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In this paper, we discuss the prompftys production ate™ e~ colliders via color-singlet and color-octet
production mechanisms. The color-singlet production processes indllide*e —J/ygg, (2) e'e”
—Jlycc, and(3) e*e”—qqggd ¢ ande*e” —qqgyx. followed by y.— J/¢y. The color-octet production
processes includd) e e —J/yg and(2) e*e*—d/d/qa Of all these production channels, we find that the
color-octet contributions dominate over the color-singlet contributions at any energy scale. At low energies
(Vs<20 GeV), the dominant channel is" e —J/yg whereas at high energies e”—J/4qq will take the
leading part. We also find that the energy spectrum for the color-abtgt production in process
e*e‘—u]/wqqiis very soft, and the mean energy of the produdbg is only about 10 — 20 GeV even at very
high energiege.g., at 1000 Ge) The extraction of color-octet matrix elements frahfyy production in
e"e” collisions is also discussef50556-282(197)02713-

PACS numbd(s): 13.60.Le, 13.20.Gd

[. INTRODUCTION not simply as a quark-antiquark pair in color-singlet but
rather a superposition of Fock states. Although generally the
Since the first charmonium stafiés was discovered in color-singlet takes a more important role in quarkonium pro-
1974, the studies of heavy quarkonium stdieslude char- duction and decays, the other high Fock states may be domi-
monium and bottomoniujrhave played an important role in nant in some cases. Under this framework, one can calculate
elementary particle physics. Charmonium and bottomoniunthe inclusive production and decay rates to any order in
are the simplest quark-antiquark composite particles, whiclstrong-coupling constants, as well asv?, the relative ve-
can be described by the gauge theory quantum chromodyecity of heavy quarks inside the bound state. Just with this
namics(QCD). The investigation of their properties, such as mechanism, the authors of Ref8—5] have successfully ex-
the production and decays may help us to reveal the propeplained thel/ (') andY production surplus problems dis-
ties of QCD in both perturbative and nonperturbative sectorscovered by the CDF group.
In particular, thed/ production is of special significance  J/¢ production ine"e™ annihilation process has been
because it has an extremely clean signature through its lefnvestigated by several authors within the color-singlet
tonic decay modes. Therefore if the heavy quarkonium promodel[6—11]. Recently, Braaten and Chen have noted that a
duction mechanism is clarified/ ¢ triggers can be used as a clean signature of the color-octet mechanism may be ob-
powerful tool in studying other interesting physics. served in the angular distribution f ¢ production near the
The studies of heavy quarkonium production in recentendpoint region at the* e~ collider [12]. In this paper, we
years are mainly stimulated by large discrepancies betweeimoroughly discuss thd/y production ate*e™ colliders,
the color-singlet mode[CSM) predictions and the recent including color-singlet and color-octet contributions. The
experimental data of the Collider Detector at Fermilabrest of the paper is organized as follows. In Sec. I, we dis-
(CDF) Collaboration at the Tevatrofi]. There is orders of cuss thed/y production color-singlet processes, including
magnitude d|§agreement between them. In the color—smglqli) ete —Jlygg, (2) e*e*—>J/z,//cc_, and (3) e*e”
model description for the quarkonium states, the quark-~ — - =
antiquark pairs are created in colorless configurations. In thg”4d99Y¢ and e”e”—qqgyx. followed by y.—J/iy.
past few years, a rigorous framework for treating quarko-We carefully study the characters qf each channel._ln Sec.
nium production and decays has been advocated by Bodwit!!: We study the color-octet production mechanism, includ-
Braaten, and Lepage in the context of nonrelativistic quaning (1) e"e”—J/yg and(2) e*e™ —J/¢¥qq. Comparisons
tum chromodynamic§NRQCD) [2]. In this approach, the of the energy scaling properties as well as the energy spec-
production process is factorized into short- and long-distancérum of these processes are made. In Sec. IV, we give a short
parts, while the latter is associated with the nonperturbativeliscussion about the determinationedfe™ collision experi-
matrix elements of four-fermion operators. Another out-ments at different energy regions. Finally, we briefly discuss
standing feature of NRQCD is that it treats the quarkoniumour results and conclude in Sec. V.
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k, p, and p; are the momenta of the virtual photoyt,
J/ s, and the outgoing partdrc quark in Fig. 1a), gluon in
I Fig. 1(b)], respectivelym is the mass ofl/ ¢, which is equal
to 2m. in the nonrelativistic approximation afdy(3S,)) is
the color-singlet nonperturbative matrix element. The func-
tionsF; are defined as

