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Phases of strong-interaction matter

thermodynamics of quarks and gluons:

high-T — QCD perturbation theory physics of the early universe

hot T ~ 102K

Quark-Gluon Plasma

experimentally accessible in
Heavy lon Collisions at
SPC, RHIC, LHC, FAIR,NICA
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thermodynamics of a hadron gas
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1B =

Ti (Hp) [MeV]

0 : - pseudo-critical temperature T, = 154(9)MeV
— hadronization temperatures Ty, = 164(3) MeV
— freeze-out temperatures: Ty, = 156(3) MeV
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Crossover transition parameters

PDG: Particle Data Group hadron spectrum
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Crossover transition parameters

PDG: Particle Data Group hadron spectrum dense packing of spheres (DPS)
DPS — 0074€nucleon
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Probing the properties of matter through the analysis
of conserved charge fluctuations

Taylor expansion of the QCD pressure: 1= Qs S)
- Oo p o
__ Z 1 BQS( T) rQ Ks
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: ik T a~i a~d o~ 9 e
i T opgonhopk| T
o"P/T*
conserved charge fluctuations: X, (T, 1By ---) = Y X=B,Q,S
Hx
cumulant ratios:
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HRG vs. QCD
baryon number - electric charge correlations

BQ 0?P/T*
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free quark gas: 3 ( ————— > =0
— change in composition of the thermal medium

Is detected through conserved charge correlations
=> this gets reflected in cumulant ratios of, e.g.
net-baryon number fluctuations => no longer Skellam for T'>,155MeV
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HRG vs. QCD charge correlations at g = 0

--evidence for additional strange hadrons (baryons) observable at the LHC??
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HRG vs. QCD charge correlations at g = 0

--evidence for additional strange hadrons (baryons) observable at the LHC??
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HRG vs. QCD charge correlations at g = 0

--evidence for additional strange hadrons (baryons) observable at the LHC??
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HRG vs. QCD
electric charge-baryon number correlations

[ MB/T >0 } for simplicity: ng = s =0

1 1} 2
X11Q(T pB) = X ‘|‘ X331Q <?B> + O(NL}B)

- agreement between HRG and QCD will start to deteriorate for T>150 MeV
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HRG vs. QCD
electric charge-baryon number correlations

[ MB/T >0 } for simplicity: ng = s =0

1 2
B B B
X11Q(Ta pB) = X11Q + §X31Q <—> + O(”i}

- agreement between HRG and QCD will start to deteriorate for T>150 MeV

BQ _ BQ _ B
HRG: X11Q = X31Q = X51Q

0.035 [——rrr2po g2 VeV _

XI131Q 0.03 HRG models Hll
0.03 i = ﬁéﬁ ] my/m=20, N;=6 ~A&-
%)E 1 0.02} 8 |
0.025 é} my/mMz27, Ny=6 A
0.02 | 4 001 L7 8 M
0.015 [ continuum extrap. ] 0 | | $ rL EIJLL
HRG models Il | | m I T 1
L N,=6 & ] A 4 i
0.01 ’ s @ | 001 M 1 A E]]
‘ : |
0.005 | A 12 @ ] l 1
[ 16 v+ | -0.02 f | :
0 [1] - I ’ 1 |
. TMev], — = @& . . v TIMeV]
130 140 150 160 170 180 190 200 130 140 150 160 170 180 190 200

F. Karsch, xQCD 2017 12




HRG vs. QCD
net baryon-number fluctuations

[ MB/T >0 ] for simplicity: ng = s =0

B B, 1 p(HB ’ 1 p(uB : 6
Xz(Ta.UB):X2 +§X4 ? ‘I'ins ? _l_O(IJ’B)

- agreement between HRG and QCD will start to deteriorate for T>150 MeV

- net baryon-number fluctuations in QCD always smaller than in HRG for
T>150 MeV
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HRG vs. QCD
net baryon-number fluctuations

[ MB/T >0 ] for simplicity: ng = s =0

B B, 1 p(HB ’ 1 p(uB : 6
Xz(Ta.UB):X2 +§X4 ? ‘I'ins ? _l_O(IJ’B)

- agreement between HRG and QCD will start to deteriorate for T>150 MeV
- net baryon-number fluctuations in QCD always smaller than in HRG for

T>150 MeV
40 I I I I I I 40 I I I I I I
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HRG vs. QCD
net baryon-number fluctuations

[ MB/T >0 ] for simplicity: ng = s =0

B B, 1 p(HB ’ 1 p(uB : 6
Xz(Ta.UB):X2 +§X4 ? +iX6 ? +O(IJ’B)

