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Chiral critical point and QCD critical endpoint

~

LHC: may T
establish contact

2nd order, O(4)
2nd order, Z(2)

with the QCD
chiral PHASE 1st order
transiton W .SF---d._.. 0000 T~ |..... crossover

b

o " L

37 S SRR T
—I -~

RHIC: may establish
evidence for the

— QCD critical endpoint

tri CEP
_I “B >
! A H’B
phys
m
u,d
........................................................................ /
T Is physics in the freeze-out
u,d region sensitive to critical
behavior?

F. Karsch, NFQCD 2013 2



Chiral Transition Temperature at small us/T

@ close to the chiral limit thermodynamics in the vicinity of the
QCD transition(s) is controlled by a| universal scaling function

singular / regular
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Chiral Transition Temperature
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Combined continuum extrapolation
HISQ/tree: quadratic in Nf
Asqgtad: quadratic in Nf
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— locate pseudo-critical temperature from
chiral susceptibility

0%p/T

om?

A {(Pp)i
Bml
Xl,disc + Xl,con

Xm,l (T) —

— peak location defines pseudo-critical
temperature on N> N.- lattice, T = 1/Nra

continuum extrapolation of pseudo-critical
temperatures at physical light and strange quark
masses for two different lattice discretization schemes

[Tc = (154 £+ 9) MeV]

A. Bazavov et al. [hotQCD Collaboration]
Phys. Rev. D 85, 054503 (2012)

consistent with: Y. Aoki et al., JHEP 0906, 088 (2009)
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Chiral limit: O(4) scaling
T
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Xdis/T? ~ m2(1/0=1) M = ms(ypy) /T

magnetic equation of state: M = h1/9 fa(2)
— scaling analysis in (2+1)-flavor QCD with HISQ fermions
> my; = 140MeV

small enough to be sensitive to O(4) scaling .
behavior in the chiral limit staggered fermions:

_ _ O(2) instead of O(4
H.-T. Ding et al., Lattice 2013 f0$ r)lc;n-zero Cut_o(ﬁ)
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O(4) Scaling in QCD: Curvature of the critical line

e
Bielefeld-BNL, Phys. Rev. D83, 014504 (2011)

p4-action: N, = 4
< "thermal" fluctuations of the order parameter
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Chiral transition and freeze-out
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150 ¢ QCD transition line
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140 - data (obtained by
LQCD: T,(ug) = (154(9) — 0.0066(7)(nps/T)*)MeV| assuming the validity
Cleymans: PRC 73, 034905 (2006) of the HRG model)
== Andronic: PLB 673, 142 (2009) are consistent for
4+ STAR: PRC 79, 034909 (2009)
@+ ALICE prelim: arXiv:1210.7724 pe/T<,2 /
@ Becattini: arXiv:1212.2431 MfB [MeV]
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HRG model, lattice QCD and critical behavior

@ for a wide range of baryon chemical potentials freeze-out happens in or

Lattice

close to the QCD transition region:

predicted B P Braun-Munzinger et al.,
Phys. Lett. B596, 61 (2004)

caveat: freeze-out parameter extracted from experimental data
by comparing to the HRG model, i.e. not to QCD

. P > WmZb(T,V,u)+ > 1nz,f;(T,V,u)]

meEbaryon

goal: describe freeze-out in terms of
QCD thermodynamics

CEP =) freeze-out parameter from comparison

Lad=; R
of measured moments of charge fluct.
with QCD calculation

m“’ds AAAAAAAAAAAAAAAAAAAAAA . .....................
BNL-Bielefeld, PRL 109, 12302 (2012)
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Fluctuations and Correlations: Susceptibilities
I

— probing the response of a thermal medium to an external field, i.e.
variation of one of its external control parameters: 1’y p, my

(generalized) response functions == (generalized) susceptibilities

p

pressure: g = 7o MZ(V, T 148,Q.55 Mud.s)

net number density (quark) number susceptibility 4™ order cumulant
1 90lnZ 1 0%1In Z 1 0*In 7

