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Introduction



Quarks, gluons and the Strong Interaction

The proton is a composite object  No one has ever seen a free quark.
made of quarks and gluons. QCD is a “confining” gauge theory,
with an effective potential:

Quarks & gluons carry a “color charge”
Protons and hadrons are color neutral

down strange gluons — self-interacting

Gﬁb

charm bottom

bﬁb
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Asymptotic freedom in QCD

D.Gross, F.Wilczek, Phys.Rev.Lett 30, (1973)
H.Politzer, Phys.Rev.Lett. 30, (1973)
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¥ The strong coupling constant
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03 i = Collins, Perry, PRL 34 (1975)

FOUR-MOMERTTRARMNSFER Q [Gel)

Quark-Gluon Plasma = a new state of matter made of non-confined
quarks and gluons (more generally: colored degrees of freedom)

How? heating matter in Heavy Ion collisions

Alberto Accardi LNF, May 11th, 2006 S5



Melting the hadrons

¥ At what T, can we liberate the quark and gluon degrees of
freedom?

¥+ Energy density of “g” massless degrees of freedom
in thermal equilibrium at zero baryon density:
2
e A
E=g—T
%30

= Below T,: ultrarelativistic hadron gas — mostly n*, ©~, ©
Bua
=i Above T.: Quark-Gluon ideal gas (wWQGP = weakly coupled QGP)

7
8ocp — 2hel.86010r+g.zspin.zqqsﬂavor.3color Y

Y b7
Y

gluons quarks
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Melting the hadrons —bag model

+ The vacuum exerts a pressure B = 200 MeV4 on
colored particles — quarks and gluons

=% in the QGP phase (perfect Q&G gas)

el .j

Foole <o
=% in the HG phase, no vacuum pressure
L
Piie= v THE

¥+ Phase transition when py. = pogp = T =150 MeV

free energy

QGP equation of state
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Melting the hadrons - lattice QCD

+ Lattice QCD predicts a rapid cross-over to a QGP:

3
N 2T SiD. of degrees of freedom
T
| | | | Karsch et al. '00-'03

16 4 RHIC egp/T4 —
14 - e/l - } 20% off the perfect QG gas:
12 - ]
10} — LHL- a negligible difference?
5 SPS ) thvm'
8| o or: T | adifferent kind of QGP?
| | - Quark, gluon bound states?
i | - T [MeV] | - quasi-particles?

100 200 300 4.00 200 eoo0

Transition temperature: T, ~ 170 MeV e, ~ 1 GeV/fm?>

(remember: normal nuclear matter has e~0.16 GeV/fm?)
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The QCD phase diagram

+ Let's add an axis: i = baryochemical potential ~ ng-ng

+ At high net baryon density, pressure from Pauli exclusion principle
=% quark-quark interactions allow for Cooper pairs to form
=% QGP becomes a color superconductor (Wilczek, Rajagopal, Son).

T

170 MeV  |------ -

Hadronic

color
superconductor

nuclei q
a

baryochemical potential ug
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Why studying QGP & phase transition?

¥ Particle physics and quantum field theory
=% “primordial” form of QCD matter at high-T, high baryon density
=% insight into quark and gluon confinement, origin of mass
=i example of phase transition in strong self-interacting field theory

T

QGP

Heavy-Ion Collisions

170 MeV  |------ -f.

Hadronic

color
superconductor

nuclei q
a

baryochemical potential ug
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Why studying QGP & phase transition?

+ Cosmology and astrophyisics:
=% QGP present in the very early universe (t < 10 us)
=% Phase transition in the early universe, analyzable in the lab
= may occur in supernovae, y-ray burst, neutron stars

T Early universe
QGP

Heavy-Ion Collisions

170 MeV  |fF----- -

Supernovae

Hadronic

nuclei q superconductor
a . E—
baryochemical potential pg neutron stars
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Heavy lon Collisions



Heavy ion collisions

A
¥ Enn = Center-of-mass energy =

per nucleon pair
¥ nucleon-nucleon cross-section
< Eypy deposited in the collision region

< particle creation out of this energy
# Lorentz contraction

Lot of energy in a small volume V = large e=E/V = high T

Alberto Accardi LNF, May 11th, 2006
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10 fm i
(10~14 m)
\/
v
- = @ RHIC
0.1 mm heavy
(10~*m) mosquitos

1
E = 2><5mv2 = 0.1g X (30cmls)* = 9 uJ

What's the difference? The energy density €=E/V !

