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FIG. 3. (Color online) HT-BW results for the nuclear modifi-
cation factor at mid-rapidity for neutral pion spectra in 0−5%
central Au + Au collisions at

√
s = 200 GeV/n (upper panel) and

charged hadron spectra in 0–5% central Pb + Pb collisions at
√

s =
2.76 TeV/n (lower panel) with a range of values of initial quark jet
transport parameter q̂0 at τ0 = 0.6 fm/c in the center of the most
central collisions, as compared to PHENIX data [77,78] at RHIC and
ALICE [27] and CMS data [26] at LHC.

calculation of the hadron density at a given temperature T and
zero chemical potential. A full 3 + 1D ideal hydrodynamic
model [63,64] is used to provide the space-time evolution of
the local temperature and flow velocity in the bulk medium
along the jet propagation path in heavy-ion collisions. The
initial highest temperatures T0 in the center of the most
central heavy-ion collisions are set to reproduce the measured
charged hadron rapidity density. The initial spatial energy
density distribution follows that of a Glauber model with
Wood-Saxon nuclear distribution. At the initial time τ0 =
0.6 fm/c, T0 = 373 and 473 MeV for Au + Au collisions at
RHIC and Pb + Pb collisions at LHC, respectively.

With the above medium modified fragmentation functions
and temperature dependence of the jet transport coefficient,
one can calculate the nuclear modification factors and compare
to the experimental data as shown in Fig. 3. From χ2 fits to
experimental data at RHIC and LHC as shown in Fig. 4, one
can extract values of quark jet transport parameter q̂0 at the
center of the most central A + A collisions at a given initial

1 1.5 2 2.5 3 3.50

1

2

3

4

/d
.o

.f.
2 !

/fm2 GeV
0

q

PHENIX 08+12

CMS+ALICE

FIG. 4. (Color online) The χ 2/d.o.f. as function of the initial
quark jet transport parameter q̂0 from fitting to the PHENIX
data [77,78] (combined 2008 and 2012 data set) at RHIC for
pT > 5 GeV/c and combined ALICE [27] and CMS [26] data at
LHC for pT > 15 GeV/c by the HT-BW model calculation of the
nuclear suppression factor RAA(pT ) as shown in Fig. 3.

time τ0. Best fits to the combined PHENIX data on neutral
pion spectra [77,78] in 0–5% central Au + Au collisions at√

s = 0.2 TeV/n gives q̂0 = 1.20 ± 0.30 GeV2/fm (at τ0 =
0.6 fm/c). Similarly, a best fit to the combined ALICE [27]
and CMS [26] data on changed hadron spectra in 0–5% central
Pb + Pb collisions at

√
s = 2.76 TeV/n leads to q̂0 = 2.2 ±

0.5 GeV2/fm (at τ0 = 0.6 fm/c).
The charged hadron pseudorapidity density at midrapidity

dNch/dη = 1584 ± 4(stat.) ± 76(sys.) in the most central
0–5% Pb + Pb collisions at

√
s = 2.76 TeV/n as measured

by the ALICE experiment [85] is 2.3 ± 0.24 larger than
dNch/dη = 687 ± 37 for 0–5% Au + Au collisions at

√
s =

0.2 TeV/n [86]. Taking into account the difference in nuclear
sizes, the ratio of the transverse hadron density in central
Pb + Pb at LHC and Au + Au at RHIC is about 2.2 ± 0.23. If
one assumes that the jet transport coefficient is proportional to
the initial parton density or the transverse density of charged
hadron multiplicity in midrapidity, this should also be the ratio
of the initial jet transport parameters in these collisions at LHC
and RHIC, which is very close to the value of 1.83 ± 0.26 one
obtains from independent fits to the experimental data at RHIC
and LHC on hadron suppression factors.

IV. THE HIGHER-TWIST MAJUMDER (HT-M) MODEL

Similar to the HT-BW model, the HT-M approach [48,87]
is a straightforward evaluation of the first power correction
to the vacuum evolution of a fragmentation function. It,
however, goes beyond the single scattering and includes
multiple induced gluon emission through a set of effec-
tive modified QCD evolution equations. One calculates the
medium modified fragmentation function by evolving an input
fragmentation function using a vacuum plus medium modified
kernel. As such, the formalism explicitly imbibes the concept
of factorization [88]: the initial parton distribution functions
are factorized from the hard scattering cross section; these are
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hadron multiplicity in midrapidity, this should also be the ratio
of the initial jet transport parameters in these collisions at LHC
and RHIC, which is very close to the value of 1.83 ± 0.26 one
obtains from independent fits to the experimental data at RHIC
and LHC on hadron suppression factors.
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Similar to the HT-BW model, the HT-M approach [48,87]
is a straightforward evaluation of the first power correction
to the vacuum evolution of a fragmentation function. It,
however, goes beyond the single scattering and includes
multiple induced gluon emission through a set of effec-
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Motivation

