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EXPLORING THE SMALLEST BITS OF MATTER AT EXTREME CONDITIONS

The task: integrated framework tools to connect experimental data

to theory measurements.

e New experimental results from BES-II
at STAR on the signatures of the critical
point in Au+Au (7.7 — 27 GeV) collisions.

e (C'4/C?2 shows minimum
around ~ 20 GeV comparing
to models without CP.

e Factorial cumulants show promising
behaviour in agreement with signature.
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EXPLORING THE SMALLEST BITS OF MATTER AT EXTREME CONDITIONS

Creating the deconfined matter of quark gluon plasma in the lab
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Phetograph: Maximilien Brice © 2008 CERN

Relativistic Heavy Ion Collider (RHIC) Large Hadron Collider (LHC) at CERN
| Brookhaven National Lab BNL, Long Island, NY] [CERN, Geneva, Switzerland /France]
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BIG QUESTIONS | THE PHASE DIAGRAM OF STRONGLY COUPLED MATTER | [ TOWARDS HIGH DENSITY

e What are the relevant degrees of freedom
in different regions of the phase diagram?
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RHIC-BES ' 24" Quark-Gluon »,
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Critical

e What is the nature of the transition between
these phases?. Is it a cross over or critical point?

Temperature T [MeV]

e Understanding the transport properties o \
of the strongly interacting matter of QCD ' | f .. Nuclotron-M

Quarkyo'nic phase ~

&
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o IS-100
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e A lot of the Physics in the phase diagram

currently are theoretical predictions = O Color Super-
: ' | stars conductor
‘

e Great progress made possible through ¢ : paryon density nf/ Ec;
the interplay between theory and experiment! : ' No=0.16 fm
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S UCCESS OF HYDRODYNAMICS | | MAJOR DISCOVERIES
e Precise predictive power of observables. < CALIGEPBPB ] '.;y'd}gd'y,};n;iés' o
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Huovinen, Kolb, Heinz, Ruuskanen ,Voloshin, Physics Letters B 99,(2001) Centrality percentile

Noronha-Hostler, Luzum, and Ollitrault PRC 93 (2016) The ALICE Collaboration PRL 116, (2016)

Niemi, Eskola, Paatelainen, and K. Tuominen PRC 93, 2016
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EXTRACTING THE QGP TRANSPORT PROPERTIES

Flow cumulants 1,',,{2}

e Bayesian global fitting to extract the QGP shear and bulk viscosity.
L]
e Good constraining power on 1/T and {/7T in PbPb at the LHC, 0.09F = . Uy
e The extracted n/s is close to the KSS bound of 1/4x. 006l .
| YS(T)=(US)max | [1+(T-Tc)2/2] §
Prior range Pri 0.03 "o P L4 b ® v3
—— Posterior median rior range b e
90% CR e —— . —— RO
oal 1S(T) = (4/S)min + (1/S)siope x (T-Te)x(T/Tc)# ¥ e
= 2 . -
0.2} 004 0.09¢ L)
-
KSS bound 1/4n 006+ L
7 7T 0.20T — 0.25 0. 0'000.08 0.12 0.16 0.20 /
cmpersture e Temperature [GeV] 003k / V3
X w‘____—.-—.
Bernhard, Moreland, Bass, Nature Physics 15, 1113 (2019) .__._,_,._——"——'—‘_0'04
0.00 A . A A A A A
0 10 20 30 40 50 60 70
| ¢ | aws | T. | T | Centrality %
RHIC 200 Gev 1.2+0.3 0.12 > 300 MeV
~160 MeV
LHC 267 Tev 1.9+0.7 0.2 > 400 MeV
GeV2/fm Ratio = 1.6 1 250 yev & >300 VeV
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BIG QUESTIONS | THE PHASE DIAGRAM OF STRONGLY COUPLED MATTER | [ TOWARDS HIGH DENSITY

e Heavy-ion collisions have the potential to answer
the question of the existence of the QCD critical
point and to determine its location?

e By scanning the QCD phase diagram via varying
the crucial experimental control parameter: the
beam energy, or the center-of-mass collision energy

per nucleon pair /sy -

e This is the major motivation behind the Beam
Energy Scan (BES) program at the Relativistic
Heavy Ion Collider (RHIC).
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STANDARD MODEL OF HEAVY-ION COLLISIONS | | MULTISTAGE DESCRIPTION OF BULK DYNAMICS

e At intermediate and high energies (1/sy > 7GeV), the bulk dynamics
captured by multistage hydrodynamic simulations.

initial state + pre-equilibrium  Hydrodynamics Freezeout/ Particalization

Hadronic afterburner
7=0.1fm/c 7=1fm/c 7=10fm/c 7 =20fm/c

e Understanding the bulk dynamics forms the foundation to study:
Critical phenomena.

