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Abstract

THEORETICAL INTERPRETATION AND CALCULATION OF THE

EUROPEAN MUON COLLABORATION EFFECT

By

Nanwei Cao

Advisor: Distinguished Professor Carl Shakin

First, we briefly review different models used in the description of deep

inelastic scattering in nuclei (EMC effect). We discuss Fermi motion, nuclear

binding, ‘exess’ pions in nuclei, Q2-rescaling, etc. We present three novel

calculations of the EMC effect which are of a ‘microscopic’ nature, in that the
virtual photon is coupled to the quarks and quark wave functions are used. In
our first analysis we investigated whether the EMC effect might be understood
as having its origin in an off-mass-shell effect due to nuclear binding.
Although we are able to fit the EMC data, we found that our results are very

sensitive to the off-shell characterization of the struck quark. In our second
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calculation, we use the analytic parameterization of the structure function,
Fy(x, QZ), given by the EMC, in a convolution integral. Jn our discussion of
Fermi motion and nuclear binding, we found that the results are not very
satisfactory. We also considered the effect of ‘swollen’ nucleons in our
analysis and found that our results improved somewhat. In our third appréach
to this problem, we considered the effect of final-state interactions (FSI). Instead

of calculating FSI in detail, which is not really possible, we introduce a parameter

O representing the momentum lost by the struck quark due to FSI. Combining

this analysis with our calculation of the effects of Fermi motion and binding,

we find that our results are much improved.
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Chapter 1

Introduction

There are two fundamental reasons why lepton (U or e ) scattering is a

powerful tool for studying nuclear structure. The first is that the basic interaction
between the lepton and the target nucleus is well known. The lepton interacts

with the electromagnetic charge and current density of the nucleus. Since the
interaction is relatively weak, of order o= 1/137, one can make measurements
on the target nucleus without greatly disturbing its structure. With lepton
scattering, one can immediately relate the cross section to the wansition matrix
elements of the local charge and current density operators and, thus, directly to

the structure of the target itself. Of course, the same considerations apply to

processes involving real photons, but leptons have the second great advantage

that for a fixed energy loss v of the lepton, one can vary the three-momentum

transferred to the nucleus, ¢ , the only restriction being that the four momentum
transfer should be space-like:

@ =VvV-§d <0.

In the case of real photons, for a given energy transfer, there is only a single



-

possible momentum transfer, ¢ , since the mass of a real photon is zero:

qz..-:vz-az:().

Thus with leptons, we can study the complete G behavior of the transition

matrix elements and map out the Fourier transforms of the transition charge and
current densities. Therefore, one may determine the spatial distribution of the
transition charge and current densities , and this is certainly a source of

tremendously rich and unique information on the structure of nuclei.

Generally, the process of lepton scattering from a nucleus can be divided
into four regions according to energy transfer v, see Figure 1:

1) Elastic scattering from the entire nucleus.

2) In the quasielastic region, at medium-energy transfer, the physics is

well described by quasielastic scattering by individual nucleons.

3) At slightly higher energy, nucleon resonances are excited.

4) In the deep-inelastic region (v > 1GeV), so much energy is deposited

on a single quark that the nucleon breaks up in a complex manner.

In this work we will only consider the deep-inelastic scattering (DIS)

process.

A typical deep-inelastic scattering process is illustrated in Fig. 2:
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Figure 1. Schematic representation of the cross sections for lepton-
nucleus and lepton-nucleon scattering as function of the energy

transfer v (for a fixed momentum transfer).

l+N—>l'+X’

where 1 and 1' are leptons, N is the nucleon and X is final hadronic

state. Of particular interest to us is the region where the four-momentum

2

transfer, g2 = (q¥)% - G°, and the energy transfer, v = q", are large, e.g.,



Figure 2. Illustration of a typical deep inelastic scattering process involving
a nucleon at rest in the laboratory frame.

Q2 =-q%> 2 GeV? and v >1 GeV. In this domain, the inclusive cross

section can be related to structure functions which exhibit scaling. That is,

to a first approximation, they depend only on the Bjorken variable

x = Q¥(2P'q) = Q*(2mv), rather than Q? and v separately. Then,

do_ - 8mo?mE Fyx, 2)[1- 2 |
ady T O SR (1.

Here E is the energy of the incident lepton, y = V/E, and m is the nucleon
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mass. Since a virtual photon is exchanged, both transverse and longitudinal
cross sections are involved. R(x,Q2) measures the ratio of the inclusive
cross sections for longitudinal and transverse photons: R(x,Q2) = o1(x,Q2)/o(x,Q?).

From experiment, it is found that R is small (<0.1), weakly dependent on
Q>  and, if the target nucleon is replaced by a nucleus, essentially
independent of atomic number.! The main information about the structure
of the target is therefore contained in the structure function F,(x,Q?%) in the

kinematic region considered here.

Before 1983, a standard expectation was that a nucleus behaves an
incoherent collection of free nucleons in deep inelastic scattering. The cross
section per nucleon for scattering on a nucleus was therefore expected to be
the same for all nuclei, except for kinematic effects of the Fermi motion of the
nucleons (i.e., the nucleons are not at rest, but move in orbits of some mean
field). This implied that the quark momentum distribution in a nucleus
was given simply by the appropriate avérage of the quark -momentum
distribution of the neutrons and protons in the nucleus. In 1983, the European
Muon Collaboration 2 announced that the structure function (per nucleon) in

iron differed significantly from that in deuterium. The ratio of the structure

function of iron to deuterium Rgpme(x,Q2) = F5(x,Q2)/F5(x,Q?) differs from

unity in a manner that cannot be attributed to Fermi motion of free

nucleons. This result, known as the “EMC effect”, was almost totally
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unexpected because of the high momentum transfer involved (Q? up to 200

GeV?). This observation has been confirmed in subsequent experiments, with

various nuclear targets, by several groups. 37

The EMC measured the cross section, and hence the structure function,
for an iron nucleus. This structure function was divided by the mass number A

to yield a structure function, which would be the same as that of a free

nucleon, if iron consisted of 56 free nucleons at rest. Figure 3 shows the

observed ratio of the structure functions (per nucleon) for iron and deuterium. A

linear fit to the data points rose to ~1.15 at x =0 and passed through zero at

x = 0.3. (Corrections were made to take into account the difference of

F, and F; for nuclei with N>Z)

Because of the much greater intensity of their electton beam, a SLAC
group2? was very quickly able to check tﬁe EMC result for Fe. Their result
for Fe confirmed the EMC effect for x between (.3 and 0.7. At quite large
X, they confirmed the theoretically expected rise above unity caused by Fermi
motion. (There is no data in the large x region in the original EMC
experiment.) A major surprise came at small x, however. They found no sign
of an enhancement, which appeared to be a blow for a number of theoretical

models.
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Figure 3. Some experimental data for the EMC effect. Full squares, EMC;
open triangles, SLAC; full circles, Bodek et al; open circles, BCDMS.

Resurrected data from old SLAC experiments 2 and later work by
BCDMS 4 tended to give results which lay between the SLAC and EMC
results, indicating a definite but less dramatic enhancement below x=0.2. Very
recently this confusion appears to have been resolved. New SLAC data!, new
BCDMS data? and- new EMCdata8, now appéar to be consistent within tﬁeir

respective errors: The results can be described by dividing the x variation into



four regions:
1) very small x (x < 0.05, the so-called shadowing region). The Fe/D
ratio drops below unity (see Fig. 4);
2) small x (0.05<x <0.2). There is a definite enhancement in the Fe/D
ratio, but it is only of the order of 5%;
3) 0.2<x<0.7(0.8). The Fe/D ratio is below unity;

4) x>0.8. The Fe/D ratio is greater than unity.

There is extra information potentially available from neutrino beams.

For an isoscalar nucleon there are three new distributions which can be

measured:
F(z"‘;)(x,Q2) = x(u+ti+d+d+s+3),
F3(x,Q%) = x(u-T+d-d+s-5),
and ¥ = x(@+d+2%),

where u, d, s are quark distribution functions. Results for these distributions
are shown in Fig. 5. It is clear from Fig. 5 that the antiquarks are found
mainly at x below 0.3 and the valence quarks dominate at large x. Indeed, a
major reason for the excitement about the EMC effect concerned the large x
behavior, because the (valence) quark structure of the nucleon appeared to be

altered inside a nucleus. In addition, the enhancement at small x, where qqg

pairs dominate, suggested that there was an enhancement of the sea of a
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Figure 5. Summary of the experimental information on the DIS
structure functions defined in the text (from Abramowicz et al.,

1984 ). Here, 10 < Q2 < 20 Gev2.0,0, : CDHS neutrino data.
O: JB&FE‘N (EMC muon data). A: 52F§" (SLAC-MIT electron

data

Figure 5
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nucleon in nuclear matter.

Because the EMC effect was such a surprise, it has stimulated an
enormous amount of theoretical work, and has led to some very exciting
new ideas about nuclear structure. There are essentially two categories of
theoretical models of the EMC effect which are presently considered as
plausible. The first involves conventional nuclear physics, in which one must
account for Fermi motion. However, Fermi motion is pltir‘nately linked to
nuclear binding in a finite nucleus. The introduction of nucleon binding leads to
the introduction of off-mass-shell effécts into the calculations. Finally, in
conventional nuclear models the binding is associated with exchange of pions
(and other heavier mesons). We should investigate the contribution to the EMC
effect due to the presence of such mesons. A second category of explanation
claims that the EMC effect is evidence for new QCD effects, such as a
proposed change of the color confinement size of quarks within nuclei. (The
interest in this effect is connected with the fundamental question of whether

quarks and gluons play an important role 1in the description of nuclear
forces.) This second category includes the QZ-rescaling model, which is based

on the observation that the EMC effect observed 1is similar to the violation of

scaling behavior seen when structure functions are measured at various values of

Q2. Finally, we note that there are also models which deal with multi-quark

clusters, which are assumed to be present in nuclei.
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In the following, we present a brief introducton to these various

models.
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Chapter 2

Review of Models of the EMC Effect

2.1 Conventional Nuclear Physics Models of Deep_Inelastic Scattering

2.1.1 Fermi Motion

From experiments of various groups, we can obtain values for o4/cD,

or the ratio

Remc(x, Q%) = FA(x, QU/FY(x, Q?) .

In order to avoid confusion with the quantity R defined in chapter
1, in the following, we use Rpgyc(x, Q.Z) to represent EMC ratio. The
existence of Fermi motion, i.e. the fact that nucleons move in their mean-
field orbits, requires that calculations be made which relate the structure
function of a nucleon to that of a nucleus. (These are often called 'Fermi

smearing' calculations.)
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In the rest frame of a free nucleon P.q = mv (v = q°%. However,

if we consider a bound nucleon in the rest frame of a nucleus,

- X ) =3
P # 0. Neither is PO = m, nor do we have P° = YP° + m2, because

of nuclear binding. Since the 4-momentum of the struck nucleon is an

unknown quantity, it is convenient to measure the structure functions in

terms of x = Q%/(2mv) = x,Mp/m, where x, = Q2/(2P, q) is the scaling
variable appropriate to the target nucleus (with P,,g = Mjv in the target rest
frame). The direct interpretation of x as the momentum fraction of quarks in

the nucleon no longer holds when P-q# mv. Thus, we need to account

for Fermi motion and binding before comparing the nuclear structure function

(per nucleon) with the free nucleon structure function.

From the theoretical point of view, DIS is entirely determined by a

second-rank tensor WHVY. This is the Fourier transform of the commutator of

two currents j*(y) and jY(O):

WP, q) = ﬁ 2 f d4y eiay< N[[j#(y), O] N > .

pol 2.1
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In the laboratory frame, the momentum transfer q 1is usually chosen to be

(v, 0, 0, q3). Also, X, denotes an average over target polarizations.

. v 1
(Alternatively we can put Zpol = ;Z'pol, where X, denotes a sum over

polarizations.)

