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RHIC Specifications

3.83 km circumference

Two independent rings

0 112 bunches/ring
QO 106 ns crossing time
Capable of collidirig
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e Discovery of
strong “elliptic” flow:

Q Elliptic flow in Au + Au collisions at
Vsyny= 130 GeV,
STAR Collaboration, (K.H.
Ackermann et al.).
Phys.Rev.Lett.86:402-407,2001

a 298 citations

o Discovery of
“jet quenching”
0 Suppression of hadrons with large
transverse momentum in central

Au+Au collisions at Vsy, = 130 GeV,
PHENIX Collaboration (K Adcox et

al.), Phys.Rev.Lett.88:022301,2002
Q 34171 citations
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Outline

Will present sample of results from various
points of the collision process:

3. Initial State

Hydrodynamic flow
from
initial spatial asymmetries

1. Final State
Yields of produced particles

Thermalization, Hadrochemistry

2 Probes of
dense
matter







o In these complicated events, we have
(a posteriori) control over the event geometry:
0 Degree of overlap

“Central” “Peripheral”
0 Orientation with respect to overlap




Initial State

How are the initial state densities and asymmetries
imprinted on the detected distributions?

3. Initial State

Hydrodynamic flow
from
initial spatial asymmetries




@Eioel Motion Is Hydrodynamic

e When does thermalization occur? -
0 Strong evidence that final state bulk behavior ’
' -4

reflects the initial state geometry L <

o Because the initial azimuthal asymmet
persists in the final state
dn/dp ~1 + 2 cos (2 ¢) +...

o
PH>>’%ENIX
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The “Flow” Is Large

cos (2 ¢) + ..

n

dn/dp ~1 + 2
saturates

at~0.2
» Hydrodynamic
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e The “fine structure” v,(p;) for different mass particles
shows good agreement with ideal (“perfect fluid”)

||||||II|_|_|I|||||III|IIII|II
e mt+m (PHENIX) < p+p (PHENIX) (b)
m K'+K (PHENIX) O A+A (STAR)
K (STAR) 0 =+= (STAR)

p; (GeVic)

e Roughly: 9, T+ =0 —» Work-energy theorem
— [ VP d(vol) = AEx =m;—-m,=AKE;




@z iowl The “Flow” Knows Quarks

e The “fine structure” v,(p;) for different mass particles
shows good agreement with ideal (“perfect fluid”)

hydrodynam.c:\ T' T TT1 T T T1 | ' T T1 | T 171 | I | | I T T 1 | I T 11 | T T1 | T 11
I e m+1 (PHENIX) <= p+p (PHENIX) (b) .

m K*+K- (PHENIX) O A+A (STAR)
K’ (STAR) 0 =+=" (STAR)

baryons

1 1 1 | | 11
1.5 2 0.5 1 1.5 2
p;/n, (GeVic) KE;/n, (GeV)

o Scaling flow parameters by quark content n, resolves
meson-baryon separation of final state hadrons
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BRAHMS, PHOBOS: The flow along the beam
direction shows good agreement with solutions to

perfect fluid hydrodynamics JSEESSALIGEIE N il
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Final State

Does the huge abundance of final state
particles reflect a thermal distribution?:

d

1. Final State
Yields of produced particles

Thermalization, Hadrochemistry




@GPl Origin of the (Hadronic) Species

. Apparently: =, 10, K% K*”(392), Ksu, n, p, d, pu, b, A,
Q Assume all distributions
described by one A, T*(1385), A*(1520), =%, Q, D°, D, yw’s,
temperature T and
- , ._ . ~ 12
T 2 u}de.%p (+ anti-particles) ... Ibe- 170 MeV ~ 2 x 10'- K
L] b'aryun) chemical 200 GeV AutAu, N, >=322 -“: ;:: ::e:
potenhal | L T T T T T T T T 1 n= 31323 [MeV]
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D e EW/ T . af - )
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Probes of Dense Matter

Q. How dense is the matter?
A. Do pQCD Rutherford scattering on deep interior using
“auto-generated” probes:

2 Probes of
dense
matter




Using “Hard Probes”

o Systematic approach essential:

