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Nonperturbative effects in gluon radiation and photoproduction of quark pairs
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We introduce a nonperturbative interaction for light-cone fluctuations containing quarks and gluons. Theq̄q
interaction squeezes the transverse size of these fluctuations in the photon and one does not need to simulate
this effect via effective quark masses. The strength of this interaction is fixed by data. Data on diffractive
dissociation of hadrons and photons show that the nonperturbative interaction of gluons is much stronger. We
fix the parameters for the nonperturbative quark-gluon interaction by data for diffractive dissociation to large
masses~triple-Pomeron regime!. This allows us to predict nuclear shadowing for gluons which turns out to be
not as strong as perturbative QCD predicts. We expect a delayed onset of gluon shadowing atx<1022

shadowing of quarks. Gluon shadowing turns out to be nearly scale invariant up to virtualitiesQ2;4 GeV2

due to the presence of a semihard scale characterizing the strong nonperturbative interaction of gluons. We use
the same concept to improve our description of gluon bremsstrahlung which is related to the distribution

function for a quark-gluon fluctuation and the interaction cross section of aq̄qG fluctuation with a nucleon.
We expect the nonperturbative interaction to suppress dramatically the gluon radiation at small transverse
momenta compared to perturbative calculations.

PACS number~s!: 12.38.Lg, 12.38.Bx, 13.60.Hb
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I. INTRODUCTION

The light-cone representation introduced in@1# is nowa-
days a popular and powerful tool to study the dynamics
photo-induced~real and virtual! reactions. The central con
cept of this approach is the non-normalized distribution a
plitude of q̄q fluctuations of the photon in the mixed (rW , a)
representation, whererW is the transverseq̄q separation anda
is the fraction of the light-cone momentum of the phot
carried by the quark~antiquark!. For transversely and longi
tudinally polarized photons it reads@1,2#

C q̄q
T,L

~rW ,a!5
Aaem

2 p
x̄ ÔT,Lx K0~er!. ~1!

Here x and x̄ are the spinors of the quark and antiqua
respectively.K0(er) is the modified Bessel function, wher

e25a~12a!Q21mq
2 . ~2!

This is a generalization of@1,2# to the case of virtual photon
@3,4#.

The operatorsÔT,L have the form

ÔT5mq sW •eW1 i ~122a!~sW •nW !~eW•¹W r!1~sW 3eW !•¹W r ,
~3!
0556-2821/2000/62~5!/054022~31!/$15.00 62 0540
f

-

ÔL52Qa~12a!sW •nW , ~4!

where the dimension-two operator¹W r acts on the transvers
coordinaterW ; nW 5pW /p is a unit vector parallel to the photo
momentum;eW is the polarization vector of the photon.

The advantage of the light-cone approach is the factori
form of the interaction cross section which is given by t
sum of the cross sections for different fluctuations weigh
by the probabilities of these Fock states@5,3,6#. The flavor
independent color-dipole cross sections q̄q first introduced in
@5# as dependent only on transverseq̄q separationr. It van-
ishes quadratically atr→0 due to color screening,

s q̄q~r,s!ur→05C~r,s!r2, ~5!

whereC(r,s) is a smooth function of separation and energ
In fact,C(r,s) also depends on relative sharing by theq̄ and
q of the total light cone momentum. We drop this depe
dence in what follows unless it is important~e.g. for diffrac-
tive gluon radiation!. It was first evaluated assuming no e
ergy dependence in perturbative QCD~PQCD! @5,7# and
phenomenologically@8# at medium large energies andr ’s
and turned out to beC'3. There are several models for th
function C(r,s) ~e.g., in @9–11#!, unfortunately neither
seems to be reliable. In this paper we concentrate on
principal problems of how to include nonperturbative effe
©2000 The American Physical Society22-1
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and do not try to optimize the form of the cross section. F
practical applications it can be corrected as soon as a m
reliable model forC(r,s) is available. We modify one of the
models mentioned above@10# which keeps the calculation
simple to make it more realistic and use it throughout t
paper.

The distribution amplitudes~1! control the mean trans
verseq̄q separation in a virtual photon:

^r2&;
1

a~12a!Q21mq
2

. ~6!

Thus, even a highly virtual photon can create a large sizeq̄q
fluctuation with large probability provided thata ~or 1
2a) is very small,aQ2;mq

2 . This observation is central to
the aligned jet model@2#. At small Q2 soft hadronic fluctua-
tions become dominant at anya. In this case the perturbativ
distribution functions~1! which are based on several a
sumptions including asymptotic freedom, are irrelevant. O
should expect that nonperturbative interactions mod
~squeeze! the distribution of transverse separations of theq̄q
pair. In Sec. II A we introduce a nonperturbative interacti
between the quark and antiquark into the Schro¨dinger type
equation for the Green function of theq̄q pair @12–14#. The
shape of the real part of this potential is adjusted to rep
duce the light-cone wave function of ther-meson. We derive
new light-cone distribution functions for the interactingq̄q
fluctuations of a photon, which coincide with the known pe
turbative ones in the limit of vanishing interaction. Th
strength of the nonperturbative interaction can be fixed
comparison with data sensitive to the transverse size of
fluctuations. The observables we have chosen in Sec. II B
the total photoabsorption cross sections on protons and
clei and the cross section for diffractive dissociation of
photon into aq̄q pair.

For gluon bremsstrahlung we expect the transverse s
ration in a quark-gluon fluctuation to be of the order of t
typical color correlation length;0.3 fm obtained by severa
QCD analyses@15–17#. This corresponds to the radius of
constituent quark in many effective models. To the exte
that the typicalq2G separation is smaller than theq̄q one
we expect gluon radiation to be suppressed. This result
particular in a suppression of diffractive gluon radiation, i.
of the triple-Pomeron coupling, which is seen indeed in
data.

In Sec. III A we assume a similar shape for the qua
gluon potential as for theq̄q one, but with different param
eters. A new light-cone distribution function for a quar
gluon fluctuation of a quark is derived, which correct
reproduces the known limit of perturbative QCD.

Comparison with data on diffractive excitations with lar
mass fixes the strength of the nonperturbative interactio
gluons. An intuitive physical picture of diffraction, as well a
a simple calculation of the cross sections of different diffra
tive reactions is presented in Appendix A. A more form
treatment of the same diffractive reactions via calculation
Feynman diagrams is described in Appendix B.
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A crude estimate of the interaction parameters is given
Sec. III A 1 within the additive quark model~AQM!. For this
purpose the cross section of diffractive gluon radiation b
quark,qN→ q GN, is calculated in Appendices A 2 and B 1
based on general properties of diffraction~Appendix A 1!
and the direct calculation of Feynman diagrams.

Quite a substantial deviation from the results for t
AQM is found in Sec. III A 2 and Appendix C where th
diffractive excitation of a nucleon via gluon radiation,NN
→ XN is calculated. The high precision of the data for th
reaction allows to fix the strength of the nonperturbative
teraction of gluons rather precisely.

The cross sections of diffractive gluon radiation by m
sons and photons are calculated in Appendixes A 3 and
In Sec. III A 3 we compare the values of the triple-Pomer
couplings~calculated in Appendix C! for diffractive disso-
ciation of a photon and different hadrons and find a violat
of Regge factorization by about a factor of two.

Our results for the cross section of diffractive dissociati
g* N → qq̄GN in the limit of vanishing nonperturbative in
teraction can be compared with previous perturbative ca
lations @18,19#. In this limit we are in agreement with@19#,
but disagree with@18#.1 The source of error in@18# is the
application of Eq.~A6! to an exclusive channel and a reno
malization recipe based on a probabilistic treatment of d
fraction.

Diffractive radiation of photons is considered in Appe
dices A 4 and B 3. It is shown that no radiation occurs wi
out transverse momentum transfer to the quark~in contrast to
gluon radiation!. Therefore, the cross section for diffractiv
production of Drell-Yan pairs is suppressed compared to
expectation of@20# which is also based on an improper a
plication of Eq.~A6! to an exclusive channel.

Section III B is devoted to nuclear shadowing for th
gluon distribution function at smallx. Calculations for many
hard reactions on nuclei@deep inelastic scattering~DIS!, high
pT jets, heavy flavor production, etc.# desperately need th
gluon distribution function for nuclei which is expected to b
shadowed at smallx. Many approaches@21–31# to predict
nuclear shadowing for gluons can be found in the literat
~see recent review@32#!. Our approach is based on Gribov
theory of inelastic shadowing@33# and is close to that in
@30,31# which utilizes the results@34,35# for the gluonic
component of the diffractive structure function assuming f
torization and using available data. Instead, we fix the
rameters of the nonperturbative interaction using data on
fraction of protons and real photons. Besides, we achie
substantial progress in understanding the evolution of
fractively produced intermediate states in nuclear matter

Nuclear suppression of the gluon density which looks l
a result of gluon fusionGG→G in the infinite momentum
frame of the nucleus, should be interpreted as usual nuc
shadowing for the total interaction cross section of fluctu

1In spite of the claim in@19# that their result coincides with that o
@18#, they are quite different. We are thankful to Mark Wu¨sthoff for
discussion of this controversy.
2-2
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NONPERTURBATIVE EFFECTS IN GLUON RADIATION . . . PHYSICAL REVIEW D62 054022
tions containing a gluon if seen in the rest frame of t
nucleus. We perform calculations for longitudinally pola
ized photons which are known to be a good probe for
gluon distribution function. Although the physics of nucle
shadowing and diffraction are closely related, even a g
knowledge of single diffractive cross section and mass
tributions is not sufficient to predict nuclear shadowing co
pletely, but only the lowest order shadowing correction.
technique for inclusion of the multiple scattering correctio
was developed in@12,13# which includes evolution of the
intermediate states propagating through the nucleus. T
corrections are especially important for gluon shadow
which does not saturate even at very smallx in contrast to
shadowing of quarks. In Sec. III B 1 we find quite a ste
x-dependence of gluon shadowing atQ2>4 GeV2 which is
rather weak compared to what have been estimated
@30,31#. Shadowing starts at smaller values ofx,0.01 com-
pared to the shadowing of quarks. Such a delayed onse
gluon shadowing is a result of enlarged mass of the fluc
tions containing gluons.

As soon as our approach incorporates the nonperturba
effects we are in position to calculate shadowing for s
gluons as well. This is done in Sec. III B 2 using two me
ods. In hadronic basis one can relate the shadowing term
the total hadron-nucleus cross section to the known diffr
tive dissociation cross section. This also give the scale
the effective absorption cross section. A better way is
apply the Green function approach which includes the n
perturbative gluon interaction fixed by comparison with d
for diffraction. With both methods we have arrived at a sim
lar shadowing, but the Green function approach leads
delayed onset of shadowing starting atx,0.01. We conclude
that gluon shadowing is nearly scale independent up toQ2

;4 GeV2.
The nonperturbative interaction of the radiated gluons

pecially affects their transverse momentum distribution. O
can expect a substantial suppression of radiation with sm
kT related to large transverse separations in quark-gluon fl
tuations of the projectile quark. Indeed, in Sec. III C we ha
found suppression by almost two orders of magnitude
radiation atkT50 compared to the perturbative QCD pred
tions. The difference remains quite large up to a few GeV
momentum transfer. Especially strong nonperturbative
fects we expect for thekT distribution of gluon bremsstrah
lung by a quark propagating through a nucleus. Instead
sharp peak atkT50 predicted by PQCD@36# now we expect
a minimum.

II. VIRTUAL PHOTOPRODUCTION OF QUARK PAIRS

A. Green function of an interacting
quark-antiquark pair

Propagation within a medium of an interactingq̄q pair
which has been produced with initial separationr50 from a
virtual photon at a point with longitudinal coordinatez1 and
developed a separationrW at the pointz2 ~see Fig. 1! can be
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described by a light-cone Green functionGq̄q(z1 ,rW 1

50;z2 ,rW 25rW ). The evolution equation for this Green func
tion was studied in@12–14#,2

i
d

dz2
Gq̄q~z1 ,rW 1 ;z2 ,rW 2!

5F e22Dr

2 p a ~12a!
1Vq̄q~z2 ,rW ,a!GGq̄q~z1 ,rW 1 ;z2 ,rW 2!.

~7!

The first term on the right-hand side~RHS! is analogous to
the kinetic term in a Schro¨dinger equation. It takes care o
the phase shift for the propagatingq̄q pair. Indeed, the rel-
evant phase factor is given by exp@ i *z1

z2dz qL(z)#, with the

relative longitudinal momentum transferqL . The latter is
defined by

qL~z!5
M2~z!1Q2

2p
5

e21kT
2

2pa~12a!
. ~8!

Herep is the photon momentum;M is the effective mass o
the q̄q pair ~which varies withz) andQ2 is the photon vir-
tuality. It depends on the transverse momentumkT of the
quark ~antiquark! which is replaced by the Laplacian,kT

2⇒
2Dr , in the coordinate representation~7!.

The imaginary part of the potentialVq̄q(z2 ,rW ,a) is re-
sponsible for absorption in the medium which is supposed
be cold nuclear matter:

Im Vq̄q~z2 ,rW ,a!52
s q̄q~r!

2
rA~z2!. ~9!

Here rA(z) is the nuclear density and we omit the depe
dence on the nuclear impact parameter.s q̄q(r,s) is the total
interaction cross section of a colorlessq̄q pair with a nucleon
@5# introduced in Eq.~5!. Equation~7! with the imaginary
potential~9! was used in@12# to calculate nuclear shadowin

2Our Green function is related to that in@12# by

Gq̄q~z1,rW150;z2,rW25rW!

5exp@2 i e2~z22z1!/2pa~12a!#

3W~z1 ,r150;z2 ,r25r!.

FIG. 1. Illustration for the Green functionGq̄q(z1 ,rW 1

50;z2 ,rW 25rW ) for an interactingq̄q fluctuation of a photon, as
defined by Eq.~7!.
2-3
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KOPELIOVICH, SCHÄFER, AND TARASOV PHYSICAL REVIEW D62 054022
in deep-inelastic scattering. In other applications the qua
were treated as free, what is justified only in the domain
validity of perturbative QCD.

Our objective here is to include explicitly the nonpertu
bative interaction between the quarks in Eq.~7!. We are go-
ing to rely on a nonrelativistic potential, which, howeve
should be modified to be a function of the light-cone va
ablesrW and a. This general problem is, however, not y
solved. Nevertheless, we try to model the real part of
potential based on its general properties. Particularly, theq̄q
pair is supposed to have bound states which are vector
sons.

It is assumed usually that the wave function of a vec
meson in the ground state depends onr anda according to

CV~rW ,a!5 f ~a!expF2
1

2
a2~a!rW 2G . ~10!

In order for this to be a solution of Eq.~7! the real part of the
potential should be

ReVq̄q~z2 ,rW ,a!5
a4~a!rW 2

2pa~12a!
. ~11!

Unfortunately, no reliable way to fix the form ofa(a) is
known. A parametrization popular in the literature isa(a)
52aAa(12a), which results from attempts to construct
relativistic approach to the problem of aq̄q bound state~see
@37# and references therein!. In this case, however, the mea
q̄q separationr}1/Aa(12a) increases unrestrictedly to
wards the endpointsa50,1. Such a behavior contradicts th
concept of confinement and should be corrected. The s
plest way to do so is to add a constant term toa(a) @the real
form of a(a) may be quite different, but so far data allo
only for a simple two parameter fit#,

a2~a!5a0
214a1

2a~12a!. ~12!

One can roughly evaluatea0 by demanding that even ata

50,1 the transverseq̄q separation does not exceed the co
finement radius,

a0;Rc
21'LQCD , ~13!

i.e., a0'200 MeV. Comparison with data~see below! leads
to a somewhat smaller value.

In what follows we study the consequences of the int
action betweenq and q̄ in the form ~11!,~12! for the quark
wave function of the photon, and we discuss several obs
ables.

