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Transport coeffcients from pQCD to the Hadron reso-
nance gas at finite BSQ densities
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Abstract. We calculate the shear viscosity, 7, in two limits: perturbative QCD
and an excluded-volume hadron resonance gas (HRG), at finite BSQ densities.
Using an interpolation framework, we connect these regimes. In addition, we
present results for (almost) next-to-leading order weak-coupling shear viscosity
for QCD at finite up, and discuss the convergence of the perturbative series

1 Introduction

Heavy-ion collisions explore the deconfined state of matter composed of quarks and gluons,
known as the quark—gluon plasma (QGP). Transport coefficients, such as the shear viscosity 7,
are fundamental properties of the QGP and encode key information on the deconfined phase.
As a function of temperature, the specific shear viscosity n/s is generally believed to have
a minimum near the transition between the confined and deconfined phases, and increases
at high temperatures, in the QGP phase, and at low temperatures in the hadron resonance
gas (HRG) phase. In this work, we explore shear viscosity in the finite-density region of
the QCD phase diagram and provide a description of the kinematic ratio 5T /w(T, ug, tis, o)
(with w = & + p the enthalpy density), which reduces to 1/s when the chemical potentials
vanish. For that, we employ perturbative QCD at high temperatures and a hadron resonance
gas at low temperatures, and connect the two regimes with an interpolation function.

2 Shear Viscosity across the QCD phase diagrams

At low T, we employ the HRG model with repulsive interactions implemented via an ex-
cluded volume (EV-HRG) approach. We take a common eigenvolume for all species, i.e.,
v = v; for all i. We begin by defining the effective (dimensionless) chemical potential for
species i is
- HB Hs Ho
,'=B,'—+S,'—+ i—. 1
i T 7t ey

For an excluded-volume description, the pressure satisfies the self-consistent relation [1—4]

vp*™(T, up, us, o)
T b

(T, up, s, o)
T

= n'(T, up, us, o) exp|—

where n'¢ = inéd. The remaining thermodynamic quantities follow from standard ther-
modynamic relations. These calculations are performed with THERMAL-FIST [5] using the
PDG2021+ list [6]. At finite chemical potentials, the HRG shear viscosity takes the form

(see [7] for details)
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where ny = X ; n;, and the kinematic ratio is
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with w®™ = &% + p* the enthalpy density.

For the high-T regime, we use the framework of Refs. [8, 9], later extended to finite
up in Ref. [10]. We consider the system close to local equilibrium, so the non-equilibrium
distribution for species a (gluon, quark, or antiquark) is written as

£k = fe, %)+ (1 f) fK D). @
where the local-equilibrium distribution functions are foq/ 7= [exp(p/T — fi;) + 177" and fé’ =

[exp(p/T) — 117!. A Boltzmann-type equation governs the dynamics of f. Neglecting time
derivatives and external forces, we have

0 >
U - 6—)?fa(k, X0 =-Cfl, )

with the collision operator given by

1 |Mabcd(P5 K& P/aK/)|2 4 (4
CUfIP) = = f Q' (P+K-P -K')
2 bZd: kpi  2p°2k02p102k0

X P £ E =GN R = G LR =PI B, (6)

where M denotes the QCD scattering matrix element; see Ref. [7] for details. Next, we
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Figure 1. (a): nT/w with r = 0.25 fm for isentropes; colors indicate isentropes defined
by s/pp.(b): nT/w vs. T for r = 0.25 fm; three chemical-potential scenarios, dots show
interpolation region. Plots taken from [11].

combine these calculations using an interpolation function. Since shear viscosity for 7 > 300
MeV was obtained using kinetic theory as a function of the BSQ chemical potentials and



EPJ Web of Conferences 364, 04004 (2026) https://doi.org/10.1051/epjconf/202636404004
Quark Matter 2025

the strong coupling 1/(g*log(g™")), we first perform a rescaling, such that for u = 0 our
calculations match the NLO results from [12]. Once the rescaling is done, the interpolation
function can be calculated by performing a matching between pQCD and HRG results. In
this work, we choose to use a simple polynomial fit, and ensure that the transition points must
always match such that n7'/w is continuous and 7 /w > 0. Since the overall magnitude is
significantly too high compared to what one expected for r7/s(T), in the following, we also
implement an overall normalization constant gym, and explore some interesting behaviors at

finite fi.
ULy T < THRG
nT (ET)HRG = Tow
(E)t t(T,ﬁ) = Gnom (%)intermediate TS}VIVRG <T< Tsw > (7)
° CD
gGMT(%)pQCD T > TPP,

where ggmr is the scaling factor to reproduce the pQCD results from [12] at & = 0. In Fig.1,
we show the functional form obtained after following this procedure for different combina-
tions of chemical potentials.

3 Next-to-leading order corrections for QCD

In this section, we present shear viscosity results for pQCD at finite y at leading order (LO)
and (almost) next-to-leading order (NLO), where the later includes effects from both LO and
NLO; details are in Ref. [11]. In Fig.2, we show the kinematic viscosity, 7 /w, on the left,
and the ratio between LO and NLO results on the right. We note that x in this case represents
the quark chemical potential, which is taken to be the same for all quark species.

We observe that NLO effects are rather important at all temperatures and chemical poten-
tials considered in this work. However, the difference between LO and NLO is smaller for
u > 0 than at 4 = 0, which is clearer at high temperatures, where the coupling is smaller and
ny is larger. At u = 67T, we can see a much better agreement even for relatively low tem-
peratures than at /T = 0. Additionally, we observe that the kinematic viscosity n7T'/(e + P)
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Figure 2. (a): Kinematic shear viscosity vs. T for u = 0,3, 6. Dashed: NLO, solid: LO.(b):
Ratio nnpo/mio for three u across T. pgqep = 2.77 . Plots taken from [11].

is weakly dependent on u. The curve for large chemical potential falls below the u = 0 re-
sult from [12], except for T = 1 GeV, where the ¢/T dependence seems to vanish, and all
curves agree. Our results show that perturbation theory does not converge at experimentally
achievable combinations of (i, T'), but there is a clear improvement at large yu.

4 Conclusions
We combined pQCD results (with 3 conserved charges) and an excluded-volume HRG, to-

gether with a state-of-the-art list of resonances, to study the QCD shear viscosity at finite den-
sity. We have applied a phenomenological approach to produce curves of 5T /w(T, up, tis, 1to)
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across the QCD phase diagram, which can be used to feed relativistic viscous hydrodynamic
codes simulating collisions at energies covered by the RHIC Beam Energy Scan or BSQ fluc-
tuations of conserved charges at the LHC. The interplay of the three chemical potentials and
the transition region leads to non-monotonic behavior in 7' /w. Additionally, (almost) NLO
results for n7 /w(up) show an improvement in the convergence of the perturbative series at
large u/T , though NLO corrections remain quantitatively important.
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