\ Qp+p: BASELINE

’ o ad+Au: CONTROL

QAu+Au: NEW EFFECT




Systematizing Our Expectations

. . ) _Yield in Au+Au Events
Describe in terms of scaled ratio RAA = <AoB>(—

Yield in p+p Events)

= 1 for “baseline expectations”
> 1 “Cronin” enhancements (as in proton-nucleus)
<1 (at high p1) “anomalous” suppression

no effect > R=1
O O N N N

Fl‘hard i
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@EIGPY Systematic Suppression Pattern

N 10° n¥ p; spectra
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|
STAR azimuthal . d+Au FTPC-Au 0-20%
correlation

function shows SR
~ complete T * Au+Au Central
absence of -
“away-side” jet

— p+p min. bias

A ¢ (radians)
C,(Au+ Au) = C,(p+ p) + A* (L+ 2v: cOSRAH))

=» Surface emission only (?)

e Thatis, “partner” in hard scatter
iIs absorbed in the dense medium

leadIng particle




Schematically (Partons)

Scattered partons on the “near side” | /ose energy,
but emerge;

those on the “far|side” are ttally absarbed
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Photons shine, Hadrons don’t

PHENIX Au+Au (central collisions):

i LR

—
=
= T

e Direct photons are not inhibited by hot/dense medium
e Rather: shine through consistent with pQCD

28 - Set- Ok




Schematically (Photons)

Scattered partons on the “near side” | /ose energy,
but emerge;

the direct photon a/ways emerges
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o This one figure encodes
rigorous control of systematics
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PHENIX Au+Au (central collisions):

GLV parton energy loss (dN*/dy = 1100)
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e Direct photons are not inhibited by hot/dense medium

=2 Rather: shine through consistent with pQCD

e in four different measurements

over many orders of magnitude
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@GP Quantum Chromodynamics (QCD)

e

Lathics gaLgefeor

& oC bbdecays

FOUR-MOMENTTRAMNSRER O [GeV)




Mass Without Mass

s o Lattice QCD calculations of
hadron mass spectrum

With his unique talent for the paradoxical profundity. John Wheeler coined the phrase
‘mass without mass” to advertise the goal of removing any mention of mass from the basic
equations of physics.’ Gan we really hope to do this? How far have we come? Why should
we try? In this piece, | answer the first question and part of the second; in my next column,
I'll round out the story and look ahead

As commonly used, the words “massive” and “weighty” connote things that are too obwious
and 9|gn|ﬁcant to ignore, as in a massive fraud or a wmghty opinion. Thus our very language conditions us to
think of the mass of a physical object as one of its primary characteristics. So does our everyday

experience, and even our early education in physics. Indeed, the concept of mass lies at the heart of CP-PACS “ 993] {

MNewtonian physics. It appears explicitly both in the foundational equation = ma and in the law of universal 1.8

gravitation F = GMm/2. GF11 (1993)

Later developments in physics made the concept of mass seem less irreducible, and less basic. This E‘K]JE‘I"IHIE‘I'II
undermining process started in eamest with the thearies of relativity. The famous equation E = mc? of special 1.6 I

x

relativity theory, written that way, betrays the prejudice that we should express energy in terms of mass. But
it doesn't take an Einstein to derive from that equation m = E/z°, which suggests the possibility of explaining
mass in terms of energy. And the conceptual hub of the general theory of relativity, the equivalence principle,
is the observation that the response of a body to gravitation is independent of its mass. Consistent with this

p—

¥

il
fational Phsics, University of Eokuba

observation, Newton's two laws can be combined into & = GA42, wherein m does not appear. The central 1.4
equation of general relativity theory. '

Comp

.t
T

R - %g_g.-un =T mhad [
[GeV]

