QCD at non-zero temperature and heavy quarks:

Lecture 2
Peter Petreczky

(,\ Brookhaven

National Laboratory

Recap from lecture 1:

QCD transitions at non-zero temperature and densities, relation to QCD
symmetries (chiral , Z(N)), Polyakov loop, Polyakov loop correlators, free

energy of static quarks, color octet contribution (color deconfinement),

color screening of static quarks;in 2+1 flavor QCD at physical quark mases there is
remnant of deconfinement, which happens at the chiral transition;

Free energy of static (anti) quark at high
Temperature can be understood in terms of weak coupling EFTs: pNRQCD, EQCD

In this lecture: the chiral transition, HRG, equation of state, fluctuations of conserved
charges and charm degrees of freedom across T _

Hard probes in non-equilibrium QCD matter, ICTS, Bangalore, March 16-27.2026




The chiral transition at non-zero temperature

Renormalized chiral condensate

() = AJY(T) =
= msr (YY) — (YY) r—0) + d,
d = myri )= ry = 0.3106fm

HotQCD, PRDS85 (2012) 054503;
Bazavov, PP, PRD 87(2013)094505,
Borsanyi et al, JHEP 1009 (2010) 073
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O(4) scaling and the chiral transition temperature
SUA(2) x SUy(2) ~ O(4)

For sufficiently small m, and in the vicinity of the transition temperature:

T L =70 my H
(T =2 INZ = freg(T s(t,h), t=— = 2
I( 7ml) v freg( >ml)+fs( bt to TO + k— > — fio

governed by universal O(4) scaling )/ = _9fs(t ) = hY/0fa(2), ==t/

OH
(qq) =T(0InZ)/Om
T CO is critical temperature in the mass-less limit, /2, and ¢, are scale parameters

Pseudo-critical temperatures for non-zero quark mass are defined as peaks in the
response functions ( susceptibilities) :
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in the zero quark mass limit
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universal scaling function has a peak at z=z,

Caveat : staggered fermions O(2) @
=0, a> 0 0 4 702P 171/(56
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The chiral cross-over temperature for physical masses

Chiral order parameter:

1 _ _
Y = 2 im(uu + dd) — (my, + mq)(ss) (qq) =T (0In Z)/0m
K
and the corresponding susceptibilities:
0 0 2 ]
o my _ =\ 2 _ =\ 2
For non-zero chemical potential we use Taylor expansion
o (1) pxy2 e O0n(T) (pux\? 0
Z(T’“X)_; (2n)! <T> X(T’”X)_n;) (2n)! (T) CX =y

Derivatives in u?X are similar to derivatives in T e.qg. O0rCY ~ C

= the following quantities will peak at 7.
W CXT) ~ i 02CS, CE(T) ~ xum HotQCD, PLB795 (2019) 15
b different definitions of T7¢:

(9TC%< = O, aTXE =0 ,C%C = ( 8%(702 — 0, (9TCQE = (

The 5 different T, values reduce to 1; ,,, and 1 if regular part is zero



Lattice calculations based on 100K - 500 K configurations, N, = 6 — 12, and
4K configurations for N, = 16
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Different definitions of 7, surprisingly agree in the continuum limit and we for
zero chemical potential we get 7. = 156 += 1.5 MeV
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The chiral cross-over temperature at non-zero density
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Chiral phase transition in 2+1 flavor QCD

What is the nature of the chiral transition in 2+1 flavor QCD for fixed m and

m; — 07
’ HotQCD, PRL 123 (2019) 062002
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Relativistic Virial Expansion and Hadron Resonance Gas

Chiral perturbation theory is limited to pion gas. Other hadrons,

resonances ?
Relativistic virial expansion : compute thermodynamic quantities in

terms

as -interacting particles an —.matrix
o BoeS ngleang opries S

InZ =InZy + Z e“"l/Te“’?/Tb(h, i2)

7;177;2

.. V d3’ (2 241/2
b(i1,i2) = /(QW};S/dEe W ED TN

471 ,
final

95 95!

oF oF 5)

[AS(S‘l

(anti) symmetrization
(spin-statistics)
Partial wave

Elastic scattering only (final state = initial
state)

