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Determination of |V | from exclusive decays in a relativistic quark model
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In the framework of a relativistic covariant Bethe-Salpeter model for the quark-antiquark system we present
a renewed determination of the Cabibbo-Kobayashi-Maskawa matrix eléghtComplementing an earlier
analysis applied to the whole decay spectrumBerD* er we now also employ the “zero-recoil method”
that uses the end point of the decay spectrunm=() and is suited for heavy-to-heavy transitions. The
averaged experimental value extracted from the data at zero 86g|lF(w=1)=0.0343+ 0.0015, then leads
to |V.p|=0.0360+0.0016. This value is somewhat larger than the one that uses the whole decay spectrum for
the model analysis. We also contrast this result to a nonrelativistic model and to recent experiments on the
B— Dev semileptonic decay.S0556-282(198)06515-1

PACS numbgs): 12.15.Hh, 12.39.Ki, 13.20.He, 13.30.Ce

I. INTRODUCTION transitions, in particulaB— 7 (p), important to determine
[Vuol; see, e.g., Refl16]. In this sense the heavy-to-heavy
Within the standard model the extraction of the Cabibbo-transitions provide an important test case and bear an impres-
Kobayashi-Maskawa(CKM) matrix element |V, (and sion of possible model uncertainties.
|V,p|) is an outstanding topic dB-meson physics. Several  In this context the merit of semilepton&— D*)ew tran-
methods have been utilized that are summarized, e.g., by tifétions may be considered twofold: As already mentioned
Particle Data Groufj1]. Presently, the value dfV,,| ex- they provide a very good source to extract the CKM matrix

tracted from inclusive decays is somewhat larger than fronglementVcy| that has to be contrasted to inclusive and non-
exclusive decays, e.g., B— D*ev. leptonic decays. On the other hand, weak dec¢aygeneral

A fruitful method to extractV.,| from exclusive decays pr0\_/ide important complementary information for QCD-
is to reparametrize the decay data in such a way that the otivated modeling of the underlying quark structure of me-

. : . ons(in general, hadronsIn addition, they may be consid-
may be fitted by azsmof tfe.g.z, lineay function |ch|f(w) ered useful to discuss the different relativistic approxima-
of w, wherew=(mg+mg, —q°)/(2mgmp«), andq* is the

! Bl X tions used in this context.

four-momentum transfer. Doing so it is possible to extrapo- \we choose an approach utilizing the instantaneous Bethe-
: ; ok A il

Iatg to .the pomt of zero recoil of th, meson, "e'f"_l’ . Salpeter equation to treat tlyg system within a relativisti-

which is not directly measurable. This procedure is particUg|ly covariant formalisni17]. The model is able to describe

larly favored in the context of heavy quark effective theoryhe meson mass spectrum for low radial excitations. It has

(HQET) [2] but also useful to compare to other approaches,een applied to the calculation of leptonic decays, viz., decay

since in this context the notion of the whole decay spectrumyynstants andy decayq18], and to elastic form factors of

is not needed to extra¢¥cy|. In HQET the value ofF at  mesons[19] as well as to charmonium and bottomonium

zero  recoil 2i5 normalized up to corrections of order([g] Relativistic quark models have been investigated, e.g.,
(Aqcp/Mep)” (Wherem, , denotes the mass of theor b Refs.[21-25.

quark. However the required fitting and extrapolation pro-
cedure leads to some errors, where the statistical error is
under control and presently in the order of §%. Il. BETHE-SALPETER APPROACH
Alternatively, quark models have been proven very useful
as they provide not only predictions féf{w) for all » and
[Vepl, but also numerous testable results for quite different The Bethe-Salpeter approach provides a consistent treat-
processepd—12. A general overview on bound state models ment of two-body bound states as well as the coupling of an
for heavy hadron decay form factors has been given by Rekxternal field via the Mandelstam formaligi26,27. In or-
[13]. Other approaches the physics of heavy quarks has prodter to actually solve the bound state problem several reason-
ited from are QCD sum rulgsl 4] and lattice QCO15]. able approximations are necessary or practi¢alfhe quark
SinceF(w) is known for a quark model, one may ask for propagators are assumed to be free propagators irrespective
the implications on the empirical value f/ .|, if the zero-  of the confinement that is introduced via a confining kernel,
recoil result is contrasted to the one obtained by using théi) quark masses are assumed to be consiant constituent
whole decay spectrum. Both methods are frequently used bigfuark masgwhich is reasonable for heavy quarks, since cur-
not yet compared to each other directly. In addition, relativ-rent quark masses and constituent quark masses needed for
istic quark models also allow us to describe heavy-to-lightreproducing the mesonic mass spectrum are rather close to
each otheriii) we utilize a ladder approximation for the
interaction kernel, an¢lv) using an instantaneous interaction
*Email address: beyer@darss.mpg.uni-rostock.de in addition leads to computational advantages, as it provides

