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Qualitative Assessment




Quantitative Assessment




Lower VISCOSIty Bound

Physics Today, May 2005
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A perfect liquid is impossible - but is RHIC the most perfect?




What Is the fluid made of?

Rapidly thermalized matter
70 <L 1fm/c

But of what? and how so fast?

Quarks & gluons?
Is it a real “quark-gluon plasma”

(QGP)?



Constituents

® Perturbative quarks and gluons
® \ell-defined, but cross sections too small
® Hadrons

® How can a hadron (R~1 fm) survive when the energy
density is >10x the energy density of a proton?

® “Constituent Quarks”

® \Vhat are these”? Dressed quarks? |s there a theory for
them??

® “New” hadrons (Brown, Shuryak, etc.)

® Any experimental or lattice hint of new mass states in
QCD plasma”?



|dentifled Particle Flow

PHENIX, nucl-ex/0608033

®» 7 (PHENIX) p (PHENIX) (b)
m K (PHENIX) O A (STAR)
K: (STAR) [] = (STAR)

KE, (GeV)

Complicated particle dependence of vz vs. pr
Is simpler when plotted vs. kinetic energy: KEr=mr-m



Constituent Quark QGP?

®» 7 (PHENIX) p (PHENIX)
B K (PHENIX) O A (STAR)
K2 (STAR) [1 = (STAR)

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

Even simpler when dividing by the number of
constituent quarks (CQ): is the QGP a fluid of quarks?



Constituent Quark Scaling”

PHENIX, nucl-ex/0608033

The scaling with valence quark number may indicate a
requirement of a minimum number of objects in a local-
ized space that contain the prerequisite quantum num-
bers of the hadron to be formed. Whether the scaling

further indicates these degrees of freedom are present at
the earliest time is in need of more detailed theoretical

investigation.




Degrees of Freedom

Parton distributions,

Nuclear Geometry,
Nuclear shadowing

Parton production &

reinteraction
(or, sQGP!)

Chemical freezeout
(Quark recombination)
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Hadron rescattering

Thermal freezeout &

Hadron decays



Probing the sQGP

® Ideal fluid

® No particle states, no mean free path
® Can only extract properties indirectly, via EOS

® Non (near?)-ideal fluid

® Finite mean free path (MFP): a natural scale which is
oresent during the evolution

® \/iscosity is directly related to MFP:

® Need probes that couple to the system
during evolution!



Perturbative Physics @ RHIC

2 1 e

Bulk features controlled by macro “volume”: Npart
In principle, short distance physics should
be sensitive to the “micro” structure, Ncol...

IF pQCD factorization holds true in hadron produciton in A+A
(vs. photon-mediated processes in p+p and e+p)



Participants vs. Collisions

Collisions scale “like” AB, but more like ~ N./>, .
Nuclear “thickness” (v) scales like Ncol/(Npart /2)



Perturbative Physics @ RHIC

{1 &

1 dNAB Yield per collision
lative to p+p
dpT "

RAB — < 1 implies
N AB dep “nuclear effect”
de (or no factorization)

coll



Jets are a "hard” phenomenon, characterized
by large momentum transfer between partons
— perturbative description
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Fragmentation Functions

In simple reaction:

et +e —h+ X

can define
“fragmentation function”
1 do B 2F),
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Review article in Review of Particle Properties



pQCD predlcts Nch

Total hadron yields are ;
integrals of E
fragmentation function :
_ ]
h T < __I
— [ A — QCD )
Teh, / 4 (ZIZ‘)dZE - ® (0(M2)=0.118) J
10- 4 TASSO e OPAL .
- TPC 0 L3 :
, A [ HRS m DELPHI ]
Evolution of multiplicity : JADE o ALEPH =~ 1
: : f LENA O AMY ]
predictable in pQCD e L b L ]
75 100 125 150 175 200
(not absolute scale!) Vs [GeV]

iIn modified leading-log
approximation



Structure of the Nucleon

ZEUS+H1

. L s ® ZEUS96/97
= ' H196/97 A HL194/97

‘ > D I NMC, BCDMS, E665
o x-oo00zs ZEUS NLO QCD Fit
I i o _ _ (prel. 2001)
, S H1 NLO QCD Fit
o - ,.I-'-..-" ‘ ’
s o e
¥ = L # i
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Measuring structure
functions (e.g. F2 at HERA)

2

[+ (1= ) F,(5,0") - yF, (x,0)]

d°o _ 270
dxdQ® QO
gives information about
flux of iIncoming partons
which can form jets.
(Any reduction in flux
would lead to
reduction in jet rates)

NLO pQCD describes
evolution of F2 in x and Q2



NQCD and p+p collisions

p+p data at 200 GeV
is amenable to pQCD
b praenix b calculations for n° & y

®f¢($)
daq @

— Kretzer NLO
D(z) ag
99

STAR preliminary p+p Ks and A
shows issues with fragmentation functions...