Let us denote the Green function of aq̄q pair propagating
in vacuum (ImV50) asGq̄q(z1 ,rW 1 ;z2 ,rW 2). The solution of
Eq. ~7! has the form@38#
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Gq̄q~z1 ,rW 1 ;z2 ,rW 2!5
a2~a!

2p isin~v Dz!
expH ia2~a!

2 sin~v Dz!

3@~r1
21r2

2! cos~vDz!22rW 1•rW 2#

2
i e2Dz

2pa~12a!J , ~14!

whereDz5z22z1 and

v5v~a!5
a2~a!

pa~12a!
. ~15!

The normalization factor here is fixed by the conditio
Gq̄q(z1 ,rW 1 ;z2 ,rW 2)uz25z1

5d2(rW 12rW 2).
Now we are in the position to calculate the distributio

function of aq̄q fluctuation of a photon including the inter
action. It is given by the integral of the Green function ov
the longitudinal coordinatez1 of the point at which the pho-
ton forms theq̄q pair ~see Fig. 1!,

C q̄q
T,L

~rW ,a!

5
i ZqAaem

4ppa~12a!
E

2`

z2
dz1~ x̄ÔT,Lx!

3Gq̄q~z1 ,rW 1 ;z2 ,rW 2!ur150;rW 25rW . ~16!

The operatorsÔT,L are defined in Eqs.~4!–~6!. Here they act
on the coordinaterW 1.

If we write the transverse part as

x̄ÔTx5A1BW •¹W r1
, ~17!

then the distribution functions read

C q̄q
T

~rW ,a!5ZqAaem@A F0~e,r,l!1BW FW 1~e,r,l!#, ~18!

C q̄q
L

~rW ,a!52 ZqAaemQa~12a! x̄sW •nW xF0~e,r,l!,
~19!

where

l5l~a!5
2 a2~a!

e2
. ~20!

The functionsF0,1 in Eqs.~18!,~19! are defined as

F0~e,r,l!5
1

4pE0

`

dt
l

sh~lt !
expF2

le2r2

4
cth~lt !2t G ,

~21!

FW 1~e,r,l!5
e2rW

8p E
0

`

dt F l

sh~lt !G
2

expF2
le2r2

4
cth~lt !2t G .

~22!
2-4
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Note that theq2q̄ interaction emerges in Eqs.~18!,~19!
through the parameterl defined in Eq.~20!. In the limit l
→0 ~i.e. Q2→0, a is fixed, aÞ0 or 1! we get the well
known perturbative expressions~1! for the distribution func-
tions,

F0~e,r,l!ul50⇒
1

2p
K0~er!, ~23!

FW 1~e,r,l!ul50⇒
erW

2pr
K1~er!52

1

2p
¹W K0~er!. ~24!

In contrast to these relations, in the general case, i.e., fol
Þ0,

FW 1~e,r,l!Þ2¹W F0~e,r,l!. ~25!

In the strong interaction limitl@mq @or if both (Q2,
mq→0)] which is appropriate particularly for real photon
and massless quarks, the functionsF0,1 acquire again simple
analytical forms,

F0~e,r,l!ul→`⇒ 1

4p
K0F1

2
a2~a!r2G , ~26!

FW 1~e,r,l!ul→`⇒ rW

2pr2
expF2

1

2
a2~a!r2G . ~27!

The interaction confines even massless quarks within a fi
range ofr.

B. Absorption cross section for virtual photons

For highly virtual photons,Q2@a2(a), according to Eq.
~20! l→0 and the effects related to the nonperturbativeq̄q
interaction should be gone. Although for very asymmet
configurations,a(12a)!1, see Eq.~2! the transverseq̄q
separation increases and one may expect the nonperturb
interaction to be at work, it does not happen if the dipo
cross section is independent ofr at larger.

Thus, our equations show a smooth transition between
formalism of perturbative QCD valid at highQ2 and our
model for lowQ2 where nonperturbative effects are impo
tant.

The absorption cross sections for transversely~T! and lon-
gitudinally ~L! polarized virtual photons , including the non
perturbative effects, read

s tot
T 52Nc(

F
Zq

2aemE
0

1

daE d2rs q̄q~r,s!

3$mq
2 F0

2~e,r,l!1@a21~12a!2# uFW 1~e,r,l!u2%,

~28!
05402
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s tot
L 58Q2 Nc (

F
Zq

2aemE
0

1

daa

3~12a!E d2rs q̄q~r,s!F0
2~e,r,l!. ~29!

Here Nc is the number of colors, and the contributions
different flavorsF are summed up.

According to Eq.~5! the dipole cross section vanishe
s q̄q(r,s)}r2 at small r!1 fm. Such a behavior approxi
mately describes, e.g., the observed hierarchy of hadr
cross sections as functions of the mean hadronic radii@8#.
We expect, however, that the dipole cross section flattens
at larger separationsr.1 fm. Therefore, the approximatio
s q̄q(r)}r2 is quite crude for the large separations typical f
soft reactions. Even the simple two-gluon approximati
@39,40# provides only a logarithmic growth at larger @5#,
and confinement implies a cross section which becomes
stant at larger. Besides, the energy dependence of the dip
cross section is stronger at smallr than at larger @41#. We
use hereafter a parametrization similar to one suggeste
@10#:

s q̄q~r,s!5s0~s! F12expS 2
r2

r0
2~s!

D G , ~30!

where r0(s)50.88 fm (s0 /s)0.14 and s051000 GeV2. In
contrast to@10# all values depend on energy~as it is sup-
posed to be! rather than onx and we introduce an energ
dependent parameters0(s),

s0~s!5s tot
pp~s! S 11

3r0
2~s!

8 ^r ch
2 &p

D , ~31!

otherwise one fails to reproduce hadronic cross sectio
Here^r ch

2 &p50.4460.01 fm2 @42# is the mean square of th
pion charge radius. Cross section~30! averaged with the pion
wave function squared automatically reproduces the pi
proton cross section. We use the results of the fit@43# for the
Pomeron part of the cross section,

s tot
pp~s!523.6~s/s0!0.08 mb, ~32!

wheres051000 GeV2. We fixed the parameters comparin
data with the proton structure function calculated using E
~28!,~29! and the cross section~30!. Agreement is reasonabl
good up toQ2;20 GeV2 sufficient for our purposes.

To fix from data the parametersa0,1 of the potential we
concentrate on real photoabsorption which is most sens
to nonperturbative corrections. The photoabsorption cr
section with free quark fluctuations in the photon diverg
logarithmically atmq→0,

s tot
T 's0 lnS 1

mq r0
D . ~33!

Inclusion of interaction between the quarks in the pho
makes the photoabsorption cross section finite atmq→0.
2-5
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s tot
T 5s0

aemNc

12p (
F

Zq
2 @f~x1!2f~x2!#, ~34!

where

x15
11a0

2r0
2

a1
2r0

2
; x25

a0
2

a1
2

, ~35!

and

f~x!54 lnS x

4D22 x1~41x!A11x lnS A11x11

A11x21
D .

~36!

In this case the cross section of photoabsorption is indep
dent of the quark mass in the limitmq /a0,1!1.

We adjust the values ofa0 and a1 to the value of the
photoabsorption cross sections tot

gp5160mb atAs5200 GeV
@44,45#. Equation~34! alone does not allow to fix the two
parametersa0 and a1 completely, but it provides a relatio
between them. We found a simple way to parametrize
ambiguity. If we choose

a0
25v1.15~112 MeV!2

a1
25~12v !1.15~165 MeV!2, ~37!

the total photoabsorption cross section, turns out to be c
stant~within 1%! if v varies between 0 and 1. This covers
possible choices fora0 anda1.

In order to fixv in Eq. ~37! one needs additional exper
mental information. We have tried a comparison with t
following data.

~i! The cross section of forward diffraction dissociatio
gN→q̄qN ~the PPR graph in the triple-Reggeon pheno
enology@46#!,

ds~gN→q̄qN!

dt
U

t50

5
1

16pE da d2r uC q̄q~a,r!u2s2~r!.

~38!

~ii ! The total photoabsorption cross sections for nuc
~high-energy limit!,

s tot
gA52E d2bE da d2r uC q̄q~a,r!u2

3H 12expF1

2
s~r!T~b!G J , ~39!

where

T~b!5E
2`

`

dzrA~b,z! ~40!

is the nuclear thickness function and the nuclear den
rA(b,z) depends on impact parameterb and longitudinal co-
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ordinatez. This expression can be used for virtual photons
well with a proper discrimination between transverse a
longitudinal photons.

A calculation of the observables~i! and ~ii ! shows, how-
ever, a surprising stability of the results against variation
v in Eq. ~37!: the cross sections change only within;1% if
v varies between 0 and 1. Thus, we were unable to const
the parametersa0 anda1 any further.

We have also calculated the effective interaction cr
section of aq̄q pair with a nucleon,

se f f
q̄qN5

E da d2r uC q̄q~a,r!u2s2~r,s!

E da d2r uC q̄q~a,r!u2s~r,s!

[
^s2&

^s&
, ~41!

which is usually used to characterize shadowing for the
teraction of theq̄q fluctuation of a real photon with a nucleu

~e.g., see in@30,31#!. We got atse f f
q̄qN530 mb atAs5200

GeV. This well corresponds to the pion-nucleon cross s
tion ~32! s tot

pp531.7 mb at this energy. This result might b
treated as success of the vector dominance model~VDM !.
On the other hand, a calculation@47# using VDM ands tot

pp

'25 mb instead ofs tot
rp at lower energy for photoproductio

of r-mesons off nuclei is in good agreement with rece
HERMES measurements@48,49#.

However, a word of caution is in order. The nucleus
nucleon ratio of total photoabsorption cross sections in
approximation of frozen fluctuations~reasonably good a
very smallx) reads@5,30,31#

s tot
g* A

A s tot
g* N

5
2

^s& E d2b K 1 2 expF2
s

2
T~b!G L , ~42!

Expanding the exponential up to the next term after
double scattering one (1/4)se f f one gets (1/24)̂s3&/^s&.
This is 1.5 times larger than (1/24)se f f

2 /^s& if to use the
dipole approximations}r2 and a Gaussian distribution ove
r for color triplet (q̄2q) or color octet (G2q̄q) dipoles.

III. GLUON BREMSSTRAHLUNG

A. Radiation of interacting gluons

In processes with radiation of gluons, like

q1N→q1G1X ~43!

g* 1N→q1q̄1G1X, ~44!

the interaction between the radiated gluon and the pa
quark traveling in nearly the same direction may be imp
tant and significantly change the radiation cross section
the transverse momentum distribution compared to pertu
tive QCD calculations@50,36,51#.

We describe the differential cross section of gluon rad
tion in a quark-nucleon collision in the factorized light-con
approach@36#
2-6
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d3s~q→qG!

d~ ln a! d2kT

5
1

~2p!2E d2r 1 d2r 2

3exp@ ikWT~rW12rW2!# CGq* ~a,rW1! CGq~a,rW2!

3sG~rW1 ,rW2 ,a!, ~45!

where

sG~rW1 ,rW2 ,a!5
1

2
$sGq̄q~rW1 ,rW12ar 2!

1sGq̄q~rW2 ,rW22ar 1!

2s q̄q@a~rW12rW2!#2sGG~rW12rW2!%. ~46!

Hereafter we assume all cross sections to depend on en
but do not show it explicitly for the sake of brevity~unless it
is important!.

The cross section of a colorlessGq̄q system with a
nucleonsGq̄q(rW1 ,rW2) is expressed in terms of the usualq̄q
dipole cross sections,

sGq̄q~rW1 ,rW2!5
9

8
$s q̄q~r 1!1s q̄q~r 2!%2

1

8
s q̄q~rW12rW2! ~47!

rW1 and rW2 are the transverse separations gluon-quark
gluon-antiquark, respectively. In Eq.~46! sGG(r )
5 9

4 s q̄q(r ) is the total cross section of a colorlessGG dipole
with a nucleon.

The cross sections of reactions~43!,~44! integrated over
kT have the simple form

ds~q→qG!

d~ ln a!
5

1

~2p!2E d2r uCGq~a,rW !u2sGq̄q@rW,~12a!rW#,

~48!

ds~g* →qq̄G!

d~ ln aG!
U

aG!1

5E
0

1

daqE d2R uC q̄q
g*

~R,aq!u2

3E d2r $uC q̄G~RW 1rW,aG!u2sGG
N ~RW 1rW !

1uCqG~rW,aG!u2sGG~r !2ReCqG* ~rW,aG! C q̄G

3~RW 1rW,aG! @sGG~RW 1rW !1sGG~r !2sGG~R!#%.

~49!

Here aG is the fraction of the quark momentum carried
the gluon;RW and rW are the quark-antiquark and quark-gluo
transverse separations respectively. The three terms in
curly brackets in Eq.~49! correspond to the radiation of th
gluon by the quark, by the antiquark, and to their interf
ence, respectively.
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The key ingredient of Eqs.~45!, ~48!, and ~49! is the
distribution functionCGq(a,rW) of the quark-gluon fluctua-
tion, wherea is the fraction of the light-cone momentum o
the parent quark carried by the gluon, andrW is the transverse
quark-gluon separation. This function has a form@36,52,53#
similar to Eq.~1!,

CGq
T ~a,rW !u f ree5

1

p
Aas

3
x f ĜT,L x i K0~tr T!, ~50!

where the operatorĜT is defined in@36#,

ĜT5 imqa2 e*W •~nW 3sW ! 1a e*W •~sW 3¹W !2 i ~22a! e*W •¹W .
~51!

We treat the gluons as massless since we incorporate
nonperturbative interaction explicitly and do not need to
troduce any effective mass.

The factort differs from e as defined in Eq.~2!:

t25a2mq
2 . ~52!

In the general case the distribution function including t
interaction between the quark and gluon can be found via
Green functionGqG(z1 ,rW 1 ;z2 ,rW 2) for the propagation of a
quark-gluon pair, in analogy to Eq.~16!,

CqG~rW ,a!5
i Aas/3

2ppa~12a!
E

2`

z2
dz1 ~ x̄ĜTx!

3GqG~z1 ,rW 1 ;z2 ,rW 2!U
r150; rW 25rW

. ~53!

Let us add a few comments as to why this direct analo
holds. Equation~46! might give the impression that w
would have to implement the interaction between all th
partons: the gluon, the quark and the antiquark. Checking
way in which this equation was derived, one realizes, ho
ever, that this is not the case. We studied gluon bremsst
lung from a single quark and then expressed the radia
amplitude as a difference between the inelastic amplitu
for a qG system and an individualq̄. This is howsGq̄q has
to be interpreted and this is why one should only take
q2G nonperturbative interaction into account.

The evolution equation for the Green function of an inte
actingqG pair originating from the parent quark at the poi
with longitudinal coordinatez1 with initial transverse sepa
ration r150 looks similar to Eq.~7! with the replacement
e⇒t andVq̄q(z2 ,rW ,a)⇒VqG(z2 ,rW ,a). We parameterize the
quark-gluon potential in the same way as in Eq.~11! for
quark-antiquark,

ReVqG~z2 ,rW ,a!5
b4~a!rW 2

2pa~12a!
, ~54!

whereb2(a)5b0
214 b1

2 a (12a).
2-7
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The solution of the evolution equation for the quark-glu
Green function in absence of absorption (ImVqG50) looks
the same as Eq.~14! with replacementa(a)⇒b(a).

The following transformations go along with Eqs.~16!–
~27!. The vertex function in Eq.~53! is represented as

x̄ĜTx5D1EW •¹W r1
, ~55!

then the result of integration in Eq.~53! is

CqG~rW ,a!52AS as

3 D @D F0~t,r,l!1EW •FW 1~t,r,l!#.

~56!

The functionsF0(t,r,l) andFW 1(t,r,l) are defined in Eqs
~21!,~22!. However,l is now defined by

l5
2 b2~a!

t2
. ~57!

