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1. Introduction

During the last few years the CKM [1, 2] matrix element Vcb has been at the center of a dis-
cussion regarding the unitarity triangle and the search for new physics. According to the latest
HFLAV report [3], there is a 2σ tension between the inclusive and the exclusive determinations, as
well as a combined ∼ 4σ tension between the Standard Model (SM) predictions and experimental
measurements in the R(D)-R(D∗) plane. Recent developments [4, 5] point, however, towards a
simple resolution for the first of these tensions. There is some evidence that the CLN parametriza-
tion [6] is not the optimal one, and might be responsible for the inclusive-exclusive discrepancy
(for a review on the current understanding of the tensions, see [7]). On the other hand, none of
the existing calculations of R(D∗) [8, 9, 10, 11] comes from lattice gauge theory, the only first-
principles, non-perturbative tool available to tackle QCD. To solve these matters, a calculation of
the form factors of the decay at non-zero recoil is urgently needed. This work aims to address this
issue by performing the first1 complete analysis of the B→ D∗`ν at non-zero recoil on the lattice.
Here we present a preliminary result for the form factors, whose normalization is blinded by an
overall multiplicative factor.

2. Notation and definitions

The Standard Model prediction for the differential rate for exclusive B→ D∗`ν decay can be
written in terms of the recoil parameter w = vD∗ · vB,

dΓ

dw
(B→ D∗`ν) =

GFM5
B

48π2

(
1− r2)√w2−1χ(w) |ηEW|2 |Vcb|2 |F (w)|2 , (2.1)

where vX = pX/mX are the four velocities of the B and D∗ mesons, ηEW is a correction factor that
accounts for electroweak effects, r = MD∗/MB, F (w) is a function that represents the probability
amplitude, to be calculated in lattice QCD, and χ(w) gathers all the remaining kinematic factors.
The function F can be expressed in terms of the helicity amplitudes H±,0 as,

χ(w) |F (w)|2 = 1−2wr+ r2

12MBMD∗(1− r)2

(
H2

0 (w)+H2
+(w)+H2

−(w)
)
. (2.2)

The helicity amplitudes, in turn, depend on the hX(w) form factors, motivated by heavy quark
effective theory (HQET),

H0(w) =
√

MBMD∗

1−2wr+ r2 (w+1) [(w− r)hA1(w)− (w−1)(rhA2(w)+hA3(2))] , (2.3)

H±(w) =
√

MBMD∗(w+1)

(
hA1(w)±

√
w−1
w+1

hV (w)

)
. (2.4)

The form factors are defined following the standard decomposition of the matrix elements of
the V −A weak current that mediates the transition,

〈D∗(pD∗ ,ε
ν)|V µ |B(0)〉

2
√

MBMD∗
=

1
2

ε
∗
ν ε

µν

σρ vσ
D∗v

ρ

B hV (w), (2.5)

〈D∗(pD∗ ,ε
ν)|A µ |B(0)〉

2
√

MBMD∗
=

i
2

ε
∗
ν

[
gµν(1+w)hA1(w)− vν

B
(
vµ

BhA2(w)+ vµ

D∗hA3(w)
)]
. (2.6)

1At this conference another lattice QCD group presented another calculation at an advanced stage, see Ref. [12].
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Figure 1: Ensembles used in this calculation. The size of the point gives information about the total statistics
available per ensemble, and the vertical axis shows the ratio between the light and the strange quark masses.
Our smallest pion mass is Mπ ≈ 180 MeV.

In this work we compute the hX form factors defined in Eqs. (2.5), (2.6) for several recoil values
and use them to reconstruct the function F (w) as a function of w.

3. Simulation details

For this calculation we employ 15 ensembles of N f = 2+1 asqtad [13] sea quarks [14]. The
strange quark is approximately tuned to its physical value, whereas the available light quark masses
and the lattice spacings are shown in Fig. 1. The heavy quarks use the clover action with the
Fermilab interpretation [15]. In our correlators, the B meson is always at rest, whereas the D∗

meson carries the momentum. Our calculations are done at p2 = 0,(2π/L)2 ,(4π/L)2 in lattice
units, where L is the spatial size of our lattice. For the non-zero momentum case, we distinguish
between the different orientations of the momentum with respect to the polarization of the D∗

meson εν and the current, in order to isolate the form factors in (2.5) and (2.6).

4. Lattice results

For the analysis we largely follow the procedures outlined in our previous works [16, 17, 18].
We extract the values of the unrenormalized form factors hX(w) from the analysis of the two-
and three-point functions, then our results are first renormalized and then corrected to adjust the
values of the heavy quark masses to their physical value. Blinding is introduced at the level of the
renormalization factors ρV,A

2: all our ρV,A factors are multiplied by an undisclosed random factor
close to one. This random factor is known only to one collaboration member who is not working
on the analysis. At the present stage of the analysis, we are still working with blinded data.

