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Outline

Introduction to the Beam Energy Scan program

Kinematics and freeze-out conditions

Event anisotropy and number of constituent
quark (ncq) scaling

Dynamical fluctuations and their higher moments

Summary and outlook




The Beam Energy Scan at RHIC

arXiv:1007.2613

Main Goals:
» Signatures for a phase transition
» Signatures for a critical point

Overview:
» Almost equidistant steps in T-p

7.7-62.4 GeV Au+Au reactions

Temperature (MeV)

Hadronic Gas

° 250Baryc:m Csh%cr)nical Pot:ﬁgal B(Iilﬁc:g; _MethOdS:
» Disappearance of QGP signals like

v,-ncq scaling, energy loss (R _,),...

\/SNN (€% MB Events in 10°

7.7 43

115 117  Looking for non-monotonic behavior

19.6 35.8 (eccentr1.c1ty, yields, slopes{...?

27 70.4 : Compar%ng to theory pred.u.:tmns |
—>

39 1304 * Fluctuation analyses — critical point

P 67.3 *Au+Au minimum bias events at STAR usable for analysis
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The Solenoid Tracker At RHIC (STAR)

Magnet

. Full azimuthal Coverage
e -1 <n <1 coverage

 Uniform acceptance for all
beam energies
Y « Full TOF barrel
* Low material budget in the
tracking volume
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Charged Meson Spectra

Tue. 11:50: Lokesh Kumar
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Spectra of Weak Decay Particles

Tue. 15:30: Xianglei Zhu

KS spectra, Au+Au 39 GeV
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31\347*“ Freeze Out Conditions

Tue. 11:50: Lokesh Kumar 02 -

STAR Preliminary
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¢-Meson Spectra from ¢ — K'K
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0.2 o Rodtioh R a2 e - production mechanism
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Di-Lepton Spectroscopy at 39 GeV

Thu. 16:30: Patrick Huck
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*only statistical errors
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counts

60 |-
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20 |

Eooviliionleinl |S-I-AI|Qpre|Ii inlaryl
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M

inv

by strong interactions

* Prominent peaks for ¢, w and J/W¥

* Direct probes from the early stage, almost undisturbed
» High statistics di-lepton spectrum: ~67k entries above T1°

- Enough statistics for differential p_and v _analysis!

» 27 GeV and 62.4 GeV spectra in preparation
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Flow from Charged Hadrons

Thu. 10:10: Shusu Shi

(@10-20% | ()20-30% = | (c)30-40% ,
0.2 | Fitto 200 GeV data +

=278 TeV (Pb 4 Pb
= 200 GeV
= §2.4 Gev
=349 GaV k i
=11.5 GaVf =11 L.

=77 Gav i STAR preliminary

-
il B | it I o ialulaielleh: Il el | i I

1 f 1 . . 1 f 1 .
" (b1) Ratio to fit function | (c1) Ratio to fit function |

Ratio to 200 GeV

ALICE data: Phys. Rev. Lett. 105, 252302 (2010)

e v_{4} cumulant method

— reduces non-flow

 General shape and magnitude
of v {4}(p,) is similar for all

energies between
7.7 GeV - 2.76 TeV

e In detail: at p_ <2 GeV/c the

. v_{4} increases with increasing

Vs

NN

« Baseline measurement for

identified particle v,

Nov. 2011 Alexander Schmah for the STAR Collaboration 11




Integrated v, and Non-Flow + Fluctuations

N - o=
|, 20-30% most central collisions STAR: OM?2011
> i In| 1.0, p:<2.0 GeVic ® Q
i b o 2 2 2
v{2}-v{4}¥°'=0 + 20
0.05- .. ! A2 - V4P =0,
* kel N 20-30% most central 30-40% most central
o = i stat. errors only | |nj<1.0, p=0.2 - 2.0 GeVic
0 3 stat. errors only = 0.004. *STAR
PR e 2 e . Alice
A E895 (protons) c )
< E877 (protons) E N I I
i m NA4O (v2{2} ) = 2
- CERES (EPh L i
-0.05 4 STAR CE{E’?E];JC’S}F} E 0.002 ¢ *
- {E % STAR (v2{4}h* GF-Cumulants) i * J
% STAR (v2{2}h* Q-Cumulants) o * I %
i * STAR (v2{4}h* Q-Cumulants) l“_f N * *
® ALICE (v2{2}h* Q Cumulants) ¢ *
- ® ALICE (v2{4}h* Q-Cumulants) o- o i o
_0.1 1 11 |||||| 1 Lol 1 1 ||||||| 1 L1l STAR Prellmlnary |STAR Prlellmlnal‘y;
2 3 4 E vl ol bl B rnn R ARIT BRI [
1 10 10 10 10 10 10> 10° 10 102 10°
\/Snn (GeV) \[Sun (GeV) \Son (GEV)

