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Perturbative QCD

For a, < 1, compute scattering
amplitudes with Feynman diagrams

Quantum chromodynamics
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...bUt no strong coupling!
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For low-density systems, compute static
quantities with lattice regularization

O Hadron spectra

O Deconfinement
transition

a Chiral symmetry
restoration

...but no dynamics!
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Emergence in QCD

While we know the Lagrangian...we still often don’t know how to solve it

What is the landscape of QCD matter? What are the dynamics that confine

quarks and gluons into hadrons?
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Opportunity to study a strongly-interacting,

0 Net Baryon Density
many-body quantum field theory
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The quark-gluon plasma

If we heat nuclear matter to 7' = O(100 MeV), thermodynamic quantities exhibit a
rapid rise near a crossover temperature /.
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non-int. limit

— x degrees of freedom

- T4 . Deconfinement of quarks and gluons

p = pressure
€ = energy density -
§ = entropy density

HRG: Hadron resonance gas
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Bazavov et al. PRD 90, 094503 (2014) T [MeV]
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Heavy-ion collisions

= \\ . We collide nuclei together at the
e Eewesl e N Large Hadron Collider (LHC)
Relativistic Heavy lon Collider (RHIC)

to produce droplets of hot, dense
quark-gluon plasma

: X Soft collisions transform
. ' gty AR : : -
: oo e > kinetic energy of nuclei into
§ e we o region of large energy density

I
i
\

T~ 150-500 MeV ~ t~ O (10 fm/c)
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Real-time dynamics

Non-equilibrium dynamics are key to heavy-ion collisions

O Spacetime picture of fragmentation and hadronization

0 Thermalization

O Transport coefficients
Cohen, Lamm, Lawrence,Yamauchi (202 1)
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Real-time dynamics

Non-equilibrium dynamics are key to heavy-ion collisions

O Spacetime picture of fragmentation and hadronization

O Thermalization

O Transport coefficients
Cohen, Lamm, Lawrence,Yamauchi (202 1)

Can we simulate real-time dynamics in QCD!?

Traditional Lattice QCD cannot simulate dynamics due to a sign problem
Jeigt t — it

Quantum computers may be able to directly simulate the
Hamiltonian formulation of QCD
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A new type of experiment

Quantum simulation

Tunable interactions between qubits

Rapid advances in qubit coherence times and quantum gates

Superconducting circuits Trapped ions And a variety of others:
IBMQ (1 /0NQ Optical lattice _
Go g|€ Honeywell Photonics
Rydberg atoms &
Topological

State-of-the-art: O (10) qubits, © (100) two-qubit operations

S ________
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Quantum advantage

2020-2021

Article
Quantum supremacy using a programmable

Quantum computational advantage using photons
Han-Sen Zhong"**, Hui Wang"**, Yu-Hao Deng"?**, Ming-Cheng Chen"**, Li-Chao Peng"?,

{
SU percond UCtlng processor GQ g Ie Yi-Han Luo'2, Jian Qin"2, Dian Wu"2, Xing Ding"2, Yi Hu"2, Peng Hu?, Xiao-Yan Yang?,
Wei-Jun Zhang?, Hao Li%, Yuxuan Li*, Xiao Jiang"?, Lin Gan*, Guangwen Yang*, Lixing You?,
Martinis et al., Nature ( 201 9) Zhen Wang?, Li Li'?, Nai-Le Liu'?, Chao-Yang Lu'?, Jian-Wei Pan">}

Pan et al., Science (2020)

53-qubit superconducting circuit device Photonic device — special-purpose

Algorithm: sampling of random circuits Algorithm: boson sampling

6 (10°) times faster than best classical Claim: O (10'*) times faster than
supercomputers See also: Pan et al., PRL (2021) best classical supercomputers
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Quantum computing

- Superposition and entanglement
2N
[y) = Z a; | ;) For N qubits, there are 2"V amplitudes
i=1
eg. |y)=a;|000)+a,|001)+ a;|010) +a,|011) + a5|100) + a¢|101) + a,|110) +ag|111)

| If one can control this high-dimensional space, e.g. with appropriate interference of amplitudes, then
\ one can potentially achieve exponential speedup of certain computations
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Quantum computing