EoS constraints.

Transport properties.

Hard probes.

Electromagnetic probes
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THEORETICAL MODELING || INITIAL STATE, BARYON STOPPING, AND BARYON JUNCTION
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Primary challenge is understanding the mechanisms governing
baryon stopping and energy deposition during the pre-hydrodynamic phase.

Bearden et al., PRL 93 (2004)
Miller et al, Ann. Rev. Nucl. Part. Sci. 57, (2007)

sinh(yp)

Net baryon # 0 and highly non-uniform.
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High energy: instantenous collisions allow for space dependent deposition
of enrgy or entropy in the initial state with e(x,y) or s(z,y).

low /intermediate energy: Construction of dynamic space-time (3 + 1)-
dimensional Initial State.
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THEORETICAL MODELING || INITIAL STATE, BARYON STOPPING, AND BARYON JUNCTION

Paramteric initial conditions

e Phenomenologically, longitudinal profiles are parameterized to account for
specific observables sensitive to longitudinal bulk dynamics,

e.g. longitudinal decorrelation and rapidity-dependent identified

particle yields.
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THEORETICAL MODELING || INITIAL STATE, BARYON STOPPING, AND BARYON JUNCTION

Dynamical initialisation g

e A spacetime-dependent transition from a microscopic partonic description v
to macroscopic hydrodynamic.

0,1, x)=J. = —0yl
ﬂuld( ) Source( ) part( ) ’ Chen and Schenke, PRC97(2018).
(9 ﬂmd (Jj) - psource(x) - 8 part( ) ’ Akamatsu et al. ,PRC. 98 (2018)
2
035 L T ¥ T | T T T T T T T I T T T T T ] 100‘ 10 ]
. —— Dynamical deposition Dynamical — casc§de |
0.30 = \ | Instantaneous 7y = 0.5 fm/c ] 7.51 1 Initialization ° Hybrid: particle
i — 5.0 — 100 Hybrid: Hydro
0.25 |- 10° c Hybrid: Total
—_ 2.51 o [t
> 020 F T E >
£ = 0.0 > 8
—~ -0 x o ~
& 0.15 58 - - %
0.10 F 5.0 :
" Pb+Pb@6.4GeV
0.05 | =75 1072 a
- 00-05% Au+Au @ 19.6 GeV _— : - ‘
oob e ] 100 | T L fmic |- 0 5 10 15 20
’ 2 4 6 8 -1.0 -0.5 0.0 0.5 1.0 time (fm/c)
7 (fm/c) ns
e These approaches are unable to elucidate the mechanisms of thermaliza- Shen et al., Hard Probes 2023.
tion or even hydrodynamization. Cimerman et al., PRC 107 (2023)

e The criteria for the time-dependent transition between initial conditions
and hydrodynamics are somewhat ad hoc
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DISSIPATIVE HYDRODYNAMICS: AN EFFECTIVE FIELD THEORY

The state of the system is given by the fields
pi = {u"(x),e(x), pq (x), 1(x), 7" (x), nf (x)}

Conservation laws

r D
D, T" =0,

DNt =0

Hydrodynamics frame

u, " =eu, ,

(Landau Frame)

(Energy-momentum conservation)

(Charge conservation)

energy enerqy
density flux

TOO T01 T02 T03

TlO Tll T12 T13

720|| 721 ' 722 | 723

T30 T31 T32 T33
I I [

momentum momentum isotropic
density fluz pressure

TR =

y (fm)

How does one evolve the dissipative fields (I, 7#*, n*)?

