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Motivation

• Physics question: How is the jet coupled to the quark gluon 
plasma? Is perturbation theory applicable?
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psoft ∼ T ∼ 1 GeV pTjet ∼ 1 TeV
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• Resummation of multiple emissions + multiple scattering 

• Elementary process: medium-induced radiation 
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• Two main analytic approximations in the literature 
(implemented in various MC event generators)

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

2.   Dense medium: multiple-soft scattering 
Gyulassy-Levai-Vitev (2000) Guo, Wang (2000)  

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

See  talks by E. Iancu and K. Tywoniuk  

Motivation



Momentum broadening and 
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• Jet constituent traversing the plasma may suffer 
frequent soft elastic collisions. To leading order the 
diffusion coefficient that characterized the jet-plasma 
coupling reads   

̂q ≡
d⟨k2

T⟩typ

dt
∼ α2

s CR n ln
Q2

m2
D

∼ α2
s T3

• At weak coupling             (kinetic description): αs ≪ 1

1/mD ≪ ℓmfp ≪ L

soft multiple interactions  

• Note that                                  which implies that the jet 
quenching parameter stays under perturbative control for 
large medium length L

Q2 ∼ ̂qL ≫ Λ2
QCD

̂q

k⊥



Outline

• Laudau-Pomeranchuk-Migdal (LPM) effect in QCD 

• Medium-Induced gluon spectrum: multiple soft scattering 
and single hard (N=1 opacity expansion) approximations 

• Medium-induced radiation beyond multiple-soft scattering 
approximation  

• Numerical results
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• Coherence length: during the quantum mechanical 
formation time           scattering centers act coherently 
reducing the radiation spectrum 

ω
dILPM

dω
∼ αe Neff ∼ αe

Nscatt

Ncoh
∼ αe

L
tf(ω)

Ncoh

The LPM effect on the back of the envelop 

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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• Same 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)

The LPM effect on the back of the envelop 
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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

The LPM effect on the back of the envelop 



General formalism 
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• 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 
plan between two scatterings  

(p+, 0�, 0�)

�
p+,

q2
�

2p+
, q�

�

L

A�
𝘟 𝘟 𝘟 𝘟

z

p�L+ �
�
p2

�/p+
�
L+ � 1

⇠ U [A�(x(t), t)]
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Wilson line



A model for the medium
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• Static scattering centers • Thermal medium (HTL)

Gyulassy-Wang (1992)  
Gyulassy-Levai-Vitev (2000) 

Aurenche-Gelis-Zakaret (2000)

• 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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d�el

d2q?
⌘ g4n

(q2? + µ2)2
<latexit sha1_base64="2Yc1zp0bfQFvtsJp7xe9XnOQ0ck="></latexit><latexit sha1_base64="2Yc1zp0bfQFvtsJp7xe9XnOQ0ck="></latexit><latexit sha1_base64="2Yc1zp0bfQFvtsJp7xe9XnOQ0ck="></latexit><latexit sha1_base64="2Yc1zp0bfQFvtsJp7xe9XnOQ0ck="></latexit>

d�el

d2q?
⌘ g2m2

DT

q2?(q
2
? + µ2)
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• Large momentum transfer is given by 2 to 2 QCD matrix 
element:

1/q4?
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0 L

ω, k⊥

t

E

High energy limit              2-D non-relativistic quantum mechanics

Medium-induced gluon spectrum  

All orders in opacity:



Medium-induced gluon spectrum 
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• The Green’s function K obeys a Schrödinger equation 

• Where the imaginary potential is given by 

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

⇠ x
2
?

✓
ln

1

x2
?µ

2
+O(x2

?µ
2)

◆
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Medium-induced gluon spectrum 
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• Difficult to solve. Numerical solutions

• Analytic limits: 
•  N=1 opacity (GLV)  dilute medium or hard radiation
• Harmonic Oscillator (HO) (BDMPS) dense medium 

• This talk: opacity expansion around HO to account for both 
regimes

Caron-Huot and Gale (2010)

Ke , Xu, Bass (2018)

�(x?) ⇠ x2
?
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N=1 Opacity (Gyulassy-Levai-Vitev (2000))
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• Assuming a dilute medium and expand to leader order in �(x?)
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!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>

!̄c =
1

2
µ2L ' 0.7GeV

<latexit sha1_base64="kbjwIB019U64Gk7FFXOdL7qxSLM="></latexit><latexit sha1_base64="kbjwIB019U64Gk7FFXOdL7qxSLM="></latexit><latexit sha1_base64="kbjwIB019U64Gk7FFXOdL7qxSLM="></latexit><latexit sha1_base64="kbjwIB019U64Gk7FFXOdL7qxSLM="></latexit>

!̄c/!c
<latexit sha1_base64="IpvpeJf2pmASpQK4+UNQzaEc1jQ="></latexit><latexit sha1_base64="IpvpeJf2pmASpQK4+UNQzaEc1jQ="></latexit><latexit sha1_base64="IpvpeJf2pmASpQK4+UNQzaEc1jQ="></latexit><latexit sha1_base64="IpvpeJf2pmASpQK4+UNQzaEc1jQ="></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 (BDMPS (1997))
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• Strong LPM suppression due to multiple soft scattering
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Validity of approximations:
• Single hard scattering  >  
• Multiple-soft scattering   < 

