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Entropy paradox in QCD matter

Initial state QGP phase Hadronization Freeze-out Final detected
particles

Early-time dynamics Hydrodynamic evolution Hadronic rescattering
Time: 0 fm/c <1 fm/c ~10 fm/c ~10"% fm/c
Melting nuclei —_—
9 —> new state of QCD matter —>» fast equilibrium~1 fm/c

in relativistic heavy ion collision

/mitary evolutiorx
Quark or gloun state 1s pure * locally thermalized final state

S= —Trplnp=0 \ —x / with HUGE entropy

Lorentz boost

* A Mismatch between Quantum and Classical entropy for an isolated matter. 2/18



Entropy Paradox in QCD Matter
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Parton distribution function ~~~ - ‘
describes the probability of ‘
finding a quark or gluon

D.Kharzeev e.t. al:2410.22331v2 Low Momentum
:1702.03489v3

* Non-linear evolution of QCD gives maximum of entanglement entropy among partons, under limit of high

momentum scale and small x. c I’

- Sg =—- In— -

* Scale-dependent entropy S(z)=1In[zG(z)] CET 3 € Entangle Entropy in CFT

is natural in DIS picture. N L «—— 1

~ Aln [1/33] = Aln? Sp ~ g In (ﬂ'TE sinh(nTL).

Problems Not Solved: Entanglement entropy 7 thermal entropy Jinite temperature

How to evolve entanglement entropy into thermal entropy?
In which process does Entanglement among partons come from? 318



Entanglement from Topological Effect

System

total number of qq collision, the
production of sphaleron-like:

Ancilla

R
2 2 .2
Neot = 87raqqnq/ driry (R —frt)
0

Vacuum topology(instanton ensemble) ———» entanglement ——

4/36—
at RHIC energies

Nobjects ~ 400 )
Edward Shuryak and Ismail Zahed
Department of Physics and Astronomy, State University of New York, Stony Brook, NY 1179/ E Shur-yak. hep_ph/0205031

(November 7, 2018) hep-ph/0206022
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Prompt Quark Production by exploding Sphalerons

hadron and nucleus-nucleus collisions at large 1/s. Simple . .
arguments indicate that while in hadron-hadron scatter- » In evolution of Sphalerons, they CXplOdC Into many

ing production via sphalerons, it is only a small part of partons, which potentially leads to entropy production
the multiplicity, in nucleus-nucleus collisions it is not so

and hundreds of sphalerons may be released, contributin
substantially to the total entropy produced [16]. In view > Entanglement as a novel probe of early QCD matter
BrTmat, the proauceion of 2IVg chiral quarks per cluster

may make the quark-gluon plasma produced in heavy-ion

* Not only providing entropy among partons
* But also reflecting the non-comutative Topo effects
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Entanglement From

e Two sources of Parton:
Nucleus & Sphaleron

Color Glass Condensate (CGC) e Partons scatter to form
g entanglement in the

Y =In 11

¢ Scattering induced
q Q entanglement is dominant for
heavy flavours due to low

ccail production rate from Sphaleron.

e
InQ

L)

Diilute system

]|
Q|
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Amplitude to Concurrence WorkFlow

Initial (4 x 4) evolve by seattering 11N Al state Density Matrix
1 R
- 1 > - R(%,Cz) — Sa>Sb 17?92@ out —
pin: N N Z|8a7sb><8aasb| R:./\/i,oin./\/fr (771aC1) NaNb ; 771a<1M o Sb 9 10 t TI'R
a b Sus S as b , .
b =(0: 0 ) oD ) Concurrence (F£ & JE)

Decompose it with Correlation

: - C=max(0,\; —Xa—A3—\y)
1 ~ X X\ € y/EigenV (R.,: = pp) ;
,0—_] (ﬂ@ﬂ—’—CwO'Z@o']) & PP .

W K. Wooters, Phys. Rev. Lett. 80, 2245 (1998) = -max (0, -C,, +|C,, + Cul)

2

. Concurrence 1s measurable

tt — (1" vb) (I vb) D = (cos ) = — 1+3C[p]

Nature 633, 542-547 (2024) ATLAS

 Entanglement of Formation (Free From Ambience & Projective to trivial knot)

1+\/1c2)
2

EF(C(p)):h( , h(z)=—=zlog,z —(1—z)log,(1— 1)

6/18



QCD Topo-induced Entanglement

sphaleron
Energy (barrier)
R

s S - 3% * Each field configuration of QCD vacuum is a
/ \ig /" valley labelled with Chern-Simon number:

Topological charge Ncs instanton [
(tunneling)

2 n

T 24n2 /dg‘l" P T [(UTAU) (U U)(UTORU)] € Z.

