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Diffractive J/c production as a probe of the gluon component in the Pomeron
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We present a study of largepT J/c production in hard diffractive processes by Pomeron exchange at the

Fermilab Tevatron. We find that this process (pp̄→p1J/c1X) can be used to probe the gluon content of the
Pomeron and to measure the gluon fraction of the Pomeron. Direct diffractiveJ/c production can also provide
another crucial test for the color-octet fragmentation mechanism. Using therenormalizedPomeron flux factor
D'1/9, the single diffractiveJ/c production cross section at largepT (>8 GeV) is found to be of the order
of 0.01 nb, and the ratio of single diffractive to nondiffractiveJ/c production is 0.6560.15% for the gluon
fraction f g50.760.2. @S0556-2821~98!05409-5#

PACS number~s!: 12.40.Nn, 13.85.Ni, 14.40.Gx
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In the past few years there has been a renaissance o
terest in diffractive scattering. Diffractive processes in ha
ron collisions are well described by the Regge theory
terms of Pomeron~P! exchange@1,2#. The Pomeron carries
quantum numbers of the vacuum, so it is a colorless entit
QCD language, which may lead to ‘‘rapidity gap’’ events
experiments. However, the nature of the Pomeron and
reaction with hadrons remains a mystery. In@3#, hard diffrac-
tive scattering processes were suggested to resolve the q
and gluon content in the Pomeron. That is to say,
Pomeron has a partonic structure, just as hadrons and nu
Therefore, various processes may be considered to prob
partonic structure of the Pomeron at high energy collid
@3–6#.

On the experimental side, the UA8 collaboration at t
CERN Super Proton Synchrotron (Spp̄S) collider has stud-
ied diffractive dijet production atAs5630 GeV @7#, which
indicates a dominant hard partonic structure of the Pome
The H1 and ZEUS Collaborations have studied diffract
deep inelastic scattering~DDIS! and dijet photoproduction in
ep collisions at As5300 GeV @8#. From these measure
ments, the ZEUS Collaboration determined that the glu
fraction of the Pomeronf g is in the range of 0.3, f g,0.8,
and the H1 Collaboration determined the quark fraction
the Pomeronf q'0.2. The partonic structure of the Pomer
was also studied recently by the Collider Detector at Fer
lab ~CDF! Collaboration through diffractiveW production
@9# and dijet production@10#, which give further evidence fo
the hard partonic structure of the pomeron. The combina
of these two measurements determined the gluon fractio
the Pomeron to be 0.760.2.

In this paper, we will discuss another diffractive proce
single diffractive~SD! J/c production at largepT ~shown in
Fig. 1!:

p1 p̄→p1J/c1X. ~1!

By the following calculations, we will show that SDJ/c
production is sensitive to the gluon fraction of the Pomer
570556-2821/98/57~9!/5658~5!/$15.00
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So, the measurement of diffractiveJ/c production at the
Fermilab Tevatron would provide a probe of the gluon d
tribution in the Pomeron. Importantly, at hadron colliders t
J/c production is of special significance because it has
tremely clean signature through its leptonic decay mod
Furthermore, the SDJ/c production is also interesting to th
study of heavy quarkonium production mechanism, which
another hot topic in the past few years.

For a long time, it was believed that the heavy quark
nium production at largepT dominantly comes from the
leading order color-singlet processes@11#. But, as pointed
out by Braaten and Yuan@12#, the fragmentation contribu
tions may dominate over those from leading-order proces
at sufficiently largepT , although the fragmentation pro
cesses are of higher order in strong coupling constantas .
However, the measurements of largepT charmonia produc-
tion from the CDF at the Tevatron show a large excess
direct production~excluding the contribution fromb decays
and the feeddown fromxc! both forJ/c andc8 @13,14#. The
experimental measurement is a factor of 30–50 larger t
the theoretical prediction of the color-singlet model even
including the fragmentation contributions. Motivated by th
‘‘surplus’’ problem, a new mechanism for heavy quark
nium production at largepT in hadronic collisions, named a
color-octet gluon fragmentation, has been proposed@15#,
which is based on the factorization formalism of nonrelat
istic quantum chromodynamics~NRQCD! @16#. In the past
few years, applications of the NRQCD factorization forma
ism to J/c(c8) production at various experimental facilitie
have been studied@17#.

