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Physics of the QGP
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High-energy nuclear collisions: Unigue approach to create
matter under extreme conditions on the Earth
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RHIC Scientists Serve Up 'Perfect' Liquid

New state of matter more remarkable than predicted — raising many new questions

Monday, April 18, 2005

TAMPA, FL — The four detector groups conducting research at the Relativistic Heavy lon Collider (RHIC) — a giant atom
"smasher" located at the U.S. Department of Energy's Brookhaven National Laboratory — say they've created a new
state of hot, dense matter out of the quarks and gluons that are the basic particles of atomic nuclei, but it is a state quite
different and even more remarkable than had been predicted. In peer-reviewed papers summarizing the first three years
of RHIC findings, the scientists say that instead of behavmg like a gas of free quarks and gluons, as was expected, the
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Other RHIC News

Using Supercomputers to Delve Ever
Deeper into the Building Blocks of Matter

Summer Intern Jaime Avilés Acosta
Studies Materials for Ultra-Fast Particle
Detector

Successful Test of Small-Scale
Accelerator with Big Potential Impacts for
Science and Medicine




Trends in high energy nuclear collisions

4 Discovery of QGP Talks by
Discovery stage at RHIC H.Z.Huang,
~2005 I~\/I.Stephanov,

Precision study,
new fiI ndietTs,

= ArA frAnt e, Simallfcollicing: \/AIHOUSICOINSION;
EREOVITONLET . .
* SYSIEMS SNENGIES
QGP at the highest Collectivity in small RHIC beam energy scan
collision energy at LHC colliding systems at (BES) program
A Precision analyses of RHIC and the LHC A Onset of the QGP
| the QGP properties A How small could the formation?
QGP be? A Investigation of super-

dense matter



http://www.esa.int/spaceinimages/Images
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/2013/04/ Planck CMB black back

Bottom -up approach

Cosmic Microwave Background
Fluctuations of temperature (Planck)

Cosmological parameters
A Energy budget
A Hubble constant (life time)

A

“Sky” mapped by power spectra
using ALICE open data

-0.000185523

Y.Zhou, talk at QM2018

3-D event display(STAR)

Physics properties of the QGP
A Equation of state

A Transport coefficients

A Stopping power
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Standard picture of dynamics in high -
energy nuclear collisions

Hadronic observables
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Dynamical modeling in high -energy
nuclear collisions

(D)
£ Hadronic transport \
. .H (i . Strlng
e 1’ - Recomblnatlon fragmentation
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Hydro- gyl Jet-medium
dynarTnlcs model interaction
Classical Yang-Mills

Color glass condensate pQCD

collision axis
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*Or put your favorite model here!
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Many results shown in this talk
a Taken from presentation in QM2018

https://gm2018.infn.it/ https://indico.cern.ch/event/656452/



Energy frontier
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TH et al. (2013)

Response to Initial fluctuations of
geometry

Flow generated by anisotropic pressure gradient

Entropy density € ¢ (quadrupole) ¢ o(hexapole) € T (octapole)
distribution Elliptic flow Triangular flow Quadrangular flow
Ollitrault (1993) Alver, Roland (2010) Kolb (2003)

Fine structure of profile A Higher mode



Geometric anisotropy

%)
—
8 I 30 =
y - . =
] 20
B 15 (*’)“
e |- ex.)
Entropy density % :
distribution W
i \Iv’

Large -

Small -



TH et al. (2013)

Transport property through responses

\

— Response of
the system U
Geometric Momentum
anisotropy anisotropy

Competition between anisotropic pressure
gradient and damping of shear flow

Small Large

A Large shear - Response ‘ A Small shear

VISCOSIty VIiScosity



Latest elliptic flow data at LHC

pp 13 TeV p-Pb5.02 TeV Xe-Xe 5.44 TeV Pb-Pb 5.02 TeV " "
prosozTel iexesuTey ores Systematic behavior of
- v2{4}375ub - V2{4}3—sub - V2{4]3—sub - V2{4}3—sub

o v, {6} o v,{6} % V,{6) O Vv,{6} 6||IptIC ﬂOW |n p+p y p+Pb ,
e promneny A S8 Xe+Xe and Pb+Pb collisions

