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Abstract. The importance of the gluon-gluon and quark- 
antiquark contributions to the production of charmonium 
states in proton-proton and antiproton-proton collisions 
is determined within the parton model in a way which 
does not rely on any assumption on the dynamics (leading 
diagrams, color neutralisation mechanism,.. .) .  It is 
shown that the combined analysis of total and differential 
inclusive J / ~  production cross-sections for both systems 
allows such a determination. The primordial contribu- 
tions are also extracted at one energy. The implications of 
the numerical values are also discussed. 

PACS: 13.85.Ni; 13.85.-t 

I. Introduction 

The production of charmonium and bottomium states in 
hadron-hadron collisions is supposed to be dominated by 
parton-parton interactions. If the two partons are in a col- 
ourless state, the direct production of (solely) a j r c  = 1 - 
state ( J / ~  and ~') in the s-channel is forbidden by angu- 
lar momentum, parity and charge conjugation conserva- 
tion [1-4].  However, such a state can be produced in- 
directly, by decay of j e c  = 1 + +, 2 + + states (the Z's e.g.) 
which can be formed directly within the colour singlet 
model. On the other hand, if the two partons are in 
a colour (octet) state, a "coloured" 1 - -  object can be 
produced directly, and a colourless 1 -meson can be 
formed only if some colour neutralisation mechanism has 
taken place. Such a possibility is embodied for instance 
the so-called colour evaporation model [5, 6]. If one disre- 
gards mechanisms involving the interaction of three (or 
more) initial partons (and the possible presence of intrinsic 
heavy flavour in ordinary hadrons), the production of 
1 - -  mesons necessarily proceeds either through gluon- 
gluon interaction or quark-antiquark interaction. 

* Supported by contract SPPS-IT/SC/29 

The relative importance of the respective mechanisms 
is not really well known. The usual method for tentatively 
determining it relies on model calculations for evaluating 
one of these mechanisms. This procedure is however not 
very reliable, as calculations are usually performed to 
lowest order and, furthermore, as often only one part of 
the process is included in the calculation. This paper is an 
attempt to overcome these limitations and to determine 
the importance of gluon-gluon and of quark-antiquark 
contributions without relying on model calculations, just 
by the analysis of the experimental data. Of course, this 
cannot be done without a minimum number of reasonable 
hypotheses, which are explained below. Our strategy is to 
see whether present experimental data can be explained 
within these hypotheses, only allowing an adjustable im- 
portance of the two above mentioned contributions. 

II. Procedure 

As we said in the Introduction, we assume that the inter- 
actions of three (or more) initial partons are unimportant, 
as well as the contribution of intrinsic charm (here we 
limit ourselves to charm production). We furthermore 
assume, as usual, that the charmed quarks contained in 
a 1- - meson are formed on-shell or, in other words, that 
meson internal wavefunction effects are unimportant. 
Finally, we assume the validity of the parton model. We 
are thus considering processes which correspond to the 
generic diagram drawn in Fig. 1 (where i and j denote the 
two initial partons). In this diagram, the bubble represents 
anything which can lead to colour neutral mesons, what- 
ever the colour in the initial two partons state, and which, 
within the parton model can be described by effective 
cross-sections. It should be understood that, if the initial 
two parton state is coloured, an unidentified outgoing 
object, carrying out the colour, should be attached to the 
bubble of Fig. 1. We assume that the cotour neutralisation 
mechanism does not affect sensitively the energy- 
momentum flow, In other words, whatever the mechanism 
for eliminating the colour possibly carried by the c - f pair 
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Fig. 1. Generic diagram for heavy flavour production in hadron- 
hadron collisions 

directly formed, we assume that the energy-momentum of 
the final c-C pair is not really modified, or that energy- 
momentum conservation applies through the bubble (for 
the four indicated legs of the bubble). Of course, the 
diagram of Fig. 1 describes only the primordial produc- 
tion, and the usual decay scheme (e.g. Z---,J/O + ~) 
should be accounted for. 

Some of the assumptions above may be questioned. 
We are aware of this and comment on it in Sect. VI. Our 
philosophy is to consider these assumptions as our start- 
ing point and to see whether the data can be described 
within this scheme. We will see below that we can answer 
positively to this question. 

III. Basic formulae 

The total cross-section for the formation of a primordial 
meson of mass M~, can be given, with the assumption of 
Sect. II and adopting the usual notation of the parton 
model, as [1] 

i d x  (z~)  
~ = 2 ~ (M1) x f / ( x ) f j  ~ dx, (III.1) 

{i,j} ~1 

where (i,j} is either {g,g}, {q,q}, or {q,q} taking into 
account the fact that the quark can come either from the 
incident hadron or from the target. As usual, fi and fj 
are the structure functions of the projectile and target 
hadrons and "cl = (M2/s), x~ss being the total c.m. energy. 
The quantities i.j cref f are the effective cross-sections corres- 
ponding to the two basic mechanisms. With the assump- 
tions above, they can be considered as functions of 
M~ only. They are the quantities that we want to deter- 
mine from the data. Equation (III.1) can be rewritten as 

O'prim(M1) = 2 O" ~Jff(M 1 ) I i j (T  1). ( I l l . 2 )  
{i,j} 

This formula has the appealing property that the dynam- 
ics is contained in the quantities o'~)ff(M1) whereas the 
kinematics is contained in the phase space integrals Iij(rl ). 
In case of possible confusion, we will use the detailed 
notation I!~? h~ in order to specify the projectile h~ and 

U 
target h2 hadrons. 

