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Structure functions are not parton probabilities
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The common view that structure functions measured in deep inelastic lepton scattering are determined by the
probability of finding quarks and gluons in the target is not correct in gauge theory. We show that gluon
exchange between the fast, outgoing partons and target spectators, which is usually assumed to be an irrelevant
gauge artifact, affects the leading twist structure functions in a profound way. This observation removes the
apparent contradiction between the projedgiikona) and targetparton modelviews of diffractive and small
Xg phenomena. The diffractive scattering of the fast outgoing quarks on spectators in the target causes shad-
owing in the DIS cross section. Thus the depletion of the nuclear structure functions is not intrinsic to the wave
function of the nucleus, but is a coherent effect arising from the destructive interference of diffractive channels
induced by final state interactions. This is consistent with the Glauber-Gribov interpretation of shadowing as a
rescattering effect.
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[. INTRODUCTION “handbag” diagram due to final state interactions of the
struck quark with the gauge field of the target. The light-cone
Deep inelastic lepton scatterif®IS) IN—1'+X is cen- gauge is singular—in particular, the gluon propagator
tral for our understanding of hadron structure. Ever since th@l{'¢(k) =[i/(k*+ig)][—g*"+ (n*k"+k#n")/n-k] has a
earliest days of the parton model, it has been assumed thgele atk”=0 which requires an analytic prescription. In
the leading-twist structure functiors(x,Q?) measured in final-state scattering involving on-shell intermediate states,
deep inelastic lepton scattering are determined byptoe-  the exchanged momentuki is of O(1/v) in the target rest
ability to find quarks and gluons in the targag. This prob- ~ frame, which enhances the second term in the propagator.
ability is given by the target wave function at the Iight-coneTh_'S enhan_cer_nent allows rescattering to contribute at leading
(LC) time when the current interact@ the q* <0 framg. WISt even in light-cone gauge.

For example, the quark probability distribution is We find that gluon exchange between the outgoing quarks
and target spectators, which is usually assumed to be sup-
ki2 <Q?
Panl(Xe,Q%) =2 f :

pressed in the Bjorken limit, affects the leading twist struc-
[n(Xi K i)]? ture functions in a profound way. Final state diffractive scat-

tering gives rise to interference effects in the DIS cross

section. Thus nuclear shadowing is not caused by the wave
XD 8(Xg—X;) (1) function of the nucleus, but is induced by final state interac-
I=q tions.

The depletion of the nuclear structure functions at g
where theys,, are LC wave functions of the targgsee EQ. is a coherent effect reflecting the destructive interference of
(2)]. The identification of structure functions with the squarediffractive channels induced by the final state interactions.
of light-front wave functions is usually made in the ghost- The distinction between structure functions and parton prob-
free LC gaugen-A=A"=0, the argument being that the abilities is already implied by the Glauber-Gribov picture of
path-ordered exponential in the operator product appearinguclear shadowing2-5]. In this framework shadowing
in parton distributiong$see Eq(3)] reduces to unity. Thus the arises from interference between complex rescattering ampli-
DIS cross section appears to be fully determined by the proltudes involving on-shell intermediate states. In contrast, the
ability distribution of partons in the target. wave function of a stable target is strictly real since it does

However, we shall show that this parton model interpre-not have on energy-shell configurations. A probabilistic in-
tation of the structure functions, which was established for aerpretation of the DIS cross section is thus precluded.
theory with Yukawa coupling$1], is not correct in gauge Our paper thus explains the origins of nuclear shadowing
theory. The critical issue is whether the scattering takingand leading-twist diffraction, giving a new, first principle,
place after the virtual photon interacts can affect the leadingerspective on these problems. Our formalism of final-state
twist cross section. It is well known that in Feynman andinteractions has recently been used to analyze single-spin
other covariant gauges one has to include corrections to thgsymmetries in deep inelastic processes and to show that

such asymmetries survive in the Bjorken limit, contrary to
conventional arguments which claim that final state interac-
*On leave of absence from the Department of Physics, Universitfions are always power-law suppressed in the large scale of
of Helsinki, Finland. hard QCD processdg$].
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[l. THE FOUNDATIONS OF THE QCD-IMPROVED more general case of non-forward matrix elemesiewed
PARTON MODEL parton distributionsmay be found in Ref.7]. Thus the DIS

. . . cross section appears to be fully determined by the probabil-
Soon after the observation of Bjorken scalifagd before ity distribution of partons in the target. However, as we shall

the advent of QCDit was suggestefll] that the DIS cross show the expression fd, cannot be given by Eq(3) in

section is fully determined by the target wave function. Spe-,[he LC gauge.

cifically, consider the Fock expansion of the nucleon state In a general gauge the matrix eleméddepends on final

Ii';z]t-lzo;eerztsc:)o;rgz gi?:lfz?gi ygllf;oi%r;stltuents at equalstate interactiongFSI) of the struck quark with the gauge

field of the target via thé™ dependence of the path-ordered
dxd2k exponential. Based on the above argument in the LC gauge,
IN)= f {H ok e [ yudX; JZM A uud) it is generally believed that the exponential is a gauge artifact
i 167 and thus that the presence of FSI does not influence the cross
section. But this assumes thiayy is given by Eq.(3) in all
+duuad - - luudg+ ... gaugesincludingthe LC gauge. Here we find that final state
n o o+ 1 2 rescattering in facdqes_changg the DIS cross section afi .
v uudag ] @ gauges. Our analysis is consistent with the QCD factoriza-
Each Fock Statéuud . > is We|ghted by an amp”tude tion theorem and with the forrfB) of the parton distributions
¢ which depends on the LC momentum fractions N all gauges except the LC gauge. o 3
—k'/p* (2.x=1), the relative transverse momerka, The influence of FSI we find at leading-twist is specific to
| 1M ' I

L . ) : B gauge theories. The impossibility to interpret parton distribu-
(2ik,i=0), and the helicitiea; of its constituents.The DIS 515 a5 probabilities could thus not be inferred before the
cross section thus a|32peared to measure the single parta@yent of QCD. Instead, the equivalence between DIS struc-
probabilities Pjy(xg,Q7) as defined in Eq(1), which ex-  y,re functions and the target wave function was assumed,
press the probability for findingat resolution 1) a parton though it was only shown in a theory with Yukawa coupling
j carrying the momentum fractiog=Q?%2p-q of the [1].
nucleon. Hereq is the virtual photon momentumgt = The expressiori3) for fy is valid for covariant gauges
—Q7) andp the target nucleon momentum. in the Bjorken limit, which selects tha™ field of the target.

Later analyse$8] of perturbative QCOPQCD) have es-  \yg shall show that setting thexi" =0 in Eq.(3) leads to an
tablished the QCD factorization theorem to all orders in the,.qrrect expression fofy . From a mathematical point of
coupling. The DIS cross section can be expressed for €agfjey, this means that the high energy Bjorken limit does not
parton type as a convolution of a perturbatively calculable.;mmute with theA* — 0 limit of the LC gauge. In factsee
hard subprocess cross s_ection and_ a target parton distri'bgéc' V1) the high energy and the LC gauge limits do not
tion. The parton distributions are given by operator matrix;ommute even for ordinary elastic electron scattering.
elements of the target. For thspin-averagedquark distri- In Sec. Il we recall why in Feynman gauge final state
bution in the nucleorN of momentump, interactions among the spectator partons of the target system

1 do not affect the DIS cross section at leading twist. We then
fq/N(XB,QZ): _J dy exp(—ixgpty™) show that this general argument does not apply to rescatter-
8m ing of the struck quark.
In Sec. IV we discuss the Glauber-Gribov picture and

X(N(p)aty ™)y show why it implies that the final state interactions, re-
v summed in covariant gauges by the path ordered exponential

xPex%igJ dWA+(W)} of Eq. (3), affect the cross section. We then study a simple
0 perturbative model of rescattering effects in Sec. V, for

X q(0)|N(p)) (3) which explicit expressions of the amplitudes can be obtained

at smallxg. Using this example we demonstrate in Sec. VI
where all fields are evaluated at equal LC time=0 and that rescattering of the struck quark on the target can cause a
vanishing transverse separatign=0. The light-like dis- leading twist shadowing effect.
tance between the absorption and emission vertices of the The analysis of Secs. Il to VI is carried out in Feynman
virtual photon in the forward amplitude is measuredyby. ~ gauge. In Sec. VIl we show why rescattering effects can
The path-ordering P orders the gauge fields according tpersist even itA* =0 gauge, in contradiction with the form
their position on the light-cone and ensures the gauge invari3) of the matrix element. As is well known, this gauge is

ance of the matrix element. singular—in particular, the gluon propagator
The identification of the quark distributiai3) as a prob-
ability distribution (1) is made in the LC gauga-A=A" i nek” + kkn?
=0, where the path-ordered exponential in B).reduces to df*é(k)= | — 9"+ ik (4
unity, and one findg yn— Py - A recent derivation in the kotie

has a pole ah-k=k" =0 which requires an analytic pre-
See Ref[7] for the normalization conventions. scription. In final-state elastic scattering of the struck quark
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Y*q) | ] | Y*(q) whereM is the target mass and the photon energy in the
rest system of the target. We take the Bjorken limiQ2=
“‘1\ | |, | f —g?—o with x3=Q%*2Mv fixed. In the LC notationk
‘- p > ‘o p =(k*,k™,k,), where k*=k°=k3, the photon and target
I 1 72 momenta ardat leading order

S
rg

L
l:/f/ p, | % | p,+k, \J<<+k2
T(p) p-k, b ! p-k~k, T
D, D, D

C
(a)
Y*(q)

q:(— MXB,ZV,OL),

(6)
p=(M,M,0,).

