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1. - INTRODUCTICN

First results on the reaction 7 p + Y + X have recently been presented by
the NA3 collaboration at CERNl). Several theoretical explanations for its pro-
duction mechanism have been analyzed in the framework of perturbative QCD assuming

the non-relativistic approximationz)’3)

for the heavy quark bound states. The
main conclusions of these studies are: (W production at SPS energies is, to a
significant fraction, described by the subprocesses qq/gg + Y, although a slight
discrepancy with the data persists. The production of BE intermediate states

with their subsequent decay into 's wmay, however, be ignored.

The clean experimental signature for a final state i pair, as well as the
simple parton kinematics, which is fully determined as soon a&s the 1 momenta are
fixed, allows an event-by-event study of the constituent dynamics; the { may be
considered as a probe of the strong interactions. If, at higher energies, heavy
(B~) meson production should be significant, the Yy final state will also sig-~
nal this fact.

Based on the above considerations, we consider it fruitful to carry out an
analogous analysis of W production at collider energies in order to cbtain a
cross-section estimate,; some hints on the kinematical distributions, and, most of

all, on the separability of the different production mechanisms.

In the following, we consider "direct" W production by gluon-fusion and
aq annihilation, and evaluate the characteristics of several B production
mechanisms which, at these energies, could very well be of egqual importance. The
integrated cross-sections expose the relative size, and the rapidity-, transverse
momentum-, and Y mass distributions indicate possibilities how experimental

emphasis can be placed on one or the other subprocess.

Qur analysis is based on simple models which should become more and more
valid as the guark masses grow, We therefore determine the dependence of the
cross-sections on the gquark masses, thus obtaining predictions for (W and

possibly higher-mass bound states.

In Section 2, we give the parton cross-sections of the considered constituent
processes. We expose the angular dependence of the differential cross-sections
and point to the fall-off of the integrated cross-sections with increasing sub-
energy. In Section 3, the integrated hadron cross-sections and the characteris-
tics of the kinematical distributions are presented. In Section 4 we focus on the

dependence of the heavy quark masses, and Section 5 closes with the summary.



2., - THE PARTON CROSS-SECTIONS

We introduce the parton subprocesses for i production, give formulae for

their cross-sections and expose their angular and energy dependence.

Our analysis is carried out in the framework of perturbative QCD, taking
graphs of order O(a;)—O(a;) into account. The sets of graphs for the different
subprocesses, as exposed in Fig. 1, were explicitly verified to satisfy gluon
gauge invariance. The "“direct" Y production consists of gluon fusion (Fig. la)
and g annihilation {Fig. 1b) to produce a (charmed quark) cc pair which, via

hard gluon exchange, creates another ¢c pair.

A significant fraction of the {0 events has been suggestedh) to originate
from BE production with subsequent inclusive B (=bg) meson decay to a .
The size of the cross-section for BE production and the branching ratio
BR(B + ¢ + X) determine the rate. We have analyzed several mechanisms. The
most simple B production is given by the lowest order graphs for gg/qq + bb
(Fig. lc); B meson formation follows from soft ¢ quark association where the

inclusive b » B transition probability is assumed to be unity.

We also wonder about the cross-section size of exclusive B meson production,
We therefore reconsider, in close analogy to "direct" production, the processes
of Figs. la and 1b where cc and associated qg production is assumed. Ve are
aware that the use of perturbative QCD is less well justified and that we have
limited ourselves t¢ a subclass of graphs. We nevertheless believe that such

evaluations will give useful order of magnitude estimatess). '

In cur earlier analysis3), we noticed that (bg) recombination is likely to
be an important mechanism for exclusive B meson preduction, We therefore also
analyze the importance of the "double recombination" process qq + BFEF + A,

as shown in Fig. 1d.

The production of an exclusive B meson via (single) bg recombination, as
suggested in Ref. 2a), is shown in Fig. le. Subsequently, recombinaticn between
the b quark and the {fast) valence quark q of the projectile hadron takes
place. The remaining B quark associates with a soft g quark. The dynamical
distributions of this model were shown to be compatible with the dataza); in

particular, a leading B meson and a slower B meson are expected.
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In our investigation, we are also concerned with the size of the background
as compared to the actual process under study, inclusive (W production, which
is traced by the leptonic 1 decay modes. We will therefore also evaluate the
parton crosse-section of the constituent process gg - w([*u+u_) - y*([}p+u_) as

shown in Fig. 1f, and determine its relative importance in pp collisions.

