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| Introduction

- The QCD phase transition




Initial idea : create matter at extreme
conditions of high density colliding heavy ions

®
@ @
By heating and/or compressing

/ T~

. . - Interior of neutron
?
High Energy Heavy ion collisions stars - Quark stars ?

&

A search that started at the Bevalac, Berkeley (1970-),
moving to Brookhaven Lab (1988-) and to CERN (1989-)
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Physics goals: Mapping out the phases of QCD

far'y Loerse The Phases of QCD

Experimental program of Heavy lon Collisions of last
~25 years aims to :
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Study QCD matter under extreme conditions of
densities and Temperatures

Reproduce a phase transition of the early universe at
106 sec after the Big Bang, between hadrons and
quarks and gluons (Quark-Gluon-Plasma)

c,,-,,-CJ, Point 16.0 ' Lattice QCD .

0 ! -
140 F g S
Hadron Gas Superconductor &1’ . =F
12.0 ' . —=
Neutron Stars
10.0 X '
900 MeV
Baryon Chemical Potential 8.0 r
This plot illustrates propositions and is not proven 6.0 3 flavour
. . 2+1 flavour
by measurement interpretation, 40 2 Aevour
20 | .

0.0 :
1.0 1.5 2.0 25 3.0 .5 4.0

An energy scan from below potential

Tc (SPS, RHIC BES, future

accelerators) up to well above Tc

(LHC) can reveal the nature of the

phase diagram of QCD
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QGP seen from Jura

- A skier (quark?) is
confined inside snow
patches (hadrons?)

Temperature

“

- the skier can move

> {Q;Qy: A further...a new phase

develops

- a skier (quark?)
can move freely

Al N over long distances...
. . ..this way
L. Maiani, CERN 2000
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The QCD phase transition and
the early universe




The Big Bang

Accelerated Expansion

Afterglow Light
Pattern Dark Ages Development of
380,000 yrs. / Galaxies, Planets, etc.
/

R A e O
Inflation

Fluctuations

1st Stars
about 400 million yrs.

Big Bang Expansion

13.7 billion years
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The little Bang

Credit: P. Sorensen | collision_evolution

expansion and cooling
1fm/c ~ 3 x 10™**s

hadronization
Initial energy density profile
near thermal equilibrium
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viscous hydrodynamics

%~1 fm/c t ~ 10 fm/c

distributions and
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cormrelations of
ced particles




A little bang in STAR
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Big bang vs little bang

Dark Energy - .
Accelerated Expansion Credit: P. Sorensen  + collision evolution » particle
Afterglow Light \ @pansion and cooling detectors
kinetic PN

Pattern  Dark Ages Development of AN ;
380,000 yrs. Galaxies, Planets, etc. : lfm/(' ~ 3 x 10244 Aol

\ distributions and
/ \ correlations of
[AE ! i produced particles

1st Stars
about 400 million yrs.

Big Bang Expansion

13.7 billion

Similarities: - Expansion
- chemical freeze out (nucleosynthesis : hadrosynthesis),

- thermal freeze out happens after chemical freeze out
(Cosmic Microwave Background : hadron pT spectra)
- initial state quantum fluctuations leave imprints in the final state
Differences: - Expansion rates differ by many orders of magnitude.

Expansion is in 3d (not 4d).
Expansion is driven by pressure gradients (not gravity).

- Time scale in fm/c (not in billions of years)
- Distances measured in fm (not light years)
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The path of the early universe through the (T, muB) plane

0.2, T T T T
; early_dx1mev.dat’
o Early Universe ] . .
= WO HIZEEDE AR '; 018 f S.K., P. Minkowski,, J.Phys.G 28, nr7, 1
2 ) . | 2002, hep-ph/0204103 |
§ R 6] T S.K. P Minkowski, Space Science Reviews
j ..?"" 8 Quark-Gluon Plasma '- 012 ,_ |
. SSOVer . 0.1 E_ -
0.08 & i
Cribcad Pont " ,
Color ™ f
e Supcrczzguctor 0.08 “ 7
004 r ]
. B.‘; ron Chemical Potential 002 | - ) |
0 I 1 1 IR L
0 0.2 04 0.8
muB [ GeV ]

- Path of early universe right after the QCD phase transition.
- Early universe undergoes a QCD phase transition or cross over
- The “big annihilation” starts at around 35 MeV

- High ener_'Py heavy ion experiments measure antimatter/matter ratios
near 1 at T(chem fr out)=170 MeV
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The path of the early universe and the phase transition

J. Schaffner-Bielich, arXiv: 1105.0339
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J Rafelski et al, 2003, astro-ph/0211346
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Temperature [MeV]
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Consequences of a path of early universe through 1st
order QCD phase transition

J. Schaffner-Bielich et al, arXiv:1105.0339

Frequency v in Hz

- Assuming a baryon asymmetry before QCD phase transition ->
Early universe undergoes a 1st order transition at mB/T~1

- Some consequences: a strong suppression of Grav. Waves (GW) with
frequencies above 10-8 Hz and the production of GW in bubble collisions and
turbulences during the phase transition.
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The effective number of degrees of freedom

D. Schwarz, arXiv:0303574
The effective number of degrees of freedom g.(T') = ¢(T)/(=* /30T*).

200 | MSSM _ _ .
7
7
100 | =
: SM |
- ] Full line: standard
50 | ) BBN QCD EW 1 model of particle

€€ — transition transition 1 physics prediction
20 t ]

10 |

1072 10° 102 10* 108

Change of degrees of freedom : T MeVi
Electroweak transition 100-200 GeV, QCD transition 150-180 MeV
e+e- annihilation at ~170 keV

Could QCD relics be CDM candidates ?
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Neutron stars/ Quark stars
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Neutron stars

Neutron stars have density that can be much higher than nuclear density -> possibility of a
quark core

Strange quark matter : true state of matter ? (E Witten) -> Strange quark stars

S. Weissenborn et al, arXiv:1102.2869

Pulsar PSR J1614-2230 with a mass of 1.97+-0.04 Solar masses, could be a strange star with
stable strange quark matter if effects of strong coupling and color-superconductivity are
taken into account.

Hybrid stars (with quark core and hadronic outer layer) have masses below hadronic and pure

quark stars
Stars with hadronic matter

23
22 A
21
- 2
2 sl g
g 16 =
15}
14+
b
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Do stable quark stars matter for Omega(matter) ?

Quark core - hadronic layer - H layer

Large range of possible masses from 1.8 to 375 solar masses for radii from
9 to 1200 km

Such objects maybe candidates for Dark Matter, if formed without affecting
nucleosynthesis and CMB

For large masses (more than few solar masses) difficult to detect with grav.

lensing
S.K., P. Minkowski,, J.Phys.G 28, nr 7, 2002, hep-ph/0204103

S.K. P Minkowski, Space Science Reviews 00:1-17, 2001.

H Radius of dark ’star’ | Mass of dark ’star’ Ng
(km) (solar masses) (Np(sun))
51073 9.204 1.801 1.853
0.290 411 2.191 2.243
0.295 674 3.179 3.232
0.310 1061 12.63 12.68
0.50 1203 168.13 168.18
0.625 1208 271.06 271.11
0.75 1210 374.02 374.07
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The QCD phase transition and
Heavy lon collisions : Set the
questions to answer
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Set the Questions :

Is there a dense hot matter of quarks and gluons build and which are its
characteristics?

Is local thermalization achieved ?

Is there a phase transition and if yes which is the order, or is it a cross over ?
Which are the critical parameters ?

Is this state weakly or strongly interacting ?

Is there a critical point ?

Subogech Sonia Kabana, “Heavy lon Collisions at RHIC and LHC and cosmological implications” ,
17-21 Sept. 2012, Corfu, Greece
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|l A historical tour of selected
physics results:

1. Direct thermal photons
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yield

Direct photon excess in min bias Au+Au at 200 GeV

o~ 10 E 1 E
f:;’ - Stefan Bathe, PHENIX Coll., QM2011, arXiv £ Direct photon spectra at\[s, = 200GeV
e 1 L= e TpAT % d+Au (RUNS)
a ok ——— NLO Vogelsang 107g T pa/T 4o d+AU (RUN3)
‘?10-1;_ snn = 200 | e ¢u+Au+(M?t, PRLl‘ItO4132301)
8 \ GeV e . <P fitresu
B 1025 A Au+Au P F M4
w E. \ . . L 10° -
. r N E .."' .
B3; } ) “,  Mmin. bias $10°F "3 Y. Yamaguchi, PHENIX
(3] E |\ N “ C
L N ~y PHENIX 3 1041 a5 Coll,,
G104k F ﬁ\%‘w., Z'°F N QM2011 poster
nQ_ P ? T \\%\\\ w r fé:~
- r T~ 5L 3.
Z10° S N T 107 JF
o B E i
w o p+p §i§ e PHENIX preliminary @

10 E \-"AEZ-A‘:Q 10 E

- PRL 104, 132301 (2010) Ry i
10'7|'|‘||'|"||'|'|"""'ﬂ gl v bov v b b g
1 2 3 4 5 6 7 107 7 2 3 4 5 6 7
P, (GeVl/c) P, (GeVic)

Direct photons in p+p described by NLO
Direct photon excess in min. bias Au+Au at 200 GeV over p+p at 200 GeV below pT ~2.5 GeV

Exponential spectrum in Au+Au - consistent with thermal below pT ~2.5 GeV with inverse slope 220 + 20 MeV
--> T(init) from hydrodynamic models : 300-600 MeV, depending on thermalization time

Critical d+Au check : No exponential excess in d+Au

Direct thermal photons firmly established for the first time !

BNL press release, 15 Feb 2010 : ‘Perfect’ Liquid Hot Enough to be Quark Soup

..collisions of gold ions ...have created matter at a temperature of about 4 trillion degrees Celsius ... about 250,000 times hotter

than the center of the Sun. This temperature is higher than the temperature needed to melt protons and neutrons into

a p'asmgf Suarks and gluons.  Thermalization seems to be achieved ’a
) ubQ
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Latest news: T from direct photons at the LHC

RHIC result backed by LHC

T T L L L L | LI

ALICE

PRELIMINARY

0-40% Pb-Pb, \sy, = 2.76 TeV

—&— Direct photons
—— Direct photon NLO for u = 0.5,1.0,2.0 P, (scaled pp)
—— Exponential fit: A x exp(-pT/T), T =304+51 MeV

.
\Q

PR N S TN SN T TSN SN AN SN N T NN SO SN Y N S

T

2 4 6 8 10 12

14

P, (GeVlc)

* Exponential fit for pT < 2.2 GeV/c
inv. slope T = 304+51 MeV
for 0-40% Pb—Pb at Vs 2.76 TeV

* PHENIX: T = 221+19+19 MeV
for 0-20% Au—Au at Vs 200 GeV

6ubo
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K. Safarik, ALICE, QM2012

OV, T g /70)

3.0_ T T T [ T T T l T T T [ T T T l T T T I T T T l T T T I—
- 0-40% Pb-Pb, \sy, = 2.76 TeV i
25— ALICE ]
| PRELIMINARY n
_ —#— Direct photon double ratio ]
20— =—— NLO prediction: 1 + (NcoIIdeechp.NLO/Ydecay) =
- for u=0.5,1.02.0 p, .
15— ~
SRR ]
1.0—%
| i
051 1+ | | | Ll | 1 L L]
b 2 4 6 8 10 12 14
P, (GeV/c)

Sonia Kabana, “Heavy lon Collisions at RHIC and LHC and cosmological implications”

*pT <2 GeV/c
~20% excess of direct photons

*pT >4 GeV/c
agreement with Ncoll-scaled NLO

24




2. Flow, strangeness
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The Big Bang vs the Little Bangs

The Universe

Dark Erergy
Acceler ated Exparsion
Arerglow Light
Pamern  Dark Ages Development of
Galaxies, Planets, eoc

GP phase

|
e

uark & ‘
\

|
i \l bheon degrees

{ Mreedon

'

~
about 400 millien yra

Dig Bang Expanson

137 ion years
Cradit: NASA




Flow coefficients vn, n=1,2,3..

