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• Jet quenching in heavy ion collisions 

• QCD analog of the LPM effect and its 
analytic limits: single hard and multiple soft 
scattering approximations 

• Improved opacity expansion 

• Medium-induced gluon spectrum  

• Outlook

Outline



Jet quenching
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Jet quenching in heavy ion collisions

• High energy jets traversing a deconfined matter lose energy via radiative 
processes            Jet quenching 

• Jets are collimated spray of particles observed in high energy collisions (e+e-, 
electron-proton, proton-proton, ion-ion)

(CMS collaboration)
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‣ Two decades after Bjorken prediction, jet 
quenching phenomenon was observed at 
RHIC in the suppression of high-pT 
hadrons and confirmed at LHC where a 
strong suppression of 1 TeV jets  was 
observed 

‣ Use jets as test particles  to learn about 
the properties of of the Quark-Gluon-
Plasma (QGP)

RAA ≡
1

Ncoll

dNAA/dpT

dNpp/dpT

Inclusive hadrons

Inclusive jets

Jet quenching in heavy ion collisions
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‣ Physics questions:  

how does a jet as a multi-parton (and multi-scale) system 
interact with the QGP?

psoft ∼ T ∼ 1 GeV pTjet ∼ 1 TeV

1

T pTjetQ = pTjetR⟨k2
⊥⟩ = ̂qL

αs( ? )

10 102 103

…
Λ

QCD

energy flux

How is energy transported from energetic partons to low 
momenta and dissipated in the QGP?  

Jet quenching in heavy ion collisions
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• Elastic processes: diffusion in transverse momentum space

• Large angle turbulent cascade 
(constant flow of energy from   to  pT T

→ minijet thermalization 

[Baier, Dokshitzer, Mueller, Peigné, Schiff 
(1995-2000)  Zakharov (1996) Arnold, 

Moore, Yaffe (2002)

pT
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⇠ T
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̂q ≡
d⟨k2

T⟩typ

dt
∼ α2

s CR n ln
Q2

m2
D

∼ α2
s T3

⟨E⟩typ ∼ ᾱ2 ̂q L2

Typical energy loss

 : length of the mediumL

Weak coupling picture of jet quenching

• Multiple scattering trigger abundant soft gluon radiation (requires resummation)

[Blaizot, Iancu, MT (2013), Iancu, Wu (2015) ]



The LPM effect on the back 
of the envelop
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The LPM effect on the back of the envelop 

• During the quantum mechanical formation time (coherence 
length)    scattering centers act coherently surpassing the 
radiation spectrum 

Ncoh

ω
dILPM

dω
∼ αe Neff ∼ αe

Nscatt

Ncoh
∼ αe

L
tf(ω)

γ

• The energy spectrum of photons caused by the propagation of a 
relativistic charge in a medium is suppressed due to coherence 
effects   (Landau-Pomeranchuk-Migdal 1953)

γ

e−

tf
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The LPM effect on the back of the envelop 

Anthony et al (1995)

Bethe-Heitler (incoherent radiation)

LPM suppression (coherent radiation)
ω

ω
dI
dω

• The LPM effect was observed at SLAC in 1995
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The LPM effect on the back of the envelop 

• Analog effect in QCD except the gluon interacts with 
the plasma and suffers “brownian kicks”

tf

g

q
tf(ω) =

ω
k2

⊥

k2
⊥ ∼ ̂q tf

tf(ω) =
ω

̂q
ω

dILPM

dω
∼ αs

ω
̂q
L ∝

1

ω
and

• In QCD the spectrum is suppressed in the UV

Baier, Dokshitzer, Mueller, Peigné, Schiff (1995-2000)  Zakharov (1996)

formation time
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The LPM effect on the back of the envelop 

ωBH = ̂qℓmfp

ω
dI
dω

ωωc

1

ω

LPM regime

• Maximum radiation frequency: 

tf = ℓmfp

tf = L

• Minimum radiation angle (no mass singularity): 

ωc = ̂qL2

θc =
1

̂qL3

Suppression of high frequencies 
due to coherence effects

• Medium-induced gluon radiation spectrum is the building block of jet 
evolution in a QCD medium



Medium-Induced radiative gluon 
spectrum and its two limits
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Elements of the formalism

x0

x

+

+
+

A−
0

A−
0

A−
0

...