!c
<latexit sha1_base64="Er4/9ye1K8d6K0eotRIpY21gJgg=">AAACC3icbVDLSgMxFM34rOOr6tJNsAiuyowIuiy6cVnBPqBTSiZz24bmMSQZpQzzCW7c6l+4E7d+hD/hN5g+Ftp64HIP59xLbk6ccmZsEHx5K6tr6xubpS1/e2d3b798cNg0KtMUGlRxpdsxMcCZhIZllkM71UBEzKEVj24mfusBtGFK3ttxCl1BBpL1GSXWSe1ICRiQHu2VK0E1mAIvk3BOKmiOeq/8HSWKZgKkpZwY0wmD1HZzoi2jHAo/ygykhI7IADqOSiLAdPPpvQU+dUqC+0q7khZP1d8bORHGjEXsJgWxQ7PoTcT/vE5m+1fdnMk0syDp7KF+xrFVePJ5nDAN1PKxI4Rq5m7FdEg0odZF5PuRhEeqhCAyySMtkiKfNJwUhe8CChfjWCbN82oYVMO7i0rteh5VCR2jE3SGQnSJaugW1VEDUcTRM3pBr96T9+a9ex+z0RVvvnOE/sD7/AESrJt4</latexit><latexit sha1_base64="Er4/9ye1K8d6K0eotRIpY21gJgg=">AAACC3icbVDLSgMxFM34rOOr6tJNsAiuyowIuiy6cVnBPqBTSiZz24bmMSQZpQzzCW7c6l+4E7d+hD/hN5g+Ftp64HIP59xLbk6ccmZsEHx5K6tr6xubpS1/e2d3b798cNg0KtMUGlRxpdsxMcCZhIZllkM71UBEzKEVj24mfusBtGFK3ttxCl1BBpL1GSXWSe1ICRiQHu2VK0E1mAIvk3BOKmiOeq/8HSWKZgKkpZwY0wmD1HZzoi2jHAo/ygykhI7IADqOSiLAdPPpvQU+dUqC+0q7khZP1d8bORHGjEXsJgWxQ7PoTcT/vE5m+1fdnMk0syDp7KF+xrFVePJ5nDAN1PKxI4Rq5m7FdEg0odZF5PuRhEeqhCAyySMtkiKfNJwUhe8CChfjWCbN82oYVMO7i0rteh5VCR2jE3SGQnSJaugW1VEDUcTRM3pBr96T9+a9ex+z0RVvvnOE/sD7/AESrJt4</latexit><latexit sha1_base64="Er4/9ye1K8d6K0eotRIpY21gJgg=">AAACC3icbVDLSgMxFM34rOOr6tJNsAiuyowIuiy6cVnBPqBTSiZz24bmMSQZpQzzCW7c6l+4E7d+hD/hN5g+Ftp64HIP59xLbk6ccmZsEHx5K6tr6xubpS1/e2d3b798cNg0KtMUGlRxpdsxMcCZhIZllkM71UBEzKEVj24mfusBtGFK3ttxCl1BBpL1GSXWSe1ICRiQHu2VK0E1mAIvk3BOKmiOeq/8HSWKZgKkpZwY0wmD1HZzoi2jHAo/ygykhI7IADqOSiLAdPPpvQU+dUqC+0q7khZP1d8bORHGjEXsJgWxQ7PoTcT/vE5m+1fdnMk0syDp7KF+xrFVePJ5nDAN1PKxI4Rq5m7FdEg0odZF5PuRhEeqhCAyySMtkiKfNJwUhe8CChfjWCbN82oYVMO7i0rteh5VCR2jE3SGQnSJaugW1VEDUcTRM3pBr96T9+a9ex+z0RVvvnOE/sD7/AESrJt4</latexit><latexit sha1_base64="Er4/9ye1K8d6K0eotRIpY21gJgg=">AAACC3icbVDLSgMxFM34rOOr6tJNsAiuyowIuiy6cVnBPqBTSiZz24bmMSQZpQzzCW7c6l+4E7d+hD/hN5g+Ftp64HIP59xLbk6ccmZsEHx5K6tr6xubpS1/e2d3b798cNg0KtMUGlRxpdsxMcCZhIZllkM71UBEzKEVj24mfusBtGFK3ttxCl1BBpL1GSXWSe1ICRiQHu2VK0E1mAIvk3BOKmiOeq/8HSWKZgKkpZwY0wmD1HZzoi2jHAo/ygykhI7IADqOSiLAdPPpvQU+dUqC+0q7khZP1d8bORHGjEXsJgWxQ7PoTcT/vE5m+1fdnMk0syDp7KF+xrFVePJ5nDAN1PKxI4Rq5m7FdEg0odZF5PuRhEeqhCAyySMtkiKfNJwUhe8CChfjWCbN82oYVMO7i0rteh5VCR2jE3SGQnSJaugW1VEDUcTRM3pBr96T9+a9ex+z0RVvvnOE/sD7/AESrJt4</latexit>

