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We present a novel interpretation of deep-inelastic scattering data. In our approach the Q2 evolu-
tion from perfect scaling starts with a discontinuity in the structure function F,, due to strong
correlations among the sea quarks. This effect is compatible with the data gathered in the kinemat-
ic region available so far, but will bring new predictions in the kinematic region which will be
reached in the near future. Precise experimental suggestions are indicated so as to distinguish be-
tween QCD incorporating strong correlations, leading to abrupt scaling violations, and current
QCD without such correlations, leading to a smooth logarithmic scale breaking.

I. INTRODUCTION

A fairly complete set of parton distribution functions of
nucleons, mesons, and even the photon, has been obtained
since high-energy leptons were shown to have a nonzero
probability to scatter off hadrons with large transfers of
energy v and momentum Q.

The kinematic region of the v-Q? plane which we have
been able to probe has been high @ and high
X =Q2/2Mpv, and medium values of Q for very small
values of x. This is well understood: the energy and angu-
lar distributions of the scattered leptons show a certain
type of correlation known as scaling, which arises from
elastic lepton-parton collisions (where the parton is a fer-
mion).

An improvement in our understanding of hadron struc-
ture has been reported recently, namely, the value of the R
parameter, which may be defined as the ratio of the num-
ber of spin-0 to spin—% partons. It is reported that R is
very small! (0.06+0.012+0.025) for x >0.4 and Q>=38

GeV.2 There are nonzero values of R for small x, but R is
still badly known in the kinematic region of small x and
large Q2.

From the above it follows that there still remains a
large unexplored kinematic region (small x and large Q2).
This is further aggravated by the fact that the most recent
experiments trying to enter the new kinematic region
disagree at the 10% level outside statistical errors.!

On the other hand, the correct ground state of quantum
chromodynamics (QCD) has so far eluded a thorough
understanding. A great diversity of pictures have been
tried, suggesting how it might be formed. However, so far
we cannot be completely certain of its structure.

We believe that there might be sufficient evidence for a
type of correlation in the QCD ground state, beyond scal-
ing, which the above-mentioned kinematic region will re-
veal. There appears to be enough indications for such
correlations in the data gathered so far.

The remaining part of this paper has been laid out as
follows: In Sec. II we have introduced the assumptions of
an extended (E) quark-parton model (QPM), which will al-
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low us to study the new type of correlations in the QCD
ground state, which also occur in various forms of con-
densed matter. In Sec. III we have considered the signifi-
cance of the new correlations implied by the EQPM. In
Sec. IV we have justified the use of the generalized
Hartree-Fock approximation. We continue, in Sec. V, to
consider the available data (cf. Sec. V A). We indicate, in
Sec. VB, how the data was interpreted in order to learn
about the gap evolution for values of the x variable which
range within the new kinematic region considered in our
paper. Three figures and one table supplement this sec-
tion. Finally, in Sec. VI, we discuss the new predictions of
the EQPM which go beyond QCD without correlations,
not only in the sharp break of the structure function, but
also in the expected behavior of the R parameter.

II. A SECOND TYPE OF CORRELATION

Quantum chromodynamics has succeeded in incor-
porating the QPM into a gauge theory predicting a smooth
logarithmic scale breaking. This is well adjusted to the
data for low momentum transfer (Q <100 GeV?).! In
view of the presence of uncertainties in QCD due to un-
calculated power-law terms from higher-twist operators,?
it seems worthwhile to consider further nonperturbative
effects supplementing the basic ideas of the QPM, the na-
ture of which lie just beyond QCD. We consider below
the well known pairing phenomenon of quantum liquids,
with a highly correlated ground state yielding an energy
gap A in the spectrum, related to the coupling constant V'
[cf. Eq. (8) below] by means of an essential singularity, ba-
sically arising from a nonperturbative mechanism.3—!!

In order to understand how the energy gap will show up
in scattering cross sections, we adopt the following as-
sumptions:

(A) The nucleon may be viewed as a multiple-quark
structure, accompanied by a sea of virtual quark-
antiquark pairs. The internal quantum numbers of the
nucleon are carried by the valence quarks, and the sea car-
ries the vacuum quantum numbers. The quark q,j and an-
tiquark g of the sea are assumed to interact through
some short-range force, so that the sea is unstable to the
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formation of pairs [cf. assumption (D) below]. With a fer-
mion transformation we may introduce operators of
creation and annihilation of quasiparticle excitations Qy,
0 ,7:, respectively (cf. Sec. IV below).

(B) The masses of the quasiparticles are shown to be
such that the use of the Hartree-Fock nonrelativistic
methods becomes plausible (cf. Sec. IV below).

