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Theory of strong interactions (QCD)

» Degrees of freedom

> Quarks g
» Gluons A

» The QCD Lagrangian is well known

8 Ny
1 _ i _ ~
L==2) F"Fi+ > a(i"0u—m)as+g) a7 Auay
a=1 f=u,d,s,... f=1

» Non-linear equations of motion with g ~ 1

» The main problem: calculation of observables based on the QCD
Lagrangian (Millennium problem)

» Theoretical approaches contain assumptions with systematic
errors which are difficult to estimate



Lattice QCD

Lattice simulation
» Allows to study strongly interacting systems
» Based on the first principles of quantum field theory

» Powerful due to modern supercomputers and algorithms



Building lattice QCD

QCD Lagrangian

L o - s 4
L= —ll."i Fow + : “}_" Ms,n [("(@, — igA,) —my]q

© quark A gluon

» Introduce regular cubic four dimensional lattice
Ns x Ng x Ng x Ny = N3 x N,

P> Lattice spacing—a

» Degrees of freedom

» Gluon fields: 3x3 matrices U € SU(3), live on links
» Quarks fields: column g, g, live on sites



Lattice QCD

» We study QCD in thermodynamic equilibrium

» QCD partition function

7 = Sp[(—rff[’»"f"’”/T] = [DUexp (—=Sc(U)) x ] det (D;(U) + m;)

» In continuum lattice partition function exactly reproduces QCD
partition function

i=u,d,s...

» Gluon contribution: Sg(U)

_ 18

= 1Y P,
. . a—0
» Quark contribution:

ADW) +mla| =40, + igr* A+ )

a—0

» Carry out continuum extrapolation a — 0

» Uncertainties (discretization and finite volume effects) can be
systematically reduced

» The first principles based approach. No assumptions!

» Parameters: coupling constant g(a) and masses of quarks mq(a)



Lattice QCD

» We calculate partition function
Z~ [DUe SO, . det (Di(U) +m;) = [ DUe™Ses1(V)
> 96 x 483

» Variables: 96 -48% -4 -8 ~ 300 - 106
» Matrices: 100 - 10% x 100 - 106

» Simulations of u, d, s, ¢, b quarks at physical masses
and a ~ 0.05 fm

» Stochastic process: Hybrid Monte Carlo(HMC) generates
{U1} — {Uz} — {Ug} — .

> For sufficiently large n: p(U) ~ e~ %ess (V)

» Calculation of observable O(U)
(0) = x XL, 0(Uy)



Hybrid Monte Carlo algorithm

» HMC can be considered as Brownian motion of the system

> Accept/reject step at the end of the trajectory

» if Sepr(Unt1) < Seps(Un) the Up oy is accepted -
» otherwise U, 41 is accepted with p ~ e [Ser s (Unt1)=Serp(Un)]

» Simulation of quantum system!

> For large number of the trajectories p(U) ~ e~ Sess(U)



Muon g-2

- e - _ gu—2
’Nu—g#(zmu)sv Ap = 775

> Experiment: 10%, = 11659205.9(2.2) | rvavoy)
» Theory: 101, = 11659181.0(4.3), [wr=0|

» Contributions to a
> QED: 11658471.8931(104)
> EW: 15.36(10)
> QCD: 693.7(4.3)
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figure from Christine Davies, Lattice2024


https://doi.org/10.1103/PhysRevLett.131.161802
 https://doi.org/10.48550/arXiv.2006.04822

Muon g-2: current status
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figure from from Finn M. Stokes, Lattice2025
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Muon g-2: current status
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Lattice results are in agreement with experiments!

figure from Aida El-Khadra, Lattice2025
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Muon g-2: current status
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figure from Finn M. Stokes, Lattice2025
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Spectroscopy: history

» Potential models
» "Relativistic potential models"
» QCD sum rules

Problems
Systematic uncertainty
Hadrons as a bound state of q@, qqq

Interaction potential?

