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The Nambu—Jona-Lasinio model with two flavors, three colors, and diquark interactions is analyzed in
the context of optimized perturbation theory (OPT). Corrections to the thermodynamical potential that go
beyond the large-N,. (LN) approximation are taken into account, and the region of the phase diagram
corresponding to intermediate chemical potentials and very low temperatures is explored. The simulta-
neous presence of both the quark-antiquark and diquark condensates can cause the system to behave as a
fluid composed of a Bose-Einstein condensate (BEC) or a color superconductor one, in the form of a
Bardeen-Cooper-Schrieffer (BCS) superfluid. The BEC-BCS crossover is then studied in the non-
perturbative OPT scheme. The results obtained in the context of the OPT method are then contrasted with
those obtained in the LN approximation. We show that there are values for the coupling constants related
to quark-quark and quark-antiquark interactions where the corrections beyond LN brought by the OPT
method can influence the behavior of the diquark condensate and the effective quark mass as a function of
the baryon chemical potential. These changes in the behavior of the phase structure of the model modify the
location of the critical point related to the phase structure as a whole of the model. Also, when we impose
the color neutrality condition, our results show that the nature of the phase transition can change as well,
shifting the ratio of the quark-antiquark and quark-quark interactions to higher values in the OPT case as

compared to the LN approximation.
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I. INTRODUCTION

Unveiling the phase structure of quantum chromody-
namics (QCD) is one active research area today. This is not
only because of its intrinsic theoretical interest, but also due
to interest across many different fields, ranging from the
current heavy-ion collision experiments, to processes able
to happen in the astrophysics of compact stellar objects like
neutron stars, and also in cosmology. While QCD itself
might be considered a well-defined theory, to study its
properties deep in the strong coupled nonperturbative
regime, like at low temperatures (energies) is notably
extremely difficult. Furthermore, when one also tries to
study processes at high quark densities (large chemical
potential u)—even state-of-the-art numerical techniques,
like lattice Monte Carlo QCD simulations (for a recent
review, see, e.g., Ref. [1] and references therein)—one
faces tremendous difficulties due to the so-called “sign
problem” (associated with the calculation of the determi-
nant of the quarks matrix, which takes on a complex value
when u #0), and progress in this direction has been
painfully slow [2,3]. As an alternative to bypass the above
mentioned difficulties, one typically recourses to low-
energy effective models for quantum chromodynamics
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(QCD), like for example the Nambu—Jona-Lasinio (NJL)
type of models [4,5], which are valuable tools widely used
to try to understand the underlying phase structure of QCD,
otherwise unaccessible either through the direct QCD
Lagrangian density or lattice QCD techniques.

Of particular interest is the region of the QCD phase
diagram at low temperatures and intermediate chemical
potentials, even though there is still no consensus on the
exact phase in which the quark matter is expected to be
found in this region. It corresponds to a portion of the phase
diagram not able to be probed by standard methods in
QCD, lattice QCD, or through current experiments on
particle accelerators. From the point of view of astrophys-
ics, it is estimated that in the cores of so-called compact
stars, these conditions are present [6]. This then strongly
motivates studies towards the understanding of the physics
in this region of the phase diagram, sometimes also called
the region of dense and cold matter, through the use of
effective low-energy models that contain characteristics
common to QCD, and which highlight some of the
expected and relevant behaviors for the system in that
region.

One of the most exciting possibilities is the occurrence
of quark Cooper pairing (color superconductivity) in this
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region of cold and dense quark matter, a possibility that has
been considered already in Ref. [7], and whose idea has
gained considerable interest since then (see, e.g., Ref. [8]
for a detailed review on this subject). In addition, many
works have considered the possibility that the transition at
low temperature and baryon densities, going from the chiral
broken phase to a color superconducting phase at large
densities, could proceed through an intermediary phase.
In this intermediate phase, the quark matter would undergo
a crossover between a regime where diquark pairs form
difermion molecules, giving origin then to a Bose-Einstein
condensation (BEC), and a weakly coupled Bardeen-
Cooper-Schrieffer (BCS) superfluid phase [9-17] (for a
recent review, see, e.g., Ref. [18]).

Typically, we can employ an extended NJL model,
where besides the usual quark-antiquark four-Fermi inter-
action, which is responsible for the formation of the chiral
condensate of quark-antiquark pairs, a four-Fermi inter-
action for quark-quark pairs is also added, making possible
the formation of diquark condensates, akin to the pairing
mechanism in the BCS theory, as the magnitude of this
coupling is increased. We can then study the combined
competition between these two types of condensates in the
system, the chiral and diquark ones. Several works (see,
e.g., Refs. [10-12,17]) show that it is possible for the
condensate of diquarks initially to form a BEC phase,
before the system goes to the BCS state, as we increase the
baryon chemical potential going through this BEC-BCS
crossover [13,14,16]. Some possible observational signa-
tures for the BCS regime and the possibility of coexistence
of the chiral and diquark phases have been explored in the
literature [19], while a connection with high-temperature
superconductors and a possible pseudogap was studied in
Refs. [20,21].

We should note that the NJL model, since it does not
include gluon degrees of freedom and thus cannot be used
to study confinement, finds applications in the low-energy
(temperature) regime of QCD and quark matter, where the
gluon degrees of freedom and their effects, e.g., in the
physics of (de)confinement, become less relevant. But this
low-energy regime corresponds exactly to the regime where
the strong coupling and nonperturbative nature of the
nuclear matter is relevant, which then likewise requires
the use of appropriate nonperturbative methods. The use of
the NJL and similar models, as far as the studies in this
context are concerned, have mainly focused on the use of
the large-N. (LN) method (where N, is the number of
colors), or the Hartree approximation [5]. In practice, the
LN method consists of making the change G — 1/(2N,.) in
the four-Fermi quark-antiquark coupling constant of the
model, by keeping 4 fixed while making N, large and then
keeping only the leading term in the expansion when taking
N. — oo, even though we take N, = 3 at the very end for
practical calculations. However, such a method cannot
predict physical phenomena that might eventually be
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related to terms of the next order in 1/N, in the expansion,
which have to be analyzed through some other self-
consistent method and that are required if we want to
improve the precision of the results. Even though other
approaches have been employed to obtain the thermody-
namic potential, going beyond the leading LN result to
study the phase structure of QCD in the context of the NJL
model, these other methods can quickly become more
involved or add further free parameters in the analysis (let
us recall that with the NJL model, being a nonrenormaliz-
able model, introducing higher-order corrections to the
leading-order thermodynamic potential is usually accom-
panied by the addition of extra renormalization parame-
ters), which is not always welcome.

In this work, we will make use of the OPT method (for a
long, but still far from complete, list of past applications of
the OPT method in quantum field theory problems, see e.g.,
Refs. [22-32]). In particular, let us mention that the OPT
method has very successfully been applied to NJL-similar
types of models in low dimensions, in particular in the
Gross-Neveu models in 2 + 1 dimensions [33], revealing
novel properties in the phase diagram in that context—e.g.,
a tricritical point, not accessed by previous methods.
Recent work on the OPT method tries to combine its
properties also with those of the renormalization group to
further push its applicability as far as renormalization
properties are concerned [34-36].

Previous applications of the OPT method for the study of
the phase structure in effective models of QCD include, for
example, its use in Walecka-type models [37], in the linear
sigma model [38-40], and also in the SU(2) NJL model
[41], whose work in particular we will follow here closely,
but in the context of the NJL model with diquark inter-
actions. As already mentioned, with the use of the NJL
model, we can only hope to capture some of the low-energy
features of QCD at a qualitative level. Given its non-
renormalizability and the other shortcomings already
mentioned above, the model itself is not a controlled
approximation to QCD. Yet, it is still a valuable tool, in
particular to test different methods that can improve over
the simpler approximations used in the literature. This is in
particular true when considering the NJL in the context of
the OPT approximation. By going beyond the simple mean
field theory, or LN approximation, the OPT at first order in
its implementation already includes some relevant mesonic
fluctuations—and, in the present work, also contributions
from the diquark interaction, which are absent in the LN
approximation and which would appear only at the next-to-
leading order in an expansion in 1/N,. In a way, we hope
that by including these additional contributions lacking in
the LN case, we can improve the applicability of the NJL.
At the same time, we can also determine how the inclusion
of these corrections performs as compared to the LN
approximation and determine whether they can provide
both qualitatively and quantitatively relevant corrections
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beyond the LN case that can be relevant for QCD. The aim
of the present work is to present a detailed understanding of
the BEC-BCS crossover, making use of the nonperturbative
OPT method and applying it to the NJL model endowed
with diquark interactions. We will analyze both the cases of
absence and presence of color neutrality, and we will use
parameters such that a comparison with previous results
obtained within the LN method—in particular, those
obtained by the authors of Ref. [42]—can be made.

This work is organized as follows: In Sec. II, we briefly
introduce the NJL model with diquark interactions. In
Sec. III, we explain the OPT scheme and how it is applied
to the present model. In Sec. IV, we present the derivation
of the effective potential for the model and the relevant
equations. In Sec. V, we discuss the determination of the
parameters of the model and the modifications required
when applying the OPT scheme. In Sec. VI, we perform
our numerical analysis of the BEC-BCS crossover, and the
results obtained in the context of the OPT are contrasted
with those obtained in the LN approximation. In Sec. VII,
we present our conclusions. An Appendix is included
showing some of the technical details required in the
determination of the model parameters.

II. THE NJL WITH DIQUARK INTERACTIONS

In this work, we will consider the NJL model with two
flavors and three colors (N, = 3) that includes both the
usual chiral four-Fermi quark-antiquark interaction and
also the diquark channel, with the Lagrangian density then
given by [42-46]

L =p(iy"d, — m)y + G[(py)* + (wir'ty)?]