(in appropriate units), equates the curvature of spacetime to the energy—momentum of matter. Einstein {1}
referred to the left-hand side as a palace of gold, and to the right-hand side as a hovel of wood, thus _
expressing his ambition to make improvements on the right-hand side, to root it in concepts of depth and il f}
beauty comparable to Riemannian geometry. Of course, it is only on the right-hand, wooden side that 1.0 N

masses of particles occur, raw and unadorned. Can we replace them with finer material? o L |

= 'l?
1

[
[

& Certer for

Quantum field theory greatly simplifies our task by vastly reducing the inventory of different parts we need to | o
replace. In quantum field theory, the primary elements of reality are not individual particles, but underlying 08 =
fields. Thus, for example, all electrons are but excitations of an underlying field, naturally called the electron ’
field, which fills all space and time. This formulation explains why all electrons everywhere and for all time

have exactly the same properties, including, of course, the same mass. If one constructs all matter from '
excitations of a few fields, as we do in the modern Standard Model, the challenge of mass takes a new and g
profoundly simpler form_ At worst. we will have to specify a few numerical parameters—one for each 0.6 =
fundamental field—to account for mass in general

In practice. we do much better. The bulk of the mass of ordinary matter (better than 99%) comes from the =B O que“':h@d QCD 1
masses of protons and neutrons. In quantum chromodynamics (QCD). the protons and neutrons appear as

secondary, composite structures built up from quarks and gluons. We can maintain an excellent 0.4
approximation to reality while working with a truncated version of QCD, which contains only the color gluons
plus up and down quark fields. The heavier quarks play an extremely minor role in the structure of the proton
and neutron.




(H jet) RHIC pC Polarimeters

7z,

L =2x10%s'cm 2

max

70% Polarizati on

50 < /s <500 GeV
STAR gﬁ)

Partial Siberian Snake

BOOSTER

Achieved

Pol. Proton Source Polarization 60-65%

500 pA, 300 ps

during RHIC Run-6 !

(1
¥~ AGS Internal Polarimeter

200 MeV Polarimeter v~ _
Rf Dipoles

RHIC accelerates heavy ions to 100 GeV/A
and polarized protons to 250 GeV




Thermal QCD

¢ In relativistic nuclear collisions

0 Wave-functions? NoO
o Partition functions? Yes!

e Startover-

0 Inputs: Same QCD Lagrangial

¢ Massless quanta
¢ Temperature T

4 Running coupling g(T)
e Reference points:

0 Thermal energy density £
for massless degree of freedom:

0 Count the quanta:

8 gluons, 2 spins;
< 2 quark flavors, anti-quarks,
2 spins, 3 colors




RHIC and the Phase “Transition”

o Collisions at RHIC map out the /nteresting region from

e HighT,; T (MeV)
~ 300 MeV 170 :21:[:}2?[: 340 | 510 | 680
ST AEEne fsa/ T
to b L -
cHEpE
|_.1-—-ir— i e —
12| e .
e Low T, [IEDIS | \ 2.9 RHIC LHC
~100 MeV pg= al [ L i
sl é*—-DE GeV/fm3=¢g, N
B i
T
2L L/ .
4
UF’}/ | | | | | |
1.0 1.5 2.0 25 3.0 3.5 4.0
T/ T,




@EGR) Mass Without Mass Leads To ...

o But we know this behaves as matter
0 It flows
0 It strongly absorbs jets

o/ 2
F

= ktfe'r
without
matter “

..Q B=0 T~200MeV




@Y Matter Without Matter That Matters

e QCD is our prototypical non-Abelian gauge theory
e With RHIC, we can

0 Study phase transformations in a fundamental theory of
nature

0 Create “pure” matter specified only by its temperature 7
o This matteris suigeneris (unique and self-defining)
o Contrast to ordinary plasmas, where

0 Can vary density and temperature independently
0 Photon momentum-energy density (usually) irrelevant
0 Can be strongly-coupled or weakly coupled

Potential Energy
Kinetic Energy

I = any value you want

0 In QCD ( to the extent it can be defined!) 1 ~ g(T)~ 2-4
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A (Way Out) Way Out

How can we quantify the coupling properties of matter in.
strongly-coupled gauge field theory?

