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QCD sum rules on the light cone are derived for the diim-f~ of the B— 7 and D— = form factors
taking into account contributions up to twist four. Combining the results with the correspohdirigrm
factors calculated previously by the same method, we obtain the scalar form ftt@sar sum rule predic-
tions are compared with lattice results, current-algebra constraints, and quark-model calculations. Furthermore,
we calculate decay distributions and the integrated width for the semileptonic @eayrv, which is
sensitive tof®. Finally, the dependence of the sum rules on the heavy quark mass and the asymptotic scaling
laws are discussefiS0556-282(198)02117-1|

PACS numbgs): 12.38.Lg, 11.55.Hx, 13.20.Fc, 13.20.He

- INTROBUCTION (m(@)]|o*(uy,b)[B(p+a))=(mg—m2)f°(p?). (3
The weak transitioB— 7 plays an exceptional role iB
physics, in particular at futurB factories. The amplitude of

. L ) i Using the results orf* and f° we predict the momentum
this transition is given by the hadronic matrix element 9 P

transfer and lepton energy distributions as well as the width

(w(q)|Uyub|B(p+q)> of the semileptonic decaB— w7rv,.. As a by-product, we
also obtain the analogous form factors of the» 7 transi-
=2f"(p?)q,+(f (P +f (PP, (1)  tion.

Furthermore, we investigate the heavy-mass dependence
where p+q and g denote the initial and final state four- of heavy-to-light form factors. The asymptotic scaling laws
momenta, respectivelyly,b is the relevant weak vector are determined and found to differ at small and large mo-
current, andf~ are the two independent form factors. The mentum transfer. The origin of this difference is explained in
form factor f*(p?) was calculated i1,2] using the tech- detail. We also study the approach to the heavy-quark limit
nique of QCD sum rules on the light cone. Recently, one hagumerically and show that it is reached very slowly. More-
also computed the perturbative QCD correction$td3,4l.  over, the behavior beyond the physitabjuark mass turns

In the present paper we complete the calculation of theyyt to be very sensitive to the scale dependence of the pion
matrix element1) by deriving the corresponding light-cone \ave functions.
sum rule for the sum of form factofs" + f. This quantity The paper is organized as follows. In Sec. II, we derive
turns out to be a pure higher-twist effect. The leading twist-2,o light-cone sum rule fof " +f~ and compare it with the
contribution vanishes kinematically. Froff +f~ and f™, corresponding sum rule foi*. The numerical analysis of

one can construct the scalar form factor the new sum rule and the resulting prediction of the scalar
) form factorf® are presented in Sec. Ill. Section IV is devoted
fO(pZ):(l_%)ﬁ(pZ) to the semileptonic decaB—m7v,, and Sec. V to the
heavy-mass dependence of the form factors. Our conclusions
are summarized in Sec. VI.

Bmﬂ'

02
——— (T (p?) + 17 (p?), 2
mz—m

B T

—+

Il. LIGHT-CONE SUM RULE FOR f*+f~
which determines the matrix element of the divergence of the
weak vector current: In order to obtain the QCD sum rule for the form factor
combinationf* +f~ appearing in Eq(1), we follow the
method applied td * and explained in detail ifi1,2]. The
*On leave from Yerevan Physics Institute, 375036 Yerevan, Ar-main object of investigation is the vacuum-pion correlation
menia. function
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The bilocal vacuum-to-pion matrix elements of light-
F.(p.g)=i f d*x quark fields encountered on the right-hand $ielS) of Eq.
(8) are expanded around=0 leading to a series of contri-
><eipx<7-r(q)|T{U(x)yﬂb(x),g(0)i75d(0)}|0> butions with increasing twist. The coefficient functions of
_ this expansion can be parametrized by pion wave functions
=F(p?(p+a)%)q,+F(P*(p+a))p,,. (4)  on the light cond5-7]. Including terms up to ordex?, the

. i light-cone expansion of the first matrix element in E8)
Insertion of a complete set of hadronic states vBmeson  ggds

guantum numbers between the currents in Ej. entails

relations between the physical form factdrs andf*+f~ (w(q)li(x)yﬂy5d(0)|0>
and the invariant amplitude§ and F, respectively. More
definitely, forF one finds gt fldu (o (1)+ 3 (U))
pta T
0
2 +/(n2 —(n2
= mgfa(f™(p)+f(p%))
F(p? (p+a)?)= 5 5 X0\ [ o
mMy(Mg—(p+0)°) | X 0dueI go(U). (10)

w  Then2
+f dsM, (5) Here, ¢, is the leading twist 2 wave function, whitp and
5 s—(p+Q)? g, are twist 4 wave functions. Upon substitution pfy,=
—io,,+9,,, the second term in E@8) is decomposed into

