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We use QCD to compute the cross section for high-energy coherent production of a dijet~treated as aqq̄
moving at high relative transverse momentum,k t) from a nucleon and a nuclear target. The direct evaluation
of the relevant Feynman diagrams shows that, in the target rest frame, the space-time evolution of this reaction

is dominated by the process in which the highk t qq̄ component~point-like configuration! of the pion wave
function is formed before reaching the target. This point-like configuration then interacts through a two-gluon
exchange with the target. In the approximation of keeping the leading order in powers ofas and in the leading
logarithmic approximation inasln(kt

2/LQCD
2 ), the amplitudes for other processes are shown to be smaller by at

least a power ofas and/or the powers of Sudakov-type form factors and the small probability,w2, to find aqq̄
pair with no gluons at an average separation between constituents. Thus the highk t component of the pion
wave function, including the contribution of Gegenbauer polynomials of rankn.0, can be measured in
principle at sufficiently large values ofk t

2 . At large values ofk t
2 , the resulting dominant amplitude is propor-

tional toz(12z)as(kt
2)k t

24@ ln(kt
2/L2)#CF /b @z is the fraction light cone~1! momentum carried by the quark in

the final state,b is the coefficient in the running coupling constant# times the skewed gluon distribution of the
target. For pion scattering by a nuclear target, this means that at fixedxN52k t

2/s ~but k t
2→`! the nuclear

process in which there is only a single interaction is the most important one to contribute to the reaction. Thus
in this limit color transparency phenomena should occur—initial and final state interaction effects are absent
for sufficiently large values ofk t . These findings are in accord with the recent experiment performed at
Fermilab. We also reexamine a potentially important nuclear multiple scattering correction which is positive
and varies as the length of the nucleus divided by an extra factor of 1/k t

4 . The meaning of the signal obtained
from the experimental measurement of pion diffraction into two jets is also critically examined and significant
corrections are identified. We show also that for values ofk t achieved at fixed target energies, dijet production
by the electromagnetic field of the nucleus leads to an insignificant correction which gets more important ask t

increases. We explain also that the same regularities are valid for photoproduction of forward light quark dijets.

DOI: 10.1103/PhysRevD.65.094015 PACS number~s!: 13.85.Hd, 13.87.2a, 24.85.1p, 25.80.Hp
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I. INTRODUCTION

The theory of strong interactions, QCD, contains ma
specific predictions regarding the space-time evolution
high energy coherent processes. A review describing
many interesting qualitative results that have been obta
in this rapidly developing field is provided in Ref.@1#. The
aim of this paper is to use a specific example of a comple
calculable process to demonstrate the general propertie
space-time evolution of hard exclusive processes in QCD
particular, we consider a process in which a high momen
(;500 GeV) pion undergoes a coherent interaction wit
nucleus in such a way that the final state consists of two
~JJ! ~formed by aqq̄ pair! moving at high transverse relativ
momentum greater than about 2 or 3 GeV. The proces
two-jet production was first discussed for both photon a
pion projectiles interacting with a nucleon target@2#, and
Ref. @3# introduced the possibility of using this process
probe the nuclear filtering of small color dipoles. Estima
0556-2821/2002/65~9!/094015~27!/$20.00 65 0940
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of Ref. @3# found that, for heavy nuclei, nuclear filterin
causes the exclusive dijet production to decrease expo
tially as k t

2 increases. Hence an overall increase of the to
diffractive cross sections was suggested as a good signa
of the nuclear filtering of small size configurations@4#. In @5#
we presented the first application of QCD to the process
dijet production at largek t by generalizing QCD factoriza
tion theorems, predicted a nuclear dependence which
qualitatively different from that suggested in@3#, and ak t

dependence which differs by a power ofk t
2 from @2# and

qualitatively from that discussed in@3#. We also argued tha
this process can be used to directly measure the behavio
theqq̄ component of the pion’s light cone wave function f
large values ofk t .

If one wishes to describe hard diffractive processes, i
important to realize that the effective number of bare p
ticles in the light cone wave function of the projectile d
pends strongly on the longitudinal distances involved.
these distances are small, and the process involves high
©2002 The American Physical Society15-1
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mentum transfer~as occurs in computing hadron electroma
netic form factors!, the main contribution originates from th
Fock component of the hadron wave function containing
minimal number of constituents. On the contrary, if the lo
gitudinal distances are sufficiently large, the minimal Fo

component~a qq̄ pair in our case! will develop additional

components such asqq̄ pairs and gluons. Thus for thos
processes in which infinite longitudinal distances are
volved, the number of partons in the light cone wave fun
tion of the projectile would always be infinite. For process
initiated by a spatially small colorless dipole, using the QC
factorization theorem allows one to trace the origin of w
partons~carrying a small fraction of the momenta! as arising
from the space-time evolution of the projectile’s minim
Fock component, and to include these effects in the~skewed!
parton distribution of the target.

We now discuss the basic physics of the dijet product

process. The selection of the final state to be aqq̄ pair plus

the nuclear ground state causes theqq̄ component of the pion
wave function to dominate the reaction process. At very h
beam momenta, the pion breaks up into aqq̄ pair with large
k t well before hitting the nucleus. The dominance of th
starting point is verified in the present work. Note also t
crucial feature that for values ofx which are not very small,
so that the leading twist approximation is valid for the sm
dipole-target interaction, a spatially small wave packet
quarks and gluons remains small as it moves through
target. This leads to a dominance of the effects of large tra
verse momenta, and allows the factorization of the h
physics from the soft physics. On the other hand, for v
small values ofx, the packet lives so long that it woul
expand to a normal hadronic size causing the initial s
interaction to become similar to the soft one. Moreover
rapid increase of perturbative QCD~PQCD! amplitudes with
energy leads to the violation of QCD evolution equation
rather small values ofx, and to the disappearance of th
characteristic physics of the interaction of a small dipo
Thus QCD predicts different calculable dependencies of
cross section of the diffractive dijet production on atom
number, onk t and z in different regions of the lnkt

2/LQCD
2 ,

ln 1/x plane.
Thus two large parameterss andk t

2 are present, and thi
feature will enable us to demonstrate the dominance of Fe
man diagrams of a very few specific topologies, and
evaluate them. The result of calculations can be represe
in the form of a generalized QCD factorization theore
valid for the set of Feynman diagrams corresponding to
leading power ofs and the minimal power of 1/k t

2 andas at
fixed values ofasln kt

2LQCD
2 . Our calculation relies heavily

on the well-known theoretical observation that amplitudes
many high energy processes~such as that in the parto
model, multi-peripheral processes and those involving
Pomeron! are dominated by ladder diagrams@6,7#. This
property has been proved using the approximation of incl
ing the terms of lowest orderas and all powers in
asln Q2/LQCD

2 @8,9# and/orasln 1/x @6,10#. The dominance of
ladder diagrams makes it possible to absorb the effects o
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leading terms in lnkt
2/LQCD

2 and ln 1/x into the dipole-target
interaction, and/or into the target’s skewed parton distrib
tions. Furthermore, one may classify and analyze those
grams of leading power ofas which are relevant for the pion
transition into two jets. This leads to a selection rule: t
t-channel exchanges with vacuum quantum numbers~posi-
tive charge parity! should dominate. Thus we will calculat
an amplitude which is symmetric under the transposit
s↔u. Negative charge parity contributions~such as effects
of the odderon! are neglected. There is another group
correction terms of the formasln kt

2/LQCD
2 which arises from

radiative effects in the pion wave function. The ladder stru
ture of the dominant diagrams makes it possible to inclu
these terms into QCD evolution of pion wave function a
structure functions of the target will not change the struct
of formulas deduced by considering skeleton diagrams
culated within the approximation of keeping leading powe
of as ; their only influence is to introduce the effects of ev
lution in k t

2 into the relevant parton distributions and in
high kt behavior of the pion wave function. Indeed, our th
oretical analysis heavily relies upon specific properties
skewed parton distributions and of minimal Fock compon
of pion wave function. Note also that, for small values ofx,
and large values ofQ2, the skewed parton distribution of
target nucleon or nucleus is calculable in QCD using
appropriate evolution equation and initial diagonal part
densities@11#. To simplify the calculations and especially th
separation of the scales, we use an axial light-cone ga
which reduces to theA250 gauge, in the target rest fram
This gives a highk t behavior of a fermion propagator an
hard gluon exchange amplitude which have no infrared s
gularities. In this gauge, unphysical degrees of freedom
removed from the light cone pion wave function at least
the leading logarithmic function. Consequently, the sepa
tion of momentum scales can be easily made. On the c
trary, in the gauge used in@44# the separation of scales an
therefore derivation of the QCD evolution equation, althou
correct, is complicated by the need to account for the c
cellation of the infrared divergences. We want to stress t
in the calculation of amplitudes of hard diffractive process
in the gauge where fermion propagators are infrared div
gent one, should first remove infrared divergences and o
then consider partons in the non-perturbative wave func
to be on-mass-shell.

These technical considerations lead to some simple res
for situations, such as ours, in which the momentum tran
to the target nucleus is very small~almost zero for forward
scattering!. In this case, the dominant source of high mome
tum must be the gluonic interactions between the pio
quark and anti-quark. This is also justified in the pres
work. Becausek t is large, the quark and anti-quark must b
at small separations—the virtual state of the pion is
pointlike-configuration@12#. But the coherent interactions o
a color neutral point-like configuration are suppressed~at
fixed xN , k t

2→`!, for the processes which involve sma
transfers of momentum to the target, by the cancellation
gluonic emission from the quark and anti-quark@13,3,12#
and/or from theqq̄g state—see the discussion in Sec. II D
5-2
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COHERENT QCD PHENOMENA IN THE COHERENT . . . PHYSICAL REVIEW D 65 094015
Furthermore, the strength of the interaction with the tar
is proportional to the square of the transverse separation
tance between the quark and anti-quark. Thus the interac
with the nucleus is very rare, and the pion is most likely
interact with only one nucleon. The result is that in this p

cess the initialp and the finalqq̄ pair do not get absorbed b
the target, as would typically occur in a low momentu
transfer process. Thus initial and final state interactions
suppressed and color transparency unambiguously follo
As the values ofx are decreased, the qualitative phys
changes gradually. The increase of the effective size of
small color-dipole leads to the increase of the influence
initial state interactions, and to a contribution of nucle
shadowing which enters at leading twist. For even sma
values ofx, the leading twist approximation breaks down.

Our treatment of the reaction process in terms of a se
rate wave function and interaction pieces provides a n
example of how the QCD factorization theorem works
high energy processes involving two large variables:s,k t

@12#. For this coherent process, the forward scattering am
tude is almost proportional to the number of nucleons,A, and
the cross section varies asA2. The forward angular distribu
tion is difficult to observe, so one integrates the angular d
tribution, and theA2 variation becomes'A2/(RA

2/31BN)
}A4/3/(110.45A22/3)'A1.37. Here BN'4.5 GeV22 is the
slope of thet dependence of the cross section of a h
diffractive process as determined by data for electroprod
tion of vector mesons. This very rapid variation represen
prediction of a very strong enhancement which occurs
the suppression of those interaction processes which us
reduce the cross section. Our interest in this curious pro
has been renewed recently by exciting experimental prog
@14#.

Three key predictions of our paper@5# are confirmed by
the E-791 data.

The result from the E-791 experiment comparing Pt an
targets that the coherent cross section for small momen
transfer to the nucleus varies as;A1.5560.05, is close to our
predictions, see Sec. V. This variation is much stronger t
seen in soft diffraction of pions by nuclei;A0.8 @12,15#,
which is qualitatively different from the behavior;A1/3 sug-
gested in Ref.@3#. This A dependence is somewhat mo
rapid than that predicted by color transparency theory foA
→`. For moderately large values ofA, small effects dis-
cussed in Sec. V tend to increase theA dependence. This
may be understood as a result of the experimental trigger
excluding a small but calculable admixture of the effects
nuclear disintegration processes which lead to similar dep
dence of cross section ont. Furthermore, it is an unusua
feature@5# of the present process that final state interacti
of the point-like configuration tend to increase theA depen-
dence. Section V also contains a discussion of the chang
the A dependence due to the effects of nuclear shadowin
the gluon density.

The dependence of the cross section}z2(12z)2 on the
fraction of momentumz carried by one of the jets is consis
tent with our prediction.

The cross sectionds/dk2 falls as k t
2n with n510.2
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60.4 (stat)60.3 (sys), fork t>1.25 GeV and asn57.5
62.0 for k t>1.8 GeV. This should be compared to the pr
diction of n58 @5#. For smaller values ofk t soft QCD phe-
nomena, such as production ofqq̄g jets, should be impor-
tant. See the discussion in Sec. III A.

The purpose of the present work is to rederive and c
firm our earlier theoretical results with a more extens
analysis. The derivation of our leading term@5# directly from
QCD by generalizing a QCD factorization theorem of R
@16# was presented in Ref.@17#, and this is explained more
fully now. But here we go further by verifying the assum
tion that the point-like configuration is indeed formed we
before the projectile reaches the nucleus. In the derivation
shall explain that several different amplitudes, which seem
be of the same or lower order inas as the leading one de
scribed above really are very small after proper accoun
the suppression of radiation collinear to pion momentum
rection.

We also update our study of the leading multipl
scattering correction, which is positive because the stren
of the final state interaction decreases with the decrea
size of the dipole@5#, and we study the most important com
peting electromagnetic process. Some specific features o
experimental extraction of the coherent part of the cross s
tion are also explained. Still another feature involves the s
interaction between the dipole and the target. This was at
derived to be proportional to the gluon density of the nucle
@18#. However, there is a non-zero momentum transfer to
nucleus, so it is actually the skewed gluon density that
ters. The skewedness of gluon distribution in the nucl
target leads to a small, calculable correction to the predic
A dependence@19# and absolute value@11# which changes
the detailed nature of our results but not the qualitative f
tures.

Our main results are summarized by the following fo
mula, valid in the leading logarithmic approximation, for th
differential cross section of diffractive dijet production b
nuclei:

ds~p1A→2 jet1A!~qt50!

dtdzd2k t

5
~11h2!

4p~2p!3 S E d2r t

db

b
expi ~kt•rt!

3~asp
2/3!E d2k1t$2xp~z,r t!

2exp@2 i ~r t•k1t!xp~z2b,r t!#

2exp@ i ~r t•k1t!xp~z1b,r t!#%

3
f A~x1 ,x2 ,bs,k1t

2 !

k1
2k2

2 D 2

, ~1!

where by definition r t is the transverse distanc
between the pion’s quark and anti-quark,xp(z,k t)/df(k t)
[*d2r texpi(kW t•rWt)x1,p(z,rt) and
5-3



lu

k

th

e

-
ig
is
e

te
he
rtu

to

in
tic
n
to

n

o
ub
e
c
rd

n-

in

c
-

y
I

tio

e,
s,
x-

li-
-
in

mi-
that
es

-

the

-
ce of

tion

ing
s
of

eral
re.

the

n
er-
a

s
c-
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x1GA~x1 ,x2 ,Q254k t
2!

5E
0

k t
2

d2k1tE
b0

1 db

b

f A~x1,x2,bs,l 2!k1t
2

k1
2k2

2

( f A can be denoted as the unintegrated skewed nuclear g
density!, ki are four momenta of two exchanged gluons~see
Fig. 1!, andk1t2k2t5qt .

Here df(k t
2) is the renormalization factor for the quar

Green functionSf(k) in the hard regime where

Sf~k!5
df~k2!

k̂
.

