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We explore the missing-momentum dependence of the color transparency (CT) effects in
quasielastic ( e , e r p ) scattering. We develop the coupled-channel multiple-scattering theory
(CCMST) description of final-state interaction including both the coherent and incoherent
rescatterings of the ejectile state. We demonstrate that the contribution of the off-diagonal
incoherent rescattering does not vanish at low e 2 , which is a novel correction to the
conventional Glauber theory evaluation of nuclear transparency. We comment on the nontrivial
impact of this correction on the onset of CT. The sensitivity of the onset of CT to the 3 q nucleon reggeon amplitudes is discussed for the first time. We present numerical results for nuclear
transparency as a function of the missing momentum for exclusive ( e , e r p ) reaction in the
kinematical region of ~ ~ 5 G4 ~0 and
V p~m 5 2 5 0 MeVlc. Om evaluations show that at e2-10 CT
effects are substantial only in antiparallel kinematics at pm,,--250 MeVlc. The effect is
enhanced on light nuclei and could be observed in a high-precision experiment. 63 1996
American Institute of Physics. [S 1063-7761(96)002 12-01

1. INTRODUCTION

The quasi-elastic ( e , e r p ) reaction plays an important
role in nuclear physics as a tool for investigating nuclear
structure. At high Q 2 it becomes interesting from the point of
view of the particle physics as well. Perturbative QCD' suggests that the dominant mechanism of e p scattering at high
is an interaction of the virtual photon with a small-size
(p-llQ) 3q configuration in the proton wave function. It is
expected2> that this mechanism should manifest itself
through vanishing of the final-state interaction (FSI) in the
( e , e f p ) reaction in the limit of high
because the smallsize 39 ejectile state formed after absorption of the virtual
photon will weakly interact with the spectator nucleons. As a
consequence, at high
the nuclear transparency T A detined
as a ratio of the experimentally measured cross-section to the
theoretical cross section calculated in the plane-wave inlpulse approximation should tend to unity, and the experi-

e2

e2

e2

1063

JETP 83 (6), December 1996

mental missing-momentum distribution be close to the
single-particle momentum distribution of the proton in the
target nucleus. The observation of this effect, which is usually referred to as the color transparency (CT) phenomenon,
would be a direct test of the space-time picture of hard processes predicted by perturbative QCD.
An accurate analysis of the FSI effects requires a quantum mechanical treatment of the evolution of the 3 9 ejectile
wave function in the nuclear medium. At large Q 2 ( 2 2
G ~ v ~ the
) , kinetic energy of the struck proton ~ ~ ~ ~ - ~ ~ / 2 n l ~
(here m, is the proton mass) becomes large enough for the
Glauber-Gribov coupled-channel multiple-scattering theory
(CCMST)~.~
to be applicable for this purpose. The CCMST
allows one to sum the quantum-mechanical amplitudes contributing to electroexcitation and diffractive deexcitation of
the struck proton p 4 i +...+ i,-+p, provided that the
nucleus wave function, 3q-nucleon scattering matrix, and
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states. In our evaluation of CT effects we use the realistic
initial ejectile 3q wave function are known. In the CCMST
pomeron part of the 3 q-nucleon diffraction scattering matrix,
the CT phenomenon corresponds to a cancellation between
which was previously used in Ref. 6 for calculation of the
the rescattering amplitudes with elastic (diagonal) and inelastic (off-diagonal) intermediate states. Such a nontrivial canintegrated nuclear transparency. We study the sensitivity of
cellation becomes possible in QCD due to the existence of
the results to the choice of the reggeon 3q-nucleon amplithe CT sum rules," which relate diagonal and off-diagonal
tudes.
transition amplitudes.
The present analysis is focused on the use of the CCSeveral studies were devoted to the study of CT effects
MST to describe the evolution of the 3 q ejectile state during
in ( e ,e ' p ) scattering within the coupled-channel formalism
its propagation through the nuclear medium. We evaluate the
under different assumptions for the 3q-nucleon scattering
CCMST series describing the nucleus wave function in the
amplitude^.^-'^ The results of these analyses show that in the independent-particle shell model. The short-range correlacase of the integrated nuclear transparency the effect of the
tions have been neglected, in view of the relatively small
off-diagonal rescatterings is still small at e 2 5 1 0 G ~ v ~ . correlation effects on the S P M D ' ~and on the missingMore recent calculation^^'^'^ using the Green's function apmomentum distribution in 4 ~ e ( p , 2 p ) found in the recent
proach developed in Refs. 13, 14 also yield slow onset of
many-body Glauber analysis2' at p m 5 k , . It is feasible that
CT. This prediction is consistent with the weak
using Monte Carlo approaches for light nuclei and the local
e2-dependence of the nuclear transparency observed in the
density approximation for heavier systems, one could evenNE18 experiment.15
tually perform a more sophisticated analysis including shortFSI effects vary with the missing-momentum pm and CT
range correlation.
effects may be enhanced in some kinematical regions. The
The coupled-channel formalism is developed in a form
analyses of Refs. 8-10 show that the off-diagonal rescatterwhich includes both the coherent and incoherent rescattering
ings give rise to forward-backward asymmetry of the
of the ejectile state in the nuclear medium. In the singlemissing-momentum distribution. In the forthcoming highchannel Glauber model, the role of the incoherent FSI was
precision experiments at CEBAF, such a forward-backward
elucidated in Ref. 17. It was shown that in the shell model,
asymmetry could have been a better signature of CT than the
allowance for both the coherent and incoherent rescattering
weak e2-dependence of the integrated nuclear transparency.
corresponds to the inclusive ( e , e l p ) reaction, when all the
However, the nonzero ReIIm ratio, up,, for the forward p N
final states of the residual nucleus are involved, while the
scattering amplitude makes the nuclear medium dispersive
cross section obtained neglecting the incoherent rescattering
for the struck proton and leads to a difference between its
is related to the exclusive ( e , e l p ) reaction, when only the
asymptotic momentum and the momentum inside the
one-hole excitations of the target nucleus are allowed. The
nucleus. This difference entails a longitudinal shift of the
analysis" shows that the incoherent rescatterings become
missing-momentum distribution and also generates the
important for pmZ200-250 MeVlc. The impact of the incoforward-backward asymmetry which has not been considherent off-diagonal rescattering on the onset of CT has not
ered in Refs. 8-10. Within the context of the analysis of the
yet been treated quantitatively. We demonstrate that, in coninclusive data from SLAC, the role played by cu,, in eA
tact with the coherent off-diagonal rescattering, the contribuscattering at high
has been pointed out in Ref. 16. Recent
tion of the off-diagonal incoherent rescattering does not vana n a ~ ~ s i s 'demonstrated
~*'~
that the forward-backward asymish at low
We also show that in the case of incoherent
metry, associated with a p Nat
, ~ ~ 5 G1 ~0 isVof ~the same
rescattering
the
CT effects decrease the nuclear transparency.
order, or even larger than generated by the CT effects. BeThe
numerical
calculations of the present paper are persides omitting the large effect of cu,, on the forwardformed
for
the
exclusive
( e , e r p ) reaction. In the region of
backward asymmetry, CT effects in Refs. 8-10 were evalu(pn,5
150-200 MeVlc),
relatively
small
missing
momenta
ated under certain qualitative approximations. In Ref. 9 the
where
the
contribution
of
incoherent
rescattering
is neglisum of the CCMST series was performed using the approxigible,
our
theoretical
predictions
may
be
compared
with inmation of the effective-diffraction scattering matrix; Ref. 8
clusive
experimental
data.
has used several unjustified approximations in the numerical
The correspondence between the coherent FSI and the
calculations, and the authors of Ref. 10 have used incorrect
one-hole
excitations allows the p,-dependence of CT effects
initial ejectile 3 q wave function (for the criticism to the apto
be
evaluated
for different hole states. Because of the
proaches of Refs. 8, 10, see18). Furthermore, none of Refs.
change
of
the
spatial
distribution of the bound proton, we
8-10 has discussed the pm,-dependence of CT effects. On
find
significant
variations
of nuclear transparency from the
the whole, the theoretical understanding of the
one
hole
state
to
another.
We
present estimates of CT effects
pn,-dependence of CT effects is far from being complete, and
for
different
acceptance
windows
in the transverse and lonfurther investigations of this problem are required.
gitudinal
missing
momentum.
Previously,
different hole exIn the present paper we study the missing-momentum
citations
were
considered2'
in
a
model
of
the classical evodependence of the nuclear transparency in the region of
lution
of
the
ejectile
state,
which
conflicts
with
the coherence
p n r S k F(here kF=250 MeVlc is the Fermi momentum). We
properties
of
the
CCMST.
perform an exact evaluation of the CCMST series, thus imThe paper is organized as follows. In Sec. 2 we set out
proving upon the approximation of the effective-diffraction
the
CCMST
formalism for the ( e , e l p ) reaction. The emphamatrix,' and for the first time study the convergence of the
sis is placed on the approximations which are necessary to
CCMST expansion in the number of the excited proton
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obtain the intuitive fornlula of the optical approximation.
The considerations associated with the parametrization of the
diffraction matrix and initial ejectile wave function are given
in Sec. 3. In Sec. 4 we apply the formalism of the CCMST
for qualitative analysis of the incoherent FSI. The numerical
results obtained for exclusive ' 6 ~ ( e , e f p )and '%a(e,efp)
reactions are presented in Sec. 5. The summary and conclusions are presented in Sec. 6.

