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• Study of jet interaction with the QCD medium (QGP):
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Jets as QGP probes

- colour (de)coherence  (anti-)angular ordering→
- BDMPS-Z effect: momentum broadening and medium-induced radiation
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• Study of jet interaction with the QCD medium (QGP):
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the dipole survival probability plays a role in the radiation spectrum
let’s study the colour dipole in a framework where decoherence 
is naturally encoded

- colour (de)coherence  (anti-)angular ordering→
- BDMPS-Z effect: momentum broadening and medium-induced radiation
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Jets as Open Quantum Systems
• We can study these phenomena with a suitable framework: open quantum systems!

quantify momentum broadening and decoherence
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• Coupling with an environment modifies the subsystem and “steals” quantum 
correlations from it
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• As a first step we can concentrate on the 
case of a boosted  dipoleqq̄
in a dense QCD medium (QGP)
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• As a first step we can concentrate on the 
case of a boosted  dipoleqq̄

No radiation emitted 
from the dipole (yet)

in a dense QCD medium (QGP)
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• As a first step we can concentrate on the 
case of a boosted  dipoleqq̄

No radiation emitted 
from the dipole (yet)

in a dense QCD medium (QGP)

• Learning from… 

- Single quark jet OQS

- Heavy quark-antiquark (quarkonium) OQS
Blaizot, Escobedo (2018)

Barata, Blaizot, Mehtar-Tani (2023)

heavy mass

high energy

non-relativistic 
description

in 2+1 dimensions

in 3+1 dimensionsNRQCD

Light-cone coordinates:
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A simple jet: a  dipoleqq̄
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• We consider a kinematical configuration which 
satisfies the following hierarchy:

meaningful for (e.g. LHC) phenomenology:

Qs ∼ 5 GeV
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• Dipole production: gluons (octet), vector bosons e.g. , , … (singlet)γ* W



Derivation of the master equation
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• Hamiltonian in 2D transverse space:
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• Hamiltonian in 2D transverse space:
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describes the interactions with the medium
in the high-energy limit: mainly 
collisions

Von Neumann’s equation
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boosted regime

Derivation of the master equation
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Wigner function and variables
Derivation of the master equation
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Derivation of the master equation
• Master equation 
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h
r2?,∇

2
p?

,∇2
q?

i

(Thermal field theory 
ard Hard Thermal 

Loop resummation)

jet quenching 
parameter

relative position
<latexit sha1_base64="G3g4ahHDG0SZ9zRo9Fz7Oh3RaFc="></latexit>r?

<latexit sha1_base64="43/MkWFRrfR8Dwf500CKYczCvj8="></latexit>p?
<latexit sha1_base64="vcbkMUAIOjtXUkRmNkPzTCRyxac="></latexit>q?

relative

center-of-mass
transverse momentum}

impact parameter
<latexit sha1_base64="5NxcSyM6luBc1GoAQB75h/RMESY="></latexit>

b→dependence 
cancels

<latexit sha1_base64="9Pkk+K2sU8rlfh+2gfCrW3RKYfo="></latexit>

q+ = k+1 + k+2

<latexit sha1_base64="M4CYkq9Jh4A67p9FPbY7mQeMr90="></latexit>

1

E
=

1

k+1
+

1

k+1



10

Derivation of the master equation
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Master equation

• A “two species” Fokker-Planck -like equation: any analytical solutions?
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jet quenching 
parameter
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Master equation

• A “two species” Fokker-Planck -like equation: any analytical solutions?

<latexit sha1_base64="xpjYJpIrqFCLNBaInLiL8I0tJ4o="></latexit>
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!
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✓
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E
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q? ·∇b?
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⇢s
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!
=

q̂

4CF

( 
0 0

0 Nc

!
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q?
+

 
−2CF 2CF

1
Nc

− 1
Nc

!
r2?

+

 
CF
2

CF
2

1
4Nc

CF
2 − 1

2Nc

!
∇2
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) 
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!

