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Outlook

O QGP
O Event characterisation
O Soft probes

m Interferometry
m Multiplicity, Transverse energy, Energy density
m Flow and correlations

O Hard Probes

m Quarkonia

m Jet quenching
High pt suppression (h-,D0,J/y@,Y,Z,...)
Reconstructed jets

O Summary

23/11/2011 Birmingham



Quantum ChromoDynamics (QCD)

QCD confinement — free quarks never observed !
QCD vacuum not well understood.
Heavy ions — study QCD at high temperature and density
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Quark Gluon Plasma

O Latice QCD: transition hadrons -> quarks and gluons
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O Relativistic Heavy lon Collider (RHIC):

m Macroscopic liquid:
System size > mean free path
System lifetime > relaxation time

m Perfect: shear viscosity/entropy — O

O LHC :
m System is bigger, denser, hotter
m Abundant production of hard probes
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Solenoid

Muon Detectors Electromagnetic Calorimeters
A

LHC Heavy lon Program

Forward Calorimeters
End Cap Toroid

. HC Heavy lon Data-taking

Design: Pb + Pb at 15y, = 5.5 TeV
(1 month per year)

Nov. 2010: Pb + Pb at 15, = 2.76 TeV

Shielding

RETURN YOKE

SUPERCONDUCTING
GNET

HCAL

i Inner Detector
Barres Jookd D= e Hadronic Calorimeters
TRACKFR
CRYSTALECAL 1501 weight : 12500 T
Overall diameter : 150 m
Overall length 215 m
Magnetic field ;4 Tesla
PRESHOWER

FORWARD
CALORIMETER

. MUON CHAMBERS

» LHC Collider Detectors
ATLAS
- CMS
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Pb—Pb Luminosity

B.Wyslouch, CMS, EPIC2011

1D_II|IIII|IIII|IIIIIIIIIIIIII|
CMS 2010 PbPb Run

—— Delivered

——— Recorded

<. Luminosity (ub ™
L A W g - 2 o
[

[ il I I T 1111 1 [
10 15 20 25 30 35
Days since Nov 1, 2010

Delivered integrated
luminosity ~ 9 ub-1

Luminosity achieved
L =2-3x10% cm=2s

ATLAS very similar to CMS

ALICE recorded ~ 50%
due to TPC dead time
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Heavy lon Collision Centrality

Controls the volume and shape of the system

Multiplicity and energy of produced particles

are correlated with geometry of collisions.

Participants —
(10)

=> Collisions

(18)

» P
» <«

Beam direction

Measured distribution:
*Track multiplicity

e Transverse energy

« Forward energy

Variables:

 iImpact parameter

* participants

o collisions

* percentile of x section

Plane perpendicular
to beam direction

><V

23/11/2011 Birmingham



(1N )dN_/dZE; [TeV

Centrality selection
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Soft Probes
- -

O Interferometry of identical particles
O Charged particle multiplicity , E, €
O Transverse momentum spectra

O Radial flow

O Anisotropic flow



System size
1]

O Spatial extent of the particle emitting source
extracted from interferometry of identical bosons

m Two-particle momentum correlations in 3
orthogonal directions -> HBT radii (Rjgng, Rsiges

Rout)
m Size: twice w.r.t. RHIC

m Lifetime: 40% higher w.r.t. RHIC long -, — k2

Phys. Lett. B 696 (2011) 328

Ji. Phys. Lett. B 696 (2011) 328
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Multiplicity, E- and &

O Particle Production and Energy density e:

m Produced Particles:dN_,/Z/dn ® 1600 + 76 (syst)
~ 30,000 particles in total, = 400 times pp !
somewhat on high side of expectations (tuned to RHIC)

growth with energy faster in AA

= Energy density ¢ > 3 x RHIC (fixed 1) e(r) = E _ 1 dE;
= Temperature + 30% V. r,A dy
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Charged particle spectra
Radial Flow

* K, m, p spectra 0-5% central collisions _

- K, K'p
: : : o s e e ALICE, Pb-Pb,\[s, = 2.76 TeV

* Very clear flattening and higher tails at S I " PHEle,Au-A\Lj\,{:ﬁsi;=zoo v

Vsnn=2.76 TeV Q10° T, t STAR AU, =200 GeV

 Quantify with blastwave parameter % o “: + STAR (TOF, feed-down corr.)