. e
where the term proportional tb" +f~ arises from the con- 1o matrix elements

tribution of the ground statB meson, while the integral over

the spectral densitp" represents the contributions from ex- — .. _ 1 jugx
cited resonances and continuum states above the threshold  ((®IU(X)175d(0)|0)=fru , v e ep(u) (1D

energy\/gg. In deriving this hadronic representationffve

have used the matrix elemefi) and and
(B|bi ys5d|0)=m3fg/my, (6) (m(q)|u(x),,ysd(0)[0)
fg being theB meson decay constant. _ _ fm“wfld duax 12
In [1,2], the invariant amplitud& of the same correlation (0%~ AuX,,) 6 Jo ! ¢olU). (12

function (4) is calculated by expanding theproduct of the

currents near the light-cone at=0. The leading contribu- Wwith w.=m2/(m,+my). In leading order, these matrix ele-
tion to the operator product expansit@PE) is obtained by = ments involve the twist 3 wave functiors, and ¢, . It is
contracting thév-quark fields in Eq(4) and inserting the free worth pointing out that the path-ordered gluon operator
b-quark propagator

1
= i I
- | 4%k ke, Ig Pexp{lgsfo dax,A (ax)] (13
OT(BB(}0) =i [ et ()
(2m)* k?—mp . : . . :
ensuring gauge invariance of the above matrix elements is
Substitution of Eq(7) in Eq. (4) yields unity in the light-cone gaugex,A“=0, assumed here.
Therefore, the factolllg is not shown explicitly in Egs.
i d*xd*k (10-(12).
F.(p,q)=i f — 5 Substitution of Eqs(10)—(12) in Eq. (8), integration over
(27r)"(m — k*) x andk, and collection of all terms proportional m, yield
Xei(p—k)X(mb<ﬂ_(q)|U(X)7M,y5d(o)|0> the following expression for the invariant amplituble
k(@)U 7,7,75d(0)[0)).  (®)  FocoP®.(p+a)?)
This approximation is valid in the region of momentp ( 1 du @, (1)
+q)%<m? and = 77j — 5| HaPp(U)t ————
D= omi—(p+ug?|” " " 6u
2<mZ—2myyx, (9)
P e [ mep? 2mga(w) |
x being amg-independent scale of ordérgcp. Since the mﬁ—(p+uq)2 mﬁ—(p+uq)2 ’

pion is on-shellg?=m? vanishes in the chiral limit adopted
throughout this calculation. The above restrictions ensur@he index QCD has been added to distinguish the above

that theb quark is sufficiently off-shell, and that the reso- representation of the invariant functiéhin terms of quark
nances in theib channel are sufficiently far away. and gluon degrees of freedom from the hadronic representa-
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tion given in Eq.(5). Note that the twist 2 and 4 wave func- f / @y (U)

tions ¢ andg, , respectively, do not contribute . This is p2(p?,5)= 2_ 2| 6u (mﬁ— p?)
obvious from the definitior{10). In general, the correlation My=P

function (4) also receives contributions from gluon emission

by the b quark. This correction involves quark-antiquark- +2mbgz(u)). (29

gluon wave functions as described[ih2]. However, direct

calculation shows that up to the twist 3 and 4 the three-l-he termi =1 in Eq.(17) already has the form of a disper-
particle correction vanishes in the invariant amplitie  sjon integral in the variablep+q)2. In order to achieve this
Hence, to twist 4 accuracy, the result flérturns out to be also for the termi=2 one has to perform a partial integration
remarkably simple, at least when compared with the correyielding in total:

sponding expression for the invariant amplituélegiven in

[1,2]. = ) N ds 2
The equality of the two representatio(® and (14) of F Foco(P™.(p+a)%)= fmz s~ (p+q)? p1(pP%,S)
implies a sum rule fof * + f ~ which, however, is only use- °
ful if one can remove the unknown contributions from the dp,(p?,s)
excited and continuum states. This is possible to a reasonable +T
approximation by making use of quark-hadron duality. Fol-
lowing the standard procedure, the integral in Es). over = d[ pap?s)
the hadronic spectral function above the ground state is re- - f 2 ds m . (20

placed by the corresponding integral over the imaginary part

of Focp. Formally, one can substitute Since the wave functiong, andg, vanish atu=0 andu
=1, that iss=« and s= mﬁ, respectively, as can be seen
s N ) 5 from the explicit exp_ressions _given in the subsquent _section,
P(p%,8)0(s—8g)=—IMFqcp(p™,8)O(s—Sp), (15  the second integral in E¢20) is zero. Hence, the imaginary
part ofﬁQCD can be directly read off from the integrand of

B . . i the first integral:
wheres; is an effective threshold parameter separating the

duality interval of the ground state from the one of the higher 1 ) ) dpz(pz,s)

states. With this approximation, it is straightforward to sub- —IMFqco(p®,8)=pa(p%8) + — 4 (21)
tract the contribution of the excited and continuum states

from the basic equation given by Eg®) and (14). After g pstitution of Eq(21) in Eq. (16) yields

performing the obligatory Borel transformation ip+q)2,

one finally arrives at the sum rule

fe(f*(p?)+1~(p?))