1.8

16 * Spharleron is a static classical solution A;l with
non-trivial topo number in Path Integral

- 14

Ny
1 a a =
ETe qfumqf] }
f=1

112 Z[A,45.q) = f DAL, [ PasDasexn{- ] d*e
/

Potential energy V

Ny
d a a —
=

+/DA5xcz'ted HququeJ:p{—/d4x
f

108
0.6
s ., » Fermizero mode leads to divergence in
second part of path integral, absorbed by
- external quark line,which gives rise to real
0 quarks production.
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QQ Entanglement from Sphaleron

107

105 ﬂ_f,d___-_——————é
10-6 i . 25
= 3 10.6
f’ 107 . , C%
S | . g 2
= 10-a£ ] - maximum entangled pair 10.4
109 | u Medium * 1.5
[ u omly mass '
! d Medium
o e
; s only mass 1 0
F Niotai |
101 | o 0 0.2 0.4 0.6 0.8 1
10° 20/

X=Qst

. 47T2 3\ 2
Ni(t) =2 / dp 5(p — p«(t)) / A3 Ceotor [ S0, 1) ( N’? ) Fo(pp/2) Fs(ap/2) 2p- q.

* Spin entanglement can be extracted fromquark pair state, with amplitude 77 matched using spaleron rate.
ri(t) gpn(®) —
Nf(f) Q,[;s5-
* Spectator flavor and Schwinger—Keldysh propagators are included in 7' matrix, non-equilibrium medium effect

enhances the pair production. 8/18

dP; = r;(t) T"%(t) d3X dt. Mo gos = €ia®

sph



Entanglement from Parton Scattering

* Heavy quarks entanglement mainly comes from scattering,

four processes to be considered for QQ pair production (vacuum)

9(p1,€1) Q(p3) g(p1,e1) QL —>— Q(p3) g(p1,€1) 28

g VO

Q) 9(p2,€2) QU —a— @(IM) g(p2,e2) 200

9(p2, €2) Q(p4)

* Amplitude of scattering 1s used to extract the concurrence as:

3.0 N —— 1.0 1.0
lo.s lo.s

8 99— QQ

3.0

nPDF

<

I04 Weighted

15
0.2 :
10 : , |,
o0 0.0 0.2 0.4 0.6 0.8 10

0.8 1.0
20/

Mopl/(Zmg)
I~
=

1.5

Mos/(2mg)
5

q(p1)

Q(p3)

Q(p4)

a(p2)

EPS09LO
Pb+Pb
at 5.02 TeV

Q(p3)

Q(m)

 9/18



Entanglement from Scattering in CGC

» Partons scatter under the strong colour background, whose effects are to be considered as
propagator correction with insertion of two BG averaged fields

t channel u channel ) s channel: double insertion s channel: contact

g(p1,€1) Qp3) 8“(p1,€1) O(p4)
M/ M/ <AA>MV <AA>MV

" . g(p1,€1) — Qp3) g“(p1, €1) sy O(p3)

T 9, d u qi,c ¥ 3 , \‘
B AW L Ay
krt \ qi,¢ ku qz’d /5 s s Is s

M\\_ M\\ 8" (2, €2) O(ps) 8" (p2,€2) O(pa)
g’ (p2,€2) Op4) g%(p2, €2) Op3)

= Correction to qq is reduced in normalizing the density matrix

* Background is considered with MV model of CGC
* two point function of colour source <pa (XJ_) pb (YJ_)> = 5ab,u2 5(2) (XJ_ — YJ_) + BG strength

0(q ‘)(561') 2(0*(9.)0(d))
(g

( qi + mIR) f m%R Invared cuztoﬂ1 01s

* two point function of classical field <A+a (q)/ﬁb(q/» =



Entanglement from Scattering in CGC

» Partons scatter under the strong colour background, whose effects are to be considered as
propagator correction with insertion of two BG averaged fields

t channel u channel ) s channel: double insertion s channel: contact

g“(pl,sl) Q(p3) ga(pl,é‘l) Q(P4)
M/ M/ <AA>MV <AA>MV

" . g(p1,€1) — Qp3) g“(p1, €1) sy O(p3)

T 9, d u qi,c ¥ 3 , \‘
B AW L Ay
0 ke 42

M\\_ M\\ 8" (2, €2) O(ps) 8" (p2,€2) O(pa)
8" (p2.€2) O(pa) 8" (p2,e2) Q(ps)

