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We use QCD to compute the cross section for high-energy coherent production of @regetd as aqa
moving at high relative transverse momentusy), 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 highqacomponent(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 powegsoé in the leading
logarithmic approximation imsln(xf/AéCD), the amplitudes for other processes are shown to be smaller by at
least a power ofr; and/or the powers of Sudakov-type form factors and the small probabilityto find aqq
pair with no gluons at an average separation between constituents. Thus the, leigimponent of the pion
wave function, including the contribution of Gegenbauer polynomials of rarl0, can be measured in
principle at sufficiently large values odf . At large values ofxf, the resulting dominant amplitude is propor-
tional toz(1—2z) a(k?) k; “[In(k?/A?)1% /2 [z is the fraction light coné+) momentum carried by the quark in
the final statep is the coefficient in the running coupling consthiiines the skewed gluon distribution of the
target. For pion scattering by a nuclear target, this means that at>fp<e(2:ct2/s (but Kfﬂw) 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 ok,. 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 factow{ﬁf 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 valueg,aichieved at fixed target energies, dijet production
by the electromagnetic field of the nucleus leads to an insignificant correction which gets more impoktant as
increases. We explain also that the same regularities are valid for photoproduction of forward light quark dijets.
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[. INTRODUCTION of Ref. [3] found that, for heavy nuclei, nuclear filtering
causes the exclusive dijet production to decrease exponen-
The theory of strong interactions, QCD, contains manytially as Kf increases. Hence an overall increase of the total
specific predictions regarding the space-time evolution otiiffractive cross sections was suggested as a good signature
high energy coherent processes. A review describing thef the nuclear filtering of small size configuratiog. In [5]
many interesting qualitative results that have been obtainede presented the first application of QCD to the process of
in this rapidly developing field is provided in Rédfl]. The  dijet production at larges,; by generalizing QCD factoriza-
aim of this paper is to use a specific example of a completelyion theorems, predicted a nuclear dependence which is
calculable process to demonstrate the general properties qbialitatively different from that suggested i8], and ax;,
space-time evolution of hard exclusive processes in QCD. Inlependence which differs by a power @f from [2] and
particular, we consider a process in which a high momentungualitatively from that discussed [i8]. We also argued that
(~500 GeV) pion undergoes a coherent interaction with ahis process can be used to directly measure the behavior of
nucleus in such a way that the final state consists of two jetge qacomponent of the pion’s light cone wave function for
(JJ (formed by aqq pair) moving at high transverse relative large values of; .
momentum greater than about 2 or 3 GeV. The process of If one wishes to describe hard diffractive processes, it is
two-jet production was first discussed for both photon andmportant to realize that the effective number of bare par-
pion projectiles interacting with a nucleon tard®], and ticles in the light cone wave function of the projectile de-
Ref. [3] introduced the possibility of using this process topends strongly on the longitudinal distances involved. If
probe the nuclear filtering of small color dipoles. Estimatesthese distances are small, and the process involves high mo-
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mentum transfefas occurs in computing hadron electromag-jeading terms in In¢/A3¢p and In 1k into the dipole-target
netic form factory the main contribution originates from the jnteraction, and/or into the target's skewed parton distribu-
Fock component of the hadron wave function containing thejons. Furthermore, one may classify and analyze those dia-
minimal number of constituents. On the Contrary, if the |On'grams of |eading power @ES which are relevant for the pion
gitudinal distances are sufficiently large, the minimal Fockiransition into two jets. This leads to a selection rule: the
component(a qqg pair in our casgwill develop additional t-channel exchanges with vacuum quantum numieosi-

components such agq pairs and gluons. Thus for those tive charge parity should dominate. Thus we will calculate
processes in which infinite longitudinal distances are in-&n amplitude which is symmetric under the transposition
volved, the number of partons in the light cone wave func-S<»U. Negative charge parity contributiorisuch as effects
tion of the projectile would always be infinite. For processesof the odderop are neglected. There is another group of
initiated by a spatially small colorless dipole, using the QCDcorrection terms of the forngn «f/A%cp, which arises from
factorization theorem allows one to trace the origin of weeradiative effects in the pion wave function. The ladder struc-
partons(carrying a small fraction of the momentas arising  ture of the dominant diagrams makes it possible to include
from the space-time evolution of the projectile’s minimal these terms into QCD evolution of pion wave function and
Fock component, and to include these effects in(ghkewed structure functions of the target will not change the structure
parton distribution of the target. of formulas deduced by considering skeleton diagrams cal-

We now discuss the basic physics of the dijet productiorFU|ated within the approximation of keeping leading powers
process. The selection of the final state to lxqﬁa)air plus of ag; their only influence is to introduce the effects of evo-

— ] lution in Kf into the relevant parton distributions and into
the nuclear ground state causesdloecomponent of the pion g k. hehavior of the pion wave function. Indeed, our the-
wave function to dominate the reaction process. At very highyretical analysis heavily relies upon specific properties of
beam momenta, the pion breaks up intqapair with large  skewed parton distributions and of minimal Fock component
x; well before hitting the nucleus. The dominance of thisof pion wave function. Note also that, for small valuesxpf
starting point is verified in the present work. Note also theand large values of?, the skewed parton distribution of a
crucial feature that for values afwhich are not very small, target nucleon or nucleus is calculable in QCD using the
so that the leading twist approximation is valid for the smallappropriate evolution equation and initial diagonal parton
dipole-target interaction, a spatially small wave packet ofdensitied11]. To simplify the calculations and especially the
quarks and gluons remains small as it moves through theeparation of the scales, we use an axial light-cone gauge,
target. This leads to a dominance of the effects of large transyhich reduces to thé&_ =0 gauge, in the target rest frame.
verse momenta, and allows the factorization of the hardrhis gives a highk, behavior of a fermion propagator and
physics from the soft physics. On the other hand, for veryhard gluon exchange amplitude which have no infrared sin-
small values ofx, the packet lives so long that it would gularities. In this gauge, unphysical degrees of freedom are
expand to a normal hadronic size causing the initial statgemoved from the light cone pion wave function at least in
interaction to become similar to the soft one. Moreover, ahe leading logarithmic function. Consequently, the separa-
rapid increase of perturbative QQBPQCD amplitudes with  tion of momentum scales can be easily made. On the con-
energy leads to the violation of QCD evolution equation atirary, in the gauge used i#4] the separation of scales and
rather small values ok, and to the disappearance of the therefore derivation of the QCD evolution equation, although
characteristic physics of the interaction of a small dipole.correct, is complicated by the need to account for the can-
Thus QCD predicts different calculable dependencies of theellation of the infrared divergences. We want to stress that
cross section of the diffractive dijet production on atomicin the calculation of amplitudes of hard diffractive processes
number, onk,; andz in different regions of the Iritf/AéCD, in the gauge where fermion propagators are infrared diver-
In 1/x plane. gent one, should first remove infrared divergences and only

Thus two large parametessand «? are present, and this then consider partons in the non-perturbative wave function
feature will enable us to demonstrate the dominance of Feyrto be on-mass-shell.
man diagrams of a very few specific topologies, and to These technical considerations lead to some simple results
evaluate them. The result of calculations can be representddr situations, such as ours, in which the momentum transfer
in the form of a generalized QCD factorization theorem,to the target nucleus is very smatlimost zero for forward
valid for the set of Feynman diagrams corresponding to thecattering. In this case, the dominant source of high momen-
leading power o and the minimal power of 4f andagat ~ tum must be the gluonic interactions between the pion’s
fixed values ofagn kK/Adcp. Our calculation relies heavily Qquark and anti-quark. This is also justified in the present
on the well-known theoretical observation that amplitudes ofvork. Becausex, is large, the quark and anti-quark must be
many h|gh energy processésuch as that in the parton at small Separations—the virtual state of the pion is a
model, mu|ti_periphera| processes and those involving th@ointlike-configuratior{lZ]. But the coherent interactions of
Pomeroh are dominated by ladder diagrani,7]. This @ color neutral point-like configuration are suppressat
property has been proved using the approximation of includfixed Xy, «{—), for the processes which involve small
ing the terms of lowest ordew, and all powers in transfers of momentum to the target, by the cancellation of
adn Q¥A%cp [8,9] and/oradn 1/x [6,10]. The dominance of ~gluonic emission from the quark and anti-qudds,3,13
ladder diagrams makes it possible to absorb the effects of thend/or from theqqg state—see the discussion in Sec. I D.
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Furthermore, the strength of the interaction with the target-0.4 (staty-0.3 (sys), fork,=1.25 GeV and aai=7.5
is proportional to the square of the transverse separation dis- 2.0 for k,=1.8 GeV. This should be compared to the pre-
tance between the quark and anti-quark. Thus the interactiogiction of n=8 [5]. For smaller values ok, soft QCD phe-
with the nucleus is very rare, and the pion is most likely tonomena, such as production @fig jets, should be impor-
interact with only one nucleon. The result is that in this pro-tant. See the discussion in Sec. Il A.
cess the initiakr and the finakjq pair do not get absorbed by ~ The purpose of the present work is to rederive and con-
the target, as would typically occur in a low momentumfirm our earlier theoretical results with a more extensive
transfer process. Thus initial and final state interactions argnalysis. The derivation of our leading tef] directly from
suppressed and color transparency unambiguously follow§CD by generalizing a QCD factorization theorem of Ref.
As the values ofx are decreased, the qualitative physics[16] was presented in Ref17], and this is explained more
changes gradually. The increase of the effective size of théllly now. But here we go further by verifying the assump-

small color-dipole leads to the increase of the influence ofion that the point-like configuration is indeed formed well
initial state interactions, and to a contribution of nuclearPefore the projectile reaches the nucleus. In the derivation we

shadowing which enters at leading twist. For even smalle hall explain that several different amplitudes, which seem to

values ofx, the leading twist approximation breaks down. Sgr_ggghzbsgrgeré);”mvﬁé o(r;rler urn;]saﬁsatfrt]:r Iei)dg? :cho dr?t- of
Our treatment of the reaction process in terms of a sep ! v y very s prop u

. . ; : . Ghe suppression of radiation collinear to pion momentum di-
rate wave function and interaction pieces provides a new

example of how the QCD factorization theorem works forrecuon.

hiah ivolvi I iab We also update our study of the leading multiple-
Igh energy processes involving two large variablese, scattering correction, which is positive because the strength

[12]. For this coherent process, the forward scattering ampligs e final state interaction decreases with the decreasing
tude is almost proportional to the number of nucledisand ;6 of the dipold5], and we study the most important com-
the cross section varies &S. The forward angular distribu-- peting electromagnetic process. Some specific features of the
tion is difficult to obzserV(_a, SO one Integrates the angular disgyperimental extraction of the coherent part of the cross sec-
tribution, and theA” variation becomes=A“/(Ry/3+Bn)  tion are also explained. Still another feature involves the soft
<AYY(1+0.45072%)~A%" Here By~4.5 GeV? is the  interaction between the dipole and the target. This was at first
slope of thet dependence of the cross section of a hardyerived to be proportional to the gluon density of the nucleus
diffractive process as determined by data for electroproducr1g]. However, there is a non-zero momentum transfer to the
tion of vector mesons. This very rapid variation represents gycleus, so it is actually the skewed gluon density that en-
prediction of a very strong enhancement which occurs Vigers. The skewedness of gluon distribution in the nuclear
the suppression of those interaction processes which usualfyrget leads to a small, calculable correction to the predicted
reduce the cross section. Our inter(_ast in this_ curious process dependencé19] and absolute valugll] which changes
has been renewed recently by exciting experimental progresge detailed nature of our results but not the qualitative fea-

[14]. tures.
Three key predictions of our papgs] are confirmed by Our main results are summarized by the following for-
the E-791 data. mula, valid in the leading logarithmic approximation, for the

The result from the E-791 experiment comparing Pt and Gyitferential cross section of diffractive dijet production by
targets that the coherent cross section for small momentumclei:

transfer to the nucleus varies asA*>%9% is close to our
predictions, see Sec. V. This variation is much stronger than

seen in soft diffraction of pions by nuclei A%® [12,15, do(m+A—2jettA)(q=0)

which is qualitatively different from the behavier A sug- dtdzdx,
gested in Ref[3]. This A dependence is somewhat more 5
rapid than that predicted by color transparency theoryAfor _ (1+99)

J’ dzr%gexpi (K- Ty)

—o. For moderately large values @&, small effects dis- B 4 (2m)3
cussed in Sec. V tend to increase thadependence. This

may be understood as a result of the experimental trigger not

excluding a small but calculable admixture of the effects of X(“sszB)f d*kyf2x+(2,1)

nuclear disintegration processes which lead to similar depen- i

dence of cross section dn Furthermore, it is an unusual —ex —i(ry- K x-(z—=B.ry)]

feature[5] of the present process that final state interactions —exgi(r ki) x.(z+ B,r) 1}

of the point-like configuration tend to increase telepen- i '

dence. Section V also contains a discussion of the changes of fa(X1,X2,85,k2) 2

the A dependence due to the effects of nuclear shadowing on X @
the gluon density. kik3

The dependence of the cross sectiorf(1—2z)? on the o _ .
fraction of momentunz carried by one of the jets is consis- Where by definition r, is the transverse distance
tent with our prediction. between the pion’s quark and anti-quank,(z,«;)/d;(«;)

The cross sectiordo/d«x? falls as «; " with n=10.2 Efdzrtexpi(f;t-ﬂ)Xl,ﬂ(z,rt) and
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X1GA(XL X, QF = 4xr) do(m+A—2jet+A)(q=0)
f 2 o [LAB falxaXa. B8Pk dtdzc,
0 1t ,30:8 k%kg _ (1—0—7]2)[ Xw(Z-Kt) asﬂ'z . , 2
C16m(2m)¥ T\ di(kd) | 3 X1GA(X1,X2,Q%) |

(fa can be denoted as the unintegrated skewed nuclear gluon
density, k; are four momenta of two exchanged gludese @

Fig. 1), andkq;—ky =0 . h —40C 2/ 2 \/§f 1o Ais th
Here d;(x?) is the renormalization factor for the quark WNerex«(z x)=4nCelas(x{)/xi1y3f,2(1-2), A is the

Green functionS;(«) in the hard regime where Laplacian inKt. space,z is the fraction.light-cone(}r) mo-
mentum carried by the quark in the final state,
di(x?) leA(xl,xz,Kf) is t_he skewed gluon density of th(_a nucleus,
Si(k)= fA _ X1,X, are the fractions of target momentum carried by ex-
K changed gluons 1 and 2,1—x2=M§jet/s, Xo<Xq, and n
=ReF/ImF (with F as the dipole-nucleon scattering ampli-

