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Determination of color-octet matrix elements frome*e™ processes at low energies
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We present an analysis of the preliminary experimental data of difectproduction ine*e™ processes
at low energies. We find that the color-octet contributions are crucially important to the cross section
in this energy region, and their inclusion produces a good description of the data. By fitting to the data, we
extract the individual values of two color-octet matrix elementg9y(1S))~1.1x10 2 Ge\?;
<Og’(3Po)>/m§-v7.4>< 103 Ge\P. We discuss the allowed range of the two matrix elements constrained by the
theoretical uncertainties. We find th(ax)g(lso» is poorly determined because it is sensitive to the variation of
the choice ofm;, as and(OY(3S,)). However,(O¥(3P,))/m? is quite stabldabout (6-9)x 10 ° GeV?]
when the parameters vary in reasonable ranges. The uncertainties due to large experimental errors are also
discussed[S0556-282197)02515-(

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

In recent years, the nonrelativistic QGNRQCD) factor-  For the quarkonium production matrix elements, before lat-
ization formalism[1] has made impressive progress in thetice QCD produces its result, the NRQCD velocity scaling
study of heavy quarkonium producti¢8]. In this approach, rules may be used to give a rougbrder of magnitudees-
the production process is factorized into short and long distimate about size of the color-octet matrix elements. Under
tance parts, while the latter is associated with the nonpertuthis velocity-scaling rules, the matrix eleme) (includ-
bative matrix elements of four fermion operators. The crossng both color singlet and color ocleare related to each
section for the inclusive production of a quarkonium stateother by orders oanu2 orv?, wheremg is the mass of the
H can be expressed as a sum of products having the formheavy quark and is the typical relative velocity of the

heavy quark in the bound state. For example]/igt produc-
2 - H tion, the most important NRQCD matrix elements are
dO’(A+ B—H+X)= 4 dO’(A+ B—>CE[I’]]+X)<O”> <O]l/_/(3sl)>, <Osl//(381)>, <@g(150)>, and((’)g"’(e’PJ)}, and ac-
(1) cording to the scaling rules, their relative sizes satisfy the
relations

In the above,do represent the short distance coefficients (O1(Psp))~miv®,  (0g(3Sy)~mdv’,

associated with the perturbative subprocesses in which a

c ¢ pair is produced in a configuration denotedrbyangular gl 3,7 W3 —mB,,7
momentum?S™ 1L ; and color index 1 or B () are the (O Sohy~mev’, - (OCP)~mev”. @
long distance nonperturbative matrix elements demonstratingractically, the color-octet matrix elements have been deter-
the probability of ac c pair evolving into the physical state mined by fitting the theoretical prediction of quarkonium
H. do can be obtained from perturbative calculations, whileproduction to the experimental data at various colliders. Ac-

(OM) are nonperturbative parameters which cannot be calcifording to the NRQCD factorization formalism, the matrix
lated perturbatively. elements(Oﬁ) are universal, so that their values measured

(O'y consist of two kinds of matrix elements: i.e., the from different colliders must be the same. This is an impor-

color-singlet and color-octet matrix elements. Color-singlettant test to the color-octet production mechanism. In previ-
matrix elements may be related to the quarkonium radiaPus studies4,5], the matrix elemen{O§(®S;)) is deter-
wave function or its derivatives at the origin, and may bemined by fitting to the highP+ promptJ/« production at the
calculated by potential models or estimated by leptonic deFermilab Tevatron, and their results are consistent with the
cay widths of quarkonium states. Whereas the nonperturbaelocity-scaling rules. However, the matrix elements
tive color-octet matrix elements can only be determined from{ O§(*Sp)) and(O%(3P,)) are not determined individually,
lattice QCD calculations or by fitting the theoretical predic- but as a linear combinatiofb]. Another linear combination
tion of quarkonium production rates to the experimental dataof these two elements is also obtained in the studie¥ ¢f
The preliminary lattice QCD calculations of quarkonium de-photoproduction ine” p collisions[6] and hadroproduction
cay matrix elements have been presented in the literfBlre at fix target experimentg7], and their results are not com-
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patible with that of 5]. Recently, some further investigations while at high energiegsay, above 20 Gey the dominant
on promptJ/¢ production at the Tevatron are performed channel ise*e™—qqg* followed by g* fragmentation to
[8,9]. Their results show that the parton distributions color-octetd/y process.

