Theoretical Perspectives on QCD Critical Point Search

Hydrodynamic Correlations from Theory To Particle Multiplicity Cumulants in experiment

Pre-SQM Workshop 2026 held at LBNL
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Hadron Resonance Gas at freeze-out
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* Mid-rapidity yields consistent with a Statistical Hadron Resonance Gas model
 What about event-by-event fluctuations?

* Deviations from a quantum gas of hadrons can be due to non-trivial EoS, CP, non-equilibrium dynamics etc..



Non-trivial correlations in hadron gas : Factorial
cumulants of particle multiplicities

arXiv: 2504.00817, STAR collaboration, PRL
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Non-trivial deviations from a non-interacting gas of particles
Sources of this correlations?
Do they show any indications of a critical point in the vicinity of the heavy-ion trajectory in the phase diagram?

Hope : Bound the location of the CP if it exists and constrain the EoS near it



Connecting hydrodynamic correlations to particle
multiplicity fluctuations at freeze-out
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Most likely phase space distribution of particles after freeze-out that
« Maximizes the entropy of the hadron resonance gas ensemble

 Constraint - Average values of all conserved densities and their correlators in hadron gas match with hydrodynamics



The maximum entropy formula for factorial
cumulants of proton multiplicities
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Input to the freeze-out prescription for hydro fluctuations

 Hydrodynamic correlations from the hydro (hydro+) simulation
* Freeze-out hyper surface

 Masses, charges and branching ratios of different resonances



Hydrodynamic correlations at freeze-out

(53(z.4)85(z_)) = / FUAX Y Q) Ax — 2. — 2

Persistence of critical imprints in the
_ fluctuation observables until freeze-out
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Relaxation rate of the slowest mode near the
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 Rate depends on distance to CP

 Rate at a certain point on the phase diagram
depends on the scale factors D, p, w and f(_f

Consider a situation where relaxation is sufficiently fast for
the local hydrodynamic correlations to be given by their
equilibrium values.



Fast relaxation of correlations

Karthein, MP, Rajagopal, Stephanov,Yin 26, PRD
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 Hydrodynamic correlations are given by their local equilibrium conditions, directly
related to susceptiblilities



Hydrodynamic correlations in QCD near the CP
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A general class of candidate EoSs

Pocp(p, T) = Pea(p, T)
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Independent & non-universal parameters
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Weakly constrained in
the chiral limit
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Affect of mapping to Ising model on the
observable particle cumulants

Karthein, MP, Rajagopal, Stephanov, Yin 26, PRD
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Constraining the non-universal mapping
parameters using Lee-Yang singularities

Basar, PRC, 24
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Lattice informed choices for map from QCD to 3D
Ising model
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Four topologically different scenarios for freeze-
out consistent with these constrajnts
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Hot critical point with
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Proton multiplicity cumulants from lattice EoS
(Work in progress)

MP, Stephanov, Goswami, Basar (in
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Summary and Looking forward..

 Theory landscape
- Lattice, FRG/DSE, and QCD-like models — constrained, almost converged on the region where a possible CP may exist

 Key Goal
- Quantitative agreement between theories/models and experiment to put bounds on CP and constrain the EoS near it

« Maximum entropy Freeze-out prescription for fluctuations - Connects hydrodynamic fluctuations from theory to particle
multiplicity distributions observed in experiments

* New constraints from lattice
» Lee-Yang extrapolation = tight limits on factorial cumulant structure along freeze-out

 Ongoing efforts
» Observables directly from lattice EoS
- Bayesian analysis of BES data (with a theoretical model that includes an Ising-like critical point and fluctuations in equilibrium)

* Dynamics of fluctuations out of equilibrium
- Out-of-equilibrium fluctuation evolution (Schaefer, Teaney, Chattopadhyay, Basar...)
- Hydro+ simulations already gives qualitative and semi-quantitative guidance in simplistic models

e Future— Unify dynamics + freeze-out (ME) = comparison to data

Thank you!