!c
<latexit sha1_base64="Er4/9ye1K8d6K0eotRIpY21gJgg=">AAACC3icbVDLSgMxFM34rOOr6tJNsAiuyowIuiy6cVnBPqBTSiZz24bmMSQZpQzzCW7c6l+4E7d+hD/hN5g+Ftp64HIP59xLbk6ccmZsEHx5K6tr6xubpS1/e2d3b798cNg0KtMUGlRxpdsxMcCZhIZllkM71UBEzKEVj24mfusBtGFK3ttxCl1BBpL1GSXWSe1ICRiQHu2VK0E1mAIvk3BOKmiOeq/8HSWKZgKkpZwY0wmD1HZzoi2jHAo/ygykhI7IADqOSiLAdPPpvQU+dUqC+0q7khZP1d8bORHGjEXsJgWxQ7PoTcT/vE5m+1fdnMk0syDp7KF+xrFVePJ5nDAN1PKxI4Rq5m7FdEg0odZF5PuRhEeqhCAyySMtkiKfNJwUhe8CChfjWCbN82oYVMO7i0rteh5VCR2jE3SGQnSJaugW1VEDUcTRM3pBr96T9+a9ex+z0RVvvnOE/sD7/AESrJt4</latexit><latexit sha1_base64="Er4/9ye1K8d6K0eotRIpY21gJgg=">AAACC3icbVDLSgMxFM34rOOr6tJNsAiuyowIuiy6cVnBPqBTSiZz24bmMSQZpQzzCW7c6l+4E7d+hD/hN5g+Ftp64HIP59xLbk6ccmZsEHx5K6tr6xubpS1/e2d3b798cNg0KtMUGlRxpdsxMcCZhIZllkM71UBEzKEVj24mfusBtGFK3ttxCl1BBpL1GSXWSe1ICRiQHu2VK0E1mAIvk3BOKmiOeq/8HSWKZgKkpZwY0wmD1HZzoi2jHAo/ygykhI7IADqOSiLAdPPpvQU+dUqC+0q7khZP1d8bORHGjEXsJgWxQ7PoTcT/vE5m+1fdnMk0syDp7KF+xrFVePJ5nDAN1PKxI4Rq5m7FdEg0odZF5PuRhEeqhCAyySMtkiKfNJwUhe8CChfjWCbN82oYVMO7i0rteh5VCR2jE3SGQnSJaugW1VEDUcTRM3pBr96T9+a9ex+z0RVvvnOE/sD7/AESrJt4</latexit><latexit sha1_base64="Er4/9ye1K8d6K0eotRIpY21gJgg=">AAACC3icbVDLSgMxFM34rOOr6tJNsAiuyowIuiy6cVnBPqBTSiZz24bmMSQZpQzzCW7c6l+4E7d+hD/hN5g+Ftp64HIP59xLbk6ccmZsEHx5K6tr6xubpS1/e2d3b798cNg0KtMUGlRxpdsxMcCZhIZllkM71UBEzKEVj24mfusBtGFK3ttxCl1BBpL1GSXWSe1ICRiQHu2VK0E1mAIvk3BOKmiOeq/8HSWKZgKkpZwY0wmD1HZzoi2jHAo/ygykhI7IADqOSiLAdPPpvQU+dUqC+0q7khZP1d8bORHGjEXsJgWxQ7PoTcT/vE5m+1fdnMk0syDp7KF+xrFVePJ5nDAN1PKxI4Rq5m7FdEg0odZF5PuRhEeqhCAyySMtkiKfNJwUhe8CChfjWCbN82oYVMO7i0rteh5VCR2jE3SGQnSJaugW1VEDUcTRM3pBr96T9+a9ex+z0RVvvnOE/sD7/AESrJt4</latexit><latexit sha1_base64="Er4/9ye1K8d6K0eotRIpY21gJgg=">AAACC3icbVDLSgMxFM34rOOr6tJNsAiuyowIuiy6cVnBPqBTSiZz24bmMSQZpQzzCW7c6l+4E7d+hD/hN5g+Ftp64HIP59xLbk6ccmZsEHx5K6tr6xubpS1/e2d3b798cNg0KtMUGlRxpdsxMcCZhIZllkM71UBEzKEVj24mfusBtGFK3ttxCl1BBpL1GSXWSe1ICRiQHu2VK0E1mAIvk3BOKmiOeq/8HSWKZgKkpZwY0wmD1HZzoi2jHAo/ygykhI7IADqOSiLAdPPpvQU+dUqC+0q7khZP1d8bORHGjEXsJgWxQ7PoTcT/vE5m+1fdnMk0syDp7KF+xrFVePJ5nDAN1PKxI4Rq5m7FdEg0odZF5PuRhEeqhCAyySMtkiKfNJwUhe8CChfjWCbN82oYVMO7i0rteh5VCR2jE3SGQnSJaugW1VEDUcTRM3pBr96T9+a9ex+z0RVvvnOE/sD7/AESrJt4</latexit>