• We have a master equation for the Wigner function:

colour transitions

relative diffusion

CoM diffusionkinetic term

<latexit sha1_base64="9Pkk+K2sU8rlfh+2gfCrW3RKYfo="></latexit>

q+ = k+1 + k+2

<latexit sha1_base64="M4CYkq9Jh4A67p9FPbY7mQeMr90="></latexit>

1

E
=

1

k+1
+

1

k+1

quantum diffusion:
<latexit sha1_base64="AyFslSc7YHqeylo+hros+UFKUFo="></latexit>p?It causes diffusion in

and decoherence
<latexit sha1_base64="QFYaVXyPwgn8OO/643+CVgLYNjw="></latexit>q?,

rescaling of variables

 relative diffusion 
operator scales as
→

small in 
regime

<latexit sha1_base64="jBBD6AfZ1P09rN6Cmp48AuP/fcM="></latexit>

 =
2✓s
✓c

<latexit sha1_base64="RNttzb3ZDqVQdGl0wLocK3xQcMI="></latexit>

=
Qs

p?
⇥ ✓qq̄

✓c
<latexit sha1_base64="Xc6GuqE2X+vDF4pJcOvRS9gvYXo="></latexit>

E ! p? ! q?

Colour factors:
<latexit sha1_base64="rfjgBeK2lHMFTY2b1ImGbz4teZk="></latexit>

Nc # of colours
<latexit sha1_base64="C4yxN8fTIpgwEwencj5lEBMcRYs="></latexit>

CF =
N2

c � 1

2Nc

jet quenching 
parameter



Master equation: colour transitions
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• Straight-line motion and colour transitions:

effective 
longitudinal 
momentum

q

q̄

<latexit sha1_base64="N8BlOwUj9ZFT5pSSLyp5252QisA="></latexit>r?
<latexit sha1_base64="SY6MmZ94HhH6pC9qxWewLrW1dsU="></latexit>

✓qq̄

Colour factors:
<latexit sha1_base64="rfjgBeK2lHMFTY2b1ImGbz4teZk="></latexit>

Nc # of colours
<latexit sha1_base64="C4yxN8fTIpgwEwencj5lEBMcRYs="></latexit>

CF =
N2

c � 1

2Nccolour transitionskinetic term
<latexit sha1_base64="r8/Uqag54rbUhXLTGHL05V9aCD8="></latexit>

@

@t

 
⇢s
⇢o

!
+

1

E
p? ·∇r?

 
⇢s
⇢o

!
=

q̂r2?
4CF

 
−2CF 2CF

1
Nc

− 1
Nc

! 
⇢s
⇢o

!
<latexit sha1_base64="noNbyEqH5tdF6Eb9g7B14MnYR24="></latexit>

1

E
=

1

k+1
+

1

k+2

• We integrate out the center-of-mass degrees of freedom  and q⊥ b⊥
quasi-factorization (see later for the quasi)

classical rate 

equations

• We take the  in the relative diffusion term𝒪(1)
<latexit sha1_base64="u+K4wscsl8ZNRmcxJKHk9TOyL70="></latexit>

ω2→2
p̄→



Solutions: colour transitions
• Analytical solution with the method of characteristics: 1st order PDE into an ODE 

• Initial Wigner function (colour singlet):
<latexit sha1_base64="iINkyZSvDVCfuyxr5CB4O4ezCCM="></latexit>

⇢R(p?, r?; 0) = H(p?)�(r?)

relative center-of-mass

<latexit sha1_base64="NPC8G7BnZ8hMRmFxlFg1dqqC+Dw="></latexit>

⇢(p?, r?; q?, b?; 0) = ⇢R(p?, r?; 0)⇢T (q?, b?; 0)

13

hard factor: production 
of the  pairqq̄
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⇢(p?, r?; q?, b?; 0) = ⇢R(p?, r?; 0)⇢T (q?, b?; 0)

13

hard factor: production 
of the  pairqq̄
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1
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P
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Full-Nc

