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The φ meson and � baryon provide unique probes of the properties of the quark-gluon plasma (QGP) at
hadronization in relativistic heavy-ion collisions. Using the quark recombination model with the quark phase-
space information parameterized in a viscous blast wave, we perform Bayesian inference of the shear and bulk
viscosities of the QGP at hadronization with a temperature of T ≈ 160 MeV by analyzing the φ and � data
in Au+Au collisions at

√
sNN = 19.6–200 GeV and Pb+Pb collisions at

√
sNN = 2.76 TeV, corresponding to a

baryon chemical potential variation from μB ≈ 0 (at
√

sNN = 2.76 TeV) to 200 MeV (at
√

sNN = 19.6 GeV). We
find that the shear viscosity to enthalpy ratio ηT/(ε + P) of the QGP at hadronization decreases as μB increases,
with ηT/(ε + P) ≈ 0.18 at μB = 0 and ηT/(ε + P) ≈ 0.08 at μB = 200 MeV, while the corresponding specific
bulk viscosity is essentially constant with ζT/(ε + P) = 0.02–0.04 for μB < 200 MeV. Our results suggest that
the QGP at hadronization (T ≈ 160 MeV) with finite baryon density is more close to perfect fluid than that with
zero baryon density.

DOI: 10.1103/PhysRevC.109.054907

I. INTRODUCTION

Lattice quantum chromodynamics (QCD) calculations pre-
dict a transition from ordinary hadronic matter to a new state
of matter that consists of deconfined quarks and gluons, called
quark gluon plasma (QGP) [1]. The QGP is believed to have
existed in the early universe 10−6s after the big bang and
can be created in relativistic heavy-ion collisions (HICs) at
the BNL Relativistic Heavy Ion Collider (RHIC) and the
CERN Large Hadron Collider (LHC). Exploring the QCD
phase diagram as well as the transport properties of the QGP
is one of the most fundamental problems in high-energy nu-
clear physics (see, e.g., Ref. [2]). It is known that at zero
baryon density or baryon chemical potential (μB = 0), the
transition between QGP and hadronic matter is a smooth
crossover [3,4]. Further calculations from lattice QCD suggest
that the crossover line extends up to μB ≈ 250–300 MeV
[5]. However, it is not yet known if there exists a critical
point where the crossover transforms into a first-order phase
transition at higher baryon densities. In fact, the main goal
of the beam energy scan (BES) program at RHIC is to in-
vestigate the phase diagram of QCD and locate the critical
point [6].

One of the most significant discoveries made at RHIC and
LHC is that the QGP behaves like a near-perfect fluid, charac-
terized by an exceptionally small shear viscosity to entropy
density ratio η/s, close to the universal lower bound 1/4π

based on the anti-de Sitter/conformal field theory (AdS/CFT)
correspondence [7]. This is surprising since the QGP was
initially expected to be a weakly interacting gas of quarks
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and gluons but turned out to be a strongly coupled fluid.
This discovery has attracted intense interest in the transport
properties of the QGP fluid, which are closely related to the
underlying strong interactions between quarks and gluons.
In recent years, theoretical calculations on the shear (η) and
bulk (ζ ) viscosities have been extensively explored [8–19],
usually considering μB = 0 and focusing on the temperature
dependence of viscosities.

The viscosities of the QGP have significant effects on
the final observables of HICs [20,21], allowing us to con-
strain their values with experimental data. Earlier studies
employing viscous hydrodynamics usually assumed a con-
stant η/s over the entire evolution and found η/s = 0.08–0.2
[22–25]. Recent research using Bayesian statistical analy-
sis with multistage models that integrate initial conditions,
viscous hydrodynamics, and hadronic transport obtained con-
straints on the temperature dependence of the shear and bulk
viscosities of the baryon-free QGP [26–36]. Overall, most
recent analyses have yielded consistent results and found
η/s ≈ 0.16 at at pseudocritical temperature Tpc ≈ 160 MeV
for the baryon-free QGP [33,36].

