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We computedo/d p; of theJ/ production inpp collisions at BNL RHIC at/s=500 and 200 GeV by using
both the color octet and singlet models in the framework of nonrelativistic QCD JThheve compute here
includes the direci/ ¢ from the partonic fusion processes and dih¢g coming from the radiative decays st
both in the color octet and singlet channel. The highl/ ¢ production cross section is computed within the
PHENIX detector acceptance ranges0.35< <<0.35 and 1.%|7|<2.4, the central electron and forward
muon arms. It is found that the color octet contributionJtgy production is dominant at the BNL Relativistic
Heavy lon CollisiondRHIC) energy in comparison to the color singlet contributions. We compare our results
with the recent preliminary data obtained by the PHENIX detector for the g/ 4y measurements. While
the color singlet model fails to explain the data completely the color octet model is in agreement with the single
data point above 2 GeV transverse momentum. A measureméhygroduction at RHIC in the next run with
better statistics will allow us to determine the validity of the color octet model/ ¢f production at RHIC
energies. This is very important because it is necessary to know the exact mechanléingooduction inpp
collisions at RHIC if one is to make predictions &fys suppression as a signature of quark-gluon plasma.
These mechanisms also play an important role in determining the polarized spin structure function of the
proton at RHIC.
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Recently there has been much progress in understandimmpint with appropriate spifS) and orbital angular momen-
of the heavy quarkonium production mechanism in high entum quantum numbe(L) to evolve to a bound state®* L
ergy hadronic collisions. The two prominent models for thewith total angular momentum quantum numlodt The rela-

heavy quarkonium production mechanism which are quitgive momentum of theQQ pair inside the quarkonium is
successful at different collider energies &tgthe color sin-  assumed to be small compared to the midgsof the heavy

glet model[1] and(2) the color octet mod€l2-5]. TheJd/y  quark so that the) and Q will not fly apart to form heavy
production measurement by the Collider Detector at Fermimesons. The nonrelativistic nonperturbative wave functions
lab (CDF) collaboration at Tevatrofi6] has ruled out the and its derivatives appearing in the color singlet model cal-
color singlet model for higip+ quarkonium productiofi7]in ~ culation are either determined from the potential model or
that center of mass energy regime. The color singlet modebken from experiment.
gives a reasonable description of lameJ/ production at On the other hand in the color octet model relativistic
CERN Intersecting Storage RingkSR) energied8]. In this  effects are taken into account which are neglected in the
context largep J/¢ production data fronpp collisions at ~ color singlet model. In the color octet model using an effec-
Js=500 and 200 GeV at the BNL Relativistic Heavy lon tive field theory called nonrelativistic QCENRQCD), the
Collisions (RHIC) might tell us the relative importance and dynamical gluon enters into Fock state decompositions of the
validity of these two models in this new energy range. nquarkonium states. In NRQCD the expansion is @rrled out
particular a validl/ ¢ production mechanism @i collisions  in terms of the relative velocity (v?~0.23 for theCC sys-
will play an important role in determining the mechanism for tem and 0.1 for thsgsysterr) of the QQ bound state. The
J/ 4y suppression at Au—Au collisions which is suggested taNRQCD Lagrangian density is given by
be a prominent signature for quark-gluon plasma detection at
RHIC [9,10]. These mechanisms also play an important role
in determining the polarized spin structure function of the
proton.

In the color singlet model the quarkonium is formed as avhere
nonrelativistic bound state of heavy quark-antiquark pair via
static gluon exchange. In this model it is assumed that the 1

~ I auvpea . “w
QQ is produced in the color singlet state at the production Light 4F F’“’+E av.DFAld @

['NRQCD: »Clight—" »Cheavy"' Ecorrectionr (1)
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is the usual QCD Lagrangian for gluons and the light flavorghe color octet model the nonperturbative matrix elements in
and the parton fusion processes are extracted4inby fitting
CDF experimental data.