+ Y Gil(Fir A, Cp") (T iy 1,4, Cy)],
a=2,5,7

(2.1)

where y represents the quark fields with a flavor doublet
(u,d) and color triplet (N.=3), as well as a four-
component Dirac spinor. In Eq. (2.1), 7= (71, 7,,73) and
A, are the Pauli and Gell-Mann matrices in the flavor and
color spaces, respectively. C = iy?y? is the charge con-
jugation operator, and y is the transposed quark field. The
mass m is the current quark mass, while G, and G, are the
coupling constants for quark-antiquark and quark-quark
interactions, respectively. In principle, these coupling con-
stants, if followed from the QCD one-gluon exchange
approximation and from the Fierz transformation [11,44],
would be related like G, = N./(N. —1)G,/2, such that
for N. = 3, then G, = 3G, /4. Here, however, we follow
the philosophy of Refs. [12,42], where these couplings are
treated as free parameters and we will not fix relations
between them. In practice, as we will see later on when
studying the numerical results, there will always be a ratio
of couplings G,;/G, below a certain minimum value such
that the transition from the chiral phase to the diquarks with
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a nonvanishing vacuum expectation value will tend to be
first order, thus preventing a BEC phase, while for larger
values of the ratio there will be a maximum value for this
ratio beyond which diquarks would already condense at a
baryonic chemical potential pp = 0—i.e., the diquarks
would become massless and the vacuum unstable [46,47].
We will discuss these issues in more detail later on in
the text.

By making use of a Hubbard-Stratonovich transforma-
tion in Eq. (2.1), the four-Fermi interactions can be
rewritten in terms of bosonic fields, given by ¢, 7, ¢,,
and ¢}, and can be expressed in the form

Ly =yliyd, —m—({+iy’7 - D)y

1 )
+5 D W ir iy
a=2,5,7

1 1
- 7 b iy oA, CT — ——
+2a:§257v/¢a17 724, Cr 4G5(

1
_4—(;d Z |¢a|2'

a=257

e+
(2.2)

From the use of the Euler-Lagrange equations for ¢, 7,
¢, and ¢}, we have that

¢ =26, (2.3)

7 = —2G,wiy 7, (2.4)

ba =2G " Ciy> 1yl (2.5)
by = 2G iy’ 12 2,Cy" (2.6)

and upon substitution in Eq. (2.2), we recover the original
Lagrangian density of Eq. (2.1).

We will consider, without loss of generality (see, for
instance, Ref. [42]), that only the quarks with colors 1 and 2
form diquarks. This condition is satisfied when ¢, = ¢ and
¢s = ¢7 = 0. Therefore, we can write the Lagrangian
density (2.2) in the form

Ly = g5[ir*d, —m—({ +iy’7-7)]q;
+ q12liyt 0, —m — ((+ 1’7 - 7)]qi 2

*

. ¢_ . _
+ 5 qlT,leJ’sztquz + By 71,217’ Co12q] ,

1
_ 242 —— (g, 27
i @A) -5 1o 27)
where we have used
v'=(ql, 4§) ql,=(q] 4%). (2.8)
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with ¢g; (i = 1, 2, 3) representing the color quark fields and
t, being the second Pauli matrix in the color space 1 and 2
(green and red). This form of Eq. (2.7) makes explicit the
fact that quarks with color 3 (blue) do not participate in the
formation of the diquark condensate.

III. THE OPT APPLIED TO THE NJL MODEL
WITH DIQUARKS

The OPT method consists of initially defining an
interpolated (or deformed) Lagrangian density in the form

Ls=6L+ (1-6)Lo(n;)

= Lo(m;) + 6[L = Lo(n)], (3.1)
where L is the Lagrangian density of a solvable theory,
modified by the introduction of arbitrary parameters (which
in the present model will be associated with the interaction
channels between fermions and their condensates) with
mass dimension terms #;, and § is a (bookkeeping)
parameter that is used to enable a perturbative expansion;
it is set to 6 = 1 at the end. We can note that if 6 = 1, we
then immediately recover the Lagrangian density of the
original theory; if § = 0, we have the solvable Lagrangian
density £,. Any physical quantity P, that is calculated up
to a given order n in ¢ will, however, depend explicitly on
the parameters #;, which are not part of the original theory.
Thus, we must impose an appropriate condition that best
fixes the values for these arbitrary parameters in a self-
consistent way. The criterion we will use in this work,
which was also used in many other previous OPT appli-
cations (for other alternative optimization criteria, see, €.g.,
Refs. [28,31]), is the principle of minimum sensitivity
(PMS), by requiring that [23]

oP,
817[ ni=n;

=0, (3.2)

through which the parameters #; are those that make the
computed quantities an extremum (a minimum) with
respect to these mass parameters and guarantee that P,
is locally independent (sensitive) of 7;. The convergence of
the OPT under different contexts has been shown in the
many papers cited in Ref. [28].

The interpolation in the present model is performed as
follows: Starting from the Lagrangian density in terms
of the auxiliary fields, Eq. (2.2), and following, e.g., the
procedure shown in Ref. [41], we can define the OPT
Lagrangian density £, in Eq. (3.1) as

Lo=w(ir*d, —my —w(n+ iy’ 7T i)y

= Y Wiy nA,Cd T+ yTiy 1), Cah ).
a=2,5,7

(3.3)
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In Eq. (3.3), the OPT mass parameters # and 7, are the
ones related to the scalar and pseudoscalar channels,
respectively, while o}, and o), are those for the quark-
quark interaction scalar channel. Since (7) =0, we can
then set 77, = O consistently [41].

Overall, the interpolated Lagrangian density used in the
OPT scheme in the present model can then be expressed in
the form

@+7) SloP
Lsp=—-0—"—7""—
B 16, ac,
iy, —m =6 + 7 7) = (1 = o)l
+y' Ciy? fz 2[6g* + (1 = 8)as)w
A _
+ir e 2 Clop + (1= S)a )i, (3.4)
in which we have defined a; = —2a), and @, = —2d),, and
we have also again performed the rotation ¢, = ¢ and

¢s = ¢p7 = 0, resulting in o1, = @y, =0, with k =5, 7. It
is important to note that when & = 1, we retrieve the
original theory given by Eq. (2.2). We can also conven-
iently rewrite Eq. (3.4) as

Lsp = 513[1'7”8 -m—6(¢+ iJ’Sﬁ" 7) - (1 — o) }613

+ @i [iy*0, —m — 8(C+irm-7)— (1= 6)nlqi»

1, .
+ 5611T,21C757212[5¢ + (1 =d)az]qi,

1 . _
+§511,2175CT2IZ[5¢ + (1 =8)ailq],

1)
2 0

IV. THE EFFECTIVE POTENTIAL
IN THE OPT METHOD

We are now in position to derive the thermodynamic
effective potential for the NJL model with diquark inter-
actions within the OPT scheme. We evaluate the effective
potential up to order &' in the OPT method, which will by
itself already supply us with correction terms going beyond
the standard LN approximation.

All relevant Feynman rules regarding the propagators
and vertices within the OPT scheme are represented in
Fig. 1.

Up to order ¢ in the OPT, we will have both one-loop
terms, as shown in Fig. 2, and also two-loop terms, as
shown in Fig. 3.

Below, we will evaluate separately the one-loop and two-
loop contributions shown in Figs. 2 and 3, respectively.
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(d) (e) (f)

(a) (b) ()

FIG. 1. The representation of the Feynman rule elements in the OPT method. (a) Fermionic propagator related to the 6-dependent
quark W-field. (b) Fermionic propagator when 6 = 0. (c) Propagator related to the boson (auxiliary) {-field. (d) Propagator related to
each of three z;-fields. (e) Propagator related to the diquark auxiliary field, real component ¢. (f) Propagator related to the diquark
auxiliary field, imaginary component ¢;. (g), (h), (i), (j) The vertices related to the point interactions between a bosonic and two

fermionic fields at 6 = 0. (If fermionic propagators depend on J, the lines are represented here as thick ones.)

A. The one-loop contribution to the effective
potential in the OPT expansion

At order 6, the one-loop Feynman diagrams’ contri-
bution to the effective potential in the OPT is shown in
Fig. 2. In Fig. 2, a full line is associated with a fermionic
propagator related to all quarks, and it is a function of d.
By expanding it in powers of & and truncating to O(8'),
we obtain the resulting contributions shown on the

be obtained by the usual functional integral technique
most easily when one makes use of the standard Nambu-
Gor’kov formalism [48,49] applied to the quark fields. By
also using the Matsubara formalism of finite-temperature
quantum field theory [50] and performing the sum over
the Matsubara frequencies for the fermions, the obtained
effective potential at one loop and order & at finite
temperature (7 = 1/f) and chemical potential can be

expressed explicitly in the form

right-hand side of Fig. 2. The effective potential can
d

|
%—N/ = 55t + £ + o 5300 + 50|

_Nf/%{[El}(ﬂb) +E; ()] +5Lj§ 5 (p) + LZSE”+(”b)] 50}

Wy P _
eff;1—loop,s'

d3p {1 _BE- 1 —BE*
—yv/ “In (14 e 5™y + Z1n (1 + e PEas®)
2 5 ( ) 5 ( )
1 d 1 d
= 5[7—@1(/4) +H7—E§t(ﬂ)} }
PESW) | {d5~ P PELW | 1ds P

d3p {1 —BE= 1 — E+
—2N /— “In (14 75w +-In(1+e PE; (o)
WAV Yy )
1 d s 1 d s

. — E% Ty A 4.1
LﬂE;_(ﬂb) + 1dé P (p) + /”E(s+ (up) 1d5 P (ﬂb)] 50}’ &

[

where we have defined N = (N, — 1)N; and M;(8,06,0) = M, (5, ((). (7))
=m+8((0) +ir (@) -7)+ (1 -8
2
= o(c —n), 4.5
ERS) = || (B GOP + [l + 6 - a)] (42) oo = )
s=1

where we have used ({) = ¢ and (7) = 0. Note that the
EX (W) = E5 + 4, (4.3) chemical potentials were included by the usual prescription
P P i0y = i0y + u; in Eq. (3.5), with uy = p,, p, = p, and
U3 = py,, but in order to ensure that SU(2) color symmetry
between red and green quarks is not explicitly broken
5 _ / g q plicitly )
Es = \/ [M;(3.0.0)], (4.4) we take y, = u, = p. In addition, we have that A; = A,
A, = A", with (¢) = A and (¢*) = A*. (Without loss

with y' = p, up, and of generahty, we will assume A* = A and oy =, =a,
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O-O- OO OO