KO, 1o A+Anti-A M.Heinz-09/11/04
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Direct Photons In p+p

PHENIX Preliminary

NLO pQCD
(by W.Vogelsang)
CTEQ 6M PDF Y

n=1/2py,pr:2pPy
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246 870121916 18 20 22 ot processes probe gluon
structure of nucleon

(Data-Theory ) Theory

o




“det Quenching”

e d/ 5 T2
AEz d(x)(x)dOCOLS CR (DC OCOLS CR qL
0

W

Transport coefficient
sensitive to gluon density
(hot deconfinement!)

Vsuy =200 GeV, (h"+h )/2
Aegr = 181 (0-5%)
Lcut =5.0 fm

- I'w
non-rw

8 10 12 14 16 18 20

G [GeV°/fm]




Gluon Density

® Do we have another handle on the gluon
density? Can’t count confined partons...

® Assume hadronization doesn’t change entropy
Nhad X Ng

)

AGS Heavy ion experiments
P : -
PHOBOS | measure particle density

p+p/p+p (inel.)

pp/Dip (NSD) g vs. CM energy

a+bxIn(s) fit
a+bxsC fit
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CERN SPS experiments
have ~1/2 particle

& CERN  BNL density relative to
RHIC...




Quenching & Viscosity

® Probing the density with hard
processes gives direct access to
MFP: gluon density & viscosity

® Muller, Majumder & Wang estimated
n 47T

— N\J

s 3 q

® | arge transport coefticient
— |large cross sections
— |ow viscosity



High pT Suppression

PHENIX Au+Au (central collisions):

Direct y
J-CO

M ,’ \
GLV parton energy loss (dN’/dy = 1100) y \
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dpT
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Raa =

High pTt particles are strongly suppressed relative to
p+p spectrum x binary collisions (Ncoi). Photons not.

PQCD energy loss calculations sufficient to describe light hadrons.
Photons appear to be unaffected by medium.



When does Suppression Happen”?




s a Nucleon Always a Nucleon®

\/

Ratio of cross sections cnrancement ﬂ
of leptons on nuclei P Y S —— R
vs. deuterons show | o0 NMO (previs)

4 EBEB5
!

deviations from unity

called “shadowing” p 688" | %{
(and “antishadowing”) Y i

o
Ca/D D’j
Ts

|
[}
&

& Xe/D —E 665 (1992)[3]
7]

No generally—accepted ) ! 9 Ca/D—NMC ;giggggg;i[;]
explanation of these R R PRI
effects (many models!) X




Initial vs. Final State

p+A collisions provide
@ i) some access to the
@ shadowing from the

D(z) nuclear wave-function

(reduction in initial flux)

-o-d+Au FTPC-Au 0-20%
& d+Au Minimum Bias

d+Au is
not suppressed
(except at high pr...)
while Au+Au shows
large effect at all pr

* Au+Au Central




Retum of Initial State”

E———————————————
PHENIX, PRL 98,172302 (2007) -

0
_
1

10 12 14 16
pr{GeV/c)

High pT n°’s show suppression even in d+Aul!
Is this shadowing (not low x!)? EMC effect?...



EMC Eftect”

Cole, et al, hep-ph/0702101

HKN+multiscat.

HKN ShOJdOWiﬂg v 7TO PHENIX, 0—20%
—— HIJING+multiscat. dAu, s'?=200 AGeV

EKS shadowing

First attempts to model this find EMC matters at
even higher pr...



HIgh Energy Photons

Au+Au\s,, =200GeV, 0-10%
1.8

1.6 PH. ENIX PHENIX preliminary

1.4 - Tr°

& '|'|
1.2 -=dir. photon

1
0.8

0.6

0.4

18
pT(GeVic)

Similar surprises for very high pt photons in Au+Au.
Is this initial or final state”? Fragmentation of jets?