The quantity b0 is a complicated function involving the
transverse momenta of the quarks within the pion, and in
region giving the dominant contributionb0}k t

2/s. The quan-
tity h is the ratio of the real to imaginary part of th
qq̄-target scattering amplitude. In Eq.~1!, x(z,r t) includes
both the non-perturbativeqq̄ component and its high mo
mentum tail. This function therefore involves distances s
nificantly smaller than average hadronic inter-quark d
tances. The actual distances involved in the larg
contributions is one of subjects investigated here.

Equation~1! is derived in two steps. First we demonstra
the dominance of the Feynman diagrams of Fig. 1 and t
evaluate these diagrams. The factorization of the hard pe
bative QCD part, related to the pion wave function, andqq̄
pair arising from softer QCD, described by skewed par
distributions ~the dominance of the diagrams of Fig. 1! is
another form of the QCD factorization theorem derived
@16# for diffractive vector meson production in deep inelas
scattering~DIS!. The end point contribution—the Feynma
mechanism—(z}LQCD

2 /k t
2) is suppressed as compared

the leading term by a set of factors: one power of 1/k t
2 , the

square of the Sudakov-type form factor, by a form factorw2
~which accounts for the very small probability to find a pio
with q andq̄ at averagedistances without a gluon field! and
by the overlap integral with final state. A detailed analysis
the end point contribution will be subject of a separate p
lication. It follows from QCD factorization theorems that th
amplitude of hard processes can be represented as the
volution of the non-perturbative pion wave function and ha
amplitudeT. The virtualities of all particles in thes,u cuts of
the amplitudeT are large. Virtualities of those seemingly o
mass-shell particles are@LQCD

2 but !k t
2 . This is the con-

dition which dictates the dominance of perturbative tail
the pion wave function atk t

2→` but fixed x5k t
2/n. The

amplitudes having different topology are radiative corre
tions involving extra powers ofas . To elucidate the under
lining physics we shall prove the dominance of amplitudeT1
~see Fig. 1! by analyzing different contributions of man
diagrams. A more general proof will be given elsewhere.
the leading ln(Q2/LQCD

2 ) and ln(1/x) approximations the di-
pole description can be used to simplify the above equa
to the form
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ds~p1A→2 jet1A!~qt50!

dtdzd2k t

5
~11h2!

16p~2p!3FDS xp~z,k t!

df~k t
2! Dasp

2

3
x1GA~x1,x2,Q2!G2

.

~2!

wherexp(z,k t)[4pCF@as(k t
2)/k t

2#A3 f pz(12z), D is the
Laplacian ink t space,z is the fraction light-cone~1! mo-
mentum carried by the quark in the final stat
x1GA(x1 ,x2 ,k t

2) is the skewed gluon density of the nucleu
x1 ,x2 are the fractions of target momentum carried by e
changed gluons 1 and 2,x12x25M2 jet

2 /s, x2<x1, and h
5ReF/ImF ~with F as the dipole-nucleon scattering amp
tude!. Note that the resultingk t

28 dependence is a conse
quence of a kind of dimensional counting, as explained
Sec. II.

It is necessary to discuss the kinematic and dynamic li
tations of our analysis. We require high beam energies so
the point-like configuration remains small as it pass
through the nucleus, and we also require thatk t be large
enough so that theqq̄ pair actually be in a point-like con
figuration. This situation corresponds tok t

2/s being held
fixed for large values ofk t

2 . For the experiment of Ref.@14#
k t'2 GeV, and s51000 GeV2, so xN[2k t

2/s'.008.
There is another kinematic limit in whichk t

2 is fixed ands
goes tò . At sufficiently small values ofxN , less than about
1/2mNRA , the situation is very different because theqq̄ di-
pole system is scattered by the collective gluon field of
nucleus. Nuclear modifications~enhancement! of the nuclear
gluon density actually occurs at larger values ofxN corre-
sponding toxN;1/(2mNr NN);0.1 ~wherer NN;2 fm is the
mean inter-nucleon distance in nuclei@20–22#!. But for val-
ues such thatxN<1/2mNRA the nuclear gluon field is ex
pected to be shadowed, leading to a gradual disappearan
color transparency@at a fixed scale (k t

2)#. This is the onset of
perturbative color opacity@5,23,24#. At even smaller values
of xN a new phenomenon has been predicted—the viola
of the QCD factorization theorem@25#. Our present analysis
is not concerned with this region of extremely smallxN .
Another interesting phenomenon is the possibility of prob
the decomposition of quark distribution amplitude in term
of Gegenbauer polynomials at sufficiently large values
k t

2 .
Some general features of our analysis appear in sev

different sections, so it is worthwhile to discuss these he
The calculations of several amplitudes are simplified by
use of a general theorem. In the leading order in 1/k t

2 , the

interaction of theqq̄ occurs via the exchange of a two-gluo
ladder with the target. It is important to note that the int
action of theqq̄ pair with the target via the exchange of
larger number of gluons is suppressed by powers of 1/k t

2 .
The proof of this statement follows@16# and heavily uses
Ward identities.~To visualize the similarity with the situation
considered in Ref.@16#, it is instructive to neglect the effect
of the odderon contribution, which is in any case small. A
5-4
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COHERENT QCD PHENOMENA IN THE COHERENT . . . PHYSICAL REVIEW D 65 094015
counting for symmetry of amplitude on the transpositi
s↔u gives the possibility to consider the amplitude for t
processqq̄1T→p1T, and to repeat the reasoning of@16#
by parametrizing the momenta of exchanged gluons al
dijet total momentum.! The QCD factorization theorem@16#
predicts also that the interaction with the target viat-channel
exchange by aqq̄ pair ~which is expressed in terms of th
skewed quark distribution! is not small atx>0.1 and mod-
erate k t where gluon distribution is not large@16,26#. At
smallerx<1022 andk t

2>1.5 GeV2 where the gluon distri-
bution is large, as a result ofx andQ2 evolution, this term is
a small correction to the exchange of the two-gluon ladd
see Eq.~60!. So in this paper, we shall neglect this term. T
two gluons are vector particles~bosons! in a color singlet
state, so the dominant two-gluon exchange amplitude oc
in a channel which has positive charge and spatial parity,
is therefore even under crossing symmetry. Given this e
amplitude, and the condition that we consider high energ
n[2ppmN and fixed small values of the momentum trans
t to the target, we may use the dispersion relation over
variant energys at fixed t and fixed momenta of two jets t
reconstruct full amplitude via the amplitude cut over inte
mediate states ins andu channels. In the difference from th
amplitudes of hard diffractive meson production, the amp
tude for dijet production may have an imaginary part wh
varies withM2 jet

2 also. At the same time, within the approx
mations made here, the cut amplitude coincides with
imaginary part of the full amplitude. Furthermore, the re
tion discussed below makes it possible to reconstruct the
part of the amplitude from the imaginary part. For an amp
tude corresponding to a slowly growing total cross sect
(A}sa, a;1) the relation is@27#

ReA~n,t !

ImA~n,t !
5

p

2

]

] ln n
ln

ImA~n,t !

n
. ~3!

This means that we may simply calculate the imaginary p
of any contribution to the scattering amplitude, as a funct
of s andu, with the full amplitude obtainable from Eq.~3!.
Furthermore, the imaginary part of the scattering amplitu
ImA varies rather slowly withn, leading to a small value o
ReA/ImA. Thus ImA dominates in the sum of diagrams. Th
possibility of considering only the imaginary part of the sc
tering amplitude simplifies the calculations enormously. T
relevant intermediate states are almost on the energy-
~virtuality of quark, anti-quark, gluon!k t

2) and one can use
conservation of four-momentum to relate the momentum
the relevant intermediate states to that of the initial state

There is another enormous simplification which is rela
to the issue of gauge invariance. The pion wave function
not gauge invariant, but thes,u cut parts of the amplitude
p1g→JJ1g, for two gluons in a color singlet state, a
calculable in terms of amplitudes of sub-processes wh
only one gluon is off mass shell. For such amplitudes
Ward identities@28#—the conservation of color current—
have the same form as the conservation of electromagn
current in QED. In QED the current conservation ident
has long been used to simplify calculations of high ene
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reactions@6#. We will often use the Ward identities@28# to
extend the QED method to treat various contributions to
process. To be able to separate soft and hard scales one
to account for the cancellation of infrared divergences int
duced by using the light-cone gaugeA150 @44#. Instead of
accounting for this cancellation as in@44# we choose differ-
ent gauges for the description of parton distributions in
nucleon, and for the amplitude pion fragmentation. This
legitimate within the region of applicability of leading loga
rithmic approximations. Within the chosen gauge, the h
gluon exchange amplitude and fermion propagator have
infrared divergence. Note also that after demonstrating
factorization of the hard QCD amplitude from the soft QC
amplitude, we may and will approximate the soft part of t
pion wave function by a system of freeqq̄ @17#. However,
we stress that this approximation is dangerous for evalua
the pieces of amplitudes dominated by soft physics es
cially if propagators contain infrared divergences. In th
case, this approximation violates Ward identities and
energy-momentum conservation law.

Additional common features arise from considering t
relevant kinematics. In all of the two-gluon exchange d
grams we consider, Figs. 1–12, the target nucleon of m
mentump, emits a gluon of momentumk1 and absorbs one
of momentumk2. Conservation of four-momentum gives

k12k25p2p85pf2pp , ~4!

in which p8 and pf are the final momenta of the target an
the dijet. Taking the dot product of the above withpp , for
the large pion beam momentum relevant here, leads to
relation

x12x25
mf

22mp
2

2pp•p
5

mf
22mp

2

n
, ~5!

where

x1,2[
k1,2

1

p1
, ~6!

and wheremf is the mass of the final 2jet system:mf
5M2 jet . Within the parton model approximation

x2.0, ~7!

except the region of very smallx2—denoted the wee parto
region. In the parton model this condition follows from th
requirement that a parton knocked out of a nucleon should
kinematically separated from the rest of the target. Otherw
the amplitude should be suppressed by a power ofk t

2 @7#.
This suppression disappears at sufficiently high energies
which the parton wave function of a target develops w
partons.

Another important consequence of the positivity
‘‘mass2’’ of partons in intermediate states Eq.~7! is that the
fraction b of the pion’s ~1! momentum carried by ex
changed gluons should satisfy the condition

1.b.0, ~8!
5-5
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for our kinematics. The restrictionb}k t
2/n can be justified

within the leading ln 1/x approximation only.
The results~5!,~7!,~8! are significant because they will b

used in the evaluation of other diagrams. In particular
condition ~7! is not fulfilled for the diagrams in which the
transverse momenta of quarks within the pion wave funct
are significantly smaller than the observed transverse
menta of jets. This means that the quarks in the pion m
have very high transverse momentum to satisfy Eq.~7!. In
this case, the quarks are closely separated and we may
sider the configuration to be a point-like configuration. Su
a restriction is operative in the kinematics for which the t
get wave function has no wee partons, i.e. for sufficien
large xN . On the contrary, for sufficiently small values o
xN , the sign ofx2 becomes unimportant because the am
tude does not depend on the sign of wee parton momen

It is also worth emphasizing that the dominance of sm
size configurations in the projectile pion, so important to o
analysis, is closely related to the renormalizable nature
QCD. This renormalizability implies, as extensively di
cussed below, that the selection of large transverse mom
tum final-state jets leads to a selection of the large transv
momenta of the quarks in the pion wave function, and als
some increase of transverse momenta of the exchanged
ons.

One also needs to realize that the emissions in the in-s
and absorptions in the out-state combine in calculating
usual parton density to produce the renormalized parton d
sity. Thus it is necessary to guarantee suppression of g
radiation collinear to the pion direction in the initial, inte
mediate, and final states. Otherwise an exclusive process
be additionally suppressed by powers of the Sudakov-t
form factor. This is a stringent condition which suppress
the contribution of all other diagrams except that of Fig
because for small values ofxN , the time and longitudina
distance intervals@;1/(2mNxN)# are easily long enough to
accommodate the radiation of a gluon. If a pion is in a s
tially small quark-gluon component, collinear radiation
suppressed because color is highly localized in the pl
transverse to the pion momentum. As a result~similar to the
case of meson production by longitudinally polarized ph
tons! there is no Sudakov form factor type suppression
such processes@29#. Note also that according to the QC
factorization theorem a pion in a small size configurat
consists ofqq̄ pair accompanied by a coherent, relative
soft gluon field which follows the valence quarks witho
violation of coherence. This gluon field is included in th
skewed gluon distribution.

Consider now the impact of the above-mentioned con
tion for the interactions of a pion in a large size aqq̄ con-
figuration. Theq, q̄ and gluons which start off far apart mu
end up with a qq̄ pair close together in a final state witho
collinearly moving gluons. In this case, theq and q̄ must
undergo a high momentum transfer without emitting gluo
collinear to the pion direction. But such processes are w
known to be exponentially suppressed by double logarith
Sudakov-type form factors. Only in the case of a compactqq̄
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pair, of a transverse size commensurate with the virtuality
a gluon bremsstrahlung, would the gluon radiation be sm
A related suppression, evaluated in Sec. III, is the very sm

probability w2 of finding a pion withq and q̄ at average
distances without a gluon field, if the probe has a resolut
k t

2@LQCD
2 . Note that under these conditions, in the typic

parton configuration, gluons are experimentally observed
carry about;1/2 of the pion momentum. Another examp
is pion scattering by a high momentum gluon field of a t
get. In the intermediate state there should be a strong co
ear radiation along the pion direction because the co
charge strongly changes its direction of motion, and ther
no color charge nearby to compensate for this emission. T
is similar to the effect of filling a gap in the case of col
unconnected hard processes like Higgs production viagg
→H in hadron-hadron collisions@30#.

In considering hard exclusive processes, one needs to
dress the problem of the end point contributions—the
called Feynman mechanism. We find that due to the co
neutrality of the pion and the effect of target recoil, the a
plitude for this mechanism is suppressed by a factor}1/k2

as compared with that of the perturbative QCD mechani
The contribution of the Feynman mechanism is also s
pressed by powers of the Sudakov-type form factor and
the form factorw2.

In previous papers@5,17# we have emphasized that th
amplitude we computed in 1993 is calculable using pert
bative QCD. However, there are five other types of contrib
tions which occur at the same order ofas . The previous
term in which the interaction with the target gluons follow
the gluon-exchange in the pion wave function has been
noted byT1. However, the two gluons from the nuclear ta
get can also be annihilated by the exchanged gluon~color
current of the pion wave function!. This group of amplitudes
is denoted asT2. Another term in which the interaction with
the target gluons occur before the gluon exchange in
wave function of dijet has been denoted byT3. There are
also terms, denoted asT4, in which the interaction with the
target gluons spans the entire time between interactions
target gluons. This term corresponds to the interaction of
qq̄g configuration with target gluons. Still another amp
tude,T5, describes the interaction ofqq̄ dipole with a target
in non-leading order inasln kt

2/LQCD
2 .