The considered subprocesses are thus:

{1}, (2) : g2/qq + U ("direct"™ = g fusion/annihilation)

(3), {4) : gegfqq + bb + U (lowest order inclusive)

(5), (6) : gg/qq = B(P)E(F) + W (exclusive = g fusion/double recombination}
{n : ag - BrE + {0 (recombination)

(8) : ge + Uy* (background)

where the B meson produced via recombination is given the index r.

In our subsequent calculaticng, the Y{cc) and B(bg) mesons are treated
as non-relativistic bound states, This approximation has led to sensible results
in the mass spectrum6), and is often used for cross-section estimatesS). Each of
the quarks carries the fraction éi z (mi/M) of the meson momentum P. The
consequences of such assumptions have been analyzed earlier in Ref., 7). The set
of gauge invariant graphs for each of the various subprocesses is indicated in
Fig. 1. We have explicitly verified gluon gauge invariance, For the description

of the non-relativistic bound state and the evaluation of parton cross-sections,

we refer to Ref. 8). The longitudinal component of the gluon polarization vector
was eliminated by the transverse projector as shown in Ref. 9), and the spin
traces were carried ocut by the computer program SCHOONSHIPlO). We have averaged

over all initial and summed over all final colour states.

The parton cross-sections for "direct" W production via gluon fusion

(Fig. la) and qg annihilation (Fig. 1lb} are given by

4
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where y = (t+3)/28, =z = (t-(}/28 and M, is the U rest mass. V(o)
bound state wave function at the originll).

is the
The ceoefficients Cn are defined
in the Appendix, Eg. (A.1). For the parton cross-sections of gg/qq + bb

(Fig. 1lc), we refer to Ref. 12).

Analogous evaluation of Figs. la and lb for BE production leads to

2 l“*“ﬂ IAFnﬂ 6 o4 2?2 ff1ﬁ62)

e ()= () BT WL BBT
(A

cl« (1 BB)‘@(’**'«S) " 1ol [l (}_l_) atfdnt)

Ma Mg

where ti = mi/MB takes care of the mass difference between the u and the b

quark, The functions F(O)... F(q) are defined in Egs. (A.2) - (A.5).

The parton cross-section of the "double recombination™ process

ag =~ BB
(Fig. 1d) can, with approximations, be cast in the form
)
0‘0,( ) 2 HHP :zo Z C
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where the functions C'® ape listed in (A.6).
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The parton cross-section of the (single) recombination process g + BPB
(Fig. le) is simplified to the form

o LI ("%
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where the coefficients C(n) are functions of U = §/M§, W= Vul with
V= E/Mé, and ii = mi/MB represents the mass ratio for the heavy and light

quarks. The functions ¢€(n) are listed in (A.7}.

The parton cross-section for the background process gg + ¢ + v¥(Q?)
(Fig. 1f) reads:

f (3-4) = (&) m)z ll” 1

(¢} %)

...cl are listed in (A.9). 1If, in addition, y™y~
pair production is considered, the cross-section has to be multiplied by the
¥ » u'y” branching ratio and the factor

BR( Y fl’?")n= (3_,:"_2"‘“—,_——, ) (2.8)

describing lepton-pair production by the off-shell photon,

where the functions C

The wave function at the origin (0} is for the { meson determined by
the | + e'e” decay width Ty

L M"‘TZ
WMI = J—~—-—-——- = 6.039,7- (2.9)
ool

e, iz the charge fraction of the charmed quark.
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For the B meson its value is different. HNon-relativistic model calculations
reveal |$(0)]|? ~ u3/(2+v) where u is the reduced mass of the two-quark systemll)
and 0.1 < v < 1., Thus we may expect moderate variation in the mass range we
consider, leaving subsequent insights pratically unchanged. In the subsequent
numerical evaluation, we set oy = 0.3. We compare the shape and size of the

