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Semileptonic and nonleptonic decays of #Bg meson to charmonium and mesons are studied in the
framework of the relativistic quark model. The decay form factors are explicitly expressed through the overlap
integrals of the meson wave functions in the whole accessible kinematical range. The relativistic meson wave
functions are used for the calculation of the decay rates. The obtained results are compared with the predictions
of other approaches.
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. INTRODUCTION broader than for decays tB{*) and B*) mesons ¢,

~0.8 GeV for decays tB, andq?,,~1 Ge\? for decays to
mesong As a result in théB, meson rest frame the maxi-
um recoil momentum of the final charmonium addme-
. §qons is of the same order of magnitude as their masses, while
o S e maximum recoil momentum of tt&*) andB™*) mesons
of two heavy quarks with different flavors. This difference of . : PBé S

. S is considerably smaller than the meson masses. This signifi-
qguark flavors forbids annihilation into gluons. As a result, the . s . . .

cant difference in kinematics makes it reasonable to consider

excited B, meson states lying below thBD production )
o - o B. decays induced bk andc quark decays separately.
threshold undergo pionic or radiative transitions to the pseu- : . .
In this paper we consider wedk. decays to charmonium

doscalar ground state which is considerably more stable than ) L
. . . and D mesons in the framework of the relativistic quark
corresponding charmonium or bottomonium states and de-

cays only weakly. The Collider Detector at FermilDF) model based on the quasipotential approach in quantum field

. . theory. This model has been successfully applied for the cal-
CoIIabora_tlon[l] reported the discovery of thB, ground culations of mass spectra and radiative and weak decays of

state inpp collisions. More experimental d_ata are expectedhea\,y quarkonia and heavy-light mes§8s 8. In our recent
to come in the near futurg from the Fermilab Tevatron a”dpaper{g] we applied this model for the investigation of prop-
CERN Large Hadron CollidefL.HC). _ erties of theB, meson and heavy quarkonia. The relativistic
The characteristic feature of tH& meson is that both —\aye functions obtained there are used for the calculation of
quarks forming it are heavy and thus their weak decays givene transition matrix elements. The consistent theoretical de-
comparable contributions to the total decay rate. Therefore %cription ofB., decays to charmonium ar@imesons requires
is necessary to consider both thquark decayb—c,uwith 5 reliable determination of thg? dependence of the decay
the ¢ quark being a spectator armquark decayss—s,d  amplitudes in the whole kinematical range. In most previous
with b quark being a spectator. The former transitions lead t@alculations the corresponding decay form factors were de-
semileptonic decays to charmonium aBdnesons while the termined only at one kinematical point, eithgf=0 or g
latter lead to decays tB; and B mesons. The estimates of :qﬁm, and then extrapolated to the allowed kinematical
the B¢ decay rates indicate that tlequark decays give the range using some phenomenological angatainly (di)pole
dominant contribution {70%) while theb quark decays or Gaussiah Our aim is to explicitly determine thg® de-
and weak annihilation contribute about 20% and 10%, rependence of form factors in the whole kinematical range in
spectively(for a recent review see, e.g., Rg2] and refer-  order to avoid extrapolations, thus reducing uncertainties.
ences thereln However, from the experimental point of The large values of recoil momentum require the consistent
view the B, decays to charmonium are easier to identify.relativistic treatment of these decays. In particular, the rela-
Indeed, CDF observeB, mesong 1] analyzing their semi- tivistic transformation of the meson wave functions from the
leptonic decayB.— J/ ¢l v. moving to the rest reference frame should be taken into ac-
The important difference between tBg semileptonic de-  count. On the other hand, the presence of only heavy quarks
cays induced byo—c,u andc—s,d transitions lies in the in B, and charmonium allows one to use expansions in the
substantial difference of their kinematical ranges. In the casfhverse powers of heavy quark masses,L/ .
of B, decays to charmonium ar*) mesons the kinemati-  The paper is organized as follows. In Sec. Il we describe
cal range(the square of momentum transfer to the lepton paithe underlying relativistic quark model. The method for cal-
varies from 0 toqg3.~10 Ge\? for decays toJ/¢s and  culating matrix elements of the weak current forc,u
q%aX%18 Ge\? for decays toD meson} is considerably transitions inB, meson decays is presented in Sec. Ill. Spe-

The investigation of weak decays of mesons composed
a heavy quark and antiquark gives very important insight i%
heavy quark dynamics. The properties of Byemeson are of
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cial attention is devoted to the dependence of the decay amwhere a; is the QCD coupling constanD ,, is the gluon
plitudes on the momentum transfer. TBg decay form fac- propagator in the Coulomb gauge
tors are calculated in the whole kinematical range in Sec. IV.

