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Outline

e The Big Questions

e What have we learned from RHIC in
the first five years?

e Why RHIC I1? Why eRHIC?

e¢RHIC: talks by R.Milner and R.Venugopalan
RHIC II: talk by C. Gagliardi



Quarks and the Standard Model

1/2 of all “elementary”
particles of

the Standard Model
are not observable;

they are confined
within hadrons
(mechanism unknown)




The Big Questions

hat 1s the origin of fermion generations?
hat 1s the origin of quark masses?
hat 1s the origin of CP violation?
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hat 1s the origin of hadron masses

(~ observable Universe)?

nat 1s the mechanism of quark confinement?

1y 1s chiral symmetry broken in the Universe?

nat are the phases of strongly interacting matter?
How did the Universe evolve 1n the first few useconds
of 1ts existence? What are the traces of that era in

the present Universe?
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The Science of QCD Lab




What 1s QCD?

QCD = Quark Model + Gauge Invariance

local gauge transformation:

q(z) — exp (wq(x)T*) q(z),
T T°] = if*T,

V
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QCD and the origin of mass
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Left-handed Right-handed

Invariant under scale (x — Az ) and chiral Left <> Right

transformations in the limit of massless quarks

Experiment: u,d quarks are almost massless...
.. but then... all hadrons must be massless as well!

Where does the mass of the proton come from?



QCD and quantum anomalies
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Classical scale invariance 1s broken by quantum effects:

scale anomaly

“beta-function”; describes the dependence

momentum tensor :
of coupling on momentum

Hadrons get masses <———)> coupling runs with the distance



Asymptotic Freedom
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At short distances,

the strong force becomes weak
(anti-screening) -

one can access the “asymptotically
free” regime 1n hard processes
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and 1n super-dense matter

© QIGev] (inter-particle distances ~ 1/T)
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Asymptotic freedom and
vacuum as a medium
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The effective potential: sum over 2D Landau levels
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H
Vo (H) = ﬁ jdpz S Y 20H(n+1/2—s.) +p2
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Paramagnetic response of the vacuum: = - /
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1. The lowest level n=0 of radius~ (gH) /2

1s unstable!

2. Strong fields «<—» Short distances




QCD and the classical limit

Classical dynamics applies when the action S = / d'z L(r)is large
in units of the Planck constant (Bohr-Sommerfeld quantization)

Sqop |, 1 d*z tr G ()G 0 (z) > 1

h g?h
(equivalent to setting i — () )
=> Need weak coupling and strong gields - g:&k
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Building up strong color fields:
small x (high energy) and large A (heavy nuclei)

Bjorken x : the fraction of hadron’s momentum carried by

a parton; high energies s open access to small x = Q?/s

fast {p::-::-qz} Qz 5 /
Large x hadron =Qg
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the boundary
of non-linear
regime:
partons of

size 1/Q > 1/Q,
overlap

Gribov, Levin, Ryskin;
Mueller, Qiu;
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McLerran, Venugopalan; ...

small X | @

Because the probability to emit an extra gluon is ~ a In(1/x) ~ 1,
the number of gluons at small x grows; the transverse area is limited

—Pp | transverse density becomes large




Non-linear QCD evolution
and population growth

Color glass condensate time t — In E =Y rapity
ln . A .

SATURATION

o
PARTON GAS . . e
Linear evolution: T. Malthus (1798)
d

Y CN() =7 N(1)

@

r- rate of maximum
population growth

In Q' N (t) = Ny exp(r t)
Unlimited growth!
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Resolving the gluon cloud
at small x and short distances ~ 1/Q?
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“jets”: high momentum partons



Population growth 1n a limited environment
AN(t) rN(K —N) “logistic

dt K equation”

: : : : N
K - maximum sustainable population; define z = 7
r=1.5, N(0)=0.1, x(0)=0.1
4
Pierre Verhulst (1845) >
5 25
f-j:ﬂ E ” B Geometric (N)
R Tfﬂ(l . :ﬂ) 2, o Logistic (x=N/K)
dt i
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The limit is universal (no dependence on the initial condition)



Gluon multiplication in
a limited (nuclear) environment

The ratio PA
» R CGC at v=0
of pA and toy y
1.75}
pp Cross
sections L.of
1,25}
1.
0,75
0.5/
0,25
fransverse
Very high energy k/Qg |momentum

At large rapidity y (small angle) expect DX, Levin.McLerran;
DK,Kovchegov,Tuchin;

suppression of hard particles! Albacete et al



Fundamental questions for QCD Lab

1. What are the phases of QCD matter?
2. What 1s the wave function of the proton?
3. What 1s the wave function of a heavy nucleus?

