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QUARXONIUM PRODUCTION VIA THE ONE GLUON MECHANISM 

Curt A. Flory 

Lawrence Berkeley Laboratory 
University of California, Berkeley, CA 94720 

March 19, 1980 

ABSTRACT 

LBL-10703 

It is determined that quarkonium production from a single 

virtual gluon is suppressed due to the lack of colored reso-

nances. The branching ratio to charwDniQ~ in T ( 9.4) decay 

is estimated to be between 10-
2 

and 10-
3 

times smaller than 

previous estimates. 
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Heavy quarkonium sta·tes offer an interesting laboratory in which 

to test ideas developed on possible theories of the strong interactions. 

For QCD, it is supposed that a heavy quarkonium state (JPC = l decays 

into three gluons which materialize by fragmenting into hadrons. We 

expect heavy flavors to be produced in this decay process only through 

a virtual timelike gluon of large invariant mass. This process is 

illustrated by figure l. 

The total rate for producing heavy flavors in the final state for 

this process has been estimated.
1 

The estimate is based upon an 

analogue to electromagnetic heavy flavor production in e+e- annihila-

+ -
tion. It is well known that in e e annihila·tion the cross-section 

for producing a specific flavor is roughly equal to the cross-section 

for producing a free pair of quarks, if one averages over resonance 

bumps.
2 

This sa~e idea of duality was applied to heavy flavor pro-

duction in quarkonium decay by calculating the ra·te for production of 

a pair of free heavy quarks, as in figure 1. The authors of reference 

l thus determine the branching ration of T to charm + anti-charm + 

two gluons. The branching ratio is given as a function of the dimen-

. . . ~· 2/ 2 h 2 . h slonless parameters, whlch lS deLlned as Q MT, w.ere Q lS t e 

invariant mass squared of ·the charm-anti-charm pair produced. Their 

results are summarized in figure 2. The total branching ra·tio to 

charmed particles is obtained by integrating over the entire kinematic 

range of Q
2 It is assumed that 'che con·tribution for Q

2 
< 

2 

manifests itself in final state charmonium x, ~), and for 

2 ( 2 . - . . . . 
Q > 2MD) becomes a flnal state DD palr. Thls glves an estlffiate of 
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2. 7 9o for DD production; and 1.1% for charmoniu.m production in 'T' decay¥ 

Essential to the referenced calculation is the ass~~ption of 

duality~ Hot.vever, this does not seem a reasonable aSS'lJ.,.'T',ption since 

the produced c;: pairs are not produced in a color singlet state- Since 

colored resoP-ances have not been observed; one should not expect dynami-

cal enhancement of cc production through the one gluon mechanism a·t 

discre-te energies, and thus no·t have an opera·tive version of duality 

working. Instead, one mus-t calculate the rate for the specific color 

singlet final state desired.. This means that the process [~g'l -+ (cC) + g 

must be calculated to obtain a reliable estimate of the branching ratio 

to charm in T decay. 

The lowest order diagrams ·that one mus·t calculate to obtain a 

gauge invariant result are those of figure 3. In words, they correspond 

to heavy quark-antiquark production via a virtual gluon, followed by 

propagation of the syste.c""!l in a color octet state, with the subsequent 

emission of an on-shell gluon which is coupled either directly to a 

quark line (fig. 3a,b) or to a virtual gluon exchanged between the 

quark lines (fig. 3c). 1'he remaining quark system is then projected 

onto the desired color singlet state. The justification for doing a 

perturbative treatment of soft gluon emission is well fo~nded. It 

rests upon a "quasi-dipole" type coupling of a long wavelength probe 

(gluon) to a small source (quarkonium). This conspires with limited 

phase space to suppress higher order soft gluon emission, although the 

coupling constant is not necessarily small. For this same reasonu we 

cannot calculate soft gluon emission from the (Qq) (Qq) final state 
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(where q denotes a light quark) , and must restric-t ourseJ.ves to 

quarkonium production. 