(C) We assume a probability distribution for the sea
quarks which contains a divergent number of partons of
very low momentum; this is precisely the reason that in-
duces us to believe that many-body methods should be ap-
plied to hadronic problems.'? In order to make a definite
start we assume a probability distribution of the type'3

dP(x)=dx(x*+u?/P?)~1/2 (1)

where we denoted the parton fractional momentum by x
and the quark mass by u; finally, P denotes the nucleon
total three-momentum. A more comprehensive probabili-
ty distribution has been given by Ranft,'* but our con-
clusions do not change significantly; we only require a
divergent number of partons of very low momenta. Equa-
tion (1) seems to be superseded by recent QCD calcula-
tions of hadron structure,!® which lead to a simple baglike
picture of hadrons.'®!'7 Yet, we must emphasize that the
two aspects of hadron structure which we are assuming in
Eq. (1), namely, a set of a few valence quarks plus the sea,
are backed by overwhelming experimental evidence.!

(D) Our fourth assumption is that the hadron has a
third important class of constituents, namely, a sea of vir-
tual gluons, the quanta of the color-force field, which are
exchanged between the quarks and between the gluons
themselves.

(E) The role of the gluons becomes of secondary impor-
tance in our Hartree-Fock approach, since its effect is
averaged by the interaction term Vi [cf. Eq. (6) below].
This is in exact analogy with the effect of the phonon
field in the theory of superconductivity, where the
phonon-phonon interactions are neglected to first order.

(F) Our microscopic quantum-liquid model of hadron
structure will undoubtedly require us to take into account
the valence quarks, which in general may be considered as
broken Cooper pairs. However, for the reasons mentioned
in the Introduction, we restrict our attention to partons of
very low momenta. Our final assumption is that the sea
quarks dominate in this region. There is ample evidence
supporting this assumption.! Since in Secs. V and VI we
will look at lepton-hadron deep-inelastic scattering, which
probes essentially the sea, we shall not develop in detail
the theory for the valence quarks.

III. Q2 EVOLUTION OF THE STRUCTURE FACTORS

The standard approach to the Q2 evolution of the struc-
ture functions splits the quark-antiquark pairs arising in
the sea; these components are called flavor-singlet contri-
butions. It should be emphasized that no correlations in
this many-fermion system have been envisaged so far.
Following a general result by Cooper,!® given an attractive
force among such fermions, condensation occurs through
the well known mechanism of pair correlations (simply re-
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ferred to as Cooper pairs).

Besides the flavor-singlet contributions, there are
flavor-nonsinglet  distributions, which arise from
unpaired-quark contributions. Such unpaired quarks are
usually taken as valence quarks, but given the correlations
we study in this paper, these flavor-nonsinglet contribu-
tions could arise from ‘“broken pairs” of the proton sys-
tem, viewed as a quantum liquid. The concept of a bro-
ken pair is well understood in superconductors, as well as
in superfluid 3He.!®

As Q? increases from low values, the following situa-
tion occurs: At initial values of a few GeV the distance
scale being probed is long, and quantum processes, such as
emission and reabsorption of quark-antiquark virtual
pairs, are obscured. For larger values of QZ, two options
are presented.

(i) If there is no strong correlation among sea quarks,
the distance scale being probed is much smaller, and the
quark may be resolved into a quark and a gluon. Altarelli
and Parisi have described this situation.’’ The approxi-
mate solution to the QCD equations of Buras and Gae-
mers??2 in fact produced smooth functions for
xFNS(x,0%), xF5(x,Q%), and xG(x,Q?), the nonsinglet,
singlet-structure factors, and gluon distribution function,
respectively, times the x variable. This solution produces
a fit to the CERN-Dortmund-Heidelberg-Saclay (CDHS)
early data?>~2% for a kinematic range 5<v <200 GeV,
0<x <0.7, 1<Q?<160 GeV2. This data clearly shows
the QCD-like behavior predicted. The more recent CDHS
data with an extended kinematic range reaching
5<v<280 GeV, 0<x <0.7, 1 < Q% <200 GeV? also sup-
ports the QCD-like behavior.!

(ii) If there is a strong Cooper-pair correlation among
the sea quarks, as we increase Q2 the smaller distance
scale being resolved would produce, for small x (<0.2), a
smooth QCD type of growth in the structure-function
evolution F,(x,Q?). However, no smooth fit to the data
of the usual type (1—x)?, x*(1—x)?, would be able to
reproduce what happens as Q— A, since for such a value
of Q, there would arise a discontinuity in the structure
function. The reason is that the virtual photon has been
incapable, up to that value, of breaking the pair and, for
Q =A, such a possibility begins to occur, yielding an in-
creased collision probability; hence, an increment in F,
would follow. While we are suggesting to supply QCD
with the missing correlations of the sea quarks, in this op-
tion (ii), our predictions will differ clearly from QCD in
the as-yet-untested new kinematical region. In Secs. V
and VI we will show that in this region there are some
differences between QCD without correlations and QCD
with correlations.

