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hat have we learned so far?

hy high p;?

hy small x?

£ 25

hy RHIC I1?

how processes at high pand small x
help us to understand:

0 Color Glass Condensate

o (strongly coupled) Quark-Gluon Plasma



What have we learned from RHIC so far ?

I. Collective flow =>
Au-Au collisions at RHIC produce strongly interacting matter
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What have we learned from RHIC so far ?

II. Suppression of high p particles =>
consistent with the predicted jet energy loss from induced
gluon radiation in dense QCD matter
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What have we learned from RHIC so far ?

III. “Small” hadron multiplicities +

suppression of high p, particles at forward rapidities =>
coherent interactions in the initial state, consistent

with the presence of parton saturation/Color Glass Condensate
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The emerging picture

Melting color glass

Quark-gluon plasma
(unthermalized)

Quark-gluon plasma
(thermalized)

Quark-gluon plasma
plus hadron gas

0.1 1 10

T. Ludlam,
L. McLerran,

Physics Today
October 2003



What we still need to know

e Is the produced matter a thermalized
Quark-Gluon Plasma ?

if yes, what are its properties ?

* Are the effects observed at forward rapidity

due to parton saturation in the CGC ?



Why high p;?
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At short distances,
the strong force becomes weak -

03l [\

one can access the “asymptotically
free” regime in hard processes

0.2

0.1

But: the harder a parton i1s hit,

the more intense radiation it emits;
this happens because even though
a,<< 1, 0,In (Q?/ A?) ~1

(large phase space)

=> Scaling violations, jet structure



Why small x?

At small x, the gluon propagator 1s dressed by
the quantum evolution:

PR ENIRIPNIRI
this 1s because
the probability
to emit an extra gluon
1s ~ agIn(1/x) ~ 1
S W oW o P |
BN N

As a result, the gluon propagators at small
X acquire an anomalous dimension



Resolving the gluon cloud
at high Q2 and small x
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J.Bjorken,
Fast partons as a probe  M.Gyulassy,

X.N.Wang, ...
In QCD vacuum, the probability of

ghl()n radiati()n ~ Ol In (Q2/ AZ), schematic view of jet production

hadrons /
1n medium, the scale A 1s [ / gl
determined by the properties - <> /é >
of matter: 4/7\ !
In hot quark-gluon plasma hadrons /

A2= Ghot L (1ot - transport coefT.

L - size of the system

R.Baier,
In cold nucleus at small x Yu.Dokshitzer
A?=Q,? - the saturation scale; Q% = Gasral A .Mueller,
S.Peigne,

D. Schift
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Novel physics at small x
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Geometric scaling

A.Stasto, K.Golec-Biernat,
J.Kwiecinski

Levin, Tuchin;
Iancu, Itakura, McLerran;

Mueller, Triantafyllopoulos; ...



Quantum evolution and hard processes on nuclei
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1) Small x evolution leads to anomalous dimension

ﬁq(é)“’ v~ 1/2

2) Q, 1s the only relevant dimensionful parameter in the CGC;
thus everything scales in the ratio Q2/Q?
3) Since Q2 ~ AL/3 the A-dependence is changed
=>
Expect high p, suppression in dAu at small x



uantum fluctuations in the presence of classical background:
from Hawking radiation to Color Glass Condensate

Hawking radiation




What do we still need to know?

d-Au experiments have shown that at y=0 the suppression
of high p, particles is a final-state effect:
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I. can we prove that it is due to the radiative energy loss in sQGP?
several 1deas; one of them 1s to use heavy quarks



Heavy quark colorimetry

of QCD matter

col-or-im-e:try noun
col-or-im-e-ter noun:

an instrument or device for
determining and specifying
colors; specifically : one used
for chemical analysis by
comparison of a liquid's color
with standard colors

Merriam-Webster Dictionary

Yu.Dokshitzer, DK
hep-ph/0106202

The propagation of heavy
quarks in QCD matter

1s strongly affected by the
interplay of the “dead cone”
and LPM effects at energies up
to

E < M+/GL?