p0

p0 + q1

p0 + q1 + q2

p

• Working assumption: neglect power corrections of the small momentum 
transfer  𝑞+ ≪  𝑝+ 

eikonal vertex � �(q+) pµ � A�(x+, x�)

•   Large medium: allow the gluon to explore the transverse plane between 
two scatterings. The Parton acquires an order one phase:  

(p+, 0�, 0�)

�
p+,

q2
�

2p+
, q�

�

L

z

p�L+ �
�
p2

�/p+
�
L+ � 1

⇠ U [A�(x(t), t)]
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Wilson line
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0 L

ω, k⊥

t

E
!
dI

d!
⇠ htrUA(r(t))U

†(0)iA
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UA(r(x
+)) ⌘ P+ exp


ig

Z
dx+A�(x+, r(x+))

�
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• High energy limit              2-D non-relativistic quantum mechanics

• The gluon spectrum is related to the 2-point correlation function  

Elements of the formalism

r⊥(t)

• Path ordered Wilson line
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Independent multiple scattering approximation 

• Static scattering centers • Thermal medium (HTL)

Gyulassy-Wang (1992)  
Gyulassy-Levai-Vitev (2000) Aurenche-Gelis-Zakaret (2000)

d�el

d2q?
⌘ g4n

(q2? + µ2)2
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d�el

d2q?
⌘ g2m2

DT

q2?(q
2
? + µ2)
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• Large momentum transfer is given by the 2 to 2 QCD matrix element: 
   for  dσel /d2q⊥ ∼ q−4

⊥ q⊥ ≫ μ

Average transverse momentum 
enhanced by a large Coulomb logarithm k2

⊥ ∼ L∫
Q2

dq⊥q2
⊥

dσ
dq⊥

∝ nL ln
Q2

μ2

• Medium average: assume Gaussian random variable  

hA�
a (q?, t)A�

b (
0q?, t

0)i ⌘ �ab �(t� t0) �(q? � q0?)
d�el

d2q?
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• At weak coupling       (kinetic description): αs ≪ 1
1/mD ≪ ℓmfp ≪ L
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Medium-induced gluon radiation spectrum

• The Green’s function   obeys a Schrödinger equation K

• The imaginary potential is rated to the dipole amplitude 

Baier, Dokshitzer, Mueller, Peigné, Schiff (1995-2000)  Zakharov (1996)

∼ x2
⊥ ln

1
μ2x2

⊥
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Medium-induced gluon radiation spectrum

0 L

ω

t

• Two analytic approximations in the literature (implemented in various MC 
event generators)

1.   Dilute medium: single-hard scattering approximation  
(Opacity expansion, Higher-Twist) 

2.  Dense medium: multiple-soft scattering. All order resummation 
by neglecting the Coulomb logarithm: Harmonic oscillator

Gyulassy-Levai-Vitev (2000) Guo, Wang (2000)  

Baier, Dokshitzer, Mueller, Peigné, Schiff (1996) Zakharov (1997)

...

ω

σ(x⊥) ∼ x2
⊥

Caron-Huot and Gale (2010) Ke , Xu, Bass (2018)

• Exact numerical solutions: 
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Medium-induced gluon radiation spectrum

ω
dI
dω

ω/ωc

���� ���� � �� ���
����

����

�

��

���

• The Harmonic oscillator is a good approximation in the soft sector but fails in 
the UV due to the absence of the   tail k−4

