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Exploring the QCD phase diagram

T,
]
L~ - Critical end point
c .
2. @ Experiments
g Quark-gluon plasma .
@ Chiral symmetry restored o Lattice QCD
@ Model calculations
. @ Functional methods
Hadrongas ~  \.---"""""
Chiral symmetry broken Color super- .
Flaetuations-at-CEP
conductor ° i
Neutron \ stars Fluctuations at pp ~ 0
4
Nuclei
Hg

BeNGT FrivAN (C FLUCTUATIONS EMMI-NQM 2/26



AJeg

- -

asJonIUf

Hadron ga
Chiral sym

Nuclei

Use results from Lattice
QCD and model
calculations (FRG) to
explore the critical
dynamics of conserved
charges at the QCD
transition (so far on a
qualitative level).
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Critical fluctuations and critical slowing down

Critical fluctuations at 2" order phase transition

Landau theory: Critical fluctuations:

@ Low energy: small fraction of all modes

2 4
Qo) = Qpg ~to + A0 — EOS, expansion dynamics =

t=(T-T)/T. (1>0) unaffected
0.05 ‘ - - o Example: Qg ~ 7%, @ ~-2
A=0.6GeV ! : o
0.041 ] — Need derivatives to “see”
0.03 1 singularity!
"k 0.02 1
L‘C\;} Xn = anQ/atn -~ tl—u—n
0.01 b
0 J (susceptibilites « fluctuations)
-0.01p ‘ ‘ ‘ ] @ Long wave length: critical slowing down
0 0l O‘zc/f 03 04 05 < Slow equilibration of soft modes
" — Need time to see fully develop

Xo = (0?) large at t = 0 criticality!
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Example: critical opalescence

Mixture of methanol and cyclohexane:

One phase (T > T,): Critical point (T = T,):
1 \ p— =

1
iR g ¢

Light scattered on critical fluctuations
separated fluids < uniform mixture
index of refraction, n; # n,
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Critical fluctuations — phase boundary?

Fluctuations of order parameter — co at 2"¢ order transition
< 0o at Cross over transition

Fluctuations of order parameter (Chiral susceptibility)

= T 8% log Zgc(T, 1, v)
= —
1% om? .
q Freeze-out close to chiral cross over
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cross over, finite volume — no divergence

T.(u) = T.(0)(1 = 0.06(z,/T.(0))>)

BEeNGT FRIMAN ( FLUCTUATIONS EMMI-NQM 6/26




Why conserved charges?

@ Problems with fluctuations of order parameter

@ Fluctuations of conserved quantities

0.8
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- No direct measurement

- Destroyed by subsequent interactions

+ Survive if

— Total system large
—  Surface effects small

+ Measurable event-by-event (difficult?)

- Critical fluctuations suppressed — higher cumulants!
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Fluctuations of conserved quantities

@ Consider small subsystem v < V

@ Grand canonical fluctuations

uN ZC(T9N’ V)

P(N =
Wov) = e = T

(N")= " N"P(N,v)

N

o Cumulants (gen. susceptibilities)

_ (9” IOgZGC(T’#’ V) "‘XB :X(”)

T ATy "=
2 = (N?) = (N> = ((6N?)) ~ v
SN = N — (N)
cs = (ON*y = 3((6N)*)* ~ v

B

“v” sub volume in phase space

10" V3=11GeV
o STAR, HRG e
10"
10?
R10?
10*
10°
10° =

107
50 5 1015 20 5 % 35 4
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Critical scaling

Chiral transition of 2-flavor QCD expected in universality class of 3d O(4) spin model
(Pisarski & Wilczek 1984)

Singular part of free energy density:

Ejiri . H D, 2
f =1 +f, where fi(t, h) = h"*1%f(2) (Bjiri ef al., HotQCD. 2009)

2.00 [ ‘Mb/h‘m T " mmg=2/5 —o— |
Scaling variable (no other scale) 1/11/3 —e—
7z =t/h'/F 150 1/20 —e—

. r / > 1
t=(T-T)T. i/gg
h=m,/T,

! 1.00
Order parameter
M = —0f |6h = h'of5(2)
fG(Z) — _(1 + 1/5)f(Z) + (2/135)]”(2) 0.50 all masses
M/ = f4(z) B
0.00 b L R
Chiral susceptibility 5 4 -3 2 1 0 1 2 3 4 5
oM Physical m, in O(N) scaling regime!
Xm:ah pl/o-1 f — oo(h — 0) )
Go’(r) ~ _e—r/f
p~.38,0=48 T
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Baryon-number susceptibilities

@ generalize scaling parameter t=(T-T)/T. + k(uy/T.)? z=t/h\P

© x5, = —0"(f/TH/W/ T ~ ~hC=F (02 4 ..

