PHYSICAL REVIEW D VOLUME 56, NUMBER 1 1 JULY 1997

Pseudoscalar heavy quarkonium decays with both relativistic and QCD radiative corrections
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We estimate the decay ratespf—21y, n.— 2y, andJ/4—e*e”, 4’ —e*e”, by taking into account both
relativistic and QCD radiative corrections. The decay amplitudes are derived in the Bethe-Salpeter formalism.
The Bethe-Salpeter equation with a QCD-inspired interquark potential is used to calculate the wave functions
and decay widths for thesecc states. We find that the relativistic correction to the ratio
R=T(7.—2v)/T(J/y—e*e”) is negative and tends to compensate the positive contribution from the QCD
radiative correction. Our estimates giVézn.—2y)=(6—7) keV andl'(7,—27y)=2 keV, which are smaller
than their nonrelativistic values. The hadronic width§'(7.—29)=(17-23) MeV and
I'(n.—29)=(5—7) MeV are then indicated accordingly to the first-order QCD radiative correction, if
ag(m)=0.26-0.29. The decay widths for tHeb states are also estimated. We show that when making the
assumption that the quarks are on their mass shells our expressions for the decay widths will become identical
to that in the nonrelativistic QCD theory to the next to leading ordar’cind a. [S0556-282(97)02613-1

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

[. INTRODUCTION A lot of theoretical work have been done on charmonium
and, in particular, on these pseudoscalar charmonium decays
Heavy quarkonium decays may provide useful informa{4,5,7-1]. The nonrelativistic quark model gives
tion on understanding the nature of interquark forces and'(7.—2y)=8.5 keV (using the observed/y leptonic
decay mechanisms. Both QCD radiative corrections and relawidth as input, while the QCD sum rule approach predicts a
tivistic corrections are important for charmonium decays, bevalue of 4.6-0.4 keV [9]. Reference$12-15 have given
cause for charmonium the strong-coupling constansome results on the two-photon width of quarkonia in the
as(my)~0.3 [defined in the modified minimal subtraction relativistic quark models. In these papers, two-photon decay

MS schemg and the velocity squared of the quark in the Widths of Swave, P-wave, andD-wave quarkonium states
meson rest frame2~0.3. both are not small. These correc- Were calculated. But detail discussions about the source of

tions for bottomonium decays are also appreciable. Deca Ilabtlwsttlcd c&rrectlfrls Wire rtl)otmglzjlven,thar}d theé/ Ih aved nt?]t
rates of heavy quarkonia in the nonrelativistic limit with aborate € relationship between their model an €

QCD radiative corrections have been studise, e.g., Refs newly developed factorization formalism for production and
» €9, " decay of heavy quarkonium.

[1-3)). However, the decay rates of many processes are sub- Recently, there have been significant progresses in the

ject to substantial relativistic corrections. In the present paétudy of heavy quarkonium decays based on a more funda-

per, we will investigate relativistic corrections to the pseUdO'mentaI approach of the nonrelativistic QCRRQCD) effec-
scalar quarkonium decays suchmps-2y ands;—2y,and  {je theory[16,17). The factorization theorem was further
give an estimate of their widths by taking into account bothgiscyssed, and some important issges)., the infrared di-
relativistic and QCD radiative correctior(&:or a brief report vergences in th@-wave state decay ratesere clarified in

on this result, see Refd].) For comparison we will also s study. The NRQCD theory combined with nonperturba-
study the leptonic decays of the vector charmonium such age |attice simulations have achieved many interesting re-
J/y—eTe” and zp’—>e+e_. The corresponding results for ¢ its on heavy quarkonium spectrum and deddgs-20.

the P-wave andD-wave c c states have been given in Ref. In this paper, we will use the Bethe-SalpetB6) formal-