Reaction
plane (Pgp )

dN

d_(l) ocl+ ZiVnCOS[n(d) — (Dn)]
v, =< clg'ls[n(cb -®,)]1>

* Initial shape of the interaction region (v2 - elliptic flow)
* Initial spatial fluctuations of interacting nucleons (higher
order vn)

gubo Sonia Kabana, “Heavy lon Collisions at RHIC and LHC and cosmological implications” 27
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Flow and shear viscosity

Shear viscosity estimates based on flow measurements

RHIC : the perfect liquid (see talk by U

0.1 T T ! !'/o— ..... —a, |
0.08 7
0.06 " B
' .
> i P

0.04 % B

//' o==0 LHC: 1/s=0.16

0.02 —;/ MCKLN - LHC: /5=0.20

i Reaction Plane  ,_ LHC: n/s=0.24

0 1 | I | I | 1

0 20 40 60 80
centrality

pT integrated v2 of charged hadrons, STAR
sqrt(s)=200 GeV Au+Au and ALICE Pb+Pb
2.76 TeV ->

n/s (Au+Au 200 GeV RHIC) = 0.16
n/s (Pb+Pb 2.76 TeV LHC) = 0.20

U. Heinz, arXiv:1106.6350 and references therein
Lower limit from AdS/CFT: 1/4pi=0.0796

gubo
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Heinz)
020 AUAU@ PbPb@ MC-KLN, n/s =0.20
{ AuAu -KLN, n/s = 0.
018 UG LR k
{ -8- —a—1
o164 ol o g
0144 —4- —A—A
| -9~ —w—=
0124 —a- ——0
0.10
0.08 4
0.064
0.04 4
0.02
0.00

20~30%

I ! I ! I i I ! I T I ! I ! I i
0.00 025 050 075 100 125 150 175 2.00

v2 of several identified hadrons,

P, (GeV)

STAR sqrt(s)=200 GeV Au+Au and
ALICE Pb+Pb 2.76 TeV

Model with n/s = 0.20 (for LHC)

VISHNU : hybrid code = Viscous Israel-Stewart
Hydrodynamics in 2+1 dimensions and UrQMD

Sonia Kabana, “Heavy lon Collisions at RHIC and LHC and cosmological implications”
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T fluctuations in CMBR and v, in sQGP

P Sorensen, STAR, QM2011

Multipole moment

10 100 500 1000
6000 R RE r R

5000 £

4000 £

3000 F

2000

Temperature Fluctuations [uK?]

1000

0 Ex L L L
90° 22 0.5° 0.2°
Angular Size

WMAP, Astrophys.J.Suppl.170:288,2007
2 2 2 2
N uirs €1+ 2V COsA@ + 2v; COS2A@ + 2v; cOS3A@ + 2v, cos4Ap + ...

0.0012

A - w2} (0-2.5% Central)
0'0015 e Charge-Independent
6,=163+ 002
» 0.0008 04061+ 0.01 omlf Jooor
o Like_—1S‘itgn01
0'0006j g::=6_7_2 +0.07 =
0.0004 00001+ 400001
. 0.0002
Kowalski, Lappi and Venugopalan, o ° . Joaor
Phys.Rev.Lett. 100:022303 I i I :
-0.000%, : > 3 4 5 6 P. Staig and E. Shuryak,
harmonic n arXiv:1106.3243 Data ATLAS, QM2011
Analogous to the Power Spectrum extracted from the Cosmic Microwave Background Radiation
AP. Mishra, R. K. Mohapatra, P. S. Saumia, A. M. Srivastava, Phys. Rev. C77: 064902, 2008 FAS,\tAfj'gSet :t"a‘frﬁ:‘;{ﬂ,??&?ggg[ﬁfg”_‘] bl
P. Sorensen, WWND, arXiv:0808.0503 (2008); J. Phys. G37: 094011, 2010 A Ad arey[PHEl,\lIX] i 1053928 ¢
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Strangeness

Sonia Kabana, “Heavy lon Collisions at RHIC and LHC and cosmological implications”
17-21 Sept. 2012, Corfu, Greece
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Strangeness enhancement

* Strangeness enhancement was first

discovered at the AGS at BNL, then at ¥ of il
SPS at CERN 3 ¥ NA49
T~
b 7.5
* Expect to measure strangeness ¥ [
enhancement with increasing energy, L °r
and jumbing up above Tc a5 [
* However, measurement showed g S A ——
strangeness enhancement increasing " e aoey
with decreasing energy from SPS to
. ) 0.30¢
AGS ! (opposite to expectation) . K'/x" data
_ M BES (STAR)
_ _ 0.25 @ RHIC
This was later established through the . :ips
SPS (NA49, NA61) energy scan, and the 0.20F 4 # s
last 3 years with the RHIC low energy e - 4 o + $ +
scan (K+/pi+ “horn”, M. Gazdzicki, o U1°F i A
NA49). 0.10 . i STAR Preliminary
: : : . M
However the maximum is not seen in SR v sl K/x data
the K-/pi- ratio. 0.05F - S
. E‘ A&A stat. and sys. errors Eigg
- added in quadrature
However: the data points have each one 0.00c T ;.0 . T
a different muB ! \Sus (GeV)
« NN
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Gedanken experiment to identify the water steam phase transition:

We heat a box with water more and more and measure its temperature T. We can only measure
the T of the water (Had. Gas) and not of the steam (QGP). We plot T versus heat. T will rise until
we heat enough to reach T=100° C. From then on, it will remain the same, namely T, ~< 100° C.

Each time steam is present, we have to wait until it is again water, to measure its T. (E.g.
R.Hagedorn (1965), H. Stocker et al (1981) etc.)

T T /
//

100° C

Heat Heat

Now we repeat the experiment adding each time salt to the water. 1he T versus heat curve
will not be as before, and we can not find the T, = 100° C.

S.K., P. Minkowski, New J S. Kabana, J. Phys. G27 (2001) 497
Phys 3 (2001) 4

The baryvochemical potential is like salt for hadronic systems.

Therefore, in order to measure a unique curve of T at freeze-out as a function
of €(init) in hadronic particle systems, one has to use the same conditions, with

the same uB, the simplest one beeing uB=0.

6uboi‘ Sonia Kabana, “Heavy lon Collisions at RHIC and LHC and cosmological implications” , 32
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Extracting the salt out of the water

» 12
N * papbar. e*+e" Mu B>0 S. Kabana, P Minkowski, New J Phys 3 (2001) 4
ool e S. Kabana, Eur. Phys. J C21 (2001) 545
06 "+ + ) l
L () B
oal l | . e_I(onset of saturation) = 1+-0.3
0z2f i | v GeV/fm"B
&
oé 2 4 6 8
Eue (GeV/TmM?) —~ 6" sart(s)=91 Gev
%; 250¢ g‘tpl:(" ta’(]lf:‘,i:=903, 1800 GeV
= - * AtA sqre(s)=2, 4 1. 17 b
- 2 200}
* A4A aqre - 1 | 7 =3 *
O pfxb-u sqrt(s)=900, 1800 GeV ‘U‘ | l
l : to £
@
.13 7 b
1 J, 100 \L
10 3 | |
: of
10 %L [
E ) I ) Mu_B=0 ) ol L ; A A A PR | Mu_.ﬂ___._‘_
g 10 1 10
0 ' En ((%(3\,’,/fl'1f?) “u (GOV/""S)

* The strangeness enhancement is not a primary signature of the phase transition, but it grows
and saturates following the Temperature at muB=0

* The increase and saturation of the T at uB=0 near 1 GeV/fm”3 can be interpreted as onset of a
phase transition at uB=0

gubogech Sonia Kabana, “Heavy lon Collisions at RHIC and LHC and cosmological implications” , 33
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3. Jet quenching
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Jet quenching

. o We compare A+A to expectations from
p+p Collision Au+Au Collision p+p, using the “nuclear modification

factor” R , , defined as:
Yield(A+ A)
Yield(p + p) x <Nw,,>

N coll : Average number of NN collisions in AA collision

R, (pr)=

Suppression of jets in AuAu: R, , <1

mass (D.Kharzeev et al. Phys Letter B.

% leading particle leading particle  Quarks are expected to exhibit different
jet
519:1999)

jev radiative energy loss depending on their

quark or gluon ‘g”/ quark or gluon M.Djordjevic PRL 94 (2004

03 |Ig ht
dead cone
0.2 charm
AER)

. . . E t
Partons interact with the medium and Jissusl i
loose energy through eg gluon 01 _—
radiation -~ Mgue =0.35GeV
0 L=5fm, \=1fm |3
6ubo 5 10 15 20 25

E [GeV]
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300

CMS (* preliminary) PbPby\ /sNN =276 TeV

I I I I I I I I I ] I I l I I
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—IL&=74Wp51 G0 Py T4k -
| —N— W (0-100%) p'>25 GeVic | N -
— —@— lIsolated photon (0-10%) — —
i SE b-quarks (0-100%) 1 i )
| (via secondary J/vy) _ " N

—8— " ql/g-jet (0-5%) [n|<2
| * i N —3— " b-jet (0-100%) mi<2 |
[ +} """"""" T =) L B
: % 1 [eeeaet e -
) . ;| L -
| @ &&— Charged particles (0-5%) _ = |
I | | | I | I | I | l ! | 1 l 1 l !
0 20 40 60 80 100 100 150 200 250
p.(m.) (GeV) jetp_(GeV)
G Roland, CMS, QM2012
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Nuclear suppression factor RAA : SPS, RHIC and LHC

T T T 17 YY'l T T T 1 17 YYT i T 1

2 i SPS 17 3 GV (PLP) I GUY: 0N gy = 800 7

" ont ‘ﬂA”10'7~>' < 0 QN‘Q, » 400 i

- RHIC 200 OoV (Auku) T OUV:ORydy = 20004000

i 0 PHENIX [0-10%) -:::IW -— 1

- e, small P 1

- % W STAR [Dv5%) —

1 l5 . ! o “"“ W"ﬁ '

sps LHC 276 Tev (PoPe) pe—

i | ® CMS 0% —A )

mg ¢ ALICE (0v8%) POM: <> = 30 « B0 G&'tm
1 o—

- | -~ N

- ‘ e :