13)

parton cross-sections for Y@ production, assuming BR{B+y+X) = 0.0l for

the B Dbranching ratio,

In Fig. 2, we expose the differential parton cross-sections dﬁ/dE at

§ = 200 GeV2. For the subprocess gg > yf it rises with falling t toa flat

plateau of d&/dE Y 6.10"39cm2/GeV2, and decreases again towards the wide angle

phase space boundary. In gg ~ (W, we find a dip of a factor 5 in the inter-

mediate £ range; a maximum point thus appears in the upper and the lower £

region. However, as the centre-of-mass energy grows, a strong rise in the for-

ward and backward regions develops. The subprocesses gg/qq + bb + db lead
Tem?/Gev?, with

a valley in the intermediate t region of a factor 4.5 for gluon fusion, and a

to a relatively flat angular distribution around ag/dt A 107

factor 1.3 for qg annihilation. The exclusive B formation gg + BE = ¢

is one and a half orders of magnitude below "direct™ 4 production, roughly;
it also vanishes at the phase space boundaries. The analocgous qq annihilation
process (Fig. 1b) is very small and its characteristics are therefore no longer
pursued. The fouble recombination process qq - Brgr + ) decreases steadily
with falling t. The B(bJ) recombination process ag - Br+5 -y 1leads to
similar characteristics; it lies a factor 10 above the former process and its

t decrease is weaker, As [E[ > 0, it reaches ~ 107°°cm?/Gev? and does

net diverge.

In Fig. 3, we expose the energy dependence of the integrated parton cross-
-3
sections. After the pronounced threshold onset reaching > 3.10 scmz, the
"direct" processes gg/qq + Y [(1), (2) in the earlier list] decrease rapidly.

The thresheold onset of all other processes is less pronounced or even extended

(Process 6). At & = 200 Gev?, typical cross-section values are:
-~ ~ ~ ~ -36
vi ) U; = 30 0'5. = 40 o
-35 (2.10)

30@5 Z 1 cam?
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where the index numbers refer to the earlier listed subprocesses. With increasing
§, the cross-sections either remain almost constant (processes 3,4,7,6) leading
later to a §—1 decrease, or decrease more rapidly as §_3. The exclusive ang
inclusive production modes are related by a reduction factor which is determined

in e'e” » BE. The exclusive B production is described perturbatively (analogous
to Fig. la) 7), whereas the inclusive B production is given by e'e” + bb. The

"branching ratio" for the exclusive b + B transition

frels Mmﬂz M
BR(L-B) = [ & = ‘3—] = 0.4 dg (2.11)
: 3 fw%s

is evaluated in the threshold region. Assuming ag = 0.3, we expect a factor
10”° suppression if the cross-section size of subprocesses (3), (4) and (7), (8)
is compared. The recomblnation subprocess does not follow this pattern since
the exchange of a soft gluon is involved, which causes a strongly peaked angular
distribution., Similar arguments apply to the double-recombination process (6).

Its slow threshold onset, however, permits a comparison only at higher energies.

We add here a few remarks on the relative size of the QCD graphs in specific

subprocesses, assuming that they are evaluated in the Feynman gauge.

The subprocess (6} (Fig. 1d} is fully dominated by the two shown graphs,
whereas the contributions of all other graphs (squared amplitudes and interference
terms) lie orders of magnitude below. This statement holds true in the region
of the threshold onset, as well as for higher and even very large 5§ values.

With the above approximation, one finds in the threshold region a factor 1.5
discrepancy at most,

The subprocess (7) is fairly well represented by the first and the third
graphs in Fig, le, since the additional &5 dependence in the denominator of
the "u~channel™ graph (second in Fig. le) depresses its influence by orders of
magnitude.

The parton cross-sections in Egs. (2.5) and (2.6) are obtained by assuming
these simplifications. One should bear in mind that they were obtained by
choosing a specific gauge.



3. - HADRONIC (1 PRODUCTION

The integrated cross-sections for (W production in pp collisions and
the kinematical distributions of the different producticn mechanisms are exposed

in this section.