The production cross-section of a meson Mo after decay 
of primordial mesons may be written in all generality as 

o't~ = 2 0 - P  rim(M1) BR ( M  1 -* Mo)  
M~ 

M'~ 

where BR(Mk --, Mz) is the branching ratio for the decay of 
meson Mk into Meson M~. One may rewrite (IIL3), using 
(III.2), as 

~176 = 2 ij,tot tree f (Mo)Iij(Zo), (II1.4) 
{i,j} 

with 

o- iJ, tot [ 71/g ] ._).  _ _  eff I, avlOl = 2 c r ~ } f ( M 1 ) B R ( M 1  Mo) Iij(zl) 
M~ Iij('CO) 

ij ( ) 
+ O'eff(M0) 1 - -  2 B R ( M o  ~ M i )  , 

(111.5) 

or simply 

a ij, tot 
elf ~ ~, a~Jff(M1)BR(M1 ~ Mo) 

Ma 

+ ~o- :~f (M0)(1-  ~ BR(Mo-+ M'l)), (III.6) 
M '1 M '~ 

if one disregards the thiny difference between Iij('Co) and 
Ii~(z~) for the range of masses and the range of values of 
s that we will consider below. 

The differential cross-sections assuming isotropic 
decay of primordial mesons, are given by: 

do-t~ x~iuP d0"prim(M 1) dN , 
dxe - Z - -  ~FXF (xF) �9 tl ,M~ ~;,alow dx} 

x dx'vBR(M1 --4 Mo + M2) 

dap~im(M~ (eli.7) 
+ dXF M'~ 

where 

do-prim(Mo) __ ~, a ~ f ( M o ) d ~ o )  (III.8) 
dXF {i,j} 

with 

dlij(Zo) ~o ( % ) ,  (111.9) 
dxe ~ f i ( x l ) f j  

xl being equal to �89 + ~ + r o ) .  The quantity 
(dN/dxv)(X'r) is the distribution of the XF variable for the 
meson Mo issued from the (isotropic) decay of meson M1 
(M1 -~ M0 + M2, M2 possibly effective) with x}: 

dN , M~ (III.10) 
d~xv (xv) = x/(M 2 - S 2) (M 2 - A2)x/x'v 2 + 4z~ 

with 

X = M o + M 2 ,  A = M o - - M 2 .  (III.11) 
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Finally, the integration boundaries in (III.7) are given by 

: _+ , / ( M ,  - z ( M i  - 

x/,,owJ 2M 2 x / ~  + 4% 

MI + Mo - Me 
4 2M~ xF. (III.12) 

If one neglects the mass differences between parent 
M~ and daughter 540 (same hypothesis as to pass from 
(III.5) to (III.6)), we can approximate (III.7) by 

dq t~  
o.ir ) d ' ~ o ! ,  (III.13) 

d x  F (i,j} u~v f 

with the ~ij, totl~ ~ defined at (III.6). This relation has Uef f I Jr*0 ] 
basically the same structure as formula (3.4) for the total 
cross-section*. 

To compare differential cross-sections at different ~,~, 
one often prefers to use the rapidity variable y 

1, [,~F-F + 4% + '~ 
= m ~  - -  XF],  X F 2 ~ 0  sinh (y). Y 2 x F /  

(III.14) 

One easily obtains differential cross-sections versus y 
from above: 

do" = da 

2 ~ da]  = x/% c o s h y - -  (III.15) 
dXF xF=xr(y) ' 

Recalling (III.8) and (III.13), one obtains 

d~ ( M  1 ) o '3f (M1)  dI~Ty'C' ) dy - ~ (III.16) 
{i,j} 

and another equation for the differential cross-section, 
which, in the same approximation as (III.13), writes 

dCt~176 dI  o) 
~. (III.17) 

dy {i,j} 

with 

dlq(%) ( % )  

and 

(III.18) 

Xo =x~ooe r. (III.19) 

IV. Analysis of J / $  production 

A. Introduction 

Our goal is to determine the quantities O'eij't~ [entering 
(IliA) and (III.17)J for J/t) production, the quantities 
ap~im (III.2) for J/t), Z and t)' and aeffiJ for J/t) production 
(at some c.m. energy at least). The method amounts to 

1 in the analysis below, we, of course, use expressions (III.7-III.8) 

calculate the quantities I ij and to compare the expressions 
to the experimental data, trying to fit the whole body of 
existing data. One may wonder whether this procedure is 
valid, since the structure functions are known to some 
accuracy only. However, the structure functions are rather 
well-known for x>0.1,  and we will see that the bulk of 
data are not sensitive upon the various parametrizations 
in this range of values of x. We will illustrate this point 
below. In the following, we use the Morfin and Tung (fit 
B1) [7] parametrization of the structure functions, unless 
explicitly stated. 

