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A Grand Challenge

e HOW can we clarify the understanding of fluids without
quasiparticles, whose nature Is a central mystery In SO
many areas of science?

e We are developing more, and better, ways of studying
the properties and dynamics of Liquid QGP — “our”
example of a fluid without quasiparticles.

e At some short length scale, a quasiparticulate picture of
the QGP must be valid, even though on its natural length
scales it Is a strongly coupled fluid. It will be a challenge
to see and understand how the liquid QGP emerges from
short-distance quark and gluon quasiparticles.

K. Rajagopal, Opening Theory Talk QM2011
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QCD phase diagram
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QCD equation of state

Degrees of freedom: v = [(% X ?) +LX (12 X

Lattice QCD

gluons
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Theory

QCD equation of state

gluons

quarks

Degrees of freedom: v :[(%x§)+%x(12><3><Nf)]>< (1—0(82))
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QD

Theory

Hot QCD matter properties ()

Which properties of hot QCD matter can we hope to determine from relativistic

heavy ion data ?

l, <
c; =dp /o€

E,p,S

n=— j d*x(T,(x)T,,(0))

A_47rocC
1 N
N 47rocC
e:
N_
n 47rocC
€, =
N

m,, = — lim lln(Ea(x)E“ (0))

|x|— o0 | X |

& [dy (F*'(y )F*(0))
© [y (ia" A" ()A™ (O)

= Jdy (F* () (0)

'

J

: spectra, coll. flow, fluctuations

: correlations

: anisotropic collective flow

parton energy loss, jet fragmentation

Color screening: Quarkonium states
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Theory

Hot QCD matter properties ()

Which properties of hot QCD matter can we hope to determine from relativistic

heavy ion data ?

E,pP,S

Equation of state: spectra, coll. flow, fluctuations

Speed of sound: correlations

n=— j d*x(T,(x)T,,(0))

T —
Easy for HY
LQCD
c; =dp /o€
A_47rocC
1 N
. 4n’a C,
e =
N —
. 4r’a,C,
€ =
N
Easy for

LQCD

m,, = — lim lln(Ea(x)E“ (0))

|x|— o0 | X |

& [dy (F*'(y )F*(0))
- [y (i A" (y)A™ (0)

= Jdy (F* () (0)

N

Vo

J

: anisotropic collective flow

parton energy loss, jet fragmentation

Color screening: Quarkonium states
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(U = J
Hot QCD matter properties ()

Which properties of hot QCD matter can we hope to determine from relativistic
heavy ion data ?

T , & E,p,S Equation of state: spectra, coll. flow, fluctuations
Easy for H
LQCD
Q C; . ap | O€ Speed of sound: correlations
Lr
n== Jd X<Txy ()T, (O)> : anisotropic collective flow
. 4n’o.C, |
— d Fa+l Fa+ O
1= =L [dy (F6)F" ()
;o Aoy jdy (i0 A (7)) A (0))
N, - parton energy loss, jet fragmentation
., _4r’a,C, e e
b= - Jay (FOO)F <0>>)
sasyforl i, =~ lim —In(E‘(x)E‘(0)) | Color screening: Quarkonium states

LQCD xl—eo | x|
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The Liquid QGP




Theory
O T" =0 with T =(c+Pyu'u’ — P +TI™
. El, Xu & Greiner,
, , dl 1 [T 8e 41 all’ PRC 81 (2010) 041901
boost inv. expansion;: — =—-—+ ———
dt v 27t 3t &7
1.2
Excellent approximation of kinetic
1 theory (Boltzmann transport).
08 | Main input parameters:
. 0.6 | ® n/s
& e [nitial energy density profile
M e Equilibration time To
02 e - - - . r ..
'\Q-..._,_w_”___,___w Small uncertainties arising from:
0r IS \ Ws=3.0 I . .
e St —~— ® Bulk viscosity
0p L—_1_ Allorders (approximation) e QCD Equation of state
0 0.5 1 1.5 2 2.5 3 3.5 <
t (fm/c)
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(D =
Shear viscosity

Song, Bass, Heinz, Hirano, Shen, PRL 106 (2011) 192301

- (b)

| MC-KLN  hydro(n/s)+UrQMD _ n/s | MC-Glauber hydro (n/s) +UrQM]3. (%S

2 12 2 12
005k o edaxy | o V{2 e da
. CAYIC S R 0 (V) /e e
0 1 | 1 | 1 | 1 1 | 1 | 1 | 1
0 10 20 30 0 10 20 30
(1/S) dN _ /dy (fm”) (1/S) dN_, /dy (fm”)

Conclusion: 1 <4nn/s <2.5

Remaining uncertainty mainly due to initial density profile

10
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Theory
. " 1 9
Elliptic flow "measures™nqp
Schenke, Jeon, Gale, PRL 106 (2011) 042301
12 Universal strong coupling limit of
10 L| =S STAR 0-5% central non-abelian gauge theories with a
gravity dual:
n/s — 1/4xn
aka: the “perfect” liquid
s ideal, avg 10-20% central _
25 T ideal, e-b-o ’ /s =0
0 20 [ eee—— 1/s=0.08, o-b-e
‘o—c‘“ 15 | 1/s=0.16, o-b-o T]/S = 1/4n
10 '
3 n/s =2/4n
5¢F
o 30-40% tral
! -40% centra
*T MC-Glauber 7 OO e
30 | e
20
10
0 1
0 0.5 1 1.5 2 2.5 3
pt [GeV] 11
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Elliptic flow "measures™nqp