(a consequence of quantum
mechanics & causality)



Heavy quarks fragment differently
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and carry a larger fraction
of jet momentum

Heavy quarks produce a
larger number of particles
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What do we still need to know?

induced radiation should be suppressed for heavy quarks; 1s 1t?
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Armesto, Dainese, Salgado. Wiedemann, in preparation
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N.Armesto,

M. Djordjevic,
M. Gyulassy,
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U. Wiedemann,
X.N. Wang, ...

Enhancement of

the D/h ratio as

a signature of the radiative
energy loss in the QGP

\ Yu.L.Dokshitzer and DK,

Phys.Lett.B5S19 (2001) 199



AuAu collisions: charm quenching

Heavy quark | |
0 2.5 L 7.5 10 125 18 17.5 20
flow at small p ? P, (GeV)

DK & K. Tuchin, hep-ph/0310358



(YI nn)measured / (YI ﬂ:n)sim

What do we still need to know?

II. can we prove that it is due to the radiative energy loss in sQGP?

Direct photons as a probe
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What is the origin of
the “B/m puzzle”?
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Might become possible with luminosity upgrade:

Jet shapes 1n Au-Au collisions??
) aomm— 0 e
. n

N.Armesto,
U.Wiedemann

- dE”/(dndg) | dE™Y(dndo)
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Quark and gluon jets are different
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Gluons:
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The difference
in hadron multi-
plicities becomes
visible at large
momenta

Tagging gluon jets
e.g. by g->ccbar ?




What do we still need to know?

II. Testing QGP with heavy quarkonia

The Matsui-Satz argument:

#» deconfinement = screening
—> no heavy quark bound states in a QGP
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: Vigq(r.T') < oo deconfinement




What do we still need to know?

[II. The data on hadron multiplicities in Au-Au and d-Au collisions
support the Color Glass Condensate picture:
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What do we still need to know?

[II. The data on hadron multiplicities in Au-Au and d-Au collisions
support the Color Glass Condensate picture:

BRAHMS Preliminary ,s -euteron-Gold collision
8040 . :
e E : w=200Gev AN /dn
- 2.5 I
700 — - Centrallty
& 20 F
§00— i 0-30%
- 17.5 | 2% 30-60%
500:— 15 ’
o, :
= 400 125 |
L) [ [
300— 10 |
200 7.5
= 5 b
100
= 2.5
u_l | | I I I | I I I I I I I I I | I I I 1 1 [ I NS NS N I N
E: B 2 b 2 K R - L B
|




1!2::d’hlfp1.dp,.dyfhk,“ (
=
T IIII|'|T| IRELLL IIIIII! T III"T|'| T IIIIﬂTl-hI IIIII:W. T IJIIII| T T 1T

-

CGC confronts the data

o 10 1.6
-é e Tuned PYTHIA - G590b i
m 1.4 [='E
s ananm Saturation Model : y=— ek
o'le . i
12 3

charmonium

K.Tuchin et al

& -
10 L
5 s -
e
; u| 08 -
10 g i
10’ *® STAR d+Au D" (from Knj IF T 06 |-
®  STAR d+AuD" (from Kol e ~-_{‘ v i i
10°L O  STAR d+AuD'(scaled to D) e 04
A STAR d+Au D¥(sealed to D) L
10-30' ! i}""i" 'El' "g" '1|0' 0.2 oo b b b b by b b b by
3 evic) 0 2 4 6 8 10 12 14 16 18 20
- Nco.l].
18 | n=34a2
18 :_ data: b F « minbias (0.5<letal<1.0) — Wang, No Shadow
5 [ "*E o minbias (0.0<letal<0.5) - Wang, HIING Shadow
14 o 14 - n-tag (0.5<letal<1.0) -~ Wang, EKS Shadow
v E g F n-lag (0:04"?‘3'?0'5) -~ Saturation (0.5<hl<1.0)
el = F fam "y U saturation (0.0<i<05
E 1 o T %‘ E » “li“*‘ﬁi . +¢ " +‘ . |aura|0n( =00}
ke 5 = Iy
- £ : '
L e . i A SRR £ -
s 2
0.8 . &
- =
0d H
02 E hadrons
ﬂ'|||||||||||||||||||||||||

