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We report on a calculation of thB*Brr coupling in lattice QCD. The strong matrix element
(BriB*) is directly related to the leading order low-energy conisiarheavy meson chiral per-
turbation theory (HM(PT) for B-mesons. We carry out our calculation directly at thquark
mass using a non-perturbatively tuned clover action thatrots discretisation effects of order
|pal and(ma)" for all n. Our analysis is performed on RBC/UKQCD gauge configuratissing
domain wall fermions and the Iwasaki gauge action at twickagpacings od = 1.73(3) GeV,
a! = 2.28(3) GeV, and unitary pion masses down to 290 MeV. We achieve gtaitstical
precision and control all systematic uncertainties, gjvénfinal result for the HWPT coupling

Ob = 0.56948)stat(59)sys in the continuum and at the physical light-quark massess ihthe
first calculation performed directly at the physitatjuark mass and lies in the region one would
expect from carrying out an interpolation between previ@ssilts at the charm mass and at the
static point.
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1. Introduction

The power of lattice QCD in probing of the Standard Model, and uncovexidgnce for new
physics, lies predominantly in the flavour sector. To constrain the CKM itgitaiangle there
are many inputs required that can only be accessed non-perturbgtilgularly in theB-meson
sector. For instance, lattice calculations of the decay consfagrasd fg, are necessary inputs
for neutralB-meson mixing calculations and for the Standard Model predictions ¢BBR tv)
and BRBs — pu*u~) respectively. Furthermore, lattice calculations of Bies rilv form factor
allow a determination of the CKM matrix elemej,,|. For both semileptonic form factors and
mixing matrix elements, the lattice precision lags behind experiment. However plegimen-
tal measurements will continue to improve with the large data sets available at Bafid the
LHCDb upgrade. Therefore it is essential to further reduce the thealreticertainties in the non-
perturbative hadronic parameters in order to maximise the scientific impaatreint and future
B-physics experiments.

A major source of uncertainties in all previous lattice calculations is frontigeddifficulties sim-
ulating at physical light-quark masses. Theoretical insight fromx®Vl can guide extrapolations
down to the physical point, but lack of knowledge of the low-energy t@mts (LECSs) of the theory
introduces unwanted uncertainties. For example, at next-to-leading d®) in HM xPT the
dependence ofi, on the light-quark (or equivalently, pion) mass is given by

_ 3 2 MZ 2,2

wheregy is the leading order LEC of the theory, and is directly related to the strongings:g.
In this work we perform the first calculation of the coupliggdirectly at theb-quark mass.

2. Heavy Meson Chiral Perturbation Theory

In the infinite quark mass limit, symmetries predict that properties of heavy+igisbns will
be independent of the heavy quark’s spin and flavour quantum ngmBembining this with the
chiral symmetry present in they — O limit of QCD provides the basis for heavy meson chiral
perturbation theory (HWPT). This effective theory of QCD is a joint expansion in powers of
the inverse heavy-quark masgn, and the light-quark-massy. At lowest order the interactions
between the heavy and light mesons are determined by a Lagrangian witheal$#C [1]

glilnlbleT =gTr ("TaHbJZ{I,?aVHVS> ) (2.1)

with _
Ay :IE(ETd“EJrEauET) 2.2)

and ¢ = exp(i.# / fr), where.# represents the usual octect of pseudo-goldstone bosons. The
couplinggy, can be related to the coupling responsible for the strong d8tay B, defined as

(B(p)7(q)[B* (P, 7)) = —0&-Br- " (D). (2.3)
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Equivalently, the same matrix element can be evaluated at leading order xiPAM

2M
(B(P)M(Q)[B"(F.A)) =~ 0e0t- £ (1), (2.4)
m
giving the relationship
2Mg
98B = —— Ob. (2.5)
T

Performing an LSZ reduction and using the partially-conserved axiaéwcurelation for a soft
pion, EqQ. (2.3) becomes

oe-end- € (p) 'qu anz /d4XéqX P)[AL(X)[B* (P, A)), (2.6)

where AH = qy*ysq is the light-quark axial vector current. If we parameterise the axial-otrre
matrix element in terms of form factors

