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Main goal of BES: study QCD phase diagram
Heavy lon Collisions — the only experimental tool
BES @ RHIC: Physics goals and observables:

- search for the CP and 1%t order phase transition
- demonstrate the onset of deconfinement (QGP)

Run 10 (2010) — STAR experience
Run 11 (2011)

iEarly Universe The Phases of QCD

£ Future LHC Experiments

l Current RHIC Experiments
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USA-NSAC 2007 Long-range Plan

Baryon Chemical Potential
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QCD phase diagram - Theory is\\?\ e

M.Stephanov, hep-ph/0402115v1 (March 2006)

Theory at the “edges” is believed to be o
well understood: Symmestic(Cantared) s mg=0
. . crossover
1. Lattice QCD finds a smooth crossover at R T
large T and pg~0 )
. . L 01
2. Various models predict a1-st order transition Ist order (models:
at large w broken (ordered) phase fngT bag,
B RM,..)
So, there must be a critical point, but where?
vacuum \ﬂféﬁf quark matter
0 1 ug, GeV

Lattice at ug ¥ 0: serious problems, several methods on lattice, no agreement so far:
— CPrange: 160<uz<500 MeV

Given the significant theoretical difficulties, data may lead the study of QCD phase diagram

m) Beam Energy Scan Program at RHIC will cover this range
Grazyna Odyniec/LBNL
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experimental window to QCD phenomenoloqy
at finite temperature and baryon number density

at RHIC : indications of sQGP

but remain unknown:

- boundary between hadronic
and partonic phases

- critical point

Beam Energy Scan at RHIC: Vs, ~ 5-50 GeV,
SSTAR

HOW to investigate it ?

BES @ RHIC

160 MeV<u,<500 MeV

also: NA61 at SPS, FAIR at GSI (fixed

target), MPD at NICA
Grazyna Odyniec/L BN | s
CPOD 2010, Dubna, Russia, 2010 4



RHIC and BNL from space STAR

RHIC = Relativistic Heavy lon Collider
Located at BNL= Brookhaven National Laboratory

Grazyna OJyniec/LBNL
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Relativistic Heavy lon Collider (RHIC)
Brookhaven National Laboratory (BNL), Upton, NY STAR

CPOD 2010, Dubna, Russia, 2010 6



Relativistic Heavy lon Collider (RHIC) <sT7ar

. 9
PHOBOS , 1200 o"clock BRAHMS
10:00 o’clock N 2:00 o’clock

PHENIX RHIC
8:00 o’clock STAR 4:00 o’clock
6:00 o’clock
o

/ HEP/NP

1 MeV/u
Q=432

TANDEMS
[—

* 2 concentric rings of 1740 superconducting magnets
« 3.8 km circumference
* counter-rotating beams of ions from p to Au
 max center-of-mass energy: AuAu 200 GeV, pp 500 GeV
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BES: Experimental Program 75‘:TAR

http://drupal.star.bnl.gov/STAR/starnotes/public/sn0493

Search for:

(1) indications of the existence of Critical Point & phase transition

« fluctuation measures

*higher moments of net proton distribution (kurtosis) *
« azimuthally-sensitive femtoscopy
* elliptic & directed flow

(2) disappearance of signals of partonic degrees of freedom seen at 200 GeV
» disappearance of constituent-quark-number scaling of v, )¢
« disappearance of hadron suppression in central collisions

« disappearance of ridge
* |ocal parity violation

Grazyna Odyniec/LBNL w———
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Critical Point search — Fluctuations maximized at CP 2"

example: event-by-event fluctuations in K/m ratio

PRL 103, 092301 (2009)

10 10p
of + B Nado of | 1 RHIC scan M NAg9
E ~‘+ Y STAR = o
8:— - = UrQMD 8:— T -
= » = = HSD o M
7 7:—
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3;— 32—
2f- 2F
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a 1110 l ‘ — 11(112 l ° - I1IO / | | — I1(|)2
\[Syy (GeV) \/Syy (GeV)
Expected error with 250 k central events
NA49 fluct. > STAR fluct. ?
CP at lower energies ? (but diff. acceptance). see Terry Tarnowsky talk
Grazyna Odyniec/LBNL
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more sensitive : - Higher Moments
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SSTAR

. . N\
Thermodynamics: Divergence of

susceptibilities for conserved
quantities (B,Q,S) at critical point

Lattice QCD: Spikes for both x5 and g

Berdnikov, Rajagopal, PRD61, 105017 (00)
Stephanov, Rajagopal, Shuryak, PRD 60, 114028 (99)
Hatta, Stephanov, PRL. 91, 102003 (03)

Gavai and Gupta, Phys. Rev. D 78,114503 (2008);
Gupta, arXiv:0909.4630 [nucl-ex].