In order to determine the hadronic ynp production cross-sections, we fold
the parton cross-sections with the scale independent parton momentum distributions.
The valence and sea distributions of the proton are those of Ref. 14). The coun-
ting rule power of the gluon distribution in the nucleon is n, = 5. The choice
of the parton distributions and in particular their behaviour at emall x wvalues
considerably influences the size of the hadronic cross-sections. The absolute
value of the integrated cross-sections can therefore vary within a factor three
according to the particular choice. The relative difference between the various
constituent processes is, however, much less affected. The main features of the
differentizl distributions remain almost unchanged by this ambiguity. We have
explicitly verified that in the mass range we consider, scaling violation does

not affect the results in a crucial way.

In Fig. &, we show the energy dependence of the integrated cross-sections

following from the constituent processes (1)-(8). Several characteristics are
ocbserved:
{a) At /S = 540 GeV, the dominating constituent mechanisms for | pro-

duction are: gg + P, &g > b0+ PP and gg » BPE + Yy, They are roughly
of equal size: o~ 4,10 %%cm?, leading to an estimated overall cross-
section of Oyp 2 10733%cm?. Since all processes are initiated by anti-
quarks or gluons, one may not expect substantially different rates by
choosing different hadrons in the initial state. Since the rise {(or level-
ling off) of the curves is significantly correlated with the low x
behaviour of the momentum distributions, one may not expect a significant

rige of the (W production rate by going to even higher energies.

{b) Our model calculations indicate (at s = 540 GeV) that a substantial
fraction of the | events originate from bb  production with conse-
quent b+ y + X decay. The significance of such a mode of production
has been evoked earlier (though at lower energies)q), and now finds 1its
likely realization at collider energies. We furthermore notice that the
recombination process {7) is of considerable importance, although the
uncertainties due to the size of the bound state wave function at the
origin, together with the simplicity of the model, should be kept in mind
nere. Exclusive BE production with subsequent B =+ ¢ + X decay may be

ignored as compared to the inclusive production modes.
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{c) At lower ensrgies /3 < 40 GeV), "direct" W production via the con-
stituent processes (1) and (2} dominates, whereas the other investigated
processes may be ignored. All mechanisms for inclusive b production
[{3), {(4) and (7)] lead to roughly the same cross-sections in the lower
energy range.

{d) In order to get an estimate of the size of the background, we have deter-
mined the size of the integrated cross-section following from the consti-
tuent process gg + ¢(L,U+U_) + y*({}u+u_) + X, which acts as one of the
main background sources to w(L*u+u-) + w([*u+u_) production. In order
to expose the relative size of the cross-sections, we show in Fig. 4, by

curve 8, the quantity

i

e (')\’( _ A{\ % ) [-l—]l
O:H* bp> Mff‘f- ?{L’r"r*' BR () (3.1)

We thus conclude that this background process is quite small, though it
is still more important than i production via the exclusive BE

production modes.

In Fig. 5, we show the (centre~of-mass) rapidity distribution of one single
U. The relative gize of the integrated cross-sections is again found in this
distribution. During a relatively wide y range (-2 Ly, £+2}, it is flat
without much variation and shows the typical fall-off for v, > 2.5. Note in
particular that in this region the two subprocesses gg/qq + YW become of equal
importance, whereas the influence of the subprocesses (3) and (4) diminishes.

In Fig. 6, we illustrate the cross-section behaviour for increasing Py
After the initial rise, the subprocesses (1) and {2) reach their maxima around
Py v 1.2 GeV, and subsequently fall off exponentially., The maximum point for
the subprocesses (3) and (4) is at P, v 2.5 GeV and the fall-off with increas-
ing Py is slow, By imposing a Py cut-off at [ 3 GeV, one can therefore
fully eliminate the "direct" constituent processes (1) and {2), and focus on the
W production modes via the B meson.

