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Using the recent CERN and Fermilab measurements for J /4§ production by 7*, K%, p, and p beams we
show, within the framework of quantum chromodynamics, that only a combined version of light-quark
qq — cc fusion and gluon gg— ¢C fusion mechanisms can account for the various total-cross-section beam

ratios as well as for the observed x; distributions.

I. INTRODUCTION

Since the discovery of J/J signals in pBe scat-
tering' there have been several theoretical at-
tempts to understand the origin of these events
within the framework of the Drell-Yan? quark-fu-
sion model. So far the following mechanisms have
been suggested: .

(i) Fusion of light- (g=u,d,s) quark-antiquark
pairs®? to annihilate into a J/¥ as shown in Fig.
1. The coupling of the g7 system to the J/¢ is
very small (Zweig’s rule), of the order gq5w2/41r
=~10"%, This mechanism is therefore of little
significance and yields a negligible contribution
to the total cross section.

(ii) Fusion.of heavy charmed quarks®-® to pro-
duce the J/P system as shown in Fig. 2. Here the
coupling is not small, g.,2/4m=~0.2-0.5, but the
very small charmed sea®” enters the cross sec-
tion quadratically so that this mechanism also
yields only a negligible contribution to the total
cross section. In Refs. 3-5 a non-negligible con-
tribution was achieved by postulating an unusually
large and flat sea. This large charmed sea does
not seem to be compatible with recent data® on
0®/0”, {y)” and on up deep-inelastic scattering®
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FIG. 1. Production of J/3 through fusion of ordinary
g=u, d, s quarks.

as pointed out in Ref. 10. Furthermore, the color
suppression factor was not incorportated in these
calculations. In addition, the absence of extra
muons* produced in association with the J/% sug-
ges'ts that it is not made by ¢ annihilation.

(iii) Fusion of ordinary light SU(3) u,d,s quarks
to produce a highly virtual gluon which then de-
cays into a ¢C pair as shown in Fig. 3. The pro-
duction of aparticular state, e.g., J/¥, depends on
the dynamical details of the strong-interaction
mechanism by which the color-octet ¢¢ configura-
tion rearranges itself, by soft-gluon emmission,
into a definite outgoing color-neutral c¢¢ state.
This mechanism, suggested by Fritzsch,'? is po-
tentially of great importance since the coupling
constant is not too small and the sea (7) now en-
ters the cross section only linearly. This model
makes definite predictions for J/i produétion
ratios by different beams. Specifically, it pre-
dicts'? very large values for 5/p=o(PN~J/P+X)/
o(pN ~J /d+X) in contrast to the much smaller
(by one order of magnitude) experimental value.®
This strongly indicates that J/¥ is not made by
qq annihilation alone. We therefore suggest the
following further significant mechanism of the
same kind:

FIG. 2. Production of J/% through fusion of charmed
quarks.
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FIG. 3. Production of 3 states through fusion of
ordinary «, d, s quarks into a single colored gluon
with subsequent decay into a ¢¢ pair, where the emission
of soft gluons is implicitly implied in order to form
colorless C=+1 states.

(iv) Fusion of two gluons to produce a virtual gluon
which then decays into a cc state as discussed in
(iii). The corresponding graph in Fig. 4(a) is
not gauge invariant and the graphs of Figs. 4(b)
and 4(c) are needed in addition. These latter two
diagrams resemble the Einhorn-Ellis** graphs
which have been studied'*?® in connection with the
production of C =+ 1 states (7, or p-wave x states)
which can also decay into a J/_z/) by emitting a soft
photon. However, the contribution of this cascade
mechanism to J/) production, appears to be sup-
pressed by a factor a/a (soft) ~101-10"* relative
to the direct J/i production from a cZ pair via
soft-gluon emission. It should be emphasized that
the Einhorn-Ellis graphs of Figs. 4(b) and 4(c) are
not gauge invariant in quantum chromodynamics
(QCD). ' '

The mechanism (iv) suggested here yields 5/»
=1. Since experimentally'? 5/p>1 (but not >>1) it
is obvious that J /¢ is produced through a combina-
tion of mechanisms (iii) and (iv). The relative
weight of these contributions is fixed by the quark
and gluon content of the hadrons and by the ratio
of the total cross sections o(¢g - ¢¢)/o(gg — cT) at
c.m. energies of about? 3.1-3.7 GeV. In Sec. II