studies: radial flow B=vy/c and freezout 2 __....-;;?,ﬁ. *e,

temperature T, g ey Sea, o
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Anisotropic Flow

1] -
O Fourier expansion in azimuthal distribution:

O @ — azimuthal angle

A In non-central collisions

participant area is not azimuthally

symmetric: system evolution transfer

this anisotropy from

j’coordinate space to momentum space
k-

NNN
~
~

‘ v, - direct flow

v, - elliptic flow, dominant for system
Collision Plane : symmetric wrt Collision Plane..
- Defined by Beam and Impact Parameter




Elliptic flow - v,

1) superposition of independent n+n:

momenta pointed at random
relative to reaction plane

| |
w4 w2 34 i

o-W, (rad)

2) evolution as a bulk system

pressure gradients (larger in-plane)
push bulk “out” = “flow”

more, faster particles
¥y seen in-plane

vy = (cos 2(¢ — Wg))
» b=~6.5fm

o
—
=
=
=]
L
m——
z
o=
=
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.
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r

2.5 3
L 1 (rad)

plane

(nonzero v indicates a departure from independent n+n!j

Adopted from R.Snellings
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Physics of elliptic flow

Elliptic flow depends on:
O Initial conditions

O Fluid properties
m Equation of state
®m Shear viscosity

Shear viscosity: n=n<p>A=<p>/o
Small viscosity n => large cross section o
== strongly interacting fluid

23/11/2011 Birmingham




K. Aamodt et al . (ALICE Collaboration)

02 (2010)
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The system produced at the LHC behaves as a
very low viscosity fluid (a perfect fluid)
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Hydrodynamics and v,

O comparison of identified particles v,(p;) with hydro
prediction — mass splitting described

N : ALICE preliminary, Pb-Pb events at \ s,,, = 2.76 TeV 0.3
i centrality 10%-20% &
0.3} -
7", V,{SP, [An|>1}
WK, v,{SP, |an|>1} 0.2}
WB. v,{SP, |an|>1}
0.2  —hydro LHC [ $
i (CGC initial conditions)
3t ¢ 0.1
0.1
| O °
0 |||||||||||||

m (calculation by C Shen et al.: arXiv:1105.3226 [nucl-th])
m Protons are to be understood
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Fluctuations = v,

O “ideal” shape of participants’ overlap

iIs — elliptic
m in particular: no odd harmonics
expected

m participants’ plane coincides with
event plane

O but fluctuations in initial conditions:
m participants plane !'= event plane

> V3 (“triangular") harm()nic appears Alver, Gombeaud, Luzum & Ollitrault, Phys. Rev. C82 034813 (2010

[ v, Glauber 1/s=0.08

[B Alver & G Roland, PRC81 0-1_— ----- v, CGC 1/5=0.16
(2010) 054905]

ALICE

e V{2, An>1}
. 2, 1
o and indeed, v31=0! _ i e Vs
L o V{4}
o v, has weaker centrality dependence %] "

than v,

0\II!‘II’II‘II’I\'IIt\llll\llI\Ill\llll'l“‘\lll‘
O 10 20 30 40 50 60 70 80

centrality percentile

ALICE: PRL 107 (2011) 032301
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Higher harmonics
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2 Particle Correlations and Flow

O Fourier expansion in azimuthal distribution:

o If flow dominates than:
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Flow vs Non-Flow Correlations

calculated values
with global fit

To some extent, a
good fit suggests
flow-type
correlations, while a
poor fit implies non- ,
flow effects o

V, to vg factorize
until p; — 3-4
GeV/c, then jet-like
correlations ] :
dominate BE :
v, factorization ha U AEAREE AR IREE UL i)
problematic assoc. p_

(influence of away- trigger p_ [G8V/°]
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Jan Fiete Grosse-Oetringhaus — ALICE

B/11/2011 Birmingham




Anisotropic Flow Summary

O Centrality and p, dependences of various v,
constraint

m initial conditions (CGC vs Glauber)
® ViScosity — n/s

O There is no hydro calculation (yet) describing
simultaneously data on v, and vy ,....