where M,(p,,) is the reduced matrix element of the exclusive
process e + A i j e f + (A - l if-tp. Then, the missingmomentum distribution reads

2. FSI IN THE GLAUBER-GRIBOV FORMALISM

We begin with the kinematics of quasielastic ( e , e f p )
scattering. In the present paper, following the usual
practice,22-24we assume that at high
the differential cross
section of the ( e , e r p ) reaction may be expressed through the
half off-shell ep-cross section u,,, , and the distorted spectral
function S(Em,pm) as

e2

Here K is a kinematical factor, v and q are the ( e , e f ) energy
~ struck
- g ,
and momentum transfer, we define ~ ~ = ~ the
proton has a momentum p and energy E ( p ) = Tkin+nlp,the
missing momentum and energy are defined as p m = q - p and
E m = v+nzp- E ( p ) , and the z-axis is chosen along q. Apart
from E m and pm the distorted spectral function depends on p.
In Eq. (1) and hereafter we suppress this variable. Equation
(1) is written under the assumption that the difference between the spectral functions corresponding to absorption of
the longitudinal (L) and transverse (T) photons, connected
with the spin dependence of FSI and CT effects, can be
neglected. We ignore the spin effects in FSI because when
the energy of the struck proton is large they become small.
As far as the C T effects are concerned, we will see that when
the small-size 3 q configurations dominate in hard e p scattering, which is of our interest in the present paper, the contributions of off-diagonal rescattering to the longitudinal and
transverse spectral functions must be comparable. Since we
do not distinguish between the longitudinal and transverse
spectral functions, below we treat the electromagnetic current as a scalar operator. Also, note that Eq. (1) is for the
cross section averaged over the azimuthal angle between the
missing momentum and the ( e , e f ) reaction plane, which
does not contain the LT and 7T interference response.24
In terms of the distorted spectral function the nuclear
transparency for a certain kinematical domain D of the missing energy and the missing momentum can be written as

Here SpWlA(E,,pn,) is the theoretical spectral function of the
plane-wave impulse approximation calculated without taking
into account FSI. The missing-momentum distribution which
is of our interest in the present paper is given by
1
W(

PI,) =

J

d ~ n , s ( ~.P,,).
m

The distorted spectral function can be written as
1065
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(3)

In our analysis we confine ourselves to target nuclei with
a large mass number, A 9 1. Then, neglecting the center-ofmass correlations we can write M,(p,) as

Here q,and qfare wave functions of the target and residual
nucleus, respectively. The nucleon labelled '1' is chosen to
be the struck proton. For brevity, in Eq. (6) and hereafter the
spin and isospin variables are suppressed. The factor
S(r, ,...,r,), which takes into account FSI of the ejectile state
with spectator nucleons,

where IE) is a three-quark wave function which tlescribes
the state of theproton after absorption of the virtual photon
at point r, and SJq(rl,r2,...,rA) is an evolution operator of the
three-quark system in the nuclear medium (as usual we assume that the spectator coordinates may be considered frozen
during propagation of the fast 39 system through the nuclear
medium). In the right-hand side of Eq. (7) the numerator is
the probability amplitude for the 3 q ejectile state escaping
from the target nucleus (A - I ) j debris to be observed in the
and the denominator is the probability amproton state
plitude for the state IE) to be observed in the proton stake as
well. In terms of the electromagnetic current operator Jem
,
the ejectile wave function is expressed as9