L = 4 fm

<latexit sha1_base64="D8k6Rpvc8pVc7hrUpJJQQv+TYqI="></latexit>

tc =

✓
4

q̂✓2qq̄

◆ 1
3

<latexit sha1_base64="SKGslpFMdD5fK1wCsqXZCkjRGHw="></latexit>

✓2qq̄ =
2p2

?
E2

<latexit sha1_base64="QKJzwopo1eW+/XsUVteM+SRyh5w="></latexit>

⇢s(t) =
1

N2
c

+
N2

c � 1

N2
c

exp

 
�
Ncq̂F ✓2qq̄t

3

24CF

! large Nc

• Singlet survival probability:

<latexit sha1_base64="ULYUrdg5F+zD6rccsPYzLZACdlo="></latexit>

q̂ = 1.5 GeV2/fm

<latexit sha1_base64="zcpitmwpAJrdHM1PRWAxDD0O1OU="></latexit>

Ps(t) = exp

 
�
q̂✓2qq̄
12

t3
!

<latexit sha1_base64="kMVm+sQS8wIgnAn6Eo+uq6fLQeo="></latexit>

1

N2
c



Solutions: colour transitions
• Analytical solution with the method of characteristics: 1st order PDE into an ODE 

• Initial Wigner function (colour singlet):
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hard factor: production 
of the  pairqq̄

<latexit sha1_base64="zFopwlO1b9vJZlxAoM3rqHlG2J0="></latexit>

Ps(t) = exp

 
�

✓2qq̄
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!

<latexit sha1_base64="FppZKV02nnx2s0wwUlm8Is0AsSM="></latexit>

✓2c =
4

q̂t3

… or rewritten astc
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! large Nc

• Singlet survival probability:
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q̂ = 1.5 GeV2/fm
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Solutions: colour decoherence
• We want to investigate the quantum behaviour of colour decoherence:
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Solutions: colour decoherence
• We want to investigate the quantum behaviour of colour decoherence:

‣ Initial colour singlet state:
<latexit sha1_base64="gkiHhPEX6S9r/wVu5Toapg3m2ZQ="></latexit>

| (0)〉 = |rr̄〉+ |bb̄〉+ |gḡ〉√
3

<latexit sha1_base64="/4PVgJvoZvvz+AVP42Mt80tI7DY="></latexit>

q ∈ {|r〉 , |g〉 , |b〉}
<latexit sha1_base64="8mKSLTVGALgaO5YV4gpqbZLxtmA="></latexit>

q̄ ∈
�
|r̄〉 , |ḡ〉 , |b̄〉

 
<latexit sha1_base64="QR6Z0FlNvTH1CflgyytXPiXgIO8="></latexit>

q̄

<latexit sha1_base64="jQxlf273YtR/Rv0NnM6p0xT7Tws="></latexit>q

14



Solutions: colour decoherence
• We want to investigate the quantum behaviour of colour decoherence:

<latexit sha1_base64="FRDi5ItNMKuqfp+OOvxQn8T0A14="></latexit>0

BBBBBBB@

|rr̄〉 〈rr̄| |rr̄〉 〈bb̄| |rr̄〉 〈gḡ|

0 0
|bb̄〉 〈rr̄| |bb̄〉 〈bb̄| |bb̄〉 〈gḡ|

0 0
|gḡ〉 〈rr̄| |gḡ〉 〈bb̄| |gḡ〉 〈gḡ|

1

CCCCCCCA

<latexit sha1_base64="4i0y291yS8E9+4irayZZhX/KSL8="></latexit>

⇢̂(0) =

‣ Initial colour singlet state:
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| (0)〉 = |rr̄〉+ |bb̄〉+ |gḡ〉√
3
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q̄ ∈
�
|r̄〉 , |ḡ〉 , |b̄〉
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q̄

<latexit sha1_base64="jQxlf273YtR/Rv0NnM6p0xT7Tws="></latexit>q

14



Solutions: colour decoherence
• We want to investigate the quantum behaviour of colour decoherence:
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|bb̄〉 〈rr̄| |bb̄〉 〈bb̄| |bb̄〉 〈gḡ|

