SIM 202¢

Marco Ruggieri
ﬁ Dipartimentodi Fisicae Astronomia Catania University,
= and INFNSezionali Catania
marco.ruggieri@dfa.unict.it

Funded by
the European Union
NextGenerationEU



X X X X X X

People SINUnICT

Marco Ruggieri (PA, 100%), FaBiango(PA, 100%)
PaoloCastorinaINFN, 509%)

LuciaOliva(RTDA, 100%), Vinceridmissale(RTDA, 100%)
GilorgioComitini(Assegnistal00%)

FabrizioMurgana(to rejoin)

Binu(would-be-PhDto join)




Researcl

A Early stage of HICs (Mardearisj Binu
A Heavyguarksin the early stageof HIC{Marco, Parisj Lucia)
A Superdense QCD, walls, axions 4 0 a I NI 2Ana&Ddvid N
A FRG applied to the QCD phase diagram (Marco, Fabrizio)
A Stochastigprocessesvith memory(Marco,Santostet al.)
A Nonperturbative QCD at finite T am(Fabio, Giorgio)
A SupersolidsHICqPaolo)
A Hadronizatiorin HICYVincenzo)
‘L‘QQ\/SO g




Plan of the talk
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Heavy guarks anduarkoniain Glasme



Heavy quarks, ¢ and b, in the grquilibrium stage of HIC

N s final detected
Relativistic Heavy-Ion Collisions L oele

1 ~
tf(:)rma.tion ~ ~ (0.06 fm / C
2m, Hadronization

Kinetic
freeze-out

® 7

HQscan probe the
entire evolution
of the medium,

from theearlystage

up tohadronization

overlap zone

7 u?l?g;ium relativistic kinetic theory(*)
ynamics viscous hydrodynamics (**) free streaming

collision evolution i
t~0fm/c t~1fm/c Tt~ 10 fm/c T ~ 1010 fm/c



The preequilibrium stageGlasmaas the initial conditiot

Many gluonsin theearlystage
Usefu| easydescriptionin termsof classical intense fieldsratherthanin termsof one
particlestates

Glasma(*)

Glasmainitial conditionfor the mediumproducedin RHICs

(*)Lappiand McLerran (2006



The preequilibrium stageGlasmaas the initial conditiot

Strengthof initial fields: O(Q)
Initial energydensity O(Q%)

Q. saturationscale

Qsisthe only energy scale ithis model

Q. f ¢qu GeV



The preequilibrium stage: evolving thBlasmavia CYMeqguatinos

Due to the large density the gluon field behaves like a classical field:
Dynamics is governed by classiEaMs namely the classical Yafylls (CYM) equations.

Evolution of the system is studied assuming@t@smainitial condition,
and evolving this condition by virtue of the CYM equations.



The preequilibrium stage: evolving fields in AA collisi

e =Tr |E] + E; + B} + B7|
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Formationtime of transversdields
Qtif mamelytt n ®dikc T Y

ForpAcollisions the evolution of the fields is similarR&risiet al. in preparation)



The preequilibrium stage: heavy quar

Charm quarks

1

tforma.tion ~ ~ 006 fIIl/ C
me

Relativistikinetictheory ofHQsin Glasma

Lorentzforce

Gaugeinvariantconservatiorof the colorcurrent
carriedby charmquaks+ gluons

Equationsof motion of heavyquarksare solvedin the background
givenby the evolvingGlasméfields



— o, = ((xr(1) = x0)%),

— == w/out current
— w/ current

o, x at’ + bt’

Liuet al. PRD103 034029 (202

0.4 0.6 0{8 1
t [fm/c]

Diffusion in the color filamerx

- P s
Standard Brownian motior———————A Latertime:s f H 5 U

D: momentum diffusion coefficient

SeealsoD. Avramesctlet al. (2023)



The preequilibrium stage: diffusion of heavy quarks in the color filam

A Diffusion in the early stage
A Evolution in the QGP

0.0

Sunet al. (2019)

free-streaming
up to 0.3 fm/c

== Glasma at =

0.1-0.3 fm/c

=—=]"and D from

p, (GeVic)

1=0.1 fm/c

1

0.

