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We present the first three-flavor lattice QCD calculationslfo— wir andD — Klv semileptonic decays.
Simulations are carried out using ensembles of unquencaegedfields generated by the MILC collaboration.
With an improved staggered action for light quarks, we are &b simulate at light quark masses down to
1/8 of the strange mass. Consequently, the systematic ®eamr the chiral extrapolation is much smaller
than in previous calculations with Wilson-type light quarkOur results for the form factors gt = 0 are

P=m0) = 0.64(3)(6) and f275(0) = 0.73(3)(7), where the first error is statistical and the second is
systematic, added in quadrature. Combining our resultsexiperimental branching ratios, we obtain the CKM
matrix elementgV,q| = 0.239(10)(24)(20) and|V.s| = 0.969(39)(94)(24), where the last errors are from
experimental uncertainties.

PACS numbers: 11.15.Ha,12.38.Gc,13.20.Fc

Semileptonic decays of heavy-light mesons are of great inthe Standard Model are in this class. The work reported here
terest because they can be used to determine CKM matrix eis part of a systematic effort to calculate the hadronic matr
ements such a%.,;|, |Ves!, |Veq| @and|V.s|. The accuracy of elements needed for leptonic and semileptonic decaysand f
one of the most importaniV.,,;|, is currently limited by large  neutral meson mixing [3! 4].
theoretical uncertainty[1]. Lattice QCD provides a sysiém In this Letter we report results fdp» — Klv andD — wlv
ically improvable method of calculating the relevant hadco semileptonic decay amplitudes. All previous lattice chdeu
amplitudes, making the determination &f,,| and other CKM  tions of heavy-light semileptonic decays have been done in
matrix elements more reliable and precise. guenchedi; = 0) QCD. In addition to quenching, they also

SemileptonicD meson decays, such a8 — Kiv and suffered from large uncertainties from the chiral extratioh
D — rlv, provide a good test of lattice calculations, becauséind, in some cases, from large heavy-quark discretization e
the corresponding CKM matrix elemeritg.,| and|V,4| are fects. Here we bring all three uncertainties under good-to-
known more accurately thaliv,;| [1]. The decay rates and excellent control. Indeed, this Letter presents the firgtuda-
distributions are not yet very well known, but the CLEO-c ex-tion in unquenched three-flavor lattice QCD, where the ¢ffec
periment plans to measure them with an accuracy of a few peif dynamicalu, d ands quarks is correctly included.
cent. Furthermore, measurements of leptonic and semilep- The relevant hadronic amplitud®|V*|D) (P = 7, K) is
tonic D,y decays can be combined so that the CKM matrixconventionally parametrized by form factofs and fo as
drops out, offering ald|rect and stringent check c_>f Iatu@l]Q . (PIVEID) = £1 () (pp +pp — AV + fol@)A" (1)

Recently, dramatic progress has been achieved in lattice
QCD, for a wide variety of hadronic quantities. Referende [2 whereq = pp — pp, A" = (m3, — m%) ¢*/q*. The differ-
showed agreement at the few per cent level between threential decay ratell/dq? is proportional to|V..|?| f+(¢?)|?,
flavor lattice QCD and experiment fof,, fx, mass split- x = d, s. (A contribution fromf, is proportional to the lepton
tings of quarkonia, and masses of heavy-light mesons. Thmass squared.) We calculate and f, as a function of;?
main characteristics of these quantities are that they btive and determine the decay rdteand the CKM matri{V..| by
most one stable hadron in the initial and final states, andhtegrating|f. (¢*)|?> overq?. Preliminary results have been
that the chiral extrapolation from simulated to physicghti  reported in Refl]4,15].
guark masses is under control. This class can be called-‘gold Our calculations use ensembles of unquenched gauge fields
plated” [2], and many of the lattice calculations needee@sbt generated by the MILC collaboration! [6] with the “Asg-



tad” improved staggered quark action and the Symanzikhadrons. On the other hand, the heavy-light 2-point fumnctio
improved gluon actionl[7]. The results are obtained onCY doesnot suffer from such replication, because contribu-
the “coarse” ensembles with sea quark masse§®® =  tions of heavy quarks with momentupm~ O(n/a) are sup-
0.005,0.007,0.01,0.02, and 0.03. The gauge coupling is ad- pressed|[10]. The same holds for 3-point functions that in-
justed to keep the same lattice cutaff ¢ ~ 1.6 GeV) and clude at least one Wilson quark, such(aglfp. To check
volume [L? x T =~ (2.5 fm)3 x 8.0 fm]. Each ensemble has these properties, we carried out a preparatory quenched cal
about 400-500 configurations. For details of the gauge coreculation [4], finding reasonable agreement with those oletai
figurations, see Ref.[6]. previously with Wilson light quarks [8].

