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is‘\{—m The STAR Detector

Large acceptance: 2p coverage at mid-rapidity
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STAR Measurements

Global Characteristics:
multiplicity, Et

Rapidity and azimuthal distribution
for charge and neutral particles
for identified particles:

pion,K,lambda,cascade,omega,electron

Charm, resonances.

" AuAu: 200, 62.5,20 GeV| | Goverage:

= CuCu: 200, 62.5 GeV Eta ranges +-1, 2.3 to 3.8,

=  Pp:200 GeV Full azimuth

= dAu: 200 GeV Pt from 50 MeV/c to 15 GeVic
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STAR

strange baryon spectra
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is‘\{'m tools

= Global observables

» Rapidity, azimuthal and pT distributions of (non) identified particles
Radial, elliptic, directed flow
Rapidity and azimuthal correlations for (non)identified particles
Particle ratios

Fluctuations (number, pT, ratio..) and correlations

Heavy flavor
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is\\{'m A Definition of the Quark-Gluon Plasma

QGP = a (locally) thermally equilibrated state of matter

in which quarks and gluons are deconfined from
hadrons, so that color degrees of freedom become
manifest over nuclear, rather than merely nucleonic,

NOlYDiGed:
non-interacting quarks and gluons
> 1st- or 2nd-order phase transition

> evidence of chiral symmetry restoration
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STAR

timeline

Initial condition: CGC
high-Q? interactions
medium formation

2!

hot, dense medium
expansion
hadronization

hadrons

hadronic scatterings
freeze-out
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ié\{—m Medium and properties

Tool:
Elliptic Flow
Understanding:
Thermalization?
EOS?
Time scale?
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STAR

Peripheral
Colligs
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The Strongest Evidence For (Locally)Thermalized State of Matter and
EOS with a soft point : Observed Elliptic Flow vs the Predictions of Hydro
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ng; AR Charged hadrons: v, at 200 GeV in Cu+Cu

9 40 0%-60%
S35 . v, {AuAU-pp)
305_ o v,{CuCu-pp}
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=Y STAR Preliminary
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* Non-flow effects large at high p; and for lighter systems.
 multiple methods to remove non-flow: 4-particle cumulants, subtraction of pp.
« Significantly smaller v, in Cu+Cu than in Au+Au.
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2@"; AR Charged hadrons: v, in 62 GeV Au +Au
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|| Models do well at larger lhl but their v,(h) is too flat near h=0 || n .
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STASOft Sector: Evidence for Thermalization and EOS with Soft Point?

What do the v, and Hydro results tell us ?

Systematic m-dependence of v,(p;) suggests common transverse vel. Field

m; spectra and v, systematics for mid-central collisions at low p; are well
(~20-30% level) described by hydro expansion of ideal relativistic fluid

Hydro success suggests early thermalizationj very short mean free path
and high initial energy density (e > 10 GeV/fm®)

Best agreement with v, and spectra for t,, ... < 1 fm/c and soft (mixed-phase-
dominated) EOS ~ consistent with LQCD expectations for QGP — hadron

What do we need to understand better ?

Real sensitivity of the Hydro predictions to the EOS and the Freeze-out
Treatment
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STAR E-by-E Fluctuations

* Net Charge Fluctuations
e Prediction by Jeon & Koch, PRL83 (99) 5435, + others...
* Net charge fluctuations dramatically reduced in a QGP compared to a hadron or resonance gas.
* Published STAR results at 130 GeV: C. Adler, et al., Phys. Rev. C68, 044905 (2003).
* K/Pi fluctuation:
reflects strangeness fluctuation

* Momentum Fluctuations
e Predictions by M. Stephanov et al PRL81 (98) 4816;
S. Mrowczynski, PLB314 (93) 118.
 Large Transverse Momentum Fluctuations
* Sensitive to 1% order phase transition - QGP Droplets.
* Sensitive to 2" order phase transition Near critical point.