Constitutive relations

/
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Né” = p,ut + ng

N\
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MULTI-COMPONENT HYDRODYNAMICS &S AN EFFECTIVE FIELD THEORY

Maximum entropy principle: 2nd order
Israel, Stewart, Ann. Phys. 118 (1979)
DA, Dore, Noronha-Hostler arxiv.2209-11210

B,S,Q 1 B,S,Q B,S,Q 1
SH = suM — Z agnl — —u“ (5111_[2 + B, + Z qu sy ) — Z (ynnn“H + Vax g W“) — 5(’&”5]‘[71-1_[71'#,/)

q
: g C(S II C(SHTI'
Il + 11 = — + H@——BHH ——=nhV,06} 2=0,n ™o,
I1 (C 9 ) 261‘[ ) 6 I B 25 /JJ
}@r dissipativ:couplings
. 7—71'/871' 2775 277)‘(1 7751_171'
Tt it = 2ot 4 g o TR g g gy S g g o, .
2 26, B T8 R
Jé; dissipative couplings
u ’
Taq' M T, Fgq 00 Kgq 02 Fgar N Fogq AL
- /h'u, + nt = —k N, + qq’ qq’ ﬂ ’lnu _ Mg’ ¥n11 qu aq nwv pv vag' A Hvuég qq’ Wuuv 6q )
a9’ '"q q aq q 25 26 q ] 5 5 5 II 6
W R g J
B dissipative couplings
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TRANSPORT| | HYDRODYNAMICS WITH MULTIPLE CONSERVED CHARGES

e Obtaining transport coefficients poses a great challenge
and often demands sophisticated calculations and models.

-
d“x e

e kinetic transport, holography, and PQCD provided some limits on 7, (, k.

e Bayesian analysis at finite ;, constrained transport.

Grefa et al, PRD 106 (2022) Shen, Schenke, and Zhao PRL132 (2024)

A L L L L L L L B L B

I 90% prior i
0.4 -[L—1 STAR Au+Au 200 GeV —
| [~ STAR+PHOBOS 200 GeV ]

| B STAR+PHOBOS RHIC BES

0.08

P)](1s)

pg =0

up = 300 MeV
—_— up = 500 MeV |
HB = 724 MeV
up = 850 MeV
0.03 — : : : . ot b o b b b L
50 100 150 200 250 300 0.00 0.05 010 0.15 0.20 0.25 030 035 0.40
T [MeV] 115 (GeV)
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BULK DYNAMICS | | HYDRODYNAMICS WITH MULTIPLE CONSERVED CHARGES

Charge Diffusion

4

. M .
aném +nl = Kk VH (—q + (higher-order terms), -
T
/J T T T T T T T T T Y e -
sl wo_ m q’ . 0.5 [-No Diffusion | 003 [-NoDiffusion el e=Z eI ~
E Taq Ty + 14 = E Kqq'V o + (higher-order terms), y: E oots | Simic === _
¢’ q 3 s 0
. . . . . £ 0.25 - T S
e Due to the presence of off-diagonal elements in the diffusion matrix kqq, < < 0015 :
the diffusion current of a particular charge can receive contributions from ° "~ 0| e a i s :”
: . . 0 ll ]I
gradients of the chemical potentials of all charge types. o ssion Malrix 003 |-Full Diffusion Matrix -
E E o015 | " -
Au-Au @ 19.6 GeV S 025 e . N
0.28 --- ideal — diffusive E o 0T ]
|T]3|:2 1 75 0 003 | | | | | | | ]
0.25¢ . |77sl=0 075 |pl=15] 5 4 3 2 41 0 1 2 3 4

e Dynamics of the baryon current plays a pivotal role in determining the
- evolution of baryon rich QCD matter within this diagram and in the search
for the CP signatures.

e Its significance lies in determining the trajectory of systems across the

QCD phase diagram and is particularly relevant for interpreting potential

0. 01 02 03 04 053 signatures of the QCD critical point, especially concerning proton cumu-
1 [GeV] lant measurements.

