Lattice QCD at non-zero baryon density

How far can we go ?
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@ provide the equation of state for BES

@ (constrain) the location of the critical point
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Exploring the phase diagram of strong-interaction matter
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Phases of strong-interaction matter
determination of TC0 puts an upper limit on TCEP
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Critical behavior in QCD

@ close to the chiral limit thermodynamics in the vicinity of the
QCD transition(s) is controlled by a| universal scaling function
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Chiral observables in QCD

| _ OP/T ) ) _
— chiral condensate: (Y1), = o /T (V)1 = ((Y)u + (P2P)a)/2

2 _ _
— chiral order parameter: M = I M (P) — my(Pap) )
K

my = (Mmy + mg)/2

oM oM _

— chiral susceptibility: XM = Ms Y + omy magnetic
u

oM :

— mixed chiral susceptibility: Xt = TB—T mixed
,0°P/T*
— conserved charge fluctuations: Xx = T EYE thermal
Hx px =0
X =8B, S,...
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Pseudo-critical temperatures from chiral observables
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The Chiral PHASE TRANSITION In
(2+1)-flavor QCD
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Pseudo-critical temperature at non-zero up

— KL B-dependent shift of maxima in susceptibilities
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Critical behavior and higher order cumulants
- towards the chiral limit -

critical behavior in chiral observables: derivatives of the chiral condensate
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Phases of strong-interaction matter
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Critical behavior and higher order cumulants

- Taylor expansion -
. P
Taylor expansion of the QCD pressure: T1 = Qs LS)
- oo N
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Equation of state of (2+1)-flavor QCD: pup/T > 0

A(T,pp) _ P(T,pp) — P(T,0) _ xF (NB)2+ X5 (u3)4+ X6 (u3)6+
T T4 2 \ T 24 \ T 720 \ T
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pressure at pup/1T = 2
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—> The EoS/pressure is well controlled for pp/T" < 2
or equivalently vsnn 2 11 GeV

C—> convergence of expansions for higher order derivatives
increasingly worse
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Up to 8" order cumulants are used frequently
- Taylor expansion -
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Up to 8" order cumulants are used frequently
- imag. chem. pot. extrapolations -
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Cumulant ratios on the pseudo-critical line

A. Bazavov et al. (HotQCD), PRD 101, 074502 (2020)
arXiv:2001.08530
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Skewness, kurtosis,

hyper-skewness and hyper-kurtosis
ratios on the pseudo-critical line T

new STAR data:
STAR, arXiv:2105.14698
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Critical behavior and higher order cumulants
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Critical behavior and higher order cumulants

_T%[liizv] " crossover line: @[Hf&}

ALICE
..... Tt e ; y .

ng = 0, %4 = 0.4

constant: € _
s B |
freeze-out: STAR = |

e i
e
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— many 8" order cumulants turn negative for
T— >, (140 — 145) MeV

— higher order cumulants will continue to "oscillate"
at even lower T, if convergence of Taylor series is
limited by a complex zero

Toep < 140MeV , uSFP > 400MeV
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Critical behavior and higher order cumulants
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Lee-Yang edge zeroes
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Exploit analytic structure of scaling functions:
M. A. Stephanov, hep-lat/0603014

— using input on non-universal parameters

1604
(T, K2, 20) allows to estimate the radius
of convergence deduced from universal
: . : = 150-
properties of O(4) scaling function 2
S. Mukherjee, V. Skokov, arXiv: 1909.04639 = 1404
F m e ————————

— use imag- M B simulations to reach complex

Lee-Yang edge zeroes
C. Schmidt et al.,arXiv:2101.02254
120

—p Taylor expansions wnll not allow to 0
reach the CEP, if n5”" > 400 MeV

—» Taylor series needs to be resummed

1304

| | I |
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Resumming Taylor series

— conformal mappings V. Skokov, K. Morita, B. Friman, arXiv:1008.4549
M. Giordano et al., arXiv:2004.10800
G. Basar, arXiv:2105.08080
— partial resummation S. Modal, S. Mukherjee, P. Hegde , arXiv:2106.03165

— Pade resummation

a simple example:

— Taylor series for a relativistic Fermi gas as function of chemical potential
— radius of convergence controlled by an imaginary zero at p./T = @7
— series expansions in real it break down at ¢