Here is an outline of the remainder of this paper. Sect
II considers thek t

2 dependence of the Feynman diagrams a
selects Feynman diagrams having the minimal power of 1k t

2

at fixed values ofasln kt
2/LQCD in the lowest order inas . We

found that the processes where small sizeqq̄ configuration is
prepared before the scattering dominate diffractive dijet p
duction. Subtle features of the arguments are discusse
Sec. III, which is concerned with the role of selection
exclusive processes in the suppressing of the contributio
hard processes related to inter-quark transverse dista
@1/k t . All of the termsT225 are shown to be negligible in
the sense that they are smaller thanT1 by at least a power of
as or by a factor ofL2/k t

2 , or by powers of Sudakov-type
form factors and/or of a form factorw2, which is related to
5-6
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the probability of finding a normal-sizedqq̄ configuration of
the pion. At the end of this section we demonstrate that
contribution to highk t dijet production resulting from the
scattering of a large sizeqq̄ dipole by a large transvers
momentum ('k t) component of the target gluon field
suppressed at least by two powers of the Sudakov-type f
factor and by thew2 form factor. Together Secs. II and II
form the proof of the QCD factorization theorem for th
diffractive dijet production. Rather general arguments for
small nature of the amplitudesT225 provided in the Secs. II
and III are valid for the case of the photon projectile as w
This is because the contribution into the forward scatter
amplitude dijet production due to a direct photon coupling
light quarks is proportional to the bare mass of a quark an
therefore small@64,65#. In the case of a charm quark phot
production dominant term is given by a charm componen
the direct photon wave function.

Section IV is concerned with the evaluation of the dom
nant amplitudeT1, which has the form of the QCD factor
ization theorem in the leading order inas and all orders in
asln(kt

2rp
2). The analysis performed in Secs. II–IV shows th

the z dependence of the leading~over powers ofkt
2) term in

the amplitude of diffractive dijet production is given bas
cally by the factorz(12z). The nuclear dependence of th
amplitude, including a reassessment of the multip
scattering correction of@5#, and nuclear shadowing effects
discussed in Sec. V. Experimental aspects, including the
quirements for observing color transparency and the ext
tion of the coherent cross section, are discussed in Sec
There is an electromagnetic background term, which
comes increasingly more important ask t increases, in which
the exchange of a photon with the target is responsible
the diffractive dissociation of the pion. This process, wh
occurs on the nuclear periphery and is therefore autom
cally free of initial and final state interactions, is shown
Sec. VII to provide a correction of less than a few perc
contribution to the cross section at values ofk t ,s of the
experiment@14# but this correction rapidly decreases with
increase in the value ofk t . A discussion of the implications
of observing color transparency as well as a summary
assessment of the present work is provided in Sec. VIII.

II. SELECTION OF DOMINANT FEYNMAN DIAGRAMS
FOR pN\NJJ IN THE LEADING ORDER

OF as AND 1Õk t
2

The kinematic constraints due to the energy-momen
conservation play an important role in the evaluation of a
plitudes of diffractive processes. Therefore, we begin by
ducing the necessary kinematical relations and introduc
the light cone variables we use. Our interest is in the sca
ing at nearly forward angles. We denote momentum of
pion aspp , and that of the target asp. The three-momentum
of the nucleus in the final state ispf z'M2 jet

2 /2Ep5mNx.
The first relation is expressed in terms of the variables of
nuclear rest frame, and the second is in the variables o
finite momentum frame~IMF! of a nucleus wherex
5M2 jet

2 /n. The mass of the two jet system is given b
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2 5(mq

21k t
2)/z(12z)'k t

2/z(12z). We neglect the
mass of quarkmq as compared with the large jet momentu
k t . The quantityn52(ppp)/A is the invariant energy of
collision. Our notation is thatz represents the fraction of th
total longitudinal momentum of the beam pion carried by t
quark in the final state, and 12z the fraction carried by the
anti-quark. The transverse momenta are given bykW t and
2kW t . A is the number of nucleons in the nuclear target. O
interest is in the kinematics for which the final state nucle
remains intact. This means that minimal momentum tra

ferred to the nuclear target2tmin'pf ,z
2 should be small:

2tminRA
2/3!1, i.e., x!A3/mNRA'A21/3/3. Here RA

51.1A1/3 Fm is the nuclear radius. For small values o
2tminRA

2/3, the effect oftmin can be easily accounted fo
because any form factor of the target can be approximate
exptRA

2/6.
For large enough values ofk t , the result of the calcula-

tions can be represented in a form in which only theqq̄
components of the initial pion and final state wave functio
are relevant in Eq.~42!. See also the discussion at the beg
ning of Sec. III. This is because we are considering a coh
ent nuclear process which leads to a final state consistin
a quark and anti-quark moving at high relative transve
momentum. It is necessary to examine the various mom
tum scales that appear in this problem. The dominant n
perturbative component of the pion wave function carr
relative momenta~conjugate to the transverse separation
tween theq and q̄) of the order of pt;p/2/A2/3(2r p)
'300 MeV. This is much, much smaller than the final sta
transverse relative momenta, which must be greater t
about 2 GeV, the minimal value required to experimenta
define a jet. The immediate implication is that the no
perturbative pion wave function, which is approximately
Gaussian, cannot supply the necessary high relative
menta. These momenta can only arise from the exchang
a hard gluon, and this can be treated using perturbative Q

Restricting ourselves to Feynman diagrams having
leading power ofs,k t

2 ,as ~at fixed asln kt
2/LQCD

2 and/or
asln 1/x) and using a normal non-perturbative wave functi
which rapidly decreases with increase of the constitu
transverse momentum gives the possibility of regrouping
diagrams into blocks having a rather direct physical me
ing:

M~N!5~T11T21T31T41T5!. ~9!

Here the dominant termsT1 andT1b of Figs. 1 and 2 repre-
sent a type of impulse approximation, and we shall exam
them first. Next we evaluate the possible role of co
flow—of the interaction of target gluons with gluons e
changed between quarks in the pion wave function
amplitudeT2. This amplitude is also expressed through t
same pion wave function asT1. The termT3 corresponds to
the final state interaction between jets. This will be follow
by the discussion of the physical meaning of the other te
T4 ,T5 and the explanation of their smallness. At this po
and below we rely heavily on the fact that, ifas! 1 in the
leading asln kt

2/LQCD
2 and/or asln 1/x approximation, the
5-7
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L. FRANKFURT, G. A. MILLER, AND M. STRIKMAN PHYSICAL REVIEW D 65 094015
sum of dominant diagrams~but not each particular diagram!
has a ladder structure. In particular, various crossed diagr
which have a different form are needed to guarantee lo
gauge invariance for processes with large rapidity gaps,
to ensure the ladder structure of the sum of dominant
grams. To derive such a ladder structure of the sum, i
important to explore crossing symmetry and the posit
charge parity which follows from the dominance of th
t-channel exchange two-gluon state of vacuum quan
numbers. Accurate exploring of gauge invariance is nec
sary for proving the ladder structure of the sum of Feynm
diagrams. This structure makes it possible to include te
varying as ln 1/x and lnkt

2/LQCD
2 , related to conventiona

QCD evolution, in skewed parton distributions or in skew
unintegrated gluon densities. In addition, we need to ca
late the evolution of the pion wave function with transver
momentum and the interaction of gluons with this wa
function. So we shall first classify and calculate skele
diagrams, and then account for the QCD evolution.

A. Dimensional estimate of the initial state hard interaction

In our previous papers we investigated the termT1 of Fig.
1. QCD is a non-Abelian gauge theory in which an e
changed gluon may probe the flow of color within the pi
wave function. So in the leading order ofas , the require-
ments of gauge invariance mandates that we should con
also the related set of diagrams where an exchanged glu
attached to the exchanged gluon in theqq̄ component of the
pion wave function, see Fig. 2.

In the evaluation of the terms of Figs. 1 and 2, with co
flow we use Gribov’s observation@6# that, within the leading
asln(1/x) approximation, the polarization of gluons e
changed in the ladder is}p, wherep is the four-momentum
of the target. It is not difficult to show that the same glu
polarization dominates in the calculation of QCD evoluti
in the leading order in lnkt

2/LQCD
2 . It is also convenient to

use the fact that only one gluon is off its mass shell~in the
leading logarithmic approximation considered in the pap!.
This causes the equation that describes the conservatio
color current to have the same form as in QED. We sh
here that the use of QED-type Ward identities@28# ~allowed
in computing thes,u cuts of the diagram, as explained in th
Introduction! leads to the result that only the transverse co
ponents of the gluon momentak1 ,k2 enter in the final result
for the amplitudesT1a ,T1b . Momentum factors, related t
the contribution of the target gluons, are included by defi
tion in the skewed gluon distribution.

We examine the part ofT1a ,T1b that arises from the ex
change of the gluonk1 and that gives an on-shellqq̄ inter-
mediate state. The result is

T15T1a1T1b}Amn
p dmndm̃ñAm̃ñ

N
•••, ~10!

whereAp,N represents the gluon emission amplitude of
pion, nucleon anddmn arises from the propagator of the glu
ons emitted or absorbed by the target. At high energies,
gluon propagator can be represented as@6#
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dmn}
2pmpp

n

2pp•p
, ~11!

wherepm is the nucleon momentum, so that

T1a1T1b}
2Aml

p pmpl

2pp•p

2Am̄l̄
N

pm̄
p
pl̄

p

2pp•p
. ~12!

We will denote this presentation of the contribution of glu
exchanges as the Gribov representation because he wa
first to understand the dominance in the high energy p
cesses of gluon polarization}p, see@6#. Now we use the
current conservation,

Aml
p
•k1m50, ~13!

and employ Sudakov variables to describe the momen
k1:

k1
m5x1pm1bpp

n 1kt . ~14!

We can determine the quantitiesa,b by taking the dot prod-
uct of the above equation with eitherp or pp and neglecting
the relatively small factors of the square of the pion
nucleon mass. This gives

FIG. 1. A contribution toT1a . The high momentum componen
of the pion interacts with the two-gluon field of the target. T
displayed diagram occurs along with its version in which the gluo
are crossed. Furthermore, there are four diagrams for each
because each of the gluons can be absorbed or emitted by eithe
quark or anti-quark of the beam pion. Thus only a single diagram
the eight that contribute is shown.

FIG. 2. A contribution toT1b . The high momentum gluon cur
rent in the the pion wave function interacts with the two-gluon fie
of the target. The displayed diagram occurs along with its versio
which the gluons are crossed, for different attachments of gluon
the pion wave function. Thus only a single diagram of the eight t
contributes is shown.
5-8
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x15
k1•pp

p•pp
, ~15!

b5
k1•p

p•pp
. ~16!

Using these results in the current conservation relation~13!
leads to the relation

Aml
p
•pm52

b

x1
Aml

p
•ppm2

Aml
p
•k1tm

x1
. ~17!

The first and third terms of Eq.~17!, in difference from the
second, are proportional tos and therefore dominate over th
second@6#. Thus we find

Aml
p
•pm'2

Aml
p
•k1tm

x1
, ~18!

so that the exchange of the gluonk1 gives an amplitude~12!
proportional to the small transverse momentumk1t . The net
result of these considerations is that the contribution of
gauge invariant set of the diagrams including those of Fig
and 2 takes the form

T1a1T1b}
2Aml

p
•k1mtpl

~2k1•pp!
•••

2Am8l8
N

•pm8
p pl8

p

~2pp•p!
. ~19!

The same trick can be made with the second exchan
gluon:

T1a1T1b}
4Aml

p
•k1mtk2lt

~2k1•pp!~2k2•pp!
•••Am8l8

N
•pm8

p pl8
p .

~20!

The factors involvingkit will be absorbed into the definition
of the skewed gluon distribution of the nucleon. The use
result is in the denominator of Eqs.~19!,~20!, because

2ki•p5xis. ~21!

So

T1a1T1b}
4Aml

p
•k1mtk2lt

~x1n!~x2n!
•••Am8l8

N
•pm8

p pl8
p . ~22!

This formula in which the amplitude is expressed in terms
exchanges by transversely polarized gluons is the adjustm
to QCD of the Weizsacker-Williams~WW! method of
equivalent photons@31#, of the Gribov derivation of reggeon
calculus@6#, and of the Cheng-Wu impact parameter rep
sentation@32#. So below we will denote such a formula a
the Weizsacker-Williams representation of equivalent gluo
For the calculation of the dominant amplitudeT1, such a
trick is not very useful because effectivelyx2!x1. So in this
case we shall use the Gribov representation for the sec
exchanged gluon.

Let us first perform power counting for the sum of term
T1a1T1b within the Gribov representation for the amplitud
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The number of strongly virtual propagators in Fig. 1 is tw
and the number of large transverse momenta in the num
tor from the vertexes is two. An additional factor 1/k t

2 fol-
lows from the cancellation of the sum of leading diagra
because of the color neutrality of the pion. In the followin
we include the factoras /k t

2 as part of the high momentum
component of pion wave function. Slowly changing facto
such asas , ln x,ln(k2/LQCD

2 ) are included by definition in the
skewed gluon distributionxGA and into the pion wave func
tion. Finally we obtainT1a}asxp(z,k t

2)x1GA(x1 ,x2 ,k t
2)/

k t
2 . This result can be easily proved within the WW repr

sentation also. Note also that the comparison of the ab
result with the WW representation shows that the kinem
cal region aroundx2'0 gives a negligible contribution to
the integral overkit ,b,x1.

The contribution of the color exchange current—the te
T1b—is suppressed in the light-cone gauge as compare
T1a by a power ofk t . To estimate thekt dependence of the
diagrams, we shall use the WW representation of the gl
exchange between quarks in the initial pion and the tar
and the Gribov representation for gluon exchange with
target in the final state. Within this representation for the s
of diagrams, the cancellation between diagrams leading
the number of powers of 1/k t

2 is accounted for in a straight
forward way. So the contribution of energy denominato
gives 1/(k t

2)3. Additional 1/x1n}1/kt
2 as compared to the

product of gluon propagators is a result of cancellations
tween diagrams due to color neutrality of pion and final st
of two jets. Account of gluon momenta in the nominat
gives 0 when both gluons in the gluon color current in t
pion wave function are longitudinally polarized
(k1t) rpm,ppl,pgm,l

r 50. The contribution in the denominato
when one of the gluons in the gluon color current in the p
wave function is longitudinally polarized, while the second
transversely polarized, also vanishes. This is because
ward scattering cannot change helicity. The proof of t
statement follows from the combination of the light co
gauge condition,A250, and the fact that the leading powe
of s is given by the1 vertex for the interaction of a nuclea
gluon with a quark. Accounting for the color neutrality of th
pion wave function and of the wave function of the dijet fin
state as well as the antisymmetry of the three-gluon verte
also important.

The use of identity (k1t) rkm,tkl,tgm,l
r 50 helps to prove

that the leading contribution intoT1b is 0 when both gluons
in the gluon color current in the pion wave function a
transversely polarized. Herek1t is the transverse momentum
of a gluon exchanged with target andk t is the transverse
momentum of the jet.gm,l

r is the Yang-Mills three-gluon
vertex.

The physical meaning of the obtained result forT1a
1T1b is that the interaction of quarks in the pion wave fun
tion with the target gluon with a relatively low virtuality is
dominated by distances significantly larger than that
volved in the pion wave function, and by the target glu
interaction with external lines of the amplitude without
gluon. This is the generalization to QCD of a theorem prov
for QED by Low @33#.
5-9
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For completeness we present the result of the calcula
of Feynman diagrams forT1 in the leadingasln(kt

2/LQCD
2 )

approximation, where the integration over a fraction of pi
momentumb transfered to the target gluon by quarks in t
pion wave function is not performed. The derivation is rath
close to that in@34# because in the leadingasln(kt

2/LQCD
2 )

approximation the same polarization of target gluons do
nates as in the leadingasln(1/x) approximation. The de-
duced formula is actually very similar to the formula d
duced in@34# for hard diffractive vector meson productio
where in the leading ln(1/x) approximation the integral ove
the unintegrated gluon density is replaced in the final step
the gluon density. So we will not repeat the detailed eval
tion made in@34#.