In order to illustrate the mechanics of heavy quarkonia production 

and 'co specifically estimate the branching ratio of T to charmonium, 

we will assume ·the QQ potential is reasonably approximated by the one-

gluon-exchange coulomb potential. This approxL"1lation should yield an 

order of magnitude estima~ce for charmoniu,_-rn, and will become increasingly 

more accurate as one deals with heavier quark systa~s~ 

The calculation of the relevent S-matrix element begins by adop-ting 

a modified interaction picture where the Hamiltonian is divided into 

an external perturbative part which describes the coupling of the 

QQ system to external gluons, and a part treated "non-perturbatively" 

which describes the internal interactions of the QQ system. The inter-

nal Hamiltonian for the QQ system in the attractive (repulsive) color 

singlet (oc·tet) state is H
1 

The lowest order S-matr.ix elernent 

for the process "g" + 1> + g, where 1> generically refers to a QQ color 

singlet bound state, is 

s 
-i(H

8
+c:

1
)t 

- 21ro < gii>[ d·t e HE(O) I "g" > (1) 

;,rith the binding energy of 'che state <li. Inserting a complete set 

of intermediate cclor octet QQ states and ro·tating to Euclidean space 

yields 

s 2nio(Ef-Ei) < gw[ 

3 
Vd PQ 

* ----3 
(2n) (2n) 3 

- T 
dT e 

8<QQj Ol["g"> 

[QQ > 
8 

(2) 
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To evaluate the CQQl
8

->- <l'g matrix element we closely follow the 

techniques used by Peskin in deriving his operator product expansion 

for heavy quark systems. 
3 

Due to the specific matrix element we are 

calculating, we shall see that the only diagrams we must calculate are 

Neglecting terms of order p
2
;m

2
, and restricting 

Q 
those of figure 4. 

the external gluon to time-like polarization, figure 4a + 4b can be 

reduced to 

(4a + 4b, timelike) 
i(27r)

3
6

3
(Pf-Pi) 

v3/2c~,_ ,1/2 

(igTb) 

~6 ,6 ' 
13 slsl s2s2 

r 
* <<!>[ (T ,R + 2 ) - (T ,R -

r 
2 

-(H +s )T 

) } e 8 1 dT ! QQ > 8 

(3) 

where R is the center of mass coordinate of the <!>, r is the relative 

quark spacing, and the A-field has been made dimensionless. Furthermore, 

the approximation can be made that 

r 
(T,R+2)- (T,R- )} r· ,R) + o[: ( 

- ro () I 
n=O 

1 
n' 

n 
T [[ r z\< 

t=O 

which neglects terms of order 
2 

and keeps all terms of order 

(k
0
/s

1
). Doing the now trivial -r-integration yields 

i(21T) 3 o3 (P_-P.) (igTb) S 
r l a 

-v-::3-:/-=-2-c 2_k_o_l-:-l--:-/ 2-=----~ 0 '0 ' 
slsl s2s2 

(4a + 4b, timelike) 

* I <<!>I 1 n+ 1 [ QQ > 8 ( <l 0) n ( 
n=O (H

8
+s

1
J 

(4) 

( 5) 
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Evaluating figures 4a + 4b for external gluons of spacelike polariza-

tion yields two terms of different spin structures. The spin singlet 

term corresponds to the spacelike gluon coupling to the quark color 

convection current, and yields after manipulations similar to those 

used deriving equation 5 

(4a + 4b, spacelike) 
( 2TI)- o- (P _-p.) 

I l 

v3/2(2ko)l/2 
'6 s ~ 

s2 2 

I 
n=O 

2 i 

<c))i ~ 
m 

1 
(H8+sl)n+l [QQ >8( nAb l 

The spin flip term corresponds to the spacelike gluon coupling to the 

quark spin current, and yields the gauge invariant expression 

(4a + 4b, spacelike) 
i(21T)-o-(Pf-Pi) 

v3/2( 2k ll/2 
0 

(igTb) 

13 

rxt,a.x o , <<PI 
L sl J sl s2s2 , 

l 

(H +E: )n+l 
8 1 

[QQ >8 (Cloln 

(J::xt\-b(R+ )Jj 
X + 

2m s'x: ajxs' 
1 2 2 

aS I 
n=O 

X <q)l 1 [QQ >8 
n 

( k:. X Ab(R- ..£_ )d 
- - 2 ) 

(H +s ) n+l 
8 l 

2m J 
where X is the non-rela·tivistic quark two-component spinor. In order 

to evaluate figure 4c, we first isolate the effective interaction 

(6) 

(7) 

induced by the three-gluon-vertex. This is done by calculating figure 

5 in the limit of (x - y) -+ 0. Also note that the legs which will 

ultimately connect to quark lines have timelike polarization to lowest 
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order in (p/m). Therefore, in Feynman gauge, with 7-. 

