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Theory

Part 1

Formation and
Evolution of the QGP




HEBELET
Space-time picture

\ Freeze-Out A time /‘

S
?
° RHIC:
5o~ 33 fm™
Pre-equil. phase To =275 MeV
Z
o LHC:
7 so =~ 75 fm™
Liberation of To =360 MeV

saturated low-x glue
fields (CGC)
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HQGELET
Gluon saturation

Gribov, Levin, Ryskin '83
Blaizot, A. Mueller '87

~ 1/Q? & McLerran, Venugopalan ‘94
.------4< = 0’ (x, A)
? 1135703
gluon density X area ~ i =~ ]

Universal saturated state at small x: Qg >> Agcp

“Color glass condensate” (CGC)

P/Psac / Evolution in x is described by BK or

JIMWLK equations. Location of the
onset of saturation is determined by
fluctuations (lancu, Peschanski,...)
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Theory

MAC

Color charge densities of two colliding
Au nuclei at top RHIC energy

WY
.« | Schenke,
', | Tribedy &
Venugopalan B —iglat ol
, 1206.6805 B* = igeV[o}. o).
> Transverse distribution of
07A8(Z) = (&(2)€(0)) —(€(0)) the initial energy density
06 BM & A. Schafer
osl 1111.3347 !

Y .E T=O
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03 _4'6

0.2 6 2
138 S ylfm]
0.0 0.2 04 0.6 0.8

z (fm)

Tuesday, July 17, 12



QLA

Theory

MAC

Gluon multiplicities (x 2/3) at T = 0.4 fm/c Transverse sections of the local
. energy density at T = 0.4 fm/c
RHIC 200 GeV, running ot we Schenk |
12 }|LHC 2.76 TeV, running o, e chenke etal| :
§ PHENIX 200 GeV g 1206.6805 . glasma fields
< 10 }|ALICE2.76 Tev . ] |
o
o _
s o | 6 °
— 8 4
°‘§ ¢ | B 6, 2 =
§§ 0 2 ylfm]
S 4T ' aim 6
2 N
E= 2t -
o 1 1 1 1 1 1 1 1 nUC|eonS
0O 50 100 150 200 250 300 350 400 P
Noar
-8
B
Absolute number may be questionable 8 5
(no quarks, no equilibration, no hadrons) .

but the trend with Npart and Vs is right.
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Part 2
Probes of the QGP




(D v I
Probes of hot QCD matter

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

10

Tuesday, July 17, 12



(0 = S
Probes of hot QCD matter

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

T Y S & K\ Equation of state: spectra, coll. flow, fluctuations
Vv ,p, q P
Easy for H
LQCD
Q C; . ap | O€ Speed of sound: multiparticle correlations
e
n= _Jd X<Txy ()T, (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|

10
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(0 = S
Probes of hot QCD matter

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

T Y S & K\ Equation of state: spectra, coll. flow, fluctuations
Vv ,p, q P
Easy for H
LQCD
Q C; . ap | O€ Speed of sound: multiparticle correlations
Ly
n== Jd X<Txy ()T, (O)> : anisotropic collective flow
. 4r’a C, \
— d Fa+l Fa+ O
1= =L [dy (F6)F" ()
. 4
e = 70.C, Ja’y 18 A (y” )A“+(O)> -
N, - parton energy loss, jet fragmentation
A 47[ o2 C a+-— a+-—
b= - [y (F()F () |
sasyforl i, =~ lim —In(E‘(x)E‘(0)) | Color screening: Quarkonium states

LQCD xl—eo | x|

10
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Part 2
The Liquid QGP




U * JEE—

MAC

Theory

2nd order relativistic hydrodynamics

8uT“v =0 with T"=(e+Pu'u" —Po"™ +11"

n = Shear viscosity

Kk du’
T, + (u“HM +u'TT" )— = n(a“ u"+0"u" - trace) — 1"
dt dt
Excellent approximation of Boltzmann
0.8 transport; negligible uncertainties due to:
I e Bulk viscosity
0.4 L e QCD Equation of state
P] "".P'l
- Main input parameters:
o ——Th1S paper - 'li\ —.' ol ® I’]/S
oo Blmdins RS e Initial energy density profile
e Equilibration time To
_().4 1 l 1 l | l 1 I 1
0 1 2 3 1 5
T(fm)
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Theory