Greif, Fotakis et al., PRL 120, (2018) Fotakis, Greif et al., PRD 101, (2020) Denicol et al PRC 98 (2018) Dekrayat Almaalol 15



THERMODYNAMICS | | LATTICE EOS AT ZERO AND FINITE CHARGE DENSITY

Exact EoS from lattice QCD at up =0

Quantum Chromo Dynamics QCD predicts
a crossover phase transition from hadrons to

a system of quark-gluon plasma around
T ~ 155MeV or (T ~ 10'? Kelvin)

- SB limit —
| IIHHHHH}HHI ;1zl;lmiliﬁﬂﬁggii.
| Il Hi*iﬂlﬁ milﬂ i }Hh;l{l}l |
zﬂy‘ii;ﬁﬂﬂ*m - iy
1 I (e-3p)Ts —— %CD '
0 H::J 200 250 = ; Zo 200

T [MeV]

What is the nature of the phase transition at ug # 0
e LQCD disfavors the existence of the CP at u/T < 2

Bazavov et al. PRD95 (2017)

Taylor expansion around pg =0

Noronha-Hostler et al PRC 100 (2019), P. Alba et al., PRD 96(2017)

Monnai, Schenke, Shen, PRC 100 (2019)

PO(TaﬂBaHQ7MS):Z 1 BQS(NB)i(NQ)j(MS)k

T4 ijkz’!j!k!xi’j”" T/ \7/\T
N o' Itk (p/T?)
ok B 0RO

BB 1LQ ;s =0

( valid only until about ( up/T < 2))

Karthein, Mroczek et al Eur.Phys.J.Plus 136 (2021)
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TESTING LATTICE EOS AT FINITE DENSITY

e Tylor expansion of the QCD pressure % = % InZ(T, ug) Noronha-Hostler et al PRC 100 (2019), P. Alba et al., PRD 96(2017)
4 Po(T, s, 4o, us) 1 BOS B HQ G Sk N\ Monnai, Schenke, Shen PRC 100(2019),
T4 - 2 Z‘]j!]{;!xi,jyk (?) (?) (?) Monnai, Schenke, Shen, Mod.Phys.A 36 (2021)
7”.77
. ( valid only until about ( up/T < 2))
(B9S oItk (p/T*)
\ . ( F ) (MQ )ja(MTS) KBHQ,Hs=0 J
e At low 7. the XBQS are mathched to HRG e Sources of uncertainties associated with the EOS:
? ijk
4 ) o .
(—1)Bitlg, [> Boil ik 1. Uncertainties in the lattice QCD results.
P(T, uB, pis, pQ) = ZT_ o2 /0 dpp”In [1 +(=)7 e } 2. Different methods of interpolating the EOS between
' o [ 0 lattice QCD and the HRG.
:ZTQ 7'2/ dppPe T NZTeuz/TQ : / dpp*e=i/T L :
\_ ; ™ Jo ™ Jo ) . These uncertainties can propagate into the results of
model calculations.
e At high T, reproduce the PQCD calculations
4 )
2 N, | o7 ppm?T? T
PSB — 7T_T4 N2 1 C / _f
45 ( c ) T ; 32 60 2 * 4 17
- )
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TESTING LATTICE EOS AT FINITE DENSITY .

e 4D interpolation and root-finding;:

Plumberg, DA , Dore , Mroczek , Carzon , Salina San Martin,

Equation of State = Hydrodynamies fields Spychalla , Sievert, and Noronha-Hostler, arXiv:2405.09648 (2024

P0(57p37p5'7pq) — PO(T: MB?/’LSDIU’Q)

A

7 =525fm/c| Tt

10t Pb-Pb 5.02 TeV |7 =0.60 fm/c| T

0-5%

e Update to the EOS code

g
. . . = 0
Incorporate thermodynamics derivatives =
required by the hydro simulation: —5¢ )2\
dw _ Z Ow dy ~10¢ 1
dr o dp dt ~10 0 10 —10 0 10
x [fm)] x [fm)]
e Fallbacks EoSs
Lattice- 3 tanh- E conformal-
T&YlOI’ eXpanSion around U = 0 based EoS conformal EoS Sem i nl e diagonal EoS
Noronha-Hostler et al PRC 100 (2019),
P. Alba et al., PRD 96(2017) OPEN SOURCE/ easily adapted to new EoS options
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CONSTRAINTS ON THE EOS

e Distinct differences in identified particle yields around

tained from incorporating different charge sectors.

Plumberg, DA, et al arXiv:2405.09648 (2024)
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FREEZEOUT AND HADRONIZATION

o A freeze-out hypersurface denoted as X, (z), which is defined based on

various criteria.
3
d3p

1
(2m)?

p

/Z o, (2)p" fi(x,p).

