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Charting the territory

Experimental evidence
for the QCD phase boundary
[B.M., NPA 590 (1995) 3c]
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Theorg
Charting the territory
Experimental evidence
Experimental evidence for the QCD phase boundary
for the QCD phase boundary [K. Redlich, 2010]
[B.M., NPA 590 (1995) 3c]
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Theory
Was van Hove right?
<pr> Signal of a phase transformation:
A

il | (h) S-shaped relationship between <pt> and

z ’ 4 energy density or entropy, where the flat

region spans the domain in which frozen
! > g_)E,T degrees of freedom (color) are unthawed.

&
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Theory
<pr> Signal of a phase transformation:
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Theory
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Chemical tracers

Strange quarks are chemically equilibrated
at hadronization of the quark-gluon plasma

Strangeness saturation
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Theory
Strange quarks are chemically equilibrated Hadrochemistry was put to good use
at hadronization of the quark-gluon plasma demonstrating that the “hard” ridge is
composed of bulk matter, not jet fragments
Strangeness saturation p78> 4.0 GeV/e
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®m Theory breakthroughs of 2000-10:

Application of gauge-gravity duality to strongly coupled plasma
“Universal” quantum limit of (shear) viscosity

Consistent theory of relativistic dissipative fluid dynamics

Ab initio QCD equation of state at yg =0

Qualitative connection between properties and observables

Conceptual theory of the low-x parton structure of nuclei
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Hot QCD matter (I)

Which properties of hot QCD matter can we hope to determine from relativistic
heavy ion data (RHIC and LHC, maybe FAIR) ?

Tuv ~ &,p,S : spectra, coll. flow, fluctuations
c; =dp /o€ : multiparticle correlations
1 4
n= —Jd X<Txy ()T, (0)> : anisotropic collective flow
. 4rn’a.C,
— d Fa+l Fa+ O
I="1 === [y (F )R )
.4
e="" CAS de za AT (y” )A“+(0)>>
N, - parton energy loss, jet fragmentation
. _4r’aC, ah- a+-
b= = Jay (F00)F )

J

mp = _|)1c|lgzo|_x|ln<Ea (X)E” (0)> Color screening: Quarkonium states
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Hot QCD matter (I)

Which properties of hot QCD matter can we hope to determine from relativistic
heavy ion data (RHIC and LHC, maybe FAIR) ?

T & ELp,S Equation of state: spectra, coll. flow, fluctuations
Easy for HY
LQCD
Q C; . ap | O€ Speed of sound: multiparticle correlations
e
n= _Jd X<Txy (0T, (O)> : anisotropic collective flow
. 4rn’o.C, \
— d Fa+l Fa+ O
0= - [dy (F)F™ (0)
.4
5= 1 oG, jdy (i0 A (y A (0)) ¢
N, - parton energy loss, jet fragmentation
. _4r’a,C, ate ate
b= = Jay (F00)F ) |
sasyforl i, =~ lim —In(E‘(x)E‘(0)) | Color screening: Quarkonium states

LQCD xl—eo | x|

Friday, September 3, 2010



HEBELEE
Hot QCD matter (I)

Which properties of hot QCD matter can we hope to determine from relativistic
heavy ion data (RHIC and LHC, maybe FAIR) ?
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Elliptic Flow (v2)

Reaction Z/
plane
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Hydrodynamics:

Flow is generated by VP
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V,(p+) vS. hydrodynamics
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Hydro model PHENIX Data STAR Data
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V,(p+) vS. hydrodynamics

Theory
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V,(p+) vS. hydrodynamics

| | | | I
Hydro model = PHENIX Data  STAR Data
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HQUELE
Elliptic flow "measures™nqp

We finally have a complete, Shear viscosity
causal formulation of
relativistic viscous o
hydrodynamics: . di _I_(uunl +uvnﬂl)d” Y

— |=nl"u" + d"'u* — trace | - IT*
Hdr dt 77( )

0" =0 with T"=(etiPu'u’ —Pg" +11"

