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Quark-antiquark contribution to the hadroproduction of g in the color-singlet model
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We consider the contribution to g hadroproduction due to the elementary subprocess qq ~EGG.
The color-singlet nature and observed spin-parity of the g are incorporated and the normalization of
the cross section is predicted by the f wave function at the origin as measured in the leptonic P de-

cay. We expect this process to dominate the difference in f production from particle versus an-

tiparticle beams. The energy dependence of li production as well as distributions in xF and PT are
predicted.

I. INTRODUCTION

Owing to the high momentum transfers required to
create a bound state of heavy quarks from light-particle
beams, the hadroproduction of g and r has been exten-
sively investigated in the last few years as a test of pertur-
bative QCD. '

The early QCD predictions ' for these processes were
based on the lowest-order graphs for the production of
charmed quarks in quark-antiquark or gluon-gluon an-
nihilation:

6+6—+c+c,
q+q —+c+c .

(l. la)

(l.lb)

It is assumed, in this model, that some fraction F of those
cc pairs having joint invariant mass greater than 2m, but
less than 2mD, twice the D-meson mass, would appear as a
g meson. This idea was given the name of "semilocal du-
ality. "

Since the fraction F cannot be calculated, the magnitude
of the g-production cross section in this model is some-
what uncertain (F, in fact, is found to be beam-energy
dependent). In addition, the cc state in (l.la) and (l.lb) is
produced with zero transverse momentum so that the
large observed average PT is not described by this model.
Its greatest success has been in predicting the dependence
of the cross section on xy 2P~~IVs, altho——ugh Barger,
Keung, and Phillips have noted that the range of validity
of the model is restricted at high energy to small xF.

It is also not clear if the model has a well-defined
theory of higher-order corrections since one does not
know what fraction of any radiated gluons are to be in-
cluded in the f. Furthermore, the lowest-order QCD
graphs for processes (l.la) and (l.lb) yield cc final states
with the wrong color and/or spin-parity to produce a g.
It is therefore necessary to assume that the required shed-
ding of color and spin-parity occurs nonperturbatively
without affecting the xF distribution.

In 1979, it was suggested that this shedding of color, or
"color bleaching, " might be perturbatively calculable by

emitting a final-state gluon in process (l.la). One then
has the process

G+G~Q+G . (1.2)

a, (30 GeV) =0.13+0.023, (1.3)

but is too high to be consistent with the measurement in
charmonium decays:

a, (4.5 GeV) =0.158+0.011 . (1.4)

As in charmonium decays, it seems reasonable to assume
that charmonium production probes the strong coupling
constant at the scale of the heavy-quark mass, i.e., half the
charmonium mass. Equation (1.3), extrapolated via the
renormalization group, would predict a, (m, )=0.30+o'y
while (1.4) would require a, (m, )=0.22+0.02. Since the
cross section for (1.2) is proportional to a, , using (1.4)
would reduce the amount of g production attributable to
this process to 5% to 9% with a similar effect in g pho-
toproduction. In addition, it is now known that only
about 30% of produced g's are decay products of P wave-
charmonium states. If the rest of P production is due to
other processes or to QCD radiative corrections, it is diffi-
cult to understand the success of (1.2) in predicting the

The amplitude for this process can be obtained by cross-
ing the three-gluon-decay amplitude of the g. The color-
singlet nature and correct spin-parity of the g are then au-
tomatically incorporated and the normalization of the am-
plitude is likewise determined from lb decay. The reaction
(1.2) was discussed by Baier and Ruckl and shown to
yield a fair description of the PT dependence of tP produc-
tion once the intrinsic kT of the gluons in the hadrons is
taken into account. A similar calculation for g photopro-
duction, replacing one of the initial-state gluons by a pho-.

ton, has also been done. In Ref. 5, about 35% of the @
production is attributed to process (1.2) (the remaining
65% coming from production of P-wave charmonium
states which then decay into g). This 35% requires an
a, =0.37 which may be consistent with the best present jet
measurement:
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G+q~P+G+q (1.5)

shape of the various distributions.
The other parton-level processes which can contribute

to g production in the charmonium normalized color-
singlet model are

The amplitude for the annihilation of a quark-antiquark
pair into g and two gluons (see Fig. 1) is given by

M = i—(4~a, ) (TrT, Tb T, )
1((0) Qp p +perms,
N, M~ D

(2.3)

and

q+q~1(+G+G . (1.6)

where T;, i =a,b, c, are color matrices, a, is the strong
coupling constant, and the factors Q&, H&, and D are
given by

Each of (1.2), (1.5), and (1.6) forms the leading term in a
well-defined, infrared-finite series of QCD corrections to
the basic process. One might optimistically hope, based
on the experience of Ref. 8, that these corrections amount
to no more than 25% to 35% of each Born term. The
singularity in process (1.5) when the initial- and final-state
quarks are collinear is eliminated by a renormalization of
the gluon distribution functions in the beam hadrons. We
reserve the study of this contribution to f production to a
later paper.