4. What 1s the dynamics of non-equilibrium processes
in a fundamental gauge theory?



QCD and nucle1

A B

"traditional"
nuclear
physics

In Q

"hard" QCD

ge , Deep Inelastic Scattering
nucl-th/0107033



What have we learned from RHIC so far ?

I. Collective flow =>
Au-Au collisions at RHIC produce strongly interacting matter
(“pertect liquid”; how small 1s the viscosity?)
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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 (but: heavy quarks...)
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What have we learned from RHIC so far ?

III. Baryon/meson enhancement =>
Constituent quark recombination? Baryon junctions?

.g 2: » Cu+Cu 200 GeV ( 0-10 %) No feed-down correction
£ 1.8 & Cu+Cu 200 GeV (50-60 %)
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What have we learned from RHIC so far ?

IV. “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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[ ch Tl - C 014 . nx22 1
su"__ l L"E ] h'n;:32 + + +
c 121 S as o +
.2 L & 4
- 4L S !
.g E w'*:*l * + + +
[ o) L m’*'..l. ?
] % 0.6:— P Lli I i |
[ @ L it e
I 0.4—
'_ff +* % - “;L.o
: 35-45 9 ' S oof "
[ > 0. —?
R T B R B Rt C BRAHMS Preliminary

o5
p; [GeVic]



What have we learned from RHIC so far ?

V. (Lack of) suppression of heavy quarkonia =>
remnants of confinement? heavy quark recombination?

J/v nuclear modification factor R, ,

2 b
1.2

MNAS0 normalized to p+p |

Bu+AL |y|=[1.2.2.2]
Cu+Cu Jy]=[1.2.2.2]
AukAL y]<0.35
c +CU |y]<0.35

u |yl=[1.2.2.2]
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. PHENIX preliminary “same as at SPS”?
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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
TIME (fm/c)

Why 1s
thermalization

so fast?
(is it, really?)



QCD diagrams, late XX century

T § |EARLY UNIVERSE
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LHC RHIC
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SPS
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soft

hard




QCD diagrams, early XXI century

T Relativistic
*. Heavy Ion
"\ Collisions ‘

Quark—Gluon Plasma _ Color Color

~150

MeV Parton Gas

Critical
Point

Universe N S “=«, LHC at y:O
Color sl
Hadron Gas Superconductor RHIC at y=3
\\\\\\ CFL 2 .
) % RHIC at y=0
2 >
Neutron|Stars? -
J ubaryon
Vacuum Nuclei Crystalline

Color Superconductor



Strongly coupled QGP

e #* 3P

RHIC LHC
< >
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4 n
3 B
3 flavour
2F 241 flavour |
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pure gauge
T [MeV]
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T-dependence of

the running coupling
develops in the NP-region
at T<3T,



sQGP: more fluid than water?
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hep-1at/0406009
KSS bound:

200
4nn

50

[ 00

— Helum (. I MPa
—— Nitrogen 10MPa
Water 100MPa

Viscosity bound

Superfluid
helium

strongly coupled SUSY QCD = classical supergravity




Testing new phases of QCD matter
at RHIC-II

1. What are the dynamical degrees of freedom
in SQGP and CGC?

2. How does the transition from CGC to sQGP occur?

3. How does the sQGP interact with the hard probes?



What are the dynamical degrees of

[+

15

0.5

freedom 1 sQGP?

Let’s look at the charge fluctuations:

Hadron resonance

)

S.Ejiri, F.Karsch and K.Redlich

gas

QQ bound states

/

Dynamical

. Nuarks

1.8 . .
/T Influence on hadronization
out of equilibrium?



How does the transition from
CGC to sQGP occur?

Parton re-scattering?

Instabilities of classical color fields?
NLO effects/Hawking-Unruh radiation?

Probes of thermalization dynamics:
Photons and di-leptons freely escape from the system -

Study intermediate mass (M ~ 1.5 - 3 GeV) dileptons,
direct photon spectra at intermediate ( ~ 1.5 - 3 GeV)
transverse momenta, “low-virtuality” photons

The physics of the first 0.1 fm/c



Hard probes of QCD matter

0.5 .
(@ || (o me]s § At short distances,
04\ L;*;rﬁ:ti:;‘;gg; o e the strong force becomes weak -
Heavy Quarkonia . B

o

A(:a)s s sz?

