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Abstract. The JETSCAPE Collaboration reports the first multi-messenger
study of the QGP jet transport parameter q̂ using Bayesian inference, incor-
porating all available hadron and jet inclusive yield and jet substructure data
from RHIC and the LHC. The theoretical model utilizes virtuality-dependent
in-medium partonic energy loss coupled to a detailed dynamical model of QGP
evolution. Tension is observed when constraining q̂ for different kinematic cuts
of the inclusive hadron data. The addition of substructure data is shown to im-
prove the constraint on q̂, without inducing tension with the constraint due to
inclusive observables. These studies provide new insight into the mechanisms
of jet interactions in matter, and point to next steps in the field for comprehen-
sive understanding of jet quenching as a probe of the QGP.

1 Introduction

Jet quenching measurements at RHIC and the LHC provide a wealth of information about
the quark-gluon plasma. However, different model approaches incorporating jet quench-
ing, which are based on different formulations of the underlying physics, can describe the
same inclusive yield suppression data equally well. Discrimination of these different phys-
ical pictures requires more rigorous and systematic comparisons of multi-messenger data.
Bayesian inference provides the suitable framework for such a program. In heavy-ion
physics, Bayesian inference has been applied successfully in both the soft and hard sectors [1–
4]. Its application combining high-pT hadron and jet measurements is less well developed,
and is discussed here.

The analysis utilizes a multi-stage approach with MATTER+LBT implemented in the
JETSCAPE simulation framework [5–7]. Partons are propagated in a 2+1D medium simu-
lated via relativistic viscous hydrodynamics which is calibrated to soft sector observables [8].
Jet energy loss is parametrized based on a hard thermal loop calculation of the jet transport
coefficient q̂, modulated by a virtuality dependent term which reduces energy loss for highly
virtuality partons [9]. The full form of the parametrization is provided in Ref. [10]. The cal-
culations required 10 million core-hours on high performance computing facilities provided
by XSEDE [11].
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Figure 1. Medium T dependent posterior distribution of q̂ for the inclusive hadron and jet RAA analysis
(left), and projections of the q̂ posterior distribution at fixed medium T and parton E (right) for separate
classes of data (see text).

2 Bayesian inference with inclusive hadron and jet RAA

The initial JETSCAPE proof-of-principle analysis to constrain q̂ only utilized inclusive
charged hadron RAA [4]. The next step is to add the jet RAA. The analysis includes all
applicable data which was published at time of the calculations. We utilize inclusive charged
hadron RAA and jet RAA from ALICE, ATLAS, CMS, PHENIX, and STAR measured in
Au–Au collisions at 200 GeV at RHIC and Pb–Pb collisions at 2.76 TeV and 5.02 TeV at the
LHC [12–14, 14–27]. All data are either central or semi-central, i.e. within 0–50% centrality.

The Bayesian inference analysis follows Ref. [4], including similar treatment of experi-
mental uncertainties. The medium temperature dependence of the q̂ posterior distribution is
shown on the left side of Fig. 1, where the blue band is generated by sampling within the
90% confidence interval of the posterior. This demonstrates that it is possible to extract a
consistent q̂ distribution when including all available inclusive hadron and jet RAA measure-
ments. The distribution is consistent within uncertainties with previous extractions by the
JET collaboration [28] and the previous JETSCAPE analysis based on inclusive hadron RAA
only [4] (not plotted).

To isolate the impact of specific measurements on extraction of q̂, the analysis is repeated
for different classes of measurement. Figure 1, right panel, shows the result of such studies,
presented as projections of the full q̂ posterior distribution at fixed temperature and parton
energy. Posterior distributions are shown for jet RAA (blue), for charged hadron RAA (orange),
and for charged hadron RAA with kinematic selection pT > 30 (green) and pT ≤ 30 (red)
GeV/c. This figure shows two peaked distributions, where the pT-inclusive hadrons and
the low-pT hadrons consistently prefer a higher q̂, while jets and high-pT hadrons prefer a
smaller value. While there is some overlap between the distributions, the apparent tension
in most-probable value is due to the small experimental uncertainties of the low-pT hadron
RAA, which dominate the Bayesian inference analyses. This tension points to the importance
of including theoretical uncertainties in future studies and accounting for elements which are
not yet included in the calculations, such as nuclear shadowing.
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Figure 2. Temperature dependent posterior distribution of q̂ for only inclusive jet RAA (blue) and inclu-
sive jet RAA and jet substructure (orange) using measurements performed for 0–10% central collisions
at
√

sNN = 200 GeV, 2.76 TeV, and 5.02 TeV.

3 Bayesian inference with inclusive jet RAA and jet substructure

Expanding beyond the hadron and jet RAA study, we wanted to quantify the information gain
from including jet substructure observables. For this analysis, the q̂ posterior is extracted
from only the inclusive jet RAA, and is compared to the posterior distribution obtained when
including the jet RAA, hadron-in-jet fragmentation D(z) [29–31], and groomed substructure
observables zg and Rg [32]. Since this is a proof-of-concept study, we include only published
and unfolded observables in the most central event activity class, which also included a mea-
sured pp baseline. For simplicity, correlation between some of the experimental uncertainties
were neglected.