O 2 particle correlations consistent with flow for
p<3-4 GeV/c
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Speaking of which...

Robert Del '[ (d) N>110, 1.0GeV/c<p_<3.0GeV/c

: ! T

= L ‘“}::\%\

*:1 ) IR

7 e A
4 A ol
JON 2 2
i Iy G
analyze
this -4

and Lisa Kudrow

Full Fourier decomposition of the CMS pp ridge?
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http://upload.wikimedia.org/wikipedia/en/d/d1/Analyze_this.jpg

The nuclear modification factor

O quantify departure from binary scaling in AA
m ratio of yield in AA versus reference collisions

O e.g.: reference is pp 2 Rua

O ...or peripheral AA 2 R, (“central to peripheral®)
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Quarkonia suppression
] -

O In the plasma phase the interaction potential is
expected to be screened beyond the Debye length Ay
(analogous to e.m. Debye screening):

O Charmonium (cc) and bottonium (bb) states with
r = Ap will not bind; their production will be

suppressed
O Recombination of cc and bb regenerates
quarkonia E I e ey Wi [fn)
o — 1 2 Flws)
Yiosem ] | ,09)
0.4 ho Debye length from lattice QCD _ 12 J/u(1S)
Wl J /o260 tm 5 Y25)
0.3; ] <T, I'(35) ,'(2P)
0.2 s - — '__:{IP} ¥(29)
. ow/%, (0.13 fm) _

24

0i\..\I\...I\..\I...\I...\I....I.\..I.:



Jy @ LHC: forwardy, low p+

O LHC: 25 <y <4, p; > 0 (ALICE)
O Less suppression than RHIC:
1.2 <y <2.2, p;r >0 (PHENIX)
O As suppressed as RHIC: |y| < 0.35. pT = 0 (PHENIX)

n:ﬁ 1.4  w ALCE (Pb-Pbysy, = 2.76 TeV), 2.5<y<4, p >0 (preliminary)
L o PHENIX (Au-Au\ s, = 0.2 TeV), 1.2<|y|<2.2, p >0 (arXiv:1103.6269)
1.2 o PHENIX (Au-Auwy s, = 0.2 TeV), |y|<0.35, p,>0 (nucl-ex/0611020)
| @ I
i
0.8[:
0.61 EH 1l
- @ |l|} m
0.4 @ i EE{
- & & B : : 5
0.2f- @ % 3 , # |Recombination’
- }ALICE <N =z |Is wmghted by N | | |
e
<Npan*:~.-

ALI-PREL-5537

Ginés Martinez — ALICE (QM2011)
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Jhy @ LHC: central y, high p+
o LHC: |y| < 2.4, p; > 6.5 GeV/c (CMS) prompt J/y _

_I T TT | T[T T | FTTT | TTTT ‘ TTTT ‘ TTTT | TTTT T \_
m:g2 14— l CMS Preliminary =
C PbPb \[syy = 2.76 TeV i
2 . Prompt I g o PhysLettB697:294-312,0011
| | - k= e L B B B
/C 1I T — i 2 | ATLAS
T S, *“ AuAu \[s,, =200 GeV ] s [ Pb+Pby\[s, =276 TeV
0.8 Y7 STAR preliminary — S i
r + P, > 5 GeVlc, |y|]<1.0 ] .8 -
L ’ ] N -
0.6 1 L . 3 | ]
: + : [ s ]
P + ] <0 + |
c | | +
02~ 00<|y| <24 B o 0.5+ +
- 65<p <30.0GeVic -
_I L1l | I | I | | ‘ | ‘ L1 11 | L1111 | L 11 \_
%50 100 150 200 250 300 350 400
' Npar‘t L 1 1 I L 1 L I 1 1 1 | 1 1 1 I 1 1 L
0 20 40 60 80 100

1-Centrality %
CMS: PAS HIN-10-006

ATLAS: PLB 697 (2011) 294

> more suppressed than RHIC:
> |y]l < 1. pT =5 GeV/c (STAR)

inclusive J/ @
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Y(1S) suppression

CMS: PAS HIN-10-006

E B LI | LI L I LILELIL | 1 I-I I-l LILELIL I L LI ]
o 14 CMS Preliminary —
F POPD \[Syy =2.76 TeV |-
13 ¢ Y(18) B
- AUAU S =200 GeV | -
0.8 *r STAR preliminary —

N - lyl<0.5
0.4 % =
02 0.0<lyl<2.4 —
- 65 < pf* <300 GeVic 00< p': < 20.0 GeV/c
- A .

