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Weak form factors for heavy meson decays: An update
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We calculate the form factors for weak decaysBefy and D, mesons to light pseudoscalar and vector
mesons. To reveal the intimate connection between different decay modes and to be able to perform the
calculations in the full physica? region we use a relativistic dispersion approach based on the constituent
quark picture. This approach gives the form factors as relativistic double spectral representations in terms of
the wave functions of the initial and final mesons. The form factors have the correct analytical properties and
satisfy general requirements of nonperturbative QCD in the heavy quark limit. The disadvantages of quark
models related to ill-defined effective quark masses and not precisely known meson wave functions are
reduced by fitting the quark model parameters to lattice QCD results fdBthe transition form factors at
large momentum transfers and to the measured @tal(K,K*)lv decay rates. This allows us to predict
numerous form factors for all kinematically accessigfevalues.

PACS numbeps): 12.39.Ki, 13.20.Fc, 13.20.He

[. INTRODUCTION of the mesons and describes the fgfl range of the form
factors! The predictions of this model will be much im-

The knowledge of the weak transition form factors of proved by incorporating the results from the more fundamen-
heavy mesons is crucial for a proper extraction of the quarkal QCD based methods.
mixing parameters, for the analysis of non-leptonic decays Historically, constituent quark models have been first to
and CP violating effects and, related to it, for a search of analyze the meson transition form factors. Although a rigor-
new physics. ous derivation of this approach as an effective theory of

Theoretical approaches for calculating these form factorCD in the nonperturbative regime has not been obtained,
are quark modelg1—8], QCD sum ruleg9-12), and lattice  relativistic quark models work surprisingly well for the de-
QCD [13-16. Although in recent years considerable scription of the meson spectra and form factors. Moreover,
progress has been made, the theoretical uncertainties are sgfinstituent quark models provide so far the only operative
uncomfortably large. An accuracy better than 15% has nofnethod for dealing with excited states.
been attained. Moreover each of the above methods has only
a limited range of applicability, namely: 1. The physical picture

QCD sum rules are suitable for describing the lo#
region of the form factors. The highef region is hard to i
get and higher order calculations are not likely to give realnomena.expected from QCD: . .
progress because of the appearance of many new parameters.(') chiral symmetry breaking in the low-energy region

The accuracy of the method cannot be arbitrarily improveaDrO\.'.'dfr‘? fof[ the masies of fﬂ:ﬁ constltuenttqut?r?s; had
because of the necessity to isolate the contribution of the (.") € strong peaking of the softonperturbative ha )
states of interest from others. ronic wave functions in terms of the quark momenta with a

Lattice QCD gives good results for the higit region. W'dF.h of the or(jer of the confinement spale; anq .
But because of the many numerical extrapolations involved (1) the dominance of Fock states with the minimal num-
this method does not provide for a full picture of the form ber of constituents, i.e. aq composition of mesons.
factors and for the relations between the various decay chan- An important shortcoming of previous quark model pre-
nels. dictions was a strong dependence of the results on the special
Quark models do provide such relations and give the fornform of the quark model and on the parameter values.
factors in the fullg? range. However, quark models are not ~ The goal of this paper is to demonstrate that ofea
closely related to the QCD Lagrangigor at least this rela- Proper relativistic formalism is used for the description of the
tionship is not well understood yeand therefore have input transition form factors andb) the numerical parameters of
parameters which are not directly measurable and may not §8€ model are chosen propetiye discuss criteria for such a
of fundamental significance. proper choice below the quark model yields results in full
In this situation it becomes evident that a combination of2greement with existing experimental data and in accord
various methods will be fruitful. It is the purpose of this
paper to obtain this way reliable predictions for many decay
form factors in their fullg® ranges. 0One of the first steps in combining various approaches in order to
To achieve this goal, one needs a general frame for thgptain predictions for the form factors for ajf has been done in
description of the large variety of processes. This can be only14] where a simple lattice-constrained parametrization based on
a suitable quark model, because only a quark model cathe constituent quark picture of R¢fL7] and pole dominance has
connect different processes through the soft wave functionseen proposed.

Constituent quark models are based on the following phe-
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with the predictions of more fundamental theoretical ap-
proaches. In addition, our quark model allows to predict
many other form factors which have not yet been measured.

2. The formalism

For the description of the transition form factors in their
full g% range and for various initial and final mesons, a fully
relativistic treatment is necessary. We therefore choose a for-
mulation of the quark model which is based on the relativis-
tic dispersion approacfL8] and thus guarantees the correct
spectral and analytic properties.

Within this model, the transition form factors are given by
relativistic double spectral representations through the wav

functions of the initial and final mesons both in the sca'[teringS The Paper 1 organized as follows. Section Il briefly pre-
. : ents the main features of the double spectral representations
and the decay regions. These spectral representations ob

e : .
rigorous constraints from QCD on the structure of the Iong_o1ythe form factors. In Sec. lll we determine the numerical

distance corrections in the heavy quark limit. Namely, theparameters of the model and give the predictions of the form

form factors of the dispersion quark model have the correc{aCtorS' Section IV contains our conclusions.

heavy-quark expansion at leading and next-to-leadimg,1/
orders in accordance with QCD for transitions between Il. MESON TRANSITION FORM FACTORS

heavy quarkg19,20. For the heavy-to-light transition the  The |ong-distance contribution to meson decays is con-
dispersion quark model satisfies the relations between th@ined in the relativistic invariant transition form factors of
form factors of vector, axial-vector, and tensor currents validhe vector, axial-vector and tensor currents. The amplitudes
at small recoil[21]. In the limit of the heavy-to-light transi- ¢ the M,—M, transition induced by the weak,—q;

. 2 P

tions at smally~ the form factors obey the lowest orde quark transition through the vectov,—dsy,q,. axial-

and 1E relations of the large energy effective thed2] B c N
and provide the pattern of higher-order symmetry-violatingV€ctor A, =017,7"dz, t€nsorT,,=0,0,,0,, and pseudot-
effects. ensorTifqlawyg;qz currents, have the following covari-

Another important advantage of the dispersion formula-ant structurg 21]:
tion of the quark model is the fact that one directly obtains ) )
the form factors in the physical decay regigh>0. No nu-  (P(M2,p2)|V,(0)|P(My,p1))=f.(q°)P,+f_(a%)q,,

merical extrapolation from space-like values is required. ) v B
<V(M 2y p2-€)|v,u(o)| P( M 1 1pl)> = Zg(q )E,uvaﬁe P1P2,

(V(M3,pz,€)|A,(0)[P(My,py))

FIG. 1. One-loop graph for a meson decay.

