Strangeness and charm content of
strongly interacting matter

Frithjof Karsch, BNL/Bielefeld
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— the physics/thermodynamics of strong interaction matter is described by the
theory of strong interactions — Quantum Chromo Dynamics (QCD)

— understanding highly non-perturbative/collective effects like phase transitions
requires the application of numerical techniques — lattice QCD
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QCD thermodynamics & heavy ion collisions

* LHC
Key Experiments

> A, RHIC@BNL

E' quark-gluon-plasma meavy lon experiments with varying
incident beam energies (RHIC beam
energy scan) probe the structure of the

0.154f¥ 1 ff__ QCD phase diagram

B A NICA@JINR — lower beam energy
freeze-out™ s _ — more efficient stopping of nuclei

hadron gas - higher net baryon density

@ search for a 2" order critical point

followed by a line of 1% order phase
neutron stars )\transitions /

0 chemical potential U B

vacuum nuclear matter

chemical potentials for baryon number, electric charge,
strangeness control net density of these conserved charges
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Exploring the QCD phase diagram

*

f RHIC@BNL

quark-gluon-plasma

T [GeV]

initial conditions J

controlled by the 0.1541w Z‘ ~.

NICA@)JINR
QCD equation _ " E
Of State, evolution reeze-out s -
C hadron gas

expeCtation: yacuum nuclear matter
freeze-out close to feutron stars
QCD transition line freeze-out J 0 chemical potential WU B

— LHC: establish contact with
observable the QCD PHASE transition
consequences: — RHIC: locate/provide evidence
freeze-out/hadronization pattern of for the QCD critical point

mesons and baryons, controlled by Tf, B, LS
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Outline
I

@ Equation of state and transition temperature

— continuum extrapolated transition temperature
and equation of state

@ Charge fluctuations and freeze-out parameter;
the RHIC search for the critical point

— evidence for many new strange and charmed baryons
— using electric charge fluctuations to search for the
critical point
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Equation of state and transition temperature
T
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— well defined pseudo-critical temperature

Xl =

— guark mass dependence of susceptibilities
consistent with O(4) scaling

A. Bazavov et al. (hotQCD),
Phys. Rev. D85, 054503 (2012), arXiv:1111.1710
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Equation of state of (2+1)-flavor QCD
I

pressure, entropy & energy density specific heat & energy density
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hotQCD , arXiv:1407.6387 — Iimproves over earlier hotQCD calculations:

A. Bazavov et al., Phys. Rev. D80, 014504 (2009)
— consistent with:S. Borsanyi et al., PL B730, 99 (2014)

— up to the crossover region the QCD EoS agrees well with hadron resonance gas
(HRG) model calculations; However, QCD results are systematically above HRG

— there is 'room for additional resonances' not accounted for by the HRG model
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QCD-EoS and the Hadron Resonance Gas (HRG)
T

HRG thermodynamics
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Probing the hadron spectrum using QCD thermodynamics

Lattice QCD , ., Quark Model
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Probing the hadron spectrum using QCD thermodynamics

Lattice QCD
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Probing the hadron spectrum using QCD thermodynamics
1

— additional resonance in the hadron spectrum increase the pressure,
energy density as well as trace anomaly

— charmed baryons are too heavy to have any impact on bulk

thermodynamics

— additional strange baryons may increase the pressure by about 3%

at T=160 MeV

4 .
— need to be more selective
to see effects of additional

\ resonances

strange and charmed hadronic

J
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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 = 705 MZ(V, T 148,985 Mus,ds)

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

X1 = X2 = X1 =
Y VT3 g/ T T3 O(pg/T)? VT3 8(pg/T)4

variance kurtosis

evaluated at
fix = px/T =0

generalized quark number
susceptibilities:
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Fluctuations: Hadron Resonance Gas vs. LQCD

Fluctuations and Correlations of net baryon number, electric charge, and strangeness:
A comparison of lattice QCD results with the hadron resonance gas model

