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T , Quark-Gluon Plasma Sign problem!

Small chemical potential: 4 No LQCD data yet
LQCD results available / Other methods necessary

Transition: Crossover /

Hadronic Phase ]
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QCD phase diagram

» T, ug — most relevant experimentally

» Other directions possible — magnetic field, N¢, quark mass
QCD phase structure depends on quark masses

» Analytic crossover at physical quark masses at ug =0

» Large quark mass — Chiral symmetry not relevant

> Allows to focus on deconfinement



Pure gauge: deconfinement — 1st
order

> Spontaneous Z3 symmetry
breaking

» Order parameter — Polyakov
loop
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QCD: deconfinement — crossover
» 73 symmetry — explicitly
broken
» Polyakov loop — approximate
order parameter
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Figure: Polyakov loop in pure gauge! (colored
points+black line) and in 241 QCD? (gray band)

Crossover — 1st order = Deconfinement critical point!
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Polyakov loop on the lattice
» Renormalization scheme dependence!
» Susceptibilities also affected!

Need for alternative probes of deconfinement!
This talk — Net-baryon number susceptibilities
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T=const.

» Physical quark masses — Experimental searches for QCD CP
» Kurtosis — Sensitive to degrees of freedom

~1 T> T

xf_{l, T<T.
9

» Our work
> Net-baryon number susceptibilities
> Kurtosis as a probe of deconfinement of heavy quarks
> Critical behavior of xZ near the deconfinement CP

lAv Bazavov, N. Brambilla, H.-T Ding, P. Petreczky, H. -P. Schadler, A. Vairo and J. H. Weber, Phys. Rev. D 93, 114502 (2016).



QCD thermodynamics — Effective Polyakov loop model
U(E,Z) = UG(& Z) + UQ(& Z) ;

Pure gluon contribution®
» 73 symmetry and its spontaneous breaking

» Captures pure SU(3) EoS, Polyakov loop expectation value and its
susceptibilities

Quark-gluon interaction
» Explicit Z3 symmetry breaking
» 1-loop fermion determinant in A, background

Mean field approximation — Solve gap equations

ou ou
=Y T

1P. M. Lo, B. Friman, O. Kaczmarek, K. Redlich and C. Sasaki, Phys. Rev. D 88, 014506 (2013)



This talk — Net-baryon number susceptibilities

o PP/TY
" a(MB/T)n T=const. ,

Pressure — Potential evaluated with solutions of gap equations

P=—U(T, s, U(T, 1), {T, ug))
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Landau-type potential
» Single critical mode: £ ={lcp +Ap, L=Llcp +Ap

U(ep, t, h)

1 1
Tz :uo+7uztcp2+zu4cp4—hgp,

2

» Mapping between Ising model parameters and T, ug, M

B T-T. us M — M,
t(T,MB,M) = A T, +B?C2+C M.
T-T. 1y M — M.
h(T M) = D E— +F
( MU’B? ) TC + TC2 + MC
Heavy-quark QCD Ising model
T T A
t=(T-Te)/Te




Order parameter and its susceptibility near the critical point
@lrmo ~ 7 plio ~ B° Xlamo ~ [t| 7

Mean field critical exponents

1
= — = = ]_
p=5,0=31
Critical exponents — depend on the route CP is approached!

Asymptotically tangential

> Stronger divergence Tl\

» Mean field

- . X ~ |d| =B
o~ x~t|

Other directions
» Mean field

@~d1/3 de_2/3

X~ ld

» d — distance to CP 0

1R. Griffiths and J. Wheeler, Phys. Rev. A 2 (1970); Y. Hatta and T. lkeda, Phys. Rev. D 67 (2003)
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Determination of critical exponents for x

o (PITY
" a(:uB/T)n T=const. 7

» Use the Landau-type potential
» Extract leading-order singularities
MF Prediction for leading-order singularities of x&:

> up = 0: B B
X2 — finite, Xa ‘crit. X X »

