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The QCD matter




Matter

Physics is the natural science of matter

« Constitutes and finer structure of matter
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Quarks and gluon

Reductionism: Quantum Chromodynamics (QCD)

« The number of hadronic (e.g. proton, neutron, etc.) states diverges when
approaching Ty: lim Tr[e ﬁH] — o
T-Ty

« Absolute hot? Indicating new degrees of freedom beyond Ty. All hadrons are
expected to be made of these new degrees of freedom

« Quantum Chromodynamics (QCD)

=
g
NLO
NNLO
Lat

T . 1 0.4 i\l“\iv
Lqocp = Z Yr (iy#Dy, — m)pr — ZFM%FW B

03 L LN\,

« Running coupling becomes weaker at larger &; 533:37:“
exchange momentum) 0z |

« Deconfinement of quark/gluon from hadron s
(new degree of freedom). = T

Q[Gev]
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The QCD Plasma

Emergence: Quark-gluon plasma (QGP)

« A few microseconds after the Big Bang in nature

« Smash nucleus to produce a bulk medium of free
quarks and gluon

"More is different” in high-energy nuclear physics:
BFEWMF, WHEERS
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Probing the QCD plasma

Heavy-ion collisions (HICs)

Super Proton Synchrotron (SPS) at CERN (1980s, 1990s, 2000s)
Then Relativistic Heavy-lon Collider (RHIC) at Brookhaven (2000s, ...)
Then Large Hardon Collider (LHC) at CERN (2000s, ...)
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« A complex multi-stage experiment, including: S
Initial production of quarks and gluon, .
Thermalization of the non-equilibrium QGP, PR e

Dynamic production of hard and electromagnetic probes in the Q

Hadronization,

Xiaojian Du | IFEEFEEISIZF Non-equilibrium QCD matter @



Far-from-equilibrium QCD matter

The turbulent nature of quark-gluon plasma




Thermalization of the QCD plasma

Two typical far-from-equilibrium systems

Evolution of over-occupied plasma Evolution of lunder-occupied plasma

f(t.p) |

f(t,p)‘
3= | HH | L ——
Pras(t)=Q(Q1)7
 Separation of scale  Separation of scale
« Direct energy cascade * Inverse energy cascade
Low = High momentum High = Low momentum
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Non-equilibrium QCD plasma

QCD effective kinetic theory (QCD EKT)

N
- I (ivl 1 a KV

Lqcp =z¢f (iy*D, — m)yy _ZFqua
f

I _Bh2 faG@pr,p1) = =Ci 7% f1 pr.py) — Ca ™21 1(x, pr. o1
ot T ap" a\“ YT a yFTH a » UT) ﬂ
a=g,uudd,s,S
Y q 1 MIH q 7 1 ~— q
g Ly g g g q q T
. L Y [ q q
95355.'5-& 3:;3_?3_’33‘
q o §— ¥ g 2008008008 g 2080020080
= : ~a a 2
_.ig_. -ME'_-- l:]l __',.—'-_‘___ ril iji\%_. {} ._',_-*'-il__. I::I_r

Xiaojian Du | IFEEFEEISIZF Non-equilibrium QCD matter @



Turbulence of the QCD plasma

Self-similar energy cascade
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Turbulence of the QCD plasma

A

Kolmogorov-Zakharov spectra
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Early stage of heavy-ion collisions |
The pre-hydrodynamic QGP in HICs




*Non-equilibrium QCD plasma in

HICs

Heavy-ion collision: A multi-stage experiment
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Kinetic equilibration

Universal attractor solution in HICs

« Longitudial expansion in the early stage of HICs (anisotropization)
« Hydrodynamization (isotropization)

SU(3) Yang-Mills theory &
, o (gluon only) 8\@
- Different initial state tends to ‘ °
reach a unique point . D
AR Hydro
. A
—5
v
« The unique point can occur e 4 -- 10
even before the S S 20
hydrodynamics become valid Efféé' : -

X Du, M Heller, S Schlichting, V Svensson, Phys. Rev. D 106 (2022) 014016
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Chemical equilibration

Quarks slow down the equilibration

QCD theory (gluon + quark/antiquark)
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w=(e+p)t/(4nn) ®=(e+p)t/(4mn)

Quarks slow down the equilibration
(Chemical equilibration persists after hydrodynamization)
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Attractor solution

Conservation in equilibration
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" Fluctuation on top of the attractor

Fluctuation propagation in equilibration

d p 0
Bulk medium in average (E - ?a—p”) f.(t,p) = —Cy4 [F1(x, )
R _
(aT v ax T ap") - 6Ca [f’ ](T’ X, p)

responses to perturbations/fluctuation (hot spots)

Thydro ™~ 1.0 fm/C

TH (Thydros X) Hydro
a
(Thydro» X) = szx’ (x»x':Thydro:TEKT)5Txﬁ(TEKT»x')

(Thydro:x) = jdzx’ (x»x'»Thydro»TEKT)W;?(TEKT»X')