B, into light mesons which nicely agree at places where data
are available.

3. Parameters of the model

In previous applications of quark models the transition

form factors turned out to be sensitive to the numerical pa- =ie*“[f(99)9uatar(0°)P1aP . +a_(9%)P1a,],
rameters, such as the quark masses and the slopes of the (1
meson wave functions. As proposed in R&3], the way to

control these parameters is to use the results of lattice calcu- (P(M32,p2)[T,,(0)|P(My,py))

lations at largeg? as “experimental” inputs. 1n24] the b o

andu constituent quark masses and slope parameters of the =~ 2is(9%)(P14P2y~ P1nuP2u)

B, m, andp wave functions have been obtained through this

procedure. (V(M32,p2,6)[T,,(0)|P(My,p1))

We now consider in addition the charm and strange me- _i xa 2 B 2 B
sons. To determine the slope parameters for the charm and =119+ (07) €ragP™ 0 () €
strange meson wave functions and the effective mass values +00(0%) P1a€up,PEPL],
m, andmg we use here as input the measured total rates for
the decayD — (K,K*)lv. By fixing the parameters in this whereq=p;—p,, P=p;+p,. The following notations are
way we overcome important uncertainties inherent in quarkused: y*=iy°y'y?y%, o,,=(i12)[y,.v,], €'#=-1,
model calculations. Indeed, with these few inputs we canyso,,= —(i/2)€,,, 30", and Sp(YPy*y "y yP)
give numerous predictions for the form factors for the tran-=4ie*”*#. We study the form factors within the dispersion
sitions of the heavy and strange heavy medonB, B, and  formulation of the quark mod¢IL8]. We start by considering

TABLE I. Constituent quark masses and slope parameters of the exponential wave fimctBaV).

my Mg Mme m, B Bk Bo Be ,3715 ﬁDS ﬁBS B, Bkx Box By
0.23 035 145 485 0.36 042 046 054 045 048 056 0.31 042 0.46 0.45
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the regiong?<0 where the form factors may be represented The quark structure of the initial and final mesons is given

as double spectral representations in the invariant masses iof terms of the vertice§’; andTI',, respectively. The initial

the initial and finakjq pairs. The form factors corresponding pseudoscalar meson vertex has the spinorial strudfyre

to the decay regiog?>0 are then derived by performing the =ivysG;/\/N; the final meson vertex has the structiite

analytical continuation. B =iysG,/\/N, for a pseudoscalar state and the structure
The transition of the initial mesog(m,)q(mz) with the T, =[Ay,+B(ky—ks),1G2/N;, A=-1, B=1/(\s,

massM to the final mesom(m;)q(ms) with the massM,  +m;+mg) for an Swave vector meson.

induced by the quark transitiog(m,)—q(m,) through the The double spectral densitidsof the form factors are

currenta(ml)oﬂq(mz) is described by the diagram of Fig. obtained by calculating the relevant traces and isolating the

1. For constructing the double spectral representation Weorentz structures depending @q andp,. These invariant

must consider a double-cut grap'h.v'vhere aII_ intermediate Pafactors T account for the two-particle singularities in the
ticles go on mass shell but the initial and final mesons hav‘lafeynman graph

the off—shell momenta, and andp, such thafpi=s, and For g?<0 the spectral representations of the form factors
p5=s, with (p;—p,)2=q? kept fixed. have the forn{18]
|
- 1 (52,69 fi(s1,5,,9)
fi(g?)= f d s)fsl ds1a(S1) s @)
i(9°) 1672 (my+ my? S2¢2(S2 o< (5. 11( 1))\1,2(51,32,(12)

where the wave functiog;(s;) = G;(s;)/(s;—M iz) and

Si(S qz)_Sz(mi-f- m§‘q2)+q2(m§+ mg)—(mf—mg)(mi_mg) +Kllz(sz,mg,mf)kl’z(qz,mf,mg)
1 2 -

2 2
2mj 2mj

and \(s(,5;,55)=(S;+5,—53)°—4s;5, is the triangle with kzzx(s,mé,m%)Ms. Here the ground-state radial
function? The analytical continuation of the expressi(?) Swave functionw(k?) is normalized agw?(k?)k?dk=1

oy : 2 - '
to th% regiong”>0 gives the form factor ag°<(m,  As demonstrated ifiL8] the form factors develop the cor-
—my)*. Explicit expressions of the double spectral densitiesect structure of the long-distance corrections in accordance
of all the form factors in Eq(1) and more details can be \yith QCD in the leading and next-to-leadingrig orders, if

found in[18].° _ the radial wave functionw/(k?) are localized in a region of
The soft wave function of a mesa[q(mg)g(mg)] can  the order of the confinement scal<A?. We assume a
be written as follows: simple Gaussian parametrization of the radial wave function
2 2 2,2
VS (M= my)” w(k?) w(k?)=exp —k%/252), (4)
e(s)=—= 3

V2 Vs—(mg—mg?2 ¥ . -, o .
which satisfies the localization requirement fé#=A qcp .
The leptonic decay constant of the pseudoscalar mgson
is given in terms of its wave function by the spectral repre-
2The spectral densitiék include proper subtraction terms. These sentation 18]
subtraction terms have been determined 18] by matching the
structure of the heavy quark expansion in the quark model to the

o A2(s,m2 md)
structure of the heavy-quark expansion in QCD. g g
y-quark exp Q fp=\/NC(mq+mE)f dse(s) ———

3The spectral representatiorf®) take into account the long- s
distance contributions connected with the structure of initial and
final mesons. To describe additional long distance effects,(Hg. S—(mq—meT)2
should be multiplied by the constituent quark form factor Xf' )
fqﬁql(qz) which contributes to the resonance structure indfe
channel. However, in the region of calculatigh< (m,—m,)?, the TABLE Il. Leptonic decay constants of the pseudoscalar me-

wave functions provide already for a rise of the form factors withsons in MeV calculated via 5 with the parameters of Table I.

g2, which is well compatible with a properly located meson pole.
Thus, an additional quark form factor is not needed there, but wef _ fk fo fg fo fo, fa,
will use a proper extrapolation formula when considering the vicin-132 160 200 180 183 220 200

ity of the poles[see Eq.(9) below].
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TABLE lll. Meson masses in GeV from PD{31].