The double rapidity distributions in Figs. Ta-Tc expose the correlations
between the two ('s., Consider Fig. 7a, where yy =0 and y, = variable is
imposed. Beyond ¥, > 1.5, the cross-section is dominated by the constituent
processes (3) and (7), thus the "direct" production modes are eliminated by this
constraint. At y, ~ 0, the "direct" and b quark production modes are expected
to be of equal importance. Choosing instead ¥; = ¥y, as shown in Fig. Tb,
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"direct™ 3 production is favoured at largée rapidities (y, > 3), since W
production bends off earlier and faster towards small cross-section values via
the b quark. For all constituent processes, the rapidity distribution here is
almost constant over a long y range. The constraint y, = -y,, with the cross-
section predictions given in Fig. 7c, reveals a predominance of the constituent
processes (3) and (7) already at gquite low rapidity values (y, > 0.75). Com-
paring Figs. Tb and 7c, one notices that the two Y's emerge more favourably
in the same direction than with their momenta pointing in opposite directions.
This is easily understocod by the fact that the quark masses may be ignored as
compared to the available CM-energy, and consequently any Lorentz transformation
from the constituent CM-system to the pp CM-system bends both 's either

forwards or backwards.

In Fig. 8, we show the differential cross-section as a function of the rapi-
dity of the ) system. The characteristics of the curves are very similar to
those of Fig. 7b, where vy, =7V, is imposed. At large v,, in particular, the

rdirect” Y production mechanism dominates.

The distribution in the invariant mass of the Uy system, illustrated by
Fig. 9, is an excellent means of focusing on the "direct" or the "B meson"
production modes. If i ¢ 9 GeV is imposed, the constituent processes gg/qq +
> |y dominate Y production, whereas at MW¢ > 11 GeV the subprocess gg -
+ bb + ¢y is most important, with the recombination process ag + BFB +
being of roughly equal size. The differential distribution do/dM exposes essen-
tially the § fall-off of the integrated constituent cross-sections as shown in
Fig. 3. By measuring the MIlJIIJ distribution, one determines thelr fall-off:
&~ 8% const, since the variation due to the parton momentum distributions
is in the & threshold region of minor importance. One expects n = 3 for the

ndirect" processes (1) and (2) and n = 1 for the {y production via the B meson.

We have also defined the XF

double { production, and conclude from this analysis that they do not allow

distributions (instead of v¥) of single and

for a good distinction between the various production mechanisms,

4, - QUARK MASS DEPENDENCE

In the preceding sections, we have determined the cross-sections for heavy
mescon production in pp collisions based on low-order QCD models where all
quarks are on-shell. One of the characteristics of these models is hidden in

their dependence on the heavy quark masses which we aim to expose in this section.
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Choosing /5 = 540 GeV, we have determined the variation of the different
cross-sections contributing to pp > v + X as a function of the heavy quark mass
m. in the case of "direct" § production [processes (1) and {2)], and as a

function of the heavy quark mass m,_ in all other constituent processes., All

other parameters are kept fixed forbthe mement. In particular, we exclude any
variation of the bound state wave function at the origin V(o) 1%, and do not
allow for any M dependence in the running coupling constant. We have further-
more ignored the scale dependence of the momentum distributions which at lower

masses is a valuable approximation.

The results of this analysis are presented in Figs, 10-12 (dashed curves).
Instead of the heavy quark mass, we have varied the mass of the produced meson
M. For "direct"” ¥ productien (Fig. l0a), a strong decrease is observed, since
two pairs of ¢ quarks must be generated. The propagator denominator of the
hard gluon line, responsible for the creation of the second ca pair, is at the
origin of their rapid decrease. As a result, the cross-section for W produc—
tion, or quark-antiquark bound states of even higher masses, will be almost un-
measurably small. The cross-section fall-off for bb production (Fig, 11) is
weakest, since there is no hard gluon line for the productiocn of another heavy
quark pair. One notices a slight difference between the gg and qg initiated
subprocesses, which we attribute to the low x fall-off of the momentum distri-
butions, The M fall-off of the recombination process (7) (Fig., 12) lies in

between the two earlier types of processes,

A simple fit near the meson masses gives the following power decresase:

-3l 7.8
6" (4a/9% -+ £ M,
0 (g3/47 > bb-ak) < W, W (6.1)
.1
~3.72

o (Fg->Beb »4+) £ M

The approximations mentioned carlier are, however, of importance for a com-
parison with the experimental data on ¢ and b quark meson production, In
Fig. 10b, we expose the changes as we gradually vary the parameters., Whilst

determining the (dashed) line 1, we have assumed the gluon distribution

*q
)(er) = 0.4 ('M3+1) («(—X) (4.2)
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with ng = 5. Variation of ng within the range 3 < ng < 11 reveals a modest
effect (curves 2). Seeking an estimate of the (leading log) QCD corrections to

the lowest order processes (1)-(7), we have used the AF parametrization of Ref. 15).
Curve 3 results from the scale in the structure functions, with oy = 0.3, however,
kept fixed. Note that there is almost no dependence on the scale parameter