Theory

h* vy [%]
o

Schenke, Jeon, Gale, PRL 106 (2011) 042301

0-5% central

ideal, avg
ideal, e-b-e
1/s=0.08, e-b-e
1/s=0.16, 8-b-8

10-20% central

- MC-Glauber

30-40% central .

on"’“’.. ’

o

Universal strong coupling limit of
non-abelian gauge theories with a

15

h*" v %]

gravity dual:
n/s — 1/4n
aka: the “perfect” liquid
n/s=0
n/s = 1/4n
n/s =2/4n
Consistency check:
1 b

—S—  PHENIX prefiminary 30-40% central

Triangular flow
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Theory
[ rTrTa I LI P T ] U . | I \ | L I | l ]
0.35 ~ CMS Preliminary PbPb \[s,,, = 2.76TeV :
Resu Its agree aI most 03 r 30-40% Centfamy - :-::: VB:’EYZ} ]
. ~'L Stat. Uncertainties m CAS. v -
perfectly with RHIC : ool 000 3
| 5 1yS = 0.08, -b-6
025 BV, 1S 0.16, e-b-e
Y 7 A L= vy ldeal, e-b-e ]
03 ALICE h*" 1020% S 0.2 :_ ..... vy 1ys = 0.08, e-b c_z
[ |ioalayg @ L 4 KRk vy s =016, e-be _
0.2 15=0.08, avg sme e N /7 A .
= | [vs=0.08 abe — r . I
&015 ¢ T | o1t W me . | 3
01 ¢ » '.;:;'- 4
005 — A}@ LH C 1
0.05 | LHC 2.76 TeV ] & ]
5 ’ Schenke et al., arXiv:1102.0575v2 1
o 1 1 " 1 1 1 1 [ H I A ST S A AR A | .
0 05 1 15 2 25 3 35 4 0 L - 3 4 S - 7
pr [GeV] P, (GeV/c)
03 Mo mae—a |
idealayg v - ] .
04 [|mooeng  — - ] N/s from v3 might be slightly larger than
03 [ [veooobe s N/s from va. If true, this could indicate a
o~ L 2 = _— e
gl | = I momentum dependence of N, because
o events with large v3 are more granular
' mantaadd than on average.
0

0 05 1 15 2 25 3 35 4

pr [GeV]
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Closing in on perfection...

Theory

I

(CGC) J(Glauber)
-'— STAR = v, (2009)

(Glauber)

S

)= (CGC)

s e PHENIX v, WWNDO09

v

do- Lacey et al, PRL 092301 (2007)

8 f Drescher et al. PRC76 024905 (2007)
(CGC) (Glauber)

STAR P, correlation (2009)

AR Chg. v, (2009)

Gavin & Abdel-Aziz, PRL 97 162302 (2006) .
(pt correlation) © (number density correlation)

conjectured
quantum limit

Hydro. calculations, Song SQM08, HeirH\z WWNDO09

P. Romatschke & U. Romatschke, PRL 99 172301 (2007)

PHENIX PRL 98 172301 (2007)

Hees et al., arXiv:0808.3710

H. Meyer, PRD 76, 101701(R) (2007) [Lattice QCD]
=@ (T=165T)

Demir & Bass, arXiv:0812.2422 (2009) [hadron gas]

| | | | | I | | | | | | | |

Aihong Tang
[SEAR] 2009

(AR RRRRRNNNNY) IIIIIlIllIlIIlIlIIlIIlIIIIIIIlIIIIlu'IIIIlIIlIIIIlIl

o

2 4 6 8

0 12
41t n/s
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Theory

Closing in on perfection...

Present
limits

2011

(CGC) |(Glauber)

STAR = v, (2009)
—)— (CGC) (Glauber) e STAR Chg. v, (2009)
@t PHENIX v, WWNDO09

Lacey et a

«&ac) (Glauber)

, PRL 092301 (2007)

Drescher et al. PRC76 024905 (2007) z
STAR p, correlation (2009) :

Hydro. calc

avin & Abdel-Aziz, PRL 97 162302 (2006)
(pt correlation)

© (number density correlation)

conjectured
quantum limit

P. Romatschke & U. Romatschke, PRL 99 172301 (2007)

ations, Song SQMO08, Heiruaz WWNDO09

Aiélong Tang
[SEAR] 2009

| I }

PHENIX PRL 98 172301 (2007)
Hees et al., arXiv:0808.3710 O
H. Meyer, PRD 76, 101701(R) (2007) [Lattice QCD v
yer, RD 76, 101701(R) (2007 ] |
Demir & Bass, arXiv:0812.2422 (2009) [hadron gas] T :
|

| | I | | | | | | | | | |

o

2

10 12
41t n/s

4 6 8

We can reduce the uncertainty by at least a factor 2 or 3

13
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HQUELE
Event by event

Initial state generated in A+A collision is grainy
event plane # reaction plane
= eccentricities €1, €2, €3, €4, €tc. 0

t=0.4 fm/c

600

500

400

300

e [fm™]

200
100
0 = flows V1, V2, V3, V4,...
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Vn (n — 2,,6)