Model D V+-,dyn
Poisson, Hadron Gas | 4 0
Resonance Gas 2.8 -
(Koch et al) 1.2In,
Quark Coalescence 3.33 |-
(Bialas) 0.7/ng,
QGP (Koch et al) 0.75 |-
3.25/n
ch
Lattice 1 -3Ing,

Study beam energy & collision centrality dependence




is‘\{—m Specific Fluctuation Measures

Net Charge & K/nt Fluctuations
Instead of measuring the variance of a yield ratio,
n, . <(Ar12) ) <(An1) > <(An2) > <An1An2>

n, (n 2>2 ) <n1>2 (n, >2 <n1 Xn,)

Study the “dynamical fluctuations”:

" =<(n1_n2\2>_1_1
20\ () () [ () ()

Side Note: D =(n, +m,){(Ar,)*)
)

h, =

p; Fluctuations

a

1 Newen C T
(AP, AP, ;)= > TN =33 (=) p - o)
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ﬁSTAR 1/N,,t Scaling?

Net Charge pT fluctuation
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iSTAR

K vs & multiplicity fluctuations

Au + Au @ 200 GeV

10 &
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star  event-by-event fluctuations
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excluded. More differential studies are needed.
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STAR soft-soft correlations

130 GeV Au+Au: ST nycl-ex/0411003.
@’:h&tgd correlations.
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(c) STAR preliminary (d)
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Elongation
h, by x2.3

Narrowing

\ 1/3
VEZNBC/Npart z(Npart/z)

\

even at low pt, remnants of
jet-like structure survive.

strongly coupled to the
medium, elongated along h

A
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AL High (??) pT

* Jet Quenching via
Spectra
azimuthal anisotropy
Correlation

12/7/05 Results from STAR
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Bjorken, Baier, Dokshitzer, Mueller, Pegne, Schiff, Gyulassy,
& Levai, Vitev, Zhakarov, Wang, Wang, Salgado, Wiedemann,...

Gluon bremsstrahlung

Opacity
expansion:

-

Multiple soft interactions:

AE =
4

Crog

gL’

2
<kT >medium
LA

=73

N—~

AE = nCACaagfdrp@r(r))rLog(

2F,
u’L

3

Strong dependence of energy loss on gluon density Py,
measure DE = color charge density at early hot, dense phase
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is‘\{—m Inclusive Suppression

2-_ -o-d+Au FTPC-Au 0-20% .

i —4-d+Au Minimum Bias N

/—'\_ | —
8 ¢ :
@ 15 —
oC i i
1l -

0.5 -

-~ *Au+Au Central ]

0 ] ! | ] ! ] | | | ! | ! ! ) | ] ] 1
0 2 4 6 8 10

d2NAA /dedT] pr (GeV/c)

J. Adams et al, Phys. Rev. Lett. 91 (2003)

@4 o™V /dp,d 072304

Binary collision scaling p+p reference

Suppression an established probe of the density of the
medium

R, (p;)=
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ﬁ High p; yields in central Au+Au are suppressed
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i STAR

2
(d*N/dpdn/<N,. >)|_

2

(@ N/ An/<Ny, )

RCP =

_]- _th/0305010
pQCD-II: Vitev and Gyulassy, PRL 89, 252301
Saturatiom;, KV, PhysTeit B561, 93
nucl-ex/0305015 Binary Collision scali%l/g
E E
[ 8'0. } ’
B 'T A '.'.'.'.'.47:.'.'.'*.'.'.'.'.'..'.'.'.'.'.*... ’
- Participant scaling -1=:pQCD-| A f -
4| 0-5%/40-60%  ——pQCD-I  )3TAR
o . . ., jorSawraton - =
L g
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n ) N 3 o 1in 19

pr=>5 GeV/e: well described by KLM saturation model (up
to 60% central) and pQCD+jet quenching
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is‘\{—m The Limitations of R,

K.J. Eskola, H. Honkanken, C.A. Salgado, U.A. Wiedemann, Nucl. Phys. A747 (2005) 511

1.0 i I T I T l T l T I T I T I T I T I ]
quN =200 GeV 09 _
S 0.8 - Vsay =200 GeV, (h' +h )/2 -
> 07 L Aegr= 181 (0-5%) b
O L L. =5.0fm i
S 06 _
— - -
05 — W -
I U NON-TwW 7
10 10 w04 N 7
AN