# Jet energy-loss mechanisms not 
mutually exclusive, apply to di$erent 
E,Q scales!

# Develop self-consistent, modular 
framework to evolve jet through 
decreasing E,Q regimes within 
hydrodynamic medium!

# Apply Bayesian calibration methods, 
compare to non-central hadron R AA!

# Extract temperature-dependent q0
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cation factor at mid-rapidity for neutral pion spectra in 0−5%
central Au + Au collisions at

√
s = 200 GeV/n (upper panel) and

charged hadron spectra in 0–5% central Pb + Pb collisions at
√

s =
2.76 TeV/n (lower panel) with a range of values of initial quark jet
transport parameter q̂0 at τ0 = 0.6 fm/c in the center of the most
central collisions, as compared to PHENIX data [77,78] at RHIC and
ALICE [27] and CMS data [26] at LHC.

calculation of the hadron density at a given temperature T and
zero chemical potential. A full 3 + 1D ideal hydrodynamic
model [63,64] is used to provide the space-time evolution of
the local temperature and flow velocity in the bulk medium
along the jet propagation path in heavy-ion collisions. The
initial highest temperatures T0 in the center of the most
central heavy-ion collisions are set to reproduce the measured
charged hadron rapidity density. The initial spatial energy
density distribution follows that of a Glauber model with
Wood-Saxon nuclear distribution. At the initial time τ0 =
0.6 fm/c, T0 = 373 and 473 MeV for Au + Au collisions at
RHIC and Pb + Pb collisions at LHC, respectively.

With the above medium modified fragmentation functions
and temperature dependence of the jet transport coefficient,
one can calculate the nuclear modification factors and compare
to the experimental data as shown in Fig. 3. From χ2 fits to
experimental data at RHIC and LHC as shown in Fig. 4, one
can extract values of quark jet transport parameter q̂0 at the
center of the most central A + A collisions at a given initial
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FIG. 4. (Color online) The χ 2/d.o.f. as function of the initial
quark jet transport parameter q̂0 from fitting to the PHENIX
data [77,78] (combined 2008 and 2012 data set) at RHIC for
pT > 5 GeV/c and combined ALICE [27] and CMS [26] data at
LHC for pT > 15 GeV/c by the HT-BW model calculation of the
nuclear suppression factor RAA(pT ) as shown in Fig. 3.

time τ0. Best fits to the combined PHENIX data on neutral
pion spectra [77,78] in 0–5% central Au + Au collisions at√

s = 0.2 TeV/n gives q̂0 = 1.20 ± 0.30 GeV2/fm (at τ0 =
0.6 fm/c). Similarly, a best fit to the combined ALICE [27]
and CMS [26] data on changed hadron spectra in 0–5% central
Pb + Pb collisions at

√
s = 2.76 TeV/n leads to q̂0 = 2.2 ±

0.5 GeV2/fm (at τ0 = 0.6 fm/c).
The charged hadron pseudorapidity density at midrapidity

dNch/dη = 1584 ± 4(stat.) ± 76(sys.) in the most central
0–5% Pb + Pb collisions at

√
s = 2.76 TeV/n as measured

by the ALICE experiment [85] is 2.3 ± 0.24 larger than
dNch/dη = 687 ± 37 for 0–5% Au + Au collisions at

√
s =

0.2 TeV/n [86]. Taking into account the difference in nuclear
sizes, the ratio of the transverse hadron density in central
Pb + Pb at LHC and Au + Au at RHIC is about 2.2 ± 0.23. If
one assumes that the jet transport coefficient is proportional to
the initial parton density or the transverse density of charged
hadron multiplicity in midrapidity, this should also be the ratio
of the initial jet transport parameters in these collisions at LHC
and RHIC, which is very close to the value of 1.83 ± 0.26 one
obtains from independent fits to the experimental data at RHIC
and LHC on hadron suppression factors.

