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Lattice gauge theory

» Start with the path integral quantization, Euclidean signature:
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1/T
Se(T,\V.ji) = — / dxo/d3x£E(ﬁ),
0 14
LE(T) = Lo+ Y. nrdeyotr

f=u,d,s

» Introduce a (non-perturbative!) regulator — minimum space-time
“resolution” scale a, i.e. lattice, Wilson (1974)

» The lattice spacing a acts as a UV cutoff, ppax ~ 7/a

» The integrals can be evaluated with importance sampling
methods
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out:

Z

/ D[U]D[¢]D[]e~SelUI-Seldw.U]

- /D[U]e_SG[U]detM[UH

> The effective action is highly non-local, Monte Carlo sampling is
costly

» The computational cost is determined by the condition number
of the fermion matrix, which scales with the inverse lightest
quark mass

» Sign problem at ug >0

» Real-time properties are hard to access
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How to access g > 07

» Method 1: Taylor expansion (Allton et al. (2002)), evaluate
various derivatives at p© =0, e.g.
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How to access g > 07

» Method 1: Taylor expansion (Allton et al. (2002)), evaluate
various derivatives at p© =0, e.g.

Xé = ; (T (Mg My = (MTML)) + (Te(M;*M)?)

» Method 2: Perform simulations at imaginary chemical potential,
then evaluate the derivatives of P(ip) (Lombardo (1999), de
Forcrand, Philipsen (2002))

» Methods 3, 4, .... Complex Langevin dynamics, contour
deformation, reweighting/density of states, ...
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Method 1: Taylor expansion
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Method 1: Taylor expansion

» The chemical potentials for conserved charges B, Q, S:
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» The generalized susceptibilities are evaluated at vanishing

chemical potential
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Fluctuations of conserved
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Constrained series expansions

» The number densities can also be represented with Taylor
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Constrained series expansions

» The number densities can also be represented with Taylor
expansions:
nx . 6P/ T4
T3 Opix

, X=B,Q,5

> In heavy-ion collisions there are additional constraints:

n
ns = 0, ﬁ:o.zx

» These constraints can be fulfilled by

fe(T,ue) = qu(Mis+ q(T)ig + qs(T)iag + -
fs(T.pe) = su(T)ie +s3(T)ig + ss(T)ig
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Method 2: Imaginary chemical potential?
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Baryon number susceptibilities®
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Results at g =0

A. Bazavov (MSU) CIPANP2018 June 2, 2018 12 /27



Chiral symmetry restoration
» Chiral condensate and susceptibility
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Chiral symmetry restoration

» Chiral condensate and susceptibility
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Chiral symmetry restoration

» Chiral condensate and susceptibility
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Chiral symmetry restoration (update)*
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Chiral symmetry restoration (update)®

» Comparison with earlier results
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Results at g > 0
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Curvature of the chiral crossover line®

» Change in the chiral crossover temperature with ug
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Chiral crossover at iz > 0’
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Chiral crossover at iz > 0’
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Chiral crossover at iz > 0’
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» The magnitude of the chiral susceptibility shows almost no
change with increasing pug > 0

» No indication that the crossover is getting stronger

» Similar conclusion from the baryon number fluctuations along

the crossover line
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The equation of state at O(1%)

» The equation of state at ug = 08
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The equation of state at O(1%)

» The equation of state at ug = 08
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» Additional contribution at g >0, pg = pus = 0:
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The equation of state at O(u%)°
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The equation of state at
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> The contribution to the pressure due to finite chemical potential
(left) and the baryon number density (right) for strangeness

neutral systems:
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Relativistic heavy-ion collisions

» Cumulants of the event-by-event multiplicity distributions:

G = (N), G ={((6N)?), C3 = ((5N)3), Co = ((GN)*)=3 ((5N)?)?
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Relativistic heavy-ion collisions

» Cumulants of the event-by-event multiplicity distributions:
2
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» Mean, variance, skewness and kurtosis:

M=GC, 02=0C, S= G Ca
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Relativistic heavy-ion collisions

» Cumulants of the event-by-event multiplicity distributions:
2
G = (N), G ={((6N)?), G = ((6N)*), Cs = {(SN)*)—3 ((6N)?)

» Mean, variance, skewness and kurtosis:
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Freeze-out parameters

» Consider the ratios of cumulants:

3
RS = Sa7q _ x5 RS — Mo
’ T2
Mo — xQ 7Q

%Bazavov et al. [BNL-Bielefeld] (2012)
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Freeze-out parameters

» Consider the ratios of cumulants:

3 Q
Rﬁ:SQUQ:XA RS =
Mg f

Mo _ x{
3 = 0
9@ Xa

» These ratios can be evaluated on the lattice for constrained

system and serve as thermometer (left) and baryometer (right
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Skewness and kurtosis

172,
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Skewness and kurtosis
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Freeze-out temperatures
[BNL-Bielefeld] (2017):
To < 149 MeV
cut
for p;"™* = 0.8 GeV
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Skewness and kurtosis

Wuppertal-Budapest STAR Prelimina(?l data
N, =12 e

P04 <pr<2.0GeV, |y <0.5

T=150 MeV

» Recent result by Borsanyi et al.
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Constraints on the critical point
» For ng = pus = 0 the net baryon-number susceptibility is

(o.9)
1 .
X2B(T7 1B) = Z wX?sz%n
n=0 ’
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Constraints on the critical point
» For ng = pus = 0 the net baryon-number susceptibility is

(o.9)
1 N
XZB(T7 /’LB) = Z (2n)|XZBn+2/’LZBn
n=0 ’
» The radius of convergence

20(2n— 1),

B
X2n+2

X —
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Constraints on the critical point

» For ng = pus = 0 the net baryon-number susceptibility is

[e.9]

1 .
X2B(T7 1B) = Z wX?sz%n
n=0 ’

» The radius of convergence

> We observe x&/xE < 3 for 135 < T < 155 MeV = r)\ > 2

6 Fodor, Katz, 2004 @ '
Datta et al., 2016 ©
5 DElia et al., 2016, r§
= this work: lower bound for rf Il
5 0 4 estimator r§
RN S
5 YHRG
e3 ry
£
17
® 2
' LHRG —e—
NE | e ————————————— e = ]
1 disfavored region for the
location of a critical point
0 Lo . . . .
135 140 145 150 155
T [MeV]
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Conclusion

> Lattice QCD calculations are now in the regime of the physical
light quark masses and continuum limit is possible for many
observables

» The most studied region of the QCD phase diagram is at ug =0

> At non-zero baryon chemical potential direct Monte Carlo
simulations are not (yet) possible due to the sign problem

» The region of small i/ T can be explored with expansions in
wu/ T or by analytic continuation from imaginary p

> Generalized susceptibilities are now calculated up to 8th order in
1B

» The equation of state is now known up to the 6th order in ug

» Ratios of the generalized susceptibilities can be related to
experimentally measured cumulants of event-by-event multiplicity
distributions

» Recent lattice calculations strongly disfavor QCD critical point in
the region of ug < 2T in the temperature range
135 < T < 155 MeV

A. Bazavov (MSU) CIPANP2018 June 2,2018 27 /27



	Introduction
	QCD phase diagram
	Lattice gauge theory
	Challenges

	Results at B=0
	Chiral symmetry restoration

	Results at B>0
	Curvature of the crossover line
	The equation of state at O(B6)
	Freeze-out parameters
	Constraints on the critical point

	Conclusion

