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QUARRONIUM PRODUCTION VIA THE ONE GLUON MECHANISM
Curt A. Floxry

Lawrence Berkeley Laboratory
University of California, Berkeley, CA 94720

Maxrch 19, 1980

ZBSTRACT
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 charmonium in T ( 9.4) decay
. . . -2 -3 .
is estimated to be between 10 and 10 times smaller than

previous estimates.

Heavy quarkonium states offer an interesting laboratory in which

to test ideas developed on possible theories of the strong interactions.
= AU | . . PC -
For QCD, it is supposed that a heavy quarkonium state (J = 1 ) 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 glucn of large invariant mass. This process is
illustrated by figure 1.

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

: . 1 : .
this process has been estimated. The estimate is based upon an
analogue to electromagnetic heavy flavor production in e e annihila-
. . . + - oo .
tion. It is well known that in e e annihilation the cross—section
for producing a specific flavor is roughly equal to the cross-section
for producing a free pair of guarks, if one averages over resonance
2 . . . .
bumps. This same idea of duality was applied to heavy flavor pro-
duction in guarkonium decay by calculating the rate for production of
a pair of free heavy quarks, as in figure 1. The authors of reference
1 thus determine the branching ration of T to charm + anti-charm +
two gluons. The branching ratio is given as a function of the dimen-
. X : . 2,2 2,

sionless parameter &, which is defined as Q /MT’ where Q@ is the
invariant mass sgquared of the charm—anti-charm pair produced. Their
results are sunmarized in figure 2. The total branching ratio to
charmed particles is obtained by integrating over the entire kinematic

2 : . . R 2 2
range of Q7. It is assumed that the contribution for @ <(2MD)
manifests itself in final state charmonium {(n , ¥, ¥), and for

c
Q2 > (2MD)2 becomes a final state DD pair. This gives an estimate of



2.7% for DD production, and 1.1% for charmonium production in T decay.

Essential to the referenced calculation is the assumption of
duality. However, this does not seem a reasonable assumption since
the produced cc pairs are not produced in a color singlet state. Since
colored resonances have not been observed, one should not expect dynami-
cal enhancement of cc production through the one gluon mechanism at
discrete energies, and thus not have an operative version of duality
working. Instead, one must calculate the rate for the specific ceolor
singlet final state desired. This means that the process "g¥ - (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 must calculate to obtain a
gauge invariant result are those of figure 3. In words, they corrvespond
to heavy gquark-antiquark production via a virtwnal gluon, followed by
propagation of the system in a color octet state, with the subseguent
emission of an on-shell gluon which is coupled either directly to a
quark line {(fig. 3a,b) or to a virituwal gluon exchanged between the
guark lines (fig. 3c¢). The remaining quark system is then projected
onto the desired color singlet state. The justificaticn for doing a
perturbative treatment of soft gluon emission is well founded. It
rests upon a "quasi-dipole” type coupling of a long wavelength probe
(gluon) to a small source (guarkonium). This conspires with limited
phase space to suppress higher order soft gluon emission, although the
coupling constant is not necessarily small. TFor this same reason, we

cannot calculate soft gluon emission from the (Q&)(éq) final state

.

{where g denotes a light quark), and must restrict ourselves to
guarkonium production.

In order to illustrate the mechanics of heavy guarkonia production
and to 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 approximation should yield an
order of magnitude estimate for charmonium, and will become increasingly
more accurate as one deals with heavier quark systems.

The calculation of the relevent S-matrix element begins by adopting
a modified interaction picture where the Hamiltonian is divided into
an external perturbative part (HE} which describes the coupling of the
Qé system to external gluons, and a part treated "non-perturbatively®
which describes the internal interactions of the Q§ system. The inter-
nal Hamiltonian for the Q@ system in the atiractive {(repulsive) color
singlet (octet) state is Hliﬂs), The lowest order S-matrix slement
for the process "g" + & + g, where ® generically refers to a Qé color

singlet bound state, is

o0 ~-i{H +el}t

S = - 2ﬂ6(Ef—Ei) < g@? fo dt HE(t) e LE(O)i”g” > (1)

with 81 the binding energy of the state &. Inserting a complete set

cf intermediate cclor octet Q0 states and rotating to Euclidean space

vields
L —(H8+sl)T -
S = 2mi8(EE.) < g9 jo ar H (1) e oG >,
VdBPQ Vd3pa _
X e X —_—= 8< QQEHE“J) ]Hgn > (2

