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The quenching of light and heavy flavor hadrons in relativistic heavy-ion collisions probes the

color and flavor dependences of parton energy loss through a color-deconfined quark-gluon plasma

(QGP), and thus reveals the properties of QCD matter at extremely high density and temperature.

By combining a next-to-leading order perturbative QCD calculation of parton production, a general

ansatz of parton energy loss functions and parton fragmentation functions, we calculate the nuclear

modification of various hadron species – charged hadrons, D mesons and B-decayed J/ – over a

wide transverse momentum regime. Comparing our calculations to the experimental data using

the Bayesian statistical analysis, we perform a first simultaneous extraction of the energy loss

functions of gluons (g), light quarks (q), charm quarks (c) and bottom quarks (b) inside the QGP.

We find that the average parton energy loss at high energies follows the expected hierarchy of

h�E

g

i > h�E

q

i ⇠ h�E

c

i > h�E

b

i, while the parton energy loss distribution can further test

the QCD calculations of parton interaction with the dense nuclear matter. We also find that the

reduction of experimental uncertainties can significantly improve the precision of the extracted

parton energy loss functions inside the QGP.
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Parton-medium interaction

Hard	parton

Hard	parton𝝎, 𝒌)

𝝎, 𝒍)

Elastic	(collisional)	process Inelastic	(radiative)	process
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The color charge 

•  Determination of Casimir factors in 4-jet 
events in e+e- annihilations 

The three classes of events 
can be separated using 

Opening angle lowest 
energy jets 
Spin orientation qq vs 
gg state 

QCD SU(3) Gauge Theory: 
CA/CF = 9/4, NC/NA = 3/8. 
 
Casimir factors CF, CA, TF 
are respectively a measure 
the coupling strengths of 
gluon radiation from 
quarks, of the triple-gluon 
vertex and of gluon splitting 
into a qqbar pair. 

DELPHI Collaboration, Z.Phys.C59:357-368,1993  

9/22/16 Lijuan Ruan, HP2016, Wuhan 3 

The color charge 

•  Determination of Casimir factors in 4-jet 
events in e+e- annihilations 

The three classes of events 
can be separated using 

Opening angle lowest 
energy jets 
Spin orientation qq vs 
gg state 

QCD SU(3) Gauge Theory: 
CA/CF = 9/4, NC/NA = 3/8. 
 
Casimir factors CF, CA, TF 
are respectively a measure 
the coupling strengths of 
gluon radiation from 
quarks, of the triple-gluon 
vertex and of gluon splitting 
into a qqbar pair. 

DELPHI Collaboration, Z.Phys.C59:357-368,1993  

PerturbativeQCD calculation gives:

• Radiative energy loss:
𝜟𝑬𝒓𝒂𝒅 		~		𝜶𝒔𝑪𝑹𝒒6𝑳𝜷, (𝑪𝒒 = 𝑪𝑭,	𝑪𝒈 = 𝑪𝑨)

• 𝚫𝑬𝒓𝒂𝒅
𝒈 𝚫𝑬𝒓𝒂𝒅

𝒒= 	~ 	𝑪𝑨 𝑪𝑭⁄ .

Dominated at high 𝒑𝑻
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Flavor	hierarchy	of	high-𝒑𝑻 hadron 𝑹𝑨𝑨

• Constrain the flavor hierarchy of parton energy loss.

4



Theoretical	framework	for	high-𝒑𝑻 hadron	production

pp:

AA:

• ∆𝒑𝑻
𝒋 is	the	averaged	parton energy	loss	for	hard	parton j.

• 𝑾𝑨𝑨 𝒙 is	the	parton energy	loss	distribution	with	𝒙 = ∆𝒑𝑻
𝒋 ∆𝒑𝑻

𝒋= .

WJX,	Cao,	Qin,	Xing,	PLB	2020
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Different	works	to	extract	 ∆𝒑𝑻 and	𝑾𝑨𝑨 𝒙

• Taking	𝑾𝑨𝑨 𝒙 from	BDMPS	medium-induced	gluon	spectrum,	the	 ∆𝒑𝑻 is	extracted	
from	𝑹𝑨𝑨 data	of	hadrons	(𝒉±,	𝑫,	𝑱 𝝍⁄ ).
− F.	Arleo,	PRL	2017.

• Using	a	general	ansatz of	the	jet	𝑾𝑨𝑨 𝒙 ,	the	flavor-averaged	jet	𝑾𝑨𝑨 𝒙 and	 ∆𝑷𝑻 is	
extracted	from	𝑹𝑨𝑨 data	of	single	inclusive	and	𝜸-triggered	jets.
− He,	Pang	and	Wang,	PRL	2019.

• Parton	𝑾𝑨𝑨 𝒙 and ∆𝒑𝑻 of	both	gluons	and	charm	quarks	is	extracted	from	𝑹𝑨𝑨 data	of	
𝑱 𝝍⁄ .
− Zhang,	Liao,	Qin,	Xing,	Science	Bulletin	2023

• A	simultaneous	data-driven	analysis	on	 ∆𝒑𝑻 of	all	parton species	(𝒈,	𝒒,	𝒄,	𝒃)	
is	still	absent. 6



• The	 𝑵𝒄𝒐𝒍𝒍 -rescaled	cross	section	of	hadron	production	in	AA	collision	:

• The parametric𝒑𝑻-dependence of ∆𝒑𝑻 for gluons (𝒈), light quarks (𝒒), charm quarks (𝒄)
and bottom quarks (𝒃) is :

Notice	that	𝑪𝒈 = 𝟏 and	𝑪𝒒,	𝑪𝒄,	𝑪𝒃 represents	the	 ∆𝒑𝑻 ratio	relative	to	gluon’s.

• The	parton energy	loss	distribution	is:

• 𝜽 = 𝜷𝒈,𝑪𝒒, 𝑪𝒄, 𝑪𝒃, 𝜸, 𝜶 is	to	be	calibrated	in	Bayesian	analysis.

Parametric	form	of	 ∆𝒑𝑻 and	𝑾𝑨𝑨 in	QGP
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Bayesian	analysis

Bayes’ theorem

3

the above 6 parameters and obtain the energy loss func-
tions of di↵erent parton species. Note that in order to ex-
clude the e↵ects of non-perturbative interactions of par-
tons with the QGP at low p

T

[73–75], and the coalescence
process during their hadronization [76, 77] at low to in-
termediate p

T

, we restrict our current study to the high
p

T

(> 10 GeV) regime where the perturbative calcula-
tion is reliable. Instead of directly using the B meson
R

AA

to constrain the energy loss function of b quarks,
we decay B mesons to J/ through Pythia [78], given
that the experimental uncertainties of the latter is much
smaller than the former [68, 79].

III. CALIBRATION WITH BAYESIAN
ANALYSIS

The Bayesian inference method has been successfully
employed in both soft and hard sectors of heavy-ion
physics, such as the extractions of initial condition, bulk
transport coe�cients and the equation of state of the
QGP medium [80–86], jet transport coe�cient q̂ [49],
heavy quark di↵usion coe�cient D

s

[87], and the energy
loss distribution of hard partons and jets [60, 61]. It has
also been utilized to constrain the fluctuating structure of
protons with experimental data on coherent and inherent
di↵ractive J/ production in electron-proton collisions at
HERA [88]. In this work, we implement the Bayesian in-
ference method to simultaneously constrain the energy
loss functions of di↵erent partons (g, q, c and b) through
the QGP medium.

Our model calibration on the parameter set, denoted
by ✓, is based on the following Bayes’ theorem,

P (✓|data) / P (✓)P (data|✓) , (5)

where P (✓|data) on the left represents the posterior dis-
tribution of the parameter set given the knowledge of the
experimental data, P (✓) on the right represents the prior
distribution of ✓ without any knowledge of data, and
P (data|✓) measures the likelihood of a given set of ✓ by
comparing its model output with the data. In the present
study, ✓ = (�

g

, C

q

, C

c

, C

b

, �,↵) is a 6-dimensional vec-
tor, and the likelihood function is assumed to follow the
Gaussian form as

P (data|✓) =
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i ]2
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(2�
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, (6)

where y

i

(✓) is the model output at a given data point
i, and y

exp

i

and �

i

are respectively the mean value and
the error of the experimental observation at the point
i. The statistic error and the systematic error of the
experimental data are combined in our analysis.

Using Eqs. (5) and (6), we perform a Markov-Chain
Monte-Carlo (MCMC) random walk [89] in the parame-
ter space according to the Metropolis-Hasting algorithm.
Each step of this random walk updates the parameter
set based on its current location in the parameter space.

FIG. 1: (Color online) Closure test: posterior distributions
of model parameters (diagonal panels) and their correlations
(o↵-diagonal panels) extracted from pseudo-experimental
data on the R

AA

’s of charged hadrons, D mesons and B-
decayed J/ , with black vertical lines denoting the input
(“ground truth”) values of ✓

0

= (2.35, 0.55, 0.5, 0.2, 0.15, 7)
used to generate the pseudo-data. The lower triangle (blue)
is obtained using the original error bars of the experimental
data [14, 67, 68] while the upper triangle (red) is obtained
using halved error bars.

We start from a random location and execute 107 steps
for the Markov-Chain to reach equilibrium, after which
the locations given by further steps can constituent equi-
librium distributions of the model parameters, which are
the posterior distributions we seek in this work. We gen-
erate another 107 steps after reaching equilibrium, from
which we draw these posterior distributions. To exclude
correlation between adjacent steps, we draw one sample
of ✓ from every 10 steps, and use 106 samples in the end
to produce the probability distribution of the parameter
space.
A uniform prior distribution P (✓) is assumed in the re-

gions of �
g

2 (0, 10), C
q

2 (0, 1), C
c

2 (0, 1), C
b

2 (0, 1),
� 2 (�0.15, 0.5) and ↵ 2 (0, 15), which are su�ciently
wide for our model output to cover all the experimen-
tal data. In order to accelerate the calibration speed, a
Gaussian Process (GP) emulator [90, 91] is applied for
the model-to-data comparison when we scan through the
6-dimensional parameter space. This emulator is trained
with our model results on 600 design points uniformly
distributed in the prior range of ✓ above, and then used
as a fast surrogate of the real perturbative calculation
during the Bayesian analysis on the hadron R

AA

.
To validate our setup of the GP emulator and the

Bayesian analysis framework, we first conduct a closure

• Prior:  uniform in the region of 

• Likelihood: Gaussian form
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The quenching of light and heavy flavor hadrons in relativistic heavy-ion collisions probes the

color and flavor dependences of parton energy loss through a color-deconfined quark-gluon plasma

(QGP), and thus reveals the properties of QCD matter at extremely high density and temperature.

By combining a next-to-leading order perturbative QCD calculation of parton production, a general

ansatz of parton energy loss functions and parton fragmentation functions, we calculate the nuclear

modification of various hadron species – charged hadrons, D mesons and B-decayed J/ – over a

wide transverse momentum regime. Comparing our calculations to the experimental data using

the Bayesian statistical analysis, we perform a first simultaneous extraction of the energy loss

functions of gluons (g), light quarks (q), charm quarks (c) and bottom quarks (b) inside the QGP.

We find that the average parton energy loss at high energies follows the expected hierarchy of

h�Egi > h�Eqi ⇠ h�Eci > h�Ebi, while the parton energy loss distribution can further test

the QCD calculations of parton interaction with the dense nuclear matter. We also find that the

reduction of experimental uncertainties can significantly improve the precision of the extracted

parton energy loss functions inside the QGP.
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III. CALIBRATION WITH BAYESIAN
ANALYSIS

The Bayesian inference method has been successfully
employed in both soft and hard sectors of heavy-ion
physics, such as the extractions of initial condition, bulk
transport coe�cients and the equation of state of the
QGP medium [79–85], jet transport coe�cient q̂ [48],
heavy quark di↵usion coe�cient D

s

[86], and the energy
loss distribution of hard partons and jets [59, 60]. It has
also been utilized to constrain the fluctuating structure of
protons with experimental data on coherent and inherent
di↵ractive J/ production in electron-proton collisions at
HERA [87]. In this work, we implement the Bayesian in-
ference method to simultaneously constrain the energy
loss functions of di↵erent partons (g, q, c and b) through
the QGP medium.

Our model calibration on the parameter set, denoted
by ✓, is based on the following Bayes’ theorem,

P (✓|data) / P (✓)P (data|✓) , (5)

where P (✓|data) on the left represents the posterior dis-
tribution of the parameter set given the knowledge of the
experimental data, P (✓) on the right represents the prior
distribution of ✓ without any knowledge of data, and
P (data|✓) measures the likelihood of a given set of ✓ by
comparing its model output with the data. In the present
study, ✓ = (�

g

, C

q

, C

c

, C

b

, �,↵) is a 6-dimensional vec-
tor, and the likelihood function is assumed to follow the
Gaussian form as
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Y

i
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(2�
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where y

i

(✓) is the model output at a given data point
i, and y

exp

i

and �

i

are respectively the mean value and
the error of the experimental observation at the point
i. The statistic error and the systematic error of the
experimental data are combined in our analysis.

Using Eqs. (5) and (6), we perform a Markov-Chain
Monte-Carlo (MCMC) random walk [88] in the parame-
ter space according to the Metropolis-Hasting algorithm.
We start from a random location and execute 107 steps
of these random walks for the chain to reach equilibrium.
Then we generate another 107 steps from which we draw
the posterior distribution of our model parameters. To
exclude correlation between adjacent steps, we draw one
sample of ✓ from every 10 steps, and use 106 samples
in the end to produce the probability distribution of the
parameter space.

A uniform prior distribution P (✓) is assumed in the re-
gions of �

g

2 (0, 10), C
q

2 (0, 1), C
c

2 (0, 1), C
b

2 (0, 1),
� 2 (�0.15, 0.5) and ↵ 2 (0, 15), which are su�ciently
wide for our model output to cover all the experimen-
tal data. In order to accelerate the calibration speed, a
Gaussian Process (GP) emulator [89, 90] is applied for
the model-to-data comparison when we scan through the
6-dimensional parameter space. This emulator is trained

FIG. 1: (Color online) Closure test: posterior distributions
of model parameters (diagonal panels) and their correlations
(o↵-diagonal panels) extracted from pseudo-experimental
data on the R

AA

’s of charged hadrons, D mesons and B-
decayed J/ , with black vertical lines denoting the input
(“ground truth”) values of ✓

0

= (2.35, 0.55, 0.5, 0.2, 0.15, 7)
used to generate the pseudo-data. The lower triangle (blue)
is obtained using the original error bars of the experimental
data [14, 66, 67] while the upper triangle (red) is obtained
using halved error bars.

with our model results on 600 design points uniformly
distributed in the prior range of ✓ above, and then used
as a fast surrogate of the real perturbative calculation
during the Bayesian analysis on the hadron R

AA

.

To validate our setup of the GP emulator and the
Bayesian analysis framework, we first conduct a closure
test in Fig. 1 based on a set of pseudo-experimental data
generated by the model calculation. We start with a par-
ticular design point – ✓

0

= (2.35, 0.55, 0.5, 0.2, 0.15, 7) –
as indicated by the black vertical lines in the figure, and
use it to calculate the R

AA

of charged hadrons, D mesons
and B-decayed J/ with the perturbative method de-
veloped in Sec. II. These model results are used to re-
place the mean values of the experimental data in 0-10%
Pb+Pb collision at

p
s

NN

= 5.02 TeV [14, 66, 67], while
the error bars of these data points are taken from the
original CMS measurements. Using these pseudo-data,
we then examine whether the posterior distribution of
✓ extracted from the Bayesian analysis agrees with the
“ground-truth” value ✓

0

that we implant. The posterior
distributions of the 6 model parameters are presented in
Fig. 1, with diagonal panels showing the probability dis-
tributions of individual parameters and o↵-diagonal ones
showing the correlations between di↵erent pairs of pa-
rameters. The lower triangle (blue) is obtained by using
the original error bars of the CMS data in the Bayesian
analysis, while the upper triangle (red) is obtained by
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Bayesian	analysis
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Each step of this random walk updates the parameter
set based on its current location in the parameter space.

FIG. 1: (Color online) Closure test: posterior distributions
of model parameters (diagonal panels) and their correlations
(o↵-diagonal panels) extracted from pseudo-experimental
data on the R

AA

’s of charged hadrons, D mesons and B-
decayed J/ , with black vertical lines denoting the input
(“ground truth”) values of ✓

0

= (2.35, 0.55, 0.5, 0.2, 0.15, 7)
used to generate the pseudo-data. The lower triangle (blue)
is obtained using the original error bars of the experimental
data [14, 67, 68] while the upper triangle (red) is obtained
using halved error bars.

We start from a random location and execute 107 steps
for the Markov-Chain to reach equilibrium, after which
the locations given by further steps can constituent equi-
librium distributions of the model parameters, which are
the posterior distributions we seek in this work. We gen-
erate another 107 steps after reaching equilibrium, from
which we draw these posterior distributions. To exclude
correlation between adjacent steps, we draw one sample
of ✓ from every 10 steps, and use 106 samples in the end
to produce the probability distribution of the parameter
space.
A uniform prior distribution P (✓) is assumed in the re-

gions of �
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q
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2 (0, 1),
� 2 (�0.15, 0.5) and ↵ 2 (0, 15), which are su�ciently
wide for our model output to cover all the experimen-
tal data. In order to accelerate the calibration speed, a
Gaussian Process (GP) emulator [90, 91] is applied for
the model-to-data comparison when we scan through the
6-dimensional parameter space. This emulator is trained
with our model results on 600 design points uniformly
distributed in the prior range of ✓ above, and then used
as a fast surrogate of the real perturbative calculation
during the Bayesian analysis on the hadron R

AA

.
To validate our setup of the GP emulator and the

Bayesian analysis framework, we first conduct a closure
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color and flavor dependences of parton energy loss through a color-deconfined quark-gluon plasma

(QGP), and thus reveals the properties of QCD matter at extremely high density and temperature.