Q50400150 300 350 400 350 400
Npa:l
— CMS Y(1S) Rya(0-100) = 0.62 + 0.11 + 0.10

— STAR Y(1+2+38S) Ry4(0-60) = 0.56 + 0.11¥0:02,
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Y (2S5+3S) suppression

O additional suppression for Y(2S+3S) w.r.t. Y(1S) ?

‘;_"i _| ||||||| |||||||||1||-|||||||||_ Ea] [ I|IIII|I I|IIII|IIII|IIII|IIII
& 80 , data CMS Preliminary E ‘Tg - data CMS Prelimin 1
C _ . 60 .
8 o — 1 ¢ PPNs=276TeV  : STE—t PbPb \[sy, = 2.76 TeV
= - r 00<lyl<24 . il C 0-100%, 00 <lyl <24
S 60f-pi>4Gevie || 0<p <20Gevic 3 S psaceve || 0<p <20Gevic
-~ ot = 295y . =T e = 7-28 pb”
% 50__ Lm ~ g dﬂ:— le g -]
z oF o =92 MeV/o® (fxed o MC) 2 F o = 92 MeVic? (fixed to MC) 1
f " |l PbPb"
30 C - i
E ' » 2(]_— 1
20F n
mf 10
- + Al
41 ron Lo b bova b b 0 oo bvvvae b bvroa bov g bvvralbvaaad
7% 9 0 w12 1 14 %9 10 11 12 13 14

GeV/
o (GoVIE) CMS: arXiv: 1105.4894 m,, (GeVi/c?)

Y(2S + 38)/Y(1S)lpp.pt
— 0.31721%(stat) = 0.03(syst),
Y(25 + 35)/Y(19)],, “o1s(stat) (syst)
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Quarkonia Summary

OY and J/@ suppressed by same amount ?
O Suppression depends on y and pt

O the future runs should allow us to
establish quantitatively the complete
quarkonium suppression(/recombination?)
pattern
m high statistic measurements
m open flavour baseline / contamination
m pPA baseline
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Jets in medium
- -

Fragmentation Leading hadron

heavy nucleus

Key prediction: jets are quenched
e collisional energy loss (Bjorken)
 radiative energy loss (Wang and Gyulassy)

30
J.D. Bjorken Fermilab preprint PUB-82/59-THY (August 1982).
X.-N. Wang and M. Gyulassy, Phys. Rev. Lett. 68 (1992) 1480



R, at LHC

Non colour probes

O Ry.(p;) for charged particles

produced in 0-5% centrality range
= minimum (— 0.14) for p; — 6-7 GeV/c
m then slow increase at high p;

m still significant suppression
T T T T T T T [] T T T T T LI
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Jet quenching

O Jet quenching = Energy loss of fast parton in matter
m jet(parton) E -=> jet E’ (=E-AE) + soft gluons (AE)

m modified jet fragmentation function f(z) (= number &
energy distribution of hadrons) via matter induced gluon
radiation/scattering

o QCD energy loss AE =f(m) x ¢, x q x L?x f(E) depends on:

m ( : 'transport coefficient ' = property of medium (QGP >=>
nuclear matter)

m L: size of medium (— L?)

m C,: parton type (gluon > quark)

m f(m) : quark mass (light q > heavy Q)

m f(E) : jet energy (AE = constant or — In(E))

1) How much energy is lost ?
measure 'hard' fragments
beams of OGP | Wyesennitie 2) Where (and how) is it lost ?
hard probes 3) Shows expected scaling ?

23/11/2011 Birmingham



How much 1s lost ?