Fi=2(x1+2z—1)%(x;— 1)[4x3—6x5(z>— 22+ 2)
I —2%,(423— 152+ 122— 2) — 112*+ 237°
— 247+ 8z+4],

Fo=(x1+2z—1)[16x5+4x}(5z—4) + 4x3(322— 42— 24)
- +x2(52°+ 162°— 18(z+ 256)
+x,(— 72*+ 30z%— 13272+ 360z — 256)
+117*—55z%+ 1362°— 200z + 96],

F3=8(4x5— 14x]+ 31— 50x% + 43x, — 14)
FIG. 1. Feynman diagrams for diredty color-singlet produc-

4_ o3 2_
tion processes ine*te” annihilation. (a8) quark process +42(14x;— 62x; + 149 — 184, +83)

efe"—Jlycc, (b) gluon procesee”—J/ygg, (c) gluon jets + 222(21x§— 130(%+ 26%,—176)
processe*e”—qqg* with g*—J/¢gg, (d) x. production from 5 ) . s
g|u0n jets ine"'e__)qq_g* with g* —Xc0- +z (29}(1_ 154>(1+ 17D +4z (4)(1_ 11) +5z y
Il. COLOR-SINGLET CONTRIBUTIONS Fu=3(4x}+4x{z— 4x]— 4x,— 2°+ 47> 82+ 4)
The leading order color-singlet contributions to direct X(2X,+2—-2). (6)

J/¢ production include the processes ) . L
After integrating Eq.(4) over x;, and considering the

1) fragmentation approximatiofi.e., ys>m., r<1), the dif-

efe"—y*Jlycc, . :
ferential cross section reads

e'e”—y*—Jlygg, 2 do ., _ _ N
B E(e e —Jlycc)=20(e"e —cc)De_yy(2), (7)
efe —y*—qqg* with g*—J/ygg. ®)

whereD._,,(2) denotes the quark fragmentation function.
The relevant Feynman digrams are shown in Fig. 1. Figurdts explicit form may be found in Ref13].
1(a) is a quark process, Fig.(d) is a gluon process, Figs. As for the gluon process, Fig.(d), from Ref. [8] we
1(c) and Xd) are gluon jets processes. All these three profeadily have
cesses have been calculated separately in the literature . 2 2 ) i3
[8—11). Here, we make a comparison of the relative weight do(e’e”—J/ygg) 64ezas (O1(°S))

_ 2 .
of them as a function of c.m. energgs. o,,dzdx 81 e (X,
For the quark process, the calculation is straightforward, ©)]
and we gef11]
where
do(e’e —Jlycc) _32age; (O1(°Sy) _— (24 %)%, (2+%)%,
0,udzd% 243 m° (2% = 21X, -2 T (2= A 1—xp—1)2
« SR . (z—r)?>—-1
(1-x1)*(2=2)%(z+x,— 1)*’ (1—X,—r)2(1—x,—r)?
(4) L 6(1+r—2)2
where (2-2)%\ (1-%—1)*(1—x,—1)?
2(1-2)(1-r) 1
2p-k 2p;-k m? +=. 9
z=pT, X;= ps. = (5) (I=Xo=r)(1=x,—r)r r ©

The variables z,x;,r are defined as in Eq(5) and
O'IJLM:(TQED(eJrei—)MJr,LLi). X2:2_Z_X1.
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J/ production from gluon jets processes as shown in
Figs. 1c) and 1d) have been calculated in R¢f.0], giving

o(e*e"—qag*;g* —J/yX)
S -
- | anotete ~qag* (wip(@* ~awx), (o)

where pu=m(g*) is the virtuality of

from g* —J/¢gg and fromE1 transitions ofy; (9* —9gx.
followed by y.—J/¢y). We can express it as

P(g* —J/yX)=Pgg* — I/ 4gQ)
+ P(g* _’Xcg)B(Xc_’\]/w'y): (11)

where

Ps(g* —J/¢gQ)
1003 (0Y(%sy)) r2f1+r

X+
Y 2 - dzL_ dx;f(z,xq1;r).

