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Decoherence in the QGP

Breuer, Petruccione; Nagy, Soper; Neill, Waalewijn

Goal: understand the decoherence mechanism for jets in the QGP

How does this mechanism work in the presence of a QCD medium ? 

2

Why: in the vacuum decoherence for hardest subjects is related to IRC safety

Why: jets in the QGP can be described in terms of effective kinetic description

(
∂t +

p

|p| ·∇x

)
f(p,x, t) = −C[f ]

How does this classical description emerge ?



Quark reduced density matrix in matter

[
i∂t +

∂2
⊥

2E
+ gA(r, t)

]
ψ(r, t) = 0

ρ ≡ tr
A
(ρ[A]) =

〈
|ψA(t)〉〈ψA(t)|

〉

A

g2
〈
Aa(q, t)A†b(q′, t′)

〉

A
= δabδ(t− t′)(2π)2δ(2)(q − q′) γ(q)

The single parton wavefunction satisfies

The reduced density matrix can be defined as

We use the Gaussian approximation for the background field

Light front kinetic energy

Coupling to matter background
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〈k|ρs(t)|k̄〉 = CF

∫

q

∫ t

0

dt′ ei
(k2−k̄2)

2E (t−t′)

× γ(q)
[
〈k − q|ρs(t′)|k̄ − q〉 − 〈k|ρs(t′)|k̄〉

]

〈k|ρo(t)|k̄〉 = CF

∫

q

∫ t

0

dt′ ei
(k2−k̄2)

2E (t−t′)

× γ(q)

[
〈k − q|ρo(t′)|k̄ − q〉+ 1

2NcCF
〈k|ρo(t′)|k̄〉

]

ρ(t) ≡ ρs + taρao =
1

Nc
Trc(ρ) + 2 taTrc(t

aρ)

3⊗ 3̄ = 1⊕ 8

For color singlet:

For color octet:

Constructing the evolution equations
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K =
k + k̄

2
, ! = k − k̄b ≡ r + r̄

2
, x ≡ r − r̄



Γs(x) = CF

∫

q

(
1− eiq·x

)
γ(q) ,

Γo(x) =

∫

q

(
CF +

1

2Nc
eiq·x

)
γ(q)

∂tρs,o(!,x, t) = −
[
! · ∂x
E

+ Γs,o(x)

]
ρs,o(!,x, t)

The matrix elements of the singlet and octet components satisfy Boltzmann transport

This form allows to settle the evolution in color space

Γs(x) ≈ 4πα2
sCFn log

(
Q2

m2
D

)
x2

4
≡ q̂

4
x2 ,

Γo(x) ≈
4πα2

sCAn

m2
D

Singlet

Octet

ρs,o(b,x, t) = ρ(0)s,o (b,x) e
−tΓs,o(x)

Neutral to matter

Damping
Only true in the absence of coherent background fields

γ(q) ≈ g4n/q4

E → ∞

x → 0

Blaizot, Iancu, Braaten, Pisarski, …

One can also show that singlet subspaces become equally probable Zakharov, Blaizot, Escobedo, …

Constructing the evolution equations
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ρ(b, t) =
1

π〈b2〉(0)t

e
− b2

〈b2〉(0)t , 〈b2〉(0)t ≡ 1

µ2

(
1 +

t2

t20

)

t0 =
E

µ2
, t1 =

µ2

q̂
, t32 =

E2

q̂µ2

In the absence of interactions with the background, one obtains free streaming

ρ
W
(b− (K/E)t,K, 0)

which is dominated by the natural spreading of the wavepacket

Singlet evolution

This introduces the wave packet natural spreading scale

2305.10476
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Characteristic momentum 
scale of initial wave packet



When including interactions, more scales emerge. Consider first the diagonal elements

Momentum space:

ρ(!,K) =
4π

a
exp

{
− 1

4a
K2 − 1

4E2

(
c− b2

4a

)
!2 − i

b

4Ea
! ·K

}

For the sectors ! = 0 we recover the classical broadening distribution but with

〈k2〉t = µ2 + q̂t = µ2

(
1 +

t

t1

)

t0 =
E

µ2
, t1 =

µ2

q̂
, t32 =

E2

q̂µ2

Singlet evolution

This introduces the scale where the wavepacket becomes sensitive to medium effects 

ρ =

7
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a = 〈K2〉t,
c

E2
= 〈b2〉t,

b

E
= −2〈b ·K〉t

D = 〈b2〉〈K2〉 − 〈K · b〉 = ac

E2
− b

2E



When including interactions, more scales emerge. Now let us look at the off-diagonal elements

ρ(!,K = 0, t) =
4π

µ2(1 + (t/t1))
exp

{
− !2

4µ2
d(t)

}
d(t) = 1 +

1

12

(
t

t2

)3
t+ 4t1
t+ t1

At late times,  the initial condition is lost and off-diagonal terms vanish rapidly

ρ(!,K = 0, t) ≈ 4π

µ2 + q̂t
exp

{
−!2 q̂t3

48E2

}

Singlet evolution

Momentum space:

ρ =

8

t32 = t1t
2
0t0 =

E

µ2
, t1 =

µ2

q̂
, t32 =

E2

q̂µ2

The timescale after which diagonalization starts to take place reads

2305.10476



t0 > t2 > t1 t0 < t2 < t1

Medium-parton interactions 
dominate evolution

Natural wave packet spreading 
determines evolution

(q̂ = 0.3GeV3, µ = 0.3 GeV, and E = 200GeV) we have t1 ! 0.06 fm, and t2 ! 22.80 fm, while t0 ! 444.44
fm

(q̂ = 0.3GeV3, µ = 0.3 GeV, and E = 200GeV) we have t1 ! 0.06 fm, and t2 ! 22.80 fm, while t0 ! 444.44
fm

(q̂ = 0.3GeV3, µ = 0.3 GeV, and E = 200GeV) we have t1 ! 0.06 fm, and t2 ! 22.80 fm, while t0 ! 444.44
fm

(q̂ = 0.3GeV3, µ = 0.3 GeV, and E = 200GeV) we have t1 ! 0.06 fm, and t2 ! 22.80 fm, while t0 ! 444.44
fm

(q̂ = 0.3GeV3, µ = 0.3 GeV, and E = 200GeV) we have t1 ! 0.06 fm, and t2 ! 22.80 fm, while t0 ! 444.44
fm

vs

Singlet evolution: numerical example

t32 = t1t
2
0

2305.10476
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∼ µ ∼ 1/µ

(q̂ = 0.3GeV3, µ = 0.3 GeV, and E = 200GeV) we have t1 ! 0.06 fm, and t2 ! 22.80 fm, while t0 ! 444.44
fm

(q̂ = 0.3GeV3, µ = 0.3 GeV, and E = 200GeV) we have t1 ! 0.06 fm, and t2 ! 22.80 fm, while t0 ! 444.44
fm

(q̂ = 0.3GeV3, µ = 0.3 GeV, and E = 200GeV) we have t1 ! 0.06 fm, and t2 ! 22.80 fm, while t0 ! 444.44
fm

(q̂ = 0.3GeV3, µ = 0.3 GeV, and E = 200GeV) we have t1 ! 0.06 fm, and t2 ! 22.80 fm, while t0 ! 444.44
fm

Singlet evolution: numerical example 2305.10476
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∼ µ

(q̂ = 0.3GeV3, µ = 0.3 GeV, and E = 200GeV) we have t1 ! 0.06 fm, and t2 ! 22.80 fm, while t0 ! 444.44
fm

(q̂ = 0.3GeV3, µ = 0.3 GeV, and E = 200GeV) we have t1 ! 0.06 fm, and t2 ! 22.80 fm, while t0 ! 444.44
fm

(q̂ = 0.3GeV3, µ = 0.3 GeV, and E = 200GeV) we have t1 ! 0.06 fm, and t2 ! 22.80 fm, while t0 ! 444.44
fm

(q̂ = 0.3GeV3, µ = 0.3 GeV, and E = 200GeV) we have t1 ! 0.06 fm, and t2 ! 22.80 fm, while t0 ! 444.44
fm

〈k2〉t ∼ q̂t 〈k2〉t ∼ q̂t

Singlet evolution: numerical example 2305.10476
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(q̂ = 0.3GeV3, µ = 0.3 GeV, and E = 200GeV) we have t1 ! 0.06 fm, and t2 ! 22.80 fm, while t0 ! 444.44
fm

(q̂ = 0.3GeV3, µ = 0.3 GeV, and E = 200GeV) we have t1 ! 0.06 fm, and t2 ! 22.80 fm, while t0 ! 444.44
fm

(q̂ = 0.3GeV3, µ = 0.3 GeV, and E = 200GeV) we have t1 ! 0.06 fm, and t2 ! 22.80 fm, while t0 ! 444.44
fm

(q̂ = 0.3GeV3, µ = 0.3 GeV, and E = 200GeV) we have t1 ! 0.06 fm, and t2 ! 22.80 fm, while t0 ! 444.44
fm

〈k2〉t ∼ q̂t 〈k2〉t ∼ q̂t

∼ µ

Singlet evolution: numerical example 2305.10476
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(q̂ = 0.3GeV3, µ = 0.3 GeV, and E = 200GeV) we have t1 ! 0.06 fm, and t2 ! 22.80 fm, while t0 ! 444.44
fm

(q̂ = 0.3GeV3, µ = 0.3 GeV, and E = 200GeV) we have t1 ! 0.06 fm, and t2 ! 22.80 fm, while t0 ! 444.44
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(q̂ = 0.3GeV3, µ = 0.3 GeV, and E = 200GeV) we have t1 ! 0.06 fm, and t2 ! 22.80 fm, while t0 ! 444.44
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(q̂ = 0.3GeV3, µ = 0.3 GeV, and E = 200GeV) we have t1 ! 0.06 fm, and t2 ! 22.80 fm, while t0 ! 444.44
fm

Singlet evolution: numerical example 2305.10476
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Singlet evolution: numerical example