A. Solving the Bethe-Salpeter equation
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random-phase-approximatiofRPA-) type equationy 28] TABLE |. Parameters of the BS model.
that can be solved by introducing an effective Hamiltonian
[21] in a formally covariant way. The specific model used Mu,q ms me mp ac be lo

here has been solved for thyg system in[17,18 and ap- [GeVl [GeV] [GeV] [GeV] [GeV] [GeV/im] [fm] asq
plied to a wide range of phenomefd9,29 including the 200 0440 1738 5.110-1.027 1700 0.1 0.391
heavy quark sectdr,20]. Details of the model may there-
fore be found in the references given in the Introduction.
Here, I give a short survey and summarize some results. [Va(p,p ) ®(p)]=Ve((p—p')?)
Within the approximations given above tpg integration

in the Bethe-SalpetdiBS) equation may be performed. The
resulting Salpeter amplitude in the rest frame of the bound
state with mas#/ is the given by

1
x| Y@ (p")y°= S [v®(p)y

dp® +<a&><1><p'><y>‘<)]}, ®
Q(D)ZJ%XP(p P)lp=(m.0 )

with the operatox=x/|x|, and
where yp(p°,p) is the full Bethe-Salpeter amplitude. Note P X

that the relative momentump=(p,,p) appearing in Eq(1) 4 ag(P)
. . . . 2N S q
may be written in a covariant fashiga7,18. Ve(@))=m7 ——, (6)
The resulting Salpeter equation is then given by 3 ¢
d3p’ AL (P)YV(p,p )P(p')]y°AL(—p) whereag(g?) is introduced as a “running” coupling as dis-
q)(p):f P o : cussed in Refs[9,17,18.
(27m) @17 @2 To solve the Salpeter equation numerically, B2).is re-

A 0 , N1 0 — written as an eigenvalue problefRPA equationf see, e.g.,
_f d*p’ A1 (P)YIV(P.P)IP(P)]Y Az (—P) _ Refs.[17,21]. This way it is possible to utilize the variational
(2m)° M-w;— o, principle to find the respective bound states. To this end the
@) Salpeter amplitudeb is expanded into a reasonably large
number of basis states used as a test function. As a suitable

operatorsA-i(p)zl[w-+ Hi(p)]/(2w;) in obvious notation and found that about ten basis states lead to sufficient accu-
I I— I I ’

where H;(p)=y°(y-p+m;) is the standard Dirac Hamil- racy; see also Ref$17,18, ) .

tonian (for details see, e.g., Refil7,18). For completenes;, the parameters of the model given in
The dynamical input of the model is defined by a confine-Ref' [9] are shown in Table I. These are the quark masses,

ment plus one gluon exchang®GE kernel,V=Vc+ Vg the offseta., and slopeb, of the confinement interaction,

i — 2
Confinement is introduced as a mixture of a scalar- and &9 (4),_and the saturation values,,= as(q_—_>0). They are
vector-type kernel in the following way: etermined to give a good overall description of the meson

mass spectruntheavy and light mesons as well as charmo-
[Ve(p,p)@(p)]=VE(p—p) A P(p')—y°P(p')y°]. ~ nium and bottomonium[9,17-20,29
) B. Current matrix elements

Because of the instantaneous approximation, it is possible to Semileptonic decays are treated in a current-current ap-
introduce the same spatial dependefinghe rest system of proximation. For a transitiobh—c the Lagrangian is given
the mesopas used in the nonrelativistic case, viz., in coor-by

dinate space:

Ge .
VE(r)=ac+br. (4 Ecb=ﬁvcb &y j . @)