Theory

_|v2|‘|’5 ] [rrrrrrrrrrrrrrrrrrr ]
02f Vs Ve 1t |vn almost indepgndent of rapidity| -
- -V, 2.0-3.0 GeV i g
I EP from FCaIP(N):' [0 © @ ¢ ¢ ¢ ¢ 0 o o
i ATLAS Preliminary i
c
> 0.1 Ldt=8ub' —|® @ @ @ @ e e e o ol -
: f --oooooooooo--OOOOOOoooo-
A ———
L = 0 0 0 0 0 0 0
fEt R | ey 1 L S .
- 0-5% . 5-1996 | | | 10-?096 | | |
| | | | 1 1 1 L1 [ | 1 1 L1 11 L1 [ |
||| | ||| | 1 _IIIIIIIIIIIIIIIIIIIIIIII--IIIIIIIIIIIIIIIIIIIIIIII-
- [®® o e 0000 0qff - °°°Ceeee
0'2_. ® 6 6 ¢ o o o0 o .__ 1rF .
ot
> 0.1to -0 o0 o o 0@ Qo © 0 0 o0 o0 0 0 ¢ o o 0 © 0 o0 o0 o o0 o 0 o_
OO 0O O 00 o gf e e i e o O I I T | B B = R R R —
0 0 0 0 o I 7€ 0 0 0 o 0 0 0
. e S | ettt | I _
[, 20-30% | | 30-40% | | | 40-30% | | |
0 0.5 1 1.5 2 0 0.5 1 1.5 2 0 0.5 1 1.5 2
Inl Inl Inl
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Future refinements

B Necessary improvements
E-by-E (3+1)-dim viscous hydro with cascade freeze-out.

Uncertainty check for 1o, EOS, and (.

®m Determination of transverse profile

Can CGC theory provide a firm prediction?
= Are there theoretically founded alternatives?

®m Check of system independence
Cu+Cu, Cu+Au, U+U

= Very important to demonstrate theoretical control

16
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Theory

Unravelling &(7o,x)

What is the correct theory (model) for initial energy density profile ?

CGC approach needs to be pushed to quantitative predictiveness.

State-of-the-art “explains” final multiplicity, but fails badly on dEt/dn. No surprise: hydro
expansion reduces ET, but it (and the hadronic freezeout) also increases the entropy.

Does the approach predict the correct fluctuations of v, ?

10- bMCrcBK 200GeV Gaussian nucleon
"""" bMCrcBK 2.76TeV
- ALICE 2.76TeV )
8l PHOBOS 200GeV gt
N I
§ 6 { }
©
2 L
ar 33
[/ }*} i 3 & 4 + §
2
N PR Y N N L
0 100 200 300 400
Npart

Albacete, Dumitru, Nara, arXiv: 1106.0978

18
16
14
12

-

10

2 dEg/dn /Ny (GeV)

N s O 0

rcBKMC | | _
A wlm| ®
e |
LC. ]
.\‘vﬁl.ll()i‘c
ALICE QM11 - | |

0 50 100 150 200 250 300 350 400

Npart
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HEBELE
Fluctuation spectrum

Can different distributions of various eccentricities in different collision systems be used
to discriminate between energy deposition models / theories?

Can the power spectrum of v, be used to determine n/s and vsound ! [Mocsy & Sorensen]

18
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Fluctuation spectrum

Can different distributions of various eccentricities in different collision systems be used
to discriminate between energy deposition models / theories?

Can the power spectrum of v, be used to determine n/s and vsound ! [Mocsy & Sorensen]

S r v v v v v v 025 r v ¥ v v v v
Cu+Cu e Au+Au i o oy

@ — na3

Cu+Cu central | 38 AutAu
2 semicentral

H. Petersen: UrQMD + 3-D hydro + UrQMD

18
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HEBELE
Fluctuation spectrum

Can different distributions of various eccentricities in different collision systems be used
to discriminate between energy deposition models / theories?

Can the power spectrum of v, be used to determine n/s and vsound ! [Mocsy & Sorensen]

T Staig & Shuryak, arXiv:1106.3243

r Y Y Y Y v v v QLo r Y ol Y Y
B = a2, Dok fm
Cu+Cu S8 Bas Au+Au B 2 b BT e

Cu+Cu central | | “lesn Au+Au
/ \ .
o\ semicentral

0.001 i 10.001

Vu

00001 | -10.0001

0.00001

H. Petersen: UrQMD + 3-D hydro + UrQMD 0.00001 L

. Analysis not yet reliable in detail,
' but clearly the way to go! '
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Theory

Correlations

0.0008> V?{Q,}(An)

0.0006 + 10 - 20 %

0.0004"

0.0002

i

0

I STAR Preliminary
0 02040608 1 1.214161.8 2
AN

[,

STAR Preliminary

Gaussian Width
wide Gaussian o
V74 ~

narrow Gaussian

part

Driven by longitudinal correlation of initial-state density fluctuations or by thermal
density fluctuations during hydrodynamic phase ! Are the v3 correlations universal ?

CGC approach: 0an ~ 1/Xs [e.g. Dusling et al., NPA 836 (2010) 159]

Hydro transport: Oan ~ 2Vs log(t#/ti) [Kapusta, Stephanov, BM, to be published]

19
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HQUELE
Problems are just...

...opportunities in disguise

Eccentricity fluctuations permit selection of events with b # 0,
but v2 = 0. Use to probe origin of charge asymmetry fluctuations.

