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Mean-field model quantum field theories of hadrons were traditionally developed to describe cold
and dense nuclear matter and are by now very well constrained from the recent neutron star merger
observations. We show that when augmented with additional known hadrons and resonances but not
included earlier, these mean-field models can be extended beyond its regime of applicability. Calculating
some specific ratios of baryon number susceptibilities for finite temperature and moderate values of baryon
densities within mean-field approximation, we show that these match consistently with the lattice QCD
data available at lower densities, unlike the results obtained from a noninteracting hadron resonance gas
model. We also estimate the curvature of the line of constant energy density, fixed at its corresponding
value at the chiral crossover transition in QCD, in the temperature-density plane. The number density at low
temperatures and high density is found to be about twice the nuclear saturation density. Moreover from this
line we can indirectly constrain the critical endpoint of QCD to be beyond upz = 596 MeV for temperature

~125 MeV.
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I. INTRODUCTION

Developing an effective field theory description of
hadrons preceded the discovery of the field theory of
strong interactions, quantum chromodynamics (QCD).
Indeed, based on the observation of the exponential
increase in the density of states of hadrons with increasing
temperature, it was proposed that hadronic matter will
undergo a phase transition to a deconfined phase [1].
Ab initio lattice studies have confirmed this scenario and
showed the existence of a smooth crossover at zero baryon
density [2-6] from a hadron phase to a quark-gluon plasma
phase in 2 + 1 flavor QCD with physical quark masses at
a temperature 7, = 156.5 + 1.5 MeV [7]. Furthermore
lattice QCD techniques have now provided us with the
state-of-the art equation of state (EoS) of hadrons in the
continuum limit [8—10]. Such reliable results have boosted
the efforts for understanding the different hadron inter-
actions and develop effective relativistic quantum field
theories of hadrons, the so-called hadrodynamics. Con-
straining hadrodynamics to a very good extent is of
fundamental importance in understanding QCD at finite
temperature and density.

A description of the hadron phase in terms of a gas of
non-interacting hadrons and the narrow-width resonances
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(HRG) [11-13] has been shown to describe bulk thermo-
dynamic observables in QCD, e.g., free-energy [14-16]
and chiral condensate [17,18] to a surprisingly good
accuracy. This description is the basis for statistical
hadronization models that have been very successful in
describing the experimental yields of different hadron
species in heavy-ion colliders [19]. A justification of this
comparison came from the observation that nonresonant
part of the phase shifts of the attractive hadron interactions
largely cancel out in the calculation of free-energy, and the
interacting part of the pressure can be well described by the
contribution of resonances treated as stable particles [20].
However with increasing precision of the lattice data on
fluctuations of conserved numbers like baryon number,
strangeness and electric-charge, a visible departure from
the HRG model predictions are by now clearly evident.
Extension of the basic HRG model by augmenting it with
the many not-yet experimentally measured baryon reso-
nances [21] mainly in the strangeness sector [22], but
predicted from lattice QCD and different relativistic quark
models, termed as QMHRG can explain many puzzles like
simultaneous freezeout of light, strange and open-charm
hadrons [23-25]. However there are thermodynamic
observables in QCD which cannot be yet explained within
the QMHRG model, specially close to 7. [19,26,27],
highlighting the importance of nonresonant and repulsive
interaction channels. Moreover attempts have been made to
extend HRG model to finite densities using van-der Waals
inspired potentials [28,29] which has both attractive as well
as repulsive interactions. However due to hard sphere
interactions, the speed of sound exceeds that of the speed
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of light at higher values of baryon densities which require
further modifications [30]. In these extensions of the
HRG model one cannot constraint the couplings from
experimental data on nucleon-meson scatterings hence
in order to understand hadrodynamics from a more
fundamental perspective we need to choose a different
approach.

