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J Abstract

We use up to fourth order cumulants of net strangeness fluctuations
and their correlations with net baryon number fluctuations to extract

information

* on the strange meson and baryon contribution to the low _
temperature hadron resonance gas,

* on the dissolution of strange hadronic states in the crossover T.<T < 1.3T.

region of the QCD transition,

* on the quasi-particle nature of strange quark contributions to the

>
high temperature quark-gluon plasma phase. Tz 1.3T,

T. := chiral crossover

temperature
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1) Introduction
« Definitions of cumulants and correlations
* Motivations to study fluctuations of conserved charges

2) The lattice setup and results
 The HISQ action
« 4t order fluctuations and correlations

3) A closer look to strangeness

« Strangeness in the HRG model
 Disentangling different strangeness sectors

4) Summary

based on BNL-BI: arXiv:1304.7220
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http://arxiv.org/abs/1304.7220
http://arxiv.org/abs/1304.7220

Expansmn of the pressure

oo k
p Z 1 BQS M_B nQ Hs
T4~ < gt ¥R\ ) \r ) \T
/ \\X = B, (@, S: conserved charges
J/ Lattice Y Experiment

x 1 0"Inz VT3 xX = ((6Nx)?)
T VT Ok /T) mo VIS XX = ((BNx)Y) —3((0Nx)?)
generalized susceptibilities VT® x5 = <(5NX)6>
—15 ((6Nx)*) ((6Nx)?)
—> onlyatux = 0! 130 ((6Nx)?)?

cumulants of net-charge fluctuations

—> only at freeze-out (us(v/s), Ts(+/s))!

ratios of cumulants are volume independent!
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J I\/IOtivations\ .

— Expected phase diagram of QCD:

* Analyze Taylor series/Pade resummations
of various susceptiblities: find region of
large fluctuations

* Analyze the radius of convergence directly

QD
® O

>’
()
2,
critical O 7N\ @ 7N\

- .
end-point quark-gluon-plasma
» 154(9) |- -----__ © °
2) Analyze freeze-out conditions oY 0 e
. . 0 T NL
* Match various cumulant ratios of O~y ®

measured electric charge fluctuations to
(lattice) QCD results: determine freeze-out
parameters.

O

vacuum nuclear matter

— see talk by M. Wagner

heutron stars
3) Identify the relevant degrees of

freedom (this talk) chemical potential U B

* Compare (lattice) QCD fluctuations to
various hadronic/quasiparticle models:

Does deconfinement take place above the chiral crossover temperature?
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Does deconfinement take place above the chiral crossover temperature?

The chiral crossover line:

T. = 154(9) MeV

HotQCD, PRD 85 (2012) 054503

170
165
160
155
150
145
140

T.(ng) = T.(0) [1 — 0.0066(7) %]
BNL-BI, PRD 83 (201 1) 014504

Karsch, CPOD 2013, arXiv:1307.3978

T T T T T T T T
_Tf [MeV] _
L V sy = 200 GeV | V sy = 62.5 GeV j
LQCD: T,(ug)

= STAR + HRG: PRC 79, 034909 (2009)

-l STAR charge flucn. (prelim.) + LQCD

@ PHENIX charge flucn. (prelim.) + LQCD

@+ STAR proton flucn. (prelim.) + LQCD baryon flucn. f

ug [MeV]
| | | | | | | | | | | | | | | |

0 3} 10 15 20 25 30 40 50 60 70 80 90 100 110 120 130

—> freeze-out points are in agreement with the chiral crossover line
—> apparent discrepancies among the freeze-out points that need to be resolved
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A.‘

L . Thé Lattice Seiq |

Action: highly improved staggered quarks (HISQ)
Lattice size: 243 x 6, 323 x 8, 483 x 12
Mass: mg; = ms/20 — m, = 160 MeV
Statistics: O(103) - O(10%)