5

— diagonal Pades, P[nn], have no m/T=1.0: FG exact —
. - . . . Pade [22] —

problem avoiding this singularity | {gg} .
. . e8] —

— phase transitions are signaled al Series % - -
by (stable) zeroes in Pade ) (12] - -
approximants | {;g% -

[24]
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Resumming Taylor series

B
Pad ti fn = Xn /n!
ade resummation
Cn2 = Cn/Co

P(T, NB)/T4 — P(Ta 0)/T4 + P2 (T’ m) » L= “B/T HotQCD preliminary:

thanks to
Py (T, x) = c2(T)x? + c4(T)x* + c6(T)xz® + cg(T)x® Jishnu Goswami,
Anirban Labhiri,...
(c3, — ce2)x? + (022 — 2c42Cq2 + Csz) x?

(c3, — cg2) + (cgz — caace2)x? + (c2, — cazcgr)x?

Pl4,4](x) = c2

— possible location of (positive) pole of the [4,4] Pade within current errors on
ce = X& /720, cs = x5 /40320

2.0 ‘ | 2.0 : |
Im[ug/T] Im[ug/T]
1.5 [ 15 T = 145 MeV =i
T =156 MeV =
T=145MeV < xBorg.err. 4
10 | T= 135 MeV 2 1.0 |+ xB halferr. ¥ &

T =125 MeV ©
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Resumming Taylor series

cn = X2 /n!

Pade resummation _
Cn2 = Cpn/C2

P(T, NB)/T4 — P(Ta 0)/T4 + P2 (T’ m) » L= “B/T HotQCD preliminary:

thanks to
Py (T, x) = c2(T)x? + c4(T)x* + c6(T)xz® + cg(T)x® Jishnu Goswami,
Anirban Lahiri,...

(c2, — ce2)x? + (022 — 2c42C62 + Csz) x?

Pl4,4](x) = c2
’ (c2, — ce2) + (cga — cq2Ce2)x2 + (C35 — Ca2cga)x?

— possible location of (positive) pole of the [4,4] Pade within current errors on
ce = X& /720, cs = x5 /40320

o i within current errors poles on the
Im[pug/T] . .. i :
i real axis (critical point) are possible
= T =156 MeV =© only for
T =145 MeV =<
1.0 [ T =~ 135 MeV. = T < 135MeV , H’B/T > 2.9
T =125 MeV © . .
i il consistent with:
02 I M.Giordano et al., arXiv:2004.10800
0.0
Relb/Tl higher statistics will sharpen the constraint
0 1 2 3 4
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Conclusion on "Critical behavior in QCD"

close to the chiral limit thermodynamics in the vicinity of the
QCD transition(s) is controlled by a| universal scaling function

singular / regular

p 1 — — =
i = s MZ(V, T, i) = —hC=Pf (2 /1/E0) — £ (V, T, fi)

e What we learned so far about the CEP in QCD

from lattice QCD calculations:
1) the critical temperature is below Tc=132 MeV

II) the corresponding critical chemical potential
is likely to be above 400 MeV

—_» Taylor expansions need to be
resummed in order to reach CEP

Question by the organizers: How far can we go?
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- an attempt to give an history motivated answer

40 years of lattice QCD thermodynamics:
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- an attempt to give an history motivated answer

40 years of lattice QCD thermodynamics:

the first direct evidence for the existence of a thermal phase
transition in SU(Nc) gauge theories from lattice calculations
has been presented at a conference in Bielefeld

Statistical Mechanics of Quarks and Hadrons
ZIF, Bielefeld, August 1980 (organizer H. Satz)

B. Svetitsky and L. McLerran, PLB 98 (1981)
J. Kuti, J. Polonyi and K. Szlachanyi PLB 98 (1981)

™ 2020/21: speed increased

by 10*, i.e. a
factor 2 every year

1980/81:
first lattice calculations of the EoS

J. Engels, FK, I. Montvay, H. Satz,
PLB 101 (1981)
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- an attempt to give an history motivated answer

40 years of lattice QCD thermodynamics:

— the radius of convergence is not at all a limit for CEP searches
based on Taylor expansions

— higher order Taylor coefficients provide crucial information in

constraining the location of a CEP also outside the radius of
convergence

— every 5 years computing speed increases by an order of magnitude
(+ algorithmic advances)

> every (4-5) years the calculation of another order in the
Taylor series becomes affordable

——=> this will lead to more stringent bounds on the possible
existence and location of a

CEP in the QCD phase diagram

27
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