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We study the impact of inelastic gluon-radiation and absorption processes on the transport coefficients of
the quark-gluon plasma within the dynamical quasiparticle model (DQPM) in the temperature–baryon-
chemical-potential plane ðT; μBÞ. Extending the 2 → 2 baseline established in previous DQPM calcu-
lations, we include gluon-radiation 2 → 3 and the inverse gluon-absorption 3 → 2 scattering channels with
massive partons and effective DQPM propagators and vertices. The corresponding momentum-dependent
interaction rates and relaxation times are used to calculate the shear viscosity, bulk viscosity, electric
conductivity, and baryon diffusion coefficient as functions of temperature T and baryon chemical potential
μB. Within the relaxation time approximation, we find that 2 ↔ 3 contributions systematically reduce all
considered transport coefficients relative to the 2 → 2 only results, in accordance with the decrease of the
relaxation times. In the thermal regime explored here, however, this reduction remains moderate, since the
investigated inelastic rates stay below the 2 → 2 ones over the considered ðT; μBÞ range. The inelastic
channels become more relevant mainly for partonic scatterings at large momenta, which are thermally
suppressed in the strongly interacting QGP. At μB ¼ 0, the resulting η=s, ζ=s, and σQ=T are compatible
with available lattice-QCD estimates within uncertainties. At finite μB, our results provide predictions for
the transport properties of QCD matter relevant for beam-energy-scan programs.

DOI: 10.1103/stk4-zk62

I. INTRODUCTION

Relativistic heavy-ion collisions provide a unique exper-
imental tool to create and study strongly interacting QCD
matter under extreme conditions. By varying the collision
energy, present and future programs at RHIC-BES [1],
FAIR (CBM) [2], and NICA (MPD/BM@N) [3] explore
the properties of the quark-gluon plasma (QGP) from
nearly baryon-symmetric matter at μB ≃ 0 to baryon-rich
matter at sizable baryon chemical potential.
Transport coefficients are key quantities for character-

izing the QGP beyond its equilibrium equation of state.
They determine the response of the medium to gradients
and external perturbations and thus control the space-time
evolution of matter created in heavy-ion collisions. The
shear viscosity η governs momentum diffusion and the

damping of anisotropic flow, while the bulk viscosity ζ
reflects the breaking of conformal symmetry and is
expected to become important near the transition region.
The electric conductivity σQ determines the response of the
QGP to electromagnetic fields, whereas at finite baryon
density the baryon diffusion coefficient κB controls the
transport of net-baryon number.
The determination of transport coefficients from QCD

remains challenging. Lattice-QCD calculations provide
reliable constraints on equilibrium thermodynamics at
μB ¼ 0, where the transition from hadronic matter to the
QGP is a smooth crossover, but the extraction of real-time
transport coefficients from Euclidean correlators is diffi-
cult. At finite μB, the sign problem further limits first-
principles calculations, especially in the density range
relevant for intermediate-energy heavy-ion collisions.
Therefore, effective models and microscopic transport
approaches are essential for exploring the transport proper-
ties of QCD matter at finite temperature and baryon
chemical potential.
A variety of approaches has been developed for this

purpose, including quasiparticle models, NJL- and
PNJL-type models, chiral effective models, holographic
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approaches, and microscopic transport calculations.
Although many of these approaches can be constrained
to reproduce similar lattice-QCD equations of state at
μB ¼ 0, their predictions for transport coefficients may
differ substantially, reflecting different assumptions about
quasiparticle properties, interaction rates, and critical
dynamics [4–9].
Recent studies have addressed the temperature and

chemical-potential dependence of viscosities, electric
conductivity, baryon diffusion, and the diffusion matrix
of conserved charges within kinetic theory, quasiparticle
models, Kubo-based approaches, and hadronic transport
[10–19]. In parallel, Bayesian analyses of beam-energy-
scan data within viscous hydrodynamic and hybrid
frameworks have started to constrain the temperature
and baryon-density dependence of QGP transport coef-
ficients [20,21].
A particularly suitable framework for studying the

strongly interacting QGP is the dynamical quasiparticle
model (DQPM) [22,23]. In the DQPM, the effective
degrees of freedom are massive quarks, antiquarks, and
gluons with broad spectral functions. The real parts of the
partonic self-energies define dynamically generated quasi-
particle masses, while the imaginary parts are related to
spectral widths. The model parameters are fixed by
requiring consistency with lattice-QCD thermodynamics
at μB ¼ 0, while extensions to finite μB allow one to
explore the baryon-rich region relevant for beam-energy-
scan experiments.
Within this framework, the DQPM has been success-

fully applied to the description of equilibrium QGP
properties and to the calculation of transport coefficients
such as the specific shear viscosity, the bulk viscosity,
and the diffusion coefficients of conserved charges
[14,24–28]. These quantities also provide microscopic
input for the parton-hadron-string dynamics (PHSD)
transport approach [23,24,29,30]. Previous DQPM studies
at finite baryon chemical potential have shown that
transport coefficients exhibit a nontrivial dependence
on both T and μB and may be sensitive to the structure
of the QCD phase diagram. In particular, the DQPM with
a critical point, DQPM-CP, has been used to investigate
the possible impact of a CEP and a first-order phase
transition on transport properties [31,32].
In Ref. [33], the DQPM was extended to include thermal

