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The reactionsgg→hchc andgg→hc1X are discussed within the three-gluon-exchange model. We give
predictions for the differential cross sections and discuss the feasibility of measuring these processes at CERN
LEP2 and Cornell TESLA. The total cross sections were estimated to be approximately equal to 40 fb and 120
fb for gg→hchc andgg→hc1X, respectively, assuming exchange of elementary gluons that corresponds to
the odderon with intercept equal to unity. These values can be enhanced by a factor equal to 2.4 and 2.9 for
LEP2 and TESLA energies if the odderon intercept is equal to 1.07. The estimate of cross sectionss(e1e2

→e1e2hchc) ands(e1e2→e1e2hcX) for antitaggede1 ande2 is also given.@S0556-2821~98!03421-3#

PACS number~s!: 13.60.Le, 12.38.2t, 13.65.1i

The dominant contribution in the high-energy limit of per-
turbative QCD is given by the exchange of interacting gluons
@1,2#. The fact that the gluons have spin equal to unity auto-
matically implies that the cross sections corresponding to the
exchange of elementary gluons are independent of the inci-
dent energies while the interaction between gluons leads to
an increasing cross section. In addition to the Pomeron@1–5#
one also expects the presence of the so-called ‘‘odderon’’
singularity @1–3,6,7#. In the leading logarithmic approxima-
tion the Pomeron is described by the Balitskii-Fadin-Kuraev-
Lipatov ~BFKL! equation which corresponds to the sum of
ladder diagrams with Reggeized gluon exchange along the
ladder. The odderon is described by three-gluon exchange.
Unlike the Pomeron which corresponds to vacuum quantum
numbers and so to positive charge conjugation the odderon is
characterized byC521 ~andI 50); i.e., it carries the same
quantum numbers as thev Regge pole. The~phenomeno-
logically! determined interceptlv of the v Regge pole is
approximately equal to 1/2@8#. The novel feature of the od-
deron singularity corresponding to the gluonic degrees of
freedom is the potentially very high value of its intercept
lodd@lv . The exchange of the three~noninteracting! glu-
ons alone generates singularity with the intercept equal to
unity while the interaction between gluons described in the
leading logarithmic approximation by the Bartels-
Kwieciński-Praszałowicz~BKP! equation@6,7,9# can move
the odderon intercept above@10,11# or below@12,13# unity.1

The energy dependence of the amplitudes corresponding to
C521 exchange becomes similar to the diffractive ones
which are controlled by Pomeron exchange.

Possible tests of both the QCD perturbative Pomeron as
well as of the odderon have to rely on~semi!hard processes
where the presence of a hard scale can justify the use of
perturbative QCD. A very useful measurement in this respect

is the very-high-energy exclusive photoproduction~or elec-
troproduction! of heavy charmonia~i.e., J/c @14,15# or hc
@16–18#, etc., for probing the QCD Pomeron or odderon,
respectively!. The estimate of the odderon contribution to the
photoproduction~or electroproduction! of even charge con-
jugation mesons does, however, require model assumptions
about the coupling of the three-gluon system to a proton. It
would therefore be useful to consider a process which could
in principle be calculated entirely within perturbative QCD.
The relevant measurement which fulfills those criteria is the
exclusive quasidiffractive production of evenC charmonia in
gg collisions or, to be precise, the processesgg→hchc or
gg→hc1X @19,20#. The main purpose of our paper is to
present a theoretical and phenomenological description of
doublehc production in high-energygg collisions and of the
processgg→hc1X with a large rapidity gap betweenhc
and the hadronic systemX assuming the three-gluon-
exchange mechanism. In our paper we shall follow the for-
malism developed in Ref.@20# where the production of pseu-
dosclar mesons ingg collisions within the three-gluon-
exchange mechanism is discussed with great detail.

The kinematics of the three-gluon-exchange diagram to
the processes g* (q1)1g* (q2)→hchc and g* (q1)
1g* (q2)→hc1X is illustrated in Fig. 1~a! and Fig. 1~b!.

The amplitude Mi j for the processg* (q1)1g* (q2)
→hchc which corresponds to the transverse polarization of

1The results of Ref.@11# are, however, in conflict with a recent
analysis@12#.

FIG. 1. Kinematics of the three-gluon-exchange mechanism of
the processgg→hchc ~a! andgg→hc1X ~b!.
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both photons can be written in the following way:

Mi j 5W2CqqE d2d1d2d2

d1
2d2

2d3
2 Fghc

i ~Q1
2 ,d1 ,d2 ,D!

3Fghc

j ~Q2
2 ,2d1 ,2d2 ,2D!, ~1!

wherei and j are the polarization indices,

Cqq5
10

9pNc
2 as

3~mc
2!, ~2!

andD anddi denote the transverse components ofD andd i

while Qi
252qi

2 .
The relevant diagrams describing the impact factorFghc

i , j

are given in Refs.@17, 20#. In the nonrelativistic approxima-
tion one gets the following expression forFghc

i :

Fghc

i 5Fhc(k51

2

e ikF Dk

M̄1
21D2

1(
s51

3 2ds
k2Dk

M̄1
21~2ds2D!2G , ~3!

where

Fhc
5A4Mhc

Ghc→gg

aqc
2 , ~4!

