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THE RHIC PROGRAM

SBNEaccelerator complex » four experiments
delivering beams
: STAR P|X
since 2000 s

@it o), 200, 500 GeV

* polarized beams for spin
program

* reference for heavy ions

e WAt ) 19.6, 624, | 30,
200 GeV
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THE RHIC PROGRAM

EENIEaccelerator complex » four experiments
delivering beams

since 2000
@it o), 200, 500 GeV

STAR PHENIX

* polarized beams for spin
program

* reference for heavy ions

« AutAu at 9.2, 19.6,62.4, 130 R
TN ST
BENER@ D) 4 624, 200 Gey R N E
BRAHMS T PHOBOS

finished data taking in 2006



OUTLINE

- the Inrtial state: gluon saturation

- elliptic flow: equilibration and viscosity

* Interlude: taking equilibration serious

* parton energy |oss: jet quenching and medium response
* heavy flavor

* thermal photons

* caveat: many results | can not cover here!



HEAVY-ION COLLISIONS

- want to study dense,
equilibrated partonic system

* equilibration achievable?
(see later)

* for any description of the
evolution of the system
| reeze-ou d knowledge of
\ f freeze-out HEE
N f initial state

» 0. order assumption:

iIndependent superposition
of nucleons

hadron
mixed gas

phase

pre-equilibrium

* Use PDFs toioctipelfiel
densities
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GLUON SATURATION

H1+ZEUS
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In A2 p=InQ2

QCD

* from evolution equations
EAG AR BIFKL )

* oluon density Increases with
Q? and |/x

* leads to very high gluon density

- problems with unitarity

» for high density non-linear
brocesses become important

» gluon saturation below
saturation scale

Qi(2) ~ —50G(z,Q%) o AV® &

R



COLOR GLASS CONDENSATE

Z

Slow
fields

* model for high density limit:

e condensate = classicallcolehtl =l

- glass - slowly varying

* oluon saturation predicts:

* reduction of gluon density compared to
BIGIEAR 2l B Kl

- geometric scaling

e Hdhd seaticrhesteliFeeRiclE Rl
multi-gluon state

0 e [fecall B

» stronger effects in nuclel!



HADRON SPECTRA AT RHIC

» RHIC data compatible with
seometric scaling (red)

- model with scaling violation
deviates only at high pt

B e ome!
* region of low X Is very low pt

B Ekchice(pOCD) not
applicable!

d®N/ (dyh, d2py)[(GeV) 2]

D. Boer et al., arXiv:0810.01 | 3
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discriminating power at RHIC
for details of saturation limited



SINGLE VS DI-HADRON
STULAES

* stronger constraints In x-values for di-hadrons

* normalization issues

* Inclusive yield (pp reference for dA) depends on cross-section
normalization (K-factors etc.)

* triggered correlations: absolute cross-section taken out

hard scattering occurs, but scattering partner is not a single parton
=back-side correlation disappears



DIHADRON CORRELATIONS

: D. Kharzeev et al., hep-ph/040327 | STAR, PRL 97 (20061882 EE
* saturation models o3 e A T

: - o Azimuthal Correlations | 7 $=0.100£0.014|__[$=0.020+0.013
predict suppression | W =200GeV 202
03 fn, =3.8,n, =0, central O
of di-jet correlation ars 1P1= p; =[5 GeV >0
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| U o 0 Uo7 s s O R R
g a o ,}5=0.154£0.024 | [$=0.0930.040
. qualitatively observed 3" +
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e h*": pT =1.0-2.0 GeV/c Dy e
L 12_+% XXX Correlated Systematic Error
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Mot M. Leitch et al, talk at QM2009
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cLLIPTIC FLOW

'

STAR Collaboration, PRL 87 (2001) 182301

Aﬂ I I | I I I | I I I | I I I | I I T |"‘Jv
& 0.1 [200 GeV,0/0,,, 0-80% :
N |
> Lo | ¥
- | A PP
0.08 [ |— QGPEos
| |---- Resonance gas EoS
0.06
0.04
0002 __ "o'

* spatial anisotropy of reaction
zone results In momentum
anisotropy of emitted particles

s requiresipress e
equilibration!