The mixture of a scalar and a vector spin structure has been. , i
introduced in order to give an improved description of theWith the CKM matrix element/.,, and the Fermi constant
spin orbit splitting. Other mixtures have been advocated if>r - The leptonicj, and hadronic currentsg, are defined
the literature, and also an anomalous tensor-type confind

ment has been discussed; see, e.g., R@f.However, the

consequences concerning, e.g., the mass spectrum or Regge J',F'_)’,L(l— Ys)vi, 8
behavior have not been studied yet. _
For the OGE kernel, we chose the Coloumb gauge for the hf,=cy*(1— ys)b. 9

gluon propagator. This way it is possible to retain a covariant

formulation within an instantaneous treatment of the BetheThe relevant transition amplitudes

Salpeter equation, and it allows us to substityteby — 2. o

The OGE kernel then readl83,24 (D™)|cy*(1— y5)b|B) (10
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D It may be computed in the rest frame from the equal time
amplitude®(p) using the Bethe-Salpeter equation

d3/

W v PePle- w0 =)= | T2V 0 (e
NV K = VWV e (13

Finally, using the Lorentz transformation properties of the
field operators that define the Bethe-Salpeter amplif@d&

b u b u we can calculate the Bethe-Salpeter amplitude in any refer-
ence frame via
B
_ R
FIG. 1. Pictorial demonstration of the irreducible kernel of the Xp(P) =Sy X(m,0(Ap P)Sy (14)

full Mandelstam current for th8— D) transition[left-hand side
(LHS)] and its relativistic impulse approximati¢RHS) used in Eq. ~ WhereAp is the pure Lorentz boost ar&} , the correspond-
(12). The solid circle denotes the inverse quark propagator. ing transformation matrix for Dirac spinors.

Because of the reconstruction of the full Bethe-Salpeter
for B—D andB—D* of the hadronic current can be decom- amplitude sketched above, the transition matrix element, Eq.
posed due to the Lorentz structure of the current, thus intro¢11), is manifestly covariant.
ducing form factors. A standard representation of the form
factors is given in terms ofy(q%), F1(q?) [or f.(q?), C. Form factors
f_(q?] for 0°—0" transitions, andV(q?), Aq(q?),
A1(9?), Ay(g?) for 0- — 1" transitiong30]. The exact defi-
nitions and further references have been given, e.g., in Re
[33]. Note thatm?<q?<q? ,,=(Mg— Mpx))? due to kine-
matical reasons. Helicity amplitudés. andHg in terms of

The analysis of experimental data on heavy-to-heavy tran-
itions now widely uses the notion of heavy quark expansion
F’l]. Following Ref.[31] we for one introduce the ratios
Ri(w) andRy(w):

the above form factors have been given byrier and q° V(g?)

Schuler in a series of papef80] and are compiled by the Rl(w)z|:l— , (15)

Particle Data Grouf1]. Using the helicity amplitudes the (Mg+mpx)?|Ay(g%)

formulas for the decay spectrum used here are given in Ref.

[30] and will not be repeated here. The respective decay rates q? A,(g?)

into specific helicity stated’.., I'y are also given in the Ro(w)=|1— 2 2\ (16)
(mg+mp«)=]A1(q%)

literature; see, e.g., Refl].

To determine the form factors from the model, we follow
the general prescription by Mandelstd&7]; see, e.g., Ref.
[34] for a textbook treatment. The lowest order contribution
(relativistic impulse approximatignto the current(some-
times referred to as a triangle graph given in Fig. 1, and

wherew=(m3+m>, —q?)/(2MmgMp«).

For B—D* ev decays the standard form factors may then
be related to the ones used for the heavy quark expansion by
[31]

written as(consider, e.g., the antiquark current, flavor indices 2
suppressed A(9)=kpps| 1 ———— |ha (0), (17
(Mg+Mpx)
(D* Ppx|ht4,(0)| B, Pg) ,
dp A2(q%) = kpp+Ra(@)hp (w), (18)
=— | ——4t{Tp_.(p—q/2)S,,(Pg/2+p—
f (2,”_)4 { PD*(p q ) q ( B p q) V(qz):KBD*Rl(w)hAl(w)y (19)
F F
Xy 75)53( Pg/2+p)I'p (P)Sq(—Pel2+ P} where kgp+ = (Mg+ Mp+)/(2ymgmp+). In the heavy quark
(11  mass limit g p—°),
wherep andp’genote the relative momenta of the incoming hAl(“’)_)a“’)' (20)
and outgoingqq pair, andq=Pp+ — Pg is the momentum Ridw)—1, 21)

transfer. The quark Feynman propagator is denotet$§1y

The Dirac coupling to pointlike particles is consistent with where&(w) is a universal function known as the Isgur-Wise
the use of free quark propagators. In Efjl) the amputated  ;nction [2].