IV. THE VALATIN-BOGOLIUBOV
TRANSFORMATION

Let the creation operator of a d quark of the QPM be
denoted by d :, and let the corresponding antiparticle
creation operator be denoted by d I; here, the Greek letter
« denotes spin o and momentum K. From our experience
with the familiar fermion pairing in the phenomenon of
superconductivity, we learn that the fermion representa-
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tion most naturally linked with experiment is not neces-
sarily the most convenient fermion representation in
second quantization. Therefore, Valatin®® and Bogo-
liubov?’ prefer new quasiparticle excitations (more ener-
getic than the free particles) to the free conduction elec-
trons. Likewise, we prefer to change to a more convenient
fermion representation of “quasiquarks,” whose creation
operator is denoted by Q. In the present case, we prefer
to consider the quasiquark D, with its antiparticle DI.
The quarks and quasiquarks are related by

Dy=frede—ged" (2)
Dl=fdl—gd_,, (3)
D_o=frd_c+8ed) , )
Dl =fd +gd., (5)

where f, and g, are the usual free parameters to be deter-
mined by minimizing the Hamiltonian. There is a corre-
sponding Valatin-Bogoliubov (VB) transformation linking
antiquarks and antiquasiquarks.

In terms of the D operators, we obtain a contribution
towards the total Hamiltonian of the type

H(D)=2€(D)K(DI‘DK +D—I'5K)
K
+3S VDb D_.D,), 6)

where €p), denotes the independent fermion energy.

We may complete the total Hamiltonian with contribu-
tions H”, where i runs through all the flavors. It is to be
noted that, just as phonons do not appear explicitly in
mediating pairing in superconductivity, here gluons are
understood to contribute towards the average Hartree-
Fock potential V,,.. Consequently, the total Hamiltonian
is

H,=3H", M
1

where the index i runs through U, U, D, D, S, S, etc. We
take the single-particle energies and interaction ¥V, to be
equal in the above contributions to the total Hamiltonian.
We may then minimize the expectation value of H with
respect to the Bardeen-Cooper-Schrieffer (BCS) ground-
state wave function®® (which is the vacuum of Q'QT).
This leads, following the same steps as BCS, to a solutxon
for the gap A, with the simple average interaction

—V, for |K|,|K"| <5,
Viae = @®)
0, otherwise,
where 8 is a small parameter. We have further assumed,
for simplicity, that the averages over (QKQ _KQ Q)
give equal contributions to the total energy of the ground
state. Similarly, we find that the D quasiquark has a
“broken-pair” energy given by!®

Epn=epyi+AN12, )
For a sufficiently large energy gap

E (p)c >>€(p) - (10)
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In macroscopic superconductivity this situation does not
arise, since the phonons are incapable of mediating a pair-
ing force significant enough to set a sizable difference be-
tween the conduction electrons and the more energetic
quasiparticle (broken pair).

To summarize the main points of this section we may
say that given the inequality (10), the more appropriate
choice for the hadronic constituents is the fermion repre-
sentation, in which their energy is higher, namely,
U,D,S,... . Therefore, in spite of the fact that we wrote
the Hamiltonian formalism in terms of this representa-
tion, it is more convenient to choose the free-fermion rep-
resentation u,d,s,. .. for writing the Hartree-Fock (nonre-
lativistic equations). In view of the fact that the effective
mass in the Valatin-Bogoliubov representation is a func-
tion of the energy gap A (which will be found below to
have a large value), the nonrelativistic Hartree-Fock ap-
proach is justified, unlike the relativistic QPM, " since
U,D,S,. .. have essentially small (and hence relativistic)
masses.

V. CALCULATION OF THE GAP VARIATION

A. Discussion of the data

The simple QPM picture, with the addition of a corre-
lated BCS-type sea, allows us to refer to the eN, uN, and
vN data,”® 3! in which depletion of high-momentum par-
tons is observed, as well as an increase in the low-
momentum parton distribution, as the momentum
transfer squared (Q?) increases. In particular, the Europe-
an Muon Collaboration (EMC) (Ref. 29) measured F, in
the range 3 < 0% < 150 GeV?, and 0.015 < x <0.65 for car-
bon, as well as for iron targets. Other data by different
groups does not change significantly in the kinematic re-
gion considered.’> More data has also been obtained re-
cently and supports the earlier work of the EMC.3*3* The
lepton projectile emits a current, whose energy in the labo-
ratory is v, and whose mass squared is —Q2. From the
assumption (c) of Sec. I, we find that the number of sea
quarks increases as (x2)~!/2, viewing the collision in the
rest frame of the projectile.

