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Abstract. We study the momentum broadening of a high-energy quark jet in
the large density gluon medium created right after the collision of two ultrarela-
tivistic heavy nuclei, the Glasma. Previous Glasma studies modeled the jet as a
classical probe particle, for which position and momentum are simultaneously
determined. In this work, we use the light-front QCD Hamiltonian formalism to
treat the jet as a fully quantum state. We compute its real-time evolution while
propagating through the Glasma classical background fields, which act as an
interaction potential in the quantum evolution of the jet. We present results for
the momentum broadening and jet quenching parameter of a jet at mid-rapidity,
with special emphasis on the anisotropies between the longitudinal and trans-
verse directions relative to the collision axis. In addition, we compare our results
to classical calculations, and initiate a study of the distinction between kinetic
and canonical momentum in the context of jet momentum broadening.

1 Introduction

Jets are fundamental probes of heavy-ion collisions. They are created in a hard scattering at
the beginning of the process and experience all the stages of the hot and dense nuclear matter
created in the collision. The effect of the initial stages was usually neglected, as energy loss
was predicted to be suppressed for the first ∼ 0.6 fm/c after the collision [1]. However, stud-
ies of jets in Glasma or pre-equilibrium phase showed that those probes can be significantly
modified in the initial stages [2–5]. These analyses treat the jet as a classical probe particle
deflected by the forces from the classical Glasma fields, allowing the calculation of jet mo-
mentum broadening during the propagation. However, because jets are inherently quantum
objects, a quantum treatment is necessary to properly account for quantum interference and
gluon radiation, which cannot be captured by classical calculations.

In this work, we use for the first time a light-front Hamiltonian formalism to compute
the real-time evolution of the quantum state associated to the probe particle in the Glasma
fields. The modification of the jet wavefunction through the interaction with the Glasma fields
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enables us to extract various quantities such as medium-induced momentum broadening and
energy loss. Here, we focus on studying momentum broadening and leave the investigation
of other observables for future works. These results differ from those shown at Hard Probes
2024, mainly due to a better understanding of the distinction between kinetic and canonical
momentum, which we address in Sec 3.3.

2 The Glasma fields

Following the Color Glass Condensate approach to describe the high-energy nuclei before the
collision, an initial condition for the gluon fields right after the collision can be derived [6],
which, for sufficiently high energies, can be approximated as boost invariant. These fields are
then evolved by solving the free Yang-Mills equation [Dµ, Fµν] = 0, yielding the so-called
Glasma fields. Solving free Yang-Mills for non-Abelian color fields is non-trivial and there
exist several methods. In this work, we numerically evolve the Glasma fields using real-
time lattice gauge theory [7]. The resulting Glasma fields can be characterized by a single
physical scale, the saturation momentum Qs. In this work, we use Qs = 1.5 GeV, which
roughly corresponds to central collisions at the Large Hadron Collider.

3 Real-time jet evolution

We consider the propagation of an ultrarelativistic quark jet at mid-rapidity, traveling along
the x-direction through the Glasma field that is generated by the colliding heavy ions moving
along the z-direction. We will treat the jet as a fully quantum state and the Glasma as a
background gluon field.

3.1 The time-dependent Basis Light Front Quantization Formalism

The time-dependent Basis Light-Front Quantization (tBLFQ) approach is a non-perturbative
computational method based on the light-front quantum field theory and the Hamiltonian
formalism [8]. The tBLFQ formalism for simulating the real-time evolution of a quark jet
inside a gluon background field has been developed in Ref. [9] and extended to quantum
simulation in Ref. [10]. There, the jet traverses a SU(3) colored medium described by the
MV model, corresponding to the scenarios of cold nuclear matter created in deep inelastic
scattering experiments and the quark-gluon plasma produced in ultrarelativistic heavy-ion
collisions. In this work, we are interested in the jet evolution in the initial stages of heavy-ion
collisions, thereby we take the background gluon field as the Glasma field.

We consider a quark jet interacting with the Glasma background field. As a starting
point, we truncate the quark’s Fock space to its leading sector, |q⟩. Consequently, the QCD
Lagrangian simplifies to the color-Dirac Lagrangian, that is obtained by replacing derivatives
with covariant derivatives in the Dirac Lagrangian through the so-called minimal coupling
procedure

L = Ψ(iγµDµ − m)Ψ . (1)

Here Dµ = ∂µ + igAµ and Aµ = Aa
µt

a is the classical background color field. There are
no quantum gluons in the truncated Fock space, Aµ = 0, thereby we do not consider gluon
radiation in the process.

