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Exclusive semileptonic and rareB meson decays in QCD
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We present the first complete results for the semileptonic and rare radiative form factorsBofmison’s
weak decay into a light vector mesop, f,K*,¢) in the light-cone sum rule approach. The calculation
includes radiative corrections, higher twist corrections, anBphbreaking effects. The theoretical uncertainty
is investigated in detail. A simple parametrization of the form factors is given in terms of three parameters
each. We find that the form factors observe several relations inspired by heavy quark symmetry.
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I. INTRODUCTION 2my
+id,(€*ps) —5 [A3(4%) —Ag(d?)]
The challenge to understand the physicsCd? violation q
related to the structure of the Cabibbo-Kobayashi-Maskawa 2VV(q?)
(CKM) mixing matrix in(and beyoniithe standard model is + €,40p0 € "PEPT ————.
fueling an impressive experimental program for the study of Mg+ My
B d_ecays, both exclusive and inclusive. Abun'dant _da}ta iNote the exact relations
various exclusive channels are expected to arrive within the
next few years from the dedicateil factories BaBar and Ma+m Ma— M
. L . V,..2v_ B VoV, 2 B Vo v, 2

Belle, and their potential impact on our understanding &f Az(Q9)= TAl(q )_TAz(q ),
violation at the electroweak scale will depend crucially on v v
our possibility to control the effects of strong interactions.
For exclusive decays with only one hadron in the final state
the task is to calculate various transition form factors; it has
already attracted significant attention in the literature.

In this paper we present the first POT“p'ete results_for thel'he second relation in Eq1.2) ensures that there is no ki-
exclusive semileptonic and rare radiatiBedecays to light nematical singularity in the matrix elementag=0

V?Ct%r mesonshllnhthe Itlﬁht-cpng srm rule apﬂﬁgch. Iixclu— Rare decays are described by the above semileptonic form
sive decays which are the principal concern orthis Work cafy, ., and the followingpenguinform factors:

be grouped as semileptonic decd#s,— pev, Bs—K*ev,

rare decays correspondinglie- s transitions which we term VI V(14 vo)b|B

CKM-allowed, Byg—K*+y, BygoK* +1%1°, Beodp |$0,,,9"(1+ 75)b[B(pg))

+19, Be—¢+I1717, and b—d transitions which we call =i *V50 0 2T (g2

CKM suppressedBy— (p,»)+ 7y, Byg—(p,w)+1717, B, €unpr€ "PEP” 2T1(07)

—p+y, By—p+lT17, B K +y, BemK*+171. +To(9°){ €}, (Mg —m) — (€* P) (Pe+P) u}
Let V be a vector meson, i.p, w, K*, or ¢ and letp,,,

e; , andmy, be its momentum, polarization vector, and mass,

1.9

A3(0)=A¥(0), (1.2

(V]9,A*|B)=2my(e* pg)Ay(9?).

2

2 -
respectively. Lepg (mg) be the momenturnfmass of the B +T3(a%)(€"Pe)} Gy m2 — m2 (PetP)up (1.3
meson. We definesemileptonicform factors by ¢=pg BV
—p) with
(V(p)|(V=A),IB(pg)) T,(0)=T,(0). (1.4)
=—ie,(mg+ my)AY(g?) Here ¢y=s,d. All signs are defined in such a way as to ren-
AY(? der the form factors positive. The physical rangegéfex-
2(0°) tends fromgZ;,=0 to g2,,=(mg—my)? for three-body de-

+i(pg+ €*
(Pe+P)u(€"Pg) mg+my cays andy’=0 for two-body decays.

The method of light-cone sum rules was first suggested

for the study of weak baryon decays in REf] and later

*On leave of absence from St. Petersburg Nuclear Physics Instextended to heavy meson decays in Ref. It is a nonper-
tute, 188350 Gatchina, Russia. turbative approach which combines ideas of QCD sum rules
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[3] with the twist expansion characteristic for hard exclusive _T
processes in QCIP4] and makes explicit use of the large 'f d*ye 'PeY(p(p)|T(V—A),.(0)jg(y)|0)
energy of the final state vector meson at small values of the

momentum transfer to leptortg. In this respect, the light- *

€

— _iT0n2 H2 Tt (n2 A2
cone sum rule approach is complementary to lattice calcula-  — 11 (Pg.d )€, +il"(pg,a°%) nq (a+2p),
tions[5] which are mainly restricted to form factors at small .
recoil (large values ofg?). Of course, the light-cone sum .2 €40 Vin2 2\, aBy. %
rules lack the rigour of the lattice approach. Nevertheless, i (pg,a7) pg 9. T (P5.0%) €, €, APy

they prove to provide a powerful nonperturbative model
which is explicitly consistent with perturbative QCD and the
heavy quark limit.

Early studies of exclusivB decays in the light cone sum if d4ye*‘pBy<K*(p)|T[§ch,,y5b](0)j;g(y)|0>
rule approach were restricted to contributions of leading
twist and did not take into account radiative corrections, see  _ 2 2\f % o * _ 2 2
Refs.[6,7] for a review and references to original publica- A(Pa. A€, (2pH0),~ €, (2p+a)u}~ B(pa,°)

(2.2

tions. Very recently, these corrections have been calculated . . 2 €*q

for the semileptoni®— ,Kev decayd8]. In this work we xX{e,d,—€,d,}—2C(pg.q°) 04 {P.G,—a,P.}-
calculate radiative and higher twist corrections to all form

factors involving vector mesons, see above, making use of 2.3

new results on distribution amplitudes of vector mesons, re- L Ny
ported in Refs[9—11]. We find that the corrections in ques- | Ne Lorentz-invariant functionk ™, A,5,C can be calcu-
tion are fairly small in all cases. lated in QCD for large Euclidiarpg. More precisely, if
The presentation is organized as follows. In Sec. Il weMa—P&=<<0, then the correlation functions in Eq8.2), (2.3)
remind the reader of the basic ideas of the light-cone surdre dominated by the region of smgfl and can systemati-
rule approach and derive radiative and higher-twist correccally be expanded in powers of the deviation from the light-
tions to the form factors in question in a compact form. Secconey?=0. The light-cone expansion presents a modifica-
tion 1l presents our main results and includes a discussion dfon of the usual Wilson operator product expansion, such
input parameters as well as error estimates. In Sec. |V wéhat relevant operators are nonlocal and are classified in
discuss relations between semileptonic and penguin forerms of twist rather than dimension. Matrix elements of
factors in the heavy quark limit. Section V is reserved to anonlocal light-cone operators between the vacuum and the
summary and conclusions. The paper has two appendixes: ¥gctor meson state define mestistribution amplitudeg4]
Appendix A we collect the relevant loop integrals for the Which describe the partition of the meson momentum be-
calculation of radiative corrections. Appendix B contains atween the constituents in the infinite momentum frame. In

summary of the results of Ref§9—11] on vector meson particular, there exist two leading twist distribution ampli-
distribution amplitudes. tudes for vector mesons, see Appendix B, corresponding to

longitudinal and transverse polarizations, respectively:
Il. METHOD AND CALCULATION

