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The whole talk in one slide

• Comparison with a large amount of data requires some modeling

• A simulator is essential !

• Need a framework to separate pure theory input from modeling

• May require advanced statistical techniques (Bayesian), to extract parameters

• Certain extracted quantities can be compared with theoretical calculations
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Spectra from a Heavy-Ion collision at LHC
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Spectra from a Heavy-Ion collision at LHC
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The JETSCAPE event generator

4

A  multi-stage generator for p-p and A-A collsions
Modular, customizable!

Diagram by Y. Tachibana



The JETSCAPE event generator

4

A  multi-stage generator for p-p and A-A collsions
Modular, customizable!

Diagram by Y. Tachibana

Focussing only on the bulk portion of the event generator



Low viscosity matter produced at RHIC & LHC
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dN
dpTdϕ

=
dN
dpT

(1 + 2v2 cos(2ϕ) + …)

η ∝
1
σ

D. Everett et al., Phys. Rev. C 103 (2021) 5, 054904
See talk by Wenbin Zhao on Sat. 3:30pm



Low viscosity matter produced at RHIC & LHC
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HTL pQCD: Csernai, Kapusta, McLerran 
PRL 97 2006 1523030
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D. Everett et al., Phys. Rev. C 103 (2021) 5, 054904
See talk by Wenbin Zhao on Sat. 3:30pm



A 17 dimensional calibration

• Predictions for 
deuteron yield  
and  v2
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D. Everett et al., Phys. Rev. C 103 (2021) 5, 054904 D. Everett et al.,  e-Print: 2203.08286 [hep-ph]



The JETSCAPE event generator
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Incorporating the hard sector back in.

Diagram by Y. Tachibana

Focussing only on the bulk portion of the event generator



The JETSCAPE event generator
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Incorporating the hard sector back in.

Diagram by Y. Tachibana



Basic Picture: extra scales in energy loss
• Jet starts in a hard scattering with a virtuality 

• First few emissions are vacuum like with rare scattering/emission

• Virtuality comes down to  transition to many scattering/emission

Q2 ≲ E2

Q2
med ≃ 2E ̂q
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• Exchanges with medium lead to excitations/medium response
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Q2
med ≃ ̂qτ and τ =

2E
Q2

. Substitute Q = Qmed

This gives Q2
med ≃ 2E ̂q

Physics: DGLAP like  
Simulator: MATTER

Physics: BDMPS/AMY  like  
Simulator: MARTINI, LBT

Basic Picture: extra scales in energy loss



Multi-scale structure in the medium

•Hard exchanges  will resolve partons in the QGP       

•Incoming “resolved partons” can be modeled with 
•HTL perturbation theory  
•or using QGP PDF (A. Kumar et al.,   PRC  101 (2020) 034908)
•Or Both (MATTER + LBT )

•Soft exchanges by generic broadening (Lido, Tequila, also do hard exchanges with HTL)  

•Outgoing “resolved partons” can be modeled with 
•HTL perturbation theory
•Or turned into energy momentum source term (liquify)

k⊥ ≫ ΛQCD ∫
∞

0
d3k = ∫

μ

0
d3k + ∫

∞

μ
d3k
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Structure of the interaction

• Start with low virtuality part: 

• Use Debye screened potential 

• Running coupling gives, 

• Struck partons go into medium, and excite 
medium. Some get clustered into jets,  
need to keep track of deposited energy

μ2 = 2 ̂qE

C(k⊥) =
CR

(2π)2

g2Tm2
D

k2
⊥(k2

⊥ + m2
D)

̂q = Cαs(2ET)αs(mD)T3 log ( 2ET
m2

D )
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How this is done currently   

Full jet carries recoil particles 
sampled from a 
Boltzmann distribution. 
as regular jet partons, and 
negative partons or holes

12

In LBT, MARTINI, JEWEL, MATTER



How this is done currently   

Full jet carries recoil particles 
sampled from a 
Boltzmann distribution. 
as regular jet partons, and 
negative partons or holes

12

In LBT, MARTINI, JEWEL, MATTER

Additionally: Soft partons can be “liquified” into source terms for a subsequent hydro simulation



Does not seem to make much difference inside jet cone 
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Strong, particlized
Strong
Weak
Vacuum
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• Simulation (JETSCAPE 0.x) includes:  

• One run of smooth hydro
• One jet from center outward (left)
• One jet from out inward (right)
• Jet simulated for ~10fm/c: MATTER+LBT
• Jet constructed with partons (weak)
• Soft partons liquified
• Source terms developed
• Hydro re-run 
• Jet reconstructed with hard partons and 

unit cell momenta (strong)
• Unit cell particlized (Cooper-Frye), jet 

reclustered (Strong particlized)

Y. Tachibana, A. M., C. Shen arXiv: 2001.08321 [nucl-th]



Fluid dynamical simulations and jets
• Fluid simulations are now extremely 

accurate in determining bulk properties

• Yield well calibrated medium 

• Hydrodynamics assumes local thermal 
equilibrium

•  should be constrained by local properties 
like 

• Once the functional form of  as a function 
of T is given, it should not be recalibrated.

̂q
T, s, ϵ, u, …η, ζ…

̂q
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What else can  or  depend upon?̂q Γ = ∫ d3kC(k)

• 2 - 2 scattering depends on s, t, u

• In general, will depend on T, E, Q

• Thermal recoil requires: 

• TLHC ~ 1.25 TRHIC 

•

•

̂q = Cαs(2ET)αs(mD)T3 log ( 2ET
m2

D )

ELHC ≳ 10ERHIC

QLHC ≳ 10QRHIC

15
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Virtuality dependence/Coherence
• Coherence arguments: 

• Can be calculated directly in the Higher Twist formalism.

•

• The matrix element prefers ,  there is tension between 1st and 3rd line.

