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QCD phase structure
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* Dilute hadron gas at low T & pg due to confinement, quark-gluon plasma high T & pg

* Nuclear liquid-gas transition in cold and dense matter, lots of other phases conjectured

What is the nature of the quark-hadron transition?



QCD transition from lattice QCD
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Figure from HotQCD coll., PRD ‘14 Figure from Bzdak et al., Phys. Rept. 20

Analytic crossover at vanishing net baryon density at kgT,. = 155 MeV — a first-principle result
[Y. Aoki et al., Nature 443, 675 (2006)]

* Finite baryon densities inaccessible due to the sign problem

* Many effective theories predict first-order phase transition and the QCD critical point



First-principle constraints on the QCD critical point

Indirect lattice QCD methods offer glimpse into small ug /T

o
©

* Taylor expansion around ug/T=0 2 o
B B & o4
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No hints for the critical point at T > 135 MeV [HotQCD Collaboration, PRD 95, 054504 (2017)]
Critical point ug/T < 3 disfavored
240 "0 % r, (CEM-LQCD)
e Relativistic virial expansion in fugacities via analytic il O S
. . . . 200 - v Fodor, Katz (LQCD, reweighting)
continuation from imaginary ug/T 3 ol
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Expansion sees smgularlty in the complex plane, Im [ug/T] =1 Wi
Critical point at ug/T < m disfavored [V.V., Steinheimer, Philipsen, Stoecker, PRD 97, 114030 (2018)]

Critical point, if it exists, likely located beyond the reach of lattice methods



Relativistic heavy-ion collisions — “Little Bangs”

e g .. final detected
Relativistic H@GVY-IOH Collisions particle distributions

Kinetic
made by Chun Shen freeze-out

Hadronization
Initial energy
density

free streaming

collision evolution
t~0fm/c T~1fm/c T ~ 10 fm/c T ~ 1015 fm/c

Control parameters Measurements

* Collision energy /syy = 2.4 — 5020 GeV * Final hadron abundances and momentum

* Size of the collision region distributions



QCD phase diagram with heavy-ion collisions

Pb-Pb \/snn = 2.76 TeV
run: 137171, 2010-11-09 00:12:13

Event display of a Pb-Pb collision in ALICE at the LHC

Thousands of particles created in relativistic heavy-ion collisions

\

Apply concepts of statistical mechanics



Mapping heavy-ion collisions onto the QCD phase diagram
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For differential observables (spectra, flow, ..) use relativistic hydrodynamics



Critical point and fluctuations

Density fluctuations at macroscopic length scales

Critical opalescence

Unfortunately, we cannot do this in heavy-ion collisions



Event-by-event fluctuations and statistical mechanics

Consider a fluctuating number N

Cumulants:  Gp(t) = |n<ef’V> — Zﬁint—

“—~ nl Experiment:

Neven S N
variance ko = ((AN)?) = o2 /N width P(N) ~ Ntottai )
skewness k3 = ((AN)?) k asymmetry
kurtosis ks = ((AN)*) — 3{(AN?))? _——_ peak shape

Statistical mechanics:

4 N
n gce
Grand partition function InZ&(T,V, 1) = In [Z e“NZce(T, V,N)|, Ky X % g(” Z) )
pn)"
N
\. J

Cumulants measure chemical potential derivatives of the (QCD) equation of state



Applications

(QCD) critical point — large critical fluctuations of baryon (proton) number

T Correlation length & — oo diverges at the critical point

critical

point Quark Gluon Plasma

Ko ~ 52, K3 ~ 54.5’ g ~ 57

baseline

/3 Looking for non-monotonic dependence of k, vs \/Syn
0 g - -
M. Stephanov, Phys. Rev. Lett. (2011)

hadron gas
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Example: Nuclear liquid-gas transition
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VV, Anchishkin, Gorenstein, Poberezhnyuk, PRC 92, 054901 (2015)
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Example: Lennard-Jones fluid

Kuznietsov, Savchuk, Gorenstein, Koch, VV, Phys. Rev. C 105, 044903 (2022)