2 The PHENIX detector at RHIC has measured a few data

2

D D
Lheaw= | iD+ vl vt ¢'| D+ m) ¢ 3 points in the p; distribution of J/¢ production at s
=200 GeVpp collisions. As these data are preliminary our
is the leading order heavy quark part and comparison to this experimental data is not very conclusive.
However, in the future the PHENIX detector at RHIC will
1 measure highpt J/¢ production up topt~10 GeV with
Leorrectior= o3 y'D*y—¢'D¢] better statistics. The acceptance range of a single electron for
&M the PHENIX detector is—0.35<%<0.35 and for a single

muon it is 1.X|#5|<2.4. We compute the transverse mo-

+i[z/;T(D-E—E-D)z/;+ ¢'(D-E—E-D)¢] mentum distribution ofl/¢ production by using both the

8M? color octet and the singlet model in the PHENIX detector
acceptance range.

The 2—2 parton fusion processes which contribute to the
p distribution of thel/ ¢ and y.; production are of the order
: of 2. The differential cross section for the production of a
t¢lo-(DXE-EXD)¢] quarkonium state?€*1L ;) with different quantum numbers
(L,S,J) in the color singlet model is given Hy]

+$[¢Ta-(DXE—EXD)¢/f

g
+oyl¥' o By— o Bol+- @)
. . : EdS—U(AB—>23+1L +X)
is the correction term. In the above equatiafhsp are the 3p J
two component Dirac spinors of the heavy quark. The vari-

ous correction terms in the above equation come from the ) )
corrections to kinetic energy, electric field coupling, mag- :iEJ. dxixifiza(xi, Q%) jdxj xifis(x;,Q%)
netic field coupling, and from double electric scattering, etc. '

In NRQCD the dynamical gluon enters into the Fock state s do o
decompositions of different physical states. The wave func- X— —[ij = (> k] S(s+t+u—M?3).

tions of theS-wave orthoquarkonia state'/Q> appear as T dt
_ _ (0
|40)=0(1)|QQI*S{"]) + O(v)|QQI*P{]g)
— — Herex; andx; are the momentum fractions carried by par-
2 3(18) 2 1(8) i i
+0(v%)|QQL"S;™]gg) + O(v*)|QQ"Sy1g) tonsi andj inside the hadron#é and B, respectively. The
= fi;a(x;) andf;g(x;) are the parton distribution functions in-
+0(v)]QQI*DS*1gg) + - (5 vl andiye(x) are the parion diss _
side the hadrorda/dt[ij—( L;)K] is the partonic level
and the wave functions of tte-wave orthoquarkonium state differential cross section to form a quarkonium state
|Xos) appear as (**1L;) which involves the radial wave function and its
derivatives at the origin. Using the delta function integration

X0 =O(1)|QQI*PP])+0(v) | QQI*SPIg)+ -~ . I Ea-(7) one obtains
(6) "

In the above equatiofil),(8) refers to the singlet and octet d—pT(AB—>J/¢'XJ+ X)
state of theQQ pair. After aQQ is formed in its color octet
state it may absorb a soft gluon and transform io(t@ﬁ_v_la =3 dyf dx; XA aQZ)Xj,fj/B(Xj, Q?)
Eq. (6) and then becomé/ ¢ by photon decay or th@Q in i
the color octet state can emit two long wavelength gluons -
and become &/y via Eq. (5) and so on. All these low « 2pr d—a(i'—>25+1L K ®
energy interactions are negligible and the nonperturbative M+ t J 7
matrix elements can be fitted from the experiments or can be Xj— —=¢v
determined from the lattice calculations. Vs

Using both mechanisms for heavy quarkonium production
we compute thet distribution ofJ/¢ production at RHIC  where
energy in this paper. Th# ¢ production includes both direct
J/IY and the J/¢ coming from the radiative decay of Sy a2
X3'S: x3—Jl ¢+ y. We will calculate thel/ s production in X! = i X] VsMqe M . (9)
this paper by considering all the parton fusion processes. In s xjs—Mqe
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In the aboveM is the mass of the bound state quarkonium
and M2=\/p3+M?2. The partonic level differential cross
section do/dt[ij — (25" 1L;)k] for the gluon fusion pro-
cesses are obtained fi1]by using the helicity decomposi-
tion method and the quark, gluon processes are derived
[1]. The da/dt[ij—(?5"1L;)k] as given in[1] and [11]
contain the nonrelativistic wave functigR(0)|? (for direct
J/ ¢ process and its derivative$R’ (0)|? (for x; processes
at the origin. For the nonrelativistic wave functions at the
origin we take the Buchmuller-type wave function with
charm quark mas#1.=1.48 GeV. The numerical value is
|R(0)|?=0.81 Ge\? [12]. For the derivative of the radial
wave function at origin we us¢9/27)|R’(0)|>/M¢ =15
MeV [13].