(a)

FIG. 4. (a) Production of ¢ states through fusion of gluons into a single colored gluon with subsequent decay into a
cC pair where soft-gluon emission is implied to form physical colorless states as in Fig. 3. (b) and (c) Gauge-invari-
ance partners of Fig. 4(a).
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we present our calculations for these cross sec-
tions and explain our gluon and quark input distri-
butions. We then proceed, in Sec. III, to apply
these results to x, distributions as well as to
various measured total cross sections and cross-
section beam ratios for J/¥ production. The con-
clusions are presented in Sec. IV and some details
of the gluon-gluon cross section calculation are
given in the Appendix.

iI. CALCULATION OF THE CROSS SECTIONS

Adopting the local duality approach of Ref. 12
one estimates the cross section for producing v
any cC state below charm threshold through fusion
of quarks ¢ in the incoming hadron A with anti-
quarks 7 in the target B (and vice versa) to be
proportional to

1 xxp
Q%x,+xg

Mi= Z S im 2 dQ2eT cE(Q 2)

dx p q=thdy S “amy2

x g 4,Q%)7° (x5,@%) + g —71,
1)

where m,~1.5 GeV, m’=~1.85 GeV, and x, 5
=5[ax o+ (.24 4Q%/s) /2] with s = (p 4+ p)°. The
longitudinal momentum fraction of the produced
cT state is given by xp=x, —x5, and g* stands for
the distribution of quarks in A. Similarly the
cross section stemming from the gluon-gluon an-
nihilation gg— cT reads '

dO,AB am* 2 - 1 x,x
88 o~ 2 _gg~cc(n2y - TA'B
dx p ~£mcz Q%o @ )Q"’xA+xB
X GA(xAyQZ)GB(xB sz)a (2)

where G* is the distribution of gluons in A. The

Ol
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2326 M. GLUCK, J. F.

total x, distribution for a produced c¢ state is
then the sum of Egs. (1) and (2), i.e., do*? /dx
=d(02f + 0f)/dxp from which we obtain the total
cT production cross section by integrating over
0<xp<1-Q%/s with the lower limit dictated by
experimental cuts. .

The relevant cross section for the annihilation
subprocesses in Fig. 3 is given by

2 4ra 2

e RGO R ORI (3)

where y=4m?/Q% The factor  is the familiar
QCD color factor and o =127/25 In(Q?2/A2) with
A=~0.5 GeV. For the gluon-gluon fusion process
of Fig. 4 one obtains, as further discussed in the
Appendix,

“,,05:17_(!;( 12 1+(1...7/)1/2
o 30 €1+y+167)1n1-(1_7)1 5
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The QCD quark and gluon distributions used in
the calculations will be taken from Ref. 16, where
they were uniquely calculated using renormaliza-
tion group techniques based on the dynamical as-
sumption that at low resolution energies hadrons
consist of valence quarks only. For the case of
the pion the valence distribution has to be speci-
fied at Q%=Q 2= 3 GeVZ?. With this input, together
with the above mentioned dynamical assumption,
the valence, sea, and gluon terms are completely
specified for arbitrary @2 values. For the nucleon
case a similar approach is used except that deep-
inelastic lepton-scattering data are used as input
at Q=@ ,% For the purpose of numerical calcu-
lations the results for the various distributions
have been parametrized in convenient forms which
accurately reproduce the distributions in the re-
gion ¥ = 0.03 and 3.0 Q2= 250 GeV2. For x < 0.03
these parametrizations somewhat underestimate °
the sharply peaked dynamically calculated sea
and gluon distributions, thereby leading to an
apparent contradiction with the momentum sum
rule. However, for the calculations presented
here the very small x region is not probed.

One of the pionic valence distributions used in
Ref. 16 is characterized by xv"(x)#0 at x=1 as
advocated by Feynman and Field.'” Since the
cross section for J /i production with 7* beams |
in the region x, = 0.4 is sensitive to the behavior
of xv"(x) as x -~ 1, we will also use dynamically'®
calculated 7 distributions for which xv"(x)=0 at
x=1, The QCD predictions for the latter ones at
Q%*=Q,%=3 GeV? and for x = 0.03 can be parame-
trized as
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20"(%,Q,2)=0.715Vx (1 -x),

XE(x,Q,%)=0.018(1 - x)*5+ 0.007(1 - x )’
+0.091(1 —x)1t | (5)

xG"(%,Q,%)=0.309(1 —x)>5+0,715(1 —x)"
+1.511(1 —x)

where the QCD Q2 evolution for the valence (v7),
sea (£"), and gluon (G") distribution is approxi-
mately givenby Eq. (A5) of Ref, 16. For our present
purpose, however, this additional @2 dependence
of parton distributions is almost negligible.

