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JÕc pair production at the Fermilab Tevatron
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Department of Physics, Faculty of Science, Hiroshima University, Higashi-Hiroshima 739-8526, Japan

~Received 13 June 2002; published 25 September 2002!

The doubleJ/c production inpp̄ collisions is reexamined. It is found that theJ/c pair production rate
obtained in the color-singlet model, at leading order inas and with transverse momentumpT.4 GeV, is
similar in magnitude to what is derived from the color-octet mechanism. Although the doubleJ/c production
process was proven to be observable with data yet collected at the Fermilab Tevatron detectors, our findings
show that the analysis on this process using the accumulated data would be no help in the aim of clarifying the
quarkonium production mechanisms, but can give information on the nature of the color-singlet prescription
for charmonium production. Nevertheless, with more data to be collected in the future, the evidently different
features ofJ/c pair production inpT distribution in two different schemes enable experimental study to give
a decisive conclusion on them.
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Quarkonium production and decays have long been ta
as an ideal means to investigate the nature of QCD and o
new phenomena. Hence, to establish a proper theory w
can precisely describe heavy quarkonium production and
cays is very necessary. A novel effective theory, nonrela
istic QCD ~NRQCD! @1#, is possibly one theory to this aim
which is formulated from the first principles. However,
make a precise prediction for quarkonium production w
only the NRQCD is not enough at least for now, since
magnitude of the nonperturbative parameters in the the
are still unknown. The theory itself can at most give out t
relative weights of these parameters in orders ofv2 from its
‘‘velocity scaling rules.’’ Up to now, on one hand the colo
octet @2# mechanism still stands as the most plausible p
posal in explaining the large transverse momentumc(c8)
production ‘‘anomaly’’ discovered at the Fermilab Tevatr
@3#; on the other hand, it encounters some difficulties in c
fronting other phenomena@4#. Especially, a recent study@5#
shows that previous calculations about the color-octet con
butions to high-pT J/c(c8) production were overestimated
although not by much. Therefore, to what degree the co
octet mechanism plays a role in quarkonium production
still not clear and an interesting question.

During the past decade, with the advent of NRQCD l
of work has been done to investigate feasible approache
finding distinct color-octet signals. Unfortunately, the natu
appears to be more elusive than expected, and experim
efforts have given no single conclusive answer yet. One
teresting point is that once there was a proposal for ac
production process, which claimed to be favorable for
color-octet production channel, however, people soon fo
a competitive channel in the color singlet for the same p
cess. For instance, in electron-position scattering Ref.@6#
pairs with Ref. @7#, and Ref. @8# with Ref. @9# in direct
photon-photon collision. This reality indicates as well th
more effort is still necesssary before fully understanding
quarkonium production mechanism.
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In explaining the high-pT c surplus production discov
ered by the Collider Detector at Fermilab~CDF! group@3# at
the Fermilab Tevatron, the color-octet scenario tells us t
the dominant source of charmonium production at la
transverse momentum comes from the produced hard g
followed by its fragmentation into an intermediate colo
octet cc̄ state, which eventually evolves into quarkoniu
nonperturbatively. Applying this idea to the doubl
quarkonium production, Bargeret al. @10# studied theJ/c
pair production via the double-gluon fragmentation mec
nism and found it gives a result which is detectable in p
viously accumulated data at the Fermilab Tevatron detect
Hence, they claimed that the measurement of this proces
experiment would offer a clean test for the color-oc
quarkonium production scheme. In this work we show tha
high transverse momentum this scenario really works, ho
ever, making a conclusion by using integrated cross sec
with relatively low pT cut, e.g., 4 GeV as discussed in the
paper, is impossible to this aim.