O imbalance quantified by the di-jet asymmetry variable A;:
R=04 |7/<28

o

_ E.,—E. E, > 100GeV

< | Centrality 0-10% 1  Centrality 10-20% |  Centrality 20-30% -

3 )-| ] J

%35 ATLAS Preliminary E, > 100 GeV [JHUING+PYTHIA. ETI+ ETZ ET2> 25GeV
& ® Ph+PbData | ; ; . .

z tr2> 25GeV ceonan | O With increasing centrality:

1 > enhancement of asymmetric
' di-jets with respect to pp

1 > & HIJING + PYTHIA simulation
o AE—20 GeV

| O Consistent with RHIC

.
T

o
o
=3 |
=
[T
<
[
<
.
.:’o__
5~

4 T I T I T I T I T T I T I T I T I 4
® ATIASFo-FoO-10% 1 ® ATLAS Fo-Po 10-20%0] |
— PYTHIA — PYTHIA
== PYTHIA + medmm == PYTHIA + medium

P PR B YN
g2 04 06 08

ATLAS: PRL105 (2010) 252303

02 04 06 08

| | 1
g2 04 0B 08

$in,Muleer:Phys.Rev.Lett. 106 (2011) 162302
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Where iIs 1t lost ?

No visible angular decorrelation in A wrt pp collisions!

"|""|""|'_ I""I""I""I_""I""""IIIIIIIIIIIII
a cms b

( ) det 351pb _( ) det ETJ.Lb 50-100%

; —s— pp Y5=7.0 TeV —=— PbPb \5,=2.76 TeV p,,> 120 GeVic
510 g “:PYTHIA PYTHIA+DATA g Py, > 50 GeVie
= Antik,, R=0.5 lterative Cone, R=0.5
o
L
an2
510
>
w

10°
SRR bl
-(d)
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c E {
S |
3 AD., —
o
s 12
§107°¢
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CMS: arXiv:1102.1957

0 05 1 1

Aq) {rad§

- large imbalance effect on jet energy, but very little effect on jet
direction!
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How Is It lost ?

Jet fragmentation function

O distribution of the momenta of the fragments along the jet

axis
5] 10°E E, (75100 GeV
s B -
'u“ - ., @ O Antik, Re02, 0-10%, p >2 GeV
T o Antik_ Rl 2 40-80%, p_»2 GeV
Z 10p 555& ) ”
! ., distribution is very
o similar in central and
X == peripheral events
107 |- —— e although quenching is
o very different...
102 ,,,I,,,,,* apparently no effect
0 010203 04 05 06 07 08 09 1

Brian Cole — ATLAS (QM2011)

Z

from quenching inside
the jet cone...
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Jet “quenching”: what have we learned so far?

Large average . o Hifference Is
lldljet PT : i found at low pr
imbalance far away from jet

Dijets remain back-to-back
In azimuth

Partons fragment—-___.._.;

as in vacuum Experimental characterization

of energy flow in dijet final states

'
?2:;5 Bolek Wyslouch (LLR/MIT) EPIC@LHC, July 7, 2011 23 ﬂ



Mass & Colour Charge Dependence

Dz Measure Heavy Quarks (c,b) versus r (gluon fragmentation dominates = at LHC)
I | ] 1 1 | I ] ] ] ) | ] ] ) ) ) I ] I

=L
= » -
'+ .
1.8 F‘I:J-F‘I:n. \/5,,=2.76 TeV + D°R,, 0-20% CC -
1.6¢ S/ = D'R,, 0-20% CC
1.4 . R.. 0-20% CC D-Meson suppression / z suppression
- T Maa , ]
12 ALICE Preliminary A =s 4LIIIIIIIIH'llllll“llplb-ﬁbl W
s 1| £ 3¢ Colour Charge + Mass S
- 11 2% sE E
1 115, Colour Charge
0.8 Charm Mesons R,, | & E Q= 25-100 Gev/im
8} i} oF E
0.6 ¢ - 15E1—F —
. - | m=0
0.41 = > GeV q-0 E
0.2 ik fiars TN T 5 \lp 0 12 14 16 1820
. | | | | N Armesto et aW PRD 71 (2005) 054027 p, [GeVic]
% 2 4 6 10

- Raa Rrompt charm = R, pions for p; > 5-6 GeV jet quenching
expected difference factor 2 @ 8 GeV AE ~ @ g x L2x f(E)
- Rap Charm > Ry, m fOr pr <5 GeV ?