12
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Elliptic flow "measures™nqp

We finally have a complete, Shear viscosity
causal formulation of :

AT o0 T" =0 with T" =(c+Pu'u’—Pg" +T1"
relativistic viscous u .

dIT" du’” v

hydrodynamics: T, + (u“l’[wl + uVH“’I)— = n(a“uv +0"u" — trace) — I
dt dt
I = Hys—mll _ : Complete set of causal, dissipative
+ Tngq-u-— fnq J.-qg—-CpIle relativistic hydrodynamics egs.
+ Angg-Va+ Ane ™o (B. Betz & D. Rischke, JPG36,2009)
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Elliptic flow "measures”nggp

Theory

We finally have a complete,
causal formulation of
relativistic viscous

hydrodynamics:

Glauber model

Shear viscosity
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dt
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Bulk hadronization

Fast hadrons
experience a
rapid transition
from medium to
vacuum for fast
hadrons

Sudden recombination

4@ Py =3p,

~@ Pu = 2pQ

> M

13
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Bulk hadronization

Fast hadrons
experience a
rapid transition
from medium to
vacuum for fast
hadrons

> M

Sudden recombination

Pp = 3pQ

13
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Quark number scaling of v,

Theory

%V(n)V(gj
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Emitting medium is composed of
unconfined, flowing quarks.
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Quark number scaling of v,

Theory
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Jet quenching in Au+Au

No suppression for photons Yield in A+A

Suppression of hadrons

2
\ PHENIX AutAu (central collisions): RAA ( pT) — d ]\2] AA / dedy
5 | ! o Iy (d Oy / dprdy )
10 g ®
- L GLV parton energy loss (dN°/dy = 1100) ‘ |
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R e | [
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. A |
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107 B
- | | 1 | s L RAA—1'
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p; (GeVic) 15

Friday, September 3, 2010



(J v S
Radiative energy loss

Theory

Scattering centers

= color charges

16
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Towards measuring g

Good fits for light hadrons are
obtained for all rad. energy loss
models in 3-D hydrodynamics

Bass, Gale, Majumder, Nonaka, Qin, Renk & Ruppert

l 3 L) l L] l L} l L) l g L] l L] l
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% 0.4}F 1’ |
()-3-!11111"?‘"1-“: *IIII _|_ i o e
] I " l
() : I I l I l l 1 | l
[| ® PHENIX 20 - 30%
()‘5— AMY. b S fm, @ =033 —
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- ()() "] s ety 4 ] HG =)
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= 0.4k L
04 xs~TTEITET L S _I_. e o =
. —_ -
. 3 )
0 . ] . ] . ] . ] . 1 . ]
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Theory

Towards measuring g

Good fits for light hadrons are
obtained for all rad. energy loss
models in 3-D hydrodynamics

Bass, Gale, Majumder, Nonaka, Qin, Renk & Ruppert

' 3 L) I L) I L) l L] I g L] l L] l
~| ® PHENIX0-5%
0.8 AMY, b =24 fm, a_=0.33 -
- 3 - a4
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% 0.4 l &
w -
) NI
"
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L | L | 1 | L | 1 | 1 |
O : L) I L) I L) l L) I = L) l 1 | '
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0.8 AMY, b =75 fm, & _=0.33 ~
o 0.6k H'l"‘ l'\ = T.il-mj 1| : l‘j(i\-\"."tm. Cuc = 0.2 5|
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04 xs-TTRETE i, B - _i_. P
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0.2F :I ‘I -
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Transport parameter ¢
deviates by more than
factor 2 between different
implementations.

Caused by differences in
the cut-offs in collinear
approximation used in all
implementations of gluon
radiation.
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Theory

Towards measuring g

Good fits for light hadrons are
obtained for all rad. energy loss
models in 3-D hydrodynamics

0.8
0.6
% 0.4
0.2

Bass, Gale, Majumder, Nonaka, Qin, Renk & Ruppert
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p, (GeVie)

Transport parameter ¢
deviates by more than
factor 2 between different
implementations.