On general grounds of Lorentz and gauge invariance for the electromagnetic

interaction, the most general form of WHY is:

_P-gq¥  Wy(v, Q%)
2 ) 2
q P2

-aqghk
WHY = (-gpv + M)W](V,Qz) + (pu -P&)(pv
Q2 q2

(2.2)
(In rest frame P2 =m2.) W, and W, may be related to dimensionless

structure functions, F,(x, Q2) and Fo(x, Q?). Consider the diagram in Fig.6.

Figure 6. Kinematics for nuclear deep inelastic scattering where P <Pp.
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We have,

- 12
POA-] = (M%_] + Paa)

—

-P.A-l = 'Ps

PO = PY-PY,.
Here, all particles in the final state must be on their mass shell. The struck
nucleon, with 4-momentum P, is off its mass shell, but its energy, PV, is
fixed in terms of its momentum P (and the energies of the c;ther
particles) by conservation of 4-momentum. In the target rest frame,

Pg = M, . Thus, PO is determined completely in terms of |}_5| (Here we

have put the (A-1)-body residual system on shell. We will comment on that

choice laterin this work.)

We can write the tensor WAV for the target nucleus as an integral
H £ g

involving the response tensor for the off-shell nucleon constituents: ?

A
WAPA Q) = Y, f &P | WP, q) .

i=1

(2.3)
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=2 . o S :
Here |¢i(P)| is the momentum distribution of a nucleon in its single-particle
orbit, labeled i, and ¢i(§) is taken to be the nonrelativistic wavefunction of

the nucleon in that orbit. Here we assume that an incoherent  impulse

approximation is valid. Wﬁv must be of the form of Eq.(2.2) with m and P

replaced by the mass and momentum of the target nucleus (i.e, M,y and

P,).

Lorentz scalars W% and W5 may be defined as, (see Appendix A,)

P, P
W? = 'é_(g“v- izA)WﬁV »
Pa (2.4)
and
M2 3 P, PX
wh = 42 g 2BAR
i B2 (2.5)

where ?i = P - (Pa-q)q¥q? .

Assuming an expansion for W{,(Pa,q) analogous to Eq.(2.2), we then
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obtain (in the target rest frame): (see Appendix B)

2
wi =3 | dplo@f [W?' + Wy —94;} :
i 2P (2.6)

043 _ n3q0) 2 2 2 7\ wi
wi= X d&*p| o[ ({————(p -2 )} + %l—{——% 2})——21 :

We note that Eq. (2.2) holds for a free target, because P{ and qu

are the only 4-vectors available from which we may construct a non-trivial

tensor Wﬁv . However, this is no longer the case for an interacting (or off-

shell) particle. For example, suppose that the nucleons interact via a vector

potential A“, such as might arise from ® meson exchange. How is one to

incorporate this into W{fv ? This problem of specifying off-shell behavior

is intrinsic to this approach, and appears also in other attempts to derive a
convolution formula. 01! The most common way around this difficulty is to

ignore it. One is left with the further problem of identifying the off-shell

structure functions, Wll‘J and W’;’, in Eq. (2.6) and Eq. (2.7). These structure

functions depend on the Lorentz invariants P2, P-q and q2 (or Q?). For a
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free target, P2 is fixed (=m2), and therefore irrelevant. However,

in the off-mass-shell case, WY and W3 may possess a P> dependence.

Bodek and Ritchie 12 and most authors take these structure functions to be

the same as those for an on-shell nucleon at the same Q2? and final-state

invariant -mass W2 = (P+q)2. This is not an obvious choice. Dunne and
Thomas 1318 have discussed the behavior of the off-mass-shell nucleon
structure  function, and have argued for a shifted value of Q2. Their

model is then mathematically identical to a rescaling model which we will
discuss later, but has a quite different interpretation. Their change of scale

is a change of the mass and not a change of the confinement scale.

In chapter 3, we will present calculations which are of a more
'microscopic’' nature, in that the virtual photon is coupled to the quarks in our
model and quark wave functions are used in the calculations. We use an

expression for W, given in terms of Lorentz-invariant quantities, which

are off-mass-shell generalizations of W;(x, Q%) and W,(x, Q2). The

introduction of nucleon binding requires that we make an off-mass-shell

extrapolation of W; and W,, within the context of our dynamical model.

In the scaling region, and assuming the Bjorken limit, the
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convolution formulas, Eq. (2.6) and Eq. (2.7) reduce to

Ma

OEDY ] &) A&

" (2.8)
Ma
Ff(x) = dy i B &) ,
; Z}‘, f y i) B G 2.9
where
fi(y) = [Py 8(y - BB o) . (2.10)
We have used .
F{(x) = mW{ (P4, ) , (2.11)
Flx) = mWY®, q) , (2.12)
FA(x) = Pa'd yap — WA
X)) = MA 2( As CI) B_] ) (213)
P. -
Fy(x) = %W?(p, @ 7B yvwy (2.14)

There is some controversy as to whether a 'flux factor' [(i.e. the
factor y in Eq. (2.10)] should be included. If we had ignored the factor of
y in Eq. (2.10), the average distribution for a Fermi gas would be

) 3
£(y) =1](§3P_np5(y LR

Y )3 (2.15)

Frankfurt and Strikman 4 have emphasized the presence of the vy

factor. They have argued that its inclusion, without any renormalization of the
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wavefunction, leads to a violation of the sum rule

Ma
Jo"‘ dyf(y)=1.

It is suggested that one should use

f a3p BB o, B 0(P? + P3) = 1
PO (2.16)

as the normalization condition.

This question has been investigated by Jung and Miller and
Bickerstaff 15 , who examined a Fermi gas in the Bjorken limit using a
correlation function approach. They found that, in the absence of interactions,

the factor of y neglected in the transition from Eq. (2.10) to Eq. (2.15) was

actually a factor (m/P%y=1+P3/P0. Thus for a free Fermi gas one has

_ Y| &% p3 po 4 p3
fly) = f—7 (14 ey - B

P ] ©2n)? (2.17)

Note that, in the evaluation of jd)’ f(y), the term involving P® averages

to zero, so that the correct sum rule for f(y) of Eq.(2.17) is retained.

Using Eq.(217), (y) = (P%m) + %(_ﬁz/(mpo)). Thus, the effect of



22

Fermi smearing is modified. (Without the flux factor y, we  have

<y> = <P%/m > 1) Thus, (I/A)F5/F)  will be enhanced by the
additional term, 1/3 <f52>/(mP°). The inclusion of such a factor reduces the

size of the effect.

Clearly, a calculation of only the dynamics associated with Fermi

motion cannot explain the EMC effect.

2.1.2  Nuclear Binding

The nuclear binding model of the EMC effect was developed
independently by Akulinichev et al. '¢ and Dunne and Thomas 3. Their model

shares the basic principles of the incoherent impulse approximation used in
the earlier work of Atwood and West!? and Bodek and Ritchie '2 dealing

with Fermi motion. The key difference is in the treatment of the energy of
recoil of the A-1 nucleus. Bodek and Ricthie asserted that the residual
(spectator) nucleus was not in a highly excited state. On the contrary,
Akulinichev et al. and Dunne and Thomas recognized that it is, in fact, left in

a highly excited hole state (A-1); where i is the state in which the struck
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nucleon lay. The separation energy, €, of a nucleon in orbital i is.
defined by

& = Ma-Miap-m . (2.18)

Thus the energy of the struck nucleon becomes

PO =m + Ei - TR . (2-19)

where TR = f?’z/szA_1 is the recoil kinetic energy of the (A-1)-body nucleus.

The recoil correction, T, is important for a light nucleus such as
deuterium 12.13. 18 but may be neglected for medium and heavy nuclei.
(Akulinichev et al. sometimes omitted Tp in deuterium, a point criticized by

Dunne and Thomas.) However, the main difference between various

calculations rests with the wvalue used for €. First, however, let us

understand the role of this quantity in the calculation.

The binding-energy model provides an expression for PO which is

to be used in calculating a distribution, f(y), in a convolution formula. When we

discussed Fermi motion, we saw that the effect of the smearing integral was

controlled to a large extent by the expectation value of y. (<y>=< X >/m.)

We expand F,(x/<y>) in a Taylor series about x/<y> For x < 0.75, if the

distribution f(y) is very narrow about <y>, we obtain
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FAx)A = B(x/<y>) . (2.20)

In the case of pure Fermi motion, we saw that <y> was a number greater
than unity, because of the (positive) kinetic energy contribution to P°. The

essential feature of the binding model is the observation that, because the
nucleon is bound, there must be an attractive potential, such that the sum of
the potential, and kinetic energy is negative. Therefore, <y> < 1. Hence,

because F, is a decreasing function of x, we see from Eq. (2.20) that,

whereas pure Fermi motion leads to (I/A)Fy(x)/ Fy(x) > 1, the inclusiomr of

binding changes the Fermi smearing prediction so asto yields a ratio less than

unity (in the regionx < 0.75). For x near 1, the binding effect is swamped by
the enhancement arising from the cutoff imposed on f(y) via the convolution
integration. Thus, the qualitative features of the EMC ratio at medium and large

x are reproduced. Actually, the combined effect of binding and Fermi

motion is to induce an approximate x-rescaling, x — x/<y>, in the constituent

nucleon structure functions.

There is a question as to the appropriate value of <& > to be used,

where < g > is the average single-particle energy of anucleon in a
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nucleus. Dunne and Thomas!3 used <g > = -26 MeV, smaller than the -39

MeV advocated by Akulinichev et al., who claimed that they could explain the
EMC effect. Dunne and Thomas failed to get sufficient depletion. If one uses

measured separation energies, within the naive single-particle model, the

discrepancy becomes worse for heavier nuclei, because < g > saturates,

whereas the EMC depletion increases with an increase in the nuclear density.
As we mentioned before, Dunne and Thomas 3.'* proposed making up the

difference with an off-mass-shell effect.

It is important to use the 'right numbers'. Li et al.2! present calculations
of the binding effect in a Hartree-Fock model using a density-dependent

Skyrme force. They obtain <g > = -26 MeV in Fe, and, therefore, their results

are very similar to those of Dunne and Thomas 3.

Consider a model based upon the use of binding energies. If we use a

Lorentz-invariant spectral function, S(P) = (27t)'32 (m/PO)lq)i(P)le(PO- m- g),

we obtain an extra factor (m/P%y = (1 + P3/P%) in f(y), which agrees with the

free Fermi-gas result of Bickerstaff 5 and Jung and Miller ' . Including this

factor means that the effect of the separation energy is reduced by about
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+15MeV. If we use <g > = -39 MeV, one finds a 40% reduction in the

predicted depletion. If we use <g > = -26 MeV, the factor (1 + F/P%) wipes

out 60%. of the depletion.
Although the binding model is in trouble, it may play an important role

in the correct treatment of Fermi motion. Of course, there is some question as

to whether the entire calculational procedure is correct.

2.1.3 Pion-exchange Model

The qualitative features of the EMC effect at intermediate and large values
of x may be understood by including binding corrections and Fermi motion.

However, it was clear that this success came at a price: the bound nucleons

did not carry all of the momentum of the nucleus —the deficiency being of

order &/m. Since nuclear binding is conventionally regarded as the result of the

exchange of virtual mesons between nucleons, it is natural to propose that
the missing momentum is carried by these mesons. Compared to a nucleon in

free space, one may expect an increase in the number of virtual pions per
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nucleon in a nucleus. This increase is thought to imply an increase in the
number of sea quarks and might explain the rise at small x in the EMC
ratio. Because the “excess” pions in a nucleus cérry some of the momentum
of the nucleus, as a consequence of overall momentum conservation, the
nucleons do not carry all of the momentum of the nucleus. Hence, the
valence quarks in the nuclear target carry a smaller fraction of the total
momentum than in a free nucleon. In order to balance momentum, Llewellyn-
Smith 22 proposed a purely phenomenological shift in the Fc;.rmi motion
correction, which is a form of x-rescaling. Llewellyn-Smith, Ericson and
Thomas 22 (LET) make the calculation in the frame where the initial nucleus i1s

at rest, using standard quantum mechanics and covariant field theory. In this
theory, four-momentum is conserved at the NN vertex. Because the recoiling

nucleon occurs in the final state, it must be on-mass-shell and thus the pion

is forced to be off-shell and has negative energy:

KO = m-Vm2+k>,

where k. is the pion momentum.

