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What is jet quenching?
Slide from M Li’s talk at Qiskit
Fall Fest at USC (2022)

“Jet” “Quenching”
arapid stream arapid cooling process
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What is jet quenching?
Slide from M Li’s talk at Qiskit
Fall Fest at USC (2022)

In heavy ion collisions, a jet is a cone-shaped beam
of energetic particles.

When propagating through the hot medium, it loses
energy due to jet-medium interaction, a
phenomenon known as “jet quenching”.
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Relativistic Heavy-TIon Collisions
made by Chun Shen
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Outline

1. Light-front Hamiltonian and physical setups
2. Quantum simulation algorithm

3. Results
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From LF Hamiltonian formalism to quantum simulation

Classical light-front Hamiltonian formalism Quantum simulation

Single-particle digitization strategy for quantum

computation of a ¢4 scalar field theory, PRA 103 (2021) 4,
042410

Scattering in Time-Dependent Basis Light-Front
Quantization, PRD 88 (2013) 065014

Ultrarelativistic quark-nucleus scattering, PRD 101

(2020) 7, 076016 A quantum strategy to compute the jet quenching

parameter, Eur.Phys.J.C 81 (2021) 10, 862

Scattering and gluon emission in a color field, PRD . , , , ) )
104 (2021) 5, 056014 Quantum simulation of nuclear inelastic scattering, PRA

104 (2021) 1, 012611

Medium induced jet broadening in a quantum computer,
PRD 106 (2022) 7, 074013

A z Quantum simulation of jet evolution in a medium (soon)

gt 220 4 o3
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QCD Lagrangian

We start with the QCD lagrangian, with an external field Li, Lappi, Zhao, PRD104.056014 (2021)

(R
L = —ZF“ o, + V(" Dy —mg)¥

D" = 0, + ig(A" + A")

The light-front Hamiltonian is obtained by the canonical light-front quantization via the standard Legendre

transformation, Brodsky, Pauli, Pinsky,
Phys.Rept.301: 299-486 (1998)

N e 3 WD~ i
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Physical set up, | | _ o
Li, Zhao, Maris, Chen, Li, Tuchin, Vary PRD101.076016 (2020)

Barata, Du, Li, WQ, Salgado, PRD106,074013 (2022)

A High-energy quark moving close to the light cone scattering
on a dense nucleus medium

The light-front Hamiltonian in the |q> Fock sector:

P (z%) = Pg + Va(z™)

» 7
nucleus
Fock
Woxt) \7; \ se(:t':or o)
’ the MV modell!]

T quark
(4l

g gluon from the
g background field
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Li, Lappi, Zhao, PRD104.056014 (2021)
Barata, Du, Li, WQ, Salgado (to appear)

Physical set up, Il

t
A

High-energy quark moving close to the light cone scattering
on a dense nucleus medium

The light-front Hamiltonian in the |¢) + |¢g) Fock sector:

P~(a*) = Peg+ V(&*) = Peg + { Vag + Vala™*) }

nucleus

Fock

lg) lgg)
sector — > quark

hprsx™) \\/;‘\"\; the MV model > 00000000 8luon
& % (al >

gluon from the
background field
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The medium and evolution

The stochastic background field uses the McLerran-Venugopalan (MV) model McLerran, Venugopalan, PRDA9, 2233;
PRDA49, 3352; PRD50, 2225 (1994)

Coa(®L, xD)PsFL, YD) = g2 i%66° (Ry — V)6 —y*)

=L,
20t
saturation scales

(my = VA (R, x7) = palRy, x7) Q; =Cr

Light-front time evolution of the probe, decomposed as sequence of unitary operators

Ny

L, ) =U(Lny; 0) |tho) =Te~tJo " do* P [y U(Ly;0) = || afsai o)
k=1
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Wiesner, 9603028 (1996); Zalka, 9603026 (1996)

Quantum simulation algorithm

1. Define problem Hamiltonian

2. Encode Hamiltonian onto basis
3. Prepare initial states

4. Evolution

5. Measurement protocol

Image from Lamm’s talk at Fermilab (2021)
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Basis encoding

Barata, Mueller, Tarasov, Venugopalan,

The general QCD quantum state in single-particle basis: PRA103, 4, 042410 (2021)

n

) =la)--la) @ 1g)---19) ~ﬁ(|egi>®|gi>)®H(1eqi>®|qi>)

=1

In our cases of |¢) + |¢g) and |q) Fock spaces:

) =16 ® (192 194) leg) ) @ ( lae) law) lea) ) ) = ( 1a2) lay) lea) )

/ |9) lg) 5
€) = 10) & Fock |g), &k} =0,k} = K
() = 1) & Fock |gg),k; = 1,k; = K — 1

Nt ~ N2 = ng ~ 2log Ny
4
Niot ~ [K]N* = ng ~ 4log Ny +log [K]
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Transverse & Longitudinal Lattice

e Transverse lattice is periodical, position & momentum
related via quantum fourier transform (FT)

(ng,ny) <= (Ny + 92N, n, + j2N )

—

T = (P Moy )Gt pL = (kz, ky)bo I

2N,
e Longitudinal direction is periodical (anti-periodical)
for bosons (fermions) l
2n 1 3
+ _ + + _ + _
I)I_I[a kq_§’§s°”a kg_1’2$33”'
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Physical ™ Computational
3,3) i (2.3) | (1,3) | (0.3 1,3) 2.3 | 3.3 | @43
32 2y L) 0.2 1.,2) | 2.2) 0 G2 | 4.2
Gl | (aapfon | @y ey G|
3.0) | (12.0) |(1.0) | (0.0) | @.O) | 2.0) i 3.0) | 40) n,
GBD 2D EL-D] O @D | 2-D | G-D | @-D
3.3 (2.2 | (L] 0.-2) | 1.-2) | 2.2) i G2 | 42)
(3,3) (23 (L3)]|O0.-3) 1D G G G
-—
| 2N, —
a) = LL/NL
bL =S5 7T/Ll
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Momentum-space simulation

XN ,
0)="e y W . Y
‘ > Initial state | " 0> Time | ‘ L> Measurement
preparation evolution protocol

PR N /> l Direct measure, Hadamard test, SWAP test, etc
oo ( ® -
............ e
® Cee Q 2

B8 XUNTA

Amplitude level

o

; UI\—‘}“ ;I.‘/+'AV
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Un, (27,027 |p) = exp(—iVa,027) |p)
Uk (02") |p) = exp(—iPgpdx™) |p)
Uy, (627) |p) = exp(—iVygdz™) |p)

Ham => pauli strings => quantum gates

B¢l DE GALICIA

14



BH DE GALICIA

Mixed-space simulation

Amplitude level

Xng / /
‘O> Initial state |UO> Time |UL > Measurement @
preparation evolution protocol ™
,..; r0 e /> l Direct measure, Hadamard test, SWAP test, etc
— .9 (0L ‘ . -
. Q FT allows convenient simulation in the respective basis,
many time steps . .
______________________________________________________ esp when Hamiltonians are extremely sparse
: U " ; Ua(a™,027) |r) = exp(—iVa02™) |7)
—_] - g FT —— . . y—
B I A 5 U (52*) |p) = exp(—i Pggdz™) |p)
o i Uy, (027) |p) = exp(—iVgoz™) |p)

Sparse Ham => pauli strings => quantum gates
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Simulation strategies

Momentum-space simulation

Uk 4V, +Va, (027, 27)

= exp { — 30z {f( + ng + VAP (CI?;:)] },

Uz +6z;2f) =

Pros Easy to trotter (no need of basis transform)

Cons Harder to scale to larger problem size;

Expensive to evaluate Pauli terms

Ql in Spain ICE-8, 2023
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Mixed-space simulation

Uz} + 0z; 21 ) = Uy, (621)Uy, (2, z)

= exp { _ bzt [f( + f/qg] } exp { _ ozt [VA(J;;)] }

Need quantum Fourier Transforms (qFT)

Sparse Hamiltonian; better scaling at larger
problem size
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Simulation parameters

Our initial state for the jet is a quark state with zero transverse momenta: (p..,p,) = (0,0)
Duration of static medium: Ly =50 GeV~! ~ 10fm "

5 1l .
5 stochastic fields are used for configuration average <<<O>>> = lim — Z<O>i

n—,oo n “
Computational lattices: i=1
lg>+]qg>  Transverse: N, =1 Longitudinal: /X = 3.5
|g> Transverse: N, = 16

Non-abelian SU(2) color
Non-flip case for spin (Mg, Aj, Ay) = (1,1, 71)

Sufficient time steps in trotterization and medium layers in background medium

We present our preliminary results of jet evolution in vacuum and in medium, using IBM Qiskit quantum simulators

€S Qiskit
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Momentum broadening
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Fock |g> only

25
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Barata, Du, Li, WQ, Salgado,
PRD106,074013 (2022)

Increasing
saturation scales / time

transverse lattice: 32 X 32

819200 shots, 11 qubits

18
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Momentum broadening

guenching parameter

1.0 .
—— analytical
¥ pt=o
0.8 § pt=200GeVv
SU(2)
=961 N =16
>
(0]
e
<< 0.4
0.2
0.0
0 5 10 15 20 25
Q? (Gev?)