¥

Challenges to theoretical
modeling of high-energy
nuclear collisions, Iin
particular, in small colliding

Fluctuation Geometry systems (See later slides)
dominance dominance

ALICE overview, talk at QM2018




See also talk by Nonaka

Recent hydrodynamic analysis

B.Schenke, talk at QM2018 M.Luzum, talk at QM2018

= PhPb @ 5.02 TeV
m—— XeXe @ 5.44 TeV
W ALICE PbPb v»{2}

H.Niemi, talk at QM2018
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A ALICE PbPb v5{2}
@ ALICE PbPb v {2}

= gymmetric Xe
B ALICE XeXe v2{2}
A ALICE XeXe v3{2}
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+3D hydro ( shear+bulk ) +2D hydro (shear) EKRT saturation
+lattice E0S +2D hydro

+afterburner (T-dep. shear)
+Lattice EoS



Energy frontier

ARISOLTODICH OW
Precision QGP physics

HydrodynamicHuctuations




Precision QGP physics using Bayesian
parameter estimation

Sound velocity vs. Temperature (Shear viscosity)/(Entropy density)
&(Bulk viscosity)/(Entropy density)

Shear viscosity Bulk viscosity
0.15
Posterior median
[ 90% credible region

0.10 99%

| 4 -

0.0 0.00
150 200 250 300 350 400 150 200 250 300 350 400

Temperature [MeV]

Paquet, poster at QM2018

Pratt et al/.(2015)

Experimental data A Posterior probability of parameter

*

Bayesian analysis



Energy frontier
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Hydrodynamic fluctuations



PeraltaRamos, Calzetta(2011), Kapusta, Muller, Stephanov(2011),
Moore, Kovtun, Romatschke (2011), Hirano, Murase (2013),
Young(2014), Akamatsu, Mazeliauskas, Teaney ( 2 0 1 7

Hydrodynamic fluctuations

Fluctuation -Dissipation

relations QGP fluid simulations in a box

relativistic dissipative hydrodynamics relativistic fluctuating hydrodynamics

T00 [GeV/fm3] (t = 0.0 fm) T700 [GeV/fm3] (t = 0.0 fm)

Entropy

Dissipative hydro Fluctuating hydro
Fluctuating around (2nd Generation) (3" Generation)

maximum entropy state

Courtesy of K.Murase



Correlation of Initial conditions along
collision axis

Heavy ion collision as a chromoelectric capacitor
A Approximately boost -invariant f ormation of color flux tubes
A Correlation of initial conditions in rapidity space



Event plane decorrelation from
hydrodynamic ﬂuctuatlons

Aligned event plane angle

I
| Ib &

- x ¥
rapidity PG I

- Random wal k?© o f e

fluctuating hydro (A=1.0 fm) k=i
fluctuating hydro (A=1.5 fm) k=
CMS data b—=—i

rapidity

Factorization ratio
New opportunity to constrain transport coefficients
Genuine event-by-event hydrodynamic simulations
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To be QGP or not to be?
That 1Is THE question!
RHIC LHC

p+AU d+Au SHe+Au p+p p+Pb

2003~2010: Control experiment

A Understanding of i nitial state effects
2010: Di scovery of -—-ri dge®° st
2010~today: Discussion of possibility to create QGP
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HEP vs HIC physici st

p+p physics A+A physics
~ High WCIty ‘
M
I
fele!rch
HEP (Generic purpose MC) HIC (Dynamical modeling)
A Jet universality A Successful modeling in A+A
A Fragmentation from Q Q collisions
A Applied to p+p collisions A Paradigm of QGP fluidity
A No multiplicity dependence A Testing understanding of the QGP
of particle ratios In p+p collisions
A Need non-perturbative, new A QGP-based modeling applicable in
mechanisms to interpret data small colliding systems???




