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We study the critical point in the QCD phase diagram in the Nambu—Jona-Lasino (NJL) model by
including a scalar-vector coupled interaction. We find that varying the strength of this interaction, which
has no effect on the vacuum properties of QCD, can significantly affect the location of the critical point in
the QCD phase diagram, particularly the value of the critical temperature. This provides a convenient way
to use the NJL-based transport or hydrodynamic model to extract information about the QCD phase

diagram from relativistic heavy-ion collisions.
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I. INTRODUCTION

Studying the QCD phase structure is among the most
important goals of ongoing experiments on heavy-ion
collisions [1-3]. By changing the beam energy and select-
ing different system sizes and the rapidities of measured
particles, it is possible to probe different regions of the
QCD phase diagram, particularly the critical end point
(CEP) [4] on the first-order phase transition line. To make
this possible requires, however, versatile dynamic models
to describe the expansion of created hot dense matter with a
flexible equation of state that can have the critical point at
varying temperatures (7)) and baryon chemical potentials
(up) in the QCD phase diagram [5-15].

At zero and small baryon chemical potentials, the lattice
quantum chromodynamics (LQCD) [16-18] has shown
that the quark-gluon plasma (QGP) to hadronic matter
phase transition is a smooth crossover. However, it is not
yet possible for the lattice QCD to study the quark-hadron
phase transition at large baryon chemical potentials due to
the fermion sign problem. On the other hand, studies
based on effective theories have suggested that the phase
transition is a first-order one at large baryon chemical
potentials [4,19-25], indicating the existence of a CEP on
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the first-order phase transition line in the yp — 7' plane of
the QCD phase diagram, albeit with large uncertainties in
its location [23].

Among the effective models for studying the QCD phase
diagram at finite baryon chemical potentials, a frequently
used one is the Nambu—Jona-Lasinio model [26,27].
Formulated in terms of quark degrees of freedom [28,29],
this model allows the description of chiral phase transition at
both finite temperature and chemical potential [30] besides
providing a framework to describe hadronic systems in the
vacuum based on dynamical chiral symmetry breaking and
its restoration [31-33]. The extended NJL model with the
Polyakov-loop (PNJL) also makes it possible to describe the
confinement-deconfinement phase transition of the quark
matter [20,34—40]. The parameters in the NJL model and the
PNJL model are largely constrained by the vacuum proper-
ties of QCD and the known chiral dynamics in hadronic
systems at zero temperature. The predicted temperature of
the critical point varies from 40 to 80 MeV in the NJL model
[23,30] and can be larger than 100 MeV in the PNJL model
[40,41]. For the purpose of locating the critical point via
comparing model calculations with the experimental data
from heavy-ion collisions, it will be useful to extend the
NJL-type models to further expand the region in the pgp — T
plane, where possible locations of the critical point can be
accommodated.

Although a repulsive vector interaction can be included in
the NJL or PNJL model to change the critical temperature of
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the chiral and/or deconfinement phase transition [20], it,
however, leads to a decrease of the critical temperature,
making the deviation from the LQCD results even larger
[42]. Another way to extend the NJL model is to include
higher-order multiquark interactions. Besides the six-quark
interaction term from the 't Hooft determinant interaction
that breaks the U,(1) symmetry [43], the eight-quark
interactions, including scalar-scalar, vector-vector, and
scalar-vector coupled interaction terms, have also been
considered [44-46]. These higher-order interactions are
produced from quantum effects in the high momentum
region of the nonperturbative renormalization group calcu-
lation [47]. Their possible effects on the vacuum properties
of low-lying spin zero mesonic spectra have been carefully
studied in Refs. [48-50]. In addition, the inclusion of a
complete set of spin zero terms from explicit symmetry
breaking effects [51,52] has led to a more precise description
of low-lying pseudoscalar and scalar nonets as well as a good
description of a wide range of observables from LQCD
calculations [53].