For comparison we also will use a typical rep-
resentative parametrization of the naive quark-
parton model, i.e., g*(x4, Q%) =q*(x,) and G4(x,,, Q@?)
=G*(x,). For nucleons we use the one of Barger
and Phillips'® combined with a gluon dictated b
counting rules, ’

xGY¥(x)=3(1 -x)° 1))
band, similarly, for the 7 distributions we take!®

x0"=0,75vVx (1 <x),

XE=0.1(1 —x), , (7

xG"=2(1-x).. »

Assuming local SU(3) symmetry*® we take the
parton and gluon distributions in kaons to be the
same as in pions. This should provide a reason-
able first-order approximation to the scarce K*-
beam data'® available.

III. RESULTS

A. x distributions .

The recent CERN-Omega J /¢ production experi-
ment'® using 39.5-GeV/c incident 7*beams on copper
provides a very sensitive test for the quark and gluon
distributions in the pion. In Fig. 5 we compare
our predictions for do/dx, with these (unnormal-
ized) data which strongly favor a Farrar-type
pionic valence distribution, i.e., xv"(x)~ (1 <x) as
x -1, as shown by the solid curves. The predic-
tions using a Feynman-Field-type valence input
(dashed curves) are clearly incompatible with the
large-x dependence of J/y production, this re-
gion of x; being particularly sensitive to the be-
havior of xv"(x) as x—~ 1. Thus, for dynamical
QCD as well as naive parton-model distributions,
we will use only the Farrar-type pionic distribu-
tions hereafter, as given by Eq. (5) or (7). Fig-
ure 6 shows the individual contributions to do/dx
stemming from ordinary light-quark ¢g fusion
and gluon gg fusion as given by Egs. (1) and (2),
respectively. Although the inclusion of the gg—ce
subprocess improves the agreement with the data,



by increasing the otherwise too flat g7 cross sec-

tion at small x, its total contribution is rather
small since for s =76 GeV? the dominant contribu-
tion in Eq. (2) comes from a region where x ,,x;
= 0.2, '

Our predictions for the high-energy Fermilab-
Chicago-Princeton data* using 7*, 7”7, and p beams
are shown in Fig. 7 where the (parameter-free)
dynamical QCD parton di»stributions have been
used in Fig. 7(a) [with the pionic densities given
by Eq. (5)], and Fig. 7(b) results from using the
naive quark-parton-model distributions of Barger
and Phillips'® supplemented by Eqgs. (8) and (7).
Here the gluon-gluon contribution is required in
order to reproduce the observed x, dependence
of the data, in contrast to the claims of Ref. 21,
The ¢q fusion alone can obviously not account for
the data, yielding too flat an x distribution in
each instance. It should be noted that the predic-
tions are, of course, the same for both the 7* and
7" beams. The overall normalization is obviously
a free parameter since we cannot reliably calcu-
late how the color-octet ¢¢ configuration rear-
ranges itself by soft-gluon emission into an ob-
servable color-neutral ¢¢ resonance. The theore-
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FIG. 5. Comparison of the (unnormalized) CERN data
(Ref. 13) with the predictions of the combined ¢ and
gg fusion model, Eqgs. (1) and (2), using dynamically
calculated (Ref. 16) QCD quark and gluon distributions.
The solid curves correspond to using the Farrar-type
w distributions of Eq. (5), whereas the dashed curves
result fromusing a pionic Field-Feynman— type val-
ence input (Ref. 16) x™ (x, Q¢%) = %\ff (§—x).
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FIG. 6. Individual contributions from the light-quark
qq and gluon-gluon (gg) fusion processes using Farrar-
type QCD = distributions. The solid curves and the data -
are the same as in Fig. 5.

tical predictions of Eqs. (1) and (2) shown in Fig.
7 have been calculated using a J /i~ u* u~ branch-

'ing ratio B=0.07 and by dividing by factors of 2

and 8 for Figs. 7(a) and 7(b), respectively. This
is in approximate agreement with the naive ex-
pectation'? that the cross section for J/3 produc-
tion should be smaller than the @2%-integrated
cross sections of Egs. (1) and (2) by roughly. a
factor 2...7 according to an equal sharing be-
tween 7, and J/¥ or an equal sharing between Nes

J/, ¥* and the four p states P,/x.

