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ABSTRACT

QCD SUM RULES FOR THE MASS, RESIDUE AND SELF-ENEGRY OF
NUCLEON IN COLD NUCLEAR MATTER

M.S. THESIS
MEHMET ARAT,
BOLU ABANT IZZET BAYSAL UNIVERSITY GRADUATE SCHOOL OF
NATURAL AND APPLIED SCIENCES
DEPARTMENT OF PHYSICS
(SUPERVISOR : ASSOC. PROF. DR. NURAY ER)

BOLU, JULY 2019

In this thesis, the mass, residue and self-energies of the nucleon in cold nuclear medium
are calculated in the framework of the QCD sum rules method by using the interpolating
current of the nucleon, including the Ioffe value of the mixing parameter . Firstly, the
reliable regions of the auxiliary parameters required for the calculations are determined in
accordance with the philosophy of this method. Then, we present these physical quanti-
ties showing stability with respect to these auxiliary parameters in their obtained working
regions.

In the limit of p — 0, we obtain our vacuum results. It is then calculated that the mass
and residue of the nucleon showed negative shifts due to the cold nuclear matter. These
shifts are obtained using the mean values of the auxiliary parameters and at the saturation
nuclear matter density. The negative shifts on the mass is %31 and on the residue is %11. In
addition, in the density interval p = [0 — 1.5]p**, the modified mass and residue of nucleon
show almost linear decrease due to the increasing medium density. Another important result
is obtained that our results for the vector and scalar self-energies of nucleon being a good
agreement with the literature.

It is important to investigate the physical properties of the hadrons in the cold and
dense nuclear medium, as opposed to vacuum, to evaluate the results of heavy ion collision
experiments, and to better understand the internal structures of dense objects such as neutron
stars. Our results may shed light on the planned medium experiments in the near future and
may also be helpful in theoretical and phenomenological studies related to the behavior of
other hadrons in the dense medium.

KEYWORDS: QCD sum rules, non-perturbative approaches, cold nuclear matter



OZET

SOGUK NUKLEER MADDE ORTAMINDA NUKLEONUN KUTLE, REZIDU VE
OZ-ENERJILERI ICIN KRD TOPLAM KURALLARI

YUKSEK LISANS TEZi
MEHMET ARAT,
BOLU ABANT iZZET BAYSAL UNIVERSITESI FEN BiLIMLERI ENSTITUSU

FiZiK ANABILIM DALI
(TEZ DANISMANI : DOC. DR. NURAY ER)

BOLU, TEMMUZ 2019

Bu tezde, niikleonun ara kesim akimi keyfi karistirma parametresinin loffe degerini de
kapsayacak sekilde kullanilmasiyla, niikkleonun niikleer madde ortaminda kiitle, rezidii ve
oz-enerjileri KRD toplam kurallari gergevesinde hesaplanmistir. Oncelikle hesaplar icin ge-
rekli olan yardimcei parameterelerin yontemin uygulanabilme felsefesine uygun olarak giive-
nilir bolgeleri tayin edilmistir. Daha sonra niikleonun fiziksel biiyiikliikleri icin hesaplanan
sonuglariin giivenilir bolgeleri icin bu parametrelerden bagimsizlig1 gosterilmistir.

Yogunluga bagli niimerik sonuglarda p — 0 limiti alinarak vakum sonuglar1 elde edil-
mistir. Daha sonra niikleonun kiitle ve rezidii degerlerinin soguk niikleer maddeye gore ne-
gatif kaymalar gosterdigi hesaplanmistir. Bu kayma miktarlar1 yardimci parametrelerin gii-
venilir bolgelerindeki ortalama degerleri ve niikleer maddenin doymus yogunlugunda kiitle
icin yaklagik %31 ve rezidii iginse %11 olarak elde edilmistir. Ayrica ortam yogunlugunun
p = [0 — 1.5]p°" degistigi aralikta niikleonun kiitlesinin ve rezidiisiiniin deZisiminin de
yaklagik olarak artan ortam yogunluguna bagh olarak lineer bir azalma gosterdigi de bu-
lunmustur. Bir diger 6nemli sonug ise niikelonun vektor ve skaler 6z-enerjileri i¢in elde

edilmistir mevcut sonuglarla uyum i¢inde oldugu goriilmiistiir.

Hadronlarin fiziksel 6zelliklerinin vakumdan farkli olarak soguk madde ortamindaki
degisimlerinin incelenmesi, agir iyon c¢arpistirma deneylerinin sonuglarinin degerlendiril-
mesi, ayrica notron yildizlart gibi yogun cisimlerin i¢ yapilarinin daha iyi anlagilmasi aci-
sindan onemlidir. Bu ¢alisma sonucunda elde ettigimiz niikleonun fiziksel ozellikleri iize-
rinde ortam yogunlugunun etki sonuglari, yakin zamanda yapilmasi planlanan yogun madde
ortamindaki hadronlarla ilgili deneylere de 151k tutabilecegi diisiiniilmektedir. Ayrica bu so-
nuglar farkli hadronlarin ortamdaki davraniglar ile ilgili teorik ya da fenemolojik ¢alismalar
acisindan da onemlidir.

ANAHTAR KELIMELER: KRD toplam kurallari, pertiirbatif olmayan yaklagimlar, soguk
madde ortami
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1. INTRODUCTION

Particle physics investigates the body of physical objects making up matter and ra-
diation, and examines their interaction with each other. In the 19th century, John Dalton
concluded that each chemical element consisted of a single, unique particle type and they
were the elementary particles of nature and named after atoms the Greek word "atomos",
which meant "indivisible". At the end of the 19th century, Dalton’s idea was collapsed by
the discovery of the electron in 1897 by J. J. Thomson, and this discovery is considered
the beginning of particle physics. Today, we know following interactions in nature: Strong,
electromagnetic, weak and gravitational force. But at the beginning of the twentieth cen-
tury, scientists only knew about electromagnetism and gravity, and unfortunately this was
not enough to explain the structure of the atom. After the discovery of proton (p) and neu-
tron (n), physicists thought that physical matter made of electrons, protons, and neutrons.
With the development in particle accelerators in the 1950s and the studies of cosmic rays,
it became feasible to investigate inelastic scattering experiments with hundreds of MeV en-
ergy protons. Later, Murray Gell-Mann and George Zweig Gell-Mann (1964); Zweig|(1964)
independently predicted that p and n were composed of substructures called quarks and this
prediction is then called as "the Quark Model" of subatomic particles. There are now over
400 particles, which are in the form of different combinations of several fundamental par-
ticles. The classification of these subatomic particles and investigation of their interactions
provided by a theory called Standard Model (SM) and which provides successful results so
far. It also can successfully explain fundamental forces other than gravitational force known
in nature. This lack of SM’s gravitational force is considered among the major problems of

SM and this has led scientists to seek theories beyond this model.