Classical molecular dynamics simulations* of a Lennard-Jones fluid — & . 2’
along the (super)critical isotherm of the liquid-gas transition NSETIRIr
... .: ..:.:.g 3..~...::;:.: @ ...
Microcanonical (const. EVN) ensemble with periodic boundary conditions ‘,‘*.-."‘j;.- e,
B Rt
. . * 0 e :‘.“q"‘- €& o
Variance of conserved particle number Y Y2 D E NN
distribution inside coordinate space Gyceord — (V%) — (N) PN APL Y L
subvolume |z| < z™%* as time average l1-a (N) o °
V4
n = 0.15n, n = n, n = 2n,
| | |
ce i | | | 8 0.80 N = 25000
gee 600 m N =5000
S B i 0.60 N =1000
5T 7 m N =400
- . 0.40
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] ] ] ] ] ]
000 025 050 075 10 0.00 025 050 0.75 1.0 0.00 025 050 0.75 1.00
a a a
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*Molecular dynamics code from https://github.com/vilvovch/lennard-jones-cuda



https://github.com/vlvovch/lennard-jones-cuda
https://github.com/vlvovch/lennard-jones-cuda

Measuring cumulants in heavy-ion collisions

Nevents (A Np)

Count the number of events with given number of e.g. (net) protons P(AN,) ~

Nt

STAR Collaboration, Phys. Rev. Lett. 126, 092301 (2021)
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Cumulants are extensive, k,,~V, use ratios to cancel out the volume
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Experimental measurements

Beam energy scan in search for the critical point (STAR Coll.)

4_| T T T T 1T | T T T T 1T | T ]
_ Central Au + Au Collisions &~ 1
Q | PoPom<os8 —— ALICE, 2.76 TeV |
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L\J 2 @S e O proton | w4 | . -
SRR L L J
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| (°-l4 IPT(IG IV/,).IZO) o l‘?’l l proton 5 M. Stephanov, Phys. Rev. Lett. (2011) Centrality (%)
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STAR Coll., Phys. Rev. Lett. 126, 092301 (2021); arXiv:2112.00240

Reduced errors (better statistics), more energies, to come soon from RHIC-BES-II program,
STAR-FXT etc.

Can we learn more from the more accurate data available for k, and k37

Other measurements: LHC-ALICE, GSI-HADES & CERN-NA61/SHINE Collaborations



Theory vs experiment: Challenges for fluctuations

Theory Experiment

© Lattice QCD@BNL STAR event display

Coordinate space Momentum space

In contact with the heat bath Expanding in vacuum

Conserved charges * Non-conserved particle numbers

Uniform Inhomogenous

Fixed volume Fluctuating volume

Need dynamical description

15



Dynamical approaches to the QCD critical point search

1. Dynamical model calculations of critical fluctuations

*  Fluctuating hydrodynamics
Equation of state with tunable critical point [P. Parotto et al, Phys. Rev. C 101, 034901 (2020)]

Under development within the Beam Energy Scan Theory (BEST) Collaboration
BEST X Anetal, Nucl. Phys. A 1017, 122343 (2022)]

2. Molecular dynamics with a critical point

V. Kuznietsov et al., Phys. Rev. C 105, 044903 (2022) S
: 'S, channel
. 0 _
3. Deviations from precision calculations of non-critical fluctuations Ewof_regggve E e 0]
* Include essential non-critical contributions to (net-)proton number cumulants = 0 | : s |
«  Exact baryon conservation + hadronic interactions (hard core repulsion) :cgggggw
*  Based on realistic hydrodynamic simulations tuned to bulk data -moof. . .A:_.Z..‘.;‘.‘.ﬁs‘ L 25
[VV, C. Shen, V. Koch, Phys. Rev. C 105, 014904 (2022)] Figure from Ishii et al.. PRL 07
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Excluded volume effect

300 v

1SO channel -

Incorporate repulsive baryon (nucleon) hard core via excluded volume
VV, M.1. Gorenstein, H. Stoecker, Phys. Rev. Lett. 118, 182301 (2017)
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Amounts to a van der Waals correction for baryons in the HRG model
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VV, A. Pasztor, S. Katz, Z. Fodor, H. Stoecker, Phys. Lett. B 755, 71 (2017) 17

