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The problem of the final state interaction, in quasielasti®@/() scattering at larg&)?, is investigated by
exploiting the idea that the ejected nucleon needs a finite amount of time to assume its asymptotic form. It is
shown that when the dependence of the scattering amplitude of the ejected nucleon on its virtuality is taken
into account, the final state interaction is decreased. The developed approach is simpler to implement than the
one based on the color transparency description of the damping of the final state interaction, and is essentially
equivalent to the latter in the case of the single rescattering term. &fe¢) (process on the deuteron is
numerically investigated and it is shown that,xat 1, appreciable finite formation time effects @t of the
order of 10 (GeVt)? are expected.

PACS numbefs): 25.30—c, 13.60—r, 24.10—i

[. INTRODUCTION the ejectile cannot certainly be described in terms of such
models and require the inclusion of gluons and sea quarks.
QuasielastidQE) (e,e’) scattering on nuclei is consid- In this paper we discuss a different approach to the prob-

ered to be a suitable process to look for color transparenckem. We want in fact to take into account the finite formation
(CT) effects in QCD1,2]. The original idea was that at high time (FFT) of the finally observed proton, which is an alter-
Q?=g®-? (q and v being the three-momentum and en- native and possibly more convenient way to represent the
ergy transfers, respectivelthe state which emerges after the vanishing of FSI in QE ¢,e’) process at highQ?. Let us
interaction(“the ejectile state’) is dominated by configura- first of all recall some relevant features of the theoretical
tions of small sizep~ \/1/Q?. Since the color charge is sup- description of high-energy hadron-nucleus interaction. It has
posed to be neutralized at small distances, the final stateng been known that after a particle has undergone an in-
interaction (FSI) of the ejectile should vanish at higQ?,  teraction, it should elapse a certain amount of time before it
providing, by this way, a clear signature of the underlyingbecomes capable of a new one. Such a phenomenon is for-
production mechanism. Unfortunately, a more detailedmally due to the vanishing of the contribution of all planar
analysis reveals that the situation is not that simple, for it camliagrams at high energies. By studying the planar diagrams,
be trivially shown that the transverse dimension of the ejecone can ascribe the mechanism responsible for such an effect
tile is exactly equal to the one of the initial struck nucleon;to the cancellation of the contributions to the absorptive part
this fact however is not, in principle, in contradiction with coming from different intermediate states. From a more for-
the vanishing of FSI at larg®? [3,4]. mal point of view, it results from the dependence on the
The latter effect, if operative, is a consequence of thevirtualities of the off-shell amplitudes appearing in the dia-
cancellation between the various contributions of the differgrams with several interactions. In the FFT approach, mul-
ent intermediate states produced after the initial interactiontiple interactions correspond to the following picture: the
in particular, of those with a large mass. In order to have ajectile splits into its componentpartons which then inter-
detailed theoretical description of CT, one should then beact with the target in parallel. From the diagrammatic point
able to describe the propagation through the nucleus of abf view, this contribution is represented by nonplanar dia-
possible states of the ejectile, including the ones with verygrams which substitute the planar ones as energy increases.
high masses, with the vanishing of FSI resulting from theNote that in the dispersion approach by Grij@V this sub-
destructive interference of all these different contributionsstitution is not felt at all. One just closes the contour of
The practical implementation of such a program looks thereintegration over cumulative momentum transfers around the
fore to be a rather difficult task. Summing over all excitedright-hand singularities. By doing so, one however assumes
ejectile states seems to be technically feasible onlygroB  that there are also some nonzero left-hand singularities: oth-
quark-diquark oscillator models, for which CT does not oc-erwise the result would have been zero. This is precisely
cur. The authors using these models are in fact forced tahat happens if one takes only planar diagrams into account:
impose artificially CT by introducing a transverse form fac-they have no left-hand singularities. Then, although closing
tor ~exp(—p°Q?) [5,6]. Moreover, the high-mass states of the contour around the right-hand singularities one seem-
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ingly obtains some nonzero contributiofspecifically from  The case of the single rescattering will be worked out in
the pole corresponding to the propagating particle itstie  detail, showing that in this case the two approaches are
sum of all contributions is finally equal to zero. equivalent. In the FFT approach, model building means
In QE (e,e’) scattering on nuclei the situation is rather specifying the dependence of the amplitude on the virtuality,
different, for the space-time point of the creation of the had-which phenomenologically seems to be a simpler task than
ronic state, after the interaction of the photon with a nucleorfonstructing a model for the propagation and the interaction
as a whole, is fixed and it is inside the nucleus. Thus, unlikef excited 3 states, as required by the conventional descrip-
the case of hadron-nucleus interaction, where the projectiléon of color transparency. The present approach can be
interacts while being in its asymptotic state, the hit nucleorProperly generalized so as to take into account also the ex-
will become capable of a new interaction only after the for-Citéd nucleon states. We do not try to discuss such a more
mation time which grows with its velocity. At larg@? it ~ elaborate feature in the present paper, and we assume, more-
will then be able to interact only outside the nucleus and alPVver, the simplest possible factorizable form of dependence
FSI will vanish. In the diagrammatic language, the rescatterof the amplitudes on their virtualities. Our final result is that
ing of the ejectile always includes a planar diagram. In thefinal state interactions vanish at high* as mM*R,/Q?,
dispersion approach this means that there are no left singtithereRy is the radius of the nucleusy the nucleon mass
larities in the cumulative momentum transfers. Therefore on@ndM? its average excitation mass squared. The case of FSI
can expect that the FSI in QB g’) scattering will die out at  With a deuteron target will be considered in detaih inter-
high Q2. esting approach to the problem has also been discussed in
It should be pointed out that the mechanism which make&ef.[14]). Although in this case one does not expect appre-
the FSI vanish due to CT or FFT is the same: the cancellaciable FSI effects, the two-body system has the advantage
tion of the contributions from various propagating statesthat its structure is well known, and, moreover, only the
Many authors believe that in QCD the FFT is a direct con-Single rescattering term has to be considered, in which case,
sequence of color transparency: a colorless quark system cras it will be shown, different theoretical approaches to FSI
ated at a point needs a finite time to reach its asymptoti€onverge to the same result.
configuration with the corresponding cross secti8r-10]. Our paper is organized as follows. In Sec. Il the general
However the FFT and color transparency, although interreformalism for treating the FSI in the Glauber approach when
lated in QCD, are in fact different properties. The FFT ef-the amplitudes depend on the virtuality of the external lines
fects, as mentioned, are related to the vanishing of the plana$ Presented. In Sec. il the high? limit of the approach is
diagrams, which can be demonstrated to occur at high enefavestigated. Section IV is devoted to the numerical applica-
gies for the so-called soft theories, of thes® type or in f[ion to the deuteron target; finally, the conclusions are drawn
theories in #1 dimension, without color transparency prop- In Sec. V.
erties. On the other hand, one can choose physical processes
in which no FFT effects seem to be operative but color trans-
parency effects are obvious. An example of such a process is Il. FORMALISM
the diffractive dissociation of a fast pion into a pair of jets

