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𝟚) INTERACTIONS WITH THE MEDIUM
• dressed propagators 

• medium modeling 

• broadening 

• medium-induced spectrum
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GLUON PROPAGATOR
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QGP

Interactions with hot & dense QGP: modification of 
momenta, color flow, tensorial structure, …?
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INTERACTION VERTEX
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No elastic energy loss in the medium; effect of Lorentz contraction of the 
background field, boosted in the opposite direction to the projectile.

Ta ⌘ taij
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Unified interaction vertex for quark/gluon:
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DRESSED PROPAGATOR
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• longitudinal modes remain “static” 

• transverse modes get dressed! 

• Dyson-Schwinger equation for the scalar propagator 

• introduce the transfer matrix

= +G(p1, p0) T (p1, p0)

G(p1, p0) = (2⇡)2�(p0 � p1)G0(p0) +G0(p1)T (p1, p0)G0(p0)
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T-MATRIX EXPANSION
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= + + . . .T (p1, p0)

Relatively simple recurrent structure appears….
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THE RETARDED PROPAGATOR
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after the dust has settled, this is what we are interested in!

G(p1, t1;p0, t0) = (2⇡)�(p0 � p1)e
�i

p2
0

2E (t1�t0)

+ ig

Z t1

t0

dt

Z

q
e�i

p2
1

2E (t1�t)A(t, q)G(p1 + q, t;p0, t0)
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Simple recurrent structure: propagation+interaction+… 

Same general structure goes through for more complicated 
interactions with the medium.
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INTERNAL VS EXTERNAL PROPAGATOR
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IN COORDINATE SPACE…
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G(~x1, ~x0) = G0(~x1 � ~x0) +

Z

~x
G0(~x1 � ~x) igA(~x) G(~x, ~x0)

<latexit sha1_base64="GdgxLYnVW+YgpQEPMXb5qN82N8c="></latexit><latexit sha1_base64="GdgxLYnVW+YgpQEPMXb5qN82N8c="></latexit><latexit sha1_base64="GdgxLYnVW+YgpQEPMXb5qN82N8c="></latexit><latexit sha1_base64="GdgxLYnVW+YgpQEPMXb5qN82N8c="></latexit><latexit sha1_base64="GdgxLYnVW+YgpQEPMXb5qN82N8c="></latexit>

Another way of seeing it:     is the Greens function.G
<latexit sha1_base64="zc0FzUQJcvw4aRnuqQINVqVMdhc="></latexit><latexit sha1_base64="zc0FzUQJcvw4aRnuqQINVqVMdhc="></latexit><latexit sha1_base64="zc0FzUQJcvw4aRnuqQINVqVMdhc="></latexit><latexit sha1_base64="zc0FzUQJcvw4aRnuqQINVqVMdhc="></latexit><latexit sha1_base64="zc0FzUQJcvw4aRnuqQINVqVMdhc="></latexit>

G(~x1, ~x0) =

Z r(t1)=x1

r(t0)=x0

Dr ei
E
2

R t1
t0

ds ṙ2(s)U(t1, t0; [r(s)])
<latexit sha1_base64="fsM9LOU4fb9nS68NECyWF2y+zzg="></latexit><latexit sha1_base64="fsM9LOU4fb9nS68NECyWF2y+zzg="></latexit><latexit sha1_base64="fsM9LOU4fb9nS68NECyWF2y+zzg="></latexit><latexit sha1_base64="fsM9LOU4fb9nS68NECyWF2y+zzg="></latexit><latexit sha1_base64="fsM9LOU4fb9nS68NECyWF2y+zzg="></latexit>

U(t1, t0; [r]) = P exp


ig

Z t1

t0

dsA(s, r(s))

�

<latexit sha1_base64="6Zxjoxd64otYBhQRjVBPrA7+rS4="></latexit><latexit sha1_base64="6Zxjoxd64otYBhQRjVBPrA7+rS4="></latexit><latexit sha1_base64="6Zxjoxd64otYBhQRjVBPrA7+rS4="></latexit><latexit sha1_base64="6Zxjoxd64otYBhQRjVBPrA7+rS4="></latexit><latexit sha1_base64="6Zxjoxd64otYBhQRjVBPrA7+rS4="></latexit>

