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INTRODUCTION TO HEAVY-ION COLLISIONS

PHASES OF THE STRONG INTERACTIONS
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INTRODUCTION TO HEAVY-ION COLLISIONS

CREATING A QUARK GLUON PLASMA

Highest-energy ion colliders:

e Relativistic Heavy lon Collider (RHIC) at BNL (since 2000)
— Au+Au at /Syy = 200 GeV
e Large Hadron Collider (LHC) at CERN (since 2010)

— Pb+Pb at /syny = 2760 GeV

v
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INTRODUCTION TO HEAVY-ION COLLISIONS

PROTON-PROTON COLLISION

MATTHEW LUZUM (SACLAY)

http://atlas.web.cem.ch/Atlas/public/EVTDISPLAY/events.html

HEAVY-ION COLLISIONS THEORY TALK

A EXPERIMENT

2009-12-06, 10:03 CET
Run 141749, Event 405315

Collision Event
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INTRODUCTION TO HEAVY-ION COLLISIONS

HEAVY-ION COLLISION

Pb+Ph & sqri{s) = 2.78 ATeW

2010-11-08 11:30:46

: 0x00000000DIBBEGRST
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INTRODUCTION TO HEAVY-ION COLLISIONS

TWO-PARTICLE CORRELATIONS

Unique long-range correlations in heavy-ion collisions. . . ]
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(PHOBOS, Phys.Rev. C81 (2010) 024904 )
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INTRODUCTION TO HEAVY-ION COLLISIONS

TWO-PARTICLE CORRELATIONS

Unique long-range correlations in heavy-ion collisions. . . ]
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indicate strong collective behavior J
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FLow
HYDRODYNAMICS

HYDRODYNAMICS

@ Universal description of system
with large separation of scales
(e.g., local thermal equilibrium)
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FLow
HYDRODYNAMICS

HYDRODYNAMICS

e Universal description of system
with large separation of scales
(e.g., local thermal equilibrium)

e Valid if system is large enough/
interactions are strong enough
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FLow
HYDRODYNAMICS

HYDRODYNAMICS

e Universal description of system
with large separation of scales
(e.g., local thermal equilibrium)

e Valid if system is large enough/
interactions are strong enough

@ Access to microscopic
dynamics through transport
coefficients,

e.g., shear viscosity 7
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FLow
HYDRODYNAMICS

HYDRODYNAMICS

e Universal description of system
with large separation of scales
(e.g., local thermal equilibrium)

e Valid if system is large enough/
interactions are strong enough
@ Access to microscopic
dynamics through transport
coefficients,
e.g., shear viscosity n

@ (Compare to conjectured lower
bound n/s > 1/4n ~ 0.08)
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FLow

COLLISION EVOLUTION

dilute gas

(viscous) fluid

pre-equilibrium

z

Well described by hydrodynamics, but sensitive to initial conditions J
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FLow

COLLISION EVOLUTION

dilute gas

(viscous) fluid

thermalization
pre-equilibrium

z

Well described by hydrodynamics, but sensitive to initial conditions
(low-x nuclear wavefunction, soft particle production, thermalization. . . )J
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FLow

One-particle probability distribution:

dN

do

x 14 2vCc0S2¢ + 2v4C0S 40 +
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FLow

One-particle probability distribution:
aN

do x 14 2vCc0S2¢ + 2v4C0S 40 +
Elliptic flow: v» = (cos 2¢)
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FLow
FLoOw

One-particle probability distribution:

N
Z—¢ x 142w Ccos2¢ 4+ 2v4C084¢ + ...

Elliptic flow: v» = (cos 2¢)

Ideal hydro (zero viscosity) = maximum v, )
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FLow
FLoOw

One-particle probability distribution:

N
Z—¢ x 142w Ccos2¢ 4+ 2v4C084¢ + ...

2—X2}

Elliptic flow: vo = (cos 2¢) x e = 3272}

Ideal hydro (zero viscosity) = maximum v, )
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FLow
FLoOw

One-particle probability distribution:

N
Z—¢ x 142w Ccos2¢ 4+ 2v4C084¢ + ...

