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QCD phase diagram and critical point

from Bazavov et al., 1904.09951
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m Hypothetical QCD critical point in baryon-rich region

m Lattice-QCD favors pg/T > 2 — 3 (e.g. Bazavov et al., PRD95, 054504 (2017).
ug/T =4 —5in DSE/FRG (C. Fischer and J. Pawlowski talks)

m Nucleon physics relevant in this region — Net-proton observables
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Net-proton kurtosis
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Net-proton kurtosis

Co = (6N5_5)
_ 4 2 \2
Ca= <5prﬁ> - 3<5prﬁ> m Proton-proton interaction contained in

ko2 = C4/Co cumulants of (net) proton distribution

4o — . m Baryon interaction potential Vi
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m Main effect of critical point on Vyy?
2001.02852v2 0.4 <p <20 (GeVic), lyl< 0.5
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QCD critical mode
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NN interaction

Serot-Walecka model for NN interaction (Adv.Nucl.Phys.16 (1986) 1)
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NN potential modifications

Shuryak and JMT-R,PRC100 (2019), 024903, PRC 101 (2020) 034914

m Decrease of m, not compensated by repulsion
m Net nuclear attraction generates proton-proton correlations
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Caveat very close to T¢: o self-interaction can lead to repulsion (DeMartini,
Shuryak, 2010.02785)
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Higher-order moments

® Molecular Dynamics of a nucleon gas in thermal equilibrium (Shuryak and
JMT-R, PRC100 (2019), 024903)

m Mimicking STAR freeze-out conditions for \/syny < 19.6 GeV
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Results of simple model same order as STAR data (also skewness).
STAR data might be showing us effects of modified potential
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Pre-cluster vs nuclei

Pre-clusters

[ Formgq by strong nu_clear qorrelations AT7TE (ev)|decay modes,in %]
(modified NN potential) until freeze-out. ot 050 =100
] 07| 084
m T ~ 120 MeV. Mostly classical states. | 201
m Broad (AE ~ T) states with i
characterized by Wigner distribution 1-| 610
- 07| 797
1 12.66
2+ 8.69
Nuclei 1*| 089 | n=47,p=48d=5
. . 17| 392 n=2p=2d=96
m Final state, measured by experiment. 2| 875 |n=02p=02d=996
m T ~ 0. Quantum states. No critical %l 5o P
modification. 2t 972 |n=04,p=04,d=0992

m Characterized by wave function Wy, cle;
et Excited states of “He

(www.nndc.bnl.gov/nudat2/)

Pre-clusters can decay into ground state, into
stable products or survive as excited states
until final decay.
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Excited states of Helium-4

E (MeV)[JP|I (MeV)|  decay modes, in %
20.21 |0%| 0.50 p = 100
2101 07| 0.84 n=24p=76
21.84 (27 2.01 n=237,p=63
2333 (27| 5.01 n =47, p=53
2364 |17| 6.20 n=45p=>55
24.25 |1 6.10 n=47,p=50,d=3
2528 (07| 797 n =48, p=52
25.95 [17| 12.66 n =48, p =52
27.42 27| 8.69 n=3p=3d=9
28.31 [17] 9.89 n=47,p=48,d=5
2837 |17| 3.92 n=2p=2d=96
2839 (27| 875 [n=02p=02d=99.6
28.64 |07 | 4.89 d = 100
28.67 [2F] 3.78 d = 100
20.89 |2%| 972 |[n=04,p=04d=2992

m Statistical thermal model: all states
equally populated at finite T

m They necessarily account for feed-down
in t, d, pyields

m Practical implementation by Vovchenko
etal. PLB 809 (2020) 135746 using
Thermal-FIST: 5-10 % effect at
RHIC/SPS and ~ 60 % effect GSI/FAIR
for final t, 3 He, * He

Feed down particularly important if Vy is modified )

How to observe the effect when overall multiplicity is low?
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Pre-clusters to light nuclei: Triton-proton/deuteron ratio

e — 9 (9=029)

m Assumption: Statistical thermal model provides a fair description

N=V LSJF JnT Ko(m) Ty exp (LB JTF q“q)
m Feed down corrections are also important

m Ratio introduced by Sun et al. PLB 774, 103 (2017) in coalescence model

o STAR (preliminary) Au+Au coH\slons 0-10%.
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(2020)
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Triton-proton/deuteron ratio

Non-ideal effects

If |Viuv| >~ T close to the critical point, then a nonmonotonous behavior for the
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Triton-proton/deuteron ratio

Some experimental data:

T m FOPI, total yields, 47
e FOPI reconstruction, Au+Au collisions,
r NA49 A most central [NPA848, (2010)

STARBES | 566-427]
ﬁ . m STAR BES-, preliminary 0%-10%

n

A"'CES' i Au+Au, ratios based on
w/t—"He i extrapolated yields at midrapidity

(arXiv:1909.07028)

0.5 i m Sunetal. PLB 774, 103 (2017)

X2 based on NA49 data. dN/dy at

1 midrapidity, Pb+Pb central
(typically 0-7%)

= ALICE, Pb+Pb @ /Sy = 2.76
TeV (data from several sources).

0_21 L .....1.I0 L ....{.(I)O L ..“1.6'00 M dN/dy at mldrapldlty (3He used

instead triton)
A ' SNN (GGV)
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New light-nuclei yield ratios

Ratios involving “He (=c) with higher global powers of e!V()/T!