with large transverse momenta, where a small size pion cony : :
. . ’ ted by the dependence of the scattering amplitudes on the
figuration appears to be created from the stait-13. Thus virtualities of the colliding particles, is through the Feynman

the reader should not get an erroneous impression that .ﬂbqagrams formalism. The amplitude describimgonsecutive

FFT can be considered as a sole and universal mEChan!Sr[Qscattering of the ejectile emerging from the interaction of

responsible for diminishing the FSI in all conceivable phyS|-,[he struck nucleon with the incoming virtual photon, is de-

call prt(r)]cesset.s. | f ielastie ¢ ttering. th picted in Fig. 1. It corresponds to the usual Glauber approxi-
n the particular case of quasielas £¢) scattering, the — yp4tion of the scattering amplitud&5]. Our notations are as

FFT approach allows a description of the interaction Wher%llows: (i) The four-momentum of the target nucleus is de-

all effects of FS van_ish explicitly at hig@z, S0 that all the notedAp and we work in rest system of the nucleus, so that
necessary cancellations are automatically implemented. | —0: (ii) the momenta of the nucleons befofaften all

the present paper we discuss the possible modifications of, "' . denot k'): (iii) the spectators corre-
the standard Glauber formula, allowing the amplitudes tomteractlo_ns are denoteld ( ')’. ,_p. .
depend on their virtualities in a way compatible with the spond to_|:n+2, .- - A, for which ki=k; ; (iv) the active
standard analytical properties so as to guarantee the vanishecleon is Igbeled 1, gnd nucleons from 2rt¢ 1 are the

ing of the amplitudes at high virtualities, which is precisely ©N€S on which the active nucleon 1 rescatters. Correspond-
the property which leads to all FFT effects. It should beNdly, the number of rescatterings goes from 2nt6 1; (v)
noted that our approach is not very much more restrictivé® m,omentum transferred in thén rescattering isy;, so
than the currently used multichannel Glauber approach. I§hatki=ki+q; for i=2,... n+1; (vi) the momentum of
fact, a virtuality dependent nucleon-nucleon amplitude simuthe active nucleon after interaction with the photork{¥
lates, to a large extent, the propagation and the interaction tky+d, and after the ith rescattering k{’=k;+q
excited intermediate states. Thus a model for the propagation E}:lqj . The derivation of the amplitude corresponding to
of a 3g state through the nucleus can bepproximately  Fig. 1 is a standard one, so that, in the following, only those
translated into the propagation of the nucleon with a particupoints which are related to the FFT effects, generated by the
lar dependence of its interaction amplitude on the virtuality.dependence of the amplitudes on the virtuality of the nucle-

A straightforward way to incorporate FFT effects, gener-
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an integral over the transverse coordinatef the struck
ky nucleon with respect to the direction of the virtual photon
T i and the longitudinal interaction poings, i=1,2,...n+2,
with the appropriate nuclear density matrices. One is left
with the nontrivial momentum integrations over the-1z
components ok, andq;, i=2,3,...n+1, through which
I— the virtualities of the active nucleon are expressed as

q I the standard way. As a result, the amplitude is expressed as

E Qjz— klz) : (3)
]=2

o1 R - 1 Q’
n+1 n+1 vi=(k(1'))2—m2=Q2(§—l +Fn

knt2 For the sake of simplicity we make the simplest possible
assumption on the dependence of the amplityd the two
virtualities v; andv;_;, namely we assume the factorized
ka form

FIG. 1. The forward scattering amplitude. fi=F(v;_1)F(vpf, (4)

ons, are stressed; more details on the derivation of the anftheref is the on-shell amplitude anB(v) a form factor
plitude are given in the Appendix. exhibiting the dependence 6bn the virtuality of the exter-

The expression for the amplitude with rescatterings, Nal lines, normalized according #(0)=1 and decreasing

corresponding to Fig. 1 reads with v. In the same manner we introduce also the depen-
dence of the off-mass-shell electric form factor on the virtu-
Al ality of the nucleon
iA(“)=(1/2)xQ2(4mv)”(A_ —
' y(ky, ) =F()¥(Q%; ¥(ki,a)=F(vn1)7(Q?).
n+1 d4kj d4k]’ ) ¥ 5)
XJ i=2 (2m)* (2m)* P(kj)P(k}) The wholev dependence of the integrand is then given by
the factorized expression
~d%
x I1 = P(k;)P(ky)P(kp) P(k{M) MRy
j=n+2 (2) 7
i=1 —v;—Ii0
n+1
X [T P(kP)ifjiy(ky,@)iy(k;,q) multiplied by the exponential
=2
. . iA - ,
qu)(kl)lq)(kll) (1) exq:l (Zn+2 Zl)]