M̄1
254mc

21Q1
2 . ~5!

In Eqs. ~3!, ~4!, ~5! mc , Mhc
, Ghc→gg , and qc denote the

charmed quark mass, the mass of thehc , the hc radiative
width, and the charge of the charm quark, respectively. The
formula for the impact factorFghc

j corresponding to the

lower vertex is given by Eq.~3! after changing the polariza-
tion index i into j , after reversing the sign ofds and ofD in
this equation, and after changingM̄1

2 into M̄2
2 given by Eq.

~5! with Q2
2 instead ofQ1

2.
For Q1

25Q2
2.0 it is convenient to represent the ampli-

tudeMi j in the following way:

Mi j 5W2S M1gi j 1M2

DiDj

D2 D . ~6!

The corresponding formula for the differential cross section
averaged over the transverse photons polarizations for the
processgg→hchc reads

ds

dt
5

1

64p
@~M11M2!21M1

2#. ~7!

For realg2s we have, of course, setQ1,2
2 50.

The processgg→hc1X is given by the diagram of Fig.
1~b! and the amplitude which corresponds to this diagram
can be written as

Mgg→hc1X5W2C̃qqE d2d1d2d2

d1
2d2

2d3
2

3Fghc
~Q2

2 ,2d1 ,2d2 ,2D!

3FgX~Q1
2 ,d1 ,d2 ,D,p1 ,p2!, ~8!

where

Fghc
5 (

i , j 51

2

e2
i e i j Fghc

j , ~9!

C̃qq5
10

9pNc
2 @as~mc

2!ãs#
3/2. ~10!

The coupling constantãs is defined by the hard scale char-
acteristic for the upper vertex in Fig. 1~b!. The diagrams
defining impact factorFgX are given in Ref.@20#. They give
the following expression forFgX :

FgX~Q1
2 ,d1 ,d2 ,D,p1 ,p2!

52 ieqf ū~p1!@mfRe” 112zQ̄e11Q”̄ e” 1#q” 2v~p2!, ~11!

where

Q̄5F p1

mf
21p1

2 1(
s51

3
ds2p1

mf
21~ds2p1!2G1~p1→p2! , ~12!

R5F 21

mf
21p1

2 1(
s51

3
1

mf
21~ds2p1!2G1~p1→p2!. ~13!

In Eqs. ~11!, ~12!, ~13! Q̄ is a four-vector with transverse
componentsQ̄ and vanishing longitudinal components,mf
denotes the mass of the~light! quark produced as the pair of
qq̄ jets, andqf is its charge whilez is the component of the
photon four-momentumq1 carried by a quark jet. The four-
momentap1 and p2 denote the four-momenta of the quark
~antiquark! in the final state@see Fig. 1~b!# and p1 , p2 are
their transverse parts, respectively. When calculating the
cross sections we shall make the ‘‘equivalent quark approxi-
mation’’ @20,21# which corresponds to the approximation of
settingmf equal to zero and to retaining the dominant term
in Q̄: i.e.,

Q̄5 p1/p1
2 1 p2/p2

2 . ~14!

The remaining terms in Eq.~12! can also be large fords
.pi but their dependence onds is such that after the integra-
tion over ds performed in Eq.~8! they are suppressed in
comparison to the leading terms.

The differential cross section for the processgg→hc

1X(qq̄) averaged over photon polarizations is given by the
following formula:
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ds5
~2p!4

2W2 (
$¯%

Mgg→hc1X
1 Mgg→hc1X

3dPS3„gg→hc1X~qq̄!…, ~15!

where $¯% stands for incident photons helicities, outgoing
light quark colors, flavors, and polarizations anddPS3„gg

→hc1X(qq̄)… is the standard parametrization of the
Lorentz-invariant three-body phase space. The decomposi-
tion property

dPS3„gg→hc1X~qq̄!…

5~2p!3 dMX
2 dPS2~gg→hc1X!dPS2~X→qq̄!

~16!

is employed and integration over the invariant mass squared
MX

2 of the qq̄ system is performed. The remaining integra-

tion over the two-body phase spacedPS2(X→qq̄) in the
applied approximation cannot be extended to the regionspi

2

.0 since the integral would then be divergent. We do there-
fore introduce, following Refs.@20, 21#, a physical cutoffm
which is defined by the light quark constituent masses and
we set for its magnitudem50.3 GeV. The integral is
bounded from above by the conditionpi

2,D2 which assures
the diffractive nature of the process. Thus we obtain a loga-
rithmic expression lnutu/m2 arising from the integral
*m2

utu dp1
2/p1

2. Finally the differential cross section reads

ds

dt
5

1

64p UC̃qqE d2d1d2d2

d1
2d2

2d3
2

3Fghc
~Q2

2 ,2d1 ,2d2 ,2D,p1 ,p2!U2 2aē2

3p
ln

utu
m2 ,

~17!

whereē25Nc(eu
21ed

21es
2)52 andei are the charges of the

light quarksu, d, ands, respectively.
In Fig. 2~a! we show the differential cross section of

the processgg→hchc . Unlike the photoproduction ofhc
on a nucleon target this cross section does not vanish at
t50. For the integrated cross section we getshchc

tot 543 fb.

