QCD at non-zero density
and phenomenology

O




Matter in the Universe
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Matter in the Universe
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Quark-Gluon Plasma:
new phase of matter at very
high temperatures (or
densities)
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QCD matter under extreme conditions

Research Council of the National Academies: Eleven science questions for the new

century
2 How did the Universe begin?
3 What are the new states of matter at exceedingly high density and temperature?

p Whatis Dark Matter?

p What is the nature of Dark Energy?

p What are the masses of the neutrinos, how have they shaped the evolution of the Universe?
p Did Enstein have the last word on Gravity?

p How do cosmic accelerators work and what are they accelerating?

) Are protons unstable?

p Are there additional space-time dimensions?

p How were the elements from Iron to Uranium made?




Dark Energy

Accelerated Expansion

Afterglow Light
Pattern
380,000 yrs.

Development of

Dark Ages
Galaxies, Planets, etc.

Inflation

Fluctuatlons

1st Stars
about 400 million yrs.

Big Bang Expansion

13.7 billion years

Relativistic Heavy-Ion Collisions

v
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gumbruum ; hvtirod
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collision evolution
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Hadronization ’//

4 Hadron "ft" @

Kinetic

freeze-out _

_—

final detected
particles distributions

.| free streaming

Tt ~ 10 fm/c

t ~ 10" fm/c

The two questions are related!
Quark-Gluon Plasma (QGP) is at T>102K and p ~ 104° cm™3
The Universe was in the QGP phase a few us after Big Bang
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Phase diagram of strongly interacting matter
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gosreoal Open Questions

phase diagram?

What are the degrees
of freedom in the
vicinity of the phase
transition?

Where is the
transition line at high

-
- i

RHIC-BES *" Quark-Gluon »
Plasma_ “» "a

Critical ;
point? »

NICA

‘l’

Temperature T [MeV]

P

N\

density? Bl ) C’E‘U&E-\"?'-‘Z‘;/‘Gl'iif phase
SI1S-100

density? _ "
What are the phases | %\
of QCD at high : @ Nuclotron-M |

Are we creating a

1 i . il \Color Super-
therm.al 0 : o eutron stars conductor
experiments? —

—— 7
INE¥baryon density n/ no
= No=0.16 fm—3




QCD matter under extreme conditions

To address these questions, we need fundamental theory and experiment
Theory: Quantum Chromodynamics Experiment: heavy-ion collisions

» QCD is the fundamental theory of strong interactions

» It describes interactions among quarks and gluons

2
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WOnﬁnemerD » Quark-Gluon Plasma (QGP) discovery at RHIC and LHC:
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Relativistic Heavy lon Collider

—

o = "]

e ekl il

RN =S et

- ~PHOBOS

RHIC |

Gold nuclei, with 197 protons + neutrons each, are accelerated
The beams go through the experimental apparatus 100,000 times per second!




Second Beam Energy Scan (BESII) at RHIC

O

e Planned for 2019-2020

» 24 weeks of runs each year

« Beam Energies have been
chosen to keep the g step
~50 MeV

« Chemical potentials of interest:

H'B/T~1'5“'4

Temperature

Quark-Gluon
| Plasma

Baryon Chemical Potential pg
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Comparison of the facilities

O

Compilation by D. Cebra

collisions

Facilty |RHICBESII ||SPS NICA SIS-100 | J-PARC HI
SIS-300

Exp.: |STAR NA61 | /MPD CBM JHITS
+FXT + BM@N

Start:  (3019-20 |/2009 | /2020 2022 2025

2018 2017

Energy: 177-196 |/4.9-173(/2.7-11 |2.7-82 [2.0-6.2

Vsuw (GeV) [ 2.5-7.7 2.0-3.5

Rate: |100HZ 100HZ ||<10kHz |[<10 MHZ |100 MHZ

At 8 GeV 2000 Hz

Physics: | CP&OD CP&OD | op&DHM || OD&DHM |OD&DHM
Collider Fixed target  Collider Fixed target  Fixed target
Fixed target ~ Lighterion  Fixed target




The theory of strong interactions

O

< Quantum ChromoDynamics (QCD) Nobel prize 2004

< Analytic solutions of QCD are not possible in the non-perturbative regime

<-Numerical approach to solve QCD

< Simulations are running on the most powerful supercomputers in the world
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How can lattice QCD support the experiments?