L ] v ]

0.5 ¢ - -1

y )

0 1 L4 1 11111 1 t o2 1 3333l 1 1 ]
1 2 34 10 2 100 20

P, (GeVic) S. Milov, J. Solana, QM2012

RAA compared to models for energy loss allows for an estimate of gluon density dN/dy(gluon)
Here as an example we get (GLV model):

dN/dy(g)=400 for SPS

dN/dy(g)=1400 for RHIC

dN/dy(g)=2000-4000 for LHC

To estimate with confidence dN/dy(g), we should understand the mechanism of jet quenching via
studies of its dependence from pT, energy, event plane, path length, centrality, quark mass etc

§ubo£ech Sonia Kabana, “Heavy lon Collisions at RHIC and LHC and cosmological implications” ,
17-21 Sept. 2012, Corfu, Greece
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4. Quarkonia
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Quarkonia

I <T, T=12T Matsui-Satz: screening the potential

:I:[I:I:I]:I] :I it I:I] ”
o [N}
[N I
o 1 _
e U Screening in Q and Q cannot

Uy Ay Y XbY,Xia Y Y Xb ’ a deconfined “see” each other
medium: .{ D < rQq
T= 3T effective
= c charge of Q
H- Satz, NUCI. Phys. A (783): 11 [N [N 1 angcd ' ”%
249-260(2007 L | % o

Assume: medium effects described with a T-dependent potential

A. Mocsy

QG o)
’

state | J/0(18)  x(1P) | ¢(25) | T(18) w(1P) | T(25) | w(2P) Y(38)
| 'I:.g..'r'.f;. | 2.10 1.16 1.12 = 4.0 1.76 1.64) 1.149 1.17

Quarkonia: Thermometer of QGP through hierarchy of T(dissociation)

Many effects play a role like dissociation in QGP, cold matter absorbtion,
recombination/coalescence from c, cbhar, feeding

44
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Collision energy dependence of J/Psi

RHIC vs LHC

u ALICE (Pb-Poy s, = 2.76 TeV), 2.5<y<d, p >0 (preliminary)
o PHENIX (Au-duys,, = 0.2 TeV), 1.2<[y|<2.2, p,>0 (arKiv:1103.6259)
o PHENIX (Au-fuys,, = 0.2 TeV), |y|<0.35. p,>0 (nucl-ex/0611020)

AA

R
- o =
llllllllll‘llllll*llmw-rl

0.8
[ -
0.6 é’& H] m
b
o THES By oy f
@ & rop
(')ALICIE<‘4m>|]e.waightsdlhyNw l | | |
O ~""50 100 150 200 250 300 350 400
T. Nayak, Lepton Photon 2011 Npart

J/Psi in forward y in ALICE less suppressed
than J/Psi in forward rapidity in RHIC

-> hint to recombination of J/Psi at the LHC

RHIC vs SPS

— . NA38, S+U,0<y<1, E. Scomparin (QM06), nucl-ex/0703030

| ———— NAGS60, In+In, 0<y<1, E. Scomparin (QMO06), nucl-ex/0703030
QEI 2 B ———&——— NAS50, Pb+Pb, 0<y<1, E. Scomparin (QM06), nucl-ex/0703030

- ———=———  RHIC, Au+Au, |y|<0.35, PRL98, 232302 (2007)

- ——=———  RHIC, Au+Au, 1.2<|y|<2.2, PRL98, 232302 (2007)

L iRHIC, ly|<0.35, Global error = 12%
RHIC, 1.2<|y|<2.2, Global error = 7%

0.8

L |l I SPS, 0.0<y<1.0,:Global error = 11%

- t
oot ﬁi‘”ﬁ .4 PHENIX
0.4 B H* fag o
- B B i
0.2f :

0 50 100 150 200 250 300 350 400

Number of participants Au+Au

E%

J/Psi at ycm is compatible between RHIC and SPS

- one can look also ratio to open charm,
- use same feeding corrections,

initial energy density.

Energy dependence: To compare J/¥ at RHIC, SPS and LHC the
- CNM effects must be estimated with p+A/d+A,

- look also with x axis parameter that includes both the energy and centrality dependence like the




0.6

The J/Psi RHIC-SPS-comparison -puzzle R Arnaldi

EKS98 CNM baseline
e PHENIX y=0 R Arnaldi, D Frawley, Trento 25-29 may 2009

® NA60 In-In -Divide out cold nuclear matter effects using
A NA50 Pb-Pb not model but data (d+Au, p=Au)

- Plot as a function of dN/detaleta=0 takes

into account differences in energy in contrast
to N_part.

---> Cold nuclear matter absorbtion effect up
to dN/detaleta=0 = 300

---> Suppression of J/Psi above 300

Narrow boxes: correlated sys

0.4 wide boxes: CNM baseline sys ‘ 1 Si |
IlllIlllllllllllllllllllllllll
100 200 300 400 500 600 700 800 w\ v
. dN/dn| 1
preliminary =0
E
T IEM)  EMT)
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T{TS¥25+35)

Raa

Y suppression was discovered in 2011 at same time

at RHIC and LHC

state || J/(18) | x<(1P) | w(28) | T(18) w(1P) | T(28) | w(2P) T(35)

T,/T. | 210

1.16 1.12 = 4.0 1.76 1.60 1.19 117 H Satz

Illlllllll

0.4

STAR, QM2011

* First measurement of Y(1S+2S+3S)

N

suppression at RHIC.

* RAA of most central point is in
agreement with only Y(1S) surviving

6ubo

PRL 107 (2011) 052302
. ]'(1S+25+3S)Iyl<m5—> e'e — - T am T
o~
_ p+p Sys. Uncertainty § 60: e data CMS PbPb \‘rsm =276 TeV
p+p Stat. Uncertainty 8 - —— PbPD fit Cent. 0-100%, lyl < 2.4

= oT(1S)— e*el/oT(1S+2S+3S)— e'e” 3 N - pp shape 0< p, < 20 GeV/c ]
— — — R, N5*5*39 if only T(1S) survives 350 - p: >4 GeVic L,.=728 ub" E
< Jiy p,>5GeV ; - :
€ 40 .
° b R
> b R
i ]
30 & ]
A | i fir ]
| 1 20} 0 ]
STAR Preliminary + - : ll L + *i
________ | . 3 e, S l

\/Snn = 200 GeV 10 ,f+‘ 4.0+‘

L ]

0lllll|llll|l||||||lll|l|l||||l|llll|||||l|ll + n
0 50 100150 200 250 300 350400 450 Q il I .

m,,. (GeV/c?)
Indication of suppression of
Y(2S+3S) with respect to
Y(1S) (2010 data)
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Y suppression - thermometer at LHC
G Roland, CMS, QM2012

§ _1 LI ] LI ] LI ] L [ LB ] LI I L I T I_ é 1.4_ T T T I T T T ] T T T [ T T T ] T T T [ T T T ]
14 CMSPDPb \s=276TeV 7 o | cMS Preliminary 0-100%
" = Prompt J/y (Prelimina ] 1.2 — —
Lo ptJhy ) - ~ PbPb\/s, =2.76 TeV -
“L ¢ Y(1S) i = _

L | e Y(@8) 1 1
1 C . Inclusive y(2S) (6.5 < p, < 30 GeVic, |y| < 1.6) i}
i 1 0.8 - v Y(3S) (ly| <2.4), 95% upper limit B
0.8— - T4 T(28)(lyl <24) ]
_+ - + i " m prompt Jy (6.5 < p, <30 GeVic, ly| < 2.4) i
K ] 0.6 —
0.6/ ¢ - ¥ Y(1S) (lyl < 24) -
2 T vas) 1 :
i " ¢ * ] 0al Y(1S) -
04_— o (] J/ #t L m =
_ + + w . d - Jhy .
0.2]- ¢ " 0.21-y(2S) Y(2S) -
i Y (2S) ¢ 6 _Y3S) # -
O_l 111 l L 11 l 1L 11 l L Ll l L L1 l L1 l 1 l+l l Ll l— 0~ 1 1 1 T 1 1 1 ] 1 1 L l 1 1 1 l 1 1 1 I L 1 1 ]

0 50 100 150 200 250 300 350 400 0 0.2 0.4 0.6 0.8 1 1.2

Npart Binding energy [GeV]
Clear hierarchy in RAA of different

quarkonium states

If confirmed (using p+A, feeding corrections, etc) is an outstanding
discovery for the Heavy lon field
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Back to the Questions :

Is there a dense hot matter of quarks and gluons build ?

Yes: Temperature:
T(init) from direct gammas=230, 300-600 MeV (models) at SPS and RHIC > Tc
increasing with energy, up to the raw measurement of 300 MeV at LHC > Tc
T(chemical freeze out) ~ Tc

T(init) via quarkonia (needs p+A):
Tdissoc of Y(1S) > 450 MeV, Tdissoc of Y(2S) > 245 MeV (P. Petreczky) in
agreement with direct thermal photon measurement of T

Energy density:

g(Bjorken at tau=1fm/c)= 3, 5, 16 GeV/fm*3 at SPS, RHIC, LHC.

At RHIC and LHC thermalization happens earlier than 1 fm/c and energy
density is much higher (hydro models).

Density (not yet settled) :
dN/dy(gluon) through jet quenching is ongoing work.
As an example GLV: dN/dy=400,1400,2000-4000 at SPS, RHIC, LHC

v2 scaling with the number of constituent quarks (not yet settled)

gubogech Sonia Kabana, “Heavy lon Collisions at RHIC and LHC and cosmological implications” ,
17-21 Sept. 2012, Corfu, Greece
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Is local thermalization achieved ?

Yes : Thermal direct photons at low pT measured
Hydrodynamic behaviour.
Thermal model fits to the hadron ratios (is not a direct evidence for initial
thermalization)

Is there a phase transition and if yes which is the order, or is it a cross over ?

Quarkonia suppression in QGP, jet quenching, thermal direct photons, T vs energy density: signs of
a new phase.

Furthermore the energy scan has found that QGP signatures found at high energy are switched off
at low energies.

(Nr of Constituent Quark scaling, quenching, T(chem. freeze out) falls below its limiting value.)

More data and analysis are needed and forthcoming.

Which are the critical parameters ?

“Critical Bjorken energy density” from (T vs £_Bj) around 0.5-1 GeV/fm23, corresponding to sqrt(s)
around 10 GeV (muB=0 case included) and Tc~160-200 MeV --> motivated building new colliders
NICA and FAIR and the Beam Energy Scan at SPS and RHIC

Is this state weakly or strongly interacting ?

It is strongly interacting : sQGP

v2, shear viscosity : n/s=0.07-043 (LHC)

This is backed up by theory asymptotically free only at very large T/Tc.

Is there a critical point ?