k2? � Q2
s

<latexit sha1_base64="TjxyDoam7LuCki3XIvwVOpahWLA=">AAACGXicbZC7TsMwFIYd7oRbuWwsFhUSU5UgJBgrWBipREulpkSOc1Ks2k5kO6AS5UlYWOEt2BArEy/BM+CWDFA4kuVP/3+OztEfZZxp43kfzszs3PzC4tKyu7K6tr5R29zq6DRXFNo05anqRkQDZxLahhkO3UwBERGHq2h4NvavbkFplspLM8qgL8hAsoRRYqwU1naGYZCByq4PcTAY4FaoLYW1utfwJoX/gl9BHVV1EdY+gziluQBpKCda93wvM/2CKMMoh9INcg0ZoUMygJ5FSQTofjG5vsT7Volxkir7pMET9edEQYTWIxHZTkHMjZ72xuJ/Xi83yUm/YDLLDUj6vSjJOTYpHkeBY6aAGj6yQKhi9lZMb4gi1NjAXDeQcEdTIYiMi0CJuCzGH47L0rUB+dNx/IXOYcP3Gn7rqN48raJaQrtoDx0gHx2jJjpHF6iNKLpHj+gJPTsPzovz6rx9t8441cw2+lXO+xc6eJ+k</latexit><latexit sha1_base64="TjxyDoam7LuCki3XIvwVOpahWLA=">AAACGXicbZC7TsMwFIYd7oRbuWwsFhUSU5UgJBgrWBipREulpkSOc1Ks2k5kO6AS5UlYWOEt2BArEy/BM+CWDFA4kuVP/3+OztEfZZxp43kfzszs3PzC4tKyu7K6tr5R29zq6DRXFNo05anqRkQDZxLahhkO3UwBERGHq2h4NvavbkFplspLM8qgL8hAsoRRYqwU1naGYZCByq4PcTAY4FaoLYW1utfwJoX/gl9BHVV1EdY+gziluQBpKCda93wvM/2CKMMoh9INcg0ZoUMygJ5FSQTofjG5vsT7Volxkir7pMET9edEQYTWIxHZTkHMjZ72xuJ/Xi83yUm/YDLLDUj6vSjJOTYpHkeBY6aAGj6yQKhi9lZMb4gi1NjAXDeQcEdTIYiMi0CJuCzGH47L0rUB+dNx/IXOYcP3Gn7rqN48raJaQrtoDx0gHx2jJjpHF6iNKLpHj+gJPTsPzovz6rx9t8441cw2+lXO+xc6eJ+k</latexit><latexit sha1_base64="TjxyDoam7LuCki3XIvwVOpahWLA=">AAACGXicbZC7TsMwFIYd7oRbuWwsFhUSU5UgJBgrWBipREulpkSOc1Ks2k5kO6AS5UlYWOEt2BArEy/BM+CWDFA4kuVP/3+OztEfZZxp43kfzszs3PzC4tKyu7K6tr5R29zq6DRXFNo05anqRkQDZxLahhkO3UwBERGHq2h4NvavbkFplspLM8qgL8hAsoRRYqwU1naGYZCByq4PcTAY4FaoLYW1utfwJoX/gl9BHVV1EdY+gziluQBpKCda93wvM/2CKMMoh9INcg0ZoUMygJ5FSQTofjG5vsT7Volxkir7pMET9edEQYTWIxHZTkHMjZ72xuJ/Xi83yUm/YDLLDUj6vSjJOTYpHkeBY6aAGj6yQKhi9lZMb4gi1NjAXDeQcEdTIYiMi0CJuCzGH47L0rUB+dNx/IXOYcP3Gn7rqN48raJaQrtoDx0gHx2jJjpHF6iNKLpHj+gJPTsPzovz6rx9t8441cw2+lXO+xc6eJ+k</latexit><latexit sha1_base64="GKIOWVZR/Ow08BAvZPS15lfBbXc=">AAAB9XicbZC7TsMwGIX/lFsJBcrMYlEhMVUJC4xILIxFohepiSrHcVqrvkS2A6qibEysvAUb4ml4CZ4Bp+0AlCNZ/nSOLf8+Sc6ZsUHw6TW2tnd295r7/kHLPzw6brcGRhWa0D5RXOlRgg3lTNK+ZZbTUa4pFgmnw2R+W+fDR6oNU/LBLnIaCzyVLGMEW2f1Ju1O0A2WQpsQrqEDa03aX1GqSCGotIRjY8ZhkNu4xNoywmnlR4WhOSZzPKVjhxILauJyOWaFzp2Tokxpt6RFS/fnjRILYxYicScFtjPzN6vN/7JxYbPruGQyLyyVZPVQVnBkFar/jFKmKbF84QATzdysiMywxsS6Znw/kvSJKCGwTMtIi7Qq6w2lVeW7fsK/bWzC4LIbBt3wPoAmnMIZXEAIV3ADd9CDPhBI4QVevWfvzXtf9djw1oWewC95H99PsJWj</latexit><latexit sha1_base64="fITpaNWghEysiFQ4m7YjxLnKCuc=">AAACDnicbZC9TsMwFIVvyn/4K4iNxQIhMVVJFxiRWBhBorRSUyLHuS1WbSeyHVCJ8iQsrPAWbIg34CV4BtyfAShHsnx0jq989SW54MYGwadXW1hcWl5ZXfPXNza3tus7GzcmKzTDFstEpjsJNSi4wpblVmAn10hlIrCdDM/HffseteGZurajHHuSDhTvc0ati+L63jCOctT5bZNEgwG5io1zcf0waAQTkXkTzswhzHQZ17+iNGOFRGWZoMZ0wyC3vZJqy5nAyo8KgzllQzrArrOKSjS9crJ9RY5ckpJ+pt1RlkzSnxMllcaMZOJeSmrvzN9uHP7XdQvbP+2VXOWFRcWmH/ULQWxGxihIyjUyK0bOUKa525WwO6opsw6Y70cKH1gmJVVpGWmZVuX4ImlV+Q5Q+BfHvLlpNsKgEV4FsAr7cADHEMIJnMEFXEILGDzCM7zAq/fkvXnvU5Q1b8Z0F37J+/gGXWmeIA==</latexit><latexit sha1_base64="fITpaNWghEysiFQ4m7YjxLnKCuc=">AAACDnicbZC9TsMwFIVvyn/4K4iNxQIhMVVJFxiRWBhBorRSUyLHuS1WbSeyHVCJ8iQsrPAWbIg34CV4BtyfAShHsnx0jq989SW54MYGwadXW1hcWl5ZXfPXNza3tus7GzcmKzTDFstEpjsJNSi4wpblVmAn10hlIrCdDM/HffseteGZurajHHuSDhTvc0ati+L63jCOctT5bZNEgwG5io1zcf0waAQTkXkTzswhzHQZ17+iNGOFRGWZoMZ0wyC3vZJqy5nAyo8KgzllQzrArrOKSjS9crJ9RY5ckpJ+pt1RlkzSnxMllcaMZOJeSmrvzN9uHP7XdQvbP+2VXOWFRcWmH/ULQWxGxihIyjUyK0bOUKa525WwO6opsw6Y70cKH1gmJVVpGWmZVuX4ImlV+Q5Q+BfHvLlpNsKgEV4FsAr7cADHEMIJnMEFXEILGDzCM7zAq/fkvXnvU5Q1b8Z0F37J+/gGXWmeIA==</latexit><latexit sha1_base64="GF9Qj8NTZ8vz52odLHo9w0Gulfs=">AAACGXicbZC7TsMwFIYdriXcymVjsaiQmKqEBUYECyOVaIvUhMhxTopV24lsB1SiPAkLK7wFG2Jl4iV4BtzSAVqOZPnT/5+jc/THOWfaeN6nMze/sLi0XFtxV9fWNzbrW9sdnRWKQptmPFPXMdHAmYS2YYbDda6AiJhDNx6cj/zuHSjNMnllhjmEgvQlSxklxkpRfXcQBTmo/OYIB/0+bkXaUlRveE1vXHgW/Ak00KQuo/pXkGS0ECAN5UTrnu/lJiyJMoxyqNyg0JATOiB96FmURIAOy/H1FT6wSoLTTNknDR6rvydKIrQeith2CmJu9bQ3Ev/zeoVJT8KSybwwIOnPorTg2GR4FAVOmAJq+NACoYrZWzG9JYpQYwNz3UDCPc2EIDIpAyWSqhx9OKkq1wbkT8cxC52jpu81/ZbXOD2bRFVDe2gfHSIfHaNTdIEuURtR9ICe0DN6cR6dV+fNef9pnXMmMzvoTzkf3zk4n6A=</latexit><latexit