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1. Introduction

The decay rate for the semileptonic meson delday+ @lv contains nonperturbative QCD
form factors, about which we obtain information from lattice QCD. The Klevel transition is
¢ — sand the decay is from a pseudoscalar meson to a vector.

Labelling the pseudoscalar Big with momentump and the vector meson gavith momentum
p’ and polarisation vectar, the general form for a pseudoscalar to vector matrix element is [1]:
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where we have the relations
2y Mog+My 5 Mp—My 5
and
A3(0) = Ao(0). (1.3)

V(g?) is the vector form factor. There are three independent axial veator flactors asiz(q?) is
just a combination of\; () andAx(g?) and atg? = 0 there are only two. Calculating the form
factors atg? = 0 allows us to compare to experiment for the experimentally acces&iltg),

Ax(g?) andV (¢?) form factors. BaBar [3] quote results for the quantitigs- £o(0) andry = )

Aq1(0) A(0)

2. Methods

2.1 Lattice setup

To compute semileptonic form factors, we calculate strange quark prigpagaing a random
wall source on a timeslice at A strange quark propagates to the sigkand then is used to
make an extended propagator in which a charm quark propagates béekdorrent insertion at
z, which is summed over a timeslice. At the current insertion, the extendedgmatyy is joined to
the strange propagator to make the 3 point function.

We use HISQ [4] valence quarks, which means that suitable phasdadgesed quarks have
to be inserted at the source, sink and current insertion. The gaufiguwations used are from
MILC ensembles [5], which include 2+1 flavours of asgtad sea qudtksrently we have per-
formed calculations on only one ensemble, whichfas6.76 andv = 203 x 64, soa ~ 0.12fm.
In general, the 3 point correlation function is

(W)W (X) P@ny(@) Ply)swy)), (2.1)

where we allow for point splitting at the source, sink and current insertion
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(a) Dispersion relation. (b) Ground state amplitude.

Figure 1. To check that introducing twisted boundary conditiogs gius a physical momentum, we can
calculate the speed of light for various mesons and momehta E ;2"‘2 (Fig. 1(a)) and look at the ground

state’s amplituded\, as a function of meson energy. We exp&efE to be constant (Fig. 1(b)).

1-link local experiment
m, | 1086(4) MeV | 1083(4) MeV| 1019 MeV
fo | 248(4) MeV | 233(13) MeV | 227(4) MeV
Z=1.095 Z=0.97 PDGI gte-

Table 1: The masses and decay constants for @unmesons calculated using the 1-link and local vector
operators. We include experimental values from the PDGHjél]reote the lattice normalisation factors used
for each calculation.

2.2 Twisted boundary conditions

To calculate the form factor @ = 0, we use a with non-zero momentum and meson at
rest. We use twisted boundary conditions [6, 7], where we insert aleiphbsep, at the boundary
soy(x+L)= W(x)€?. In Figure 1, we check that this introduces a physical momentum by looking
at the dispersion relation and the amplitude of the ground state.

2.3 @ 2 point correlators

To extract matrix elements from 3 point correlators, we fit the 2 and 3 panttions simulta-
neously. The 2 point functions give us the masses and decay condtédmspoandDg mesons in
the 3 point amplitudes. ThBs mass is known to be accurately calculated with HISQ quarks [8].
We also extracin, and fy, using either a taste-singlet 1-link or local vector operator. Table kgive
the masses and decay constants of the 1-link and tooasons, which are in agreement.

The @ meson is not gold-plated, which means that it can deca%fo/vith a small width, an
effect we do not fully include. We have only done these calculationseataitice spacing, so we
cannot yet tell how much of the difference between the calculated latticecartihuumg masses is
caused by discretisation effects. With results on finer lattices, the effitties mon-gold-platedness
of the ¢ can be studied in more detail. The normalisation factor for the 1-link vectaatyes
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from Ref. [10] and a perturbative normalisation is used for the locaiovdd1]. We extractf,
from the PDG results fdfe: ¢ [9], using

4T f2
Mete = ?agEDeZQ@f. (2.2)
2.4 Operator normalisation
24.1 1-ink A,
To normalise the one link axial vector operator, we use simultaneous fits to
(@YW (x) W(y)ysyu(y+ 1)) and(@(X) s (x) PY)ysw(y)), (2.3)

making use of the facts that the operatn)ys((x) and @/(x) sy, @ (x+ [t) have the same taste
and the pseudoscalar current is absolutely normalised.
The pseudoscalar and axial vector operators (in the continuum) catelbed by

Pu(0|Ay[Ry) = (Mg + mp) (O[P|Ry). (2.4)

The fit output gives the amplitude for both the pseudoscalar and the ax@noperators, which
we obtain for several values of the meson momentum. The ratio of amplitudesréghsline
againstp, with a gradient of theZ factor times the appropriate mass combinations. In Figure 2,
we plot this for various charm and strange pseudoscalar mesonss,kbe current we need for
Ds — ¢, we obtain the valug = 1.065(5).
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Figure 2: The ratio of amplitudes for the pseudoscalar and axial vesgerators goes a%m?nzﬂ so the
P

Z factors can be extracted from the gradients of these lines.