Perfect fluid

In gauge theories with a gravity dual, dissipation is dominated by absorption of
gravitons on the black brane. This leads to the universal relation

7
T, " Kovtun, Son & Starinets PRL 94 (2005) 111601

s 4r

KSS bound is not completely universal, can be violated in dual gravity theories
involving higher derivative (non-GR) terms. It is far below n/s of any known
material (except QGP and ultra-cold fermionic atoms with unitary interactions).

A similar bound is found in kinetic theory from unitarity limit of cross sections
and uncertainty relation [Danielewicz & Gyulassy (1985)]:

1 _ n
~—npl, ~—s(pl,) —» —=""L>
n=3np4 12(pf)

13
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Q

Theory

Hydro describes spectra @ LHC

|dentified particle spectra show clear
evidence of thermalization and flow.

—
O 40 ALICE prelimin '
= 10" F P ary en — VISH2+1
> F POP, 276 TeV  wi* vieto
S | “ -
—1 AS ro normalized to
- 0 data for p, < 3 e;)'g
-ci-
Q N
g &
S > 4
v N
107 : - 3
—_——]
2000 o0 oy oy oy
10%, 2 3 4
p_ (GeV/c)

Kinetic freeze-out is cooler
and faster flowing than @ RHIC.

0.15

o

f

e
—

Temperature T, (GeV)
(=]
=

_ <
. ST N
peripheral &% %
i central
STAR
| — Au-Au,0.2TeV, ., K, p
ALICE preliminary
—— Pb-Pb, 2.76 TeV, i, K, p
1 | 1 | 1 | 1 | 1 |
2 0.3 04 0.5 0.6 0.7
Flow velocity <B> (¢)
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Theory

Reaction
plane

Elliptic Flow (v2)

2/
N\ /
— | 1 —7
— /
R
]

Y o

Hydrodynamics:
Flow is generated by VP

vV, = €0s(20)
coefficient of the
azimuthal distribution

g lar?
= —

L — )

S —~~
a. &N

VP(<) > VP(?)

15
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HEUELEE
Event by event

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

K "

ot

>
-

.r 2
P »
. .

» %

Elliptic Flow Triangular Flow

= flows v1, Vo, V3, V4,...

16
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c
Theory
Elliptic flow "measures™nyp
Universal strong coupling limit of
Schenke, Jeon, Gale, PRL 106 (2011) 042301 non-.abellan gauge theories with a
gravity dual:
n/s — 1/4n
Vo | | mmmnn "e=0 n/s=0
n/s = 1/4n aka: the “perfect” liquid
0.2 +
/s =2/4n
015 | Consistency check:
1n/s=0
01 + hC TN [ p—" 1/s=0.08
AU +AU 200 GeV OO 8 —n/s=0.18 \\\\\\\\\\\\““\\@\“ @
0.05 30-40% central Triangular flow @\\\\\@\\@
STAR data 0.06
O 1 | |
0 0.5 1 1.5 2 2.5 0.04
pr [GeV] Au+Au 200 GeV
0.02 10-20% central

STAR data

2 2.5

1.5
Pt [GeV]
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HQUELE

Theory

v2 & va @ LHC

Flow results agree
nicely with RHIC
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Shear viscosity

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

| MC-KLN hydro (n/s) + UrQMD /s | MC-Glauber  hydro (n/s) + UrQM]i‘ ;\GS

~(b) =" 00
- ’(
n » %‘hﬁ;&m
BT il s s
- ¢ W e
P ile
- /; o
2 \12 g’ / , 2 \I2
005 O Eduy | o 0 v A2 e e
i O (v (e ¢ 0 (vl Epda
O 1 | 1 | 1 | 1 1 | 1 | 1 | 1
0 10 20 , 30 0 10 20 .30 40
(1/S) AN _ /dy (fm") (1/S) dN  /dy (fm ™)

Conclusion: 1 <4nn/s <2.5

Remaining uncertainty mainly due to initial density profile
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(0 =
Viscosity of QCD matter