sha1_base64="TjxyDoam7LuCki3XIvwVOpahWLA=">AAACGXicbZC7TsMwFIYd7oRbuWwsFhUSU5UgJBgrWBipREulpkSOc1Ks2k5kO6AS5UlYWOEt2BArEy/BM+CWDFA4kuVP/3+OztEfZZxp43kfzszs3PzC4tKyu7K6tr5R29zq6DRXFNo05anqRkQDZxLahhkO3UwBERGHq2h4NvavbkFplspLM8qgL8hAsoRRYqwU1naGYZCByq4PcTAY4FaoLYW1utfwJoX/gl9BHVV1EdY+gziluQBpKCda93wvM/2CKMMoh9INcg0ZoUMygJ5FSQTofjG5vsT7Volxkir7pMET9edEQYTWIxHZTkHMjZ72xuJ/Xi83yUm/YDLLDUj6vSjJOTYpHkeBY6aAGj6yQKhi9lZMb4gi1NjAXDeQcEdTIYiMi0CJuCzGH47L0rUB+dNx/IXOYcP3Gn7rqN48raJaQrtoDx0gHx2jJjpHF6iNKLpHj+gJPTsPzovz6rx9t8441cw2+lXO+xc6eJ+k</latexit><latexit sha1_base64="TjxyDoam7LuCki3XIvwVOpahWLA=">AAACGXicbZC7TsMwFIYd7oRbuWwsFhUSU5UgJBgrWBipREulpkSOc1Ks2k5kO6AS5UlYWOEt2BArEy/BM+CWDFA4kuVP/3+OztEfZZxp43kfzszs3PzC4tKyu7K6tr5R29zq6DRXFNo05anqRkQDZxLahhkO3UwBERGHq2h4NvavbkFplspLM8qgL8hAsoRRYqwU1naGYZCByq4PcTAY4FaoLYW1utfwJoX/gl9BHVV1EdY+gziluQBpKCda93wvM/2CKMMoh9INcg0ZoUMygJ5FSQTofjG5vsT7Volxkir7pMET9edEQYTWIxHZTkHMjZ72xuJ/Xi83yUm/YDLLDUj6vSjJOTYpHkeBY6aAGj6yQKhi9lZMb4gi1NjAXDeQcEdTIYiMi0CJuCzGH47L0rUB+dNx/IXOYcP3Gn7rqN48raJaQrtoDx0gHx2jJjpHF6iNKLpHj+gJPTsPzovz6rx9t8441cw2+lXO+xc6eJ+k</latexit><latexit sha1_base64="TjxyDoam7LuCki3XIvwVOpahWLA=">AAACGXicbZC7TsMwFIYd7oRbuWwsFhUSU5UgJBgrWBipREulpkSOc1Ks2k5kO6AS5UlYWOEt2BArEy/BM+CWDFA4kuVP/3+OztEfZZxp43kfzszs3PzC4tKyu7K6tr5R29zq6DRXFNo05anqRkQDZxLahhkO3UwBERGHq2h4NvavbkFplspLM8qgL8hAsoRRYqwU1naGYZCByq4PcTAY4FaoLYW1utfwJoX/gl9BHVV1EdY+gziluQBpKCda93wvM/2CKMMoh9INcg0ZoUMygJ5FSQTofjG5vsT7Volxkir7pMET9edEQYTWIxHZTkHMjZ72xuJ/Xi83yUm/YDLLDUj6vSjJOTYpHkeBY6aAGj6yQKhi9lZMb4gi1NjAXDeQcEdTIYiMi0CJuCzGH47L0rUB+dNx/IXOYcP3Gn7rqN48raJaQrtoDx0gHx2jJjpHF6iNKLpHj+gJPTsPzovz6rx9t8441cw2+lXO+xc6eJ+k</latexit><latexit sha1_base64="TjxyDoam7LuCki3XIvwVOpahWLA=">AAACGXicbZC7TsMwFIYd7oRbuWwsFhUSU5UgJBgrWBipREulpkSOc1Ks2k5kO6AS5UlYWOEt2BArEy/BM+CWDFA4kuVP/3+OztEfZZxp43kfzszs3PzC4tKyu7K6tr5R29zq6DRXFNo05anqRkQDZxLahhkO3UwBERGHq2h4NvavbkFplspLM8qgL8hAsoRRYqwU1naGYZCByq4PcTAY4FaoLYW1utfwJoX/gl9BHVV1EdY+gziluQBpKCda93wvM/2CKMMoh9INcg0ZoUMygJ5FSQTofjG5vsT7Volxkir7pMET9edEQYTWIxHZTkHMjZ72xuJ/Xi83yUm/YDLLDUj6vSjJOTYpHkeBY6aAGj6yQKhi9lZMb4gi1NjAXDeQcEdTIYiMi0CJuCzGH47L0rUB+dNx/IXOYcP3Gn7rqN48raJaQrtoDx0gHx2jJjpHF6iNKLpHj+gJPTsPzovz6rx9t8441cw2+lXO+xc6eJ+k</latexit><latexit sha1_base64="TjxyDoam7LuCki3XIvwVOpahWLA=">AAACGXicbZC7TsMwFIYd7oRbuWwsFhUSU5UgJBgrWBipREulpkSOc1Ks2k5kO6AS5UlYWOEt2BArEy/BM+CWDFA4kuVP/3+OztEfZZxp43kfzszs3PzC4tKyu7K6tr5R29zq6DRXFNo05anqRkQDZxLahhkO3UwBERGHq2h4NvavbkFplspLM8qgL8hAsoRRYqwU1naGYZCByq4PcTAY4FaoLYW1utfwJoX/gl9BHVV1EdY+gziluQBpKCda93wvM/2CKMMoh9INcg0ZoUMygJ5FSQTofjG5vsT7Volxkir7pMET9edEQYTWIxHZTkHMjZ72xuJ/Xi83yUm/YDLLDUj6vSjJOTYpHkeBY6aAGj6yQKhi9lZMb4gi1NjAXDeQcEdTIYiMi0CJuCzGH47L0rUB+dNx/IXOYcP3Gn7rqN48raJaQrtoDx0gHx2jJjpHF6iNKLpHj+gJPTsPzovz6rx9t8441cw2+lXO+xc6eJ+k</latexit><latexit sha1_base64="TjxyDoam7LuCki3XIvwVOpahWLA=">AAACGXicbZC7TsMwFIYd7oRbuWwsFhUSU5UgJBgrWBipREulpkSOc1Ks2k5kO6AS5UlYWOEt2BArEy/BM+CWDFA4kuVP/3+OztEfZZxp43kfzszs3PzC4tKyu7K6tr5R29zq6DRXFNo05anqRkQDZxLahhkO3UwBERGHq2h4NvavbkFplspLM8qgL8hAsoRRYqwU1naGYZCByq4PcTAY4FaoLYW1utfwJoX/gl9BHVV1EdY+gziluQBpKCda93wvM/2CKMMoh9INcg0ZoUMygJ5FSQTofjG5vsT7Volxkir7pMET9edEQYTWIxHZTkHMjZ72xuJ/Xi83yUm/YDLLDUj6vSjJOTYpHkeBY6aAGj6yQKhi9lZMb4gi1NjAXDeQcEdTIYiMi0CJuCzGH47L0rUB+dNx/IXOYcP3Gn7rqN48raJaQrtoDx0gHx2jJjpHF6iNKLpHj+gJPTsPzovz6rx9t8441cw2+lXO+xc6eJ+k</latexit>