I Needs better statistics & quantitative comparison with other models
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Summary

1] -
O Journey started —35 years ago: QGP was presumed

O QGP observed sapeldH€s Matter: Neutrons or Asymptotically Free Quarks?
ties nigtPr G IR VAR UIONY, quack sowp. 7. C. Collins and M. J. Perry
T wares Doy eI HIEB PALI G gLt 22 Byt e o combide
Estimate of viscosity ? (Received 6 January 1975)
m Jet quenching
Back to back jets strongly suppressed
Dynamic of quenching ?
m Quarkonia dissolution versus recombination ?
m Heavy flavour: Are heavy quarks really suppressed as much as
light quarks and gluons ?

o HI SM Model describing simultaneously all observables !
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Energy density

Transverse energy density per participant pair: 2.5 x RHIC
Consistent with 20% increase in <pt>

£12 S
= ALICE (from E*; f,__=0.55) B.Wyslouch, CMS, EPIC2011
i L+ STAR x2.5
E. 10__,., PHENIKKE-E i 12_ T T T 11170 T T T 11T T T T TTT10 T |_|
= i - N % » - i CMS Preliminary ]
E_ 8 + + % ;£ ;{% 'i . % (ol DE802 PbPb\[5,,=2.76 TeV E
° o { n;{i{ﬂ “}ﬂ u O | xnNag
60t T R gl © WA a
: ZE | ® PHENIX
4r- B B * CMS[0-25%] ]
: @ g - ’
2k = L0 .
: ALICE Drelirr'lriai'_-.n . §|_ 4: » n
L . ,FbF,Ij (:_::g\El:z.:’b e'-.-'l | L 2__ . B
0 100 200 300 400 = - 3
N'“'" ol .D.@...ﬁ T R B
: 1 10 10° 10°
J.Harris, ALICE, EPIC2011 S (GeV)
Bjorken energy density x time: 2.8 | _ 1 & 2t
o = ——— =1 m
for 5% of most central collisions nR’t dy
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Energy dependence

ﬂ-: @ PbPb(0-5 %) ALICE /. pp NSD ALICE i
zam_ B PbPb(0-5%)NA50 O pp NSD CMS = growing faster then pp
A AuAu(0-5 %) BRAHMS +* pp NSD CDF
= | AuAUGS%)PHENX o ppNSD UAS . 018 -2.2 compared to RHIC
y 8 [ AuAu(0-5%) STAR * pp NSD UA1 -
% ¥ AuAu(0-6 %) PHOBOS x pp NSD STAR 1.9 compared to pp
::E 6
\-l: L
= |
=% S.White, ATLAS,EPIC2011
2~ ) A anaspeimnay |
i E. ¥ FHOBOS -
0 N ) £ ok O eememn _
10° 100 Z T BEERET nev ;o ]
3 5 Araesgoner . ]
* ALICE Po+Fb 0-5% - -
EE 5_-.-.-Lﬂgﬂm.p-:hnn'1 e =" o
< # ATLAS PhePhO-E% o =3 lﬂ-ﬁ; |
&.’-"‘; ﬁ?& 4
: e -
Agreement among experiments — e i
D .M....I AR | i 44 sl r il
10 107 10° 0y
Vs andyfs,,. [GeV]
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Particle Multiplicity Density

@I Charged
; at mid-Rapidity

rdAd
d.ﬂqll ﬂh_

™ dn

=l

rﬂt RHIC the low charge
particle multiplicity was a

surprise and ruled out most
of the models __

No wonder, predictions for LHC
were a little bit on the low side ...

vy

RHIC: PHOBOS Au-Au (0.2 TeV)

LHC: ALICE Pb-Fb (Z_Tﬁ TEV) Phys. Rev. Lett. 106, 022301 (2011)

Andreas Morech Phyzics at | HC 2011 June 7 Penoaia [tahy

compilation by N. Armesto
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Particle ratios

In general well described (—10%) by statistical (thermal) model
= P(m) — e (™D | . |
& S5 3
T Temperature o Ni/V= 273 's fexp(augsluss,)ild P
u, Baryo-chemical potential
7. Strangeness suppression

