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c8 production as a test of color-octet mechanism
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To test the color-octet model of heavy quarkonium production, we proposec8 production at small-pT

regions in polarizedpp collisions for the forthcoming BNL RHIC polarized experiments, whose experimental
test atAs550 GeV might be very promising.
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Traditionally, heavy quarkonium production has been c
culated so far in the color-singlet model@1#, which is essen-
tially a nonrelativistic model. However, with this model on
cannot quantitatively estimate various uncertainties origin
ing from the higher order QCD corrections, the quarkoniu
binding effects, and the corrections due to relativistic effe
of quarkonium. Recently, it has been reported that the c
sections of promptJ/c andc8 production in unpolarizedpp̄
collisions measured by the Collider Detector at Fermi
~CDF! Collaboration are largely inconsistent with the calc
lation by the QCD lowest order process with the colo
singlet mechanism alone@2#. This suggests that we nee
some other mechanisms beyond the color-singlet model

In the last few years, a new color-octet model has b
advocated by several people@3# as one of the most promisin
candidates that could remove such a big discrepancy
tween the experimental data and the prediction of the co
singlet model. The model is quite successful in explain
the CDF data for large-pT heavy quarkonium production
About the same time, a rigorous formulation of such a n
model has been presented in terms of a beautiful effec
theory called nonrelativistic QCD~NRQCD!, in which the
O(v) corrections of the relative velocity between the bou
heavy quarks can be systematically calculated@4#. Physics of
the color-octet model is now one of the most interest
topics for heavy quarkonium production at high energy. S
eral processes have been already suggested for testin
color-octet model, such as transversely polarized promptJ/c
and c8 hadroproduction at high energy collisions@5#, polar
angle distributions of theJ/c in e1e2 annihilation into
J/c1X @6#, Z0 decays at the CERNe1e2 collider LEP@7#,
and so on. However, the prediction of the color-octet mo
on g1p→J/c1X is at variance with recent data at th
DESY ep collider HERA @8#, and thus the discussion seem
still controversial. To go beyond the present theoretical
derstanding, it is necessary to study other processes.

In this paper, as another test of the color-octet model,
570556-2821/98/57~7!/4487~4!/$15.00
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propose a different process,c8 hadroproduction at small-pT
regions in longitudinally-polarized-proton–longitudinally
polarized-proton collisions which will be observed in th
forthcoming experiment at the BNL Relativistic Heavy Io
Collider ~RHIC!. The process is of great advantage to clea
test the color-octet model as described in the followin
Since the process is dominated by thes-channel gluon-gluon
fusion, there is no direct productions of the color-singletc8
because of charge conjugation. For this process, only
states are expected to contribute toc8 production in the final
state: ~1! a color-octet state, where acc̄ pair is produced at
short distances in a color-octet state which subseque
evolves nonperturbatively into a physical quarkonium@3#,
and ~2! a radially excited color-singlet 23P2 state
('3.9– 4.0 GeV) decaying intoc81g, where the decay into
DD̄, DD̄* is suppressed by theD-wave phase space an
dynamical effects@9,10#. The contribution of the 23P0 state
is considered to be small because the branching ratio of
2 3P0 into c81g is expected to be very small by analogy
the tiny branching ratio of 13P0 into J/c1g, B(1 3P0
→J/c1g)5(6.661.8)31023 @11# and, thus, can be safel
neglected here. The 23P1 state ('3.9 GeV), does not con
tribute to this process because of Yang’s theorem, tho
this state might contribute to large-pT c8 production. Note
that in the case ofJ/c production, in addition to radiative
decays of 13P2 and 23P2 states,c8→J/c1X contributes
to theJ/c production in the final states and hence the ana
sis must be complicated. Furthermore, since thec8 is domi-
nantly produced in gluon fusion, the cross section is sensi
to the gluon density in the proton and thus one can get g
information on the spin-dependent gluon distribution in t
proton by analyzing this polarized process, which is als
hot current topic. A related subject has been studied rece
by Teryaev and Tkabladze@12#: They have calculated the
two-spin asymmetry of theJ/c production at large-pT
(.1.5 GeV) regions in polarizedpp collisions and insisted
that the color-octet mechanism dominantly contributes to
asymmetry.
4487 © 1998 The American Physical Society
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Let us introduce a two-spin asymmetryALL for this pro-
cess:

ALL5
@ds112ds121ds222ds21#

@ds111ds121ds221ds21#
5

dDs

ds
, ~1!

whereds12 , for instance, denotes that the helicity of o
beam particle is positive and the other is negative.

The spin-dependent and spin-independent differen
cross sections of small-pT c8 production via the color-octe
state are given by@13#

dDsCO

dxL
5

ds11

dxL
2

ds12

dxL
1

ds22

dxL
2

ds21

dxL

5
tc

AxL
214tc

F p3as
2

144mc
5 H ^O8

c8~1S0!&

2
1

mc
2 ^O8

c8~3P0!&J Dg~xa ,Q2!Dg~xb ,Q2!