By combining a next-to-leading order perturbative QCD calculation of parton production, a general

ansatz of parton energy loss functions and parton fragmentation functions, we calculate the nuclear

modification of various hadron species – charged hadrons, D mesons and B-decayed J/ – over a

wide transverse momentum regime. Comparing our calculations to the experimental data using

the Bayesian statistical analysis, we perform a first simultaneous extraction of the energy loss

functions of gluons (g), light quarks (q), charm quarks (c) and bottom quarks (b) inside the QGP.

We find that the average parton energy loss at high energies follows the expected hierarchy of

h�Egi > h�Eqi ⇠ h�Eci > h�Ebi, while the parton energy loss distribution can further test

the QCD calculations of parton interaction with the dense nuclear matter. We also find that the

reduction of experimental uncertainties can significantly improve the precision of the extracted

parton energy loss functions inside the QGP.
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III. CALIBRATION WITH BAYESIAN
ANALYSIS

The Bayesian inference method has been successfully
employed in both soft and hard sectors of heavy-ion
physics, such as the extractions of initial condition, bulk
transport coe�cients and the equation of state of the
QGP medium [79–85], jet transport coe�cient q̂ [48],
heavy quark di↵usion coe�cient D

s

[86], and the energy
loss distribution of hard partons and jets [59, 60]. It has
also been utilized to constrain the fluctuating structure of
protons with experimental data on coherent and inherent
di↵ractive J/ production in electron-proton collisions at
HERA [87]. In this work, we implement the Bayesian in-
ference method to simultaneously constrain the energy
loss functions of di↵erent partons (g, q, c and b) through
the QGP medium.

Our model calibration on the parameter set, denoted
by ✓, is based on the following Bayes’ theorem,

P (✓|data) / P (✓)P (data|✓) , (5)

where P (✓|data) on the left represents the posterior dis-
tribution of the parameter set given the knowledge of the
experimental data, P (✓) on the right represents the prior
distribution of ✓ without any knowledge of data, and
P (data|✓) measures the likelihood of a given set of ✓ by
comparing its model output with the data. In the present
study, ✓ = (�

g

, C

q

, C

c

, C

b

, �,↵) is a 6-dimensional vec-
tor, and the likelihood function is assumed to follow the
Gaussian form as
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where y

i

(✓) is the model output at a given data point
i, and y

exp

i

and �

i

are respectively the mean value and
the error of the experimental observation at the point
i. The statistic error and the systematic error of the
experimental data are combined in our analysis.

Using Eqs. (5) and (6), we perform a Markov-Chain
Monte-Carlo (MCMC) random walk [88] in the parame-
ter space according to the Metropolis-Hasting algorithm.
We start from a random location and execute 107 steps
of these random walks for the chain to reach equilibrium.
Then we generate another 107 steps from which we draw
the posterior distribution of our model parameters. To
exclude correlation between adjacent steps, we draw one
sample of ✓ from every 10 steps, and use 106 samples
in the end to produce the probability distribution of the
parameter space.

A uniform prior distribution P (✓) is assumed in the re-
gions of �

g

2 (0, 10), C
q

2 (0, 1), C
c

2 (0, 1), C
b

2 (0, 1),
� 2 (�0.15, 0.5) and ↵ 2 (0, 15), which are su�ciently
wide for our model output to cover all the experimen-
tal data. In order to accelerate the calibration speed, a
Gaussian Process (GP) emulator [89, 90] is applied for
the model-to-data comparison when we scan through the
6-dimensional parameter space. This emulator is trained

FIG. 1: (Color online) Closure test: posterior distributions
of model parameters (diagonal panels) and their correlations
(o↵-diagonal panels) extracted from pseudo-experimental
data on the R

AA

’s of charged hadrons, D mesons and B-
decayed J/ , with black vertical lines denoting the input
(“ground truth”) values of ✓

0

= (2.35, 0.55, 0.5, 0.2, 0.15, 7)
used to generate the pseudo-data. The lower triangle (blue)
is obtained using the original error bars of the experimental
data [14, 66, 67] while the upper triangle (red) is obtained
using halved error bars.

with our model results on 600 design points uniformly
distributed in the prior range of ✓ above, and then used
as a fast surrogate of the real perturbative calculation
during the Bayesian analysis on the hadron R

AA

.

To validate our setup of the GP emulator and the
Bayesian analysis framework, we first conduct a closure
test in Fig. 1 based on a set of pseudo-experimental data
generated by the model calculation. We start with a par-
ticular design point – ✓

0

= (2.35, 0.55, 0.5, 0.2, 0.15, 7) –
as indicated by the black vertical lines in the figure, and
use it to calculate the R

AA

of charged hadrons, D mesons
and B-decayed J/ with the perturbative method de-
veloped in Sec. II. These model results are used to re-
place the mean values of the experimental data in 0-10%
Pb+Pb collision at

p
s

NN

= 5.02 TeV [14, 66, 67], while
the error bars of these data points are taken from the
original CMS measurements. Using these pseudo-data,
we then examine whether the posterior distribution of
✓ extracted from the Bayesian analysis agrees with the
“ground-truth” value ✓

0

that we implant. The posterior
distributions of the 6 model parameters are presented in
Fig. 1, with diagonal panels showing the probability dis-
tributions of individual parameters and o↵-diagonal ones
showing the correlations between di↵erent pairs of pa-
rameters. The lower triangle (blue) is obtained by using
the original error bars of the CMS data in the Bayesian
analysis, while the upper triangle (red) is obtained by
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the above 6 parameters and obtain the energy loss func-
tions of di↵erent parton species. Note that in order to ex-
clude the e↵ects of non-perturbative interactions of par-
tons with the QGP at low p

T

[73–75], and the coalescence
process during their hadronization [76, 77] at low to in-
termediate p

T

, we restrict our current study to the high
p

T

(> 10 GeV) regime where the perturbative calcula-
tion is reliable. Instead of directly using the B meson
R

AA

to constrain the energy loss function of b quarks,
we decay B mesons to J/ through Pythia [78], given
that the experimental uncertainties of the latter is much
smaller than the former [68, 79].

III. CALIBRATION WITH BAYESIAN
ANALYSIS

The Bayesian inference method has been successfully
employed in both soft and hard sectors of heavy-ion
physics, such as the extractions of initial condition, bulk
transport coe�cients and the equation of state of the
QGP medium [80–86], jet transport coe�cient q̂ [49],
heavy quark di↵usion coe�cient D

s

[87], and the energy
loss distribution of hard partons and jets [60, 61]. It has
also been utilized to constrain the fluctuating structure of
protons with experimental data on coherent and inherent
di↵ractive J/ production in electron-proton collisions at
HERA [88]. In this work, we implement the Bayesian in-
ference method to simultaneously constrain the energy
loss functions of di↵erent partons (g, q, c and b) through
the QGP medium.

Our model calibration on the parameter set, denoted
by ✓, is based on the following Bayes’ theorem,

P (✓|data) / P (✓)P (data|✓) , (5)

where P (✓|data) on the left represents the posterior dis-
tribution of the parameter set given the knowledge of the
experimental data, P (✓) on the right represents the prior
distribution of ✓ without any knowledge of data, and
P (data|✓) measures the likelihood of a given set of ✓ by
comparing its model output with the data. In the present
study, ✓ = (�
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, �,↵) is a 6-dimensional vec-
tor, and the likelihood function is assumed to follow the
Gaussian form as
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where y

i

(✓) is the model output at a given data point
i, and y

exp

i

and �

i

are respectively the mean value and
the error of the experimental observation at the point
i. The statistic error and the systematic error of the
experimental data are combined in our analysis.

Using Eqs. (5) and (6), we perform a Markov-Chain
Monte-Carlo (MCMC) random walk [89] in the parame-
ter space according to the Metropolis-Hasting algorithm.
Each step of this random walk updates the parameter
set based on its current location in the parameter space.

FIG. 1: (Color online) Closure test: posterior distributions
of model parameters (diagonal panels) and their correlations
(o↵-diagonal panels) extracted from pseudo-experimental
data on the R

AA

’s of charged hadrons, D mesons and B-
decayed J/ , with black vertical lines denoting the input
(“ground truth”) values of ✓

0

= (2.35, 0.55, 0.5, 0.2, 0.15, 7)
used to generate the pseudo-data. The lower triangle (blue)
is obtained using the original error bars of the experimental
data [14, 67, 68] while the upper triangle (red) is obtained
using halved error bars.

We start from a random location and execute 107 steps
for the Markov-Chain to reach equilibrium, after which
the locations given by further steps can constituent equi-
librium distributions of the model parameters, which are
the posterior distributions we seek in this work. We gen-
erate another 107 steps after reaching equilibrium, from
which we draw these posterior distributions. To exclude
correlation between adjacent steps, we draw one sample
of ✓ from every 10 steps, and use 106 samples in the end
to produce the probability distribution of the parameter
space.
A uniform prior distribution P (✓) is assumed in the re-

gions of �
g

2 (0, 10), C
q

2 (0, 1), C
c

2 (0, 1), C
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2 (0, 1),
� 2 (�0.15, 0.5) and ↵ 2 (0, 15), which are su�ciently
wide for our model output to cover all the experimen-
tal data. In order to accelerate the calibration speed, a
Gaussian Process (GP) emulator [90, 91] is applied for
the model-to-data comparison when we scan through the
6-dimensional parameter space. This emulator is trained
with our model results on 600 design points uniformly
distributed in the prior range of ✓ above, and then used
as a fast surrogate of the real perturbative calculation
during the Bayesian analysis on the hadron R

AA

.
To validate our setup of the GP emulator and the

Bayesian analysis framework, we first conduct a closure
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III. CALIBRATION WITH BAYESIAN
ANALYSIS

The Bayesian inference method has been successfully
employed in both soft and hard sectors of heavy-ion
physics, such as the extractions of initial condition, bulk
transport coe�cients and the equation of state of the
QGP medium [79–85], jet transport coe�cient q̂ [48],
heavy quark di↵usion coe�cient D

s

[86], and the energy
loss distribution of hard partons and jets [59, 60]. It has
also been utilized to constrain the fluctuating structure of
protons with experimental data on coherent and inherent
di↵ractive J/ production in electron-proton collisions at
HERA [87]. In this work, we implement the Bayesian in-
ference method to simultaneously constrain the energy
loss functions of di↵erent partons (g, q, c and b) through
the QGP medium.

Our model calibration on the parameter set, denoted
by ✓, is based on the following Bayes’ theorem,

P (✓|data) / P (✓)P (data|✓) , (5)

where P (✓|data) on the left represents the posterior dis-
tribution of the parameter set given the knowledge of the
experimental data, P (✓) on the right represents the prior
distribution of ✓ without any knowledge of data, and
P (data|✓) measures the likelihood of a given set of ✓ by
comparing its model output with the data. In the present
study, ✓ = (�

g

, C

q

, C

c

, C

b

, �,↵) is a 6-dimensional vec-
tor, and the likelihood function is assumed to follow the
Gaussian form as

P (data|✓) =
Y

i

1p
2⇡�

i

e

�[yi(✓)�y

exp

i ]2
�
(2�

2

i )
, (6)

where y

i

(✓) is the model output at a given data point
i, and y
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and �
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are respectively the mean value and
the error of the experimental observation at the point
i. The statistic error and the systematic error of the
experimental data are combined in our analysis.

Using Eqs. (5) and (6), we perform a Markov-Chain
Monte-Carlo (MCMC) random walk [88] in the parame-
ter space according to the Metropolis-Hasting algorithm.
We start from a random location and execute 107 steps
of these random walks for the chain to reach equilibrium.
Then we generate another 107 steps from which we draw
the posterior distribution of our model parameters. To
exclude correlation between adjacent steps, we draw one
sample of ✓ from every 10 steps, and use 106 samples
in the end to produce the probability distribution of the
parameter space.

A uniform prior distribution P (✓) is assumed in the re-
gions of �
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wide for our model output to cover all the experimen-
tal data. In order to accelerate the calibration speed, a
Gaussian Process (GP) emulator [89, 90] is applied for
the model-to-data comparison when we scan through the
6-dimensional parameter space. This emulator is trained

FIG. 1: (Color online) Closure test: posterior distributions
of model parameters (diagonal panels) and their correlations
(o↵-diagonal panels) extracted from pseudo-experimental
data on the R

AA

’s of charged hadrons, D mesons and B-
decayed J/ , with black vertical lines denoting the input
(“ground truth”) values of ✓

0

= (2.35, 0.55, 0.5, 0.2, 0.15, 7)
used to generate the pseudo-data. The lower triangle (blue)
is obtained using the original error bars of the experimental
data [14, 66, 67] while the upper triangle (red) is obtained
using halved error bars.

with our model results on 600 design points uniformly
distributed in the prior range of ✓ above, and then used
as a fast surrogate of the real perturbative calculation
during the Bayesian analysis on the hadron R

AA

.

To validate our setup of the GP emulator and the
Bayesian analysis framework, we first conduct a closure
test in Fig. 1 based on a set of pseudo-experimental data
generated by the model calculation. We start with a par-
ticular design point – ✓

0

= (2.35, 0.55, 0.5, 0.2, 0.15, 7) –
as indicated by the black vertical lines in the figure, and
use it to calculate the R

AA

of charged hadrons, D mesons
and B-decayed J/ with the perturbative method de-
veloped in Sec. II. These model results are used to re-
place the mean values of the experimental data in 0-10%
Pb+Pb collision at

p
s

NN

= 5.02 TeV [14, 66, 67], while
the error bars of these data points are taken from the
original CMS measurements. Using these pseudo-data,
we then examine whether the posterior distribution of
✓ extracted from the Bayesian analysis agrees with the
“ground-truth” value ✓

0

that we implant. The posterior
distributions of the 6 model parameters are presented in
Fig. 1, with diagonal panels showing the probability dis-
tributions of individual parameters and o↵-diagonal ones
showing the correlations between di↵erent pairs of pa-
rameters. The lower triangle (blue) is obtained by using
the original error bars of the CMS data in the Bayesian
analysis, while the upper triangle (red) is obtained by

Experimental data (             )
• CMS,  PbPb@5.02TeV 0-10%,  RAA 
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modification of various hadron species – charged hadrons, D mesons and B-decayed J/ – over a

wide transverse momentum regime. Comparing our calculations to the experimental data using

the Bayesian statistical analysis, we perform a first simultaneous extraction of the energy loss

functions of gluons (g), light quarks (q), charm quarks (c) and bottom quarks (b) inside the QGP.

We find that the average parton energy loss at high energies follows the expected hierarchy of
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i, while the parton energy loss distribution can further test

the QCD calculations of parton interaction with the dense nuclear matter. We also find that the

reduction of experimental uncertainties can significantly improve the precision of the extracted

parton energy loss functions inside the QGP.
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The quenching of light and heavy flavor hadrons in relativistic heavy-ion collisions probes the

color and flavor dependences of parton energy loss through a color-deconfined quark-gluon plasma

(QGP), and thus reveals the properties of QCD matter at extremely high density and temperature.

By combining a next-to-leading order perturbative QCD calculation of parton production, a general

ansatz of parton energy loss functions and parton fragmentation functions, we calculate the nuclear

modification of various hadron species – charged hadrons, D mesons and B-decayed J/ – over a

wide transverse momentum regime. Comparing our calculations to the experimental data using

the Bayesian statistical analysis, we perform a first simultaneous extraction of the energy loss

functions of gluons (g), light quarks (q), charm quarks (c) and bottom quarks (b) inside the QGP.

We find that the average parton energy loss at high energies follows the expected hierarchy of
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i, while the parton energy loss distribution can further test

the QCD calculations of parton interaction with the dense nuclear matter. We also find that the

reduction of experimental uncertainties can significantly improve the precision of the extracted

parton energy loss functions inside the QGP.
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Bayesian	analysis

Bayes’ theorem

3

the above 6 parameters and obtain the energy loss func-
tions of di↵erent parton species. Note that in order to ex-
clude the e↵ects of non-perturbative interactions of par-
tons with the QGP at low p

T

[73–75], and the coalescence
process during their hadronization [76, 77] at low to in-
termediate p

T

, we restrict our current study to the high
p

T

(> 10 GeV) regime where the perturbative calcula-
tion is reliable. Instead of directly using the B meson
R

AA

to constrain the energy loss function of b quarks,
we decay B mesons to J/ through Pythia [78], given
that the experimental uncertainties of the latter is much
smaller than the former [68, 79].

III. CALIBRATION WITH BAYESIAN
ANALYSIS

The Bayesian inference method has been successfully
employed in both soft and hard sectors of heavy-ion
physics, such as the extractions of initial condition, bulk
transport coe�cients and the equation of state of the
QGP medium [80–86], jet transport coe�cient q̂ [49],
heavy quark di↵usion coe�cient D

s

[87], and the energy
loss distribution of hard partons and jets [60, 61]. It has
also been utilized to constrain the fluctuating structure of
protons with experimental data on coherent and inherent
di↵ractive J/ production in electron-proton collisions at
HERA [88]. In this work, we implement the Bayesian in-
ference method to simultaneously constrain the energy
loss functions of di↵erent partons (g, q, c and b) through
the QGP medium.

Our model calibration on the parameter set, denoted
by ✓, is based on the following Bayes’ theorem,

P (✓|data) / P (✓)P (data|✓) , (5)

where P (✓|data) on the left represents the posterior dis-
tribution of the parameter set given the knowledge of the
experimental data, P (✓) on the right represents the prior
distribution of ✓ without any knowledge of data, and
P (data|✓) measures the likelihood of a given set of ✓ by
comparing its model output with the data. In the present
study, ✓ = (�

g
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, �,↵) is a 6-dimensional vec-
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where y

i

(✓) is the model output at a given data point
i, and y

exp

i

and �

i

are respectively the mean value and
the error of the experimental observation at the point
i. The statistic error and the systematic error of the
experimental data are combined in our analysis.

Using Eqs. (5) and (6), we perform a Markov-Chain
Monte-Carlo (MCMC) random walk [89] in the parame-
ter space according to the Metropolis-Hasting algorithm.
Each step of this random walk updates the parameter
set based on its current location in the parameter space.