On the other hand, Berger and Coester (BC)24-2¢  carry out all their formal
work using Dirac's light-front dynamics. In this theory, the evolution of a

system is described, not in terms of usual time variable, but by xT =
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x0 + x3. The component P- of momentum is not conserved at vertices and

consequently it is possible to have both the recoiling nucleon and the pion

on-mass-shell, i.e.

KO = +Vm2+Kk° .

0, 13
However, the Berger-Coester distribution, fEC(y) = fd3k p(k) 8(y - k_r:x-'{L) ,

results from a mixture of time-ordered perturbation theory and light-front

dynamics. Because energy, and hence k%, is not conserved in the former we

are not able to interpret the calculated fBC(y) as a distribution of momentum

fraction y, as required for insertion in the convolution formula. The
difference between the approximations made by LET and BC leads to different
results. ( The experimental work of Carey et al. ¥ neither supports nor
contradicts the hypothesis that ‘enhanced’ nuclear pions can explain the small-
x enhancement of the EMC effect. However, recent studies of the Drell-Yan
process yield no such enhancement and are considered to be a blow against the

model of “excess mesons™.)

The ‘conventional nuclear physics' approach (describing Fermi motion,
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nuclear binding, pion-exchange), when used to understand the EMC effect, can

fit the present data within the limits of our knowledge of nuclear structure.

There are various unresolved questions— namely, the possible importance of off-

shell effects and the possible failure of the convolution hypothesis, as mentioned

above.

2.2 Novel QCD Effects

2.2.1 Dynamical Rescaling Model

At moderate values of Q2, say greater than 2 GeV?, the structure

functions depend on Q2 only through InQ? (leading twist) and this implies
a slow variation. (Higher twist contributions lead to power-law corrections in
Q?) This variation with InQ? is calculable in perturbative QCD. Since, in
QCD, the target dependence should reside in non-perturbative (unknown) matrix
elements, it was extremely surprising to discover that the EMC data on Fe
and D could be related over a wide range of x (0.2 <x <0.7) by a simple shift

in momentum scale:
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Fi'(x, @) = Fpx, £Q7). 2.21)

The parameter & must depend on Q2 but for Q2?~(5- 10) GeV? . which

is typical of the EMC data, § was found to be about 2.

Both Nachtman and Pimer 2 and Close et al. 2 interpreted this
rescaling as resulting from increasing deconfinement of the quarks in
heavier nuclei. The work of Close et al. had its theoretical foundation in
an idea about the relationship between quark models and parton
distributions. The idea is that a quark model (and most are valence-

quark dominated) should represent the structure of a nucleon as seen with

poor momentum resolution, that is, at low Q2. They have proposed. that

there may exist some momentum scale, Q2 = p3, at which the quark

model could be used to calculate the twist-two valence-quark distribution.

Close et al®® and Jaffe etal® took p3 = 0.66 GeV2 They proposed that

this scale was target dependent, i.e. that the valence distributions in a

nucleus and in free space might obey

af(x, u?) = q¥(x, ud) . | (2.22)

Using leading-order QCD, one finds the corresponding distributions at the
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same higher Q%

a9, Q) = qli(x, EQHQ?) , (2.23)

where

E(QY) = (uyu2)ewine@) (2.24)

This model, which relates a target-dependent scale change for quarks to
a shift in Q?, is known as a dynamical rescaling model. This scale

change was interpreted using results of a calculation of bag-model structure
functions. Jaffe 32 obtained a relationship between the quark distributions in
two bags of different radii, R; and R. Because the simplest bag model has

only one scale (its radius), Close et al. » proposed

RYRE = pém? . (2.25)

That is, a bound nucleon might have a radius, R, which is larger than R;, the

radius of a free nucleon.

The deficiencies of this model are: First, a large increase in  nucleon
size (in Fe,it was found to be about (10-20)%) does seem rather unlikely 33.34,
Second, the dynamical rescaling model cannot explain the rise in the EMC

ratio above unity (Rgyc >1) at large x.
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2.2.2 Multi-quark _Clusters

The Drell-Yan-West rule relates the behavior of the quark momentum
distributions g;(x) to the number of quarks in the target, say N. When

the struck quark does not suffer spin-flip it predicts
GX) - (-XN3 X=xA . (2.26)

X—)l

Spin-flip costs another power of (1-X). Krzywicki 3% proposed that the
nucleus should be taken to be a collection of 3A valence quarks plus

'pions’ and gluons. The valence quark distributions in nucleons behaved like
(1-x)3, while meson and  gluon distributions behaved like (1 -x)3, for x ~ 1.
Having fixed the parameters of the model, one can predict the nuclear

momentum distributions. For example, for pion and gluons one finds (1-X)°A.
With A large, this approximates e 35X, which does not drop as fast

as (1-x)° (as x—1). Thus, Krzywicki predicted an enhancement in the

number of ‘'hard'" (large momentum in the DIS sense) pions and gluons
in the nucleus. As a consequence, one might expect the valence quark
distribution to be softened, ie., to lose momentum. This prediction is

at least quantitatively consistent with the EMC effect. From Krzywicki's work,
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we see that any non-nucleonic component in the nucleus may lead to a
different quark momentum distribution. Many authors hz;ve pursued this
idea, with clusters of 6,9 or 12 quarks replacing nucleons at some level of
probability. Jaffe © and Hoodbhoy 36 suggest that antisymmetrisation forces
one to deal explicitly with quark degrees of freedom in the short-range part

of the nucleon-nucleon wavefunction.

The model of the nucleus as a giant quark bag is objectionable, since
we have a successful traditional picture of the nucleus as a collection of bound
nucleons. It seems unimaginable that one could reproduce the successes of this

useful picture by replacing it with a single bag of quarks and gluons.
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Chapter 3

Alternative Theoretical Interpretations and Calculational

Procedures

We present three novel calculations of the EMC effect. In our first
analysis we paid particular attention. to the off-mass-shell characterization and
transformation properties of the response tensor Ww. We thought that the
EMC effect might be understood as having its origin in an off-mass-shell effect
due to nuclear binding. However, our calculation is different from those

studies of binding effects which make use of the convolution formulas of

the parton model. (It is also different from the study of Dunne and

Thomas 1218, who consider off-mass-shell effects as introducing a Q?

’ 2 2
rescaling. Their parameter, & = (m/PH)SPRQ) hag g completely different

interpretation than the parameter & of the dynamical rescaling model.)

Although we are able to fit the EMC data, we found that our results

are very sensitive to the off-shell characterization of the struck quark.
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In our second calculation, we use the analytic parametrization of the

structure function,‘ Fg(x, Q?), given by EMC 3’, in a convolution integral. In

this case, the results are not very satisfactory, since the EMC ratio is too

large for small x in this calculation. Thus far, we have discussed Fermi
motion and binding. We also considered the effect of ‘'swollen' nucleons in

our analysis. We found that our results improved somewhat.

In our third approach to this problem, we considered the effect of final-
state interactions (FSI). this feature has been neglected by all other authors.

Instead of calculating the FSI in detail, which is not really possible, we

introduce a parameter O, representing the momentum lost by the struck quark

due to the FSI. Combining this analysis with the Fermi motion and binding,
our results seemto be much improved. (In Sec. 3.4 we will discuss another

approach to FSI due to Glazek and Shakin.)

3.1 Off-Mass-Shell Dynamics in a Microscopic_Calculation of the EMC

Our calculations are of a more 'microscopic’ nature, in that the virtual
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photon is coupled tothe quarks in our model and quark wave functions are used
in the calculations. Further, we are able to present a more transparent treatment
of various kinematic aspects of the calculation, since we use an expression for

va given in terms of Lorentz-invariant quantities, which are off-mass-shell

generalizations of W;(x, Q2?) and Wy (x, Q2). ( We note that Wuv is usually

defined for on-mass-shell nucleons; the introduction of nucleon binding requires
that we make an off-mass-shell extrapolation of that quantity.) As we will see,
our analysis requires the choice of two parameters, one of which determines
the momentum content of the quark wave functions used, while the other is
an oscillator parameter of a (translationally invariant) nuclear shell model. The

nuclear size parameter, b, is fixed by fitting the electromagnetic form factors

of nuclei, such as 4He, '2C and 49Ca. The mass parameter i, which

determines the form of the (valence) quark wave functions, is fixed by fitting

experimental data for Fi(x), the structure function of the proton, using our

model of nucleon structure.

In Section 3.1.1, we review the calculation of the structure function of an
isolated nucleon in terms of quark wave functions3.39 . In Section 3.1.2, we
present an expression for the (averaged) structure function of a nucleon in finite

nuclei. There, we present the results of our numerical calculations of the EMC
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effect in finite nuclei. Section 3.1.3 is devoted to the discussion of the quark

'sea’, while Section 3.1.4 contains some conclusions and discussion.

3.1.1 _Calculation_of Nucleon Structure Functions in Vacuum

In the following discussion, we will use the notation of Ref.38 (see Fig. 7).

Here, P denotes the four-momentum of the nucleon. The authors of Ref. 38
calculated the structure functions, W,(x,Q2?) and W,(x,Q?), for a nucleon at rest.
Since W, and W, are Lorentz scalars, we can obtain their values for on-

mass-shell nucleons in motion by making the substitution v — (P.q)/m. In the

present work, we generalize this calculation to describe nucleons of finite

veloc_ity, which are off-mass-shell (P2 # m2) due to nuclear binding.

As we mentioned before, binding effects are usually discussed within the
context of a convolution formula which involves the calculation of an average
over the free-space nucleon structure function4?. The introduction of binding
effects then leads to a formula in which the free structure function is
evaluated at a shifted values of the Bjorken variable x. It is our belief that a

proper calculation of the effect of binding is significantly more complicated than
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those to be found in the literature. For example, we consider the symmetric part of

the response tensor of a nucleon. (In this work, we  discuss spin-averaged
scattering. Therefore, we need only consider the symmetric part of Ww‘) We
have, .

unv qu

WP, @) = Wi(x, Qz)('gpv + ) + Wax, Q%)

(3.1

where

P, = Py - (P-qQ)qu/q? , (3.2)
etc. Here x = Q2%/(2Pq). In free space, one usually suppressed reference to

the dependence on P2, since P2 = m?. However, binding effects lead to

P2 # m? in a nuclear environment. Therefore, to study such effects one should

properly consider structure functions which are functions of three variables:

QuCIv 2 5 P ﬁv
) + WP x, Q%) :
2 p- (3.3)

Wuv(P, q) = Wi(P2, x, Q%) ( -Buv t+

Equation (3.3) may be taken as a definition of our extrapolation of the response

tensor va(P’ q) for the off-mass-shell case, P2 2 m2. It should be clear

that there is no way to insert the dependence on the variable P into the
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convolution formulas of the parton model, which involve only free-space

structure functions. 40

In order to calculate the off-mass-shell response tensor of Eq. (3.3),
one needs a microscopic model. As noted above, we will make use of the
model introduced in Ref. 38 . The characteristics of the model may be
seen in Fig .7, where the target is a nucleon composed of a quark of

momentum P-K and a residual system of momentum K. In order to

calculate a cross section, the residual system is placed on mass shell,

KO = ®+mH¥2, with my = VP2. (When P2 = m2, mq = m) The quark

has momentum p=P-K+q after absorbing the virtual photon and is also

placed on mass shell, p?=0. (One does not attempt to describe hadronizaton

in a model of this type.)