gluon-radiation processes in massive partonic scatterings.
In particular, the inelastic reactions qþ q → qþ qþ g and
qþ g → qþ gþ g, as well as the corresponding channels
involving antiquarks, were evaluated by calculating explic-
itly the leading-order Feynman diagrams for 2 → 3 proc-
esses with effective DQPM propagators and vertices.
This provided, for the first time within the DQPM, a
microscopic treatment of radiative partonic processes with-
out additional approximations or simplifications. In that
study, the momentum averaged interaction rates Γ and the

corresponding relaxation times τ of quarks and gluons in
the strongly interacting QGP were evaluated as functions of
temperature at μB ¼ 0. It was found that 2 → 2 scatterings
give the dominant contribution to the total interaction rate,
whereas the inelastic 2 → 3 transition rates are strongly
suppressed. Consequently, the relaxation times obtained by
including both elastic and inelastic processes are only
slightly shorter than those calculated from elastic scatter-
ings alone. This indicates that radiative processes with the
emission of massive gluons are substantially suppressed in
the nonperturbative QGP medium described by the DQPM.
In the present work, we investigate the impact of inelastic

gluon-emission and absorption processes on the transport
coefficients of the strongly interacting QGP. Specifically,
we calculate the shear and bulk viscosities, the electric
conductivity, and the baryon diffusion coefficient within
the DQPM as functions of temperature T and baryon
chemical potential μB. By comparing results obtained from
2 → 2 scatterings only with those including both 2 → 2 and
2 ↔ 3 channels, we quantify the relative importance of
such inelastic partonic reactions for the transport properties
of the QGP. Furthermore, a baseline for these transport
coefficients that also accounts for inelastic 2 ↔ 3 scattering
allows one to quantify the role of gluon-emission and
absorption processes in microscopic inputs for dynamical
modeling of the QGP, including recent studies of early time
and out-of-equilibrium spacetime evolution [34].
Following our earlier studies [14,24–28], the transport

coefficients are evaluated from microscopic collision rates
determined by the effective coupling and partonic propa-
gators of the DQPM. In this way, the relaxation times
entering the RTA are directly related to the underlying
partonic interaction dynamics. The role of inelastic proc-
esses has recently been investigated in Ref. [28] for the
spatial diffusion coefficient of heavy quarks propagating in
the strongly interacting QGP. It was shown that radiative
reactions provide only a minor correction to the heavy-
quark diffusion coefficient, since the latter is dominated by
the low-momentum region, where inelastic channels are
suppressed relative to elastic scatterings. In the present
work, we extend this analysis to the transport coefficients of
the bulk QGP medium. We focus on the temperature T and
baryon-chemical-potential μB dependence of the shear
and bulk viscosities, the electric conductivity, and the
baryon diffusion coefficient. The results provide micro-
scopic input for hydrodynamic and transport simulations of
heavy-ion collisions at finite net-baryon density and con-
tribute to constraining the transport properties of QCD
matter in the region explored by present and future heavy-
ion experiments.
The paper is organized as follows: we start by recalling

the basis of the DQPM model in Sec. II. Then, we present
our results for the transport coefficients including 2 → 2
and 2 ↔ 3 reactions in Sec. III. We finish the paper with a
summary in Sec. IV.
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II. DQPM

We start with a brief reminder of the basis of the DQPM
and refer the reader to Ref. [32] for a more detailed
description of the latest version of the DQPM.
The DQPM [22,24,32,35–37] is an effective model that

describes the QGP in terms of strongly interacting quarks
and gluons. This model is based on fitting the properties of
these particles in order to reproduce the results of lattice
QCD calculations in thermal equilibrium and at vanishing
chemical potential.
The quasiparticles in the DQPM are characterized by the

following properties:
(i) Dressed propagators, i.e., single-particle (two-point)

Green’s functions, have the form

GR
j ðω;pÞ ¼

1

ω2 − p2 −m2
j þ 2iγjω

ð1Þ

for quarks, antiquarks, and gluons (j ¼ q; q̄; g),
using ω ¼ p0 for energy, the widths γj, and the
masses mj.

(ii) The model uses complex self-energies for gluons,
Π ¼ m2

g − 2iωγg, and for (anti)quarks, Σq ¼ m2
q−

2iωγq, where the real part of the self-energies is
associated with dynamically generated thermal
masses, while the imaginary part provides informa-
tion about the lifetime and reaction rates of the
particles.
The spectral functions in the DQPM are no longer

δ functions, but have a finite width γj [30]:

ρjðω;pÞ ¼
γj
Ẽj

�
1

ðω − ẼjÞ2 þ γ2j
−

1

ðωþ ẼjÞ2 þ γ2j

�

≡ 4ωγj
ðω2 − p2 −m2

jÞ2 þ 4γ2jω
2

ð2Þ

Here, Ẽ2
jðpÞ ¼ p2 þm2

j − γ2j . The spectral function
is antisymmetric in ω and normalized as

Z
∞

−∞

dω
2π

ωρjðω;pÞ ¼
Z

∞

0

dω
ω

π
ρjðω;pÞ ¼ 1: ð3Þ

(iii) A model ansatz is used for the massesmjðT; μqÞ and
widths γjðT; μqÞ as functions of the temperature T
and the quark chemical potential μq.

With the quasiparticle properties (or propagators) fixed
as described above, one can evaluate thermodynamic
quantities such as the entropy density sðT; μBÞ, the pres-
sure PðT; μBÞ, and energy density ϵðT; μBÞ in a straight-
forward manner by starting with the entropy density and
number density in the propagator representation from
Baym [38,39].

By comparison of the entropy density—computed within
the DQPM framework—to the lQCD data, one can fix the
few parameters used in the ansatz for quasiparticle masses
and widths.

