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¢’ production as a test of color-octet mechanism
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To test the color-octet model of heavy quarkonium production, we progdsproduction at smalp
regions in polarizeghp collisions for the forthcoming BNL RHIC polarized experiments, whose experimental
test atys=50 GeV might be very promising.
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Traditionally, heavy quarkonium production has been calpropose a different procesg, hadroproduction at smait
culated so far in the color-singlet moddl], which is essen- regions in longitudinally-polarized-proton—Ilongitudinally-
tially a nonrelativistic model. However, with this model one polarized-proton collisions which will be observed in the
cannot quantitatively estimate various uncertainties originatforthcoming experiment at the BNL Relativistic Heavy lon
ing from the higher order QCD corrections, the quarkoniumCollider (RHIC). The process is of great advantage to clearly
binding effects, and the corrections due to relativistic effectdest the color-octet model as described in the following.
of quarkonium. Recently, it has been reported that the cros3ince the process is dominated by thehannel gluon-gluon
sections of prompid/¢ andy’ production in unpolarizeg p fusion, there is no dlrect_ productlons of 'the color-singhét
collisions measured by the Collider Detector at FermilapP€cause of charge conjugation. For this process, only two
(CDF) Collaboration are largely inconsistent with the calcu-States are expected to contribute/toproduction in the final
lation by the QCD lowest order process with the color-State: (1) a color-octet state, whereca pair is produced at

singlet mechanism alon2]. This suggests that we need short distances in a color-octet state which subsequently
some other mechanisms beyond the color-singlet model. :\églv?zs) ngnp;rétigﬁ?tlv;:)clitgzo 20{21:3/;'53"6?”;'(0“'322125
In the last few years, a new color-octet model has bee e ) 2 .
' > ~3.9-4. +
advocated by several peof8] as one of the most promising ~3.9-4.0 GeV) decaying intg’ + y, where the decay into

S
candidates that could remove such a big discrepancy b D, DD* s suppressed by thB-wave phase space and

tween the experimental data and the prediction of the colorf-jynam'.Cal effect39,10]. The contribution of theléPO state
: ; ; . .~ "'Is considered to be small because the branching ratio of the
singlet model. The model is quite successful in explainin

3 H ' ;
. . Py into ¢’ + v is expected to be very small by analogy of
the CDF data for largey heavy quarkonium production. the tiny branching ratio of P, into J/¢+y, B(13P,

About the same time, a rigorous formulation of _such a NeW_, 3/ + y) = (6.6+1.8)x 103 [11] and, thus, can be safely
model has been presgnte_d in terms of a peaunful effec“"ﬁeglected here. The P, state 3.9 GeV), does not con-
theory called nonrelativistic QCENRQCD), in which the  ihyte to this process because of Yang's theorem, though
O(v) corrections of the relative velocity between the boundipis state might contribute to large- ¢ production. Note
heavy quarks can be systematically calculdtdPhysics of  that in the case o8/ production, in addition to radiative
the color-octet model is now one of the most interestingdecays of £P, and 2P, states,jy’ —J/+ X contributes
topics for heavy quarkonium production at high energy. Sevtg theJ/ production in the final states and hence the analy-
eral processes have been already suggested for testing t§ie must be complicated. Furthermore, since itiés domi-
color-octet model, such as transversely polarized prathpt  nantly produced in gluon fusion, the cross section is sensitive
and ¢’ hadroproduction at high energy collisiofs], polar  to the gluon density in the proton and thus one can get good
angle distributions of thel/ in e*e™ annihilation into information on the spin-dependent gluon distribution in the
J/p+ X [6], Z° decays at the CERM* e~ collider LEP[7],  proton by analyzing this polarized process, which is also a
and so on. However, the prediction of the color-octet modehot current topic. A related subject has been studied recently
on y+p—J/¢y+X is at variance with recent data at the by Teryaev and TkabladZd2]: They have calculated the
DESY ep collider HERA[8], and thus the discussion seemstwo-spin asymmetry of thel/ production at larges
still controversial. To go beyond the present theoretical un{>1.5 GeV) regions in polarizedp collisions and insisted
derstanding, it is necessary to study other processes. that the color-octet mechanism dominantly contributes to the
In this paper, as another test of the color-octet model, wasymmetry.
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Let us introduce a two-spin asymmetty, for this pro- (Og’/(lso))+(7/m§)<(9§3”'(3P0)>~5.2>< 1073 [GeV?] [14],

cess: and another combinatio(Of (1So))+ (1m2)(O¢ (3Py))
[do,,—do,_+do__—do_,] dAc @ ~(5.9+1.9)x 10 3 [GeV?] [15]. Then we find the ratio as
= 1