In the following we define a final state interacti@#Sl) as
any interaction which occurs after the virtual photon has
been absorbed. Here “after” refers to the LC tinye,=y°
+y3, in the frame(6). In deep inelastic scattering initial state
interactions(ISI) occur only within the target bound state
and determine the target wave functi@®). We shall show
that soft rescattering of the struck quark in the target also
affects the DIS cross section.

We can distinguish FSI from ISI using the LC time-
ordered perturbation theof.CPT) [11]. Figure 1 illustrates
two LCPT diagrams which contribute to the forwasd T
— y*T amplitude, where the targdtis taken to be a single
quark. We use these diagrams in a generic sense here, while
in Secs. V and VI we consider them in the framework of a
(b) specific perturbative model of the DIS process.
We recall that in the LCPT the*" momentum compo-

T(p) F ! T(p)

FIG. 1. Two types of final state interactiorfa) Scattering of the : - . L
antiquark @, line), which in the aligned jet kinematics is part of the nent is not an independent variable, but is given by the on-

target dynamics(b) Scattering of the current quarlp{ line). For  Snell condition, k =(kf+m?)/k+. Each propagating line
each LC time-ordered diagram, the potentially on-shell intermediat&@s @ factor X", and there is a denominator factor

states corresponding to the denominafgsD,, ,D . are denoted by
dashed lines.

Dim=2> k™ =2 k™ +ie (7)

inc int

the exchanged momentuk’i is of O(1/v) in the target rest
frame, which enhances the second term in the propa¢@tor
This enhancement allows rescattering to contribute at leadin
twist in the LC gauge.

We reevaluate our model amplitudes using the LC gaug
in the Appendix. Although the expressions for the individual :
diagrams depend on the prescription usechat=0, the state is on-shell

iton d d <h h I di We consider the “aligned jet{or parton modelconfigu-
prescription dependence vanishes wnen all diagrams arre(;\tion[lz], where the hard vertex is taken at zeroth order in

added. The scattering amplitudes which we calculate up t ok . N ;
two-loops in the LC gauge thus agree with the result in Feynaqe strong couplingy™q—q. In the aligned jet kinematics

the momentunp, of the struck quark in Fig. 1 is the only
man gauge. ) . . o -
For the issues of this paper, the spin and color of thé®N€ which grows in the Bjorken limitp, =2, with p;,
quarks are not relevant. We therefore conduct our discussioftdependent of. All momenta in Fig. 1 other thag andp,

lar quarks. momentum fraction of the struck quark equals follows

from the conservation of 4” momentum, given thatp;
=0(1v).

We recall[see, e.g., EQA5) of Ref.[13]] that the virtual
photon polarization vectors may be chosen as

for each intermediate state, which measures the LC energy
difference between the incoming and intermediate states. In
Eeynman gaugéwhich we use in this sectigran imaginary

art or discontinuity can arise only via the prescription in

g. (7), when LC energy is conserved and the intermediate

Ill. EFFECTS OF FINAL STATE INTERACTIONS IN DEEP
INELASTIC SCATTERING

The DIS cross section is given by the discontinuity of the 1
forward amplitude: e(A\=x1)=——(0,0,17i
( =5 )
()
1 Q
o(y* T=X)= = DiseM(y* T—=9*T),  (5) e(A=0)=-(1,-100.
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Since we take all linegexcept the gauge bosgrie Fig. 1to  far as the discontinuity of Fig. 1a is concerned, we can re-
be scalars, the longitudinal photon coupliag\ =0)-(p1 gard the other factors as constants in pieintegral contain-
+k;—p,)=Q dominates over the transverse ones in theing the denominator poles,

Bjorken limit. The two longitudinal photon couplings to-

gether contribute a facto®? to the forward amplitudes in Disc(Fig. 19

Figs. 1a and 1b.

Both diagrams in Fig. 1 contain final state interactions ~02Di dpy 1
between they* vertices. Only the three intermediate states Q" Disc p; (Datie)(Dptie)(Dctie)
indicated by dashed vertical lines can kinematically be on-
shell and thus contribute to the discontinuity of the diagrams (12

via the vanishing of the corresponding denomindqr, Dy, 5 .

or D.. We wish to ascertain whether the sum of these dis¥here the factoQ” stems from the photon couplings. Al
continuities gives a leading-twist contribution to the DIS r'émaining factors in the proportionality are independent.of
cross section through the optical theorén We use Feyn- Each of the three denominators in E@l2) gives a
man gauge in the following discussion. As we shall see inv-independent contribution to the discontinuity in the
Sec. VII and Appendix C, the specific Feynman diagramsBjorke” limit. This means that each partial discontinuity con-
causing FSI effects in DIS actually depend on the gauge. tributes to the DIS cross section of E) at the leading

The three denominators of Fig. 1a are twist level, o(y* T— X) = 1/Q?. However, as is easily seen,
the contributions from the three poles which to leading order
Da=q +p —p;—P, —(p—ky)~ occur at the same valu@l) of p; cancel at leading twist.

The above argument is generic and applies to arbitrarily

2 2 2 2 complex diagrams having no interactions on the current
_pu""m +M_pzﬁf'm P 9 9

=2y quark linep;. The remarkable fact that FSI between target
P ps spectators do not affect the DIS cross section only relies on
) ) the Bjorken limit, which asv—2 provides an “infinite en-
_ ki, +M ergy reservoir” which compensates any target excitations.
M-k The situation is quite different for diagrams like Fig. 1b

where the current quark reinteracts.(fiuasijelastic scatter-
ing of the current quark the momentum trangégr 1/v. We

2 2 2 2 2
D=2 P M _Po tmT kﬁ may check explicitly that this range of momentum transfer
Py Py ks indeed gives a leading-twist contribution to each partial dis-
R R continuity. The denominators are now of the form
(Ky, +kp )2+ M? ©
M-k -k’ 2 +m?
M-l D‘—,I:Z”_pnp—++ga
> N 1
pi, +m? (P2, +Kp )2+ m?
De=2v———F——+M~— T o2 +m? K2
P1 P2 TK; Db22v—u—+—%+gb (13)
(Ky, +Kgy) 2+ M2 b1 2
Lttt > >
M—k; —k; (P1. +kp )2+ m?
D=2v— N +0.
and have the form p1 +k;
pi+m2 whereg, , . are again independent of For example, pick-
Dapc=2v— p—++fa’b‘° (100 ing up theD,=0 pole in thep; integral we have
1
wheref,,f,,f. are independent of in the aligned jet con- Disc,(Fig. 15=Q2pip; f dk; (14)
figuration. If we consider these denominators as functions of Y1) kg (pf+kd) DuDe
p, then the three conditior®, , ;=0 give to leading order
the samevalue ofp; , wherep; is given by Eq.(11) and the factop; originates
from the interaction in the Feynman gauge.
. pi+ m? 1 Note thatDy, andD. are still of O(v) at the valug11) of
17 2y O[] - (1D p, for which D,=0. The fact that the contributions from

D,=0, D=0 andD_.=0 thus occur at distinct values of

All denominators and other factors in the LCPT expres-p; means that they no longer cancel. Rigindependent of
sion of Fig. la excepD,, D, andD. are insensitivelat v and hence contributes to the DIS cross section at leading
leading orderto a relative change ip; of O(1/v). Thus, as  twist. We conclude that rescattering of the current quark gen-
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Yi(q)

A(p) N,

FIG. 2. Glauber-Gribov shadowing involves interference be-

tween rescattering amplitudes.