Not y%stablished, SPS and RHIC are on their way to look.
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Conclusions and outlook

Heavy lon Collisions : After 25 years of searches forthe < 4———7——7——7 77—
QGP in 2012 we arrived at a culmination point with long % [ CMS Preliminary 0-100% -
: 121 PbPby\/syy, = 2.76 TeV .
awaited results. i i
1 A .
In the next few years new data will allow to establish th e ;(;S)“ylw‘i?)“:/ ”pp3‘l’:tv’ w=19 3
results and add them possible new discoveries at: 08y rias)(yi<29) B
| m promptJiy (6.5 < p, <30 GeVlc, ly| < 2.4) ]
i 08 % x(1s) (lyl <24) 7
* high energy and low muB (RHIC,LHC) i Y(5) ]
* low energies and high muB (Beam Energy Scans  *‘f " E
RHIC, SPS and the new colliders NICA and FAIR)  o2[yes) es) .
) Y(3S) ]
L T | L L ]

0 1 1 1 1 1 1 1 1 L 1 1 L

-
N:
N

1 I L 1 1
0 0.2 0.4 0.6 0.8

to map out the QCD phase transition Binding energy [GeV]

Cosmology:

The QCD phase transition and the early universe- possible
consequences (Gravitational waves)

Neutron stars/quark stars ongoing theoretical and experimental
work may allow to study the QCD phase diagram and set
constraints (dark stars, dark QCD relics?)
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Thank you very much for your
attention
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Collision energy dependence of “jet quenching” :
at which energy is it “switched off” ?

B Central (0-5)% * 7.7GeV
i Peripheral (60-80)% | “  11.5GeV
10 — 19.6GeV
C 4 AN " 27GeV
u ‘ﬁ - : ¥ 39GeV
i ....°. s " 62.4GeV
e L . STAR(2003) 200GeV
o
VN oY v
1 poece- L e e ity
- . -— ¥ ¥ " )
. ,'_ts.l'-o;‘ﬂ R, S
N B . T I

10-‘ llllllllllllllllllllllllllllllllllllllllllll

l L1
0 1 2 3 4 5 6 7 8 9 10
pT(GeVIc)

S. Milov, J. Solana, STAR, BES, QM2012

RAA falls below 1 below 39 GeV
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Outlook

*LHC : p+A data, A+A data

Precision studies of the characteristics of the sQGP
Full LHC energy measurements at sqrt(s)=5 TeV
Upgrades of LHC experiment and collider.

* RHIC short term: new upgrades for highly improved Heavy Flavour and quarkonia

measurements.

* RHIC long term: BES Il higher statistics for low energy scan, fixed target, eA

* NICA in Dubna, FAIR at GSI Germany: new facilities to measure the low energy

regime of Heavy lon collisions

Subogech Sonia Kabana, “Heavy lon Collisions at RHIC and LHC and cosmological implications” ,
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First observation ever of anti-*He

Nature 473, 353-356, (19 May 2011) doi:10.1038/nature 10079, STAR Collaboration

The heaviest antimatter nucleus measured

Liang Xue, STAR Coll., QM2011

T T 1 I |

Baryon Number

pd P :
dg d
3H_e S 3He
‘He ¢ “He
| | | | |
-6 -4 -2 0 2 4 6

2 2.5 3 3.5 4 4.5

First measurement ever of 18 anti-*He
based on TPC+TOF+HLT

Consistent with thermal & coalescence
model expectation

Mass (GeV/c?)

Sets the background for observation of antimatter in space

gubo
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v,/n

Number of constituent quarks scaling

11.5 GeV

0.1 7.7 GeV op *xt

‘." 19.61GeV I ' ' '“- T T I T T T | T T T T T
[ Au+Au, 0-80% aA OK® [ ] ' —+ —
:n-s+ub EP ga‘_-a-xg 0.06 C Au+Au, 0-80% *=-E
0.05} , e & - -sub EP opp
fp %ﬂ | STAR Preliminary CA)Q;AK' .
o ittt ittt Y‘"'* """"""""" AT |

STAR Preliminary

39 GeV

PP B PP B B |PartiICIeS| 1'....|....|...‘|....|.: : o l — . — - !
0o o5 1 15 20 05 1 15 20 05 1 15 2 0 20 40 60
(m_-mg)/n_ (GeV/c?) \/Syy (GeV)

ng= 2 for mesons, 3 for baryons

(same for antiparticles) Shusu Shi, STAR, QM2012

* Scaling with the number of constituent quarks (NCQ) observed.
This is in agreement with quark coalescence as dominant production mechanism of hadrons at the
highest RHIC energies.

* ¢ meson v2 deviates from other particles ~2c at the highest pT data in 7.7 and 11.5 GeV ->
NCQ scaling is broken at 11.5 GeV and below.
More data are needed at these energies for clear conclusion.

* NCQ scaling is broken for particles minus antiparticles at low energies.
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Cold Nuclear Matter effects with d+Au

Milov, Solana, QM2012

RdA

__uoaiea

""""""""""" L quenching need to be taken into

' + { * Cold Nuclear Matter effects on jet
account at all energies

PHENIX Preliminary

d+AU, {8=200 GoV * p+A will be taken in LHC this year

(end 2012)
----- } =1
PHENIX Preliminary
d+Au, |8, =200 GeV
10 15 20 25 30 35 40
P, (GeV/c)
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Similar suppression of hadrons and jets

Q
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Left plots:

charged hadrons
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Right plots:
reconstructed jets
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T(init) SPS, RHIC, LHC

* SPS: measurement not firmly established. T(dir y)~200-300 MeV
(model fit), at muB~200 MeV

* RHIC:

First clear measurement of T(RHIC)=221+-19+-19 MeV
(measurement)

->  T(RHIC)~300-600 MeV (model fit) at muB~20 MeV
* LHC:

Highest measured temperature: T(LHC)=304+-51 MeV
at muB~1 MeV

* 8PS, RHIC, LHC: T(chem. freeze out)~170 MeV is similar to Tc

* Low pT photons exhibit thermal spectrum, suggesting
thermalization of their source

* The initial T at SPS, RHIC, LHC is higher than Tc

* The initial T rises with collision energy from SPS to RHIC to LHC
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Estimating the total strange to light
quarks ratio

It has been observed that thermal models can describe the ratios of final
state hadrons produced in A+A, e+e- and pp(ppbar) successfully.

-

Ravtos
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S
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.
s | Model prediction for
. T=177MeV, p =29 MoV

Braun-Munzinger et 3l PLB 518 (2001) 41

D. Magestro (updated July 22, 2002)

P.Braun Munzinger, J. Stachel et al
‘/F. Becattini, C. Redlich, J. Cleymans et al

S. Kabana, P. Minkowski

J Rafelski, J. Lettessier, A Tounsi

Etc. (however results vary depending on

free parameters gamma(s,q))

A T near 170-180 MeV has been
found for SPS and RHIC : near
Tc (lattice)

These models can be used to estimate the total strange/non strange newly

produced quark ratio, namely the

strangeness suppression factor (Wroblefski factor)
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Beam Energy Scan at RHIC

Goal: Map out the QCD phase diagram

searching for the onset of QGP signals
and a possible critical point

Early Universe

The Phases of QCD

Cntical Point

Color

Hadron Gas ’
Superconductor

Nuciear
/ Vacuwurn Matter Neutron Stars
0 MeV=y g ! -

0 MeV 900 MeV
Baryon Chemical Potential

Critical point estimates: |

i 9 Mumbai
ool 30 C:QN

= J
" S. Gupta, Q2011
08} A\'@@ee
O(/fooq/e
07 | o3 3 7S
pB/T

RHIC beam energy scan with Au+Au and Cu+Cu
(STAR, PHENIX) started with a test run in 2008/09

sqrt(s)= 7.7, 11.5, 19.6, 22.4, 27, 39, (62, 130, 200) GeV

http://drupal.star.bnl.gov/STAR/starnotes/public/sn0493

Observables

Search for the onset of QGP signals :
Scaling of v2 pT dependence with nr of quarks
Flow coefficients vs energy

Quarkonia suppression

Strangeness to light hadrons (K/pi) Energy
dependence

Signature for softening of EOS

v1, v2...

Search for fluctuations near a critical point:
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At which collision energy is the onset of R_AA

suppression ?

Au+Au Cu+Cu
M Purschke, PHENIX, QM2011
PHENIX, Au+Au - - PHE,NIX |

1.4:_ .......................... .0-10%,39Ge" m< : ] .\/? = 22.4 Gev :
- = 0-10 %, 62 GeV i : NN _ ]
- e\/sSy = 62.4 GeV N
1_2__ ........................... e 0-10'%200°GaV 2 B l NN i
B = - I *\/Syn = 200 GeV i
e TN - ]
1: | H , E,le 1.5 - l Cu+Cu, 0-10% most central -
0.8F e LE i l ]
08 $ | g | I
- 4 } ] N 11111e] [ ]
4_£ .......................................... B ®ece’ o | i ll I ! l o ]
g 3, ;1 os | I bttt + 8 b 1
02_’000.“ﬂ é? ot i -

0 5 10 15 20
p. [GeV/c] P, (GeVic)

PHENIX, Phys. Rev. Lett. 101, 162301 (2008)

Raa SUppPressed also at 39 GeV

Raa @t 62 GeV approaches value of RAA in 200 GeV at
high p;

No Suppression in Cu+Cu at 22.4 GeV
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yn,K/t

T

Search for fluctuations of the K/pi ratio in BES

0.008
0.007
0.006
0.005
0.004
0.003
0.002
0.001

-0.001

'"’P‘"'
¢ »—r..F;..—- >

¥ STAR Au+Au, 0-5%, TPC+TOF

—4—— STAR UrQMD, Au+Au

----- #¢----- STAR HSD, Au+Au

|| NA49 Pb+Pb, 0-3.5%

STAR Preliminary

TTTT IIII|IIII|IIII|IIIIIIIII|IIII|IIII|IIII|II

Terence Tarnowsky, STAR, QM2011
M Mitrovski, HEP2011

STAR TPC+TOF
n:0.2<pr<1.4GeVic
K;0.2<pr<1.4 GeV/c

e No strong energy dependence of K/x
fluctuations in central 0-5% Au + Au
collisions at sqrt(s)= 7.7, 11.5, 39, 200
GeV observed in STAR data

10 102 e Difference between STAR and NA49
\[Sny (GeV) may be due to different (pT,y)
acceptance, or particle identification -
issue to be clarified
NA49, PRC79 (2009) 044910
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At which energy is the onset of J/Psi suppression?

C da Silva, PHENIX, QM2011

17-21 Sept. 2012, Corfu, Greece

1.4 ® \Su™ 200 GoV AubAu (2007), arXivi1105.1966 14t @  \5,= 200 GeV Au+Au (2007), arXiv:1105.1966
: Porphers (033%) N>+ 145127 ) B gy <4402
1.2 —e ;"ﬁ:l“:;.‘i"::‘.';:“ (2010) 12 - \5= 39 GoV AutAu (2010)
1: T Peripheral (60-86%) : <N_ >= 143+ 1.6 ] g'e"rf’;,";\: (;oi%;:f: N _rea35:37
| 1_-.. ..................................................
a I -T- PHENIX Preliminary N
008 I — pup, 1.2 <ly] < 2.2 E;o.s_—
X o6 II I x I
s 1T 0.6 :[ I
0.4— ﬂ I;1 ]
T t ] : 0.4 [
0.2 : L i i I i
2 i 02" PHENIX Preliminary
:..I‘...I...I.‘.I IIIIIII T N JIY S up,1.2<|y|<2.2
00 50 100 150 200 250 300 350 40¢ b b e b b b L
" % 50 100 150 200 250 300 350 \ 400
part
Same detector, rapidity range and centrality
No p+p reference for 62 and 39 GeV
J/Psi suppression similar at these energies within errors
However cold nuclear matter effects are expected to be different
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At which energy brakes the scaling of v2 with the nr of

constituent quarks ?