_ my, (8 -
fa(f*(p?)+f (p?)= zfsg Im FQCD(pZaS) mp (8 ) dp,(p?,s) mé—s
Mg J My, =— | S| pa(p,5)+ q ex 5 ds
BY M S
p(mé_s d (16) 2 2
X ex S, m B p2(p<,s) mg—S$
M2 =2 fso 2 5)+ -2 ex ds
é[ . p1(p%,s) M2 M2
M? being the Borel mass parameter. m2—gB
.. . . ~ 2 + 2 B B 0 (22)
The remaining task is then to derive Fgcp(p®,s) from p2(p*,Sp)eX M2 .

Eq. (14). This is explained below. Usingp@ug)?=(1
—u)p?+u(p+q)? and changing variable fromu to s

— 2_ 12 2 : .
= (m,—p?)/u+p* one can rewrite Eq14) as follows: In previous applications of QCD light-cone sum rules with

the exception of the recent calculation of tBe»p form
_ @ pi(p2%S) factors in[8], surface terms similar to the last term on the
FQCD(pz,(erq)z):_E ,ds—————, (17 RHS of Eq.(22) have been neglected. They originate from
=12 Jm,  (s=(p+a)7) higher twist contributions to Ir‘ﬁQCD and play a minor role
numerically. Nevertheless, in order to subtract the contribu-
where tions from excited and continuum states in the duality ap-
proximation consistently we take these terms into account in
the present calculation.
f’f'“"( oo (U)+ ‘PU(U)> (18) The final sum rule forf "+ f~ follows from Egs.(18),
2| 7P 6u |/’ (19) and (22) after returning to the variable:

Pl(pz,S):
s—p
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fe(f*(p?)+f(p?)

_fopamy  [mg) | (2du mi—p*(1-u)
=———exg —, —exp - ———————
mg M Al uM
o (W) m—p?|  2myg,(u)
X| @p(u)+ 60 \ - nYE + o UM?
vod 50| [ @A) 2mega(A) 23
M? 64 pn(mg—p?)

with A= (mZ—p?)/(s5—p?). For comparison and later use,
we also quote the analogous sum rule for obtained in
[1,2]:

2
b

4

B
X

mg
M2

Mo
+ PR
¢(U) me

w

fo+(p2)= 5

idu

m2—p?(1—u)
_e _—
u

uM?

|

A

Ugpp(U)

m2+ p?

(P u
(T( )/

3 |

2 u
+ WJ'O gg(U)dU

_ 4mggs(u)

u’m*

|

2

2
m,

+p

M2

1+

+t+(33,p2,M2)+f£(p2.M2)}- (24)

Here, we have added the surface terfn which was ne-

glected previously, and denoted the contribution from the

guark-antiquark-gluon wave functions of twist 3 and 4 by
f& . The explicit expressions fdar” andfg can be found in
the Appendix.

Since very recently, the perturbati@®( «) correction to
the leading twist 2 piece of the light-cone sum r(g) for
f* is also known[3,4]. However, the corresponding QCD
corrections to the twist 3 term in EqR4) as well as in the
sum rule (23) for f*+f~ still remain to be calculated.
Hence, for consistency, we will not include ti «) ef-
fects inf* in the present analysis.

IIl. NUMERICAL RESULTS

For the numerical analysis of the new sum r(@8) we
use the same input as in the evaluation of the sum @#dg
in [1,2]. From experiment we také,=132 MeV andmg
=5.279GeV, whereas the parameterg=4.7+0.1 GeV,
se=35%2 Ge\?, and fz=140+30 MeV are extracted

from the QCD sum rule for the correlator of twmoysu cur-
rents. For consistency, th@(ag) correction is not included

05401
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in the latter two-point sum rule. This is reflected by the low
value offg. Because of cancellations of QCD corrections in
the ratios of Eq(23) andfg, respectively, Eq(24) andfg,
the remaining corrections to the form factors themselves may
in fact be small. This is precisely what happens in the case of
f* as has been shown [3,4].

Furthermore, the explicit expressions for the pion wave
functions up to twist 4 are collected [2]. Those entering
the new sum rulg23) are given below for completeness:

3 _
%(u,m=6uq1+a2<m§[5<u—u>2—1]

15 _ _
+ay(p) g [2Uu-uw*=14u-u)*+1]|,

(25)
1 _
¢p(u,u)=1+BZ(M)E[S(U—U)Z—l]
1 _ _
+By(1) g[35u—w)*=30(u—u)?+3]J,
(26)
3 _
wg(u,p«)=6uql+cz(u)5(5(U—U)2—1)
15 _ _
+C4(M)g(Zl(u—U)4—14(u—u)2+ 1)|,
(27)
5 — 1 _ _
91U, ) =5 S*()UPUZ+ & () 6%(w) | UU(2+ 13uU)
6
+10u3lnu(2—3u+§u2)
_ _ 6
+10u3|nqz—3u+ §u2> , (29
10 -
92(U, ) = 7 &*()uu(u—u), (29)

with u=1—u and u being the renormalization scale. For a
detailed discussion of the wave functions we refer the reader
to the original literaturg5—7]. Recent reviews and refer-
ences can be found i®,10]. Here, the specification of the
various coefficients together with a few comments may suf-
fice. The terms proportional to the coefficierds B; and
C; represent scale-dependent nonasymptotic corrections.
They vanish logarithmically ag— .