PHYSICAL REVIEW B6 114025

Y(q)

I - W
k, %kz %kj k,
T(p)

FIG. 3. Forwardy* T— y*T amplitude. All attachments of the
exchanged gluons to the upper scalar loop are included, as well as
topologically distinct permutations of the lower vertices on the tar-
get line.

q

T(p)

erally affects the cross section. In Sec. VI we shall demon- _ _ N ) o
strate, in terms of an explicit perturbative example, that thisThe (covarian} virtualities p; and (,—k,)? are limited.

conclusion is indeed correct.
Since the LC energy differencd3, .>~v at D,=0, the
struck quark rescattering occurs on the light coyé,

Hence 01+ p,—ky)?~p; (p; —k;)~—Q? as required by
momentum conservation. The virtual quark pair is put on
shell by a(total) momentum transfek from the target, with

~O(1/v). This rescattering is part of the dynamics described an

by the path-ordered exponential in the matrix elem@
where allA™ fields are evaluated at the same LC tiyie. N . -

y n‘Bhe DIS cross section is dominated by minimal transkers
which for the final antiquark momentum gives

k*=py +p; —q"=p; +Mxg.

During its passage through the target the struck quark has
time to emit or absorb gluons, it only “samples” the Cou-
lomb field of the target. The rescattering nevertheless
changes the transverse momentum of the quark and influ-
ences the cross section. This is analogous to the Landau- with this kinematics in mind the Glauber-Gribov picture
Pomeranchuk-MigdalLPM) effect [14], which suppresses of shadowing can be summarized as follows. At smalthe

the bremsstrahlung of a high energy electron in matter due tgntiquark momentunp; = 1/xg is large but the momentum
Coulomb rescattering within the formation time of the radi- y 5nsfer k*~Mxg is small. The scattering will therefore

ated photons. have a diffractive component. In particular, the quark pair
may scatter elastically on a “front” nucleom; in the
nucleus before suffering an inelastic collision at a “back”
nucleonN,, as indicated on the Ihs of Fig. 2. The small
momentum transfek™ at N, required to put the quark pair
on-shell can be absorbed by the nuclear wave function.
Hence this amplitude interferes with the amplitude for a
single scattering ofl, shown on the right-hand sidehs) of

Fig. 2. The interference is destructive due to the imaginary
nature of the Pomeron exchange amplitudeNatand the
factor ofi resulting from the intermediate state betweéén
and N, going on shell.

This shadowing effect on the DIS cross section is not
compatible with the cross section being determined by the
parton probabilitiesP of Eq. (1). Since the Pomeron ampli-

. . tude in Fig. 2 is imaginary it must involve on-shell interme-
as can also be seen from Hg). Rescattering from different  giate states. But initial state interactions in the tatysfore
nucleons in the nucleus can thus interfere. the virtual photon is absorbed cannot create on-shell interme-

In the_ahgned jet kinematics the virtual photon fluctuatesy;ie states—they would constitute decay channels of the
into aqq pair with limited transverse momentum, and the target. We conclude that Glauber-Gribov shadowing involves
(struck quark takes nearly all the longitudinal momentum of final state interactions and hence must be associated with the
the photon. Using the notation of Fig. 1, where the initial path ordered exponential in E().
andq momenta are denotqm, andp,—Kk;, respectively, we
have

P, ~Mxg. (18

IV. THE GLAUBER-GRIBOV PICTURE OF SHADOWING

DIS data on nuclear targetd has shown that nuclear
structure functions are suppressed fokg=0.05:
F5(xg,Q%) <A F)(xg,Q? [10]. This is generally inter-
preted as a leading twist “shadowing” effect, arising from
guantum mechanical interferend®,10.. The coherence
length of the virtual photon in the target rest frafégis long
at smallxg,

21/_
3_

1

M—XB=<Y7> (15

V. A PERTURBATIVE EXAMPLE OF SHADOWING

We shall construct a perturbative example of the physics
of Glauber-Gribov shadowing, which is simple enough to
allow explicit expressions for the scattering amplitudes at
smallxg . We use this example in Sec. VI to verify the gen-
eral result of Sec. Il that final state interactions between
target spectators do not affect the DIS cross section, whereas
rescattering of the struck quark does.

(16)

F;n: _(52 _lzlJ_)NAQCD-

L
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p _ - .
Lo Xg=? s (p2=K)?=m?=p; (3 —K") = (Pz. —k,)*~m”
P $ 3 - _

4 i — = —D(po —K.) (20

T(p) T(p)
@ ® © where we used Eq17) and defined
FIG. 4. Single gluon exchange diagrams in scalar Abelian - _ 2 5

theory. D(p.)=p; Mxg+pi+m-. (21

In this section we use standard covariant perturbatiorBimilarly the quark propagator in diagram 4b giv2ép,, ).
theory in Feynman gauge of a scalar Abelian gauge theorylhe full amplitude in the limit(19) is
We consider the forwarg* T— y* T amplitude of Fig. 3, the

discontinuity of which gives a contribution te(y*T) at _ . . 2egdMQp,| 1 1
orderaoz‘s1 via the optical theorenb). Since we may assume APz P21 K )= K2 D(I5 ) B D(|5 —K,)
the charges of the targ@tand the “quark”q to be distinct, * 2 2

we can focus on the gauge invariant set of diagrams in which (22)

the gluons are exchanged between the quark pair and the ) ) ) o )
We may readily verify that this contribution is of leading

target. Eaph_ gluok; can cpuple o either the or th_eq line, . twist. Thel +T—1’+ X DIS cross section fs
and all distinct permutations of the gluon vertices are in-

cluded. do @ 1-y 1
Taking the discontinuity between gluokgandk, gives a 4 =
contribution which models the interference term of Fig. 2. dQ?dxg 1672 y? 2Mv
The scattering orN, is given by single gluon exchange, . ot
while the Pomeron exchange dh is modelled by the two- Xf dp; d*py, d7k; A2 (23
gluon exchange. The discontinuity between gluknandks p, (2m)2(2m)?

gives the square of the “Pomeron” exchange amplitude. We

calculate the one-, two- and three-gluon exchange ampliwherey=v/E,. The factorQ? in |A|> combines with 1/8 v
tudes fory* T—qqT explicitly for xz<1, making use of the in Eq.(23) to make the rhs independent@f in the Bjorken
results of Ref[l3] where a similar model was studied. Since limit, when the soft momentﬁL and p, are integrated over
the targetT is taken to be elementary this model does notany finite domain.

have shadowing in the conventional sense described in Sec. \We also note that the dominant contribution to the DIS
IV. It nevertheless demonstrates how final state interferencgross section at smakg comes fromp; ~Mxg and p,
effects reduce the DIS cross section.

We work in the target rest fram@) and in the aligned jet
kinematics of Eqs(16) and(18). The Feynman gauge calcu-
lation is simplified by assumiffiga large target mas.
Hence the kinematic limit we consider is

~(p3, +m?)/Mxg as assumed in E§18). To see this, note
that the amplitudeAx=p, for p2_<(p§l+m2)/MxB, while
Ax1/p, for p,>(p3, +m?)/Mxg.

Since Ax1/k, for k, —0 the cross sectioii23) has a
logarithmic singularity in this limit, which is regulated by the

2v~p;>M>p, >k, pa . ki, msk', longitudinal momentum exchange kt ~k*~Mxg. This
(19) logarithmic behavior occurs only at lowest ordd5] and
k*=Mxg+p;s will not be relevant for our conclusions.

It is instructive to express the cross section also as an
wherem is the mass of thcq,a quarks anck=ZSk; is the integral over 'Fhe transverse distanags,R, conjugate to
total momentum transfer from the target. P21 .k, . Defining

: , - d?p,, d?%k, . .
A. Single gluon exchange amplitudeA Ap, .rL R, :f —rr ZA(pz Pau K,
The three Feynman diagrams are shown in Fig. 4. As in (2m)=(2m)
Sec. lll we use the virtual photon polarization vect@psand X exXp(ir | - Py, +iR, -K,) (24)

find that the dominantleading twisi contribution comes
from e(A=0)-p,;=Q. Diagram 4c is proportional te - (p
+p’) and is thus non-leading. Diagram 4a involves the
quark propagator

and using

d%p, e 1
V(imr Ef =—Ko(mr 25
(Mr)= | o e 2 oM (29

°The expressions for the scattering amplitudes that we derive at ) )
large M are actually valid also wheM andk, are of the same WhereKg is a Bessel function, and
order. This is seen directly for the Born amplitude of Fig. 4, and
from the LC gauge calculations in the Appendixes for the loop
amplitudes. 3Here the lepton is assumed to have spé1
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Y4q) P,
Wl &} P o
T(p) T(p")

(@ ®

PHYSICAL REVIEW B6 114025

conditionp’?=(p—k)?=M? that

2
L

W:@+@=—zw

<k* k, (30)

FIG. 5. Double gluon exchange diagrams. In the FeynmanThe corresponding suppression for the loop momenkjm
gauge four more diagrams contribute at leading order, where one @ﬁ—kg results from the sum of the uncrossed and crossed

both of the exchanged gluons attach to the quarg (ine.