~which does not depend an, and the exponential
In Eq. (1), P(k) denotes the propagator of the nucleon with

momentumk, and f;, j=2,...n+1 the corresponding xm 1
rescattering amplitudes, which are assumed to depend, in ex i—2 2 vi(Zj=zj11)
addition to the energy and momentum transfer, also upon the Q" i=

virtuality of the fast nucleon which has been struck by theWhich is symmetric in alb;'s. In these expressions we have

photon. On the mass shell, they are normalized according tﬁsedAzm(l—x) and have denoted, , ,=7, (the last in-
2 Imf = (o) 2) teraction point in the longitudinal spac&ll integrations on
the virtualitiesv lead therefore to the same function

[the factor (4nv)" originates from this normalizatignThe 5

vertex® describes the transition of the nucleus iAtaucle- i3(—2)= d_U F(v) exp( i mvz) ©6)

ons and the vertexy is the form factor of the on shell 27 —v—i0 Q? '

nucleon(only the electric form factor appears in our spinless

mode). The factor (1/2xQ? originates from the initial pho- If nuclear correlations are disregarded, the vertex functions
ton interaction, andk=Q?/(2k;-q) is the usual Bjorken & can be expressed through the factorized nuclear density
scaling variable. With our normalization, twice the imagi- matrix

nary part of the amplitude gives the corresponding contribu-

tion to the structure functiofr,. p(bz,02,, ... bz, ,4|bZ,, 5,02, ... b7, 1)

The integrations over the energies and the transverse com- nt1
ponents of all momenta, as well as over the longitudinal =p(bz|b bz 7
momentum components of the spectators, are performed in p(bz)| Zn+2)j1:[2 p(bz), )
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where(see Fig. 1the above quantity is non diagonal in the the virtuality of the external lines is turned off. Instead of
coordinate 1, diagonal in coordinates-2(n+1), and itis choosing a particular set of Feynman diagrams, one may
integrated over the coordinates+{2)---A. As a result we assume that the scattering matrix on the nucleus factorizes
obtain the amplitude withn rescatterings in the following into the product of scattering matrices on individual nucle-
form: ons. In our case we assume that the scattering matrix of the
m Al first (active nucleon on the othek—1 nucleons is given by
n)_.2/A2\fn___ )
A= O S A

A
S(ro.ra, ... ralr) =11 s(ry, (13)

n+1 j=2
x | d’bdzd dzp(bz

J ' Zn+2j];[2 ip(b2) wherer;=(b;,z), ands(r;) is the scattering matrix on the

nt1 nucleonj. In accordance with the results obtained from the

. consecutive rescattering diagram we take

xj]Jl i3(z41-7) g diag

S(rj):1_J(Zi_ZJ)J(ZJ’_Zl)F(bj_bl), (14)

XexfiA(zy;2—21)]p(bzy|bz, 4 4). (8
whereb; is the impact parameter of the active nucleap,
With the dependence of the amplitudes on the virtualitiesand z; its longitudinal coordinates before and after the inter-
turned on, all effective propagatodtz) go to zero in the  action, and” the nucleon-nucleon profile as a function of the
large Q? limit. Thus, for largeQ?, the bulk of the rescatter- rejative transverse distance of the two interacting nucleons,

ing contribution comes from the single rescattering term  ormalized ag d2bI’(b)= —if. The two functions], which
%2m describe the propagation of the active nucleon to and from
A(l):—yz(Qz)fTA(A_l) the collision pointz;, are replaced by functions in the

standard Glauber approach. By averaging @®) over the
positions of the nucleons from 2 #& by making use of the
><< J de(bl,z)iJ(zi—z)iJ(z—zl)> ., (9 approximation given by Eq.7) and by disregarding the di-
1 mensions of the nucleon as compared with the dimensions of

. o the nucleus, we obtain
where the notatiof- - -); means that the quantity in brack-

ets, i.e.,0(by,2;,2;)=[dzp(b,,2)id(z;—2)iI(z—z,), has (S(ra,fs, .. Fall))a
to be averaged over the coordinates of the active nucleon,

according to A

= Jl;[z d3rjp(bjzj)S(l’2,r3, ...,I’A|r1)

(Oby 2},20),= | ¢%bydzdzip(byz bz s
:(1+ifJ’ dzXz;—2)J(z—2z,)p(by,2)
xexifiA(Z—2,)]0(by .2} 2:).

(10 (15

The final amplitude is obtained by averaging Ef5) over
the coordinates of the first nucleon and by multiplying the
result with the appropriate factor, as in Edl).
It can be readily seen that, in absence of any dependence
upon the virtualities, that is, whei(z) is replaced by¥(z),
A=iA(L2)mRyX{[1+ifT(by,2},21) 1A 1= 1}, f[he star_1dard quuber reSt(m_tl) is recovered. Howevgr, it |s
(12) instructive to notice that, with the dependence on virtualities
turned on, the expressidh5) is generally different from Eq.
where (8) obtained from the consecutive scattering diagram. Only
the single rescattering contribution is identical in E¢R).
and (15). Thus the assumption of the factorizability of the
nuclear scattering matri@d 3) generally has a physical mean-
ing different from selecting the consecutive scattering dia-
The introduction of the dependence of the amplitudes on thgrams. The factorizabilityf13) seems to be a more funda-
virtualities, by means of the factorized approximatidh is  mental assumption, applicable also to high-energy scattering.
effectively equivalent to the replacement of the ust(@) in ~ As we shall see, the production amplitudes derived on its
the nucleon propagator with the functial{z), which de- basis reproduce correctly the Glauber result in absence of
pends on the virtuality through the form facte(v). any dependence on the virtualities, and thus satisfy the AGK
This simple rule suggests a possible different derivatiorrules [16], in contrast to the amplitudes obtained from the
of the scattering amplitude, which is equivalent to the onediscontinuities of Eq(8) (see the Appendjx The consecu-
just considered, when the dependence of the amplitude ative scattering diagram approach to FSI, with the factoriza-