vvyyvyy

What about resonances?
Higher states: qqg, 99, 9933,...7

Satisfactory as the first approximation but not as an accurate study

v

Spectroscopy within lattice QCD has become accurate, reliable
and engineering problem

13



Lattice spectroscopy

» For asymptotic states (m, K, D, B, N...)
P Choose interpolator with correct quantum
numbers
for instance, for m meson j5 = dysu
P Calculate the correlation function
C(r) = [ d>x(0l35(r, #)35 (0,0)/0)
O(r) = L? 32, €™ P17 (015 (0, 0)n) (nljgf (0,0)10)

P Effective mass

_ C(
aE.fy = log W‘?l)

» For resonances: no such simple relation between
finite-volume energy and resonance mass

» Finite-volume spectroscopy for 2 - R — 2
resonances. Luscher method [ R. Briceno'17]

» Finite-volume spectroscopy for 3 - R — 3
resonances |[M. Hansen’14|

aEef

1
i i bt

syt v
iy ity H* *{ ]

t/a

Felix Erben, Lattice’24
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https://doi.org/10.1103/RevModPhys.90.025001
https://doi.org/10.1103/PhysRevD.90.1160031

Finite-volume spectroscopy

relevant interpolator basis complete correlator matrix

p(P.t) = Y e (iyiu — dyid)

B : /N {olt) o*(tn» (pmmlte))  (pmbte)) -

(r7) (P, ) = 7" (pr, 7 (92, 1) () (1) (to) <(mnt)n)( ) ((r(O(m)(to)) -
(to)) )

V4
— 7 (Pr, )t (P2, t) ((ﬂﬂ)z(l T(to)) ((mm)a( t)m

GEVP

2 5
Loothe Lt
N o & =0T,
’ — N < & -1
: v & 1B
‘ & =2:a,
*3 . & =2.B,
....... o 4 =2:B,
5 10 15 20 t/a . 77/}/ : 7::
repeat for  °? 03 04 E..
finite-volume formalism - - °|4_'—IL momenta,
“irreps

Felix Erben, Lattice’24
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Spectroscopy:

PDG i
& This work
¥ RQCD
BMW i
i
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e
Sol
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[ C. Alexandrou’23]
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[ HAL QCD Collaboration’24]

16


https://doi.org/10.1103/PhysRevD.108.094510
https://doi.org/10.1103/PhysRevD.110.094502

Spectroscopy: at physical quark masses
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[ C. Alexandrou’23]|
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https://doi.org/ 10.1103/PhysRevD.108.094510

Spectroscopy: state-of-the-art calculation

€| hadron-hadron channels below a, Eqy & 0.72

07" |1 fos Xeon {1S0}; $w, DD”, D'D” {*Po}; xean{°Do}:
0" |nen, DD, ', DD, pw, DD, 6 {'So}s xeam {°Po}s ww, D*D”, v {°Dy }s

Flnen, nen’s vw, v {'Pi}; vw, DDT, D'D", 6 {°Pi}: vw, $6 {°Pi}s xean {°S1}: Xeun {*Di}s xean {°Di}s
L DD" {°S1};5 yw, DD” {*D1}; vw, D"D” {*Di}s xeon, efo { ' Pi}s xen {°Pi}s xean {°Pr};
pw, DD, D.DZ, v6 {*Po}; xeon {752} 5 Xern {°Da}s xeon {*Da}s nefo {*Da}
w, D" D", o, D;D; {°Sa}: nen, DD, e, D, D, tw, D*D*, v {'Ds};
Yw, DD", DD, D' D", 46 {*Da}; xen {*Po}s xean { "B
37" [Yw, vo {°PsYs xem {*Ds ks xean {°Ds}s menm, ment's vw, $6 {'Fs}; vw, DD™, D'D", v6 {*Fy}; vw, v {*Fs};
3*\DD*, D,DZ, yw, b {*Dy}; D*D*, DD, yw, 96 {°Dy};
nefo U'Es}s Xean {°Pa}s xeon {'Fa}s xen {°Fs}s xean {"Fa}:
4~ % |yw, DD*, D*D*, D,D; {*F,};
4 [gw, D*D*, ¥, DID; {*Da}s xean{*Fi}s xean{*Fu}:

m/MeV m/MeV
00 O—— 0O—0- —0—
3800 3850 3900 3950 4000 4050 3800 3850 3900 3950 4000 4050°
ol ™ =Rey/5y ~ 3995(14) MeV ol ™ =Rey/3 ~ 3062(14) MeV
I'= —2Imy/5 = 67(38) MeV I'= —2Imy/5 ~ 63(12) MeV
40 40]