Studies have also found that the viscosities of QCD mat-
ter depend on baryon chemical potential [18,19,37–40]. By
assuming a constant value of η/s for each collision energy,
hybrid models that incorporate hadronic transport and viscous
hydrodynamics show that different values of effective shear
viscosity are required to describe the data at different collision
energies [41,42]. The baryon chemical potential dependence
of η/s is explored in Refs. [43–45]. In general, due to large
uncertainties in the initial conditions and equation of state, hy-
drodynamics simulations at finite μB are under development
[43,45–48] and a quantitative estimate for QGP’s viscosities
at finite μB is still challenging.
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In this work, we present a novel approach to constrain the
shear and bulk viscosities of QGP at finite μB with a temper-
ature of T ≈ 160 MeV by using the φ meson and � baryon
observables in relativistic HICs from LHC to RHIC-BES en-
ergies. We find that the QGP at T ≈ 160 MeV with finite
baryon density is more close to perfect fluid than that with
zero baryon density. The similar approach has been recently
applied to explore the viscosities of the baryon-free QGP at
hadronization [49]. In our approach, hadrons are produced
through quark recombination [50–59] with the phase-space
distribution of quarks at hadronization parameterized in a vis-
cous blast wave [20,60–63], which includes nonequilibrium
deformations of thermal distributions due to shear and bulk
stresses. The viscous effects for the QGP at hadronization
are then imported into φ and � through the recombination
process. Since the φ and � have relatively small hadronic
interaction cross sections [64], they thus carry direct informa-
tion of QGP at hadronization with negligible hadronic effects
[64–72]. It should be pointed out that blast wave models ob-
tain their parameters through fits to data and are independent
of initial conditions and equation of state, thus providing a
complementary way to hydrodynamic simulations [61,62].

The paper is organized as follows. In Sec. II, we introduce
the models and methods employed in our present work. In
Sec. III, we present the results and discussions, and the con-
clusion is given in Sec. IV.

II. MODEL AND METHODS

A. Theoretical model

Quark recombination or coalescence models were initially
proposed to explain the baryon-over-meson enhancement and
valence quark number scaling observed in RHIC Au+Au col-
lisions [50–56]. In a recent work [49], we introduce viscous
corrections into quark recombination, and here give a brief
overview of the formalism. In the following r is the three-
space position, p is the three-momentum, and m is particle
mass. The four-momentum of hadrons are denoted as pμ =
(E , p) with E =

√
m2 + p2. Following Refs. [52,53,57], the

momentum distribution of mesons is given by

E
dNM

d3p
= CM

∫
σ

pμ · dσμ

(2π )3

∫ 1

0
dx1dx2	M (x1, x2)

× fa(r, x1p) fb(r, x2p). (1)

where CM is the spin degeneracy factor of a given meson
species, σ is the hypersurface of hadronization, ΦM is the
effective wave function squared of mesons, x1,2 are light cone
coordinates defined as p1,2 = x1,2p, and fa,b are the parton
phase-space distributions. The ΦM is parameterized as Gaus-
sian type 	M ∼ exp(− (x1−xa )2+(x2−xb)2

σ 2
M

)δ(x1 + x2 − 1), where
σM is the variance, xa,b = m1,2/(m1 + m2) are the peak values,
and m1,2 are the masses of the constituent partons. A similar
expression can be derived for baryons.

The quark phase-space distribution is parameterized in a
viscous blast wave [61–63], based on the Retiere and Lisa
blast wave [73]. The quark distribution is given by

f (r, p) = f0(r, p) + δ fshear (r, p) + δ fbulk (r, p), (2)

where f0(r, p) = 1/(e(uμ pμ−μi )/T ∓ 1) is the equilibrium
Bose/Fermi distribution as a function of the flow field uμ,
particle momentum pμ, the local temperature T and chemical
potentials μi = biμB + siμS + qiμQ with baryon number bi,
strangeness si, and electric charge qi (we assume μQ = 0
in this work). δ fshear and δ fbulk denote corrections from the
shear and bulk viscosities, respectively. For the shear viscous
corrections, we use the Grad’s method [74,75]

δ fshear = 1

2T 2

pμ pν

ε + P
πμν f0(1 ± f0), (3)

where ε is the energy density, P is the pressure, πμν

is the shear stress tensor and +(−) for bosons (fermions). In
the Navier-Stokes approximation πμν = 2ησμν where η is the
shear viscosity and σμν is the shear gradient tensor defined
as σμν = 1

2 (∇μuν + ∇νuμ) − 1
3μν∇λuλ with flow field uμ,

∇μ = μν∂ν and μν = gμν − uμuν . The spatial derivatives
in σμν can be obtained directly. The time derivatives cannot
be given by blast wave itself, and are determined by solving
ideal hydrodynamics [63].

