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The decays of the mesdy, to aP-wave charmonium statg, or h, (herey. andh, denote (:F[SPJ]) and
(c?[lPl]), respectively, the semileptonic oneB.— x.(h.) +1+v;, and the two-body nonleptonic on&s
—xc(he)+h (h indicates a mesgrare computed. To properly deal with the recoil effects, which may be
relativistic in the decays, in the computation the framework of a heavy quark model, which is based on the
Bethe-Salpeter equation and QCD inspired potential, is adopted. We find that all the decay rates are quite
sizable and under reasonable approximations, all of the form factors occurring in the decays can be formulated
precisely by means of proper kinematics factors and two independent overlapping integrations of the wave
functions. As a result, the decays will be accessible at the CERN Large Hadron Collider and in run Il at the
Fermilab Tevatron in the foreseeable future. In particular, the cascade deca;&awc[3P1,ﬂ+l+ (B¢
—>Xc[3P1,ﬂ+h) andXC[3P1,ﬂ—>J/¢z+ v, being followed accordingly, may affect the observations ofBhe
meson through the decags— J/ 4+ 1+ v, (B.—J/ 4+ h) substantially, and the decaBs—h.+ - - - may be
used as a fresh window experimentally to observehthstate potentially.
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[. INTRODUCTION <V,d, so that it has much richer decay channels which have
a sizable branching ratio, even more than those of the heavy

The mesonB,(B.) has successfully observed recently. mesonsB~,B% B,D*,D° D, etc., hence one may study
The first positive observation of it is by the Collider Detector the weak decays of the two heavy flavbrs simultaneously
at Fermilab(CDF) at the Tevatron, through its semileptonic With the unique mesoB. .
decaysB.(B) — J/ ¢+ 1 (1) + »(v;) [1]. According to obser- B.-meson product|0|[1275], spectroscopy6,7], and vari-
vations, its massng =6.40+0.39+0.13 GeV and lifetime  ©US decay$8-12] were widely computed before the obser-

018 N , . vation of CDF, and the results are consistent with the CDF

TBc:OA@O-lﬁi 0.03 ps, etc. are obtained. Additional ex- observation if theoretical uncertainties and experimental er-
perimental studies of the meson are planned at Tevatron rors are taken into accoufit]. Whereas the semileptonic
run I) and at the CERN Large Hadron CollidéHC), etc.,  decaysB,— x.(h,)+1+ v and the two-body nonleptonic
partlgula_rly thg special detectors BTeV and LHCB fBr decaysB.— x(h.) +h, i.e., the decays of the mes8 to a
physics (including B), to compensate CDF, DO, ATLAS, p.wave chamonium state, are certainly interesting, and still
and CMS. Numerou8; events(more than 18-10° per  missing in the literature, we devote this paper to reporting
yeap in the detectors at these colliders are expe¢®eé4],  our computations on them, although the semileptonic decays
so a lot of interesting decay channelsRfwill be able to be in a letter style were reported elsewhéte)].
well studied experimentally, and more rare processes will Why do the decays of the mes@&q to aP-wave charmo-
become accessible, therefore, further extensive theoreticalum state so interest people? Let us outline a few reasons
studies of this meson are warranted. below.

The mesorB.(B.) consists ofc(c) andb(b) quarks, i.e., First of all, how sizable the decays will be, especially if
it contains two different heavy flavors explicitly, which is they are accessible in run Il of Tevatron and/or in LHC, are
unique in nature. Of the double heavy mesons it is venyjnteresting problems. Especially, a specific detector has a
different fromJ/ ¢, ., ... andY,n,, ..., and it hasnany limited efficiency to record a photon, i.e., photons may be
interesting/distinguished properties. For instance, its produanissed in detectors, so the cascade dd&gay: x.+ - - - and
tion is comparatively hard so that its discovery is quite latea radiative decay.—J/¢+ y may appear to be an indica-
and it decays, through the two-flavor annihilation and decaysion of the mesonB. through the decay®8.—J/¢+ - - -
of one of the two heavy flavors, only weakly. In particular, it when the photony is missed. Namely, the cascade decays
happens that the decay rates of the two heavy flavors ammay potentially affect the results of th&, observation sub-
comparable in magnitudghe b quark has a greater mass stantially, and it essentially depends on how sizable the de-
than thec quark my>m,, versus a small value of the cays are in the cascade decay. In fact, two of the radiative
Cabibbo-Kobayashi-MaskawéCKM) matrix elementV,y P-wave charmonium decays have quite a large branching

ratio of about a few tenthsBr=27.3% for x[3P,]—J/
+ vy andBr=13.5% fory.[3P,]—J/¥+ y [13]). Therefore,
*Not post-mail address. the precise values of the decaysRewave charmonia are
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necessary, when one estimates quantitatively the backgrour&wave state to anoth&wave one in certain phasgs|. For
for the observation on thB. meson. the GIAA in the present cases for the decays from a nonrel-
If one would like to seeCP violations inB. decays, for ativistic Swave state to &-wave one, and to compare with
example, in the decayB.—h+h;+h, (h,h;,h, denote the other approaches, we need just a straightforward exten-
various possible mesonsas emphasized in Refl14], the  sion, hence for present purposes we adopt the GIAA here.
interference of the direct decays with a corresponding cas- The key points of the GIAA may be outlined in three
cade through a resonance, e.®.— xJ[°Po]+h and steps. First, to “reform” the “original” potential model,
X[ 2Po]l—h;+h,, may enhance the visibl@P-violation ef-  which is based on the Schiimger equation, to the Bethe-
fects substantially. Thus to take advantage of this metho&alpeter(BS) equatiort even for the nonrelativistic binding
quantitatively, knowledge of the dec&,— x[°Po]+h is  systems. Then, according to the Mandelstam meticd
necessary. formulate the(weak current matrix element@n elementary
The QCD-inspired potential model works very well for factor for the relevant decaysandwiched by the BS wave

nonrelativistic double-heavy systems. The systent_s @nd functions of the t.WO bpund states, SO .th"?‘t the currgnt mqtnx
elements are written in a fully relativistic formulation. Fi-

(cb) in forming bound states, except the red_uce mass, arﬁally, make the so-called “generalized instantaneous ap-
similar to the well-studied system®l) and (cc), so itis  proximation” on the fully relativistic matrix elements, i.e.,
believed that Vﬂth the p_Otential model the static properties (0] ntegrate out the “time” component of the relative momen-
the systemsdb) and (cb) can be computed very well as tum in the Mandelstam formulation by a contour integration,
those of bottomiumI§b) and charmoniumdc). In general, ~and as the final result, the current matrix elements turn out to

applying the wave functions to computing the relevant decay’e formulated in terms of proper operators sandwiched by
matrix elements interests people for several reasons, one 8t Schrdinger wave functions of the “original” potential
which is the potential model will have further tests. Thusmodel. Since the weak current matricésy means of the
with the wave functions oB,. [the ground state of the system Mandelstam methgcare formulated relativistically and used

of (CE)] and y.(h,) [the P-wave states ofc(?)] obtained by as the starting “point” for the contour integration, we can be

the potential model, to apply the wave functions to comput-SUre that the final formulation takes the recoil effects into

ing the decay®,— yo(ho) + - - - is interesting in connection account properly. _One more ad\_/antage of the approach is that
with additional "[:estsconcthe model it has a more solid foundation in quantum field theory than

