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Study of Bound Nucleons by Quasiexclusive Scattering with Large Momentum Transfer
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We describe a method for determining the four-momentum distribution of nucleons in nuclei which is
particularly sensitive to large momenta. It may also prove useful in probing the diAerences between
bound and free nucleons.
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In this paper we propose to study the nuclear wave
function, especially the large-momentum component and
properties of bound nucleons, by means of quasiexclusive
scattering processes where the nuclear transparency
phenomenon is expected to occur. ' Nuclear quasiex-
clusive scattering is defined to be a large-momentum-
transfer lepton-nucleon or hadron-nucleon exclusive
scattering in which the target nucleon is in a nucleus and
the rest of the nucleus acts as a spectator. The residual
A —1 nucleus is required to have small excitation energy
(«m, ) and no soft particles may be produced in the
process. An example of such a process is

pA p'N(A —1), with the momentum transfer t, and
also u, greater than a few GeV. Since the elementary
exclusive cross section at fixed t is an extremely rapidly
falling function of s, most of the scattering events occur
in those kinematic configurations of the target nucleon
four-momentum which significantly reduce the s of the
elementary reaction below its value for an on-shell target
at rest, —2mpEb In typical experimental conditions,
as we shall see below, target nucleons have p1,b-l
GeV/c in the direction of the beam. Thus the target
momentum distribution could be probed with high sensi-
tivity to large momenta if it were possible to ignore in-
teractions of the incoming and outgoing particles in the
nucleus and if binding eff'ects could be ignored.

This simple scenario is disturbed in several ways.
First, the target nucleon is not on the mass shell. We ex-
pect that the elementary exclusive cross section for given
s and t in the large s, t, and u regime of interest is only
weakly dependent on the hadron masses, since the suc-
cessful dimensional scaling rules rely on s, t, and u be-
ing the only relevant scales with dimension of mass
squared. (Otherwise one would not find the dimensional
scaling behavior. ) However, the exclusive scattering am-
plitude does depend on the quark wave function of the
target, which could in principle depend weakly on the
nucleon mass, e.g. , via mtv/AQcD. Effects such as this
are properly categorized as "binding eAects" and are just
the sort of phenomena one would like to probe by this
technique, as we discuss in conclusion below.

Secondly, determination of s and t is, in general, not

possible due to interactions of the final hadrons. In this
regard, the nuclear quasiexclusive scattering we are pro-
posing here has an advantage over other schemes such as
deep-inelastic or inclusive scattering, or quasiexclusive
scattering at low t or u. According to perturbative
QCD, exclusive scattering at large transverse momentum
occurs via components of the wave functions of the parti-
cipating hadrons of transverse size O(1/t ' ). Mueller'
has pointed out that as a consequence of this, and the di-
lation of the time scale in which the hadrons regain their
normal size, there should be negligible nuclear absorp-
tion for su%ciently large s, t, and u. This eAect has been
called "color transparency" and "nuclear transparency";
we shall adopt the latter term. It is a minor generaliza-
tion to note that the small-sized hadrons are not only ab-
sorbed less, but have reduced interactions of all kinds.
The precise extent of their interaction and absorption de-
pends in detail on the mechanism by which the small-
transverse-size states of the hadrons return to more typi-
cal configurations. We have examined this question
quantitatively, using several diferent models of the ex-
pansion process. We find that at present energies there
should be a significant reduction in the absorption and
interactions due to this eff'ect. Also, a recent experi-
ment has reported an indication that there is less ab-
sorption than would be expected without the transparen-
cy phenomenon.