Bethe-Salpeter amplitude or vertex functibp(p) is given For the caseB—Dev the standard form factors are re-
by lated to the heavy quark form factors \ia1]
Fp(p)iZ[SS(pq)]lep(p)[SE(—DE)]fl- (12 f.(9%) = kgph ()= kgph_(w), (22)
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L L B B—D*ev [9]. We have now redone this analysis on the

11 - % | basis of the improved data and also included the recently
I 1 ] measuredB— Dev decay spectrum. In addition, we present
1.0 . a new analysis for this model approach at zero recoil of
\ R, 1 B— D* ey that is commonly used for heavy-to-heavy transi-
0.9 Fmmem TS 7 tions to extractV,|. This enables us to compare the differ-
S ] ence between the energy-dependent and zero-recoil analyses
0.8 i "“\-.\’fA,((D) | quantitatively, at least for the Bethe-Salpeter model dis-
o7 b T i cussed here and the nonrelativistic approach given earlier
i E(®) d [33].
0.6 | .
L S N S S A. B—»D*evr decay
Lo L1 12 o L3 L4 LS We now turn to the extraction the CKM matrix element

|Vl The differential decay rate f@—D*ev is given by

FIG. 2. Form factorsR;(w) (long-dashed ling Ry(w) (dash-  [1,35]
dotted ling, andh, (w) for theB—D* transition as a function of

w. The Isgur-Wise functio(w) of the heavy quark mass limit is dlps GE

shown as a solid line. Radiative corrections are not included here. do 4873 Mp« (Mg = Mpx) Ve —1
ff(q2)=KEth(w)—KE;DM(w), (23 X(w+l)3|Vcb|2f%*(w)

where kgp=(mg*mp)/(2y/mgmp). In the heavy quark 4o ME+M2, —20MgMps

mass limith . (w)— &(w) andh_(w)—0. X| 1+ oIl (Moo )2 . (26

In the model approach used here the heavy quark mass
limit has been performed numerically by multiplying, ,,
In Table 1. To-evaluate e transiton mati siements, Eq O 8 writen in a way thaf:(u) reduces t©
(1), the meson amplitudes are then calculated by diagonalz:D*(w)HnAé(w)zg(w) _m_the heavy quark mass I!m't’
e ; ; where 7, denotes the radiative correctiof®&l,36. For finite
izing the eigenvalue problem with the large quark Masses, - ccos the functiono« () contains all the symmetr
Because of numerical reasons, the heavy quark masses can-__ | . Dx{® y y

. . - breaking effects.

not be chosen too large. The function resulting from this

numerical limiting procedure is then defined to be the Isgur Experiments are given in a way that all well known fac-
gp 9% ors are divided out in the decay rate and of\yy| Fp+ (w)

Wise function £(w) of the Bethe-Salpeter model, where js |ef over. The corresponding data points of a recent CLEO
£(1)=1.00 within 0.1%. This function is shown as a solid measurement are shown in Fig. 3. The result is particularly
line in Fig. 2. Note that at this stagé does not include smooth and may be fitted by a linear curve. The fit to the
radiative corrections that will be given below. In the samedata done by the CLEO Collaboration is also shown in Fig. 3
fashion the ratiod}; andR, tend to unity within less than as a dash-dotted line. Other lines reflect the model results
0.1% when numerically increasing the heavy quark masseditilizing different assumptions. The solid line is calculated
For finite masses the experimental ratRg,, assuming using the exact formula for the decay rate as given, e.g., in
constant values, have recently been extracted by CLHO [1,30] (i.e., withR; , » dependentdivided by the same fac-