2
p3as

2

54mc
5 ^O8

c8~3S1!&

3$Dq~xa ,Q2!Dq̄~xb ,Q2!1Dq↔Dq̄%G , ~2!

dsCO

dxL
5

tc

AxL
214tc

F p3as
2

144mc
5 H ^O8

c8~1S0!&

1
7

mc
2 ^O8

c8~3P0!&J
3g~xa ,Q2!g~xb ,Q2!

1
p3as

2

54mc
5 ^O8

c8~3S1!&

3$q~xa ,Q2!q̄~xb ,Q2!1q↔q̄%G , ~3!

wherexa andxb are the momentum fraction in a proton an
are given as

xa5
xL1AxL

214tc

2
, xb5

2xL1AxL
214tc

2
,

xL[
2pL

As
, tc[

4mc
2

s
, ~4!

with longitudinal momentumpL of the produced particle
Dg(x,Q2) andDq(x,Q2) are the spin-dependent gluon an
quark density with the momentum fractionx at anyQ2, re-

spectively. ^O8
c8(1S0)&, ^O8

c8(3S1)&, and ^O8
c8(3P0)& are

nonperturbative long-distance factors associated with
production of acc̄ pair in a color-octet1S0 , 3S1 , and 3P0
states, respectively. From a recent analysis on charmon

hadroproduction, the values of^O8
c8(3S1)& and of the com-

bination are given as^O8
c8(3S1)&'4.631023 @GeV3#,
al

e

m

^O8
c8(1S0)&1(7/mc

2)^O8
c8(3P0)&'5.231023 @GeV3# @14#,

and another combination13 ^O8
c8(1S0)&1(1/mc

2)^O8
c8(3P0)&

'(5.961.9)31023 @GeV3# @15#. Then we find the ratio as

Q̃

Q
[

^O8
c8~1S0!&2

1

mc
2 ^O8

c8~3P0!&

^O8
c8~1S0!&1

7

mc
2 ^O8

c8~3P0!&

'8.0 – 3.6.

TheALL, due to the color-octet state alone, has been num
cally calculated using various proton distributions, and
found that it becomes positive in the entirexL region if
Dg(x,Q2) does not change its sign in 0,x,1.0, though its
value largely depends onQ̃/Q.

The spin-dependent differential cross section of smallpT
c8 production via the 23P2 state can be given by@16#

dDs23P2

dxL
5

ds11

dxL
2

ds12

dxL
1

ds22

dxL
2

ds21

dxL

5B~23P2→c81g!
216p2as

2uR23P2
8 ~0!u2

M7

3
t

AxL
214t

Dg~xa ,Q2!Dg~xb ,Q2!, ~5!

wherexa and xb are given by replacingtc in Eq. ~4! by t
[M2/s. The spin-independent cross section is given by
placingDg(x,Q2) by g(x,Q2). As shown from Eq.~5!, the
ALL due to the radiative decay of the 23P2 state becomes
negative, though its magnitude depends onuR2 3P2

8 (0)u whose

value has been calculated using various potential model
uR2 3P2

8 (0)u250.076, 0.102, 0.131, and 0.186 GeV5, for the

logarithmic, Buchmu¨ller-Tye, power-low, and Cornell poten
tials, respectively@17#.

The Relativistic Heavy Ion Collider~RHIC!, which is de-
signed to have a luminosity of 231032 cm22 sec21, an en-
ergy ofAs550– 500 GeV, and a beam polarization of abo
70%, is now under construction at Brookhaven Nation
Laboratory~BNL! and, hopefully in a few years, will pro
duce fruitful data on high energy polarizedpp collisions.
Expecting the forthcoming RHIC experiments, we have c
culated theALL for these energies. In this calculation, w
need information onDg(x) and, in addition,Dq(x) and
Dq̄(x) for the case of the color-octet model. So far, ma
people have suggested various kinds of different sp
dependent gluon distributions from the analysis of data
nucleon spin structure functions@18–20#. Among many
models ofDg(x,Q2), we take here typical three types o
Dg(x,Q2): ~a! set A of the Gehrmann-Stirling~GS! pa-
rametrization@18#, ~b! the Brodsky-Burkardt-Schmidt~BBS!
parametrization@19#, and ~c! the Glück-Reya-Vogt~GRV!
parametrization@20#, which are shown in Fig. 1, and calcu
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late theALL for c8 production as a function ofxL at RHIC
energies. In calculating for the color-octet model, we ha
takenDq(x) andDq̄(x) from respective models of GS@18#,
BBS @19#, and GRV@20# and found that the contribution o
qq̄→cc̄ is considerably smaller than the one ofgg→cc̄ for
xL,0.5. As for the spin-independent parton distributions,
have used the GRV parametrization@21# for ~a! and~c!, and
the BBS parametrization@19# for ~b!.