Knowing the Lagrangian, the Hamiltonian can be obtained through a Legendre transform
[11]. In the light-front form, where the light-front time x+ = t + x plays the role of the

temporal variable

P− =
∫

dx−d2 x⃗⊥Ψ
[
1
2
γ+

m2 − ∇⊥ 2

i∂+ − gA+ + g(γ
+A+ + γiAi) +

g2

2
γiAi

γ+

i∂+ − gA+ γ
jA j

]
Ψ , (2)

where Ψ is the quark field. Note that the quantum gauge field, which must be in light-cone
gauge A+ = 0, is absent here due to the Fock space truncation, whereas the external field A
remains in an arbitrary gauge, in our case the Fock-Schwinger gauge, natural to the Glasma
fields. We focus on the eikonal limit, where the quark’s energy is assumed to be very large,
p+ → ∞, then only the terms not suppressed by 1/p+ contribute, reducing the Hamiltonian
to

P− = g
∫

dx−d2 x⃗⊥gΨ̄γ+A+Ψ . (3)

Thus only the interaction with the A+ component of the background fields appears in the
eikonal Hamiltonian and all the terms containingA− in Eq. 2 vanish even if we do not impose
the gauge condition. The evolution of the jet as a quantum state obeys the time-dependent
Schrödinger equation on the light front,

i
∂

∂x+
∣∣∣ψ; x+

〉
=

1
2

P−
∣∣∣ψ; x+

〉
. (4)

We are interested in how the jet’s momentum evolve due to interactions with the Glasma
background field. Therefore, we choose the basis states |β⟩ as the eigenstates of the free QCD
Hamiltonian, and expand the jet state as

∣∣∣ψ; x+
〉
=
∑
β

cβ(x+) |β⟩ , (5)

Each basis state |β⟩ is labeled by the quantum numbers of three-momentum, color, and light-
front helicity. The light-front wavefunction of the jet is then given in terms of the state vector
c(x+), which consisted of the basis coefficients. The real-time evolution of the quantum state
can be expressed as

c(x+) = T+ exp
[
−i
∫ x+

0
dtM(t)

]
c(0) , (6)

whereMββ′ (x+) ≡ ⟨β| P−(x+)/2 |β′⟩ is the matrix element of the Hamiltonian in the chosen
basis space. Once the wavefunction of the jet state is known through c(x+), observables can
be readily evaluated from it.

3.2 Momentum broadening results

We use the evolved wavefunction in Eq. 6 to investigate the momentum broadening effect.
To quantify momentum broadening, we extract the expectation value of the transverse mo-
mentum square from the jet wavefunction at different times,

〈
p2

i (x+)
〉
=
〈
Ψ; x+

∣∣∣ p2
i

∣∣∣Ψ; x+
〉
. (7)

The following results are obtained initializing the jet as a very localized wave package in
coordinate space, x ≃ y ≃ 0, as this mid-rapidity limit simplifies the calculation. We have
however checked that the results are not sensible to the initialization. In Figure 1, we show
the results of ⟨p2

y(x+)⟩ and the associated quenching parameter q̂y = d⟨p2
y⟩/dx+. Note that the

y-direction is perpendicular to the beam direction (z-direction). The momentum broadening

2

EPJ Web of Conferences 339, 02008 (2025)	 https://doi.org/10.1051/epjconf/202533902008
Hard Probes 2024



enables us to extract various quantities such as medium-induced momentum broadening and
energy loss. Here, we focus on studying momentum broadening and leave the investigation
of other observables for future works. These results differ from those shown at Hard Probes
2024, mainly due to a better understanding of the distinction between kinetic and canonical
momentum, which we address in Sec 3.3.

2 The Glasma fields

Following the Color Glass Condensate approach to describe the high-energy nuclei before the
collision, an initial condition for the gluon fields right after the collision can be derived [6],
which, for sufficiently high energies, can be approximated as boost invariant. These fields are
then evolved by solving the free Yang-Mills equation [Dµ, Fµν] = 0, yielding the so-called
Glasma fields. Solving free Yang-Mills for non-Abelian color fields is non-trivial and there
exist several methods. In this work, we numerically evolve the Glasma fields using real-
time lattice gauge theory [7]. The resulting Glasma fields can be characterized by a single
physical scale, the saturation momentum Qs. In this work, we use Qs = 1.5 GeV, which
roughly corresponds to central collisions at the Large Hadron Collider.

3 Real-time jet evolution

We consider the propagation of an ultrarelativistic quark jet at mid-rapidity, traveling along
the x-direction through the Glasma field that is generated by the colliding heavy ions moving
along the z-direction. We will treat the jet as a fully quantum state and the Glasma as a
background gluon field.

