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1. GENERAL REMARKS 

In the present paper quark pair creation as part of the 
internaI dynamics of meson decay amplitudes is discussed for 
the case of radiative bottonium transitions. 

It is well-known that in the case of the deuteron the con
tribution from internaI nucleon pair creation to the radiative 
decay width has played an important role in the discussion of 
the experimental data/l/o The heavy quarkonia are successfully 
described as b~und states of heavy quark-antiquark pairs in
teracting by a static flavour-independent potential and obey
ing the Schrodinger equation/2/ . In the framework of this non
rélativistic potential model we estimate the contribution from 
internaI b -quark pair creation to the radiative decay wí.dt.h 
within the Y family. 

Retaining only the time-dependence of the .antiquark propa
gator in the time-ordered pair creation diagrams (Fig.3) 8nd 
restricting the propagation velocity of the antiquark to a non
reIativistic region, we obtain a quasilocal approximation of 
the pair creation correction that can be evaluated using time
dependent perturbation theory. The r~sulting expression coq
tains the two wave functi0ns, the (QQ) potential V(~ and 
a factor coming from the antiquark propagator that modulates 
the integrand of the overlap integral. ·At this point we go 
beyond the more qualitative investigation of ref./S/ . 

The presented quasilocal approximation of the pair crea
tion correction has been developed in ref./4/ for radiative 
charmonium t ransLt í.ons , Since in the Y system relativistic 
corrections are expected to be much smaller than in the '~ 

system, this nonrelativistic approXimation of the pair crea
tion correction works more accurately for the radiative botto
nium transitions. 

As examples we study the electramagnetic transitions 
Y(tOO23) .. y + )(b(9890) and Xb(9915)" Y + Y(9460). The pair 
creation corrections obtained are smaller than 10% • 

In section 2 we evaluate the n0~air part of the overlap 
integraIs for the two electramagnetic transitions and in sec- . 
tion 3 we obtain the general analytic expression for the páir 
creation part of ·the overlap integral. We discuss the appli
cability of the quasilocal approximation and in Section 4 we 
rewrite it in a suitable form for numerical evaluation. Dis
cussion af the results concludes section 4. 
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2.	 THE NO-PAIR TRANSITION MATRIX ELEMENTS 
FOR 23814 3p 1 AND 3p 2 13 8 14 

In comparison to lighter qq systems, composed of u, d, s or 
c quarks, in the Y system relativistic kinematic effects are 
much smaller. Till now the measurements of electromagnetic 
transitions among the Y bound states/ 5/ have been in agree
ment with the corresponding potential moqel predictions /2/. 

Fig. 1 shows the energy Leve l.s of the Y (18) and Y (28) as wel1 
as those states that can be reached from the latter by radia
tive transitions. 
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Fig.l. The energy level scheme for bb bound states 
that can be reached by a radiative transition from 
theY(2~. The solid lines represent the observed tran
sitions. 

In the following we consider the electromagnetic transi
tions 

Y (28) ... Xl + Y	 ( la)
b 

and 

X ~... Y (18) + y •	 (1 b ) 

The partial widths of these electromagnetic El transitions are 
proportional to the square of an overlop integral F(i) invol
ving the wave functions of the initial and final states: 

...... 
... 3 ... lqr 4 

F(q) = .f'd r t/J ter) e t/J2 (r)	 (2) 

2 

Fig.2. The no-pair diagram 
of radiative meson decay. 

-p=o -q
with obvious notation, (see Fig.2), in the rest system of the 
initial meson. We evaluate the overlap integraIs by using for 
a rough estimate the correspondin? wave functions of a three
dimensional harmonic oscillator/6 : 

18	 ... 2 2t/J (r) = (rrR 2)-3/4 e -r Y2R , 

2 2
 
t/J28 &) = vt(rrR 2) - 3 / 4 u _i-(~)2) e _r / 2R (3 )
 

2 2
t/J lP (;) = /2"(rrR 2)-3/4 fr C08 Oe _r / 2R 

with R 0.2 fm in 'the case" of bottonium. We find for the overI::S 

lap integraIs of the decays (la) and (Ib): 

- ' 38 2 4 ,,- q2R 2/4 
(4)F (q) =1\",3 (qR)[6 - -(qR) +-(qR) la =··eo:'18i 

a.	 3 3 

with q = 0.128 GeV and 

" - 1 _q2 R2/4 
(5 )F b (q) "" i2V 2 ( - - + qR) e = i(-4,6)

qR 

with ~ = 0.445 GeV. 

3. THE PAIR CREATIDN CORRECTION 

Quark pair creation in lowest order of perturbation theory 
is described by the time-orderéd diagrams of Fig.3 where the 
time-ordering of the antiquark propagator prevents inclusion 
of the soft gluon into the bound states. 