In order to describe the EMC effect, we evaluate the diagram shown in

Fig. 8. (This is equivaleht to the calculation of the imaginary part of the virtual

Compton amplitude represented in Fig. 8 ) We can calculate va(P’ q) from

the knowledge of matrix elements of the electromagnetic current 38

WHP, q) = (@n)° I <P, s, t|JM0)| P >< Py |1V(0)| Py, s, t> 8 (PO - PY - q0)
X
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(3.4)
where JM is expressed in terms of quark fields,
_ .1
JHO0) = Q(O)‘Y”(,g * 3 ) q(0) . (3.5)
The final state may be specified as in Fig.7, so that
<Py MO) |P, s, t> = <P, sqtq -K,.SMsTMra| J40) | P, s, t >, (3.6)

where p, s, and t; are quark momentum, spin and isospin variables. The other
variables refer to the residual system. 3® After taking the average over the nucleon

spin projection s, we found 3¢ for the case of zero quark mass,

- q P2
=1 _dK __ 0 By-v-POy L+TB3 | 2m)3
_1\S+T - —
x 3 [1—+(—2i)——]<~K,SM5TMT‘a|qa(O)IP,st> |
SMs T Mt ‘ (3.7)
x <P,st!q.0)-K,SMsTMr a > .
Herep® = IP+ K +q, since the quark is on mass shell. For convenience, we

perform the calculation in the rest frame of the nucleon (P =0, P =m).
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In that frame, we can define a quark wave function W9 (K)

<K, SMs TMr alqupa0)IP=0,5t>

. Oa7 .. (5q) /T
= 3,2 VP G512 12 B8yl () ) 8

We use the form

Ry () 1

1
“'4” - A — (sq)

yisa) (K) = :
¢ ‘K Ry (K) x, (3.9)

The wave function is taken to be independent of P°. This approximation is
justified by the fact that, in a nucleus, the deviation from the free case is

small, P2 = m2. Using the formalism of Ref.38, we find

1 b4

K2 v
o q"q” P*BY + P'B*
WMV(P,q)=_2_E_f dIKHK[((qu-p-B)[g“V— : } + PB +PB
K

(3.10)

where the quantities A(I_{) and Bu(l_{) were used to parameterize the

valence quark density matrix. We had3s



AK) = ﬁ-[k&(ﬁ) SR ],

BYK) = L[REE®) + RIE)]
BK) = X Ru() Ri(K) .

The limits of the |f{| integral in Eq. (3.10) were found to be

K, =|Q-B|
and
K2=O(.+B’
where
o = VPP [ _(md+mq)2M1 _ (mg - mg)? )“2
2 W2 W2 ’
_lal,, , m§-md
B = (1+=10)
with

W2 = (v+POy2 - |gf? .
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(3.11)

(3.12)

(3.13)

(3.14)

(3.15)

(3.16)

(3.17)

(3.18)
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Here, we take mg =0 and my = YPZ = m for a nucleon in vacuum.

Using Eq. (3.10), we form the invariants

I, = WWP,P, | | (3.19)
= - WiP° + WP /m2 , (3.20)
and
L = WH, | (3.21)
= -3W; + WP /m?2 | (3.22)

Since I; and I, are Lorentz scalars, we can calculate these quantities in the rest

frame of the proton.

We find

K2
—> - | N~ IJ. v [ PRV
I = 2L dJKHKIPqu (gHv- q_q_)(qu -pB)+ B +p'B"
|d| q? ~ (3.23)
K )

and
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N
=)

Lol
%)
1

K2
f ARIIR| [ 3 (mea - pB )+ 25 -B]
K

1

I

K1)

(3.24)

Solving Egs. (3.20) - (3.22) for W,

and W, and using Egs. (3.23) - (3.24),
we have

Iql

K]

K2
Wi(P2, P-q, q2) = 2“[ le’]If(’I[(p-B - mgA -5-B +(§-ﬁ)(§-§)/(f>2)] :

(3.25)
and

K2
(BB G B
WaP2, Pq, ¢2) = 2& | aR|[K]|2EERPED) m? 4 5
I 4 2
P P (3.26)

The integrals appearing in the

last two equations are to be calculated in the
rest frame of the proton.

We now transcribe these results to a covariant form using the substitution

(PH2 —» p? | (3.27)
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v = (Pq/p?, (3.28)

and

I4] - P-q)%/P?- q? . (3.29)

3.1.2 Calculation of Structure Functions of Finite_Nuclei

We can now use the resulting expressions for W; and W, to calculate
the structure functions of a nucleon in a finite nucleus. Proceeding .as in
Egs. (2.3) - (2.7), we write the response tensor for a target nucleus of A
nucleons. (Since we want to compare the nuclear structure function per nucleon

to the structure function of free nucleon, we include a factor of 1/A):

Wi(Pa,q) = +

i=1

a3p | o: B2 wi,p,
[elo@rwne.o o

Here, q>i(§) is the wave function of the nucleon in a single-particle orbit,

labeled i, and |¢i(f>’)[2 is the corresponding momentum distribution, satisfying

the normalization condition:
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f SP|oB)f =1 .

We take the target to be at rest, so that PR =M andPy = 0. In
Eq. (3.30), WN(P,q) is the response tensor for a nucleon of four-

momentum P. We write W[ (Pa,q) in terms of structure functions

defined for a nucleus

~A ~A
WAPA @) = WAPAG 02 (-gav + 21y 4 WAPAqg, g2) AV
q2 M3 (3.31)

Following the same procedure as that used in the case of a free nucleon,

we define the invariants

14 = WAPLWPL, (3.32)
= -WHP5 + WAPA M3, (3.33)

A
I = W.*, (3.34)
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= 3Wh + WHPAME (3.35)

We calculate I$ and I§ in the rest frame of the target nucleus.  Using

Eq. (3.30) we obtain

- ~7 N P.. P)2
=1 d3pl¢i(P)|2[-Piw1 +wh A ZP) } :
i=1 P (3.36)
B = l§ d3P|¢;(§)|2[-3W’{’+W'§E} .
A3 p? (3.37)

Solving Egs. (3.32) - (3.35) for W’? and W’;‘ and, making use of

Egs. (3.36) and (3.37), we have,

. A —
WiPaq ) = 1 f P o) (WY(P2 P, 0
= (3.38)
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cos? 9) )

P2, p.q, ) | Uc0s29)
Y 2, Pq, @) [P S

A —
> | ¢ple®f { WY @2, P, M

Amia gl = 1

(3.39)

x [3

~ 'Az R R
Pa

The right-hand side of the last equation is to be evaluated in the rest frame of

the target nucleus, T’.A = 0. Note that in the scaling limit, W’i'/W'l\l - 0,

so that W% depends only on WY in that limit. In the scaling limit , we find

W (x, Q3 =

L

f &P ®fF W P2, Pq, 2)

>

(3.40)

i

A -
W2 (x, Q) = % 2z jd3p|¢i(P)l2 W5(P2, P-gq, ¢2)
i=1 (3.41)

X [PO -|P| cos 6]2/P2 ,



49

where we have introduced x, = Q? /(2mv). We write

CFP(x) = mWi(x, QY), (3.42)

and F2(x() = VW3 (x,, Q%). (3.43)

In order to obtain values for F;(x,) and Fa(x,), we have to

perform the integrals in Egs. (3.40) and (3.41). That requires that we specify

the functional relation between P® and P. To study the effect of Fermi

motion in isolation, we may put PO = (f52+m2)1/2 (see Fig. 8). To study

the additional effect of nuclear binding, we may use

_q
PO = m- g+ P /2Ma (3.44)

where g > O is the separation energy of a nucleon in orbital i.

We also require the form of the wave function, (s9 (K) , which

parameterizes the valence quark density matrix. We choose
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+. x(sq)
- N K2 + p2)?
veK) = /N -5
n__..g__lf___ x(sq)
&>+ p22 (3.45)

and take p = 0.89 GeV. (We also choose T  such that the lower

component accounts for 1.5 percent of the wave function normalization

integral.) This choice of the quark wave function leads to a quite good fit

to  Fb(x)emc forx > 0.4. (SeeFig.9.) (A fit for F)(x) for smaller values

of x requires that we create a .model of the quark 'sea’. We will defer a
discussion of the quark sea to section 3.1.3. Here we limit ourselves to a
microscopic calculation of the valence quark contribution to F; and F,.) Note
that our use of the words 'valence' and 'sea’ is not the same as that of the
parton model. For example, our 'valence' quarks are off-mass-shell, while

'valence' partons are on-mass-shell objects.

In Fig. 10 we present the results of our calculation of F5(P%x,Q%),

the proton structure function, for Q2 =10 GeV2. For x < 0.7, that value of Q2

is sufficient to achieve scaling. That is, for Q? > 10 GeV2?, power-law

corrections to scaling behavior may be neglected in our model, if x is not too
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large. (That feature is described in great detail in the sixth item listed in Ref.
38. We have not attempted to calculated perturbative QCD corrections which

would lead to logarithmic corrections to scaling.) As may be seen in the figure
10, there is some reduction in F,(P2,x, Q%) when P2 < m2? (This featre
is lost in the convolution formulas of the parton model, since in that
model the structure functions depend on only two variables, x and Q%) The

two groups of dashed curves appearing in Fig. 10 will be described in the

following discussion.

To understand the role F2(P2, x, Q%) plays in our calculation, in Fig. 10

we have superimposed various curves which show the region sampled when
performing the integral in Eq. (3.30). In general, the calculation for each shell
will sample a different region. Note that x, is fixed when performing the
integral in the Eq. (3.30); the region sampled depends on the value of x, as

may be seen in Fig. 10. The set of curves on the left-hand side of the figure

denote the region sampled, when x, = 0.22, for each orbital of 40Ca. The
group of the curves on the right is obtained when x, = 0.70. For a finite-

nucleus wave function, |T5| can be infinite; however, the figure is drawn
for the case of a cut-off at ll—slmax = 540 MeV. (In the numerical

calculations ofthe EMC effect reported here we have used Il_;lmax = 1GeV)
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We now present the results of a calculation of the EMC effect for

4He, 12C and 49Ca using such wave functions. (See Tables 1 and 2.) In these

calculations we use the approximation

Fy Y(P2, x, Q%) = 0.95 (1 - 0.8x) By (P2, x, Q?) , (3.46)

where F)' val(p2 x, Q%) is the valence quark contribution to the off-mass-shell

structure function, as calculated in our model. F} valp2 x, Q%) depends upon

the choice of M, in addition to the kinematic variables P2, x and Q2 . As

discussed earlier in this work, the variables u and b may be fixed by fitting

Fg(x) (see Fig. 9 ) and the electromagnetic form factor of the nucleus in

question. (See Table 2.)

Results obtained for “4He, !2C and 49Ca are shown in Figs. 11-13.
Recall that the parameter p was fixed at the value g = 0.89 GeV and b was

fixed by fitting the form factors of these nuclei. However, in the figures we do

show the variation of our results due to relatively small changes in the
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separation energies.

3.1.3 A Description of the Quark Sea

Thus far, we have only considered the wvalence quark contribution to the
structure functions and have discussed the EMC effect in terms of that
contribution. Since we do not have a microscopic model of the sea, we include its

effects in our formalism using the following scheme.

We consider the analytic parameterizaton of the swtucture function

Fi(x, Q%) given by the EMC. We write the analytic form as Fhj(m2,x, Q2)

and define, for the purpose of this work,

F) *%(m?, x, Q) = Fy(mZ x, QDemc - Fy "(m2,x,Q?) . (3.47)

Because -our calculated values of Fy “Am2, x, Q%) fit the values of

Frz’(mz, X, Q¥)eMc quite well for x > 0.4 (see Fig 8), the function defined in

Eq. (3.47) is (essentially) zero for x > 0.4. We now proceed to make an off-

mass-shell extrapolation of the full structure function and define
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FIZ)(P23 X, Q2) = Fg' Val(Pz, X, Qz) + Fg'sca(mz’ X, Q2) (348)
Ideally, we should perform an off-mass-shell extrapolation of the sea
contribution in Eq. (3.48); however, we would require a microscopic model

to perform such an extrapolation. Therefore, we will content ourselves with

the use of Eq. (3.48) in our formalism.

We can perform a similar off-mass-shell extrapolation for the neutron

structure function. We put

3(m2, x, Q%) = 0.95 (1 - 0.8x) Fy(m?, x, Q®)emc » (3.49)

and recall that we had previously defined

Fy (P2, x, Q%) = 0.95 (1 - 0.8x) F (P, x, Q%) , (3.50)

in analogy to the definition in Eq. (3.48).