(12

Here the functionf(z,x4;r) is defined as in Eq(9) with
r=m?/ 2. The integration limits ok, are

xi=%(2—zi \Z°—A4r). (13

the gluon.
P(g* —J/¢X) is the decay distribution function of the vir-
tual gluon toJd/, which includes the contributions directly

10* ofs,,

”10 I . I”“100 I I I..”1.000
E, . (GeV)

FIG. 2. Color-singlet cross section vs c.m. energy. The dashed
line illustrates the quark process, the dotted line shows the gluon
process, the dotted-dashed line comes from gluon jets, and the sum
of the three processes is plotted as a solid line. The quark fragmen-
tation approximation is also shown as a short-dashed curve.

nihilation at any energy region. The results are displayed in
Fig. 2 and Fig. 3. The input parameters used in the numerical
calculations ar¢16,17

m,=myg=mg=0, m.=1.5 GeV,

mp,=4.9 GeV, a42m;)=0.26, a7
(0Y(35)))=0.73 GeV?, |Rp(0)|?=0.125 GeV. (18

The branching ratios of.;— J/ ¢y taken in the calculations
are[18]

B(xco— /1) =6.6x1073,

Because they* — x.;g processes have the infrared diver-
gence involved, which are associated with the soft gluon in
the final states, we induce an infrared cutoff to avoid the
singularities inP(g* — x.,9). Strictly speaking, the diver-
gences can be cancelled in the framework of NRQGEe
Ref.[14]). Here, we follow the way of Ref15] by imposing The angular distribution and energy distribution of color-
a lower cutoffA on the energy of the outgoing gluon in the Singletd/y production at CLEO have been discussed in Ref.

quarkonium rest frame. Then, the decay distribution func{11]. Here, we make a comparison of the relative importance
tions for y., can be written as of these three color-singlet processes as a function of c.m.

energyy/s. The result is displayed in Fig. 2. The dashed line
demonstrates the contribution from quark procé€bs the
dotted line is from gluon proceg®), the dotted-dashed line
is from gluon jets processé8), and the solid line is the total
color-singlet cross section. From this figure, we can see that
at low energies €25 Ge\) the gluon process dominates the
other two processes, at somewhat high energies the quark
process will dominate, and at high enough energies, the
(15 gluon jets processes are dominant. To see the sensitivity of
the quark fragmentation approximation to interaction energy
\/s, we also plot the line corresponding to the quark fragmen-

B(xe1—J/hy)=27.3%,
B(xca—J/hy)=13.5%. (19)

8aZ |RH(0)[?r(1-3r)2 (1 A
P(g* — Xc00) = g— — (

97 w’m®  1-r HF_E_l(L)

8?2 |Rp(0)|? 6r(1+r) (1 A )

* = — — e —— —
P(9* — xc19) 97 uZm® 1t ar m. 1

8a2 |Rp(0)|? 2r(1=+r+6r?)

P(g* = Xc20)= g~ w2 1—r tation approximation, Eq(7), in the same figure. Obviously,
the quark process at high energies can be represented by the
% E_ A_ 1) (16) quark fragmentation approximation. The diagrams show that
romg ) at \/s=70 GeV the difference between the complete calcu-

lation and the fragmentation approximation is less than
As discussed in Ref15], the cutoff A can be set tan, in 5%. Another striking result is that the procd$s is negli-
order to avoid the large logarithms in the divergent terms. gible at low energies, but at high enough energies
With the above formulas, we can evaluate the promp{/s=200 Ge\} its contribution dominates the other two pro-
J/ production rates of color-singlet processe®ire™ an-  cesses and grows with the energy increases.
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FIG. 3. Color-singlet energy distributiaiz/dz as a function ot at different c.m. energies. The distributions from quark pro¢dsted
line), gluon process¢dashed lingalong with the sum of therfsolid line) are given ata) 's=10.6 GeV,(b) ys=25 GeV,(c) s=50 GeV,
and(d) s=100 GeV.

In Fig. 3, We display the energy distributions of quark as shown in Fig. 4. Her&" 1., denotes the statesS, and
process, gluon process, and their sum/atto be 10.6, 25, 3P, andq represents the, d, s, c, andb quarks.
50, and 100 GeV, respectively. At low energies, such as at As the first process shown in Fig(a}, using the factor-
CLEO (/s=10.6 GeV, the energy spectrum of these two ization formalism described in Ref2], we can write the
processes are both fldee Fig. 8)], however, at high en- differential cross section as
ergies the patterns of the energy spectrum of these two pro-
cesses are distinct. The quark process is hard and the gluon
process is soffsee Figs. &) and 3d)]. After the relative
importance of these two processes is changed with c.m. en-
ergy, the energy distribution feature of the total cross section
of these two processes is also changed with c.m. energy.
Therefore, at high enough energies, the distribution is mainly
from quark process, and the total spectrum appears|[kasl

Figs. 3a)—-3(d)].