X7 = X3 = X1 =
Y VTS Aug /T T3 (g /T)? VT3 8(pg/T)*

variance kurtosis

generalized quark number

susceptibilities: fix = px/T
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Taylor expansion and baryon number susceptibilities
T

. . N\
= 1 pB\ (1Q\’ (ks g
B _ B,Q,S “B ] us
X"’”_.Z i!j!k!xi+"’j”“(T)(T> (T) T
1,7,k=0
Y,
. _ 3.B __ 3 (MB g for simplicity:
; 2 _ 3. B
variance: s = VI7Xx3,
1 (pB\”
= VT3 (xP 4+ (= B
e d (22) )
. dNgz)3 SN )4
skewness and kurtosis: S = ( SB) ) , KB = ( f) ) —3

volume independent ratios of susceptibilities
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PHENIX and STAR data on electric charge fluctuations
e
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Determination of Tand UB
1

BNL-Bielefeld, PRL 109, 12302 (2012)

3 M
RQ _ 599 pe _ Mea
31 = "hr 12 o2
Q Q

0.14 L _ i
3.0 a UgT=1 =@ N.=6 m 1 _R% T=158(7) MeV — ]
31 ug/T=0 3 N:=8 gn 0.12 | STAR: QM12 -
2.5 | * STAR: OM 12 . i preliminary -
o0 L _*_*_ l‘_‘\?‘_.q prelir-ninary [ | 0.10 | 19.6 ]
- ? 0.08 | ] ‘- -
15 L k aw"s=19.6-200 GeV 1 vos | o : :
' & L Vs [GeV]: 39 ' .
1.0 | : :F' - 0.04 | = : .
I SE T : |
0-5 1 : : T :, * . L . | 0.02 [ 200 ; :: : :HHGI':(hadron yield) ™ ]

0.0 1 |: 1 : 1 |[ el] I 1 I 1 1 0.00 :TI l" L l - i'l A B

140 160 180 200 220 240 00 02 04 06 08 10 12

S. Mukherjee and M. Wagner, ..
I PoS CPOD2013, 039 (2013) HRG and LGT similar,
T=158(7) MeV however data not yet

efficiency corrected ...etc

from then on all other cumulant ratios probe thermodynamic consistency, i.e.
our basic assumption of a unique freeze-out line, equilibrium thermodyn., etc
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Freeze-out parameter

taken at face value the comparison of current experimental data on conserved
charge fluctuations with QCD thermodynamics does not yet provide a consistent

thermal picture
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= STAR + HRG: PRC 79, 034909 (2009)
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@ PHENIX charge flucn. (prelim.) + LQCD
@+ STAR proton flucn. (prelim.) + LQCD baryon flucn.
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However: this is just the beginning
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@ PHENIX charge flucn. (prelim.) + LQCD
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S. Mukherjee, CPOD2013

— data are not yet corrected for efficiency
— acceptance cuts and finite volume effects (fluctuations)
need to be better understood...

see: M. Kitazawa, last week
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Freeze-out parameter

taken at face value the comparison of current experimental data on conserved
charge fluctuations with QCD thermodynamics does not yet provide a consistent

thermal picture
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NOTE: This discrepancy also exists, when one would use for comparison cumulants
calculated within the HRG model rather than QCD.

In fact, the agreement between QCD and HRG on moments up to 4" order
IS pretty good for temperatures below T=160 MeV.




Quadratic charge fluctuations
continuum extrapolated results: A. Bazavov et al (hotQCD), PRD86, 034509 (2012)
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Some 4™ order charge fluctuations

e
B*-S’ correlations B-Q” correlations
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e 8 W
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Bielefeld-BNL, preliminary similar: S. Borsanyi, Quark Matter 2012
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Critical behavior and higher order cumulants

— the breakdown of the HRG model description in the “vicinity of Tc”
becomes obvious in properties of higher order cumulants,