⊥

• Single hard scattering  > ωc

k2? � Q2
s
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k2? ⌧ Q2
s

<latexit sha1_base64="YA6uhEXf+Lsxu9BDu7b1Ieep7Q0=">AAACGXicbZC7TsMwFIadcivhVi4bi0WFxFQlFRKMFSyMrUQBqSmR45yAVduJbAdUojwJCyu8BRtiZeIleAbckoHbkSx/+v9zdI7+KONMG897d2ozs3PzC/VFd2l5ZXWtsb5xptNcUejTlKfqIiIaOJPQN8xwuMgUEBFxOI9GxxP//AaUZqk8NeMMhoJcSZYwSoyVwsbWKAwyUNllGwec416oLYWNptfypoX/gl9BE1XVDRsfQZzSXIA0lBOtB76XmWFBlGGUQ+kGuYaM0BG5goFFSQToYTG9vsS7Volxkir7pMFT9ftEQYTWYxHZTkHMtf7tTcT/vEFuksNhwWSWG5D0a1GSc2xSPIkCx0wBNXxsgVDF7K2YXhNFqLGBuW4g4ZamQhAZF4EScVlMPhyXpWsD8n/H8RfO2i3fa/m9/WbnqIqqjrbRDtpDPjpAHXSCuqiPKLpDD+gRPTn3zrPz4rx+tdacamYT/Sjn7RNLA5+u</latexit><latexit sha1_base64="YA6uhEXf+Lsxu9BDu7b1Ieep7Q0=">AAACGXicbZC7TsMwFIadcivhVi4bi0WFxFQlFRKMFSyMrUQBqSmR45yAVduJbAdUojwJCyu8BRtiZeIleAbckoHbkSx/+v9zdI7+KONMG897d2ozs3PzC/VFd2l5ZXWtsb5xptNcUejTlKfqIiIaOJPQN8xwuMgUEBFxOI9GxxP//AaUZqk8NeMMhoJcSZYwSoyVwsbWKAwyUNllGwec416oLYWNptfypoX/gl9BE1XVDRsfQZzSXIA0lBOtB76XmWFBlGGUQ+kGuYaM0BG5goFFSQToYTG9vsS7Volxkir7pMFT9ftEQYTWYxHZTkHMtf7tTcT/vEFuksNhwWSWG5D0a1GSc2xSPIkCx0wBNXxsgVDF7K2YXhNFqLGBuW4g4ZamQhAZF4EScVlMPhyXpWsD8n/H8RfO2i3fa/m9/WbnqIqqjrbRDtpDPjpAHXSCuqiPKLpDD+gRPTn3zrPz4rx+tdacamYT/Sjn7RNLA5+u</latexit><latexit sha1_base64="YA6uhEXf+Lsxu9BDu7b1Ieep7Q0=">AAACGXicbZC7TsMwFIadcivhVi4bi0WFxFQlFRKMFSyMrUQBqSmR45yAVduJbAdUojwJCyu8BRtiZeIleAbckoHbkSx/+v9zdI7+KONMG897d2ozs3PzC/VFd2l5ZXWtsb5xptNcUejTlKfqIiIaOJPQN8xwuMgUEBFxOI9GxxP//AaUZqk8NeMMhoJcSZYwSoyVwsbWKAwyUNllGwec416oLYWNptfypoX/gl9BE1XVDRsfQZzSXIA0lBOtB76XmWFBlGGUQ+kGuYaM0BG5goFFSQToYTG9vsS7Volxkir7pMFT9ftEQYTWYxHZTkHMtf7tTcT/vEFuksNhwWSWG5D0a1GSc2xSPIkCx0wBNXxsgVDF7K2YXhNFqLGBuW4g4ZamQhAZF4EScVlMPhyXpWsD8n/H8RfO2i3fa/m9/WbnqIqqjrbRDtpDPjpAHXSCuqiPKLpDD+gRPTn3zrPz4rx+tdacamYT/Sjn7RNLA5+u</latexit><latexit sha1_base64="YA6uhEXf+Lsxu9BDu7b1Ieep7Q0=">AAACGXicbZC7TsMwFIadcivhVi4bi0WFxFQlFRKMFSyMrUQBqSmR45yAVduJbAdUojwJCyu8BRtiZeIleAbckoHbkSx/+v9zdI7+KONMG897d2ozs3PzC/VFd2l5ZXWtsb5xptNcUejTlKfqIiIaOJPQN8xwuMgUEBFxOI9GxxP//AaUZqk8NeMMhoJcSZYwSoyVwsbWKAwyUNllGwec416oLYWNptfypoX/gl9BE1XVDRsfQZzSXIA0lBOtB76XmWFBlGGUQ+kGuYaM0BG5goFFSQToYTG9vsS7Volxkir7pMFT9ftEQYTWYxHZTkHMtf7tTcT/vEFuksNhwWSWG5D0a1GSc2xSPIkCx0wBNXxsgVDF7K2YXhNFqLGBuW4g4ZamQhAZF4EScVlMPhyXpWsD8n/H8RfO2i3fa/m9/WbnqIqqjrbRDtpDPjpAHXSCuqiPKLpDD+gRPTn3zrPz4rx+tdacamYT/Sjn7RNLA5+u</latexit>

Q2
s ⌘ q̂L ⇠ 5� 10GeV 2

<latexit sha1_base64="pfhEt5LJFJ8TGczuNgtOonmAKZM="></latexit><latexit sha1_base64="pfhEt5LJFJ8TGczuNgtOonmAKZM="></latexit><latexit sha1_base64="pfhEt5LJFJ8TGczuNgtOonmAKZM="></latexit><latexit sha1_base64="pfhEt5LJFJ8TGczuNgtOonmAKZM="></latexit>

...