Repulsive interactions between baryons will become
more important at large baryon densities. However con-
straining them is challenging [31] as there are no first
principles calculations of the EoS available yet from lattice
QCD due to the infamous sign-problem [32,33]. Experi-
mental constraints are also few and come mainly from the
study of supernovae, neutron star mergers and nuclear
matter from the intermediate energy heavy-ion collision
experiments at CERN SPS and HADES, Darmstadt and in
future from the upcoming FAIR facility at GSI Darmstadt
and NICA at Dubna. Recent advances in the multi-
messenger astronomy of neutron stars have opened a
new avenue to constrain the nuclear models and its
EoS [31,34,35]. In this regime of high baryon densities
there are a multitude of nuclear models with different
EoS. These are usually based on the Dirac-Brueckner-
Hartree-Fock [36-38] approach or relativistic mean field
models [39-41]. In the former approach parameters of
the interactions are fixed from experimental inputs of
nucleon-nucleon and nucleon-meson scatterings. How-
ever its application to finite density nuclear matter remains
difficult. On the other hand in relativistic hadron models,
pioneered by Walecka, the interactions between the nucle-
ons are implemented at mean-field level by coupling to
effective meson degrees of freedom. The parameters of
the interaction terms are instead determined by matching
to the empirical saturation properties of nuclear matter.
Recent observation of a medium sized neutron star heavier
than twice the solar mass [42-45], simultancous mass
radius measurements [46-50] and bounds on tidal deform-
ability [51,52] during neutron star mergers have lead to
more stringent constraints on the nuclear EoS [53-64] and
hence on these mean-field models.

In this paper we address the question of how well these
nuclear models which are traditionally designed to explain
cold-dense nuclear matter, can describe QCD thermody-
namics at a relatively higher temperatures and moderate
baryon densities. By extending the study of relativistic
hadron models (which are well constrained from neutron-
star merger observations) to moderate values of baryon
densities and higher temperatures, i.e., in the region
up/T = 3-5, we estimate the hadronic freezeout line.
Using the information about the pseudo-critical line at
small baryon densities from lattice QCD, we constrain the
location of the critical endpoint (CEP) at picgp/Tcpp > 5 if
Tcgp ~ 0.8 T, [65]. The broad outline of the paper is as
follows: we begin in the next section by introducing the
specific relativistic mean-field hadron model used in this
work. In the subsequent sections we calculate different
thermodynamic observables within these mean-field mod-
els and compare to the lattice QCD results on thermody-
namic susceptibilities at finite temperatures and moderate
values of net-baryon densities. We show that these mean-
field models can be very well extended beyond its tradi-
tional regime of application and in some cases can explain
lattice data better than QMHRG. This has deeper impli-
cations and suggest that nonresonant interactions between
the hadrons are crucial to explain the lattice QCD data at
moderate baryon densities revealing the universal nature of
hadronic interactions.

II. RELATIVISTIC MEAN-FIELD MODELS
FOR HADRODYNAMICS

In order to choose a suitable starting point we consider a
relativistic mean-field effective model which includes
strange baryons [66]. This specific model along with other
two models [67,68] are very well constrained out of many
hadronic models using the latest gravitational wave data
coming from neutron star mergers and experimental data on
nuclear skin thickness [57]. Indeed the recent ab initio
result for the neutron skin of Pb%® [69] is consistent with
this model.

The Lagrangian of this effective model [66] is given as,
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‘We henceforth refer to this as model 1. In this model, the
baryon fields y 5 are coupled to the Lorentz scalar isoscalar
o, o, vector isoscalar w,, ¢,,, scalar isovector 6; and vector
isovector p;, meson fields respectively and 7 is the isospin