0 0
|gḡ〉 〈rr̄| |gḡ〉 〈bb̄| |gḡ〉 〈gḡ|

1

CCCCCCCA

<latexit sha1_base64="4i0y291yS8E9+4irayZZhX/KSL8="></latexit>

⇢̂(0) =

‣ Initial colour singlet state:
<latexit sha1_base64="gkiHhPEX6S9r/wVu5Toapg3m2ZQ="></latexit>

| (0)〉 = |rr̄〉+ |bb̄〉+ |gḡ〉√
3

<latexit sha1_base64="/4PVgJvoZvvz+AVP42Mt80tI7DY="></latexit>

q ∈ {|r〉 , |g〉 , |b〉}
<latexit sha1_base64="8mKSLTVGALgaO5YV4gpqbZLxtmA="></latexit>

q̄ ∈
�
|r̄〉 , |ḡ〉 , |b̄〉

 
<latexit sha1_base64="QR6Z0FlNvTH1CflgyytXPiXgIO8="></latexit>

q̄

<latexit sha1_base64="jQxlf273YtR/Rv0NnM6p0xT7Tws="></latexit>q

14

‣Colour decoherence: suppression of 
the off-diagonal elements (coherences) 

‣Colour equilibration: total randomization 
of the colour of the dipole

time 
evolution

<latexit sha1_base64="hh0LI84LEpTqk91hf2vJXV1ZzrE="></latexit>

t ! 1

<latexit sha1_base64="R+PglRCFylN7kZyM6NavGB02uJE="></latexit>0

BBBBBBBBBBB@

|rr̄〉 〈rr̄|

|rḡ〉 〈rḡ| 0
|rb̄〉 〈rb̄|

|br̄〉 〈br̄|

0 . . .

. . .

1

CCCCCCCCCCCA

<latexit sha1_base64="D8k6Rpvc8pVc7hrUpJJQQv+TYqI="></latexit>

tc =

✓
4

q̂✓2qq̄

◆ 1
3



Solutions: colour decoherence
• We want to investigate the quantum behaviour of colour decoherence:

<latexit sha1_base64="FRDi5ItNMKuqfp+OOvxQn8T0A14="></latexit>0

BBBBBBB@
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<latexit sha1_base64="4i0y291yS8E9+4irayZZhX/KSL8="></latexit>

⇢̂(0) =

q

q̄

<latexit sha1_base64="N8BlOwUj9ZFT5pSSLyp5252QisA="></latexit>r?
<latexit sha1_base64="SY6MmZ94HhH6pC9qxWewLrW1dsU="></latexit>

✓qq̄

q
<latexit sha1_base64="41J0R3A/ZNKZn5SXUc5FqrZPKpU="></latexit>gauge

<latexit sha1_base64="mgFHqUv1VNMJPLBSn3GAKjR79Sw="></latexit>

boson

<latexit sha1_base64="41J0R3A/ZNKZn5SXUc5FqrZPKpU="></latexit>gauge
<latexit sha1_base64="mgFHqUv1VNMJPLBSn3GAKjR79Sw="></latexit>

boson

q̄

<latexit sha1_base64="SY6MmZ94HhH6pC9qxWewLrW1dsU="></latexit>

✓qq̄

• Physical picture:

‣ Initial colour singlet state:
<latexit sha1_base64="gkiHhPEX6S9r/wVu5Toapg3m2ZQ="></latexit>

| (0)〉 = |rr̄〉+ |bb̄〉+ |gḡ〉√
3

<latexit sha1_base64="/4PVgJvoZvvz+AVP42Mt80tI7DY="></latexit>

q ∈ {|r〉 , |g〉 , |b〉}
<latexit sha1_base64="8mKSLTVGALgaO5YV4gpqbZLxtmA="></latexit>
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<latexit sha1_base64="jQxlf273YtR/Rv0NnM6p0xT7Tws="></latexit>q
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‣Colour decoherence: suppression of 
the off-diagonal elements (coherences) 