Hadron consisting of quarks and gluons is the general name of the baryon and meson
families. Quantum chromodynamics (QCD) named as theory of the strong interactions is
a framework in which strong interactions of quarks and gluons are described. To improve
knowledge about the strong interactions of standard hadrons, it is necessary to investigate
the non-perturbative region of QCD well. The QCD sum rule method is an important tool of
obtaining qualitative and quantitive ideas of hadronic physics from QCD inputs Cohen et al.
(1995). The method was developed by Shifman, Vainshtein and Zakharov in the late 1970’s

to investigate the properties of mesons Shifman et al.| (1979bla) and later it was applied to



baryons by loffe [loffe (1981).

In order to be able to analyze the results obtained from heavy ion collision experiments
such as CERN and BNL with the help of developing accelerator technologies and to better
understand the internal structure of neutron stars, it is necessary to understand the modi-
fied properties of baryons and mesons in dense medium. Collaborations such as FAIR and
CBM will also investigate the in-medium properties of these particles in future experimental
programs. However, in near future the PANDA Collaboration is planning to focus on the

medium effects on the physical properties of charmed hadrons.

In The perspective of theoretical studies, there are plenty of studies investigating modi-
fied properties of hadrons in dense medium Hayashigaki (2000); Drukarev and Levin/(1990);
Adami and Brown| (1991)); [Furnstahl et al.| (1992)); Jin et al.| (1993 [1994); Drukarev et al.
(2004); Cohen et al. (1991); Hogaasen| (1991); Cohen et al.| (1992); Drukarev| (2003)); (Co-
hen et al.|(1995); Wang and Huang (2011); [Wang (2012, [2011); Jin and Leinweber] (1995);
Hatsuda and Lee (1992); |Asakawa and Ko (1993); Klingl et al. (1997); Leupold and Mosel
(1998)); Hilger et al.| (2009); Yasu1 and Sudoh (2013); Thomas et al.| (2007); Mallik and
Sarkar (2009); Ryskin et al.| (2015); Hatsuda et al.|(1991)). In the studies, Cohen, generally
using the loffe current in which the mixing parameter having value S = —1, the in-medium
properties of nucleons were investigated. But, in our study, we focus on the physical prop-
erties of nucleon like mass, residue and self energy propagating in dense medium using the

whole interval of the auxiliary parameter —oo < < oo.

The outline of of this thesis: in chapter 2 we present the SM, QCD and nucleon in
more detail. Chapter 3 is reserved for the brief discussion of the QCDSR formalism both
in vacuum and in medium applications. Chapter 4 contains our numerical analyzes for the
physical properties of nucleons in cold nuclear medium. Finally, chapter 4 is devoted for the

concluding remark of our study.



2. STANDARD MODEL AND NUCLEONS

2.1 Standard Model

The high energy physics or particle physics studies the elementary particles and their inter-
actions between them. Elementary particles are constituents of the matter in the universe.
Many of the elementary particles do not exist under normal conditions. In particle accel-
erators, elementary particles are created and detected by the collisions of high energetic
particles. The Standard Model (SM) of the particle physics is a quantum field theory and in

which all known elementary particles in the universe are classified.

In physics, there are four fundamental interactions which do not reducible to more basic
forms: the gravitational, the electromagnetic, the strong and the weak interaction. The con-
cept of field is used to describe mathematically their interactions. Three of these interactions
except the gravitational interaction are used in the standard model. But the main purpose
of the theoretical physics is to describe all fundamental interactions in a simple and unified

theory.

The classification of the elementary particles and these fundamental interactions in SM are
presented in Figure 1. Fermions are building blocks of the physical matter, have with half-
integer spin. Quarks and leptons are two subgroups of fermions. Quarks carry color charge,
have spin-1/2 and participate in strong interactions. Leptons are colorless, have spin 1/2
spin and interact via electroweak interactions. Quarks and leptons are collected in three
different generations: (u) and (d) quarks with e and v, are in the first generation, (c¢) and
(s) quarks with y and v, are in second generation and (¢) and (b) quarks with 7 and v, are
in third generation. Bosons are the force carrier of the interactions, have integer spin and
obey the Bose-Einstein statistics. Gluons which have eight types and force carrier of strong
interaction, photons interacting via electromagnetic interaction and the W, Z bosons as a

force carrier of weak interactions are spin-1 Gauge bosons and Higgs boson has spin-0.

The standard model has been proved with a great accuracy in the predictions of the inter-
actions of quarks and leptons. But the present standard model has some weaknesses. For
example, why there are only three generations of quarks and leptons can not be explained,

for the masses of these particles and the strength of the various interactions it has no predic-
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tions, despite the gluons are massless the model can not explain why the strong interaction

has a limited range. The quarks and gluons are not observed as free particles

2.2 Quantum Chromodynamics (QCD)

QCD is the theory of the strong force colored quarks and gluons. The color is a property
which is analog of electric charge. The QCD is a non-abelian gauge theory, with symmetry

group SU(3). The Lagrangian of QCD is given by

1 _
L= GG + D (i) —mg)iy 2.1)
q

where G7};,, is the gluon field-strength tensor, ¢, are the quark field spinors with ¢ = u, d, ¢, s, ¢,

quark flavor, m,, is the quark mass and ) is the covariant derivative.

The characteristic properties of QCD:

e Asymptotic Freedom: It was discovered by David Gross and Frank Wilczek (work-
ing together) |Gross and Wilczek (1973) in 1973 and all three are rewarded Nobel
Prize in Physics in 2004. They found that strong force among quarks and gluons gets
asymptotically weaker as the energy scale or the momentum transfer increases (in the
ranges 100 GeV — TeV') and the corresponding distances decreases. As a result of
effect, the quarks move almost as a free particles. Due to the asymptotic freedom, at

high energies or short distances, perturbation theories are applicable.

e Color Confinement: Colored quarks can not be isolated which means that the strong
force between them does not decreases as the distance increases. The effective strong
coupling constant becomes larger and hence perturbation theory does not work. As
a result, non-perturbative approaches are used in large distances to describe the non-

perturbative effects.

