Properties of sQGP

perfect fluid of quarks discovered at RHIC
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RHIC: Plans around 2000 (and 2010)

Utilize the unprecendented capabilities of RHIC

Big enough /s
Reliable pQCD probes available
Net baryons separated from the produced ,,glue”
Decisive experimental information for or against the existence of QGP

Polarized p+p collisions

Two smaller and two large detectors

Complementary and partially overlapping capabilities
Smaller detectors, 3-5 years lifetime: BRAHMS, PHOBOS
Large detectors ~ Facilities: PHENIX, STAR

Significant investments

Long life-times (20+ years, currently PHENIX-v3 under desing)
Upgrades in response to discoveries

(Luminosity enhancement at lowered energies:

search for/against a critical point of QCD, direct photons,
electron-ion collider ...)
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Since then ...

A RHIC accelerator komplex

Routine operation at several times desing luminosity, > 4x(Au+Au)

Variable collider parameters
Combinations of beams: Au+Au, d+Au, Cu+Cu, pp+pp

Colliding energies: 22 GeV (Au+Au, Cu+Cu, pp+pp), 7,7, 32, 56 GeV (Au+Au),
62 GeV (Au+Au,Cu+Cu, pp+pp), 130 GeV (Au+Au),
200 GeV (Au+Au, Cu+Cu, d+Au, pp+pp), 410 GeV (p+p), 500 GeV (pp+pp)

Experiments:
Worked ! PHOBOS and BRAHMS finished data taking in 2005
Scientific results:

1000+ published papers, ~ 40 000 citations by today

SIGNIFICANT DISCOVERIES

Future based on:

Proven ability to upgrade PHENIX and STAR

Key scientific questions determined

Accelerator complex and experiments: currently in phase 2.
start for critical point of QCD search:
Phase 3. (5-10 years) in preparation, upgrade plans submitted
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Language

'Commonly utilized basic nuclear properties

A Z..

Quantities specific to heavy ion physics

v2 Azimuthal anisotropy - Fourier coefficient - “elliptic flow”

RPA Nuclear modification factor, its value is 1 in lack of nuclear effect
T Temperature (MeV)

l'lB Baryon chemical potential (MeV) ~ net baryon density

I'| Shear viscosity ( MeV 3)

S Entropy density ( MeV 3) ~ “particle” density
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1% milestone: new phenomena
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Au+Au Vs, = 130 GeV
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Suppression of particle production in Au+Au collisions at RHIC -
a PHENIX discovery (currently 559 citations)
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2™ milestone: a new form of matter
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Measurement of optical opacity

Attenuation Lengths Calculated from 200 GeV Au+Au PHENIX Data

from nuclex/0903.4886v1 and nucl-ex/0401003 r--=p--
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3 milestone: Not a gas, but a liquid!

Cim |48 | hitp:/fwewew, 3ip. orgfpruf2005//split/757-1. hitml
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The AIP Bulletin of Physics News
NMumber 757 #1, December 7, 2005 by Phil Schewe and Ben Stein
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At the Relativistic Heavy Ion Collider (RHIC) on Long Island, the four
large detecktor groups agreed, for the first time, on a consensus
interpretation of several vear's worth of high-energy ion collisions: the
fireball made in these collisions -- a sort of stand-in for the primordial
universe only a few microseconds after the big bang -- was not a gas of
weakly interacting quarks and gluons as earlier expected, but something
more like a liguid of strongly interacting quarks and gluons (PNU 728).

Other top physics stories for 2005 include, in general chronological order
of their appearance throughout the vear, the following:

the arrival of the Cassini spacecraft at Saturn and the successful landing
of the Huygens probe on the moon Titan (PNU 71&8);

the development of lasing in silicon (Mature 17 February);

http://arxiv.org/abs/nucl-ex/0410003

971 citations in ~ 5 years

Csorgo T.



