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Jets in High Energy Collisions

• Jet can be used as probe of QGP


• Measurements on jet quenching/jet substructure modification <— jet 
energy loss, medium response, selection bias


• Jet energy loss mechanism


• Perturbative picture: radiation with medium soft kicks —> Landau-
Pomeranchuk-Migdal (LPM) effect —> suppression of radiation


• Nonperturbative picture: AdS/CFT


• Mixed: perturbative radiation + nonperturbative soft kicks —> LPM

Quantum interference is important



Why Quantum Computing?

3



Jet Radiation in “Vacuum”
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• Perturbative treatment of jet evolution

Time

t1 t2

Without LPM: radiations happening at

different times contribute coherently

k2
⊥

k+
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Jet Radiation in Medium: LPM Effect
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• Landau-Pomeranchuk-Migdal (LPM) effect

Time

t1 t2

In medium: radiations happening at 
different times lose coherence

The phase of the radiated parton

changes randomly between  and t1 t2

Gyulassy, Wang

BDMPS-Z

Wiedermann

AMY

and many more
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Two Jet Radiations in Medium
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• Two independent radiations: treat each independently

Time separation between two radiations >> formation time

• Two radiations with overlap formation time, coherent treatment

Arnold, Gorda, Iqbal, 2 hard

2007.15018 & follow-up

No studies on three 
radiations or beyond, 
dynamical, finite medium

Mehtar-Tani, et al, 1soft+1hard



Challenge: Multiple Coherent Amplitudes +       
Medium Decoherence + Dynamical Medium

7

t

<latexit sha1_base64="2CG93UgUZWQBTMl3VgjW/5yiPMo=">AAACIXicbVDLSgMxFM3UV62vUZdugkWoFMqMFO1GKLrpsoJ9QDsOmTTThmYyQ5IRyzC/4sZfceNCke7EnzF9KNp6IHByzr3ce48XMSqVZX0YmZXVtfWN7GZua3tnd8/cP2jKMBaYNHDIQtH2kCSMctJQVDHSjgRBgcdIyxteT/zWPRGShvxWjSLiBKjPqU8xUlpyzUqt8HBXPIWXsOYmXRHAIeUpLH7/etT301nFjyb1Xip1zbxVsqaAy8SekzyYo+6a424vxHFAuMIMSdmxrUg5CRKKYkbSXDeWJEJ4iPqkoylHAZFOMr0whSda6UE/FPpxBafq744EBVKOAk9XBkgN5KI3Ef/zOrHyK05CeRQrwvFskB8zqEI4iUsHIAhWbKQJwoLqXSEeIIGw0qHmdAj24snLpHlWss9L5Ztyvno1jyMLjsAxKAAbXIAqqIE6aAAMHsEzeAVvxpPxYrwb41lpxpj3HII/MD6/ABv6oRg=</latexit>

H(x+) = Hkin +Hdi↵(x
+) +Hsplit

A typical process

• Numerical approach: Hamiltonian evolution

<latexit sha1_base64="c4trIkl2h66f7HH81CCQi3c4R50="></latexit>⇣
e�i(Hkin+Hdiff+Hsplit)�t

⌘Nt

| i



Light-Front Hamiltonian Dynamics
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• Time evolution <latexit sha1_base64="jT6v6+pa3hOoCnX7DzMiyQH/vGo=">AAACJnicbZDLSsNAFIYnXmu9RV26GSyCIJSkFHVTKLrpsoK9QBPLZDpph04mYWYiltinceOruHFREXHnozhpg9jWHwY+/nMOZ87vRYxKZVlfxsrq2vrGZm4rv72zu7dvHhw2ZRgLTBo4ZKFoe0gSRjlpKKoYaUeCoMBjpOUNb9J664EISUN+p0YRcQPU59SnGCltdc1KiTq+QDhxIiQURWz8S/Dx/nwMn5y6pI5AvM8IrMDanNE1C1bRmgoug51BAWSqd82J0wtxHBCuMENSdmwrUm6SLsSMjPNOLEmE8BD1SUcjRwGRbjI9cwxPtdODfij04wpO3b8TCQqkHAWe7gyQGsjFWmr+V+vEyr9yE8qjWBGOZ4v8mEEVwjQz2KOCYMVGGhAWVP8V4gHSqSmdbF6HYC+evAzNUtG+KJZvy4XqdRZHDhyDE3AGbHAJqqAG6qABMHgGr2AC3o0X4834MD5nrStGNnME5mR8/wDkF6YD</latexit>

2i
@

@x+
| i = H| i

• Light-front Hamiltonian

 field not dynamical: Gauss law integrated outA−

<latexit sha1_base64="Qo8sUbL0K+GUQV97qSpmO4IgqKs="></latexit>
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• Background field  to describe medium effectsĀ−

<latexit sha1_base64="O4Qg5vS6NJlJyzMo2SIZ1u6igiQ="></latexit>⌦
Ā�a(x+, x?)Ā

�b(y+, y?)
↵
= �ab�(x+ � y+)�(x? � y?)

