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Heavy ions collisions (HICs) allow to explore the QGP and the QCD phase diagram

1802.0480, Busza, Rajagopal, van der Schee
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HICs can also be seen as ideal open quantum system set ups  Blaizot, Escobedo, Yao, Vaydia, Akamatsu, ...

How do small systems (quarkonia, heavy flavors, jets ...) decohere ? How do quantum systems thermalize “?

Which aspects of the evolution are truly quantum?
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Partonic evolution in matter is commonly studied using effective kinetic descriptions Amoid, Moore, Yaffe, ...

(at ’ \il 'V"’) fa(p,x, 1) = =Ca*[{fi}] = C " [{£:}]
(Classical) phase space Computed in QCD

distribution for partons flavor a

Example: integrating out spatial dependence and assuming small angle scattering, one obtains

q | :
(8L 4 82) P ( p’ L) — O g = diffusion constant

This describes the broadening of the momentum distribution due to matter and is a classical result.

Why and how does this description emerge ?



Quark reduced density matrix in matter
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The single parton wave function satisfies

- 92F

gA(r,t)| Y(r,t) =0

Light front kinetic energy

p

tr

9*(A%(q.)A™(d "))

A

2(plA]) = ([pa(®)wa(®)])

The reduced density matrix can be defined as

A

We use Gaussian approximation for background field

= 095 (t — t')(2m)26P (¢ — q') 7(q)



Constructing the evolution equations
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Constructing the evolution equations
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1
p(t) = ps +17pg = —Tre(p) + 217 Tr(t%p)

C

For color singlet:

t 2 72 ,
<k\ps(t)|k>:CF// dt e ()
qJ/0

x v(q) _<k —qlpo(t')|k — q) -
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Constructing the evolution equations Q’

The matrix elements of the singlet and octet components satisfy Boltzmann transport v(q) = g*n/q"
00, ) Ls(z) = CF/ (1—e"")v(q),
q
815108,0(‘67 .’L‘,t) — | FS,O(.’L‘) IOS,O(£7 "L‘,t) 1
i E - ['y(x) = / (C'F | N e'd "’) v(q)
q c
This form allows to settle the evolution in color space pso(byz,t) = p) (byx)e Teel® B o
2 2 A
Ty(x) ~ 4W@30Fn10g (Q_2> o qm2 | Singlet > Neutral to matter
my ) 4 4 r—0
FO (CU) ~ 47TC%SATL Blaizot, lancu, Braaten, Pisarski, ...
"D Octet > Damping

Only true in the absence of coherent background fields

One can also show that singlet subspaces become equally probable zakharov, Biaizot, Escobedo, ...



Singlet evolution
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We consider a simple initial condition for the reduced singlet density matrix

K2

(b, K,0) = Jo M b oy

Characteristic momentum
scale of initial wave packet

akin to a coherent state in QM and 0(t) = 12 4 4t = 1 ( i)
ue+ g ;
b()——2,ut—qt2:—2 <+2i> ,
Using the harmonic approximation, the matrix elements reduce to - E* 2, t2 1¢2
C(t) = ,u_ + u°t —|— gt_?’
2 ¢ 2 b
a= (K%, 25 =0 2 =-20b K)
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In the absence if interactions with the background, one obtains free streaming

pw(b o (K/E)t,K,O)

which is dominated by the natural spreading of the wave packet
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When including interactions, more scales emerge. Consider first

Momentum space:

A (1 1 b? b )
K)= " - — K~ S K
pLb K) = " mexp 1E? (C 4a> CotES Ry
For the sectors £ = 0 we recover classical broadening distribution but with
. t °
<k2>t=u2+qt=u2(1l ) =
t q
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When including interactions, more scales emerge. Consider first

Position space:

The diagonal terms evolve as

(bt) = —p e T
p(0, 1) = 5 € (b<) ¢
m(b")
where . E?
i - ty = —
b2, — c(ty 1 [ 2 1t S
- - I I
TR 2|2 3
ts = tits
Asymptotically, the distribution spreads rapidly as
3E7 [ 3F-
p(b,t) ~ s exp < e b2} (T > t2)

10
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Singlet evolution

When including interactions, more scales emerge. Now let us look at the

Momentum space:

A £2 1 { 3?f‘|‘4tl
p(l, K =0,t) = RIENTIN) exp{ 0 d(t)} d(t) =1+ T (5)

At late times, the initial condition is lost and off-diagonal terms vanish rapidly

4 E2cjt3
(. K =0.t) ~
p(¢, 1) N2+qteXp{ 48E2}

Position space:

At late times, the off-diagonal terms also vanish

p(b=0,2x,1) =

eXP <

e

11



Singlet evolution: numerical example

to > to > 11

Medium-parton interactions
dominate evolution

§ = 0.3GeV?, u = 0.3 GeV, and E = 200GeV

VS

©

tog < to < 11

Natural wave packet spreading
determines evolution

Brookhaven

National Laboratory

12



Singlet evolution: numerical example

t =0.05 [fm]
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. t =0.05 [fm] )0 t =0.5 [fm] ) t =0.05 [fm] ) t =0.5 [fm]
. ‘ 2 A
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Singlet evolution: numerical example
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Singlet evolution: numerical example

t =0.05 [fm]
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Singlet evolution: numerical example

t =0.05 [fm]
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Relation to QCD LPM effect

Production of gluon radiation in QCD backgrounds, at high
energies, can be split into 3 regimes

dl L W=

W— v
dw teoh, f

W
by~ (K*)¢ ~ gt Leoh,f ™ 4|

LPM regime: for coherence times larger than m.f.p.

