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The Big Picture

 We know that strong interactions are well
described by the QCD Lagrangian:

Locp = —3F2 Ft =3, n (& — gV Afta — mn) (L
=Perturbative limit well studied

* Nuclear collisions provide a laboratory for
studying QCD outside the large Q2 regime:

— Deconfined matter (quark gluon plasma)
=“Emergent” physics not manifest in Laco
= Strong coupling = AdS/QCD (?)

— High gluon field strength, saturation
= Unitarity in fundamental field theory

* Only non-Abelian FT whose phase transition &
multi-particle behavior we can study in lab. 2



QCD Thermodynamics on Lattice

Energy Density or pressure QCD trace anomaly

asqtad: N.=8
6
p4: N.=8
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e Lattice thermodynamics from hotQCD group

— Trace anomaly (e-3p)/T4, an “interaction measure”
=Strong coupling already evident near Tc (?)



QCD Thermodynamics on Lattice
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e Lattice thermodynamics from hotQCD group

— Trace anomaly (e-3p)/T4, an “interaction measure”
=Strong coupling already evident near Tc (?)

 Can we observe any consequences of the

increase of the (initial) temperature between
RHIC and LHC? 4



Heavy lon Collision Time History

e LT

Initial entropy (gluon) Collective

production Evolution
Rapid
Thermalization

e Conclusions from RHIC program

=|nitial particle production influenced by strong
gluon fields in the incident nuclei.

Hadronization

=Created particles rapidly thermalize into a
strongly coupled quark gluon plasma.

=Quark gluon plasma efficiently attenuates high-
energy quarks and gluons.
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RHIC Particle Multiplicities

W PHOBOS [1]
® pp [2]
---- EKRT [9]
Kharzeev/Nardi [8]
Spectators = HIJING [7]

Multiplicity per colliding nucleon pair

e Multiplicity @ RHIC on low end of predicted
range, slow growth with Npart

— Suppression of expected hard contribution
=“Saturation” via gluon recombination?

=Test by going to LHC where saturation effects
are expected to be stronger.



Charged Particle Multiplicity
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* Weak variation of dNchg/dn with centrality
— Consistent results between ALICE, ATLAS, CMS
e Same centrality variation @ RHIC and LHC

=(Naturally) consistent with saturation?
=Where is the hard contribution?



Charged Particle Multiplicity (3)
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e Generically, saturation models too flat
— Except for Albacete et al (BK saturation + kt fact. ++)
= role of late entropy production in central (~10%)??

* HIJING: hard + soft can describe central growth
— But then why same shape for RHIC & LHC? 9



Collective Motion: Elliptic Flow

ATLAS Preliminary Pb+Pb\s, =276 TeV L, =7ub
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* Pressure converts

spatial anisotropy to
momentum anisotropy.




Collectivity: Elliptic Flow

® ALICE
77 STAR
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e Logarithmic variation of vz with Vs above 10 GeV

— Change from RHIC to LHC is comparable to change
from SPS to RHIC

=But, beware, integral v2 can be misleading.
=Though it may be most directly related to n/s T



e |dentical
results for

v2(pT) @
RHIC & LHC

— Except for
peripheral

=Likely EP vs

cumulant
e How?
— Same initial
eccentricity +

same
collectivity?

Or

— Accident?

\EP} (PHENIX)

1
(CMS Prelimunary) 3
1




Collectivity: Elliptic Flow (3
RHIC (PHOBOS) v2(n)  LHC (ATLAS) v2(n)

. _ (a) 3-15% b=4.0fm ° 'l’llyd@rggl\sﬂ%i}je E | 05<p<07GeV, 08<p<12Gev] 2<p<4Gev | 4<p<7Gev | 9<p<20Gev |
T ec:169MeV . : : : | | ATLAS Preliminary |
dec” | | [ : - 1] [
= PHOBOS ] 2F _ i | ST et

GEEEeReRLy \5 =276 eV |

0.02f, ! °
o
-~ (c) 25-50% b=8.5fm

0.04 , .
0.02
54321012 3 4
il

* Weak variation of v2 with n for pr> 500 MeV

— In contrast to RHIC results.
=Saturation of v2 due to longer lifetime @ LHC?