“l f?fi%{ﬁ:i‘::ii#ﬁﬁ | one can access the “asymptotically
0zl free” regime 1n hard processes
0.1

But: the harder a parton 1s hit,

0 G Gevy O 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



Fast partons as a probe

In QCD vacuum, the probability of
ghl()n radiati()n ~ Ol In (QZ/ AZ)’ schematic view of jet production

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

A2= Ghot L (1ot - transport coeff.
L - size of the system

In cold nucleus at small x
A?=Q,? - the saturation scale; Qf = (eold L



What do we still need to know?

d-Au experiments have shown that at y=0 the suppression
of high prparticles 1s a final-state effect:
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Is it due to the radiative energy loss in sSQGP?



(YI nu)measured / (YI nu)sim

What do we still need to know?

Look at the weakly coupled probes -

Direct photons are not suppressed:

PHENIX Preliminary

= 0-10% Central 200 GeV
g = 1+ (Y pQCD X Ncoll) / Y phenix backgrd
—  Vogelsang NLO
=
E | | | | | | | | | | | | | | | | | | | | |
2 4 6 8 10 12
pr (GeVic)

another probe: heavy quarks
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For heavy quarks the induced gluon
radiation should be suppressed; 1s it?
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AuAu collisions: charm 1s quenched!?

a serious problem for the naive radiative energy loss scenario
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AuAu collisions: charm 1s quenched!?

a serious problem for the naive radiative energy loss scenario

3
<
o { Vs =200 GeV e Raa 0-5%
2.5 -l e PHENIX central
2 ]
I
1.5 ]

1

\III\IlIIIIIIIII\IIII|IIIIIII\II|\IIII
(o] !
#—.&-—4
— 4':
[

I [ 11z
o507
L R
© o 0800Rgagaabln B
STAFE preliminary | H : | |
LB s"“g""m Must detect
P, (GeVie) | ¢ b directly

STAR Coll., Quark Matter’05 =>RHIC 11




AuAu collisions: charm flows!

Extract the heavy quark transport coefficients?

w 0.3 30

- C oo V = V
_ i = 2c-guark 2
C AutAu@s, =200GeV T without charm flow P v g -0 q
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Can one distinguish between
the quark and gluon jets?

Flavor tagging
of jets

<
> Gluons:
2 — Hu Eden et al.
from 3 jet events
* DELFPHI symmetric
Q general
20 ¥ OPAL inclusive
* boosted
A TOFAZ symmelric F.
1o from Y decays
10
Quarks:
* LEP
* PEP
5 L
— Ny

o Petra
O Tristan

10

2
10 \$ [GeV]

The difference
1n hadron multi-
plicities becomes
visible at large
momenta

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




Heavy quarkonium as a probe

The Matsui-Satz argument:

#» deconfinement = screening
—> no heavy quark bound states in a QGP

10 F vy

— e ) —_— i
051 bound state, e.g. Jiy / qu (I ’ T) oo confinement

0.0
D5 r
1.0 ¢
15
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: Vigq (7. T') < oo deconfinement
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deconfined ———

172

o

0.0 0.2 0.4 0.6 Uk} 1.0

A link between the experiment
and the McLerran-Svetitsky
confinement criterion
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J/ suppression at RHIC

J/y nuclear modification factor R, ,

& ™
1.2
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“same as at SPS”?



Recombination of charm quarks?

Jiy BAN/AY - Cu+Cu @ \[S,,,=200GeV

>_ B Cu+Cu 0% -20% |
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I/y Formation in AA Interactions at RHIC200
Nommalized Rapidity Distributions, 10 x 10° NLO cc pairs

I T I T [ T T T T
B PHENIX hep-ex/0307019
& PHENIX Run 3 prelim

A cc diagonal pairs, unbiased
@ Formation from all pairs

Recombination narrows the rapidity distribution; 1s this seen?
Are high p_t charmonia suppressed stronger than open charm?
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...or the survival of direct J/p’s
in the plasma?

sd

@ In-In, SPS +

O Pb-Pb, SPS
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Crucial tests at RHIC-II:
excited charmonia, Y states



What are the wave functions of
the proton and of the nucleus?

HI+ZEUS
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Exciting program with polarized protons underway at RHIC:

What carries the proton spin ?