0.2 < A < 0.5 GeV. The same analysis, with a running coupling constant in the
lowest order parton cross-sections: uS(MZ) = (12+1/25) * (L/log(M2/A%)) 1leads to
curve 4 (curve 5), where A = 0.2 (A = G.5) 1is used. The QCD corrections thus

lead to a stronger fall-off with increasing M.

In a successive step, the bound state wave function at the origin is varied,

11)

assuming

A
» - Mg 2+

Wal: ’h l_ Mq, (4.3)

with |¢C|2 given in Eq. (2.9) and v variation as 0.1 < v < 1. The resulting

M decreases are indicated by the solid lines in Figs. 10-12.

Considering the amount of uncertainties in the above investigation, we con-
clude that exact predictions for the cross-section size of heavy quark production
is not possible. The kinematical distributions, however, reveal characteristic

information which is a direct consequence of the input assumptions.,

5- - SU[V]IV]ARY

The preceding study is intended as an exploratory evaluation of the cross-
section size and the characteristic kinematical distributicns of W production

in pp collisions at VY3 = 540 GeV. Our results are summarized as follows:
1) The integrated cross-section for pp = W+ X is above 1077%cm?.

2) A large fraction of the events is due to "direct" production and via B
meson intermediate states (although other mechanisms such as yx production

cannot be excluded).

3) The two mechanisms can be separated by imposing cuts in the invariant mass
distribution of the i system Mww, or by choosing appropriate kinemati-

cal regions in the rapidity variables or in the transverse momentum,

4) The M¢$ distribution gives direct insight into the § fall-off of the

integrated parton cross-sections.
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5) The B meson production via the recombination ag - Br+5 is likely to be
an important constituent process. Its size, however, depends on the bound
state wave function at the origin ]w(o)iz which is not sufficiently known

for precise predictions.

6) We have determined the dependence of the Y cross-section on the heavy
quark mass which allows predictions on the cross-section size for mesons

involving even heavier quarks.
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Expansion coefficients for the parton cross-section in Eq. (2.1).

C (0) = (3951312%Z12+4258048%Z10-1186048%Z8+3558442Z6498144%ZG-135684Z2+335)%(2/3)
C (1) = (1935360%210-596220%Z8-403840%Z6 +168064%Z4-14288%Z2+1371%(8/3)
C (21 = (1134336%Z8-1010944%Z6+239008%Z4-11472%Z2-1 1%(8/3)
€ (3) = (~l0176%Z6+655%ZG+BR2OKZ2+5)I%(64/3) (A.1)
€ (4) = (16%2445%Z2+4%)1%256
where the shorthand notation 275 =z 2°, etc., is used.
Expansion coefficients for the parton cross-section in Eg. {2.3). The first
. 0 4
three of the functions F( )...F( ) have the structure
) b b
Fup = = Y C (=) (% = 0,1,2) (5.2)
' n
n=0
with the coefficients Cn given by
£O (0) = [20736%Z12+18432%Z10+6688%28-2592%Z6-10034Z4+88%22+32)/32
€O (1) = (9792%Z10+7952%Z8-20%Z6-1325%Z4-22¥I2+48)/4
€O (2) = (G112XZB+1BLE¥T6-BGTHIG-1TARZIZIE2) {4.3)
CO (3) = (208%Z6-8%ZG-35%22+6)%16
CO (4) = (16¥ZG-BXZ2+1)%64
C1 (0) = (-94464%Z10-63872#ZB-22G0%Z6+11192%24+326%22-404)/32
C1 (1) = (-76032%Z10-212864%28-66048%Z6438320%24+6T45KZ2-2144)/16 (A.4)
C1 12} = (-32640%28-37936%Z6+6912%Z4+5253%Z2-1025)1/2
Cl (3) = €-10128%Z6-2192%ZG4+2857%22~419)%2
Cl (4) = {-528%Z4+256XZ2~31)%16
€2 (0) = (377856%Z10+76876B%Z8+130048%Z6-F4T20%24-25732%2246981)/128
€2 (1) = {152064%Z10+855040%Z8+543360%Z6-132080%Z4-T95464Z2+416227)/32
€2 (2) = (883968%2Z8+L722580%2Z6+12256%ZG-348512%Z2+56181)/32 (A.5)
€2 (3) = (188736%Z6+967B4%Z4-78166%Z2+10575)/4
€2 16) = {25872%Z6-12280%22+1457)
where the shorthand notation 210 = zZ!'°®, etc., is used. The remaining two follow
‘ . . 3 (1) (2)
from the &, < , = 1-f, symmetry of the c¢ross-section: F( ) = =(F" " '4F ),
4 1 2
F( ) - (F( )+F( ))_
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Expansion coefficients for the parton cross-section in Eq. (2.5).