(B(PIIAVIB (9. A) = 2 Ao(c?) e+ (M M) [ — & e
e | w2 2.7)
+A(q )m pH +pH — Tq ]
we see that af® =
OB = ZMB}':‘O(O)‘ (2.8)

On the lattice, we cannot simulate exactlygdt= 0 without using twisted boundary conditions.
Furthermore, and from Eqg. (2.6) we see the form fa&grcontains a pole at the pion mass,
so it will be difficult to extrapolate t@? = 0 in a controlled manner. However, the form factor
decomposition in Eq. (2.7) must be free of nonphysical poles, which allews obtain the relation

T fl [(Mg: +Mg)A1(0) + (Mg: — Mg)Az(0)] (2.9

3. Calculational strategy

Our analysis is carried out using ensembles produced by the RBC andCDKgQllabora-
tions [2] with the Iwasaki gauge action and 2+1 flavour dynamical domaih-fermions. The
configurations are at two lattice spacings, the finer &@sembles have an inverse lattice spacing
of a~1 = 2.28(3) GeV and the coarser 24&nsmbles hava—! = 1.73(3) GeV, corresponding to
approximately 0.08 fm and 0.11 fm respectively. All ensembles have a lspagat of 2.6 fm. We
simulate with unitary light-quarks corresponding to pion masses dowfy;te- 289 MeV. On all
ensembles, the sea strange-quark mass is tuned to within 10% of its phghiealThe fifth dimen-
sional extent of both lattices Iss = 16, corresponding to a residual quark masgwefs) = 0.003
on the 24 lattice and(miesa) = 0.0007 on the 32lattice. Full details of the ensembles and propa-
gators used are presented in Table 1.

In this work we use the Relativistic Heavy Quark (RHQ) action [3, 4, 5] to &teufully rela-
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L/a afm) ma ma #Configs #SourcesMy(MeV)
24 0.11 0.005 0.04 1636 1 329
24 0.11 0.010 0.04 1419 1 422
24 0.11 0.020 0.04 345 1 558

32 0.08 0.004 0.03 628 2 289

2

2

32 0.08 0.006 0.03 889 345
32 0.08 0.008 0.03 544 394

Table 1: Lattice simulation properties. All ensembles are gendratgEng 2+1 flavours of domain-wall
fermions and the Iwasaki gauge action. All valence pion essse equal to the sea-pion mass.

tivistic bottom quarks whilst controlling discretisation effects. The RHQ adsam anisotropic
Wilson action with a Sheikholeslami-Wohlert term:

Swo=2a'y B(y) <mo+ Do+ &7+ B — 5 (D)2~ SE(B)? + 5 4cpawa> W(x).
Xy A

El Khadra, Kronfeld, and Mackenzie showed that for correctly tunemeters the anisotropic
Clover action can be used to describe heavy quarks with controlled feeff@dts to all orders in
maand of & (|pa)) [3]. Christ, Li, and Lin [5] later showed that only three independenapeaters
need to be determined and, further, presented a method for performinmataiseter tuning non-
perturbatively [6]. This tuning has now been completedifayuarks [7] on the RBC/UKQCD
configurations and these results are exploited in this calculation.

3.1 Ratios

To access the matrix element in Eq. (2.7) we calculate the lattice three-paitibfun

Civ (bt B =3 & PR T HBUAOB (Ohucos (3.1)

and the vector and pseudoscalar meson two point functions. If we g8eth®vector and pseu-
doscalar momenta to zero in Eq. (3.1) we can see from Eq. (2.7) that thieoamlfactor accessible
is A;. Therefore we form the ratio:

C|(?) (te,ty; p=0,p =0)Z 1/221/2

= (Mg: +Mg)A; (), (3.2)
Chi (ty; p=0)Cirg (T~ p=0)

Ry =

whereZg andZg- are the amplitudes extracted from the pseudoscalar and vector two-poaat f
tions.

To access the other form factors we need to inject a unit of momentum, chtp = (1,0, 0) x
2m/L andp” = 0. Following [8], we define further ratidR,, R3 andR4 which allows access to the
form factorA, through

A2 (Mg +Mg)?