We would like to investigate the extent to which these
three contributions, when added together, describe the dif-
ferential and total cross sections for inelastic g production
with a value of a, consistent with that found in other
measurements such as Eqs. (1.3) and (1.4). In this article
we calculate the matrix element for (1.6) and present the
distributions in xF and transverse momentum of the P as
well as the energy dependence of the total cross section.
This matrix element is simply related to the decay ampli-
tude of P into two gluons and a lepton pair' and to one of
the QCD corrections to hadronic g decay considered in
Ref. 8. It is also related in the limit of negligible light-
quark mass to the amplitude" for e+e ~EGG.

We find that the resulting distributions are in satisfac-
tory agreement with experiment and the cross section is
comparable in magnitude to the lower-order process (1.2).
We therefore expect that consideration of the three pro-
cesses (1.2), (1.5), and (1.6) may each yield important con-
tributions to hadronic f production and similar distribu-
tions in transverse momentum and xF. Thus, the sum of a
few QCD processes may predict all the features of the
data with a value of a, compatible with other measure-
ments.

II. CALCULATION OF PRODUCTION
CROSS SECTIONS

Qp ——u(P) )y~T, U(P2),

~p T——r a'(y)(P+m )0'4 (Pg+P+m )

xy„( P, P+—m)e—3',
D =4k P3 P P4.P .

(2.4)

(2.5)

There are six independent permutations of Fig. 1 corre-
sponding to the six different orderings of the gluon mo-
menta. To form the appropriate differential cross sections
we average M over initial spins and colors and sum over
final spins and colors. The resulting matrix element
squared is given in the Appendix.

The parton-level cross section is given by

d&=dQ g iMi
4+e spins

(2.6)

do =dx, dx2q(x, )q(x2)d& . (2.7)

The following CERN-Dortmund-Heidelberg-Scalay
(CDHS) and NA3 distribution functions are used':

u (x, ) =u~x, -"(1—x, )",
up(x2) =uppxz'(1 —x2)

d& (x2 ) =d& puz (x2 )( 1 —xz )/u~p,

a =2.79+0.77s,

b = —0.48 —0.16s,

s =in[in(M~ /A )/ln(20 GeV /A )] .

(2.8)

(2.9)

(2.10)

(2.11)

(2.12)

(2.13)

where d0 is the differential of invariant phase space.
In order to compare the predictions of the process

shown in Fig. 1 with experimental data, we must fold in
the parton distribution functions in the beam and target:

In the calculations below, we assume that the 1( meson
is a J =1 bound state of two essentially free quarks,
each of which carries, therefore, half the momentum and
half the mass of the P. The vertex factor for the g~cc
coupling in the charmonium model is

A P4~

P

V= — g'(Pp+Mp)A,
1 f(0) 0
2 +N, Mg

(2.1)

g(0) =(3.92& 10 GeV)M~ (2.2)

I, is the unit matrix in the space of N, colored quarks.

where f(0) is the value of the f wave function at the ori-
gin in momentum space. It can be determined from the
leptonic width of the f (4.8 keV) to be FIG. 1. Typical Feynman graph for the production of g from

a qq initial state. Emission of two gluons is required by color
and angular momentum conservation. Five additional graphs
related to this one by permuting the order of the gluons on the
quark line are not shown.
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We have taken A=0. 120 CxeV to agree with the results of
Refs. 7 and 8. The distributions are normalized to the
number of valence quarks in the pion and proton. Since
the experimental data comes from the scattering off tar-
gets containing roughly equal numbers of protons and
neutrons, we use "nucleon" structure functions defined by
averaging over protons and neutrons. We assume that the
up-quark distribution in the proton is the same as the
down-quark distribution in the neutron and vice versa.