Since the mass dB.(Mg ) is much greater than that of that ip the “original” po_tential mode_ls, because the BS wave
] c ~ functions and the matrix elements in the Mandelstam formu-

the P-wave charmoniarf, andmy, ), the momentum recoil  |5ion, which are used as the starting point to make the gen-
in the decays concerned can be gréawen relativistit,  eralized instantaneous approximation, have very solid foun-
therefore we should carefully choose a suitable approach t@ations in quantum field theories.
deal properly with the momentum recoil effects in the de- On the other hand, the GIAA also avoids the disadvantage
cays. of directly computing the decays with the Mandelstam for-

If one tries to apply the Schdinger wave functions of mulation. We know the BS equation is four-dimensional in
nonrelativistic binding systems to computing precise valuespace-time to describe the bound states, so there are difficul-
of the decay processes, with such a greaken relativisti¢  ties, such as how to determine the QCD-inspired four-
recoil momentum one cannot carry out the computation, jusgimensional interaction kernel of the equation properly, what
as is done in atomic and nuclear decays by taking the wavig the physical meaning of the excitations in the relative-time
functions of the bound states in a suitable “reference frame™freedom” of the two components, etc. In addition, the BS
and then simply “boosting” the ones accordingly, becauseequation is harder to solve than a Salinger one, even
the recoil momentum in an atomic or nuclear process is veryhen the four-dimentional kernel is fixed. Whereas under the
small, always nonrelativistic, which is very different from generalized instantaneous approximation, which treats the
the present decays. The great momentum recoil obviouslgreat momentum recoil effects properly, only Salinger
means that the velocity between the two CMS of 8¢  wave functions that are well-tested in the potential model
meson and the charmonium state is huge. The potential wawgpear finally, the approach avoids the difficulties of the BS
functions of the parent and the daughter states, given in eadyuation by keeping the achievements of the potential model.
CMS, respectively, cannot be attributed just to choosing a Finally we should note here that in calculating the two-
suitable reference frame and simply boosting the wave funchody nonleptonic decays @, to the P-wave y. and h,
tions (this fact will be seen clearly later @nThus when states, the widely adopted factorization assumption and the
applying the wave functions to calculation of the decayseffective Lagrangian for four fermions in which the “short-
(e.g., the semileptonic decays and most two-body nonlepdistance” QCD corrections have been taken into account
tonic decays hepewith such a greateven relativisti¢ mo-
mentum recoil, special handling is needed in principle. To———
deal with the momentum recoil properly, a so-called gener- 1o the binding systems, and y.(h.), the reform is just by
alized instantaneous approximation approé8tAA) for the  means of the original instantaneous approximation proposed by Sal-
decays from a nonrelativisti&wave state to anoth&wave  peter to “build” the relation between the Schfinger equations and
one was proposed in Reff8]. The GIAA has been proved the relevant BS ones, which can be found in many textbooks on
valid in the cases for the decays from a nonrelativisticquantum field theory; see, e.§16].
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with the OPE(operator product expansipmand the RGM
(the renormalization-group methpdre applied.

The paper is organized as follows. In Sec. I, the exclusive
semileptonic differential decay rates, the matrix elements,
the form factors, etc., are presented. In Sec. lll, the adopted
approach(GIAA) and the computations of the form factors
are illustrated precisely. In Sec. IV, the two-body nonleptonic
decays ofB, are formulated with necessary description. Fi-
nally, in Sec. V, numerical results and discussions are pre-

sented. Under reasonable assumptions, the obtained precise

dependence of the current matrix elements on the form fac-
tors, and the precise dependence of the form factors on the
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functions¢, and ¢&,, with integrations overlapping the wave
function, are put in the Appendix.

Il. THE EXCLUSIVE SEMILEPTONIC DECAYS AND
RELEVANT CURRENT MATRIX ELEMENTS

The T-matrix element for the semileptonic decaips
—Xgt! Tty is

G _
T=—Viu

\/EI] v

where X denotes y. and hg, Vj; is the Cabibbo-
Kobayashi-Maskawa(CKM) matrix element, J* is the
charged current responsible for the decays, gnp’ are the
momenta of the initial statB. and the final stat& g . Thus
we have

Yu(1=ys)vi(Xee(p', €)|3ff[Be(p)), (D)

2

> | TI2=="|v;[A#h,,,

. @

where h,,, is the hadronic tensor ankt” is the leptonic
tensorl ,, is easy to compute, whereas in genérg can be
written as

h/u}: _aguv+B++(p+p,),u(p+p,)v
+B-(p+pP)(P—P )t B (P—P")u(P+p),
+B-_(p—p)uP—P),

+i7€yvpa(p+p,)p(p_p,)gr (3)

wherex=E, /M andy=(p—p’)?/M?, M is the mass 0B,
meson, andV ' is the mass of the final sta¥e.;. The coef-
ficient functionse, B, , , andy can be formulated in terms
of form factors. Note here that we have kept the mass of the
lepton m; precisely different from those of Isguet al. [9]
and Grinsteiret al.[17], so the formula here can be applied
not only to the cases &andu semileptonic decays, but also
to those ofr-semileptonic decays.

(i) If X(cq is theh([1P,]) state, the vector current matrix
element

(Xedp" €|V, [B(p))=res+s. (€ -p)(p+p'),
+s (e*-p)(p—p)u, (B

and the axial vector current matrix element
(Xco(p",€)|A,LIB(p))=ive,,,ne* " (p+p")(P—p'),
(6)

wherep andp’ are the momenta d3, andh., respectively,
and e is the polarization vector df. .

(i) If Xcq is the x.([3Po]) state, the vector matrix ele-
ment vanishes, and the axial vector current

(Xco(P)IALB(P)=u.(p+p'),+u_(p—p’),. -

(iii ) If X(¢g is the xc([®P1]) state,
(Xco(p' &)|V,[Be(p))=l€),+c (e -p)(p+p'),

tc (e*-p)(p—p), (8

and by a straightforward calculation, the differential decay

rate is obtained accordingly:
_m
d’r v |2G,’éM5 M,
=|Vii o +
dxdy U 3243 M2 Pes
12 ) m|2
X|2xX| 1= — +y | —4x —y+v

and

(Xco(p" e)|A,IBc(P))=ige,,, € "(p+p')(p—p")”.