Low T viscosity using
experimental data for [+

2-body interactions. e PIONH :
R pions + kaons -
| =2
1 | —— QGP /‘
| .
|
' High T viscosity
3 | .
s '\ l using perturb. QCD
\ \ | 5
\ .
&, \ l :
\ —
\ a
\ :
) ‘.. | RHIC data 3
T \ 1/4m i
0 1 1 JL[ =11 15
10’ 10° 10° 10°
T(MeV)
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Part 3
The Opaque QGP

21




(D = S
Parton energy loss in QCD
i

Theory

— | Elastic energy loss:
/ dx
P

Radiative energy loss:

: ? ? ? <>q .......................... Scattering -
A) A) " g & color charges
B
-C,qL i=p[qds* 2% = [ax (F* () F(0)

dq

Review: A. Majumder & M. van Leeuwen, arXiv:1002.2206

> q

22
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pQCD formalism

DGLV Static

Landscape of QCD jet - : » ASW-MS
quenching formalisms: ASVX'SH scattering centers
[see: Armesto et al. Opacity Multiple Soft
arXiv:1106.1106; the 'Expansion Scattering
“QCD Brick Report” Multi-gluon

P ] HT = evolution > AMY

Example: DGLV

dNéI’)GLV — chas

X 3
dx T

I uz L
d*qgd*k K . (k, d- K k.q:
lf"‘ 9 (QZ+H2) rad( q)_! < LPM( q Z)P(Z)

k-Gk=q) =B'g-(k=q) . m_ o 20
7\,f ra ( q) I:(k_q)2+ﬁ2:|(k2+ﬁ2) Wl ﬁ mg+x q

R =
& &

(k—q)* + B Z)

o (K5432) COS( S

LPM coherence effect ”a
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Theory

Towards measuring g

Good fits for light hadrons can be
obtained for all energy loss models
with 3-D hydro evolution, but...

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

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.

' m— L L) 1 3 | E— it | ! I
~| ® PHENIX0-5%
.8+ AMY.b=24fm, a = 0.33 -
— A ~ . .~' y — -f
® ()6 ) ”»l..l":_‘.l IIII: q, : 1.5GeV .'lln.gm'—(l.l U
- |+ =+« ASW.b=24fm. K=36 I
- 04 o ¢ ™
m ~
* A——
~
0.2 EEETrEsT =+ i3 3 i i
1 | 1 | 1 | 1 | 1 | 1 |
0 —.8 § e P | I L L | E— | . I
~| ® PHENIX 20 - 30%
0.8 AMY, b =75 fm, a_=0.33 ~
- 0.6} H'{'. l'\ = Ti 'j"_' {q, : l.j(ic\"."lm. Cyi = 0.2 2
- L[+ =+ ASW.b=75fm K=3.6 4
“obsrprispiit -]
04 rs-TTEITE i, 5 i~ _i_. i
M —_ -
0.2 :I ‘I -
N -
0 1 | 1 | 1 1 1 | 1 1 1 |

6 ) 10 12 14 16 18 20
p, (GeVie)

MC implementations
required to accurately
simulate energy loss

24
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Theory
Jet ni t LHC
2 I I I I | I I I I | I I I I 2 B I I I I I | I I I | I I I | I I I ]
- PbPb \'s,\ =2.76 TeV 7 B PbPb\s,, =2.76 TeV 7]
1.8 — e Charged Particle 0 - 5% (CMS) — 1.8 — e Charged Particle 0 - 5% (CMS) ]|
1 6 B —&— Charged Particle 0 - 5% (ALICE) _ 1 B —e— Charged Particle 0 - 5% (ALICE) _
= —¢— Jhy from B 0 - 10% (CMS) - .6 - —o6— Isolated Photon 0 - 10% (CMS) _:
C D® 0-20% (ALICE ] — —%— Z° 0-10% (CMS) ]
1.4 o ) - 1.4 8 .
- ‘ —4&— K° 0-5% (ALICE) 5 - -
1.2 [yl — % A 0-5% (ALICE) — 1.2 —
< - ] < - 7
< 1_____1__1 ___________________________________ _] < 1_____ _____ Q _ | __l___J_______ B mmmm e _]
oC - Theory ] o B
L ‘ Ch. hadron (YaJEM-D) _ L S
0.8— l Ch. hadron (JEWEL) — 0.8—
B ‘ n+K+p (Vishnu) ] B
L Ch. hadron (HT-W) _ L
o6~ | | Ch. hadron (GLV) — 0.6
B T| Ch. hadron (HT-M) 7 B
S ] 04 @ + + fheory
| s Ch. hadron (YaJEM-D)
- - ® Ch. hadron (JEWEL)
0.2 Ch. hadron (HT-W)
i Ch. hadron (GLV)
I | Ch. hadron, (HT-M)
O | | | | | | | | |
0 20 80