‣Colour equilibration: total randomization 
of the colour of the dipole

time 
evolution
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◆ 1
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Master equation: center-of-mass diffusion
colour transitionskinetic term

<latexit sha1_base64="0G54shKPondxKXZg+nlAMVOUbXk="></latexit>
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!CoM diffusion
• Let’s now consider the motion of the center-of-mass too:

<latexit sha1_base64="M4CYkq9Jh4A67p9FPbY7mQeMr90="></latexit>

1

E
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1

k+1
+

1

k+1

<latexit sha1_base64="FyiXw3qz6kCJcaX2KQ+7bdLlxW4="></latexit>;
<latexit sha1_base64="FbQZxmzo5JJNXKhtYDs4flmlBJw="></latexit>

q+ = k+1 + k+2

15



Master equation: center-of-mass diffusion
colour transitionskinetic term
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!CoM diffusion
• Let’s now consider the motion of the center-of-mass too:

<latexit sha1_base64="M4CYkq9Jh4A67p9FPbY7mQeMr90="></latexit>
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<latexit sha1_base64="FyiXw3qz6kCJcaX2KQ+7bdLlxW4="></latexit>;
<latexit sha1_base64="FbQZxmzo5JJNXKhtYDs4flmlBJw="></latexit>

q+ = k+1 + k+2
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• Solve with method of characteristics in Fourier space
<latexit sha1_base64="sIyZwiQZFaAHwqYpYDL0ryBuAzY="></latexit>

q→ → B→
<latexit sha1_base64="jsnK0anX3kbhv2lfZIiGoKAkp84="></latexit>

b→ → Q→



Master equation: center-of-mass diffusion
colour transitionskinetic term

<latexit sha1_base64="0G54shKPondxKXZg+nlAMVOUbXk="></latexit>

@

@t

 
⇢s
⇢o

!
+

✓
1

E
p? ·∇r? +

1

q+
q? ·∇b?

◆ 
⇢s
⇢o

!
=

q̂

4CF

( 
0 0

0 Nc

!
∇2

q?
+

 
−2CF 2CF

1
Nc

− 1
Nc

!
r2?

) 
⇢s
⇢o

!CoM diffusion
• Let’s now consider the motion of the center-of-mass too:
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• Initial Wigner function (colour singlet):

<latexit sha1_base64="QOIUvDiA4M/nqAMjzwQHaub7DaE="></latexit>
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e�q2
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<latexit sha1_base64="iINkyZSvDVCfuyxr5CB4O4ezCCM="></latexit>

⇢R(p?, r?; 0) = H(p?)�(r?)

relative center-of-mass

<latexit sha1_base64="NPC8G7BnZ8hMRmFxlFg1dqqC+Dw="></latexit>

⇢(p?, r?; q?, b?; 0) = ⇢R(p?, r?; 0)⇢T (q?, b?; 0)

hard factor: production 
of the  pairqq̄

• Solve with method of characteristics in Fourier space
<latexit sha1_base64="sIyZwiQZFaAHwqYpYDL0ryBuAzY="></latexit>

q→ → B→
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b→ → Q→



Master equation: center-of-mass diffusion
colour transitionskinetic term
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!CoM diffusion
• Let’s now consider the motion of the center-of-mass too:
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q+ = k+1 + k+2
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: broken factorization• By integrating over the coordinates <latexit sha1_base64="P+UN+ceXYtNMn3HDsA+OEwiOqPQ="></latexit>r?
<latexit sha1_base64="6JHTbVhfFgnW593X685KSUF8I0I="></latexit>

b?and
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Solutions: transverse momentum broadening
• We compute the CoM transverse momentum distribution:
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‣ initial factorization
‣ neglect diffusion term

- Clarify hypothesis behind the 
same results

- Non-trivial check of known Wilson lines-like 
calculations with OQSs
Dominguez, Milhano, Salgado, Tywoniuk, Vila (2019)
 Isaksen, Tywoniuk (2023) - Possible pheno applications: even higher Casimirs