_ E*Z 1 —
A. General framework <P|U(0)7’Md(z)|0>: fpmpp/.LEJ’o du éUpZQﬁH(U,M),
Consider semileptonic By—per and rare By (2.9
—K*/ "/~ decays as representative examples. We choose
a B meson “interpolating current’jg=di ysb, so that (plu(0)c,,d(2)|0y=—if (u)(esp,— P, €})
1 —
(o2 xfodué“%(u,m, 25
(0ljg/B(pe))= e (2.9
b

and similarly forK* and ¢. Herez is an auxiliary lightlike
vector, u is the momentum fraction carried by the valence
wherefg is the usuaB decay constant anch, theb quark  quark, and the decay constarffs f; are defined in Appen-
mass. In order to obtain information on the form factors, wedix B. w specifies the scale: Extraction of the leading
study the set of suitable correlation functibns asymptotic behavior in field theories invariably produces sin-
gularities which reflect themselves in the scale dependence
of distribution amplitudes. As always, this scale dependence
cancels in physical quantities by a corresponding dependence
of coefficient functions.
The invariant amplitudes in Eq$2.2), (2.3) can be cal-
YIn this work we define invariant functions with respect to the culated in terms of meson distribution amplitudes in com-
Lorentz-structures* g/pq instead ofe* q [12] in order to remove a  plete analogy with the calculation of structure functions in
kinematical singularity fop—0. deep inelastic lepton-nucleon scattering in terms of nucleon
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parton distributions: The off—shellnes%— pé plays the role
of photon virtualityQ?. As an illustration, consider the tree-
level leading-twist result fof°, adapted from Ref.12],

2 2

r(p2,?) fdu ()

(2.6

We want to emphasize that the procedure is rigorous at this
point: all corrections cafin principle) be included in a sys-
tematic way and their evaluation is precisely what makes the
subject of this work.

The subtle part concerns the extraction of Beneson
contribution to the invariant amplitudes. The exact amplitude
I'° (in naturé has a pole a‘p§=m§ corresponding to the
intermediateB meson state, and this contribution can be
written in terms of the form factoﬁf"” defined in Eq(1.1):

1 mafg
ereson (mg+m )ABﬁp(qz)ﬁm_- 2.7
Mmg—pg "o

On the other hand, the QCD calculationg<m? is only
approximate and, continued analytically to “Minkowskian” e f
p§> mﬁ, produces a smooth imaginary part with no sign of a
pole behavior. To proceed, we invoke the concepdulity,
assuming that exact spectral density and the one calculated in
QCD coincideon the averaggethat is integrated over a suf-
ficient region of energies. In particular, we assume thaBthe
meson contribution is obtained by the integral of the QCD
spectral density over the@uality region

FIG. 1. The leading order diagrafa) and one-loop radiative
corrections(b)—(f).

ing twist distribution amplitudes and are given by the dia-
grams shown in Fig. 1. The calculation is done in
dimensional regularization and it is sufficient to consider ma-
trix elements over on-shell massless quark and antiquark car-

1 s ds rying momentum fractionup and Up, respectively. The
o 0 ——Dis 2T (s,q%). (2.8 transversely polarized and longitudinally polarized meson
B meson o G2l qcolS:4 .
m Jmis— p states are projected onto by

The parametersy~(34—35) GeV is called the “con-  (V,(p)|ua(0)dy(x)|0)
tinuum threshold” and is fixed from QCD sum rules fiyy, i
see, e.g., Ref.13]. Equating the two above representations, __ 4T I jupx
one obtains dight-cone sum rulefor the form factorA;. Lo ]bae™ P f du €6, (u) 29
Sum rules for the other form factors are constructed in pre-
cisely the same manner. I v ‘oo iTpx
While the accuracy of the QCD calculation can be con- =~ g V0" ¥slba€uspoe™’P” | du ", (u),
trolled (and improved the duality approximation introduces (2.10
an irreducible uncertainty in predictions for the form factors,
which is usually believed to be of ord&t0—15 %. Practical —
calculations in)t/he sum rule framework involve some techni-<v‘(p |Ua(0)ds()10)
cal tricks to reduce this uncertainty, e.g., Borel transforma- 1 € x
tion which we will not discuss here. These techniques are =—fymy[Plpa—r J du éupx¢H(u)
well established and their detailed description in the particu- 4
lar context of light-cone sum rules can be found, e.g., in X
Refs.[7,12]. Referencg12] also contains a detailed com- my—04q —
parison of the light-cone sum rule approach to traditional — va[p]baf du €"PXgp(u), (2.1D
QCD sum rules and can serve as introduction for the more

theoretically minded reader. wherea, b are spinor indices, respectively. In the last line in

Eg. (2.1) we made use of the fact that for ultrarelativistic

longitudinal vector mesons,—p,/my up to o(m2/|p|?)
Radiative corrections to the sum rules correspond to onecorrections. This is a justified approximation for the calcula-

loop corrections to the coefficient functions in front of lead-tion of radiative corrections to leading twist accuracy to

B. Radiative corrections
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which end the meson mass can be neglected throughout. Fg\r/g(r ysb|B)
further use we introduce notations for the projection opera- rr
tors,
=A(Q*){e;(Ps+P),— (Ps+P) .65

*

—B(g*){€;0,—q,¢€;

1
,PH = Z prv &* P
—C(0®) ————{(Ps*P) .0, d.(Pe+P),}.
mg— My
i T * anfB (213)
P =- vaoaﬁe p” or (2.12
Using
1 __ ' po
P == S 0upyse D, . Tur¥sT " Cumpar

and contracting withg”, one finds
These will be treated aB-dimensional objects in what fol-
lows. A(G?)=Ty(0?),

The calculation in question is in principle straightforward
and similar to the existing calculations of next leading order 5
(NLO) corrections to hard exclusive proces§g4—17. One B(q?)= mB_mV[Tl(qZ)—Tz(qz)] (2.14
has to consider one-loop diagrams with a heavy quark and q? '
two different kinematic invariantg? and p3, which makes
formulas rather cumbersome, however. The specific require- 2 9
ment is to organize the expressions in a form suitable for a C(qz):Ta(qz)_w
2

dispersion representation pﬁ cf. Eq. (2.8), so that con-
tinuum subtraction can be made.

Analytic expressions are available since recently Bor
decays to light pseudoscalar meson [8]. For vector ] ) . o
mesons the number of form factors is so large that workingrom which the relatior(1.4) follows. It is thus sufficient to
out (relatively) compact analytic expressions is not worth the c@lculateA, B, andC instead ofT; with the premium to avoid
effort. In this work we prefer to give the formulas in terms of @Y ¥s Problem. We have checked that all of the above pre-
traces and general momentum integr@ise below and Ap- SCriPtions yield identical results. . .
pendix A which can be compiled and evaluated numerically,. Alter tr}esle prerl]lmlg_ary fem?fksa we arehnow |n|the|p03|—
using MATHEMATICA programing language. UQ; to ca ?l::-ate the Iaglrams in Fig. 1. The tree-level con-

A usual subtlety concerns the treatmentgf The results tribution of Fig. 12) equals
for the form factors given below are obtained using “naive .
dimensional regularization’(NDR) and the same scheme o_" i
has to be applied to the calculation of Wilson coefficients for T _STr[F('éB Up -+ o) ysPl, (2.19
penguin operators.

