The Chiral Transition in QCD

Peter Petreczky

BROOKHFAEN

NATIONAL LABORATORY

searches for criticality in QCD phase-diagram and thermodynamics along the phase boundary:
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Large scale numerical calculations by HotQCD Collaboration
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Deconfinement transition in QCD

Renormalized Polyakov loop is an order parameter for deconfinement transition
in pure gluo-dynamics OF
Lyey, = eXp(—FQ (T)/T) Entropy of a static quark: So = _3—1?

TUMQCD, PRD 93 (2016) 114502 = define Tyecony from Sq
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Chiral transition transition in QCD

<1W> = AY(T) =
= msm((ww)T — <¢¢>T 0) +d,
d = mgri{(P) ", r1 = 0.3106fm

' AR
0.025 [ 2
EI] HISQ, m=m¢/20 =
0.02 HISQ, m=m//27 m
f ﬁ] ?J EJ E‘ . stout, m|=mz/27 o
0.015 | .
f an
[ gl ]
0.005 | E“fn .
: o ¥, |
. i _
O B o ® i * .
5 oo, E f
-0.005 ' ..................................... TLMeV].'
120 130 140 150 160 170 180 190 200 210
T. = (154 + 8 + 1(scale))MeV HB
Bazavov et al (HotQCD), PRD85 (2012) 054303; Phase transition for m, 4 — 0

Bazavov et al, PRD 87(2013)094505,
Borsanyi et al, JHEP 1009 (2010) 073



O(N) scaling and the chiral transition temperature

SUR2)y @ SU((2)4 ~ O(4) governed by universal O(4) scaling
For sufficiently small m; and in the vicinity of the transition temperature:

S = _ 1 T-1¢ m? _my . H
f(T,my) = —Van = freg(T,mp)+fs(t,h), t = i 70 +RT2) CH = b=
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<qC_7> = T(&an)/amf M = — fa(H ) — hl/éfG(z), s = t/hl/ﬁé

1.0 is critical temperature in the mass-less limit, /9 and 7y are scale parameters

Pseudo-critical temperatures for non-zero quark mass are defined as peaks in the susceptibilities
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The chiral cross-over temperature for physical masses

Chiral order parameter:

5= é (g (@ + dd) — (ma +ma)(5s)]  (qq) = T(0In Z)/dm,

and the corresponding susceptibilities:

Eom (Gt g ) S - % [t da)’) — (qw) + @)’

For non-zero chemical potential we use Taylor expansion
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Derivatives in ,u?X are similar to derivatives in 7T’ e.q. 8T08< ~ C§<

= the following quantities will peak at T

XZ, CX(T) ~Xim  OrCy, C3(T) ~ Xt.m HotQCD, arXiv:1812.08235
5 different definitions of 7TP¢:

OrCX =0, 0rCy =0,CX =0 02Cy =0, 07C5 =0

The 5 different 7; values reduce to 1; ,, and 1, if regular part is zero



Lattice calculations based on 100K - 500 K configurations, NV, = 6 — 12, and
4K configurations for N, = 16
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Different definitions of T, surprisingly agree in the continuum limit and we for
zero chemical potential we get 1. = 156 = 1.5 MeV
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The chiral susceptibility at baryon density non-zero density

Conditions in heavy ion collisions: ng > 0, ng = 0, ng = 0.4np (for Au, Pb)
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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 241 flavor QCD for fixed m, and

m; — 07 )
HotQCD, arXiv:1903.04801
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Equation of state at non-zero net baryon density

6t order Taylor expansion, HotQCD, PRD 95 (2017) 054504
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Truncation errors of the 6t order Taylor expansions are small for ug/T<2.5



Equation of state along the "phase boundary”

specific heat @ constant volume: (inverse) specific heat@ constant pressure:
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Net baryon number fluctuations along the “phase boundary”
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Radius of convergence of Taylor series and critical point

L) P 5B (52)" \prpm = 3 YD (42"
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Temperature dependence of Taylor expansion coefficients

Karsch, arXiv:1905.03936
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Derivative in T are very similar to derivatives in pu%; expected if O(4) scaling
holds t = (T —T9)/T? + kp(up/T°)?, Op ~ O; ~ 02

Higher order Taylor expansion coefficients are likely to be negative
for T' > 130 MeV = the only singularity the expansion coefficients
are sensitive to is O(4) transition = TCFF < TY < 132 MeV


https://arxiv.org/abs/1905.03936

Summary

The chiral transition temperature at the physical quark mass can be pre-
cisely determined: 7. = 156 + 1.5 MeV and can be related to chiral phase
transition temperature For m,, g = 0: 1T, = 132f2 MeV

Equation of state at non-zero baryon density can be obtained from the
Taylor expansion and no indication of limited convergence radius for
up < 300 MeV

The dependence of T, on up is very small and is consistent with freeze-out
curve in HI, the width of the chiral susceptibility and the peak height does
not change with up

The pup dependence of FoS and baryon number fluctuations follows the
HRG expectation

Higher order Taylor expansion coefficients are likely negative for
T > 130 MeV = TEFFP < 130 MeV



