.

We anticipate more lattice calculations of the B — n£v
process using fully relativistic actions in the near future.
Crucially, this includes cases where the heavy quark is
tuned to the physical b quark mass on the finest lattices,
allowing for an improved approach to the physical point,
and therefore even better control of systematic effects.
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