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Abstract. In this contribution the medium modifications of the nucleon struc-
ture in a dense matter, suggested by a chiral quark-meson theory, are discussed
in regard to both quasi elastic (QES) and deep inelastic scattering (DIS) data.
In the theory a hybrid NJL model is used in which a Dirac sea of quarks is
combined with a Fermi sea of nucleons. The mesons are described as collec-
tive gq excitations and the nucleon appears as a baryon-number-one soliton of
N. valence quarks coupled to both Dirac and Fermi sea. If the medium density
reaches nuclear matter one, the proton radius shows an increase of 19% and the
nucleon mass a decrease of 17%. The magnetic moments and axial vector cou-
pling constant are less modified. All form factors show remarkable reduction at
finite transfer momenta. The predicted medium modifications are examined in
the analyses of experimental data of QES and DIS. In the case of QES the use
of the medium modified nucleon form factors within CDFM model improves
considerably the comparison with the experimental data for the longitudinal re-
sponse function. In the case of DIS the medium modified values, in particular
the nucleon mass and radius, are consistent with values used in different models
considering the EMC-effect.

1 Introduction

Over more than 40 years the Quantum chromodynamics (QCD) has been estab-
lished and generally accepted as the theory of strong interaction which has to
describe the structure and the dynamics of hadrons. Quarks and gluons are the
elementary constituents of QCD and at very high-energies quarks and gluons
interact very weakly (Asymptotic freedom). The prominent feature is that at
low-energies QCD has a strong non-perturbative nature which is characterized
by the confinement — the force between quarks strongly increases as they are sep-
arated and by the dynamical chiral symmetry breaking leading to a constituent
quark mass.

The two main challenges of QCD still remain open. From one side it is the
description of the hadron structure and dynamics. From the other side it is QCD
thermodynamics, in particular the QCD phase diagram.
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From the side of the experiment the the hadron structure is widely studied
and there are a lot of experimental data available. A special interest is devoted to
the quasi-elastic electron scattering (QES) and deep-inelastic lepton scattering
(DIS) since both allow for probing the nucleon properties immersed in the nu-
cleus. In contrast to the hadron structure QCD phase diagram is experimentally
almost not studied. However there is an increasing interest and many experi-
ments have been planed (see Figure 1).
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Figure 1. Generally expected phase-diagram of QCD for nuclear matter. The solid
lines show the phase boundaries for different phases. The red solid circle corresponds
to the estimated critical point. The areas reached at different accelerator facilities are also
shown [1].

Despite of the progress done from the side of the theory so far, the lattice
QCD is still not developed enough to allow the solution of low-energy non-
perturbative phenomena, especially if nucleons are involved. It is a motivation
to apply for this effective quark-meson models which incorporate at least one
of the main features of the low-energy QCD, namely confinement or dynamical
chiral symmetry breaking.

In particular the models based on the Nambu-Jona-Lasinio (NJL) Lagrangian
are very popular since they incorporate the chiral symmetry breaking and de-
scribe properly the meson sector. Since NJL model [2] has the same flavor sym-
metries as QCD, it can be interpreted as a low-energy chiral effective theory of
QCD (see for instance Kahana and Ripka [3], Dyakonov and Petrov [4] ...) con-
sidering 1/N,. (N, ~ 3) as a small parameter (tHooft [5]) in which the non-local
vertex is replaced by a local one (see Figure 2).

Since the NJL model lacks confinement its applicability is restricted to low-
energy region.

It was the motivation to apply a chiral quark-meson model (see for review [7]
and references therein) for these analyses. The model is able to reproduce quite
reasonably the nucleon and delta properties as well as the corresponding form
factors of the free nucleon. Within the model the free nucleon is considered as
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Figure 2. QCD non-local interaction vertex reduced to NJL local one.

a localized bound state of N, quarks coupled to the polarized Dirac sea. The
mean-field approximation is used, which means that the meson quantum (loop)
effects are not considered. In order to consider the medium effects on the nu-
cleon structure in the model a Fermi sea is added. The model has been applied
to study the QCD thermodynamic bulk properties as well [8].