The result is

T1 /n5E as@2@2x~z,kt
2!2x~z1b,kt

2!2x~z2b,kt
2!#

1D@x~z1b,kt
2!1x~z2b,kt

2!##
1

df~k t
2!

k1t
2

2

3F2~3!p2
db

b
d2k1t

f T

k1
2k2

2
. ~23!

Here D is the two-dimensionalkt space Laplacian operato
which acts on the pion wave function, f T

5Am,l
T k1t,mk1t,l /bn(2p)4. The first term of Eq.~23! is

small and we shall explain why we neglect it. The fac
1/df(k t

2) follows from the definition of the pion wave func
tion and from the definition of hard amplitude in terms
series over the powers of the running coupling constant.
amplitudeT1 can be simplified by using the leading ln(1/x)
approximation. In particular, one may express the amplit
in terms of the gluon distribution@34#. This gluon distribu-
tion is, however, different from the usual gluon distributio
determined from DIS processes because of the signifi
difference between the masses of the initial pion and fi
two jet systems. The necessary skewed gluon distributio
calculable for small values ofx as the solution of QCD evo
lution equation, using the ordinary diagonal gluon distrib
tion as the initial condition@11#. Here, in a fashion similar to
@34#, we approximatexG5*d2k1t(k1t

2 /k1
2k2

2)*b0

1 (db/b) f T ,

so that f T can be denoted the unintegrated gluon dens
Equation~23! is a version of Eq.~1!, in which the dipole
approximation„keeping terms of the orderr t

2 in the bracket
$22exp@2i(r t•k1t)#2exp@i(r t•k1t)#% in Eq. ~1!… is used.
This approximation is reasonable even if (kit r t) is compa-
rable or even larger than 1@cf. the discussion in@34# after
Eq. ~2.20!#. Another useful approximation involves the valu
of b appearing in the argument of the pion wave functio
The upper limit of integration overb is dictated by energy
conservation to beb<1. Forz;1 one gets a further restric
tion thatb<12z. But in the leading log(kt

2/LQCD
2 ) approxi-

mation, the condition for the region of integration inb is
more severe. It is given by the requirement that the con
bution of the target gluon longitudinal momentum into
propagator'bM2 jet

2 should satisfy conditionsbM2 jet
2 'k1t

2
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!M2jet
2 . Hence in Eq.~23! it is legitimate to neglectb in the

argument of the pion wave function, and to keep in Eq.~23!
the term}D only. The value of the lower limit of the inte
grationb>b0 is obtained from the energy conservation la
and from the QCD evolution which effectively suppress
the contribution of the regionk1

2/b0n;1.

Elastic interactions between highk tq and q̄ in the final
state may lead to an infrared contribution which is exac
canceled in the probability summed over the final state glu
radiation. It is important that the complete nature of fin
states allows the termT1 to account for the final state radia
tion and the space-time evolution of theqq̄ pair in the final
state. This phenomenon is a familiar feature of the theoret
analysis of the fragmentation of the small size wave pac
of e1ē→hadrons.

B. Meson color flow term—T2

TheT2 or meson color flow term of Fig. 3 arises from th
qq̄g intermediate state, or from the attachment of both tar
gluons to the exchanged gluon or to the exchanged gluon
the quark~anti-quark!. The diagrams of Fig. 3, considered
this section, have the same topology as the diagrams
cluded in the termT1 and therefore have the same power
LQCD

2 /k t
2 , and ln(1/x). In particular, they are included inT1

if l t
2!k t

2 . ~To visualize the relationship betweenT1 andT2 it
is useful to move down the point of attachment of targ
gluons to the gluon in the pion wave function in the diagra
Fig. 3.! In this case, a significant contribution may arise on
from the perturbative high momentum tail of the pion wa
function. The effects of the gluon-gluon interaction may th
be included as part of the target gluon distribution. In t
case when the square of the transverse momenta of the g
in the pion wave function is}k t

2 , this diagram can be con
sidered as a non-leading order correction~to the dipole-target
interaction cross section! in as at fixed values of
asln(kt

2/LQCD
2 ). In contrast with the termT2, the definition of

T1 contains a requirement that the transverse moment
gluons attached to quark lines should be much less thank t

2 ,
and that the pion wave function includes its perturbative t
For the terms of Fig. 3, the non-perturbative pion wave fu
tion cuts off large quark momenta in the pion wave functio
Thus gluonic transverse momenta are'k t

2 , but transverse
momenta of target gluons are still small:k i t

2 !k t
2 . The con-

tributions of other diagrams with an almost on-shellqq̄g
intermediate state, see Fig. 4, are not suppressed by a p
of LQCD

2 /k t
2 .

It is easy to calculate the sum of the termsT2a,2b in the
framework of the Gribov representation where the domin
contribution is given by the polarization of a target gluo
which is proportional to the target four-momentum. Mo
straightforward calculation is for the ratioT2 /T1 because in
this ratio all factors except thez dependence are cancele
out. Really quark-gluon vertexes when gluons are attache
quark ~anti-quark! lines in the pion wave function are th
same for the termsT1 ,T2. In the light cone gauge all factor
from the vertexes for the interaction of target gluons with
5-10
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gluon in the initial and final state wave functions are effe
tively the same as for a gluon interaction with quarks exc
for the Casimir operator of the color group in the octet a
the triplet representation. A subtle point of calculation is
evaluate thez dependence of this ratio. For certainty in th
evaluation of termT2 we assume that the nonperturbati
pion wave function is equal to the asymptotic one.

Thus the ratio is determined by the color content of co
flow in the pion wave function and the quark color and
the dependence of energy denominators on the fractio
pion momentum carried by quarks and gluons. So

T2

T1
5

F2~8!

F2~3!S 211
1

z~12z!
1

z

~12z!2 ln z

1
~12z!

z2 ln~12z! D . ~24!

HereF2( i ) ~for i 58,3! is the Casimir operator for octet an
triplet representations of color groupSU(3)c . The ratio
T2 /T1 is '0.5 for z51/2, remains nearly constant foruz
2.5u<0.3 and increases to 9/8 atz50,1. This term is addi-
tionally suppressed by the Sudakov-type form factor and
the form factorw2—see the discussion below.

C. Final state interaction of the qq̄ pair—T3

The interaction with the target gluons may occur befo
the interaction between quarks in the final state, and the
lated amplitudes are denoted asT3, see Figs. 5 and 6.

FIG. 3. Contribution toT2a of the qq̄g intermediate state. The
exchanged gluon interacts with with each of the target gluo
There is also a diagram in which the gluons from the target
crossed, and another two in which the exchanged gluon is em
by the anti-quark. Only a single diagram of the four that contrib
is shown.

FIG. 4. Contribution toT2b from the qq̄g intermediate state
The interaction of one target gluon field with an exchanged gluo
the intermediate states. There is also a diagram in which the glu
from the target are crossed, and another group in which the
changed gluon is emitted by the anti-quark. Only one of 16 d
grams that contribute is shown.
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The term T3a includes the effect of the final stateqq̄
interaction. Figure 6 includes the interaction of a target glu
with color flow in the wave function of final state.

We need to evaluate only thes2,u2 channel cuts of the
diagram@and use Eq.~3! to get any necessary real part#. It is
useful to definel t as the quark transverse momentum with
the pion wave function. Then there are two kinematic
gimes to consider. The first hasl t!k t , k1t!k t , and the sec-
ond l t

2;k1t
2 ;k t

2 . We consider the former regime first, as it
expected to be more important. In this case, we shall emp
conservation of the four-momentum to evaluatex2. Conser-
vation of the four-momentum can be used to relate the in
mediate state~denoted by the vertical dashed line, occurri
between the emission and the absorption of the gluons by
target in the diagram of Fig. 5@35#! of momentump̃ with
p̃2[m̃2 with the intermediate state. The mass of theqq̄ in-
termediate state is given by

m̃2'x1n2x1bn2k1t
2 ~25!

where b is the light cone fraction of the pion momentu
carried by an exchanged gluon:b52k1

2/pp
252k2

2/pp
2 .

Thus we arrive at the equation

x15
m̃21k1t

2

~12b!n
. ~26!

It follows from the requirement of positivity of energies o
all produced particles in the intermediate states that 0<b

<1. We can now calculatem̃2 directly in terms of the light
cone momenta of theqq̄ pair in the intermediate state:

m̃25S l t
2

z
1

~k1t2 l t!
2

12z2b D ~12b!2k1t
2 . ~27!

Combining Eqs.~25!,~27! we obtain

l t
2

z
1

~k1t2 l t!
2

12b2z
5x1n, ~28!

which, when using Eq.~5!, leads to

x15
1

n S l t
2

z
1

~k1t2 l t!
2

12b2z D 5
m2 jet

2

n
1x2 . ~29!

Therefore

x25
1

n S l t
2

z
1

~k1t2 l t!
2

12b2z
2

k t
2

z~12z!
D . ~30!

In order for the termT3a to compete withT1a we need to
have l t!k t , k1t!k t—otherwise T3a will be additionally
suppressed by the power ofk t

2 ,as . These kinematics caus
Eq. ~30! to yield the result2x2}k t

2/n.
This argument can be carried out for all combinations

diagrams represented by Fig. 5. For example, another att
ment of gluons, in which the gluonk1 is absorbed by the
quark, corresponds to interchangingz with 12z, and there-
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fore leads to the same result forx2. Evidently this result for
x2 is valid in the leadingasln kt

2/LQCD
2 approximation also.

Thus we consider the second situation:l t
2;k1t

2 ;k t
2 . In this

case, the initial pion wave function contains a hard qua
and we discuss hard radiative correction in the next orde
as . This is the typical situation in which there are extra ha
lines, as compared with the dominant terms, and one obt
a suppression factor;1/k t

2 which could be compensated b
the d2kt integral. However, this integral does not produ
ln kt

2/LQCD
2 because the region of integration is too narro

So this contribution is at most the non-leading-order~NLO!
correction overas . But we restrict ourselves by the leadin
order ~LO! contribution only.

The presence of color flow in the wave function of t
final state leads to the interaction of a target gluon with
gluon in the wave function of the final state; see Fig. 6. T
term is suppressed by an additional power of 1/k t

2 . The proof
of this statement repeats the same reasoning as that exp
ing the suppression of the termT1b . It heavily uses the WW
and the Gribov representations, discussed in Sec. II A,
the identities which follow from the antisymmetry of th
vertex for the three gluon interaction, the color neutrality
the pion wave function, and the dijet final state. In the de
vation it is helpful to use the observation that effective
ux2u}k t

2/n. Evidently similar reasoning is applicable in com
puting amplitudes to leading order inas and all orders in
asln kt

2/lt
2 .

Repeating the same reasoning as in the estimate of
terms of T1a ,T1b , and remembering that2x2'k t

2/n we
achieve the estimateT3}as

2x1GA(x1 ,x2 ,k t
2)/k t

4 . It is in-
structive to investigate whether the Feynman mechani
where the leading quark~anti-quark! carries a fraction of the
pion momentumz8 close to 1 but high momentum jets a
formed by the action of a final state interaction, may comp
with the PQCD description. In this case transverse mome
of constituentsl t in the pion wave function are expected
be equal to the mean transverse momenta of partons in
non-perturbative regime. For certainty let us model the Fe
man mechanism by assuming that recoil system is qu
~anti-quark! with momentum 12z8 close to 0. Within this
model we will obtain Feynman diagrams for the termT2, but
with the region of integration defined by the Feynm
mechanism. A simple dimensional evaluation of termT3 due
to the Feynman mechanism within the Gribov representa
shows that it is suppressed by the powers ofk t . The contri-
bution of the regionl t

2/(12z8)!M2 jet
2 has been considere

above—it is additionally suppressed for the Feynman mec
nism by the restriction of the region of integration overz8.
Thus our next discussion is restricted by the consideratio
the contribution of the region,l t

2/(12z8)>M2 jet
2 :

T3}
1

k t
2E cp~z8,l t

2!
1

Mint
2 2M2 jet

2

~ l t!
2

~12z8!
d2l tdz8. ~31!

In the above formulas we use the Brodsky-Lepage conv
tion for the definition of wave functions and retain term
maximally singular whenz8→1. Power counting is simple
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the factor l t
2/(12z8)k t

2 is from the gluon exchange in th
final state. The factorl t

2/(12z8) is singular whenz8→1. It
originates from the quark vertexes accompanying the pro
gator of the gluon exchanged in the wave function of fin
state. Here 1/(12z8) follows from a transition when a frac
tion of the pion momentum carried by a quark tends to
The factor M2(2 jet)2 l t

2/z8(12z8) in the denominator is
due the fermion propagator adjacent to the hard gluon
change in the wave function of the final state. HereMint

2

'(mrec
2 1 l t

2)/(12z8) is the mass of an intermediate stat
and mrec

2 is the invariant mass of the recoil system in t
Feynman mechanism. In the region of integration 12z8
! l t

2/M2 jet
2 one may neglect byM2(2 jet) in the denominator

as compared to l t
2/(12z8). So one obtains T2

}(1/k t
2)*cp(z8,l t

2)d2l tdz8. In this case, another factor o
1/k t

4 arises from the integration overz8. Hence we have
found that the Feynman mechanism is a higher twist corr
tion to the PQCD contribution. The Feynman mechanism
further suppressed by the requirement of a lack of collin
to pion momentum radiation—see the discussion below.

D. Gluon admixture to the wave functions of initial and final
states—T4

The Feynman diagram corresponding to Fig. 7 conta
the time ordering corresponding to theqq̄g configuration in
the pion wave function interacting with the quarks in t
final state. In taking the imaginary part of the amplitude, t
intermediate state must contain a hard on-shell quark an
hard on-shell gluon. But such a state cannot be produce
a soft almost on-shell quark in the initial state, so there is
additional suppression factor, caused by the rapid decrea
the non-perturbative pion wave function with increasi

FIG. 5. Contribution toT3a . The high momentum component o

the final qq̄ pair interacts with the two-gluon field of the targe
Only a single diagram of the eight that contribute is shown.

FIG. 6. Contribution toT3b . A gluon from the two-gluon field
of the target interacts with the high momentum component of

final qq̄ pair wave function. Only a single diagram of the eight th
contribute is shown.
5-12



m
ug
o
r

is

as

e

o

n

is

-
e
he
th
du
wo
t

ie

l o
na
c
at
e

r

n

n
ca

ig
ap
e

the
o-

of

ere
l
a-

r

e a
on-

n
is

COHERENT QCD PHENOMENA IN THE COHERENT . . . PHYSICAL REVIEW D 65 094015
quark virtuality. This factor is greater than a power ofk t
2 .

One may also consider the case when the transverse
menta of quarks in the pion wave function are large eno
to use PQCD. Then the large virtuality of the quark intr
duces a suppression factor of 1/k t

2l t
2 , with at least one powe

of 1/k t
2 arising from the quark line for the transitionq

→qg and another factor of 1/l t
2 arising from the pion wave

function. There are additional factors: 1/k t
2 arises from the

hard fermion line, and 1/k t
4 from the application of Ward

identities and the conditionx1n,x2n}k t
2 . A factor of k t

2l t
2 is

present in the numerator, withk t
2 originating from the verti-

ces in the WW representation andl t
2 from the integration

over quark momenta in the pion wave function. All in all th
amplitude is suppressed by the factorl t

2/(k t
2)3. Another case

occurs whenl t
2}k t

2 . Then this diagram will be suppressed
compared toT1 at least by one power ofas without the large
factor lnkt

2/LQCD
2 . But here we restrict ourselves to th

analysis of LO corrections.
Similar reasoning helps to prove that the contribution

diagrams in Fig. 6 is suppressed by a factorl t
2/k t

2 as com-
pared to that in Fig. 1. This is the power-type suppressio
the pion wave function is non-perturbative, and may be
NLO as correction if the perturbative high momentum tail
included in the pion wave function.