Ll -i l l 
(fig. 5) gtbac (x) J d·w (()" -

X 
4·;r

2 (x-wl
2 

4n2 (y-w) 2 

which reduces to 

(fig. 5) 

gtb Aj (x) (y-x) . 
ac b J 

(y-x) 2 

We can now make the insertion of figure 5 onto the quark lines 

which yields figure 4c. After manipulations similar to those used 

deriving equation 5, we £ind 

(fig. 4c) 

E <'Pi 
n=O 

i(2:r)~5~{Pf-Pi) 

r. 
l 

r 
QQ 

113 

(3 1 n 
o· 

'6 ' sl s2s2 

However, this tenn can be rewritten in a way which makes manifest 

the fact that i·t is effectively the same order in g
2 

as the terms 

from figures 4a and 4b. This is done by using the relation - Hl 

valid for QCD in coulomb approximation, and the commutation 

relations of r and H
8

, which yields 

(fig. 4c) 
i(21T) 

3o3
(Pf-P i) 

v3/2 ( 2kol l/2 

____ a.:_B 6 6 

s1si s2s2 

r. 
l 

1 

1) 
n 

! QQ > 8 ( 3 0) n 

i 
_ n b l _, 2ipQ l 

IQQ >8 (30) Ai J + <\P l - ----m-
n+l 

2: 
n=O 

(8) 

9) 

(lO) 
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Note that the first n=O term in equation (10), which is a potentially 

gauge non-invariant contribution, is zero because of the specific 

process computed. i.e. 

b, -<iP!:·:' IQQ>8 d\, d
3 

- 6
3 

"Q PQ I d (r)r (r) ~ 0 

Since <P(r) is finite as r + C. Now adding together equations (5) 11 {6), 

and (10) yields for the non-spin-flip part of the sRm of diagrams 

4a 1 b, and c, the gauge invariant expression 

(£ig. 4) 

13 
'6 ' sl s2s2 

L <cjllri 
n=O 

_l __ IQQ>s { "oln ai~-Clo~l} (ll) 

while equation (7) is the gauge invariant expression for ·the spin-

flip part. Now that cJe have the expressions for the (QQ) 
8 

-> cjJ + g 

matrix elements, we can go back and evaluate ·the S-matrix elements of 

equation (3) for specific final states. 
l 

For n (-s
0

) production, only 

the contribution of equation (7) is relevant due ·to the spin structure. 

Doing the spin = 0 projection, the sum over all n, and substituting 

2 
Po . 
~.,. 

:m 
s

8 
for yields 

S (n< 1s
0

) J 
i(21T) (Q-P-k)g2sa•(k X 

c 2oJ 112 
( 2k l 112v /6 - 0 

x <1s I 1 iQQ-> 
0 2 I 8 

m(sT-kO)+pQ-iE 

E~ ) 
-D 

3 
d PQ 
·----3 

(21T) 

(12) 

where sa and are the polarization vectors of the incident and final 
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state gluons and sT = + Note that the ru"plitude has the ex-

pected physical behavior of developing a finite absorptive part when 

> sT, i.e. when Q > 2m + s 
8

, which is the threshold for a "physical" 

intermediate state. Using the coulombic lS bound state wavefunction 

for the matrix element, squaring ·the a1nplitude and sumining over final 

statesu yields for the rate 

R( "g" ->- n + g) 

g4(Q-m )3 
ll 

2 31 f 1 
367i Qa l ~ 

? 2 
+ lm ( s'I,+m

11 
-Q)) -~ 

where !Ia" is the Bohr radius~ For xC 3
PJ) production, spin structure 

demands that only equation (ll) contributes to the amplitude. 