(2ﬂ)3 (2W)3



To evaluate the (Q§>8 - &g matrix element we closely follow the

technigues used by Peskin in deriving his operator product expansion

s 3 s .

for heavy quark systems. Due to the specific matrix element we are

calculating, we shall see that the only diagrams we must calculate are
. . . 2,2 s s

those of figure 4. Neglecting terms of order QO/m , and restricting

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

reduced to

iem s’ @ -y T .
(4a + 4b, timelike) = - ——— 7 e -
v/ (2x) / /3 5181 5,8,
| ~{H _+e. )T
« <al{aPr Iy gk . X 8 1 103
<@]{AO(.,R +5 ) - Ayt R- =)t e ar |09 >

(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

gl

{85 (T,R + < - AD(T,R - L1 - o320 (T,R) + o[

SESTI) .ni_q 0 H %J A_E("C,R)} (4)

€=0

. 2
which neglects terms of order (ko/m) and keeps all terms of order

(kO/sl). Doing the now trivial t-integration yields
s2m 6% - BT
(4a + 4b, timelike) = - = § 8
v3/2(2ko)l/2 /3 5151 %25

* Y <ofx, L

i
n=0 (H8+€l)

— 00 >, (70N . (5)

Evaluating figures 4a + 4b for external gluons of spacelike polarviza-
tion yields two terms of different spin structures. The spin singlet
term corresponds to the spacelike gluon coupling to the guark color
convection current, and vields after manipulations similar to those

used deriving eguation 5

en e e,y (T
(4a + 4b, spacelike) = - = 8 . .
v3/2(2ko)1/2 /3 S3S1 835,
i
w 2P
i Q 1 = n_b
< 1o<el — T 192 g (A (6
=0 (H8+€l)

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

gquark spin current, and yields the gauge invariant expression

ien’ ey Y s
(4a + 4b, spacelike) = 3732 1/2‘ : )
v 2k ) V3 n=0
+ i 1 - n
+
{Xsfcjxslaszsé <@[ (2 )n+1 }QQ 8 (80)
L ;A 8+€l
( x 2%= + 5}
* 2 * ds s“k; o'Xs'
m 151 %2 7%
P 3 =
. _ L e ®w-E)°
x <&| - ) loo >g (37 — {(7)
(H8+el)

where ¥ is the non-relativistic quark two-component spinor. In order
to evaluate figure 4c, we first isolate the effective interaction
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 gquark lines have timelike polarization to lowest



N

order in (p/m). Therefore, in Feymman gauge, with A = j

. 3 4 W3 3 i 1
(fig. 5) = gt A7 {x) f w {3 37
bac * 4 4w2(x—w)2 4v2(y—w)2

which reduces to

. 3
gt (x) (y=x) .
(fig. 5) = - baCA? T (8)
4T {y-x)

I

We can now make the insertion of figure 5 onte the guark lines
which yields figure 4c. After manipulations similar to those used

deriving eguation 5, we find

} 3
iom 83 e py 2 (19T
{fig. 4c) = L 39 LR 8
. - 7 7
v3/2(2ko)1/2 87 /§ S_Sl s252
S . i 1 = n i
Leel & ———plods 0pia - ©
n=0 (H8+E?)

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

. . - . . . 2
the fact that it is effectively the same order in g as the terms
from figures 4a and 4b. This is done by using the relation HS - Hl =

3g2/8ﬁr, valid for QCD in coulomb approximation, and the commutation

relations of r and Hg, which yields

i(2“)3§3(P B (1gTb) . ©
(£ig. 4c) = £ 4 A )
v 22kt /3 5151 %% n=g
{H_+€.)
8
i
2ip -
TS 9] i 5 ¢ n b ]
v <ol - — (00 >4 (3 2 | . (10)

Note that the first n=0 term in eguation {10), which is a potentially
gauge non-~invariant contribution, is zerc because of the specific

process computed. i.e.