The g? dependence of the form factors is explicitly deter- 0. 4 . | k'k!

mined. These form factors are used for the calculation of the DH(k)=— F DY (k)=— ? o — F '

B. semileptonic decay rates in Sec. V. Section VI contains

our predictions for the energetic nonleptoBicdecays in the DO =pid=q (6)

factorization approximation, and a comparison of our results

W|th Other theoretical CaICUIationS iS presented. OUI’ COHC|uand k: p_q’ yu and u(p) are the Dirac matrices and
sions are given in Sec. VII. Finally, the Appendix containsgpinors

complete expressions for the decay form factors.

1
[e(p)+m
Il. RELATIVISTIC QUARK MODEL u>‘(p)= 2e() ap X}\- 7

In the quasipotential approach a meson is described by the e(p)+m
wave function of the bound quark-antiquark state, which sat- N ) ) )
isfies the quasipotential equatidaO] of the Schrdinger Here o and x* are the Pauli matrices and spinor;p)

type[11] = /p?+m?. The effective long-range vector vertex is given

by
(bZ(M) pz)\v ®- | 9 oMV (@) i
— 7 = ’ 5 ’ K
2nn 2un) MPIT (gye AT L ()= 7, + 5= 7K, ®)
()

Where the relativistic reduced mass is where k is the Pauli interaction constant characterizing the
long-range anomalous chromomagnetic moment of quarks.
Vector and scalar confining potentials in the nonrelativistic

4__ 2 2\2
E.E, M'—(mi—-mp) (2) limit reduce to

R Ei+E, 4M3
Vy(r)=(1—e)Ar+B,
andE,;, E, are the center of mass energies on mass shell
given by Vg(r)=eAr, 9

M2—m2+m? M2—m2+m2 reproducing
Ej_:—y EZZ—'

3
2M 2M ® Veon(r)=Vs(r)+Vy(r)=Ar+B, (10

Here M=E;+E, is the meson massn,, are the quark \yneres is the mixing coefficient.

masses, ang is their r_elatlve momentum. In the center of e expression for the quasipotential of the heavy quarko-
mass system the relative momentum squared on mass shglh expanded iw2/c? without and with retardation correc-
reads tions to the confining potential, can be found in R¢&.and
[9,4], respectively. The structure of the spin-dependent inter-
[MZ—(m1+mz)z][MZ—(ml—mz)z]. (4  action is in agreement with the parametrization of Eichten
4M?2 and Feinberd12]. The quasipotential for the heavy quark
interaction with a light antiquark without employing the ex-
The kernelV(p,q; M) in Eq. (1) is the quasipotential op- pansion in inverse powers of the light quark mass is given in
erator of the quark-antiquark interaction. It is constructedRef. [5]. All the parameters of our model such as quark
with the help of the off-mass-shell scattering amplitude, pro-masses, parameters of the linear confining poteAtahdB,
jected onto the positive energy states. Constructing the quamixing coefficients, and anomalous chromomagnetic quark
sipotential of the quark-antiquark interaction, we have asmomentk are fixed from the analysis of heavy quarkonium
sumed that the effective interaction is the sum of the usuanasseq3] and radiative decayfs]. The quark masses,
one-gluon exchange term with the mixture of long-range=4.88 GeV, m.=1.55 GeV, m, ¢=0.33 GeV and the pa-
vector and scalar linear confining potentials, where the vecrameters of the linear potentigh=0.18 Ge\¥ and B=
tor confining potential contains the Pauli interaction. The—0.16 GeV have usual values of quark models. The value of
quasipotential is then defined b$] the mixing coefficient of vector and scalar confining poten-
_ tials e=—1 has been determined from the consideration of
V(p,g;M)=uy(p)u(—p)V(p,q;M)u(q)ux(—q), (5)  the heavy quark expansion for the semileptoBie:D de-
cays[7] and charmonium radiative decaj]. Finally, the

b?(M)=

with universal Pauli interaction constart=—1 has been fixed
. Ly s from the analysis of the fine splitting of heavy quarkofiy
VP, aiM)=5asD ., (K) ¥ v+ Veor KIT1T 2., + VoK), stateg3]. Note that the long-range magnetic contribution to
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1774 the positive-energy states. Note that the form of the relativ-
istic corrections resulting from the vertex functidi?) is
explicitly dependent on the Lorentz structure of the quark-
antiquark interaction. In the leading order of th&/c? ex-

b pansion forB. and ¢ and in the heavy quark limitn,— oo
q for D only I'® contributes, whild"(?) contributes already at
B P the subleading order. The vertex functions look like
[+
) ) I (p, ) =Uq(Pg) ¥,.(1= ¥®)up(0p) (27)38(pc— dlc).
c c (12

FIG. 1. Lowest order vertex functioR® contributing to the  gnd
current matrix elemenfl1).