find the 
3

PJ states produced with their statistical weight RJ=O 

equal to 1:3:5 and 

a 4 (o-m ) 3m2
(2J+l) 

We 

J=l 
R 

(13) 

R("g" + x(
3

P ) + g) 
J 

' ~ X ------,-

2 1 2 
4 ' (14) 

sl 
where s~ = 4 + s

8 
and 

4321T Ql (/m(s '+m -Q) +-) I 
T X 2a 

is the x-state mass~ 

5 
a 

To make the connection to the branching ratio of T ·to charmonium, 

one can make use of Fritzsch's results by dividing out the rate of 

"'g" + cc and multiplying by the rate of "g" -:- <i> + g where <i> denotes 

either n or x (3P ) . These scaling factors which must be applied to 
c c J 

the results of figure 2 are, for n
0 

production 

R( "g" + n
0 

+g) 

R("g" + cc) 

and for x-production 

3 ( l 
97ia I a: 

4g2(Q-m )3 
llc 

+ lm(s_ +m -Ql)212 ~ Q T n . Q -m 
c nc 

(15) 

R(~:gv' + 

R("g" + c;) 
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lm2(Q-m )3 
Xc 

5 I ( 1 4 3naQ 2a+lm(s'+m -Q)J21 /02_2-T X . _ m 
c n c 

To apply these resul·ts to the chaimonium system, the values of the 

bound state parameters can be determined from fitting and ~ ·to a 

coulomb spectrum. (Find m
0 

-1 
1.9 GeV, a= .81 GeV _) The nwuerical 

(16) 

evaluation of (15) and (16) is found in tables l and 2. They need only 

be evaluated up to an incident energy of 3.75 GeV, as above this DD 

production dominates~ 

If our "scaling factors" in tables 1 and 2 are folded with the 

previous results of figure 2, one obtains for the branching ratio 

of T to n
0 

+ anything 

BR(T ->- nc + X ) - 3 X 10 
-5 

and for T to x
0 

+ anything 

BR(T +X + X ) = 3 x 10-
6 

c 

Note that this branching ratio is between 10-
2 

and 10-
3 

times smaller 

(17) 

(18) 

than that predicted using the assump-tion of duality, and the associated 

implicit assumption of dynamical resonance enhancement. (A branching 

ratio of 10-
2 

would be just observable in an upcoming CESR experiment.)
4 

Thus, the lack of colored resonances allows heavy quarkonium 

production with soft gluon a~ission to be suppressed by lbuited phase 

space and a "dipole-type" coupling. This calculation assumed a coulornbic 

potential for the QQ interaction, which nicely illustrated the behavior 

of a system with no colored resonances. It should also give a reason-
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able order-of-magnitude estimate for the above branching ratios, and 

will become even more reliable for higher mass quarkonia. 
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FIGURE CAPTIONS 

Figure 1: decay into charm + an~cicharm + hadrons 

Figure 2: Branching ratio ofT to charm+ anticharm as a function 

i; = 

Figure 3: Gauge invariant set of diagraTTis for 11 g 11 + quarkonium + g 

Q, k, and P are external 4-momentaG 

Figure 4: Lo'i-vest order gluon emission from QQ system~ 0. 1 $ 11 a~, 

f3' F b a::ce color indices and , si~ s 2 , s; are spin 

states~ 

Figure 5: Tri-gluon insertion in coordinate space.. W1 x, y!l z 

are coordinates, a, b, c are color indices, and Au Y 1 v 

are polarization indices. 

12 

Q(in GeV) 

3.0 

3.1 

Table I 

3. 7 X 

3.2 2.3 X 

X 

0 

3. 4 l. 7 X 10 

3~6 6~5 X 

3.8 2.6 X 

-

-3 



Table II 

~in GeV) R /R-
X cc 

3.5 0 

3.6 1.3 X 10-4 

I 
-3 
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Fig. 1 



5 

1.0 

Fig. 2 
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Fig, 5 