Since ${r) is finite as r » 0. Now adding together eguations (5}, (&),
and {(10) yields for the non-spin-flip part of the sum of diagrams

4a, b, and ¢, the gauge invariant expression

i(zw)363(Pf»Pi) (igTb)ug
(Fig. 4) = - 5 .8
V3/2(2k0}1/2 J3 Sisl 5232
2 , 1 - n,.i.0 .01
N o _ 3 -
%o M (H_+e )T ’QQ>8 {(80) (87A -3 A0 : D
- 81

while eguation (7) is the gauge invariant expression for the spin-
flip part. Now that we have the expressions for the (QQ38 > &+ g

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

. \ e . . \ 1 P
equation (3] for specific final states. For n ( SO) production, only

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

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

2
o)
o T fg for H8 vields

s s (om 8% (o-px) g2 (k x g, d3po

sin("sS.)} = - = = - =

(nCse2) (29)1/2(2k0)1/2v /6 (2m) >
x ds | ———t—e— jad>, . (12)

2 .
m(€T~k0)+pQ-¢e

a b . R . . : . i
where € and e are the polarization vectors of the incident and final



state gluons and £ = 81 + 68. Note that the amplitude has the ex-~
T

pected physical behavior of developing a finite absorptive part when

k.>¢

o T ., which is the thresheld for a "physical”

i.e. when Q > 2m + €g

intermediate state. Using the coulombic 18 bound state wavefunction
for the matrix element, squaring the amplitude and summing over final
states, yields for the rate
4 3
g {Q-m )
n

R("g" > n + g) = ——p—a 2,2 13)
3erga’|{ = + v/m(aqﬁmn‘Q)}“!

a

. , 3 . R
¥a" ig the Bohr radius. For x({ PJ) production, spin structure

where
demands that only equation {11) contributes to the amplitude. We
find the 3PJ states produced with their statistical weight RJ:O: R :
quz equal to 1:3:5 and

g4(Q—mX)3m2(2J+l)

3
R{"g" + x(p)) +g) = 2 , (14)
25 (/o5 142 5
az2ngl{ mlegin Q) + Z—a-} | a
€
where e% e + gg and mX is the y—-state mass.

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" = & + g where ¢ denotes
either n, or XC(3PJ). These scaling factors which must be applied to
the results of figure 2 are, forx N, production

2 3
497 (Q mn )

won .
R("g >ncq) c

R("g" + CE) 2
2 %
9ﬁa31( L. e m o] 0% @
a T n ' n
c C
(15)
and for x~production

[y o™

2.2 3
m (Q-m_ )
g Q X

R(wgw > Xc+g> o

R("g" +> co R e
e ) 3ﬂa501( L + Ym{el+m —Q))2] 02—m2
=i\ 2a T ) : T on
c c
(16)
To apply these results to the charmonium system, the values of the
bound state parameters can be determined from fitting mw and mW” to a
coulomb spectrum. {(Find m, = 1.9 GeVv, a = .81 Gev_l.) The numerical
evaluation of (15) and (16) is found in tables 1 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 + anything

5

BR(T » n* X ) =3 x 10 , an
and for T to Xe + anything
- - -6
BR(T = Xt X ) = 3 x 10 . (18)

Nete that this branching ratic is between 10_2 and 10_3 times smaller
than that predicted using the assumption of duality, and the associated
implicit assumption of dynamical rescnance 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 guarkonium

production with soft gluon emission to be suppressed by limited phase
space and a "dipole~-type® coupling. This calculation assumed a coulombic
potential for the Q§ interaction, which nicely illustrated the behavior

of a system with no colored resonances. It should alsc give a reason-—



able order-of-magnitude estimate for the above branching ratios, and

will become even more reliable for higher mass guarkonia.
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PIGURE CAPTIONS
Figure 1: 7T decay into charm + anticharm + hadrons 3.8

Figure 2: Branching ratioc of T to chayxm + anticharm as a function

1

Figure 3: Gauge invariant set of diagrams for "g" - guarkonium + g
O, k, and P are external 4-momenta.

Lowest order gluon emission from Qé system. o, 8, a',

iy
1

Q
=
<
o]
i

8", b are coloy indices and Sl’ si, S2’ S; are spin

states.
Figure 5: Tri-gluon insertion in coordinate space. w, X, ¥V, 2
are coordinates, a, b, ¢ are color indices, and X, U, v

are polarization indices.
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Table IT

O(in GeV) RX /RCZ
3.5 0
3.6 1.3 x 10
3.7 2.3 x 10
3.8 2.5 x 10
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