Jil@,p) = feqi +0fi = feqi +0Sfxi +0fmi+ 6 n, i

e Energy-momentum and charge conservation
imposed at freezeout

Crucial to maintain the critical correlations
in coordinate space, which are propagated
during the hydrodynamic evolution, and
translate them into correlations in
momentum space among the particles.

Translation of hydrodynamic fluctuations
into fluctuations of observables has been
developed.
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FREEZEOUT AND HADRONIZATION

o A freeze-out hypersurface denoted as X, (z), which is defined based on

various criteria.

d> N; 1
0 ¢ _ d3 7 f .
p d3p (27_(_)3 L O-M(x)p f ($7p)

Jil@,p) = feqi +0fi = feqi +0Sfxi +0fmi+ 6 n, i

e Energy-momentum and charge conservation
imposed at freezeout

e Crucial to maintain the critical correlations
in coordinate space, which are propagated
during the hydrodynamic evolution, and
translate them into correlations in
momentum space among the particles.

e Translation of hydrodynamic fluctuations
into fluctuations of observables has been
developed.

Oliinychenko, Shi, and Koch PRC 102 (2020),

Can one explore the systemiatics at LHC?
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CRITICALITY| | THEORY PREDICTIONS .. SO FAR

Lattice

e theoretical approaches — from RMM to FRG to AdS/CFT — consistently
indicate that the transition becomes discontinuous above a certain critical
baryon chemical potential, where, the QCD critical point is located.
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CRITICALITY FROM LATTICE QCD

LQCD+ Ising model
kahangirwe et al, arXiv:2402.08636 (2024)

| = EoS w/ Critical point ol e |

1.0 B Lattice

200 240

220

180
T [MeV]

120 140 160

h, T
T A
M>0
First Order :  Crossover ﬁ e -
ﬁ ------ ’ &
E >r T = TO _ . < a12 o
M<0 T = =W hsingj, )
HE — Hac a2
H / _ /
Ferromagnetic i Paramagnetic Zuscle w'(=r p'= hcos a1) )
: KB
: >
3D Ising coordinates T’ coordinates 2upc

e Criticality and critical point:
- Implementation in multiple charge sectors. Little has been explored
for multi-component hydrodynamic evolution in the presence of critical
region, and it is demanding to keep up with the BES new results on cu-
mulants ..etc
- Control over the transition regimes for different EoS when matched.

This is useful for Bayesian analysis tools.
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FREEZEOUT AND HADRONIZATION | | CRITICALITY

e Adding the critical point in an EOS deforms hydrodynamics trajectories,
leading them to converge toward the critical point, a phenomenon known

as the critical lensing
Dore, Noronha-Hostler, and McLaughlin, PRD. 102(2020).

e How do the size and shape of the critical region Dore et al. PRD. 106(2022)
affects the isentropic trajectories?. Chattopadhyay et al. .PRC. 107 (2023).
e Whether or not the dissipatice corrections 200
present at FO manifest themselves? ' Black,Green,Magenta: /~ _—"
[ > p=0.5,1.0,2.0 e
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NEUTRON STARS

e Gravitational wave observations of neutron star mergers is a potential lab

for exploration of the QCD phase diagram.

e NS and NS mergers is a regime complementary to that explored by heavy-
ion collisions, that is at high baryon densities and low temperatures as well

as at substantial isospin fractions.

Lovato et al, 2211.02224 [nucl-th] 0 e ————————————————
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CONCLUSIONS AND REMARKS

e Direct comparison with experiment is fundamental to make progress on
theoretical predictions for the BES.

e Understanding the mechanisms for baryon charge deposition and equili-
bration is essential for initial state generators.

e The particular choice of dissipative dynamics and transport directly im-
pact the extraction of observables by affecting the dynamical trajectories
near the CP.

e How far are we from hydrodynamics simulations with the critical point
and the correct dynamics?