[5] by using the same method. ism [21] to derive the decay amplitudes and to calculate the
These pseudoscalar charmonium decays are interestingecay widths ofS-wave heavy quarkonium. The meson will
Experimentally, the branching ratio af,— 2y may provide be treated as a bound state consist of a pair of constituent
an independent determination ®f at the charm quark mass, quark and antiquark(i.e., higher Fock states such as
but the measuredi (7.—2y) ranges from 6 to 28 keV6],  |QQg) and|QQgg) are neglected, which may be justified to

and the measureq; total width is also uncertain. As for the he first-order relativistic corrections oS-wave heavy
7¢ ., its existence needs to be confirmed, and its yaecay  quarkonium decaysand described by the BS wave function
mode is being searched for by the E835 experiment at th@hich satisfies the BS equation. A phenomenological QCD-
Fermi Labpp collider, and its hadronic decay modes areinspired interquark potential will be used to solve for the
being studied by the BES Collaboration at the Beijingwave functions and to calculate the decay widths. Both rela-
Electron-Positron Collide(BEPQ. tivistic and QCD radiative corrections to next-to-leading or-
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56 PSEUDOSCALAR HEAVY QUARKONIUM DECAYS WITH ... 369
der will be considered based on the factorization assumption _Jz2 2
. X ) E= +m°. 5
for the long-distance and short-distance effects. The remain- d ®
der of this paper is organized as follows. In Sec. Il we deriverne general formalism of the BS wave function for any state
the Decay amplitudes in the BS formalism. In Sec. lll we 28+1] | and the corresponding reduced BS equation were
give the spectrum and decay widths &wave heavy gerived in Ref[5].
quarkonl_a. A summary and discussion will be given in the g, process;.— 2y with the photon momenta and polar-
last section. izationsq, ,e; andqs, €5, the decay amplitude can be written
as
Il. DECAY AMPLITUDES IN THE BS FORMALISM

=(0lcI © v
We first consider thep.— 2y decay. This process pro- T=(0[cl . (a)c|ne) e (M) ex(hz)

ceeds via thecc annihilation. In the Bethe-SalpetéBS) +<o|a“l'w(q)c| N (N el(Ny), (6)
formalism the annihilation matrix element can be written as
where p;(p,) is the charm quadantiquark momentum,

ol _ 4 p=pi—0d:i, P'=pP1—0dy, M andM represent the masses of
(0lQIQIP) f dqTri(@.P)xe(a)], @ the c quark and theyp, meson, respectively, and
where |P) represents the heavy quarkonium staéq) is ezeé ezeé
the total(relative momentum of theQQ, xp(q) is its four- FMV(Q):V;L[)__me I(a)= TS )

dimensional BS wave function, anqg,P) is the interaction

vertex of theQQ with other fields(e.qg., the photons or glu- eng for Q=c. Sincep2+ pg: M, as usual, we takl,10]
ons which, in general, may also depend on the variaifle

(the time-component of the relative momenjuth I (q,P) is o o M
independent ofi° (e.g., if the quarks are on their mass shells P1= pzzf- ®
in the annihilation, this equation can be written as

Thus,p®=iM—q?=0, p'°=iM—q2=0, and the amplitude

<0|§Q|p>=J d3qTr{1(q,P)®p(q)], 2 T becomes independent gf. Employing Egs.(2) and (4),
we get
where T=Be 7#"qy, 0z €10(N 1) €20(N ) %65
1) (a)_f dqu (q) (3) _B,ep(ruvqlquUelV()\l)62:”'()\2)e2e2Q! (9)
plQ)= P
where

is the three-dimensional BS wave function of t@@meson.
Note that in this approximation the decay amplitude is
greatly simplified and only the three-dimensional BS wave

B=B’,

function is neededbut this does not necessarily require the .2m - Vg2+m?+m -

interquark interaction to be instantanepus the BS formal- B=i ™ dg =2 2V (324 32 2_ oo ¢(q).