- Superposition and entanglement
2N
[y) = Z a; | ;) For N qubits, there are 2"V amplitudes
i=1
eg. |y)=a;|000)+a,|001)+ a;|010) +a,|011) + a5|100) + a¢|101) + a,|110) +ag|111)

| If one can control this high-dimensional space, e.g. with appropriate interference of amplitudes, then
\ one can potentially achieve exponential speedup of certain computations

Computational complexity

P: Polynomial-time solution on classical computer

NP
BQP: Polynomial-time solution on quantum computer

QC can solve some classically hard problems
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Quantum computing

- Superposition and entanglement
2N
[y) = Z a; | ;) For N qubits, there are 2"V amplitudes
i=1
eg. |y)=a;|000)+a,|001)+ a;|010) +a,|011) + a5|100) + a¢|101) + a,|110) +ag|111)

| If one can control this high-dimensional space, e.g. with appropriate interference of amplitudes, then
\ one can potentially achieve exponential speedup of certain computations

- Dynamics of many-body non-relativistic quantum system

Feynman (1982),
Lloyd (1996)

NP

Scattering in scalar field theory
_ o Jordan, Lee, Preskill (2012-2018)

QCD? | Preskill (2018), Kico, Savage (2018),
— Muschik et al. (2016), Davoudi et al. (2019), ...
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Outline

|. Formulating the problem: Open quantum
systems in heavy-ion collisions

2. Simulating particle states: hard probes

3. Simulating quantum field theories:
thermalization and hadronization
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Outline

|. Formulating the problem: Open quantum

systems in heavy-ion collisions
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Probing the quark-gluon plasma

The QGP is too small and short-lived to be probed by scattering beams

- Use “self-produced’ probes

Jets Heavy quarks
Jet yields are suppressed due to Heavy quark bound pairs (quarkonium)
“energy loss” to the dense medium are “melted” by the hot medium
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Real-time dynamics of the probe

Focus on calculating the evolution of the probes rather than the full quark-gluon plasma

In vacuum: calculate scattering of asymptotic states
using perturbative QCD

O No sense of “time evolution”

In medium: must combine real-time probe evolution

with hydrodynamic evolution of the QGP \

O Current theory approaches use modeling

Majumder PRC 88 (2013)
Caucal, lancu, Mueller, Soyez PRL 120 (2018)
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Open quantum systems

Study the real time dynamics of the quantum evolution of
probes in the nuclear medium (LHC/RHIC/EIC)

Subsystem - Probe — Jet, heavy quarks, ...

Environment - Nuclear matter

H(t) = Hs(t) + Hg(t) + H(t)
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Open quantum systems

Study the real time dynamics of the quantum evolution of
probes in the nuclear medium (LHC/RHIC/EIC)

Subsystem - Probe — Jet, heavy quarks, ...

Environment - Nuclear matter

H(t) = Hs(t) + Hg(t) + H(t)

" The time evolution of the full system is

governed by the von Neumann equation:
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Open quantum systems

Study the real time dynamics of the quantum evolution of
probes in the nuclear medium (LHC/RHIC/EIC)

Subsystem - Probe — Jet, heavy quarks, ... I3

Environment - Nuclear matter

H(t) = Hs(t) + Hg(t) + H(t)

The time evolution of the full system is " In the Markovian limit, the subsystem is described by
governed by the von Neumann equation: a Lindblad equation:
dp(?)

dt = —1 [Ha p(t)]
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Quantum simulation

It is exponentially expensive to simulate an N-body
quantum system on a classical computer: 2"V amplitudes!

But a2 quantum computer can naturally simulate a quantum system

State preparation | Us)
Time evolution
Measurement

6—’iHsAt coe /_74

Evolution in time steps A7 = #/N .