• 1st term kinetic energy 

• path ordered exponential (Wilson line)
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MEDIUM-INDUCED BROADENING
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Ma(p1, p0) = G(p1, L;p0, 0)
<latexit sha1_base64="l8dWtVOpl6RrJPIMLXZ7hUcjZGo="></latexit><latexit sha1_base64="l8dWtVOpl6RrJPIMLXZ7hUcjZGo="></latexit><latexit sha1_base64="l8dWtVOpl6RrJPIMLXZ7hUcjZGo="></latexit><latexit sha1_base64="l8dWtVOpl6RrJPIMLXZ7hUcjZGo="></latexit><latexit sha1_base64="l8dWtVOpl6RrJPIMLXZ7hUcjZGo="></latexit>

hMa(p1, p0)M⇤,a(p̄0, p1)i =
1

N2
c � 1

⌦
TrG(p1, L;p0, 0)G†(p̄0, 0;p1, L)

↵

<latexit sha1_base64="ndKvNrO5j2ursZXe5Yrk4RhUOgs="></latexit><latexit sha1_base64="ndKvNrO5j2ursZXe5Yrk4RhUOgs="></latexit><latexit sha1_base64="ndKvNrO5j2ursZXe5Yrk4RhUOgs="></latexit><latexit sha1_base64="ndKvNrO5j2ursZXe5Yrk4RhUOgs="></latexit><latexit sha1_base64="ndKvNrO5j2ursZXe5Yrk4RhUOgs="></latexit>

𝞦 𝞦 𝞦 𝞦 𝞦 𝞦 𝞦
𝞦𝞦𝞦𝞦𝞦𝞦𝞦

=

Z
Dr1(Dr2)

⇤ exp

⇢
i
E

2

Z t1

t0

ds (ṙ21(s) + ṙ22(s))�
Ncn

2

Z t1

t0

ds�(r1 � r2)

�

<latexit sha1_base64="E2UpL0bbSpvP7vaBvttLSoypRjI="></latexit><latexit sha1_base64="E2UpL0bbSpvP7vaBvttLSoypRjI="></latexit><latexit sha1_base64="E2UpL0bbSpvP7vaBvttLSoypRjI="></latexit><latexit sha1_base64="E2UpL0bbSpvP7vaBvttLSoypRjI="></latexit><latexit sha1_base64="E2UpL0bbSpvP7vaBvttLSoypRjI="></latexit>

�<latexit sha1_base64="XDEUJoSdF5VGoHcIvPtSt/ijFV4="></latexit><latexit sha1_base64="XDEUJoSdF5VGoHcIvPtSt/ijFV4="></latexit><latexit sha1_base64="XDEUJoSdF5VGoHcIvPtSt/ijFV4="></latexit><latexit sha1_base64="XDEUJoSdF5VGoHcIvPtSt/ijFV4="></latexit><latexit sha1_base64="XDEUJoSdF5VGoHcIvPtSt/ijFV4="></latexit>

/ (2⇡)2�(p0 � p̄0)
<latexit sha1_base64="4DHqyM1j+UdTwXPT7ifcHP1eTec="></latexit><latexit sha1_base64="4DHqyM1j+UdTwXPT7ifcHP1eTec="></latexit><latexit sha1_base64="4DHqyM1j+UdTwXPT7ifcHP1eTec="></latexit><latexit sha1_base64="4DHqyM1j+UdTwXPT7ifcHP1eTec="></latexit><latexit sha1_base64="4DHqyM1j+UdTwXPT7ifcHP1eTec="></latexit>

Reflects translational invariance.  