Caused by differences in
the cut-offs in collinear
approximation used in all
implementations of gluon
radiation.

Generalized, robust
new approach needed.
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The heavy quark conundrum

Heavy quark (c, b) energy loss
deduced from suppression of
6 8 16 i2 i4 16 18 20

g e o o o e o o R weak decay electron spectrum
08 [ e PHENIXO0-5% Prelim @ -

GY Qin & A Majumder

l ": Suppression stronger than
expected.

Va\

3 parameters: ¢, e, e,

————— —— : — . 7 7
1 [ ¢ PHENIXO0-10%| ™ ~ = ——=--Q4 Fit: ch =~ 1.1 Aqb =~ 1.6
Tosh LA STAR0-5% +—

Quidig Qurdig

oz 06 pr,: " .
o 0'4%%‘{'}”‘ .y } i Y contrary to expectations for
0.2 £ %i 7
. T | |

ot 5 a weakly coupled QGP.
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Toward higher energies...
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Toward higher energies...

Theory

Muon Detectors Tile Calorimeter Liquid Argon Calorimeter
\ {

; Solencid Magnet Pixel Detector
Toroid Magnets SCT Tracker TRT Tracker

- T - ———e
v 3

| A
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Toward rarer probes

RHIC detector upgrades

PHENIX

forward meson spectrometer  -completed — hadron blind detector
DAQ & TPC electronics ongoin { muon Trigger
Time of Flight barrel } SOME silicon vertex barrel (VTX)

heavy flavor tracker forward silicon
barrel silicon tracker forward EM calorimeter
forward tracker 20

In preparation {
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Toward more powerful theory

21
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(J = J—
Toward more powerful theory

Workshop On:

Theory meets Experiment: Theory-Experiment Collaboration for Hot QCD

May 6-7, 2008 at Brookhaven National Laboratory

P

https://wiki.bnl.gov/ TECHQM/ index.php/ Mam_Page

21
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(J = J—
Toward more powerful theory

Workshop On:

Theory meets Experiment: Theory-Experiment Collaboration for Hot QCD

May 6-7, 2008 at Brookhaven National Laboratory

P

https://wiki.bnl.gov/ TECHQM/ index.php/ Mam_Page

MICHIGAN STATE
MADATI Duke  M&ReAR2 AL
ﬂ" n 2 | rus vniversimy
D e Renci

Models and Data Analysis Initiative — Remaissance Computing bathuee

http://mo.pa.msu.edu/~scottepratt/madai/
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HQUELE®
Toward more powerful theory

Workshop On:

Theory meets Experiment: Theory-Experiment Collaboration for Hot QGO Wate

May 6-7, 2008 at Brookhaven National Laboratory : \

l‘ll]lll ’ll

https://wiki.bnl.gov/ TECHQM/ mdex.php/ Mam _Page

MICHIGAN STATE
MADATI Duke  M&ReAR2 AL
‘8* n —_ e
|l | o noren caroLima enc:

Models and Data Analysis Initiative = e ' Reaissance Computing istiute

http://mo.pa.msu.edu/~scottepratt/madai/

Topical Collaboration on

Jet and Electromagnetic Tomography
O“ﬁbOl’ajlon of Extreme Phases of Matter in Heavy-ion Collisions
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HEUELE
The challenge

[l BY THE TIME M\ | |WHY SHOULD T HAVE TO LIVE N
[/ EIGHTEEN, I A WORLD SOMEBODY ELSE HAS
[ EXPECT THIS MESSED LP?! I°LL GIVE

¥ WORLD TO BE THEM MVﬁ TO

PERFECT!

o)

{ () r‘lc

\Om““ o ——

-

325

WHAT [F THEY NEED TELL THEM NOT TO BOTHER
MORE TIMEZ WIRING FOR AN EXTENSION...

THE ANSIWER UJLLL BE “NO!”