2 2

) .M3.
A2 — P+ Eg (Eg — Mg) — =8~ V)R8 Mgt 2| 3.3
A ZMSQE & o (Fa 2 | 59
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The ratio in Eq. (3.3) is obtained at non-zero valuesfofind needs to be extrapolatedgfo= 0.
However, its contribution is suppressed by the rélity- — Mg)/(Mg- + Mg). The form factord;
is obtained at? = (Mg- — Mg)?, but examination shows that the slight extrapolatione-= 0 is
not necessary at the resolution possible with the available statistics. Iffine denctionsG; and
G2

G1(0?) = (Mg +Mg)A1(0P),

(3.4)
G2(of) = (Me: —Ma)As(q),
we can write the coupling &1 (0) plus a small correction from the rati®, /G, giving
_ G2(0)

whereZy is the light axial vector current renormalisation factor. We use the detetioninaf Za
from the RBC/UKQCD combined analysis of the light hadron spectrum, pseathr meson decay
constants and quark masses on thé@d 32 ensembles [2].

4. Results

Figure 1 shows the ratid®; andR; on the 24, ma= 0.005 ensemble fitted to a constant with
statistical errors estimated using single elimination jack-knife. We perforniral @xtrapolation

7
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Figure 1: RatiosR; (left), R, (right) on the 24, ma = 0.005 ensemble.

using the SU(2) HMPT formula for the axial coupling matrix element derived in [9]:

2(1+293)

gb = gO <1_ (47‘[f,—[)2

2
M,ZTIogI\:ngaM,Zﬁ—BaZ), (4.1)
which is next-to-leading order in the chiral expansion, but only leadidgroin the heavy-quark
expansion. We parameterize the light-quark and gluon discretisationsaffih ana? term, as ex-
pected for the domain-wall light-quark and lwasaki gauge actions. Ttieelspacing dependence
from the RHQ action is more complicated. However, we estimate the heavi-disaretisation
effects using power counting arguments [10] and find them to be negligilndl, that extrapolating
in a? captures the leading scaling behaviour. Figure 2 shows the chiral-contiaxtrapolation to
the physical light-quark mass and continuum using Eq. (4.1). We corssidezmatic errors arising
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Figure 2: Chiral and continuum extrapolation. The bottom (blue) @astine is the fit through the 34
ensemble points. The dashed line above (red) is the fit thrthey32 ensemble points and the green solid
line is the continuum extrapolation with a shaded error bafke intersect with the vertical dashed line
corresponds to the physical pion mass.

from uncertainty in the lattice scale, the difference of our sea strang& mass from its physical
value, and uncertainties propagated through from the tuning of the Rifipnpéers. However,
we find our dominant source of uncertainties to be the combined chiral@arheum extrapola-
tion. To estimate this error we tried a number of variations to our fitting proeedhbich included
dropping the heaviest masses from each ensemble, considering a linaad f fit function with
no lattice scale dependence. We also varied the valug tiat appears in Eq. (4.1) to simulate
changing the relative sizes of the NLO and NNLO terms that appear in thed elxjpansion. Our
overall estimate of the uncertainty arising from the chiral and continuunadtions is 10%,
and adding this in quadrature to the systematic errors from all other sowearrive at a total
error of 10.4%. Our final value of thg, coupling including statistical and systematic errors is:

A publication with full details of our analysis and error estimates is in progress

5. Conclusions

The determination of physical quantities from lattice-QCD simulations with ungéijys
heavy up- and down-quark masses requires a chiral extrapolationpbyseal point. For heavy-
light mesons, theoretical guidance is provided by heavy-meson chiralripation theory. At
leading order the HWMPT Lagrangian has one low-energy constgnivhich we have calculated
for the theory with heavy-quarks. Our calculation is the first directly at the physicajuark
mass, and has a complete systematic error budget. Comparing our resultheititdetermina-
tions [11, 12, 13] shows it lies in the region that would be expected frompokating between
the charm- and infinite-mass. Our result will be used by the RBC/UKQCD cmiidiion in the
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chiral extrapolations of numerical lattice data for Beneson leptonic decay constants [14] and
B — m¢v semileptonic form factor [15], and can also be used by other lattice codibos work-
ing onB-physics. This will help to reduce the important, and in many cases dominatensgtic
uncertainty from the chiral extrapolation.
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