The differential cross section for the processgg→hc1X is

presented in Fig. 2~b!. The integrated cross section is now
shcX

tot (utu.3 GeV2)5120 fb. In our calculation we set

as(mc
2)50.38, ãs50.3, mc51.4 GeV, Mhc

52.98 GeV,

andGhc→gg57 keV.
The calculated cross sections are energy independent

since they correspond to the exchange of three elementary
and noninteracting gluons. In this approximation the odderon
singularity has its interceptlodd equal to unity. Interaction
between gluons can boost this intercept above unity and one
can take approximately this effect into account by multiply-
ing the cross sections by the enhancement factor

Aenh~W2!5~W2/Mhc

2 !2~lodd21!. ~18!

The gg system ine1e2 collisions has a continuous spec-
trum. The c.m. energy squaredW2 of the gg system is

W25z1z2s, ~19!

wherezi are the energy fractions of electrons~positrons! car-
ried by the exchanged photons ands denotes the c.m. energy
squared of thee1e2 system. The distribution of those energy
fractions is given by the standard flux factor
f g/e(z,Qmin ,Qmax) of the virtual photons. In the equivalent
photon approximation it is given by the following formula
@22#:

f g/e~z,Qmin ,Qmax!5
a

2p F11~12z!2

z
ln

Qmax
2

Qmin
2

22me
2zS 1

Qmin
2 2

1

Qmax
2 D G . ~20!

Qmin
2 andQmax

2 in Eq. ~20! denote the minimal and maximal
values of the photon virtuality andme is electron mass. For
antitagged experiments the former is given by the kinemati-
cal limit Qmin

2 5me
2z2/(12z) and the latter by the antitag-

ging condition ue6,umax which gives Qmax
2 5(1

2z)Ebeam
2 umax

2 whereue6 denotes the scattering angle of the
scatterede6. Following Ref. @22# we setumax530 mrad.
The cross section for the processe1e2→e1e21Y, which
for antitaggede6 corresponds to the production of the had-
ronic stateY in the collision of almost real~virtual! photons,
is given by the following convolution integral:

se1e2→e1e21Y5E
0

1

dz1E
0

1

dz2Q~W22WY0
2 !sgg→Y~W2!

3 f g/e~z1 ,Qmin ,Qmax!

3 f g/e~z2 ,Qmin ,Qmax!. ~21!

In our calculation we setWY0
2 5Mhc

2 /zmax with zmax50.05 so

that thegg system is in the high-energy~i.e., Regge! region.
In order to estimate the effective enhancement factor due to
lodd.1 we have compared the convolution integrals

FIG. 2. Differential cross sections of the processesgg→hchc

~a! andgg→hc1X ~b! for Q1
2.Q2

2.0 GeV2.
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I ~s,lodd!5E
0

1

dz1E
0

1

dz2Q„zmax2Mhc

2 /~z1z2s!…

3S z1z2s

Mhc

2 D 2~lodd21!

3 f g/e~z1 ,Qmin ,Qmax! f g/e~z2 ,Qmin ,Qmax!

~22!

for lodd51 with that calculated forlodd51.07.
The ratio A5I (s,lodd51.07)/I (s,lodd51) should give

the expected enhancement factor for the given value ofs.
We get A52.4 andA52.9 for the CERNe1e2 collider
LEP2 and Cornell TeV Energy Superconducting Linear Col-
lider ~TESLA! energies respectively. The relatively small
change inA with increasings is caused by the fact that the
convolution integral is dominated by small values ofzi .

The magnitude of the estimated cross sectionss(e1e2

→e1e2hchc) ands(e1e2→e1e2hcX) for antitaggede1

ande2 in the the final state are summarized in Table I. We
give values of those cross sections for two different c.m.
energies of incident leptons corresponding to LEP2 and
TESLA energies and for two different values of the odderon
intercept,lodd51 andlodd51.07. It may be seen from this
table that the cross sections are very small and so it may in
particular be difficult to measure them with presently avail-
able luminosity at LEP2@22#.

To sum up we have applied the formalism developed in

Ref. @20# to the quantitative analysis of the quasidiffractive

processesgg→hchc and gg→hcX(qq̄) within the three-
gluon-exchange mechanism. The main merit of those pro-
cesses is that the corresponding cross sections can be, in
principle, calculated within perturbative QCD. We have es-
timated the corresponding cross sections for the processes
e1e2→e1e2hchc and e1e2→e1e2hcX with antitagged
e1e2 which were found to be within the range 0.7–17 fb
depending upon the incident c.m. energyAs and on the mag-
nitude of the odderon intercept.
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TABLE I. The estimated cross sectionss(e1e2→e1e2hchc)
ands(e1e2→e1e2hcX).

As
@GeV# lodd21

s(e1e2→e1e2hchc)
@fb#

s(e1e2→e1e2hcX)
@fb#

180 0 0.7 1.9
180 0.07 1.6 4.5
500 0 2.1 5.8
500 0.07 6.1 17.0
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