18,35,]

[8,254—1 LJ]
Ill. COLOR-OCTET CONTRIBUTIONS

The leading order color-octet contributions to dirdtiy
production ine* e~ collision include the two processes

(i) eTe —9y* —>qq_+ CC_[2_3,381], (20 FIG. 4. Feynman diagrams for diredty color-octet production
L processes ine*e” annihilation. () ete”—qqd/y, (b) ete”
(i) e"e”—y*—g+cc[8757L,], (21)  —Jyg.
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do(ete —qqdy) s;=(k—pp)? s=(k—p)*
=do(e*e”—qqcc[8,3S,)(O4(3S))), (22)  Inthe abovek is the momentum of virtual photop* , p and

p, are the momenta of outgoinl s and quarkg, m, is the
wheredo represents the short-distance coefficient of the promass of the quark ang, is its charge. The integration limits
cess, which can be calculated perturbativé®y(3S;)) cor-  of s; ands, are
responds to the long-distance nonperturbative matrix ele- 1
ment. It can be treated as a free parameter or evaluated by S =m?+ mg— 2—[32(52—3+ m?)
fitting the theory to experimental data. The result is S2

1/2, 2\y 1/2 2 2
do(e’e —qady) _efal (04°Sy) A emON S MMl
_-q%s
0,,0s1ds, 12 m; s; =4m?, sf=(Js—m)2. (25)
3 A
X — , 2i=0GiS; ~———, M isdefined as
S°(S1—Mg)(S—Sy—S,—M*—my)
23 N(X,Y,2) =X2+y?+ 7%= 2xy— 2y z— 2XZ.

where The functionsG; are

Go=3mPmZ +4m?mf+ 7m*m¢ + 2mS + s(m+ 4mf+ m°+ 11m*mZ + 16m?mp)

+s%(2m*+ 11m*mj+ 7mg) + s3(m?+ 3mj) + s, (— m°— 6m*m? — 5m?s— 12m”m;

— 16mmis— 5m?s?— 8m¢ — 12mgs— 6mas?— s%) + s7(3m*+ 12m?m? -+ 8m?s+ 12m¢ + 12mis+ 3s?)

+4s3(—m?—2m;—s) +2s7,

Gy = —5m*m; —8m?mg— 2s(m*+ 6m?m? + 4m¢) — s?(2m?+ 5mp)
+sy[ M+ 4m?mZ+4mg -+ 4s(m?+ m3) + $?] + 4s(—m?— 2mZ—s) + 4s]
G,=3m?m; + m?s—m?s; +3mg+3mis— 2mjs; — s +3s7,
Ga=s1—mj. (26)

A check can be performed by considering the high-energy limit in this process. At high enough energies, the outgoing quark
massm, can be neglected. Settimg,=0, and integrating oves, ands,, we will obtain

o(ete —Jlyqq) _eqas(2me) (O5(°Sy)|

5(1—r2)—2rlnr

T 96 m® |
+|2Liy| =——] —2Li 1 —2In(1+r)Inr +3Inr +1In°r [(1+7r)? (27
21+ 21+ '
|
whereLi,(x) = — [3dtin(1—t)/t is the Spence function. The 256772a2a5[(1—3r)2 6(1+r) 2(1+3r+6r?)
result here is completely consistent with that in R&8], in Cp= oZm® | 1-r 1—r 1t '
which the charmonium production iZ° which decays
through a similar process, is calculated. (30
The second process as shown in Fifh)4as been calcu- where we have used the approximate heavy quark spin sym-
lated in Ref.[12], giving metry relations:
(O§(°Py))=~(23+1)(OK(°Py)). (3D

a(e*e”—/yg)=CO5(*S)) + C(O5(°Py)), (28)
Up to now, the color-octet matrix element®$(3S,)),

(O8(*Sy)), and(OY(®P,)) are determined only by fitting to

29) the experimental datg.0%(%S,)) is extracted from hadro-

production process at the Tevatrf@3,16. The results are

64772e§a2as 1-r
s 3 s’m’
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FIG. 5. Color-octet cross section vs c.m. energy. Pro¢Bss
contribution is r_epresented as the dotted !ine_, pro¢éssas the_ FIG. 6. Energy spectrum of producéty in color-octet process
dotted-dashed line, and the sum as the solid line. The color-singlgf) 4t gitterent c.m. energies. From top to bottom, the curves repre-
contribution is drawn as a dashed line. sent+/s= 1000, 500, 200, 100, and 50 GeV, respectively.