There are two form factors in whose calculation one enyyherer is the Dirac structure of the weak vertéXjs one of
counters an odd number ok in traces, which could cause the projection operators defined in E¢8.12, and
ambiguities:V andT,. Only transverse mesons contribute to
these form factors. In both cases, a possible ambiguity comes o 2> —o
solely from theB vertex correction in Fig. (), whereas in S=Mp—Upg—uqg-.
all other diagrams contraction of matrices overys can be
avoided. There are several ways o(@ use a 't Hooft- It proves convenient to replace in E(.15 the running

Veltman prescription forys and apply a finite renormaliza- modified minimal subtraction schenMS b quark mass by
tion to restore the Ward identities as in REff8]; (b) instead  the one-loop pole mass, which is given by

of the “natural” projection(2.9), use Eq.(2.10 which in-

troduces a secongl; and thus eliminates the probler(t)

X[T1(a?) —Ta(a?)],

. . g 2 2
modify the definition of the form factorél.3) to Mooe=Mirs| 1+ Cy 9 - §|nm_ . (219
471_2 4 #2
>The computer code is available from P.B. upon request. This replacement induces the radiative correction
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2 2 2

.my, g 3 my
TPole—2j 2~ | 1— > In—2
s? F4Trz( 4 42

X T PT (pg—up+mp) vs]

i g2 3 mi — a
- gmbCF—Z 1- Z|n—2 TI’['PF([()B— U[b) ’)/5].
am 2 FIG. 2. The higher-twi ibuti
. L. e higher-twist contributions.
(2.17
2
C
The general strategy is to simplify the traces as much as TW=— g F{a§C(Tr1+ mpTry) +ar D(g?Trg+myTr,)
possible, but to keef andI" arbitrary. Also contraction of S
matrices overys is only allowed in theB vertex correction.
It turns out that all one-loop diagrams can be expressed in +(p3—g?)uarE Try+2(p3— g?)uA(Tr +m,Try)
terms of the following traces:
2T ) —
Tr,=Tr(PTys)=Tr(PT pays), +myB[2(M,Try+qg°Tr,y) —ap(myTra+Tr,) 1}
Tr,=Tr(PTys), (.23
(2.18
Tra=Tr(P4l'ys)=Tr(Ppel ys), _ _ o _
Finally, the box diagram in Fig.(1) can be written as
Let us also introduce TP%= — g2Crap{apH(Try+myTr,)
apP =y, Py"  arT:=y,Ty". 2.19 H1[—mpTra+(s—md)Try]+ By, Trs},
The b quark self-energy diagram in Fig(l is (2.29
2
9°Ce
SE_ __ 2 —
To = 52 (4my[Y+(1-€)Z] whereB,,_; is the limiting value ofB for u— 1. Definitions
and explicit expressions for the one-loop integralsB, C,
+2s(1-€)(Y=2)}(Try+myTry) etc., are given in Appendix A.
=2mps[Y+(1—€)Z]Try), (2.20

C. Higher twist contributions

whereD =4—2e¢ and the expressions for momentum inte-  yiaher twist terms generically refer to contributions to the
gralsY,Z are given in Appendix A. The self-energy inser- light-cone expansion of the correlation functiof%s2) and
tions in external Ilght quark _Iegs in Flg(d)_ on_ly contribute (2.3 which are suppressed by powers ofrﬂlz(— pé). In the
logarithmic terms in dimensional regularization, sum rules, such corrections are suppressed by powers of the
Borel parameter. Higher twist corrections are usually divided
(2.21) into “kinematical,” originating from nonzero mass of the
' vector meson, and “dynamical,” related to contributions of
higher Fock states and transverse quark motion. In this paper
where we distinguish between the ultraviolet scalg, , we take into account both effects to twist 4 accuracy, making
which is to be identified with the renormalization scale of theuse of the new results on distribution amplitudes of vector
currentjs and the penguin operators, and the infrared renormesons reported in Refsl0,11] and summarized in Appen-
malization scaleu g corresponding to the factorization scale dix B.
in meson distribution amplitudes. The calculation is most conveniently done using the back-
For theB vertex correction in Fig. (), one obtains ground field approach of Refl19]. Diagrams of the type
shown in Fig. 2a) are taken into account within this method

2

m,
InT—In
Muv MR

2 2
C m
THE= g S E(Try+m,Try) —2b

B 9°Cr — = — 2 by the expansion of the nonlocal quark-antiquark operator in
TP=2=—{[-8C(1-¢)~1-myB+u(pg—0a°)A] powers of the deviation from the light cone and give rise to
contributions of two-particle distribution amplitudes of
X(Try+ mbTrz)_mbSETrz}- (2.22 higher twist, see EqgB12) and (B27). The contribution of
the gluon emission from heavy quark is calculated using the
For the weak vertex in Fig.(& we find light-cone expansion of the quark propagdtb®,20
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_ 7|kx
(O T{b(xB(0)}0) = Sy(x) —ig f e
T 2 KM S oV 2.2
Xfo v E(mf,——kz)z (VX)o,,+ WXM (vX) 7y |, (2.29

whereS,(x) is the free quark propagator. As in the case of radiative corrections, our strategy in this work is to derive the most
general expression for all form factors in question, suitable for implementation in analytical or numerical calculations using
MATHEMATICA . We obtain

111
4)o

— g (W) THT SH(Q) ysb*

( . p) e g1 2
ﬁ (U)Ea O7Q pq 16 V (U) Q an

TI'S(Q) ysb]

pq 2 mVF(')(u) ?Tr[rsb(Q)?’s?’a]

d
= g ey PO (W) S5 THTS(Q) vl |

. 1, 7
fy ¢L(u)_1_6mVAT(U) 7Q,9Q°

><Tr[rsb<Q>«ysaaﬁ]e*“noﬁ—p—oc'1 B (u)p”— Tr[rsb(Q Ys0as]

i my+mg fy d
1- ——3 21 m2h{®(u)e* @
( my f\T,) UNC o

2 (i) * o J
Cr'(u)e a—%TF[FSb(Q)YsUaﬁ]“

?[2v(pa)[A(@) + V(@) ]Tr(T £* prys)

i 1
+vamvf dvj Da{mg—[q+(al+va3)p]2}7
0

€q
+m?
v pq

[2(a) +W(a)— 2B (@)~ T (@) THT (4-+my) pys]

*

+4mu (e I B() ~ B (@) THT's) ~mio S

«P(a)Tr(rqms)}

vva dija{mb [+ (a1 +vas)pl?t ?{—2v(e* DX a)Tr(C'Pys)

+[S(a)=S(@) + TP (@) = TS (@) + TV (@) = T4 () ITHT (+ mp) € pys]
+20[ TS () = TP (@) = S(a) = S(a) ][ (e* ) Tr(T pys) — (P Tr(I £ y5)]
+20[ T5 (@) = T§ (@) = S(a) ITH(T dpé* ¥5)}, (2.26

whereQ=q+up and CFe{T'%*, 4,8,C}. Definitions and — ju @)
explicit expressions for the numerous distribution amplitudes CD (u)— dv [fy(v) =91 (v)]. (229

are collected in Appendix B.n addition, we use the nota- 1, leading twist accuracy, our result agrees with the expres-
tion sions available in the literature, see Réf1,12,23.4

3Despite appearance, the number of nonperturbative parameters inThe sum rule fofT; given in Refs[21,22 misses a contribution
the description of higher-twist distributions is small since they areof @ ; this term can formally be viewed as part of the kinematic
related by exact equations of motion, see REf6,11 and Appen-  higher twist correction which is included in Ref21,22 only par-
dix B. tially.
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TABLE I. Values forfg andeS from QCD sum rules in depen- mass of the relevar® meson, i.e,mBu ‘ for Bu.g decays and
dence on theb quark mass. The Borel parameter windowMs mg_ for Bs decays. The fit parameters for all form factors are

