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Abstract

Transverse momentum spectra are calculated for heavy quarkonia

QQ (Tﬁ#, T-) produced in pp and Ep collisions. These transverse
momenta result from the hard qﬁark (g) and gluon (g) subprocesses

q&-# Qag, gq-#-Qaq and gg -» Qﬁg. The Pr distributions for T/W production
are expected to be significantly steeper than for the r?f continuum,
whereas the two distributions become similar in the ¥ mass region.

These effects are partly confirmed by recent ISR measurements. Predictions

for pp collisions at {8 =540 GeV are also given.



Recent measurements 1 of the dimuon spectrum near the 1 region in proton-—
nucleus scattering at s = 27.4 GeV have revealed that the wmean transverse
momentum of the ¥ 1is significantly higher than the corresponding value

for the (Drell-Yan) dimuon continuum, the latter being independent of the
dimuon mass M above 5 GeV. Typically, (PT‘>.r i1s about 20 Z larger than
the continuum value (I%f>r1ﬁ- . Similar effects have been found in the

j/? region 2,3 and, although infericr in statistics, ISR measurements

might also be consistent with this observed trend of the P, spectrum off

and on resomance. A priori, possible differences in the pT—distributions

on and off rescnance are not unexpected since in QCD the production mechanisms
for heavy quarkonia (QQ) states and continuum dimuons are fundamentally
different: Whereas the lowest order subprocesses for producing a mgonnpair

at pT'-'# 0 are aiq—-r"f-'g’ and g4 —br‘}n—ei , the leading contribution to the
transﬁerseqmomentum of a given quarkonium‘stafe_éémes from the purely hadronic
2 * 3 processes qa-a Qag, gq > Qaq and gg-a-Qag, where the light and heavy
quarks are denoted by q = u,d,s and Q = ¢,b,..., respectively, and g stands
for the gluon. Because of the complexity of calculating 2 -+ 3 subprocesses

{keeping m_. # 0), no serious attempt has been made so far to investigate the

Q
effects of hard gluon bremsstrahlung for the Py spectra of quarkonia
(charmenium, bottonium, etc.) as compared to the cone of the familiar Drell-
Yan dimuons. Tt is the purpose of this article to discuss and calculate

these typical QCD effects and to compare them with recent measurements of

hadronically produced heavy quarkonia.

Before discussing the more involved case of transverse momenta of quarkonia,
let us first briefly recapitulate the situation of the familiar Drell-Yan

process. To order d_ the transverse momenta of massive lepton-pairs are



5-8 . . .
due to the two subprocesses shown in Fig. 1. The cross section for
dimuon production from initial hadrons A and B is obtained by conveluting

the expressions for these subprocesses with the relevant parton distributions

alq.gﬂ‘B n 3 Jl atr
—— = {dx A * 7 J

where all color factors are included in olGdJr which denotes the subprocess
(qq-—vr*r'g_ and gq—r/ﬂ'}fq) cross section 6,7,9 for producing a dimuon pair
with mass M‘.‘-:{a?' and transverse momentum Pr from partons a and b. The pre-
dicted Pr distributions at c.m. rapidity y = O differ only insignificantly
from the y—averaged ones as given in Eg¢. (l1). For our calculations we shall
employ throughout the fully renormalization group improved QCD "counting
rule-like" quark and gluon distributions fi(xa,qz) of Ref. 10. Since the sub-
process cross sections a[GML/l(P: in Eq. (1) diverge as Pr* 0 (i.e.,
parallel emission) there is some controversy as to what theoretical quantity
should be confronted with experiment. Comparing directly the predictions of

3

Eq. (1) with experiment, cme finds a reasonable agreement with the shape

of the measured P distribution for Pr 21 GeV. On the other hand, comparing

average dimuon transverse momenta with experiment, i.e, —moments £ pp%

‘pT
and (p%) as calculated from Eq. (1) which weigh the small Py region of

JG/,(P:: , vields contradicting results as to the size and importance
of the intrinsic transverse momenta kT of the initial quarks and gluens in
Bq. (1) which, so far, are not predictable dynamically by QCD. Values for
(kT> between 1]‘200 MeV and 6 800 MeV havé been suggested., Although only
-moments are well behaved 3 (finite) and therefore the prescription for

al
calculating S'p:- ds

Pr

2 . . . .
‘{P'r for n 2 1 1s unambiguous, the integration

T
T
down to small Pr is delicate; ols becomes substantially different and so



may the scale breaking effects in the parton distributions fi.