. . . o _ 8 -
The quantity 8, is a complicated function involving the tude. Note that the resulting, ~ dependence is a conse-

transverse momenta of the quarks within the pion, and in thuence of a kind of dimensional counting, as explained in
region giving the dominant contributiqBy x?/s. The quan-  S€c. II. _ _ _ R
tity 7 is the ratio of the real to imaginary part of the It is necessary to discuss the kinematic and dynamic limi-

qq-target scattering amplitude. In EQL), y(zr,) includes tations _of our analygls. WQ require h_|gh beam energies so that
= v the point-like configuration remains small as it passes
both the non-perturbativgq component and its high mo- through the nucleus, and we also require tkatbe large

mentum tail. This function therefore involves distances sig- — . . s
o S 2 enough so that thgq pair actually be in a point-like con-
nificantly smaller than average hadronic inter-quark dis-; . AT .
tances. The actual distances involved in the Iarges?gurat'on‘ This situation corresponds tqzls being held

contributions is one of subjects investigated here. tixed for large values ok . For the experiment ZOf Ref14]
Equation(1) is derived in two steps. First we demonstrate <t~2 GeV, and s=1000 GeV, so XNZEZKt/SW-OOS-

the dominance of the Feynman diagrams of Fig. 1 and thefhere is another kinematic limit in whick; is fixed ands

evaluate these diagrams. The factorization of the hard pertugoes tox. At sufficiently small values ok, less than about

bative QCD part, related to the pion wave function, ajgd ~ 1/2myRa, the situation is very different because i di-

pair arising from softer QCD, described by skewed partorpole system is scattered by the collective gluon field of the
distributions (the dominance of the diagrams of Fig). i& nucleus. Nuclear modificatioignhancemenbf the nuclear
another form of the QCD factorization theorem derived ingluon density actually occurs at larger valuesxgf corre-

[16] for diffractive vector meson production in deep inelastic sponding toxy~ 1/(2myryn) ~0.1 (wherer yy~2 fm is the
scattering(DIS). The end point contribution—the Feynman mean inter-nucleon distance in nucl@d—232). But for val-
mechanism_(ocAéCD/Ktz) is suppressed as compared touUes such thaky=<1/2myRa the nuclear gluon'field is ex-

the leading term by a set of factors: one power of/the ~ Pected to be shadowed, leading to a gradual disappearance of
square of the Sudakov-type form factor, by a form fastgr ~ color transparenchat a fixed scale«{) ]. This is the onset of
(which accounts for the very small probability to find a pion Perturbative color opacit{s,23,24. At even smaller values

with g andaat averagedistances without a gluon fielénd of Xy a new phenpm(_anon has been predicted—the violgtion
by the overlap integral with final state. A detailed analysis off)f the QCD faCtOI’IZG’_ttIOH t_heore_rﬁis]. Our present analysis
the end point contribution will be subject of a separate pub-IS not cqncerne.d with this region of extremgly Smey . .
lication. It follows from QCD factorization theorems that the Another interesting phenomenon is the possibility of probing

amplitude of hard processes can be represented as the C&Hg decomposition of quark distribution amplitude in terms

volution of the non-perturbative pion wave function and hard®, Gegenbauer polynomials at sufficiently large values of

amplitudeT. The virtualities of all particles in thg,u cuts of Xt -

the amplitudeT are large. Virtualities of those seemingly on- _ SOme general features of our analysis appear in several
mass-shell particles aI‘EAéCD but <Kt2- This is the con- different sections, so it is worthwhile to discuss these here.

dition which dictates the dominance of perturbative tail in '€ calculations of several amplitudes are simpl_ifized by the
the pion wave function atk?—o but fixed x=«2v. The use of a generalt_heorem. In the leading order ixf 1£he
amplitudes having different topology are radiative correc-interaction of thegq occurs via the exchange of a two-gluon
tions invo|ving extra powers Qfls_ To elucidate the under- ladder with the_target Itis important to note that the inter-
lining physics we shall prove the dominance of amplitdde action of theqq pair with the target via the exchange of a
(see Fig. 1 by analyzing different contributions of many larger number of gluons is suppressed by powers ef 1/
diagrams. A more general proof will be given elsewhere. InThe proof of this statement followfsl6] and heavily uses
the leading InQZ/AéCD) and In(1kx) approximations the di- Ward identities(To visualize the similarity with the situation
pole description can be used to simplify the above equatioonsidered in Ref.16], it is instructive to neglect the effects
to the form of the odderon contribution, which is in any case small. Ac-
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counting for symmetry of amplitude on the transpositionreactions[6]. We will often use the Ward identitid28] to
s« u gives the possibility to consider the amplitude for the extend the QED method to treat various contributions to our
processqq+T— 7+ T, and to repeat the reasoning [dfs] ~ Process. To be able to separate soft and hard scales one needs

by parametrizing the momenta of exchanged gluons alonép account for the cancellation of infrared divergences intro-
dijet total momentum.The QCD factorization theorefiig] ~ duced by using the light-cone gauge =0 [44]. Instead of
predicts also that the interaction with the targettvignannel ~accounting for this cancellation as [i#4] we choose differ-
exchange by ajq pair (which is expressed in terms of the ent gauges for the descrlptlon of parton dlstrlb_utlons ina
skewed quark distributionis not small atx=0.1 and mod- nuc_:l_eon, an_d f_or the a”_‘p"t“de pion fr_ggmentathn. This is
erate x, where gluon distribution is not larggl6,26. At legitimate within the region of applicability of leading loga-
smallerx<10-2 and Kt2>1-5 GeV? where the gluon distri- rithmic approximations. Within the chosen gauge, the hard

bution is large, as a result afandQ? evolution, this term is gluon exchange amplitude and fermion propagator have no

a small correction to the exchange of the two-gluon Iaddermfrared divergence. Note also that after demonstrating the

R ? factorization of the hard QCD amplitude from the soft QCD
see EQ(60). So in this paper, we shall n_eglect this term. Theamplitude, we may and will approximate the soft part of the
two gluons are vector particle®oson$ in a color singlet

state, so the dominant two-gluon exchange amplitude occufdon wave function by a system of fregg [17]. However,

in a channel which has positive charge and spatial parity, an¥y® Stress that this approximation is dangerous for evaluating
is therefore even under crossing symmetry. Given this evef!® Pieces of amplitudes dominated by soft physics espe-
amplitude, and the condition that we consider high energie§/a!ly if propagators contain infrared divergences. In that

»=2p_my and fixed small values of the momentum transferc@se: this approximation violates Ward identities and the

t to the target, we may use the dispersion relation over in€N€rdy-momentum conservation law. o
Additional common features arise from considering the

variant energys at fixedt and fixed momenta of two jets to ; , :
relevant kinematics. In all of the two-gluon exchange dia-

reconstruct full amplitude via the amplitude cut over inter- X X
mediate states inandu channels. In the difference from the 9r@ms we consider, Figs. 1-12, the target nucleon of mo-

amplitudes of hard diffractive meson production, the ampli-MeNtump, emits a gluon of momenturk, and absorbs one
tude for dijet production may have an imaginary part which®f momentumk,. Conservation of four-momentum gives
varigs withM %iet also. At the same ti_me, With.in t.he app_roxi- ky—Ko,=p—p’=pi—P,, (4)
mations made here, the cut amplitude coincides with the

imaginary part of the full amplitude. Furthermore, the rela-in which p’ andp; are the final momenta of the target and
tion discussed below makes it possible to reconstruct the reghe dijet. Taking the dot product of the above wijih, for

part of the amplitude from the imaginary part. For an ampli-the large pion beam momentum relevant here, leads to the
tude corresponding to a slowly growing total cross sectioryelation

(Axs®, a~1) the relation i427]

mi—m;  mi-m;
RA(vt) m 4 ImA(rt) 5 R T ©
ImA(vt) 2 dnv o ©®
where
This means that we may simply calculate the imaginary parts KH
of any contribution to the scattering amplitude, as a function X1 = ﬁ, (6)
of s andu, with the full amplitude obtainable from E@3). T opt

Furthermore, the imaginary part of the scattering amplitude . _ _
ImA varies rather slowly withv, leading to a small value of and wherem; is the mass of the final 2jet systemy
ReA/ImA. Thus ImA dominates in the sum of diagrams. The =Majet- Within the parton model approximation

possibility of considering only the imaginary part of the scat- % >0 @
tering amplitude simplifies the calculations enormously. The 2=

relevant intermediate states are almost on the energy-shedkcept the region of very smath—denoted the wee parton

(virtuality of quark, anti-quark, gluore «{) and one can use region. In the parton model this condition follows from the

conservation of four-momentum to relate the momentum ofequirement that a parton knocked out of a nucleon should be

the relevant intermediate states to that of the initial state. kinematically separated from the rest of the target. Otherwise
There is another enormous simplification which is relatedhe amplitude should be suppressed by a powekfo[7].

to the issue of gauge invariance. The pion wave function isrhjs suppression disappears at sufficiently high energies for

not gauge invariant, but theu cut parts of the amplitude \yhich the parton wave function of a target develops wee

m+g—JJ+g, for two gluons in a color singlet state, are partons.

calculable in terms of amplitudes of sub-processes where aAnother important consequence of the positivity of

only one gluon is off mass shell. For such amplitudes themass?” of partons in intermediate states E() is that the

Ward identities[28]—the conservation of color current— fraction 8 of the pion’s (+) momentum carried by ex-

current in QED. In QED the current conservation identity
has long been used to simplify calculations of high energy 1>p>0, (8)
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for our kinematics. The restrictiofx= «x¢/v can be justified pair, of a transverse size commensurate with the virtuality of
within the leading In I{ approximation only. a gluon bremsstrahlung, would the gluon radiation be small.

The resultg5),(7),(8) are significant because they will be A related suppression, evaluated in Sec. lll, is the very small
used in the evaluation of other diagrams. In particular therobability w, of finding a pion withq and q at average
condition (7) is not fulfilled for the diagrams in which the distances without a gluon field, if the probe has a resolution
transverse momenta of quarks within the pion wave functiorkt2>AéCD. Note that under these conditions, in the typical
are significantly smaller than the observed transverse maarton configuration, gluons are experimentally observed to
menta of jets. This means that the quarks in the pion mustarry about~1/2 of the pion momentum. Another example
have very high transverse momentum to satisfy &. In s pion scattering by a high momentum gluon field of a tar-
this case, the quarks are closely separated and we may Coget. In the intermediate state there should be a strong collin-
sider the configuration to be a point-like configuration. Suchear radiation along the pion direction because the color
a restriction is operative in the kinematics for which the tar-charge strongly changes its direction of motion, and there is
get wave function has no wee partons, i.e. for sufficientlyno color charge nearby to compensate for this emission. This
large Xy . On the contrary, for sufficiently small values of s similar to the effect of filling a gap in the case of color
Xy, the sign ofx, becomes unimportant because the ampli-unconnected hard processes like Higgs productiongga
tude does not depend on the sign of wee parton momentum., 4 in hadron-hadron collisiong30].

It is also worth emphasizing that the dominance of small |n considering hard exclusive processes, one needs to ad-
size configurations in the projectile pion, so important to ourgress the problem of the end point contributions—the so-
analysis, is closely related to the renormalizable nature ofgjled Feynman mechanism. We find that due to the color
QCD. This renormalizability implies, as extensively dis- neutrality of the pion and the effect of target recoil, the am-
cussed below, that the selection of large transverse momeptitude for this mechanism is suppressed by a faetifx?
tum final-state jets leads to a selection of the large transversgs compared with that of the perturbative QCD mechanism.
momenta of the quarks in the pion wave function, and also tarhe contribution of the Feynman mechanism is also sup-
some increase of transverse momenta of the exchanged glpressed by powers of the Sudakov-type form factor and by
ons. the form factorw,.

One also needs to realize that the emissions in the in-state In previous paper$5,17] we have emphasized that the
and absorptions in the out-state combine in calculating thamplitude we computed in 1993 is calculable using pertur-
usual parton density to produce the renormalized parton derative QCD. However, there are five other types of contribu-
sity. Thus it is necessary to guarantee suppression of gluotions which occur at the same order af. The previous
radiation collinear to the pion direction in the initial, inter- term in which the interaction with the target gluons follows
mediate, and final states. Otherwise an exclusive process Withe gluon-exchange in the pion wave function has been de-
be additionally suppressed by powers of the Sudakov-typ@oted byT,. However, the two gluons from the nuclear tar-
form factor. This is a stringent condition which suppressesjet can also be annihilated by the exchanged gl{cmior
the contribution of all other diagrams except that of Fig. lcurrent of the pion wave functionThis group of amplitudes
because for small values ofy, the time and longitudinal is denoted ad,. Another term in which the interaction with
distance interval§~1/(2myxy)] are easily long enough to the target gluons occur before the gluon exchange in the
accommodate the radiation of a gluon. If a pion is in a spawave function of dijet has been denoted By. There are
tially small quark-gluon component, collinear radiation is also terms, denoted &, in which the interaction with the
suppressed because color is highly localized in the plangirget gluons spans the entire time between interactions with

transverse to the pion momentum. As a ressililar to the  target gluons. This term corresponds to the interaction of the

case of meson production by longitudinally polarized pho-yqq configuration with target gluons. Still another ampli-
tong there is no Sudakov form factor type suppression fort de T. d bes the int i o dioole with a t ¢
such processef29]. Note also that according to the QCD ude, Ts, describes the interaction gy dipole with a targe

factorization theorem a pion in a small size configurationIn non-Ie_adlng Or‘?'er inrgIn Kt/AQC_D' _ _
Here is an outline of the remainder of this paper. Section

consists qua pair accompanied by a coherent, relatively Il considers thect2 dependence of the Feynman diagrams and

soft gluon field which follows the valence quarks without lects F di having the minimal 1/
violation of coherence. This gluon field is included in the selects eynman diagrams having the minimai power

skewed gluon distribution. at fixed values ofrgn Kf/AQCD in the Ioweit order imxg. We
Consider now the impact of the above-mentioned condifound that the processes where small gjgeconfiguration is
tion for the interactions of a pion in a large sizeqacon- prep_ared before the scattering dominate diffractiv:_a dijet pro-
duction. Subtle features of the arguments are discussed in
) ) ) ) ) Sec. lll, which is concerned with the role of selection of
end up with a q pair close together in a final state without gxc|ysive processes in the suppressing of the contribution of
collinearly moving gluons. In this case, tlieand g must  hard processes related to inter-quark transverse distances
undergo a high momentum transfer without emitting gluons> 1/« . All of the termsT,_s are shown to be negligible in
collinear to the pion direction. But such processes are wellhe sense that they are smaller tignby at least a power of
known to be exponentially suppressed by double logarithmicy, or by a factor ofA%/x?Z, or by powers of Sudakov-type
Sudakov-type form factors. Only in the case of a compagct form factors and/or of a form factaw,, which is related to

figuration. Theq, aand gluons which start off far apart must
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the probability of finding a normal-sizegiq configuration of ~ M3je;=(M3+«{)/2(1-2)~k{/z(1~-2). We neglect the
the pion. At the end of this section we demonstrate that the&nass of quarkn, as compared with the large jet momentum
contribution to highk, dijet production resulting from the ;. The quantityr=2(p,p)/A is the invariant energy of
scattering of a large sizqa dipole by a large transverse collision. .Our. notation is that represents thg fracuo_n of the
momentum €& «;) component of the target gluon field is total Io_ngltudlnal momentum of the beam pion carned by the
suppressed at least by two powers of the Sudakov-type forfuark in the final state, and-1z the fraction carne»d by the
factor and by thew, form factor. Together Secs. Il and Ill anti-quark. The transverse momenta are givenxpyand
form the proof of the QCD factorization theorem for the — «,. A is the number of nucleons in the nuclear target. Our
diffractive dijet production. Rather general arguments for theinterest is in the kinematics for which the final state nucleus
small nature of the amplitudés, 5 provided in the Secs. Il remains intact. This means that minimal momentum trans-
anq I!I are valid for the case o]‘ thg photon projectile as W‘?”-ferred to the nuclear target t i~ pr’Z should be small:
This is because the contribution into the forward Scat_te”ng—tmmRiB«l, ie., x<\3/myRa~A"Y¥3. Here R,
amplitude dijet production due to a direct photon coupling to_
light quarks is proportional to the bare mass of a quark and is_
therefore smal[64,65. In the case of a charm quark photo-
production dominant term is given by a charm component o R
the direct photon wave function. eXPtR,/6.

