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We estimate the electromagnetic decay rateggf> yy and x.,— vy by taking into account both relativ-
istic and QCD radiative corrections. The decay rates are derived in the Bethe-Salpeter formalism and the QCD
radiative corrections are included in accordance with the factorization assumption. Using a QCD-inspired
interquark potential, we obtain relativistic BS wave functionggf and x., by solving the BS equation for the
correspondingS* L ; states. Our numerical result for the raBe=T (xco— ¥¥)/T (xc2— v7v) is about 11-13,
which agrees with the update E760 experiment data. Explicit calculations show that in addition to the QCD
radiative corrections which may increase the r&iby about a factor of 2, the relativistic corrections due to
spin-dependent interquark forces induced by gluon exchange also enhance tte satistantially and its
value is insensitive to the choice of parameters that characterize the interquark potential. Our expressions for
the decay widths are identical with that obtained in the NRQCD theory to the next-to-leading otdearid
as. Moreover, we have determined two new coefficients in the nonperturbative matrix elements for these
decay widths[S0556-282(96)05315-3

PACS numbes): 13.40.Hq, 12.39.Ki, 13.20.Gd

I. INTRODUCTION some approaches the relativistic corrections to this ratio were
found to reduce its value significantj19,20. Recently a
Charmonium physics is in the boundary domain betweemigorous factorization formula which is based on nonrelativ-
perturbative and nonperturbative QCD. Charmonium decaygtic QCD (NRQCD) has been developed for calculations of
may provide useful information on understanding the naturénclusive decay rates of heavy quarkonium. In this approach
of interquark forces and decay mechanisms. Both QCD rathe decay widths factor into a set of long distance matrix
diative corrections and relativistic corrections are importang|ements of NRQCD with each multiplied by a short distance
for ch_armonium decays, because fpr cha_rmonium thg_strongoefﬁcient_ To any given order of relative velocity of
coupling constantag(m)~0.3 [defined in the modified pheayy quarks and antiquarks, the decay rates are determined
minimal subtractiorMS scheméand the velocity squared of py several nonperturbative factors which can be evaluated
the quark in the meson rest framé~ 0.3 both are not small. sing QCD lattice calculations or extracted by fitting the
Decay rates of heavy quarkonium in the nonrelativistic limit y5t5 The study of the photonic decaysqf, and ., can

with QCD radiative corrections have been studisee, €.9., 555 provide a determination for the nonperturbative factors
Refs.[1-4]). However, the decay rates of many Processes, he decays oP-wave quarkonium

are subject to substantial relativistic correctiddg. With : : i i
this problem in mind, people have studied relativistic correc- In this paper, we will use the Bethe-SalpetBf) formal

. ; ism [12] to derive the decay amplitudes and to calculate the
tions to the decay rates &wave charmoniumy., J/ ¢, d idths of f Th il b
and their radial excited stat§5—7]. These results show that 9€¢&Y WIAINS Olyco=yy andyc,—yy. The meson wil be
relativistic effects are significant in thec systems especially treate_d as a bound state con_3|st|ng of a pair composed of a
for the hadronic decays dfl 4. In the present paper, we will constitutent quark and an antiqutkgher Fock states such
investigate the relativistic corrections to the electromagneti@s |QQg) and|QQgg) are neglected because they do not
decays of P-wave charmonium statesy,,—7yy and contribute to electromagnetic decaynd described by the
Xea— Y7 BS wave function which satisfies the BS equation. A phe-
The P-wave charmonium decays are interesting. Nownomenological QCD-inspired interquark potential will be
their experimental results are quite uncertain. The Crystalised to solve for the wave functions and to calculate the
Ball group (see [8,16] and references thergingives decay widths. Both relativistic and QCD radiative correc-
I'(xco— yy)=4.0=2.8 keV. But forI'(x.,— y7v), its cen-  tions to next-to-leading order will be considered based on the
tral value differs significantly among various experimentsfactorization assumption for the long distance and short dis-
[9-11], and the ratio of the photonic width gf. to that of  tance effects. The remainder of this paper is organized as
X2 measured by E760 is much larger than that measured bipllows. In Sec. Il we derive the reduced BS equation for any
other two groups. Theoretically, in the nonrelativistic limit angular momentum stat€®* 1L ; of heavy mesons. In Sec.
the ratio is%? [1], and it will increase to about 7[8]if QCD Il we give the decay amplitudes of;,— yy (J=0,2) and
radiative corrections are considered. On the other hand, inse the solved relativistic BS wave functions to calculate the