A solution was provided by Dam Son and collaborators:

0 n( T) is not well-defined ... but s(7) is

0 mean free paths not well-defined... but viscosity n) is

0 coupling I is not well defined... but s/n is

Notes:

0 ldeal hydro — Short mean free paths — small viscosity
0 Son obtained a (fundamental ? universal? ) bound

> T (entropy density) = o s
47 47

“A Viscosity Bound Conjecture”,
P. Koviun, D.T. Son, A.O. Starinets, hep-th/0405231




We ve yet to understand
the discrepancy between
lattice results and Stefan-
Boltzmann limit:

The success of naive

hydrodynamics requires

very low viscosities
VIScosity

oy T 01(29)
entropy density s

Both are predicted from
~gravitational phenomena
in /=4 supersymmetric

theories: 7_1
A

0.16
0.14
0.12

a1
0.08
0.06
0.04
0.02

® STAR Data

T (MeV)
|7|0 210250 340 680
N A
i o
[
S Y ———
P i
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|4 18
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; i
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TITe
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New Dimensions

Expanding our theoretical tools
0 Perturbative QCD (pQCD) for understanding jet quenching
0 Lattice QCD (LQCD) for calculating static properties (s, )
0 AdS/CFT for calculating static and dynamic properties of
strongly-coupled gauge theories

e Both sides of this equation

Vis cosity) pye = ﬁ (Entropy Density) g,

were calculated using black hole physics (in 10 dimensions)

MULTIPLICITY

Entropy <> Black Hole Area

ColorScreening




1) Weakly Coupled
(classical) gravity in

—_.I' —— A
nis wlly

M hq. ,

[

REIns g
) Strongly

Coupled
> (Conformal)
gauge Field
Theories
"l think you should be more
explicit here in step two.” (CFT)




CRHICD Suggested Reading

e November, 2005 issue of Scientific
American

O “The lllusion of Gravity” e Ay b e
o J. Maldacena Ll i e ) S g

o A test of this prediction comes from the
Relativistic Heavy lon Collider (RHIC) at
BrookhavenNational Laboratory, which
has been colliding gold nuclei at very
high energies. A preliminary analysis of
these experiments indicates the
collisions are creating a fluid with very
low viscosity. Even though Son and his \ tvn s, bwen s g
co-workers studied a simplified version e b e o
of chromodynamics, they seem to have ams
come up with a property that is shared
by the real world. Does this mean that
RHIC is creating small five-dimensional
black holes? It is really too early to tell, L
both experimentally and theoretically. ok ezt
(Even if so, there is nothing to fear from e
these tiny black holes-they evaporate
almost as fast as they are formed, and

they "live" in five dimensions, not in our T e i e ey i
own four-dimensional world.) g anias mmﬂ_
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@I Connecting Soft and Hard Regimes

Scattered partons on the “near side” | /ose energy,
but emerge;

those on the “far
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Fluid Effects on Jets ?
e Mach cone?

0 Jets travel faster than the
speed of sound in the
medium.

0 While depositing energy via
gluon radiation.

=» QCD “sonic boom” (?)

0 Another measure of strong
coupling in our fluid (?)

a If we have a fluid, we
should expect such

phenomena in bulk nuclear
matter

Under active investigation:
Can cone-like structures
survive dynamical and
geometrical averaging?
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Modifications to di-jet hadron pair correlations in Au+Au collisions at Vs, = 200 GeV,
PHENIX Collaboration (S.S. Adler et al), Phys.Rev.Lett.97:0562301,2006

AB AB
d Ndl-[al d Ndl-[al

A LT - e R A
N* d(ag) S Y N* d(ag)

A¢- ={0,r:}; data
={_rr,2r:}- reflected




o “The stress tensor of a quark moving through /=4
thermal plasma”, J.J. Friess et al., hep-th/0607022

Jet modifir
Our 4-d The stuff formerly

fromv
world known as QGP ’
AJ “ 4

q
\ /
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QO i.e. they all are proportional to 1/T
(times various powers of g)

e Fix this by introducing
heavy flavor:
o M, ~1.3 GeV
a M,~5.0GeV
to introduce new scales
a1/M,~0.15fm
0 1/M,~0.04 fm
= Flavor tagged jets
Bohr radii (onium):
O J/¥~0.29 fm