̂q(Q2 > 2 ̂qE) → 0

dNg

dyd2l⊥
=

αs

2π
P(y)∫

d2k⊥

(2π)2 ∫ dζ−
2 − 2 cos ( (l⊥ − k⊥)2ζ−

2q−y(1 − y) )
(l⊥ − k⊥)2

× ∫ d(δζ−)d2ζ⊥e−i
⃗k 2
⊥

2q− δζ−+i ⃗k ⊥. ⃗ζ ⊥

× ⟨P |Aa+ (ζ− +
δζ−

2 ) Aa+ (ζ− −
δζ−

2 ) |P⟩

k⊥ ∼ T
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• How does the thermal distribution produce a hard gluon with , 

• By fluctuation (evolution) 

• Reduces the effective , as only sensitive to 

k⊥ ≫ T

̂q k⊥ ∼ l⊥
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Virtuality dependence/Coherence
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Transition from MATTER to LBT at Q0 = Qsw
• TRENTO initial state 

• Pre Calibrated 2+1D MUSIC gives background

• PYTHIA hard scattering

• High virtuality phase using MATTER

• Lower virtuality phase using LBT

• Both have the same recoil setup

• Evolution starts at Q ~ E and goes down to 1 GeV

• Hadronization applied in vacuum 

• Holes subtracted 

18



One more constraint before we start
Any decent event generator should reproduce p-p collisions
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Leading hadrons and jets
At all energies and centralities

• ̂q = Cαs(2ET)αs(mD)T3 log ( 2ET
m2

D ) × f(Q2)
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Centrality
Parameters set in central Pb-Pb at 5 TeV
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 or recoil systematics ̂q, C(k)
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Intrajet

23

10°2

10°1

100

101

102

103

D
(z

)

5.02 TeV
anti-kt, R=0.4, |yjet|<0.3

126 < pjet
T <158 GeV

pp [ATLAS, PRC 98 (2018)]

PbPb 0-10% [ATLAS, PRC 98 (2018)]

MATTER (vacuum)

MATTER+LBT (virtuality dependent-q̂)

10°2 10°1 100

z

0.50

0.75

1.00

1.25

1.50

1.75

2.00

2.25

D
P

b
P

b
(z

)/
D

pp
(z

)

JetScape Logo(s) I

`

JETSCAPE

a) c)

`Sca petJe
b)

d)

1

`

JETSCAPE

`Sca petJe
Preliminary

D(z) =
1

Njet ∑
jet

dNtrk

dz
in jet

z =
ptrk

T

pjet
T

The dependence on E and  not completely settled

This will probably get done in an upcoming Bayesian analysis

μ

Y. Tachibana et al., to appear



Need for quenching in high Q stage

24Y. Tachibana et al., to appear
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• Soft drop: getting rid of the soft response and looking at the prong structure
25

Groomed: no soft modes!

Y. Tachibana et al., to appear
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 as a function of RAA rg

26



Groomed Jet angularities

•     

• Strong constraints on the 
perturbative part of jet

• Several other similar 
groomed observables 

• JETSCAPE (MATTER 
+LBT) does very well.

λ = ∑
i∈Groomed

ziθα
i

27



• Note: we haven’t played with 
start and stop times 
(observation by C. Andres et 
al, start time important for v2 )

• In the JETSCAPE simulations, 
hydrodynamics starts around 
1fm/c. (Free streaming prior)

• Also with new IP-Glasma, 
medium has primordial v2 

• Jet modification in the 
hadronic medium still not 
known

28

Azimuthal anisotropy

JETSCAPE  
PRELIMINARY



Coincidence with hadrons
• Results from MATTER+LBT runs use for ratio of difference of  

triggered jet distribution per trigger.

29



Photon Trigger
• Higher statistics runs with the exact same parameters as for jets. 

30C. Sirimanna, to appear.



Heavy-quarks

• D meson  with identical parametersRAA

31W. Fan,  et al.  e-Print: 2208.00983 [nucl-th]



Jet Shape: more dependence on soft modes

• Jet shape function:

• This depends more on soft non-perturbative modes, especially at larger angles

• Requires 2-stage hydro simulations (hydro+jet+hydro) 
for response outside jet.

32
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Jet Shape: more dependence on soft modes

• Jet shape function:

• This depends more on soft non-perturbative modes, especially at larger angles

• Requires 2-stage hydro simulations (hydro+jet+hydro) 
for response outside jet.
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A complete change of paradigm in the last 6 years!

How jets interact with the medium and evolve depends on 
• Temperature of the medium
• Energy of the jet
• scale of the parton in the jet 
• other scale of the medium 

Different approaches to E-loss are valid in different epochs of the jet

A complete description requires all of these approaches

Discussion moves to boundaries between approaches

(E, μ2)
( ̂qτ)
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Bayesian analysis with ̂q(T, E, μ)
• We parametrize with 

• Compare with single hadrons at  
RHIC 0.2 + LHC 2.76 + LHC 5

• Central + semi-Central 

• MATTER & LBT applied  
separately

• Fit improves!

• MATTER and LBT select 
different parts of formula

̂q (E, T) |A,B,C,D

T3
= 42CR

ζ(3)
π ( 4π

9 )
2 A [ln ( E

Λ ) − ln(B)]
[ln ( E

Λ )]
2 +

C [ln ( E
T ) − ln(D)]

[ln ( ET
Λ2 )]

2

34

8 10 12 14 16 18 20
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

0-10% Centrality
40-50% Centrality
Median

AuAu 200 GeV Posterior

Data from PHENIX

10 20 30 40 50 60 70 80 90
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

0-5% Centrality
30-40% Centrality
Median

PbPb 2.76 TeV Posterior

Data from ATLAS

10 20 30 40 50 60 70 80 90 100
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

0-10% Centrality
30-50% Centrality
Median

PbPb 5.02 TeV Posterior

Data from CMS

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

8 10 12 14 16 18 10 20 30 40 50 60 70 80 10 20 30 40 50 60 70 80 90

A
A

R
 (GeV/c)

T
p  (GeV/c)

T
p  (GeV/c)

T
p

8 10 12 14 16 18 20
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

0-10% Centrality
40-50% Centrality
Median

AuAu 200 GeV Posterior

Data from PHENIX

10 20 30 40 50 60 70 80 90
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

0-5% Centrality
30-40% Centrality
Median

PbPb 2.76 TeV Posterior

Data from ATLAS

10 20 30 40 50 60 70 80 90 100
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

0-10% Centrality
30-50% Centrality
Median

PbPb 5.02 TeV Posterior

Data from CMS

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

8 10 12 14 16 18 10 20 30 40 50 60 70 80 10 20 30 40 50 60 70 80 90

A
A

R

 (GeV/c)
T

p  (GeV/c)
T

p  (GeV/c)
T

p A

A

B

B

C

C

D

D

0 0.5 1 1.5 0 5 10 15

0

5

10

15

20

0 0.5 1 1.5

0

0.5

1

1.5

0 5 10 15 20
0

5

10

15

0 0.5 1 1.5 2
0

0.01

0.02

0.03

0.04

0.05

0 0.5 1 1.5 2
0

5

10

15

20

0 0.5 1 1.5 2
0

0.5

1

1.5

2

0 0.5 1 1.5 2
0

5

10

15

20

0 5 10 15 20
0

0.5

1

1.5

2

0 5 10 15 20

0.01

0.02

0.03

0.04

0.05

0 5 10 15 20
0

0.5

1

1.5

2

0 5 10 15 20
0

5

10

15

20

0 0.5 1 1.5 2
0

0.5

1

1.5

2

0 0.5 1 1.5 2
0

5

10

15

20

0 0.5 1 1.5 2
0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0 0.5 1 1.5 2
0