JI03F- S |
R 0.2 B : \\\_Centl'alBAA Data D
107-10 01 . LT .
| Inclzreasl,lng |dens||ty — l} ]

0'0 | 1 1 1 1 1 1 L 1
2 4 6 8 10 12 14 16 18 20

A. Dainese, C. Loizides, G. Paic, Eur. Phys. J. C38(2005) 461 é [GeV2 /fm]

Surface bias leads effectively to saturation of R,, with
density

Challenge: Increase sensitivity to the density of the
medium
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Dz

Au+Au peripheral

Au+Au central

— p+p min. bias

* Au+Au Peripheral is:la

1/Np 1050 AN/A(40)
I I I I | I I I I I I |
| | | | | | | | | | | |

 pedesta] arll flow subtradted

T T 1 T T T T | T T T T

— p+p min. bias

* Au+Au Central

A ¢ (radians)
Near-side: peripheral and central Au+Au similar to p+p

Strong suppression of back-to-back
correlations in central Au+Au

A ¢ (radians
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d1 hadron 20- 60% Central

é STAR Prellmlnary B
T 0o " ,/sNN =200 GeV -
3 i - 4<p, (trig)<6 GeV/c
E N pr(assoc)>2 GeV/c
_% 0.1:
-g’; OBETBEIL.....c . " t_of_plane
% - ptp ) @ Measured 3
_0.1L ™ AutAu, in-plane DU
L Au+Au out- of-plane O Reflected ]
1 0 1 2 3 4
A ¢ (radians)

Suppression larger out-of-plane
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13— T 1 ]
1.2F AA|AD-TT| <2.14]
%‘ — inclusive
1.1E g
S 1HA" ¢ 3
> . ]
QD C 3
e ™ :
A 08 :
o :
v N 3
0.6f , .
0.5F W :
“I / STAR PRELIMINARY
0.4L | 1 | L | 1 | L]
0 200 400 600
dN_, /dn
VsyN= 200 GeV . Closed symbols < 4 < p,9 < 6 Assoc. particles:

Au+Au results: GeV/c Open symbols < 6 < p,'9 < 0.15<p,;<4 GeV/c

Away side not jet-like! In@€B&el/Au+Au, the balancing hadrons are greater in number, softer in
p;, and distributed ~statistically [~ cos(A¢)] in angle, relative to pp or peripheral Au+Au.

=> away-side products seem to approach equilibration with bulk medium traversed, making
thermalization of the bulk itself quite plausible.
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STAR

hard-soft angular correlations

number
correlation

1/ngge®m¢)

° LI}

pr-weighted
correlation

(%)

- T I ’ ! ' | ' ! ’ I ' ]
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T T
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-~ PP
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Away side <p;> (GeVi/c)
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0.4

Broader away-side correlations in central Au+Au.

Novel dip at p in away <p;> for p;'ri9<6 GeV/c.
Associated hadrons at p appear more equilibrated.
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STAR correlation functions

4<p,;t9<6 GeVic 2.5<p,;"9<4GeVic
1 <p;°¢<2.5GeVic 1 <p;°¢<2.5GeVic
1 ' ; ' | 1000MeVic < pT=° < 2500MeV/c

Au+Au top 5%, 1.00 < pt < 2.50 GeV/c

0-5%

0.5

o

1/N,;, dN/d(Df )

—t

<

1000MeV/c < pT = < 2500MeV/c
10-20°4

broad away-side
correlations.

consistent with flat.

- large angle gluon radiation: Vitev

- conical flow: Stoecker,Shuryak,Muller
- jets deflected by medium flow

Dt (radian)
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d+Au min-bias

p;ir19=3-4, p,3sscc=1-2 GeV/c
ted

-particle corr, bg, v2 subtrac

UTZUI

D= 1-Pyyig

MNTOoOUILS TTUITIT OT AT\

conical flow? 3-particle correlation

Three regions on away
center = (p, p) ¥0.4

side:

corner = (p+1,p+1) £0.4 x2

cone =

(p+1,p-1) ¥0.4 x2

6ﬂ’erence in Au+Au

average signal per radian?:

center — corner =

0.3 £ 0.3 (stat) * 0.4 (syst)

center — cone =

\2.6 + 0.3 (stat) £ 0.8 (sysy

~

ﬁ+Au and Au+Au

elongated along
diagonal: k; effect,

and deflected jets?