Cougoulic, Peigné (2017)
Zakharov (2018)



Solutions: kinematical decoherence
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Rescaled master equation
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• Analytical solution: ‣ Gaussian ansatz (scan of widths)

‣ Perturbative expansion

• Perturbative scheme for the relative transverse momentum diffusion term:

Master equation: perturbative relative diffusion
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O(2)up to 

plug into the equation closed system of equations 
for the 0th, 1st, 2nd moments
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• Singlet survival probability:

checked also for higher 
moments (variances,…)

in our kinematical configuration

neglecting the relative diffusion 
term is a good approximation
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εp̄,0 = 20

dotted = diffusionless

plain = exact (num)
dashed = w/ first order
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• Interplay of two timescales:
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• We have derived a master equation for the  evolution with the OQS formalismqq̄
‣ The collisions with the medium cause colour decoherence

- colour transitions (singlet-octet)

- diagonalization of the density matrix in the colour-anticolour basis

- colour equilibration

‣ kinematical decoherence in momentum space (if not already outside the QGP)

‣ the broadening of the center-of-mass transverse momentum, breaking factorisation

‣ perturbatively solved the full master equation equipped of the relative transverse momentum 
diffusion term: mild corrections

• Work in progress to apply this framework also on radiation-related phenomena

interest also in future application with higher Casimirs, e.g.  dipolegg
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• We have derived a master equation for the  evolution with the OQS formalismqq̄
‣ The collisions with the medium cause colour decoherence

- colour transitions (singlet-octet)

- diagonalization of the density matrix in the colour-anticolour basis

- colour equilibration

‣ kinematical decoherence in momentum space (if not already outside the QGP)

‣ the broadening of the center-of-mass transverse momentum, breaking factorisation

‣ perturbatively solved the full master equation equipped of the relative transverse momentum 
diffusion term: mild corrections

Thank you for your attention!
• Work in progress to apply this framework also on radiation-related phenomena

interest also in future application with higher Casimirs, e.g.  dipolegg
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Modelling of the QGP: colour field
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Light-cone coordinates:
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Non-relativistic Hamiltonian in (2+1)-dim.
• High energy gluon inside a medium :A−
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- we want to find the propagator from the quadratic term of the action (kinetic term):
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Derivation of the master equation

• From the Von Neumann equation we have carried out the following 
approximations:
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partial trace

‣ Markov approximation: we impose locality in time thanks to the weak coupling <latexit sha1_base64="AFepBIdWQ3qZ+cVDNygZna1Ubu8="></latexit>g

 Redfield equation:→
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‣ Locality is not enough for Markovianity: the equation still depends on the initial condition at t′￼ = 0
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‣ Double iteration of the equation by integrating it and insert the solution back
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‣ If we assume that the environment correlation time  is much smaller than the system relaxation 
time  than, the information on the specific initial state at  becomes irrelevant

τE
τR t′￼ = 0

 we extend the integration domain from  to . Then, after a change of variables 
we obtain
→ t′￼ ∈ [0,t] [−∞, t]
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‣ Now, one has just to substitute the factorized structure of the Hamiltonian and keep within the partial 
trace just the environment contributions

 two-point correlators of the environment part of the interaction→

25

Derivation of the master equation
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• in quarkonia the real component (screening) is relevant too…

this approximation is related to the Quantum Brownian Regime:

in the Schrödinger picture, the number density operators evolve with an 
evolution operator <latexit sha1_base64="yJPQjbupYSzgqqs7+LW+BBLnEL8="></latexit>
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• Imaginary potential:

Derivation of the master equation

larger for quarkonia where 
 is the mass E M
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Harmonic approximation
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Initial state

<latexit sha1_base64="X8lCxJlnlRAP6nK4nPx79qxDdTY="></latexit>

dP

d2p→d
2q→

=
ωemNc

4ε

(z21 + z22)

p2
→

→ ϑ(q→)