FIG. 1. Sketch diagram for the SDJ/c production by Pomeron
exchange at the Tevatron.
5658 © 1998 The American Physical Society
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According to the NRQCD factorization formalism, th
gluon fragmentation toJ/c production can be factorized a

Dg→J/c~z,m2!5(
n

dg→n~z,m2!^On
J/c&, ~2!

wherez is the longitudinal momentum fraction carried by th
producedJ/c in gluon fragmentation,m52mc is the frag-
mentation scale.dg→n represent the short-distance coef
cients associated with the perturbative subprocesses in w
a cc̄ pair is produced in a configuration denoted byn ~angu-
lar momentum2S11LJ and color index 1 or 8!. ^On

J/c& are
the long distance nonperturbative matrix elements dem
strating the probability of acc̄ pair evolving into the physi-
cal stateJ/c. The short-distance coefficientsdg→n can be
obtained from perturbative calculations in powers of co
pling constantas . ^On

J/c& consist of two kinds of matrix
elements, i.e., the color-singlet and color-octet matrix e
ments~according to when the color index is 1 or 8!.

For J/c production in gluon fragmentation, the colo
octet matrix element̂O8

J/c(3S1)& is smaller than the color
singlet matrix element̂O1

J/c(3S1)& by a factor of orderv4

according to the NRQCD velocity scaling rules. Howev
the short-distance coefficient for the color-octet term in E
~2! is larger than that for the color-singlet term by a factor
order 1/as

2 . Numerical results show that color-octet cont
butions are 50 times larger than color-singlet contributio
@15#. In the following calculations, we neglect the colo
singlet term in gluon fragmentation in Eq.~2!, and only con-
sider the color-octet gluon fragmentation. The leading-or
color-octet gluon fragmentation toJ/c production gives@15#

Dg→J/c
~8! ~z,m2!5

pas~2mc!

24

^O8
J/c~3S1!&

mc
3 d~12z!. ~3!

In our calculations, the effects of the evolution of gluo
fragmentation function with scalem2 are neglected, which
may introduce some error. However, as argued in@18#, in-
cluding evolution would not necessarily be an improveme
since naive Altarelli-Parisi equations do not respect
phase-space constraintDg→J/c(z,m2)50 for z,mJ/c

2 /m2

@19#.
As shown in Figs. 1 and 2, the SD processpp̄→p1J/c

1X by Pomeron exchange consists of three steps. Firs
Pomeron is emitted from the proton with a small squa
momentum transfer,t5(pi2pf)

2, wherepi and pf are the
momenta of the initial and the final states of the proto
respectively. Second, partons interaction between
Pomeron and the antiproton takes place in the large mom
tum transfer processes~see Fig. 2!. In the third step,J/c is
produced via the fragmentation processes. Because the
mentation contributions dominantly come from the colo
octet gluon fragmentation process, in our calculations
calculate thegg(qq̄)→gg, q(q̄)g→q(q̄)g processes and
followed by the gluon fragmentation Eq.~3!.

Using the Pomeron factorization formalism@3,4#, we
write the SDJ/c production cross section as
ich
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ds~pp̄→p1J/c1X!

djdt
5 f P/p~j,t !ds~Pp̄→J/c1X!,

~4!

wherej is the momentum fraction of the proton carried b
the Pomeron.f P/p is the Pomeron ‘‘flux’’ factor,

f P/p~j,t !5
d2sSD /djdt

sT
Pp~s8,t !

5
b1

2~ t !

16p
j122a~ t !F2~ t !

5Kj122a~ t !F2~ t !. ~5!

Following @20#, the parameters are choosen as

K50.73 GeV22, a~ t !5110.11510.26 ~GeV22!t,

F2~ t !5e4.6t. ~6!