Distinctive features

of conical flow are

not seen in present

data with these p;
Aindows.
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constituent quark scaling
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v,/n

Data/Fit

Polynomial Fit
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- v, appears to scale
with number of
constituent quarks.

- quark coalescence.

Constituent quark DOF.

Deconfinement?
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STAR Preliminary (Au+Au @ 200 GeV)

' Scaling ' ! '
—— binary
e participant

o
O
o _ $ b
T @9 ® Q+Q +
L« KES v E4E
A Kg ® A+A 0-5%
_ )
10_1 _A Kt <> hi- 40 60 A)_
[ . l . | |
0 2 4 6

Transverse Momentum p, (GeV/c)
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is‘\{—m Emergence of dijets

\ 8 < p.(trig) < 15 GeV/c
pr(assoc)>6 GeV

d+Au Au+Au, 20-40% Au+Au, 0-5%
= o1 [ 0. o 0.1
% a I i STAR Preliminary |
‘-lzs |
).05(-
A N A

Increase associated p; threshold also

For the first time: clear jet-like peaks seen on near
and away side in central Au+Au collisions
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ﬁm Observation 1 on away-side peaks: Widths

Awav-side widths similar for central,

8 < p(trig) < 15 GeV/c pe _ Au+Au, .40'80%3’ awax:side
%l ;3: 0.06f > o
p(assoc)>6 GeV ,_lz-g’

0.04]-

0.02]

Au+Au, 0-5%, away-side

== I
o| 2 0.06 c,, =0.25+0.03 .
© : Ad 1
| -g I ‘ ]
= [ N STAR | preliminary -
0.04- 3! o

0.02| l .
of i

T

A
Widths unchanged with centrality: déeeing those partons that

fragment in vacuum?
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Changing the probe: towards g-jet in
is:'TAR Au+Au

EY'9> 10 GeV, 4 GeV < p7 °° < EYd
= 0.6

o Centrality
STAR Preliminary __ 40-80%

— 0-10%

e
o -
‘#lll||||||||||||||||||l||||||
.+
i_

-
o

.l.
bt HTﬁJr L
1

2 3 4
Ad-{radian)

® Direct g does not couple to medium or fragment into jets

— remove from trigger both surface bias, fragmentation uncertainty in Q2
 Correlations triggered on g: clear near and away-side peaks
» Strong contamination remains from p° decay daughters

— Work in progress to separate out direct g
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is\\{'ARI-Ieavy quark production at RHIC

= Can we learn something from the difference between heavy and
light quarks?
= How do heavy quarks interact with the medium?

-—Thermalization, suppression?
I
-
b
I

)

production medium energy loss fragmentation

=Important test of transport properties
of sQGP

"Heavy quark energy loss is expected

to be smaller because of dead cone

=D,B spectra are affected by energy loss

12/7/05 Results from STAR
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* Detecting charm/beauty via semileptonic
AR D/B decays

* Hadronic decay channels: D°>Kp, D"> D%, D* e
>Kpp See H.Zhang talk 5c

V\A’
= Non-photonic electrons: /

= Semileptonic channels:
= ¢ — e* +anything (B.R.: 9.6%)
— D9— e* +anything (B.R.:6.87%)
— D* — e*+anything (B.R.:17.2%)
* b — e*+ anything (B.R.: 10.9%)
— B*— e*+anything (B.R.:10.2%)
= Drell-Yan (small contribution for p; <10 GeV/c)

* Photonic electron background:
= gconversions (p® — gg; g — ete")
= pY h, h’ Dalitz decays )
= r,f ... decays (small) K
= K,_; decays (small)

12/7/05 Results from STAR 38



ﬁm STAR Detector and Data Sample

Electrons in STAR:

= TPC: tracking, PID |h|<1.3 f=2p
= BEMC (tower, SMD): PID Oc<h<1 f=2p
= TOF patch

HIiEEEEEEENEIN
'

FTPC T—-J- —— 0

HighTower trigger:

= Only events with high tower
E;>3 GeV/c?