0 2 4 6 8 0 280

.0

5

7020

Pb+Pb @ 5.02 TeV, 30-50%, y=0

free-streaming === and D from 7=0.1 fm/c
up to 0.3 fm/c ® experimental

e Glasma at 1=
0.1-0.3 fm/c

0'002468024681(?'0

p, (GeVic)

Sunet al. (2019)

Diffusion in theearlystage helpgo describe
simultaneouslyhe RAA and the v2.



The preequilibrium stage: anisotropic anqular momentum diffus

Anisotropidistributionof the momentum
[Poojaet al. (2023)]ppet al. (2020) Avramesctet al. (2023)
as well as odngularmomentum[Pooja et al. (2023)]

fStaticbox, «AAcollisions

Anfinite quark masémit
ATwo-colors QCD

Localpolarizationof ¢ and b,
alongthe longitudinaldirection

Poojaet al. (2023)

Naively glasmainducesvortexlike motion of R _ 0.4 0.6 0.8

¢ and baroundcolorfilamentsin thetransverseplane t [fm/c]



colorsinglet potential QuarkonyavsGlasma
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Poojaet al. (2404.05315



Topological susceptibility in superded3€L
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Two-flavor superconductive guark matte

2SC ansatz

T v, T
(00:C1sPLysjcapscijz) = —hr, (40;CivsPrqsjcapscijs) = hr

Ruesteeet al. (2005)
Blaschkeet al. (2005)
Rapp et al. (1998, 2000)
Alford et al. (1998)

L and R
Ap =2Gphr, Apr =2Gphpg condensates

Aps = Ap + AL

scalar pseudoscalar



Superconductivguark matter at finite g

/ U(1), preserving

G(" Cinseeq)(aCinseeq”) + Gnlq" Ceeq)(aCzeq”)
+(Gpe”(q' CivsPreeq)(qCisPreeq’)
+(Gpe " (q" CisPreeq)(qCiysPreeq")

U(1), breaking 0t Q1 #k2)T 0
(Gp = /dp no(p) (g’”QPs)

ng(p) X —x p °exp (—1/@8) e_NflquQ /. |nStant0n SIZG




Topological susceptibility in 2SC at -

Analytical result foc:

— AL=25 MeV

AL=50 MeV
A =100 MeV

Analogous to the Dfecchiaveneziano
formula for the QCD vacuum

My, Mg Venezianq1979), DVecchiavVeneziand1980),
Leutwyler andSmilga(1992),Crewther(1977)

Axion mass in 2SC(*)

(*)A similarresultholdsfor the CFiphase
(Murganaet al. Inpreparation




Conclusion

A Glasmaas the initial condition in high energy nuclear collisigufsand AA)

A Heavyguarks(candb) canprobe the preequilibrium stage, gluodominated, stage

A Interaction of HQs with evolvir@lasméfields potentially affects observables (spectra, v2
and possibly more)

A Quarkoniameltingin the early stage:roughmodel, which however gives indications on the
amountof quark-antiquark pairs that can melt before the QGP forms

A Superconductive QCD at very high density: topological susceptibility for the 2SC and tt
phases, potentially interesting for the Q@Klon and thehQ LIK& a A 0a o6 gt f f



Outlook




Outlook 0: (3+1)[Blasmaand HOs ipA collisions

Wong equations for HQs Blasma augmented with:
A h-dependent initial state fluctuations on top of tasmafields

S (x1,7) = 0 F( )Ei(x.).
5EW(XL>"’] — Z ngz

1= T,y

pA collisions with A-dependenfluctuations

BinuMurali et al, inpreparation

(&(x1)&(yL)) = 60 (x1 — y1),

F(n) ocAg ) (2;—%)
=

Modesaddedon top of theGlasma

T [fm/c]

Quickpartial isotropizationin pAcollisions




Outlook 1:guarkoniain Glasma AA andoAcollisions

Wong equations fogquarkoniain Glasma augmented with:
A singletto-octet and octetto-singlet transitions implemented stochastically, with probabiliti
related to the color content of the pair:

N2-1

Qa@b — c06a,b + Z cnfnab 33 =1+38
=

A alternatively, a simpler implementation can be obtained relating probabilities to the
equaltime, gaugeinvariant correlator

Pooja et al., 2404.05315




Outlook 1:guarkoniain Glasma AA andoAcollisions

Wong equations fogquarkoniain Glasma augmented with:
A singletto-octet and octetto-singlet transitions implemented stochastically, with probabiliti
related to the color content of the pair:

N2-1

Qa@b — C06a,b + Z Cnfnab 33 =1+38
=

A survival or melting of each pair can be determined from the overlap in phase space
by assigning a probabilit®, _,..nization 10 the formation of a bound state(*), then

7Dmelting =1 — 7th:l,dlronizz:l,tion

(*)Similarlyto whatisdonein coalescencenodels with thewWignerwavefunction,



Outlook 3: paradigm shift for the initial conditi

ReplaceGlasmawith agluond I 1 dzNJ § SR A RA&AUNAR O dzOA2Y Fdzy O

f roughly models the production of a lot of gluons below Qs
and only a few gluons above Qs

o f=0.p) = s )
451 =0.0) = = )

J—1.2
Ef; (t=0,p) = x’;/—(—z—;—()——p*) Z Elf ) (p) ;.:_'}; Y (p)
=12

Bogulavsket al, PRD98, 014006 (2018)

Q. In the transverse plane is built up in the same way we make it fdskhgma

fIs then converted into fields and these are evolved by CYM equations.

A Pro: takes into account very eatlyne evolution which is probably untreatable, particularly
when there are strong fluctuations (*)

A Contra it is not the result of a firgdrinciple calculation(*)

(*)Strongfluctuationsand nonperturbative dynamicsouldlead to alessanisotropicsystem withrespectto the Glasman averyshort time,
but treating this processwith CYMequationsmight not be enough hencechangethe initial condition




Outlook 5: topological susceptibility in superdense QCD, \HHIQHT

F.Murganaet al, PRD110(2024) Full HDET quark propagator

LT [log Dy (p) D(p) — Dy (p)D(p) + 1] + Va(S, D)

\/N

Dressed gluon propagator

Va(S, D) Z (2PI vacuum bubbles)

+ U(1), breaking
g-dependent
one-instanton exchange

U(1), preserving
onegluon exchange
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A vanilla introduction to the QCD axi
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A vanilla introduction to the QCD axi

~

Eodd X Qﬁ . F F = €MVPJF£G

Naturalness

¢=0O(1)
Experimental limit i

Q1010 radians NNy
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A vanilla introduction to the QCD axi

f,: axion decay constar

AN\ -~
Eodd - Eaxion x | 0 | F-F

Ja

Peccei and Quinn (1978hifman Vainshteinand Zakharo1979); Dine, Fischler astednick{1981);
Wilczek(1977); Weinberg (1977




A vanilla introduction to the QCD axi

Thegterm Is cancelled by the expectation value of A

AN -~
ﬁodd + Eaxion X (9 + _> F-F

Minimum
A - Effective potential
(A '

Ja

0

(*)At the tree level. Potential-Bdd observables can take nonzero contributions
from loops. These however are suppressed hyalltast.



Eodd X Qﬁ F

A

fa

£odd + »Caxion X (

Effective

A vanilla introduction to the QCD axi

A\ -
o+ ) FeF
Ja

potential

)ocl—cos(é’l

A)
fa) |




A vanilla introduction to the QCD axi

Thegterm is cancelled by the expectation value of ;

AN\ -
EOdd_I_‘CaXiOIlOC (0+f_) F-F

Wilczek(1977)
By The logo may be obtained from Axion (brand)., Fair use, https://en.wikipedia.org/w/index.php?curid=63



The mode

Lagrangiandensity
EI q_(®@+ﬂ70 —mo)q—|—é(i@—|—ﬂe’)@)€—|—£im

Chemical potential matrix

2 1
//l()u’u O)®1 Uu:li_glie, Md:M+§Me
0 fd )
Pd = Hu + He
Strong Iinteraction
a - Lint = G1[(0729)(G7aq) + (§71759) (qTai759)] U(1),-preserving
EF ok +8GH [ei%"‘det(QRQL) + S_i%det(QLqR)] U(1),-breaking