In Fig. 14 we exhibit the values of F’z’(x) used in this work. The data

are taken from Ref. 40 and are averaged over Q2. Also shown in this

figure is the value we calculated for the structure function of 4%Ca using

the model for the quark sea described in this section. (We put

F2*'m2,x,Q% =0 for x 2 04 and use Eq.(3.47) forx < 04 in our
2
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calculations.)

In Figs. 15-17, we show our results for the EMC effectin 4He, 12C

and 40Ca. The dotted curves result upon inclusion of the sea contribution,

while the solid curves result from including only the valence quark contribution
in our calculation. The dotted and solid curves coincide (to a good approximation)
for x, > 0.55. The fact that the sea contribution to the data shown in these
figures is finite in the region 040 < x< 0.55 is due to the effects

of Fermi motion. (Recall that we had put the sea contribution equal to zero

for x 204 in Eq.(3.47).) We see that, particularly in the case of

40Ca, we may achieve a good fit to the SLAC data.

3.1.4 Conclusions and Discussion

If one discusses the role of nuclear binding using the convolution

formulas of the parton model, the results are sensitive to asingle parameter,

the average separation energy, <€ >.1.13.21.41  Therefore, one might think that

a calculation using wave functions of finite nuclei might reproduce the data
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for reasonable values of <& >. Here we have argued that the situation is

significantly more complicated. That is, rather than using the free-space
structure functions at some shifted value of x (obtained from consideration of

Fermi motion) we suggest that one needs to consider a true off-mass-shell

effect and to construct a model for the dependence of W,(P2, x, Q%) and

W, (P2, x, Q?) onthe variable P2.

It is gratifying to note that the use of the wave functions of finite nuclei
leads to a good account of the experimental data, if reasonable values are used for

the oscillator parameter and for the separation energies.

One feature which emerges from this analysis appears to us to be
particularly interesting. One can understand why the EMC effect appears largely
as an effect involving the valence quarks of our model. The reason is that
nuclear binding affects the calculation through the modification bf the off-mass-
shell characterization. of the quarks comprising the nucleon. For the large x
region, where the wave function is characterized by three valence quarks, the
binding effect is relatively undiluted, being spread over three degree of
freedom. Inthe small x region, dominated by the quark ‘sea’, there are many
quark degrees = of freedom which characterize the nucleon wave function.
Therefore, the binding effect is spread over these many degrees of

freedom and the (relative) modification of the off-mass-shell characterization of
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a single 'sea' quark is small. These ideas can be given a more explicit

formulation, if we are able to create a microscopic model of the quark sea.

3.2 The 'Swollen Nucleon' Effect

As we noted earlier, in our microscopic wave functions, there are two
parameters. One of them, the mass parameter {, which determines the form of

the (valence) quark wave functions, is fixed by fitting data for Fg(x), the

structure function of the proton. We have g = .89 GeV. Although this choice
leads to aquite good fit for x > 0.4, there is still a problem. In the region

0.6 <x <038, Fg(x) in our model is about 80% of the comresponding
value of the EMC data. In convolution formula, we used this Fj(x) to

calculate  F2(x), and obtained Rpye < 1. However, this is quite
unsatisfactory, since the fact Rpy- < 1 is due to the use of this

'congenitally deficient' Fg(x)' Therefore, we use the experimental value of
F‘z’(x) in convolution integral. We use the analytic parameterization of the

structure function F5( x, Q®)emc given by the EMC. At first, we only consider
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Fermi motion and binding. (Since Fh( x, Q®)emc is the experimental value,
g 2 P

it is an on-shell quantity.) As expected, the EMC ratio calculated rises too
early in this calculation. We again considered the off-mass shell effect. Since

Fg( x, Q¥)eMmc is the (on-shell) experimental value, we try to put the off-

mass-shell effect in the convolution integral by multiplying Fg( x, Q%) a

factor,
0 = [WQ(PZ’ s Qz)} ,
W5 (m2, x, Q?) (3.51)
which will become 1 when the particle is on-shell (P2 = m?2). Here,

WE(P2,x,Q?) is the microscopic structure function calculated with wave

functions we obtained in Section 3.1.1. But, unexpectedly, the results were

even worse when the off-mass-shell effect was included.

Many people have argured,?-3.42 that the properties of the nucleon,
like its mass or size, are affected by the presence of other nucleons in a
nucleus. From one point of view , nucleons swell in a nuclear environment. In
our microscopic wave function, the mass parameter is closely connected to the

radius R which represents the size of the nucleon,
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RI? = VI . (3.52)

That is, our wave function can be directly connected with the size of the

nucleon. When p = 0.89 GeV, the calculated values of F Yalm2, x, QYeme

fit the values of FH(m?2 x, Q®)gmc quite well for x > 0.4. We then assume

the corresponding R, is the radius for free nucleon. We introduce the ‘swollen

nucleon effect' by introducing a factor S in the convolution integral:

s _ { w2, P2 x, Q0) }

WY (g, m2, x, Q) (3.53)

This quantity is 1 when the protonis in free space. Here, p < p,. We

performed calculations for 4He, !2C and 40Ca and found, if R/R; is about

1.05, the results are improved. The inclusion of the 'swollen nucleon effect,

not only can get the required depletion at medium x region, but we also

obtained an increase in the small x region for Rpyce (x, Q?). (See Figs. 18-20.)

As we noted earlier, in the Q2 -rescaling model, it was suggested

that
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F5°(x, Q@) = F3(x,&(Q% Qemc -
It was proposed that £(Q?) = (UAM2*HYQ) | Using a bag model, a relation

was also proposed between p and radius R. (There are several steps in that

procedure.) In the 'swollen nucleon' model, our microscopic wave function is
connected directly to the size of the nucleon; therefore, the theoretical ideas
have a more intuitive character and the physical significance of the model is

clear.

3.3 Final State Interaction Model

In Section 3.2, when we calculated the structure function F’z*(x, Q%
for target nuclei, we used the analytic parametrization of the structure function

FB(x,Q)emc given by the EMC. We took Q* = 10GeVZ  Here x =

Q/(2Pq) = xJy, y = Pq/(mv). Further, x =Q%(2mv) represents the

momentum fraction carried by the quarks in the nucleon. The effects of Fermi

motion are included in the factor 1/y and binding effects may also be
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included by specifying the relation between P? and P. One can assume, in

addition, that the interactions between the final-state debris of the struck
nucleon and the residual nucleus may be important. It is possible that the
x value of the quark is degraded. If x is degraded in the final state, the

structure function should be evaluated at a larger valueof x. We assume

that the change of x is: x — x' = x(1+98). Here & is a’parameter to be

determined by fitting the data for the EMC effect. After changing x to x(1 +9)

in the convolution formulas, the results are improved. Results obtained for
4He, !12C and 40Ca are shown in Figs. 21-23. Note that this is basically a

'x-rescaling’ model whose physical basis is different than that previously

considered.

We found that & has a A-dependence. For light nuclei, such as “He,

d is smaller, (about 0.02,) while for heavier nuclei, such as 40Ca, a bigger &

is suitable (about 0.03 - 0.04). However, we need do more work to determine

the precise relation between & and A. An analysis of the A-dependence of o

was made by Glazek and Shakin 43 in the light-front formalism. For “He

and 40Ca, essentially the same values of & were obtained in that work as
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were found in our study. This provides some confidence that the extraction of

8 may be independent of whether one uses the instant form of dynamics, or

the light-front form. Further, we see that a study of the relation between these

formalisms is needed. (The analysis of Glazek and Shakin is described in

Section 3.4.)
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34 The Light-Front Formalism

Any theory of a dynamical system has to satisfy the requirements of
special relativity and exhibit Hamiltonian equations of motion. This leads to the
appearance of ten fundamental quantities for each dynamical system, namely, the
total energy, the total momentum and the 6-vector which has three components
equal to the total angular momentum. The usual form of dynamics expresses
everything in terms of dynamical variables at one instant of time, which results in
especially simple expressions for six of these ten, namely the components of
momentum and of angular momentum. There are other forms of relativistic
dynamics in which others of the ten are especially simple, corresponding to
various sub-groups of the inhomogeneous Lorentz group 4. One form of

relativistic dynamics is the so-called light front formalism.

Consider the three-dimensional surface in space-time formed by a plane
wave front advancing with the velocity of light. Such a surface will be called a

front for brevity. For the x-coordinate System, an example of a front is given

by the equation X. = Xp- x3 = 0. We may set up a dynamical theory in

which the dynamical variables refer to physical conditions on a front. This will

make simple those of the fundamental quantities associated with infinitesimal
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transformations of coordinates that leave the front invariant and will yield the

front form of dynamics.

Light-front, or light-one (LC), coordinates are defined by the
transformation

(x9 x!,x2,x3) = (x+,x!,x2,x) (3.54)

witn x* = x0 +x3, x = x0-x3 and X = (x1,x?). We get a convenient

notation by using the + and - suffixes as tensor indices together with 1 "and

2.

The metric tensor is

0o 0 O % 06 0 0 2

_{0o -1 0 0 . ow_10 -1 0 0
Guv = 0 0 -1 0 y 8 - 0 0 -1 0 (3-55)

1 0 00 2 0 0 O

where t and v are summed over +, 1, 2, -. Therefore the scalar product is

AB = %(A*B- + ABY - A,;'B, . (3.56)

In particular, one has
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0=090" =239-9, (3.57)
and
=2 -25 =29
X, ox- (3.58)
o= 9 -2 =29
ox. ox* (3.59)

We use the convention that x* is the LC time and p- is the LC energy.

The fundamental quantities p; , py, P.» M2, M., M. and M, are
associated with transformations of coordinates that leave this frontinvariant and
will be especially simple. The remaining ones p,, M;, and M,, will be

complicated, in general.

Thus, the front form has the advantage that it has seven of the ten
fundamental generators given by simple expressiéns, instead of the six of the
instant form. This m;akes it mathematically the most interesting form. The front
form has the further advantage that there is no square -root in the expression
for p_, which means that one can avoid negative (LC) energies for particles by
suitably choosing the value of the dynamical variables on the front. (One avoids
having to make a special convention for the sign of a square root) It may
then be easier to eliminate negative energies from the quantum theory. In 6ther

words, the Einstein mass relation
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p2 = ppt = m’ (3.60)
is linear in p- and p*, incontrast to the quadratic form in p® and P. From

the on-mass-shell relation, we get

PP - PL= m? = p = (P + m?)pt , (3.61)
@) - P = m - p0 = HVPF o+ m? . (3.62)

In the above equations we should contrast not only the single solution for

p~ versus the two solutions for p°% but also the simpler, quadratic

dependence of p- on P, , instead of the square root dependence of
pd on p> Note that p- = (P2 + m2)p* is the on-shell value of the

energy . Besides, in the light front approach, all particles are treated equally,

since all of them are on their mass shells. The energy-momentum vector,

where p~ is on shell, iswritten as (p*,p;.py P).

In the following, we will describe final state interactions (FSI) in the

light front formalism in a study of the EMC effect.
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3.4.1 Final State Interaction (FSI) Model

Consider the usual convolution expression for the invariant structure

function of the nucleus in the light-front formalism 4. We have

Fi(x, Q%) = f dy pA(y) Fi(x/y, Q¥ ,
x (3.63)

where ph(y) = f dp &(y - Ap*/PX) pn(p) is the probability density that the

nucleon carries longitudinal momentum fraction y of the momentum of the

whole nucleus and x =q2%/(2Mv) is the Bjorken variable. Further

pN(p) = f d3p < P4lafi(p) an(p) IP4 >/A
(3.64)

is the light-front momentum density of the nucleons in the target. p and- P, are

respectively the four-momenta of nucleon and target. The normalization condition,

f d3ppn(p) = 1, implies

[dy PNy = 1. 565

If nucleons are the only constituents of the nucleus, the conservation
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A
of the light-front momentum requires Z pf = P4, which in tum implies
i

fdyyp?(y) = 1. .66

A
In the presence of other hadrons, such as pions, Z pt < Pi, which implies
i

fdyypf(y) < 1. 6n

In either case, the momentum fraction p#/P; is always between O and

In the conventional picture of the nucleus, the long- and medium- range
nuclear forces are dominated by one- and two-pion exchange. This picture
implies the presence of constituent pions in the ground-state of the nucleus.