In our calculations, we use therenormalizedflux factor
D• f (j,t) @20#, which may preserve the shapes ofM2 and t
distributions in SD and predict the experimentally observ
SD cross section at all energies. HereD is defined as

D5Min~1,1/N!, ~7!

with

N5E
jmin

jmax
djE

t50

`

f P/p~j,t !, ~8!

wherejmin5M0
2/s with M0

251.5 GeV2 ~effective threshold!
and jmax50.1 ~coherence limit!. For the SD process at th
Tevatron (As51800 GeV), the renormalized factorD
'1/9. As a conservative estimate, we will take this as
tentative value forD in the following calculations.~How-
ever, we should keep in mind that this flux factorD has not
been well determined experimentally. If the precise va
can be obtained in the future, our results will change acco
ingly.!

On the parton structure functions of the Pomeron, we
sume the hard form@6,9,10#

bG~b!5~ f q1 f g!@6b~12b!#, ~9!

whereb is the momentum fraction of the Pomeron carried
the quarks and gluons.f q and f g are the quark and gluon
fractions of the Pomeron, respectively. The momentum s
rule constrainsf q1 f g51. We neglect anyQ2 evolution in
the above parton densities of the Pomeron@6#.

FIG. 2. A typical diagram for the color-octet gluon fragment

tion J/c production inPp̄→J/c1X process.
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5660 57FENG YUAN AND KUANG-TA CHAO
With these partons densities in the Pomeron and the
ton distribution functions in the antiproton,ds(Pp̄→J/c
1X) can be calculated by employing the usual way in
parton model calculations in hadronic collisions. We use
MRS~A! parton distribution functions@21# to generate the
production cross section, and set the renomalization s
and the factorization scale both equal to the transverse
mentum of the fragmenting gluonm5pT(g)'pT(c). In
gluon fragmentation, the input parameters are taken to b

mc51.5 GeV, as~2mc!50.26,

^O8
J/c~3S1!&50.0106 GeV3. ~10!

The value of the color-octet matrix element^O8
J/c(3S1)& fol-

lows the fitted value in@22# by comparing the theoretica
prediction to the experimental data at the Tevatron. In
total cross section, we also include the contributions from
xc and c8 feeddowns through gluon fragmentationg→xc
and g→c8 followed by xc→cg and c8→cX. The feed-
down contributions give the samepT distribution ofJ/c and
contribute about one-third of the total promptJ/c production
cross section~see Ref.@14#!. The leptonic decay branchin
ratio B(J/c→m1m2)50.0597 is also multiplied in the
cross section. The above described procedure~including the
fragmentation approximation! can reproduce the largepT
J/c production in the central region„i.e, uh(J/c)u,0.6… at
the Tevatron@14,15#.

Because theqq̄ annihilation process only contributes
small portion to the total cross section of largepT J/c pro-
duction, the SDJ/c production is insensitive to the quar
flavor number of the Pomeron. In our calculations we o
consider two-quark flavors. A pseudorapidity cut of 2
,h(c),4.0 was also performed on the producedJ/c. The
diffractive variablesj and t are integrated over the range
0,j,0.1 and utu,1 GeV2. In Fig. 3, we show the cros
section of SDJ/c production as a function of the minimum
transfer momentum of the producedJ/c. Because thegg
process is the dominant process in the production ofJ/c, the
cross section is sensitive to the gluon component in
Pomeron~i.e., the gluon fractionf g!. In this figure, we plot

FIG. 3. The SDJ/c production cross section as a function of t
minimum pT(c) for 2.0,h(c),4.0.
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three curves corresponding to three different values of
gluon fractionf g . The solid line represents the cross secti
s(pp̄→p1J/c1X)3B(J/c→m1m2) for the gluon frac-
tion set to bef g50.7 ~which is determined by the exper
ments at the Tevatron@10#!. The dotted line is forf g50
( f q51) and the dashed line forf g51 ( f q50). These curves
show that the SDJ/c production cross section may reach t
level of order of 0.01 nb„for pT(min)58 GeV…, and there-
fore is observable at the Fermilab Tevatron at present.