One might argue that the quark-gluon potential we ne
~and which we shortly shall constrain by comparison w
experimental data! could simply be obtained by adding tw
quark-quark potentials with an appropriate color factor. Su
a procedure could, however, lead to a completely wrong
sults as we want to illustrate by the following example.

Motivated by perturbative QCD one might expect that t
gluon-gluon and quark-quark potentials differ simply by
factor 9/4 ~the ratio of the Casimir factors!. However, this
relation is affected by nontrivial properties of the QC
vacuum which makes the interaction of gluons much str
ger @54,17#. The octet string tensionk8 is related toaP8 , the
slope of the Pomeron trajectory in the same way as the c
triplet string tension relates to the slope of the meson Re
trajectories@55#,

k85
1

2paP8
'4 GeV/fm. ~58!

HereaP8 50.25 GeV22. Thus, the value ofk8 is in fact four

times larger than the well knownq̄q string tension,k351
GeV/fm, and not only by a factor 9/4.

Another piece of information about the strength of t
gluon interaction which supports this observation com
from data on diffractive dissociation. The triple-Pomer
coupling turns out to be rather small@46#. If interpreted as a
product of the Pomeron flux times the Pomeron-proton to
cross section, the latter turns out to be an order of magnit
smaller than the proton-proton one. Naively one would ag
assume that the Pomeron as a colorless gluonic dipole sh
interact 9/4 times stronger that an analogousq̄q dipole ~such
a consideration led some authors to the conclusion that
ons are shadowed at smallx in nuclei stronger than se
quarks!. The only way to explain this discrepancy is to a
sume that the gluon-gluon dipole is much smaller. This,
turn, demands a stronger gluon-gluon interaction. Thus,
fraction is sensitive to nonperturbative interaction of gluo
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We shall use this observation in the next section to fix
corresponding parametersb0 andb1.

1. Diffractive bremsstrahlung of gluons. The triple-Pomeron
coupling in the additive quark model

Let us start with diffractive dissociation of a quark,qN
→qGN. We assume the diffractive amplitude to be propo
tional to the gluon densityG(x,Q2)5x g(x,Q2) @56,57# ~it
should be a non-diagonal distribution if the energy is n
very large! as is shown in Fig. 2. Since the amplitude
predominantly imaginary at high energies one can use
generalized unitarity relation known as Cutkosky rule@58#,

2 ImAab5(
c

AacAcb
† , ~59!

where Aab is the amplitude of the processa→b and a, b
denote all the particles in initial and final states respective
In the case under discussiona5$q,N%, b5$q,G,N%, andc
denotes eitherc15$q,N8* % or c25$q,G,N8* %, whereN8* is a
color-octet excitation of the nucleon resulting from gluo
radiation~absorption! by a nucleon.

In what follows, we concentrate on forward diffractio
i.e., the transverse momentum transferqW T50. In this case the
diffractive amplitude reads

F~a,kT ,qT50!5
i

4pE d2r

2p
eikWTrW CqG~a,rW ! s̃~rW !,

~60!

wherekT is the transverse momentum of the radiated glu
and

s̃~rW !5
9

8
s q̄q~rW !. ~61!

Equation~60! is derived in Appendix A 2 in a simple an
intuitive way based on the general properties of a diffract
process discussed in Appendix A 1. A more formal deriv
tion based on a direct calculation of Feynman diagrams
the Cutkosky rule~59! is presented in Appendix B 1.

FIG. 2. Feynman diagrams for diffractive radiation of a gluon
a quark-nucleon interaction,qN→qGN.
2-8
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The relation~60! is valid for any value ofa. In contrast to
the inclusive cross section for gluon bremsstrahlung the
fractive cross section depends ona only via the distribution
function.

The amplitude~60! is normalized according to

ds~qN→qGN!

d~ ln a! d2kT d2qT

5uF~a,kWT ,qW T!u2. ~62!

The distribution for the effective mass squared,M2

5kT
2/a(12a)'kT

2/a, at qT50 has the form

ds~qN→qGN!

dM2 dqT
2 U

qT50

52p2E
0

M2

dkT
2 uF~a,kWT ,qW T!u2,

~63!

which transforms in the limitM2→` into

M2 ds~qN→qGN!

dM2 dqT
2 U

qT50

5
1

16p
lim

a→0
E d2r uCqG~a,rW ! s̃~r,s̄!u2, ~64!

where s̄5M0
2/j, where M0

251 GeV2 and j[xP[12xF

'M2/s.
Since dissociation into large mass states is dominated

the triple-Pomeron~3P! graph the value on the LHS of Eq
~64! is the effective 3P coupling G3P(qN→XN) ~see defi-
nition in @46#! at qT50. It can be evaluated usingG3P(pp
→Xp)'1.5 mb/GeV2 as it follows from measurement b
the CDF Collaboration@59# ~according to@61#3 we divided
the value ofG3P given in @59# by factor 2!. This value is
twice as small as one derived from the triple-Regge analy
@46# at medium large energies. This is supposed to be du
absorptive corrections which grossly diminish the survi
probability of large rapidity gaps at high energies@60#. One
can see energy dependence ofG3P even in the energy rang
of the CDF experiment@59#.

Assuming the additive quark model~AQM! to be valid
one can write

G3P
AQM~qN→XN!'

1

3
G3P~NN→XN!'0.5

mb

GeV2
~65!

~see below about interference effects!. To compare with this
estimate we calculate the triple-Pomeron coupling~64! using
the distribution function in the form~56! and the dipole cross
section~30!,

G3P
AQM~qN→XN!5

27as

4 S s0

8p D 2

lnS t1t2

t3
2 D , ~66!

3We thank Doug Jansen and Thomas Nunnemann who helpe
clarify this point.
05402
f-

by

es
to
l

where t15b2(0)/2, t25t111/r0
2 and t352t1t2 /(t11t2).

The parameterss0 and r0 are defined in Eq.~30!. We use
here a fixed value ofas50.6 which is an appropriate ap
proximation for a soft process.

Comparison of Eq.~66! with the value~65! leads to a
rough evaluation of the parameterb0 of our potential~we are
not sensitive tob1 since we keepa small!,

bAQM~0!'570 MeV. ~67!

Thus a typical quark-gluon separation is;1/b(0)'0.4
fm what is roughly the radius of a ‘‘constituent’’ quark. Not
that a substantial modification of Eq.~65! by interference of
radiation amplitudes for different quarks is possible.

2. Diffractive excitation of nucleons, NN\XN,
beyond the AQM

The amplitude of diffractive gluon radiationNN
→3qGN can be represented as a superposition of radia
by different quarks as shown in Fig. 3. In this process
colorless 3q system (u3q&1) converts into a color-octet fina
state (u3q&8). There are two independent octetu3q& states
which differ from each other by their symmetry under a p
mutation of the color indices of the quarks. Corresponding
the amplitude for the processNN→u3q&8GN is a superpo-
sition of two amplitudes~see below!.

The contribution to the amplitude of the first graph in Fi
3 reads

FI~NN→3qGN!5
i f abc

A3
^~3q!8utb

(1) tc
(2)u~3q!1& s̃~rW 1!

3F~$rW,a%,rW 1 ,aG!. ~68!

The second and third graphs in Fig. 3 give correspo
ingly,

FII ~NN→3qGN!5
i f abc

A3
^~3q!8utb

(1) tc
(2)u~3q!1&

3@s̃~r2!2s̃~rW12rW2!#

3F~$rW,a%,rW 1 ,aG!; ~69!

and
to

FIG. 3. Contributions from projectile valence quarks to the a
plitude of diffractive gluon emission inNN collisions. Six addi-
tional graphs resulting from the permutation$1
2% and $1
3%
have not been plotted.
2-9
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FIII ~NN→3qGN!5
i f abc

A3
^~3q!8utb

(1) tc
(2)u~3q!1&

3@s̃~r3!2s̃~rW12rW3!#

3F~$rW,a%,rW 1 ,aG!. ~70!

Here$rW,a%5(rW1 ,rW2 ,rW3 ;a1a2 ,a3); rW i are the positions of the
quarks in the impact parameter plane;rW i5rW 2rW i , whererW is
the position of the gluon;

F~$rW,a%,rW i ,aG /a i !5CN→3q~$rW,a%! CGq~rW i ,aG!;
~71!

f abc is the structure constant of the color group, where ‘‘a’’
is the color index of the radiated gluon, and we sum o
‘‘ b’’ and ‘‘ c.’’ The Gell-Mann matriceslc

i 52 tc
i act on the

color index ofi th quark.
Using the relation

f abctb
(1) tc

(1) u3q&15 f abc ~tb
(2) tc

(1)1tb
(3) tc

(1)! u3q&1 ,
~72!

one can present the sum of the amplitudesFI , FII andFIII in
the form

F (1)~NN→3qGN!5FI1FII 1FIII

5
i f abc

A3
F~rW i ,a i ,rW 2rW1 ,aG!

3^~3q!8utb
(2) tc

(1) S121tb
(3) tc

(1) S13u

3~3q!1&, ~73!

where S i j 5s̃(rW 2rW i)1s̃(rW 2rW j )2s̃(rW i2rW j ). The index
‘‘1’’ in F (1)(NN→3qGN) indicates that the gluon is
radiated by the quarkq1 in accordance with Fig. 3.

The amplitudesF (2) andF (3) is obviously related toF (1)

by replacement 1→2,3. Note that the color structur
f abct (2) t (3) which is not present in~73! is not independen
due to the relation

f abc~tb
(1) tc

(2)1tb
(2) tc

(3)1tb
(3) tc

(1)! u3q&150. ~74!

Thus, we are left with only two independent color structur
as was mentioned above.

The full amplitude for diffractive gluon radiation square
uF(NN→3qGN)u25uF (1)1F (2)1F (3)u2, summed over all
color states of the 3qG system, reads
05402
r
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uF~NN→3qGN!u2

5
1

3
uCN→3q~$rW,a%!u2 H (

i 51

3

uCqG~rW i ,aG!u2

3A( i )~$rW%,rW !2Re(
iÞk

CqG~r i ,aG!

3CqG~rW k ,aG! B( i ,k)~$rW%,rW !J , ~75!

where

A(1)~$rW%,rW !5S12
2 1S13

2 1S12S13, ~76!

B(1,2)~$rW%,rW !52 S12
2 1S12~S131S23!2S13S23. ~77!

The expressions forA(2), A(3) andB(1,3), B(2,3) are obtained
by simply changing the indices.

The effective triple-Pomeron coupling results from int
grating Eq.~75! over phase space,

G3P~NN→NX!5
1

16pE d2r 1 d2r 2d2r 3 d2r da1 da2 da3

3d~rW11rW21rW3!d~12a12a22a3!

3(
f

uF~NN→3qGN!u2. ~78!

To evaluate G3P(NN→NX) we use Eq. ~19! for
CqG(rW ,a) and a Gaussian parametrization for the valen
quark distribution in the nucleon,

uCN→3q~$rW,a%!u2}expF2S (
i 51

2

rW i
2D Y ^r ch

2 &pG , ~79!

where^r ch
2 &p'0.7960.03 fm2 is the mean square radius o

the proton@62#. At this point one has to introduce som
specific model for thea i distributions. Quite some proposa
can be found in the literature, and a quantitative analysis
require careful numerical studies. For a first qualitative d
cussion we make the simple ansatz for the quark momen
distribution in the nucleon,Fq

N(a1 ,a2 ,a3)}) id(a i21/3)
which allows to continue our calculations analytically. Th
details of the integration of Eq.~78! can be found in Appen-
dix C. G3P is a function of the parameterb(0). As a trial
value we choose Eq.~67!, b(0)5570 MeV,@estimated using
the result of the additive quark modelG3P(qN→XN)'0.5
mb/GeV2] we arrive at G3P(NN→XN)'2.4 mb/GeV2.
This value is substantially higher than the experimental va
G3P(NN→XN)51.5 mb/GeV2. This is an obvious manifes
tation of simplifying approximations~the quark additivity!
we have done. In order to fit the experimental value
G3P(NN→NX) after the contributions of the second an
third graphs in Fig. 3 are included we should use in Eq.~78!

b~0!5650 MeV. ~80!
2-10
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With this value Eq.~66! gives

G3P~qN→XN!'0.3
mb

GeV2
'

1

5
G3P~NN→XN!, ~81!

which shows a substantial deviation from the AQM.

3. Diffractive gluon radiation by a (virtual) photon and mesons
Breakdown of Regge factorization

One can use a similar technique to calculate the cr
section for diffractive gluon radiation by a photon and m
sons. The diffraction amplitudeg(M )N→q̄qGN is de-
scribed by the four diagrams depicted in Fig. 4. The first t
diagrams correspond to the AQM. In this approximation
forward (qT50) amplitudegN→q̄qGN reads

FAQM~gN→q̄qGN!

5C q̄q~a,rW 12rW 2! @F~qN→qGN!2F~ q̄N→q̄GN!#

5C q̄q~a,rW 12rW 2! FCqGS aG

a
,rW 1D s̃~r1!

2C q̄GS aG

12a
,rW 2D s̃~r2!G , ~82!

whererW i5rW 2rW i ~i51,2!. rW ,rW1,2 are the radius-vectors of th
gluon, quark and antiquark, respectively. The limitaG→0 is
assumed.

After addition of the last two graphs in Fig. 4 the amp
tude takes the form~we do not write out its trivial color
structure!,

F~gN→q̄qGN!

5C q̄q~a,rW 12rW 2! FCqGS aG

a
,rW 1D2C q̄GS aG

12a
,rW 2D G

3@s̃~r1!1s̃~r2!2s̃~rW 12rW 2!#. ~83!

The detailed calculation of the diagrams depicted in Fig. 4
presented in Appendix B 2. A much simpler and more int
tive derivation of Eq.~83! is suggested in Appendix A 3.

If one neglects the nonperturbative effects in Eq.~83!
@b(a)50# this expression coincides with Eq.~3.4! in @19#,

FIG. 4. Diagrams for the diffractive radiation of a gluon

photon-nucleon interaction,g* N→q̄qGN.
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but is quite different from the cross section of diffractiv
gluon radiation derived in@18# @Eq. ~60!# ~see footnote 1!. A
crucial step in@18# is the transition from Fock states whic
are the eigenstates of interaction, to the physical state b
Such a rotation of theS-matrix leads to a renormalization o
the probabilityamplitudesfor the Fock states~see Appendix
A 1!, rather than just the probabilities as it was assumed
@18#.

The amplitude~83! is normalized as

ds

d~ ln aG! dqT
2 U

qT50

5
1

16pE d2r1 d2r2da

3uF~gN→q̄qGN!u2. ~84!

Direct comparison of of the cross section for diffractiv
gluon radiation by a photon calculated with this express
with data is complicated by contribution of diffraction toq̄q
states and nondiffractive~Reggeon! mechanisms. This is
why one should first perform a detailed triple-Regge analy
of data and then to compare Eq.~84! with the effective triple-
Pomeron coupling. Good data for photon diffraction a
available at lab. energyEg5100 GeV@63#. At this energy,
however, there is no true triple-Regge region which dema
s/M2@1 and M2@1 GeV2. Therefore the results of the
triple-Regge analysis in@63# cannot be trusted. It is much
more appropriate to use available data from the DESYep
collider HERA, particularly those in@64# at As5200 GeV
where a triple-Regge analysis taking into account fo
graphs was performed. The result for the effective trip
Pomeron coupling

G3P
gp~0!5~8.1961.661.3462.22! mb/GeV2 ~85!

should be compared with our predictionG3P
gp(0)

59 mb/GeV2. To estimate the mean energy for the dipo
cross sections̄/M2 GeV2 we used the midvalueM25250
GeV2 of the interval ofM2 measured in@64# which corre-
sponds toxP50.0064. Thus, high-energy data for gluon r
diation in diffractive dissociation of protons and photo
give the value~80! for the parameter of nonperturbativ
quark-gluon interaction.