Observables: traces of combinations of M and M’ = oM /du

Oln Z _ i /DU Ty [M—IM/] e'I‘I‘ lnMe—,BSG
ou Z
= (Tr [M~"M’])
0%In Z - _ _ _ 2
gz = (Tr [M7IMY]) — (Tr [MEM/M ) + (Tx [M~*M7]")
Method: stochastic estimators with N = 1500 random vectors
1 N | 1 &
T~ > nf@Qu  with  lim =3 0l miy = day
1=1 1=1

Christian Schmidt LAT 2013




Generalized Su
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—> structure consistent with O(4) critical behavior at pg = 0, m = 0
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2"d order 4th order

0-3 :'-XBIS ' | | | | ‘I : : -XBIS ! | ! | ! | ! | ! | -
[ "X 11 - - A13 -
02 F ® ] 0.2 §§§. o e g
I P .. N‘l:=6 —A— . E N~|;=6 A :
0.1 | | v 8 —eo— 0.1 F ot 8§ —o— ]
. : T,=154(9)MeV T [MeV] - / T.=154(9)MeV _

D — o R e L A R R
140 160 180 200 220 240 : XEZS BNIT-EfieIefeId ]
0.1 : §§' pr.ellmlnary :
Cgs [Koch et al., PRL 95 (2005) 182301] [ A e
1.1 T T T T T T 0.05 )} ]
L -SX?1S/X§ * & ok e U f;ee"* | !| | | | | |
0.9 *‘? . 0 H BIS ’ 1 ' 1 ’ 1 ’ | ’ —
0.8 lﬂ - 0.08 [ -X31 |
0.7 | 4 cenlt ' '
A = N = [ 1 1
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HRG:
pHRG 1 v 1 B
=T > W Z)Y(T,V,ps) + % > WmZZ(T,V,up, ps)
1€ mesons 1€ baryons
with

VT3 rmi\2 = (£1)F! . .
man\i/B == d. (?) Z v Ks(km;/T) cosh (k(B;jig + Sifis))
k=1

here we have set g = 0

* For baryons and strange particles we can ~ ,,, __ Validity of Boltzmann approx.

assume Boltzmann approximation:

1.03

In ZX/F o f(m;,T)cosh(Bifig + Sifts) 102} % ]
©)
—> un, us-dependence factorizes o % I
—> pressure obtains contributions from g D
different hadronic sectors, defined by ~ °*®|  —x% —% s 7
- — %t — X2 — A3 T [MeV] -

all possible (B;, S;)-combinations 098 - T Xt T Xz T X T[MeV]
126 135 145 155 165 175 185 195
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The pressure obtalns contrlbutlons from dlfferent hadronlc sectors |

HRG
= f0.0)(T) + fi0.1)(T) cosh(—fis) } mesons

p
T4
+ f(@,0) cosh(fip) + f(1,1)(T) cosh(fip — ps)
+ fa,2)(T) cosh(fip — 2fas) + f(1,3)(T) cosh(fip — 3is)

} baryons

—> for diagonal fluctuations: x;; = Xp42, Whereas x5 # X, 1, (Multi-strange hadrons)
—> for correlations: xB% = xB%,

2 14— @& " T 17T 71—
1.8 | | _BS ; "
16 | - _

| 1 Tli HRG
14 | |
1ol 08 | N6 4
11 0.6 | 8 W
0.8 r 0.4 t ?#
i | * A
06 | 0o | N _ | )
A B ree ]
041 oL TMeV] . ——
350 120 140 160 180 200 220 240 260 280

eat T < 160 MeV we find reasonable agreement with the HRG (within 20%)
eat T 2 160 MeV deviations from HRG become large
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The pressure obtalns contrlbutlons from 4 dlfferent strangeness sectors

HRG
p

T4

= fo0.0)(T) + fo,.1)(T) cosh(—fis) } mesons

+ f(1,0) cosh(iig) + f(1,1)(T) cosh(fip — ps)

) . . . baryons
+ f,2)(T) cosh(fip — 2fis) + f(1,3)(T) cosh(fip — 3jis) } ’