FIG. 2. One-loop diagrams in OPT expanded up to order &':
The thick, continuous line represents the fermionic propagator as
a function of 4. Thin lines represent the propagator when 6 = 0.
The dashed line represents the o-field propagator, while the
dotted one is associated with the A-field propagator. The large
black dot represents a oJn-vertex insertion, and the white one
represents a da-vertex insertion.

since only the absolute values of these quantities appear at
the end.)
Then, in Eq. (4.1), we have that

d (m +n)(c —n)
S EEW)| = : 46
5 E5 W) » E; (4.6)
d 1 |E5()
—E (i) —L—(m+n)(o—n)
s~ "\ T EL(W) | E;
+a(A-a)l, (4.7)
with
E(u) = E (W) = \J[E; (W) + o2,
E5(W)=EF" (W) = E5 £ 4/,
E;=E5" =/p* + (m+n)? (4.8)

Note that if we were already, at this one-loop level of the
OPT expansion, to apply the PMS condition Eq. (3.2) to
Eq. (4.1) to determine the optima # and @&, obtained,
respectively, from
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we would simply find that # = ¢ and @ = A, thus recov-
ering immediately the usual LN approximation [note that in
this case, the terms in Eq. (4.1) involving the derivatives
(4.6) and (4.7) vanish], as expected.

B. The contributions of two loops
in the OPT expansion

Let us now give the explicit expressions for the two-loop
diagrams that also contribute with terms of order &' in the
OPT expansion. At two loops, the diagrams that contribute
at order 5' are those shown in Fig. 3, which are constructed
from the Feynman rules where, from the Lagrangian
density in the OPT interpolation, Eq. (3.5), we have that
the fermionic propagators carry a dispersion relation
dependent on 6, as given by Eq. (4.2); each (nonpropagat-
ing) bosonic propagator contributes with a factor &67';
and each interaction vertex carries a factor &. It is useful
to separate the contributions that contribute explicitly on
the diquark OPT mass parameter «, corresponding to the
contributions that involve the green and red quarks, and the
ones involving the blue quark (which has a = 0).

The two-loop contributions of order ¢ from the OPT
expansion, and the contributions to the effective potential
at finite temperature and chemical potential due to the
quarks with colors 1 (red) and 2 (green), which are the ones
forming diquarks, can be expressed explicitly in the form

Vﬂﬁ

eff;2—loop,8! Né[(nﬂ + I)Gv - 2Gd] [fl (77» a, |1, T)]z

= Né(n, + 1)G[Far(n,a,u,T))?

—~N&(m+n)*[(ng —1)G, +2G]

X [F3(n,a,u, T + N&(m +n)*(n, — 1)G,
(n

X [Fa(n,a,u,T)]%, (4.11)

where again we are using N' = (N, — 1)N;, n, = 3 is the
number of pions, and we have defined the functions
d*p

EX(w) (1 1
f n,a,pu, T)= / L <_ )
i ) (27)° E,jﬁ(/l) B /iEup( 1) 1

E;(w) <1_ 1 )
E()\2  Ls) 41

. (412)

Wer|  _ (4.9)
M |y=r
and
OV et
—_— =0, 4.10
= (4.10)
FIG. 3.

To the left of the equality, the sum of two-loop diagrams in OPT (cx 1/N}) capable of generating contributions of order §'.

To the right of the equality, sum of two-loops diagrams when expanded up to order §'. All elements are defined according to the

legend of Fig. 1.
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&p a 1 1
f s Uy 7T - P
2,1, T) /(2”)3 [EZﬁ('“) <2 e/}E;ﬁ(u) + 1)
a 1 1
—— 4.1
i E5(m) (2 PEa) 4 1)] *.13)
dp | E;w) (1 1 )
E;ﬁ(ﬂ) 2 PEGW +1

(2%)3Eﬁ

E;(u) <1 1 )
+ S

E_ (W) \2~ Fuli)

F3(l’[,(l,//t, T) :/

. (4.14)

7y P
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Fam,a,u,T) =/

&p { a (1 1 )
(2”)3Eﬁ E:ﬁ(ﬂ) 2 SEsW 4

o 1 1
- — - — . 4.15
E (1) (2 T 1” (4.15)

The two-loop terms’ contributions to the effective
potential for quarks with color 3 (blue) are very analogous
to the ones derived in Ref. [41], and they can be obtained
directly from Eq. (4.11) by simply making the changes
a— 0,N = Ny, Gg = 0,4 — py, and [Ex(n), E5 (1)) —

[E;(up). E5 (up)], from which we obtain

— N5(m+n)*(n, — 1)G, U

Adding Egs. (4.1), (4.11), and (4.16), we get finally the
total effective potential in the OPT expansion at order 6,

Vg;ﬂh’ﬂ(o, A,n, a) = Vﬂ,mﬂﬂ

eff;1—loop,s! (69 Aa n, a)

HP 7Hb P
+ Vetta-to0ps! (n.a) + Vefhf;z—loop,al ().

(4.17)

C. The effective potential at zero temperature
and finite chemical potential

Since we are interested in describing the physics of dense
and cold matter, we will from now on specialize on the
expression for the effective potential at zero temperature.
By taking the zero-temperature limit (f — o) in Eq. (4.17),
we obtain, for each one of the terms in that equation, the
result

0.2 |A|2

+ 4G, [Ja(m)

+ 8(m +1n)(c —n)Jg(u) + 6a(A — a)J 5 (u)]
= 2N {14+ Ic(up) 4 6(m +n)(c —1n)

Hopp oo S
ff;1-loop.s'
[S oop 4Gs

x [Ip = Ig(us)]} (4.18)
vggfﬂ;;fli)op,él - Ag{[(n” + I)GS - 2Gd] [‘,C(/’l)]z

- (nﬂ + 1)Gsa2[JB(/")}2}

_Nom +n)*

(1, = DG, + 26,V ()]

= (n, = )Gy@*[Tp(u)]*}, (4.19)

&p
Vetiaoopar = N0t +1)Gs (27)> \ "l

1 1 2
Hp) +1 eﬂE:§<”b) _|_1

&p 1 1 2
(27[)3E5 eﬂE;Olh) +1 eﬂE:;(llb) +1 ’

and
Ve ot = N8 + DG, [I ()12 = Nyo(m + )2
X (n, = 1)G,[Ip — Ig(pp))*, (4.20)
where I, and I correspond to the vacuum terms
dp
1, = E;
A / (271.)3 p
2
1 (A + A%+ M%;)
4
= - PYY ]‘4,7 In 5
32 M;
—2,/A2—|—M,%(2A3 —|—AM%) , (4.21)

i =/ @p 1
P~ ) @) E;

2
| 2 (A+,/A2+M§)
= AN m2-T
4z

2 ki
2 M

(4.22)

where we have defined M, = m + 5 and we have explicitly
performed the integrals with a momentum cutoff A, whose
value will be fixed by fitting it together with the other
parameters of the model with the experimental observables
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(the pion mass, the pion decay constant, and the quark
condensate value).

The remaining terms, Ig(up), Ic(ps)s Te(ps)s Ja(u),
Jg(u), Je(p), Jp(p), and Jg(u) are the medium (chemical
potential)-dependent terms, given explicitly by the expres-
sions

3
Ip(uy) = /(6217’;39(/% - Ej)

= W (13 — M2, (4.23)
3
tem) = [ 555 0= Ep)0n ~ E)
o=y | (M)
3272 g M%,
+13_0ﬂb(ﬂ%_M%)%_2/‘2 pp— My o, (4.24)
3
E(ﬂb)E/(cziﬂl; El'ﬁ (/’lb Ep)
:@)(ﬂz;zM,]) s ﬂi—M%
2 ,uz—M,zl—i—y
U n <V ’ W h) . (425)
and
1) = [ SES 0+ Bl (426)
[ dPp [ 1 1
10 = [ G LE,,,(N ;,,w}’ 427)
&p [E;(w)  E;n)
e = | G [E:,;W‘E;ﬁ(m]’ (428)
[ ddp 1] 1 1
o= | <2n>3E_JE:,;<u> E;,,oo}’ (4.29)
_ [ &p 1 [E;W) | E5()
16 = [ G {E;,;mﬁE;ﬁ(m} (430)
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with the momentum integrations in the above expressions
performed numerically, in practice (with the momentum
cutoff A).

V. DETERMINATION OF PARAMETERS IN
THE CONTEXT OF THE OPT

As already explained, the Lagrangian density in Eq. (2.1)is
an effective model, and it is also nonrenormalizable,
such that the momentum cutoff A used to regularize the
momentum integrals, which along with the quark current
mass m and the coupling constants G, and G, (this last one
will be treated as an independent parameter, as mentioned
earlier), must be chosen in such a way as to fit the
experimental data (most conveniently for vacuum quantities,
i.e., when evaluated at zero temperature and chemical
potential, 7 = y = 0). In the LN approximation, the pro-
cedure is very well understood and explained in several places
(see, e.g., Ref. [4]). However, when using other nonpertur-
bative methods, we are led to possible corrections to these
basic quantities, most notably the pion mass and the pion
decay constant, which are required to be evaluated at the
appropriate order according to the method used. The same is
also true in the OPT method. How the fitting quantities
change in the context of the OPT was explained in detail in
Ref. [41]. Here, for completeness, we will review and extend
the results of Ref. [41] when the diquark interaction is also
presentin the NJL Lagrangian density, as we have in Eq. (2.1).
This is an important step required for the subsequent
numerical analysis to be performed in the next section, and
before one attempts to make predictions for other physical
quantities. We will start by first deriving consistently, in the
OPT method and at the order in which we are implementing
our study, the basic parameters from data. These parameters,
except for G, as already mentioned, can be estimated from the
experimental data—i.e., the mass of the pion m,, the pion
decay constant f,, and the quark condensate (py). For
definiteness, the values for these quantities are set throughout
this work to the values m, = 134 MeV, f, = 93 MeV, and
—(y)'/3 =250 MeV.