Nonetheless, some correction for absorption and final-
state interactions is necessary in order to infer the
Fermi-motion distribution from nuclear quasiexclusive
scattering experiments in the kinematic range feasible at
present. This can be done by using models to describe
the evolution of the small-sized hadrons, as in Ref. 2.
The correctness of the models can be verified without
needing to know the target momentum distribution by
selecting events in which the target nucleon is at rest and
near the mass shell. Since the degree of absorption de-
pends on s and t of the elementary reaction, and on the
laboratory momenta of the incoming and outgoing had-
rons, an extensive set of measurements is desirable. In
this connection quasiexclusive electron scattering, eA

e'p(A —1), will be invaluable, since there is only one
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spectral function, p~ (a,p„M„,), to be the probability of
finding a nucleon in the nucleus with light-cone mornen-
tum a,p, (where e is the fraction of the longitudinal
momentum of the nucleus carried by the nucleon and is
between 0 and A), with the residual system having the
invariant mass M„„. It is normalized by the requirement
that baryon number is conserved,

h+A h'+J'V'+(A -. 1) d d h+ 'V h'+.W'

d'p, dM,'„— -(s', r—) 0(s'+r —2m/- —2mh') p~~(a, p„M,.'„),
Q

final hadron whose, development and interaction needs to
be considered.

%e nnw present the formalism relevant to this prob-
lem. S veral ways of formulating this problem have
been developed in terms of nonrelativistic momentum
distributions and spectral functions; see, e.g. , Refs. 4 and
6 for hadrons and Refs. 7 and 8 for electrons. In the
large-momentum transfer kinematics considered here,

dQhowever. the process develops near the light cone, so that
it is natural to use nuclear wave functions quantized on
the light cone as in Refs. 9 and 10. Define the light-cone Assuming perfect nuclear transparency to simplify the

discussion, we write the cross section at fixed t as

where s' is the invariant energy squared of the h'Ã' sys-
tem:

2 2'
e .- a 2 ~~s+Pf

s =2EhfPlA —+fPlh +
A 1 —a/A J

(3)

h +A —- h '+ /v'+ (A —
1 ) h +N h'W. IV'

dt e '
dt

dPt PA &,P

Note that the p& component of the momentum is not con-
served in the intermediate state; i.e., (da/dt)(s', r) is oA'

the pf shell. Although this nonconservation is small, one
cannot neglect it because of the rapid variation of der/dt
with s. In the relevant kinematical region, the third term
in the expression for s', which we denote (c/A)m, de-

pends only weakly on the form of the nuclear re oil. In
fact, two extreme models, coherent recoil and one-
nucleon recoil (valid in the two-nucleon correlation ap-
proximation). give similar results. Therefore we can re-
placed m by its mean value in one of these models:

m h =(2 Q)Qm!v+2Q(mg —i+m?v mg)m?v,
where IA 1 is the mass of the nuclear system A —1, or

3 2Q 0
m, „,„«I = mjv+2a—(m~ —?+2mjv mw)mN .

1 —a2 2

It is then possible to integrate Eq. (3) over M„, to g«

(s, r)0($ +r 2m?v 2m' ) .
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sections are determined largely by the e & 1 component
of the nuclear wave function. Thus nuclear quasiex-
clusive scattering is complementary to other processes
such as inclusive or deep-inelastic scattering ofI nuclear

P, = 9GeV

t =-8 GeV

For fixed t, do/dr is in general a rapidly decreasing function of a. Therefore the region where a —a;„(??;„is deter-
mined from the 0 function in the above integration) will give a large contribution to the cross section in spite of the
smallness of p~ (a,p, ). As a result, this reaction is sensi-
tive to the small-a component of the nuclear wave func-

l

tion. It is noteworthy?hat in practically all other pro-
cesses, including x ~ 1 deep-inelastic scattering, cross p Pb

targets in terms of the information it yields.
To illustrate the sensitivity of this technique, and

demonstrate the correctness of the assertion above that
the o. & 1 region dominates, we take three model Fermi-
motion distributions and calculate the ratio between the
diAerential cross section on the nuclear target and the
elementary cross section as a function of s' at fixed t, as-
suming the target nucleon is on mass shell. GMp and the
elementary cross section da /dt are taken from experi-
mental measurements '; we assumed G~, =GM~/p~.

11,12.

The three model Fermi-motion distributions which we
have used are the following:

(A) Simple Fermi-gas model with n(p) =const for p
& kI; and zero otherwise.