N
o NEENNNEEE |
o
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Theory

MAC

Vitev “nailed it”

0.75

0.5

0.25

Ra(P7)

l. Vitev, hep-ph/0603010

= in cantral Pb+Pb, GLV E-loss dN%dy = 2000
—— =« in central Pb+Pb, GLV E-loss dN %idy = 3000
—— = in cantral Pb+Pb, GLV E-kss dN%/dy = 4000

100
Py [GeV]

' I T T T
dN¥/dy = 2000 with(out) gluon feedback

dN¥/dy = 2000 with(out) gluon feedback
dN¥/dy = 4000 with(out) gluon feedback

2 _cETav Below participant scaling ~
1 l 1 I 1 l 1
5 10 15
P+ [GeV]

20

FQAJ\

0.8
0.6
0.4
0.2

*Ch.hd GLV
TR BRI ||a|'°'1(|)||

~ Theory

Ch. hadron (YaJEM-D)
Ch. hadron (HT-M)
Ch. hadron (JEWEL)
Ch. hadron (HT-W)

20

Al ,_'

>

40
Pr

-
=
1]
o
=

<

60 80 100

(GeV/c)

Ch. hadron (YaJEM-D)
Ch. hadron (HT-M)
Ch. hadron (JEWEL)
n+K+p (Vishnu)

Ch. hadron (HT-W)
Ch. hadron (GLV)
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Connecting jets with the medium

Hard partons probe the medium via the density of colored scattering centers:
=p|q’dg’(do | dg’)~ [dx (F**(x)F}(0))

If kinetic theory applies, thermal gluons are quasi-particles that experience the
same medium. Then the shear viscosity is: 1 1/ p
nz§p<p/lf(p>>=§< >

o,(p)
2q

(p) p

In QCD, small angle scattering dominates: 0,(p)=

With (p) ~ 3T and 5 = 3.6p n A. Majumder, BM, X-N.Wang,
(for gluons) one finds: s g PRL 99 (2007) 192301

From RHIC data: 7, = 335 MeV, g, =2.8 GeV~/fm — (n/s), =0.10

27
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HQUELE
Di-jets

« Dijet selection:
— | TlJetl <9
— Leading jet pr; > 120GeV/c
— Subleading jet p;,> 50GeV/c
— Ay, > 2n/3

pT,1 - pT,z
Aj =
pT,1 + pT,Z

 Removes uncertainties in overall jet energy scale

-8
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Theory

Event Fraction

Event Fraction

Di-jet asymmetry

o
)

o
—h

0.2

0.1

, ®

T T T T T T T T l | — LN B B R ' LA | T T T T
- (a) CMS IL dt = 35.1 pb™ 11(b) IL dt =6.7 ub” (c) ’
NS ——pp \"537.0 TeV i 7 l —s— PbhPDL \fi_.=2.76 Tev—+—"1_ P” > 120 GeVic —
NN T . T . 2
e Anti-k,, R=0.5 1 * 8 u‘ terative Cone, R=0.5 + T M, >3 rad
NN 1 50-100% | 1t 30-50%
':::._:" l Wby vy |_|l:4 X N TR | e | =T IR T R
L) L] L) l ] l ' l L] L L] l L] L] I L) L] L] ] L L) L l L L] L] ' L} L] L} l I L) L} L] ] L) L] L) I L L ]
- (d) 1 (e) 1 (f) .
e -+ - -