2 Chiral Quark-Soliton Model

The chiral quark-soliton model (for details see review [7] and references therein)
is based on the SU(2)-version of the NJL Lagrangian [2] which contains chirally
invariant local scalar and pseudoscalar four-quark interaction:

E:\I/(iﬁfmg)W+éG[(@W)2Jr(@i'r'mu'/)g], 00

where U is the quark field, G is the coupling constant, 7 are the Pauli matrices
in the isospin space and my is the current quark mass taken equal for both up
and down quarks. Applying the well-known bosonization procedure the NJL
Lagrangian is expressed in terms of the auxiliary meson fields o, 7:

L:\I/(iﬁfofiﬂ'w'%)\lff%(02+ﬂ2)+%0, 2)

Pions play the role of Goldstone bosons. Because of the small current quark
mass mg (some MeV) the chiral symmetry is explicitly broken and pion are not
massless (m, ~ 140 MeV). Through the dynamically broken chiral symmetry
the quarks acquire a constituent mass M of some hundred MeV.

Due to the local four-fermion interaction the lagrangian (1) is not renormal-
izable and a regularization procedure with an appropriate cut-off A is needed to
make the effective action finite:

Trin A — —Tr ds s | 3)
A-2 S

The cut-off parameter A is taken big enough not to influence the model re-
sults. Actually only the part of the effective action coming from the Dirac sea
(negative-energy part of the spectrum) is divergent and it needs to be regularized.

The parameters of the model, namely the current mass m, the cutoff A and
the coupling constant GG. In the vacuum sector, my is fixed reproducing the
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Figure 3. The bound state of N, valence quarks coupled to the polarized Dirac sea.

physical pion mass m, = 140 MeV and the pion decay constant f, = 93 MeV.
It leads to the well-known Goldberger-Treiman (GT) relation on the quark level

MO = g'n'fw . @

and one also recovers the Gell-Mann-Oakes-Renner (GMOR) relation.

The only free parameter remained is the constituent quark mass My =
420 MeV is taken to reproduce properly the properties of a free nucleon (see [7]
and references therein). The corresponding value of the proper-time cutoff used
is A = 640 MeV. The value is taken large enough not to influence to results.

In the chiral quark-soliton model the nucleon is a projected non-topological
B = 1 soliton. It is treated as a bound state of N, valence quarks coupled to the
polarized Dirac sea (Figure 3) [7]. The soliton is a localized mean-field (hedge-
hog) solution (large N, approximation), which means that the meson quantum
(loop) effects are not included. Solving the corresponding equations of motion
in an interactive self-consistent procedure this solution is found.

Since the hedgehog soliton does not preserve the spin and isospin, in order
to get the nucleon states with proper spin and isospin one has to quantize the
soliton, making use of the rotational zero modes in the leading order in 1/N,
(see Figure 4).
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Figure 4. Diagrams of expansion in €2: a) valence contribution; b) Dirac sea contribution.
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As can be seen from [7] and references therein the chiral quark-soliton model
reproduces the properties of the free nucleon rather well.

3 Nucleon as a Non-Topological B = 1 Soliton in the Medium

The nucleon in a medium appears as B = 1 localized bound solution (soliton) of
N, valence quarks interacting with the Fermi and Dirac sea both getting polar-
ized due to the interaction (Figure 5) [10-12]. In the picture the mesons appear
as gq excitations but they are also directly coupled to the Fermi sea as well.
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Figure 5. The bound state of N. valence quarks coupled to the polarized Dirac sea.

Since the Fermi sea contribution is finite it is not regularized.

The soliton solution has to be projected in order to get proper spin and
isospin numbers [11, 12]. It is done in 1/N, expansion up to leading order (see
Figure 4). A variational procedure based on mean-field states of a generalized
hedgehog structure and spin- and isospin-projection is employed. Details are
presented in [12].

The numerical results concerning the static nucleon properties at finite medium
density are summarized in Table 1.