consistent with the theoretical anticipation of NRQCD. As . . .
for (03(1Sy)) and(OF(Py)), they have been obtained from spectrum of pfocesén) has been discussed in ReL2]. In
both hadroproduction and photoproduction, but the resultghIS processyr's energy mainly fixes at the endpoint region

from different processes are incompatitiee Ref.[20]), which equals half of the c.m energy, its width is about
which we will discuss in detail in Sec. IV. Here, we tenta- [(2mc/'s)x500] MeV. In contrast, the energy spectrum of

tively choose the color-octet matrix elements obtained irP.roceSS(” is very soft. As shown in Fig. 6, the energy dis-

Refs.[4,16], which are consistent with the velocity scaling tribution of J/ ¢ _production in_procesé) s mz_iinly from the
rules: low-energy region even at high c.m. energies500 GeV.

Numerical results show that the mean energy valud/gf
from procesgi) is about 16-20 GeV at any energy value of

<Ogl(3sl)>:15x 10—2 Ge\/3, (32) \/g less than 1000 GeV.

(04(*Sp))=10"2 Ge\?, (33 IV. COLOR-OCTET MATRIX ELEMENTS

Unlike color-singlet matrix elements which associate with
w3 the quarkonium radial wave function at the origin in the
(OsCPo) _ 2 lativistic limit, and can be calculated using th ial
~2 1 -1072 Ge\A. (34  nonrelativistic limit, and can be calculated using the potentia
mg model [17], the color-octet matrix elements are unknown.
They can be extracted from experimental data or from lattice
Using the input parameters given in Sec. Il, we can cal-QCD calculations. Before lattice QCD giving out the results,
culate the intermediate color-octet contributionsltgy pro-  the color-octet matrix elements are determined only by fit-
duction ine*e™ collisions. From Eqs(23—(26) and Egs. ting the theoretical prediction to experimental data. As done
(28)—(34), the contributions of these two processeslt¢  in the literature[2—4,16,20,2}, the color-octet matrix ele-
production rates as a function of c.m. energg may be ments are extracted from experimental datallof produc-
obtained as shown in Fig. 5. The dotted line is from procession in hadron collisions an@& p collisions. In these pro-
(i), the dotted-dashed line is from procéss, the solid line  cesses, the production mechanism is associated with the
is the sum of them, and the dashed line is the total crosstructure function of hadrons, therefore there are still a lot of
section of color-singlet processes contributions. From thisincertainties, e.g., the higher twist effects, which we cannot
diagram, we can see that at low energies the dominant prarandle clearly now. Therefore, the extraction of octet matrix
cess is channelii), at higher energies\(s>20 GeV) the elements from these different processes certainly contains
channel(i) dominates. It is interesting to note that the color-large theoretical uncertainties; their results are not even con-
octet contributions dominate the color-singlet contributionssistent with each othg¢20,21]. In contrast, the mechanism of
at any energy values aofs. So if the color-octet production J/¢ production ine* e~ annihilation process is much clearer
mechanism is correct and the color-octet matrix elements artan those hadron processes discussed above. The parton
not too small compared to the values used hét¢,produc-  structure is simpler, and there are no higher twist effects to
tion in e*e™ collision mainly comes from color-octet con- be considered, so the theoretical uncertainty is much smaller.
tributions. Following, we discuss the possibility of extracting elements
Another important character of the color-octdiy pro-  (O§(3S,)), (O5(1Sp)), and(O¥(1Sy)) from e* e~ annihila-
duction ine*e™ collision is its energy spectrum. The energy tion experiments.
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From the results of Sec. lll, the color-octet contributionsEquations(37) and (38) are incompatible. Furthermore, the
dominate the color-singlet contributions at any energy refixed-target resulf21] gives the same argument for the ma-
gion. The total cross section df s production ine*e™ col-  trix elements values in Eq37), and gives
lision is sensitive to the color-octet matrix elements. So, we
can precisely extract them from fitting the theoretical predic-
tion to the experimental data. Furthermore, there is an an-
other important feature of color-octel/s production in
e"e” process: the relative importance of these octet pro-
cesses is distinct at different energy regions. At high enerThis problem may be further clarified & ¢ production in
gies, the e|emep(t(98¢(3sl)> is important, while at low ener- ete” coIIisipn expgriments. Because at low energies the
gies,(OB‘/’(lsO)) and(Og’(*"PO)) are important. So, we can J/¢ production dominantly comes from the color-ocf@(J
extract them separately from different energy experiments. @nd °P, subprocessesee Fig. 5, anld where the as:%somated