IV. THE HIGHER-TWIST MAJUMDER (HT-M) MODEL

Similar to the HT-BW model, the HT-M approach [48,87]
is a straightforward evaluation of the first power correction
to the vacuum evolution of a fragmentation function. It,
however, goes beyond the single scattering and includes
multiple induced gluon emission through a set of effec-
tive modified QCD evolution equations. One calculates the
medium modified fragmentation function by evolving an input
fragmentation function using a vacuum plus medium modified
kernel. As such, the formalism explicitly imbibes the concept
of factorization [88]: the initial parton distribution functions
are factorized from the hard scattering cross section; these are
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# JetScape developing mult-stage approach to determine q(T) from multiple data sets
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JETSCAPE Physics Package
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JETSCAPE Physics Package
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Posterior Distribution
• diagonals : probability distribution of each 

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

dependence between parameters 

Physics Package:
• MATTER + LBT
• VISHNU

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

Experimental Data
• RAA @ 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

BayesÕ 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

JETSCAPE Statistics Package
(figure adapted from Bass, Bernhard, Moreland 1704.0767)
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Parameterizing q

# Roadmap for Bayesian Extraction of q!

1. Select physics-inspired parameterization for q(E,T)!

2. Extract q-parameters for MATTER and LBT independently!

3. Check that results are sensible!

4. Introduce Q0 virtuality scale (switching parameter)!

5. Extract Q0 and q-parameters for combined MATTER+LBT

!5

q̂

T 3
= 42CR

⇣(3)

⇡

✓
4⇡

9

◆2
(
A
⇥
ln
�
E
⇤

�
� ln(B)

⇤
⇥
ln
�
E
⇤

�⇤2 +
C
⇥
ln

�
E
T

�
� ln(D)

⇤
⇥
ln

�
ET
⇤2

�⇤2

)

<latexit sha1_base64="F0JH3PfGT3UkHcbBtKDCQj3h15s="></latexit><latexit sha1_base64="F0JH3PfGT3UkHcbBtKDCQj3h15s="></latexit><latexit sha1_base64="F0JH3PfGT3UkHcbBtKDCQj3h15s="></latexit><latexit sha1_base64="F0JH3PfGT3UkHcbBtKDCQj3h15s="></latexit>

!"#$%#&'$()"*+,'$$"#(-.*
/($0*1%'+(23'#$(,4"+*5#67*
'*$0"#7'4*7"8(%7*9! :

!%#"*8"3"-8"-,"*6-*$0"*
+,'4"*65*;"$*/0"-*<*==*>

v

Set range 0 < A,C < 1

v

v

v

v



Ron Soltz, WSU/LLNL" " " "         "Hard Probes 2018

MATTER data calibration: prior
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MATTER data calibration: posterior

!7
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LBT data calibration: posterior

!8
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Independent q Extraction:  
MATTER and LBT

!9

LBT 
prefers C term

MATTER 
prefers A term

preliminary

A

B

C

D

A

B

C

D

A

B

C

D

v

! Independent q-extraction results for MATTER and LBT are self-consistent 
! Next: Introduce Q 0 virtuality scale and run with MATTER+LBT physics model

v
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MATTER + LBT data calibration: posterior
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Q0, q-extraction: MATTER+LBT

!11

Q0

• Larger constant Q0 
from LHC data 
calibration 

• Smaller constant Q0 
from RHIC data 
calibration 

• Combined RHIC+LHC 
data calibration for 
Q0 around 1.5 GeV 

• Motivate search for 
universal function 
Q0(E, T)

preliminary

v
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Parameterizing q (again)

!12
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For Q<Q0 (LBT-stage), only 2 nd term contributes

! (Q-Q0)
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MATTER + LBT data calibration (Q 0,q): posterior
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Parameter extraction comparison: 
MATTER+LBT

!14

Q0

Q0

Q0RHIC=1.13  Q0LHC=2.02  Q0BOTH=1.25 Q0RHIC=1.13  Q0LHC=2.56  Q0BOTH=2.09 

preliminary

! Alternate q-parametrization yields larger Q 0, larger LHC-RHIC di"erence  

v
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q(T,p) dependence:  
Independent MATTER and LBT

!15

preliminary

! Independent q-extraction for MATTER,LBT both consistent with JET results
v

v
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q(T,p) dependence:  
Combined MATTER+LBT

!16

preliminary

! Combined q-extraction for MATTER+LBT consistent with JET results
v

v
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Conclusions & Outlook

# Conclusions!

# First Bayesian extraction of temperature dependent q with multi-stage model 
(JETSCAPE) consistent with JET Collaboration!

# Bayesian extraction of Q0 virtuality scale (MATTER-LBT switching) is 1-2 GeV!

# Outlook!

# Additional Improvements to JETSCAPE Physics Package Imminent!

# Vast expansion of data calibration sets to include jet R AA, jet,hadron v2, di-jet 
asymmetry, hadron correlations!

# Release of Statistics Package (JETSCAPE 2.0) scheduled for Fall 2019

!17
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