t32*u3*% VI+107%V2-1411XY4729 )4 328U2% (1 7¥VG-650¥Y3-352%V2 2706 %V-1681)
B8R ~7HV5-B4XVA+ 286 ¥VI-464RVZ 1321 #V-82 14 2590 ( -VE+6XVE-15XV4420KY3-15%¥V2+6¥V-1) }/81
64NUIKL2XY 36 THY24 26 96XV -2187 ) 41 28¥UZKL ~BXVGH46EXVIH6764Y2-3183%V42050)
7s*u*? < 2uVB+EERVA-G IRV IHTI0I%V2-97 74V 305 142502 5 k( = VBBV~ 10*v3+1o*va ~5%V+111./8]1
HUSHEARYIIE29%V 2= 0594%VH 3645 ) +64%U2%( - 22%VG-57 0%V 3=877%V2 +4044%V-2719
(32Ut SexURTEaRVE" 1§2v4+1131*v fssgr*v2+5513xv 1?2%)*86 ?z*vs q7wv¢%133*v3 -242#V2+158%V-39))/27
28XUBH - QRYI-278XV24135 7Y -3045 ) 4 128KULK( ~BXY4+6T72HVIH 9T THY2-62524V442] 9 )
1 sk eionE? 11200432058 RV2-1304%V4613 141056841 4NVa- 5% S109%VE B 19V+19) ) /81
i32*U3*( =BGRYI=]1I6XY2 -2 36 TRV 410935 )+ 32 XU KT =64V~ aas*vs -1371%V2+15756%V-9529)
+208¥UR[16%VE+ILRY3-1428%V2 3298V -1858 )+ 2592 % ( ~Va+46XV 3~ 16B%VI+202%V-79)) /9 {4.6)
¥UBH( 16XV 458%V-243 ) KUZHL BV T4 16 V+77)
(64%U3 '%3*u§(5§v3*5°3v51§93a WL ISP T VIS saverriv0

SZRUDH] ~4¥ V9 ) +6GRUZR(-2HVZHTHRY =2 J 46 KUK [ ~V24ENV -G ) +288%( -V2428V-1}

where U and V are defined in Eg. (4.8).

Expansion coefficients for the parton cross-—section in Eq. (2.6).