=(4-8) GeV. collected in Tables Il and Ill. This parametrization describes
all 28 form factors to an accuracy of 1.8% or better for O

m, [GeV] 4.7 4.8 4.9 nggjj Ge\2.
so[GeV?] 34.5+0.5 33.5-0.5 32.5-0.5 _ Let us now discuss the de_zpen_denc_e of the re_sults on the
f5[MeV] 177+5 150+5 123+5 input parameters and approximations involved. First we note
s, [GeV?] 35.5:0.5 34505 33505 that the2 net impact of rgldlatl\zle corrections is very small at
fo [MeV] 191<5 162+ 5 135c5 small g° and at m(;st 5% atj“=0. Their effect increases,

s however, at largeg® and leads to a decrease of the form

factorsA, and T, at q?=17 Ge\? by 20% with respect to
. RESULTS their tree-level values; the impact on the other form factors
stays in the 5% range. The small effect of radiative correc-
In this section we present results of the numerical analysions was anticipated in the tree-level analysis of R&2]
of the light-cone sum rules for the form factors defined inand also observed in the calculation@f«) corrections for
Egs. (1.1) and (1.3 for B and B, decays. The sum rules B— pseudoscalar decay8]. It is due to the fact that the
depend on several parameters, those needed to descriBe thbiggest contribution to radiative correctiori;m Feynman
meson on the one hand and those describing the vector mgauge comes from theB vertex correction diagram, which
son on the other hand. The former ones are essentiallgnters both the calculation é and the light-cone correla-
fg (fg), the leptonic decay constant defined in E2.1), tion functions and cancels in the ratio that gives the form
theb qlSJark massn,, the continuum thresholsy introduced ~ factors. Although literally we only calculated radiative cor-
in Eq. (2.9, and the Borel parametdd 2 mentioned in Sec. fections to the leading twist contribution to the light-cone
Il A. Lacking experimental determination df, andfg , we  €Xpansion, itis unlikely that yet unknown corrections to the
. . : s higher-twist terms could change this pattern dramatically.
determine their values from two-point QCD sum rules to

O(a.) accuracy(see, e.g., Ref13]), which fixess, depend- We thus believe that radiative corrections are under good

ing onm,, and also the “window” inM?, in which the sum control. : :
b ’ The next question concerns the convergence of the light-
rules are evaluated. We then use the same valuasjois,

) . cone expansion. The higher-twist terms have several sources:
andM? in both the QCD sum rule fofg and the light-cone I . o
. some depend on the intrinsic properties of the multiparticle
sum rules for the form factorsyhich helps to reduce the P prop P

¢ i tainty of th h Th di Fock-states of the vector meson and some appear as meson
systematic uncertainty of theé approach. The cormesponaing, .. qrrections to the two-particle valence state. The latter

parameter sets and _results for the decay constants are giVSHes, described in terms of the same parameters as the lead-
in Table . The question of the value of thajuark mass has ing twist distribution amplitudes, turn out to be numerically

attracted considerable attention recently; following these dea ; C .
' ominant, which is very welcome as the matrix elements
velopments[23], we use the valuen,=(4.8+0.1) GeV. y

. . o describing the multiparticle states are only poorly known. To
[Ou5 results forf g agree well with new lattice determinations be specific, putting all intrinsic higher-twist parametéref
24]. '

. . . Table VII to zero, the form factors change by at most 3%.
The parameters of light mesons are collected in Append')ﬂence, we conclude that the light-cone expansion is under

B, Tables VI and VII. These parameters are evaluated at thSood control as well

. . 2 _ 2 2 . . .
factorization scaleujz=mg—m;=4.8 Ge\Fv which is the The dependence of form factors on the sum rule param-
typical virtuality of the virtualb quark in the process. The giarsis small, too. Changing, by 100 MeV makes a 5%
penguin form factors also depend on the ultraviolet renoryfact at most and is most pronounced at lacde at g2
malization scale of the effective weak Hamiltonian, for _ g i js 4 0.89 effect. This result means that, as for radiative
which we choosquyy=m, . Using the central values of all . ections, there is a strong cancellatiomf dependence
parameters, we obtain the form factors plotted in Figs. 3 an the ratio of the light-cone correlation function afgl. The

4. For their representation in algebraic form, a parametriza,éame statement holds for the dependence on the continuum

tion in terms of three parameters proves convenient: threshold within the limits specified in Table I. For the de-
pendence on the Borel parameter we find-af% effect,
F(q?)= F(O) (3.1) increasing withg?, which again reminds us of the fact that

the light-cone sum rules become less reliable for large
Overall normalization of the form factors depends on the
with the fit parameter&(0), ag, andbg. Heremg is the  vector meson decay constarfts and f\,, the former one
determined experimentally, the latter one calculated from
QCD sum rules(see Table V). The corresponding uncer-
cone correld@inty is at most 3%. Adding up all the errors in quadrature,
tion function isuM? rather tharM2. Because of this, in the light- W€ obtain an uncertainty of the form factors of around 11%.

cone sum rules we use an “effective” Borel paraméitd; defined The shape of leading twist distribution amplitudes, char-

by (uyMZ=M3,,, M3, being the Borel parameter used in the acterized by the Gegenbauer momeﬂ@i for the p and
QCD sum rules forfg . a”l"t* , al’f(* for the K*, affects most significantly the slope

1-apq?/mg+be(g?/mg)*’

5To be precise, the expansion parameter of the light-
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FIG. 3. Light-cone sum rule results f@, 4
[GeVY] ¢[GeV?] —vector meson form factors. The renormaliza-
tion scale forT; is u=my,=4.8 GeV. Further
parameters aren,=4.8 GeV, s,=33.5 Ge\/,
M?=6 Ge\2.

0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16
PIGeV?] FIGeV’]

of the form factors and is illustrated in Fig. 5 on two ex- (for A?) anda; (for AT*) tend to slow down the increase of
amples:A] and Af*. The curves labeled asymptotic desig- the form factors as functions of. All involved parameters
nate the form factors as obtained by putting shéo zero in  (except for the couplingéy andf\T,) come with considerable
Egs.(B15) and(B30); the corresponding meson distribution theoretical uncertainty. However, the only important error is
amplitudes are completely model independent and dictatethat in a, , and a;x+. Taken together, they contribute of
by perturbative QCD. The curves labeleg show correc- order 10% to the uncertainty in our predictions. Adding this
tions to this limit which take into account nonperturbative number (in quadraturg to the ~11% error from other
corrections to the distribution amplitudes. For illustration wesources, we end up with a total uncertainty of light-cone sum
assumed in this figure the Va|uaﬁ,,,=aU1 —0.1 at u rule productions of order-15%, which is our final error

=1 GeV as a ball-park estimate for potehtial higher-orderesnmat?‘ An improvement is to be expected If future Iattice_
terms; this contribution is not included in the final results. c@lculations achieve an accuracy better than that quoted in

The curves labeled twist 3 and 4 terms show the contributior] 2°!€ VI .

induced by the’s in Table VII and for theK* also contain A few remarks are in order on the pf’;\ttern of (S)szm-'
terms explicitly proportional to the strange quark mass. It ignetry bregkmg. It ehters our calculation at the LOHO\TN'ng
obvious that the “asymptotic” contribution grossly domi- Places: difference in decay constantbg./f, ~f,./f,
nates, and the remaining terms only add marginal correc=1.14, fg /fg=1.08; different meson masses and con-
tions. It is also obvious that the twist 3 and 4 terms do notinuum thresholds, (Table )); different vector meson distri-
have much overall influence, whereas the contribution,in bution amplitudegTable VI). Figure 5 also illustrates the

2 T 2 [T

FIG. 4. Light-cone sum rule results fdBg
[GeVY] ¢[GeV?] —vector meson form factors. The renormaliza-
tion scale forT; is u=m,=4.8 GeV. Further
parameters aren,=4.8 GeV, s,=34.5 GeV,
M2=6 Ge\~.

