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e Pre-history
Q Early efforts to understand hadronic matter
0 pre-RHIC murky experiments (not covered)
e RHIC as arevolution
a Dedicated machine
0 Dedicated experiments
0 Access to perturbative phenomena
e RHIC as a discovery machine
a Thermal hadronic matter
0 Hydrodynamic behavior
Q Precision via perturbative probes

e What remains
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High Energy Nuclear Enents

e Fermi (1950)

a* ngh En ergy Nuclear HIGH ENERGY NUCLEAR EVENTS
Events”, Prog. Theor.
Phys. 5, 570 (1950)

A statistical method for computing high enery

O Lays groundwork for e e o e
statistical approach to b enit o
particle production in ciigposonor:

. . The meson theory has been a dominant factor in the developme: f
strong interactions: physics since it was announced ffteen years ago by ¥ One of its
outstanding achievements has been the prediction that mesons should be pro-

duced in high energy nuclear collisions. At relatively low energies only

& “Since the interactions of meson can be emitted. At higher energies multiple envission becomes possible.

= = In this paper an attempt will be made to develop a crude theoretical
approach for calculating the outcome of nuclear collisions with very great
the pion field are strong, o B R U e
= give rise to several m-mesons, briefly led hereafter pions, and perhaps
we may expect that rapidly Hedn e

In treating this type of processes the conventional perturbation theory

thlS energy W||| be solution of the production and destruction of pions breaks down entirely
= = Indeed, the large value of the interaction constant leads quite commonly
to situations in which higher approximations yield larger results than do

distributed among the el e Seedn
bilities of a method that makes use of this fact. The general idea is the

various degrees of oo

When two nucleons collide with very great energy in their center of mass

freedom present in this system this energy will be suddenly relcased in a sl volume surrounding the

two nucleons. We may think pictor of the event as of a collision in which
1 the nucleons with their surrounding retinue of pions hit against cach other so
volume accordin 9 to that all the portion of space occupied by the nucleons and by their surrounding
— ” pion field will be suddenly loaded with a very ¢
statistical laws. the interactions of the pion field are strong
energy will be distributed among the various degrees of freedom pr
a t: One can then compute

17-Nov-N4

8. A HYDRODYNAMIC THEORY OF
e Landau (1955) significant MULTIPLE FORMATION OF PARTICLES
a roach Experiment shows that in collisions of very fast particles a large number
p p of new particles are formed in multi-prong stars. The energy of the particles
feature is that such collisions occur not only between a nucleon and a nucleus
but also between two nucleons. For example, the formation of two mesons
ro | es Of of the order of 109eV, in cosmotron experimentst.
Fermi®? originated the ingenious idea of considering the collision process
i i of his theory are as follows.
ah yd rod ynamic evo lution (1) It is assumed that, when two nucleons of very high energy collide, energy

extension of Fermi’s 1 IxtRoDTOTION
which produce such stars is of the order of 1012eV or more. A characteristic
e Considers fundamental
in neutron-proton collisions has been observed at comparatively low energies,
at very high energies by the use of thermodynamic methos. The main points
is released in a very small volume V in their centre of mass system. Since the

a entro py nuclear interaction is very strong and the volume is small, the distribution
of energy will be determined by statistical laws. The collision of high-energy
& “The defects of Fermi’s particles may therefore be treated without recourse to any specific theories

of nuclear interaction.
; : (2) The volume ¥ in which energy is released is determined by the dimensions
theo fy arise main |y of the meson cloud around the nucleons, whose radius is #/uc, s being the mass

because the expansion of of the pion. But since the nucleons are moving at very high speeds, the meson

cloud surrounding them will undergo a Lorentz contraction in the direction

the COmpOU nd System IS of motion. Thus the volume V will be, in order of magnitude,
not correctly taken into -2 (5) T .

ne
e (Th e) expansion where M is the mass of a nucleon and E' the nucleon energy in the centre of
of the System can be mass system.

(8) Fermi assumes that particles are formed, in accordance with the laws
: . of statistical equilibrium, in the volume 7 at the instant of collision. The
considered on the basis of partioles formed do not interact further with one another, but leave the volume
i H in a “frozen” state.
relativistic

i 2 C. 3. Bexemsxutt m JI. II. JMamnay, T reopust o6paso-
h yd od ynamics. samma sacram, Yeners Qususecsuz Hays, 56, 309 (1965).
S. Z. Belenkij and L. D. Landsu, Hydrodynamic theory of multiple production of particles,
Nuovo Cimento, Supplement, 8, 15 (1956).
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Hagedorn (~1968) : An

timate temperature?
. Jf e very rachﬁncrease of

hadron levels with mass

~ equivalent to an exponential
level density

Density of States vs Energy

250

200 |

153

Number of 150 [
available
states 100 }

e and would thus imply a A
“limiting temperature” s &
TH ~ 170 MeV Hagedorn, o La
0 500 1000 1500 2000
17-Nowv-04 Phys.Rev.D3:2821-2534,1971 Mass (MeV)

e Huang and Weinberg (1970):

a Ultimate Temperature and the
Early Universe, Phys. Rev. Lett.
25, 896 (1970)

a Difficulties in constructing a
consistent theory of the early
universe with a limiting

temperature
a Its own fine-tuning problem(s)
¢ “A curious tentative view of

cosmic history emerges from
these considerations...at
earlier times (T~T),
pwas, once again, dominated
by non-relativistic baryons!”