It is sometimes stated that the J/t) production data 
could be used to get information about the structure 
functions. It is true that these data could provide informa- 
tion on the gluon structure function at small x. This does 
not introduce any methodological problem in our analy- 
sis, since the structure functions of [7] have been deter- 
mined from lepton-nucleon deep inelastic scattering and 
Drell-Yan processes, and not from J/t) production. 

B. J/O production 

We first concentrate on inclusive J/t) production. To 
simplify our notation we rewrite O-ef flj't~ a s  0 "qq or a gg. As an 
example, (III.4) becomes 

at~ I) = ogglgo('cj/O ) + aqqlqq('~a/O). (IV.l) 

where, in fact, 

I~q = Iu~ + Iau + Ida + Idd + Is~ + Iss. (IV.2) 

The experimental data for the pp -~ J/t) + X reaction are 
given in Fig. 2 along with two fits, corresponding to either 
pure gg or pure qq processes. Although the qc] fit is a little 
bit better, these data alone are not good enough to con- 
strain the fit in such a way to allow a determination of a gg 
and a qq. In Fig. 3 we present the existing data on the 
pff ~ J/O + X reaction, still along with the fits for either 
pure gg or qq processes. Here, the data are roughly consis- 
tent with a pure qci process. However, if one takes the 
lowest energy point seriously, the pp ~ J /~  + X data 
allow for some gg process. When one tries to determine 
good fits (allowing a mixture ofgg and qq processes) to the 
pp and piO data simultaneously, one obtains the dotted 
lines shown in Fig. 4 with the indicated values of a ~ and 
a qq. However, the Z 2 function is very flat. The value of a gg 
may deviate by ~ 44 nb from the best value before the Z 2 
is multiplied by 2. Similarly, the value of a qo may deviate 
by ~ 100 nb. 

The larger (though limited) sensitivity of the pf  data in 
the fitting procedure is explained by the behaviour of the 
Iij quantities with the r variable (see Fig. 5). The quantity 
Iqq is much flatter in the fp or/Sn case than in the pp case. 
The quantities Iqq tend to the same values for small -c, i.e. 
for large s because, in these conditions, the contribution to 
the [qq integrals comes from the small x part of the struc- 
ture functions which is dominated by the sea quarks and 
which is approximately the same in protons and anti- 
protons. 

The ratio a(pp ~ J /~  + X)/a(p~--+J/~ + X), if 
ideally measured, would determine the ratio ago~(7 qO. Un- 
fortunately, as shown in Fig. 6, the data are not of good 
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Fig. 2. Comparison of the experimental data [8, 9, 16-24] for J/@ 
production as a function of the pp c.m. energy with (III.4) assuming 
either a pure gg or a pure qq contribution, with in each case the best 
value of the effective total cross-sections (7 ij't°t elf 
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Fig 3. Same as Fig. 2 for d/t9 production in pff collisions. The 
experimental data are from [9, 17, 20-22, 25] 

quali ty and are barely consisting with values of agg/aq~ 
between ~ 0.3 and 3. Figure 3 also cor robora tes  that  the 
best fit of the integrated cross-sections is consistent with 
o -gg ~ a qo, with large uncertainty. It is nevertheless inter- 
esting to note  that  no data  point  lies under  the cr og = 0 
curve. 

C. Differential cross-section at y = 0 

We use the formulae of Sect. I I I  expressing d°-t°' in 
dy y=o 

terms of  o -°g and cr q~ (see (III.15)-(III.19)).  The excitation 
function for the differential cross-section for p p ~  
J / t )  + X at y = 0 is given in Fig. 7 with fits assuming pure 
99 or pure qq processes. The data  definitely require a mix- 
ing of  both  contributions,  with a large qq contr ibution.  
Indeed, we performed a s imultaneous fit of  the inclusive 
total p roduct ion  cross-section in pp and p/5 and of  the 
differential pp cross-section at y = 0. The best fit is ob- 
tained for o -gg = (25 + 1.5) nb and o -qq = (232 + 19) nb 
and corresponds to the full curves in Fig. 4 and in 
the b o t t o m  of Fig. 7. The indicated errors are purely 
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Fig. 4. a Comparison of the experimental J/O production cross- 
sections in pp collisions with (III.4) using the indicated values of the 
effective total cross-sections, b Same for J/t) production in p/~ 
collisions 
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Fig. 5. Numerical values of I~ <(zo) [see (IlL 1) and (III.2)]relative 
to J/t) production in various systems. Notice the unusual scale for 
the abscissa 

statistical, assuming the error  bars on the data  of purely 
statistical origin and the Z 2 being a real Z 2 stochastic 
variable. The dispersion of the experimental data  dear ly  
points  to the presence of systematic errors. The latter may  
be tentatively determined by looking at the variat ion of 
the fitted parameters  necessary to double to op t imum Z 2 
value (which is 6.35 in this case). One would then obtain 
o -g° = (25 _+ 15) nb and rr ~ = (232 _+ 55) nb. 