Ip),

where Gi,(Q)=(ilJe,,(Q)lP) includes the electromagnetic
formfactor of the proton as well as all transition formfactors
for the electroexcitation of the proton e + p j e f + i . It is
worth noting that the ejectile wave function (8) is intlependent of the missing momentum and the p,,,-dependence of the
reduced nlatrix element emerges only through the exponent
exp(ip,,;r,) in the right-hand side of Eq. (6).
In the coupled-channel formalism the evolution operator
of 3 4 system can be written in the following form:
Benhar et a/.
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X S ( r I , r 2,...,rA)S*(ri , r 2,...,r A ) .
where b j and z, are the transverse and longitudinal coordinates of the nucleons, and f(b,z) is the operator profile function describing 39-nucleon scattering. At high energy the 3 9
system propagates along the straight-path trajectory and can
interact with the spectator nucleon j only for z j > z l , which
is the origin of the z-ordering operator P , and of the stepfunction &zj-zl) in Eq. (9). The m p i x elements of the
z-dependent operator profile function T(b,z) can be written
as

(i~~(b,z)~j)=exp(iki~z)(i~~(b)[j),

(16)

The function p D ( r l , r i ) can be viewed as a FSI-modified
one-body proton density matrix. In the plane-wave impulse
approximation, when the FSI factors in the right-hand side of
Eq. (16) equal unity, Eq. (16) reduces to the formula for
usual one-body proton density matrix p ( r l ,r;), and Eq. (15)
reduces to the expression for the single-particle momentum
distribution

(10)

where f ( b ) is the usual operator profile function connected
with the scattering matrix through the relation

(the normalization of the scattering matrix is such that
~ m ( i f =o)li)=
(~
a,,,(iN)), and k.. is the longitudinal mo!J
mentum transfer related to transition iN+ jN5:

As was stated in Sec. 1, we will describe the target
nucleus in the independent-particle shell model. After we
neglect the short-range correlations the A-body semidiagonal
density matrix q i ( r l ,r2 ,...,r,,)qF(r; , r 2 ,...,rA) in Eq. (16)
still contains the Fermi correlations. To carry out the integration over the coordinates of the spectator nucleons we neglect the Fermi correlations and replace the A-body semidiagonal density matrix by the factorized form
A

*i(rl 9r29..->r,4)qF(r;, r2 , . . . , r A ) ~ p ( r,lr ; ) n p(ri).
i=2

(18)
here E is the energy of the struck proton in the laboratory
frame, mi and mj are the masses of the states li) and 1j). The
exponent phase factor in Eq. (10) results from the additional
phase which the 3 9 plane wave acquires after propagation
the distance z. The whole phase factor, which the operator
(9) yields in the case of the sequence of intermediate states
i l p ...-+i , j p , is given by

where z j G a l ) is the longitudinal coordinate of the point
where the transition i j N - + i j +, N takes place, and zo corresponds to the transition p y*+ i l . It is easy to check, that
the same phase factor (13) can be obtained by solving the set
of the coupled-channel wave equations.
The sum over the final states of the residual nucleus in
Eq. (5) can be performed with help of the closure relation

+

After making use of (6), (14), the missing-momentum distribution (5) can be cast in the form

Here

is the proton shell model one-body density matrix and 4,, are
the shell model wave functions, and pA(r) is the nucleon
nuclear density normalized to unity. The errors connected
with ignoring the Fermi correlations must be small because
the ratio of the Fermi correlation length 1,-3/kF to the interaction length corresponding to the interaction of the struck
proton with the Fermi correlated spectator nucleons,
lint-4[at,,(p~)(nA)]-1 (here (n,) is the average nucleon
nuclear density), is a small quantity (-0.25). Recall that the
factored approximation for the many-body nuclear density
has been successfully employed, in connection with Glauber
theory, in the analysis of a wealth of hadron-nucleus scattering data (for an extensive review on hA scattering see2').
Making use of replacement (18) in Eq. (16) allows to
write the missing-momentum distribution in the form

xex~[i~,(rl-r;)l,
where the FSI factor @ ( r l, r ; )is given by

"(P,,)=

I

7
d 3 r l d 3 r i p D ( r ,r~)exp[ip,,(rl
l
-I-;)],
(2m)

(15)

where
1066
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r;

r ~ Q

FIG. I . Typical diagrams contributing to the operator fJ(r, ,r;) describing the evolution of the
density matrix of the 39 ejectile state within the
CCMST: (a) the diagram without the interaction
between the two trajectories outgoing from r,
and r; , (b) the diagram containing the interaction between the trajectories generated by the
I T * term in Eq. (23).The dotted lines attached
to the straight-line trajectory originating from r,
or r; denote a profile function T(b, - b, , z j
- z,)ori'*(b,- b; ,zj- 2;).

Q
1
Q

0
j

r1

c3

a

b

Substituting (7) into (20), we may write the FSI factor
@ ( r l,r;) in the following operator form:
@(rl ,r;)=(pplfi(rl , r i ) l i i f ) c i c ? ,

(21)

where

and the operator f i ( r l ,r;) is an evolution operator for the
density matrix of the 39 system in the nuclear medium:

the process involving a complex system (39 ejectile state
and residual nucleus). It is worth recalling that a similar interaction between the trajectories occurs also in the related
problem of the passage of ultrarelativistic positronium
through matter.26
Equation (23) can further be simplified exploiting the
fact that p,(b,z) is a smooth function of the impact parameter
b as compared to the operator profile function. To leading
order in the small parameter R$,,IR? ( R is ~a radius
~ ~
of
3q-nucleon interaction and RA is the nucleus radius) we have

After substitution of the CCMST expression (9) for S3qinto
Eq. (22), it takes the form

-rj(bl-bi

,z-z~,z-zi)p~

where
c(rl . r ; ) = b z [ I - ( m d z I d 2 b f ( b - bl ,Z-zI)PA(b,z)
ZI

-

1;

,-

b(z) = 2
dz

j d2bf'(b,z),

(26)

d2bf*(b- b: ,z-z;)pA(b,r)
+ ( ~ , z , z I=)

+ I ~ m ( z l , z ; , dd2bP(b-bl
zI
72-21)
1A- I

We will refer to the first two terms jn the square brackets on
the right-hand side of Eq. (23) as r (f*) terms, and to the
term. The operator (23) can be graphilast one as the
cally represented by the sum of the diagram as shown in Fig.
1. Every dotted line attached to the straight-line trajectory
originating from the point r, or r; denotes a profile function
f(bj-bl ,zj-zl) or ?*(bJ - bi ,zj - z;). The interaction between the two trajectories generated by the diagrams like that
shown in Fig. l b does not allow one to represent (23) in a
factorized form in the coordinate and internal space of the
two 3q systems propagating along the trajectories originating from r l and r; .
The occurance of the evolution operator for the 3 q density matrix in Eq. (21) is not surprising since we evaluate the
probability distribution for a subsystem (3y ejectile state) for

I

d2~F(b-~,Z)f*(~,zt).