ω 0 L

ω

t

ω−1

ω−2

ω−1/2
!c =nL2 ' 22.5GeV

<latexit sha1_base64="VX9561LQ6gUnkNSDt2C+qB8gPB8="></latexit><latexit sha1_base64="VX9561LQ6gUnkNSDt2C+qB8gPB8="></latexit><latexit sha1_base64="VX9561LQ6gUnkNSDt2C+qB8gPB8="></latexit><latexit sha1_base64="VX9561LQ6gUnkNSDt2C+qB8gPB8="></latexit>

n = 0.1GeV �3
<latexit sha1_base64="Lu1f+g33C+WLuUfr+Iux8lIuLC0=">AAACGHicbZDNSsNAFIUn/tb4V3XpZrAILrQkKuhGKLrQpYKtQhPLZHJbh85MwsxEKSEv4satvoU7cevOl/AZnNQu1HphmMM593IvX5Rypo3nfTgTk1PTM7OVOXd+YXFpubqy2tJJpig0acITdR0RDZxJaBpmOFynCoiIOFxF/ZMyv7oDpVkiL80ghVCQnmRdRomxVqe6JvER9uo+DrbxKbRu8p29olOteXVvWHhc+CNRQ6M671Q/gzihmQBpKCdat30vNWFOlGGUQ+EGmYaU0D7pQdtKSQToMB8eX+BN68S4myj7pMFD9+dEToTWAxHZTkHMrf6bleZ/WTsz3cMwZzLNDEj6vaibcWwSXJLAMVNADR9YQahi9lZMb4ki1FherhtIuKeJEETGeaBEXOTlh+OicC0g/y+OcdHarfuW7MV+rXE8QlVB62gDbSEfHaAGOkPnqIkoGqBH9ISenQfnxXl13r5bJ5zRzBr6Vc77FzoQneo=</latexit><latexit sha1_base64="Lu1f+g33C+WLuUfr+Iux8lIuLC0=">AAACGHicbZDNSsNAFIUn/tb4V3XpZrAILrQkKuhGKLrQpYKtQhPLZHJbh85MwsxEKSEv4satvoU7cevOl/AZnNQu1HphmMM593IvX5Rypo3nfTgTk1PTM7OVOXd+YXFpubqy2tJJpig0acITdR0RDZxJaBpmOFynCoiIOFxF/ZMyv7oDpVkiL80ghVCQnmRdRomxVqe6JvER9uo+DrbxKbRu8p29olOteXVvWHhc+CNRQ6M671Q/gzihmQBpKCdat30vNWFOlGGUQ+EGmYaU0D7pQdtKSQToMB8eX+BN68S4myj7pMFD9+dEToTWAxHZTkHMrf6bleZ/WTsz3cMwZzLNDEj6vaibcWwSXJLAMVNADR9YQahi9lZMb4ki1FherhtIuKeJEETGeaBEXOTlh+OicC0g/y+OcdHarfuW7MV+rXE8QlVB62gDbSEfHaAGOkPnqIkoGqBH9ISenQfnxXl13r5bJ5zRzBr6Vc77FzoQneo=</latexit><latexit sha1_base64="Lu1f+g33C+WLuUfr+Iux8lIuLC0=">AAACGHicbZDNSsNAFIUn/tb4V3XpZrAILrQkKuhGKLrQpYKtQhPLZHJbh85MwsxEKSEv4satvoU7cevOl/AZnNQu1HphmMM593IvX5Rypo3nfTgTk1PTM7OVOXd+YXFpubqy2tJJpig0acITdR0RDZxJaBpmOFynCoiIOFxF/ZMyv7oDpVkiL80ghVCQnmRdRomxVqe6JvER9uo+DrbxKbRu8p29olOteXVvWHhc+CNRQ6M671Q/gzihmQBpKCdat30vNWFOlGGUQ+EGmYaU0D7pQdtKSQToMB8eX+BN68S4myj7pMFD9+dEToTWAxHZTkHMrf6bleZ/WTsz3cMwZzLNDEj6vaibcWwSXJLAMVNADR9YQahi9lZMb4ki1FherhtIuKeJEETGeaBEXOTlh+OicC0g/y+OcdHarfuW7MV+rXE8QlVB62gDbSEfHaAGOkPnqIkoGqBH9ISenQfnxXl13r5bJ5zRzBr6Vc77FzoQneo=</latexit><latexit sha1_base64="Lu1f+g33C+WLuUfr+Iux8lIuLC0=">AAACGHicbZDNSsNAFIUn/tb4V3XpZrAILrQkKuhGKLrQpYKtQhPLZHJbh85MwsxEKSEv4satvoU7cevOl/AZnNQu1HphmMM593IvX5Rypo3nfTgTk1PTM7OVOXd+YXFpubqy2tJJpig0acITdR0RDZxJaBpmOFynCoiIOFxF/ZMyv7oDpVkiL80ghVCQnmRdRomxVqe6JvER9uo+DrbxKbRu8p29olOteXVvWHhc+CNRQ6M671Q/gzihmQBpKCdat30vNWFOlGGUQ+EGmYaU0D7pQdtKSQToMB8eX+BN68S4myj7pMFD9+dEToTWAxHZTkHMrf6bleZ/WTsz3cMwZzLNDEj6vaibcWwSXJLAMVNADR9YQahi9lZMb4ki1FherhtIuKeJEETGeaBEXOTlh+OicC0g/y+OcdHarfuW7MV+rXE8QlVB62gDbSEfHaAGOkPnqIkoGqBH9ISenQfnxXl13r5bJ5zRzBr6Vc77FzoQneo=</latexit>