In the color octet model the differential cross section for
heavy quarkonium production at ordeﬁ is given by

do
d_pT[ABH oxs) +X]

:izj dyf dx; xifi/a(xi , Q)] fja(x ,Q?)

2 do —
W PT —?(ijHCC[ZS“LSg)]kH‘ﬂQ(XJ))’
My  dt
Xj— Tey
s
(10
where

do —
prad —CC[ UL Mk— yo(xy)

S A>j —CCL2S LK) ghord 2

- 167s?

X <0| 08‘/’Q(XJ)(ZS+ 1LJ)|0> (11)

In this paper we include the contribution from tﬁé’58)
and 1888) processes which are present in the Fock state d
composition amplitudg5) in addition to the3S(18) state of
the color octet amplitude. A similar process is followed for
the x; production by using Eq6) which takes into account
the color octet’S{®) state. Thesg; formed in the color octet
state again decay radiatively to giyéy. The total contribu-
tion to J/ ¢ production in the color octet model is the sum of
the directd/ ¢ and the contribution coming frong;’s decay
in the color octet model. In the above equation the shor
distance part of the partonic matrix element square in differ
ent quantum states for various partonic procesiesi(ij

—CC[25 LK) ghor 2, are very lengthy and are given in
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Direct J/y Production at RHIC
-0.5<y<0.5, pp Collisions
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FIG. 1. Directd/ ¢ production at RHIC in thd/ ¢ rapidity range
—0.5<y<0.5.

these matrix elements (0|0 2(Py)[0)

=Mé<0|(’)8¢‘3(180)|0) was set and then the values of
the linear combination were extracted which is given
by (0]0F"*(°Po)|0)/MZ+(0]03"(*Sy)[0)/3= (2.2+0.5)
X102 Ge\®. For other matrix elements the values are
given by  (0/0JY(S,)|0)=(6.6+2.1)10° Ge\?,
(0|O§Y(Sy)|0)=(9.8+1.3)10°* GeV’. We use the central
values of these matrix elements in our calculation.

We present our results for the rapidity range covered by
the central electron arm and forward muon arm at the
PHENIX detector at RHIC. The electron pseudo rapidity
range: —0.35<%<<0.35 corresponds to thd/¢ rapidity
range: —0.5<y<0.5. For the muon pseudo rapidity range:
1.2<|7n|<2.4 we present our results in thHy rapidity
range X y<2 which is well covered by the RHIC/PHENIX
experiment. So the results we will present in this paper are in
the J/¢ rapidity range: —0.5<y<0.5 and 1<y<2. We
will use GRV98 NLO [14] parton distribution function
throughout our calculation. Th@ scale in the structure func-

Sion and the renormalization scale are chosen t@QlseM ;

=M?+ pTz, whereM and p; are the mass and the trans-
verse momentum of the heavy quarkonium, respectively. In
extracting the NRQCD matrix elements, the MRSDO parton
distribution functions inside a nucleon was used in the color
octet model calculation if4]. In this paper we are using
instead the GRV98 NLO parton distribution function for the
arton distribution functions. We have checked that there is
o significant difference in the results obtained by using

MRSDO and GRV98 in the quantities calculated here.

In Fig. 1 we present the dired{'V production cross sec-
tion both from the color singlet and color octet models at

[4]. We use all the partonic processes in our calculation. We/s=500 and 200 Gep collisions in thel/ s rapidity range

use the nonperturbative matrix
<O|O§°(XJ)(ZS“LJ)|O>, from the tabulation given ir{4]

elements, —0.5<y<0.5. The solid line is the color octet contribution

and the dotted line is the color singlet contribution &t

which are extracted from the CDF data. In the extraction of=500 GeV. The dashed line is the color octet contribution
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Direct J/y Production at RHIC
1<y <2, pp Collisions
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FIG. 2. J/¢ production cross section at RHIC from the;'s
decay in thel/ ¢ rapidity range—0.5<y<0.5.