strongly affect the extraction of the values of the color-octet  For the color-octet processes

matrix elements, i.e., different sets of parton distributions

result in different values of the matrix elements. They also ete"—y*—g+cc[8,25IL )], ®)
show that the initial- and final-state radiation are important in si1 . X 3
prompt J/4 production at the Tevatrorf9]. All those Where L, represent theec pair states™S, and °P,,
progresses show that the inconsistency between the valuf®m Ref.[16], we readily have

measured at the Collider Detector at Fermil@DF) and . _ 1 3

those measured in other processes may be mostly due to the o(e"e”—J/yg)=Cy05(*Sy)) + C(O5(°Py)),  (4)
large theoretical uncertainties in those calculations, such ag;i,

the parton distributions.

In contrast, the mechanism df ¢ production ine*e” 64w2e§a2as 1—r
annihilation process is much clearer than those in hadronic Cs= 3 2m’ 6)
processes discussed above. The parton structure is simpler,
and thgre is no hig_her twist effects to be considered, SO the 256772e§a2a3[(1—3r)2 6(1+r)
theoretical uncertainty is much smaller. Becausesire o= —
processes)/ ¢ production has much smaller theoretical un- 9s’m* | 1-r 1-r
certainty than those in hadroni¢y production processes, it 2(1+3r+6r2)
can be used to extract the color-octet matrix elemehis. _ (6)

production ate*e™ colliders has been investigated by sev- 1=r
eral authors in literatur¢10-17. Braaten and Chen have \ herer=m?/s. m is the mass ofi/ 4, ands is thee*e~
noted that a clean signature of color-octet mechanism may bgjiision c.m. ,energy squared. Here, we have used the ap-

observed ir_1 the a}nguIaJrr distribytion_d}fz// production near proximate heavy quark spin symmetry relations
the end point region a¢™ e~ collider in the low energy re-

gion such as at CLEQ16]. In this paper, we make use of the (OY(3P1))~(2J+1)( O (3Py)). 7)
previous results of the calculations on thes production in
ete™ process to extract the color-octet matrix elements byl'0 extract the color-octet matrix elements, one needs to sub-
comparing with the preliminary experimental data at low en-tract the color-singlet contributions from the total cross sec-
ergies[18,19. tion. The leading order color-singlét s production rates at
In our previous studie§l7], we have calculated color- low energies €25 Ge\) come from the process

singlet and color-octet contributions to prompt/ produc- . N
tion in e* e~ annihilation at different energy scales under the e'e —y —=Jdy+gg. ®
NRQCD factoriza_tion formalism a_md we have _used th_e NONThe cross section of this procesy 1€]
perturbative matrix elements which are consistent with the
NRQCD velocity-scaling rules. We find that the color-octet dg(ete™—J/ygg) 64e2a? (OY(3S;)) ,
contributions dominate over the color-singlet contributions = —If(z,xq;r),
. . ; : : o,,.dzdx 27 m
in all energy regions. At low energies, as pointed out in s

; : 9
[16,17, the dominant production channels are
ete"—J/y+g via color-octet 1S, and 3P; processes, where

. o (2+ X)X, . (2+X1)Xy . (z—r)2-1
(X0 = 2 1—x,— 12 (2= 22(1=%—1)2  (1=X=1)o(1—xX,—1)?
1 6(1+r—2z)? 2(1-z)(1-r) 1
+ 2 3 7t -1, (10
(2—=2)2| (1= %= 1)%(1—x,—1)? " (1=Xo—r)(L=Xy—1)r 1
|
and wherek, p, andp; are the momenta of the virtual photon
v*, J/y, and the outgoing gluon, respectively.
Ouu=0qenl€ e —utu). In the numerical calculations we use the following param-

eters as input:

The variablew,x; are defined as
m.=15 GeV, ay42m.)=0.26,
2p-k 2p;i-k
z=—0— XiT=—g 11 (0Y(3S,))=1.08 GeV [3]. (12)
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than that atys=10.6 GeV. This behavior cannot be ex-
plained by the color-singlet model with perturbative QCD.
Here, we would like to emphasize that the PLUTO data
are due to directl/ production but not the decays ofc
resonancefl8]. Furthermore, we assume that in the energy
region aroundys=5 GeV, perturbative QCD is approxi-
mately applicable to describe tldéys production processes.
In this connection, we note that Driesehal. have applied
perturbative QCD to calculate th¥ s production inete”
process within the color-singlet model3]. They could ex-
plain the experimental data from PLUTO by using a large
running coupling constant, i.e., setting(Q?=1 if
JQ?<1 GeV. Their results indicate that the main contribu-
PRI S S E R SR tion to J/ ¢ production in this process comes from the region
5 10 15 20 where the conjunctioned gluons are soft. It is not entirely
E,,.(GeV) clear whether this color-singleic plus a soft gluon can be
factorized into a higher Fock state for the physiga), such
FIG. 1. The total cross section dfy in e"e” process. Color-  as color-octefP; states and color-octésS, state. Neverthe-
octet 'S, process contribution is represented by the dotted lineless, if the experimental results of these two collaborations
color-octet 3P process by the dashed line, the sum of these tWO(CLEO and PLUTQ are further confirmed, the color-octet
color-octet processes by the dotted-dashed line, and color-singlgfroduction mechanism will probably provide a quite unique
contribution by the short dashed line. The experimental data argxplanation.
taken from Refs[19,18. In the following we estimate the theoretical uncertainties
) ) o ) induced by the choice of the charm quark mass, the strong
In Fig. 1, we show the theoretical prediction of dirett)  coupling constant, and the color-singlet matrix element
production compared with the experimental datate that  (»¥(3s)). First, we consider a variation of the charm quark
contribution from¢’ feed down has been subtracted from massm, from 1.4 GeV to 1.6 GeV with other parameters

the data sample The data atys=4-5 GeV are from ynchangedas in Eq.(12)]. This results in a variation of the
PLUTO[18], and those at/s=10.6 GeV are from CLEO Il  two color-octet matrix elements fitted values,

[19,13. The two color-octet matrix element®4(1S,)) and

100

10

4
10 Rw

(O4(PPy)) are treated as free parameters to be determined (O4(*sy))=—0.25 to 2.3<10 2 Ge\?,
by fitting the data. We use the data from two energy points to
determine these two matrix elements. One is from PLUTO at (O4(3Py))

>——=0.91 to 0.6X10 ? Ge\~. (14)
m

C

Js=5 GeV and the other from CLEO afs=10.6 GeV. At
the collision energies below 5 GeV there might exist some
c ¢ resonances which could contaminate the proddptpro-  Also, a variation of the strong coupling constamf from
duction, that is why we neglect the data in the energy regio®.24 to 0.30 will result in

below \'s=5 GeV to carry out the extraction. And the ex-

traction result is (04(*Sp))=1.8 to —0.009< 102 Ge\~,
0L(1S))=1.1X10"2 Ge\?, O§(®Py)
(O5("So)) <8m—20>=0.76 to 0.7X10°2 Ge\®. (15
C
(O5(°Py)) L, - : :
— oz~ 0.74x10 Ge\?, (13  And a variation of the color-singlet matrix element
¢ (0Y(3Sy)) from 1.0 Ge\? to 1.2 Ge\? will result in
where the central values of experimental data g1 _ -
=1.4 TK1 B
(RSP=5.0¢ 102 at \5=5.0 GeV andRP=1.0x 10 at (O(S0) to 0.7310°% GeV’,
Js=10.6 GeV} are used and the experimental errors are not ((’ﬂ‘(sP )
included. The dotted line in Fig. 1 represents the contribution 8—20=0_72 to 0.76<10° 2 Ge\s. (16)
from color-octet 'S, subprocess, the dashed line is from me