Before discussing the appropriate fitting expressions, let
us first comment on the possible choices of values for the
diquark coupling constant G,. Two possible constraints
can be imposed in principle on this constant: namely, that
diquarks come to exist in the vacuum as bound states
and that they are stable,’ which implies that the diquark
mass m, must satisfy the condition 0 <my <2M,
[12,42,45-47], where M p is the effective quark mass.
These two conditions can be translated in an lower and
upper limit for G,, GI'" < G, < G7*, where GJ™ and
G are determined by the expressions [12,47]

'In fact, the condition of diquark stability might not be a
necessary condition in principle, because it is not known whether
the scalar diquark is really a bound state. (We thank L. He for
pointing this out to us.)
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max 3 M
Gd - EGS

1 (5.1)

/4
a2\
Ay/A?+ M2+ M21n (—M Ve +M")
q

For the typical parameters provided by the LN approxi-
mation, from the values for the mass of the pion m,, the
pion decay constant f,, and the quark condensate (py)
given above, we find that m ~ 4.99 MeV, M, ~ 314 MeV,
G, ~4.94 GeV~2, and A = 653 MeV, which give values
for G, in the range 0.81G, < G, < 1.52G,. However, in
this work, we take these ranges of values for G,; mostly as
reference values. Since we are mostly interested in the
study of the BEC-BCS crossover region, we find that at
values of G, around the minimum value G™", there is no
BEC phase—the transition from the chiral phase to that of
the condensate of diquarks is first order, preventing the
appearance of the BEC phase. A large value of G, can
make diquarks condense already at very small values of the
chemical potential. But diquark condensation for chemical
potential below the nucleon mass value is unrealistic, so
these cases should be excluded. This is in fact a strong
condition, excluding the possibility of the BEC phase in the
NIJL, at least in its simplest version. We will say more about
this when discussing our results in the next section. In the
present study, we find that a BEC phase can appear in the
LN case when 1.05G, < G, < 1.52G,. More specifically,
to allow comparison of our results with previous ones
obtained with the LN method and considered in Ref. [42],
we will use values of G, such that 1.3G, < G, < 1.52G,,
which was also the same range of values considered in
Ref. [42]. For the OPT case, we also find allowed values
of G, close to these in the case of the absence of color
neutrality. When the condition of color neutrality is
imposed, these values shift in the case of the OPT and
give a much smaller window of values for G, allowing for a
BEC phase, as we will show in Sec. VID.

Let us now turn to the problem of determining the
parameters of the model. The three basic parameters of the
NJL model—i.e., the values of the quark current mass m,
the quark-antiquark coupling G,, and the ultraviolet cutoff
A, are determined from the system of equations, evaluated
at the vacuum (7 = y = y, = 0) formed by Refs. [4,5].
The system of equations is composed by the equation for
the quark condensate,

min __
Gd -

(5.2)

O = _2Gs<l/_/l/’> (53)
by the pion mass equation, which is determined by the pole
of the pion propagator and by the equation for the pion
decay constant. Note that since all fitting expressions are
determined in the vacuum, where the diquarks are not
condensed—i.e., A, = 0—the presence of a diquark
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interaction will not affect the fitting parameters, at least
in the LN approximation, where diquark fluctuations do not
contribute. This is, however, not true in the OPT case,
where already at order 6 there will be two-loop terms with
diquark fluctuations contributing to both the pion mass and
the pion decay constant. Thus, the fittings in the OPT case
will depend explicitly on the diquark coupling G,, as we
will show below. The other parameters can be found by
solving a system of equations formed by the gap equation
determining the chiral condensate o,

aVeff
—_— =0, 54
= (5.4)
and the diquark condensate,
OV et
=0, 55
7l (5.5)

and, in the OPT case, by the two PMS equations (4.9) and
(4.10) used to determine the optima # and @. Note also that,
in the OPT case, in the vacuum, since the value of A that
minimizes the effective potential is A, = 0, it can be easily
shown that the PMS Eq. (4.10) for a provides a value
a = 0. In practice, this means that we can get all the
vacuum equations for the parameter calculations from the
thermodynamic effective potential,

vac — =0,u;,=0.p— _
Véff )(Uc”?) = Vf;' 0l (o0 A = 0.7),

(5.6)
which is found after we make the substitutions in, e.g.,
Eq. 4.17): o, Ez(w)] = [0, E5 (W)], = pp =0, A =0,
and f — oo, which gives the OPT expression for the

effective potential, at order ¢ and in the vacuum,

2

vac - GC — —
Vf(:ff )(Um’?) = 54G. - 2NcNf[IA + 5(’" + ’1)(% - ’7)1D]
— N.N;5(m +i7)*G,
(N.-1)Gy
-1 2—¢ 42 5.7
x (e =1) 425 B (5)

The gap equation (5.4) for o, the relation with the chiral
condensate, and the PMS Eq. (3.2) to 7 are easily obtained
from Eq. (5.7), and they result in

MY AGNN ML, (58
MOPT —-m
) — ——4 " 5.
(py) 4G, 5:9)
M =MPFT + £(Gy)G,MI,, (5.10)

where we have defined MO*T =m + o, M =m +17,
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2Gd (Nc - ])
Gy = 1) +—=——, 5.11
f( d) (nﬂ )+ Gs Nc ( )
and 7, in Eq. (5.10) is given by
dp 1
IQE A N3
(27)° Ey
X re (A VAT AR
=— S AVA + M2 ———In
4r? 2 M?
(5.12)

The equations for the pion mass m, and for the pion
decay constant f, are evaluated next in the context of the
OPT approximation.

Note that from Egs. (5.8) and (5.10), we obtain the
simple relation between # and o, in the vacuum:

=01+ f(Gy)/(4N.Ny)]

-1 Gz(N.—1)
+7 2 ’
G, 2N2N;

=0, |4 1=

5.13
4N N; 5.13)

which shows that in the large-N, limit we reproduce the
result 7 = o, as expected in the LN approximation.

A. The pion mass equation

The pion mass is determined by the pole of the pion
propagator, which can be expressed as [41]

1 - 2G,I1,(g?). (5.14)

where TI,(g?) is the pion self-energy, evaluated consis-
tently at the required OPT order. In our case, where we are
evaluating quantities up to O(8) in the OPT expansion, we
will have contributions to the pion self-energy that include
both one- and two-loop terms, which are shown in Fig. 4.

The free fermion propagators shown in Fig. 4 and related
to the quarks ¢, and ¢, (red and green in color space) and to
g are given, respectively, by

iGy“(p) = iG"(p)Inc (5.15)
and
iG‘,gc(p) = iG"(p), (5.16)
where
) 7+ M
Gy« =) 5.17
()= (5.17)
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QOO

FIG. 4. Diagrams relevant to the calculation of the pion mass
and its decay constant in the OPT expansion up to O(6). The
thick, continuous line represents vacuum fermionic propagators
for quarks with all colors, which are evaluated when
A = A, = 0; the thin line represents vacuum fermionic propa-
gators for only quarks with colors 1 and 2; the dashed line
represents the chiral bosonic scalar ¢ field propagator; the dash-
dotted one represents the pion 7-fields propagator; the dotted one
is related to the ¢ field; and the continuous-dotted line is
associated with the ¢, field. In addition, the vertex pairs
represented by an “X” in each diagram can be y°7; ; (in the case
of the pion mass equation) or }/5}/,,‘1,1,-, ; (in the case of the decay
constant equation). All quantities are calculated when 6 = 1.

and ¥ represents the quarks ¢; and ¢, in the Nambu-
Gor’kov space [48,49], with 1yg being the identity matrix
in this space.

The one-loop diagram shown in Fig. 4, when using the
vertex 7,77 and the Feynman rules obtained from Eq. (3.4),
can be written explicitly in the form

. d*p .
i (4)6,; = _/ @TY‘ch,f,D[leaC(p)(ws)

X iGY(p + q)(7;r°)], (5.18)

where g denotes here the external momentum and 6 = 1 is
considered in this and in all subsequent terms evaluated in

the OPT expansion. After we perform the traces in flavor
and color spaces, we find

(%) = 2iN N R216(M) = @1(g)]. (5.19)
where
4 i
le(M) = / (;lfrl)74 pr— ./\il2 + ie - _512 (5.20)
and
[ d'p 1
1) | G e T AT
(5.21)

The self-energy terms generated by the two-loop dia-
grams, given by the second and third diagrams shown in
Fig. 4 and related to the scalar { and pion 7 chiral fields can
be written, respectively, as
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~im?(q?) = 26, / Tr, /o [(=1)iG" (1) (c7°)
P1:P2

0)iGY*(py + q)
(5.22)

x iG"(p; + q)(=
X (ijs)inac(Pz)}

and

oy (2).7 . A
_lni(n'j' (612) = —lst/ ch.f,D[(TkYS)lG “(p1)
P12

x (177)iG"(py + q)(7,7°)iG**(p1 + q)
X (Tﬂ/j)leac( 2)]’ (5.23)
where
d*p, d*
/Pl.,pz = / (2:)14 (2:)24 (5.24)