The calculated square radii presented in Table 1 show a similar behaviour
(bound to increase) except that of the neutron charge radius which is reduced.
Thus our numbers show a “swelling” for the proton charge distribution and a
“shrinking” for the neutron one. Since most af the observables are dominated
up to 70% by the quark contributions the swelling of the quark fields causes an
increase of the total radii. It is not the case of the neutron charge radius where
the negative pion tail, which dominates at large distances, is responsible for the
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Table 1. Medium effects on nucleon properties. The medium values of the meson sector
are given together with the observables and square radii of the nucleon in dependence on
the medium density pg. For finite medium densities the values are given relative to the
theoretical numbers at pp = 0

Absolute values Relative values
Quantity Experiment pp =0 PB = :pnm PB = Prm
fx MeV) 93 93 0.89 0.77
mx (MeV) 139.6 139.6 1.06 1.14
mo (MeV) 937.7 0.93 0.85
Ex (MeV) 938 938 0.92 0.83
Ea — Ex (MeV) 295 156 0.92 0.79
(r2), (fm?) 0.74 0.662 1.21 1.41
(r2),, (fm?) -0.12 -0.094 0.92 0.80
(r2))p (fm?) 0.706 0.765 L.11 1.28
(r2)), (fm?) 0.757 0.802 1.10 1.25
(r3) (fm?) 0.507 0.4775 1.19 1.48
p (n.m.) 2.79 2.82 1.05 1.1
n (nLM.) -1.91 -2.44 1.03 1.07
ga 1.23 1.77 0.97 0.94
grNN 13.6 17.1 1.00 1.00

negative sign of the neutron square charge radius at zero density. Since at finite
density the magnitude of the pion field gets reduced and the quark charge distri-
bution show a swelling the neutron square charge radius becomes less negative.

Our results for the magnetic moments, the axial vector coupling constant
g4 and pion-nucleon coupling constant g,y are also presented in Table 1.
It should be mentioned that the quantity denoted as magnetic moment in the
medium is defined as G’ (¢*> = O)/2M}, since this combination appears in the
Rosenbluth formula. In contrast to the radii the g4 and the magnetic moments
are less affected by the medium. For the proton magnetic moment a tendency to
increase can be concluded whereas for the neutron such a clear trend cannot be
concluded. The g4 decreases slightly — at p,,,, the reduction is about 6%. This
change is rather small to explain the quenching of 20% suggested for this quan-
tity in nuclei from the analyses of beta decay data. The pion-nucleon coupling
constant is the only quantity practically not affected by the medium.

The calculated form factors are shown in Figures 6-11. The experimental
data [16] depicted correspond to the vanishing medium density.

At finite momentum transfers (g2 > 0.15 GeV) the form factors show a clear
trend to decrease with growing medium density. With increasing momentum
transfers they get relatively more reduced. Their slope at the origin, except for
the electric form factors, increases and it is reflected in the medium values of the
corresponding mean square radii.
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Figure 6. Proton electric form factor plotted versus q2 for various baryon densities of the
medium. Experimental data are from [16].
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Figure 7. Neutron electric form factor plotted versus q2 for various baryon densities of
the medium. Experimental data are from [13].
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Figure 8. Proton magnetic form factor plotted versus q2 for various baryon densities of
the medium. Experimental data are from [13, 14].
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Figure 9. Neutron magnetic form factor plotted versus q2 for various baryon densities of
the medium. Experimental data are from [13].
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Figure 10. Axial form factor G 4(¢?)/ga plotted versus q2 for various baryon densities
of the medium. Experimental data are from [14].
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Figure 11. Pion nucleon form factor G'4(¢?)/ga plotted versus g2 for various baryon
densities of the medium.
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Although the pion nucleon coupling constant is not affected by the medium
the corresponding form factor at finite momentum transfers also decreases with
growing medium density. To be consistent one should taken into account this be-
havior of G vy in the construction of the VNV potential (especially its isovector
tensor part) for description of the N-nucleus scattering or in charge-exchange
reactions.

4 Medium Modified Nucleon Properties in Analyses of Quasielas-
tic Electron Scattering (QES) and Deep Inelastic Scattering Data

4.1  Medium modified nucleon properties in analyses of QES

Since the longitudinal response function of QES is proportional to the squared
electric form factor, it allows for a direct check of the right order of magnitude
of the medium effects.

Using the Coherent density fluctuation model (CDFM) [15] the longitudinal
response function as well as the Coulomb sum rules for the quasielastic electron
scattering are calculated for wide range of momentum transfers and various nu-
clei with medium-modified effective masses and form factors. Results for the
longitudinal response function are presented on Figure 12.

The results presented are calculated using different nuclear models. Even in
the case of Fermi-Gas Model there is a significant improvement of the compari-
son with the experimental data. It is a strong indication that the medium effects
play a decisive role and not the nuclear structure.