0556-2821/96/5)/21239)/$10.00 54 2123 © 1996 The American Physical Society



2124

HAN-WEN HUANG, CONG-FENG QIAO, AND KUANG-TA CHAO 54

numerical results of decay widths. A summary and discusWe will follow a phenomenological approach by using the

sion will be given in the last section.

Il. REDUCED BS EQUATIONS FOR ANY ANGULAR
MOMENTUM STATE 2S*!L; OF HEAVY MESONS

QCD-inspired interquark potentials, which are supported by
both lattice QCD and heavy quark phenomenologies, as the
kernel in the BS equation. The potentials include a long-
range confinement potentidlLorentz scalar and a short-
range one-gluon-exchange potentiabrentz vectoy.

Define the Bethe-Salpeter wave function, in general, for a

Q.Q, bound statéP) with overall massM and momentum

P=(VP?+M2,P),
X(X1,%2) = (0| Tehy(X1) tho(X2) | P), (1)

and transform it into momentum space:

XP(p):e_iP'XJ d*xe P Xy (X, X,). 2

Herep; (my) andp, (m,) represent the momen{masses
of the quark and antiquark, respectively:

X=m1X1+ 72X, X=Xy~ Xp,

P=pi+p2, P=n7p1—71P2,

wherez,=m;/(m;+m,) (i=1,2).
We begin with the bound-state BS equatidr2] in mo-
mentum space:

(B1=mu)xe(p) B2+ M) = 5= | 4*KG(P.p—K)xo(K),
®

whereG(P,p—K) is the interaction kernel which dominates

the interquark dynamics. In solving E(), we will employ

V(r)=Vg(r)+y,® y*Vy(r),

l-e
Vs(r)z)\r(a—r),

dagr) _
Vy(r)=———¢ o, 5

where the introduction of the fact@™ *" is to regulate the
infrared divergence and also to incorporate the color-
screening effects of dynamical light quark pairs on @@
linear confinement potential. In momentum space the poten-
tials become

G(p)=Gs(p)+ 7,® ¥*Gu(p),

S N S |
Gs(p)=—;é\3(p)+?—(52+a2)2,
< as(f))
Gvip)=—3=2 s’ (6)

where as(ﬁ) is the quark-gluon running coupling constant

the instantaneous approximation since for heavy quarks thend is assumed to become a constant of orderﬁzaso:
interaction is dominated by instantaneous potentials. Mean-

while, we will neglect negative energy projectors in the
quark propagators, since they are of even higher orders. De-

fining the three-dimensional BS wave function
@o(P)= [ dpxe(p),
we then get the reduced Salpeter equationdi(p):

(M—EI—E2><I><5>=A£yof d*kG(P,p—K)®(K) yoAZ2.
4)

Here G(P,ﬁ—IZ) represents the instantaneous potential,
A, (A_) are the positivénegative energy projector opera-

tors for the quark and antiquark, respectively:

Al :E1+ YoY P+ My
+ 2E, ’

A2 :Ez_ 7’0;" Fz—myo
- 2E, '

El: V EZ‘{' mi, E2: \Y 5)22+ mg

127 1

(P = 37 inias A

The constants\, a, a, and Aqcp are the parameters that
characterize the potential.

For any given angular momentum statg"L; of me-
sons, its three-dimensional wave function in the rest frame of
mesons takes the following two forms.