» Equation of state
o Needed for hydrodynamic description of the QGP

» QCD phase diagram
o Transition line at finite density
o Constraints on the location of the critical point

» Fluctuations of conserved charges
o Can be simulated on the lattice and measured in experiments
o Can give information on the evolution of heavy-ion collisions
o Can give information on the critical point




QCD Equation of State
at finite density

O

TAYLOR EXPANSION

ANALYTICAL CONTINUATION FROM
IMAGINARY CHEMICAL POTENTIAL

ALTERNATIVE EQUATION OF STATE
AT LARGE DENSITIES




WB: PLB (2014); HotQCD: PRD (2014) ®7 WB: Nature (2016)
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*  EoS for Ny=2+1 known in the continuum limit since 2013

* Good agreement with the HRG model at low temperature

* Charm quark relevant degree of freedom already at T~250 MeV



Constraints on the EoS from the experiments

@ S. Pratt et al., PRL (2015)
LI L L) l LILLEL]

lllllllllllllllllllll--lllllllllllll

0.3

~Constrained -
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« Comparison of data from RHIC and LHC to theoretical models through
Bayesian analysis
« The posterior distribution of EoS is consistent with the lattice QCD one




Taylor expansion of EoS

+ Taylor expansion of the pressure:

p(T,pup)  p(T,0) +§: 1 d*(p/T*)

T T4 (2n)! d(&8)2n

(F) =g (F)

- Two ways of extracting the Taylor expansion coefficients:

 Direct simulation
« Simulations at imaginary g

« Two physics choices:

HUpF0, Hs=Hp=0
° Ugand pgare functions of T and py to match the experimental constraints:

<ng>=0 <ng>=0.4<ng>



Pressure coetficients

Simulations at imaginary pg:
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Range of validity of equation of state

O

- We now have the equation of state for pg/T<2 or in terms of the
RHIC energy scan:

Vs = 200, 62.4, 39, 27, 19.6, 14.5GeV

The Phases of QCD

Quark-Gluon Plasma

< Color K
! Superconductor
0 . s i

0 200 400 600 800 1000 1200 1400 1600
Baryon Chemical Potential p (MeV)

Temperature (MeV)




Alternative EoS at large densities
@ P. Parotto, C. R. et al., PRC (2020)

¢ EoS for QCD with a 3D-Ising critical point

T4CnLAT(T) =T4CnNon—Ising(T) +TC4CnIsing (T)

¢ Implement scaling behavior of 3D-Ising model EoS

¢ Define map from 3D-Ising model to QCD

¢+ Estimate contribution to Taylor coefficients from 3D-Ising model critical point
¢ Reconstruct full pressure

.
— -
e —
———
T —

-
~"100

pe[Mev]

Open-source code at https://www.bnl.gov/physics/best/resources.php




QCD phase diagram
O

TRANSITION TEMPERATURE

TRANSITION LINE

TRANSITION WIDTH




Phase Diagram from Lattice QCLC
O

e The transition at yg=0 is a smooth crossover

AoKki et al., Nature (2006)

Borsanyi et al., JHEP (2010)
Bazavov et al., PRD (2012)

10 ~———————————p———————————
v N |
, Continuum Wl |
0.8} N=16 © |
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04} ;
| |
0.2} :
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QCD transition temperature and curvature

@ Borsanyi, C. R. et al. PRL (2020)

. Compilation by F. Negro
* QCD transition at pug=0 is a crossover TR T
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Limit on the location of the critical point

@ Borsanyi, C. R. et al. PRL (2020)

» For a genuine phase transition, the height of the peak of the chiral susceptibility
diverges and the width shrinks to zero

Height of chiral susceptibility peak ~ Width of chiral susceptibility peak

0.14 ‘

¢ 6o | SV i
012 |
0.135 o | 010 |
0.08 |-
0.06 |
0-13 - 40 0.04 | 2
002} = = o
i 0.00
0.125 | %
20 -
0.12 |
10 | |
Proxy to the half width of the transition
0.115 : ‘ ‘ - ‘ : 0 0215<pbp<0.355 M :
-8 -6 -4 -2 0 2 4 0 50 100 150 200 250 300

(ng/T)?