A. Quasiparticle properties

The quasiparticle pole masses for gluons and quarks are
defined, inspired by the asymptotic hard thermal loop
masses [30,40], by

m2
gðT; μBÞ ¼ Cg

g2ðT; μBÞ
6

T2

�
1þ Nf

2Nc
þ 1

2

P
qμ

2
q

T2π2

�
ð4Þ

m2
qðq̄ÞðT; μBÞ ¼ Cq

g2ðT; μBÞ
4

T2

�
1þ μ2q

T2π2

�
; ð5Þ

where Nc ¼ 3 and Nf ¼ 3 denote the number of colors and

the number of flavors, respectively. Cq ¼ N2
c−1
2Nc

¼ 4=3 and
Cg ¼ Nc ¼ 3 are the QCD color factors for quarks and for
gluons, respectively. The strange quark has a larger bare
mass which needs to be considered in its dynamical
quasiparticle pole mass. We fix msðT; μBÞ ¼ muðT; μBÞ þ
Δm and Δm ≈ 30 MeV [24].
Furthermore, the quasiparticles in DQPM have thermal

widths, which are adopted in the form

γjðT; μBÞ ¼
1

3
Cj

g2ðT; μBÞT
8π

ln

�
2cm

g2ðT; μBÞ
þ 1

�
: ð6Þ

The parameter cm, which is related to a magnetic cutoff, is
fixed to cm ¼ 14.4.
In the DQPM, the value of g2 is extracted from lQCD by

utilizing a parametrization method introduced in Ref. [41],
where it has been shown that for a given value of g2, the
ratio sðT; g2Þ=T3 is almost constant for different temper-
atures, i.e., ∂

∂T ðsðT; g2Þ=T3Þ ¼ 0. Therefore, the entropy
density s and the dimensionless equation of state in the
DQPM are functions of the effective coupling only, i.e.,
sðT; g2Þ=sSBðTÞ ¼ fðg2Þ, where sQCDSB ¼ 19=9π2T3 is the
Stefan-Boltzmann entropy density. Thus, by inverting the
fðg2Þ function, the coupling constant g2 can be directly
obtained from the parametrization of lQCD data for the
entropy density sðT; μB ¼ 0Þ at zero baryon chemical
potential:

g2ðT; μB ¼ 0Þ ¼ dððsðT; 0Þ=sQCDSB Þe − 1Þf: ð7Þ

Here d ¼ 169.934; e ¼ −0.178434, and f ¼ 1.14631 are
the dimensionless parameters obtained by adjusting the
quasiparticle entropy density sðT; μB ¼ 0Þ to the lQCD
data provided by the BMW Collaboration [42,43].
The effective coupling at finite baryon chemical potential

μB is obtained by applying the “scaling hypothesis”
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introduced in [35]. It assumes that g2 is a function of the
ratio of the effective temperature

T� ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
T2 þ μ2q=π2

q
ð8Þ

(where the quark chemical potential is defined as
μq ¼ μu ¼ μs ¼ μB=3) and the μB-dependent critical tem-
perature TCðμBÞ as

TCðμBÞ ¼ TCð0Þð1 − aμ2BÞ1=2; ð9Þ

where TCð0Þ is the critical temperature at vanishing
chemical potential (≈0.158 GeV) and a ¼ 0.974 GeV−2.
We recall that the expression of TcðμqÞ in Eq. (9) is
obtained by requiring a constant energy density ϵ for the
system along the critical line T ¼ TcðμqÞ where ϵ at
Tcðμq ¼ 0Þ ≈ 0.158 GeV is fixed by a lattice QCD calcu-
lation at μq ¼ 0. The coefficient in front of the μ2q-
dependent part can be compared to lQCD calculations at
finite (but small) μB which gives [44]

TcðμBÞ ¼ TcðμB ¼ 0Þ ·
�
1− κ

�
μB

TcðμB ¼ 0Þ
�

2

þ…

�
ð10Þ

with κ ¼ 0.013ð2Þ. Rewriting (9) in the form (10) and using
μB ≈ 3μq we get κDQPM ≈ 0.0122 which compares well
with the lQCD result [44].
Thus, the DQPM effective coupling αSðT; μBÞ reads

αSðT; μBÞ≡
8<
:

g2ðT;μB¼0Þ
4π ; μB ¼ 0;

g2ðTscaleðT;μBÞÞ
4π ; μB > 0;

ð11Þ

with

Tscale ¼
T�

TCðμBÞ=TCð0Þ
: ð12Þ

Figure 1 shows the strong coupling αs as a function of
temperature T for fixed baryon chemical potentials μB ¼ 0,
0.2, and 0.4 GeV, together with the corresponding lattice-
QCD results from Refs. [45–47]. For comparison, we also
display the coupling obtained within the quasiparticle
model of Ref. [48], which employs an explicit parametri-
zation of αsðTÞ similar to that used in earlier versions of the
DQPM [35]. The two prescriptions—extracting αsðT; μBÞ
from the lattice-QCD entropy density, as implemented in
the present DQPM, and adopting an explicit temperature-
dependent parametrization—lead to a qualitatively similar
behavior. This agreement reflects the fact that both quasi-
particle approaches are constrained to reproduce the lattice-
QCD entropy density.