For the bulk viscous corrections, we use the 14-moment
approximation [76,77]

δ fbulk = − f0(1 ± f0)�
τ�

ζ

[
1

3

m2

T

1

pμuμ

+ pμuμ

T

(
c2

s − 1

3

)]
,

(4)

where ζ is the bulk viscosity, � is the bulk viscous pres-
sure, τ� is the bulk relaxation time, and c2

s is the velocity
of sound squared. At the first-order approximation, one has
� = −ζ∂μuμ. Following Ref. [76], the ratio of bulk viscosity
to bulk relaxation time is given by

ζ

τ�

=
(

1

3
− c2

s

)
(ε + P) − 2

9
(ε − 3P) − m4

9
I−2,0 (5)

with I−2,0 defined as I−2,0 = g
(2π )3

∫ d3p
E

f0(r,p)
(pμuμ )2 and g the de-

generacy factor. We note that the fluidity of a system at finite
chemical potential should be evaluated by the ratio of shear
viscosity over the enthalpy multiplied by the temperature,
ηT/(ε + P) [78], where ε + P = T s + μBnB. When μB = 0,
this quantity reduces to η/s.

Let us now describe the blast-wave parametrization for
the flow field uμ. Here Rx,y are the semiaxes of the fire-

ball at freezeout, ρ =
√

x2/R2
x + y2/R2

y is the reduced radius,
ηs = 1

2 ln t+z
t−z is the space-time rapidity. The hypersurface is

assumed to be constant τ = √
t2 − z2. The flow field is pa-

rameterized as

uμ = (cosh ηs cosh ηT , sinh ηT cos φb,

sinh ηT sin φb, sinh ηs cosh ηT ), (6)

where ηT is the transverse flow rapidity and φb is the az-
imuthal angle of uμ in the transverse plane. ηT is given by
the transverse velocity vT = tanh ηT with

vT = ρn(α0 + α2 cos 2φb), (7)

where α0 is the average surface velocity, α2 is an elliptic
deformation of the flow field, and n is a power term. In
this work, we use a linear expression and set n = 1. The
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TABLE I. Experimental data of φ and � used in our analysis. Values in parentheses are centralities of �

when they are different from φ.

√
sNN(GeV) Centrality

19.6, 39 v2(pT) 0–10 %, 10–40 %, 40–80 % [81–83]
dN

d2 pT dy
0–10 %, 20–30 % (20–40 %), 40–60 % [84,85]

54.4, 62.4 v2(pT) 0–10 %, 10–40 %, 40–80 % [81,86]
dN

d2 pT dy
0–20 %, 20–40 %, 40–60 % [87,88]

200 v2(pT) 0–30 %, 30–80 % [89]
dN

d2 pT dy
10–20 % (0–5 %), 40–50 % (40–60 %) [90,91]

2760 v2(pT) 10–20 %, 20–30 %, 30–40 %,40–50 % [92,93]
dN

d2 pT dy
(φ)

dN
d2 pT dy

(�) 10–20 %, 20–40 %, 40–60 % [94]

transverse flow vector is chosen to be perpendicular to the
elliptic surface at ρ = 1. The ratio Ry/Rx significantly influ-
ences elliptic flow, so we choose Ry/Rx as a fit parameter and
constrain Rx, Ry, and τ by adding a simple geometric estimate
Rx ≈ (R0 − b/2) + 0.65τ (α0 + α2) where R0 is the radius of
the colliding nucleus and b is the impact parameter. The values
of b used for each centrality bin are based on Glauber Monte
Carlo simulations for related experiments [79,80].

It should be noted that the viscous blast wave offers a
simplified representation of the flow field and freezeout hy-
persurface, serving as an approximate snapshot of a viscous
hydrodynamic system at a fixed time [20,60–63]. The dis-
sipative effects before freezeout are effectively incorporated
into the parameterized flow field uμ. Consequently, the vis-
cous blast wave carries information on the viscosities of the
fluid at a specific time, e.g., the QGP at hadronization in our
present work.