Coupling of a to quarks



A little remark

LoxOF- -F

QCD at finitey

Eint — Gl [(q_TaQ) (q_TaQ) + (qTaifYSQ) (CjTa?;’)/g,Q')]
+8G> [e"det(qrqr) + ¢ det(qLqr)]



The Hoop thermodynamic potentic

/: .1 = (7ys1m)
Chiral condensate (scalar)

h-condensate (pseudoscalar)



The Hoop thermodynamic potentic

() = me T Ql—loop T Qe

Qur = —Go(n? — %) cos(a/ fa) + Gr(n* + 0°) — 2Ga0m sin(a/ f,)
o = (qq), n = (Niysn)

|
Uk = AN, 32 [ G5 |5 oo e o)
f=u,d

ap = —2[G1+ Gacos(a/f.)] o+ 2Gansin(a/ f,)
E, =+ A2, A* = (my+ )’ + 55 Bo = —2[G1 — Gasin(a/ fo)|n + 2Gaosin(a/ fa).

4 [Tt wutT ol
Q, = —-2T T3 .
3 (180 T 6 T 127



Chiral condensat

crossover
1St order
A
Gap equations

oS oS
— =0, — =0
oo on

o T I Electrical neutrality

-------- 1=320 MeV 69

K=340 MeV e — O

Olle

Z.Bonaret al.(2023)



crossover

— p=0

| ———— p=100 MeV
------ p=220 MeV
-------- p=320 MeV
p=340 MeV

0 ! |
0 50

100 150 200
T [MeV]

250

300

100

50

Phase diagra

: [ ' [

cSrestored

- (QGP)

~ Spontaneous

- ¢SB(hadronic phase)

M.R.et al.(2021)



Phase diagra

1st order o
cSrestored

~ (QGP) ‘

200 = —

150

T [MeV]

aneous

100

— =0
| ———— p=100 MeV
------ p=220 MeV
-------- p=320 MeV
p=340 MeV

0 . | ! | ! | \ : \
0 50 100 150 200 250
T [MeV] M.R.et al.(2021)

50




Phase diagra

cSrestored i
— ] . ©cP) _-
| 2\ Critical endpoin
[ Spontaneous \ j
T N - ¢SB(hadronic phase)
00 | 5|0 | 1(|)0 | 150 | 200 | 250 : > M[’iﬁogv] ™ -

T [MeV] M.R.et al.(2021)

Real second order phase transition, with divergent correlation lengt

(critical behavior)



Put

0= a/f,

0%
X - —
00% |,_,

Qualitative understanding
T Mg

then

X:quﬂmﬁmd

For vacuumQCD:

Venezian1979), DVecchiaVenezianq1980), Leutwyler an@&milga(1992),
Crewther(1977)

It worksfaily well also around the QCD crossover

M.R. andGatto(2011)

Topological susceptibilii

Z.Bonaret al. (2023)

——— u=100 MeV
-—-— u=220 MeV

100 150 200
T [MeV]

Measures fluctuation
of the topological charg



The questior

Is the QCD axion sensitive to the QCD phase transiti

Spoiler alert: YES IT IS



0

a/fa

_ o0
X002 |,

Luet al.(2019)
Lattice data fronBorsanyet al. (2016)
cPTresult fromGirillidi Cortonaet al. (2016)

Topological susceptibilii

Z.Bonaret al. (2023)

—_ I—l:O
——— =100 MeV
-—-— u=220 MeV

100 150 200
T [MeV]

Measures fluctuation
of the topological charg



The axion mas

Z.Bonaret al. (2023)

—=== =100 MeV
------ p=220 MeV
-------- u=320 MeV

U=340 MeV

100 150 200
T [MeV]

T — — 0 100 150 200
— b= T [MeV]
Mg fa = 6.38 x 10° MeV?
Axion mass Is very sensitive to the phase transitior