2.3 Nucleons

Hadron is the general name of baryon and meson. The quarks and gluons are not observed
as free particles. Hadrons are color neutral (i.e. color-singlet) which means that they exit
as combinations of quarks, anti-quarks and gluons. The baryons are heavier particles and

consist of odd numbers of quarks, generally three quarks and the mesons are made of even

4



number of quarks, mostly one quark and one anti-quark pair. In the baryon family, a proton
and a neutron has a common name called as nucleon. They are fermion, i.e. half-integer spin
particles, and composite particles which made of up (u) and down (d) quarks together by the
strong interaction. Quark content of the proton is uud and the neutron is udd. The neutron
is about 0.13% heavier than the proton which is the lightest baryon. In nature, although a
free proton is a stable particle, a free neutron is unstable and decay into a proton via 5~
radioactive decay in a half life of ten minutes. Understanding the properties of nucleons is
important in this respect that particle physics and nuclear physics overlap at the boundary

where nucleons exist.



3. QCDSR FORMALISM

QCDSR approach is an useful way to getting valuable information about the properties
of hadrons like mass and residue from QCD parameters. It was formulated and applied to
describe mesonic properties (Shifman et al., |[1979b)). Then, loffe showed how this method
could be used to investigate baryons loffe|(1981). In the application of the QCDSR method,
hadrons are depicted by their interpolating currents. To derive QCDSR for the properties
of the hadrons, as a starting point the correlation function is mentioned as a function of
these interpolating currents. The main concept in this approach is "duality", that construct a
connection between a characterization in terms of physical or hadronic degrees of freedom
and QCD or operator product expansion (OPE) side based on the quark and gluon degrees

of freedom. There are three main parts in QCD sum rules calculations:

e The correlation function is calculated in terms of QCD degrees of freedom via OPE. In
this side, the short and long distance quark and gluon interactions are dissociated. The
QCD perturbation theory is applied for the calculation of the short term effects and
the long distance interactions or non-perturbative effects are parameterized in terms

of the vacuum or in-medium quark, gluon and mixed condensates.

e In the physical side, the correlation function is obtained in hadronic language by in-
serting a complete set of hadronic state with the same quantum numbers as the inter-

polating current.

e These two descriptions of the approach are matched via dispersion relation and the
sum rules for physical quantities is obtained. The sum rules calculated by this way let

us to calculate the physical quantities of interest.

3.1 Two-point correlation function

To obtain the vacuum sum rules for the mass and residue of the hadrons, the two-point CF

is used as a starting point in the following way:
1) =1 [ d'ae™ i) T0)0) a1
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where p is the four momentum of the hadron, |0) is the physical non-perturbative vacuum
state. T is the time ordering operator. .J(x) is the interpolating current The interpolating
current of each particle can create the particle of interest from the vacuum with the same

quantum numbers as the interpolating field. The interpolating currents for mesons are:
J(z) = qi(x)Tg;(z), (3.2)
and for baryons are
J(@) = €0 g (@10} (@) T2g5 ()] (33)

where 4, j, k represent quark flavors. €;;, is Levi-Civita tensor. a,b,c are colors. I' =
L, Y5, Vs V5Yus O are the Dirac matrices. As an example, the interpolating current for the

vector meson is,
Ty () = qu(2)Yug2(2), (34)

and for the spin-3/2 light (decuplet) baryons is
Ty = A{ [q?TCWQS} gs + [qSTCwqg] gi + [quCWQﬂ q;’}, (3.5)

where A is constant, C' is charge operator. 7" is used for the transposition.

3.2 Phenomenological and QCD sides of the correlation function

In the phenomenological or hadronic side, the correlation function in Eq. (3.1)) is cal-
culated in terms of hadronic parameters. The complete set of hadronic state with the same

quantum numbers as the interpolating currents is inserted into the correlation function,
d4
1=10)(0] + > / P ors(p2 — m2)|h(pn, s)) (h(pn, s)| + higher states,  (3.6)
- (2m)4

where |h(pp, s)) is the hadronic state with momentum pj, and spin s and m;, is the hadron
mass. After the summation over all hadronic states |h(pp, s)), the phenomenological repre-

sentation of the correlation function is
AmI(p®) = > /<0\J(0)|h(ph, 5)) (h(pn, 5)|J(0)|0)dry,(27)*6 (p — pa)
h
= 21fPo(p? —m3) + 2mp" (p?), (3.7)

where p"(p?) comes from the higher states and contributions and fj, is the leptonic decay
constant for mesons and residue for baryons of the ground state hadron and dr;, is the vol-

ume element of the integration. The imaginary part of the correlation function is called

7



as the spectral density, p"(s) = Imll(s)/7. Therefore, the phenomenological side of the

correlation function is

2 00 h
I(p?) = LQ + / dsp—<$) + subtraction terms, (3.8)

p* —mj nooos—p°

where st is the continuum threshold.

The statement of the OPE for small values of x is that in the correlation function at

different points of space time, the time order product of two currents are expanded:

TJ(2)J(0)] = Ci(a*)0;, i=0,1,2,..., (3.9)

where C;(z?) are Wilson coefficients calculated in QCD perturbative theory and O; are the
local operators ordered in dimension. The unit operator for ¢ = 0 is the lowest-dimension
operator which contains the perturbative contribution. Since the QCD vacuum is colorless,
there is no colorless operator for the dimensions ¢ = 2,3. The operators are in higher

dimensions in terms of quark field ¢, gluon field G}, and their mixture are

03 — 1/;@/)7
0O, = GzyGW“,

a

Os = QEUW%GWW»
O0f = (W) (Prw),
Of = fucGs,GrG,
" (3.10)

where \* are the linearly independent, traceless and Hermitian Gell-Mann color matrices,
Op = %z’[%, 7] are the complex, Hermitian and unitary Pauli matrices in terms of Gamma
matrices. The I, ; represents the different combinations of Lorentz and color matrices. In

terms of OPE, the correlation function has the form
M(p®) = > Ci(x*)(0s), (3.11)

where (O;) = (0]0O;|0) are the vacuum expectation values of QCD operators or the con-
densates which parametrize the non-perturbative effects. In Eq. , (Os) is the quark
condensate, (O,) is the gluon condensate, (Os) is the mixed condensate and (OF*“) is the
four-quark and three-gluon condensate. The spectral density of the OPE side is p°&(p?) =

LImII®PE(p?) and the correlation function of it can be written as

00 pOPE(S>
I(p*) = / ds pp— + subtraction terms. (3.12)
0



3.3 Borel Transformation and QCD sum rules

Borel transformation is a standard mathematical method used to improve the radius of

convergence of any function f(Q?). It is defined by the following formula

2\n+1 _ "
Bare[f(Q?)] = lim <Qn), ((ﬁi) (@), (3.13)
Q* n — oo '
Q*/n = M

and well known formulas which are used in some QCD sum rules applications

Ba[(Q*)F] = 0 for k>0,

- k-1
1 1 1
Py | <k—1>!<ﬁ> |
1 .
M2 s+ Q? ~ & /M’
Bo[(Q7) log(Q?/A%)] = KI(—M2)F+. (3.14)

In the QCD sum rules method applications, after equating the hadronic and QCD side
of the correlation function to suppress the contributions the higher states and continuum, the
Borel transformation is applied to both sides of the equality. After Borel transformation the
equated sides of the correlation function can be written as:

o0 S0 fe'e)
fRemm/M? +/ dsp(s)e /M = / dspPP8(s5)e=/ M +/ dsp®PE(s)e ™M (3.15)
sg 0 S0

where sq is the continuum threshold. According to the local quark hadron quality assump-
tion in the parametrization of the contribution of higher states and continuum, The second
terms on both sides of the Eq. (3.15]) are taken equal to each other and ultimately cancel

each other. Thus the desired sum rules have been obtained for the physical quantities
f,?e_mi/M2 = / dspPE(s)e =M (3.16)

50

where the Borel mass M?. s, parameters are not arbitrary parameters, the physical observ-
ables show minimum dependency on them. The details how these parameters are fixed will

be discussed in the next section.