=

—_——

SRk s

)

22

Friday, September 3, 2010



(0 v S
The challenge

Theory

Can we beat the deadline
and prove that
the world was once

(13.7 x 10° years ago)
a perfect fluid ?
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Theory

Observables revisited

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

TW & ENp,S

¢ =0dp/oe

n=— j d*x(T,,(x)T,,(0))

47r0¢C
N

47rocC
N—
5 47TOCCJ‘

=== [y (F )R )

Q>
[

© [ dy (io" A" ()A™ (0)

Q>
Il

'

dy (F*"(y )F*(0))

Color screening: Quarkonium states

: spectra, collective flow

: multiparticle correlations

: anisotropic collective flow

parton energy loss
modified jet fragmentation
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HEBELEN

Theory

Observables revisited

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

TW & ENp,S

¢ =0dp/oe

n=— j d*x(T,,(x)T,,(0))
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47rocC
N—
5 47TOCCJ‘
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[

Q>
Il

=== [y (F )R )

© [ dy (io" A" ()A™ (0)

'

dy (F*"(y )F*(0))

: spectra, collective flow

: multiparticle correlations

: anisotropic collective flow

parton energy loss
modified jet fragmentation
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Theory

Observables revisited

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

T & E,p,S

uv
Ready for 5

a serious| Cs = dp / d€
attempt

n=— j d*x(T, ()T, (0))

47r0¢C
N

47rocC
N_
n 47rocC

=== [y (F )R )

Q>
[

© [y (io" A" ()A™ (O)

Q>
Il

N’ -

é, = = Jay (F00)F )

'

Color screening: Quarkonium states

: spectra, collective flow

: multiparticle correlations

: anisotropic collective flow

parton energy loss
modified jet fragmentation
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Theory
Observables revisited
Which properties of hot QCD matter can we
determine from relativistic heavy ion data ?
I, < E&p,s : spectra, collective flow
Ready f
aiae,.)ilojsr c:=dp/de : multiparticle correlations
attempt :
= —Jd4X<Txy(x)Txy(0)> : anisotropic collective flow
Serious ._4r’a,C, a+i a+
theoret. 1= N’ — Idy F 7K, (O)>
develop-
ments o= 4]7:, a_C jdy (i" A (y)A(0));  parton energy loss
needed An'a.C, modified jet fragmentation
A T a a+-— a+-—
b= - [dy (P ()F <0>>)
1
mp = —llllg}ol—xlln<Ea (x)E” (O)> Color screening: Quarkonium states 23
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Challenge #1

The Strong Coupling
“Conundrum”
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Conserved charges

s_1¢, c! <(5Nq)4>

4 _

42 = 95 ! - <(5Nq)2>

R -3((8N,)’)

Baryon number kurtosis

B = baryon number
Q = electric charge
S = strangeness

2 ! I T
© S SB

RS, n=2+1, m_=220 MeV = 1.0r © e 1 B . &

; n=2, m =770 MeV —u— @: m 4
15} Resonance gas 1 0.8 ol
ﬁ.AA B
' | =1 Xo — W
i: filled: nt=4 0.6 oy XQ
1] + + open: nt=6 Ca 28
T o & Xo —*
,}+ 0.4 t 4
05 : :g open: N.=4
E 02r o full: N;=6
. %
TIT, L SIS SBu — 0.0 | | T [MeV]

0.8 0.9 1 11 12 13 14 15 150 200 250 300 350 400 450
Question: Are these properties compatible with “strong coupling”? Is the dependence of
thermodynamic quantities on conserved quantum numbers “oblivious” to interactions?
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Theory
Crossing the “wall”?
Possible scenario: ‘
HRG works up t0o 0.97; ;
HTL-QGP works above 27T. w
or even lower. 2
S5 N Ao
! 31 1 . : . .
: \\ \\ AM;’ZP;::';‘;::gV 0.0 02 04 NU G 0.8 1.0
4} Red Curves : Ny = 2+1 Magnetic field
. Blue Curves : Ny = 2+1+1
’ \  Solid Lines : Lattice (W 12010) |
Ti 3[ ° lDa;:ZZ L;:S‘?I\‘,N;‘g";ﬂ};m 8 Is there an anglogy to th_e Landau-Zener
3 —— Hadron Res. Gas formula of ordinary QM in QFT ?
ul.l 2 M. Strickland et al. Can one construct a model in which the
=~ transition between two quasi-particle
1 regimes occurs smoothly by “mixing” ?
S i 3 Can the transition be explained without
O\ . , . . R a need for “strong coupling” ?
0 200 400 600 800 1000
T (MeV)
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Exploring the hadron mass spectrum

