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Comprehensive Framework Ingredients
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Framework ingredients
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JEWEL Results (Zapp,Krauss,Wiedemann:1312.5536)
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         Partial Framework
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Marquee Result and JETSCAPE Motivation
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Event Generator Ingredients
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Results and Comparisons 

JETSCAPE 1.0: PYTHIA/MATTER (pp19 tune) 
JETSCAPE 1.0: MATTER+LBT (PbPb MLQ02)
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pp Implementation and benchmarks to data/PYTHIA
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pp dĳet-mass
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MATTER+LBT jet/hadron RAA

Virtuality separation scale Q0=2GeV provides better match
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X𝛄J for Pb-Pb and p-p
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X𝛄J for Pb-Pb and p-p

15
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Bayesian Analyses 
JETSCAPE 1.0 and patchcode 

with statistics package

16

followed by discussion of 
experimental systematic errors
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Statistics Package (adapted from Bass, Bernhard, Moreland 1704.0767)

17

Posterior Distribution
• diagonals: probability distribution of each 

parameter, integrating out all others
• off-diagonals: pairwise distributions showing 

dependence between parameters 

Physics Package:
• TRENTO
• MATTER + LBT
• VISHNU/MUSIC

Model Parameters - System Properties
• energy loss scale 
• medium coupling constant 

Experimental Data
RHIC+LHC

Gaussian Process Emulator
• non-parametric interpolation
• fast surrogate to full Physics Model

MCMC
(Markov-Chain Monte-Carlo)

• random walk through parameter space 
weighted by posterior probability

Bayes’ Theorem
posterior∝likelihood × prior

• prior: initial knowledge of parameters
• likelihood: probability of observing exp. 

data, given  proposed parameters

after many steps, MCMC equilibrates to

calculate events on Latin hypercube
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TRENTO+VISHNU Bayesian Constraints with Soft Physics

18

STAR Au+Au 200 GeV ALICE 2.76 TEV

Bulk Viscosity Shear Viscosity

COL 3: J.F. Paquet

Soft observable constraints similar to (Bass, Bernhard, Moreland: 1704.07671)
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Constrain q(E,T) dependence with Hadron RAA   
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For Q<Q0 (LBT-stage), only 2nd term contributes

𝜣(Q-Q0)

Q0 parameter switches from MATTER to LBT 

0.2 GeV

^

q scale-dependence may impact RAA for high pT region 
Constrained Q0 posterior may validate multi-stage energy-loss

(patch-code)

^
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Bayesian Posteriors and Parameter Constraints

20
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MATTER+LBT preliminary q(E,T) for 5-parameter ansatz

21

Consistent with JET Collaboration result 
Final result pending improved treatment of experimental systematic errors

^
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Experimental Systematic Error Table Example

22

J
H
E
P
0
9
(
2
0
1
5
)
0
5
0

Systematic uncertainties [%]

Spectra RCP RAA Strongest

Source Pb+Pb pp variation

Luminosity 3 3

⟨TAA⟩ 1.5–13 centrality

⟨TAA⟩/⟨T 60−80%
AA ⟩ 3.8–12 centrality

Jet trigger efficiency 1 3 1 3 pT

Track selection 10 4 10 10 pT

Fake and secondary tracks 5 0.5 5 5 pT, centrality

Matching gen — rec 20 15 15 13 pT

Unfolding 8 2 4 2 pT

pT resolution 20 7 14 12 pT

Efficiency correction 5 1 4 4 pT, η

Detector material 2–6 2–6 η

Table 4. Maximum values of systematic uncertainties in percent for the charged-particle spectra
and the nuclear modification factors RCP and RAA. “Fake and secondary tracks” reflect only the
uncertainty at low pT; the high-pT part is included in “Matching gen — rec”.

The systematic uncertainty associated with possible mismodelling of the detector ma-

terial is 2% for |η| < 1 and reaches 6% in the highest |η| region [28].

In general, the uncertainties associated with individual sources do not exceed 10%.

The exceptions are the track momentum resolution, on the fake tracks at high pT and on

the calculation of TAA.