|

matrix. The field strength tensor corresponding to vector
meson p, is denoted as p,, = 9,p, — d,p, — [p,.p,| and
similarly defined for ¢, fields as ¢,, = d,¢, — 9,¢,. The
terms g, denotes the coupling of meson labeled by index a
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to a baryon labeled by an index B. The couplings g,
without a second subscript B simply denotes the coupling
of meson a to a nucleon. Interactions involving ¢ and @
mesons to nucleons are characterized by couplings g,, ¢, -
These couplings along with terms b, and ¢, are important
in obtaining the correct values for binding energy, satu-
ration density and compressibility of infinite nuclear matter.
The interactions mediated by 6 and p-mesons involving
couplings gs and Ay contribute to the asymmetry energy
between protons and neutrons and is important for the
stability of the nuclei drip line. One additionally has the
hyperon interactions built in the same model. The strength
of hyperon interactions are constrained from different
sources. The coupling of hyperons to vector and isovector
mesons, given by g;; where i labels w, p, 5, ¢ mesons and j
labels A, =~ baryons, are constrained from SU(6) sym-
metry within the quark model. Furthermore their couplings
to scalar mesons ¢ and o, denoted by g,; and g, ; are
constrained from the hyper-nuclear potentials in saturated
nuclear matter. The strange mesons o and ¢ play important
role in accounting for hyperon-hyperon interactions [66].
We next calculate the Euler-Lagrange equations of motion
for the meson fields. In the mean field approximation one
neglects the spacetime dependence of the fields. Hence the
space and time derivatives of fields are zero. For vector
mean-fields, additionally, the time component is taken to
have a nonzero mean-field value in order to maintain
rotational symmetry. In case of scalar isovector ¢ field
only its third component is assumed to have nonzero value
and we represent it as d;. The mean field equations which
we solve comes out to be,
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The 755 represents isospin quantum number for baryon B
and takes the values 735 = 1, —1, —1, O for proton, neutron,
>~ and A respectively. In the mean field approximation,
the vector meson fields V¥ satisfy, V, V¥ = V?. For
simplicity we will drop the subscripts and superscripts
and refer to mean field values of vector fields simply as V.

T = 155 MeV, model 1
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FIG. 1. ¢ and o fields mean field values vs up for

T = 155 MeV. Other mean-fields are much smaller in magnitude
compared to these data.

Once the values of mean-fields are known from the
solutions of these equations satisfying the above constraint
equations, the pressure can be calculated. The baryon and
scalar densities p5 and p3 are defined in terms of the spin-
degeneracy factors dp corresponding to baryons and the
Fermi-Dirac distributions n(p),(p) for baryons and its
anti-particles as,

3
pE — dy / (‘;’ﬂ’)’m@) —a(p)).
3 *
PS5 = dy / (‘2’7’;3%[;@) A (@)

Here the medium modified masses and energies of
baryons are defined as My = Mp-g,306-g55 5373-95 0

and Ejy(p) = \/p* + M. In Fig. 1 we have shown the
mean-field values of o, w mesons in model 1 [66] as a

function of the baryon chemical potential. From the plot we
observe that as yp increases, the mean-field values of ¢ and
o fields also increases, hence the interactions mediated by
these mesons become more relevant. This is because the
mean-field values for ¢ and w fields are proportional to
scalar and baryon densities respectively, which increase
with the baryon chemical potential. The p and § mean-
fields are proportional to the isospin baryon and scalar
densities respectively. Since the isospin chemical potential
is negligibly small, these mean-fields remain insignificant.
The o, and ¢, mesons couple only to strange baryons
which are heavy and thus their mean-field values remain
small. The mean-fields which enhance the pressure corre-
spond to mesons which mediate repulsive interactions and
those which decreases the value of pressure correspond to
those mediating attractive interactions. The @ thus mediates
repulsive interactions and the o, attractive interactions.
It is also evident that the mean-values of the o field are
most sensitive to up followed by the @ field. Hence for
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up < 300 MeV, the attractive interactions due to ¢ domi-
nates over the repulsive vector interactions due to
mesons. Since the strange mesons are comparatively more
massive, their mean-fields have a negligibly small depend-
ence on yp.

One may note that while mean values of the fields other
than ¢ and w are tiny and hence not shown in Fig. 1, they
play an important role at high densities and low temper-
atures in fitting with the experimental data, even though
their contributions are subdominant. Recalling that the
contribution from the @ mean field is essentially propor-
tional to the baryon density at the mean-field level whereas
that from the ¢ mean-field depends on the sum of baryon
and anti-baryon densities. Hence the effect of repulsive @
interactions in thermodynamic observables are visible only
at finite net-baryon density, within this approximation.