Another contribution toT4 arises from the sum of Feyn
man diagrams in which the gluon exchange between thq

and q̄ in the beam occurs during the interaction with t
target, see Figs. 8, 9, and 10. The naive expectation is
such terms, which amount to having a gluon exchanged
ing the very short interaction time characteristic of the t
gluon exchange process occurring at high energies, mus
very small indeed.

The intent of this section is to use the analytic propert
of the scattering amplitude to show thatT4 is negligible.
Instead of calculating the sum of the imaginary parts of al
the amplitudes, we will prove that this sum vanishes by a
lyzing analytic properties of the important diagrams. Ea
considered diagram contains a product of an intermedi
state quark and anti-quark propagator. At high energies, th
propagators are controlled by the terms of highest powe
x1 2p•pp5x1n, and ~as to be shown! have poles in the
complexx1 plane which are located on one side of the co
tour of integration. The sign of the term containing (n) in
each propagator unambiguously follows from the directio
of pion and target momenta. If we can show that the typi
integral is of the form

E dx1

1

~ax1n2a1 i e!~bx1n2b1 i e!
, a,b.0

~32!

the proof would be complete.
We now consider the Feynman graphs, starting with F

9. Once again we compute the imaginary part of the gr
and consider the intermediate state as being on the en
shell. The propagator for the line~a! has the factor
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~k11z8pp!22mq
25z8x1n1•••, ~33!

while that of the near-mass-shell line~b! is independent of
x1, because the quark momenta in the final state and in
pion wave function are not connected with the target m
mentum. The propagator of line~c! has the factor

~k21q1!22mq
25x2zn1•••5x1zn1•••. ~34!

Hereq1 is the momentum of the jet (z,k t) and••• denotes
the terms which are independent ofx1. The last equation is
obtained from using Eqs.~5!,~7!. The results~33!,~34! show
that the diagram of Fig. 9 takes on the mathematical form
the integral~32!. Thus this term vanishes.

We also consider the diagram of Fig. 10. In this case th
are three propagators~a!,~b!,~c! that have a term proportiona
to x1n, but the coefficients are not all positive. The propag
tor factor for line~a! is given by

~x1pp1k1!25x1z8n1•••, ~35!

while that of line~c! is given by

~k21q2!22mq
25x2~12z!n1•••5~12z!x1n1•••.

~36!

At the same time, the coefficient multiplyingx1 in the propa-
gator ~b! ~gluon production! has no definite sign. Thus fo

FIG. 7. A time ordering that contributes toT4. The qq̄g state
interacts with the target. Only a single diagram of the eight wher
gluon interacts with quarks in a pion fragmentation region that c
tribute is shown.

FIG. 8. A contribution toT4b . The target gluon absorbs a gluo
of pion wave function. Only one diagram of the eight that occur
shown.
5-13
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this diagram the integral overx1 does not vanish. The pres
ence of an additional gluon in the intermediate state me
that x1}x2. This and the use of the Weizsacker-William
representation allow us to conclude that this diagram is s
pressed by a power ofk t

2 as compared toT1. Similar logic
can be applied to any of the diagrams contributing toT4. The
physical idea that the intermediateqq̄ state does not live long
enough to exchange a gluon is realized in the ability to cl
the contour of integration in the upper half plane or in t
suppression by the power ofk t

2 . The analyticity of the scat-
tering amplitude in the upper half is a consequence of c
sality. Thus the physical and mathematical ideas behind
vanishing ofT4 are basically equivalent for all diagrams
high enough beam energies.

We conclude this section with a brief summary. We an
lyzed the leading diagrams for the pion dissociation into t
jets and found that the hard dynamics amplitudeT1 deter-
mines this process, with the initial state wave function de
mined by the hard gluon exchange diagram. In the next s
tion we shall show that amplitudesT2 ,T3 are strongly
suppressed by the requirement of the lack of radiation in
final state. This is because in the lowest order inas these
amplitudes correspond to the propagation of a nonpertu
tive qq̄ dipole or aq q̄ g tripole over large longitudinal dis
tances.

While we were revising the manuscript, a paper@36# ap-
peared which claimed that if one includes terms beyond
leading-logarithm approximation inasln x, factorization does
not hold and end-point singularities break collinear factori
tion. Our calculation shows that such problems are
present in the leading-order approximation which kee

FIG. 9. A contribution toT4c . The quark absorbs a gluon o
momentumk1, exchanges a gluon with the anti-quark, and th
emits a gluon of momentumk2. Only one diagram of the eight tha
occur is shown.

FIG. 10. Another contribution toT42T4d . The quark absorbs a
gluon of momentumk1, exchanges a gluon with the anti-quark, a
the anti-quark emits a gluon of momentumk2. Only one diagram of
the four that contribute is shown.
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terms leading order inasln(kt
2/LQCD

2 ). The use of our light
cone gauge, where asymptotics of the fermion propag
has no infrared singularities in the hard regime, makes
separation of scales—QCD factorization—rather straightf
ward. Moreover, in this gauge, terms; ln(1/x) in the hard
regime are related to the exchange by the gluon in the m
Regge kinematics only@6#. As a consequence of the QC
factorization theorem terms; ln(1/x) are included in the
structure functions of the target. On the contrary, if one u
the standard gaugeA150 or Feynman gauge, the cancell
tion of infrared singularities occurs if one includes the ren
malization factor arising from the hard Fermion propagat
cf. discussion in Ref.@44#. Taking these terms together, th
resulting amplitude contains no end-point singularity, and
factorization holds.

III. POST-SELECTION OF THE PROJECTILE WAVE
FUNCTION BY FIXING THE FINAL STATE

A specific feature of the processes considered here is
the restriction on the composition of the final state selec
rather specific initial configuration of the projectile hadro
Following Nussinov@66# we denote such measurements
post-selection. In our case, the initial and final state wa
functions are built at large longitudinal distances}1/2mNx,
so there is plenty of time for radiation to occur. But o
definition of the final state forbids radiation collinear to th
direction of pion momentum. In particular, the relation b
tween the transverse momentum of jetk t and the mass of the
diffractively produced system,M2(2 jet)5k t

2/z(12z), is

natural only for aqq̄ final state. Thus any contribution due t
processes for which such radiation is kinematically and
namically permitted must be suppressed by the powers
Sudakov-type form factors and by aw2 form factor. The first
step is to analyze how the trigger for the two jet state restr
the composition of the final state.

A. Three jet production

A question arises1 whether the trigger used in Ref.@14#

allows the separation of production by aqq̄ state from the
production by aqq̄g state~and more complicated states co
taining relatively soft partons! as the source of the observe
dijets, and whether the presence of such states may ch
the k t dependence of cross section. Such states are cert
important in inclusive diffraction in deep inelastic scatteri
~DIS! at the DESYep collider HERA. A typical diagram
corresponding to such a process is presented in Fig. 11.

An analysis of kinematics shows that the virtuality of th
gluon interacting with the target is'2(12zg)M2 jet

2

1ktg
2 /zg wherezg is the fraction of the pion momentum ca

ried by a gluon in the final state andktg is its transverse
momentum, and as usual, the mass of the final dijet syste
given by mf

25M2 jet
2 5k t

2/z(12z). The mass of aqq̄g sys-
tem in the final state is given byM3 jet

2 5(M2 jet
2 1ktg

2 )/(1

1We thank J. Bjorken and D. Soper for asking this question.
5-14
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2zg)1ktg
2 /zg . If zg<ktg

2 /M2 jet
2 then M3 jet

2 >2M2 jet
2 , and

therefore theqq̄g state is distinguishable from the two-je
state by the relation betweenk t

2 and the total mass. In thi
kinematics, the cross section depends onk t as
as(kt

2)3@(as(ktg
2 )x1G(x1 ,x2 ,kt

2))2/kt
8#. Beyond this kine-

matics, the cross section is additionally suppressed by
factor}(zgM2 jet

2 )22. Thus a contribution of such configura
tions is either dynamically suppressed, or distinguisha
from the contribution of aqq̄ configuration. Note also tha
the fact thatktg is small would not lead to the cancellation
needed for color transparency phenomenon to occur,
therefore theA dependence would differ from what is ob
served.

It is important to be able to distinguish dijet productio
from the soft diffraction into a hadronic state having a to
mass Mdi f f

2 and containing leading twist dijet productio
with massM2 jet

2 . EvidentlyM2 jet
2 <Mdi f f

2 . The cross section
of such diffractive processes are often described as the
diffractive mechanism of Ingelman-Schlein@37#. In this
mechanism one considers a hard scattering of a parton
longing to the projectilep with a light-cone fractionxp off a
parton belonging to a diffractive parton density~effective
Pomeron! with a light-cone fractionbxP .

Here 12xP is the nucleon momentum in the final state,
@37#. It follows from the above definitions and energ
momentum conservation law thatR21[M2 jet

2 /Mdi f f
2 5xpb.

ThusR21 is the fraction of the total mass of the diffractiv
state carried by two jets. We are interested in the paper in
limit when the mass of a diffractively produced hadron
state is carried mostly by 2 jets, i.e. whenR[R0;1. In this
case the cross section for the production of dijets withR
>R0 ~whereR0 being close to 1 is determined by the acc
racy of measuring a fraction of the pion momentum carr
by two jets! is

ds

dk2 }
1

Mdi f f
2

k24E
R0

1

dxpE
R0 /xp

1

db~12xp!2f P~b!.

~37!

Here a factork24 is the usualk dependence of the cros
section of the hard two parton collision, 1/Mdi f f

2 is the usual
Pomeron flux factor, the factor (12xp)2 is the parametriza-
tion of the parton density in the pion atxp→1, andf P(b) is
the diffractive structure function. Takingf P(b)}(12b) for

FIG. 11. A typical diagram corresponding to the production o

large massqq̄g state.
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b→1 ~see, e.g. @38#! we obtain ds/dk2(R>R0)}(1
2R0)5/k6. The factor (12R0)3 arises from the integration
overxp and the factor (12R0)2 is from the integration over
b. The additional factor 1/k t

2 is because in the discusse
regionMdi f f

2 'M2 jet
2 . There is also a contribution of the co

herent Pomeron@39# corresponding tob51. It leads to a
similar suppression as a function ofR0 :}(12R0)4.

Hence we conclude that the importance of the discus
leading twist mechanism as compared to the the exclu
dijet production term which is}k28 depends on the degre
of exclusiveness of the experiment. The experiment@14# im-
poses the condition thatM2 jet

2 5Mdi f f
2 . Such a selection

should have been rather efficient since due to the accept
of the detector a condition was imposed that all produc
pions should have momenta larger than a minimal one.

B. Suppression of the final state interaction

Let us consider the important consequences of the for
lated above restrictions on the composition of the final sta
The existence of the termT3 displayed in Fig. 5 caused
Jennings and Miller@40# to worry that the value ofMN
might be severely reduced due to a nearly complete can
lation. However, we shall explain here that this term as w
as the termT2 are strongly suppressed in QCD as compa
to the naive PQCD calculation explained in Sec. II. Th
suppression is the only way to resolve an evident contra
tion: the kinematic restriction on the final state discuss
above forbids radiation collinear to the pion momentum, b
such radiation naturally arises in a hard collision, or from t
presence of a significant gluon admixture in the no
perturbative pion wave function when nonperturbativeqq̄
and more complicated configurations propagate large and
creasing with energy longitudinal distances. It is conveni
to represent this suppression as a product of two factorsw
5w1w2. The first factor accounts for the well understoo
suppression of the collinear initial state radiation in the sc
tering of a target gluon off a lowkt quark. Remember that by
definition a non-perturbative pion wave function does n
include a PQCD high momentum tail. Accounting for the L
QCD evolution will not change this conclusion in the L
approximation over parameterasln(kt

2/LQCD
2 ). In the case of

the amplitudeT3 the diagrams where the hard gluon e
change is present both in the initial and the final states
potentially dangerous. However, this contribution intoT3 is
suppressed by the power ofas as compared to the amplitud
T1. Similar radiation is permitted for the processes describ
by the amplitudeT3 because tripoleqq̄g propagates large
longitudinal distances. This radiation in the direction of pi
momentum carries a finite fraction of pion momentum whi
is significantly larger than that for wee hadrons which a
products of the jet fragmentation. These wee hadrons c
} f ew mp /M (2 jet) fraction of pion momentum. Thew1
form factor suppression for the amplitudeT3 is given by the
square of Sudakov-type form factor:S2(k t

2/ l t
2); one form

factor arises for each collision with a target gluon. Herel t is
the transverse momentum of a quark within the no
perturbative pion wave function. This form factor is a squa
5-15
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root of the form factor of quark@41# because the radiation o
gluons off the final quark is included in the definition of th
final state. In the light cone gauge,

w15S2~k t
2/ l t

2!5expS 24/3
as

4p
ln2k t

2/ l t
2D , ~38!

2where, using the leading logarithmic approximation, we
placedk1t by k t in the argument of the Sudakov form facto
Recall that the form factorS2 is exactly the Sudakov form
factor which enters in the Dokshitzer-Gribov-Lipato
Altarelli-Parisi evolution equations as a coefficient of t
d(x21) term, see the discussion in Ref.@42#.

The w1 form factor should be practically the same f
both amplitudesT2 andT3. This is because of the total tran
verse momentum of the system of highkt quark ~antiquark!
1 high kt gluon in the amplitudeT3 is small and controlled
by the non-perturbative pion wave function. Therefore in
collision with a target gluon this quark~antiquark!–gluon
system radiates in the direction of pion momentum a
single quark~antiquark!.

The second suppression factor,w2, accounts for the de
pendence of the form of the effective QCD Lagrangian a
appropriate degrees of freedom on the resolution. As a re
of partial conservation of axial currentf p is independent on
the resolution invariant on renormalization group transf
mations. At the same time important degrees of freedom
pend on the resolution: dominant degrees of freedom in h
processes are bare quarks. On the contrary, in the
perturbative regime because of the effects of spontaneo
broken chiral symmetry dominant degrees of freedom
constituent quarks, pseudogoldstone modes—pions, var
by
n

n
e
-

im
a
h

uc
-
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condensates of quarks, gluon fields, etc. Remember tha
the average-sized configuration of a hadron, approxima
half of the pion momenta is carried by gluons.~Within a
constituent quark model renormalizability of QCD is usua
accounted for by introducing effective mass and effect
interaction for the constituent quarks andf p is calculated in
these models in terms of the constituent but not b
quarks—for the recent discussion see@47#. The evaluation of
f p within a bag model should include a prescription how
treat the non-perturbative volume energy density-bag s
face. Within the Weizecker-Williams approximation this e
ergy is equivalent to the gluon cloud in the light cone wa
function of a pion.!