(i) S=0, thenJ=L:

DLn(P)=AL yo(1+ 70) ¥s ¥ A2 Yim(P) b(p).  (7)
(i) S=1, thenJ=L—-1L,L+1 for L#0 or J=1 for
L=0:

q’JM(ﬁ):% (IM[ZILMYAT yo(1+ y0) y170A2

XYLm(P) (). ®

Here Y, (p) is the spherical harmonic function and
(IJM|1ILm) is the Clebsch-Gordan coefficient. Substituting
Egs.(7) and (8) into Eq. (4), one derives the equations for
the scalar wave functiog(p).
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(i) S=0:

E1(p)Ea(p)+mymy+ p?
4E1(p)E2a(p)

B E1(p)my+Ey(p)my
4E1(p)E2(p)

E1(p)+Ez(p)
4E1(p)E2(p)

[M—E1(p)—Ex(p)1g1(p) p(p)=— f d°k[Gs(p— k) —4Gy(p—K)1g1 (k)P (cod) ¢(k)

f d3k[ Ge(p— k) +2Gy(p—K)1g(K) P (cosd) ¢ (k)

3 - > > > ml_mz
fd st(D—k)p'kga(k)PL(CO@W(kHm
x [ 4GP+ 26u(B—K)15-Kgu(kIP (c039) (k) ©

where

_ [Ex(p)+ mi[E(p) + My +p°
4E1(P)Ex(p)

91(p)

_ [Ex(p)+ miJ[Ex(p) + M) —p?
4E1(P)Ex(p)

_ Ey(p)+m+Ey(p)+m,
g3(p)= 4E,(p)Ex(p)

Ei(p)+m—Ex(p)—m,
4E1(p)E2(p)

Ei(p)=\p2+m3,
Eo(p)=Vp?+ms.

g2(p)

ga(p)=

(i) S=1:

1 - - - o - -
[M—El(p)—Ez(p)]fs(p)¢(p)=m”d3k{[26v(p—k)—Gs(p—k)]fl(k)(m1+mz)—Gs(D—k)fz(k)

X[E1(p)+Ey(p)1}PL(co®d) (k) + J d*k[4Gy(p—K)+ Gg(p—Kk)1fg(k)
X[E1(p)Ex(p)—mim,+ p2]+[Go(p— k) — 2Gy(p—K)1f7(k) (M Ex(p) — m,Eq(p))

k - -
XPJ(CO@)B¢(k)+f d*k{[2Gy(p—k) —Gs(p—K)]f5(k)(m;+m,)

- o - s k
—Gs(p—K)fe(k)(E1(p) +E2(p))ip- kPJ(CO£)B¢(k)]r (10

where

fs(p)=—fe(P)=— =77
! - ° 6 4E,(p)EL(p)
fl(p)=m{[El(p)-l-ml][Ez(pH—m2]+p2}, 1(P)E2(p

1
1 . f(p)= == [E —Ey(p)—m,],
(2(P)= 3oy (LEA(P) + MuEalp)+ ] 57, P 2E (pyEgp | TP T AP e

2[E1(p)+my]

1
fa(p)=f4(p)=m, fs(p)=m[El(p)meﬁEz(pHmz]-
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The normalization condition [d3pTr{®*(p)®(p)}

0_ 0_
=1/(2)? for the BS wave functiors(p) leads to P1=P2=7- (19
j q s [E1(p)+my][Ex(p)+my] 2(p)= Therefore, the amplitud@ becomes independent @f. In
PP 4E4E, P (4m)3" terms of T the decay rates can be written as
11
i i r 2l S [|rran s
To the leading order in the nonrelativistic limit, Eq8) and (Xes=7Y)= 75, 2D B || (16)

(10) can be reduced to the ordinary nonrelativistic Sehro
dinger equation for orbital angular momentunwith simply  ¢5r 3—0,2, where the spin is averaged over the initial state,

a spin-independent linear plus Coulomb potential. Solvingynq the photon polarization is summed over the final state
the full equation(9) or (10), we can get the spectra and wave according to

functions with relativistic corrections for any given angular

momentum staté>" 1L ; of heavy mesons. With these wave

functions we can calculate hadronic matrix elements in pro- > ef(ky)e"* (ky)=—g~.

cesses involving the corresponding states, and the relativistic polar

corrections due to interquark dynamics are included a“tOSubstituting the BS wave functioi8) into Eq. (16), we get
matically in them. This approach is different from conven-

tional ones which start from the Sclidiager equation with T(xco— v7) = 24eba?(c1+3c,+ 2¢5)2, (17)
all relativistic effects considered perturbatively.