Delorme, Gousset, Katz, Gossiaux

Similar evolution to that seen for quarkonia

2305.10476
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Entropy as a measure of quantum to classical transition

SvN[ρ] = −Trρ ln ρ

p ≡ Trρ2 =
E2

ac− b2

4

S
W

≡ −
∫

K,b

ρ
W
(b,K) log ρ

W
(b,K) S

W
= ln

1

p
+ 2− ln 4

Having access to the reduced density matrix we compute the associated von-Neumann entropy,

the purity,

and the Wigner entropy

1

p
=

(
1 +

t

t1

)(
1 +

t3

12t32

t+ 4t1
t+ t1

)

SvN = log

(
1− p

4p

)
+

1
√
p
ln

1 + p+ 2
√
p

(1− p)

2305.10476
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W

≈
√
p

ln(1/p)

trel ! 66.7 fm(q̂ = 0.3GeV3, µ = 0.3 GeV, and E = 200GeV) we have t1 ! 0.06 fm, and t2 ! 22.80 fm, while t0 ! 444.44
fm

(q̂ = 0.3GeV3, µ = 0.3 GeV, and E = 200GeV) we have t1 ! 0.06 fm, and t2 ! 22.80 fm, while t0 ! 444.44
fm

(q̂ = 0.3GeV3, µ = 0.3 GeV, and E = 200GeV) we have t1 ! 0.06 fm, and t2 ! 22.80 fm, while t0 ! 444.44
fm

(q̂ = 0.3GeV3, µ = 0.3 GeV, and E = 200GeV) we have t1 ! 0.06 fm, and t2 ! 22.80 fm, while t0 ! 444.44
fm

trel ≡ ET/q̂

Asymptotically, one has that

thus, the entropy content of the density matrix 
coincides with that of a classical distribution

In reality, the entropy growth is bounded

This occurs roughly after a time

[
∂

∂t
− ∂

∂K

(
q̂

4

∂

∂K
+ γf

K

E

)]
P(K, t) = 0

γf = q̂/4T ∼ T 2

16

SvN ! ln
1

p
! ln

q̂2t4

E2
∼ ln〈k2〉t〈b2〉tSvN ! ln

1

p
! ln

q̂2t4

E2
∼ ln〈k2〉t〈b2〉t

Entropy as a measure of quantum to classical transition 2305.10476



only quark state

quark and gluon
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Analytical calculation

Quantum simulation

Jet entropy via quantum simulation JB, X. Du, M. Li, W. Qian, C. Salgado, 2307.01792



Jet entropy in the QGP from pQCD very preliminary, JB, J.-P. Blaizot, Y. Mehtar-Tani

S = −
∑

n

∫
dΠn

dP

dΠn
log

dP

dΠn
=

∑

n

Sn

Going beyond: assuming the decoherence  mechanism in the QGP works at late times, we can write the entropy for the 
hardest subjets in a jet

n =

m− n

m

···

···

···

S = −
∑

n

∫
dΠn

dP

dΠn
log

dP

dΠn
=

∑

n

SnS = −
∑

n

∫
dΠn

dP

dΠn
log

dP

dΠn
=

∑

n

Sn

At leading logarithmic accuracy and using a physical gauge, we can then write

Nagy, Soper; Neill, Waalewijn
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Jet entropy in the QGP from pQCD

Going beyond: in matter jet entropy will be modified by different types of effects

m− n

Q(n)

m

Energy loss

Phase space 
modifications 

Medium induced 
radiation

m− n

m

19



Jet entropy in the QGP from pQCD

Energy loss: using simple quenching weight approximation and assuming

≈

m− n

Q(n)

m

Q(m−n)

Q(m)

Q(2)

m− n

m

We find at leading order in the strong coupling

SQ(E,R) =
2αs

π

(
Q(1) log

1

zc
log

R

Rc
+ S(Q(2)) +

∫ 1

zc

dz

z

∫ R

Rc

dθ

θ
Q(2)(z, θ) log

8παsΛ
2

z2θ2E2

)
+O(α2

s)

Entropy due to radiation 
going into matter

Entropy for single emission 
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Jet entropy in the QGP from pQCD

Medium induced radiation: at LO the modified splitting function can always be written as

10°2 10°1 100

µ

10°8

10°6

10°4

10°2

100

d
¢

S
d
µ

pt = 200 GeV, zc = 0.1

pt = 300 GeV, zc = 0.1

pt = 200 GeV, zc = 0.2

pt = 300 GeV, zc = 0.2

µc

dσ

σ
(1 + Fmed)

The entropy variation with respect to the vacuum then reads

d[∆S](pt)
dθ

≈ 2αs

πθ

{∫ 1

zc

dz

z
log

[
eFmed(θ,z)

1 + Fmed(θ, z)

]}
+O(α2

s)

which exhibits a transition between the coherent 
and decoherent regimes
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We studied how the decoherence takes place for a single parton in a dense QGP

Conclusion and Outlook

New QIS techniques and measures might give new insight into jet quenching physics
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