Understanding properties of the QGP on the
basis of correlation and fluctuation measurements
at RHIC and LHC
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Overcoming the strong force using compressed matter at

relativistic energies——)>
QCD phase transition (deconfinement, chiral symmetry resto

Temperature

Baryon density

LHC: max. energy = max. T = max. transparency = min. de
RHIC: reduced energy and T = stopping = finite densd
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Evolution of a RHIC heavy ion collision
(as a function of temperature and time)

RHIC  20~30%
Centrality

Model: IQCD SHM Blastwave
Effect: hadronization chemical f.o. kinetic f.o. r=06fm/c
Freeze-out surface: Teit T.h Tin(X, W T (p.K.p, L
Temperature (MeV): 151 148 148 80 H—
Expansion velocity (c): b=0.45 Db=0.6
T = 3.6 fm/c
Hydro condition ? / / /
Tinit —_—— \ References: T=6.6fm/c
370 MeV Lattice QCD:

arXiv:1005.3508
arXiv:1107.5027

pal tons Statistical

Hadronization:
hep-ph/0511094
nucl-th/0511071

T=7.6fm/c

T=28.7fm/c

=10.26 fm/¢

=10.32fm/c

to tQGP Blastwave:

Experiment: time: ~5fm/c ~4 fm/c nu;_|-§8<é%3éoz7c?jf
(STAR, PRL 97:132301,(2006)) arxXiv: .
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The cooling of the hot QCD vacuum
and the hot QCD medium

Energy density, b = 9.3 fm t=1.000 fm/c
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Lattice QCD calculation, Adelaide Group

Time evolution of initial conditions
in hydro (J. Nagle et al.)
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Ongoing analyses:
Analogy to early universe - evolution of fluctuations & correlations

/ Heavy-lon Collisions: Rapid Expansion \
, collision evolution > particle
/ The Universe: Slow Expansion \ expansion and cooling detectors
kinetic N~

freeze-out distributions and

Dark Energy .
Accelerated Expansion correlati (()j ns OJ

Afterglow Light initi i H produce
Pattern  Dark Ages Development of |umpy initial hadronization particles

400,000 yrs. Galaxies, Planets, etc.

energy density
N 3

1st Stars
about 400 million yrs.

| Big Bang Expansion | s %
' 13.7 billion years ' collision “*  guantum

credit: NASA overlap fluctuations
- AR
t ~0fm/c to~1fmic t ~10 fm/c

in handf in STAR



Correlation Measurements
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Smooth initial conditions ?

A If a static thermalized system is formed, the emissions would be
Isotropic

A Equal probability for each particle in any direction of emission

A In high energy nuclear and particle physics we expect specific
correlation effects Anisotropic flow Jet fragmentation

Resonance decay
Radial flow
Anisotropic flow (geometry) =
Jet fragmentation “
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Quantifying anisotropy and collectivity

dpdydp  dp dy 2n

Directed flow Elliptic flow
‘O v =

é ) Lo 2 g
yz Mid -central .- e ﬁ """"""""" LD

‘\OZ: S TN _ TN 1 (112 coslp) +21,005(29)+..)

o c..o' ‘..Q
X collision N ;\. e, @ o v
Hydrodynamics: '?\-L.“’ Y S|
: Reaction A 19% Of In-plane
strong coupling, Iane:'~ ﬁ';‘-‘rhﬁovv —>
small mean free path: prane: QN i X

o2 :
many interactions 5?/ ’&;\x‘\g

NOT plasmalike Dashed Ilnes- hard™ ... T
system behaves liquidike.

Hydro measures level of viscosity/entropy ratiol(/s)
The smaller, the more ideal the liquid is (quantum limit = 74 0.08)
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Number correlations LOtS Of StrUCture in emiSSiOnS

in coordinate space
as a f(centrality)
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Lesson from RHIC 1 a near perfect Quark Soup ?

phys”:s TOdﬂy Mﬂy 2005 P K. Kovtun, D. T. San, A O, Starinets, Prys e et g4 117607 (2005),
I