In Fig. 2 we show the predictions of the model at 125
GeV/c for drr/dx~, where xz is the ratio of the g longitu-
dinal momentum to the maximum longitudinal momen-
tum in the overall c.m. frame. The data points were taken
from Ref. 13. The model predicts the correct shapes of
the xF distributions for both ~ and p beams. In order to
compare the shapes of the distributions, we use unrealistic
values of a, (0.31 for pN and 0.36 for mN) suc. h that the
quark-antiquark-annihilation contribution to g production
saturates the experimental cross sections. Values of u, be-
tween 0.30 and 0.37 have been commonly used in previous
tj'j-production calculations. ' However, the results of Refs.
7 and 8 suggest values of n, from 0.20 to 0.24. The
theoretical curves in Fig. 2 should be multiplied by
(a, /0. 31)" in the case of p and (a, /0. 36) in the case of

For any reasonable values of a„ the qq contribution
we have calculated dominates over the gluon-gluon contri-
bution of Ref. 5. The xF distributions of the present
model seem to be as good as those of the semilocal-duality
models of Refs. 2 and 3.

A major weakness of the fusion models of Refs. 2 and 3
was their inability to describe the PT dependence of g pro-
duction. In Fig. 3 we show the corresponding distribu-

CL

b

lOO =
y4i

lO-l—

tions for the present qq-annihilation model compared with
the 125-GeV/c data of Ref. 13. As in Ref. 5 we incorpo-
rate intrinsic parton transverse momentum by smearing
the bare distribution of Eq. (2.7) by a Gaussian form:

I I I I I I I I ( I I i I

I 2 4

p, (Gev)

FICx. 3. Transverse-momentum distribution of the produced

f in 125-GeV/c mN{solid c. urve) and pX (dashed curve} col-
lisions compared to Fermilab data.

where

= f d'qz. h(PT —qT)
dT

(2.14)

IO

(p ~
)

1 ( P r q r) /4(T

4~~2
(2.15)

lOl =

b

loo =

lo-l =
P

0 0.2 0.4 0.6 0.8 l.0
X

FICx. 2. Feynman-x distribution of the produced P in 125-
CxeV/c m N (solid curve) and pN (dashed curve) collisions corn-
pared to Fermilab data (Ref. 13).

We use the same value of cr (namely 0.2304 GeV /c ) as
Ref. 5. Again the theoretical curves should be multiplied
by the factors of (a, /0. 31) in the case of pN and
(a, /0. 36) for ~ N. For smaller values of a„ the qq pro-
cess still contributes a significant fraction of the observed
cross section. The shape of the PT distributions agrees
well with experimental results and could clearly be made
better by increasing o slightly.

The contribution of this process to the total forward
(xF ~0) cross section for g production by vr, shown in
Fig. 4 for o.,=0.362, exhibits the characteristic sharp rise
from zero at threshold to an approximately Aat region for
s greater than 400 GeV . The shape of the curve is con-
trolled by the large-x behavior of the quark distribution
functions at low energy (s & 100 GeV ) and by the small-x
behavior at high energy (s & 100 GeV ). Therefore, in-
cluding the sea-quark contributions, which we have
neglected, would lead to a further slow growth of the
cross section. The dashed curve in Fig. 4 is the function
500 exp( —10M&/V s )(nb ) which has been shown to
describe the experimental energy dependence. ' For a
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FICr. 4. Total forward (x+ & 0) cross section for production of
g in nNcollisio. ns as a function of energy. The theoretical re-
sult (solid curve) should be multiplied by [a,(m, )/0. 362] . The
dashed curve is the empirical fit to data. See text.
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Fl&. 5. Difference of l(-production cross sections
&~=~(p) —o-(p) as a function of energy. The region between
the two curves is the range of predictions for
a, (m, ) =0.22+0.02.

realistic value of a„ the fraction of inclusive ltd production
attributable to process (1.6) is [a,(m, )/0. 362] . At
asymptotically high energies, reaction (1.2) and perhaps
(1.5) should dominate because of the dominance of the
gluon structure function at small x. The difference be-
tween the ~ p and m+p cross sections must continue to be
dominated by the present qq process since the gluon-gluon
and quark-gluon processes cancel out of this difference.
This model predicts an equal and opposite difference be-
tween the ~ n and ~+n cross sections so that for mul-
tinucleon targets, the difference tends to cancel.