Excluded volume from lattice QCD: [b ~ 1 fm3 ] 0




Hydrodynamic description within non-critical physics

VV, V. Koch, C. Shen, Phys. Rev. C 105, 014904 (2022)

Collision geometry based 3D initial state

e Constrained to net proton distributions [Shen, Alzhrani, Phys. Rev. C ‘20] () NEOS BQS Sneied
s/ng 30 -
i :
. N . ‘E 3 g.s
* Viscous hydrodynamics evolution — MUSIC-3.0 = :

*  Energy-momentum and baryon number conservation

0.6 0.6

* Crossover equation of state based on lattice QCD
[Monnai, Schenke, Shen, Phys. Rev. C '19]

» Cooper-Frye particlization at €, = 0.26 GeV/fm3

[ MUSIC + SAM Au-Au, 0-5%

60 [- eeecccees 7.7 Gev ---------- . STAH
de / d )\ev( ) [:UU (X) — ut (X)Pu] L ---- 14.5GeV }
“rgap = [ doulx) P exp . Tt
g d3p (x) M( ) (27T) T(X) 40 ——200Gev "

* Particlization respects QCD-based baryon number distribution

* Incorporated via baryon excluded volume b = 1 fm3
[VV, V. Koch, Phys. Rev. C 103, 044903 (2021)]

net proton dN/dy

n
o

* Incorporates exact global baryon conservation via a method SAM-2.0
[VV, Phys. Rev. C 105, 014903 (2022)]

18


https://github.com/MUSIC-fluid/MUSIC

Calculating cumulants from hydrodynamics

e Strategy:
1. Calculate proton cumulants in the experimental acceptance in the grand-canonical limit

2.  Apply correction for the exact global baryon number conservation

First step:

* Sum contributions from each hypersurface element x; at freeze-out
*  Cumulants of joint (anti)proton/(anti)baryon distribution

B* p*, ce Bi + gce .
K & Apacc E 55 Pg (Xi,APacc)

n,m

/EA i&j“(x’) Pt (xi)pus T (%), i (xi)]

Wp

pacc(Xi; Apacc) -

i€o / %5%(&-) p! Flut (xi)pu; T(xi), i (xi)]

p

e To compute each contribution

*  GCE susceptibilities )(Bi(xi) define the distribution of the emitted (anti)baryons

e Each baryon ends up in acceptance Ap,.. with binomial probability via the Cooper-Frye formula

* Each baryon is a proton with probability q(x;) = (Np(xi))/(NB (x;))

*For the Monte Carlo version of this procedure see [VV, Koch, Phys. Rev. C 103, 044903 (2021)] 19



Correcting for baryon number conservation with SAM-2.0

Pi(Bi) o Y PES(B1)PE*(B2) X 05,6, +5,

B1,B>

SAM-1.0: uniform thermal system and coordinate space

SAM-2.0: apply the correction for arbitrary distributions inside
and outside the acceptance that are peaked at the mean

* Spatially inhomogeneous systems (e.g. RHIC)
e  Momentum space
* Non-conserved quantities (e.g. proton number)

e Map “grand-canonical” cumulants inside and outside the
acceptance to the “canonical” cumulants inside the acceptance

in,ce __ in,gce  out,gce
[ Ko = SAM [’%,B Ko B }]

*Explicit expressions for any cumulant available via a Mathematica notebook at https://github.com/vlvovch/SAM

VV, Phys. Rev. C 105, 014903 (2022)

P(B)

P4(B4) uncorrected
P>(B>) uncorrected
P4(B4) corrected

(B1(1))

(B (1))