<latexit sha1_base64="cXEhg/gp9jPZ4d8/rwhBVzxSV7g=">AAACFXicbZDLSgMxFIYz9VbrbdSlm2ARKq1lRrwtW924rGAv0JkOmTRtQzMXkoy0DPMSbnwVNy4UcSu4821Mp11o6w+BL/85h+T8bsiokIbxrWWWlldW17LruY3Nre0dfXevIYKIY1LHAQt4y0WCMOqTuqSSkVbICfJcRpru8GZSbz4QLmjg38txSGwP9X3aoxhJZTl6qdqJT1ACLRnAKRah5SIeV5P0Vhh1iqWRY4WEh8eOnjfKRiq4COYM8mCmmqN/Wd0ARx7xJWZIiLZphNKOEZcUM5LkrEiQEOEh6pO2Qh95RNhxulUCj5TThb2Aq+NLmLq/J2LkCTH2XNXpITkQ87WJ+V+tHcnelR1TP4wk8fH0oV7EoIpgEhHsUk6wZGMFCHOq/grxAHGEpQoyp0Iw51dehMZp2bwon9+d5SvXsziy4AAcggIwwSWogFtQA3WAwSN4Bq/gTXvSXrR37WPamtFmM/vgj7TPHyZanZc=</latexit>

A�a ! A�a + Ā�a(x+, x?)



Hilbert Space
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<latexit sha1_base64="uj3reQTQ5+dR5+lg+v/ug9fz5xI="></latexit> nO

i=1

��q/g, k+ > 0, kx, ky, color, spin
↵
i

• Use n-particle state in momentum space (distinguishable)

• Size of Hilbert space with discrete momentum
<latexit sha1_base64="nzpUA9pJqbBToUur7CCI7CQod28="></latexit>

k+ 2 (0,K+
max] , kx 2 [�K?

max,K
?
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<latexit sha1_base64="IWtrC8lDfSH3BCroRh8dW81QYSY="></latexit>
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�k+
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2K?
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�k?
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Dimension of 1-particle Hilbert space: 

• To study LPM effect with N particles, need 1-, 2-, … N-particle states
<latexit sha1_base64="U/2spyfPYOppidYAQi+XpdUjKlk=">AAAB+HicbVBNS8NAEN34WetHox69BIsgCCWRol4KRS+eSgX7AW0Mm+2kXbrZLLsboZb+Ei8eFPHqT/Hmv3Hb5qCtDwYe780wMy8UjCrtut/Wyura+sZmbiu/vbO7V7D3D5oqSSWBBklYItshVsAoh4ammkFbSMBxyKAVDm+mfusRpKIJv9cjAX6M+5xGlGBtpMAu1B7OKrWgK0CKiue6gV10S+4MzjLxMlJEGeqB/dXtJSSNgWvCsFIdzxXaH2OpKWEwyXdTBQKTIe5Dx1COY1D+eHb4xDkxSs+JEmmKa2em/p4Y41ipURyazhjrgVr0puJ/XifV0ZU/plykGjiZL4pS5ujEmabg9KgEotnIEEwkNbc6ZIAlJtpklTcheIsvL5Pmecm7KJXvysXqdRZHDh2hY3SKPHSJqugW1VEDEZSiZ/SK3qwn68V6tz7mrStWNnOI/sD6/AHX2pHs</latexit>

N+ = N? = 100For
Need 100 qubits for N=4

<latexit sha1_base64="+nO+qRFVhEcpmjZqQKOrIBwlbeo=">AAAB+XicbVBNS8NAEJ34WetX1KOXxSIIQkmKVY9FL55KBfsBbRo22227dJMsu5tCCf0nXjwo4tV/4s1/47bNQVsfDDzem2FmXiA4U9pxvq219Y3Nre3cTn53b//g0D46bqg4kYTWScxj2QqwopxFtK6Z5rQlJMVhwGkzGN3P/OaYSsXi6ElPBPVCPIhYnxGsjeTbNip1y9XuZdXvCCpFt+TbBafozIFWiZuRAmSo+fZXpxeTJKSRJhwr1XYdob0US80Ip9N8J1FUYDLCA9o2NMIhVV46v3yKzo3SQ/1Ymoo0mqu/J1IcKjUJA9MZYj1Uy95M/M9rJ7p/66UsEommEVks6icc6RjNYkA9JinRfGIIJpKZWxEZYomJNmHlTQju8surpFEqutfF8uNVoXKXxZGDUziDC3DhBirwADWoA4ExPMMrvFmp9WK9Wx+L1jUrmzmBP7A+fwCeUZJh</latexit>
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?

