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We presentthe first three-flavor lattice QCD calculationsfor D — =lv and D — Klv semileptonic
decays.Simulationsare carriedout usingensemble®f unquenchedjaugefields generatedy the MILC

collaboration.With animproved staggeredctionfor light quarks,we areableto simulateat light quark
masseslowvn to 1/8 of the strangemass.Consequenththe systematierrorfrom thechiral extrapolationis

muchsmallerthanin previous calculationswith Wilson-typelight quarks.Our resultsfor the form factors
atg® = 0 are f£~™(0) = 0.64(3)(6) andf2~*(0) = 0.73(3)(7), wherethefirst erroris statisticaland
the seconds systematicaddedin quadrature Combiningour resultswith experimentalbranchingratios,
we obtainthe CKM matrix elementgV.4| = 0.239(10)(24)(20) and|V.s| = 0.969(39)(94)(24), where

thelasterrorsarefrom experimentaluncertainties.
PACSnumbers11.15.Ha,12.38.Gc,120.Fc

Semileptonidecaysof heary-light mesonsareof greatin-
terestbecausehey canbe usedto determineCKM matrix el-
ementssuchas|Vys|, |Ves|, |Veq| @and|Ves|. Theaccurag of
oneof the mostimportant,|V,;|, is currentlylimited by large
theoreticaluncertainty[1]. Lattice QCD providesa systemat-
ically improvablemethodof calculatingthe relevanthadronic
amplitudesmakingthedeterminatiorof |V,,3| andotherCKM
matrix elementsnorereliableandprecise.

SemileptonicD mesondecays,suchas D — Klv and
D — zlv, provide agoodtestof lattice calculationspecause
the correspondindCKM matrix elementgV,,| and|V.4| are
known more accuratelythan |V, | [1]. The decayratesand
distributionsarenotyetverywell known, but the CLEO-cex-
perimentplansto measurehemwith anaccurag of afew per
cent. Furthermore measurementsf leptonic and semilep-
tonic D,y decayscanbe combinedso thatthe CKM matrix
dropsout, offeringadirectandstringentcheckof lattice QCD.

Recently dramaticprogresshas beenachiesed in lattice
QCD, for awide variety of hadronicquantities.Referencg?]
shaved agreementt the few per centlevel betweenthree-
flavor lattice QCD and experimentfor f., fx, masssplit-
tings of quarlonia, and masseof heary-light mesons. The
main characteristic®f thesequantitiesare that they have at
most one stable hadronin the initial and final states,and

thatthe chiral extrapolationfrom simulatedto physicallight
guarkmassess undercontrol. This classcanbecalled“gold-
plated”[2], andmary of thelattice calculationseededo test
the StandardModel arein this class.The work reportedhere
is partof a systematiceffort to calculatethe hadronicmatrix
elementsieededor leptonicandsemileptoniaecaysandfor
neutralmesonmixing [3, 4].

In this Letterwe reportresultsfor D — Klv andD — wlv
semileptonicdecayamplitudes. All previous lattice calcula-
tions of heavy-light semileptonicdecayshave beendonein
quenchedn; = 0) QCD. In additionto quenchingthey also
sufferedfrom largeuncertaintiesrom thechiral extrapolation
and,in somecasesfrom large heary-quarkdiscretizatioref-
fects. Herewe bring all three uncertaintiesundergood-to-
excellentcontrol. Indeed this Letterpresentshefirst calcula-
tion in unquenchedhree-flavor lattice QCD, wherethe effect
of dynamicalu, d ands quarksis correctlyincluded.

Therelevanthadronicamplitude{P|V#|D) (P =, K) is
corventionallyparametrizedby form factorsf;. andf, as

(PIV¥|D) = f+(a*)(pp +pp — A)* + fo(d*)A* (1)

whereq = pp — pp, A* = (m%, — m%) ¢*/¢*. Thediffer-
ential decayrate dI'/dg? is proportionalto |V, || f+(¢*)|?,
x = d, s. (A contributionfrom fg is proportionalto thelepton



masssquared.) We calculatef, and f, asa function of ¢2
anddeterminethe decayrateI" andthe CKM matrix |V....| by
integrating | f1 (¢%)|? over ¢?. Preliminaryresultshave been
reportedn Ref.[4, 5].