5

10

15

20

0 5 10 15 20
0

0.5

1

1.5

2

0 5 10 15 20
0

5

10

15

20

0 5 10 15 20
0

0.5

1

1.5

2

0 5 10 15 20

0.005

0.01

0.015

0.02

0.025

0.03

0.035

0.04

0.045

LBT

MATTER

 

S. Cao et al. Phys.Rev.C 104 (2021) 2, 024905

Additive  approximation

No coherence



Preliminary Bayesian analysis with JETSCAPE 3.4

35

Posterior distributions
from STAT WG in JETSCAPE

Remarkable improvement from JETSCAPE 0.x

Coherence + Qswitch as described before

Calculations do not contain nuclear shadowing

JETSCAPE PRELIM
INARY



This is where we are now
• We added one more parameter , transition between high and low 

virtuality. 

• Multi-stage set up seems to able to explain almost all the data

• The Bayesian calibration is being conducted as we speak 

• Will rigorously test picture of 2-stage energy loss, with HTL based kernel 
at , and gradual weakening for 

• A portion of the quenching will always be non-perturbative and subject to 
modeling!

Q0

μ < Q0 μ > Q0
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Summary
• All simulations carried out on a calibrated fluid profile

• All simulations reproduce p-p on removal of medium

• All simulations have a consistent recoil and  incorporation

• The multi-stage (or scale dependent jet modification) seems to be able to describe

• Jet and leading hadrons simultaneously

• Centrality dependence

• Collision energy dependence

• Intra jet observables 

• Coincidence with hadrons and photons

• Heavy quarks 

• Azimuthal anisotropy

• R dependence of  (sort of)

• Minor effects still being studied in jet anisotropy, jet shapes etc. 

•Is the medium made of quasi-particles or not? We are getting closer to answering this question.

̂q

RAA
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Next Steps
• JETSCAPE is moving towards p-A, low energy A-A and e-A 

• See talk by I. Soudi (Sat. 3:50pm)
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JETSCAPE PRELIMINARY



Thanks to my collaborators
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THANK YOU FOR YOUR 
ATTENTION
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Multi-stage is based on factorization

• Processes at hard scales do not interfere 
with processes at softer scales

• PYTHIA (parton shower + hadronization), 
a multi-stage process

• In vacuum the only scale is 

• In FS/IS there are two stages

• Factorize hard scattering from ISR/FSR 
using the  scale.

ΛQCD

̂pT
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Other dependencies
• Corrections due to radiation (Mehtar-Tani & Blaizot; Iancu; Liou, Mueller and Wu) 

 

• See also similar formula  from Arnold, Gorda and Iqbal. 

• This is the case in the low virtuality limit. 

• Corrections to the basic  formula can be additive or multiplicative corrections 
involving  and/or E. 

• Can a data driven approach help resolve this?

̂qRen.(μ2) = ̂q [1 +
αSCA

2π
log2 ( μ2

̂qτ0 )], with μ ≲ E

̂qRen = ̂q + Δ ̂q

̂q
μ

42



• No real improvement in using the models together, and forcing 
them to use an additive   formula

• Tried a formula with virtuality directly (where  increases with Q): 

• Need a reduction at large  
E or Q

• Try the multiplicative  
approximation

̂q

̂q

̂q (Q, E, T) |Q0,A,C,D

T3
= 42CR

ζ(3)
π ( 4π

9 )
2 A [ln ( Q

Λ ) − ln ( Q0

Λ )]
[ln ( Q

Λ )]
2 θ(Q − Q0) +

C [ln ( E
T ) − ln(D)]

[ln ( ET
Λ2 )]

2
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Bayesian analysis with ̂q(T, E, μ)



If you would like to learn how to use JETSCAPE

44

Please attend our online School July 25th to Aug 5th

https://indico.cern.ch/event/1162218/

3 hours a day for 2 weeks

Grad student, postdoc, faculty, even senior faculty!

The next generation of JETSCAPE will do pA and 
BES, and eA physics

https://indico.cern.ch/event/1162218/


Jet radiation structure: when does it transition?

45

•Estimate from formation time arguments:  

(Modulo energy loss effects from emitting gluons).

•The maximum virtuality built up from scattering  

at time 

•Highest energy partons (jet core) reach the BDMPS/AMY stage last, 

•Smaller the , longer it takes to reach the BDMPS/AMY stage: longer DGLAP stage

τ =
2E
Q2

⟹ Q2(t) =
2E
t

t is Q2
med = ̂qt ≃

2E
t

⟹ t ≃
2E

̂q

̂q



Time spent by leading parton and scattering in each phase

46 S. Cao, C. Sirimanna, A.M. 2101.03681 [hep-ph]JETSCAPE 0.x



Time spent by leading parton and scattering in each phase
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Time spent by leading parton and scattering in each phase

46 S. Cao, C. Sirimanna, A.M. 2101.03681 [hep-ph]JETSCAPE 0.x
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Other methods

Constant  
Broadening: LIDO, 
Tequila, MATTER

AdS/CFT drag: Hybrid

All of these depend on the underlying medium



Independent scattering
• We assume: Multiple scatterings are not correlated. 

• Grey blob: scattering off field, for , parton distribution.

• Jet parton coupling is always assumed perturbative (except in AdS/CFT)

• Scattering measures the single collision kernel of the system 

• Can take moments 

• My personal experience: leading hadrons sensitive to mostly . Jets require full C(k)

k ≳ 1GeV

C(k) =
dΓ
d3k

̂q = ∫ d3k k2
⊥ C(k) ̂e = ∫ d3k | ⃗k | C(k)

̂q, ̂e

48



What does it look like in p_T?
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What does it look like in soft yield?
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In general, 2 kinds of transport coefficients
Type 1: which quantify how the medium changes the jet

Type 2: which quantify the space-time structure of the  
          deposited energy momentum at the hydro scale

q̂(E,Q2) q̂4(E,Q2) =
hp4T i � hp2T i2

L
. . .

ê4(E,Q2) =
h�E4i � h�E2i2

L
. . .ê2(E,Q2) =

h�E2i
L

ê(E,Q2)

�Tµ⌫

=
⟨p2

T⟩
L

=
⟨δE⟩

L
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Jets are complicated, 
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Virtuality, off-shellness, scale Q  drops —> 
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Jets are complicated, 

Many things happen 
to a jet and the energy  
deposited by the jet 
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Jets are complicated, 

Many things happen 
to a jet and the energy  
deposited by the jet 

Everything other than
leading hadrons includes  
medium response.52

Virtuality, off-shellness, scale Q  drops —> 



Elastic energy loss rate
also diffusion rate e2

ê =
��E⇥L

L

Transport coefficients 
for partons in a dense medium

p2
z ' E2 � p2

?