William Zgjc, Columbia (KITP QCD-Strings Conference 11/17/04)




RHIC experimental overview: What we have (not) learned

UMBER 26 PHYSICAL REVIEW

LETTERS 25 June 1973

= " Nambu and G, JonaLasino, Thys. Rev. 122, 345 "W, A Bardoen, H. Pritzech, and ¥, Gell-Nann,

® = uzzies resolve 5. Coleman and . Welnberg, hys. fev. DT, CERN Report No. CERN-TH-1508, 1972 (o be pub
) tishea.

il (o b publishod) has recently suggestod . Goorgl and . L., Glashow, Phys. Rov. Lotk 25

that one consider a A theory with a negative A to 1494 (1972); S. Welnberg, Phys. Rev. D 3, 1962 (1972),

° G ross P 0 I itzer W| | cze k achiovo UV stabillty at A~0, Howover, ono oan show,  "For o roview of this program, 800 5. L. Adlor, in
= y Ueing tho ronormalization-grouh ocations, that n such  Procecdings of the Sistoonts Intoenational Conforsneo
theory tho ground-state cnorgy io unbounded trom below on High Energy Phystos, National Accolorsior abori=
. (S. Coleman, private communication). tory, Batavia, Illinois, 1972 (to be published).
e Miraculous year,
M iracu | ous th eo ry Reliable Perturbative Results for Strong Inferactions?*

H. David Politzer
Jefferson Physical Laboratories, Havvard University, Cambridge, Massachusatts 02138
(Received 3 May 1973)

An explicit calculation shows perturbation theory to be arbitrarily good for the decp
Euclidean Green'’s functions of any Yang-Mills theory and of many Yang-Mills theories
with fermions. Under the hypothesis that spontaneous symmetry breakdown is of dynami-
cal origin, these symmetric Green's functions are the asymptotic forms of the physical-
Iy significant spontaneously broken solution, whose coupling could bo strong,

Renormalization-group techniques hold great goes to zero, compensating for the fact that
promise for studying short-distance and strong-  there are more and more of them. But the large-
coupling problems in field theory. ? Symanzik? »? divergence represents a real breakdown of

PHYSICAL REVIEW D VOLUME 8§, NUMBER 10 15 NOVEMBER 1978

Asymptotically Free Gauge Theories. I*

David J. Gross'
National Accelevator Laboratory, P. 0. Box 500, Batavia, Iilinois 60510
and Joseph Henry Laboratories, Princeton University, Princetor, New Jevsey 08540

Frank Wilczek
Joseph Henry Laboratories, Princeton University, Princeson, New Jersey 08540
(Received 23 July 1973)

Asymptatically free gauge theories of the strong interactions are constructed and analyzed. The reasons
for doing this sre recounted, including a review of renormalization-group techniques and th
application to sealing phenomena. The renormalization-group equations are derived for Yang-Mil
u he parameters that enter into the equations are calculated to lowest order and it is shown
that these theories are asymptotically free. More specifically the effective coupling constant, which
determines the ultraviolet behavior of the theory, vanishes for large spacelike momenta. Fermions are
incorporated and the construction of realistic models is discussed. We propose that the stro,
interactions be mediated by a “color” gauge group which commutes with SU(3)  SU(3). The problem
of symmetry breaking is discussed. It appears likely that this would have  dynamical origin. It 15
suggested that the gauge symmetry might not be broken and that the severe infrared singulasities
prevent the occurrence of noncolor singlet physical states. The decpeinclastic structurc functions, as well
as the clectron-positron total annihilation cross section are analyzed. Scaling obtains up to calculable
logarithmic corrections, and the naive lightcone or parton-model results follow. The problem:
incorporating scalar mesons and breaking the symmetry by the Higgs mechanism are caplained in detail

S ‘-""\
CRHIC D

’72

T%-B, g=37 Pressure in plasma phase with
90 “Bag constant” B ~0.2 GeV/fm?3

s Pace =» Phase transition at T ~ 140 MeV
with latent heat ~0.8 GeV / fm?
Govrim T Compare to best estimates (arsch, omoz)
. . from lattice calculations:
100 200 T ~ 150-170 MeV
Temperature (MeV) latent heat ~ 0.74+0.3 GeV / fm?3

William Zgjc, Columbia (KITP QCD-Strings Conference 11/17/04)
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ZRHIC_ Shuryak 1980

e Shuryak publishes first
“review” of

thermal QCD- PHYSICS REPORTS

and coins a phrase:

“Because of the apparent
analogy with similar
phenomena in atomic
physics, we may call this

phase of matter the QCD
(or quark-gluon) plasma.

”

(QGP)

NORTH-HOLLAND PUBLISHING COMPANY
AMSTERDAM

17-Nov-NA4

(~1010 years ago)

: * E(p)  d’p
0 C L (T) = i
T“"’ - &= /30 peoes !e(E"M)’T‘il(st
g I o
10 - -  (Effective
) 2 - number of
" . degrees-
s The Early Universe, ~ of-
- Kolb and Turner g. freedom
{ Luuu_t_htmu_hﬁuuﬂmu_hmuu_hm@mmu.humg_s per
10 : T(GeV) o~ 107 10 relativistic
particle

Fig. 3.5: The evolution of g.(T) as a function of temperature in the SU(3)c ®
SU(2)1, ® U(1)y theory.