8 Results

The corrected charged-particle spectra measured in Pb+Pb collisions at
√
sNN = 2.76TeV

are shown in figure 10 for the pseudorapidity range |η| < 2 and for five centrality intervals:

0–5%, 10–20%, 30–40%, 50–60% and 60–80% in the pT range 0.5–150GeV. In figure 11,

charged-particle Pb+Pb spectra in the 0–5% centrality interval are shown for eight regions

of |η|. Both figures show the spectra divided by the ⟨TAA⟩ of the corresponding central-

ity interval compared with the charged-particle production cross sections measured in pp

collisions at
√
s = 2.76TeV.

The charged-hadron yields in peripheral Pb+Pb collisions, depicted by diamond mark-

ers in figure 10, show a pT dependence similar to that of pp collisions. Going from peripheral

to central collisions, the TAA-scaled Pb+Pb yields increasingly deviate from the pp spectra.

This deviation is largest for pT less than 1GeV and in the pT range 3–30GeV.

Figure 12 shows the nuclear modification factor RCP for four centrality classes (0–5%,

10–20%, 30–40%, 50–60%) with respect to the 60–80% class. The RCP as a function of pT
reaches a minimum of 0.22 ± 0.03(syst.) at pT ≈ 7GeV in the 0–5% centrality class. The
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Figure 4. Charged-particle RAA measured in the 0–10% (left) and 30–50% (right) centrality
ranges at

√
sNN = 5.02TeV compared to predictions of models from refs. [38–43]. The yellow band

represents the systematic uncertainty of the 5.02TeV CMS points.

As the collision energy increases, high pT charged-particle spectra flatten and extend

to larger values. If the average energy loss of a particle at a given pT is fixed, this flattening

would cause RAA to exhibit less suppression. The similar RAA values measured at 2.76 and

5.02TeV indicate that the effect of flattening spectra could be balanced by a larger average

energy loss in the higher-energy collisions at a fixed pT [2]. A similar argument could explain

the relatively close proximity of the 200GeV PHENIX and 5.02TeV CMS measurements

for particle pT >10GeV, despite the latter having 25 times the collision energy.

In order to better understand the relationship between the strong suppression seen in

RAA and potential cold nuclear matter effects, a previous R∗
pA measurement, using 35 nb−1

of pPb data at
√
sNN =5.02TeV and an interpolated pp reference [13], is recalculated

using the pp reference spectrum measured in this paper at
√
s =5.02TeV. In order to do

this, the corrections for the finite size of the pT bins applied to the published pPb data

are removed, as such a correction is not applied to the pp spectrum measured here. An

additional correction for the particle species composition in pPb collisions is calculated

and applied in a fashion similar the measured pp spectrum. The previously published

data [13] took this effect into account with a systematic uncertainty, but the correction

is applied here in order to benefit from potential cancellations arising from the use of

similar analysis procedures on both spectra. The systematic uncertainty due to the particle

composition effect was then updated in order to reflect the presence of this additional

correction. Figure 6 shows the comparison between the nuclear modification factors in

inclusive pPb and PbPb collisions at
√
sNN = 5.02TeV. At pT < 2GeV a rising trend is

seen in both systems, which in PbPb collisions is followed by a pronounced suppression

in the 2 < pT < 10GeV region, and a rising trend from around 10GeV to the highest

pT. In the pPb system, there is no suppression in the intermediate pT region, suggesting

that in PbPb collisions the suppression is a hot medium effect. Above pT > 10GeV in the

pPb system, a weak momentum dependence is seen leading to a moderate excess above

unity at high pT. This excess is less pronounced than the one seen in R∗
pA when using an

– 16 –

JHEP4(2017)039
fully 

correlated

}
Most contributions to experimental systematic errors are combined into a single pT dependence
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A Tale of Two Systematic Errors

23
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A Tale of Two Systematic Errors

24

+

=+

Sys. Error 1 
fully correlated 

=

Sys. Error 2 
fully correlated 

quadrature sum 
of errors

Uncorrelated !

Er
ro

r C
ov

ar
ia

nc
e 

σ ĳ
 =

 σ
i σ

j

ar
bi

tr
ar

y 
m

ea
su

re
m

en
t



Ron Soltz (WSU/LLNL)  Wuhan Quark Matter 2019 	         

A more realistic example

25

Properly treated systematic errors will admit a change of slope 
See PRC.77.064907 Type B Errors and others 

Experiments should provide pT dependence for all independent systematic errors 
and/or full covariance error matrix
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Summary
• Comprehensive MC Frameworks provide self-consistent description of Jet-

Quenching (and other soft/hard physics observables)


• Converging on unified description of: Jet, hadron, and heavy quark RAA, XγJ, v2, 
jet shapes and fragmentation


• More attention needed for peripheral collisions, pre-requisite for small systems


• Bayesian constraints provide validation for multi-stage approach to jet-quenching 
—> more results soon


• Experiments : please provide pT (abcissa) dependence for each systematic error 
component and/or full covariance error-matrix

26
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Thank you !