dzlzi 1_eit'-J_~IZJ_

Wi, Ro=| L
( 1 1 (277)2 kf
1 IR, +1 |
=500 R (26)

we get from Eq(22),
A(p r1 ,R,)=2egMQp, V(myr )W(r, ,R,) (27)
where
mf=p; Mxg+m?. (28)

The contribution(23) to the DIS cross section can then be
expressed as

4 do :azag 1—yXBN|2
dQ%dxg #° y?
— p; f 2” 2”
X | d du, d“U
f pZ(pz’MxBerZ)2 S

- =2
U, +u

X Ko(unlog(liU—L| (29

1

gluon attachments to the target line in Fig. 5,

i
(p_kl)z_M2+i8

(—ig 2M)?

i
(p—ky)?—M?+ie

2ig’M !
= /| —_—
g kK)—ie k3-—is
=2ig®M27i 5(K?). (31)
Making use of Eqs(20) and(31) we find
B(Fig. 53 +B(Fig. 5b
2eg*MQ pz_f d?k,, dki 1
D(p2 —k)J  (2m)® KiK3
1
(32

X + ~ " 2 - s
Ky —(2py. -ko —k5)/p, —ie

Symmetrizing the integrand ihﬁy—»lzz and recalling(17) the

Here the dimensionless integration variables were defined dast factor becomes

u,=r,m; andU, =R, m;, showing that the typical trans-
verse distances, ,R, scale as Ih. Thep, integral in Eq.
(29) is logarithmié at large p, >m?/Mxg, where the
aligned jety* q—q subprocess turns intg* y—qq [13].

B. Two-gluon exchange amplitudeB

Figure 5 shows two of the altogether six two-gluon ex-

change diagrams which give leading contributions to the

v*T—qqT amplitude forxg<1 in Feynman gauge. Dia-
grams with 4-point vertice&f. Fig. 49 are again suppressed

in this gauge. We illustrate the calculation of this one-loop

amplitude using the diagrams of Fig. 5.
Our assumptior{19) of a large target masisl simplifies
the loop integral by suppressing tk& momentum compo-

nents. For the overall exchange we find from the mass-shell

“We also note that Eq29) contains a collinear singularity when
m—0. In this limit the exchanged gluon becomesadiinear linein
the language of Ref8].

1
2 k;_(zﬁu'ﬁu_‘zg)/pz__is

1
— — - =i7do(k}).
ky —K*+(2py, -k, —k))/p; +ie ()
(33
Thus
B(Fig. 53 + B(Fig. 5b)
ieg®MQ p, [ d2k
- Qf)zf = (34
D(pa —ky )/ (2m)°ky, k5,

Adding the contributions from the remaining four dia-
grams we find for the full two-gluon exchange amplitude
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8005 s K.) _4|\/le0|2|21L 1 . 3 1
P2 .P2y K )= —1€Q P | —— = = S — —= =
(2m)? k3, k3, D(pyy —Kii —Ka1)  D(Pa—K,)
1 1 (37)
X g - = > — — — -
D(p2.) D(pzr—Kiy) whereks, =k, —k;, — K, .
The Fourier transforni24) gives the amplitude in trans-
_ 1 + 1 1 verse coordinate space as
D(p2. —ka1)  D(p2—ky)
-~ _ s = 1 . _ .
(35 C(p, vrivRL):_geg MQp, V(myr )W3(r, ,R,)
wherek,, =k, —k;, . We note that the amplitude is fully (—ig?)?
imaginary as required by crossing symmetry, siBeep, as =2 7~ WZ?A.
p, — and the two-gluon exchange has even charge conju- 3!
gation. Thus our model captures the essential features of (39)

Pomeron exchange. We note also thB{p, ,p,, .K,)
«logk, for k;, —0. In contrast to the single gluon exchange
contribution to the DIS cross section, the square of (86)

Similarly to theB amplitude,C arises from the interme-
diate states between the rescatterings being on shell in the
can thus be safely integrated ovier and (for m+0) over Xxg— 0 limit. Again this must hold also in LC gauge. Since in

Z the two-loop case there are two consecutive intermediate
& éecause of conservation of the transverse distancesstates’C Is purely real.
From the expression€7), (36) and (398), it is apparent

r,,R, in the peripheral scattering, the Fourier transforminat the sum of gluon-exchange amplitudes exponentiates,
(24) returns the simple form

E(p; 'FJ_ ,F-il): —Ieg4MQp2_V(erL)W2(r1 ’F_éj_) M(pz I ,RL)ZA‘F B+C...
—ig? . =—2ieMQp, V[1—exp —ig?W)].
where we used Eq25) and(26). As noted at the beginning of this section, we have as-

We stress that in theg—0 limit, the amplitudeB is  sumed the charges of the quark and target lines to be distinct.
dominated by the configuration where the intermediate stat€his allows us to restrict our analysis to the subclass of
between the two exchanges is on shell. This can be seen hl;éynman diagrams considered above, since diagrams with
calculating B in the LC time-ordered perturbation theory, different powers of the charges cannot cancel in the DIS
where this intermediate state is associated with a vanishingross section. However, we should note that at the level of
denominator(7). Alternatively, we may note that since the three-gluon exchanges there are new types of diagrams
real part ofB is suppressed in thez—0 limit the full am-  which have the same charge dependenc€ as Eq. (37).
plitude is(via the optical theorejngiven by its discontinuity. For example, one of the three gluons may be exchanged

This is true in all gauges sind& is gauge invariant. between the quarks while another forms a loop on the target
_ line. Thek, dependence of this contribution would differ
C. Three-gluon exchange amplitudeC from that of Eq.(37). We do not further consider such con-

No qualitatively new aspects appear in the calculation ofributions.
this two-loop amplitude. Permuting the attachments of the
three gluons on the target line one finds in analogy to EQ. v|. EFFECTS OF RESCATTERING ON THE DIS CROSS
(31) that k?zo for all exchangesiE1,2,3). Similarly the SECTION
ki" integrations are simply evaluated after symmetrizations
analogous to Eq(33). The final expression in momentum
space is

We now use our perturbative amplitudes to demonstrate
that final-state rescattering of the struck quark affects the
DIS cross section. In the preceding section we used covariant
.. 1 (rather than time-orderggerturbation theory, and thus did
C(pz ,p2y k)=~ 5696MQDE not distinguish between initiglSl) and final (FSI) state in-
teractions. However, diagrams involving rescattering of the
d2k,, d?Kk,, 1 struck quark necessarily are FSI because the exchanged
f > > 2 o2 o2 gluon couples to the struck quark() line after the virtual
(2m)” (2m)" ki ko, k3, photon. We shall see that precisely such diagrams contribute
to the cross section.
1 _ 3 We consider the DIS cross secti@®3) expressed as a

D(p2) D(Pa—Ki)) sum over the transverse distancesR, defined in Eq(24),
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, do a 1-y 1 all diagrams in our subsgt. This factor.a.ppears expligitly _in
5 = 2 2 oM each amplitude. Dimensionally regularizing the logarithmic
dQ7dxg 167" vy v infrared divergencies &;, =0 we thus find
dp, .. ..
x| IR P @0 SO V) r
2 p !p2 ’ = > =
e 2m2D(p,, K.
where 4
~ - 2_ _
M(p; FL R x[[Rz(ku] 3R13<ki>’ (43

siMg®W(r, ,R)2l. .
9 Ele L) ]A(p;,rL,RL) (41  where
g*W(r, ,R))/2

is the resummed amplitud@9) andV,W are given in Egs. dPky,

(25) and(26), respectively. Ra(k,)= J W
The fact that the coefficient d& in Eqg. (41) is less than e . )

unity for all rl ,F_iL shows that the rescattering corrections F(%—l” F(Z— g)

included in M reduce the cross section. This effect agrees _ "
with the Glauber-Gribov picture of DIS shadowing and must kj*D I'(b-2)
be present also in LC gaugdsee Sec. VI (44)
The forwardy* T— y* T amplitude in Fig. 3 can also be . .
cut through some of the gluon lines, corresponding to final 1 dPky, dPky,
states with real gluons. Such contributions have, however, a Rig(k,)= k_zf K2 K2 (IZ Ky, — Ky, )2
different target mas#! dependencécf. Eq. (30)]. Similar LT TR R 2l
arguments suggest that other contributions, even if they are D 3
of the same order in the coupling constants, cannot change D F(E—lﬂ I'(3-D)
the conclusion that the DIS cross section is influenced by =450 3D
final state interactions. kT F(——3)
In Sec. lll we gave a general argumefih Feynman 2

gauge which showed that final state interactions between
target spectators cannot influence the DIS cross settion ExpandingR, andRy3 aroundD =2 gives
Fig. 1a8. We shall now check this statement using our per-
turbative amplitudes.