Note that the relative role of ‘‘additive’’~Nos. 1,2 in Fig.
4 and No. 1 in Fig. 3! and ‘‘non-additive’’ ~Nos. 3,4 in Fig.
4 and Nos. 2,3 in Fig. 3! graphs depends on the relation be-
tween the three characteristic sizesRh5A^r i j

2 &, r0 and
1/b(0). In the limit Rh@r0 , 1/b(0) the contribution of the
‘‘nonadditive’’ graphs vanishes and the additive quark mo
becomes a good approximation. However, at realistic val
of Rh;1 fm the ‘‘additive’’ and ‘‘non-additive’’ contribu-
tions are of the same order and the latter becomes domi
for smallRh . Particularly, this explains why the factorizatio
relation,

A3P~hN→XN!5
G3P~hN→XN!

s tot~hN!
5const, ~86!

i.e., independent ofh, is substantially broken. We expect
2-11
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A3P~NN→XN!50.025 GeV22,

A3P~pN→XN!50.031 GeV22,

A3P~KN→XN!50.042 GeV22,

A3P~gN→XN!50.052 GeV22. ~87!

We see that our predictions for the triple-Pomeron vertex
defined from diffractive dissociation of nucleons and photo
are different by almost factor of three. On top of that, t
absorptive corrections which are known to be larger for d
fraction than for elastic scattering also contribute to
breaking of Regge factorization. A manifestation of the
correction shows up as deviation between the data and
Regge based expectations for the energy dependence o
diffractive cross section@61,65#.

B. Gluon shadowing in nuclei

It is known since long time@66# that the parton distribu-
tion in nuclei is shadowed at smallx due to parton fusion. In
QCD this effect corresponds to the nonlinear term in
evolution equation responsible for gluon recombinat
@21,67#. This phenomenon is very important as soon as
calculates the cross section of a hard reaction~gluon radia-
tion with high kT , prompt photons, Drell-Yan reaction
heavy flavor production, etc.! assuming factorization
Nuclear shadowing of sea quarks is well measured in D
but for gluons it is poorly known. One desperately needs
know it to provide predictions for the high-energy nucle
colliders, the BNL Relativistic Heacy Ion Collider~RHIC!
and CERN Large Hadron Collider~LHC!.

The interpretation of nuclear shadowing depends on
choice of the reference frame. In the infinite momentu
frame of the nucleus it looks like parton fusion. Indeed,
longitudinal spread of the valence quarks in the bound nu
ons, as well as the internucleon distances, are subject to
entz contraction. Therefore the nucleons are spatially w
separated. However, the longitudinal spread of parton
small x contracts much less because they have anx times
smaller Lorentz factor. Therefore, such partons can ove
and fuse even if they originate from different nucleons@66#.
Fusion of two gluons into aq̄q pair leads to shadowing o
sea quarks. If two gluons fuse to a single gluon it results
shadowing of gluons.

The same phenomenon looks quite differently in the r
frame of the nucleus, as shadowing of long-living hadro
fluctuations of the virtual photon. This resembles the or
nary nuclear shadowing for the total cross sections
hadron-nucleus interaction. Indeed, the total virtual photo
sorption cross section is proportional to the structure fu
tion F2(x,Q2). However, one can calculate in this way on
shadowing of quarks. To predict shadowing of gluons it w
suggested in@68# to replace the photon by a hypothetic
particle probing gluons. Assuming for theGG fluctuation of
this particle the same distribution function as forq̄q one may
conclude that the effective absorption cross section provid
shadowing is 9/4 times larger than for aq̄q fluctuation of a
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photon. Such a simple result cannot be true because of
strong gluon-gluon interaction which makes their distrib
tion function quite different~‘‘squeezes’’ it!. Besides, the
spin structure of theGG distribution function is different
too.

1. Nuclear shadowing for longitudinal photons

Longitudinally polarized photons are known to be a go
probe for the gluon structure function. Indeed, the aligned
model@2# cannot be applied in this case since the distribut
function for longitudinal photons~1!,~4! suppresses the
asymmetric q̄q fluctuations with a→0,1. Therefore, the
transverse separation of theq̄q pair is small ;1/Q2 and
nuclear shadowing can be only due to shadowing of gluo
One can also see that from the expression for the cross
tion of a small size dipole@56,57#,

s q̄q
A,N

~r T ,x!'
p2

3
as~Q2! GN~x,Q2!, ~88!

where GN(x,Q2)5x g(x,Q2) is the gluon density andQ2

;1/r T
2 . Thus, we expect nearly the same nuclear shadow

at largeQ2 for the longitudinal photoabsorption cross secti
and for the gluon distribution,

sA
L~x,Q2!

sN
L ~x,Q2!

'
GA~x,Q2!

GN~x,Q2!
. ~89!

The estimate for nuclear shadowing for longitudinally pola
ized photons follows.

Nuclear shadowing for photons corresponds to the ine
tic nuclear shadowing as it was introduced for hadrons
Gribov 30 years ago@33#. Therefore, the termDs(g* A)
5s tot(g* A)2A s(g* N) representing shadowing in the to
tal photoabsorption cross section is proportional to the
fractive dissociation cross sectiong* N→XN @33,69#, con-
sidered above. In the lowest order in the intensity ofXN
interaction the shadowing correction reads

Ds~g* A!58p ReE d2bE dMX
2

3
d2s~g* N→XN!

dMX
2 dqT

2 U
qT50

3E
2`

`

dz1E
2`

`

dz2 Q~z22z1! rA~b,z1! rA~b,z2!

3exp@2 i qL ~z22z1!#, ~90!

where
2-12



ow
tu
ca

fo

ed

two
ore
xi-
and
le.
ck

s
the
ass

NONPERTURBATIVE EFFECTS IN GLUON RADIATION . . . PHYSICAL REVIEW D62 054022
qL5
Q21MX

2

2 n
. ~91!

Heren is the photon energy;z1 andz2 are the longitudinal
coordinates of the nucleonsN1 andN2, respectively, partici-
pating in the diffractive transitiong* N1→XN1 and back
XN2→g* N2.

The longitudinal momentum transfer~91! controls the
lifetime ~coherence timetc) of the hadronic fluctuation of the
photon, tc51/qL . It is known only if the mass matrix is
diagonal, i.e., the fluctuations have definite masses. H
ever, in this case the interaction cross section of the fluc
tion has no definite value. Then one faces a problem of
culation of nuclear attenuation for the intermediate stateX
via interaction with the nuclear medium.

This problem can be settled using the Green function
malism developed above in Sec. II A@12,14#. One should
to
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switch to the quark-gluon representation for the produc

stateX5uq̄q&, uq̄qG&, uq̄q2G&, . . . . As one can see below
an exact solution is not an easy problem even for the
lowest Fock states. For higher states containing two or m
gluons it may be solved in the double-leading-log appro
mation which neglects the size of the previous Fock state
treats a multi-gluon fluctuation as a color octet-octet dipo
This is actually what we do in what follows, except the Fo
state with only one gluon leads to a 1/M2 mass distribution
for diffraction, while inclusion of multi-gluon component
makes it slightly steeper. This is not a big effect, besides,
nuclear formfactor substantially cuts off the reachable m
interval ~see below!. Therefore, we restrict the following
consideration by the first two Fock states.

For the lowest stateuq̄q& one can write
8p ReE dMX
2 d2s~g* N→XN!

dMX
2 dqT

2 U
qT50

exp@2 i qL ~z22z1!#

5
1

2
ReE d2kTE

0

1

da uFg* →q̄q~kWT ,a!u2 expF2 i
e21kT

2

2 n a~12a!
~z22z1!G

[
1

2
ReE d2r 1 d2r 2E

0

1

da Fg* →q̄q
†

~rW2 ,a! Gq̄q
0

~rW2 ,z2 ;rW1 ,z1! Fg* →q̄q~rW1 ,a!, ~92!
ould

n-
oss

lear
rse
wheree was defined in Eq.~3!.
The amplitudes of diffractiong* N→XN in the transverse

momentum and coordinate representations are related
Fourier transform:

Fg* →q̄q~kWT ,a!5
1

2pE d2r F g* →q̄q~rW1 ,a! ei kWT•rW. ~93!

This amplitude in the coordinate representation has a fac
ized form

Fg* →q̄q~rW1 ,a!5C q̄q~rW,a! s q̄q~r !. ~94!

Gq̄q
0 (rW2 ,z2 ;rW1 ,z1) in Eq. ~92! is the Green function of a

free propagation of theq̄q pair between pointsz1 andz2. It is
a solution of Eq.~7! without interaction
by

r-

Gq̄q
0

~rW2 ,z2 ;rW1 ,z1!5
1

~2p!2E d2kT expF2 i kWT•~rW22rW1!

2
i kT

2 ~z22z1!

2 n a~12a!
G . ~95!

The boundary condition for the Green function is

Gq̄q
0

~rW2 ,z2 ;rW1 ,z1!uz25z1
5d~rW22rW1!. ~96!

In Eq. ~95! the phase shift on the distancez22z1 is con-
trolled by the transverse momentum squared as one c
expect from Eqs.~90!,~91! where it depends on theMX

2 .
However, Eq.~92! is written now in the coordinate represe
tation and contains no uncertainty with the absorption cr
section, as different from Eq.~90!. In order to include the
effects of absorption of the intermediate stateX into Eq.~92!

one should replace the free Green functionGq̄q
0 (rW2 ,z2 ;rW1 ,z1)

by the solution of the Schro¨dinger equation~7! with imagi-
nary potential~9!. This was done in paper@12# and the re-
sults have demonstrated a substantial deviation of nuc
shadowing from usually used approximations for transve
2-13
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photons. One should also include the real part of the po
tial which takes into account the nonperturbative interact

betweenq and q̄ as it is described in Sec. II A. This is im
portant only for nuclear shadowing of transverse photons
and lowQ2 longitudinal photons and is beyond the scopes
e
Th

e

or

05402
n-
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d
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present paper. Therefore, we skip further discussion
nuclear shadowing for theuq̄q& pair and switch to the nex
Fock componentuq̄qG&.

For the intermediate state~44! X5q̄qG Eq. ~92! is modi-
fied as
8p E dMX
2 d2s~g* N→XN!

dMX
2 dqT

2 U
qT50

cos@qL ~z22z1!#

⇒1

2
ReE d2x2 d2y2 d2x1 d2y1E daq d ln~aG!Fg* →q̄qG

†
~xW2 ,yW 2 ,aq ,aG!

3Gq̄qG~xW2 ,yW 2 ,z2 ;xW1 ,yW 1 ,z1!Fg* →q̄qG~xW1 ,yW 1 ,aq ,aG!, ~97!
ur-
sed

.
or a
im-

o-
n

r

o-

s

whereaq andaG are the fractions of the photon light con
momentum carried by the quark and gluon, respectively.
amplitude of diffraction g* N→XN depends on theq-q̄
transverse separationxW and the distanceyW from the gluon to
the center of gravity of theq̄q pair ~we switch to these vari-
ables from the previously usedrW 1,2 for the sake of conve-
nience, it simplifies the expression for kinetic energy!.

The Schro¨dinger equation for the Green functionGq̄qG

describing propagation of theq̄qG system through a medium
including interaction with the environment as well as b
tween the constituent has the form

i
d

dz2
Gq̄qG~xW2 ,yW 2 ,z2 ;xW1 ,yW 1 ,z1!

5H Q2

2n
2

aq1a q̄

2naqa q̄

D~xW2!2
1

2 n aG~12aG!
D~yW 2!

1V~xW2 ,yW 2 ,z2 ,aq ,aG!J
3Gq̄qG~xW2 ,yW 2 ,z2 ;xW1 ,yW 1 ,z1!, ~98!

with the boundary condition,

Gq̄qG~xW2 ,yW 2 ,z2 ;xW1 ,yW 1 ,z1!uz25z1
5d~xW22xW1! d~yW 22yW 1!.

~99!

The imaginary part of the potentialV(xW2 ,yW 2 ,z2 ,aq ,aG)
in Eq. ~98! is proportional to the interaction cross section f
the q̄qG system with a nucleon,
e

-

2 ImV~xW2 ,yW 2 ,z2 ,aq ,aG!

5H 1

8
s q̄q~xW !2

9

8 Fs q̄qS yW2
a q̄

12aG
xW D

1s q̄qS yW2
a q̄

12aG
xW D G J rA~b,z!. ~100!

The real part of this potential responsible for the nonpert
bative interaction between the quarks and gluon is discus
below.

If the potential ImV(xW2 ,yW 2 ,z2 ,aq ,aG) is a bi-linear
function ofxW andyW then Eq.~98! can be solved analytically
Nevertheless, the general case of nuclear shadowing f
three-parton system is quite complicated and we should s
plify the problem.

Let us consider nuclear shadowing for longitudinally p
larized photons with highQ2. The latter means that one ca
neglect the eikonal attenuation for theq̄q Fock component of
the longitudinal photon, i.e.,

Q2@4C ^TA&'1 GeV2, ~101!

whereC is the factor in Eq.~5! and^TA& is the mean nuclea
thickness function.

As different from the case of transversely polarized ph
tons which distribution function~1!–~3! containsq̄q pairs
with large separation (a→0,1! even at largeQ2, in longitu-
dinally polarized photons small size (;1/Q) q̄q pairs always
dominate@1,2#. This property suggest a few simplification
for the following calculations.
2-14
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~1! One can neglect at largeQ2 the nonperturbativeq̄q
interaction and use the perturbative photon wave func
~1!–~4!.

~2! One can simplify the expression for the diffractiv
amplitudeg* N→q̄qGN introduced in Eq.~97! relying on
smallness of the typicalq̄q separationuxW u;1/Q in compari-
son with the distance between theq̄q and the gluonuyW
;1/b0'0.3 fm.

~3! One can also simplify Eq.~98! for the Green function
Gq̄qG fixing xW50 in the expression~99! for the nonperturba-
tive potential ImV(xW2 ,yW 2 ,z2 ,aq ,aG). This leads in Eq.~98!

to a factorized dependence on variablesxW andyW .
As a result of these approximations andaG→0 we arrive

at

Fg* →q̄qG~xW ,yW ,aq ,aG!52C q̄q
L

~xW ,aq! xW•¹W CqG~yW ! sḠG~yW !,

~102!

where

CqG~yW !5 lim
aG→0

CqG~aG ,yW !, ~103!

and

sGG~r ,s!5
9

4
s q̄q~r ,s!. ~104!

As soon as we neglect the size of the color-octetq̄q pair, it
interacts a gluon, this is why one can replaces q̄qG by the
dipole cross sectionsGG . The latter is larger thans q̄q by the
Casimir factor 9/4.

In this case the tree-body Green function factorizes t
product of two-body ones,

Gq̄qG~xW2 ,yW 2 ,z2 ;xW1 ,yW 1 ,z1!

⇒Gq̄q~xW2 ,z2 ;xW1 ,z1!GGG~yW 2 ,z2 ;yW 1 ,z1!,

~105!

whereGq̄q(xW2 ,z2 ;xW1 ,z1) is the ‘‘free’’ Green function of the
q̄q pair, andGGG(yW 2 ,z2 ;yW 1 ,z1) describes propagation of th
GG dipole which constituents interact with each other,
well as with the nuclear medium.
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GGG~yW 2 ,z2 ;yW 1 ,z1!

5F2
D~yW 2!

2naG~12aG!
1V~yW 2 ,z2!G GGG~yW 2 ,z2 ;yW 1 ,z1!,

~106!

where

2 ImV~yW ,z!52sGG~yW ! rA~b,z!. ~107!

On analogy to Eq.~11! we assume the real part of th
potential has a form

ReV~yW ,z!5
b̃4 y2

2 n aG~12aG!
, ~108!

whereb̃;b0.
To simplify the estimate we assume thatsGG(r ,s)

'CGG(s) r 2, whereCGG(s)5d sGG(r ,s)/d rr 50
2 .