A( )(k)

ial i i i (2
the potential in our model is proportional totl) and thus  T";”(p,q) = q(pq)uc(pc){ Y1u(1— 71)6 5K+ <o(Pg) Vi

vanishes for the chosen value of — 1. It has been known
for a long time that the correct reproduction of the spin- AH ,
dependent part of the quark-antiquark interaction requires ei- XV(Pe— o) + V(Pe—qe) (k") 1y
ther assuming the scalar confinement or equivalently intro- ¢ ¢ ek ) Feglap)
ducing the Pauli interaction withk=—1 [3,4,13 in the
vector confinement. s
X (1= 1) { Up(Qp)Uc(Cc), (13
ll. MATRIX ELEMENTS OF THE ELECTROWEAK

CURRENT FOR b—sc,u TRANSITIONS where the superscriptq1)” and “ (2)” correspond to Figs. 1

In order to calculate the exclusive semileptonic decay raté and 2,k=pq—A, K'=0p A, A=pg— Pe.:

of the B, meson, it is necessary to determine the correspond- €(p)—[my0+ ¥ )]
ing matrix element of the weak current between meson A (p)= P Yy
states. In the quasipclential approach, the matrix element of 2€(p)

the weak currenﬂl\ﬁ_’=qy#(1— vs)b, associatt_ad withh—q
(g=c or u) transition, between 8, meson with mas$/ B,

and momentunpg_and a final mesoff (F=y, 7. or D&)) Pr " i
with massMg and momentunpg takes the fornj14] Pg,c= Eq,c(p)M—FiZl n(pe)p',

(F(pp)|J}Bc(ps)))

B f d®p d3q_
(2m)°

Here[14]

Ps, 5 .
b,c=€p,c(A) — = >, nV(pg ),
MBC i=1 ¢
Ve p (P (p,a)We pB(01)

andn" are three four-vectors given by
(11

: p' p'p’
where I',(p,q) is the two-particle vertex function and n(#(p)= IVE 6ij+m ., E=\p*+ M2,
Y py are the mesonN] =B, ,F) wave functions projected
onto the positive energy states of quarks and boosted to the It is important to note that the wave functions entering the
moving reference frame with momentupy . weak current matrix elemelill) are not in the rest frame in
The contributions tol' come from Figs. 1 and 2. The general. For example, in thB; meson rest frame pg_
contributionT'® is the consequence of the projection onto =0), the final meson is moving with the recoil momentum
A. The wave function of the moving mesob , is con-
w w nected with the wave function in the rest frafiig ;=W by
the transformatioh14]

b

b : g Ve a(p)=Dg AR )DIAR ) We o(p), (14)
B, ) F

"lj"Q

whereRY is the Wigner rotationL, is the Lorentz boost

from the meson rest frame to a moving one, and the rotation
FIG. 2. Vertex functionl® taking the quark interaction into matrix D*(R) in spinor representation is given by

account. Dashed lines correspond to the effective potewitialEq.

;Sait.oliold lines denote the negative-energy part of the quark propa- (é 2) Dl/Z(R ) s l(pq,c)S(A)S(p), (15)

|
|
B, I
I
|

4

ol

c
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where
0.6
e(p)+m/ ap
S(p)=/ 1+ g A% 1S

2m |7 e(p)+m > .5

is the usual Lorentz transformation matrix of the four-spinor. © 0
The general structure of the current matrix elem@dyj is =

rather complicated, because it is necessary to integrate bott S ~0e2 25
with respect tod®p and d3q. The § function in expression -0.4
(12) for the vertex function™) permits to perform one of 0.6
these integrations. As a result the contributio'6F to the ’ 0 5 A c 5
current matrix element has the usual structure of an overlap r Gev-l
integral of meson wave functions and can be calculated ex-
actly (without employing any expansipin the whole kine- FIG. 3. The reduced radial wave functions for Bstates of the

matical range, if the wave functions of the initial and final B, meson.
meson are known. The situation with the contributl® is
different. Here, instead of & function, we have a compli- entu quark mass is of the same order of magnitude as the
cated structure, containing the potential of tepinteraction  relative momentum and binding energy, thus we cannot ap-
in meson. Thus in the general case we cannot get rid of ongly the expansion in inverse powers of its mass. Neverthe-
of the integrations in the contribution %2 to the matrix  less, taking into account the fact that the recoil momentum of
element(11). Therefore, it is necessary to use some addithe final meson in this decay is large almost in the whole
tional considerations in order to simplify calculations. Thekinematical ranggas it was discussed abgyeve can ne-
main idea is to expand the vertex functibf?), given by Eq.  glect the relative momentumof quarks inside a meson with
(13), in such a way that it will be possible to use the quasi-respect to the large recoil momentun Thus in the region
potential equatioril) in order to perform one of the integra- of large recoil (A|>|p|) we can use the same expressions of
tions in the current matrix elemeitl). the I'® contribution to the current matrix element both for
B.— i, 7. transitions.The natural expansion parametersthe B.—D®) and B.— ,7. transitions. Moreover, the
for B, decays to charmonium are the active heévgndc  smallness of thd"(®) contribution, which is proportional to
quark masses as well as the spectatguark mass. We carry the small binding energy, and its weak dependence on mo-
such an expansion up to the second order in the ratios of th&entum transfer allows one to extrapolate these formulas to
relative quark momentum and binding energy to the heavy the whole kinematical range. As numerical estimates show
quark massesn, . It is important to take into account the (see below; such extrapolation introduces only small uncer-
fact that in the case of weaR, decays caused by—c,u  tainties.
quark transition the kinematically allowed range is large
[|Ama>J=(M§C—M§)/(2MB ) ~2.4 GeV for decays to char-