FIG. 1: (Color online) Closure test: posterior distributions
of model parameters (diagonal panels) and their correlations
(o↵-diagonal panels) extracted from pseudo-experimental
data on the R

AA

’s of charged hadrons, D mesons and B-
decayed J/ , with black vertical lines denoting the input
(“ground truth”) values of ✓

0

= (2.35, 0.55, 0.5, 0.2, 0.15, 7)
used to generate the pseudo-data. The lower triangle (blue)
is obtained using the original error bars of the experimental
data [14, 67, 68] while the upper triangle (red) is obtained
using halved error bars.

We start from a random location and execute 107 steps
for the Markov-Chain to reach equilibrium, after which
the locations given by further steps can constituent equi-
librium distributions of the model parameters, which are
the posterior distributions we seek in this work. We gen-
erate another 107 steps after reaching equilibrium, from
which we draw these posterior distributions. To exclude
correlation between adjacent steps, we draw one sample
of ✓ from every 10 steps, and use 106 samples in the end
to produce the probability distribution of the parameter
space.
A uniform prior distribution P (✓) is assumed in the re-

gions of �
g

2 (0, 10), C
q

2 (0, 1), C
c

2 (0, 1), C
b

2 (0, 1),
� 2 (�0.15, 0.5) and ↵ 2 (0, 15), which are su�ciently
wide for our model output to cover all the experimen-
tal data. In order to accelerate the calibration speed, a
Gaussian Process (GP) emulator [90, 91] is applied for
the model-to-data comparison when we scan through the
6-dimensional parameter space. This emulator is trained
with our model results on 600 design points uniformly
distributed in the prior range of ✓ above, and then used
as a fast surrogate of the real perturbative calculation
during the Bayesian analysis on the hadron R

AA

.
To validate our setup of the GP emulator and the

Bayesian analysis framework, we first conduct a closure

• Prior:  uniform in the region of 

• Likelihood: Gaussian form
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By combining a next-to-leading order perturbative QCD calculation of parton production, a general

ansatz of parton energy loss functions and parton fragmentation functions, we calculate the nuclear

modification of various hadron species – charged hadrons, D mesons and B-decayed J/ – over a

wide transverse momentum regime. Comparing our calculations to the experimental data using

the Bayesian statistical analysis, we perform a first simultaneous extraction of the energy loss

functions of gluons (g), light quarks (q), charm quarks (c) and bottom quarks (b) inside the QGP.

We find that the average parton energy loss at high energies follows the expected hierarchy of

h�Egi > h�Eqi ⇠ h�Eci > h�Ebi, while the parton energy loss distribution can further test

the QCD calculations of parton interaction with the dense nuclear matter. We also find that the

reduction of experimental uncertainties can significantly improve the precision of the extracted

parton energy loss functions inside the QGP.
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III. CALIBRATION WITH BAYESIAN
ANALYSIS

The Bayesian inference method has been successfully
employed in both soft and hard sectors of heavy-ion
physics, such as the extractions of initial condition, bulk
transport coe�cients and the equation of state of the
QGP medium [79–85], jet transport coe�cient q̂ [48],
heavy quark di↵usion coe�cient D

s

[86], and the energy
loss distribution of hard partons and jets [59, 60]. It has
also been utilized to constrain the fluctuating structure of
protons with experimental data on coherent and inherent
di↵ractive J/ production in electron-proton collisions at
HERA [87]. In this work, we implement the Bayesian in-
ference method to simultaneously constrain the energy
loss functions of di↵erent partons (g, q, c and b) through
the QGP medium.

Our model calibration on the parameter set, denoted
by ✓, is based on the following Bayes’ theorem,

P (✓|data) / P (✓)P (data|✓) , (5)

where P (✓|data) on the left represents the posterior dis-
tribution of the parameter set given the knowledge of the
experimental data, P (✓) on the right represents the prior
distribution of ✓ without any knowledge of data, and
P (data|✓) measures the likelihood of a given set of ✓ by
comparing its model output with the data. In the present
study, ✓ = (�
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where y
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(✓) is the model output at a given data point
i, and y
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and �
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are respectively the mean value and
the error of the experimental observation at the point
i. The statistic error and the systematic error of the
experimental data are combined in our analysis.

Using Eqs. (5) and (6), we perform a Markov-Chain
Monte-Carlo (MCMC) random walk [88] in the parame-
ter space according to the Metropolis-Hasting algorithm.
We start from a random location and execute 107 steps
of these random walks for the chain to reach equilibrium.
Then we generate another 107 steps from which we draw
the posterior distribution of our model parameters. To
exclude correlation between adjacent steps, we draw one
sample of ✓ from every 10 steps, and use 106 samples
in the end to produce the probability distribution of the
parameter space.

A uniform prior distribution P (✓) is assumed in the re-
gions of �
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2 (0, 1),
� 2 (�0.15, 0.5) and ↵ 2 (0, 15), which are su�ciently
wide for our model output to cover all the experimen-
tal data. In order to accelerate the calibration speed, a
Gaussian Process (GP) emulator [89, 90] is applied for
the model-to-data comparison when we scan through the
6-dimensional parameter space. This emulator is trained

FIG. 1: (Color online) Closure test: posterior distributions
of model parameters (diagonal panels) and their correlations
(o↵-diagonal panels) extracted from pseudo-experimental
data on the R

AA

’s of charged hadrons, D mesons and B-
decayed J/ , with black vertical lines denoting the input
(“ground truth”) values of ✓

0

= (2.35, 0.55, 0.5, 0.2, 0.15, 7)
used to generate the pseudo-data. The lower triangle (blue)
is obtained using the original error bars of the experimental
data [14, 66, 67] while the upper triangle (red) is obtained
using halved error bars.

with our model results on 600 design points uniformly
distributed in the prior range of ✓ above, and then used
as a fast surrogate of the real perturbative calculation
during the Bayesian analysis on the hadron R

AA

.

To validate our setup of the GP emulator and the
Bayesian analysis framework, we first conduct a closure
test in Fig. 1 based on a set of pseudo-experimental data
generated by the model calculation. We start with a par-
ticular design point – ✓

0

= (2.35, 0.55, 0.5, 0.2, 0.15, 7) –
as indicated by the black vertical lines in the figure, and
use it to calculate the R

AA

of charged hadrons, D mesons
and B-decayed J/ with the perturbative method de-
veloped in Sec. II. These model results are used to re-
place the mean values of the experimental data in 0-10%
Pb+Pb collision at

p
s

NN

= 5.02 TeV [14, 66, 67], while
the error bars of these data points are taken from the
original CMS measurements. Using these pseudo-data,
we then examine whether the posterior distribution of
✓ extracted from the Bayesian analysis agrees with the
“ground-truth” value ✓

0

that we implant. The posterior
distributions of the 6 model parameters are presented in
Fig. 1, with diagonal panels showing the probability dis-
tributions of individual parameters and o↵-diagonal ones
showing the correlations between di↵erent pairs of pa-
rameters. The lower triangle (blue) is obtained by using
the original error bars of the CMS data in the Bayesian
analysis, while the upper triangle (red) is obtained by

Experimental data (             )
• CMS,  PbPb@5.02TeV 0-10%,  RAA 
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The quenching of light and heavy flavor hadrons in relativistic heavy-ion collisions probes the

color and flavor dependences of parton energy loss through a color-deconfined quark-gluon plasma

(QGP), and thus reveals the properties of QCD matter at extremely high density and temperature.

By combining a next-to-leading order perturbative QCD calculation of parton production, a general

ansatz of parton energy loss functions and parton fragmentation functions, we calculate the nuclear

modification of various hadron species – charged hadrons, D mesons and B-decayed J/ – over a

wide transverse momentum regime. Comparing our calculations to the experimental data using

the Bayesian statistical analysis, we perform a first simultaneous extraction of the energy loss

functions of gluons (g), light quarks (q), charm quarks (c) and bottom quarks (b) inside the QGP.

We find that the average parton energy loss at high energies follows the expected hierarchy of

h�E

g

i > h�E

q

i ⇠ h�E

c

i > h�E

b

i, while the parton energy loss distribution can further test

the QCD calculations of parton interaction with the dense nuclear matter. We also find that the

reduction of experimental uncertainties can significantly improve the precision of the extracted

parton energy loss functions inside the QGP.
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III. CALIBRATION WITH BAYESIAN
ANALYSIS

The Bayesian inference method has been successfully
employed in both soft and hard sectors of heavy-ion
physics, such as the extractions of initial condition, bulk
transport coe�cients and the equation of state of the
QGP medium [79–85], jet transport coe�cient q̂ [48],
heavy quark di↵usion coe�cient D

s

[86], and the energy
loss distribution of hard partons and jets [59, 60]. It has
also been utilized to constrain the fluctuating structure of
protons with experimental data on coherent and inherent
di↵ractive J/ production in electron-proton collisions at
HERA [87]. In this work, we implement the Bayesian in-
ference method to simultaneously constrain the energy
loss functions of di↵erent partons (g, q, c and b) through
the QGP medium.

Our model calibration on the parameter set, denoted
by ✓, is based on the following Bayes’ theorem,

P (✓|data) / P (✓)P (data|✓) , (5)

where P (✓|data) on the left represents the posterior dis-
tribution of the parameter set given the knowledge of the
experimental data, P (✓) on the right represents the prior
distribution of ✓ without any knowledge of data, and
P (data|✓) measures the likelihood of a given set of ✓ by
comparing its model output with the data. In the present
study, ✓ = (�
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, �,↵) is a 6-dimensional vec-
tor, and the likelihood function is assumed to follow the
Gaussian form as
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where y
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(✓) is the model output at a given data point
i, and y

exp

i

and �

i

are respectively the mean value and
the error of the experimental observation at the point
i. The statistic error and the systematic error of the
experimental data are combined in our analysis.

Using Eqs. (5) and (6), we perform a Markov-Chain
Monte-Carlo (MCMC) random walk [88] in the parame-
ter space according to the Metropolis-Hasting algorithm.
We start from a random location and execute 107 steps
of these random walks for the chain to reach equilibrium.
Then we generate another 107 steps from which we draw
the posterior distribution of our model parameters. To
exclude correlation between adjacent steps, we draw one
sample of ✓ from every 10 steps, and use 106 samples
in the end to produce the probability distribution of the
parameter space.

A uniform prior distribution P (✓) is assumed in the re-
gions of �

g

2 (0, 10), C
q

2 (0, 1), C
c

2 (0, 1), C
b

2 (0, 1),
� 2 (�0.15, 0.5) and ↵ 2 (0, 15), which are su�ciently
wide for our model output to cover all the experimen-
tal data. In order to accelerate the calibration speed, a
Gaussian Process (GP) emulator [89, 90] is applied for
the model-to-data comparison when we scan through the
6-dimensional parameter space. This emulator is trained

FIG. 1: (Color online) Closure test: posterior distributions
of model parameters (diagonal panels) and their correlations
(o↵-diagonal panels) extracted from pseudo-experimental
data on the R

AA

’s of charged hadrons, D mesons and B-
decayed J/ , with black vertical lines denoting the input
(“ground truth”) values of ✓

0

= (2.35, 0.55, 0.5, 0.2, 0.15, 7)
used to generate the pseudo-data. The lower triangle (blue)
is obtained using the original error bars of the experimental
data [14, 66, 67] while the upper triangle (red) is obtained
using halved error bars.

with our model results on 600 design points uniformly
distributed in the prior range of ✓ above, and then used
as a fast surrogate of the real perturbative calculation
during the Bayesian analysis on the hadron R

AA

.

To validate our setup of the GP emulator and the
Bayesian analysis framework, we first conduct a closure
test in Fig. 1 based on a set of pseudo-experimental data
generated by the model calculation. We start with a par-
ticular design point – ✓

0

= (2.35, 0.55, 0.5, 0.2, 0.15, 7) –
as indicated by the black vertical lines in the figure, and
use it to calculate the R

AA

of charged hadrons, D mesons
and B-decayed J/ with the perturbative method de-
veloped in Sec. II. These model results are used to re-
place the mean values of the experimental data in 0-10%
Pb+Pb collision at

p
s

NN

= 5.02 TeV [14, 66, 67], while
the error bars of these data points are taken from the
original CMS measurements. Using these pseudo-data,
we then examine whether the posterior distribution of
✓ extracted from the Bayesian analysis agrees with the
“ground-truth” value ✓

0

that we implant. The posterior
distributions of the 6 model parameters are presented in
Fig. 1, with diagonal panels showing the probability dis-
tributions of individual parameters and o↵-diagonal ones
showing the correlations between di↵erent pairs of pa-
rameters. The lower triangle (blue) is obtained by using
the original error bars of the CMS data in the Bayesian
analysis, while the upper triangle (red) is obtained by

• Generate a parameter array 
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By combining a next-to-leading order perturbative QCD calculation of parton production, a general

ansatz of parton energy loss functions and parton fragmentation functions, we calculate the nuclear

modification of various hadron species – charged hadrons, D mesons and B-decayed J/ – over a

wide transverse momentum regime. Comparing our calculations to the experimental data using

the Bayesian statistical analysis, we perform a first simultaneous extraction of the energy loss

functions of gluons (g), light quarks (q), charm quarks (c) and bottom quarks (b) inside the QGP.

We find that the average parton energy loss at high energies follows the expected hierarchy of

h�Egi > h�Eqi ⇠ h�Eci > h�Ebi, while the parton energy loss distribution can further test

the QCD calculations of parton interaction with the dense nuclear matter. We also find that the

reduction of experimental uncertainties can significantly improve the precision of the extracted

parton energy loss functions inside the QGP.
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the above 6 parameters and obtain the energy loss func-
tions of di↵erent parton species. Note that in order to ex-
clude the e↵ects of non-perturbative interactions of par-
tons with the QGP at low p

T

[73–75], and the coalescence
process during their hadronization [76, 77] at low to in-
termediate p

T

, we restrict our current study to the high
p

T

(> 10 GeV) regime where the perturbative calcula-
tion is reliable. Instead of directly using the B meson
R

AA

to constrain the energy loss function of b quarks,
we decay B mesons to J/ through Pythia [78], given
that the experimental uncertainties of the latter is much
smaller than the former [68, 79].

III. CALIBRATION WITH BAYESIAN
ANALYSIS

The Bayesian inference method has been successfully
employed in both soft and hard sectors of heavy-ion
physics, such as the extractions of initial condition, bulk
transport coe�cients and the equation of state of the
QGP medium [80–86], jet transport coe�cient q̂ [49],
heavy quark di↵usion coe�cient D

s

[87], and the energy
loss distribution of hard partons and jets [60, 61]. It has
also been utilized to constrain the fluctuating structure of
protons with experimental data on coherent and inherent
di↵ractive J/ production in electron-proton collisions at
HERA [88]. In this work, we implement the Bayesian in-
ference method to simultaneously constrain the energy
loss functions of di↵erent partons (g, q, c and b) through
the QGP medium.

Our model calibration on the parameter set, denoted
by ✓, is based on the following Bayes’ theorem,

P (✓|data) / P (✓)P (data|✓) , (5)

where P (✓|data) on the left represents the posterior dis-
tribution of the parameter set given the knowledge of the
experimental data, P (✓) on the right represents the prior
distribution of ✓ without any knowledge of data, and
P (data|✓) measures the likelihood of a given set of ✓ by
comparing its model output with the data. In the present
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where y

i

(✓) is the model output at a given data point
i, and y

exp

i

and �

i

are respectively the mean value and
the error of the experimental observation at the point
i. The statistic error and the systematic error of the
experimental data are combined in our analysis.

Using Eqs. (5) and (6), we perform a Markov-Chain
Monte-Carlo (MCMC) random walk [89] in the parame-
ter space according to the Metropolis-Hasting algorithm.
Each step of this random walk updates the parameter
set based on its current location in the parameter space.

FIG. 1: (Color online) Closure test: posterior distributions
of model parameters (diagonal panels) and their correlations
(o↵-diagonal panels) extracted from pseudo-experimental
data on the R

AA

’s of charged hadrons, D mesons and B-
decayed J/ , with black vertical lines denoting the input
(“ground truth”) values of ✓

0

= (2.35, 0.55, 0.5, 0.2, 0.15, 7)
used to generate the pseudo-data. The lower triangle (blue)
is obtained using the original error bars of the experimental
data [14, 67, 68] while the upper triangle (red) is obtained
using halved error bars.

We start from a random location and execute 107 steps
for the Markov-Chain to reach equilibrium, after which
the locations given by further steps can constituent equi-
librium distributions of the model parameters, which are
the posterior distributions we seek in this work. We gen-
erate another 107 steps after reaching equilibrium, from
which we draw these posterior distributions. To exclude
correlation between adjacent steps, we draw one sample
of ✓ from every 10 steps, and use 106 samples in the end
to produce the probability distribution of the parameter
space.
A uniform prior distribution P (✓) is assumed in the re-

gions of �
g

2 (0, 10), C
q

2 (0, 1), C
c

2 (0, 1), C
b

2 (0, 1),
� 2 (�0.15, 0.5) and ↵ 2 (0, 15), which are su�ciently
wide for our model output to cover all the experimen-
tal data. In order to accelerate the calibration speed, a
Gaussian Process (GP) emulator [90, 91] is applied for
the model-to-data comparison when we scan through the
6-dimensional parameter space. This emulator is trained
with our model results on 600 design points uniformly
distributed in the prior range of ✓ above, and then used
as a fast surrogate of the real perturbative calculation
during the Bayesian analysis on the hadron R

AA

.
To validate our setup of the GP emulator and the

Bayesian analysis framework, we first conduct a closure
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III. CALIBRATION WITH BAYESIAN
ANALYSIS

The Bayesian inference method has been successfully
employed in both soft and hard sectors of heavy-ion
physics, such as the extractions of initial condition, bulk
transport coe�cients and the equation of state of the
QGP medium [79–85], jet transport coe�cient q̂ [48],
heavy quark di↵usion coe�cient D

s

[86], and the energy
loss distribution of hard partons and jets [59, 60]. It has
also been utilized to constrain the fluctuating structure of
protons with experimental data on coherent and inherent
di↵ractive J/ production in electron-proton collisions at
HERA [87]. In this work, we implement the Bayesian in-
ference method to simultaneously constrain the energy
loss functions of di↵erent partons (g, q, c and b) through
the QGP medium.