In this work we augment this basic model 1, which is
well constrained at temperatures close to zero and large
baryon densities, in order to describe hadrodynamics for a
wide range of temperatures and densities. We define a
model 2 in which we make the following extensions,

(1) We include more baryons and mesons which are
listed in the QMHRG model but not yet observed in
the experiments.

(2) We have not included any repulsive interactions
among these augmented list of mesons. The attrac-
tive resonant interactions in the meson sector are
implemented by including all possible resonances in
the model 2 upto 3 GeV.

(3) Adding more baryons to model 1 requires the
knowledge of the couplings of these additional
degrees of freedom to meson fields. These couplings
cannot be fixed from experiments as not enough data
is currently available.

(4) As a first attempt we consider the couplings of all
these extra baryons with mesons to be identically
same, differentiating only on the basis of their
strangeness content. The couplings of nonstrange
baryon degrees of freedom with mesons are taken to
be a fraction of nucleon-meson couplings and those
of the additional strange baryons to mesons to be a
fraction of A hyperon-meson couplings.

(5) We introduce parameters a, a® which are defined as
§P™M = ag"M and ¢%8M = a¥¢*~M. The param-
eter o denote the strength of couplings of the
additional QMHRG nonstrange baryons denoted
by B and mesons compared to the nucleon N and
meson M couplings present in model 1. Similarly ag
denotes a similar quantity for the baryons carrying
strangeness quantum number denoted by the abbre-
viation SB.

We will first constrain the parameter space of a and &’ by
comparing the results of different correlation data between
baryon number, charge and strangeness quantum numbers
calculated from the hadronic model 2 and those obtained

from lattice QCD. We will henceforth show our results at
finite pup for two cases,

(1) nQ/nB:O.4, I’lS:O,

(2) Ho = O’ Hs = 0.

The condition (1), the so-called strangeness neutral con-
ditions that are realized in a typical heavy-ion collision for
the phase diagram. The constraint (2) corresponds to the
case where most of the lattice QCD thermodynamics data
are available for comparison. In these models the mean
field values of meson fields at different temperature and
densities are obtained by solving a set of self-consistent
equations corresponding to different nucleon masses and
energies, the details of which are discussed in the next
section.

III. THERMODYNAMIC OBSERVABLES AND
THEIR NUMERICAL IMPLEMENTATION

Given the Lagrangian of model 1, one can calculate [70]
the pressure P, which at the mean-field level is,
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Here M; = M;-g,i0-9s; 5373-9,,i0, is the effective mass

for i baryon where i= p,n,Ay,X" and Ei(p)=
\/P* + M3*. The effective chemical potential is defined
as Ui = Ui=Gui®0-9pi P03T3i~9piPo- Using the relation
€ = —P + Ts + ung, we get the energy density,
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The susceptibilities corresponding to different conserved
quantum number, i.e., baryon number (B), charge (Q), and
strangeness (S) can be calculated from the partition
function as,
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where i, j, k denote the order of derivative with respect to
the chemical potentials pp, pp, ps respectively. In what
follows we are only interested in derivatives of pressure
with respect to chemical potential and keep T constant
while calculating derivatives. We schematically outline our
numerical procedure for calculating the pressure and the
different susceptibilities. We solve the following equations
where X; denote the meson mean-fields, y; the chemical

potentials and f denote the mean field Egs. (1) in a compact
form. The quantities g denote the constraints (1), (2) on
charge densities or chemical potentials,

-

f(Xi»/"j’ T) =0
9(Xipj. T) = 0. (6)

