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The QCD phase diagram
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Quantum Chromodynamics

from first principles

= Lattice QCD

- HISQ action
- N, =4N;
- simatu=0

= physical quarks
- 2 light quarks

- 1 strange quark
- mg/m; =27

= m; ~ 138 MeV
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Chiral observables in two-flavor formulation

= subtracted condensate
Zsub = ms(zu + Zd) - (mU + md)zs

T

with Y= Vaillnz
f

= subtracted susceptibility

=T (2 2 s
Xsub = vV S amu amd sub

" xdisc IS defined as ., Without connected part
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Start of the QCD crossover line: T,

Quark-Gluon Plasma
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d? Y sub - d Xsub —
472 f,‘é =0 and a7 ffg =0

* two crossover temperatures: To (Xsub) and  To (Xsub)
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Pseudo-critical temperatures

= for m; — 0: pseudo-critical temperatures converge to the
chiral transition temperature T2

= at finite quark mass it is given by maximum of O(4) universal
Sca“ng fU nCtionS (Thursday talk, Sheng-Tai Li, Chiral phase transition)

1/6—1 04
Xm = m// fx(z) +reg. 035 |
—1)/86 3l
=m0 () freg. 02
0.2 +
0.15
= form — 0 .’
0.05
Xt ~ IrLsup and Xt ~ aistub 0 . . . . .
Xm ™~ Xsub and Xm ™~ Xdisc N 2 ! X ) 2 ¢
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The subtracted chiral susceptibility
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The subtracted chiral susceptibility
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The 2nd ;.5 derivative of chiral condensate ¥,
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The 1st T derivative of chiral condensate >,
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The T, continuum extrapolation
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Crossover temperature T

170 ; ‘
To [MeV]
165 | 7 1
160 | % 1
55| + " % . ,
150 | 1
145 | | i
140 ‘ ‘ ‘ ‘ ‘ ‘ ‘ :
P F F R <$> 2 <>
&(/6 O/:sﬂo @Oé %{; '% # &(/6)@6/3 % (/é) @
K () Y 0,
O 7
Q//; QLOL ‘9@?}
%5 2, 40

July 25, 2018 Patrick Steinbrecher Slide 10



The QCD crossover at ;. = 0
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* need Taylor expansion in T and pg around (7o, 0)
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Taylor expansion in chemical potentials (just notation)
= simplest case ug = pus =0

= subtracted condensate

zsub ad CE AN . Y azsub/f’%
P Z s with cr = T
K n=0 B |,=0
= disconnected susceptibility
o0 X 4
Xdisc Ch .n . X 8Xdisc/fK
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Coefficients for a strangeness neutral system
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The curvature of the crossover line

To(pB) 18\ ° ps\* 6
T, =1—r2 ) T + O(up)

= Taylor expansion in  and T of:

d xaise(T, 1B) _ 4

2
g =(-Jug+(Jug+..=0
dT fit
0.025
= has to be zero order by order 002 ¢ ns=0. ng/ng=0.4, mg/m;=27
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The QCD crossover line

STAR: arxiv:1701.07065
ALICE: arxiv:1408.6403
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The curvature x, for strangeness neutral system
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The crossover line
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Fluctuations along the QCD crossover T:(up)

= Baryon-number fluctuations

i@an_iCi?w with B 1 0InZ
n

2

9B _ gins i _ ! ginzs
3 3 n2 - 3 ~AN+2

VIR VIR opy = n Ve opg’ 0

. a% couples to condensate — diverges at a critical point

= study increase along the crossover line

oB(Telns). 16) ~ oB(To,0) _ | (ue)z Y (us)“ L
U%(To,O) TO
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Baryon-number fluctuations ~~ along 7T.(.5)
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Susceptibility fluctuations ~- along T.(.)
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ag and ygisc Show no indication for a narrowing crossover
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Critical point from Taylor expansions

= e.g. expansion of the pressure around pg=0  (orug = ns =0

P_ 1 B ~n B __ 1 8n|nZ
ﬁ_ZHXnMBv Xn—ﬁw

n ’MBO

= analysis of convergence radius can determine bound on the

location of a critical point:
1/2 1/2

X

p_|(@n+2)(2n+1)x5,
fon = v Iop =

2n(2n—1)x5,
2n —5

B
X2ni2

B
X2ni2

= only if coefficients are positive for all n > ng
- if not — no critical point on real axis
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Critical point from Taylor expansions

: crit
rk - estimator for ug /T
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2017: lower bound for r§

D’Elia et al., 2016, r§
Datta et al., 2016
Fodor, Katz, 2004
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Summary

crossover starts at To = 156.5 + 1.5 MeV

= crossover curvature for StrangeneSS neutral SyStem
2 4

. TE(TZLB) =1—k2 (‘%) — K4 (‘%f) + O(1)

« k2 = 0.0123 + 0.003

- k4 = 0.000131 = 0.0041

= for ug <250 MeV and ns = 0,ng/ng = 0.4
crossover along const. entropy density and energy density
chemical freeze-out might be close to crossover

- no indication for critical point
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Thank you for your attention!
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