monium and ~2.8 GeV for decays tdD meson This
means that the recoil momentusnof a final meson is large ~ The matrix elements of the weak curretit for B, decays
in comparison to the relative momentynof quarks inside a  to pseudoscalar mesonB < 7,D) can be parametrized by
meson (~0.5 GeV), being of the same order as the heavytwo invariant form factors,

guark mass almost in the whole kinematical range. Thus we

do not use expansions in powers|af/m, . or |A|/Mg, but 2 _ a2
approximate in expressicfi13) for I'® the heavy quark en- (P(pe)[a7b|Bu(pe)) =1 (0P| pt + pti Mg —M ”
ergies ey o(p+A)=\mp +(p+A)2 by €pc(A) " e

= \/mbz_c+ A?, which become independent of the quark rela- ) )

tive momentump. Making these replacements and expan- ) MBC_MP

sions we see that it is possible to integrate the current matrix +fo(q9)——5—0a", (16)
element(11) either with respect tai®p or d3q using the q

quasipotential equatiofl). Performing integrations and tak-

ing the sum of the contributions i) andI"® we get the ~whereq=pg_—pg, Mg_is the B meson mass, anlllp is
expression for the current matrix element, which containghe pseudoscalar meson mass.

ordinary overlap integrals of meson wave functions and is The corresponding matrix elements 8¢ decays to vec-
valid in the whole kinematical range. Thus this matrix ele-tor mesons Y =J/y,D*) are parametrized by four form fac-
ment can be easily calculated using numerical wave functors
tions found in our meson mass spectrum analjj8]. The
reduced radial wave functiongr)=rR(r) of the B, meson

IV. B DECAY FORM FACTORS

ey _ 2iV(g?)
are shown in Fig. 3. V(pe)|qy“b|B ))= EHVPO ,
B.— D) transitions.In this case the heavly quark un- (V(pe)lay“blB(Ps)) Mg +My vPeepPro
dergoes the weak transition to the lighguark. The constitu- 17
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TABLE I. Form factors of wealB, decays b— c,u transitions.

Transition f.(a?) fo(a?) V(a?) A AAG)  Al(G))
Be— e, Iy
0%= 02 a 1.07 0.92 1.34 0.88 1.33 1.06
q°= 0.47 0.47 0.49 0.50 0.73 0.40
B.— 77(,: NV
0%= 024 0.08 0.05 -0.16 0.03 0.10 0.08
g°=0 0.27 0.27 0.24 0.18 0.14 0.23
B.—D,D*
0%= 0 1.20 0.64 2.60 0.62 1.78 0.97
q2=0 0.14 0.14 0.18 0.17 0.19 0.14
o momentum. However, the numerical smallness of this sub-
(V(pe)lay 75b|B(pBC)> leading contribution due to its proportionality to the small
€ -q meson binding energy permits its extrapolation to the whole
=2MyAo(9?) . q* kinematical range. As a result, we get the following expres-
q sions for theB. decay form factors.

. (a) B.— P transitions P= 7.,D),
€ -q
+(Mg_+ Mv)Al(qz)(f*“_ e q*

f.(0?)=f1(g>) +f32(g?) +(1-2) VD (g?), (19

* .

—Az(qz)m

fo(q2) =f§P(0?) +ef5?(g?) + (1— &) TP (g?),
. (18 (20)

(b) B,—V transition V= ,D*),

2 2
Mg M3

Pg, *PE— TQ“

whereM,, ande,, are the mass and polarization vector of the
final vector meson. The following relations hold for the form V(g?)=V1(g?) +eV¥?(g?) +(1-2)VVE(g?),

factors at the maximum recoil point of the final mesaf ( (21)
=0

: A1(0?)=AT(0%) + eATP(0%) + (1- ) AP,
f(0)=f0(0), (22

Mg +My Mg, ~My Ax(9%)=A5(0?) +eAFD(?) +(1-2)ATP(q?),
Ap(0)= T\/Al(o)_ T\,AZ(O)' (23

_ 1 S(2 V(2

In the limit of vanishing lepton mass, the form factdgsand Ao(a?)=AF(0?) +eATD(?) + (1 2)AgP(q?),

A, do not contribute to the semileptonic decay rates. How- (24)

ever, they contribute to nonleptonic decay rates in the factor- (1) £SV(2) A1) SV(2) \/(1) SV(2)
ization approximation. where o, 1207, Agia Agyz”, V27, andV are

It is convenient to considaB, semileptonic and nonlep- given in the Appendix. The superscript¢1)” and * (2)

tonic decays in th&. meson rest frame. Then it is important
to take into account the boost of the final meson wave func-
tion from the rest reference frame to the moving one withthe 2.5}
recoil momentumA, given by Eq.(14). Now we can apply
the method for calculating decay matrix elements described
in the previous section. As it is argued above, the leading 1.5
contributions arising from the vertex functidi® can be i
exactly expressed through the overlap integrals of the mesor
wave functions in the whole kinematical range. For the sub- 0.5} V5@ |
0
5