The solution of Eq.~106! has a form

GGG~yW 2 ,z2 ;yW 1 ,z1!

5
A

2p sinh ~V Dz!

3expH 2
A

2
F ~y1

21y2
2! coth~V Dz!

2
2yW 1•yW 2

sinh~V Dz!
G J , ~109!

where

A5Ab̃42 iaG~12aG! nCGG rA

V5
i A

aG~12aG! n

Dz5z22z1 . ~110!

The quark-gluon wave function in Eq.~102! has a form
similar to Eq.~27!,

CqG~yW !5
2

p
Aas

3

eW•yW

y2
expF2

b2

2
y2G . ~111!

Now we have all the components of the amplitude~102!
which we need to calculate the nuclear shadowing correc
~97!. Integration inxW1,2 and yW 1,2 can be performed analyti
cally:
2-15
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8p E dMX
2 d2s~g* N→XN!

dMX
2 dqT

2 U
qT50

cos~qL Dz!

5ReE daq d ln~aG!

16aemS (
F

Zq
2D as~Q2! CGG

2

3 p2 Q2 b̃2
@~122 z2z2! e2z1z2 ~31z! E1~z!#

3F t

w
1

sinh~V Dz!

t
lnS 12

t2

u2D 1
2 t3

u w2
1

t sinh~V Dz!

w2
1

4 t3

w3 G , ~112!
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z5 ixmN Dz;

t5
A

b̃2
;

u5t cosh~V Dz!1sinh~V Dz!;

w5~11t2! sinh~VDz!12 t cosh~VDz!.
~113!

The rest integration in Eq.~112! can be performed nu
merically. We calculated the ratio RA/N

G

5GA(x,Q2)/a GN(x,Q2) for the gluon distribution func-
tions for small values of Bjorken 1024,x,1021 and high
Q2510 GeV2. We foundRA/N

G almost independent ofQ2 at
higherQ2. The results are depicted in Fig. 5.

One can see that in contrast to the quark distribution
onset of nuclear shadowing for gluons starts at quite sm
x;1022. This is because the photon fluctuations contain
gluons are heavier thanq̄q fluctuations. Correspondingly, th
lifetime of such fluctuations is shorter~or qL is smaller! and
they need a smallerx to expose coherent effects like nucle
shadowing. One can expect an antishadowing effect at
dium x;0.1 like in F2(x,Q2) which should push the cross
ing point GA(x,Q2)/GN(x,Q2)51 down to smallerx. Dis-

FIG. 5. Ratio of the gluon distribution functions in nuclei~car-
bon, copper and lead! and nucleons at small Bjorkenx andQ254
GeV2 ~solid curves! and 40 GeV2 ~dashed curves!.
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cussion of the dynamics of antishadowing~swelling of
bound nucleons, etc.! goes beyond the scopes of this pape

A similar approach to the problem of gluon shadowing
developed in@30# which relates shadowing to the diffractiv
radiation of gluons. Note that a delayed onset of gluon sh
owing ~at x,0.02) is also expected in@30#. However, this is
a result of anad hoc parametrization for antishadowing
rather than calculations. The phase shift factor cos(qLDz)
which controls the onset of shadowing in Eqs.~97!,~112! is
neglected in@30# assuming thatx is sufficiently small. How-
ever, nuclear shadowing for gluons does not saturate eve
very smallx because of the 1/M2 form of the mass depen
dence of diffractive radiation of gluons~triple-Pomeron dif-
fraction!. The smaller thex5Q2/2mNn is, the higher masse
are allowed by the nuclear form factor@qL5(Q21M2)/2n
,1/RA# to contribute to the shadowing.

Our results also show thatRA/N
G steeply decreases down t

smallx and seems to have a tendency to become negativ
would not be surprising for heavy nuclei if our shadowin
correction corresponded to double scattering term on
However, the expression~97! includes all the higher orde
rescattering terms. The source of the trouble is the obvi
breaking down of the unitarity limitsdi f f,s tot . This prob-
lem is well known and easily fixed by introducing the un
tarity or absorptive corrections which substantially slo
down the growth of the diffractive cross section. Availab
data for diffractionpp→pX clearly demonstrate the effect o
unitarity corrections@61,65#. One may expect that at ver
high energies the relative fraction of diffraction decreas
We restrict ourselves with this word of caution in the pres
paper and postpone a further study of unitarity effects fo
separate publication, as well as the effects of higher F
components containing more than one gluon. Those cor
tions also become more important at smallx.

Note that quite a strong nuclear suppression for glu
GA(x,Q2)/GN(x,Q2),F2

A(x,Q2)/F2
N(x,Q2) was predicted

in @68# basing on the fact that the cross section of a co
octet-octet dipole contains the factor 9/4 compared tos q̄q .
However, it is argued above in Sec. III A and confirmed
the following calculations that the observed smallness of
diffractive cross section of gluon radiation shows that th
the strong nonperturbative interaction of gluons substanti
reduces the size of fluctuations including the gluon. The s
ation is much more complicated and cannot be reduced
simple factor 9/4.
2-16
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A perspective method for calculation of nuclear shado
ing for gluons was suggested in the recent publication@31#.
Experimental data for diffractive charm production can
used to estimate the effect. This seems to be more reli
than pure theoretical calculations performed above. Inde
the transverse separation of a heavy flavoredQ̄Q pair is
small even at lowQ2, and may be assumed to be mu
smaller that the mean distance between theQ̄Q and the
gluon. Unfortunately, the available data obtained at HE
have quite poor accuracy. The results from H1@71# and
ZEUS@72# experiments are different by almost factor of tw
Besides, the theoretical analysis@34,35# which is needed to
reconstruct the diffractive cross section of charm product
from production ofD* in a limited phase space, introduce
substantial uncertainty. According to@35# the realistic solu-
tions for the diffractive charm production differ by a fact
of five. In this circumstances we suppose our calculation
nuclear shadowing of gluons seems to be more reliable.

Note that we expect much weaker nuclear shadowing
gluons than it was predicted in@27,29,30#. For instance at
x51023 andQ254 GeV2 we expectGA /A GN'0.9, while
a much stronger suppressionGA /A GN'0.6 @27#, even
GA /A GN'0.3 @29,30# was predicted forA'200 atQ254
GeV2.

It is instructive to compare the gluon shadowing at hi
Q2 with what one expects for hadronic reactions at mu
smaller virtualities. One should expect more shadowing
smallerQ2, however, the soft gluon shadowing evaluated
the next section turns out to be much weaker than one
dicted in @27,29,30# at highQ2.

At the same time, quite a different approach to the pr
lem of gluon shadowing based on the nonlinear GLR evo
tion equation@21# used in@26# led to the results pretty clos
to ours.

2. Nuclear shadowing for soft gluons

(i) Hadronic diffraction and gluon shadowing.The
hadron-nucleus total cross section is known to be subjec
usual Glauber~eikonal! @73# shadowing and Gribov’s inelas
tic corrections@33#. Those corrections are controlled by th
cross section of diffractive dissociation of the projectile ha
ron hN→XN which contains particularly the triple-Pomero
contribution. The latter as was shown above is related
gluon shadowing in nuclei. Namely, absorption of the
coming hadron can be treated as a result of interaction w
the gluon cloud~in the infinite momentum frame of th
nucleus! of bound nucleons at smallx. A substantial part of
this absorption is reproduced by the eikonal approximat
which assumes the gluon density to be proportional to
number of bound nucleons. However, evolution of the glu
density including gluon fusion~see@66# and@21,67# for high
Q2) results in reduction of the gluon density compared
one used in the eikonal approximation. Such a reduc
makes nuclear matter more transparent for protons@75–77#.

That part of nuclear shadowing which comes from d
fractive excitation of the valence quark component of
projectile hadron corresponds in terms of the triple-Reg
phenomenology to thePPR term in the diffractive cross
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section. In eigenstate representation for the interac
Hamiltonian the same effect comes from the dependenc
the elastic amplitude on positions of the valence quarks
the impact parameter plane@5#. On top of that, the projectile
hadron can dissociate via gluon radiation which correspo
to the triple-Pomeron term in diffraction. It can also be i
terpreted in the infinite momentum frame of the nucleus a
reduction of the density of gluons which interact with th
hadron. This relation gives a hint how to approach the pr
lem of gluon shadowing at smallx for soft gluons.

Let us model this situation in eigenstate representa
with two Fock states for the projectile hadron,

uh&5~12w!uh&v1wuh&G , ~114!

where uh&v and uh&G are the components without~only va-
lence quarks! and with gluons which can be resolved at t
soft scale. We assume them to be eigenstates of interac
with eigenvaluessv and sG respectively. The relative
weights are controlled by the parameterw. The hadron-
nucleon and hadron-nucleus total cross sections can be
resented as@74,5#,

s tot
hN5sv1wDs, ~115!

whereDs5sG2sv , and

s tot
hA52E d2b H F12 expS 2

1

2
sv T~b! D G

1w FexpS 2
1

2
sv T~b! D2expS 2

1

2
sG T~b! D G J .

~116!

This cross section is smaller than one given by the eiko
Glauber approximation@73#, and the difference is known a
Gribov’s inelastic corrections@33#. The Glauber’s cross sec
tion can be corrected by replacing the nuclear thickness fu
tion by a reduced one,T(b)⇒T̃(b),T(b), which is related
to the reduced gluon density in the nucleus,

GA~x,b!

GN~x,b!
5

T̃~b!

T~b!
. ~117!

Thus, nuclear shadowing for soft gluons can be evalua
comparing the total cross section~116! with the modified
Glauber approximation,

s tot
hA52E d2b F12 expS 2

1

2
s tot

hN T̃~b! D G . ~118!

Expanding both expressions in small parametersDs T and
sv DT, whereDT(b)5T(b)2T̃(b), ~they are indeed smal
even for heavy nuclei! we get

DT~b!5
w ~Ds!2

4 s tot
hN

T2~b!F12
1

6
Ds T~b!1O„~DsT!2

…G .
~119!
2-17
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KOPELIOVICH, SCHÄFER, AND TARASOV PHYSICAL REVIEW D62 054022
We left here only the leading terms and omitted for the s
of simplicity the terms containing higher powers ofw.

According to relation~A10! w (Ds)2/16p is the forward
cross section of diffractive gluon radiation which corr
sponds to the triple-Pomeron part of the diffraction cro
section h N→X N. Therefore, the correction~119! to the
nuclear thickness function can be expressed in terms of
effective cross section,

se f f5
w ~Ds!2

s tot
hN

516pA3P~hN→XN!lnS Mmax
2

Mmin
2 D ,

~120!

whereMmax
2 '2 A3 s/(mN RA) is the upper cutoff for the dif-

fractive mass spectrum imposed by the the nuclear form
tor. The bottom cut off depends onM2 dependence for the
triple-Pomeron diffraction at small masses which is poo
known. At high energies under consideration this uncerta
related to the choice ofMmin

2 is quite small. We fixMmin

52 GeV.
Within an approximate Regge factorization sche

A3P(hN→XN) defined in Eq.~86! is an universal constan
@see, however, Eq.~87!#. Therefore, the driving term in Eq
~119! and gluon shadowing are independent of our choice
hadronh, a result which could be expected.

Data on diffractive reactionpp→pX fix the triple-
Pomeron coupling~e.g., see in@46,61,65#! with much better
certainty than for other reactions~including data for diffrac-
tive DIS!. The value ofA3P varies from 0.075 GeV22 at
medium high energies to 0.025 GeV22 at Tevatron energy
@see Eq.~87!#. Correspondingly, the effective cross secti
for A'200 ranges asse f f'3.5–5.5 mb. This is an order o
magnitude smaller than the value used in@30# at highQ2. It
is very improbable thatse f f can grow~so much! with Q2.

It is silently assumed in Eq.~116! that the energy is suf
ficiently high to freeze the fluctuations, i.e., there is no m
ing between the Fock components during propaga
through the nucleus. If, however, the energy is not high,
the effective mass of the excitation is too large, one sho
take care of interferences and represent Eqs.~117!,~119! in
the form ~compare to@69,70#!

GA~x!

A GN~x!
5128p A3P~pp→pX!

3ReE d2bE
Mmin

2

` dMX
2

MX
2 E

2`

`

dz1

3E
2`

`

dz2 Q~z22z1!3rA~b,z1! rA~b,z2!

3exp@2 i qL ~z22z1!#

3expF2
1

2
sabsE

z1

z2
dzrA~b,z!G , ~121!

where sabs5Ds, and we exponentiated the expression
square brackets in the RHS of Eq.~117!.
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The important difference between Eq.~121! and the usual
expression@69,70# for inelastic corrections is absence of a
sorption for the initial (z,z1) and final (z.z2) protons in
Eq. ~121!. This is a natural result, since proton absorpti
~mostly of eikonal type! has no relevance to gluon shadow
ing.

Absorptionsabs5Ds in intermediate state (z1.z.z2) is
much smaller thans tot

NN and is related to the amplitude o
diffractive gluon radiation@see ~A10!#. One can estimate
sabs assuming Regge factorization. In this casese f f is uni-
versal and can be applied even to a quark, i.e.,h5q. This
makes sense in our model due to the short range nature o
nonperturbative gluon interactions, demanding Eq.~121! to
reproduce correctly the ‘‘frozen’’ limit ofqL→0. This needs
sabs5se f f , as was actually guessed in@30#.

However, the discussion following Eq.~42! shows that
after it is averaged over the quark-gluon separation the
sorptive cross section gains an extra factor,sabs51.5se f f .

We performed numerical estimates forA5200, 64 and 12
assuming a constant nuclear densityrA(r )5r0 Q(RA2r )
with r050.157 fm23 andRA51.15A1/3 fm. In this case in-
tegration in Eq.~121! can be performed analytically and th
result reads

GA~x!

A GN~x!
512

1

3 y3 ln~Mmax
2 /Mmin

2 !

3H F32
3

2
y21y323 ~11y! e2yG

3F lnS s

mN RA ~Mmin
2 2mN

2 !
D 2gG

1F32
3

2
y21y3G @g1 ln y2Ei~2y!#

1F3

2
y22

11

2
1S 11

2
1

5

2
y2y2D e2yG J ,

~122!

wherey5 3
2 se f f r0 RA , g50.5772 is the Euler constant, an

Ei(z) is the integral exponential function. The value ofx can
be evaluated asx54 ^k2&/s, where^k2&;1/b0

2 is the mean
transverse momentum squared in the quark-gluon system

The results of numerical calculations with Eq.~122! for
gluon shadowing are depicted in Fig. 6 by thin solid curv
for lead, copper and carbon~from bottom to top! as function
of x. Shadowing for soft gluons turns out to be much wea
than predicted in@30,31# for high Q2. This contradicts the
natural expectation that the softer gluons are, the stron
shadowing should be.

(ii) The Green function formalism.One can also use th
Green function formalism to calculate nuclear shadowing
soft gluon radiation. It provides a better treatment of multip
interactions and phase shifts in intermediate state. In con
to the above approach which uses a constant average v
for se f f , in the Green function formalism the absorptio
2-18
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NONPERTURBATIVE EFFECTS IN GLUON RADIATION . . . PHYSICAL REVIEW D62 054022
cross section as well as the phase shift are functions of
gitudinal coordinate. This is also a parameter-free desc
tion, all the unknowns have already been fixed by comp
son with data.

As usual, we treat shadowing for soft gluons as a con
bution of the gluonic Fock component to shadowing of t
projectile-nucleus total cross section. One can use as a
projectile a real photon, a meson, even a single quark.
deed, the mean quark-gluon separation 1/b0'0.3 fm is much
smaller that the quark-antiquark separation in a light me
or a q̄q fluctuation of a photon. For this reason one c
neglect in Eq.~49! the interference between the amplitud
of gluon radiation by theq and q̄. Since the gluon contribu
tion to the cross section corresponds to the difference
tween total cross sections foruq̄qG& and uq̄q& components,
the quark spectator cancels out and the radiation cross
tion is controlled by the quark-gluon wave function and co
octet (GG) dipole cross section.