> ug > 0:
B B 3 B 4
X2 ‘crit. ~Xes X3 |crit. ~PXpr  Xa ‘Crit. ~ C1 Xy
Numerical determination of critical exponents — linear fit

logyy f = —er logio [(T — Tep)/ Ter]+ b logyo f = —er logy, d(T,M)+ b

d(T, M) = /(T/Tcp — 12 + (M/Mcp — 1)?
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Determination of critical exponents for x3 — utilize analytic formulas
MF prediction at ug = 0:
» Non-tangential direction (M = Mcp)

x5 — finite,  xB~ |73, t=(T-T.)/T.
» Tangential direction

x5 — finite, X ~d7t
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Beyond MF approximation — scaling function approach, Z, universality
class
f(Ta Ma/u'B) = ff(Tv Mvﬂ’B) + fS(Ta M,,MB),

with f, the regular contribution, f; — singular contribution

h
12—«
o=t w(rZaﬁ)

3D Ising model critical exponents: v ~ 1.2371, 5 ~ 0.3264, o ~ 0.11

Prediction for net-baryon number susceptibilities
> ,U/B = 0:
X5 — finite,  xg ~ 7,

> up > 0:

X5 ~v, x5 ~2y+ B ~28006, x4~ 37+ 26~ 43641



Conclusions

1. Net-baryon number susceptibilities — Alternative observables to
study deconfinement CP

> Sensitive probes of deconfinement also for heavy quarks
» Kurtosis — step function as M — o
» Scaling properties near CP

2. Future prospects

» Finite volume scaling
» Going beyond the mean-field approximation

Thank You!
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Effective Polyakov loop model
UL, f) = Ug(¢,0) + Uqg(¢, 7),
Pure gluon contribution!

UG& 0 __ %A(t)([—l— B(t) In(1 — 607 + 4(¢* + F°) — 3(¢0)?)
T3 COE + F) + DR,

Coefficients matched to pure gauge equation of state, Polyakov loop
expectation value and susceptibilities of real and imaginary parts

Quark-gluon interaction — 1-loop fermion determinant in A, background

3
Ug = —2TNf/7(g ‘)73 [In(l 1+ 30e PE—R) | 3pe—2B(E—k) | e73B(E7“))+
T

+In(1 +3gefB(E+u) +3€e*2B(E+M) + 6735(E+u))]

1P. M. Lo, B. Friman, O. Kaczmarek, K. Redlich and C. Sasaki, Phys. Rev. D 88, 014506 (2013)
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» Lattice — constraints on Polyakov loop susceptibilities

» Important for accurate description of fluctuations



Effect of dynamical quarks M/ Mop = 090 ; pegrs
0.5 F M/Mcp =1.00 ----
» Break center symmetry M/Mcp = 1.05 -
explicitly
» Deconfinement CP
» up — enhances explicit Z3
breaking strength
» Critical quark mass increases
with uB

Present model (Nf = 2, degenerate quark mass):
> UB = 0: MCP =1.352 GGV, TCP =0.2617 GeV
» ug =15GeV: Mcp =1.789 GeV, Tcp = 0.2621 GeV

0.275



Mean-field approach — gap equations

ou_y o
or or

Polyakov loop susceptibilities — inverse curvatures

-1

?U  2*U
o_ | ot ot
o?U  0°U
oio ot

Relation to susceptibilities of real (x.) and imaginary parts (x7)

1 1
XyT = 5 | Xe + 2 (xee + Xx77)
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Numerical determination of critical exponents — linear fit

|Og10 f=—&f |0g10 [(T — TCP)/TCP] +b

log,y, f = —¢r log,, d(T,M)+b

Distance to CP: d(T,M) = \/(T/Tcp — 1)2 + (M/Mcp — 1)2
Tangent line = T = acp(M — Mcp) + Tcp

Results consistent with MF prediction
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Non-trivial connection between net-baryon and Polyakov loop
susceptibilities
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Explicit expressions for the Landau-type potential

U2B B 2E B
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