3

leading contributionI'®), the expansion in powers of the

ratio of the relative quark momentum to heavy quark VV(_Q‘)—
massesn, . should be performed taking into account that the -0 . 5} ]
recoil momentum of the final mesah can be large. Such 0 2.5 5 7.5 10 12.5 15 17.5
expansion is well justified foB, decays to charmonium in q2 GeV?

the whole kinematical range. F&_. decays toD mesons,
where one of the final quarks is light, a similar expansion is FIG. 4. Leadingv® and subleadinyyS?®, vV contributions
well justified only in the kinematical region of large recoil to the form factorVv for the B.—D* transition.
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1 e 0.25}
L2

0.8 fo 0 f+
0.6 0.15

0.4 0.1t fo
0.2 0.05

5 3 4 z . 15 o 1 2 3 4 5 6 17
q? Gev? ¢° GeV?

FIG. 5. Form factors 0B, 7.ev decay. FIG. 7. Form factors oB.— n.ev decay.
correspond to Figs. 1 and 3,andV to the scalar and vector W eg]kli‘lgrsrﬁ51‘;;?);I;/eo?Igtatgi%ggﬁﬂg;ﬁgﬁ%ggigﬁ%he
potentials ofgqq interaction. The mixing parameter of scalar t5y0red B 7o, Be—dlth, Be— 7., Be—oy', as well as
and vector confining potentials is fixed to be—1 in our =k supE)ressfecBC:D BC;D* transitions. in the whole
mOd‘?l' . e kinematical range. The different behavigrowing or falling

Itis easy to check that in the heavy quark limit the decayit ¢2) of the form factors displayed in Figs. 5—8 is evoked
_matnx eIements(l6)—(18)_ with form factorg(lg)—(24) _sat- by the properties of the final meson wave functions, since the
isfy the heavy quark spin symmetry relatiofib] obtained 55 \yave function of the radially exciteg’, ¢' mesons has
near the zero recoil pointA—0). a zero.

For numerical calculations we use the quasipotential wave |, the following sections we use the obtained form factors

functions of theB; meson, charmonium, ard mesons ob- ¢4 the calculation of theB, semileptonic and nonleptonic
tained in the mass spectra calculatipas]. Our model pre- decay rates.

dicts the B, meson mas B~ 6.270 GeV|[9], while for

I, e, &', ni, D, andD* meson masses we use experi- V. SEMILEPTONIC DECAYS

mental datd 16]. The calculated values of form factors at

zero (q2=Qr2na>J and maximum ¢2=0) recoil of the final The differential semileptonic decay rates can be expressed
meson are listed in Table I. In Fig. 4 we plot leadMg’ and  in terms of the form factors as follows.

subleadingyS(®, V() contributions to the form factdv for (@) B.—Pev decays P=7,D),

B.—D* transition, as an example. We see that the leading

contributionV™) is dominant in the whole kinematical range, dr GEA3|V /2 -

as it was expected. The subleading contributigfig), VV(?) d—qz(Bc—> Pev)= W“NQ )% (25

are small and depend weakly 0. The behavior of corre-
sponding contributions to other form factors is similar. This (b) B,— Ver decays V= ,D*)
supports our conjecture that the formu(d4)—(A18) can be ¢ ' '
applied for the calculation of the form factors Bf— D *)

2 2 2
transitions in the whole kinematical range. £(80—>Vev)= M q_[|H+(q2)|2
dg? 967 Mg
s +IH_(@®)P+[Ho(a?)I?], (26
1.2
where Gg is the Fermi constanty,, is the CKM matrix
1 element (I=c,u),
0.8 2 2 2\2
(Mg +Mgy—0d°)
g6 AE|A|=\/ — ~M3y.
0.4 4MBC
0.2 The helicity amplitudes are given by
0 2 & 6 8 10 L, 2MgA , (Mg + My)2 ,
GeV? (q))=—° T 7
q° Ge H-(a%) Mg, + My V(@)= 2Mg A A1(9%) |,
FIG. 6. Form factors oB.— J/¢ev decay. (27)
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1.2
0.2 Ay
A | b
0.1 1 " "
A 0.8}
0 0.6
o1 \%4 0.4} £
0.2¢
0 1 2 ) 3 ) 4 5 0 5 210 15
q° GeV q° GeV?
FIG. 8. Form factors oB.— ¢/’ ev decay. FIG. 9. Form factors oB.— Dev decay.
1 D mesons integrating the corresponding differential decay
2y~ 2 _M2_ 42 2
Ho(9%) = 2MV\/? (MBC+MV)(MBC My=a%Aq(q%) rates overg?. For calculations we use the following values

of the CKM matrix elements}V.,|=0.041, |V,,|=0.0036.