D 2_ 5 1/36 —
pressure: 2 = —h(*7 /B0 £y (/1P — f,.(V, T, fi)  alpha
O(4) -0.213
cumulants:
(n) m(2 o— n/2)/ﬁ‘35f(’n/2) (t/hl/ﬁ‘s) ug =0 Z(2)  +0.107
XB,ug ™ 2—a —n)/B6 (n)(t/h1/35) g > 0
o o higher order cumulants:
2) # become singular at Tc
0.0 \ In the chiral limit
ol < are no longer strictly
"
onl | controlled by POSTHIVE
universal,
o2 . =P | O(4) scaling function
z=t/h'
e 4 3 2 1 o0 1 2 3 4 s

FK, J. Engels, PRD 85, 094506 (2012)
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Universal properties of the 6™ order cumulant at g = 0

pug =0: x§ = —(ZK,Btgl)Sh_(l"'a)/Af(S) (z) 4+ regular

In the chiral limit the singular
part diverges: ~ A [t|~(T%)

the width of the transition region 01 s
(as seen by Xg ) L ™
Az =24 —z_= (t; — t_ )/hl/ﬁ‘s \
universal numbers o
:>AZ:Z_|_—Z_23 02}
-0.3
(T o= (ml>1/66\-o_4 ™
+ Azhl/ﬁa m, 5 4 3 2|1 o 1]2 3 4 5
v, z_ ~ —1.50 zy ~ 1.48
‘ T, —T_ ~ 0.20(5)T. B chiral limit
for my/mg, = 1/27 B maw = 6.7

universal number

F. Karsch, NFQCD 2013 18



6" order light and strange quark number cumulants
T

e strange light
. _ HRG
1=6 4 ] N=6 -a-
1F 8 ) 8 m ]
BNL-Bielefeld |
051 preliminary ]
_ % anl_ = . "
. free | " . + #

+ BNL-Bielefeld !
preliminary |

A 1 . 1 A 1 A 1 1 0 \ 1 . 1 \ 1 \ \ 1 T .[Melv] :
120 140 160 180 200 220 240 120 140 160 180 200 220 240

— no evidence for — clear evidence for
'typical' O(4) singular structure 'typical O(4) singular structure
— regular contribution dominates — regular and singular contributions

still need to take
continuum limit!!
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6" order light and strange quark number cumulants

Strange
1.5 , ; .
NT=6 il ]
1+ 8 W i
BNL-Bielefeld |
0.5 r preliminary
free |

— no evidence for
'typical' O(4) singular structure
— regular contribution dominates

the discussion on estimates
of the critical point location !!

G J

-10

é )
this is important for following :

light

HRG
N,C=6 Ve _
8 W

o .

BNL-Bielefeld
preliminary |

singular
part (guess)

T [MeV] |

120

140 160 180 200 220 240

— clear evidence for
'typical O(4) singular structure
— regular and singular contributions

depth of the minimum at high T
fixes maximal sinular contribution
atlow T Il u,min

6 — —6.7

u,max

X6
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6" order light quark number cumulants
T

On the interplay of regular and singular contributions - a guess, not a fit

regular part
dominated by

HRG at low-T 5 [

10 |

10 |

part (guess)

N,c=6 e
8 ik

singular

preliminary
part (quess)

BNL-Bielefeld |

T [MeV] |

total=singular+regular:
one may expect an overshooting of HRG
by (at most) a factor 2 ??

220 240

singular part
generates dip
at high-T
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Electric charge fluctuations in QCD and the HRG

. @ HRG: (I) all cumulants are positive

0.6 £42 o 1 (Il) ratios of even cumulants are larger than unity;
05 | ot T 60 X2 /xS ~ 1.6 inthe crossover region
ol ~° _ J. X4 /X2 g
ol N=6 4 _
gg A“p 8¢ | QCD If Tf'reeze ~ 160 MeV
0.1 T.=154(9) MeV - N - N
0 F~—+—++————————
035 12 e, = | xe < Q<o HRG ng > 0
03 o @ BNL-Bielefeld Q
025 F * f‘ preliminary kX4 / Xz ~ 1) \X4 / Xo =~ 1.6)
02 f o
[ . ]
015F | e, cut-off effects;
IR / net electric charge
o/ Q ] :
05 [ %6 _- fluctuations are
L e® | difficult to calculate
0 Y I in lattice QCD:;
05| %gl .f light pions induce