Our model calibration on the parameter set, denoted
by ✓, is based on the following Bayes’ theorem,

P (✓|data) / P (✓)P (data|✓) , (5)

where P (✓|data) on the left represents the posterior dis-
tribution of the parameter set given the knowledge of the
experimental data, P (✓) on the right represents the prior
distribution of ✓ without any knowledge of data, and
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comparing its model output with the data. In the present
study, ✓ = (�

g

, C

q

, C

c

, C

b

, �,↵) is a 6-dimensional vec-
tor, and the likelihood function is assumed to follow the
Gaussian form as

P (data|✓) =
Y

i

1p
2⇡�

i

e

�[yi(✓)�y

exp

i ]2
�
(2�

2

i )
, (6)

where y

i

(✓) is the model output at a given data point
i, and y
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are respectively the mean value and
the error of the experimental observation at the point
i. The statistic error and the systematic error of the
experimental data are combined in our analysis.

Using Eqs. (5) and (6), we perform a Markov-Chain
Monte-Carlo (MCMC) random walk [88] in the parame-
ter space according to the Metropolis-Hasting algorithm.
We start from a random location and execute 107 steps
of these random walks for the chain to reach equilibrium.
Then we generate another 107 steps from which we draw
the posterior distribution of our model parameters. To
exclude correlation between adjacent steps, we draw one
sample of ✓ from every 10 steps, and use 106 samples
in the end to produce the probability distribution of the
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A uniform prior distribution P (✓) is assumed in the re-
gions of �

g

2 (0, 10), C
q

2 (0, 1), C
c

2 (0, 1), C
b

2 (0, 1),
� 2 (�0.15, 0.5) and ↵ 2 (0, 15), which are su�ciently
wide for our model output to cover all the experimen-
tal data. In order to accelerate the calibration speed, a
Gaussian Process (GP) emulator [89, 90] is applied for
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FIG. 1: (Color online) Closure test: posterior distributions
of model parameters (diagonal panels) and their correlations
(o↵-diagonal panels) extracted from pseudo-experimental
data on the R
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’s of charged hadrons, D mesons and B-
decayed J/ , with black vertical lines denoting the input
(“ground truth”) values of ✓
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used to generate the pseudo-data. The lower triangle (blue)
is obtained using the original error bars of the experimental
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with our model results on 600 design points uniformly
distributed in the prior range of ✓ above, and then used
as a fast surrogate of the real perturbative calculation
during the Bayesian analysis on the hadron R

AA

.

To validate our setup of the GP emulator and the
Bayesian analysis framework, we first conduct a closure
test in Fig. 1 based on a set of pseudo-experimental data
generated by the model calculation. We start with a par-
ticular design point – ✓

0

= (2.35, 0.55, 0.5, 0.2, 0.15, 7) –
as indicated by the black vertical lines in the figure, and
use it to calculate the R

AA

of charged hadrons, D mesons
and B-decayed J/ with the perturbative method de-
veloped in Sec. II. These model results are used to re-
place the mean values of the experimental data in 0-10%
Pb+Pb collision at

p
s

NN

= 5.02 TeV [14, 66, 67], while
the error bars of these data points are taken from the
original CMS measurements. Using these pseudo-data,
we then examine whether the posterior distribution of
✓ extracted from the Bayesian analysis agrees with the
“ground-truth” value ✓

0

that we implant. The posterior
distributions of the 6 model parameters are presented in
Fig. 1, with diagonal panels showing the probability dis-
tributions of individual parameters and o↵-diagonal ones
showing the correlations between di↵erent pairs of pa-
rameters. The lower triangle (blue) is obtained by using
the original error bars of the CMS data in the Bayesian
analysis, while the upper triangle (red) is obtained by

Experimental data (             )
• CMS,  PbPb@5.02TeV 0-10%,  RAA 
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at arbitrary point.  
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III. CALIBRATION WITH BAYESIAN
ANALYSIS

The Bayesian inference method has been successfully
employed in both soft and hard sectors of heavy-ion
physics, such as the extractions of initial condition, bulk
transport coe�cients and the equation of state of the
QGP medium [79–85], jet transport coe�cient q̂ [48],
heavy quark di↵usion coe�cient D

s

[86], and the energy
loss distribution of hard partons and jets [59, 60]. It has
also been utilized to constrain the fluctuating structure of
protons with experimental data on coherent and inherent
di↵ractive J/ production in electron-proton collisions at
HERA [87]. In this work, we implement the Bayesian in-
ference method to simultaneously constrain the energy
loss functions of di↵erent partons (g, q, c and b) through
the QGP medium.

Our model calibration on the parameter set, denoted
by ✓, is based on the following Bayes’ theorem,

P (✓|data) / P (✓)P (data|✓) , (5)

where P (✓|data) on the left represents the posterior dis-
tribution of the parameter set given the knowledge of the
experimental data, P (✓) on the right represents the prior
distribution of ✓ without any knowledge of data, and
P (data|✓) measures the likelihood of a given set of ✓ by
comparing its model output with the data. In the present
study, ✓ = (�

g

, C

q

, C

c

, C

b

, �,↵) is a 6-dimensional vec-
tor, and the likelihood function is assumed to follow the
Gaussian form as
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where y

i

(✓) is the model output at a given data point
i, and y

exp

i

and �

i

are respectively the mean value and
the error of the experimental observation at the point
i. The statistic error and the systematic error of the
experimental data are combined in our analysis.

Using Eqs. (5) and (6), we perform a Markov-Chain
Monte-Carlo (MCMC) random walk [88] in the parame-
ter space according to the Metropolis-Hasting algorithm.
We start from a random location and execute 107 steps
of these random walks for the chain to reach equilibrium.
Then we generate another 107 steps from which we draw
the posterior distribution of our model parameters. To
exclude correlation between adjacent steps, we draw one
sample of ✓ from every 10 steps, and use 106 samples
in the end to produce the probability distribution of the
parameter space.

A uniform prior distribution P (✓) is assumed in the re-
gions of �

g

2 (0, 10), C
q

2 (0, 1), C
c

2 (0, 1), C
b

2 (0, 1),
� 2 (�0.15, 0.5) and ↵ 2 (0, 15), which are su�ciently
wide for our model output to cover all the experimen-
tal data. In order to accelerate the calibration speed, a
Gaussian Process (GP) emulator [89, 90] is applied for
the model-to-data comparison when we scan through the
6-dimensional parameter space. This emulator is trained

FIG. 1: (Color online) Closure test: posterior distributions
of model parameters (diagonal panels) and their correlations
(o↵-diagonal panels) extracted from pseudo-experimental
data on the R

AA

’s of charged hadrons, D mesons and B-
decayed J/ , with black vertical lines denoting the input
(“ground truth”) values of ✓

0

= (2.35, 0.55, 0.5, 0.2, 0.15, 7)
used to generate the pseudo-data. The lower triangle (blue)
is obtained using the original error bars of the experimental
data [14, 66, 67] while the upper triangle (red) is obtained
using halved error bars.

with our model results on 600 design points uniformly
distributed in the prior range of ✓ above, and then used
as a fast surrogate of the real perturbative calculation
during the Bayesian analysis on the hadron R

AA

.

To validate our setup of the GP emulator and the
Bayesian analysis framework, we first conduct a closure
test in Fig. 1 based on a set of pseudo-experimental data
generated by the model calculation. We start with a par-
ticular design point – ✓

0

= (2.35, 0.55, 0.5, 0.2, 0.15, 7) –
as indicated by the black vertical lines in the figure, and
use it to calculate the R

AA

of charged hadrons, D mesons
and B-decayed J/ with the perturbative method de-
veloped in Sec. II. These model results are used to re-
place the mean values of the experimental data in 0-10%
Pb+Pb collision at

p
s

NN

= 5.02 TeV [14, 66, 67], while
the error bars of these data points are taken from the
original CMS measurements. Using these pseudo-data,
we then examine whether the posterior distribution of
✓ extracted from the Bayesian analysis agrees with the
“ground-truth” value ✓

0

that we implant. The posterior
distributions of the 6 model parameters are presented in
Fig. 1, with diagonal panels showing the probability dis-
tributions of individual parameters and o↵-diagonal ones
showing the correlations between di↵erent pairs of pa-
rameters. The lower triangle (blue) is obtained by using
the original error bars of the CMS data in the Bayesian
analysis, while the upper triangle (red) is obtained by

• Generate a parameter array 
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ansatz of parton energy loss functions and parton fragmentation functions, we calculate the nuclear

modification of various hadron species – charged hadrons, D mesons and B-decayed J/ – over a

wide transverse momentum regime. Comparing our calculations to the experimental data using

the Bayesian statistical analysis, we perform a first simultaneous extraction of the energy loss

functions of gluons (g), light quarks (q), charm quarks (c) and bottom quarks (b) inside the QGP.

We find that the average parton energy loss at high energies follows the expected hierarchy of
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3

the above 6 parameters and obtain the energy loss func-
tions of di↵erent parton species. Note that in order to ex-
clude the e↵ects of non-perturbative interactions of par-
tons with the QGP at low p

T

[73–75], and the coalescence
process during their hadronization [76, 77] at low to in-
termediate p

T

, we restrict our current study to the high
p

T

(> 10 GeV) regime where the perturbative calcula-
tion is reliable. Instead of directly using the B meson
R

AA

to constrain the energy loss function of b quarks,
we decay B mesons to J/ through Pythia [78], given
that the experimental uncertainties of the latter is much
smaller than the former [68, 79].

III. CALIBRATION WITH BAYESIAN
ANALYSIS

The Bayesian inference method has been successfully
employed in both soft and hard sectors of heavy-ion
physics, such as the extractions of initial condition, bulk
transport coe�cients and the equation of state of the
QGP medium [80–86], jet transport coe�cient q̂ [49],
heavy quark di↵usion coe�cient D

s

[87], and the energy
loss distribution of hard partons and jets [60, 61]. It has
also been utilized to constrain the fluctuating structure of
protons with experimental data on coherent and inherent
di↵ractive J/ production in electron-proton collisions at
HERA [88]. In this work, we implement the Bayesian in-
ference method to simultaneously constrain the energy
loss functions of di↵erent partons (g, q, c and b) through
the QGP medium.

Our model calibration on the parameter set, denoted
by ✓, is based on the following Bayes’ theorem,

P (✓|data) / P (✓)P (data|✓) , (5)

where P (✓|data) on the left represents the posterior dis-
tribution of the parameter set given the knowledge of the
experimental data, P (✓) on the right represents the prior
distribution of ✓ without any knowledge of data, and
P (data|✓) measures the likelihood of a given set of ✓ by
comparing its model output with the data. In the present
study, ✓ = (�
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where y

i

(✓) is the model output at a given data point
i, and y

exp

i

and �

i

are respectively the mean value and
the error of the experimental observation at the point
i. The statistic error and the systematic error of the
experimental data are combined in our analysis.

Using Eqs. (5) and (6), we perform a Markov-Chain
Monte-Carlo (MCMC) random walk [89] in the parame-
ter space according to the Metropolis-Hasting algorithm.
Each step of this random walk updates the parameter
set based on its current location in the parameter space.

FIG. 1: (Color online) Closure test: posterior distributions
of model parameters (diagonal panels) and their correlations
(o↵-diagonal panels) extracted from pseudo-experimental
data on the R

AA

’s of charged hadrons, D mesons and B-
decayed J/ , with black vertical lines denoting the input
(“ground truth”) values of ✓

0

= (2.35, 0.55, 0.5, 0.2, 0.15, 7)
used to generate the pseudo-data. The lower triangle (blue)
is obtained using the original error bars of the experimental
data [14, 67, 68] while the upper triangle (red) is obtained
using halved error bars.

We start from a random location and execute 107 steps
for the Markov-Chain to reach equilibrium, after which
the locations given by further steps can constituent equi-
librium distributions of the model parameters, which are
the posterior distributions we seek in this work. We gen-
erate another 107 steps after reaching equilibrium, from
which we draw these posterior distributions. To exclude
correlation between adjacent steps, we draw one sample
of ✓ from every 10 steps, and use 106 samples in the end
to produce the probability distribution of the parameter
space.
A uniform prior distribution P (✓) is assumed in the re-

gions of �
g

2 (0, 10), C
q

2 (0, 1), C
c

2 (0, 1), C
b

2 (0, 1),
� 2 (�0.15, 0.5) and ↵ 2 (0, 15), which are su�ciently
wide for our model output to cover all the experimen-
tal data. In order to accelerate the calibration speed, a
Gaussian Process (GP) emulator [90, 91] is applied for
the model-to-data comparison when we scan through the
6-dimensional parameter space. This emulator is trained
with our model results on 600 design points uniformly
distributed in the prior range of ✓ above, and then used
as a fast surrogate of the real perturbative calculation
during the Bayesian analysis on the hadron R

AA

.
To validate our setup of the GP emulator and the

Bayesian analysis framework, we first conduct a closure
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III. CALIBRATION WITH BAYESIAN
ANALYSIS

The Bayesian inference method has been successfully
employed in both soft and hard sectors of heavy-ion
physics, such as the extractions of initial condition, bulk
transport coe�cients and the equation of state of the
QGP medium [79–85], jet transport coe�cient q̂ [48],
heavy quark di↵usion coe�cient D

s

[86], and the energy
loss distribution of hard partons and jets [59, 60]. It has
also been utilized to constrain the fluctuating structure of
protons with experimental data on coherent and inherent
di↵ractive J/ production in electron-proton collisions at
HERA [87]. In this work, we implement the Bayesian in-
ference method to simultaneously constrain the energy
loss functions of di↵erent partons (g, q, c and b) through
the QGP medium.

Our model calibration on the parameter set, denoted
by ✓, is based on the following Bayes’ theorem,

P (✓|data) / P (✓)P (data|✓) , (5)

where P (✓|data) on the left represents the posterior dis-
tribution of the parameter set given the knowledge of the
experimental data, P (✓) on the right represents the prior
distribution of ✓ without any knowledge of data, and
P (data|✓) measures the likelihood of a given set of ✓ by
comparing its model output with the data. In the present
study, ✓ = (�
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, �,↵) is a 6-dimensional vec-
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where y
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(✓) is the model output at a given data point
i, and y

exp

i

and �

i

are respectively the mean value and
the error of the experimental observation at the point
i. The statistic error and the systematic error of the
experimental data are combined in our analysis.

Using Eqs. (5) and (6), we perform a Markov-Chain
Monte-Carlo (MCMC) random walk [88] in the parame-
ter space according to the Metropolis-Hasting algorithm.
We start from a random location and execute 107 steps
of these random walks for the chain to reach equilibrium.
Then we generate another 107 steps from which we draw
the posterior distribution of our model parameters. To
exclude correlation between adjacent steps, we draw one
sample of ✓ from every 10 steps, and use 106 samples
in the end to produce the probability distribution of the
parameter space.

A uniform prior distribution P (✓) is assumed in the re-
gions of �

g

2 (0, 10), C
q

2 (0, 1), C
c

2 (0, 1), C
b

2 (0, 1),
� 2 (�0.15, 0.5) and ↵ 2 (0, 15), which are su�ciently
wide for our model output to cover all the experimen-
tal data. In order to accelerate the calibration speed, a
Gaussian Process (GP) emulator [89, 90] is applied for
the model-to-data comparison when we scan through the
6-dimensional parameter space. This emulator is trained

FIG. 1: (Color online) Closure test: posterior distributions
of model parameters (diagonal panels) and their correlations
(o↵-diagonal panels) extracted from pseudo-experimental
data on the R

AA

’s of charged hadrons, D mesons and B-
decayed J/ , with black vertical lines denoting the input
(“ground truth”) values of ✓

0

= (2.35, 0.55, 0.5, 0.2, 0.15, 7)
used to generate the pseudo-data. The lower triangle (blue)
is obtained using the original error bars of the experimental
data [14, 66, 67] while the upper triangle (red) is obtained
using halved error bars.

with our model results on 600 design points uniformly
distributed in the prior range of ✓ above, and then used
as a fast surrogate of the real perturbative calculation
during the Bayesian analysis on the hadron R

AA

.

To validate our setup of the GP emulator and the
Bayesian analysis framework, we first conduct a closure
test in Fig. 1 based on a set of pseudo-experimental data
generated by the model calculation. We start with a par-
ticular design point – ✓

0

= (2.35, 0.55, 0.5, 0.2, 0.15, 7) –
as indicated by the black vertical lines in the figure, and
use it to calculate the R

AA

of charged hadrons, D mesons
and B-decayed J/ with the perturbative method de-
veloped in Sec. II. These model results are used to re-
place the mean values of the experimental data in 0-10%
Pb+Pb collision at

p
s

NN

= 5.02 TeV [14, 66, 67], while
the error bars of these data points are taken from the
original CMS measurements. Using these pseudo-data,
we then examine whether the posterior distribution of
✓ extracted from the Bayesian analysis agrees with the
“ground-truth” value ✓

0

that we implant. The posterior
distributions of the 6 model parameters are presented in
Fig. 1, with diagonal panels showing the probability dis-
tributions of individual parameters and o↵-diagonal ones
showing the correlations between di↵erent pairs of pa-
rameters. The lower triangle (blue) is obtained by using
the original error bars of the CMS data in the Bayesian
analysis, while the upper triangle (red) is obtained by

Experimental data (             )
• CMS,  PbPb@5.02TeV 0-10%,  RAA 
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color and flavor dependences of parton energy loss through a color-deconfined quark-gluon plasma

(QGP), and thus reveals the properties of QCD matter at extremely high density and temperature.

By combining a next-to-leading order perturbative QCD calculation of parton production, a general

ansatz of parton energy loss functions and parton fragmentation functions, we calculate the nuclear

modification of various hadron species – charged hadrons, D mesons and B-decayed J/ – over a

wide transverse momentum regime. Comparing our calculations to the experimental data using

the Bayesian statistical analysis, we perform a first simultaneous extraction of the energy loss

functions of gluons (g), light quarks (q), charm quarks (c) and bottom quarks (b) inside the QGP.