In the aligned jet kinematics the antiquark belongs to the Ry(K, )= —— )
target system. We thus consider the subset of diagrams like 2k ka D—2 " “7

Figs. 4a and 5 where all exchanged gluons attach taqthe
(p») line. One can easily verify that this subset of diagrams
is gauge invariant in the class of covariant gauges in our
kinematic limit(19). The corresponding sum of cuts in Fig. 3
is then proportional to

D/2

1 1
+ 5(6¥° = 7)(D—2)+ o [2y°— yn®
—14y2(1)](D—2)%+

Sq(P2 P21 K ) =|Bgl*+2Re(ATCY) (42) O[(D—2)3]],

where the subscrigg indicates the subset of diagrams. (45)
Diagrams where all gluons attach to the antiquark line can D 12 12y
involve both ISl and FSI. Since the two-gluon exchange con- Rua(k,)= <=5 PR )
tribution (34) is imaginary it must, however, involve rescat- ki (D-2)
tering of on-shell intermediate states which can only arise
after the virtual photon has been absorbed. Similarly the +
(rea) three-gluon exchange amplitud€ (37) involves
double rescattering of on-shell states. Hence all our ampli-
tudes(except the Born termd\) involve FSI. ><(D—2)+O[(D—2)2]] ,

It is straightforward to identify the\g,By,Cq contribu-
tions to the expression®2),(35),(37) of the full one-, two-

and three-gluon exchange amplitudes in momentum spacgere y=0.577 is Euler’s constant ang("(z) is the
According to Eq.(20) the antiquark propagator next to the +1)th logarithmic derivative of the gamma function with
virtual photon vertex gives a denominatd(p,, —k,) for #?)(1)=—2.40. Hence

2

T
6y2——

1
5|+ 547 - yri-16p(1)]
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4 D
[Ra(k,)]3— §R13(ki)= ki_2D6w‘2’(1)(D—2)
+O[(D-2)?] (46)
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&

b, b K b, 2 Bk,

pk-k, pk
g 8 3

FIG. 6. Scattering of the struck quark on the gauge field of the
target which gives rise to the ordered exponer@a).

L + ..
ks

<+

vanishes ab =2. Thus FSI between the target spectators do

not change the DIS cross section. We conclude that in cova-
riant gauges, only final state interactions which involve res-
catterings of the current quark affect the DIS cross section.

VII. LIGHT-CONE GAUGE A*=0

We have seen that in a covariant gauge, the DIS cross

= dky A (k)

=1+ f - +
9) . 2n ki —ie
F dkidky  AT(kD)AT(Ky)

X

—= (2m)2 (ki +ky —ie)(k; —ie)

+ ... (48)

section is influenced by final-state interactions of the struck
quark in the target. This soft physics is contained in the pathwhere

ordered exponential of the matrix elemdB) in a general
gauge and appears to vanish in LC gaugeA=A"=0.
However, as we have seen in Sec. V the amplitiglaad
C arise from on-shell intermediate states in #pe—~0 limit.
Thus in Eq.(40) the contribution of M|?, whose expansion

starts agB|?+ 2AC, also arises purely from on-shell inter-

» dkt- )
A*(y*)zfﬁmﬁAWk*)exp(—lk*y*). (49

The terms in the expansig@8) arise from the perturba-
tive diagrams of Fig. 6, where the cross indicates the virtual
photon vertex. The struck quark momentum is asymptoti-

mediate states. The presence of such on-shell states is gaugglly large,p; — oo, implying that the quark moves along the
independent and they can only occur in the final state. Wéght coney” =y, =0. The two-gluon exchange term in Fig.
conclude that the DIS cross section is influenced by finab is given by

state interactions in all gauges. Thus parton distributions can-

not be fully determined by parton probabilities in the target.

Let us now discuss some features inherent to the LC

prAT(k{) prAT(ky)
[—p5 (ky +k3)+iel(—piks +ie)

(ig)%?

gauge preventing parton distributions from being probabili-

ties, in other words making the expressi@ for f,y incor-

rect in LC gauge. It turns out that terms which are next-to-
leading corrections in a general gauge cannot be ignored in

LC gauge. To see this, it is helpful to recall how the expo-
nential arises from perturbative diagrams.

As explained in Ref[8] each quark field is associated
with an ordered exponential

[Aﬂzpex%igf:dy‘ww—)} @7

where the gauge field" is evaluated on the light cone,
y* =y, =0. This factor arises from the interactions of the

struck quark as it moves through the target. While the path in

Eq. (47) extends to infinity, there is a partial cancellation
between the quark fields in the matrix elemé®jtleaving a
path of lengthy” ~1/Mxg equal to the coherence length of
the virtual photon. Only interactions within this LC distance
can influence the cross section.

Expanding the exponentigd?7) gives

[A*]=1+igf:dy;A+<y;>

1+ig [ dy,AT(y,)+ ...
Y1

X

_ AT (ky)AT (k)
J (ki +kj —ie)(ks—ie)

(50

Thus we find equivalence to the express{d8) by approxi-

mating (20, —ky)-A(ks)=p; AT (ks), i.e., by keeping only
the asymptotically large component pf. This is correct in
all gaugesexcept A =0, where this “leading” term actually
vanishes.

Neglecting the dependence of the matrix elem@hnton
the gauge field(k*) in LC gauge is equivalent to assuming
that interactions of the struck quark with the gauge field such
as (2f)1—I22)l-ﬂL do not contribute at leading twist. The
following example shows how this assumption can fail.

As a simple illustration of how the high energy and
the LC gauge limit can fail to commute we consider the
elastic processq(p;—k)T(p)—a(p1)T(p—k), where p
=(M,M,0,) andp; — at fixedp;, ,k, . Momentum con-
servation implies

+_ (Zﬁli_lzi)'lzL

Py

k —0

) (51

- Ml fixed.

K-

The interaction of the gauge field with the quark is given by
(—19)(2p1—k),-d**(k). In Feynman gauge the propagator
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> FIG. 8. Diagrams that can contribute to the two-loop amplitude
(e) Cin A" =0 gauge. All permutations of the attachments to the target
line are implied.
FIG. 7. Diagrams that can give leading order contributions to

the one-loop amplitud in A™=0 gauge. sum is thus prescription independent and agrees with the
Feynman gauge resul85). We verify the prescription inde-

is d4¥(k)=—ig*"/(k*+ie) and the coupling is dominated pendence of the two-loop amplitude in Appendix B. A

by —igpId;*(k), which is analogous to the interaction consistent procedure for regulating the spurious poles is also

(50) in the ordered exponential. The elastic amplitude discussed there.
As we have already emphasized, final state interactions

_ (FSI) modify the DIS cross section also in the LC gauge due
A(qT—>qT)=—292Mp—; (52)  to the presence of on-shell intermediate states between the
k? rescatterings in the amplitud&and C. However, while in
the Feynman gauge it is the rescattering of the struck quark
p; which affects the cross section, in the LC gauge those
rescatterings actually do not contribute. Indeed, we show in
Appendix C that contributions from diagrams like Fig. 7c
amplitude is gauge independent and must still be given ba}nd 8b to the individual ampl_itudes cancel in the cross sec-
Eq. (52). The ab f the factar- in th i ¥!on. Thus in the L(_Z gauge, mqlependently of the prescrip-
q. (52). The absence of the factqr, in € NUMETAION  ion, the cross section is modified by FSI occurring on the
coupling is in fact compensated by the factor<1/p, in  sndquarkp,, i.e., within the target system. Choosing the
the denominator of the LC gauge propagatr The domi- A+ _q gauge shifts the rescatterings of the quark present in
nant contribution is from-(2p;—k)*-d~*(k) and the re- the Feynman gauge to rescatterings of the antiquark. As also
sult indeed agrees with E¢2). shown in Appendix C, in the LC gauge the partial amplitude
Note that if we had kept only theé" *(k) part of the gauge where only attachments {m, are kept equals the full ampli-
propagator in the high energy limit and then chosen the LGude, up to a phase factor. Which particle actually scatters in
gauge the elastic scattering amplitude would have seemed the quark-antiquark system depends on the gauge, but the
vanish. This incorrect result is analogous to the apparent alpresence of on-shell intermediate states does not.
sence of rescattering effects in the matrix elem@tfor Subtleties can appear when using the Kovchegovpre-
AT=0. scription [see Eq.(A13)], since the imaginary part arising
In the Feynman gauge calculation of Sec. V we saw thafrom a physical cut can be changed by the imaginary part
the reinteractions of the struck quark with the target are esereated by the prescription itself. The K prescription simu-
sentially elastic, the intermediate states being on-shell in thgates the physics of the rescattering corrections by introduc-
xg—0 limit. It is thus not surprising that the calculation of ing an external gauge field into the dynamics. Unlike the
the scattering amplitudes in the LC gauge has many featurgsincipal value(PV) or Mandelstam-Leibbrandt prescription,
in common with the elastic scattering example above. Detailghe K prescription is not causal, and thus it would normally
of the calculation of the one-loop and two-loop amplituBes not be used for solving the bound state problem and light-
andC (35) and(37) in the LC gauge are given in the Appen- cone wave functions of an isolated hadron in QCD. The so-
dices. lutions for the light-cone wave function of the target hadron
In the LC gauge the Feynman rules must be supplementeiél the presence of an external gauge field can have complex
with a prescription for thé&™ =0 pole of the propagatd#).  phases. This is apparently the way in which the light-cone
Three prescriptions that have been studied in the literaturgzave functions of a nucleus in the Kovchegov light-cone
[11,16,17 are given in Eq(A13) of Appendix A. The con- gauge prescription mimic the effects of rescattering of the
tributions of the individual diagrams shown in Fig. 7 for the fast quark and the Glauber-Gribov shadowing modifications
one-loop amplitudeB depend on the prescription. However, of the structure functions. If this picture could be validated,
the k;"=0 poles cancel when all diagrams are added. Theithe Kovchegov LC gauge prescription would give a frame-