Theoretical Descriptions

Direct Photon Au+Au\s,,, = 200GeV, 0-10% |
P —
<L

X 4 gC_ PHENIX

— reliminar
.E; P Y

1
14"
1.2

T 888 i shadowing
0.8- $¢ YT e e & isospin effects
0 E_ adding energy loss
£ — Arleo
04 py ENIX -~ Arleo EKS

ﬂij—— — Arleo EKS 20 <o <235 GeV
n._- | I [ —— | IS N [N S T | ——— | SN [ [ S —— | | — I S — —
0 2 4 6 8 0 12 14 16 18 20
p;(GeVic)

Shadowing & isospin effects don’t capture continual
dropping of photon Raa: need quenching?
(RHIC Il will be essential to push even higher in pt!)



Estimating Stopping Power

PHENIX Preliminary Data and PQM Theory

C. Loizides
hep-ph/0608133v2 PQM Model, { § ) values

L Stat. and Sys. Both

Probability (1-pvalue)

588 7

1.76 ; '

2089 1212 2500 2353 22.06

PHENIX Au+Au (0-5 % central)
A 7Y Preliminary

> 4 6 8 10 12 14 16 18 20
P (GeVic)

AE x § < (p3)/\

PHENIX x2 fits to PQM indicate 6 < § < 24 GeV*/fm .
(model dependent: transverse flow, 2+1D, 3+1D)

Comparisons with theory will require advances in
experimental precision at high pr: RHIC |l luminosities



Heavy Flavor as a Probe

Heavy quarks (c and b)
are not in the initial state

oSaaln (intrinsic charm?) so must
77@ be produced perturbatively

and interact (or not!)

Open charm is the fragmentation Quarkonia are bound

of a single charm or anti-charm states of oppositely
quark into a D, " K charged heavy quarks:
which decays — clean dimuon channel
hadronically, or ’p 3 syt
semileptonically i

(e* or px: 14%) 1, \ B —




Single Electrons

STAR and PHENIX

T L have measured

DGLV Rad ngfdy = 1000 (1) 1 L |

BDMPS c+b a= .1 D.. GeV/fm (1) non phOton IC eleCtronS
S;L;’EF;:“E*;;Q';;*W (not from y conversions,
DGLV charm Rad+EL (V) so treated as if from c)

Collisional dissociation (VI)

/ .
. 92~ No suppression at lower pT
(charm enhancement?)

Large suppression at
higher pr (similar to n)

Models which work for «
(radiative energy loss)
do not work for charm




Estlmatlng n w/ Heavy Quarks

— — Armesto etal. (I More attenuation

| van Hees et al. (ll) %

/
\%

3/(2xT) Moore &
12/(2nT) Teaney (1l \

//  Less

N\ attenuation

Differential absorption
creates positive vo

Charm Raa is correlated with vo2:
comparisons with heavy quark rescattering models— n/s

Comes close to quantum limit suggested by AdS/CFT
RHIC |l detector upgrades will allow direct charm ID



Quarkonia

Table 1: Estimated dissociation temperatures 7; in units of 7, obtained from potential models using free
energics [8] (green), a linear combination of F| and U} [10] (blue) and internal energies [9] (red) as effective

I'-dependent potentials.

Thermal
medium
breaks up
JV &
other onia
states
(including bb)



Quarkonium Puzzle

J. Nagle, WWNDQO7

12
J/VY suppression o | NASO at SPS (0<y<1)
PHENIX at RHIC (|y|<0.35)
(represented as Raa) PHENIX at RHIC (1.2<[y|<2.2)

IS similar at
1) RHIC energies
2) Lower energies

Surprising if suppression
depends on energy
or entropy density

Lots of new data to

0

aSS|m||ate!___ 0 50 100 150 200 250 300 350 400

Number of Participants




High pt Puzzles

J. Nagle, WWNDO7
J/V suppression similar to

- 1) high pt hadrons
2) high pt charm

PHOBOS Glauber Monte Carlo

100 150 200 250 300 350 400
N
part

Interesting to note
that Raa decreases
~V, the nuclear
thickness...




Single-particle suppression

Besides direct photons, other particles seem to
end suppressed at same level Raa—0.2

Put charm quarks into a
model with rescattering
partons...

8
6
4
2
0
2
-4
-6
-8

...and the only charm that
survive started on the surface
(similar explanation for jets!)

Ncoll A4/3
R~ AL/3

& & S X} o N F =
o o = - NN W W A
©n wn n W




Correlations

ALY
A 7 @

Jets are multi-particle phenomena:
2+ high pr particles (quark and/or photon)
quarks fragment into multiple hadrons




Disappearance of Back-to-Bac

e d+Au FTPC-Au 0-20%

— p+p min. bias ﬁbﬂ

* Au+Au Central

o
N

p+p shows “near” and “away”
correlation

d+Au shows similar features

Au+Au shows a disappearance
of the away side peak




Surface bias

Jets pointing
out are unaffected

0
J
J
o
L
0
L
J
o
J
J
0
-

Jets pointing
iInto medium
are absorbed



The Return of the “Away Side”

STAR, nucl-ex/0501016

® d+Au FTPC-Au 0-20% (preliminary)

— p+p
* Au+Au 0-5%

(%)

A¢ (radians)

Including all particles (soft & hard) accounts for
suppressed jet, but highly smeared-out in @ .