(27)

In terms of the diffraction scattering matrix jthe matrix
elements of z-dependent operators (26) and (27) are given by

i't*
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The results of the analysis of ( e , e t p ) scattering within the
Glauber model17 indicate that the variations of the missingmomentum distribution connected with the smearing corrections to the approximations (24) and (25) are 3 % at
p,, 5 3 0 0 MeVIc .
Making use of Eqs. 23-25 and exponentiating, which is
a good approximation for A 2 10, we finally get
Benhar et a/.
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of the residual tycleus are included." The results of Ref. 17
show that the 1.1'" term increases the missing-momentum
distribution by 3-7% at lp,15250 MeV/c in the parallel kinematics. For the transverse kinemlatics the same estimate is
valid for p,,,5200 MeVlc. The Tf* term becomes especially important in the region prn,?250 MeVlc, where it
dominates in the missing-momentum distribution. Evidently,
approximately the same situation will take place in CCMST
when CT sets in.
The theoretical study of the CT effects including the
TI'* term in the region of large transverse missing momenta
would be of great interest because in this case the missingmomentum distribution probes the 3q-nucleon scattering
amplitude when the 3 9 wave function is still close to the
initial ejectile y:ve function. Unfortunately, the calculations
including the TI'* term require the information about 3 q nucleon diffraction scattering matrix at arbitrary momentum
transfer, as one can see from Eq. (29). It renders difficult an
accurate estimate of the CT effects for the inclusive ( e , e r p )
reaction in the region of large pp,. Still, even a qualitative
understanding of the role of the TI7*term is interesting and
we comment on that in Sec. 4. We postpone a detail analysis
of the inclusive reaction at large p, for further publications.
In the present paper, we focus on the numerical calculations of the missing-momentum distribution for exclusive
( e , e r p ) reaction, when the FSI is exhausted by the coherent
rescattering. The corresponding FSI factor (we label it as
@coh),awhichmay be obtained from Eq. (20) after neglecting
the TI'* term in the evolution operator (30), has the following factorized form

,.

A

where nA(r)=ApA(r)is the nucleon n!$ear
density.
As one can see from Eq. (27) the rI'* term in Eqs. (23),
(30) only becomes important for ( b l - bil 5 R3qN 1 fm.
Such a short-range interaction between the two trajectories in
the impact parameter plane must for the most part affect the
missing-momentum distribution at p,? llR3qN-200 MeV/
c. This fact becomes evident if one rewrites Eq. (19) in the
convolution form

-

where

is the familiar Wigner function, and

The representation (31) makes it clear that the short-range
ip~eractionbetween the two trajectories generated by the
rI'* term, which converts after Fourier transform (33) into
the slowly decreasing tails of W,(R,k), will reveal itself for
the most part at large missing momenta. Remarkably, although the operator G(b,z,zr) defined by Eq. (27) has sto;trange behavior only in the impact-parameter plane, the I7I'*
term in Eq. (30) generates slowly decreasing tails of
W,,(R,k) in the longitudinal momenta as well. The formal
origin of this effect is the nonanalytical behavior at 2 , = 2; of
the function n~ax(z,,zi) = (zl z; -t lz, - z;1)/2, which is the
lower limit of integration over z in the f f * term in Eq. (30).
Such a nonanalytical function derives from the absence of an
incoming protop plane wave, which is the real physical reason why the r['* term affects the longitudinal missingmomentum distribution (for the detailed quantummechanical analysis of this phenomenon see Ref. 17).
In the Glaubcr analysis of ( e , e r p ) scatteringI7 it was
shown that the fr *-generated effects correspond to incoherent rescatteriqg of the struck proton in the nuclear medium,
while the r(r*) terms describe FSI related to coherent rescattering. From the point of view of the shell model, the
theor:$cal predictions obtained without taking into account
the 1'I7* term correspond to exclusive ( e , e r p ) scattering,
when only the one-hole excitations of the target nuc!eus are
allowed, while the whole FSI factor including the TI7* term
corresponcls to the inclusive process, when all the ti nal states

where

Substituting (34) into (19), we arrive at the following expression for the missing-momentum distribution:

+
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Equation (36) can also be obtained directly from Eqs. (5) and
(6) if one includes in the sum over the final states of the
residual nucleus in Eq. ( 5 ) only the one-hole excitations and
neglects the Fermi correlations between the spectator nucleons. For the related intuitive optical potential consideration
see Refs. 7, 8, and 10.
From the point of view of numerical calculations, it is
convenient to evaluate Scoh(r)treating in Eq. (35) the nondiagonal part of matrix b ( z - z l ) as a perturbation. Then, the
FSI factor (35) can be expanded in a v-fold off-diagonal
rescattering series:

Benhar et a/.
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where
(38)

tering matrix is for important mainly from the point of view
of CT. Following Ref. 6, we construct the pomeron component of & using the oscillator quark-diquark model of the
proton:

and

where IPixk(p,z)are the oscillator wave functions describing
the quark-diquark states and a(p) is the dipole cross section
describing the interaction of the quark-diquark system with
a nucleon. For the oscillator frequency of the quark-diquark
system we use the value w,,=0.35
GeV, which yields a
realistic mass spectrum of the proton excitations. As in Ref.
6, we take the dipole cross section in the form