It  is worthwhile to ment ion that  the errors b rought  
by the uncertainty of the structure functions are much 
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Fig. 6. Ratio between the J / ~  production cross-sections in pp and 
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various ratios of the effective total cross-sections 
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Fig. 7. a Comparison between experimental values of the differen- 
tial J/O cross-section at y = 0 with formula (III.17), assuming the 
indicated effective total cross-sections. The data are taken from 
[8, 9, 16, 18, 26-29]. b Fits with different values of the total effective 
cross-sections 

smaller than the systematic errors. The best fit obtained 
with the structure functions of [10] yield 
a go = (30 + 1.9) nb and a qq = (227 _+ 19) nb, with statist- 
ical errors, i.e. very close to the values indicated above. 

It should be ment ioned that the y = 0 differential 
cross-section constrains the fit to large values of 0 qq, 

mainly because of the higher energy ( ~ s  ~ 50GeV)  
points (see Fig. 7). 
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Summariz ing the analysis up to now, the cross- 
sections for J / t )  product ion  in pp and p/~, integrated or at 
y = 0, appear  to require a mixing of the gg and qq pro- 
cesses. The best fit of all data  leads to G qq r~ 232 nb and 
G gg ~ 25 nb. The total 9g and qq contributions,  including 
the phase space factors, are approximately  in the ratio 1 : 2 

at , f s  ~ 20 GeV (where Igg/Iqq ~ 4). 

D. Dif ferential  cross-section f o r  p p  ~ Y / ~  + X 

Figure 8 shows the two existing sets of data  for 

= 20.5 GeV [8] and ~ = 23.7 GeV [9]. One has 
unfortunately to underline the inconsistency of the data. 
One would expect a broader  distribution in rapidity for 
the larger available energy, whereas the data  seem to 
indicate the contrary.  Furthermore,  integrated cross- 
sections differ by ~ 50%. One can however  look to the 
XF distribution to see what  kind of constraints it implies. 
In Fig. 9, we show the data  of Branson et al. [8] along 
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Fig. 8. Experimental data for the differential d/'O production cross- 
section versus the rapidity at pp c.m. energy equal to 20.5 GeV (open 
dots [8]) or 23.7 GeV (black dots [9]) 
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Fig. 9. Comparison of the data of Branson et al. [8] for the differen- 
tial J / ~  production as a function of xe, with (III.13) using the 
parametrization of Gli.ick et at. [10] and Morfin and Tung [7] 
(respectively denoted by G and M&T) for the gluon structure 
function (for the quarks, they are equivalent). Dashed lines corres- 
pond to pure processes (either gg or qq) and full lines to best fits, 
using mixed processes. In all cases, the total effective cross-sections 
give were determined to reproduce the experimental point at x e = 0 
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with the predictions of (III.13) (with the notation (IV.l)) 
assuming pure gg or pure qq processes. In both cases, the 
effective cross-sections a ~ or a qq have been chosen to 
reproduce da/dxF at x~ = 0, with aq~= 1077 nb and 
a~  164 nb, respectively. In differential cross-sections, 
the sensitivity to the structure functions parametrization 
is higher, because large xF imply values of x at which they 
are less precisely known (especially the gluon one). For  
this reason, we have also made the calculation assuming 
Gltick et al. [10] parametrization of the gluon structure 
function. In this case, ago = 203 nb. 

These a go and o "qg/ values are larger than the values 
quoted in Sect. IV.B, because the latter are determined by 
an overall fit of the excitation functions whereas the two 
points at x/~ = 20.5 and 23.7 GeV are lying above the 
general trend (see Fig. 2). Therefore, the differential cross- 
section data should not be used for determining the abso- 
lute values of a g~ and o -~, but the xv dependence may be 
used to constrain their ratio. 

If a pure qq contribution is assumed, the differential 
cross-section is largely overestimated at large xv. If the 
parametrization of Morfin and Tung is used, the pure gg 
contribution is definitely too small at large xv. Some 
mixing seems necessary; the a ~ and ~ producing the 
best fit are 85 nb and 510 nb respectively, with a ratio 
aoo/a q~ = 1/6 consistent with the one obtained in Sects. 
IV.B and IV.C. If the parametrization of Gliick et al, [10] 
is used, the pure gg contribution also underestimates the 
data at large xe. Here, the best fit is given by a go = 130 nb 
and a q~ = 390 nb, with a ratio ~rgg/aqgl = 1/3. 

It is perhaps not recommended to attach too much 
weight to the large xe points in this analysis, as they may 
be contaminated by the intrinsic charm contribution, if 
any. Nevertheless, if one restricts to xe < 0.4, it is clear that 
the xe shape of the data requires a mixing of gg and qq 
contributions. In this range of xv, the Morfin and Tung 
and Glfick et al. parametrizations are equally good. They 
give a ratio agg/a ~q which is consistent with the value 
obtained by our fit above. 