We start in time-dependent perturbation theory with 

+CCI 1... i(i)t 
ÔF 

1 (Q) = .r dtW 12 (q, t) e (6 ) 

-00 
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Fig.3. Time-ordered pair creation diagrams to radia
tive meson decay in lowest arder of perturbation theory. 

where Ct.l = Itil and i denotes the corresponding diagram of Eí.g, 3. 
Each of the diagrams leads to the following general expression 
for :w f2 (Ci. t) : 

i -+ 33 -+ -+-+ -+ -+ -+ 
W12 (q, t) = J d r 1d r 2 r/J; (r 1) V (r 2' r 1- r2' t, q) 1/1 2 (r 2 ) (7) 

• -+ -+-+ -+ -+. -+ ... -+...... o o •
w1th rl=x-z, r2=x-y, rl-r2 =y-z and t='f -z • DeperidLng 
on x, y, z t he potential part V sandwí ched 'betveen the 
wave functions appears now as a nonlocal potential that con
tains in addition to the radiation operator the antiquark and 
the soft gluón. The substitution 

'p 1 = rI + r 2 ' P2 = r1 -r 2 (8) 

transforms (7) into 

i -+ 133 1-+ -+ -+-+ -+ 1-+-+ 
W12(q,t) = "ã J d Pld P2r/!!('2(Pt+ P2)),V(Pl'P 2; t. q ) r/!2(t<Pt - P2)) (9) 

with the nonlocal potential 
... -+ -+ 

i f{Pl +P2)
-+'.... 1 -+ -+ c-+ 

V(p 1 ,p 2 ' t, q) = VQQ ("2(p 1- P 2 )) • S CP 2 ' t) e (t o) 

The flavour-independent qua rk-iarrt i.quark potentíal VQQ(p l-'P2) 
in (10) will be discussed below and for the antiquark propaga
tor we have '. 

C -+ a.-+ C -+ 
8 (P2' t) = (1y - - Iy . V -+ + m) o (p 2 ,t) , (11 ) 

o at P2 

4 

(see notation by Bogolubov and Shirkov/?/). Looking for a sui
table quasilocal approximation of the nonlocal potential 

... ...) .
V(p 1 '-Pa; t .• we requi.re 

... ... --.... 2
'Y s:s a , that means Pa «:p l' and PI .< t (I2) 

introducing a dimensionless paramet~r a 
u.~ 

I;e I ~ a I';1 l . where O < a .« 1 . (13) 

In the same manner as in tbe.quark-antiquark potential there 
remains only the coordinate-dependence of the gluon propagator, 
under this restriction only thé time-dependenee survives in the 
antiquark propagator. In such a way the rienloeal potential . 
factorizes into a local coordinate-depen~entpart (QQ poten
tial) and a time-dependent part (resulting from the antiquark 
propagator), so tbat,we obtain tbe following quasilocal, time
dependent potential: .. 

.i." 
(
.. .. 417 8 3 1" c t 2 'P1

V Pt;t.q) = -3 a p 1V _(-Pl)S (O.t)e (14 )QQ 2 

Considering now the sum of the four diagrams of Fig.3 and, na
mely, its time dependence, we find 

.. 4 1" tt 8 00 (-) (+)
AF(q) =- s AF (q) =-~a r dt.coscut(S (o. t) -8 (o. -t» x 

i = 1 3 o .. (15) 
t .. q... ....
 

8 '5 Pl 1" 1sP1 Pl
 
x ! d Pl' Pl • rP1 (2) V QQ(T'P 1 ) e ·t/J2(T)'
 

... 
where rhe weak p 2 -dependen~e In the wave fune t Lons r/J 1 and t/J 2 
bas been (:.1glecte.d( ~nd = \qJ. Furtber, those tema 'in the dif(d 

ferenee S - (O. t) - S + (O. - t) eontaining time derivativas can
cel eaeh other with the result 

s(-) (O. t) - S (+~(O. - t) = 2mD(-) (O. t) (16) 

where 11/ 

(~m ]D (O. t) = -[ -11 (mt) + iN'
l 

(mt) , (I1) 
t>O 8nt 

I 
( 1

1
(x) and N (x) are the Bessel funetions in tbe usual nota

1,ll tion). Finalfy , we end up with tbe following formula for the 
quark pair creation correction: 

.. mE 3 90 dt . ... 
AF(q) = '1:0& I - cosot [-11 (mt) + iN1 (mt)] • g(t, q) • (18)

.A.~ o t • 

~ I 



where 

-+
g(t, q) 

and 'tP l ' 

-+ 

-+ -+ i .5L p-+ 
t 3 5 Pl Pl 2 1 Plbd P1 • P 1 0/1 (2) VQQ (2) e . 0/ 2 (2"") , (19) 

t/J2 are the initial and final state wave functions of 
the corresponding electromagnetic transition. 