L=

1 2 3 4 J

Py (EaV)

p; (GeV/c)



Are the effects observed at forward rapidity
due to parton saturation in the CGC?

eBack-to-back correlations for 2

J
jets separated by several units ﬂ . ﬂ
of rapidity are very sensitive to A A A

the evolution effects ; )

A.H.Mueller,H.Navelet, ‘87
and to the presence of CGC o

DK, E.Levin,L..McLerran, hep-ph/0403271;

Ay
Yu. Kovchegov, K. Tuchin, J. Jalilian-Marian,...

Recent results from STAR: L. Bland, A. Ogawa, G. Rakness, ...

Talk at DIS’04



Phase diagram of high energy QCD
A

Parton Gas

e, LHC AL y=U

RHIC at y=3

RHIC at y=0

e



MOHOJetS 1n d A are back Large rapidity gap n®+h?*

correlation data...
A ﬁ mrrela’tn@ns vs = 200 GeY . are suppressed in

I<n,>1=4.0, Il <0.75 .

55 B AT AT d+Au relative to p+p at
. [s=11xT1% - S=2%1.1% L small <xg> and <p, >
T | B=50.4%+1% | B=88.1+1.6% ' B .
S0.2F 0s=1.13£0.07 (0.2} 0= 0.54£0.27 Spp~Saan™ (0:0 £ 1.5) %
2 [ [
[
S
(0, 1
= : . ) Qim) /A
= _ TSR i £ TV
E
2 % 2 4 6 % 2 4 6 o) Jellin
Q3 B S = 104:|:11‘ % B S = 175i96 2 E'FKEL&pTgrows
g . B=5805%1.3% | B=72.1+9.3% |
g 0.2 - 05 = 0.911+0.08 0.2 - 05 = 1.2+0.46 DGLAP
'6 : : InA2 hllki lﬂz &
= _ = 1.37 GeV/c
0 0.1 0.1 | %f ey /- ©are consistent in

v B 5 8 ~ d+Au and p+p at
: ' larger <x;> and <p >

0
O % 8 U 2 gigfisticalerrors only  |L2s expected by HIJING

Pr — Piop




pQCD works 1n forward pp
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Are the effects observed at forward rapidity
due to parton saturation in the CGC?

e Open charm, dileptons, photons DK, K.Tuchin, hep-ph/0310..

in the forward region
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hep-ph/0403201;

J.Jalilian-Marian, F. Gelis,
R. Venugopalan, B. Gay Ducati,...
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Double diffractive production:

probing the gluon clouds at large distances
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Double diffractive production:
probing the gluon clouds at large distances

One example:

PP ->X.PP

Ewenisibin

Experimental bound

at SPS energy;
WAI102: 6<2nb

hep-ex/0006005

Diffractive studies at RHICII?

COF R 2 Freliimimany

observed at Tevatron?
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Di-muon + photon Invanant mass {Gay)

theoretical prediction:

600 - 700 nb
Khoze, Martin, Ryskin; Yuan



What has to be done?

To characterize the properties of the Quark Gluon Plasma,
and to explore the Color Glass Condensate, we need to

Study hard processes in a wide range of rapidity and

transverse momentum, with identified particles
(RHIC, RHIC II, LHC, eRHIC)

heavy quark jets; jet (jet + v, ...) azimuthal correlations
at large A y; heavy quarkonia; dileptons at high p;
direct photons and HBT; diffraction; ...



