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* Forces of Strong Interactions
* Quantum Chromodynamics

e Phase transitions from Deconefined
Matter to Hadrons

e Signatures of Quark Gluon Plasma

* Discoveries and Opened Questions

FOR READING:
= Yagi, Hatsuda, Miake, Quark-Gluon Plasma,Cambridge University Press,

2005 Ch. 1,14 (15,16) in http://folk.uio.no/larissa/nuclphys/QGP_book/QGP_Yagi.pdf




What is the world made of?
What holds the world together?
— Where did we come from?
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Frank Wilczek

2004 Nobel Prize in Physics
for asymptotic freedom theory
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Reliable Perturbative Results for Strong Interactions?*

H, David Politzer
Jeffevson Physical I abovatovies, Havvard Universily, Cambridge, Massachusetts 02138
(Received 3 May 1973)

An explicit calculation shows perturbation theory to be arbitrarily good for the deep
Fuclidean Green’s functions of any Yang-Mills theory and of many Yang-Mills theories
with fermions. Under the hypothesis thal spontaneous symmetry breakdown is of dynami-
cal origin, these symmetric Green's functions are the asymptotic forms of the physical-
Iy significant spontancously broken solution, whose coupling could be strong.



Standard Model and the four forces of nature

Mustration: Tupoform
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Interaction Charge Quarks Leptons
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Probability fo find momentum x




| ner eriments classification

et + e most elementary/clean e.g. LEP luminosity
issues, QED

e +pA Deep Inelastic Scattering (DIS), virtual
Y +q, PDF, FF, e.g. HERA

p+pp QCD, 0cp. easier to get luminosity, “color
transparency’ or stopping, only a fraction
of Vs available to the coll. dynamics.

A+A,p HI, cold and hot, more efficient than p+p,
less clean/more challenging, unique physics



High p, particle High p; particle

/i

e*+e 2 jet+jet p+p->/et+Jet Au # Au > stuff

+jet + jet
measure these... here?!
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Heavy lon Physics
1980-2004 old paradigm

T,
[GeV]

Exploring Phases and Structures of QCD
phase diagram

— High temperature T

— High density ¢

— Many-body aspects QCD

— Vacuum properties { nuclear
matter‘
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Pressure
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The critical temperature, T, of a
material is the iemperature above which
distinct liguid and gas phases do not
exist. As the critical temperature is
approached, the properties of the gas
and liquid phases become the same
resulting in only one phase: the
supercritical fluid. Above the critical
temperature a liquid cannot be formed
by an increase in pressure, but with
enough pressure a solid may be formed.
The critical pressure is the vapor
pressure at the critical temperature. On
the diagram showing the thermodynamic
properties for a given substance, the
point at critical temperature and critical
pressure is called the critical point of the
substance. The critical molar volume is
the volume of one mole of material at the
critical temperature and pressure.

For pure substances, there is an inflection point in the critical isotherm on a PV diagram. This means that al the critical point:
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Phase transition in Heavy lon collisions
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' Lattice QCD, Lect. Notes Phys 583, 209 (2002)
T.D.Lee (1974) Temporarily restored broken symmetries of the physical vacuum

Collins, Perry (1975) Asymptotic freedom in QCD — deconfined quarks/gluons matter
E.V. Shuryak (1978) Invented Quark Gluon Plasma — target of HI community
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Critical behavior in hot and dense

matter: QCD phase diagram

~170
MeV

quark-gluon deconfined,
plasma ¥ -symmetric

chiral critical
point

hadron gas

confined,

1-SB

color
superconductor

L
few times nuclear U
matter density

L

o

continuous transition for
small chemical potential
and small quark masses at

1.~ 170 MeV

e. ~ 0.7GeV/fm?
2nd order phase transition;
Ising universality class

T..(jt) under investigation

" 1st order phase

transition ?2??
expected - however, so far no

direct evidence from lattice QCD

attractive 1-gluon exchange
=> (gq-condensates



Present status of the Equation of State
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Coulomb charge

Local gage mvariance — two “identical” theories

Electroweak interaction QED

A

a=1137

v

distance from the bare charge

a(0?) = o(1*)
T @
R4 u

Qz
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Landau’s zero charge problem
—vacuum rearrangement ?

Strong 1interaction QCD

A q g
g Cq g
c
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color charge

O (Qz) =

Heavy ion coll. - QGP problem

—vacuum rearrangement ?
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‘ Quantum Chromodynamics (QCD)

U Fields:
Quark fields, Dirac fermions (like e)

W,—f (Y) Color triplet: i = 1,2,3=N,,
Flavor: f=uds,cb,t

A ( ) Gluon fields, spin-1 vector field (like y)
| Color octet: a=1,2,...,8 =N 2-1

w.a \"
 Lagrangian density:
QCD !// A ZW I:( & ua(ta)..j)}/‘u_’nj]w:f
——[O”A.‘ \ ua ?C,,b A;; bA't ]
+ gauge fixing + ghost terms
[rq ’rb] IC‘:"frc
Color matrix: ‘

4 Gauge invariance:
Wl - W ’_.' = b-jl (\)W
1 T - ™= i - T _ -—— A
A, —>4,'=UX)A4U l(x)+:[o”b (.x.)]b' H(x)

where 4,=4, .1,



Perturbative QCD

d Physical quantities can’t depend on the
renormalization scale - u:

, d o’
" ——=GCy. —5.2(10).u =0
i d/l- ph}(/l- (/)/J

~ aphy(Qz)=Zn‘,o-(”)(gzaﬂz)(a;(:))
O Asymptotic freedom .
g (1) os |

a (u)=

x 2 ]: 2 ilz I
(i | Noo)

Can we choose 12 as
large as we want? o

10
nGav

No! | "% u*) = (n(Q*/ u*) +...
—> |~

Larger @2, larger effective y2, smaller a ()

= Perturbative QCD works better for physical
quantities with a large momentum exchange




| evels of the nuclear world

Nuclei

a large variety (Z=1-118, A=2-294), sizes: ~10“m

nucleons are bound by about 1% of their mass (m,=m,=1.7x1027Kkg)
Hadrons

baryons (p,n,...), mesons (m, K, ...), sizes: 10> m

Quarks

6 flavours (light: u,d; “intermediate”: s; heavy: c,b; “super-heavy”: t)
each in 3 “colours” (to build colourless hadrons: qqqg, qqq, qq, -..)
sizes: point-like (<1012 m)