Since the attractive scalar-scalar coupled interaction
affects the QCD vacuum properties, its strength is con-
strained and cannot be arbitrarily changed to modify the
location of the critical point [45]. Although the repulsive
vector-vector coupled interaction does not affect the QCD
vacuum properties, it always decreases the critical temper-
ature of baryon-rich quark matter, similar to the effect of the
vector interaction. For the scalar-vector coupled interaction,
it is known to be important for reproducing the nuclear
saturation properties when using the NJL-type model for
nuclear matter [54]. As to its application to the quark-
hadron phase transition [55], it turns out to be a good
candidate because it has no effects on the QCD vacuum
properties, and more importantly, its strength can affect the
location of the critical point as shown below. By varying the
strength of the scalar-vector coupled interaction, one can
easily change the location of the critical point in the phase
diagram from low to very high temperatures. These features
of the scalar-vector coupled interaction term have not been
fully explored in previous studies [44-46,51-53].

In the present study, we first calculate the phase diagram
from the two-flavor NJL model by including the scalar-
vector coupled interaction among quarks. We then extend
the calculations to the three-flavor case and also to the
PNJL model to study in detail its effect on the location of
the critical point in the QCD phase diagram.

II. THE SCALAR-VECTOR COUPLED
INTERACTION IN THE (P)NJL MODEL

A. The two-flavor NJL model

We first consider the two-flavor NJL model, which is
usually described by the following Lagrangian density [30]:

L"EIJJL(2> = Lo+ Ls + Lgy, (1)

with

Ly = p(iy*0, — m)y,
Ls = Gs[(pw)* + (piystw)?],
Lsy = Gsy|[(fry)* + (wiysty)?]
< [(rr'w)? + (Frsr*Tw)?]. ()

In the above, w = (u,d)’ represents the two-flavor
quark fields, /ir = diag(m,,, m;) is the current quark mass
matrix, y* with u=0,1,2,3 are Dirac matrices,
¥s = iYor17273, and 7 = (7, 7,,73) are Pauli matrices in
the flavor space. The Lagrangian densities Ly, Lg, and Lgy
are, respectively, for the free quarks and their scalar and
pseudoscalar interactions with the coupling constant Gg as
well as the scalar-vector, scalar-axial vector, pseudoscalar-
vector, and pseudoscalar-axial vector coupled interactions
with the coupling constant Ggy. We note that the sign of the
Ggy term in Eq. (2) is the same as the one first introduced in
Ref. [54], which is opposite to that used in Refs. [45,55].

As in most studies using the NJL model, we adopt the
mean-field approximation [56] to linearize the model by
introducing following substitutions:

(P )? = 20 (@) — (T w)?
Pyl w)? = (W) 29T (T )
+ @) 2eT 3y (pTay))
= 3(pTa)* (P jy)?, (3)
where I' = {1,iys7,7,.757,} and the angular bracket

denotes the expectation value from the quantum-statistical
average. Due to the parity symmetry in a static quark

matter, one has (fry*y) = (pysty) = (Fysr'y) = 0 with
k=1,2,3, and the Lagrangian density can then be
rewritten as

‘CIEII.IJI?) = ﬁ(yﬂiauﬂ _Mu)u + a(yﬂiadﬂ _Md)d
+2Gsv (pu+pa) (bu+ ba)* (@yu+dy°d)
~Gs(u+¢a)* =3Gsv(bu+¢a)*(pu+pa)* (4)
In the above, M, and M, are the in-medium effective
masses of u and d quarks, respectively, given by
Mu =my, — 2GS(¢14 + ¢d)
- 2GSV(pu +pd)2(¢u + ¢d)’
My =my—2Gs(¢, + da)
= 2Gsy(pu + pa)*(hu + o), (5)
with ¢, = (u) and ¢, = (dd) being the u and d quark

condensates, respectively, and p,, and p,; denoting the net u
and d quark number densities, respectively.
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The thermodynamic properties of a two-flavor quark
matter are determined by the partition function Z =
Trlexp[—p(H — uN)]], where g = 1/T and H are, respec-
tively, the inverse of the temperature 7 and the Hamiltonian
operator, and u and N are, respectively, the chemical
potential and corresponding conserved charge number
operator. The thermodynamic grand potential of the quark
matter is then given by