Thus, the contribution to the total hadron-nucleus cr
section which comes from gluon radiation has the form

sG
hA5E

x

1d aG

aG
E d2b P~aG ,bW !, ~123!

where

P~aG ,bW !5E
2`

`

dzrA~b,z!E d2r uCqG~rW,aG!u2 sGG~r ,s!

2
1

2
ReE

2`

`

dz1 dz2 Q~z22z1!

3rA~b,z1! rA~b,z2!E d2r 1 d2r 2

3CqG* ~rW2 ,aG!sGG~r 2 ,s! GGG~rW2 ,z2 ;rW1 ,z1!

3sGG~r 1 ,s! CqG~rW1 ,aG!. ~124!

Here the energy and Bjorkenx are related ass52mNn
54b0

2/x. The explicit solution for the Green functio

GGG(rW2 ,z2 ;rW1 ,z1) in the case ofsGG(r ,s)5CGG(s) r 2 and

FIG. 6. The same as in Fig. 5, but for soft gluons. The th
curves are obtained with Eq.~122! using data for the triple-
Pomeron contribution to diffractionpp→pX. The thick curves are
predicted using the Green function method.
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a constant nuclear density is given by Eq.~65!. Note that the
r 2 approximation for the dipole cross section is justified
the small value of̂ r 2&51/b0

2'0.1 fm2.
Integrations in Eq.~124! can be performed analytically,

P~aG ,bW !5
4 aG

3 p
Re ln~W!, ~125!

where

W5ch~V Dz!1
A21b0

2

2 A b0
2

sh~V Dz!, ~126!

Dz52 ARA
22b2. ~127!

We use here the same notations as in Eqs.~109!–~110!.
The results of calculations are depicted in Fig. 6 by th

curves for lead, copper and carbon~from bottom to top!.
They demonstrate about the same magnitude of shadow
as was calculated above using hadronic basis. However
onset of shadowing is delayed down tox,0.01. We believe
that this result is trustable since the Green function appro
treats phase shifts and attenuation in nuclear matter m
consistently.

Comparing predicted shadowing for soft gluons in Fig
and one atQ254 GeV in Fig. 5 we arrive at a surprisin
conclusion that shadowing is independent of scale. A sm
difference is within the accuracy of calculations. This is
nontrivial result since calculations were done using very d
ferent approximations. Shadowing of hard gluons was e
mated assuming that theq̄q pair is squeezed to a size;1/Q
much smaller than the transverse separation between
gluon and theq̄q. On the contrary, radiation of soft gluons
dominated by configurations with a distantq and q̄ sur-
rounded by small gluon clouds. The fact that shadowing
pears to be the same is a result of existence of the semi
scaleb0

2 ~which should be compared withQe f f
2 ,Q2/4). At

larger virtualities shadowing decreases as one can see
comparison ofQ254 GeV2 with 16 GeV2 in Fig. 5.

C. Nonperturbative effects in the transverse momentum
distribution of gluon bremsstrahlung

As soon as the strength of the nonperturbative qua
gluon interaction is fixed, we are in a position to calcula
the cross section of gluon bremsstrahlung for a high ene
quark interacting with a nucleon or a nuclear target and
compare the results with the perturbative QCD calculatio
@36#.

1. Nucleon target

The transverse momentum distribution of soft gluo
(aG!1) reads@36#
2-19
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ds

d~ ln aG! d2kT

5
1

2 ~2p!2 E d2r 1 d2r 2 CqG
† ~rW1 ,aG! CqG~rW2 ,aG!

3exp@ i kWT~rW12rW2!#@sGG~r 1!1sGG~r 2!

2sGG~rW12rW2!#. ~128!

Here the overline means that we sum over all possible po
izations of the radiated gluon and recoil quark and aver
over the polarization of the initial quark. In our model for th
quark-gluon distribution function including nonperturbati
effects we get

CqG
† ~rW1 ,aG! CqG~rW2 ,aG!

5
4 as

3p2r 1
2 r 2

2
rW 1•rW2 expF2

b0
2

2
~r 1

21r 2
2!G . ~129!

The cross sectionsGG(r ) in Eq. ~128! has the form~104!.
We performed calculations for the transverse momen

distribution of gluons for two parametrizations of the dipo
cross section,~I! one which is given by Eq.~30! which is
constant atr2@r0

2. For the sake of convenience we chan
the notation here,s252/r0

250.125 GeV22; ~II ! the dipole
approximation~5! with C5s0 s2/2. Only this parametriza-
tion is used for nuclear targets because it allows to perfo
integrations analytically~of course one can do numerical ca
culation for any shape of the cross section!.

Correspondingly, we obtain for the differential radiatio
cross section,

ds I
N

d~ ln aG! d2kT

5
3 as s0

p2
F~kT

2 ,b0
2 ,s2!, ~130!

where

F~kT
2 ,b0

2 ,s2!5
1

2 kT
2

V1 ~V122 V2!1
1

4 s2 FEiS kT
2

2 s2D
22 EiS kT

2

2 s2
x1D 1EiS kT

2

2 s2
x2D G ~131!

V1512expS 2
kT

2

2 b0
2D ;

V2512expF2
kT

2

2 ~b0
21s2!

G ;

x15
b0

2

b0
21s2

; x25
b0

2

b0
212 s2

;

and Ei(z) is the exponential integral function.
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In the case of parameterization II it is convenient to re
resent the dipole cross section in the form

s q̄q~r !5s0 s2
d

d s2 F12expS 2
1

2
s2 r 2D G

s250

. ~132!

Then the differential cross section reads

ds II
N

d~ ln aG! d2kT

5
3ass0 s2

p2
F1~kT

2 ,b0
2 ,s2!, ~133!

where

F1~kT
2 ,b0

2 ,s2!5
d

d s2
F~kT

2 ,b0
2 ,s2!us250

5L1
22L1 L21

1

2
L2

2 ; ~134!

L15
1

kT
2

V15
1

kT
2 F12expS 2

kT
2

2 b0
2D G ;

L25
1

kT
2

expS 2
kT

2

2 b0
2D .

The results of calculations for variants I and II are d
picted in Fig. 7 by solid and dashed curves, respectively. T
two upper curves correspond to perturbative calculatio
while the two bottom ones include the nonperturbative
fects. The strong interaction between gluon and quark le
to a substantial decrease in the mean transverse size o
quark-gluon fluctuation. Therefore, the mean transverse
mentum of the radiated gluons increases. The nonpertu
tive interaction has especially strong effect at small tra
verse momentumkT , where the radiation cross section tur

FIG. 7. Transverse momentum distribution for gluon brem
strahlung by a quark scattering on a nucleon target. The solid
dashed curves correspond to parametrizations I and II for the di
cross section, respectively. The upper curves show the results o
perturbative QCD predictions@36#; the bottom curves correspond t
the full calculation including the nonperturbative interaction of t
radiated gluon.
2-20
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NONPERTURBATIVE EFFECTS IN GLUON RADIATION . . . PHYSICAL REVIEW D62 054022
out to be suppressed by almost two orders of magnit
compared to the perturbative QCD expectations.

Note that intensive gluon radiation originating from mu
tiple nucleon interactions in relativistic heavy ion collisio
is found @78,79# to be an important alternative source f
suppression of charmonium production rate and is able
explain the corresponding data from the NA50 experimen
CERN Super Proton Synchrotron~SPS!. The found strong
suppression of gluon bremsstrahlung by the nonperturba
interaction relevant only to smalla!1. However, it may
substantially reduce the influence of prompt gluons on ch
monium production if is important at largea as well. This is
to be checked.

2. Nuclear targets

In the case of nuclear targets Eq.~128! holds, butsGG(r )
has the form

sGG
A ~r !52 E d2B H 12expF2

9

8
s q̄q~r ! T~B!G J .

~135!

Our calculations for gluon radiation in the interaction o
quark with a nuclear target are performed only in the para

FIG. 8. The differential cross ection per bound nucleon of s
gluon bremsstrahlung in quark-copper collisiions. The solid a
dashed cruves correspond to calculations with and without the
perturbative effects, respectively.

FIG. 9. The same as in Fig. 8, but for a lead target.
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etrization II for the sake of simplicity. For heavy nuclei th
approximation can be quite good due to a strong color filt
ing effect which diminishes the contribution from large si
dipoles. The transverse momentum distribution has the fo

ds II
A

d~ ln aG! d2kT

5
8as

3p2E d2B F„kT
2 ,b0

2 ,S2~B!…, ~136!

where

S2~B!5
9

8
s0 s2 T~B!. ~137!

For numerical calculations we use the approximation of c
stant nuclear density,rA(r )53A/(4pRA

3) Q(RA2r ). The
results for the radiation cross section per bound nucleon w
~solid curve! and without ~dashed! the nonperturbative ef-
fects are compared in Figs. 8 and 9 for copper and l
targets, respectively. Obviously the nonperturbative inter
tion generates very large nuclear effects.

The nuclear effects are emphasized by a direct comp
son in Figs. 10 and 11 for different targets, a nucleon, cop
and lead, including and excluding the nonperturbative int
action respectively. We see that the difference between a
and a bound nucleon at smallkT is substantially reduced by
the nonperturbative interaction. Indeed, the interact

t
d
n-

FIG. 10. Comparison of the cross sections of gluon radiation
nucleon in the perturbative QCD limit for collisions of a quark wi
a nucleon~solid curve!, copper ~dashed curve! and lead~dotted
curve! versus the transverse momentum squared of the gluon.

FIG. 11. The same as in Fig. 10, but the nonperturbative in
action of gluons is included.
2-21
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squeezes the quark-gluon fluctuation and reduces the nu
effects. Besides, the region of antishadowing is pushed
larger values ofkT .

This manifestation of the nonperturbative interaction i
plies that gluon saturation which is an ultimate form of sha
owing should happen with a smaller gluon density compa
to the expectations@24,25# based on perturbative calcula
tions. On the other hand, the saturation region spreads u
higher values ofkT .

IV. SUMMARY AND OUTLOOK

We explicitly introduced a nonperturbative interaction b
tween partons into the evolution equation for the Green fu
tion of a system of quarks and gluons. The shape of theq̄q
potential is chosen to reproduce the light cone wave func
of mesons. The magnitude of the potential is adjusted
reproduce data for photoapsorptive cross sections on nu
ons and nuclei and data on diffractive dissociation of phot
into q̄q pairs.

Based on theoretical arguments and experimental facts
expect a much stronger interaction for a quark-gluon p
than for a quark-antiquark pair. Indeed, data on diffract
dissociation of hadrons and photons into high mass st
show that the cross section is amazingly small, what is u
ally phrased as evidence that the triple-Pomeron couplin
small. We have performed calculations for diffractive glu
radiation~responsible for the production of high mass ex
tations! including the nonperturbative effects, and fixed t
strength of the quark-gluon potential. We found a ve
simple and intuitive way to get the same results as dir
calculations of Feynman diagrams. Both approaches lea
the same diffractive cross section which in the limit of pe
turbative QCD coincides with the result of a recent calcu
tion @19# for the processg* N→q̄qGN. We conclude that the
previous analogous calculations@18# are incorrect.

We adjusted the quark-gluon potential to data for the d
fractive reactionpp→Xp which have the best accuracy an
cover the largest range of energies and masses. We pred
the single diffractive cross sections for pions, kaons and p
tons and find a substantial violation of Regge factorizatio

We calculated nuclear shadowing for longitudinally pola
ized photons which are known to serve as a sensitive pr
for the gluon distribution, using the Green function techniq
developed in@12# describing the evolution of aq̄qG system
propagating through nuclear matter. The evolution equa
includes the phase shift which depends on the effective m
of the fluctuation, nuclear attenuation which depends on
transverse separation and energy, and the distribution
transverse separation and longitudinal momenta of the
tons which is essentially affected by the nonperturbative
teraction of the gluon. The latter substantially reduces
effect of nuclear shadowing of gluons. We have found ax
dependence for gluons which is quite different from that
quarks. These differences are far beyond the simple Cas
factor 9/4.

Nuclear shadowing for soft gluons is essentially co
trolled by the nonperturbative effects. It turns out to be rat
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weak similar to what is found atQ2;4 GeV2. Such a scale
invariance at low and medium high virtualities is a cons
quence of the strong nonperturbative interaction of gluo
which introduces a semihard scale;4 b0

251.7 GeV2.
The nonperturbative interaction changes dramatically

transverse momentum distribution of gluon bremsstrahlu
by a high energy quark interacting with a nucleon or
nucleus. The gluon radiation cross section at smallkT turns
out to be suppressed by nearly two orders of magnitude c
pared to the expectations from perturbative QCD@50,36#.
Although these results concern the gluons radiated withaG
→0, it might also suppress gluon bremsstrahlung at lar
aG which is predicted@78# to contribute to the break up o
charmonia produced in relativistic heavy ion collisions.

This effect is especially strong for nuclear targets wh
the nonperturbative interaction of radiated gluons create
forward minimum in the transverse momentum distributio
This suppression is an additional contribution to nucle
shadowing calculated perturbatively in@50,36# which also
leads to a suppression of small transverse momenta. Th
sults of our calculations presented in Figs. 8, 9 include b
phenomena.

Nuclear shadowing for small transverse momenta of
radiated gluons is the same effect as the saturation of pa
densities at smallx in nuclei as seen in the infinite momen
tum frame of the nucleus. This phenomenon is expected
be extremely important for the problem of quark-gluo
plasma formation in relativistic heavy ion collisions. On th
one hand, a growth of the mean transverse momentum
radiated gluons increases the produced transverse energ
the other hand, it leads to a higher probability for such g
ons to escape the interaction region without collisions, i
the gluon gas may not reach equilibrium@80#.
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APPENDIX A: DIFFRACTION

1. General consideration

In this section we present a general analysis of diffract
based on the eigenstate decomposition.

The off-diagonal diffractive scattering is a direct cons
quence of the fact that the interacting particles~hadrons, pho-
ton! are not eigenstates of the interaction Hamiltoni
@81,82#. They can be decomposed in a complete set of s
eigenstatesuk& @74,83#,

uh&5(
k

Ck
h uk&, ~A1!
2-22
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where Ck
h are the amplitudes for the decomposition whi

obey the orthogonality conditions

(
k

~Ck
h8!† Ck

h5dh h8 ;

(
h

~Cl
h!† Ck

h5d lk . ~A2!

We denote byf k5 i sk/2 the eigenvalues of the elast
amplitude operatorf̂ . We assume that the amplitude is int
grated over impact parameter, i.e., that the forward scatte
elastic amplitude is normalized asu f ku254 p dsk /dtu t50.
We can then express the hadronic amplitudes, the ela
f el(hh) and off diagonal diffractivef dd(hh8) amplitudes as

f el~hh!52i (
k

uCk
hu2 sk[2i ^s&; ~A3!

f dd~hh8!52i (
k

~Ck
h8!† Ck

h sk . ~A4!

Note that if all the eigen amplitudes are equal the diffract
amplitude ~A4! vanishes due to the orthogonality relatio
~A2!. The physical reason is obvious. If all thef k are iden-
tical the interaction does not affect the coherence betw
the different eigen componentsuk& of the projectile hadron
uh&. Therefore, off diagonal transitions are possible only d
to differences between thef k’s. For instance, in the two
channel case,

f dd~hh8!52i ~C2
h!†C1

h~s12s2!. ~A5!

If one sums over all final states in the diffractive cro
section one can use the completeness condition~A2!. Ex-
cluding the elastic channels one gets@74,83,5#

16p
dsdd

h

dt
U

t50

5(
i

uCi
hu2s i

22S (
i

uCi
hu2s i D 2

[^s i
2&2^s&2. ~A6!

