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Why study semileptonic B→D(*)lν decays?

Experiments can only measure the product (form factor) x |Vcb|

Lattice QCD calculations needed to determine normalization and extract the CKM 
matrix element |Vcb|

Only need one q2 point from lattice, so often choose w=1 because easiest to calculate
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Importance of |Vcb|: the CKM unitarity triangle

In order to make the base
of the CKM triangle have
unit length, the convention
is to divide everything by
|Vcd Vcb

*| 

⇒ |Vcb| enters all constraints
on the apex of CKM unitarity
triangle (not the angles)
except for those from ratios

Appears in unitarity triangle constraints through the Wolfenstein parameter A = |Vcb|/λ2

λ = |Vus| is known to ~0.5%

The ~2% error in |Vcb| already limits the constraint from neutral kaon mixing
(the εK band) and will ultimately limit other constraints if it is not reduced . . 
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Importance of |Vcb|: K → πνν decays
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Rare flavor-changing neutral current process, so loop-suppressed in the Standard Model

Sensitive probe of new physics operators at effective scales up to several TeV or higher

Experimental measurements of the branching fractions will improve in the near future:

NA62 at the CERN SPS will measure O(100) events in the K+ channel,
while E391a at KEK (to become E14 at J-PARC) will collect the first K0 events.

Once they are known more precisely, can be used to determine the apex of the CKM 
unitarity triangle strictly from kaons

Comparison with independent
determination from clean B-physics
observables like sin(2β) and neutral
B-mixing will provide a highly
non-trivial test of the CKM picture

Constraints proportional to |Vcb|4,
which is only known to ~8%
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Unquenched lattice calculations of F(1), G(1)
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Only available by the Fermilab Lattice and MILC Collaborations

Use publicly available “2+1 flavor” MILC configurations
[Phys.Rev.D70:114501,2004] which have three flavors of improved staggered quarks:

Two degenerate light quarks and one heavy quark (≈ ms)

Light quark mass ranges from ms/10 ≤ ml ≤ ms (minimum mπ ≈ 240 -- 310 MeV)

Fermilab formulation for b,c quarks

Preliminary G(1) presented at Lattice ’04 [Nucl.Phys.Proc.Suppl.140:461-463,2005]

Result based on a single lattice spacing a ≈ 0.12 fm

New F(1) published this year [Phys.Rev.D79:014506,2009]

Uses three lattice spacings a ≈ 0.09 fm, 0.12 fm,  0.15 fm to obtain reliable 
continuum limit

B→D*:

B→D:
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The staggered light quark action

Staggered fermions are the currently the cheapest fermion formulation [C. Jung Lat. ’09]

However, the staggered action has extra unphysical species of fermions (called 
“tastes”) which are due to lattice artifacts

Complicates analyses with staggered fermions (as compared to “chiral” fermions 
such as domain-wall or overlap, which are many times more expensive)

Fortunately, can remove staggered
discretization effects in a controlled manner
using staggered chiral perturbation theory (χPT)

Accounts for next-to-leading order
light quark mass dependence 
and for light quark discretization
effects through O(αS

2
 a2ΛQCD

2)

Extremely successful for extrapolating
light-light meson quantities such as fπ
[MILC Lat’07 arXiv:0710.1118 [hep-lat]]
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The “fourth-root procedure”

In the continuum limit, the four staggered species become degenerate, so can remove 
them by taking the fourth-root of the fermionic determinant

In practice, must take the fourth root during lattice simulations, before the continuum limit

Open theoretical issue whether or not one recovers QCD after taking the continuum 
limit of fourth-rooted staggered lattice simulations

Several recent papers address aspects of the validity of the fourth-root procedure: 

See reviews by Sharpe (hep-lat/0610094), Kronfeld (0711.0699), Golterman 
(0812.3110), and the MILC Collaboration (0903.3598) and references therein

Indicate that the fourth-root trick does not introduce pathologies when taking the 
continuum limit of the lattice theory

Empirical evidence also bolsters the case for the fourth-root procedure in cases where 
lattice results can be compared directly to experiment

It is plausible that the fourth-root procedure is valid, in which case it does not introduce 
any unquantifiable errors into staggered lattice simulations
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PROBLEM:  Generic lattice quark action will have discretization errors ∝(amQ)n

SOLUTION:  Fermilab method uses knowledge of the heavy quark limit of QCD
                      to systematically eliminate HQ discretization errors order-by-order
                      [Phys.Rev.D55:3933-3957,1997; Phys.Rev.D62:014505,2000;
                       Phys.Rev.D65:094514,2002]

The Fermilab heavy-quark action
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Requires tuning parameters of lattice action and lattice currents to continuum

Typically calculate matching coefficients in lattice perturbation theory 
[Phys.Rev.D48:2250-2264,1993]

Combine all errors associated with discretizing action into “heavy quark discretization 
errors”

Estimate errors using knowledge of short-distance coefficients and power-counting

(using HQET)Continuum
QCD

Lattice
gauge theory
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Lattice calculation of the B→D*lν form factor