(8) Few-nucleon correlation model developed by two
of the present authors. If we only consider two-body
correlations, the nuclear wave function is given by
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FIG. l. Number of events as a function of s' calculated us-
ing three difTerent models: Fermi-gas model (dotted line),
Moniz's model (solid line), and the few-nucleon correlation
model (dashed line).
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n(p) =const for p & kF and X~OD(p) for p ) kF, where

X~ —A ' for A) 12 and +D(p) =Ce ~~ with C=0.85
GeV and y =7 GeV

(C) Moniz's parametrization based on calculations of
nucleon-nucleon correlations in nuclear matter as given

by Bodek and Ritchie. ' Here, n(p) =(1/c) [1 —6(kFa/
n)'1 for 0& Lp L

& kF and n(p) =(1/c)[2R(kFa/
z) (kF/p) ] for kF & p & 4 GeV/c and 0 otherwise, with

a =2 GeV/c ', c = —, nkF, and R =1/[1 —kF/(4 GeV)].
a and p are related as a =1+p3/(m +p ) 'i and the re-
lation between p~ (a,p, ) and n(p) is given in Ref. 9.

The results of our calculations are presented in the
figures. Figure 1 shows the distribution of the actual in-

variant energy of the elementary reaction s' for the three
models used. The two important features to be appreci-
ated are (i) the sensitivity of the predictions to the target
momentum distribution and (ii) the fact that most events
are at low s', coming from the tail of the Fermi-motion
distribution, except in the Fermi-gas model which has no

high momenta. The structure of the s' distribution of
two peaks separated by a dip is an artifact of the sharp
transition in the form of the simple models at kF, and
should probably not be taken seriously. We use the
Moniz model for illustration in subsequent figures since
its predictions fall between those of the other models.
Figures 2 and 3 show the sensitivity of pA and eA to
beam energy and to A. As one would expect, proton
beams give greatest sensitivity to the large-momentum
components of the nuclear wave function, because the pp
elementary cross section falls more rapidly with s than
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do the np or ep cross sections. The analogous figures for
pion-induced reactions xA n+%+ (A —1) are not
shown for reasons of space. They are less sensitive to
large Fermi momenta, but nevertheless very useful to un-

raveling the myriad eA'ects of transparency, binding, etc.
We also see that the larger beam energy gives greater
sensitivity to large target momenta.

For the pA reactions at p;„,=9 GeV/c, the most prob-
able value of the momentum of the struck nucleon is
about 1 GeV/c. We an also estimate the characteristic
excitation energy of the final nuclear system, as follows.
In the pair-correlation approximation, the nucleon which
balances the momentum of the target nucleon will be
ejected with roughly the same light-cone fraction it had
in the target nucleus. The excitation energy M„,
—M~ ] in this case is determined from the equation for
the laboratory four-momentum pR of the recoil nucleon
2 —a = (m +p ) ' /m~. Since the average a for the
low-s peak is about 0.5-0.7, we have

~„,—~g —
1
—(m +p~) ' —m —100 MeV

in this peak.
Including the eff'ects of incomplete transparency would

modify the predicted shape of the s' distribution in sev-
eral ways. It would favor scattering by nucleons near the
nuclear surface, where the nuclear density is smaller.
Since both k~ and kF increase with average nuclear den-
sity, this eAect narrows the s' distribution. Further-
more, events which have low values of s', such that u is
less than some u;„(u;„—2-4 GeV ), are not expected
to take place in small-transverse-size configurations, so
for them the standard Glauber description should hold.
This has the eA'ect of cutting oA the s' distribution
presented above, which was obtained assuming complete
transparency, at some value of s,„;„corresponding to
u;„. There exist still other events in which p|,b of the
recoiling nucleon is small, due to the diAerence between
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FIG. 2. Number of events as a function of s' using Moniz's
model of Fermi motion for diAerent beam energies of proton
and target masses: p;„=6 GeV, t = —5 GeV, and A =200
(solid line); p;„=9 GeV, t = —8 GeV, and A =200 (dot-
dashed line); p;„=6 GeV, t = —5 GeV, and 4 =12 (dashed
line); p;„,=9 GeV, t = —8 GeV, and 4 =12 (dotted line).
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FIG. 3. Same as for Fig. 2, but for electron beam.
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the nucleon frame and the laboratory frame, so that its
lifetime in a small-size configuration is small even
though s' and u are big enough that the actual event is
legitimately described as having small transverse size.
However, events of this type make a negligible contribu-
tion since they necessarily have s' larger than the nomi-
nal value so that it is not necessary to correct for their
greater absorption.