William Zgjc, Columbia (KITP QCD-Strings Conference 11/17/04)
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6.0 r 3 flavour |
40t § 2 flavour |
20 1 ¢ | O. Kaczmarel et al., Phys. Rev. D 62, 034021 (2000) |
- LA
P 0.0 ¥ ‘ ‘ | | |
10 15 20 25 30 35 40

Experimental History

e Also dates back to 1974

e Long interregnum:
Q LBNL Bevalac Report of the Workshop on

a BNL AGS BEV/NUCLEON COLLISIONS OF HEAVY IONS - HOW AND WHY

o CERN SPS

NATIONAL SCIENCE FOUNDATION
AND
NEVIS LABORATORIES, COLUMBIA UNIVERSITY

NOVEMBER 29-DECEMBER 1, 1974
BEAR MOUNTAIN, NEW YORK

William Zgjc, Columbia (KITP QCD-Strings Conference 11/17/04)
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‘ RHIC Specifications

3.83 km circumference L

Two independent rings
a 120 bunches/ring .~ R
0 106 ns crossing time
Capable of colliding

~any nuclear speci

on
~any other species

——=r%

Alter‘nél_:ing
Gradient
Synchrotraon
> 200 GeV for Au-Au

(per N-N collision)
Luminosity -
O Au-Au: 2x10%®cm2st
QO p-p:2x10%2cm?st

(polarized)

RHIC's Experiments

——
PH ENIX
|

William Zajc, Columbia (KITP QCD-Strings Conference 11/17/04)



RHIC experimental overview: What we have (not) learned

@aiowl RHIC Achievements to Date
e Machine :
0 Runs 1-4 (Calendar Years 2000-2004):
& Au+Au: operation at 4 energies (19, 62, 130, 200 GeV)
& d+Au comparison run (200 GeV)
¢ p+p baseline (200 GeV)

O Routine operation in excess of twice design luminosity !
O First polarized hadron collider !
e Experimental Operations:
0 Routine collection, analysis of 100 Tb datasets
o >50 publications in Physical Review Letters

0o Excellent control of systematics and inter-experiment
comparisons

e Experimental Results:
0 Record densities created ~100 times normal nuclear density
o New phenomena clearly observed (“jet” quenching)
o Strong suggestions of a new state of matter

17-Nov-N4

RHIC Data to Date

e What have the four RHIC experiments
(BRAHMS, PHENIX, PHOBOS, STAR)
measured in the first 4 RHIC runs?

“Only”
ys, 8, 1, K%, K'0(892), KL n,p, d, p% @ A,
A, £*(1385), A*(1520), =*, Q, DO, D*, J/W's,

(+ anti-particles) ...

e How to characterize this embarrassment of riches?

William Zgjc, Columbia (KITP QCD-Strings Conference 11/17/04)
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CRHIC, Summary

The experiments work

The initial nuclear geometry is determined

event-by-event Essentially all signals
0 Impact parameter studied as function of

0 Reaction plane Nparticipants and Neotisions
Multiplicities are “low”

Abundances are thermal

Motion is hydrodynamic

New phenomena observed } jet” quenching,

baryon/pion “anomaly”

Evidence for partonic recombination
Hints of the extraordinary

17-Nov-N4

e All four RHIC experiments have
carefully developed techniques @ Spectators
for determining

a the number of participating
nucleons Npagt in €ach collision
(and thus the impact parameter)

a The number of binary nucleon-
nucleon collisions N | as a
function of impact parameter

e This effort has been essential in
making the QCD connection

0 Soft physics ~ NparT

Participants

Spectators

1200 . P
[ "=, Binary Collisions

1000~

0 Hard physics ~Ngg

e Often express impact parameter
b in terms of “centrality”, e.g., S A

10 12 14 16 18

b (fm)

most central collisions

William Zgjc, Columbia (KITP QCD-Strings Conference 11/17/04)
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O O O c e 0
O O
a A - i A O
and : o
a Do we welg 0 0 0 O
= O
o)
A e 0 on orT p ’
= O 8, arge 8 e O q
eld i
pa
o
a a T
0 on=p ba 2
0 ded eo Q 15
3
E o
= gh p a O e 0 L]
= %
= o
O it
ard, pe bative E
pina a 0 16°F
DO e, A*B WL
o 1 2 3 4 5 & 8% 10
A pr (GeV/c)

Data Taken June 25, 2000.
Pictures from STAR Level 3 online display.

William Zgjc, Columbia (KITP QCD-Strings Conference 11/17/04)
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e Low, thatis, in comparison to
PHOBOS Central Au+Au (200 GeV) pre-data predictions of
qm99 lj{]_lllN‘G ‘Cd]:;"/!iu.‘ixl‘flnll_l |_¥| ik mu'tlp“CIty based On
amo?| HUINGHZPCEART o8, 1w a known mini-jet cross section

qm99| RQMD (b=3fm) =
I a cascading of hard partons

qm99| UrQMD  (b<3fm) ™

qm99| VNI+UrQMD' (b<ifm) = Kharzeev & Levin, Phys. Lett. B523 (2001) 79

"[AN_/dn W =130GeV
|

qm99| HSD,VNI+HSD (b<2fm) n

qm99 | NEXUS (b<2fm) =
99 | DPM (m-pt) om
99 | DPMIET (Pb-Pb, 3%) . -

0-6%

99 | SEM (s%) -
6/00 | LEXUS (s%) =

'99 EKRT saturation (b=0) m

'99 | Hydro+UrQMD (b=0) n 15-25 %

- 0
qm99 | Fireball (~5%) ; "
7/00 | McLV (dnvd, b:

L I I ‘ L I L
Color Glass

From Eskola, QM 2000

17-Nov-N4

1 ‘ L | 1 | L
1200
Rapidity Density

Data: PHOBOS,
Phys. Rev. Lett. 87, 102303 (2001)

@Eiepd RHIC Multiplicities Are Low

Large nucleus (A) at low momentum fraction x
= gluon distribution saturates ~ 1/0(Qs2) with Qg2 ~ A3

A collision* puts these gluons ‘on-shell’ p ~ A xg(x,Q?) / TiR?
Parton-hadron duality maps gluons directly to charged hadrons

Noo L _1nQs
A as(Qs) A

Each collision varies
the effective A,
i.e, the number
of participants NpagT
—%— VTX & SPEC Tracklets
—&— PHOBOS PRL
——pp
—e— PHENIX

|

| L | L L
100 200 300 400

& Shattering the ‘Color Glass Condensate’)

17-Nov-04

William Zgjc, Columbia (KITP QCD-Strings Conference 11/17/04)
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e Data now available from 200 and 19 GeV

e Only CGC (Kharzeev, Nardi, Levin) provides consistent

%~ This important question should
be answered crisply, and
extended to transverse energy
systematics to crisply resolve
role of CGC in initial state

I

|
=
=)
(7]
)
<

o

(%]

® RHIC average

dN,,/d1y/(0.5N,))

L] & BRHIC/SPS average
F/130 GeV ‘ e
i —~ 4 -
i -3 = J
L % E E
= 3.5 4
E _F ]
T 3 4
=z r ]
T
3 =
251 =" & RHIC average
F - Lucifer
L : inijet | ]
100 200 300 N

B

Abundances Are Thermal

Apparently:
0 Assume all distributions described by one temperature T and

one (baryon) chemical potential j: dn~e & dap

D o (E+ )/

a One ratio (e.g., p-/ p ) determines P/ T:
a A second ratio (e.g., K/ ) provides T =
e Then predict all other hadronic yields and ratios:

» — 0
§ plp AA E/E Q/Q wint KIK'Kim piw KU o/h AW E/h QIn @ plp KIK' K/ piw Qb
1 B S SBT ez x10 ==y x50
= o e ,
ey -* : FEEA
. % STAR il : H
e PHENIX ' -
- O PHOBOS - = :
- A BRAHMS 1%— : ' R3
B =130 GeV & =200 GeV
10?7 — ‘ Model re-fit with all data | l E Model prediction for
= T=176 MeV, u, =41 MeV i ! T=177 MeV, u, =29 MeV
17- Braun-Munzingeret al Pl B 518 (2001) 41 'n Magestro (updated July 22 _2002)

William Zgjc, Columbia (KITP QCD-Strings Conference 11/17/04)
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Motion Is Hydrodynamlc

5 When does thermalization occur?
O Strong evidence that final state bulk behavior
reflects the initial state geometry
e Parameterize
of charged particles as
dn/dp~1+2 cos(2@ + .

V2

’\/—
PH>< ENIX

v 177 %
s 10-31 %
¢ 0-10%

¢Iah-q‘plane (I’Ed)

p. (GeV/c)

Parameterize

dn/de~1+2  cos (2¢

Evidence that initial
spatial asymmetry is
translated to
momentum space

William Zgjc, Columbia (KITP QCD-Strings Conference 11/17/04)
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‘Jets’ at RHIC

e Tremendous interestin hard
scattering (and subsequent energy
loss in QGP) at RHIC

0 Production rate calculable in pQCD
®» a superb probe of density

0 But strong reduction predicted due
to dE/dx ~ path-length
(due to non-Abelian nature of
medium)

leading particie

¢ However:

0o “Traditional” jet methodology very
difficult at RHIC

a Dominated by the soft background
= Investigate by (systematics of) high-

pt single particles

leading particle

@Y High p, Particle Production in A+A

(Slide courtesy of K. Filimonov)

dNRB — 2 2
Fwr. —Ka;wj'd&d&jd k,d,

x £, (%, Q) 5(%,Q%) Parton Distribution Functions

do - -
= CIERC B Hard-scattering cross-section }
dt /4

William Zajc, Columbia (KITP QCD-Strings Conference 11/17/04) 14



@GN /ccess to Perturbative Phenomena?

e Consider measurement of 1@'s in p+p

collisions at RHIC. %
e Compare to pQCD calculation >
(O]
= 2 2 :
do = fu a(X, ) O fors(X, 1°) 3
mﬂ.
eparton distribution functions, m%
for partons aand b it
smeasured in DIS, universality u
g

Odo(a+b - c+d)
eperturbative cross-section (NLO) 9
erequires hard scale E
«factorization between pdf and cross 5

section

2 a
L] Dn: C(Zh, H ) g
=)
«fragmentation function &
emeasured in e+e- &
[=]

e Phys. Rev. Lett. 91, 241803 (2003)

17-Nov-N4

o N & O N
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a)

