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QCD phase diagram : fluctuation of
conserved charges

“Mapping the Phases of Quantum Chromodynamics with Beam Energy Scan”, Bzdaket al., Phys. Rept. ‘20
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A detailed review : Masayuki Asakawa, Masakiyo Kitazgwa, Prog.Part.Nucl.Phys. 90 (2016) 299-342



Higher order baryon number fluctuation
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Baryon-strangness correlations
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QCD phase diagram

“Mapping the Phases of Quantum Chromodynamics with Beam Energy Scan”,
Bzdaket al., Phys. Rept. ‘20
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Studies with the similar lattice action and setup:

1) Chiral phase transtion and topological susc. : Talk by Y. Aoki on
lattice2024, |. Kanamori on JPS2024,

?2) Symmteries at finite temperature: D. Ward ( last week on this workshop)

3) chiral phase transition with 3 degenerate flavors, Y. Zhang lattice 2023,
2024.
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Code bases

Configuration generation: Grid (https://github.com/paboyle/Grid)
Measurements: (i) Hadrons (https://github.com/aportelli/Hadrons)

(i) Bridge++ ( https://bridge.kek.jp/l attice-code/)

Data Analysis : https://github.com/Lattice QCD/AnalysisToollbox


https://github.com/paboyle/Grid
https://github.com/aportelli/Hadrons
https://bridge.kek.jp/Lattice-code/

Mobius Domain wall fermions : parameter set up

Mobius Domain wall fermions (MDWF):
Discretization of the Dirac operator in 5 space-time dimensions. We denote the

fifth dimension as L. Gauge Fields in 4d and Fermion Fields in 5d.
Better control on the chiral symmetry at finite lattice spacing.

Gauge configuration generation : Symanzik with stout smear + Mobius
Domainwall fermion.

Specific parameter choice : b=1.5, ¢=0.5 and L, = 12 with 3 levels of stout-link
smearing minimizes chiral symmetry violations.

S. Hashimoto et al, “Residual mass in five-dimensional fermion formulations”,
PoS LATTICE2013 (2014) 431.

B. Colguhoun et al (JLQCD collaboration), Phys. Rev. D 106, 054502



m,,, correction for L¢ = 12

« Performed calculations on
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A “Recap” on Chemical potential on the lattice

Continuum prescription, Divergence for the free fermion
case in QNS: y, ~ 1/a”

The prescription for chemical potential on the lattice,

+ P Hasenfratz, F Karsch, Phys.Lett B 125 (1983) 308-310
(I £y)Usiy(x) = (1 £ yy)e " Uiy(x) R V GavaiPhys Rev. D 32, 519

No additional divergences appear in the interacting theory.

Steven Gottlieb, W. Liu, D. Toussaint, R. L. Renken, and R. L. Sugar, Phys. Rev. Lett. 59, 2247
Rajiv V. Gaval, Sayantan Sharma, Phys.Lett.B 749 (2015) 8-13

For Domain Wall fermions :

(1 £y U1 £y)Uy(x) = (1 £ y4)eiﬁ Uyy(x) 1 CRBlochand T Wettig. Phys. Rev. D 76,114511
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det D(mpv, /:t\f)DWF

7 = JDU H detM(my)expl—S,], det M(my, jip) =
f=u,d,s

Sign problem for, Wy = (). We use Taylor expansions.
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Quark number susceptibility and conserved
charge fluctuations in (2+1)-flavor QCD

In QCD with two light (u#, d) and one strange flavor (s), pressure is
expressed via a Taylor expansion in quark chemical potentials (,uf).
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Quark number susceptibility with
Domain wall fermions

The diagonal and off-diagonal quark number susceptibilities can be written as,
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Quark number susceptibilities for Domain Wall fermions
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Lattice setup and results

- m,.,. and tuning of the input quark masses.

- Quark number susceptibilities and conserved charge
fluctuations for m; = 0.0036m,(m_, ~ 135 MeV) for
36° x 12.

- Sensitivity of the fluctuations on the pion masses.

- Fourth-order conserved charge fluctuations for
ohysical guark masses.



Quark number susceptibility with Mobius Domain
Wall Fermions in (2+1)-flavor QCD
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Second order conserved charge calculations
with Mobius Domain Wall Fermions
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Second order conserved charge calculations
with Mobius Domain Wall Fermions
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Comparison of )(f calculations with Mobius
Domain Wall Fermions and Staggered fermions
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- Data Comparison: Our lattice data are systematically higher than those from
HISQ and stout smeared staggered quarks near the pseudo-critical
temperature.

- Measurements: Performed on 150 gauge configurations per temperature,
with 100 trajectory separations.

- Further Analysis: Additional lattice spacing and additional volume is required
to better understand this discrepancy.

Refs: HiSQ : (HotQCD) D. Bollweg et al, arXiv:2107.10011 [hep-lat].
Stout : (WB) R. Bellwied et al, arXiv:1910.14592 [hep-lat]



Comparison of )(ZQ, )(2S calculations with Mobius
Domain Wall Fermions and Staggered fermions
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. We saw larger value in the)(zQ in the hadronic phase, compared to the HISQ and stout smeared
staggered quarks calculations at finite lattice spacing.

. In a non-interacting HRG :)(zQ is dominated by pions and )(5 is dominated by kaons.

Refs: HISQ : D. Bollweg et al, arXiv:2107.10011 [hep-lat].
Stout : R. Bellwied et al, arXiv:1507.04627 [hep-lat]



Sensitivity of ){1315 , )(2Q on different light quark

IMasses
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. In hadronic phase )(5( ~ exp(—my/T)

. In a non-interacting HRG :;(2Q is dominated by pions and )(1315 is dominated by lambda
baryons.

. We see thot)(ZQ IS sensitive to the pion mass in the temperature,
T, <160 MeV however y{; is not that sensitive to the hadron masses.



Leading order kurtosis of electric charge
cumulants
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Summary and Conclusions

o We present results of conserved charge fluctuations
using (2+1)-flavor QCD with a chiral fermion formalism,
specifically Mobius Domain Wall Fermions.

e We compare our calculations of second order
fluctuations with the staggered fermion formalism
calculations at finite lattice spacing.

e We also present fourth order conserved charge
fluctuations for the physical value of the quark masses.

e INn future, we will extend our calculations to smaller
attice spacings to study the cut-off dependence of
conserved charge fluctuations.

Thank you for your attention !!



Quark number susceptibility with
Domain wall fermions

fr = pel T, where , pis the quark chemical potential for flavor f

The diagonal and off-diagonal quark number susceptibilities can be
written as,
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