In the discussion above we have ignored the
diAerences between the properties of bound and free nu-
cleons. However, models accounting for the European
Muon Collaboration (EMC) eAect generally have im-
portant consequences for the s' dependence of nuclear
quasiexclusive scattering. We intend to discuss this in

greater detail in another publication, but note the con-
clusions briefly here.

(1) Models in which bound nucleons swell (Q rescal-
ing models, etc.): Here the quasiexclusive cross section is
expected to be suppressed, due to the reduction of the
normalization of the short-distance part of the target nu-
cleon wave function since rtv/rtv —1 —0.1-0.2. This ef-
fect imitates absorption for light nuclei, but has a consid-
erably weaker A dependence than nuclear transparency,
since in these models rtv/rtv —1 tx(p~), the average nu-
clear density.

(2) Pion model (x rescaling)': In this model the
EMC effect is interpreted as being due to the depletion
of nucleon light-cone fractions, which is assumed to be
approximately homogeneous: a a(1 —

tl ) where qF,—0.05. The main eA'ect here would be to shift the max-
imum in the lower s' peak to larger s'.

(3) "Minidelocalization" model of two of the present
authors': Here the probability of pointlike configura-
tions in a bound nucleon with momentum p is suppressed
by the factor 6(p) =(1+x/2), where x=4(ez+p /
2miv)/AEz and e~ is the binding energy per nucleon
(—8 MeV for A»1). Fits to the EMC effect lead to
h, E& -0.6-0.8 GeV, the characteristic energy excitation
for pointlike configurations. This implies that the height
of the low-s' peak should decrease by at least a factor of
2 while the peak at s —so is suppressed very little. To
distinguish this model from a Fermi-motion model with a
more steeply decreasing wave function, one should study
h +d h +p+ n for nucleon spectator momenta
0.2(p (0.5 GeV/c: For these momenta, the deuteron
wave function is known reasonably well (—10% for

p —0.2 GeV/c, —30% for p —0.5 GeV/c) and 8(p)
changes the cross section by a factor of —3 for p —0.5
GeV/c. Note that for p) 0.3 GeV/c, the average inter-
nucleon distances in the deuteron are ~ 1.2 fm, so the
nuclear transparency condition is easy to satisfy. Thus
according to the minidelocalization model, this process is
an alternative probe of the dominance of small-
transverse-size hadrons in large-momentum-transfer ex-
clusive scattering.

(4) Multiquark (6q, 9q. ..) models': In these models
it is assumed that at small internucleon distances, i.e. ,
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large Fermi momenta, nucleons form six-quark bags
with probability P —20% (30%) for A —60 (200). Con-
sequently, these models lead to the suppression of the
small-s' peak by a factor 1 —P, since the cross section of
the reaction h+(6q)~ h+N+N is suppressed due to
the small overlap of the 6q and two-nucleon configu-
rations. There is no eff'ect on the s' —so peak.

In conclusion, we have shown that nuclear quasiex-
clusive scattering is a very sensitive probe of the large-
momentum component of the nuclear wave function, and
in some models to the effects of binding on the properties
of nucleons. Thanks to the nuclear transparency eAect
expected for large-momentum-transfer quasiexclusive
scattering, initial- and final-state interactions should be
less troublesome than in most other methods of obtaining
such information. Furthermore, the 0 (1 part of the
nuclear wave function is accessible, making this ap-
proach complementary to deep-inelastic and other tech-
niques. Interpreting the results will be nontrivial, requir-
ing an extensive set of data taken at low Fermi momenta
in order to unfold the eAects of absorption. For these
purposes electron- as well as hadron-induced reactions
are crucial. In general, it is dificult to separate eff'ects of
binding from effects of Fermi momentum. While experi-
ments such as these will permit study of an important
new domain of nuclear physics, a great deal of theoreti-
cal as well as experimental work will be necessary to ful-
ly understand the results.
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