The latest values af82] tor as the experiments are. The CKM matrix elen|®h| is
then determined by a least squares fit to all data points. Ra-
R;=1.24+0.26+0.12, (24)  diative corrections have been included in the dominant form

factorh, (), expressed as an overall factgg [31]. Unlike
earlier estimates that imply a correction of approximately 1%
which have to be contrasted to the long-dashBg) (and [31] (i.e., ;maller thqn the model uncertainty and therefore
dash-dotted R,) curve shown in Fig. 2. The model ratios neglected in the earlier analy$i]) a recent two-loop calcu-

vary slowly by roughly 10% over the whole range, which lation leads to a substantial value gf=0.960+=0.007[36],
is smaller than the experimental error. which has to be included in the analysis. The resulvis,|

=0.0339£0.0010. To see the model dependence of the dif-
ferent analyses used in this context we now ta&ke ()
=77AhAl(w), R; and R, constant, i.e.R;(1), Ry(1), and

_ Utilizing the Bethe-Salpeter model to describe mesons agijs CKM matrix element that leads to the long-dashed line
gq states the exclusive decay spectra B~D*erv and shown in Fig. 3. It is obvious that the curve slightly deviates
B—Dev have been calculated and compared to the experifrom the solid one that includes the dependence dr; and
mental data. Earlier the CKM matrix elemdit,,| was de- R,. Using the sameo dependence fofF(w), however, the
termined by a least squares fit to the whole spectrum ofalue of |V | Fpx(w=1) from the CLEO fit leads to the

R,=0.72+0.18+0.07, (25)

lll. RESULTS
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0.04 — T T T where 81,2 has to be determined. Corrections vary from
[ ] —81m2=(3%x2)% [38,39 t0 — 812=(5.5=2.5)%[40]. A
recent discussion and appreciation of the different ap-
proaches is given by Martinel[d41]. The relativistic model
discussed here leads to a value-06;,2=0.5%.

The values forFp« (w=1)|V.p| that have been extracted
by different experiments are quite consistent and lead to an
overall fit of [41,32

0.03

Fpor(0=1)|V,,|=0.0343-0.0015 (29
0.01 | . - . . .
L . for the empirical slope parameter given in the last line of
Table 1. Using this value and the radiative corrections given
I ] above we extract the CKM matrix eleméit,,| for the rela-
0.00 —_— ivisti -
) 00 710 770 730 740 750 tivistic Bethe-Salpeter model to be

0) |V¢p/ =0.0360=0.0016  zero recoil, (30)

FIG. 3. |V F(w) as a function ofw for B—D*ev decays.

Data points are from the CLEO Collaboration, and the dash-dotted |Vcb| =0.0339+0.0010 full spectrum. (31
line shows their linear fifwith c=0) to the data. The model result
using|V.y| of Eq. (31) is displayed as a solid line. The long-dashed This is the main result that shows the potential model depen-
line shows the model result using the same valuel¥g| 7 atw  dence of the zero-recoil method that adds to the statistical
=1 but constantR, , (as used in the zero-recoil analysi¥he  yncertainty. A similar renewed analysis for the nonrelativis-
dashed line uses the value [&f.,| as provided by the CLEO Col- tic model given before[33] now leads to|V,,|=0.037
laboration andR; , constant(i.e., zero-recoil methodfor compari- +0.002, which is larger by 7% compared to the spectrum-
son. dependent analysis. For definitenessBalifetime of 75

] ) . =1.56 ps has been used throughout the analysis to extract
short-dashed curve. The resulting CKM matrix element IS\,

obviously larger by=8%. _ . The values fotV,,| extracted here from exclusive decays
The functionfp«(w) that leads to Fig. 3 can be approxi- 4re compatible with results found by other models, e.g.,
mated by a quadratic fit to ranging from |V, =0.034=0.003 t0 |V, =0.037+0.004
using a dispersion approa¢h2], light front quark models
f‘Dzj(w):}‘D*(l)[l—pil(w—l)+c(w—1)2], (270 [43], the nonrelativistic modef5], and simple form factor
parametrization$4,30]. The values extraced from inclusive
, ) decays appear to be also compatible with a slight preference
with the parameterp, andc. The slope ofFp«(w) €X-  for higher values ranging from{V,|=0.038+0.003 to
tracted by CLEQ[3] assuming a linear dependence @n |V |=0.043+0.003 for five different modelg44].
(c=0) is p3 =0.84+0.13+0.08, and is shown as a dash-

dotted line in Fig. 3. The respective parameters for the qua- B. B—Dewv decay

dratic fit of the curve discussed are shown in Table IlI.
Within the notion of the heavy quark effective theory the

form factor Fp«(w=1) can be expanded into orders of

The differential decay rate for thB—Dev is given by
[35]