€)
(iv) If X is the xo([*P.]) state,
<X(c€)(p,a€)|v,u|Bc(p)>
Ethrfe,u,Vp(re* Vapa(p_'—p’)p(p_p,)a— (10)

and
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as the starting “point” to take into account the recoil effects
w in the decays no matter how great the recoil moment will be
, in the considered decay. To apply the generalized instanta-

PL Ld! neous approach for the matrix element, we need to “reform”
p m my , the potential model to that on the BS equation “ground.”
P
B, P Xe(he) A. The potential model and BS equation
e In general, the BS equation for the corresponding wave
function x,(q),
FIG. 1. The Feynman diagram for the weak current matrix ele-
ment. [ d%
(2= Mool b+ )= | AP0
aa
(Xco(p' €)|A,IB(p))=ke,,p"+b, (€,p"P7)(P+P"), (13)
+b_(e5,pp)(P—p" ). (1) where V(p,k,q) is the kemel between the quarks in the
bound state, may describe the relevant quark-antiquark
The form factorsr, s, , S—, v, Uy, U, I, Ci, €, K 1504 state well. Accordingly, the BS wave functigp(q)

b,, b_, andh,_ are functions of the momentum transfer
t=(p—p’)? and can be calculated precisely. In R&], we
proposed an approach, the generalized instantaneous ap—f dqd*

should satisfy the normalization condition

proximation, to compute those form factors for the decays of ﬁﬂ
B. to anSwave charmonium statd ¢ or 7.. Now we are (2m)*
computing the form factors,s, ,s_, ... appearing in the

decays ofB. to a P-wave charmonium state. In fact the ap- +V(p,9,9") 1xp(a’)
proach may be used directly; thus it is adopted in the present

calculations.

— 9
Xp(Q) a—m[sfl(pl)sz_l(pz) 5*'a—q’)

=2ipo, (14)

whereS;(p;) andS,(p,) are the propagators of the relevant
particles with masses; andm,, respectively.

As pointed out in the Introduction, the BS equation in
APPROXIMATION APPROACH TO THE WEAK CURRENT four dimension should be reduced to a one in three dimen-

MATRIX ELEMENTS sion, i.e., the timelike component momentum should be in-
To calculate these form factors, the GIAA developed integrated oufthe instantaneous approximatjowith a con-
Ref.[8] is adopted. As outlined in the Introduction, the con- tour integration as proposed by Salpeter, especially when the
sidered weakelectromagneticcurrent matrix element is de- kernel has the following property:
scribed by Fig. 1, and according to the Mandelstam formal- L
ism [15] it may be written down in terms of Bethe-Salpeter V(p.k,a)=V(lk—q]).
wave functions foB. and y.(h.) exactly:

Ill. THE GENERALIZED INSTANTANEOUS

To do this is very easy. When one makes a contour integra-
d%q . tion of the “time” component of the relative momentum on

|/*=if 2 Txpr (@) (B2—m2) xp(q)T#]. (120 the whole BS equation, then the BS equation is deduced

(2m) straightforwardly into a three-dimensional equation, which is

_ just a Schrdinger equation in the momentum representation.

Here x,(q), and x;,(q’) are the BS wave functions of the sjnce the starting point of the common potential model is a

initial stateB and the final statg.(h.) with the correspond-  schralinger equation, we may convert the potential model
ing momentap, p’. Throughout the paper we uge, p, 0  into a foundation based on the BS equation, as with the in-

denote the momenta of the quarks in the initial meng stantaneous approach_

andp;, p, to denote the momenta of the quarks in the final  To treat the possible large recoil effects in the decays, we
mesony, or h,. For convenience, let us introduce the defi-need also to convert the instantaneous approximation to a

nition of the relative momenturg (or q’): covariant way too, i.e., to divide the relative momentgm
into two parts,q; andq, , a parallel(timelike) part and an
_ L orthogonal one t, respectively:
P1=a1p+q, al_m1+m2’
q*=dp|*dp. -
my
P2=ap—q, a22m1+m2' where ngE(p-q/M;)p“ and gy, =g*—qp . Correspond-

ingly, we have two Lorentz invariant variables:

pP1, P2, My, andm, are the momenta and masses for the

antiquark and quark, respectively. The matrix element of the _pPa =Ja?2—g2=+/—0d? .
current Eq.(12) is now fully relativistic; thus it can be used e My A= VAp ™4 Ao
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In the rest frame of the initial meson, i.éi,=0, they turn
back to the usual componerdg and|q|, respectively.
Now the volume element of the relative momentkman
be written in an invariant form:
d*k=dkyk? rdkyrdsdp, (15
where ¢ is the azimuthal angle and=(k,q,—k-q)/
(kpTdpT). Now the interaction kernel can be rewritten as

V(Ik=a[)=V(Kp, ,S,0p.). (16)
We define
PN dqp "
@p(qpi)zl ﬁ){p(qpu 7qpl)y
, 17
ksrdk,ds
pTY pT
7l(q )-jwv(km,sﬂm)@p(kﬁ)-
The BS equation can now be rewritten as
Xp(QpH vqu):sl(pl) ﬂ(QpL)Sz(pz) (18

and the propagators can be decomposed as

Si(pi) = J(i)qpi\:f&pﬁ)@ipﬂe +J(i)qpﬁzi(|\(j|pi)wip—ie’
(19
with
o= TR
Aﬁ)(qm)=%p P opaiimed]. o

wherei=1,2 andJ(i)=(—1)". Here A{,(q,,) satisfies the
relations

_ p
Ai-;—)(qpl)""Aip(qu_): M

p

Aii;J(qu)MAi:;)(qu):Aii[r)(qu)r

Aiip(QpL)$AiT)(qu):0- (21)

Due to these equations\® may be referred to as the

PHYSICAL REVIEW D 65 014017

where the upper inde denotes the charge conjugation. In
our notation A2p (dp)= A, p(dp.). Integrating over, on
both sides of Eq(18), we obtaln

(M- Wip— pr)(P;Jr(qu) :A;p(qu) np(qu)AIpC(qu)a
(M+w1p+w2p)(Pp (Qpi) Azp(QpL)np(qu)A (qu)
¢p (Up)=¢p, "(qp)=0. (23

The normalization condition of Eq14) now becomes

q%dar
—1r
(2m)?

_++£

From these equations, one may see that in the weak bind-
ing case to compare with the factoM(- wp,— wy,), the
factor (M + wq,+ w,p) is large, so the negative energy com-
ponents of the wave functions™ ~ are small. In the present
case, for the heavy quarkonium aBg meson this is pre-
cisely the situation, so we ignore the negative energy com-
ponents of the wave functions safely at the lowest-order ap-
proximation.