Since ALG‘L/JM atp: will contain terms like log lep%, the naive

"hard scattering' perturbation theory in Eq. (1) breaks down for pT<K M

and one must sum 12 these logs to all orders in &, . Geing beyond this

double logarithmic approximation, t2 Parisi and Petronzio 13 have recently
resummed even these double logarithms for the qa process and thus were able

to compute the whole Pr distribution, including Py 0, from first principles
for large values of the c.m., energy s. Tﬁe remaining discrepancy between these
asymptotic predictions and present measurements at {S$ = 27.4 GeV then implies
for the average intrinsic transverse momentum of partons to be-(kT> £ 500 MeV.
Since, in the present context, we are mainly interested in the difference
between the shape (slope) of the ppSpectrum of dimuens and gquarkonia, which
is liftle influenced by the (commen) sizé cf in%finsic transverse momenta, we
shall only concentrate on the explicit pT—distribution o'[@/d{p:_ - for

Py 2 1 GeV, thus avoiding any complicacies due to soft (collinear) gluon

emission.

Within the framework of QCD, the production of heavy quark flavors in hadronic

. , . 14-18
collisions is assumed to proceed via the fundamental subprocesses

18,19 even absolute cross

qa-v QQ and gg > QQ. In this way one can predict
sections for T/w, W', r ,IV,... production in fair agreement with experi-
ment. Apart from these lowest order d: contributions to the total production
cross sectioq, the transverse momenta of bound heavy quark states Qa originate
from hard gluon radiation off the initial and final quark states as well as

3
off the intermediate gluon, and are thus at least of order &g , namely

qa -> Qﬁg, gq -» Qaq and gg -» Qag as shown in Fig. 2. The Py distribution of



the QQ system is then formally given by a similar expression as in Eq. (1)

but integrated over the invariant energy M E:qu of the QQ system

%
olb.H'B _ Mg JLFHB

AM
Apr g, AN

(2)

where for the coupling of the fundamental subprocesses we always take
o{sr—llﬁ/l?’ In (MYAY) with A% 0.5 GeV. Within the semi-local duality

approach 1116519

the upper limit of integration 2m0 should correspond to
the threshold for open flavor Q production (DB, ete.), i.e.,'2mO = ZmD for
charmonium and Zmo & 10.4 GeV for bottonium. Furthermore, to obtain the
absolute cross section for producing a definite QQ bound state, the partonic
cross sections in Eq. (2) should be divided 19 by the number of bound QQ
levels in the invariant Qa mass ihterval M considered. Alternatively, one
might also use L7 émo = {; and/or employ only color singlet projections 14,18
of the gluonic amplitudes, i.e., the quarkonia ground states are supposed to
be dominantly produced via p-wave resonances. Since, in the present context,
we are not interested in this detailed mddel assumptions, we shall state all
our results with the normalization correspending to Egq. (2); of course, if

one wants to compare these results with measured absolute cross sections,

they have to be multiplied by the appropriate duality (bound state) division
factors and by appropriate branching ratios. However, such ambiguities as well
as the specific choice of ds and of the heavy quark mass mq, and the detailed
structure of parton distributions affect mainly the absolute normalization of
cross section, but are of little influence as far as the shapes (slopes) of

the Pp distributions alG/Ap; are concerned. The important point of our

investigation is to study the p,, distribution in Eq. (2) on-resonance relative
g y . q v



to the one of the continuum dimuons in Eq. (1): This possible difference
between the dimuen and the Qa pT—spectrum should be entirely due to dynamical
QCD effects and is also independent of intrinsic parton kT's.On the other
hand, at the present state of art, we cannot calculate "uniquely" the Pr~
moments directly since their definition involves total cross sections. This
is, because order di contributions to the leading order d: _total cross
section come not conly from the diagrams of fig. 2 but also from the so far
unknown virtual gluon-loop corrections to the leading qa-* Qa and gg -» Qa
subprocesses. However, it should be emphasized that the cleanest.test of

effects due to hard gluon radiation would be to compare directly the Pr

distribution for P 2 1 GeV, and not just averaged quantities.