In Fig.10, we present the data of Antoniazzi et al. [9] 
and the theoretical curves, assuming either pure qq pro- 
cess, with q q =  1090nb, or pure gg process with 
a go = 139 nb (179 rib) using the Morfin and Tung (Gliick 
et al.) parametrization of the structure functions. The 
conclusions are qualitatively the same as for the Branson 
data [8], with however a larger importance of the gg 
process. 

In conclusion, the large xv data seem to favour the 
Morfin and Tung parametrization. However, better (and 
consistent) data and a better understanding of the intrinsic 
charm effects are needed before drawing definite con- 
clusions. The data at small and moderate xv are consistent 
with the agg/(~ qq ratio indicated by our best fit. 

E. ~ '  production 

The existing experimental data for the O' / ( J /O)  ratio for 
the total cross-section or the differential cross-section at 
y = 0 are given in Fig. 11 (for the p/~ case, this figure is only 
an indication, since the data are very poor). Roughly 
speaking, this ratio is approximately equal to 0.1. Figure 

p p ~ J / q J  + x  
1000 . . . .  , . . . . . . . . .  , . . . .  , . . . .  , . . . . . . . . .  , . . . .  
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F 

Fig. 10. Same as Fig. 9 for the experimental data of 1-9], using the 
indicated effective cross-sections and structure function parametriz- 
ations 
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Fig. 11. a Experimental data for the ratio O ' / J / t ~  in pp collisions. 
The open dots  refer to the differential cross-section at y = 0 and the 
b lack  dots  to the total cross-sections. The data are from I-8, 9, 18, 25]. 
Full and dashed thin lines correspond to the ratio of y = 0 differential 
cross-sections (issued from (III.16) for ~ '  and (III.t7) for Y / 6 ) ,  for 
pure gg and qq processes respectively. Ful l  and dashed  th ick  lines 
correspond to the ratio of total cross-sections (issued from (III.2)-for 
O'-over (III.4)- for J / O - ) ,  for pure gg and qq processes respectively. 
Ratios o~6h 'Wo~g ' t~  = 1/5 (for pure gg processes) or 
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q ? /  ~ q ? / , t o t  rZfr( r ) / a f  r ( Y / ~ )  = 1 / 6  (for pure qq processes) are used. b Same 

as in (a) for the p/~ collisions. Data  are from [8, 25, 31]. Same values 
as above have been taken for the ratios crag (,I,'~/r176 and 

e l f  ~ w  ] !  e l f  ~ / ' t ' ,  

o-qrl (dt'~/~yqrl,tOt{d/ib~ 
e f f ~ ' r  / ]  e f f  \ / ~ ' "  
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1l also shows that the (smooth) variation of this ratio 
parallels the one of Igg(O')/Igg(J/O), (dI~g((/)/dy[,=o)/ 
(dIgg(J/O)/dyly=o), Iqq(O')/Iq4(J/~b ) and (dIqo(O')/ 
dy ]y = o/(dlqa(J/O)/dy ]y = o). This suggests that, within the 
(large) experimental uncertainty, the effective cross-sec- 
tion for the @' production and the effective total cross- 
sections for the J/t~ final production are roughly in the 
same ratio. Assuming pure 99 process, the ratio 
aog(~')/aog(Y/~) should be of the order of 1/5. Assuming 
pure qq process, one gets similar results with a ratio 
aq~(t)')/~rq~ of the order of 1/6. Note that only one 
effective cross-section ratio is needed to reproduce at the 
same time total and differential results for the pp and p~ 
reactions; this consistency reinforces the confidence we 
have in the effective cross-section picture. 

Also for the pure qq process, note from Fig. 11b the 
higher O'/(J/O) ratio in p/~ reaction compared to pp 
reaction, due to a flatter behaviour of /_qP~ compared 
to Iq~ (see Fig. 5) and so, a value of PP ' pr Iqq(lfi )/Iqq(J/lfi) 

p p  t p p  higher than Iqo(O )/ Iqo(J/q  ) (the same explanation 
holds for the differential production at y = 0). We see here 
a way to possibly disentangle qq from gg processes in ~'  
production, as soon as better data are available. 

F. J/O production via the Z's 

In some cases, this production cross-section has been 
measured by the detection of a 7 (within the required 
energy range) in coincidence with the dilepton resulting 
from the decay of the J/O. Figure 12 gives the existing 
data and underscores crually the lack of good quality 
data. 