—o— Sharma et al., [STAR], preliminan

200

I e —1 Gavin and Abdel-Aziz, Phys. Rev.!
oo == Helium 0.1 MPa 97,162302 (2006)
= = Nitrogen 10 MPa
% 150 (=™ \Water 100 MPa —.— Hees et al., arXiv:0808.3710
w [hep-ph] (2008)
O
>
% l l HaH Adare et al., [PHENIX] Phys.Rev.|
98,172301 (2007,
2100 [ fud | PPl | TK] | g[Pas | n/s (/ks] et
6 —4
g H,O 0.1-10 370 29-10 8.2 —o— Romatschke and Romatschke, -
e 1He 0.1-108 2.0 1.2-.10°6 1.9 Phys.Rev. Lett. 99,172301 (2007
a GP 88.10% | 2.102 <5-101 <04
8 50 Q — — / o Drescher et al., Phys. Rev.
72 C76,024905 (2007)
> Ll h
: : | * i Lacey et al., Phys.Rev. Lett.
0
1 10 100 1000 98,092301 (2007)
TEMPERATURE (K)
0 2 4 10 12 14

physjes 4mn/s

SCIENTIFIC A et
AMERICAN , i 10

THE EARLIEST
UNIVERSE

In search of perfect fluids
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Higher harmonics of initial energy density fluctuations

aN = , .- aN airs \ (flow) = .
@ x 1 +22vncosn(@—;¢.nn) — < i > x 1 +22 <vn2>cos n(Ao)

n=1
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Example: Residual & fit decomposition for 30 - 40% centrality

Momentum elliptic flow triangular flow higher
conservation harmonics

Offset 1d Gaussian

String fragmentation resonances/HBT/e+e- modified jet fragmentation

Residual

STAR
Cu+Cu 200GeV
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Heavy Ion Flow at the LHC

- 5 10% 10200 T -3 0507
G_E_ATLAS F'rralnllrnlrl.'ir'_.I 4 1 k J
- Po-Phb ya,, =276 Te\ *UAPATLAS - r ++
[ Ly =7 ub’ OvAHALIGE T & &
[ bl <0.8 ¥ _{)_
1 .':|....|....| ........ N I P T ‘l>
200 5 10 15 EDEI- 5 10 15 EDD 5 11] 15 20
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o <t
= : ATLAS Preliminary [ = ATLAS Preliminary
01 Pb+Pb s, =2.76 TeV 0.1 Pb+Pb |5, =2.76 TeV
ot ?;?L'm=?'_ub'.h1l-::2.5 " L, =7ub”, <25
i ‘.b ."rjq{EP} o :'JI; +
: § ovid ? i Ec} i ¢
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- o . ) G + I 1 oV(2}
W gt 4 : } N N {4)
0 0-25% 25-60% 0 0-25%
L M PP BRI PN T T T T NN T T N Y TN T B A L PR T T [T S T T N S S T T A
10 15 20 5 10 15 20 5 10 15 20
p_ [GeV] P, [GeV]

Significant precision to high pT and for higher order harmonics
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Initial State determines flow strength

Nucleonic or sub-nucleonic
structure in density fluctuations ? Glauber

Radial gluon distribution

CGC

Nucleon density fluctuations

IP-Glasma - .

gluon saturation

Smaller eccentricity
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2-D density profile

@

larger eccentricity




Flow measurements validate hydrodynamic modeling

Recent theory development: a hybrid approach with hydro and IC
IP-GlasmalC and viscous hydro (MUSIG)dGill+BNLPRL 110,012302 (2013)

0.14

Vo — | ALICE data v {2}, p>0.2 GeV |
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Resolving the sub-nucleonic quantum structure:
From the largest to the smallest systems

1 R = T
p+A d+A He+A
0.034 —— IP-Glasma * U+U 2| O
. =z:zz Glauber = Au+Au %0 - Q o Q -9
RIS 2 (]
-4 ' ] | | | | | | |
il &y ; x' T T "‘r
—2 [~ Skt ~ | S
g &
>"2 [~ 'y \ . v ]
>4 [ g 3 ) 1‘ " 1 1 ] |
0.018 F 4 2 0 2 44202442024
?}ﬁﬁ Preliminary TOp 0.1% ZDC x [fm] x [fm] x [fm]
PRI SN TR [N TN SN TN N TN TN SN S T TN TN T S A T TN ST S (N ST S N
0.9 1.0 1.1 £025
Mult/<Mult> s
™, - £ [ RHIC3He+Au Vad
™M & X = §o2- gy -
W\ SR
015
IP-Glasma more consistent with U+U data than ot e
Glauber h:
Initial State fluctuations occur at parton level o8 vy
Can we resolve the number of sub-nucleonic e e a3

scattering centers in small systems?
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Multi-particle correlations in small systems
(pPb, dAu, even pp?)