I PHENIX Data
— KKP NLO
— Kretzer NLO

WMIUL LR L Ml s L R R R e |

|

: d)
M

(Ooallio)

e The ability to access

“jet” physics also
clearly anticipated

in RHIC design 2
manual =
= —~ 10 E_E
a (vintage: ISAJET) ! 2
0 anew perturbative K 10°F g0
probe of the colliding RIS
matter o o S10
= © _F
Most studies to date INEEE3 0
have focused on o 5L

[y
o

single-particle

“high pr’ spectra 3 10 57 4444 power law fit
a Please keep in mind: 167k | — interpolation to 130 GEV. -
T n o Ei puos8lpvmnmrim o i g i s v ot Sty or ]
High p;” is lower than e e = = == g
hink 1 2 3 . 5
17-Niov-04 you thin pr(GeV/c) Py (GeVic)

William Zgjc, Columbia (KITP QCD-Strings Conference 11/17/04)
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@GP A\ example of Ncoll ~ A*B scaling

: 10% PRELIMINARY
e Small cross section 4o p Inclastio

processes scale as 03<qg’<35 A
Ein=72GeV

though scattering

occurs incoherently o
off nucleons in ol ’
nucleus Yield [Nucleus /’ /Pholoabsorption

scale as
AL0in p+A

scale as

~A*B i .
coll A*B in A+B 7.2, GeV muons on varous targets.
M. May: et al., Phys. Rev. Lett. 35, 407, (1975)

[\

17-Nov-N4

_ PHENIX PRELIMINARY i : PHEN‘IX‘PR‘ELIMINARY
.~ d+Au (0-20%) [e"+e )2 1 S . [~d+AU (20-40%) |e"e)2 A
E —— Non-photonic £

— Systematic error |
— PHENIX pp fit |7

T —— Non-photonic g
S F —— Systematic error [
‘ —— PHENIX pp fit

al L L L L L
L Il L L L 1.
05 1 15 2 25 3 35 4 45 05 1 15 2 25 3 35 4 45 5

e PHENIX PRELIMINAR y “‘PHEI\I‘IX‘PR‘ELI‘IVIIN/-\ARY
__d+Au (40-60%) [+e7z 3 S, d+Au (60-88%) |(c'+e)2 §
E —— Non-photonic % H —— Non-photonic
—— Systematic error | ] 5 —— Systematic error | |
—— PHENIX pp fit E E - — PHENIX ppfit |

7

1/T pgEdN/dp® [mb GeV?]
u

single electrons from non-photonic sources agree well
with pp fit and binary scaling

William Zgjc, Columbia (KITP QCD-Strings Conference 11/17/04)
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4 .
LA EERE AR RS R 3 SaRR]

Au+Au (0-10%) [@E"+e)2 3 .~ Au+Au (10-20%) [(e™+e)2 3

—— Non-photonic E E —— Non-photonic E

—— Systematic error j S F —— Systematic error 1

— PHENIXppfit |2 E — PHENIX ppfit |2

" ] £ 3
s 5

4 45 5
pr [GeVic]

Aut+Au (60-92%) [o"re)2
- —=— Non-photonic
— Systematic error
—— PHENIX pp fit

7. Au+Au (40-60%)|"+e )2
: —— Non

— PHENIX pp fit

1/TAsEdN/dp® [mb GeV?]

1/TogEdN/dp® [mb GeV?]

1/T pgEdN/dp?® [mb GeV?]

10° 10° 10°
0 05 115 2 25 3 35 4 45 5 0 05 1 15 2 25 3 35 4 45 5 o os s 2 s e as e as s
b [Gevic] by [Gevic] P [Gevic]

e Again, good agreement of electrons from charm with N,

17-Nov-N4

-
<
&

Integrated 0.8 < p, < 4.0 (GeV/c) ® centrality binned
0.906 < a < 1.042 ® min-bias

AN, 90% C.L.

coll

dN/dy = A (N,,,)®

HH‘HH‘HH‘HH‘HH‘HH‘HH‘HH‘HH‘HHX

200 400 600 800 1000 ‘1200
Ncoll

e binary collision scaling of pp result works VERY WELL for
non-photonic electrons in d+Au, Au+Au open charm is a

good CONTROL, similar to direct photons

17-Nov-04

(=]

William Zgjc, Columbia (KITP QCD-Strings Conference 11/17/04)
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e i—,
QJ.’.'.J.JJ_:L(:)__: >

e N, scaling works to 10
describe the direct photon i
yield in Au+Au, starting from

N, Scaling for Direct Photons

PHENIX Preliminary

NLO description of . " Vogelsanp
- 10 |
measured p+p yields g NLO
e e e T B
pr (GeV)
N.B. This method of analysis L e
double ratio of y/m®) shows i i

N.o; scaling after accounting
for observed suppression of
1 yields in Au+Au collisions
(to be discussed next)

mmmmmmmmmmmm y PH ENLX prel minary
£ 4 30-40% Cential - 40-50% Central
e B Wea) Vg - HYpaen * Neat) ! Yisga

PHENIX Preliminary PHENIX Pre iminary
70-80% Central 80-92% Ceptral

2|
1
4
3 oo * Mat) ekt 1401 % Nl s
2]
1

= =

P, (GaVic) p, (GeVic)

Direct photons: centrality dependence

e direct photons are not inhibited by hot/dense medium
rathser shine through consistent with pQCD