M Mitrovski, STAR, HEP2011

Au+ Au,/syn = 200 GeV

5-0.15_ OKS A=‘+"' *q)
< OCA+AOQ +Q
>N 0 . 1_ Event plane method (TPC)
4
0.05- L
T+ mp+p
e I T
0 05 1 15 2
(m_- m)ing (GeVIc)
Au+Au (0 80%) n- sub EP
0_1 —11 5 GeV stat errors only —-
=3 B 4 ]
go.05) %.goq 1
> : ' +
o- ......................................................... -
I STAR Preliminary |
P B SRS S S S S SRR BT

A. Schmah, STAR, QM2011
Au+Au (0 80%)

S .' STAR Prellmmary OA-K
X0 ®pp -
& [ AKT-KT -
—. 50~ AT |
2 : :
S 5

™~ L L 2
> .
N . &
;,N Of-omeFemmeemseemmsenssen s B T 2
- — - * | | : | -

0 20 40 60

\/Syn (GeV)

6ubo

05 1 1.5
(m_-mg)/ncq (GeVic?)

Sonia Kabana,

NCQ scaling seems to be broken for particles and
antiparticles at lower energies (7,7, 11.5 GeV)

The phi meson does not follow the trend of other
mesons at 11.5 GeV
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Outlook
- hear term

Several major upgrades by STAR and PHENIX :

PHENIX: new silicon vertex detector commissioned with _
+p, took Au+Au data in 2011 e

L

STAR: new silicon vertex detector under construction designed to reach a DCA
resolution of ~30 microns (Heavy Flavour Tracker). Data taking 2014.

Myon Telescope, later : forward instrumentation

Physics capabilities of HFT

S : — — SSD at r=23cm i mI

32 5[ 200 GevAu+Au Collisions ===+ Hydro B PIXEL at r=2.5cm and r=8c
o~ [C (D% 500M min bias events; |y|<0.5) — Sh(acr)g:(\i’ r(*:;a)drons: Sy A

> [ 2 2 - R

— - — = v,(C)=0 s o

@ 20 ] =

e - -

GE) C ] =

< 15 :— -]

—

© - ]

o 10 =

g s E o n'nn:,

"8 = . et 7 7t

175) : N o

g °C ' L L L . - IST 14c

< 0 1 2 3 4 5 6 ae= L

Transverse Momentum P, (GeV/c)
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Outlook - long term

PHENIX -> sPHENIX : hadronic calorimeter at ycm
PHENIX — sPHENIX
RPC3 N RPC3
Y V‘\fﬁ}@
> .
&3‘\" A. Sickles, PHENIX,
~ QM2011
\O = S0ces
ZDC South = = om B ZDC North
= = [ ————®VTX] =
Fs | i
(o) Solex
N
= p = |
Y North
= 18.5m = 60 ft >
STAR -> eSTAR (optimization for e+A collisions) : Hcal and a new
tracker for the e
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Flow

* spatial anisotropy=> momentum anisotropy
y Py

Fourier decomposition of the momentum space particle distributions in the x-y plane

Xy

v, 1s the 2nd harmonic Fourier coefficient

The v2 for hadrons :

- scales with nr of consituent quarks

suggesting partonic degrees of freedomof | — How is v2 for direct
their source and thermal photons?
- is consistent with low viscosity (hydro,
AdS/CFT)
6uboi‘ Sonia Kabana, “Heavy lon Collisions at RHIC and LHC and cosmological implications” , 66
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Vo

0.25

0.2

0.15

0.1

0.05

v, disentangles initial state and n/s

Stefan Bathe for PHENIX, QM2011
V, described by Glauber and CGC Vs described only by

PHENIX —m— Ls! u‘llisg PHENIX —m—
Zreory callculatlon Elaber —a arXiv: 3928 Glauber —a—
" ver et a KLIN —e— | | KIN —&—
I~ " D PRC82,034913 —_— 0.08 -
PHENIX | | [ * 7" =
I o arXiv:1105.3928 oo0s | .
Theory calculation:
W g Alver et al.
PRC82,034913
i 0.04 -
—
_ ol PHENIX
1.75 < py < 2.0 GeV/c 145 < pr < 2.0 GeVie
arXiv:1105.3928v1 . | | | | arXiv:1105.3928v1
0 50 100 150 200 250 300 350 a1 Tsk 200 2 a0 el
N i Vpart
part Lappi, Venugopalan, PRC74, 054905
Drescher, Nara, PRC76, 041903
Glauber MC-KLN
= Glauber initial <— Two models—™ = CGC initial
Sstate State

m /S = /47

()ubo

n /S = 274w
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Which is the path-length dependence of de/dx ?

S Bathe, M Purschke, PHENIX, QM2011

]
Gl

T T T T T T T T I T T T T I T T
0.2~ (2 ‘ WHDG A CT:ASW

T T T ] T T T T I T T
/\  CT: AdS/CFT i
o _.JR:I~ J{llp

. JR:I- jdupa . v, explained
- + __JR:I--J.de‘:’L' - by

I i h
JR: I~ Jdup‘c"'c'c | f:nbglihpat

& - dependence
O - (like AdS/

“NN\g  CFT
N

GL

&II

vV, not explaine

by pQCD 0.15
(even with
fluctuations &
saturation)” 0.1

— _JR: I~ Jdl ey

T I I
-

e
JR: I~ Jdl Prec

K

7

0.05F - [/ . -
i JEF AdS/CFT NN
" pacp SEiL N
RN A L L I ) VR L L L S T —]
1.0 .(C) 1F ‘(d) =
0.8[ * . 1 [e
S od _PRL 105, 142301
(i : - TN 1T =
0.3[ PH “ENIX 17 =
V_pQCD\ |, A1/ ADS/CET, TR
0 100 N 200 300 100 N 200 300
Theory calculations: part part
Wicks et al., NPA784, 426

M t, Renk, PLB685, 270 1 1
Drecs tarene breot 034000 While Ry, explained by both models
Jia, Wei, arXiv:1005.0645

ik { v, data favors ch:E/ d)x ~ 3 (Tike AdS/ J,icaﬁons,,, 68
ET




Jp in p+p and Cu+Cu 200 GeV

. 5
SNN=2OOGeV m Cu+Cu MB tr_lgger 4| ® STAR Cu+Cu 0-20% [1] === AdS/CFT+Hydro
W Cu+Cu HT trigger 0 [2] «eeeees 2-Component
- "1 Cu+Cu PHENIX 3 ¥ STAR Cut+Cu0-60% [3] —— charm quark
R . ¥ p+p JIy trigger 2006 O PHENIX Cu+Cu 0-20% [4] -.-.. heavy resonance
.0-60 Yo ¥ p+p HT trigger 2005 2+
¥ p+p HT trigger 2006
5 9 & _ pt+p PHENIX
> E — MRST, mc=1 .2, u=2m
1N " ... MRST, mc=1 4, u=m 1 :l. """"""""""""""""""""
: ool - " I . (r—"
0.6 o T S Ce
,,,,,,, 0.4 B —————
STAR: arXiv:0904.0439 % | [ STAR: arXivi0904.0439 "5
— — L : [ ! R 1-1 L 1.1 1 1-1 PO S T | .1 | N TR SN W N S |

2 4 6 8 10 12 14 02— 10
Transverse momentum p_ (GeV/c) pr (GeVi/c)

« Rua(py>5 GeVic) = 1.4+ 0.4+0.2
. . . . A. Adiland I. Vitev, Phys.Lett. B649, 139 (2007),
- Consistent with no suppression at high pr S. Wicks et al., Nucl. Phys. A784, 426 (2007)

*Inconsistent with AdS/CFT+Hydro and “heavy resonance” models

«Two component model+J/p form. time+ B feed down describes the trend well

R. Rapp, X. Zhao, nucl-th/0806.1239

45
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RHIC J/Psi “y”-puzzle, T Frawley

l I

—h =
- -

R,/ R,(CNM)
o A B @

EKS98 CNM baseline

¢ AuAuy=0 T Frawley, (PHENIX) workshop
® AuAuy=1.75 ECT*,Trento, May 24-29 2009
Wide boxes: CNM baseiine sys | Analysis of d+Au data of run 2009 in

terms of sigma_abs to account for all
nuclear matter effects

1= 252 S

0.6

et :
o)
IIIIII Ildlll llll]]
11—6& )

0.4

0.2~ preliminary, T Frawley

o]llllllllllllllllllllllll[llllllllllllll

(X =EEN

i By
t HM

0 50

100 150 200 250 300 350 400

Npart

—>sigma_abs increases from midrapidity to forward rapidity
- Agreement of J/Psi R_AA/R_AA(Cold N uclear Matter) at y=0 and y=1.75

gubo
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0.4

Illl llll

The J/Psi RHIC-SPS-comparison -puzzle R Arnaldi

EKS98 CNM baseline

® PHENIXy=0
® NAGO0 In-In
A NAS5O0 Pb-Pb

Narrow boxes: correlated sys

Wide boxes: CNM baseline sys H

| | llllllllllllllllll

100 200 300 400 500 600 700 800
dN/dn|
n=0

R Arnaldi, D Frawley, Trento 25-29 may 2009

-Divide out cold nuclear matter effects using
not model but data (d+Au, p=Au)

- Plot as a function of dN/deta|eta=0 takes
into account differences in energy in contrast
to N_part.

---> Cold nuclear matter absorbtion effect up
to dN/detajeta=0 = 300

---> Suppression of J/Psi above 300

El:.ll.l 1 & I'F:l:'l El_’l"_'u

JIy suppression at low p; maybe from excited stats (y’, ) F Karsch, D. Kharzeev and H. Satz, PLB 637, 75
(2006); B. Alessandro et al. (NA50), Eur. Phys. J. C 39 (2005) 335; R. Arnaldi et al. (NA60), Quark Matter 2005; PHENIX: Phys.Rev.Lett.98, 232301,2007.

60% of all J/Psi comes from direct J/y. While 30% of all J/Psi come from %, and 10% v’
% and Y’ T(dissociation) ~Tc, while J/Psi T(dissociation)~2.1 T_c
--> suppression of J/Psi observed, maybe due to . and v’ dissociation

--> directly produced J/Psi may not be suppressed at RHIC
--> expect more suppression at LHC due to direct J/Psi dissociation
(but must account for c,cbar coalescence-> J/Psi)

11741 YOV &V 14, WVIIU; VITOULE




K/m

What can we learn from the K/pi ratio energy dependence?