In leading order, the value of the scaleis ambiguous.
As a reasonable choice we takg=m2—mZ=2.4 GeV.
With this choice, the estimate if2] gives a,(up)=0.35,
ay(up)=0.18, By(up)=0.29, By(up)=0.58, Cy(up)
=0.059, C4(up)=0.034, &*(u,)=0.17 GeV, and
e(up)=0.36. Furthermore, the PCAartial conservation

3-4
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FIG. 1. Form factor {* +17) as a function of the Borel param-  FiG. 3. Sensitivity of the form factof® to the light-cone wave
eter at various values of the momentum transfgt=0 (solid),  functions: nonasymptotic corrections includésblid) and purely
p?=10 GeV (long-dashegiand p?>=16 Ge\? (short-dashed asymptotic w.f.(dashedl
of axial vector currentrelation ffT,uw(,u) =— 2<Eq>(,u) and f*(0)+f~(0)=0.06. (31

(aq)(up) = (— 260+ 10 MeV)? can be used to fix the final
parameter appearing in Eq$23) and (24), namely u
=u (up)=2.0£0.25 GeV.

In the case of the sum rulg4) for f* the acceptable
range of values of the Borel parameMF was found to be _ ) A
8<M2<12 Ge\? [2]. In the sum rule(23) for f*+f~ we _ered with cauthn. The uncertalnzfues in Ech2.4) and (23)
take the same interval after having checked that in this rangtduced by the input parameteks®, my, Sq, fg, andu,
of M2 the twist 4 contribution does not exceed 10%, and thaf@n be investigated by varying these parameters simulta-
the excited and continuum statéss) do not contribute more neously in the sum rules for the form factors andffgt For

than 30%. These are the usual conditions posed in sum rujgstance, if the Borel mass is allowed to vary within the
applications. interval quoted abovef® is found to deviate by+3%

Having specified the necessary numerical input, we aré®5%) at small(lazrge p? from the value obtained with the
now ready to present quantitative results. In Fig. 1, the sunfominal Ehom_eM =10 GeV?. The corresponding uncer-
rule (23) is plotted as a function of Borel parametd?. One ~ finty inf “+ 1~ can be inferred from Fig. 1. Furthermore, if
can see that the variation is very moderate in the range 8% ands, are varied in a correlated way within the ranges
<M?<12 Ge\?, at least fop?<15 Ge\?. This also applies given at the beginning of this section such that one achieves
to the sum rulg24). However, atp?>17 Ge\? the depen- Maximum stability of the sum rule fofg, f° changes by
dence onM? becomes strong, indicating that one is gemngabouttZ% relative to the value obtained with the nominal
too close to the physical states in this channel. Figure Zhoice of parameters. This uncertaintypindependent.
shows the momentum dependence of the form factors Another source of Uncertainty is the precise shape of the
fH(p?)+f(p?), f7(p?, and fO(p?) for the central value pion wave functions. Keeping all other parameters fixed, we
MZ2=10 Ge\?. Here, the scalar form factd is calculated have studied the sensitivity of our results to the nonasymp-
from the other two form factors using the relati¢®). In  totic terms in the twist 2 and 3 wave functions given in Egs.

One of the greatest virtues of the sum rule approach is the
possibility to estimate the theoretical uncertainties in the pre-
dictions, at least in principle. In practice, this task is not

straightforward and, hence, the estimates should be consid-

particular, at zero momentum transfer we predict (25)—(27). In Fig. 3 we compare the prediction dfl with
the coefficientsa;, B;, andC; (i=2,4) as given earlier in
f7(0)=1°0)=0.30, (300 this section to the result obtained by putting them to zero.

The shifts are momentum dependent reachi% atp?
=0 and+5% at 15 GeV. The real uncertainty is certainly
less than that.

In addition, there is some uncertainty due to the truncation
of the light-cone expansion or, in other words, due to the
neglect of terms with twist larger than 4. An upper limit on
this uncertainty should be set by the size of the twist 4 con-
tribution. The influence of the latter on the scalar form factor
f0 is displayed in Fig. 4. The twist 4 terms decredSeby
2% at smallp? and by 5% at large?.