M, Mg M M, Mp Mp Mg Mg M, Mu M, My Mps

7 p s

0.14 049 0547 0958 187 197 527 537 077 089 102 201 2.11

Ill. PARAMETERS OF THE MODEL A stringent way to constrain the parameters, By,
AND NUMERICAL RESULTS Bk, andBp is provided by the measured integrated rates of
the semileptonic decayB— (K,K* )l v. In addition we apply
the relation(5) which connectsBx with mg by using the
We consider the slope parametgrof the meson wave known value of theK-meson leptonic decay constafit
function (4) and the constituent quark masses as fit param=160 MeV. The parameter values found this way are dis-
eters. The relevant values for tl p, and = mesons have played in Table f. The corresponding form factors and de-
already been determined j24] from a fit to the lattice re- cay rates are given in Tables IV and VI.
sults on the form factor§,(g%) and A;(qg°) [see Eq.(7) The polarization of th&* in the D—K*|v decays turns
below] at q?=19.6 and 17.6 Ge¥/[14]. Thereby, use has out to be in good agreement with the experimental result
been made of the spectral representation of the leptonic d¢Table VI), and the calculate® meson decay constaf,

A. Parameters of the model

cay constant5), and the double spectral representati@®)s =200 MeV corresponds to the expectation for the magnitude

of the form factors. The values obtained fog,, m,, and  of this quantity.

Bs, B, B are displayed in Table I. _ The parameterBps cannot be found this way, but it
A few comments on these numbers are in order: should be close t@, because of the heavy quark symmetry

The quark model double spectral representations take inteequirements. We therefore 8+ = p .
account long-range QCD effects but not the short-range per- Also listed in Table | are the parameters which describe
turbative corrections. However, by fitting the wave functionsstrange heavy mesorisee also Tables Il and )l They are
and masses to reproduce the lattice points, these correctiog&cussed in subsection D.
are effectively taken care of: Corrections to the quark propa- The knowledge of the wave functions and the quark
gators correspond to the appearance of the effective quarkasses allows the calculation of the form factors in @g.
masses. Corrections to the vertices at the relevant values @fis however more convenient to present our results in terms
the recoil variablew=(M3+mZ—g?)/2MgM . should be  of the dimensionless form factoks, , Fq, f1, V, Ag, A;,
small as found in form factors of other meson transitionsA,, T,, T,, T [1] which are the following linear combina-

[26]. tions of the form factors given in Eql):
The value obtained for the-quark massn,=4.85 GeV is 5
close to the one-loop pole mass which in fact is the relevant q

mass for quark model calculations. Fe=te, Fo=fit P_qf* o Fr==(MytMy)s,
We now need to fix the parameters describing the strange

and charmed mesons. The charm quark mass can be deter-

mined from the well-known b, expansion of the heavy

meson mass in terms of the heavy quark mass and the had-
ronic parameterd, A, and\,. Using the recent estimates of

V=(M;+M,)g, A= f, (7)

M,+M,

TABLE V. Comparison of the results of different approaches

these parametef@7] one finds for the semileptoni®— K ,K* form factors aig?=0.
My~ Me=3.4 Gev. © e F0) Fr(0) V(0)  A0) Ay0)
This work 0.78 0.75 1.03 0.66 0.49
This providesm,;=1.45 GeV. Formg one expectsmg WSB[1] 0.76 - 1.3 0.88 1.2
=350-370 MeV taking into account that,=230 MeV. Jaus'96[4] 0.78 -  1.04 0.66 0.43
SR[9] 0.60(15) - 1.1025 0.5015 0.6015
TABLE IV. The D—K,K* transition form factorsM, = MD: Lat(average[13] 0.737) _ 1.22) 0.707) 0.6(1)
=211 GeV; Mp=Mp =197 GeV. For the form factors |ai[15] 0.743) 0.665) — - -
F. Fr,V,Ay, T, the fit formula Eq.9) is used; for the other form
factors, Eq(10). Exp [29] 0.763) - 1.079) 0.583) 0.415)
D—K D—K*

F F F Y, AT A, T, T T

. ° ! fo ! 2 ! 2 : 4In [25] a different set of the parameters was used which also
f(0) 0.78 0.78 0.75 1.03 0.76 0.66 0.49 0.78 0.78 0.45provided a good description of the available experimental data on
o, 024 0.38 0.27 0.27 0.17 0.30 0.67 0.25 0.02 1.23semileptonicB and D decays. However, the corresponding form

oy 0.46 0.20 0.16 1.80 0.34 factors have a rather flaf-dependence and do not match the lattice

results at largey®.
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TABLE VI. The D—(K,K*)Iv decay rates in 18 s * ob- TABLE VIIl. Comparison of the results of different approaches

tained within different approacheld/.{ =0.975. for the semileptonid® — r,p form factors atg?=0.

Ref. I'(D—K) I'(D—K*) TI'(K*)/T(K) r /ry Ref. F.(0) F4(0) V() A4 0) A,(0)

This work 9.7 6.0 0.63 1.28 This work 0.69 0.60 0.90 0.59 0.49

Jaus’96[4] 9.6 5.5 0.57 1.33 WSB [1] 0.69 - 1.23 0.78 0.92

SR[9] 6.51.5 3.81.5 0.5015  0.866) Jaus’96[4] 0.67 - 0.93 0.58 0.42
SR[9] 0.5015) - 1.02) 052 0.42

Exp[30] 934 5707 0617 12313 [B | jave[13] 06510 -  L112) 0657 0.5510)
Lat [15] 0.645)  0.607) - - -

1
A,=—(M;+My)a,, A0=m(f+q2~a_+Pq~a+),
2 the leasty? interpolation procedure leads in all cases to a
value of the parametavl which is within 3% equal to the
9? Pq lowest resonance mass. We consider this fact to be an im-
T1=-0+, T2=—-09+—5-9-, T3=0-——50o. o . -
Pq 2 portant indication for the proper choice of the quark-model
parameters and for the reliability of our calculations. We
The form factorq7) are defined such that they involve only therefore prefer to fix the pole mad&to its physical value.
contributions of resonances in tg channel with the same  The fit functions(8) represent the results now with an accu-
spin, whereas some of the form factors defined by theBg. racy of less than 2%. To achieve the accuracy of less than
contain contributions of resonances with different spins. The1% in all cases we take the forf@4]
form factorsF,, Fy, V, T; contain a pole ag?=M?2