This formula is valid only for the total~forward! diffractive
cross section and cannot be used for exclusive channels

2. Diffractive excitation of a quark, q\qG

In this case we can restrict ourselves to the first two F
components of the quark, a bare quarkuq& anduqG&. There-
fore, we can use Eq.~A5!. Thus, we arrive at the following
expression for the forward amplitude of diffractive dissoc
tion into aqG pair with transverse separationrW :

f dd~q→qG!uqT505 i CqG~a,rW ! @sqG~r!2sq#. ~A7!

Both cross sections,sqG andsq are infrared divergent, bu
this divergence is obviously the same and cancels in
~A7!.
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To regulate the divergence we can introduce a sm
gluon massmG , which will not enter the final result, and
impose that for separationsr @1/mG the dipole cross section
is given by the additive quark limit,s q̄q(r @1/mG)52 sq .
To find the convergent part ofsqG(r)2sq we can make use
of Eq. ~47!. Let us choose in Eq.~47! r 1!1/mG and r 2
@1/mG . Then the LHS of Eq. ~47! saturates atsq
1sqG(r 1). Here sqG(r 1) is different from s q̄ due to the
color dipole moment of theqG system, i.e., due tor 1Þ0.
Then Eq.~47! is modified to

sq1sqG~r 1!5
9

8
$s q̄q~r 1!12 sq% 2

2

8
sq . ~A8!

From this relation we obtain the combination of cross s
tions at the RHS of Eq.~A7! which takes the form

f dd~q→qG!uqT505 i CqG~a,rW !
9

8
s q̄q~r!. ~A9!

Thus, we derived Eq.~60! in a simple and intuitive way. A
more formal derivation based on direct calculation of Fey
man diagrams is presented in Appendix B.1.

3. Diffractive gluon radiation by a q̄q pair

The diffractive amplitude of gluon radiation by aq̄q pair,
q̄q→q̄qG, can be easily derived in this approach. We
strict ourselves to two Fock componentsuq̄q& and uq̄qG&.
Then the distribution amplitudesCk

h get the meaning of dis-

tribution functions for these Fock states, namelyC q̄q(rW1

2rW2 ,a) and CGq̄q(rW 1 ,rW 2 ,a,aG), where the transverse co
ordinates are defined in Eq.~82!. Summation overk in Eqs.
~A1!–~A4! now means integration over the transverse se
rations and summation over the Fock components. Acco
ing to Eqs.~A4! and ~A5! the diffractive amplitudef dd(q̄q

→q̄qG) reads,

f dd~ q̄q→q̄qG!52E d2r1 d2r2 C q̄qG~rW 1 ,rW 2 ,a,aG!

3@sGq̄q~rW 1 ,rW 2!2s q̄q~rW 12rW 2!#.

~A10!

Here we make use of the obvious relationCq̄q(rW)5d(rW). The
total cross sections for the two Fock componentsq̄q and
Gq̄q are introduced in Eqs.~9! and ~47!.

The distribution amplitude for theGq̄q fluctuation in the
limit of aG→0 is easily guessed. Indeed, in this limit th
impact parameters of theq and q̄ are not affected by gluon
radiation. Therefore, theC q̄qG should be a product of theq̄q
distribution function in the projectile hadron~photon! times
the sum of the gluon distribution amplitudes correspond
to radiation of the gluon byq or q̄,
2-23
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C q̄qG~rW 1 ,rW 2 ,a,aG!

5C q̄q~rW 12rW 2 ,a! FCqGS rW 1 ,
aG

a D
2C q̄GS rW 2 ,

aG

12a D G , ~A11!

whereC q̄q andCqG are defined in Eqs.~18!,~19! and in~56!
respectively. Thus, we have arrived at Eq.~83!. A more for-
mal derivation based on the calculation of Feynman graph
presented in the next Appendix.

After integration over (rW 11rW 2) in Eq. ~A10! the ampli-
tude of diffractive gluon radiation turns out to be propo
tional to the differenceDs(rW 12rW 2) between the cross sec
tions of the colorless systemsGq̄q and q̄q. This is a
straightforward consequence of the general property of
diagonal diffractive amplitudes given in Eq.~A5!.

These conclusions are also valid for diffractive gluon
diation by a photongN→q̄qGN. At first glance presence o
a third channel, the photon, may change the situation
gluon radiation amplitude may not be proportional toDs.
This is not true, however, since the relative weights of theq̄q

andq̄qG components of the photon are the same as abov
soon as they are generated perturbatively.

In the limit of purely perturbative interactions the sam
result as our Eq.~83! was obtained recently in@19# @Eq.
~3.4!#. However, the cross section for diffractive gluon rad
tion derived earlier in@18# @Eq. ~60!# is not proportional to
(Ds)2, but contains a linear term. We think that this is
consequence of improper application of relation~A6! to an
exclusive channel.

4. Diffractive electromagnetic radiation

The forward amplitude for photon~real or virtual! radia-
tion by a quark is similar to that for gluon radiation~A7!,
except that the photon does not interact strongly and one
to replacesqG by sq ,

f dd~q→qg* !uqT505 i Cqg* ~a,rW ! @sq2sq#50.
~A12!

Thus, in order to radiate a photon the quark has to get a
from the target, no radiation happens if the momentum tra
fer to the target is zero.

This conclusion is different from the expectation for d
fractive Drell-Yan pair production of@20#. The latter was
based on the conventional formula~A10! which cannot be
used for an exclusive channel~as well as for gluon radia
tion!. Therefore, the diffractive Drell-Yan cross sectio
should be much smaller than estimated in@20#.

Nevertheless, a hadron as a whole can radiate diff
tively a photon without momentum transfer as two of
quarks can participate in diffractive scattering, each of th
may getting a momentum transfer, while the total moment
transfer is zero.
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APPENDIX B: DIFFRACTION: FEYNMAN DIAGRAMS

1. qN\qGN

For the example of diffractive excitation of a quark,

qN→qGN, ~B1!

we demonstrate in the following the techniques and appro
mations we use for the calculation of more complicated d
fractive processes.

We use the following notations for the kinematics of E
~B1!: kWT and pW T are the transverse momenta of the fin
gluon and quark respectively;a is the fraction of the initial
light-cone momentum carried by the gluon;qW T5kWT1pW T is
the total transverse momentum of the final quark and glu
andkW T5(12a)kWT2apW T appears further on, when the tran
verse separationsrWG5bW 1(12a)rW and rWq5bW 1arW are in-
serted:kWT•rWG1pW T•rWq5(kWT1pW T)•bW 1„(12a)kWT1apW T…•rW .

We normalize the amplitude of Eq.~B1! according to

ds~qN→qGN!

d ln ad2kT d2qT

5
1

3 (
m,nu,s

uAs
(m,n)~qW T ,kW T ,a!u2

5
1

3 (
s

Tr @As
†~qW T ,kW T ,a! As~qW T ,kW T ,a!#,

~B2!

where

As
(m,n)5~qm!† Âs qn, ~B3!

andqn(m) are the color spinors of the quark in the initial an
final states;s is the color index of the radiated gluon.

We assume that at high energies one can neglect the
of the real to imaginary parts of the amplitude for reacti
~B1!. Then one can apply the generalized optical theor
~Cutkosky rules@58#!,

Â~a→b!5
i

2 (
c

Â†~b→c! Â~a→c!. ~B4!

Here(c includes not only a sum over intermediate channe
but also an integration over the intermediate particle m
menta.

To simplify the problem we switch to the impact param
eter representation,

Â~bW ,rW !5
1

~2 p!2 E d2q d2kT Â~qW T ,kW T!

3exp~2 i qW TbW 2 i kW TrW !. ~B5!

Since the initial impact parameters are preserved during
interaction we sum only over intermediate channels in t
representation.

We use the Born approximation, i.e., the lowest order
as , for the sake of clarity, and generalization is straightfo
ward. In this case and fora5$qN%, b5$qGN% only two
2-24
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intermediate states are possible in Eq.~B4!: c15$q N8* % and
c25$q G N8* %, whereN8* [u3q&8 is the octet color state o
the 3q system produced when the nucleon absorbs the
changed gluon.

One should sum in Eq.~B4! over all excitationsf of the
N8* ,

Âs~qN→qGN!5(
f F Âs

†~qGN→qN8* ! Â~qN→qN8* !

1(
s8

Âs8s
†

~qGN→qGN8* !

3Âs8~qN→qGN8* !G . ~B6!

Here s8 is the color index of the gluon in the intermedia
state.

We skip the simple but lengthy details of calculation
the amplitudes on the RHS of Eq.~B6! and present only the
results:

Â~qN→qN8* !5t r ^ f uĝ r~bW 1!u i &; ~B7!

Âs8~qN→qGN8* !5@ts8 t r ^ f uĝ r~bW 1!u i &2t r ts8 ^ f uĝ r~bW 2!u i &

2 i f s8rptp ^ f uĝ r~bW 3!u i &#
A3

2
CqG~a,rW !;

~B8!

Âs~qGN→qN8* !5@t r ts ^ f uĝ r~bW 1!u i &2ts t r ^ f uĝ r~bW 2!u i &

2 i f rsptp^ f uĝ r~bW 3!u i &#
A3

2
CqG~a,rW !;

~B9!
r
of

lu

05402
x-

Âss8~qGN→qGN8* !5dss8t r ^ f uĝ r~bW 2!u i &

1 i f ss8r ^ f uĝ r~bW 3!u i &. ~B10!

Here bW 15bW ; bW 25bW 2arW are the impact parameters of th
projectile and ejectile quarks in reaction~B1!, respectively;
bW 35bW 1(12a)rW is the impact parameter of the radiate
gluon; rW is the transverse separation inside theqG system,
andbW is the distance from its center of gravity to the nucle
target;CqG(a,rW ) is the distribution function for theqG pair;
l r52 t r are the Gell-Mann matrices;f rsp is the structure
constant for theSU(3) group. The matricesĝ r(bW k), (k
51,2,3) are the operators in coordinate and color space
the target quarks,

ĝ r~bW k!5(
j 51

3

t r
( j ) x~bW k2sW i ! ~B11!

x~bW !5
1

pE d2q
as~q! exp~ iqW TbW !

q21L2
, ~B12!

wheresW i is the transverse distance between thej th valence
quark of the target nucleon and its center of gravity; t
matricest r

( j ) act on the color indices of this quark. The m

trix elementŝ f uĝ r(bW k)u i & between the initiali 5N and final
f 5N8* states are expressed through the wave functions
these states. The effective infrared cutoffL in Eq. ~B12!
does not affect our results, which are infra-red stable due
color screening effects.

Substitution of Eqs.~B7!–~B10! into Eq. ~B6! results in
Âs~qN→qGN!5
i

2
$ts t r t r 8 uF rr 8~bW 1 ,bW 1!2t r ts t r 8 uF rr 8~bW 2 ,bW 1!1 i f rsp tp t r 8 uF rr 8~bW 3 ,bW 1!1t r ts t r 8 u

3F rr 8~bW 1 ,bW 2!2ts t r t r 8 uF rr 8~bW 2 ,bW 2!2 i f rsp tp t r 8 uF rr 8~bW 2 ,bW 3!2 i f ss8r @ts8 t r 8 uF rr 8~bW 1 ,bW 3!

2t r 8 ts8 uF rr 8~bW 2 ,bW 3!2 i f s8r 8p tp F rr 8~bW 3 ,bW 3!#%
A3

2
CqG~a,rW !, ~B13!
end
d

s

where

F rr 8~bW k ,bW l !5(
f

^ i uĝ r~bW k!u f & ^ f uĝ r 8~bW l !u i &. ~B14!

We sum in Eq.~B13! over all excitations of the two colo
octet states of the 3q system. To have a complete set
states we have to include also color singlet and decupletu3q&
states. As these states cannot be produced via single g
 on

exchange, they do not contribute and we can simply ext
the summation in Eq.~B14! to the complete set of states an
get

F rr 8~bW k ,bW l !5^ i uĝ r~bW k!ĝ r 8~bW l !u i &. ~B15!

In the matrix element~B15! we average over color indice
2-25
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of the valence quarks and their relative coordinates in
target nucleon. To do so one should use the relation

^t r
( j )
•t r 8

( j 8)& u3q&1
5H 1

6
d rr 8 ~ j 5 j 8!,

2
1

12
d rr 8 ~ j Þ j 8!.

~B16!

Then, Eq.~B15! can be represented as

F rr 8~bW k ,bW l !5
3

4
d rr 8 S~bW k ,bW l !, ~B17!

whereS(bW k ,bW l) is a scalar function of two vector variable

S~bW k ,bW l !5
2

9 E d$s% F (
j 51

3

x~bW k2sW j ! x~bW l2sW j !

2
1

2 (
j Þ j 8

x~bW k2sW j ! x~bW l2sW j 8!G uF3q~$s%!u2.

~B18!

This function is directly related to theq̄q dipole cross section
~5!,

s q̄q~rW 12rW 2!5E d2b @S~bW 1rW 1 ,bW 1rW 1!1S~bW 1rW 2 ,bW 1rW 2!

22 S~bW 1rW 1 ,bW 1rW 2!#. ~B19!

According to Eqs.~B17! and~B18! the functionF(bW k ,bW l)
is symmetric under the replacementbW k
bW l . Therefore, the
terms proportional toF(bW 1 ,bW 2) andF(bW 2 ,bW 1) in Eq. ~B13!

cancel, as well as the terms proportional toF(bW 1 ,bW 3) and
F(bW 3 ,bW 1). At the same time, the terms proportional
F(bW 2 ,bW 3) andF(bW 3 ,bW 2) add up.

Making use of the relations

t rt r54/3

f ss8r f s8rp53dsp

2 i f rsp tp t r5
3

2
ts , ~B20!

we arrive at the final result for the amplitude of diffractiv
dissociation of a quark (q N→q G N) in impact parameter
representation,
05402
e
Âs~bW ,rW ,a!5

i 3 A3

16
ts CqG~a,rW !

3H 4

3
@S~bW 1 ,bW 1!2S~bW 2 ,bW 2!#

13 @S~bW 1 ,bW 3!2S~bW 3 ,bW 3!#J . ~B21!

The diffraction amplitude in momentum representati
reads

Âs~qW T ,kW T ,a!5
1

~2p!2 E d2b d2r Âs~bW ,rW ,a!

3exp~ i qW TbW 1 i kW TrW !. ~B22!

Using Eq.~B19! and the above mentioned symmetry
S(rW 1 ,rW 2) we obtain a very simple expression for the forwa
(qT50) diffraction amplitude which is related to the dipo
cross section,

Âs~0,kW T ,a!52
i9 A3

32~2p!2
ts E d2r CqG~a,rW !

3s q̄q~rW ! ei kW TrW . ~B23!

Eventually, the forward diffractive dissociation cross secti
of a quark reads

ds

d~ ln a! d2qT
U

qT50

5
1

3 E d2kT (
s

Tr Âs
†~0,kW T ,a!Âs~0,kW T ,a!

5
1

~4p!2 E d2rUCqG~a,rW !
9

8
s q̄q~rW !U2

. ~B24!

We should emphasize that all above calculations are done
an arbitrarya.

2. Diffractive gluon radiation by a q̄q pair

Gluon radiation is an important contribution to the d
fractive dissociation of a~virtual! photon,

g* N→q̄qGN. ~B25!

In analogy to the previous section we make use of the g
eralized unitarity relation,
Âs~g* N→q̄qGN!5
i

2 (
f F Âs~ q̄qGN→q̄qN8* ! Â~g* N→q̄qN8* !1(

s8
Âss8~ q̄qGN→q̄qGN8* ! Âs8~g* N→q̄qGN8* !G ,

~B26!

where the amplitudes are defined as follows:
2-26
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Â~g* N→q̄qN8* !5@t r ^ f uĝ r~bW 1!u i &1 t̄ r ^ f uĝ r~bW 2!u i &# C q̄q~rW 12rW 2 ,a! uq̄q&1 ; ~B27!