B. Experimental data and fit parameters

We utilize the transverse-momentum (pT ) spectra and el-
liptic flows v2 of φ and � as our observables. The data we used
are from the STAR Collaboration, covering Au+Au collisions
at 19.6, 39, 54.4, 62.4, and 200 GeV [81–91] (STAR prelim-
inary data for v2 at 19.6 GeV), and the ALICE Collaboration
for Pb+Pb collisions at

√
sNN = 2.76 TeV [92–94] around

midrapidity, as listed in Table I. Due to data availability, the
centrality bins for spectra are slightly different from that of
v2. For Au+Au at 19.6, 39, 54.4, and 62.4 GeV, we use data
of �−. For Au+Au at 200 GeV and Pb+Pb at 2.76 TeV, we
use data of �− + �̄+. For Au+Au collisions at

√
sNN = 7.7,

11.5, and 27 GeV, the current data of φ and � have very few
points and large uncertainties, so we will not use them in our
analysis. As for the spectra of φ and � at

√
sNN = 54.4 GeV,

there is currently no available data and we use the spectra from√
sNN = 62.4 GeV instead.
For each collision energy, we perform a combined analysis

of the available centrality bins. The fitted pT ranges for φ and
� are given in Table II. We have checked that the correction
δ f (r, p) is small for both φ and � with the above fit ranges,
i.e., less than 20% of f0 for the majority of points (very few
points going up to 40% of f0), which is much smaller than

the commonly adopted upper bound ≈1 [20,30], ensuring the
applicability of the viscous corrections.

The temperature T and baryon chemical potentials μB

at hadronization are taken from Ref. [95], by assuming
their values are close to the corresponding values at chem-
ical freezeout for different collision energies. Besides, the
strangeness chemical potentials μS are obtained by extrapolat-
ing the results from Ref. [85]. The values of (T, μB, μS ) used
in our calculation for different collision energies are listed
in Table II. To model the yields of φ and �, we introduce
a fugacity factor γs,s̄, setting γs = 0.65 for 19.6–62.4 GeV
and γs = 0.8 for 200, 2760 GeV. Note that the value of γs

for 19.6–62.4 GeV are smaller than those obtained in thermal
models [88,96]. The value of γs for 200, 2760 GeV is derived
from quark coalescence model [71]. In order to assess the
impact of γs, we increase the value of γs by 25%, setting
γs = 0.81 for 19.6–62.4 GeV and γs = 1 for 200–2760 GeV,
and we observe minor effects on the final results. For instance,
with γs = 0.81 for Au+Au collisions at 62.4 GeV, the value of
ηT/(ε + P) decreases by only 7% and ζT/(ε + P) decreases
by a mere 3% when compared to default results.

Regarding other constants, we specify the hadron wave
function variances as σM = 0.3 and σB = 0.1. We have con-
firmed that the variations in the wave function’s variances
have minimal impact on our results. We use speed of sound
squared c2

s = 0.15 [see Eq. (4)] for the QGP at hadronization
[97,98], quark mass ms = 500 MeV, spin degeneracy factor
CM = 3 for φ and CB = 4 for �−.

TABLE II. Values of temperature (T ), baryon chemical potential
(μB), strangeness chemical potential (μS), and fit ranges for φ and
� observables used in quark recombination for different collision
energies.

√
sNN (GeV) 19.6 39 54.4 62.4 200 2760

T (MeV) 155 157.5 158.5 158.5 160 160
μB (MeV) 197 107 79 69 22 0
μS (MeV) 46 29 21 18 8 0

φ <2.3 <2.4 <2.6 <2.7 <2.6 <2.8
pT -range (GeV/c) � <3.2 <3.0 <3.9 <3.8 <4.0 <3.8
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The parameters left in our model are [τ , α0, α2, Ry/Rx,
ηT/(ε + P), ζT/(ε + P)], which can be determined by
Bayesian analysis of the experimental data. For each centrality
bin at each collision energy, the fluid has unique values for (τ ,
α0, α2, Ry/Rx) and shared values for [ηT/(ε + P), ζT/(ε +
P)] and thus we have 3 × 4 + 2 = 14 parameters for

√
sNN =

19.6–62.4 GeV, 2 × 4 + 2 = 10 parameters for
√

sNN = 200
GeV and 4 × 4 + 2 = 18 parameters for

√
sNN = 2.76 TeV.

C. Bayesian method

To determine the above parameters, we employ the
Bayesian analysis package from the Models and Data Anal-
ysis Initiative (MADAI) project [27,99]. The MADAI package
includes a Gaussian process emulator and a Bayesian analysis
tool. According to Bayes’ theorem, for model parame-
ters x = (x1, x2, x3, . . .) and experimental observables y =
(y1, y2, y3, . . .), the probability for the true parameters x� is

P(x�|X,Y, yexp) ∝ P(X,Y, yexp|x�)P(x�). (8)

The left-hand side is the posterior probability of x� given the
design (X , Y ) and the experimental data yexp. On the right-
hand side, P(x�) is the prior probability and P(X,Y, yexp|x�)
is the likelihood, i.e., the probability of the model describing
the data yexp at x�, given by

P(X,Y, yexp|x�) ∝ exp
(− 1

2y��−1y
)
, (9)

where y = y� − yexp is the difference between the mea-
surement and the prediction, and � is the covariance matrix
including the experimental and model uncertainties. Further
information is available in Refs. [27,30].