» No sign of criticality for uz<300 MeV




Fluctuations of
conserved charges

O

COMPARISON TO EXPERIMENT:
CHEMICAL FREEZE-OUT PARAMETERS

OFF-DIAGONAL CORRELATORS




Evolution of a heavy-ion collision

Free streaming @
Hadrons ——\

Hoi Hadron
Resonance
Gag —

Decondned
Cuark Glon
Maﬂer

N
-,
s )
» Z
Project e and {dstance along
Targst Nuclei / \\ the colision axs)
Pb Fb

®*Chemical freeze-out: inelastic reactions cease: the chemical composition of the system is
fixed (particle yields and fluctuations)

¢ Kinetic freeze-out: elastic reactions cease: spectra and correlations are frozen (free
streaming of hadrons)

® Hadrons reach the detector




Freeze-out vs phase transition

The Phases of QCD

Quark-Gluon Plasma

Temperature (MeV)

0 200 400 600 800 1000 1200 1400 1600
Baryon Chemical Potential p (MeV)




Distribution of conserved charges

O

Consider the number of electrically charged particles Na
Its average value over the whole ensemble of events is <Ng>

In experiments it is possible to measure its event-by-event distribution

G R S R B RV L e TrToerT T rrrprrrprrrrprereprea
10 Ea)?.ieev b _ AutAu
10°) m<os
02<p <20 GeVic
10% ¥ 05%
i m 30-40%
10° -
* & 60-70%
§102 ¥ STAR Preliminary 3
I.Ll10; , .‘..-;|||I||||I||||I|||
IS T oga0dcey |
E 106 3
g 105%
E ]
I fre ob%
10%F g s
¥ o Ty
10’ _Miul | 1!||¥

% o %  STAR Collab.: PRL (2014)




Cumulants of multiplicity distribution

O

% Deviation of Na from its mean in a single event: 9No=Na-<No>

%k The cumulants of the event-by-event distribution of Nq are:
X2=<(N@)?>  x5=<(Na)*>  x4=<(0Nq)*>-3<(0Ng)?>?

%k The cumulants are related to the central moments of the distribution by:

variance: o2=y> Skewness: S=x3/(x2)%? Kurtosis: k=x4/(x2)?

Y
Y

1 1 | 1
-2 -1 1 2
26 -G 0 G 2c

(mean)

Negative Skew Positive Skew

09 87 6543201234567 8910




Fluctuations on the lattice

O

o Fluctuations of conserved charges are the cumulants of their event-by-
event distribution

- Definition: X080 = o /T '
© Xmn = /T 0(us /T) ™0 /T

» They can be calculated on the lattice and compared to experiment

* variance: %=y, Skewness: S=x3/(x,)? Kurtosis: K=X,/(X,)?
So = x3/x2 Ko® = X4/X2
]\/1/02 = X1/X2 503/M=X3/X1




Freeze-out line from first principles

O

- Use T- and pg-dependence of R,,% and R,,B for a combined fit:

XT(Tp) X3 (T,0)+ x5 (T,0)q1(T) + x> (T,0)s1(T) g

RY(T, pnB) = = +O(uh)-
12\ B
X5 (T, 1) x5 (T,0) T
B
RB (T I-"B) _ X?(T’IJ'B) - XL)B(T’O) +X11Q(T’O)q1(T)+XlBIS(T7 O)SI(T) KB +O(”3 )
12 - —
’ x5 (T, uB) x3 (T, 0) T N
C. Ratti for WB, NPA (2017)
220 -— - — — T I T I T
T [MeV}e . . .
210 + g- 3o 3 s =
. . e "
200 - ; . ;~§o ;.b . _\-c?eq - % 1 50
) S e & e ’\Q@I o 3
190 - 8- é,\"" S Ve : éfb B g
180 é 100 _ .
o ~ @ Dyson=Schwinger [C. Fischer et.ol. 2014]
o
170 + g re4  freeze—out [Becottini el.ol., Cleymans et.ol. 2005]
o iai freeze-out parametrization [Andronic et.ol. 2008]
160 \ QEJ 20 - Fei  modified stotistica! fit [Becottini et.ol. 2012)
150 = iwi  freeze—-outl from fiucluations [Alba el.ol. 2014]
140 1 | ! | 1
130 - preliminar 200 400

0

50

Baryonic chemical potential (MeV)




What about strangeness?

O

« Data for net-kaon fluctuations seem to prefer a higher freeze-out
temperature. R. Bellwied, C. R. et al., Phys. Rev. C (2019)

« Separate analysis of particle yields gives a similar result
P. Alba, C. R. et al., Phys. Rev. C (2020)

; 190_ r— 1T T T T ]
Q ~ Thermal FIST: PDG2016+ Lattice QCD n
5 1801 Grand Canonical Ensemble ... WB Collaboration (2015) 7
i e KAEQK ¢ -
E"o : .......... T K P :
170 -
160 —

150 :_ .................. * ........................................................ "E
140 =

130 :. By e o By ey g o By L Uiy e iy N

0 50 100 150 200 250 300 350
M, (MeV)

F. Flor et al., 2009.14781 (2020)



Off-diagonal fluctuations of conserved charges
0.1 Ydata 0-5% ol
€ . Poisecn | == ®* The measurable species in HIC
~x 006 E UrQMD 0-5% .
o | UIOND 70 90% are only a handful. How much
& [T P yem— do they tell us about the
| % correlation between conserved
_. 1.8 | 0.4<py<1.6 GeV/c, [n|<0.5 Charg esr)
:7’; 1.4 . : . . | .
s _Q_QQ_E_E__E__@_____@__ ® Historically, the proxies for B, Q
S .l | and S have been p, p,m,K and K
| : | themselves — what about off-
o 18 . diagonal correlators?
=g 14 2
$ LR IR * We want to find:
o
O s} | | ® The main contributions to off-
10 100 diagonal correlators
VSNN (GeV) :
STAR: Phys.Rev.C 100 014902 * Away to compare lattice to
(2019) experiment




Off-diagonal correlators

o The species that are stable under strong interactions, AND are measurable

™, K%, p(®), AR), 2 E"), @ (@)

— we inevitably lose a good chunk of conserved charges!

e Thanks to the separation between observable and non-observables species,

BQS R Bellwied, C. R. et al., PRD

one can pinpoint what can be measured and what cannot of x; ik

(2020)
03F 1Tl T T T 71 179 0.3
0.05 — 1l\-llcet:'lsurable
0.25 - — — Not Measurable - 025
0.04 £ Lattice
. 1 o2 0.2
2 0.02 gd8_0.15 0.15
2001 X o0 0.1
0 0.05 0.05
-0.01 0 0
0.02 A T NN TR SR TR TR 005 b—du 1011 005 | 4oy T
110 120 130 140 150 160 170 180 190 200 110 120 130 140 150 160 170 180 190 200 110 120 130 140 150 160 170 180 190 200
T [MeV] T [MeV] T [MeV]

e For the proton- and kaon-dominated xpg and x¢s, a large part of the full
correlator is carried by measurable particles

e Y pg is less transparent, and requires careful analysis of its contributions




Hadronic proxies
@ R. Bellwied, C. R. et al., PRD (2020)

Constructing a proxy not a trivial task: consider main contributions to numerator and
denominator