Âs8~g* N→q̄qN8* !5
iA3

2
f s8rp $tp @^ f uĝ r~bW 1!u i &2^ f uĝ r~bW 3!u i &# CqG~rW 1!1 t̄p @^ f uĝ r~bW 2!u i &

2^ f uĝ r~bW 3!u i &# CqG~rW 2!% C q̄q~rW 12rW 2 ,a! uq̄q&1 ; ~B28!

Âs~ q̄qGN→q̄qN8* !52
i A3

2
f srp $tp @^ f uĝ r~bW 1!u i &2^ f uĝ r~bW 3!u i &# CqG~rW 1!1 t̄p @^ f uĝ r~bW 2!u i &

2^ f uĝ r~bW 3!u i &# CqG~rW 2!%; ~B29!

Âss8~ q̄qGN→q̄qGN8* !5t r ^ f uĝ r~bW 1!u i & dss81 t̄ r ^ f uĝ r~bW 2!u i & dss81 i f ss8r ^ f uĝ r~bW 3!u i &. ~B30!

Here bW 15bW 1rW1 , bW 25bW 1rW2 , bW 35bW 1rW are the impact parameters of the quark, antiquark and gluon, respectively;bW is the
photon impact parameter;rW 1,25rW 2rW1,2; C q̄q and uq̄q& are spatial and color parts of theq̄q-component of the photon wav
function, respectively. The matricest r5l r /2 andt̄ r5l r* /2 act on the color indices of quark and antiquark respectively.
indicess, s8 mark the color states of the gluons in intermediate and final states.

Note that the condition of color neutrality of the singlet stateuq̄q& leads to the relation

~t r1 t̄ r ! uq̄q&50. ~B31!

Substitution of Eqs.~B26!–~B30! into Eq. ~B25! leads to the following expression for the amplitude of diffractive dis
ciation of the photon:

Â~g* N→q̄qGN!5
i3A3

16
$~ i f srp @tp t r1t r tp# @s~bW 1 ,bW 1!2s~bW 3 ,bW 1!#1 i f srp @tp t̄ r1 t̄ r tp#

3@s~bW 1 ,bW 2!2s~bW 3 ,bW 2!#1 f ss8r f s8rp tp @s~bW 3 ,bW 1!2s~bW 3 ,bW 3!# ! CqG~rW 1!1~ i f srp @ t̄p t̄ r1 t̄ r t̄p#

3@s~bW 2 ,bW 2!2s~bW 2 ,bW 3!#1 i f srp @ t̄p t r1t r t̄p# @s~bW 2 ,bW 1!2s~bW 3 ,bW 1!#1 f ss8r f s8rp t̄p

3@s~bW 3 ,bW 2!2s~bW 3 ,bW 3!# ! CqG~rW 2!% uq̄q&1 C q̄q~rW 12rW 2 ,a!, ~B32!

where we made use of the completeness condition,( f u f &^ f u51 ~see Appendix B 1!.
In order to simplify Eq.~B32! we apply a few relations as follows. Sincef srp52 f spr we find

f srp @tpt r1t rtp#5 f srp @ t̄pt̄ r1 t̄ r t̄p#50. ~B33!

Then, relying on the condition~B31! we find

~tpt̄ r1 t̄ rtp! uq̄q&152 tpt̄ r uq̄q&15 2 2tpt r uq̄q&1 ; ~B34!

~ t̄p t r1t r t̄p! uq̄q&152 t̄p t r uq̄q&15 2 2 t̄p t̄ r uq̄q&1 . ~B35!

We also use the relations

i f srptpt r5
3

2
ts ; i f srpt̄pt̄ r5

3

2
t̄s ; f ss8r f s8rp53dsp , ~B36!

and the symmetry condition,s(bW k ,bW l)5s(bW l ,bW k), and eventually arrive at a modified form of Eq.~B32!

Âs~g* N→q̄qGN!5
9A3

16
@tsCqG~rW 1!1 t̄s CqG~rW 2!# uq̄q&1C q̄q~rW 12rW 2 ,a!@s~bW 2 ,bW 3!1s~bW 1 ,bW 3!2s~bW 1 ,bW 2!2s~bW 3 ,bW 3!#.

~B37!

The last factor in square brackets can be represented as
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P~bW 1 ,bW 2 ;bW 3![s~bW 2 ,bW 3!1s~bW 1 ,bW 3!2s~bW 1 ,bW 2!2s~bW 3 ,bW 3!

[
1

2
$@s~bW 1 ,bW 1!1s~bW 2 ,bW 2!22s~bW 1 ,bW 2!#2@s~bW 2 ,bW 2!1s~bW 3 ,bW 3!22s~bW 2 ,bW 3!#

2@s~bW 1 ,bW 1!1s~bW 3 ,bW 3!22s~bW 1 ,bW 3!#%. ~B38!

Then, the forward diffraction amplitude (qT50) in impact parameter representation has the form

1

2 p E d2b Âs~bW ,rW 1rW 2!5 2
i

4 p
S~rW 1 ,rW 2! FA3

2
ts CqG~rW 1!1

A3

2
t̄s CqG~rW 2!G uq̄q&1 C q̄q~rW 12rW 2 ,a!, ~B39!

whereS(rW 1 ,rW 2) is introduced in Eq.~73!.
From Eq.~B39! one easily gets the forward diffractive cross section

ds~g* N→q̄qGN!

d~ ln aG! dqT
U qT50

aG→0

5
1

~4 p!2E d2r1 d2r2 da uC q̄q~rW 12rW 2 ,a!@CqG~rW 1!2CqG~rW 2!# S~rW 1 ,rW 2!u2. ~B40!

3. Diffractive photon radiation, qN\g qN

Diffractive electromagnetic radiation is calculated in analogy to what was done in Appendix B 1 for gluon radiation.
the photon does not interact with the gluonic field of the target the structure of all the amplitudes in the relation

Â~qN→qgN!5
i

2 (
f

@Â†~qgN→qN8* ! Â~qN→qN8* !1Â†~qgN→qgN8* ! Â~qN→qgN8* !#, ~B41!

turns out to be much simpler:

Â~qN→qN8* !5t r ^ f uĝ r~bW 1!u i &; ~B42!

Â~qgN→qgN8* !5t r ^ f uĝ r~bW 2!u i &; ~B43!

Â~qN→qgN8* !5Â~qgN→qgN8* !5t r @^ f uĝ r~bW 1!u i &2^ f uĝ r~bW 2!u i &# Cqg~rW ,a!. ~B44!

HerebW 15bW , bW 25bW 2a rW are the impact parameters of the quark before and after radiation of the photon;rW is the transverse
separation between the quark and photon in the final state; anda is the fraction of the quark light cone momentum carri
away by the photon.Cqg(rW ,a) is the distribution function for theqg fluctuation of the quark. The initial,u i &, and final,u f &,
states of the target, as well as the operatorsĝ(bW k) (k51,2) are the same as in Appendix B 1.

After substitution of Eqs.~B42!–~B44! into Eq. ~B41! we get

Â~qN→qgN!5
i

2
$t r t r 8 @F rr 8~bW 1 ,bW 1!2F rr 8~bW 1 ,bW 2!1F rr 8~bW 2 ,bW 1!2F rr 8~bW 2 ,bW 2!#%. ~B45!

Here the functionsF rr 8(b
W

k ,bW l) are defined in Appendix B 1. Then, the amplitude in impact parameter representation r

Â~bW ,rW !5
i

2
@s~bW 1 ,bW 1!2s~bW 2 ,bW 2!#5

i

2
@s~bW ,bW !2s~bW 2a rW ,bW 2a rW !#. ~B46!

After Fourier transform to the momentum representation we get for the forward diffractive amplitude of photon radia

A~qW T ,kW T!uqT505
1

~2p!2 E d2bd2r exp~ i qW T bW 1 ikW T rW ! Â~bW T ,rW T!U
qT50

50. ~B47!

Thus, the direct calculation of Feynman diagrams confirms our previous conclusion~Appendix A 4! that a quark does no
diffractively emit electromagnetic radiation if the momentum transfer with the target is zero~as different from the statemen
in @20#!. A hadron, however, can radiate in forward scattering.
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APPENDIX C: THE TRIPLE-POMERON COUPLING

In the limit of vanishing quark and gluon masses the quark-gluon wave function~56! retains only the second term}FW 1
which has the form~27!. Bilinear combinations of this wave function averaged over final polarizations can be represen
follows:

uF1~rW i ,a!u25
1

~2p!2 Eb(a)2

`

dt e2tr i
2
, ~C1!

FW 1~rW i ,a!•CW 1~rW k!5
rW i•rW k

~2p!2Eb2(a)/2

`

duE
b2(a)/2

`

dt e2tr i
2
2ur i

2
. ~C2!

This together with Eqs.~30! and~79! allows to integrate analytically over the coordinates of the quarks and the gluon i
~78!. Finally integrating overt andu we arrive at

G3P~NN→XN!5
as

~4p!2 S 9

8
s0D 2

@F1~x,z!2F2~x,z!#, ~C3!

wherex5b2(0)r0
2, z5zN52^r 2&p /r0

2, and

F1~x,z!5 lnF ~x11!2

x~x12!G12s1 lnF ~x11!~x1s1!

x~11x1s1! G1
2

3
s2F2 lnS s1x1s2

xs1
D2 lnS x12s2

x D G
1

1

3
s3s4F2 lnS s1x1s3s4

xs1
D2 lnS x12s4

x D G . ~C4!

Here

s15
1

11z
, s25

1

112z
, s35

2

21z
, s45

2

213z
, s55

4

413z
; ~C5!

z F2~x,z!5(
i 51

14
g~ i !

b~ i !
lnF d~ i ! g~ i !

d~ i ! g~ i !2b2~ i !
G , ~C6!

where

i 51 g52/3, b51/z12, g5d5x/21b;

i 52 g52, b51/z11, g5d5x/21b;

i 53 g5210/3, b51/z11, d5x/21b, g5d11;

i 54 g51, b51/z, g5d5x/21b;

i 55 g524, b51/z, d5x/21b, g5d11;

i 56 g55/3, b51/z12, g5d5x/21b11;

i 57 g52, b51/z, d5x/21b, g5d12;

i 58 g5s4/3, b51/z11/2, g5d5x/21b;

i 59 g522s5/3, b51/z1s5/4, d5x/21b, g5d11;

i 510 g52s5/3, b51/z111s5/4, g5d5x/21b;

i 511 g52s4/3, b51/z2s4/2 g5d5x/21b1s4 ;

i 512 g522s5/3, b51/z112s5/4, g5d5x/21b1s5/2;
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i 513 g522s5/3, b51/z2s5/4, d5x/21b1s5/2, g5d11;

i 514 g52s4/3, b51/z, d5x/21b11/2, g5x/21b1s4/2. ~C7!

The effective triple-Pomeron couplingG3P(MN→XN) for diffractive dissociation of a mesonM can be calculated in a
similar way assuming a Gaussian shape of the quark wave function of the meson

uCM→q̄q~rW !u25
1

pR2
e2r 2/R2

, ~C8!

whereR258 ^r M
2 &ch/3. The triple-Pomeron coupling is smaller by a factor 2/3~different number of valence quarks! and has a

form similar to Eq.~C3!,

G3P~MN→XN!5
2 as

3 ~4p!2 S 9

8
s0D 2

@F1
M~x,zM !2F2

M~x,zM !#, ~C9!

but zM5R2/r0
2ÞzN and the functionsF1,2

M are different too. The expression forF1
M(x,zM) results fromF1(x,z) via the

replacements3→1, s4→s2 andz→zM .
The expression forF2(x,zM) follows from F2(x,z) after moderate modifications in Eq.~C7!: g(1)51, g(3)524,

g(6)52, all g( i )50 for i>8 andz→zM .
In the case of diffractive dissociation of a photon, the calculations are more complicated since the spatial distrib

quarks in the photon is very different from a Gaussian. Nevertheless, it can be represented as a superposition of G

uCg→q̄q~rW,a!u25

aemNc ( Zq
2

2 p E
0

1/a2(a)dR2

R2 S 1

pR2
e2r 2/R2D . ~C10!

Then, the effective couplingG3P(gN→XN) takes a form similar to Eqs.~C3! and ~C9!,

G3P~gN→XN!5

2aemas Nc ( Zq
2

6 ~2p!3 S 9

8
s0D 2

@F1
g~x,zg!2F2

g~x,zg!#, ~C11!

wherezg5@a2(a) r0
2#21 and

F1,2
g ~x,zg!5E

0

zg dv
v

F1,2
M ~x,v !. ~C12!
.
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@8# J. Hüfner and B. Povh, Phys. Rev. D46, 990 ~1992!.
@9# L.L. Frankfurt, W. Koepf, and M. Strikman, Phys. Rev. D54,

3194 ~1996!.
@10# K. Golec-Biernat and M. Wu¨sthoff, Phys. Rev. D59, 014017
05402
~1999!; 60, 114023~1999!.
@11# J.R. Forshaw, G. Kerley, and G. Shaw, Phys. Rev. D60,

074012~1999!.
@12# B.Z. Kopeliovich, J. Raufeisen, and A.V. Tarasov, Phys. Le

B 440, 151 ~1998!.
@13# J. Raufeisen, A.V. Tarasov, and O. Voskresenskaya, E

Phys. J. A5, 173 ~1999!.
@14# B.G. Zakharov, Yad. Fiz.61, 924 ~1998! @Phys. At. Nucl.61,

838 ~1998!#.
@15# V.M. Braun, P. Go´rnicki, L. Mankiewicz, and A. Scha¨fer,

Phys. Lett. B302, 291 ~1993!.
@16# M. D’Elia, A. Di Giacomo, and E. Meggiolaro, Phys. Lett. B

408, 315 ~1997!.
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@33# V.N. Gribov, Zh. Éksp. Teor. Fiz.56, 892 ~1969! @Sov. Phys.

JETP29, 483 ~1969!#; 57, 1306~1969! @30, 709 ~1970!#.
@34# L. Alvero, J.C. Collins, and J.J. Whitmore, Phys. Rev. D59,

074022~1999!.
@35# L. Alvero, J.C. Collins, and J.J. Whitmore, ‘‘Tests of Facto

ization in Diffractive Charm Production and Double Pomer
Exchange,’’ hep-ph/9806340.

@36# B.Z. Kopeliovich, A. Scha¨fer, and A.V. Tarasov, Phys. Rev. C
59, 1609~1999!.

@37# I. Halperin and A. Zhitnitsky, Phys. Rev. D56, 184 ~1997!.
@38# R.P. Feynman and A.R. Gibbs,Quantum Mechanics and Pat

Integrals ~McGraw-Hill, New York, 1965!.
@39# F.E. Low, Phys. Rev. D12, 163 ~1975!.
@40# S. Nussinov, Phys. Rev. Lett.34, 1286~1975!.
@41# B.Z. Kopeliovich and B. Povh, Mod. Phys. Lett. A13, 3033

~1998!.
@42# S. Amendoliaet al., Nucl. Phys.B277, 186 ~1986!.
@43# Particle Data Group, R.M. Barnettet al., Phys. Rev. D54, 1

~1996!, p. 191.
@44# H1 Collaboration, S. Aidet al., Z. Phys. C69, 27 ~1995!.
@45# ZEUS Collaboration, M. Derricket al., Phys. Lett. B293, 465

~1992!.
@46# Yu.M. Kazarinov, B.Z. Kopeliovich, L.I. Lapidus, and I.K

Potashnikova, Zh. E´ksp. Teor. Fiz.70, 1152 ~1976! @Sov.
Phys. JETP43, 598 ~1976!#.
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