 BES data fill gap between NA49 and 200 GeV RHIC results
e Non-flow + v_fluctuations increase with increasing beam energy

Nov. 2011 Alexander Schmah for the STAR Collaboration 12



‘,ﬁﬁm Particle < Anti-Particle Difference in v,

Au+Au (0-80%), n-sub EP

0277w lrseev | 3G Thu. 10:10: Shusu Shi
N ] I ]
0.15°p u ot | 5555§Q . | | Au+Au (O 80%)
: ] o : ® ] - 1 STAR Preli OA-A
= 04 ...§§++ ".,»%> ; 55 | = _ relmlnary A
i e o P-pP
: o* o e g
0.05¢ o .'O 8 . ;2 i
DL A e SR preimnay L =, 50
e e e 2
0.2- 7.7 GeV ] 11 5 GeV 39 GeV ] |;<“
oA o <,
0.15'OA 7 é 8.@ —: >
[ ® ] )\ i
> 0.1F - ° %} 2 ]
> I .Dé+ e OQ ] ‘>-<’N 0
0.05; jo° % 1 oF 12
: ] 5 ~ At
oéﬂ __________________________ A @ STAR Preliminary | A
o 1 2 3 1 2 3 1 2 3 0 zoﬁs (é?eV) 60
p. (GeVic) NN

- Difference in v, between X and X for all particle species at lower energies

— break down of ncg-scaling between X and X
« Difference increases with decreasing \/SNN

— baryon transport to mid-rapidity?* Absorption in hadronic environment?

Nov. 2011 Alexander Schmah for the STAR Collaboration 13



Elliptic Flow from Identified Hadrons

Thu. 10:10: Shusu Shi Thu. 17:00: Xiaoping Zhang

Au+Au (0 80%) - sub EP
0.1-7.7 GeV | l15Gev 139 Gev ]
- ot ep 1 i
i !K A

) | T wgo‘h@%ﬁ

v,/ncq
o
(=4
<
k!
3
K.
>
o
&

STAR Preliminary | +

E [ IR e T ST T NI RN R IT N AT NI RNTE S R R I I L1 1 1
0 0.5 1 1.5 0.5 1 1.5 0.5 1 1.5
*similar results for anti-particles (mT-mO) In cq (G eV/ c2)

* ncqg-scaling for all particles holds at 39 GeV — similar to 200 GeV
« 2.60 deviation of ¢-meson v _(p.) from pion v (p.) at 11.5 GeV in