-3
o m (A }-(A7) ]
- 1 o AA(UD-AA_LR - =
(=] : T l
LEFT RIGHT 2 o050 ...liT I
[ : ® 1 L " ;|eH
P 'g : 'l“‘o':-'oooo e
O 0_— i """ W™ ".0. enbesion
e |l :
7] '0.5:__ .J !
DOWN < : AuAu 200 GeV 20-40%
" STAR preliminary
_1 2 l. : 2 2 | . L ) | 2
-0.2 0 0.2

Qang Wang (STAR)

(cos2(d-y_)) (p.<2 GeV/c)
Poster #583 QM2011 e’/ 1T

20
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Problems are just...

...opportunities in disguise

Eccentricity fluctuations permit selection of events with b # 0,
but v2 = 0. Use to probe origin of charge asymmetry fluctuations.

UP x10° —
1 AA(A%A(AA) .................................................. ™ "
AuAu 200 GeV 20-40% + A

2 05 1(-0,01:0,16)+(34.3:2, 2)x] 10* “
LEFT RIGHT < XYINDF = 9113 A
] s ™ % )

P O T

‘ <
Z 0.5 ..... ‘0.5<n<0.5 ..... .
DOWN i i ,,,,,,,, e ”
-1 | ‘. 1 .' STAR prellmlna'ry

-0.2 0 0.2
oster

Upper limit of charge separation: 4x10-5 at 98% CL.

20
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The Opaque QGP
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HQUELE
Parton energy loss

vfz

— | Elastic energy loss:

O &:/%_ q Z’—f:—(}zé g CFJ >
]
-y o Radiative energy loss:
: ?\? ? <>q .......................... Scattering —
A) A) " g & color charges
P
dE )
5oCAL q=pledg s e (R o)

22
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(0 I
Goals and questions

m Goals:
Determine medium properties (cA], e in NL Twist; .. ??)
Density tomography of the medium
Explore energy flow into, and response by, the QGP
Explore scale of transition from weak to strong coupling

23
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Theory

Goals and questions

B Goals:

Determine medium properties (¢, € in NL Twist; ....?7?)
Density tomography of the medium

Explore energy flow into, and response by, the QGP
Explore scale of transition from weak to strong coupling

B Questions:

Momentum dependence of parton energy loss
Density, length dependence of PEL

Color/flavor dependence of PEL

Redistribution of energy in jet cone (jr, z) versus ...
... flow of energy out of the jet cone

23

Tuesday, June 21, 2011



() »
ldentifying the problem

Theory

ASW
do

HT
qo

AMY
do

10 GeVZ/fm (2.3 GeV?/fm|4.1 GeV*Z/fm

18.5 GeV?/fm|[4.5 GeV?/fm

4.3 GeV?/fm

Good fits for light hadrons are
possible for all energy loss models q(7,7)
with 3-D hydro evolution, but... scales as
their conclusions disagree badly! ™= 7(7.7)
e/ (7, 7)
Bass, Gale, Majumder, Nonaka, Qin, s(7,7)
Renk & Ruppert, PRC 79 (2009) 024901
l . . | = | ! 1 . it | I
"| ® PHENIXO0- 5% o
0.8H—— AMY,b=24fm, a =033 -
E HT,b=24fm.{§ = 1.5GeV/fm, ¢, =0.2 i
:j:()-(’_—. -+ ASW,bm24 I'ml.K ]_z.:) i gl
% 0.4 d

o ——f——t————— 1

().2:11‘:1-:':'?!*!** III i "-'—]

2 1 L) 1 1 '
" E PHENIX 20 - 30%
()8 — AMY.b=7.51fm, @ = 0.33

B HT.b=75fm. 4 = 1.5GeV/fm,c..=0.2
4'()-()_ 35 .,,.l, > HG
- e =+ ASW.b=75fm K=36

% 04k o ~TTEIxET 7 4 -

l
I

All schemes are based on the
same physics; variation in g

is caused by different treat-
ment of regions outside the
range of validity of the eikonal
collinear approximation used
in all implementations.

()- 1 | 1 | 1 | 1 | 1 | | i
0 3 10 12 14 16 18 20

py (GeVic)

24
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Comparison of Jet Quenching Formalisms for a Quark-Gluon Plasma “Brick”

Nestor Armesto,' Brian Cole,? Charles Gale,” Willam A. Horowitz.*® Peter Jacobs®
Sangvong Jeon,* Marco van Leeuwen,” Abhijit Majumder,* Berndt Miller,®* Guang-You Qin® Carlos

A. Salgado,! Bjorn Schenke,®? Marta Verweij,” Xin-Nian Wang, %% and Urs Achim Wiedemann!®

arXiv:1106.1106

Wide differences confirmed
for standardized “QCD Brick”

o S8
oc 3 L=5fmE =20 GeV
0.9:% —— BDMPS-Z/ASW-MS
Y -~ =+~ WHDG rad
0.81 . ASW-SH
070" AMY rad
.- \‘.
0.6
- |
0.5 =
oaf\ N
0'3:: “‘ G o
0.2 L i
0.1} o SR
| TP I e ALA.,.'.,”l“','ffl'...mm-
0 0.5 1 1.5 2 2.5 3 3.5 4

q [GeV%fm]

MC schemes and NLO treatment of wide-
angle radiation required to reduce inherent

uncertainties (in progress).