2—X2}

Elliptic flow: vo = (cos 2¢) x e = 3272}

Ideal hydro (zero viscosity) = maximum v, )
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FLow
FLoOw

One-particle probability distribution:

N
Z—¢ x 142w Ccos2¢ 4+ 2v4C084¢ + ...

2—X2}

Elliptic flow: vo = (cos 2¢) x e = 3272}

Ideal hydro (zero viscosity) = maximum v, )
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FLow
FLoOw

One-particle probability distribution:

dN
d—¢ x 14 2v,c082¢ 4+ 2v4C084¢ + ...

Elliptic flow: vo = (cos 2¢) o ep = %232

Ideal hydro (zero viscosity) — maximum v, )

Pairs : (e/201-02)y (") (g201) g=i2dny _ 1,2
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FLow
FLoOw

One-particle probability distribution:
dN
d_¢> x 142V Cc082¢ 4+ 2v4C084¢ + ...

Elliptic flow: v» = (cos 2¢) x &5 = gj;ﬁ{

Ideal hydro (zero viscosity) = maximum v,

Pairs : <<e’2(¢’1 _¢2)>> (few) <(ei2¢1><e_i2¢2>> = <V22>
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FLow
FLoOw

One-particle probability distribution:
dN
d_¢> x 142V Cc082¢ 4+ 2v4C084¢ + ...

Elliptic flow: v» = (cos 2¢) x &5 = gj;ﬁ{

Ideal hydro (zero viscosity) = maximum v,

Pairs . ((e/2(0102))) (2 ((gi201) (e77202) ) = (W 2) = wy(2}?
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FLow
FLoOw

One-particle probability distribution:

N
Z_qb x 1+ 2vCcos2¢ + 2v4Ccos4¢p + ...

Elliptic flow: v» = (cos 2¢) x &5 = gj;ﬁ{

Ideal hydro (zero viscosity) = maximum v, J

Pairs . ((e/2(0102))) (2 ((gi201) (e77202) ) = (W 2) = wy(2}?

deairs (flow) 2
< dnG > x 1+<v2 >0032(A¢)+...
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FLow

TWO-PARTICLE CORRELATIONS

Unique long-range correlations in heavy-ion collisions. . . ]
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(PHOBOS, Phys.Rev. C81 (2010) 024904 )

indicate strong collective behavior ]
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FLow

TWO-PARTICLE CORRELATIONS

Unique long-range correlations in heavy-ion collisions. . . ]

dN/AG (Nygig)
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0 2 T
A
(STAR, arXiv:1010.0690) (PHOBOS, Phys.Rev. C81 (2010) 024904 )
indicate strong collective behavior ]
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FLow

ELLIPTIC FLOW AND VISCOSITY

“Glauber” initial conditions “CGC” initial conditions
T T T T T T T T T T T T T
0ab 1 o wps1w0” ]
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> >
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w - ® @ ©

(ML & Romatschke, Phys.Rev. C78 (2008) 034915)

e Large elliptic flow = strongly coupled, small viscosity fluid
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FLow

ELLIPTIC FLOW AND VISCOSITY

“Glauber” initial conditions “CGC” initial conditions
T T T T T T T T T T T T T
0ab 1 o wps1w0” ]
0.08|- - 0.08 -
n/s=10 4 n/s=0.08
. 0.061- 4 006 -
> >
n/s=0.16
0.041/s-0.08 1 004F 1
0.02 _r]/FO.IB 0.02F B
C 1 1 1 1 0 1 1 1
0 ‘ 100 200 300 400 0 100 200 300 400

«w ™ © W " [ Y]
(ML & Romatschke, Phys.Rev. C78 (2008) 034915)
e Large elliptic flow = strongly coupled, small viscosity fluid

e Initial condition poorly constrained —
impedes extraction of medium properties
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FLow

TWO-PARTICLE CORRELATIONS

Unique long-range correlations in heavy-ion collisions. . . J

dN/AG (Nyyig)
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(STAR, arXiv:1010.0690) (PHOBOS, Phys.Rev. C81 (2010) 024904 )
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FLow

TWO-PARTICLE CORRELATIONS

Unique long-range correlations in heavy-ion collisions. . . J

dN/dAG (/Niyie)
0.8 T T T T

0.75
0.7

0.65

0.6 1 1 1 1

(STAR, arXiv:1010.0690) (PHOBOS, Phys.Rev. C81 (2010) 024904 )
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FLow