In order to calculate the derivative of pressure with
respect to chemical potential y;, we need the derivatives of
mean fields X and other chemical potentials x;, j # k, with
respect to y;. This is because X and y;, j # k depend on p;
through gap and constraint equations respectively. Most
often the first derivatives with respect to the chemical
potential p; are calculated using the finite difference
method with a grid du; which is numerically accurate up
to O(S8u). Moreover the truncation error increases with
increasing order of the derivatives. We thus follow a
different procedure. Instead of performing a numerical
differentiation, we use the gap and constraint equations to
calculate the derivatives analytically. This is possible
because the Eqgs. (6) are satisfied at each value of T and
Uy in the parameter space of interest in this study hence

these functions f, g are continuous and differentiable. The
total derivative of each of Eq. (6) with respect to any
chemical potential is zero in the mean-field approximation.
Finding the derivatives of mean fields with respect to
amounts to solving the following set of equations,

of of dX; of du;
Wk oX; dyy a_ﬂ]d—ﬂk B
9, 05 dX,  djdn
O  0X;dpy oy duy

0, j#k,

(7)

Due to the constraints G(X;,u;,T) = 0, other chemical
potentials y; are function of u;. Hence Egs. (7) are two

linear differential equations from which one can solve for

dy; -
the two unknowns % and d_z: Obtaining these first order

derivatives allows us to calculate the subsequent derivatives

n d"u; . .
[éﬂ)f nd 3 :nf ,n>2 iteratively. Once the n™ order
k k

derivatives of the mean-fields are known, the nth order
derivatives of pressure and hence the susceptibilities can be
calculated.

IV. HOW CAN MEAN-FIELD MODELS
BE EXTENDED TO EXPLAIN QCD
THERMODYNAMICS IN T-uz PLANE

As mentioned earlier, the mean-field models were tradi-
tionally introduced to explain the nuclear liquid-gas tran-
sition in the 7 ~ 0 and large up regime. We suggest here
how we can extend the applicability of such models in the
finite temperature and moderately high baryon number
densities. We first study the ratio 57 /55 which motivates
for the need to consider model 2 as the hadronic model
which can describe QCD thermodynamics over a large
range of T-up values. This particular ratio y25 /455 in the
extended model 2 is more sensitive to coupling a® between
strange baryons and mesons.

Since at the mean-field level we cannot include the
effects of baryon-mediated repulsive interactions at
up = 0 MeV, we cannot compare our results with lattice
QCD results at zero baryon density. We thus show the data
for this particular ratio as a function of ug at T = 135 MeV
and pup = pg =0 in Fig. 2 for pz > 400 MeV. As we
extrapolate lattice results to finite density, their resultant
error band increases. We thus choose a value of up =
400 MeV in order to have a sizeable effect of repulsive
interactions on this observable in model 1 and 2 as well
as a reasonably small error band on the lattice data. The
upper limit of pp is chosen such that the energy density at
T = 135 MeV is close to € = 348 £ 41 MeV/fm? which
is the typical energy density at the chiral crossover
transition [65]. The green band represents the results
from lattice QCD [71] which is extrapolated up to
ug = 400 MeV. Results from QMHRG model and model
1 are also shown in the same plot from up = 400 MeV to

pg = ps =0, T=135 MeV

1.2
1.0 1
0.8 1
—_
)
5 0.6
-
mEme
| =
049 — QMHRG
model 1
0.2 4 1805.04445
model 2
0.0 T T T T T
0 100 200 300 400 500 600

ps(MeV)

FIG. 2. The ratio 5 /4% from lattice QCD shown as green
band compared to the corresponding results from ideal HRG
shown in blue, model 1 in magenta and model 2 as an
orange band.
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Hq = ps = 0, T=135 MeV

12-
1.0
o 08
3
N
g 0.6
x| X
—— QMHRG
0.4 model 1
1805.04445
0.2 1 model 2
0 100 200 300 400 500 600

pe(MeV)

FIG. 3. The ratio ;(?lQ / ;(?IQ from lattice QCD shown as green
band compared to the corresponding results from ideal HRG
shown in blue, model 1 in magenta and model 2 as an
orange band.

up = 600 MeV as solid lines in the right hand corner. The
results from model 1 are different from QMHRG model
results and ~12% higher than the upper band of the lattice
QCD result at up = 400 MeV. Thus while the inclusion
of baryon-interactions inbuilt in model 1 improves the
approach toward explaining the lattice data, clearly inclu-
sion of just two strange baryons is not enough.