B. Total cross sections

Figure 8 shows our predictions for the ratios of
the various total J/% production cross sections
using p, p, 7*, and K* beams. In order to demon-
strate the dependence on different parton distribu-
tions we show the predictions for the same two
extreme sets of densities used in Fig. 7, namely
for the QCD (solid curves) and naive parton model
(dashed curves) distributions. It is clear from
Fig. 8 that the ¢g fusion model alone is not cap-
able of accounting for the data. The additional
contribution from gluon-gluon (gg) fusion is not .
only required by the low-energy CERN data'® but
also by the high-energy Fermilab measurement®
of p/m*. The latter one clearly demonstrates the
essential role of the gluon-gluon fusion mechan-
ism and that only the combination of ¢7 and gg
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FIG. 7. Comparison of experimental xp distributions (Ref. 20) for producing u*u~ pairs in the mass interval Q2
=2.7-3.5 GeV using 7 and p beams [ E=(m,? + sxz2/4)!/?] with the predictions of Eq. (1) and (2) using (a) dynamical
QCD nucleonic and pionic, Eq. (5), parton distributions (Ref. 16); (b) naive quark-parton distributions of Barger and
Phillips (Ref. 18) supplemented by Egs. (6) and (7). The 7* and 7~ predictions are identical.

fusion can correctly reproduce the observed
strong energy dependence of p/7*. It will be par-
ticularly interesting to see whether the forthcom-
ing CERN experiment using a high-energy 7 beam
will observe a similar strong increase of »/p,
and consequently an almost energy-independent
p/m" ratio, in contrast to the predictions of the
pure g7 fusion model.'? The ¢7 and/or gg fusion
model (trivially) predicts n*/7"=1 independent of
energy. This is in good agreement with experi-
ment, i.e., 7*/7"=0.87+0.14 and 0.87:0.12 at

low® and high?® energies, respectively, confirm-
ing the g7 and gg fusion mechanism for explaining
hadronic J/% production. .

In Fig. 9 the energy dependence of Bdo/dy|,.,
is shown for both the QCD and the naive parton-
model distributions. The solid and dotted curves
have been calculated using the dynamical QCD
distributions of Ref. 16 while the dashed line was
calculated using the naive parton-model distribu-
tions of Ref. 18 together with Eq. (6). The q7
curve for the naive parton-model distributions has
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FIG. 8. Predictions for the beam ratios of total J/¥
production cross section using incident p, p, 7, and
K* beams. The solid curves correspond to the dynam-
ical QCD distributions as used in Fig. 7(a), and the
dashed curves refer to the naive parton model densities
as in Fig.7(b). The data (xp>0) are taken from Refs.
13 and 20.
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FIG. 9. The energy dependence of Bdo/dy for pN
— (J/p—p*p7)+ X at center-of-mass rapidity y =0.
The solid and dotted curves correspond to the QCD.
parton distributions as used in Fig. 7(a) and the dashed
curve refers to the naive parton and gluon distributions
used in Fig. 7(b). The latter ones yield a result for
the gg mechanism alone which is similar to the dotted
curve. The data were taken from Refs. 1 and 22-28..

been omitted for clarity, since it is very similar
to the QCD distribution result shown by the dotted
line. Each curve has been separately normalized
to the point at Vs =23 GeV to facilitate the com-
parison of the skapes of the different predictions.
The shaded area again represents the region cor-
responding to the two choices of distributions used
in Figs. 7 and 8. The rapid initial rise and sub-
sequent slow increase observed in the data is well
described either by the ¢g+gg shaded area or the
gq curve. This shows that in the present energy
range the energy dependence of the J/¥ production
cross section is not an overly sensitive probe of
the gluon-gluon fusion mechanism. However, at
higher energies (Vs = 200 GeV) the difference be-
tween the ¢7 and ¢+ gg curves becomes greater.
Therefore, if the rising trend shown by the pre-
sent (CERN ISR) data continues this could be
taken as another indication of the importance of
the gluon-gluon fusion mechanism.