60 60|
801

(13) MeV ~ 26(11) MeV/
~ 28(26) MeV 100 2(13) MeV
= 9(15%) MeV ol [oope = 2(55) Mev

T/MeV I/MeV

| Hadron Spectrum Collaboration’24]
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https://doi.org/ 10.1103/PhysRevD.109.114503

Spectroscopy: state-of-the-art calculation

M/MeV

775 825 875
0
~50 T
—100
_150F ® &) K™ (this work)
‘ (& p (this work)
i K*(PDG)
—200
¥ p (PDG)
—I'/MeV

RBC/UKQCD 2 + 1 flavor, Mobius domain-wall, a=—! = 1.7295(38) GeV, V =

483 x 96, Physical pion mass

this work [MeV] | PDG [MeV]
M+ | 893(2)stas (54 )sys 890(2)
Tr+/2 | 26(1)scat(6)sys 25.6(1.2)
M, | T96(5)stat (50)sys | 761 — 765
Tof2 | 96(5)erar(15)sys 7174

[ Peter Boyle’24]|
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https://doi.org/10.1103/PhysRevD.111.054510

Spectroscopy: state-of-the-art calculation

vvyyy

0.00 e w
M, — 305MeV ‘*)
M. = 208MeV
-0.01
«
<
=
=-0.02
&
- - EFT2
0.03 ~ EFTd
o -+ GEN
- PDG
-0.04
3 4 ] 6
Re E3/M,

| Haobo Yan’24]

Acount of 7w — 7w and wrw — AW

Two pion masses and extrapolation to physical mass
One lattice spacing: a = 0.07746(18) fm

V5, = T78.0(11.2) — i3.0(5) MeV

PDG m = 782.66(0.13), I' = 8.68(13)
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https://doi.org/10.1103/PhysRevLett.133.211906

Spectroscopy: tetraquark 7, .;

vvyyvyy

v

I(JP) = 0(1") three body resonance
§ = —273(61) KeV below D*1 DO
ST = 440(165) KeV

DD* — D*D* scattering: Virtual state
[ Hadron Spectrum Collaboration’25]

Account of local cciid operators
Resonance with pole at
o +0.7 +2.4
0E = —5.27 ¢ — 6. 574 s
| S. Prelovsek et al’25’25]

More studies is required

< V= ; ;
= F 2
= sof- 5 J{
B B
£ 40f | b Mt H
£ | +  Data 3.874 3876
301 | l——:—l E;fg,fﬁflf"’ Mz [GeV/e?]
E + Ir;z‘fll)“ threshold E
20 F + 77777 D*D* threshold + B
1 I
Fok fyut i mﬁ# t HHH i i
3.&7‘ — ‘3.88 3.89 — —.
R0t [Gev/c?]

[ LHCb Collaboration’22]
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https://doi.org/ 10.1103/PhysRevD.111.034511
https://doi.org/10.1103/rlgp-c9tb
https://doi.org/10.1038/s41567-022-01614-y

Spectroscopy: tetraquark 7},,;

b action
—O— RHQ
—_— NRQCD
—_—0— NRQCD
P NRQCD
—_— NRQCD
_D_
—— NRQCD
——O—— NRQCD
{1 static
_D_
T T T T T
0 50 100 150 200
binding energy (MeV)

method
spec local Vujmilovic "25
spec wall—box Tripathy "25
spec wall—box Colquhoun 24
spec {local,bilocal} Alexandrou *24
potential Aoki "23

coupled-channel

spec wall—+local ~ Hudspith "23
spec local Mohanta ’20
potential Bicudo 15
coupled-channel ~ Bicudo "16