If one assumes that the Z is produced by gg contribu- 
tion only (which is an assumption stronger than the ones 
which constitute our general framework), one may write 

rT(Z ~ J/O + 7) rY~176 --+ J / ~  + 7) 
o-t~ agg(J/~)Igg('cj/,o) q- oqq(J/~J)Iqq("cj/O)" 

(IV.3) 

In the energy range considered in Fig. 12, this ratio is 
about 0.3. The branching ratio (averaged for X, and Z2) 

0.75 

0.5 

0.25 

0 2() 

o(z-q/q + ~') 
~toto'/v) 

dcr(%--)l/~ + ?)/dY ]y=0 
o 

d~t~ ] Y=0 ! i 

t ! 
30 40 50 60 

fg (GeV) 

Fig. 12. Experimental data for the fraction of J/@ production 
coming from the Z. The open dots refer to the differential cross- 
section at y = 0 and the black dots to the integrated cross-section. 
Data are from [12, 29, 32, 33] 

0.2. Using the previously determined value of aog(J/t~ ) 
and qa.(J/t~), one finds roughly agg(Z ) ~ 173 nb around 
x/s  v 20 GeV. (This in fact can be viewed as a lower 
limit). In the frame of the same hypothesis (adopted in the 
two gluon fusion model), the Z --+ J/O + ~ contribution to 
the effective cross-section a go for J/O production is given 
[-see (III.5)] by 

ag~ ~ J/O + 3;) : ag~ BR (Z --+ Y/~  + 7) 

x Iog(zz)/Io,(rs/,p). (IV.4) 

Numerically, for , ,~  ~ 20 GeV, this cross-section 
amounts to ~ 24 nb, close to our best fit value. 

G. Summary 

In conclusion, adopting as few assumptions as possible, 
we have determined from the excitation functions of total 
pp and/~p cross-sections and of the y = 0 pp differential 
cross-section, that the best values of the effective total 
cross-sections for the qq and gg processes are 

~qrt(J/t~) "~ (232 _+ 55) nb, rroo(J/~) ,,~ (25 + 15) nb, 

(IV.5) 

with statistical and systematic errors. The rest of the data 
helped us to give independent error bars on the ratio 
a~ q~ Unfortunately, the low quality of the data is such 
that we were only able to determine that this ratio lies 
between 1 and 1/10, i.e. consistent with the result (IV.5). 
We stress that this conclusion has been reached by the 
simultaneous analysis of all data and without recourse of 
any detailed dynamical model. As a consequence, the 
effective cross-sections include all the successive steps of 
meson production, including colour neutralisation and 
final decays. In the next section, we will attempt to extract 
the primordial cross-sections at one energy. 

Our analysis points to a large qq contribution, partly 
because they include the y = 0 pp data at ~ > 50 GeV. If 
these points had to be ignored (they are rather old data), 
the (7 qq value would nevertheless still be twice as large as 
the a gg value. In other words, the qq contribution seems to 
be larger than what it is sometimes suggested. In particu- 
lar, this seems to disagree to recent (9(@) QCD calcu- 
lations [34-36]. Reference [36] predicts a gg ~ 160 nb and 
a qq ~ 4 nb. However, one has to underline that this refers 
to xf~ = 100 GeV, substantially larger than the typical 
energies ,,/7 = 10 30 GeV, that we were looking at. 

The poor quality of the experimental data does not 
allow to be very precise in the conclusion. The extraction 
of the (mainly gluon) structure functions cannot be per- 
formed in such a situation. However, we have seen that 
integrated or small xF cross-sections are not very sensitive 
to the structure functions (in the range where they are 
badly known). Therefore, the strategy is well defined. As 
soon as good data are obtained on integrated or small 
xv cross-sections, one will be able to determine the a q~ and 
a gg accurately and ultimately, the structure functions 
could be determined by the analysis of good large xv data, 
provided the contribution of intrinsic charm is clarified. 
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V. Primodial production of charmonium states 

From (III.3) and particularizing to the charmonium 
states, one may write using (average values of) branching 
ratios given by[11] 

O-t~ / O ) = a~,,( J / O ) + 0.273%~m(Z~) + 0.135%~m(X:) 

+(0.57 + 0.08 x 0.273 + 0.08 • 0 .135)qpr im(0 ' )  

(V.1) 
or  

o - t~  ) = O-prim(J/O) + 0.2730"prim(Z1) + 0.315aprim(Z2) 

+ 0.6 O-prim(O') (V.2) 

and 

O-'~ = 0.4 %~im(0')- (V.3) 

The last two terms of the parenthesis in (V.1) account for 
the decay 0'  ~ (Z1 ,Z2) ~ J/O. We have neglected the un- 
known possible feeding from heavier charmonium states. 
That is presumably justified by their large widths for DO 
decay. The cross-sections (V.2) and (V.3) are the cross- 
sections which would be obtained by measuring the 
abundances by all the decays of J/O and 0'  except for the 
ones which are explicitly indicated. What is actually meas- 
ured is the cross-section for some dilepton decays.The 
measured cross-sections are then related to the above ones 
by 

a<,(J/O) = BR(J /O  ~ l'f) a'~ (V.4) 

and 

aa~,(O') = BR(O' ~ ll) O'prim(0t ). (V.5) 

The cross-section for the Z -+ J/O + ? decay is given by 

Crdi,,,(Z -+ J/O?) = BR(J /O  -+//)o-(Z ~ J/OY) (V.6) 

with 

O- (Z ~ J/OY) =- [0.273 O-p~im(Z1) + 0.135 O'prim(X2) ] 

+ 0.03 O'prim(O' ). (V.7) 