M Mitrovski, STAR Coll., EPS2011

0.30¢
R K/n” data
- M BES (STAR)
0.25¢ @® RHIC
» M sPs
0.20F + # A AGS
- 4 " +
0.15 1
: * J.r-.
0.10F e STAR Preliminary
- A % £ K/x data
N 1= 5 BES (STAR)
0.05 O RHIC
:‘ & stat. and SYysS. errors E SPS
5 added in quadrature AGS
0-00 — 1 L1 11 l' 1 1 1 111 I 1

10 20 100 200

\/Spn (GeV)

345

* New STAR data on K/pi are in agreement with previous SPS measurements

« Maximum of K+/pi+ ratio near sqrt(s)=7 GeV, not seen in the K-/pi- in A+A, neither in p+p

gubo Sonia Kabana, “Heavy lon Collisions at RHIC and LHC and cosmological implications”
17-21 Sept. 2012, Corfu, Greece
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v2 BES

Au+Au (0-80%), n-sub EP
0.2} 7. 111.5 GeV 139 GeV
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] L [ o ]
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(A)
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Extraction of Tc from data comparing to lattice
Press release LBNL June 2011

| Lattice QCD @ Exp. Data |

[ T.=165 MeV .

L A T.=170 MeV

| ¢ T.=175 MeV

| &= T.=180 MeV 5’%}
Y T.=190 MeV #

> 10 20 100 200

\/Snn (GeV)

S Gupta, Lepton Photon 2011

17-21 Sept. 2012, Corfu, Greece

Sourendu Gupta, et al., Science 332,1525 (2011)
arXiv:1105.3934

k= kurtosis
S=skewness

Ratio ko/S is independent of Volume

First estimate of Tc at ug=0, from

comparison of data (at nonzero ug) to
lattice :

Tc=175+1 -7 MeV

Sonia Kabana, “Heavy lon Collisions at RHIC and LHC and cosmological implications” 74




Evolving from STAR into eSTAR

n=-1 n=0 n=1
proton/nucleus electron
—

- :. —
\ .?- F.] Magnej ‘
ToF: 1, K identification, N NN L BEME 7
to, electron : : ,
= | TPC = n=
ECal: electrons and photons | =

. ECal = ! PC i.s. +yA
GCT: a compact l == g
tracker with enhancedBlue l = [P/ +z
electron capability LA Nrecis. GEM

Yellow
Combine high-threshold (gas) d = disks FT =i HCal
Cherenkov with TPC(-like) “HE IS .
tracking East = == West
-‘/,/,//,//r/_"/// // .". . BARARARNN \\“.\'\ NN
HCal: W powder, spaghetti cal ‘- N8

GCT: LOI toward multi-institution R&D effort
Simulations ahead: HCal: R&L proposal
eSTAR task force formed Presented to EIC Generic Detector R&D Panel

STAR Science for the Decade — QM2011 — Carl Gagliardi 16
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The Heavy Flavour Tracker

The STAR collaboration has proposed a new silicon vertex detector composed by :

* The existing SSD : a single layer of double-sided silicon strips detector located at a
radius of 22 cm from the beam axis.

« IST :1 intermediate layer of single sided strips : it aimed to guide tracks from the SSD
through PIXEL detector. It is composed by 24 liquid cooled ladders equipped with 6 silicon

strip-pad sensors.

» PIXEL detector : The goal of this detector is to measure witn great accuracy tne rack
pointing resolution and to find secondary decays. It is made by 2 layers of 18.4um x
18.4um CMOS Active Pixel sensors.

E. Anderssen et al. , A Heavy Flavor Tracker for STAR (http://rnc.Ibl.gov/hft/docs/hft_final_submission_version.pdf)

J Bouchet et al, poster, QM2009, arXiv:0907.3407

Detector Radius Technology Si thickness  Hit resolution Material Budget
Ri¢ - Z in radiation length X,
(cm) (um) (um - pum)
SSD 23 double sided strips 300 30 - 857 1%
IST 14 Si Strip Pad sensors 300 170 -1700 1.2%
PIXEL 25,8 Active Pixels 50 8.6-8.6 0.37%




The Pixel Detector for Inner Detector Upgrades

——  _TPC — Time Projection Chamber

HFT — Heavy Flavor Tracker

® SSD - Silicon Strip Detector
2. PXL S e r=22cm
s / IST — Inner Silicon Tracker

= 14 CITI
e PXL — Pixel Detector
e r=258cm

PXL:

High granularity (~20
microns pixel pitch)

Short integration time (<200
microsec)

: S y thin sensors (50 microns,
“ VA T/// 0.37% X0)

Leo Greiner, NSD M3 April 11, 2011
We track inward from the TPC with graded reso

~1mm ~300um

TPC SSD
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Relativistic Heavy lon Collider

RHIC site in BNL on Long Island, USA

RHIC has been

exploring nuclear matter

at extreme conditions

over the last decade
2000-2011

4 experiments:
STAR PHENIX
BRAHMS PHOBOS

Colliding systems:
pt+p?t, d+Au, Cu+Cu, Au+Au
Energies A+A :
Vsyy = 62, 130, 200 GeV
and low energy scan
7.7,11.5,19.6, 22.4, 27, 39 GeV
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STAR and PHENIX detectors at RHIC

PHENIX Detector

Beam View

lyl<035 Ad=2xTr/2
[meec ToF barat ] [ 22 | barrel | EMC End Cap |

DAQ100 Completed
o
THCT | HFT |Ongoing| R&D

STAR : TPC, Em cal , TOF cover midrapidity, full azimuthal angle coverage
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Direct photon elliptic flow in min bias Au+Au at 200 GeV

What we expect from theory ?

Expected v2 of prompt photons depends on emission time:

Small at early time (flow not build up), larger at later time (like

Y dir. v,

Chatterjee, Srivastava PRC79, 021901
(2009)

Direct photon v2 =

inclusive photon v2 - decay photon v2

hadrons)
Stefan Bathe, PHENIX, QM2011
----- Hydro. Thermal y
- Hydro.Thermal+Hard v
0.25 - e dir v,(D,)
- \/—
i PH ENIX
0.2 preliminary
0.15[
0.1}
0.05
0 i o
_ AuAu 0-20%
L.l A l 1 Ll L l 1 LAl L [ ' L 1 A l 1 L.l L l 1
1 . 2 3 4 5
Theory calculation: P, [GeV/c]

Holopainen, Rasdnen, Eskola
arXiv:1104.5371v1

gubo

PHENIX measurement :

Large direct photon v2 observed at low
pT, where thermal photons dominate
(~0.15 at pT~2.5 GeV)

v2 -> 0 at high pT where prompt
photons dominate

Models underpredict direct photon v2

Challenge to theorists
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FProsent | LHC Data

w"qu LHC H(_‘il\fy ons.:
Event-by-Event FLUCTUATIONS
Temperature f
. of:
F'UCt“_at'of’S of the * Conserved Quantities (Net
Cosmic Microwave Charge, Net baryon number ....)
Background. « Mean pT, Temperature .........
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BIG BANG

Present
(13.7 x 10" years)

WMAP data %
(3x10° years)

()ubo

Time M

LHC Data

SHNGR T £

Inflation
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B and C quenching measured
in MB Au+Au at 200 GeV

Sakaguchi, PHENIX, QM2012

1.4 [ e e
- Using FONLL shape as PHENIX Preliminary E
1.2} reference o Charm: 200 GeV AutAuMB —
@ ®  e":Au+Au PRC 84, 044905

1 ﬂr ¢ 8] Bottom: 200 GeV Au+Au MB —
0.8f |2 -
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0.4} + +
C i
— d
0.2} 2
o

oJllll
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o
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Quenching of beauty measured via J/Psi and b-jets

9 CMS (* preliminary)  PbPb\|s,, =2.76 TeV
[ ' I ! [ ' [ ! I !
B 4 —E— "Z (0-100%) p > 20 GeVic )

1.8_—I|_dt=7-150ub mg v oto0w) oo zscave | | -

|
I
|

1.6+ —@— Isolated photon (0-10%)
= e || | G Roland,
1 2h wapreemesy il | —®— “alget (0-5%) <2 | CMS

: —— *b-jet(0-100%) <2 | J

R +~+- ------ ** e 1 QM2012

0.8+

0.6 @ | -
- o © 9 1L ) + ]
04_&%$60¢¢¢ —— _4]....‘ ¢ . ‘ ]
02;?@36 - ~—&— Charged particles (0-5%) _- —_ _
olb—v 111 ][ P R R B
0 20 40 60 80 100 100 150 200 250 300
p.(m,) (GeV) jetp_(GeV)

Note: centrality for b-measurements is different tan for
charged hadrons
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Quenching of charm and beauty

* The RAA of Charm and Beauty are both suppressed at RHIC and LHC.
* Puzzle at RHIC since few years: (b+c) -> e suppression is similar to that of
charged hadrons (STAR, PHENIX).

20 40 60 80 100 100 150 200 250 30¢

Cc measurements b measurements
9 CMS (* preliminary)  PbPb\[s\, =2.76 TeV
| | ! | ! | ! [ T [ ! [ ! [ ! [ T | T [ ! [ T [
é 2 __ Au+Au— D + X @ 200 GeV y10+y11: 1.8;.[Ldt=7-150 ub” Em cZ (0100%) 5 >206evie | [ ]
[ ® 0-800/0 ] L —N— W (0-100%) p:>25 GeVic | | i
1.6 __@— lsolated photon (0-10%) —| |- -
: m 0-10% : 1 4“_ e b-quark-p(o-mo%) 1 [ h
1.5 ---M.He 0-80% - - iagocondany i) 41 o= - agiet 0% iz |
B — M.He 0-5% 7 L 11 S5 *bejet(0-100%) <2 |
: weose 1 2T 4Ll g o Em _
- ] 0.8+ + -1 -
/. —— H = - |
B . 0.6— I
i ’ 0418 Eé'#igmﬁ - LLJ’—' -_4" ceectts + ?
e B _ 1 L
- - 02_ (%Jgpo =&~ Charged particles (0-5%) _| L ]
0'5 ? . __: —| I | 1 | L | I | I ] _\ I | I | 1 |

o p(m,) (GeV) jetp_(GeV)
b T G Roland, CMS, QM2012
0 2 4 6 8
Note: the centrality for b-measurements is
X. Dong STAR QM2012 pT (GeV/C) different than for charged hadrons

* The RAA of DO at RHIC (STAR) is suppressed after pT=3 GeV, and is similar to
the RAA of charged hadrons at pT~6 GeV.
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First measure of Y suppression in Au+Au at 200 GeV

Rosi Reed, STAR, flash talk, state || J/(18) | x(1P) | ¢/(25) | T(18) xs(1P) | T(28) | vs(2P) T(38)
poster QM2011 T/T. || 210 116 | 112 || =40 L76 | 160 | L19 117
2r
- ® U ew Y(1S+2S+3S) suppression at
1-8__ + s. Uncertain ¢
1 6: - : :at :nce:ain:: central collisions
1 45 oT(18)- e’eloT(15+25+38) - e'e” -Similar suppression with high
a ’ ——— R;(;szms) if only T(18) survives pT J/l/j
? 1_2 Jiy p,>5GeV .
@ e First measurement of Y
& L B T suppression at RHIC
"}5 0.8 C e RAA at most central point is in
0.6 + s | agreement with only Y(1S)
C surviving
0-4:‘ STAR Preliminary
0.2F —a00Gev 1 T T e Statistical uncertainty will be
= ISNN_I | € o improved by factors 2 to 3 for Au
% 50 100 150 200 250 300 350 400 450 +Au 2011 and p+p 2009
N respectively
part

