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Outline

▶ Description of SUBA-Jet

▶ Replication of theoretical expectations for medium-induced
emissions

▶ Implementation in Monte Carlo frameworks (Pythia 8 and EPOS4)

▶ Preliminary results for pp data

▶ Work towards AA simulation

▶ Newer theoretical developments
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Two virtuality-ordered regimes

Jets in Heavy Ion Collisions
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High-virtuality regime

2 / 20Alexander Lind QNP2024

High Virtuality Regime

Low Q
Low E

High Q
High E

Low Q
(on-shell)

High E
Vacuum
parton
shower

In-medium
induced
shower

Alexander Lind FJFI, CTU Seminar 4 / 43



Vacuum-like parton shower

● Monte Carlo of a vacuum parton shower originally developed by Martin Rohrmoser
 

● Evolution according to the DGLAP equations from high virtuality Q
max

 ~ p
T
 to low virtuality Q

0

● Time evolution split into time steps, mean life time

Vacuum Parton Shower
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Vacuum-like parton shower with medium modifications

● Medium interactions for high Q regime resulting in virtuality increase,
similar to YaJEM (T. Renk, 2008)

“Vacuum” Parton Shower in Medium
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Choice of Q
0 
?

QNP2024
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Criteria for stopping the high-virtuality regime

The high-virtuality regime ends when a parton becomes ‘on-shell’

In vacuum: Q0 ∼ 2ΛQCD or proton mass (1 GeV)

In medium: More complicated – We need to compare formation times

tf ∼ E

Q2
(kvac.⊥ )2 ∼ zQ2

(kmed.
⊥ )2 ∼

∫ tf

0
dt q̂(t) ∼ q̂ tf

kmed.
⊥ < kvac.⊥ ⇒ zQ4

E
≲ q̂

Integral is performed as sum over ∆t with frozen-in-time medium

Four-momentum of suddenly on-shell parton modified keeping E const.

Alexander Lind FJFI, CTU Seminar 7 / 43



Angular-ordering
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Figure 3: The tree-level diagrams for the process ω→ → qq̄g.

2.2.1 ω→ → qq̄g

Consider gluon radiation from one of the external quarks in the colour-singlet
antenna. The two contributing tree-level diagrams are shown in Fig. 3.

The leading-order amplitude is

M = ū(k1) [gstaωω ] ε→
ω(k3)

( /k1 + /k3 + mq)
(k1 + k3)2 ↑ m2

q

[eqeωµ] εµ(p)v(k2)

+ ū(k1) [eqeωµ] εµ(p)
(↑ /k2 ↑ /k3 + mq)
(k2 + k3)2 ↑ m2

q

[gstaωω ] ε→
ω(k3)v(k2) , (9)

where /k = ωµkµ.
In the soft gluon limit, k3 → 0, and by using (k1 + k3)2 ↑ m2

q = 2 k1 · k3
and (k2 + k3)2 ↑ m2

q = 2 k2 · k3, we can simplify the quark propagators to

/k1 + /k3 + mq

(k1 + k3)2 ↑ m2
q

↓ /k1 + mq

2 k1 · k3
, (10)

and
↑ /k2 ↑ /k3 + mq

(k2 + k3)2 ↑ m2
q

↓ ↑ /k2 + mq

2 k2 · k3
. (11)

The anti-commutator relation {ωµ, ωω} = 2gµω allows us to write

/ε/k = ωµεµωωkω = 2 ε · k ↑ /k/ε . (12)

With this and the Dirac equation for spinors,

(/k ↑ mq)u(k) = 0 ↔ ū(k)(/k ↑ mq) = 0 ↔ ū(k)/k = ū(k)mq , (13)

we can simplify

ū(k1)ωωε→
ω(k3)( /k1 + mq) = ū(k1) [2 (ε(k3) · k1) ↑ /k1ω

ωε→
ω(p)] + ū(k1)ωωε→

ω(k3)mq

= ū(k1) 2 (ε(k3) · k1) , (14)