Lines: Hadron resonance gas (HRG)

Data points: Lattice QCD

LQCD lies above HRG for T > 140 MeV

I —HRGphysical | = Y
- - - HRG distorted stout N,=§ .
4 -« HRG distorted asqtad N8 3 % ‘? 3
- [0 stout V=10 ¥ &
o+ 35 Vv stout NV,=8 \T’T ...'. :
= "| ®asqtad N;=8 .
S °a
w 2f x|
1S
1) Fae P R ]
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Exploring the hadron mass spectrum

Lines: Hadron resonance gas (HRG)

Data points: Lattice QCD Three possible explanations:

LQCD lies above HRG for T > 140 MeV 1. Lattice artifact
2. Hadronic interactions
\ (e.g. in-medium mass changes)
STy 3. Many presently unknown hadrons
- — HRG physical ] with masses > 1.7 GeV
- -~ HRG distorted stout N,=§ o .
4- -=+ HRG distorted asqtad N+8 , % v fFS _
L O stout ;=10 v o & | (e-3p) measures the level density of
5 3 V stoutNe=s n n ] massive hadronic excitations of the
= [ ®asqudNi=8 ' o : QCD vacuum. Are there many more
T :,." Baryons? Hybrids? Glueballs?
i . Note:The JLab (Halls B & D) program
! - A ] studies precisely this question!
ok
100 120 140 160 180

T [MeV]
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LQCD & hadron spectrum

4 T T i
| Moyt = o } :
L ::’,
3 ;o
I z
I LQCD /!
<t )
~ Borsanyi s
~ 0
et al.
A2 e
C? . -
\UJ/ - Mecut =,":I .7 GeV
1 ; } f
I % . ,‘x+ +
0% Lo ]

100 110" 120 130 140 150 160 170
T (MeV)

p(m) =A e

A. Majumder & B.M. (arXiv:1008.1747)
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Theory
4. . Hadrons up to at least 2.5 GeV
ﬁ f (maybe 3 GeV) mass contribute
I Mcut = } v
3 e 4. A
. /! B R
<+ LQCD o o
~ Borsanyi /o Mcut = 3.0 GeV } :
E\ 5 et al. ) ] 3 Ra
C? : . - <+ L Meut = 2.5 GeV " 3 ///
= Mcut =;':| 7 GeV ~ ’
1- ; . A, 2 Meutl= 2.0 GeV
ptr g f |
R W
: 4.—"’ | — Mcut = 17 GeV
OLJ‘“\-“_‘.--&-‘-M" \'T-‘-‘-‘ (IS N SR B R R S S TR 17 B
100 110 120 130 140 150 160 170
T (MeV) |
%00 110 120 130 140 150 160 170"

p(m) =A e

A. Majumder & B.M. (arXiv:1008.1747)

T (MeV)

28

Friday, September 3, 2010




(D« S
LQCD & hadron spectrum

Hadrons up to at least 2.5 GeV

ﬁ : (maybe 3 GeV) mass contribute
3 : 4.
<t 7 .': : :""' ',"'%
~ i Meut = 3.0 GeV } :
—~ ; I oL,
A 27 ! 3* ""' ',' / -
N . : : 7
| ; -+ Mcut = 2.5 GeV S
A ~ N
1+ - A, 2- ,":.'0 Mecut = 2.0 GeV
| SRR &2 %
| + oL
K v 7
: ; ,—"’ | e i Meut = 1.7 GeV
OlJ el “_‘-u.‘--w-‘lr"‘"':-‘ \“ ol 17
100 110 120 130 140 150 160 170 .
T (MeV) :
07\ T T T T T Y Y Y Y Y \7
5 N5/4 b 100 110 120 130 140 150 160 170
— - m
p(m) = A (m™+mo”)~" e T (MeV)
A. Majumder & B.M. (arXiv:1008.1747) 28
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LQCD & hadron spectrum