Here r=(b,z), ulfk= vik- Sikuii,the matrix & js connected
with the forward-diffraction scattering matrix f (q=O) =i&,
and t(b,z2 .zl) = Jf:dznA(b.z) is the partial optical thickness. The zeroth-order term ~("(r)in Eq. (37) describes the
conventional Glauber result, while the terms with v a l correspond to the inelastic intermediate states contributing to
electroexcitation and diffractive de-excitation of the proton
p -t i -+ ...4 i ,-+p. It precisely matches the oscillating exponential phase factors in Eq. (39), which leads to suppression of the contributions of the inelastic intermediate states at
low energies of the struck proton. They are also the origin of
the longitudinal asymmetry of the nuclear transparency produced by the off-diagonal rescattering. The emergence of
these oscillating factors is a purely quantum-mechanical effect. In the classical treatment of FSI in terms of z-dependent
39-nucleon cross section of Ref. 21 it is lacking and the
longitudinal asynimetry of the missing-momentum distribution vanishes.
Equations (36)-(39) form a basis for evaluating the
missing-momentum distribution within the CCMST for the
exclusive ( e , e l p ) reaction. For p , , s 150-200 MeVIc, where
the effect of the incoherent rescattering becomes small, our
predictions can be compared directly with experimental data
obtained without restrictions on the final states of the residual nucleus.

,

3. PARAMETRIZATION OF THE DIFFRACTION MATRIX AND
THE INITIAL-EJECTILE WAVE FUNCTION

Equation (41) is motivated by the results of the calculation of
the q q dipole cross section in the double gluon exchange
model of the pomeron.27 The parametrization (41) with
a,-50-60
mb and Ro=l .2- 1.4 fm allows one to describe
both the CT effects in the quasi-elastic charge-exchange reaction T - A ~ T O A ' ~ ~ and the nuclear shadowing and diffraction cross section in deep inelastic
The q <
dipole cross section extracted from the experimental data on
vector meson e1ectroproduction3' also appears to be close to
one used in Refs. 28-30. Of course, due to the nonzero diquark size, the parameters of the quark-diquark dipole cross
section in Eq. (1 1) may differ from the ones obtained from
the analysis of the meson exchange process and deep inelastic scattering. Following Ref. 6, we set uo=80 mb and adjust
R, to reproduce uf,"/'(pN). For a realistic evaluation of the
onset of CT, it is important for the model diffraction matrix
to reproduce the gross features of diffractive p N scattering in
the resonance region. Our diffraction matrix obtained with
the above set of parameters yields the value of the ratio between the diffractive and elastic p N cross sections
~,,~~,(pp)lu,~(pp)=O.25,
which is in agreement with the
experimental data.32 Moreover, we obtain a good description
of the diffractive mass spectrum observed in p N scattering.33
The real parts of the diagonal f ( i N + iN) for i f p, and
off-diagonal f(iN+kN) amplitudes are not known experimentally. At GeV energies of the struck proton, they are
connected with the reggeon exchanges. In contrast to the
pomeron exchange at present we d o not have a reliable theoretical model for the reggeon contribution to the 39-nucleon
amplitude even for a small-size 3 9 system. As a reference
value, we consider the choice al= 1, a 2 = 0 in the parametrization~

To proceed further with the numerical calculation of
nuclear transparency, we need the diffraction matrix describing 3y-nucleon scattering and initial-ejectile wave function.
At GeV energies of the struck proton, which are of interest in
the present paper, the major contribution to the imaginary
part of the amplitude f ' ( k N + i N ) comes from the ponieron
exchange. Namely, this component of the 3y-nucleon scat1069
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FIG. 2. Nuclear transparency in exclusive 160(e,e'p) scattering in parallel kinematics, p,,, =0, calculated within CCMST (solid curves) and in the Glauber
model (dashed curves) for (a) e 2 = 5
Gev2, (b) e 2 = 1 0 Gev2, (c) e 2 = 2 0
G ~ vand
~ (d)
, e2=40G ~ v ~ .

wave function for the study of CT effects by no means implies that the real ejectile state I E) actually has a size l/Q.
On the contrary, it is evident that the ejectile state formed
after absorption of the virtual photon has exactly the same
transverse size as the proton.35 The solution to this puzzling
situation is obvious. Equation (43) is only valid for electroproduction of the proton and its low-mass excitations, which
requires the hard-gluon exchanges between the quarks of the
39 system. The electroproduction of the high-mass states
with masses -1ql does not require such exchanges, and Eq.
(43) does not hold in this case. However, the off-diagonal
rescattering including the heavy intermediate states is suppressed. This is due first to the oscillating factors in Eq. (39):
only the states which satisfy the coherency constraint
m*2- m;5 Q ~ I R , can
~ ~contribute
,
to FSI. Second, the offdiagonal diffraction amplitudes f ( i N - + j N ) also become
small when the masses mi and mi differ strongly.
The above suppression of the heavy intermediate states
makes the theoretical predictions insensitive to the specific

Even though the above choice of a,,, can be justified within
we are fully aware
the framework of the dual parton
that it should only be regarded as an estimate, and will study
the sensitivity of the results to the values a,,,.
Besides the matrix 2, the evaluation of w(p,) requires
the ejectile wave function JE). In the present paper we optimize for CT effects, assuming the dominance of the smallsize 3q configurations in the matrix elements (il~,,(Q)lp)
for the resonant states with masses in the GeV region.' 'This
amounts to a strong assumption that the probability amplitude for the ejectile state to be observed in state li),

-

+,

where is the coordinate wave function of the state (i). By
virtue of Eq. (43), the initial-ejectile wave function can be
chosen in a point-like form. We parametrize it in the form
E ) X ~ X ~ ( - C ~ ' Qwith
' ) C = 1. We would like to emphasize that the possibility of using the point-like initial-ejectile
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FIG. 3. The same as Fig. 2, but for
4 0 ~ a ( e , e ' p )scattering.
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-

ol+++-;;;:;:;:::
31.0C
S
' 1
k :
- ____-------____
'-

_______-------_

0.5

0

0

1

1

1

1

(

1

100

1

1

1

1

1

200

*

*

150

200
p,,

0
100
MeVIc

form of the point-like initial-ejectile wave function. For instance, for the Gaussian parametrization used in the present
paper the missing-momentum distribution must be insensitive to the value of C as long as C>
holds, p, denotes
the position of the first node in the wave functions of the
excited states satisfying the coherency requirement. We
checked that in the region Q 2 5 4 0 G ~ v which
~ , we discuss in
the present paper, our numerical results are practically independent of the parameter C for Cz0.1. It is worth noting
that the weak sensitivity of CT effects to the specific choice
of the point-like initial-ejectile wave function also vindicates
neglecting the difference between the CT effects for the longitudinal and transverse spectral functions.
To conclude this section one remark on the nonrelativistic description of the 3 9 system is in order. Of course, the
nonrelativistic approach cannot be justified for the high excited states. However, our numerical results show that due to
the coherency constraint the dominant role in the regime of
the onset of CT plays the first excitation of the proton. This,
in part, vindicates the use of the nonrelativistic model. Still,
we regard the nonrelativistic quark-diquark model only as a
basis which allows us to obtain a realistic diffraction scattering matrix, which is truly important from the point of view
of the CCMST.
4. QUALITATIVE ANALYSIS OF THE INCOHERENT FSI