color-octet 2P, process, and their sum is plotted as the !
dotted-dashed line, and the color-singlet contributions id~rom the above results, we can see that the fitted value of the

shown as the short dashed line. From this figure, we can sélement(Of('Sy)) is sensmvel to a variation of the three
clearly that the color-singlet contributions alone cannot exParametersmg, ag, and (O(*S)). This is because the
plain the observed cross sections in these energy regiongl0ss section o8/¢ production is not sensitive to the value
After including the contributions from both color-singlet and of the element(O§(*S;)) [i.e., the coefficient of the
color-octet production processeshown as the solid linea ((98‘”(180» term in the expression of cross section is very
satisfactory agreement between theoretical prediction and tremall, see Eqs(4) and (5)]. In contrast, the fitted value of
experimental data will be achieved. Especially, the cross sec{OB‘”(*"PO))/mg remains rather stable when the three param-
tion of directJ/ production atys=5 GeV is much larger eters vary in reasonable ranges. The above rough estimates
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FIG. 2. Description of the allowed values of the color-octet
matrix elements constrained by the experimental data. The dotted

lines  correspond  to  (OY(°Po))/m2=7.4x10"° Ge\?,
(08(1S))=5.0<10"2 Ge\® (up), and (0F(1Sy))=10"* Ge\®
(down), respectively. The dash lines correspond
(08(1Sy))=1.0x10"2 Ge\?, (OY(°Po))/mZ=2.0x10"2 Ge\®
(up), and(OY(3Py))/m?=2.0x10"2 Ge\® (down), respectively.

may show the value of the element

(O¥(®Pg))/m2=(0.6—0.9)x 1072 Ge\’.

Finally, we discuss how the present experimental errorg,
can affect the fitted values of the two matrix elements.
Obviously, the large errors in experimental data will result in
a larger error for the fitted values of the two color-octet
matrix elements. To see this, in Fig. 2 we show four curves
for the J/¢ production cross section, where the input

parameter$as, m., (OY(3S,))} are same as those in Fig. 1.
The two dotted lines correspond tdO4(3Pg))/m?2
=7.4x10° Ge\®, (0§(1Sy))=5.0x10"2 Ge\® (up),
and(0Y%(1Sy))=1.0x 10" Ge\® (down), respectively. The
two dashed lines correspond t60§(1Sy))=1.0x10 2
GeV, (O¥(Py))/m3=2.0x10"2 GeV® (up, and
(O¥(3Py))/m3=2.0x10"3 Ge\® (down), respectively. We

can see that the total cross section is not sensitive to the

value of (O§(1Sp)). When it increases from 1010 *
GeV® to 5.0x10 2 Ge\?, the total cross section only
changes a little. But the value 604 (3P,)) varies rapidly as

the data value changes. Therefore, in order to determine thg,
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Recently, Beneke and Kmzer [8] updated the extraction of
color-octet matrix elements by comparing the distribution

for unpolarized directl/ ¢ production with the most recent
CDF data[20]. By using the CTEQA4L parton distribution
function (PDP set(in their paper, they have used three PDF
sets, which resulted in different extractiof]), they ob-
tained a different linear combination of the two color-octet
matrix elements,

(Of(*sp)) + %3(05(3%)):4.3&10—2 Ge\R. (18)

In Ref.[9], Sanchis-Lozano and Cano-Coloma used a Monte
Carlo event generator to treat the high order initial- and
final-states radiation. By fitting to the experimental data of
promptJ/ ¢ production at the Tevatron, the authors obtained
another extraction of these two color-octet matrix elements,

(O4(1Sy)) + %(05’(3P0)>=1.44>< 10?2 Ge\®, (19

where the CTEQ2L PDF set is used. The value in @§) is
much smaller than those in Eqd7) and (18). This shows
that the inital-states radiation effects are crucially important
to the extraction of these two color-octet matrix elements at
the Tevatron.