5

Radiation from a qq̄ antenna

|M|2 = |Mq +Mq̄|2 = |Mq|2 + |Mq̄|2 + 2Re
(
M∗

qMq̄

)
Destructive interference term

∼
m2

q

(p · k)2 → 0 ∼ 2 p1 · k
(p1 · k)(p2 · k)

∼ 1− cos θqq̄
(1− cos θqg)(1− cos θq̄g)

Rate of soft, collinear gluon emission

dσn+1 ≃ dσn
∑
i

[
Ci

αs

π

dω

ω

dθ2i
θ2ik

Θ(θmax − θi)

]
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Enforcement of angular-ordering

Veto algorithm:

Parton branching a → b+ c decided from tf

1. Sample z

2. Sample Qb, Qc where Q2
b +Q2

c ≤ Q2
a

3. Calculate k2⊥ ∼ z(1− z)Q2
a

4. Calculate θ

5. Require k2⊥ ≥ 0 and θ < θ0

Then sample kinematics

cos(θ) =
Q2

b +Q2
c + 2z(1− z)E2

a −Q2
a

2
√
(zEa)2 −Q2

b

√
((1− z)Ea)2 −Q2

c

⇒ θ ∼ Qa

Ea

√
z(1− z)

z± =
1

2

(
1±

√(
1− 4Q2

0

Q2
a

)(
1− 2Q2

a

E2
a(1− cos θ0)

))
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Low-virtuality regime
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Medium-induced single radiation
Medium-Induced Single Radiation

● Inelastic collision:
Single gluon emission from 
single medium scattering

● Original result from Gunion-Bertsch (1982)
Generalised to massive case by 
Aichelin, Gossiaux, Gousset (2014)
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Scattering
centre

● Initial Gunion-Bertsch seed: i.e. radiation of a preformed gluon from a single scattering 
(Each parton can generate a number of preformed gluons)

● Gunion-Bertsch cross-section from scalar QCD

QNP2024
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Medium-induced single radiation
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Medium-induced single radiation
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Coherency and the LPM effect
Coherency and the LPM Effect
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● The formation of the radiated gluon is a 
quantum mechanical process

Formation time:

● Coherence effects: 
Landau-Pomeranchuk-Migdal (LPM) effect

● Have to take into account multiple scatterings 
with the medium during the formation time 

gluon energy

medium modifications

path length of medium

QNP2024
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Implementation of the LPM effect
Implementation of the LPM Effect

● At each timestep:

– Elastic scattering with prob.
 

– Radiation of preformed gluon 

with prob.

● BDMPS-Z spectrum at intermediate energies
achieved by suppressing GB seed by

Like in Zapp, Stachel, Wiedemann, 
JHEP 07 (2011), 118

10 / 20Alexander Lind

Suppression
GB

BDMPS-Z

GLV

Radiation energy spectrum:

QNP2024
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Phase of the emitted gluon

2.9 Gluon formation time
The formation of a gluon emission from a parton is a quantum mechanical
process which takes some amount of time called the formation time. This is
the time it takes for the virtual ‘coating’ around the high-energy parton to
become realised as an emission. Once realised the gluon can be considered as
an independent colour object and can emit partons on its own. On Fig. 8 we
consider a virtual quark produced through a current J(p) and then emits a
gluon. Note that we explicitly denote space-time positions z0 and z for the
production of the quark and emission of the gluon respectively.

p

z0
p→

k

z

Figure 8: Gluon formation in the vacuum.

The amplitude for the gluon emission diagram in a mixed position and
momentum formalism is

M = ū(p→) [gstaωµ] ε↑
µ(k) /

p + mq

p2 → m2
q

J(p)e↓ip·(z↓z0) , (102)

where we have included a phase factor e↓ip·(z↓z0) for the quark propagator.
The initial quark has four-momentum pµ = (E, px, py, pz). Let us consider

this in light-cone coordinates where we define

p+ = E + pz , p↓ = E → pz , p2
↔ = p2

x + p2
y . (103)

We note that
p↓ = p2

↔ + p2

p+ , (104)

where p2 = E2 → p2
↔ → p2

z ↑ Q2 is the virtuality of the quark.
The product of two Lorentz vectors can be expanded in light-cone coordi-

nates as
p · x = pµxµ = 1

2p
+x↓ + 1

2p
↓x+ → p↔ · x↔ . (105)

We will consider the case of an eikonal quark with a large p+ and we can
by choice set p↔ = 0. This means that eikonal quark is only along the
longitudinal direction and we can consider just the component (z → z0)+.