A detailed discussion of the calculation of the massless 2 - 3 scattering
procééses in QCD has been given in Ref. 20, wheéé.also a comparison of their
relative magnitudes as well as their importance relative to the 2 =% 2 sub-
process can be found. The invariant matrix elements have been calculated
using the algebraic computer program 21 REDUCE. The complexity of the cal-
culation increases with the number of gluon lines since, unlike in_QED, only
physical transverse helicities have to be kept in the gluon polarization sum
or instead one has to use a covariant (Feynmarn) gauge and add the contributiomns
of ghost diagrams. Using this latter procedure, there are 5 Feynman diagrams
for each process of Fig. 2 (a) and (b), whereas the gg -» Qag subprocess in
Fig. 2 (c) consists of 16 gggQa Feynman diagrams and 5 ghost diagrams; thus
we had to calculate 25 Cutkosky diagrams for each Fig. 2 (a) and (b), and
281 Cutkosky diagrams for Fig. 2 (c¢). The heavy quark masses mQ for the dia-

grams in Fig. 2 have been taken to be m, = 1.25 GeV and M= 4.5 GeV., In

order to avoid infrared singularities the differential cross sections have



been calculated with a cut in the transverse momentum of the produced

heavy quark, Pr 2 | GeV. We have checked our algebraic calculations by

an entirely independent numerical procedure using helicity projectors.

For further details and explicit analytic expressions of the fundamental
cross sections we refer the interested reader to the Appendix.

In Figs. 3 and 4 show our predictions for o6 /A Pf; at 'Ig = 27.4 GeV

and 63 GeV together with the existing data of Ref. 22 and Refs. 4 and 23,
respectively. For comparison we also show A6 [AM dlp:: of the
continuum in the appropriate dimuon mass region according to the graphs of
Fig. 1. Again it should be emphasized that, as already discussed, only the
Pr shapes can be safely calculated for P 2 | GeV, whereas the absolute
normalizations suffer from uncertainties such as the qz—dependent gluon
wave functions, the cheice of o, , and from the details of the duality model
assumptions for Eq. (2). As a general rule, the contributions to the Pr
spectrum from the qq and gz subprocesses are always steeper than the contri-
bution of gq scattering. Therefore, at small values of T = W1/{; where
the gg subprocess gives a sizeable contribution we expect a different
(steeper) Py distribution for resonance production than for the rﬁﬁ'continuum
where no gg subprocess exists in leading order. These effects are clearly
seen in the -T/W ~mass region shown in Figs. 3 and 4 where the predicted Pr
spectrum on resonance (solid curve) is significantly steeper than off resonance
(dotted curve). The larger the energy becomes, i.e. the larger the steep
contribution from the gg process becomes relétive to the gq subprocess, the
more pronounced this effect will be, At ISR energies, Fig. 4, the transverse
momentum distribution of j/W production is significantly steeper (solid

curve) than for the production of lepton pairs of similar mass (dotted curve):



A . .
The recent I/W measurements at ISR appear to follow cur predictions due
to the diagrams in Fig. 2, and seem to disagree with the flatter Py spectrum

predicted for the rtp' continuum stemming from the graphs in Fig. 1.