For the light valence quarks, we adopt the same staggered Another consequence of the extra tastes is that the 3- and 2-
action as for the dynamical quarks. The valence lightlf  point functions receive contributions from states thatlizge
quark massn)® is always set equal te;°*. The valence intime, in addition to the ground state and non-oscillaérg
strange quark mass isnY® = 0.0415, which is slightly  cited state contributions. For example, the 3-point fuorcs
larger than the physical valuem, = 0.039 (at this lat- time dependence takes the form
tice spacing) determined from fixing the masses of the light
pseudoscalarsl[6]. We have repeated the calculations with aCf;P(tm, ty)
strange quark mass slightly too small, and find a negligible + (_1)tyAle—E’tye—ED(tz—ty) 1. (3)
difference. Since the computation of the staggered propaga
tor is fast, we can simulate with; as low asm/8. Con-  whered, o« (P|V#*|D).
sequently we are able to reduce the systematic error from the As usual, the desired hadronic amplitude is extracted from
chiral extrapolationy, — m.q) to ~ 3%, as we show be- fitting the 3- and 2-point functions. We employ two meth-
low. In contrast, previous calculations with Wilson-tyjght  ods. In the first method, we form the ratiB(t,) =
quarks simulated at; > m,/2 and typically hadO(10%)  CP"F (t.,t,)/[C3 (t,)C (t. —t,)], and fit to a constant in
errors from this source along [8]. t,. The oscillating state contributions are partly canceted i

For the valence charmed quark we use the clover actiothe ratio, and further reduced by taking the avera‘?(ey) —
with the Fermilab interpretatiohl[9]. The bare mass is fixiad v [R(t,) + R(t, + 1)]/2. A plateau is then found fat, around
the D; kinetic mass/[3]. The free parameters of both the action, /5 |n the second method, we first@F andC” sep-
and the current are adjusted so that the leading heavy-quagately, using a multi-exponential form similar to Eg. @)
discretization effects ar€)(,aAqco) and O ((aAqcp)®),  then obtain(P|V*|D) from the fit results. The results from

— Aoe—EPtye—ED(tw—ty)

whereAqcp is a measure of the QCD scale. the two methods always agree within statistical errors. The
The hadronic matrix elemerf’|V#|D) is extracted from  gifference between two results is less 834 for the lower
the 3-point function in thé) meson rest framep(p = 0) two momenta, and as large 3% for the higher two momenta.

Dop . . ; We choose the first method for central values and take 3% as
CL7 (e ty;p) =D ePY(Op(0)Vu(y)Oh(x)), (2)  the systematic error from the fitting.
z,yY The lattice heavy-light vector current must be multiplied
h . _ s the b lioh by a renormalization factoZ‘C,j. We follow the method
wherep = pp, V, = Yy, (v = d, ) is the heavy-light in Ref. [8], writing Z‘cfi _ pw(Z‘c/cZ‘z/m)u; The flavor-

vector current on the lattice, andp and Op are interpo- : Ve a .
lating operators for the initial and final states. The heavy_conservmg renormalizationfactazgs andZy” are computed

light bilinears Vu and O are formed from staggered light nonperturbatively from standard charge normalizatiord¢éon

guarks and Wilson heavy quarks as in Refl [10]. The 3-poinpo.ns' The remaining factop\{“ 1S expecte_d to be clos_e to
functions are computed for light meson momentgnp to unity because most of the radiative corrections are cadaele