486:5&’2
5

Ill. DECAY RATES OF TI'(xco— 77¥) AND I'(xco— 77) F(Xco—vy)= (cf—2cic3+7c3), (18

Electromagnetic decays of;, and x, proceed via the \here
annihilation ofcc to two photons. Here only electromagnetic

interactions are considered, and color-octet components 1 P2 3(p-k)?|. .
which contribute significantly in hadronic decays of clzfd3p?“ _EZ_mE_7+T p-k
P-wave quarkonium do not contribute to electromagnetic de- (p—k)*+m

cay widths, because final states are the photons which cannot S4 a2, T S 8y
be produced via the annihilation of color-oc@Q pair. So 4P 3p~(p-k)~  5(p-k) ]qb(p),
photonic decays of.; for J=0,2 can be well expressed in 4 2 4 p
the BS formalism and relativistic corrections are incorpo- L.
rated systematically in the decay rates. In the BS formalism 3 Pk -, -,
the annihilation matrix elements can be written as c=|d p(f)—lZ)Zerz T[p —(p-k)°]
0|QI P=J'd4TrI P , 12 e ()
(0IQIQIP)= | d*pTI(PPIXp(P)]. (12 +Z[p2_(p,k)2]z}T’
wherel (p,P) is the interaction vertex of théawith other 1 _p

E . A
52— (p- k7]

fields (e.g., the photons or gluonsvhich, in general may Cs:f d%p
(p—k

also depend on the variabt¥ (the time component of the )2+ m? 2
relative momentum If |(p,P) is independent op° (see
[1,5]), the equation can be written as N 1[ 2 (5 k)22 $(p)
2P (P D
_ B 5 . .
<0|Q|Q|P>_f d*pTr{1(p.P)Pp(p)], (13 In the nonrelativistic limit, Eqs(17) and(18) reduce to
For process(c.o— y7y Or xco— Yy With the momenta and 4e§5a2 3 2
polarizations of photon&,,e; andk,,e,, the decay ampli- I(Xco=yY)=—13 f d°ppe, (P .
tude can be written as
— y 32e¢a? 2
T=(0[cT ,.clxco el e; (14 F(Xco—vy)= 5r§4 f d3pp¢XC2(p) -

for J=0,2, where . ) , ,
Using the Fourier transformation of wave functions,

r,,=e? ! + !
,LLV_e ’)/Vpl_kl_m')/,u ’)’,U,kl_pz_m’)/V .

3
f d3pp¢XcJ(p)=ﬁR;w(0),

Here p; (p») is the charm quarKantiquark momentum,
and their time components satifﬁ+ p2= M, as[1,5] we  we derive the well-known result in coordinate space, which
take is consistent with that given ifi]
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19
With these values the mass spectrum of charmonium are
found to fit the data well. In Figs. 1 and 2 the solved scalar

27eha®
F(xco—=vy) = — 7R, (0%,
wave functions both in momentum and coordinate space for

P-wave triplety.; states are shown and we can see explicitly

36et a?
QIR (0)]3,

I'(Xc2=vY)= 5
whereR;CJ(O) is the derivative of the radial wave function at they are the same in the nonrelativistic limit. Substituting
limit, qﬁXco(p) and ¢xc2(p) into Egs.(21) and (22), we get

(20)
the differences between wave functions fb=0,2 while

the origin, and in the nonrelativistic
R! (0)=R! (0), due toheavy gquark spin symmetry.
Xco Xc2 -

Recently, in the framework of NRQCD the factorization T'(xo—=77)=5.32 keV,
formulas for the long distance and short distance effects were
found to involve a double expansion in the quark relative
\r:(zlxo,:t'glléaetjr;g Inotrr(;irQir?%octcl;gpgr?g Coniszgn[;&lrﬂ;(i-rmoa- where the meson madd in Eq. (15 is taken to be the

