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Jets	in	High-Energy	Physics
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• In	high-energy	collisions,	jets	are	collimated	beams	of	particles	produced	by	the	splitting	of	a	common	ancestor	
(quark	or	gluon).

• Jets	are	energetic	QCD	states	that	evolve,	radiate,	and	interact	with	the	surrounding	medium	(e.g.,	quark-gluon	
plasma).

Ø The	perfect	probes	to	study	QCD	matter	and	space-time	evolution!



Time	evolution	of	HIC
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Gaussian	medium	model
weakly	coupled	thermal	plasma,
multiple	soft	scatterings,
many	independent	scattering	centers

classical	fields	by	Yang-Mills	eq.
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Color	Glass	Condensate
strong	=ield,	weak	coupling,	
large	occupation	numbers	

classical	2ields	by	Yang-Mills	eq.

Ø The	(most)	Standard	Model	of	HIC



Light	Front	Quantization

3

(𝑃!"#$ 𝑃% − 𝑃⃗&')| '𝜓((𝑃, 𝑗,𝑚)) = 𝑀(
'| '𝜓((𝑃, 𝑗,𝑚))

𝐻*+

𝑃!"#$ | ⟩𝜙 = 𝑃,
$| ⟩𝜙

boost invariant

Ø Bound states are solved from 
eigenvalue equations

Ø Evolution of a quantum state follows 
the Schrödinger equation
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[Figure	adapted	from	Yang	Li]	

Ø Jet	evolves	through	the	medium	in	real	time



Discretization
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• Fock sector expansion of quantum states:  

Each	single-particle	basis	state	is	
labeled	by	five	quantum	numbers:

| ⟩𝑞 : | '𝛽/ 	
| ⟩𝑞𝑔 :	| '𝛽/0 = 	| '𝛽/ ⨂	| '𝛽0
| ⟩𝑞=𝑞 :	| '𝛽/ 1/ = 	| '𝛽/ ⨂	| '𝛽1/
…

𝛽2 = 𝑝2%, 𝑝23 , 𝑝2
4 , 𝜆2 , 𝑐2 , 𝑙 = 𝑞, =𝑞

| ⟩𝜓(𝑥%) =B
5

𝑐5(𝑥%)|𝛽⟩

⟩𝛾∗ *+,-	=ψ. ⟩𝛾∗ + ψ//| ⟩𝑞 :𝑞 + ψ//%| ⟩𝑞 :𝑞𝑔 +⋯

⟩|𝑞

⟩|𝑞𝑔

⟩|𝑞𝑔𝑔



Discretization	→Digitization
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• Fock sector expansion of quantum states:  

Each	single-particle	basis	state	is	
labeled	by	five	quantum	numbers:

| ⟩𝑞 : | '𝛽/ 	
| ⟩𝑞𝑔 :	| '𝛽/0 = 	| '𝛽/ ⨂	| '𝛽0
| ⟩𝑞=𝑞 :	| '𝛽/ 1/ = 	| '𝛽/ ⨂	| '𝛽1/
…

𝛽2 = 𝑝2%, 𝑝23 , 𝑝2
4 , 𝜆2 , 𝑐2 , 𝑙 = 𝑞, =𝑞

| ⟩𝜓(𝑥%) =B
5

𝑐5(𝑥%)|𝛽⟩

Quantum	implementation:	Encoding
⟩|𝑞

⟩|𝑞𝑔

⟩|𝑞𝑔𝑔

⟩𝛾∗ *+,-	=ψ. ⟩𝛾∗ + ψ//| ⟩𝑞 :𝑞 + ψ//%| ⟩𝑞 :𝑞𝑔 +⋯



Evolution
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• Non-perturbative:	time evolution operator into a product of many sequential timesteps
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in	which	𝛿𝑥% = 𝑥%/𝑛,	𝑥<% = 𝑘𝛿𝑥% 𝑘 = 0,1,2, … , 𝑛 .	

Trotterization

𝑥%

…

⟩|𝜓(𝑥@%)

⟩|𝜓(𝑥?%)

⟩|𝜓(𝑥>%)

++

+ +⋯

automatically	going	beyond	eikonal	
and	include	quantum	interference	
at	every	timestep:
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Evolution	→	Trotterization
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automatically	going	beyond	eikonal	
and	include	quantum	interference	
at	every	timestep:

Quantum	implementation:	gate	sequence
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Observables
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• Evaluation	of	physical	quantities	is	directly	from	the	quantum	state	:	𝑂(𝑥=) = ⟨𝜓(𝑥=)| )𝑂| ⟩𝜓(𝑥=)
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Momentum	broadening

Quenching	parameter

Cross	section

Hadron	production	probability

…
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Observables	→	Measurement
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• Evaluation	of	physical	quantities	is	directly	from	the	quantum	state	:	𝑂(𝑥=) = ⟨𝜓(𝑥=)| )𝑂| ⟩𝜓(𝑥=)
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Momentum	broadening

Quenching	parameter

Quantum	implementation:	measurement
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Progress:	Real-time	Jet														Simulationsclassical
quantum