At zero recoil, F(w) is given by a single form factor F(1)=hA1(1)

Construct a double ratio of lattice 3-point correlation functions that gives (the lattice 
approximation of) hA1 directly to all orders in HQET
[alia et. Laiho et al. Phys.Rev.D79:014506,2009]

Statistical errors largely cancel in the ratio

Most of the axial current renormalization cancels with the vector current 
renormalization, and the remainder can be computed perturbatively

Calculate the at the tuned mb,c, so that many heavy quark mass values are not needed 
(~10x cheaper than method used in quenched Fermilab calculation)
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The fiducial point method

Before extrapolating to the physical quark masses and the continuum, normalize  the 
lattice data for hA1 to a data point at a specified fiducial quark mass
[alia et Laiho et al. Phys.Rev.D79:014506,2009]

Choose the fiducial point such that it light enough to be within the range of validity 
of χPT, but not so light as to be statistically noisy or computationally expensive 

Heavy-quark discretization errors largely cancel in the ratio because the numerator 
and denominator are evaluated at the same heavy-quark mass and lattice spacing

Disentangles the heavy-quark discretization effects from light-quark discretization 
effects which can be accounted for in staggered chiral perturbation theory

Perform the chiral extrapolation on the ratio

Ultimately, such a ratio can be normalized by data on an ultra fine lattice.

Only the fiducial point must be calculated on the ultra-fine lattice so heavy-quark 
discretization errors can be reduced relatively cheaply
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Chiral extrapolation of the B→D*lν form factor

Mild quark-mass and lattice-spacing dependence, so chiral extrapolation error small

Cusp at at mπ
2 = (mD* - mD)2 predicted in staggered χPT

[Laiho & RV Phys.Rev.D73:054501,2006] and present in the continuum theory
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proportional to the 
D*-D-π coupling, 

gD*Dπ, which is taken 
from phenomenology
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Discretization errors

Compare the value of hA1 obtained by varying the fiducial lattice spacing from the finest 
to the coarsest lattice

Observe a small (1.5%) variation, which is consistent with the estimate from power-
counting
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κ-tuning error

The parameters κb and κc set the values of the bottom and charm quark masses, and are 
tuned to reproduce the Bs and Ds meson masses

Observe a small (0.7%) difference in hA1 when κb and κc are varied within their 
uncertainties
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Total error budget
Largest errors from statistics and discretization effects

Error from gD*Dπ comes from varying the coupling
over the range allowed by phenomenology

Difficult to obtain gD*Dπ from the B→D*lν chiral
fit because the cusp occurs close to the physical
light quark masses and is beyond the reach of
current simulation data

May ultimately be the limiting source of
systematic error using this method

Additional error in “2+1” flavor lattice results from
omitting the dynamical charm quark

Power-counting estimates suggest that this could
be a ~1% effect [Nobes, hep-lat/0501009]

Important as lattice calculations begin to obtain ~1-2% total uncertainties

Both the MILC and ETMC Collaborations are currently generating “2+1+1” flavor 
gauge configurations which include the dynamical charm quark
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Results for form factors and |Vcb|

Applying a 0.7% QED correction and
combining with F(1)|Vcb|×103 = 35.49 ± 0.48
[HFAG FPCP ’09] leads to:

Applying a 0.7% QED correction and
combining with G(1)|Vcb|×103 = 42.3 ± 1.5
[HFAG FPCP ’09] leads to:
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B→D*:

B→D:

[Nucl.Phys.Proc.Suppl.140:461-463,2005]

G(1) = 1.074(18)stat.(16)sys.

[Phys.Rev.D79:014506,2009]

F(1) = hA1(1) = 0.921(13)stat.(20)sys.

|Vcb|! 103 = 38.3(0.5)exp.(1.0)theo.

|Vcb|! 103 = 39.1(1.4)exp.(0.9)theo.
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Comparison of |Vcb| determinations

Exclusive |Vcb| approximately 2σ lower than inclusive determination:

However, experiments not consistent for B→D*lν:

Confidence level of HFAG global fit is 0.8%

Calculation of B→D*lν form factor at non-zero recoil could perhaps shed some light . . .
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Prospects for improvement of B→D(*)lν
The Fermilab Lattice and MILC collaborations are currently:

Generating data with 4x the statistics and finer a ≈ 0.045 fm and 0.06 fm lattice 
spacings to reduce the dominant statistical and discretization errors

Improving the determinations of the tuned κb and κc

Using current methodology, estimate that the next analysis will obtain an error in F(1)
of ~1.5%

Primary obstacle will likely be understanding the cusp in the chiral extrapolation 
which is proportional to the coupling (gD*Dπ)2

We are also currently generating data for B→Dlν and B→D*lν at nonzero recoil

To minimize the uncertainty in |Vcb|, should perform a simultaneous fit of lattice and 
experimental data using a model-independent parameterization as in the case of 
B→πlν [Fermilab/MILC,  Phys.Rev.D79:054507,2009]

Is the branching fraction as a function of q2 available for B→Dlν and B→D*lν?
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