Agcp/me . Since symmetry breaking effects in semilep- dar G2
tonic decays are of second order orfl§7], lowest order s M3 (Mg + Mp«)2(w—1)¥V |2 FE ()
. d(l) 3 D B D ch D ’
terms are usually written as 487
(32)
Fox(@=1)= na(1+ Syma), (28)

where agairfp(w) reduces to the Isgur-Wise function in the
heavy quark mass limit. Recent experimental data for the
relevant part of the spectrufv,,| () are shown in Fig.

'4. The linear fit to the data given by the CLEO Collaboration
is also shown(as a dash-dotted lineThe model results uti-
lizing the full spectrum-dependent analysis lead to the solid

TABLE II. Parameters for a quadratic fit to the CLEO data and
the BS model. The first line is in the heavy quark mass limit, othe
lines for physical masses.

2
Pay ¢ Model line in Fig. 4. For comparison the result of the zero-recoil
0.83 0.34 forég o) method utilized in the previous paragraph is also shown. The
0.76 0.30 forha, (@) radiative corrections have been assumed to be in the same
0.69 0.34 forF( o) order as in thd8— D* ev transition. Obviously the model is
0.92+ 0.64+ 0.40 0.15-1.24+0.90 CLEO data capable of providing a good description of the experimental

data.
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2 —— T T ] plitude has been reconstructed using the Lorentz transforma-
tion properties of the field operators.
0.0 | ] The only parameter left to describe the exclusive decay
[ ] spectra is the CKM matrix elemep.,|. ForB—D*ev two
0.08 L ] methods have been compared. One uses the complete spec-

trum, viz., the functional dependence 8§+, emerging from

the quark model. The CKM matrix element is then fixed by a
least squares fit. The other analysis utilizes the “zero-recoil”
method used in the context of heavy quark expansion. Here

004 e I 1 only the empirical value of V| Fp«(1) is used that is
U B S '_I.---z --------- Foz=F- gained from an extrapolation of the experimental datg.,
0.02 | ! 1 7 by a linear fi} to the zero-recoil pointwv=1 andR;, R,

assumed constant. The CKM matrix eleméyt,| is then
L L L . extracted using a singular value of the model7(1).
1.00 110 120 ® 1.30 140 1.50 Clearly, this method is not consistent with the underlying
model, but widely used to extraf¥.,| from the zero-recoil
FIG. 4. |V, F(w) as a function ofo for B—Dewv decays. Data  point. Comparing the full model result to the zero-recoil re-
points are from the CLEO Collaboration, and the dash-dotted linesult leads to different values for the CKM matrix elements
shows their linear fitwith c=0) to the data. The model result using |V, by approximately 8%. In view of this result it seems

0.00 L———1 £ .

|Vl of Eqg. (31) is displayed as a solid line. obvious that this kind of model uncertainty stemming from
the different treatment of the dependence of the spectrum
IV. SUMMARY AND CONCLUSION may show up in the determination pf.| in addition to the

1statistical error. This result may also be relevant for other
more “model-independent” analyses.

For comparison thd— Dev decay has been calculated
the different assumptions and also leads to a good overall
scription of the experimental spectrum.

We have analyzed the exclusive decay rates o
B—D*erv and B—Devr within a relativistic constituent
guark model. The interaction kernel has been taken to b
instantaneous. This way the Bethe-Salpeter equation reducgy
to a Salpeter equation as given in Eg). The interaction e
consists of a one-gluon exchange evaluated in the Coulomb
gauge and a linear confinement given in coordinate space.
The model parameters have been fixed to describe the mass| would like to thank G. Zder for his previous contribu-
spectrum of all observed mesofmot only heavy mesonsn tions to this work. | am grateful to D.l. Melikhov for valu-

a satisfactory mann¢fi7—20. The interaction current to de- able comments on the manuscript and discussions. Also |
scribe the weak decay process has been introduced via tleould like to thank T. Mannel for his interest and R. Faustov
Mandelstam formalism. To this end tli@stantaneoysam-  for discussions on some general issues.
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