FIG. 3. Directd/ ¢ production at RHIC in thd/ ¢ rapidity range
1<y<2.

and the dot-dashed line is the color singlet contribution afarison to the color octet contribution. It can also be noted
Js=200 GeV. The direc/ y production from the color oc- from Figs. 1 and 2 that the diredt s pr_odu_ct|on in t_he color
tet model at both the colliding energies is much higher tharPctet channel s larger than the contributions coming from all
the color singlet counterparts. In what follows, we presenPther processes. Thus at RHIC energies, we find that the
the results of our computation for g range from 2 to 10 d_omlnant contribution tal/¢ production comes from this
GeV. At smallerpy, the color singlet and octet cross sectionsdirect color octet process. _
are corrupted by collinear divergences as discusséa, #. . In Fig. 3 we pre_sent the results of our co.mputat|on for the
Since the intrinsic motion of the incident partons inside col-direct J/¢r production for both the color singlet and octet
liding protons renders the differential cross section uncertaifnodels in thed/y rapidity range ky<2 at ys=500 and
for pr<2 GeV, as discussed [i8,4] we have presented our 200 GeV. The solid line is the contribution from the color
results forp;=2 GeV in this paper. For loyp; calculation ~ OCtet process and the dotted line is the contribution from the
one might follow the procedure where one might have tocolor singlet process afs=500 GeV. The dashed line and
take intrinsic motion of the incident parton into account. Thisdot-dashed lines are the similar curvesyat=200 GeV. In
calculation is, however, beyond the scope of the present pahis rapidity regime we also find that the color octet contri-
per. In this paper we report the predictions for highJ/y  bution is much larger than the color singlet contribution. In
production. A highpt limit of ~10 GeV corresponds to the Fig. 4 we present thé/ production cross section coming
possiblepr measurement range at PHENIX. In the very highfrom the x;'s decay in thel/y rapidity range XKy<2 at
pt limit (=6 GeV) theB decay contributiorB— J/ ¢+ X Js=500 and 200 Ge\pp collisions at RHIC. The solid line
and the gluon and charm quark fragmentation contributioris the contribution from the color octet process and the
might become important. However, we have not includeddashed line is the contribution from the color singlet process
these processes here. In this paper we have computed ordy \/s=500 GeV. The dotted line and dot-dashed lines are
the prompt)/ ¢ production from the parton fusion processes.the similar curves at/s=200 GeV. The total.; contribu-
These are the same contributions that were usefdjrat  tions in the figure includes the contributions fropg, x1,
Tevatron energies to extract NRQCD matrix elements. and y,. As ¢’ contribution toJ/¢ is small at this energy

In Fig. 2 we present the predictions for téy produc-  range we have not considered ti¢ contribution in our
tion cross section coming from the radiative decay of thecalculation. As can be seen again the dominant contribution
xJ's both from the color octet and singlet model @  to the J/y production comes mainly from the diredf
=500 and 200 Ge\pp collisions in thed/y rapidity range  production in the color octet channel.
—0.5<y<0.5. The solid line is the color octet contribution  The totalJ/pt distribution coming from the combined
and the dashed line is the color singlet contributionJat  color singlet model and color octet model contributions in all
=500 GeV. The dotted line is the color octet contributionchannels is plotted in Fig. 5 in thd/¢ rapidity range
and the dot-dashed line is the color singlet contribution at-0.5<y<0.5 at+/s=500 and 200 Ge\pp collisions. The
\s=200 GeV. They,; contribution in each case in the fig- solid line is thep; distribution of the total[octet (direct
ure is the sum of the contributions frogy, x1, andy,. The  J/¢+ x;'s decay plus singlet(directJ/ ¢+ x;'s decay] J/ ¢
Xey's decay coming from the color singlet channel is slightly production cross section gs=500 GeV. The dashed line is
higher at smalb; but very much lower at largpt in com-  the contribution from the color octet model and the dot-
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FIG. 4. J/¢ production cross section at RHIC from the;'s
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FIG. 6. J/¢ production at RHIC from the parton fusion pro-
cesses in thd/y rapidity range Ky<2.

dashed line is the contribution from the singlet model at th&jon. It can be seen from the figure that the tatay produc-
same energy. As pointed out in the above the total crosgon cross section is almost the same as that of the color octet

section is the sum of the cross section from dirdaet and

model contribution and the singlet contribution is much

from the radiative decays of they's both in color octet and  smaller. A measurement of thi¢ differential cross section

singlet channels. It can be seen that the total cross section j§ RHIC in the future(both at/s=500 and 200 Ge\pp
almost the same as the cross section obtained from the colgp|jisiong will be able to tell us whether the color octet

octet channels. The color singlet channel contribution is verynodel reproduces the RHIC data.
small as can be seen from the dot-dashed line.