is thusep; as befits Coulomb exchange.
In the LC gauge the propagatt4) satisfiesd, 2(k)=0,
hence thep; component does not contribute. Yet the elastic
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work in which opg is fully determined by the target LC product expansion. Hence the usual sum rules of the parton
wave function, solved in the presence of an external field. distributions remain valid in spite of the rescatterifstpad-
owing) physics. We have not estimated the quantitative im-
portance of the rescattering effects @p,s, but it is natural
Viil. CONCLUSIONS to expect that they are more prominent at small values;of

We have found that final state Coulomb rescattering in th&Vhere the coherence length is long. In particular, diffractive
target, within the coherence length/D?=1/Mxg of the DIS is re_lated to _shaqlowmg and is apparently generated by
hard process, influences thd—1’X DIS cross section. In 'escattering contributions.
particular, diffractive scattering of the outgoing quark-pair on
target spectators is a coherent effect which is not included in ACKNOWLEDGMENTS

the light-front wave functions, even in light-cone gauge. \ye wish to thank G. Bodwin. T. Binoth. J. D. Bjorken, M.
Such effects modify the contributions of the individual targetg ,rkardt J. Collins. L. Frankfurt. A. Hebecker. G. Heinrich

partons, implying that the DIS cross section is not fully giveny Kovchegov, L. Mankiewicz and M. Strikman for useful
by the parton probabilities of the initial state. These coherengjiscussions. S.J.B. and P.H. are grateful for the hospitality
effects are reminiscent of the LPM effeid4], which sup-  onq sypport of the Institute for Nuclear Theory at the Uni-
presses the bremsstrahlung of a high energy electron in &g ity of Washington during the completion of this work.
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scattering at smalk. Even in the case of the aligned jet | ApTH is CNRS, UMR 5108, associated with the Univer-
configurations, one can understand DIS as due to the cohegny of Savoie.

ent color gauge interactions of the incoming quark-pair state

of the_ photon interacting first coherently and finally incoher- APPENDIX A: ONE-LOOP CALCULATION
ently in the target. . IN A*=0 GAUGE

Our analysis in light-cone gauge resembles the “covariant
parton model” of Landshoff, Polkinghorne and Sh¢ti8] In this appendix we present the calculation of the two-
and its extension§l9] in the target rest frame. In this de- gluon exchange amplitud8 (35 in the light-conen-A
scription of smallx DIS, the virtual photon with positivg™* =A*=0 gauge of a scalar Abelian theory. We shall take the

first splits into the paip; andp,. The aligned quarlp; has target mass to be of the order of the transverse momenta, i.e.,
no final state interactions. However, the antiquark fipean  rather than Eq(19), we here consider the kinematic limit

interact in the target with an effective energyk?/x while

staying close to its mass shell. Thus at smxadind larges, 2v~py >p, >k, pay ki MMk
the antiquarkp, line can first multiple scatter in the target . N (A1)
via the Pomeron and Reggeon exchange, and then finally k" =Mxg+p,

scatter inelastically or be annihilated. The DIS cross sectio%nd show that the expression for the amplitude remains the

can thus be written as an integral of th§qp—X) cross  same. Leading contributions to the amplitude can come from
section over thep, virtuality. In this way, the diffractive giagramsB, . . . B, of Fig. 7. The factors associated with the
scattering of the antiquark in the nucleus gives rise to thgyyon propagators are approximated as

shadowing of the nuclear cross secti@(gA— X) [4].

Our results do not contradict the QCD factorization theo- M
rem[8] for inclusive reactions in a general gauge. However,  (p+ p)Hd,,(K)(21+K) =i [D(k+1)—D()]
they show that the apparent equivalence between the DIS kfk+
cross section and the target parton probabilitiesuggested (A2)

by the forward matrix elemer8) in A*=0 gauge is incor- - .
rect. TheA, components of the gauge field give IeadingWhere only thed = part of the propagato4) contributes,

twist contributions in the LC gauge. and the functiorD(p)=D(p, ) is defined in Eq(21). Simi-
Our investigation was triggered by the fact that the physi_larly, the factor from the four-leg scalar Abelian vertex sim-

cally plausible and phenomenologically successful GlauberPlifies to

Gribov description of DIS shadowin,10] implies that fi-

nal state interactions influence the DIS cross section. The (2p—kl)“dw(kl)df’/”(kz)(Zp’+k2)M,

physics of shadowing is associated with final state diffractive ..

scattering rather than with theea) light-cone wave function (2M)? Ky, -ka,

of the target. There remains the possibility of incorporating = ki k; ki ki (A3)

shadowing in the target wave function by solving it under the

specific boundary conditions implied by the Kovchegov LCwhere again thel * components dominate. A factor

gauge prescriptiopl7]. has been omitted for the time being. Direct use of the Feyn-
Our analysis is consistent with the standard operatoman rules and of the kinemati¢A1) leads to:
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- dky dk; 1 [D(p1)~D(p,~ka)I[D(P2—ks) ~D(P)]
BatBp= eQAQMszin( ! j T kyk; —D(py)[— Pz ks +D(p2)—D(po—ky) +ie]

dk;, 1 [D(p1)—D(p— k) I[D(p2—k1)—D(py)]
B+Bd——eg“QMff J<1f72++ N et
Kiky [—pi Ky +D(py) —D(pa—ky)+ie][p, ky —D(p,—ky) +ie]

(A4)

QAQMJJ J( fdkz+ 1 Ky Ky
:—e —
o = kk; —D(py)
where we use the shorthand notation
f _f d’k,, 1

1 (2m)% k2 K5,

(A5)

. 1
ky +ki /IM—ie k,+k3 /M—ie

J(ky)=

In order to isolate the poles & =0 coming from the gluon propagators we view the integrands in(Ed) as rational
functions ofk, , which we decompose in terms of simple elements. Also, sijcés the largest scale we can approximate

1 1 1 1
~ —— . A6
ki[—piks +D(p1)—D(py—ky) +iel D(pl)—D(pz—k1)<k; k;—ie) (46)

We also use

1 _1(1. 1 a7
KTk kHlki kg

to arrive at

1
D(pl) D(p2—ky)

1 ( D(pz_kz)) 1 D(pz_kz)]
- 1_— - -
ki

1
B +Bb——eg“QMpzf J2| X 1)j |k;—[D(pz)—D(pz—kz)]/pz__if

D(p2) k; D(p2)

11 11 (A8)
D(p2) D(p2—ki)||ky—ie ky

dk; dk; —ky, -k, |1 1
B=—egomp; | [ Gt [ 2 g T L
o= —ed'QMP, | | 53k | Bpbiey |17 g

Using the relation

dky dk;
8.+8e=—egomp; | [ tatk) [ £2

2Ky, -Kay =D(p1)+D(p2) ~ D(p2—ky) ~D(po—ky) (A9)
one easily checks that the termd/k;" in Eq. (A8) give the contribution
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fpdka L pdg (1 1 2 1 D(py—ky)~D(p;—ky)
efQMp, Ljﬂ"“‘l)fﬁ{q D(p) D(p—k) D(py D(pD(py)
11 2 1 D(pz_kz)—D(pz_kl)}
< |D(p,) D(p, k) D(p  D(pyD(py) ] (A0

which vanishes by symmetry of, and J(k;) under ., B 1
(ki ki ki, )< (ki k; Ko ). As a consequence, the sum of Bo+Bq=—leg QMp2f B