If the dependence of thigs on their virtualities is neglected
and one puts(v)=1, thenJ(z)=6(z) so that, after sum-
ming overn in Eq. (8), the standard Glauber result is ob-
tained:

T(by,2},21)= f “dzp(b,,2). (12)
Z
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tion hypothesig4), gives moreover problems with unitarity,
which are avoided when FSI is expressed as in(&§). In ) ] )
the following we will therefore work in the scheme where After summing over the final nuclear states one obtains
the S matrix is factorized as a product of scattering matrices /
on individual nucleons. The two approaches give in any case (S(ra.rg, - Falr) S (r2.Fa, - Falr))as (18)
the same result for the deuteron, which will be considered invhich replaces(1), in the average of Eq(16). Equation
Sec. IV. (18), which can be evaluated in a straightforward way, dif-
We are interested in QEe(e’) scattering on nuclear tar- fers from the Glauber resulil7] only by the substitution of

gets, i.e., in the process involving the production of a protoral| functions §(z) with the functionsl(z). One thus obtains
in the final state. In absence of any FSlI, the contribution of

this process to the inclusive structure functiébf”, to be (S(ra.rs, -
denotedF)* (%) is proportional to the square modulus of
the nucleon photoproduction amplitude and it is given by

s(rj)=1-3(z;—2,)T (b;—by). (17)

Al )S (rorg, o TAlT)) a1

:(1+ifJ’ dzXz—-2z;)p(by,2)

F3"MOx,Q%)=(12AQ)x*m(1);.  (16)
—if*f dzJ (z—2z1)p(bq,2)

The FSI is obtained by multiplying each production ampli-
tude by theS matrix (13) taken between the initial and final
nuclear states. Since the final active nucleon is physical, its
virtuality is zero and, accordingly, one hd$z;—z)=1.
The scattering matrix on a nucleon should then contain onlfrrom Eq.(19) one obtains the single rescattering contribu-
one functionJ: tion to the inclusive structure function in the following form:

A-1
+ae'f dz\](z—zl)\]*(z—zi)p(bl,z)) . (19

Fg"Av“):(l/z)A(A—1)y2(Q2)x2m<fdzp(bl,z)[ifJ(z—zl)—if*J*(z—z;)+UE'J(z—zl)J*(z—z;)]> . (20
1

The expression above can also be obtained from the discomhere
tinuities of the amplitudé8), corresponding to the consecu-
tive rescattering diagram of Fig. (kee the Appendix Q?

xmM

1(Q%)= (24)

ll. UNITARITY AND HIGH Q2 BEHAVIOR 2
At high Q? the dependence of the amplitudes on their

virtualities becomes of primary importance. On rather genhas the_obvizous meaning of a formation length growing lin-
eral grounds we may express the form factor squared as early with Q<. In this case, at the single rescattering level,

our model for the FFT coincides with the standard two-
tedv’v' (v’
F2(v)= f dvrtv) (21)

o v'—v—i0

with the normalization

J;wdv 7(v)=1.

Note thatr(v) needs not be real. From E) we find

Xmvz
1—exp<—| Q2 ) .

The simplest choice of(v) is evidently 7(v) = 8(v — M?)

and in this case
1 p( i H 293
—exp —i——| |,
1(Q?)

(22

J(2)=6(z) f;wdv 7(v)

J(2)=6(z)

channel Glauber model for the propagating nucleon and its
excited state of mass squared >=m?+ M?2, provided that
the amplitudes and the production vertices are constrained in
a definite way. Indeed, using E3) in Eq. (9), we obtain

2
m
AD= 2@ AA-1)

><< f dzp(by,2)0(z;—2) 6(z— z,)

X (1— e—i(zi—z)n —e iz ei(zizl)ll)> _
1

(25

On the other hand, the two-channel Glauber model with two
ejectile states {the nucleonand 2(its excited stateleads to
the single rescattering contribution
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xZm wherer(v)=—i7(—iv). Now it is sufficient to require that
AWM=~ TA(A_1)< J dzp(by,2)6(2,—2) 0(z—21) 7, is positive to have &J(z)<1, in which case Eq29) is
satisfied provided the amplitude is itself unitary.
X(')’ifll"' Y175 f21e—i(z1—z)/| Making again the simplest choicg(v) = (v —M?), we

obtain a purely real(z)

+vnzflze_i(z_zl)“JrVﬁfzze_i(zi’zl’”)>l, (26) ) . p( z ) a1
Z)=0(z)| 1—exp — ,
( (2) 107
where f, =f,;, i,k=1,2 are the forward scattering ampli-
tudes for transitions—k andy;, i=1,2 are vertices for the Where the formation length(Q?) is defined by Eq(24). In
production of the two ejectile states. One immediately obthe past the formation length was often introduced into the
serves that Eqg25) and(26) coincide if rescattering picture in a straightforward manner, essentially
by changing the functiod(z) by #(z—1) in the rescattering
fiy1+F1072=0, forys+Fory,=0 (27) ~ matrix. In our approach, with E¢29), we also find a real

damping factor in the rescattering matrix, which, however,
has a much softer behavior and vanishes at i@gtonly as

and, moreover, ifyflfll in Eq. (26) is identified withy?f in /0%

Eqg. (25). The meaning of the sum rulg27) is that when
applying the matrixf;, to the vectory, one obtains zero, N
which is the condition for propagating eigenstates of the for- 3.7~ g(z) _zj dvv 7 (v)= 6(2)
ward scattering matrix with zero eigenvalue in nuclear me- Q
dium[18]. As discussed in Ref19], it is precisely the con- (32
dition for color transparency. ) ) o )

In fact in the case of two channels one may easily see tha\’t’?ereM =(v) is the average excitation mass squaffeith
both unitarity, 2 Imfy=3;_;,f;f}, and the transparency ™M subtracteyl Of course, Eq(32) is true only if this aver-

xmz M

2 1 Qzﬁoo,

conditions are satisfied by age exists, that is if the integration owein the first expres-
sion on the right-hand side converges. If not, the vanishing
2 .
fro=foy=—&fyy,  Fop= 21y, (28) of J(z) at largeQ* is slower.