On the other hand at larger values of JE , 48 1s the case in the T mass
region for example, the gg as well as the qa subprocesses will be strongly
suppressed because of the decreasing gluon and antiquark wave functions for
increasing values of24 JE . Thus the gq -» Q@q subprocess will be mainly
responsible for the Py spectrum on resonance which should therefore be
similar to the P shape off resonance dominated by a similar process

gq - ﬁ7wq. Our predictions in Figs. 3 and 4 in the T nmass region show
that this behavior is indeed the case and that the difference in the Pr
shape on and off resonance, which is so distinct in the jlw region,
disaﬁpearé. Recent ISE data séem to confirm23 éﬂe similarity of the Pr
spectra of the rﬁ}( continuum and of 'r production. We therefore expect
in general that the average momentum increases for iLncreasing quarkonia
mass since the Pr distributions become flatter. Indeed this trend has also

been observed experimentailyl’ ’

where for instance at ISR energies it has

heen found4 that <PT>T/W = (1.2 s 0.04) GeV and <Pro>y = (1.67 z 0.18) GeV.
Additional precision measurements of the pp spectra on and off resonance in

the T/W as well as T mass region should provide us with a clean test of

the two different.production mechanisms for heavy quark bound states and for

dimuons and for the different hard scattering processes in Fig, 2 and 1,

respectively, responsible for their Pr distributions.

Apart from the absolute neormalization, the pp spectra on and coff rescnance

will be always the same if one adopts the simple minded approach of Ref, 25



to calculate O{W/Olr’:; for rescnance and r\'?ﬂ' continuum production
using the same two (massless) subprocesses responsible for transverse
dimuon production as shown in Fig. 1. Needless to say, that this approach
lacks any theoretical basis within the framework of perturbaticn theory

and QCD,

In order to check the sensitivity of our results to the special choice of
parton distributions, we have repeated the calculations by turning off the
qz—dependence of the parton densities in Eq. (1), i.e. by setting q2 in
fi(x,qz) equal to the input momentumlo Qi = 1.8 GeVz. Since the glucn
initiated subprocesses enter dominantly our predictions we also have re-
peated the calculations using a broad gluon distribution26 xG(x,Qi) =0.8
(1+9x)(1—x)4 which is much harder than the standard onelo proportional to
(E—x)s. In both cases, all predicted Pr distributions in Figs. 3 and 4 become
flatter by at moét 10 7 but the differences of the Pr shapes on and off
resonance remain unchanged. On the other hand the absclute normalization of
the cross sections shown will of course significantly change (typically
they will increase by a factor 2-10 depénding on the reaction and cn the
kinematical region considered), but these are sensitive also to other un-
certainties as already discussed extensively. Furthermore we also repeated
the calculation using the color singleth projections of the quarkonia pro-
duction cross sections in Fig. 2(b) and (c); in this case the quarkonia
ground states 'J/W, T etc. are expected to be dominantly produced in
association of photons via p-waves. In this case the P slopes become even
steeper on resonance by about 15 % than those shown in Figs. 3 and 4, and
thus the difference between the Pr slopes of the ]/W and the ccrresponding

fAnm' continuum will be even more pronounced. The absolute normalization



for this model would then be smaller by a factor of 5=8.

Although at the present state of art one cannot calculate reliably Py~
moments of heavy quarkonia, we parametrize cur predicted cross sections
by A5/ P: ~ L - & PT) which 1s valid in a limited Pr region only,

say, 1.5% p,, £ 3 GeV, from which we might deduce the behavior of (pT> = 2/b

T
for the various processes considered. However, it should be emphasized that
this methoda for calculating the average Pr should be taken with caution
since (pT} is sensitive to the smail P region only where non-perturbative
intrinsic kT smearing effecrts and @(ot‘i) loop corrections could change even
the relative <pT} of the various processes. Nonetheless, we show the results
for b in Table | for quarkonia production as compared to the Drell—Yan
continuum for pp as well as Ep scattering. For pp scattering we see that

the I;T spéctrum of j/‘? ig similar to the one of r"r’ and both become

flatter, 1.e. p increases, for increasing energy E . In the 'r mass

T

. + - .
region, however, the I has a flatter spectrum than the 1‘4/" continuum for

J—s % 30 GeV, whereas at larger (ISE) energies the two spectra become similar:

. PP 14
at {g = 27.4 GeV we expect <p-|->r to be about 10 % larger than <PT>)‘“/“