* measured as v2 = {cos2(¢ — Pg))

» strong elliptic flow observed
at RRIC

« consistent with 1deal
hydrodynamics

* mass splitting requires phase
transrtion!



BARYON/MESON \/z

- elliptic flow In larger prt range — e

03} 200 GeV Au+Au M.B. collisions A
* baryon-meson splitting | P
- 3
S ielnon pr. vgbafym) ~ ivémeson) ) 0.2
>
([} ' ah, .
suggests guark number scaling g 0.1
(hadfron) mrT —m ©
2 ~ nq f © (1] =
g o
>
g 03]
=
(7))
= 0.2
<
0.1}
0

0 1 2 & e
Transverse Momentum P (GeV/c)



BARYON/M ESON \/z

» elliptic flow in larger pT range - =
* baryon-meson splitting 0.1}
L hlgh o vébaryon) = gvémeson) =
005 |
* suggests quark number scaling e
(hadfron) mr —1m
0 2 1)y 9 < 0
Ng e
» elliptic flow carries memory | o505 200 Gev cusce
TAR PHENIX
from quark phase Gl SO
o p
: : : o '
* natural iIn recombination/ S
coalescence models >
* hadrons formed In a coalescence ;
process from existing quarks oo e
D. Molnar and S. Voloshin, PRL91, 092301 (2003) 0 0.5 1 1.5
V. Greco et l, PRCB, 034904 (2003) (m_-m)/n_ (GeV/c ’)

J. Jia and C. Zhang, PRC75, 031901(R) (2007)...



Vo AND ECCENTRICITY

e e|||pt|c ﬂOW depends on R. Snellings et al,, talk at QM2009

initial eccentricity € S e
> 0251 e
BEiEeriect fluid (l.e. no § S
. . 0.2 ——
viscosity) vo/e should depend ™% s _;:Jlr—
only on equation of state ~ ®"°F
l— v(perfect) / € 0'1:_ STAR Au+Au 200 GeV
B 0_05: %  Glauber €
. : : - * CGCe
WulEe[pai/e corrections more o b
. : 0 10 20 30 40 50 60 70
important for small particle 1/ dN/dy
densrties CGC leads to larger eccentricity than
& V.

“traditional’” Glauber calculation for

* parameterize as i
central collisions

h
1+ B/(1/SdN/dy)

UQ/EZ



VISCOSITY ESTIMATES

4 eXtraCted parame_ters 0 9 R. Snellings et al,, talk at QM2009
(7)) 5 —— [
can be related to viscosity ~ g af i He at T,
= 08 Js
0.7t 1} oGlauber
B ~ 1_4 ﬁ ~ O Bl 06;— 451(% %
; ' = o CGC
OCg S CcComn NEE il
0.4 e
* many caveats - needs e.g. 035 71 | el P
assumptions on temperature 0.2- L by g bt
and speed of sound 0.1 L qucfnrlf,f,t:',fﬁ
- | - + 01020304050607080
pISES IOV VISCOSITY 1/S dN/dy (fm’ )
g alper: arder EOS, higher e
viscosity viscosity calculable from AdS/CFT

correspondence: quantum limrt

e @ isoiter EOS, lower
VIsCosity RHIC data close to minimum viscosity?



THERMALIZATION

» strong elliptic flow requires s ediipes

early local equilibrium * Intermediate momentum

- most easily explained with hadron spectra

fErkEsilen plasm T
g 2 plasmad * recombination

. remely small vi % -
extremely small viscosity * relative hadron abundances

® |OQ|< atlo’l[herlobsel”vab|es e statistical hadronization
with this iIn mind

* consequences In a thermal
picture!?



INTERMEDIATE MOMENTUM

* baryon/meson ratio 1o
at intermediate pr F
2 <pr <5GeV/c i
* in central AutAu collisions much larger osf
BN () [ehelek 04k
not consistent with standard "2
jet fragmentation 0
* can be explained Iin recombination o

models: baryons get stronger boost

<p§£)a,ryon)> o < (qua'rk)> '1

S 0.8
(meson) \ _ (quark) i }
<pT 2 pT 0.6
¢
» enhance baryons relative to mesons  **
0.2 L,
...EEI.ED| | L] L
00 1 2 5 6

recombination of quarks from thermal system!?