Alberto Accardi LNF, May 11th, 2006
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Heavy ion colliders

Facility Location System Energy (CMS)
AGS BNL, New York Au+Au 2.6-4.3 GeV
SPS CERN, Geneva Pb+Pb 8.6-17.2 GeV & In+In, S+U, p+Pb
RHIC BNL, New York Au+Au 200 GeV & d+Au, p+p, Cu+Cu
LHC  CERN, Geneva Pb+Pb 5.5 TeV & p+Pb, p+p

by 2008, 3 orders of magnitude in 30 years!

However, RHIC data only makes sense in context:
Facility Location System Energy (CMS)

ISR CERN p+p 24-63 GeV

SPS CERN p+A 20 GeV
Tevatron FNAL p+A 13-38 GeV
_LEP/LEPZ CERN e++e- 91-210 GeV
UA1/UA5 CERN pbar+p 200-900 GeV
Tevatron FNAL pbar+p 630-1800 GeV

Goal is to understand strong interactions in all forms
Alberto Accardi LNF, May 11th, 2006 15



RHIC experiments @ BNL (USA)
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Alberto Accardi

Where is the QGP?

BRAHMS

July 18, 2001
00:48:41

Run 7224
Event 5261

B

LNF, May 11th, 2006
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Hunting the QGP



Colliding Nuclei Hard collisions QGP?? Freeze-out to
Bulk partons Hadron gas??  hadrons

Dynamics of
the “fireball”

perturbative QCD What we actually

(pQCD) e oble e measure...

Transport models

Initial state Final state

Color Glass Condensate

(CGQC)
Alberto Accardi LNF, May 11th, 2006
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=xperirmnental nandles

Collision geometry Observables

Participant Nucleon Number
g b
N . (b)= 2jdzs i (mg){1 g (8-2)} <2A

ZDC

t, (b) = [dz p,(z.b) ~ 2p, VR b

Tpu(b) = [ds7, (s+)c,(s—5)
Binary Collision Number y " :;b
N (b)=oT. (b}~ A"> |
coll( ) AA( ) Va(pr)
X

Variables: A. b, s, n=0.5In(tan(0/2)), Dyl
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creaed matier?

(r
‘5;
(r

rlow o pDrob

» Global observables
<+ charged particle density dN./dn

< transverse energy dEt/dn
< elliptic flow vy

» Soft probes (low scale)
- particle ratios p/p, ®*t/%, ...
< low pr spectra dN/dpr

QGP evolution equilibration

formation

< elliptic flow vo(pT)

» Hard probes (large scale) A
- high pt hadron spectra dN/dpt

= J/y production
<+ high pr lepton spectra

Alberto Accardi LNF, May 11th, 2006 2k



The perfect fluid
observed at RHIC

The top physics story for 2005
according to the American Physical Society




Particle ratios

3
N.cg.V f d p 1 T = freeze-out temperature
l l 3 S Tk ; .
(27) e( pm—p,)/ Til ug = baryochemical potential
foat n b " 3 at freeze-out
I=Weis Ko n s, B Vo o, G
§ | Dl AA ZIE QIQ it KIKTKIT pim KR /b A/ 2T Qi ¢ plp KIK' K pin Q/h
1 == ' x10 ! , 50
Eﬁ@“*"*%—ﬁﬁﬁ e )
] % STAR Kl a3
°E PHENIX ; wiw
— O PHOBOS - :
— A BRAHMS 1]1&' i : oK
n s\ =130 GeV s =200 GeV
3 4
o Model re-fit with all data % L+ ["Model prediction for
= T=176 MeV, u, =41 MeV RS | T=177 MeV, u_ =29 MeV
Braun-Munzinger et al., PLB 518 (2001) 41 D Magestro (updated July 22, 2002)
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Particle ratios

3
] :
T = chemical freeze-out
Yot B ae e
(21T) e( D) s temperature
SRS 3 ~ up = baryochemical potential
l:ﬂ-_,K_;p,p,A,A,Z,E;Q,
at freeze-out
§ | blp AA Z/E Q/Q mint KK Kin i KN o/ AN E/hT Qir ¢ plp KIK® Kin plir QIh
1 gﬁ‘ﬁ"‘&“ S T e x10 D e = x50
= B
- Freeze out temperature T = 177 MeV ~ T,
10" |
= Initial state must be well above T,! —
B \_ i
| ) | B th + : MN“O-J
107 |— Model re-fit with all data | + [Model prediction for
= T=176 MeV, u, =41 MeV ox + | T=177MeV, u_ =29 MeV
Braun-Munzinger et al., PLB 518 (2001) 41 D Magestro (updated July 22, 2002)
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Transverse energy density

+ What about the initial state energy density = temperature?