2.4.2 Local A,

We can normalise the loc& component by creating hon-Goldstone pseudoscalar mesons to
compare to Goldstone mesons

(X)W (X) GY)yshY(y))- (2.5)
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With HISQ, the masses are very close (for g the mass difference is 4.5 MeV) and the ampli-
tudes,ang andag for the non-Goldstone and Goldstone mesons respectively, are rejated b

ZEp.ang = (Me+ Ms)ag, (2.6)

where we have included th®factor for the local axial current. Fas, we obtainZ = 1.036(4) for
the localA,, operator. Note that because the masses are so close, we can also-@eldsione
Ds mesons in 3 point functions, which is useful when calculating the vector factor,V (¢?).

3. Ds— ¢@form factors

3.1 A¢(g?) form factor

By setting up thep polarisation and momentum such tigalg = 0, we can isolate tha; (g?)
form factor:
(@(p',€)|A#|Ds(p)) = (Mp, +mg)eH Ay (o). 3.1)
We can use either the 1-link or local operator for theource, along with the appropriate axial
vector current insertion.
The determinations of th&(g?) form factor using both the local and 1-link operators are
plotted in Figure 3, along with the other form factors By — ¢.

3.2 V(¢?) form factor

We can extract the vector form factéf(g?), using a vector current insertion from Equation
(1.1) provided at least one of th®, and @ mesons is not at rest. The 3 point function (withat
rest) is _

(BOOW 0+ 9) BNl BYHUY) = oo
whereu, v anda are the three spatial directions. We use the non-Golddbang need only
include one link of point splitting to obtain an overall taste-singlet three pametator for the
pseudoscalar to vector transition with a local vector current insertion.

We use a local vector normalisation 8f= 1.021(2) which is obtained [10] by comparing a
non-Goldstonds — ns decay through a local temporal vector current to the Goldsibne ns
with a (normalised) 1-link vector current.(g?) is plotted in Figure 3.

eEp,pyV (o), (3.2)

3.3 Ao(g?) and Ax(g?) form factors

The form factorA(g?) can be extracted using the pseudoscalar density:

(me+mg)(@(p',£)|PIDs(p)) = du{@(p', £)|A*[Ds(p)) (3.3)
= 2mye - GAo(0P).
The pseudoscalar form factor is not experimentally accessible, bugfigl ecause it provides a
route to obtainingdz(g?).

We can use Equation (1.3) @t = 0, A3(0) = Ag(0) to extractAy(0) from Ag(0) andA;(0),
although this does not hold at other valuesjbf However we can calculat@(p', €)|Au|Ds(p))
with £-q# 0 and use our determinations&f(g?) andAq(g?) to find Az(g?) with Equation (1.1),
providedq—l2 is not too large.
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Figure 3: The form factors foDs — ¢. Because of the kinematics, oMy (g?) contributes atj?,, (where
both theDs and@ mesons are at rest). All the form factors are calculated pgjin= 0.3 andpgya = 0.4195,
where the latter correspondsgd= 0. We also plot BaBar’s values for the experimentally adbéss (g?),
Ax(¢?) andV (g?) form factors ag? = 0.

HPQCD 2011] BaBar 2008 [3] | UKQCD 2001 [2]
A(0) 0.594(22) | 0.607(11)(19)(18) 0.63(2)
Local A;(0) 0.60320) - -
V(0) 0.90367) 1.122(85)* 0.85(4)
Ao(0) 0.686(17) - 0.63(2)
Az(0) 0.401(80) 0.463(61)* 0.62(5)
rv 1.52(12) 1.849(60)(95) 1.35(7)
r 0.62(12) 0.763(71)(65) 0.98(8)*

Table 2: Table of form factors at? = 0. We quote our determinations 4f(0) using 1-link and local
operators separately. Entries marked witiave been extracted from the published results. BaBandtses
include statistical and systematic errors. The third eguosted on their value o4, (0) is from theoretical
input.

3.4 Comparison with experiment and previous calculations

Table 2 compares our resultsggt= 0 to BaBar’s and those of previous quenched lattice QCD
calculations. Our results f@(0) andr, use our local; (0) result, but the 1-link result is in close
agreement. We calculate directly from our results foA;(0) andAg(0) for better control of the
errors.

In Figure 3, we plot the shape of the form factors as a functiog?of We expect they?
dependence to be relatively mild, and approximately the same, for all thevaxialr form factors
and steeper for the vector form factor. BaBar assume the shape afrthdéctor and extract its
value atg? = 0 from the total semileptonic rate. Our results £(0) andA,(0) are in agreement
with BaBar and ouW (0) result is a little lower. In the previous quenched lattice QCD results, no
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difference was found betwee¥ (0), A2(0) andAg(0). It is clear from Figure 3 that our results are
different for these form factors g = 0.

3.5 Futurework

To understand the discretisation effects better and also the importancenoftigeld-platedness
of the @ mesons, we intend to repeat our calculations on MILC fine configuratdmsg with the
determination of th& factors and semileptonic matrix elements. We will also look at using lighter
sea quark masses as, although neitheggther theDs contain light valence quarks, the non-gold-
platedness of the may be an issue.

TheV (g?) form factor is also important for radiative decays, where the photontipled by
a vector operator, such dgy — ncy. We will calculate this with the same method used here for
Ds— o.

We can extend our axial vector form factor calculations to heavier guatking HISQ for the

heavy quark, we will extrapolate to theguark mass [12] and calculate quantities SUCAEE2,, )
forB— D*.
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