Section IV is concerned with the evaluation of the domi-  7©' large enough values of;, the result of the CalCLia'
nant amplitudeT;, which has the form of the QCD factor- tions can be represented in a form in which only the
ization theorem in the leading order in, and all orders in  components of the initial pion and final state wave functions
aSm(KtZr;ZT)_ The analysis performed in Secs. lI-IV shows thatare relevant in Eg42). See also the discussion at the begin-

the z dependence of the leadirigver powers ok?) term in ning of Sec. lll. This is pecause we are considering a cpher—
the amplitude of diffractive dijet production is given basi- ent nuclear process which leads to a final state consisting of

cally by the factorz(1—2z). The nuclear dependence of the & duark and anti-quark moving at high relative transverse
amplitude, including a reassessment of the multiple"OMENUM. It is necessary to examine the various momen-
scattering correction db], and nuclear shadowing effects is tum Sca"?s that appear in this prpblem. The dO'T"”a”t non-
discussed in Sec. V. Experimental aspects, including the ré2€rturbative component of the pion wave function carries
quirements for observing color transparency and the extrad©!ative momentdconjugate to the transverse separation be-

tion of the coherent cross section, are discussed in Sec. Viween theq and q) of the order of p,~m/2/\2/3(2r )
There is an e|ectromagnetic background term, which be= 300 MeV. This is much, much smaller than the final state
comes increasingly more important @sincreases, in which transverse relative momenta, which must be greater than
the exchange of a photon with the target is responsible fogbout 2 GeV, the minimal value required to experimentally
the diffractive dissociation of the pion. This process, whichdefine a jet. The immediate implication is that the non-
occurs on the nuclear periphery and is therefore automatperturbative pion wave function, which is approximately a
cally free of initial and final state interactions, is shown in Gaussian, cannot supply the necessary high relative mo-
Sec. VIl to provide a correction of less than a few percentmenta. These momenta can only arise from the exchange of
contribution to the cross section at values if s of the @ hard gluon, and this can be treated using perturbative QCD.
experimen{14] but this correction rapidly decreases with an ~ Restricting ourselves to Feynman diagrams having the
increase in the value of, . A discussion of the implications leading power ofs,x{,as (at fixed agn k/A%cp, and/or
of observing color transparency as well as a summary andsln 1/x) and using a normal non-perturbative wave function
assessment of the present work is provided in Sec. VIIl.  which rapidly decreases with increase of the constituent
transverse momentum gives the possibility of regrouping the
diagrams into blocks having a rather direct physical mean-
Il. SELECTION OF DOMINANT FEYNMAN DIAGRAMS ing:
FOR #N—NJJ IN THE LEADING ORDER
OF a; AND 1/k? M(N)=(T1+To+ Ta+ T+ Ts). 9

1.1AY Fm is the nuclear radius. For small values of
tminRi/& the effect oft,,;, can be easily accounted for
ecause any form factor of the target can be approximated as

The kinematic constraints due to the energy-momentunHere the dominant termg, and T, of Figs. 1 and 2 repre-
conservation play an important role in the evaluation of am-sent a type of impulse approximation, and we shall examine
plitudes of diffractive processes. Therefore, we begin by dethem first. Next we evaluate the possible role of color
ducing the necessary kinematical relations and introducinlow—of the interaction of target gluons with gluons ex-
the light cone variables we use. Our interest is in the scattechanged between quarks in the pion wave function—
ing at nearly forward angles. We denote momentum of theamplitudeT,. This amplitude is also expressed through the
pion asp,., and that of the target gs The three-momentum same pion wave function &&,. The termT; corresponds to
of the nucleus in the final state isfzmnget/Zszme. the final state interaction between jets. This will be followed
The first relation is expressed in terms of the variables of théy the discussion of the physical meaning of the other terms
nuclear rest frame, and the second is in the variables of inf,,T5 and the explanation of their smallness. At this point
finite . momentum frame(IMF) of a nucleus wherex  and below we rely heavily on the fact that,df< 1 in the
=M§jet/v. The mass of the two jet system is given by leading agln KtZ/AéCD and/or a¢ln 1/x approximation, the
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sum of dominant diagram®ut not each particular diagram q
has a ladder structure. In particular, various crossed diagrams n %hg
which have a different form are needed to guarantee local
gauge invariance for processes with large rapidity gaps, and
to ensure the ladder structure of the sum of dominant dia-
grams. To derive such a ladder structure of the sum, it is
important to explore crossing symmetry and the positive
charge parity which follows from the dominance of the

t-channel exchange two-gluon state of vacuum quantum giG, 1. A contribution toT,,. The high momentum component
numbers. Accurate exploring of gauge invariance is necessf the pion interacts with the two-gluon field of the target. The
sary for proving the ladder structure of the sum of Feynmaniisplayed diagram occurs along with its version in which the gluons
diagrams. This structure makes it possible to include termare crossed. Furthermore, there are four diagrams for each term
varying as InI¥ and Ian/AéCD, related to conventional because each of the gluons can be absorbed or emitted by either the
QCD evolution, in skewed parton distributions or in skewedquark or anti-quark of the beam pion. Thus only a single diagram of
unintegrated gluon densities. In addition, we need to calcuthe eight that contribute is shown.

late the evolution of the pion wave function with transverse

momentum and the interaction of gluons with this wave

(1-2), LY

function. So we shall first classify and calculate skeleton 2ptpl
diagrams, and then account for the QCD evolution. arrec TIY 11
A. Dimensional estimate of the initial state hard interaction wherep* is the nucleon momentum, so that
In our previous papers we investigated the t@rof Fig. N o o
1. QCD is a non-Abelian gauge theory in which an ex- 2A\PuPy 2A 5P, Py
Tiat Top> (12)

changed gluon may probe the flow of color within the pion
wave function. So in the leading order af, the require-
ments of gauge invariance mandates that we should considgye il denote this presentation of the contribution of gluon
also the related set of diagrams where an exchanged gluonschanges as the Gribov representation because he was the
attached to the exchanged gluon in tiggcomponent of the  first to understand the dominance in the high energy pro-
pion wave function, see Fig. 2. cesses of gluon polarizationp, see[6]. Now we use the

In the evaluation of the terms of Figs. 1 and 2, with color current conservation,
flow we use Gribov’s observatid®] that, within the leading
adn(1/X) approximation, the polarization of gluons ex- AT -Kky,=0, (13)
changed in the ladder igp, wherep is the four-momentum K’ .
of the target. It is not difficult to show that the same gluon
polarization dominates in the calculation of QCD evolution
in the leading order in wa/AéCD. It is also convenient to
use the fact that only one gluon is off its mass sfiellthe
leading logarithmic approximation considered in the paper
This causes the equation that describes the conservation of
color current to have the same form as in QED. We show/Ve can determine the quantities3 by taking the dot prod-
here that the use of QED-type Ward identitjés] (allowed  uct of the above equation with eithpror p and neglecting
in computing thes,u cuts of the diagram, as explained in the the relatively small factors of the square of the pion or
Introduction leads to the result that only the transverse comucleon mass. This gives
ponents of the gluon momenka,k, enter in the final result
for the amplitudesT,,,T,,. Momentum factors, related to q
the contribution of the target gluons, are included by defini- T _ g
tion in the skewed gluon distribution.

We examine the part of,, T, that arises from the ex-

change of the gluok,; and that gives an on-shejﬁinter-
mediate state. The result is N

Zpﬂ'p Zpﬂ'p

and employ Sudakov variables to describe the momentum

1.

Ki'=x1p*+ Bps+k;. (14

Y

zZ,K

(I—Z), —Kt

T1=Tia+ Topx AL A4 d# AT - (10)
FIG. 2. A contribution toT,,. The high momentum gluon cur-
rent in the the pion wave function interacts with the two-gluon field
where A™" represents the gluon emission amplitude of theof the target. The displayed diagram occurs along with its version in
pion, nucleon andl“” arises from the propagator of the glu- which the gluons are crossed, for different attachments of gluons in
ons emitted or absorbed by the target. At high energies, thghe pion wave function. Thus only a single diagram of the eight that
gluon propagator can be represented@s contributes is shown.
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Ky P, The number of strongly virtual propagators in Fig. 1 is two
X1= pp.’ (15) and the number of large transverse momenta in the numera-
" tor from the vertexes is two. An additional factorx/fol-
K1 P lows from the cancellation of the sum of leading diagrams

= . (16) because of the color neutrality of the pion. In the following
P-Px . 2 .
we include the factors/«; as part of the high momentum
Using these results in the current conservation relafi@  component of pion wave function. Slowly changing factors

leads to the relation such asxg,In x,In(KZ/AéCD) are included by definition in the
P AT skewed gluon distributiomG, and into the pion wave func-
- - AT tion. Finally we obtainT 2, k%)X Gp(X1, X0, k2)]
A/M'plt:_x_lAm'pw_M—#' (17) Yy 12% @sX (2, k1) X1 Ga(X1, X2, K7)

X1 2. This result can be easily proved within the WW repre-
sentation also. Note also that the comparison of the above

The first and third terms of Eq17), in difference from the  oqit with the WW representation shows that the kinemati-
second, are proportional tand therefore dominate over the region aroundk,~0 gives a negligible contribution to

second 6]. Thus we find the integral ovek , 3,X;.
AT Ky, Th(_e contribution o_f the cqlor exchange current—the term
AT, p;ﬁ_M: (189  Tip—is suppressed in the I!ght-cone gauge as compared to
X1 T,, by a power ofx;. To estimate thd; dependence of the
diagrams, we shall use the WW representation of the gluon
exchange between quarks in the initial pion and the target
and the Gribov representation for gluon exchange with the
arget in the final state. Within this representation for the sum
f diagrams, the cancellation between diagrams leading to
the number of powers of ikf is accounted for in a straight-
AT K AN 7T forward way. So the contribution of energy denominators
i KaptPy SR PPy (19)  gives 1/()®. Additional 1k,vec1/k{ as compared to the
(2ky-pr) (2p7-p) product of gluon propagators is a result of cancellations be-

Th trick b q ith th d h tween diagrams due to color neutrality of pion and final state
€ same lrick can be made wi € second exc angegf two jets. Account of gluon momenta in the nominator

so that the exchange of the glukp gives an amplitud¢12)
proportional to the small transverse momentdip. The net
result of these considerations is that the contribution of th
gauge invariant set of the diagrams including those of Figs.
and 2 takes the form

Tiat+ Typ>

gluon: gives 0 when both gluons in the gluon color current in the
AAT ke K pion wave function are longitudinally polarized:
Tiat+ Tip> K upx )(12#;( ZApt = 'AZW ) pZ’p:’ i (klt)rpﬂmp)\mg;’)\zo. The contribution in the denominator
1"Mxw 2°'Mm

when one of the gluons in the gluon color current in the pion
(20 wave function is longitudinally polarized, while the second is

The factors involvingk;, will be absorbed into the definition Fansversely polarized, also vanishes. This is because for-
ward scattering cannot change helicity. The proof of this

of the skewed gluon distribution of the nucleon. The usefu'statement follows from the combination of the light cone

restilt is in the denominator of Eq€L9),(20), because gauge conditionA_=0, and the fact that the leading power
2k;- p=X:S. (21)  of sis given by the+ vertex for the interaction of a nuclear
gluon with a quark. Accounting for the color neutrality of the
So pion wave function and of the wave function of the dijet final
state as well as the antisymmetry of the three-gluon vertex is
4AT, - Kq,tKont o also important.
T1a+T1b°‘m' : 'AZ'A/'pwpw- (22) The use of identity Ki;), . <) 9}, ,=0 helps to prove
that the leading contribution intd,, is 0 when both gluons
This formula in which the amplitude is expressed in terms ofin the gluon color current in the pion wave function are
exchanges by transversely polarized gluons is the adjustmetransversely polarized. Hekg, is the transverse momentum
to QCD of the Weizsacker-WilliamgWW) method of of a gluon exchanged with target amd is the transverse
equivalent photong31], of the Gribov derivation of reggeon momentum of the jetgLyA is the Yang-Mills three-gluon
calculus[6], and of the Cheng-Wu impact parameter repre-vertex.
sentation[32]. So below we will denote such a formula as  The physical meaning of the obtained result by,
the Weizsacker-Williams representation of equivalent gluons+T,, is that the interaction of quarks in the pion wave func-
For the calculation of the dominant amplitudg, such a tion with the target gluon with a relatively low virtuality is
trick is not very useful because effectively<x,. So in this  dominated by distances significantly larger than that in-
case we shall use the Gribov representation for the secongblved in the pion wave function, and by the target gluon
exchanged gluon. interaction with external lines of the amplitude without a
Let us first perform power counting for the sum of termsgluon. This is the generalization to QCD of a theorem proved
T1a+ T1p within the Gribov representation for the amplitude. for QED by Low[33].
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For completeness we present the result of the calculatiOEﬁnget. Hence in Eq(23) it is legitimate to neglecB in the
of Feynman diagrams foF; in the leadingadn(«x/A%cp)  argument of the pion wave function, and to keep in &)
approximation, where the integration over a fraction of pionthe termeA only. The value of the lower limit of the inte-
momentumg transfered to the target gluon by quarks in thegration 8= B, is obtained from the energy conservation law,
pion wave function is not performed. The derivation is ratherand from the QCD evolution which effectively suppresses

close to that in[34] because in the leading n(«/A%cp)  the contribution of the regiok?/ Bov~1.