e What is the key factor missing from our current simulations?
Stochastic and thermal fluctuations?
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CRITICALITY

e Cumulant of a conserved quantity

Cumulants
Ci =<n>
Cy =< dn® >
Cs =< én> >

Cy=<dén*> -3 <n’>

where én = n— < n >, n is the Net proton multiplicity in an event

K1
K2
K3

K4

e Connection to correlation length

Cy x 52;
e Connection to susceptibilities

C4q/02q X X4/X27

Gupta, PoS CPOD2009:025,2009
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CRITICALITY

M. A. Stephanov
Department of Physics, University of Illinois, Chicago, Illinois 60607, USA

We point out that the quartic cumulant (and kurtosis) of the order parameter fluctuations is uni-
versally negative when the critical point is approached on the crossover side of the phase separation
line. As a consequence, the kurtosis of a fluctuating observable, such as, e.g., proton multiplicity,
may become smaller than the value given by independent Poisson statistics. We discuss implications

for the Beam Energy Scan program at RHIC.
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The amplitude of the critical fluctuations which would be seen if the sys-
tem created in a HIC reached the CEP has to be estimated properly, taking
into account critical slowing-down and finite-size effects of the system.

The correlation length £ (and thus the related cumulants) are expected
to diverge to infinity at the vicinity of the CEP, when performing 1QCD
simulations of an infinite size system during an infinite time.

However, in a HIC, the system has a finite size, what will limit the growth
of £ as it can logically not be larger than the system itself [225].

This finite size effect is even more strengthen by the fact that, as the
system is inhomogeneous, only a part of the whole system would approach

the CEP.

In addition, the system would reach the conditions of criticality only for
a nite time as it cools down and cannot thus stay in equilibrium in this
region, what would slow down the growth of &.

Taking into account those two eects, the amplitude of & would then be
limited to the order of 2 ~ 3 fm [226].

Dekrayat Almaalol

30



PATH TO OBSERVATION OF THE CP.... IF IT EXISTS | | SUS

In a grand-canonical ensemble, to what a heavy-ion collision can be compared

to, they are defined as derivatives of the partition function Z o

XY 1 oI Z(T,V, )

Xij = VT3 (aA )Z(aA )j (ﬂ:%) )}
MX ’LLQ H‘X,Y :0 =
e As we are searching for radical changes in the state of nuclear matter, i.e.
phase transition, these derivatives of Z should reveal them. 8
e Susceptibilities can be written as a function of the net-charge cumulants
(NX = Nx —Nx )
H VT3 Y Vs
S VT3
e Also, in order to have observables independent from volume or tempera-
ture, which cannot be measured directly in experiments, ratios are often
used.
11 11 11
BS—O_27 QS_O_27 QB_O.Q
S S B
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TESTING LATTICE EOS AT FINITE DENSITY

e Tylor expansion of the QCD pressure % = ﬁ InZ(T, pg)
4 Po(T, up, phq, is) _ Z 1 BQS(#_B)@(N_Q)J(N_S>I€ )
T4 ~ Lok esk i) V) AT
7”.77
BQS _ oItk (p/T*)
- . o) (MQ )ja(MTS) KB Qs ts =0 /
e At low T, the ngs are mathched to HRG
4 o )
_ (_1> it gi OO 2 Bj+1 —ZiHi
P(T,uB,us,uQ)—;TT A dpp”In {1+(—1) e T }
:ZTQ%Q/ dppPe™ T NZTeWTQQz / dpp?e=c/T
N\ =2k ™ b Y
e At high T, reproduce the PQCD calculations
4 )
2 N, | 7m4T*  ppm?T? T
PSB — 7T_T4 N2 1 C / _f
45 ( c ) T ; 32 60 * 2 * 4 17
- /

Noronha-Hostler et al PRC 100 (2019), P. Alba et al., PRD 96(2017)
Monnai, Schenke, Shen PRC 100(2019),
Monnai, Schenke, Shen, Mod.Phys.A 36 (2021)

( valid only until about ( up/T < 2))

e Sources of uncertainties associated with the EOS:

1. Uncertainties in the lattice QCD results.
2. Different methods of interpolating the EOS between
lattice QCD and the HRG.

e These uncertainties can propagate into the results of
model calculations.
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CRITICALITY

e observables
e Are these the only, all observables?. Are they correct?

e Costructing proper observables vs measureing them vs theoretically cor-
rectly put the models together

e Any ideas for short cuts or simple models for what it should look like if
we do have a CP?
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