Au+Au \s,, =200 GeV

peri

Centrality 60-92%
pheral p/* PHENIX Preliminary
p/a PHENIX Preliminary
p/m* PRC.69.034909

P/ PRC.69.034909

o @ O O

3
P, (GeV/c)
Au+Au \|s,, =200 GeV

central

Centrality 0-10%
p/t* PHENIX Preliminary

P/ PHENIX Preliminary
p/m* PRC.69.034909
P/ PRC.69.034909

[}
[ J
O
O

P, (GeV/c)
C.Vale et al, talk at QM2009



Ratio

HADRO-CHEMISTRY

Andronic et al., nucl-th/0511071
T L e e e I I

1 &&W Vs, =200 GeV 3
I o
S roNro y o]
O O N S =
: EeY
L © STAR ?
10 £ [ PHENIX i E
" A\ BRAHMS fae L 3
R 605 11, =20 MeV =
10 -3:_ ----- T=155, u, =26 MeV . A
SN | i | M| S | PR B S R e e | I ] S . *I *I =
nKﬁz‘\iQK+K'5A:Qda¢ KOAA

* relative abundances of
hadron species can be
described by statistical
distributions

» also applicable in very small
systems

 doesn't require equilibration:

Sicnieal madronization

* thermodynamic interpretation
of model parameters
in high energy A+A collisions:

'Y
Tchem e TC
02 Cleymans et al., hep-ph/0511094
0.15 RHIC _]
~ s SPS -
> B AGS .
S 01| E
s 5
0.05 | E
: | L] I -
| T 1
0 [ SRRl 0 S e R
: 10 100

Vs (GeV)



PARTON EN ERGY | O53

C.Vale et al, talk at QM2009

PHENIX Q i (0 10%)
§ n° (0-10%)

Au+Au @ n (0-10%)
\/Syn = 200 GeV

* high pt hadrons strongly
SWESREsseciin central Au-t+Au

* nuclear modification factor
dN/dp7(AA)
(Neoti(AA)) - dN/dp7(pp)

RAA:

Nuclear Modification Factor R,,
—h
!
Q)
Q1
CQJ
Q1
Q@
=
= s
—Op
==

-t
Q
|

L0 L o n Jlq 0 L1 1 1 L1 I |
0 2 4 6 8 10 12 456 SEnks

» Tinal state effect due to strong p(GeV/c)
| Nnte raCti Oon A | | | janf::j (\:/;therc ::(i\/f:(:;m 94
3.5 dNdy=1150"" — AusAu Conv.s AE(S) 2

e EEtons Mot suppressed 3L <200 Gev i |B
s s o R, 0-10% PHENIX prel. Au (fit)|__

* parton energy |oss In dense %22:— direct photons
medium . i Ll ——
o 7 Wb, b o |
% 20



SPECIES DEPENDENCE

C.Vale et al, talk at QM2009

* nuclear modification factor
for many identified particles

out to very high pr

* not universall

BlERERIE Species probe
different partons

* p, K larger contribution from

oluon fragmentation than g,
expect: R(p’K) < R(”)
e cvedin data; &
R(Z%K) > R(W) o
- already fragmentation

functions in pp disagreel!

AuAu

1.8

1.6;

1.4
1.2

Au+Au

Nuclear Modification Factor RAA

-t
Q
|

- H PHENIX

& v (0-10%) 8 v* (0-20

® 7° (0-10%) i o+ (O-
m 1 (0-10%) ﬁ w (0-20%)
\Suy = 200 GeV @ K'+K (0-10%) @ ¢ (0-10%)

g p+p (0-1

%)

10%)

0%)

C 1 A nt+r Ap°
O p+p

1 B I
n
C (U
0.8F ik
ANYS ah
. !
- v r;‘ lga:
S AR ) N
0.6F JEAA™ 1
g, r AN P8
r "I;'l : - '
- S i
3N
0.4
e
- AN
Wi

R K'+K
= K
r |- ---kaon jet conversion
T ’ELL ----- kaon w/o jet conversion

624681012

K/ Ratio

0.7

0.6

0.5

0.4

0.2

0.1

0

g
1 O
0.3 e
@ ) ]
.