Evaluating again the traces in the above expressions, we
obtain

4 (q?) = —SGSNcNf{I%;(M) -4 {IG(MV (4°)
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and

H(ﬂz).i(qz) =—8(n, — 2)GSNCNf{I%;(M)

~¢ [1G<M>1(q2> + M () _%zlz(qz)} }

(5.26)
where
2), 2),
an‘}{(qz) = Hz(z ) 4(512)5[,'7
ngzi;"ﬂ(qz) = HSIZ)’E(QZ)(SU' (5.27)

The contributions of the last two diagrams shown in
Fig. 4 are related to the real and imaginary components of
the diquark scalar field, ¢ and ¢;, respectively. In this
case, only the vacuum propagator relative to the Nambu-

2
- M2I2() - q_lz(qz)] } (5.25) Gor’kov spinor ¥, given by Eq. (5.15), needs to be taken
4 into account. Explicitly, we have that
|
0 1 7, 0.
—ill " (%) = 5 (-i2Gy) / Tra [i%ﬁ%( )iGw(m)yS( T)zGrp“(pl +4)
. 1 0 0 7
0 svac 5 Tj 0 svac
X %5151 iGy°(p> + q)y r JiG¥(p2) (5.28)
0 0 7
and | 0 ) 0
—! Tl ryvac
—iT5 " (%) = 5 (=i2G) / Tra [(—i27572t2)< . )iGYI?°(p1)75 ( T>1ny (P1+q)
P1.02 i 0 0 7
2,5 0 —i Fyvac 5 Tj 0 s yvac
X (=P’ nt) | iGy(p> + q)y r JiG¥(p2) |, (5.29)
i 0 0 7

where Tr,; also incorporates the trace in the Nambu-Gor’kov space.

It is easy to show that TT/%%(g2) = 127 (4

7ij i

2). Therefore, we only have to calculate Eq. (5.28)—or, equivalently,

Eq. (5.29). After the calculation of the traces, we obtain the joint contribution of the two diagrams:

HS,Z)(ﬁ(qz) = H(HZ)J/’R( ) —l—H( )(/’l( )
= 277" (¢?)

2
= —16G,(N, — 1)Nf{12 (M) - ¢ [IG(M)I(qZ) + M (q) - %12(612)] }

(5.30)

The pion mass m,, is the pole of its propagator. This means that Eq. (5.14) should be null when we make ¢*> — m2. Since
H,,(qz) is the sum of Egs. (5.19), (5.26), (5.25), and (5.30), we can write
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0=1-2G,],(m2)
= 1-4iGN N [21(M) — mzl(m3)]
+ AN NG (Go) [216(M) = mzI(m3)]?

—4[f(Gy) = 2JmzMPI*(m3)}, (5.31)

where f(G,) was already defined in Eq. (5.11), and the
integral I(m2) is given by

. 2 2 2
Yom2) = ln<A+— W) _ M

872 -1

mg

. A
X tan (\/Az vy Yy e 1)] . (5.32)

Now, iterating once the PMS equation (5.10) and
substituting in the gap equation (5.8), we get the relation

% — 1 = 8iG,N N I(M)
q

+ 16f(G4)GIN N I5(M),  (5.33)

which, when inserted into Eq. (5.31), gives us the result

i = AGNN i =il (n) + 47(G.)G,
q

x {IG(M)I(m,Z,) + (M2 —mfg’)lz(m%)}

- SGSlez(m,z,)}. (5.34)
We can clearly see that Eq. (5.34) satisfies the Goldstone
theorem. When we take m = 0 (the chiral case) in

Eq. (5.34), we automatically obtain m, = 0, consistent
with the Goldstone theorem.

B. The pion decay constant equation

Let us now evaluate the pion decay constant in the
OPT expansion to order 6. The pion decay constant can be
expressed as [41]

(01TA},(9)A41(0)[0) = ig,, 877 + O(q,q,).  (5.35)
where A, =y,ys('/2)y. In practice, we can take ad-
vantage of all the diagrams of Fig. 4 again, but we replace
the vertex y°7; ; with y°y,7; ;/2 to compute f3. Since the
calculations are analogous, yet more laborious than those
made previously to obtain the expression containing the
pion mass, we show some of the details in the Appendix.
From the results given there, we extract that the contribu-
tion from each loop term contributing to f, can be
expressed in the form
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2 = —2iN.N;M1(0), (5.36)

[ =4G NN MAE(0), (5.37)
f2:=4GNNy(n, —2)M*I*(0),  (5.38)
f24,=8G,(N. = )N, M*I*(0), (5.39)

with the integral 7(0) obtained from the limit ¢> — 0
applied to Eq. (5.21), which gives

i A A
10 =g [ (%) 7w

The final expression for f2 is obtained by adding
Egs. (5.36), (5.37), (5.38), and (5.39), which finally
gives

(5.40)

f2 = =2iN.N;MPI(0) + 4N NG, f(G4) M*I*(0).
(5.41)

C. The complete fitting expressions
in the OPT expansion to O(§)

The complete set of consistent equations that need to be
solved in order to provide the values of the parameters,
once the numerical data for m,, f,, and (gq) are provided,
is then

M9T = m + 4G,N N M, (5.42)
M = MPF' + £(Gy)G M, (5.43)
MOPT —m
(o) = -—— (5.44)
[z = =2iN N M?1(0) + 4f(Gy)N NG M*T*(0),
(5.45)
and
m .
MOPT = 4GSNCme,2[{—11(m,2,) +4f(Ga)Gy
m2
< aMI0m2) + (2 =" ) Pl
- SGSMQIZ(m,Z,)}. (5.46)

From the input values, we obtain numerically sets of
parameters for some values of G,/G,, as shown in Table I.
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TABLE 1. Parameter values used in the OPT scheme and in
the LN approximation (last line). The inputs used are m, =
134 MeV, f, =93 MeV, and —<l/_/l//>l/3 =250 MeV.

G,/G, M, (MeV) mMeV) G, (GeV2) A (MeV)
1.3 293.445 4777 4.619 640.112
1.4 292.973 4.760 4611 639.597
1.5 292.520 4744 4.604 639.077
1.53 292.389 4.739 4.602 638.920
1.54 292.345 4.737 4.602 638.867
1.55 292.302 4.735 4.601 638.815
LN 313.519 4.987 4.937 653.331

Note that, as compared to the LN approximation, the
corrections due to OPT cause a slight drop2 in all
parameters of the table, and this fall is intensified with
increasing coupling between quarks (represented by G,).
The LN approximation, which can be obtained when we
neglect the OPT two-loop contributions in the equations
that compose the system, does not provide parameters that
depend on G, as already explained, since diquark fluctua-
tions would contribute with subleading 1/N, correction
terms, but these terms do contribute in the OPT case. The
values corresponding to the ratios G,/G, = 1.53, 1.54, and
1.55 and shown in the Table I will be used when imposing
the color neutrality condition, while the other values will be
used in the absence of color neutrality and in the com-
parison of our OPT results with those obtained in the LN
approximation.

VI. NUMERICAL RESULTS USING THE OPT
FOR THE COLD AND DENSE SYSTEM

Before presenting our results, it is useful to first recall a
few properties regarding the BEC-BCS crossover and the
requirement for color neutrality.

A. The BEC-BCS crossover

If we start from the dispersion relation—e.g., the
one from the mean field LN approximation, from
Eq. (4.2)—and set § =0, y’ = p (red and green quarks),
a, > A, and n — o, we have, for example, EZ‘ﬁ(ﬂ) =

2
\/ [\/p* +MZ%—pu] + A% For small chemical potential

u < Mq, the minimum of the dispersion is located at

|| = 0, with particle gap energy /M2 + A?, which would
correspond to the fermionic (quark) spectrum in the BEC
state. At values of chemical potential such that 4 > M, the
minimum of the dispersion is shifted to |p| # 0, and the

Translating in percentages, there is a decrease of approx-
imately 2% in A, 6% to 7% in G, 3% to 5% in m, and 6% to 7%
inM,.

q
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particle gap is A. This corresponds to the fermionic
spectrum in the BCS state. It is then useful to define an
effective chemical potential uy = p — M ,, which will serve
as an indicator of the BEC-BCS crossover [42].

B. Color neutrality condition

In the model given by Eq. (2.1) for N, = 3, in the choice
that allows only red and green color quarks to form
diquarks and that leaves out the blue ones, for example,
it follows that when equal chemical potentials are intro-
duced for the three colors—u, = u, = pu, = ug/3, where
up represents the baryon chemical potential—the phase
characterized by the absence of the diquark condensate,
A, = 0, keeps the color symmetry SU(3), while the phase
at which the condensate is nonzero, A, # 0, breaks the
SU(3) color symmetry down to SU(2). However, in the
latter case, the number densities of the quarks that form
the diquarks, n, and n,, are identical and are larger than the
density of the blue-colored quarks, n;, [42,45,51,52]. This
means that in this phase, the system as a whole does not
have the property of color neutrality, which is physically
verified. In fact, such a situation also occurs in QCD when
we consider the two-flavor superconducting color phase,
but it is possible to generate the eighth gluon field, which
guarantees the color neutrality automatically [45] in theory.
Effectively, it generates a chemical potential ug. Since in
the NJL model we do not have gluon degrees of freedom,
what is done to ensure color neutrality is to add by hand a
chemical potential term pg in the Lagrangian density of
the theory—ugpy° Ty, with Ty = v/315—and impose that
(Qg) = 0, which is equivalent to demanding the condition

00

—-——=0, 6.1
Ous ( )

ng =

where Q is the thermodynamic potential in the desired
approximation. Furthermore, in practice, the chemical
potential ug enters in the final expressions obtained.
Until then, we can simply make the changes [42]
Mg =y =p — up/3 +pug/3 and u, > pp/3 —2ug/3.
This will be the procedure we will also follow here when
demanding color neutrality.