Let us now discuss the conditions under whi~h the- quasilo
cal contribution (14) represents a reasonable approximation of 
the nonlocal potential (10). Investigation of this point needs 
physical interpretation of the dimensionless parameter a. Loo
king at the light-cone picture of Fig.4, we notice that the 
parameter a determines the angle of the narrow cone which li 
mits the propagation velocity of the antiquark in agreement 
with (12) and (13). Such a limit ~orresponds to a cut-off in 
'the internaI relative momentum distribution governed by the 
bound state wave functions. In the oscillator model these are 
Gaussian distributions and therefore admit a' reasonable cut
of f , For R... 0.2 jm in the bottonium system they give an expec
t.,rtio.,p value <I kl> ~I GeV, so that a cut-off near 2 GeV for 
Ik 1- q I shouJd ~e sufficient. Relating the parameter a to the 
rnaximum of Ik1 - q I one obtains 

-+ ... 

max\kl-ql f3mu u IC a. 
=u= (20)=,m 2 f3 ma.x = V1 + O' 2 q V 1- f3 rnax 

i • i i 

a ~ 

t t 

"p=1 I 

l . ~ 
I 

p" . p, Pi2 

Fig.4. Illustration of the 
parameter a as maximal pro
pagation velocity of the an
tiquark in the quasilocal 
approximation. 

It can be seen fram Fig.5 
how f3 ... a depends on the 
maximu~a.~omentum of the anti 
quark and on its static mass 
mq' We conclude that the 
quasilocal approximation 
should be applicable to the 
bO-system .with a .. 0.15-0.25. 

To evaluate numerically the 
pair creation correction hF(q) 

~, . we have to fix the quark
antiquark potential V'QQ,,(r). The 0/ and Y. spectroscopies probe 

]
 

1
_ P 2 « A2 : V (p2) -+ const -- • (25) 

(p2) 2 

Equation (21) defines a (QQ) potential that depends only on 
a single scale parameter A as i t is the case for the true 

Fig. 5. a = f3 maa as a 
a fU?:ption of 
maxIk 1 - q\ with rner as a curve parame-« 
ter (m u, d =0.3 GeV, 
me = 1. 5 GeV, m b = 
= 4. 9 GeV) • 0.5 

b 

0.5 lO 1.5 2.0 
max Ik- êi I [GeVJ 

suggested (QQ) potentials cannot be distinguished within the 
theoretical uncertainties. We use in the following the particu
larly simple and successful potential suggested by Richard
son /8/ 

Ver) = 8" A(Ar _ f(Ar) ), (21) 
33 - 2nr Ar 

where 

f(K) 
4 

= -
" 

00 sín PK [r dp -p-
o 

__1_~ 
10(1 + pf) 

1
--].

p2 
(22) 

The potential Ver) is the Fourier transform of Rí.chardson" s 
interpolating formula 

12 1 1 
- "2 ti .... 2_._,-' -+ (23 ) 
V(p )=-"3 33-2n p ln(l + P 2/ A2')r 
for 

- 2 4 2 1 ,.,. ~_. _1_ . 1 2 (24)
_p2»A2: V(p) =3 a S<P ) p'2 33-2n p2 ln(-p2/A) 

I
r 

and 

- 1 

di~tances between 0.1 fm and 1.0 fm. In this range the various QCD potential and describes the 0/ and y spectro.scopies remar
kably well (A .. 0.4 GeV). 

6 '7 



l~ 

:' According to the relative internai momentum distribution of4. tmSUL'tS FOR mE ELECTROMAGNETIC TRANSITIONS y(2S') ~ X ~ +"1' 
the b -quarks (see Fig.5) the value of the parameter a shouldANO X~ .. Y(lS} +.y 
be near 0.2 for both decays: o. 15,~ a ~ 0.25. 

The numerical resul t s for the decays Y (28) .... X ~ + Y and X ~ .....Now ~e are able to estimate the pair cr~ation corrections
 
... Y(lS) +.y are presented in. Figs.6a and 6b,. re spec t íve l.y ,
A'A (4ll and AFb(q)" for the transitions (Ia) and (Ih), respec ; 

Ltlvely. witbin our quasilocal approximation. Inserting the 
1+ 21~~F' t a) 1 UJmF t b)~e. funetions (3) into eq.(19), we ohtain + """TrTlF"" 

1.1\ I 
AV1,1' (q) = Re(AFa,b ) + iIm(l\F a,b ) 

CIO 
(26) C '~9t,ZW1?~ 0.99

1 

.1
~ ...'t S J du q [ m \ m] I ~ =D&,1)<..., .s, --cos(--u) N 1 (-AU 1 A ) • g(o, q)+ u 1 (-o 0.98o Q A I 

I' 

where in the case of the transition Y(2S} -. -1'+ x~ with q . ~ 
0,1 0.15 0.2 a 0.10.15 0.2 a 

:s 0.128 GeV we have 

I Fig.6. The pair creati~n correction to the radiative,.2 -2 
o. --(d) deoau iaidthe of Y(28) .... )(~ + Y (a) and X~ .... Y(18) +-y (b ) 

& r q " q 2A 4
SI. (a. q) = f dTo f' V(-2Hcos -T - 810(-1") • -) e x as a function of the parameter a. 
. o 2A 2A qr ! 