4M§CA2 The results are given in Table Il in comparison with predic-
- mAz(qz) : (28)  tions of other approaches based on quark models
C

[17,19,20,22,23,25 QCD sum rule§18], and on the appli-

The decay rates to the longitudinally and transversely polar(-:atlon of heavy quark symmetry relatiof21,24 to the

ized vector mesons are defined by

) 2 times smaller than those of QCD sum ru[d$] and quark
ﬂ: GFA|qu| q—|H (q?)]2 (29) models[17,19,20, but agree with quark model resul[t&2—
dg? 9%67° M3 ot 25]. Note that the ratios of th&.—J/4ev to B.— n.ev
decay rates have close values in all approaches ek2#pt

4

quark model. Our predictions for the CKM favored semilep-
tonic B, decays to charmonium ground states are almost two

In the case of semileptonic decays to radially excited char-
&: dr, dr- monium states our prediction for the decay to the pseudo-

dog> dg? i dof? scalary,, state is consistent with others, while the one for the
decay toy’ is considerably smallefwith the exception of
GEAVgyl® ¢ 212 2|2
- 9673 E[“'”(q )I*+[H-(a*)[*]. (30 B. to D mesons our results are in agreement with those of
c Ref. [21].

Ref.[25]). For the CKM suppressed semileptonic decays of

In Table 1l we present for completeness our predictions

In Figs. 11-16 we plot the differential semileptonic decay
ratesdI’/dg? for semileptonic decay8.— n.(J/¢)ev, B,
—n(y')ev, andB.—D(D*)ev calculated in our model
using Eqgs.(25) and (26) both with and without account of
1/m, . corrections to the decay form factofd1)—(A18).
From these plots we see that relativistic effects related to
heavy quarks increase semileptord¢ decay rates to the , ¢ '
pseudoscalaf., r, andD mesons, while semileptonic de-
cay rates to vectad/ ¢, 4’ andD* mesons are decreased by ol
them. The decay rates f@.— n.ev andB.— Dev receive \%4
the largest Ih, . corrections. This is not surprising since in

for the rates of the semileptoni, decays to vector and

D*) mesons with longitudinglL) or transverséT) polariza-

tion and to the states with helicities= =1, as well as their
ratios.

the former decay the radially excitegl wave function has a Lo

zero, which considerably decreases the nonrelativistic contri- 11

bution and thus increases the relative size of relativistic ef- Ay Ay
fects. In the latter decay, the role of relativistic effects is

enhanced due to the relativistic light quark in themeson. 0.5 Aq

We calculate the total rates of the semileptoBicdecays
to the ground and radially excited states of charmonium and 0 2.5 5 7.5 10 12.5 15 17.5

¢ GeV?

!Relativistic wave functions were used for both calculations. FIG. 10. Form factors oB.—D*ev decay.
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0.5} 0.06¢
0.05¢

0.4
0.04¢

0.3
0.03¢
0.2' 002,
0.1 0.01¢
ot g

0 2 4 6 8 10 s ! 2 32 42 ° .
q2 GevZ q GeV

FIG. 14. Differential decay rates (V,,/?)dI'/dg® of B,
—'ev decay(in 10 '2GeV 1). The upper curve is calculated
without account of I, . corrections.

FIG. 11. Differential decay rates (V,,|?)dI'/dg® of B,
— neev decay(in 107 2GeV1). The lower curve is calculated
without account of Ihy . corrections.

1.5¢ 0.08¢
1.25
0.06
1 L
0.78 0.04
Q5
0.02
0.25
Ot 0 ; ; .
0 2 4 6 8 10 0 5 10 15
@ GeV? ¢ GeV?

FIG. 12. Differential decay rates (Wp?)dI'/dg? of B, FIG. 15. Differential decay rate (IM,p?)dI'/dg* of B,
—Jlgev decay(in 1012 GeV1). The upper curve is calculated —Dev decay(in 10 *>GeV ). The lower curve is calculated
without account of Ihy, . corrections. without account of I, . corrections.

0.8
0.15
0.6
0.1 0.4
0.05 0.2
0 s ; : =1 0 » ]
0 1 2 3 4 S 6 7 0 2.5 5 7.5 10 12.5 15 17.5
¢* GeV? P GeV?

FIG. 13. Differential decay rates (W..|?)dT/dg® of B, FIG. 16. Differential decay rates (V,p|?)dI'/dg® of B,
—nlev decay(in 10 2 GeV 1). The lower curve is calculated —D*ew decay(in 10 12 GeV ). The upper curve is calculated
without account of Ihy, . corrections. without account of In . corrections.
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TABLE Il. Semileptonic decay rateE (in 10" '° GeV) of B, decays to charmonium aridl mesons.