Similar results are obtained fofs=200 GeV pp colli-
sions in the same figure in th& rapidity range —0.5
<y<0.5. The dotted line is the tothbctet(directd/ s+ x;'s
decay plus singlet(directJ/ ¢+ x's decay] J/ ¢ production

As PHENIX has measured few data points i distri-
bution of J/ in the u™ u ™~ rapidity range inpp collisions at
Js=200 GeV, we will compare our results with the avail-
able experimental data. As stated earlier we will compare the
available data in thel/¢ rapidity range Ky<?2 as this

cross section af/s=200 GeV. A long-dashed line is the oc- range is well covered by the RHIC/PHENIX experiment in
tet contribution and a thin-solid line is the singlet contribu- the muon channel. In Fig. 6 we present thedistribution of

do/dp,. (nb/GeV)

10™

107

J/v Production at RHIC
-0.5<y < 0.5, pp Collisions

—— Total, s"°=500 GeV
---- Octet, s"”°=500 GeV
Total, s"°=200 GeV
——- Octet, $"°=200 GeV
—-— Singlet, s"%=500 GeV
Singlet, s"%=200 GeV

/
¥

pr (GeV)

the totalJ/ ¢ production cross section from the color singlet
and octet model in the/y rapidity range Ky<2 at /s
=500 GeV. The solid line is thet distribution of the total
[octet(directd/ s+ x;'s decay plus singlet(directd/ ¢+ x;'s
decay] J/ production cross section afs=500 GeV. The
dashed line is the contribution from the color octet model
and the dot-dashed line is the contribution from the singlet
model at the same energy. Tipg distribution of the total
J/ production cross section from the color octet and singlet
model in theJ/ rapidity range Ky<2 at \/s=200 GeV

pp collisions is plotted in Fig. 6. The dotted line is the total
[octet(directd/ s+ x;'s decay plus singlet(directJ/ ¢+ x;'s
decay] J/ production cross section afs=200 GeV. The
long-dashed line is the octet contribution and the thin-solid
line is the singlet contribution.

Let us compare our results with the preliminary experi-
mental data obtained at the PHENIX detector. As mentioned
earlier, at smalpt the color singlet and octet cross sections
are corrupted by collinear divergences as discussdd]in
Since the intrinsic motion of the incident partons inside col-

FIG. 5. J/¢ production at RHIC from parton fusion processes in liding protons renders the differential cross section uncertain
the J/ ¢ rapidity range—0.5<y<0.5.

for pr=<2 GeV, as discussed ir8,4] we will compare our
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results atpr=2 GeV with the PHENIX datd15] in this ~—0.5<y<0.5 and ¥|#|<2, in the central electron and
paper. We compare our calculation with the only availableforward muon arms, respectively. It is found that the color
data point &2 GeV) atp;~2.5 GeV (see[15]). The data Octet contribution toJ/¢ production is dominant at RHIC
point is presented as+" in Fig. 6. It can be seen that the €nergy in comparison to the color singlet contributions. We
present experimental data fits the color octet model predid?@ve compared our results with the recent data obtained by
tions of /¢ production and the color singlet model predic- heé PHENIX detector fopr=2 GeV at\/Ef 200 GeV pp

tion is well below the data point. Hence the color Sing|etcoll|3|ons. While the color singlet model fails to explain the

model is not the relevant mechanism at RHIC energy. As fodata completely the color octet model seems to reproduce the

the color octet model, the single data point matches with th ata. As the present h'gb'T_ data Of‘]/‘_ﬁ production at the
color octet contribution, but many more data with high pre- HENIX detector at RHIC is very restricted, measurement of

cision measurements are necessary to confirm the validity igh pT‘J/‘{’ prodqctlon at the RHIC in the next run W'th
the color octet model at RHIC energy. The next run result etter statistics will be able to tell us the degree of validity of

from the PHENIX experiment will be able to shed light on the color octet model ad/y production at RHIC energies. It
this. is necessary to know the exact mechanisrd/@f production