20


https://github.com/vlvovch/SAM

Net-particle fluctuations at the LHC (blast-wave)

| Pb-Pb,2.76 TeV, 0-5%

* Net protons described within errors and consistent with either lA"O‘ 0.6<p<1.5GeVic I
” I ]
. . — . . i i
e global baryon conservation without BB annihilations S S
see e.g. ALICE Coll. arXiv:2206.03343 'j 090 | Evaine + bayon conservaton
?\' | — - — grand-canonical R
. . = “ - . B-canonical + strangeness consemm ]
e or local baryon conservation with BB annihilations 0.98 | _._. 5as canonical .
O. Savchuk et al., Phys. Lett. B 827, 136983 (2022) : ""'
|¥ -
1.10 ; . . F
I blast-wave + decays (e
175 ALICE acceptance blast-wave + UrQMD (no annihilations) ﬁ
o B blast-wave + UrQMD IK
‘ B blast-wave + UrQMD (local conservation) 4!
125 @® ALICE, PLB 807 (2020) 135564 E.
_' 100 E = |_| [ !N
Q. Q.
075 éjg; 1.00
050 o x
025 4 I/li\
o0 ™ T T T T 0.6 <p[GeV/c]< 1.5, |n| <ANac/2 +;
Y | | Pb-Pb, 2.76 TeV, 0-5% },_/,
06 < B 0980 05 1.0 15 2.0 25 3.0 A
: p <15 GeV/c, Angec = 1.6 An =
acc ,\.AN [ ]
08k i
 Large effect from resonance decays for pions and kaons + 00 05 10 15 20 25 30

An acc

exact conservation of electric charge/strangeness
VV, Koch, Phys. Rev. C 103, 044903 (2021) »{



RHIC-BES: Net proton cumulant ratios (MUSIC)

"y
[A]

K3 /K1

a—y
o

e
)

net-proton So*/M
=
1

e
no
T

= == Skellam

0.0 M |

= haryon conservation + excluded volume =
== = baryon conservation only
------- excluded volume only

@® STAR Au-Au 0-5%, PRL 126 (2021) 092301

ly| <0.5,0.4 <p, <2.0 GeVic

S 10

* Data at \/Syy = 20 GeV consistent with non-critical physics (baryon conservation and repulsion)
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VV, V. Koch, C. Shen, Phys. Rev. C 105, 014904 (2022)
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RHIC-BES: Net proton cumulant ratios (MUSIC)

K3 /K1

a—y
o

e
)

net-proton So*/M
=
1

e
no
T

= == Skellam

0.0 M |

= haryon conservation + excluded volume =
== = baryon conservation only
------- excluded volume only

@® STAR Au-Au 0-5%, PRL 126 (2021) 092301

ly| <0.5,0.4 <p, <2.0 GeVic

S 10

* Data at \/Syy = 20 GeV consistent with non-critical physics (baryon conservation and repulsion)

100 200

2'0 . .50'
.,fsNN [GeV]

5

net-proton Ko~

Ka/K>

baryon conservation +l excluded volume =
== = baryon conservation only
------- excluded volume only
= = Skellam

@® STAR Au-Au 0-5%, PRL 126 (2021) 092301

ly| < 0.5,0.4 < p, < 2.0 GeV/c

» Effect from baryon conservation is larger than from repulsion

* Excess of skewness in data at \/syy < 20 GeV — hint of attractive interactions?

100 200

1 1 1 ' |
20 50
VSw [GeV]

VV, V. Koch, C. Shen, Phys. Rev. C 105, 014904 (2022)
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Correlation Functions

Correlation Functions
- — .

* Analyze genuine multi-particle correlations via factorial cumulants C,

0.00 |-
[Bzdak, Koch, Strodthoff, Phys. Rev. C '17]
-0.04 +
Ci1 = Kk, C’g = 2Kr1 — 3K2 + K3, 008

CQ — _H}l _|_ H:Q, 04 — —6]{1 + 11_{{2 _ 6}{3 + [{4. 012 Ideal HRG a la NPA 1008 (2021) 1221417
® protons |
0.16 ° Zntiprotons
6C0n5 n &EV bn -+ 1 =A=
n X a, n X 0'1_' C,/C, ]
[Bzdak, Koch, Skokov, EPJC ‘17] [VV et al, PLB '17] 0.0 —+ﬁi§3&3¥=ﬁ=—4 ,,,,, -

-01 ¢+

 Three- and four-particle correlations are small without a CP oz

04 <p,<20GeVic |y| <05

e Multi-particle correlations expected near the critical point [Ling, Stephanov, PRC ‘15] 08 STARAUAUDS%  MUSIC + SAM