1
SU(2
N =gy Z

= Gs(py + $a)* +3Gsy(dy + ba)*(Pu + pa)?

oy SR E) T E).(6)

where V is volume of the system, N~ = 3 is the number of
colors, E; = (m? 4+ p?)"/?, and

Z5(E;) = N, In[l + e PE70)], (7)
with the effective chemical potentials,

ﬂZ = My + 2GSV(,014 + pd)(¢u + ¢d)2ﬂ
/’lji = Mg+ 2GSV(pu + pd)(¢u + ¢d)2‘ (8)
The quark condensate ¢; and the net quark number

density p; can be determined by minimizing the grand
potential, i.e.,

SuU(2 SuU(2
N

Op; O =0 ®)
and they are
dp M,
b= [ SEF 0=, (10)
d3
Pi—ch/ﬁ("?_”i_)’ (11)

with nf = [e/EiF#) 4-1]7!. Because the NJL model is a
nonrenormalizable effective model, a momentum cutoff A is
needed in evaluating the momentum integral in Egs. (6), (10)
and (11) as well as those appearing later in the paper. In the
present study, we employ the parameters m, = m,; =
5.5 MeV, Gg¢A?> =2.135, and a cutoff A =651 MeV
[39,40], which are summarized in Table I together with
the quark in-medium mass and condensate, to study the QCD
phase diagram with various values for Ggy.

TABLE I. Parameters in the two-flavor NJL model [39,40].
A [MeV] GgA? m,, [MeV] M,  [MeV] (iu)'/? [MeV]
651 2.135 5.5 325.1 -251.3

With the quark condensates and net quark density given
in the above, one can see from Egs. (5) and (8) that the Ggy
term affects the effective masses of quarks and their
effective chemical potentials in a quark matter. Although
its effects depend on the quark condensates, which have
negative values and increase with decreasing quark density,
they also depend on the quark density. As a result,
including the Ggy term in the NJL model does not affect
its description of QCD vacuum properties at zero baryon
density, and treating the value of Ggy as a free parameter
allows one to obtain different scenarios for the properties of
quark matter.

The effects of the Ggy term can be qualitatively under-
stood for quark matter at low density. According to Eq. (8),
a negative Ggqy resembles a vector interaction in the NJL
model [30], which induces a repulsive interaction among
quarks or antiquarks and an attractive interaction between
quark and antiquark. Compared to the scalar coupled term
Gy in the NJL model, which reduces the quark in-medium
masses because of the reduction of quark condensates, a
negative Ggy counteracts this effect as can be seen from
Eq. (5). With its quadratic dependence on the quark density,
the effect of the Ggy term on the quark in-medium masses
at low quark densities is, however, significantly reduced
with increasing quark density, thus resulting in an effec-
tively attractive interaction among quarks. Since the repul-
sive quark interaction due to a negative Ggy in the vector
channel turns out to be stronger than the attractive quark
interaction in the scalar channel for quark matter at low
densities, the net effect of a negative Ggy is repulsive. In
quark matter at very high densities, where the chiral
symmetry is largely restored and the quark condensates
are close to zero, the effects of the Ggy term become less
important, which is different from the usual vector inter-
action in the NJL model [30] that gets stronger at high
densities. For quark matter at intermediate densities, the
effects of the Gqy term are, however, more complex, and
whether this leads to a repulsive or an attractive quark
interaction depends on the value of the quark density. For a
positive Ggy, its effects on the properties of quark matter
are opposite to those of a negative Ggy.