(OL(*Sy)) was determined previously from hadroproduc- color-octet matrix elements ax@3(*So)) and(Og(°Po)).
tion at the Fermilab Tevatron. In RefL6], the authors use W€ can extract another linear combination of these two ele-
the gluon fragmentation approximation at high to fit the ~ ments by fitting to the experimental data at this energy re-
experimental data. They obtain gion. Furthermore, the coefficients in front of these two ele-
ments in the combination are different at different c.m.
energy, because the relative importance of these two subpro-
cesses changes with energy. So we can extract different com-
binations from different energy experiments. Here we choose
. two typical c.m. energy values,s=4.6 GeV/at the Beijin
In Ref. [4], the authors ext_end out the gluor_l fragmentat'onEIect)r/gn-Positron C(g)l)llider(BISE/I;Q] and 1[0.6 GeVJ(a?
region, and take a global fitting to the experimental data | E). t see what combination of the two elements can be

. . U3 Wl
Pi>35 GeV) including (Og(*Sy)), (Os("So)), and  gypracted from the experiment. Afs=4.6 GeV, from Eq.
(O4(Py)) contributions: (28) we get

(Of(*sy)) + %wg(SPo»: 3.0x10 2. (39)

(0¥(%3,))=1.5x10"2 Ge\’. (35

o4(3p
Ag=0.065 O%(1Sy)) + <8r(n—2°)> (40)

C

(04(3S,))=6.6x10"° Ge\l. (36)

At the energy region reached at the CERNe™ collider
LEP Il (s~ 160 GeV}, the color-octet production cross sec- and aty/s=10.6 GeV, the combination is
tion og is about six times larger than the color-singlet pro-
cess cross sectian;, and the former mainly comes from the -
contribution of (O4(3S,)) (the contributions from _ vl (O8(°Po))
Ag=0.2608(*Sy))+ ———5—. (41)

(08(*Sp)) and (O4(3Py)) are small enough and may be m;
neglected, see Fig.)5S0, (04(3S,)) can be extracted by _ o
precisely measuring the total cross sectiod/af production From these two equations, the individual value of these two
in e"e” annihilation at this energy region. elements may be extracted.

As for the element$O4(1Sy)) and(O¢(3Py)), the situ-
ation is more complicated. In previous studies, the values of
them were extracted from the experimental data of hadropro- V. CONCLUSIONS
duction at highP, , photoproduction at forward direction,
and fixed-target hadroproduction. In Rpf), a global fitting
to all P, region data shows that at loW, boundary the
theoretical prediction is dominated by the contributions from
(08(*Se)) and(O%(3Py)), and the fitted result is

In this paper, we have calculated the dirdt¢ produc-
tion in e* e~ annihilation including color-singlet and color-
octet contributions. We have studied the energy scaling prop-
erties as well as energy spectrum of all the production
processes. The numerical result shows that the color-octet
contributions dominate the color-singlet contributions at any
c.m. energy scale and the energy spectrum of these two
o1 3 3m _, color-octet processes is distinct. This enables us to further
(Og(*So)) + HE«OB( Po))=6.6x10"". (37) carefully study the properties of color-octdtys production
in e*e” collision experiments such as the angular distribu-

However, the studies of photoproductioneatp collisions tlorlls, r?_tc. h d ondh ducti
show that the matrix element values in the above equation 'N thiS paper, we have concentrated onJhg production

may be overestimate[®20], and the authors obtain another only 'ghrough the virtual photon iB_+97 colligions. The con-
linear combination of these two elements: tributions from theZ® boson at high energies should be in-

cluded and will be considered elsewhere.
Because ire*e” processes)/¢ production has a much
7 smaller theoretical uncertainty than in hadrodigs produc-
(O¥(ASy)) + —(O¥(3Pg))=2.0x 1072, (3g)  tion processes, it can be used to extract the color-octet matrix
me elements precisely. At high energies the color-oé&t sub-
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process is dominant and the eleméﬁlg’(381)> can be ex- another criterion in testing the color-octet signals and the
tracted from experimental data in this energy region. At lowNRQCD scaling rules.

energies the color-octetS, and 3P, subprocesses will

dominate, and one can extract two sets of linear combina-

tions of the elementé04('S;)) and(O§(3P,)) from differ- ACKNOWLEDGMENTS
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