Time evolution of closed systems

0 Quantum simulation of the Schrodinger equation
O The evolution is unitary and time reversible
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Non-unitary evolution

In open quantum systems, the subsystem evolution is non-unitary

d 1 1
— —i[H L’r _ —LTL — oL,
3 Ps = s, ps| + Z ( iPs iPs — 5PSE; >

The Stinespring dilation theorem

Any allowed quantum operation can be written as a unitary evolution acting on a larger
space (after coupling to appropriate ancilla), and reducing back to the subsystem

T U
g v o L' ... LI ( .
: L 0 0

J=1 . . . Viv=1 VVT#£1

‘¢a> ] Trace out L- () ' 8 g )
e—’&-]\/ﬂ m « o
[9s) TN Py Quantum algorithm to simulate
Lindblad evolution of open system
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Outline

2. Simulating particle states: hard probes
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Open quantum systems: Quarkonia

The evolution of quarkonia in the QGP can be described by the Lindblad equation

Akamatsu, Rothkopf et al. "1 2-"20, Brambilla et al. "1 7-"20
Yao, Mueller, Mehen "1 8-"20, Sharma, Tiwari 20

el . _ ,
SN EwN L riebed “Simple” system:
@ \o o —_— o @0 ° @ /
IR oo @D s ' reduces to quantum
o o, X @ o@lo o ¢ .
v o0 <O mechanics (NRQCD)

Currently various approximations are considered
O Markovian limit Blaizot, Escobedo " 18, Yao, Mehen " 18, 20
O Small coupling of system and environment
O Semi-classical transport
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Open quantum systems: Quarkonia

The evolution of quarkonia in the QGP can be described by the Lindblad equation

Akamatsu, Rothkopf et al. "1 2-"20, Brambilla et al. "1 7-"20
Yao, Mueller, Mehen "1 8-"20, Sharma, Tiwari 20

[6;':D
8 oTn, e D@D “Simple” system:
N \ \Of - — . if_t-)fl D°a j / Y . oy
PRI Dosrs SQD S reduces to quantum Survival probability of the vacuum state
o o \f @@ I .
y oo o@D mechanics (NRQCD) 1.0 ,
=0 o) ==+ Coulomb,15-Classical
= Coulomb,1S-Quantum
0.8 - -+ Cornell,1S-Classical
= Cornell,1S-Quantum
Currently various approximations are considered 0.6 - : cemiclassical
0 Markovian limit Blaizot, Escobedo I8, Yao, Mehen *18,°20  P(t) N~

0 Small coupling of system and environment

" --*.

O Semi-classical transport quantum

Sharma, Tiwari "20

NRQCD + semiclassical approach vs. full quantum evolution X : i 5 ;.'; ; ;
. . t(fm)

. Quantum treatment has important phenomenological consequences , :

— : Bjorken expanding QGP 1y = 475 MeV

25
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Open quantum systems: Jet broadening

Yao,Vaidya JHEP 10 024 (2020)
. . N . - Vaidya JHEP || 064 (2021)
First steps in the direction of jet physics Vaidya 2101.02225
Vaidya 2107.00029
Vaidya 2109.11568

Static QGP, constant T

Soft Collinear Effective Theory

Jetenergy ) —— <= =~~~ - - - - — = — - > O Forward scattering, Glauber

gluon exchange

Medium kicks

Markovian master equation describes evolution of jet density matrix:
0:P(Q.t) = —R(Q)P(Q,t) + [ daK(Q,q)P(,1)

where the probability to be in a given momentum state is:

P(Q,t) = (Qlps(t)|Q)
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Quantum simulation of open quantum systems

Straightforward application for subsystems
that can be described by particle states

Requires:

0 Hg¢— subsystem Hamiltonian

O |yg) — subsystem initial state —

0 L — Lindblad operators ' Quantum circuit: Lindblad evolution

0) —
: : Ir t
Since current quantum devices are small Ao on
: : : : 0) — o—iJ VAL
and noisy, simplify to a toy model in order
to illustrate proof-of-concept ,
Ys) e s At A
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Quantum simulation of open quantum systems
Toy model setup