Cumulant and Correlation Function ratios

= protons baryon cons. + EV -
04} 4 antiprotons - - - baryon cons. only
. 2 C‘,’/é1
* Signals from the data at \/syy < 20 GeV
NN 0
* Excess of two-proton correlations * ] * ; —_
30 i
* Possibility of significant 4-proton correlations %, °_‘*““.*Tr*““~“ ””” |
I_IE|
* Critical point? " N
5 10 20 o [GS(;V] 100 200

900 910 920 930

u (MeV) 23



Acceptance dependence of two-particle correlations

Changing Vi, Slope at /syy < 14.5 GeV?
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Acceptance dependence of two-particle correlations

Changing Vi, Slope at /syy < 14.5 GeV?

Volume fluctuations? [skokov, Friman, Redlich, PRC ‘1]

CZ/CI += Cl * Uy
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Normalized Correlation Function C,/C,
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Acceptance dependence of two-particle correlations

Changing Vi, Slope at /syy < 14.5 GeV?

Volume fluctuations? [skokov, Friman, Redlich, PRC ‘1]

CZ/CI += Cl * Uy

Can improve low energies but spoil high energies?
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0.05F

0.00

-0.05f

-0.10

-0.15
0.05}

0.00

-0.05

-0.10

-0.15}
0.05}

0.00

-0.05
-0.10

0.15} , ,
0.0 0.2 0.4

|—-—+ volume fluct.
l L

0.4<p,<2.0GeV/c, |yl <y

STAR (2101.12413)
= protons
e antiprotons

Au-Au, 0-5%

max

MUSIC + SAM
protons

antiprotons

14.5 GeV

19.6 GeV

Rapidity cuty

0.0

0.2 0.4
Rapidity cut y

max

Rapidity cut y

0.0 0.2 0.4

max

24




Acceptance dependence of two-particle correlations

Changing Vi, Slope at /syy < 14.5 GeV?

Volume fluctuations? [Skokov, Friman, Redlich, PRC '13]

Exact electric charge conservation?

CZ/CI += Cl * Uy

Can improve low energies but spoil high energies?

Worsens the agreement at /syy < 14.5, higher energies

virtually unaffected

A

A

Normalized Correlation Function C,/C,
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Acceptance dependence of two-particle correlations

Changing Vi, Slope at /syy < 14.5 GeV?

Volume fluctuations? [Skokov, Friman, Redlich, PRC '13]
® CZ/CI += Cl*vz

*  Can improve low energies but spoil high energies?

Exact electric charge conservation?

*  Worsens the agreement at ./syy < 14.5, higher energies
virtually unaffected

Attractive interactions?
e Could work if baryon repulsion turns
into attraction in the high-up regime

e  Ciritical point?

A

Normalized Correlation Function C,/C,
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Lower energies /Syy < 7.7 GeV

G LR v T T T ¥
* Intriguing hint from HADES @ /syy = 2.4 GeV: AE ) Au-AU 0-5%, protons i
. [ B STAR-BES, 0.4 <p <20 GeV/c, Iyl <05
huge excess of two-proton correlations! 1or © STARFXT, 06<p <200evi0-05<y<0 |
[HADES Collaboration, Phys. Rev. C 102, 024914 (2020)] 0.8 - ® HADES, 0.4<p;<1.6GeVic, Iy <0.4 .
- L] L] N 0-6 B 7
* No change of trend in the non-critical reference Q.
au hydro (non-critical), 0.4 <p, <2.0 GeVic, ly| < 0.5 ]
| baryon conservation + excluded volume |
’ i { — — baryon conservation only
e Additional mechanisms: O e - PETETTETERE.
W ]
* Nuclear liquid-gas transition 02 E==" 0 critical -
. : . 04—l TR T—
* Light nuclei formation 10 100
5 S5 [GEV]

* Fill the gap with ongoing/future data from
STAR-FXT  (e.g.  arXiv:2112.00240),  future
experiments like CBM-FAIR