The density describing the light-front momentum fraction of pions per nucleon
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is then pi(y) = fd3p 3(y - Ap*/PR) pa(p), where

pa(p) = f d®p’ < pal a(p) an(p) Ipa >/A
(3.68)

The average number of pions per nucleon is <ng> = J dy pAi(y) . In the

presence of pions the convolution formulae for the structure functions is

F3(x, Q%) = f dy [ ey, @2 pNy) + Fltxly, Q9 pE(y) |
(3.69)

Conservation of the light-front momentum in this case implies

fdyypﬁ(y) +fdyypﬁ(y) = 1.
(3.70)

In order to calculate p_(p) correctly, it is necessary to know the nuclear

wave function constructed on the light front. However, thus far we do not have
much information about light-front nuclear wave functions. If we use the well-

known instant-form nuclear wave functions, we must use equal-time quantization.

Then the interpretation of the distribution functions, pN and p", as
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probabilities is complicated by the need to consider the dynamics of nucleons
and pions explicitly. A recent analysis%, which provides a quite good fit to the
SLAC data beyond the shadowing region, requires that about three percent of
the momentum in the iron nucleus be carried by mesons. However, this percentage
is required to increase in heavy nuclei to explain the effect, while binding effects
are expected to saturate around A = 56. There does not appear to be a natural
explanation for the increasing fraction of momentum carried by mesons as one
considers heavier nuclei, although we cannot exclude such growth on theoretical
grounds. A satisfactory resolution of this problem again requires a systematic
study of light-front nuclear dynamics which has not been performed as yet. It

is therefore doubtful that pion dynamics are well treated.

At high energies, hadronization takes place at some distance from the point
where the quark absorbs the energetic photon. For many of the hadrons formed,
this distance is significantly larger than the radius of a large nucleus.4? With that
in mind, one may ask how the quark interacts with the medium after absorbing
an energetic photon, and if this interaction may influence the structure functions of

nuclei at the few percent level.

In the light of the comments, one is motivated to study the role of final-
state interactions in providing a novel explanation of the EMC effect. (We remark
that final state interactions, if preserit, are not expected to saturate at intermediate

values of the mass number, as isthe case of explanations based upon nuclear



71

binding.) For this analysis, we need only consider values of x sufficiently
large so that 'shadowing' is unimportant. We also neglect any aspects of the
dynamical description which would lead to corrections to the convolution formula

of Eg. (3.61).

Among the wvarious explanations of the EMC effect, as we mentioned
before, none of them have addressed the role of final-state interactions. For the
time being, we neglect the role of pions and consider Eq. (3.62). If we modify
the above formula to include coherent final state interactions in a minimal way,
so as not to invalidate the convolution formula, we have

F(x, Q) = f dx'f dy pa(y) F3(x'y, Q%) P(x', x; Q%) 5

where P(x, x; Q2) describes the relation between the x' value of the struck quark

and the value of x the quark has when we consider it to be no longer

interacting with the medium. We will make a simple assumption concerning the
form of P(x'x; Q%) and find that the analysis of the data of Ref. 48 supports

this assumption.
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3.4.2 Description of Deep-Inelastic Scattering

The interpretation of structure functions in terms of the parton model
relies heavily on the impulse approximation. One assumes that the quark leaves the
intgraction region as if it were free, having a very large energy in comparison to
all spectators. The cross section may be calculated in terms of the probability to
produce the quark in the final state. Itis assumed that the cross section to
produce the quark is equal to the cross section to produce anything; that is,
hadronization takes place with unit probability at a later stage in the process and
at much longer distances than that probed by the incident photon. The cross
section is then expressed in terms of the probability distribution of quarks in the
target, as a function of the Bjorken variable, XBj» which is identified with
fraction of the target momentum carried by the struck quark. (Experimentally
measured structure functions of nucleons support this idea to large extent, though
recent problems in understanding polarized structure functions do not permit the

conclusion that the details of proton structure are properly understood.)

If we consider a quark present in a large nucleus, we may note that after
absorbing a photon, the (weakly interacting) quark may travel about several fermis
through a medium of density comparable to the proton density itself before it

can properly be described as a 'physical' particle for the purposes of calculating a
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cross section. We suggest that the quark can interact weakly with the medium,
emitting some soft radiation which can be absorbed or scattered by the particles
of the medium before the quark leaves the nucleus to be counted in the final
state. However, such processes can degrade the quark momentum somewhat
from the value it had just after absorbing the photon. Although the quark
interaction with matter is weak, it is conceivable that the quark may lose a few
percent of its original momentum. This has the consequences that, when we
perform célculations of the nuclear structure function, we find that we are
performing an average over the Fermi motion of the target using a nucleon
structure function evaluated at a slightly larger value of x than we would use
otherwise. Thus the FSI model gives rise to a 'rescaling analysis' somewhat
different from those considered previously. On the basis of the FSI model
we expect that the shift in the value of x depends upon the quark passage

through nuclear matter and we should find that the shift has a component
proportional to A!/3, That is what our data analysis suggests, providing
support for the model put forth. (As noted earlier, the FSI model provides a

natural explanation of why effects due to the nuclear medium do not saturate

with increasing mass number.)
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3.4.3 Light-Front Calculation of Deep-Inelastic Scattering

We suggest that the analysis of deep inelastic scattering is best done in the
light-front formalism, although most of our understanding of nuclear dynamics

has been achieved within the context of the instant form of dynamics. In spite of
the lack of complete understanding of light-front nuclear dynamics, we believe the
advantages of the light-front formalism for this problem make it the natural

choice for this analysis.

We assume that the transverse momenta of quarks in nucleons are
negligible for this discussion. We consider the projection, k¥, of the quark
momentum defined with respect to the direction specified by the photon momentum

and the target momenta “. The ratio of k* to the projection of the nucleon

momentum, p*, in the same direction, is called x, the longitudinal fraction of the

nucleon momentum carried by the quark. In the Bjorken limit, x coincides with

xpj as in the parton model. The nucleon structure function is equal to

F?(xBj) = J dx f(x) 2mv 3Cmv - Q¥/x) (3.72)
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= D, e?xpff(xp)
S : (3.73)

where f(x) is the probability of finding a quark with momentum fraction x.
(Note that an integration has been performed over momentum components
transverée to the direction used in defining x. For simplicity, we do not
distinguish between the various valence distributions and 'sea' quark distributions.)

The nuclear structure function is then equal to

1 y
Foxp) = A dyphy) | 9% fix/y) 2mv 8(2mv - Q¥/(x - Ax)), -
, 0 Y (3.74)

1
= Aj dy RO FY(E 1+ 4))
xpj (1+4) ' (3.75)

if we make the assumption that the quark loses a fraction A of its light-front

momentum, characterized by the value of x. Here pﬁ(y) represents the probability

to find a nucleon carrying fraction y of the momentum of nucleus.

In general, the shift A may be a function of x, QZ, or evenv; however,

we will assume that A = A(A, Q2). The simplest assumption is that the change
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in x depends upon the magnitude of x. That is, we assume that the quark loses a

fraction A of its x value.

We note that the authors of Ref. 48 state that their data is largely Q?
independent and they present data averaged over several values of Q2. We,
therefore, also assume that the data we are studying are independent of Q2; however,
we find that our parameterization of the final-state interaction effect, via the

parameter A(x, Q?),is Q2 dependent. This unusual feature has its origin in the fact

that the nucleon structure functions used are themselves Q? dependent. Thus, there is
a complex interplay between our parameterization via A(x, Q?) and the scaling

violations exhibited by the nucleon and deuteron structure functions themselves.

We have taken the nucleon structure function to be the structure function
for a nucleon ip vacuum. That is, we neglect off-mas.%—shell corrections. In the
past, off-mass-shell effects have been considered within the context of the instant
form of dynamics. There is a good deal of arbitrariness in the use of the instant
form and the techniques applied in that formalism have been subject to some
criticism 50, (Usually, some confusion is created when features of instant
dynamics and light-front dynamics appear in the same calculation.) While neither

formalism is free of ambiguities, we will here limit ourselves to the light-front
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analysis. Ultimately, we would hope that both formalisms are well enough
understood that the same result could be obtained on the basis of the same
physical assumptions. In part, some of our difficulties lie in our lack of
understanding in how to use Feynman diagrams in nuclear physics in an
optimum manner, such as to obtain a level of accuracy necessary for calculation
of the EMC effect. (Some discussion of off-mass-shell effects in a specific,

simple model, as they appear in the light-front formalism, may be found in

Ref. 49.)

Finally, we need to specify the nuclear momentum distribution, pﬁ(y).

Again we face the problem that this function is not measured directly . That
function is properly defined in terms of the modulae squared of light-front
wave functions, summed over light-front (effective) Fock-space sectors in the

nucleus, and integrated over all degrees of freedom except y. We believe that it

is quite reasonable to assume that pf\l(y) has its support well located around

y=1/A and its width given, approximately, by the known Fermi momentum of

nucleons in a nucleus. Moreover, pkl(y) is normalized to 1, since it represents

a single nucleon distribution. We also require that the first moment of y,

<y‘>p = 1/A. This is consistent with our assumption that binding fields carry

little of the total momentum. In this assumption, the FSI model differs in spint
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from the models of Refs. 46 and 51 . Nevertheless, the FSI model is similar
to various 'rescaling' models. We note that, in general, some type of rescaling
model may be used to fit the data. The important issue is, of course, the

dynamics underlying a rescaling analysis.

Since the model used is quite simple, we have also chosen a simple

form for pﬁ(y)_ We put

oNy) = 6 (y2-y) (¥ -¥1)

(y2-n1”® (3.76)
where y1 = (1 - kgm)A , (3.77)
y2 = (1 + kg/m)/A . (3.78)

We infer values of kg using the compilation of nuclear radii given in Ref. 52. (A

similar shape for pg(y) was used in Ref. 53.)

The distribution chosen for pN(y) has the property that
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1
m2<(Ay-1?> = mzj Ay - 1 pR(y)dy,

(3.79)
= k2, (3.80)
=B, (3.81)
= k&5 (3.82)

as expected in a nonrelativistic system.

3.4.4 Determination of A(A, Q2) from Deep-Inelastic_Scattering

Data for A 2 4.

We make use of the data of Ref. 48 , since that work presents results for

several nuclei. The SLAC data tables 4 present ratios of cross sections,

©,/0p, as functions of x. We identify these ratios with F4/F5, also making use

of the assumption that the quantity R has no significant dependence on A. (If

these assumptions are incorrect, our analysis would have been reconsidered.)
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In order to calculate F2, we need to know both the proton and neutron structure

functions. There are different ways of extracting the neutron structure function
from the deuteron and proton data to be found in the literature and these
procedures do not give identical results. (Some discussion of this matter and
references to earlier literature may be found in Ref. 49.) We note that nucleon
structure functions described in Refs. 54 and 55 differ by more than 10 percent for x
> 0.3. This feature requires that we adopt a meanir{gful calculational strategy,
since the EMC effect is of the order of ten percent. A consistent procedure
appears to require that we use only a single set of data and, therefore, we only
make use of the SLAC data of Refs. 48 and 54. The situation is still not

entirely satisfactory, since inthe SLAC analysis an adjustment was made for the

neutron excess, using the relation o, = (1-0.8x) c,. If this approximation is used

for the structure functions, it leads to a result for the neutron structure
function that is as much as 5 percent larger than the neutron structure
function extracted originally, the deviation varying' with the value of «x.
Further, we note that the work of Ref.54 leads to a neutron structure
function which is larger by 3 percent at x =0 and smaller by 1.5 percent
at x =015 from the results obtained wusing the simplified smearing

formula described in Section 3.4.2. For x larger than 0.3, if we use, for

example, kg =70MeV and A =0.0065, we are able to reproduce the



81

relations between FzD, Fg, and F) givenin Ref 54 with an accuracy better

than 0.5 percent. Therefore, we conclude that there is about a 1 percent

uncertainty in the theoretical results that we are not able to improve upon.

