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Characterizing quark-gluon plasma with high-pT probes
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Need to understand very rich dynamics of

partons to extract these numbers

4
1

• Energy loss from soft rad. & collisions, ! � T .

• Medium-modi�ed fragmentation and mass e�ects.

• Non-perturbative input and models: fragmentation,

recombination, etc.

• Collective medium excitations induced by energy loss.
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Outline

• LIDO: physics of partonic transport and model calibration.

• Phenomenology application: dijet asymmetry & single jet modi�cations.

• Recent focus: consistency in 
avor-dependent quenching and heavy-
avor jets.
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LIDO Partonic Transport Model:

Physics & Model Calibration



LIDO: Linearized Boltzmann + Diffusion Partonic Transport Model1

Staring point: Boltzmann eq. of hard partons

p � @fH(t; x ; p) = p0�(p � u > Emin)
�
CnnfH + Cn(n+1)fH

	
; LIDO default Emin = 4T :

• n! n: collisions both large angle and di�usive processes.

• n! n + 1: medium-induced parton branching & semi-hard

recoil.

Transport in a background medium:

• No back reactions (collective excitation treated separately).

• Assume parton densities fs(t; x ; p) = e�p�u(t;x)=T (t;x).

• QGP 
ow and temperature from hydrodynamic simulations

[PRC77(2008)064901, CPC199(2016)61-85, 1804.06469]

Event-by-event pro�les:

Avg. temperature pro�les:

1[PRC100(2019)064911, JHEP05(2021)041].
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Collisional processes

Small-angle collisions absorbed in a di�usion component2:

DfH (p) = ��(p � u � Emin)
h
�rp +rpi

�s;ij

2
rpj

i
fH (p):

Large-angle collisions with thermal partons fs(p0) = e�p0�u=T

d�

d2q
/ �2

s

q4
�(q2
? � Q2

c );

C22fH (p) = �(p � u � Emin)

�Z
q;p0

fs (p0)

�
d�

d2q
fH (p � q)� d�

d2q
fH (p)

�
+ semi-hard recoil:

Z
q;p0

fs (p � q)
d�

d2q
fH (p0)

�

1In J. Ghiglieri, G. D. Moore, D. Teaney JHEP 03, 095(2016), separation requires mD � Qc � T . we take Qc = 2mD
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Jet-medium coupling and the jet transport parameter in LIDO

The jet transport parameter in LIDO contains contributions from both small & large-q

contribution

q̂F (T ; p) = m2
DCF T�s (�med) ln

Q2
c

m2
D| {z }

q̂s =�s,xx +�s,yy

+

Z
p0

fs (p0)

�
2(N2

c � 1)
d�qg

d2q?
+ 4Nf Nc

d�qq

d2q?

�
�(q2
? � Q2

c )q2
?d2q?| {z }

�s =�s (maxfq2
?;�med2g)

The running coupling in the medium is assumed to be

�s(q) =
4�

�0

1

ln
maxf�2

med;q
2g

�2

; �med / T is a tunable parameter:
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Radiative processes

Di�usion-induced 1 to 2 radiation:

D12fH (x ; p) = �(xE � Emin)

Z
k

�sPij (z)

2�2k2

q̂s

k2

h
fH (

x

z
; p + k)� fH (x ; p)

i dz

z

Large-q collision-induced 2 to 3 radiation:

C23fH (x ; p) = �(xE � Emin)

Z
k;q;p0

d�23;ycm>0

dzd2kd2q
fs (p0)fH (

x

z
; p + k� q)

dz

z

+ loss + gain from medium splittings (ycm < 0)

2! 3 cross-sections obtained in the limit z(1� z)ŝij � q2; k2. In the jet-medium-parton CoM frame: y > 0

jet parton branching, y < 0 medium parton branching
g

J

J ′

MM ′

g

J J ′

M

M ′

1

• In CoM frame: EJ = EM �
p

6ET .

• In QGP frame: EJ � T , EM � T . The (deep)

Landau-Pomeranchuk-Midgal e�ect is implemented for the jet parton,

but not the medium branching.
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Radiative processes

Di�usion-induced 1 to 2 radiation:

D12fH (x; p) = �( xE � Emin )
Z

k

� sPij (z)

2� 2k2

q̂s

k2

h
fH (

x

z
; p + k) � fH (x; p)

i dz

z

Large-q collision-induced 2 to 3 radiation:

C23fH (x; p) = �( xE � Emin )
Z

k;q;p0

d� 23;ycm > 0

dzd2kd2q
fs(p0)fH (

x

z
; p + k � q)

dz

z

+ loss+ gain from medium splittings ( ycm < 0)

ˆ (Deep)LPM: dynamically compute � f and suppress radiation by� mfp =� f .

ˆ The consequence: � Erad only dominates � Eel by � s ln E.
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Radiative processes

Di�usion-induced 1 to 2 radiation:

D12fH (x; p) = �( xE � Emin )
Z

k

� sPij (z)

2� 2k2

q̂s

k2

h
fH (

x

z
; p + k) � fH (x; p)

i dz

z

Large-q collision-induced 2 to 3 radiation:

C23fH (x; p) = �( xE � Emin )
Z

k;q;p0

d� 23;ycm > 0

dzd2kd2q
fs(p0)fH (

x

z
; p + k � q)

dz

z

+ loss+ gain from medium splittings ( ycm < 0)

ˆ All 17 types of 2! 3 cross-sections.