CMS Collabortion (2010)

Everything starts from CMS findings

(b) CMS MinBias, 1.0GeWc<pT<3.0GeWc

R(An,A¢)

=
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What 1 s —-Ridge?©°?

Correlation of two particle emission with
the same azimuthal angle but large rapidity
gap (3= ¢-1)a Need some correlation in the
very early stage

Ridge In heavy ion collisions
a Correlated emission pattern along rapidity

o/

a Interpreted as collective flow

First ridge observation in high -multiplicity pp
collisionsat i x4 Ab
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Mass Ordering in p+Pb at LHC

N

ALICE Preliminary 0-20% (VOA)

Mass ordering behavior among pi,

p-Pb |5 = 5.02 TeV K, p, and Lambda

a One of the typical results from
hydrodynamic collectivity

A

o TodoTo  Io

(Selected) alternative interpretation:

Hadronic cascade
Y.Zhou, X.Zhu, P.Li, H.Song (2015)

Parton transport
P.Bozek, A. Bzdak, G.-L.Ma (2015)
Parton escape mechanism
L.He, T.Edmonds, Z.W.Lin, F.Liu, D.Molnar (2015)
Free streaming + hadronization
P.Romaschke (2015)

Classical Yang-Mills + Lund fragmentaion
B.Schenke, S.Schlichting , P.Tribedy, R.Venugopalan (2016)

Unified description from pp to AA?




Hydrodynamic analysis of elliptic flow
In p,d,He+Au collisions at RHIC

0.25LP+Au at sy, =200 GeV 0-5% (a) I d+Auat |s,,=200GeV 0-5% (b) T °He+Au at |sy, =200 GeV 0-5% (c) Lal’g e el I | pt| C ﬂ ow

iy @1 measured at RHIC

'+ superSONIC

A Mass ordering

A Consistent with
hydrodynamic
calculations

05 1 1.8 V% 25 3 05 1 15 2 25 3 05 1 15 2 25 3 —
pT( eV/c) pT(GeV/c) pT(GeV/c) _’_[8_[ l.lJ

PHENIX Collaboration(2017) i

Reproduction of experimental results in both large
and small systems at RHIC in a single hydro.
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ALICE overview, talk at QM2018

Strangeness enhancement

RORENC 8 O @ @ w aoem g P (6)

.m&mm & & F 02K

D0 0DDDm,, ,

Ratio of yields to (n*+m)
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ALICE Preliminary
ALICE ® pp, \s=13TeV
O pp, \s=7TeV O Pb-Pb, \s,, =5.02 TeV
QO p-Pb,\s,,,=5.02TeV MW Xe-Xe, \ Syy = 5.44 TeV

10° 10*
(d Nch/ dn)

nl< 0.5

Ratios of yields to pions in p+p,

p+Pb, Xe+Xe and Pb+Pb

collisions

A All results for each hadron
lie In a single curve

A Scale with multiplicity , not
Npart (gEOMELtry, system size)
or collision energies



ALICE, Nature Physics (2017)
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O p-Pbsyy=5.02TeV
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— PYTHIA8
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on of =] et un
A Multi -strange hadrons increase
more rapidly than charged pions
A Unable to reproduce from Lund
string fragmentation
a Particle ratios controlled by a
string tension
A Additional final state dynamics
needed?

PYTHIAS8: Lund string fragmentation
EPOS LHC: Core-corona QGP formation
DIPSY: Rope hadronization



Continuous change from fragmentation
to Chemlcal 'equmbrlum?