) ) - - (9°+m)(g°+qi+m°—2q-qy)

ism in the meson rest frame, wherp,=-—p,=q, (10)

P=(M,0), andp4(p,) is the quarkantiquark momentum,

M is the meson mass, for ttfewave state, we have Using q,-€,=0 andqg,-€,=0, it is easy to get the decay
width

D () =AL(9)1°(1+ ¥ ¥57°A% (- ) @(0),
p (=AY (1+7y)ysy AZ(—a)e(q) [(7e—2y) = 3M*ma?ed|BJ2. 1D
17 AV— ALl 3VA0 ONAOA2 [ CNfr R

P (@=A(Q)y (A+yIEYAZ (=@, ) e nonrelativistigNR) limit (M~2m, G2—0)

where®? (q), and®} (q) represent the three-dimensional , 1 ,

wave functions of the 0 and 1~ mesons, respectively, |B] :ﬁhﬂ(oﬂ , 12

é=e,y", e, is the polarization vector of the"1meson,¢

andf are scalar functions which can be obtained by solving,here we have used the relation

the BS equation for the®Dand 1" mesons, and , (A _) are

the positive(negativg energy projector operators: (Y]

f e(q)dg=—-y(0), (13

- - 1 - -

AL(@)=A,(p)=2=(E+9%y-p;+my°), .
+(d +(P) =g (B Yy prtmy where ¢(0) is the Schrdinger wave function at origin in

coordinate space. Substituting EG2) into Eq.(11), we get

- - 1 N
A%(—q):A,(pz)zE(E—yoypz—myo), TNR(o—27) = 12ma?ed| $(0)[2/m?, (14)
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where TNR(5.—2v) represents the decay width of NN 5 g2
fv=—vf daf(q)| 1 : (23

nc— 27 in the nonrelativistic limit, which is consistent with T
that given in Ref[1]. The QCD radiative correction to this m
process has been given in Rgt]. Recently, in the frame-  again the relativistic kinematic correction is to reduce the

work of NRQCD the factorization formulas for the long- |epionic decay width. Comparing the two photon width with
distance and short-distance effects were found to involve g, leptonic width, we get

double expansion in the quark relative veloaityand in the
QCD coupling constant [16]. To next to leading order in I'(np.—2y)

bothv? and g, as an approximation, we may write R= Tly—ee)
3.4ay(m) 9 |B|? ag(me)
_ 3_ 24102 s\’ ¢ s\1'c
I'(n.—2y)=3M>7a’ey|B] (1—7), (15 :ZMTjICMWeé?(lJrl.%T), (24)

where the strong-coupling constami(m,) is defined in the and in the nonrelativistic limit it becomes
MS scheme. By expandindgd in Eq. (10) in terms of
Tt A IR 27) arg(mo)

- 4
2 2 H
/m?2, to the next to leading order af we have NR= =— 96— 1.
q g RV = R 37y e o) 3(1+1 96— ) (25)

B 16| i J’ da¢(a) 1- 1_1 q_22) . (16) In fact, there are twc_) sources of re!ativisti_c correctigis:
M(M“+4m") 12m the correction of relativistic kinematics which appears ex-
o ) ) plicitly in the decay amplitudes(ii) the correction due to
We see that the relativistic kinematic effect is to suppress th?nterquark dynamicge.g., the well-known Breit-Fermi inter-
7c— 27y decay width. L actiong, which mainly causes the correction to the bound
For comparison with the procesiy—e"e”, we also  giate wave functions. In general, due to the attractive spin-
give the decay amplitude for th@Q annihilation into an  spin force induced by one gluon exchange for therBeson,
electron with momentunk; and helicityr; and a positron the 7. wave function at origin becomes larger than its non-
with momentunk, and helicityr,. Here the interaction ver- relativistic value and one might expect the width of
tex I(P,q)=—iey,, which is independent of°, and the  7,—2y to be enhanced after taking relativistic corrections
amplitude can be written as into account. However, because the kinematic relativistic
correction to the decay rates is in the opposite direction and
can be even larger, the overall relativistic correction to the

_ _ 1
T=efeq{0lcy,cldur (ki) y*vr (ko). (A7) decay width ofz, is found to be negative.