Jeremy R. Green, Lattice’25

» Open symbols: single lattice spacing or single pion mass

» Consensus: deeply bound state
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Spectroscopy: Roper Resonance

N(1440) 1/2F

0Py =13

Re(pole position) = 1360 to 1380 (= 1370) MeV
—2Im(pole position) = 180 to 205 (= 190) MeV
Breit-Wigner mass = 1410 to 1470 (= 1440) MeV
Breit-Wigner full width = 250 to 450 (~ 350) MeV

N(1440) DECAY MODES Fraction (I';/T) p (MeV/c)
N 55-75 % 398
Nn <1% i
N 17-50 % 347

A(1232) 7, P-wave 6-27 % 147

No 11-23 % -
py, helicity=1/2 0.035-0.048 % 414
ny, helicity=1/2 0.02-0.04 % 413

Aim: understanding the first excited state of proton
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Spectroscopy: Roper Resonance

25 T T T T T T T T N
. 24 : S
N .
204 i B i‘ i 2.2 . * s + !
! 20 ! { * Experiment
K | : 2QCD (nucleon)
— 15[ m £ 18 I '} ' { | %QCD (Roper)
% M L] 5] | | 4 XQCD (overlap + SEB)
& : . - Z16 i | # 2QCD (clover + SEB)
s H - - = # 7QCD (clover + variation large)
&oLop *’ 7] l . # xQCD (clover + variation small)
' 14 — } QCD (overlap + variation)
. - CSs oo ¢ BOR
osk CSSM 12 ot B & Cyprus (twisted mass)
r s JLab [] . © Cyprus (clover)
H 104 b i CssM
' . Cyprus 4§ Jlab
Y| L | L T T
Fo0 005000 00 020 025 080 0.3 040 005 010 015 020 025 030 035 040
m3 (Gev?) m (GeV?)

Importance of Chiral fermions:

D. Leinweber, NSTAR 2024
XQCD (Sun et al). PRD 101, 054511 (2020)

No presence of Roper state

N. Mathur, Lattice’24

» Not all groups see Roper Resonance
> Reliable lattice study requires
» N, oN, nA and Nnrw
P Fermions that respect chiral properties
P> Large volume > 5 fm
» Necessary calculations can be performed in the next 5 years
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Spectroscopy: Glueballs

» Bound state of gluons with admixture of
quark-antiquark states

> Masses are well studied only in
gluodynamics ("real" glueballs): the lightest g
~ 1700 MeV

» Poor knowledge of properties: no rigorous 6
predictions on decay patterns and their
branching ratios 4

» Difficult to identify. Information from
lattice is required! 2

» Few candidates: fo(1370), fo(1500),
fo(1710), X (2370), ... 0

0 m—

27— 3

i

3t m— 3+

07 — 1 —

-+ —
O+ m— 0
0 —

++ -+ +-

[Y. Chen et al.’05]

Mg (GeV)


 https://doi.org/10.1103/PhysRevD.73.014516 

Spectroscopy: Glueballs

3500

3000

2500
MeV

2000
' 1500

1000

500

3
§ x
Athenodorou & Teper hed, =)
Chen et al (Nj =2+ 1,my = 140 Me\")
Gregory et al (Nf =24 1img
Bal:
Sun {f a(vf =2, mg
il
O+t 9++

Jre

» Influence of quark loops on glueball spectrum [A. Athenodorou et
> Ny =4 and my = 250 MeV

» Only glueballs operators. No meson-meson operators!

al.’
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 https://doi.org/10.48550/arXiv.2308.10054 

Spectroscopy: Glueballs

20 o ot da 20 m. ot dd
- — - o
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Level Level

» Spectroscopy with and without scalas glueball [R. Brett( et al.’20]