B. Matrix elements in the DQPM

To evaluate the interaction rates of partons, one needs to
compute the scattering amplitudes for all processes in
which the corresponding parton species can participate.
The matrix elements for the 2 → 2 and forward 2 → 3
processes are evaluated from the corresponding leading-
order Feynman diagrams, including the relevant s-, t-, and
u-channel contributions and their interference terms. The
inverse 3 → 2 matrix elements are related to the corre-
sponding forward ones by microreversibility.
In order to calculate the matrix elements corresponding

to a scattering of DQPM partons, the scalar propagators
have to be replaced by the propagators—with full Lorentz
structure—for a massive (vector) gluon and massive (spin
1=2) fermion with a finite width [49]. In particular, the
effective propagators and vertices entering the scattering
amplitudes are given by

ΠμνðpÞ ¼
�
−i

gμν − ðpμpνÞ=m2
g

p2 −m2
g þ 2iγgωp

�
ðgluon propagatorÞ;

ΛðpÞ ¼
�
i

=pþmq

p2 −m2
q þ 2iγqωp

�
ðquark propagatorÞ;

Vν;a
ik ¼ ð−igγνTa

ikÞ ðquark-gluon vertexÞ;
Ωabc;μντðp1; p2; p3Þ ¼ −gfabcCμντðp1; p2; p3Þ

× ðthree-gluon vertexÞ: ð13Þ

Here μ, ν, τ denote Lorentz indices, i; k ¼ 1;…; 3 are
quark color indices, and a; b; c ¼ 1;…; 8 are gluon color
indices. In the DQPM, only transverse gluons are included
in the calculation of thermodynamic quantities, in that
the contribution of hard longitudinal gluons is found to be
negligible [39,50].

FIG. 1. The strong coupling αS as a function of temperature T at
fixed μB ¼ 0.0, 0.2, 0.4 GeV in comparison to the quasiparticle
model from Ref. [48] and lQCD data. The lattice results for
quenched QCD, Nf ¼ 0, (circles) are taken from Ref. [45], for
Nf ¼ 2 (inverted triangles)—from Ref. [46] and for Nf ¼ 2þ 1

(squares)—from Ref. [47].
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1. 2 → 2 scattering processes

In this work we include all possible 2 → 2 partonic
processes among light (anti)quarks, strange (anti)quarks,
and gluons. When computing the microscopic interaction
rate (Sec. III) of a u quark, the processes considered are

uþ q → uþ q

uþ q̄ → uþ q̄

uþ ū → qþ q̄

uþ ū → gþ g

uþ g → uþ g ð14Þ
while for a gluon

gþ q → gþ q

gþ q̄ → gþ q̄

gþ g → qþ q̄

gþ g → gþ g ð15Þ
with q ¼ u, d, s and q̄ ¼ ū; d̄; s̄.
Further details on the calculation of the DQPM invariant

amplitudes for 2 → 2 scattering channels—shown in Fig. 2
—can be found in Refs. [24,32,51].

2. 2 ↔ 3 scattering processes

For the 2 → 3 sector we consider gluon-radiation proc-
esses in which the incoming partons retain their iden-
tity and an additional final-state gluon is emitted. The

corresponding inverse 3 → 2 gluon-absorption matrix ele-
ments are related to the corresponding forward ones by
microreversibility.
The inelastic processes entering the microscopic inter-

action rate of a u quark are

uþ q ↔ uþ qþ g

uþ q̄ ↔ uþ q̄þ g

uþ g ↔ uþ gþ g ð16Þ

similarly, for a gluon

gþ q ↔ gþ qþ g

gþ q̄ ↔ gþ q̄þ g

gþ g ↔ gþ gþ g: ð17Þ

In the following we give an overview of the DQPM
invariant amplitudes calculations for 2 → 3 gluon-radiation
processes, more details are given in Refs. [33,52]. For
clarity and compactness, Figs. 3 and 4 only display the
Feynman diagrams corresponding to the t-channel, which
gives the dominant contribution. The u- and s-channel
contributions are evaluated analogously and are included in
the numerical results.
We start by considering gluon-radiation processes from

qþ q scattering. Using the notation above, we can write
the invariant amplitudes iMi ¼ iMiðqiqk → qjqlgbÞ cor-
responding to each process in the following way:

iM1 ¼ ūlðp2ÞVν;a
lk ukðpbÞΠμνðpb − p2Þūjðp1Þε�τðp3ÞVτ;b

jmΛðp1 þ p3ÞVμ;a
mi u

iðpaÞ;
iM2 ¼ ūjðp1ÞVμ;a

ji u
iðpaÞΠμνðpa − p1Þūlðp2Þε�τðp3ÞVτ;b

lmΛðp2 þ p3ÞVν;a
mku

kðpbÞ;
iM3 ¼ ūlðp2ÞVν;a

lk ukðpbÞΠμνðpb − p2Þūjðp1ÞVμ;a
jmΛðpa − p3Þε�τðp3ÞVτ;b

mi u
iðpaÞ;

iM4 ¼ ūjðp1ÞVμ;a
ji u

iðpaÞΠμνðpa − p1Þūlðp2ÞVν;a
lmΛðpb − p3Þε�τðp3ÞVτ;b

mku
kðpbÞ;

iM5 ¼ ūjðp1ÞVμ;a
ji u

iðpaÞūlðp2ÞVλ;c
lk u

kðpbÞΠμνðpa − p1ÞΠλσðpb − p2Þε�τðp3Þ
×Ωabc;στνðpb − p2;−p3; p2 − pb þ p3Þ: ð18Þ

FIG. 2. Leading-order Feynman diagrams for qþ q → qþ q
(left column), gþ g → gþ g (middle columns), and qþ g →
qþ g (right column) processes. FIG. 3. Leading-order Feynman diagrams for qþ q → qþ

qþ g processes in the t-channel.
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Then the total invariant amplitude squared, averaged
over initial states of spin and color, and summed over final

states, for the qþ q scattering reads

jM̄qq0→qq0gj2 ¼
1

N2
c

X
color

1

ð2sq þ 1Þð2sq0 þ 1Þ
×
X
spin

jM1 þM2 þM3 þM4 þM5j2;