approximation the same polarization of target gluons domi-  E|astic interactions between highq and q in the final
nates as in the leadinggIn(1/x) approximation. The de- state may lead to an infrared contribution which is exactly
duced formula is actually very similar to the formula de- canceled in the probability summed over the final state gluon
duced in[34] for hard diffractive vector meson production radiation. It is important that the complete nature of final
where in the leading In(&) approximation the integral over states allows the termi, to account for the final state radia-
the unintegrate_d gluon density is replaced in the final step b¥ion and the space-time evolution of tnapair in the final

t_he gluon d_enS|ty. So we will not repeat the detailed eV"iluaétate. This phenomenon is a familiar feature of the theoretical
tion made in[34]. analysis of the fragmentation of the small size wave packet,

The result is
of e+ e—hadrons

Ty 1v= [ ad2lox@kd)-xz+ Bk~ x(z- K]
B. Meson color flow term—T,
2

+A[x(z+ B.K2) + x(z— B.KD)]] @ _TheT, or meson color flow term of Fig. 3 arises from the
o o df(Ktz) 2 gqg intermediate state, or from the attachment of both target
gluons to the exchanged gluon or to the exchanged gluon and

% F2(3)172d—d2k f_T 23) the quark(anti-quark. The diagrams of Fig. 3, considered in
B t kikg' this section, have the same topology as the diagrams in-

cluded in the ternT, and therefore have the same power of
Here A is the two-dimensionak, space Laplacian operator A%cp/«{, and In(1k). In particular, they are included ifi;
which acts on the pion wave function, f; if It2< Kf. (To visualize the relationship betweg&n andT, it
=A;’Aklt'#k1m/,8v(27r)4. The first term of EQ.(23) is  is useful to move down the point of attachment of target
small and we shall explain why we neglect it. The factorgluons to the gluon in the pion wave function in the diagram
1/d;(«?) follows from the definition of the pion wave func- Fig. 3) In this case, a significant contribution may arise only
tion and from the definition of hard amplitude in terms of from the perturbative high momentum tail of the pion wave
series over the powers of the running coupling constant. Théunction. The effects of the gluon-gluon interaction may then
amplitudeT; can be simplified by using the leading In(L/  Pbe included as part of the target gluon distribution. In the
approximation. In particular, one may express the amplitud€ase when the square of the transverse momenta of the gluon
in terms of the gluon distributiofi34]. This gluon distribu-  in the pion wave function is: 7, this diagram can be con-
tion is, however, different from the usual gluon distribution sidered as a non-leading order correctimthe dipole-target
determined from DIS processes because of the significariiteraction cross sectionin ag at fixed values of
difference between the masses of the initial pion and finahsln(KtZ/AéCD). In contrast with the ternT,, the definition of
two jet systems. The necessary skewed gluon distribution i$; contains a requirement that the transverse momenta of
calculable for small values of as the solution of QCD evo- gluons attached to quark lines should be much less ifan
lution equation, using the ordinary diagonal gluon distribu-and that the pion wave function includes its perturbative tail.
tion as the initial conditioi11]. Here, in a fashion similar to  For the terms of Fig. 3, the non-perturbative pion wave func-
[34], we approximate(Gzfdzklt(kft/kikg)f};o(dB/,B)fT, tion cuts off large quark momenta in the pion wave function.

so thatf; can be denoted the unintegrated gluon densityThus gluonic transverse momenta arec;, but transverse

Equation(23) is a version of Eq(1), in which the dipole momenta of target gluons are still smatlﬁ< Kf. The con-

approximation(keeping terms of the ordelsll2 in the bracket tributions of other diagrams with an almost on-shegtig
{2—exd —i(ry-ky) ] —exdi(ry-ki) 1} in Eq. (1)) is used. intermediate state, see Fig. 4, are not suppressed by a power
This approximation is reasonable even kf(;) is compa- of A2 CD/KtZ'

rable or even larger than [Lf. the discussion if34] after It is easy to calculate the sum of the terifig, 5, in the

Eq. (2.20]. Another useful approximation involves the value framework of the Gribov representation where the dominant
of B appearing in the argument of the pion wave function.contribution is given by the polarization of a target gluon
The upper limit of integration oveg is dictated by energy which is proportional to the target four-momentum. Most
conservation to b@<1. Forz~1 one gets a further restric- straightforward calculation is for the ratib, /T, because in
tion that 3=<1-—z. But in the leading IOQ(f/AéCD) approxi-  this ratio all factors except the dependence are canceled
mation, the condition for the region of integration ghis  out. Really quark-gluon vertexes when gluons are attached to
more severe. It is given by the requirement that the contriquark (anti-quark lines in the pion wave function are the
bution of the target gluon longitudinal momentum into its same for the term$,,T,. In the light cone gauge all factors
propagatow[;’nget should satisfy condition;‘é&’M%iet~ k?,  from the vertexes for the interaction of target gluons with a
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The term T3, includes the effect of the final statgqg
interaction. Figure 6 includes the interaction of a target gluon
with color flow in the wave function of final state.

We need to evaluate only tlee-,u— channel cuts of the
diagram[and use Eq(3) to get any necessary real phait is
useful to defind, as the quark transverse momentum within
the pion wave function. Then there are two kinematic re-

FIG. 3. Contribution 1T+ of the aad int diate state. Th gimes to consider. The first hs<k,, ki;<k;, and the sec-
- 9. LOntbution 1072, 0 the qqg INlermeaiate state. 'ne  qnq12 12 2 We consider the former regime first, as it is

exchanged gluon interacts with with each of the target gluons, ted to b . tant. In thi hall |
There is also a diagram in which the gluons from the target argXPECtEd 10 be more important. In this case, we shall empioy

crossed, and another two in which the exchanged gluon is emittefior,]S(ar\""‘t'0n of the four-momentum to evaluage Conser_-
vation of the four-momentum can be used to relate the inter-

by the anti-quark. Only a single diagram of the four that contribute i i . .
is shown. mediate statédenoted by the vertical dashed line, occurring
between the emission and the absorption of the gluons by the

gluon in the initial and final state wave functions are effec-target in the diagram of Fig. B35]) of momentump with
tively the same as for a gluon interaction with quarks excepp?=m? with the intermediate state. The mass of thgin-
for the Casimir operator of the color group in the octet andtermediate state is given by

the triplet representation. A subtle point of calculation is to

evaluate thez dependence of this ratio. For certainty in the r~n2~xlv—x1,6’v—k§t (25
evaluation of termT, we assume that the nonperturbative _ _ _ _
pion wave function is equal to the asymptotic one. where B is the light cone fraction of the pion momentum

Thus the ratio is determined by the color content of colorcarried by an exchanged gluo=—k,/p_ =—-k,/p_ .
flow in the pion wave function and the quark color and by Thus we arrive at the equation
the dependence of energy denominators on the fraction of

pion momentum carried by quarks and gluons. So m?+ kft 26
XN= -
TP 1z (1=B)v
—-—= - nz
T, F3)| 2(1-2) (1-2)° It follows from the requirement of positivity of energies of
(1-2) all produced particles in the intermediate states thatB0
+ p In(1-2) . (24)  <1.We can now calculate? directly in terms of the light
cone momenta of thgq pair in the intermediate state:
HereF2(i) (for i=8,3) is the Casimir operator for octet and 12 (ky—1,)2
triplet representations of color groupU(3).. The ratio ﬁmzz(—t 1n—t (1—ﬁ)—k§t. (27
T,/T, is ~0.5 for z=1/2, remains nearly constant foz z 1-z-p

—.5/=<0.3 and increases to 9/8 a+0,1. This term is addi- o :
tionally suppressed by the Sudakov-type form factor and b&:ombmmg Eds(25),(27) we obtain
the form factorw,—see the discussion below. 12 (Ky—1y)2

B ; 1_—,8_2 =X1v, (28)
C. Final state interaction of the qq pair—T;

The interaction with the target gluons may occur beforeWh'Ch’ when using Eg5), leads to

the interaction between quarks in the final state, and the re- 1/12 (ky—1,)2 m2.
lated amplitudes are denoted Bg see Figs. 5 and 6. xl:—(i r ): et |y, (29)
viz 1-8-z v
Therefore
T
T
Xz_;(;Jr 1-B-z z(1-2)) (30)

In order for the termTs, to compete withT,, we need to
have |,<k;, ki;<k—otherwise T5, will be additionally

FIG. 4. Contribution toT,, from the qag intermediate state. suppressed _by the power Qf ' &s .2These kinematics cause
The interaction of one target gluon field with an exchanged gluon irEd- (30) to yield the result— Xp* kilv. o
the intermediate states. There is also a diagram in which the gluons This argument can be carried out for all combinations of
from the target are crossed, and another group in which the exdiagrams represented by Fig. 5. For example, another attach-
changed gluon is emitted by the anti-quark. Only one of 16 dia-nent of gluons, in which the gluok, is absorbed by the
grams that contribute is shown. quark, corresponds to interchangingvith 1—z, and there-
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fore leads to the same result fog. Evidently this result for

X, is valid in the leadinguIn «7/A%cp approximation also. n

Thus we consider the second situatiofi-kZ,~ 2. In this

case, the initial pion wave function contains a hard quark,

and we discuss hard radiative correction in the next order of

as. This is the typical situation in which there are extra hard

lines, as compared with the dominant terms, and one obtains

a suppression factor 1/Kt2 which could be compensated by

the d?k, integral. However, this integral does not produce FIG. 5. Contribution tdT 3,. The high momentum component of

In «f/A%cp because the region of integration is too narrow.the final qq pair interacts with the two-gluon field of the target.

So this contribution is at most the non-leading-or(hé¢tO) Only a single diagram of the eight that contribute is shown.

correction ovelrrg. But we restrict ourselves by the leading-

order (LO) contribution only. the factorl?/(1—z')«? is from the gluon exchange in the
The presence of color flow in the wave function of the final state. The factohz/(l—z’) is singular wherg’—1. It

final state leads to the interaction of a target gluon with eoriginates from the quark vertexes accompanying the propa-

gluon in the wave function of the final state; see Fig. 6. Thisgator of the gluon exchanged in the wave function of final

term is suppressed by an additional power axftzlfrhe proof  state. Here 1/(%z') follows from a transition when a frac-

of this statement repeats the same reasoning as that explatien of the pion momentum carried by a quark tends to O.

ing the suppression of the terfy, . It heavily uses the WW The factorM?(2jet)—12/z'(1—2') in the denominator is

and the Gribov representations, discussed in Sec. Il A, andue the fermion propagator adjacent to the hard gluon ex-

the identities which follow from the antisymmetry of the change in the wave function of the final state. HMén

vertex for the three gluon interaction, the color neutrality Ofm(mfec+|,[2)/(1_z’) is the mass of an intermediate state,

the pion wave function, and the dijet final state. In the deri-yqg mZ,. is the invariant mass of the recoil system in the

vation 2|t is hglpful to.u.se the obgervgtmn that eﬁectlvely Feynman mechanism. In the region of integration 2

|x2|.oc kilv. Ewdently S|mllqr reasoning is applicable in com- <It2/M%jet one may neglect by12(2jet) in the denominator

putlng2 azmplltudes to leading order ims and all orders in ¢ compared  to |t2/(1_2')- So one obtains T,

asin wi/l; . «(1/6?) [ (2’ 12)d?l,dZ’. In this case, another factor of

Repeating the same reasoning as In the est|2mate of t k; arises from the integration over. Hence we have
terms of T,,,T1,, and remembering that x,~ /v we

. ) 2 o 9 . found that the Feynman mechanism is a higher twist correc-
achieve the estimat@zcagX;Ga(X1, X0, k1) ;. It is in-

tion to the PQCD contribution. The Feynman mechanism is

structive to investigate whether the Feynman mechanisyther suppressed by the requirement of a lack of collinear
where the leading quartanti-quark carries a fraction of the 4 pion momentum radiation—see the discussion below.
pion momentune’ close to 1 but high momentum jets are

formed by the action of a final state interaction, may compete
with the PQCD description. In this case transverse momenta
of constituentd, in the pion wave function are expected to
be equal to the mean transverse momenta of partons in the The Feynman diagram corresponding to Fig. 7 contains
non-perturbative regime. For Certainty let us model the Feynthe time Ordering Corresponding to tqag Configuration in

man mechanism by assuming that recoil system is quarthe pion wave function interacting with the quarks in the
(anti-quark with momentum 2z’ close to 0. Within this  final state. In taking the imaginary part of the amplitude, the
model we will obtain Feynman diagrams for the t€fg but  intermediate state must contain a hard on-shell quark and a
with the region of integration defined by the Feynmanhard on-shell gluon. But such a state cannot be produced by
mechanism. A simple dimensional evaluation of téfgxdue  a soft almost on-shell quark in the initial state, so there is an
to the Feynman mechanism within the Gribov representatioadditional suppression factor, caused by the rapid decrease of
shows that it is suppressed by the powerscaf The contri-  the non-perturbative pion wave function with increasing
bution of the regior{/(1—2')<M3;., has been considered

above—it is additionally suppressed for the Feynman mecha- q

D. Gluon admixture to the wave functions of initial and final
states— 4

1
nism by the restriction of the region of integration owr n g :'é @9) R
Thus our next discussion is restricted by the consideration of q < (1-2), -y
the contribution of the regiodf/(l—z’)znget: :
|
1 (12 N N

1
o6 — r 2 2 2 T
T3 Kff (2 )Miznt_nget (1_2,)d lldz'. (31) .
FIG. 6. Contribution toT3,. A gluon from the two-gluon field
In the above formulas we use the Brodsky-Lepage convensf the target interacts with the high momentum component of the
tion for the definition of wave functions and retain termsfinal qq pair wave function. Only a single diagram of the eight that
maximally singular wherz' — 1. Power counting is simple: contribute is shown.
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quark virtuality. This_factor is greater than a power;cff. q . )' 2 x
One may also consider the case when the transverse mo- g ' t
menta of quarks in the pion wave function are large enough 7 !

to use PQCD. Then the large virtuality of the quark intro-

duces a suppression factor okfl?, with at least one power
of 1/;<t2 arising from the quark line for the transitiog
—(g and another factor of l]f/ arising from the pion wave
function. There are additional factors:<f/arises from the
hard fermion line, and ]d{1 from the application of Ward
identities and the conditior, »,x,v> k2. A factor of k12 is B
present in the numerator, witkf originating from the verti- FIG. 7. A time ordering that contributes ,. The qqg state
ces in the WW representation ama from the integration interacts with the target. Only a single diagram of the eight where a
over quark momenta in the pion wave function. All in all this g!uon interacts with quarks in a pion fragmentation region that con-
amplitude is suppressed by the fadtpi(«2)3. Another case ~ Uibute is shown.

occurs when?« 2. Then this diagram will be suppressed as
compared tdr, at least by one power afg without the large
factor Ian/AéCD. But here we restrict ourselves to the
analysis of LO corrections.