We adopt a uniform prior distribution for all model parame-
ters. For instance, for 10– 40 % centrality bin at

√
sNN = 19.6

GeV, we set prior ranges 5.8–7.8 fm/c for τ , 0.44–0.6c for
α0, 0.012–0.042c for α2, 1.12–1.32 for Ry/Rx, and obtain
posterior values (τ, α0, α2, Ry/Rx ) = (6.8 fm/c, 0.53c, 0.03c,
1.24). Besides, we set prior ranges 0–0.2 for ηT/(ε + P),
0–0.12 for ζT/(ε + P) at 19.6 GeV and obtain ηT/(ε + P) =
0.076 and ζT/(ε + P) = 0.035. The same procedure is ap-
plied to other centralities and energies.

After setting prior ranges for each parameter, we gener-
ate a set of training points within the parameter space and
calculate all fitted observables at each training point. The
MADAI package then builds a Gaussian process emulator,
which can estimate the observables for random parameter val-
ues. Finally a Markov chain Monte Carlo (MCMC) provides
a likelihood analysis and gives the maximum likelihood or
best-fit parameters. Here for each collision energy we use
N = 500 training points. To validate proper functioning of the
Bayesian analysis, we perform a closure test and confirm the
Bayesian framework correctly reproduces model parameters
within reasonable uncertainties. The likelihood analysis has
used N� = 2 × 106 predicted points to search for the best-fit
parameters, which is sufficient for MCMC to converge.

III. RESULTS AND DISCUSSIONS

Using the data and parameters discussed earlier, we per-
form a model-to-data comparison with MADAI package and

FIG. 1. Posterior distributions of ηT/(ε + P) and ζT/(ε + P)
for (a) Au+Au 19.6 GeV and (b) 62.4 GeV. The numbers indicate
the median values with the 68.3% credibility range.

obtain the best-fit parameters, which are defined as the
mean value given by the maximum likelihood analysis. As
an example, we illustrate in Fig. 1 the univariate posterior
distributions of η and ζ for Au+Au collisions at

√
sNN =

19.6 GeV [Fig. 1(a)] and 62.4 GeV [Fig. 1(b)]. For 19.6
GeV, we obtain ηT/(ε + P) = 0.076+0.030

−0.029 and ζT/(ε + P) =
0.035+0.017

−0.016. For 62.4 GeV, we obtain ηT/(ε + P) = 0.15 ±
0.026 and ζT/(ε + P) = 0.037 ± 0.016, both at a 68.3% con-
fidence level (C.L.). Similar results can be obtained for other
collision energies.

With the best-fit parameters provided by Bayesian analysis,
we can calculate transverse momentum spectra and elliptic
flows of φ and � and compare with experimental data. Fig-
ure 2 shows our theoretical predictions and the corresponding
experimental data for pT spectra and v2 of φ and � in selected
centralities at different collision energies. As seen from Fig. 2,
our calculations describe data rather well.

Figure 3 shows our Bayesian inference of the ηT/(ε + P)
[Fig. 3(a)] and ζT/(ε + P) [Fig. 3(b)] at 68.3% C.L. for the
QGP at hadronization or T ≈ 160 MeV with different μB.
The range of baryon chemical potentials is between μB = 0
and μB = 200 MeV, which corresponds to collision energy
varying from 2.76 TeV (most left) to 19.6 GeV (most right)
[95]. For the purpose of comparison, in Fig. 3 we also include
results from other approaches, i.e., Chapman-Enskog theory
(Chap-Ensk) [37] for η, hadron resonance gas model (HRG)
[38] and holographic model (Holo) [19] for both η and ζ .
In these approaches, η and ζ are calculated as a function of
temperature with different μB. Here we take their values at
T = 160 MeV with μB = 0 and μB = 300 MeV (T = 150
MeV with μB = 0 and μB = 500 MeV for Chap-Ensk). It
should be noted that the results from Chap-Ensk and HRG
are for hadronic matter.