ALICE, charged particles, Pb-Pb

\iw = 2.76 TeV, 0-5%, |n | < 0.8 [[

= AT owar densty

e HT (AM

—AS\k‘chgv
YalEM.D (TR)
plasdc (TR.) lamge P

— elasic (T R.) small F™

~—— WHDG (WH}=° -

HT (X N.\Y.) higher density

pQCD
theory of
jet
quenching
is alive
and well.

50

P, (GeVic)

1
100
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(D "
Virtuality matters

. . . . . E
Virtuality Q2 of the parton in the medium 0*(L) ~ max| § L=
controls physics of radiative energy loss: T L

medium T

vacuum
RHIC: 30 GeV parton, L =3 fm LHC: 200 GeV parton, L =3 fm
N ) E 2 A 2 E 2
QLz45G€V = zz2GeV QngGGV < zzl3G€V
Virtuality of primary parton is Virtuality of primary parton is
medium dominated and small vacuum dominated and only
enough to “experience” the its gluon cloud “experiences”
strongly coupled medium the strongly coupled medium

Consequences largely unexplored (but see: T. Renk, arXiv:1010.4116)

26
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Theory
Virtuality evolution of a hard scattered parton
------ L= Q)= [aldr — ()= (1)+ Q2 (1)
Qvac r)= Z_t Qmed r)= r)at Q r)= Qvac )+ Qmed 4
5n S
A “‘RHIC” scenario i “LHC” scenario
i W To = 300 MeV 8 To = 390 MeV
=\ pgominated ; pr = 30 MeV S pr = 200 MeV
O 3j o 6
T N ©
=2 medium dominated | | = 4
S SO —
1 2 .
0 - - ol T
0 1 2 3 4 5 6 0 1 2 3 4 5 6
t [fm/c] t [fm/c]

B.M., NPA 855 (2011) 74
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(0 = S
L dependence of energy loss

--&-- MC Appp = 0-15° -4 MC Adgp = 75-90°
A PHENIX Aggp = 0-15° 7 PHENIX Apgp = 75-90°
1'2‘ (b) 40-50% centrality no
;[ ) I A
_ 081 o . T
%— 0.6+ { +
14 ‘
0.4{ A § g
& ;
0.2
1 | Auvinen et al., PRC 82 (2010) 051901
0.0

5 6 7 8 9
pr [GeV]

Elastic energy loss fails badly.

28
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(0 = S
L dependence of energy loss

I T I T I T T T T
12}-[ @ PHENIX in plane e N
----MC Agpp = 0-15° W MC Aggp = 75-90° || e PHENIX out of plane 40=20%, ASW
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| (b) ¢ y o e 3 _
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04 . SFEEFEES
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Theory

L dependence of energy loss

08
520.6

04

e PHENIX in plane
m PHENIX out of plane
—— fixed Q,
—— length dependent Q,

20 - 30 %

Renk, PRC 83 (2011) 024980

py [GeV]

Length dependent virtuality
cut-off Q2 = E/L also explains
strong ¢-dependence of Raa
fo.

| |— 2+1d ideal

[ |[—— 2+1d vGIlb

e PHENIX out of plane
— 2+1d vCGC

l : i - ! | v T T
e PHENIX in plane o i
|| o PHENIXoutofplane| 40207 AW
— 2+1d ideal )
—— 2+1d vCGC
" |[—— 2+1d vGIb
¥ ¥ E -
_ . 3 |
------- —F-----=:===:-=£ AE ~ L2
» CETYTYY
.
1 | 1 | | | , (C) ’
° i 7 8 J 10
P [GeV]
l : a — 1 - | T
e PHENIX in plane 40-50%. AdS -

i 3 T 1
S

Renk et al., PRC 83 (2011) 014910

T
I __““_%:; AE ~ |3

5 6 71 _ 8
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Di-jet asymmetry
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c - _ et 1
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Theory
Parton shower in matter
Guangyou Qin (Duke) > AE 7o
| N =
v . ~ o —>
AEEOH AE;OII o ~ 3
Leading parton: ~

. . .. ~ broad
Transfers energy to medium by elastic collisions AE,
Radiates gluons scattering in the medium (inside and outside jet cone)

med

E,(t)=E (t.)—jé dt—j(zx](ail'zdt N
- B = dedkdt

Radiated gluons (vacuum & medium-induced):
Transfer energy to medium by elastic collisions
Be kicked out of the jet cone by multiple scatterings after emission

df (o, k;,1) . of, 1 dN

—e—2+-qgV: f. +
d ‘o0 2 R poacar
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Theory
Di-jet t

5 - Ll l Ll l L s l L ' T - L ' L ' L} l T ' . 5 4 v ' Ll l Ll ]’ L l' L) L) ' L) I Ll ] L I 4

® CMSPbPb0-10% 1 ® CMS Pb-Pb 10-20% - I ® ATLASPb-Pb0-10%| 1 ® ATLAS Pb-Pb 10-20%

~—— PYTHIA ~— PYTHIA ~—— PYTHIA ~—— PYTHIA

4| | === PYTHIA + medium <+ | |[= PYTHIA + medium -4 | wess  PYTHIA + medium wes PYTHIA + medium .
GYQin&BM| |

PRL 106 (2011)

162302
- 2

ATLAS and CMS data differ in cuts on jet energy, cone angle, etc; results
depend somewhat on precise cuts and background corrections.
Fits of CMS and ATLAS data require ~20% different parameters.