As was shown in Sec. 2, an~yaluationof the missingmomentum distribution with the TT* term included requires
information on the 39-nucleon scattering matrix at arbitrary

200

150

200

250

momentum transfer. Despite the ensuing model-dependence
of an analysis of the inclusive ( e , e r p ) reaction, certain conclusions on the role of the incoherent rescattering can be
reached without specifying the explicit form of the scattering
matrix. Here we consider the simpler case of the integrated
nuclear transparency. For the inclusive ( e , e f p ) reaction we
can write

where

is the transparency for exclusive (e,elp) scattering when
only the coherent rescattering is allowed, and the contribution of the incoherent FSI is given by

AT,=

I

d3rp~(r)[@(r.r)-@coh(r,r)l.

(46)

T o simplify the problem, let us consider the two-channel
model, which involves only one resonance state Ip*). We
estimate ATA expanding the evolution operator (30) up to
first order in the rf* term. Notice that the one-fold incoherent rescattering practically saturates the missing-momentum
distribution in the region of p S 3 0 0 MeVIc, which gives
the dominant contribution to T p . I 7 Also, we neglect the
off-diagonal coherent rescatterings. Then, making use of
Eqs. (21), (30), (34), and (46) after some simple algebra we
get

FIG. 5. The same as Fig. 4, but for
40
Ca(e,e'l>) scattering.
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The diagonal and off-diagonal amplitudes in Eq. (47) are
related through the CT sum rule

1

(PI~(~)~P)+(PI~(~)P*)C~*=O.

+ l ( ~ 1 ~ ( q ) l ~ * ) l ~ 1 ~ * ~~ *e I( cp l~j (*qI )~l p+*2)

(5 1)

Making use of (5 I), we can write (47) as

x(~l~~9)1~)*~~*~c,*l.

(47)

Here

2

At low energies of the struck proton, when k,,*RA=(mp,
- m ; ) ~ ~ / 2 I~holds,
+
the p*p interference term in ~ q(52)
.
(the last term in the square brackets in the right-hand side of
Eq. (52)) becomes small and we get
2

At high energy, when k,,*RA = (nr,, - n r ; ) ~ , / 2 6
~ 1 , the
p*p interference term in Eq. (52) is not suppressed and will
in part cancel the contributions of the first two terms. Thus,
we see that, in contrast to the coherent FSI, in the case of the
incoherent FSI the CT effects decrease nuclear transparency.
Hence, a "conspiracy" of the CT effects related to the coherent and incoherent rescattering must take place in the integrated nuclear transparency measured in inclusive ( e , e l p )
reaction. According to the qualitative consideration of Sec. 2
and the analysis in," the contribution of the incoherent rescattering to the missing-momentum distribution for the most
part comes from the region p,, 2200-250 MeVIc. Evidently, the difference between ATA at low and high energies
comes just from this region of the missing momentum.
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Hence it is advantageous to perform experimental measurements of the nuclear transparency separately in the regions of
p,, 5 2 0 0 MeVlc and p,, 2 2 5 0 MeVlc. At small momenta
the CT signal is increasing the transparency, while at large
momenta the CT will manifest itself through a decrease in
the transparency.
Equation (53) demonstrates that, on the contrary to the
wide-spread opinion, in inclusive ( e , e t p ) reaction the contribution of the off-diagonal rescattering survives at low energies. To this effect, the inclusive ( e ,e ' p ) scattering differs
drastically from exclusive ( e , e t p )reaction or elastic hadronnucleus scattering, where at low energies the predictions of
the CCMST and the Glauber model are close to each other.
Of course, one should bear in mind that Eq. (53) is obtained
in the idealized quark model, which ignores the finite value
of the resonance width T p * . Inclusion of the finite Tp* will
lead to a suppression of the second term in the right-hand
side of Eq. (53) at sufficiently small energies
~ 5 r ~ * 1 7 1 ~ * 1 , ~GeV
- 2 (here l i n , - ( a t , , ( p ~ ) ( n , ) ) - ' is the
average interaction length of the 3 9 system in the nuclear
medium). However, it is important that the scale of the energy, where the finite-width effects become strong, are
smaller by a factor -3-5 than the energy scale of the CT
effects E
( m i * - r n : ) ~ ~ lIt2 means
.
that there is a certain
energy interval in which the CT effects are still small, but,
nonetheless, the Glauber model is not justified for evaluation
of the contribution to the missing-momentum distribution of
the incoherent rescattering.
It is appropriate here to comment on the previous analyses of the ~ ~ - d e ~ e n d e of
n cthe
e integrated nuclear transparency. In Refs. 6-8 the calculations were performed making
use of the optical potential form of the FSI factor. This
means that the integrated transparency of Refs. 6-8 corresponds to the exclusive ( e , e l p ) reaction. The authors of
Refs. I1 and 12 also used the optical potential FSI factor.
IHowever, they replaced the total pN cross section by the
inelastic pN cross section a i , ( p N ) . In the Glauber model the
integrated transparency in the inclusive ( e , e l p ) scattering is
indeed controlled by a i t , ( p N ) (see the discussion of this
problem in Ref. 17). The analysis of the present paper makes
clear that the CT effects from the incoherent rescattering
cannot be described by a simple renormalization of the diffraction scattering matrix in the equations obtained in the
optical-potential approach. For this reason prescription of
Refs. 1 1 and 12 is not justified.
It is worth noting that the above analysis indicates that in
the case of the quasielastic ( p , 2 p ) scattering a complicated
interplay of the C T effects from the coherent and incoherent

-
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rate hole states at thc kinematical window p , , , lp ,,,,r1 <200 MeVlc obtained within the CCMST (solid
curves) and in the Glauber model
(dashed curves).