06 Total 7 proxS/: of\/(oi+'a,2<)‘-To=165lMeV
0.2 - 2 )
o : o2l - - proxy:o,z\/(cA+o,2<)-To=145MeV
05 | prOXy: o /o 3 & proxy: 62/(c2 + o) - STAR data
--------- proxy: 6/(c3+ og) T
04 |~ poxy:(cR+oi+oplci+4ci 490500 | T 0I5 ) ‘
tné“ proxy: cpK/(ciwﬁ) 2 E:, % % %
o 03 2o R, L
mx u)5 0.1 F * ----- shiscissesasasnvennnnsansnes X
1 mx
0.2 ! e O
0.05 |- B
0.1
0 I ! I ! ] = 0 y y - E— —
100
110 120 130 140 150 160 17¢ Sqrts) [GeV]
T [MeV]
BS }..,8 ~N,AK
e Good proxy for xT°/x5: Bsgs =0a/(ck +031)




Fluctuations at the critical point

@ M. Stephanov, PRL (2009).

Qov) The probability distribution for the order
n < pcp pa rameter ]
\/ Plo] ~ exp1-Qlo]/T}
- )

E A
) = /d3x 5(V0)2+&02+—303+---

i ’
# = pce \_/'—’ The correlation length (¢ = m;?1)

E~|T — T|7¥ wherev >0

n > ucp \\/\/ X2 — VT£2

Ty X, =6VT?[233 — Ag)¢’




A different approach at large densities

O

Use AAS/CFT correspondence

» Fix the parameters to reproduce everything we know from the lattice

» Calculate observables at finite density

Fluctuations of conserved charges: they are sensitive to the critical
point




Black Hole Susceptibilities

-------- uy, = 0MeV
—_— — p, =250 MeV
Wy =350 MV ]
-------- 1, =450 MeV
— o, =550 MeV
1, =600 MeV -

7  Lattice [WB]

03

100 150 200 250

T [MeV]

Xe/Xo

20}

1.0

10}

@ R. Critelli, C. R. et al., PRD (2017)

0.0

O Lattice [HotQCD)]
N, =8

130 150 170 190 210

T [MeV]




Black hole critical point

@ R. Critelli, C. R. et al., PRD (2017)

The black hole model contains a critical end point at

m =123+ 36 MeV m [ =89+11 MeV
_150[T o
%’ 100 i \CEF’.
& 50

— — X inflection line
-------- minimum in speed of sound

0 100 200 300 400 500 600 700

py [MeV]




Need for quantitative results at finite-density to support the
experimental programs

Equation of state
Phase transition line
Fluctuations of conserved charges

Current lattice results for thermodynamics up to pg/T<2

Extensions to higher densities by means of lattice-based
models

No indication of Critical Point from lattice QCD in the
explored pg range

42/42
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Hadron Resonance Gas model

Dashen, Ma, Bernstein; Pr@h, Venugopalan; Karsch, Tawfik, Redlich

« Interacting hadronic matter in the ground stafe can be well approximated by a non-interacting

resonance gas
* The pressure can be written as:

1
pIRCIT = ——= > WmZR (T,V,pxe) +VT3 Yy, WZg (T, V,px)
i€ mesons i€ baryons

where
Yd, e
anTA,:I./B =F——0 / dkk? In(1F zie_gi/T)
' 212 Jo

with energies ¢; = \/k? + m?, degeneracy factors d; and fugacities

z; = exp ( ZXZ #Xa)/T) .

X “: all possible conserved charges, including the baryon number B, electric charge (),

strangeness 5.