<latexit sha1_base64="sZJuu+1nJRRFYSnn9Jv/UJ8YpQM=">AAACE3icbVC7SgNBFJ2NrxhfUUubwSBEhbAbjNoIQRurEME8IPtgdjJJhszOLjOzQljyDzb+io2FIrY2dv6Nk2QLTTxw4XDOvdx7jx8xKpVpfhuZpeWV1bXsem5jc2t7J7+715RhLDBp4JCFou0jSRjlpKGoYqQdCYICn5GWP7yZ+K0HIiQN+b0aRcQJUJ/THsVIacnLn0BbxoGX8Ctr7Nag7dN+sexWau5pzbMjIiK3PNGOXQ69fMEsmVPARWKlpABS1L38l90NcRwQrjBDUnYsM1JOgoSimJFxzo4liRAeoj7paMpRQKSTTH8awyOtdGEvFLq4glP190SCAilHga87A6QGct6biP95nVj1Lp2E8ihWhOPZol7MoArhJCDYpYJgxUaaICyovhXiARIIKx1jTodgzb+8SJrlknVeqtydFarXaRxZcAAOQRFY4AJUwS2ogwbA4BE8g1fwZjwZL8a78TFrzRjpzD74A+PzBxsknG4=</latexit>
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Classical Computing Unable to Simulate
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• Finite evolution time —> energy conservation up to ΔE ∼ t−1

• How to obtain radiation rate from amplitudes with finite  ?t
<latexit sha1_base64="c06slgVOdwcsRKAR4QhEuMHXpSM="></latexit>Z

dE1

2⇡

⇣ sin(E1�E0
2 t)

(E1 � E0)/2

⌘2
!

t

⇡

NX

n=�N

�z
⇣ sin2(n�z)

n�z

⌘2
= t+O

⇣ 1

N

⌘

We must have enough energy levels within resolution ΔE

•  fixed by ,   fixed by ,   fixed by accuracyN+ x−1
min K⊥

max RK+
max Δk⊥

<latexit sha1_base64="LoDxL4zopo8Ie+GvzCvi+chB9t0="></latexit>

dH ⇠ (N+N2
?
)4 ⇠ 4

⇣R2K+
maxt

x2
min✏

⌘4

• K+
max = 100 GeV, R = 0.1, xmin = 0.05, t = 10 fm/c, ϵ = 0.1

<latexit sha1_base64="zHmDDUiYFRwNDp8w3bg2gOyXiLo=">AAACEHicbVC7TsMwFHV4lvIKMLJYVAimKkHQMlawdCwSfUhNiBzHaa06iWU7iCrKJ7DwKywMIMTKyMbf4LQdoOVIVzo6517de4/PGZXKsr6NpeWV1bX10kZ5c2t7Z9fc2+/IJBWYtHHCEtHzkSSMxqStqGKkxwVBkc9I1x9dF373nghJk/hWjTlxIzSIaUgxUlryzJPAy5wIqSFGLGvmOXQQ5yJ5gDVH0YhIaFt3mV3PPbNiVa0J4CKxZ6QCZmh55pcTJDiNSKwwQ1L2bYsrN0NCUcxIXnZSSTjCIzQgfU1jpJe52eShHB5rJYBhInTFCk7U3xMZiqQcR77uLG6X814h/uf1UxVeuhmNeapIjKeLwpRBlcAiHRhQQbBiY00QFlTfCvEQCYSVzrCsQ7DnX14knbOqXate3JxXGlezOErgEByBU2CDOmiAJmiBNsDgETyDV/BmPBkvxrvxMW1dMmYzB+APjM8fDsyclQ==</latexit>

dH ⇡ 6⇥ 1017 60 qubits!