4. QCD SUM RULES FOR THE MASS, RESIDUE AND SELF-
ENERGY OF NUCLEON IN COLD NUCLEAR MATTER

4.1 Finite density correlation function

In this study, we calculate the behavior of the nucleons in cold nuclear medium, unlike
in vacuum. To do this, we will investigate how the mass and the residue are affected by the
medium and calculate the scalar and vector self-energies. These physical quantities can be

extracted from the analysis of the in-medium two point correlation function,

() = i / d're™® (ol T (@) F(0)] o), @1

where p is the four momentum of the nucleon, |¢) is the ground state of the nucleon defined
by the rest frame nucleon density p and by the four velocity u,, of the medium. A colorless
interpolating current J(x) is made up of quark fields with the same quantum numbers of a
nucleon. The interpolating currents in QCDSR method has an analogy in the role of wave

functions in the QM. For the proton with the quark content uud, the interpolating current is,

J(x) = 2€abc{ [uT’“(x)C'db(x)} Ysu(z) + [UT’“(x)C’%db(x)} ﬁuc(x)}, 4.2)

and for the neutron with ddu is

J(z) = 2%{ [dT’“(x)Cub(x)]%dc(x) + [dTva@)c%ub(x)} ﬁdc(x)}. 4.3)

In these equations a, b, ¢ are color indices of the quark field, T denotes a transpose in Dirac
space. The interpolating current with 5 = —1 known as to loffe current (loffe| (1981);

Drukarev et al.|(2015); [Thomas et al.| (2007); [Leinweber| (1993)); Stein et al.[(1995))).

In Dirac space, the correlation function H(qz) is a 4 x 4 square matrix, so it can be

expanded using Dirac matrices as follow Cohen et al. (1995)),

(p®) = g+ P+ My + iy + opy® + Hoppy® + Tsphy® + Ha(ppu — powy)

+ H5€,u,w-z)\pnu)\oﬂuya (44)

where the coefficients of each structure, i. €. IIg ., 1, 5, are scalar functions of the invariants

p? and p - u. The Lorentz covariance, parity and time reversal in the rest frame of nuclear
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matter imply that II;’s for i=1, 2, 3, 4, 5 vanish. As a result, the correlation function has

three different structures as a function of the scalars p* and p - u in the following form,
II(p®) = Ilg + IL,p + 1L, (4.5)

In the vacuum or zero density limit, the coefficients II, — 0 and IIg and II, are only

function of p?.

4.2 Physical Ansatz

In the physical or hadronic side, the correlation function is saturated by a complete set
of nucleon states with the same quantum numbers as the interpolating current and perform-
ing in Eq. (4.1) integral over = , we get the required expression for the physical side of the

correlation function as

TP (2 = — (ol J(@)n(p*, 5)) (n(p*, 5)|J (0)[th0) +o (4.6)

*2 __ *2
b my,

where |n(p*, s)) is the nucleon ground state, p* and m are the nucleon in-medium mod-
ified momentum and mass, respectively and the dots stand for contributions of the higher
resonances and continuum states. We define the coupling of the interpolating field to the

physical quasi-nucleon state as the in-medium residue, A\, given by the equality

(Yol J(2)n(p", s)) = Ayu(p”, s), 4.7)

where u(p*, s) is the positive energy Dirac spinor with s stands for the spin. After inserting

the parametrization in Eq. (4.7)) into the Eq. (4.6), we get

N2 ) N2+ ) 2
Phys( 2\ _ _ _
) = P e S ) T oy T 49

where p* = p*v,. The in medium modified momentum and mass are parametrized in terms

of the in-medium self energies, respectively

P o= pt— XN (4.9)
m:, = m,+ s, (4.10)

n

where f]ﬁj is the vector self-energy and Y, is the scalar self-energy. The vector self-energy

can be written as

o= Y,ut+ X pH 4.11)

12

Yout (4.12)
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Because of the small value of X!, the second term in Eq. (4.11) can be ignorable Cohen
et al[ (1991} 1995). Therefore, Eq. (4.8) can be written as

)\*2
(pu - EU““)%A - (m* - Zs)

n

t o (4.13)

HPhys ( pQ) —

The physical side of the correlation function, Eq. (4.6), can be written in terms of the

structures p, % and S as follows
TIPS (p?) = TIPS (p?, po)p + T (p, po )ik + T (p?, po) I + .., (4.14)

where py = p - u. I refers to unit matrix. The coefficients of the each structures are,

HPhys (p2 Do ) - _ )‘22
p Y p2 _ /{2’
A2y
Phys 2 _ n v
Hu Y (p 7p0> S +p2 . /€2’
)\*Qm*
Ph n n
I @hm) = — 55 (4.15)

here k = \/ mi2 — X2 + 2pyX,. As aresult, for the physical side of the correlation function,

we obtain

@Hllzhys<p2’p0) _ _)\226752/M2’
,BHZhyS(pQ’pO) _ +)\222U67'{2/M27
@thys (p*,po) = —)x;?mfbe’“Q/MQ. (4.16)

where M? is the Borel mass.