Finally, the present lack of knowledge of the perturbative
QCD corrections to the twist 3 contributions in the sum rules
(24) and (23) gives rise to uncertainties which will eventu-
ally be removed in near future. The scalar form fadtdis
FIG. 2. B— 7 form factors obtained from light-cone sum rules. concerned in particular at large momentum transfer where
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FIG. 4. B—= form factor f% twist 2 and 3 contributions
(solid), twist 4 contribution(dashedl

twist 3 should dominate as expected from the relati@n
Conversely, at smafp? 0 coincides with the form factof™
which receives the leading contribution from the twist 2

known. They change the lowest order estim@@ by only
10%[3]:

f7(0)=1°0)=0.27. (32

As already pointed out, this is due to a remarkable cancella-
tion of the corrections to the sum rul24) for f*f5 and the
sum rule forfg in their ratio. Whether or not a similar can-
cellation takes place at the twist 3 level is questionable and
can only be decided by direct calculation. For the time being
the total uncertainty irf® is estimated to be about 20% at
small p? and 30% at large?.

The sum ruleg23) and (24) for the B— & form factors

PHYSICAL REVIEW D 58 054013

FIG. 5. D— = form factors obtained from light-cone sum rules:
f* (solid), f*+f~ (dashedland f® (dotted.

IV. PREDICTIONS FOR B—m7r,

The B— 7 form factors can be measured most directly in
wave functione.. The O(a) corrections to this piece are the weak semileptonic decags— | v wherel =
The distribution of the momentum transfer squared in these
decays is given by

e,u orr.

dr GE[Vyl® (p*—mf)*VEZ—m?

dp?>  24x° p*m3

d

3 2
E i;<mé—mi>z[f°<|oz>]2]
Bp

m|2 2 2 2 + 2\12
1+2—p2 mg(EZ—m2)[f7(p9)]

(39

with E,.=(m3+m2—p?)/2mg being the pion energy in the

are eas”y converted into sum rules for the Corresponﬂjng B rest frame. Another interesting observable is the distribu-
— 1 form factors. Formally, one only has to replace the fla-tion of the charged lepton enerdy in the B rest frame:

vor indicesb by c, andB by D. Because of the relatively
light charm mass, the region of validity of the sum rules
covers only the low momentum region<(p?<1.0 Ge\ of
the kinematically allowed range q#?. The values of the
input parameters amm,=1.3+0.1 GeV, 582611 Ge\?,
and fp=170+=20 MeV. The scaleu is taken to beu,
=m3—m2=1.3 GeV, while the fiducial range of the
Borel mass is 3 Ge¥ M?<5 Ge\. Correspondingly, the
value of i is lowered tow .(u:)=1.8+0.5 GeV. The nu-
merical values of the nonasymptotic coefficients in the pion
wave functions at the scale, are given in2,9]. There, one
can also find further remarks on the above choice of param-
eters. Our numerical predictions for tle— 7 form factors
are illustrated in Fig. 5 using the central values for the vari-
ous input parameters. At zero momentum transfer, we esti-
mate
f7(0)=1%0)=0.68, (33
with

f¥(0)+f(0)=0.52. (34)

054013-6
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64r3 Jp2,, mg °
2 m2

—4(p*+4E}) + — (8mgE| —
B

4
3p?+4m?)— —
Mg
X[f7(p?)]*+

[sz"'p
2

—4AmgE,+mZ1fH (p?)f~ (p2)+ (p —-mf)

B

X[f~(p*)1? (36)

Pmax=mg(E, + VE?—m?)+ O(m2). Although the
min

form factors are calculated in the chiral limit, otherwise the
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FIG. 6. TheB— form factor f%: direct sum rule estimate FIG. 7. Distribution of the momentum transfer squaredBin
(solid) and linear extrapolations to the limi88) (dashegl The lat- . 771 _. The two curves correspond to the two extrapolationt’of
tice results are fronf13]. shown in Fig. 6.

finite pion mass is taken into account. In the case of lighthe single-pole approximation to hold. Nearby nonresonant

leptonsl =e, u the form factorf® or, equivalently,f ~ plays B states and excited scalar resonances may give compa-

a negligible role because of the smallness of the electron angble contributions.

muon masses. Hence, these decay modes can provide infor- Interestingly, there exists a model-independent constraint

mation only on the form factof *. In contrast, the decay on the behavior of the form factdf at largep?=m3, i.e.,

B— mrv, is also sensitive to the form factéP. We there- near the kinematical endpoint. The constrgiht,12 is de-

fore concentrate here on the latter case. rived from a Callan-Treiman type relation obtained by com-
The sum rule results described in the preceding two sedining current algebra and PCAC:

tions allow to predict the decay spectra in the momentum

region 0<p?<17 Ge\. In order to include higher momen- oro

tum transfers and to predict integrated widths one has to find lim t5(p%)=fg/f. (38)

another way to calculate the form factors up to the kinemati- p?—mg

cal endpoinp?=(mg—m,)?=26.4 Ge\. In[2], the single-

pole approximation . . . .
In the following we make use of this bound in order to illus-

trate the sensitivity of the decay spectraBn- 77v, to the

scalar form factor.