Define the decay constafiy by Ill. SPECTRA AND DECAY WIDTHS
OF S-WAVE HEAVY QUARKONIA
fuMe,=(0[cy,clI/ )= f dqTry,®s(a)], (18 To calculate the decay widths, we need to know the wave

) o ) functions<p(<i) for the 0" meson and(ﬁ) for the 1= meson,
wheree,, is the polarization vector of/ ¢ meson. Then with  \yhich are determined mainly by the long-distance interquark

Eq. (4) we find dynamics. In the absence of a deep understanding for quark
- confinement at present, we will follow a phenomenological
f :ﬁf dq m+E_q_)f(a) (19 approach by using QCD inspired interquark potentials in-

VT M E 3E? ' cluding both spin-independent and spin-dependent poten-

tials, which are supported by both lattice QCD calculations
whereE = yg2+m2. Summing over the polarizations of the and heavy quark phenomenology, as the interaction kernel in
final states and averaging over that of the initial states, it ishe BS equation. We begin with the bound state BS equation
easy to get the decay width [21] in momentum space,

4 i
Ly—e’er) =z ma’eQfi/M. (20 (ql_ml)XP(Q)(q2+m2):%f d*kG(P.q—k)xe(k),

(26)
In the nonrelativistic limit it is reduced to the well known

result whereq,; andq, represent the momenta of quark and anti-

quark, respectively, an@(P,q—k) is the interaction kernel
]"NR(\]/(/,_)e*e*):167Taze(2?|¢(0)|2/|\/|2_ (21)  which dominates the interquark dynamics. In solving Eq.
(26), we will employ the instantaneous approximation since
Including also the QCD radiative correctifh], we will get ~ for heavy quarks the interaction is dominated by instanta-
neous potential§l5,22. Meanwhile, we will neglect nega-
P f\z, 5.3a4(Mmc) tive energy projectors in the quark propagators which are of
[(Jy—e'e)=gmaeq| 1= ————]. (22 even higher order§23]. We then get the reduced Salpeter
equation[21] for the three-dimensional BS wave function

To the next to leading order af, f, is expressed as ®p(q) defined in Eq(3),



56 PSEUDOSCALAR HEAVY QUARKONIUM DECAYS WITH ... 371

R 1 .. R states are quite stable and insensitive to the value. Ve
®p(q)= mf\«lﬂoj d°kG(P,q—K)®p(k)y°A%,  will also find later that the dependence of the decay widths
o2 (27) on the parametet is very weak. In momentum space the
potentials becomg24]
whereG(P,ﬁ—IZ) represents the instantaneous potential. - - -
We employ the following interquark potentials including G(p)=Gs(pP) + 7,® ¥*Gy(p),
a screened long-ranged confinement poterttiatentz sca-

lar) and a short-ranged one-gluon exchaf@&E) potential - N oL~ A
(Lorentz vectoy [24]: Gs(p)=-— ;é\g(pH -y (P2+a?)?’
V(r)=Vs(r)+ 7,0 y*Vy(r), -
r Gy(p) = - oy P! 29)
l-e @ VIR =73 2= 5>
Vs(r)=)\r—( ), 37 pP+a?
ar
4 ayr) where a(p) is the quark-gluon running coupling constant
Vy(r)=— 3 %s e~ (29 and is assumed to become a constant of order g?as0:
r
where the introduction of the facta™ *' is to regulate the o (5): 12_77 —Al ) (30)
infrared divergence and also to incorporate the color screen- ° 27 In(a+p? Adcp)

ing effects of the dynamical light quark pairs on tReQ

linear confinement potential. This is consistent with the re-The constants\, «, a, and Aqcp are the parameters that
sult derived from lattice calculationf25]. In fact, when characterize the potential.

a—0, the screened long-range potential will become the Substituting Egs(4) and (29) into Eg. (27), one derives
standard linear confinement potential and for small values athe equation for the O meson wave functiorqo((i) in the
a, say «<0.06 GeV, the mass sprectrum for the low-lying meson rest frame:

- - 1 - I IR .
Mei1(d)=(Eq1+Eg) @1(q) + 4E—1E2<_(quEq2+mlm2+q2)f d*k[Gs(q—k) —4Gy(q—k) 11 (k)
q1q

—(E E PG G—K)+ 26y (G k) | ™2 (R)+ (Eqy +E d3kGg(q—k
(Eqimy+Egomy) [Gs(g—k)+2Gy(q )]Ek1+Ek2(Pl( )+ (Eqi+Eq2) s(d—k)

x(*.lz)& (K)+(m;—m )Jd3k[G (q—k)+2G (*—E)](*-E)ﬂ (K)
q EgMy+ Eomy ¢1 1 2 slq vid q EgMy+ Eoy ¢1 ;
(31)
whereEq=\g2+m?, E=Vk>+mZ, (i=1,2), and
~ (M+my+E+Egp)(Egymea+Epomy) o
or()=— L2 ST (), (32
4Eq1Eq2( mq +m,)
The normalization conditioff d3qTr{®(q)®(q)}=(27) 32M for the BS wave function leads {@4]
(M+Eq)(my+Eg) - M
d® 2= . 33
f q 8quEq2 |‘P(CI)| (477)3 ( )
For the T~ meson we have
Mf4(q)=(Eqs+Eqp) f1(q) Eq1 ¥ M+ Eqz* My ‘(E Ep+mgm +62)fd3k[G (q—K)
1 - 1 2/'1 - - 1 2 11112 s\U—
A AEqEqo 3(Eqr+my) (Egp+mp) +2]L
. B(Eqtm)(Eptmy)+K2 L . . Epom+Epim, -
—2Gy(g—Kk)] Expt Egpt Myt m, f1(k)—2q fd k[GS(q_k)_ZGV(q_k)]Wfl(k)

-> . 3(Ekl+ ml)(Ek2+ mz)—|22 - f - -
3 _ _ 3 _
+(Eqmy+ quml)f d°kGg(q—k) Exyt Expt Mg+ my f1(k)—=(my+my) [ d°k[Gg(g—k)
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TABLE I. Mass spectruntin MeV) and electromagnetic decay widttis keV) of thec ¢ system(decay
widths for «=0.04 are given in parentheges

State Expt. mass Theo. mass Expt. width Theo. width R&Dp| ResagV [15]

11s, 2980 2979 5.66.6) 4.2 3.8
1381 3097 3097 5.260.37 4.%6.2) 8.05 9.21
21s, 3618 2.11.9

23Sl 3685 3677 2.140.21 2.529 4.30 5.87
3381 4040 4062 0.7%0.15 1.72.0 3.05 4.81
4381 4415 4353 0.4%0.10 1.31.2 2.16 3.95

+4G(q—K)1(q-K) f1(K)—2(Egy— E )fde’k[G (q—K)—2Gy(q—K)1(g-K) Eat My
vidg q 1 g1~ Eq2 s(d vid q E Mo+ Ept m,

f1(K)
Exitmi+Ep+tm,

X f1(K)+ f d°k[4Gg(q—k)—8Gy(q—k)1(q-k)? —2(my—my) f d*kGg(q—K)

Evi—Ero - o, = g = e
m(q'k)fl(k)+(qu+3Eq2) d°kGs(q—k)(q-k)f1(K) —(6Eqy+2Ep)
x | dey(d-Rd-Ki®), 39
|
where widths for both the 0 and 1" quarkonium states. In the

calculation, the following parameters have been chosen:
- Eqptmi+Egptm, .

fi(q)= AEiEo f(a). (35) m.=1.5 GeV, m,=4.88 GeV,
The normalization condition A=0.23 GeV, Aqcp=0.22 GeV,
«=0.06 GeV, a=e=2.7183. (37)

f d*qTr{ e (@) (q)}=(2m) *2M
With these parameters, we then get the mass spectrum and

for the BS wave function leads {@4] decay widths forcc (Table ) andbb (Table 1) systems.
Here the decay widths for thelS, states mean
(My+Eq)(Mp+Eqp) - M I'(*Sy;—27y) while those for the 3S, states mean
f 3 SEE |f(q)|2=ﬁ. (36) TI'(3s;—e’e). Inthese results we have included both rela-
q1=q2 (4m) tivistic and QCD radiative corrections, for which

