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 Gerry played a crucial role for the education of young nuclear

theorists in Finland
* A large number moved with Gerry’s help from NORDITA to

research positions in the US and later got faculty jobs in Finland



Exploring the QCD phase diagram
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Fluctuations — phase boundary?
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* Chiral susceptibility: Xm = -3
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Fluctuations of conserved charges

Consider a subvolume V

Susceptibility (2nd cumulant)
0°p
O

Less singular than order parameter fluctuations,
but easier to access.

x=VT-— =(N*)—(N)* N=Ng- Nz

Criticality shows up in higher cumulants:
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=cn = VTt
X e



Critical scaling

* Free energy density: backgound + singular part

f=f-+fs where
fs(t7 h) _ h1+1/5ff(2) M — h1/5 fG(Z) + bg.

» Scaling variable . mimg=2ls -
z =t/h/P
t=(T-1T.,)/T.
h=mg/T,

all masses

* Physical mx In
O(N) scaling regime

—jiri et al., PRD 80, 094505



Baryon number cumulants (¢ = 0)

* Generalized scaling parameter
t= (T —T.)/Te + r(p/Tc)*, 2= t/hl/m

* Only even cumulants:

n a2nF ——n T
XQB = T ~ —h2 )/55f} )(z)—l—...
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Universal O(4) scaling function

* Engels & Karsch
PRD 85, 094506

xb ~ —h PP ()

n>6:xg<0for T ~T,
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Baseline: HRG (no criticality)

« HRG reproduces lattice

results, €.9. X4 (T < Tpe)
(Ejiri et al. 2006)

e and experiment
Xa/Xx2 =1
x3/x2 = tanh(u/T)
X2/X1 = coth(pu/T)

HRG: 3/2 —

(Karsch, Redlich, 2011) e

STAR: 3/2 e
4/2 W
2/1 —A-

» Criticality in higher susc. e @ ™




Tracking the phase boundary

o If Ty, ~ T,., expect deviation from HRG (xs/x2 # 1)

* Allton et al. (Bielefeld-Swansea), PRD 71, 054508

e ook for xe/x2 <0




Tracking the phase boundary

e If T, ~ T, expect deviation from HRG (xe/x2 # 1)

« PQM model (O(4) & Z(3)) in Functional RG
B.F., Karsch, Redlich, Skokov, EPJ C71, 1694
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STAR data (net proton fluctuations)

e Au-Au collisions : IRERRARR
show clear deviation
from HRG expect.

Poisson

- Au + Au 200 GeV
' m C/C, Net-proton _
° ijc; 0.4<p_<0.8 GeVic, |y|<0.5 1
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Uncertainties: finite volume, non-critical fluctuations,
acceptance corrections




Deconfinement transition

Polyakov loop: order parameter of
deconfinement in pure gauge theory

1 B
L:—t’I”CP exp Z/ A4d7‘ <L>:€_5Fq
Nc O

Z(N) symmetry L — e2™/Ne[, proken for T > T,

In SU(3) Polyakov loop complex L =Lp + 2L;

Often use (|L|) as order
parameter

Finite size effects
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Deconfinement transition

Polyakov loop: order parameter of
deconfinement in pure gauge theory

1 B
L:—t’I”CP exp Z/ A4d7‘ <L>:€_5Fq
Nc O

Z(N) symmetry L — e2™/Ne[, proken for T > T,

In SU(3) Polyakov loop complex L =Lp + 2L;

Constraints from group struct.
target space (SU(3)):




Polyakov loop fluctuations

* Polyakov loop susceptibilities in pure gauge th.

N3 -
TS YA = N_c; (<‘L|2> o <‘L‘>2) Renormalized
e Lo, B.F, Kaczmarek, Redlich, Sasaki
PRD 88, 014506, 074502 X A

&, 085 09 095 1 105 1.1 1.15

* Narrow transition region!
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Ratios of susceptibilities

e | ess sensitive to finite
size and lattice effects;
Signals gluon decont.

e 1> TT.
XA = xr + O(x7)

e ' < 1. consistent

with Gaussian fluct.

_
XA/XR =2 — 5

7 — / ALy dL, ¢V T (Lh+13)
Good signature for decont.!




Adding quarks

e Quarks break Z(3)
symmetry explicitly

this vséork
n=0 (483x4) e
—0 (48 X6) — &

0 (64 x8) —A—

* Expect smooth transition § ; relicrs
between “pure glue” - XA/XR
ratios.

» Lo, B.F,, Kaczmarek, | .
: : “ n=0 (48§x4) -
Redlich, Sasaki, s
PRD 88, 074502 |

QCD results: HotQCD X1/XR




Deconfinement with light quarks
HotQCD

e Quarks breaks Z(3) symmetry:
Very smooth cross over?

* \WWhat do fluctuations imply~

L

. X4/X2 sensitive to baryon #
Ciri et al., PLB 633, 275




Deconfinement with light quarks

e Quarks breaks Z(3) symmetry:
Very smooth cross over?

 \What do fluctuations show? HotQCD

n,=2+1 (32°x8) HISQ

* X4/X2 sensitive to baryon # o o D21 (2758) HISS
Cjiri et al., PLB 633, 275 D

o X./x;

e XA/XR Polyakov loop susc.




Deconfinement with light quarks

* Quarks break Z(3) symmetry: otQCD

Very smooth cross over?
* What do fluctuations show? g

. X4/X2 sensitive to baryon #

Siiri et al., PL

0en,=2+1 (32°x8) HISA
een =2+1 (247x6) HISQ

Dexo/xs
ox/x: o X-/xn

3 633, 275

|_attice effects!




Deconfinement with light quarks

e Quarks break Z(3) symmetry: 5tQCD
Very smooth cross over?

0o n,=2+1 (32°x8) HISA
: een =2+1 (247x6) HISQ
» What do fluctuations show? g

Dexo/xs
ox/x: o X-/xn

. X4/X2 sensitive to baryon #
—jiri et al., PLB 633, 275

® XI/XR _

» Action focussed at 1"~ 1 Narrow transition!




Conclusions

* Higher cumulants of conserved charges probe
chiral critical fluctuations

e Basically robust, but several open issues remain:
* Sensitive to tail of distribution, cancellations
* QOverall conservation (Bzdak, Koch, Skokov)
 Acceptance corrections (Bzdak, Koch)

* QOther sources of fluctuations (Skokov et al.)



Conclusions ||

e Fuctuations of Polyakov loop probe deconfinement

* Indicate rather narrow transition, Ty ~ 7T, ,
not simply related to Polyakov loop

* Consistent with analysis of strange d.o.f’s
across the QCD transition
A. Bazavov et al. (HotQCD), PRL 111, 082301

e also A. Dumitru et al., PRD 83, 034022

e Tune effective models (PNJL, PQM) to lattice results,
including fluctuations
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