27(1,1,1)/L, using local sources and sinks. The sink time isthe ratio [11]. A o_ne-loop ca[culatlon gives Ay, ~ 101
. . . - andpy, =~ 0.99 which we use in the analysis below. This per-
fixed typically tot,, = 20. To increase the statistics, the cal- ; S - " i
. . . turbative calculation is preliminary, but it has been suotgd
culations are carried out not only at the source tigie= 0 o
. to several non-trivial tests.

but also atty, = 16,32,48 (andt, andt, shifted accord- . .
: oo Rather than calculating the conventional form factgis
ingly). The results from 4 source times are averaged. Sta- . :
e . . ! and f, directly, we first extract the form factor§ and f,
tistical errors are estimated by the jackknife method. To X s in Ref [8], defined through
tract the transition amplitudeP|V#|D) we also need meson e 9
2-point functionsCy (t,;p) = Y, €7 (0 (0)0}, (x)), (PIV¥|D) = v2mp [v* f|(E) +pt fL(E)],
whereM = D,w, K. They are computed in an analogous
way. For the light meson)( = =, K) the 2-point function wherev = pp/mp, p. = pp — EvandE = v - pp is the
couples to the Goldstone channel of staggered quarks. energy of the light mesory; andf, are more natural quanti-

A drawback of staggered quarks is that each field prodties in the heavy quark effective theory, and chiral expamsi
duces 4 quark species, called “tastes” to stress that tha extare given for them as a function &f [13,|14]. We therefore
3 are unphysical. One consequence is that the light mesararry out the chiral extrapolation im; for f; andf, at fixed
2-point function contains a 16-fold replication of the dedi  E, and then convert t¢, and f.
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FIG.1:a~/2f, asafunction ofaE)? for the D — = decay. Sym- lt(dotted) and linear fit(dashed)

bols are raw data and lines are fitting curves with the pandragibn
of Eq. [3). Results atr; = 0.03,0.02 and 0.01 are shown.

To perform the chiral extrapolation at fixed, we inter-
polate and extrapolate the results fgrand f, to common
values ofE. To this end, we fitf; and f, simultaneously us-
ing the parametrization of Becirevic and Kaidalov (BK)I[15]
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whereg? = q2/m2D;, andF = f,(0), « andg are fit param- 1
eters, andf, fo andg? are converted tdy, f1L andE before _ km
the fits. An advantage of the BK formis that it contains a pole s D->K
in f+(¢%) atg®> = m%,., wheremp. is the lattice mass of the 05 0 1 )
charmed vector meson with daughter quarkhe BK fit for o’ [GeV]
f1 is shown in Fig[L, using data for all available momenta
Excluding the data for the highest momentam(1,1,1)/L FIG.3: D — mandD — K form factors. The experimental values
gives indistinguishable results. are taken from Ref[[17].

We perform the chiral extrapolation using recently obtdine
expressiond [14] for heavy-to-light form factors in stagge

chiral perturbation theory (&T) [16]. Compared with the |arger errors. We therefore take 3% (2%) as the systematic

continuumyPT formulael[18], the §PT formulae include 6 rror from the chiral extrapolation for the — 7 (K) decay.
new parameters (4 splittings and 2 taste-violating ha#pin

which parametgnze lattice d|scret|z§t|on effects. The pe- ' andf,. To extendf. and f, to functions ofg2, we again
rameters are fixed from the analysis of light pseudoscala

a1 A . H he ch to the form Eq.[[%). The results are shown in Hb. 3, with
[E]. As usual, fow energy con_stants appear, such as the Chisatistical errors only. We then obtain the decay ratg¥”,., |
ral coupling f and heavy-to-light meson coupling We

by integrating(phase spagex 2)|2 overg?. Finally, we
take f = 130 MeV andg = 0.59, but changing these con- y integrating(p pagex |f+(q )I" overq_. Finally, w

b % h laible eff he fit f q determine the CKM matrix elemenig.;| and|V.4| using ex-
stants by 10% as negligible effect. The fit form we a Optperimental lifetimes and branching ratios [1]. These main r
(“SxPT+linear”) is

sults are summarized in Talfle I.