EMf_ and A, contains a pole aq2=MBEM(2)_ (more de- £(0)
tails are given in the Appendix f(q?) = S T 0 9
The remaining form factorss,, A;, A,, T, andTg, do (1-9/M9)[1- 019 /M“+0,q"/M7]

not contain contributions of the lowest lying negative parity
states(for instance,F, contains a contribution of the™0  \whereM = Mp for the form factorA, and M =My, for the
state, andA; contains that of the 1 which have consider- form factorsF. , Fy, V, T;. In the tables below we quote
ably higher massgsAs a result they have a rather flaf  numerical values oé, only if an accuracy of better than 1%
behavior in the decay region, whereas the form fackors  cannot be achieved withi,=0, and taker,=0 if this accu-
F, V, T1, Ap are rising more steeply. racy can already be achieved with the two paramet€ds
From the spectral representatiof® together with the and o,. A two-parameter fit was discussed[28].
parameter values of Table | the form factors are obtained For the heavy-to-light meson transitions the masses of the
numerically. For the applications it is convenient, however jowest resonances are not very much different from the high-
to represent our results by simple fit formulas which interpo-estq? values in the decay. Equati@8) then allows an esti-
late these numerical values within a 1% accuracy fogdll mate of the residues of these poles. These residues can be
values in the region €g*<(m,—m;)? Also, they should expressed in terms of products of weak and strong coupling
be appropriate for a simple extrapolation to the resonancgonstantgsee Appendix The errors for these constants in-
region. duced by changing; and o, in our fitting procedurékeep-
Let us start with the form factor§., F7, V, T1, Ao. If  ing to the 1% requiremehtdo not exceed 10%. Moreover,
we interpolate the results of the calculation with the simplethe residues of the form factors at the meson pole are not

three-parameter fit formula independent and satisfy certain constrdisge Eq.(A5) in
the Appendi}, which provides a consistency check of the
H(oP) = f(0) ® extrapolations. The mismatch in EGAS) is always below
(1—q2/M 2)(1—q2/(aM)2)' 10%, and in most of the cases much lower.
TABLE VII. The calculatedD— ,p transition form factors. TABLE IX. The D—(m,p)lv decay rates in T s, [V 4

My=Mps=2.01 GeV;Mp=Mp=1.87 GeV. For the form factors =0.22.
F. Fr,V,Ay, T, the fit formula Eq.9) is used; for the other form

factors, Eq.(10). Ref. (D—m) T(D—p) [(p)T(m) T Ty
This work 0.95 0.42 0.45 1.16
D—m D—p
WSB [1] 0.68 0.67 1.0 0.91
F. Fob Fr V A A, A, T, T, Ts  Jaus'96[4] 08 0.33 0.41 1.22
SRI[9] 0398  0.124) - 1.3111)

f(0) 0.69 0.69 0.60 0.90 0.66 0.59 0.49 0.66 0.66 0.31
o, 030 054 034 0.46 0.36 0.50 0.89 0.44 0.38 1.10
o, 0.32 0.50 0.17 Exp[32-34 0.9245  0.4522) 0.50(35) -

Melikhov'97 [25]  0.62 0.26 0.41 1.27
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TABLE X. The calculatedB— D,D* transition form factors. (DY)

My=Mg:=Mp=Mg =6.4 GeV. For the form factors T 0.95:0.05 9o} DK _11+01
F. Fr,V,Ay, T, the fit formula Eq.9) is used; for the other form f(D’s‘) ’ U Jo* DK T
factors, Eq.(10). \ s
B—D B—D* 2.D—m,p
Fi Fo Fr V. A A A T T, T3 These decays are induced by thesd charged current.

f(0) 0.67 0.67 0.69 0.76 0.69 0.66 0.62 068 0.68 0_33Si_nce all the necessary parameters have .alfeady been fixed,
oy 0.57 0.78 056 0.57 058 0.78 1.40 0.57 0.64 1_46th|S mode allows for parameter-free predlctlons. Table VII
oy 0.41 0.50 presents the results of our calculations. In Tables VIII and I1X
we compare our results with different approaches and with
experimantal data. The form factorsggt=0 are close to the

For the form factors=q, A;, A,, T, andT; the contrib-  predictions of the relativistic quark model of Rg4], but the
uting resonances (Q 17, etc) lie farther away from the @2 dependence is different such that our model Bidpre-
physical decay region and the effect of any particular resodict different decay rates. Although the experimental errors
nance is smeared out. For these form factors the interpolatioare very large and nearly all theoretical results agree with

formula taken i3 experiment, we notice perfect agreement of our decay rates
with the central values.
f(9?)=f(0)/[1— 0,9°/MZ+ o,q*IMT]. (10) For the coupling constants we get the following relations:
If setting o0»,=0 allows us to describe the calculation results Jo £(D*) 9o, fO)
with better than 1% accuracy for ajf, a simple monopole 0TV _105+0.05 —22F _51+02
two-parameter formula is used. 2Mp« 2M,
The values off (0), o4, ando, are given for each decay

mode in the relevant subsections. £(0%)

T Jp*Dp

o5 =0.9+0.1, ——=1.3+x0.2.

fg/ Jp*Dr

B. Charmed meson decays
*
1. DKk Taking f(P*)~220 MeV, we find
TheD—K,K* decays are induced by the charged current

c—s quark transition. As described in the previous section, Up*p,=18+3
the measured total rates of these decays are used for a precise
fit of the parameters of our model. With the parameters og
Table | we obtain the form factors listed in Table IV. Table
V compares the form factors @=0 with the results of
other approaches and Table VI presents the decay rates.
Extrapolating the form factors tg*>=M?>, (or q>=M?2 for
Ap) gives the following estimates of the coupling constants 1. B—D,D*
(see the Appendix for the relevant formutas

n perfect agreement with a calculation @f«p,, based on
combining PCAC with the dispersion approgd@b].

C. Beauty meson decays

These decays arise from the heavy-quarkc transition.

Here one has rigorous predictions for the expansion of the

) (D)

(0F :
gD:DKfV 9o ok fp form factors in terms of the heavy-quark m&26]. Namely,
2|\/I—*:1'05i 0.05, T:l'h 0.1, the main part of the form factors can be expressed through
Ds K the universal form factor - the Isgur-Wise function. How-

TABLE XI. Comparison of the results of different approaches for the semileptBricD,D* form
factors atq®=0.