Collectivity: Elliptic Flow (4)
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»—a RHIC: n/s=0.16, |

VISHNU
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40
centrality

*Viscous hydro + hadronic cascade (VISHNU)
— Compare to RHIC and LHC dNchg/dn, v2(pT), v2(cent)
— Using CGC initial conditions (KLN)

* Possibly higher n/s @ LHC
— But, caveats re: initialization of v

* Important to remember that longer lifetime of
sQGP @ LHC should have consequences for v2 14
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Higher Flow Harmonics

 Major paradigm shift in the field in the last year

— Higher flow harmonics arising from initial-state
fluctuations in transverse positions of participants

dIN dIN
dodprdn — 2wdprdn (1 + Zm 2’Um COS [m(¢ _ wm)])
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- PbPb@LHC 30~40%
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e Combination of vz and v3 provide more stringent
tests of hydrodynamic calculations
* Heinz et al: (preliminarily)

— LHC data prefer ordinary “Glauber” initial conditions
(MC-GIb) over CGC a la MC-KLN

=nls = 1/4m
=rules out saturation? or just KLN




—
ATLAS Preliminary

2<lAnl<5 ]
2<p’, p2<3 GeV

 Higher harmonics also studied using 2-particle
correlations at large An

— Sum of harmonic contributions sufficient to explain
the “ridge” and the “mach(?) peaks”

=Resolves two important “problems” in the field 18




Jet Quenchin RHIC: 1 slide summar

PHENIX Au+Au (central collisions):
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Jet Quenchin .

PHENIX Au+Au (central collisions):
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Jet Quenching

e Key question:

—How do parton
showers in hot
medium (quark
gluon plasma)
differ from those

in vacuum?

(b) Medium—modified

fragmentation | From “Jet
Quenching in
Heavy lon
Collisions”,

U. Wiedemann,
arXiv:0908.230§1




Light “Jet” Quenching @ RHIC

PHENIX Au+Au (central collisions):
[ Direct y
A 70 Preliminary
] n
GLV parton energy loss (dN%dy = 1100)

p; (GeVic)

Indirect measurement
of jet quenching via
single particles

902 — p+p min. bias
2’5 Tr + Au+Au central

-----------

Indirect measurement
of di-jet imbalance via
pairs of particles

* We do not yet have a unique quantitative
understanding of jet quenching @ RHIC

=Lack of jet measurements a serious limitation 22



ATLAS: asymmetric dijet in Pb+Pb

40 |

CATLAS

" EXPERIMENT

Run Number: 169045, Event Number: 1914004
Date: 2010-11-12 04:11:44 CET

30

Central collision, highly asymmetric dijet

23



ATLAS: asymmetric dijet in Pb+Pb

Run Number: 169136, Event Number: 1395684

Date: 2010-11-13 02:17:43 CET

Central event, with split dijet + additional activity

24



Di-jet asymmetry - ATLAS PRL

40-100% 20-40%

* “Holy grail” of jet
quenching

— But, due to quenching
or underlying event?

10-20%

[s..=2.76 TeV 0-10%
ATLAS
Pb+Pb

L =1.7 ub™
++ int
¢

NN

@ Pb+Pb Data
O p+p Data
OHUING+PYTHIA

50*:, E [GeV]
4] Calorimeter
%0 Towers




Centrality 0-10% | (IDe'ntrlaIi'ty 10-20% | be'nt}alityl26-3|0°/'o_5
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e Strong modification of di-jet asymmetry in
R=0.2jets (1/4 area of R=0.4)

= Asymmetry not due to underlying event




Dijet asymmetry: Theory comparisons

Young et al,
arXiv 1103.5769
[nucl-th]

AMY energy loss
formalism

* AMY energy loss with 1 free parameter (xs)
— Good description of modified asymmetry distribution
=Decisive test of energy loss calculations

=>1st step towards quantitative probe of jet + sQGP
interactions using jets 27



Jet Quenching: Inclusive Observables

Vitev, Wicks, Zhang, Armesto, Salgado, ef al, JHEP
JHEP 0811 (2008) 093 0802 (2008) 048
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e Key questions:
= (How much) Is the jet yield suppressed?
=How does suppression depend on jet radius?
=|s the fragmentation function D(z) modified?

=|s the hadron angular distribution broadened? -



Single Jet Rates, R=0.4

Single jet spectra Smgle Jet spectra/Ncou
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* For single jet spectra

— Centrality independent 22% systematic error on
normalization due to 4% jet energy scale uncertainty. 29




Jet Suppression via Rep

R=04

ATLAS Preliminary
100 <E; <125 GeV

Use 60-80% centrality as
peripheral reference for Rcp

Pb+Pb \[s, = 2.76 TeV

125 <E. < 150 GeV

1 1 ANt Ly =70
t t
Rcp = NS Negy© dET
60—80
1 1 dN;;
60—80 60—80
Ncoll Nevt dET
50 60
. Centrality [%]
e Observe:

=Factor of = 2 suppression of jet yield/Ncon in central
(0-10%) collisions relative to 60-80% collisions. 30