To leading order in the nonrelativistic limit, Eqe31) and f“;(anC)” \(/)v.ezghg\:]ed Clyiss(t?é’)thg 'rzeosjll;g ;l;]erﬁ\?vﬁgél?hla}gléi
(34) are just ordinary nonrelativistic Schiimger equations 4 tion kernel was taken as '

with simply a spin-independent linear plus a Coulomb poten-

tial. To first order ofv?, Egs.(31) and (34) become the V(r)=Vg(r)+ v,® y*Vi(r) (39)
well-known Breit equations for the 0and 1" mesons with a Vi

both spin-independent and spin-dependent potentials fromorresponding to th& column in Tables | and 11 or
vector (one-gluon exchange and scaldconfinement ex-

change. For thé®> wave andD wave, wave functions and V(r)=—7o® yoVs(r) + 7, Y*V(r), (39)
corresponding reduced BS equations have been derived in
other paper$26]. corresponding to th& column in Tables | and Il. In Egs.

For the heavy quarkoniumcc and bb systems, (38 and(39), Vg(r) andV,(r) read
m;=m,=m, Egs.(31) and (34) become much simpler. By
solving these equations we can find the wave functions for Vg(r)=ac+br
the 0" and I mesons. Here not only the ground-state wave
functions but also the radial excitation wave functions areand
obtained.

Substituting the obtained BS wave functions into Egs. 4ay(r)

(10), (15), (19), and(22), respectively, we then get the decay V)=~ 3r for r>ro,



56 PSEUDOSCALAR HEAVY QUARKONIUM DECAYS WITH ... 373

TABLE II. Mass spectruniin MeV) and electromagnetic decay widttia keV) of thebb system.

State Expt. mass  Theo. mass Exp. width Theo. width R&dd®p] ResagV [15]

11s, 9412 0.45

135, 9460 9460 1.320.03 1.22 0.80 0.84

215, 9999 0.21

2%s, 10 023 10019 0.580.10 0.72 0.54 0.57

3%, 10 355 10 376 0.480.05 0.53 0.44 0.47

433, 10 580 10 652 0.240.05 0.43 0.40 0.49

533, 10 860 10 881 0.3t0.07 0.36

6°S, 11020 11078 0.1360.030 0.30

Vy(r)=agr?+bg for r<rg, m.,=1.6 GeV, A=0.22 GeV, (40)
where potential parameters includg, b., ag, andbg. with the other potential parameters\§cp, @, a) un-

We see that the mass spectra are in agreement with datehanged from Eq(37), and found
In particular, we predict the hyperfine splittings
I'(np.—2y)=7.05.5 keV, TI'(n.—2y)=1.71.5 keV
m(J/ ) —m(7n:) =118 MeV, (41)

m(Y)—m(n,) =48 MeV. for m;=1.4 (1.6) GeV, where the experimental value of
L L r'(J/y—e*e )=5.26 keV(as inpuj and the calculated ra-
The leptonic widths for vector ¢ andbb states are also in tio R in Eq. (24) are used to give predictions for the pseu-
resonably good agreement with data. The calculatedoscalar decay widths.
I'(J/y—eTe™) is slightly smaller than its experimental We see that for smaller charm quark masses
value while the results df15] are smaller for'Sy—yy and  I'(5.—27y) gets enhanced. This tendency is in line with the
larger for 3S,—e*e~ compared with the c experimental QCD  sum rule result [9]. We estimate that
data. It is also obvious that our results for the decay widthd (7c—27y)=(6—7) keV is consistent with the CLEO data
are insensitive to the choice of. [27) T(n—2y)=(5.933=1.9) keV, and the E760 data
In order to reduce the uncertainty in our calculation for[28] 7=3 keV, and slightly smaller than the L3 datad]
the absolute decay widths fof.— 2y and 7’(,:*)2’)/’ we use (8.012.3=2.4) keV. Our results for, and 5. distinguish
the calculated ratiok (5.—2v)/T'(J/y—eTe )=1.23 and them from the nonrelativistic values, which can be obtained
I'(p.—2y)IT(y' —e*e)=0.85, and the observed by usingthe ratiRNR [Eq. (25)] and the experimental values
T(J/y—e'e)=526+0.37 keV and T(y' —ete”) OfT[Iy(y')—e’e ]