Within color-singlet model, the partonic processes star
order of as

4 for the J/c pair production, which includeg

1g→J/c1J/c andq1q̄→J/c1J/c. Since the latter, the
quark annihilation process, gives less contribution at
Tevatron energy, in this Brief Report, we restrict our calc
lation to the gluon-gluon fusion one, as shown in Fig. 1. T
J/c pair production via gluon-gluon fusion is similar to th
case in photon-photon scattering discussed in Ref.@8#, but
the extension from there to the present discussion is
trivial. The QCD non-Abelian nature involves more possib
sub channels, i.e., the third topological group as shown in
figure.

The differential cross section for quarkonium pair had
producion is given by

ds

dpT
~pp̄→2J/c1X!5(

a,b
E dxady1f a/p~xa! f b/ p̄~xb!

3
4pTxaxb

2xa2 x̄Tey1

dŝ

dt
~a1b→2J/c1X!, ~1!
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where f a/p and f b/ p̄ denote the parton densities;t, as well as
s andu appearing later, is the parton level Mandelstam va
able; y1(y2) is of the rapidity of producedJ/c; x̄T

[2mT /AS with mT5Am21pT
2. Here,S denotes the inciden

beams total energy square and is taken to be (1.8 TeV)2 of
g
y

pa
et

05750
i-
the Tevatron energy in our subsequent numerical calc
tions.

The hard scattering differential cross sectiondŝ/dpT of
gluon-gluon toJ/c pair can be calculated by the standa
way straightforwardly. It is
dŝ

dt
5

16as
4puR~0!u4

81m2s8~m22t !4~m22u!4
~2680m24214984m22t131406m20t2231824m18t3117668m16t427172m14t5

12956m12t62794m10t7147m8t8120m6t91m4t10214984m22u189948m20tu2202576m18t2u1228560m16t3u

2153360m14t4u176406m12t5u230782m10t6u17642m8t7u2822m6t8u266m4t9u131406m20u22202576m18tu2

1470856m16t2u22536476m14t3u21361624m12t4u22182454m10t5u2173146m8t6u2217902m6t7u212469m4t8u2

136m2t9u2231824m18u31228560m16tu32536476m14t2u31571900m12t3u32335186m10t4u31150334m8t5u3

258126m6t6u3112874m4t7u322344m2t8u3117668m16u42153360m14tu41361624m12t2u42335186m10t3u4

1132502m8t4u4235306m6t5u4111928m4t6u42148m2t7u41698t8u427172m14u5176406m12tu5

2182454m10t2u51150334m8t3u5235306m6t4u511164m4t5u521576m2t6u521816t7u512956m12u6

230782m10tu6173146m8t2u6258126m6t3u6111928m4t4u621576m2t5u612748t6u62794m10u717642m8tu7

217902m6t2u7112874m4t3u72148m2t4u721816t5u7147m8u82822m6tu812469m4t2u822344m2t3u8

1698t4u8120m6u9266m4tu9136m2t2u91m4u10!, ~2!
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wherem is the mass of charmonium, theJ/c; uR(0)u is the
magnitude of its radial wave function at origin. In obtainin
the above analytical expression, we start from general Fe
man rules and project the charm-quark–charm-antiquark
into theS-wave vector charmonium state in the color singl

FIG. 1. Typical Feynman diagrams ofJ/c pair production in

p p̄ collision at leading order.
n-
ir

.

To manipulate the trace and matrix-element square of th
tens of diagrams, the computer algebra syst
MATHEMATICA is employed with the help of the packag
FEYNCALC @11#.

The values of input parameters used in our numerical
culations are

mc51.5 GeV, uR~0!u250.8 GeV3, ~3!

and the nonrelativistic relationm52mc is adopted. The typi-
cal scale is set to be atmT , and hence the strong coupling
running with transverse momentum.