One sees from Fig. 3(a) that the shear viscosity has a signif-
icant dependency on baryon chemical potential and decreases
with μB, which suggests that the QGP with finite baryon
density is more close to perfect fluid than the baryon-free
QGP. This trend of shear viscosity, i.e., ηT/(ε + P) decreases
as μB increases, aligns with observations in Chap-Ensk [37],
HRG [38,40] and holographic model [19], but seems to be
at variance with the findings in hybrid models [41,42,45].
We note that in the hybrid models, a constant η/s [41,42]
or temperature-independent ηT/(ε + P) [45] is assumed for
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FIG. 2. Transverse-momentum spectra and elliptic flows v2 of
φ mesons and � baryons (selected centrality bins). For Au+Au at
19.6–62.4 GeV, we use data of �−. For Au+Au at 200 GeV and
Pb+Pb at 2.76 TeV, we use data of �− + �̄+. Solid lines are re-
combination calculation using the best-fit parameters. The data from
STAR [81–91] and ALICE [92–94] are included for comparison.

each collision energy and thus the obtained results are tem-
perature averaged by neglecting the effects of varying T on
viscosities of the QGP during the dynamical evolution. This
is in contrast with our present results that are for QGP at
hadronization with a temperature of T ≈ 160 MeV.

It should be emphasized that the shear viscosity may have
complicated dependence on the temperature and chemical
potential (see, e.g., Ref. [40]). As found in Refs. [37,38], the
decrease of ηT/(ε + P) with μB is primarily attributed to the
rapid increase in entropy density s and very slow increase
in η with μB. In addition, we would like to mention that at
μB = 0, the most recent Bayesian statistical analysis leads
to η/s ≈ 0.16 at T = 160 MeV [33,36], consistent with our
present result.

On the other hand, Fig. 3(b) indicates rather small ζ

at hadronization for μB < 200 MeV. In particular, we find
ζT/(ε + P) is essentially constant within uncertainty with
ζT/(ε + P) = 0.02–0.04 for μB < 200 MeV. Interestingly,
our results are quantitatively consistent with HRG and holo-
graphic model. However, due to the limited accuracy of our
results, we cannot draw any conclusions about the trend for
μB dependence of ζ . We note that HRG predicts an increase
of ζT/(ε + P) with μB, while the holographic model predicts
an opposite behavior.

FIG. 3. Baryon chemical potential dependence of (a) shear and
(b) bulk viscosities for QGP/hadronic matter at hadronization with
T ≈ 160 MeV(see text for details).

Addressing uncertainties in our analysis, we categorize
them into two main groups: (i) uncertainties arising from
assumptions made in the blast wave parametrization, such as
the simplistic ansatz for the flow field and the recombination
hypersurface, and (ii) uncertainties stemming from errors in
experimental data and the quality of the Gaussian emula-
tor. To quantify uncertainty (i), a comparison between hydro
simulations and blast wave was conducted in Ref. [62] for
μB = 0 and found blast wave represents the shear stress in hy-
drodynamic simulations quite well, with uncertainties around
0.02 for η/s. A future exploration involving a comparison
between blast wave and hydrodynamic simulations at finite
μB is planned. Uncertainty (ii) is addressed by the MADAI code
and is presented in our final results.

IV. CONCLUSIONS

We have performed Bayesian inference of the shear and
bulk viscosities of the QGP at hadronization (T ≈ 160 MeV)
by analyzing the φ and � data in Au+Au collisions at√

sNN = 19.6–200 GeV and Pb+Pb collisions at
√

sNN =
2.76 TeV, based on the quark recombination model cou-
pled with a viscous blast wave. We find that the specific
shear viscosity ηT/(ε + P) of the QGP at hadronization de-
creases as μB increases, while the corresponding specific
bulk viscosity is essentially constant for μB < 200 MeV, sug-
gesting that the QGP at T ≈ 160 MeV with finite baryon
density is more close to perfect fluid than that with zero
baryon density.
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Our work provides valuable reference for future theoret-
ical calculations as well as parametrization of viscosities in
hydrodynamic simulations for baryon-rich QGP. Our work
is also useful for exploring the dynamics of binary neutron
star mergers, given that quark matter is expected to exist
in the cores of massive neutron stars and a transition from
nuclear to quark matter may happen [100]. Furthermore, dra-
matic changes in transport properties may be considered as
a signal of phase transition, and a thorough understanding
of the baryon density dependence of viscosities of QCD
matter is of great significance for the exploration of phase
transition [40]. Our study represents a step forward in achiev-
ing this objective, especially if more high-quality φ and �

data in Au+Au collisions at
√

sNN = 7.7 and 11.5 GeV or

even lower collision energies would be provided at RHIC
in future.
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