We find that the average parton energy loss at high energies follows the expected hierarchy of
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i, while the parton energy loss distribution can further test

the QCD calculations of parton interaction with the dense nuclear matter. We also find that the

reduction of experimental uncertainties can significantly improve the precision of the extracted

parton energy loss functions inside the QGP.
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ansatz of parton energy loss functions and parton fragmentation functions, we calculate the nuclear

modification of various hadron species – charged hadrons, D mesons and B-decayed J/ – over a

wide transverse momentum regime. Comparing our calculations to the experimental data using

the Bayesian statistical analysis, we perform a first simultaneous extraction of the energy loss

functions of gluons (g), light quarks (q), charm quarks (c) and bottom quarks (b) inside the QGP.

We find that the average parton energy loss at high energies follows the expected hierarchy of
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The Bayesian inference method has been successfully
employed in both soft and hard sectors of heavy-ion
physics, such as the extractions of initial condition, bulk
transport coe�cients and the equation of state of the
QGP medium [79–85], jet transport coe�cient q̂ [48],
heavy quark di↵usion coe�cient D

s

[86], and the energy
loss distribution of hard partons and jets [59, 60]. It has
also been utilized to constrain the fluctuating structure of
protons with experimental data on coherent and inherent
di↵ractive J/ production in electron-proton collisions at
HERA [87]. In this work, we implement the Bayesian in-
ference method to simultaneously constrain the energy
loss functions of di↵erent partons (g, q, c and b) through
the QGP medium.

Our model calibration on the parameter set, denoted
by ✓, is based on the following Bayes’ theorem,

P (✓|data) / P (✓)P (data|✓) , (5)

where P (✓|data) on the left represents the posterior dis-
tribution of the parameter set given the knowledge of the
experimental data, P (✓) on the right represents the prior
distribution of ✓ without any knowledge of data, and
P (data|✓) measures the likelihood of a given set of ✓ by
comparing its model output with the data. In the present
study, ✓ = (�
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, �,↵) is a 6-dimensional vec-
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where y
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(✓) is the model output at a given data point
i, and y

exp

i

and �

i

are respectively the mean value and
the error of the experimental observation at the point
i. The statistic error and the systematic error of the
experimental data are combined in our analysis.

Using Eqs. (5) and (6), we perform a Markov-Chain
Monte-Carlo (MCMC) random walk [88] in the parame-
ter space according to the Metropolis-Hasting algorithm.
We start from a random location and execute 107 steps
of these random walks for the chain to reach equilibrium.
Then we generate another 107 steps from which we draw
the posterior distribution of our model parameters. To
exclude correlation between adjacent steps, we draw one
sample of ✓ from every 10 steps, and use 106 samples
in the end to produce the probability distribution of the
parameter space.

A uniform prior distribution P (✓) is assumed in the re-
gions of �
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2 (0, 10), C
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2 (0, 1), C
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2 (0, 1), C
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2 (0, 1),
� 2 (�0.15, 0.5) and ↵ 2 (0, 15), which are su�ciently
wide for our model output to cover all the experimen-
tal data. In order to accelerate the calibration speed, a
Gaussian Process (GP) emulator [89, 90] is applied for
the model-to-data comparison when we scan through the
6-dimensional parameter space. This emulator is trained

FIG. 1: (Color online) Closure test: posterior distributions
of model parameters (diagonal panels) and their correlations
(o↵-diagonal panels) extracted from pseudo-experimental
data on the R

AA

’s of charged hadrons, D mesons and B-
decayed J/ , with black vertical lines denoting the input
(“ground truth”) values of ✓

0

= (2.35, 0.55, 0.5, 0.2, 0.15, 7)
used to generate the pseudo-data. The lower triangle (blue)
is obtained using the original error bars of the experimental
data [14, 66, 67] while the upper triangle (red) is obtained
using halved error bars.

with our model results on 600 design points uniformly
distributed in the prior range of ✓ above, and then used
as a fast surrogate of the real perturbative calculation
during the Bayesian analysis on the hadron R

AA

.

To validate our setup of the GP emulator and the
Bayesian analysis framework, we first conduct a closure
test in Fig. 1 based on a set of pseudo-experimental data
generated by the model calculation. We start with a par-
ticular design point – ✓

0

= (2.35, 0.55, 0.5, 0.2, 0.15, 7) –
as indicated by the black vertical lines in the figure, and
use it to calculate the R

AA

of charged hadrons, D mesons
and B-decayed J/ with the perturbative method de-
veloped in Sec. II. These model results are used to re-
place the mean values of the experimental data in 0-10%
Pb+Pb collision at

p
s

NN

= 5.02 TeV [14, 66, 67], while
the error bars of these data points are taken from the
original CMS measurements. Using these pseudo-data,
we then examine whether the posterior distribution of
✓ extracted from the Bayesian analysis agrees with the
“ground-truth” value ✓

0

that we implant. The posterior
distributions of the 6 model parameters are presented in
Fig. 1, with diagonal panels showing the probability dis-
tributions of individual parameters and o↵-diagonal ones
showing the correlations between di↵erent pairs of pa-
rameters. The lower triangle (blue) is obtained by using
the original error bars of the CMS data in the Bayesian
analysis, while the upper triangle (red) is obtained by
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The quenching of light and heavy flavor hadrons in relativistic heavy-ion collisions probes the

color and flavor dependences of parton energy loss through a color-deconfined quark-gluon plasma

(QGP), and thus reveals the properties of QCD matter at extremely high density and temperature.

By combining a next-to-leading order perturbative QCD calculation of parton production, a general

ansatz of parton energy loss functions and parton fragmentation functions, we calculate the nuclear

modification of various hadron species – charged hadrons, D mesons and B-decayed J/ – over a

wide transverse momentum regime. Comparing our calculations to the experimental data using

the Bayesian statistical analysis, we perform a first simultaneous extraction of the energy loss

functions of gluons (g), light quarks (q), charm quarks (c) and bottom quarks (b) inside the QGP.

We find that the average parton energy loss at high energies follows the expected hierarchy of

h�Egi > h�Eqi ⇠ h�Eci > h�Ebi, while the parton energy loss distribution can further test

the QCD calculations of parton interaction with the dense nuclear matter. We also find that the

reduction of experimental uncertainties can significantly improve the precision of the extracted

parton energy loss functions inside the QGP.
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ansatz of parton energy loss functions and parton fragmentation functions, we calculate the nuclear

modification of various hadron species – charged hadrons, D mesons and B-decayed J/ – over a

wide transverse momentum regime. Comparing our calculations to the experimental data using

the Bayesian statistical analysis, we perform a first simultaneous extraction of the energy loss
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ansatz of parton energy loss functions and parton fragmentation functions, we calculate the nuclear

modification of various hadron species – charged hadrons, D mesons and B-decayed J/ – over a

wide transverse momentum regime. Comparing our calculations to the experimental data using

the Bayesian statistical analysis, we perform a first simultaneous extraction of the energy loss
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the above 6 parameters and obtain the energy loss func-
tions of di↵erent parton species. Note that in order to ex-
clude the e↵ects of non-perturbative interactions of par-
tons with the QGP at low p

T

[73–75], and the coalescence
process during their hadronization [76, 77] at low to in-
termediate p

T

, we restrict our current study to the high
p

T

(> 10 GeV) regime where the perturbative calcula-
tion is reliable. Instead of directly using the B meson
R

AA

to constrain the energy loss function of b quarks,
we decay B mesons to J/ through Pythia [78], given
that the experimental uncertainties of the latter is much
smaller than the former [68, 79].

III. CALIBRATION WITH BAYESIAN
ANALYSIS

The Bayesian inference method has been successfully
employed in both soft and hard sectors of heavy-ion
physics, such as the extractions of initial condition, bulk
transport coe�cients and the equation of state of the
QGP medium [80–86], jet transport coe�cient q̂ [49],
heavy quark di↵usion coe�cient D

s

[87], and the energy
loss distribution of hard partons and jets [60, 61]. It has
also been utilized to constrain the fluctuating structure of
protons with experimental data on coherent and inherent
di↵ractive J/ production in electron-proton collisions at
HERA [88]. In this work, we implement the Bayesian in-
ference method to simultaneously constrain the energy
loss functions of di↵erent partons (g, q, c and b) through
the QGP medium.

Our model calibration on the parameter set, denoted
by ✓, is based on the following Bayes’ theorem,

P (✓|data) / P (✓)P (data|✓) , (5)

where P (✓|data) on the left represents the posterior dis-
tribution of the parameter set given the knowledge of the
experimental data, P (✓) on the right represents the prior
distribution of ✓ without any knowledge of data, and
P (data|✓) measures the likelihood of a given set of ✓ by
comparing its model output with the data. In the present
study, ✓ = (�

g

, C

q

, C

c

, C

b

, �,↵) is a 6-dimensional vec-
tor, and the likelihood function is assumed to follow the
Gaussian form as

P (data|✓) =
Y

i

1p
2⇡�

i

e

�[yi(✓)�y

exp

i ]2
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(2�
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where y

i

(✓) is the model output at a given data point
i, and y

exp

i

and �

i

are respectively the mean value and
the error of the experimental observation at the point
i. The statistic error and the systematic error of the
experimental data are combined in our analysis.

Using Eqs. (5) and (6), we perform a Markov-Chain
Monte-Carlo (MCMC) random walk [89] in the parame-
ter space according to the Metropolis-Hasting algorithm.
Each step of this random walk updates the parameter
set based on its current location in the parameter space.

FIG. 1: (Color online) Closure test: posterior distributions
of model parameters (diagonal panels) and their correlations
(o↵-diagonal panels) extracted from pseudo-experimental
data on the R

AA

’s of charged hadrons, D mesons and B-
decayed J/ , with black vertical lines denoting the input
(“ground truth”) values of ✓

0

= (2.35, 0.55, 0.5, 0.2, 0.15, 7)
used to generate the pseudo-data. The lower triangle (blue)
is obtained using the original error bars of the experimental
data [14, 67, 68] while the upper triangle (red) is obtained
using halved error bars.

We start from a random location and execute 107 steps
for the Markov-Chain to reach equilibrium, after which
the locations given by further steps can constituent equi-
librium distributions of the model parameters, which are
the posterior distributions we seek in this work. We gen-
erate another 107 steps after reaching equilibrium, from
which we draw these posterior distributions. To exclude
correlation between adjacent steps, we draw one sample
of ✓ from every 10 steps, and use 106 samples in the end
to produce the probability distribution of the parameter
space.
A uniform prior distribution P (✓) is assumed in the re-

gions of �
g

2 (0, 10), C
q

2 (0, 1), C
c

2 (0, 1), C
b

2 (0, 1),
� 2 (�0.15, 0.5) and ↵ 2 (0, 15), which are su�ciently
wide for our model output to cover all the experimen-
tal data. In order to accelerate the calibration speed, a
Gaussian Process (GP) emulator [90, 91] is applied for
the model-to-data comparison when we scan through the
6-dimensional parameter space. This emulator is trained
with our model results on 600 design points uniformly
distributed in the prior range of ✓ above, and then used
as a fast surrogate of the real perturbative calculation
during the Bayesian analysis on the hadron R

AA

.
To validate our setup of the GP emulator and the

Bayesian analysis framework, we first conduct a closure
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III. CALIBRATION WITH BAYESIAN
ANALYSIS

The Bayesian inference method has been successfully
employed in both soft and hard sectors of heavy-ion
physics, such as the extractions of initial condition, bulk
transport coe�cients and the equation of state of the
QGP medium [79–85], jet transport coe�cient q̂ [48],
heavy quark di↵usion coe�cient D

s

[86], and the energy
loss distribution of hard partons and jets [59, 60]. It has
also been utilized to constrain the fluctuating structure of
protons with experimental data on coherent and inherent
di↵ractive J/ production in electron-proton collisions at
HERA [87]. In this work, we implement the Bayesian in-
ference method to simultaneously constrain the energy
loss functions of di↵erent partons (g, q, c and b) through
the QGP medium.

Our model calibration on the parameter set, denoted
by ✓, is based on the following Bayes’ theorem,

P (✓|data) / P (✓)P (data|✓) , (5)

where P (✓|data) on the left represents the posterior dis-
tribution of the parameter set given the knowledge of the
experimental data, P (✓) on the right represents the prior
distribution of ✓ without any knowledge of data, and
P (data|✓) measures the likelihood of a given set of ✓ by
comparing its model output with the data. In the present
study, ✓ = (�

g
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q

, C
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, �,↵) is a 6-dimensional vec-
tor, and the likelihood function is assumed to follow the
Gaussian form as
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where y

i

(✓) is the model output at a given data point
i, and y

exp

i

and �

i

are respectively the mean value and
the error of the experimental observation at the point
i. The statistic error and the systematic error of the
experimental data are combined in our analysis.

Using Eqs. (5) and (6), we perform a Markov-Chain
Monte-Carlo (MCMC) random walk [88] in the parame-
ter space according to the Metropolis-Hasting algorithm.
We start from a random location and execute 107 steps
of these random walks for the chain to reach equilibrium.
Then we generate another 107 steps from which we draw
the posterior distribution of our model parameters. To
exclude correlation between adjacent steps, we draw one
sample of ✓ from every 10 steps, and use 106 samples
in the end to produce the probability distribution of the
parameter space.

A uniform prior distribution P (✓) is assumed in the re-
gions of �

g

2 (0, 10), C
q

2 (0, 1), C
c

2 (0, 1), C
b

2 (0, 1),
� 2 (�0.15, 0.5) and ↵ 2 (0, 15), which are su�ciently
wide for our model output to cover all the experimen-
tal data. In order to accelerate the calibration speed, a
Gaussian Process (GP) emulator [89, 90] is applied for
the model-to-data comparison when we scan through the
6-dimensional parameter space. This emulator is trained

FIG. 1: (Color online) Closure test: posterior distributions
of model parameters (diagonal panels) and their correlations
(o↵-diagonal panels) extracted from pseudo-experimental
data on the R

AA

’s of charged hadrons, D mesons and B-
decayed J/ , with black vertical lines denoting the input
(“ground truth”) values of ✓

0

= (2.35, 0.55, 0.5, 0.2, 0.15, 7)
used to generate the pseudo-data. The lower triangle (blue)
is obtained using the original error bars of the experimental
data [14, 66, 67] while the upper triangle (red) is obtained
using halved error bars.

with our model results on 600 design points uniformly
distributed in the prior range of ✓ above, and then used
as a fast surrogate of the real perturbative calculation
during the Bayesian analysis on the hadron R

AA

.

To validate our setup of the GP emulator and the
Bayesian analysis framework, we first conduct a closure
test in Fig. 1 based on a set of pseudo-experimental data
generated by the model calculation. We start with a par-
ticular design point – ✓

0

= (2.35, 0.55, 0.5, 0.2, 0.15, 7) –
as indicated by the black vertical lines in the figure, and
use it to calculate the R

AA

of charged hadrons, D mesons
and B-decayed J/ with the perturbative method de-
veloped in Sec. II. These model results are used to re-
place the mean values of the experimental data in 0-10%
Pb+Pb collision at

p
s

NN

= 5.02 TeV [14, 66, 67], while
the error bars of these data points are taken from the
original CMS measurements. Using these pseudo-data,
we then examine whether the posterior distribution of
✓ extracted from the Bayesian analysis agrees with the
“ground-truth” value ✓

0

that we implant. The posterior
distributions of the 6 model parameters are presented in
Fig. 1, with diagonal panels showing the probability dis-
tributions of individual parameters and o↵-diagonal ones
showing the correlations between di↵erent pairs of pa-
rameters. The lower triangle (blue) is obtained by using
the original error bars of the CMS data in the Bayesian
analysis, while the upper triangle (red) is obtained by

Experimental data (             )
• CMS,  PbPb@5.02TeV 0-10%,  RAA 
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By combining a next-to-leading order perturbative QCD calculation of parton production, a general
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modification of various hadron species – charged hadrons, D mesons and B-decayed J/ – over a
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(QGP), and thus reveals the properties of QCD matter at extremely high density and temperature.

By combining a next-to-leading order perturbative QCD calculation of parton production, a general

ansatz of parton energy loss functions and parton fragmentation functions, we calculate the nuclear

modification of various hadron species – charged hadrons, D mesons and B-decayed J/ – over a

wide transverse momentum regime. Comparing our calculations to the experimental data using

the Bayesian statistical analysis, we perform a first simultaneous extraction of the energy loss

functions of gluons (g), light quarks (q), charm quarks (c) and bottom quarks (b) inside the QGP.

We find that the average parton energy loss at high energies follows the expected hierarchy of
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Markov-Chain Monte-Carlo (MCMC)

• Random walk through parameter space weighted by 
posterior distribution                 .  
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III. CALIBRATION WITH BAYESIAN
ANALYSIS

The Bayesian inference method has been successfully
employed in both soft and hard sectors of heavy-ion
physics, such as the extractions of initial condition, bulk
transport coe�cients and the equation of state of the
QGP medium [79–85], jet transport coe�cient q̂ [48],
heavy quark di↵usion coe�cient D

s

[86], and the energy
loss distribution of hard partons and jets [59, 60]. It has
also been utilized to constrain the fluctuating structure of
protons with experimental data on coherent and inherent
di↵ractive J/ production in electron-proton collisions at
HERA [87]. In this work, we implement the Bayesian in-
ference method to simultaneously constrain the energy
loss functions of di↵erent partons (g, q, c and b) through
the QGP medium.

Our model calibration on the parameter set, denoted
by ✓, is based on the following Bayes’ theorem,

P (✓|data) / P (✓)P (data|✓) , (5)

where P (✓|data) on the left represents the posterior dis-
tribution of the parameter set given the knowledge of the
experimental data, P (✓) on the right represents the prior
distribution of ✓ without any knowledge of data, and
P (data|✓) measures the likelihood of a given set of ✓ by
comparing its model output with the data. In the present
study, ✓ = (�
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, �,↵) is a 6-dimensional vec-
tor, and the likelihood function is assumed to follow the
Gaussian form as
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where y
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(✓) is the model output at a given data point
i, and y

exp

i

and �

i

are respectively the mean value and
the error of the experimental observation at the point
i. The statistic error and the systematic error of the
experimental data are combined in our analysis.