Tihem

~10° = ) .
,:T_'j SpS Pb+Pb collisions 158A GeV ,,];".rc Tch' 160-170 Mev }/S . 09-1 (AA), 05'06 (pp)
: 2 Iit"/
2 SPS Pb-Pb Pt RHIC Au-Au
= y R o T 1 r 1 1 1 1 1T 1T ° 17 1T 1T T T 1
= = ,'.‘- © 1 ':"7-"'@;- f _ —
A Y is78t19Mev § - "P’H%'ﬂh Vspn=200 GeV ]
| o r;'/ ¥ (1520) 2474477 MeV - _ ]
L YE 1,=0.84320.033 B O -l
af D 77=16.9/9 dof -1 4Ny, Nal
10 ....la_l MY PRI EEEEATITY | S L aain 10 = A —
10 1 10 10 = — —_—
" Multiplicity (model) - el 1. 7
=) - T T
ks /s =2 / i A i
‘f 1 _ PPV Sy 00 GeV /',n 5 O STAR
2 P 10 PHENIX ~ =
2 4f RHIC PP o = el E
0k s - BRAHMS e 3
»F T=g 70.1%£3.5 MeV - o a
0k A(1520)y. s A VT'=135+60 . —— T=160.5, n,;=20 MeV i
F = ¥,=0.569+0.031 S - -
10 —3; * ](2=l5.(5.-"1—l dof 10 — T 155, “.b 26 MEV ? -
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Thermal model at LHC

pp: 900 GeV & 7 TeV

e PP
—reen -Thermal fit rather poor
| - # | Pb-Ph:
E — 1L 23 -K/mgrows slightly from pp
- 0 | value
| o | -p/m = like pp
S | ' e -p/TC off by factor > 1.5

p/p p/m*  K'n* Alnt =/A

from thermal predictions !
but very compatible with

RHIC !!

Before we can conclude anything
we need more particle species..
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Physics of elliptic flow

Elliptic flow v» depends on fluid
properties: the EoS via ¢ ‘:"” _,

shear viscosity over entropy
ratio N/s but also on:initial

conditions: particular initial B —— .
spatial eccentricity &>

- :p . scaling
|, 5caling
= KLN (running o)
KLN

a {KLN} (mnnlng a,)
(KLN)'
DHJ Dipole

e 12 Jaygasai( r-H

9002506 0-#LO Ny sAud

||||||||||||||||||||||||||||||||||:\ 1
50 100 150 200 250 300 350 400

Adopted from R.Snellings
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Direct flow

_ x107
; - Centrality 0-80% Pb-Pb at \/s,, = 2.76 TeV
o - s TPC-it(n) =Cn
—
o 5_‘ — V0s-fit (1) =An+Bn’
L
L .
S
© 0
- TPC VO0s
. [ | average
T oA ¥ COs{ }(C
5 O W singY
kv N cos KA
I sing Y b 4
i A stat. error anly |
1 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 1 1 1 1
-4 -2 0 2 4

pseudorapidity, n

G. Eyyubova (2011
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Structures in (An,Ao)

near side jet peak

two shoulders

on away side
(at 120° and 240 °)
aka “the Mach cone”

long range structure
In 1 on near side
aka “the ridge”

ATLAS-CONF-2011-074
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Fourier analysis at large An, moderate pr

Near side jet excluded by
|An| > 0.8 gap
Ridge at A@=0 remains

2-particle Fourier coeffs.
Extract directly from C(A«wp):

fdﬂqta C(A¢@)cosnig
(cosnAg) =

/ dA¢ C(AQ)

Here, the first 5 moments
describe shape at per-mille
level.

Andrew Adare — ALICE

C(A¢), 0.8 <IANl <1.8

blue curve: sum (not a fit!)