; 7 t |+
: T, 20-30% 10-20% | 0-10%

0 B ] | I Y W W | -1 _l*_lLI L | I I-- Y T T T o | ‘1- -’—u._] PO R |" 1 [V TV W W M nal | l-
0 0.2 04 0.6 0.8 1 0.2 0.4 0.6 08 1 0.2 04 06 0.8 1

A= Py PP F )
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gED " A
Parton shower in matter

rad ,out
_ > AE;

coll coll ~
AES AE: 3

Leading parton: ~
. . .. ~ AEbroad
Transfers energy to medium by elastic collisions g
Radiates gluons scattering in the medium (inside and outside jet cone)

med

E,(t)=E (r.)—jé dt—jmdwdkzdt 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 l L} l L) ' Ll . Ll ' Ll ' Ll l Ll ' Ll 5 4 ) l L l L) ' L) l L L ' L ' L l l 4
® CMS Pb-Pb0-10% 1 ® CMS Pb-Pb 10-20% . I ® ATLASPb-Pb0-10%| | ® ATLAS Pb-Pb 10-20%| |
—— PYTHIA —— PYTHIA ~—— PYTHIA ~—— PYTHIA
4| | === PYTHIA + medium <+ | = PYTHIA + medium -4 | wese PYTHIA + medium e PYTHIA + medium .
GYQin&BM| |
PRL 106 (’11)

(S}

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

31
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€ory

Part 4
The screened QGP

32




HQUELET
Plasma screening

® Plasma: An globally neutral state of matter with mobile charges

® Interactions among charges of many particles spread charge over
a characteristic (Debye) length ™ (chromo-) electric screening

® Strongly coupled plasmas: Only few particles in Debye sphere ™
Nearest neighbor correlations « liquid-like properties

® Test QGP screening with heavy quark bound states
Do they survive? Which ones? 02T 0747 11T 537

® |deal system: Upsilon states € (CeViim?)

Y(3S) Y(2S)

® Do residual correlations enhance Y(1S)

recombination? An

Thy
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(0 =
In the good old days...

Theory

... life seemed so simple:

Lattice
QCD

1000

500 +

F4 [Mre\/]

rlfm]

0.5 1 1.5

mp~ gl

2

34
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Theory

The real story...

...Is more complicated that just mp.

Q-Qbar bound state interacts with
medium elastically and inelastically!

SR
in oy Po' %o,y

00

00 —

I
_EFQQ T

ot 2M

Strickland, arXiv:1106.2571, 1112.2761;
Akamatsu & Rothkopf, arXiv:1110.1203

w heavy-Q energy loss and Q-Qbar
suppression cannot be separated

Im V (MeV)
3

[
-

D W B W
o O O O

of
00 02

VQQ

ltn ~2/T, mp~gT

04 06 08
r (fm)
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Y melting revisited

Decreasing QQ binding due to screening and increasing width due to thermal
gluon absorption lead to gradual melting of quarkonium states [here Y(1s)].
See M. Laine, arXiv:1108.5965. Similar to p® melting at SPS?

- 4 4
- dN_./d'xd'Q

[Ny | l 3

150.0 0% e T s

/7 e —~ ‘~.~~

.......... ,/'., ~. . .o \A!ev ‘g

1018 ........... ’/’:t\ .\i\\-\ |

-------- - ':'\'-'-‘.\4.004!;[/\" 3

100.0 »E P :
> 10 ,\\ \‘?\fo \\\ —
2 T N My, >
2»E AN 3

107 I S~_ 0, N

<0, -

50.0 i ~. 5
107 =

E

226 .