In summary, we have computed tAéy production dif- in pp collisions at RHIC in order to make a predictionbfy/

ferential cross section ipp collisions at RHIC at,/s=500 suppression as a signature of the quark-gll_Jon plasma in
and 200 GeV by using both the color octet and singlet modiA‘_u_A_u CO”'S'OnSi Knovv_ledge_ of thf ¢ prqductmn_ mecha-

els in the framework of nonrelativistic QCD. THiy pro- nism is also crucial for isolating the polarized spin structure
duction cross section we compute here includes the direcffmcuonS of the proton from the data.

J/¢s production from the partonic fusion processes and the This research was supported by the Department of En-
J/ coming from the radiative decays afy's both in the ergy, under contract W-7405-ENG-36. We thank Rajiv
color octet and singlet channel. The high J/¢ production  Gavai, Mike Leitch, Pat McGaughey, Emil Mottola, and Jo-
cross section is computed within thE¢ rapidity range, hann Rafelski for useful discussions.

[1] E. L. Berger and D. Jones, Phys. Rev2B, 1521(1981); R. [8] A. G. Clark et al, Nucl. Phys.B142 29 (1978; K. Ueno

Baier and R. Ruckl, Z. Phys. €9, 251(1983. et al, Phys. Rev. Lett42, 486(1979; C. Kourkoumeliset al,,
[2] G. T. Bodwin, E. Braaten, and G. P. Lepage, Phys. Re§1D Phys. Lett.91B, 481 (1980.

1125(1995; 55, 5853(1997). [9] T. Matsui and H. Satz, Phys. Lett. B/8 416 (1986; X.-M.
[3] P. Cho and A. K. Leibovich, Phys. Rev. BB, 150 (1996. Xu et al, Phys. Rev. (53, 3051(1996; G. C. Nayak, J. High
[4] P. Cho and A. K. Leibovich, Phys. Rev. BB, 6203(1996. Energy Phys02, 005(1998; Phys. Lett. B442 427 (1998.
[5] E. Braaten, M. A. Doncheski, S. Fleming, and M. Mangano,[10] F. Cooper, E. Mottola, and G. C. Nayak, Phys. Letb%5, 181

Phys. Lett. B333 548(1994; D. P. Roy and K. Sridhaibid. (2003; G. C. Nayak, A. Dumitru, L. McLerran, and W.

339 141(1994; M. Cacciari and M. Greco, Phys. Rev. Lett. Greiner, Nucl. PhysA687, 457 (2001, and references therein.

73, 1586(1994; G. T. Bodwin, E. Braaten, and G. P. Lepage, [11] R. Gastmans, W. Troost, and T. T. Wu, Nucl. PH§291, 731

Phys. Rev. D46, R1914(1992; E. Braaten and S. Fleming, (1987.

Phys. Rev. Lett74, 3327 (1995; S. Gupta and K. Sridhar, [12] E. J. Eichten and C. Quigg, Phys. Rev5R, 1726(1995.
Phys. Rev. D54, 5545(1996; 55, 2650(1997; M. Cacciari  [13] G. T. Bodwin, E. Braaten, and G. P. Lepage, Phys. Re46D

and M. Kramer, Phys. Rev. Leff6, 4128(1996; M. Beneke 1914(1992.
and |. Rothstein, Phys. Rev. B4, 2005(1996. [14] M. Gluck, E. Reya, and A. Vogt, Eur. Phys. J5C461(1998.

[6] CDF Collaboration, F. Abest al, Phys. Rev. Lett75, 4358 [15] A. D. Frawley, for the PHENIX Collaboration, 16th Interna-
(1995; CDF Collaboration, Report No. Fermilab-Conf-94/ tional Conference on Ultrarelativistic Nucleus-Nucleus Colli-
136-E, 1994; Fermilab-Conf-95/128-E, 1995. sions, Quark Matter 2006QM2002, Nantes, France, 2002,

[7] E. Braaten, S. Fleming, and T. C. Yuan, Annu. Rev. Nucl. Part. nucl-ex/0210013; and fop; distribution data see: http://
Sci. 46, 197 (1996, and references therein. www.phenix.bnl.gov/conferences.html

034003-6