Neglecting the negative energy components of the wave
functions, the BS equation contains the positive component

p p

++(qu)EA;p(qu)MQDp(qu)MAIpC(QpL)

only, and the normalization condition becomes

b P
ot

quqT o=
M M

=2P,.
(2m)? °

Now let us consider the wave functign' * appearing in
the above equations. We know that the total angular momen-
tum of a meson is composed from orbital angular momentum
and spin, furthermore there are two way&l( coupling or
j-j coupling to compose the total angular momentum. Here
to considerP-wave states of charmonium, we adopt &
coupling, i.e., we let the spins of the two quarks couple into
a total spin, which can be either singlet or triplet, then we let
the total spin couple to the relative orbital angular momen-
tum, and finally we obtain the total angular momentum. In
this way, the reduced BS wave functigrp can be written
approximately as

p-projection operators, while in the rest frame of the corre-

sponding meson, they turn to the energy projection operator.

We definee, “(dp,) as

Py

o5 () =A5y(apu ) b @p(dpu )y Adp (dpe), (22

P+M
¢, (Q)_Zf Ystnoo ) (29)
for the 1S, state, and
¢, (a) £ Ynod ) (25)

sz

for the S, state, wheres* is the polarization of this state.
For theP-wave (cc) wave functions,

014017-5
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. P+M the quark mass squared in the “double heavy” meson as a
e1p(q)= Ysnim (q) (26)  lowest-order approximation, we have ignored such higher
2\2m terms and use;=m;, w,=m, in the numerator.

Now let us factorize out the radial component of the wave
function and its relevant BS equation in momentum space
from the angular ones:

for P4, i.e., theh, state, and

+M -
Jz — N
o= (Mé<S>wn1Mz<q><1sz,LMz|JJz> 27

PJ

Y@= Bar(A])Yiu (6,0),

for 3P;(J=0,1,2), i.e.,x. States, where is the polarization i . ) )
vector of total spin and1S,,LM,|JJ,) are the Clebsch- wheren is the pnnupgl quantum numbelr, is the orbital
Gordon coefficients which couple, S to the total angular 2ngular momentuM, is the projection of the third compo-

momentumy. 0, and,1y_are the full BS wave functions. nent of L, ¢, (|q]) is the radial wave function, and
‘ YLMZ(9,¢) is the spherical harmonic function. For the spin

B. The radius BS equation in momentum space singlet states, mU"[ip'yinQ(fMZ(El) to two sides of the re-

To solve the BS equation, the key problem concerns it§luced BS equation and summing oWt by using the for-
radial component. If we ignore the negative energy contripbuMula
tions, the reduced BS equatidh8) in the rest frame of the

meson center mass system can be written as 4 x 0
o714 Yml(@Yiw ()=Pu(coso),

. ) where 6 is the angle between the unit vectgrand k, the
ep(4)= M—w;—w, - (29 radial reduced BS equation for tH&, state is obtained:
In the frame, the energy projection operator 1
) boolA) = 4o oo

A1+=2—wl(w170—7'q—m1). §

mam, [ (4,60~ 4VA(GK) ol [K) 0K

1
>z 31
Agzz_wz(wzyoJFY'Q‘sz). (31
) whereas for the'P; state,
where the kerneV acts one(q) as
. . . . o~ 1
V(@) e(9)=Vo(@) e(A) +V, (D) 0(q) ¥, (29) el =7 M= o=y

i.e., to correspond to the potential model more precisely, the . .
interaction kernel can be formally divided into the corre- X mlmzf [4V,(q,k) —4V(q,k)]
sponding nonperturbative QCD “linear” on&/ (in scalar
naturg, and the corresponding gluon exchange dvig(in . >
vector naturg X $na([K|)cosodk, (32)

When substituting Eqg24) and (26) (the wave functions
in the meson center mass sysjanto the reduced BS equa-

here q|) and q|) are the radial parts of the wave
tion (28), the equation for a spin singlet ste8e=0 becomes where bno(|]) ¢na(lal) ap wav

functions.
Similarly, for the spin triplet stateS=1 we have

bs—o(q)=

dowr(M—wi— w,) )
L . 2 (18,,LM[33;) s 1(0)
X{mlmzf [4V,(q,k) —4V4(q,k)]

=> (15,,LM;]33,)
X ¢s—o(|2)d|2], (30) Im 4wiw(M— w1~ wy)
where thegs_o(q) is dnoo*So) OF énim,(*P1). Since the x mlmzf [4V,(a.K) = 4Vy(a,K) ] ps-1(K) K|
square of the relative momentuﬁﬁ is small compared with (33
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wherg the¢33:1(§) i bnoo(3Sy) or ¢n1MZ(3PJ). Then the Iﬂ—f d%q, - ;(qéu)/\’f(q;u)
equation for°S; is E VI
AT ) JA; )
¢nollall) = o M1 () (Ao ) A2 (A
no 4w1w2(|\/|—w1_w2) M—wl—wz .

X{m1m2J [4VU<5,I2)—4Vs(ci,IZ)]¢no(|E|>dE], This matrix element can also be written in the framework
in which the momentunq| is the integral argument by
(39 means of a suitable Jacobi transformation, i.e.,

and for °P;,

12 ’
_ qP'qup'Tds Tt ++ P’
lu(r)—thr oo U )T (.

¢n1(|q|):4wlw2(M —w1— W)

- - (37)
X mlmzf [4V,(9,k)—4V(q,k)]
The above formula with the argumeqt as the integral ar-
- ~ gument is more convenient, especially in the cases in which
X dn(|K)cosod k] ' (39 we calculate the matrix elements involvindg?avave state in

the final state.
The normalization ofp,, now reads After performing the contour integration on the matrix
elementd , precisely, the dependence of the matrix elements
on the overlapping integrations of the Scollimger wave
—oM functions for the initial state and the final state becomes
' transparent, as do all the form factors.
Since B, and yx.(h;) are weak-binding states, we may
To ignore all the spin-orbital coupling interactions, underreasonably make the approximation
the additional approximation the three tripletwave states
3p, and also the singletP; are degenerated.

a%dar
(2m)?

m;m
¥¢ﬁL(|QT|)

W10

PP p-p’
W20=Wp = 2 ;
C. The generalized instantaneous approximation MM MM

: (38

After neglecting the negative energy component and theSO as to see the main factors
‘treatment” above, the weak current matrix elements are as \yuin the approximation thé form factors can be formu-

follows: lated by two independent and “universal” functions with cer-

tain kinematics factors. For convenience, we denote the two

[ d%q -, A3 (Gpy) functions as£; andé&,, and in fact they are just two overlap-
I#:J il n(qprl)q Iy B—— 7(dp,) ping integrations of the wave functions of the initial and final
(2m) T2 2 bound states,