... all governed by the strong interaction
Gravitation is negligible

(electro)weak interactions act only indirectly (decays, final state
Interactions)



Quantum Chromo-Dynamics (QCD)

0.5

6 quarks, 3 colours (RGB) .:; a2
and 8 gluons (coloured!) %(Q 1y " Latice OCD (it
..difficult to calculate o &%\ ; gng«}étaﬁ?oma (NLO)

> No analytical solutions (except 1+1) \\N . gi‘bigt%ﬁ\ﬂ:?ﬁes e

High Q: asymptotic freedom 0.3 |
Physics Nobel prize 2004 (Wilczek, Gross, Politzer) '
Typically solvable using perturbative .

theory e

Tested extensively at modern colliders .
0.1

W N pp —> jets (NLO)

— QCD 0.4(My)=0.1184 + 0.0007

1

S Bet

10 Q [GeV] 100

hke, arXiv:1210.0325



Quantum Chromo-Dynamics (QCD)

> 6 quarks, 3 colours (RGB)
and 8 gluons (coloured!)

> ...difficult to calculate N

> No analytical solutions (except 1+1)
> Low Q: confinement / chiral symmetry breaking

Physics Nobel Prize 2008 (Y.Nambu) H

> Non-perturbative, largely unknown
> One of the millenium problems g : ]
> Most of the visible matter in the Universe

or
QED QCD /
r r

=R

=

V(r) « e V(r)=—

4o(r)
3r %

Linear term associated with confinement,
expected to disappear in the QGP 8



A
A further motivation ... pah, Wit

expansi

Cosmic Microwave cture /
RHIC & Background radiation  formation ;

Accelerators J LHC is visible ’
_ heavy
| LHC ions

High-energy [PrYfons|
cosmic rays \J '

q
S,
S :
4 & 6
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The concepe for the above figure onginated in a 1986 paper by Michael Turner.

© 2016 Contemporary Physics Educaton Project



QGP in the early universe

10'® 350 -
i , Temperature of the early
. f universe in a simplified model
g HADACNIZATION 0T (first order phase transition)
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= Transition from the quark-gluon plasma to a gas of hadrons at a temperature
of Te = 1.8x 102 K

= 100 000 hotter than the core of the sun

= Early universe: QGP — hadron gas a few microseconds after the Big Bang



Can the forces of nature be unified. ?
Can the forces of nature be unified?

1 1
o o
601 ~ Standard Model 601 ~— Minimal
\\ supersymmetric
50 - 001\ extension of
~.  Standard Model
40 ~

T T 1 1 | 1 1 | | I T T 1 T | 1 T T 1 T T T I T T T 1 | 1 T T T I T
1 10° 1010 101° 1 10° 1010 101°
llustration: Typakorm Energy, GeV Energy, GeV

One possibility for Grand Unification 1s
introduction of new set of supersymmetric particles



Relativistic heavy-ion collisions

> Creates in lab conditions a chunk of deconfined nuclear matter with a
lifetime long enough to allow the study of its properties



Relativistic heavy-ion collisions

» Relevance for:
> QCD studies (low-Q, finite T and )

Phase diagram of nuclear matter:

» deconfinement phase
transition

Quark-Gluon Plasma

Temperature (MeV)
Z

50 — "\ Color
, cleat Superconductor

[

\ | |

0 200 400 600 800 1000 1200 1400 1600
Baryon Chemical Potential - u;(MeV)



Relativistic heavy-ion collisions

e, RHIC esp/T* —
14 + €T
——— r -
12 } ' ]
10 1 'y .
LHC
8 L -
SPS 3 flavour
» Relevance for: 61 2 flavour
‘ : - 4t
> QCD studies (low-Q, finite T and p) T = (173 +/- 15)3MeV
Phase diagram of nuclear matter: 2 | gc ~ 0.7 GeV/im T [MeV] |

» deconfinement phase transition® 050 200 300 200 500 600

» Lattice QCD calculations conclude

transition Is cross-over type
(Y.Aoki et al., Nature 443 (2006) 675)

> “Critical” temperature: T .=155-160 MeV
(A.Bazavov et al., arxXiv:1111.1710, S.Borsanyi et al., arxiv:1005.3508)

F. Karsch, hep-lat /0106019

Problem: see http://folk.uio.no/larissa/nuclphys/Wong book/Wong Ch.9 g,g and QGP.pdf
1) For the first order phase transition between pion gas and quark gluon equilibrated ideal gas
(number of flavours is 2: u,d quarks only ) find Critical temperature T,
for equal number of quarks and antiquarks
2) Find critical baryon chemical potential for quarks at zero temperature (in neutron stars)

11



Relativistic heavy-ion collisions

> Creates in lab conditions a chunk of deconfined nuclear matter with a
lifetime long enough to allow the study of its properties

» Relevance for:

g QCD studies Direct photon production in Pb-Pb
> Cosmo|ogy: access collisions at the LHC

T~ 300 MeV

early Universe conditions (10° s) ¢ [T
'5 Pb-Pb {5, =276 TeV 3
> 10° [¢] 0-20% ALICE — PDF: CTEQGMS, FF: GRV =
Q_, [+120-40% ALICE - - (n)PDF: CTEQ6G.1IM/EPS09, -
N éw' % [+ 40-80% ALICE  FF:BFG2

. . = O
Cosmic microwave background seen by Planck £ [8 10 < PDF CT10, FF: BFG2
QU nPDF: EPS09, FF: BFG2

B ys gy
. ;'- s
O "

(all scaled by N_))

n N
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ALICE Collaboration, PLB754 (2016) 235
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»

Relativistic heavy-ion collisions

Relevance for:

»

»

»

v

QCD studies

Cosmology

Astrophysics: neutron stars
mass controlled by the

equation of state (EoS) of nuclear matter

“Canonical” mass: 1.4 M_,,
How can the outliers exist ?