Chemical
equilibrium

String

ALICE Preliminary

of ® pp, \s=13TeV
0 —
06 A g<D I ) O pp, \s=7TeV [0 Pb-Pb,\s,, =5.02 TeV
O p-Pb,\s,,=5.02TeV MW Xe-Xe,\s,, =544 TeV

10*
(dN_ /dn)

How to deal with both string fragmentation and emission from
chemically equilibrated matter at once?

|7]|< 0.5



Aichelin, Werner(2009), Becattini , Manninen (2009)

Core' CorOna PICtu re Pierog et al. (2015), Akamatsu et al.(2018)
Chemically
equilibrated A QGP fluids
Core matter

Corona
Unscathed partons

low <4EEEEEE Multiplicity EEEEEE) High

Figure: Courtesy of Y.Kanakubo




See also, K.Werner, talk at ISCHECRI2018

Core-corona effects on strangeness

prOdUCtIOn Hydro limit:

hadron production only from fluids
(Chemically equilibrated matter)

Continuous changes
with multiplicity

a Dynamical initialization
with core -corona picture

Y.Kanakubo, poster at QM2018

ALICE p+p —&—

ALICE p+Pb 1 /1

ALICE Pb+Pb + [
+p —— = . . "L
ineg _ String fragmentation limit:
PosPo hadron production only from

string fragmentation




Summary and Outlook

A Construct robust models against precision data
A-From soup to nutso?©
A Single framework from pp, pA to AA collisions
A Not only single particle distribution but also two -
particle correlations
ANeed much more studies eve
collisions!
A How to model collectivity?
A Initial or Initial + final?
A Sensitive to thermalization process(?)

‘Final guestion: Everything flows? ‘




Even cats flow!

The 2017 Ig Nobel Prize in Physics:

M.A. Fardin for using fluid dynamics

to probe the question "Can a Cat Be
Both a Solid and a L
(https://www.improbable.com/ig)

s Figures taken from
- M.A.Fardin, On the rheology of cats, Rheology Bulletin, 83(2) July 2014
Spontaneous rotation 4 ay (2) July



No jet quenching in small colliding

systems
A Compatible with perlpheral AA results?

ALICE \sy, =5.02TeV Pb-Pb, \s,, = 5.02 TeV, charged particles, |1 | < 0.8
charged particles |17|<0.8 _ = ALICE data, 8 < p. < 20 GeV/c

— HG-PYTHIA, PLB 773 (2017) 408

a
o
G
o
rey
a
sl
a
x

E#= Pb-Pb,0-5%
E#= Pb-Pb,70-80%
== p-PbNSD-0.3<7__

20 30 40 50 30 100
P, (GeVie) Centrality (%)

Peripheral R ,, <1 a Artifact of geometrical bias(?)




Why this happens?

HIJING Glauber MC
p-Pb Ysy, = 5.02 TeV

Glauber + Pythia
p-Pb sy, = 5.02 TeV

60 80 100
Centrality (%)

~ Average of NN Number of hard
Impact parameter scattering does NOT
VS Npar scale with N_.

The smaller by,
the more MPI.

ALICE, PRC91(2015)064905



- Evi dence f or a

EVIDENCE FOR A DENSE LIQUID

O
D

Two phenomena in particular point to the quark-gluon medium being a dense liquid state of matter: jet quenching and elliptic flow.
Jetquenching implies the quarks and gluons are closely packed, and elliptic flow would not occur if the medium were a gas.

0w
53
=5
= 0
o m
Jetof particies g g_
JETQUENCHING ELLIPTIC FLOW Fragment of = 2
gold nucleus O o
In a collision of protons, hard Off-center collisions 55
scattering of two quarks produces _ between gold nuclel ' = s
back-to-back jets of particles. produce an elliptical | =—d » 3
region of quark- ; ) W5
gluon medium. 3
@, @+ >
-h :
Pulnon N
Quark N ©
o5
P c
an®
- Tannr ... -
® .’ anee 0
i X * 2% : o The pressure gradients
Inthe dense quark- o... ‘et eTs in the elliptical region
® " Tant. . cause it to explode
gluon medium, the jets e TR arnsnnn,
are quenched, like 20 e mante ® outward, mostly in
bulletsfiredintowater, o " 'y gu® s & the plane of the
and on average only . = % o *—0uark-gluon callision (arrows).
single jets emerge. » medium