Transverse momentum
diffusion rateq̂ =

hp2
?iL

L

By definition, describe how the medium modifies the jet parton!

p+ ' p2?/2p
�
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What do we know about  (circa 2010)?̂q
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 (GeV)T
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6

 3
/Tq

• An intrinsic property of the medium

• Dimensionally Scales as  or  

• Should have a transition between confined 
and deconfined phase

• Will need to be scaled with some intrinsic  
quantity in a realistic simulation. 

E3 T3
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=3]fNHTL [

Calculating in Perturbation Theory

̂q =
42CFξ(3)

π
α2(μ2)T3 ln ( 6ET

m2
D )

m2
D =

4παs(μ2)
3

T2 (NC +
Nf

2 )
E = 100 GeV : 2πT < μ < 4πT

̂q
T3

= #αS(μ2)ln ( #E
αS(μ2)T )

Hard Thermal Loop (HTL) theory
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Is Perturbation theory valid at these temperatures?
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 3
/Tq

=0]fNHTL [
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Plot is 

At T = 250 MeV,   

2πT ≲ μ ≲ 4πT

2πT = 1.5 GeV

αs = 0.4 − 0.5

Can try to get  using jet/leading hadron phenomenologŷq
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Leading hadron nuclear modification factor RAA

A B



57

Leading hadron nuclear modification factor RAA

A B



57

Leading hadron nuclear modification factor RAA
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Leading hadron nuclear modification factor RAA
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This depends on the space time profile of the Fluid dynamical simulation



57

Leading hadron nuclear modification factor RAA

RAA =
d𝒩AA (bL, bH)

Nbinary(bL, bH) d𝒩pp

d𝒩h
AB = ∫

bh

bL

d2b∫ d2r∫ dp1dp2

× dPA(p1, r)dPB(p2, r)
× σ1+2→3+4

× d𝒫3(ΔE)D3→h

A B

d𝒫(ΔE) ∝ ̂q(T3/s)
This depends on the space time profile of the Fluid dynamical simulation

1

0 pT

No Modification



57

Leading hadron nuclear modification factor RAA

RAA =
d𝒩AA (bL, bH)

Nbinary(bL, bH) d𝒩pp

d𝒩h
AB = ∫

bh

bL

d2b∫ d2r∫ dp1dp2

× dPA(p1, r)dPB(p2, r)
× σ1+2→3+4

× d𝒫3(ΔE)D3→h

A B

d𝒫(ΔE) ∝ ̂q(T3/s)
This depends on the space time profile of the Fluid dynamical simulation

1

0 pT

No Modification

1

0 pT

Modification



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

√
s = 200 GeV/n (upper panel) and

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

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

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

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

1 1.5 2 2.5 3 3.50

1

2

3

4

/d
.o

.f.
2 χ

/fm2 GeV
0

q

PHENIX 08+12

CMS+ALICE

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

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

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

√
s = 2.76 TeV/n leads to q̂0 = 2.2 ±

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

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

√
s = 2.76 TeV/n as measured

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

√
s =

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

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

Similar to the HT-BW model, the HT-M approach [48,87]
is a straightforward evaluation of the first power correction
to the vacuum evolution of a fragmentation function. It,
however, goes beyond the single scattering and includes
multiple induced gluon emission through a set of effec-
tive modified QCD evolution equations. One calculates the
medium modified fragmentation function by evolving an input
fragmentation function using a vacuum plus medium modified
kernel. As such, the formalism explicitly imbibes the concept
of factorization [88]: the initial parton distribution functions
are factorized from the hard scattering cross section; these are

014909-5
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also factorized from the final fragmentation function. The cross
section to produce hadrons at a given transverse momentum
ph and in a given rapidity interval y may be expressed as

dσ

dy d2ph

=
∫

d2b d2r TAB(b,r)
∫

dxadxb

× GA(xa,Q
2)GB(xb,Q

2)
dσ̂

dt̂

D̃(z,Q2)
πz

. (10)

In the equation above, TAB(b,r) =
∫

dzρA(z,"r +
"b/2)

∫
dz′ρB(z′,"r − "b/2), where ρA/B represents the nuclear

density in nucleus A/B. The nuclear parton distribution
functions GA(xA,Q2) and GB(xB,Q2) are inclusive of any
shadowing corrections. The modified fragmentation function
D̃ contains two contributions: one from vacuum evolution
which is contained in the regular Dokshitzer-Gribov-Lipatov-
Altarelli-Parisi (DGLAP) equations:

∂Dh
q (z,Q2)

∂ ln(Q2)
= αS(Q2)

2π

∫ 1

z

dy

y
Pq→i(y)Dh

i

(
z

y
,Q2

)
. (11)

The second contribution to the modified fragmentation
function is from the medium modified evolution equation [89],

∂Dh
q (z,Q2,q−)|ζf

ζi

∂ ln(Q2)
= αS

2π

∫ 1

z

dy

y

∫ ζf

ζi

dζP (y)Kq−,Q2 (y,ζ )

×Dh
q

(
z

y
,Q2,q−y

)∣∣∣∣
ζf

ζ

. (12)

In both Eqs. (11) and (12), the splitting function Pq→i(y) is
the regular Altarelli-Parisi splitting function. The modification
from the medium is contained in the factor Kq−,Q2 (y,ζ ). All
factors of the medium (such as the transport coefficients q̂) are
contained within this factor, along with phase factors that arise
due to interference between different amplitudes of emission.
The contribution to K from the leading power correction is
given as

Kq−,Q2 (y,ζ ) = [q̂A(ζ ) − (1 − y)q̂A/2 + (1 − y)2q̂F ]
Q2

×
[

2 − 2 cos
(

Q2(ζ − ζi)
2q−y(1 − y)

)]
. (13)

In the equation above, ζ and ζi represent the location of scat-
tering and location of origin of the hard parton, respectively.
The position (ζ ) dependent jet transport coefficient of a gluon,
q̂A(ζ ), can be expressed in operator form [90–92], similarly
as in Eq. (6) except the color factor for a gluon jet CF → CA.
Note that the q̂ for a quark scattering off the gluon field is
trivially related to the above expression as q̂F = CF

CA
q̂A.