JEWEL  https://jewel.hepforge.org/ 


JETSCAPE http://jetscape.org 


TRENTO http://qcd.phy.duke.edu/trento 


SMASH https://smash-transport.github.io/ 


MUSIC http://www.physics.mcgill.ca/music/ 


IEBE-VISHNU https://u.osu.edu/vishnu

27

https://jewel.hepforge.org/
http://jetscape.org
http://qcd.phy.duke.edu/trento/index.html
https://smash-transport.github.io/
http://www.physics.mcgill.ca/music/


BACKUP



Ron Soltz (WSU/LLNL)  Wuhan Quark Matter 2019 	         

JETSCAPE 2.0 and pp19 parameter settings

29

JETSCAPE 2.0
Long-Gang Pang for the JETSCAPE collaboration

Central China Normal University

The Jet Energy-loss Tomography with a Statistically and
Computationally Advanced Program Envelope (JETSCAPE)

Multi-stage jet energy loss

Physics in the JETSCAPE envelope

Initial condition Jet Eloss

Pre-equilibrium

Hydro stage 1: ÒT µ‹ = 0

Hydro stage 2: ÒT µ‹ = J‹

Hadronic cascade Output

Modules in the envelope
• Trento for initial condition
• Free Streaming for pre-equilibrium
• MUSIC (2+1, 3+1), brick, Gubser, Bjorken
• Pythia8, parton gun
• Matter, Martini, LBT, AdS/CFT
• Cooper Frye, Pythia8 string fragmentation, quark coalescence
• Hadronic cascade using SMASH
• Custom and HepMC format output

New features in JETSCAPE 2.0
• TRENTO initial condition from (2+1)D to (3+1)D.
• Liquifier module to create causal jet source terms for jet energy deposition and medium evolution.
• Handling photons generated in hard scattering and in energy-loss modules.
• Handling heavy-quarks in energy-loss modules.
• Hybrid hadronization of partons.
• Docker portable installation and CLVisc (In private repository)

Next: GPU parallel for hydro

Global Memory

Shared  
Memory

CU0

CU1

CU3

CU4

CU5

CU6

CU2

: processing element

GPU Architecture

CU  :  computing unit

       Private memory: fast 
      Shared memory: slower  
      Global memory: 100 times 
slower than shared memory 

Memory access latency

CLVisc (OpenCL) and GPU-VH (Cuda) to speed up (3+1)D viscous hydrodynamics for QGP.

References

[1] The JETSCAPE framework manual: https://arxiv.org/abs/1903.07706
[2] The JETSCAPE collaboration homepage: http://JETSCAPE.org/
[3] Github repository for open sourced software: https://github.com/JETSCAPE/JETSCAPE

3

FIG. 1: The modules called in JETSCAPE 1.0 for this p+ p
calculation, using MATTER as the final state parton shower
generator. Arrows represent the workflow. If no critera are
specified all output from the previous step is used as input for
the next module. Either of the two string formation modules
can be run in the work flow. We perform calculations using
both modules to estimate uncertainties in hadronization.

quark-gluon plasma whose evolution is described by MU-
SIC can be handled by MARTINI [15] or LBT [16, 17]
which are based on perturbative QCD, or by HyBRID
[18, 19] which is based on a strong coupling approach.
Two hadronization mechanisms, Colored Hadronization
and Colorless Hadronization, are used to form string sys-
tems from parton showers. In both cases the strings are
subsequently handed o↵ to PYTHIA 8 for string frag-
mentation into hadrons. Decays of resonances are also
handled by PYTHIA 8, subject to user settings. The soft
and hard sectors evolve in space-time and can have mu-
tual interactions in the extended fireball formed in A+A
collisions. In each simulated event MATTER, MARTINI,
LBT and HyBRID are provided the local temperature
and collective local flow velocity from fluid dynamics. It
is the task of the JETSCAPE framework to call each code
at the correct instance, using criteria established by the
user. At a given time and position, conditions like parton
virtuality, parton energy in the local medium rest frame,
or local temperature are used to decide the next step in
parton evolution. We refer the reader to the JETSCAPE
manual for more information [5].