Several other calculations using pQCD physics input also fit the data.

General conclusion: pQCD jet quenching can explain these data.

b1

)
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Theory

pT balance

in-cone
out-of-cone
LI l L ) A ' T T ] Al I L | | A\ I LI 1 I L D A D D A A B B B B A B B I
. @ >0.5GeV/c In-Cone | Out-of-Cone -
- [ 05-1.0GeVic AR<08 [ < k
401~ 7 1.0-20Gevic T AR<0.8 [
- [ 2.0-4.0GeV/c -T :‘I
" ([ 4.0-8.0 GeV/c 1 1
< 20" mEE > 8.0 Gev/c T - ' .
> | —— B o X oy = —
& of 2 e
= 0 '
. i
3
-20 =
4ol . h
] arXiv:1102.1957 [nucl-ex] -
PSR ST ST N N ST ST ST SN B SN SCUNY S NS S S EREEE ETEE AT A S IR AN N B BN AT AN A I
0.1 0.2 0.3 0.4 0.1 0.2 0.3 0.4
AJ AJ

Di-jet momentum difference is balanced
by low-pT particles outside a wide cone.
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Theorg
11 m HEF 7
Di-jets” at RHIC
Reconstructed jet - hadron correlations AB = / dp7°° D g4 (p77"%)
instead of full di-jet measurements
p " AS AB
e: 3-55‘ A AuAu, 0-20% [ 10 <P <15 Gevie (GeV/e) (Gelt/?s
:§ 35_ -v2&detectoruncert_ -15<p < 20 GeV/c 10"15 16:(1):+(<))55
3 25t ] trigger jet uncert. Bl 20 < " <40 Gevic 15-20 2.3 55_13
2f 20-40 2525505
1.5p
o.; STAR preliminary Energy lOSF at hlgh pT
o approximately
osh recovered. at low pt and
_105_ high R

14 16
p;““ (GeV/e)

Jet modification seems to be consistent with radiative energy
loss picture; black + white models are disfavoured.

Is this difference real ? If so, what causes it ?
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AdS/CFT energy loss

Quark-gluon plasma

\J’

Deposited energy /

and momentum

Trailing string T
(flux tube)

Black hole
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Theory
AdS/CFT energy loss
\
ki ' X0 1 Upper and lower parts
I (zn_l(zv_lllg_fle_ld_ _____________ Xh = —— = T /A of the training string are
Kb = et v/ VY causally disconnected
radiated field
0= T Quark-gluon plasma
2

If quark is sufficiently massive or
off-shell after scattering, it
travels above the string horizon.

Soft field is continuously
stripped off; quark emerges from
matter in a highly virtual state
with a truncated color field.

Deposited energy
and momentum

\J’

Trailing string
(flux tube)

1

Black hole
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radiated field

QCD coupling is strong only
below a certain virtuality Qci .

Whether TVY > Qcit or < Qi
depends on T and Y = E/Q.

This may explain the different
behavior at LHC and RHIC?

(0 = S
ETheor‘g
AdS/CFT energy loss
Yin \
. X0 1 Upper anq .lower parts
_ 1 | comovingfield § Xh = —= = —Z=—= | of the training string are
Kb = e V7 VY causally disconnected

0.5

a(Q)

04 |

03+

0.2 +

0.1}

July 2009

s a Deep Inelastic Scattering
oe ¢'e Annihilation
0® Heavy Quarkonia

= QCD o(My) = 0.1184 + 0.0007

10 Q [GeV] 100
34
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Fragmentation

10° E CMSPreliminary 1 2 cincone (AR < 0.3) = © LeadingJet T U S
ye anti-k_(R=0.3) PFlow Jets p.>4 GeVic ---- pp reference Vo = < e.'
py™ !> 100 GeVic, pJT°'2>40 GeVic ! ® Subleading Jet IL dt = B
wp 10 & Ad > 2/3n & — pp reference @
U =1 & .~ - -
- 1 -
% " PbPb
1072 o Leading Jet " 30-100% f, 0-30% o 4
107 e Subleading Jet = =
1 L 1 L 1 L 1 1 l::lllllll111111!]llllllllllllllllllllllll iy ;: | | | | clopeal o | | l;
3_"""]lllllllll'l'llll'll'llllllllllll ll(lli:- ] I I I lllllllll I I I—|‘
, 5; 1 [c]Leading Jet :
: . Q "L ] » Subleading Jet| | |3
Leading and subleading jet in Q e 3 |
Pb+Pb fragment just like jets | 5 © 3 '
. . 15F - l -
of corresponding energy in % Mr = | e ol | 1
. ¢ . . 1 ALl T8 ] e ———iiiii--me- e s [N R I .
pp collisions: the subleading o Y greTeTe® + 1 4) STETE ST -
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OtherWise uandiﬁed' 0:lllllllllllllllllllllllllllllllllllllllllllllll::lllllllllllllllllllllllllllllllllllllllllllllll:
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A fallacy

First thought: “This just shows that the fragmentation of reduced energy
jet shower happens outside the medium.”

But wait: The fragmentation function depends on the virtuality C¥? of the
fragmenting parton, which should be O(pt2) ~ 104 GeVZ2 in pp, and in
PbPb the virtuality of the degraded parton after it exists the medium:

@ ~ max( g™, E/L) ~5-10 GeV2.