Our calculationsuseensemblesf unquenchedaugedields
generatedby the MILC collaboration[6] with the “Asqg-
tad” improved staggeredquark action and the Symanzik-
improved gluon action [7]. The results are obtainedon
the “coarse” ensembleswith sea quark massesam;®® =
0.005,0.007,0.01,0.02, and0.03. The gaugecouplingis ad-
justedto keepthe samelattice cutoff (a—! ~ 1.6 GeV) and
volume[L? x T = (2.5 fm)? x 8.0 fm]. Eachensembléhas
about400-500configurations.For detailsof the gaugecon-
figurations seeRef. [6].

For the light valencequarks,we adoptthe samestaggered
actionasfor the dynamicalquarks. The valencelight (u, d)
quarkmassm)® is always setequalto m$°*. The valence
strangequark massis am = 0.0415, which is slightly
larger than the physical value am, = 0.039 (at this lat-
tice spacing)determinedrom fixing the massef the light
pseudoscalarfs]. We have repeatedhe calculationswith a
strangequark massslightly too small, and find a negligible
difference. Sincethe computationof the staggeregropaga-
tor is fast, we cansimulatewith m; aslow asm,/8. Con-
sequentlywe areableto reducethe systematierror from the
chiral extrapolation(m; — myq) to = 3%, aswe shav be-
low. In contrastpreviouscalculationswith Wilson-typelight
quarkssimulatedat m; > mg/2 andtypically had O(10%)
errorsfrom this sourcealone[8].

For the valencecharmedquark we usethe clover action
with theFermilabinterpretatiof9]. Thebaremasds fixedvia
the D, kineticmasq3]. Thefreeparametersf boththeaction
andthe currentare adjustedso that the leadingheary-quark
discretizationeffects are O(asaAqcp) and O ((GAQCD)2)'
whereAqcp is ameasuref theQCD scale.

The hadronicmatrix element(P|V#|D) is extractedfrom
the 3-pointfunctionin the D mesorrestframe(pp = 0)

Zew (0P (0)Va(y)0h (=), (2)

wherep = pp, V), = 7,0, (& = d, s) is the heary-light
vector currenton the lattice, and Op and Op are interpo-
lating operatorsfor the initial and final states. The heary-
light biIinearsf/H and Op are formed from staggeredight
guarksandWilson heary quarksasin Ref.[10]. The 3-point
functionsare computedfor light mesonmomentump up to
27(1,1,1)/L, usinglocal sourcesandsinks. The sinktime is
fixedtypically to t, = 20. To increasehe statistics the cal-
culationsare carriedout not only at the sourcetime tg = 0
but alsoat g = 16,32,48 (andt, andt, shifted accord-
ingly). The resultsfrom 4 sourcetimes are averaged. Sta-
tistical errorsare estimatedoy the jackknife method. To ex-
tractthe transitionamplitude(P|V#|D) we alsoneedmeson
2-point functions C} (t,;p) = >, eP=(0,,(0)01 (),
whereM = D,n,K. They arecomputedin an analogous

CDA)P t ty; p

way. For the light meson(M = =, K) the 2-pointfunction
couplesto the Goldstonechannelof staggeredjuarks.

A drawback of staggeredquarksis that eachfield pro-
duces4 quarkspeciescalled“tastes”to stressthat the extra
3 are unphysical. One consequencés that the light meson
2-pointfunction containsa 16-fold replicationof the desired
hadrons.On the otherhand,the heary-light 2-pointfunction
CP doesnot suffer from suchreplication,becausecontribu-
tions of heavry quarkswith momentunmp ~ O(n/a) aresup-
pressed10]. The sameholdsfor 3-point functionsthat in-
clude at leastone Wilson quark, suchas C3’.>*. To check
thesepropertieswe carriedout a preparator)quenched:al-
culation[4], findingreasonablagreemeniith thoseobtained
previously with Wilson light quarkg[8].