» Stiffer E0S at larger nuclear densities

!#§+EE+E+§I+§I. | 4+

in‘N 6440 ——e——
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J| 48— 1. T: -
31808- o white dwarf—
_x I I
g - e LEeth Fa neutron star
13- >, oiin NGC 1851  binaries
5 %"' 3 ; in M5
1748~ :
+

Bti
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[ e |

St N T W Sy
+ 1 | ++++1

(I
L ]
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0.0 0.5 1.0 1.5 2.0 2.5 3.C
Neutron stor mass (Mg)

J.M.Lattimer, arXiv:1305.3510 13



Relativistic heavy-ion collisions

I:tihiral Magnetic Effect Generates Quantum Current

Separating left- and right-handed particles in a semi-metallic material produces
anomalously high conductivity

February 8, 2016

» Relevance for:

> QCD studies

> Cosmology

> Astrophysics

» Solid state physics:
Chiral magnetic effect first studied
In HIC, now discovered In
condensed matter experiments Mo thcre et s o Sy Dok kst md ok Lib wih Gocktwnnss SRR

maenials soentists Qang Li, Genda Gu, and Tonica¥Wala 0 alab where the te am measurad the unusual high condudaiviy

of zrconum pentatelluride.

> Potential applications in quantum computing,
“guantum electricity generators”,
high temperature superconductivity
Q.Li, D.Kharzeev et al., Nature Physics Letters 2016

14



Heavy ion accelerators

> Past:

> Bevalac @ LBL, Berkeley (1954): Vs,,=2.4 GeV

> Synchrophasotron @ JINR, Dubna (1957): Vs,,=4GeV

> AGS @ BNL, Brookhaven (1960): Vs, ,=4.8 GeV

» SPS @ CERN, Geneva (1976): Vs,,=17.3 GeV
> Present:

> SIS @ GSI, Darmstadt: Vs,,=2.5 GeV

> SPS @ CERN, Geneva: Vs,=17.3 GeV

> RHIC @ BNL, Brookhaven: Vs =200 GeV

» LHC @ CERN, Geneva: Vs,,=2760, 5020 GeV
> Future:

> FAIR @ GSI, Darmstadt (~2020): Vs, =5 GeV

> NICA @ JINR, Dubna (~2020): Vs,,=5 GeV

» FCC @ CERN (?): Vs, ~ 40 TeV

15



An early picture of a heavy-ion collision (CERN)

NA35S 64 TeV 2§+ Ay

16



A Pb-Pb collision measured by ALICE

Pb+Pb @ sqit(s) = 2.76 ATeV

2010-11-08 11:30:46

Fill ; 1482

Run : 137124

Event : 0x00000000D3BBEG93

» A 3D picture (with 500 million voxels) of a central collision (about 3000 primary tracks)

17



Physics results

18



Collision energy (vs, )

> For relativistic heavy ion collisions, tipically Vs,,, >1 GeV

> Bevalac, JINR-Dubna, AGS, SIS-GSI: few GeV
» SPS: ~20 GeV
> RHIC: 200 GeV
> LHC: 5TeV
» Defines the allowed processes and the phase space

19



Collision energy (Vs

NN)

»  Nota bene: Not all energy is spent in the collision !

> BRAHMS: ~70% of beam energy available for excitations

80l A AGS AGSvy

, [ (EB02E877,E917)
g : m SPS . SPS y,
© "L erHIC iy -
T [ (BRAHMS) P | Y,
<7 i ; '
= &l A ;
> ! ] :
2 Ly N
5 20, " 3

: {i} 'i—T'.i":.l._A ,l’ é

i 1‘ CD @ oW 5

0 1 l 1 1 1 A 1 1 1 [ 1 1 J 1 1 l 1
-4 -2 0 2 4

BRAHMS Collaboration, PRL93 (2004) 102301
BRAHMS Collaboration, PLB677 (2009) 267

Net-baryon density (p,-p,,,) : From baryon stopping to transparency at high energies!

Rapidity loss 8 y
- N w
ﬂ] T ITI I'IQI T L lclul T T I‘{‘II 1]

IIIII

ot
[}

| net-baryons 62 Ge

L C0051T5 225335445

LHCy, = 8.67

A_E917

¥ E802/E866

B NA49 (PbPb)

@® BRAHMS 62 GeV
* BRAHMS 200 GeV

(=]
C T
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Collision centrality

participants

before collision after collision

Impact parameter b, not measurable directly

Assumption: strong correlation between b and event produced multiplicity

Centrality tipically measured in percentage of the geometric cross-section
> e.g. 0-10% - most central 10% collisions

Number of participant pairs (npart)

Number of binary collisions (ncoll)

21



Collision centrality

ALICE Collaboration, PRC88 (2013) 4, 044909

)

£ E ALICE Pb-Pbat {sy =276 TeV | | ]
- 10\1 3 3
S, 3 + Data \
g107E —— NBD-Glauber fit ; :
E’, . PM’k X [f Npart + (1—f)N00"] ok
_.g10_4 i \ f=0.801, 1=29.3,k=1.6
Ll M _
107 5
w0t BIE 8 8 | & E
© | o < ™ N =
=2K=) =) =) (=} 3
o< ™ N - _
10-7 [ 1 1 l 1 1 1 I L 1 L 1 1 1 I 1 1 l 1 1 1 l 1 L L I 1 l 1 I 1 1 L I 1 1 1 I 1 1 1
0 5000 10000 15000 20000

VZERO amplitude (arb. units)

> Centrality determination in ALICE, using the charged particle measurement at
forward rapidity (VZERO)

> Multiplicity distribution fitted well by an optical Glauber model which allows the
determination of <npart> and <ncoll> for each centrality interval



Stages of a high-energy nucleus-nucleus collision

Initial state

> Highly Lorentz contracted nuclei
> Initial state extremely important, interesting in itself
> Gluon shadowing (modification of the
gluon PDF in nuclei)
> Crucial for disentangling the so called

“cold nuclear matter’(CNM) effects from
genuine hot medium effects

2.Q°=1.69 GeV?)

P

R.