Fixing Q2 as 4mc
2 with mc51.5 GeV and taking the mas

M2 3P2
53.98 GeV andB(2 3P2→c81g)50.08 @22#, we

have studied the parameter dependence of

ALL5
dDsCO/dxL1dDs2 3P2

/dxL

dsCO/dxL1ds2 3P2
/dxL

on Q̃/Q and uR2 3P2
8 (0)u2 at relevant RHIC energies an

found that theALL becomes larger for the largerQ̃/Q and
smalleruR2 3P2

8 (0)u2. We found that theALL became positive

in all regions ofQ̃/Q and uR2 3P2
8 (0)u2 given above forAs

550– 500 GeV. TheALL is also largely dependent o
Dg(x,Q2). The results calculated atAs550 GeV for two
extreme cases,~A! Q̃/Q58.0, uR2 3P2

8 (0)u250.076 GeV5 and

~B! Q̃/Q53.6, uR2 3P2
8 (0)u250.186 GeV5, are presented in

Fig. 2. Since theALL is rather large, it must be easy to te
the color-octet model in the future experiment. To see
energy dependence, we have calculated theALL at the high-
est RHIC energy,As5500 GeV, which becomes very sma
as shown in Fig. 3. This is due to the fact that at largerAs,
xa andxb (5xa2xL) defined by Eq.~4! take smaller value
and henceDg(xa)/g(xa)3Dg(xb)/g(xb) becomes smaller
Now, it is important to note that without color-octet contr
butions, we can never expect a positiveALL . Therefore, if
we observe a positiveALL in the forthcoming RHIC experi-
ment, we can definitely say that the color-octet mechan
really contributes to this process. Our results suggest tha
observation of theALL is very effective for testing the color
octet model and, in practice, the experiment atAs
550 GeV is very promising. Since the results significan

FIG. 1. Thex dependence ofxDg(x,Q2) at Q2510 GeV2 for
various types of spin-dependent gluon distributions. The so
dashed, and dotted lines indicate set A of Refs.@18#, @19#, and@20#,
respectively.
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depend on the value ofQ̃/Q, it is very important to deter-
mine this value from other experiments to give a better p
diction.

Some comments are in order. One is on how the res
could be affected by possible backgrounds such as intri
pT and higher twist effects. There are several discussions
higher twists become important at high-xL regions @23#.
However, here we are interested in rather smaller-xL regions

,

FIG. 2. The two-spin asymmetryALL
c8 (pp) for (A) Ũ/U58.0,

uR2 3P2
8 (0)u250.076 GeV5 and (B)Ũ/U53.6, uR2 3P2

8 (0)u2

50.186 GeV5 at As550 GeV, calculated with various types o
Dg(x), as a function of longitudinal momentum fractionxL of c8.
Various lines represent the same as in Fig. 1. Error bars for the s
line denote the experimental sensitivity~see text!.

FIG. 3. The two-spin asymmetryALL
c8 (pp) for Q̃/U58.0 and

uR2 3P2
8 (0)u250.076 GeV5 at As5500 GeV. Various lines represen

the same as in Fig. 1. Error bars for the solid line denote the
perimental sensitivity~see text!.
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where the dependence ofALL on the shapes ofDg(x) is
large. Thus we do not need to worry about the higher tw
effects to ALL , in particular, for smallerxL regions, xL
,0.2. As for the intrinsicpT effect, we have calculated th
magnitude of such effects according to Contogouriset al.
@24# and found that the effect was also negligible, althou
both the numerator and the denominator decrease a little
ing to intrinsicpT effects. Another comment is on the expe
mental sensitivity of the results. In order to examine if t
experimental accuracy of the forthcoming RHIC experime
can really test our calculated results, we have estimated
experimental sensitivity for 100-day experiments atAs550
and 500 GeV in the manner of Nowak@25#, using the de-
signed data of the beam polarization (P570%), the lumi-
nosity @L5831030 (231032) cm22 sec21 for As550 ~500!
GeV#, and the combined trigger and reconstruction e
ciency (C550%) together with the values of unpolarize
cross sections. The results are shown in Figs. 2 and 3 fo
case of the GS parametrization~solid lines!, where the BBS
and GRV cases are not presented because they are almo
same. Because of the rather good sensitivity, our predict
-
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are expected to be actually tested in the RHIC experime
in particular, for smallerxL regions likexL,0.2.

In summary, we have proposed small-pT c8 productions
in longitudinal-proton–longitudinal-proton collisions whos
experimental test will be available in the forthcoming RH
experiments. The process can be dominated by two-gl
fusion in the lowest order, and thus we have only tw
mechanisms, i.e., color-octet and 23P2 state productions.
Since each of them shows distinct behavior of theALL with
opposite signs between the color-octet and 23P2 state, the
process allows us to give a clean test of the color-oc
model. Practically, the experimental test atAs550 GeV
might be the most promising. Furthermore, the process
effective for testing the spin-dependent gluon distribution
the proton because its cross section is directly proportiona
the product ofDg(x) in both protons.
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