4.3 QCD Ansatz

The QCD side of the sum rules TI%P(p?) can be obtained in deep Euclidean space
p? — —oo. After inserting the explicit form of the interpolating current .J(z) in the corre-

lation function of Eq. (.1)) and by contracting out all pairs via Wick’s theorem, we have an

12



expression for the sum rules I19P (p?),

HQCD (pQ) - - 4i€abc€a’b’c’ / d4x€ipx <77DD

{ <7555”’ (2) S5 (2) S (2) 5

— 55 ()5 Tr | SO (2) S ()

) +5 (%SS" (2)7554" (2) 83 (x)

+ S (2)Sh (2)7555 (x) s — 7555 (x)Tr

i ()55 (w)]

Sgb/ (95)5361/(55)75 ) + 5 (Sib/ (1?)755'3@,(55)’75536/ (z)

S ()53 () )}

where Sij( 4 (2) are the light-quark propagators, Su]( () = C’S;J(E (x)C, 5 is the gamma or

— Sy (a)ysTr

— S8(x)Tr

wo>, (4.17)

Dirac matrix. It is best to work in the coordinate space and then to transform into momen-
tum space. In the coordinate-space in the presence of the background fields, they have the

following forms in the fixed-point gauge Reinders et al.| (1985)

Si(x) = <wom <> (0)][¢b0),

7 m 50 1 a _
= 5 Gt 4;2» ' @0
. 3;93 FA (O)tabA [¢0MV+O-NV¢] (4.18)

where a, b are Lorentz indices and ¢, j are Dirac indices and p is the medium density. The
first two terms in Eq. are obtained in the expansion of the free quark propagator to
first order in the quark mass. They are named as the perturbative part of the propagator.
According to the background-field method, Grassmann background quark fields x; () and
)22 (0) and a classical background gluon field F /f}j in Eq. are used to parametrize non-
perturbative quark and gluon condensates, respectively Reinders et al. (1985)); Hubschmid
and Mallik (1982)); Novikov et al.|(1984); Shifman| (1980). The gluonic contribution to light
quark propagator comes from a single gluon interaction keeping only the leading term in the
short-distance expansion of the gluon field. Contributions coming from derivatives of the
gluon field tensor as well as additional gluon insertion are ignored. After inserting the light
quark propagators seen in Eq. into Eq. (#.17), we obtain the prodects of Grassmann

background quark fields and classical background gluon fields. They correspond to ground-

13



state matrix elements of the ersatz quark and gluon operators:

two-quark : Xg, (%) Xp5(0) = (Gaa()qbs(0)),,
two-gluon : F:}Fﬁ = <GSAGEV) .
mixed quark-gluon : XZQ)ZZBF lf‘y = (qaa(jbgG;‘,,) .

four-quark : Xgafégﬁngf(g(s = <Qaaq_bﬁQC'yqd5>pa (419)

where the fields are evaluated at the point x = 0 unless otherwise stated Cohen et al.|(1995).
In the right hand side of Eqs. (4.19), the matrix elements are named as condensates. To

make progress, these condensates are needed to be defined in nuclear medium.

Since nuclear matter is colorless and the ground state is assumed to be parity and time
reversal invariant, the Dirac and color structure of the matrix element (g, (2)gy3(0)), can

be projected out as

(tua(@)Ts(0)), = —%[<q(0>q<x>>p6a5+<c7<o>m<x>>pvéﬁ]7 (420

and using the Taylor series expansion of the quark field ¢(x) at short distances, we have

(Gaa(2)@5(0)), = —% K(@q}p +2"(qD,uq), + %x“x"(f?Duqu)p + ) Sus

_ _ 1, .,
+ ((qwﬁp + 2"(qVaDuq), + Sz (qnDuD,q), + ) vég] ,

(4.21)

where all fields and their derivatives in the above condensates are evaluated at + = 0 point
Cohen et al| (1995)). To proceed, we need to evaluate the condensates seen in Eq. (4.21).
In the vacuum, these condensates can only be denominated using the metric tensor g, and
the anti-symmetric metric tensor €,y,,. On the other hand, in-medium condensates can
also be expressed in terms of the four velocity of the medium, w,, which causes to exit new

condensates and new Lorentz structures. The various in-medium condensates appearing in
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Eq. (4.21) can be expressed as:

<q_7,uQ>p = <q %Q>puu7
<unq>p = (qu- Dq>pu# = _imq@ ﬂ9>puw
B 4 1 ) B
(@.Dva), = §<q yiu - Dq) p(uyu, — ng/) + gmq<qq>p<uuuv — G )
_ 4 1 1,
(gD.D.q), = §<qu - Du - Dg),(w,u, — Zgw/) - 6<gsq0 - Gq)p (Ut — gu),
_ i 1
<q7ADuDVQ>p = 2<q %u - Du - DQ>p UNUY Uy — é(uAg,uu + UpGrw + uug)\u)
1
_6<gsq %g : GQ>p(u>\uuuV - U/\guu), (422)

where the equations of motion have been used and because of their small contributions,
O(m;) terms have been ignored. In his way, the expansion of the condensate (gaa()35(0)),

up to dimension five contains quark condensates and quark-gluon condensates.

Not only (gaq(z)q5(0)), is the source of the quark-gluon condensates, another one
comes from the contributions of the form Xga)ZZBFﬁ in the light quark propagator. The

corresponding quark-gluon matrix element can be decomposed as:

tA
<QSQaQQbBGﬁu>P r 9Lé){<gsq_0 F Gq>p

U,ul/ + i(uu’%/ - ul/qu) 74]
ap

+ <gsq ﬂO’ ' GQ>p

O-MV % + i(ultfyu - uuVM)]
af

— 4 ((qu - Du - Dq), + img(q hu - D(J>p>

X

U,LLV + 22(“;{71/ - Uu%) %] }7
ap
(4.23)

where ¢/, are Gell-Mann matrices and D, = (v, [+ /Dv,). The matrix element in
Eq. (4.23) is calculated by projecting out color, Dirac and Lorentz structure by taking suit-

able traces.

In the light quark propagator (Eq. (4.18))), the dimension-four gluon condensates comes
from factors of F/ F/} in which the matrix element (G, G1,,), can also be written as

5AB

(GAG)o = o5 |G olgsugre = grvga) + O((E? +B%),) |, (4.24)

where E and B are the color-electric and color magnetic fields, respectively. The contri-

butions coming from O((E® + B?),, are neglected because of small contributions in further
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calculations. For six-dimension, the four-quark condensate is not well-known is nuclear
medium. Therefore, it is factorized into two dimension-three condensates. It is considered

for the same quarks as follow,

(UgaUpplicyUds) p == (Taalbs) p{UeyUds)p — (Uaallds) p{UeyUng) ps (4.25)

and for the different quarks as well (Cohen et al.| (1995))

<ﬂmub5cfmdd5>p ~ (aaaublg)p(cﬁwdd@p. (4.26)

The necessary density dependent QCDSR of nucleon can be obtained by equating the
same structures in both I (p?) and TI9¢P(p?). After inserting in-medium light quark
propagator and using condensates presented for different dimensions above into Eq. (4.17)),

the function TT1%P(p?) can be decomposed over the Lorentz structures:
MeP (p?) = TIFCP p+ PP o + TIEPT, (4.27)

where the invariant amplitude TI19“? with n = p, u, S corresponding to each structure in
Eq. can be represented as the dispersion integral,
196D — / 4 —ngD(j)ds, (4.28)
o S—0P
where p@cP(s) = %Im [HSCD } is the two-point spectral density. Now, our main aim is to
calculate these spectral densities. Eq. is in coordinate space, the following Schwinger

parametrization is applied to transform the calculations into the momentum space,