9 @s PP observed physical value. The ratio of the widths is

I'(x,—vy)=0.44 keV,

tion, we may write
I'(xo—
P (xeo— 77) = 2detya?(cy + 30+ 2C)? Re LYY 51, 24
F(xa—v7)
Our results are satisfactory, as compared with the Particle
valued16] I'(xco—v7)

(21)
Data Group experimental

ag 16)
0.29 [4], which is also consistent with our determination

8t o2
T( _ Q 2 2 _
Xez— YY) = —5 —(C172€1C3+7C3)| 1 — =
(22)
from the ratio ofB(J/¢y—3g) to B(J/¢y—e*e™) [5].
Moreover, in order to see the sensitivity of the decay

|1 ag[m 28
=3 9
=5.6+3.2 keV andIl'(yco— yy)=0.32+0.1 keV. Here in
the above calculations the value @f(m;) in the QCD ra-
diative correction factor in Eq$21) and(22) is chosen to be

where we have used QCD radiative corrections giveail .
We must emphasize that above factorization formulas argjgths to the parameters, especially the charm quark mass,
correct only to next-to-leading order irf andas. If higher e use another two sets of parameters:
order effects are involved, the decay widths cannot be fac-
tored into a integral of wave functions and a coefficient that m,=1.4 GeV, A=0.24 GeVf,
can be written as a series @f . NRQCD has applied a more
general factorization formula for quarkonium decay rates, m.=1.6 GeV, A=0.22 GeV,
which will be discussed in detalil later.
For the heavy quarkoniuncc systems,m;=my,=m,, with the other parameters remaining unchangbeé heavy
Egs.(9) and(10) become much simpler. We take the follow- quarkonia mass spectra are not sensitiveatand o for
a<0.06 GeV). By the same procedure, we obtain
I'(xo— vy)=5.824.85 keV,

ing parameters which appear in the potenttl
m,=15 GeV, \=0.23 GeV, Aqcp=0.18 GeV,
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I'(x,— yy)=0.500.39 keV, range for the value oR, despite the uncertainty in the esti-
mate of the decays widths. Indeed, it is difficult to control the
and the ratio systematic accuracy within the potential model. In particular,
the spin-independent relativistic correction to the confine-
_ I'(xo—7vy) ~11.812.5 (25) ment potential and the retardation correction connected with
I'(x,—vy) ' ' confinement are far from being thoroughly understood. This

also causes an uncertainty in the estimate of decay widths.

for m.=1.4(1.6) GeV, respectively. Nevertheless, from Eq$26) and(27) it can be seen that two

We find that the widths are decreased with the decreasingroup of very different parameters lead to different decay
of \. This is obvious since the wave function in coordinatewidths but give very close values fé.
space will become broader when the slope of the linear po- Finally we discuss the relation between our approach and
tential is decreased and the corresponding wave function ithe NRQCD theory. Recently, a general factorization for-
momentum space will become narrower; so the effective demula which is based on nonrelativistic QGNRQCD) has
cay couplings become smaller. It is interesting to note thapeen developed for studying the inclusive cross sections of
the ratio of two photonic decay widths af: and x, IS production and decay of heavy quarkonium. In this formal-
almost unchanged and is insensitive to the choice of paramsm the quarkonium decay rates can be written as a sum of a
eters. set of matrix elements to any given orderuR, with each

In order to see further the sensitivity of the valueRofo  matrix element multiplied by a coefficient which can be cal-
the parameters in the potentials, we have also solved the B&lated in perturbative QCD. This approach has been proved
equation by using two extremely different values: successful in the application of some processes involving
heavy quarkoniuni17,18. In NRQCD, the electromagnetic
decay rates ofo and o, to next-to-leading order in? can
be written as