Observable:

Kurtosis of net-proton & net-C
- connect to lattice calculations!
- sensitive to long range fluctuations

Caveats: dynamical effects in collisions

- finite time and size
catical slowing
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Higher Moment Analysis (BES) STAR

STAR: PRL 1056 (2010) 022302, aXiv:1004.4959

Net-protons, Au+Au 200 GeV 49 50 20 1, (MeV)
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i P 1 [ 0=INC o\ Nppr o] B o : o N
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High moments are more sensitive to critical point related fluctuation.

First Kurtosis measurement for net-protons in high-energy nuclear collisions
Monotonic behavior observed at relatively small ug region —> baseline

Grazyna Odyniec/LBN | —————————
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Disappearance of partonic degrees of freedom (I)is\\TAR

(Onset of sQGP)

disappearance of n, scaling, disappearance of hadron suppression at high pt, ... (a long list)

n, scaling observed at RHIC:
STAR, QM 2009, arXiv: 0907.2265

2

200 GeV Au+Au M.B. collisions
STAR Preliminary
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Anisotropy Parameter v

o 1 2 3 4 5 o 1 2 3 4 5
Transverse Momentum P, (GeVic)
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(1)

Mass separation at
low p;

Light and heavy
quarks have similar
magnitude of flow

In intermediate p;:
separation between
baryon and meson
band
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Disappearance of partonic degrees of freedom (l)<Ss7ar

011  ®m(PHENIX) < p (PHENIX) Scaling flow parameters by quark
®m K (PHENIX) O A (STAR) ]
| ~KI(STAR) D =(STAR) content n, (baryons=3, mesons=2)
1 resolves meson-baryon separation
005 | :¢. = °+* * ] of final state hadrons
>N

1 1

flow developed in pre-hadronic stage
DECONFINEMENT at RHIC

o) 0.5 1 1.5 2
(Mr- Mmg)/ng (GeV)

With lowering energy, disappearance of n, scaling would suggest
that we exit partonic world

Grazyna Odyniec/LBNL
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Will we be able to see it ?

PRL 92, 052302(04), 95, 122301(05), nucl-ex/0405022, QMO5

015 | I | | | | 5
200 GeV (0-80%) 4, & k& ¥
Au+Au “p WA Az %O
0.1
o
-
~
o~
> 0.05
0 = -
Estimated statistical errors @ 11.5 GeV (0-43.5%) Yes, a few million
— 5M n --1Mp :
“SMp . 0SMp events is enough !
-0.05 U | 1 I L | | |
0 0.5 1 1.5 2 25 3 3.5

(m.-mg) / n_ (GeV/c?)
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STAR
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Local Parity Violations in Deconfined Medium

D.E. Kharzeev et al, NPA 803, 227 (2008)
K. Fukushima et al, PRD 78, 074033 (2008)

~+STAR AuAu 200 GeV]
v HUING

A HUING +v,

* uRQMD
= MEVSIM

— same charge

— opp charge

lI Illllll llIl

111 I L1 1 11
50 40 30 20 10
% Most central

':???;iiiil[lll
70 60

(1)

STAR
Under strong magnetic field, when'the
system is in the state of deconfinement
and chiral symmetry restoration is
reached, local fluctuation may lead to
parity violation.

Experimentally one would observe the
separation of the charges in high-

energy nuclear collisions.