Quantitatively, the effects of the Ggy term on the
properties of quark matter can be understood from its
pressure, which is given by p = —QIS\,[JJ]E2>, as a function of
the net quark number density. In Fig. 1, we show the results
for quark matter at temperature 7 = 36 MeV, which is the
critical temperature in the two-flavor NJL model for
Gy = 0, for different values of the scalar-vector coupling
constant Ggy. It is seen that a positive Ggy = 100 A~8
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FIG. 1. Pressure as a function of net quark number density at
temperature 7 = 36 MeV from the two-flavor NJL model for
different values of the scalar-vector coupling constant Ggy and
with the values of other parameters given in Table I.

hardens the equation of state at net quark number density
of around 0.9 fm~3, while a negative Ggy = —100 A~8
has the opposite effects. As a result, the critical temperature
is increased by a negative Ggy and decreased by a
positive Ggy.

Figure 2 shows the coexistence line in the temperature
and net quark number density plane for different values of
Gyy. For points on the coexistence line that have the same
temperature, they correspond to quark matters of different
densities but the same pressure and chemical potential.
The region below the coexistence line is unstable
against phase separation. The blue solid line is the result
calculated with Ggy = 0, i.e., the default NJL. model, and

Two-flavor NJL model —G. =0
120 sv o
= = Gy, =-200 A |
s N —-=Gg, = 100A®

\
\

® Critical Point

T (MeV)

FIG. 2. Coexistence lines in the temperature and net quark
number density plane from the two-flavor NJL model for
different values of the scalar-vector coupling constant Ggy and
with the values of other parameters given in Table 1. The solid
circles denote corresponding critical points.

the corresponding critical point is located at temperature
T ~ 36 MeV and net quark number density p =~ 0.64 fm~>.
Results obtained with a scalar-vector coupled interaction of
Ggy = —200 A~8 are shown by the dashed line, and the
critical point in this case shifts to the temperature 7 ~
105.5 MeV and net quark density p ~ 0.79 fm~>. Changing
to a scalar-vector coupled interaction of Ggy = 100 A~8
reduces the temperature and net quark number density of
the critical point to 7~ 14 MeV and p=0.32 fm™3,
respectively. Hence, the critical temperature can be easily
varied by changing the value of Ggy. The locations of the
critical point obtained from the two-flavor NJL model for
different values of Ggy are also shown in Fig. 3 by the red
line. Although it is not possible to obtain a critical point
near the pp = 0 axis by further reducing the value of Ggy,
because its effects on the effective mass and chemical
potential vanish at up = 0, the range of values for the
critical temperature shown in Fig. 2 by varying Ggy is
sufficiently large to cover the region that can be probed in
realistic heavy-ion collisions.

The value of Ggy affects not only the location of the CEP
but also the growth rate y; of spinodal unstable modes in
the phase coexistence region. The latter is related via the
relation y, = |v|k, where k is the wave number of the
density ripples [57], to the isothermal speed of sound v that
is purely imaginary and thus corresponds to a nonpropa-
gating and self-amplified sound wave. With the square of
the speed of sound evaluated according to v* = - fp (g—g)T in
terms of the net quark density p and the quark energy
density e and pressure p, its values as a function of p in a
quark matter of temperature 7 = 30 MeV are shown by the

200
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FIG. 3. Location of the critical point in two-flavor and three-
flavor NJL models and PNJL models with the scalar-vector
coupled interaction in the plane of temperature 7 and baryon
chemical potential up. The lines are obtained by changing the
value of the coupling constant Ggy with other parameters in the
two-flavor and three-flavor (P)NJL models given in Table I and
Table II, respectively.
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FIG. 4. Panel (a): square of sound velocity (v?) in the two-
flavor NJL model. Panel (b): second-order scaled density moment
(y,) obtained from the Maxwell construction of a first-order
phase transition in quark matter.

solid and dashed lines in the upper panel of Fig. 4 for the
quark scalar-vector interaction strength Ggy equal to 0 and
—200 A~8, respectively. It is seen that in the spinodal

unstable region defined by (g—ﬁ)T < 0, a negative-valued

Ggy leads to a more negative v2, corresponding to a larger

growth rate of spinodal unstable modes and hence, a faster
phase separation.