SE T / Tt gy (4.29)

(A% Tln] Jo
At this step, to take x integral, we need to go to Euclidean space by using the replace-
ment ip-r — —ipg-rp and variable changing rp — yp— Qi'tp g and then Gaussian integration
can be easily performed over pg leading to a Dirac Delta. After making use of the replace-
ment p3, — —p?, we come back to Minkowski space to take derivative Ty — i%. The
resultant Dirac Delta function is used to perform second four-integral. Borel transformation
on the variable p? is applied to physical side of the correlation function and we subtract the
contributions of the higher resonances and continuum states by carrying out the assumption
of the quark hadron duality. The invariant amplitudes of each structures obtained after these

calculations as follows:

16



1
25674

1 50 2
+ 727T2/ dse™/M {po[l5(qTq>p+35(2
0

@HI?CD(SS? M2) _ / 0 dse—s/M282 [5 + 5(2 + 5,6)]
0

n 55)<qTq>p] -8 [5 +B(2+ 56)] mq(7q),
+ 49(-1+p) [3(1 + B)mg + 2m,, + 45”%} (79)p
+ 5 [5 + 82+ 55)} <qTiDoq>p}

2G2 S0
- <195247T>f /0 dse™*/™ (6 + 5+ 56%)

1
+ 192M27T2{(_1+5)

+ (264 438)m, ) M + 8(3(1 + B)mq

_ <40(1 + B)mq

+ 2m, + 45%)293] }(‘jgsUGQ>p

Po
u 576M27T2{ -3(1+352-+ 7))
+ 8(5 + B(2+ 5ﬁ))p§} (¢'9;0Gq),

1
- m{“”ﬁ)

— 32(1 +28)mups — 4(1 + B)my

} <(szozD0q>p

x  (M?+12p3)

_ Do
12M 272

- 14z1m2{ [?)(6 = Dy (401 + B)ma

5+ 6(2+50)

(M? — 2p?)>}<qT iDyiDog),

~ 0+ 55)mu> + 16(5 A2+ 56))193] }<qT¢D0q>p

1
3672

- %{(6—1)%

5+ B(2+50)

mqu } <QQ>9

31+ B)ymg+ (2+ 4/8)mu] }(qTQ>p'
(4.30)

17



BIEP (5, M?)

- /SO dse—s/M* ] _ 3(5 + B2+ 55)) (ngsan)p
7272 Jo

O(=1+ B)my [3(1 + Byma+ 2mu(1 +28)] a'a),

1 % —s/M? 2
35<qTq>p} + 95 /0 dse 5(1+ %)

5+ B(2+5P)

CYP] palq'g.0Gq),

(¢'950Gq), +

53|53+ 82 +58) pa(q"iDoiDogq),
v

- /58 dse=s/M?
7272 J,

2(5 + B2+ 56)) (—10{¢"iDog),

5(5+ 8(2 + 58) ) mylaa),

L {(@—1) 8(1+ B)ma + 3(3 + 78)m

) (q9s0Gq),
967

1272

1
1272 {(5 — mq

L {(5 — 1) [8(1+ B)mg+ 3(3+ 78)m, }(qiDoiD0q>p
41+ B)ymg — (1 + 56)mu]

}<q*z‘Doq>p,
(4.31)
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BITIP (s, M)

_64171—4 /056 dse_S/M232 [(ﬁ . 1)2md + 6(62 N 1)mu]
1 % 2

S5-1) /O dse”"/ { ((5+78)(ag.0Ga), )

4mg | (B = 1)ma +6(6 + 1)mu] (@a)p =205 + 7B)s<qq>p}
2,72 S0

Ny e L
1 KN

Tz B~ 1B /O dse=* ™ (q9,0Gaq),

(3= 120 + 2993 0.0 Ca),

242 20+ (9 — 295)5] p%(cjiDoiDoq>p

12172 (8 —1)m, [(6 — Dma +6(8 + 1)mu] P6aa),

312’;2 (B—1) /OSO dses/M* {4 lmq(5 +76) +mg(1 = B)

6(1 + 5)mu] <QTQ>p}
1

4my [M2(1 —458) +2(8 - 1)1?3] }<ngsUGQ>P

1

4M27T2( (M2 -+ 2p3)<qT2Dozng>p

p=1) [(5 — 1)ma +6(8 + 1)my,

1
2472

(8—1) lﬁmq — 8mq(1 — B) +48(1 + B)my | (¢'iDoq) -

(4.32)

After matching the invariant amplitudes of different structures form the physical and QCD

sides of the correlation function, we drive the sum rules for the mass, residue and self-

energies of nucleon:

_\2eR/M?
+)\74;22U67,{2/M2 _ @HQCD(SS, M2>’
“N2mre M BIIIP (s M), (4.33)



Using the above sum rules , we derive following expressions for k2, the vector self-

energy >, the modified in-medium mass m; and residue A}, of nucleon, respectively:

sy = T PIE A00)
BIL (s5, M?)
BIIQP (55, M?)
BITFP (s5, M2)’
my(s5, M2, 8,p) = /K + X2 — 2po%,,
(s, M2, B, p) = \/ e (4.34)
" BILZP (55, M?)

These expressions will be used in numerical calculation with the necessary numerical inputs

So(sy, M?,B,p) =

in the following section.

4.4 Numerical analysis

In the previous subsection, the sum rules’ expressions obtained for the physical quanti-
ties of nucleon contain the vacuum and in-medium expectation values of different operators
which are used as an input parameters in the numerical calculations. Before taking into
account the in-medium condensates, we need to estimate vacuum condensate. Just spin-0
operators can have non-vanishing vacuum expectation values, due to the Lorentz invariance
of the vacuum state |0). Therefore, we have the following the lowest mass dimension, d, of

vacuum condensates:

d=3 <ﬂu)0, <CZd>0, <§S>0, (435)
_ Qs ~2

d =4 <Wc>d (4.36)

d=5 (ug,0Gu)g, (dgsoGd)o, (39s:0GS)o, (4.37)

where 0G = 0, G" with 0, = i[y,,7]/2 and G* = G, G**. The notation used in
above the expressions for vacuum condensate is (O), = (0/0[0). The numerical values of
vacuum condensates are well known for the quark and mixed condensates. For the general-
ization, the in-medium condensates are expanded in terms of the rest-frame nucleon density

where u,, = (1,0). Up to first order in this expansion, we have

~ ~

(0), = (O)o+ (O)pp + ..., (4.38)

where ... represents the correction terms coming from higher order in nucleon density and

the spin-averaged nucleon matrix element is

<O>n=/vd3x[<n|()\n>—<0\O|o>], (4.39)

20



where the state vector of a nucleon |n) is normalized to unity at rest over a volume V' (Cohen
et al. (1995)). To proceed, we need some numerical values of input parameters, such as:
masses of quark and baryon, saturated nuclear matter density, the quark, gluon and mixed

condensates of vacuum and in-medium. These input parameters are presented in Table [.1]

Table 4.1: Input parameters used in calculations [Tanabashi et al.|(2018]); Jin et al.
(1994, 1993)); |(Cohen et al.| (1995 (1992).