Two-level system in a thermal environment

e.g. bound/unbound J/y, cc
Hq = AEZ
2
1 1 1 1 )
He— [ Brli1m2+ = 2 1 Zm262 & Z o>
p= [ d|SIE 4 S(VoP + 5mie? + gt
H]:gX®¢($:O)
- e PHE Quantum circuit: Lindblad evolution
PE = T‘I'E e_ﬁHE '
Pauli matrices X, Y, Z, interaction strength g 07 —
Uindblad . Trace out
Indblad opera OI".S 0 L(;r L;‘ 0 \O) - e—iJ\/E
Lj~g(X FiY) | 0 0 0
j=0,1 L, 0 0 0|  |us) o iHsAt X
O 0 O O
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Quantum circuit synthesis

: : : : 0) —
Approximate unitary operations with a 0 T .
- - - - aCe ou
compiled circuit of one- and two-qubit gates 0) —| _irvar
| e v
Optimization problem w/unitary loss function
gsearch Siddiqi et al. 20 s) —iHgAt vy

|0 CNOT gates/cycle

Single qubit 2 é

1 B0

......
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Quantum simulation of open quantum systems

Jong, Metcalf, Mulligan, Ploskon, Ringer, Yao

PRD 104 LO51501 (2021
Two-level system (2021)

Thermal scalar t [fm/c| (T = 300 MeV)
| field theor E s 0 3 10 15 20 23

Runge — Kutta

G ~++ Thermal equilibrium

. . 0.9-
P,(t) describes fraction that B | o
remains in ‘‘bound state” 0.8-

doaa 0.7 -
(Neont) dopy,

Similar to 7-dependent R4 4 =

0 10 20 30 40
t [1/T]
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Quantum simulation of open quantum systems

Jong, Metcalf, Mulligan, Ploskon, Ringer, Yao

PRD 104 LO51501 (2021
Two-level system (2021)

‘Thermal scalar t [fm/c| (T" = 300 MeV)
| field theor E 0 5 10 15 20 25

1.2-
— Simulator, Neyce = 1
L.1- Simulator, Neycle = 3
1.0 Runge — Kutta
S + Thermal equilibrium
: : A 0.9-
Py (1) describes fraction that
remains in “bound state” 0.8-
R
A classical simulation of the quantum circuit 0
shows convergence to Lindblad evolution ! 0 10 20 30 10
with a small number of cycles t |1/T]
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Quantum simulation of open quantum systems

Jong, Metcalf, Mulligan, Ploskon, Ringer, Yao

PRD 104 LO51501 (2021
Two-level system (2021)

‘Thermal scalar t [fm/c| (T" = 300 MeV)
| field theor E 0 ‘ 5 10 15 20 25

121 | IBM Q Vigo, Neyae = 1} g = 0.3

Uncorrected — Simulator, Neyce = 1
b o R Runge — Kutta
1.0 ===+ Thermal equilibrium

Quantum simulation on IBM Q Vigo device
with V. = 1
O Without error mitigation

ycle

L . 0 10 20 30 40
Noise in quantum device causes {

. L - t |1/T
disagreement with simulated circuit — —
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Error mitigation

Readout error

Constrained matrix inversion Unfolding
IBMQ qiskit-ignis Nachman, Urbanek, de Jong, Bauer (2019)

Gate error

Zero-noise extrapolation of CNOT noise using Random ldentity Insertions
e, Nachman, de Jong, Bauer (2020)

B "TELBYL

(4.603...) (1.570...) (1.570...) (1.570...)

Cireit | @y BEEE QM@ om, -
- HOM

=

% "TELREL
(1.570...) (1.570...) (1.570...)
Circuit2 HEE@E=OR om, -
m E
. o Ny B EEE L
(4.603...) (1.570...) (1.570...)
creicd . @y @ W E G 6)dm ém, -
. - HOMm é
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Quantum simulation of open quantum systems

Jong, Metcalf, Mulligan, Ploskon, Ringer, Yao

PRD 104 LO51501 (2021
Two-level system (2021)