So, why do the two fragmentation patterns look alike?
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Theory

Future opportunities

Jet tomography: Study the structure of the matter using jet quenching.

This means selecting event samples with similar spatial structure, e.g.
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Future opportunities

Theory

Jet tomography: Study the structure of the matter using jet quenching.

This means selecting event samples with similar spatial structure, e.g.

0.2

0.15 F

o~

1 = 1 o 1 e 1 - 1 > 02 = L) >3 L o i . 1 = 1 5 1 e 1 - 1

Hannah Petersen

x 0.15 F .
0.1} R
0,05 |, - e e Bliate SRR LTS a - M S M

0.05 F - .0.05 } . 3
-0.1 1 1 1 1 1 -0.1 1 1 1 1 1
0 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9
b [fm] b [fm]
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Future opportunities

Theory

Jet tomography: Study the structure of the matter using jet quenching.

This means selecting event samples with similar spatial structure, e.g.

0.2

o~

1 . T K 1 e 1 - 1 > 02 = L) >3 L o i . 1 = 1 5 1 e 1 - 1
'

Hannah Petersen

0.15 F .
0.1F .
0,05 |, - e e Bliate SRR LTS a - M S M

0.05 F - .0.05 } . 3
_0'1 1 . 1 : 1 1 1 _0‘1 2 2 1 1 1 1 1 ; 1
0 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9
b [fm] b [fm]
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Future opportunities

Jet tomography: Study the structure of the matter using jet quenching.

This means selecting event samples with similar spatial structure, e.g.

0.2 — s T rryr.ryrDn—_rle ey 0.2 —t e T TSy

. B Hannah Petersen
0.15 | . e g S 0.15 | -

0.1}

005 F v g and
PRI

0.0 | ¥ SRR
00sf © - L | p g ¢ & g DOEEE ¥ & oy REEteara BT N S
_0.1 A ll 1 1 1 1 1 1 _0‘1
6o 1 2 3 4 B & 7 8 9 o 1 2 3 4 5 6 7 8 9
b [fm] b [fm]

(a) Pick events with large v2
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Future opportunities

Jet tomography: Study the structure of the matter using jet quenching.

This means selecting event samples with similar spatial structure, e.g.

02 = L = L o3 1 27 1 et T 4 T 11 T - T gt 02 = T = L -3 1 7 T = T 4 T 2 T - T b

. N Hannah Petersen
0.15 _ g e 0.15 -

0.1

S <
e " Lae"p? i) SR
N g e e d r Y ML)
> OOJ - b - b 4 PR
3 SN e Wy e, 2

0.0 |t
.0.05 F E: 7 i ‘ . ‘ . o005k - 5 Sl : b B #
_0.1 A ll 1 1 1 1 1 1 _0‘1 L 1 1 1 1 1 1 1
o 1 2 3 4 5 6 7 8 9 o 1 2 3 4 5 6 7 8 9
b [fm] b [fm]

(a) Pick events with large v2

(b) Pick events with vo ~ 0

37

Tuesday, June 21, 2011



Future opportunities

Jet tomography: Study the structure of the matter using jet quenching.

This means selecting event samples with similar spatial structure, e.g.

02 ''''' 1 7 1 et T 3.

0.15
0.1}
a PR T iRl ST T e ot
N 005 F i N é it s g
3 )‘ LA e &
2 S
- .
0.0 | .J0
)

-0.05

-0.1

b [fm]

(a) Pick events with large v2

(b) Pick events with vo ~ 0

™

>

TV o S S B

02 ''''' 1 7 T = T 4 T 2 T - T b

Hannah Petersen

015

0.1F

0.05

0.0 F

-0.1
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(c) Pick events with large v»
and vz ~ 0
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Future opportunities

Jet tomography: Study the structure of the matter using jet quenching.

This means selecting event samples with similar spatial structure, e.g.

0.2 vy —p———— P r——p— 0.2 [ ————————
: : Hannah Petersen

0.15 | g o B 0.15 |

0.1F 0.1
T ","\ =, sy ,g\ e

o o ot R "/ /\4' - :.1_, N

S 005 F € a il e Ny <’ 0.05 F

. LTS X 5 1 g

0.0 | Mt 0.0

ks % M e ] sl T T ) ¥
B T R 1 U S LS
0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9
b [fm] b [fm]
(a) Pick events with large v2 (c) Pick events with large v»

(b) Pick events with va ~ 0 and vz ~ 0

Only when we can do this, can we talk about performing jet tomography !
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Flavor dependence

Theory

Raa of all hadrons (including D-mesons) appear to converge at ptr > 10 GeV.

N\ K

— e Rep g T
B2 * zi " _ T 18  Pb-Pb \[5,,=2.76 TeV + D°R,, 0-20% cc
o8 . + - .
Y v charged 161 o = D'R,, 0-20% CC -
& 1.4 e Ry, 0-20% CC
"""""""""""""""""""""""""""""" - ALICE Preliminary ]
1.2 ]
1 E
0.8} —
0.6 —
: 0.4 1}} —
o 0.2f —— =
o_. L1 M AT T oy-l | PRI ETETI l:
o 2 4 6 8 10 12 14 16 0 2 4 6 10 12 __ 14
p, (GeVic) P, [GeV/c]
Can pQCD energy loss theory explain this? The jury is still out.
[See, e.g., Buzzatti & Gyulassy, arXiv:1106.3061]
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The Flavored QGP
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Theory