------- ' large cut-off effects
120 140 160 180 200 220 240

T [MeV] [ still need to take ]

C. Schmidt (Bielefeld-BNL), Quark Matter 2012, continuum limit!!
Nucl. Phys. A904-905, 865c (2013)
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Critical Point searches
I

cumulants of net proton number fluctuations

lattice QCD

1 ' T T T ]
-2 Au+Au Collisions at RHIC
1.0 -D """""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""" T 15

© osl @ T Skellam Distribution | ' TI o '
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0-6¢ n e 05% | reweighting (F&K, 2004) - @
047 Net-proton DB‘% | 137 Taylor (G&G, 2008) — Il |
0.2} ] _

:O:.4:<p:TT(?.8 (GeV/c:),|y|<(:).5 : ] qls.’ 1.2
1.2} 1
L e G

Al O]

© 0.8}

&-4 & p+p data
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@ Au+Au 0-5%
0.4} M Au+Au 0-5% (UrQMD)| |
- ® Ind. Prod. (0-5%)

e 1.05fp e

© L

o 00y reweighting:

& 095/ Z. Fodor, S. Katz,

T os0] JHEP 04, 204 (2004)

w

~ 0.85L

R | ! ) ) Lo ! H .
5678 10 20 30 40 100 200 Taylor expansion:

Colliding Energy | s (GeV)
STAR Collaboration, arXiv:1309.5681

R.V. Gavai, S. Gupta,
PRD78, 114503 (2008)
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LGT attempts to find the critical point

:I | IR | L | [ | I | L | | I:
0.003 —
. 0.002 _HHHHHH}H E QCD critical point DISAPPEAR
= 0.001 |- 3
E - .
i . crossover
-0.001 |- 1 0
:I | 1 1 1 | 1 1 1 | 1 1 1 I 1 1 1 I 11 I 1 :
0.1 0.12 0.14 0.16 0.18
i
Z. Fodor, S. Katz. 2001, 2004 P. deForcrand, O. Philipsen, 2002
these calculations were possible
because N _
(1) the lattices were coarse, critical point or breakdown of the
(I1) the discretization schemes reweighting approach (loosing the overlap) ?
were crude

S. Ejiri, PRD69, 094506 (2004)

since 10 years no progress along this line
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Taylor expansion of the pressure
I

P 1
ﬁ — VT3 an(VaTap'Bap'Saﬂ'Q)
= = e () (5) (%)
= i1k wk \ T T T
gititky /T4
generalized susceptibilities: X]-B-QS = : - /
ijk Ot OOk

HBOHQOLs 1=0

— can be evaluated using standard MC simulation algorithms;
- valid up to radius of convergence: L. (critical point?)

— radius of convergence corresponds to a critical point only, iff
Xn > 0 for all n > ng

provides also a
\criterium to locate T¢(tae)

F. Karsch, NFQCD 2013 25




Taylor expansion of the pressure

e.g., assume vanishing electric charge and strangeness chemical
potential:

p 1 1 HB n
_ I Z(V,T,n8) = Y — x5 <_>

T4 VT3 T

n,even

Ap/T* = (p(uB) — p(0))/T* = P2 i + Ps i + -

BNL-Bielefeld-CCNU, preliminary P,/P>; <1 for pp<, 3.5
0.16 T T T T T T T T T T 0109 T T T T T T T
. © — HRG: ug=pg=0
044 |  HRG Ha=Hs=0 . ® ] 0.08 [ Haths
03
‘ P,/P
0.12 + 5 C) 1 0.07 4/P>
® 0.06 n
01 | o o i (No+N,)/N;=0.4, Ng=0, N.=8 —eo—
L oo © 0.05 | + 5 e
0.08 | P . | +
P/T*: O(ud) correction 0.04 r Ho=Mg=0, N =8 —e—
0.06 i 0.03 *%
(NJ+N_/N_=0.4, Ng=0, N.=8 &
0.04 | Peme ’ : 0.02 | °%
6 o ®e
0.02 | 0.01 | oo ¢ -
’ },LQ=|.LS=O, NT=8 HoH ® (] ‘ “
0 T[Mey] 1 1 1 1 1 1 O C T[Mev]l 1 1 1 1 ]
120 140 160 180 200 220 240 260 280 300 320 340 140 160 180 200 220 240 260 280
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Taylor expansion of the pressure
I