Ref. F.(0) A.(0) R1(0)=V(0)/A4(0) R2(0)=A,(0)/A,(0)
This work 0.67 0.66 1.15 0.94
Jaus’96[4] 0.69 0.69 1.17 0.93
Neubert[36] 1.3 0.8

Close, Wambach37] 1.15 0.91

Exp [38] 1.18+0.15+0.16 0.71:0.22+0.07

50ne should note that the parametetsand o, in the fit formula(10) for the form factorsFq, A;, A,, T,, and T, are introduced in a
different way than in the fit formul&9) for the form factors~, , F1, V, T1, andA,.
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TABLE Xll. The B—(D,D*)lv decay rates ifV¢,|? ps *.

Ref. I'(B—D) ['(B—D*) ['(D*)/T(D) /Tt
This work 8.57 22.82 2.66 1.11
Jaus'96[4] 9.6 25.33 2.64

Melikhov'97 8.7 21.0 2.65 1.28
[25]

Exp (1.34:0.15)102 ps 1 [39] (2.98+0.17)102 ps *[31] 2.351.3)  1.24(0.16)[40]

ever, different models provide differenf dependences of —K,K* form factors which in fact differ from the former
the Isgur-Wise function as well as different subleadingd/ mode only by SWB) violating effects should be particularly
corrections. reliable. Table XIII presents the calculated form factors and
We recall that our spectral representations of the fornFig. 2 exhibits our predictions together with the available
factors explicitly respect the structure of the long-distancdattice results at largg?. The good agreement shows that the
QCD caorrections in the leading and the subleading orders afize and the sign of the $B) violating effects are correctly
the heavy-quark expansion. Thus, we expect reliable prediaccounted fofsee also Table XIV
tions for the form factors. Our numerical results are summakor the coupling constants we obtain

rized in Tables X, XI, and XII.
For the coupling constants we find

(8%) B
9s*sofy ° QBCBD*f(p g
———— =1.56+0.15, =3.3+0.3,
2M B: D*

f(TBc) 9s*BD*

5 =0.9+0.1, =1.05+0.05.

f,° 988D

2. B—»K,K*

These decays are induced by thess flavor changing
neutral current(FCNC). We recall that theB— m,p form
factors at largel® have been used to fix the parameters of th
model. Thus we expect that the predictions for tBe

2

[T T T T | T T T T | T T T T | T T T T_]
18wy e A
Cova, --- 7
16 o~ .. g
- BT Y-
14 ¢ A Iﬁ"/ -
C AT, — Ay
12E ' 5 f =
1= Ty -
osf- E
06— o ¢$" =
E o IS I0 W ¢
04T oeceamnemmne T - S aaitd = A ] ¢__
02 fmmm===mmtm T4
0: 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 I:
0 5 10 15 2
q

FIG. 2. Form factors of thd8—K* transition vs the lattice

results.

€

B*
gB:BKfi/ ) gBSBK*fEDBS)
——=0.65£0.05, =1.65+0.1,
2M B* MK*
fg-BS) 8% BK*
= =0.95+0.05, =1.15+0.05.
fsl s) 98 BK
3. B—m,p

The B—p transition has been used for determining the
parameters of our quark model in thied andb sectors by
fitting the quark-model form factors to available lattice re-
sults onT, and A, at largeq? in [24]. The corresponding
form factors and the decay rates have been calculated in this
article. We present the results [@4] in terms of parametri-
zations for the form factors of the sé€f) (see Table XV
which have not been given in that paper. The only difference
of the results presented here with the result$24f] occurs
for the B— 7 form factorsF, andF, at q>=20 Ge\2. In
[24] these quantities are not calculated directly but extrapo-
lated from the regiom?<20 Ge\?. The parametrizations of
f, andf_ in [24] correspond t@g+g,=50. The parametri-
zation given here, on the other hand, correspondsgi .
=32 which is in agreement with recent analyses of this
quantity[35,41]. At q2<20 Ge\ both parametrizations de-

TABLE XIIl. The calculatedB— K,K* transition form factors.
My=M B = 5.42 GeV;Mp=M B~ 5.37 GeV. For the form factors
F. ,F:,V,Ap,T; the fit formula Eq.(9) is used; for the other form
factors, Eq.(10).

B—K B—K*

F, Fo Fr V A A

f(0) 0.36 0.36 0.35 0.44 0.45 0.36 0.32 0.39 0.39 0.27
0.43 0.70 0.43 0.45 0.46 0.64 1.23 0.45 0.72 1.31
0.27 0.36 0.38 0.62 0.41

Ay Ty T Ts

o1
g2
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TABLE XIV. Comparison of the results of different approaches for Bre-K,K* form factors atqg?

=0.
Ref. Fi (0)  Fr(0)  V(0)  Ai(0)  Ax0)  Ag(0)  Ti(0)  Ts(0)
This work 0.36 0.35 0.44 0.36 0.32 0.45 0.39 0.27
SR[10] 0.25 - 0.47 0.37 0.40 0.30 0.38 -
Lat+Stech[14] - - 0.38 0.28 - 0.32 0.32 -
LCSR'98[11] 0.34 0.374 0.46 0.34 0.28 0.47 0.38 0.26
Lat [15] 0.304) 0.296) - - - - - -

scribe the results of the numerical calculation well and agree The latter value is in good agreement with the lattice re-
with the available results from lattice QCD @f<22 GeV? gyt g=0.42+0.04+0.08 [41] and is only slightly smaller

[16]. For these reasons, the earlier resil{B—mlv)  yhan4- 0 5+0.02[35] based on combining PCAC with our
=8.3V,,|? ps ! calculated with the parametrization of the dispersion approach.

form factor F,. from Table XV remains practically un-  gymming up our results on the decays of the nonstrange
changed compared {@4]. heavy mesons, we found no disagreement neither with the

2 .
The form factorF, at largeq” lies below the central gisiting experimental data nor with the available results of
lattice values but nevertheless agrees with lattice result§ s |attice QCD or sum rules in their specific regions of

within the given error bars. Notice however that in our modelva"dity_ The only exception is the form facté, at largeq?

the form factorF is calculated as a difference bf andf _ in B— and D— decays, where our results are lying
and at largeq” turns out to be much more sensitive to the slightly below the lattice points. However, this disagreement
subtle details of the pion wave function, thdn and f_ 4 he related to a strong sensitivitye§ at largeg? to the
separately. A simple Gaussian wave function which worksjeajls of the pion wave function. Small changes in the pion
quite well forf . andf_, might not be sufficiently accurate ;e function, which only marginally affeét, andf_, can

for Fo. _ change the form factoF,. But such subtle effects are be-
Table XVI compares the results obtained from the quarlg,ond the scope of our present analysis.