Note that besides the imposition of color neutrality,
electric charge neutrality in principle should also be
considered. Including electric charge neutrality introduces
an extra chemical potential, 4, which is proportional to the
electric charges for the # and d quarks and introduces an
explicit difference in chemical potentials for these quarks.
This difference in chemical potentials can lead to some
important effects, such as a gapless color superconducting
phase [53,54]. Since in this work we are primarily
interested in the comparison of the LN results for the
BEC-BCS crossover with the OPT ones, we will here
neglect for simplicity the condition of electric charge
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neutrality, as was the case also in the previous works
[42,45]. But we should keep in mind that for any realistic
application, such as in the determination of the equation
of state relevant for the physics of compact stellar objects,
both of the conditions of color—electric charge neutrality
and S equilibrium—should be imposed.

C. Numerical results: Absence of color neutrality

We now turn to the numerical results obtained with
the OPT method and the comparison of these results with
those obtained using the LN approximation. For simplicity
and making easier the comparison between the OPT
and LN results, we will first analyze the case of the
absence of color neutrality (e.g., we consider ug =0
initially), and we can assume simply, as previously stated,
that p, = py, = py = pp/3.

From the OPT thermodynamic potential at zero temper-
ature, V9T (6., A.), given by the sum of Egs. (4.18),
(4.19), and (4.20), together with the corresponding gap
equations for the chiral and diquark condensates,

aveff
Jo

=0,

aVeff
oA A=A,

:0’

=0, (6.2

and the PMS conditions, Egs. (4.9) and (4.10), applied to
the OPT mass parameters # and @, we can find numerically
the behavior for the chiral condensate ¢ (and consequently,
that for the effective quark mass M,) and diquark con-
densate A, as well as all the relevant thermodynamic
properties of the system, as a function of the chemical
potential. (For convenience, we drop the subscript ¢ in ¢
and A from now on.) In the absence of color neutrality,
we can write the effective chemical potential characterizing
the BEC-BCS crossover simply as uy = pip/3 — M. As is
conventional in the literature, we will present the results as
a function of the baryon chemical potential pp.

We start by showing in Fig. 5 the behavior of the
effective quark mass M, and A with the increase of the
baryon chemical potential up for G;/G, = 1.3, 1.4 and 1.5,
which were the same values considered in Ref. [42], which
studied the BEC-BCS crossover in the LN approximation.
The uy result for each method is also indicated in the plots,
such as to facilitate visualization of the BEC region, which
corresponds to the values of up for which py < 0, when
A # 0, going to pp > 0, corresponding to the BCS region.
The results in Fig. 5 indicate that OPT disfavors the BEC
region and that this region seems to decrease more
significantly with the decrease of the ratio G,;/G,. In
addition, we observe that the OPT also disfavors the region
in which A#0 for 1.3 <G,;/G, < 1.5, increasing the
value of critical chemical potential(s) up . (OPT) relative
to those of the LN approximation. From the qualitative
point of view, the variation of A and M{FT with the
variation of up remain similar to the ones observed in

PHYSICAL REVIEW D 96, 056009 (2017)

T T T T T T
03 -~ ) ]
~ ~
L— A (OPT) S\ o
—— M, (OPT) SO
- N
021 . u (opT) e
- l— A(LN) N
> —_ M (LN) W
AR | N i
= 0IF | p ANy RN
0.0 - ;".
G,=13G,
0.1 s I 1 1
0.5 0.6 0.7 0.8 0.9 1
W, [GeV]
T
03 -3
N
NS
L— A (OPT) ™
e M, (OPT) ot |
« 1, (OPT) NN R
> [ ALN) N
] __ M (LN) N
9 o1 a oNa E
- My @LN) RN
0.0 "
- G,=14G
-0.1 I i I I I I
03 04 05 06 07 08 09 1
U, [GeV]
0.4
03k ___=
— A (OPT)
- = M, (OPT)
— 02k « p, (OPT) _
2 |—aaN N\ . !
<} —— M, (LN) \\,
0.1 . \§\ -
* S
L4 S=aa -
. -
0.0 ~
o G,=15G
N [P
015 0.2 0.4 0.6 0.8 1
Uy [GeV]
FIG.5. Diquark condensate A, effective mass M ;, and effective

chemical potential uy as a function of the baryon chemical
potential up for different values of the ratio G,;/G, in the LN
approximation and OPT comparatively.

the LN case, while maintaining the phase transition as
being second order when color neutrality is not required, as
shown in Fig. 6.

By looking again at Fig. 5, we note that the value of the
condensate A given by the OPT is always smaller than the
one given by the LN approximation, and this difference
becomes larger with the increase of G,/G,. In addition,
we observe that MEI)PT increasingly approaches M’q“N for
increasing values of G;/G, and ug. The difference between
these quantities—for example, for the case G;/G, = 1.5—
is visually insignificant from the critical chemical potential
up.. (OPT) of the phase transition in OPT. Something
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FIG. 6. The effective potential in the OPT at zero temperature
with the vacuum energy subtracted, Vi = Vo (o, A, 7], @, up) —
Vit (Oyac, A = 0, fyaes @ g = 0), as a function of A for different
values of baryon chemical potential up around the critical value
up.. = 0.4686 GeV, for the ratio G,/G,; = 1.4. The evolution of
the global mininum of potential when changing up suggests a
second-order phase transition in the order parameter A, as occurs
in the LN case.

similar occurs with the chemical potential for which occurs
the BEC-BCS crossover, obtained by the condition yy = 0,
uBEC-BCS In the OPT, the crossover requires a value of
HBECBES (OPT) that is lower than that of in the LN
approximation case, and this difference tends to decrease
appreciably with the increase of G,/G,.

These results concerning the BEC-BCS crossover and
the differences between the LN and OPT critical values are
summarized in Table II, where, for completeness, we also
show the value for the pseudocritical chemical potential,
,u‘g‘fpc, for the chiral symmetry crossover (defined by the
position of the inflection point in M ).

To also exemplify some of the differences between OPT
and LN for other thermodynamic quantities, in Fig. 7 we
show the vacuum subtracted pressure and energy densities,
P,(o,A) and €,(0,A), respectively, in addition to the
equation of state P,(e,), where P,=P — P, and
£, = € — Eyye, With (at T = 0)

P(o.A) = =Vi(o, 4), (6.3)

TABLEII.  Values of critical chemical potentials for the LN and
OPT, in both cases in the absence of color neutrality.

No color neutrality case

Ga/Gy  ppe (GeV)  pgtPS (GeV)  pg, (GeV)
1.3 0.6003 0.7051 0.7398
LN 14 0.4513 0.6334 0.6785
1.5 02010 0.5557 0.6104
13 05972 0.6820 0.7306
OPT 1.4 0.4686 0.6155 0.6742
1.5 0.2787 0.5454 0.6134
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FIG. 7. The pressure (top plot), the energy density as a function
of up (middle plot), and the equation of state (bottom plot), both
for the ratio G,/G, = 1.4.

e(o,A) = —P(o,A) + pgngp, (6.4)
where np is the baryon number density, given by
0
ng = _a—veft'<57 A). (6.5)
KB

We have restricted Fig. 7 to show only the case
G,/G, = 1.4 as an example. Visually, there is no signifi-
cant differences between such cases in the region of
interest. But in the region of intermediate baryon chemical
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potentials, the OPT slightly decreases its values compared
to the LN approximation for the value of G,;/G, used
herein.

D. The OPT results in the case of color neutrality

Let us now consider the case of imposing the color
neutrality condition. As already discussed above, in this
case we set yu = pug/3 + ug/3, pp = up/3 — 2ug/3, and the
condition of color neutrality, given by Eq. (6.1), must be
satisfied in the region where A # 0, that represents the
physical case.

The main effect coming from the corrections due to the
OPT in relation to the case of LN, for the values of G,;/G,
previously considered, is that there is a discontinuity in
A(up) at the critical baryon chemical potential y5 . (OPT),
indicating a first-order phase transition. The emergence of a
first-order transition in this case can be confirmed and
illustrated in Figs. 8 and 9, where in both cases we have
considered the case G,;/G, = 1.3 as an example. In this
case, when the baryon chemical potential increases, the
potential presents a new (local) minimum around
up =0.7113 GeV, and at the critical baryon chemical
potential ppg . =0.73226 GeV, this minimum is aligned
to the one at A = 0. If we keep increasing the chemical
potential, the minimum at origin becomes local, and after
that, a maximum point around pup = 0.7365 GeV emerges.
This interval, 0.7113 GeV < up < 0.7365 GeV, corre-
sponds to a metastable region, represented by the thin
vertical gray region in Fig. 9. In the LN case, the BEC
region, when contrasted with the case shown in Fig. 5
obtained when neglecting color neutrality, also shrinks, but
it does not disappear completely, consistent with the
observations made in Ref. [42].

We should remark that in the LN approximation, the
transition eventually also turns first order, but for values of

4 T T T T T T T / T il
.
C = 1, =0.7310 GeV ; .
3L e B, =0.7320Gev . - /]
— W, =0.7323 GeV /.’ N
E —— 1, =07325GeV - -/
E
X
=
5
~ o -
1 P B !