2020
Quark-nucleus	
scattering	[ML,	Zhao,	
Maris,	Chen,	Li,	Tuchin,	
Vary,	PRD,	
2002.09757]

2022
Jet	quenching	on	a	
QC[Barata,	Du,	ML,	
Qian,	Salgado,	PRD,	
2208.06750]

2021
Quark	scattering	and	
gluon	emission	[ML,	
Lappi,	Zhao,	PRD,	
2107.02225]

2023
Jet	momentum	
broadening	[ML,	Lappi,	
Zhao,	Salgado,	PRD,	
2305.12490]

2025
Physical	quark	
scattering	and	gluon	
emission	[ML,	Lappi,	
Zhao,	Salgado,	PRD,	
2504.07162]

2026
Initial	stage	jet	momentum	
broadening	[Avramescu,	
Lamas,	Lappi,	ML,	Salgado,	
2604.08520,	2605.10413]	

QS	of	in-medium	jets	
[Barata,	Du,	ML,	Qian,	
Salgado,	PRD,	
2307.01792]

2024
Efficient	QS	of	QCD	jets	[Qian,	ML,	
Kreshchuk,	Salgado,	PRD,	
2411.09762]

QS	of	dijet	production	
[Barata,	ML,	Qian,	
Salgado,	Silva,	JHEP,	
2604.11616 ]	

[Yao,	2205.07902]
[Wu,	Du,	Zhao,	Vary,	
PRD,	2404.00819]

[Castro,	Milhano,	Oliveira,	
EPJC,	2502.03431]

| ⟩𝒒

| ⟩𝒒 + | ⟩𝒒𝒈
Glasma

| ⟩𝒒 + | ⟩𝒒𝒈 	+| ⟩𝒒𝒈𝒈
|𝒈 + | ⟩𝒈𝒈 	+| ⟩𝒈𝒈𝒈

| ⟩𝒒3𝒒

Hadron	production	in	
DIS	[Cao,	ML,	Li,	Qian,	
2610.25350 ]	
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Progress:	Real-time	Jet														Simulationsclassical
quantum

| ⟩𝒒3𝒒
QS	of	dijet	production	
[Barata,	ML,	Qian,	
Salgado,	Silva,	JHEP,	
2604.11616 ]	



Dijet	production	in	medium

12

• Key	Observables	at	RHIC	&	LHC
Dijet	asymmetry	and	azimuthal	decorrelation	were	among	the	earliest	signatures	of	
jet	quenching	in	heavy-ion	collisions.

• Theoretical	description

[Figure	adapted	from	C.	A.	Salgado]	

How	does	the	medium	modify	the	antenna	radiation	pattern?	
Role	of	color	coherence



Dijet	production	in	medium
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• The	usual	perturbative	calculation:

• How	to	quantify	medium	effect	on	dijet	production?

Ø Medium	modification	factor	𝐹>?@	

Analytical	derivations	become	too	complicated,

	approximations	(large	Nc,	harmonic	oscillator,	
factorizable	assumption,…)	are	introduced!

Start	by	writing	down	the	amplitude Obtain	the	cross	sections Extract	𝐹012



Dijet	production	in	medium
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• The	usual	perturbative	calculation:

• How	to	quantify	medium	effect	on	dijet	production?

Ø Medium	modification	factor	𝐹>?@	

Analytical	derivations	become	too	complicated,

	approximations	(large	Nc,	harmonic	oscillator,	
factorizable	assumption,…)	are	introduced!

Start	by	writing	down	the	amplitude Obtain	the	cross	sections Extract	𝐹012

How	well	do	they	work?	



Dijet	production	in	medium
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• Light-front	Hamiltonian	+	Quantum	Simulation	(QS)	implementation

• How	to	quantify	medium	effect	on	dijet	production?

Ø Medium	modification	factor

Approximations	NOT	needed!

Real-time	evolution	of		the	dipole	state

Forward	evolution Backward	evolutionProjector	operation

Ensemble	into	𝐹012



Dijet	production	in	medium
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• Light-front	Hamiltonian	+	Quantum	Simulation	(QS)	implementation

• How	to	quantify	medium	effect	on	dijet	production?

Ø Medium	modiJication	factor

Approximations	NOT	needed!

Real-time	evolution	of		the	dipole	state

Forward	evolution Backward	evolutionProjector	operation

Ensemble	into	𝐹012
Full	color	structure,	
quantum	interference	
captured!



Medium	modiJication
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• Dipole	formation	in	medium • Medium	induced	radiation

Ø QS	results	agree	very	well	with	analytical	estimates	in	the	vacuum	case
Ø QS	results	show	notable	deviations	in	the	medium	cases,	reflecting	limitations	of	analytical	approximations

relative	momentum	𝒑 = 1 − 𝑧 𝒑𝟏 − 𝑧𝒑𝟐

Quantum	
Simulation	(QS)

analytical	
estimates	with	
approximations



Summary	and	Outlook
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ü We	developed	and	applied	a	non-perturbative	LF	Hamiltonian	approach to	simulate	the	real-time	evolution	of	dijet	
production	in	medium
1. analyzed	dipole	formation	and	QCD	antenna	radiation	pattern
2. NOT	relying	on	various	approximations	(large	Nc,	harmonic	oscillator,	factorizable,…)
3. built	Quantum	Simulation	framework	including	circuit	implementation

Next:

• Inclusion	of	higher	Fock	sector	contribution,	 ⟩𝛾∗ CDEF= ⟩𝛾∗ + | ⟩𝑞7𝑞 + | ⟩𝑞7𝑞𝑔 +⋯	

• Direct	photon	state	preparation	on	quantum	circuit

Thank	you!