1.01

0.99

1.002

pI'92-2.5 GeV/c
pT " 1.5-2 GeV/c
Pb-Pb 2.76 TeV, 0-1%

Praliminary

A¢ [radl]




Di-jet imbalance

O Pb-Pb events with large di-jet imbalance observed at the LHC

=TI
L_olll 54 &)

MS Experirient at|LHC, CE
wData-récorded: SuniNay 14 19:

Jet 0, pt: 205.1 GeV

CMS: arXiv:1102.1957

> recoiling jet strongly quenched!
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Jet nuclear modification factor

> e Centaly 0-10% ]
15— ATLAS Preliminary  —
oo —
05— T —— : + ~
- o Centraliy30-40%  pppp\s 276 Tev 1
15— Ly=7nb" —
- R=0.4 .
1_ ___________________________________________________________ —
—4— ]
e J -
05— —t— I =
" o Cenirality 50-60 % | ]
151 J —
== e S— =
0.5} | l R

100 150 200 250 300
E, [GeV]

substantial suppression of jet
production

m in central Pb-Pb wrt binary-scaled
peripheral

out to very large jet energies!

Brian Cole — ATLAS (QM2011)
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Where does the energy end up?

O nice analysis by CMS using reconstructed

traC kS - in-cone
f out-of-cone
0-30% Central Pbe

1||1r1|rr|||| LI L L L L L L L L L LU O L B R L L

I -4
oS 030% | o >05ceve In-Cone I Out-of-Cone |
Ph+Pb Va_s2 76 ToV T [ 05-1.0 GeWie =
or J'Ldt-&?uh" T [C110-20Gevic AR<0.8 1 T AR<0.8 ]
+ [ zo-a0cevie + e ]
20- [ 4.0-8.0 GeVic 1 1
o T I =80 GeVic 1 —— = ]
B _ 3
:.. 1 I l—'—_ll_ — 12 o
8 o '
—hn—
?-
=20 -
_4‘]._
| B T | I T N - I | B T - I IS - I lllllllllllllllllllllllllll ]
0.1 02 0.3 0.4 01 0.2 0.3 0.4 0.1 02 0.3 0.4
: A, LSO A, A,
balanced jets unbalanced jets

- momentum difference is balanced by low
momentum particles outside of the jet
Cone 23/11/2011 Birmingham




Z and W from ATLAS

Mormalized Z yield

o
|m |m

k.
&

0.5

I
ATLAS

| PhePoy s, =276 TeV

1-Centrality %

Muons/GaYy

-105;? A LA LA LARAl AL LS AR AL MR EEIE.IIII-I aanny T TR T TE T T
- % ATLAS Prelimina JLu sup’.® [ ATLAS Preliminary g
104 4 Data 2010
- T Ve =2.76 TeV - [ Total uncertainty 1
3l ] P
e « Data 2010 150 _[ L=5up" \VEn=2.76 TeV
1§1 CJW—pv _
E - Background - '* | -
10§ i + g
| |
-1_1:'-1 - a G [l s oaley parl paly
O 10 20 30 40 50 60 70 80 ¢ D203040506070809 1

I'I .
p! [GeV.

1-centrality
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AdS / CFT in a Picture

b-Dimensiomnal

, Aobi-de Sitter _,.-"'. Elock Hale
Graviton with g Spacetime ff
5—n_10r_nentum_k in bulk ""-.___ y,
satisfieske&k =0 — -.,__...- o
described by 4 numbers . Bouncary
[ z=l]

Those 4 numbers descril3

virtual gauge quanta on 4'

d boundary

+-Dimsangicanal

—  Flal Spacatirme
iRodagramm|

( Adopted from S. Brodsky figure )


http://arxiv.org/PS_cache/arxiv/pdf/0802/0802.0514v1.pdf

The Perfect Liquid?

model calculations suggest
that the RHIC v; results
are close to the ideal
hydrodynamical limit.

these calculations place an
upper limit on n/s which is
smaller than ~ 4 x AdS/
CFT bound

main uncertainties on /s
due to uncertainties in the
initial conditions and the
unknown dependence of AdS/CFTBound . NS¢ ]

N/s versus temperature 10 05

Based on R. Lacey et al., Phys.Rev.Lett.98:092301,2007.
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Heavy lon Program

Early Universe

£ Future LHC Experiments

@
—
-
—
o
14}
Q
5
=

170 Me\'

Crifical Paint

Hadron Gas

The Phases of QCD

Color ~

Superconductor

Nuclear
Matter Neutron Stars
-

900 MeV
Baryon Chemical Potential
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