B. Evolution of the gap

We see that for v sufficiently high, the parton momen-

tum decreases, so that kK and k' lie outside the range
where we have assumed V- to be nonvanishing [cf. Eq.
(8)]. This is analogous to the partially broken Meissner ef-
fect, where in the Abrikosov-vortex regime, pairs and bro-
ken pairs coexist. The variation of the energy gap for the
temperature range between absolute zero and the critical
temperature is a smoothly decreasing function. In the
BCS weak-coupling theory such a function may be
represented by Fig. 1(a).”® Cooper pairing becomes less
probable for partons of very low momentum, since from
Eq. (8) the parton partners of the correlated pair will no
longer have a large probability of having their momenta in
the very narrow band around the Fermi momentum. This
situation may be described in analogy with superconduc-
tivity [cf. Fig. 1(a)]: a “hot proton” is, in our picture, a
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FIG. 1. (a) Expected functional behavior between the energy
gap A and temperature 7. (b) Expected A(x) curve for x values
for the allowed range in the sea.

hydrogen nucleus is being probed by a lepton projectile,
sufficiently energetic to enter the kinematic region of
very-low-momentum partons. The projectile will be able
to resolve a correlated sea, with an underlying small ener-
gy gap. Otherwise, we may speak of a “cold proton.” In
this case the probed sea will show a larger energy gap,
since the Cooper partners will have a larger probability of
having their energy in the required narrow band around
the Fermi momentum. The general trend is expected to be
a BCS-type curve shown in Figure 1(b): A is a smooth de-
creasing function with decreasing x; the precise analytic
shape will be inferred phenomenologically below [cf. part
(b) of Sec. VI]. Beyond x ~0.25, the probability of find-
ing a Cooper pair with momentum fraction x inside the
proton becomes negligible, since the valence quarks take
over.

C. Novel feature of the EQPM

From the above considerations it follows that incre-
ments of Q? will eventually reach values comparable with
A?, say, Q% will reach Q,% Before reaching the Q,2
value, the current will be unable to transfer sufficient en-
ergy in order to interact with the sea condensate and, thus,
we would expect a flat F,(Q?) function, since there would
be no interaction (this is the case of perfect scaling). To
summarize the above arguments we may say that the
reason why there is scaling for Q2 < Q,? or alternatively
the reason why there is a pointlike structure of the sea
condensate is because of the strong correlations (the BCS
pairing).

VI. DISCUSSION

It should be mentioned that a structured vacuum wih
particle-antiparticle Cooper-pair correlations was con-
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structed previously.>> However, the gap evolution was not
identified, as we hope to have shown in Sec. V. We now
discuss various aspects of the sharp break in the F, func-
tion.

(a) In Sec. V we have used well established data in order
to reconstruct A(x), so as to infer at which values of Q2
the sharp break ought to occur. In reconstructing A(x) we
are guided by the general behavior of A(T) [or A(x) in the
present context]; but we are uncertain, a priori, of the pre-
cise analytic shape. All we know is that A is expected to
be a smooth increasing function of the x variable. Hence,
Figs. 1(b) and 3 are not expected to coincide, except in the
general trend already mentioned in Sec. V B.

(b) The probability for finding more particles increases
beyond Q2 so at the critical value @5 =A, a sharp incre-
ment will follow for higher values of Q2. In Fig. 2, we
show the behavior of F,(x,Q?) for five values of the x
variable at which the EMC experiments were carried out.
In order to draw Fig. 2, we concentrated our attention in a
domain where our model clearly displays a departure from
the QCD-neglected correlations. Therefore, the curve
(x =0.015) cannot be searched for the sharp breaks, since
in this curve the statistical errors will not allow us to dis-

o6 x=0.0I5
- o 120 GeV
0al ~ ® 280 GeV
~= --QCD FIT

- —PREDICTION

o2l
0.4% x=0.175
0.2
1 [ R 1 1 [ | J
2 3 4 5 10 20 30 40 50 100
Q® (Gev?)