Anotherconsequencef theextratasteds thatthe 3- and2-
pointfunctionsreceve contributionsfrom stateghatoscillate
in time, in additionto thegroundstateandnon-oscillatingex-
cited statecontributions. For example,the 3-pointfunction’s
time dependenctakestheform

CD—)P (tajy ty) — Aoe—Eptye—ED (tz —ty)

+(~1)Are Blie Brltt) 4. (3)

whereAy « (P|V#|D).

As usual,the desiredhadronicamplitudeis extractedfrom
fitting the 3- and 2-point functions. We employ two meth-
ods. In the first method, we form the ratio R(t,) =
CD—’P(tx,ty)/[Cf(ty)Cf(tw — t,)], andfit to aconstanin

The oscillating statecontributions are partly canceledn
the ratio, andfurtherreducedoy takingthe average,f%(ty) =
[R(ty) + R(ty +1)]/2. A plateauis thenfoundfor ¢, around

t2/2. In thesecondnethod wefirstfit CP*F andC; " sep-
arately usinga multi-exponentiaform similarto Eq. (3), and
thenobtain (P|V#|D) from thefit results. The resultsfrom

the two methodsalways agreewithin statisticalerrors. The
differencebetweentwo resultsis lessthan 3% for the lower

two momentaandaslargeas3% for thehighertwo momenta.
We choosethe first methodfor centralvaluesandtake 3% as
the systematierrorfrom thefitting.

The lattice heary-light vector currentmust be multiplied
by a renormalizationfactor Zi”. We follow the method
in Ref. [8], writing Z* = pv, (Z{£Z")!/?. The flavor-
conservingenormalizatiorfactorsZ{s andZ{* arecomputed
nonperturbatiely from standarcchage normalizationcondi-
tions. The remainingfactor py, is expectedto be closeto
unity becausenostof theradiative correctionsarecanceledn
theratio[11]. A one-loopcalculationgives[12] py, =~ 1.01
andpy, ~ 0.99 whichwe usein theanalysisbelow. This per
turbative calculationis preliminary, but it hasbeensubjected
to severalnon-trivial tests.

Ratherthan calculatingthe corventionalform factors fy
and f, directly, we first extractthe form factorsf and f .,
asin Ref.[8], definedthrough

(P[V¥|D) = v2mp [v* fy(E) +p fL(E)],
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FIG.1: a'/2f, asafunctionof (aE)? for the D — 7 de-
cay. Symbolsareraw dataandlinesarefitting curveswith the
parametrizatiorof Eq. (4). Resultsatm; = 0.03,0.02 and
0.01lareshown.
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FIG. 2: m;-dependenceand chiral fits for a=1/2 fP—~
for several valuesof (aE)2. The SyPT+linear fit(solid),
SxyPT+quadratidit(dotted)andlinearfit(dashed).

wherev = pp/mp, p1. = pp — EvandE = v - pp is the
enegy of thelight meson.f; and f, aremorenaturalquanti-
tiesin theheary quarkeffective theory andchiral expansions
aregivenfor themasa function of E [13, 14]. We therefore
carryoutthe chiral extrapolationin m; for f; and f. atfixed
E, andthencorvertto fy, andf,.