Assuming Eq.(32) we find that the propagation of the
. . ejectile between any two points in the nucleus along zhe
where ¢ is the (rea) ratio of the form factorsy; and y,, ains gives a small fZCtOFrT?MZRA/QZ. Equation(15) thgen

. . _ 2 2_ )
W:r(;‘jﬁe\tlggealrse otggar:nf?feﬁ_ |tfhlé| \i <|':1f|ll,lle| c:fatlkr;glt% b 'glrl] 4 piglls us that the amplitude with rescatterings behaves as
parar y . . ] 2n that is, as X*". The leading rescattering correction
elastic nucleon-nucleon cross sections, namely, by the imagj-. . : L
d will come from the single rescattering term and it is of order
nary part and by the modulus &f,. The resulting expres-

4 . . . _ . .
sion of the single rescattering correction to the forward am-llQ - Itis interesting that the-fold rescattering amplitude

olitude is then given by Eq(25) with f=f,, and y= y,. obtained from the consecutive rescattering diagr&m (8)]

With a larger number of rescatterings, our model with thegreenaesr:lslésh%sz(ni f;l?vv\yifr: tﬂzcéiizeti;vrgﬂz% tﬁzn;ﬁ:yieltreii-at-
choice(23) generates amplitudes which are different and €S:aring term.n=1. when both an? litudes coinc?weThis
sentially simpler as compared to the two-state Glaubelt* 9 ' ’ P . )

model. This raises the problem of unitarity in our approach.means that due to FFT the total absorptive corrections to the

A simple way to satisfy unitarity to all orders of rescat- structure function, generated by the direct interaction of the

tering in our model, is to ensure that unitarity is fulfilled for incoming photon with a nucleon as a whole, is of ord€?/

the individual scattering matricgd7). Namely, one has to as compared with the plane wave impulse approximation. It
enforce is remarkable that the contribution of the rescattering, al-

though also vanishing a@?—, has a relative order of
1/Q?, and so it is substantially larger than the total absorptive
corrections. This follows from our expressi@R@0) for the

. i . o discontinuity. Evidently in the limiting cas®?— only the

at all values ofz andb. At first sight this condition is not so 4o first terms survive, which correspond to the cut of the
easy to fulfill, since it involves the real part of the nucleon-ncleon propagatorsvhich does not correspond properly to

may have different signs at different energies. However wg31) we find in the limitQ2— o

can satisfy Eq(29) if we assume that(v) is itself an ana-

lytic function in the lower half plane. Rotating the contour in EN/A(1) 2
Eq. (22) to pass along the negative imaginary axis, we can A~ —12(A-1)mxM?¢"——
rewrite Eq.(22) as Fa ™ Q¥(1)1

X{((U(b,z1)+U(b,z;)
Xmovz
1—exr< — Q2 )

2R4I(2)T(0)]=[I(2)T (b)|? (29

. (30

J(Z’:"(Z)fo dvmi(v) —2,T(b,z)~ZT(b,Z))):, (33
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where

X(b,x,Q2)=iJ dziy(b,2)d(—z)exp(iAz)
U(b,Z)Zj“ch'Z'p(b,Z') (34

_ d3k ikib 1
| i
and o°'=2Imf is the total cross section for th&lN

; : 1
Interaction. -
kZ—A+1/I—iO}' 39

IV. FSI FOR THE DEUTERON TARGET The corresponding cross section to produce a fast nucleon

The deuteron structure function may be written ashas two different contributions: from the cut of the amplitude
follows: I' and from the cut of the nucleon propagators. The sum of
the two discontinuities from the cut nucleon propagators is

F9= FVA.0) . ENIG.(D) 4 EN*/.(1) (35) given by

em AW —iv2ma2 | 42 - 2
whereF/%(©) is the expression obtained in impulse approxi- DiSCLA ™ =IX"my Jd bY(b,x)REIT'(b)X(b,x,Q)],
mation, F)/%() the contribution to the deuteron structure (40)
function in presence of FSI and with a proton in the finaIWhere

state, while all other contributions to the structure function
N*/d, (1)

are represented bly, . The structure function is ob- d3k '
tained by working out the imaginary parts of the the forward Y(b,x)= f 7 d(k) e P27 5(k,—A) (42
virtual photon-deuteron amplitude. For a deuteron target the (2m)

amplitude without rescattering is given by and, in the Bjorken limit, it is a real function independent of

Q2.
A= (1/2)] yz(QZ)szf d2bdzdZ, (b, z;) ¥(b,z}) As for_the discont_inuity corresponding to a cut across the
rescattering blod”, since we are interested in the contribu-
(36) tion of the scattered nucleon to the inclusive structure func-
tion, only the elastic part of the unitarity sum over the inter-

. . . __mediate states has to be retained. We obtain
wherey(b,z) is the deuteron wave function and, to keep into

account virtual photon finite energy effectsy=Q?(1 ) )