JETSCAPE PP19

Setting Value

PYTHIA Hard Processes

PYTHIA version default 8.230

Initial state radiation ON

Multi parton interactions (MPI) ON

Final state radiation OFF

Hard QCD processes ON

Electroweak processes OFF

Hadronization OFF

Parton distribution function
NNPDF2.3 LO

↵s = 0.13

PYTHIA to MATTER

Parton status code 62

Transverse momentum cut for
initial partons

pT > 2 GeV/c

MATTER

Initial shower parton virtuality Qini 0.5pT

Medium induced energy loss q̂ 0

Final shower parton virtuality Q0 1 GeV

Hadronization

Hadron decay cuto↵ c⌧ 1 cm

Others

QCD scale ⇤QCD 0.2 GeV

TABLE I: Settings in JETSCAPE PP19. From the top:
settings for PYTHIA as a hard process generator; conditions
for partons from PYTHIA to advance to MATTER; settings
in MATTER; hadronization and resonance decays; general
settings.

B. p+ p work flow

In p+ p collisions the soft sector of JETSCAPE is in-
active. We do not focus on very high multiplicity events
in which collective e↵ects for soft particles might occur
[20, 21]. However, soft processes do occur in p + p and
create an underlying event (UE) of soft partons. For
the PP19 tune we use PYTHIA 8.230 in JETSCAPE to
generate the primary hard processes, together with the
underlying event. The latter is modelled in PYTHIA 8
by including multi-parton interactions (MPIs) and ini-
tial state radiation (ISR). After the hard process and the
underlying event are generated, but before the genera-
tion of any final state radiation (FSR), all objects in the
PYTHIA event record are extracted. Gluons and light
quarks (up, down, strange) with transverse momentum
pT > 2 GeV/c are retained while all other objects are
discarded. The remaining partons will be referred to as
hard partons from here on.
These cuts are implemented for two reasons. The mo-

mentum cut omits partons for which MATTER does not
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•We have been treating systematic errors in HEPdata this way
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FIG. 3: Validation of the Gaussian process emulator predic-
tions.

Because the posterior f(✓ | YE) is di�cult to sample568

from directly, we employ a popular Markov Chain Monte569

Carlo algorithm, Metropolis-Hastings, to draw samples570

from f(✓ | YE). For more information on the Bayesian571

framework, or the Metropolis Hastings algorithm, see572

Bayesian Data Analysis by Gelman et al. [83].573

Emulators have been introduced because the computa-574

tion time of the computer model prevents direct inference575

on the input values for the 100,000 posterior draws de-576

sired. Rather than calculate m(✓) for a proposed ✓ in577

every step of the Metropolis-Hastings algorithm, we pre-578

dict the value with our validated emulators while taking579

uncertainty of the GPE into account.580

Recall that we train R independent GPEs on the first
R columns of Z = YV. Let m⇤

r(✓) be the GPE interpo-
lation for given inputs ✓. Then m

⇤
r(✓) has Normal dis-

tribution with mean µ
⇤
r(✓) and variance �

⇤
r
2(✓), where

the predictive mean function µ
⇤
r(·) and variance func-

tion �
⇤
r
2(·) are given by the conditional Normal the-

ory detailed in Sec. III B 1. Note that each predictive
mean and variance µ

⇤
r(✓) and �

⇤
k
2(✓) is implicitly condi-

tioned on column r of Z (i.e. transformed design out-
put) and design input. Because the GPEs are indepen-
dent, we can easily write down the joint distribution of
m

⇤(✓) = [m⇤
1(✓), . . . ,m

⇤
R(✓)]

0:

m
⇤(✓) ⇠ N(µ⇤(✓), ⌃⇤(✓))

µ
⇤(✓) = [µ⇤

1(✓), . . . , µ
⇤
R(✓)]

0

⌃⇤(✓) = diag

✓h
�
⇤
1
2(✓), . . . ,�⇤

R
2(✓)

i0◆

Because we emulate in PCA space, we must rotate our
predictive interpolations back into the PCA space, i.e.
multiply m(✓) by V

0
R. However, even though we capture

over 99% of the variance with our choice of R, we have
found calibration to be more stable if we add back the
extra variation lost when transforming back to the phys-

FIG. 4: (Color online) Posterior distribution of the 4-D space
for q̂ when Matter and Lbt are applied separately.

ical space. From the SVD decomposition Y = USV0, we
see that Y0Y = VS2V0

. Additionally, if we let Vb denote
the matrix comprised of the columns of V from R + 1
onward (and similarly to S) then we can decompose the
VS2V0 into the sum

VS2V0 = VRS
2
RVR

0 +VbS
2
bVb

0
.