Using Eqs. (5) and (6), we perform a Markov-Chain
Monte-Carlo (MCMC) random walk [88] in the parame-
ter space according to the Metropolis-Hasting algorithm.
We start from a random location and execute 107 steps
of these random walks for the chain to reach equilibrium.
Then we generate another 107 steps from which we draw
the posterior distribution of our model parameters. To
exclude correlation between adjacent steps, we draw one
sample of ✓ from every 10 steps, and use 106 samples
in the end to produce the probability distribution of the
parameter space.

A uniform prior distribution P (✓) is assumed in the re-
gions of �

g

2 (0, 10), C
q

2 (0, 1), C
c

2 (0, 1), C
b

2 (0, 1),
� 2 (�0.15, 0.5) and ↵ 2 (0, 15), which are su�ciently
wide for our model output to cover all the experimen-
tal data. In order to accelerate the calibration speed, a
Gaussian Process (GP) emulator [89, 90] is applied for
the model-to-data comparison when we scan through the
6-dimensional parameter space. This emulator is trained

FIG. 1: (Color online) Closure test: posterior distributions
of model parameters (diagonal panels) and their correlations
(o↵-diagonal panels) extracted from pseudo-experimental
data on the R

AA

’s of charged hadrons, D mesons and B-
decayed J/ , with black vertical lines denoting the input
(“ground truth”) values of ✓

0

= (2.35, 0.55, 0.5, 0.2, 0.15, 7)
used to generate the pseudo-data. The lower triangle (blue)
is obtained using the original error bars of the experimental
data [14, 66, 67] while the upper triangle (red) is obtained
using halved error bars.

with our model results on 600 design points uniformly
distributed in the prior range of ✓ above, and then used
as a fast surrogate of the real perturbative calculation
during the Bayesian analysis on the hadron R

AA

.

To validate our setup of the GP emulator and the
Bayesian analysis framework, we first conduct a closure
test in Fig. 1 based on a set of pseudo-experimental data
generated by the model calculation. We start with a par-
ticular design point – ✓

0

= (2.35, 0.55, 0.5, 0.2, 0.15, 7) –
as indicated by the black vertical lines in the figure, and
use it to calculate the R

AA

of charged hadrons, D mesons
and B-decayed J/ with the perturbative method de-
veloped in Sec. II. These model results are used to re-
place the mean values of the experimental data in 0-10%
Pb+Pb collision at

p
s

NN

= 5.02 TeV [14, 66, 67], while
the error bars of these data points are taken from the
original CMS measurements. Using these pseudo-data,
we then examine whether the posterior distribution of
✓ extracted from the Bayesian analysis agrees with the
“ground-truth” value ✓

0

that we implant. The posterior
distributions of the 6 model parameters are presented in
Fig. 1, with diagonal panels showing the probability dis-
tributions of individual parameters and o↵-diagonal ones
showing the correlations between di↵erent pairs of pa-
rameters. The lower triangle (blue) is obtained by using
the original error bars of the CMS data in the Bayesian
analysis, while the upper triangle (red) is obtained by

• Generate a parameter array 
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The quenching of light and heavy flavor hadrons in relativistic heavy-ion collisions probes the

color and flavor dependences of parton energy loss through a color-deconfined quark-gluon plasma

(QGP), and thus reveals the properties of QCD matter at extremely high density and temperature.

By combining a next-to-leading order perturbative QCD calculation of parton production, a general

ansatz of parton energy loss functions and parton fragmentation functions, we calculate the nuclear

modification of various hadron species – charged hadrons, D mesons and B-decayed J/ – over a

wide transverse momentum regime. Comparing our calculations to the experimental data using

the Bayesian statistical analysis, we perform a first simultaneous extraction of the energy loss

functions of gluons (g), light quarks (q), charm quarks (c) and bottom quarks (b) inside the QGP.

We find that the average parton energy loss at high energies follows the expected hierarchy of

h�Egi > h�Eqi ⇠ h�Eci > h�Ebi, while the parton energy loss distribution can further test

the QCD calculations of parton interaction with the dense nuclear matter. We also find that the

reduction of experimental uncertainties can significantly improve the precision of the extracted

parton energy loss functions inside the QGP.

d�

pp!hX

dp

h
T

=

X

j

Z
dp

j
T

dz

d�̂

pp!jX

dp

j
T

(p

j
T

)Dj!h(z)�

⇣
p

h
T

� zp

j
T

⌘
. (1)

1

hN
coll

i
d�

AA!hX

dp

h
T

=

X

j

Z
dp

j
T

dxdz

d�̂

p

0
p

0!jX

dp

j
T

(p

j
T

)W

AA

(x)Dj!h(z)�

⇣
p

h
T

� z(p

j
T

� xh�p

j
T

i)
⌘
. (2)

h�p

g
T

i = �gp
�
T

log(p

T

)

h�p

q
T

i = Cq�gp
�
T

log(p

T

)

h�p

c
T

i = Cc�gp
�
T

log(p

T

)

D
�p

b
T

E
= Cb�gp

�
T

log(p

T

)

(3)

[�g, Cq, Cc, Cb, �,↵] ⇢ [(0, 10), (0, 1), (0, 1), (0, 1), (�0.15, 0.5), (0, 15)]

X = [✓

0

, ✓

1

, ✓

2

, ..., ✓i, ✓i+1

, ..., ✓n]

from which we draw the posterior distribution.

Gaussian Process Emulator
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at arbitrary point.  

• Fast surrogate to full Physics model. 
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Bayesian	analysis

Bayes’ theorem

3

the above 6 parameters and obtain the energy loss func-
tions of di↵erent parton species. Note that in order to ex-
clude the e↵ects of non-perturbative interactions of par-
tons with the QGP at low p

T

[73–75], and the coalescence
process during their hadronization [76, 77] at low to in-
termediate p

T

, we restrict our current study to the high
p

T

(> 10 GeV) regime where the perturbative calcula-
tion is reliable. Instead of directly using the B meson
R

AA

to constrain the energy loss function of b quarks,
we decay B mesons to J/ through Pythia [78], given
that the experimental uncertainties of the latter is much
smaller than the former [68, 79].

III. CALIBRATION WITH BAYESIAN
ANALYSIS

The Bayesian inference method has been successfully
employed in both soft and hard sectors of heavy-ion
physics, such as the extractions of initial condition, bulk
transport coe�cients and the equation of state of the
QGP medium [80–86], jet transport coe�cient q̂ [49],
heavy quark di↵usion coe�cient D

s

[87], and the energy
loss distribution of hard partons and jets [60, 61]. It has
also been utilized to constrain the fluctuating structure of
protons with experimental data on coherent and inherent
di↵ractive J/ production in electron-proton collisions at
HERA [88]. In this work, we implement the Bayesian in-
ference method to simultaneously constrain the energy
loss functions of di↵erent partons (g, q, c and b) through
the QGP medium.

Our model calibration on the parameter set, denoted
by ✓, is based on the following Bayes’ theorem,

P (✓|data) / P (✓)P (data|✓) , (5)

where P (✓|data) on the left represents the posterior dis-
tribution of the parameter set given the knowledge of the
experimental data, P (✓) on the right represents the prior
distribution of ✓ without any knowledge of data, and
P (data|✓) measures the likelihood of a given set of ✓ by
comparing its model output with the data. In the present
study, ✓ = (�

g

, C

q

, C

c

, C

b

, �,↵) is a 6-dimensional vec-
tor, and the likelihood function is assumed to follow the
Gaussian form as
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where y

i

(✓) is the model output at a given data point
i, and y

exp

i

and �

i

are respectively the mean value and
the error of the experimental observation at the point
i. The statistic error and the systematic error of the
experimental data are combined in our analysis.

Using Eqs. (5) and (6), we perform a Markov-Chain
Monte-Carlo (MCMC) random walk [89] in the parame-
ter space according to the Metropolis-Hasting algorithm.
Each step of this random walk updates the parameter
set based on its current location in the parameter space.

FIG. 1: (Color online) Closure test: posterior distributions
of model parameters (diagonal panels) and their correlations
(o↵-diagonal panels) extracted from pseudo-experimental
data on the R

AA

’s of charged hadrons, D mesons and B-
decayed J/ , with black vertical lines denoting the input
(“ground truth”) values of ✓

0

= (2.35, 0.55, 0.5, 0.2, 0.15, 7)
used to generate the pseudo-data. The lower triangle (blue)
is obtained using the original error bars of the experimental
data [14, 67, 68] while the upper triangle (red) is obtained
using halved error bars.

We start from a random location and execute 107 steps
for the Markov-Chain to reach equilibrium, after which
the locations given by further steps can constituent equi-
librium distributions of the model parameters, which are
the posterior distributions we seek in this work. We gen-
erate another 107 steps after reaching equilibrium, from
which we draw these posterior distributions. To exclude
correlation between adjacent steps, we draw one sample
of ✓ from every 10 steps, and use 106 samples in the end
to produce the probability distribution of the parameter
space.
A uniform prior distribution P (✓) is assumed in the re-

gions of �
g

2 (0, 10), C
q

2 (0, 1), C
c

2 (0, 1), C
b

2 (0, 1),
� 2 (�0.15, 0.5) and ↵ 2 (0, 15), which are su�ciently
wide for our model output to cover all the experimen-
tal data. In order to accelerate the calibration speed, a
Gaussian Process (GP) emulator [90, 91] is applied for
the model-to-data comparison when we scan through the
6-dimensional parameter space. This emulator is trained
with our model results on 600 design points uniformly
distributed in the prior range of ✓ above, and then used
as a fast surrogate of the real perturbative calculation
during the Bayesian analysis on the hadron R

AA

.
To validate our setup of the GP emulator and the

Bayesian analysis framework, we first conduct a closure

• Prior:  uniform in the region of 

• Likelihood: Gaussian form
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III. CALIBRATION WITH BAYESIAN
ANALYSIS

The Bayesian inference method has been successfully
employed in both soft and hard sectors of heavy-ion
physics, such as the extractions of initial condition, bulk
transport coe�cients and the equation of state of the
QGP medium [79–85], jet transport coe�cient q̂ [48],
heavy quark di↵usion coe�cient D

s

[86], and the energy
loss distribution of hard partons and jets [59, 60]. It has
also been utilized to constrain the fluctuating structure of
protons with experimental data on coherent and inherent
di↵ractive J/ production in electron-proton collisions at
HERA [87]. In this work, we implement the Bayesian in-
ference method to simultaneously constrain the energy
loss functions of di↵erent partons (g, q, c and b) through
the QGP medium.

Our model calibration on the parameter set, denoted
by ✓, is based on the following Bayes’ theorem,

P (✓|data) / P (✓)P (data|✓) , (5)

where P (✓|data) on the left represents the posterior dis-
tribution of the parameter set given the knowledge of the
experimental data, P (✓) on the right represents the prior
distribution of ✓ without any knowledge of data, and
P (data|✓) measures the likelihood of a given set of ✓ by
comparing its model output with the data. In the present
study, ✓ = (�
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where y
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(✓) is the model output at a given data point
i, and y

exp
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and �
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are respectively the mean value and
the error of the experimental observation at the point
i. The statistic error and the systematic error of the
experimental data are combined in our analysis.

Using Eqs. (5) and (6), we perform a Markov-Chain
Monte-Carlo (MCMC) random walk [88] in the parame-
ter space according to the Metropolis-Hasting algorithm.
We start from a random location and execute 107 steps
of these random walks for the chain to reach equilibrium.
Then we generate another 107 steps from which we draw
the posterior distribution of our model parameters. To
exclude correlation between adjacent steps, we draw one
sample of ✓ from every 10 steps, and use 106 samples
in the end to produce the probability distribution of the
parameter space.

A uniform prior distribution P (✓) is assumed in the re-
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2 (0, 1),
� 2 (�0.15, 0.5) and ↵ 2 (0, 15), which are su�ciently
wide for our model output to cover all the experimen-
tal data. In order to accelerate the calibration speed, a
Gaussian Process (GP) emulator [89, 90] is applied for
the model-to-data comparison when we scan through the
6-dimensional parameter space. This emulator is trained

FIG. 1: (Color online) Closure test: posterior distributions
of model parameters (diagonal panels) and their correlations
(o↵-diagonal panels) extracted from pseudo-experimental
data on the R

AA

’s of charged hadrons, D mesons and B-
decayed J/ , with black vertical lines denoting the input
(“ground truth”) values of ✓

0

= (2.35, 0.55, 0.5, 0.2, 0.15, 7)
used to generate the pseudo-data. The lower triangle (blue)
is obtained using the original error bars of the experimental
data [14, 66, 67] while the upper triangle (red) is obtained
using halved error bars.

with our model results on 600 design points uniformly
distributed in the prior range of ✓ above, and then used
as a fast surrogate of the real perturbative calculation
during the Bayesian analysis on the hadron R

AA

.

To validate our setup of the GP emulator and the
Bayesian analysis framework, we first conduct a closure
test in Fig. 1 based on a set of pseudo-experimental data
generated by the model calculation. We start with a par-
ticular design point – ✓

0

= (2.35, 0.55, 0.5, 0.2, 0.15, 7) –
as indicated by the black vertical lines in the figure, and
use it to calculate the R

AA

of charged hadrons, D mesons
and B-decayed J/ with the perturbative method de-
veloped in Sec. II. These model results are used to re-
place the mean values of the experimental data in 0-10%
Pb+Pb collision at

p
s

NN

= 5.02 TeV [14, 66, 67], while
the error bars of these data points are taken from the
original CMS measurements. Using these pseudo-data,
we then examine whether the posterior distribution of
✓ extracted from the Bayesian analysis agrees with the
“ground-truth” value ✓

0

that we implant. The posterior
distributions of the 6 model parameters are presented in
Fig. 1, with diagonal panels showing the probability dis-
tributions of individual parameters and o↵-diagonal ones
showing the correlations between di↵erent pairs of pa-
rameters. The lower triangle (blue) is obtained by using
the original error bars of the CMS data in the Bayesian
analysis, while the upper triangle (red) is obtained by

Experimental data (             )
• CMS,  PbPb@5.02TeV 0-10%,  RAA 
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ansatz of parton energy loss functions and parton fragmentation functions, we calculate the nuclear

modification of various hadron species – charged hadrons, D mesons and B-decayed J/ – over a

wide transverse momentum regime. Comparing our calculations to the experimental data using

the Bayesian statistical analysis, we perform a first simultaneous extraction of the energy loss

functions of gluons (g), light quarks (q), charm quarks (c) and bottom quarks (b) inside the QGP.

We find that the average parton energy loss at high energies follows the expected hierarchy of
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i, while the parton energy loss distribution can further test

the QCD calculations of parton interaction with the dense nuclear matter. We also find that the

reduction of experimental uncertainties can significantly improve the precision of the extracted

parton energy loss functions inside the QGP.
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Markov-Chain Monte-Carlo (MCMC)

• Random walk through parameter space weighted by 
posterior distribution                 .  

3

III. CALIBRATION WITH BAYESIAN
ANALYSIS

The Bayesian inference method has been successfully
employed in both soft and hard sectors of heavy-ion
physics, such as the extractions of initial condition, bulk
transport coe�cients and the equation of state of the
QGP medium [79–85], jet transport coe�cient q̂ [48],
heavy quark di↵usion coe�cient D

s

[86], and the energy
loss distribution of hard partons and jets [59, 60]. It has
also been utilized to constrain the fluctuating structure of
protons with experimental data on coherent and inherent
di↵ractive J/ production in electron-proton collisions at
HERA [87]. In this work, we implement the Bayesian in-
ference method to simultaneously constrain the energy
loss functions of di↵erent partons (g, q, c and b) through
the QGP medium.

Our model calibration on the parameter set, denoted
by ✓, is based on the following Bayes’ theorem,

P (✓|data) / P (✓)P (data|✓) , (5)

where P (✓|data) on the left represents the posterior dis-
tribution of the parameter set given the knowledge of the
experimental data, P (✓) on the right represents the prior
distribution of ✓ without any knowledge of data, and
P (data|✓) measures the likelihood of a given set of ✓ by
comparing its model output with the data. In the present
study, ✓ = (�

g

, C

q

, C

c

, C

b

, �,↵) is a 6-dimensional vec-
tor, and the likelihood function is assumed to follow the
Gaussian form as

P (data|✓) =
Y
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1p
2⇡�
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exp

i ]2
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(2�
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where y

i

(✓) is the model output at a given data point
i, and y

exp

i

and �

i

are respectively the mean value and
the error of the experimental observation at the point
i. The statistic error and the systematic error of the
experimental data are combined in our analysis.

Using Eqs. (5) and (6), we perform a Markov-Chain
Monte-Carlo (MCMC) random walk [88] in the parame-
ter space according to the Metropolis-Hasting algorithm.
We start from a random location and execute 107 steps
of these random walks for the chain to reach equilibrium.
Then we generate another 107 steps from which we draw
the posterior distribution of our model parameters. To
exclude correlation between adjacent steps, we draw one
sample of ✓ from every 10 steps, and use 106 samples
in the end to produce the probability distribution of the
parameter space.

A uniform prior distribution P (✓) is assumed in the re-
gions of �

g

2 (0, 10), C
q

2 (0, 1), C
c

2 (0, 1), C
b

2 (0, 1),
� 2 (�0.15, 0.5) and ↵ 2 (0, 15), which are su�ciently
wide for our model output to cover all the experimen-
tal data. In order to accelerate the calibration speed, a
Gaussian Process (GP) emulator [89, 90] is applied for
the model-to-data comparison when we scan through the
6-dimensional parameter space. This emulator is trained

FIG. 1: (Color online) Closure test: posterior distributions
of model parameters (diagonal panels) and their correlations
(o↵-diagonal panels) extracted from pseudo-experimental
data on the R

AA

’s of charged hadrons, D mesons and B-
decayed J/ , with black vertical lines denoting the input
(“ground truth”) values of ✓

0

= (2.35, 0.55, 0.5, 0.2, 0.15, 7)
used to generate the pseudo-data. The lower triangle (blue)
is obtained using the original error bars of the experimental
data [14, 66, 67] while the upper triangle (red) is obtained
using halved error bars.

with our model results on 600 design points uniformly
distributed in the prior range of ✓ above, and then used
as a fast surrogate of the real perturbative calculation
during the Bayesian analysis on the hadron R

AA

.