3.1 The time-dependent Basis Light Front Quantization Formalism

The time-dependent Basis Light-Front Quantization (tBLFQ) approach is a non-perturbative
computational method based on the light-front quantum field theory and the Hamiltonian
formalism [8]. The tBLFQ formalism for simulating the real-time evolution of a quark jet
inside a gluon background field has been developed in Ref. [9] and extended to quantum
simulation in Ref. [10]. There, the jet traverses a SU(3) colored medium described by the
MV model, corresponding to the scenarios of cold nuclear matter created in deep inelastic
scattering experiments and the quark-gluon plasma produced in ultrarelativistic heavy-ion
collisions. In this work, we are interested in the jet evolution in the initial stages of heavy-ion
collisions, thereby we take the background gluon field as the Glasma field.

We consider a quark jet interacting with the Glasma background field. As a starting
point, we truncate the quark’s Fock space to its leading sector, |q⟩. Consequently, the QCD
Lagrangian simplifies to the color-Dirac Lagrangian, that is obtained by replacing derivatives
with covariant derivatives in the Dirac Lagrangian through the so-called minimal coupling
procedure

L = Ψ(iγµDµ − m)Ψ . (1)

Here Dµ = ∂µ + igAµ and Aµ = Aa
µt

a is the classical background color field. There are
no quantum gluons in the truncated Fock space, Aµ = 0, thereby we do not consider gluon
radiation in the process.

Knowing the Lagrangian, the Hamiltonian can be obtained through a Legendre transform
[11]. In the light-front form, where the light-front time x+ = t + x plays the role of the

temporal variable

P− =
∫

dx−d2 x⃗⊥Ψ
[
1
2
γ+

m2 − ∇⊥ 2

i∂+ − gA+ + g(γ
+A+ + γiAi) +

g2

2
γiAi

γ+

i∂+ − gA+ γ
jA j

]
Ψ , (2)

where Ψ is the quark field. Note that the quantum gauge field, which must be in light-cone
gauge A+ = 0, is absent here due to the Fock space truncation, whereas the external field A
remains in an arbitrary gauge, in our case the Fock-Schwinger gauge, natural to the Glasma
fields. We focus on the eikonal limit, where the quark’s energy is assumed to be very large,
p+ → ∞, then only the terms not suppressed by 1/p+ contribute, reducing the Hamiltonian
to

P− = g
∫

dx−d2 x⃗⊥gΨ̄γ+A+Ψ . (3)

Thus only the interaction with the A+ component of the background fields appears in the
eikonal Hamiltonian and all the terms containingA− in Eq. 2 vanish even if we do not impose
the gauge condition. The evolution of the jet as a quantum state obeys the time-dependent
Schrödinger equation on the light front,

i
∂

∂x+
∣∣∣ψ; x+

〉
=

1
2

P−
∣∣∣ψ; x+

〉
. (4)

We are interested in how the jet’s momentum evolve due to interactions with the Glasma
background field. Therefore, we choose the basis states |β⟩ as the eigenstates of the free QCD
Hamiltonian, and expand the jet state as

∣∣∣ψ; x+
〉
=
∑
β

cβ(x+) |β⟩ , (5)

Each basis state |β⟩ is labeled by the quantum numbers of three-momentum, color, and light-
front helicity. The light-front wavefunction of the jet is then given in terms of the state vector
c(x+), which consisted of the basis coefficients. The real-time evolution of the quantum state
can be expressed as

c(x+) = T+ exp
[
−i
∫ x+

0
dtM(t)

]
c(0) , (6)

whereMββ′ (x+) ≡ ⟨β| P−(x+)/2 |β′⟩ is the matrix element of the Hamiltonian in the chosen
basis space. Once the wavefunction of the jet state is known through c(x+), observables can
be readily evaluated from it.

3.2 Momentum broadening results

We use the evolved wavefunction in Eq. 6 to investigate the momentum broadening effect.
To quantify momentum broadening, we extract the expectation value of the transverse mo-
mentum square from the jet wavefunction at different times,

〈
p2

i (x+)
〉
=
〈
Ψ; x+

∣∣∣ p2
i

∣∣∣Ψ; x+
〉
. (7)

The following results are obtained initializing the jet as a very localized wave package in
coordinate space, x ≃ y ≃ 0, as this mid-rapidity limit simplifies the calculation. We have
however checked that the results are not sensible to the initialization. In Figure 1, we show
the results of ⟨p2

y(x+)⟩ and the associated quenching parameter q̂y = d⟨p2
y⟩/dx+. Note that the

y-direction is perpendicular to the beam direction (z-direction). The momentum broadening

3

EPJ Web of Conferences 339, 02008 (2025)	 https://doi.org/10.1051/epjconf/202533902008
Hard Probes 2024



0.0 0.5 1.0 1.5 2.0
x+ (GeV−1)

0.5

1.0

1.5

2.0

∆
<

p2 y
>

(G
eV

2 )

0.0 0.5 1.0 1.5 2.0
x+ (GeV−1)