0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16
PIGeV?] FIGeV’]
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TABLE Il. B, 4 decay form factors in a three parameter fit. The  TABLE Ill. B decay form factors in a three parameter fit. The
renormalization scale fof; is u=m,=4.8 GeV. The theoretical renormalization scale foT; is u=m,=4.8 GeV. The theoretical
uncertainty is estimated as 15%. uncertainty is estimated as 15%.

F(0) af be  F(0) af be F(0) af b:  F(O) af be

A7 0261 0.29 —-0.415 0.337 0.60 —0.023 Af* Af* 0.190 1.02 —0.037 0.296 0.87 —0.061 A?
AS 0223 093 -0.092 0.283 118 0.281 Ag* Ag* 0.164 177 0729 0255 155 0.513 A
Aj 0372 140 0437 0470 155 0.680 Ag* Ag* 0.254 187 0.887 0382 177 0.856 Ag
VP 0338 137 0315 0458 155 0.575 yK* VvK*  0.262 189 0.846 0433 175 0.736 V¢
T¢ 0285 141 0361 0379 159 0.615 TT* Tf* 0219 1.93 0904 0.348 182 0.825T¢
T9 0285 0.28 —0.500 0.379 0.49 —0.241 Tg* Tg* 0.219 0.85 —0.271 0.348 0.70 —0.315 TY
T4 0202 1.06 —-0.076 0.261 120 0.098 Tg* Tg* 0.161 169 0579 0254 152 0.377 Tg’

relative size of these effects: the difference between the. . - . .
asymptotic curves is almost exclusively due to the differencéjISCUSSBd ml some det.all It?] Re[Q_l,lZ_,at so that in this
in f, and fx» and makes a 17% effect. F&™, thea, are paper we only summarize the main points.

small, whereas tha, are large and thus increase the form The first question concerns the scaling behawor' of form
— factors as functions of thb quark mass. The behavior de-

factor. ForB,—K* decays, the sign ia, is negative ands_  pends on the momentum transfer and is different for small
is larger thanfgz, so that we observe considerably smallergng large recoil. Fog>—0 or, more precisely, fomg—q2
form factors, see Table IIl. The total $8) breaking correc- ~0(m?), all form factors in question scale as1/m?.
tions amount to~35%, half of which comes from the decay Thjs hehavior can be proven in perturbative QCD taking into
constants and half from the bigger momentum carried by thgccount Sudakov suppression of large transverse distances,
s quark in the strange hadron. Specifically, B4 decay  put is not restricted to this regime and extends to “soft”
form factors atg?=0 we obtain the values given in Table terms as well[12,6]. For mﬁ—q2~0(mb) on the other
V. ) . hand, the form factors obtained from light-cone sum rules
In Fig. 6 we present a comparison of our results Bor  gayisfy the scaling behavior predicted by heavy quark effec-
—p sem|leptor)|c and rare radiative form factqrs with the e theory(HQET) [28]. For realistic values of the quark
lattice calculations by the UKQCD Collaboratid@5,26.  mass, these two regimes are not well separated one from
The agreement is very good. We wish to emphasize that thgnther: therefore large corrections to asymptotic scaling are
light-cone sum “2”9 approach is theoretically more sound af, pe expected. Some estimates of preasymptotic corrections
small values ofg, and in this sense is complementary 10 gre presented in Refi21,12. They have to be considered as
lattice techniques which work best in the lamgeregion. A jngicative only. We do not attempt to further quantify preas-
similar comparison foB—K* decays is presented in Fig. 7. ymptotic corrections in this work.
The agreement is somewhat worse in this case; the latticé The second question concerns possible relations between
data favor smaller S(3) breaking effects. This question de- gjfferent form factors in the heavy quark limit. Heavy quark
serves further study. Finally, in Table V we present a Comsymmetry implies exact relations between semileptonic and
parison of the results of this work for the form factor Valuespenguin form factors at small recoil and renormalization

results obtained using the light-cone sum rule constraints. the penguin form factor definitions in E(.13:

IV. THE HEAVY QUARK LIMIT

The behavior ofB decay form factors in the limitm, A(q2)+B(q2)=ﬂV(q2), (4.2
— oo is interesting for various reasons. This limit was already Mg+ My
1 prpe e e e e 1 prepe e e
C A —— ] C A —— ]
0.8 F asymptotic ====-- . 0.8 F asymptotic =<-==-- 4
C termina; —-—-- ] r termina, -- -- - .
0.6 terminay == == - 1 termingy —-=—-- E

0.6 :_ twist 3 and 4 terms ---- -
b FIG. 5. Separate contributions to the form

factorsA? and AK”" |

0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16
FIGeV?] PIGeV?]
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TABLE IV. Size of SU3) breaking forB,, 4 decays intop or K*.

F A A, \% Ty T,
FK*(O)/FP(O) 1.30=0.13 1.28-0.13 1.36:0.14 1.33:0.13 1.28-0.13
(mg+my) (4.1), in agreement with the expectedri/ suppression(c)
A( 2)_8( 2): A( 2) . . . g 2
q q m 1(q The relation(4.3) is satisfied very well atj~—0 and holds
B with 20% accuracy at largg?; both sides turn out to be
m3—q2+mé V(g?) small at large recoil, which implies significant cancellations
- Mg Mg+ my’ (4.2 between the terms on the right-hand side.

For phenomenological applications it is more appropriate

rewrite the | r-Wise relati .1)—(4.3) in terms of th
mV(mZB—m\Z,) to rewrite the Isgu se relatiorig.1)—(4.3) in terms of the

C(g?)=-— Mg~ My V(9?) + form factors defined in Eq1.3):
Mg Mg
X[Ao(0?) —Ag(g?)] (@)= ma+q’—my V(g3  mg+my ()
Mg —my W= o mgrmy | 2mg 4
+—— 2). . 4.4
oo Pel@) 43 (4.4
Writing the relations in this form emphasizes their different_> 2
behavior in the heavy quark limit: At small recoil both sides —2 YT (gq2)—T,(q?)]
of Egs. (4.1) and (4.3 are of orderym,, while Eq. (4.2 q?
relates combinations of form factors, which are of order
1/yym,. The numerical comparison fd— p transitions is 2 9,2 )
presented in Fig. 8. We note théd) Eq. (4.1) is satisfied =3mB_q tmy V(@) mgt va (@)
with high accuracy andb) the relation(4.2) is violated. 2mg mg+my 2mg t a)
However, both sides are numerically small compared to Eq. (4.5
L L AL L L L
1.5 — lattice (UKQCD) +—— — 1.5 — —
< 1F — = 1 .
0.5 1 0.5 =
0 1 1 | 0 s 1 1 |
0 5 1 15 20 0 5 10 15 20
PIGeV?] ¢IGeV?]
2 T T T 2 T T T
1. 3 1.5 F 3
] E ] FIG. 6. Comparison of the light-cone sum
X 1 & 1R 3 rule predictions for theB—p form factors with
1 3 1 lattice calculation$25,26. Lattice errors are sta-
0. - 0.5 3 tistical only. The dashed curves show the 15%
] uncertainty range.
0 | (1 |
20 0 5 10 15 20
PlGeV?]
1. E
< .
0. E
0'....I....I....I....
0 5 10 15 20
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20