. 1 107 Fyioas S0GeV
900 250 300 350 400 16 18 20 22 24
T/MeV oM

36

Tuesday, July 17, 12



(0 I
State of art

Tour de force calculation of Y suppression by M. Strickland, PRL 107, 132301 (2011):

B Re(V), Im(V) in anisotropic HTL / NRQCD + T-dep. confining pot.
®m  Schrodinger equation for Y states ™ Eqq , [aaq
B Anisotropic (viscous) hydrodynamics for medium evolution

Ty
m Time integrated suppression factor: R,, =exp|— | I',,(7,x,,5)dT
AA 00 1

Tform
™ Si5,0) = 200 GeV TR "wowo=226T | Borghini & Gombeaud,
ot S <20 GeV O \} Pepcoav arXiv - 1109.4271:
Potential Model B x‘ "}. . .
@ N = 0.6 .
+ 05 -’_,“‘-- - i ' . -
q° | ] B, S 1 Treat dipole transitions
= e s =, o ‘ between QQ states
e Woneded Nocleon S e Wonndod Napthoin .
-+ Two Componcal Mode| Potenal Made| B T Campomset, @ 145 iInduced by thermal
. N 2 300 X 4 ) 2 3 :
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EBELEE
J/Y suppression

MAC

Theory

Bewildering observations:

RHIC - more suppression
at forward rapidity

LHC - more suppression
at central rapidity

Same suppression at SPS
and RHIC at midrapidity

-

0.8

0.6

04

0.2

Mid Rapidity
B PHENIX |y|<0.35\s = 200GeV
¢  SPS\s=17.5GeV

Forward Rapidity
] PHENIX 1.2<|y|<2.2\/s = 200GeV
PHENIX 1.2<|y|<2.2V/s = 62GeV

e

1 1 1 1 1 1 1 I 1 1 1 1 l 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 l 1 1 1
50 100 150 200 250 300 350
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QD

Theory
Differential suppression of Y states clearly observed

c\/j\ _I T T 1 | T T T 1 | T T 1 | T T 1 | T T T 1 | T T 1 | T 1 |_ i(t 2_I T | ' T T | ' T T | ' T T | ' T T | ' T T | ' T T | T T 1 I_
§ _ e data CMS Preliminary 1 e POPb\E= 276 ToV  AuAu 5 = 200 GoV ]
60— _ —] O SNN =Z. e UAU SNN = e ]

() - i
o T PoPb fit PbPb \'s\y=2.76 TeV 1 " 4 CMS:Y(1S) ¢ STAR: Y/(15+28+389) 1
I op shape [t  0-100%, 0.0 < Iyl < 2.4 - LR lyl<0.5 E
e 50:_ pi>4 GeV/c 0<p_<20GeVic _: 1.4 —
PR L =7.28ub’ ] - i
% 40 int H — 1.2 -
o 6 = 92 MeV/c? (fixed to MC) - 13 B
30 i - - .
§ l’ { 1 0.8 i ? J
20 + * i - 0.6 + ﬁ% —
n P % 0.4F 7L + -
| * * * [t 0.2F =
_I L 1 1 | I | | I I | | | | | | | | | | L1 |_ O:I 1 1 1 | L1 1 1 | 1L 1 1 1 | L1 1 1 | 1L 1 1 1 | L1 1 1 | 1L 1 1 1 | 1 1 | I_

v 8 9 10 11 12 13 14 0 50 100 150 200 250 300 350 400
m,, (GeV/c?) Noan
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Epilogue
Hadronization
of the QGP

40




(0D I
| V,(p+) vS. hydrodynamics

| | ' | ' |

. Hydro model PHENIX Data STAR Data _
T O mHHT A Kg

""" A KK ® A+A

o
W
|
A\

o
N

Anisotropy Parameter v,
o

(=

Transverse Momentum p + (GeV/c)
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(v S
V,(p+) vS. hydrodynamics

Theory

© o
N W

Anisotropy Parameter v,
o

(=

Hydro Imodel

PHENIX Data

STAR Data
A Kg
® A+A

6

Transverse Momentum p + (GeV/c)
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(D " I
| V,(p+) vS. hydrodynamics

Hydro model = PHENIX Data.  STARData
_____ T O T A Kg_

o
W
|
A\

A KK ® A+A

Failure of ideal
hydrodynamics
tells us how
hadrons form

o
N

©
-

Anisotropy Parameter v,

(=

| | | |
0 2 4 6

Transverse Momentum p + (GeV/c)
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HEALEE
Bulk hadronization

Fast hadrons Sudden recombination
experience a b =3p
rapid tran§|t|on '@ B 0
from medium to
vacuum for fast