After Fourier transform:

target cross section

Lowest order (non-trivial) process: single parton!
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SCALES OF THE MEDIUM

• weak-coupling 

• medium consists of static 
scattering centers 

• thermal distribution 

• separation of scales!
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m�1
D ⇠ (gT )�1

<latexit sha1_base64="tuWH0vyzRmSbWiWJTUJH3E+LZYo="></latexit><latexit sha1_base64="tuWH0vyzRmSbWiWJTUJH3E+LZYo="></latexit><latexit sha1_base64="2VWQjF74d+Bn7OxyE19oLxjJMUE="></latexit><latexit sha1_base64="2VWQjF74d+Bn7OxyE19oLxjJMUE="></latexit><latexit sha1_base64="2VWQjF74d+Bn7OxyE19oLxjJMUE="></latexit><latexit sha1_base64="2VWQjF74d+Bn7OxyE19oLxjJMUE="></latexit>

�mfp ⇠ (g2T )�1
<latexit sha1_base64="WdCQVyVMRVGNGoxjEjEe+ildJ+8="></latexit><latexit sha1_base64="WdCQVyVMRVGNGoxjEjEe+ildJ+8="></latexit><latexit sha1_base64="WdCQVyVMRVGNGoxjEjEe+ildJ+8="></latexit><latexit sha1_base64="WdCQVyVMRVGNGoxjEjEe+ildJ+8="></latexit><latexit sha1_base64="WdCQVyVMRVGNGoxjEjEe+ildJ+8="></latexit>

L
<latexit sha1_base64="GAylf6QH2XHPv5XFgGfKVZLTtJA="></latexit><latexit sha1_base64="GAylf6QH2XHPv5XFgGfKVZLTtJA="></latexit><latexit sha1_base64="GAylf6QH2XHPv5XFgGfKVZLTtJA="></latexit><latexit sha1_base64="GAylf6QH2XHPv5XFgGfKVZLTtJA="></latexit><latexit sha1_base64="GAylf6QH2XHPv5XFgGfKVZLTtJA="></latexit>

�el ⇠ g4/m2
D

<latexit sha1_base64="b2u0br0MEl9BR30zzYx3JT7CAnY="></latexit><latexit sha1_base64="b2u0br0MEl9BR30zzYx3JT7CAnY="></latexit><latexit sha1_base64="b2u0br0MEl9BR30zzYx3JT7CAnY="></latexit><latexit sha1_base64="b2u0br0MEl9BR30zzYx3JT7CAnY="></latexit><latexit sha1_base64="b2u0br0MEl9BR30zzYx3JT7CAnY="></latexit>

n ⇠ T 3
<latexit sha1_base64="r0FeGabEBuSZyFbFlg3n/4X4Zrg="></latexit><latexit sha1_base64="r0FeGabEBuSZyFbFlg3n/4X4Zrg="></latexit><latexit sha1_base64="r0FeGabEBuSZyFbFlg3n/4X4Zrg="></latexit><latexit sha1_base64="r0FeGabEBuSZyFbFlg3n/4X4Zrg="></latexit><latexit sha1_base64="r0FeGabEBuSZyFbFlg3n/4X4Zrg="></latexit>

�mfp ⇠ 1

n�el
<latexit sha1_base64="fxU9r9XaMF4CrJUBkNAz1RCIZms="></latexit><latexit sha1_base64="fxU9r9XaMF4CrJUBkNAz1RCIZms="></latexit><latexit sha1_base64="fxU9r9XaMF4CrJUBkNAz1RCIZms="></latexit><latexit sha1_base64="fxU9r9XaMF4CrJUBkNAz1RCIZms="></latexit><latexit sha1_base64="fxU9r9XaMF4CrJUBkNAz1RCIZms="></latexit>

Typically assume a static medium n=const (but can generalize)…
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INDEPENDENT SCATTERING
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hAa(t1,x1)A⇤,b(t2,x2)i = n�ab �(t1 � t0)�(x1 � x2)
<latexit sha1_base64="+qVSzGON4e22jhmy9zn1Lz0DzuE="></latexit><latexit sha1_base64="+qVSzGON4e22jhmy9zn1Lz0DzuE="></latexit><latexit sha1_base64="+qVSzGON4e22jhmy9zn1Lz0DzuE="></latexit><latexit sha1_base64="+qVSzGON4e22jhmy9zn1Lz0DzuE="></latexit><latexit sha1_base64="+qVSzGON4e22jhmy9zn1Lz0DzuE="></latexit>

�(x) = g2
Z

d2q

(2⇡)2
eiq·x

q2(q2 +m2
D)