PIGeV?]
2r T T T y 2r T T ]
1. E 5 E £ ) .
. F ] FIG. 7. Comparison of the light-cone sum
% 1 & 1 F ] rule predictions for th®—K* form factors with
. 1 lattice calculation$25,26. Lattice errors are sta-
0. = .5 E = tistical only. The dashed curves show the 15%
] uncertainty range.
L 0 C P P TS N T T
20 0 5 10 15 20
@IGeV?]
L. £
0. ]
0 C | 1 | P '
0 5 10 15 20
¢[GeV?]
mé—q2+3m\2, V(9?) mé— m\Z/ hpwever, by observin.g that the hierarchy of contributions is
Ts(g?) = myAo(g?) different at large recoil and all the terms become formally of
2mg Meg+My  mgq the same order. The numerical comparisonBes p transi-
2 o tions is presented in Fig. 9. The accuracy proves to be excel-
mg+Q°—my A (Q2 lent for the relation(4.4), which is observed to within 3%
T e [(mg+my)A.(q%) accuracy, and good for E@4.5) with deviations of at most
B 8%. Relation(4.6), however, is violated by 20% fog?
—(mg—my)A,(g?)]. (4.6 >15 Ge\?. Since fidelity of the sum rules worsens in the

high-g? region, it is not clear whether this disagreement in-

Note that such a rewriting mixes terms of different order indicates a genuine r, correction or is an artifact. Our re-
1/my in the small recoil region, and in this sense is not fully sults reinforce an earlier observation in RE21] that the

consistent with the derivation in R428]. It can be justified,

relation in Eq.(4.4) is satisfied within~(5-7) % in the

TABLE V. Comparison of results from different works on form factorsjat 0.

This work [21,17 [22] [26] [27]
(LCSR (LCSR (LCSR) (lattice +LCSR) (3pt SR
AL(0) 0.26+0.04 0.27-0.05 0.30:0.05 0.27°3% 0.5+0.1
A5(0) 0.22+0.03 0.28:0.05 0.33:0.05 0.26°303 0.4+0.2
V(0)° 0.34+0.05 0.35-0.07 0.37-0.07 0.3579%¢ 0.6+0.2
T2(0) 0.29+0.04 0.24-0.07 0.30:0.10
T5(0) 0.20+0.03 0.20:0.10
A< (0) 0.34+0.05 0.32-0.06 0.36:0.05 029303 0.37+0.03
AS*(0) 0.28+0.04 0.40-0.05 0.40-0.03
V¥ (0) 0.46+0.07 0.38-0.08 0.45-0.08 0.47-0.03
T (0) 0.38+0.06 0.32-0.05 0.34-0.10 0.32°9%3 0.38+0.06
¢ (0) 0.26+0.04 0.26-0.10 0.6
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FIG. 8. Isgur-Wise relation$4.1)—(4.3) for B—p transitions. FIG. 9. Isgur-Wise relation$4.4)—(4.6) for B—p transitions.

Renormalization scale iz=m. Solid and dashed curves corre- Renormalization scale igz=m,. Solid and dashed curves corre-
spond to expressions appearing on the LHS and RHS, respectivelgpond to expressions appearing on the LHS and RHS, respectively.

whole region ofg? to leading-twist accuracy in the light- lar, lattice calculations of the tensor couplingg and the
cone sum rule approach, and strongly support the conjectumrametersaﬂyz, ajz for meson distribution amplitudes
of Ref. [29] about the validity of heavy quark symmetry would be most welcome.

relations in the region of smali?> in heavy-to-light transi-
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the light-cone sum rules turn out to be very robust against . - .

. . . ) A For the calculation of radiative corrections, we need the
corrections in the light-cone expansion, whose numerical im; Lo )

L o . following integrals:

pact proves to be minimal. Radiative corrections seem to be
well under control. In cases where higher-twist corrections

We have given a complete analysis®flecay form fac-

. . dPk k
are important, they are dominated by meson mass effects f < =Aup,+Bq,,
which do not involve free parameters. The theoretical accu- (2m)° (k+up)*k[(q—k)?—m?] P24
racy of the approach is thus restricted entirely by the duality (A1)
approximation for the extraction of tH® meson state from b
the continuum and contributions of higher resonances. The d”k Ka(d—K)g
usual “educated guess” is that accuracy of such an extrac- (2m)° (k+up)*k(q—k)*—m?]
tion is of order 10% which provides an irreducible error.
Effects of yet higher radiative corrections and yet higher =ChuptDAubpt EQuUPs+FUPLst ..., (A2)
twists are likely to be much less; therefore, the sum rules
derived in this work cannot be improved significantly. The d®k K.Kg

numerical analysis, however, can and should eventually be (2m)P kz(k—up)z(k+Up)2[(up+q—k)z—mz]
updated, once estimates for the meson distributions ampli-
tudes,b quark mass, ant become more precise. In particu- =Hg,st 19,05+ ..., (A3)
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dPk 1
f (2m)P K[ (up+g—k)?—m?]

dPk k,
(2m)° K[ (up+g—k)*—m?]

=Z(q+up),, (A5

PHYSICAL REVIEW D58 094016

We shall use the notation

=Y, (A4

1

s=m?—up3—ug?, =——yethdm (A7)

mo| =

where the ellipses stand for terms which are irrelevant for the
present calculation. The functiods B, C are obtained from with D=4—2e¢. In order to perform Borel transformation

A, B, andC by the replacement

and continuum subtraction, the following spectral represen-
tations for the above integrals prove the most convenient:

u—u, q——pg. (A6)
|
i » dt 1 1 2) q2(m2—t)
A= (477)2fm2t—§(t— { { ——1+|09—2— +t— 2_71’
1 dt 1 1 ( m2 ) q2
u(pé—qZ)A—(4 )[ +2— Iog— f -t q{(m2_q2)(—;—l+bg—)__(mz I)H’
(- pE)A= 12|5th1—mz_t Lo men?) (1 1y
e I PR AN R +t—|0§ _e 0z | Tl P (m2—1t) |,

o » dt m2—t
B_(4w)2fmzt—§t(t—q2)

— Efwdt(mz—t)/ 1 u)
C(Am?ylm tt—g®) \t—p3 t—¢)’
011 2—¢ (= dt (2m*—g)t-m?
C_<4w)72{_§_3+'°g = e e ]
— i1 | » 1 1(m2t)/1 u
~an21 ‘7_3+°g_2+f A T =2 =g ||
i 1= dt m'-t?
e et @
. L (m?’B—q°D)
(4m22u(pi—9?) u(paz—a? R
F=A+E,

Y (t—-m?2||um?®-g® u(m?-t) u 1 t+ m?
“ sl dt[ﬁ PR {(t 7 +(t—pé>2+t—pé]_<t—pé><t—q2> t ]
o i fxdt|m2—t[ v u . m? }

S @m? e | (=t (t-0®)?  (t—-p3)?] A(t—pR)(t—g?)]’