* As an example, propagator correction to #,u channel can be computed as

6Dy (k. K') = g / L Do(k)y~T*SDo(l)y~T"Do(k') (AT (k — ) AT (1 — ))

tu (2m)4
2q. 1 di+ (0" (x)"(y))e, =
—|As(k — ENg*Cru?S k/ / ~So(D)y 8o (k' i
3( )g FH 0( ) (27_‘_)2 (qi 4+ m%R)2. 9 Y 0( )fy D0( ) 5ab 2€—|x—y| /(40.7)
e To deal with this delta function, the K 2

external gluon line is treated as a wave * Divergence in this integral can be regulated

packet of width 0 g assuming finite correlation length for MV model 1118



Entanglement from Scattering in CGC

» After arduous calculations of amplitude,

they give the concurrence correction as:
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» The size of collided nuclei is associated with BG strength, stronger background reduces more entanglement

* As partons traverse the nuclei background, this reduction accumulates,
i.e. the two body entangled entropy is reduced in the evolution of the QCD matter!

.= 1.50 GeV, E= 1.732 GeV, =050, 8= n2: ' syn = 5.36 TeV, tpaa = 6.46 x 10~

12/18



Entropy Relation in quantum thermalization

Where does the generated entanglement go?

What 1s the quantitative relation of entropy in thermalization?

* Is the entanglement entropy partial or all of the thermal entropy?

Eigenstate Thermalization Hypothesis

[Quantum Entropy} ™5 | Local Thermalization
scramble

13/18



V\.

Entropy Relation in Quantum Thermalization &

> R generating rules for general entanglement

o \QT @ \R@,
" kQ_() +\Q@+\@\é+\_®o+

dic = |Ak(-1)|
e () = Vie(®) = Viet™ )] R orik) = 3 wneQuln)
rin(K) = ) rank Kh'/(K) S ——— €k
AL e)|
WK.e =

Tn(K ) = Zrank Tor Kh/ (K) |1Z0(e)|? + | Z1(K, e)|?

i,J
* Thermalization rigorous condition in terms of entanglement:
oa®) Wy - s R alpa®)lma) — 0 [S(oa(®) — EF(A: p(1))] < [CR(A:T) — Tr(4;7)|
+0a(t)log(da — 1) + ha(da(t +Zga ea




SU(3) link Quantum Simulation

Notation Kogut—Susskind-type Hamiltonian has the structure
site tensor A® Taly o
@ local SU(3) color mixing Hgs =m Z( 1) T/) Vi — K Z (¢ Uiit1¥i+1h.c. )
%’ physical leg (] Z E? Z (QN —TrUg —TrU, )
local color basis |r,g,b) ‘ 292 =

effective model:
virtual link

contracted bond index

. red . green . blue Heﬁ: =m Z( n'l —w Z (Cz Pc1+1 C -|_ cH—l (‘FI (') -|_ J Z Ql Q“H‘l

i=0 ic

color components mix at each site

TEBD evolution gate: @ 1St _ = 5 Gsa z+1@fﬁi+1

Sit1

MPS writes the wavefunction as

Si,8i41

[Ty = ) Allo gl AN g0 ey ) ——————— [w'(+At))

50,---3SN—1

second-order Trotter step is

e—zHAt - e—szAt/ZB—zHevenAteﬁzHOddAte—szAt/? ¥ O(Afg)
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Quantum & Thermal
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quantum thermalizd

A virtual process under ETH
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\ _
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: \
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In entropy evolution, few-body entanglement “disperse” into
many-body entanglment by quantum scambling.

Quantum entropy merges and matches the thermal entropy in
window, a signal of thermalization
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Quantum & Thermal Entropy Evolution

t 162.7 GeV /

()

15

N 12

b 4.183 GeV

¢ 1.273 GeV

Tmerge [fm/ C]

Running quark mass

s 93.5 MeV

0.3

d 4.70 MeV — '

u 2.16 MeV | = .
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45

background strength y,-{GeV]

0.15

 We interprete the time of merging of quantum entropy as the thermalization time.
* Background strength facilitates the merging process for different quarks.
* For lighter sector and larger system, by action, quantum and thermal entropy can reach the matching
window within shorter time . (T in unit of 1/Q ) 17/18



Summary

thermlization time problem

e Entanglement entropy can come from QCD topological sphaleron effects and

parton scattering at the early stage of collisions.

e By quantum simulation, we find that quantum entanglement entropy can evolve

to thermal entropy by quantum scrambling.

e The time for thermalization can be estimated by quantum scrambling time

that merges the many body entangled entropy.
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