Both the size of the phase-coexistence region in the QCD
phase diagram and the growth rate of spinodal unstable
modes can affect the observation of the first-order phase
transition in heavy-ion collisions. This is because it requires
the phase trajectory of produced quark matter to pass
through the phase-coexistence region in the QCD phase
diagram and the rapid development of fluctuations in density
in order for clusters to form [57-59] and light nuclei to be
more easily produced [59]. Therefore, a negative Ggy makes
the signals of a first-order phase transition more prominent
in the simulations of heavy-ion collisions based on either the
hydrodynamic or the transport approach.

To quantify the density inhomogeneity/fluctuation in
quark matter, we consider the Nth order scaled density
moments [57], i.e.,

_ [ dxp(x)]N[[ dxp™H (x)]
N [ dxp?(x)]N ’

(12)

which has a value of one for a uniform density distribution.
For small density fluctuations, p(x) = p, + dp(x) with p,
being the average density, it can be written as

Jdx(dp(x))?
Jdxpg

in terms of the relative density fluctuation Ap averaged over
space [60,61]. As shown in Refs. [59-62], the quantities y,
and Ap are directly related to the yield ratio of light nuclei in
heavy-ion collisions. To see the influence of the scalar-
vector term on y,, we evaluate its value in an infinitely quark
matter of temperature 7 = 30 MeV at the end of its first-
order phase separation. With the densities of the dense and
dilute phases determined by the Maxwell’s construction, the
results for y, obtained with Ggy equal to 0 and —200 A~% are
shown in the lower panel of Fig. 4 by the solid and dashed
lines, respectively, as a function of the averaged densities. It
is seen that the y,, hence the density inhomogeneity or
fluctuation, is significantly larger for Ggy = —200 A~% than
for Ggy = 0. Also, the density at which y, peaks shifts from
p ~0.53 fm~> to 0.23 fm~> when the value of G4y changes
from zero to Ggy = —200 A8,

To search for the CEP, the beam energy scan program has
been carried out at RHIC, with a particular emphasis on the
possible nonmonotonic behavior of the fourth-order cumu-
lant of net-proton multiplicity distribution as a function of
collision energy, which has been assumed to be related to a
similar behavior in the fourth-order quark number suscep-
tibility of a thermally equilibrated QGP as it evolves
towards its CEP as a result of the induced long-range
correlations [63—65]. On the other hand, it has been
suggested that the effects of the first-order phase transition
in quark matter, which can lead to a large density
inhomogeneity or fluctuation, could also be studied via
cluster formation [57-59]. In particular, it has been shown
that the first-order chiral phase transition in quark matter
can result in an enhanced production of light nuclei in
relativistic heavy-ion collisions [59]. For both observables,
a detailed comparison between experimental data and
theoretical results from the transport or hydrodynamic
model is essential for extracting information on the
QCD phase diagram from heavy-ion collisions in the beam
energy scam program.

ya~ 1+ =1+ Ap, (13)

B. The three-flavor NJL model

The three-flavor NJL model includes also the strange
quark, which plays an important role in the partonic
dynamic of heavy-ion collisions at high collision energies,
The Lagrangian density in this model is given by [30]

L5 = Lo+ Ls + Lsy + Laas (14)

with
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LO = l/_/(lyﬂa/t - ﬁ’l)l[/,