Ny =241, mz =390 MeV

scalar operators: 4 gq operators, 10 two-meson, 1 glueball

without Luscher analysis
» Inclusion of scalar glueball does not influence the spectrum sigificanlty
» Mixing of 0~ glueball and ¢ [X. Jiang et al.’23]

Ny =2, mp = 350 MeV. Small mixing with quark sector ~ 3.5%

A lot of work to be done to get better understanding


 https://doi.org/10.1063/5.00085660
 https://doi.org/10.1103/PhysRevD.107.094510

QCD critical end point

HIC experiments are focused on CEP

Crossover curve

Te(p) _
Tr(g) =1-0.015(1)

Contour of constant entropy:
(TCEP uCFP) = (114(7), 602(62)) MeV
[ H. Shah et al.’24]|

[H.T. Ding et al.’24]

Lee-Yang zeros (N; = 6):
(TEEP, uOFP) = (10515, 422450) Mev
[ D. Clarke et al.’24]|

Taylor coefficients up to O(u®) (N; = 8)
(TCEP ,CEP) ~ (100, 580) MeV

[ G. Basar et al.’24]

Phase diagram in space (T, ug,eB)
(TCEP ,CEPY = (100(25),800(140) MeV
[ V.Braguta et al.’19]

No CEP at up < 450 MeV at 20 level

[ S. Borsanyi et al.’25]

The other point of view:

transition is crossover | K. Fukushima’25]

~1565 MeV

T [MeV]

® o

O. i d

° o
Quark Gluon Plasma

Nuclei

Us

WB Transitiod line [2002.02821]

WB ﬁn.\Le volume transition line [2410.06216]
Freezeout Andronic et al [1710.09425]

Freezeon

at estimate Lysenko et al
AR freezeout
SE-crossover

1701.07065)
2106.08356]

2408.06473] ———

—a—

160 26 exclusion range [This work] ]
150 -
3
H
140 CP excluded =
[«
o
130
.
0 100 200 300 400 500 600
g [MeV]
| S. Borsdnyi et al.’:

25]
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https://doi.org/10.1103/PhysRevD.109.114516
https://doi.org/10.1103/cbwj-4jfl
https://doi.org/10.1103/y6kg-ry8x
https://doi.org/10.1103/PhysRevC.110.015203
https://doi.org/10.1103/PhysRevD.100.114503
https://doi.org/10.1103/rj6r-dmg9
https://doi.org/10.1016/j.jspc.2025.100066
https://doi.org/10.1103/rj6r-dmg9

QCD equation of state

vVvyyvyy

v

LI e e e B B B B B B

stout HISQ
(e-3pyT4 = =
pTé I
EoS at finite temperature s/4T4 B B
EoS at np # 0 (Taylor expansion) I
EoS at finite magnetic field 1o 170 210 :;’(’:0 nzsgfo 30 30
05 T T S
New trend: AP /T
EoS of dense and manatized QGP ¢4 B
EoS at ultrahigh temperature 03 ot = -
0.2 1
0.1 1
! | . . . . | TMeV]

0
135 140 145 150 155 160 165 170 175

| F. Gross et al.’22]
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https://doi.org/10.1140/epjc/s10052-023-11949-2

EoS of dense and magnetized QCD

p(T,eB, up) = p(T,eB)+co(T, eB)uh+ca(T, eB)ug+co(T, e B) & +..

Nf=2+1 QCD (Nt=8,10,12) Nf=2+1 QCD (Nt=8 & 12) Nf=2+1+1 QCD (Nt=8)
Analytical continuation, yg = 0 Taylor expansion, strangness neutral Imaginary /e with g = 0
025 o5 =000 =020 m060] U™ eB =038 (GeV?)