In the case of interaction of local currentf p is calculable
in terms of the distribution of bare quarks which accounts
both non-perturbative and perturbative effects@44#. In this
case the suppression factorw2 tends to one fork0

2→` since
in this case only short distance perturbative degrees of f
dom survive. So amplitudeT1 contain no additional suppres
sion factorw2. On the contrary in the amplitudesT2 ,T3 the
structure of constituents in the non-perturbative pion dis
bution is resolved as a result of a large time interval betw
two consequent hard collisions of pion constituents off tar
gluons. A hard collision of the pion’s constituents with targ
gluons@with momentum transfer (k0

2!k2)# frees some glu-
ons from the pion wave function, and emitted radiation
collinear to the pion momentum. This radiation is, howev
forbidden by the restriction on the final states discus
above. Thus the selection of a component of the pion w
function of a size determined by non-perturbative QC
leads to an additional factorw2 which suppresses this con
tribution to the scattering amplitude.

We may estimate the factorw2 using models as follows:
w25

E
0

1

dz1E
0

1

dz2~12z12z2!nu~d211z11z2!u~12z12z2!

E
0,1

dz1dz2~12z12z2!nu~12z12z2!

5~n12!~d!n11. ~39!
a

ve
that

mo-

e’’
n-

of
-

Herez1,2 are the fractions of the pion momentum carried
jets in the final state, andd is the experimental uncertainty i
the fraction of pion momentum carried by highk t dijets.
Within the democratic chain approximation, which reaso
ably describes theQ2 andx dependencies of hard exclusiv
processes, the value ofn51 for the component which con

tainsqq̄ and a valence gluon. Another estimate ofn can be
obtained in the constituent quark model assuming, for s
plicity, that each constituent quark consists of a bare qu
and one gluon. In this case we are effectively dealing wit
four particle system and hencen>2. The factorw2 gives a
significant numerical suppression for all the models. No s
suppression appears in the amplitudeT1 because the radia
-

-
rk
a

h

tion of a gluon with small transverse momentum from
highly localized~e.g. size 1/k t) color-neutral quark configu-
ration is suppressed by a power ofk t

2 . ~Note that in the case
of the final state interaction, the non-perturbative pion wa
enters at 0 inter-quark transverse distances. This means
gluon radiation with transverse momenta,ktg

2 < l t
2 , should be

suppressed. For gluon radiation with larger transverse
menta there is no restriction.! AmplitudesT2 ,T3 correspond
to the propagation at large longitudinal distances of ‘‘larg
size qq̄ pair whose transverse size is controlled by a no
perturbative pion wave function. The net result of all
this is that amplitudesT2 ,T3 and Figs. 3, 5, 6 can be ne
glected and we shall therefore ignore the amplitudesT2 ,T3.
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We also observe that the contribution of Feynman d
grams in which the skewed distribution is modeled by
scattering of an on-shell quark or gluon is suppressed e
further by the square of the Sudakov form factor, in addit
to form factorsw1 ,w2.

C. Non-leading order approximation to the dipole-target
interaction

In the previous section we used the leadingasln kt
2/LQCD

2

approximation~for the casek1,2t
2 !k t

2) to estimate diagrams
To go beyond this, one should take into account the con
bution of the regionki ,t

2 'k t
2 to obtain theqq̄ dipole-target

interaction. The related contribution to dijet production
denoted asT5. To some extent this contribution has be
discussed above, in relation to the amplitudeT4. For the
amplitudeT5, quarks in the wave function of the initial pio
have small transverse momental t , and there is no hard in
teraction between theq andq̄ in the initial or final states, see
Fig. 12. Let us outline various phenomena relevant for
smallness of this contribution as compared toT1.

~1! The amplitudes given by diagram Fig. 12 correspo
to two hard collisions occurring at the different space-tim
points where color abruptly changes the direction of its m
tion. The longitudinal distances~time interval! between both
hard collisions are large,'2Ep /k t

2 , so that the emission o
gluon radiation is permitted. The difference in impact para
eters characterizing both hard collisions is'p/2l t , wherel t
is the transverse momentum of quarks in the n
perturbative pion wave function. Thus collinear gluon rad
tion in both collisions is not canceled, and forward glu
bremsstrahlung~precluded inT1 by the localization of color
in transverse space! occurs. Such radiation effects are pr
cluded by our choice of final states for which radiation c
linear to pion momentum is absent. Thus the ratioT5 /T1 is
suppressed~as explained in Sec. III B! by the square of a
Sudakov-type form factor: S2(k t

2/ l t
2)5exp

(24/3as/4p ln2k1t
2 /lt

2). Including the effects of the Sudakov
type form factor leads to an increase of the effective valul t
with an increase ofk1t , and therefore will change kinematic
of this diagram in the direction to that for the termT1.

~2! Final states with additional gluons collinear to pio
momentum are initiated by the components of the pion w
function which are close to the average. The significant pr
ability for such processes follows from the fact that the g
ons carry;1/2 of the pion momentum. Thus the selection
the component of a pion wave function of average size,
having no gluons, leads again to the appearance of the a
tional suppression factorw2.

FIG. 12. T5, hard color flaw diagram.
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~3! As the consequence of the rapid decrease of the n
perturbative pion wave function withl t

2 for the diagrams of
Fig. 12, the target gluon actually has a negative value ofx2.
To see this, we apply Eq.~30! to the situation when the
transverse momenta of quarks in the initial statel t are much
smaller thank t , so thatk1t;k t , k2t;2k t . In this case

x25
1

n F k t
2

12b2z
2

k t
2

z~12z!
G . ~40!

Here b is the fraction of the pion momentum carried by
target gluon. To satisfy the conditionx2.0 one needs

12z.b.~12z!2, or z.b.z2. ~41!

This condition cannot be satisfied within the leading log(1x)
approximation whereb!1. Moreover, Eq.~40! implies that
2x2n}k t

2 , except for a narrow interval inb near b5(1
2z)2. The contribution of this narrow interval is suppress
by the small length of this interval.~The end pointz;0, z
;1 contributions are suppressed by the pion wave functio!
In the non-perturbative regime—within the parton model
the contribution of thex2<0 region cannot be expressed
terms of the unintegrated gluon density, and it is suppres
by the power of 1/k t

2 @7#. On the contrary, within the leading
log(1/x) approximation such a strong suppression is sub
tuted by a slower one whose value depends on the ratio ok t

2

to the square of the mass of the recoil system~the wave
function of a target where a highk t gluon is removed!. This
ratio isk t

2/bn. Evidently, the contribution of smallb is sup-
pressed by the rapid decrease of the structure function
k t

2 . This cutoff is significantly stronger than that for the ter
T1 because of smaller transverse momenta of target gluo

Thus we conclude that the selection of the final state le
ing to the post-selection of the initial state shows that
approximation of having a point-like pionic configuration
the final state should be valid even beyond the leading o
approximation used in this paper. Therefore formulas rep
senting a hard process as the convolution of a pion w
function with the interaction cross section@5# should be valid
beyond the LO approximation.

It has been suggested in@43# that gluon scattering off
on-mass shell quarks and gluons in the target wave funct
see Fig. 12, is the dominant process for the diffractive d
production by a nuclear target. We explained above tha
QCD this amplitude is suppressed as compared to the t
T1 by the product of the square of Sudakov-type form fact
and the form factorw2. So we will neglect now and foreve
the amplitudes presented in Fig. 12.

IV. AMPLITUDE FOR pN\NJJ EVALUATION
OF THE DOMINANT TERM

Let us consider the forward (t5tmin'0) amplitude,M,
for coherent dijet production on a nucleonpN→NJJ @5#:

M~N!5^ f ~k t ,z!,N8u f̂ up,N&, ~42!
5-17
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where f̂ represents the interaction with the target nucle
The initial up& and finalu f (k t ,z)& states represent the phys
cal states which generally involve all manner of multi-qua
and gluon components. For large enough values ofk t , the
result of calculations can be represented in a form in wh
only theqq̄ components of the initial pion are relevant in E
~42!. This is because we are considering a coherent nuc
process which leads to a final state consisting of a quark
anti-quark moving at high relative transverse momentum

We showed above that the dominant~in powers ofs and
k t

2) Feynman diagrams will be expressed in terms of
light-cone wave function of the pion. We therefore begin
calculating the high transverse momentum component of
pion wave function. The non-perturbative component of
light cone pion wave function is represented byup&, and the
high momentum components can be treated as arising f
the following approximate equation@44#:

upqq̄&5G0Ve f fup&, ~43!

whereG0(pt ,y) is the non-interactingqq̄ Green’s function
for pt

2@mq
2 ,mp

2

^pt ,yuG0upt8 ,y8&5
d (2)~pt2pt8!d~y2y8!

2
pt

2

y~12y!

, ~44!

in which mq represents the quark mass,y and y8 represent
the fraction of the longitudinal momentum carried by t
quark; and the relative transverse momentum between
quark and anti-quark ispt . The complete effective interac
tion, obtainable in principle from PQCD, implicitly include
the effects of all Fock-space configurations.

The evaluation of the graphs corresponding to Fig. 1 c
sists of two parts. As a first step, the Feynman diagram
Fig. 1 can be rewritten as a product of a high moment
component of a light cone pion wave function with the a
plitude for the scattering of a quark–anti-quark dipole by
target. So, we need to know the relevant part of the p
wave function. Secondly, we need to determine the inte
tion with the target~here with the gluon field of the targe!
which causes the pion to dissociate into aqq̄.

A. High momentum component of the light cone pion wave
function2

The full wave functionup& is dominated by component
in which the separation between the constituents is of
order of the diameter of the physical pion. But there is
perturbative tail in momentum space which accounts for
short distance part of the pion wave function. This tail is
dominant importance here because we take the overlap
a final state constructed from constituents moving at h
relative momentum. It is therefore reasonable to start

2An early version of this subsection which did not include ren
malization effects appeared in Ref.@17#.
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considerations from the one gluon exchange contributionVg,
and use the light cone gaugeppm8 Am50 and the Brodsky-
Lepage @44# normalization and phase-space conventio
Herepp8 5pp2c•pN wherec is determined from the condi
tion pp8

250. Evidently for sufficiently high energies of pio
projectiles such a gauge will almost coincide with the gau

A250 and therefore the Wilson line operator betweenqq̄
pair: exp(i*Amdxm)'exp(i*Atdxt). Thus in the target res
frame, at the light cone wherex250 the Wilson line opera-
tor does not produce additional gluons in spite of the la
and increasing with energy longitudinal distancesx1 . The
wave functionx(kt ,x) is gauge invariant because it depen
on transverse, i.e. on physical degrees of freedom.~On the

contrary, in the Feynman gauge theqq̄ pair evolves into a
many particle state because of the Wilson line operator. S
calculation in the Feynman gauge should include the ev
ation of the form factor which guarantees dominance of
two particle final state.! Another advantage of the gauge ch
sen in the paper is that the amplitude for hard gluon
change has no infrared divergences and therefore the se
tion between large and small distances is straightforwa
~On the contrary in the gaugeA150 the amplitude for hard
gluon exchange is infrared divergent. The divergent con
bution is, however, exactly canceled out with that in the f
mion propagator in this gauge, cf.@44#.! The chosen gauge i
convenient to evaluate the high momentum component of
pion wave function. For the evaluation of the parton dist
bution within a nucleon another gauge is more appropria
This mismatch does not introduce, however, additional pr
lems because the factorization theorem justifies the poss
ity to choose independently the gauges for the amplitude
pion fragmentation into jets and for the parton distributi
within a nucleon. The perturbative tail is obtained as t
result of the one gluon exchange interaction acting on
soft part of the momentum space wave function, defined

c~ l t ,y![^ l t ,yup&qq̄ . ~45!

By definition, c is dominated by its non-perturbative low
momentum components. However, the amplitude we co
pute depends on the high momentum tail,x. For this com-
ponent, perturbation theory is applicable and we use the o
gluon exchange approximation to the exactqq̄ wave function
of Eq. ~45! to obtainx, valid for large values ofk t , as

x.~kt ,x!524pCF

1

Fmp
2 2

kt
21mq

2

x~12x!
G

3E
0

1

dyE d2l t

2~2p!3 Vg~kt ,x; l t ,y!c~ l t ,y!

~46!

with
-

5-18
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Vg~kt ,x; l t ,y!

5as

ū~x,kt!

Ax
gm

u~y,l t!

Ay

v̄~12x,2kt!

A12x

3gn

v~12y,2 l t!

A12y
dmn

3F u~y2x!

y2x

1

mp
2 2

kt
21mq

2

x
2

l t
21mq

2

12y
2

~kt2 l t!
2

y2x

1~x→12x, y→12y!G , ~47!

whereCF5(nc
221)/2nc5 4

3 , anddmn is the projection opera
tor of the gluon propagator evaluated in the light cone ga
defined above:dm,n5dm,n2@pm8 (p)kn1kmpn8(p)#/(pp8 k).
Herek is the gluon four-momentum. The range of integrati
over l t is restricted by the non-perturbative pion wave fun
tion c.

Then in the evaluation ofVg we setmq and l t to 0 every-
where in the spinors and energy denominators. This is le
mate because of a lack of infrared divergences in the am
tude of hard process@17#.

Thus

Vg~kt ,x; l t ,y!'
as~kt

2!

x~12x!y~12y!
V~x,y!, ~48!

where in the lowest order over coupling constantas but
keeping leading power ofkt

2 :

V~x,y!52$@u~y2x!x~12y!1u~y2x!#

1~x→12x,y→12y!%. ~49!

We want to draw attention that in the gauge chosen in
paper the dominant contribution arises from the compone
of gluon propagator transverse to the directions of pion
nucleon four momenta.

The net result for the highkt component of the pion wave
function is then

x~kt ,x!5
4p 2CFas~kt

2!

kt
2 E

0

1

dyV~x,y!
f~y,kt

2!

y~12y!
, ~50!

where nonperturbative support

f~y,kt
2![E d2l t

2~2p!3 u~kt
22 l t

2!c~ l t ,y!. ~51!

The analysis of experimental data for virtual Compt
scattering and the pion form factor performed in@46,47#
shows that this amplitude is not far from the asymptotic o
@45# for kt

2>223 GeV2,
09401
e
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f~kt
2→`,y!5a0y~12y!, ~52!

wherea05A3 f p with f p'93 MeV.
Equation~50! represents the high relative momentum p

of the pion wave function in the lowest order of PQCD wh
running of the coupling constant is neglected. Using
asymptotic function~52! in Eq. ~50! leads to an expressio
for x(kt ,x)}x(12x)/kt

2

x~kt ,x!5
4pCFas~kt

2!

kt
2 a0x~12x!. ~53!

The next step is to use the renormalization invariance
theory to include thekt dependence of the coupling con
stant:

as~kt
2!5

4p

b ln
kt

2

L2

, ~54!

with b5112 2
3 nf . This can be easily done similar to@44#

where the relationship betweenf(Q2,x) and x(kt ,x) and
QCD evolution equation forf(Q2,x) have been deduced.

The quark distribution functionf(x,Q2)—the amplitude
for finding constituents with longitudinal momentumx in the
pion which are collinear up to the scaleQ2 is @44#

f~x,Q2!5S 1

df~Q2! D E0

Q2

x~kt
2 ,x!

dkt
2

16p2. ~55!