To performthe chiral extrapolationat fixed E, we interpo-
late andextrapolatetheresultsfor f; and f, to commonval-
uesof E. Tothisend,wefit f and f, simultaneouslysing
the parametrizatiof Becirevic andKaidalov (BK) [15],

9 F 9 F

f"r(q )_ (1—62)(1—04(72)’ f(](q)_ 1_62/B’ (4)
wheregq® = qz/mQD:, andF = f,(0), a and g arefitting
parametersand f, fo andq? arecorvertedto fi» fLandE
beforethe fits. An advantageof the BK form is thatit con-
tainsapolein f.(¢°) atg* = m3,., wheremp. is thelattice
masf thecharmedzectormesorwith daughtequarkz. The
BK fit for f, is shavn in Fig. 1, usingdatafor all available
momentap. Excludingthe datafor the highestmomentum
27(1,1,1)/L givesindistinguishableesults.

We performthechiral extrapolationusingrecentlyobtained
expressiong14] for heavy-to-light form factorsin staggered
chiral perturbationtheory (SyPT) [16]. Comparedwith the
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FIG.3: D — w andD — K form factors.The experimental
valuesaretakenfrom Ref.[17].

continuumyPT formulae[13], the SyPT formulaeinclude 6
new parameterg4 splittings and 2 taste-violatinghairpins),
which parameterizéattice discretizatioreffects. The new pa-
rametersare fixed from the analysisof light pseudoscalars
[6]. As usual,low enegy constantsappeaysuchasthe chi-
ral coupling f and heary-to-light mesoncoupling g. We
take f = 130 MeV andg = 0.59, but changingthesecon-
stantsby 10% hasnegligible effect. The fit form we adopt
(“SxPT+linear”)is

fo(BE)=A[l+6fL ) (E)] + Bmy, (5)

whereA, B arefit parametersandé f, || is the SyPT correc-
tion. To estimatethe systematicerror here,we try a simple
linearfit anda “SxPT+quadraticfit with atermCm} added
to Eq. (5). A comparisorof the threefits is shavn in Fig. 2.
Forthe D — = (K) decaythelinearfit gives3% (2%) larger
resultsatm; = myq. Theresultsfrom the SyPT+quadratidit
typically lie betweenrthe resultsfrom the othertwo fits, with
larger errors. We thereforetake 3% (2%) asthe systematic
errorfrom the chiral extrapolationfor the D — = (K') decay

We now corverttheresultsfor f, and f| atm; = myq, to
f+ andfo. To extend f, and f, to functionsof ¢2, we again
fit to theform Eq. (4). Theresultsareshowvn in Fig. 3, with
statisticalerrorsonly. We thenobtainthedecayratesl'/|V,, |2
by integrating(phasespace x | £ (¢?)|* overq?. Finally, we
determinghe CKM matrix elementgV.4| and|V,s| usingex-
perimentalifetimesandbranchingratios[1]. Thesemainre-
sultsaresummarizedn Tablel.

The resultspresentedibove rely on the ¢ dependencef
BK parametrizationkEg. (4). To estimatethe associatedys-
tematicerror, we make an alternatve analysiswithoutit. We
performa 2-dimensionafit in (my, E) to the raw dataem-
ploying a polynomialform plus the SyPT correctiond f), . -
The resultfrom this fit agreeswith the onefrom the fit with
Eq. (5) within statisticalerrors. The deviation betweenthe
two fits is negligible at¢> ~ ¢2,,,, andaboutlo atq? ~ 0 for



TABLE I: Fit parametersn Eq. (4), decayratesand CKM
matrix elements. The first errorsare statistical; the second
systematicthethird experimental.

P _F o B Tlos™]/[Ves|” |Vea|

7 0.64(3) 0.44(4) 1.41(6) 0.154(12)(31) 0.239(10)(24)(20)

K 0.73(3) 0.50(4) 1.31(7) 0.093(07)(18) 0.969(39)(94)(24)

f1,)» giving a 2% differencefor the CKM matrix elements.