¥ Bjorken's estimate: e
e F
S ¢
1k
E -
5 o <15 GeV/fm
210 — GE) GE)
] - = = . 3
_ < o N
. 7 = o
3 = =
_ o - =
S S 2
1 :
= Threshold for QGP formation

1
10 1 Time [fm!c]ﬂ

= Phenix dEp/dn =600 GeV = €pj T = 5.4 + 0.6 GeV/fm? (central coll.)
=% formation time: tp ~ h/<mp> <0.35 fm

(final state hadrons <mt> from PHENIX )
Alberto Accardi LNF, May 11th, 2006 25



Conclusion 1

-

The initial temperature of the fireball is

well above the critical temperature

Tc~170 MeV for the QGP phase transition

~

J

Alberto Accardi

Questions

Does this system equilibrate
before cooling below T_.?

r

\_

: : : R
Does it show collective behaviour?

What are its constituents?

LNF, May 11th, 2006
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Non-central collisions
AY

h

¥ Produced system is no more azimuthally symmetric
+ Initial state geometry maps into final state angular distribution
+ Nature of this mapping carries info on initial state properties

Alberto Accardi LNF, May 11th, 2006 27



Elliptic flow

spatial anisotropy pressure gradients = momentum anysotropy
Py
X %L -
L

A
[

'y
a1 > il
el .

\
AU

o

dchlAc]lcb =N, [1+ v,(p,) cos(cl>)+2cos(2cl>) N

elliptic flow

+ Strong scatterings = local thermal equilibrium = pressure gradients

# Self-quenching effect — stops on short time scales
=% strong flow = rapid equilibration

Alberto Accardi LNF, May 11th, 2006 28



Elliptic flow —experimental data

I ! I ' I ' I
>N 0.3~ Hydro model STAR A Kg e A+A |
e | semsss T __1.-.-—--"""—'55-"

9 i K ]
o | "___i___».f;',-' °

£ 02 22 $ —
S !

© 4
o .

)

o 0.1 —
=

o -
2 ] -
= PHENIX ¢ t+m AK'+K™ op+p
T o=t I g o= T

2 4 6
Transverse Momentum p+ (GeV/c)

¥+ Strong flow = rapid equilibration

¥ Rapid equilibration + high T >> T. = QGP formation?
=% still we don't know the nature of the system's constituents

Alberto Accardi LNF, May 11th, 2006 29



Elliptic tlow — valence quark scaling

+ Assume:

2
(X

=
)

=
-

Anisotropy Parameter v,

(=

B ro mode 0 A T . :
Hydro model STAR_S:F[_S_g_e,.-- ® A+A =8 quarks are flowing with v,

= hadrons = quark recombination

O .0
O OQ
0© %8 6 %
v2 == A qu
+ Then q
Transverse Momentum p (GeV/c) Pt = T X p?

q
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Elliptic tlow — valence quark scaling

—— #+ Assume:
— PHENIX . .
0.15— N=2 o wrq PHENX n=3 op+p orie ] =§ quarks are flowing with v,4
A Kry K PHENIX ® A+A e had - K bi :
KO STAR o STAR adrons = quar recombination
0.1 = - —
Em ¢ ++ + * o o.;o
» °(‘q.4? 4i+ 8
0.05— , é;{%. - O 13 3 o 3
o A%
i P. Sorensen
ol vy = ]
0 1 2 3 +# Then
Transverse Momentum p/n (GeV/c) Py = B, X <pT>

¥+ Perfect scaling for all hadrons — some deviation for pions (from p decays)
+ The constituents of the flowing system are partons!

r High temperature T >> T.
{ Rapid equilibration == (Quark-Gluon Plasma!]
| Parton degrees of freedom

Alberto Accardi LNF, May 11th, 2006 31



Elliptic flow — hydrodynamics

0.18 :_I ceﬁ rality: 0- 'é?'h
V2 i tznh‘t;eg'iq +1r
0.16 T |+ 200 GeV K}
0.14 | 4 200GeVp+p
- 200 GeV A+ A
0.12 — | ¥ 200 GeV Cascade
0.1
0.08 ;
0.06 F
0.04 -
0.02 -

0 sl

7

Hydro curves:
T =165 MeV,
T; =130 MeV

=
—

AN

TN
PHEENIX S /S&M?

