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Motivation

Studies using EKRT+hydro+BDMPS-Z suggest that  must be suppressed in 
the initial stage of heavy-ion collisions [Andres, Armesto, Niemi, Paatelainen, Salgado (2020)]

Classical jet in Glasma studies show that  is very large [Ipp, Müller, Schuh (2020)]
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First quantum treatment of the jet interacting with the Glasma fields using 
tBLFQ a light-front Hamiltonian formalism
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The Glasma fields

Before the collision (1,2): Color Glass 
Condensate pure gauge fields

x+x− t

z
1

Pure gauge
2

Pure gauge

3
𝒜μ = ?

4
𝒜μ = 0

Initial condition for the fields after the collision (3) 
derived from the CGC [Kovner, McLerran, Weigert (1995)]

Numerically evolve fields solving free Yang-Mills 
equation  using real-time lattice 

gauge theory [Müller (2019)]

[Dμ, Fμν] = 0

3

Lot of nice Glasma 
explanations this week



The Light-Front Hamiltonian

ℒ = Ψ(x)(iγμDμ − m)Ψ(x)
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 where  is the classical Glasma background field
There is no quantum gluons because we are truncating the quark Fock space 

to the sector, not allowing it to radiate

Dμ = ∂μ − ig𝒜μ 𝒜 = 𝒜ata

|q >

Legendre transform

P− = ∫ dx−d2 ⃗x⊥ [ 1
2

Ψ̄γ+ m2 − ∇⊥ 2

i∂+
Ψ + gΨ̄(γ+𝒜+ + γi𝒜i)Ψ +

g2

2
Ψ̄γi𝒜i

γ+

i∂+
γ j𝒜jΨ]



The eikonal Light-Front Hamiltonian

Taking the limit  and neglecting terms suppressed by p+ → ∞ p+

P− = 2g∫ d2 ⃗x⊥B†
c2

(p+, ⃗x⊥)𝒜+(x+, ⃗x⊥)Bc1
(p+, ⃗x⊥)
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In the eikonal limit only the  
components of the classical 

background field appear in the 
Hamiltonian, violations of the LC 

gauge condition  are 
suppressed as 

𝒜−

𝒜+ = 0
1/p+

NO NEED TO GAUGE 
TRANSFORM THE 

GLASMA FIELDS !!!



The time-dependent Basis Light Front Quantization (tBLFQ) 
formalism

i
∂

∂x+
|ψ; x+ > =

1
2

P− |ψ; x+ > |ψ; x+ > = 𝒯+ exp [−
i
2 ∫

x+

0
dtP−(t)] |ψ; 0 >

Construct a basis using 
eigenstates of the kinetic 

energy part of the Hamiltonian
|ψ; x+ > = ∑

β

cβ(x+) |β > where 

c(x+) = 𝒯+ exp [−i∫
x+

0
dtℳ(t)] c(0)

ℳββ′￼(x+) ≡ < β |P−(x+)/2 |β′￼>

Successfully applied to  and  evolution in a MV model field
[Li, Zhao, Maris, Chen, Li, Tuchin, Vary (2020)] [Li, Lappi, Zhao (2021)] [Li, Lappi, Zhao, Salgado (2023)]

|q⟩ |q⟩ + |qg⟩
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Quantum approach to momentum broadening

Knowing the wavefunction, the expectation value of the momentum 
operator can be determined at any time

< p2
i > = < ψ; x+ |p2

i |ψ; x+ > = ∑
ββ′￼

cβ(x+)cβ′￼(x+) < β′￼(p+
β′￼

, ⃗p⊥
β′￼
, cβ′￼, λβ′￼) |pi 2 |β(p+

β , ⃗p⊥
β , cβ, λβ) >
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Matrix element 
< β′￼(p+

β′￼
, ⃗p⊥

β′￼
, cβ′￼, λβ′￼|pi 2 |β(p+

β , ⃗p⊥
β , cβ, λβ > = pi 2

β (2π)δ(p+
β − p+

β′￼
)(2π)2δ(2)( ⃗p⊥

β − p⊥
β′￼

)δλβλβ′￼
δcβcβ′￼

< p2
i > = ∑

β

pi 2
β |cβ(x+) |2



Momentum broadening results

Preliminary

Good agreement with the 
classical limit


Large momentum broadening 
in transverse direction


No momentum broadening in 
longitudinal direction
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Equation of motion for classical < p2
i >
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Taking the eikonal limit for the quark and imposing the boost-invariance of the Glasma 
fields

dpi

dt
=

∂pi

∂t
+ {pi, H}

dpy

dt
= g∂y𝒜x

dpz

dt
= 0




where 

< p2
y (x+) > =

g2

Nc ∫
x+

0
dt1 ∫

x+

0
dt2 < Tr[U(0,t1)∂y𝒜x(t1, y)U(t1,0)U(0,t2)∂y𝒜x(t2, y)U(t2,0)] >

U(x+,0) = 𝒫 exp (−ig∫
x+

0
dtAx(dt))



Canonic and kinetic momentum
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For a particle in a classical background field the canonic momentum, conjugated 
to the position, and the kinetic momentum are not the same


H = ⃗α ( ⃗p − g ⃗𝒜 ata) + g𝒜a
0t

a + mβ ⃗pkin = ⃗p − g ⃗𝒜 ≠ ⃗p

For the kinetic momentum, the classical 
simulation [Ipp, Müller, Schuh (2020)] predicts larger 
broadening in the longitudinal direction (see  
the talks by Dana Avramescu and Andreas 
Ipp)


Opposite behavior to the canonic momentum



Conclusions…
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We did the first quantum treatment of a jet inside the Glasma phase

We studied how the quark quantum state is modified in momentum 
space by the Glasma fields, observing how the wavefunction broadens 
significantly in  direction but stays intact in  direction, in good 
agreement with the classical prediction for the canonic momentum

This canonic momentum, conjugated to the coordinate space, is not the 
same as the kinetic momentum in the presence of an external field, for 
which classical simulations predict a large broadening in  direction

py pz

z



and outlook…
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Implement the quantum calculation so we can compute 
kinetic momentum gained by the jet

Relax the exact mid-rapidity approximation and consider expanding 
Glasma fields

Include gluon radiation to compute medium induced energy loss 
inside the Glasma

< p2
kin >

Thank you very much for your attention!