—x)/(29,X). The discontinuity of this amplitude, corre- D'SCZA(l)II(l/Z)XZmYZJ d?b|T'(b)[?[X(b,x,Q%)|%.
sponding to the cut active nucleon line, gives the contribu- (42)
tion to the inclusive deuteron structure function generated by

the production of a fast nuc|e(ﬁ{2\”d_ We find from Eq.(36) The contribution to the inclusive deuteron structure function
due to the nucleon rescattering in the final state, is given by

the sum of the two discontinuiti€d0) and(42) divided byi

X 0(z1—zx)exdiA(z1—z1)],

N/d,(0) 2y — 2020 )2 31 12
FYO010Q) = mimy (@) [ aka(k) P
—02%(1—
X Ok = QU1=)/(290], (37) Note that at low energy, when no elastic channels are open

. L and o= 0o, ONe has
¢(k) being the deuteron wave function in momentum space. tot el

The amplitude with a single rescattering is written as IT'(0)|2)[Y(b,x)]?
2 4

2
=x2my2f d?b{—Im r(b)}mzz Im . A®,

Fg‘/d,u):meyzf d2b+ —2ImI'(b)+
AW =—(1/2) yzxsz dz;dzd*y(b,2))iT' (b)y(b,2))

xJ(—29)d(zp)exfiA(Z—21)],

(44)

whereb is the distance between the proton and the neutron in
transverse space. More explicitly in the two-channel mode{N
one has

The only contributions to the imaginary part of the for-
ard amplitude is given, in this case, by the the two discon-
tinuities (40) and (42) where only the elastic intermediate
state is present. At higher energies the inelastic channels be-

(1)— 2,2 2hi 2y12 come more and more important. The effect is to add further
AT=127x mf dbil(bIX(bx.QII  (38) contributions to the imaginary part of the forward amplitude.
As it may be seen by looking at the behaviongfEq. (38),
where as a function of the formation lengththe additional contri-
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FIG. 2. Values ofRy(Q?) [Eq. (45)] at x=1 for the deuteron FIG. 3. Values ofR"°(Q?) [Eq. (46)] at x=1 for the deuteron
target with different choices of the excited nucleon mass: target. The different lines refer to the different cases described in
=1.44 GeV dotted line,m*=1.8 GeV continuous line,m* the previous figure.
=2.4 GeV short-dashed line. The long-dashed line corresponds to
the standard Glauber result, where no dependence of the amplitudgze. As for the behavior WiﬂQZ’ the values of both the
on the virtuality of the external lines is taken into account. threshold and the rate at Whiﬂ(QZ) goes to one depend on

the value chosen fom*, the threshold growing and the
butions give a small correction at lo®? (smallI) while  (ate diminishing withm*. For the valuem*=1.8 GeV
they tend to cancel completely the elastic contribution agng atx=1, the FSI changes in a sizable way wheR

large Q? (largel). _ ~is of the order of 10 (GeW)?, which agrees with the
To study quantitatively the behavior of the ratio which ¢onclusions inferred from the conventional approach to
characterizes the strength of the FSI, viz. color transparency.

The FFT approach allows one also to calculate the total
structure function ak~1, provided that the initial interac-
tion involves a proton as a whole. By looking at the imagi-
nary part of the rescattering amplitude one can in fact work
out the FSI for the total structure which vanishes faster, as
1/Q*, as compared t&y(Q?). The behavior is illustrated in

g. 3 where we show

Rn(Q%)= 1+( (49)

F?"“”(x,QZ))
FIV4.0)(x,Q?) L
one has to specify the value of the mass paramidterlts
meaning is that of the squared average excitation mass of t
ejectile M?=(m*)?—m?, wherem* is the average mass of
the ejectile. Previous calculations, based on the coupled- EVA.(D)x 92) + EN /%) x,Q2)
channel Glauber formalism have shown ttrt lies between RO(Q2)=1+ 2 ’ 2 ’

the lowestN* resonance mass 1.44 GeV and the average F)/40)x,Q?) -
continuum mass 2.4 GeV, thus a reasonable value could be (46)

1.8 GeV[10,17,18. Predictions foiRy(Q?) for these values

of m* are shown in Fig. 2 ax=1. For the deuteron wave and whereF}'® ")+ Fg‘*/dx(l) is evaluated by taking twice
function we have used the parametrization of R2@], cor-  the imaginary part of Eq(38). Looking at the continuous
responding to a realistic nucleon-nucleon interaction, and fogyrve, corresponding to an excitation mass=1.8 GeV,

the nucleon-nucleon amplitude we have used both the egne observes that the threshold at which the FSI starts to
perimental datg21] and the results of the partial wave analy- yanish is practically the same as for the proton production,

sis [22]. As a comparison we also show the pure Glaubekyhile the effect of FSI is sizably smaller in this case.
predictions, which correspond to a very large valuardf.

The results in the pure Glauber case are in agreement with
those obtained in Ref23], where both the Reid soft core

and the Bonn deuteron wave functions have been used and We have studied the FFT effects by introducing the de-
interference effects between deuterdand D waves have pendence on the virtualities into the elementary amplitudes.
been taken into account explicitly. In all cases the FSI aréfwo options have been considered for generalizing the stan-
found to be small, as to be expected due to the large deuteratard on-shell Glauber picture to take into account the virtu-

V. CONCLUSIONS
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ality of the ejected nucleon: the Feynman diagram and Al gk, Mt da;
S-matrix factorization approaches. The latter choice seems toiA=f 1T 211 2
be more convincing, since it preserves both the overall uni- j=1 2m(2m)j=2 2m(2m)
tarity and the AKG cutting rules. The single rescattering n+1

term is, however, the same in both approaches, so that its XH p(kg))ifjiy(kl,q)iy(k’ Q) (2mA ] dz
calculation seems to be reliable. Moreover the single rescat- j=2

tering term can be understood also in terms of the conven-

P(k{Y)

tional multichannel picture of the FSI, showing in this way xexp< —i> kszJ)H dz(ex;{iE kﬂ-’)dzbl
that the present approach is essentially equivalent to the con- I
ventional one at the single rescattering level. In addition to a A-1
better understanding, which is gained when a given mecha- x |1 d2%bp(by=by=bs+---b,.q,b:;z)

. . . . . . j 1 2 3 n+1:Mjs4&j
nism of interaction can be described from different perspec- j=n+2

tives, an advantage of the actual approach lies in its far sim-
pler implementation, as compared with the standard
multichannel description of the FSI.

