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Figure: Prior (grey) and posterior (colored) credible intervals for the tempera-
ture-dependent specific bulk (left) and shear (right) viscosities in the new VAH 
model (top) and the JETSCAPE SIMS model (bottom). LHC data from Pb+Pb
collisions at an energy of 2.76 TeV per nucleon pair were used for the calibra-
tion. The bottom panels show the information gain (Kullback-Leibler divergence) 
from the prior to the posterior probability distributions as a function of tempera-
ture. Note the different temperature ranges explored by the two models.

The novel Viscous Anisotropic 
Hydrodynamics (VAH) model 
can simulate relativistic heavy-
ion collisions from very early 
times, eliminating the need for a 
separate far-off-equilibrium pre-
hydrodynamic model. VAH was 
calibrated on LHC data using  
Bayesian tools in the BAND 
Software Framework. This 
calibration allowed us to 
constrain the specific shear and 
bulk viscosities of quark-gluon 
plasma up to tempera-tures of 
about 700 MeV, much higher 
than for any previous analysis.
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their respective posterior estimates of the shear and bulk
viscosity (and other model parameters) that were inferred
from the model-to-data comparison. A closer look at Fig. 2
reveals tension with the Chapman-Enskog particlization
model, which struggles at describing the pion and proton
multiplicities simultaneously. This tension in the proton-to-
pion ratio is the origin of its small Bayes evidence. In
Ref. [27] we show that ignoring the proton dN=dy reduces
the odds against the Chapman-Enskog particlization model
from 5000∶1 to 5∶1 relative to the Grad model; the key
feature behind its failure is the form of its bulk viscous
correction to the particle momentum distributions. This
highlights the importance of understanding how energy and
momentum are distributed across both momentum and
species at particlization. We note that our choice of like-
lihood function, Eq. (1), assumes that probability decreases
rapidly away from the mean; this can be unforgiving to
tension with the data, resulting in the large ratios of Bayes
evidence encountered in this work. Other forms of like-
lihood should be investigated in the future. Nevertheless,
we believe the proton-to-pion ratio is an important observ-
able: the averaged constraints consequently favor particli-
zation models that can describe it well.
To emphasize the constraints provided by the experi-

mental data, we calculate the information gain of our
posteriors for the temperature dependence of the viscosities
of QCD, relative to the corresponding priors, using the
Kullback-Leibler divergence (DKL) [71]. The result is
shown in Fig. 3 alongside the 90% prior and Bayesian
model averaged posteriors. While the experimental data
are seen to provide significant constraints for 150≲ T ≲
250 MeV their constraining power rapidly degrades at
higher temperatures. In the deconfinement region, the most
likely values for η=s are of order 0.1; ζ=s also favors values
around 0.05–0.1 in that region, although constraints are
weaker than for η=s. The small values of η=s obtained at
T ≈ 150 MeV suggest tension with the larger values
expected for a dilute gas of hadrons, such as in the
SMASH model used in our simulations after particlization
[72]. On the other hand, the bulk viscosity appears to be
consistent [73]. Narrower priors could be used to limit the
possible values of viscosity: for example, negative slopes

for the shear viscosity at high temperature could be
excluded based on theoretical guidance [20]. We elect
not to do so, emphasizing instead the constraining power
provided directly by measurements.
Summary.—First-principles insights into the transport

properties of quark-gluon plasma are still limited for
temperatures ∼150–350 MeV. The phenomenological con-
straints obtained in this work from heavy-ion measure-
ments complement the current theoretical knowledge,
supplementing a range of calculations of the shear and
bulk viscosities of nuclear plasma at lower [72–74],
intermediate [12,75,76], and higher [13,77] temperatures.
In this work, we obtained new state-of-the-art estimates

for the QGP shear and bulk viscosities with more
robust estimates for the uncertainties of these key transport
coefficients. We introduced model averaging into Bayesian
inference to include both experimental and known theo-
retical uncertainties in the uncertainty budget for the model
parameters inferred from RHIC and LHC data. By allowing
for a systematic inclusion of (i) additional measurements,
(ii) model uncertainties, (iii) error correlations, and
(iv) more rigorous and objective specification of model
priors, the methods pioneered in this analysis for heavy-ion
physics provide a clear path forward for rigorous estima-
tions of the transport properties of the quark-gluon plasma.
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FIG. 3. 90% credible intervals for the priors (gray) and
Bayesian model averaged posteriors for the specific bulk (left)
and shear (right) viscosities, along with their corresponding
information gain (Kullback-Leibler divergence DKL).
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