In contrast to the longitudinal channel the transverse response is affected by
meson exchange currents and delta electroproduction. Since both contributions
are ignored in the present approach it is not surprising that we have problems
in reproducing the experimental data at higher energy transfer. This makes the
transverse response unappropriate as a signature for the ”swelling” of the nu-
cleon. Actually we expect this channel to be more sensitive to the single-particle
structure than the longitudinal one because the magnetic transitions, dominant
in this channel, are strongly spin dependent. It is confirmed by the comparison
of the shell-model calculations with the those of the Fermi-Gas model.

Coulomb sum rule is defined as an integral over the energy transfer (at
constant three-momentum transfer q) of the longitudinal response, normalised
to the charge of the nucleus and the electric form factor of the free proton

Wmax
C(q) = / de . The results are presented on Figure 13.
wa  ZGY

As can been seen from Figure 13 for all nuclei considered, the incorporation
of medium effects on the nucleon mass and form factors even in the FGM seems
to remove the discrepancy between theory and experiment in a plausible way.
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Figure 12. Longitudinal and transverse response functions for '*C, *°Ca, *®Ca, 5°Fe and
208pp at 500 MeV/c momentum transfer: red-dashed line: CDFM with medium modi-
fication of nucleon properties; short-dashed (dash-dotted) line: shell-model calculations
without (with) medium modifications of nucleon properties; long-dashed (solid) line:
FGM results without (with) medium-modified nucleon properties. Experimental data are
from [16].
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Figure 13. Coulomb sum rule for for 12, 40Cq, 48Ca, OFe, 2°8Pb and 22%U: red-dashed
line: CDFM with medium modification of nucleon properties; dashed (solid) line - FGM
results without (with) medium-modified nucleon properties. Experimental data are from
[16].

4.2 Medium modified nucleon properties in analyses of DIS data

The general expectation was that the nuclear effects in DIS would be largely
negligible because of the small nucleon binding energy compared to the high en-
ergies involved in DIS. However it was not confirmed by the experiment (known
as EMC effect) (for review see e.g. [16]).

Starting from the middle of 80’s there are many theoretical attempts to ex-
plain the EMC effect. In fact these models are phenomenological with some free
parameter, based on a particular physical scenario assumed. The free parame-
ters are fixed in order to reproduce the experimental data. The models can be
generally divided in two groups:

— “conventional” nuclear physics models assuming either pions (= 12% )
and A (= 4%) contributions to the nucleon structure function or using binding
energy (x-rescaling) as free parameter or both. However, the binding energy
needed to explain the experiment is however 3 to 4 times higher than the typical
experimental values. Using the correct normalization of the spectral function
and also the experimental separation energy, Li, Lui and Brown [17] estimated
the contribution of the binding energy effects to account up to about 20% of
observed depletion.
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— QCD inspired picture - (Q%-rescaling models assuming a change of the
confinement size due to nucleon swelling. Typical values of swelling used are
between 5% and 15%.

The chiral quark soliton model suggests a physical picture which includes
the the main features of both types of model:

— the contribution from the polarized Dirac sea with a non-vanishing quark
condensate can be interpreted similar to the pion contribution. However, one
should remember that pion loops are not considered;

— including of A excitation is possible but it is a diagram of the next order;

— the nucleon mass is getting reduced in medium (leads to a z-scaling);

— a swelling of 17% is predicted (leads to a Q*-scaling).

5 Conclusion

According to the chiral quark-soliton model the nucleon in baryon medium is
getting swelled and its mass is reduced as well. Both the nucleon electric and
magnetic coupling constants and form factors are getting reduced in the baryon
medium. The axial coupling constant g4 as well as the corresponding nucleon
axial form factor are getting reduced in baryon medium which is the expected
correct behavior. The coupling constant g,y is almost not affected by medium
but the corresponding form factor Gy n is showing a significant reduction the
at finite momentum transfers in the medium. Such a behavior should be taken
into account in the construction of the NN potential (especially its isovector
tensor part) for description of the N-nucleus scattering or in charge-exchange
reactions. Using the medium-modified nucleon electric form factors within the
CDFM the longitudinal response function is calculated for a variety of nuclei
showing a remarkable good agreement with the experimental data. The medium
modified nucleon properties are consistent with the parameter values used in
different phenomenological models describing the EMC effect.
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