4.5

4

3.5

3

25

2

1.5

E
[
—
o
[
—
o=
S
S—
°
D
F=
=
[T}
o
D
E
—
(=]
[~
—
>
S

1

0.5

PHENIX Preliminary PbGI/PbSc Combined
0-10% Central 200 GeV AuAu

= 1+ (Ypoco X Neow) /'Y phenix backgra VOG€EISaNg NLO

:

|
10
pr (GeV/c)

e thermal photons: reduction of

sys

tematic uncertainties is essential

William Zgjc, Columbia (KITP QCD-Strings Conference 11/17/04)
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=
T

o 7°@ AuAu 200 GeV [70-80%)
¥ 7° pp @ 200 GeV [Neoll(70-80%) scaled]
Uncertainty in N, pp scaling

o 7° Auu @ 200 GeV [0-10%]

¥ 7% pp @ 200 GeV [Ncoll(0-10%) scaled]
Uncertaintyin N, pp scaling

p.dn (GeVic)

=,

N
PH-<ENIX

N
PH><ENIX

4@

>

>

=)

127 p N, 1 d°N™rdp dn (GeVic)

12 p N, d°N"7d

"L peripheral X £ central
N, =123+4.0 F N =975+94
T T N I i i Ev v b b b v by |

1 2 3 4 5 6 7 3 2 4 6 8 10
2 p; (Gevic) 7 py (GeVic)
— NCO”—scaling works in peripheral Au+Au,
but strong suppression in central Au+Au

Systematizing Our Expectations

Describe in terms of scaled ratio Raa=7(

=1 for “baseline expectations”
> 1 “Cronin” enhancements (as in proton-nucleus)
<1 (at high p7) “anomalous” suppression

R 14

1.2

no effect=> R=1
\ opmmeT
08 "hard"

<

> -

3 .-

E \_

E s

~ 10 0.6T3

. i
9

3 04}

Wyt =
o 02f

ol

g SR, S b X I 74 R BT S
pr (Gev/c) ranverse Momentum (GeV/c)
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0.8

0.6

04

Describe in terms of scaled ratioR 7 gy

Systemaiizing Our Expectations

Yieldin Au—Au Evenis

= 1 for “baseline expeclalions™

Central =° (0-10%)
Peripheral =° (80-92%)

e ®®

p (GeV/c)

PHYSICAL
REVIEW
LLETTERS

Arlicles published week ending
15 AUGUST 2003

Volume 91, Number 7

Ly cr o TR
% Publishad by The Amcrican Physical Snciety
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RHIC experimental overview: What we have (not) learned

Implication

e The combined data from Runs 1-3 at RHIC on
p+p, Au+Au and d+Au collisions establish that
a new effect (a new state of matter?)
is produced in central Au-Au collisions

Au + Au Experiment d + Au Control Experiment

T T T T T T
Au+Au 200GeV

X E B h*+h 0410% /N+N [ 7° 0-10% /N+N

: ]
L 0
F i ., . F
4 Al I.. .l 0.4
s Y0 T N gl [E g
B v v

-0 0.2:
.

L b
1 2 3 4 5 6 1 8 0o 1

Final Data p; [GeVic] Preliminary Data p.[GeVic]

Is The Suppression Unique to RHIC?

e Yes-all previous
nucleus-nucleus
measurements see

T Akl O g~ 20 CeY enhancement,
3 AU @ sy = 130 GV not suppression.
< ’SPsi17Ge e e PP
I o5 e « Effect at RHIC is
F qualitatively new physics
of made accessible by RHIC’s
: : I ability to produce
C G | 1% a (copious) perturbative probe
1'5:_ x : T l I o (New states of matter?)
C Ncoll-Scaling =
1 e Run-2 results show that this
: ' RHIC 200 GeV effect persists (increases) to
05k the highest available
BE- * |l + + transverse momenta
c 1 } ’ ’l’ ‘ ‘ .l’ . ’ I+ + +I
Y e S Ta— e Describein terms of
0 2 4 6 &8 _ 1o scaled ratio Rpp
& i
De_monstrates Importance of _ Yidd in Au-Au Events
in situ measurement of =(A-B)(Yiad in p-p Events)
requisite baseline physics! = 1 for “baseline expectations”

William Zgjc, Columbia (KITP QCD-Strings Conference 11/17/04)

21



RHIC experimental overview: What we have (not) learned

@Y Fnergy Loss of Fast Partons
g 1983: Bjorken ar Fermi National Accelerator Laboratory

FERMILAB-Pub-~82/55-THY
Aaugust, 1982

0 1991: Thoma and Gyulassy

Energy Loss of Energetic Partons in Quark-Gluon Plasma:
Poaaible Excinotion of High py Jeta In Hadron-Hadron Collisions.

a 1993: Brodsky and Hoyer (

J. D- BIORKEN
nel Aocelerator Laboratory
00, Batavia, Tllinols 60510

wE
5

s
Box

a 1997: BDMPS- depends on e

o 1998: BDMS dtgn energy quarks and gluons propagating throvgh quArk-gluon

plasms suffer d4ifferential energy loss via elastic seabiering from
quanta in the plasma. This mechanism fs very similar in structure to

ionization loss of charged particles tn ordinary mabber. The dE/dx is

e Numerical values range f PSSR B, W 55 i (s a2
D = O_l Gev / fm (Bj, e|as hadron-hadron collisions with high asscciated multiplicity and with

transverse energy dﬁ\_r/dy in excesa of 10 GeV per unit rapidity, it 1ia
-~ ible that quark-gzluon pl: 1 duced Ln the collision. If 80, a

a ~several GeV/fm (BDMPS, psE s praon
produwed secondary high-py quark or gluon might lose tons of Ge¥ of ita

initial transverse momentum wWhile plowing tnrough quark-gluon plasma

(b) procwad tn its looal enviromment. High energy hadron Jet sxperizmenta
(a) PR A e p . hamd should be analysed as function of associated multiplioity to search for
hard parton o = "vagTaéftmd‘ xE  prod this effact. An Interesting signaturc say be events in wiloh the hard
production ’ s &~ colliston ooours near the edge of tne overlap regien, With one fet
[ - £308DLNg W1tNOUL AbSOrpEion and tne other fully absorbed.
(X} E