Preliminary
| | 1 11 | | | | |

0.{'2_||||||||||||||
0 0.2 04 0.6 0.

III|II
1 1

2 14 16 18 2
p; (GeV)

#+ Assume
=i ]ocal thermal equilibrium
=& small mean free path

+# Conservation laws
8u‘(f—l—p)u“uv—pgw] =0
Gu{su”] =0
+ Equation of state (EoS)
p = pl¢)

+ Hydro with QGP EoS describes flow over a range of masses
+ Thermalization time t5=0.6 — 1 fm/c and €=20 GeV/fm?

+ Hydro = small mean free path = strongly interacting system!
=% not a weakly coupled gas of quark and gluons...

Alberto Accardi

LNF, May 11th, 2006



The atomic connection

¥ Heavy ion collisions similar to system of ultracold 7Li atoms

Kinast et al., PRL 92 (2004) 150402
Bartenstein et al., PRL 92 (2004) 203201

100 ps

200 + Atoms trapped in magnetic fields
H + Tunable strength of interaction

400 pis + Open the trap = elliptic flow!

+ In this experiment
600 ps =i very strong interactions
=% hydrodynamic behaviour

800 ps

1000 ps

1500 ps

2000 us
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Conclusion 2

4 Rapid equilibration with QGP EoS, <
large energy density
partonic d.o.f. with strong interactions

-
We have a sQGP!

(strongly interacting QGP)
5 with hydro behaviour

J
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Like a perfect fluid?

+ First time that hydro describes data without any viscosity*!
=% Not true at SPS, not true in peripheral collisions at RHIC
*viscosity = resistance of liquid to shear forces (and hence to flow)

0.18

V2 .16

0.14F
0.12+

0.1

0.08
0.06
0.04F
0.02f
0 [
-0.02 £

C | 4 200GeVp+p
200 GeVA+RX
— | ¥ 200 GeV Cascade

I |centrality: 0-80% -dp —
S0 v 4 | Hydro curves: b)
E | + 200 GeV K} T = 165 MeV, '

T; =130 MeV

él?&rémxﬁ%w_f
IN T

Preliminary

C111 111 111 111 II\|II 1
0 0204 06 08 1 12 14 1.6 1.

p; (GeV)

2

Physics Today, May 2005

VISCOSITY/ENTROPY DENSITY

200

150

100

50

a4 111601 (2005).

=== Helium 0.1 MPa
= Nitrogen 10 MPa
=== \\fater 100 MPa

L
10

[ L
100 1000

TEMPERATURE (K)

+ Hydro equations + viscosity fit data with /s ~ 0.5 (similar from lattice):
400 times less viscous than water, 10 times less than superfluid helium !
# Lower bound on viscosity from string theory (!!): n/s > 1/4n

[ the QGP is (nearly) a perfect fluid!

J

Alberto Accardi

LNF, May 11th, 2006
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The string theory connection

+ An example of strongly interacting Yang-Mills theory:
= N=4 Supersymmetric Yang-Mills theory

(conjectured)
N=4 SYM v mathematical duality> Type 11B Superstring
Maldacena '97 on a AdSs x Sg space
strong coupling = > weak coupling
entropy of thermal 5 s black-hole entropy
SYM matter S/Sg = 3/4
Kovtun, Son, Starinets,
Policastro 02-105 absorption of gravitons
R e B o
SYM matter

n/s = 1/4n

# Surprise: RHIC — sQGP shows 1n/s close to 1/4n
lattice QCD — sQGP has S/Sp= 0.8

Alberto Accardi LNF, May 11th, 2006
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Alberto Accardi

Conclusion 3

-

The sQGP is a nearly
perfect liquid!

~

LNF, May 11th, 2006
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Probing the perfect fluid



# Hard probes created at t—~0.1-0.2 fm - travel through the medium

¢ This allows to study:
<%= Response of the probe to the medium (e.g. jet tomography)

<%= Response of the medium to the hard probes

Alberto Accardi LNF, May 11th, 2006 39



Jet tomography
Review: Gyulassy, Vitev, Wang, Zhang, nucl-th/0302077
Baier,Dokshitzer, Mueller, Peigne, Schiff, Zakharov, Wiedemann, ...