To validate our setup of the GP emulator and the
Bayesian analysis framework, we first conduct a closure
test in Fig. 1 based on a set of pseudo-experimental data
generated by the model calculation. We start with a par-
ticular design point – ✓

0

= (2.35, 0.55, 0.5, 0.2, 0.15, 7) –
as indicated by the black vertical lines in the figure, and
use it to calculate the R

AA

of charged hadrons, D mesons
and B-decayed J/ with the perturbative method de-
veloped in Sec. II. These model results are used to re-
place the mean values of the experimental data in 0-10%
Pb+Pb collision at

p
s

NN

= 5.02 TeV [14, 66, 67], while
the error bars of these data points are taken from the
original CMS measurements. Using these pseudo-data,
we then examine whether the posterior distribution of
✓ extracted from the Bayesian analysis agrees with the
“ground-truth” value ✓

0

that we implant. The posterior
distributions of the 6 model parameters are presented in
Fig. 1, with diagonal panels showing the probability dis-
tributions of individual parameters and o↵-diagonal ones
showing the correlations between di↵erent pairs of pa-
rameters. The lower triangle (blue) is obtained by using
the original error bars of the CMS data in the Bayesian
analysis, while the upper triangle (red) is obtained by

• Generate a parameter array 
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(QGP), and thus reveals the properties of QCD matter at extremely high density and temperature.

By combining a next-to-leading order perturbative QCD calculation of parton production, a general

ansatz of parton energy loss functions and parton fragmentation functions, we calculate the nuclear

modification of various hadron species – charged hadrons, D mesons and B-decayed J/ – over a

wide transverse momentum regime. Comparing our calculations to the experimental data using

the Bayesian statistical analysis, we perform a first simultaneous extraction of the energy loss

functions of gluons (g), light quarks (q), charm quarks (c) and bottom quarks (b) inside the QGP.

We find that the average parton energy loss at high energies follows the expected hierarchy of

h�Egi > h�Eqi ⇠ h�Eci > h�Ebi, while the parton energy loss distribution can further test

the QCD calculations of parton interaction with the dense nuclear matter. We also find that the

reduction of experimental uncertainties can significantly improve the precision of the extracted

parton energy loss functions inside the QGP.
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at arbitrary point.  
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ansatz of parton energy loss functions and parton fragmentation functions, we calculate the nuclear

modification of various hadron species – charged hadrons, D mesons and B-decayed J/ – over a

wide transverse momentum regime. Comparing our calculations to the experimental data using

the Bayesian statistical analysis, we perform a first simultaneous extraction of the energy loss

functions of gluons (g), light quarks (q), charm quarks (c) and bottom quarks (b) inside the QGP.
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i, while the parton energy loss distribution can further test

the QCD calculations of parton interaction with the dense nuclear matter. We also find that the

reduction of experimental uncertainties can significantly improve the precision of the extracted
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By combining a next-to-leading order perturbative QCD calculation of parton production, a general

ansatz of parton energy loss functions and parton fragmentation functions, we calculate the nuclear

modification of various hadron species – charged hadrons, D mesons and B-decayed J/ – over a

wide transverse momentum regime. Comparing our calculations to the experimental data using

the Bayesian statistical analysis, we perform a first simultaneous extraction of the energy loss

functions of gluons (g), light quarks (q), charm quarks (c) and bottom quarks (b) inside the QGP.

We find that the average parton energy loss at high energies follows the expected hierarchy of
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the QCD calculations of parton interaction with the dense nuclear matter. We also find that the

reduction of experimental uncertainties can significantly improve the precision of the extracted
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wide transverse momentum regime. Comparing our calculations to the experimental data using

the Bayesian statistical analysis, we perform a first simultaneous extraction of the energy loss
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Posterior	distribution	of	model	parameters

4

using halved error bars. Meanwhile, we present the 90%
credible regions (C.R.’s) of the extracted model parame-
ters in Tab. I, which are obtained by discarding the lowest
5% and highest 5% areas of their distribution functions.
One can see that the probability distribution, or the 90%
C.R., of each model parameter can be constrained to
its pre-set “true” value within this analysis framework.
Halving the error bars of our pseudo-data narrows the
90% C.R.’s of the posterior distributions, and thus im-
proves the precision of the extracted parameters.

✓
0

with �
exp

with 0.5�
exp

�g 2.35 (1.565, 2.614) (1.862, 2.49)
Cq 0.55 (0.266, 0.928) (0.344, 0.789)
Cc 0.5 (0.362, 0.725) (0.398, 0.61)
Cb 0.2 (0.063, 0.331) (0.102, 0.278)
� 0.15 (0.095, 0.303) (0.125, 0.245)
↵ 7.0 (4.349, 9.146) (5.01, 8.561)

TABLE I: The 90% C.R.’s of the model parameters extracted
from the pseudo-experimental data, the third column from
using the original uncertainties of the experimental data, and
the fourth column from using the halved uncertainties.

IV. EXTRACTING PARTON ENERGY LOSS
FUNCTIONS

Using the validated statistical analysis framework
above, we now extract the distributions of parton en-
ergy loss from the real R

AA

data of charged hadrons, D
mesons and B-decayed J/ in 0-10% Pb+Pb collisions
at

p
s

NN

= 5.02 TeV [14, 66, 67].

with �
exp

with 0.5�
exp

�g (1.646, 2.56) (1.96, 2.39)
Cq (0.129, 0.65) (0.226, 0.454)
Cc (0.3, 0.567) (0.344, 0.459)
Cb (0.065, 0.277) (0.124, 0.207)
� (0.137, 0.378) (0.184, 0.295)
↵ (5.287, 9.061) (6.266, 8.401)

TABLE II: The 90% C.R.’s of the model parameters extracted
from the CMS data on the R

AA

’s of charged hadrons, D
mesons and B-decayed J/ in 0-10% Pb+Pb collisions atp
s
NN

= 5.02 TeV [14, 66, 67], middle column from using
the original uncertainties of the experimental data, and right
column from using the halved uncertainties.

In Fig. 2, we present the posterior probability distri-
butions of the 6 model parameters extracted from the
Bayesian fit to the experimental data. The diagonal
panels show the probability distributions of individual
parameters while the o↵-diagonal ones show the two-
parameter joint distributions that quantify their correla-
tions. The lower triangle (blue) is from using the original
error bars of the experimental data in our Bayesian anal-

FIG. 2: (Color online) Posterior distributions of model pa-
rameters (diagonal panels) and their correlations (o↵-diagonal
panels) extracted from the CMS data on the R

AA

’s of charged
hadrons, D mesons and B-decayed J/ in 0-10% Pb+Pb col-
lisions at

p
s
NN

= 5.02 TeV [14, 66, 67]. The lower triangle
(blue) is obtained using the original error bars of the data
while the upper triangle (red) is obtained using halved error
bars.

ysis, while the upper triangle (red) from the halved error
bars. The 90% C.R.’s of these parameters are summa-
rized in Tab. II, including results from using both the full
(middle column) and halved (right column) error bars.
One can see that the model parameters can be well con-
strained by comparing our perturbative calculation to the
experimental data. An inverse correlation between �

g

(or
C

q

, C
c

, C
b

) and � is observed. This is consistent with
earlier findings in Refs. [59, 60], and can be understood
with Eq. (3) where they both contribute positively to
the parton energy loss. The posterior distribution of the
parameter ↵ here is also consistent with that obtained
earlier in Ref. [60]. In addition, reducing the uncertain-
ties from the experimental data makes the posterior dis-
tributions of the model parameters narrower, thus helps
better constrain the parton energy loss functions.

Shown in Fig. 3 is our model result after the Bayesian
calibration. We first calculate the R

AA

’s of di↵erent
hadrons using parameters drawn from their posterior dis-
tributions. Then, we evaluate the mean values and stan-
dard deviations (�) of R

AA

’s at each p

T

, and present
their ±1� bands in Fig. 3. Our calibrated model calcula-
tion provides a simultaneous description on the nuclear
modification factors of charged hadrons, D mesons and
B-decayed J/ measured by the CMS Collaboration.

Using the parameters constrained by the ±1� band
of the R

AA

results above, we generate the average frac-
tional transverse momentum loss (h�p

T

i/p
T

) according
to Eq. (3), and compare results between g, q, c and b

Ø Bayesian calibration gives 𝟏 𝑪𝒒~ 𝟏. 𝟓𝟑, 𝟕. 𝟕𝟓⁄
with 𝝈𝒆𝒙𝒑 and 𝟏 𝑪𝒒~ 𝟐.𝟐𝟎, 𝟒. 𝟒𝟐⁄ with	
𝟎. 𝟓𝝈𝒆𝒙𝒑, which are both consistent with the
Casimir scaling factor𝑪𝑨 𝑪𝑭 = 𝟐. 𝟐𝟓⁄ .
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color and flavor dependences of parton energy loss through a color-deconfined quark-gluon plasma

(QGP), and thus reveals the properties of QCD matter at extremely high density and temperature.

By combining a next-to-leading order perturbative QCD calculation of parton production, a general

ansatz of parton energy loss functions and parton fragmentation functions, we calculate the nuclear

modification of various hadron species – charged hadrons, D mesons and B-decayed J/ – over a

wide transverse momentum regime. Comparing our calculations to the experimental data using

the Bayesian statistical analysis, we perform a first simultaneous extraction of the energy loss

functions of gluons (g), light quarks (q), charm quarks (c) and bottom quarks (b) inside the QGP.

We find that the average parton energy loss at high energies follows the expected hierarchy of
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i, while the parton energy loss distribution can further test

the QCD calculations of parton interaction with the dense nuclear matter. We also find that the

reduction of experimental uncertainties can significantly improve the precision of the extracted

parton energy loss functions inside the QGP.
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ansatz of parton energy loss functions and parton fragmentation functions, we calculate the nuclear
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wide transverse momentum regime. Comparing our calculations to the experimental data using

the Bayesian statistical analysis, we perform a first simultaneous extraction of the energy loss

functions of gluons (g), light quarks (q), charm quarks (c) and bottom quarks (b) inside the QGP.

We find that the average parton energy loss at high energies follows the expected hierarchy of

h�E

g

i > h�E

q

i ⇠ h�E

c

i > h�E

b
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Bayesian extraction of 𝚫𝒑𝑻 for	𝒈,	𝒒,	𝒄 and	𝒃

Ø The	extracted	parton energy	loss	has	a	clear	flavor	hierarchy,		 ∆𝑬𝒈 > ∆𝑬𝒒 	~	 ∆𝑬𝒄 > ∆𝑬𝒃 .

Ø Direct	extraction	of	flavor	dependence	of	parton energy	loss	in	QGP	from	data.

Ø Provides	a	stringent	test	on	pQCD calculation	of	parton-medium	interaction.
12



Summary

13

Ø By	combining	a	NLO	order	perturbative QCD	calculation	of	the	parton production,	a	general	ansatz of	
the	parton energy	loss	function	and	parton fragmentation	functions,	we	can	calculate	the	nuclear	
modification	of	both	heavy	and	light	flavor	hadrons	over	a	wide	𝒑𝑻 regime.

Ø By	applying	a	Bayesian	model-to-data	analysis,	we	have	performed	a	first	simultaneous	extraction	of	
energy	loss	of	gluons,	light	quarks,	charm	quarks	and	bottom	quarks	inside	the	QGP.

Ø The	constrained	parton energy	loss	exhibit	a	clear	flavor	hierarchy,	 𝚫𝑬𝒈 > 𝚫𝑬𝒒 ~ 𝚫𝑬𝒄 > 𝚫𝑬𝒃
inside	the	QGP,	and	is	consistent	with	perturbative QCD	expectation.

Ø We	find	that	a	reduction	of	the	data	uncertainties	can	significantly	improve	the	precision	of	the	
extracted	parton energy	loss.

WJX,	Cao,	Qin,	Phys.Lett.B	850	(2024)	138523
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Ø Gluon	fragmentation	dominates	𝒉± production	at	𝒑𝑻 <	50	GeV.

Ø Gluon	fragmentation	contributes	to	over	40%	𝑫𝟎 and	50%	𝑩 production	
up	to	𝒑𝑻 >	50	GeV.



Bayesian	calibration	to	pseudo-data

Bayes’ theorem

3

the above 6 parameters and obtain the energy loss func-
tions of di↵erent parton species. Note that in order to ex-
clude the e↵ects of non-perturbative interactions of par-
tons with the QGP at low p

T

[73–75], and the coalescence
process during their hadronization [76, 77] at low to in-
termediate p

T

, we restrict our current study to the high
p

T

(> 10 GeV) regime where the perturbative calcula-
tion is reliable. Instead of directly using the B meson
R

AA

to constrain the energy loss function of b quarks,
we decay B mesons to J/ through Pythia [78], given
that the experimental uncertainties of the latter is much
smaller than the former [68, 79].

III. CALIBRATION WITH BAYESIAN
ANALYSIS

The Bayesian inference method has been successfully
employed in both soft and hard sectors of heavy-ion
physics, such as the extractions of initial condition, bulk
transport coe�cients and the equation of state of the
QGP medium [80–86], jet transport coe�cient q̂ [49],
heavy quark di↵usion coe�cient D

s

[87], and the energy
loss distribution of hard partons and jets [60, 61]. It has
also been utilized to constrain the fluctuating structure of
protons with experimental data on coherent and inherent
di↵ractive J/ production in electron-proton collisions at
HERA [88]. In this work, we implement the Bayesian in-
ference method to simultaneously constrain the energy
loss functions of di↵erent partons (g, q, c and b) through
the QGP medium.

Our model calibration on the parameter set, denoted
by ✓, is based on the following Bayes’ theorem,

P (✓|data) / P (✓)P (data|✓) , (5)

where P (✓|data) on the left represents the posterior dis-
tribution of the parameter set given the knowledge of the
experimental data, P (✓) on the right represents the prior
distribution of ✓ without any knowledge of data, and
P (data|✓) measures the likelihood of a given set of ✓ by
comparing its model output with the data. In the present
study, ✓ = (�

g

, C

q

, C

c

, C

b

, �,↵) is a 6-dimensional vec-
tor, and the likelihood function is assumed to follow the
Gaussian form as

P (data|✓) =
Y

i

1p
2⇡�

i

e

�[yi(✓)�y

exp

i ]2
�
(2�

2

i )
, (6)

where y

i

(✓) is the model output at a given data point
i, and y

exp

i

and �

i

are respectively the mean value and
the error of the experimental observation at the point
i. The statistic error and the systematic error of the
experimental data are combined in our analysis.

Using Eqs. (5) and (6), we perform a Markov-Chain
Monte-Carlo (MCMC) random walk [89] in the parame-
ter space according to the Metropolis-Hasting algorithm.
Each step of this random walk updates the parameter
set based on its current location in the parameter space.

FIG. 1: (Color online) Closure test: posterior distributions
of model parameters (diagonal panels) and their correlations
(o↵-diagonal panels) extracted from pseudo-experimental
data on the R

AA

’s of charged hadrons, D mesons and B-
decayed J/ , with black vertical lines denoting the input
(“ground truth”) values of ✓

0

= (2.35, 0.55, 0.5, 0.2, 0.15, 7)
used to generate the pseudo-data. The lower triangle (blue)
is obtained using the original error bars of the experimental
data [14, 67, 68] while the upper triangle (red) is obtained
using halved error bars.

We start from a random location and execute 107 steps
for the Markov-Chain to reach equilibrium, after which
the locations given by further steps can constituent equi-
librium distributions of the model parameters, which are
the posterior distributions we seek in this work. We gen-
erate another 107 steps after reaching equilibrium, from
which we draw these posterior distributions. To exclude
correlation between adjacent steps, we draw one sample
of ✓ from every 10 steps, and use 106 samples in the end
to produce the probability distribution of the parameter
space.
A uniform prior distribution P (✓) is assumed in the re-

gions of �
g

2 (0, 10), C
q

2 (0, 1), C
c

2 (0, 1), C
b

2 (0, 1),
� 2 (�0.15, 0.5) and ↵ 2 (0, 15), which are su�ciently
wide for our model output to cover all the experimen-
tal data. In order to accelerate the calibration speed, a
Gaussian Process (GP) emulator [90, 91] is applied for
the model-to-data comparison when we scan through the
6-dimensional parameter space. This emulator is trained
with our model results on 600 design points uniformly
distributed in the prior range of ✓ above, and then used
as a fast surrogate of the real perturbative calculation
during the Bayesian analysis on the hadron R

AA

.
To validate our setup of the GP emulator and the

Bayesian analysis framework, we first conduct a closure

• Prior:  uniform in the region of 

• Likelihood: Gaussian form
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The quenching of light and heavy flavor hadrons in relativistic heavy-ion collisions probes the

color and flavor dependences of parton energy loss through a color-deconfined quark-gluon plasma

(QGP), and thus reveals the properties of QCD matter at extremely high density and temperature.

By combining a next-to-leading order perturbative QCD calculation of parton production, a general

ansatz of parton energy loss functions and parton fragmentation functions, we calculate the nuclear

modification of various hadron species – charged hadrons, D mesons and B-decayed J/ – over a

wide transverse momentum regime. Comparing our calculations to the experimental data using

the Bayesian statistical analysis, we perform a first simultaneous extraction of the energy loss

functions of gluons (g), light quarks (q), charm quarks (c) and bottom quarks (b) inside the QGP.