N | N | N N
0 0.02 0.04 0.06 0.08 0.1 0.12
A[GeV]

FIG. 8. The vacuum subtracted effective potential in the OPT
at zero temperature as a function of A, for different values of the
baryon chemical potential yp around the critical value pp,. =
0.7323 GeV and for the ratio G;/G,; = 1.3. The behavior of the
global minimum of potential with the variation of up and the
coexistence between the two minima suggests a first-order phase
transition in the order parameter A.
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FIG. 9. The diquark condensate A, the effective quark mass
M, and the effective chemical potential uy as a function of the
baryon chemical potential up for G,/G, = 1.3, in the LN
approximation and OPT comparatively. Color neutrality is
considered. The thin vertical line indicates the position of the
first-order transition (discontinuity) in A.

the ratio G;/G, < 1.05, as observed in Refs. [42,43]. By
increasing the ratio G,/ Gy, we can again recover a second-
order transition for the phase with a diquark condensate and
a BEC-BCS crossover. For the OPT case, we find that the
minimum value required for a second-order phase tran-
sition shifts from G;/G; ~ 1.05 in the LN case to a value
G,/G, ~ 1.525, which is itself very close to the maximum
value allowed for the ratio G,/G, before the mass of the
diquark vanishes, precluding the instability of the vacuum.
In the OPT, for the parameters considered, this happens for
values G,;/G, > 1.55.

In Fig. 10, we show the effective potential in the OPT for
the case of G,/ G, = 1.53, confirming the resurgence of the
second-order phase transition for diquark condensation.

8 ‘ ‘ ‘ O' ‘ 7 1
.« W, =0.4620GeV . 1.

ok —— 1, = 04653 Gev - II I
— — 1, =0.4670 GeV . J 1]
C— ., =0.4680 GeV . /1

7 4
V% 10" [GeV']

A[GeV]

FIG. 10. The vacuum subtracted effective potential in the
OPT at zero temperature as a function of A for different values
of baryon chemical potential up around the critical value
up. = 0.4653 GeV, for G,/G; = 1.53. The behavior of the
global minimum of potential with the variation of up suggests
a second-order phase transition in the order parameter A. Color
neutrality is considered.
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Next, we will restrict our attention to the cases where a
second-order phase transition for diquark condensation is
possible in the OPT, which will in particular correspond to
the cases where the ratio of G;/G, will assume the values
G,/G, =153, 1.54, and 1.55.

In Fig. 11, we show the results for A, M o and uy for the
values G,/G, = 1.53, 1.54, and 1.55. It is possible to see
that, similarly to the LN case with results shown in Fig. 5,
as we increase the ratio G,;/G,, the OPT favors the BEC
phase. The critical baryon chemical potential up . and the

[GeV]

[GeV]

[GeV]

0.1 G,=155G,

L L 1 1 L L
0 0.2 0.4 0.6 0.8 1
b, [GeV]

FIG. 11. Diquark condensate A, effective mass M P and
effective chemical potential uy as a function of baryon chemical
potential up for different values of G,;/G, in the OPT case. Color
neutrality is considered.
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crossover value uBECBCS both decrease as the ratio G/ G,

increases. But . is more affected by the value of G,/ G;.
In the LN case, however, both up . and p5tcBCS suffer
similar influence due to a variation of G;/G,. Both of these
results can be seen in Fig. 12.

In Fig. 12, we illustrate the evolution of the critical points
Hp.er My BCS, while in Fig. 13 we give the width of the
BEC region, defined by (uj=BS — yp ) as a function of
G,/G,, for both the LN and OPT cases.

In Table III, we summarize the values for the critical
chemical potentials obtained when considering the color
neutrality condition in the LN and OPT cases. For
completeness, we also give the values for the pseudocritical
chemical potential for chiral condensation, g e Note that
the critical baryon chemical potential for the BEC transition
always tends to decrease as we increase the ratio G;/G,,
which is true in both the LN and OPT cases. Note also that
the results for the critical baryon chemical potentials always
remain below the value of the onset of baryonic matter
(e.g., when comparing with the nucleon mass), which
prompts the question of the reliability of these results
when applied to real QCD. In fact, the same trend we see
here is also seen in all previous studies for the BEC-BCS
crossover study in the NJL model (see, however, Ref. [17]).
As far as this issue is concerned, when we compare the LN
and OPT results, we see that while the LN gives a much
larger range of values for G,/G, allowing for the BEC
phase, in the OPT case this window shrinks considerably to
a very small range of values, 1.525 < G,;/G, <1.55. In a
sense, by including further contributions from both meson
and diquark fluctuations (represented by the two-loop
contributions) which are absent in the LN approximation,
the OPT clearly disfavors the emergence of a BEC phase.
This seems more in accordance, based on these results, with
the expectancy that the appearance of a diquark BEC phase
at low density must be an artificial effect in the (three-color)
NJL model.

As already mentioned previously, the BEC-BCS cross-
over can be characterized by the shape of the dispersion
relation for the quark field, which for the OPT case is
given by Eq. (4.2) when setting 6 =1, A} = A, = A,

o= =a, and §' = p = pup/3 +pg/3, or EX " (u) =

2
\/[ p?+ (MPPT)? — u]” + A? (the same form as in the

LN). In Fig. 14, we illustrate the particle dispersion for the
OPT in the color neutrality case for the example of
G4/Gy = 1.53. For values of yp < pBECBCS the minimum
of the dispersion is located at p = 0, and the gap energy is
luy| (remembering that puy = pu — MY, where MJFT =
m + 6°PT). The BEC phase corresponds to the region
between pup. and pp.c PSS Increasing the chemical

potential beyond x5E~BCS| this minimum is shifted to
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FIG. 12. The critical chemical potentials associated with the BEC phase transition yuj ., as a function of G,/Gj, for the LN and OPT
cases, in their correspondent validity range. Color neutrality is considered in both cases.
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FIG. 13. The width of the BEC region, defined by (ygEC‘BCS — up.), as a function of G,;/Gy, for the LN and OPT cases, in their
correspondent validity range. Color neutrality is considered in both cases.

|P| = |u| and the gap becomes equal to A, indicating the
BCS phase. Note that the diquark condensate A, as can be
seen from Figs. 5 and 11, tends to remain smaller than the
baryon chemical potential. We also find that the critical
chemical potential for the BEC transition (4. = up./3)
corresponds exactly to half the mass of the diquarks. This
can be proofed as follows: The diquark mass can be
computed in the OPT scheme similarly to the calculation

TABLE III. Values of critical chemical potential, considering
color neutrality effects, for LN and OPT.

The color neutrality case

Ga/G:  pe (GeV)  pBECBCS (GeV) sl (GeV)
13 0.7137 0.7370 0.7361
LN 1.4 0.6144 0.6603 0.6459
L5 0.4474 0.5767 0.5334
OPT 153 0.4653 0.5651 0.5213
1.54 0.4366 0.5573 0.5119
1.55 0.3939 0.5496 0.5025

of the pion mass shown in Sec. VA, with the appropriate
changes—e.g., by replacing the pion vertex —iy>z; with
that of the diquark boson field with the quarks,
iCy>1,t, obtained from the bosonized Lagrangian density
Eq. (2.2)—from which we then obtain that the diquark

0.50 ———————— -
. W, =04653 GeV . “C/
> « = ;= 0.5000 GeV 0%
o — =, P = 05651 Gev R
2 00 = 06500 Gev .7 7
|~ 7
- -7
Il
2=
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Lu -
B G,/G =153
1 1 1 1 n
0205 0.1 0.2 03 0.4 0.5
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FIG. 14. Particle dispersion relation E} (k) in the OPT
approximation for G,;/G, = 1.53. Color neutrality is considered.
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mass is determined by the pole equation obtained in terms
of the diquark self-energy I1,(q, ) as
0=1-2G,I,(q0 = mg. g = 0)
—8(N. = 1)N ;G215 — m3iI(m3))?

+ 16(N, = 1)N ;GsmIM?I*(m3)}, (6.6)

where I is given by Eq. (5.20) and I(m,) is obtained from
Eq. (5.21). Note that Eq. (6.6) in the LN limit reduces to

1 = 4iG4(N. = 1)N;[21g — m31(m32)]

&p 1 1
=2G4(N,—1)N '
d(N.—1) .f/(2”)3 (Eﬁ+md/2+Eﬁ_md/2>

(6.7)

where we have evaluated the integral in p, to obtain the
last line in the above equation. Equation (6.7) agrees with the
corresponding LN result of Refs. [42,47]. In the OPT case,
Eq. (6.6) is a function of the optimization parameter # and
must then be solved together with the PMS equation (4.9).
Equation (6.7) in the LN approximation can be compared
with the one determining the diquark condensate A
[Eq. (5.5)], and use of the PMS equations (4.9) and (4.10)
gives

A =2(N, = 1)N,Gal5(n) (6.8)

ly=7-
where Jg(p) is given by Eq. (4.27). If we set again the LN
limit in Eq. (6.8) and recall that in this case the OPT
optimization parameters # and & reduce to # = o and
a = A, respectively, then Eq. (6.8) becomes, at the diquark
condensation point yp — pp . and where A — 0,

d3p 1 1
1=2(N.-1)N,.G ’
( c ) f d/(zﬂ)3 (Eﬁ+ﬂ3’c/3+Eﬁ_,uB,C/3>

(6.9)

and we also recover the LN result for yp . as given in
Refs. [42,47]. When comparing Eq. (6.7) with Eq. (6.9), we
see immediately that g ./3 = m,/2. Note also that when
accounting for color neutrality, the same result follows when
we consider that 4 — u + ug/3 [note that the integral Jp in
Eg. (6.8) is only a function of u = u, = p,], and the critical
baryon chemical potential for diquark condensation shifts
accordingly: up /3 = my/2 — pg/3. Since ug is in general
negative, this corresponds to a increase of the diquark
condensation point when color neutrality is considered,
which agrees with the results shown, e.g., in Table III. In
the OPT scheme, this comparison between the diquark mass
and the value for the condensation point is more involved for
two main reasons: First, because now we have to solve

PHYSICAL REVIEW D 96, 056009 (2017)