# The QCD analog of Computed Axial Tomography (CAT)

AA
24
jet of

hadrons

parton from
hard processes

\ — 4
N ———— 4
N 4
T
~——

Computed Axial Tomography Single hadron tomography
=i Calibrated x-ray source =i (Calibrated hard partons source
< x-ray absorption =& energy loss (gluon bremsstrahlung)
computed in pQCD
<= properties of the medium <= properties of the medium

Alberto Accardi LNF, May 11th, 2006 40



Calibrated source —pQCD

¥ Perturbative QCD (pQCD) successful in computing hard probes
<%= hard probe = observable with large momentum scale Q > 1-2 GeV

¥ Example: hadron production at large pt in p+p collisions

10 . . : . : .
(h"+h7)/2 m GDF data, s = 1800 GeV
10 UA1 data, s'* = 900 GeV
— G;H"'t% LTO " # UA1data s'® = 200 GeV
L 10° struciure functions + ISR data, s1f = B3 GeV
D A FNALdata r s = 184 GeV
p O 4p v FNAL data, n, s'* = 194 GeV
0
E 10 e
|_ I
a 5 g e
o 10
e -8
Q2=pr2 e 0] poy S
=PT g [P h*™ + X
h o s Solld lines: pQCD calculation :
10 ' ' ' ' ' ' '
Note: power-law pT spectrum 2 4 (S y 8 IVitevm
e .
= hallmark of pQCD Pr [GeV]
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Calibrated source —pQCD

¥ Perturbative QCD (pQCD) successful in computing hard probes
<%= hard probe = observable with large momentum scale Q > 1-2 GeV

# Example: hadron production at large pr in p+p collisions

10” ' . ' .
5 (h"+h7)/2 m GDF data, s = 1800 GeV

10 UA1 data, s'° = 900 GeV
— G;H"'t% LTO " # UA1data s'® = 200 GeV
|> 100 structure functions + ISR data, s1f = B3 GeV
D A FNAL data, T, s”2 = 194 GeV
&) 10—2 ¥ FNALdata . s = 184 GeV
0
E 10 e

|_ L
a 5 —+ 3
- 10
T,
o 0 + 5
T g : p+tp > ht+ X
o o Solld lines: pQCD calculation .
1077 ° S —
Note: power-law pT spectrum 2 4 (S y 8 |Vitev10
e .
= hallmark of pQCD Pr [GeV]

# Nuclear effects — QGP or intial state
— by comparison with suitably scaled p+p baseline
Alberto Accardi LNF, May 11th, 2006 42



d+Au: Cronin effect

h S L A
A i dAu —= 719X |
ckE>—0.52 cevs” 5200 GeV y=0 -
d X q 1.5 __ <kZ>=0 Gev® / __
E e 0
2 B L H
2 ] E
R e (dGh/d 2 T) d+Au 0.5 — e 7% PHENIX $ —
dAu — i Q=Qy=m,/2 L
N on(b) (dGh/dsz)p+p - Accardi-Gyulassy '02
ST
qr [GeV]
¥ No medium produced = Initial state nuclear effect n

¥ Usually interpreted as multiple parton scatterings
[review: Accardi, hep-ph/0212148]
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Au+Au: jet quenching

h
(ANMd?p1)A+4
q Ran =
T Neoit(D) (doh/dsz)pﬂ)
3 2F
= 18Vs=200 GeV Phenix
1.6 —
145
1.2F
08~ 1 I medium effect
o0 AutAu * “Jet Quenching”
g:— YYW?'?*,,*'??*I

00_1234,5673910
[Vitev-Gyulassy '02; Vitev '04]  Pr(GeVic)

¥ Energy loss computation requires gluon density
dN8/dy = 800 - 1000 = &~ 14 -20 GeV/fm?3

Alberto Accardi LNF, May 11th, 2006
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Dihadron tormography

# hadron pair distribution w.r.t. 4 GeV < prifi€ < 6 GeV
relative angle in py plane 2 GeV <pr*** <pr"¢
(g ” 502 — p+p min. bias b)
trlgger < *  Au+Au central

e d+Au central

1 1 1 I 1 1 1 I 1
T -
};F ~
2
1 1 I 1 1 1 I 1

“associate” “associate”

# Disappearance of the back-to-back jet
<&+ fireball has a very opaque core
= large color density
< if parton traverses the core,
it loses all its energy
<% “Surface emission”

Alberto Accardi LNF, May 11th, 2006 45



Where does all this energy go?