Energy dependence of Y suppression:
Pb+Pb at the LHC : Y(2S+3S)/Y(1S) suppression observed (CMS, QM2011)

gubo

17-21 Sept. 2012, Corfu, Greece

Sonia Kabana, “Heavy lon Collisions at RHIC and LHC and cosmological implications”

86




Does the J/V flow ?

charged hadrons, STAR, PRL93, 252301 (2004)

Zebo Tang, STAR, QM2011 ¢, STAR, PRL99, 112301 (2007)
0.4 - Aut+Au 200 GeV ®  J/y 20-60%
Tr A ©0-80%
B o  charged hadrons 20-60%
0.3 STAR Preliminary 5 °
B e — I
0.2 o]
E ,-,‘:::-I::;J. * f I I
0.1 .4 4 1
0 : -0 $ + $
-0.1 :—| | noln-flow esltimation
0 2 4 6 8 0
P, (GeVic
e JApva~0uptopr~ 8 GeV/cin mid-central 20-60%
= Disfavors coalescence from thermalized charm quarks at RHIC

6ubo
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Collision energy dependence of RAA

Nuclear modification factor R,, at RHIC vs LHC
16 —— M Purschke, PHENIX, QM2011

- 10 Au+Au\ s, =200GeV PH:“ENIX

1.4~ Cent00-05
12[- = Prefiminary (RunasRun?) - 2 | PHENIX Au+Au, \[s,, =200 GeV, 0-10% most central
-+ | o PRLToR 232001 (S008) C18- f direct y (prelim.) %o (PRCB3, 024090)
o8k 16 B §7° (PRL101,232301)  §ip (arXiv:1102.0753)
* oef- L ¥ (PRC82, 011902) & 0-20% cent. (arXiv:1105.3467)
4 @ Eﬂ 1.4 FK* (arXiv:1102.0753)
® i a
e 2] H
™° p_ (GeV/c) 1feee N1t [b | . ."{] ...... Bl .eetescascnscnnnnsnnnnnnnnsnnnnnnns
51 5 ' - r;* II\LI'CE' Pb-i-'Pt; \{s_,m = 2..76lTe'V .(o-.5°/;) l — 0.8 H l{] H @
oz L =  h* PHENIX Au+Au \(s,,,, = 200 GeV (0-10%)- U
- n° PHENIX Au+Au ﬁ = 200 GeV (0-5%) | 0 6 | u $
i ] et I
 Hlb il oab B
I same centrality 0-5% ALICE,, PHENIX | 0.2 ¢ . :
0.5-_— -—- e e by by ey by by by by by By by
— L] % T2 T4 e B 10 12 14 16 18 20
= Salz e * s ¥ f pT(Gev/c)
o " 1 PR S I TR R T T PR |
o 5 10 15 20

P, (GeV/c)

*R,, measured up to p; =20 GeV/c in central Au+Au

R, (of 0, ), ) =~ 0.2 in central Au+Au at high p; (>5 GeV)
The R, looks very similar between RHIC and LHC

«No suppression for direct gammas below p; 13 GeV
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Which is the mass dependence of E loss ?
RAA of electrons from heavy flavour decays

Data from : A Adare et al, PHENIX, 2010, arXiv:1005.1627
Similar result in STAR, PRL 98 (207) 192301, erratum 2011

4 '
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c,b -> e+X, Au+Au 200 GeV

IJE
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B A B = 200 0eY

I:'IZ; i ) ] 4 ] § 7 i B i
P, [GeVic]

C Da Silva, M. Durham, PHENIX,QM2011

d+Au @\[S,,, = 200 GeV
Open HF £+
0-100% Central
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0
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P, [GeV/c]

Thick dashed line: BDMPS (D,B)->e

Upper band: DGLV (D,B)->e radiative dedx
Lower band: DGLYV collisional+rad. dedx
Thin dashed curves: DGLV only D->e+X

* Is the suppression of R, 5, coming from cold

nuclear matter effects ? - New preliminary d+Au
data from PHENIX shows that this is not the case

* RAA of open c,b -> e in Cu+Cu 0-20% and periph.
Au+Au shows little suppression (not shown)

Mesons and NonPhotonicElectrons (NPE) from heavy flavour decays exhibit similar suppression
- mass dependence of energy loss not as expected from models for radiative de/dx
Challenge to the theory
Adding collisional dE/dx improves the agreement with data
e --> Nee to“dsentn e_ qrm and aut B

Sonia Kah
—>J96
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NN, )

b—e/(c—> e+b—¢e)

Disentangling beauty and charm

Confidence level contours for the nuclear modification factor R_AA for beauty and charm are determined
from R_AA of NPE (Phenix) and the B/(C+B) measurement from e-h and e-DO0 correlations for pT>5 GeV

(STAR). o 1 .
°n:<o.9 M Aggarwal et al, STAR, arXiv:1007.1200
- e e-h correlation 0.8
1 — o 'e:.([)); EErre'ation I:Diordjevic
0.8~ ~— FONLL uncertainty 0.7 E I1:Adil
S NSRS 0.6 —— lll:van Hees
0.6/ iy i§~1 o5l o~ REHENIX (0-10 %)
0.4 ” //% * N 0.4 % ~CL90 %
0.2: 0.3f« ‘
- p+p@200GeV 0.2 .
7| 111 11 ‘ 111 111 ‘ 11 1 | 1 11 | 11l | 1111 ‘ 111 I 1111 - E‘.\
% 7 2 3 a4 5 6 7 8, 9 o
P; (GeV/c) 0.1 7 = ‘
o;; e PHENIX Iyl <0.35 N % 01 0.2 0.3 0.4 05 06 0.7 0.8 ofge 1
o's - — FONLL y=0 RAA
’ = FONLL error band y=0 . .. .. .
0.7 f I: (M.Djordjevic et al, PLB 632, 81, 2006) radiative energy loss with
0.6 - initial g density dN/dy(g)=1000. This model is excluded by the data.
05 N CL Il: (Adil, Vitev,PLB649,139,2007) collisional dissociation of D and B
0.4 ez mesons in the QGP causes suppression of R_AA.

lll: (van Hees et al,PRC73,034913,2006) Large elastic scattering cross

section associated with resonance states of D and B mesons in the
p+p at\s=200 GeV QGP.

P s s L | I P I
3 7
Electron pT(GeV/c)

TTTF wHIIlTH

1 -L g0%cC.L.
I

Contribution of electrons from beauty become ~50% at ~5 GeV pT in p+p collisions
R_AA(eg) <1 even if R_AA(ep)=0 -->Beauty and Charm are both suppressed in Aut+Au

Measurements of B and C in Au+Au are crucial -> Silicon detectors upgrades STAR and PHENIX

gubo Sonia Kabana, “Heavy lon Collisions at RHIC and LHC and cosmological implications” , 90
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Set the Questions to answer :

Is there a dense hot matter of quarks and gluons build ?
Is local thermalization achieved ?

Is there a phase transition or cross over ?

If phase transition, which are the critical parameters ? (Tc)
If phase transition, which is the order of the transition ?

Is this state weakly or strongly interacting ?

Which are the characteristics of this state? (T, density, energy density,
viscosity, pressure, lifetime, volume, freeze out conditions)

Is there a critical point ?

Which is the phase diagram of QCD ?

Subo‘;@ch Sonia Kabana, “Heavy lon Collisions at RHIC and LHC and cosmological implications” , 91
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v, disentangles initial state and »/s

V, described by Glauber and CGC

0.25

0.1

Stefan Bathe for PHENIX, QM2011
v, described only by Glauber

_ PHENIX —& . PHENIX —&
i Theoty cilculstion: oy ey —A— arXiv:1105.3928 Glauber —a
o Alver et al. KIN —® KLN —®
02 | L. ; PRC82,034913 ——— 0.08 | — Ao
e Y g
e, PH ENIX -/"/.' e ~A
° 5} t\ : . & ~
0.15 | RN arXiv:1105.3928 0.06 Taory calcation: -
¢ A o Alver et al.
' : PRC82,034913
01 0.04 - _® o
e \‘ A v TN
0.05 | 0.02 | H ENIX
, 1.75<pr<2.0GeVic
1.75 <pr < 2.0GeV/c :
arXiv:1105.3928v1 . S, ] _ arXiv:1105.3526v1 |
0 o ,;O 160 T——— 2;() 360 3‘50 0 50 100 150 200 250 300 350
) N
Noar‘. part
Glauber MC-KLN
m Glauber initial state | €—— Two models =—> m CGCinital state
m n/s=1/4n m /s =2/4n

AdS/CFT predicts n/s=

gubo :

1/4n

Sonia Kabana, “Heavy lon Collisions at RHIC and LHC and cosmological implications”
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Lappi, Venugopalan, PRC74, 054905
Drescher, Nara, PRC76, 041903
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Shusu Shi

et al,

STAR, QM2012

0.2F 7.7 Gev op #r* + 11.5 GeV =
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Historical Milestones of the search for the QCD phase transition

1988-89 AGS BNL and SPS CERN:

Discovery that strangeness is enhanced over pions
in Si+Au and Au+Au collisions at sqrt(s)(NN)=1-5 GeV

K/m, A/t enhancement in A+A over p+A

2000 CERN press release:

Discovery of a new state of matter in A+A collisions at
sqrt(s)(NN)=17, 19 GeV

chi_c, ¥, JI¥ suppression,
T(direct y)~200-300 MeV (model fit),
Strangeness enhancement including Omegas, Xis,

T(chem. fr. out)~170 MeV is located near Tc

J/Psi suppression, NA50 Coll.
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2003 BNL press release:

Discovery of jet quenching in Au+Au at Vs(NN) = 200 GeV, large

elliptic flow

Discovery of a strongly interacting QGP (sQGP)
sQGP found consistent with a perfect liquid
Applications of AdS/CFT duality on sQGP

Marks a new era in QCD studies

— p+p min. bias
* AutAu central

o
N
LI B B

1/Nyigger AN/A(AD)
o
—

o

(b)

I | 1 | I

» ~5 GeV/fmA3
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Historical Milestones of the search for the QCD phase transition

Which are the critical parameters of the phase transition ?:

Several observables where suggestive of an onset of the QCD phase transition at energy lower than top SPS
(19 GeV) energy, possibly with ¢ (Bjorken)~1 GeV/fm?3, motivating a low energy scan.

Low energy scan SPS (1999-), RHIC (2009-):

Study onset of transition, search for a possible critical point (as yet inconclusive and ongoing) and map out the
QCD phase diagram.

2010: first PbPb collisions at the LHC !