Q ~GeV
,

rescattering may also take place. Evidently, in this process
too, the contribution of the off-diagonal incoherent rescattering will survive at low energies. In ( p , 2 p ) scattering, the
contribution of the incoherent rescattering appears to be considerably enhanced in a comparison with ( e , e l p )r e a ~ t i o n . ~ '
For this reason an analysis of the CT effects in ( p , 2 p ) scattering must include the incoherent rescattering, which was
neglected in all previous works on this problem.
5. NUMERICAL RESULTS FOR THE EXCLUSIVE (e,elp)
SCATTERING

In this section we present our numerical results for the
nuclear transparency in exclusive ( e , e t p ) scattering obtained making use of Eqs. (36)-(39). We recall, that in the
region p m s 1 5 0 - 2 0 0 MeVlc, where the contribution of the
incoherent rescattering becomes small, our theoretical predictions may be compared directly with experimental data
for the inclusive ( e , e t p ) reaction. The numerical calculations were carried out for the target nuclei 160and %a. In
our calculations we used the harmonic oscillator shell wave
functions. The oscillator shell model frequency w,,, for the
two nuclei were adjusted to reproduce the experimental
value of the root-mean-square radius of the charge distribution
We used the values36
2.73 fm for 160,
and
3.47 fm for
which correspond to an oscillator radius ros,= 11
equal to 1.74 fm for 160and
1.95 fm for @ ~ aThe
. difference between the charge distribution and the proton nuclear density connected with the
proton charge radius was taken into account. We checked
that our set of harmonic oscillator shell wave functions gives
the charge density and the single-particle momentum distribution in the region of ~ ~ 5 2 5 0 - 3 0MeVIc,
0
which are
practically indistinguishable from the results of more involved Hartree-Fock calculations. Notice that in this momentum region the single-particle nlomentum distribution
calculated in the harmonic oscillator shell model is also close
to the one obtained within a many-body approach with realistic nucleon-nucleon potential in Ref. 37. In our calculations
we define the pN cross section and g, as mean values of
these quantities for the p p and pn scatterings. We borrowed
a;,,
the experimental data on p p , pn cross sections and aPlJ,
from the recent review.38
T o illustrate the role of the off-diagonal rescatterings
which are responsible for the CT effects, we present a systematic comparison of the results obtained within the CCMST and the ones obtained in the Glauber model. The number of the included resonance states and the off-diagonal
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rescatterings used in Eqs. (37)-(39) to obtain the curves corresponding to the CCMST were equal to 4 and 3, respectively. We checked that the contributions from higher excitations and rescatterings with v>3 are negligible in the
region of Q 2 5 4 0 G e v 2 considered in the present paper.
In Figs. 2 and 3 we show the behavior of the nuclear
transparency versus p,,, for the purely parallel kinematics
for e2=5,10, 20, and 40 Gev2. Notice that the nuclear
transparency evaluated even in the Glauber model without
off-diagonal rescatterings has sizeable asymmetry about
p,,,=O connected with nonzero a p ~
which
,
was neglected
in previous works. Figures 2 and 3 demonstrate that the CT
effect in the region of Q 2 5 1 0 Gev2 is still small at
lprn,,15150 MeVIc. However, at p,,,--250
MeVlc it becomes sizeable and could be observed in a high-precision
experiment. Our calculations show that the situation is more
favorable in the case of light nucleus.
The results for nuclear transparency in the case of the
transverse kinematics are presented in Figs. 4 and 5. We see
that, as in the case of the parallel kinematics, the distortion
effects are considerable even in the Glauber model. The CT
effects are still small in the region of Q 2 5 1 0 Gev2. They

become important only at ~ ~ 2 Gev2,
2 0 especially at large
Prn~
In Figs. 6 and 7 we show our predictions for the integrated nuclear transparency. In order to demonstrate the dependence of the nuclear transparency on the choice of the
kinematical domain D in the definition (2), we calculated TA
for four different windows in the missing momenta. One sees
that the most steep rise of TA takes place for the window
containing negative values of the longitudinal missing momentum.
We also calculated the integrated nuclear transparency
for the excitation of separate hole states in the target nucleus
for the kinematical domain p,,, , lprn,,1<200 MeVlc. The
results are presented in Figs. 8 and 9. These figures show that
the CT effects are different for the different shell states, being larger for the 1 s state. This fact is further illustrated by
Figs. 10-13, which show the missing-momentum distribution for excitation of the separate hole states for the parallel
and transverse kinematics at e2=5 and 40 Gev2. Unfortunately, however, the experimental information about deeply
bound hole states is most difficult to extract since their
strength is fragmented over a wide range of missing energy.

FIG. 10. The missing-momentum distribution for l60(e,eIp) scattering in parallel kinenlatics p,,, =O for the separate
shells calculated within the CCMST (solid
curve) and in the Glauber model (dashed
curve). The dot-and-dash curve shows the
single-particle monlentum distribution.
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FIG. 1 1 . The same as Fig. 10, but for
%a(e,e ' p ) scattering.

The relative CT effect of different excitations of the 39
ejectile state is demonstrated in Fig. 14, where we plot the
integrated nuclear transparency for the window p,, ,
lp,,,1<200 MeVIc calculated for the number of included
intermediate states, n = 1,2,3,4. We see that in the region
12'540 G ~ the
V FSI
~ effects are practically saturated for
n=3. For ~ ~ 5 G2 ~0 inV the~ CCMST formalism it is sufficient to take into account only the first excitation of the
proton.