Egs. (6.6) and (6.8) subject to the PMS Egs. (4.9) and (4.10)
and also the gap equation determining M ,, which makes the
numerical work somewhat more involved. Second and most
importantly, there is clearly a mismatch between the order-1
OPT expression for the diquark self-energy leading to
Eq. (6.6) and the corresponding contributions considered
at the same order in the OPT for the effective potential. In
particular, note that the order-1 OPT contributions to the
diquark mass, corresponding to the two-loop diagrams which
are similar to the ones seen in Fig. 4 for the pion, turn out to be
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FIG. 15. The thermodynamic quantities of the system (normal-

ized pressure P,, and normalized energy density ¢,,) are given for
different values of G;/G, as a function of the baryon chemical
potential up at zero temperature on the OPT approximation, as
well as the state equation P, (¢,). Color neutrality is considered.
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equivalent to three-loop vacuum diagrams in the effective
potential (e.g., when we close the external diquark legs in the
self-energy diagrams such as to construct equivalent vacuum
terms). These contributions would in fact be order 2 in the
OPT scheme when seen in the context of the effective
potential. Due to this mismatch of terms between the diquark
self-energy and the effective potential, we do not expect a
perfect agreement for the value of yp /3 obtained from the
optimization of the effective potential, with the value of m /2
obtained from Eq. (6.6). This is a feature of the OPT scheme.
Intrinsically, we should optimize a quantity that could
produce simultaneous values for both pp . and m,. This
could be, perhaps, the nonhomogeneous (space- or momen-
tum-dependent) effective action, instead of the effec-
tive potential (the zero-momentum homogeneous action).
Even so, when we compare results from these different
quantities, we obtain, taking as an example the ratio
G,/G; = 1.4 in the absence of charge neutrality, the result
Up.c/3 = 0.1562 GeV, while the result from Eq. (6.6) gives
my/2 = 0.1596 GeV, a difference of around 2%. Though
not a proof, we can take this difference as a rough possible
indication of the convergence of the OPT and a signal that
when going to the next order, which will now include three-
loop terms with similar topology to the ones contributing at
the self-energy for the diquark mass, these terms are expected
to produce an overall small contribution. This is a generic
expectation from the OPT scheme seen in studies of its
convergence properties in other models [28].

Finally, the observations already made in the absence of
color neutrality regarding the thermodynamic quantities, like
the pressure, energy density, and equation of state, remain
essentially the same for the case with color neutrality. In
Fig. 15, we show these quantities for the OPT for the three
values of G,/G, considered in the color neutrality example.

VII. CONCLUSIONS

We have studied the BEC-BCS crossover in an extended
two-flavor NJL model, with three colors and including the
diquark interactions, in the context of the nonperturbative
OPT method, and the results obtained were contrasted with
those of the usual LN approximation. We derived in detail
how the fitting of the parameters changes in the OPT case,
deriving the corresponding corrections due to the OPT for
the pion mass and decay constant. These quantities are
affected by the diquark fluctuations already at first order in
the OPT approximation and must be evaluated consistently.

We have studied the cases both without and with color
neutrality and have shown the differences between the two
cases. There is a region of parameter values corresponding to
the ratio between diquarks and the usual quark-antiquark
interactions, G,/G,, below which a BEC phase becomes
disfavored and the transition from the chiral phase with no
diquark condensate to the phase of diquark condensate is
first order, while for larger values diquarks become massless,
condensing already at vanishing baryon chemical potential,

PHYSICAL REVIEW D 96, 056009 (2017)

signaling the instability of the vacuum. In the absence of
color neutrality, for both the LN and OPT cases, this
corresponds approximately to values of the ratio G,/G,
satisfying 1.05 < G,/ G, < 1.52. When accounting for color
neutrality, this range of values remains roughly unaltered in
the LN case, but for the OPT and the values of the parameters
considered, it slightly shifts and shrinks to the values
1.525 £ G,;/G, < 1.55. This shows that the OPT tends to
suppress the BEC region, and consequently, the BEC-BCS
crossover. To our knowledge, this is the first time that a
method beyond the LN, when applied to the study of the
BEC-BCS crossover, has given an indication of a possible
suppression of the BEC regime. It would be interesting to
further explore this issue when using other nonperturbative
methods or including additional ingredients in the NJL
Lagrangian density, like asymmetries—for example, a chiral
imbalance and application of the recent regularization
method exposed in Ref. [S5]—or by including a vector
meson interaction, as studied in the LN context for the BEC-
BCS crossover in Ref. [42]. With respect to this, it is
interesting to point out that the OPT is able to radiatively
generate vectorlike interactions [56,57], which in principle
could also be combined with other effects and possibly
change the BEC-BCS region in nontrivial ways, as already
indicated by the results of the present work.
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APPENDIX: THE PION DECAY CONSTANT
DERIVATION IN THE OPT EXPANSION
TO ORDER é

At one-loop order, the expression of the pion decay
constant is (in this appendix, we will use the following
notation for the trace: Tr = Tr Tr,Trp)

i zzz,lgﬂvéij
1 [ d*p i i
=— — Tr|—(7: 5 . 5
4/(27_[)4 r[ﬂ_M(Tﬂ/My )ﬂ‘f‘%—M(Tﬂ/yy )
_ NN, / d*p 1
4 Y

2m)* (p* = M? +ie)((p +q)* = M?* +ie)
XTrp[(F+ M)y (F+d+M)rr). (A1)
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When g = 0 (zero external momentum), we obtain

Ny d*p

f72r lgﬂl’ - 4 (2”)4 [8pﬂpl/ - 4gyl/(p w4 + Mz)}
o 1
(p* = M +ie)[(p + q)* = M* + ie]

d*p Puly
— iN.N,|2 "
e f[ /(2ﬂ)4(p2—/\/12+i€)2

- ulo(M) = 20, 1(0) | (A2)
where
4
l(M) = / (;Zﬂl))4 p>— ./\il2 + ie (A3)
and
B d*p 1
1(0) = / s (A4)

Then, using the relation from dimensional regularization [58]

PuDy _ 9w

/&
(2m)* (p? = M? + ie)?

we obtain [41]

5 le(M). (AS)

f%, = =2iN.N;M?*1(0). (A6)

At two-loop order, we have diagrams that involve the
fluctuations from the scalar £, 7, and ¢ fields, that contribute
to f2. Their expressions are given, respectively, by

iGN, [ d*p, [ d*p,
lffzé’g/w ij — / / 7 )4TrD Trf(TiTj)

ﬂl—'_M J/ 5 ﬂ]"‘rﬂ-i-./\/l
pl—M?+ie

W+ q) - M
(pa+q)? = M>+ie’” ps—M*+ie]

(A7)
_zG N, /d“pl /d“pz

7+ M s
pz—./\/lz—i—iey”y
ﬂ1+ﬁ+M 5 ﬂQ"’ﬂ"’M
(p1+q)* =M +ie" (py+q)*—M*+ic
5 ﬁ2+M
xnr p%—./\/l2+ie}’

lf s ,;g;wé =

x Trp {Trf(rkrirkrj)ys

(A8)
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and

d4P1 d4P2
Nc—l)/(zﬂ)4/( )4TrD
7+ M 5

oA i
g+ M /5 Prt+qd+M
(p1+9)?-M>+ie’ (py+q)?—M>*+ie

5 ﬁz"’M
Z-M?*+ie|’

i ,2,,¢gﬂu5ij = —iGd(

X [Trf(rzriTrzrj)ys

X7,y (A9)

When g = 0, we have [recalling that Tr(z,7;) =

NS,
and  Tr(rp7! 757;) =

l]’
Tff(TkTiTij) =—(
—Ny6;

o, _G\NNg [d'p, [d'p,
Sre9w =
meIH 2 (2z)* ) (27)*

1
- M o) (P}
X Trp[(#1 + M)y’
X (py + M)y + M)y, r° (#r + M),

- M? + ie)?

(A10)
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ot =25 0e=2) [ G5 [ G
1
C A= M P (p3 = M+ i)
x Trp[r’ (#) + M)y’ (#1 + M)y
X (pr + M)y,y’ (o + M),

(A11)

and

d*p d*p
2 g =Gy(N, - 1)N /—‘/—2
fﬂ_d)g/w d( c ) f (27[)4 (2”)4

1

P = Mt i) (g~ M2+ ie)?
x Trp [y (41 + M)y, r* (#1 + M)y
X (P + M)y,7° (#s + M)].

(A12)

The double integrals involving the traces in Egs. (All)
and (A12) are equivalent, and we can define, for convenience,
the momentum integrals appearing in those equations as
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sTrp[(#1 + M)y (B + M) (B + M)y (8 + M)

:4{9,,4—12(;(/\/1)“/\4412(0)} +4 / (‘124;’); / d'p>

The calculations in order to find Eq. (A13) are relatively
laborious but straightforward. The double integral on the
right-hand side in Eq. (A13), which we will denote by L,
when using dimensional regularization and the relation
Eq. (AS), becomes

L_q [P /d4pz (P1-P2) PP
) @a)t) @n)*(pt- M2 +ie)*(p3 - M +ie)?
—4 aﬂ/d4p1 PiaP1y /d4P2 PP
T @ =M tier ) 2n)f (- M+ ie)?

Yo, g/iy
—4g7 P2 (0) 222
g ) G(O) ) ¢(0)

G (M) (A14)

Substituting Eq. (A14) into Eq. (A13), and Eq. (A13) into
Egs. (A10), (Al1), and (A12), we obtain

2 =4G,N.N M*I*(0), (A15)

(P1 - P2)P1uPw }
: Al3
2n)* (p? = M2 + ie) (p3 — M2 + ie)? (A13)
£ =4G,N.N(n, =2)M*I?(0).  (Al6)
f245=8G,(N. = )N, M*I*(0). (A17)

The final expression for f2 is obtained by summing
Egs. (A6), (A15), (A16), and (A17), to finally give the
result

f%2 = -2iN.N;M?I(0)
2G4 (N, -1
FANNG, | (n, = 1) + Td(zvi)
= —=2iN.N;M?1(0) + 4N .N ;G f(G ;) M*I*(0),

(A18)

MA12(0)

where

7(G0) = ng =1+ 204,
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