T




Stages of a high-energy nucleus-nucleus collision

Initial state  Hard partonic

collisions
N
.
0 1025-10% t(s)
0 0.01-1 (fmlc)

> Initial hard collisions take place
> Most of the entropy is created now — gluons and quark pairs
> Equilibrium (thermalization) takes place rapidly

24



Stages of a high-energy nucleus-nucleus collision

Initial state  Hard partonic QGP
collisions

1
0 1026-10% 1024102 t (s)
0 0.01-1 1-10 (fmlc)

> Deconfined Quark-Gluon Plasma phase
» System expands and cools hydrodynamically

25



Stages of a high-energy nucleus-nucleus collision

Initial state  Hard partonic QGP Chemical freeze-out
collisions

¥ ' v'\
¥ 5

2
ks

0 1025102 1024102 ~10%3 t (s)
0 0.01-1 1-10 ~10 (fmlic)

> Hadronization: quarks and gluons form hadrons

> Non-perturbative process

> Chemical freeze-out: inelastic collisions cease;
yields of various particle species are frozen

26



Stages of a high-energy nucleus-nucleus collision

Initial state  Hard partonic QGP Chemical freeze-out  Kinetic freeze-out
collisions

a'd

>
0 10%-102 10%-102% ~10% 10%-10% t(s)
0 0.01-1 1-10 ~10 10-100 (fmlc)

» Kinetic freeze-out:
> Elastic collisions cease
> Kinetic distributions are frozen

> We measure only at the latest stages but we want to understand the hard
partonic and the QGP stages... extremely challenging!

27



Particle production

ALICE Collaboration, PRL116 (2016) 222302

? 14_]11]] I I IIIIII] I I IIIIII] I I IIIIIII I_
RS _ pp(pp). INEL AA, central i
§ ,, 0 ALICE m ALICE -
% O CMS ¢ CMS B
~ -V UA5 e ATLAS :
k404 PHOBOS + PHOBOS -
& - A ISR A PHENIX :
< Vv BRAHMS of o 501554
8~ pA(dA), NSD % STAR -
"~ m ALICE % NA50 )
oL ¥ PHOBOS -
i A
i Rl il
4 Erj o 01032
2 g&'@ """"" B
- X Inf < 0.5 1
Olllll 1 1 lIlIIl] 1 1 lIlI[l] 1 1 lIlI[ll 1

10 10° 10° 10*
Vsyy (GeV)

Yield per participant pair is larger
In nuclear collisions than in
proton-proton collisions:

> larger entropy production

The difference between nuclear
and pp collisions also grows
rapidly with energy

29



Particle production

ALICE Collaboration, PRL116 (2016) 222302

l I I I I ] I I I I | I I I I I I I I I l

~ Inl <0.5

Pb-Pb, |s,, = 5.02 TeV
m ALICE

;‘ — EKRT, n/s = 0.20
i -=+rcBK-MC, MV

i ;’ --- EPOS LHC

----- Armesto et al.
- Kharzeev et al.

l | 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l

A
I

-~ HIJING 2.1, Sg = 0.28 —

0 100 200 300

400

(V)

Y

Y

v

v

Yield per participant pair is larger
In nuclear collisions than in
proton-proton collisions:

> large entropy production

The difference between nuclear
and pp collisions also grows
rapidly with energy

Yield per participant pair also
grows towards more central
collisions

These results allow to quantify the
Initial energy density and set

constraints on initial state models

31



ldentified hadron yields

0

—
o
W

Yield dN/dyIy
=

—
o

10

z Npart
: . N P
A
L @ﬂ)ﬁ“’;}ﬂt b !)0 Q_,
_A .’ +] ‘"»-»JH *
A Q¢QIO§> * %;& .
= @ @ Gx
e ©O
éo
O @Q’ ATt AT
F, © e K O K 1
- ¢ & d 1o
O X - P x P
a be * A A ~
O E
AGS SPS RHIC LHC
lJlIll[ 1 lll‘l | | L1 Ill 1 | -
2 3
10 10 10
Vs, (GeV)

Strangeness enhancement

Lots of particles, most newly
created from the excited gluon
fields (E=mc?)

Large variety of species:
mi=(ud,du), m=140 MeV
K(us,su), m=494 MeV
p(uud), m=938 MeV
A(uds), m=1116 MeV
also: =(dss), Q(sss), ...

Abundancies follow mass _
hierarchy, except at low energies
where remnants from the_
Incoming nuclel are significant

What do we learn?
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Chemical freeze-out

Thermal fits of hadron
abundancies:

Y

S,

S e | o |3 - '
£ F i :Pib-P:b V=5~u=2-=76é'fe\l - 0= NV ,_‘/"”"/; gi /x __pidp _
> T | . | ] ’ Voo 272 o expl(B; — )/ T] £ 1
2 10° e als 2ie LA A A A IE
= T TR L A A :
; - | PR ] > Quantum numbers conservation
10 W - _
- e - H=HgB+H sl 5+ sSHIC
I | o I 1 » Hadron yields N, can be obtained
E 3 usmg only3parameters
- m [pata;.AL.]CEi O-‘!O% (prc?llml'nar)j) | - ( hem’lJB’V)
10" | —— Thesmalimodel fit. 7N, £31.0113 o] _ _
E 12156 MeV.v=r380lfn (4 1 MeVixelh) | > The hadron abundancies are in
-t T164MeVp =11 MV, V= Mgg#mrmrm o] i 7 agreement with a thermally

o KKK K pp AZZoqd equilibrated system
T.. =155-165 MeV

chem

Hg~0




Statistical thermal model

Grand Canonical Ensemble

‘/ g 15 y 3 f N i
InZ; = q:; B £p%dpIn(l £ exp(—(E; — 1) /T))
- _Zaln i _ B s pdp Fit at each
S V oy 2" exp((E;—)/T)+1 €Nergy
i = upBi+ psSi+ prl; provides
values for

for every conserved quantum number there is a chemical potential

but can use conservation laws to constrain: T

VinB =Z+N =V
%

RHIC Au-Au

e Baryon number;

.15}

e Strangeness: VEns —0 » {ig =
1 8
5—-N g
e Charge: VZmIf = b1, & o1
1 | 5
&
This leaves only i; and T as free parameter when 4% consi .|

for rapidity slice fix volume e.g. by dN ;,/dy

- T -
<E>/<N>=1.1 GeV

<E>/<N>=1.0 GeV |




Exploring Freeze-out

Ratio

S’ 200
§ i quark-gluon matter
: 175 ;+\ critical endpoint
g ....T.T:%_\.;tf_:__ " Latice QCD
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S r N
2 i o\
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) 125 - hadronic
- medium gense
r aryonic
100 n 1} medium
i n,=0.12 fm®
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- ® SPS
- 4 AGS
25 ¢ = SIS
0 : Il L Il ‘ L L L ‘ L L L ‘ L L L ‘ Il Il L ‘ L L
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baryonic chemical potential Lz [GeV]
Becattini, Florkowski, PBM,

Keranen, Manninen, Tawfik, Redlich...
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Chemical freezeout describes

many hadrons

Many new strange ones soon

on the market

(van Buren, Witt, Estienne)

But possible discrepancies on

the horizon (Markert)!