FIG. 2. The structure function F, showing the sharp break.
The EMC data on hydrogen has been compared with the QCD
model based on the Altarelli-Parisi equations (Ref. 20) [the fit is
shown by the dashed line following Norton (Ref. 29)]. The new
fit (solid line) is suggested by an understanding of the role
played by the conjectured energy gap, as explained in the text.
The curves correspond (from top to bottom) to the following
values of the Feynman x variable: 0.015, 0.040, 0.080, 0.125, and
0.175, respectively.
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cern between the smooth logarithmic departure from scal-
ing (expected from QCD) and the sharply broken curve,
signaling the onset of the breaking of the Cooper pairs.
Therefore, we searched the EMC data at the further avail-
able values of Q2, and for values of x for which F, is still
sensitive to sea-quark contributions. We chose x =0.040
and x =0.080. Yet, since we know that the “cold proton”
(cf. Sec. VB) will have a significant energy gap, the ap-
proximate shape of which is shown in Fig. 1(b), the curve
will be as in Fig. 3, since A is expected to be a smooth
function. Then it will pass through the above two EMC
points, as well as through the origin. [In the rest frame of
the projectile, there will be an infinite number of sea
quarks, from Eq. (1); each parton will then carry x =0,
thus making it impossible for the gap to have any finite
value.]

(c) Within the kinematic region considered (0 < Q% < 100
GeV?) the QCD smooth fit is satisfactory. The sharp
break we have suggested for the same fit is entirely quali-
tative, and would require further research in order to com-
pute Qa% and the slope of the sharp break of F,(x,0?)
directly from the theory. Further experiments would indi-
cate this effect by interpolating more values of Q2. Alter-
natively, larger values of Q? (outside the present kinematic
region) should display a stronger deviation of the almost
linear fit for x =0.125 and x =0.175, for example. We
feel that the relevance of our quantum-liquid model is to
emphasize the presence of the strong correlations, which are
missing from standard theory, and explain the overall
trend of the data for F,(x,Q?%) for small x (up to about
x =0.2) and small Q2 (up to about Q?=100 GeV?); but
nontrivial departures are forseen for larger values of Q2.

(d) To complete the explanation, in Fig. 3 the EMC
points were selected where the approximate perfect scaling
gives an indication that the curve is beginning to rise.
Owing to severe kinematic constraints, the most recent ex-
periments have not reached values of Q2 high enough to
reveal the broken F, curve. Yet, we may already be ob-
serving such an effect: the points denoted as “prediction”
in Fig. 3 for x <0.200 are smooth interpolations, which
do explain the data in terms of a “precautious” onset of
Cooper-pair breaking, due to the inefficient energy gap of
the “hot proton.” Since from Fig. 1 we expect the A to

A(GeV)

+ EMC
O Prediction
~— Interpolation

L 1 L 1 ' L 1
0015 0040 0.080 ol25 0I75 0200 03
X

FIG. 3. The energy gap A for all allowed x values of sea
quarks. The QCD values coincide with the x axis (absence of
sea-quark pairing).
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vary smoothly as a function of x, the points denoted as
“prediction” for x >0.080 are smooth extrapolations.
The perfect scaling now appearing in the data (up to
x =0.175) will eventually show a sharp break, due to the
efficient energy gap of the “cold proton.” To be more
specific, from the corresponding values of x and Q2
shown in Table I, we highlight the prediction that a sharp
break occurs at F,(x =0.20, Q?=31.4 GeV?); but even
higher values of Q2 would be required to display the
departure convincingly.

VII. CONCLUSION

In the new kinematic region the R parameter will differ
from the expectations of QCD without our correlations.
For small enough values of x, the energy gap will tend to
disappear (cf. Figs. 1 and 3). Hence, for such values of Q2
in which the sharp rise has not yet ocurred (cf. Fig. 2), the
current is unable to resolve the Cooper pair into two fer-
mions, thus giving R-40. However, if the same experi-
ment is continued to yet smaller values of x, the R param-
eter would necessarily come down, since A—0, as x —0
(cf. Fig. 3), under the assumption that the underlying
spin-0 partons are a manifestation of the strongly correlat-
ed Cooper pairs. The data reported by Eisele! regarding
the R parameter is not yet in the required new kinematic
region.

Since new experiments will take us to Fermilab Tevat-
ron energies, the ultimate clear manifestation of the ener-
gy gap, as well as the more general phenomenon of super-
fluidity of hadronic matter, will become evident in the
not-too-distant future, when the unexplored kinematic re-
gion of small x and large Q2 becomes available to experi-
ments and is, therefore, understood better.
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TABLE 1. Values of the fractional momentum x =Q?/2M,v,
and the corresponding sharp-break parameter Q, and the energy
gap A.

x 042 (GeV?) A (GeV)
0.015 0.49 0.70
0.040 3.00 1.70
0.080 9.00 3.00
0.125 17.47 4.18
0.175 26.62 5.16
0.200 31.36 5.60
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