The perfecf fluid at RHIC

PHENIX & data
PHENIX K data
PHENIX p data

STAR n data

STAR K data

STAR p data

PHOBOS 20 GeV data
PHOBOS 62 GeV data
PHOBOS 130 GeV data
PHOBOS 200 GeV data
PHOBOS 3-15% data
PHOBOS 15-25% data
PHOBOS 25-50% data
Buda-Lund prediction

R M. Csanad, T. Cs. et al, Eur. Phys.].A38:363-368,2008
Zimanyi School, 2010. XI. 29. Csorgo T.




4™ milestone: A fluid of quarks
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Even strange and charmed quarks participate in the flow
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How "“perfect” ? Let us measure n/s!

Diffusion of heavy quarks - viscosity ~n /s

FLOW: Has the QCD Ciritical Point Been
Signaled by Observations at RHIC?,
R. Lacey et al.,
Phys.Rev.Lett.98:092301,2007
(nucl-ex/0609025)

The Centrality dependence of Elliptic flow,
the Hydrodynamic Limit, and the Viscosity
of Hot QCD, H.-]. Drescher et al.,
(arXiv:0704.3553)

FLUCTUATIONS: Measuring Shear Viscosity
Using Transverse Momentum Correlations
in Relativistic Nuclear Collisions,

S. Gavin and M. Abdel-Aziz,
Phys.Rev.Lett.97:162302,2006
C  (nucl-th/0606061)

HDRAG, FLOW: Energy Loss and Flow of
A Heavy Quarks in Au+Au Collisions
R at Vs, = 200 GeV (PHENIX Collaboration),

A. Adare et al.,
Phys.Rev.Lett.98:172301,2007 (nucl-ex/0611018)

!
Zimanyi School, 2010. XI. 29. Csorgo T.



5" milestone: Perfection at limit

' Every “realistic” hydrodynamic calculations assumed

zero (0 )viscositiy initially

n=0 - *“perfect fluid” nZ%(EntropyDenSity)E%S
TU

Note: conjectured quantum limit: n
“A Viscosity Bound Conjecture”, P. Kovtun, D.T. Son, A.O. Starinets, hep-th/0405231

How ordinary fluids
compare to

this limit? i
(4 T[) T]/S > 10 ! == Helium 0.1 MPa

== Nitragen 10 MPa
== Wnlor |ﬂﬁ Mi*a

Perfect fluid at RHIC
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milestone: Initial temperature
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6™ milestone: Initial temperature

D. d’Enterria & D. Peressounko
S. Rasanen et al.

D.K. Srivastava et al.

S. Turbide et al.

F. Liu et al.

J. Alam et al.

< ~ 170 MeV, Hagedorn + Lattice QCD

0.1 0.2 0.3 0.4 0.5

o

A.Adare et al.PHENIX Collaboration, Phys.Rev.Lett.104:132301 (2010)
Directly from data: T, > Ty ~ 221 MeV

Model calculations: T, = 300 - 600 MeV, ift, = 0.15-0.6 fm/c
lattice QCD and data on Hagedorn spectra: T_~ 170 MeV
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Conflrmat
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on: Initial temperature

Exact hydro solution: T, > 340 MeV att1=1fm/c

using simultaneous fits to spectra, v2, HBT radii
and any reasonable EoS withk = e/p < 10

M. Csanad, M. Vargyas, Eur.Phys.].A44:473-478,2010
Csorgo T.



Exact hydro - initial energy density

tanh An,

f— A\ JEEL s —(d—1)
. ( ) Ad "~ ({_. - } :",1' 13 J-} DN
= po | — osh —

/

Possible cases (one row of the table is one solution):

Nagy, Cs.T., Csanad: nucl-th/0605070,
arXiv:0709.3677v1, arXiv:0805.1562

I %OW‘, acceferatz'nj, d dimension

N d dimensional with p=p(t,n)
/" (thanks T. S. Biro)

— Hwa-Bjorken, Buda-Lund

—> Special EoS, but general velocity

If k=d =1, general solution is obtained, for
initial conditions. Itis STABLE!
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BRAHMS rapidity distribution fitted

dn dn o 1 (Y\ —m
N — cosh™2 ! (—) e '
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T
L
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h¥ 1
:"ﬁ \"\\I
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F
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A 1.18 £ 0.01 (derived)

BRAHMS data fitted with exact hydro solution
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Conjecture: EoS dependence of g,

Four constraints

1) €5 is independent of EoS (A =1 case)
M. I. Nagy, Cs.T., M. Csanad:
2) c.>=1 case is solved forany A > 0.5 nucl-th/0605070

arXiv:0709.3677v1,

arXiv:0805.1562

Corrections due to respect these limits.