The axion selfoupling

Z.Bonaret al. (2023)

o — u=0
=340 MeV —_— M:'| OO MeV
100 150 200 250 _
T [MeV] —— u=220 MeV
—— u=320 MeV
100 150 200 250
A T [MeV]
)\ f (55 . 63 MeV) In agreement with Abhishedt al. (2021), Bandyopadhyay et al. (201¢

Axion coupling gets enhanced In the critical region



The axion wall:

L=-
2

V(9) = Q(0) — Q(0)

9"ad,a — V(a/f,) AT o

p=450MeV(x50)

In general

O(mex) 40
. Vo)

In the chiral restored phase

V(0) = Vo(1 —cos®) = m?2f>(1 — cosd)

0. (x) = 4arctan exp (£m,x)

_\/§max

(Mg fa)

SineGordon soliton




The axion wall

Z.Bonaret al. (2023)

-—- T=0, y=320 MeV
T=150 MeV, p=320 MeV

S restored
(QGP)

| Spontaneous
- ¥SB (hadronic phase)

| | | . | | \ \
-0.0002 0 0.0002 0.0004
X [ meters]




Axions In superconductive quark mat

The previous description of QCD at high density might be incomplet
because It ignores the possibility of the formation of new condensat

(qq) < A

superconductive gap

guark-quark condensate

Condensation can happen both in the scalar and pseudoscalar cha









0 =a/fa
g%

n = hg
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Axion seHcoupling in the 2SC pha

2e+008| """ A= Mev
A, =50 MeV

AL=1OO MeV

~ -2e+008

-4e+008




Critical temperature versus

-—-- A =25 MeV
A, =50 MeV
AL=1 00 MeV

Seconebrder phase transition to normal quark matter



Mass and coupling versus temperat

1e+008

-—-— A=25MeV - —-- A =25MeV

¢
(4]
[FT—
4y]
<

-1e+008
. A2 2-¢
Y 2Gpf22+4¢

G,

-2e+0080

10

Seconebrder phase transition to normal quark matter

(*) / ,=0 andc=0 for T>JImight be a drawback of the mean field approximati



Superconductive gap in the quark spectr

= C*GHh3 +4GHh% —ACGHhrhrcos(a/ fa).

9

CCGHhE +4GHhT — ACGHhphy cos(a/ fa),

M.R. et al, In preparatior

D, 0

superconductive gaps in the quark
spectrum.
_ Within our modelD=L3,.




Further topics

Lopes et al. (2021)

G,=0,a/f =0
- = Gy=0,a/f,=n
— G,=02G_,a/f =0
- = G,=02G_a/f ==
— G,=04G_,a/f,=0
it (& =O.4Gs,a/fa=n
e NL3mp

Axion effects on the stability of hybrid stars
Axions stabilize massive neutron stars by weakening the dhatkon phase transition and
bringing it to lower densities.




Further topic
Bandyopadhyay et al. (2019)

T=180 MeV A

— eB=0
—- eB=02GeV"
“~ eB=04GeV’

— eB =0
—- eB=02GeV’
-+ eB =0.4 GeV’

O)/A" [107]
S
0)/A" [107]

) o—

< =
o] c
s g

CD axion in a hot and magnetized medium
Magnetic field enhances the axion potential at T=0, while lowers it ah@wvedrse magnetic
catalysis).




Further topics

Abishelet al. (2019)

[t
N
i~
P
-
~
o~

2 | — NJL model
-------- PN.JL model
‘‘‘‘‘ xPT

—— NJL model
= PNJL model

..... \F)T
0.0 0.05 0.1 0.15 0.2

T (GeV)

0.0 0.05 0.1 0.15
T (GeV)

In-medium QCD axion within PNJL model
Study of the QCD axion using a model that effectively (statistically) contains confinement




Comparisonwith perturbative QCDBDLangevin

Standard Brownian motion ~=~@ charm, EvGlasma =1 fm/c

--- beauty, EvGlasma

---& charm, pQCD Langevin

(E(t1)E(t2)) = 2Do(ty — to)

---{ beauty, pQCD Langevin

P

Nl_l
>
O

O,
©
s
7%

energy loss random kicks from the medium

(momentum diffusion)

Averagediffusioncoefficientof HQsin Glasmaagreeswith pQCD
for smallvaluesof Q, (diluted Glasma.