Both
a Au+Au suppression (l. Vitev and M. Gyulassy, hep-ph/0208108)
a d+Au enhancement (l. Vitev, nucl-th/0302002 )

understood in an approach that combines multiple
scattering with absorption in a dense partonic medium

» Our
high p; probes
have been
calibrated

dN,/dy ~ 1100

I\I‘\I\‘II\‘II\'I\AJIJ_\ |I\I|HI|\I\|IH

€>100¢, ()
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Further Evidence

1 B L R AL N SR A T SR N T T TR A I A LA
2 STARI atglmuthal [ - d+Au FTPC-Au 0-20%
correlation 0.2
function shows [ AP
~ complete i
absence of 0.1
“away-side” jet ;

- —— p+p min. bias

* Au+Au Central

A ¢ (radians)
C,(Au+ Ay =C,(p+ p) + A* (1+2v; cosAg)

q » Surface emission only (?)

e That is, “partner” in hard scatter
is absorbed in the dense medium

leading particle

e Apply same methodology to production of n's
e See same suppression

AutAu o2 (0-20% central)

AutAu 1 (0-20% central)

Preliminary

12 14
p; (GeVic)

e WHILE PRESERVING VACUUM FRAGMENTATION RATIO
n/m =0.43 = ABSORPTION AT PARTONIC LEVEL
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Au+Au > h™ @ sy, = 200 GeV
'+ STAR (0-5%)
® PHENIX (0-10%)
= PHOBOS (0-6%)
BRAHMS (0-10%)

..........................................................

e Charged hadrons # 1° ‘s

e But aren’t most
charged hadrong 1° ‘s ??7?

..... Tiﬁwﬁﬂyﬁ{ﬁ

| | 1 |
4 6
p+ (GeV/c)

Discovery of Baryon/Pion “Anomaly”

Comparison of Au-Au, d-Au and p-p data indicate
o Dense matter uniquely formed in Au-Au collisions
o How dense? Sufficient to “extinguish” jets

Q. Are there other anomalies observed in these collisions?
A. Yes- the baryon/pion ratio is drastically modified:

proton/pion anti-proton/pion

= 16k I Central ]
Q. How to '
= - L T Tt Tl eripheral]
understand this? [ e o8 AR G002 *Haa
= 1.9F % p+p,Ns=53GeV, ISR * ]
A. Competition : - e'e, gluon jets, DELPHI & ]
between 1F “ayy, €€ Querklets, DELPHS" ]
Fragmentation 0.8f .
and 0.6F 4
Recombination . A 4 + + ]
0.2 T3 '.+a- iy -.-.-"_
at the quark level . ARRERT e *
0
0 1 2 3 4 0 1 2 3 4 g
p; (GeV/c) p; (GeV/c)
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RHIC experimental overview: What we have (not) learned

Recombination

The (normal)
fragmentation N
of a high momentum quark \/
to produce hadrons ) 5 = e
competes with the (new)
recombination
of lower momentum quarks
to produce hadrons

25 Au + Au \[Syy = 200 GeV PHENIX
L kxR )2 o o>KK ]
re 7 0-10%
[ _0-10% 2092%
60-92% ]
1.5 4 J
5 C E / \
r 4 ] o (b) Plasma with Jets
1 o‘b'?é# {' % I Q
r e (} ................. * . ..requires the assumption of a thermalized
05— .;'-p % i, " parton phase... (which) may be appropriately
r ", L T P called a quark-gluon plasma
C 1 | 1 L L L ]
00 1 2 3 4 5 6 7 Fries et al., nucl-th/0301087
pr (GeV/c)

Recombination Extended

The complicated observed flow pattern in for hadrons

d°n/dp;d@~1+2 cos (2 @
is predicted to be simple at the quark level under

if the flow pattern is established at the quark level

AutAu; sy, = 200 GeV; Mid-rapidity
T T T

Compilation

T T
courtesy of H. ; n=2 ¢ nt+mw * n=3 o p+p *

Huang

A KK * s A+A Y
sKIY

ek 4474 % + + :

¥ STAR

|
3

Transverse Momentum p./n (GeV/c)
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@EIGW Further Extending Recombination

New PHENIX Run-2 result on v2 of 1’s:
New STAR Run-2 result on v2 for ='s

Min. Bias
o 70

AutAu; sy, = 200 GeV Mid- rapldny
I ! I
015 N=2 o wrr * n=3 o P+P .
A K+K # e AtA Y
A KO Y &

1 E‘i,, )t % + ) 0

STAR Preliminary  YSTAR 1
* PHENIX L .

| I | L | . | . | . |
~ ~

pr [GeV/c]

v,/n

0.05—

Transverse Momentum p./n (GeV/c)

Current State

e What we do know
Densities formed well in excess of ~ 1 GeV/fm?3 required
(according to lattice) for QGP formation
Strong evidence for thermalization and hydrodynamic flow of
matter
Strong suppression at high py; almost certainly of partonic
origin

Indications (recombination) that flow pattern is also
established at partonic level
e What we don’t know
0 How do reconcile recombination with jet yields?
0 What is the equation of state of the produced matter?
0 What is the state of the produced matter?
a Is the flow truly non-dissipative?