C. Discussion

In Figs. 7, 8, and 9 the predictions correspond-
ing to two sets of quark and gluon distributions
have been shown. In each case, the data seem to
favor slightly the use of the counting rule gluon
distribution [Fig. 7(b) and dashed ‘curves in Figs.
8 and 9]. The difference is due to the fact that
the dynamically calculated QCD gluon distribution
is concentrated at small ¥ and has a very steep
slope in this region, whereas the counting-rule
gluon distribution is much flatter, giving a larger
fraction of hard gluons. At a fixed value of Vs
this results in a larger gg/q7 ratio in the total
and differential cross section. This increased
gluon contribution improves the predictions for
the x» dependence and total-cross-section beam
ratios. The flatter x slope also yields a more
moderate increase with energy for Bdo/dy | ,.,.

This behavior suggests that for x away from
zero the dynamically calculated QCD distributions
slightly underestimate the gluon and sea content
of the hadrons. However, this isnottoo surprising
in view of the fact that the calculation rests on the
assumption'® that at low resolution energies had-
rons consist of valence quarks alone. Thus, this
set of gluon and sea distributions represents one
extreme while the flatter counting-rule distribu-
tions represent another. It is for this reason that
the bands are shown in Figs. 8 and 9.

IV. CONCLUSIONS

The production of the J/; ¥ using different beams
is a particularly sensitive probe of both quark and
gluon distributions. When 7* beams are used the
xp distribution for x5 = 0.5 is particularly sensitive
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to the behavior of the valence density xv"(x) as x
- 1. In particular, the rapid falloff observed in
the data strongly favors a Farrar-type'® (count-
ing-rule) valence distribution for the pion as op-
posed to that form advocated by Field and Feyn-
man.'” The x, dependence at sufficiently high
energies and small x, is sensitive to the gluon dis-
tribution. In particular, the pN data at small x
require a dominant gluon contribution since the
shape predicted by the g7 mechanism alone is far
too flat. The various total-cross-section beam
ratios are also extremely sensitive to the gluon
content of the hadrons. The results obtained here
demonstrate the necessity of including botk the qq
and the gg fusion mechanisms in order to achieve
agreement with recent CERN'® and Fermilab®®
measurements. Since for increasing energies the
gluon contribution rapidly increases, additional
data at higher energies, especially with 7 and K*
beams, are needed to test the predictions given by
these mechanisms. ’
These results have demonstrated the importance
of including gluon effects in hadron-hadron inter-
actions. Therefore, the inclusion of these effects
in other types of hadron production should be of
comparable importance and cannot, henceforth,
be neglected.
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of Fig. 4. Summing over final spins and colors
and averaging over the initial ones yields the fol-
lowing differential cross section:

do.gg-‘ca TQ 2
=64Ssz (121V133+'13—6Mtt+l§§Muu .

dt
+ 6M g+ 8M g - 5M,,) , (A1)
with
4 2 2
Mss=s—2(t—m Yu —m?),
-2 4 _ 2 2
Moo=t oy 4" = (¢ =m®) = m?)
+2mP(t - m?)],
Mu:Fﬁ [4m* = (w — m2)t — m?).
+2m%(u - m?)], (A2)
4
Mst=m[7’}24—t(s+t)] N
M=t [m* —u(s +u))
su” S — m?) - ull,
—4m?
My, N TR g} [4m?+ (t = m2) + (u — m?)],

and where the coefficients of these terms in the
parentheses of Eq. (A1) are the appropriate color
factors. The factor £ is due to averaging over the
ingoing gluon octet colors. The invariants s,t,u
are defined as usual and satisfy s+ f+u=2m?
where m =m, is the mass of the charmed quark.
Note that s here refers to the subprocess gg-cC
and should not be confused with s=(p, +p5)? in
Egs. (1) and (2), but should be identified with the
Q2 of Sec. II.

Integrating over

—35—3[s(s —dm?)]/2<t - m?

APPENDIX -
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The cross section for gluons to produce a c? <-zstials(s —4mHPE, (A
pair is determined from the Feynman diagrams gives the total cross section
. /2
“__c-é=7ra32 21 /2, 36 1+(1-y) _ /2
o re 123+ 37)A =) 2+ 5 ((4+ 27)1111__——“7?5 41+y)(1-7)
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- - _2 - . 4
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