fr(p?)= Y (37) The form factorf® is extrapolated linearly from the value

2Mgs« (1—p/mg,) at p2=15 Ge\? where the sum rule€3) and(24) still hold

to the value ap?= mé dictated by Eq{(38). To be conser-
vative we takefz=150 to 210 MeV in accordance with re-

was used. Since the VeCtBrgrOUnd state is Only about 50 cent lattice datilg] and with QCD sum rule estimatéﬂ']e

MeV heavier than the pseudoscaBy the B* pole is very |atter including the perturbative correction, see, e[g]).

near to the endpoint region. Consequently, at maxinpfm  This is shown in Fig. 6 together with lattice estimates &f
the single-pole approximation can be expected to be very

good. Moreover, the stron§* B« coupling which deter- 8 r—r—T—T—T—T7

mines the normalization of the form factor at laggecan be

calculated from the same correlation functi@hn from which

the sum rulg24) for f* at low to intermediate values @f

is derived. To this end one employs a double dispersion re-

lation. The method and results are described2hand re-

viewed in [9]. Extrapolation of the single-pole model to

smallerp? matches quite well with the direct estimate from

the light-cone sum rulg24) at intermediate momentum

transferp?= 15 to 20 GeV. This provides us with a consis- o L

tent and complete theoretical prediction fof. 1.6 20 24 28
Unfortunately, it is doubtful that a similar procedure can E,[GeV]

be applied to the scalar form facté?, because the scal&

ground state is expected to be about 500 MeV heavier than F|G. 8. Distribution of ther-lepton energy irB— mrv,. The

the pseudoscald. Thus, the scalaB pole may be too dis- two curves correspond to the two extrapolationg®%$hown in Fig.

tant from the kinematical endpoint of tie— 7 transition for 6.

fe+Op*pnr

dT/dE,[|V,]? - 10712]
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Obviously, the lattice data favor the lower extrapolation. The f A 200
distributions ofp? and E, in B— w7y, resulting from the f+(0)=mb3/2?eXP< ;)[ fo dp
upper and lower bounds dif are plotted in Fig. 7 and Fig. B
8, respectively. This study demonstrates that measurements p
of these decay spectra Rtfactories should provide interest- xXexg — >
ing information on the elusive form factdf.
For the integrated partial width we predict , P,
ey P x| —pen)+u, <pp<1>—1—27<p0<1>})
F(B°—7 77v)=57106.8Vl ps!, (39 - “Z"Oexp(—%) eu(1)} +0(my %), (43

where the range corresponds to the two extrapolations corand
sidered in Figs. 7 and 8. The theoretical uncertainties in the
sum rule calculations discussed in Sec. Ill are not includedf *(0)+f~(0)
The latter drop out to a large extent in the ratio
fon A
=m; 3 —%'u exp( —)

B T

PE—m v | o “0 fszd F{ pH Wt L ,(1)}
=0.75100.85. X exg — 5— +—
(B~ e'wy) i 27| PP Y T 127 %0
w w
o +—°exp(——°> ¢;(1)]+0(mb5’2), (44)
It should be noted that only the numerator is influenced by 3 T

the scalar form factor.
0 . .

'!'he form factorf als_o plays an |mport§nt role in nonlep- \pore ¢.(1) stands for the derivativdg,/du at the end-
tonic B decays where it enters the factorized two-body amy,qint =1 |t is important to note that whereas the twist 2
plitudes forB— mh. Depending on thg mass szthe meson hang 3 two-particle wave functions survive in the asymptotic
these decays probf in the rangem; <p?<mj,. This iS  |imit (43) and (44), the higher-twist and three-particle com-

similar in D decays. However, there the form factdrcan- ponents are Suppressed by one additional powqmbqfand
not be measured independently in semileptonic decays betie out.

cause only the electron and muon modes are kinematically The asymptotic scaling laws derived above can be under-
accessible. stood as follows. Atp?=0, the integration regionA
=mZ/s§<u<1 in Egs.(23) and (24) is rather narrow. In
fact, it vanishes in the infinite mass limit as—mg/sg
~2wq/mg. In this limit, the asymptotic twist 2 and twist 3
V. DEPENDENCE ON THE HEAVY QUARK MASS wave functions behave like