Decay Our [17] [18] [19] [20] [21] [22] [23] [24] [25]
B.— n.ev 5.9 14 11 111 14.2 2(6.9 8.6 6.8 4.3 8.31
B.— n.ev 0.46 0.60 0.73 0.3 0.605
B.—J/yev 17.7 33 28 30.2 34.4 2148.3 175 194 16.8 20.3
B.—'ev 0.44 1.94 1.45 1.7 0.186
B.—Devr 0.019 0.26 0.059 0.049 0.094 0.0093 0.001 0.0853
B.—D*ev 0.11 049 0.27 0.192 0.269 0(D25) 0.06 0.204
VI. NONLEPTONIC DECAYS The factorization approach, which is extensively used for

the calculation of two-body nonleptonic decays, suciBas
—FM, assumes that the nonleptonic decay amplitude re-
duces to the product of a form factor and a decay constant
[26]. This assumption in general cannot be exact. However, it
is expected that factorization can hold for the energetic de-
cays, where the findf meson is heavy and tHd meson is
light [27]. A justification of this assumption is usually based
on the issue of color transparen@8]. In these decays the
final hadrons are produced in the form of pointlike color-
Ge ub ub singlet objects with a large relative momentum. And thus the
+ Evub[cl(ﬂ)ol +C(w)O37]+ . (3D hadronization of the decay products occurs after they are too
far away for strongly interacting with each other. That pro-

The Wilson coefficients; () are evaluated perturbatively vides the possibility to avoid the .f'”a?' St"?‘te l'ntera'ctlon. A
at theW scale and then are evolved down to the renormal M€ general treatment of factorization is given in Refs.
ization scaleu~my by the renormalization-group equations. [29|’3?h.' limit vsis of tha* leptoni
The ellipsis denotes the penguin operators, the Wilson coefd n '? ptf;l]per we m;" Ol:rr] arf1_a y|SIS 1__(9 . r?on ep _or;lﬁc
ficients of which are numerically much smaller thap,. ega)llqs (IJ' h?\/lcfse when e+ |na+ me K(rls)f _aeronlu
The local four-quark operato®; andO, are given by and the lightM = meson Ism, p *, of - |he corre-
sponding diagram is shown in Fig. 17, where=d, s and
g,=u. Then the decay amplitude can be approximated by

In the standard model nonleptonB. decays are de-
scribed by the effective Hamiltonian, obtained by integrating
out the heavyW boson and top quark. For the case lof
—C,U transitions, one gets

Gr
Heﬁ=ﬁvcb[cl<m05b+czwozb]

09°=[(du)y_a+(5C)y_al(ab)y_a, the product of one-particle matrix elements
09P=(qu)y_a(db)y_a+(qc)y_a(Sb)y_a, Gr —
5 =(qu)y_a(db)y_a+(gc)y_a(sb)y_a <FOM+|Heﬁ|B§>:Evcbvqlq2a1<F|(bC)V7A|Bc>
a=(u.c), (32 X(M|(0102)v-al0), (34)
where the rotated antiquark fields are where
1
U=Vl + Vs, 5= V@t Vees, (39 M= Calp)+ g Calm) 39
ud us' cd csS c

andN_. is the number of colors.
and for the hadronic current the following notation is used:  The matrix element of the curre between vacuum
o . and final pseudoscaldP) or vector (V) meson is param-
(a9 )v-a=Qy,(1— 75)Q'EJYLV- etrized by the decay constarfts,,

TABLE IIl. Semileptonic decay rateE_ 1, _ (in 10" GeV)

.y —if _pk a- =
and their ratios foB, decays to vectofy andD* mesons. (Plasy*¥s02/0)=ifppp, (V[017,0/0)=€,Myfy.

(36)

Decay Iy r T ry T, r- r,/mr.

B.—J/yev 78 99 0.78 2.9 7.0 0.40 2We do not consider nonleptoni; decays where the final meson
B.— ' ev 0.29 0.15 1.85 0.05 0.10 0.47 F is a D meson, since such decays are strongly CKM suppressed
B.—~D*ev 0.04 0.07 0.53 0.015 0.055 0.24  and thus receive important contributions from the weak annihilation
and penguins.
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T TABLE V. Branching fractions(in %) of exclusiveB, decays
M+ calculated for the fixed values of ti. lifetime TBc:O.46 ps and
a;=1.14.
q2

wt Decay Br

b c B.— n.ev 0.42
B.— n.ev 0.032

Bt FO — B.—J/yev 1.23
¢ ;e B.— ' ev 0.031
B.—Dev 0.013
c c B.—D*ev 0.037

+ +

FIG. 17. Quark diagram for the nonleptorB¢ —F°M* decay. BErH ”°7T+ 0.085

B. — ncp 0.21
B:HJ/lﬂWJr 0.061

We use the following values of the decay constarits: Be —Jyp” 0.16
=0.131 GeV, f,=0.208 GeV, f,=0.160 GeV, andfy« Be —7cK” 0.007
=0.214 GeV. The CKM matrix elements aé,4 =0.975, Be — 7cK* ™ 0.011
|V, =0.222. By —J/yK™ 0.005
The matrix elements of the weak current betweenBhe By —J/yK** 0.010
meson and the final charmonium entering the factorized non- Bl —#'#* 0.017
leptonic decay amplitudé34) are parametrized by the set of Bl —nip* 0.036
decay form factors defined in Egdl6) and (17). Using the Bf—y/m" 0.011
form factor values calculated in Sec. IV, we get predictions Bf—y/pt 0.018
for the nonleptonid8; —F°M ™ decay rates and give them B —plK* 0.001
in Table IV in comparison with other calculatiof48— . B —plK** 0.002
22,25. We see that for most decays our model predicts B /K" 0.001
slightly lower decay rates than other approaches. B y/K** 0.001