22

M = ū(p′) [gstaγµ] ε∗µ(k)
/p+mq

p2 −m2
q

J(p)e−ip·(z−z0)

Gluon phase

Φ = p · (z − z0) ≃
1

2
p−(z − z0)

+ ≃ p2

2p+
tf

Gluon formation time

tf ≃ 2p+

p2
∼ E

Q2
≃ ω

k2⊥
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The low-virtuality algorithmThe Algorithm
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Flow diagram:

Algorithm for the coherent medium-induced 

gluon radiation in our model
  

Various parameters and settings can be 

changed and tuned to compare distributions

16

• The initial energy-momentum of the virtual gluon is stored to be latter updated after further collisions.

• The energy-momentum of the jet parton is possibly corrected for the energy momentum carried by the virtual gluon and
the transverse momentum it receives from the collision with the QGP parton.13.

• The color configuration is updated for the gluon emission, i.e. the quark projectile with initial color c gets a new color c+1,
whereas the radiated gluon gets color c and anti-color c + 1. Collisions with the QGP partons are presently considered
here as colorless. We will improve on this in future.

A flow diagram of the full Monte Carlo algorithm is given in Fig. 13.

virtual incoherent gluon formation according to GB seed

Ns = 1, ω = 0

Evolve one timestep !t

Gluon phase accumulation
ω → ω + !ω

Still in medium (T > Tc)?

No Yes

ω > ωc?

Yes No

Elastic rescattering?

Yes No

Ns → Ns + 1, update k

Accept gluon with
probability 1/Ns

No Yes Add virtual gluon as radiated/realised

Discard virtual gluon Adjust projectile kinematics accordingly

FIG. 13: A diagram summarizing the flow of the Monte Carlo algorithm for the coherent medium-induced gluon radiation in
our model.

E. The BDMPS-Z regime

1. General considerations

The virtual gluons, created in inelastic collisions of the incoming parton, may scatter with the partons of the QGP, as shown
schematically in Fig.14 . For soft gluons this has been studied by GW(P) in [47, 48] and in the series of BDMPS-Z papers [21–
24]. There it has been shown that, in analogy to the LPM effect in QED, the gluon radiation amplitudes, created in subsequent

13 See discussion in subsection IV E 2
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Replication of theoretical expectations
First Results
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Consider brick medium
with constant temperature

We want to reproduce theoretical expectations

Mono-energy
(low virtuality)

quark gun
Fixed
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Reproduction of the LPM and GLV regimes

Gluon energy ω spectrum

Reproduction of the LPM and GLV regimes
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Reproduction of the LPM and GLV regimes
Reproduction of the LPM and GLV regimes
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Reproduction of the improved opacity expansion result
Reproduction of the IOE
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Improved Opacity Expansion

arXiv:1910.02032 [hep-ph]
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Effects of path length (system size)

The Role of the Path Length
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Effects of the gluon phase accumulation

● More general formula:

● What is used in JEWEL:

● Including thermal gluon mass:

The Role of the Phase Accumulation

B2Alexander Lind

Choice of phase accumulation
of the preformed (trial) gluons:

QNP2024
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Effects of the gluon phase accumulation
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Effects of the gluon phase accumulation
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Number of 
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Effects at 
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When neglecting the 
gluon mass in the 

phase accumulation, 
a larger path length 
is required to have 

a comparable overall 
number off radiations
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Effects of the elastic scatterings
The Role of the Elastic Scatterings

B5Alexander Lind

Choice of prescription in 
elastic scatterings:

QNP2024

k+ conservation Energy conservation Energy reduction
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Effects of the elastic scatterings
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Energy
spectrum
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Effects of the elastic scatterings
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General picture of Monte Carlo implementation

Hadronisation

EPOS or Pythia

SUBA-Jet

Vacuum Shower
+

In-medium induced
shower

Hydro Simulation

vHLLE
or

EPOS

Initial State

EPOS
or

Pythia

Jet finding

FastJet

The Monte Carlo
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Initial hard
jet parton

Partons

Analysis,
Plotting...