2011: large data sample collected €(B) ~16 GeV/fm”"3

Jet quenching, Quarkonia suppression

2010/11: RHIC upgrades accomplished

lead to largest data sample ever taken at RHIC (a billon Au+Au events) with highly enhanced identification
capabilities due to new detectors

->since 2009 a “new RHIC collider and experiments”

2011: Y suppression discovered at RHIC and LHC

6uboﬁ;¢ Sonia Kabana, “Heavy lon Collisions at RHIC and LHC and cosmological implications” , 95
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Signatures of the Quark Gluon Plasma

A. “Internal” Signatures originating ‘“from the QGP itself” :

Direct photons from QGP - T(QGP)

Strangeness enhancement (Mueller, Rafelski 1981) - K/pi

U.d,s yields for T(freeze out) or pT slopes (Van Hove, H Stoecker et al) - plateau vs
energy at Tc > e_init(crit), sqrt(s)(“crit”)

Multiquark states from QGP (Greiner et al) - ‘small QGP-lumps’

Critical fluctuations near the critical point, Tc - K/pi, <pT>, etc
Hadronic mass/width changes (Pisarski 1982) - rho etc

B. “External” Signatures of high pT probes altered by the QGP:

Charmonia suppression (Satz, Matsui 1987) - T(dissociation) of ccbar, bbbar
Jet quenching (J D Bjorken 1982) - medium density

--> Goal is to achieve a combination of many signatures

Subogech Sonia Kabana, “Heavy lon Collisions at RHIC and LHC and cosmological implications” , 96
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EXTRACTING 77/8 FROM Vj, IN CENTRAL COLLISIONS

M. Luzum, QM2012
ATLAS, 0-1% central Pb+Pb, pT inegrated vn

(Also see U Heinz et al) for vn fits

0.045 — . . . 14 F PR T
0.04 L Glauber (disks) v Vi A
0 035 | MC'KLN <& 12 B .:\,;:./. 7
' DIPSY 0 L C i
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n ) o mlo
o Experimental uncertainties +0.020
e A simultaneous fit of vo—Vvg gives a preferred extracted r/s for o Initial eccentricity +0.050
each initial condition @ Vn/en = Constant ~+0.010
o Thermalization time +0.030
e Range of results quantifies uncertainty o Initialization of shear tensor +£0.005
o Initial flow +0.050
o Equation of State +0.015
. . o Second-order transport coeff. +0.005
- o Bulk Vi it ~ £0.010
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e Viscous correction to f.o. distribution 0.015
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Quenching of open charm and beauty
The RAA of Charm and Beauty are both suppressed at RHIC and LHC.

* Puzzle at RHIC since few years:
(b+c) -> e suppression is similar to that of charged hadrons (STAR, PHENIX).

$2
4

(=)

(@)
1.5

]I]I]III][_

Au+Au— D|° +X @ 200 IGev y10+y1T]
o 0-80%
m 0-10% i
---M.He 0-80% —
—M.He 0-5% |

1 /A
0.5f
0 :l | | | " ‘J’ti
0 2 4 6 8
X. Dong STAR QM2012 P, (GeV/c)

* The RAA of DO at RHIC (STAR) is

suppressed after pT=3 GeV, and is

similar to the RAA of charged hadrons

at pT~6 GeV.
6Ub0i:z.f
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K Safarik, ALICE, QM2012

* The RAA of DO at LHC (ALICE) is
suppressed and is similar to the
RAA of charged hadrons at high pT.
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elliptic flow of J/Psi at LHC

o 0.3

0.2

0.1

1

|- PRELIMINARY

Pb-Pb \s,, = 2.76 TeV, Centrality 20% - 60%
Jwy:25<y<4.0, p, 2 0 GeV/c

ALICE g ALICE preliminary: 6-A¢ method with VZERO-A EP

- s K Safarik,
Transport model: R. Rapp et al. (priv. comm.) | AL I C E y
Transport model: P. Zhuang et al., b thermalized.(priv. comm.) Q M 20 1 2

------ Transport model: P. Zhuang et al., b not thermalized (priv. comm.)

llllllllllllllllllllllllllllllllllllllllllllllll

0

J/y produced

1 2 3 4 5 6 7 8 9 10
pT(GeV/c)

by recombination of thermalized c-quarks should have

non-zero elliptic flow

— measurements give a hint for non-zero v2

— qualitative agreement with transport models, including regeneration
— complementary to indications obtained from J/y RAA studies

gubo
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Ratio R / R™

The J/¥ puzzle at RHIC

J/Psi at forward y in Au+Au, PHENIX, arXiv:1103.6269

C da Silva, PHENIX, QM2011
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* Data on J/W¥ Psi in forward rapidity 1.2-y-2.2 show
larger J/W suppression at forward y with respect to
midrapidity

* If JIV from y’ and . decays is fully suppressed
RAA drops to 0.6

* PHENIX has measured the y-dependance of R(dAu)
and R(CP) of J/W in d+Au (arXiv:1010.1246).

PHENIX, arXiv:1010.1246
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~aAA

J/Psi in A+A, p; and Npart dependence

Zebo Tang, STAR, QM2011
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520GV ¥ STARAU+AU, Iy|<1, p, >5 GeVic
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% ! B STAR 7%, pT>5 GeV/cNbin o
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" Tsinghua U., Au+Au, p >5 GeV/c 1 I .
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* Suppression in central collisions at high p;

* Low pT(Phenix data in blue) is more
suppressed
RAA systematically higher at high p;

gubo
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Au+Au 200 GeV @

Iy 20-60%
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- charged hadrons 20-60%
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= Disfavors coalescence from

thermalized charm quarks at RHIC
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J
RAA

J/W suppression and coalescence

Jly suppression at low p; maybe from excited stats (’, ) F. karsch, D. Kharzeev and H. Satz, PLB 637, 75 (2006); B.
Alessandro et al. (NA50), Eur. Phys. J. C 39 (2005) 335; R. Arnaldi et al. (NA60), Quark Matter 2005; PHENIX: Phys.Rev.Lett.98, 232301,2007.

60% of all J/IPsi comes from direct Jhp. (30% of all J/Psi come from . and 10% vy’) 5
% and ¢’ T(dissociation) ~Tc, while J/Psi T(dissociation)~ 2 Tc

Suppression of J/Psi observed, maybe due to . and 1’ dissociation

Directly produced J/Psi may not be suppressed at SPS and RHIC e, e,
One can then expect more suppression at LHC due to direct J/Psi dissociation ‘

(but must account for possible c,cbar coalescence-> J/Psi)

J/Psi assumed completely suppressed and resurrected by c,cbar “coalescence”

A Andronic et al, Phys Lett B 652 2007, p 259

1.2 ® RHIC data

! - JIPsi is assumed to be completely suppressed at RHIC

08 - R_AA(J/Psi) is then estimated for the process of c, cbar
coalescence to J/Psi, within a thermal model
—>This estimate can describe R_AA(J/Psi) at RHIC

- It predicts a great enhancement of R_AA(J/Psi) at LHC

0.6
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1.4
D:é Inclusive Jiy, 2.5<y<4
1.2 |- Pb-Pbys,,=2.76 TeV, L = 70ub™’, global sys.= 6% ALTCE
S ————
- O<pT<2 GeV/c
08—
N | 5<pT<8 GeV/c
06 ¥ = * y
0.4 — @
0.2}
O:IIIIIIIIIIIIIIIIIIl]lllllllllllllllllll
0 50 100 150 200 250 300 350(N 49(
Part

J/Psi in A+A, p; and Npart dependence

Low pT is less suppressed
RAA of J/Psi smaller at low pT, in central
collisions ->

Indication of J/Psi regeneration at LHC at low

pT?

gubo‘gech Sonia Kabana, “Heavy lon Collisions at RHIC and LHC and cosmological implications” ,
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1.4

1.2+

K Safarik, ALICE, QM2012

[ %% Pb-Pb {5,,,=2.76 TeV, L= 70ub™ total 0-20%

~— regeneration 0-20%
~ ALICE ° Inclusive J/ vy, 2.5<y<4, 0-20% total 40-90%
" eaemnnasy o Inclusive J/ y, 2.5<y<4, 40-90% regeneration 40-90%

X. Zhao et al, NPA 859(2011) 114

1 ............................
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06 $
0.4-
0.2 #
0L —
7 8
P, (GeVlc)

At low pT ~50% J/y from recombination
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Gravitational waves may allow to distinguish between
types of phase transition

10—10 .
PPTA
1014 | SKA LISA
Upper plot: Cross over case comparing to
1018 | inflation and kination (assuming a long period
3 of domination of kinetic energy of a scalar
10-2 | field).
relic GWs today N
10-26 | assuming a transition \\\\\
without inflation - - - - ~~_
with mnflation ———- S~
with inflation and kination T~ae
10-%0 : 1 . } . } . } S
PPTA Lower plot: Grav Waves emanating from
0 ]S el KA LISA ! bubble collisons and turbulences during a
1071 L
3 Comparison to sensitivity of experiments:
1072 | 1 SKA (Square Kilometer Array), PPTA (Parks
GWs produced during the QCD transition PUIsar Timing Array)’ LISA (Laser Inter-
1072 S ferometer Space Antenna)
O Caprini et al. —
0“";’0_10 e ppr: - - 1 J. Schaffner-Bielich et al, arXiv:1105.0339
Frequency v in Hz
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Historical Milestones of the search for the QCD phase transition

2000 CERN press release: J/Psi suppression, NA50 Coll.
Discovery of a new state of matter in A+A collisions at sqrt(s)(NN)=17, 19 GeV g “
v’ JI¥ suppression, T(direct y)~335 MeV, T(chem. fr. out)~170 MeV near Tc % ! ﬂ‘ﬁ.%ﬁg% €(B)= €(Bjorken)

é‘ox* ’*1++,+ + 1 ~3.5 GeV/fm~3

£ oef 12 o

I ‘
2003 BNL press release: e

e
Discovery of jet quenching in Au+Au at Vs(NN) = 200 GeV, large elliptic flow §-2'— — pin s 0] STAR
Discovery of a strongly interacting QGP (sQGP) 5[ e ] €(B)
. . - . oL i 1 ~5GeV/fmA3
sQGP found consistent with a perfect liquid - a non anticipated result ! g i 1
Applications of AdS/CFT duality on sQGP 28" L -
-I Il 1 1 Il |

Marks a new era in QCD studies - i 7 - 30 i)

Which are the critical parameters of the phase transition ?:

Several observables where suggestive of an onset of the QCD phase transition at energy lower than top SPS
(19 GeV) energy, possibly with ¢ (Bjorken)~1 GeV/fm? in agreement with lattice QCD, motivating a low energy
scan.

Low energy scan SPS (1999-), RHIC (2009-):

Study onset of transition, search for a possible critical point and map out the QCD phase diagram.

2010: first PbPb at the LHC ! €(B) ~16 GeV/fm*3
Discovery of Y suppression in 2011 at RHIC and LHC
Hierarchy of bbar and ccbar suppression patterns (2012, LHC)

6uboi‘ Sonia Kabana, “Heavy lon Collisions at RHIC and LHC and cosmological implications” 105
17-21 Sept. 2012, Corfu, Greece