VII. CONCLUSIONS . . . .
a large kinematically allowed region. As a result, the recoil

In this paper we calculated weak semileptonic and nonmomentumA of the final meson in theé8, rest frame is
leptonic B, decays to the charmonium aridl meson final mostly large compared to the binding energy and the relative
states. The corresponding decay form factors were calculatadomentum of quarks forming a meson. Our approach per-
in the framework of the relativistic quark model usingc mits to determine explicitly the dependence of form factors
expansion for theB, meson and charmonium and heavy of the CKM favoredB, transition to charmonium in the
quark expansion foD mesons. These transitions proceed inwhole kinematical region through the overlap integrals of the

TABLE IV. Nonleptonic B, decay rated (in 1071° GeV).

Decay Our [18] [19] [20] [22] [21] [25]
B —nem” 0.93? 1.8a2 1.5%3 2.07a2 1.47a2 0.283 1.4%2
B —7ep” 2.3 4.532 3.7482 5.487 3.3m7 0.7%2 3.9%2
B, —Jdlym" 0.67a2 1.4332 1.22a2 1.97a2 0.82a3 1.482 1.01a2
B —Jdlyp* 1.8a2 4.372 3.4%2 5.957 2.3%3 41403 3.2%3
BS — K" 0.07%% 0.1%m% 011%? 016k’  0.1%? 0.02%? 0.11%?
BS — ncK* T 0.127 0227  0.20@m%  0.28&2 0.2487 0.041.3 0.19&7
B —J/yK* 0.0527 0.12% 0.09&? 0.152° 0.07%%  0.07&2 0.07642
B —JlyK** 0.11a2 0.2%7 0.19m:  0.32&2 0.183 0.233 0.1742
B —nlm* 0.1%7 0.2682 0.074&2 0.2482
Bi—nlp* 0.408? 0.6222 0.16a3 0.58%%
Bl —y'mt 0.127 0.2522 0.2232 0.070&3
Bi—y'p* 0.208? 0.71@?2 0.54a3 0.18%7
B —nlK* 0.0142 0.02&2 0.005%3 0.01843
BS — plK*+ 0.021a2 0.031a2 0.00& 0.028%2
Bl —y'K* 0.00%2 0.018&2 0.01a2 0.0049%2
B -y K*+ 0.01182 0.03&? 0.0%? 0.0090%3
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meson wave functions. This is a real achievement making We calculated semileptonic and nonleptofiicfactoriza-

our results more reliable, since most other approaches deteion approximatioh B, decay rates. Our predictions for the
mine form factors only at the single point of zerg?(  branching fractions are summarized in Table V, where we
= QA OF maximum @2=0) recoil of the final meson and use the central experimental value of g meson lifetime
then the extrapolation is used. We calculated form factors of16]. From this table we see that the considered semileptonic
weak B, transitions to charmonium up to second order cor-decays to charmonium ari?l mesons give in total 1.72% of
rections in the ratio of the relative quark momentum to thethe B, decay rate, while the energetic nonleptonic decays
heavy p andc) quark mass. In the case of the CKM sup- give additional 0.63%. It is expected that the dominant con-
pressedB, transitions toD mesons the situation is more tribhytion to theB, total rate comes from the charmed quark

complicated, since the active quark undergoes heavy-to-lighfecays. These decays will be considered in a forthcoming
transition. The leading contribution as in the previous casgyyplication.

can be determined exactly, while the subleading contribution,
which is suppressed by the small binding energy, can be
determined reliably in most part of the kinematical range
except a small region near the point of zero recajf (
=g, Of the final D meson. As the numerical analysis The authors express their gratitude to M. IMu
shows, the extrapolation of form factors obtained in such @reussker and V. Savrin for support and discussions. Two of
way to the region of small recoil introduces only minor un- us (R.N.F. and V.O.G.were supported in part by tHeeut-
certainties. sche Forschungsgemeinschaftder contract Eb 139/2-2.
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APPENDIX: FORM FACTORS OF WEAK B, DECAYS

(a) B.— P transition P=7,,D),

[Ep [ dp — 2m +A)+m +m
fgrl)(qz): —Pf —p‘lfp(p+ ¢ A) \/eq(p ) q\/eb(p) b
MBC (27T)3 Ep+Mp 26q(p+A) 25b(p)
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[E d’p — 2m [eq(A)+mg(pA) 1
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A= j(zwf P(p EP+MPA) 2eq(A) A2 2mc|

1
en(A)+my  €(A)+my
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