IQ>|€

dl L
W—— ~ Qg— ~ Qgy | —
dw Ly W

Can also be given angular interpretation in terms of the scale
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Relation to QCD LPM effect
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Entropy as measure of quantum classical transition
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Having access to the reduced density matrix we compute the associated von-Neumann entropy,

1 — 1 1+p—+2
SVN [IO] — —Trp 111,0 Syn = log ( 4pp) | \/]7? In (f_ p)\/ﬁ
the purity,
_ 2 I t Pt 4

and the Wigner entropy

1
S :_/ pw (b, K)log p., (b, K) S =In—+2 —1n4
Kb

16
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Entropy as measure of quantum classical transition kf

Initial condition Diagonalization

In each of the previous regions we find 107
101é
100;
Initial stage: t << tq, p~1 Son — 0 10
10721
1073
10‘4E
Spatial decoherence: 11 <t <Ko 10
T2 1t 10 1ot 10t 108
t [fm]
1 ¢ 2
p = ~ - <1 S Nlnizln<K>t
T 1 t3 vNN ,UQ
t1 1283 1
Memory loss: ¢t > t5
:12t1t% 1 th4
~ 1 Sn~Iln=-~1In— ~ In(k?),(b?
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Entropy as measure of quantum classical transition
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Asymptotically, one has that

SW_ vN \/]_?

Sw  In(1/p)

thus, the entropy content of the density matrix
coincides with that of a classical distribution

In reality, the entropy growth is bounded

0

0

Ot

0K

(

10 K> P(K,t) =0

10K R

This occurs roughly after a time vf = q/4T ~ T?

trel — ET/qA

18
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Is single parton evolution essentially classical ? kf

The previous calculation seemed to indicate that, at high energies, the real time dynamics of quark in a
large QCD background are essentially classical. Is this generally true? No

Example: One can construct the same evolution equation but for non-isotropic matter  2210.06519, J.B., A. Sadofyev, X.-N. Wang

K(g,a;1,1) = —(2m)* Cv(q)v(q) X {p(q -q) 8P (k—q-1)0P(k-g-1) - %p(q +@) 0P (k- 1P (k—q-g-1) - %pT(q +a) 6P (k—q—g— 15 (k- l)}

Color charge distribution in matter

| P TN
+ A_(Q)i + +
U U’;’—q U U L

19
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Is single parton evolution essentially classical ? kf

If one expands this relation in gradient powers of the density, it leads to

k = 2m2C fq v?

- p-Vy q(Y) s -
<3L F % n 5p) WY ,p)=V;V,p ></q _napiapj5(2)(Q)—%(Q)_ W(Y,p—-q)

Vii(q) = g ({zqiqj " — v'v'] + vv'aij} — (27)26@(q) /I {212-13- o — v''] + w'aij})

New collisional terms imply non-local interactions which goes beyond Boltzmann transport

20
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Is single parton evolution essentially classical ?
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Spin correlations in a QCD string
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A: Bell-pair of
strange quarks

Due to weak interactions,
spin=momentum and

A =uds ~ s

QCD string
' - 1D quark-gluon spin chain
- %%O - /‘/
B: Bell-pair of '~ ] P
strange quarks i T
F S o
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Spin correlations in a QCD string

Previous study showed that spin correlations between heavy quarks after fragmentation can

be used as a measure of entanglement within the QCD string.

P(in),l#2) _ | a

P(|71))P(|7

) (a+b/2)?

cos(f2 — 6,)

a= # strange pairs b= # light quarks

Corollary 2.

- If the magm'tude of the coefficient of

cos(0qp) in a symmetric rotationally invariant correlation

function is > %,

then the measured state p,p 1S entangled.

Correlation Function

©

2107.13007, Gong, Parida, Tu, Venugopalan
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Toy model in 1+1d

We would like to understand the real time evolution instead of fixed string configurations

We consider a simple toy model in 1+1d, based on 4 flavor

Schwinger model | q flzhaTv f2:h7\l/7 f3:l7T7 f4:l7¢ q

1 - .
HSchWinger — /dil? §E2(£L’) + wa(x)(_27181 +

'1 spin up, light quark

’ spin down, light quark

+ lz( lWl ythe)y 00 T @ strangeaquark
B glo,h(wh 1Y ¢l ) + wh 1Y wl N + h.c. ) """ > ) spinsinglet
+ 9w (Ynatory + n s + hec)
~ -
€ e

and the gauge field
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Toy model in 1+1d

3 Measurement Done using ITensor package in Julia
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Conclusion and Outlook Qfoiboptiadich
Quark density matrix decoheres once medium interactions -
become significant
r(f) r(1)
Accessing quantum aspects requires more detailed ©

treatment of both matter and evolution operator
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Spin correlations can be used to probe the entanglement
in a QCD string
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For small and at finite lattice spacing simulations, we
observe that the increase in entanglement entropy

IS related to larger spin-spin correlations -l O B
Y S rt
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