__ 0(20%) deviations from
Vs s ] = "ordinary" HRG model expectations
1.0 [ X2/%z2 e i
1t S — — continuum extrapolated results
08 m® : (band) for quadratic fluctuations
A T - of conserved charges
A _ | |
12 | Y2tz ; ] — comparison with HRG model
1} - %’L ; _ calculations
0.8 - F * v 7 . . -
06 L ' — quantify validity range of the
14 P HRG model
1.2 | yShgthRe ]
ol — evidence for "additional”
0 | resonances ?
130 - HRG model
depends on input
A. Bazavov et al. [HotQCD Collaboration], hadron spectrum

Phys. Rev. D 86, 034509 (2012)
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Correlations and Fluctuations: HRG vs. LQCD
I

— construct QCD observables that would project onto specific quantum numbers,
If QCD = HRG

E.g.:. HRG pressure:
P

= = Y WmZE(T,V,uw)+ > Wzl (T,V,p)

meEmesons meEbaryons

HRG baryon susceptibilities:

nmkl — n m k l
meEbaryons 8uBauQ 8“Sauc

sum "knows" about spectrum
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Correlations and Fluctuations: HRG vs. LQCD
I

—in a HRG charge fluctuations obey some simple relations because B, Q, S
guantum numbers are integer; — or even restricted to |B|=0, 1

— baryonic part of the pressure:

Pbaryon

T4 Z f(Tym)cosh(Bup + Sps + Quq)
mebaryons

XBQSC B Z o(ntmtk+l) 1y Z,,J;(T, V, )

nmkl — A l

meEbaryons 8“’%6”’88“’58”6' =0

xfﬁfi" = XE,,,?;;S;C ;s a>0,b>0,a+b even

e.g. xﬁs = xfls , sz = Xf .... valid in any HRG (irresp. of the spectrum)
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Correlations and Fluctuations: HRG vs. LQCD
I
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— HRG model description of fluctuations and correlations
breaks down above T=160 MeV
— this also is the case for the strange baryon sector

A. Bazavov et al. (BNL-Bielefeld-CCNU), Phys. Rev. Lett. 111, 082301 (2013)
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Correlations and Fluctuations: HRG vs. LQCD
I

— suitable combinations of susceptibilities allow to construct observables
that would project onto the pressure in a specific hadron sectors,
iff a HRG model description is still valid

_ S BS
€.9. Ms = x5 — X392 pressure of open strange mesons

1
Bisi=1 = - (X4 — X5 +5x15 + Txz5)
pressure of open strange baryons
with |S|=1
these observables are not unique, e.g.
Ms(ci,c2) = X§ — XzBZS + Cc1v1 + Cc2v2

__ _BS BS
U1 = X31 — X11

V2

1
S S S S S
3 (G —x7) - 2X1s — 4Xzs — 2X34
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Correlations and Fluctuations: HRG vs. LQCD

— all observables for "partial strange meson pressure" should give a
unique result in a HRG
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— HRG model description of fluctuations and correlations
breaks down above T=160 MeV
— this also is the case for the strange meson sector

A. Bazavov et al. (BNL-Bielefeld-CCNU), Phys. Rev. Lett. 111, 082301 (2013)
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Evidence for many charmed baryons in thermodynamics

— use charge fluctuations and correlations to probe the hadron spectrum

— HRG pressure of open charmed mesons and baryons particularly
simple, because multiple charmed baryons are too havy to be of
thermodynamic relevance; e.g.