With the formulas and input parameters given above,
magnitude of directJ/c pair production rate at the Tevatro
can be immediately obtained. Applying the pseudorapid
cuts on both produced charmonia, i.e.,uh(c1)u,uh(c2)u
,0.6, we get the integrated cross sections(pp̄
→cm1m2cm1m2) for pT(c).4 GeV to be 0.09 pb. Here
the notationcm1m2 means that the branching ratio ofB(c
→m1m2)50.06 of the practical measuring mode to reco
struct the charmonium state is included. For an integra
luminosity of 100 pb21 achieved in the past run of the Teva
tron, there will be about tenJ/c pair events, coming from
the conventional production mechanism, to be detec
which is about the same in magnitude as what was obta
in Ref. @10#, where half of the predicted events came fro
higher excited state feed down and rough approximations
pseudorapidity andpT cuts were taken. In our numerical ca
4-2
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culation, the parton distribution ofCTEQ5L @12# is used, and
both renormalization scale and factorization scale
evolved to the same pointmT ; the integration limits ofxa in
Eq. ~1! are truncated in accordance with the pseudorapi
cuts on both produced charmonia.

The color-singlet double-J/c production cross section a
a function of transverse momentumpT is shown in Fig. 2 as
a solid line. For comparison, the result from the color-oc
process obtained in Ref.@10# is presented in the same figu
as a dashed line. From the plot we see that the differen
cross section obtained in the conventional production mec
nism falls off much more rapidly with the increase ofpT than
the one obtained in the color-octet mechanism. This fea
indicates that in principle the color-octet mechanism c
definitely be tested in the large transverse momentum reg
although, unfortunately, there is not enough available d
for such a purpose at the moment. Provided we lower
transverse momentum cut to 2 GeV, the concerned co
singlet process will give a cross section of 2.4 pb, wh
means hundreds ofJ/c pairs could be found from the accu
mulated data. In this case, no matter if the double glu
fragmentation mechanism still works well or not, it is neg
gible compared to the singlet process. Therefore, a meas

FIG. 2. The differential cross section ofJ/c pair production
versuspT at the Tevatron. Solid line comes from the color-sing
calculation of this paper; the dashed line from the color-octet
culation read from Ref.@10#.
ng
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ment of J/c pair production rate withpT.2 GeV and
uh(c1)u,uh(c2)u,0.6 can give information on the magn
tudes of higher order corrections and normalization ofJ/c
wave function.

In the above analysis, we take the charmonium stateJ/c
as an object. Nevertheless, the results can be readily ap
to some other charmonium and bottomonium states. For
ample, thec8 pair production rates in color-singlet mod
can be obtained by multiplying the constant

uR8~0!u4

uR~0!u4
B2~c8→m1m2!

B2~J/c→m1m2!
'

B4~c8→m1m2!

B4~J/c→m1m2!
~4!

with the J/c results.
In conclusion, we calculated theJ/c pair production rate

at the Fermilab Tevatron by taking the conventional hea
quarkonium production treatment, the color-singlet mod
The calculation is carried out at leading order in the stro
coupling constant. However, higher order corrections sho
not be too large due to the relatively high interaction sc
we are considering. In addition, the relativistic correctio
which is not always too small to be negligible in the study
charmonia, is also doubly suppressed since we are cons
ing the pair production; and for the same reason, the hig
excited states feed down is suppressed as well. From
analysis, together with previous investigations, 20–30J/c
pair events with transverse momentumpT.4 GeV can be
found in the accumulated data at the Fermilab Tevatron
tectors. Among them at least 40% is produced via the c
ventional quarkonium production scheme, considering
uncertainties existing in the estimation in Ref.@10#. This
finding tells us that analyzing the previously accumula
data for the doubleJ/c production process is not useful fo
chasing the color-octet signature, but can give informat
on the normalization and higher order corrections inJ/c
color-singlet production. Moreover, the transverse mom
tum distributions show that with high enough luminosity
present and future runs of the Tevatron or LHC, the d
cussed process does provide a crucial test for quarkonim
production mechanisms.
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@11# R. Mertig, M. Böhm, and A. Denner, Comput. Phys. Commu

64, 345 ~1991!.
@12# CTEQ Collaboration, H.L. Laiet al., Eur. Phys. J. C12, 375

~2000!.
4-3