® K2/ Minimum bias
* Kg/rci EMC trigger

= K=/ AKK2008

....... Kg/no DSS

STAR Preliminary

p+p 200 GeV
| | |

0

2 4 6 8

pT(GeV/c)

Y. Xu et al, talk at QM2009
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ENERGY LOSS OBSERVABLES



ENERGY LOSS OBSERVABLES

LS



ENERGY LOSS OBSERVABLES
*\7\\\\ * \ | ISS|

associated



ENERGY LOSS OBSERVABLES

single hadrons trigger di-hadrons
singles surface bias! surface bias,
* * tangential emission!?
LS \
associated
| gamma-hadron
trigger

no surface bias,
parton pt known!?

associated



ENERGY LOSS OBSERVABLES

singles

LS

trigger

associated

single hadrons trigger di-hadrons
surface bias! surface bias,
* tangential emission!?
associated
gamma-hadron | hadron-jet
trigger
no surface bias, variable surface bias,

smaller uncertainty
from fragmentation!?

N

associated

parton pt known!?




ENERGY LOSS OBSERVABLES

single hadrons trigger di-hadrons
singles surface bias! surface .b|as, &
* * tangential emission?
LN \
associated
, gamma-hadron hadron-jet
trigger trigger
no surface bias, variable surface bias,

smaller uncertainty
from fragmentation!?

parton pt known!?

associated associated

different observables put different constraints on energy loss models!



-HADRON DISTRIBUTIONS

Near side, IA¢l <0.63 Away side, IA¢ - nl <0.63
L B e i

D

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

w 5"
A 01 - = Au+Au 20-40%,
'E trigger \ e ® Au+Au 0-5% ]
7 I It N ]
: X 3
3 - i1t . J
A Iy JL ~s~ '~~~ J
: * } %
- ‘s 'y s~
= Al JL k . -
A 10°F f 1E B0 S ]
0.15 1° - 1t 3 1
—_ - - 4 S . 4
2|3 5 : #i o
= 7] I 1t . ]
i 0.1 ] 8 ~*_
"lz“’ | 18 | ] \+'
Ui A associated i 7 7]
o e e e — e
s | ] |
0.1 1 1 1 = I
i 2 |
5 il 7 s I
B I 1
% o l } : |
0.05} 1 + 18 g,
o ¢
B
0 * = . l

1 1 I 1 1 I 1 1 1 I 1 1 1 1 1 I 1 1 1 I 1 1 1 1 1 1
OAq) (rad)” L i Qmon 0.6 0.8 1 04 0.6 0.8 1
Zr= pT(assoc) / pT(trlg)

STAR Collaboration, PRL 97 (2006) 162301

* high pt hadron trigger shows |et- - away-side yield strongly
ike correlation for all systems suppressed Iin central Au+Au

SRl side yield not modified * hadron momentum distributions

. | have similar shape
* vacuum fragmentation, surface bias?



MODEL COMPARISON

* study Raa and [aa
quantrtatively

dN/dp7(AA)

Ui — (Neott(AA)) - dN/dp2(pp)

1/Nt'm'g : dNassoc/dp?F (AA)

IAA:

Q‘:

0.5

Zhang et al., PRL 98 (2007) 212301

PHENIX n° (Au+Au 0- entral)

 Global Sys@

0.4f

T
= -t

1
==

e

% 2 2 6 8 10 12 14 16 18 20 o c O R TRE:

1/Ntfm'g g dNassoc/dp’% (pp)

SElERERIE Models Use
different assumptions

and parameters

- need reproducibility between
models

ngluonS/dy ~ 1400

€p ~ 2 GeV/fm

g ~ 13 GeV?/fm

p_(GeV/c) PQM Model ( § ) (GeVZ/fm)
Zhang et al., PRL 98 (2007) 212301
‘\ g hiX3o_
:
8 20
E ML S L [T L .
\/\'—‘\’—\/——"/
sl B L
LC%—;-:T
................................................. | o
0 T ' & GeV/fm



GAMMA-HADRON CORRELATIONS

A. Hamed et al, talk at QM2009

* IB rect y #r gger I

* prompt photon trigger 2;_ i
deﬂ nes pal"'tOﬂ energy L pere :hepph/09043806(2009)_.

y +h‘

* No energy loss —:-' (‘i
* sensitive to full volume | st _? - _
» associated hadron yield \ s e
strongly suppressed 10204 °62:pa1303,§nl rEYERE.