ATy L A

—q "M — ! +i —QptaM—w +iel| *dy
qp,—l—alM wytle qp 1 1 [ex(p/)_eo]glzj p; ':1MZ()\)(Q,;/T)¢’nOO(qu)v
(36) (27)
(39
The generalized instantaneous approximation approach is 3
to perform a contour integration with Cauchy’s theorem €(p)- & Ef d Qi s (L) ool Gor) T
about the timelike componens in a complex plan on the A 2] (23 T MMM R T FN00HRTI pr
whole current matrix elements precisely, just as was done by
Salpeter for the original one on the BS equations. As the finajyhere
result of the approach, the matrix elements turn out to be a
three-dimensional integration about the spacelike compo——
nentsq, , and the Schminger wave functions foB; and The approximationw,=m, may be taken here, since at the
xc(hc) emerge in the integration properly. present stage the paper is about the lowest-order calculations. In

If we choose the contour along the lower half-plane, aftefact, one may estimate the uncertainties due to the approximation
completing the contour integration, the current matrix ele-precisely. It is one of the relativistic corrections and in order of
ments become O(v?/c?) for the weak-binding system.
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1 2 B . 5 : 7
tm— 1t
FIG. 2. The universal functiong; and&, vst,,—t. They are the
overlapping integrations of the wave functions fgi(h;) and B,

with the definition as in Eq(39). The solid line is of¢;, the dashed
one is ofé,.

!

pp
MrZ p”

[(p-p)? 2
M12 B

P~

€0ME
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linearly being inserted, it will be the relativistic corrections
to & or &. For instance, those witly' >, ,q',, , ... being
inserted are the corrections t&; and those with
q’z,l ,q’z,l, ... being inserted are the corrections &n
Therefore, there are only two such “universal” functions
&1,&5 in the decays. In the case in which the decays are from
an S wave to anotheSwave state, due to the fact that the
wave functions are normalized; must be much greater than
&,, even when the recoil momentum is great. T§usnay be
ignored safely, i.e., in that case it is enough to conskler
only. Furthermore, as found in Ref8], the “universal”
function ¢ (just &4 here may be directly related to the Isgur-
Wise function appearing in heavy flavor effective theory
(HFET) for heavy meson decays since spin-flavor symmetry
[18], if taking the mass ot quark approaching to infinity.
Whereas in the present case it is about the decays Boto

a P-wave charmonium, it is different from those froy to
anSwave charmonium, hence an interesting aspect happens.
Since the decays from &hwave state to &-wave state are
considered as the common and familiar cases in the atomic
and nuclear transitions, the functi@p is dominant in the
region of a small recoil momentum and is decreasing slowly
as the momentum recoil is increasing, whereas the function
&4, as expected, is zero or tiny when the recoil momentum is
zero or small, but turns out to be comparable to or even
greater tharg, in the region of a great momentum recoil. We
should note that there is no conflict with our knowledge
about the atomic and nuclear transitions, where the functions
&, are always ignored due to the fact that the momentum
recoil in all the transitions is very small, i.e., only the func-

describes the polarization along the the recoil momentungon £, “acts.” But in the present case of the decayRyf to

p', and theP-wave (L=1) orbital “polarization” €,(p) in
moving (p?=m?) is

=+ 3 .
e, (P =% \ gl fuP=ifi(p)],

3
P ="\ 7 falp),

with

—m?g;,— M(Egi,— PiGo,) + PiP,.
m(E+m)

(i=1,2,3; w=0,1,2,3.

fl.(p)=

a P-wave charmonium, the momentum recoil may even be
relativistic, so we do not have any reason to ignore one of the
two “universal” functions¢; andé¢, to obtain correct results.
Instead, we need to keep two of them precisely. In order to
see this feature clearly, in Sec. V we evaluate the two func-
tions &, and¢ precisely, and we put the curves of their values
versus momentum transfer into a figufeg. 2).

Substituting the BS wave functions E@4) and Eqs(26)
and (27) into the equation of current matrix elements and
using Eq.(39), the precise formula for the form factors, i.e.,
the precise dependence of the form factorgpandé,, can
be obtained and we put them in the Appendix. The curves of
&, and &, obtained by numerical calculations are shown in a
figure. With the functionst;, &, and the form factors, the
decay rates of the semileptonic decays and the spectrum of
the charged lepton for the decays can be obtained by straight-
forward numerical calculations.

Note that in our calculations on the form factors, we have

In general, the matrix elements for the weak-binding sys{,sed the relations

tems with the approximation E¢38) may depend on only
two “universal” functions which are generated directly by
the overlapping integrations of the initial and final wave
function: one is the integration without the relative momen-
tum qé,,L being inserted between the two wave functions,
i.e., &, and the other is with the relative momentufy,
being inserted linearly, i.e&,. Note that if the integration is
with a higher power of the relative momentu]q’;,L than is

014017-8
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/ 1 drI; .
S (Sl (Lp ) (1N 1N |10 el o
NN 1
1i P

= Ewé’#yaﬁp aE}\,,(J,p ), (40) 0.8
> €h(Sp)e (L,p )(IN;1N|2)")
NN

=€, (3.p"),

where(1S,;1L,|JJ,) as before are CG coefficients The po-
larization of a vector withJ=1; A\=1,0,—1), € (p ), and

that of a tensor with {=2; A\=-2,-1,0,1 2) ew(p ) FIG. 3. The energy spectrum of the charged lepton for the de-

have the “projections” cays B.— x.+e(u)+ v, where the solid line is the result of the
h['P;] state, the dotted-blank-dashed line is pf[3Py], the
dashed line is of[3P;], and the dotted-dashed line jg[3P,].

2 enPheP)=| 03

P,.P, )
_g,uv EPMya cb_ _
Q5 =[V} d(CU)V aAldb)y At Vidcu)y - A(SD)y A

+VE(cc)y_a(db) +Vi(cc)y-a(sb)],

1
)\:+2+10€i\’“”(p/)62’ﬂ(p,):E(P P/:B+P BPVOI) _ —
o where @10,)v- denotes; y,(1— vs)d,.
Because at this moment we restrict ourselves to consider-

3 PMVPL,J(ﬁ (41) ing the decays to which the “penguin” operators in the ef-
fective Lagrangian contribute little in comparison with the
two main onesc, and c,, the contributions from penguin

IV. THE TWO-BODY NONLEPTONIC DECAYS terms are neglected in the present calculations, although in
the Ref.[11] it is pointed out that the “penguin” operator

; may contribute about 3—4% to the total decay width owing
nonleptonic decayB.— x.(hc) + h (hereh denotes a meson to its interference with the main ones. Moreover, at this stage

with the factorization assumption on the decay amplitudeswe also restrict ourselves to considering only the decay

\éVh'Ch 'stml widely adopted in Fft'nlat'ng;he ngnlepttoryﬁ modes where the weak annihilation contributions are small
ecays for various mesons in literature. According to due to the precise reasons, e.g., the helicity suppression,
assumption, the weak current matrix elements appear as a

factor in the calculations precisely and they are related to the
form factors just obtained in the previous section. For the
noneptonic decay moddés.— x.(h.) +h (caused by the de-
cay b—c), the following effective Lagrangiah .4 (QCD
corrections are involveds responsible:

In this section, we outline how to calculate the two-body

Ge\/‘1

1.5

Gr
Leff=ﬁ{vcbtcl<inb+cz(mogm H.c}
+ penguin operators. (42 o.sf

Gg is the Fermi constany/;; are CKM matrix elements,
andc;(u) are scale-dependent Wilson coefficients. The four- , , , ,
quark operator€S” andQS° (CKM favored only are 0.2 0.8 06 02

1 1.2

[P |GeV

FIG. 4. The energy spectrum of the charged lepton for the de-

$P=[Vig(du)y_at+ Vi(Su)y_a+Vi(do)y_a caysB.— xc+ 7+ v,, where the solid line is the result bf[*P,]
. — — state, the dotted-blank-dashed line isy@fP,], the dashed line is
+Vedsc)y-al(Ch)y-a, (43)  of x.[3P,], and the dotted-dashed line yg[3P,].
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TABLE I. The semileptonic decay width@n the unit 10 1° GeV).

I(B;—'P1/v)) ['(Bc—%Po/v)) [(B;—%P1/v)) [(Bc—3%Py/v))
e(u) 2.509 1.686 2.206 2.732
T 0.356 0.249 0.346 0.422

etc.® so we do not take the contributions into account here The spectra of the charged lepton energy for the decays

[19]. B.— xc.te(u)+ v (the mass of the charged lepton can be
Precisely by means of the factorization assumption, thégnored are shown in Fig. 3, and those for the dec&ys

decay amplitudes for the nonleptonic decays can be formu;XC+ 7+ v, where the mass of the charged leptogannot

lated into three factors: the so-called leptonic decay CONp - S
: . ; e ignored, are shown in Fig. 4, wh is the momentum
stants, which are defined by the matrix elements 9 g 4|

(0|A,IM(p))=ifup, [or (O]V,|V(p,e))=fyMye,]; the
weak current matrix elementsy.|V,(A,)|B.), which are

the semileptonic decays; and the relevant coefficients in th

combinations: a;=c;+ kC, and a,=c,+ kC;, where

=1/N. andN_. is the number of color. The coefficients in the
combination a;,a, are due to the weak currents being

of lepton. The difference, shown in Fig. 3 and Fig. 4, is due
to the fact thatr lepton has a sizable mass. For the semilep-
Eonic decays, we put the widths of the decays correspond-
ingly in Table I.

As for the nonleptonic two-body decafs— x.(h¢) +h,
we only evaluate some typical channels, whose widths are

“Fierz-reordered.” In the numerical calculations later on, we '€latively larger, and put the results in Table II. In the nu-

will choosea;=c; anda,=c,, i.e., we takexk=0 in the

spirit of the largeN. limit, and the QCD correction coeffi-

cientsc, andc, are computed at the energy scalenof.

merical calculations¢,; andc, are computed at the energy
scale ofmy, and the coefficienta;=c; anda,=c,, i.e., k
=0 is taken. The decay constant values =0.131 GeV,

Therefore with the relations between the currents and forni,+=0.208 GeV,f, =0.229 GeV,fi+=0.159 GeV,fyx+
factors obtained as in the semileptonic decays, finally the=0.214 GeV, fp =0.213 GeV, fpx=0.242 GeV, fp+
S S

factorized amplitudes for the nonleptonic decays can be for-
mulated in terms of the form factors and the decay constan

by the  definitons (0|A,|M(p))=ifyp, and

(O|V,|V(p,e))=fyMye, . Thus the decay widths for the
two-body nonleptonic decays can be computed straightfo

wardly.

V. NUMERICAL RESULTS AND DISCUSSIONS

r-

=0.209 GeV, andp++=0.237 GeV are determined by fit-
ing decays oB andD mesons.

By comparing the present results in Table | with those for
the decays 0B, to Swave charmonium statel s and 7.,
e.g., I'(Bc—Jd/y+1+1v)~25x10"'° GeV, which can be
found in Refs.[8,9], one may realize that the semileptonic
decays ofB, to theP-wave charmonium states in magnitude
are about one-tenth of the ded®y— J/ ¢+ 1+ v, . As for the

In the numerical calculations, according to the potentialtWo-body nonleptonic decays, due to the fact that the recoil

model, the parameters are taken as follows:
A=0.24GeV, a=0.06 GeV, Agcp=0.18 GeV,a=e
=2.7183, Vy=—0.93 GeV, V,=0.04 [13], m,=m,
=1.846 GeVm;=m,=5.243 GeV.
With the parameters, the massesBgfand x.,h. are

M=mg =6.33 GeV, M’'=m, 1, =350 GeV,

and the corresponding radial wave functions of Baemeson
andP-wave charmoniuny.,h. numerically, which are con-

momentum is fixed in each specific decay so that it varies in
various decays the decayB.— x.(h;) +h can be greater
than one-twentieth of the one corresponding to $heave
state,B.— J/¢(n.) +h.

Based on the fact that the first observationBafby the
CDF group is through the semileptonic dec@s—J/ ¢+
+ v, in run | of Tevatron, we can conclude that most of the
decays concerned here are accessible at LHC and at Tevatron
in run Il. It is expected that th&. meson events will be
more than 20 times more frequent at Tevatron and LHC than
those at run I, and the detectors at the two colliders will be

sistent with those in the literature. Note here that since in thenuch improved, especially the two-detector BTeV and
present evaluations we only carry out the lowest-order onesHCB, which were designed particularly foB physics.

without considering the splitting caused byS andS-S cou-
plings, M’, the masses of all the bound staté®; (J
=0,1,2) and'P,, are degenerated.

The behaviors of the functiong;(t,,—t) and &(t,—1),

i.e., the two overlapping integrations of the wave functions

These may accumulate many mdg events of better qual-

ity, thus not only may the concerned decays be accessible,
but also rare decays, ev&P-violation processes, may be
too.

Since a specific detector always has a limited efficiency to

of the initial and final states, are computed numerically andecord a photon, i.e., a photon may be missed in the detector

plotted in Fig. 2, wheré,,=(M—M’)? andt=(P—P")2

with a precise possibility, the cascade decay8pf> y.+ -
- and y.—J/ ¢+ vy may appear as an indication of the me-
son B, through the decayB.—J/¢+ - - - when the photon

3We will consider the contribution from the penguin operator andin the second decay is missed. Furthermore, two of the

weak annihilation carefully elsewhere.

P-wave charmonia have quite a large branching rédlmout

014017-10
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TABLE II. Two-body non-leptonicB; decay widths in unit 10'° GeV.