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>
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...

ω

Molière (1948)

Since:

We can extract a large log from the dipole cross-section  
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⌦ ⌘ 1� i

2

r
q̂

!
<latexit sha1_base64="dNyRoaDzROtncu8n1xoEWW7agDY="></latexit><latexit sha1_base64="dNyRoaDzROtncu8n1xoEWW7agDY="></latexit><latexit sha1_base64="dNyRoaDzROtncu8n1xoEWW7agDY="></latexit><latexit sha1_base64="dNyRoaDzROtncu8n1xoEWW7agDY="></latexit>

Correction to the Harmonic oscillator:

Contains the large frequency limit of 
N=1 opacity (GLV spectrum)

(1)
<latexit sha1_base64="nf33gHqykFUDabFExV72RUL2oC0=">AAACBnicbVC7TsMwFHXKq4RXgZHFokIqS5UgJBgrWBiLoA+piSrHcVqrthPZDqiKsrOwwl+wIVZ+g5/gG3DaDNBypKt7dM698vUJEkaVdpwvq7Kyura+Ud20t7Z3dvdq+wddFacSkw6OWSz7AVKEUUE6mmpG+okkiAeM9ILJdeH3HohUNBb3epoQn6ORoBHFSBvpruGeDmt1p+nMAJeJW5I6KNEe1r69MMYpJ0JjhpQauE6i/QxJTTEjue2liiQIT9CIDAwViBPlZ7NTc3hilBBGsTQlNJypvzcyxJWa8sBMcqTHatErxP+8QaqjSz+jIkk1EXj+UJQyqGNY/BuGVBKs2dQQhCU1t0I8RhJhbdKxbU+QRxxzjkSYeZKHeVY0GOa5bQJyF+NYJt2zpus03dvzeuuqjKoKjsAxaAAXXIAWuAFt0AEYjMAzeAGv1pP1Zr1bH/PRilXuHII/sD5/AAJxmKE=</latexit><latexit sha1_base64="nf33gHqykFUDabFExV72RUL2oC0=">AAACBnicbVC7TsMwFHXKq4RXgZHFokIqS5UgJBgrWBiLoA+piSrHcVqrthPZDqiKsrOwwl+wIVZ+g5/gG3DaDNBypKt7dM698vUJEkaVdpwvq7Kyura+Ud20t7Z3dvdq+wddFacSkw6OWSz7AVKEUUE6mmpG+okkiAeM9ILJdeH3HohUNBb3epoQn6ORoBHFSBvpruGeDmt1p+nMAJeJW5I6KNEe1r69MMYpJ0JjhpQauE6i/QxJTTEjue2liiQIT9CIDAwViBPlZ7NTc3hilBBGsTQlNJypvzcyxJWa8sBMcqTHatErxP+8QaqjSz+jIkk1EXj+UJQyqGNY/BuGVBKs2dQQhCU1t0I8RhJhbdKxbU+QRxxzjkSYeZKHeVY0GOa5bQJyF+NYJt2zpus03dvzeuuqjKoKjsAxaAAXXIAWuAFt0AEYjMAzeAGv1pP1Zr1bH/PRilXuHII/sD5/AAJxmKE=</latexit><latexit sha1_base64="nf33gHqykFUDabFExV72RUL2oC0=">AAACBnicbVC7TsMwFHXKq4RXgZHFokIqS5UgJBgrWBiLoA+piSrHcVqrthPZDqiKsrOwwl+wIVZ+g5/gG3DaDNBypKt7dM698vUJEkaVdpwvq7Kyura+Ud20t7Z3dvdq+wddFacSkw6OWSz7AVKEUUE6mmpG+okkiAeM9ILJdeH3HohUNBb3epoQn6ORoBHFSBvpruGeDmt1p+nMAJeJW5I6KNEe1r69MMYpJ0JjhpQauE6i/QxJTTEjue2liiQIT9CIDAwViBPlZ7NTc3hilBBGsTQlNJypvzcyxJWa8sBMcqTHatErxP+8QaqjSz+jIkk1EXj+UJQyqGNY/BuGVBKs2dQQhCU1t0I8RhJhbdKxbU+QRxxzjkSYeZKHeVY0GOa5bQJyF+NYJt2zpus03dvzeuuqjKoKjsAxaAAXXIAWuAFt0AEYjMAzeAGv1pP1Zr1bH/PRilXuHII/sD5/AAJxmKE=</latexit><latexit sha1_base64="nf33gHqykFUDabFExV72RUL2oC0=">AAACBnicbVC7TsMwFHXKq4RXgZHFokIqS5UgJBgrWBiLoA+piSrHcVqrthPZDqiKsrOwwl+wIVZ+g5/gG3DaDNBypKt7dM698vUJEkaVdpwvq7Kyura+Ud20t7Z3dvdq+wddFacSkw6OWSz7AVKEUUE6mmpG+okkiAeM9ILJdeH3HohUNBb3epoQn6ORoBHFSBvpruGeDmt1p+nMAJeJW5I6KNEe1r69MMYpJ0JjhpQauE6i/QxJTTEjue2liiQIT9CIDAwViBPlZ7NTc3hilBBGsTQlNJypvzcyxJWa8sBMcqTHatErxP+8QaqjSz+jIkk1EXj+UJQyqGNY/BuGVBKs2dQQhCU1t0I8RhJhbdKxbU+QRxxzjkSYeZKHeVY0GOa5bQJyF+NYJt2zpus03dvzeuuqjKoKjsAxaAAXXIAWuAFt0AEYjMAzeAGv1pP1Zr1bH/PRilXuHII/sD5/AAJxmKE=</latexit>
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ω
dI
dω