—6V(r)/T
Op= oMo gqg__(° )
Norzo N (e=3V(N/T)(e=VIN/T)
_ NaNN3 (e=8V(N/Ty
T Nog NG T (e V(T3
(in practice, Nt ~ Nsyy.) (Shuryak, JMT-R, PRC 101 (2020) 034914)
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New light-nuclei yield ratios

Ratios involving “He (=c) with higher global powers of e!V()/T!

NN, —6V(r)/T
Op = b L 018—(© )
Norzo N (e=3VN/T)(e=VIN/T)
_ NaNN3 (e=8V(N/Ty
°T Neg NS T (e VO/T)S
(in practice, Nt ~ Nsyy.) (Shuryak, JMT-R, PRC 101 (2020) 034914)
of g
4He production not negligible at low energies -
(Vovchenko et al. PLB 809 (2020) 135746) 3
Data exist at very low (FOPI) and high ener- 1ot
gies (ALICE) o
10 10 10 onbe m‘?’GeV!JU‘ 10° 10° 10’
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Flucton solution for 2 particles

Euclidean action — Walecka-Serot,
40 =6.04, @,=15.16
my % 20)
Se = [ or [0 +358) + Vin(lxs — e £
T« é-zo
_ /dT (TNrZ + Vi (r) + C.M. o
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r (fm)

Experimental N;Np /N3 ratio fixes P(ry) = e Seltmuc(mr0)l ; Pyco(ry) = e=V(0)/T
Vnn/ T(r, me, T) via flucton method
A Spatial averages using

« T=20 MeV,fluc

s — T=20 MeV,class
(A) = Az [ drr A(r)[P(r) — 1] 3 + T=100 MeV,fluc
T 4x [drr?[P(r) — 1] - "'~._..— T=100 MeVclass
New ratios can be computed with e
calibrated Viyn/T(r, Mo, T)
1
Shuryak, NPB 302 (1988) 621 .
Shuryak and JMT-R, EPJA 56 (2020) 9, 24 085 10 15 20 25 30

ro(fm)
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New light-nuclei yield ratios

Shuryak and JMT-R, EPJA 56 (2020) 9, 24
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m “He enhances the expected effect a factor 5 wrt N;Np/N3
m Good observable for testing nuclear modification
= We need “He measurement at intermediate energies!
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m Significant attractive and long-ranged NN potential near T¢

m Increased correlations among nucleons
Affect proton distribution probability and its cumulants

m Formation of pre-clusters (statistical correlations of nucleons)
Generation and later decay of “He (and other) excited states

m Possible enhanced production of light nuclei at “critical \/Syn”
Light-nuclei yield ratios using *He to test the proposed effect

:, Ty
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Approaching the physical case

Effects preventing clustering

m Expansion, radial collective flow
m Freeze-out temperatures T ~ 150 MeV
m Finite time effects (duration of hadronic phase)

We need to address these for RHIC collisions at the Beam Energy Scan

QGP and hadronic phase
an

initial state hydrodynamic expansion

pre-equilibrium hadror-iization

Focus on BES | at \/syy < 19.6 GeV, as measured by STAR @ RHIC (STAR Collab.
2016 & 2017)
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BES STAR freeze out

We try to mimic as much as possible experimental situation in BES |, as measured by
STAR @ RHIC (STAR Collab. 2016 & 2017)

m Temperature T ~ 150 MeV

m Densities: 1-2 ng

m Finite time evolution: t =5 fm

m Non-relativistic nucleon dynamics

m Fireball expansion: mapping of y and pr distributions to experimental measured
distributions

= Simulations: 32 nucleons, 10° events (similar to experiment for 5% most central
events)

m Antinucleons: For \/syy < 19.6 GeV they are suppressed, at least, a factor of 10
w.r.t. protons

Note: It is a crude model and several effects not covered.
Understand as a first approximation to the physical situation.
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Calibration at \/syy = 19.6 GeV

Poisson distribution at /sy = 19.6 GeV «+ Noncritical potential V4

= |y| <05, 0.4GeV/c<p, <08GeVic
= |y| <05, 0.4GeVic<p, <2GeV/c protons

1 L
uf =7 e 2 e ®
- F *
10 o 20
oF F ®
3 ] . r (]
8; —=— Simulation 15; —e— Simulation
T —=— STAR F
of 10f —= STAR
5| 0.4 GeVic <p < 0.8 GeVic [ 0.4Gevic<pg<20Gevic
af Ivi<os % |yj<05
2 ! L L L E
G G, G, C, ¢ c c C

1 2 3

Ci=(No), Co=(3N5), C3=(6N3), C4=(3Ng) —3(5N3)
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Quantum effects: Flucton solution

The flucton is a semiclassical solution of the EoMs in Euclidean time with period 8 =
1/T (Shuryak, 1988). Conceptually similar to the instanton.

s

—V(z)

Tturn ,

’ Con D
7 T

Unlike the instanton it is periodic x(3) = x(0) = Xo, and it does not require a double
well. We applied to 2,3,4-body systems at finite temperature

- X(8)=xXo
POO) = ol 1) = [ Dx(r) o=Sebr) }
0

x(0)=xp
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