‘Thermal scalar t [fm/c| (T" = 300 MeV)
| field theor E 0 5 10 15 20 25

1.21 IBM Q Vigo, Neyee = 1,9 = 0.3

Uncorrected
| - Readout corrected
@ Readout + RIIM corrected

— Simulator, Neyee = 1
Runge — Kutta

 Thermal equilibrium

= 09-
Quantum simulation on IBM Q Vigo device ~ 091,
with Ny = 1 0.8-
L e TR e
CNOT gate error correction gives good ¢ —+=
agreement Random Identity Insertion Method (RIIM) | 0.6 0 10 20 20 40
Bauer, He, de Jong, Nachman (2021) | / [1 /T]

Proof of concept
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Quantum simulation of open quantum systems

Jong, Metcalf, Mulligan, Ploskon, Ringer, Yao
PRD 104 LO51501 (2021)

Two-level system

! Thermal Scalar m..\.\‘ | { [fm/c] (T — 300 MGV)
0 0 5 10 15 20 25
| field theor E 1.2 - - - - -

Simulator

=== Runge — Kutta

------ Thermal equilibrium

Stronger coupling results in
faster thermalization

By exploring different environment density

matrix, can vary medium properties
O Probe-medium coupling {
0 [nitial temperature t1/T -
O Microscopic structure
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Outline

3. Simulating quantum field theories:
thermalization and hadronization
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Simulating QCD on quantum computers

Discretize space on a lattice, and digitize fields
0 No sign problem: real-time evolution and high density @ 7
. e
S .
Long-term goal: simulate limited energy range of QCD - l\/ |
0 Good candidate: strongly-coupled regime don  quirk

0 Computing S-matrix at LHC not feasible: ~ © (1018) qubits
Bauer, Nachman, Freytsis (2021)

Near-term goals:

0 Formulate how to efficiently digitize QCD Kico et al. (2021)
a0 Simulate simpler QFTs in order to gain Raychowdhury, Stryker (2020)
insights about QCD Alexandru et al. (2019)

Davoudi et al. (2019)
Muschik et al. (2016)
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Schwin ger model Schwinger (1962)

U(l) gauge theory in 1+1D

1
4

L = @(zlﬁ — m)w

0 Confinement
a0 Chiral symmetry breaking

FFF,,

James Mulligan, UC Berkeley Seminar in Hadronic Physics, McGill University Feb 21,2022



Schwin ger model Schwinger (1962)

Kogut, Susskind (1973-1977)

U(l) gauge theory in 1+1D

L= —m)y iF‘“’FW I [ I g

0 Confinement
a0 Chiral symmetry breaking

Discretized Hamiltonian — staggered fermions

Ny—1
1
Hg = 5 Z (6T ()L, 0" (n+1)+0o"(n+ 1)L o™ (n))
n=0 —
a
ox(n)+1
T Z ( 62 +m(—1) 9 ) Ny = 2N lattice sites

6~ create/destroy fermion
L create/destroy gauge link
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James Mulligan, UC Berkeley

Schwinger model

Klco, Savage (2018)

Jong, Lee, Mulligan, Ploskon, Ringer,Yao 2106.08394

Number of physical states: m

H# states

(&

4
6

klOO

M—-14+K\ /(2N —-2K -M —1 L3
M —1 M —1

13
117
1186

~1.4.10°!

—

Truncate the Hilbert space: subgroups of definite momentum
0 k = 0, positive parity