Channel r I'(a;=1.132) Channel r I'(a;=1.132)
Pyt a70.569 0.729 Pip a?1.40 1.79
3pomr” a20.317 0.407 3Pop a20.806 1.03
Spy ot a%0.0815 0.104 3P.p a70.331 0.425
Sp,art a30.277 0.355 3P,p a30.579 0.742
pA; a?1.71 2.19 p,K* a34.26x10 ° 5.46x10 3
3PoA, a31.03 1.33 SpK* a32.35<10 ° 3.02x10°3
3P.A; a%0.671 0.859 Sp,K* a70.583x 10 ° 0.747x 108
3PLA, a31.05 1.34 3pK* a31.99x10 ° 2.56x 1073
pK* a’7.63x10 ° 9.78x10° 3 P,Ds as2.32 2.98
3pok* a34.43x10°° 5.68<10 2 3PoD; a3l1.18 1.51
3p,K* a%2.05x10 2 2.63x10°3 %P,D, a70.149 0.191
3p,K* a33.48x10 ° 4.47x10°3 3P,Ds a20.507 0.650
'p,D? a?1.99 2.56 p,D* a%0.0868 0.111
3p,D?¥ a31.48 1.89 3p,D* a30.0443 0.0568
3p,D? a?2.21 2.83 ’p,D* a%0.00610 0.00782
p,D? a32.68 3.44 p,D* a30.0209 0.0267
p,D** a%0.0788 0.101

3poD** a30.0567 0.0726

3p,D** a30.0767 0.0983

*p,D** a%0.0972 0.124

a few tenthy for their radiative decaysy,3P;]—J/¢  thank J.-P. Ma for valuable discussions. They also would like
+vy (Br=27.3%) and yJ[%P,]—J/¢+vy (Br=13.5%) to thank G.T. Bodwin for useful discussions.

[13], hence the cascade decays may contribute a substantial

background for the observation of tl#& meson through APPENDIX

B —>J/¢+ In particular, we find here that the decays

Be—xd® p1ﬂ+|+ v, have quite a sizable branching ratio, In this appendix, we present the form factors and the for-
the mesorB,, observed by the CDF group, as pointed out inmulas fora, g, ., andy, which are required in the calcu-
the Introducuon is through the semileptonic deca§s lations on the exclusive sem|lepton|c decayﬁgitox Here
—J/y+1+,, thus the efficiency in detecting photons of X denotes one of the statbg 'P1], x[*Pol, xc[*P1], and
the detector may affect the observation at a certain level. I °P2] as indicated precisely in each case below.
conclusion, we think the results concerning the decay values For convenience, we introduce the parameters below:
obtained here are useful references in estimating the back-

ground quantitatively. w1p= \/wgo— m22+ mzl,

We would also like to point out that we find that the

decays B.—h.+1+v, and/or B.—h.+h have sizable (p-p')>2
branching ratios, so potentially they can create a new way to nep= PP — M2
observe the charmonium statg[!P;]. In particular, the M’2

charmonium staté[*P;] has not been well-established ex-
perimentally yet, thus it is worthwhile to try to observe the

H 1
stateh, through theB, decays at LHC and Tevatron, espe- 1. B meson to charmoniumh[“P, ]

cially with the detectors LHCB and BTeV. Hopefully, it will The matrix elements for the vector and axial currents are

be a complementary possibility experimentally to see the , o . ,

1P, charmonium state, in addition to those througf2S) (X(p",)|V,[Be(p))=re; +5. (¥ p)(P+p),

decay and proton-antiproton annihilation. +s_(e-p)(p—p')
ACKNOWLEDGMENTS

(X(p,!6)|AM|BC(p)>Eiv6MVpU€*V(p+p,)p(p_p,){rv
This work was supported in part by the Natural Science
Foundation of ChinaNSFQ. The authors would like to where
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(My—my)(My+ w10~ My— wy0) &7 3 (M3+my)(My+ w10t Myt wo0) E2(P-P)

- B , i ) (Al)
8M; 10w 8M'MmM; w10wyg
S :mz[M(m2+w20—m1—w10)—M'(m1+w10+m2+w20)]§2
N 8M ,Mzwlo(JJQOZ
N My[ M (My+ wo0— My — w10) — M’ (Mg + @10+ My+ wy0) 1€
8|\/|’Ma)10w20nep
My M(Myw0+ 035— Mywag— 030) = M/ (M1 w20~ 03+ Mywaot wg) 1€,
8M ' M2w3iwoo
(M1 +mp) (M + wio+ M+ w0) €5 _(M/_M)fl (A2)
16M ' Mm] w1420 8M'M2wg
:mz[—M(m2+ w0~ My~ w10 — M’ (M + w10+ My+ wy0) 1€,
a 8M 'M2w10w202
N My[ —M(My+ o= My~ w10) — M’ (M + w19+ My + w50) [€7
8|V|'Mw10w20nep
mz[ - M (m2(1)20+ (1)%0_ ml(l)zo_ (1)%0) - M ’(ml(l)zo_ (1)%04' m2(1)20+ (1)%0)]52
8M ' M2w3iwo
_(mi+m2)(m1+wlo+m2+w20)§2 (M"=M)¢; (A3)
16M ' MM} w1020 8M'M2wyq
e (m1+m2)(ml+m/2+wlo+w20)§2- (Ad)
16|V|’Mm1w10w20
I
The dependences of, 8. ., andy on the above form fac- B_.=B._, (A8)
tors are
=124+ 4M2p'2y2 A r2
a=r p v, ( 5) B——: 12+[M2y_2(M2+M/2)]02
r2 1| M? 4
= ~M?yp?+ | —(1-y)—1]rs >
Pres 4M "2 IR IVIEE " 1 ——Mz(l—y)—S rs +Mz_p/2 s?
12 - 1277
5/2 2 M M
2
+ MZWS+ , (AB6) (A9)
r2 y=2rv. (A10)
— 2_ 12\, 2
Bio=m g T (MIM |
2. B, meson to charmonium x[3Po]
il M? (1-y)—3|rs Here we show the matrix element for the vector current
4] M2 y * vanishes in the present decay.
The matrix element for the axial current is
2 ~12
p p / /
Ty T Lrs+MP eSS (X(P")[ALIB(P))=us(p+p"),+U_(P=P'),.