=2.14+0.21 keV, and then get
g TNR(7—27)=85 keV, TNR(7.—2y)=3.4 keV.
I'(7.—2v)~6.5 keV, (42

T(7.—2y)~1.8 keV. In particular, our prgdictiorf(néfz_y)zz keV is signifi-
cantly smaller than its nonrelativistic value.
These values should be viewed as our prediction for the We may further use these results to give an estimate for
pseudoscalar decay widths. the total widths ofz. and 7. . Note the branching ratio
In order to examine the sensitivity of the calculated decay

4
widths to the potential parameters, we choose another set of I'(P—2y) 902%/ 1-3.dag/m

parameters: BP=2Y)~Fp2g) = 207 |17 48ailm (43
me=15 GeV, A=023 GeV, Aqcp=0.18 GeV, is free of the relativistic correction. Using the calculated two
a=006 GeV, a-e-27183 Jrong-coupling canstant at the. masa of i charm quark
We then get ag(m.)=0.26-0.29[3,5,11], we will get
F(J/y—e*e)=5.7 keV, T(y—e"e)=2.7 keV, Uiol( 7¢) =17—23 MeV,
I'(n.—2y)=6.3 keV, T'(7—2y)=1.8 keV. I 7¢)=5.0-6.7 MeV. (44)

In order to see further the sensitivity of the decay widths to! S IS the prediction for the total widths up to the next to
the parametergespecially the charm quark masse have leading order of QCD radiative corrections, but higher order
also used another two sets of parameters: corrections may further modify this result. With the present

Particle Data Group valud$] I 77.) = 10.3"38 MeV and
m.=14 GeV, N=0.24 Ge\ I'(7.—2y)=6.0'39 keV, however, a value of
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0.25

0.2

Vsen(P)
Vsen(P)

0.1

-0.2

p(Gev) p(Gev)

FIG. 1. Wave functionsisi{p) (normalized in momentum FIG. 2. Wave functionsys{p) (normalized in momentum
space of J/¢ (solid line) and 7. (dashed ling by solving the BS  spacg of first excited state)’ (solid line) and »; (dashed ling by
equation withm.=1.5 GeV. solving the BS equation witm;=1.5 GeV.
ag(m:)~0.20 will be indicated, which is significantly lower 3 2&2 P
than expected from other experiments and theoretical studies X da{ 1= 32 sl )| (46)
on the QCD scale parameter. Therefore, it will be very inter-
esting to see the accuracy of the experiment or to take the L 16770126(%/ 160r(Mg)
higher order QCD radiative correction more seriously. 'v—e'e )= i \1— 3

IV. DISCUSSIONS ( 92 ) NE
. . _ x| | d*q|l 1- = : 4
We finally discuss the relation between our approach and f a 6m Vsl A) “7)

the NRQCD theory. In fact, our decay widths can be written

in terms of the standard Schtinger wave functionwith In above expressions! is the mass of the meson. In previ-

relativistic correctionsis.{q), which is related tap(q) [or
f(q)] through the normalization conditiof83) [or (36)]

ous calculations we have takéh as their observed values
for 5. andJ/. However, we may take the on-shell condi-
tion, which assumes the quark and antiquark to be on the

which leads to mass shel[see Eq.8)],

+E

- 1 /m - 0_ 0_ _E_ 2, 32
‘ﬂsCrKQ):\/—M(?)zp(q), 0;=0;=M/2=E=Vm“+q°, (48

to replace the observed value of the meson nvhigken Egs.
(46) and (47) will become