PP PP :
whereas <PT>T = <PT>J‘"/"- for larger (ISR) energies, which is con-

¥

sistent with experiment. For Ep scattering, however, the b values for J/V¥

production are always larger than those c¢f the ,ﬁf continuum and therefore

we expect (PT‘)‘;;; to be smaller than <P"r>;*';- by about 15 %
especially for 13 £ 50 GeV which is consistent with experiment.3 On the

P
e
throughout the whole energy range considered. Table | also shows, as already

other hand, irn the ¥ mass region we expect <p.'.>;? ~ <PT>

discussed, that using only color singlet amplitudes of the gluon initiated

. . . 14
reactions for quarkonia production, one expects a somewhat steeper Py



distribution.

Finally, in Fig. 5 we give predictions forthe Pr distributions of pp scattering
in the T mass region at E = 540 GeV. In addition to the flat contributlion
from the gq subprocess, the steeper gg subprocess contributes a sizeable
fraction (since E ® 0.02) and therefore the P distributiocn on resonance

is expected to be significantly steeper than the one off resonance (r*r—),
the latter being dominated by the a9 —rr‘?«!‘q subprocess. Again, 1t would
be interesting to see whether this distinct difference in the Pr shapes

will be confirmed experimentally. Since the gg = bgq and gg -» bEg subprocesses
dominate throughout the whole Pr region (and not qq -» bbg), the predicted
total Pr distribution or resonance is identical in shape and absolute normali-
zation for pp collisions, whereas off resonance (r*r') the P shape 1is

somewhat flatter than the dotted curve shown in Fig. 5.




Appendix

Here we shall give the explicit analytic expressions for c)idj.of the
fundamental parton scattering processes which are required in Egs. (2)
and (1) to calculate JER%/?iP: for heavy quarkonia production. To leading
order in perturbative QCD, the differential cross section for the production

of a massive Qa pair with a hard gluon emission

q(-h)+ G k) =+ Rk +A(W) +q(k,) ap

can we written as

r} 1 : .
At ds [ MT-bwmy i
: _ = 5.\ },‘ : 1“".2“ L gv(__ng w({xij})%) (A2)

AMdp:  4w3 [ (S-MY*-43pT 36 Y

where q("k4) and a(—ks) denote massless quarks with outgoing momenta k4 and

k5’ Q and Q are the final massive quarks with momenta k, and k, and mass m_,

1 2 Q

g 1s the final gluen with momentum k3. The invariant mass of the massive quark

pair is denoted by M

M':'\[q—?- . (a3)

b

q"= (kv k)"

. = . - -
The transverse momenta of the quark pair QQ are ET‘E dp =

~

5= (ka + k5)2, and the factor 1/36 is due to averaging over the initial
spin and color states, ¢AILTYdenotes the integration over the Treiman-Yang

angles (see Fig. 6) defined, in the frame a = (0, via the relations



_]3_

L | AR
cos © L 0054’”‘_"(5‘ 2 Cherks) (a4)

™ el Tkl q=0 ) ];:sx kal ligxﬁ" €=0'

T
The functien W({xij]],W\a) in Eq. (A2) is the invariant matrix element

squared of the process. It is a rational function of the variables

X;.= 2k k.  Ajeh .S (45)

and mé. In particular, for the subprocess (Al) we can write

5
W (kb my) = Z Cop Ry ((xgd, wg ) (46)

i)i='

where Cij is a real symmetric matrix of color factors

7819 -2 -3
! f
1 ’ g 9 -3 -2 ,
C =3 8 -4 -9 (A7)
! § 1
| i
kS 8 /
and the matrix elements ﬂu ({xijl"l WZ) ~ are given by the equation

.= 2 T.T il § (A8)
1l initial, frnal
Spins
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where the Ti's denote the Lorentz part of the amplitudes defined by the five

Feynman diagrams in Fig. 7.