This discrepancy justifies the need for extending the
model 1 to a model 2 which we have defined in the previous
section. In order to constrain the parameters  and a, their
values are varied such that the result of model 2 matches
with the upper boundary of lattice QCD which gives a value
of @ =a% =0.15. If we also want to match the lower
boundary of the lattice QCD result we have to choose the
fractions as @ = 0.2 and @® = 0.7. Thus between the upper
and lower edges of the lattice QCD band in Fig. 2, the
nonstrange couplings change little while the strange cou-
pling vary significantly. If the precision of the lattice QCD
results could be improved it would allow us to quantify how
strongly interacting the baryons are.

Now having fixed the couplings, we plot what are its
implications for other thermodynamic observables. In Fig. 3
we study ){1331() / ;(]131Q within the model 2. Comparing with the
lattice QCD results we find that the results from model 1
already agrees with the lattice band but toward the upper
edge of the band. Now calculating the same observable in the
model 2 with additional hadrons, we find a much constrained
region of match with the lattice QCD results shown as a
green band, with the lower boundaries of these bands
agreeing well at up = 400 MeV. Recall that the band in
model 2 result comes from variation of « from 0.15 to 0.2
and @’ from 0.15 to 0.7.

We next show the results of another interesting observ-
able y% /x5 as a function of yp at T = 135 MeV and pp =
us = 01in Fig. 4. Again, the calculations within the model 1
agrees with the upper boundary of lattice QCD data band.

g = ps =0, T=135 MeV

1.2
1.0-
0.8
—
2
2
CQv|EQN 0.64
bl
04l — QMHRG
model 1
1805.04445
021 model 2
0 100 200 300 400 500 600

ps(MeV)

FIG. 4. The ratio y% /4% from lattice QCD shown as green band
compared to the corresponding results from ideal HRG shown in
blue, model 1 in magenta and model 2 as an orange band.

Using model 2, we find that the results of this ratio have a
smaller spread due to the uncertainty in the values of the
heavier baryon-meson couplings, compared to the current
error band in the lattice QCD data. In fact the ratios y% /5
and ;(EIQ / ;(lflo is found to be more sensitive to nonstrange
coupling @ compared to @’. We note that tuning the
couplings (@, as) such that x5 /435 varies along the entire
width of lattice band at uz = 400 MeV, we get a variation

of about only 50% in the quantities y2/y% and y52/,5Q.
Thus the later two ratios can quite independently constrain
the couplings than x5 /425, Thus to summarize the main
findings of this section, we note that
(1) A fit of with the coupling ratios (0.7, 0.2) for (a,ag)
was found to have a good match with all the three
independent data on ratios of fluctuations obtained
from lattice QCD.
(2) For a = 0, no value of ag in the interval (0, 1) was
found to completely cover the lattice error band in
255 /x5, thus constraining the value of to have a
lower bound a = 0.15.
(3) Typically larger values of @ were found to violate

lower bounds on y% /% and y52 /7R obtained from
the lattice QCD data hence can be now safely
ignored with our analysis.

V. DO EXTENDED MEAN-FIELD MODELS
SATISFY HIGH DENSITY CONSTRAINTS?

Since the model 1 satisfies very well the constraints from
high density matter, like nuclear liquid-gas transition,
neutron star EoS, etc, we would like to check whether
augmenting this model with these additional hadrons would
in anyway worsens this agreement. While the contribution
of heavier baryons at high densities and low temperatures
are expected to be suppressed due to the thermodynamic
distribution functions, their multiplicities are large which
could influence the thermodynamics despite suppression of
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FIG. 5. Pressure versus baryon density curves for nuclear liquid
gas transition. Dashed lines denote data from model 1 and solid
lines are for model 2.

thermal distributions. To check how much of an impact
these additional baryons will produce, we calculate the
pressure as a function of baryon densities within model 1
and model 2 for three different temperatures 7' =5, 15,
20 MeV respectively. The couplings used for model 2 are
a=0.2 and &% = 0.7. The results of our calculation are
shown in Fig. 5 as solid lines for model 2 which is
compared with the dashed lines in the same plot which
were estimated within the model 1. As clearly seen from
the plot, extending the model with the additional baryons
from QMHRG model even with larger allowed values of
coupling doesn’t affect the pressure plots significantly. This
gives us a proof of principle that extending mean-field
nuclear models with additional baryons to explain QCD
thermodynamics at high temperatures and intermediate
densities will not affect its already excellent agreement at
high densities and low temperatures. Our approach indeed
hints to a method toward formulating a universal theory
describing the hadronic phase of QCD.