PHENIX arXiv: 0903.3399

* similar to hadron trigger

Centrallty 0- 20/ ]| — ZOWW NLO u=0. 5 p
Head Region (IA ¢ - il <n/5 rad) i € =1.48,1.68, 1.88 GeV/fm |

e consistent with model
predictions

* higher statistics needed!




jel RECONSTRUCT\ON

il Esieps to full et
reconstruction in AutAu

* high E7 jets still visible above
large background

use kT and anti-kT algorithms

background subtraction crucial

n 107§
(true)  (meas) = E ~+ Raw data
pT e pT e /ObkgA § 10 E omo e, ——"Fake" jets removed
& 0L . ﬂ.. 0033. —= HI background corrected
° energy Smearing: 104?_ DEEE 0885% —s- p, resolution corrected
cP%9) ~ 6.8 GeV ol T
10° eele el
» for pp reasonable agreement o ’},
: : : : =3 s S
with published result (mid-point ) R
: = 7 7l
cone algorithm) L ¢¢“m1| ﬁ
10—1 IIIIIIIIIIIIIIIIIII L1 1l

0 10 20 30 40 50 60
p’et (GeV/c)
M. Ploskon et al, talk at QM2009 L]



INCLUSIVE [ETS

= 10°E ~10°E
2 F p+p at\[s,,=200 GeV/c 5 & Au+Au at\[s,,=200 GeV/c
[ measu remen-ts for ~ %'_ y \\ 10% most central events
. . 2 " STARPreliminary |5 ' © N\ STAR Preliminary
gijietrent cone sizes e el I
g *_9_-9— Eﬁ A\
» for large cone size “E e hfs
' 10 S e 107E | antikiRe04 \ "
Y. = for jets Lo ; SR
i T
* Raa=1| expected for full e o R I T
. N o 020 S0 AU B 50D 0 10 20 30 40 50 60
reconstruction - not yet 3t (GeVic) 3t (GeV/c)
ith increasing p il - Reoaari |9 S
* WITN | BESS DT Lo = Rodeniikt (50 b e
e X_.‘—J# % L p+p kt : R=0.2 / R=0.4 B2
. C S S p+p anti-kt : R=0.2 / R=0.4
* pTp:narrowing 2
STAR Preliminary §
* AutAu central: widening o
- Shesey 107
» effect of jet-medium f el
interaction (parton 1520 25 30 35 40 45 50 010 20 ) 20 pA0EREcTEe
Jet (GeV) Jet
energy loss) i pi (GeV/)

M. Ploskon et al, talk at QM2009



RECOIL |ET STUDIES

* hadron-jet correlation
strength:
[0=i) Ni—j/Nirig (AA)
Np—; [/ Nirig (D)
S eieese high pr
hadron trigger

b

* require associated hadron
N jet, vary pr:
dial production point of jets

ratio: h-recoil jet Au+Au/p+p

* high pt : surface bias, tangential
emIssion 10°

* low pr :surface bias for trigger,
significant In-medium path
length for jet

M. Ploskon et al, talk at QM2009 \

Au+Au at\[s,,=200 GeV/c

10% most central
events

STAR Preliminary

e Au+Au/p+p ptA>6.0 p>6.0
o Au+Au/p+p p:‘>6.0 p>4.0

e Au+Au/p+p ptA>6.0 p >2.0

® e
.
.
.
.
.
.
® e
.

0 5 1052 ()

p#ET (GeV/c)

promising new et quenching observable!