For later purpose, we rewrite (V.2) as 

O-t~ = O-pr im(J/0)  + O-(X ~ J /O?)  + O-(O '---+ J / O )  

(v.8) 

with 

a(O' ~ J/O) = 0.57 O-prim(0')' (V.9) 

There are only two energies where the three quantities 
(V.4)-(V.6) have been measured, and only one with 
a good accuracy, namely [11]. At this energy 
(,,/s = 23.7 GeV), one has, 

aP~(0 ' )  - 0.14 + 0.04, 

O-(Z ~ J/O?) _ 0.30 + 0.04. (V.10) 
a'~ 

With these numbers (we quote average values only), we 
obtain with the help of (V.8) and (V.2) 

O'pr im(J /0  ) = 0.617 O-t~ ), 

O'prim(0' ) = 0.140 ~ ; t ~  ), 

0-2730-prlm(Z1) + 0.135 aprlm(X2) = 0.296 at~ ). 

(V.11) 

If, like in the two gluon fusion model, one assumes 
%~im(Zl) = O, one then obtains O-p~m(Z=) = 2-19a~~ 
If, alternatively, one assumes that O-p~im(Z1)= (rprlm(Z2), 
one obtains ap~im(~l)= april(Z2)= 0.74 O-t~ ). One 
can also extract 

~ -+ J/O?) = 0-30at~ (J/O), 

(7(0' ~ J / O )  = 0.08 O-t~ ). (V.12) 

These results agree with the number of [12], which carried 
essentially the same analysis. 

Having a measurement at only one energy at our 
disposal, we cannot extract the quantities o'iJeff of (III.2) 
from the O-prim without further assumptions. For the sake 
of illustration, if we assume that the primordial J/O pro- 
duction proceeds through qc] only (which might be consis- 
tent with (V.11) and our analysis of Sect. IV), we may 
write 

O-ef t ( J /0 )  qgt(J/O). (V.13)  U p r i m ( J / 0 )  = qr/ I z 

At , ~  = 23.7 GeV, Iqq('Cj/O) = 0.343, and we find 

c;qe~ = 2.92 %r~m(J/0) = 1.8at~ (V.14) 

Assuming the primodial 0 '  production proceeding 
through qc7 also, one finds (with Iqo(ro,) = 0.239) 

qq t O-eff(O ) : 0 .59 o- t~  ). (V.15)  

If we now assume that the primodial Z formation proceeds 
through the gg channel only, one finds (with 
Iog(~x) = 1.32) 

1 gO at~ ( J /I]l ) (V.16) 
O-eff()~Z) -- 0.60 + 1.22r " " - "  

and 

t" 
gg --  o't~ (J /O) ,  (V.17) 

O'eff()~l) 0.60 + 1.22r 

gg gg O, If t " =  Gprim(Z1)/o-prim(•2) = O'eff()(1)/O"eff(Z2 ). For r = 
gg O-eff(Z2) = 1.66at~ (J/O). With the total J/O production 

quoted in [9], namely O-t~ ) = 286 _ 60 nb, one ob- 
tains (with the assumption quoted above) from (V.14) and 
(V.15) q~ ~  ) ~ 515 nb, O-q~f(0') ~ 169 nb, and with no 

go 475 nb. However, let us recall primordial Zl, o-r ~ 
that the value quoted in [9] lies a factor 2 above the 
general trend (see Fig. 4). The effective cross-sections 
should then be corrected accordingly. If we take for O-tot 
the "general trend" cross-section, given by (III.5) and our 
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best values for c os and c qo, i.e. 160 nb at ~ = 23.7 GeV, 
one has: 

qq q~/ 
O'eff (J / t ) )  ~ 288 nb, O'eff(t) ) ~ 94 nb, (V.18) 

and with no primordial Z,, 

gO O'eff()/2) ~ 266 nb. (V.19) 

One may check whether these numerical values and the 
assumptions which enable us to determine the effective 
cross-sections (V.18)-(V.19) are reasonable. Indeed, we 
can reconstruct the quantities tyqq(J/t))  and a~o(J/t)) by 
using (II1.5). One has in this case: 

~ ( J / O )  ~ ~ ' -~- O 'ef t (J / t ) )  -}- 0 .6aef f ( t )  ) - -  

and 

Iqq('Cq,,) ~ o.tot(j/~] ) 

(V.20) 

0g 0.135a~f()~2)) ~ - - ,  a°g(J/O ) = (0.273 ceff()(a ) + 
log('Cj/O) 

0.15 at°t(J/t)). (V.21) 

Using the numerical values (V.18) and (V.19), we get 

aqq(J/t)) ~ 328 nb, og°(J/t)) "~ 24 nb. (V.22) 

It is reassuring to see that the ratio a°g(J/t))/cqq(J/t)) 
obtained from the multi-resonances production analysis 
are at one energy (namely ~ 1/13) at .x/s ~ 23.7 GeV) is 
not far from the value obtained in Sects. IV.B and IV.C, 
from the J/t)  production analysis over a wide range in 
energy (namely ~ 1/6). However, the observed resaonable 
discrepancy probably indicates that the primordial pro- 
duction of all the resonances also proceeds through both 
g(¢ and qc] channels. The combination of the analysis of 
Sect. IV and the one of Sect. V at various energies would 
determine the values of cr~ff for any pair {i,j} and provide 
at the same time a consistency check of the parton model, 
as embodied by the equations of Sect. III. 