ð19Þ

where q0 denotes a quark with a possible different flavor
than the q quark.
Analogously one can compute the invariant t-channel

amplitudes for gluon-radiation processes from qþ g scat-
tering—presented in Fig. 4—as

iM1 ¼ ūðp1ÞVμ;d
kn Λðp1 þ p3; mqÞVλ;f

ni uðpaÞΩbef;στνðpb − p2;−pb; p2Þ
× Πλσðp2 − pbÞε�μðp3Þε�νðp2ÞετðpbÞ;

iM2 ¼ ūðp1ÞVσ;f
kn Λðp1 þ p2 − pb;mqÞVμ;d

ni uðpaÞΩbef;λτνðpb − p2;−pb; p2Þ
× Πλσðp2 − pbÞε�μðp3Þε�νðp2ÞετðpbÞ;

iM3 ¼ ūðp1ÞVλ;f
ki uðpaÞΩbfn;νμξð−p2;−p3; p2 þ p3ÞΩdeh;στρð−pb þ p2 þ p3; pb;−p2 − p3Þ

× Πρξðp2 − pbÞΠλσðp2 − pbÞε�μðp3Þε�νðp2ÞετðpbÞ;
iM4 ¼ ūðp1ÞVλ;f

ki uðpaÞΩefh;τμρð−pb; p3; pb − p3ÞΩbdh;νσξðp2; pb − p2 − p3;−pb þ p3Þ
× Πρξðp2 − pbÞΠλσðp2 − pbÞε�μðp3Þε�νðp2ÞετðpbÞ;

iM5 ¼ ūðp1ÞVλ;f
ki uðpaÞΩdfh;σμξð−pb þ p2 þ p3;−p3;−p2 þ pbÞΩbeh;ντρð−p2; pb;−pb þ p2Þ

× Πρξðp2 − pbÞΠλσðp2 − pbÞε�μðp3Þε�νðp2ÞετðpbÞ;
iM6 ¼ ūðp1ÞVλ;f

ki uðpaÞΓfbde
μνστΠλσðp2 − pbÞε�μðp3Þε�νðp2ÞετðpbÞ: ð20Þ

In this case the averaged squared amplitude reads

jM̄qg→qggj2¼
1

NcðN2
c−1Þ

X
color

1

ð2sqþ1Þdg
×
X
spin

jM1þM2þM3þM4þM5þM6j2;

ð21Þ

where dg is the degeneracy factor of the gluon. In addition,
the gg → ggg process, which includes in total 25 diagrams,
has been evaluated employing the scaling relation
σgg→ggg ¼ 9

4
σqg→qgg for simplicity [27].

III. TRANSPORT COEFFICIENTS

In this section, we focus on the near equilibrium trans-
port coefficients of the QGP within the DQPM such as the
shear viscosity η, bulk viscosity ζ, electric conductivity σQ,
and baryon diffusion coefficient κB.

It has been shown that, within the quasiparticle approxi-
mation, transport coefficients obtained from the relaxation-
time approximation (RTA) of kinetic theory [53–56] are
numerically very close to those extracted from one-loop
Kubo-type calculations [57–59]. Accordingly, all transport
coefficients discussed below are evaluated within the RTA
framework.

A. Relaxation times

The first step in the RTA calculation is the determination
of the relaxation times, which in general depend on
momentum, temperature, and baryon chemical potential.
The relaxation times for quarks and gluons are given by

τiðp; T; μBÞ ¼
1

Γiðp; T; μBÞ
ð22Þ

where Γiðp; T; μBÞ is the parton interaction rate, whose
relation to the microscopic DQPM scattering amplitudes is
made explicit in the following subsection.

FIG. 4. Leading-order Feynman diagrams for qþ g → qþ gþ
g processes in the t-channel.
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We emphasize that in the present work τi represents a
microscopic single-particle relaxation time within kinetic
theory. It should not be confused with second-order hydro-
dynamic relaxation times τπ and τΠ, which govern the
transient evolution of the shear-stress tensor and bulk
viscous pressure [60–62], respectively, and are not evalu-
ated here.
Within the scalar RTA, the same microscopic relaxation

time is employed in the tensor, scalar, and vector sectors,
providing a unified connection between the underlying
collision dynamics and the different transport coefficients.
These coefficients remain distinct, as they involve different
momentum moments and thermodynamic source terms,
although their dependence on the collision model is
correlated through the common function τiðp; T; μBÞ.
A more differential description may associate distinct

relaxation scales with the different eigenmodes of the
linearized collision operator. Such extensions can be
developed through Chapman-Enskog or moment-based
approaches [13,19]. More generally, mode-resolved
approaches replace a single relaxation rate with distinct
rates for the relevant collision-operator eigenmodes.
Implementation of such a mode-resolved treatment in the
DQPM framework is left for future work.
We then compare the resulting transport coefficients in

order to quantify the impact of inelastic 2 ↔ 3 channels
within this RTA implementation.