B G = (Gev?) m 0.10 m 0.40 m 0.79
4 12§ 1255 , . .
*. mzos § oe | 020 — e
03 ¥ 0314 -

2300

ideal gas (dashed)

ob® —
120 140 161 180 200 Arpith Kumar

- —=
QUHRG (dash dotted) B
T (MeV) POGHRG (oo Fri 2:50 PM

145 150 155 160 165 170
T (MeV)

Astrakhantsev et al. HTD, J.-B. Gu, A. Kumar, and S,
Phys.Rev.D 109 (2024) 9, 094511 arXiv:2508.07532,2502.0313

-L L,
52

S. Borsanyi et al.,
1132,2312.15118

Heng-Tong Ding, Lattice2025
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QCD equation of state at ultrahigh temperature

v

Lattice set up
[ M. Bresciani et al.’25]|
Ny =3 QCD
Chiral limit

9 values of temperature in region
3 —165 GeV

Reduced lattice artifacts:
O(a) - improved Wilson fermions

Continuum limit extrapolation:
Ny =4,6,8,10 Ng = 144

T | T (GeV)

To | 164.6(5.6)
T, | 823(2.8)
T, | 51.4(1.7)
Ty | 32.8(1.0)
T, | 20.63(63)
Ts | 12.77(37)
Te | 8.03(22)

T, | 4.91(13)

Ts | 3.040(78)
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https://doi.org/10.1103/PhysRevLett.134.201904

QCD equation of state at very high temperature

2l [N =3QCD

> P(ejl:‘gurbatlve FoS: X
sTs — s2r’ (Zk 0 Sk (277) ) 19

so = 2.969,51 =0,s0 = —8.438, N
s3 = 55.11, 54 = —40.28 + 101.2log ¢2, R e R
s5 = —1174, s¢ = 4791 — 1629 log g2 + qc 0.0 0.5 Lo L5 2.0
| K. Kajantie et al.’02] J
wl v =300 b
» Enforcing exact SB limit 2 O et T o0
s(T 3272 2 + average at T = 500 MeV/
11 =5 (s0+ 2 (£)°)
s0 = 2.954(15), s0 = —3.6(7)
» Fit with ¢. and s7 = g®
Nonperturbative contribution from 3D "
Yang Mills is important - g,
»> PT is very poorly/slowly convergent 1 g 2quv o ey U,
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
p

[ M. Bresciani et al.’25]
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https://doi.org/10.1103/PhysRevD.67.105008
https://doi.org/10.1103/PhysRevLett.134.201904

Modelling heavy-ion collisions

0.3 4

Heavy-ion collisions are modelled as a 02
multi-stage evolution

s

» Initial conditions 0.1
» Pre-equilibrium stage

» Hydrodynamic evolution:

Calibrated to:
Pb-Pb 2.76 and 5.02 TeV

—— Posterior median
90% credible region

relativistic viscous hydrodynamics 150 200 250 300
(EoS and transport coefficients) Temperature (M)
0.08 4
» Hadronization
» Hadronic transport
0.06 4
Transport coefficients: 3 004 4
» Shear and bulk viscosities 002 |
> Diffusion coefficient
» Electromagnetic conductivity 0 . . \
150 200 250 300

Temperature (MeV)

[ J. Bernhard et al.’19|
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https://doi.org/10.1038/s41567-019-0611-8

Shear viscosity of QGP

P./2
Pc
2P,

©

P2
Heli Pe
l\l)r elium 2Pc
I

014 Quark-gluon plasma /

0 0.5 1.0 15 20 25

Water

[ J. Bernhard et al.’19]

» Perturbative QGP 2 ~ 1 [# Amold et a1 00)
> N=4 SYM g = ﬁ ~ 0.08 [ G. Policastro et al.’01]
» QGP is the most ideal fluid!
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https://doi.org/10.1038/s41567-019-0611-8
https://doi.org/10.1088/1126-6708/2000/11/001
https://doi.org/10.1103/PhysRevLett.87.081601

Transport properties on the lattice

vy

v

Transport coefficients (1, ¢, 0, D, ...) describe dissipative processes

Related to Euclidean correlation functions due to linear response
theory. Can be calculated in thermal equilibrium!