<latexit sha1_base64="OkRoDF0452kK0RUdUCj3Ut62DsE="></latexit><latexit sha1_base64="OkRoDF0452kK0RUdUCj3Ut62DsE="></latexit><latexit sha1_base64="OkRoDF0452kK0RUdUCj3Ut62DsE="></latexit><latexit sha1_base64="OkRoDF0452kK0RUdUCj3Ut62DsE="></latexit><latexit sha1_base64="OkRoDF0452kK0RUdUCj3Ut62DsE="></latexit>

a

b

c

d

i

j

k

l

x
<latexit sha1_base64="x4MzhqmvxtXZLAfL5QWYJdKQbrc="></latexit><latexit sha1_base64="x4MzhqmvxtXZLAfL5QWYJdKQbrc="></latexit><latexit sha1_base64="x4MzhqmvxtXZLAfL5QWYJdKQbrc="></latexit><latexit sha1_base64="x4MzhqmvxtXZLAfL5QWYJdKQbrc="></latexit><latexit sha1_base64="x4MzhqmvxtXZLAfL5QWYJdKQbrc="></latexit>

�(x) = g2
Z

d2q

(2⇡)2
eiq·x

q2(q2 +m2
D)

<latexit sha1_base64="OkRoDF0452kK0RUdUCj3Ut62DsE="></latexit><latexit sha1_base64="OkRoDF0452kK0RUdUCj3Ut62DsE="></latexit><latexit sha1_base64="OkRoDF0452kK0RUdUCj3Ut62DsE="></latexit><latexit sha1_base64="OkRoDF0452kK0RUdUCj3Ut62DsE="></latexit><latexit sha1_base64="OkRoDF0452kK0RUdUCj3Ut62DsE="></latexit>

a

b

c

d

i

j

k

l �(0)
<latexit sha1_base64="FahxbWJFW80Xw4nc4+yjoXQI/Zg="></latexit><latexit sha1_base64="FahxbWJFW80Xw4nc4+yjoXQI/Zg="></latexit><latexit sha1_base64="FahxbWJFW80Xw4nc4+yjoXQI/Zg="></latexit><latexit sha1_base64="FahxbWJFW80Xw4nc4+yjoXQI/Zg="></latexit><latexit sha1_base64="FahxbWJFW80Xw4nc4+yjoXQI/Zg="></latexit>

�(x) = 2g2
⇥
�(0)� �(x)

⇤
<latexit sha1_base64="IWbt65OKfoBcQ5QoFRZtnvfqen0="></latexit><latexit sha1_base64="IWbt65OKfoBcQ5QoFRZtnvfqen0="></latexit><latexit sha1_base64="IWbt65OKfoBcQ5QoFRZtnvfqen0="></latexit><latexit sha1_base64="IWbt65OKfoBcQ5QoFRZtnvfqen0="></latexit><latexit sha1_base64="IWbt65OKfoBcQ5QoFRZtnvfqen0="></latexit>

Have to average over medium configurations.

Sensitive to the transverse extension of the “dipole”.
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FINAL SPECTRUM
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𝞦 𝞦 𝞦 𝞦 𝞦 𝞦 𝞦
𝞦𝞦𝞦𝞦𝞦𝞦𝞦

(x1; x̄1|S(2)(t1, t0)|x0; x̄0) = (x1|G0(t1, t0)|x0)(x̄0|G†
0(t0, t1)|x̄1)

⇥ e�
Ncn

2

R t1
t0

�(vcl)
<latexit sha1_base64="ieieXhxPrYhbwqksr63yl5Njshc="></latexit><latexit sha1_base64="ieieXhxPrYhbwqksr63yl5Njshc="></latexit><latexit sha1_base64="ieieXhxPrYhbwqksr63yl5Njshc="></latexit><latexit sha1_base64="ieieXhxPrYhbwqksr63yl5Njshc="></latexit><latexit sha1_base64="ieieXhxPrYhbwqksr63yl5Njshc="></latexit>

vcl(s) =
s� t0
t1 � t0

(x1 � x̄1) +
t1 � s

t1 � t0
(x0 � x̄0)