TWO-PARTICLE CORRELATIONS

Unique long-range correlations in heavy-ion collisions. . . J

dN/dA¢ (/Ny,)
0.8 T T T T

0.75

0.7

0.65

0‘6 1 ” 1 1

(STAR, arXiv:1010.0690) (PHOBOS, Phys.Rev. C81 (2010) 024904 )

...can be entirely explained by collective flow: J
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FLOW FLUCTUATIONS

FLOW FLUCTUATIONS

N
Z—¢ x 1+ 2vc0s2¢ + 2v4C084¢ + . ..

Pairs : <<e"2(<7’1 _¢2)>> (flow) <<e’2¢1)(e_i2¢2>> = <v22> = 1 {2)?

aN, airs ow
< dggb > 1y <V22>0052(A¢) + <V42> cos 4(A¢) + ...
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FLOW FLUCTUATIONS
FLOW FLUCTUATIONS

dN

do

x 1+ 2vc0s2¢ + 2v4C084¢ + . ..

dAs

Pairs : <<e"2(<7’1 _¢2)>> (flow) <<e’2¢1)(e_i2¢2>> = <v22> = 1 {2)?
(e

> ) 4 4 <v22> cos 2(A¢) + <V42> Cos4(A¢) + ...
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FLOW FLUCTUATIONS
FLOW FLUCTUATIONS

aN
—

d¢

14 i 2vpcos n(¢p — 1p)
n=1
Pairs : <<e’2(¢1 _¢2)>> (flow) <<6i2¢1><3_i2¢2>> = <V22> = V2{2}2
deairs
< dng )

> T 1 + <v22> cos2(Ag) + <V42> cos4(A¢) + ...
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FLOW FLUCTUATIONS
FLOW FLUCTUATIONS

aN
—

d¢

14> 2v,c08 n(¢ — 1n)
n=1

x 1+

Pairs : <<ei”(¢1‘¢2))> (flov) <<ein¢1><e—in¢2>> <Vn2> = vp{2)?
< deairs > (flow)
dA¢

<v22> cos2(A¢) + <v42> cos4(A¢) + ...
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FLOW FLUCTUATIONS
FLOW FLUCTUATIONS

d¢ o 1 +22vncosn ¢ — hn)

(ﬂ&w) y
dAg

Pairs << in(¢1 ¢2)>> (ﬂ&W) <<ei’7¢1><e—in¢2>> _ <V > — Vn{2}2
< ANpairs

,,2> cos n(Ag)

MATTHEW LUZUM (SACLAY)

HEAVY-ION COLLISIONS THEORY TALK

RENCONTRES DE BLOIS

13/17



FLOW FLUCTUATIONS

FLOW FLUCTUATIONS

x 1+ Z 2V, cos N(¢ — tn)
Pairs : <<ei”(¢1‘¢2))> (ﬂgw) <<ein¢1><e—in¢2>> = <Vn2> = vp{2)?

dn, airs ow
(98201 S

e Flow can explain all long-range correlations
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FLOW FLUCTUATIONS

FLOW FLUCTUATIONS

x 1+ Z 2V, cos N(¢ — tn)
Pairs - ((e(102)) ) (ﬂ%W) ((em1)(e7M2)) = (v,2) = vif2)?

aN, airs ow
< d&b > T 4 +22< 2) cos n(A¢)

n=1

e Flow can explain all long-range correlations
e — many new observables possible
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FLOW FLUCTUATIONS

FLOW FLUCTUATIONS

x 1+ Z 2V, cos N(¢ — tn)
Pairs - ((e(102)) ) (ﬂ%W) ((em1)(e7M2)) = (v,2) = vif2)?

aN, airs ow
< d&b > T 4 +22< 2) cos n(A¢)

n=1

e Flow can explain all long-range correlations
e — many new observables possible
e Can provide strong independent constraints on theory
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IMPLICATIONS OF RECENT RESULTS

RECENT RESULTS: ELLIPTIC FLOW AT LHC

Hydro calculations correctly predicted flow at LHC: )
~ 012
>
0.1 ..t

0.08

0.06 VA2

v{4}

Prediction (CGC)