For electromagnetic conductivity
= [ d®x(j(r,7)j(0,0))

w h 1/2T—1
C(r) = f ;p(w)%

o = limg,_s0 P<“’)

On the lattice:

» O(10) points C(7;)
» The largest Euclidean time 7 = %
P Large perturbative contribution(shear and bulk viscosities)

» Problems with Signal/Noise ratio
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Shear and bulk viscosities in gluodynamics

» Correlation function for viscosities
C(r) = [ d®a(T12(r, #)T12(0,0))

»  Perturbative spectral function p(w) ~ w?

» Huge perturbative contribution: 90% at
T=1/2T

» Rapid decrease of Signal/Noise ratio since
C(r) ~ 1/7°

» In gluodynamics problems can be solved due

to multilevel algorithm

| H. Meyer’02]

» No multilevel algorithm for fermions!

New study: [ H.-T. Ding’26]

» Without multilevel algorithm

» Reached the accuracy 1% at T = 1/2T!

Ready to calculate viscosities with
quarks!
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[ H.-T. Ding’26]
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Chiral magnetic effect(CME)

B
~ AS' 7 N
S,
b @)
- P
@ “ ® ﬁs
— v L
P (),, Q
' S ps # 0

» In HIC p5 = p5(i5) might be created
> CME: J = #,% x eB
» Related to chiral anomaly

| D. Kharzeev’15]
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CME in thermal equlibrium
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[ B. Brandt et al.’24, B. Brandt et al.’25] ,

2

» Homogeneous eB: Coyme ~ 0= no CME at thermal equilibrium

» Inhomogeneous eB: spatially dependent current J
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Non-equilibrium CME
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% o N 200 MeV
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» Manifestation of CME: F Multpoint ¥
rise of o with B 354 & Unsupervised learning
» Anomaly related quantum phenomenon 483 x 16 K3
(classically anE =0) s 207 i
I
> Observed in experiment (Dirac % 2.5 17 X
semimetals) = i
[D. Kharzeev et al.’16] , S 2.0 & i
» Observed in lattice simulations 15 i
[N. Astrakhantsev’20, D. Bala, Lattice’25] ’ i
1.0 4 i
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eB/T?

D. Bala, Lattice’25 39
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Static potential in hot QCD

» Heavy quarkonium correlation function
C(t, 7 = (Ju (¢, 7) T (0,0))

> (C(t,7) satisfies equation
<2MQ - AY% + v(»?)) o, ) = 2900

» Perturbative potential
V(r) = —asCp eiTZDT
[ M. Laine’07]

—iasTCpe(mpr)

» ImV(r) desribes “melting” of heavy
quarkonia at high temperatures
C(r,t) ~ e ImV:t

> ReV(r) and ImV (r) were calculated
on lattice | H.-T. Ding'25]

» Determined the spectral density
p(w,T) from C(t,7)
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Vim(GeV]
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“Melting” of heavy quarkonium
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[ H.-T. Ding’25]

» Excitations of charmonium and bottomonium melt in deconfinement

» Ground states of charmonium melt at 7' ~ 300 MeV
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The most vortical fluid ever observed

STAR, Nature 548, 62 (2017)
T T T
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> Estimation of © from A, A polarization

> Q~ 10 MeV or Q ~ 10*2 57!
v ~ ¢ at distances ~ 10 — 20 fm

> Relativistic rotation of QGP



Acceleration in HIC

Acceleration (m/s?)
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[ V. Braguta’26]|

» Characteristic accelerations in HIC: ~ 0.1 — 1 GeV

G. Prokhorov’25]

» One of the largest acceleration in universe!

[ D. Kharzeev'05,
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Spatial confinement/deconfinement transition
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» Rotating gluodynamics €2 [ V. Braguta’25 , V. Braguta’2s,
»  Accelerating gluodynamics [ M. Chernodub’25, V. Braguta’26]

» Observation of spatial confinement/deconfinement transition
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Conclusion:

» Lattice simulation is the most perspective approach for
studying QCD

> A great number of new results were obtained within lattice
simulation

> A lot of work to be done...

THANK YOU!
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