8
Ls =Gs Y _[(F2%w)* + (Fiysiy)?),
a=0
Lyt = —K[detp (1 +ys)y +dety (1 —ys)y],  (15)
where w = (u, d, s)T now represents the three-flavor quark

fields and m = diag(m,, my, my) is the corresponding
current quark mass matrix. In the above, 1“(a =1, ..., 8)
with 1° being the identity matrix multiplied by /2/3 are
the Gell-Mann matrices. The Lagrangian density Ly is
the Kobayashi-Maskawa-t’Hooft (KMT) interaction [43]
that breaks U(1), symmetry with “det” denoting the
determinant in the flavor space [66], i.e., det(pTy) =
> i x(ulg;) (dT'g;)(sTgy). This term gives rise to six-point
interactions in three flavors and is responsible for the flavor
mixing effect. We assume in the present study that only u
and d quarks can have the scalar-vector coupled interaction,
so the term Lgy has the same form as in Eq. (2). Although
this breaks the SU(3) x SU(3) symmetry in a specific way,
a scalar-vector interaction term is still expected to be
produced from quantum effects in the high momentum
region of the nonperturbative renormalization group cal-
culation of Ref. [47]. As in the case of the two-flavor NJL
model, the value of Ggy in the present study will be taken as
a parameter to model the variation in the temperature and
baryon chemical potential of the critical point of the quark
matter.

In the mean-field approximation [56], the gap equations
in the three-flavor NJL model for the quark in-medium
effective masses, including that (M) of strange quark, are
given by

M, =m, —4Gsp, +2Kpaps
—2Gsy(pu + pa)*(hu + ¢a);
My =my—4Gsp, + 2K, s
= 2Gsy(pu + pa)*(hu + o),

M, =m, - 4GS¢S + 2K¢u¢d‘ (16)

Besides the light quark condensates ¢, and ¢, as in the
two-flavor NJL model, there is also the strange quark
condensate given by

d’p M,
¢y = ZNL‘/ 271_)3?(”?

where nf = [/E:F1) 4 1]~ with E; = (M2 + p?)'/? and
1, being the strange quark chemical potential. The thermo-
dynamic potential of the system can then be written as

+ny —1), (17)

TABLE II.  Parameters in the three-flavor NJL model [30,39,40].
A [MeV] GgA? KA’ m, 4, [MeV] mg [MeV]
631.4 1.835 9.29 5.5 135.7
M,, [MeV] M, [MeV] (au)'/3 [MeV] (5s)!/3 [MeV]
335 527 —-246.9 -267

QN = 2G5(¢2 + %+ ) + 3Gy (hu + $0)* (P + pa)?

d3
— 4Ky pabs—2Nc >

i=ud,s
o7y / ¢ Py

i=u,d,s

)+z7(E))). (18)

To study the thermodynamic properties of a quark matter
in the three-flavor NJL model, we employ the parameters
m, =my; =5.5MeV, m; =135.7 MeV, GgA*>=1.835,
KA>=9.29, and a cutoff A =631.4 MeV [30], which
are summarized in Table II together with the quark in-
medium masses and condensates. The locations of the
critical point in the temperature and baryon chemical
obtained from the three-flavor NJL model with the sca-
lar-vector coupled interaction are shown in Fig. 3 by the
short dashed line. This line is almost identical to the solid
line from the two-flavor NJL model except that the critical
point in the three-flavor case moves to a higher temperature
and smaller baryon chemical potential compared to the
two-flavor case when the same Ggy is used in the two
calculations. The main reason for this similarity is because
the parameters in the two-flavor and three flavor NJL
models (see Tables I and II) give similar properties of the
QCD vacuum, e.g., the quark condensates and in-medium
masses. Results from these two models will not be identical
if one uses different values for these parameters [30].

The scalar-vector term in the extended NJL Lagrangian
shown in Eq. (14) respects the isospin symmetry but breaks
the SU(3) symmetry in flavor space. Since the SU(3)
flavor symmetry is already broken in the usual NJL
Lagrangian by the much larger current mass of s quark
than those of u and d quarks, our approach preserves the
same symmetries as the original NJL Lagrangian. Similar
approaches have been adopted in the study of quark stars
[67] and heavy-ion collisions [68—70] by introducing in the
three-flavor NJL model additional scalar-isovector and
vector-isovector interaction terms for u and d quarks with
their strengths determined from empirical neutron star
masses and radii as well as the isospin-dependent flow
data from relativistic heavy ion collisions.