2
N

( —4m ¥ 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 \
V2 ae® i1 1 1
2 m l O O O L 2m L - A 0 0 0 0 0 0 0 0 0 0 0 0 0
2
a 0 % ae 02 0 0 A 1 % 0 0 0 0 0 0 0 0 0 0
2 0 %2 0 a® 0 0 0 0 v 0 0 o0 0 0 0 0 0 0 0
1 2 1
]_ aeée ]_ O O 0 75. 0 0 ae® O 0 T5a 0 0 0 o0 0 0 0 0 o0 0 0
— — 1 2 1
a 2 2 0 F= 0 0 0 ae 0 0 = 0 0 0 0 0 0 0 0 0 0
a 0 0 = 0 0 0 e?—2m 0 0 £ & &+ 0 0 0 0 0 0 0
k=0 | O 1 9 2 1 O 0 o I 0 A o0 0 ae?+2m 0 L o0 L 1 0 0 0 0 0 0
) —_— 1 1 2 1
H a,e —|— m 0 0 2w 7ss 0 An 0 0 ae’+2m 0 L 0 0 0 0 0 0 0 0
S 20, 20, 0 0 0 0 0 0 A S 0 2¢e> 0 0 0 + A 0 0 0 0
1 3 2 1 0 0 0 0 0 0 S 0 L 0 2ae? 0 0 0 0 0 0 0 0
O O ace 0 0O 0 0 0 0 L L 0 0 0 2a® 0 L L 0 0 0 0
0 0 0 0 0 0 0 1 0 0 0 0 2ae*+4m 0 1 0 0 0 0
a a
\/§CL 2 \/§CL 0 0 0 0 0 0 0 0 0 L 0o L 0 2_2m 0 + 0 0
2
]_ 2 0 0 0 0 0 o0 0 0 0 = 0 & 1 0 ae’+2m L - 0 0
a,e - m 0 0 0 0 0 o0 0 0 0 0 0 0 0 o 1 3ae? 0 1 0
1 2 1
\/ﬁa 0 0 0 0 0 0 0 0 0 0 0 0 0 0 - 0 3ae® - 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 T hn fae’-2m 1
a 2a a
\ 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 L 4ae®*—am )
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Schwinger model — open system

Jong, Lee, Mulligan, Ploskon, Ringer,Yao 2106.08394
Couple the Schwinger model to a thermal scalar field theory ¢(x)

Hy =\ / dz $(2)D(2)y (z) Z:w“ ﬁ f i

— subsystem intrinsic time scale
TR — subsystem relaxation time
Tr — environment correlation time
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Schwinger model — open system

Jong, Lee, Mulligan, Ploskon, Ringer,Yao 2106.08394
Couple the Schwinger model to a thermal scalar field theory ¢(x)

Hi = A [ doolw)p(@)i(a)
In the Quantum Brownian Motion limit, ﬁ 37%

Tp > T — Markovian approximation

Tg > 7y — valid if 7> AEjg — subsystem intrinsic time scale
. . . . TR — subsystem relaxation time
the subsystem is described by a Lindblad equation: 7, — environment correlation time

Gpgft) — i[Hs.ps()] + Lps(O)L — S {L'L.ps(t)} |

1
L=,/ aNfD(Os T Hs, 0s]) Os(x) = P(z)y(x) D=\ / dtdz Trg (pe ¢(t,2)¢(0,0))
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Non-equilibrium dynamics and thermalization

Jong, Lee, Mulligan, Ploskon, Ringer,Yao 2106.08394

We construct a quantum circuit to 0) - - 10) - - - |0)
solve the Lindblad evolution J J
‘st(O)) Uns Uns /74
1.0
Simulator, N = 2
Classical simulation of the quantum circuit = D =04 == RK4, open system
ST 08 D =32 RK4, closed
reproduces the thermalization observed N 00 e therr;;‘)efuﬂjﬁiﬁ
cycle —

in numerical solution ioﬁ_

Q Number of eTe™ pairs —_—p 504_

0.2

Note: The environment correlator D ~ 1°
determines how fast the system equilibrates »

0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0

t
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Non-equilibrium dynamics and thermalization

Simulation on IBM Q device
O Error mitigation applied

E Number of ete™ pairs |

First quantum simulation of open
quantum systems described by
quantum field theories

Real-time dynamics of
thermalization process

<Ne+e‘ (t»/N

1.0

0.8 -

0.6 -

0.2 -

0.0

Jong, Lee, Mulligan, Ploskon, Ringer,Yao 2106.08394

IBM Q Montreal, N¢yce = 4
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A new type of experiment is emerging: Real-time evolution of

QCD dynamics in heavy-ion collisions on quantum computers

O Particle states: e.g. quarkonium dissociation and recombination
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O Quantum field theories: thermalization, hadronization

Many open questions — but long-term potential for a new game-changing tool in
our understanding of QCD

O Scalable extension to SU(3)?

a Sufficient improvements to qubit quality and error correction?
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