Take a closer look at the HADES data



Thermodynamic analysis of HADES data WV, Koch, arXiv:2204.00137

. . .. 107 -4
* Single freeze-out scenario: Emission from % foewawoin N 125 Centraliy 0-10% — 0
. . = — orimodial = —— primordia
Siemens-Rasmussen hypersurface with Hubble- 2 e | @ P — (1232)
. —_— = A(1115)
like flow 3 1077 —:::::g; =107 .
: > ; T
— Pion and proton spectra o.k. &0 § g,
[S. Harabasz et al., PRC 102, 054903 (2020)]  j I‘U’é
107" 1
. 10
e Uniform T = 70 MeV, ug = 875 MeV across y,,,| <0.05 .
y |<0.
. 10 13 AR T NN AN T TR TR N NN TR TN NN NN N 4 ‘ ?'m" L L "~
the fireball 1\ \ioiomenko et al., PLB 822, 136703 (2021)) O e, 10000 @000 ~80

m; - m, [MeV/c]

* Fluctuations:

« Same as before but incorporate additional binomial

filtering to account for protons bound in light nuclei Extract Xﬁ directly from
e Uniform fireball — Final proton cumulants are linear - experimental data

combinations of baryon susceptibilities yZ at freeze-

out n
p __ B
Ky = § :an,m Xm
m=1
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A closer look at the HADES data W Koch. ariv:2204.00137

* Fit baryon susceptibilities to data within a fireball model (Siemens-Rasmussen*)

* In the grand-canonical limit (no baryon conservation, small y.,;) the data are described well with

B B B
X X X . B B B B
X—jB ~ 9.17 +0.21, X—ZB ~ —33.1+0.8, é ~691+50, ie |Xg > —X3 > X2 > X1

* Could be indicative of a critical point near the HADES freeze-out at T~70 MeV, up~875 MeV

* However, the results for y.,; > 0.2 are challenging to describe with baryon conservation included

LN L s B L A B L L R L L B | T T T [t T r Tt [ T T T T [ T T T T | T T T 10||||
2.4 - Grand-canonical heat bath | " ] [ w—— Grand-canonical heat bath
oo | T baryon cons. (simplified) ¢ --’_t ] 8 —-—-- 4+ baryon cons. (simplified)
L =+ baryon cons. (SAM-1.0) - Te-T j [ ===+ baryon cons. (SAM-1.0)
2.0 L = = + baryon cons. (SAM-2.0) *_,.-" i ] B - = = . baryon cons. (SAM-2.0)
e HADES St e T ] ® HADES

Ty | = irand-canonical heat bath

1 -2 I —-—--+ baryon cons. (simplified)

7 weneme L baryon cons. (SAM-1.0)

] = = | baryon cons. (SAM-2.0)

[ ] -3 e HADES

(a)

0 < 5 [ S S R | P U R B
0.0 0.1 0.2 0.3 0.4 0.5 0.0 0.1 0.2 0.3

ycut ycut
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Summary: What we learned so far from fluctuations

Critical point The Phases of QCD ——
2.2 K] -
1 i Au-Au 0-5%, protons
d |Sfa VO I’Ed 20 L B STAR-BES, 0.4 <p,<20GeVic, |y| <05
< Quark-Gluon Plas ma I @ STAR-FXT, 04 <p,<20Gevic 05<y<0 |
g 1.8 |- ® HADES, 0.4<p <1.6GeVic, |y <0.4 —
g 16 -
o -
- “ L
= N4l 4
E v i hydro (non-critical), 0.4 <p, <2.0GeV/c, ly| <05
() 12 L baryon conservation + excluded volume _
g. | { = = baryon conservation only
o 10 -t e — -
- L ] = J
— neutron stafs: 08 /‘r_—h‘-’ ”-'t'\ca\
30 — 8 = non-cri -
V NUCIear ' V 0 6 [ 1 R A | 1 1 L1 il 1 1 ]
acluum | | MattelrI \3 ' 10 (GeV]
0 1 1 L 1 1 1 1 1 1 1 1 1 L S e
200 400 600 800 1000 1200 1400 1600 VN

Baryon Chemical Potential p (MeV)

Heavy-ion data at high energies ({/Syy = 20 GeV) consistent with “non-critical” physics
« Disfavors QCD critical point at ug/T<2-3, consistent with what we know from lattice QCD
Interesting indications for (multi)-proton correlations at \/Syy < 7.7 GeV

Thanks for your attention! -
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