ˆ Di�erentiating jet and medium partons,
heavy and light 
avors.

ˆ For example, jet parton toq�q, c�c; medium
parton (under a hardq transverse) toc�c.
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Model ( dP=d! or dP=dx) tested in brick and expanding media.

Simulated single-emission
spectra in a brick

Theory calculations using the

methods in [S. Caron-Huot, C. Gale

PRC82(2010)064902].

Simulated single-emission
spectra in a brick

Theory points from same method

but with T = T (� ).

Test the evolution from small to
large time.

Parton distribution evolved from a
single gluon in a large medium,
compared to solution [J.P. Blaizot, E.

Iancu, Y. Mehtar-Tani PRL111(2013)052001].

Robust solver, support evolution in both

t and � .
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For jet study: a simple model for medium excitation

ˆ Energy-momentum deposition to soft sector:

d� p�

dt
(t ; x) =

Z

p
�( p � u < Emin )p� d

dt
fH (t ; x; p)

ˆ An ideal-hydro response (no transverse 
ow)

de

d
 k0
=

� p0 + k̂0 � � ~p=cs

4�
;

d~p

d
 k0
=

3(cs� p0 + k̂0 � � ~p)k̂0

4�
:

RequiresRresponse � renergy loss .

ˆ Freeze-out to massless particles under a radial transverse 
ow
v? ) corrects the momentum density in� -� plane.

d� pT

d� d�
=

Z
3

4�

4
3 � u� � p̂�

� 4
� p� (k̂ )

d
 k̂

4�

� = 
 ?
�
cosh(� � � s � � k̂ ) � v? cos(� � � k̂ )

�
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Initialization of the parton shower

ˆ Initialization: Pythia8 shower down to scaleQ0.

ˆ LIDO for time-evolution of shower in QGP (T > Tc).

ˆ Vacuum shower + fragmentation (pythia8,T < Tc).

ˆ Inclusive hadron FF is very soft. Evolution very sensitive
to the �nal scaleQ0.

ˆ Jet and HF have their own scalespT R, M, less sensitive
to Q0 < 2 GeV. *We will tune Q0 to data.
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Model calibration w/ hadron & jet RAA in central Au-Au & Pb-Pb [JHEP05(2021)041]

Recall the default q̂ in LIDO

q̂F (T ; p) = � s(� med )CF Tm 2
D ln

Q2
c

m2
D

+
Z

p0
fs(p0)

�
2(N2

c � 1)
d� qg

d2q?
+ 4 Nf Nc

d� qq

d2q?

�
�( q2

? � Q2
c )q2

? d2q?

ˆ 0:7� T < � med < 4� T : goes into the
coupling inmD ; d� qg ; d� qq, and radiation.

g2
s (k? ; T )

4�
=

4�
� 0

ln� 1
�

maxf k2
? ; � 2

med g
� 2

�

ˆ 0:5 < Q0 < 2:0 GeV: initialization scales,
vary independently at RHIC and LHC.

ˆ 0:15 < T f < 0:17 GeV: \con�nement"
temperature for jet quenching.

q̂ increases nearTc , built-in by gs(k? ; T )
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Model calibration w/ hadron & jet RAA in central Au-Au & Pb-Pb [JHEP05(2021)041]

Recall the default q̂ in LIDO

q̂F (T ; p) = � s(� med )CF Tm 2
D ln

Q2
c

m2
D

+
Z

p0
fs(p0)

�
2(N2

c � 1)
d� qg

d2q?
+ 4 Nf Nc

d� qq

d2q?

�
�( q2

? � Q2
c )q2

? d2q?

ˆ 0:7� T < � med < 4� T : goes into the
coupling inmD ; d� qg ; d� qq, and radiation.

g2
s (k? ; T )

4�
=

4�
� 0

ln� 1
�

maxf k2
? ; � 2

med g
� 2

�

ˆ 0:5 < Q0 < 2:0 GeV: initialization scales,
vary independently at RHIC and LHC.

ˆ 0:15 < T f < 0:17 GeV: \con�nement"
temperature for jet quenching.

Compared to [JET PhysRevC.90.014909 (2014), JETSCAPE

PRC 104, 024905 (2021)]
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Model calibration w/ hadron & jet RAA in central Au-Au & Pb-Pb [JHEP05(2021)041]

Recall the default q̂ in LIDO

q̂F (T ; p) = � s(� med )CF Tm 2
D ln

Q2
c

m2
D

+
Z

p0
fs(p0)

�
2(N2

c � 1)
d� qg

d2q?
+ 4 Nf Nc

d� qq

d2q?

�
�( q2

? � Q2
c )q2

? d2q?