1Ky oK )2 (Ka 1 Kp 1Ko ). q ) _ 1| D(p2)  D(p2—kjy)
all diagrams is independent of the way one regularizes the
spuriouspoles atk;”=0. Noting that

B.=0. (Al15)
dk; i inti i
f .—1J(k1’):l (A11) Using the K prescription we obtain
2im
o, _ 1 1
the prescription independent result Breads Bat+Bp=—2ieg’QMp; D(py) D(p,—ky)
1 1 2 2
o 5 o
=—ie -
g P2 |, D(p2) D(p2—kz) D(p1) D(p2)
(A12) Bc+Bg=0 (A16)
in agreement with the resul85) in the Feynman gaug@nd ..
largeM). B =—ieg4QMp_f —2ky, -ka,
As an individual diagram may contain pole termd/k;" , ¢ 2 ] D(p)D(py)°

its value can depend on the prescription. As an illustration,
we give the expressions of the different diagrams using th&he calculation with the ML prescription is a little more

three following prescriptions: complicated. Defining
Tk —=in) (kT +in)1 2 o _
1 1 Ki E(ki. 'i?.l)(kl +in)] (PV), |1:J dk; I(k7)O(—k;)
pidadie B [k —in] (K), (A17)
L UK (k)] (ML),
(A13) Izzf dk; J(ky )O(ky)

namely the principal value, Kovchegbv[17] and
Mandelstam-Leibbrandtl6] prescriptions. The “sign func-
tion” is denoted e(x) =0 (x) — O (—x). With the PV pre-

and using Eq(A11) we get after regularizing E4A8)

scription we have B B - eg“QMpzf 1 1 }
a’lmb ™ 11D(p1) D(p2—k2)
1 D(p2—ka) ( D(pz_kz)”
dkz| —| =0 Al4 { DB el o
/ Z[k; (ALY "Dy AT Toipy
72
and get eg’QMp, 1 1
B.+Byg=— - Iq
T 11D(p2)  D(p2—ky)
B+ B.= —ieg'OM H 1 1 (A18)
27 P ICGRNP2 | D(py)  D(pr—ka) o
:_EQAQMpzf Kyp Koy (i-1,)
€ T 1D(p)D(py)  t T
SOnly thed™ component of the gauge field propagator in &.
of [17] contributes in our calculation. Calculating explicitlyl ; and|, gives
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2
21

|1=Iog(—
ki, — ki

to check that the sum of all diagrams evaluated with the ML
+ia[1+0(K2—Kk2))] prescription indeed reproduces the regalt2).
Instead of using Eq(A8), one can also directly use Eq.
(A19)  (A4), after regularizing thé;" =0 poles with a chosen pre-

K=K, | scription[for instance, one of those given in E&13)], and
I,=log e +im0 (k5 —k?). perform thek; integral using Cauchy’s theorem. The calcu-
1L lation is more involved, but reproduces all results presented
We can then use the relation above. See the comments at the end of Appendix B concern-

ing this procedure.
l1(ky ko) +1a(ka ky) =20 (A20)
APPENDIX B: TWO-LOOP CALCULATION IN  A*t=0 GAUGE

Here we evaluate the three-gluon exchange ampli@&7) in A" =0 gauge and in the kinematic limia1). The leading
order diagram&, . . . C4 are displayed in Fig. 8. For each diagram, the 6 permutations of the vertices on the target line are
taken into account. Since two permutations correspond to the same topology for di&gyams<Cy, there is a factor 1/2 for
those diagrams. We will use the following shorthand notation:

f fdzkll d%k,, 1 f dk1 dky f [ dkq dky
(2m)? (2m)2 K2 K3, K3, o) 2w 2w ~ ) 27 27
(B1)
! +permky,ks,ks)
= g = er| ] [
(ke 12, IM— i ellk; 1k, + (Ky, 1 Ros )M —ie] o2
(whereJ contains 6 terms arising from the 6 permutations mentioned apand
D;=D(p,—k;,), D;=D(p;,) for =12 andj=1,22,3 (B2)

whereD is defined in Eq(21). Using the kinematic limifAl) and approximations as in Eq#2) and(A3), the scalar Abelian
Feynman rules give

N;N,Ns 1
Ca=—2eg6QMf f Jf e ,
1= Jskikyks —Dy(p, ki —Dys+ie€)(—py ks —Ng+ie)

C——2e6QMJJJJNNN3 !
b g 1= J+kikyky (—prky +Ny+ie)(p ki —Dyg+ie)(—p, ks —Ng+ie)

) QMJ f f N;N,N3 1
=—Ze
¢ J 1= J+kikaky (—prky +Ny+ie)(—pg (ki +ks)+Ni+Ny+ie)(—p, ks —Ng+ie)

Nakq, -k 1
Cd=—2egGQMf f Jf S 2 — : (B3)
1J= J+ kiky k3 —Dj(—p,ks —Nsz+ie)

N;K,, -k 1
Ce=—2egﬁQMJ f Jf . — :
1J=J+ kikyky —Di(pyk; —=Dyitie)

3Ky Ky, 1
f=—2€gQ|\/|fj J' TR Lt oLt : — .
1= J+ Kkiksks (—pp (ki +k;)+Ni+Ny+ie)(—py Ky —Nz+ie)

NyKy, - K 1
Cg:—2eg6QMffJf +l+ +L — _ — _
L= J+ kikyks (=pyky +Ny+ie)(pyky —Dyjtie)
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with
N;=D;—Dy;,  Ny=Dj11—Djy3,  N3=Dy3—Dy. (B4)

Similarly to what was done in Appendix A for the one-loop calculation, one now considers all integrands (B3E@s
rational functions ok;" (i=1,2,3), which we decompose in simple elements, making first use of

1 1 1 1 1

=__ + + B5
kiksky kT\kiky Kkiky Kkyk; (85

The limit p; —% must be takerafter the decomposition in simple elements has been completed, otherwise some pinch
singularities can arise. As there are in the two-loop case two indepeneé€rintegration variables k; +k; +k; =k*), each
integrand can be expressed as a sum of terms having one of the following forms:

1 1
kik k'(k'xie) (K xie)k xie)

(i#]). (B6)

In Eq. (B6) the poles ak;" =0 come from the gluon propagators in the AC =0 gauge, whereas thosekit= = i e originate
from the scalar quark propagators. The result of the full decomposition is

1 1

ky, ks—ie

zeoms | [ of {50l 82072 i
:—e _— _— _—
d P2 D2s D D1/ D2 ki +ie ki
1 1)1 1
+_ —_
K +ie k;Hk; k;—ieH

(D1—D11)(D11— Dy
1 D 1 1
TN T
D, Du/|ky ky—ie

1 1 ) D1;—Dy3

“\b, D) b,

1 111 1
ki+ie ki|lki ki-ie D1D3(D2~Dyy)

1 1

Cy=~2efamp; [ | ”(—‘D—m)(l‘g—ﬁ) K

k, ky—ie

1 1
ki ki —ie

s o R
:— e L+
g p2 D23 D2 Dl D23 k2 k;"_if k]J_r kir_ie
e 1] 1 1 ( Dz) 1 1 1 1
Cq=—2eg’QM fj f s | i RN e G
°’QMp, DiD, ||k ki|[ki ki—ie Das/{ ki ki +ie]lk; kg—ie

Ce=—2eg’QMp, fJ f — ( ﬂ)iJri L Y -

2 D.D, Dui/|ky k3| ki+ie ky| D2=Dulky kj—ie

11
ki Kki+ie

|
1 1“1 1

K - ku( 1)
ce-zotomn [ [of Bl At 2]
g Q p2 D23 2 D23 kf—ié k;_— k; k;+i€

Ky, -Ka, 1][1 1
Co=-2efQmp; | [ o] “p S 2| .
¢QMp, DDy k2 killki ki—ie
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Equation(B7) can be conveniently used to group together1/(k; k, k3 ) yields
the poles ak;" =0, which appear in the two first forms of
Eq. (B6). For each of these forms, a lengthy calculation

shows that thek;" =0 poles add to a contribution which is 1 8 1
identica]ly zero, analogously to EQA;O) fqr the one-loop K _>i:1 PVI k_+
calculation. On the way we use the identities 17273 i
o = lim lim lim|—| |—| |—
~ 2Ky, Kz, =D13+ D15~ Dag=D; 73—07,—07;—0 kf 7 k; 7y k;— 73

(B8)

o (B12)
—2Ky, -K3; =D13+ D15~ Dy — Dy

where[1k;"],, is given in Eq.(A13). Thus the poles &
D2+ D11+ Do+ D13—D21—D2p—Dp—D31=0 (B9 =0 must be regularized wittistinctsmall finite parameters
7. Then thek;" integrals are performed using Cauchy’s
: . . . theorem, and only in the end the limitg;— 0, 7,—0,
and real|ze+that In every faCt@n/ki: 1 (kr *ie)](i#]) of —0 are taken segarate{jn arbitrary or?é}. Wenfczjund t?]?s
Eq. (B7), ki’ can be replaced bl (and not the contrafy procedure to be well-defined and to give results consistent
by a change of variable. We also use the symmetrfy, cind with those directly obtained from E¢B7).