Theory

OIJ el _.k_-u.---r-lr'"'--;“‘ N P R R B
100 110 120 130 140 150 160 170
T (MeV)

p(m) = A (m2+mg?)5/4 ebm

A. Majumder & B.M. (arXiv:1008.1747)

log(N)
D w

0

- —— Exponental

~ W

I Stat. bootstrap

0

0705 10 15 20 25

m (GeV)
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Challenge #2

The Perfect Fluid
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Theory
H. Song, U. Heinz, et al. K.Eskola, H. Holopainen, H. Niemi
0.25 .
- (‘(IJ‘(—‘ Céc S | | | I ' - 02 | L | T T 171 I T 11 I I T T1T°1 I 02
l o v2{EP} a x PHENIX
02+ M b
] - (@) cv2fobs) | P « STAR
0.15 L 0-5% = v2{RP} L 5-10% _
€L | charged |- v2{RPave} | charged |
T 01 S 01 - 4 - 01 S
- L i__ §*x{t x X
- T3, AT
0.05 v STAR \'ﬁzin e non-flow fl i 5 5% L xxX| . jﬁx*g ) : ]
: : R F S S L B
0 | | | | | | | gk o EE £ 5 B B
O 10 20 30 40 _: *sl)?(zil‘&; | ; I'%I Iﬁl Iﬁl ? | % Iil __g I‘)ﬁlgklgl | I I | I I I I | | 1 | I_
(l/S)chh/Ll)’ - OO | 1T 11 | 1T 171 | | L T 11 I 1T 11 I 1T 171 I 1 [§I OO
Switch ~ (c) T (d) L
05—t 7 ] | 10-20% b1 20-30% Nyi ;|
0n L (:'(ub*- ecc S N | charged *L f*x “ 1 charged . *g % P
N @ _ S 01— A B A — 0.1 =
: i 0 L x ,g B £ 51(:* A . _
&l-\_ ] i sy 8 B & :
i ] B - 1 x" g |
0.1 — T T ™8 i
_ #—s ideal hydro +URQMD _ -y T 8 1
- — \:'ls thIO +URQN{D (QA =008) OO q L1 1 | L1 1 1 | L1 1 1 | 11 1 1 ﬁ | | I 1 1 1 1 I 1 1 1 1 | | I | OO
Jctuauons #—= vis hydro +URQMD (n/sf0.16) 0.0 0.5 1.0 1.5 0.0 0.5 1.0 1.5 2.0
0 | | p—= | vis hydro+URQMP ('n/sj—ﬂ.'_’-i} pr [GeV] pr [GeV]
0 10 20 30 40
30

Ing temperature T_,=160 MeV.
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AQEELEE
Deducing n/s from the data

Five effects have been identified as important ingredients:
» Shear viscosity
e Equation of state
e Differential freeze-out

e |nitial transverse profile
* |nitial-state fluctuations

Any compelling extraction of n/s from the data must account for all five !

Multiple dependencies require more than vz data; also spectra, identified
particle data, HBT, etc.

In other words, global description of bulk “soft” observables.

MADAI collaboration will do it - but a competitor would be good.