Cantrality (%) F 0.04r v
o r T T T T | T T T T I T T L T r T T T T I T 1 o 32 55 52 43 31 I? ? l'—. i ALIGE
- F =Y . -
0.12F  ALICE p-Pb | 5,,, = 5.02 TeV Pp. ] 0.12 ALCEPL Pb 5= 276 TeV PbPbl 1 A | @ PPoIsw=502Tey ]
L@ 2, > 1.4) P ] ® v.(2, jan > 1.4} : ED o © POPbIswe2TsToV Pb-Pb ]
01 O v 1 o H v ]l o} 02<p <3.0Gevic XesTonRey -
+ . H v {G} Vl . 4 e ] T OO Cb
L | 2 ] [45 ] - 4
0.08fF v2{2} 1 o.08F . ° iﬂ : N i #) $© Ooﬁ |
r eoe ® L + ] [ ® mE V1{4} [ ] 0 02__ ® LO__
D.'DE__ ..'..‘ ® — DUE__ * = ] ) L .+ Q
r [ ] i @
- o 1 - v2{6} ™ ] .
0.04r %]C‘[:J 7 va{4} | 004F {6} > - i ]
i ] 1 ] 0.01- -Pb N
0.02 1 o002k pa i o7 P 1
: DE::p ::SDGEWG 1 [ 0.2<p <3.0GeVic H: i 1
0 NPT PR bl el i
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- v2in p-Pb is smaller than v2 in Pb-Pb at comparable multiplicities
- v3in p-Pb is similar to v3in Pb-Pb at comparable multiplicities
- Multi-particle v2 is a strong hint of collectivity
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The dagger in the heart for non-flow
explanations ?

P ARRS AR R ARRE RS RAa A ARAREAR,
N 0-5% d+Au 200 GeV ]

L a pion
020 @ proton

p 015
| T T T T I T T T T | T T T T T T | T T T T | T T T T | T T T T T T >N
- PbPb m: 276 TeV + pPb ﬁ =502 TeV . 0100
0.10- 03< pT<3_0 GeV/ic, nl < E.é 560 o ol 03< pT<3_0 GeVic,inl <24 _ :
- o] T . 0.05—
O _ | g
O i “i‘i' CA v b b b b b by g
L 4 _ 00 05 0 15 20 25 30 35
N t'i 5o @ O 0 OCCP0B B p, (GeV/c)
> i _-mjj:po '} i L I I [ B [
0.05¢ O V42, lan>2} oDO#§ * g 025 .20% p+Pb 5.02 Tev B
v {4} i i iD I @ pion
B O vy T ElLJ + 7 020 ® proton
+ Vv,{6} 1 q] -
¢ v{8} |
e ViLYZ} 1 CMS Preliminary
ISR S TN TN N N NN T AN TN SN ST SN TN N N TN N AN TN TN SN NN N NN NN M NN N
0 100 200 300 o 100 200 300
iline Ng:line

This is a mass dependent multi-particle correlation,
l.e. it must be a collective phenomenon ?
Multi-gluon interactions can explain two-particle correlations (Gyulassy)
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How small is too small ?
Radial expansion fits (blastwave) applied to pp, pPb, PbPb

% 02E|||||||||E
g 0.18:— { E
c 0.16F 55+ -
= ouE > [ E
0.14 ey ]

- . Q .

012 O 00O @J -

C " O Q R .

0.1 " . .@% -
008:— —e— ALICE, p-Pb, \%:5.02 TeV _:

. - VOA Multiplicity Classes (Pb-side) .

0.06 —o— ALICE, Pb-Pb, \%:2.76 TeV ]
"“YEF —a— ALICE, pp,\s=7TeV .
0.04F —"— PYTHIAS, \E:?Tev (with Color Reconnection) ]

’ -~ —2— PYTHIAS8,\s =7 TeV (without Color Reconnection)
0.0%'....I....I....I....I....I....I....I....I....I....'