L = 3 fm
<latexit sha1_base64="PiHp6lMaKaFK1y++GHiYUlMmMsg=">AAACDHicbVC7TsMwFHXKq4RXgZHFokJiQFUCSLAgVbAwMBSJPlATVY7jtFZtJ7IdUBXlF1hY4S/YECv/wE/wDbhtBmg50tU9Oude+foECaNKO86XVVpYXFpeKa/aa+sbm1uV7Z2WilOJSRPHLJadACnCqCBNTTUjnUQSxANG2sHwauy3H4hUNBZ3epQQn6O+oBHFSBvp/ubiBHpHMOK9StWpORPAeeIWpAoKNHqVby+MccqJ0Jghpbquk2g/Q1JTzEhue6kiCcJD1CddQwXiRPnZ5OAcHhglhFEsTQkNJ+rvjQxxpUY8MJMc6YGa9cbif1431dG5n1GRpJoIPH0oShnUMRz/HoZUEqzZyBCEJTW3QjxAEmFtMrJtT5BHHHOORJh5kod5Nm4wzHPbBOTOxjFPWsc116m5t6fV+mURVRnsgX1wCFxwBurgGjRAE2DAwTN4Aa/Wk/VmvVsf09GSVezsgj+wPn8A4uqasg==</latexit><latexit sha1_base64="PiHp6lMaKaFK1y++GHiYUlMmMsg=">AAACDHicbVC7TsMwFHXKq4RXgZHFokJiQFUCSLAgVbAwMBSJPlATVY7jtFZtJ7IdUBXlF1hY4S/YECv/wE/wDbhtBmg50tU9Oude+foECaNKO86XVVpYXFpeKa/aa+sbm1uV7Z2WilOJSRPHLJadACnCqCBNTTUjnUQSxANG2sHwauy3H4hUNBZ3epQQn6O+oBHFSBvp/ubiBHpHMOK9StWpORPAeeIWpAoKNHqVby+MccqJ0Jghpbquk2g/Q1JTzEhue6kiCcJD1CddQwXiRPnZ5OAcHhglhFEsTQkNJ+rvjQxxpUY8MJMc6YGa9cbif1431dG5n1GRpJoIPH0oShnUMRz/HoZUEqzZyBCEJTW3QjxAEmFtMrJtT5BHHHOORJh5kod5Nm4wzHPbBOTOxjFPWsc116m5t6fV+mURVRnsgX1wCFxwBurgGjRAE2DAwTN4Aa/Wk/VmvVsf09GSVezsgj+wPn8A4uqasg==</latexit><latexit sha1_base64="PiHp6lMaKaFK1y++GHiYUlMmMsg=">AAACDHicbVC7TsMwFHXKq4RXgZHFokJiQFUCSLAgVbAwMBSJPlATVY7jtFZtJ7IdUBXlF1hY4S/YECv/wE/wDbhtBmg50tU9Oude+foECaNKO86XVVpYXFpeKa/aa+sbm1uV7Z2WilOJSRPHLJadACnCqCBNTTUjnUQSxANG2sHwauy3H4hUNBZ3epQQn6O+oBHFSBvp/ubiBHpHMOK9StWpORPAeeIWpAoKNHqVby+MccqJ0Jghpbquk2g/Q1JTzEhue6kiCcJD1CddQwXiRPnZ5OAcHhglhFEsTQkNJ+rvjQxxpUY8MJMc6YGa9cbif1431dG5n1GRpJoIPH0oShnUMRz/HoZUEqzZyBCEJTW3QjxAEmFtMrJtT5BHHHOORJh5kod5Nm4wzHPbBOTOxjFPWsc116m5t6fV+mURVRnsgX1wCFxwBurgGjRAE2DAwTN4Aa/Wk/VmvVsf09GSVezsgj+wPn8A4uqasg==</latexit><latexit sha1_base64="PiHp6lMaKaFK1y++GHiYUlMmMsg=">AAACDHicbVC7TsMwFHXKq4RXgZHFokJiQFUCSLAgVbAwMBSJPlATVY7jtFZtJ7IdUBXlF1hY4S/YECv/wE/wDbhtBmg50tU9Oude+foECaNKO86XVVpYXFpeKa/aa+sbm1uV7Z2WilOJSRPHLJadACnCqCBNTTUjnUQSxANG2sHwauy3H4hUNBZ3epQQn6O+oBHFSBvp/ubiBHpHMOK9StWpORPAeeIWpAoKNHqVby+MccqJ0Jghpbquk2g/Q1JTzEhue6kiCcJD1CddQwXiRPnZ5OAcHhglhFEsTQkNJ+rvjQxxpUY8MJMc6YGa9cbif1431dG5n1GRpJoIPH0oShnUMRz/HoZUEqzZyBCEJTW3QjxAEmFtMrJtT5BHHHOORJh5kod5Nm4wzHPbBOTOxjFPWsc116m5t6fV+mURVRnsgX1wCFxwBurgGjRAE2DAwTN4Aa/Wk/VmvVsf09GSVezsgj+wPn8A4uqasg==</latexit>