L [do,  +do, +do__+do_.] do’

wheredo . _ , for instance, denotes that the helicity of one ' 1 ,
: ’ (OF (o)~ — (Of (°Po))

beam patrticle is positive and the other is negative. o0 z
The spin-dependent and spin-independent differential == 8.0-3.6.
cross sections of smafiy ¢’ production via the color-octet © ' (1 T or 3
. T ¢ production vi (0§ (*Sp))+ — (Of (°Po))
state are given bj13] me
dAoco do,, do.- do__ do_.
dx,  dx dx, + dx, - dx, TheA_ |, due to the color-octet state alone, has been numeri-

cally calculated using various proton distributions, and we

Te w3a§ Vo1 found that it becomes positive in the entirg region if
- PC+ar 144m> (O (")) Ag(x,Q?) does not change its sign inkx<1.0, though its
Lo value largely depends o®/@.
1 o3 ) ) The spin-dependent differential cross section of sipall-
e (Og (°Po)) [ Ag(Xa,Q9)AgG(xp,Q%) ¢’ production via the 3P, state can be given bjyi6]
773a§ ,
B 54m; (0§ (°sy) dA0'23P2_ do,, do,_. do__ do_.
dx,  dxg dx, dx,  dx_
X{AQ(Xa,QZ)AQ(Xb ,Q2)+AQ‘—’AQ}} (2) _ 16772a§|Ré3P (O)|2
=B(2°P,— ¢/ +7) Vi
doco Te w3l

e e

P
XZ—Ag(Xa,QZ)Ag(Xb,QZ), (5)

Xi+4r

+ 5 (0 CPy)

mg 8 0

2 2 wherex, andx, are given by replacing. in Eq. (4) by 7

X9(Xa,Q7)9(x5.Q%) =M?/s. The spin-independent cross section is given by re-

7302 Vs placingAg(x,Q?) by g(x,Q?). As shown from Eq(5), the
+ e (OF (°Sy)) A_, due to the radiative decay of the®R, state becomes

C

negative, though its magnitude depend#l@ﬁhpz(oﬂ whose

value has been calculated using various potential models as
IR;3p (0)|?=0.076, 0.102, 0.131, and 0.186 Ge\or the

logarithmic, Buchmller-Tye, power-low, and Cornell poten-
tials, respectively17].
The Relativistic Heavy lon CollidetRHIC), which is de-
NN oy VN v sy signed to have a luminosity of»210°2 cm ?sec’?, an en-
:¥, Xb=¥, ergy of \/s=50—500 GeV, and a beam polarization of about
2 2 70%, is now under construction at Brookhaven National
Laboratory(BNL) and, hopefully in a few years, will pro-
_2p _Amg duce fruitful data on high energy polarizgzp collisions.
XL= @ Te="g 4) Expecting the forthcoming RHIC experiments, we have cal-
culated theA | for these energies. In this calculation, we
with longitudinal momenturrp, of the produced particle. n€ed information omg(x) and, in addition,Aq(x) and
Ag(x,Q% andAq(x,Q?) are the spin-dependent gluon and Ad(x) for the case of the color-octet model. So far, many
quark density with the momentum fractionat anyQ?, re-  People have suggested various kinds of different spin-
spectively. <Og1(180)>’ <og’(3sl)>, and <Os¢,(3po)> are dependent gluon distributions from the analysis of data on

. ) : . nucleon spin structure functiongl8—20. Among many
nonperturbative long-distance factors associated with th > ;
production of acc pair in a color-octet'Sy, 3S,, and 3P, fodels ofAg(x,Q?), we take here typical three types of

; : - Ag(x,Q%): (a) set A of the Gehrmann-StirlingGS) pa-
states, respectively. From a recent analysis on Charmon'u%metrizatior[w] (b) the Brodsky-Burkardt-SchmidBBS)

hadroproduction, the values Q@g (®S,)) and of the com-  parametrizatior{19], and (c) the Glick-Reya-Vogt(GRV)
bination are given as(Oy (3S,))~4.6x10 3 [GeV], parametrizatiod20], which are shown in Fig. 1, and calcu-

x{0q(Xa,Q%)d(xy,Q%) +qq} |, 3

wherex, andx, are the momentum fraction in a proton and
are given as

Xa
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FIG. 1. Thex dependence okAg(x,Q?) at Q®>=10 Ge\f for
various types of spin-dependent gluon distributions. The solid,
dashed, and dotted lines indicate set A of REES], [19], and[20], J5=50GeV , ©/0=3.6 , [R(0)>=0.186GeV’
respectively. 0.5 : ; : .
0.4f ®) 4
late theA | for ¢’ production as a function of, at RHIC '
energies. In calculating for the color-octet model, we have Ao L 1
takenAqg(x) andAq(x) from respective models of GR8§|, ]
BBS[19], and GRV[20] and found that the contribution of ]
gg—-cc is considerably smaller than the onegif— cc for
X, <0.5. As for the spin-independent parton distributions, we
have used the GRV parametrizatif#1] for (a) and(c), and 01 ‘ Ca : :
the BBS parametrizatiof 9] for (b). 0 0.2 0.4 0.6 0.8 1
Fixing Q2 as Lhﬁ with m,=1.5 GeV and taking the mass Xy