HRG
p

— ( T4 ) = M, + B1 + B2 + Bs
S0

—> diagonal fluctuations and correlations are given as linear
combinations of the different strangeness sectors

x5 = (—1)2M; + (—1)®’B; + (—2)?’B; + (—3)?B;
X5 = (—1)*M; + (=1)*B; + (—2)*B; + (—3)Bs
Xty = (—=1)By + (—=2)B2 + (—3)Bs
Xzz — ( 1)231 + (— 2)232 + (— 3)233

invert this relation!
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Disentangling different straﬁg

Idea: separate strangeness sectors by making use of all diagonal strangeness
fluctuations and baryon-strangeness correlations up to the 4t order

21X 25 + xaxB5 4+ x3x§ + xax B + xsx B8 + x6x;
= y1 M7 + y2B1 + ysBs + y4 B3

solve: AX = €; with ( O 0 1.0 0 1 \
A — -1 -1 1 1 -1 1
— —2 -2 4 4 -8 16

\ -3 =3 9 9 —27 81 /

| N
defined by powers of strangeness charges Rank=4

—> dim (Kernel)=2, spanned by v1, v2

v o= X —x
1
Vg = g(Xég —X5) = 2X15 — 4xan — 2X3Y

must vanish if HRG is a valid description!

Christian Schmidt LAT 2013



Disentangling diffe

085 |« _ 03—+ _
5 free ' B_.B free
0.3 CV, oW HTL | 0.3 :-Xz X4 H'Ll.
| — ;
025 | V2 7 " -j 0.25 | e
f <] ! : O
0.2} ] 0.2 f
[ = ] :
0.15 N.=6 (open) | 0.15 |
; N =8 (filled) ;
0.1 Ff 0.1 y
0.05 _ 0.05 -
: 0 '
O T [MeV] ;
150 200 250 300 350
e strange baryons carry baryon number 1 e all baryons carry baryon number 1

e partial pressure from strange particles is
hadronic

—> indicator for the validity of the HRG

eat T < 160 MeV we find reasonable agreement with the HRG
eat T > 160 MeV deviations from HRG become large
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solving the 4 inhomogenous systems AZ = é;

—> the solutions are translations of the kernel

M(ci,c3) = X5 — Xap +c1v1 + covs

Bi(ci,c) = % (Xf > + 5X15 + TX5s ) + C1U1 1 CoU2
Bs(c1,c0) = —i (X X2 + 4X + 4X ) + C1U1 + CoUs
Bs(ci,c3) = 1—18 (X7 — X5 +3x15 +3Xan ) + C101 + C203
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*For T < 155 MeV different strange sectors agree separately with the HRG

* For higher temperatures the deviations from HRG set in abruptly and rapidly
become large

—> modifications of the strange hadron contribution to bulk thermodynamics
become apparent in the crossover region and follow the same pattern
present also in the light quark sector.

Christian Schmidt LAT 2013



* We now probe the quasi-particle picture, i.e. to what extent the susceptibilities
iInvolving strangeness contributions can be understood in terms of elementary
degrees of freedom that carry quantum numbers

S=4+1,B=+1/3,Q = +1/3

free | efora free (uncorrelated) strange
X211 X121 . quarks we have B“Q = —BQ
- BQS BQS
‘ " | = Tllm ( lec% /X12C% ): 1
— 00
N.=6 A '
1 efor free (uncorrelated) strange
8 (s
hadrons we have contributions
| from two charge sectors.
BQS , BQS
— ( X211 /X121 )<1
; T [MeV]
150 200 250 300 350
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Summary

* \We have provided evidence that in QCD the strange hadron sector gets modified
strongly in the vicinity of the pseudo-critical temperature determined from the light
quark chiral susceptibilities.

* Deviations from the HRG model start becoming large in the transition region and
follow a pattern similar to that known for the light quark sector.

e There thus is no evidence that deconfinement and the dissolution of hadronic
bound states may be shifted to higher temperatures for strange hadrons.

* We also showed that at temperatures larger than T>1.3Tc a simple quasi-particle

model may be sufficient to describe properties of mixed strangeness-baryon
number susceptibilities.

» Closer to Tc the structure of these susceptibilities becomes more complicated. A
feature well-known also from bulk thermodynamic quantities like the pressure.
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