µ = 0.3GeV
<latexit sha1_base64="t+PSyihjUBFIQBp5/RsM8uzMkkE=">AAACEXicbVDLSgNBEJz1GddX1KOXwSB4kLCrgl6EoAc9RjAPyMYwO9tJBmdml5lZJSz7FV686l94E69+gT/hNzh5HDSxoOmiqptuKkw408bzvpy5+YXFpeXCiru6tr6xWdzarus4VRRqNOaxaoZEA2cSaoYZDs1EAREhh0Z4fzn0Gw+gNIvlrRkk0BakJ1mXUWKsdBeI9NwrH+PgEF9BvVMseWVvBDxL/AkpoQmqneJ3EMU0FSAN5UTrlu8lpp0RZRjlkLtBqiEh9J70oGWpJAJ0Oxt9neN9q0S4Gytb0uCR+nsjI0LrgQjtpCCmr6e9ofif10pN96ydMZmkBiQdH+qmHJsYDyPAEVNADR9YQqhi9ldM+0QRamxQrhtIeKSxEERGWaBElGfDhqM8d21A/nQcs6R+VPa9sn9zUqpcTKIqoF20hw6Qj05RBV2jKqohihR6Ri/o1Xly3px352M8OudMdnbQHzifPxy4nGM=</latexit><latexit sha1_base64="t+PSyihjUBFIQBp5/RsM8uzMkkE=">AAACEXicbVDLSgNBEJz1GddX1KOXwSB4kLCrgl6EoAc9RjAPyMYwO9tJBmdml5lZJSz7FV686l94E69+gT/hNzh5HDSxoOmiqptuKkw408bzvpy5+YXFpeXCiru6tr6xWdzarus4VRRqNOaxaoZEA2cSaoYZDs1EAREhh0Z4fzn0Gw+gNIvlrRkk0BakJ1mXUWKsdBeI9NwrH+PgEF9BvVMseWVvBDxL/AkpoQmqneJ3EMU0FSAN5UTrlu8lpp0RZRjlkLtBqiEh9J70oGWpJAJ0Oxt9neN9q0S4Gytb0uCR+nsjI0LrgQjtpCCmr6e9ofif10pN96ydMZmkBiQdH+qmHJsYDyPAEVNADR9YQqhi9ldM+0QRamxQrhtIeKSxEERGWaBElGfDhqM8d21A/nQcs6R+VPa9sn9zUqpcTKIqoF20hw6Qj05RBV2jKqohihR6Ri/o1Xly3px352M8OudMdnbQHzifPxy4nGM=</latexit><latexit sha1_base64="t+PSyihjUBFIQBp5/RsM8uzMkkE=">AAACEXicbVDLSgNBEJz1GddX1KOXwSB4kLCrgl6EoAc9RjAPyMYwO9tJBmdml5lZJSz7FV686l94E69+gT/hNzh5HDSxoOmiqptuKkw408bzvpy5+YXFpeXCiru6tr6xWdzarus4VRRqNOaxaoZEA2cSaoYZDs1EAREhh0Z4fzn0Gw+gNIvlrRkk0BakJ1mXUWKsdBeI9NwrH+PgEF9BvVMseWVvBDxL/AkpoQmqneJ3EMU0FSAN5UTrlu8lpp0RZRjlkLtBqiEh9J70oGWpJAJ0Oxt9neN9q0S4Gytb0uCR+nsjI0LrgQjtpCCmr6e9ofif10pN96ydMZmkBiQdH+qmHJsYDyPAEVNADR9YQqhi9ldM+0QRamxQrhtIeKSxEERGWaBElGfDhqM8d21A/nQcs6R+VPa9sn9zUqpcTKIqoF20hw6Qj05RBV2jKqohihR6Ri/o1Xly3px352M8OudMdnbQHzifPxy4nGM=</latexit><latexit sha1_base64="t+PSyihjUBFIQBp5/RsM8uzMkkE=">AAACEXicbVDLSgNBEJz1GddX1KOXwSB4kLCrgl6EoAc9RjAPyMYwO9tJBmdml5lZJSz7FV686l94E69+gT/hNzh5HDSxoOmiqptuKkw408bzvpy5+YXFpeXCiru6tr6xWdzarus4VRRqNOaxaoZEA2cSaoYZDs1EAREhh0Z4fzn0Gw+gNIvlrRkk0BakJ1mXUWKsdBeI9NwrH+PgEF9BvVMseWVvBDxL/AkpoQmqneJ3EMU0FSAN5UTrlu8lpp0RZRjlkLtBqiEh9J70oGWpJAJ0Oxt9neN9q0S4Gytb0uCR+nsjI0LrgQjtpCCmr6e9ofif10pN96ydMZmkBiQdH+qmHJsYDyPAEVNADR9YQqhi9ldM+0QRamxQrhtIeKSxEERGWaBElGfDhqM8d21A/nQcs6R+VPa9sn9zUqpcTKIqoF20hw6Qj05RBV2jKqohihR6Ri/o1Xly3px352M8OudMdnbQHzifPxy4nGM=</latexit>