William Zgjc, Columbia (KITP QCD-Strings Conference 11/17/04)



RHIC experimental overview: What we have (not) learned

E py trigger: 2.5-4.0 GeV/c )
e Successes: F prassociated: 1.7-2.5 GeV/c ™ trigger baryons

Rk L 0.0<A0<0.94 . a

0 Accounts for p; dependence LI ¢ trggermesons
of t.az.alryon/me.sob yields 10" e . ' & o :

a Unifies description of v,(p;) B 5?._ _______ ' E
for baryons and mesons 2 [ITTEE B ) -]

Challenged by

a “Associated emission”
at high p;
(there shouldn’t be any in a
pure thermal model of
recombination)

Can the simple appeal of
Thermal-Thermal

ol 1

correlations survive
extension to
Jet-Thermal ?

State of Matter

e The systematics of the flow pattern can be tested for
various equations of state (EOS)

e At RHIC, the QGP EOS for P(T) is preferred:

¢ STAR mT s+ STAR

¢ PHENIX "7 5 = hydoEOSO
— E0SQ _ ',,'j' — hydroEOSH
- EOS H ’ ]

hH—

3 4 . } 0.75 1
pr (GeV] pr(6e)

STAR Coll., PRL 86 (2001) 402; 87 (2001) 182301; PHENIX Coll., nucl-ex/020400512 and QM 2001

e How to move from this qualitative to quantitative
understanding?

17-Nov-04
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T. Hirano and Y. Nara, nucl-th/0404039:
3D hydro with CGC initial conditions and parton energy loss (1)

)dN/dp,dY (c/GeV?)
23 -
4 ~ I S

N
=
=)

)

(a) : (b) :

10

0051152253354455 005115225335445¢% ©

p; (GeVic) p; (GeVic) &, o.sf
>

0.16F

o Still to do: 0.14 Tt =0
“Measure” (bound) 0.1z
viscosity of this fluid! ol

(D. Teaney, nucl-th/0301099) o

0.0F

= = 0.04
viscosity /. 0177 e

entropy density s

b = 6.3 fm (16-24% Contral)
® STAR Data

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

The success of naive ‘ —_——

hydrodynamics requires ol B e

very low viscosities o .
viscosity :

entropy density

:Q<~0.1(??) ' 20 25 30 35 40

o b = 6.3 fm (16-24% Central)
o [ an I - o E ® STARData

Tit,=0

T, =01

T/, =02 ™

E EIRPH PN PO T il Err |
0 02040608 1 12 14 16 18
p.(GeY)
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Strongly Coupled Plasmas

e Recently, much interest in the “strongly interacting” (i.e., non-ideal) behavior of the
matter produced at RHIC
e This property has been known long enough to be forgotten several times:
O 1982: Gordon Baym, proceedings of Quark Matter ‘82:
& A hint of troyble can be seem from the first order result for the entropy density (N¢ = 3)
=2 (1 2am +. )T
= 9 197 °
which turns negative for a,> 1.1
0 1992: Berndt Mueller, Proc. of NATO Advanced Study Institute
¢ For plasma conditions realistically obtainable in the nuclear collisions
(T ~250 MeV, g = V(4m,) = 2) the effective gluon mass my*~ 300 MeV. We must conclude,
therefore, that the notion of almost free gluons (and quarks) in the high temperature phase

of QCD is quite far from the truth. Certainly one has m * << T when g <<1, but this condition

is never really satisfied in QCD, because g ~ 1/2 even at the Planck scale
(10%° GeV), and g<1 only at energies above 100 GeV.

O 2002: Ulrich Heinz, Proceedings of PANIC conference:
& Perturbative mechanisms seem unable to explain the phenomenologically
required very short thermalization time scale, pointing to strong non-perturbative

dynamics in the QGP even at or above 2Tc.... The quark-hadron phase transition
is arguably the most strongly coupled regime of QCD.

o Atomic plasmas:
& Strongly coupled = F =<Coulomb>/<Kinetic> >1

I ={ag(T)Ir)I 3T~ay(T)n"*/ 3T~ay(T)[ 5T°] V*/ 3T =060(T) ~1

17-Nov-N4

The Strongly Coupled Plasma
e Classical coupling parameter
r= Potential Energy
Kinetic Energy

a Strongly coupled when T >1
O Naive estimate on previous slide

_{adm)r)
3T

= 0604(T) ~1

O Better (screening, Debye masses)

==
3T

e My personal view:

o We should not be surprised by the strongly coupled nature of the
QGP- it is an intrinsic property of the QCD plasma
(for any accessible T)

William Zgjc, Columbia (KITP QCD-Strings Conference 11/17/04)
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Summary

The experiments work

The initial nuclear geometry is determined
event-by-event

Multiplicities are “low”

Abundances are thermal

Motion is hydrodynamic

New phenomena observed

Evidence for partonic recombination

Hints of the extraordinary

Much more to do, and much more to come
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