With these considerations in mind, we use the data of Ref. 54 and put

FB(x, Q%) + Fix, Q%)

N A
F2(xQ) = 2 (3.83)

There is some dependence on Q2, with expansions of the form

7
Fax,Q) = xo ¥ C(-bi,
g O} (3.84)

givenin Ref. 54 for FY, F), and Fj. (Values for the C; and ® may be

found in Ref. 54.)

We form the ratios

1 Fx/a)
rx) = Tobio N
7 F2 (3.85)
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where F,(x) was given in Section 3.4.2. We then vary A(A, Q?) to obtain a

best fit to the data of Ref.48 by minimizing the %2 value. Results obtained in
this manner are given in Figs. 24 and 25. In Fig. 24, we present values of
A(A, Q%) for Q? =5,10 and 15 (GeV)2. It is clear from Fig.24 that

A(A, Q?), determined as described above, grows with A and decreases with Q2.

The fact that A is proportional to Al to a good approximation, tends to
prop g PP

confirm our original suggestion that the fraction of longitudinal momentum lost

has a component proportional to the distance traveled by the quark in the

medium. The fact that A(A, Q?) decreases with Q2 1is interesting and may have

something to do with asymptotic freedom; however, we can not be precise upon

that point. The fact that A(A, Q?) decreases with Q2 in our analysis has its basis

in the fact that we treat the data describing the EMC effect as being independent

of Q2. Since the nucleon structure function changes more rapidly with x for the

larger values of Q2, smaller shifts are required to fit the data at the larger values

of Q2. It is of interest to obtain greater understanding of the dependence of A

upon Q2. (That would require data at higher values of QZ2.)

In Fig. 25 we see the quality of the fits obtained in this model. The
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analysis leads to the curves in Fig. 24, which can be fit with the form

AAQ%) = a(Q?) + bAlIS (3.86)

where a(Q2) is a decreasing function of Q2. (For example a=0.023, a=0.015,
and a=0.013 for Q?=5,10 and 15 (GeV)?, r.espectively.) The quantity b is
less Q2 -dependent and can be said totake on values between b=0.07 (at
Q@ =15GeV?2 and b=0.08 (at Q2 =5 GeV 2), with about a 20 percent
uncertainty. With the use of a simple formula for the nuclear radius,
R(A) = 1,A13 | one could conclude, on the basis of the analysis presented

here, that an energetic quark moving in nuclear matter loses about 1 percent of

longitudinal momentum when traversing a distance of about 1 fermi.

As may be seen from Fig. 25, the fits to the data are not »excellent. The
value of %2 ranges from about 1in “4He to almost 3 for J%Fe, which is the
worst case. It is not possible for us to achieve a better fit for x <0.3 using

the nucleon and deuteron structure functions of Ref. 54. (In Ref. 49, the mesonic

contribution served to increase the calculated ratio in the region

x < 0.4 and, therefore, the xz obtained was superior to that found here.)

Surprisingly, the results for A(A, Q2?) are rather independent of the data
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in the region x < 04. For example, if we either minimize the

%2 value for all data points, or only for the data in the region 0.38 < x <0.78,
we obtain values for A which differ only by a few percent. On the other hand,
excluding the low x region improves the value of %2 by 30-50 percent. We

note that the dependence on A obtained for A in this work matches to a large

degree the A dependence of the quantity

<y>; = fdyyp,’i(y) 5.87)

introduced in Ref. 46. ( pa(y) is the distribution of the momentum of the pions

in the nucleus that was used in Ref. 46.) This is not unexpected, since the FSI

model and the model of Ref. 46 are both rescaling models, which differ mainly
in their interpretation. These models may be distinguished, however, in their

implications for momentum sum rules.

Another feature of our analysis is the possible dependence of the fitted

values of A upon the choice of the nucleon distribution, pﬁ(y), and, in
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particular, upon the choice of k,{-‘. However, as already noted in Ref. 49, if
pN(y) is concentrated around y = 1/A, the results of this calculations are

only sensitive to the first two moments < (Ay-1)> and < (Ay-1¥>. We

find that, if wevary k2 by 5 percent, the value of A changes by less than 5

percent. We are encouraged by the fact that the best values for x2 are

obtained , if we wuse the values of kf:‘ in the range inferred from our

knowledge of nuclear sizes 52

In Ref. 46, a model with explicit mesonic degrees of freedom was

considered. In that model, the presence of 'excess mesons' leads to a shift in the

distribution of nucleons, px(y)_ Note that pm(y) is a sharply peaked function and

shifting it toward smaller values of y leads to a reduction of <y>, from its
‘'unshifted’ value, 1/A. In general, such 'shifts’ are not equivalent in their

action to the final-state interaction discussed here. However, because of the

forms of pN(y) and F)(x), and the factthat F}(x/y) appears in the convolution

formula, we can see that shifting y to smaller values is equivalent to shifting x
to larger values. Therefore, it can be seen that the model of Ref. 46 and the

model considered here may both be characterized as 'rescaling' models. Of
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course, the physical interpretation is different in both cases.

In present analysis, the observation that A grows as Al/3 is found to

be stable against various modifications of the theoretical formula for the ratio of
the structure functions, although the use of various procedures can change the
value of the parameters a and b by somewhat less than 30 percent. To reach this
conclusion, we investigated various fits to the nucleon structure functions and

also calculated 'Fermi smearing' in the deuteron using the above formalism.

We also considered non-zero values of A in the case of the deuteron. If we
put Ap = 0.005, we found about a 20 percent reduction in the value of

A(A, Q%) for other nuclei.

Finally, one may note from inspection of the figures, that there is some

tendency of the values of A to grow with A less rapidly for A > 40.

Therefore, it is important for the analysis that the value of the EMC effect in
Au is as large as it is. It appears that the results could be put on a firmer
foundation if more accurate data were available for heavier nuclei. We would
also hope to make a more refined calculation of the correction due to the
neutron excess in heavier nuclei, since the correction as presently made is

somewhat imprecise.
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One prediction of the FSI model is that the EMC effect would be
enhanced as we investigate nuclei still heavier than gold. On the other hand,
because we are considering effects at the level of several percent, it will be difficult

to verify our ideas by studying momentum distributions of final-state hadrons.

Another prediction of the FSI model is that final state interactions lead
to an apparent violation of quark-parton momentum sum rules, while preserving

other sum rules based upon probability conservation. Consider the expression

for the nuclear structure function and note that FzA(x) is negligible _for

x > (2/A). Then we have

I dx Fo(x, QZ). = f ~ dx F4(x, Q?)

(3.88)

= (1-4) <A f dx F3(x, Q%)
; (3.89)
= (1-8)Py(Q), (3.90)

where we have taken, in correspondence with our previous assumptions,
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<Ay> = Af dyy paly),
0 (3.91)

= 1, (3.92)
and used Py (Q?) to denote the charge-weighted momentum carried by quarks in

a nucleon. From Eq. (3.8) we see that final-state interactions lead to an apparent
violation of the momentum sum rule obtained from the parton model. On the

other hand, we have the probability relation

X pdx) = A<l> dx glx) ,
L" 2 Py X (3.93)

which properly relates the number of quarks in nucleons and in nuclei under the
assumption that nuclei are composed of nucleons. We see therefore, that the FSI
model predicts that the momentum sum rules are not saturated by nuclear
structure functions, although probability relations are preserved. This feature has
its origin in the fact that the experiment does not measure the “‘true” momentum
distribution of quarks, but rather a degraded distribution. On the other hand,
quarks are not absorbed in this model and therefore probability is conserved.
(These comments presuppose that the fraction of momentum carried by gluons is

unchanged in the nuclear environment. If that fraction were to change in an
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unknown manner, we could not introduce a momentum suﬁ rule for quérks
alone. Further, any attempt to check momentum sum rule for quarks requires
that we have a good understanding of “shadowing”) The recent experimental
data of CERN % shows that the momentum sum rule for quarks exhibits an
apparent violation in nuclei. For example, for structure functions measured per

nucleon,

1 1
j F4(x) dx - f F5(x) dx
° ! ~ -0.023

f F5(x) dx . 94‘)

in the case of 40Ca. This was already predicted in the FSI model.

One difficulty in this interpretation is that the SLAC experiment 47 was

carried out at relatively low values of Q2. Under these circumstances it is

believed that some of the final hadrons are produced inside the target nucleus.

Although there are difficulties, we should note the possibility that the
explanation of the EMC effect described here could be relevant to understanding

the effect.
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Chapter 4

Perspectives

The existing experimental information is still too scarce and uncertain to
enable us to decide which of the many models, proposed to explain the EMC
effect, is correct. The decrease of the nuclear structure function at medium x can
qualitatively be described by nearly any class of models such as those based upon
the convolution formula with contributions of 'swollen’ nucleons, pion-exchange,
multi-quark clusters, quark exchange. Also there exist a number of x-rescaling

and QZ2-rescaling models. This just tells us that inclusive data from this x region

alone is insufficient to discriminate between different explanations. Unfortunately,
there is no single 'key' measurement which would allow us to clarify the situation.
Therefore, we have to study many different aspects of nuclear effects in deep
inelastic scattering, such as:
1) the behavior of the nuclear structure function at small x
(0.001 < x < 0.2) compared to that of a 'free’ nucleon:
a) the x dependence,
b) the A dependence and

c) the Q2 dependence.

2) the A dependence of



o1

a) the sea quark distribution,

b) the gluon distribution.

3) nuclear effects in R = o/ o7,

4) the Q? dependence of F{/Fy for x > 0.3,

5) the behavior of F2YF)* for x > 1. (This region is thought to be

best suited for studying effects of nucleon-nucleon correlations or

multi-quark clusters.)

6) FYFE for nuclei. Such a measurement will show whether nuclear
218

effects are the same for the neutron and the proton.
7) the influence of the nuclear medium on hadron distributions in the

final state.

The information from these experiments. might be sufficient to lead to
a better understanding of how the nuclear environment influences the quark
and gluon distributions in nuclei and would help to develop a fundamental
understanding of nuclear forces in terms of quarks and gluons and their

interactions.

However, all our discussion so far has dealt with spin averaged scattering.

Thus Wuv in Eq. (2.2) is symmetric and is defined with an average over the



92

spin of the nucleon IN> (or nucleus |A>). Experiments using polarized targets
should provide very interesting information about the structure of the nucleon in
terms of its constituent partons and concerning the spin structure of QCD

which, modifies the parton model results. For- the collision of polarized leptons with

a polarized nucleon described by a covariant spin vector Su , the anti-symmetric

part of Wuv plays a role. We have
W) = WRES) + W) ,

where Wffv)(S) is a symmetric second-rank tensor as given by Eq. (2.2) and

anti-symmetric term is

P. S. '
WRAS) = €y qY‘ sf’[ mG1(v,q?) + —o- Ga(v.q?)] - P22 Gy(via?) |

The new structure functions, G; and G,, simplify in Bjorken limit,

lim m2vG;(v, Q%) = gi(x),

lim mv2Ga(v, Q%) = g(x).

These structure functions depend on the spin wave function of the constituents
of the hadron. If we extend the models which explain the original EMC effect to
describe spin dependent quantities, for example, g; and g,, it is possible that
we can develop an argument, that -can help to test some of models. g, for
proton is already measured, and g, for the nucleon is calculable. Using the

operator product-expansion and convolution formulae, g, and g, for a
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nucleus are also calculable. If we calculate them for a nucleus with the same
methods as those being used in explain the original EMC effect, then the various
hypotheses can be differentiated by the new results and be checked by the future
observation. If the results of the calculation for spin dependent structure functions are
compatible with the hypothesis used in explaining the original EMC effect, then the
original hypothesis would get new support.. On the other hand, if some of the original
ideas are refuted by new results, we can reduce the possible candidates for

explaining EMC effect.
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Table 1

Momentum-Space Oscillator Wave Function

Ris(p)

b2 -1 pp)2
7[1/42‘3"]’[ 7 o) J

k]

= 2,2 -1 (bp)2
Ri@) = 272212 epexp| -1 o2

R14(p)

b¥2 4 2 B PRRY
nmm(bp) eXP[ 7 (bp) ]

*

i

Ria(p) %\/g [% - (bp)z}exp[- ;— (bp)z} |



Oscillator Parameters

4He

12C

40Ca

Table 2

b (GeV-1)

6.35

7.6

8.5
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Figure 7. Deep-inelastic scattering in the one-photon-exchange approximation.