BC BC BC
X11 = X22 = Xis B
BC’ . X13

n charm baryon to m n pr re ratio: —
open charm baryon to meson pressure ratio v c — _BC
C X4 X13

sum "knows" about spectrum /

4k

35 F

+ Il OM-HRG 3
B OMV-HRG-3 )5
B PDG-HRG

experimentally established states

2 1 1 1
1/2* 3/2* 5/2* 7/2* 9/2* 1/2° 3/2° 5/2° 7/2° 9/12°11/2°
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Evidence for many charmed baryons in thermodynamics

. close to Tc charmed baryon fluctuations
" are about 50% larger than expected in a

[
m ™ - HRG based on known charmed baryon

QM-HRG-3 o _
QM-HRG — | resonances (PDG-HRG)
. PDG-HRG - - |
o [charmed pressure ratlos]
0.5 | B9C)(,QC_,BAC non-int. i
e s iz ) quarks | all charmed baryons/mesons

| <@ charged charmed baryons/mesons

L strange charmed baryons/mesons
LT :/

L8 6 including resonance predicted in quark model
K i

BSC,,. SC _BSC
| -X112 /(X913 X112 )

0.7

05 M - s B calculations and observed in lattice QCD
“““““““““““““““ L. T calculations allows for a HRG model (QM-HRG)
03 L7 7 T T[I\feVI] - description of lattice QCD results on conserved
140 150 160 170 180 190 200 210 charge fluctuations and correlations

A. Bazavov et al., arXiv:1404.4043
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Evidence for more strange baryons in thermodynamics

B IIBISIIE - - close to Tc strange baryon fluctuations
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A. Bazavov et al., LB Xg

Phys. Rev. Lett. 113, 072001 (2014), arXiv:1404.6511
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Evidence for more strange baryons in thermodynamics

B IIBISIIE - - close to Tc strange baryon fluctuations
0.30 - 3 il are about (10-20)% larger than expected
] in a HRG based on known strange baryon
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Phys. Rev. Lett. 113, 072001 (2014), arXiv:1404.6511
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HRG model, lattice QCD and critical behavior
T
@ for a wide range of baryon chemical potentials freeze-out happens in or
m) P. Braun-Munzinger et al.,

close to the QCD transition region: predicted
Phys. Lett. B596, 61 (2004)

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

( P
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-E.D'IUEE_ A ]
;_E_ ~ e—mH/Te(BMB‘I‘SNS‘I‘QNQ)/T
Ej 1{]5—

D oo 1 goal: describe freeze-out in terms of

e || PSRERREJk QCD thermodynamics

1 PHENIX =) freeze-out parameter from comparison

of measured moments of charge fluct.

oL B BI‘-’{AHMS N o |
5—— Th | d Hn E;N —358f12 AR . .
BNL-Bielefeld, PRL 109, 12302 (2012)

E*EK+Kppﬁﬁ::Q$daKEAH&He

Andornic et.al.: Nucl. Phys. A904, 535¢ (2013)



Strange hadron yields in HIC

2u£ ué
_ZPB (8 g
T 1

presence of unobserved higher
resonances get imprinted in the
yields of ground state hadrons

extract chemical potentials from

particle/anti-particle ratios of

39 GeV (STAR priim) & ~ multiple strange baryon yields
17.3 GeV (NAS7) @ - (eliminates mass dependence)

2.5 . : ' data:

STAR: F. Zhao, PoS CPOD2013 (2013) 036
NAS57: F. Antinori et al, PLB 595 (2004) 68

2.0
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Impact on determination of freeze-out parameter
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(] i H
o 10 = . .
ST including more strange baryons
N AL 3 - will change determination of
10 T O e freeze-out parameters
- = Data, ALICE, 0-20% preliminary : better agreement of strange and
- —— Thermal mode fit, t?/N 4 B&F 8 H . . .
i muﬁéfm o TNeV e non-strange particle yields at lower
O S T KKpPAEZZOT o K freeze-out temperature

A. Andronic et al Nucl. Phys. A904, 535c¢ (2013)
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Conclusions

& During recent years LGT calculations have achieved two important
goals:

— determination of transition temperature Tc
— calculation of the equation of state

with physical quark masses in the continuum limit

& Gross features of bulk thermodynamics at low temperatures are
compatible with hadron resonance gas thermodynamics;

& deviations from PDG-HRG provide

evidence for a richer strange and charmed baryon
spectrum than so-far known experimentally
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