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Heavy-ion collisions at LHC and RHIC

Relativistic Heavy-Ion Collisions
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ynamics viscous hydrodynamics free streaming
collision evolution =
t~0fm/c t~1fm/c t ~ 10 fm/c t ~ 101 fm/c
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Heavy flavor probes

Heavy lon Collision QGP Expansion+Cooling Hadronization  [SA.Bass]

L
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Probe the hot medium with different length scales

0.27. 0.741, 1.17, 2.31,

Where Lattice can help ...

T(3S) ( | | )
¢ |[n-medium quarkonium properties:
masses, widths, melting T
e Complex quark-antiquark potential:
Re[V], Im|V]
L. Heavy quark diffusion: D

J/v )

v
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From Imag.-time lattice to real-time physics

An example: meson spectral function
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e Meson spectral function tells melting temperature and heavy quark diffusion




Quarkonium spectral function (relativistic HQ)

Need very fine and large lattice for heavy quark T =1/(aN,)

: : : L [hotQCD, Few Body Syst. 64(2023) 3, 52]
First full QCD calculation with relativistic heavy quarks g aji'p. Bala, et al., in prep.]
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e Thermal broadening for both charm and bottom
e More broadening for charm than bottom
e Determination of dissociation temperature needs more investigation




Non-relativistic heavy quark

NRQCD becomes possible due to scale separation: mq > mqv > mqv’

mqu : soft scale, momentum exchange between QQ

vaz : ultrasoft scale, binding/melting of QQ

QmQ

>

Quarkonium correlators can be computed with better resolution!




Mass shift & thermal width of bottomonium

Model spectra: pmed(w,T) = ASYT) 6§ (w — wE™(T)) + Aa(T) exp (_ w — M, (T)]2>
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Wei-Ping Huang’s poster

e No mass shift for all states
e [ncreasing thermal width with temperature for all states
e Thermal broadening follows the hierarchical increasing pattern




Static quark potential

« Hard Thermal Loop resummed perturbation theory

2C — gE e,
lim V¢, r) = F[mD L expl-mpr)| MEERCE

t—00 A7

- ¢(mpr)

r 41
Imaginary part becomes important for physical bottomonium at T>250 MeV!

* Non-perturbative determination matters at around and above Ic

Wilson loop/thermal Wilson line correlators in Coulomb gauge

A L(0,0) LY (7,7)

W||(7“, 7,7T) Wy (r,7,T) = /dwp(r,w,T)e_W

e Subtract continuum contribution from zero temperature correlators
 Model the potential as arguments of spectral function




Static quark potential in hot QCD

1000

Re[V] [MeV]

—1000 |

—2000 |

Real part: temperature insensitive

Ny =2+1,m; =160 MeV,a — 0

Imag. part: increasing with T & r

p(r,w) =

[HotQCD, PRD 109 (2024) 7, 074504]

A(T)

|
PO ReV(r T) — il (w,r,T)

U

e No color screening from cut-Lorentzian model SPF (no mass shift for bottomonium)
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Static quark potential in hot QCD

Ny=2+1,m; =160 MeV,a — 0

Real part: temperature sensitive Imag. part: increasing with T & r
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[Dibyendu Bala, et al, in prep.]

p(r,w) = np(w) (C—l/w + Z sz+1w21+1)
1=0

e Color screening evident from HTL-inspired model SPF




Heavy quark diffusion via HQEFT

e Langevin equations of heavy quark motion
Oipi = —nppi +&i(t)  (&i(D)E()) = Kbizo(t —t')

 Mass dependent momentum diffusion coefficient

(M) — M?w ZQTp%}'(w)‘n@wISwuv
STXq W

)

e Large quark mass limit in HQ effective field theory

- Sl 2w fanrin o)

Op=qgE+vxB)=F
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Momentum diffusion on the lattice

3T 1w 1 . lpw)
K=kt (Ve (V)= 27T~ AxT? 2T o w

Color-electric field correlation function

G(r,T) = d?wK(w,T,T)p(w,T)

p/w

— T =0

—T>T B =

w w
> >

e Cheaper to measure on the lattice
e No peak structures in spectral functions
e Absence of transport peak




First full QCD calculation of EE correlators

First full QCD calculation of k, only possible via Gradient Flow!
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[HotQCD, PRL 130 (2023) 23, 231902] For application of gradient flow on gluon

plasmas’s viscosity, see Cheng Zhang’s poster




Spectra analysis
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HQ diffusion coefficient at HQ mass limit
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E 6 « Mild temperature dependence
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[HotQCD, PRL 130 (2023) 23, 231902]




FINite mass correction

Physical charm & bottom quark not infinitely heavy!

M.: ~1.3 GeV
Mb .~ 4.5 GeV
RE : MQ — OO

w— (F()F () = U () B () + 2 (V) (6, Balt)Bi(t) — By(#)B,(0))}

3
Infinite heavy Iim\ » .
9 Finite mass correction

k=kKg + = (VKB
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Color-magnetic field correlation function




Charm and Bottom quark diffusion

First full QCD determination of charm&bottom quark diffusion!