Transverse momentum spectra

ALICE, PRL 109 (2012) 252301

g 10° 7 T ALk moye. s2787ev '] > Provides information on the fireball
S WOF o STAR, AUAU, |5, = 200GeV ] properties at the thermal freeze-out
S C RN o PHENIX, Au-Au, {Sy, = 200 GeV 1
%r- 10° | = o, -
= f 1 > Hardness of the spectra depends on
5 wp ) e E the collision energy, centrality and
g F P, . KK (x10) particle specie
= w0 ~ Blast Weve LR
§ - 7 —
w0 > The mass dependence of the
s 2 spectra “hardness” indicates
g L collective motion / flow
g oL
() 2 =
1 > Hydrodynamical models reproduce
o the data — the fireball expands
2 hydrodynamically nearly as a
1 perfect fluid (very low viscosity)
0

p, (GeVic)



Are the conditions at SPS/RHIC met to form a QGP?

N,K,R,.... AR,K,N,...
t W QCD on Lattice (2-flavor):
*G*admﬂ Phase transition at
as
e To=173£8 MeV, &= (6=2) T*
C C
T L:E“) Mixed
| Phase hence ¢.~ 0.70 = 0.27 GeV/fm?
ad | “e"acp,
adron Parton .
formation To= formation Remember: cold nuclear matter
o and thermalization Eo1g ~ U /4 33131”03 ~0.13 GeV/ftm3
pre-gquilibrium
| - y 10
z
VO 5
A A
/ AN 0
Hydrodynamic evelution S
a) Without QGP b) With QGP 10 _ X
10 5 0 5 10
At a minimum we need to create ¢ 1n order to create a QGP. €4

Note: this is a necessary but not sufficient condition
Tevatron (Fermilab) e(Vs = 1.8 TeV[¥]pp) >> ¢(Au+Au RHIC)

Thermal Equilibrium = many constitutents = Size matters !!!




The kinetic freeze-out

A_Andronic, arXiv: 1210.8126

— 180]_' TP ryrel T LB RAL L IR B A RAl 1 T l_I
> - ' "o _ I .
2 160 -]
= - e ¢
— 140 = ‘.o E
120 3
- =
100 R 1 &
80EpT o | =
60 =
40 e chemical freeze-out o
20 F central collisions (Au,Pb) —
A b
\ 09 2 | 1 l 5
Q I -
Vv - oo
06 * \L -]
- 'f'. * T .
05 =
04F 3
A FOPI (SIS) =
¢ EOS (AGS) E
® NAA49 (SPS) E
01E * STAR (RHIC) =
T F < ALICE (LHC) B
-l | 111nu| L4 i1 ll Lol i PR B

0 2 3

10 10 10

Vsyn (GeV)

Hydro-like “Blast-wave” fits allow to
extract parameters like :

T

<[> = collective average velocity

= kinetic freeze-out temperature

kine

g{ht quark hadrons “flow” with a
lective velocity of 2/3 ¢ additional
to their own individual movement
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Anisotropic flow

> The geometry of the collision is
azimuthally non-uniform
> Large initial energy density
gradients
> Strong multiple rescatterings in the
system transform the geometrical

X anisotropy into a momentum
anisotropy
dN
%:[1-&2 vicos(@—W)+2v,c082(@—W)+2v;cos3(@p—F)+...]

(Lorentz) invariant cross section: Ed3N/dp3 =d3N/(dy pTdpT de), depends on

rapidity y=0.5 In ((E+pz)/(E-pz)), transverse momentum pT=V(px?+py?) and

angle ¢ between px and pT of the produced particle.dN/d is expanded into Fourier series.
First term (=1) is radial flow, second term v,=<cos(¢p-W)>, is directed flow,

third term v,= <cos2(p-W)> -elliptic flow, v,= <cos3(¢p-W)> - triangular flow 36



Nuclear Geometry and Hydrodynamic

multiple :> larger pressure
scattering gradient in plane

less yield out
more in plane

Spatial asymmetry <y2> _ <x2>
eccentricity €= TN 72\ hydro K|
\V /H\X/ £¢° —— hydrop
0 0 1 2 3 4
Mom. Asymmetry {02\ = {p?) Py (GeV/c)
elliptic flow V2=> x > Z( BN
\Px/FT\Py/ o [1+2v,(p; )cos2(@ = Pp) + ...]
prdprdydg

20-IVlay-19



What are the relevent DOF’s in “Flow” ?

“Fine structure” ot vZ(p1) TOr
different mass particles.

In Ideal “hydro” picture:
07" =0 — Work-energy theorem
— [ VPdV = AE, =

= Wty = ity

V,(pr)—> Vv, (KEy)

v2(KE;) universal for baryons
v2(KE;) universal for mesons

= AKE,

0.2

0.3+

0.1

Phys. Rev. Lett., 2007, 98, 162301

_IIIIIIIIIIIIIII]IIII]_‘_'|||l|||||||||||||_

(@) o m+1 (PHENIX) < p+p (PHENIX) (b)_
= K'+K" (PHENIX) O A+A (STAR)
* Kg (STAR) 00 =+= (STAR)

+ barggons

N {%¢{Eﬁ # 4 é]{h(b%{h |

1 j_

R R
oﬁ% | mﬂ’

( 1,10 T T

B om 1 ﬁa mesons |

O
i ..l‘ O T " T
on
Y 1 ]
||
i .| O 1 # ]
Lo vl v bvv e b PP v v b gy
0 1 2 3 40 1 2 3
p; (GeVic) KE, (GeV)

Do we have an even more universal scaling?