VI. IMPLICATIONS FOR THE PHASE
DIAGRAM OF QCD

Having discussed the susceptibilities in the mean-field
nuclear model and its extended version, we study what
insights it could give us about the phase diagram of QCD.
Nuclear mean-field models do not have the U (2) x Ug(2)
chiral symmetries in-built like the Nambu-Jona-Lasinio
model and hence cannot describe its restoration. We thus
determine the line of constant energy density in the
T — up plane for these models by setting ¢ = 348 &+
41 MeV/fm? [65] which is the energy density of 2 + 1
flavor QCD at the crossover region for up =0 MeV.
Unlike in traditional QMHRG model, recent lattice studies
have observed that the energy density along the chiral
crossover line does not vary with increasing up at least

€ = (0.35+ .041) GeV/fm?, 32 = 0.4, ns =0

1.0 1

0.8

0.6

Bl

0.4 1

024 — model 1
model 2
HotQCD 2019

0.0 1

0 200 400 600 800 1000 1200
ps (MeV)

FIG. 6. Lines of constant energy density for model 1 shown in
pink band and model 2 shown in orange band. Also shown is the
crossover transition from lattice QCD in green band.

around pp/T <3 [72]. Incidentally the line of chemical
freezeout of hadrons is also defined at a constant energy
density [73,74] and it approaches the chiral crossover
transition line as one goes to smaller values of up. The
results of our calculations of lines of constant energy
density model 1 and 2 are shown in Fig. 6. These can
be visualized as a chemical freezeout line for the hadrons
present within the model. Indeed the line of constant energy
density in model 2 is consistent with the latest continuum
extrapolated lattice QCD data, all the way from up =
0 MeV (extrapolated) to about uz = 450 MeV. There is a
small difference between these two results which can be
accounted for from the fact that the repulsive interactions
present among the hadrons are not included within model 2.
Since the model 2 has more degrees of freedom, its line of
constant energy density deviates from the model 1 calcu-
lation for up <900 MeV. At higher values of ug, the
contributions of the heavier baryons and mesons to the
energy density gets suppressed due to their mass and due to
lowering of temperature respectively, hence the lines of
constant energy between model 2 and its extended version
start to agree. Another prominent feature of the QCD phase
diagram is the anticipated critical endpoint (CEP) of the
line of first order transitions. From the constraint that
the CEP will exist in the real-up plane, and its location
gives the radius of convergence of thermodynamic observ-
ables, all orders of baryon number fluctuations have to be
positive. Using this constraint from the lattice QCD data of
upto 8-th order baryon number fluctuations at uz = 0 [65],
it is now known that Tcgp/T. < 0.85. Noting this con-
straint by choosing the ratio 7/T (ug = 0) = 0.8 within the
model 2 we can conclude that the CEP, if present will be at
up > 596 MeV which provides a lower bound up/T ~4.76.

Next we calculate the curvature of these constant

Tlup)