JE -MEDIUM: NEAR SIDE

J. Putschike et’al} ]RGS S2CEISRSEYE:
» assoclated hadrons with high

DT trigger hadron L
» correlation of long range in i o " AutAu central
: : ' : 430_5. ‘
pseudorapidity: the ridge il A
: . : : 4104
* Increasing with centrality :
* momentum spectra softer than jet
. g u Néar—sidle, IA<|>II<1.0I | | l I
* origin unclear L e
é]: 1 __ ------- p+p (PYTHIA v6.325) ﬁ% o
* large n range: early times b e ﬂﬂ I
g [l ] 3
T ?|/
o | | - 0.5 T Ly
- string, flux tube with radial motion!? Sl el e + ﬂ
4 oot g e ST LN
= e sl
* parton energy transferred to 0 e
medium? P B
An

. PHOBOS, arXiv: 0 GEsicis
* more studies needed!



J/PSI PRODUCTION

i Le|tch et al, talk at QMZOO9

» JAp suppressed in central 'I_ .
collisions o= g
0'4;_Iyl<035 H@@@ _;
+ similar magnitude as at SPS oaf- * iﬁ]ﬁ’ Mg T =
energies 3 i D NG
: . 0.8—
Silcnerenersy density at RHIC! o -
* Interplay of suppression and AR, et ome e
enhancement? e s lere — i ¥
10 102 Noor
| @ STAR Cu+Cu 0-20% P cabitre e

* suppression stronger at forward
rapidity

N w ~O

@G ependence 2t

X o8
0.6

» only hadron from hard process 0.4
not suppressed at high pt!

02 1 | 1

- ¥V STAR Cu+Cu 0-60%
O PHENIX Cu+Cu 0-20%

------- 2-Component
—— charm quark
LR heavy resonance

pT (GeV/c
T ) Kikola et al, talk at QM2009



UPSILON PRODUCTION

* Important to check picture
of quarkonium suppression

* higher dissociation temperature
FE@ P

* Impossible (?) to produce
thermally

» first data by STAR and
imli=IN/D<

* higher statistics needed!

N oo/ dmg [(GeVc® )]
R4 aEe S

dN,,/ dm

~
S

M. Leitch et al, talk at QM2009

PHENIX PRELIMINARY
p+p O Ns=200 GeV lyl<0.35
—8— Measured Yield

Total signal
W

B w'

— Y(15+25+3S)

Correlated ct and bb
Drell-Yan

3 4 5 6 7 8 910 5
e*e invariant mass [GeV/c ]

—— Vogt NLO CEM GRVISHO

=—— Vogt NLO CEM MRST ¢
"k STAR preliminary

| - PHENIX preliminary

10° 10°

\s [GeV]



OPEN I—IEA\/Y -LAVOR

STAR, PRL %8 (2007) 192301 IIIIIIIIIIIIIIIIIIIII 'IDFI'EIN')I( IPIRIL 9? (I2I0<I)7) |17|2|3?1

-------- ?Ta/?/RG cLh;rged Haatone! P, >6 GeVic II< ) e%— (a) s T Armeslto e all. 0 I _;

L — — 11:BDMPS c+b 1 - =

* open charm measu l”ed —— noan e e
L S YABPMESE : C 0 e % 12/(27T) Teaney () 3

1 —|

Vl a— d e Ca>/ e | e C-t rO n S 1 // AJ; 2 i 727 o_sf 3 ° —f
% bbb BN =

_ﬂ\\- ....................... : 045_ ,‘" —---— ..... .'| E

: RS a0 o R SO -
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THERMAL PI—IOTONS7

» direct photon estimate from

low mass di-electrons

- extrapolate

* mass spectrum of Dalitz decays
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* approximate quark number * gamma-jet
scaling

» full jet reconstruction

» favors EOS with phase transition S .
* observing jet-medium

« consistent with other iINnteraction!?

observables
* heavy flavor:

* low viscosity: how low!? |
/ * puzzles, to be solved with
upgrades!
* thermal photons:

* Initial temperature!?



GEOMETRIC SCALING IN DIS

* saturation models
BliCEIEl oeometric
scaling
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e 00|
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JET CROSS SECTION

* reasonable agreement of
new analysis with published

: o) 1055
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JE -MEDIUM: AWAY SIDE

Au+Aux}sNN 200 GeV, Cent=0-5%

» for Intermediate pt away side
correlation different in heavy ions
collisions

* recoll jet structure invisible
(dip at A¢p=m)

* maximum off-center

» origin debated: conical shock waves!

» for non-central collisions
structure depends on direction
relative to reaction plane
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