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Introduction:
The phase diagram of QCD

T cooling of the fireball:
[ILHC

® Fluctuations of B, S, Q L 190M eV quark-gluon

can be measured o~ plasma
deconfined,

experimentally and X -Symmetric
Indicate cr iticality hadron gas

confined,

e |GT at n = 0 - broken colog- .
supercondauctor
— RHIC, LHC P

~ few times nuclear 0 B
matter density

 LGTat u >0
—> RHIC at low energies,

FAIR@GSI s = po = 0




Taylor expansion in: pug.s.Q

QCD is naturally formulated with quark chemical potentials p 4. 4,5

® we start from Taylor expansion of the pressure

= INZ(V,T,ty, o, ls) = cids Eu - Fd o s
=2 = y13 N2V, Tty B Bs) = e T T T

u,d,s
® use unbiased, noisy estimators to calculate C, ,J,k

— see C. Miao, CS, PoS (Lattice 2007) 175.

® Line of constant physics: mqy = ms /10
(physical strange quark mass)

® measure currentlyupto O(p® 1" (N;= 4)
O(u* !'" (N¢g= 6)




Taylor expansion in: pu g s.Q

QCD is naturally formulated with quark chemical potentials p 4. 4,5

® we start from Taylor expansion of the pressure

= INZ(V,T,ty, o, ls) = cids Eu - Fd o s
=2 = y13 N2V, Tty B Bs) = e T T T

uw,d,s .
® expansion coefficients C i 1, are related to B,S,Q-fluctuations
%J 9

8(p/T4)_1( +Ng+Ny) - 1 +2
Oupm) — 3T e = gHET
o(pIT*) 1
ouslT) Ha gHB
opIT4) 1 1
Ao/ ) 3(2n —Ng — Nyg) Ms LB !

3
® choice of ly ! Hg is equivalentto g ! 0O

Ho




Hadronic fluctuations (Lg = 0)

In general we have:

P (pIT %) related to
O(Ux/T )P

OPTa(pT 4 related to
[ ] /T )O(Uy /T )4 e

to be more precise:

X 0°(p/T*)

202 = >
Opux/T)

0*(p/T*)

O(ux /T)*

24cy =

Cﬁyza(uf/;%fuzf/ﬂ - %(<NXNY>_<NX><NY>)”ZO

with: INx = Nx ! "N y#



The Resonance gas (T < T¢)

® the pressure is given by the free quantum gas pressure, summed over all

particles
INnZ(T,V,uB, Us L) = > INZy(T,V, B, Hs, Q)

1! hadrons

> InzB(T.V.us.iwg)+ > IzZE(T,V,uB Hs, Ue)

t! mesons t! baryons

® the contribution of particle I with mass 1123 and quantum numbers [B;, S;, Q;

2 #

1

= (+1)"*1 1" 2K o(Im 4/T ) cosh(IS;us/T +1Q;ug/T )

- Ky(x)! /(n/2z)exp(" ), @ >>1

(=) =2K o(Im /T ) cosh(IB;up/T + IS;us/T + 1Q;ug/T)
=1

: 2
. m ;

=
—> for a dilute baryonic gas the Boltzmann approximation is valid:
(only 1 = 1 contributes for (mn! pg) >>T)

. . ) . 2
% — i K>(m; /T) cosh(Bug /T + Spus /T + Quo /T)




The Resonance gas (T < T¢)

® Baryon number fluctuations in Boltzmann approximation:

1 2(p/T %)
L (Ux/T )
L 4(pIT %)
L (W x/T )4

2¢cP = F(m, T) B?cosh(Bug/T )|us=0

24¢cp F(m, T) B*cosh(Bug/T )|us=0

with F(m, T)= > |—2

i! bar yons
— L B-dependence factorize (all baryons have Bj = 1)

— ratio of fourth and second order cumulant gives ,,unit charge"

mass and temper atur e
iInde pendent r atio

® Strangeness and electric charge fluctuations are more difficult: multiple
charged particles, light mesons (Boltzmann approximation not valid)




Critical scaling (T = T,)
At p = 0and Il g small, we expect | -, [mu —— O)

O(4)-critical behavior line of 2. order

transitions

® scaling field: 2
Il T critical
e end-point

® singular part: TAM, =My > O'
b= fo (80 7))

fS(T7 Muaud) —
L)

- - . crossover
~

® O4)/O(2): o< 0,small Z(2)

critical

(5n u’d)z —> dominated by T dependence end-point
! " of regular part K 5

(on u,d)4 — develops a cusp! )




Results for expansion coefficients c,

u,d
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Baryon number fluctuations (pg = 0)
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Strangeness fluctuations (Ug = O0)
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Electric charge fluctuatlons (U = O)
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Consequences for the phase diagram:
the radius of convergence

® the radius of convergence can
be estimated from the Taylor
coefficients of the pressure:

p= Ilm p,

" —> 00

T N, =4, m ~220MeV

with

N

n—|—2

eforT > T,, pn — ©

, _ p2
oforlT <T., !, is bound / P-B
by the transition line 200 400 600 1000 1200

® non monotonic behavior of the ® higher order approximations are
convergence radius needed to locate the critical point

— brst hint foracr iticalr egion ?




Consequences for the phase diagram:
the radius of convergence

® the radius of convergence can
be estimated by the Taylor
coefficients of the pressure:

T  N,=4, m ~220MeV

eforT > T,, pn — ©
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® non monotonic behavior of the ® higher order approximations are
convergence radius needed to locate the critical point

— brst hint foracr iticalr egion ?




Hadronic fluctuations ug > 0O
(Hs = Hq = 0)
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— large baryon number
fluctuations

—> enhanced strangeness and
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(~ factor 3 atTc)




Correlatlons of §,B and S5,Q
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—> Correlations increase for
pg >0




Conclusions / Summary

Taylor expansion method at 2+ flavor provides lots
of input for HIC phenomenology.

All results on fluctuations and correlations develop a
peak with increasing chemical potential and are
consistent with a gas of quasi-free quarks, already at
|.2-1.5Tc.

Ratios of cumulants are robust quantities and should
be well suited for comparison with the experiment.
The fluctuations increase with decreasing mass and
rise over the resonance gas value close to Tc.

(This I1s a necesgaonditiorof the determination of the
cntical point with means of thdius of caerg@nce)
Strangeness and electric charge chemical potentials
have to be tuned to meet the conditions of HIC.