191 A ALICE B LQCD, charm
QPM, charm ® LQCD, bottom
QPM, bottom 0 LQCD, M — x
10 - QPM, M — o
——— T-matrix, charm
— == T-matrix, bottom « HQ mass dependence of HQ diffusion: mild
81 e T-matrix, M — oo » Universal change pattern with quark mass
5 » Weak quark mass dependence in LQCD &
5 61 T-matrix
« Weaker than quasi-particle model (QPM)
calculations

150 200 250 300 350 400
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[HotQCD, PRL 132 (2024) 5, 051902]




HQ diffusion at the physical point
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LQCD, charm
LQCD, bottom

LQCD, M — oo

...... (ﬂ AdS/CFT
200 300
T [MeV]

400

500

[J.D. Golan, Swagato Mukherjee, P. Petreczky,
HTS, J.H. Webber, work in progress]

195 MeV < T < 352 MeV my ~ 320MeV

% %

174 MeV < T < 500 MeV my ~ 160MeV
Increasing stat. for T' = 153 MeV, 164 MeV

e Physical pion mass

« Wide temperature range down to 174 MeV
and up to 500 MeV

« Consistent observation as previous studies

» Almost invisible light quark mass
dependence
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K V.S. Kp

éK'E/Tga Ny =0
1014 $ kp/T?, Ny =0
:ilﬁlE/T?’, Ny=2+1
18Kkp/T?, Ny =2+1

[L. Altenkort, D. Cruz, O. Kaczmarek, GD. Moore,
== HTS, PRD 109 (2024) 11, 114505]

Quenched results from:

1003 E
Fit to
~— kp.p/T° x g* | ==
== kp.B/T° x g°
10715 .
g° (= 2rT)-

0.50 1.00 2.00 4.00

o Similar magnitude for K and kp in full QCD & guenched
e Smooth connection between quenched and full QCD in temperature
* Lattice results confirms the form suggested by pert. computations




Major achievements from HF @ finite T
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First full QCD study of quarkonium using relativistic heavy quarks
No mass shift for bottomonium & increasing thermal width
Screening (or not?) for Re[V'] & increasing Im[V ] with T & r

First full QCD calculation of HQ diffusion coefficient at the physical point
in 174 MeV < T <500 MeV

Heavy flavors serve as hard probe to provide accurate and
realistic inputs for HIC phenomenology

Heavy Flavors at Finite Temperature
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Backup: equilibration time

6 | | | | | | | |
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e Equilibration time of charm quark favors the experimental estimate (~1 fm/c for all)



Backup: identity the heavy quark diffusion

Phenomenological diffusion
picture of classical particle

Equilibrium -> Relaxation -> Equilibrium

(A(X))eq =0 9,(A(x,t)) = DVZ(A(x, 1))

Solution:

1
Kubo formula: Ggr(k,w) = 1Dk
Uubo Tormuia. RIK,w —w+ka2Xq

A — JH = pyHa)

3

Linear response theory

Perturbation to Hamiltonian:
H(t) = Hy — /dx Ax)h(x)eO(—1)

Solution:

B GR(k, t)
Xq (k)

%(5<A(k,t =0)) =

0(A(k,0))

(k) ~ p(k,w)

1 p" (w)




Backup: full QCD setup

Ny =241, HISQ, m, = 320 MeV

T [MeV] 5] am am, N, N, # conf.
195 7.570 0.01973 0.003946 064 20 5899
7.777 0.01601 0.003202 064 24 3435
8.249 0.01011 0.002022 96 36 2250
220 7.704 0.01723 0.003446 064 20 7923
7.913 0.01400 0.002800 64 24 2715
8.249 0.01011 0.002022 96 32 912
291 7.857 0.01479 0.002958 64 20 6786
8.068 0.01204 0.002408 64 24 5325
8.249 0.01011 0.002022 96 28 1680
293 8.036 0.01241 0.002482 o064 20 6534
8.147 0.01115 0.002230 64 22 9101
8.249 0.01011 0.002022 96 24 088
392 8.249 0.01011 0.002022 96 20 2488

* Wide temperature range
Different lattice spacings
Large lattices towards thermodynamic limit




Backup: anomalous dimension of B-field

. . . 2 70 YE
« Anomalous dimension in MSbar-scheme Zp= 147 Call o (B o] O(g*)
(4m)? | € AT

 @Gradient flow-scheme —> MSbar-scheme —> physical values

e Scale dependence must go for “WeWant” and (BB), )
WeWant = Z5(BB)wus

2 2 _ 72
7% = (1 ¥ m(,ﬂm)) (1 +2K 7 C’;‘) = 7273 \BB)rp = 2 7{BB)ws
167 167 WeWant = Z%22(BB),

 Determination of the matching factor

52
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]

y \ [PRL 132 (2024) 5, 051902]
1.21

— i /pp = 1.00, fp/T = 19.18
1.0 fire/ e = 1.00, fp/T = 27

= L/ pr = 1.50, pp/T =19.18
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Backup: T-dependent charm quark mass
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Backup: smearing effects of gradient flow
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[HTS et al., PRD103(2021) 1, 014511]
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o Gradient flow reduces the noise in correlators
e Gradient flow removes the lattice effects (disordering)
 Need proper flow time range



Extended meson source

Excited states accessible from extended meson operator
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Backup: scattering from various models
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