for g = ps = 0 the relative strength of the next-to-leading order
correction to the pressure is controlled by 2 /x5

T,=(154 +/-9) MeV

1.2 _XE/XE ) _
1 | 2 l“ | T <T,:
-+ BES: 200GeV
HRG | e _ 0.8 S Xf/sz S 10
0.6 | s W |
| BNL-Bielefeld Py/P> <1 for pps, 3.5
| preliminary
02 | f |
ree ]
0 CTiMev] * TP

120 140 160 180 200 220 240 260 280

similar: S. Borsanyi et al, PRL 111, 062005 (2013)
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Radius of convergence and the critical point
I

e.g., assume vanishing electric charge and strangeness chemical

potential:
p 1 1 B ([ UB "
T+ yps P2V T 1) n;ﬁﬂ nt X7 (T)
2)!IxB
— radius of convergence: (u—B) = lim (n + B) Xn
T crit n—reo \ n!Xn_|_2

F. Karsch, NFQCD 2013 28



Radius of convergence and the critical point
I

e.g., assume vanishing electric charge and strangeness chemical

potential:
p 1 1 B ([ UB "
T+ yps P2V T 1) n;ﬁﬂ nt X7 (T)
2)!IxB
— radius of convergence: (u—B) = lim (n + B) Xn
T crit n—reo \ n!Xn_|_2

— may use expansion of another quantity (Gavai&Gupta),
e.g. baryon number susceptibility:

B __ 1 g e\
X2,u = Z Xnt2 \ T
n,even
(MB)X I n!x5
— radius of convergence: g — lim
T crit n—>oo\ (n—2)!xf_|_2
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Radius of convergence and the critical point

may use another estimator:

(gg) (n +2)!x;]
crit

= lim
T n—00 \ n!x,,j'f;”_I_2

(MB)X : n!xB
— = lim 5
T n— 00 \ (n — 2)!Xn-|-2

crit
pressure

series 1.4 ¢
suscept. :

series

prefactors are not unique for n < oo
===) Inherent systematic errors
B ™ 1/n? (~30% for n=6)
mn
XB__ basic observables need to
X%  deviate from HRG like n?

1/n
o [+ 2)IxF
= lim 5
n—oco Z!X'n,-l—Z
1/n
. nlx>
= oo 3., PQOM
e n+ toy model
. | | Ir2n I I

0.9 r
0.8

p[n+1/n+1] =
p[n+2/n] e
p [n+3)/6n-1] A

/

2 4 6 8 10 12 14 16 18 20 22

2n

FK et al., Phys.Lett. B698, 256 (2011)

F. Karsch, NFQCD 2013 30




Estimates of the radius of convergence

a challenging prediction ng\X
from susceptibility series: <—>

n(n — 1)Xf
XE+2

1l
=3
S X

T

crit \
suggests large deviations from
HRG in the hadronic phase

. huge deviations
i 7 from HRG in
/ 6" order cumulants?

B
X
% . | = =5.5(1.5)
e % X4
8:%3 - i

[ Ni=8 o

/4 2/6 2/8  4/6 6/3
obtained from ratios of orders S. Datta et al.,

Nucl. Phys. A904 (2013), 883c
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Estimates of the radius of convergence

a challenging prediction

| prediclic pe\* n(n — 1)x5B
from susceptibility series: T =Th = B
crit \ Xn+2
suggests large deviations from HRG —xB/xB =1
HRG in the hadronic phase /
31

huge deviations
] from HRG In
Xf/xf = 2 16" order cumulants?