Tt is convenient to introduce symmetric matrices Nij and Dij’

gi'z"IG h (A9)

. . 2
which are homogeneous functions of the xij's and of m_. In terms of the

Q

variables

= Chyvhy)® = X o e )

o

the denominator matrix Dij in Eq. {A9) has the following form

12 %
";l ng, b ?-Xm 31X5‘-'+ ] Lrgnxgxxsw ) 25!1 3 x‘r% Xs‘# p] an ’(31)(5‘3 x54
7 1 2
Yin ¥sa 5 HSip %23 %e L5, KygXes Xey y 2812 %03 Xeg Xsy
= i N Li+ T
E hs, ’q ;Mo Xy Xsy 5 TSk XeyXey

2 A
Sia Xga 5 L5 Xgy X5z

(A10)

and for the matrix elements Nij we find

_ 2_



- 15 =

= 1
N\l =X, [X,*,(szf xgg) +x42(9. xs‘+x53) + "n(":l""gﬁ* lﬁv\a xsk]
) Xza[xm (= Zxgy* Xgy) * Xyq ¥y +2m; Xeg J

A LK Ay + ¥y (X7 gy) Flmg Kse ) - 4“‘2 Xyy Xgg

Nm = Xil[’z)(g‘ Xey * X¢H(‘+x52*3x53) + Vql(qxsm"g"sg)
Y Xy (3xg t Txg, FL X ) ¥ SW\; Xsq ]
Xl Xy (=6 %, =X g, ) + (dy = Xen ) X, ' X, )
¥ Xy, [ Xy Xy * qu(’(m'ﬂxsz'gxg;) I PR ng]
+QWa; Ex%l (1’(5: * 4’(52* 3 XSBB * x41(4x51"2x51+§x53>

*xqs('Sx 5%, )+8\M Sq]

2
NH+ (X Kozt XXy, xezx%)“‘zt[zx“' 52 x‘tl(’(b" Ksy)* ZX,' 52 % ﬂxg‘*]
! Xmu(‘w”‘a;)xsa Ky (25, % g5) 1 zma (X547 xmﬂ

1
A R O I SR

N = Nylbesy — N_o=N (le1) = N _=N_(1<2)

Y
N, =N, (1<2) | N =N, (het)

24‘
N,y = %Ll G x x4 (S0 x4 6x )
+ xhi(ﬂlxgz*éxgﬁgxgs) 4 x43(5x51+5x32+4y53) +28m; Xey ]
+7‘13[‘1K31 xgq.'i’xm(héxs;".xgidaxsgj *“41_ 3%) :(5']
* Xg. [’(LH Xsg * XQI(XSI'sta_gxss) B %xésxsz]
¢ l‘mé [xm(-‘txsﬁ-irxmﬂxn) + xﬁlz(ﬁrx;,— bxg,* 3xgy)
X (b e, 12, )+ 2w 1



_]6_

Nl‘f: X‘1£x54(x134xzt+x41+xf-u) - 2’(43(*51”{52)]
+X25€ DXy Xyt xm("sz'xsa‘xs#) * 34, (xwfx%)*' %m’; 'xslr]

HY, [ X%(Xsl'xg—xgé) +3x51(,(4|+x43) + Sw\z ;(;4]

IS T S R O e E I Bo Lol CREL RN

' XME%(MJX‘B) Koy * ?‘W\; (X53+ 5’,(5_4):\

* g X (Dx g2 Dxg =g = 5% )

N =

2
e ;<,+3(—><2_5;<5\—><3H Xgqy = Awi xﬂﬁ

. i
Nks =¥ [ X3 (Kt Xs) # X5 (K v ) s i“”g gptxge® x@zﬂ
X, D0 Ixg ) 4 (g, 10,

+K51{“2Xh3x514-X41(1534~2xgg+gx43>]

N, =N, (4=5) ? N =N, (4e5)

(All)