In actual calculations of the nuclear modification factor, one
assumes q̂ to scale with some intrinsic quantity in the medium.
In the calculations presented in this section, q̂ is assumed to
scale with the entropy density s (see Refs. [57,93] for other
scalings assumptions for q̂):

q̂(s) = q̂0
s

s0
. (14)

In the equation above, s0 is the maximum entropy density
achieved at an initial time τ0 in the center of the most
central collisions at top RHIC energy. The value of q̂ = q̂0

corresponds to this point. The space-time evolution of the
entropy density is given by 2 + 1D viscous hydrodynamic
model [74,75] tabulated by the hydro group within the JET
Collaboration. These hydro profiles are obtained with Monte-
Carlo Kharzeev-Levin-Nardi model (MC-KLN) [94] initial
conditions in which the initial temperature is T0 = 346 MeV
at the center of the most central Au + Au collisions at RHIC
(
√

s = 200 GeV/n) and 447 MeV in Pb + Pb collisions at
LHC (

√
s = 2.76 TeV/n). In the calculation of the hadron

spectra in heavy-ion collisions, the distance integral over K
is then sampled over a large number of paths passing through
the evolving medium. The starting points of all the paths are
obtained by sampling the binary collision profile. The medium
averaged length integral over K is then used to calculate
the medium modified evolution of the fragmentation function
using Eqs. (11) and (12).

Both medium and vacuum evolution equations require an
input distribution. This is taken as a vacuum fragmentation

(a)

(b)

FIG. 5. (Color online) HT-M results for the nuclear modification
factor at mid-rapidity for neutral pion spectra in 0–5% cen-
tral Au + Au collisions at

√
s = 200 GeV/n (upper panel) and

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

s =
2.76 TeV/n (lower panel) with a range of values of initial gluon jet
transport parameter q̂0 (at τ0 = 0.6 fm/c) in the center of the most
central collisions, as compared to PHENIX data [77,78] at RHIC and
ALICE [27] and CMS data [26] at LHC.
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pure HTL QCD paradigm and thus provided a natural solution
to the old heavy-quark jet puzzle at RHIC as due to enhanced
dynamical magnetic scattering effects. It further predicted a
novel inversion of the π < D < B flavor ordering of RAA at
high pT that can be tested in the future at RHIC and LHC.

One of the surprising [71] LHC discoveries was the
similarity between RAA at RHIC and LHC despite the doubling
of the initial QGP density from RHIC to LHC. CUJET1.0 was
able to explain this by taking into account the effects due to
multiscale running of the QCD coupling α(Q2) in the DGLV
opacity series. At first order in opacity the running coupling
RCDGLV induced gluon radiative distribution is given by [72]

x
dNQ→Q+g

dx
(r,φ)

=
∫

dτρ(r + n̂(φ)τ,τ )

×
∫

d2qT

π

d2σeff

d2qT

∫
d2kT

π
αs

(
k2
T

/
(x(1 − x)

)

× 12(kT + qT )
(kT + qT )2 + χ (τ )

·
(

(kT + qT )
(kT + qT )2 + χ (τ )

− kT

k2
T + χ (τ )

)

×
(

1 − cos
[

(kT + qT )2 + χ (τ )
2x+E

τ

])
, (2)

where the effective differential quark-gluon cross section is

d2σeff

d2qT

=
α2

s

(
q2

T

)
[
q2

T + f 2
Eµ2(τ )

][
q2

T + f 2
Mµ2(τ )

] , (3)

that runs with both qT and the local temperature through
µ2(τ ) = 4παs(4T 2)T 2, the local HTL color electric Debye
screening mass squared in a pure gluonic plasma with local
temperature T (τ ) ∝ ρ1/3(r,τ ) along the jet path r(τ ) through
the plasma.

Here the infrared scale χ (τ ) = M2x2
+ + f 2

Eµ2(T (τ ))(1 −
x+)/

√
2 controls the “dead cone” and Landau-Pomeranchuck-

Migdal (LPM) [73] destructive interference effects due to both
the finite quark current mass M , and an asymptotic thermal
gluon mass assumed of the form mg = fE µ(T )/

√
2.

The HTL deformation parameters (fE,fM ) are used to vary
the electric and magnetic screening scales relative to HTL.
In general HTL deformations could also change mg(T ). The
default HTL plasma is (1,0) but a deformed (2,2) plasma model
motivated by lattice QCD screening data was also considered.
The vacuum running αs(Q2) = min[αmax,4π/9 ln(Q2/(2)] is
used which is characterized by a nonperturbative maximum
value αmax. The parameters (αmax,fE,fM ) are therefore the
main model control parameters in this study.

The computational task performed via Monte Carlo inte-
gration is to evaluate dNg/dx for each initial jet production
coordinates (r,n̂), convolute the inclusive gluon spectrum
via a Poisson ansatz to estimate effects of multi-gluon
fluctuation, evaluate the normalized radiation probability
Prad()Erad,E0; r,n̂)) via fast Fourier transform including
delta function )E/E0 = 0,1 end-point sigularities. The
multiple running coupling elastic energy loss probability
Pel()Eel,E0; r,n̂)) is computed and then convoluted, Prad ⊗
Pel , with the probability for radiative energy loss. The final
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FIG. 1. (Color online) CUJET2.0 [76] results for the nuclear mod-
ification factor at midrapidity for neutral pion spectra in 0–5% central
Au + Au collisions at

√
s = 200 GeV/n (upper panel) and for charged

hadrons in Pb + Pb collisions at
√

s = 2.76 TeV/n (lower panel) with
a range of values of frozen strong coupling constant αmax, as compared
to PHENIX data [77,78] at RHIC and ALICE [27] and CMS data [26]
at LHC.

total energy loss probability is then folded over the initial par-
ton jet spectrum dNpp/d2pT dη. Finally CUJET averages over
initial jet configurations via

∫
d2r d2n̂TA(r + b/2)TA(r,b/2)

and fragments jets into different flavor hadrons or leptons to
compare with data.

In CUJET2.0, the CUJET1.0 model is coupled to the state-
of-the-art 2 + 1D viscous hydro fields with shear viscosity
to entropy density ratio η/s = 0.08 [74,75] as tabulated by
the hydro group within the JET Collaboration. The hydro
temperature fields used in CUJET2.0 [76] are thus constrained
by thermal and flow fields that fit experimental data on
bulk low pT < 2 GeV/c radial and elliptic flow observables.
Effects of azimuthally asymmetric radial flowing QGP are then
computed via the CUJET2.0 = RCDGLV + VISH C++ code.