S = AR+ AG + L

/ /

Quark spins Gluon spins

Quark and gluon
orbital ang. mom.

only = 20 % 29
® O &

« RHIC addresses the proton spin structure in new ways

e Major effort at RHIC-II & eRHIC Slides from
W. Vogelsang



at RHIC:

1.0

W boson production

- RHIC pp Vs = 500 GeV

JL dr =800 pb!
®AL(W7)

\\\\ H l
| _/ v Ad/d
- Au/u \ / i
hY
L 2 2 ~ 4
0= My \
| ——--—- GS95LO(A) ‘\\_
_ - - — BS(Ag=0) \
AM_;-I— Au(ry) d(zs) — Ad(xq) u(xs) -1.0  EE——
. = = 10~ 10
L w(xy) d(xz) + d(xy) u(asz) X

RHIC-II: W+charm - access to strange quarks



Helicity :

Aq(x) = e—r — e—»

Transversity :

oq(x) =

1

Ralston,Soper; Jaffe,Ji; ...

* difference probes relativistic / dynamical effects



* the physics involved:

* “odd chirality” — helicity-flip, xSB

W20 g L R
\\\ R E
y ) @
* no mixing with gluons T -
+ —

* tensor charge
1

(P[@ic 1®q|P) = [ ax(sa(x) - sa(x)]

<0

Major part of RHIC, RHICII, eRHIC programs



Phase diagram of high energy QCD
and the small x wave function of the nucleus
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CGC & QGP: How small really 1s the viscosity?
CGC mtial conditions lead to larger ellipticity,

0.8 0.1 o 3
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T.Hirano, U.Heinz, DK, R.Lacey, Y. Nara, hep-ph/0511046
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correlation data...
ﬁ mrrela’tn@ns vs = 200 GeV . di
AR <pn,>1=4.0,m,) <0.75 are suppressed in
5 +1:3 " 4+ AL d+Au relative to p+p at

. Fs=11ETE S =2+1.1% <L Pras> small <x> and <p >
7 [ B=50.441 % | B=88.1+1.6% ' B .
0.2 0,=1.1320.07 [0.2] 0= 0.5420.27 | Priee” Spp~Saau= (-0 £ 1.5) %
2 I I
iJ
-—
0
E Non-linear Linear Qj(T)/Az
= P
3
E % o 4 & % 2 4 6 AT Fixod 1 s
Q3 : S = 104:|:11‘ % : S = 175i96 ?7 E'FKEL&pTgrows
g  B=5051+1.3%  B=72.1£9.3% 5
g 0.2 - 05 = 0.9140.08 (0.2 ~ 05 = 1.24+0.46 DGLAP
'6 : : InA’ hllki IHE -
= : = 1,37 GeV/c
0.1 0.1 1.36 GeV/c e are consistent in

o 038 d+Au and p+p at
0 ' larger <x;> and <p >

©o2 % 6 U2 gidfistical errors only |28 expected by HIJING

Pr — Prop




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

eBack-to-back correlations for e "

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

the evolution effects ; ;

(“Mueller-Navelet jets™)
and to the presence of CGC o

Ay

Forward measurements at RHIC-II and eRHIC
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Exploratory studies:

P & CP violations in deconfined QCD matter?
Measure electric dipole moment of sSQGP!

A spatial asymmetry in the production of positive and negative pions
w.r.t. reaction plane would signal P, T, and CP violations



Analogy to P violation in weak interactions

RS

A ¢4
1 ¢
BETA RAYS ] o
, o0
J oY
Ty
==
SPINNING
COBALT F
NUCLEI i

BETA RAYS
(ELECTRONS)

»

v v ¥ MRRORWORLD
THIS WORLD

-..______-



Strong CP violation at high T ?
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Figure 2: Charged particle asymmetry parameters as a a function of standard STAR
centrality bins selected on the basis of charged particle multiplicity in |5 < 0.5 re-
gion. Points are STAR preliminary data for Au+Au at \/syy = 62 GeV: circles are
ai, triangles are a® and squares are a,a_. Black lines are theoretical prediction [1]
corresponding to the topological charge |Q| = 1.

STAR Coll., nucl-ex/0510069

Need to analyze the systematics, improve statistics



Chern-Simons number generation
in QCD at high temperatures?

Analogous to the baryon number generation above
the electroweak phase transition;

Understanding it will help to understand the origin
of the Baryon asymmetry in the Universe
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What 1s the origin
of the matter-antimatter asymmetry
in the Universe?

1. B violation

2. CP violation

3. Non-equilibrium
dynamics

A.D. Sakharov,
JETP Lett. 5 (1967) 24




The Science of QCD Lab

We need RHIC-II and eRHIC to address the following questions:

1. What are the phases of QCD matter?
2. What 1s the wave function of the proton?
3. What 1s the wave function of a heavy nucleus?

4. What 1s the dynamics of non-equilibrium processes
in a fundamental gauge theory?



