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CE/RW Quark-Gluon Plasma

A Early universe (~10° s):
deconfined plasma of quarks and gluons (QGP)

A Reproduced in the laboratory in
ultrarelativistic heavy-ion collisions

A Away to study QCD
€ without confinement
é with quarks at their |
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CE/RW QCD Phase Diagram
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(iE\/RD/ Studying the QGP

Al deal |l yé

=

t =10 fm/c ~ 1023 s

é i practice a bit more complicated
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&) Evolution of Heavy-lon Collision

NS
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Courtesy B.Hippolyte
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Cq Accelerators
___

> : G5y (GeV) : 2760 (5020)
Volume at freeze-out (fm3) 1200 2300 5000
Energy density (GeV/fm3) 3-4 4-7 10

Life time (fm/c) 4 7 10

Heavy ion collisions:
& given per nucleon pair (Gs,,)
G5\ =5.02 TeV A Gspp, o, = 1044 TeV

NA57 (SPS) PHENIX (RHIC) ALICE (LHC)
2016 marks 30t anniversary of first heavy-ion beams in the SPS
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@@\ Centrality

A Activity in heavy-ion collision depends
strongly on impact parameter b
I Few to 1600 nucleon-nucleon collisions

@ @ @D 22000 Multiplicity vs. b

. 2200002 Glauber-MC 3

Cbentgal Petrjlphlgral ggggg; Pb-Pb |5y, = 2.76 Te\.
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A Accessible experimentally 10000¢ :
I Ng, and SE; grows with decreasing b soooz— —

. . 4000 =

A Soft (low py) ~ participants (Npart) 20001 Plot: A. Toia E
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CERN out of plane
o) Flow

NV g

Overlap of colliding nuclei not
Isotropic in non-central collisions

=

A Pressure gradients
dependent on direction

:

»
»

Defines reaction plane Y Px
(spanned by beam axis
and impact parameter vector) Measurable in the final state!
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&) Elliptic Flow

J
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A Unambiguous at RHIC

I Reasonable agreement
with ideal hydrodynamics  0.04
A perfect liquid
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) Higher-Order Flow 7 rowac

_________ 2
o 5 _g
N . E o =
A Geometrical picture A ellipse = 1S
dN 5 | 1@
— = A(1+2v,c082(/ - Y gp)) : L
Yy L G
) -10 0 10
A Fluctuating nucleon positions X(fm)
I All kinds of shapes: elliptic, - C(Djvs.Dj. B
triangular, quadruple, ¢ + mi X tsuwﬁ °°f"a|1‘:|§}” '“",‘;"L,CEE
.. : i 1008: Vamasl2, N1 > 1} ] %
i Higher-order flow  oosk 18
dN 1004} 0-1% - S
FI A(1+ a i2v,cosn(/ -iY, )'5) rooop Py %
S| S EASE I LS Y w
A Direct signal observed at LHC . kS
i established validity of fluctuation 0.994 4 =
picture ool Y YT
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“) Flow and Hydrodynamics

LA

A Hydrodynamics very successful in describing flow
I Study QGP transport properties
A Shear viscosity h/s precisely determined on average
A Challenges
I Measure temperature dependence of h/s
I Study other transport properties like bulk viscosity, diffusion
I Understand v,, ratios in ultra-central collisions

08— — 71T h/svs. T —
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CE/RW Jet Quenching

A Hard processes occur in %4'
. ~
nucleon-nucleon (NN) collisions
A Heavy-ion collision : Many NN collisions o
I Hard process independent of number of collisions ){( D
A Without final-state effects, HI collision is ‘:§\DG§.L)
superposition with incoherent fragmentation A l\

A Nuclear-modification factor
_ dN,,/dp,
R =
< coll>d|\I /dpl'

Raa =1 A no modification

Raa '= 1 A medium effects
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@) DandB R

A Abundant production of D and B :

A Heavy quark production better
controlled theoretically
I Heavy quarks lose less energy
(dead cone effect)
A Sign of quark mass dependence
observed at LHC

Raa VS. Centrality

T

I Raa (BA Jly)>Rpn (D) ° Ran (P) E

I Important input for energy-loss models =
BA Jy g

A Challenges 5
I Study p; evolution D b &

I Quark-medium interplay at low p-

(0
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