In the above calculations, we use the widely used para
etrization of the gluon distribution in the Pomeron, i.e., t
hard form Eq.~9!. However, the precise form of the gluo
density of the Pomeron is unknown at present and this
affect thepT distribution of the SDJ/c production. Different
parametrizations will give rise to different spectra. If th
gluon in the Pomeron is soft, e.g., the gluon distribution
the Pomeron behaves like

bG~b!56~12b!5, ~11!

the spectra would be different. In Fig. 4, we show thepT
distributions of the cross section of the SDJ/c production in
both the hard gluon and soft gluon cases. The result show
Fig. 4 is consistent with the expectation that the softer glu
will favor J/c production with smallerpT , while the harder
gluon will favor largerpT . The differential cross sections a
large pT for these two cases are different, but their diffe
ences are not so critical to distinguish between them. So
the following discussion, we mainly limit ourselves to th
hard gluon parametrization of the Pomeron, but we will a
mention the result for the soft gluon parametrization.

As a comparison, we also calculate the nondiffract
~ND! forward J/c production (p1 p̄→J/c1X) in the same
kinematic region, i.e., 2.0,h(c),4.0. The forward region
J/c production is also interesting to the study of theJ/c
production mechanism, because the relative contribution
different mechanisms may vary withJ/c rapidity. Further-
more, the comparison of forward and central regionJ/c pro-
duction can provide a consistent test of the ‘‘surplus’’ pro
lem of c8 andJ/c found at the Tevatron@14#. In Fig. 5, we

FIG. 4. The differential cross section for the SDJ/c production
as a function ofpT for the hard gluon~dashed line! and soft gluon
~dotted line! parametrizations in the Pomeron.
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57 5661DIFFRACTIVE J/c PRODUCTION AS A PROBE OF . . .
plot the ND forward J/c production cross section as
function of pT(min). This theoretical prediction can be use
to compare with the experimental data, and may provid
further test for the color-octet gluon fragmentation produ
tion mechanism.~The D0 Collaboration at the Fermila
Tevatron have reported the forwardJ/c production data
@23#. However, these data do not exclude the contributi
from b decays. We hope that the promptJ/c production data
in the forward region may be obtained in the near future!

In Fig. 6, we plot the ratioR(c)5sSD/sND as a function
of f g ~solid line!, wheresSD is the cross section for SDJ/c
production, andsND is for the ND J/c production in the
same kinematic region. The kinematic constraints for
producedJ/c are the same for these two processes,
pT(min)58 GeV and 2.0,h(c),4.0. The ratioR(c) in-
crease from 0.1% asf g50 to 0.9% asf g51.0. For f g50.7
60.2, the ratioR(c) will be 0.6560.15%. We must note
that R(c) is independent of the choice of the color-oc
matrix element̂ O8

J/c(3S1)& because its dependence is ca
celled in the ratiosSD/sND . So, measuring this ratioR(c)
can determine the gluon fractionf g precisely, provided tha
the color-octet gluon fragmentation is the dominant mec
nism for theJ/c production at largepT .

One more thing that must be noted in the above calc
tions of the ratioR(c)5sSD/sND is the approximation of
neglecting the fragmentation function smearing. If thepT
distributions of the SD and NDJ/c production are much
different, the smearing effects will influence the rationR(c)
and the extraction off g from this ratio. To see these effect
we calculate the ratioR(c)5sSD/sND for different values of
pT(min), which is shown in Table I. From this table, we ca
see that the ratioR(c) is almost a constant~with a fluctua-
tion less than 10%! as a function ofpT(min) for both the

FIG. 5. The ND forwardJ/c production cross section for 2.
,h(c),4.0.
a
-

s
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t
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hard quark and hard gluon cases. This implies that the r
R(c) is not sensitive to the smearing, and we may negl
the smearing effects in the calculations of the ratioR(c) and
the extraction of the gluon fractionf g .

In Table I, we also give the result for the soft gluon p
rametrization. The ratioR(c) for the soft gluon is larger than
the hard gluon by a factor<2 at pT(min)>10 GeV.