•  Multiple-soft scattering    < ωc

Domains of validity of the HO and SH approximations:



Improved opacity expansion 
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• Opacity expansion: expand in powers of  

H = H0 +HI

=
p2

2p+
+�(x)

<latexit sha1_base64="dv+ApuJGcDq0DbBQ2k82g1ne7IA="></latexit><latexit sha1_base64="dv+ApuJGcDq0DbBQ2k82g1ne7IA="></latexit><latexit sha1_base64="dv+ApuJGcDq0DbBQ2k82g1ne7IA="></latexit><latexit sha1_base64="dv+ApuJGcDq0DbBQ2k82g1ne7IA="></latexit>

HI ⌧ H0
<latexit sha1_base64="pfO/J8zjSRIHqBF4iiV+e+z4eMc="></latexit><latexit sha1_base64="pfO/J8zjSRIHqBF4iiV+e+z4eMc="></latexit><latexit sha1_base64="pfO/J8zjSRIHqBF4iiV+e+z4eMc="></latexit><latexit sha1_base64="pfO/J8zjSRIHqBF4iiV+e+z4eMc="></latexit>

0 L

ω

t0 L

ω

t

LO (N=0): in-vacuum radiation NLO (N=1):single scattering 

Improved opacity expansion
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Improved opacity expansion