The light-cone sum rule®3) and (24) offer the possibil-
ity to systematically investigate the dependence of heavy-to-
!ight forrr_1 factors on the heavy quark mass. Using the fam"‘l’aking into account the extra factornty multiplying ¢,
lar scaling relations for mass parameters and decaynq noticing that the factorsmyj, times bracket multiplying
constants, to wit @, in the sum rules approach unity @%,—, one sees that
the twist 2 and 3 terms lead to the same asymptotic scaling
— 5 ) behavior. The latter is determined by a factag * from the
Mg=My+A, Sg=my+2mywe, M=2m,7, (41) integrand, a factom, ! from the integration region, and a
factor mi? from 1/f5. The fact that the light-cone sum rule
predictsf *(0)~m, *? was first noticed irf14].
fB=T°B/\/H, (42 The situation changes drastically when the momentum
transfer becomes large of ordewz. To be definite, at the
boundaryp?=m2—2m,y considered in Eq(9), the integra-
tion region in Eqs(23) and(24) is finite and independent of
where in the heavy quark limit A, wo, 7, fg are  m,. Therefore, the asymptotic scaling laws are simply deter-
my-independent quantities, it is rather straightforward to ex-mined by the factors in front of the duality integrals in the
pand the sum rules in inverse powersmyj. At p2=0, the  sum rules, that is $5~m{?in the case off * and 1myfg
leading terms are given by ~mgl/2 for f*+f~. Explicitly, one obtains

e~ ¢~ (1-u)~wo/m, and ¢,~1. (45)

054013-8
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f A
fH(p?=mé—2m ~m1’2%ex;{:)
(p b bX)~ Mp 2, -

. 1 :
«pw<u>+:TT%<u>—u2—(gl<u>—fo gz(U)dU)

—eX
7_2

AU

idu x(1—u)
S

1 wo\| M 1 Xt wg A
+)—(exp{—7) F%(A)—)—( 1+ — )(91(A)—J’0 gz(v)dv)
1 [dgy(A) _
] | [ o, -

and

o fu A\ [ (idu x(1—u)
+ - 2 _m2_ - 12_@~m - e _ A=
[fT+f ](p°~my—2mpx)~m, fB ex;{ TH LU exp{ -y

1 1 A
+ )—(exp( - @)(— sOrt oo, (8)+ 222

m

%(U)(l X>+92(U)

6u ur/ Ut

(Pp(u) +

+0(m, ¥, (47)

whereA = y/(x+ wg). In contrast to the heavy quark limit at deviations of the decay constdiy from the asymptotic scal-

p?=0, here also twist 4 contributes asymptotically. How-ing law (42) we have substitutedz by the corresponding

ever, the contributions from three-particle wave functions aréwo-point sum rule using again the relatio(¥l) analo-

still suppressed by an extra power ofri/. gously to the procedure described above. The logarithmic
Finally, using the relatiorf2) it is easy to check that the mass dependence of the wave functions and vacuum conden-

asymptotic scaling law of the form factéf coincides with  sates through the scajey= \/2mQK is taken into account.
the expectatiort43) for f* at smallp?, and with Eq.(47) for  Figure 9 shows the form factdi (0) multiplied by the lead-
f*+f" at largep®. ing powerm%’2 as a function of Ih, . Even atmg>m, there

The above analysis shows that the light-cone expansion i still no sign that one is approaching the asymptotic limit.
terms of wave functions with increasing twist is consistenton the contrary, the mass dependence of the nonasymptotic
with the heavy mass expansion. The higher-twist contributerms in the pion wave function becomes more and more
tions either scale with the same powernof as the leading- important, at least for an intermediate mass rangemgt
twist term, or they are suppressed by extra powerspf  <m,, the integration region is still big enough to wash out
The sum rules nicely reproduce the asymptotic dependenafese effects since the wave functions are normalized. In the
of the form factors * on the heavy quark mass as derived in region betweerm, and m,, the mass dependence can be

[11,19 for small pion momentum in the rest frame of tBe fitted to the following quadratic polynomial in rh, :
meson. In addition, they also allow to investigate the case of

large pion momentum where neither heavy quark effective a2 i 1.5 GeV 0.75 Ge\
theory (HQET) nor the single-pole model can be trusted. f (0)mg"=3.3 GeV? 1- m. "

Clearly, asp®— 0 excited and continuum states are expected N
to become more and more important thus leading to a break-
down of the single-pole approximation. The change in the

asymptotic mass dependence of the light-cone sum rules
when going from large to small momentum transfers can be
considered as a signal of this breakdown. Claims in the lit-

erature which differ from Eq943) and(44) are often based

on the pole model and therefore incorrect in our opinion. The

above conclusions corroborate similar analyses carried out
for the B—K* [16] andB—p [8] transition form factors.

In order to clarify the relevance of the asymptotic scaling 1
behavior in the mass range betwemp and m,, we have 0 Dy
studied the functional dependence of the sum r(@&s and 0.1 02 03 04 05 06 07 08 09 1
(24) on the heavy quark masag numerically. The depen- 1/m [GeV‘l]

B 2 ; ; Q
dence of the parametensg, s; andM“ on mg, is described
approximately by the relation@1) using A =0.6 GeV, wg FIG. 9. Dependence of the form factéi (0) on the heavy
=1.4 GeV,7=1.1 GeV. Together wittng=4.7 GeV this  quark massng, for purely asymptotic wave functionsolid), and

choice reproduces the central valueswf etc. given at the the nonasymptotic corrections included at the sgale= \/ZmQK
beginning of Sec. Ill. In order to consistently include the (dashed

(48)

2
ma

i FHOmY[Gev® T

[\ w = (9] (=)}
T
1
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0.8 T T T T T T T T ment with the lattice results. However, the latter tend to be
systematically lower than our prediction. This could be an
indication for the presence of perturbative QCD corrections
which still need to be calculated. Our result halso agrees
with the lattice-constrained parametrization of this form fac-
tor (the pole variant discussed if19]. The quark model
estimate makes use of the single-pole approximatigp?)