The four momentum of the photoh is q = (v,q).The nucleon

four momentum is P and the nucleon spin and isospin projections

are s and t. The residual system (a 'diquark’) has four momentum

K = (EqK),-K)  where E«®) = (K* + m})"2, and spin

angular momentum S, with projection M, etc. The struck quark

has momentum P-K before and p = P-k+q after absorption of

the photon. The spin and isospin projections of the quark in

the final state are 5q and tg respectively. Here 4 and a

denote color indices of the residual system and the struck quark.
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Pr = (M,8) Pr

Representation of the calculation of the structure function of a large
nuclear target in the target rest frame. The figure represents the
imaginary part of the (vinwal) forward Compton amplitude. Here, the
solid line denotes an off-mass-shell nucleon of momentum
P = (PO,J—D'), In the case of nuclear matter ‘P] < kg and
]1/2

PO = B + [32 + (m+ A)? The upper part of the figure is

parameterized as in Fig.7, with K = (Ed(}—('),-l_(') again denoting

the four-momentum of the residual system, while p=P-K+q is
the four- momentum of on-mass-shell quark.

Figure 8
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Figure 9. 1) The solid curve denotes the analytic fit to F(x, Q%) givenby

the EMC?% and evaluated at Q2 = 10(GeV)?. That form is

B(x, Q) = [CixCe(1-x)S + Cy(1-x)0 ] (1 + [Co(1 - 0 + Cg]In(Q¥3)) ,

with C,=3.373, C,=0985  C;=3.688, C, =0.276,
Cs =10.629, Cz=0282, C,=8.995 and Cg=-0.078.

2) The result of our calculation of the valence contribution to the
proton structure function for p=0.89GeV and my =m. (See Eq.
(3.45).) The parameter T is such that the lower component

accounts for 1.5 percent of the normalization integral. (The fit shown

was obtained upon variation of the value of p.)
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Figure 9
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Figure 10. Off-mass-shell dependence of the valence quark contribution to

the proton structure function F,y(P2,x,Q2) calculated using the

formalism of Ref. 38. (The calculation is made for my = Yp2 and

L = 0.80 GeV.) The dotted line represents the domain of the

valence quark contribution to the free-space structure function:

FB(x, Q%) = F)(m2,x,Q?%). The thin curves encompass the regions

sampled for each orbital in our calculaton of F;(x,,Q?) and

F5(x,,Q2? for 40Ca. The group of thin curves on the left

corresponds to x, = 0.22, while the group on the right-hand side

is obtained for x, = 0.70. Note that when x, = 0.70 the kinematic

domain sampled includes values of x> 1, where F,(P2,x,Q2) = 0.

(For the purposes of constructing this figure we have taken the

maximum of ]T)'| = 540 MeV; however, in our calculations of the

EMC effect in finite nuclei we have chosen the upper limit of our

integrals over |f5l to be 1GeV.)
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Figure 11. The solid line shows the ratio of the (averaged) structure

function, calculated for 4He, to the experimental data4 for the

structure function of the deuteron. The deuteron data is averaged

over several values of Q2, as in Ref.55. The calculation is
made for b=6.35GeV! and p = 0.89GeV. Note that the

oscillator parameter, b, refers to a wave function of relative motion,
so that our value of b is equal to A/(A-1) times the value b
would have in the standard oscillator shell model. The result

is shown for two wvalues of the separation energy:

1) 8( 151/2) = 10 MeV,

2) 8( lp]/z) = 15 MeV.
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Same caption as Fig. 11, except that the target is 12C., Here b=17.6
GeV-', pn = 0.89GeV. Results are given for two choices of the

separation energies:
1) 8(151/2) = 361\46\/, E(lpllz) = ISMCV,

2) €(1s;) = 30MeV, £(lpy,) = 15MeV.

Figure 12
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Same caption as Fig. 12. except that the target is 40Ca. Here b=
8.5GeV?, u = 0.89 GeV. The separation energies used were:

1) €(1s),) = 70MeV, €(1py;) =47MeV, €(1py;) = 30 MeV,
€(1ds; ) = 20 MeV, €(28)5) = 15MeV, €(1dy,) = 8MeV
with a mean value, <e¢> = 285 MeV and
2) e(lsyp) =58 MeV, €(1py,) = 44MeV, €(1p;,) = 28 MeV,
€(1dspp) = 18MeV, €(2s) = 12MeV, €(1d3,) = 6MeV

Figure 13
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Fy(x)
1. Fexp) 2. B(4Ca) p=089;
b= 8.5 GeV-!
! Q2 = 10.00 GeV?
2 sea & val. contributions
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Curve (1) presents the (averaged) experimenial values of FzD(x) used
in this work. (See Refs. 40 and 55.) Curve (2) represents the structure
functdon calculated for 40Ca, when we include the model of the 'sea’

described in Sec. 3.13. The parameters p and b are the same as in
the caption to Fig. 13. We use the first set of separation energies

given in that caption.

Figure 14.
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as a dashed line. The solid line is the result without the 'sea’ contribution

and was shown previously in Fig.11. Note that the 'sea’ contribution is
quite small beyond x; = 0.5 , so that the previous result is

unmodified for the la:ger values of x. (Here e(1s),) = 15 MeV.)

Figure 15
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line is the result obtained without the 'sea' contribution and was
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Figure 16



OAIGD

110

Q@ = 10.00 GeV? j
b =8.50 GeV-!

B = 0.89 1). sea & val. contributions

2). val. contribution

SE = -70MeV, -47MeV, -30MeV,
-20MeV, -15MeV, -8MeV

by oo
Lt

o
©

o
)

[V U U U W ATV U U DUV U G
02 04 0.6 0.8 X

—
and

(=)

o
=)
AR RERRERERRERRRRRRRERRE

: 3
: (@)
o)

-&-!

;

Similar caption as that of Fig. 16, except that the target is 49Ca.

The parameters 1 and b are given in the caption to Fig. 13; the first set
of separation energies given there was used. The solid line is the
result obtained without inclusion of the sea contribution.

Figure 17
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The solid line shows the ratio of the (averaged) structure function
to the experimental data% for the structure function of the

deuteron. The calculation was made for 4He by using the experimental
data® and including the ‘swollen nucleon ‘ effect. The deuteron data

is averaged over several values of Q2, as in Ref.55. The result

is shown for two different W’s, (corresponding to different radii of the
nucleon in the nucleus.)

1). p =085, 2). p = 0.865.

Figure 18
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Figure 24. Values of A(A,Q2?) obtained in our analysis are shown

for three values of Q2,
a). Q2= 5GeV?,
b). Q2= 10GeV?,
c). Q2= 15GeV2.

The series of dots represent the nuclei studied with mass

numbers: A =4, 9, 12, 27, 40, 56, 108 and 197. The

uncertainties in the values of A shown in the figure are

discussed in the text.
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at Q2 =5 and 15GeV2 These fits correspond to curves a) and
c) of Fig. 24, respectively. '
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Appendix A

For convenience, we neglect -superscripts A.

B,P
W = (‘gpv“‘%‘g‘!)wl + uVW2
q ,
where
Py = Py - (Pq)quq?
From Wuv , we can form two Lorentz invariants:
I] = va@“ /P\v
C AL Ay i; ﬁ ~ A~
= (g + B BW, + EYPEY W,
q2 N :
a4
= -W, P2 + Wy P
p2
/\p/\
qHq P
= (-ghu + —T“) \%Y% W,
a2
= 3w, + Ew,

From 1, and I,, we can solve W, and W,,



a2
%2'(1] - P I2)s
2P

e, o Ao
2(]2 ’}32),

A/\v

P*P
P

2P

2
B, - 2,
2P P
2 gy 3p" pY

) Wy .

(When P?2=m2)
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Appendix B

”~N AN

PP
)WY+ “2V wy |
P

Quqv
q2

wﬁv Pq) = (-guv +
and

A
WAPA Q) = 3, f &3P |o; B WP, q)
1=1

For convenience, we neglect superscripts N in Wiy , WY and W5 . So,

/\u /\\p
W/I\ = ';_ (g - Pi';P 4 )Wﬁv s
Pa
A SH GV o 1
2 PAP ¢ PP,
= -%— d3P|¢1(P)| (g“v - ,A\zA ) ('g.uv + qu]V)W] + },1‘,\ WZJ
i=1 Pa q2 p2
In which,
P, P4 : QpQv llsi PA Euv gvquQ
(gHv - e )(-guv + 5 YW, = (-ghy + ~ + 5 ) Wy,
PA q PA q
= (-4+ 1+ 1)W; =-2W,.
Because

B’ = [P* - (P)qMq? || Py - (Pq)qu/q? ],



Similarly, we have

In the target rest frame,

_ p2 o (P9
q2
~ PA-q)?
P,Z\ _ P% _( AZQ)
q
2 2 Miv2
PA = MA = ’
q2

a2
= Mj (1- ¥)=-MzL
q q*

and
P.Pa= [P* - (Pq)a¥q? Il Pay - (Paq)au/q? |,
) Pa-
- PP, - (P-q) (Pa:q) ,
q?
v(P-q)
= Malpo - —1.
q
Thus,
(grv- Fafa ) Thv gy o qpr . (RN W
PA P PA P

.q)2 2
P 0L i Yo | M
q a2 q p2
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2 .q)2 . 2(p.a)2
- (P% P g_p(z) _(Pq)F 2P0V;P qQ) L VP \wy
-2 q2 'c-l’ -c—luzqz P2

b

-2 -2 p2 ’

' 2
_ (yng g (P2 2Pv(P) )&
q q q

= (_712 [Pov - (P-q))?- P w—; ,
g P

=L E9- P2
q
- ~2 P2 Wa
= [(P-Q) P]PQ’
- .pt W2
= P‘LPZ
Therefore,
W?='%—(8‘W' P,:ZP_A )Wﬁv )
Pa
A . 2
= _1 3 oy 2 Pl
—-§i=]fdpl¢la))! ['2W| - sz}’
A 2
- P
= d3p '(P)Z[W +—iw}
S [erlo@f | wi+ Tw|
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2 oo
wi = -1 (g-“" : 2PA"*)W{}\. :
= Pa Pa

& 3P, Px Quq PP, !
= _.1.. Z d3p|¢l(p)lz M- 'u\' - ;PL;_/_\_ l' ( “‘—’u\ + }J’V ) W] 4 - W: P
23 Pa Py q- p- |
where,
3 iSu /[5\ Quv
g”v - ""—A_'_A" ( Lp\r + - 3 )\)\/] = (-4 -+ 1 + 3)W| = ()
i q?
and
~lU ~ > P H ~ 2 1
M | v . 3P4 Pi\} PPe w, = Maoip 2@ Pty
Pa Pa | P’ P> Bil PR |
12| (PP 2(P- Py’ ]I Wa
- - -l;’i- .EF. - ~7 i -
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Further, we have

=2 =2 Y

_q2 (P-Pa)® C12(<12 [Po - V(P’Q)] )
q Pa q ,

9—2-[ PivZ + (P-§)2 - 2Pyv (P-E]’)])
q .

= :ﬂr[ﬁ“?ﬁ +v2(B-G)? +2Pev GAF -]
q -
Since, we have q = (v,0,0,q3), §° = ¢ and Q% = - g2,

2 (P -Pa)?
- %.2_.&_") = —12—[q§ P + v2P} - 2PyvP3q; |

q ﬁi q3 ,

= L(P%’ - P3g02.
a3
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Thus,
wh - _Lm_i[ " 313,*{13,4} BBy
~2 ~2 2 :
2 Pa Pa P
- 043 . p340) 2 2 2 N
=3 | erlo@f ([————-——(P 9P )} N _'}[_.Q 2] W
i q (g3)2]/ P?
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