¥ The lost energy excites collective modes of the plasma
<%+ Mach cones

=% Cerenkov radiation

trigger (A¢ ~ 0)

| 2.5-4 GeVic x 2 - 3 GeVic, All Charge |

=
2

e

-

0.07
0.06
0.05
0.04
0.03
0.02
0.01
0

-0.01

&  Centrality: 0-10%

B Centrality: 30 - 40% = 0.33

#  Centrality: 60 - 82% x 0.048

Phenix

Ad(rad)

¥ We see the response of the medium to the hard probe

Alberto Accardi

LNF, May 11th, 2006
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The HERMES connection

+# Untested assumption in jet tomography:
=i “the partons hadronize well outside the medium” — is it true?
=& test it in nuclear Deep Inelastic Scattering (nDIS) [HERMES, JLAB]

« nDIS is a clean environment for Jet-quenching in A+A
(1) space-time evolution of —
fragmentation —

< nucleons as micro-detectors /\/

(2) Cold nuclear matter effects properties of
“# quark energy loss hot nuclear matter

Alberto Accardi LNF, May 11th, 2006 47



The HERMES connection

+ Hadron suppression is observed
on A compared to 2H

HERMES, PLB 577(03)37

Accardi et al., NPA 720(03)131

Wang et al., PRL 82(02)162301

+# Energy loss (gluon brehmsstrahlung)
[Arleo; Wang et al. ]

< hadronization outside the medium

< gluon radiation off struck quark

<+ "parton attenuation”

+# Hadron absorption
[Accardi et al.;
Falter et al.; Kopeliovich, et al.]

< color neutralization inside the medium
< prehadron-nucleon scatterings
< prehadron attenuation

O ——

Alberto Accardi

0.7 |-

0.6 -

0.4

LNF, May 11th, 2006
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Energy loss vs. absorption

«# How to distinguish energy loss from nuclear absorption?
<+ Hence, in-medium vs. out-of-medium hadron formation

+# Conventional thinking: A-dependence — wrong!
< both give Ry o< A%/3
[Accardi et al., NPA 761 (05);
Accardi, Acta Phys. Hung. in press]

& Proposal: study scaling of Ry data
[Accardi, nucl-th/0604041]

R =Rt with < & C24 (lnV

<@ absorption models: 4> 0
[finite formation time]

<% energy loss models: A <0 L
[from energy conservation]

Alberto Accardi LNF, May 11th, 2006
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The future



LHC — stepping up in energy

b=0y=0 | SPS |RHIC | LHC
s [GeV] 17| 200 | 5500
dNcp/dy | 430 | 700 | 3000
dN,er./dy 30 5 0
T [GeV] 250 400 | 800
€9 [GeV/Hm3] | 2.5 15| 240
Tolfmc] | 08| 06| 0.2
Togp [fm/c] ‘ <2 7 20
dNgiue/dy | ~300 [ ~1000 |~3000

¥ a factor 30 in Vs compared to RHIC

+ QGP: hotter, denser, longer... & weaker?

Alberto Accardi LNF, May 11th, 2006
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LrlC —Tine hard probe machnine

» Hard probes copiously produced
-+ orders of magnitude increase in cross-section

» Jet physics in full glory
- 1 month at nominal luminosity
<+ Full reconstruction of jets with 50 GeV < Et < 275 GeV

Jet cross-section at LHC 1t0 cross-section

K=2 CTEQSM, O’=p 2, T,,=24/mb

solid: pp
dashed: PbPb

dotted. PbPb+EKS98

dNdydp,  (1/GeV)

=5 A?cardi,lArmesl.to '02I | | <, |

ol 100 150 200 250 300 350 400
E;. GeV

Vitev, '02

1/{AB) do /dEn, wub GeW
—====

M 1 I
40 50 60 70
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Where do we go frorm here?

» RHIC (2000 - ....)

: ; LHC

-~ rapid cross-over OGP - gas?

- perfectly fluid QGP T

-+ strongly interacting RHIC
sQGR=EIliquid

» LHC (> 2008) 170 MeV[ = -1=1 . .
<« truly hard probes - jet physics :
-+ parton saturation regime Hadronic
-+ accessing weakly coupled QGP??

P GSI (2014) o RHIC1/2 (> 2010) HUCIGQI superconcluctor
<« search for the tricritical point baryochemidal potential ug
-+ building upon SPS (1980 - ....)

¢ DAONE2 ??