A=0.25 GeV, Aqcp=0.25 GeV

and
A=0.15 Ge¥, Agcp=0.15 GeV, O 2|meM(3p0)< Pl
with other parameters being the same as that in E2R). Xo= Y m* Xeol =Mt ol Xco
We obtain the decay widths 3
+2|ng—M(pO)< |g (3P )| > (28)
T'(xo— vy)=3.366.53 keV, me XeolVEML T 0)1Xc0/»
T'(x2— yy)=0.240.54 keV, (26)
2Imfey(®py) 3
and the ratio F(x2—vy)= — (Xc2l OemCP2) | xc2)
~ T'(xo—7y)

2lm 3
+ em(°P2

=14.112.2 (27 )<XCZIQEM(3PZ)Ixc2>, (29)

" T(x2—vy) me

for A=0.15(0.25) Ge¥ and Aqcp=0.15(0.25) GeV, re-
spectively. This indicates that we can obtain a rather stablevhere
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1 . i o R . . . 3 4 2 ~2 2
Oen(*Po)= 3 ¥ (‘ED)'UX|0><O|X (—ED)'m/J, T'(xo—7Y)= er;?f fdf*pp(l—%)(ﬁw(p)
PR i) 2 28
OEM(3P2)=¢+(—|§D)('U')X|0<0|X+(_|§D) (gl)y, x| 1+ %(%—3”, (33
. 11 [ i\ i) . 4eqa®| [ o 2 as16
e P~ 3 20 (—ED) (—ED).UX|0> Mo vn)= a2t | Copgsatp) [1- 27,
(34

i o) -
><<0|X*(—§ D) -oy+H.c

: where the standard Scliinger wave functior{with relativ-
istic correction$ ¢sc{p) is related togp(p) through the nor-
malization condition(11):

i o\2 0 s
|48l {43

1
3p)= =
Gen(*Po)= 5 e

i Bsal )= ﬁ(m?)qs(p),
><<0|X+<—§5) (oDy+H.c|, (30)

i (2w>3f dpp? dsci p)[?=1.
whereD is the space component of covariant derivate,
and ¢ and x are two-component operators of quarks andysing the formulas
antiquarks, respectively. If identifying the quark operator ex-

pectation values with the deriatives of wave functions at the 3 ,
origin, the decay widths can be written as f d°ppdsci P) = 3RgcA0),
9Imfem(3po) ,
T(xo—yM) = —— 7 IR (0)? f d*pp® s ) = 5RE%(0),
15Imgewm(°po) (3) / the expressions of Eq$33) and (34) are transferred into
* rm® RG[RXO(O)RXO(O)]’ (3Y) coordinate space and comparing with that derived from
NRQCD, Egs.(31) and (32), we can easily determine the
9Imfen(®p2) _, coefficients
Txz=yy)= —— IR, (0)]?

as(’iTZ 28”
1+ —=|=—=]|,
T

Imfem(®Po) =3mega? T

15l 8
+”?T+(FJ2)RG[R<X?(0)R;Z(0)]. (32
Imgen(3Po) = — mega?,
In comparision with NRQCD, we take the on-shell con-

dition, which assumes the quark and antiquark to be on the
mass shelp?=pS=E=\m?+ p?, instead of Eq(15). The
advantage of this assumption is that gauge invariance is .
maintained for the on-shell quarks but at the price of treating Imgem(°P2)=0. (35
the quark and antiquark just as free particles in a bound state. ) o ]
An apparent problem in this scheme is that with a fixed valudiere we only consider the QSCD radiative corrections to lead-
of the meson mashl (e.g., its observed valyieif the quark N9 order coefficients Ifey(*Po) and Infgy(*P;) which
mass takes a fixed value, thg? will be fixed but not are equal to the results derived [ib3]. Moreover, we have

weighted by the wave function as in the usual bound-stat OejﬁLmér:]idi;V? :(%vg/) C?ﬁg?:?\fi’, Irﬁea.liriTZIs;Ce%r;g r?:\?e ‘:‘nd
description. In order to connect the decay process, which ; 4 P ;
on factor 0§, and so we need not to take into

occurs at short distances, where quarks are approximately Ozrgggtrﬁis;“ her order corrections to their coefficients an
shell, with bound state wave function, which is mainly de- 9 y

termined by the long distance confinement force, we have {g1ore.