I ! | +2 m I i
41)%\ € w? m’—s S
1 m* m* +2 il I (A8)
/-LZ mZ_S (m2_3)2 m2
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APPENDIX B: SUMMARY OF MESON E=u—(1—-u)=2u—1.
DISTRIBUTION AMPLITUDES

T .
The expressions collected in this appendix are principallyl e vector and tensor decay constaitsandf, are defined
the result of recent studies reported in R¢@s-11). We use  as usual as
a simplified version of the set of twist 4 distributiopfl] o
taking into account contributions of the lowest conformal <0|u(0)yﬂd(0)|p*(P,>\))=fpmpeﬁf), (B5)
partial waves only, and for consistency discard contributions
of higher partial waves in twist 3 distributions in cases that — - e T AN
they enter physical amplitudes multiplied by additional pow- <0|u(0)a'w,d(0)|p (P’)\»_'f/’(ef‘ P,
ers ofm,. The Su_3) breaking effects are taken into account — eg\)pﬂ)_ (B6)
in leading twist distributions and partially for twist 3, but
neglected for twist 4. Explicit expressions are given belowT
for a (chargedl p meson. Distribution amplitudes for other
vector mesons are obtained by trivial substitutions.
Throughout this appendix we denote the meson momen
tum P, and introduce the lightlike vectopsandz such that

he distribution amplitudep; is of twist 2,g{") andg{® are
twist 3 and gz is twist 4. All four functions ¢
=19 ,g(f) ,g‘j‘) ,03} are normalized as

joldu d(u)=1, (B7)

m

© N

Z

N -

p.=P,— (B1)

©
N

which can be checked by comparing both sides of the defin-

The meson polarization vectelﬁ” is decomposed in projec- ing equations in the limiz,—0 and using the equations of

tions onto the two lightlike vectors and the orthogonal plandn0tion. We keep thétiny) corrections proportional to the
as andd quark massem), andmjy to indicate the S(B) break-

ing corrections folK* and ¢ mesons.

o) 2 In addition, we have to define three-particle distributions
(eMz) m
MN=Z A p,— =Lz, |+, (B2)
13 pz Pu 2pZ 12 L _ - B
(0lu(2)9G,,¥a¥5d(—2)[p” (P,N))
1. Chiral-even distributions = fpmppa[pvej_}\;i_ pﬂe(f,f]A(v,pz)
Two-particle quark-antiquark distribution amplitudes are eMz _
defined as matrix elements of nonlocal operators on the light + fpmi . [Pu9ay— P90, P(v,p2)
cone[10] P
_ - ez ~
(Olu(2)y,d(—=2)[p~ (P,\)) +fpmﬁ(p?pa[pﬂzy—pyZM]‘I’(v,DZ), (B8)
Mz )
— z - . _
=fom) Pu 7 Jod“ &Py (U, %) (0[u(2)9G,,,i v,d(~2)|p(P))

. =f,m,p.Lp,el)—p.eNIV(v,p2)
oty [ au g

ez
M5 [Puges™ P, ] P (v.P2)
1 ez T
-5z m2 | du é7gs(u, u?) (B3) N
2 /'L(pz)z P Jo f 3 e’z ¥
+ pmp(pz)z pa[pMZV_ pVZ,u] (v!pz)v (Bg)
and
_ where
(0|u(2) v, ysd(—=2)[p~ (P,\))
_Ly prMut My A(v,p2)= f Dae” P %ve) A(a),  (B10)
2\ m, - N
P
vaBall) 1 202 (2) ) etc., anda is the set of three momentum fractions
XMy€, eupazﬁfo du g, (un?. (B4  ={ay,a,,a4). The integration measure is defined as
For brevity, here and below we do not show the gauge fac- f DaEfldadflda flda 5( 1_2 a |
tors in between the quark and the antiquark field and use the = Jo o “Jo 9 '
shorthand notation (B11
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The distribution amplitude¥® and.A are of twist 3 while the Two-particle distributions of twist 3:
rest is twist 4 and we have not shown further Lorentz struc-

tures corresponding to twist 5 contributichs. : 2

Calculation of exclusive amplitudes involving a large mo-

mentum transfer reduces to e?/aluation of megon—togvacuum (a)(u) 6uﬁ1+a|1§+ Za£+§§3( 1= 1692
transition matrix elements of nonlocal operators which can
be expanded in powers of the deviation from the light cone
(see text To twist 4 accuracy one can use the expression for
the axial-vector matrix element in E¢B4) as it stands, re- _ - o
placing the light-cone vectoz, by the actual quark- +646, (3uutulnu+ulnu)+646_(ulnu
antiquark separatior,,. For the vector operator, the light- —ulnu) (B18)
cone expansion to the twist 4 accuracy reads '

(O[u(x)y,d(—x)|p~(P,\))

oy ](5&2—1)

Oy 1 > Piuy=7 (1+§2>+a” S &+ a”+5z3 (38°-1)
=fpmp[ 5y fodu e8P oy (u, ) + Z A(u, i) o
. H - )
eMx
+| el —Pup )J' du P g (u, ) 3
><(3—30§2‘+3554)+E?s+ (2+Inu+Inu)
1 eMx o
—5Xus5m fdu dPXC(u,p) ¢, (B12) 3
(Px) +50 _(2é+Inu—Inu). (B19)
where
Three-particle distributions of twist 4:
C(u)=gs(u) + y(u) — 29" (u) (B13)
and A(u) can be related to integrals of three-particle distri- - )
butions using equations of motion. All distribution functions P(a)=| —34st 344|301-ag)ag,

in Eq. (B12) are assumed to be normalized at the sgsie
~x~? (to leading logarithmic accuragyln practical calcu-
lations it is sometimes convenient to use integrated distribu-

. [ 1 1 ]
tions Pla)=|—3l+ 30 30(ay— ag)ag,
. u ) v ' ' B20
c<'>(u)=—f dv C(v), u")(u):—f dv CO(v). (B20)
0 0 _
~ 2 1
(B4 T(a)=| 50+ 5154} 1200, aqerg,
For the leading twist 2 distribution amplitudg we use )
| el (@)=
u)=6uul 1+3a] é+aj-(5¢2-1 } B15
AW ‘{ 16+ a; 2( ¢ ) B19 Two-particle distributions of twist 4:
with parameter values as specified in Table VI. The expres- 20 8
sions for higher-twist distributions given below correspond A(u)= §+ 3§4+ §§3}3m2(1—u)2,
to the simplest self-consistent approximation which satisfies
the QCD equations of motiofiL0,11]. 10 20
Three-particle distributions of twist 3: ga(U)=6u(l—u)+ §§4_ 353}(1_352)1
V(@) =540{503(aq— ay)agayag,  (B16) (B21)

] 10 10 ,
C(u)= §+§§4+ 353 (1-3¢9),

1
A(a)=360{3a4a,a5 1+ w§§(7ag—3)}.

(B17)

~(ii) 10 10 2 2
C(w)= >t 3tz (1-w*,

5We use a different normalization of three-particle twist 3 distri- where the dimensionless couplingig and ¢, are defined as
butions compared to Ref10]. local matrix elements
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<O|Ugé'u,,ya'y5d|p_(|3,)\)> terms iné- and~5i specify quark-mass corrections in twist 3
distributions induced by the equations of motion. The nu-
™) ) merical values of these and other coefficients are listed in
€| PPy 3M, 90y Tables VI and VII’ Note that we neglect SB3) breaking
effects in twist 4 distributions and in gluonic parts of twist 3
distributions.