20-May-19
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QG medium fragmentation-quark

recombination

Why is the universal v,(KE;) different for meson and baryons?
Exited quark-gluon medium — huge phase-space densities — constituent Quark

Recombination / Coalescence

t 3 quarks T
\*\\ W7/
N k
wro‘ron D =
>
pt BV,

Phys.Rev.Lett.91:092301,2003

NS

Asymmetry parameter

—0.2 ol b by b Lo b b s b s bovaa Laaay
-0.2 -0 o] 0.1 02 03 04 05 06 07 08

Phys. Lett.,1996,B371,157-162

1 FERMILAB hep-ex/9601001

o
Y

Q
Y

e
=

Q
Y

o

I D (¢d)- D*(cd)
i %) = D +D*

0O wag2

Xr

meson uar. P ,quar. aryon uar p ,quar
(pT) 2V q k(—TZ k) Vgry (pT)z3-V§ k( T; k)

20-May-19
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The “Flow” Knows Quarks

Assumption:
all bulk particles are LA L B e
ino f - (a) o r*+1 (PHENIX) < p+p (PHENIX) (b) |
coming from oal ® K*+K"(PHENIX) O A+A (STAR)
recombination of flowing - * K2 (STAR) 0 =+ (STAR) |
partons i ‘ T ’ -0 1
I <|1 y * 1 d.! om. * | <
ot e E
Qi o
V,(p;) = n_ v /KET\ _ v ‘ i Y ‘ o
T U X S T 10.0s
g [ )
L oK
[
. -
° 0
o ]
Dlscoverv Of Unlversa| Scahng 0 | |vﬂ clv v v by I |7|‘ L 11 | L1 11 | I | | L 111

0 0.5 1 15 2 0 0.5 1 1.5 2
p;/n, (GeVic) KE;/n, (GeV)

- flow parameters scaled by quark content n, resolves meson-baryon separation of final state

hadrons. Works for strange and even charm quarks.

. strongly suggests the early thermalization and quark degree of freedom.

20-May-19 58



Elliptic flow in high energy HIC

20

20

15

v, (percent)

10

(=1

o STAR non-flow co;'rected'(est.)
e STAR event-plane

c'l
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oY e

’

| L 1

Ll * _se"
i ™
’OOOOOQOC 009

oMOOOOO- .o.-

1 2 3
Py [GeV]

Luzum & Romatschke, arXiv:0804.4015

W/s=0.16

Why is elliptic flow important?

Quantifies the medium response
to the initial state geometry, which
IS sensitive to:

> Initial state properties

>  QGP properties like equation of
state, transport coefficients,
viscosity

> hadronization

Shear viscosity much smaller than
for any known substance

Lower bound Con}'ectured from
AdS/CFT: n/s = 1/4t = 0.08

Kovtun, Son, Starinets hep-th/0405231
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Hard probes
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High-p_ suppression

p-Pb, ALICE PRL110(2013)082302 y, CMS, PLB 710 (2012) 256
Pb-Pb, ALICE, Phys.Lett.B720 (2013)52  W*, CMS, PLB715 (2012) 66
Pb-Pb, CMS, EPJC (2012) 72 Z°, CMS, PRL106 (2011) 212301

2_1']’[Y'IV]llY']llYl]VlY'l’lY']’lYlI'l'll'l’l]'l’l-
[ = N, Pb-Pb (ALICE) e N, p-Pb\s,, =502 TeV, NSD (ALICE) -
OC 1.8 4N, Pb-Pb(CMS)  # y.Pb-Pby\S,, =276 TeV,0-10% (CMS) ]
[\S =276 TeV,0-5% o W Pb-Pbys,, = 2.76 TeV, 0-10% (CMS) ]

v Z° Pb-Pb\S_ =276 TeV, 0-10% (CMS) 1

PbPb *
(o]
T

R

-

i N
T

0.8

] ‘ ]
06 . g *n Al A - a7
0.4 ug&g{ﬂb 1

PETEITEl EVSETETE ATETEATE ATETATETS ATETATIT ATSETATE ATATETITE ATATETE AT WA
0 10 20 30 40 50 60 70 80 90 100
P, (GeVle), ET (GeV), or mass (GeV/c?)

1 Y
R, = X
NcoII Y
Superposition of NN collisions — R =1
Suppression — R, <1
Enhancement - R >1

pp

> High-p_ hadrons strongly suppressed in

central heavy-ion collisions
> Suppression persists even at 100 GeV/c

> No hadron high-pT suppression in p-Pb
collisions

» Photons and electroweak bosons

production is compatible with binary
collision scaling
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A+A

HI collision - Nuclear Modification Factor R, ,

Y

"Cronin" enhancement

no nuclear modif. |

"hard":

nuclear suppression

L e | o by ]
00 4 6 8 10
transverse mgmentum [GeV/c]

d°N* | dp,dn

p+p

21-May-19

RAA (pT) =
(V,

Yd*N™ | dp,dn

inary

-

varies with
iImpact
parameter b
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RHIC V's = 200 7t° and h*+h- data

" 0-5% Central
PHENIX preliminary en

—
|

bt
n

ool T T

e Strong suppression (x5) in central Au+Au coll.

* No suppression in peripheral Au+Au coll.

dAu

o 1.8"

1.6

14

1.2

0.8
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0.4

0.2

0

2r

s

]
!

o
A

£
| ]

d+Au 200GeV = h'™+h0-20%/ N+N

e No suppression (Cronin enhancement) in control d+Au exp.
Convincing evidence for the final state partonic interaction - emergence of sQGP

1 2 3 4 5 6 7 8

0 p;[GeV/c]
T
Au
|
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QCD and Jets

e At the famous Snowmass conf. (July 1982) almost
nobody believed that jets seen in e+e collisions exist

also in p+p. NAS data - no jet structure.

e The International HEP conference in Paris, three
weeks later, changed everything.

This one event from UA2 in 1982 changed
everybody’ s opinion.

21-May-19
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C. DeMarzo et al NAS5,

PLB112(1982)173
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Status of R,, in AuAu at Vs, =200 GeV

PHENIX Au+Au (central collisions):
< m  Directy [ ]
o 0 imi
105_ l :: z Preliminary
E } GLV parton energy loss (dN%dy = 1200)
10 l k*miif?mﬁ---%:-----ir---------J( ------------------------------ -
- AAA v
§ﬁ$$¢$%MMﬁ i f%
10" 3 % %

02746810 12 14 16 18 20

p;(GeV/c)

Direct y are not suppressed. st and n) suppressed even at high pr
Implies a strong medium effect (energy loss) since y not affected.
Suppression 1s flat at high p

21-May-19 65



Au+Au minimum bias at mid-rapidity

For Au+Au min bias directy R,, is simple

Eskola,Kolhinen,Ruuskanen Nucl.
Phys. B§35(1998)351

2 AA 2
R d°o, /dpr dy, iy Fop(r) v ga(zr)
AA — ~
2 2
AA d?otP [dpt dys AFyy(z7)  Agp(zr)
Direct Photon Au+Au\[s,,, = 200GeV, min. bias Eskola et al. NPA696 (2001) 729

—~~ 2F : ;

<E 1.85— PHENIX 13 T | ||||?||U(|)I?|S||I|TI PII:) |/| |?||||L|JOI:]S| IIII?H!? T T TTTT]
& 16 P 12f LHC RHIC

S ~14F i : : -
p 4 11 L ,A = 2 mooo:Gefx.