The factor 1/df(Q
2)5@ ln(Q2)/LQCD

2 #2gF /b arises from vertex
and self-energy corrections.@By definition the running cou-
pling constant includes the renormalization factor of the f
mion propagator. Such a renormalization factor is absen
the definition ofx(kt ,x).# One of advantages of the gaug
chosen in this paper is thatgF ,

gF5CF , ~56!

has no infrared divergences in difference from@44# where
gaugeA1 has been chosen. Calculations are significan
simplified because the dominant contribution is given
transverse gluon polarizations only. The evolution equat
for f(x,Q2) gives @44,45#

f~x,Q!5x~12x! (
n50

`

anCn~122x!S lnQ2

LQCD
2 D 2gn

,

~57!

where gn5(CF /b)$12@2/(n11)(n12)#14(k52

k5n111/k%,

andCn(122x) are Gegenbauer polynomials. Coefficientsan
are the subject of discussions in the literature and they ca
estimated within the current models. The above equa
makes it possible to calculate the highkt behavior ofx(kt ,x)
as
5-19
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x~kt
25Q2,x!

16p2 5

dFf~x,Q!S ln
Q2

LQCD
2 D gF /bG

dQ2
. ~58!

Thus thez,k t dependence of the cross section for the diffra
tive dijet production should be sensitive at moderately la
kt to the terms involving Gegenbauer polynomials of t
order greater than 0 in the pion wave function ifan are
sufficiently large. The process of the photoproduction of j
at HERA will be appropriate for this purpose.

It follows from the above equation that the asympto
wave function is as follows:

x~kt ,x!5
4pCFas~kt

2!

kt
2 a0x~12x!S ln

Q2

LQCD
2 D CF /b

.

~59!

Thus QCD predicts the dependence ofx(kt ,x) to be of the
form used in Ref.@5#.

B. Interaction with the target

To compute the amplitudeT1 it is necessary to specify th
scattering operatorf̂ . We will fix the transverse recoil mo
mentum of the target at zero to simplify the discussion. T
transverse distance operatorbW 5(bW q2bW q̄) is canonically con-
jugate tokW t . At sufficiently small values ofb, the leading
twist effect and the dominant term at larges arises from
diagrams in which the pion fragments into two jets as a re
of interactions with the two-gluon component of the glu
field of a target, see Fig. 1. The perturbative QCD deter
nation of this interaction, which is a type of QCD factoriz
tion theorem, involves a diagram similar to the gluon fusi
contribution to the nucleon sea-quark content observed
deep inelastic scattering. One calculates the box diagram
large values ofk t using the wave function of the pion instea
of the vertex forg* →qq̄. The application of the technolog
leading to the QCD factorization theorem in the impact p
rameter space leads@12,5,18,48# to

f̂ ~b2!5 is
p2

3
b2@xNGN~xN ,Qeff

2 !

12/3xNSN~xN ,Qeff
2 !#as~Qeff

2 !, ~60!

in which GN is the gluon distribution function of the
nucleon, SN is a sea-quark distribution function of th
nucleus for flavor coinciding with that of theqq̄ dipole, and
Qeff

2 5l/b2. The factor 2/3 appearing in the second term
the same as in the LO approximation for the longitudin
structure function and the exclusive vector meson produc
@49#. The only difference is that in our case the number
flavors is unity. For our kinematics, it is reasonable to u
l(x51023)59 @25#. The formula~60! should be modified
when applied to hard diffractive processes. The mass dif
ence between the pion and the final two-jet state requires
the reaction proceeds by a non-zero momentum transfe
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the target. This means that the functionGN should be re-
placed by the skewed~or off-diagonal or generalized! gluon
distribution. Thus the distribution function should depend
the plus componentsx1 ,x2 of the momentak1 ,k2 of the two
exchanged gluons, Eq.~6!.

The difference between the skewed and ordinary glu
distribution is calculable in QCD using the evolution equ
tion for the skewed parton distributions@11,50#. The kine-
matical relation betweenx1 and x12x2 is given in Eq.~5!.
But x1 is close toxN of Eq. ~61!, while x2 is small in the
calculation ofT1. The skewed parton distribution can be a
proximated by a gluon distribution@51,52# if

xN'~x11x2!/2'
k t

2

2z~12z!s
. ~61!

While including the effect of skewedness would alter a
detailed numerical results; the qualitative features of
present analysis would not be changed.

The most important effect shown in Eq.~60! is the b2

dependence, which shows the diminishing strength of
interaction for small values ofb. To simplify formulas it is
convenient to rewrites in the form:

f̂ ~b2!5 is
s0

^b0
2&

b25 is
s0

^b0
2&

~2¹k
2! ~62!

in which the logarithmic dependence ofas and the gluon
distribution onb2 are included ins0. It is easy to check by
direct calculations of Feynman diagrams that the operator¹k

2

acts on the transverse momentum variables of the pion w
function. Our notation is that̂b0

2& represents the pionic av
erage of the square of the transverse separation, and w
the leading logarithmic accuracy

s0

^b0
2&

'
p2

3
as~k t

2!@xN GN
(skewed)~x1 ,x2 ,k t

2!#, ~63!

in which the ordinary gluon distribution is used as the init
condition for the QCD evolution equation for the skewe
generalized gluon density. This result is a factor of fo
smaller than presented in Ref.@5#.

The result~63! holds forxN about 1022. For xN of about
1023 or smaller, the second kinematic regime mentioned
the Introduction is relevant, and one would obtain differe
results. For still smaller values ofx, sayx;1025 non-linear
gluonic effects become important, and the present treatm
of the qq̄ interaction with the target may be insufficient.

C. One-gluon exchange in the pion—T1

The necessary inputs to evaluatingT1 are now available.
The approximate pion wave function, valid for large relati
momenta, is given by Eq.~53!. The interactionf̂ is given by
Eq. ~62!. The use of Eq.~62! allows a simple evaluation o
the scattering amplitudeT1 because theb2 operator acts on
the pion wave function~heres0 is treated as a constant! as
2¹k t

2 , leading to the result
5-20
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T1524is
s0

^b2&

4pCFas~k t
2!

k t
4 S ln

kt
2

LQCD
2 D CF /b

a0 z~12z!.

~64!

This amplitudeT1 is of the same form as our 1993 result@5#.
The present result is obtained directly from QCD, in contr
with the earlier work which used some phenomenology
the pion wave function.

Corrections to Eq.~64! are of the order 1/ln(kt
2/L2). For

example, a literal application of Eq.~62! would lead to a
factor $11@2/ln(kt

2/L2)#%. However, similar corrections ma
arise from other effects not considered here. So a calcula
of such corrections is beyond the scope of this paper.

Our k t dependence of T1 leads to ds(k t)/dk t
2

}@(ln(kt
2/LQCD

2 )#2CF /b/kt
8 for xN;1022. This can be under-

stood using simple reasoning. The probability of finding
pion at b<1/k t is }b2, while the square of the total cros
section for small-dipole-nucleon interactions is}b4. Hence
the cross section of productions of jets with sufficiently lar
values of k t integrated over d2kt is
}as(kt

2)2@ ln(kt
2/LQCD

2 )#2CF /b/kt
6 , for xN;1022, leading to a

differential cross section}1/k t
8 . This reasoning ignores th

dependence of the gluon structure function onk t . For suffi-
ciently small values ofx(x;1023), gluon evolution would
give a somewhat different behavior.

V. NUCLEAR DEPENDENCE OF THE AMPLITUDE

The picture we have obtained is that the amplitude
dominated by a process in which the pion becomes aqq̄ pair
of essentially zero transverse extent well before hitting
nuclear target. This point-like configuration~PLC! can move
through the entire nucleus without expanding. Theqq̄ can
interact with one nucleon and can pass undisturbed thro
any other nucleon. For zero momentum transferqt to the
nucleus, the amplitudeM (A) takes the form

M~A!5AM~N!
GA~x1 ,x2 ,mf

2!

AGN~x1 ,x2 ,mf
2!S 11

e

^b2&k t
2

A1/3D
[AM~N!G, ~65!

in which the skewedness of the gluonic distribution is ma
explicit, and where the real numbere.0. Observe the facto
A which is the dominant effect here. This factor is contain
in the ratio of gluon distributions in a nucleus and in
nucleon @5#. This dependence on the atomic number is
reliable prediction of QCD in the limitmf

2 and s→`, with
fixed xN @of Eq. ~61!#. ~The quantitymf is the mass of the
dijet system.! On the contrary, forxN→0 with fixedmf

2 , the
nuclear shadowing of the gluon distribution becomes v
important@5,34#.

The e correction term in Eq.~65! is a higher twist contri-
bution which arises from a single rescattering which can
cur as the PLC moves through the nuclear length (RA
}A1/3). Thate.0 was a somewhat surprising feature of o
1993 calculation because the usual second order rescatte
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as treated in the Glauber theory, always reduces cross
tions. This highly unusual sign follows from the feature
QCD that the relative contribution of the rescattering te
~screening term! decreases with increasing size of the sp
tially small dipole. The key features of the usual first ord
term aref 5 is , and those of the usual second order term
i f 252 is2. Note the opposite signs. For us heref
5 is0b2/^b2&. For very large values ofk t

2 the operatorb2, as
applied to the pion wave functionx, which falls with k t

2 as
1/k t

2 , gives b2x524x/k t
2 . So the first term f x

52 i4s0 /(^b2&k t
2)x now has the same sign as the secon

order term: i f 2x52 i @s0 /^b2&b2#2x5
2 i32@s0 /(^b2&k t)#2x.

The differential cross section takes the form

ds~A!

dqt
2

5A2G2
ds~N!

dt
etRA

2 /3, ~66!

for small values oft. Note that

2t5qt
22tmin , ~67!

where2tmin is the minimum value of the square of the lo
gitudinal momentum transfer:

2tmin5S mf
22mp

2

2pp
D 2

. ~68!

Our discussion below is applicable in the kinematics wh
2tminRA

2/3<1 so that the entire dependence of the cro

section ontmin is contained in the factoretminRA
2 /3.

One measures the integral

s~A!5E dt
ds~A!

dt
5

3

RA
2

A2G2s~N!. ~69!

A typical procedure is to parametrizes(A) as

s~A!5s1Aa ~70!

in which s1 is a constant independent ofA. For the RA
corresponding to the two targets Pt (A5195) and C(A
512) of E791, one findsa'1.45. The experiment@14# does
not directly measure the coherent nuclear scattering c
section. This must be extracted from a measurement wh
includes the effects of nuclear excitation. The extraction
discussed below.

As pointed out previously@17#, the values of our multiple
scattering correction of our 1993 calculation@5# were over-
estimated by a factor of approximately four. This is becau
the s0 was chosen to be larger by a factor of 4 than in@18#
and in Eq.~60!. We now find that for values ofk t greater
than about 2 GeV, the coefficienta could be enhanced by
between 0.0 and 0.08, depending on the value ofk t . Taking
0.04 as a mean value one findsa'1.5. This estimate de
pends on the use of a model for the non-perturbative par
up&, and also on the validity of a simple eikonal treatme
5-21
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for the multiple-scattering corrections which is questiona
at the high energies that we consider here.

Another potentially importantA-dependent effect is the
nuclear shadowing of the parton densities. Very little dir
experimental information is available for theA dependence
of the gluon structure function. The analyses of the d
combined with the momentum sum rules and the calcula
of gluon shadowing at smallx suggest that the valuex
;0.01 ~which corresponds to the kinematics of@14#! is in a
transition region between the regime of an enhancemen
the gluon distribution atx;.1 and the strong shadowing a
x<0.005 @20–23#. Using the A dependence ofF2A as a
guide, and in particular the New Muon Collaboration~NMC!
ratio F2Sn/F2C @24#, the shadowing may reducea for the
@14# kinematics byDa;20.08.

VI. EXPERIMENTAL CONSIDERATIONS

The requirements for observing the influence of co
transparency were discussed in 1993@5#. The two jets should
have total transverse momentum to be very small. The r
tive transverse momentum should be greater than a
>2 GeV and the mass of the diffractive state should
described by the formula

mf
25

mq
21k t

2

z~12z!
. ~71!

Maintaining this condition is necessary to suppress diffr
tion into a qq̄g pair in which the gluon transverse mome
tum is not too small.

It would be nice if one could measure the jet mome
precisely enough so as to be able to identify the final nucl
as the target ground state. While it is very feasible to c
sider for eA colliders, this is impossible for high energ
fixed target experiments, so another technique must be
here. The technique used in@14# is to isolate the dependenc
of the elastic diffractive peak on the momentum transfer
the target,t, as the distinctive property of the coherent pr
cesses. This was done by first introducing a cut on the
mentum of the observed pions by requiring that they ca
more than 90% of the incident momentum. This sample w
then analyzed as a function of the total transverse momen
of the system. A strong coherent peak was observed with
slope consistent with the coherent contribution. The ba
ground was fitted as a sum of the coherent peak, inela
diffraction with a nuclear break up and the term due to
elastic events where some hadrons were not detected.

The amplitude for the non-spin flip excitations of low
lying even-parity nuclear levels;2t, due to the orthogonal
ity of the ground and excited state nuclear wave functio
Thus the cross section of these kinds of soft nuclear exc
tions integrated overt is suppressed by an additional fact
of 1/RA

4'A24/3 compared to the nuclear coherent proce
For A2tRA@1 whereq is the momentum transfer to th
nucleusq5A2t the background processes involving nucle
excitations vary asA, so an unwanted counting of suc
would actually weaken the signal we seek. ForqRA@1 the
diffractive peak cannot be used as signature of diffract
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processes to distinguish them from non-diffractive proces
whose cross section is proportional tos(pN)}A0.75. Thus
substantialA-dependence,s}Aa ~with a'1.5), as predicted
by QCD for large enough values ofk t , should be distin-
guishable from the background processes.

The amplitude varies asM(A);as /k t
4

M~A!;asxNGN~xN ,Qe f f
2 !/k t

4 , ~72!

where Qe f f
2 ;2k t

2 . For the kinematics of the E791 exper
ment, wherexN increases}k t

2 , the factorasxNGN(xN ,Qe f f
2 )

is a rather weak function ofk t . For example, if we use the
standard CTEQ5M parametrization we finds(A);1/k t

8.5 for
1.5<k t<2.5 GeV which is consistent with the data@14#.
For the amplitude discussed here,s(A);@z(12z)#2 which
is in the excellent agreement with the data@14#.

Extracting the coherent contribution

The experiment is discussed in Ref.@14#. The main ad-
vantage of this experiment is the excellent resolution of
transverse momentum. The reference also shows the id
fication of the dijet using the Jade algorithm, and it displa
the identification of the diffractive peak by theqt

2 depen-
dence for very lowqt

2 . This dependence is consistent wi
that obtained from the previously measured radiiR(C)
52.44 fm, andRPt55.27 fm. The key feature is the iden
tification of the coherent contribution from its rapid fall o
with t.

We discuss the extraction of this signal in some detail.
consider the contribution to the total cross sectiondsA /dt
that arises from the diffractive production of the dijet. Th
total cross section includes terms in which the final nucle
is not the ground state. The nuclear excitation energy is sm
compared to the energy of the beam, so that one may
closure to treat the sum over nuclear excited states. Then
cross section is evaluated as a ground state matrix eleme
an operator( i , je

iq•(r i2r j )5A1( iÞ je
iq•(r i2r j ); see Fig. 13.

The result, obtained by usingr i relative to the nuclear cente
of mass, and by neglecting correlations in the nuclear w
function is given by

dsA

dt
5FA1A~A21!FA

2 S t
A

A21D G dsN

dt
. ~73!