ˆ 0:7� T < � med < 4� T : goes into the
coupling inmD ; d� qg ; d� qq, and radiation.

g2
s (k? ; T )

4�
=

4�
� 0

ln� 1
�

maxf k2
? ; � 2

med g
� 2

�

ˆ 0:5 < Q0 < 2:0 GeV: initialization scales,
vary independently at RHIC and LHC.

ˆ 0:15 < T f < 0:17 GeV: \con�nement"
temperature for jet quenching.

Individual parameters, noteQLHC
0 > QRHIC

0 .

Consistent with � p2
T in fast-expanding medium

Systems
AA 5 TeV AA 0.2 TeV

0-5% 40-50% 0-5%
5t0T 3

0 [GeV2] 1.1 0.55 0.46
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Calibrated observables

Datasets
ˆ � 0 in 0-10% Au-Au@200 GeV [PHENIX PRC

87(2013)034911.]

ˆ h� in 0-10% Pb-Pb@5.02 TeV [CMS JHEP04(2017)039].

ˆ D in 0-10% Pb-Pb@5.02 TeV [CMS
PLB287(2018)474-496].

ˆ R = 0 :4 charged jets in 0-10% Au-Au@200 GeV [STAR
PRC102(2020)054913].

ˆ R = 0 :4 jets in 0-10% Pb-Pb@5.02 TeV [ALICE
PRC101(2020)034911; ATLAS PLB 790(2019)108-128].

Only included central data , as we were not clear
how Q0 may vary with centrality.

Future: Q2
0 / � 0T 3

0 to incorporate both beam energy
and centrality dependence.
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Post-Calibration Jet Quenching
Phenomenology



Test the path-length dependence: dijet asymmetry

Dijet pair yield (not the normalizedxj distribu-
tion) 100 < pjet

T < 112 GeV.

[QM2022 T. Rinn, ATLAS 2205.00682]

ˆ Earlier calculations had notable
disagreement atxJ ! 1.

ˆ It was pointed by ATLAS this is due to the
projection of the 2D jet-pair histogram.

ˆ New calculations (left): LIDO generated
2D histograms, then projected toxJ by
ATLAS.
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Test the path-length dependence: dijet asymmetry

Absolute yield of dijet pair, not the normalized
xj distribution 200< pjet

T < 224 GeV.

[QM2022 T. Rinn, ATLAS 2205.00682]

ˆ Earlier calculations had notable
disagreement atxJ ! 1.

ˆ It was pointed by ATLAS this is due to the
projection of the 2D jet-pair histogram.

ˆ New calculations (left): LIDO generated
2D histograms, then projected toxJ by
ATLAS.

12



Test the path-length dependence: dijet asymmetry

Double ratio of subleading to leading jetRAA .

[QM2022 T. Rinn, ATLAS 2205.00682]

ˆ Earlier calculations had notable
disagreement atxJ ! 1.

ˆ It was pointed by ATLAS this is due to the
projection of the 2D jet-pair histogram.

ˆ New calculations (left): LIDO generated
2D histograms, then projected toxJ by
ATLAS.
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Test the path-length dependence: jet momentum anisotropy

[ATLAS PRC105(2022)064903]

ˆ Magnitude of jet momentum anisotropy
well agrees ATLAS measurements for
pjet

T > 100 GeV.

ˆ Diverging trend belowpjet
T > 100 GeV.

ˆ *LIDO simulation underestimates high-pT

heavy-
avor hadronsv2 (tested up to � 40
GeV)
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Transport of energy: the jet fragmentation function

[ATLAS: PRC 98, 024908(2018)]

ˆ Simulationswith only partonic transportcan describe the modi�cations atzpjet
T > 2 GeV.

ˆ Collective excitations redistribution very soft particles(pT . 2 GeV).
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Transport of energy: pT di�erential radial particle distribution

[CMS: JHEP05, 006(2018)]

/ Jet shape with di�erent minimum hadronpT

ˆ Energy is shifted to particles at lowerpT and largerr .

ˆ Discrepancy appears wihtin the cone forpT ;cut = 4 GeV

ˆ Can this be �xed by �ne-tuning of parameters?
ˆ Suggest missing physics? Such as coalescence shifting

intermediate-pT hadrons to higherpT .
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Flavor dependence: looking for
consistency of the quenching
parameter & heavy-
avor jets



Heavy-
avor & HF jets modi�cations

Looking for consistency in jet, hadron, HF quenching at large pT

R�; D ;B
AA in 0-10% Au-Au@0.2 TeV

[ATLAS EPJC78(2018)9 762; CMS PLB782(2018)474, JHEP04(2017)039;

PHENIX 2203.17058 (submitted), PRC93(2016)034904 ; STAR PRC99(2019)034908.]

ˆ Sameq̂ (median) as calibrated toRjet
AA and

Rh
AA . [*Previous work PRC98(2018)06490 only �tted

to heavy-
avor data with �xed Q0 = 0 :4 GeV.]

A consistentq̂ for hadrons and jets
overestimates the 
avor separation .

ˆ Not just a problem in transport
approach; also observed in QCD
evolution study[2204.00634].

ˆ Bottom moves slower, maybe need to
consider hadronic interactions?

ˆ larger NP contribution fromg ! HF?

ˆ M-dependent transport parameter for
pT � 5M?
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