0 xB ~ —paie ];(2)(1) finite in chiral limit (o ~ —0.2)
° ng - —h"(1+d)/ﬁ5]_”;3)(z) - 51.1
° Xg ~ —JyCre)ps ff(4)(Z) - 52.4

Lol Lo

0o
@ O(4) order parameter scaling
function (Karsch & Engels) ' Oi\a%r\
\&\;xx\w
0 sk z=th7% ,

-6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6
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Baseline: HRG (no critical fluctuations)

@ The Hadron Resonance Gas yields good description of Lattice results below 7.
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HRG vs. experiment

@ HRG: good description of
multiplicities. . .

..and of fluctuations (event-by-event p — p, STAR)
parg = f(T) cosh(up/T) + ...
X5 = 0PI T 3/ T)"
4 /X(Z) ~1

(3)/)((2)
(1

R

tanh(up/T)
coth(ug/T)

Critical fluctuations expected
in higher susceptibilites!
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Effective models, FRG

@ Effective models

e Models respect the (global) symmetries of QCD
chiral symmetry SU(2);, ® SU2)g (~ O(4)), order parameter {(gq) (NJL, QM)
+ center symmetry Z(3), order parameter Polyakov Loop (L) (PNJL, PQM)

o Tune effective model to Lattice results,
explore higher cumulants and y, # 0.

@ Functional Renormalization Group (FRG)

o Include critical fluctuations:
need non-perturbative approach, which respects symmetries - FRG
e FRG yields scaling properties and proper critical exponents
(universal quantities)

OTrle] = 5

Use local potential approximation.
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Net quark number density fluctuations 6N, = N, — (N,)

q _ _1 6 q _ _1 8
X = o ((ON)-+) X = g ((@Np* )
T 0.
0.02 0.1
0 JTO ”””””” @
pT= ;
002t 0]
-0.2
-0.04r
06 08 12
0.2 g
JORNY =
8 -02 -
= AQ
2 B
T 04T hh=1 — &
5 Y p— 2
S - p— <
0.0 — 7
-0.8
54321012345 -2
5-4-3-2-10122347%5
2o(T-TIT, 2T,

@ Zeroes of y, not universal, but shape ~ O(4) scaling functions.
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Net quark number density fluctuations p, # 0

Xt = o ((@NY® ) X5 = 7 ((@Ny* )

— 1 /T=0
-1 — —1/T=0.14 1
- /T=044 1

0%~ 9z 04 05 08 1 12
d pe po

@ Negative regions of y¢ and yg follow phase boundary.
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Electric charge fluctuations

V.Skokov, B.F., K. Redlich

— FRG
HRG

15f
Qg 10 1.3 — — ch. cross.
S | S T 1.2 <0
sk 1.1
21
of E 0.9

_5 . . . . . . .
0.0 02 04 06 08 1.0 1.2 1.4

/T, 0.6
T T T T 0 L L L L L \\
1 by 1 0 02 04 06 08 1 12
u/T
05 F {% } E a pe
oL e .
14 9% * hd
05 £ '&ﬁ E
C . TIMeV]

- . L
140 160 180 200 220 240

C. Schmidt, QM 2012 Electric charge fluctuations follow similar
Quantitative understanding still needed. ~ Ppattern as baryon fluctuations.
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Freeze-out and the QCD transition

@ If Ty, = T, expect measured ys/x> and yg/x» to deviate from HRG expectation, (< 0)
@ Signature of cross-over transition (STAR@RHIC)?

T T —
C T T T T T T T ] S Poisson 4
[ Au+Au200Gev - HRG ] 21 @ 7

el u CJC, Net-proton ] L % 1
+ 2 0.4<p_<0.8 GeVic, [y|<05 4 2
r e CJC, T ] L * i % ® |
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F 1 N [ 1
[ ] Q L ]
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05 * + + — (@) ) r J
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@ Clear deviation from HRG expectation.

@ Need to understand dependence on centrality and on energy!
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Cumulants and net-baryon probability distribution

o Canonical partition function
Z(N,T,v) = Try e P2
@ Grand-canonical partition function

Tr e PH-+N)

Z Z(N, T, v)ePN
N

Z(ﬂq’ T,v)

@ Probability distribution for finding
net charge N in sub-volume

P(N) = Z(N, T,v) N

1
Z(ug, T,V)

BeneT Frivan (GST)

@ Moments

(N"y = > N"P(N) ~ V"

N

@ Cumulants
1 2 2
x2 = = (V) —NY)

_ L 4\ 2\2
X4 =53 {(6N)™) = 3((6N)")

Xn ~ w)° (cancellations!)
@ Critical behavior in tail of
distributions
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Skellam distribution

@ Boltzmann distribution for baryons

1 Vs =1.7GeV
and antibaryons (Poisson) 10
100 — HRG
1N @
P(N) = — —— 1
N = 37— "
Ni:<Ni> (i:bsl;) m10'3
@ Distribution of net baryon number 10*
(N =N, —Np) 10°
N2 10°
(N Ty (NN :
Py = (17) In(2 [Ny Np) e+ 050 5 10 15 20 5 30 3 40
b N
o Skellam distribution describes o
fluctuations of net baryon number in @ Central collisions, Vs =7.7 A GeV
HRG (no criticality)
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Skellam distribution