Jet Suppression via Rcp (2)
R=0.4

R=0.2

e Centrality 0-10 %
ATLAS Preliminary

e Centrality 0-10%

ATLAS Preliminary

° Cent'rality 30-40 %

Pb+Pb \[sy, = 2.76 TeV

° Centrali'ty 30-40 %

Pb+Pb \/s, = 2.76 TeV

Lint =7 u b-1

eObserve

=Suppression Er independent within errors
=Same for R=0.2 and R = 0.4 within errors




Jet Fraagmentation
pPp PbPb, 30 - 100% PbPb 0 - 30%

10° FI CMS Prebminary
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* No apparent modifications of (longitudinal) jet
fragmentation function.




Summary & Comments/Questions
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 LHC multiplicity (and ET) results provide key
data on LHC initial conditions

=But insight on the physics?
* Physics of bulk particle production also
determines initial state geometry & fluctuations

=Possibility for v, to constrain theoretical
descriptions of the initial conditions

=But, do we have the correct physical picture?

e Additional insight from p+A, e+A needed

33



10° 10*
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e Collective flow physics qualitatively similar at
RHIC and the LHC

— But, longer lifetime of sQGP at LHC results in less
sensitivity to hadronic stage.

e For both RHIC, LHC v, physics will revolutionize
study of collective flow

=Precision determination of transport coefficients?
=Constrain descriptions of initial state

e Sensitivity to weaker coupling at higher T?



Summary & Comments/Questions (3

PHENIX Au+Au (central collisions):
Direct y
A n° Preliminary
® n
GLV parton energy loss (dN°dy = 1100)

R
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e Centrality 30-40 % Pb+Pb \[s = 2.76 TeV
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e Centrality 50-60 %

Single/di-hadron measurements

replaced by jet measurements .

50 300
E, [GeV]

= on our way to sQGP tomography

— P+p min. bias
*  AU+AU central




Jet Measurements @ RHIC

80cm

) 40cm
| — 10cm
=l R

=] (F)VTX

_7Tracker

PreShower

PreShower

Solenoid

GEM-Tracker

Figure 1. A strawman sketch of the sSPHENIX detector. Some features of the detector
are discussed in the text.

 Both STAR and PHENIX are pursing A+A jet
measurements @ RHIC

=But, neither detector is optimal for jets in A+A

*So, PHENIX has proposed major upgrade
(sPHENIX) with goal of performing jet

measurements similar to ATLAS & CMS
36



lon beam Start ion End non-LHC

setup physics  proton physics

Oct | Nov \ | Dec
40 43 |\ 44 5 |\ v 47 48 49 50

Schedule version 3.0

7 12 19|

26 3 10 17
| \ Test ramp
Set up p beam, Pb \ of p-Pb
- - - - - I End lon run | p !
injection, test injection

of Pb on p (2 shifts ‘ ;v:;:?aglztm
designated MD) '

from

L1 I u| A injectors,

A
[N\ possible
. collisions
Set up ALICE squeeze with Time to AN

|:|Technical Stop

[ JRecommisssoning with beam
? protons, then Pb beam, ramp,

[——""IMachine development squeeze, crossing angles, review p-Pb
[ Jionrun collimation in two installments

[ lionsetup

°|In Nov. 2011, 3 week Pb+Pb run
— expect x10 increase in | £ dt over 2010 run
= Important for jet, vy, y-jet, b jet, W, Z, J/p, Y
* Hopefully, a first low-statistics p+Pb data set
— As a test for a high-statistics p+Pb run in 2012




Chared Particle Suppression
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® ALICE Data
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* Charged particle Raa vs pT up to 50 GeV/c
— Below ~ 6 GeV, dominated by soft physics
— Gradual reduction in suppression with increasing pr
=Long sought indications of radiative energy loss?
—Measurements starting to discriminate models? ;g
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Higher Flow Harmonics (2)
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e Elliptic (v2) flow dominates except in central
collisions where g2 = 0 without fluctuations

— v3 has much weaker centrality dependence
= consistent with participant fluctuations 40



Jet Fragmentation (Transverse)

E; 100 GeV
o R=0.4,0-10%, p>2 GeV
e R=04,40-80%, p>2 GeV

Pb+Pb\/sy,= 2.76 TeV
L =7 ub’

int

1 15 2 25 3 35 4 45 5
JT[GeV/c]

 Measure distribution of fragment pr normal to
jet axis: jr = pp*9sin AR = p;9sin (\/ An? + A¢2)
— Compare central (0-10%) to peripheral (60-80%)
=No substantial broadening observed. 41