= Enhancement of high p.

HiIEEEEEEEEIE
Processed:
Run2003/2004 min. bias. 6.7M events with half field
high tower trigger 2.6M events with full field (45% of all)
10% central 4 2M events (15% of all )
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is\\{'AR Electron ID in STAR-EMC

1. TPC: dE/dx for p> 15 GeV/c

*  Only primary tracks

(reduces effective radiation Ieng‘rh)

* Electrons can be discriminated
well from hadrons up to 8
GeV/c

+ Allows to determine the
remaining hadron contamination

after EMC

2. EMC:
a) Tower E = p/E
b) Shower Max Detector (SMD)
*  Hadrons/Electron shower
develop different shape
+  Use # hits cuts

BE_ES !°é p“mn! Qf ﬁlﬁCIEQDS

counts

10 number of SMD strips for electrons, P>2GeV, 0<P/E<2 |

- electrons

dEdx [keV/cm]

(p+ dependent)



iSTAR

Heavier: Charm production

3 T l T
3 e_lrllIlllllllIIIIIIIIIIIIIIIII T ] 1 *STAR]f+einAu+Au
o~ i P 1 >~ .
© [ DYD%)-Kn p,<3 GeVic yl<t 1219 10*| ¥ STARD +eindAu o
% 5(- e Event-Mixing Background Subtracted ] © © PHENIX smgle e in AuAu
E i O  Event-Mixing+Linear Background Subtracted . ] - & SPS/FNAL P beam d
\l‘.’, 4 —— Gaussian+Linear Fit - o é ova2 7
m; L ... Gaussian Fit ’6'- m_., """
- E 10° |- £ —~
1’. 3l N i | (? . |
s | ] T
s> | 1
@) = . ."'4’-"-
O 2z | Au+Au minbias | 102 |
o 00 ¢ - .
1€+ +| | ? | SNN-200 GeV —: i i |
VAN éé%?d;?él e vy i i - NLO pQCD (uz=2m,)
OFLER- 14 1 Dutdssts? QP TOLONT ST 2 10'L /A0 e PYTHIA .
§¢Ir | (:)(PCBM(?Q@ : T (I) T Q Q\?@p T <,5‘§9 ¢d)c:§ _ /}Jé |
i o STAR Preliminary - 1 STAR Preliminary
- —l | .| | | 1 11 l | I | l 1 111 | | 1 11 I 1 111 | 1 1 T ." .'l 1 I | I
1.7 175 18 185 19 195 2 1 01 1 02 1 03

Kn Inv. Mass (GeV/cz) Collision Energy \Is (GeV)
* First direct measurement of open charm in Au+Au

Collisions
 Total charm cross-section in Au+Au: Ny, scaling from

12,0dAU
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* Expectation: Radiative Energy Loss of
STAR

Heavy Quarks
N. Armesto et al., private communication Djordjevic et al, nucl-th/0507019
‘I L 1 L 1
- r— FONLL at 200 AGeV, p=m;, CTEQ6M ~~
o T\ 4=14 GeV2/fm, 0+10 %, variable length dN,,/dy=3500

i o, thick: m., =1.3 GeV, m =5.0 GeV
- o, thintme =1.7 GeV, my=4.5 GeV

2 SR Wm0 g

i ., ::\“” cc<

‘o," .............. C

""" L LD ST T L DARSPTY Y L TR Ll o

e R U

9

........ cC—oe wn - ) —> @ o

]

o)