(ki+2'p)2=ma=2'xv+- -, (33

while that of the near-mass-shell lirip) is independent of

7 : N X1, because the quark momenta in the final state and in the
: Similar reasoning helps to prove that the cgntrlbutmn Ofpion wave function are not connected with the target mo-

diagrams in Fig. 6 is suppressed by a fadig as COM- mentum. The propagator of lin€) has the factor

pared to that in Fig. 1. This is the power-type suppression if

the pion wave function is non-perturbative, and may be a
NLO «, correction if the perturbative high momentum tail is (ko+ ql)z—m§=x221/+ Cee=XqZvt e (39
included in the pion wave function. ) )

Another contribution tdT, arises from the sum of Feyn- Heredq; is the momentum of the jetz(«,) and- - - denotes
man diagrams in which the gluon exchange betweengthe the terms which are independent>af. The last equation is
anda in the beam occurs during the interaction with theObtalned from using Eq$5)’(7)' The results(33),(34) show
target, see Figs. 8, 9, and 10. The naive expectation is th tgat the diagram of Fig. 9 takes on the mathematical form of

such terms, which amount to having a gluon exchanged duf! ev\i/nte?ral(SZ). .L'hushthij. term va?i;_hesl.o In thi h

ing the very short interaction time characteristic of the two e also consider the diagram of Fig. 10. Inthis case there

gluon exchange process occurring at high energies, must e three propagatofa),(b),(c) that have a term proportional

very small indeed. ’ to x, v, but the coefficients are not all positive. The propaga-
The intent of this section is to use the analytic propertied®" factor for line(a) is given by

of the scattering amplitude to show th@ is negligible.

Instead of calculating the sum of the imaginary parts of all of (X1p,+K)2=x.2 v+ - -, (35)

the amplitudes, we will prove that this sum vanishes by ana-

lyzing analytic properties of the important diagrams. Eachwhile that of line(c) is given by

considered diagram contains a product of an intermediate-

state quark and anti-quark propagator. At high energies, these 5 o _

propagators are controlled by the terms of highest power of (K2t 02)"=Mg=Xa(1=2)v+---=(1=2)xyw+---.

X1 2p-p,=Xyv, and (as to be shownhave poles in the (36)

complexx; plane which are located on one side of the con-a; the same time, the coefficient multiplying in the propa-

tour of integration. The _sign of the term containing) (in_ gator (b) (gluon production has no definite sign. Thus for
each propagator unambiguously follows from the directions

of pion and target momenta. If we can show that the typical |
integral is of the form 1 | z, X,

1
f d a,B>0

M ax,v—a+tie)(Bxy—brie)’

(32

the proof would be complete.

We now consider the Feynman graphs, starting with Fig.
9. Once again we compute the imaginary part of the graph FIG. 8. A contribution toT,, . The target gluon absorbs a gluon
and consider the intermediate state as being on the energy pion wave function. Only one diagram of the eight that occur is
shell. The propagator for the lin@) has the factor shown.
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terms leading order imJn(k/A5cp). The use of our light
cone gauge, where asymptotics of the fermion propagator
has no infrared singularities in the hard regime, makes the
separation of scales—QCD factorization—rather straightfor-
ward. Moreover, in this gauge, termsIn(1/x) in the hard
regime are related to the exchange by the gluon in the multi-
Regge kinematics onlj6]. As a consequence of the QCD
! factorization theorem terms-In(1/x) are included in the
FIG. 9. A contribution toT,,. The quark absorbs a gluon of Structure functions of the target. On the contrary, if one uses
momentumk,, exchanges a gluon with the anti-quark, and thenthe standard gauge” =0 or Feynman gauge, the cancella-

emits a gluon of momenturky,. Only one diagram of the eight that tion of infrared singularities occurs if one includes the renor-
occur is shown. malization factor arising from the hard Fermion propagator,

cf. discussion in Ref[44]. Taking these terms together, the

L . . resulting amplitude contains no end-point singularity, and the
this diagram the integral over; does not vanish. The pres- @ctorization holds.

ence of an additional gluon in the intermediate state mean
that x,<x,. This and the use of the Weizsacker-Williams
representation allow us to conclude that this diagram is sup- [ll. POST-SELECTION OF THE PROJECTILE WAVE
pressed by a power of? as compared t@;. Similar logic FUNCTION BY FIXING THE FINAL STATE
can be applied to any of the diagrams contributing f0The A specific feature of the processes considered here is that
physical idea that the intermediae state does not live long  the restriction on the composition of the final state selects a
enough to exchange a gluon is realized in the ability to closeather specific initial configuration of the projectile hadron.
the contour of integration in the upper half plane or in theFollowing Nussinov{66] we denote such measurements as
suppression by the power af . The analyticity of the scat- post-selection. In our case, the initial and final state wave
tering amplitude in the upper half is a consequence of caufunctions are built at large longitudinal distance$/2myx,
sality. Thus the physical and mathematical ideas behind thgo there is plenty of time for radiation to occur. But our
vanishing ofT, are basically equivalent for all diagrams at definition of the final state forbids radiation collinear to the
high enough beam energies. direction of pion momentum. In particular, the relation be-
We conclude this section with a brief summary. We anatween the transverse momentum of jgtand the mass of the
lyzed the leading diagrams for the pion dissociation into twodiffractively produced systemM?(2jet)=«?/z(1—2), is
JeFS and_found that the hard_ (_lenam|cs amplltmec_ieter- natural only for a:ﬁfinal state. Thus any contribution due to
mines this process, with the initial state wave function detery) . asses for which such radiation is kinematically and dy-

mined by the hard gluon exchange diagram. In the next seGsamically permitted must be suppressed by the powers of
tion we shall show that amplitude$,,T; are strongly  g,qakov-type form factors and bysg form factor. The first

syppressed bY the requwemgnt of the lack of rad{at|0n in th?.tep is to analyze how the trigger for the two jet state restricts
final state. This is because in the lowest orderinthese o composition of the final state.

amplitudes correspond to the propagation of a nonperturba-

tive gq dipole or aq qg tripole over large longitudinal dis-
tances.

While we were revising the manuscript, a pap@8| ap- A question ariséswhether the trigger used in Reff14]
peared which claimed that if one includes terms beyond thejlows the separation of production byga state from the

leading-logarithm approximation ialn x, factorization does production by ayqg state(and more complicated states con-
qot hold and end—ppint singularities break collinear factorizaiainmg relatively soft partonsas the source of the observed
tion. Our calculation shows that such problems are noyjiets "and whether the presence of such states may change
present in the leading-order approximation which keepgnhe .. dependence of cross section. Such states are certainly
important in inclusive diffraction in deep inelastic scattering
(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 the
gluon interacting with the target is~ —(l—zg)nget
+ktzg/zg wherezg is the fraction of the pion momentum car-
ried by a gluon in the final state arld, is its transverse

momentum, and as usual, the mass of the final dijet system is

! given by mf=M3;o,= k{/z(1~2). The mass of ajqg sys-

FIG. 10. Another contribution td,— T,q4. The quark absorbs a tem in the final state is given b gjet:(M%jet+ktzg)/(1
gluon of momentunk,, exchanges a gluon with the anti-quark, and
the anti-quark emits a gluon of momentin Only one diagram of
the four that contribute is shown. IWe thank J. Bjorken and D. Soper for asking this question.

A. Three jet production
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q ‘ z(l-z,) B—1 (see, e.g.[38]) we obtain do/dk?(R=Ry)x=(1
T o : (1-z)(1-2,) —Ry)®/«®. The factor (1 Ry)?® arises from the integration
| overx, and the factor (+ R)? is from the integration over
‘ 7k B. The additional factor %7 is because in the discussed
e regionMg;;~M3,. There is also a contribution of the co-
herent Pomero39] corresponding tg3=1. It leads to a
R similar suppression as a function Bf: o (1— Rp)%.

Hence we conclude that the importance of the discussed

leading twist mechanism as compared to the the exclusive
e . . . 78

FIG. 11. A typical diagram corresponding to the production of adiiet production term which is-x~* depends on the degree
large masgjqg state of exclusiveness of the experiment. The experimé&dt im-
' poses the condition thaW3,.,=MJ3;;. Such a selection
_ <Kk2/M2. 2 —oM2 should have been rather efficient since due to the acceptance

29 +hky/%. If_zg=kig/Mzjer then Msje=2Mpjer, and % detector a condition was imposed that all produced

therefore theqqg .state is distinguishable from the two-j.et pions should have momenta larger than a minimal one.
state by the relation betweetf and the total mass. In this

kinematics, the cross section depends of as
(k)3 (as(kiy) x1G (X1, %2, kD)) ?/k]. Beyond this kine- B. Suppression of the final state interaction
matics, the cross Zsection is additionally suppressed by the | ot ;5 consider the important consequences of the formu-
factor = (zgM3je) ~“. Thus a contribution of such configura- |ateq above restrictions on the composition of the final state.
tions is either dynamically_suppressed, or distinguishablerpe existence of the terri, displayed in Fig. 5 caused
from the contribution of aqq configuration. Note also that Jennings and Millef40] to worry that the value ofM
the fact thatkq is small would not lead to the cancellations might be severely reduced due to a nearly complete cancel-
needed for color transparency phenomenon to occur, andtion. However, we shall explain here that this term as well
therefore theA dependence would differ from what is ob- as the ternT, are strongly suppressed in QCD as compared
served. to the naive PQCD calculation explained in Sec. Il. This
It is important to be able to distinguish dijet production suppression is the only way to resolve an evident contradic-
from the soft diffraction into a hadronic state having a totaltion: the kinematic restriction on the final state discussed
mass M3y and containing leading twist dijet production above forbids radiation collinear to the pion momentum, but
with massM %iet. EvidentIyngeti M3 . The cross section such radiation naturally arises in a hard collision, or from the
of such diffractive processes are often described as the hagtesence of a significant gluon admixture in the _non-
diffractive mechanism of Ingelman-Schleii87]. In this  perturbative pion wave function when nonperturbatiye
mechanism one considers a hard scattering of a parton band more complicated configurations propagate large and in-
longing to the projectiler with a light-cone fractiorx; offa  creasing with energy longitudinal distances. It is convenient
parton belonging to a diffractive parton densigffective  to represent this suppression as a product of two factors:
Pomeron with a light-cone fraction8xp. =w;W,. The first factor accounts for the well understood
Here 1-Xp is the nucleon momentum in the final state, cf. suppression of the collinear initial state radiation in the scat-
[37]. It follows from the above definitions and energy- tering of a target gluon off a low, quark. Remember that by
momentum conservation law tth‘legjet/Mgifﬁow. definition a non-perturbative pion wave function does not
ThusR ™1 is the fraction of the total mass of the diffractive include a PQCD high momentum tail. Accounting for the LO
state carried by two jets. We are interested in the paper in th@CD evolution will not change this conclusion in the LO
limit when the mass of a diffractively produced hadronic approximation over parametesIn(k</A3¢p). In the case of
state is carried mostly by 2 jets, i.e. whBeE=Ry~1. In this  the amplitudeT; the diagrams where the hard gluon ex-
case the cross section for the production of dijets ViRth change is present both in the initial and the final states are
=R, (whereR, being close to 1 is determined by the accu-potentially dangerous. However, this contribution iftpis
racy of measuring a fraction of the pion momentum carriedsuppressed by the power af as compared to the amplitude
by two jets is T,. Similar radiation is permitted for the processes described

by the amplitudeT; because tripolejqg propagates large
1 1 longitudinal distances. This radiation in the direction of pion
K*“f dXWf dB(1—x,)%fu(B). momentum carries a finite fraction of pion momentum which
Ro Ro/Xz is significantly larger than that for wee hadrons which are
(37 products of the jet fragmentation. These wee hadrons carry
«few m_/M(2jet) fraction of pion momentum. Thev,
Here a factork~* is the usualk dependence of the cross form factor suppression for the amplitudig is given by the
section of the hard two parton collision M is the usual  square of Sudakov-type form facto®(«2/I12); one form
Pomeron flux factor, the factor (1x,)? is the parametriza- factor arises for each collision with a target gluon. Hiris
tion of the parton density in the pion &t—1, andf(8) is  the transverse momentum of a quark within the non-
the diffractive structure function. Takinf(8)e(1— ) for  perturbative pion wave function. This form factor is a square

do 1
a2
M

2
diff
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root of the form factor of quark41] because the radiation of condensates of quarks, gluon fields, etc. Remember that for
gluons off the final quark is included in the definition of the the average-sized configuration of a hadron, approximately
final state. In the light cone gauge, half of the pion momenta is carried by gluon®Vithin a
constituent quark model renormalizability of QCD is usually
accounted for by introducing effective mass and effective
W1=82(Ktzllf)=ex;< _4/3ﬁ|n2,<t2/|t2)' (39  interaction for the constituent quarks afis calculated in
am these models in terms of the constituent but not bare
guarks—for the recent discussion $d&]. The evaluation of
2where, using the leading logarithmic approximation, we ref » within a bag model should include a prescription how to
placedk,, by «, in the argument of the Sudakov form factor. treat the non-perturbative volume energy density-bag sur-
Recall that the form facto8? is exactly the Sudakov form face. Within the Weizecker-Williams approximation this en-
factor which enters in the Dokshitzer-Gribov-Lipatov- €rgy is equivalent to the gluon cloud in the light cone wave

Altarelli-Parisi evolution equations as a coefficient of thefunction of a pion)
5(x—1) term, see the discussion in Rp42]. In the case of interaction of local currefy is calculable

The w, form factor should be practically the same for in terms of the distribution of bare quarks which accounts for

both amplituded , andT. This is because of the total trans- Poth non-perturbative and perturbative effeptd]. In this
verse momentum of the system of highquark (antiquark  case the suppression factws tends to one fok§—c since
+ high k; gluon in the amplitudd 5 is small and controlled in this case only short distance perturbative degrees of free-
by the non-perturbative pion wave function. Therefore in thedom survive. So amplitud€, contain no additional suppres-
collision with a target gluon this quarkantiquark—gluon  sion factorw,. On the contrary in the amplitudds,, T the
system radiates in the direction of pion momentum as &tructure of constituents in the non-perturbative pion distri-
single quark(antiquarh. bution is resolved as a result of a large time interval between
The second suppression factar,, accounts for the de- two consequent hard collisions of pion constituents off target
pendence of the form of the effective QCD Lagrangian andyluons. A hard collision of the pion’s constituents with target
appropriate degrees of freedom on the resolution. As a resuffluons[with momentum transferkﬁ< «?)] frees some glu-
of partial conservation of axial curreft, is independent on ons from the pion wave function, and emitted radiation is
the resolution invariant on renormalization group transfor-collinear to the pion momentum. This radiation is, however,
mations. At the same time important degrees of freedom ddeorbidden by the restriction on the final states discussed
pend on the resolution: dominant degrees of freedom in hardbove. Thus the selection of a component of the pion wave
processes are bare quarks. On the contrary, in the noffiunction of a size determined by non-perturbative QCD,
perturbative regime because of the effects of spontaneouslgads to an additional factav, which suppresses this con-
broken chiral symmetry dominant degrees of freedom aréribution to the scattering amplitude.
constituent quarks, pseudogoldstone modes—pions, various We may estimate the factev, using models as follows:

1 1
fdzlf dz,(1-2,—2,)"0(6—1+2,+2,) 0(1—2,— 2,)
0 0
wy= =(n+2)(5)"" L. (39
fdzldzz(l—21—22)”0(1—21—22)
0,1

Herez, , are the fractions of the pion momentum carried bytion of a gluon with small transverse momentum from a
jets in the final state, andlis the experimental uncertainty in highly localized(e.g. size 14,) color-neutral quark configu-

the fraction of pion momentum carried by high dijets.  ration is suppressed by a powersft. (Note that in the case
Within the democratic chain approximation, which reason-of the final state interaction, the non-perturbative pion wave
ably describes th@? andx dependencies of hard exclusive enters at 0 inter-quark transverse distances. This means that
processes, the value af=1 for the component which con- gluon radiation with transverse momerkégslf, should be

tainsgq and a valence gluon. Another estimatenofan be  suppressed. For gluon radiation with larger transverse mo-
obtained in the constituent quark model assuming, for simmenta there is no restrictionPAmplitudesT,, T correspond
plicity, that each constituent quark consists of a bare quarko the propagation at large longitudinal distances of “large”
and one gluon. In this case we are effectively dealing with aize qqg pair whose transverse size is controlled by a non-
four particle system and hence=2. The factorw, gives a  perturbative pion wave function. The net result of all of
significant numerical suppression for all the models. No suclthis is that amplituded,,T; and Figs. 3, 5, 6 can be ne-
suppression appears in the amplituiebecause the radia- glected and we shall therefore ignore the amplitut@igsr 5.
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7% (3) As the consequence of the rapid decrease of the non-
(1-2), x, perturbative pion wave function wittf for the diagrams of
Fig. 12, the target gluon actually has a negative value,of

To see this, we apply Eq30) to the situation when the
transverse momenta of quarks in the initial statere much
smaller thank,, so thatky;~ ¢, Koy~ — k. In this case

FIG. 12. T, hard color flaw diagram. 1 Ktz Ktz
= 1=8=7 2(1-2)|

(40)

We also observe that the contribution of Feynman dia-
grams in which the skewed distribution is modeled by theHereB is the fraction of the pion momentum carried by a

scattering of an on-shell quark or gluon is suppressed evef et gluon. To satisfv the condition>0 one needs
further by the square of the Sudakov form factor, in addition getd ' bt o0

to form factorswy ,ws,.

1-z>pB>(1-2)2, or z>B>72. (41)

C. Non-leading order approximation to the dipole-target This condition cannot be satisfied within the leading log)1/
interaction approximation whergg<1. Moreover, Eq(40) implies that
In the previous section we used the leadingn «{/A5c, — —Xe@™ «{, except for a narrow interval i near 8= (1

approximation(for the Can<i2t<Kt2) to estimate diagrams. —2)2. The contribution of_ th_is narrow interval is_ suppressed
To go beyond this, one should take into account the contriby the small length of this interva(The end pointz~0, z
bution of the regiork?,~ «2 to obtain theqq dipole-target L contributions are suppressed by the pion wave fungtion.
interaction. The related contribution to dijet production isIn the no_n-p_erturbatlve reglme_—wnhln the parton model_—
denoted aslTs. To some extent this contribution has beenthe contribution of thex,<0 regioh cannot be exprassed in
- : : : : terms of the unintegrated gluon density, and it is suppressed
d|scqssed above, n relation to the gmphtu‘ﬂg -F-O-r th? by the power of 142 [7]. On the contrary, within the leading
amplitudeTs, quarks in the wave function of the initial pion Lt ’ L .
have small transverse momerita and there is no hard in- log(1k) approximation such a strong suppression is substi-
. —. _ ) tuted by a slower one whose value depends on the rati of
teraction between thgandgq in the initial or final states, see .
to the square of the mass of the recoil systéhe wave

Fig. 12. Let us outline various phenomena relevant for thefunction of a target where a high, gluon is removell This

smallness of this contribution as comparedr . ) 7 ;
P © Jatio is KtZ/BV. Evidently, the contribution of smap is sup-

(1) The amplitudes given by diagram Fig. 12 correspon i ) .
to two hard collisions occurring at the different space-timepresseOI by the rapid decrease of the structure function with
2 This cutoff is significantly stronger than that for the term

points where color abruptly changes the direction of its mo#t

tion. The longitudinal distancegime interva) between both 11 because of smaller transverse momenta of target gluons.

hard collisions are larges 2E ,/x2, so that the emission of Thus we conclude that the selection of the final state lead-
K ar L

gluon radiation is permitted. The difference in impact param-ing 1o '_[he post-selecjcion of the i_nitial_ state shc_st that _the
eters characterizing both hard collisionssisr/ 21, wherel, approximation of having a pomt-hke pionic conflgura_ltlon in
is the transverse momentum of quarks in the non_the fma} stqte should. be yahd even beyond the leading order
perturbative pion wave function. Thus collinear gluon radia_appr.oxmatlon used in this paper. Therefpre formulgs repre-
tion in both collisions is not canceled, and forward gluonsem'.ng a.hard process as the convqlu'uon of a pion wave
bremsstrahlungprecluded inT, by the localization of color function with the interaction cross sectif#] should be valid

in transverse spag@ccurs. Such radiation effects are pre- beyond the LO approximation.

cluded by our choice of final states for which radiation col- It has been suggested [A3] th_at gluon scattering Oﬁ.
linear to pion momentum is absent. Thus the ratigT, is on-mass shell quarks and gluons in the target wave function,

: : see Fig. 12, is the dominant process for the diffractive dijet
Zt%gf;j_?fgj expla}:g:erg n Sefgctlgr.Bby g@?;?ﬁ?r:ee?(;a production by a nuclear target. We explained above that in
(—4/3aJ4mIn%2/13). Including the eﬁects of trtle tSudakov- QCD this amplitude is suppressed as compared to the term
type forsm factolrt Iééds to an igncrease of the effective vajue T1 by the product of the square of Sudakov-type form factors

. . ; ) ~~ and the form factow,. So we will neglect now and forever
with an increase of ¢, and therefore will change kinematics the amplitudes presented in Fig. 12.
of this diagram in the direction to that for the teffy.
(2) Final states with additional gluons collinear to pion
momentum are initiated by the components of the pion wave IV. AMPLITUDE FOR @N—NJJ EVALUATION
function which are close to the average. The significant prob- OF THE DOMINANT TERM
ability for such processes follows from the fact that the glu- Let us consider the forward £t ~0) amplitude, M,

ons carry~ 1/2 of the pion momentum. Thus the selection of - . )
the component of a pion wave function of average size, bu{Or coherent dijet production on a nuclearN—NJJ [S]:

having no gluons, leads again to the appearance of the addi- .
tional suppression factaw,. M(N)={(f(x;,2),N’|f|m,N), (42
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where represents the interaction with the target nucleonconsiderations from the one gluon exchange contribuéén
The initial | ) and final|f(«,,z)) states represent the physi- and use the light cone gaugg, ,A*=0 and the Brodsky-
cal states which generally involve all manner of multi-quarkLepage [44] normalization and phase-space conventions.
and gluon components. For large enough valuesofthe  Herep =p,—c-py wherec is determined from the condi-
result of @Iculations can be represented in a form in whichjgn p;Zzo_ Evidently for sufficiently high energies of pion
only theqqg components of the initial pion are relevant in Eq. projectiles such a gauge will almost coincide with the gauge
(42). This is because we are considering a coherent nucleg{ —q and therefore the Wilson line operator betwesn
process which leads to a final state consisting of a quark and..;: .. ~ ;
anti-quark moving at high relative transverse momentum. ﬁ]alr. eXpUA"“qX") exp{/Adx). Thus in : the t.arget rest

q 9 9 frame, at the light cone whepe =0 the Wilson line opera-

2W§ showed ;bove that '_[lrllebdomlne(rnt p(()jV\{erst ofs anc: th tor does not produce additional gluons in spite of the large
'.(t) eynman diagrams will be expressed in terms ot the, increasing with energy longitudinal distances. The
light-cone wave function of the pion. We therefore begin by . : : : ;

: ; wave functiony(k;,X) is gauge invariant because it depends
calculating the high transverse momentum component of th8n transverse, i.e. on physical degrees of freed@n the
pion wave function. The non-perturbative component of the oo phy gre _ _
light cone pion wave function is represented|hy, and the ~ contrary, in the Feynman gauge the pair evolves into a

high momentum components can be treated as arising frofany particle state because of the Wilson line operator. So a

the following approximate equatidd4]: calculation in the Feynman gauge should include the evalu-
ation of the form factor which guarantees dominance of the
|7 qq)=GoVet ), (43  two particle final stat¢ Another advantage of the gauge cho-

sen in the paper is that the amplitude for hard gluon ex-
whereGy(p;,.y) is the non-interactingjq Green’s function c_hange has no infrared divergenc_es and therefor_e the separa-
for pt2>m§,m2 tion between large and small distances is straightforward.
T (On the contrary in the gaug&™ =0 the amplitude for hard
5(p—p!)oly—y’) gluon exchange is infrared divergent. The divergent contri-
t 5 , (44) bution is, however, exactly canceled out with that in the fer-
P mion propagator in this gauge, ¢f14].) The chosen gauge is
y(1-y) convenient to evaluate the high momentum component of the
pion wave function. For the evaluation of the parton distri-
in which mg, represents the quark massandy’ represent bution within a nucleon another gauge is more appropriate.
the fraction of the longitudinal momentum carried by the This mismatch does not introduce, however, additional prob-
guark; and the relative transverse momentum between thHems because the factorization theorem justifies the possibil-
quark and anti-quark ig;. The complete effective interac- ity to choose independently the gauges for the amplitude of
tion, obtainable in principle from PQCD, implicitly includes pion fragmentation into jets and for the parton distribution
the effects of all Fock-space configurations. within a nucleon. The perturbative tail is obtained as the
The evaluation of the graphs corresponding to Fig. 1 confesult of the one gluon exchange interaction acting on the
sists of two parts. As a first step, the Feynman diagram o$oft part of the momentum space wave function, defined as
Fig. 1 can be rewritten as a product of a high momentum
component of a light cone pion wave function with the am- Py =l ’Y|7T>q5- (45)
plitude for the scattering of a quark—anti-quark dipole by a
target. So, we need to know the relevant part of the pion
wave function. Secondly, we need to determine the interacBy definition, ¢ is dominated by its non-perturbative low-
tion with the targetthere with the gluon field of the target Momentum components. However, the amplitude we com-
which causes the pion to dissociate intqa pute depends on the high momentum tgil,For this com-
ponent, perturbation theory is applicable and we use the one-
gluon exchange approximation to the exaqtwave function
of Eq. (45) to obtainy, valid for large values ok,, as

(Pt Y|Golp; 2y )=

A. High momentum component of the light cone pion wave
function?

The full wave function|7) is dominated by components
in which the separation between the constituents is of the 1
order of the diameter of the physical pion. But there is a  y.(k;,x)=—4#7C¢
perturbative tail in momentum space which accounts for the
short distance part of the pion wave function. This tail is of
dominant importance here because we take the overlap with 5
a final state constructed from constituents moving at high Xfld J' dl VIk 1Y) wlLY)
relative momentum. It is therefore reasonable to start our oY) 2(2m)° e IeY) ey

2 2
2 kf+mg
T X(1-Xx)

(46)

2An early version of this subsection which did not include renor-
malization effects appeared in R¢L7]. with
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VE(ke Xil1,y) p(ki—0,y)=aoy(1-Y), (52)
— u(x,ky) y uly.ly v(1=x,—k wherea,=/3f, with f,~93 MeV.
s NS \/§ J1—x Equation(50) represents the high relative momentum part
of the pion wave function in the lowest order of PQCD when
v(l-y,— 1y v running of the coupling constant is neglected. Using the
XYy m d asymptotic function52) in Eqg. (50) leads to an expression
for x(k;,x)o<x(1—x)/k?
) : 4mCrag(kd)
_ 2 2 2 2 2 TCra
YT et lirmg (ko xkX)=——(7—ax(1-x). (59
m X 1-y y—X t
The next step is to use the renormalization invariance of
t(X=1-x, y=1-y) |, (47)  theory to include thek, dependence of the coupling con-
stant:
whereCF:(ng—l)Ichz 2, andd*” is the projection opera- ag(k?) = 4w (54)
tor of the gluon propagator evaluated in the light cone gauge St ktz ’
defined above:dwz5M,,,—[pl’L(7r)kV+kﬂp’v(w)]/(p;k). 'Blnﬁ

Herek is the gluon four-momentum. The range of integration

overl, is restricted by the non-perturbative pion wave func-yitn B=11-2n;. This can be easily done similar {d4]

tion . _ where the relationship betweep(Q?,x) and y(k;,x) and
Then in the evaluation o079 we setm, andl, to 0 every-  ocD evolution equation forb(Q2,x) have been deduced.

where in the spinors and energy denominators. This is legiti- The quark distribution functioms(x,Q?)—the amplitude

mate because of a lack of infrared divergences in the ampligg, finding constituents with longitudinal momentuain the

tude of hard procedd7]. pion which are collinear up to the scal¥¥ is [44]

Thus
2
(K2 _ 1 Qe ., dk;
VIk il oy~ 0Dy ) 06 Q%) (d«QZ))L XX gz (89

X(1=x)y(1-y)

where in the lowest order over coupling constant but  The factor 16¢(Q%) =[In(Q®)/A%cp] **'* arises from vertex

keeping leading power d€: and self-energy correctiongBy definition the running cou-
pling constant includes the renormalization factor of the fer-
V(x,y)=2{[0(y—x)x(1—y)+ 6(y—x)] mion propagator. Such a renormalization factor is absent in
the definition ofx(k;,x).] One of advantages of the gauge
+(x—=1-xy—1-y)}. (49 chosen in this paper is that

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

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

’yF:CF y (56)

%as no infrared divergences in difference fr¢Ad] where
gaugeA, has been chosen. Calculations are significantly
simplified because the dominant contribution is given by
transverse gluon polarizations only. The evolution equation
for ¢(x,Q?) gives[44,45

47 2Crag(K?) (1 B(y.k?)
x(kt,x>=H“—‘f dyVixy) o (50) )
kt 0 y(l Y) * |nQ2 Yn
_ B(x,Q)=x(1-x) > ancn<1—2x>( 5 ) ,
where nonperturbative support n=0 ocD
(57)
2\ dzlt 2 2
¢(y,kt)=JZ(ZW)sa(kt—lt)w(h,y)- B where y,=(Cr/B){1-[2/(n+1)(n+2)]+4SK"" 11K},

andC,(1—2x) are Gegenbauer polynomials. Coefficieats
The analysis of experimental data for virtual Comptonare the subject of discussions in the literature and they can be
scattering and the pion form factor performed [#6,47  estimated within the current models. The above equation
shows that this amplitude is not far from the asymptotic onemakes it possible to calculate the higbehavior ofy(k;,x)
[45] for k2=2—-3 Ge\?, as

094015-19



L. FRANKFURT, G. A. MILLER, AND M. STRIKMAN PHYSICAL REVIEW D 65 094015
Q2 YelB the target. This means that the functi@y should be re-

2 d ¢(x,Q)( In— ) placed by the skewe(br off-diagonal or generalizedjluon
x(ki=Q%x) QcD g  distribution. Thus the distribution function should depend on
167> dQ? - B8 e plus components; ,x, of the moment, ,k, of the two

exchanged gluons, E¢).