Heavy Flavor

o All(?) length scales in the QCD plasma are “degenerate”:

1000000 -
100000

O QCD mass
Higgs mass

FIG. 1: Masses of the six quark flavors ses generated
by electroweak symmetry breaking (curr ark masses) are
shown in dark blue; the additional masses of the light quark
flavors generated by spontaneous chiral symmetry breaking
in QCD (constituent quark masses) are shown in light vellow.
Note the logarithmic mass scale.

ayY ~0.13fm
= “Onium” spectroscopy

SUPPRESSION

Y
ol } x W e !
1 2 3 4

1
5

» Performing these measurements key to

ongoing upgrades program at RHIC
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e Thereis
considerable
uncertainty in the
location of the
QCD critical point Farly U

RHIC might make
major advances

on the “other”
QCD front:
0 U+U beams
Q High luminosity (?)
0 Comprehensive
detectors

0 Superb control of
systematics when
changing Vs

- Relativistic
Heavy Ion

Collisions

Quark—Gluon Plasma

Color
/
Superconductor

Neutron | Stars? .ub
DATYOn

Crystalline
Color Superconductor

A feature of colliders




~ 3 Years Ago

New York Times 6/19/03

"It is without a doubt the densest matter ever created in the
laboratory,” said w.a.zaic

"We're creating matter that is tremendously denser,” said Peter Jacobs, "It
makes no sense to talk about individual protons and neutrons.”

"Most of us aren't quite ready to make that leap,” T. Hemmick said.

“The experimentalists' caution may be due, in part, to fallout from a
previous claim regarding quark soup at CERN [(6/20/00)] . Many
physicists called the CERN data unconvincing.” (Newsday 6/17/03)




@G»Y From the CERN Science Statement

A series of experiments using CERN's lead beam have presented
compelling evidence for the existence of a new state of quark-gluon
matter in which quarks, instead of being bound up into more complex
particles such as protons and neutrons, are /iberated to roam freely.

Present theoretical ideas provide a more precise picture for this new
state of matter: it should be a quark-gluon plasma (QGP), in which
quarks and gluons, the fundamental constituents of matter, are no
longer confined within the dimensions of the nucleon, but free to move
around over a volume in which a high enough temperature and/or
density prevails.

Quarks and gluons would then freely roam within the volume of the
fireball created by the collision.

A common assessment of the collected data leads us to conclude that
we now have compelling evidence that a new state of matter has indeed
been created, at energy densities which had never been reached over
appreciable volumes in laboratory experiments before and which exceed
by more than a factor 20 that of normal nuclear matter. The new state of
matter found in heavy ion collisions at the SPS features many of the
characteristics of the theoretically predicted quark-gluon plasma.

Even if a full characterization of the initial collision stage is presently not
yet possible, the data provide strong evidence that it consists of
deconfined quarks and gluons.

" (All emphasis added by WAZ2)
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As for RHIC...

o We have benefited tremendously from that “caution”

o We did not find free quarks and gluons

S This is a non-trivial point- we did not find (and declare!)
what people told us had to be there and what had already

been “found”’.

e What we have done is to discover and demonstrate the
appropriate properties and description for
strongly-coupled matter at RHIC.

o What we wi// dois to pursue and refine the study of this
fundamental matter in future measurements at RHIC
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e Schiffer Connection

o John chaired the 1983 Long Range Plan committee

ol

|Suppression atp; =4 GeV/c:
B Pb+Pb — n%X 0-7% central [WA98]
A Pb+Au— 1*+X 0-5% central [CERES]
S+Au — nt%+X 0-8% central [WAS0]
Au+Au — 1°+X 0-10% central [PHENIX]

Y. N Wang jet quenching:
Non-Abelian energy loss: A EE(‘A Eq =9/4
......... “Non-QCD" energy loss: A E =A E
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