model of Ref.[2_4] with results from the quark model of Jaus ° |, the next section we apply our model to the decays of
[4] and latest light-cone sum rul@CSR) results[11]. One  gyange heavy mesons for which a few new parameters have
observes very good agreement between the quark model §f he' introduced which are specific to the description of

Jaus, LCSRs, and our approach. The only visible differencg;q i decays of strange heavy mesons to light mesons.
with the LCSR method occurs in the form factég(0),

which is caused by small differences of the two methods in

AL(0) and A,(0) [recall that Ay(0)=((M4+M,)A(0) D. Decays of the strange mesonS and By

—(M1—M5)A,(0))/2M,]. This discrepancy exceeds the Before dealing with these decays, we must first specify

15% error bar quoted for the LCSR results only marginally.the slope parameters of tisg and theD ¢ wave function. We

If the LCSR results at smatj? and lattice results at largg  obtain these parameters by applying E& and using

are correct, our approach surely provides a realistic descripfg /fg=1.1 andfp /fp=1.1 in agreement with the lattice

tion of the form factors at all kinematically accessiltlé  estimates for these quantiti€s3]. The resulting values of

values. _ _ the slope parameters are listed in Table I. Since all other
Extrapolating the form factors to the poles, we obtain  parameters have already been fixed the calculation of the

form factors is straight forward. The only exceptions are the
(B) decays into then,n’,¢ final states. For these decays we

(8%) B - -
e+l —0.6+0.05 9eeplp” _ 14+0.2 need to know theb wave function, the mixing angle and the
2M g« 2M, slope of the radial wave function of thes component iny
. TABLE XV. The calculatedB— r,p transition form factors.
£ Oe+e, My=Mgs=5.32 GeV:Mp=Mg=5.27 GeV. For the form factors
ol 0.97+0.03, ———=1.2+0.1. F. ,Fr,V,Aq, T, the fit formula Eq.(9) is used; for the other form
fy 9s*Br factors, Eq.(10).

B—m B—p

Using f\E}*:zoo MeV gives the estimate
Fio Fo Fr V. A AL A T3 T, T3

f f(0) 0.29 0.29 0.28 0.31 0.30 0.26 0.24 0.27 0.27 0.19

~ w
Jopr n=32%5, §=——"—ggge .= 0.4+0.06. o, 048 0.76 0.48 0.59 0.54 0.73 1.40 0.60 0.74 1.42
’ 2yMgMpgsx " o) 0.28 0.10 0.50 0.19 051
1y

014006-8



WEAK FORM FACTORS FOR HEAVY MESON DECAYS: ...

PHYSICAL REVIEW B2 014006

TABLE XVI. Comparison of the results of different approaches on wBak,p form factors atqg?

=0.
Ref. Fio(0)  Fe(0)  V(0)  Ay(0)  AxO)  Ae(0)  Ti(0)  Ts(0)
This work 0.29 0.28 0.31 0.26 0.24 0.29 0.27 0.19
Jaus'96[4] 0.27 - 0.35 0.26 0.24 - -

LCSR'98[11] 0.305 0.296 0.34 0.26 0.22 0.37 0.29 0.20
Lat [15] 0.284)  0.287) - - - - - -

and »’. Our procedure of fixing these parameters are disiet us give a brief explanation of these formulas: The semi-

cussed in the relevant subsection.

1. De—K,K*

leptonic decay rates are determined by the form fa€tor
The spectral representation of this form factor does not in-
volve the final meson mass explicitly. This means that for the

These meson transition are driven by the charged-currerss component of bothy and 7’ we have to deal with the
c—d quark transition. The results of the calculation aresame form factor, which can be expressed through the radial

given in Table XVII. The predictions for the semileptonic wave function of this component. On the other hand, the

decay rates are displayed in Table XVIII.
For the coupling constants we obtain

gD*DSKfS/D ) gDDSK*f%D)
=0.95+0.05, =1.85+0.15,
ZMD* K*
f(TD*) Op* D k*
ﬁ=0.9i0.1, ——— =1.15+0.15.
fy 9p*p K
2.Ds—=m.n', b

phase-space volume of the decay process is determined by
the physical meson masses, as indicated in(Eg). It should
be clear, however, that thgg is not an eigenstate of the
Hamiltonian and does not have a definite mass.

Assuming universality of the wave functions of the
ground state pseudoscalar @onet, the radial wave function
of the nonstrange componem,7n coincides with the pion
radial wave function[42]. The radial wave function¥,
should be determined independently. From the analysis of a
broad set of processes the leptonic decay congtaaot the
strange componenys, has been found to lie in the interval
f4=(1.36:0.04)f . [43]. This allows us to determine the

These decay modes are induced by the charged currestope parametes,, in such a way that the calculated value

c—s quark transition. The pseudoscalar mesanand 7’

of fg lies in this interval, and the calculated ratlDg

are mixtures of the nonstrange and the strange components )/T'(D.— »') agrees with the experimental data fer

with the flavor wave functionmnE(Uu+dd)/\/§ and 7
=ss, respectively,

7=CO @) 7, SiN(¢) N5
(12
7' =sin(¢) 7+ cog ¢) s,

with the anglep=40° [42,43. The decay rates of interest
are

I'(Ds— 7l V):Sir]2(§0)r(Ds_’ 7s(M 1;)' v)
(13
['(Ds—7'lv)=coS(¢)T (Ds— 75(M )1 v).

TABLE XVII. The calculatedD,—K,K* transition form fac-
tors. My=Mpx=2.01 GeV;Mp=Mp=1.87 GeV. For the form
factors F, ,F1,V,A,,T; the fit formula Eq.(9) is used; for the
other form factors, Eq(10).

Ds—K Ds—K*

Fi Fo Fr V. Ab A A T2 T, T

=40°. This procedure yields for the slope parameger
=0.458 For the slope parametgr,, of the wave function of

the ¢-meson, which is the vectars state, we expect a value
close toB,.

In fact, 8,=0.45 GeV leads to thB;— ¢ transition form
factors which agree well with the LCSR resultmjdt=0 (see
subsection % With all other quark model parameters fixed
from the description of the nonstrange heavy meson decays
and by taking a simple Gaussian form of the radial wave
function, the decay rat€'(Ds— ¢lv) is a function of 3.