• Motivation of relative - c.o.m factorisation:
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Perturbative scheme: rescaling the m. eq.
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Master equation: perturbative relative diffusion
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Master equation: perturbative relative diffusion
• Zeroth moment (singlet survival probability)
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Master equation: perturbative relative diffusion

10→2 10→1 100

100

101

t̄
ω
p̄

ωp̄,0 = 20
ωp̄,0 = 10
ωp̄,0 = 5
ωp̄,0 = 1

10→2 10→1 100
10→1

100

t̄

ω
r̄

ωp̄,0 = 20
ωp̄,0 = 10
ωp̄,0 = 5
ωp̄,0 = 1

10→2 10→1 100

10→2

10→1

100

101

102

t̄

c r̄
,p̄

ωp̄,0 = 20
ωp̄,0 = 10
ωp̄,0 = 5
ωp̄,0 = 1



34

In-medium gluon radiation project
• We want to apply the OQS framework to study the effects of in-medium gluon radiation

• Generalisation w.r.t. the first part of the project:

2-particles Hilbert space
no creation/annihilation 

1- and 2- particles Fock space 
( , ), and more…q → qg g → gg
possibility to radiate: splittings (and annihilations)

• In light-cone quantisation: vacuum is the same at each front , no need of asymptotic 
states: real-(light-cone)time evolution

x+

‣ Applications in QCD [Brodsky et al., Phys.Rept. 301 (1998) 299-486]

in QGP and cold 
nuclear matter

[Li et al., Phys.Rev.D 112 (2025) 1, 016009]
Phys.Rev.D 108 (2023) 3, 3
Phys.Rev.D 104 (2021) 5, 056014

and glasma [Avramescu et al., 2605.10413]

with quantum computing
[Qian et al., Phys.Rev.D 111 (2025) 9, 9]
[Barata et al., Phys.Rev.D 108 (2023) 5, 056023]

[Barata et al., 2604.11616]

jet quenching 

we can contribute 

with OQS !
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• First steps with a massive scalar  toy model:ϕ3

gaµ

gbω

gcε

g

g

g

ϕ

ϕ

ϕ

p

k2

k1

χ χ

χ

environment

vacuum 
radiation

- vacuum radiation:  splittings ϕ3

- in-medium modifications:  scatteringsϕ2 ⊗ χ

‣ transitions between states with 
a different number of particles

‣ modifications to vacuum radiation

‣ match with the previous “radiation 
free” cases (single particle, dipole,…)
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Hint =
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gω

3 → E + µω
2 → ε

}

‣ not directly producing transitions

with light-cone quantisation
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Towards a master equation with radiation 
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• evaluate matrix elements of fields (automated in Mathematica)
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• truncate Fock space up to 2-particles states (extendable)

• Von Neumann’s equation partial trace



Vacuum radiation: splittings
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• 2-particles probability:
ϕ

ϕ

ϕ

p

1 − z, k2⊥

z, k1⊥

g

• 1-particle  2-particles probability + = 1
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• Medium correlator: (Markovianity)



In-medium scatterings

38

<latexit sha1_base64="LpL33ckjfBEbzpS9UM6kqvluQw4="></latexit>

Hint =

∫
d3x

{
gω

3 → E + µω
2 → ε

}

<latexit sha1_base64="g5fJvIj34GwkBuV1gWCB9JCwCAo="></latexit>

→ω(x+,x→)ω(x
↑+,x↑

→)↑ωE = ε(x+ ↓ x↑+)!(x→ ↓ x↑
→)

<latexit sha1_base64="eITRlSXNdFTQ+EamQqaAITCbxKc="></latexit>

dωI(x)

dx+
= . . .+ µ2

( [
ε2(x),ε2(x→)ωI(x)

]
→ϑ(x)ϑ(x→)↑ωE +

[
ωI(x)ε2(x→),ε2(x)

]
→ϑ(x→)ϑ(x)↑ωE

)}

• Medium correlator: (Markovianity)
<latexit sha1_base64="7YTsz78+tCkYOEB+c/un082P2ZY="></latexit>