We find that the average parton energy loss at high energies follows the expected hierarchy of

h�Egi > h�Eqi ⇠ h�Eci > h�Ebi, while the parton energy loss distribution can further test

the QCD calculations of parton interaction with the dense nuclear matter. We also find that the

reduction of experimental uncertainties can significantly improve the precision of the extracted

parton energy loss functions inside the QGP.
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III. CALIBRATION WITH BAYESIAN
ANALYSIS

The Bayesian inference method has been successfully
employed in both soft and hard sectors of heavy-ion
physics, such as the extractions of initial condition, bulk
transport coe�cients and the equation of state of the
QGP medium [79–85], jet transport coe�cient q̂ [48],
heavy quark di↵usion coe�cient D

s

[86], and the energy
loss distribution of hard partons and jets [59, 60]. It has
also been utilized to constrain the fluctuating structure of
protons with experimental data on coherent and inherent
di↵ractive J/ production in electron-proton collisions at
HERA [87]. In this work, we implement the Bayesian in-
ference method to simultaneously constrain the energy
loss functions of di↵erent partons (g, q, c and b) through
the QGP medium.

Our model calibration on the parameter set, denoted
by ✓, is based on the following Bayes’ theorem,

P (✓|data) / P (✓)P (data|✓) , (5)

where P (✓|data) on the left represents the posterior dis-
tribution of the parameter set given the knowledge of the
experimental data, P (✓) on the right represents the prior
distribution of ✓ without any knowledge of data, and
P (data|✓) measures the likelihood of a given set of ✓ by
comparing its model output with the data. In the present
study, ✓ = (�

g

, C

q

, C

c

, C

b

, �,↵) is a 6-dimensional vec-
tor, and the likelihood function is assumed to follow the
Gaussian form as

P (data|✓) =
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where y

i

(✓) is the model output at a given data point
i, and y

exp

i

and �

i

are respectively the mean value and
the error of the experimental observation at the point
i. The statistic error and the systematic error of the
experimental data are combined in our analysis.

Using Eqs. (5) and (6), we perform a Markov-Chain
Monte-Carlo (MCMC) random walk [88] in the parame-
ter space according to the Metropolis-Hasting algorithm.
We start from a random location and execute 107 steps
of these random walks for the chain to reach equilibrium.
Then we generate another 107 steps from which we draw
the posterior distribution of our model parameters. To
exclude correlation between adjacent steps, we draw one
sample of ✓ from every 10 steps, and use 106 samples
in the end to produce the probability distribution of the
parameter space.

A uniform prior distribution P (✓) is assumed in the re-
gions of �

g

2 (0, 10), C
q

2 (0, 1), C
c

2 (0, 1), C
b

2 (0, 1),
� 2 (�0.15, 0.5) and ↵ 2 (0, 15), which are su�ciently
wide for our model output to cover all the experimen-
tal data. In order to accelerate the calibration speed, a
Gaussian Process (GP) emulator [89, 90] is applied for
the model-to-data comparison when we scan through the
6-dimensional parameter space. This emulator is trained

FIG. 1: (Color online) Closure test: posterior distributions
of model parameters (diagonal panels) and their correlations
(o↵-diagonal panels) extracted from pseudo-experimental
data on the R

AA

’s of charged hadrons, D mesons and B-
decayed J/ , with black vertical lines denoting the input
(“ground truth”) values of ✓

0

= (2.35, 0.55, 0.5, 0.2, 0.15, 7)
used to generate the pseudo-data. The lower triangle (blue)
is obtained using the original error bars of the experimental
data [14, 66, 67] while the upper triangle (red) is obtained
using halved error bars.

with our model results on 600 design points uniformly
distributed in the prior range of ✓ above, and then used
as a fast surrogate of the real perturbative calculation
during the Bayesian analysis on the hadron R

AA

.

To validate our setup of the GP emulator and the
Bayesian analysis framework, we first conduct a closure
test in Fig. 1 based on a set of pseudo-experimental data
generated by the model calculation. We start with a par-
ticular design point – ✓

0

= (2.35, 0.55, 0.5, 0.2, 0.15, 7) –
as indicated by the black vertical lines in the figure, and
use it to calculate the R

AA

of charged hadrons, D mesons
and B-decayed J/ with the perturbative method de-
veloped in Sec. II. These model results are used to re-
place the mean values of the experimental data in 0-10%
Pb+Pb collision at

p
s

NN

= 5.02 TeV [14, 66, 67], while
the error bars of these data points are taken from the
original CMS measurements. Using these pseudo-data,
we then examine whether the posterior distribution of
✓ extracted from the Bayesian analysis agrees with the
“ground-truth” value ✓

0

that we implant. The posterior
distributions of the 6 model parameters are presented in
Fig. 1, with diagonal panels showing the probability dis-
tributions of individual parameters and o↵-diagonal ones
showing the correlations between di↵erent pairs of pa-
rameters. The lower triangle (blue) is obtained by using
the original error bars of the CMS data in the Bayesian
analysis, while the upper triangle (red) is obtained by

Experimental data (             )
• CMS,  PbPb@5.02TeV 0-10%,  RAA 
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III. CALIBRATION WITH BAYESIAN
ANALYSIS

The Bayesian inference method has been successfully
employed in both soft and hard sectors of heavy-ion
physics, such as the extractions of initial condition, bulk
transport coe�cients and the equation of state of the
QGP medium [79–85], jet transport coe�cient q̂ [48],
heavy quark di↵usion coe�cient D

s

[86], and the energy
loss distribution of hard partons and jets [59, 60]. It has
also been utilized to constrain the fluctuating structure of
protons with experimental data on coherent and inherent
di↵ractive J/ production in electron-proton collisions at
HERA [87]. In this work, we implement the Bayesian in-
ference method to simultaneously constrain the energy
loss functions of di↵erent partons (g, q, c and b) through
the QGP medium.

Our model calibration on the parameter set, denoted
by ✓, is based on the following Bayes’ theorem,

P (✓|data) / P (✓)P (data|✓) , (5)

where P (✓|data) on the left represents the posterior dis-
tribution of the parameter set given the knowledge of the
experimental data, P (✓) on the right represents the prior
distribution of ✓ without any knowledge of data, and
P (data|✓) measures the likelihood of a given set of ✓ by
comparing its model output with the data. In the present
study, ✓ = (�
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, �,↵) is a 6-dimensional vec-
tor, and the likelihood function is assumed to follow the
Gaussian form as
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where y

i

(✓) is the model output at a given data point
i, and y

exp

i

and �

i

are respectively the mean value and
the error of the experimental observation at the point
i. The statistic error and the systematic error of the
experimental data are combined in our analysis.

Using Eqs. (5) and (6), we perform a Markov-Chain
Monte-Carlo (MCMC) random walk [88] in the parame-
ter space according to the Metropolis-Hasting algorithm.
We start from a random location and execute 107 steps
of these random walks for the chain to reach equilibrium.
Then we generate another 107 steps from which we draw
the posterior distribution of our model parameters. To
exclude correlation between adjacent steps, we draw one
sample of ✓ from every 10 steps, and use 106 samples
in the end to produce the probability distribution of the
parameter space.

A uniform prior distribution P (✓) is assumed in the re-
gions of �
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2 (0, 1), C
c

2 (0, 1), C
b

2 (0, 1),
� 2 (�0.15, 0.5) and ↵ 2 (0, 15), which are su�ciently
wide for our model output to cover all the experimen-
tal data. In order to accelerate the calibration speed, a
Gaussian Process (GP) emulator [89, 90] is applied for
the model-to-data comparison when we scan through the
6-dimensional parameter space. This emulator is trained

FIG. 1: (Color online) Closure test: posterior distributions
of model parameters (diagonal panels) and their correlations
(o↵-diagonal panels) extracted from pseudo-experimental
data on the R

AA

’s of charged hadrons, D mesons and B-
decayed J/ , with black vertical lines denoting the input
(“ground truth”) values of ✓

0

= (2.35, 0.55, 0.5, 0.2, 0.15, 7)
used to generate the pseudo-data. The lower triangle (blue)
is obtained using the original error bars of the experimental
data [14, 66, 67] while the upper triangle (red) is obtained
using halved error bars.

with our model results on 600 design points uniformly
distributed in the prior range of ✓ above, and then used
as a fast surrogate of the real perturbative calculation
during the Bayesian analysis on the hadron R

AA

.

To validate our setup of the GP emulator and the
Bayesian analysis framework, we first conduct a closure
test in Fig. 1 based on a set of pseudo-experimental data
generated by the model calculation. We start with a par-
ticular design point – ✓

0

= (2.35, 0.55, 0.5, 0.2, 0.15, 7) –
as indicated by the black vertical lines in the figure, and
use it to calculate the R

AA

of charged hadrons, D mesons
and B-decayed J/ with the perturbative method de-
veloped in Sec. II. These model results are used to re-
place the mean values of the experimental data in 0-10%
Pb+Pb collision at

p
s

NN

= 5.02 TeV [14, 66, 67], while
the error bars of these data points are taken from the
original CMS measurements. Using these pseudo-data,
we then examine whether the posterior distribution of
✓ extracted from the Bayesian analysis agrees with the
“ground-truth” value ✓

0

that we implant. The posterior
distributions of the 6 model parameters are presented in
Fig. 1, with diagonal panels showing the probability dis-
tributions of individual parameters and o↵-diagonal ones
showing the correlations between di↵erent pairs of pa-
rameters. The lower triangle (blue) is obtained by using
the original error bars of the CMS data in the Bayesian
analysis, while the upper triangle (red) is obtained by

• Generate a parameter array 
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The quenching of light and heavy flavor hadrons in relativistic heavy-ion collisions probes the

color and flavor dependences of parton energy loss through a color-deconfined quark-gluon plasma

(QGP), and thus reveals the properties of QCD matter at extremely high density and temperature.

By combining a next-to-leading order perturbative QCD calculation of parton production, a general

ansatz of parton energy loss functions and parton fragmentation functions, we calculate the nuclear

modification of various hadron species – charged hadrons, D mesons and B-decayed J/ – over a

wide transverse momentum regime. Comparing our calculations to the experimental data using

the Bayesian statistical analysis, we perform a first simultaneous extraction of the energy loss

functions of gluons (g), light quarks (q), charm quarks (c) and bottom quarks (b) inside the QGP.

We find that the average parton energy loss at high energies follows the expected hierarchy of

h�Egi > h�Eqi ⇠ h�Eci > h�Ebi, while the parton energy loss distribution can further test

the QCD calculations of parton interaction with the dense nuclear matter. We also find that the

reduction of experimental uncertainties can significantly improve the precision of the extracted

parton energy loss functions inside the QGP.
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(QGP), and thus reveals the properties of QCD matter at extremely high density and temperature.

By combining a next-to-leading order perturbative QCD calculation of parton production, a general

ansatz of parton energy loss functions and parton fragmentation functions, we calculate the nuclear

modification of various hadron species – charged hadrons, D mesons and B-decayed J/ – over a

wide transverse momentum regime. Comparing our calculations to the experimental data using

the Bayesian statistical analysis, we perform a first simultaneous extraction of the energy loss

functions of gluons (g), light quarks (q), charm quarks (c) and bottom quarks (b) inside the QGP.

We find that the average parton energy loss at high energies follows the expected hierarchy of
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i, while the parton energy loss distribution can further test

the QCD calculations of parton interaction with the dense nuclear matter. We also find that the

reduction of experimental uncertainties can significantly improve the precision of the extracted

parton energy loss functions inside the QGP.
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The quenching of light and heavy flavor hadrons in relativistic heavy-ion collisions probes the

color and flavor dependences of parton energy loss through a color-deconfined quark-gluon plasma

(QGP), and thus reveals the properties of QCD matter at extremely high density and temperature.

By combining a next-to-leading order perturbative QCD calculation of parton production, a general

ansatz of parton energy loss functions and parton fragmentation functions, we calculate the nuclear

modification of various hadron species – charged hadrons, D mesons and B-decayed J/ – over a

wide transverse momentum regime. Comparing our calculations to the experimental data using

the Bayesian statistical analysis, we perform a first simultaneous extraction of the energy loss

functions of gluons (g), light quarks (q), charm quarks (c) and bottom quarks (b) inside the QGP.

We find that the average parton energy loss at high energies follows the expected hierarchy of
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i, while the parton energy loss distribution can further test

the QCD calculations of parton interaction with the dense nuclear matter. We also find that the

reduction of experimental uncertainties can significantly improve the precision of the extracted

parton energy loss functions inside the QGP.
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The quenching of light and heavy flavor hadrons in relativistic heavy-ion collisions probes the

color and flavor dependences of parton energy loss through a color-deconfined quark-gluon plasma

(QGP), and thus reveals the properties of QCD matter at extremely high density and temperature.

By combining a next-to-leading order perturbative QCD calculation of parton production, a general

ansatz of parton energy loss functions and parton fragmentation functions, we calculate the nuclear

modification of various hadron species – charged hadrons, D mesons and B-decayed J/ – over a

wide transverse momentum regime. Comparing our calculations to the experimental data using

the Bayesian statistical analysis, we perform a first simultaneous extraction of the energy loss

functions of gluons (g), light quarks (q), charm quarks (c) and bottom quarks (b) inside the QGP.

We find that the average parton energy loss at high energies follows the expected hierarchy of
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i, while the parton energy loss distribution can further test

the QCD calculations of parton interaction with the dense nuclear matter. We also find that the

reduction of experimental uncertainties can significantly improve the precision of the extracted

parton energy loss functions inside the QGP.
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Bayesian	calibration	to	pseudo-data

4

using halved error bars. Meanwhile, we present the 90%
credible regions (C.R.’s) of the extracted model parame-
ters in Tab. I, which are obtained by discarding the lowest
5% and highest 5% areas of their distribution functions.
One can see that the probability distribution, or the 90%
C.R., of each model parameter can be constrained to
its pre-set “true” value within this analysis framework.
Halving the error bars of our pseudo-data narrows the
90% C.R.’s of the posterior distributions, and thus im-
proves the precision of the extracted parameters.

✓
0

with �
exp

with 0.5�
exp

�g 2.35 (1.565, 2.614) (1.862, 2.49)
Cq 0.55 (0.266, 0.928) (0.344, 0.789)
Cc 0.5 (0.362, 0.725) (0.398, 0.61)
Cb 0.2 (0.063, 0.331) (0.102, 0.278)
� 0.15 (0.095, 0.303) (0.125, 0.245)
↵ 7.0 (4.349, 9.146) (5.01, 8.561)

TABLE I: The 90% C.R.’s of the model parameters extracted
from the pseudo-experimental data, the third column from
using the original uncertainties of the experimental data, and
the fourth column from using the halved uncertainties.

IV. EXTRACTING PARTON ENERGY LOSS
FUNCTIONS

Using the validated statistical analysis framework
above, we now extract the distributions of parton en-
ergy loss from the real R

AA

data of charged hadrons, D
mesons and B-decayed J/ in 0-10% Pb+Pb collisions
at

p
s

NN

= 5.02 TeV [14, 66, 67].

with �
exp

with 0.5�
exp

�g (1.646, 2.56) (1.96, 2.39)
Cq (0.129, 0.65) (0.226, 0.454)
Cc (0.3, 0.567) (0.344, 0.459)
Cb (0.065, 0.277) (0.124, 0.207)
� (0.137, 0.378) (0.184, 0.295)
↵ (5.287, 9.061) (6.266, 8.401)

TABLE II: The 90% C.R.’s of the model parameters extracted
from the CMS data on the R

AA

’s of charged hadrons, D
mesons and B-decayed J/ in 0-10% Pb+Pb collisions atp
s
NN

= 5.02 TeV [14, 66, 67], middle column from using
the original uncertainties of the experimental data, and right
column from using the halved uncertainties.

In Fig. 2, we present the posterior probability distri-
butions of the 6 model parameters extracted from the
Bayesian fit to the experimental data. The diagonal
panels show the probability distributions of individual
parameters while the o↵-diagonal ones show the two-
parameter joint distributions that quantify their correla-
tions. The lower triangle (blue) is from using the original
error bars of the experimental data in our Bayesian anal-

FIG. 2: (Color online) Posterior distributions of model pa-
rameters (diagonal panels) and their correlations (o↵-diagonal
panels) extracted from the CMS data on the R

AA

’s of charged
hadrons, D mesons and B-decayed J/ in 0-10% Pb+Pb col-
lisions at

p
s
NN

= 5.02 TeV [14, 66, 67]. The lower triangle
(blue) is obtained using the original error bars of the data
while the upper triangle (red) is obtained using halved error
bars.

ysis, while the upper triangle (red) from the halved error
bars. The 90% C.R.’s of these parameters are summa-
rized in Tab. II, including results from using both the full
(middle column) and halved (right column) error bars.
One can see that the model parameters can be well con-
strained by comparing our perturbative calculation to the
experimental data. An inverse correlation between �

g

(or
C

q

, C
c

, C
b

) and � is observed. This is consistent with
earlier findings in Refs. [59, 60], and can be understood
with Eq. (3) where they both contribute positively to
the parton energy loss. The posterior distribution of the
parameter ↵ here is also consistent with that obtained
earlier in Ref. [60]. In addition, reducing the uncertain-
ties from the experimental data makes the posterior dis-
tributions of the model parameters narrower, thus helps
better constrain the parton energy loss functions.

Shown in Fig. 3 is our model result after the Bayesian
calibration. We first calculate the R

AA

’s of di↵erent
hadrons using parameters drawn from their posterior dis-
tributions. Then, we evaluate the mean values and stan-
dard deviations (�) of R

AA

’s at each p

T

, and present
their ±1� bands in Fig. 3. Our calibrated model calcula-
tion provides a simultaneous description on the nuclear
modification factors of charged hadrons, D mesons and
B-decayed J/ measured by the CMS Collaboration.

Using the parameters constrained by the ±1� band
of the R

AA

results above, we generate the average frac-
tional transverse momentum loss (h�p

T

i/p
T

) according
to Eq. (3), and compare results between g, q, c and b

Ø Bayesian analysis to pseudo-data can recover
the “true” values of model parameters.

Ø Halving the erro bars of pseudo-data can
improve the precision of extracted parameters.