This function has a minimum at the valy,=0.45 GeV,
nevertheless, the corresponding value of the decay rate is 1

TABLE XVIII. The D—(K,K*)Iv decay rates in 1§ s,
|V =0.22.

Ref. I(De—K) T(De—K*) T(K*)/T(K) T_/Ty

This work 0.63 0.38 0.6 1.21

f(0) 0.72 0.72 0.77 1.04 0.67 0.57 0.42 0.71 0.71 0.45

0.20 0.41 0.24 0.24 0.20 0.29 0.58 0.220.06 1.08
0.70 0.42 0.44 0.68

g1
(o]

Another procedure of taking into account the (3Ubreaking
effects to obtaint¥’,, from ¥, has been proposed j42].
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TABLE XIX. The calculatedD¢— 75,¢ transition form factorsM,=M pr= 2.11 GeV;Mp=Mp_

=1.97 GeV. For the form factofs, ,F,V,Ay,T; the fit formula Eq.(9) is used; for the other form factors,
Eq. (10).

Ds— ns(Mry) Ds— 77$(M77') Ds—¢

Foo Fo  Fy Fo Fr v A AL A T T T

f(0) 0.78 0.78 0.80 0.78 0.94 110 0.73 0.64 047 077 077 0.46
o 023 033 0.24 0.21 0.24 026 010 029 063 025 0.02 134

oy 0.38 0.76 201 045
above the central experimental value To discuss these SB) breaking effects, let us start with
The results of our calculations are given in Tables XIXB— p, which in fact differs from theB;—K* only by the
and XX. flavor of the spectator quark, and moveRBg—K* by ac-
For the coupling constants we obtain counting for the SIB) violating effects:
Within the LCSR method there are two changes which
DX e
9D§Dsrzsf£/ s) gDSDSzéf(PDS) faffect the form factors: first, the changg — fg leads to an
————=1.0=0.1, oML 1.6+0.3, increase of thd&;— K* form factors; second, the change of
2MD§ ¢ the symmetric twist-two distribution amplitude of the

p-meson to the asymmetric one of tK& meson leads to a

f(D§) Io*D decrease of the form factors. The second effect turns out to
T s s . .
——=0.93+0.03, —1.08+0.04. be much stronger than the first one with the result of an
§(Os) 9o* Dy, overall decrease of the form factors.
v In the quark model, the same &) breaking effects take
3 B.oK K* place: The change of the spectator méssletermines the
. Be—K,

increase ofst/fB) and the change of th&k* meson wave

function (due to the change of both the quark mass and the

tion. The only additional new parameter needed here is thglope parameter of the light meson wave functidtere the
slope of theBs wave function. We obtain it by using Ep) influence of the slope of the heavy meson wave function

and takingfg /fg=1.1. The results of our calculation are \,,on the form factor is only marginal. Therefore, the result-

This mode is driven by the—u charged current transi-

given in Table XXI. ing effect of these changes leads to an increase of the form
These form factors lead to the following relations: factors.
. We want to point out that the difference between the re-
Op* BstS/B ) QBBSK*f(pB) sults of the two approaches does not arise from specific ef-
WZO-Mi 0.04, W: 1.3+01, fects (higher twists, higher radiative corrections, gtwhich

are present in the LCSRs but absent in the quark model. The
observed difference is only due to the different strength of

f(TB*) Op*BK* the SUQJ) violating effects at the level of the twist-2 distri-
£(B%) =0.95+£0.05, Usb K =1.2+0.1. bution amplitude. As was discussed[26], this distribution
\% * s

amplitude can be expressed through the radial soft wave
function of the meson. The change of the quark-model wave
unction caused by S@) violating effects does not induce a
trong asymmetry in the leading twist-2 distribution ampli-
ude.

In view of the discrepancy between our results and the

The form factors at?=0 are compared with the LCSR
predictions in Table XXIl. We observe some disagreemen
between our predictions and the LCSR calculation whicr}
gives smaller values for all the form factors. A closer look at
the origin of this discrepancy shows that its source is the
strength and sign of the $B)-breaking effects. They lead to TABLE XXI. The calculatedB,— K,K* transition form factors.
opposite corrections in the two approaches. My=Mg« =5.32 GeV:Mp=Mg=5.27 GeV. For the form factors

TABLE XX. The D Sy d 16 1 F. ,Fr,V,Ap, T, the fit formula Eq.(9) is used; for the other form
. e Ds—(7n,7',¢)lv decay rates in s factors, Eq.(10).

|V.J=0.975. The experimental rates are obtained from the corre-
sponding branching ratios using thBs lifetime 7p =0.495 B.—K B, K*
+0.013 ps from the 1999 updafdl].

Fi Fo Fr V. A A A Ty T, T;

Ref. (D I'(De— 7’ (D

(Ds—m) (Bs— ) (Os—¢) f(0) 031 0.31 0.31 0.38 0.37 0.29 0.26 0.32 0.32 0.23
This work 5.0 1.85 5.1 o, 0.63 093 061 0.66 0.60 0.86 1.32 0.66 0.98 1.42
Exp[31] 52+13 2.0-0.8 4.04-1.01 s, 033 070 030 030 0.16 0.60 0.54 0.31 0.90 0.62
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TABLE XXII. Comparison of the QM and LCSR results on the eral constraints: the quark masses and the slope parameters
Bs—K,K* form factors atg*=0. of the wave functions are chosen such that the calculated
form factors reproduce the lattice results for Be>p form
factors at largeg? and the observed integrated rates of the

This work 038 029 026 037 032 023 semileptonicD—K,K* decays.