E 1.0 F i 'f..,', ..:..

X 1 #{ TIRL S Shadowmgf/ A

08 t $ A R 2

~~oF ¢ Big o [aed® =, 75

< 0.6:— m 0.8 ’,:

§°-4; PH “ENIX 0.7 e

0.2} . : ; Do
Em 0:” l o D T T 06 _5|i||||||| AT BN AT N AT B AR TT
0 2 4 6 8 10 12 14 16 18 20 10

100x, '

0t 100 100 10! 1
T

Do the structure function ratios actually drop by ~20% from x=0.1 to x=0.2?
21-May-19
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The biggest result at QM20067?

Au+Au\[s,,, = 200GeV, 0-10%

PHENIX Au+Au (central collisions): 1.8
< m  Directy 1 3 F
ad 10 A n° Preliminary * 1.6— TN
= e . . PH:  ENIX PHENIX preliminary
- GLV parton energy loss (dN°/dy = 1200) 1.4 = -o- 70
N -1
: ++ 12 -=-dir. photon
1 gt Hﬁﬂ%?# ------------------------------ - '
- R 0.8 I
L AAA =
0.6/
i At* A#A A Hééﬁ‘ ++ % T :
10" H f % o4E ..l,}
- o2  18ig -xn.--e-.:.lllllllll
_l L1 | Ll l | I I L1l 1 l | I I L1l I 111 I L1 1 I | - I | I - [~
O 2 4 6 8 10 12 14 16 18 20 O34 =%
p;(GeV/c) pT(GeV/c)

‘ p+p—Yy+X reference
From FNAL, SPS, ISR extrapolation our owh measurement

If R™,,= R",, the whole concept of energy loss changes:
perhaps no effect for pT>20 GeV.
New physics on the horizon?

21-May-15 Jdil RdK, MCF ZUU/ 67



Two-particle azimuthal correlations

Away-side
jet vanishing

40



Two-particle azimuthal correlations

lllllllflll]llll]llll[lfll]llll

 d+Au FTPC-Au 0-20%

-

|

~ 0.2 -
?1 1 — p+p min. bias ﬁln -
T - |
=z F * Au+Au Central .
T L | 1
g 0.4 |
o I i
z | - i
S~ e : + . -
Tk b T ke s B
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-1 0 1 2 3 4
STAR, Phys Rev Lett 91, 072304 A ¢ (radians)

> Dissapearance of the associated particle is observed in nuclear collisions,
while no effect is observed in pp and d-Au collisions.



Jets

ATLAS arXiv: 1702.00674

« 2 ATLAS 1 « 2 Pb+Pb 20-30%
1 Pb+Pb 0-10% j 1.8 piet > 100 GeV
. . . a T
jet .
1.4 ] 1.4
1} == _._“‘ _+-_ 1.2F -
........................ B . S el T
—- - -
——-
0 ——- - 0.8
. - = F -
a8 - 1 Q r ]
x 2F Pb+Pb30-40% H4 & 2f Pb+Pb 60-80% .
C jet . 18k _ ] z=p /p jet
18f p, >100GevV 3 . pF* > 100 GeV TPy
- = 1.6f
1.6 : : R =D(2)™™/D(z)>
- 3 1.4F . D(2)
1.4kg. ] i
oo -] e
o8k - 3 0.8F
= 0.01 0.04 01 02 04 1

z

> Full jet reconstruction provides detailed insight into medium modification of the
jet fragmentation



Electromagnetic probes

v

v

v

Y

Direct photons and low mass di-leptons
» Clean information because of no re-interactions with the QCD medium

> Emitted through the entire history of the collision

Hard photons
> from initial N+N collisions and jet fragmentation

Soft photons
» Hadronic sources _
> Thermal photons (both real and virtual) from gqqg annihilations and Compton

scattering

Chiral symmetry restoration
> p-meson broadening and mass shift
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EM probes: low mass dielectrons

-1 L T T ] T T 1 T [ 1] T T T I T T T 1 l 1] T T T l T T L I L T T l 1 T T T I T T T T ” exp + nCOII Scaled pp
107%" min. bias Au+Au at\s,,, = 200 GeV e 4 AuAuMin, Bias x10"

T |DAJ§5 - vee Jy — ee *  AuAu 0-20% x10°
102 M58 e Lt o o YT *  AuAu 20407
- el Sl Lo % X10
p,>02GeVlc ___ ' - yee :E';’ ee (PYTHIA)

v opp

cC — ee (random correlation

PHENIX

«« Turbide et al. PRC69

1IN, dN/dm,, (c%GeV) IN PHENIX ACCEPTANCE

I I MR ol i S M it W WA W

2

m,. (GeV/c?)

elsang) | 11 lul L

4 5 6 7
P, (GeVlc)

» Excess observed in the low mass dielectron spectrum in the region 0.3-
0.7 GeV/c associated with thermal radion
» Strong direct photon excess at p_<3 GeV/c



Heavy quarkonium and the QGP

>  What are heavy quarkonia ?

> Bound states of heavy quark anti-
guark pairs, e.g. Y (cc) and Y (bb)
families

i1

» Relatively large binding energy,
e.g. for J/Y is ~600 MeV

> Due to their large mass, heavy quarks
can be produced only in initial hard
partonic collisions and their number is
conserved during the collision history

> |deal probe for QGP




Heavy quarkonium and the QGP

> The original idea (Matsui and Satz, PLB 178
(1986) 416):

> In a deconfined medium with high |

density of color charges, the QCD \

W=,
analogue of the Debye screening can N [ — v
lead to heavy quarkonium suppression | /X TN

f

| b S
> 1 |
No J/p if A p<ry,,

] R,4(200 GeV) PRC 84, 054912 (2011)
Global sys.= +9.2%

a R,4(62.4 GeV) = PHENIX data/our estimate
Global sys.= + 29.4%

A R,,(39 GeV) = PHENIX data/FNAL data . .
Global sys.= - 19% » Evidence of color screening?