Thus thez, x, dependence of the cross section for the diffrac-  The difference between the skewed and ordinary gluon
tive dijet production should be sensitive at moderately largélistribution is calculable in QCD using the evolution equa-
k to the terms involving Gegenbauer polynomials of thetion for the skewed parton distributior}41,50. The kine-
order greater than O in the pion wave functionaif are ~ Mmatical relation betweer, andx,—x, is given in Eq.(5).
sufficiently large. The process of the photoproduction of jetdBut X; is close toxy of Eq. (61), while X, is small in the

at HERA will be appropriate for this purpose. calculation ofT,. The skewed parton distribution can be ap-

It follows from the above equation that the asymptoticProximated by a gluon distributiofp1,52 if
wave function is as follows:

2

Ky
47Cragy(k?) Q2 \CF'# XN= (X1 1 Xp)/2~ 2(1-2s" (61)
X(kt,X)=—k2—aox(1—x)(ln > )
t Qcb While including the effect of skewedness would alter any

(59 detailed numerical results; the qualitative features of the

present analysis would not be changed.

The most important effect shown in E¢0) is the b?
dependence, which shows the diminishing strength of the
interaction for small values db. To simplify formulas it is
convenient to rewriter in the form:

Thus QCD predicts the dependencexdk; ,x) to be of the
form used in Ref[5].

B. Interaction with the target

To compute the amplitudg, it is necessary to specify the
scattering operatof. We will fix the transverse recoil mo- (b2 =is %0 b2=is 90 _y2 62
mentum of the target at zero to simplify the discussion. The (0% (bS) (bﬁ (=Vi) (62)
transverse distance operaﬁ}F (Bq— 5;) is canonically con-

jugate toEt. At sufficiently small values ob, the leading
twist effect and the dominant term at largearises from

in which the logarithmic dependence af, and the gluon
distribution onb? are included ino. It is easy to check by
diagrams in which the pion fragments into two jets as a resuflirect calculations of Feynman d'agrams that the ope_f%ior
of interactions with the two-gluon component of the gluon acts on the transverse momenztum variables of the pion wave
field of a target, see Fig. 1. The perturbative QCD determifunction. Our notation is thatby) represents the pionic av-
nation of this interaction, which is a type of QCD factoriza- €rage of the square of the transverse separation, and within
tion theorem, involves a diagram similar to the gluon fusionthe leading logarithmic accuracy
contribution to the nucleon sea-quark content observed in )
deep inelastic scattering. One calculates the box diagram for 90 T 2 (skewed 2

. . . N XN G X1,X2, , 63
large values ok, using the wave function of the pion instead (bg) 3 as(ki) Xy Gy (X1 %2, 0)] (63

of the vertex fory* —qq. The application of the technology

|eading to the QCD factorization theorem in the impact pajn which the Ordinary gluon distribution is used as the initial

rameter space lead$2,5,18,48 to condition for the QCD evolution equation for the skewed/
generalized gluon density. This result is a factor of four

3o ? ) ) smaller than presented in R¢&].
F(b%) =is =-bTXNGn (XN, Qer) The result(63) holds forxy about 10 2. For x, of about
10 3 or smaller, the second kinematic regime mentioned in
+2/3x Sn(Xn , Q) Ters(QZp), (60)  the Introduction is relevant, and one would obtain different

results. For still smaller values of sayx~10~° non-linear
in which Gy is the gluon distribution function of the gluonic effects become important, and the present treatment
nucleon, Sy is a sea-quark distribution function of the qf the qq interaction with the target may be insufficient.
nucleus for flavor coinciding with that of theq dipole, and
Q§ﬁ= NDb?. The factor 2/3 appearing in the second term is C. One-gluon exchange in the pion—F,
the same as in the LO approximation for the longitudinal i ] )
structure function and the exclusive vector meson production 1h€ necessary inputs to evaluatilig are now available.
[49]. The only difference is that in our case the number ofThe approximate pion wave function, valid f9r large relative
flavors is unity. For our kinematics, it is reasonable to usgmomenta, is given by Eq53). The interactiorf is given by
A(x=10"%)=9 [25]. The formula(60) should be modified EQ. (62). The use of Eq(62) allows a simple evaluation of
when applied to hard diffractive processes. The mass diffeithe scattering amplitud€,; because thé? operator acts on
ence between the pion and the final two-jet state requires théte pion wave functiorthere oy is treated as a constaras
the reaction proceeds by a non-zero momentum transfer te Vit, leading to the result
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47C 2 K2 \CF/B as treated in the Glauber theory, always reduces cross sec-

. 0g 4mCrasy(ki) t . S . .

T,=—4is—— o 5 apz(1-2). tions. This highly unusual sign follows from the feature in
(b% Ky \ AGep QCD that the relative contribution of the rescattering term

(64) (screening termdecreases with increasing size of the spa-
tially small dipole. The key features of the usual first order

This amplitudeT, is of the same form as our 1993 retlf.  term aref=io , and those of the usual second order term are
The present result is obtained directly from QCD, in contras{f2— _j ;2. Note the opposite signs. For us heffe

with the earlier work which used some phenomenology for_; . b2/(b2). For very large values of? the operatob?, as
the pion wave function. 0 ! ’

applied to the pion wave functiog, which falls with 2 as
Corrections to Eq(64) are of the order 1/In¢/A?). For e P X K

2 ; 2 _ _ 2 :
example, a literal application of Eq62) would lead to a 1:/'2 i’ 4097&22;(2); n(jfv)\f/r:(é\s. thseosart':: Siﬁ;s;st;]rgqsfe)éon 4-
factor {1+[2/In(x¥A?)1}. However, similar corrections may 0 )X | ep 9 oo

) . . order term: ifex=—ilog/(b?)b"]"x=
arise from other effects not considered here. So a Calculatlogigz[a 102 k) TP
of such corrections is beyond the scope of this paper. ¢ vl X

Our k; dependence ofT,; leads to do(Kt)/thz

[ (In(K/AScp) PF"Plxg for xy~1072. This can be under-

The differential cross section takes the form

stood using simple reasoning. The probability of finding a M:Mr?wemfﬁ, (66)
pion atb=<1/k, is «b?, while the square of the total cross dqt2 dt

section for small-dipole-nucleon interactionsci®*. Hence

the cross section of productions of jets with sufficiently largefor small values ot. Note that

values of K integrated over d2k, is )
xag(k)) [ IN(K/AGcH) P Pixg, for xy~1072, leading to a —t=0¢ — tmin, (67)

differential cross section 1/K§3. This reasoning ignores the
dependence of the gluon structure functionsgn For suffi-
ciently small values ok(x~10"3), gluon evolution would
give a somewhat different behavior.

where —t,,, is the minimum value of the square of the lon-
gitudinal momentum transfer:

mfz_mz)z

K

2n. (68

—tmin=

V. NUCLEAR DEPENDENCE OF THE AMPLITUDE

The picture we have obtained is that the amplitude iOur discussion below is applicable in the kinematics where

dominated by a process in which the pion becomgg @air ~ —tminRa/3<1 SO that the entire dependence of the cross
of essentially zero transverse extent well before hitting thesection ort,,;, is contained in the factagminRa’3,
nuclear target. This point-like configurati¢RLC) can move One measures the integral

through the entire nucleus without expanding. Tde can

interact with one nucleon and can pass undisturbed through do(A) 3

any other nucleon. For zero momentum trangferto the U(A)zf dt—g = EAZFZU(N)- (69
nucleus, the amplituda1 (A) takes the form A

A typical procedure is to parametrizg(A) as
Gal(X1,%,M;) / s

MA=AMMNIZG oy oxpmy| 1 (b?) 2 a(A)=01A" (70

=AM(N)T, (65 in which o is a constant independent @ For the R,
corresponding to the two targets PA=£195) and C(A
in which the skewedness of the gluonic distribution is made=12) of E791, one finds:~1.45. The experimeril4] does
explicit, and where the real number-0. Observe the factor not directly measure the coherent nuclear scattering cross
A which is the dominant effect here. This factor is containedsection. This must be extracted from a measurement which
in the ratio of gluon distributions in a nucleus and in aincludes the effects of nuclear excitation. The extraction is
nucleon[5]. This dependence on the atomic number is adiscussed below.
reliable prediction of QCD in the Iimimf2 and s—oo, with As pointed out previously17], the values of our multiple
fixed xy [of Eq. (61)]. (The quantitym; is the mass of the scattering correction of our 1993 calculatifi| were over-
dijet system). On the contrary, foxy— 0 with fixed mf, the estimated by a factor of approximately four. This is because
nuclear shadowing of the gluon distribution becomes venthe oy was chosen to be larger by a factor of 4 thariif]
important[5,34]. and in Eq.(60). We now find that for values ok, greater
The € correction term in Eq(65) is a higher twist contri- than about 2 GeV, the coefficienat could be enhanced by
bution which arises from a single rescattering which can ocbhetween 0.0 and 0.08, depending on the valug;ofTaking
cur as the PLC moves through the nuclear lengRy ( 0.04 as a mean value one finds=1.5. This estimate de-
«A®). Thate>0 was a somewhat surprising feature of ourpends on the use of a model for the non-perturbative part of
1993 calculation because the usual second order rescatterirjg;), and also on the validity of a simple eikonal treatment
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for the multiple-scattering corrections which is questionable q —q q -q
at the high energies that we consider here.

Another potentially importanfA-dependent effect is the
nuclear shadowing of the parton densities. Very little direct
experimental information is available for tifedependence A A A A
of the gluon structure function. The analyses of the data
combined with the momentum sum rules and the calculation (a) (b)
of gluon shadowing at smalk suggest that the valug o ) ]
~0.01 (which corresponds to the kinematics[d#]) is in a _ FIG. 13. Con_trlbu_tlons_ to_the total nuclear c_ilffractlve Cross sec-
transition region between the regime of an enhancement dion. Thaavy lines in this figure denote amplitude for the scatter-
the gluon distribution ak~.1 and the strong shadowing at ing of 4d pair by a nucleon(a) The terms withi =j. (b) i #].
Xx=<0.005[20-23. Using the A dependence of,, as a
guide, and in particular the New Muon CollaboratiiMC) processes to distinguish them from non-diffractive processes
Eiﬂ? kli:rfgggtzigs[tz)ﬁ ;rle_sg%dsowmg may reduae for the whose cross section is proportional dg7N)=A%’S Thus

R substantiaA-dependencar=A® (with a~1.5), as predicted

by QCD for large enough values af;, should be distin-
guishable from the background processes.

The requirements for observing the influence of color The amplitude varies a/S/l(A)fvaS/Kf1
transparency were discussed in 1998 The two jets should 5 4
have total transverse momentum to be very small. The rela- M(A)~ axnGn(Xn, Qere)/ ki (72)
tive transverse momentum should be greater than about 2 2 _ : .
=2 GeV and the mass of the diffractive state should béNhere Qerr~ 2« - For the kinematics of the E791 experi-

VI. EXPERIMENTAL CONSIDERATIONS

described by the formula ment, wherexy increases: 2, the factoragxyGy(Xy ,Q2¢)
is a rather weak function of,. For example, if we use the

, MG+ «f standard CTEQ5M parametrization we fiodA) ~ 1/« 2 for

mf:z(l—z)' (71)  1.5<k,<2.5 GeV which is consistent with the dafa4].

For the amplitude discussed herg(A)~[z(1—z)]? which
Maintaining this condition is necessary to suppress diffracis in the excellent agreement with the dita].

tion into aqgqg pair in which the gluon transverse momen-
tum is not too small. Extracting the coherent contribution

It would be nice if one could measure the jet momenta The experiment is discussed in REf4]. The main ad-
precisely enough so as to be able to identify the final nucleugantage of this experiment is the excellent resolution of the
as the target ground state. While it is very feasible to contransverse momentum. The reference also shows the identi-
sider for eA colliders, this is impossible for high energy fication of the dijet using the Jade algorithm, and it displays
fixed target experiments, so another technique must be Usgde identification of the diffractive peak by the depen-
here. The technique used[ib4] is to isolate the dependence yaonce for very |0th2. This dependence is consistent with

of the elastic diffractive peak on the momentum transfer that obtained from the previously measured ragiiC)
the targett, as the distinctive property of the coherent Pro-_5 44 fm andRp,=5.27 fm. The key feature is the iden-

cesses. This was done by _first introduci_n_g a cut on the MY%fication of the coherent contribution from its rapid fall off
mentum of the observed pions by requiring that they carry, it t

more than 90% of the incident momentum. This sample was
then analyzed as a function of the total transverse momentum,
of the system. A strong coherent peak was opserved with thﬁ’lat arises from the diffractive production of the dijet. The
slope consistent with the coherent contribution. Th_e baCk.fotaI cross section includes terms in which the final nucleus
g.round. Was'ﬁtted as a sum of the coherent peak, |nelqst||<§ not the ground state. The nuclear excitation energy is small
d|ﬁrgct|on with a nuclear break up and the term due to 'n'compared to the energy of the beam, so that one may use
elastic events where some hadro_ns were not c_;letected. closure to treat the sum over nuclear excited states. Then the
.The amp"“.‘de for the non-spin flip excitations of low- cross section is evaluated as a ground state matrix element of
lying even-parity nuclear levels —t, due to the orthogonal- an operators; @i T=A+ e (i "): see Fig. 13
ity of the ground and excited state nuclear wave functionsThe result, oblfislined by using rellzltive to thé nuclear éentér

Thus the cross section of these kinds of soft nuclear excitaéf mass, and by neglecting correlations in the nuclear wave
tions integrated ovet is suppressed by an additional factor function,is given by

of 1/Ra~A~*3 compared to the nuclear coherent process.
For V—tR,>1 whereq is the momentum transfer to the dop
nucleusq= \/—t the background processes involving nuclear T
excitations vary asA, so an unwanted counting of such

would actually weaken the signal we seek. §&,>1 the  The factorA/(A—1) in the argument of, is due to ac-

diffractive peak cannot be used as signature of diffractivecounting for nuclear recoil in the mean field approximation,

We discuss the extraction of this signal in some detail. We
nsider the contribution to the total cross sectibn, /dt

2 dO’N
A+AA-DFR| ti— | | 5 - (73
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cf. [53]. This formula should be very accurate, for the smallphoton of four-momentung (g2=t) with the target. The
values oft relevant here. The contribution of the coherentnuclear Primakoff amplitude is then given by
processes to the total cross section is given by