Quantum Simulation of Hamiltonian Evolution

11

• Pauli decomposition
<latexit sha1_base64="FwHRy82HDKmig8AEWW5L74e3C7M="></latexit>

H =
X

µ1,µ2,···µn

aµ1µ2···µn�
µ1
1 ⌦ �

µ2
2 ⌦ · · ·⌦ �

µn
n

<latexit sha1_base64="lVplTFXYouLiHF30xxrzOQ0CTNc="></latexit>

e�iH�t = eO((�t)2)
Y

µ1,µ2,···µn

e�i�t aµ1µ2···µn�
µ1
1 ⌦�

µ2
2 ⌦···⌦�

µn
n

• Trotterization

• Standard circuit
<latexit sha1_base64="rc3e7kyiwUfuGNnJZHF8kiMvZj4=">AAACJ3icbZDLSgNBEEV74ju+oi7dNAbBhYYZ3ysJunEZwZhAJgk9nUrSpOdBd40Yh/yNG3/FjaAiuvRP7MRZaOKFhsupKqrrepEUGm3708pMTc/Mzs0vZBeXlldWc2vrNzqMFYcyD2Woqh7TIEUAZRQooRopYL4noeL1Lob1yi0oLcLgGvsR1H3WCURbcIYGNXNn0Ej2hItdQObuulp0fNZ0GnfUDVH4oGmK9hv9cXTQuB80c3m7YI9EJ42TmjxJVWrmXtxWyGMfAuSSaV1z7AjrCVMouIRB1o01RIz3WAdqxgbMLKwnozsHdNuQFm2HyrwA6Yj+nkiYr3Xf90ynz7Crx2tD+F+tFmP7tJ6IIIoRAv6zqB1LiiEdhkZbQgFH2TeGcSXMXynvMsU4mmizJgRn/ORJc7NfcI4LR1eH+eJ5Gsc82SRbZIc45IQUySUpkTLh5IE8kVfyZj1az9a79fHTmrHSmQ3yR9bXN13tpkU=</latexit>

e�i✓ �x
1⌦�y

2⌦�z
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Make Quantum Circuit Physics Aware
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• The general method is expensive for large Hilbert space

• Use features of the problem, apply general method to smaller Hilbert space

gluon-1

gluon-2

gluon-3

gluon-4

• Reordering circuits so gates applied simultaneously



Gluon Radiation on Small Momentum Lattice
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• Momentum discretization
<latexit sha1_base64="zHRIFqeag0oZSd3C0tcIy7q9WWY="></latexit>

k+ 2 K+
max{0.5, 1} , kx 2 K?

max{0, 1} , ky 2 K?
max{0, 1}

For each gluon:

• Consider case up to 2 gluons —> 16 qubits

<latexit sha1_base64="Vf6hmSywDMWVqlMNNe9Rr9ffUxM="></latexit>

|
describe if gluon existsz}|{

q0 q1q2q3| {z }
describe momentum

describe colorz }| {
q4q5q6 q7|{z}

describe polarization

i

• Model of background field
<latexit sha1_base64="Xk7GcwPcQT5qD6kOgyyVb8tdZB8="></latexit>

�(k?) = g2
⇡Tm2

D

(k2
? +m2

D)2



Make Quantum Circuit Physics Aware
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• For 1-gluon kinetic Hamiltonian, only 4 qubits evolve nontrivially
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Medium Decoherence Effect in Gluon Radiation
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Medium: 500 quantum trajectories averaged, each trajectory has a different set 
of classical background fields sampled 

Vacuum: averaged from  shots (number of simulations)220

<latexit sha1_base64="vGbQecov6HPWWDDKMqP4K3SRFgY="></latexit>

K+
max = 100 GeV or 50 GeV, K?

max = 1 GeV, g = 2, T = 300 MeV

• Radiation probabilities in vacuum v.s. medium

<latexit sha1_base64="/2FfuoyXzc+NqVW6rPu0h8zFHGw=">AAACBnicbVDLSsNAFJ34rPUVdSnCYBEEoSRS1I1QdKHgpoJ9QBvDZDpph84kYWYilhA3bvwVNy4Uces3uPNvnKZZaOuBC4dz7uXee7yIUaks69uYmZ2bX1gsLBWXV1bX1s2NzYYMY4FJHYcsFC0PScJoQOqKKkZakSCIe4w0vcH5yG/eESFpGNyoYUQcjnoB9SlGSkuuuXPlJh3BIUf36e0BPIW2ZT1kygVppK5ZsspWBjhN7JyUQI6aa351uiGOOQkUZkjKtm1FykmQUBQzkhY7sSQRwgPUI21NA8SJdJLsjRTuaaUL/VDoChTM1N8TCeJSDrmnOzlSfTnpjcT/vHas/BMnoUEUKxLg8SI/ZlCFcJQJ7FJBsGJDTRAWVN8KcR8JhJVOrqhDsCdfniaNw7J9VK5cV0rVszyOAtgGu2Af2OAYVMElqIE6wOARPINX8GY8GS/Gu/Exbp0x8pkt8AfG5w/tFJeD</latexit>

