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Search for Criticality I I I i

» The open questions on QCD phase structure require support from theory
community to provide candidates for criticality-carrying observables
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» Higher order susceptibilities diverge w1th4h1gher power of the
"(p/T")
g/ T)"

» Related to moments of the net—proton distribution: can be measured
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Universal Scaling EOS I ! I |

> Average critical fluctuations of ¢ give rise to “magnetization”: M = (o)

» Universal critical scaling behavior given by the 3D Ising model equation of state:

> Magnetic field: h = hyR°H(0), H(O) = 6(3 — 26?) A
T

> Reduced temperature: t = R(1 — 6

Crossover

> Magnetization: M = M,R"0

3

» Critical fluctuations calculated in 3D Ising EOS
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EoS for BES I||i|-

» Combine Lattice + HRG equation of state and incorporate universal scaling features
into the QCD phase diagram from the 3D Ising Model equation of state

» Reconstruct the pressure via Taylor
expansion coefficients from Lattice QCD

T4Cr]l_,AT(T) — T4C71:IOH_ISing(T) T C’}lsing(T)

L T —Isi IMB !
— P(T, /’tB) — T4Z Crll\lon Ismg(T)<7> n PC?i(t:D(T’ :uB)

» Reduce free parameters by imposing
constraints from Lattice
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_w(—rpeosa, —heosay)  » Further constrain with future experimental

data P. Parotto et al, PRC (2020),
J. M. Karthein et al, EP]+ (2021)
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Second Order Baryon Susceptibility I I I |

» By changing the parameters of the mapping we can control the critical contribution
to the overall thermodynamics
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BEST EoS Used to Calculate in Equilibrium: xp

» Calculate KB from BEST EoS to study critical lensing and effect of mapping

parameters

» Small w, p = smaller separation

dug
d(s/n)

~ (wp)r Stretched
inT

» (Critical regions extending along
the T-direction show a stronger

signal and lensing effect
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H
Early Estimates of Equilibrium Fluctuations III||
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H
Estimating Equilibrium Fluctuations with BEST EoS I||"

ey . : _ Rip .
» Re-evaluate equilibrium estimates for factorial cumulants Wip = (N,) with realistic
p

critical EOS

> Updates: &, A;, 4, (dimensionless: A, = A,TY2E%2, }, = A, TE)

> Remaining dependence on coupling: g,
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Equilibrium Fluctuations in 3D Ising Model III||

» Calculate critical fluctuations as parametric derivatives of universal EOS utilizing
approximate rational critical exponents: f ~ 1/3,6 ~ 5,v ~ 2/3
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Equilibrium Correlation Length in 3D Ising Model III||

» 3D Ising EOS also provides a parametrization of the correlation length in the

€-expansion
EX(M, 1) = R_zygg(g)

» New (!) equilibrium calculation to O(e?)

00 = 2.0 1 = 2c0? + [ 241 — 25)6% + —— (41 + 41)6*| )
- J 18 72 _

.9 324
FIMAl—m]
where: [ = dx ~ — 2.3439
o 1 —x(1—x)
» Now with the true critical EOS determine the higher order couplings
ko = (oy) =VTE; kg = (oy)=2\VT¢°

ki = (0y)e = (o) —3(op)? = 6VT7 [2(A36)” — ] €°
J. Zinn-Justin, Quantum Field Theory and Critical Phenomena
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Equilibrium Correlation Length in 3D Ising Model III||

» 3D Ising EOS also provides a parametrization of the correlation length in the

€-expansion
EX(M, 1) = R_zygg(g)

» New (!) equilibrium calculation to O(e?)

00 = 2.0 1 = 2c0? + [ 241 — 25)6% + —— (41 + 41)6*| )
- J 18 1972 324 _

' Infx(1 — x)]
where: [ = dx ~ — 2.3439
o 1 —x(1—x)
> Now with the true critical EOS determine the higher order couplings
ko= (oy) =VTE:;  ky=(oy) =41

g = (ob)e = (o) —3(02)2 = 6VT? [20\s6)> —\s

]. Zinnstin, Quantum Field Theory and Critical Phenomena
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Extracting Higher-point Couplings I ! I |

» Determine dimensionless couplings and their yz-dependence along the crossover as

: : : ~ h=0, r—07
a further constraint from universality: 4,
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H
Parameter Constraints & Choices I i I |

» Additional universal consideration: angles constrained by smallness of physical

2/5
quark mass, Aq, , o m;

» Non-universal choices remain: scaling parameters w, p

Choice of original BEST EoS Choice as of QM23
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Coupling Constraint from MaxEnt I I I 1

» Now we can also constrain the coupling by writing the critical fluctuations from the
maximum entropy method in terms of the cumulants from the BEST EoS

oy,

D — ~~
Cl crit Ty

)>k/ﬂc(uaT)

wsin(a; — o

and comparing to the Athanasiou et al approach

(IJZ — KL
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» These expressions match for all k allowing for the determination of g, in terms of
the equation of state

M. Pradeep and M. Stephanov, PRL (2023)
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H
Equilibrium Critical Normalized p Fluctuations III||

> Updated equilibrium estimates for factorial cumulants w;} = —%  with universal
. 1 crit
inputs o
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Example parameter choice:

Ug o = 420 MeV T, = 141 MeV w=30,p=1 a; =4.6° a,=—-54° J.M. Karthein, M. Pradeep, K. Rajagopal, M. Stephanov,
’ Y. Yin, to appear

06/04/2024 J.M. Karthein - Equilibrium non-Gaussian fluctuations near a QCD critical point 15



H
Equilibrium Critical Normalized p Fluctuations Illll

» Behavior along freeze-out trajectories for various values of p scaling parameter

» Very sensitive to the freeze-out line and non-universal choices

» Features (dips & peaks) depend on freeze-out location relative to transition line
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Freeze-out line from Andronic et al 2018 with variable additive constant: T, — T (pc) = AT

Example parameter choice:

g c = 420 MeV T-= 141 MeV w = 30 a; =4.6° a,=—54° J.M. Karthein, M. Pradeep, K. Rajagopal, M. Stephanov,
| Y. Yin, to appear
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Conclusions I I |

» Improvements of equilibrium results on fluctuations made possible by groundwork

laid with BEST EoS

» Additional inputs from universality considered including small angle difterence and

coupling constrained by maximum entropy approach

» Future work: constrain parameters given new precise BES-II data

> Aa, ug w, p parameters most strongly constrained

» These equilibrium results form the basis of better out-of-equilibrium estimates

» Future work: estimate dynamical effects & predict behavior at lower energies
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