S(E) = Z (20 + 1)(2] + 1) exp(2i6E (E)) decomposition

1,1
perform the integral over the
3-momentum

o0 I
by = ob5 [rr dEE?Ko(E/T) Y (20 + 1)(21 4 1) 242

N of the pair at threshold invariant mass

10




Use experimental phase shifts to determine b, , Venugopalan, Prakash, NPA546
(1992) 718

After summing all the channels only resonance contributions survives in

> (+1)(2I + 1)85§§EE)

LI
Interacting hadron gas = non-nteracting gas of hadrons and resonances

11



QCD trace anomaly and the integral method
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QCD results on the trace anomaly

2+1 flavor QCD calculations with almost physical light and strange quark masses

HotQCD, PRD 90 (2014) 094503
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13

The peak height 1s much reduced compared
to the asqtad and p4 N =8 calculations

Agreement with p4 and asqtad calculations
for 7>350 MeV

Small cutoff effects for HISQ except for N =6



QCD thermodynamics in the continuum limit

Set the lower integration limit to 7,=/30 MeV and take p =p"*“(T=130 MeV) wip p(T)
HotQCD, PRD 90 (2014) 094503
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Even in the transition region the speed of sound is not much smaller than the
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QCD thermodynamics at non-zero chemical potential

Taylor expansion :

p(T, pB, pq, s, bc) Z 1 Bgsc (M_B)Z (MQ)j (MS)k (H_C)‘ hadronic

T4 — il o ) N\ ) )
17

p(T,uu,ud,us,uc)_Z 1 dse (M_u> (Md) (M) (@)" quark
T — Zopn Nkt )\ ) \r) \r
11kl

i aj Aak Al
Xab}gd TH—j—l—k—H 6 aj 8 a
Y Opy, Oyl Ot Oyl

1DZ(T,V,,Ua7,LmeU“C7lud) ‘Ila —pp=pe=pqg=C

Taylor expansion coefficients give the susceptibilities, i.e. the fluctuations and
correlations of conserved charges, e.g.

1 1
Xo = Xx = g ((X7) = (X)7) Xin =

‘ VT3

information about carriers of the conserved charges ( hadrons or quarks )

((XY) = (X){Y),

probes of deconfinement 17



Deconfinement : Fluctuations of Conserved Charges
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conserved charges are carried by massive hadrons




Deconfinement : fluctuations of conserved charges
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Quark number fluctuations at high T

At high temperatures quark number fluctuations can be described by weak
coupling approach due to asymptotic freedom of QCD

quark number fluctuations quark number correlations
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» Good agreement between continuum extrapolated lattice results and the weak
coupling approach

» Quark number correlations vanish at any loop order but can be calculated in EQCD

and the EQCD calculations agree with the continuum extrapolated lattice results

Bazavov et al, PRD88 (2013) 094021, Ding et at, PRD92 (2015) 074043
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The charm baryon spectrum is not well
known (only few states in PDG), HRG

= open charm deconfines above T works only if the “missing” states are

included

21



Second order Taylor expansion coefficients and HRG
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HRG works up to temperatures ~145-150 MeV




Charm Hadrons and Quarks across T_
M >>Tand Boltzmann approximation holds fx = px / 1
P (T, gy pe) = py (T) cosh(fic + i /3) + p5(T) cosh(jic + fup) + i (T) cosh(jic)

XS X5 B = p(T), 5 (T), p5(T)

S. Mukherjee, PP, S. Sharma, PRD93 (‘16) 014502;
HotQCD, PLB 850 (°24) 138520, PRD 112 (‘25) 034509
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QuaS| partlcle model for charm degrees of freedom

HTLpt
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Partial pressures

drop because hadronic
excitations become

broad at high temperatures
(bound state peaks merge
with the continuum)

See
Jakovac, PRD88 (2013), 065012
Bir6, Jakovac, PRD(2014)065012
Vice versa for quarks
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Properties of charm degrees of freedom
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Back-up: Higher order Taylor expansion coefficients and HRG

HISQ, mb"*, a =1/(TN;,
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Back-up: HRG with repulsive mean field
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Back-up: QCD phase diagram in extended parameter space

The QCD phase diagram in 7' — up plane is related to the nature of the QCL
phase transition at zero light quark masses
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