Parity even observable: <COS(¢a + @5 - Z‘PRP)>
Voloshin, PR C62, 044901(00),

In RHIC Beam Energy Scan program -
test the model prediction

- the energy when the charge separation

disappear => phase boundary

see Sergei Voloshin talk




http://drupal.star.bnl. gov/STAR/starnotes/public/snOZRS

Collision Energies

(GeV)| 5 7.7 11.5 17.3 27
Observables Millions of Events Needed
v, (up to ~1.5 GeV/c) 0.3| 0.2 0.1 0.1] 0.1| 0.1
Vv, 0.5| 0.5 0.5 0.5| 0.5/ 0.5
Azimuthally sensitive HBT 4 4 3.5 3.5 3 3
PID fluctuations (K/x) 1 1 1 1 1 1
net-proton kurtosis 5 5 5 5 5 5
differential corr & fluct vs.
centrality 4 5 5 5 5 5
n, scaling o/K/p/A (m+-
m,)/n<2GeV 8.5 6 5 5 4.5| 4.5
&/ up to p;/n,=2 GeV/c 56 25 18 13 12
Rcp up to pr ~4.5 GeV/c
(at 17.3) 5.5 (at 27) & 6
GeV/c (at 39) 15 33 24
untriggered ridge
correlations 27 13 8 6 6
parity violation 5 5 5 5 5

Grazyna Odyniec/LBNL w———
CPOD 2010, Dubna, Russia, 2010
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http://www.bnl.gov/npp/pac.asp
| QSTAR
Recommendations of BNL Nuclear and Particle PhysICs

Program Advisory Committee (PAC):

Run 10 (2010):
1. 10 weeks of Au+Au at 200 GeV
2. 12 weeks for a beam energy scan (BES) with Au+Au collisions:
1. -4 weeks 62 GeV
2. -8 weeks lower energies
1. 0.5 week 39 and 27 GeV
2. 1weekat 18 GeV (10 M)
3. 2weeksat11 GeV (6 M)
4. 4 weeksat7.7 GeV (3.6 M)

Sufficient rates for the initial physics program at all energies

“binary” experiment: YES/NO (no “maybe’s” & more statistics needed)
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STAR experiment demonstrated capabilitiesS STaR
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7 only a few 103 events taken

during machine test

9.2 GeV results
consistent with

the published
data

STAR : PRC 79 (2009) 034909,
arXiv: 0903.4702

NA49 : PRC 66 (2002) 054902,
PRC 77 (2008) 024903,
PRC 73 (2006) 044910

E802(AGS) : PRC 58 (1998) 3523,
PRC 60 (1999) 044904,
PRC 62 (2000) 024901,

PRC 68 (2003) 054903

19



Elliptic Flow

STAR

M Au+Au 9.2 GeV h*

ot

STAR Preliminary

Au+Au 9.2 GeV (0-60%) Pb+Pb 8.8 GeV (0-43.5%)
| A h'sn e
020 e 0.05
mop
015
+ | 0.04
o ! %4 o
> 010 T 4 >
+ ] 0.03 |
005 | 4*4 t
0.02
0.00 .p‘}#’STARP'mw ¢
| | | 1 1 | 0-01 - § P S T B |
0 0.5 1 1.5 2 2.5
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STAR and NA49 results are consistent
STAR 9.2GeV v, fits with the observed trends

Grazyna Odyniec/LBNL
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' 1 1 1 1 1 |

10 10°
\/Syy (GeV)

NA49 : PRC 68 (2003) 034903
AGS : PLB 474 (2000) 27
STAR : PRC 77 (2008) 054901 : PRC 75 (2007)
054906, PRC 72 (2005) 014904
PHOBOS : PRC 72 (2005) 051901 :

PRL 98 (2007) 242302
PHENIX : PRL 98 (2007) 162301

20
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Pion Interferometry

A 0RO N WD OO NS O ®

(1.1

110

STAR
T
error bars for Aut+Au 9.2 GeV are statistical

systematic errors < 10 % for all radii

STAR : PRC 71 (2005) 044906, PRL 87 (2001) 082301
PHENIX : PRL 88 (2002) 192302, PRL 93(2004) 152302

E802 : PRC 66 (2002) 054906 ~ NA44 : PRC 58 (1998) 1656
CERES : NPA 714 (2003) 124 ~ EB866 : NPA 661 (1999) 439
E895 :PRL 84 (2000 ) 2798  NA49 : PRC 77 (2008) 64908

PHOBOS : PRC 73 (2006) 031901 WA97 : JPG 27 (2001) 2325

Phys. Rev. C 81, 024911(2010)

STAR was well prepared for the
Beam Energy Scan Program
iIn Run 10!