Parameter Numeric Values Unit
My, 2.3 MeV
my 4.8 MeV
Do 1 GeV
poet (0.11)3 GeV?
my 0.5(my, + my) GeV
ON 0.045 GeV
m% 0.8 GeV? GeV?
(d'a), 5P GeV
(qq)o (—0.241)? GeV?
(@i, (@ho + £ Gel
(q'9s0Gq), —0.33 GeV?py GeVs
(q"1Doq), 0.18 GeVp GeV*?
(q@iDoq), Smep ~0 GeV*
(790G q)o ma{qq)o GeV?
(q9s0Gq), (q9s0Gq)o + 3 GeV?p GeVs
(giDoiDygq), 0.3 GeV?p — £(q9:0Gq), GeV?
(¢"iDyiDoq), 0.031 GeV2py — 15(q'9,0Gq), GeV®
(2G2), (0.33 + 0.04) GeV™. GeV*
(2G?), (2G?)y — 0.65 GeVp. GeV*?

Additionally, in the sum rules presented in Egs. for the physical quantities of nu-
cleon, we need three auxiliary parameters to be fixed at this step: the in-medium continuum
threshold s;;, the Borel mass parameter M? and the mixing parameter 3. According to the
standard prescription of QCD sum rules, the physical quantities show weak dependency on

these auxiliary parameters within their working regions.

The continuum threshold s;; depends on the energy of the first excited state with the
same quantum numbers, because it is not completely an arbitrary parameter. While the
mass of the nucleon m,, is the ground state energy, the energy for the first excited state of

the nucleon is y/s;; — m. We choose the value of continuum threshold in the interval as

1.5 GeV < s; <2 GeV. (4.40)
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Our numerical results show that the physical quantities like mass and residue weakly
depend on the continuum threshold in this interval. To obtain the working region of the
Borel mass parameter M2, the condition used for the upper bound of this parameter that
the pole contribution is larger than the contribution of the higher states and continuum.
Therefore, the following integral describing the contributions of the continuum and pole

should be satisfied,
_ Jot pls)e
L/‘OOO p(s)eis/MQ Y

where the restriction for the ratio is R > 1/2. For the lower bound condition on M? is

R (4.41)

that the non-perturbative contribution should be smaller than the perturbative contribution.

Under these requirements, the interval for the Borel mass parameter is:

0.8 GeV? < M? < 1.2 GeV?2. (4.42)

-1.0 . . 0.5 1.0
0.20 T 0.20

s 55=1.50 GeV?

==fum 55=1.75GeV2 015

| === 55=2.00 GeV>

0.05
0.00 . .
-1.0 -0.5 0.0
X

Figure 4.1: Variation of )\, as a function of z.

And also, we need to find the working region of the mixing parameter 3 in which the
physical quantities should be independent of this parameter. The notation x = cos§ with
B = tan# is used to explore the whole region —oo < /3 < 400 by varying in the region
—1 < x < +1. In Fig. 4.1 and Fig. 4.2, to obtain the reliable region of the parameter
B, we plot the vacuum residue )\, and in-medium residue A} of nucleon with respect to
the parameter x for three different continuum threshold values, s, = 1.50,1.75,2.00 GeV?,
and the mean value of Borel mass M? = 1 GeV2. As seen in this figure, in the following
intervals:

—1<2<-0.5and +0.5 <z < +1, (4.43)

22



-1.0 . . 0.5 1.0
0.20 T 0.20

s 55=1.50 GeV?

==fum 55=1.75GeV2  J0.15

i 57=2.00 GeV?

3
& 0.10 10.10
.
0.05 0.05
0.00 0.00
-1.0 -0.5 0.0 0.5 1.0

Figure 4.2: Variation of A as a function of x.

the residues \,, and A} show particularly stability with respect to = and the variation with

due to the continuum threshold is very weak. Moreover, the current corresponding with

B = —1orx ~ —0.71 named as loffe current is included by the above intervals.
%.80 085 090 095 1.00 1.05 1.10 1.15 1.2é)
mmEmm Pert
g 5 [ ---*--- QQ b 5
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2 4} {4
e 3t - 13
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R s ]2
q_'k
o
N 41
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0.80 085 090 095 1.00 1.05 110 1.15 1.20
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Figure 4.3: Variation of perturbative, two-quark condensate (QQ), two-gluon
condensate (GG) and mixed condensate (QG) parts in OPE in terms of /2

at saturation density and the average value of continuum threshold.

In Fig 4.3, in order to show the convergency of OPE in our calculations, we plot
the variations of perturbative, two-quark condenate (QQ), two-gluon condensate (GG) and

mixed condensate (QG) parts in OPE in terms of M2 at saturation density and the average

23



Table 4.2: The average in-medium masses, residues and their vacuum values with the
comparison of other studies.

m. (GeV) my, (GeV) A2 (GeV) A2 (GeV'%)
PS 0.743 £0.102 1.056£0.065 0.0010 £ 0.0004 0.0012 + 0.0005
Toffe|(1981) - 0.985 - 0.0012 4 0.0006
Nasrallah and Schilcher|(2014) - 0.990 4 0.050 - -

value of continuum threshold for the structure . We see that OPE nicely converges, i.e. the
contribution of perturbative part is larger than the non-perturbative parts contributions and
also contributions of decreases with increasing dimension of condensates. Note that it as is

seen the contribution of mixed condensate is almost zero.

We plot the pole contribution (PC) for the j structure as a function of M? at three
fixed values of the continuum structure s, = [2.0,2.25,2.5] GeV? and at saturation nuclear
matter density and at the parameter x = —0.65 in Fig 4.4. At the lower limit of the Borel
parameter, we obtained PC= (.57 and at the higher limit of it, this value decreases to PC=
0.31. Another important result of our analyses show that in the obtained working regions of

auxiliary parameters, the series of sum rules have a nice convergency.