, \2 > :
* Fugacity expansion for pg=py=0: % Z % (%) Z (—1)N+1N‘2K2(N%) cosh [N“TB]
i€B N=1

Boltzmann approximation: N=1



Kaon fluctuations on the lattice

J. Noronha-Hostler, C.R. et al., 1607.02527

o Lattice QCD works in terms of conserved charges

- Challenge: isolate the fluctuations of a given particle species

o Assuming an HRG model in the Boltzmann approximation, it is possible to
write the pressure as:

- Kaons in heavy ion collisions: primordial + decays

o ldea: calculate x,*/x,¥ in the HRG model for the two cases: only primordial
kaons in the Boltzmann approximation vs primordial + resonance decay
kaons




@ J. Noronha-Hostler, C.R. et al., forthcoming
100\ Pamormal #decdys - Boltzmann approximation works well for lower
PN e Boltzmann approx. :
| order kaon fluctuations
— 80 1 K A ~
E | Xg _ cosh(fs+ fq)
“‘Q 60 x5 sinh(fis + fiq)
401_ 0 XK/ K from primordial kaons + decays is very
- up=20 MeV close to the Boltzmann approximation
120 130 140 150 160 170 180 190 = g and pq are functions of T and pg to match
T [MeV] the experimental constraints:
0.25 t l T i : 180i '
. - { l ug=tdoMeV | | I / /
' | 160
0.15 '[ ....... .é_.......!.... ]i !u“=1COMeV- ? . § » . . .. -
2 i . — " . STARthermalfits (mpK)
R A S A T | STAR thermal fits (7t,p,K.A,Z,Q,¢,K0)
b . : : 1200 [T xMxX (HRG model) [ x{/x¥ (lattice)
’ i e g 48 & Q,,Q
- e oL Xibdendyile (Roaetal)
0 . 2 4 0 50 100 150 200 250
140 150 160 170 180 190
TiMeV] g [MeV]




Things to keep in mind

O

» Effects due to volume variation because of finite centrality bin width

o Experimentally corrected b\y centrality-bin-width correction method
. Skokov et’al., PRC (2013), P. Braun-Munzinger et al., NPA (2017),

» Finite reconstruction efficiency V. Begun and M. Mackowiak-Pawlowska (2017)
o Experimentally corrected based on binomial distribution A.Bzdak V.Koch, PRC (2012)
» Spallation protons
o Experimentally removed with proper cuts in py

e Canonical vs Gran Canonical ensemble
o Experimental cuts in the kinematics and acceptance

V. Koch, S. Jeon, PRL (2000)
» Baryon number conservation P. Braun-Munzinger et al., NPA (2017)

o Experimental data need to be corrected for this effect

* Proton multiplicity distributions vs baryon number fluctuations
_ _ M. Asakawa and M. Kitazawa, PRC(2012), M. Nahrgang et al., 1402.1238
o Recipes for treating proton fluctuations

» Final-state interactions in the hadronic phase J.Steinheimer et al., PRL (2013)
o Consistency between different charges = fundamental test




Fluctuations at the critical point
() M. Stephanov, PRL (2009).

- Correlation length near the critical point
E~|T — Te|7Y wherev > 0
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Fluctuations along the QCD crossover

Net-baryon variance

T epw) ) ~ o3(To.0) (u3)2+ ; (,13
= 2| —
(1. 0) 1)

i

1.0 ' G%(ﬂ’(“ﬂ))/-LB)/G%(II}):O) —

0.8 O(p)) m ng=0, ;2=04
0.6 Olup) =
04  HRG - i

02 :_ HotQCD prelimi
0.0 - "
L | Me
0.2 B |
0 50100 150 200 250

- Expected to be larger than HRG
model result near the CP
* No sign of criticality

4
)+ oy

300

P. Steinbrecher for HotQCD, 1807.05607

Disconnected chiral
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Higher order fluctuations

HotQCD, PRD (2017) WB, 1805.04445 (2018)
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WB, 1805.04445 (2018)
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: WB, 1805.04445 (2018)
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WB, 1805.04445 (2018)
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Other approaches I did not have time to address

O

» Reweighting techniques (Fodor & Katz)

» Canonical ensemble (Alexandru et al., Kratochvila, de Forcrand, Ejiri,

) Bornyakov, Goy, Lombardo, Nakamura)
» Density of state methods

(Fodor, Katz & Schmidt, Alexandru et al.)
» Two-color QCD

(ITEP Moscow lattice group, Kogut et al., S. Hands et al., von Smekal et al.)
» Scalar field theories with complex actions