ω/ωcωBH /ωc

full 

order 0 (HO)

single-hard  (GLV) 

Medium-induced gluon spectrum for !c = nL2 = 22.5GeV
<latexit sha1_base64="rZSRAWmWyZJETjbeExanm9JiH30="></latexit><latexit sha1_base64="rZSRAWmWyZJETjbeExanm9JiH30="></latexit><latexit sha1_base64="rZSRAWmWyZJETjbeExanm9JiH30="></latexit><latexit sha1_base64="rZSRAWmWyZJETjbeExanm9JiH30="></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>

q̂ ' 1.4GeV 2/fm
<latexit sha1_base64="YrtO8My3/x2ETkXFOnAqqXHgN8o="></latexit><latexit sha1_base64="YrtO8My3/x2ETkXFOnAqqXHgN8o="></latexit><latexit sha1_base64="YrtO8My3/x2ETkXFOnAqqXHgN8o="></latexit><latexit sha1_base64="YrtO8My3/x2ETkXFOnAqqXHgN8o="></latexit>

order 1
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• The mean energy loss is dominated by single hard 
scattering

• Multiplicity is dominated by multiple soft scattering

N(! > 10�2!c)
<latexit sha1_base64="ZX/nYo+Hro7x1j+g3itx5b7p0QQ=">AAACH3icbVDLSgMxFM34dnxV3ekmWARdWGZE0JWIblyJgn1Ap5ZM5rYN5jEkGaUMA/6KG7f6F+7ErT/hN5g+Fr4OhHtyzr0k98QpZ8YGwYc3MTk1PTM7N+8vLC4tr5RW12pGZZpClSqudCMmBjiTULXMcmikGoiIOdTj27OBX78DbZiS17afQkuQrmQdRol1Uru0cbETKQFdchwGN/nefoFH1zbdbZfKQSUYAv8l4ZiU0RiX7dJnlCiaCZCWcmJMMwxS28qJtoxyKPwoM5ASeku60HRUEgGmlQ93KPC2UxLcUdodafFQ/T6RE2FMX8SuUxDbM7+9gfif18xs56iVM5lmFiQdPdTJOLYKDwLBCdNALe87Qqhm7q+Y9ogm1LrYfD+ScE+VEEQmeaRFUuSDgpOi8F1A4e84/pLafiUMKuHVQfnkdBzVHNpEW2gHhegQnaBzdImqiKIH9ISe0Yv36L16b977qHXCG8+sox/wPr4AbkCh1Q==</latexit><latexit sha1_base64="ZX/nYo+Hro7x1j+g3itx5b7p0QQ=">AAACH3icbVDLSgMxFM34dnxV3ekmWARdWGZE0JWIblyJgn1Ap5ZM5rYN5jEkGaUMA/6KG7f6F+7ErT/hN5g+Fr4OhHtyzr0k98QpZ8YGwYc3MTk1PTM7N+8vLC4tr5RW12pGZZpClSqudCMmBjiTULXMcmikGoiIOdTj27OBX78DbZiS17afQkuQrmQdRol1Uru0cbETKQFdchwGN/nefoFH1zbdbZfKQSUYAv8l4ZiU0RiX7dJnlCiaCZCWcmJMMwxS28qJtoxyKPwoM5ASeku60HRUEgGmlQ93KPC2UxLcUdodafFQ/T6RE2FMX8SuUxDbM7+9gfif18xs56iVM5lmFiQdPdTJOLYKDwLBCdNALe87Qqhm7q+Y9ogm1LrYfD+ScE+VEEQmeaRFUuSDgpOi8F1A4e84/pLafiUMKuHVQfnkdBzVHNpEW2gHhegQnaBzdImqiKIH9ISe0Yv36L16b977qHXCG8+sox/wPr4AbkCh1Q==</latexit><latexit sha1_base64="ZX/nYo+Hro7x1j+g3itx5b7p0QQ=">AAACH3icbVDLSgMxFM34dnxV3ekmWARdWGZE0JWIblyJgn1Ap5ZM5rYN5jEkGaUMA/6KG7f6F+7ErT/hN5g+Fr4OhHtyzr0k98QpZ8YGwYc3MTk1PTM7N+8vLC4tr5RW12pGZZpClSqudCMmBjiTULXMcmikGoiIOdTj27OBX78DbZiS17afQkuQrmQdRol1Uru0cbETKQFdchwGN/nefoFH1zbdbZfKQSUYAv8l4ZiU0RiX7dJnlCiaCZCWcmJMMwxS28qJtoxyKPwoM5ASeku60HRUEgGmlQ93KPC2UxLcUdodafFQ/T6RE2FMX8SuUxDbM7+9gfif18xs56iVM5lmFiQdPdTJOLYKDwLBCdNALe87Qqhm7q+Y9ogm1LrYfD+ScE+VEEQmeaRFUuSDgpOi8F1A4e84/pLafiUMKuHVQfnkdBzVHNpEW2gHhegQnaBzdImqiKIH9ISe0Yv36L16b977qHXCG8+sox/wPr4AbkCh1Q==</latexit><latexit sha1_base64="ZX/nYo+Hro7x1j+g3itx5b7p0QQ=">AAACH3icbVDLSgMxFM34dnxV3ekmWARdWGZE0JWIblyJgn1Ap5ZM5rYN5jEkGaUMA/6KG7f6F+7ErT/hN5g+Fr4OhHtyzr0k98QpZ8YGwYc3MTk1PTM7N+8vLC4tr5RW12pGZZpClSqudCMmBjiTULXMcmikGoiIOdTj27OBX78DbZiS17afQkuQrmQdRol1Uru0cbETKQFdchwGN/nefoFH1zbdbZfKQSUYAv8l4ZiU0RiX7dJnlCiaCZCWcmJMMwxS28qJtoxyKPwoM5ASeku60HRUEgGmlQ93KPC2UxLcUdodafFQ/T6RE2FMX8SuUxDbM7+9gfif18xs56iVM5lmFiQdPdTJOLYKDwLBCdNALe87Qqhm7q+Y9ogm1LrYfD+ScE+VEEQmeaRFUuSDgpOi8F1A4e84/pLafiUMKuHVQfnkdBzVHNpEW2gHhegQnaBzdImqiKIH9ISe0Yv36L16b977qHXCG8+sox/wPr4AbkCh1Q==</latexit>