Junderkj—k; fori=j. _ Finally, as in the one-loop case, it is remarkable that the K
Thus we have explicitly checked the complete prescripyregcription makes all two-loop diagrams where the fast

tion independence of our two-loop calculation. Only terms quuark rescatters vanish, i.e., or, Cy4 andC, contribute

the last form of Eq(B6) remain in Eq.(B7). Using to the amplitudeC.

f_J(kl_ ko )=1 (B10) APPENDIX C: ABSENCE OF STRUCK QUARK
RESCATTERING IN A*=0 GAUGE

In this appendix we show that in th&™=0 gauge,
independently of the prescription used to regularize the
spurious K =0 poles, rescatterings of the struck quark
cancel in the cross section, i.e. after summing over cuts in
the forward Compton amplitude. This is done by proving that

1 . B 1 3 3 1 the full contribution to the cross sectiofiuse Egs.
C=-3eg’MQp; HD_z_D_szr b, D, (27),(36),(38)]

(B11)

as well as Eqs(B8) and(B9) and symmetry arguments, one
shows that these terms add to

f d?r, d?R, [|B|2+2AC]
which exactly reproduces the resuyB7) obtained in the
Feynman gaugé€or largeM). 1 o
After having shown the complete prescription indepen- =—-(eg’QM pg)zf d?r d?R, V(myr,)?
dence of our calculation, we conclude this appendix with 3
some important remarks. We stress that EB8) and (B7)
are equivalent mathematical expressions for any of the dia-
gramsC, . ..Cq. To evaluate a given diagram, one needs to
regularize thek;"=0 poles, but this can be done starting is given by attachments to, only.
either from Egs.(B3) or from (B7), and the same results  We need to know the partial amplitudés,B,,C, con-
must follow. We have checked this for all diagrams using theributing to A,B,C where only attachments fm, are kept. For
PV and K prescriptions. We thus see no problems in applyinghe Born amplituded, only the diagram of Fig. 4a contrib-
the PV prescription to two-loop diagrams. Using the PV pre-utes inA*=0 gauge. Thus the partial amplitude, from
scription on Eq.(B7) is straightforward, but applying it to attachments tg, is actually the full amplitudeA given in

XW(r, ,R,)* (C1)

Eqg. (B3) requires some comments. Regularizing Eq. (22),

®We do not allow the inverse changeki/~1/k;" to have the 2e@MQp; [ 1 1
possibility of dealing with a regularized form ofk7 depending on Ar=A=—7F— D. D (C2
ki, as is the case for the ML prescription, see E3). kT 2 1
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The partial one-loop amplitud®, is given by the sum of the B2=BatBp+Be

diagramsB,, B, andB, of Fig. 7. This sum is prescription 1 1 1 1
dependent. We use the notatimee Eq.(A13)] =—i eg4QMp2’f [(—— —) +1 ,](—— —”
1 Dl D22 D2 D22
(CH
dky | 1
l,= J s (C3
i

The partial two-loop amplitud€, is given by the diagrams
giving 1p,=0 andl=1. After regularizing Eq.(A8) and Ca., C4 andC, of Fig. 8. Regularizing Eq(B7) and using
using Eq.(A11) and symmetry arguments we find Eq. (B10) we get

1 1 1 D D 1\D
__ = 5 _ - _j. j_ 2 Eal 11 23 2
Ca ZEgQMpZLHDzs Dll)(l Dl)(Dz 1(I,]+1)+(D11 Dl) b, (7 2
_(Dl_Dll)(Dll_Dzs)(l _1)2]
D1D,(D2—Dyy) K
1 ElL'lZZL 2
N - _ _ < 2
Cq=5ed QMpZL b.D, 21,(1,—1)+(1 B. (1,+1)
1 [ Kok, D, Dy;—Dy
— Zecdf T N ] _ Ju P a2
Ce=5ed QMpZL 5.0, 1 oh 21,(—1, 1)+D2_D11(|,, 1)2}. (C5)
Using Eqgs.(B8) and(B9) and symmetry arguments we get, after some algebra,
C—C+C+C—16M_f 2 1 1+1+| I I C6
2=CatCatCe=—2€0QMP; | || =35, % 6D, 2D, Dy 7| Dm Du 72D, 2Dm[

It is an easy exercise to express the partial amplitles,,C, in transverse coordinate space, as was done for the full
amplitudesA,B,C in Sec. V[see Eq(24)]. Since the partial amplitudes are not infrared fiflitee introduce a small photon
mass\ in the exchanged photon propagators, ilefi}/» 1/(ki2L+)\2) in the definition off, (A5) or (B1). Then

A,=2ed?QMp, VW

- I, Ko(AR,)—Ko(N|R, +r

B —ieg'oMp; v 7R Zwo( R.+r.]) -

~ 1 W2 (1 Ko(AR, ) —Ko(A|R, +1, )2
sz—ZengMpzva{__'_( i 0( J.) 0( | SN J_|)> :|

3 21

whereV andW stand forV(erl) andW(FL 7§L)' The con- This is infrared ﬁnite, preSCI’iption independent, and identical

tribution from attachments tp, to the cross section reads t© the full r_esult(Cl). Hence rescatterings of the struck quark
p, cancel in the cross section &' =0 gauge.

From Eqs(C1) and(C8) we see that ilA* =0 gauge and
in coordinate space, the contribution from attachmenis,to
f 42 | d2R, [|B,|2+ 2A,C5] equals the full contributiohB|?+2AC even at the integrand

1 R R In order to use Eq(A1l) in Eq. (A8), we need to consider a
== §(994QM PE)ZJ d’r, d’R, V2W* regularized form of X independent ok; (i.e. we exclude for
simplicity the ML prescription in this Appendix Equation(C4) is
(C8) valid for any such prescription.
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level, i.e., before integrating ovég and F*{L . We thus have,

in coordinate space,

| M|2=|M,|? (C9

where M=A+B+C+ ... is given in Eq.(39) and M,

:~A2+~Bz+62+ o

M(ry R)=€4My(r, ,R)). (C10

The full amplitudeM is obtained fromM, by inserting any

number of rescatterings of the quap¢. Equation (C10
reads

A+B+C+ ...=e %A, +B,+Co+ ...). (C1))

By expanding the lhs and rhs of E€C11) up to orderg®,
one realizes thai# must be at least of ordey?,

¢=h19%+ g+ ... . (C12

Identification of the terms of ordey* andg® in the two sides

of Eq. (C1]) leads to

¢1= ——Ko(AR,)
(C13
$2=0
or
211 6
$=9"—;—Ko(AR) +O("). (C19

8Note, however, that with the K prescriptioh, & 1) the partial

corresponds to the partial amplitude
where only attachments m, are kept. Thus i\™ =0 gauge

PHYSICAL REVIEW B6 114025

Although not proven here, th&(g®) terms in ¢ are ex-
pected to vanish because adding one rescattering @an
only bring a powerg? (see also the following discussipn
Thus we get

2

M(r, ,ﬁl)=ex+ g

2= (,~ DKo(R,)

X My(r, ,R)). (C15

As expected, sincé is infrared safe and prescription inde-

pendent, all the dependence prandl ,, of M, is contained
in the phase. Note also that with the K prescriptidps 1
and M= M,.

Equation(C15) can also be understood as follows. In mo-
mentum space, if we calk the Lorentz index associated to
the coupling ofp;, we know that the amplitude is dominated
by then’k//k;" term of the exchanged gluon propagator in
A*=0 gauge, withu=_1 andv= —. Together with the sca-
lar quark propagator

A7t (py—k)2—m?+ie=—pr ki +aj+is (C16

wherea;=D(p;) —D(p;—k;), the factor 1K yields

dk;" 1
2m (—pr k' +a+ie)k;
1fdki+ 1 1
= == +——
a;) 2mi| |kt , ki tie
11,1 o1

where some simplification similar to EGA6) was made. The
scalar coupling brings a factog?ki, - (2p,—k;), = g2a;
which compensates the prefactor in the rhs of @1.7). We

amplitudesC7) equal the full ones, as already mentioned at the enc@re left with the 1/}, +\?) factor from the gluon propaga-

of Appendix B. Thus the partial amplitudes are finite when:0
with this particular prescription.

tor, which after Fourier transform giveKy(AR,)/(27).
This builds the complete phase in EG15).
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