31
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Challenge #3

Jet quenching
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Deducing g”* from the data

[ 2 ANV b=24fm, a =033 - How does the transport coefficient

P - scale with the thermodynamic
properties of the medium? Does the

| i choice of T, € or s matter?
[| ® PHENIX20-30% | ‘ e EoS for ideal QGP

I — AMY,b=75fm, a =033

HT.b=75fm.§, =1 'v(;c\‘.nf'n.gm =(.2

= o ASW,b=75 m.K =36 | . e common choices for scaling:

VaN

é~83/4 QNS

T T 'TTTIITII ¥ . 3 X éNT:;

012 14 6 18 e for non-ideal EoS, value is affected
il by choice of scaling variable!

same 3D-hydro medium, 3 different

schemes: do [GeV2/ |ASW | HT AMY

> R,, in (semi-)central collisions is well > 3

» parameters reflect response of medium 185 | 4.5
structure hard-wired into schemes

described by all jet energy-loss schemes 10

» large variation in extracted g-hat: 4-18 ! 4.3
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Deducing g* from data

Any compelling extraction of g* from the data requires:

e Convergence of jet quenching schemes

e Improvement over eikonal-collinear approximation

 Realistic simulation of the bulk medium

» Treatment of elastic and radiative energy loss on equal terms
e Multi-gluon correlations?

* Explanation for large vz at large pr

Is there a golden channel for energy loss theory?

B-quark energy loss at pr(b) = 50 GeV could be it: pr, mp, are large scales,
pt/mp >> 1 ensures hadronization outside the medium.

|ldeal measurement for the LHC. State of the art theory are needed !
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Challenge #4

Quarkonium
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Q-Qbar effective theory

Up to order mas® [J. Giglieri, N. Brambilla, et al., arXiv:1007.4156]

6En1 = 5 NeCr a2 T2 [80% = 1(1+ 1)] + 3C} a2 T ag
E,a3 27T 2 | AC360 - s 8 1 260
* log — g N,C -
N 3 |:Oh ( E ) " n T 4 n(2l+1) n? n

ZEnC'F(l
3

s
Lnl

2N2Crp N2
+ -
n(20 + 1) 4

agn® . 5 . : T 2
+—=5 [-."m. +1-3l(l + 1)] {— —((3) + 3 CrasT myp

+ %g(‘s) N.Cp o? '1‘3}

o= %’\ 2Cpa’T +

2F a3 (4C30
n al { 7010

4(' 3T
(Cp 4+ N,.)

3 n2
o 8 | 2010
N.C? — —
TR [11(21+ 1) n? n ]

ON2Cp N3
C F + C }

3 n(20+1) " 4

T

¢'(2)\ | 4n
4 — 2- —In2 N.C
log 4 C(Q)) + 9 In 2 F o 2T ]

X agn® [5112 +1-=3Il(l + l)]

C E?
— [ GF a's'l'mi) (ln 2 +2vg —3—

8 ,
+§("pa5 Tm:f)) 113114 In

Lattice QCD etc:
See M. Asakawa’s
and H. Satz’ talks

next week.
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Challenge #5

CGC or not CGC
...that is the question...
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Theory
Nuclear gluon density suppression at LHC Critical (?) test:
in the NLO CGC formalism.
Calculate direct photon yield in
= Pb+Pb at pr =30 GeV/c in
"3 Pb+Pb
5 0sh  \Su=55TeV @ =1 GeV? e the kT-.factorlzed NLO CGC
o2 F 5 ) formalism;
0.75— y, -0, 4 090-0.8 GeV
0.6 . :
osE- J.L. Albacete & C. Marquet * the collinear pQCD formalism
aE with HT-generated shadowing;
R |
e * other formalisms.
02— .. 7
4
01
N T Should be done b_efore LHC
p (GeV) data become available!

38
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Gluon shadowing

Nuclear gluon density suppression at LHC Critical (?) test:
in the NLO CGC formalism.
Calculate direct photon yield in
- Pb+Pb at pr =30 GeV/c in
"3 Pb+Pb
0 0gf  \Sn=55TeV @ =1 GoV? the kT-.factorlzed NLO CGC
af orF -4 ) formalism;
0.75— y, -0, 4 090-0.8 GeV
0.6 : :
osE J.L. Albacete & C. Marquet . th_e collinear pQCD formalls_m
oo with HT-generated shadowing;
A
03F- S ——— -
E i * other formalisms.
02— ...~
X4
01
N T v Y Should be done b_efore LHC
. p (GeV) data become available!