0.5

1.0

1.5

q̂ y
(G

eV
3 )

tBLFQ Classical result

Figure 1. Evolution of the expectation value of the jet transverse momentum (on the left panel) and the
jet quenching parameter (on the right panel). We define ∆⟨p2

y(x+)⟩ = ⟨p2
y(x+)⟩ − ⟨p2

y(0)⟩ to subtract the
initial width of the wavefunction in momentum space and show only the broadening due to interactions
with the medium. The result obtained using tBLFQ formalism is shown in solid triangle and the classical
calculation result using Eq. (8) is shown in dashed line as a comparison.

is negligible along the z direction, as the Glasma field in the early stages is uniform along
the collision axis. The simulation results using the tBLFQ formalism are shown in the solid
triangle, where we have averaged over multiple configurations of the Glasma fields. In the
right panel, the corresponding quenching parameter q̂y rapidly increases to values much larger
than those typical in the Quark-Gluon Plasma [12]. It peaks around x+ ∼ 1/Qs. Beyond this
point, as the Glasma becomes dilute and less effective at accelerating the parton, q̂ decreases
and eventually vanishes. For comparison, we also computed the transverse momentum and
quenching parameter in the classical formalism. These results are shown in the dashed line
in the figure, and they are in a good agreement with the quantum results.

In the classical formalism, the equation of motion for the expectation value of the momen-
tum operator reduces to the classical Hamiltonian equation, dpi/dx+ = ∂pi/∂x+ + {pi,H}P,
where {. . .}P represents the Poisson bracket and H is the classical Hamiltonian. In the
eikonal limit and imposing the boost invariance of the Glasma fields, dpy/dx+ = g∂yAx

and dpz/dx+ = 0. Momentum broadening in the transverse direction is then obtained by
solving

〈
p2
y(x+)

〉
config

=
g2

Nc

∫ x+

0
dt1

∫ x+

0
dt2
〈
Tr
[
f̃ y(t1) f̃ y(t2)

]〉
config

, (8)

where f̃ y(x+) = U†(x+) f yU(x+) contains f y = ∂yAx parallel transported with the Wilson

line in the quark direction U(x+) = P exp
(
−ig
∫ x+

0 dtAx(t)
)
. Performing averages over color

charge configurations yields the factor 1/Nc. The bracket ⟨. . .⟩config represents the average
over configurations of the Glasma field, and should be distinguished from the expectation
value of a quantum state.

The observed classical–quantum agreement confirms that the quantum expectation value
reproduces the classical trajectory. This first application to the early stage of a heavy-ion
collision lays the groundwork for future studies of quantum effects like jet energy loss.

3.3 Canonical and kinetic momentum

We would like to note that the canonical momentum conjugated to the position is, in general,
not the same as the kinetic momentum, defined as p+dx⃗⊥/dx+ in the light-front form. For
a particle propagating in an external field p⃗kin = p⃗ − gA⃗ � p⃗. In the preceding section,
we studied jet broadening via the canonical momentum and found a good quantum–classical
agreement. We now extend the classical analysis to kinetic momentum, extracted as [2],

〈
p2

kin,i(x+)
〉

config
=
g2

Nc

∫ x+

0
dt1

∫ x+

0
dt2
〈
Tr
[
F̃i(t1)F̃i(t2)

]〉
config

, (9)

where F̃i(x+) = U†(x+)FiU(x+) for i = y, z, and Fy = Ey − Bz and Fz = Ez + By con-
tains the Glasma electric and magnetic fields. Figure 2 shows that the classical simulation
predicts larger broadening in the beam direction (z-direction) than in the transverse direction
(y-direction) for the kinetic momentum, contrasting with the canonical momentum.
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Figure 2. Comparison of the canonical and kinetic momenta in the classical formalism. The kinetic
(canonical) momentum, shown with solid (dashed) lines, is calculated using Eq. (9) [Eq. (8)]. Momenta
in the y− and z− directions are indicated in red and blue, respectively. The pz line overlaps the horizontal
axis, indicating no canonical momentum broadening in z.

Though in actual measurement it is the kinetic momentum being observed, in high-energy
experiments, where the final particles of the jets are detected, the background field generated
by the collision is already washed out and the kinetic and canonical momentum are equiva-
lent. In our theoretical calculations, we have the ability to access the intermediate states, and
it would be interesting to also extract the kinetic momentum from the quantum simulation,
which we leave for further investigation.

4 Summary

We have, for the first time, computed the real-time quantum evolution of a quark jet inter-
acting with the initial-stage Glasma fields. Using the obtained jet light-front wavefunction,
we extracted the expectation value of the transverse momentum square and the jet quenching
parameter. Our results show good agreement with the classical calculations when expressed
in terms of the canonical momentum. Additionally, we initiated a study of the distinction be-
tween the kinetic and the canonical momentum in the context of jet momentum broadening.
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