W Qian

Barata, Du, Li, WQ, Salgado,
PRD106,074013 (2022)
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Fock |g> only

ﬂ.2
Analytical . ¢ @ I >
. = —C Fil l g 1 + — |- > e L
(eikonal) 77 4z )08 mg | . %im el
2
. . A 2 +
Simulation g = w1(T) _ (p1) /Ly
Azt

819200 shots, 11 qubits

19
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Momentu m broadening FOCk |q >+ |qg> Barata, Du, Li, WQ, Salgado (to appear)

deik(z = armg/m, N1 =1)|

on lattice

(p1) = Pigy (P1) gy + Plag) (P1)}40)

B qae ol 2 2 2
=Crg'i (22 [(ﬂ 1) + ($2+2)2] ~ Q5/Ly

0.0040 0.0040
3~ gsim, |q) +]qg), (this work) ‘ ¥ gsim, |q) +|qg), (this work)
0.0035{ —%_ gsim, |q) only, (prev work) / 0.00351 —% gsim, |q) only, (prev work)
Eikonal ana, |qg) Eikonal ana, |qg)

0.0030 Eikonal ana, |q) 0.0030 Eikonal ana, |q)
—~ 0.0025{—R*=1000GeV. N =1 ; —~ 00025) P*=1GeV,N =1
3 3
€ 0.0020 £ 0.0020
~ =
£ 0.0015 £ 0.0015

0.0010 0.0010

0.0005 0.0005

0.0000- T T T T T T 0.0000 —= ' ; ; . . .

0.00 0.01 0.02 003 004 005 0.6 ' 0.00 001 0.02 003 0.04 005 0.06
QZ (GeV?) QZ (Gev?)

819200 shots, 9 qubits, Ndx=16, Neta=16
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Quantum jet evolution

1.0
==+ Vacuum
@ Medium (g?u=0.1) P-space
0.81 - Medium (g?u = 0.1) Mixed-space
\ e, bllect .
S /’, I E E'}"
<0.6 ‘E
> ¢ N
£ ¢ NN
204 ra
8 ¢
(a8 I,
’
0.2 »
’
R
o
2.9 10 20 30 40 50
time (Gev™1!)
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Probability |qg>
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Barata, Du, Li, WQ, Salgado (to appear)
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time (Gev™1)

50

819200 shots, 9 qubits, Ndx=16, Neta=16
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Entropy evolution of the quark jet

PNy = (1/N) S

(S) = =Tr(pn,, log pn.,)

Barata, Du, Li, WQ, Salgado (to appear)
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L1.0 4.0
— Sun ® Fock q, Nperp=1, g2mu=0.1
- — Sw 3.51 ~=. Log(1+0.018t)
08 30| A Fockq, Nperp=2, g2mu=0.1 a
20 - — =+ Log(1+0.069t) P
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B = S50l == Log(1+0.126t) - i
'E a b // //
b r0.4 uCJ 7 /
10+ 1.5 ,,’ /"
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Barata, Blazizot, Mehtar-Tani, 2305.10476 (2023)
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819200 shots, 9 qubits, Ndx=16, Neta=16
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Summary and outlook
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e We study multi-particle jet evolution in a medium within two Fock sectors |g> + |qg> using light-front

QCD Hamiltonian approach on quantum simulator.

e Despite of having a small model space, we can study jet evolution using quantum simulators, in

agreement with analytical result and classical diagonalization.

e Quantum simulation can be effective in reducing problem complexity faced in classical simulation. Our
formalism can be extended to higher Fock sectors, various QCD mediums, different physical processes.
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Quantum Computers for Specialized

Image from de Jong’s talk (2022) Applications and Limited Applicability
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Broadly Useful Quantum
Computers: general purpose,
scalable, and accurate
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Future work
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McLerran, 0812.4989 (2008)

CcGC Initial
Singularity

Glasma
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