- agreement between HRG and QCD will start to deteriorate for T>150 MeV

- net baryon-number fluctuations in QCD always smaller than in HRG for
T>150 MeV
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Exploring the QCD phase diagram

LI More moderate questions:

(a) net-p x'¢® |
4r py Range (GeVic) | @ Can we understand the systematics
Bk A 04<p <08 1 seen in cumulants of charge fluctuations
o 3 0 giiiﬂli}ii . In terms of QCD thermodynamics ?
"‘E a . gjg;g I » How far do we get with low order
21~ 4 ‘ Taylor expansions of QCD in explaining
the obvious deviations from HRG model

behavior ?

sFor /s > 27 GeV :

Structure of net-electric charge and
net-proton cumulants is inconsistent

with HRG thermodynamics, but can
eventually be understood in terms of

QCD thermodynamics in a
next-to-leading order Taylor expansion?
- rather small v /T
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STAR and PHENIX data on cumulant ratios of
net-proton number and net-electric charge fluctuations
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Conserved charge fluctuations and freeze-out
mean and variance

for simplicity: s = pg = 0

ratio of cumulants on "a line" in the
(T, np) plane (NLO Taylor expansion)

1XB K 2 ]_XB 2

Mp _ ppltsys () pe X2 1+ 635 (F)
2~ T 1x7 (pB)2 Spop = T B 1 X7 2
i L+ 238 (F) X2 1+ 573 (42)

7] 3
B2 =Pl 4 m ()

ED
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Conserved charge fluctuations and freeze-out
mean and variance

for simplicity: s = pg = 0

ratio of cumulants on "a line" in the
(T, np) plane (NLO Taylor expansion)

Spop =

ps = pg =0

X
mmmm)p SpOp = T32 = X4 'rf; + O(("Hz) )

2
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Conserved charge fluctuations and freeze-out
mean and variance

freeze-out line

Ty(nB) = Ty, (1 — K} <“?B)2>

for simplicity: s = pg = 0

ratio of cumulants on "a line" in the
(T, np) plane (NLO Taylor expansion)

all Xn = Xn(T)
eventually need to

be expanded in T

ps = pg =0

X
mmmm)p SpOp = T32 = X4 'rf; + O(("Hz) )

2
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Conserved charge fluctuations and freeze-out
mean, variance and skewness

NLO Taylor expansion
B
xy Mp 1 [ x
Spon =5 2t X—%_ ( 5) b pg=ps =0
2B 2 7B (and ks = 0)
Spos rB Mg\ 2
— r:ﬁ = BYB ‘ 31 ( B F. Karsch et al.,
Mp 0% arXiv:1512.06987
Y 200 62.4 39 27 196\/_ [GeV]
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— intercept consistent with QCD, if | TMeV] .
freeze-out at Tf<160 MeV. Bielefeld-BNL-CCNU, preliminary
3
. ] BO'B
—If Ty ~ 165MeV at pup ~ 0 : skewness ratio should be small [V ~ 0.6
B
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Conserved charge fluctuations and freeze-out
mean, variance, skewness and kurtosis

in a NLO Taylor expansion r5, = Spos/Mp
are closely related

B __ 2
r — RKBO
42 BB F. Karsch et al.,
2 arXiv:1512.06987
B __ _B,0 B,2 ( BB — —0:
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Conserved charge fluctuations and freeze-out
mean, variance, skewness and kurtosis

in a NLO Taylor expansion r3; = Spog /Mg
are closely related
rB = kpo?
42 — ™vBYpg
2
B __ B, B,2 ( UB — —0:
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2
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Conclusions

— attempts to understand freeze-out/hadronization in terms of HRG model based
calculations at temperatures T > 160 MeV are difficult to conciliate with QCD;

at ug = 0 QCD thermodynamics is quite different from HRG thermodynamics
for T > 160 MeV;
for ug > 0 differences between HRG and QCD become larger

— no evidence for large enhancement of net-baryon number or electric charge
fluctuations in the parameter range 72>135 MeV , 0 < up/T < 2

— leading order Taylor expansions provide good approximations for cumulant ratios
measured at RHIC for /sy~ > 19 GeV

Taylor expansion coefficients may be measured by ALICE

F. Karsch, xQCD 2017 24



Universitat Bielefeld

— (4-5) post-doc positions in lattice QCD contact: karsch@physik.uni-bielefeld.de
— 2 PhD positions in lattice QCD edwin@physik.uni-bielefeld.de

F. Karsch, xQCD 2017 25



	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25