FL(B) = AL+ 6f, (E)] + Bmy, (5) The result; pr_esented above rely_ on djﬁedependence of
BK parametrization, Eq[14). To estimate the associated sys

whereA, B are fit parameters, anif | || is the SPT correc-  tematic error, we make an alternative analysis without ie W
tion. To estimate the systematic error here, we try a simplgerform a 2-dimensional fit ifim;, ) to the raw data em-
linear fit and a “§PT+quadratic” fit with a ternC'm? added  ploying a polynomial form plus the 8T corrections f ;.
to Eq. [B). A comparison of the three fits is shown in [Elg. 2. The result from this fit agrees with the one from the fit with
FortheD — 7 (K) decay the linear fit gives 3% (2%) larger Eq. [8) within statistical errors. The deviation betweea th
results atn; = m,q4. The results from the @ T+quadratic fit  two fits is negligible at? ~ ¢2,, and about & at¢* ~ 0 for
typically lie between the results from the other two fits,twit f, |, giving a 2% difference for the CKM matrix elements.

) fO(qQ) =

f+(q2) =

We now convert the results fg, and f atm; = myq, to



4

where the first errors are statistical, the second systemati

TABLE I: Fit parameters in Eq[14), decay rates and CKM matrix and the third from uncertainties in the CKM matrix elements.

elements. The first errors are statistical; the second repgie; the

third experimental. We do not assume any cancellation of errors in the ratios, al-
— though some may be expected. Our results agree with recent
P F «a BT/ WVeal| [ps] [Vea | experimental resultsf?~7(0) = 0.73(15), fP~K(0) =
7 0.64(3) 0.44(4) 1.41(6) 0.154(12)(31) 0.239(10)(24)(20) 0.78(5) [4], £2~(0)/fP~K (0) = 0.86(9) and (D —

K 0.73(3) 0.50(4) 1.31(7) 0.093(07)(18) 0.969(39)(94)(24) 7~ eTr,)/T(D° — K~ eTv.) = 0.082 % 0.008 [20].

With only one lattice spacing, the systematic error fromdis 1 hiS Letter presents the first three-flavor lattice calcatet
cretization effects can be estimated only by power counting/©" SémileptonicD decays. With an improved staggered light

The leading discretization errors from the Asqtad actian ar duark, we have successfully reduced the two dominant un-
O (as(ahocn)?) ~ 2% (after removal of taste-violating ef- certainties of previous worksg., the effect of the quenched
fects with S(PT), takingAocp = 400 MeV anda, = 0.25. approximation and the error from chiral extrapolation. @ur

In addition, there is a momentum-dependent error from th&Ults for the form factors, decay rates and CKM matrix, given
final state. The BK parameters are determined by the lowef Tablell and Eq .[(8) are in agreement with experimental re-
momentum data; in particular, the fits are insensitive to th&Ults- The total size of systematic uncertainty is 10%, Whic
highest momenturdr(1, 1,1)/L. Therefore we estimate this is dominated by the discretization errors. To reduce this er
effect to beO(a; (ap)?) ’% :5% taking the second-highestmo- " calculations at finer lattice spacings and with mordlyig
mentump = 27(1,1,0)/L. The HQET theory of cutoff ef- improved heavy-quark actions are necessary; these are-unde
fects [18)19] can be used to estimate the discretizatiar err WaY- Finally, unquenched calculations Bfdecays such as
from the heavy charmed quark. In this way, we estimate thd® — 7lv and B — Div are in progress, and will be pre-
discretization error to be 4-7%, depending on the value chc3€nted in & separate paper.

sen forAqcp (in the HQET context). This is consistent with

the lattice spacing dependence seen in Ref. [8]. In futur&wo e thank the Fermilab Computing Division, the SciDAC
we expect to reduce an_d understand better this uncertaity, program and the Theoretical High Energy Physics Programs
we shall adopt the maximum, 7%, here. at the DOE and NSF for their support. Fermilab is operated

A summary of the systematic errors for the form factorspy Universities Research Association Inc., under contwittt
f+,0 or the CKM matrix element$V,| is as follows. The theu.S. Department of Energy.

error from time fits is 3%; from chiral fits, 3% (2%) for

D — = (K) decay; from BK parametrization, 2%. The

1-loop correction topy, is only 1%, so 2-loop uncertainty

is assumed to be negligible. The uncertainty for' is
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