CPOD 2010, Dubna, Russia, 2010 21



- STAR Experimental Configuratiom STAR
for Run 10 (2010)

-y d 7@@
Electromagnetic m L0 1 11

Calorimeter | CTB—
(EMC) ;

No SV T low material) iii HEN HENE ﬂii
100% TOF

FTPCs
Large beam pipe

CPOD 2010, Dubna, Russia, 2010 27



Run 10 - Part| of BES@RHIC 7STAR

Hardware and operation improvements

Main directions of Beam Energy Scan program at RHIC established:
« search for turn-off of SQGP signatures

» search for the evidence of CP and/or 15t order phase transition

* + many other measurements

Strategy: scan available phase space with (6) equally spaced points
between 5 and 39 GeV (we already have 62, 130, 200 data), and return to
“interesting” regions for more detailed studies in the next year

Grazyna Odyniec/LBNL w——
CPOD 2010, Dubna, Russia, 2010 23



STAR

Train left the station on April 8t
with 39 GeV Au+Au collisions ...

'Run 10 :
39, 7.7 and 11.5 GeV AutAu

" to be continued (Run 11) next year

Grazyna Odyniec/L BN |

CPOD 2010, Dubna, Russia, 2010 24



Central Au+Au @ 7.7 GeV Event




, 2010

STAR

Typical Au+Beam-
pipe @ 3.85 GeV
event

Event outside active
TPC volume

26



AutAu @ 7.7 AGeV - vertex reconstruction YSTAR
- background !

Au+Au @ 7.7 AGeV

« Au+beam-pipe events from the beam halo

Grazyna Odyniec/LBNL
CPOD 2010, Dubna, Russia, 2010 27



AutAu @ 7.7 AGeV - sources of background <o

Z [cm]
Two flanges at = 4.4 m outside the TPC produced most of the background at the first days

Grazyna Odyniec/LBN | e
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Au+Au @ 7.7 AGeV
£ ) Te
= g,
i
> 10
g
c - S SR
-10
20-500 0 500
z[cm]
Au+Au @ 7.7 AGeV
'g' 10 H “ﬁ:ﬁ:
L,
> 5!
0
-5
Grazyng 185 p—

vertex distributions though the run ...
middle: Day 130

102

end: Day 147

Au+Au @ 7.7 AGeV

T 20— :
|2| Y
i
” 10 it 10
______ 1
-10
P : 1(
- | LA .o |
20-500 0 500
z[cm]
Au+Au @ 7.7 AGeV
T -
£ SRR
2
> 5L
0
_5__'.

Superb improvemen

STAR
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High Level Trigger (HLT): Vertex STAR

Set B - Accumulated Z vertex (Vr > 2 hit_tot_cVertexZ_4
| set A - Single Run vertexY (cm) vs vertexX (cm) (No Cuts) | L_hit xyvertex 1 | I ( )| -

5 Entries 4961 Entries 402183
= Moy oasre . Mean  17.73
g‘ 4 RMS x 1.189 1200 = RMS 128.8
£ 3 | RMS y 1.199 -

E -
0 =

, 10 1000

1 Day 146

’ = g s00f-

-1 e . 1

2 400 —

-3 200f—

-4

10° T PTETE FETT1 PETE PTTRE FET T FETT PETRE FTETY e

-F{ $50 -200 -150 -100 -50 0 50 100 150 200 250

Primary Vx

HLT is able to reconstruct online the primary vertices
HLT good event rate is very close to offline QA rate
Priceless redundancy !

Grazyna Odyniec/LBN | —————————
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Online HLT good event rate STAR

Rate (¥/2)

o 200 400 600 SO0
Fill neember

1000 1200

~9 Hz!

Grazyna Odyniec/LBNL
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STAR data summary AuAu @ 7.7 GeV TR

| hours_perday.txt |
) : P ——
c ] e T = 18— H
I g™
3 - £ 16
S 5[ s :
u o —
s - .g_ 14 .
- 41— T 12—
3 10
: 8
2— -
C 6
1 af-
: ...... [ I I I | I 2[— "
2£Apr 29/Apr 06/May 13/May 20/May 27/May 03/Jun 115 120 125 130 135 140 145 150

da
Thu May 27 13:32:56 2010 y Thu May 27 10:03:17 2010 day

| lum_rate_perday.txt |

“[Great performance  +-,
“improvement fror}
the CA-D side

Collected 5.014 M events
— metthe goal !