= fpmpé/g

1
—_aM _Zm?
e, (PQPM 3mpgw)
1 2. Chiral-odd distributions
+ §fpmi§4[eiz\)gav_e(y)\)ga,u] (822)

There exist four different two-particle chiral-odd distribu-
and have been estimated from QCD sum ry3,31. The tions[10] defined as

) o) 'y dée? 2 ez
(eLMpV_eLVp,u) Odu é P ¢J_(uwu' )+(pMZV_ pvz,u)(pz)z

(O[u(2)07,,d(~2)|p~(PN)) =if] m? [ au g,

2

1 m2rr
oz ez, fo du é%%hs(u,u?) |, (B23)
_ m,+m 1 .
(Olu(2)d(—2)|p~ (P,\))= —i(f;—fpqu>(e(“z)m§JO du €5P%®(u, u?). (B24)
P

The distribution amplitudes, is twist 2, h{¥ and h{? are twist 3, andh, is twist 4. All four functions ¢
={¢, .h{¥ ,h{” hs} are normalized tgzdu ¢(u)=1.
Three-particle chiral-odd distributions are defined to twist 4 accuracy as

<O|U(Z)0aﬁgGMV(UZ)d( - Z)lp_( P,)\)> = f;mi Z(pZ) [papp,gJ[;v_ pﬁpygtv_ papvgJﬁ_,u,—i_ pﬁpvgi—z,u],]-(v ’ pz)

T..2 N) AL N) AL N) AL N) AL 4
+1mp.egs, — P an, — PG5, T Peeas, T (v.p2)
ThA2 N) AL N) AL AN) AL N) AL 4
+fpmp[p,ueﬂ_o)zg,81/_ p,uej_ﬁ)gav_ pvej_ozgﬁ,u_F pvej_ﬁ)gap,]T(Z )(U,pZ)
T2

PP 4
pz [papﬂe(ﬁ\/;zv_ pﬁp,ue(j\clzv_ papve(i)\/;'z,u—i_ pove(L)\o)zZ/L]Tg )(U ’ pz)

+

T2

p'p ) A A A 4
+ F[papﬁei 22— PP e Za—PaP.e Nzt pgp,e Nz, T4 (v,p2)

i .. (B25)

and
(0lu(2)9G,, (v2)d(—2)|p~ (P.\))=if im2[eMp,—el)p,1S(v,p2),

(0lu(2)igG,,,(v2) ¥sd(—2)|p~ (P \)) =if Im2e)p,—e)p,I1S(v,p2). (B26)

"In the notation of Ref[10], v} = w5, {§={s, and{y=(3/28){sw} .
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TABLE VI. Masses and couplings of vector meson distribution

PHYSICAL REVIEW D58 094016

TABLE VII. Couplings for twist 3 and 4 distribution amplitudes

amplitudes including S(B) breaking. In cases that two values are for which we do not include S(3) breaking. Renormalization scale

given, the upper one corresponds to the sgdle 1 Ge\V? and the
lower one to u?=m3—

=48 GeV,

mg(1 GeV)=150 MeV and put thes andd quark mass zero.

respectively. We use

\% pi K:,d th d’
fy[MeV] 1987 226+28 226+ 28 2543
f\T,[MeV] 16010 18510 185+ 10 215-15
152+9 175+9 1759 204+ 14
a”l 0 0.19£0.05 —-0.19+0.05 0
0.17£0.04 -0.17=0.04
al 0.18+0.10 0.06-0.06 0.06-0.06 0+0.1
0.16+0.09 0.05-0.05  0.05-0.05
ag 0 0.20£0.05 —0.20+0.05 0
0.18+0.05 —0.18+0.05
ay 0.20+0.10 0.04-0.04  0.04£0.04 0+0.1
0.17=0.09 0.03:0.03 0.03:0.03
Oy 0 0.24 0.24 0.46
0.22 0.22 0.41
o_ 0 —0.24 0.24 0
-0.22 0.22
5. 0 0.16 0.16 0.33
0.13 0.13 0.27
r 0 -0.16 0.16 0
—0.13 0.13

Of these seven amplitudeg,is twist 3 and the other six are

twist 4.

The light-cone expansion of the nonlocal tensor operator hj|®(u)=

can be written to twist 4 accuracy as

(Olu(x)o,,

=if ] (eMP,

f du géPx

+(P,X,

Lay — g mr3 b dEPx
+§(e# X,— €, X“)ﬁfodUé Cr(u) |,

where Bt and C; are expressed in terms of the distribution

d(=x)[p”(P,\))

—e'P,)

m
¢, (u)+

mx

—P.X,)——
(P

amplitudes defined above as

1
Br(w)=h{’(u)~ 5 ¢, (W) -

Cr(u)=hg(u)—

and At can be related to integrals of three-particle distribu-

2

¢, (u),

AT(U)

j du €¢P*B(u)

1
§h3(u),

(B28)

tion functions using the equations of motion.

(B27)

as in previous table.

{3 wf wy w3 {4 G I3
\% 0032 -21 38 70 015 010 -0.10
0023 -18 37 75 013 0.07 -0.07
We introduce notations similar to EqB14):
B (u f dv Br(v),
. u
c$>(u)=—f0 dv Cr(v). (B29)

For the leading twist 2 distribution amplitudk, we use

¢L(u):6uﬁ{1+3a{ é+ay 2(552—1)} (B30)

with parameter values as specified in Table VI. The expres-
sions for higher-twist distributions given below correspond
to the simplest self-consistent approximation which satisfies
all QCD equations of motioh10,11].

Three-particle distribution of twist 3:

T( @) =540 303(ag— ay) agayasy. (B31)
Two-particle distributions of twist 3:
1, 5
6u41+ai§+ Za§+§§3w§>(5§2—1)}
+368. (3uu+ulnu+ulnu)
+35_(ulnu—ulnu), (B32

hi"(u) =3¢+ gai (3¢ -1)+ gaé €(5¢-3)
1
+ £53w§<3—3052+35§4>

3 — 3 —
+—6+(1+§Inu/u)+§5, E(2+Inu+Inu).

2
(B33
Three-particle distributions of twist 4:
(@) =T (a)=0,
T(24)(g) = 3021( ag—ay) aé ,
T4 (@)= —30¢4(ag— ay) o},
(B34)

S(@)=3003(1- ag)aj,

S(@)=3003(1- ag)ag.
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Two-particle distributions of twist 4:
ha(u)=6u(1—u)+5[£;+{31(1-382),
(B35)
Ar(u)=30u?(1—u)?

2 4
T e T T
5+3§4 3§4

The constantg] and?] are defined as

(0lugG,,,dlp~ (P N))=if Im3zi(eMP,—eVP ),
. (B36)
(0lugG,,iysdlp~(P.\))=if ;m3,(elVP,—eMP,)

PHYSICAL REVIEW D 58 094016

and have been estimated in REI] from QCD sum rules:

{4=—1;=0.10. (B37)

Other parameters are given in Table %/As in the chiral-
even case, we neglect 8) breaking corrections in twist 4
distributions.

8n the notations of Refl10] {1=(3/28)3wy.
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