The studies of photoproduction af p collisions show

at the matrix element values in Ed.7) may be overesti-
mated[6], and the authors obtained another linear combina-
tion of these two elements from the forwadéky photopro-
duction cross-section measurements,

<0‘8”(1So)>+%<05(3P0)>=2.0><10—2 Ge\R. (20

The fixed-target hadroproduction resiit] gives the same
argument against the matrix elements values in(Ed, and
gives

(O4(*Sp))+ %(05(3P0)>=3.o><10*2 Ge\R. (21)

Our results(13) are not compatible with Eq$20) and (21).
e inconsistency may be mostly due to theoretical uncer-

color-octet matrix elements more rigorously, more precisgainties and large experimental errors

measurement for thé/¢ cross section at low energies is
apparently needed.

Meanwhile, we note that the color-octet matrix elementse|ement
discussed in this paper have also been determined from oth

experiments. At the Tevatron, promp't) production at high
P+ has been compared with theoretical predictions, and
global fit to all Pt region shows that at low; the theoret-
ical prediction is dominated by the contributions from
(O8(*Sp)) and(O4(3Py)), and the fitted result ig5]

(05(1So)>+%<O§(3PO)>=6.6><10*2 Ge\?. (17

However, it should be noted that there are large theoreti-
cal uncertainties in our extraction of the color-octet matrix
(08(*Sp)), and also the large experimental errors
ay further affect the extraction of the two matrix elements

éOS‘/’(lso» and(OY(3Py)). So, the compatibility of our re-

ults with those from Tevatron and the incompatibility of our
results with those from fixed-target hadroproduction and
photoproduction should not be taken seriously.

In Ref. [21], Fleming et al. make an analysis of the
present extraction values of the color-octet matrix elements.
After considering the constraints by tldé) production rate
in b decays, they obtained a rough range of the linear com-
bination of the two color-octet matrix elements,
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3 color-octet matrix elements in these two situations.
(O4(*Sp))+ —5(O4(PPy))=1.0~6.0x 10 % Ge\~. In conclusion, in this paper we have calculated the direct
Me 22 J/y production rates ire*e” process at low energies. Our
results show that the color-octet production mechanism is
significant in the production cross section in this energy re-
This is compatible with all the above resuftsgs.(13) and  gion, and this may provide another positive test for the va-
17)—-(21)]. lidity of the color-octet production mechanism. The extrac-
When this work was in progress, we received a preprint otion of elementg 0%(*S,)) and(O¥(°P,)) are performed by
Fleming et al. [22], in which they calculate thel/y  fitting to the experimental data. But the large errors of the
leptoproduction. They find that a negative value for thepreliminary experimental data cannot give a precise estimate
color-octet matrix elemert04(3Py)) is still possible, which ~ of the color-octet matrix elements. We hope that more pre-
is inconsistent with our conclusions. We would like to point Cise experimental data of diredty production ine*e” an-
out that if this matrix element is negative, the color-octetNihilation at CLEO Il and Beijing Electron-Positron Collider
3p, processes would provide a large negative contribution t¢BEPO Wwill soon be obtained.

J/y production ine*e” process at low energies due to @  One of us(F.Y.) thanks the staff of the Physics Depart-
large positive coefficient for the matrix elemef@y(3Po)) ment Computer CentédRoom 540 for their kind help. This

at low energiedsee Eqs(4)—(6)]. If so, the experimental work was supported in part by the National Natural Science
data in Fig. 1 cannot be explained. The conflict between ouFoundation of China, the State Education Commission of
results with those of{22] about the color-octet matrix China, and the State Commission of Science and Technology
elements puts forward a question to the universality of theof China.
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