N=1 (GLV) full

�E(! < 100GeV )
<latexit sha1_base64="T9XwjHVhUfDle+E9QHawCN+a0ys="></latexit><latexit sha1_base64="T9XwjHVhUfDle+E9QHawCN+a0ys="></latexit><latexit sha1_base64="T9XwjHVhUfDle+E9QHawCN+a0ys="></latexit><latexit sha1_base64="T9XwjHVhUfDle+E9QHawCN+a0ys="></latexit>

83 GeV 88 GeV

29 40 
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Q2 ⇠nL ln(nL/µ2) ⇠ 4GeV 2 � µ2 ⇠ (0.3)2 GeV 2
<latexit sha1_base64="/N50qsv2eI1RG9CtDJTuC8DIZ0c="></latexit><latexit sha1_base64="/N50qsv2eI1RG9CtDJTuC8DIZ0c="></latexit><latexit sha1_base64="/N50qsv2eI1RG9CtDJTuC8DIZ0c="></latexit><latexit sha1_base64="/N50qsv2eI1RG9CtDJTuC8DIZ0c="></latexit>

[µ/2 , 2µ ]
<latexit sha1_base64="pYWSC+z7lsSArfoWJ5EfBuC6qNA="></latexit><latexit sha1_base64="pYWSC+z7lsSArfoWJ5EfBuC6qNA="></latexit><latexit sha1_base64="pYWSC+z7lsSArfoWJ5EfBuC6qNA="></latexit><latexit sha1_base64="pYWSC+z7lsSArfoWJ5EfBuC6qNA="></latexit>

Weak dependence on IR scale for large/dense media: 
controlled perturbative expansion

!c = nL2 = 22.5GeV
<latexit sha1_base64="rZSRAWmWyZJETjbeExanm9JiH30="></latexit><latexit sha1_base64="rZSRAWmWyZJETjbeExanm9JiH30="></latexit><latexit sha1_base64="rZSRAWmWyZJETjbeExanm9JiH30="></latexit><latexit sha1_base64="rZSRAWmWyZJETjbeExanm9JiH30="></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>

q̂ ' 1.4GeV 2/fm
<latexit sha1_base64="YrtO8My3/x2ETkXFOnAqqXHgN8o="></latexit><latexit sha1_base64="YrtO8My3/x2ETkXFOnAqqXHgN8o="></latexit><latexit sha1_base64="YrtO8My3/x2ETkXFOnAqqXHgN8o="></latexit><latexit sha1_base64="YrtO8My3/x2ETkXFOnAqqXHgN8o="></latexit>

• Typical transverse momentum scale:



Summary and outlook

• We have developed a new systematic method to 
perform analytic calculation of the medium-induced 
gluon spectrum beyond multiple-soft scattering 
approximation by expanding around the harmonic 
oscillator   

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

• Under perturbative control for large media

• Outlook: generalize to finite gluon energy and 
transverse momentum dependence. MC 
implementation
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• Extraction of the jet quenching parameter (JET Collaboration): 

arXiv:1312.5003

Momentum broadening and ̂q



The LPM effect in QED (digression)
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• 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)

• The Bethe-Heitler spectrum assumes incoherent 
scatterings center 

ω
dIBH

dω
∼ αe Nscatt ∼ αe

L
ℓmfp

tf

γ

e−
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• Coherence length: during the quantum mechanical 
formation time           scattering centers act coherently 
reducing the radiation spectrum 

ω
dILPM

dω
∼ αe Neff ∼ αe

Nscatt

Ncoh
∼ αe

L
tf(ω)

Ncoh

The LPM effect on the back of the envelop 

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



The LPM effect on the back of the envelop 
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• From the uncertainty principle we have: 

tf(ω) =
ω
k2

⊥
=

1
ωθ2

γ

• During that time the electron suffers momentum broadening

θ2
γ ∼ θ2

e =
k2

⊥

E2
e

k2
⊥ ∼ ̂q tf

• Solving for       one finds tf

tf(ω) =
Ee

ω ̂q
ω

dILPM

dω
∼ αe

ω ̂q
Ee

L ∝ ωand

LPM suppression in the IR



The LPM effect in QED (digression)
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Anthony et at PRL 75 (1995)
BH (incoherent radiation)

LPM suppression (coherent radiation)
ω

ω
dI
dω

ω

• The LPM effect was observed at SLAC in 1995