H ! HHO +H
0
I

<latexit sha1_base64="rkDqbi2uoCLobs9P6kntMAVHFqM="></latexit><latexit sha1_base64="rkDqbi2uoCLobs9P6kntMAVHFqM="></latexit><latexit sha1_base64="rkDqbi2uoCLobs9P6kntMAVHFqM="></latexit><latexit sha1_base64="rkDqbi2uoCLobs9P6kntMAVHFqM="></latexit>

�(x) = Nc x
2

✓
ln

Q2

µ2
+ ln

1

x2Q2

◆

<latexit sha1_base64="AkmTDxzKT281s3/ih10b7kH7d1A="></latexit><latexit sha1_base64="AkmTDxzKT281s3/ih10b7kH7d1A="></latexit><latexit sha1_base64="AkmTDxzKT281s3/ih10b7kH7d1A="></latexit><latexit sha1_base64="AkmTDxzKT281s3/ih10b7kH7d1A="></latexit>

HHO ⌘ H0 +Nc x
2 ln

Q
2

µ2
<latexit sha1_base64="fJKeDN8oUgBBYXiZgrBtIgxBVAM="></latexit><latexit sha1_base64="fJKeDN8oUgBBYXiZgrBtIgxBVAM="></latexit><latexit sha1_base64="fJKeDN8oUgBBYXiZgrBtIgxBVAM="></latexit><latexit sha1_base64="fJKeDN8oUgBBYXiZgrBtIgxBVAM="></latexit>

H
0
I ⌘ Nc x

2 ln
1

xQ2
<latexit sha1_base64="hGhfFi6+i+RVQEUbABLbGy2MUsM="></latexit><latexit sha1_base64="hGhfFi6+i+RVQEUbABLbGy2MUsM="></latexit><latexit sha1_base64="hGhfFi6+i+RVQEUbABLbGy2MUsM="></latexit><latexit sha1_base64="hGhfFi6+i+RVQEUbABLbGy2MUsM="></latexit>

�
<latexit sha1_base64="lgzlRs8FZoYppJ/mrL7TewXwvGM="></latexit><latexit sha1_base64="lgzlRs8FZoYppJ/mrL7TewXwvGM="></latexit><latexit sha1_base64="lgzlRs8FZoYppJ/mrL7TewXwvGM="></latexit><latexit sha1_base64="lgzlRs8FZoYppJ/mrL7TewXwvGM="></latexit>

Q2 ⌘ hx2
?iHO

<latexit sha1_base64="LtDj9Kp5FJQp50yoGtYsEmXpCco="></latexit><latexit sha1_base64="LtDj9Kp5FJQp50yoGtYsEmXpCco="></latexit><latexit sha1_base64="LtDj9Kp5FJQp50yoGtYsEmXpCco="></latexit><latexit sha1_base64="LtDj9Kp5FJQp50yoGtYsEmXpCco="></latexit>

• Extract the leading logarithm from the dipole cross-section 

Application to momentum broadening: Molière (1948) Iancu, Itakura Triantafyllopoulos (2004)
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• Perturbation around the harmonic oscillator 

LO  (HO) NLO
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Improved opacity expansion 
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Encompasses the large frequency limit of N=1 
opacity (GLV spectrum)

• The radiative spectrum to NLO in the expansion around the Harmonic oscillator (LO)

JHEP 1907 (2019) 057 
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Numerical results 

Medium-induced gluon spectrum for   and    
( )

L = 3 fm ̂q ≃ 1.4 GeV2/fm
ωc = nL2 = 22 GeV
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• First two orders. Order zero 
corresponds to the BDMPS 
spectrum. 

• Improved opacity expansion 
compared to N=1 Opacity (GLV 
spectrum)

JHEP 1907 (2019) 057 
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Summary and outlook

• We have introduced a new expansion scheme to perform 
analytic calculation of jet quenching observables beyond 
multiple soft scattering approximation by expanding around the 
harmonic oscillator  (faster convergence) 

• We have calculated the first two orders that encompass 
multiple-soft (IR) and single hard (UV) scattering regimes  

• Under perturbative control for large media (hard scale much 
larger than the Debye mass)

• Outlook: generalize to transverse momentum dependent 
distribution. MC implementation. Phenomenology.
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Numerical results II 

�27

• The mean energy loss is dominated by single hard 
scattering

• Multiplicity is dominated by multiple soft scattering

N(! > 10�2!c)
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• Assuming a dilute medium and expand to leader order in 
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N=1 Opacity (Gyulassy-Levai-Vitev (2000))