K+
max = 100 GeV

<latexit sha1_base64="7owlSe1rPTpEygMlJOBthDHo4Rw=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBZBEEoi9bERii4U3FSwD2hjmEyn7dCZJMxMxBLiwo2/4saFIm79B3f+jdM0C209cOFwzr3ce48XMiqVZX0buZnZufmF/GJhaXlldc1c36jLIBKY1HDAAtH0kCSM+qSmqGKkGQqCuMdIwxucj/zGHRGSBv6NGobE4ajn0y7FSGnJNbev3LgtOOToPrndh6fw0HpIhQtST1yzaJWsFHCa2BkpggxV1/xqdwIcceIrzJCULdsKlRMjoShmJCm0I0lChAeoR1qa+ogT6cTpFwnc1UoHdgOhy1cwVX9PxIhLOeSe7uRI9eWkNxL/81qR6p44MfXDSBEfjxd1IwZVAEeRwA4VBCs21ARhQfWtEPeRQFjp4Ao6BHvy5WlSPyjZR6XydblYOcviyIMtsAP2gA2OQQVcgiqoAQwewTN4BW/Gk/FivBsf49ackc1sgj8wPn8Afc2XTQ==</latexit>

K+
max = 50 GeV



Medium Response
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Jet Wake and Hadronization

17

• Jets lose energy when propagating through QGP

• Energy deposited by jets evolves in QGP, (partially) thermalizes to form jet 
wake and hadronizes into particles, some of which reconstructed into jets

<latexit sha1_base64="SokHgzTDfjH6pzYAT491ypMKYak=">AAACCHicbVC7TsMwFHXKq5RXgJEBiwqJqUoQrwWpggUxFakvqQmR4zqtVceJ/ECqoo4s/AoLAwix8gls/A1umwFajmT5+Jx7dX1PmDIqleN8W4WFxaXlleJqaW19Y3PL3t5pykQLTBo4YYloh0gSRjlpKKoYaaeCoDhkpBUOrsd+64EISRNeV8OU+DHqcRpRjJSRAnvf4yhkKPBiDev3mbk8rkfwEt6ah2GBXXYqzgRwnrg5KYMctcD+8roJ1jHhCjMkZcd1UuVnSCiKGRmVPC1JivAA9UjHUI5iIv1sssgIHhqlC6NEmMMVnKi/OzIUSzmMQ1MZI9WXs95Y/M/raBVd+BnlqVaE4+mgSDOoEjhOBXapIFixoSEIC2r+CnEfCYSVya5kQnBnV54nzeOKe1Y5vTspV6/yOIpgDxyAI+CCc1AFN6AGGgCDR/AMXsGb9WS9WO/Wx7S0YOU9u+APrM8fSHWZhQ==</latexit>

rµT
µ⌫ = J⌫

• Important to understand how medium responds to jet energy loss in order 
to use jets as probes



Efficient Procedure to Study Medium Response
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• Consider a blast wave model for the background flow . It well 
describes transverse flow at late times

vγ ≈ 0.12r

• The blast wave model allows us to coordinate transformation into the 
transversely comoving frame, where we study linearized hydrodynamics 
on top of Bjorken flow

• We discretize the jet trajectory and linearly superpose jet wake solutions 
on the freezeout hypersurface for each deposition point, with proper 
energy weights, coordinate transformation, rotations and boosts

• Cooper-Frye formula for hadronization

<latexit sha1_base64="xkSnpThJ+PdnIjAZxgw59vGHejQ="></latexit>
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Results for Configuration 1
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Results for Configuration 2
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Averaged Results for 50 Configurations
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Need to describe well event-by-event 
for good averaged results



Summary
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• Quantum simulation for jet quenching in nuclear environments


• Challenge to study LPM effect in multi-coherent splittings: interference 
+ decoherence + dynamical medium 

• Hamiltonian evolution accounts for them automatically 


• Classical computing not enough


• Design quantum circuits based on the physics problem


• Medium response: efficient setup, future implementation in Hybrid Model



Backup: Discretized Light-Front Hamiltonians
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• Kinetic
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• Diffusion
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• Splitting