In principle, one can also include the scalar-vector
coupled interactions for strange quarks. In this case, the
dependence of the critical temperature on the value of Ggy
becomes much weaker than the results shown in the above.
This is because the in-medium mass of strange quark is
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FIG. 5. Pressure as a function of net quark number density at
temperature 7 = 47 MeV from the three-flavor NJL model for
two different values of the scalar-vector (SV) coupling constant
Gsy and with and without including the strange quark in this
interaction term.

much larger than the light quark masses, which makes it
much harder for the quark matter to restore the sponta-
neously broken chiral symmetry. To quantify the effects of
the scalar-vector interaction for strange quarks, we show in
Fig. 5 the pressure of a quark matter at temperature 7 =
47 MeV as a function of its net-quark number density from
the three-flavor NJL model. The red dash-dotted and blue
dashed lines denote, respectively, the results from our
approach and the approach including the strange quark
scalar-vector interaction with the same coupling constant
Ggy = —100 A3, Although the quark matter equation of
state at densities p = 0.5 — 0.8 fm~3, where (OP/0p); ~ 0
if Ggy = 0, is affected by the scalar-vector interaction in
both approaches, the effect is much smaller in the case
including the scalar-vector interaction for strange quarks.
For Ggy = —100 A=%, the critical temperature in our
approach is increased from 47 MeV to 86 MeV, while it
is only increased to 58 MeV if the strange quark scalar-
vector interaction is also included. Therefore, allowing the
scalar-vector interaction to act only on d and s quarks or u
and s quarks would reduce the effect of this interaction on
the temperature of the critical point.

C. The NJL model with Polyakov loop

To include also the confinement-deconfinement phase
transition, a constant temporal background gauge field
representing the Polyakov loops ® and ® has been added to
the NJL model [20]. This so-called PNJL model changes
the NJL Lagrangian density to

Loy, = W (iy* D, — i)y + Lg + Lgy
— U(®[A], BA], T), (19)

where the covariant derivative is defined as D* = 9" — iA¥
with A* = g AL (x)1,/2 = §yA, being the SU(3) gluon
field in the Polyakov gauge and g being the QCD strong
coupling constant. Concerning the effective potential I/ for
the Polyakov loops, various choices have been used in the
literature [20,40,71-74]. In the present study, we adopted
the following parametrization:

U@,e,7) 1 -
+b(T)In[1 — 6D + 4(D3 + ®3) — 3(PD)?],
(20)
with
T To\?
a(T) = dy + aq (7()) + a, <70) s
T\ 3
b(T) = by <—°> : (21)
T
where the parameters ay = 3.51, a; = -2.47, a, = 15.2,

and b3 = —1.75 are fitted to the results from the LQCD
calculations of the thermodynamic properties of a pure
gluon system [39,40]. For the temperature parameter T, its
value is 270 MeV, corresponding to the critical temperature
for the deconfinement phase transition of a pure gluon
matter at zero baryon chemical potential [75]. The inclusion
of quarks leads to a smaller value of 7y = 210 MeV.