—
hadrons @ Dy = 2pQ

vy (p)=2v3 (%)

> M

D,
Vacuum vy (p,)=3V¥ (?j
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(0 =
Quark number scaling of v,

Theory

0.3}

0.25
0.2
0.15
0.1

0.05

1
M Q p t
) v, (P,)=V; )
— BlastWave fitto=
Hydro model - 3 ‘L
A
Al 4
@ =+= WO+
a K % A+A
1 ~ STARPreliminary .
1 2 3 4 5 6
p| (GeV/c)
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(0 v S
Quark number scaling of v,

Theory

%V (p,)=V; (g’j

£
>N 001
0.08 | | |
i A
oS ‘l+ |
0.06} e SRR ¢
: o
@
004 &
S
0.02 6’ AK, ® A4A * T°4%
..
L A®
ops !, 1
0 1 2 2

p,/n (GeV/c)

Emitting medium is composed of
unconfined, flowing quarks.

43

Tuesday, July 17, 12



AQUELEE
Quark number scaling of v,

1 |
(2] Tagped(2

2 2 3 3
EN 0 1 Ji : | I 1 | I | | I 1 l ' I I 1
> ;N Au+Au ¥s,, = 200 GeV, 20-60% -
0.08} | [ 4 1
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o . 9 1.5
unconfined, flowing quarks. KE,/n (GeV)
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L =
Hadron production at the LHC

MAC

Recombination + fragmentation with parton
energy loss prediction was right on the mark Pb-Pb /nn = 2.76 TeV, 0-5% centrality

10' E . ALICE data
. o —— hydrodynamics
wg | - - LO pQCD R
R.J. Fries & BM, nucl-th/0307043 b e
|
10 | : — g ,015 T. Renk et al. ;
PRtEb @by SO F arVix:1103.5308
1} obLl WOReco = lo°é-
BTl B oy ey I 5
= % w1 Reco+Frag w0 E -
o, -2 -s - -
R E qzc: 0% E i
210“‘- p. = 085 = f E
R L 10
B S
o ~
s < w! |
107 |
6| | B =065 [ w1B.=0.75 | o
1 0 L — : - .“‘“ ":: A - l 0-3 1 1 1 1 l 1 1 1 1 l | — 1 1 I 1 | — 1
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MAC

LA
Recombination at LHC?

Theory

0
S

~ ALICE preliminary:
~ PD-Pb (B, = 2.76 TeV

[ stal. errors only
— syst ooror ~10 %

A/K

STAR: Au-Au 200 GeV x A/A
with 10%: fead-cown corraction

ALICE, lyl<0.75

A Pb-Pb 0-5%
+P 60-80%

Q ggAg =7 TeV

A Au Au 0-5%

¢ Au-Au 60-80%

—Hydro VISH2+1
Rgcocnbmabon
X

v/n,

0.1

0.05

ALICE preliminary
Pb-Pb |5, = 2.76 TeV
Centrality 20-40%

ﬁ
P

.viﬂ*

1.5
(mT-m(,)/nq [GeV]
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= I
 Lattice QCD - 2010

K = i - 3
i o I el —— o ,
. o o
- - i 1 ~ :
< u E e S 32""—_ 3
=y 3 2 o 2 .
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MAC

Theory

Below T - the HRG

U "

Lines: Hadron resonance gas (HRG)

Data points: Lattice QCD (Wu-Bu)

LQCD lies above HRG for T > 140 MeV

! T T T T T T T T T T

[ __HRG [;h):siéal '
[ - - HRG distorted stout N;=
4} --« HRG distorted asqtad N8
[ O stout N;=10 v
[ v stout N,=8
- ® asqtad N;=8 %
- ®mp4 N=8 )

N

(e=3p)/T*

2

T [MeV]

Hadrons up to at least 2.5 GeV
(maybe 3 GeV) mass contribute

p(m) = A (m2+m02)-5/4 ebm

Mcut = 3.0 GeV

Mecut = 25 GeV

= 2.0 GeV

GeV

A. Majumder & BM
arXiv:1008.1747

1

00 110 120 130 140 150 160 170
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