1. 2 → 2 interaction rates

We briefly recall that for on-shell partons (with energies
taken to be E2 ¼ p2 þm2 where m is the pole mass) the
2 → 2 interaction rate (i.e., collisional width) can be
computed as follows:

Γ2→2
i ðpi; T; μBÞ

¼ 1

2Ei

X
j¼q;q̄;g

Z
d3pj

ð2πÞ32Ej
djfjðEj; T; μqÞ

×
Z

d3p1

ð2πÞ32E1

Z
d3p2

ð2πÞ32E2

ð1� f1Þð1� f2Þ

× jM̄2→2j2ð2πÞ4δð4Þðpi þ pj − p1 − p2Þ: ð23Þ

Here and in the following, dj stand for the degeneracy
factors for spin and color (dq ¼ 2 × Nc for quarks and dg ¼
2 × ðN2

c − 1Þ for gluons), and we adopt the shorthand
notation fj ¼ fjðEj; T; μqÞ for the equilibrium distribution
functions. Moreover, the Pauli-blocking ð1 − fkÞ and Bose-
enhancement ð1þ fkÞ factors account for the available
density of final states, and the notation

P
j¼q;q̄;g includes

the contribution from all partons, i.e., the gluons and the
(anti)quarks of three different flavors (u, d, s).
One can compute the average interaction rate of parton i

over its momentum distribution as

Γ2→2
i ðT; μBÞ ¼

di
niðT; μqÞ

Z
d3pi

ð2πÞ3 fiðEi; T; μqÞ

× Γ2→2
i ðpi; T; μBÞ; ð24Þ

with the on-shell density of parton i at T and μq

niðT; μqÞ ¼ di

Z
d3pi

ð2πÞ3 fiðEi; T; μqÞ: ð25Þ

2. 2 ↔ 3 interaction rates

We evaluate separately the forward 2 → 3 and inverse
3 → 2 interaction rates using the time-reversed matrix
elements and the appropriate thermal phase-space and
statistical factors; detailed balance is used to verify the
consistency of their implementation.
The 2 → 3 interaction rate for on-shell partons is

evaluated by

Γ2→3
i ðpi; T; μBÞ

¼ 1

2Ei

X
j¼q;q̄;g

Z
d3pj

ð2πÞ32Ej
djfj

Z
d3p1

ð2πÞ32E1

×
Z

d3p2

ð2πÞ32E2

Z
d3pg

ð2πÞ32Eg
ð1� f1Þð1� f2Þð1� fgÞ

× jM̄2→3j2ð2πÞ4δð4Þðpi þ pj − p1 − p2 − pgÞ; ð26Þ

and the inverse 3 → 2 rate is analogously given by

Γ3→2
i ðpi; T; μBÞ

¼ 1

2Ei

X
j¼q;q̄;g

Z
d3pj

ð2πÞ32Ej
djfj

Z
d3pg

ð2πÞ32Eg
dgfg

×
Z

d3p1

ð2πÞ32E1

Z
d3p2

ð2πÞ32E2

ð1� f1Þð1� f2Þ

× jM̄3→2j2ð2πÞ4δð4Þðpi þ pj þ pg − p1 − p2Þ: ð27Þ

Additionally, the momentum averaged inelastic rates are
computed as

Γa
i ðT; μBÞ ¼

di
niðT; μqÞ

Z
d3pi

ð2πÞ3 fiðEi; T; μqÞΓaÞ
i ðpi; T; μBÞ;

ð28Þ

where a ¼ 2 → 3; 3 → 2 and niðT; μqÞ is the on-shell
density of parton i at T and μq as expressed in Eq. (25).
Figure 5 shows the on-shell interaction rates for 2 → 2,

2 → 3 and 3 → 2 reactions, computed at fixed baryon
chemical potential μB ¼ 0, as a function of temperature T
and averaged over momentum, respectively for a light
quark and for a gluon. Both the forward gluon-emission
and inverse gluon-absorption interaction rates remain
below the corresponding 2 → 2 rates over the temperature
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range considered. This indicates that such inelastic chan-
nels provide a correction to the thermal relaxation times,
and hence to the transport coefficients evaluated in RTA,
rather than a dominant contribution.
In addition, the ðT; μBÞ dependence of momentum

averaged interaction rates for partons is shown in Fig. 6.
For both quarks and gluons, the 2 → 2 rates increase with
temperature and show only a mild dependence on the
baryon chemical potential in the range considered. The
same qualitative behavior is observed for the inelastic 2 ↔
3 channels. Their rates increase with temperature and vary
smoothly with μB, but remain well below the corresponding
2 → 2 rates over the ðT; μBÞ plane. This confirms that
gluon-radiation and absorption processes provide a sub-
leading correction to the total relaxation rate rather than a
dominant contribution.
We emphasize that the averaged rates shown in Figs. 5

and 6 are used only to illustrate the relative magnitude of
the 2 → 2 and 2 ↔ 3 contributions. In the calculation of
the transport coefficients, the full momentum-dependent
rates Γiðp; T; μBÞ are employed.
We note that the DQPM is an effective quasiparticle

approach constrained by lattice-QCD thermodynamics,
with dressed propagators and vertices effectively encoding
higher-order medium corrections. Although the inelastic
2 ↔ 3 contributions are shown to be subleading relative to

2 → 2 scattering in the thermal regime considered here,
more complex inelastic processes may become relevant at
higher temperatures or for high-momentum probes, such
as jets.