make a compromise between the on-shell condition and the
bound-state description. We will expand the annihilation am- IV. SUMMARY AND DISCUSSION

plitudes(21) and (22) in terms ofp?/m? and allowp? (and In this paper we provide an estimate for the photonic de-
so the meson mass accordingty vary in accordance with cays of P-wave charmonium with both QCD radiative cor-
the bound-state wave functiaf(p) which is determined by rections and relativistic corrections. In the nonrelativistic
the long distance dynamics or, phenomenologically, by som@mit but with first order QCD radiative corrections, the ratio
dynamical models. With this treatment, we get the decayR of the photonic widths is expected to bffor

widths to next-to-leading order @%/m?, ag(m)=0.29

477660(2 ( ag 16)

z R

Imfem(3Py) = -3
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T 151+ (@) m)(w2/3— 28 the wave function at the origin becomes larger ferthan
R= (Xeo—77) = _5[ (as/m)( 2] =7.5, that for y,. As a result, the dynamic relativistic effect Bnis
F(Xc2—vyy) 4 (1-Fas/m) in the opposite direction to the kinamatic correction and can

o _ be even larger. The overall relativistic correction Rois
which is enhanced by a factor of 2, as compared with th§ound to be positive. Our result is in agreement with the
well-known valuey obtained without QCD radiative correc- £760 data and disagrees with the values measured by CLEO
tions. , o and TPC2.
~ Our calculations show that comparing with the nonrela-  oyr expressions for the decay widths are identical with
tivistic value given above, the relativistic effects will further hat derived from the rigorous factorization formula to next-

enhance the rati® substantially and make to-leading order inv? and inas. Moreover, we have deter-
mined two new coefficients in the nonperturbative matrix
R=11-13. elements for these decay widths. For a more accurate esti-

mate, higher order corrections bothiif and ina, should be
This result differs significantly from other theoretical predic- taken into account. For electromagnetic decays, in general
tions[19,2Q. In fact, we know that there are two sources of we can estimate them within th®Q) sector and avoid the
relativistic corrections(1) the correction due to relativistic difficult problem due to the effects of high Fock states such
kinematics which appears explicitly in the decay amplitudes;g |QQg) and|QQgg). But we must notice that if higher
and (2) the correction due to interquark dynamical effectsorder matrix elements are included, the decay widths cannot
(e.g., the well-known Breit-Fermi interactions which  pe factored in the way like Eq$31) and (32) because the
mainly causes the correction to the bound-state wave fungigher order coefficients are different for each nonperturba-
tions. From the expressiori83) and (34) of the decay rates tjye factor.
which have been expanded to the first ordep&fm?, one We have solved the BS equation for the bound-state wave
might expect that the rati® would become smaller after functions with QCD-inspired interquark potentiafinear
taking relativistic corrections into account, because the coefeonfinement potential plus one-gluon-exchange poterail
ficient of the termp%m? in Eq. (33) is smaller than that in the BS kernel. With some popular parameters for the poten-
Eq. (34). This would be true if the dynamical relativistic tials we obtained the wave functions and used them to cal-

corrections to the wave functions were completely neglectecculate the decay widths. From Ed24) and (25) it can be
Indeed, if we were using the same scalar wave function§€en that different parameters lead to somewhat different

dscHP) for xco and x, we would find photonic decay widths but give very close valuesRofThis
might indicate that our estimate & is insensitive to the
R=5.3-59 quark mass and potential parameters, and therefore could be

a rather reliable result, despite the uncertainty in the estimate

which is smaller than the nonrelativistic valRe=7.5. How- ~ Of the dynamical relativistic effects. We hope the lattice

ever, the dynamical relativistic effects are very important.Simulations will give more reliable estimates for these de-

The spin-dependent forcéimduced mainly by one-gluon ex- cays within the framework of NRQCD, and can be compared
changg not only cause the fine splittings of massesygf, ~ With our results.

Xc1, and xq,, but also make the wave functions gf,,

Xcis ar_1d Xcz_differ_ent from _each other. Mainly due to the ACKNOWLEDGMENTS
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