<latexit sha1_base64="YFAPJjjmLmQ8OjEaRJCwhHT2DtY="></latexit><latexit sha1_base64="YFAPJjjmLmQ8OjEaRJCwhHT2DtY="></latexit><latexit sha1_base64="YFAPJjjmLmQ8OjEaRJCwhHT2DtY="></latexit><latexit sha1_base64="YFAPJjjmLmQ8OjEaRJCwhHT2DtY="></latexit><latexit sha1_base64="YFAPJjjmLmQ8OjEaRJCwhHT2DtY="></latexit>

Evaluation of path integral singles out the classical trajectory!

dN

d⌦p
=

Z
d2k

(2⇡)2
P(p, L;k, 0)

dN

d⌦k
<latexit sha1_base64="TZu87KzS9lKZZf2LMhD0fOr1TAA="></latexit><latexit sha1_base64="TZu87KzS9lKZZf2LMhD0fOr1TAA="></latexit><latexit sha1_base64="TZu87KzS9lKZZf2LMhD0fOr1TAA="></latexit><latexit sha1_base64="TZu87KzS9lKZZf2LMhD0fOr1TAA="></latexit><latexit sha1_base64="TZu87KzS9lKZZf2LMhD0fOr1TAA="></latexit>

Final spectrum a convolution of hard process & medium 
modification (separation of scales)

⇥ exp


�Ncn

2

Z t1

t0

ds�(vcl(s))

�

<latexit sha1_base64="BUVtv8zesTY+6xKR8dc8OWqHlnM="></latexit><latexit sha1_base64="BUVtv8zesTY+6xKR8dc8OWqHlnM="></latexit><latexit sha1_base64="BUVtv8zesTY+6xKR8dc8OWqHlnM="></latexit><latexit sha1_base64="BUVtv8zesTY+6xKR8dc8OWqHlnM="></latexit><latexit sha1_base64="BUVtv8zesTY+6xKR8dc8OWqHlnM="></latexit>
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BROADENING PROBABILITY
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@

@t
P(p, t) = �Ncn

2

Z
d2q

(2⇡)2
�(q)P(p� q, t)

<latexit sha1_base64="0bZlug+UuD/sVd2s5F8TzFO2vT4="></latexit><latexit sha1_base64="0bZlug+UuD/sVd2s5F8TzFO2vT4="></latexit><latexit sha1_base64="0bZlug+UuD/sVd2s5F8TzFO2vT4="></latexit><latexit sha1_base64="0bZlug+UuD/sVd2s5F8TzFO2vT4="></latexit><latexit sha1_base64="0bZlug+UuD/sVd2s5F8TzFO2vT4="></latexit>

The path integral for “dipole” can be recast as an evolution equation 
of the broadening probability [dynamic medium n=n(t)].

P(p, t) =

Z
d2x exp


�Ncn

2
�(x)t� ip · x

�

<latexit sha1_base64="BMkhXIswGeedPjMgCUV8Q6sp97g="></latexit><latexit sha1_base64="BMkhXIswGeedPjMgCUV8Q6sp97g="></latexit><latexit sha1_base64="BMkhXIswGeedPjMgCUV8Q6sp97g="></latexit><latexit sha1_base64="BMkhXIswGeedPjMgCUV8Q6sp97g="></latexit><latexit sha1_base64="BMkhXIswGeedPjMgCUV8Q6sp97g="></latexit>

Solution

@

@t
P(p, t) ' �1

4

✓
@

@p

◆2 ⇥
q̂(p2)P(p, t)

⇤

<latexit sha1_base64="RcS+iSWIS6fSnKq2jetHhkS7sXQ="></latexit><latexit sha1_base64="RcS+iSWIS6fSnKq2jetHhkS7sXQ="></latexit><latexit sha1_base64="RcS+iSWIS6fSnKq2jetHhkS7sXQ="></latexit><latexit sha1_base64="RcS+iSWIS6fSnKq2jetHhkS7sXQ="></latexit><latexit sha1_base64="RcS+iSWIS6fSnKq2jetHhkS7sXQ="></latexit>

q̂(p2) = �Ncn

2

Z p2

d2q

(2⇡)2
q2�(q)