A puzzle

Fluctuations of conserved quantum numbers
of quarks above T. behave “as if” quarks were free:

Baryon number kurtosis

1.5

n=2+1, m_=220 MeV —=—
n=2, m =770 MeV —=—
Resonance gas

05

» filled: nt=4
[ } open: nt=6
% SB
TIT, “ ¥ Ty
0.8 0.9 1 1.1 1.2 1.3 1.4

1.5

1.0 r

0.8 r

0.6 |

0.4 r

0.2 r

0.0

B = baryon number
Q = electric charge
S = strangeness

< T Eg —~ SB 23
©® °
m A
®n.
ﬁ.AA B
- Xo B
e Q
.m x2 ——
e s
.®E|A x2
®
’g open: N.=4
®
G full: N.=6
L . | | .T [MeV]I
150 200 250 300 350 400

of quasi-particle excitations ?

How is this behavior compatible with strong coupling and absence

450

40

Tuesday, June 21, 2011



(D » I

Theory
Ordinary Matter Quark Matter
6 Use data from beam energy scan to fix T, Ug
nucleon .
IIIII u%&,. 2{ H!i!
‘” i P Measure net proton distribution to obtain
Qg 1 @0 _0 . .
0% g 0® © width O, skewness S, and kurtosis K
0% 0e® 0 o
% Qe ©% o ©
Adjust lattice scale to fit the data.
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1 1 N attice xp. Dala _ +1 Q.
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QCD critical point

Lots more to say, but probably no time... One example:

-20

~04 —02 00 02

0.1

Fluctuations of the chiral order parameter can
be related to fluctuations of identified particle
multiplicities. Negative kurtosis is characteristic
of the region leading to the critical point.

T,GeV QGP
cntical )
point M. Stephanov, arXiv:1104.1627
H
freezeout
hadron gas curve

nuclear
matter
1

1 ug, GeV 42
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Conclusions |

B The study of hot QCD matter has undergone its “COBE”
revolution: Initial conditions differ massively event by event
and can provide bountiful physics opportunities.

® The E-by-E fluctuations can be utilized to
Probe properties of hot QCD matter via fluctuations
Select events with common properties in a controlled manner

® Develop theory of fluctuations

® Extend measurement / analysis of fluctuations
Correlations between observables

Interplay between bulk fluctuations and Jets....
m __./n both directions!
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Theory

Conclusions I

® The theory of jet quenching is becoming quantitative
The uncertainty in determination of g” is nharrowing
Development of pQCD based jet MC’s
Development of NLO theory of jet modification

The kinematic span between RHIC and LHC is critical to model
discrimination; neither the LHC nor RHIC alone are sufficient

Jets and E-by-E hydrodynamics

ollaboratlon

® Most urgent theoretical challenge:

Quantitative theory (-ies?) of initial conditions for FD, including
E-by-E fluctuations
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Conclusions I

m AdS/CFT theory of strongly coupled gauge field plasmas is
most predictive for observables involving T, = focus on

Collective flow observables
Energy-momentum related fluctuations and correlations
Energy flow from jet into medium

B The RHIC program needs detectors that combine
High data taking rate
Sophisticated (level-3) triggers
Large acceptance (= 41)
Energy flow measurement capability (calorimetry)

B The RHIC facility’s unique strengths include
High integrated luminosity
Collision system flexibility

45
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Summary

Which properties of hot QCD matter can we hope to determine from
relativistic heavy ion data ?

l, < E&p,s Equation of state: spectra, collective flow
c=dp/de Speed of sound: correlations
1
= —Jd4x<Txy(x)Txy(0)> : anisotropic collective flow
. _4ma,Cy by pat
§= ;O‘ & [y (Fi (7 )E* (0))
.4 C + a+
€= ;a de (i0" A" (y)A"(0));  parton energy loss
i C, modified jet fragmentation
é, = ;“ & [ dy (F* (7 )F*(0)

Color screening: Quarkonium states
46
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Summary

Theory

Which properties of hot QCD matter can we hope to determine from
relativistic heavy ion data ?

T

uv

Ready for

a serious Cs2 =dp/oe

attempt

>

N>

A

€, =

& E,p,s

47rocC

N
47rocC

N
47rocC

N’ —

Equation of state: spectra, collective flow

Speed of sound: correlations

_ L jd“x(Txy (X)T,(0))

L [y (F R )

- [y (i07A™ (y)A™ (0))

= Jay (FO0)F ()

Vo

: anisotropic collective flow

parton energy loss
modified jet fragmentation

Color screening: Quarkonium states
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Summary

Which properties of hot QCD matter can we hope to determine from
relativistic heavy ion data ?

I, < ¢&p.s . spectra, collective flow
Ready for
N ser)ilous c=0dp/oe . correlations
attempt i
= —Id4x <Txy(x)Txy(0)> : anisotropic collective flow
MajOI‘ A 477: a C a+i a+
= dy” F F (0
theory & | | 4= NP= J Y (F'(y )F**(0))
detector
o~ 477: OC C a+ a+
develop- €= N jdy (io” A (y)A(0)) parton energy loss
ments e, modified jet fragmentation
needed; A T, a+- a+-
’ e dy” F F“ (0
e 2= e - Jdy (F(O)F(0)
+ LHC !
mp = —l}c}g}omln@a(x)l?“(()» Color screening: Quarkonium states
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