(21) 

x (1 - ~r 2(RA) -2 ), 

- A m2 

B,(q) = v S · 21 q g4A6 

and for the transition )(2 .... Y + l(18) with q = 0.445 GeV we find 

_I" 8 ( ). __ (28) 

b 

• q 

s, (a. q)::!II f dr.,.6 V(.!..) (cos-!L,.. 
o • 2 2A 

_ 
2A8in~r) e 
qf' 2A 

r 
2
( AR) - 2 

4 , (29) 

& (Q) :s 
- 2 

8-./2f1 (A) ~. (30) 
b 81 q R4A6 

In eqs. (26) and (28) the Richardson potential (21) is denoted 
by V(r/2) with r=p/A and A = 0.4 GeV, R == 0.2 fm, Because of 
tbeir proportionality to the square of the overlap integraIs 
the radiative decay widths get the following relativa coutri 
bUtion fr,om quark pair creation; 

We find a pair creation correction which is smaller than 
10% for the 2 38 

1 "" 3P2 transition and is negative and smaller 
1 38than 1% in the case of the 3 P 1 .... 

1 
transition. 

The contributions from internai b-quark pair creation to 
the electromagnetic transition rates of the processes (la) 
and (lb) have been estimated in a quasilocal approximation 
preserving. contrary to /3/ the time-dependence of the antiquark 
propagator and found to be relatively small. But· the pair crea
tion correction (18), (19) depends sensitively on quark masses 
and photon energies and thus cannot be ignored in quantitative 
investigations of electromagnetic quarkonium transitions. 

Within a nonrelativistic treatment of radiative quarkonium 
transitions the quasilocal approximation of the pair creation 
correction, preserving the time-dependence of the antiquark 
propagator, works well for the bottonium system and should 
give reasonable results for the toponium system, if experimen
tally observed. 

We wish to thank S.B.Gerasimov for interesting and valuable 
discussions. 
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lleBHH K., MoT~ r.E. E2-86-466 
06 3~eKTe po~eHHH nap 
B paAHa~OHHNX nepeXOAax 60TTOHHeB 

HccneAYffiTCH BKnaAhl B mHPHHbl paAHa~HOHHNX pacnaAoB 
Y (10023) ~ Y + }(b(9890) H }(b(9915),-:_y + Y(9460), CBH3aHHble 

C po~eHHeM BHyTpeHHeH naphl KBapKOB bb, 3TH BKnaAhl B paMKe 
npeACTasneHHOH KBa3HnOKanbHOH annpOKCHMa~HH, B KOTOpOH coxpa
HHeTCH BpeMeHHaH 3aBHCHMOCTb aHTHKBapKOBOrO nponaraTopa, AaiDT 
nonpaBKY MeHbme ~eM 10% no cpaBHeHHID c pacqeTOM, npoBeAeH~ 
6e3 y~eTa po~eHHH nap, XOTH H OTHOCHTenbHO Manw, nonpaBKH 
OT po~eHHH nap ~yBCTBHTenbHO 3aBHCHT OT MaCC KBapKOB H ~
TOHHNX 3HeprHH H, cneAOBaTenbHO, AOn:>KHbl Y~HTWBaTbCH B KOnH
~eCTBeHHNX HCCneAoBaHHHX paAHa~HOHHblX nepeXOAOB KBapKOHHeB, 

Pa6oTa swnonHeHa B lla6opaTopHH TeopeTH~eCKOH ~H3HKH OHHH. 

CoofiweHHe OOJ.eJJ.HHeHHoro HHCTHTyra JIAepHhiX HccnenoiWIIIii . .llyfiHa 1986 

Lewin K., Motz G.B. E2-86-466 
On the Pair Creation Effect 
in Radiative Bottonium Transitions 

The contributions from internal b -quark pair creation 
to the radiative transition rates of the processes Y(2S) ~ 

-+}(~+y and }(2 -+Y(lS) +y have been estimated in a quasilocal 
approximationbpreserving the time-dependence of the antiquark 
propagator and found to be smaller than 10%. Although relati
vely small, the pair creation correction depends sensitively 
on quark masses and photon energies and thus cannot be ig
nored in quantitative investigations of radiative quarkonium 
transitions. 

The investigation has been performed at the Laboratory 
of Theoretical Physics, JINR. 

Communication of the Joint Institute for Nuclear Research. Dubna 1986 