/4 2/6 2/8  4/6 6/3
obtained from ratios of orders

S. Datta et al.,
Nucl. Phys. A904 (2013), 883c



Radius of convergence and the critical point
I

n-+2

basic observables need to deviate from HRG like n?

X5

However, so far no evidence for large enhancement over HRG for T' < T,

...remember:
T E T T T T T T 9 10 F u ”I
1.2 xf/xg’l [ T_=(154 +/-9) MeV - 0 N6 4
1 7 5 / regular 8 & 1
HRG [ BES: 200GeV | /A part (guess)
0.8 r .
I
0.6 r 0
0.4 BNL-Bielefeld 1
S singular preliminary |
0.2 r part (guess) |
ol . TMeV] A= ol N TIMeV] |
120 140 160 180 200 220 240 260 280 120 140 160 180 200 220 240

this suggests a large u$**
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Conserved charge fluctuations in QCD and HIC

" order cumulant: A dip in the kurtosis ?
e >0: xB = _3(2kpty")2R/AFY (2)
—G(ZI{Bt_l)3(ﬂc )2h—(1-|—a)/A (3) (Z)

o dominates in the
14(2) chiral limit, or if
0.1 r . ~ . c
/\ i =pp/TR1
0
B,min
0.1 t X4,u _95
Xmaa:— _
4,1
-0.2 1 . B
) X4 (I»LB) <0
| z=t/h P
5 4 3 5 1 0 41 2 3 4 =5 B.Friman, FK, K.Redlich,V.Skokov,

Eur. Phys. J. C71, 1694 (2011)
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4™ order cumulant (kurtosis) and the critical point
T

In the vicinity of the critical point the kurtosis will be negative in a certain
T, muB region kp < 0~ ' M. Stephanov, PRL 107, 052301 (2011)

t
T A kp > 0 a T
e mapping of the Ising
crossover . variables t, h on the
LT ~Rpe< 0 kp > 0 T, g plane is non-trivial
2nd order
kB >0
1st order
|
L
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4™ order cumulant (kurtosis) and the critical point
T

In the vicinity of the critical point the kurtosis will be negative in a certain
T, muB region kp < 0~ ' M. Stephanov, PRL 107, 052301 (2011)

t
TA Kk >0 | °T
s mapping of the Ising
crossover e variables t, h on the
T - kp > 0 T, np plane is non-trivial
c| RB-</
Tep 2nd order generically, expect:
kp > 0 kp >0 forT <Tep
1st order
(expect all cumulants to
be positive on the line
of fixed T'= Tcp
|
L

prerequisite for well-behaved estimates of the location of the critical
point based on the radius of convergence of the Taylor series for XB,u

F. Karsch, NFQCD 2013 36



Kurtosis on the freeze-out curve

A
T Ko~
crossover
1;: --.\..§\
T L 2nd order 1B (To)
cp 0 >
freeze-out line ‘ u
1st order
pe(Tcp)
|
)

(to determine the importance\ (a dip in the kurtosis seems to be generic: )
of regular terms and the non- whether or not it becomes negative depends
universal scales requires on the magnitude of regular terms in the

\ lattice QCD ) \QCD partition function (pressure) y

F. Karsch, NFQCD 2013 37




Conclusions
I

» approximate agreement with HRG model calculations
at freeze-out and sensitivity to O(4) criticality in the
crossover region are not inconsistent with each other

» 6™ order cumulants are sensitive to O(4) scaling but will
pick up only a small singular contribution below Tc.
This favors estimates for the location of a critical endpoint

at large ug/T

» a dip in the kurtosis*variance is likely to show up on the
freeze-out line in the vicinity of a critical endpoint

F. Karsch, NFQCD 2013 38



Chiral model and negative ",/ /" -:

o B
0.9F
0.8}
& 0.7 MODEL!!

e
0.5_2’4/,1’2""’

0.4 F{,BO'%>O
0.3
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