The grand potential of a quark matter at finite temper-
ature and quark baryon potential in the PNJL model has a
similar expression as Eq. (6) for the two-flavor or Eq. (18)
for the three-flavor NJL model except the expression in
Eq. (7) is replaced by

75 =In[1 +3(d + q)e—ﬂ(E,-ﬂFﬂ?))e—ﬁ(EiﬂFu}‘)
+ e PEFu)], (22)
As in the NJL model, the quark condensate and quark

density are obtained by minimizing the grand potential, i.e.,

oy ool . . o
7 e 0. Their expressions are similar to those
4 1

given in Egs. (10) and (11), except the color-averaged
equilibrium quark occupation numbers ni are replaced by

N DePEFH) 4 2P EFH) 11
o = PEFH) 4 3De2PETFH) 4 3PP EFH) 1 1°

(23)

From the above expression, one can see that the quark
distribution retains the normal Fermi-Dirac form at high
temperature when the Polyakov loops are ® = ® = 1,
while it becomes the Fermi-Dirac form with a reduced
temperature 7/3 at low temperature when ® = @ = 0.
Hence, the critical temperature in the PNJL model is
generally higher than that in the NJL model as quarks in
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FIG. 6. Comparison of the location of the critical point in the
plane of temperature T versus baryon chemical potential yz from
the three-flavor NJL (dash line) and PNJL (dotted line) models by
varying the value of the scalar-vector coupling constant Ggy, with
red solid circles denoting that obtained with Ggy = 0, with
predictions from LQCD [76-82], Dyson-Schwinger equation
[83-86], the functional renormalization method [87,88], and
the method of black hole engineering [89].

PNJL model have a lower effective temperature. Note that
the PNJL model at zero temperature is identical to the
NJL model.

Minimizing the grand potential with respect to the

1 6le)g§i) B'QPNJL
Polyakov loops, ie., —g =—3==0, leads to the

following mean-field equations for ® and @ [68]:

PE—p;)
8¢M:6TZ/ {e

i=u,d,s exp ZCD(E ))

Ol = 6T > /

i=u,d,s

o= 2B(Eu7)
+ — } 9,
exp(zg(E;))
|: (Ei=u;) e—AEi+u;) :|
+ — .
exp(zo(E;))  exp(zg(E)))
(24)

In Fig. 3, we show the locations of the critical point in the
plane of temperature and baryon chemical potential
obtained from both the two-flavor and the three-flavor
PNJL model with the inclusion of the quark scalar-vector
coupled interaction. As shown by the dashed line for the
two flavor PNJL model and the dash-dotted line for the
three-flavor NJL model, the effects of Ggy are similar in
these two cases. We also see that the effect of Ggy on the
critical chemical potential is smaller in the PNJL model
than in the NJL model for both the two-flavor and the

three-flavor case. The effects of the scalar-vector interac-
tion remain qualitatively the same for other choices of the
Polyakov loop potential.

We further compare in Fig. 6 the critical point obtained
from the three-flavor NJL (dash line) and PNJL (dotted
line) models by varying the value of Ggy, with solid circles
denoting those obtained with Ggy =0, with selected
predictions from LQCD [76-82], Dyson-Schwinger
equation [83-86], the functional renormalization method
[87,88], and the method of black hole engineering [89].
Predictions from other effective methods can be found in
Refs. [23] and references therein. It is seen that with
sufficiently attractive scalar-vector coupled interaction, the
locations of the critical point in the NJL and PNJL models
can be brought closer to those predicted from these first
principle approaches.

III. CONCLUSIONS

Based on the NJL model with both two flavors and three
flavors as well as with the inclusion of Polyakov loops, we
have studied the effect of the eight-quark scalar-vector
coupled interaction, which has no effects on the QCD
vacuum properties, on the critical end point of the first-
order QCD phase transition line in the QCD phase diagram.
We have found that the location of the critical point in the
temperature and baryon chemical potential plane is very
sensitive to the strength of this interaction and can be easily
shifted by changing its value. This flexible dependence of
the quark equation of state on its strength is useful for
locating the phase boundary in QCD phase diagram by
comparing the experimental data with results from transport
model simulations [90] or hydrodynamic calculations based
on equations of states from such generalized NJL and PNJL
models. However, this flexibility hinges on the specific
choice of the scalar-vector interaction in the SU(3) flavor
space that it acts only on u and d quarks, although there is no
evidence that this choice is realized in nature.
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