' g4Nc n

4⇡
ln

p2

m2
D

<latexit sha1_base64="OyTrXtCduA9mJrV4ucQQc1ql/kk="></latexit><latexit sha1_base64="OyTrXtCduA9mJrV4ucQQc1ql/kk="></latexit><latexit sha1_base64="OyTrXtCduA9mJrV4ucQQc1ql/kk="></latexit><latexit sha1_base64="OyTrXtCduA9mJrV4ucQQc1ql/kk="></latexit><latexit sha1_base64="OyTrXtCduA9mJrV4ucQQc1ql/kk="></latexit>

For q≪p we perform a 
gradient expansion, to 
obtain a Fokker-Planck 
equation with diffusion 

coefficient q̂
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TRANSVERSE MOMENTUM DIFFUSION
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P(p, L) =
4⇡

q̂L
e�

p2

q̂L

<latexit sha1_base64="7Dw2nuSq0xUXNSqPf7+k59MjMB8="></latexit><latexit sha1_base64="7Dw2nuSq0xUXNSqPf7+k59MjMB8="></latexit><latexit sha1_base64="7Dw2nuSq0xUXNSqPf7+k59MjMB8="></latexit><latexit sha1_base64="7Dw2nuSq0xUXNSqPf7+k59MjMB8="></latexit><latexit sha1_base64="7Dw2nuSq0xUXNSqPf7+k59MjMB8="></latexit>

hp2?i = q̂L
<latexit sha1_base64="QLW/SJnGH26NhItDqgIuB7ymPo4="></latexit><latexit sha1_base64="QLW/SJnGH26NhItDqgIuB7ymPo4="></latexit><latexit sha1_base64="QLW/SJnGH26NhItDqgIuB7ymPo4="></latexit><latexit sha1_base64="QLW/SJnGH26NhItDqgIuB7ymPo4="></latexit><latexit sha1_base64="QLW/SJnGH26NhItDqgIuB7ymPo4="></latexit>

Gaussian momentum broadening.

Neglect logarithmic momentum dependence q̂=const.

In the weak-coupling picture of the medium, the parameter q̂ governs all 
physical processes (broadening, radiative processes, decoherence). Can be 

accessed by comparing to experimental data!
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IN-MEDIUM RADIATION
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k, zE
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!
dN

d!
=

↵sNc

⇡

L

tf
=

↵sNc

⇡

r
q̂L2

!
<latexit sha1_base64="tfX7fXWlhBG4HWrKbcjnsTDtVCg="></latexit><latexit sha1_base64="tfX7fXWlhBG4HWrKbcjnsTDtVCg="></latexit><latexit sha1_base64="tfX7fXWlhBG4HWrKbcjnsTDtVCg="></latexit><latexit sha1_base64="tfX7fXWlhBG4HWrKbcjnsTDtVCg="></latexit><latexit sha1_base64="tfX7fXWlhBG4HWrKbcjnsTDtVCg="></latexit>

BDMPS-Z spectrum

Particles undergo diffusion in the medium - but how do y 
lose energy? Radiative processes!

tf ⇠
!

hk2i
<latexit sha1_base64="nwTV4go3A9sTfXVOd63rGpXEhDk="></latexit><latexit sha1_base64="nwTV4go3A9sTfXVOd63rGpXEhDk="></latexit><latexit sha1_base64="nwTV4go3A9sTfXVOd63rGpXEhDk="></latexit><latexit sha1_base64="nwTV4go3A9sTfXVOd63rGpXEhDk="></latexit><latexit sha1_base64="nwTV4go3A9sTfXVOd63rGpXEhDk="></latexit>

hk2i = q̂tf
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k2br =
p
q̂!
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�

Landau-Pomeranchuk-Migdal effect

Maximal energy ωc=q̂L2 corresponds to tbr=L - maximal 
effect of scattering with the medium.
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TWO REGIMES
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Multiplicity of gluons

Characteristic angle of radiation
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Energy loss:

can become significant for large medium!
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SUMMARY

• at high energies, the medium interactions can 
be modeled by quasi-instantaneous exchanges 

• radiative processes can lead to energy loss 

• tomorrow we will discuss the implications on 
experimental data

!18