Noting that the sample covariance matrix is 1
nY

0Y, we581

denote ⌃extra = 1
nVbS2

bVb
0 the covariance matrix of ex-582

tra variation lost when transforming back and forth from583

the PCA space.584

The final piece is our experimental covariance matrix,585

⌃E , which is block-diagonal with one block for each sys-586

tem/centrality combination. Let block k be ⌃E
k , and let587

{�corr
k } and {�uncorr

k } be the vector of “correlated” and588

“uncorrelated” errors, respectively, associated with the589

(pT, RAA) values for block k. Then590

⌃E
k = ⌃uncorr

k + ⌃corr
k

⌃uncorr
k = �

uncorr
k,i �

uncorr
k,j �ij

⌃corr
k = �

corr
k,i �

corr
k,j exp


�
✓
pk,i � pk,j

`k

◆↵�
(14)

Here pk,i is the ith pT value in block k, and �ij = 1591

if i = j and 0 otherwise. Thus, ⌃uncorr
k is a diagonal592

matrix, representing the combined, uncorrelated statis-593

tical and systematic experimental errors. ⌃corr
k is con-594

structed from the correlated experimental errors using a595

power exponential covariance function. We set the expo-596

nent ↵ = 1.9, similar to the popular choice ↵ = 2 but597

more computationally stable [80]. The pk,i transverse598

momentum values and correlation length `k in Eq. (14)599

are linearly rescaled so that all values lie within [0,1].600

We set the correlation length according to the dominant601

contributions to the correlated systematic errors for each602

experiment. For both PHENIX, [4] and CMS [5, 7] there603

l=0.2 
almost


independent

l=10 
almost


fully-correlated

Old Treatment of Systematic Errors
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Improved Treatment of Systematic Errors

•Posterior and Parameters with improved errors 

A         B          C         D         Q0

A         B          C
         D
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JEWEL Model Errors
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Figure 18. Uncertainties due to varying the formation time (yellow band) and the pdf (blue band)
on the inclusive jet spectrum (LHS) and the fragmentation function (RHS) in central Pb+Pb
collisions. The statistical uncertainty on the default set-up is shown as error bars in the upper
panel and as the red band in the ratio plots.
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Figure 19. Uncertainties due to varying the formation time (yellow band) and the pdf (blue band)
on the di-jet asymmetry (LHS) and the azimuthal decorrelation (RHS) in central Pb+Pb collisions.
The statistical uncertainty on the default set-up is shown as error bars in the upper panel and as
the red band in the ratio plots.

infrared regulator and to a lesser degree the formation time.
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Results: p-p jet cross-section
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Results: p-p jet mass (STAR)
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FIG. 23: Dijet mass cross section d2�/dMd⌘1d⌘2 at 200 GeV for R = 0.6 jets with ⌘ < 0.8. The left panel shows results from
PYTHIA 8 and JETSCAPE with both colored and colorless hadronization together with data from STAR [42]. The right panel
shows results for parton jets created with PYTHIA 8 and JETSCAPE. Bottom panels give the ratio of all results and data to
PYTHIA 8.

the underlying event and a careful simultaneous tuning
of JETSCAPE and PYTHIA 8 parameters in connection
with a rigorous statistical analysis of data.
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JetScape parton shower graph
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Collaboration

  JETSCAPE talks at Quark Matter 2019 

 Hydrodynamic response to jets with a source based on causal diffusion by Y. Tachibana (Tues) 

 Multi-stage evolution of heavy quarks in the Quark Gluon plasma by G. Vujanovic (Tues) 

 Multi-system bayesian constraints on the transport coefficients of QCD by J. -F. Paquet (Tues)


 A comprehensive MC framework for jet quenching by Ron Soltz (this talk) 

 JETSCAPE 2.0: Towards a complete event generator for heavy ion collisions by L. -G. Pang (Poster) 

 First results from hybrid hadronization in small and large systems by R. Fries (Poster) 

 Photons associated with jets in p-p and A-A collisions by C. Sirimana (Poster)
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