-+ deeply bound kaonic nuclei (ppnK)
-+ shrink nucleus size = 4-10 fold increase in pg at T=0

-+ color superconductivity in the lab ??
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Summary



Summary

+ The quest for the QGP is over:
=% a perfectly fluid QGP has been seen at RHIC

+ We are beginning to study it and marvel at its unexpected properties

¥+ New theoretical and experimental challenges are in front of us!

p+p ultracold

I \ / alkali atoms

htA=<~—"A+A [ ) QGP -+  superstrings

e RN, ek

e+A QED plasmas
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PHENIX Au+Au (central collisions):

lzg . B Directy
0
10 | AT
[] @ 1

GLV parton energy loss (dN/dy = 1100)

107

0 2 4 6 8 10 12 14 16
P, (GeVic)
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J/y suppression



Ratio of Measured/Expected
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J/y nuclear modification factor R, ,

Comparison to SPS
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Difference in energy and
rapidity coverage.

Need MUCH more
statistics at RHIC?



More on energy loss



Problems with energy loss theory

¥ Heavy flavour puzzle at RHIC [QM2005, STAR, PHENIX, Djordjevic, Armesto]
<&+ single non-photonic e- as much suppressed as p
<%= e~ comes from D and B mesons = ¢ and b-quarks
<&« NLO pQCD rates for c and b + heavy quark energy loss theory
= theory gives half of the observed suppression!

, chks et al., nucI th/0512076

¥+ "If STAR R, ,(e) is confirmed, it will oo §Lﬁ|§’“°ﬁ prlm N fdy-1000
be a theoretical challenge to devise 08F -
novel energy loss mechanisms able to DGLV Radonly
explain these data.'' M.Djordjevic, T if% T ]
QM2005 s 44 ; Hl
i.g E i % '% % 1] e .
[ s % E % % % it il
pT [GeV/c]
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When does quenching start?



minimal extension
of GE model:

Third act: A+A collision

i

do i3
d2bd2p,

do 4

1) Phenix 0 - \s=200 GeV (p;-1.0Gev + 10%

2-5 i I I I I | | | | ]
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< ~
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= r Z B = ]
1 .
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0 5
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RdAu (b

Note: existence of quenching from
d+Au data alone - for magnitude
we need theory computation
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2) Phenix 10 - Vs=62.4 GeV (p,=0.82Gev+10%)

At 62 GeV we do not have data on d+Au = theory is needed

2.5 I I | | | | 2.5 I I | I I I |

0
- Au+Au —= m0+X ® PHENIX prelim. i k4 @ PHENIX prelim. |
0 :

<
wl

I
o
W
P!
o

1.5

I]IIII]IIII

RAA

o 3 e i
0.5 . %% ~
- m } 10-30%
0 i | | | | | |
0 5 10
qr [GeV]

* As expected, less suppression in peripheral collisions.
* Where does quenching begin? theory vs. data is needed

— |let's look at PHOBOS h* data
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3) Phobos ht - Vs=62.4GeV , (-08cevtiow

Attention: baryon-meson anomaly
computations are for n0's
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begins

Quenching begins at around 40-45% centrality

Alberto Accardi LNF, May 11th, 2006 69



The color glass condensate



Color Glass Condensate

+ A new form of QCD matter — the long wavelength fabric of hadrons

=8 At low energy hadron (nucleus) = valence quarks + few gluons
=% At high energy: gluon density grows = recombination &saturation

R large x dilute
Q’= 200 Ge V2
; gluon L
A densityl ¥
grows
Y dense
| low x saturated
A a0t dgh At x universal

constituent — hadron

# From first-principles QCD — Young theory, semi-quantitative control

+# Can be made and probed in high-energy heavy-ion collisions
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Color Glass Condensate

+ Color - gluons have “color” in QCD.

+ Glass — gluons at small-x:
=% generated by large-x slowly moving valence-like partons,
randomly distributed in transverse plane
=8 renormalization group equation: integrate out fast gluon d.o.f.
= universality: independent of initial hadron
=% almost frozen over the natural time scale of scattering
=% analog to spin glasses

¥ Condensate — gluons saturate below a momentum Qg

0% ~ « AxG(x,Q ) L ks
o s S R2
Ay

=§ Coherent state with high occupancy ~1/0(Qg)
=i Can be better described as a field rather than point particle
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Color Glass Condensate
¥+ CGC “phase diagram” - sketch

Classical dynamics,

‘ parton saturation
Color Color Quantum evolution,

extended scaling region

Rapidity

Parton Gas
(perturbative QCD)

Non—perturbative
QCD

-

Parton transverse momentum, GeV/e
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3 b