1(()).80 0.85 090 095 1.00 1.05 1.10 1.15 1.2%)0

o il - — SE)=2.0 GeV2
0'8 [ ---q’---- SE)=225 GeV2 ] 0.8
. _ 2
06} S 57=2.5 GeV lo.6
o ! .--.ﬂh--....
o .-.“.-. *-..-..-‘F.....
0.4} ‘~~~-‘~---#--.--.ﬁ...._.* S 10.4
.E---‘h---ﬁ:.....*"-----
---ﬁ---q
0.2 L " 0.2

0.0 : : : : : : : 0.0
0.80 085 090 095 100 105 110 115 1.20
M?(GeV?)

Figure 4.4: Pole contribution (PC) with respect to Borel mass parameter for the p

structure at nuclear matter saturation density.

In the above equations, the mass sum rule is the ratio of two sum rules and thus their

unstable points in nominator and denominator can easily cancel each other.
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In table 4.2, we present our average results of the in-medium and vacuum obtained in
the limit p — O masses and residue squares of nucleon (PS for used for present study) and
compare them with existing results of [loffe (198 1)) and |[Nasrallah and Schilcher (2014) in the
literature. From this table, it can be concluded that our vacuum results are in good agreement
within the errors with numerical values obtained using loffe current in the vacuum sum rules
calculations. It can be also seen that the average values of those physical quantities shifts

considerably due to nuclear medium.

We plot the variations of ratios \* /A, and m? /m,, as a function of M? in the Figs. 4.5-
6, respectively to show the weak dependency of the physical quantities under consideration
with respect to the above auxiliary parameters and to see clearly how the in-medium results
deviate from the vacuum values. We observe that the shifts of the physical quantities due
to medium are negative. While the shifts in residue roughly increase with the increasing
value of M?, but the shift in mass changes considerably with respect to the same parameter.

To show the percentage of the shift W x 100 in residue and mass % x 100
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Figure 4.5: A} /), as a function of M?.

of nucleon in dense medium, we plot the Figs. 4.7-8, respectively. Our calculations present
that the value of \ decreases when compared with the value of A, by approximately 11%

and the percentage of the shift in the mass of nucleon in cold nuclear matter is nearly 31%.

In our calculations for the saturation density of nuclear medium p** = 0.112 is used.
To investigate the density dependency of physical observables, A\’ and m of nucleon, we
plot the in-medium residue ratio to vacuum residue in Fig. 4.9 and the in-medium mass

ratio to vacuum mass in Fig. 4.10 as a function of (p***/p) = [1, 1.5] at the input parameters
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Figure 4.6: Same as Fig. 4.5 for m? /m,.
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Figure 4.7: The percentage of the shift (A"A—/n’\”) * 100 in residue of nucleon in dense

medium with respect to M2,

st =1GeV?, M? =1GeV? and z = —0.65. In Fig. 4.9, it can be seen that the behaviour
of A /A, has a exactly linear response, but the density effect on in-medium mass is approx-
imately linear as seen in Fig 4.10. At (p**/p) = 1.5 value of density ratio, these ratios are
0.86 for modified residue and 0.64 for modified mass of nucleon. The last analyze for the
nucleon in dense medium is its vector self-energy and scalar self-energy. Using the obtained
sum rules, in Fig. 4.11, we show the vector self-energy dependency of the nucleon on the
auxiliary parameter Borel mass at mean values of other auxiliary parameters. As seen in

this figure, it shows stability in the reliable region of the parameter M?2. Using the results of
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Figure 4.8: Same as Fig. 4.7 for mass of nucleon.
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Figure 4.9: A\’ /), as a function of p**/p at s}, = 1 GeV?, M? = 1 GeV? and
x = —0.65.

our analysis the average values of vector X, and scalar X, self-energies of nucleon in cold

nuclear matter presented in Table. 4.3.
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Figure 4.10: Same as Fig. 9 for m}, /m,,.
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Figure 4.11: The vector self-energy X3, versus M? at mean values other auxiliary

parameters.

Table 4.3: The average values of vector and scalar self-energies of nucleon.

>, (GeV) s (GeV)

PS 0.345+0.058  —0.308-0.049
Plohl et al.|(2006ajb)  (0.350 — 0.400) —(0.400 — 0.450)
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S. CONCLUDING REMARKS

In this thesis, we investigated the physical properties of nucleon in cold dense medium
within the framework of QCDSR formalism as a powerful and reliable non-perturbative
theoretical application. In the literature, plenty of theoretical studies are devoted for the
investigation of the vacuum properties of nucleon. In addition, using the loffe current for
the medium, it was studied how these physical properties deviated from the vacuum due to
the nuclear matter. Theoretical and phenomenological investigation of those properties and
their comparison with the existing experimental results can give more essential idea about

the nature of nucleon.

Initially, we used the interpolating current with an arbitrary mixing parameter in the
correlation function and inserted the light quark propagator with its density dependent con-
densates. After applying the some tools of the QCD sum rules formalism, we derived in-
medium sum rules for the mass, residue and self-energies of the nucleon. In the p — 0
limit, we obtained our vacuum results to compare the other existing vacuum results in the

literature.

In the sum rules of the nucleon, there are three auxiliary parameters: arbitrary mixing
parameter of the propagator /3, in-medium continuum threshold s, and Borel mass parameter
M?. First of all, we determined the reliable regions of these parameters in accordance with
the philosophy QCD sum rules. We showed that working region of the /3 parameter contains
Ioffe current value. After entering the numerical input parameters such as quark, gluon,
mixed condensates of the nuclear medium and quark masses, we obtained the numerical
values of the physical observables for vacuum and medium. Since we know that physical
observables should be independent of the above auxiliary parameters in QCD sum rules
method, we have demonstrated our numerical results showing good stability with respect to

these parameters.

We observed that the in-medium mass and residue have considerable negative shifts
due to cold nuclear matter at the saturation density of nuclear matter and the average values
of the in-medium continuum threshold and Borel mass parameters. The shift in the mass of
nucleon is by an amount of 31% and in the residue it is 11%. Depending on the change in

the density of the medium p** /p, the ratios in the mass m*/m and residue \*/\ are almost
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linear. At the end of our calculations, we investigated the nucleon vector and scalar self-

energies in dense medium. Our results are consistent with the model independent results in

Plohl et al.| (2006a/b).

As aresult, we can conclude that the results of vacuum in the literature for the physical
properties of the nucleon are in good agreement with our results. In the previous studies,
using loffe current the effects of the medium on the physical observables of the nucleon
were investigated. However, in our study, we extended these studies using whole region
of the 5 parameter in the current which includes the loffe value and also obtained working
region of 3 for the observables of nucleon. These results may be used as a guide for the near

future experiments.
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