Shown in Fig. 1 are the calculated single hadron suppression
factor RAA(pT ) for central Au + Au collisions at RHIC
and Pb + Pb collisions at LHC with a range of parameters
(αmax,fE,fM ) = (αmax,1,0) as compared to experimental data.
The χ2/d.o.f. from fits to the experimental data as a function of
αmax are shown in Fig. 2. The experimental data at RHIC and
LHC seems to prefer different values of αmax. One can consider
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FIG. 8. (Color online) The nuclear modification factors RAA

from MCGILL-AMY model as a function of pT for neutral pions
in 0–5% Au + Au collisions at RHIC (upper panel) and charged
hadrons in 0–5% central Pb + Pb collisions at LHC (lower panel).
Experimental data are taken from PHENIX experiment [77,78] at
RHIC and CMS [26] and ALICE experiment [27] at LHC. For
difference curves from the top to the bottom, the values of αs are
from 0.23 to 0.31 at RHIC and from 0.19 to 0.27 at the LHC with an
increment of 0.1.

By convoluting the medium modified fragmentation func-
tion with the initial parton momentum distribution as computed
from perturbative QCD calculations, one may obtain the
hadron spectra:

dσAB→hX

d2ph
T dy

=
∫

d2"r⊥PAB("r⊥)
∑

j

∫
dz

z2

×D̃h/j (z,"r⊥,φ)
dσAB→jX

d2p
j
T dy

. (21)

The above equation contains the average over transverse
positions "r⊥ of initial hard jets via the probability distribution
function PAB(b,"r⊥), which is determined from Glauber model
simulation of binary collision distribution. The propagation
direction φ may be fixed or averaged over a certain range.
Putting all the ingredients together, one obtains the total yield
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FIG. 9. (Color online) The χ 2/d.o.f. as a function of αs from
fitting to the PHENIX data [77,78] (combined 2008 and 2012 data
set) at RHIC (solid) and combined ALICE [27] and CMS [26] data at
LHC (dashed) by the MCGILL-AMY model calculation of the nuclear
suppression factor RAA(pT ) as shown in Fig. 8.

of hadrons produced in relativistic nuclear collisions, which
are used to calculate the nuclear modification factor RAA.

In the upper panel of Fig. 8, the calculated suppression
factors RAA for central 0–5% collisions at RHIC for different
values of the fixed coupling constant αs varies from 0.23
to 0.31 from the top to the bottom, with an increment of
0.1, are compared to the experimental measurements taken
from PHENIX Collaboration [77,78]. The best fit to the
experimental data is the thick curve in the middle, with
αs = 0.27(+0.02/−0.015).

The lower panel of Fig. 8 shows the comparison between
the calculated RAA for central 0–5% collisions at the LHC and
experimental measurements taken from CMS [26] and ALICE
Collaborations [27]. Calculations for different values of the
fixed coupling constant αs varies from 0.19 to 0.27 from the
top to the bottom, with an increment of 0.1. The best fit to
the experimental data is the thick curve in the middle, with
αs = 0.24(+0.02/ − 0.01).

The above best αs values are obtained from a χ2 fit, as
shown in Fig. 9. Here the values of χ2/d.o.f. are plotted as
a function of αs for both RHIC and the LHC. For RHIC we
use the data points above 5 GeV/c for both 2008 and 2012
PHENIX data, for the LHC we use both CMS and ALICE
data points with a momentum cut of 6 GeV/c.

VII. JET TRANSPORT PARAMETER

In order to compare medium properties extracted from
phenomenological studies of jet quenching within different
approaches to parton energy loss, we will focus on the value
of quark jet transport parameter q̂ either directly extracted
or evaluated within each model with the model parameters
constrained by the experimental data. As a first step, we will
only consider data on the suppression factor of single inclusive
hadron spectra RAA(pT ) at both RHIC and LHC. Within each
model, q̂ should be a function of both local temperature and jet
energy which in turn varies along each jet propagation path. As
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FIG. 3. (Color online) HT-BW results for the nuclear modifi-
cation factor at mid-rapidity for neutral pion spectra in 0−5%
central Au + Au collisions at

√
s = 200 GeV/n (upper panel) and

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

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

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

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

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

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

√
s = 2.76 TeV/n leads to q̂0 = 2.2 ±

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

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

√
s = 2.76 TeV/n as measured

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

√
s =

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

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

Similar to the HT-BW model, the HT-M approach [48,87]
is a straightforward evaluation of the first power correction
to the vacuum evolution of a fragmentation function. It,
however, goes beyond the single scattering and includes
multiple induced gluon emission through a set of effec-
tive modified QCD evolution equations. One calculates the
medium modified fragmentation function by evolving an input
fragmentation function using a vacuum plus medium modified
kernel. As such, the formalism explicitly imbibes the concept
of factorization [88]: the initial parton distribution functions
are factorized from the hard scattering cross section; these are
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also factorized from the final fragmentation function. The cross
section to produce hadrons at a given transverse momentum
ph and in a given rapidity interval y may be expressed as

dσ

dy d2ph

=
∫

d2b d2r TAB(b,r)
∫

dxadxb

× GA(xa,Q
2)GB(xb,Q

2)
dσ̂

dt̂

D̃(z,Q2)
πz

. (10)

In the equation above, TAB(b,r) =
∫

dzρA(z,"r +
"b/2)

∫
dz′ρB(z′,"r − "b/2), where ρA/B represents the nuclear

density in nucleus A/B. The nuclear parton distribution
functions GA(xA,Q2) and GB(xB,Q2) are inclusive of any
shadowing corrections. The modified fragmentation function
D̃ contains two contributions: one from vacuum evolution
which is contained in the regular Dokshitzer-Gribov-Lipatov-
Altarelli-Parisi (DGLAP) equations:

∂Dh
q (z,Q2)

∂ ln(Q2)
= αS(Q2)

2π

∫ 1

z

dy

y
Pq→i(y)Dh

i

(
z

y
,Q2

)
. (11)

The second contribution to the modified fragmentation
function is from the medium modified evolution equation [89],

∂Dh
q (z,Q2,q−)|ζf

ζi

∂ ln(Q2)
= αS

2π

∫ 1

z

dy

y

∫ ζf

ζi

dζP (y)Kq−,Q2 (y,ζ )

×Dh
q

(
z

y
,Q2,q−y

)∣∣∣∣
ζf

ζ

. (12)

In both Eqs. (11) and (12), the splitting function Pq→i(y) is
the regular Altarelli-Parisi splitting function. The modification
from the medium is contained in the factor Kq−,Q2 (y,ζ ). All
factors of the medium (such as the transport coefficients q̂) are
contained within this factor, along with phase factors that arise
due to interference between different amplitudes of emission.
The contribution to K from the leading power correction is
given as

Kq−,Q2 (y,ζ ) = [q̂A(ζ ) − (1 − y)q̂A/2 + (1 − y)2q̂F ]
Q2

×
[

2 − 2 cos
(

Q2(ζ − ζi)
2q−y(1 − y)

)]
. (13)

In the equation above, ζ and ζi represent the location of scat-
tering and location of origin of the hard parton, respectively.
The position (ζ ) dependent jet transport coefficient of a gluon,
q̂A(ζ ), can be expressed in operator form [90–92], similarly
as in Eq. (6) except the color factor for a gluon jet CF → CA.
Note that the q̂ for a quark scattering off the gluon field is
trivially related to the above expression as q̂F = CF

CA
q̂A.