3) c.2 dependence of £(1) is known

4) Numerical hydro results
Conjectured formula — given by the principle of Occam’s razor:

Using A =1.18, ¢, =0.35, 1/1,=10, we get e le; =2.9
£, = 14.5 GeV/fm3 in 200 GeV, 0-5 % Au+Au at RHIC

Zimanyi School, 2010. XI. 29. Csorgo T.



Summary: Light of Au+Au at RHIC

In Au+Au at RHIC n' meson mass drop by 200 MeV
- New phenomena a lost symmetry is restored

- New form of matter
- Perfect fluid

- Fluid of quarks

Properties:
Opaque, R, ~ 0.2

Attenuation ~ 2 fm

C.=0.35 % 0.05

n/s < superfluid He/5 this happens in hadronic matter
>

T, = 300 MeV deconfinement and U, (1)

> - 3
Cut 10-15 GeV/fm restoration happens at different T!

p.. =1GeV/fm®

T. Cs, R. Vértesi, 1. Sziklai
Phys.Rev.Lett.105:182301,2010

Cross-over transition!
Amn. = 200 MeV

Zimanyi School, 2010. XI. 29. Csorgo T.

see R. Vértesi's talk
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QGP at RHIC introduction for students

A KVARKOK FOLYADEKANAK MEGLEPO TULAJDONSAGAI

A nagyenergias magfizikaban a legfontosabb és legerdekesebb kérdeseket oriasi gyorsitok, az ugy-
nevezett relativisztikus nehezion-utkoztetok segitsegevel tehetjik fel a Termeszetnek. A fenysebes-
seghez igen kozeli sebessegt nehezionokat, azaz heliumnal nehezebb atommagokat utkoztetiink
egymassal. Ezen uitkozések soran az anyag olyan allapotba jut, amilyen egy szem-

pillantassal a Vilagegyetemiink keletkezése, azaz néhany mikromasodperccel a (I[m

Nagy Bumm utan uralkodott. Emiatt a nagyenergias gyorsitokban zajlo nehézion- A cikk az OTKA és az

in e . . L ] ) Elet és Tudomany kazos
utkozéseket - a benniik uralkodo oriasi energiasiiriséqg és homeérséklet miatt - Kis  palyazatan elss helyezest ért el.

Bummoknak is nevezhetjik.

First prize, OTKA = Hungarian NSF + Hungarian ,Life and Sciences” magazin

November-december 2010 issue, this week
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Strongly interacting matters

» Ultra-cold atomic ©Li gas
¢ Perfectly flowing Quark-Gluon Plasma (RHIC)
» High T, Szuperconductors

* Neutron stars
»* Black holes in string theor

Strongly coupled ©Li gas,
| T=107K
J. Thomas et al, Science (2002)

e =N ) .
B .5 s 3 g P
/. M .7 < v
5 b ..;f, (L8 -
% - »
149

Quark-gluon plasma, T>4x102 K

Zimanyi School, 2010. XI. 29. Csorgo T.
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RHIC decadal plan

ALD Steve Vigdor has charged PHENIX and STAR
to write decadal plans — submitted in fall 2010.

1. Summarize detector upgrades underway
and to be utilized in the next 5 years.

2. Compelling science beyond 5++ years that require
additional detector upgrades and machine capabilities.

3. Prioritize the physics and the upgrades above.

4. Discuss the option of an electron beam in the tunnel
and thus an ePHENIX and eSTAR in the MeRHIC and EIC
era.

5. Discuss the evolution of the collaboration and

experimental effort.
Zimanyi School, 2010. XI. 29. Csorgo T.
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