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QCD

Electromagnetic initeraction

standard model { Weak interaction
Strong interaction, Quantum chromodynamics (QCD)
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Non-Abelian interaction — QCD running coupling
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SRR EH SRS
Z=BIE [Rev. Mod. Phys. 47, 267(1975)]
In order to study the question of ‘vacuum’, we must turn to a different direction: we
should investigate some ‘bulk’ phenomena by distributing high energy over a relatively
large volume.”

Z=BUE (#8555, 2006]
from 1897 to present. to comprehend the largest, we need only understand the smallest.
from present to 21st century: to know the smallest, we need also the largest!

EHIE [ ARALSZRE, 2012]
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Vacuuy/ excitation !

@ T-induced CLASSICAL Phase Transition (Landau)
@ Lattice QCD, (resumed)pQCD, FRG, DSE, Models
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QCD Phase Diagrams

Deconfinement
Cabbibo and Parisi, PLB59, 67(1975)
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Deconfinement : Z(3) symmetry
Chiral restoration: SU(3) chiral symmetry
Color superconductivity: SU(3) color symmetry
Pion superfluidity: SU(2) isospin symmetry

Pengfei Zhuang, Alice School, Shanghai, 20251103 6



HReTHMNAO Tk TTHRITAF

W F AR EAL: [P, t) = Ut 0)|y,0)
ARE R P t) = (x|, t) = (x|U(t, 0)|y,0)
= fdxo(x|f7(t, 0)|x0)(x0|1p,0) = [dxoK(x,t; x9,0)P(x0,0)

t

t a
B2 o Y '%J}é%[((x’ t; Xo, 0) #,,f”f. )
2 8 # A% T K (x, t; x,0) /xrx,cxo,m) )
/
% R FTA QAT 0 RS o x

MV

jde(x, t;x,0) = jdx (x|e_%m|x) =Zjdx (x|E)(E|e__f.LHt|x)
E

[ L it/h—1/T E
= j dx Elx)(xlE) e hE = ) e i SN N e <
E

E E
HAEIH TR B S H K RRE )7 57 kit T ek 5,

Pengfei Zhuang, Alice School, Shanghai, 20251103 7



& i R 5 % : pQCD Thermodynamics

Free QGP (317 & & 46 F):
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A MR B KR Lattice OQCD
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@® Not a phase transition but a crossover around T,~160 MeV
® Still interacting QGP at T/T.~4
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BCS-BEC Crossover

Characteristic temperature
of thermal pair decomposition

Superconductive phase transition

superconductive
phase

BCS . BEC
Coupling strength

in BCS, T, is determined by thermal excitation of fermions,
in BEC, T, is controlled by thermal excitation of collective Bosons.

BCS-BEC crossover is probably a way to understand deconfinement in QCD !
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Symmetry of £
(may be explicitly broken like the term miy in QCD)

4 4

T = 0: spontaneously broken at classical level anomalously broken at quantum level
(mean field level), like chiral symmetry (loop level), like Uy(1) symmetry

T + 0: classical phase transition, guantum phase transition,
like chiral restoration like Uy (1) restoration

e U,(1) symmetry
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LHC, Pb+Pb@-s = 5500 GeV, ALICE ATLAS,CMS,LHCb RHIC, Au+Au@-'s = 200 GeV, STAR, PHENIX

FAIR, U+U@Elab = 40A GeV, CEM CSR, U+U@EIab = 0.6A GeV, CEE
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QGP&Z 5
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0,T* =0 (Rea1ZF12)
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Probes of OCD Phases

| /OJet qguenching
| Aabfeng SSERRRG———T - ® Quarkonium suppression ,
| 2;;{;(: V¢ %) Pengfei Zhuang ( yizms ) PY Dileptons
| I @ Strangeness enhancement......
Pr()pertles @ Chiral magnetic effect (CME)
4 pB @ Chiral vortical effect (CVE)
of QCD Matter

at High Baryon
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Probes of the chiral critical point:
Dynamical fluctuations of conserved charges.
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