.2 025 0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7

<ﬁT>
Buzz of the month:

multi-parton interactions = color reconnection = pomeron ladders
= partonic cascade = collective expansion ?
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Flow measurements constrain initial conditions

0.25 .
LHC
® 02t} - n/s=2.5/4n
o
c 015 ¢
=
S
O 0.1} 1
-
3 L
ol 0.05 3 "‘f 5 o - '-:
,"..:'/.:y- i .
0 ol *
0 0.5 1 1 2
pr [GeV]

wLHC fit tov,, s yieldsh/s =0.20, RHIC fit yields/s = 0.12
wDifferent h/s indicates temperature dependence of viscosity ?
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A power spectrum for QGP = analog to the WMAP

An acoustic horizon in fluid dynamics (e.g. arXiv:1101.1926)

0.0012

“v2{2} (0-2.5% Central)

0001 _ e Charge-Independent
0,=1.63+0.02
0.0008- 0,,=0.61£0.01
I o Like-Sign
. 0,=1.4%0.1

0,=0.72 £ 0.07

0.0006
0.0004
0.0002- | df <1
' STAR Preliminary

O V::_—_%V
Figure 1: Top: the length scales in the CMB. Bottom: the length scales probed with higher n in heavy-ion collisions. r
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How much more does the full harmonics spectrum
constrain the medium parameters (e.g h/s) ?
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Experimental confirmation of QCD E0S

1 rrrr [ rrrrrrrrrrrror7°
Lattice: Hot QCD / BW
. . . F_,..”l'..._ upperfllower ranges (arXiv:1407.6387)
Using multi-variate - 03 L
analysis on =
RHIC & LHC data o
O /4~  CONSTRAINED -
(from latest - 02 4~  BYDATA
climate/cosmology %
technigues Q
ques) 3 y /4
- HADRON GAS
S. Pratt et al. .
PRL 114 (2015) N T T
150 200 250 300
Temperature [MeV]
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What happens at lower energies ?

- 0_ 10-40% Centrality o |
STAR Preliminary + —§=
%‘25 [ Charged Hadrons ¥ 7 -0.02- /F)/ o
o~ T & % l i /+ l
> | g ] -0.04— a) antiproton-
0.2 e
g8 - . :
Fy
0.15F 0‘8 A ¢¢% 7 =0.01- * b) proton -
| ﬁ ry A | > \
8 3 A Au +Au Collisions, v, {EP} (40-50%) %‘ i \\ i
0 1_ 8 4 () Sy = 200 GeV ] ;'_ 0"' """" N N gy
i A - 5 =624 GeV T ° \ /"""*
@ A ¥ Vo - L 1
0.05F O Vo =39 Gev . = I ,
_ @ A \5y = 115GeV | - o c) net proton/|
O \Sy = 7.7 GeV | _
0 ":"'.'"'.""."'1"':"'.'"'-'"'-"'1"\i'-""-""-"'1"':"':"'-‘"'-" 0.01 \\ */f—_—___'
0 1 2 3 4 R ~ -
/ ol N — |
pT (GeV C) \ w ® Data
i ‘QV/" UrQMmD | |
From LHC energies down to 39 GeV v2 10 g, (Gev) 10

stays almost constant. Below these
energies the system does not follow
ideal hydro anymore.

This coincides with a sign change in
vl. Softest point ? Changing EOS.
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Fluctuation Measurements

Temperatura (MeV)

0 250 500 I50 1000
Baryon Chemical Potential ;1 ; (MeV)
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The critical point (theoretical approach)

Aor a Gaussian distribution: skewness and kurtosis are zero.
A ook for non-Gaussian distribution near critical point
Maseline for net-quantitites: Skellam (folded Poissonians)
Aluctuations depend on correlation length
Theories / Models: PNJL, Dyson Schwinger, Lattice, NLSM

T 150
- ) Extrapolated =
> o NG ) s { )
% 100 Yy \ {4 curvature from lattice S 100
= L Kaczmarek at al. PRD 83 (2011) 014504, °
- 1 Endrodi,Fodor; Katz, Szabo, JHEP 1104 (2011) 001 .
-—— Lattice: curvature mngex:ﬂ.UUGG-0.0IBO\ Cﬁcé'm';ammDm:lolﬂﬂ?4§g ) 8 ® RHIC, /Sy~ 130 GeV
501 — DSE: ch_u_alcrossnw?r - 50 B SPS, Vsu~17 GeV ]
) @ DSE: cntical end point g A& SPS, Vs~ GeV
r /r"_.«-—-- DSE: deconfinement crossover 1 - \ ® AGS, V5 ~5 GeV
L CEP at large | |
0 50 100 150 200 - g ' ' '
b, [MeV] CF Luecker, PLB 718 (2013) 1036, 200 400