. (See talk by M. Ogilvie on Tuesday)
* Complex Langevin
(see talks by D. Sinclair, S. Tsutsui, F. Attanasio, Y. Ito, A. Joseph on Monday]

 Lefshetz Thimble
(see talks by K. Zambello, S. Lawrence, N. Warrington, H. Lamm on Monday)

» Phase unwrapping (see talks by G. Kanwar and M. Wagman on Friday)
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Need for quantitative results at finite-density to support the
experimental programs

Equation of state
Phase transition line
Fluctuations of conserved charges

Current lattice results for thermodynamics up to pg/T<2

Extensions to higher densities by means of lattice-based
models

No indication of Critical Point from lattice QCD in the
explored pg range
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Kaon fluctuations on the lattice

J. Noronha-Hostler, C.R. et al. forthcoming
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- Lattice QCD temperatures have a large
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-+ STARthermal fits (11,p.K,A,Z,Q,¢,K?)
120 [T x¥ix¥ (HRG model) [ xX/xX (attice)
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uncertainty but they are above the light flavor
ones




Fluctuations of conserved charges?

O

%k If we look at the entire system, none of the conserved charges will
fluctuate

%k By studying a sufficiently small subsystem, the fluctuations of
conserved quantities become meaningful

| DY, =

O AYtotal: range for total charge multiplicity distribution
O AYaccept: interval for the accepted charged particles
O AYkick: rapidity shift that charges receive during and after hadronization




QCD matter under extreme conditions

To address these questions we need fundamental theory and experiment

Theory: Quantum Chromodynamics
* QCD is the fundamental theory of strong

interactions
» It describes interactions among quarks
and gluons
L -~ I.1a 23 A’a = 1 FHYFHY
ocp = D WiY, | 18" —gAl T \vi —mWiw, — 1 B FF,

8| ——
@mptmm Froedom D

FOURMOMENTTRANGIE S 'I0* L2

Experiment: heavy-ion collisions

* Quark-gluon plasma (QGP) discovery
at RHIC and the LHC

* QGP is a strongly interacting (almost)
perfect fluid
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Cumulants of multiplicity distribution

O

 Deviation of N from its mean in a single event: SNq=Ng-<Ng>
«  The cumulants of the event-by-event distribution of NQ are:

X2=<(5NQ)2> X3=<(6NQ)3> X4=<(6NQ)4>-3<(6NQ)2>2

«  The cumulants are related to the central moments of the distribution by:

variance: 0°=x; Skewness: S=X/(X2)*? Kurtosis: k=X4/(X)?
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TN 4 A 0s b
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Fluctuations and hadrochemistry

P(iig, fis) = Py + Py’ cosh(fip) + Py, cosh(fis)
Z bk smh(k [LB/T) i Pﬁs cosh(fip — jig)+ Plgs cosh(fip — 2f1g)
+ P25 cosh(ip — 3jis)

V. Vovchenko et al., PLB (2017) P. Alba et al., PRD (2017)
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: : * Need of additional strange hadrons
»  Consistent with HRG at low temperatures g
. predicted by the Quark Model but

*  Consistent with approach to ideal gas limit not yet detected

* b, departs from zero at T~160 MeV - First pointed out in Bazavov et al., PRL(2014
«  Deviation from ideal HRG
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Canonical suppression
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Analytical continuation — illustration of
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Analytical continuation — illustration of
syste@atics

Condition: xg < xa — f(fig) = a+ bpg + ciiy + aéTeoﬂﬁB

Analytical continuation on Ny = 12 raw data
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Consistency between freeze-out of B and Q
 Independent fit of of R,,% and R,,B: consistency between freeze-out
chemical potentials 160 [
Hg
140 J
0.8 -':_‘182;_M.lB/_°2B ______________ 120 .
07~ T T77% STAR 2T 6ev . | AT 100 | |
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STAR collaboration, PRL (2014) 39 10511 101+10
27 - 136+13.8
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