VI. Discussion 

In this work, we have tried to separate the gg and the qc] 
contributions in charmonium production by pp and p/5 
reactions in a manner which is as less model-dependent as 
possible.Of course, a minimum number of assumptions 
were necessary. Let us recall them: (1) interaction of two 
initial partons only; (2) no intrinsic charm effects; (3) 
colour neutralisation does not affect the energy 
momentum flow; (4) no internal wave function effects. 
These assumptions allowed us to write the total cross- 
section (including decay of unstable resonances) in 
a closed form which separates the effective cross-sections 
for the gg and qc7 channels from each other and from the 
phase space integrals. These features, the different energy 
variation of the phase space integrals in both channels and 
for pp and p/5 reactions and the simultaneous fit of the 
whole body of data permits an extraction of the effective 
cross-sections. 

Before reviewing the results, let us discuss the assump- 
tions above. The first assumption is quite reasonable and 
generally accepted. In perturbative QCD calculations 
within the parton model, the interaction of three initial 
partons appears at one order higher in the perturbation 
theory. The second assumption is debated in the litera- 
ture. It is sometimes argued that the intrinsic charm is 
necessary to explain the A-dependence of the production 
cross-section on nuclei [13-15], but at a low level anyway. 
The third assumption is the most critical one and there is 
no real indication, except in very specific models, of its 
validity. Our philosophy is to take it as a real assumption 
and to see whether it allows to describe the data. The 
removal of the fourth assumption would destroy the fac- 
torization between dynamics and phase space. However, 
this removal is not expected to modify the calculated 
cross-sections very much, for the J/t) at least. Therefore, 
we believe that this assumption does not introduce an 
uncertainty on our results larger than the one dictated by 
the accuracy of the data. We insist, however, on the fact 
that our analysis does not rely on a specific dynamical 
model (beyond the parton model of the hadrons): lowest 
order QCD, higher twist, detail of a possible neutralisa- 
tion process,... 

The total effective cross-sections [quantities entering 
(III.4)] have been determined to be 232 nb and 25 nb for 
the qc] and the gg channels, respectively. The errors are 
given and discussed in Sect. IV. The importance of the 
channel contributions themselves, obtained by multiply- 
ing by the respective phase space in_tegrals, are approxim- 
ately in the ratio 2:1 around , /s  ~ 20 GeV. At larger 
energy, the 9g contribution gradually dominates. There 
are also some indications that the effective cross-sections 
for the t)' production and the J/t) production are roughly 
in the ratio 1/6. 

The measurement of the t)', the/~ --* J/t)  and the J/t)  
production at one energy allows for the reconstruction of 
the primodial cross-sections and for the evaluation of the 
t)'--' J/t), Z--+ J/t) contribution to the J/t)  production. 
For the last case, our result agrees with the analysis of 
[11]. These kind of measurement made at several energies 
would allow to disentangle the qc~ and g9 importances for 
the primodial production and would constrain model 
calculations. As an indication, we have given some num- 
bers for O'eff,iJ assuming q~l contribution only to the 
primodial J/t)  and t)' production and gg contribution 
only to )<. In fact, the comparison between the numerical 

~ with relation values of ~,-i~'t°toff , build from values of aef f 
(III.5) [cf. (V.24)]: a~wt(J/t)) /cq~t°t(J/ t))  ~ 1/13) with 
those extracted at (IV.5) a og't°t qg:/,tot eff ( J / t ) ) /Ce f f  (J/O) ~ 1/9) 
indicates that these assumptions are not totally valid, even 
after removal of the local accident in the measured total 
cross-section (that we mentioned above), which changes 
nothing on the ratios. Moreover, let us recall that 

qg/,tot j O'ef t ( / t ) )  (named simply crqo in Sect. IV) is ~ 232 nb, 
whereas the indicated q0 O-eft(J/ t))  is of the order of 288 nb 
[cf. (V.18)]. Altogether, this probably means that the 
primordial J/t)  is not solely made by qcl and involve gg 
fusion (with some neutralization process) as well. 

As we discussed in Sect. V, the extraction of o "qq and 
a go are practically independent of the details of the struc- 
ture functions. The latter could in principle be constrained 
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by look ing  at  the large xF dependence  (and poss ib ly  at  low 
energy): A l though  the d a t a  are  not  of  a good  qual i ty ,  it 
seems tha t  the pa r ame t r i z a t i on  of Mor f in  and  Tung  is 
a lit t le bi t  more  a d a p t e d  to this large XF region.  An 
obvious  extension of our  work  would  be the analysis  of 
the re-proton d a t a  in o rde r  to put  some cons t r a in t  on the 
p ion  s t ructure  functions.  
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