In actual calculations of the nuclear modification factor, one
assumes q̂ to scale with some intrinsic quantity in the medium.
In the calculations presented in this section, q̂ is assumed to
scale with the entropy density s (see Refs. [57,93] for other
scalings assumptions for q̂):

q̂(s) = q̂0
s

s0
. (14)

In the equation above, s0 is the maximum entropy density
achieved at an initial time τ0 in the center of the most
central collisions at top RHIC energy. The value of q̂ = q̂0

corresponds to this point. The space-time evolution of the
entropy density is given by 2 + 1D viscous hydrodynamic
model [74,75] tabulated by the hydro group within the JET
Collaboration. These hydro profiles are obtained with Monte-
Carlo Kharzeev-Levin-Nardi model (MC-KLN) [94] initial
conditions in which the initial temperature is T0 = 346 MeV
at the center of the most central Au + Au collisions at RHIC
(
√

s = 200 GeV/n) and 447 MeV in Pb + Pb collisions at
LHC (

√
s = 2.76 TeV/n). In the calculation of the hadron

spectra in heavy-ion collisions, the distance integral over K
is then sampled over a large number of paths passing through
the evolving medium. The starting points of all the paths are
obtained by sampling the binary collision profile. The medium
averaged length integral over K is then used to calculate
the medium modified evolution of the fragmentation function
using Eqs. (11) and (12).

Both medium and vacuum evolution equations require an
input distribution. This is taken as a vacuum fragmentation

(a)

(b)

FIG. 5. (Color online) HT-M results for the nuclear modification
factor at mid-rapidity for neutral pion spectra in 0–5% cen-
tral Au + Au collisions at

√
s = 200 GeV/n (upper panel) and

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

s =
2.76 TeV/n (lower panel) with a range of values of initial gluon jet
transport parameter q̂0 (at τ0 = 0.6 fm/c) in the center of the most
central collisions, as compared to PHENIX data [77,78] at RHIC and
ALICE [27] and CMS data [26] at LHC.
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pure HTL QCD paradigm and thus provided a natural solution
to the old heavy-quark jet puzzle at RHIC as due to enhanced
dynamical magnetic scattering effects. It further predicted a
novel inversion of the π < D < B flavor ordering of RAA at
high pT that can be tested in the future at RHIC and LHC.

One of the surprising [71] LHC discoveries was the
similarity between RAA at RHIC and LHC despite the doubling
of the initial QGP density from RHIC to LHC. CUJET1.0 was
able to explain this by taking into account the effects due to
multiscale running of the QCD coupling α(Q2) in the DGLV
opacity series. At first order in opacity the running coupling
RCDGLV induced gluon radiative distribution is given by [72]

x
dNQ→Q+g

dx
(r,φ)

=
∫

dτρ(r + n̂(φ)τ,τ )

×
∫

d2qT

π

d2σeff

d2qT

∫
d2kT

π
αs

(
k2
T

/
(x(1 − x)

)

× 12(kT + qT )
(kT + qT )2 + χ (τ )

·
(

(kT + qT )
(kT + qT )2 + χ (τ )

− kT

k2
T + χ (τ )

)

×
(

1 − cos
[

(kT + qT )2 + χ (τ )
2x+E

τ

])
, (2)

where the effective differential quark-gluon cross section is

d2σeff

d2qT

=
α2

s

(
q2

T

)
[
q2

T + f 2
Eµ2(τ )

][
q2

T + f 2
Mµ2(τ )

] , (3)

that runs with both qT and the local temperature through
µ2(τ ) = 4παs(4T 2)T 2, the local HTL color electric Debye
screening mass squared in a pure gluonic plasma with local
temperature T (τ ) ∝ ρ1/3(r,τ ) along the jet path r(τ ) through
the plasma.

Here the infrared scale χ (τ ) = M2x2
+ + f 2

Eµ2(T (τ ))(1 −
x+)/

√
2 controls the “dead cone” and Landau-Pomeranchuck-

Migdal (LPM) [73] destructive interference effects due to both
the finite quark current mass M , and an asymptotic thermal
gluon mass assumed of the form mg = fE µ(T )/

√
2.

The HTL deformation parameters (fE,fM ) are used to vary
the electric and magnetic screening scales relative to HTL.
In general HTL deformations could also change mg(T ). The
default HTL plasma is (1,0) but a deformed (2,2) plasma model
motivated by lattice QCD screening data was also considered.
The vacuum running αs(Q2) = min[αmax,4π/9 ln(Q2/(2)] is
used which is characterized by a nonperturbative maximum
value αmax. The parameters (αmax,fE,fM ) are therefore the
main model control parameters in this study.

The computational task performed via Monte Carlo inte-
gration is to evaluate dNg/dx for each initial jet production
coordinates (r,n̂), convolute the inclusive gluon spectrum
via a Poisson ansatz to estimate effects of multi-gluon
fluctuation, evaluate the normalized radiation probability
Prad()Erad,E0; r,n̂)) via fast Fourier transform including
delta function )E/E0 = 0,1 end-point sigularities. The
multiple running coupling elastic energy loss probability
Pel()Eel,E0; r,n̂)) is computed and then convoluted, Prad ⊗
Pel , with the probability for radiative energy loss. The final
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FIG. 1. (Color online) CUJET2.0 [76] results for the nuclear mod-
ification factor at midrapidity for neutral pion spectra in 0–5% central
Au + Au collisions at

√
s = 200 GeV/n (upper panel) and for charged

hadrons in Pb + Pb collisions at
√

s = 2.76 TeV/n (lower panel) with
a range of values of frozen strong coupling constant αmax, as compared
to PHENIX data [77,78] at RHIC and ALICE [27] and CMS data [26]
at LHC.

total energy loss probability is then folded over the initial par-
ton jet spectrum dNpp/d2pT dη. Finally CUJET averages over
initial jet configurations via

∫
d2r d2n̂TA(r + b/2)TA(r,b/2)

and fragments jets into different flavor hadrons or leptons to
compare with data.