CGIC phase diagrarn

Au nucleus

Parton Gas
(perturbative QCI)

s ! .. LHC at y=0

RHIC at y=3

RHIC at y=0

Moo

k- i

Parton transverse momentum, GeV/c

» Bulk of parton production (p<Qg ~ 1-2 GeV) from CGC melting

» Theoretical control over initial condition for QGP evolution

Alberto Accardi
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Lessons from QED plasmas
(transparencies adapted from M.Thoma's QM2005 talk)



1. Strongly Coupled Plasmas

Plasma = ionized gas, 99% of visible matter in Universe

Plasmas generated by high temperatures, electric fields, or radiation

Classifications:

2. Non-relativistic — relativistic plasmas (pair plasmas, QGP)
3.  Classical = quantum plasmas (white dwarfs, QGP)
4. |deal - strongly coupled plasmas (complex plasmas, QGP)



Coulomb coupling parameter

2

-2
dT

Q: charge of plasma particles

d. inter particle distance
T. plasma temperature

Ideal plasmas: ' << 1 (most plasmas: I' < 10°9)

Strongly coupled plasmas: I' > O (1)
Examples: ion component in white dwarfs, high-density plasmas at GSI

Non-perturbative description, e.g., molecular dynamics



2. Complex Plasmas

Dusty or complex plasmas = multi component plasmas
with ions, electrons, neutral gas, and microparticles (dust)

E.g.: low temperature neon plasma in a dc- or rf discharge

Injection of microparticles with diameter 1 — 10 um

- Microparticles collect electrons on surface = large
negative charge: Q=10°-10%¢

- Inter particle distance about 200 um

— plasma crystal (predicted 1986, discovered 1994 at MPE)

Observation: illumination by laser sheet
and recorded by CCD camera




3. Phases of the plasmas

Melting of plasma crystal by pressure reduction; less neutral gas friction;
temperature increase; decrease of Coulomb coupling parameter F=OZ/(dT)

long range order . short range order disordered phase
(crystalline phase) (liquid phase) (gas)

Quantitive analysis of equation of state and determination of I
pair correlation function

4. Collective phenomena

Mach cones induced by a laser beam have been observed



5. The fun part of this business

Gravity has strong influence on microparticles microgravity experiments

V4
/ et
, UK
I,
# (/}

V\
M.Thoma !!




6. Applications to the Quark-Gluon Plasma

. . . C
Estimate of interaction parameter [~ Qﬂ

dT
C =4/3 (quarks), C = 3 (gluons)
I =200MeV a,=03-05

d=0.5fm
Ultrarelativistic plasma: magnetic interaction as important as electric

I'=1.5-6+vyQGP Liquid? T
i QGP Gas
RHIC data (hydrodynamical description T
with small viscosity, fast thermalization) QGP Liguid Superertical QG
indicate QGP Liquid
Hadron Gas
Attractive and repulsive interaction

gas-liquid transition at a temperature
of a few hundred MeV



Deeply bound kaonic nuclei



3I_Ie S 3|_|6I<_ shrinkage !!
Kp interaction is strongly attractive
2002 DEAR results

> PRL 94, 212302 (2005)

(AMD method Dote et al. 2002)

Denssty (/™3]

Lr gk Lhf

pc~4-10p0

Dengity (/S

by YHaK

Explore
cold and dense

nuclear matter

(2% Proton (4 Mewwrom (e K

FIG. 1. Calulaced dansiey eoncours of ppnk™. Commpar lson barmean (o) usual THa amd (b *Hak " Is shown In che ske of 7.6
by 7.5 fm Individou 2omecibuckore of (23 proton, (03 neron gnd (@3 K- ara given m the s of 4.5 by L6 .
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Production mechanisms of DBKNS:

1) Stopped K- reactions on light nuclei,
with ejection of a proton or a neutron as spectators

2) In-flight K- reactions:
- Knock-out reactions (K-, N) where one nucleon is knocked out in the formation stage;

- (K, 7r°) reactions in proton-rich systems to produce exotic bound nuclear states on
unbound systems.

3) Protons (3.5 — 4.5 GeV) on a deuteron target for the production of K-pp detected
in a 41t detector.

4) The identification of clusters as residual fragments (“K fragments”) in heavy ion
collisions via the invariant mass of their decay products.

Identification and study of DBKNS:

- Formation -> missing mass

Decay -> invariant mass
-> Spectroscopy!

31th LNF Scientific Committee C.Curceanu,JZ / Nov. 29, 2005