M3p,=3.98 GeV andB(2°P,— ¢’ +v)=0.08 [22], we

-Spi Y’ 0/0=
have studied the parameter dependence of FIG. 2. The two-spin asymmetr( (pp) for (A) 6/6=8.0,

|R;3P2(0)|2=0.076 GeV and (BY/O=3.6, |R;3,,2(0)|2
=0.186 GeV at \/s=50 GeV, calculated with various types of
Ag(x), as a function of longitudinal momentum fractigp of ¢'.
Various lines represent the same as in Fig. 1. Error bars for the solid
line denote the experimental sensitivilsee texk

dAgcoldXL+dA0'23p2/dXL

Au= docoldx +doy3p, /X,

~ , 5 ) depend on the value (ﬁ)/@, it is very important to deter-
on ©/6 and [R;3p (0)|° at relevant RHIC energies and mine this value from other experiments to give a better pre-
found that theA,, becomes larger for the larg@®/® and diction.

smaller|R}s, (0)|2. We found that thet | became positive Some comments are in order. One is on how the results
2 could be affected by possible backgrounds such as intrinsic

in all regions of®/6 and |Ré3p2(0)|2 given above forys pr and higher twist effects. There are several discussions that
=50-500 GeV. TheA,, is also largely dependent on higher twists become important at high- regions [23].
Ag(x,Q?). The results calculated afs=50 GeV for two  However, here we are interested in rather smadleregions
extreme case$A) /0 =8.0,|R; 3, (0)|*=0.076 GeV and

(B) ©/0=3.6, |R;3P2(0)|2=O.186 GeV, are presented in

Fig. 2. Since théA | is rather large, it must be easy to test
the color-octet model in the future experiment. To see the
energy dependence, we have calculated&heat the high-
est RHIC energy,/s=500 GeV, which becomes very small

V5=500GeV , 6/0=8.0 , |R'(0)’=0.076GeV’
0.05 T T T T

0.04 - b

. 0.03
A (pp)

as shown in Fig. 3. This is due to the fact that at largsy o

X, andx, (=x,—x,) defined by Eq(4) take smaller value 0.01F ]
and henceAg(x,)/g(x,) X Ag(xp)/g(x,) becomes smaller. 0 -

Now, it is important to note that without color-octet contri- ‘ , . .
butions, we can never expect a positi&e, . Therefore, if '0'010 0z 0.4 0.6 0.8 1
we observe a positiv, | in the forthcoming RHIC experi- x,

ment, we can definitely say that the color-octet mechanism _
really contributes to this process. Our results suggest that the FIG. 3. The two-spin asymmetri/, (pp) for ©/©=8.0 and
observation of thé\ | is very effective for testing the color- |R;3P2(0)|2:0.076 GeV at \/s=500 GeV. Various lines represent

octet model and, in practice, the experiment @  the same as in Fig. 1. Error bars for the solid line denote the ex-
=50 GeV is very promising. Since the results significantly perimental sensitivitysee text
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where the dependence &f, on the shapes oAg(x) is are expected to be actually tested in the RHIC experiments,
large. Thus we do not need to worry about the higher twisin particular, for smallex, regions likex, <0.2.

effects to A ,, in particular, for smallerx, regions, X, In summary, we have proposed smafl-4’ productions
<0.2. As for the intrinsicpy effect, we have calculated the in longitudinal-proton—longitudinal-proton collisions whose
magnitude of such effects according to Contogowti®l.  experimental test will be available in the forthcoming RHIC
[24] and found that the effect was also negligible, althoughexperiments. The process can be dominated by two-gluon
both the numerator and the denominator decrease a little owsion in the lowest order, and thus we have only two
ing to intrinsicp effects. Another comment is on the experi- mechanisms, i.e., color-octet ancfR, state productions.

mental sensitivity of the results. In order to examine if thegice each of them shows distinct behavior of e with
experimental accuracy of the forthcoming RHIC experlmentsbpposite signs between the color-octet artP state, the
I”ﬁrocess allows us to give a clean test of the color-octet
; , model. Practically, the experimental test ds=50 GeV
and 500 GeV in the manner of N(_)WiRS],Ousmg the de- might be the most promising. Furthermore, the process is
signed data of the beam polarizatioR<70%), the lumi-  g¢factive for testing the spin-dependent gluon distribution in

nosity [£=8x 10" (2x10*) cm 2?sec * for y5=50 (500 the proton because its cross section is directly proportional to
GeV], and the combined trigger and reconstruction effi-ihq product ofAg(x) in both protons.

ciency (C=50%) together with the values of unpolarized

cross sections. The results are shown in Figs. 2 and 3 for the One of the author&Z.S) would like to thank the radiation
case of the GS parametrizati¢solid lineg, where the BBS  group of RIKEN for their kind hospitality. T.Y. would like to
and GRYV cases are not presented because they are almost thank the members of RCNP for allowing him to use the
same. Because of the rather good sensitivity, our predictionigh performance computer at RCNP.

experimental sensitivity for 100-day experimentsyat=50
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