The results from this study are shown in Fig 2. The 90% confidence interval of the pos-
terior distribution extracted from jet RAA is shown in blue, while the posterior including the
substructure observables is shown in orange. Both cases show significant constraints with
respect to the prior distribution. While full conclusions will require expanding to include
additional applicable measurements and centralities, the preliminary results show that in-
cluding the substructure observables constrains q̂ more strongly than only using the jet RAA.
This indicates that there is additional information regarding jet quenching contained in the
substructure measurements. Note that the hadron-in-jet fragmentation observables include
low-pT hadrons which introduced tension in the hadron and jet RAA measurement. However,
in this analysis, the extracted q̂ posterior distributions are fully consistent despite including a
subset of those hadrons. Future studies will further characterize and disentangle the impact
of hadron and jet observables on the extracted parameters.

4 Summary

We presented the results from two related Bayesian inference analyses utilizing inclusive
hadron and jet observables to constrain the jet transport coefficient q̂. The first analysis
shows that a consistent posterior distribution can be extracted for inclusive hadron and jet
RAA. Further investigation indicates that small experimental uncertainties for low-pT hadron
measurements dominate these calibrations. Some apparent tension between the most proba-
ble q̂ values preferred by low-pT hadrons and high-pT hadrons indicate missing uncertainties



in the theoretical model. This demonstrates the ability of these Bayesian techniques to pro-
vide feedback for models, as well the importance of including such uncertainties in future
analyses. A proof-of-concept study of the impact of including jet substructure observables
indicates that these can provide more stringent constraints on q̂, suggesting that these ob-
servables carry additional information about jet quenching. Future analyses will continue to
investigate further hadron and jet observables and additional jet quenching models, pinpoint-
ing regions of interest and providing feedback on model calculations.

Acknowledgments
This work was supported in part by the National Science Foundation (NSF) within the frame-
work of the JETSCAPE collaboration, under grant number OAC-2004571.

References
[1] J.E. Bernhard, J.S. Moreland, S.A. Bass, J. Liu, U. Heinz, Phys. Rev. C 94, 024907

(2016), 1605.03954
[2] J. Novak, K. Novak, S. Pratt, J. Vredevoogd, C. Coleman-Smith, R. Wolpert, Phys. Rev.

C 89, 034917 (2014), 1303.5769
[3] D. Everett et al. (JETSCAPE), Phys. Rev. C 103, 054904 (2021), 2011.01430
[4] S. Cao et al. (JETSCAPE), Phys. Rev. C 104, 024905 (2021), 2102.11337
[5] S. Cao, A. Majumder, Phys. Rev. C 101, 024903 (2020), 1712.10055
[6] S. Cao, T. Luo, G.Y. Qin, X.N. Wang, Phys. Lett. B 777, 255 (2018), 1703.00822
[7] S. Cao et al. (JETSCAPE), Phys. Rev. C 96, 024909 (2017), 1705.00050
[8] J.E. Bernhard, J.S. Moreland, S.A. Bass, Nature Phys. 15, 1113 (2019)
[9] A. Kumar et al. (JETSCAPE), Phys. Rev. C 107, 034911 (2023), 2204.01163

[10] R. Ehlers (JETSCAPE), Acta Phys. Polon. Supp. 16, 1 (2023), 2208.07950
[11] J. Towns et al., Comput. Sci. Eng. 16, 62 (2014)
[12] J. Adam et al. (ALICE), Phys. Rev. C 93, 034913 (2016), 1506.07287
[13] S. Acharya et al. (ALICE), Phys. Rev. C 98, 044901 (2018), 1803.05490
[14] S. Acharya et al. (ALICE), JHEP 11, 013 (2018), 1802.09145
[15] G. Aad et al. (ATLAS), JHEP 09, 050 (2015), 1504.04337
[16] S. Chatrchyan et al. (CMS), Eur. Phys. J. C 72, 1945 (2012), 1202.2554
[17] J. Adam et al. (ALICE), Phys. Lett. B 746, 1 (2015), 1502.01689
[18] G. Aad et al. (ATLAS), Phys. Rev. Lett. 114, 072302 (2015), 1411.2357
[19] V. Khachatryan et al. (CMS), Phys. Rev. C 96, 015202 (2017), 1609.05383
[20] S. Acharya et al. (ALICE), Phys. Rev. C 101, 044907 (2020), 1910.07678
[21] V. Khachatryan et al. (CMS), JHEP 04, 039 (2017), 1611.01664
[22] S. Acharya et al. (ALICE), Phys. Rev. C 101, 034911 (2020), 1909.09718
[23] M. Aaboud et al. (ATLAS), Phys. Lett. B 790, 108 (2019), 1805.05635
[24] A.M. Sirunyan et al. (CMS), JHEP 05, 284 (2021), 2102.13080
[25] A. Adare et al. (PHENIX), Phys. Rev. C 87, 034911 (2013), 1208.2254
[26] J. Adams et al. (STAR), Phys. Rev. Lett. 91, 172302 (2003), nucl-ex/0305015
[27] J. Adam et al. (STAR), Phys. Rev. C 102, 054913 (2020), 2006.00582
[28] K.M. Burke et al. (JET), Phys. Rev. C 90, 014909 (2014), 1312.5003
[29] M. Aaboud et al. (ATLAS), Eur. Phys. J. C 77, 379 (2017), 1702.00674
[30] S. Chatrchyan et al. (CMS), Phys. Rev. C 90, 024908 (2014), 1406.0932
[31] M. Aaboud et al. (ATLAS), Phys. Rev. C 98, 024908 (2018), 1805.05424
[32] S. Acharya et al. (ALICE), Phys. Rev. Lett. 128, 102001 (2022), 2107.12984


