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Introdu
tion, motivation
T

µ
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quark gluon plasma
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n =2+1f

hadronic phase

• Zero µ area is relevant for - the early Universe- high energy 
ollisions
• Nature of QCD transition at zero µ is found to bea 
rossover [Y. Aoki, G.Endr®di, Z. Fodor, S.D. Katz, K.K. Szabó℄
• Di�erent observables give di�erent values for Tcnamely, Tc(χψ̄ψ) ≈ 151 MeV, Tc(χs) ≈ 175 MeV[Y. Aoki, Z. Fodor, S.D. Katz, K.K. Szabó℄



The role of the 
urvature
• Explore the µ 6= 0 region of the phase diagram
• At µ 6= 0 the fermion determinant is 
omplex

→ importan
e sampling not possible
• Use Taylor-expansion in µ�rst term vanishesse
ond term given by the 
urvature (κ)
• Aims:determine the 
urvature for di�erent observables

χψ̄ψ, ψ̄ψ; and for L, χs
• Comparison: no 
ontinuum limit results; the
urvature is in the range of κ = 0.003 . . .0.01[Bielefeld-Swansea; Philipsen, de For
rand; D'Elia, Lombardo; Fodor, Katz℄



S
enarios

• Does the 
rossover region shrink or expand?
• The 
urvature 
an a�e
t the existen
e of the
riti
al endpoint
• Estimation: if µcrit = 360 MeV → ∆κ ≈ 0.02

• µ ≡ µB



De�nition of κ
• Equation of transition line is Tc(µ) = Tc

(

1 − κµ
2

T2
c

)

→ κ = −Tc
dTc(µ)dµ2

∣

∣

∣

∣

µ=0

• Let's assume we de�ne Tc as O = 0.5 (e.g. O = χs/T 2)
• For O(T, µ2): dO = ∂O

∂T · dT + ∂O
∂µ2 · dµ2

• along the Tc(µ) linedO = 0 by de�nition
→ dTcdµ2 = −

(

∂O
∂µ2

) / (

∂O
∂T

)

• For ∂O
∂µ2 we need to measure new operators



Te
hnique
• Consider Z =

∫

DUe−Sg(U) detMNf/4

• ∂ logZ
∂µu,d

= 〈nu,d〉; ∂2 logZ
∂µ2

u,d
= 〈χu,d〉, where (′ ≡ ∂

∂µu,d
)

nu,d =
Nf
4 Tr (

M−1M ′
) and

χu,d = n2
u,d +

Nf
4 Tr (

M−1M ′′ −M−1M ′M−1M ′
)

• Observables O that don't depend on µu,d (L, χs):
∂〈O〉

∂(µ2
u,d)

= 1
2
∂2〈O〉

∂µ2
u,d

= 〈Oχu,d〉 − 〈O〉〈χu,d〉

• Observables O that depend on µu,d (ψ̄ψ, χψ̄ψ):
∂〈O〉

∂(µ2
u,d)

= 1
2
∂2〈O〉

∂µ2
u,d

= 〈Oχu,d〉 − 〈O〉〈χu,d〉 + 〈2O′nu,d + O′′〉



Simulation setup
• Symanzik improved gauge and stout-link improvedstaggered fermioni
 latti
e a
tion
• Physi
al masses for mu,d and for ms

• LCP determined by �xing mK/fK and mK/mπ

• S
ale set by fK
• Latti
e spa
ings used: NT = 4,6,8,10

• with aspe
t ratios NS/NT = 4 and 3

• Measurements 
arried out with 80 random ve
tors(balan
e between measurements and 
on�gurationprodu
tion)



Observables I.
• Polyakov loop L = 1

N3
S

∑x Tr NT − 1
∏t=0 U4(x, t)renormalization: Lr = L exp(V (r0)/2T)

• Strange sus
eptibility χs = T
V
∂2 logZ
∂µ2

sno renormalization ne
essary
• Chiral 
ondensate ψ̄ψ = T

V
∂ logZ
∂mrenormalization: ψ̄ψr = (ψ̄ψ − ψ̄ψ(T = 0)) ·m · 1

m4
π

• Chiral sus
eptibility χψ̄ψ = T
V
∂2 logZ
∂m2renormalization: χψ̄ψr = (χψ̄ψ − χψ̄ψ(T = 0)) ·m2 · 1

T4



Observables II.



Results I.

• Independent measurements at di�erent β values



Results II.

• Continuum extrapolated results are preliminary
• Noti
e large errors

→ for NT = 6,8,10 more statisti
s is needed
κ(χψ̄ψr) = −0.0018(34), κ(ψ̄ψr) = 0.0034(40)

κ(Lr) = −0.0095(93), κ(χs/T2) = 0.0013(51)



Summary
• Although κ(ψ̄ψr) < κ(χs/T2) for every NT , theybe
ome 
onsistent in the 
ontinuum limit
• For that reason we 
annot make an estimateabout the lo
ation of the 
riti
al endpoint
• We need to in
rease statisti
s to a
hieve areliable 
ontinuum limit