Numerical estimates are made for the deuteron target, ) L .
where all FSI are described by the single rescattering termf\OW One integrates over the longitudinal momenta. Evi-

Our result is that for the QEe(e’) reaction the FFT effects dently the ir?tegrfand does not d%pend on kl?@f tge spec- H
become clearly visible at rather high values@f, namely  tators. So these interactions are done trivially and convert the

for Q?=10 (GeVk)?, in accordance with the conclusions ?_OUbltf] |nteg{§t![?]n qvtezmt?_ a single tOh”‘? f?r the spectatorsd._
drawn within the CT approach. ogether with the integration over their transverse coordi-

nates this turns the product of the wave functions into the
nuclearp matrix for n+1 nucleons taking part in the inter-
ACKNOWLEDGMENTS action. One is left with the @+ 1 integrations over the
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dell'Universitae della Ricerca ScientificlURST) through +.1' Al .propagators of the aguve nucleon and a_dsp the am-
the funds COFIN99. M.A. Braun is deeply thankful to the plltu_de5|f,- depend only om;, i=1,...n+1.Soitis con-
Universities of Perugia and Trieste and to INFN, Sezioni divenlent to pass from the+1 varlablesklz,qzz, e Anviz
Perugia and Trieste for their hospitality and financial suplC Varablesvi, i=1,... n+1. The rest integration vari-
port. The authors gratefully acknowledge L. A. Kaptari for ables arekgz, - Kniag The depender_lce on f[hem IS con-
discussions and the European Centre for Theoretical Physi&€ntrated in the exponentials so that integration over them

(ECT*) in Trento, where part of this work was completed. tu_rns _the double integrations ovr_)rinto a §ingle one fog;
with j=2,3,...np+1. The left integrations are over;

which are done as explained in Sec. Il.

X¢(b1=b2=b3+~~-bn+1,bj;zi'). (A1)

APPENDIX: THE RESCATTERING AMPLITUDE The standard Glauber model corresponds to an approxi-
OF FIG. 1 mation in which the dependence of the amplituties their
One standardly starts by the integrations over the zeréfIrtualltles is neglected and thus the form-facte(v) =1

components of the momenta. Since the poles coming fron"i‘nd
the propagators of the active nucleon all lie in the upper
half-plane, one can integrate ovikep or kip, i=2,... A,

just taking the residue at the pole of the corresponding
propagatorP(k;) or P(k{). The two propagators of the ac-

tive nucleon in the initial and final state together with the o integrations in Eq8) become
factorsi®(k;)id(k{) then combine into a product of two

nuclear wave functions

J(2)=6(2). (A2)

f2n+2d fzn+1d fzad
[2m(2m)31A (k) B(K)). I A M
n+1
Passing to the coordinate space wave functigfrs) one | J*w Jzn+2 jzmz _
then integrates over the transverse momenta. It is quite —(nt) 7wdzn+2 —» 1:[2 7 dz,

trivial, since all interactions, as well as the left propagators of
the active nucleon do not depend on the small transverse
momenta. So all the dependence is in the exponentials. ORghere one uses the symmetry of the integrand in the vari-

chooses one of the spectator momesty theA’s) andk; as  ablesz,,zg, . ..z, 1. Each integration convertg(b,z) it
dependent variables. Integration will then go oker1 mo-  into the profile function between the two longitudinal points
mentaky Ko, ... Ka_1 and n momentakj k3, ... K/ ;. (12) and we get Eq(11).

The lattern integrations can be substituted hyntegrations Various discontinuities of the amplitud®) correspond
over the transferred momenta,qs, . . . ,0,+1. One obtains  graphically to various cuts of the diagram shown in Fig. 1.
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Evidently there are two possibilities and correspondingly twoall the amplitudes conjugate. Thus the second type of discon-
possible types of discontinuities. The cut may pass through @inuities will be given by the integral (8) with
fast nucleon line. The relevant discontinuity then corre-l1(z,, ... ,z,.,) substituted by

sponds to an intermediate state of a fast nucleon and the et
el N+ -

nucleus debris. Alternatively the cut may pass through an o _

amplitudef. Then the intermediate state consists of an arbi- 12(Z1, ... Zny o) =i Py kZZ Hl ifJ(z4,1—7)

trary ejectile state plus the nucleus debris. If we are inter- e

ested only in the states with one fast nucleon plus the nucleus n+1

debris, we have to select only elastic intermediate states in X l_k[ (if)*3*(z;—zj+1). (A7)

the cut amplitudd.