B. Shear and bulk viscosity

Shear and bulk viscosities encode the dissipative
response of the medium to gradients of the hydrodynamic
flow. While shear viscosity ηðT; μBÞ governs momentum
diffusion and the damping of anisotropic flow, ζðT; μBÞ is
sensitive to the breaking of conformal symmetry and is
expected to be enhanced near the QCD crossover.
The shear and bulk viscosities for quasiparticles with

medium-dependent masses miðT; μqÞ can be calculated by
solving the linearized Boltzmann equation in the RTA [54],
respectively, as

ηðT; μBÞ ¼
1

15T

X
i¼q;q̄;g

Z
d3p
ð2πÞ3

p4

E2
i
τiðp; T; μBÞ

× difið1� fiÞ; ð29Þ

and

ζðT;μBÞ¼
1

9T

X
i¼q;q̄;g

Z
d3p
ð2πÞ3

1

E2
i
τiðp;T;μBÞ

×

�
p2−3c2s

�
E2
i −T2

dm2
i

dT2

��
2

difið1�fiÞ; ð30Þ

where c2s is the speed of sound squared and τi is the
relaxation time.
The resulting shear viscosity to entropy density ratio η=s

is shown in Fig. 7 as a function of the scaled temperature
T=TC for μB ¼ 0 and μB ¼ 0.4 GeV. In both cases, the
inclusion of 2 ↔ 3 inelastic processes leads to a small
reduction of η=s with respect to the case of 2 → 2
scatterings alone. This is expected, since the additional
inelastic channels increase the total interaction rate and
therefore reduce the relaxation time entering Eq. (29).
The moderate size of this effect is consistent with

radiation/absorption processes becoming more relevant at
large momenta, whereas thermal transport coefficients are
dominated by momenta of order p ∼ T. As a consequence,
the 2 ↔ 3 contribution acts as a correction to the 2 → 2
result rather than producing a qualitative modification of
the temperature dependence of η=s.
Similarly, the bulk viscosity to entropy density ratio ζ=s

is shown in Fig. 8. Within the RTA, the inclusion of
inelastic processes has a very limited impact on ζ=s, since
the integral in Eq. (30) is strongly weighted by the

nonconformal factor ½p2 − 3c2sðE2
i − T2 dm2

i
dT2Þ�2. This term

determines the dominant momentum region contributing to
ζ, making the result less sensitive to the moderate modi-
fication of the relaxation time induced by inelastic

FIG. 5. Momentum averaged on-shell interaction rates ΓðT; μBÞ
for a light quark (upper plot) and a gluon (lower plot) as a
function of temperature T, at fixed μB ¼ 0, for 2 → 2 (dashed
blue lines), 2 → 3 (dashed orange lines), and 3 → 2 (dashed
green lines) processes; the sum of the three contributions is also
displayed (solid red line). Twice the DQPM effective widths 2γ
(dotted gray lines) are shown for comparison.
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processes. Consequently, the inclusion of 2 ↔ 3 scatter-
ings, entering only through the relaxation time, leaves the
temperature dependence of ζ=s essentially unchanged and
produces only a very small quantitative correction.
Moreover, at μB ¼ 0, both bulk and shear viscosity

results are compatible with the available lattice estimates
for pure SU(3) gauge theory within uncertainties.
Increasing the baryon chemical potential does not qualita-
tively change the temperature dependence of either quan-
tity, while producing only small quantitative variations.

C. Electric conductivity and baryon diffusion

At large net-baryon density, diffusion of conserved
charges can significantly affect the evolution of the
medium. The corresponding transport coefficients are the
diffusion coefficient κa, or equivalently the conductivity
σa ¼ κa=T, associated with a conserved charge a ¼ Q, B,
S, denoting electric charge, baryon number, and strange-
ness, respectively.
The electric conductivity σQðT; μBÞ describes the

response to a stationary external electric field and
influences the time evolution of electromagnetic fields in

heavy-ion collisions, with possible implications for the
chiral magnetic effect. It also affects soft-photon emission
rates [69] and spectra [70–72].
In the RTA, it is evaluated as [55,73]

σRTAQ ðT; μBÞ ¼
e2

3T

X
i¼q;q̄

q2i

Z
d3p
ð2πÞ3

p2

E2
i
τiðp; T; μBÞ

× difið1 − fiÞ; ð31Þ

where qi denotes the dimensionless electric charge of the
parton species, namely qu ¼ 2=3 and qd ¼ qs ¼ −1=3,
while antiquarks carry the opposite electric charge. The
factor e2 ¼ 4παem gives the electromagnetic coupling.
Gluons do not contribute directly to Eq. (31), since they
carry no electric charge; nevertheless, they affect σQ
indirectly through their contribution to the interaction rates
entering the relaxation times of quarks and antiquarks.
The baryon diffusion coefficient κBðT; μBÞ describes the

response of the net-baryon current to gradients of the
baryon chemical potential. In the Landau frame, the
diffusive current is defined orthogonally to the energy
flow, leading to the projected baryon charge appearing in

FIG. 6. Momentum averaged on-shell interaction rates ΓðT; μBÞ for a light quark (left column) and a gluon (right column) as a function
of scaled temperature T=TC and baryon chemical potential μB, for 2 → 2 (upper plots) and 2 ↔ 3 (lower plots) processes.
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the RTA expression:

κRTAB ðT; μBÞ ¼
1

3

X
i¼q;q̄

Z
d3p
ð2πÞ3

p2

E2
i
τiðp; T; μBÞ

×

�
bi −

nBEi

ϵþ p

�
2

difið1 − fiÞ; ð32Þ

where bi is the baryon number of the parton species, with
bq ¼ 1=3 for quarks and bq̄ ¼ −1=3 for antiquarks, nB is
the net-baryon density, and ϵþ p is the enthalpy density.
Since only quarks and antiquarks carry baryon number,
gluons do not contribute directly to κB, although they enter
indirectly through the relaxation times.