C 0 0) = 16X¥U4*WR(289%W-336 )+ 16%UTHUN{ 289XWZ+TANW-416 }+16%UL*NI*( AL ¥U-G16 ) +12 96 ¥UNE
cCfl)= 64*04*(—68*H2+38 %W 168 ) + 16 ¥U3%{ B 78¥U I+ 10572+ 1656 %W-57
uz*ua*? =46 8%H2 + 981 *- 5102)+288*U*H4*:-9*m? 6)
ct2)= B2%Ux( 32xU2- LGoTaMrLLS 6)+64*Us*fg2*N3 749%U2+ 71X+ 738 )
‘ +HGRUZRNR(1224XH3 210261 %12+ 3?04¥N+1312J+B*U*N3*i324*N2 -2583%N+7991 1-648%15
C 1 3} = Lo0OXUGH(G¥W-21 )+ 32%113%( 1014%N2 - 286 T¥H=-1434 ) +6 42 % w*ld
+32% uxu2i3;29ﬁgz 2934uk §2§S%+144*w3*3—§a*32 {{3IHU3-1656x02+90xH+306)
C (4) = 16*U4*t-64*u+56 VH4RUIHL T TEXU2 +162IH-838 J+8XU2* *W * *W— A,
U ( - %BEO*Ng+l7061 w225%844*u+12664?+geu%*?6%24*351%g§;*ﬁ22%%5?4 W-9792) (A.T)
C(5)= 16XU3R( =141 %L+ 3885 14 32AUDH{ -2B5OXU2+4426% 99 1+ 1ORURKR( = # 2ht—
( *18*( 43805 u2~11U1*ﬁ 2538 26N+ 2099 T+ 1ORUKIXR( =50 24 U2+ 9465%H-10278)
C [ 6) = SOXUIxE I2NU-107 ) +4¥U2¥{ 5768 197%H-G08 ) +8%Ux* W2 *
) (3a ?sqexua*es?swu E g% H BRUNW [ 4564%W2-13676%N+22273)
C 0 7) = 16XURK(L636%N~1785 )+ 16%URNR( 54 34%W-5727 1416 ¥W2% ( 2322% W+ 2501 )
€ € 8) = 4BRUZH{-64%M+ 18T JHARURHR( ~6224%H+8297 ) +8%K2%{ ~2380%W+2089)
C ( 9) = -9888%UNN-33]B4XH2
C (10) = 1024%UxH+924G8%M2
where

and the shorthand notation y7 = U7

, W=zV-4 (4.8)

=
1t

wnl >
<
il

Tt

, etc., is used,
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Expansion coefficients for the parton cross-section in Eg. {2.7)

C (0) = (SH(T+UII*%2 + (UR(S+T)Inn2 & (TR(S+U))*%2

€ (1) = (PMU/MINE2 - 2%SH(URZHTHH2) - SRGHR2X(UT) - GRUXTHIU+T) - LGHSHRTRU + SHx3
C (2] = =2H(UNT/MENZ PE(UST) + 2R(UNXZITHNZ) & BXTHY + 11#S¥%2 + 12%5(UT)

C (3) = 2¥T*U/M%x2 - IN(LHT) & 11%5

cCta)y= 1

(4.9)
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FIGURE CAPTIONS

Fig. 1
Fig.

Fig. 3
Fig. &
Fig, 5
Fig.

Fig. 7
Fig.

Fig.

Fig., 10 :

9 :

a) Order u; QCD graphs for gg + Y. There are 36 graphs altogether,
some of them vanishing due to colour conservabion, and others are

related by crossing symmetry.
b) Order a; QCD graphs for qj -+ Y (two graphs).
¢) Lowest order graphs for gg/qq + bb + Y.

d) Order a; QCD graphs for qq » BB+ 0. B production by double

recombination (sevenh graphs}.

e) Order u; QCD graphs for Qgg -+ Br+5° B production by recombina-
tion {three graphs}.

Differential cross-sections d6/d€ of the constituent processes
(1}=-(7).

Integrated cross-secticns G§(8) of the constituent processes (1)-(7).

Integrated cross-sections for Y production in pp collisions of

the constituent processes (1)-(8).

Single vV rapidity distribution for the constituent processes
(1)=(7) of pp +~ W + X.

Py distribution for the constituent processes {1)-(7) of pp + Y + X.

Double rapidity distribution of the constituent processes {(1)=~(7}
contributing to pp » Ul + X; the constraints a)y, =0, vy, variable;
b) y, = vy, variable; and ¢) ¥y, = ~¥» variable reveal the correlations

between the two Y's.

Rapidity distribution of the ) system.

Invariant mass distribution of the ) system.

Y mass extrapolation of the "direct" Wy production cross-section:
a) dependence on the bound state wave function,

b) influence of the gluon distribution and details of the QCD

corrections.
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Fig. 11 : B meson mass extrapolation of the Uy production cross-section via

the constituent processes azg/qq + bb > Y.

Fig. 12 : B meson mass extrapolation of the Y¢ cross-section via the recombi-

nation process qg > Br+5 + Y.
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