CF, Frster, Luecker, Pawlowsk, PLB in press, arXiv1306.6022
CF Luecher Welztacher, arXor 14054762 Baryonic chemical potential (MeV)
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The critical point (experimental approach):
measure particle multiplicity net-distributions e-by-e
and calculate moments (fluctuations)

Net-charge distribution Net-Proton distribution
WORTTa L ey heen R —
5 , S 1 AA 10Ha)77Gev  +(b)115Gev  §(c)19.6Gev  }(d)27 Gev ]
i 05 L E v ' ¥ Net-charge 1 1 T 0] 1 ': 1
L P : 5 R
07 Xl % MY U S 3 oo, | % ] o]
wE oy 1 ¥ g9ty ] m dodow u, f 3% 1 f 1
R T ST B £ [ A0 % 1 1 1
10%r 5*,': EI‘ LI ; T ) ?i i [ TP Skellam 1 0 b N 1 1
‘.'H-f& ,- ] ¢L+ ‘e Distribution > :
10E L.y ' e - 1 | ar Ju’[.' i : N 3 E Lu ] % . H 1 i }
0 ERERE ZRANREAN Tt IéEJIIGIeV”Irl‘”‘fllllllllll - e ; il | | | 4
33 GeV . .
E o0 oo X %’ fhescey | 1 Au+Au Colisions 1
> . ] ¥ T  Netproton
w 10 : : 3 o E 1 T 04<p <08 (GeVic) 1
10 Yo 1 ] fl-: : T = 1 1 lyl<0.5
s i L] E Z
10° .Eé e P Ih; e | 1 1 Skellam Dis.
PO Nl *ud L T 1 ] - T
2 t'l ?; & ;rl .,' ko :d: ' LY ] F o« 0 5% }
LA B SRS B YRR | } 030.40% w3
UBIEFIES AR N FLARE TR W AN S 10 [ oD ATy o708 s
-50 0 50 -50 0 50 -50 0 50 20 0 20 20 0 20

Net proton (AN,) ~ Phys. Rew. Lett. 112,032302 (2014)

STAR distributions: the means shift towards zero from low to high energy
Then: calculate moments (c1-c4: mean, variance, skewness, kurtosis)
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Theory: key predictions

Arhe sigma field is isospin blind and its coupling can be applied to each particle species (net-baryon =
net-proton = proton distribution)

Arhe coupling strength depends on the particle mass, i.e. proton should show the strongest fluctuations,
pions should not show much fluctuations (net-charge might be flat, net-protons need to show fluctuations)

AThe higher the moment, the stronger the fluctuations. Kurtosis changes its sign near critical point

T. GeV QGP ©ap
critical 400 | ‘1,: —=== A=0.05GeV
I point jii | —— A=0.1GeV
el L H
f R 300 2 7 I,-'ll' |‘I ..... A=02 GeV
" 200} 1 =l L i
0.1- . i} i
freezeout i
hadron gas cuve \ 100} ol ! |'I it
nuclear 0.1 10.2 0.3 Aoy
matter | =l
G | nf . s EAA S 11p/GeV
0.0 0.1 02 03 04 0.5

0 1 up GeV
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Searching for the critical point

Measuring higher moments of net-charged and net-protons (STAR)

Phys. Rev. Lett. 112 (2014) 3230}

121 .
Au+Au Collisions at RHIC
1.0 * Jit
© osl @ T Skellam Distribution |
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J 1.0 0 4 e
© ol | S o=
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: | ® Ind. Prod. (0-5%)
£ 105 I =
S 100 =—
6 =
X
o 095¢
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The latest (preliminary) RHIC results

£ e f F 78 8 e Minima in v slope and kurtosis fluctuations
@ coincide.
= Latest STAR kurtosis results over extended
5 momentum range show rise in fluctuations at
= higher mB.(caution: rapidity dependence not
well understood)
"4 10740 S -
soofs | T - BES-II runs in 2019/2020 at RHIC
z deliver necessary statistics
D ) A A A el
c s D?Tﬁ:iile?:g:wprenm.} _ E: Pnssiblg ;‘Scenar.i{}
g ¢ BESA | | Near Critical Point
NE 1 i