LCSR'98[11] 0.262 0.19 0.164 0254 022 0.16 Our main results are as follows: _
In spite of the rather different masses and properties of

mesons involved in weak transitions, all existing data on the
LCSR it would be interesting to have independent calculaform factors, both from theory and experiment, can be un-
tions of the Bs—K* form factors at smallg” from the  derstood in our quark picture. Namely, all the form factors
3-point sum rules, as well as a lattice calculation for layge  are essentially described by the few degrees of freedom of
. constituent quarks, i.e. their wave functions and their effec-
4 B’ tive masses. Details of the soft wave functions are not cru-
These weak meson transitions are induced by the FCNGCial; only the spatial extention of these wave functions of
b—s quark transition. The results of the form factor calcu-order of the confinement scale is important. In other words,
lation are given in Table XXIII and compared with the only the meson radii are essential.
LCSR predictions atj?=0 in Table XXIV. The agreement  The calculated transition form factors are in all cases in
between the two values is satisfactory at least within theyood agreement with the results available from lattice QCD
declared 15% accuracy of the LCSR predictions. This allowsnd from sum rules in their specific regions of validity. The
us to expect that also tHes— ¢, 7, 7’ form factors and the  only exception is a disagreement with the LCSR results for
corresponding decay ratégiven earlier in subsection 2are  he B.—K* transition where we predict larger form factors.
calculated reliably. , This disagreement is caused by a different way of taking into
For the coupling constants we obtain account the S(B) violating effects when going frorB— p
(%) (B9 to B¢—K™* and is not related to specific details of the dy-
98*B,7fy ° I8P ° namics of the decay process. We suspect that the LCSR

Ref. V(0) A(0) Ax(0) Ag(0) Ty(0) Ts(0)

IM =0.6+0.05, 2M =15+01, method overestimates the &) breaking in the long-
B distance region but this problem deserves further clarifica-
N tion.
f(TBS) 98 B.o We have estimated the products of the meson weak and
5 =0.95+0.05, =1.13+0.06. strong coupling constants by using the fit formulas for the
fye 987 By, form factors for the extrapolation to the meson pole. The
error of such estimates connected with the errors in the ex-
IV. CONCLUSION trapolation procedure is found to be around 5—-10 %.

We cannot provide for definite error estimates of our pre-
We have calculated numerous form factors of heavy medictions for the form factors because of the approximate
son transitions to light mesons which are relevant for thecharacter of the constituent quark model. However from the
semileptonidcharged curreftand penguir(flavor-changing fine agreement obtained in cases where checks are possible,
neutral currentdecay processes. Our approach is based owe believe that the actual accuracy of our predictions for the
evaluating the triangular decay graph within a relativisticform factors is around 10%. Since some parameters have
quark model which has the correct analytical properties anéeen fixed by using lattice results and have also been tested
satisfies all known general requirements of QCD. using the sum rule predictions, further improvements of the
The model connects different decay channels in a uniquaccuracy of our predictions will follow if these approaches
way and gives the form factors for all relevayftvalues. The attain smaller errors. Of course, each precisely measured de-
disadvantage of the constituent quark model connected witbay will also allow a more accurate determination of the
its dependence on ill-defined parameters such as the effectiygmrameters of the model and thus can be used to diminish the
constituent quark masses, have been reduced by using semrors at least for closely related decays.

TABLE XXIIl. The calculated Bs— 7¢,¢ transition form factorsM,=M B = 5.42 GeV;Mp=M B,
=5.37 GeV. For the form factofs, ,F,V,Ay,T; the fit formula Eq.(9) is used; for the other form factors,

Eq. (10).
Bs— n5(M 77) Bs— 1s(M r;’) Bs— ¢
F. Fo Fr Fo Fr \ A AL A Ty Tz Ts
f(0) 0.36 0.36 0.36 0.36 0.39 044 042 034 031 038 0.38 0.26
o 0.60 0.80 0.58 0.80 0.58 0.62 055 073 130 062 083 141
g5 0.20 0.40 0.18 0.45 0.18 0.20 0.12 042 052 020 0.72 0.57

014006-11



D. MELIKHOV AND B. STECH PHYSICAL REVIEW D 62 014006

TABLE XXIV. Comparison of the QM and LCSR results on the vector of the vector meson.
Bs— ¢ form factors aty®=0. In the heavy quark limiggsg,=Jgs, -

Ref. V(O) Al(o) AZ(O) AO(O) Tl(o) T3(o) 3. Form factors

This work 0.44 0.34 0.31 0.42 0.38 0.26 The form factorsF+, FT! V, Tl contain p0|e atqz
LCSR'98[11] 0433 0.296 0.255 0382 035 025 =MZ2, due to the contribution of the intermedia®¥ (1~
statg in the g2 channel. The residue of this pole is given in
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APPENDIX: WEAK AND STRONG MESON COUPLING R
CONSTANTS - s+l ) Mg+ M, 1
T= o
We provide here definitions of the coupling constants 2Mg ME  1-g% M3,

which determine the behavior of the form factorsqétnear (A3)
the resonance polébeyond the decay regiprWe consider O+ Bpfng*) Mg+M, 1
as an example the case of tBe- r,p transition. V= +oe

2
2M}E Mgs 1—0%/Mg.

1. Weak decay constants

o FBF)
Weak decay constants of mesons are determined by the T,= 9erplT ! 5
following relations: 2M§  1-g*/Mg.
Here ... stand for the terms non-singulamgdt= Mé*.
Y _:ic(B) o . _—
(B()|b(0)7,75a(0)|0)=ifp Similarly, A, contains the contribution of th& (0~
statg. In the region ofqzzMé it can be represented as fol-
_ (B%) B%) lows:
(B*(q)|b(0),9(0)|0) =€, "M fy (A1)
_QBBpf(PB) Mg 1

0= + (A4)
— ) * * * 2M B 2M 1—- 2/M 2 B
(B*(@)[b(0)7,0(0)|0) =i (g, ~ g, ), R
(B%) : o First let us notice that the residues of the form factors are not
wheree,” ’ is theB* polarization vector. In the heavy quark all independent and are connected with each other as fol-

limit one hasf(® =" =" lows:

2. Strong coupling constants

Reg¢Fr)RegV) Mg+M, Mg+M,

ReSF,ReST) M Mo (A5)

Strong coupling constants are connected with the three-

meson amplitudes as follows: . . :
P This relation can be used as a cross-check of the consistency

of the extrapolation for the form factors.

1 . The coupling constants are related to the residues of the
(m(p2)B(py)|B*(q))= L BP el ) form factors according to the relations
Os+0.fY )—Res{F ) gt _, Re$A)
- - + /s 2M - 0/
(P(PBPYIB* (@)= 5 €uppneleBIP, g, 202 oMo ’
2 1 2 aBurvCa B mHy M,é

%) RegFr) Mgs
£ " RegF,) Mgt M.’

(AB)

1
(p(P2)B(p1)|B*(q))= = p+p,P,e”, (A2)
! 2 BB s Oevs,  ReSV)  Mgs

~ RegF.) Mg+M,’

where g=p;—p,, P=p1+p,; and ¢, is the polarization OB*Br

o
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