The obtained electric conductivity to temperature ratio
σQ=T and baryon diffusion coefficient to temperature
squared ratio κB=T2 are shown as functions of the scaled
temperature T=TC for μB ¼ 0 and μB ¼ 0.4 GeV in Figs. 9
and 10, respectively. Consistent with the behavior observed
for the viscosities, the inclusion of gluon-radiation and
absorption processes leads to a small reduction of both
σQ=T and κB=T2, due to the corresponding decrease of the
quark and antiquark relaxation times.
The effect remains moderate over the whole temperature

range considered, confirming that inelastic processes pro-
vide a subleading correction to the elastic contribution also
for charge and baryon-number transport. The comparison
between μB ¼ 0 and μB ¼ 0.4 GeV shows only mild finite-
density effects, with no qualitative change in the temper-
ature dependence of either coefficient.

et al.

FIG. 8. Bulk viscosity to entropy density ratio ζ=s as a function
of scaled temperature T=TC, at fixed values of baryon chemical
potential μB ¼ 0 (solid lines), μB ¼ 0.4 GeV (dashed lines). Blue
lines show ζ=s for 2 → 2 processes only, while red lines
correspond to ζ=s for both 2 → 2 and 2 ↔ 3 processes. Lattice
results at μB ¼ 0 for pure SU(3) gauge theory from Refs. [67]
(blue squares), [68] (green circles) are shown.

et al.
et al.

et al.
et al.

FIG. 9. Electric conductivity to temperature ratio σQ=T as a
function of scaled temperature T=TC, at fixed values of baryon
chemical potential μB ¼ 0 (solid lines), μB ¼ 0.4 GeV (dashed
lines). Blue lines show σQ=T for 2 → 2 processes only, while red
lines correspond to σQ=T for both 2 → 2 and 2 ↔ 3 processes.
Lattice results at μB ¼ 0 for Nf ¼ 2þ 1 from Refs. [74] (blue
diamonds), [75] (green circles), and for Nf ¼ 2 from Refs. [76]
(orange squares), [77] (cyan triangles) are shown.

FIG. 10. Baryon diffusion to temperature squared ratio κB=T2

as a function of scaled temperature T=TC, at fixed values of
baryon chemical potential μB ¼ 0 (solid lines), μB ¼ 0.4 GeV
(dashed lines). Blue lines show κB=T2 for 2 → 2 processes only,
while red lines correspond to κB=T2 for both 2 → 2 and 2 ↔ 3
processes.

et al.
et al.

et al .

FIG. 7. Shear viscosity to entropy density ratio η=s as a
function of scaled temperature T=TC, at fixed values of baryon
chemical potential μB ¼ 0 (solid lines), μB ¼ 0.4 GeV (dashed
lines). Blue lines show η=s for 2 → 2 processes only, while red
lines correspond to η=s for both 2 → 2 and 2 ↔ 3 processes.
Lattice results at μB ¼ 0 for pure SU(3) gauge theory from
Refs. [63] (blue squares), [64] (green circles), [65] (orange
triangles), Ref. [66] (cyan upside triangles) are shown.
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IV. SUMMARY

In this work, we have employed the DQPM 2 ↔ 3
scattering channels to assess the impact of inelastic
processes on the transport coefficients of baryon-rich
quark-gluon plasma, beyond the 2 → 2 baseline established
in previous DQPM studies. To this end, we first quantified
the contribution of 2 ↔ 3 reactions to the thermal relax-
ation times of quarks and gluons. We then evaluated, within
the relaxation time approximation, the shear viscosity, bulk
viscosity, electric conductivity, and baryon diffusion coef-
ficient as functions of temperature and baryon chemical
potential, using microscopic momentum-dependent inter-
action rates for both binary and number-changing scattering
processes. In this implementation, the forward gluon-
emission 2 → 3 and inverse gluon-absorption 3 → 2
channels are included on an equal footing as separate
contributions to the quasiparticle relaxation rate within the
RTA. Their corresponding interaction rates are found to be
comparable. Nevertheless, both contributions remain sub-
leading compared to the dominant 2 → 2 reactions.
We found that the inclusion of 2 ↔ 3 channels system-

atically reduces all four transport coefficients with respect
to the 2 → 2 only baseline, as expected from the corre-
sponding decrease of the relaxation times. In the thermal
regime explored here, however, this correction remains
moderate, since the inelastic rates stay below the elastic
ones over the considered ðT; μBÞ range and become more
relevant mainly for parton scatterings with large momenta,
which are suppressed in the thermal QGP medium.
Consequently, the 2 ↔ 3 sector provides a quantitative
correction rather than a qualitative modification of the
temperature and baryon chemical potential dependence of
the transport coefficients.

The moderate impact of the 2 ↔ 3 processes reflects the
restricted phase space for massive quasiparticle-gluon
emission in the forward reactions and the limited thermal
abundance of the additional incoming gluon in the inverse
reactions. Within the RTA, these channels increase the total
interaction rate and therefore reduce the relaxation time,
leading to a slight decrease of the transport coefficients.
At μB ¼ 0, the resulting η=s, ζ=s, and σQ=T are

compatible with available lattice QCD estimates within
uncertainties. At finite μB, the results provide model
predictions for baryon-rich QCD matter relevant to beam
energy scan experiments. Overall, this study supports the
robustness of previous DQPM transport coefficient calcu-
lations and provides updated microscopic input for hydro-
dynamic and transport simulations of heavy-ion collisions
at finite net-baryon density.
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