Quastgquark spectrun

D, 0

superconductive gaps in the quark
_ spectrum.

J

Quark dispersion laws

= (*GHh% +4GHh% — ACGHhhrcos(a/ fa),

CCGHhE +4GHhT — ACGHhphy cos(a/ fa),




The free streaming regime, ABollisions

e=Tr|EF} + E}+ B; + B;.

o

P, =Tr |—E; — Bf + E} + B}

[

Pr=Tr [E] + Bj ]

512, 1 sheet) [GeV']

o

S

¥  JintfcH

Longitudinal pressureanishes(*)

1
[S—

averaged fields (5 events, N

P.r Py the system is quite anisotropic.
This anisotropy affects observables,
e.g. those of the heavy quarks.

1
[N

3
.5_
2_
.5_
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_2_
.5_
_3_




A vanilla introduction to the QCD axi

QCDaxion

[

['odd an Ea,xion X —F - F

a .
axion decay constant

The axion mass, jnand { are very uncertain, mostly due to lack of direct
observation of this elusive particle.

Cosmological models with inflation: 4O (10! GeV¢ 10'8 GeV)
Constraints from astrophysics; mO(106' eV¢ 10 eV)(*)

(*)Seefor exampleGiannotti, https://arxiv.org/pdf/2205.06831



The preequilibrium stage: diffusion of heavy quarks in the color filam

DanaAvramesctlet al.(2023)

pr="5.0[GeV]| py=10.0 [GeV]

—— O — =S

r\T
(]
i

~
-
o

o,
w

X
Slow color charges spend some time within one single filament:
diffusion in a coherent field, rather than in a random medium.

The force exerted on these charges is toogelated.



Axionpotentialin hot QCD The axion potentis

Axionpotentialin dense QCD

——— T=0, p=320 MeV
------ T=150MeV, pu=320 MeV (x40)
,,,,, T=220MeV, p=320 MeV (x400)

q—<
—_—
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S
S
>
S
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Luet al.(2019) ~~ Z.Bonaret al. (2023) ™.

Bandyopadhyay et al. (2019)

Chiral restoration implies a substantial decrease of the free energy batrrier:

Energy cost to form field configurations connecting
two adjacentvacuais lowered.



The axion wall:

1
L= 58"&(%0, —Via/f,)

I — p=omev
p=450MeV(x50)

S

0.

[Q-Q(a=0)J/A* (x107%)

S
(X

Field configuration that
Interpolates between
two adjacentvacua

Energy accumulates here



The axion wall surface tensi

Z.Bonaret al. (2023)

M=0, full porential
M=0, cosine potential

M=320 MeV, full potential

M=320 MeV, axion potential

Surface tension of the walls

E oo 11 /da\?
K ﬁ:/ dzx 5(%) Jr‘/(a/fa:)

—0CO

Restoration of chiral symmetry lowers thef the walls.



Abundant walls in superdense quark mat

E [t |1 /da\? '
E:/ da 5(%) +V(a/fa)

Y

— OO

Free energy cost to add one wall L?

Free energy of bulk quark matt~ pu*L? T4L3, u?T?L?
Ratioof the two ~ 1/ L

In thethermodynamic limitthe free energy cost of adding one wall
to the bulk quark matter Is zero:

Axion walls might be abundant in quark matter



Axion potential at T=0, for twbavor CS(

h=+hg
Pseudoscalar condensafg

M.R. et al, in preparation 1\

F.Murganaet al, PRD110 (2024)

Q0)/A*

a

=
(4v]
~—’
S

One of the novelties of our study
Two adjacent minima have different parity(

hL:' hR
Scalar Condensatgs (*) Thisis differentfrom what happensin nonsuperconductivehasesof QCD.
Thesamehappensn the CFiphase