Our numerical results show that the experimental observation of the CT phenomenon at ~ ~ 5 G2 ~0 isVa delicate
~
problem. For this reason it is important to understand how
large the uncertainties of the theoretical predictions are for
the contribution of the off-diagonal rescattering. The least
reliable ingredient is the reggeon part of the 39-nucleon amplitudes. To estimate the corresponding uncertainties we
studied the sensitivity of the results to the choice of the
reggeon parameters a, and a2 in (42), which control the

FIG. 12. The same as Fig. 10, but for
transverse kinematics.
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FIG. 13. The same as Fig. 1 1 , but for
transverse kinematics.

diagonal and off-diagonal matrix elements, respectively.
Changing a, has practically no effect on the results. However, the dependence on a2is not negligible. The suppression
of the off-diagonal 39-nucleon amplitudes in comparison
with the diagonal ones is expected to be stronger for the
reggeon exchange than for the pomeron one. For this reason
we chose for the upper bound of Ia21the value 0.5, which is
about the maximum value of (Y I. The effect of variation of
pN
a2 in the range (-0.5,0.5) for integrated nuclear transparency in the window p,, , lp,,,1<200 MeVIc is illustrated in
Fig. 15. As one can see, the positive values of cu2 decrease
the nuclear transparency, and can to a certain extent obscure
the CT effects at Q 2 5 2 0 Gev2. In Figs. 16 and 17 we demonstrate the effect of varying of a2 for the unintegrated
nuclear transparency for the parallel kinematics. It is seen

I

TA

0.8 .
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I

that the gross features of the p,,,-dependence of the C T
effect are stable with respect to variation of a,. In the transverse kinematics, the variation of a2yields only the overall
renormalization of the nuclear transparency. Thus, as far as
the forward-backward asymmetry of the nuclear transparency is concerned, the uncertainties of the reggeon amplitudes cannot change the situation considerably. However, we
are bound to conclude that for Q 2 5 2 0 G e v 2 the real situation may be more complicated for the observation of CT
through e2-dependence of the integrated nuclear transparency.
In addition to the above discussion on the uncertainties
of the theoretical predictions, it is also appropriate to comment on the off-shell effects, which are neglected in our
analysis. A successful observation of the missing-momentum

TA

0.7r""'""'""'""

FIG. 14. The convergence of the CCMST expectation for nuclear transpar,**,s s
.=::
ency in exclusive (a) 160(e,efp) and
__-_----(b) 4 0 ~ a ( e , e ' p ) scattering for the
missing-momentum window p,,, ,
0.6 :
0.5 :
ll~,,,,r1~200
MeVIc with respect to the
number of the 34 states included: n = I
(solid curve), n = 2 (dashed curve),
0 . 4 ' . . . . 1 . . . . 1 . . . . 1 . . . . '0 . 3 f 8 1 h s 1 n . . . 1 . . n - 1 . . . B 1 n = 3 (dot-and-dash curve), n = 4 (dot40
ted curve).
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dependence of the C T effects is only possible provided that
the uncertainties of the missing-momentum distribution extracted from the measured cross section of (e,e ' p ) scattering
are small in a comparison with the theoretically calculated
contribution of the off-diagonal rescatterings. The determination of the missing-momentum distribution includes the
division of the experimental ( e , e f p ) cross section by the
half off-shell e p cross section. As a consequence, ambiguities in a,, lead to unavoidable uncertainties in the extracted
missing-momentum distribution. In order to estimate these
uncertainties we compared the off-shell e p cross sections
evaluated under different prescriptions discussed in Ref. 22.
We found that the typical off-shell ambiguities are 55-10%
in the kinematical region considered in the present paper.
Such uncertainties are not big enough to obscure the CT
effects at Q'- 10 GeV2 for the parallel kinematics, where C T
effects
increase
the
ratio
TA(-pm,z,pmL=O)/
T A ( p,,,, p,,,=O)
at p,,,-250
MeVIc by the factor -2
(see Figs. 2 and 3). At higher values of Q' ( 2 2 0 GeV2), the
off-shell uncertainties can be neglected both for the parallel
and transverse kinematics.
6. CONCLUSIONS

We have studied the missing-momentum dependence of
the CT effects in (e,e ' p ) scattering in the kinematical region

. , . . , , .1

, , , ,

20

FIG. 15. Nuclear transparency for exclusive (a) I60(e,e'p) and (b)
4 0 ~ a ( e , e ' p )scattering for the missing
momentum window p ,,,, , I p ,,,,1 ~ 2 0 0
MeVIc calculated within the CCMST
with different sets of the reggeon parameters: a 2 = 0 (solid curve),
(dash-and-dot curve),
a,= -0.5
&=0.5 (dashed curve), in all the cases
a , = I. The predictions of the Glauber
model are shown by the dotted curve.

40
30
Q2 , G ~ V ~

of p,5250 MeVlc and ~ ' 5 4 0Gev2. To perform such an
analysis we developed a formalism based on the GlauberGribov multiple-scattering theory. In our calculations we describe the target nucleus in the independent particle shell
model. The formalism of the CCMST was presented in a
form including both the coherent and incoherent rescatterings. The coherent rescattering describes FSI in the exclusive
( e , e f p ) reaction, when only one-hole excitations of the target nucleus are allowed, while inclusion of both the coherent
and incoherent rescattering corresponds to inclusive experimental conditions involving all final states of the residual
nucleus. The CT effects related to the incoherent rescattering
were not considered in previous works.
We performed a qualitative analysis of the off-diagonal
incoherent rescattering making use of the two-channel
model. Our important observation is that, on the contrary to
the case of coherent FSI, the contribution of the off-diagonal
incoherent rescattering does not vanish at small energies of
the struck proton. For this reason, even at low Q2, in the case
of the inclusive reaction the Glauber model becomes unreliable for the treatment of FSI in the region of large missing
momenta, where the incoherent rescattering dominates. We
demonstrate that CT leads to a decrease of the contribution
of the incoherent rescattering and a conspiracy of the CT
effects from the coherent and incoherent rescattering may

FIG. 16. The p,.,-dependence of the
nuclear transparency for exclusive
I60(e,elp) scattering: (a) e 2 = 5 G~v';
(b) e 2 = 10 Gev2; (c) e 2 = 2 0 Gev2; (d)
e 2 = 4 0 Gev2. The legend of curves is the
same as in Fig. 15.
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FIG. 17. The same as Fig. 16, but for
" ~ a ( e , e ' scattering.
~)

take place in measurement of the integrated nuclear transpare2-dependence of the integrated nuclear transparency is
10 Gev2. However, extension of the
hardly possible for
ency. We argue that this phenomenon may be important in
kinematical region up to e2-40 G ~ could
V ~ permit obser(p,2p) scattering, where the contribution of the incoherent
rescattering is enhanced in comparison with the ( e , e r p ) revation of CT if the small-size 39 configurations actually
action.
dominate in hard e p scattering.
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