Lo

Integrated Rate [Good Events/sec]

Operated in 10 minutes stores environment 6:_ gduri‘ng the run 3
Average uptime ~ 11 hours T
Collecting up to 350 k events per day o S R

- L
. ﬁ. loe® o ®5 .,

Grazyna Odyniec/LBIN | o — T T Raa T T ey P
CPOD 2010, Dubnngumyzﬂom:n/zmo Day 37




Statistics from Run 10 STAR

Beam Energy Minbias Central HiSiI;T(l)Xier FTPC+PMD
(\/SNN, GeV) (Million) (Million) Lumirll)osi - (Million)
200 355 265 2.6 (nb!) 5
62.4 140 33 175 (ub™) 3.5
39 250 62 (ub!) 23
7.7 5 N/A N/A N/A
11.5 >7.5 N/A N/A N/A

5 Commissioning N/A N/A N/A

Grazyna Odyniec/LBNL w—
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STAR

Au+Au at 200 GeV

Au+Au at 39 GeV

Identified Particle Acceptance at STAR

7 GeV

Au+Au at 7.

Au+Au 200 GeV

STAR-Preliminary
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Multiplicity at 7.7, 39, and ... GeV 7S:TAR

Au + Au at Runi0, IvZI <50 cm

P 1 ' I T T
= Data MC -
ST S 77GeV  — 7.7 GeV ]
Z - = 39 GeV — 39 GeV =
T 102 A 62.4 GeV -
= SN 200 GeV :
S 10° b
S 104 F §
% 10° .
- 1 0-6 E L L : | . i. . | 4 Ly ) | . 5
0] 200 400 600

Uncorrected dN/dn Inl<0.5
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STAR Performance in Run 10 STAR
Particle ldentification at 7.7 GeV

TPC PID | TPC+TOF PID
0.014 —
Au+Au 7.7 GeV - AutAu 7.7 GeV
0.012 o
0.01 1.8
0.008 1.6

0.006 1.4

-Ill.ll'l"'lllﬁlll-lll

dE/dx (keV/cm)

0.004 1.2

X

-

lllllllllllllllllllllllllllllllllllllll

2 15 1 05 0 05 1 15 2 2 15 -1 ;0 05
p*q (GeVlc) q*p (GeV/c)
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Particle |dentification — part || STAR
sy = 39 GeV Au + Au Collisions
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Au+Au @ 7.7 AGeV Au+Au @ 7.7 AGeV
T
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From Terry Tarnovsky presentation: 7STA R

Excitation Function for oy, «., and oy, ,,, AutAu STAR data
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Summary ig\ﬁR

* RHIC Beam Energy Scan - Fantastic success !
Au+Au at 39, 7.7 and 11.5 GeV runs:
— Met all goals and far exceeded for some data points
« 7.7 GeV (34 days) and 11.5 GeV (8+3 days) : N
» 39 GeV (15 days): N e ~ 170 M events
— Dramatic improvement of the collider performance at 7.7 GeV
* Preliminary results based on fast offline Run 10 data look very promising
* Final calibration results soon

» Last call for predictions on critical point !!!

>5M

events

« PAC two month ago (June 2010) ... the discussion of Run 11 begins !
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STAR Beam Request Runs 11 and 12 <as 5

Run Beam Energy Time __System _Goal New Detector
q Vsyy=18,27GeV | 2weeks = Au-+Au | 100, 150M minbias >
HLT

Vouw=200GeV | 4weeks = U+U <UUV minblas

i 200M central
5 weeks Py Py trans. P?*L=4 pb’!
Ve =500 GeV 6 weeks p.p. long. PZ*L=20 pb!
1 week Py Py pp2pp at high B*
B long. P?*L=50 pb-"
vs =500 GeV P_.D. P4+ = 15 pb- FGT
o 10 weeks o or
12 Py Dy trans. P?*L= 8.5 pb-'
Vs =200 GeV p_p. long. P#*#L=4.3pb"’
B U+Uor 3.5nb' U+Uor
Vsyy=200 GeV | 10 weeks AutAu | 5nb AutAU MTD

Request a CA-D test to determine the lowest possible collision energy at RHIC
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