(w|35Mqa)y . z
do_coherent: A2F2(t) mﬂ 74 Mp(A)= ez—ft (Pil.\'i‘ P,f/.\)’“KFA(t)
dt AV dt
5, 1vem PA = ZFa(t)
and the contribution of excited nuclear states is the differ- ~2e*(m|J 'Kl ) — (79

ence:do,/dt—doc"ee"dt, which vanishes at=0. The

experiment proceeds by removing a term proportionahto where we will use the decompositiont=g?= g% —ty,. A

from doa/dt which has no rapid variation with This de-  photon can be attached to any charged particle, so a direct
fines a new cross section which is actually measured expergalculation would involve a complicated sum of diagrams.

mentally: We may simplify the calculation by using the fact that the
- electromagnetic current is conserved. This application is sim-
doa _AA—1E2(t doy 25 plified by the use of Sudakov variables, which is a necessary
dt ( )Fa A—1/ dt -’ (75 first step. Accordingly, we write
The integral of this term over can be extracted from the Pa
dot D a=a4 +Bp,+ 0. (80)
do, 3A(A—1) doy Conservation of four-momentum gives
rim [ a2
g A PR . -
A-1 t=0 2(pyPa)’ s
_ 3(A-1)? doy Then conservation of current can be written as
~—oer ar| (76)
ry+tRy  dt —o

_ Py — _
Jem. ~ gem. _ 2 + Jgem. .
Here the factor takes into account the slope of the elemen- {ml alag=aln A )+ 4] P-lad)

tary cross section, assuming that it is determined solely by om —

the nucleon vertex. Note that the res(n) differs by a — (3™ alqq)=0. (82
factor of (A—1)%/A? from the A dependence predicted pre-
viously for coherent processes, recall E§6). Using A
=12,195, the nuclear radii mentioned abovg=0.83 fm
and fitting the ratio of cross sections obtained from &®)
with the parametrizatiomroc A%, gives then

The use of Eq(81) and keeping only the leading term in
w?ls, wherey is the typical mass involved in the considered
process, allows us to neglect tjgeterm of Eq.(82) so that

P, — —
a(m|3°™ —2|qgy= (3™ aqap. (83
a=154 (77
By definition, the transverse momentum of a pion is zero, so
the dominant(in terms of powers ofk,) contribution in Eq.
(83) is given by photon attachments to quark lines, and the
a~1.55+0.05, (78 ~ Matrix element is given by

instead ofa=1.45.
The resulf 14] of the experiment is

which is remarkably close to the theoretical value shown in  {7|I%™ 0:|a0) = x(z k) Q- ki 2/32—1/3(1~2)].

Eq. (77). The sizes of our multiple scattering and nuclear (84)
shadowing corrections, which work in the opposite direc-
tions, and which were discussed in the previous section, a
of the order of the experimental error bar.

rThe generalization of this result to account for all Feynman

giagrams having the same powers ©fand Kt2 is almost

trivial. The relative contribution of other diagramseisk; / «;

wherek; is the transverse momentum of quarks in the inter-

mediate state. But within therIn x{/Acp approximation
Because very low values af? are involved, one could k/?<«{ so this contribution does not lead to amftAdcp

ask if the process occurs by a one-photon exchdaggpe term. Thus the above formula is valid within the

of Primakoff effec} instead of a two-gluon exchange. If the a¢ln Kf/AéCD approximation wherw <1.

momentum transfer is very low, the process is peripheral and

there would be no initial or final state interactions. Thus, it is

necessary to estimate the relative importance of the two ef-3The above84) differs from that of the first version of our paper.

fects. We are indebted to A. lvanov and L. Sczymanovsky who drew our
This amplitude is caused by the exchange of a virtuahttention to the misprint in this version.

VIl. ELECTROMAGNETIC BACKGROUND
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The net result, obtained by using E&3) in Eq. (79), is range of Ref[14], or any contemplated fixed target experi-
ment. At collider energies, it will be possible to measure jets
s of much larger values of transverse momentum, so any com-
Fa(t) qut' k(213-2), plete theoretical analysis should account for this electromag-
! 85) netic interaction.

For a heavy nuclei target another electromagnetic process
which should be Compared with the amplitude of W) OCZZagm in the amplitude giVeS a contribution. This is a d|Jet
(including the effect of the nuclear form factor, which entersproduction due to the two-photon exchange, a version of Fig.
at non-zero values df but ignoring the logarithmic correc- 8 in which the exchanged gluons are replaced by exchanged

- 62X7T(Z- Kt)z

2_ .
t min

Mp(A)=

tion) written as photons. For small transverse momenta of quafksx? in
the pion wave function, this contribution is suppressed as the
sooVi power ofs in the amplitude. This is because, in the calcula-
M(A)z—ixw(z,xt)A—leA(t) tion of the imaginary part of the diagram, for the ex-
(b%) changed photon is given by
. 2S00 k?
m4|XW(ZlKI)/ktA@FA(t)' (86) X2V:_7, (89)

The Primakov term has been evaluated also in the paper %f

| ds 7 A ¢ diff xcept for a very narrow region afnearz=0,1, which is
vanov-and cz_ymanowsl{ﬁ |. As a consequence ot ditter- suppressed by the decrease of the pion wave function. Thus
ent approximations the result obtained[®7] differs from

. X,<0 and according to our previous arguments, this contri-
ours. We use conservation of the e.m. current to deduce t 9 P 9

. -~ o tion should be very small. For larde this contribution
Weizecker-Williams approximation and to account for the Y de

i ' . may also be expressed in terms of the same pion wave func-
cancellation between diagrams corresponding to attachmenﬁ%n as in the case of the two-gluon exchange. It is easy to

of the photon_to the different cha_rged constituents ofa PONastimate this EM amplitude obtained from the two-photon
After accounting for the cancellation we restrict ourselves byexchange'

the contribution of diagrams enhanced by the large fagtor
from the vertex of quarkantiquark-photon interaction. The ) ) 5
dominance of the photon interaction with external quark M(Y¥)= aen(s/ki)x(z.k) -2
lines in the pion fragmentation into 2 jets is another form of 42
the QCD factorization theorem which properly accounts for 2t _ _

the conservation of the e.m. current and the gauge invariance Xf > Fall)Fa(g—11)(8ere;)(1-22).

of QCD. On the contrar{/67] interacting particles are put on

mass shell before the separation of scales and the cancella- (90
tions between different photon attachments has been taken

into account. These approximations have problems with thé&lere e;(e;) is electric charge of quarkanti-quark in the
conservation of the e.m. current and the renormalizationits of the electric charge of electrons. The lower limit of

t

group in QCD. integration ovel? is [ k2/2z(1—z)]2. Thus the contribution
The ratio of electromagnetic and strong amplitudes isof this term to the cross section should have the saimed
given by Kf dependence as the two-gluon exchange term, but with a
much fasterZ dependence(Z%). This term is negligible
Mp(A) z 23 also.
—Z K
MA) ~ 1SR ool(D? T @)
(A) 70/(0%) 247 trn) VIIl. DISCUSSION AND SUMMARY
Using g°~0.02 Ge the smallest value measured [it4] The use of the experimentally measufdd] value of «

ZIA=1/2, €2=47/137, k,=2 GeV, g/(b?)~2.5 (thisis  =1.55[recall Eq.(70)] leads to
1/4 of the value of Ref[5]), and takingq, parallel tox, we

find that o(Pt)
#(C) =75. (91
M ~—1/82/3—-2z) i~—0.02i (89 : : :
M(N) ' The typical usual nuclear dependence of the soft diffractive

processes observed in the high energy processe#\& or
with z=1/2. a=2/3. The use of a Glauber approximation with a typical
Thus the Primakoff term is very small and, because of itdhadronic cross section for the final system tends to predict
real nature, interference with the larger strong amplitudehe A dependence as AY3. An account of color fluctuations
(which is almost purely imaginayyis additionally sup- [54] predicts ~AZ3, in agreement with the Fermilab data
pressed. We may safely ignore this effect for the energy55], which would give

094015-24



COHERENT QCD PHENOMENA IN THE COHEREN. . . PHYSICAL REVIEW D 65 094015

ousuaL(Pt) the normal hadronic sizgl2]. Still it is possible that previ-
=7. (920 ous experiment§57] showing hints[58] of color transpar-
ency (for a review see Ref[12]) probably do show color

Thus color transparency causes a factor of 10 enhancemenifansparency. Effort§59] to observe color transparency at
This seems to be the huge effect of color transparency thakefferson Laboratory, and at HERMESESY) should be in-
many of us have been hoping to find. It is also true that, asreased. The electron-ion collider would provide numerous
noted in the Introduction, that the andz dependence of the possibilities for studying color transparency both in di-, tri-
cross sectiofil14] is in accord with our prediction. jet coherent production as well as in exclusive processes.
All of this looks very good, but it is necessary to provide  The observation of CT confirms the idea that the life span
some words of caution. Our analysis was related to a nucleaf the perturbative phase can be increased by the large Lor-

coherent process involvingcg final state. If the experimen- €Ntz factor associated with high energy beams. A challenging
tal signal is significantly contaminated by incoherent nucleaiProblem would be to explore this idea to observe the pertur-
effects or byqqg final states, our analysis might not be ap- bative phase in a “macroscopic” volume. One manifestation

plicable. However, the experimentfl4] extraction of the Qf this would be the production_of huge blo_b-like_conﬂgura-
coherent peak USiI:lg trq% dependence of the amplitude, and tions Of. huskyqns{60]. .These.d|fferent configurations have
the measurement of the two-jéas opposed to three,—}et wildly different interactions with a nucleu$1], so that the
ti ¢ except for the sm rwcleon in the nucleus can be very different from a free

Cross sec 'g.n seemdvgryssecu\r/e Ao u‘;’ PL I hat th Fucleon. More generally, the idea that a nucleon is a com-
e Mo e, & 2t Postecbject s cmphasizd by thse fndings: ome cofiu-

| f P {G V. Th | i th ted i rations of the nucleon interact very strongly with the sur-
values Ofk: near 1 Bev. These are lower than suggeste Ir?‘ounding nucleons; some interact very weakly. This means
Ref. [5]. These earlier predictions qsed modeling of non- hat the nucleon in the nucleus can be very different from a
perturbative effects, and such modglmg may be necessary Epee nucleon. This leads to an entirely new view of the
guess the lowest values_ af for which color transparency nucleus, one in which the nucleus is made out of oscillating,
would occur. The reasoning of the present paper uses pert

bati cD. which b liabl ) L}5’u|sating, vibrating, color singlet, composite objects.
ative QCD, which becomes more reliable Asincreases. The technical purpose of this paper has been to show how
This is because the competing amplitudés;, are de-

. 2 2 to apply leading-order perturbative QCD to computing the
creased relative td, by a factor of A%/« (~.04 for «, scattering amplitude for the coherent processés—JJIN

=1 GeV) orag(«{). A coherent sum of the sub-dominant anq zA—JJA The high momentum component of the pion
amplitudes could provide a significant correction to ouryaye function, computable in perturbation theory, is an es-
dominant pure amplitude. However, the observed falloff ofsential element of the amplitude. The dominance of the am-
the cross section witlk;, combined with the andA depen-  pjitude of theT, term of Eq.(64) is obtained by showing that
dence, does provide very strong evidence for color transpatye corrections to it, which at first glance seem to be of the
ency. ) o ) same order in the coupling constant, are vanishingly small.
It is worth noting similarities and differences between theThjs vanishing, obtained using arguments based on analytic-
process we discuss in this paper and another factorizablg, caysality, and current conservation, is equivalent to the
process, that of hard exclusive electroproduction of mesongerification of a specific space-time description of the event:
[34,56. Both processes allow a simple geometric interpretathe pion produces its point-like component at distances well
tion in the transverse coordinate representation: a convolysefore the target. Furthermore, for the conditions of the ex-
tion of the |n_|t|al wave short-dlstar_me wave function, periment[14] studied here, the competing electromagnetic
in(z,b), the dipole-target cross section(b,x), and the  production process is shown to yield a negligible effect. It
final wave functionyin(b,z). However, in the case of the geems that perturbative QCD can be applied to the coherent

vector meson production, t@* dependence of the longitu- nyclear production of high-relative momentum dijets by high
dinal photon wave function at smaiicauses the final vector energy pions.

aysuaL(C) B

meson wave function to be evaluatedbat 2/Q. In the case It therefore seems interesting to consider similar reactions
of the pion dijet diffraction the pion wave function enters atinyolving other projectiles such as photons, kaons, and pro-
small values ob~1/k;. tons. The observations of the coherent photoproduction of

If color_transparency has been correctly observed in thgnhe J/¢ from nuclear targets has long been knoj@®] to
7+A—qQg+A (ground statg there would be many impli- have anA dependence which is very similar to that observed
cations. The spectacular enhancement of the cross sectitiere, but the authors db7] did not interpret it as color
would be a novel effect. The point-like configurations would transparency phenomenon. Later on H1 and ZEUS detectors
be proved to exist. This would be one more verification ofat HERA investigated exclusive photoproduction of te
the concept and implications of the idea of color. Further-meson from a proton target. The striking qualitative predic-
more, the definitive proof of the existence of color transpartions for this process based on the QCD factorization theo-
ency means that we now have available a new effective toalem, such as energy artddependence, are in accordance
to investigate microscopic hadron, nuclear structure at hunwith the data; for a recent review sgg63]. Thus now there
dreds of GeV energy range. At lower energies of a ten’s okxist serious reasons to believe that color transparency phe-
GeV color transparency is masked to some extent by theomenon has been observed in the combination of coherent
diffusion of a spatially small quark-gluon wave package tophotoproduction ofl/ s from nuclei(Fermilah and from the
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nucleon(HERA). Our present theory can be used for kaonto investigate both perturbative QCD and microscopic
projectiles with little modification. Because the kaon has anuclear structure by exploring the diverse effects of color
smaller size than the pion, we expect that the amplitude for &ansparency. Such studies in the region of hundreds of GeV
kaon-induced process should be somewhat larger than that géem ideally suited for the non-destructive investigation of a
the pion-induced process discussed here. The same analysi§croscopic hadron, and nuclear structure. It may be pos-

should be applicable to the photoproduction of highqq
pair of light quarks. It is important here that the contribution
of a bare photon coupling tQq is proportional to a quark’s
bare mass and is negligible for forward scatterjbg,65.
The contribution of a target gluon witkf,~ «? discussed in

sible to remove a piece of hadroqd pair...) or to im-
plant (strangeness in the center of a nusleu.) without
destruction of a target. Such investigations resemble modern
methods of surgery which avoid cutting muscles. So it seems
appropriate to name this new field of investigations as micro-

[65] is suppressed by Sudakov ang form factors discussed surgery of a hadron, or of a nucleus.
above. However, the PQCD physics of light quarks will be
masked to some extent by another striking prediction of
QCD, which is the enhancement of the diffractive production
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