The factorA/(A21) in the argument ofFA is due to ac-
counting for nuclear recoil in the mean field approximatio

FIG. 13. Contributions to the total nuclear diffractive cross s
tion. The wavy lines in this figure denote amplitude for the scat

ing of qq̄ pair by a nucleon.~a! The terms withi 5 j . ~b! iÞ j .
5-22
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cf. @53#. This formula should be very accurate, for the sm
values of t relevant here. The contribution of the cohere
processes to the total cross section is given by

dscoherent

dt
5A2FA

2~ t !
dsN

dt
, ~74!

and the contribution of excited nuclear states is the diff
ence:dsA /dt2dscoherent/dt, which vanishes att50. The
experiment proceeds by removing a term proportional toA
from dsA /dt which has no rapid variation witht. This de-
fines a new cross section which is actually measured exp
mentally:

ds̃A

dt
5A~A21!FA

2 S t
A

A21D dsN

dt
. ~75!

The integral of this term overt can be extracted from th
data:

s1[E dt
ds̃A

dt
5

3A~A21!

r N
2 1RA

2 A

A21

dsN

dt U
t50

'
3~A21!2

r N
2 1RA

2

dsN

dt U
t50

. ~76!

Here the factorr N
2 takes into account the slope of the eleme

tary cross section, assuming that it is determined solely
the nucleon vertex. Note that the result~76! differs by a
factor of (A21)2/A2 from theA dependence predicted pre
viously for coherent processes, recall Eq.~66!. Using A
512,195, the nuclear radii mentioned above,r N50.83 fm
and fitting the ratio of cross sections obtained from Eq.~76!
with the parametrizations}Aa, gives then

a51.54 ~77!

instead ofa51.45.
The result@14# of the experiment is

a'1.5560.05, ~78!

which is remarkably close to the theoretical value shown
Eq. ~77!. The sizes of our multiple scattering and nucle
shadowing corrections, which work in the opposite dire
tions, and which were discussed in the previous section,
of the order of the experimental error bar.

VII. ELECTROMAGNETIC BACKGROUND

Because very low values ofqt
2 are involved, one could

ask if the process occurs by a one-photon exchange~a type
of Primakoff effect! instead of a two-gluon exchange. If th
momentum transfer is very low, the process is peripheral
there would be no initial or final state interactions. Thus, i
necessary to estimate the relative importance of the two
fects.

This amplitude is caused by the exchange of a virt
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photon of four-momentumq (q25t) with the target. The
nuclear Primakoff amplitude is then given by

MP~A!5e2
^puJm

emuqq̄&
2t

~PA
i 1PA

f !m
Z

A
FA~ t !

'2e2^puJem
•

PA

A
uqq̄&

ZFA~ t !

2t
, ~79!

where we will use the decomposition2t5q25qt
22tmin . A

photon can be attached to any charged particle, so a d
calculation would involve a complicated sum of diagram
We may simplify the calculation by using the fact that t
electromagnetic current is conserved. This application is s
plified by the use of Sudakov variables, which is a necess
first step. Accordingly, we write

q5a
PA

A
1bpp1qt . ~80!

Conservation of four-momentum gives

b5
q2

2~pp•PA!
, a5

2mf
2

s
. ~81!

Then conservation of current can be written as

^puJem
•quqq̄&'a^puJem

•

PA

A
uqq̄&1b^puJem

•ppuqq̄&

2^puJem
•qtuqq̄&50. ~82!

The use of Eq.~81! and keeping only the leading term i
m2/s, wherem is the typical mass involved in the considere
process, allows us to neglect theb term of Eq.~82! so that

a^puJem
•

PA

A
uqq̄&5^puJem

•qtuqq̄&. ~83!

By definition, the transverse momentum of a pion is zero,
the dominant~in terms of powers ofk t) contribution in Eq.
~83! is given by photon attachments to quark lines, and
matrix element is given by3

^puJem
•qtuqq̄&5xp~z,k t!qt•k t@2/3z21/3~12z!#.

~84!

The generalization of this result to account for all Feynm
diagrams having the same powers ofs and k t

2 is almost
trivial. The relative contribution of other diagrams is}kt8/k t

wherekt8 is the transverse momentum of quarks in the int
mediate state. But within theasln kt

2/LQCD
2 approximation

kt8
2!k t

2 so this contribution does not lead to a lnkt
2/LQCD

2

term. Thus the above formula is valid within th
asln kt

2/LQCD
2 approximation whenas!1.

3The above~84! differs from that of the first version of our pape
We are indebted to A. Ivanov and L. Sczymanovsky who drew
attention to the misprint in this version.
5-23
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The net result, obtained by using Eq.~83! in Eq. ~79!, is

MP~A!5
2e2xp~z,k t!Z

qt
22tmin

FA~ t !
s

kt
22qt•k t~2/32z!,

~85!

which should be compared with the amplitude of Eq.~64!
~including the effect of the nuclear form factor, which ente
at non-zero values oft, but ignoring the logarithmic correc
tion! written as

M~A!52 ixp~z,k t!A
ss0¹kt

2

^b2&
FA~ t !

'4ixp~z,k t!/kt
2A

ss0

^b2&
FA~ t !. ~86!

The Primakov term has been evaluated also in the pape
Ivanov and Sczymanowsky@67#. As a consequence of differ
ent approximations the result obtained in@67# differs from
ours. We use conservation of the e.m. current to deduce
Weizecker-Williams approximation and to account for t
cancellation between diagrams corresponding to attachm
of the photon to the different charged constituents of a pi
After accounting for the cancellation we restrict ourselves
the contribution of diagrams enhanced by the large factok t
from the vertex of quark-~antiquark!-photon interaction. The
dominance of the photon interaction with external qua
lines in the pion fragmentation into 2 jets is another form
the QCD factorization theorem which properly accounts
the conservation of the e.m. current and the gauge invaria
of QCD. On the contrary@67# interacting particles are put o
mass shell before the separation of scales and the canc
tions between different photon attachments has been ta
into account. These approximations have problems with
conservation of the e.m. current and the renormaliza
group in QCD.

The ratio of electromagnetic and strong amplitudes
given by

MP~A!

M~A!
52 ie2

Z

A

2/32z

s0 /^b2&

q•k t

2~qt
22tmin!

. ~87!

Using qt
2'0.02 GeV2 the smallest value measured in@14#

Z/A51/2, e254p/137, k t52 GeV, s0 /^b2&'2.5 ~this is
1/4 of the value of Ref.@5#!, and takingqt parallel tok t we
find that

MP~N!

M~N!
'21/8~2/32z! i'20.02i , ~88!

with z51/2.
Thus the Primakoff term is very small and, because of

real nature, interference with the larger strong amplitu
~which is almost purely imaginary! is additionally sup-
pressed. We may safely ignore this effect for the ene
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range of Ref.@14#, or any contemplated fixed target expe
ment. At collider energies, it will be possible to measure j
of much larger values of transverse momentum, so any c
plete theoretical analysis should account for this electrom
netic interaction.

For a heavy nuclei target another electromagnetic proc
}Z2aem

2 in the amplitude gives a contribution. This is a dij
production due to the two-photon exchange, a version of F
8 in which the exchanged gluons are replaced by exchan
photons. For small transverse momenta of quarksl t

2!k t
2 in

the pion wave function, this contribution is suppressed as
power ofs in the amplitude. This is because, in the calcu
tion of the imaginary part of the diagram,x2 for the ex-
changed photon is given by

x2n52
kt

2

z
, ~89!

except for a very narrow region ofz nearz50,1, which is
suppressed by the decrease of the pion wave function. T
x2,0 and according to our previous arguments, this con
bution should be very small. For largel t this contribution
may also be expressed in terms of the same pion wave f
tion as in the case of the two-gluon exchange. It is easy
estimate this EM amplitude obtained from the two-phot
exchange:

M~gg!5aem
2 ~s/kt

2!x~z,kt!pZ2

3E d2l t

l t
2

FA~ l t!FA~qt2 l t!~8e1e2!~122z!.

~90!

Here e1(e2) is electric charge of quark~anti-quark! in the
units of the electric charge of electrons. The lower limit
integration overl t

2 is @k t
2/2z(12z)#2. Thus the contribution

of this term to the cross section should have the samez and
k t

2 dependence as the two-gluon exchange term, but wi
much fasterZ dependence (}Z4). This term is negligible
also.

VIII. DISCUSSION AND SUMMARY

The use of the experimentally measured@14# value ofa
51.55 @recall Eq.~70!# leads to

s~Pt!

s~C!
575. ~91!

The typical usual nuclear dependence of the soft diffract
processes observed in the high energy processes is'A2/3 or
a52/3. The use of a Glauber approximation with a typic
hadronic cross section for the final system tends to pre
theA dependence as'A1/3. An account of color fluctuations
@54# predicts'A2/3, in agreement with the Fermilab dat
@55#, which would give
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sUSUAL~Pt!

sUSUAL~C!
57. ~92!

Thus color transparency causes a factor of 10 enhancem
This seems to be the huge effect of color transparency
many of us have been hoping to find. It is also true that
noted in the Introduction, that thek t andz dependence of the
cross section@14# is in accord with our prediction.

All of this looks very good, but it is necessary to provid
some words of caution. Our analysis was related to a nuc
coherent process involving aqq̄ final state. If the experimen
tal signal is significantly contaminated by incoherent nucl
effects or byqq̄g final states, our analysis might not be a
plicable. However, the experimental@14# extraction of the
coherent peak using theqt

2 dependence of the amplitude, an
the measurement of the two-jet~as opposed to three-je!
cross section seem very secure to us, except for the s
correction discussed in Sec. V. Another worry is that
color transparency effect seen in Ref.@14# seems to start for
values ofk t near 1 GeV. These are lower than suggested
Ref. @5#. These earlier predictions used modeling of no
perturbative effects, and such modeling may be necessa
guess the lowest values ofk t for which color transparency
would occur. The reasoning of the present paper uses pe
bative QCD, which becomes more reliable ask t increases.
This is because the competing amplitudesT2,3,4 are de-
creased relative toT1 by a factor ofL2/k t

2 ('.04 for k t

51 GeV) or as(k t
2). A coherent sum of the sub-domina

amplitudes could provide a significant correction to o
dominant pure amplitude. However, the observed falloff
the cross section withk t , combined with thez andA depen-
dence, does provide very strong evidence for color trans
ency.

It is worth noting similarities and differences between t
process we discuss in this paper and another factoriz
process, that of hard exclusive electroproduction of mes
@34,56#. Both processes allow a simple geometric interpre
tion in the transverse coordinate representation: a conv
tion of the initial wave short-distance wave functio
c in(z,b), the dipole-target cross section,s(b,x), and the
final wave functionc f in(b,z). However, in the case of th
vector meson production, theQ2 dependence of the longitu
dinal photon wave function at smallb causes the final vecto
meson wave function to be evaluated atb'2/Q. In the case
of the pion dijet diffraction the pion wave function enters
small values ofb;1/k t .

If color transparency has been correctly observed in
p1A→qq̄1A ~ground state!, there would be many impli-
cations. The spectacular enhancement of the cross se
would be a novel effect. The point-like configurations wou
be proved to exist. This would be one more verification
the concept and implications of the idea of color. Furth
more, the definitive proof of the existence of color transp
ency means that we now have available a new effective
to investigate microscopic hadron, nuclear structure at h
dreds of GeV energy range. At lower energies of a ten’s
GeV color transparency is masked to some extent by
diffusion of a spatially small quark-gluon wave package
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the normal hadronic size@12#. Still it is possible that previ-
ous experiments@57# showing hints@58# of color transpar-
ency ~for a review see Ref.@12#! probably do show color
transparency. Efforts@59# to observe color transparency
Jefferson Laboratory, and at HERMES~DESY! should be in-
creased. The electron-ion collider would provide numero
possibilities for studying color transparency both in di-, t
jet coherent production as well as in exclusive processes

The observation of CT confirms the idea that the life sp
of the perturbative phase can be increased by the large
entz factor associated with high energy beams. A challeng
problem would be to explore this idea to observe the per
bative phase in a ‘‘macroscopic’’ volume. One manifestati
of this would be the production of huge blob-like configur
tions of huskyons@60#. These different configurations hav
wildly different interactions with a nucleus@61#, so that the
nucleon in the nucleus can be very different from a fr
nucleon. More generally, the idea that a nucleon is a co
posite object is emphasized by these findings; some confi
rations of the nucleon interact very strongly with the su
rounding nucleons; some interact very weakly. This me
that the nucleon in the nucleus can be very different from
free nucleon. This leads to an entirely new view of t
nucleus, one in which the nucleus is made out of oscillati
pulsating, vibrating, color singlet, composite objects.

The technical purpose of this paper has been to show
to apply leading-order perturbative QCD to computing t
scattering amplitude for the coherent processespN→JJN
andpA→JJA. The high momentum component of the pio
wave function, computable in perturbation theory, is an
sential element of the amplitude. The dominance of the a
plitude of theT1 term of Eq.~64! is obtained by showing tha
the corrections to it, which at first glance seem to be of
same order in the coupling constant, are vanishingly sm
This vanishing, obtained using arguments based on anal
ity, causality, and current conservation, is equivalent to
verification of a specific space-time description of the eve
the pion produces its point-like component at distances w
before the target. Furthermore, for the conditions of the
periment @14# studied here, the competing electromagne
production process is shown to yield a negligible effect.
seems that perturbative QCD can be applied to the cohe
nuclear production of high-relative momentum dijets by hi
energy pions.

It therefore seems interesting to consider similar reacti
involving other projectiles such as photons, kaons, and p
tons. The observations of the coherent photoproduction
the J/c from nuclear targets has long been known@62# to
have anA dependence which is very similar to that observ
here, but the authors of@57# did not interpret it as color
transparency phenomenon. Later on H1 and ZEUS detec
at HERA investigated exclusive photoproduction of theJ/c
meson from a proton target. The striking qualitative pred
tions for this process based on the QCD factorization th
rem, such as energy andt dependence, are in accordan
with the data; for a recent review see@1,63#. Thus now there
exist serious reasons to believe that color transparency
nomenon has been observed in the combination of cohe
photoproduction ofJ/c from nuclei~Fermilab! and from the
5-25
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nucleon~HERA!. Our present theory can be used for ka
projectiles with little modification. Because the kaon has
smaller size than the pion, we expect that the amplitude f
kaon-induced process should be somewhat larger than th
the pion-induced process discussed here. The same ana
should be applicable to the photoproduction of highk t qq̄
pair of light quarks. It is important here that the contributi
of a bare photon coupling toqq̄ is proportional to a quark’s
bare mass and is negligible for forward scattering@64,65#.
The contribution of a target gluon withkit

2'k t
2 discussed in

@65# is suppressed by Sudakov andw2 form factors discussed
above. However, the PQCD physics of light quarks will
masked to some extent by another striking prediction
QCD, which is the enhancement of the diffractive product
of charmed dijets because of a large bare mass of char
quarks.

The study of high energy coherent production of jet s
tems from nuclear targets seems to be a very productive
io

b
-

jet
o

e

-

-

s.

,
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to investigate both perturbative QCD and microsco
nuclear structure by exploring the diverse effects of co
transparency. Such studies in the region of hundreds of G
seem ideally suited for the non-destructive investigation o
microscopic hadron, and nuclear structure. It may be p

sible to remove a piece of hadron (qq̄ pair . . . ) or to im-
plant ~strangeness in the center of a nucleus . . .! without
destruction of a target. Such investigations resemble mod
methods of surgery which avoid cutting muscles. So it see
appropriate to name this new field of investigations as mic
surgery of a hadron, or of a nucleus.
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