A vanilla introduction to the QCD axi

~

Eodd X Qﬁ . F F = €w/poF£G

. A
ﬁaxionocféF'F %:_9 A:<A>—|—CL

QCDaxion

a ~
Eodd =+ Eaxion X —I - F

Peccei and Quinn (197 8Bhifman Vainshteinand Zakharo\1979); a

Dine, Fischler anfirednick{1981);Wilczek(1977); Weinberg (1977) axion decay ConStant



Outlook 2: OQS for HOsGtasma AA andoAcollisions

0 Extension of the Lindblad equation to procesgiis memory*).

o0 Simple problem: one electric charge (say an electron) in a flux tube (quantum diffusion |
coherent field), Markovian case.

0 Extension to the neMarkovian case

0 Extension to the case of HQL3lmsmacolor filaments.

A Pro: has the advantage to allow for the description of the dissipation
A Contra nonMarkovian extensions of the Lindblad equation are not trivial

(*)Extension of the.indbladequationto the couplingof bathswith memoryis anactualactiveresearchtopic evenin
Open Quantum systemhlgencethe interestfor this problemgoeswell beyondthat of HQsin HICs



Outlook 4: FRG applied to superdense phases of

A Inhomogeneous phases near the critical endpoint of the phase diagranik®Models)
A Homogeneous and inhomogeneous cedaoperconductive phases (HDET)

Seea dzNH | tgflk- Q a



Outlook 6: coupling of quarks to axions avd

Ecoupling — ( )@Ef}/uf)/t')w -
= 80( )@jtj VO(x,t) - byys9)

/

Nns = Nr — Ny,

Chiral density
Difference of densities of R and L quarks



Outlook 6: coupling of quarks to axions avd

Ecoupling — aue x,t qubf}/uf)/t')w

ps(, t) ?/)T’Yfﬂ/) Vi(x,t) ‘775’7’)/5?/)

chiral chemical potential N5 = NR — N



Outlook 6: coupling of quarks to axions afd ¢

/

() = ;Zn = ;’

L"coupling — M5 (',Ba t) W%w I V@(.’L‘, t) ) @7’751#

A Walls will form and deform to (metastable) bubbles due to surface tension
A Scattering of quarks on walls leads to local chirality imbalance

A Strong magnetic fields in the core coupled fonight lead to chiral magnetic
effect in superdense quark matter(*)

(*)Bonan et al. (2023urganaand Ruggieri (ipreparation.
Mutatis mutandis this can beimplementedn RHICsaswell.



The preequilibrium stage: diffusion of heavy quarks in the color filam

Fields arrange in correlation domains, Field correlators in the transverse plane
akafilaments of transverse aredix?: -
X2 — O(l/QSZ ) By, T [fm /c]

—0.01

—0.05
0.1
0.15
0.3

0

D.AvramescLet al., 2024

The force experienced by HQs in thegmailibrium stage is time
correlated:diffusion with memory




The preequilibrium stage: diffusion of heavy quarks in the color filam

Initial distribution
From perturbative QCRakaFONLI[Cacciaret al. (2001, 2012)]

(dN / dQPT)pQCD

— 1=0.2 fm/c

— 1=0.3 fm/c

=0.4 fm/c
e o Rl
Interactionwith the fieldscreated
by the collision

See also
M. Ruggierand S. K. Das (2018)
Y.Sunet al. (2019) for an estimate of thedfect on theelliptic flow.



Outlook 0: (3+1)[Blasmaand HOs ipA collisions

pAcollisions with A-dependenffluctuations
HOsmomentumspreading

longitudinal, A=0

* longitudinal, A=1 0

fRealistiqpA collisions
Anfinite quark mastimit(t) | EEE——
AT hreecolors QCD

Parisi et al, inpreparation

0.6
T (fm/c)

(*)The extension to the case dfalisticquark massess under progress.



Outlook 0: (3+1)[Blasmaand HOs ipA collisions

pA collisions with A-dependenfluctuations
HOsangularmomentumspreading

MRealistigpAcollisions
Anfinite quark mastimit(*)
AThreecolors QCD

(*)The extension to the case dfalisticquark massess under progress.