(A7) where
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_ [M(@10t Mg+ w0t My) &1+ M (o0t My— w10~ My) IMyéy
8V3M' wiqmognep

+

~ M (wiot M+ et My) €1+ M(woot My— w10~ M)y
8\3M’ wygnep

3&[M' (Mg +my) (w10t M+ wopt My) +M(My—My)(waet My— wio—My)]
16\/§M ! M mia)lowzo

N EMy[ M/ (— 10— My + gt My) + M(wapt My+ wigtmy) ]
8V3M'Mwyow3,

2 2 2 2
£l M Myp(My w0+ w55~ Moo~ wp) + M wag Mpwogt wit Miwap— wg) ]
81/3M' M w3 w0

2 2 2 2
&l =M (Mywzpt w55+ Mywap— i) + M(—Mrwap— w3p+ Myt 0l ] N E2(M"=M)(my+ ws)

, (A1)
8V3M'M w3, 8v3M’'Mm,wi,
_[=M(@1ot M+ 0yt my) &1+ M (waet My— wio—My) IMyé;
- 8\/§M’w10w20nep
~ M (w10t M+ oot My) 1~ M(waot My— w10~ M)y
8\3M' wyghep
N 3&[M' (M1 +mMy) (w10 My + Wt My) =M (M) —My) (wat My— w1~ My) ]
16\3M' MM w1009
N EMy[ M/ (= w19— My + w0t My) = M (@t M+ wigtmy) ]
8\/§M ! M (1)10(1)%0
£l M My(Maw 0+ w55~ Miwag— wi0) = M wao Mpw oo+ w5+ Miwag— wio)]
8v3M' M w3ywa0
£l =M (Myw 01 Wt Mywag— wie) = M(—Mywoe— w3et Miwoet 03] E(M+M)(My+ wy) (A12)
8V3M'M w3, 8v3M’'Mm,wi,
|
The dependences af, 8, ., andy on the above form 3. B, meson to charmonium x[*P;]

factors are The matrix elements for the vector and axial currents are

a=0, (A13) (X(p",€)|V,Bc(p))=l€+ci(e* - p)(p+p'),

2 +e_ (e -p)(p—p),,
Biiy=Uy, Bi_=uju_,

B_.=u_u,, B__=u?, (A14) (X(p",€)|ALIB(P))=id €, "(P+p" ) (P—p')°.

v=0. (A15) where
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4\2m; w1000
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N &Myl (p-p)2-M2M'?]
4\/§M2M ,2(1)10(1)20

(w10+ M+ 0yt m,)

w20

. (A16)

2 2
N (Miwp+ Mywapt w5~ wlo)]
®1p

:(m1+ w10+ My+ w0 €2(M'2=p-p')m,
8v2MM '2ne pw 1wz

+(M’2—p-p’)§2

8\/§M ,2M2(1)lo

Cy
(M + w9t My+ wy0) &>
4\/5'\/' M ! w10W20

émy(M"2—p-p’)
8\/§M2M ,2(1)10(1)20

(M + w10—My— w0 &
8 \/EM mimzwlo

(w10 M+ @yt m,)

w20

2 2
N (Mywop+ Mywopt w5~ wip)
2 1

W1g
=(m1+ w10+ My+ wy0) €1(M'2+p-p')m,
8v2MM ' 2nepw;gwzg

(M"?+p-p")é (Mt wiot M+ w9 &2
8\2M'2M2w 4\2MM’ w1qwo0

&my(M'2+p-p’)
8\/§M2M ,2(1)10(1)20

(Mt 00— My~ w20 &
8\/§M mimzwlo

(w10 M+ @yt m,)

w20

2 2
N (M@0t Mywopt w5p— wip)

2 1
W1g
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_ (w10t My+ wypt My) &y
8\2M’ w gnep
B My (— w19— My + wopt+ My) &1
8V2M' wiqwygnep
2 2
(w20 Miwopt Mywap— wigér

8\2M'M w3,

(My+ wy0)ér

8 \/EM ! M mz(l)lo
&omy (—w10— My + wyptMy)

8V2MM ' w1509

W20

2 2
(—Mywogt Mywypt w55— wig)

2
@10

The dependences af, 8, ., andy on the above form
factors are

a=12+4M?p' 202, (A17)
12 , 5. 1| M?
B++—4M,2—M ya+s W(l—y)—l lc,
5!2
+M2M,2ci, (A18)
|2
B+ :_4M,2+(M2 M/Z)qZ
M2
1 —W(l—)’) 3llc,
M2 5/2
—v)— 2
+Z W(l y) lilc_+M M/2C+C,,
(A19)
B-+=B+-, (A20)
2
,8__=4M,2+[M2y—2(M2+M’2)]q2
1 M2 ) =2 5
+§ __M’Z( —y)—3jlc.+M*=—>cZ,
(A21)
y=2Iq. (A22)
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4. B, meson to charmonium y[P,]

My(My+ w1t My+ wy0) 1
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&

The matrix elements of the vector and axial currents aren+-=—

(X(p',€)|V,IBe(p))=ih,_€,,,,€ " *Pa(ptp’)"

8M’Mwlow20nep - 8M'M2w10

&om, (w10F M+ wyptmy)

X(p—p")’,

8M2M ! W10W20

w20

(X(p",€)|ALIBc(p))=Ke,,p"+b. (&,pP7)(P+P),
+b_(€,pP)(P—P")u-

2 2
(Mot Mot w5n— Wi

2
W10

The dependences af, 8, ., andy on the above form

where factors are
(M1+ wygtMy+wy0) & M2p’?2 -
= 2 22122
k 4wionep = (k“+4M“p’“h?), (A23)
My(— My — w9+ My+ wo0) €1 ) R , R
4a)10w20nep ﬁ o yM4p,2 2 M2k2 y+ 4p/2 2b+ M4p,4
++
2M12 24M/2 M/Z 3 M/4
(wio_ Mywoo— Mawop— ‘Ugo) & _ (My+ wy0) o
3 AMM, o MZ2p’2kb, | M?2
4M oy 2010 AP M yy—1, (A24)
3M’'2 [M'?
E,my (—w10— M+ wyetmy)
AM w1079 W20 M2§’2 - . K2 M2 4M2p’2
2 2 B+-= 72h (M*=M )+ﬂ 1-—5 14
(—m1w20+m2w20+w20—w10)1 2M M M
2 ' - -
@10 +2b+b_ M4p’4+ M?p'?kb, |  M? (1—y)-3
3 MI4 6M/2 M12 y
~ My(My+wiot M+ wyg) €y & .
o 8M’'Mw qwoonep 8M'M?w M?p"*kb_ M2(1 )+1 (A25)
10020 10 — - - ,
6M/2 M12 y
&,my (w10 M+ @yt m,)
8M2M'w10w20 w20 B7+:,8+7 (A26)
(My w0+ Mywag+ w3e— w3o) 2712 2 \pa2r4
2 ’ = M Mz 2 My e NP
(,()10 B**_ 2M,2 [ ( ) y] 3 M,4
2 2 2212
Mo (My + w10t My + wp0) &4 & +— 2+M_ 2_ +4M P
= - 24\ 2t 22V e
8M'Mwjgwygnep 8M'M2wq
M2_’/2kb_ M2
B gzmz ((x)lo+m1+(1)20+m2) — p > —,2(1—y)+3 s (A27)
8M2M ' w10 @20 M M
+(mlw20+ Mawag+ w3~ wo) B M?2p’2kh 208
w%o ' Y= M/Z ( )
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