If this test does not provide clarity, we may need to wait for p+Pb.
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Challenge #6

One event at a time...
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Initial state fluctuations

... heed to account for fluctuations in:

* the locations of nucleons in colliding nuclei

* the NN cross section

* the energy deposition in NN collisions

* or, the leading color charge distributions (CGC).

‘ (] LUAS pEp
STAR p+p

‘ e & N\B distnibution
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HEUELEN

.-_.‘.:

08| Sn(t=0)

06}

Guangyou Qin ,,/..4

« | =
N Hannah Petersen ;r,.:‘ '

b {fm)

—eo:.
" —n ‘-3
’_ '.f-ﬂ
A - o &

free streaming
b=8fm

Theory
Multipol W&
1.8
161 @ ® n=2
..' B =3
. - . ‘ =4
| P(®n-Wn) - ey
| * 5] n=>06
12 P
' v v
= o8| Assiaad adanssaiaddsda,
| - .
06 . .
. ¢ i )
04! 0' l,
& &,
. "‘0 o o9
o | ® o -
). (%)
0 %%EEEEEHE“” e NS 0 0.5 I ) lz
(b:
02
0.15
0.1
0.05
-
P g 3. Va4
_—-—‘.-- ’-' .
ol R_T;,v.!.:jf:jﬁ.-.-?-'-“.g- ;.‘\'\
- = - s gk s g < gy = e TS
V5 Vs
005" - . - . - - = i = X = ” e
0 0.1 02 03 04 0s 0.6 0.7

t(fm/c)
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Initial vn

Finite particle number (invoking “hadron-parton duality”) implies that va(0) # 0 !

.". n :

10 H -" z ;:ln :
} G- an "’ " Ad -5

1 v b | S a=0]

€2

Correlation between v, and &n:

v, M, M, €,
Vs M, M, €,

42
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Theory
Ratios of susceptibilities are good probes ; @l
of QCD critical point (Karsch, Redlich) . | STAR data
Ratios of cumulants of particle yields are
experimental analogue (Athanasiou, O I
Rajagopal, Stephanov) 4 —
_ 211 —
STAR: 3/2 e~
3 [ 4/2 -
— . ol s
XE’X? — 01 Ly
B/ B ) 10
6 - g Xe'Xp T
HRG —— -
f _P -—-- ug‘=03 GeV,g=7
4 - [ . - —— pg=04GeV,g=7 ]
{ e ——- pp‘=05GeV,g=7 ,".
A P ¢= 0.4 GeV, g=5 '
2 L oo [ HEB g ':
i i -.-".'~- - |
Or — 400 :
[ |
|
. 200} |
-2  C. Schmidt T/Tc - | |‘
085 0.9 095 1 1.05 1.1 1.15 00 o ez
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Theory

m Challenges for the 2010’s:

Quantitative connection between matter properties and
observables

Ab initio QCD equation of state at us # 0, critical point
Ab initio calculation of transport coefficients

Theoretical understanding of QCD at intermediate coupling

Quantitative theory of the low-x parton structure of nuclei
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Friday, September 3, 2010



(D = I
Paths to progress

Progress in the exploration of hot QCD
matter in the coming decade will require:

» Consensus among theorists about the
“valid” approaches to problems

* Resolution of limitations of formalisms
 Realistic simulations of observables

 Collaboration among champions of
different approaches (TEC-HQM may
be a good model)

* Of course, there is always the
traditional alternative....

45
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(0 »
Paths to progress

Progress in the exploration of hot QCD T he world before TEC-HOM
matter in the coming decade will require:

» Consensus among theorists about the
“valid” approaches to problems

* Resolution of limitations of formalisms

 Realistic simulations of observables

 Collaboration among champions of
different approaches (TEC-HQM may
be a good model)

* Of course, there is always the
traditional alternative.... “Hey, that s scientists for vou. Keswick and .\lur/)h_\j/'z'/;\'l

cant seem to agree on the theory of jet quenching.
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