The cross section for the subprecess

qlpe) +q0pe) = Alp) + Alp) + q(pyd (a12)
can be easily obtained from Eq. (A2) by the use of crossing symmetry: Inter-
changing the antiquark line with the gluon line, modifying the spin and colour

average factor, and introducing a negative overall sign, we get



3 -
A5 ¥ odg | MP-bw: (o, .
Ly . — 1o W(.. (413)
AMopt  4TE [ (5-M)*-4Epr 96 PRGN

where s = (p4 + p5)2 and the Treiman-Yang angles are now defined in terms

of ;i’ similarly to Eq. (A4), by

N BB . (FoBo) (BexBa) |
c,os@.”'*"‘—_,tpf ) Cos4’.w‘ AL L

R Rl g,
The invariant matrix element squared VV({XHH)iM:) is the same function as
given by Eqs. (A6 - All), the physical region of the variables xij’ how-

ever, is different: they are defined by Eq. (A5) in terms of the vectors ki's

ki =Py if 1 = 1,2,4, and k3 = Ps. kS = p3. (A14)

The algebraic formula obtained for the invariant functicn W for the subprocess

g(-f,,) + %(-15) — &'(2.) + QL)+ %(f;) (A15)

is exceedingly 16nger than the expressions given by Egqs. (A6 — All). In this
case we have 16 Feynman diagrams, where 3- and 4-gluon vertices occur more
frequently. Furthermore, there are complications due te the summation over

the gluon helicities since either a helicity projector has to be used,

L k. h
Z ¢. ¢ o v prow (A16)
Pee Pl %-r h'h. (k-n)t 2



where nﬁis an arbitrary time=-like unit vector (n2 = +]1), or one can

replace the sum Zir £, with "3:"’ but then the contributions of ghost
diagrams have to be subtracted in order to eliminate the unphysical longi-
tudinal gluon polarization component. In the algebraic calculation with
REDUCE it was more convenient to apply the second method. We also calculated
the functicn VV({xuS,tM;) at several phase space points with the help of
an entirely numerical method, in which the helicity projector (Al6) has been
used. The virtue of the algebraic expression is obvicus: the calculation of
the value of the function W at a given point with the help of the numerical

program was slower by a factor of about 200.

Finally we mention that if we allow to produce the final quark pair only in

a color singlet state]a then we should only change the color matrix in Eq.

(A7) to
fv -t 0 0 00
- |
he -3 o 6 0 o O (A17)
00 0 0 0
L0 00 0 0
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Figure Captions

Fig. 1.
Fig. 2.
Fig., 3.
Fig. 4.
Fig. 5.

Lowest—-crder contributions to transverse dimuon momenta {(crossed

diagrams are not shown).

Lowest~order contributions to the transverse momenta of heavy
quarkonia Qa. There are 5 diagrams for each process in {(a) and (b),
whereas the subprocess in {c) consists of 16 gggQa Feynman diagrams

and 5 ghost diagrams.

QCD predictions (solid curves) for the Py distributions of T/W and

ﬁc production at J; = 27.4 GeV according to the diagrams in Fig. 2.
The dashed curves show the contributions of the various subprocesses.
Tﬁe absolute normalizations are-as iﬁ ﬁé. (2}, but in order to compare
with experimentally measured absolute cross sections one has to in-
voke additional model assumptions as explained in the text. These Py
shapes are compared with the ones of the H}-&_ continuum altg/olnolp;
(dotted curves) in the appropriate mass regions according to the
diagrams of Fig. 1. The Y producticn data22 are normalized to our

predictions at Py = 2 GeV.

QCD predictions (solid curves) for the Prp distributions of T/W and
13 production at ISR energies. The notation and conventions are as

in Fig. 3. The IIW production data are taken from Ref. 4.

QCD predictions (solid and dashed curves) for the Pr distribution

of ¥ production at Jg = 540 GeV. Since the gg and gg subprocesses
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dominate throughout the whole Pr region, the prediction for the
total P distribution is the same for pp scattering. For comparison
we also show the expected P distribution o‘t‘/AM Ap;: of the
Drell-Yan rv;' continuum (dotted curve); for pp collisions this
prediction becomes somewhat flatter at large values for Pr {i.e.

a factor of 2 smaller at Py = 70 GeV). The conventions are as in

Fig. 3.
Fig. 6. Definition of the Treiman-Yang angles.

Fig. 7. Feymnman diagrams for the reaction q(—k4)+i(-k5)-* a(k1)+Q(k2)+g(k3)

where the heavy quark Q states are denoted by heavy lines.
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