energy lines by fitting to the ansatz TT =1-K5-

4

6
K4’;—§—K6 ’;—g For model 1, the extracted -curvature
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coefficients are x, = 0.020(2), x4 = —0.0010(3), x¢ =
0.000060(3) which are also consistent with those calcu-
lated from model 2, k, = 0.020(2), x, = —0.0005(1), and
k¢ = 0.000010(2). The values of k, are somewhat larger
than the latest continuum extrapolated lattice results of the
K, [65,75,76] extracted from the renormalized chiral con-
densate and from a recent HRG model estimate [18], which
is expected as the results from these models are for the
entire T-up plane. The value of x4 from lattice QCD is
consistent with zero [65,76], whereas we find a negative
but finite value in both the models. The results for x4 are
new and it is about 1000 times smaller than x,. Thus its
effect should start become significant at up/T ~ 15,
well within the cold nuclear matter regime. Moreover the
baryon densities obtained in model 1 and 2 for a typical
neutron star environment characterized with ngy/np =
0.05-0.2,ng = 0, varies from 0.28 fm™ to 0.35 fm™3
as energy density varies from ¢ = 307-389 MeV/fm?. The
variation in the ratio for ny/np has a tiny effect on this
density. It is remarkable that the typical nuclear densities
we obtain from these models are about twice the nuclear
saturation density, when many-body interactions start to
become dominant [77] and quark exchanges are expected
to mediate baryon interactions [78]. Our calculations also
support this picture albeit indirectly that a mixed phase of
quarks and hadrons can survive in neutron star cores with
baryon densities greater than 0.35 fm=3.

VII. IMPLICATIONS OF LATTICE QCD DATA
AT pp=0 FOR HIGH DENSITY MODELS

Comparisons of lattice QCD data with QMHRG model
particularly for observables like y%/4% [26] and higher
order baryon number susceptibilities [16] clearly highlight
the importance of including repulsive interactions within
the QMHRG model. In our present study of nuclear model
quantum field theories, the repulsive interactions at low
baryon densities are negligible at the mean-field level.
Unless there is a mechanism by which sufficient strength of
repulsive interactions are generated at low baryon densities
by calculating beyond mean-field, it would then imply that
these models require suitable modifications to account for
such interactions. In this way one can achieve a universal
hadronic model, which is valid for both lower as well as
high baryon densities. Furthermore our comparison of
quantities like xB5/4B5 with the lattice data to extract
the baryon-meson couplings in the extended model 2, will
benefit from an increasing precision of the lattice QCD
data. This will allow for a tighter constraint on the values of
the couplings of strange baryons with mesons.

VIII. CONCLUSIONS

We started this work with a question of how well the
traditional nuclear mean-field models, developed for the

understanding of physics at low temperatures and large
baryon densities be used to explain QCD thermodynamics
at high temperatures and moderate densities. A remarkable
observation that comes out of our study is that augmenting
these simple models with a complete list of baryons present
in QMHRG model and tuning the couplings of their
interactions with mesons through a comparison with lattice
QCD data on a particular observable, lead to a very good
description of QCD thermodynamics at intermediate den-
sities. In our investigation we have found that the simple
baryon-meson interactions built within the nuclear models
are important in bridging the gap between lattice and other
noninteracting hadron models like QMHRG. Furthermore
we have shown that the inclusion of these additional
hadrons do not affect the nuclear liquid-gas transition,
which is well-studied in the original versions of these
mean-field models.

This allows for a route to identify the relevant baryon
interactions in chiral symmetry broken phase, which indeed
if accounted for correctly will be valid for the entire regime
of densities and temperatures. However at present there are
not much data available, either from experiments or theory
in constraining most of these baryon-meson couplings. Our
method for determining these couplings from comparison
with a particular thermodynamic observable from lattice, is
one such possibility since in this process the benchmark
data comes from the fundamental theory of strong inter-
actions, i.e., QCD. We highlighted the need of high-
precision lattice data which will allow for constraining
such couplings further. This will allow for a better synergy
between lattice QCD and such model quantum field theory
calculations in future.

There are several directions still remains to be explored.
Firstly it would be interesting to extend this study beyond
the mean-field approximation and check whether it can
account for the repulsive interactions that exist among
baryons and mesons, even at low densities and high
temperatures, evident from comparisons of lattice QCD
data with QMHRG model. Another aspect toward building
a universal hadronic model requires high density nuclear
models to incorporate spontaneous chiral symmetry break-
ing. This can be achieved by including parity doublet
partners like the pion degrees of freedom and the critical
o-modes, important for understanding the nature of the
chiral phase transition at high densities and the thermody-
namics near the critical endpoint.
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