Two milestones in high -energy nuclear collisions at RHIC



Collectivity in pp and pPb collisions at

LHC

CMS pp Vs =13 TeV CMS Preliminary pPb 8.16 TeV, 330 = NJI™ < 360

offline

() CMS PbPb s, = 2.76 TeV, 220 = NJu ™ < 260
trig i

trig

T 3

105 <N~ <150 R 1< pmg <3 GeVic 1<p_ <3 GeVic
assoc T T
[ <3GeWc“_.- -

1<p 1< P <3 GeVie 1<p™* <3GeVic _

ppVs=13TeV o v3[2 |An>2}4 PP \Sy =5 TeV
|
+ v,{6}
O vy{8}
O V,{LYZ} o @ ® 0800,

o
, alga e .;;IMN-I.Q AR

03 < P, < 3.0 GeVic 03 < P, < 3.0 GeVic 0.3 < P, < 3.0 GeV/c
| <2.4 nl<2.4 In| <2.4

100 200 200
Nofﬂine Nofﬂine Nofﬂine

trk trk trk

(LT0Z) SIND 10} pneq|ing



Classical Yang-Mills + Lund

fragmentation
PYTHIA strings stretch in the rapidity direction

Rapidity —
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k, [GeV] il

Group gluons close in (kx-Ky) into strings stretching mainly in the rapidity direction
Need to add a quark and an anti-quark at string ends for color neutrality

Classical Yang-Mills
simulations of
Sampling gluons to
form a string

¥

Lund fragmentation

Grouping scheme:
Gluons close In
momentum space

a Seed of collectivity?
a How to justify?



HO\"‘E 1tation
R‘ ’ EE + :;Il() EE m Rope Shoving
DIPSY vs. PYTHIA8

I V O d e I Will overlapping strings in high multiplets generate a transverse

pressure?

Bierlich et al.(2014, 2016)
Strings overlapping in
transverse plane
A° Rope® formatio
larger string tension)

0/®02)g U U T T

- - 020 Gh i
0.5 GS\Y'e ;:? r:]cij GIZ? pe —_— 2:2?:";&' !
Schwinger mechanism
= 0.15 2 <Anp <4 N

5 o A@(E)%)

I O | I expected to

enhance yields of strange Ridge appears in central pp events
hadrons shoving model ~ hydro?



Short summary of small colliding
systems

Experimental data in p+p and p+A:
Collectivity (ridge, finite 0 , mass ordering of v ,
)
Strangeness enhancement
a How small could the QGP be?
a Collectivity or fluidity?
Interpretation not settled:
Final state effects: QGP fluid,

CYM+fragmentation |, rope + shove, ~

Initial state effects: Color glass condensate




ValoUSICollISIon energies

REIC=-BeamrEnergysScanprogiarni
andrbeyonac



Scanning phase diagram

200 62.439 27 19.6 11.5

@ 00-05%
W 30-40%
A 60-80%

— Cleymans et al.
---- Andronic et al.

Grand Canonical Ensemble (Yield Fit)

100

200 300 400
i (MeV)

STAR Collaboration (2017)

Chemical freezeout parameters
from particle yields in  Au+Au
collisions at various energies
Centrality dependence of * atlow
energies a Baryon stopping

Control baryon density and initial
energy density

Scan broad regions of phase
diagram



Collision energy evolution of third
harmonics

Response of the system

A Minimumat /i X ¢ 1 A6
(mostly seen in semi -central
collisions)

A Indication of softest point
(minimum sound velocity) In
equation of state?

Small a Initial energy density A Large