Hadrons

QNP2024
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Implementation in Monte Carlo frameworks

SUBA-Jet is implemented in two different Monte Carlo frameworks, with
vastly different physics models:

▶ SUBA-Jet + Pythia 8

⋄ Angantyr initial state

⋄ Rope shoving

⋄ String hadronisation

▶ SUBA-Jet + EPOS4

⋄ Parton-based Gribov-Regge theory

⋄ vHLLE hydro simulation

⋄ String hadronisation (albeit different)
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EPOS4 event

Hadrons

Pomerons

SL

Born

String

Prehadrons

Jet / corona

Fluid / core

−dE
dx
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Hadronisation
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Colour reconnections

Which partons in a hadron-hadron event should be included in the colour strings?
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Preliminary pp results with SUBA-Jet + Pythia 8
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Preliminary pp results with SUBA-Jet + Pythia 8
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Preliminary pp results with SUBA-Jet + EPOS4
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Preliminary pp results with SUBA-Jet + EPOS4
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The road to simulating AA collisions

We have reasonable agreement with pp data

Additional challenges for AA collisions:

▶ Handling of pre-equilibrium stage

▶ Interface to hydro simulation (vHLLE)

▶ Hadronic phase

Looking Forward: Towards More Realism

● Implementation in two different MC 
frameworks:

– SUBA-Jet + EPOS4

– SUBA-Jet + Pythia 8

● Realistic QGP evolution

● Pre-equilibirum stage

● Hadronisation

● Hadronic phase
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Next step:

QNP2024
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Effect of jets on medium
Looking Forward: Effect on the Medium

19 / 20Alexander Lind

The jet also affects the medium

‘Wake wave’ 
in the medium 
due to the jet

QNP2024

G.-Y. Qin, A. Majumder, H. Song, U. Heinz
0903.2255 [nucl-th]
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Coherence effects

How does the medium ‘see’ a (collinear) qq̄ antenna?

As individual colour charges? Or as a single colour charge?
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Coherence effects

Survival probability of a colour-singlet qq̄ antenna

Ps ≃ exp

(
−
∫ L

0
dt q̂(t) r2(t)

)
Decoherence probability

Pcoherence ≃ exp

(
−
θ2qq̄
θ2c

)

Critical angle

θc ≃
(∫

dt t2 q̂(t)

)−1/2

≃ 1√
q̂L3

(Mehtar-Tani, Tywoniuk, arXiv:1105.1346 [hep-ph]. Reproduced with
open quantum systems, see Pietro Benzoni’s talk at AG GDR QCD 2025)
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https://arxiv.org/abs/1105.1346
https://indico.in2p3.fr/event/36160/contributions/161523/attachments/96617/148525/GDR-QCD-Marseille3oct25.pdf


Anti-angular ordering

Soft gluon emission spectrum

dN tot
g = dNvac.

g + dNmed.
g

Vacuum contribution

dNvac.
g ≃ CR

αs

π

dω

ω

dθ2

θ2
Θ(θmax − θ)

Medium-induced contribution

dNmed.
g ≃ CR

αs

π
Amed.

dω

ω

dθ2

θ2
Θ(θ − θmax)

(Mehtar-Tani, Salgado, Tywoniuk, arXiv:1009.2965 [hep-ph])
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https://arxiv.org/abs/1009.2965


Summary

▶ Jets serves as hard probes of the QGP

▶ A lot of interesting physics at the interface of perturbative and
non-perturbative QCD

▶ We present a new Monte Carlo for jet quenching – SUBA-Jet

▶ We reproduce theoretical expectations for medium-induced
emissions

▶ We reproduce pp data

▶ Work towards RAA

▶ Presentation of work towards state-of-the-art algorithm
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