1 LER BN NN NI :b%c%e _:total ,E

10 I TN B B B EFEEN SRR RPN BN A I
0 2 4 6 8 10 12 14 16 18

p7 (GeV)
See also Armesto et al, Phys. Rev. D71 (2005) 054027
0 T
2 4 6 8 10

 Coupling of heavy quarks to the medium reduced due to
mass

* Expectation: even for high medium density, higher R,, for

2/siale electrons from heavvflaver than for liaht hadrons 42



iSTAR

Heavy Flavor R, ,

= F AutAu Vs, = 200 GeV

T T 1

—@—

—
T
——

—@—

P—;—i —@— |

—@-

* Rap 0-5%
e PHENIX central

—@—

Ras(Pr)

Charged Hadron R,,

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

; : I _I]J o 1
L) {260 BT (- e (1] (T
- (]
| _‘l”% | ¢
(e"+e) . .
-1 L]
10:— 5 || |
- STAR Preliminary - L1 |
llIlIIlllIIIIlllllllllllIllllllllllllllllllllll
o 1 2 3 4 5 6 7 8 9 10

Pt (GeV/c)

e Rppto 10 GeV/c in non-photonic electrons
 Suppression is approximately the same as for hadrons

. B contribution? Chall : lintive picture?
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STAR

forward physics

Forward rapidity at RHIC probes CGC.
CGC will be even more important at LHC (and at mid-rapidity).

d+Au vs=200 GeV 2.5 O 0-5% 62.4 Gev (ST /_ : PMD
z 1.2 [BRAHMS, PRL 93, 242303 (2004): T ol 3 oo 6. g sy ¢ f Ll
- : g 2] Gev (UA5) ) ) ' N 25_
I L0 BRAHMS h Zz ft 0 pp 53 eev (ISR) i, e - )
1 % BRAHMS h™ 2 15F a + ) /!"mw“ vvvvvv
L Preliminary STAR n° <= b, 0¥ A
I = I bagoo ‘g FTPC _ 7 A
0.8 L Z o5t * : 5| m, NA4Y A
I S[TAR plrelimlinaryI | | % & 87 GeV T, |
[ <n>=22 %5 125 1 075 05 025 0 S " 124GV "
O.S — 1~ Ybeom _E '
i 3.5 = | A 173GeV
: ” 3l O 0-5% 62.4 eV (STAR) \D. 1+
0.4 - Zg.z oL & 40-50% 62.4 cev (fmm) % 0
- o A Ig] 540 ev (pp VAS) ' (from ) STAR
; S, 1o @ 624CeV
021 g 1sr Ty Aty ' Nucl-ex/0502008
g r ? 3 (To appear in PRL) #
0 -I L1l I L1 11 I L1 11 l L1l l L1l l L1l l L1l l 075 B 0 I I I I I
0 05 1 15 2 25 3 35 0 '2 1' 5 '1 (')5 6 5 -4 -3 -2 -1 0
- N 5 h-y
pT(GeV/C) h = Ybeam beam
U Consistent with the CGC O Photons: centrality independent limiting fragmentation.
- game\évlork. han e p+os> O Charged particles: centrality dependent limiting
aau"P” lower than h: p+p fragmentation.
Ih IS |sk?sp|n suppressed at O Pions follow limiting fragmentation in heavy-ion
arge n. collisions.
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iSTAR

Summary

* New, precision data from STAR.

e Jet-medium interaction:
— strong indication of thermalization processes
— distinctive features of conical flow not seen
— Dijet reappears at larger pT
— Heavy flavor shows similar quenching as of light ones

* Elliptic flow and spectra data show:
— early thermalization
— partonic collectivity
— relevance of constituent quark DOF

— Limiting fragmentations have been investigated

12/7/05
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STAR Future Outlook

=
9
-~
-
=

i=

* Rich physics still on tape: Half of year 4 Au+Au, 80% of year 56 Cu+Cu
statistics still to be processed

e Future runs:

Full EMCF:\ barrel installed and ready for use for triggered data over 2
units in

Full barrel TOF upgrade for identified correlations, resonances,
electrons

DAQ1000 upgrade of DAQ to remove deadtime, increase dataset size

Forward Meson Spectrometer upgrade for definitive measurements
on CGC

Heavy Flavor Tracker for definitive measurements of open charm

12/7/05
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