."- II ------------------------------------------------------------------ ; Not Completely Clear yet: We Still
: Iy -, 1.2 <|y| < 2.2 need to take into account feed-

down from higher mass states
(e.9., X_, W(2S)) and CNM effects

11 ‘ | I | | L1 1 1 | 11 1 1 I I |
200 250 300 350_, 400
Npart

‘llllllllll
100 150
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Heavy quarkonium at the LHC (re-generation)

a Development of
Start of collision quark-gluon plasma Hadronization 1.2
1.0 )
A\
Low = '-'3 \\
(lR;HlC) A —> 7 —> @b 5 084 —
energy co—> c'\ @D :_,2 \
8]
& 0.6 H\
L ~
a \\
Q ~
2 0.4 - H‘
o 3 ﬂ- - ‘E e
4 LS 34 5 ——— LHC model
: > ( §eoned, W ©D©D —/\ £ o2 + = = = RHIC model E
High fotss] s [N S ®P 5 ‘
(LHO) K‘ % ® Y 5 @D V\J o © RHIC data
energy ‘;‘ ‘/ “ i .\ @ ©D @D 0 T T T T T T T
=g ' @D©D 0 50 100 150 200 250 300 350

Number of nucleons in collision

Nature 448 (2007) 302-309

» At the LHC, there are many charm quark-pairs created in one single collision (~100)
Possible to create charmonium states on a statistical basis — enhancement of
charmonium states at LHC

> Open charm and quarkonia abundancies calculated assuming statistical

hadronization.
Braun-Munzinger and Stachel, PLB 490 (2000) 196

Thews et al., PRC 63 (2001) 054905
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J/Y at the LHC

lonut Arsene, monday 22

14 Inclusive J'v — 'y, Pb-Pb | 5,,, = 276 TeV and Au-Au | 5,,, = 0.2 TeV
1o W AUCE (PLB 734 (2014) 314], 25y <4, 0<p <8 GeV/c gfobal syst = + 15%
' O PHENIX (PRC 84(2011) 054912), 1 2<ly|<2.2, p.>0 GeVic global syst = + 92%
1 -
0.8}
L |
[ 1
06F l__ ﬁ@ E | .
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; 95 g
02f PP e 4 oo
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0 50 100 150 200 250 300 350 400
<Npan>

>
c

i [ Inclusive J'v — e*e’, Pb-Pb |5, =2.76 TeY and Au-Au \s, =0.2TeV
1 2 - @ AUCE (PLB 734 (2014) 314), |[y]<0.8, p >0 GeVic global syst.= + 13%
' :- QO PHENIX (PRC 84(2011) 054912), |y|<0.35, p_>0 GeVic global syst.= + 12%
0.8} H] $ $
s g g
0.2F d
O-IIILlllllllllllllllllllllllllllllllllll
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(Npan>

> ALICE results show smaller suppression compared to lower energies
(PHENIX) in central collisions
> Indication that regeneration plays an important role in the production of
charmonium
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Conclusions

The aim of studying the high energy heavy ion collisions is to better
understand QCD in conditions not possible in particle physics:
confinement, phase diagram of nuclear matter, chiral symmetry restoration

Conditions reachable are similar to the ones during the early Universe (few
microseconds) and in the core of neutron stars

This field incorporates knowledge from many other areas of physics:
> Thermodynamics, hydrodynamics, string theory, ...
... and technology

» Detectors, Electronics, Scientific Computing
and provides input for fields like:
> cosmology, astrophysics, solid-state physics, etc.

A relatively young and very challenging field of study with a rich
phenomenology, the manifestation of many-body QCD
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Signatures of Quark Gluon Plasma - Summary

10 What is the quark-gluon plasma?

Fig. 1.10. Particles/radiations from the hot quark—hadron matter formed in a
central collision between ultra-relativistic heavy nuclei.

dEy/dy, 1o be measured in an electromagnetic calorimeter (Chapter 17) is closely
connected to the energy density, &.
In the following, (1)-(10) refer w Fig. 1.11.

(1) A second rise in the average transverse momentum of hadrons due to a jump in
entropy density at the phase transition.

(2) Measurement of the size of the fireball by particle interferometry with identical
hadrons (Hanbury-Brown and Twiss effect),

(3) Enhanced production of strangeness and charm from QGP.

(4) Enhanced production of anti-particles in QGP.

(5) An increase of an elliptic flow (v;) of hadrons from early thermalization of an
anisotropic initial configuration,

(6) Suppression of the event-by-event Nuctuations of conserved charges.

(7) Suppression of high-p_hadrons due to the energy loss of a parton in QGP,

(8) Modification of the properties of heavy mesons (J/gy, o', T, T') due to the color
Debye screening in QGP,

(9) Modifications of the mass and width of the light vector mesons due to chiral
symmetry restoration,

(10) Enhancement of thermal photons and dileptons due 1o the emission from decon-

fined QCD plasma.

Obviously, the real situation is not as straightforward as that illustrated in
Fig. 111 due to various backgrounds which tend 1o hide the possible signals,
Also, there are theoretical indications that QGP is not a simple gas of free quarks
and gluons, but rather is a strongly interacting system which may modify some
of the basic ideas behind the signatures in Fig. 1.11. Nevertheless, as discussed in
Chapters 15 and 16, the vast number of data from SPS and RHIC already provide
quite promising clues which may help in pinning down the nature of QGP.
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Fig. 1.11. Selected observables as a function of the central enesgy density & in
the relativistic heavy ion collisions. They are the possible signatures n(‘QCD
phase transitions: € is related 1o the transverse energy per unit rapidity, dE/dy;
&, is the critical energy above which the QGP is clpccled."l'hls figure has been
adapted from an original by S. Nagamiya. For an explanation of parts (1)H10),
please see the text.



Summary and outlook:

* Experiments: BRAHMS, PHENIX,

PHOBOS, STAR (pp, dAu Au+Au collisions at 19.4, 62, 130 and 200 GeV) . “There is

compelling experimental evidence that the matter created at RHIC differs from
anything that has been seen before. Still there is no direct indication of QGP

formation”

* Accelerator facilities will be upgraded by order of magnitude
Super processors for Lattice QCD will be upgraded at least
order of magnitude Microscopic and hydrodynamic models
need urgently manpower for describing physics at LHC



Potential of the Field