% 0.1 0.2 0.3 04 05
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Chemical freeze-out parameters at RHIC & LHC:
THe eroténpor sodn@: mua anonsaty ¥’ a n g

n k[ [k o [p ] A o[ d EH[He] This looks like a good fit, but it is not

LH] L]

g0’ : e I I I I I I I ! reimi!na I 3 .
fwfp e mmg.eewes | C2/NDF improves from 2 to 1 when
of T ™11 pions and protons are excluded.
i - 71 Fitto pions and protons alone yield
- r —II—EF!‘."IUSZS 155+2 5024543 2380 , a tempera‘tu re Of 148 Mev
E Gs 156+ 2 5330 + 505 17.49 g 3
10* |F -"ISHﬁF’.E.'? : 1551? L‘T?B:EQEI 14.!1.-'9 - :

[=]
on

=]
T

. Several alternate explanations:

: Mifferent T, for light and strange

' Anclusion of Hagedorn states
ANon-equilibrium fits
Aaryon annihilation

[=]
on

P =T - T
T T

{mod.-data)/c . (mod.-data)/mod.
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A novel fluctuation analysis

Use different higher moments ratios to determine the chemical freeze-out
parameters (T,nmy) from first principle lattice QCD and compare to HRG.
Susceptibilities on the lattice = moments of net-particle distributions

1 Xﬁ (T") 2
s _ xB _xF@ |1k (e /T
(Karsch:1202.4173): KkBOp = —g5 = —® T (T)
XQ,,u XZ ( ) 1"_ 1X4B(TJ( B/T)2+

str'ange quétrk x4f12' ———
o5 | light quark g —— |
HRG prediction for the strange quark - - - -
for the light quarks

LB |
L |
]
]
l..
|
|
|
|
|
r

!!..
R

| central region
3 U

T [MeV]

R. Bellwied & WB Collab., PRL (2013),
arXiv:1305.6297
Flavor hierarchy ?
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Consnstency between data, HRG and lattice

180
g o2/ M ' ' I Cleymans (”’006 |
14 = STAR ] 160k e latticeQCD
: Nt:ﬁ — g ¥ ¥ % x X our FO conditions |
2 'I'I MNt1=g ! 140 .
[ Il [l =V —— ~
1 ||..'..|u i NE12 3 120) ]
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Higher moments are more sensitive to freeze-out conditions than
particle yields. Proton and charge fluctuations, which are dominated
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by light quarks show lower chemical freeze-out temperature.



Conclusions i- Discussion points

- particle correlation measurements at RHIC and LHC establish the collectivity of
the QCD phase of matter.

- viscosity at LHC is slightly larger than at RHIC, but still close to the quantum
limit, which is in agreement with strong coupling expectations.

- small system show collective effects which can be described by
hydrodynamics, whereas the description via multi parton interactions is difficult
for multi-particle correlation measurements (v2(4) and above, v3)

- the precise multi-particle measurements enable insight into the density
distribution in the sub-nucleonic structure of the smallest and largest systems.

- measurements at lower energies establish a QCD transition point.
- Is this point a critical point ? The results are suggestive but still inconclusive.

- fluctuations also allow us to determine freeze-out surfaces from first principle
and might hint at a intriguing flavor hierarchy during the QCD transition.
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Backup
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What goes down must

The lack of structure in the net-charge
R EEy  compared to the net-protons can be
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The softest point (changing EOS)

Measuring directed flow (v;) and HBT in BES (STAR, PHENIX)
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Topics | plan to address

KCorrelation Measurements at RHIC and the LHC

AThe softest point (flow and HBT measurements at RHIC)
ACritical point searches at RHIC
AChemical freeze-out parameters
A.ow mass diletpons

Aluctuation Measurements at RHIC and the LHC
ACritical point searches at RHIC
Arhermalization of charm
ANCQ scaling and recombination

ASmall systems i _hot or not ?
AFlow and particle production in pp and pPb
AColor reconnection i is it interesting ?
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The model descriptions

From Initial State to Initial Conditions
Weakly coupled, strongly interacting system = high gluon density = CGC ?
multi-parton interactions = color reconnection = pomeron ladders

The evolution
Transport: multi-parton interactions = partonic cascade ?
(BAMPS, EPOS, AMPT)
Or
Hydrodynamics
(hybrid codes, IP-Glasma, Echo-QGP, VISHNU)

Hadronization
Cooper-Frye, lattice QCD, SHM-HRG
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An exciting prospect for the future:
Event engineering

A The e-by-e statistics at the LHC enable event classification on the
basis of harmonics measurements. (PLB 719 (2013) 394)

Future studies: explore PID dependent dynamic
fluctuations and multiplicity distributions e-by-e.
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