Reaction (1.6) is the lowest-order QCD contribution to
the difference

bo =o(pN~QX) o(pN~QX) . —
In Fig. 5 we show the range of theoretical predictions for
a, (m, ) between 0.20 and 0.24 as a function of the center-
of-mass energy squared. The theoretical curves scale as
a, (m, ) . The data point at 424 GeV is derived from Ref.
15. The lower-energy points are from the conference re-
port of Badier. '

III. CONCLUSION

The results of this investigation encourage us to believe
that the charmonium decay amplitudes crossed to the pro-
duction region can quantitatively describe the features of
hadronic g production. The difference between particle
and antiparticle production of f, varying as a, (m, ),
could become a sensitive test of QCD and perhaps an ac-
curate method of measuring the strong coupling constant.
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APPENDIX

In the zero-binding-charmonium approximation used in
this article, each charmed quark in the f is on the mass
shell with half the g four-momentum,

Pp ——
Pgp /2,

and thus half the ttj mass,

m =My/2 .

(A 1)

(A2)

The sum over lfj polarizations is therefore accomplished
through the tensor

Our results, added to those of Ref. 5, are probably already
inconsistent with the values of a, (30 GeV) greater than
0.15 as suggested by some jet experiments, ' but are in
good agreement with the values suggested in Refs. 7 and
8.

Further study of hadronic g production could lead to
useful information about quark and gluon distribution
functions in hadrons, about intrinsic kz of partons, and
perhaps even about details of charmonium binding.
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(A3)
where F, is the color factor and

The square of the matrix element of (2.3), summed over
final-state spins and colors, can be written

g ~M
~

=F, (4m.a,), (A4)
@(0)2 4~M, ~'

XcMg

D'=P, .P2P.P3P.P4(P.P3+P P4+P3 P4) . (A5)

With the particles identified as in Fig. 1 the reduced ma-
trix element squared is

~M,
~

= 4(Pi—.P2+2mi }m [—Sm (P3.P4) —4(m P3 P4 PP—3P.P4)82 —(P3 P4}

+SP P3P.Pg(P3 P4} 2P P—3P.P4m P3.P48i ]

+4Pi P3P2 P3m [ 4m (—P3.P~) +Bi83]+4Pi P4Pq. P4m [—4m (P3 P4) +Bi84]
—Sm [Pi.P3Pz P4+P, P4P2 P3 —(.Pi P2+mi )P3 Pq][m P3.P&Bi PP3P—P4m Bi ] . (A6)

Here m is the charmed-quark mass and ml (which we
hereafter neglect) is the light-quark mass. The four 8's
are given by

and cos8 is the angle between the f momentum and the
antiquark momentum P ~ in the quark-antiquark rest
frame (k =0):

Pi k Pg k —Pi Ppk

(Pi.k)[(Pg.k) —Mp k )'
(A7a)B] — P3 P4 2P P3 —2P P4

B2———4P P3P P4 —P3.P4B),
83 —(P3 P4 ) 4P.P4P3 .Pg—4(P.P4 )—
84 (P3.P4 )

—4—P.P3P3.P—4 4(P P3 )—

(A14)
(A7b)

(A7c) The angle p3 is defined in the fraine in which

P]+P2—Pp ——0 (A15)

with P~ along the z axis and P& in the x,z plane. In this
frame

(A7d)

The denominator D' in (A4) vanishes at threshold like
(k —M~ ) . However, the same expression can be fac-
tored out of the inatrix element squared times the phase-
space element so that the cross section has no infrared
singularities. Nevertheless some care is required in the
numerical integration because of the high power of van-
ishing factors in the numerator and denominator. The an-
tiquark and quark momenta P& and P2, respectively, are
related to the hadron-beam and target-nucleon momenta
by

(A16)Pi Py=cosOi,

P3.P~ ——cos03, (A17)

and

P, .(Pg P3 ) =2E i E3—(cos8icos03+ sin8isin93cos$3) .

(A1S)

P/p —x ]Phd

P2p ——x2P,p .

(AS) iM,
~

can be trivially integrated over P3 and we have
therefore done this integration analytically. The color fac-
tor in (A4) is

(A9)

(A10)

The phase-space differential is

d P~ d P3 d P~ 5 (k P~ P3 —P&)——
dQ=

2Eg 2E3 2E4 (2')
We write this as

dQ=dt du d cosg+$3/(2~4k~),

t =(P, +P&)',
u =(P4+P~)~,

(A 1 1)

(A12)

(A13)

TaTbgc+ TaTcTb
XTr

2

(N, 4)(N, 1)— —
321Vc

These results, together with Eqs. (2.6) to (2.15), suffice to
determine the differential cross sections.
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