→1, {k}| · |1, {k→}↑

<latexit sha1_base64="UrXuH1yP7yPJBKU3u5pZ6Hj8oJY="></latexit>

d

dx+
ω1,1(l→,x→, x

+) +
l→ · εx→

2k+
ω1,1(l→,x→, x

+) =

= 2µ2

∫

q→

ϑ(q→)
[
eiq→·x→ → 1

]
ω1,1(l→,x→, x

+),

suitable change of variables
ϕ ϕ

χ χ



In-medium scatterings

38

<latexit sha1_base64="LpL33ckjfBEbzpS9UM6kqvluQw4="></latexit>

Hint =

∫
d3x

{
gω

3 → E + µω
2 → ε

}

<latexit sha1_base64="g5fJvIj34GwkBuV1gWCB9JCwCAo="></latexit>

→ω(x+,x→)ω(x
↑+,x↑

→)↑ωE = ε(x+ ↓ x↑+)!(x→ ↓ x↑
→)

<latexit sha1_base64="eITRlSXNdFTQ+EamQqaAITCbxKc="></latexit>

dωI(x)

dx+
= . . .+ µ2

( [
ε2(x),ε2(x→)ωI(x)

]
→ϑ(x)ϑ(x→)↑ωE +

[
ωI(x)ε2(x→),ε2(x)

]
→ϑ(x→)ϑ(x)↑ωE

)}

• Medium correlator: (Markovianity)
<latexit sha1_base64="7YTsz78+tCkYOEB+c/un082P2ZY="></latexit>

→1, {k}| · |1, {k→}↑

<latexit sha1_base64="UrXuH1yP7yPJBKU3u5pZ6Hj8oJY="></latexit>

d

dx+
ω1,1(l→,x→, x

+) +
l→ · εx→

2k+
ω1,1(l→,x→, x

+) =

= 2µ2

∫

q→

ϑ(q→)
[
eiq→·x→ → 1

]
ω1,1(l→,x→, x

+),

suitable change of variables
ϕ ϕ

χ χ

<latexit sha1_base64="x7an7Nnwlf4sYc/UpT+8HmJkTw0="></latexit>

→2, {k1, k2}| · |2, {k→1, k→2}↑

<latexit sha1_base64="nDlCAbdhoVlH9S2iVRvaCirVwSE="></latexit>

d

dx+
ω2,2(p→, r→; q→, b→, x

+) +

(
1

E
p→ ·→r→ +

1

q+
q→ ·→b→

)
ω2,2(p→, r→; q→, b→;x

+) =

= 128µ2

{(
3

2
(z21 + z22)↑ z1z2 ↑

1

2

)
→2

p→
+ 4→2

q→
↑ 4(z1 ↑ z2)→q→ ·→p→

}
·

↓ ω2,2
(
p→, r→; q→, b→;x

+
)

(with harmonic approximation)

ϕ ϕ

χ χ
ϕ ϕ



In-medium scatterings

38

<latexit sha1_base64="LpL33ckjfBEbzpS9UM6kqvluQw4="></latexit>

Hint =

∫
d3x

{
gω

3 → E + µω
2 → ε

}

<latexit sha1_base64="g5fJvIj34GwkBuV1gWCB9JCwCAo="></latexit>

→ω(x+,x→)ω(x
↑+,x↑

→)↑ωE = ε(x+ ↓ x↑+)!(x→ ↓ x↑
→)

<latexit sha1_base64="eITRlSXNdFTQ+EamQqaAITCbxKc="></latexit>

dωI(x)

dx+
= . . .+ µ2

( [
ε2(x),ε2(x→)ωI(x)

]
→ϑ(x)ϑ(x→)↑ωE +

[
ωI(x)ε2(x→),ε2(x)

]
→ϑ(x→)ϑ(x)↑ωE

)}

• Medium correlator: (Markovianity)

colourless limit of previously investigated cases: 

single quark master equation quark-antiquark dipole master equation
[Barata et al., Phys.Rev.D 108 (2023) 1, 014039] [our  project]qq̄
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