P
<

I—l 2C(Thydro - TEKT)

2R ~ 10 fm - Initial State

T Dore, X Du, S Schlichting, will appear on arXiv soon...
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Phenomenology of the pre-equilibrium stage

"Non-equilibrium QCD plasma in HICs
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« Electromagnetic probe, such as di-leptons: no further interaction with the QGP
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Di-lepton as a probe

Electromagnetic probes in heavy-ion collisions

« Speed of Isotropization/Chemical equilibration of quark/anti-quark

g q

Initial State
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S ! First step: -
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Anisotropic Second step:
Gluon dominated Di-lepton production
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Di-lepton as a probe

Electromagnetic probes in heavy-ion collisions

Thermal limit
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M Coquet, X Du, JY Ollitrault, S Schlichting, M. Winn, Phys. Lett. B821 (2021) 136626
M Coquet, X Du, JY Ollitrault, S Schlichting, M. Winn, Nucl. Phys. A. 1030 (2023) 122579
M Coquet, X Du, JY Ollitrault, S Schlichting, M. Winn, Phys. Rev. Lett. 132 (2024) 232301
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Quantum computing

Gate-based digital quantum computing

er——i 0 and 1
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Heavy quark thermalization

Hard probes in heavy-ion collisions

Hard probe energy E>T Medium temperature
(jet energy/heavy quark mass) (Light parton energy in medium)
Heavy quark production To~1/M
QGP thermalization ty~1/T
Heavy quark thermalization TR~M/T2

To K< <K< TR

MV

« The QCD plasma thermalizes much faster than the heavy quarks
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Heavy quark thermalization

Heavy quark dynamics

dp; =|—Ap;dt +|O'l- édW; )I Stochastic term

Drag Diffusion
p)’ py
® ®

> Dx — Dx
Drag Diffusion

Brownian motion

0cf (p) ={0p; [Apif (0, )]]+0p;0p;[Bi;f (p, )]
Drag Diffusion

Drag: Dissipation/Energy loss Diffusion: Momentum broadening

~y o~

Bij = oix0yj/2

Xiaojian Du | IFEEFEENSIZF Non-equilibrium QCD matter @



Heavy quark on a quantum circuit

Stochastic process on quantum circuit

[pi(t +dt) = pi(t) < Api(D)dt]+ o/aW) |

Random number generator

\ & 4
Y

Adder

Repeat NV, /2 times

(a) The depth-oriented QCMC with resets

We have to implement reset gates to implement U, and addition to recycle
quantum register
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Heavy quark on a quantum circuit

Stochastic process on quantum circuit

Repeat V,/2 times

s) [

W)
S1) 4

[Wa) 7‘—-.

|83> ra

|Sn) 4
QAE

0 : . _m

Ancilla
(b) The breadth-oriented aQCMC with the QAE

No reset gates, no recycle of quantum registers, the whole circuit is unitary
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Heavy quark on a quantum circuit

Stochastic process on quantum circuit

Repeat V,/2 times

s) [

[Wh)
1S1) 4
|83> re
o - QAE |B
10) 1 LA
Ancilla : .
(b) The breadth-oriented aQCMC with the QAE
The quantum speed up algorithm requires

a Grover’s operator that can be constructed with a unitary circuit
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Heavy quark on a quantum circuit

Quantum Amplitude Estimation (QAE)

2n—1
Apl)al0) = cos(O)Y5)a10) + sin(@) Yl 1) =) VPO
a = sin?(0) i=2<:l_1
o= z F(D)P(D)

i=0

Q A )al0) =|cos((2k + DO 10Vt fin(2k + DOYWAID]
Bad state Good state

L (R, N) = [sin®((2k + 1)6)]"[cos® ((2k + 1)6)]" ™"

M
L(h,N) = HLk(h, N)
k=0
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Quantum speedup

Quantum Amplitude Estimation (QAE)
a = sin?(6)

l—target value
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Y Suzuki et al., Quantum Information Processing, 19, 75, 2020
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Quantum speedup

Quantum Amplitude Estimation (QAE)
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Heavy quark on a quantum circuit

Simulation results on heavy quark thermalization
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X Du, W Qian, Phys. Rev. D 109 (2024) 076025
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Heavy quark on a quantum circuit

Simulation results on heavy quark thermalization

Isotropically, anisotropically towards thermal equilibrium
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(a) Isotropic medium
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(b) Anisotropic medium

X Du, W Qian, Phys. Rev. D 109 (2024) 076025
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Conclusions




Summary

B The QCD matter

« Philosophy of reductionism and emergence

m Far-from-equilibrium QCD matter
« Self-similarity and Kolmogorov spectra as signatures of turbulence

B Early stage of heavy-ion collisions (HICs)
Kinetic and chemical equilibrations, attractor, etc...
Di-lepton as a probe for the pre-hydrodynamic QGP in HICs

B Quantum speedup for the QCD matter

« Heavy quark thermalization on quantum computer and quantum speedup

A SR Thanks!
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