Experimentally, the nondiffractive background to the d
fractiveJ/c production must be dropped out to obtain use
information of the above calculations. Theoretically, the S
J/c production events can be distinguished from those n
diffractive events by performing the rapid gap~RG! analysis.
However, the acceptance of the RG will affect this analys
Here, we adopt the existing results of the background e
mate obtained by the CDF diffractive Dijet experimen
where they give the nondiffractive background to the S
evens to be 20%@10#. By the same reason, we expect that t
nondiffractive background to the SDJ/c production is about
20%.

Finally, we discuss the theoretical uncertainty comi
from the choice of the factorD of Eq. ~7!. The factorD
represents the momentum fraction of the Pomeron carried
the hard partons with the standard Pomeron flux. In our c
culations, we use therenormalizedfactor, which is about 1/9
at the Tevatron energy region. But the value cited here is
unique, because it may change with different choices of
parameters such asM0 andjmax in Eq. ~7!. The momentum
fraction D can be measured in the diffractive processes
various collider faculties. At the Tevatron, the CDF Collab
ration have determined the fractionD to be 0.1860.04 @10#,
which is well below the range 0.4,D,1.6 reported by the

FIG. 6. The ratio ofR(c)5sSD~c!/sND~c! vs the gluon fraction
of the Pomeronf g . The solid line corresponds to the momentu
fractionD used as therenormalizedfactor as in Eq.~7!. The shaded
region represents the range of the ratioR limited by the measured
fraction D50.1860.04 by the CDF.
14
87
TABLE I. The ratioR(c)5sSD/sND as a function ofpT(min).

PT(min) ~GeV! 5.0 6.0 7.0 8.0 9.0 10.0 11.0 12.0 13.0
R(c) for hard quark~%! 0.17 0.16 0.15 0.14 0.14 0.14 0.14 0.14 0.
R(c) for hard gluon~%! 0.98 0.93 0.90 0.86 0.84 0.85 0.86 0.88 0.
R(c) for soft gluon~%! 2.4 2.1 1.9 1.8 1.6 1.5 1.4 1.4 1.3
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5662 57FENG YUAN AND KUANG-TA CHAO
ZEUS Collaboration. If we adopt the CDF measureme
there must be difference in the above calculations of the r
R, which is also shown in Fig. 6. The shaded region in F
6 represents the range of the ratioR calculated as a function
of f g by using the fractionD50.1860.04.

As discussed in previous studies@15,22#, color-octet
mechanism is crucially important to directJ/c production
~excluding the contributions fromb decays and thexc and
c8 feeddowns! at largepT ; here the color-octet mechanis
is also crucially important to the directJ/c production in the
diffraction region. If only considering the color-singlet co
tributions~mainly coming from gluon fragmentation! the SD
direct J/c production rate will be smaller than the curv
shown in Fig. 3 by a factor of 50. This will make the me
surement of the SD directJ/c production very difficult at
present luminosity at the Tevatron. That is to say, the
directJ/c production can also be regarded as another imp
tant test for the color-octet mechanism.

As a final remark, we note that our proposal, the diffra
tive J/c production, may also be used to extract the glu
fraction in photoproduction at the DESYep collider HERA.
There are more diffractive events at the HERA than tha
the Tevatron. So, more interesting results may be obtain
The work along this way is in progress@24#.
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In conclusion, in this paper we have shown that the d
fractive J/c production at largepT is sensitive to the gluon
fraction of the Pomeronf g . The measurement of this proce
at the Tevatron would provide a determination off g . We
have also discussed the uncertainties caused by the reno
ized factorD and the gluon parametrizations of the Pomero
These uncertainties, however, can be reduced by combi
other experimental measurements such as dijet diffrac
production andW diffractive production. We believe tha
with the proposed SDJ/c production presented in this pa
per, we will get a better understanding for the property of
Pomeron. And also, the SD directJ/c production will pro-
vide another crucial test for the color-octet producti
mechanism.
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