Technically the discontinuity is obtained by making sub- . ) , .
It is instructive to see how the found discontinuities trans-

stitutions

form in the case when the amplitudes do not depend on their

virtualities andrF (v)=1. For the discontinuityA5) we then

; get thez integrations
_U_ioﬂ27rl5(v) (A3)
0 Zy Z3 o
d dz._.---| d d
for the cut fast nucleon propagator or le Zkle Fe le ZZL,HZ Fen
. . Zk+1 Zn
Zn+2 Zn+2

for the cut amplitude. In the latter case only the elastic par
of the contribution to the cross section should be taken if on
is only interested in the states with one fast nucleon. Also al
the parts of the amplitude to the right of the cut should be

fvhich using the symmetry of the integrand can be trans-
ormed into

taken complex conjugate. 1 Lk L n+l

When the discontinuity passes through the fast nucleon 11 dz I dz. (A8
i i i (kK=DHn=k=D!Jzj=2 )z pi=kin
line connecting the pointg, andz.,; we should make the 1l n+2)

substitution ) ) ) )
Doing the integrations we obtain a product

I(z¢+1—20)— 1.
[ifT(b,zy) ] ifT(b,zy.2)*]" 7%

. . (k=)' (n—k+1)!
In all J's to the right of the cut we have to change the sign of

theiO in the denominator, so that fq)pk Summation ovek andn gives
Iz 1=2)—— I (2= Zj.0). (A5) Diqu(b,z,z’>=iA[1+ifT(b,z>—if*T(b,z'nA*l(,Ag)
Finally of n amplitudesn—k+1 have to be taken complex whereT(b,2)=T(b,x,2).
conjugate. As a result, the total discontinuity corresponding  gq, the,discontihuity(A6) the z integrations are
to cut fast nucleon lines is given by the integf@) in which
nti o z z3 7
H(zy, . 22 =11 13(21-2) L deJz dzk’lmjz dzzL A2
=1 > 1 1 n+2
Zk+1 Zn
is substituted by XL de+2"'fZ dzy41,
n+2 n+2
ntik-1 . where z. =max(z;,z,+,) Fixing z,=¢ and again using the
l1(zg, ... ,Zn+2)2k21 _Hl ifd(z11—-7) symmetry of the integrand in the two groups of the left vari-
T ables we arrange the integrations as in Ejf) and doing
ntl them get
<I1 (i)*3*(z~21).  (A6)
k+1
” P k—2

Now let the cut pass through theh rescattering amplitude. (k=2)[(n—k+1)! L dlp(b,OLiITT(b,{,2y)]
Then the latter should be changed according to(Eg). For -
j>k again one should make the substituti@®) and take X[T(b,4,Z0.0)* "KL,
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After summation ovek andn the part due to cut amplitudes of consecutive rescatterings corresponding to Fig. 1 is effec-

is found to be

Disc,A(b,z,2')=iA(A—1)0®

X fwdfp(b,g)[1+ifT(b,§,z)

—if*T(b,¢,2")]A 2 (A10)

with z. =max(z'). Using

e,
—[1+ifT(b,{,2)—if*T(b,¢,2/)]A 71
4
=—(A—1)d®p(b,))[1+ifT(b,{,2)
—if*T(b,,2)]* 2 (A11)
one can do the integration ovérin Eq. (A11):

el

Disc,A(b,z,2") = —iAU—tot{[1+ifT(b,z)—if*T(b,z’)]A‘l
g

—[1+ifT(b,z~,2)
—if*T(b,z-,2) "1}, (A12)

The sum of Eqs(A9) and(A12) gives the total discontinuity

el

Disc.A(b,z,z')=iA [1+ifT(b,2)

1——
O_tot

—if*T(b,z)]* 1

el

+Aﬁ[l+ifT(b,Z> ,Z)

—if*T(b,z-,2")]* L. (A13)

One immediately notes that this discontinuignd the cor-
responding proton production probabilitis different from

the one obtained by squaring the nonforward production am-
plitudes for the process(e’) calculated in the Glauber ap-
proach and summing over all final states. The latter is easily 2

obtained a$17]

DiscA(b,z,z")=iA[1+ifT(b,z)—if*T(b,z)
+0°T(b,z.)]A "t (A14)

which, for a source not extended mso thatz=z" trans-
forms into

DiscA(b,z,2)=iA[1—0o"T(b,2)]A"1  (A15)

tively valid for the amplitude itself but not for its disconti-
nuities, due to the wrong space-time picture inherent in it.

If one is interested in the distribution of the produced fast
nucleons in the momentum space then the discontinuities
taken in Sec. Il have to be further specified. It is quite simple
to do it if the cut passes through one of the rescattering
amplitudes. Then the inclusive cross section of interest is
obtained by substituting the cut amplitude by the relevant
inclusive cross section for the collision of the active nucleon
(momentumk, +q) with a nucleon at rest.

The contribution to the inclusive cross-section coming
from a cut (th) propagator is a bit more complicated. Now
one has to substitute the propagator by

(2m)*8(v;) 3k —1)= 2775(vi)f d®Rexpi (k" -DR.

The additional exponential function will somewhat change
our derivation.

In the transverse part of the exponent apart from
—iltRy, we have additional termi& R+, which will shift
the argument of the correspondidgunction by — Ry, and
aterm—iq;rRy, j=<i which will also shift the arguments in
the corresponding functions byR;. As a result the trans-
verse coordinates in the nuclear wave functions in &¢)

becomeb;=b{=b, for j=2,...}; bj=b{=bj=b;—Ry
for j>i. Shifting theb, integration byR; we make them

As to the longitudinal part, the additional exponent in
terms ofv; has the form

—iZ[(xm/'Q?)v;+A+q,—1,].

However,v;=0 so that after integration ové we obtain a
factor 2w 8(1,—qg,—A). Thus the observed fast nucleon car-
ries the longitudinal momentum of the initial photon shifted
by A. No other effect is introduced by the longitudinal ex-
ponent.

So in the end the inclusive cross section to produce a fast
nucleon with the momenturl) corresponding to the ciith
line will be given by the expression

X“m Al

1P =194(Q%)(2m) 81, d A) 5~ A =y

n+2

Xszbdzb’exp[ill(b—b’)]H dz
j=1

XexdiA(zy:2—21)]p(bz|b' 2, 5)
k
><j]:[2 ifp(bz)d(zj—7-1)

n+1

with a clear probabilistic interpretation. The reason for this
difference has long been known: the Glauber-Gribov picture

034606-11
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