@ Boltzmann distribution for baryons ———

and antibaryons (Poisson) 108 | AumAu STAR 5" =200Gev
1 NV s [ 030-40% /fm‘\*’ 77165, SMey
P(Nl) - l_ *r £ 5 p= 23.5MeV
N;! eNi Zio* b >>\
=Ny G=hb) : Py
: 8
@ Distribution of net baryon number 50 /i <>\\
(N =N, - Np) b A
o \N/2 /
Ny N
P(N) = (E) In(2\[NpNp) 0+ et .?\ -

o Skellam distribution describes
fluctuations of net baryon number in

HRG (no criticality) @ Semi-central collisions, /s = 200 A GeV
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Sufficient reach in N?

In experiment: (N") = %Z‘I_‘Nmﬂ N"P(N)

@ N, large enough to reproduce

@ N, large enough to see criticality?
cumulants? .
_ @ ¢¢ in PQM model (FRG)
@ Skellam: convergence for N, = a, VN, Skellam
® Nyax ~ Nyt
1.5
Skellam b=6 500080
5 1 &0 o o 2 00 0©%°
g o " L . 00®
®q E 15 Exact
305 . . ax=90 o
$ . 1 60 ©
8 - 30 =
\Z,E 0 o 0.5 ellam o
05 . cy, o 0
[ ; . o
- — o FRG, V=50 fm® ]
5 10 15 20 25 -1 LB
Ninax 06 07 08 09 1 11
TMye
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Other things to worry about

@ Conservation of total charge (V < oo, R \) (Bzdak, Koch, Skokov)
@ Acceptance corrections (dilutes signal, p not B measured) (Bzdak & Koch)
Net electric charge easier!

@ Non-critical fluctuations, e.g. of volume (R )

X6 3
Reo = )(_ + 15x4 - T7v, Glauber: fix Ny,
2
A (V) ~ (Npart)s (V2 ~ (N2
v = (V) = (V) /{V)
(Npart)
LS 00 200 300
o : =N 1 1.0 M
. N 4+t o+ . *
TN N\ : sl it e
[ FRG3PQM ] SRR %
0.5 :_ V2 Tpc =1 05F R, #%F
L . 2 4
oF  Rea i
F— whe — xe ’ o8
o R4’2 T R6‘2 1 0 _. ........ | FTETEERET | FEEEERRTE | T RTEEE 1 .‘ti
—0.5L . L : L : ] 100 200 30 400 500
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Tuning the models: gluon dynamics

Fluctuations associated with deconfinement transition?

@ Order parameter of deconfinement o Fluctuations of order parameter:
(Mquark - OO) @ YR = <LRLR> - <LR>2
— _ 2
o Polyakov loop o xi = (LiLp) — (L1 R
L= %treifA4dT=e’Fquark/T ° XA:<|L||L|>_<|L|>
e Incolor SUQB): L =Lz +il;
0.8 s 10 — 7 2%xa - -
Tta 283);4 Ce
0.7 - <L™"|> e o * e ggsig ——
2 1t 3 ]
o - Ao
05| o ] i
48%4 —o— 01l ,g %y % oq
04 - 48%6 —o— 1 - e §o
647°x8 —A—
037 il 0.1+ l 085 09 095 1 105 11 115
)
2 . %~.¢"’°”G000'
0.1 4 t
T,
0oL et . e - . . * . <
0.8 0.9 1 11 1.2 1.3 14 1 2 3 4 5 6

— improve description of gluon dynamics in effective models
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Signatures of deconfinement

Ratios of susceptibilities less dependent on lattice artefacts

B/ B _ 2
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L 2/ i
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08} thiswprk —— [ [ |
= n,=0(4§§>’<4) — e 1 r {#,wo o 4. e 0D ’,
n=0 (48_x6) —&— [
ng=0 (64,x8) ~—a— r * j ]
n=3+1(32%8) —m— Loe ] E ]
05K, . %% —
L ) il
T, r EE S 1
02 . . . . . . . L S —
05 1 15 2 25 3 35 4 Y I R
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Conclusions and outlook

@ QCD in scaling regime — critical fluctuations potentially detectable
(finite size and finite time effects!)

@ The 6th- and 8th-order cumulants potential probes of chiral transition.
Basically robust effect, but many issues still unclear
Large cancellations in high cumulants, depend on the tails of the distribution

@ Additional constraints from electric charge P(Q) and strangeness P(S)
distributions.

o Experimental ratios show interesting qualitative effect,
e but dependence on Ny, and 4/s not understood
e worry about removing idealizations
o tune effective models to reproduce also non-universal properties of QCD
(gluon dynamics)
@ Looking for CEP at finite u:
o Different universality class (Z(2)):
— X2 —
— characteristic difference in y4
— Y similar to O(4)
o Lower beam energy: corrections due to V < co more important!
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