2In this work we use the mostly non-perturbative renormalization scheme. The ρV,A factors mentioned here corre-
spond to the perturbative component of the renormalization factor for our vector (V ) and axial (A) currents. Our ratios
are constructed in such a way that the non-perturbative part cancels out.
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(b) hA1(w) form factor.
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(c) hA2(w) form factor.
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(d) hA3(w) form factor.

Figure 2: Preliminary results for hV (w) and hA1(w) in the upper row, and hA2(w) and hA3(w) in the lower
row. The points are the lattice data for different lattice spacings, light quark masses and volumes, whereas
the band represents the result of the chiral-continuum fit.

Figure 2 gathers all the data for the form factors, after the blinded renormalization factors
and the correction to the heavy quark masses have been applied. The chiral-continuum fit is done
following the ansatz

hX = 1+
X(ΛQCD)

mc
+

gD∗Dπ

48π2 f 2
π r2

1
logsSU(3)(w,ml,ms,ΛQCD)−ρ

2(w−1)+ k(w−1)2

+ c1xl + c2x2
l + ca1xa2 + ca2x2

a2 + ca,mxlxa2 , (4.1)

were xl = B0ml/(2π fπ)
2 and xa2 = a2/

(
4π fπr2

1
)2. All the form factors are fitted simultaneously,

taking into account all the correlations among them. There are slight variations depending on the
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form factor: hA3 and hV follow exactly Eq. (4.1), but in hA1(1) Luke’s theorem suggests that the
leading HQET term should be proportional to 1/m2

c , and hA2 is not normalized to 1 at tree level,
but to zero. The result of the chiral-continuum fits is used in the z expansion to predict the form of
|F |2.

5. z Expansion

The fact that |F (w)|2 is well known only at zero recoil and that the phase space of the decay
vanishes as

√
w2−1 when w→ 1 (see Eq. (2.1)) makes an extrapolation to zero recoil necessary.

Even if we can compute the function F at small recoil (which is the aim of this work), the z
expansion provides a model-independent ansatz for a joint fit with experimental data, involving
points at low and high recoil. In our z expansion we use the BGL parametrization [19], following
Refs. [4, 5]. In particular, we take the inputs from Ref. [4], but we don’t see any difference in
the final result if the inputs from Ref. [5] are used. Since the output of the chiral-continuum fit
described in Eq. (4.1) is a function (and an uncertainty band), we need an extra step in order to
generate inputs for the z expansion fit. Here we generate synthetic data points from the chiral-
continuum fit, where we choose for each form factor three independent points and include the
correlations between them. We also explore the functional method outlined in Ref. [20]. The results
for the function |F |2 are shown on the left pane of Fig. 3. This is a purely lattice prediction that
doesn’t incorporate any light-cone sum rules (LCSR). We perform a joint fit of synthetic data and
experimental data coming from Belle [21]. In this fit we use information only from the experimental
w bins, ignoring the angular distribution. As a test case comparing both parametrizations, we also
perform a fit using the CLN parametrization, defined by

hA1(w) =hA1(1)
[
1−8ρ

2z+
(
53ρ

2−15
)

z2−
(
231ρ

2−91
)

z3]+O(z4), (5.1)

R1(w) =R1(1)−0.12(w−1)+0.05(w−1)2, (5.2)

R2(w) =R2(1)+0.11(w−1)−0.06(w−1)2. (5.3)

The relationship between R1,2 and the BGL form factors can be checked in Ref. [4]. A comparison
between our CLN and BGL fits is shown in the right pane of Fig. 3. The CLN parametrization
imposes strict constraints on the behavior of hA1(w), which seem to be incompatible with our
lattice QCD + Belle data: the high slope at small recoil predicted by lattice QCD and the mild
slope determined by experiment at large recoil are difficult to accomodate to Eq. (5.1).

6. Summary and future work

In this work we show preliminary blinded results for the form factors of the B→ D∗`ν decay
at non-zero recoil. While our systematic error analysis is not yet complete, our preliminary results
appear to be in tension with the constraints from the CLN parameterization. We expect that our
final results will shed light on the tension between exclusive and inclusive determinations of |Vcb|.

We expect to finalize this analysis and the paper describing it in the coming months. We don’t
expect that our calculation will yield a |Vcb| determination that is more precise than previous ones
that rely on CLN fits to extrapolate the experimental data to zero recoil. Instead, our calculation
will provide new model-independent information on the shape of the form factors at low recoil.
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Figure 3: On the left, pure lattice results for the function F ; on the right, joint fit of Belle + lattice data
for |Vcb|2

∣∣η2
EW

∣∣ |F (w)|2 using both the CLN and the BGL parametrizations. |Vcb| is a fit parameter and
multiplies the lattice data. For that reason (i) the lattice points for BGL and CLN are slightly different and
(ii) the error on the lattice points is much larger than what expected from the left plot.

We plan in the coming years to reduce the errors from lattice-QCD, not only for |Vcb|, but also
for other CKM matrix elements. Our plans include using improved fermionic discretizations for
light and heavy quarks, in order to reduce the chiral, discretization and renormalization errors.
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