02 F - =f7(0)/(1- m3/p?) with my=6.0 GeV. In[12] it is sug-

B i gested to use instead the relati@®8) in order to normalize

9 at maximum momentum transfer. Extrapolation to inter-

0.6

04

0 0 4 8 12 16 mediate and smafi? then leads to a result very similar to the
pGeV? one obtained if17] and shown in the figure. Despite the
rough agreement with our sum rule result we doubt the va-
FIG. 10. TheB—  form factor f°: light-cone sum rulgsolidy lidity of the single-pole model at smafi? for reasons ex-
in comparison to the quark model prediction frpti7] (dashedland  plained in Sec. V. Finally, in the framework of the heavy-
the QCD sum rule result frofiL8] (dash-dottel quark-effective theory one has derived a three-point sum rule

for f° [18] giving a result in the region €p?<10 GeV?

which is about 30% lower than the expectation from the
indicating the existence of large i corrections in the light-cone sum rule. Concerning similar applications of the
physical mass range. Similar results have been obtained iight-cone sum rules, one should also mention the study of

the case oB—K* [16] andB—p [8] form factors. the form factorf ~ of the B—K transition in[20].
It would be very interesting to confront these predictions
VI. CONCLUSION with experimental data, not only to test the theoretical meth-

) _ ods of calculating form factors, but also sint®enters the

In this paper, we hzave gen\z/ed a new QCD sum rule forfactorized amplitudes for a class of nonleptonic two-body
the combinationf™(p°)+f~(p%) of B—m (and D—m)  decays. Yet, direct measurementsfBfare only feasible in
form factors. The light-cone approach used is designed fofhe semileptonic decay®— 7~ 7+ v.. This mode may get in
heavy-to-light transitions and incorporates the nonperturbaexperimental reach at futu factories. We have presented
tive dynamics in terms of light-cone wave functions of thethe expected decay spectra and demonstrated the sensitivity
pion. The sum rule is essentially determined by the twiskq 0.
3 g-g wave functions. Terms involving the leading twist 2  Last but not least, light-cone sum rules for heavy-to-light

wave function and thq.a.g wave function of twist 3 and 4 form factors such a$® provide very flexible tools to StUdy
are absent. while the twist q-Ewave functions give only the transition from small to large momentum transfers, and
small contributions. Higher-twist components are neglected® rélate the physics ob and B mesons. Moreover, they

The sum rule is valid in the range of momentum transferd’rOVide new insights in the heavy quark mass dependence of
0<p2<17 Ge\? weak matrix elements.

Combining the new result o™ +f~ with the corre-
sponding calculation of * in [2] we have been able to pre-
dict the scalar form factof®. This prediction is compared We are grateful to V. M. Braun and O. Yakovlev for very
with recent lattice resulfsl 3] in Fig. 6 and with quark model useful discussions. This work was supported by the
[17] and different sum rulgl8] estimates in Fig. 10. Within Bundesministerium “fu Bildung, Wissenschaft, Forschung
the inherent uncertainties of both approaches there is agreand Technologie, Bonn, Germany, Contract 05 7WZ@LP
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APPENDIX

Here, we give the explicit expressions for the surface tefrand the contributiori from the quark-antiquark-gluon wave
functions in the light-cone sum rul@4):

mp dgy(A)
(s5—pA)(mi—p?) du

B
So
t+(Sg,p2,M2)=eX;{ v

g1(A)+

- m2+ 2 4m2 SB_ 2
M(bzp)gDUA)— Zb (1+op
6My(m2—p?) (m2-p22l " M2

fA ] 2(mg+p?)
0 9 e )

2 [1+ mp+p?  sg—p?

s R R R

gz(A)], (A1)
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Dai®(a+uaz—A)

PHYSICAL REVIEW D 58 054013

1
fg(pZ,MZ)=—JO u duJ

Xp( B mg—p2<1_a1_m3))

(a1+ Ua3)M2

(@1t Uuas)?
2f37T mg_pZ
| g

1 ~ -
_uMZ[Z(PL(ai)_QDII(ai)'}'Z(PL(ai)_‘P(a'i)]]

(A2)

with Daj=dada,daz8(1— a1 — ay,— a3). The definitions and functional forms of the twist 3 wave functigy). and the

twist 4 wave functionsp, ¢, ¢, andg can be found irf2,7].
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