Indicates non-trivial interaction with medium.



*pp

= 80-40%

Atop 2%
— inclusive

\ :

.I"|I
‘I

Y
.

In more central events, away side disappears
and spectrum starts to resemble inclusive “thermal” one



Ad ={U_.Tr}- data
Ad ={.Tr_.2.Tr}- reflected
|
|

In central events, 2-particle correlations not back-to-back!

Suppression is a “redistribution” of energy/momentum.
Excitations couple strongly to medium, rapidly thermalize



QCD Mach Cones?

¢ = arccos(cg/v)

Does away-side
jet, propagating at
A speed of light
*> generate a Mach Cone? [

Quantum Liquid, time-like
J. Ruppert, QM2005 branch in dispersion relation



hep-th/0605182
PUPT-2198

Drag force in AdS/CFT

1y 2006

Mach cones from AdS/CFT, Gubser et al hep-th/0607022

mn\\\l \4

. T (o -
R3! % !

h
AdS; —Schwarzschild mny /

horizon

Figure 1: The AdS5-Schwarzschild background is part of the near-extremal D3-brane, which
encodes a thermal state of N' = 4 supersymmetric gauge theory [24]. The external quark
trails a string into the five-dimensional bulk, representing color fields sourced by its funda-
mental charge and interacting with the thermal medium.

May 2006




Alternative Explanations

N~

Mach Cone Bent Jets
(radial flow)



Alternative Explanations

V i

= N
T A
Two particle correlations just see “acoplanarity”
between trigger and associated particle.

Only three particle correlations can see
“many body” aspects of different scenarios



Three Particle Correlations

N~

¢12 ¢13

N

3

Correlate @12 and P13
See If signatures are different for different scenarios



Correlation Patterns




| Generally thought
P12 to support P12

® @® ® Mach Cone vs. Bent Jets

P13 . P13
J. Ulery, conf. proceedings




Back to the Near Side

Anything
here?



“The Ridge”

In central Au+Au, particles
tightly correlated in A, extended “ridge” in An



Subtracting Ridge

> 2 GeV

P t,assoc.

Yield(Ad)

j<p <120GeV




Jet vs. Ridge Yields

& Ad projection
B A diff.

¥ An projection

150 200 250 300 350
N

part

“Ridge” part of yield scales with Npart,
while subtracted yield is constant



Jet Properties w/o Ridge

2.5 < pTg <3 GeV/c

3< pIT:g <4 GeV/c

4<p9<6GeVc

6 < pTrig <10 GeV/c
®* nucl-ex/0604018

B 3c prg < 4 GeV/c ® 25« prg <3 GeV/c
v 6<pr <10GeV/c 4<pr’<6GeVic

Au+Au 200 GeV

102

Ridge Sub. d+Au 200 GeV

-
N
o
5---.
<
+
o)
)
=
=
©
—
-
N
o
j‘--.
<{
+
3
<
)
=
-
=]

10°

= HE] [
0 01 02 03 04 05 06 0.7 08 09 1 01 0.2 03 04 05 06 07 08 09 1
Z Z

Fragmentation and yield of jets in Au+Au very similar
to d+Au, after ridge removed.

Is ridge from energy loss near surface,
while the released gluons are “pulled” by
longitudinal flow?...

Phys.Rev.Lett.93:242301,2004



Return of “Back-to-Back” Jets

Au+Au, 20-40% Au+Au, 0-5%

- pr(assoc)>6 GeV
. 0.05 l I .
D D [l = - = e B . = =
0 Ad T 0 Ad T Ad T

Is this really the
“punch through”
of high energy jets?




Spectral Modification

Mear slde, |A¢l < 0.63

d+Au min bias
O Au+AuU 20-
F'-.U—.I‘!'LU [I—.E'I:IID

0.6 0.8 1
2y = p,(assoc) / p_(trig)

High “z1” spectrum looks very similar in Au+Au & d+Au:
jet fragmentation is similar when seen at all!



Return of “Back-to-Back” Jets

Au+Au, 20-40% Au+Au, 0-5%

8 < p+(trig) < 15 GeV/c
-(assoc)>6 Ge

Might expect some fraction of
jets where both escape, due
to “halo” emission

Serious issue: under study!