In CUJET2.0, the CUJET1.0 model is coupled to the state-
of-the-art 2 + 1D viscous hydro fields with shear viscosity
to entropy density ratio η/s = 0.08 [74,75] as tabulated by
the hydro group within the JET Collaboration. The hydro
temperature fields used in CUJET2.0 [76] are thus constrained
by thermal and flow fields that fit experimental data on
bulk low pT < 2 GeV/c radial and elliptic flow observables.
Effects of azimuthally asymmetric radial flowing QGP are then
computed via the CUJET2.0 = RCDGLV + VISH C++ code.

Shown in Fig. 1 are the calculated single hadron suppression
factor RAA(pT ) for central Au + Au collisions at RHIC
and Pb + Pb collisions at LHC with a range of parameters
(αmax,fE,fM ) = (αmax,1,0) as compared to experimental data.
The χ2/d.o.f. from fits to the experimental data as a function of
αmax are shown in Fig. 2. The experimental data at RHIC and
LHC seems to prefer different values of αmax. One can consider
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FIG. 8. (Color online) The nuclear modification factors RAA

from MCGILL-AMY model as a function of pT for neutral pions
in 0–5% Au + Au collisions at RHIC (upper panel) and charged
hadrons in 0–5% central Pb + Pb collisions at LHC (lower panel).
Experimental data are taken from PHENIX experiment [77,78] at
RHIC and CMS [26] and ALICE experiment [27] at LHC. For
difference curves from the top to the bottom, the values of αs are
from 0.23 to 0.31 at RHIC and from 0.19 to 0.27 at the LHC with an
increment of 0.1.

By convoluting the medium modified fragmentation func-
tion with the initial parton momentum distribution as computed
from perturbative QCD calculations, one may obtain the
hadron spectra:

dσAB→hX

d2ph
T dy

=
∫

d2"r⊥PAB("r⊥)
∑

j

∫
dz

z2

×D̃h/j (z,"r⊥,φ)
dσAB→jX

d2p
j
T dy

. (21)

The above equation contains the average over transverse
positions "r⊥ of initial hard jets via the probability distribution
function PAB(b,"r⊥), which is determined from Glauber model
simulation of binary collision distribution. The propagation
direction φ may be fixed or averaged over a certain range.
Putting all the ingredients together, one obtains the total yield
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FIG. 9. (Color online) The χ 2/d.o.f. as a function of αs from
fitting to the PHENIX data [77,78] (combined 2008 and 2012 data
set) at RHIC (solid) and combined ALICE [27] and CMS [26] data at
LHC (dashed) by the MCGILL-AMY model calculation of the nuclear
suppression factor RAA(pT ) as shown in Fig. 8.

of hadrons produced in relativistic nuclear collisions, which
are used to calculate the nuclear modification factor RAA.

In the upper panel of Fig. 8, the calculated suppression
factors RAA for central 0–5% collisions at RHIC for different
values of the fixed coupling constant αs varies from 0.23
to 0.31 from the top to the bottom, with an increment of
0.1, are compared to the experimental measurements taken
from PHENIX Collaboration [77,78]. The best fit to the
experimental data is the thick curve in the middle, with
αs = 0.27(+0.02/−0.015).

The lower panel of Fig. 8 shows the comparison between
the calculated RAA for central 0–5% collisions at the LHC and
experimental measurements taken from CMS [26] and ALICE
Collaborations [27]. Calculations for different values of the
fixed coupling constant αs varies from 0.19 to 0.27 from the
top to the bottom, with an increment of 0.1. The best fit to
the experimental data is the thick curve in the middle, with
αs = 0.24(+0.02/ − 0.01).

The above best αs values are obtained from a χ2 fit, as
shown in Fig. 9. Here the values of χ2/d.o.f. are plotted as
a function of αs for both RHIC and the LHC. For RHIC we
use the data points above 5 GeV/c for both 2008 and 2012
PHENIX data, for the LHC we use both CMS and ALICE
data points with a momentum cut of 6 GeV/c.

VII. JET TRANSPORT PARAMETER

In order to compare medium properties extracted from
phenomenological studies of jet quenching within different
approaches to parton energy loss, we will focus on the value
of quark jet transport parameter q̂ either directly extracted
or evaluated within each model with the model parameters
constrained by the experimental data. As a first step, we will
only consider data on the suppression factor of single inclusive
hadron spectra RAA(pT ) at both RHIC and LHC. Within each
model, q̂ should be a function of both local temperature and jet
energy which in turn varies along each jet propagation path. As
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RAA ⇠
dNAA
dpT dy

Nbin
dNpp

dpT dy

Same hydro simulation used in all plots, 
All other aspects of the calculation different!
All reported the effective range of ̂q

Some use the HTL 
Formula for  truncated̂q
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Adding to our plot!  Circa (2014)
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Adding to our plot!  Circa (2014)
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This point is the normalization at RHIC energies

This point is the normalization at LHC energies

Tmax
LHC ≃ 1.2 Tmax

RHIC

pmax
LHC = 5 pmax

RHIC



59

Adding to our plot!  Circa (2014)
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Adding to our plot!  Circa (2014)
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Non-Monotonic behavior
what many thought this meant!

T

q̂(T )
T 3

If this is true, must effect the centrality dependence of RAA,  
v2, and its centrality dependence at a given collision energy  
but no such evidence is seen
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Calculating  in Lattice QCD̂q
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̂q =
4π2αS

Nc ∫
dy−d2y⊥

(2π)3
d2k⊥e−i k2

⊥
2q− y−+i ⃗k ⊥⋅ ⃗y ⊥

× ∑
n

e−βEn

Z
⟨n |F+

⊥(y−, ⃗y ⊥)F+
⊥(0) |n⟩

q− =
q0 − q3

2
→ ∞

q+ =
q0 + q3

2
→ 0

Fully non-perturbative calculation of 
All calculations for a 100 GeV quark,
Lattice Calculations show weak dependence on E

̂q

A. Kumar, A.M., J. Weber, arXiv:2010.14463



The need for an event generator framework
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The need for an event generator framework

• An event generator is a computer simulation that produces experiment like events

• An E. G. framework allows a user to design/modify modular elements in a simulator. 

• Carrying out a systematic analysis requires a systematic framework

• You have to work with several correlated input parameters, in correlated modules. 

• Every time you change an input, compare with all the data simultaneously
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Overview

• Scale dependence and Asymptotic freedom of QCD

• Factorization and multi-scale approaches in QCD

• Jets and substructure

• Scale dependence in the evolution of jets

• The hard, intermediate and soft regions of a jet

• Observables that depend on all 3 regions

• Observables that depend on 2 regions

• Understanding the soft region of jet quenching
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About that Jet Shape

• With correlated broadening up 
to the Mach angle from viscous 
hydro.
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