0.04

0.02
Prediction (Glauber)

~20 50 (c 70 80
centrality percentile

(ML, Phys.Rev. C83 (2011) 044911)
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IMPLICATIONS OF RECENT RESULTS

RECENT RESULTS: V,

Combining observables constrains theory J
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IMPLICATIONS OF RECENT RESULTS
RECENT RESULTS

Many brand new data still waiting for thorough study:
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IMPLICATIONS OF RECENT RESULTS

RECENT RESULTS

Many brand new data still waiting for thorough study: J
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IMPLICATIONS OF RECENT RESULTS

RECENT RESULTS

Many brand new data still waiting for thorough study: J
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IMPLICATIONS OF RECENT RESULTS

RECENT RESULTS

Many brand new data still waiting for thorough study: J
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IMPLICATIONS OF RECENT RESULTS

RECENT RESULTS

Many brand new data still waiting for thorough study: J
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IMPLICATIONS OF RECENT RESULTS

RECENT RESULTS

Many brand new data still waiting for thorough study: J
R 1) ]
ocw~ 012 o = | Alver, Gombeaud, Luzum & Ollitrault, Phys. Rev. C82 034813 (2010)
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IMPLICATIONS OF RECENT RESULTS

RECENT RESULTS

Many brand new data still waiting for thorough study: J
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IMPLICATIONS OF RECENT RESULTS

RECENT RESULTS

Many brand new data still waiting for thorough study:

0.12

0.1

0.08

\41

S 0000 O 0000 O 9000

c
¢
¢
¢
c
c
< o006
¢
c
c
¢
¢
¢
c

OTEETE
p, (GeVic

pr[GeV/c]

[ose mas e I
,‘ ‘ ‘ %J Bhale‘rao et.a‘l. arXiv‘:1106.4‘940 ‘ i
0.1k L derived from ALICE data E
f-\; s =& ATLAS Preliminary g
e 0.05— —
L o~ L i
e | ++ ]
0.05 © - * ]
8 r 'R AR B TN i 4} 1
O ‘ L4 4 |
.\/ 07 T (f ‘ % + |
I 7\‘H‘\HH\HH\HH\HH\HH\Hmuumi
003 0 50 100 150 200 250 300 350 400
(N
part
2 4 6 8 |Dp'[Ge‘2,] 4 6 8 10

(and some still to be measured)
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SUMMARY

IMPLICATIONS OF RECENT RESULTS

e Heavy-ion collisions show strong long-range correlations, well
described by hydrodynamics. . .
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e — medium is strongly-interacting, low-viscosity fluid
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SUMMARY

IMPLICATIONS OF RECENT RESULTS

e Heavy-ion collisions show strong long-range correlations, well
described by hydrodynamics. . .

e — medium is strongly-interacting, low-viscosity fluid
e Various new observables have been recently measured, which
place tight constraints on theory.
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IMPLICATIONS OF RECENT RESULTS

SUMMARY

e Heavy-ion collisions show strong long-range correlations, well
described by hydrodynamics. . .

e — medium is strongly-interacting, low-viscosity fluid

e Various new observables have been recently measured, which
place tight constraints on theory.

e In the (very) near future, expect precise extraction of QGP
properties and strong constraints on geometry and fluctuations of
the early-time evolution.
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IMPLICATIONS OF RECENT RESULTS

SUMMARY

e Heavy-ion collisions show strong long-range correlations, well
described by hydrodynamics. . .

e — medium is strongly-interacting, low-viscosity fluid

e Various new observables have been recently measured, which
place tight constraints on theory.

e In the (very) near future, expect precise extraction of QGP

properties and strong constraints on geometry and fluctuations of
the early-time evolution.
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IMPLICATIONS OF RECENT RESULTS

CMS PP RIDGE
(d) CMS N> 110, 1.0GeV/c<pT<3.0GeV/c

R(An,A9)
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RECENT RESULTS

Hydrodynamic calculation can reproduce two-particle correlation:
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RECENT RESULTS

Hydrodynamic calculation can reproduce two-particle correlation:
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(Gardim, Grassi, ML, Ollitrault, arXiv:1203.2882)
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