(2m)° f Q. () s D)= 1. (45

12ra’el 3.4ag(mg)
r(P—2y)= Q(l— - Q)

In Figs. 1 and 2 the solved wave functiamscr(ﬁ) for the
1S and 2S5 charmonium states using paramet€83) are 2&2 .
shown. We see explicit differences between cased=00 X f d’q| 1- 32| ¥sedd)
andJ=1, while they are the same in the nonrelativistic limit.

The spin-dependent forcelﬂdyced ma_lnly by one-gluosn ex- . 47mzeé( 16ay( mQ)>
change not only cause the fine splittings of masses®8f I'(V—e e )= > —

and 'S,, but also make the wave functions &8, and 3S; m* | 3m
different from each other. Mainly due to the attractive spin-

spin force induced by one-gluon exchange for the Gme- %
son, the'S, wave function in momentum space becomes
fatter than the3S, wave function in which the spin-spin
force is repulsive.

For the above discussed pseudoscal) @nd vector
(V) heavy quarkonium decaysee Eqgs(10), (15), (19), and 3a2e4/ 3.4a(Mg)
(22)] to the next-to-leading order in? and as we then have r'P—2y)= = Q\ 1- j_r Q )[
192wa2egM2/ _ 3daymg)

4
WZamd? | * :WRG[R*(O)VZR(O”}’ &9

2
’

(49

2
. (50)

2q° "
| d3q(1—3—r?12) )

It is easy to see that to the first order @f, in coordinate
space, Eqs49) and(50) can be expressed as

|R(0)|2

'(P—2vy)=
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Zeé/

a good theoretical and phenomenological basis, are considered
F(V—)e+e_): mz \1

)[|R(O)|2 in the calculation, and different quark masses are also chosen
to estimate the uncertainties in the calculation. In fact, the
potentials are required to reproduce the observed mass dif-
: (52 ference between;, and J/y and theJ/y leptonic decay
width, and then give predictions for the pseudoscalar me-
whereR(0) is the Schrdinger radial wave function at the Sons. This may reduce the uncertainty in the calculation of
origin of the P(P=17,7.) or V (V=J/4,1') meson. pseudoscalar decay widths. Nevertheless, for more reliable
These expressions are exactly the same as those given in R@glimates we hope that these decay widths of heavy quarko-
[16] with the NRQCD effective theory, if we identify our Nium can be eventually calculated from more fundamental
bound state wave functions with their regularized operatofh€oretical methods, e.g., the lattice QCD simulations. It will

16&’5( mQ)
a 37

4 * 2
+ WRG[R (0)V“R(0)]

matrix elements: i.e., be interesting to see the numerical results in the NRQCD
approach and compare them with our results.

2 In summary, we have estimated the photonic widths and
R(0)= \/?€<0|XTU¢|V>1 (53 hadronic widths for pseudoscalar heavy quarkonium states,
and the leptonic widths for vector heavy quarkonium states

> —iL\2 as well, by taking into account both relativistic and QCD

V2R(0)=— \/—e< Ol)(Ta(—D) ¢/;|V> radiative corrections. The photonic widths gf and »; tend

3 2 to take lower values than the nonrelativistic result. We hope
X[1+0(v¥c?)]. (54)  that experiments in the future, especially the E835 and BES

experiments or experiments at thecharm factory, will be

In the NRQCD theory, the expectation values of the quarkable to make more accurate measurements on the branching
operators are well definefd6] and can be calculated with ratios and the total widths for the. and », particles. This
lattice simulations, which is a more fundamental method forwill provide the basis for testing theoretical predictions.
describing nonperturbative dynamics than the quark potential
model. In our approach the wave functidlasd their deriva-
tives) are estimated on the basis of the QCD-inspired poten- ACKNOWLEDGMENTS
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