Studies with PQM

Quark emission points and direction Gluon emission points and direction Parton emission points and direction

trig trig trig

8GeV<p "<12GeV 8GeV<p "<12GeV 8GeV<p "<12GeV

6GeV<p"f';:<8GeV 6GeV<p"f';:<8GeV 6GeV<pf;:<8GeV

_1910—8—6—4—20246810 _1910—8—6—4—20246810 2 0 2 4 6 8 10

X, [fM] X, [fM] X, [fm]

PQM uses standard jet-
quenching formalism coupled
to nuclear geometry in order to

A

model density (q

PQM: Dainese, Loizides, Paic, nucl-ex/0406319



Studies with PQM

Quark emission points and direction Gluon emission points and direction Parton emission points and direction

trig trig trig

8GeV<p "<12GeV 8GeV<p "<12GeV 8GeV<p "<12GeV

6GeV<p"f';:<8GeV 6GeV<p"f';:<8GeV 6GeV<pf;:<8GeV

6 4 -2 0 2 4 6 8 10 _1910—8—6—4—20246810 _1910—8—6—4—20246810

X, [fM] X, [fM] X, [fm]

Adding quenching forces
emission at the surface,
with back-to-back jets emitted
tangentially!




Outlook
b S & tangential

jets

N

Ridge

At RHIC, hadrons come from the surface:
the interior seems to eat everything, like a black hole



Photon-Hadron Correlations

As we’ve seen before,

photons are not
& suppressed like hadrons.

’ Thus, a photon produced
/ | by a hard process can
‘ constrain jet properties:

measure energy loss




Photon-Hadron Correlations

i —~—— T,trig
S 04 PH ENPX i 1<p <

proton-proton collisions

Early RHIC p+p results find a significant (but small)
correlation of photons with away-side hadrons



Photon-Hadron Correlations

associated h™" pr<l2.9]GeVie, trigger p+g[7.9]GeV/c

dN/dAd

”Ntrig

=
0
—
W
<
o
N

Au+Au collisions

Still marginal statistics at RHIC (heed luminosity)
A clear goal for RHIC Il and the LHC!




The Future

- LHC atC E&Mq . e

f,:.._'
.-r

RHIC Il LHC:
dedicated facility 1 month/year Pb+PDb
high luminosity (x10) 30x RHIC energy
range of heavy beams Large jet, etc. rates

upgraded STAR/PHENIX ATLAS/CMS/ALICE



The Future

3-10 GeV static electron ring recirculating linac injector N -
LHC at CERN -
: - o kT ._.'-.:.._-:. ]
e i i or g, o, T g

it

EBIS BOOSTER

PHENIX, Au+Au RHIC Il, 20.0 nb”

Coalescense at hadronization
Coalescence in medium

No coalescence

densities

® Jy —»e'e (n<0.35)
o Jyop'y (12<<22)

Huge rates
at high pr

35 4 45 5

JIy pr (GeVic)

J/Psi vs!

Full jets




RHIC Il vs. LHGC

PHENIX Central Arms

min
T

— — -t
o o <
[o"] [{e] o

=3
o
~

AnnualYield p;>p

10°

-t
o
)]

0 5 10 15 20 25 30 35 5 10 15 20 25
pT™ (GeVic) pri" (GeV/c)

Figure 2. Annual recorded number of events of neutral pions, direct photons and photon-jet
coincidences at RHIC Il and LHC, based upon NLO pQCD from Vogelsang and scaled to minimum
bias Au+Au or Pb+Pb collisions (see the text for details). The left panel shows yields into two
units of rapidity centred at y = 0 and full azimuth, while the right panel shows yields into the
PHENIX central arms.




Jets @ L HC

Energy (GeV)

ATLAS & CMS have full acceptance in n & ¢
Can see full jets: don’t need 2/3 particle correlations



Gamma-Mach Cone @ [ HC?

a dream...
Ringof X XX
tracks/ X \
photons X X
Recoliling
against hard Y
photon!
N

LHC may provide access to new phenomena




Summary

® How can we look “into” the medium we create
at RHIC?

® \Vhatis it made of? How dense is it?

® Counting single particles
® High momentum hadrons
® Heavy flavor
® Direct Photons
® Probing jet modifications with correlations
® Dihadron correlations:Mach cones & the ridge

® J[angential jets

® (Gamma-hadron correlations
® Future facilities

® RHICII & Pb+Pb @ LHC
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