With only onelatticespacingthesystemati@rrorfrom dis-
cretizationeffects canbe estimatedonly by power counting.
The leadingdiscretizationerrorsfrom the Asqtadactionare
(0] (OLS(GAQCD)2) ~ 2% (afterremoval of taste-violatingef-
fectswith SxPT), taking Agcp = 400 MeV anda, = 0.25.
In addition, thereis a momentum-dependerror from the
final state. The BK parametersre determinedby the lower
momentumdata;in particular the fits are insensitve to the
highestmomentunr(1,1,1)/L. Thereforewe estimatethis
effecttobeO(a;(ap)?) ~ 5%, takingthesecond-highesho-
mentumap = 27 (1,1,0)/L. TheHQET theoryof cutoff ef-
fects[18, 19] canbe usedto estimatethe discretizationerror
from the heavry charmedquark. In this way, we estimatethe
discretizationerrorto be 4-7%,dependingon the valuecho-
senfor Aqcp (in the HQET context). This is consistenwith
thelatticespacingdependencseerin Ref.[8]. In futurework
we expectto reduceandunderstandbetterthis uncertaintyso
we shalladoptthe maximum,7%, here.

A summaryof the systematicerrorsfor the form factors
f+,0 or the CKM matrix elements|V,,| is asfollows. The
error from time fits is 3%; from chiral fits, 3% (2%) for
D — 7 (K) decay;from BK parametrization2%. The
1-loop correctionto py, is only 1%, so 2-loop uncertainty
is assumedto be negligible. The uncertaintyfor o' is
about1.2% [6]; this leadsto a 1% error for |V.| (but not
for the dimensionles$orm factors),from integratingover g2
to getT'/|V..|?. Finally, we quotediscretizationuncertain-
ties of 2%, 5%, and 7%, from light quarks,the final state
enegy, and the charmedquark, respectiely. Adding all
the systematicerrorsin quadraturewe find the total to be
[3% + 3% (2%) + 2% + 1% + 2% + 5% + 7%] = 10%.

Ourresultsfor the CKM matrix elementgTablel) arecon-
sistentwith Particle DataGroupaveragegV,q| = 0.224(12)
and|V.,| = 0.996(13) [1]; alsowith |Vzs| = 0.9745(8) from
CKM unitarity. If we insteadusetheseCKM valuesasinputs,
we obtain,for thetotal decayrates,

(D% = 77 1Mw) = (7.7+£0.6 + 1.5+ 0.8) x 10 °ps ™!,
I(D° - K 1"v) = (9.2+£0.7+ 1.8+ 0.2) x 10 ?ps !,
(D% — m=itv)
I'(D° - K-ltv)

= 0.084 £ 0.007 £ 0.017 £ 0.009, (6)

wherethe first errors are statistical, the secondsystematic,
andthethird from uncertaintiesn the CKM matrix elements.
Herewe do notassumeary cancellatiorof errorsin theratio,
althoughsomemaybe expected.Our resultsfor theform fac-

4

torsarefP~™(0) = 0.64(3)(6) and f P~ (0) = 0.73(3)(7);
for theratio f2~7(0)/fP~¥(0) = 0.87(3)(9). Our results
agreewith recentexperimentatesults,fP~7(0) = 0.73(15),

PR (0) = 0.78(5) [17], and F Bt = 0.082 +
0.008, fP=7(0)/ fP~%(0) = 0.86(9) [20].

The Letterpresentshefirst three-flavor lattice calculations
for semileptonicD decaysWith animprovedstaggeredight
quark, we have successfullyreducedthe two dominantun-
certaintiesof previousworks, i.e., the effect of the quenched
approximatiorandtheerrorfrom chiral extrapolation.Ourre-
sultsfor theform factors,decayratesand CKM matrix, given
in Tablel andEg. (6) arein agreementvith experimentale-
sults. The total size of systematiauncertaintyis 10%, which
is dominatedby the discretizationerrors. To reducethis er-
ror, calculationsatfinerlatticespacingandwith morehighly-
improvedheavy-quarkactionsarenecessarytheseareunder
way. Finally, unquenchedalculationsof B decayssuchas
B — wlv and B — Dlv arein progressandwill be pre-
sentedn a separat@aper
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