measured pT range

* ncq scaling seems to hold for the rest of the particles

Nov. 2011 Alexander Schmah for the STAR Collaboration 14



ﬁf\S@R Directed Flow from Identified Hadrons

0.04k 7.7 ﬁevuo-m%} 0.04F 39 GeV(10-40%) STAR: SQM2011
[ p b

p

0.02f ++++ ¥ P 0.02f ** ¥ 7 0.04
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_ ¥ 0-10% y
s of s of WW% 0.03- + ¥ 10-40%
L = ¥ 40-80 4
.02} ‘}‘ -0.02 r Ttk <3
i + 0.01F
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I AT -15-1-[}5005115 § Jf
-0.01;— : + +
-0.02f ¥ .l.
0.04F [ GE‘-"[:[?-@"*'B]' 0.04F 395;”(1{?-49%} -0.03F ” " bands: UrQMD
[ Ny T Ny - STAR Preliminary
0.02F i‘ 0.02F 004
[ -1 -0.5 0 0.5 1
= 0 = 0F y
0.02f -0.02F « 0.2 <p_<2.8 for protons
-G-M}STAR preliminary -0.04f STAR preliminary e 0.2< p. < 1.6 for piOHS and kaons
A5 105 005 1 15 -15 -1 -05 0 05 1 15 L
« Change of the proton dv_/dy from
0.04F 7.7 ﬁewm-mm 0.04F 39 ffvmma%} 39 to 7.7 GeV at mid-central collisions
k' k'
0.02k ¥ K 0.02k ¥ oK — maybe due to transported protons
- - ok M to mid-rapidity
ook 002k * No C:hlange in the slope for other
article species
-0.04F STAR preliminary -0.04f STAR plreliminaryl 1% p

AFHESREEET s 5 T 05 ¢ 05 1 15 * UrQMD predicts the right trend
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Freeze out Eccentricity from Azimuthal HBT

RI_R Lisa, Frodermann, Graef,
Spatlal ecce ntrlClty EF:% STAR. DNPZOll Mitrovski, Mount, Petersen,
R yt R . Bleicher, New J. Phys. 2011,

arxiv: 1104.5267

] N K. =0.16-0.6.C fl~ | ™  E895-PLB 496, 2004 (7.4-29.7%) |
0.4 - K( 0.15-0.6 GeV/c < CERES - PRC 78, 2008 (10-25%)
& f — *Model centralities ¥  STAR- New Results (10-30%)
B correspond to data uramp
- 7 T ETT T T e Hybrid[BM]+UrQMD
0_3 — PR BN T Hybrid[HG]+UrQMD
B 2D hydro EoS-Q
B Tt —— — . — 2D hydro EoS-H
| + 2D hydro EoS-l
01—
o I
B oF STAR preliminary
1 | ﬂ' | 1111 | 1 ‘.I | 1 11 1 1 ‘ 1 1 | 1 11 1 1
2 — 3
1 10 10 V'(S“ )(GeV) 10

« Models predict different final state eccentricities (€ )

=, with and w/o 1* order phase transition included

Without 1% « Monotonic decrease of € f from 7.7 to 200 GeV
order P.T. order P.T.

_ » UrQMD appears to predict the STAR data most closely
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Higher Moments of Net-Proton Distributions

10° A]u+Au 200 GeV o « 0-5% Mean: M =<N >
2108 Mep e GV o 30-40%
= L ° o) . 2
=10 ae s °7080% Sigma: o= \/< (N—<N>) >
q§ -103 *. L . "* (N N )3
3 ' L <(N=-<N>) >
£10° m . Skewness: §= :
Z 10 . L o
*’ u L I 4
. Ty Kurtos: <(N=<N>)"> ;
20 10 0 10 0 urtosis: K= - — -
Net Proton (AN) O
w _O@ITH Y .
X = * Link between susceptibilities (e.g. from lattice QCD)

Oy /1) T and products of higher moments

4/ 52 = (ko?) > * Volume effect cancels out
X8 ! XB °")s  Net-proton number fluctuations can reflect baryon
s/ %” = (So)p number fluctuations

F. Karsch et al, Phys. Lett. B 695, 136 (2011)  High fluctuations predicted close to the critical point
M.Cheng et al, Phys. Rev. D 79, 074505 (2009) |,
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Higher Moments of Net-Proton Distributions

PonErn N bt .
(— RGUREITEN Wed. 10:00: Xiaofeng Luo
- @ Net-proton :
- ®o ™ 0.4<:_<t0?8 IGeVr‘c) -
b | W || « Data are consistent with HRG model at high energies
) 05 @ —
- Lattice QCD % 1 | * No indication for a non-monotonic behavior so far
- or N=6, T=175 MeV "’-d} N
or ..., . PIb:TPCdE/dX = e Analysis for 19.6 and 27 GeV is ongoing
[ I I T T TTT | I I I T T TT | I T _]
12 | | « Autocorrelation between centrality definition
TR S R | N 4 window and analysis window is being studied
g B i — more important at the lower energies!
0.8 |- ® + + .
ool 1 | « PID methodology (rapidity, p_ cuts, PID method)
E STAR Preliminary E studies are Ongoing
| | \ !
345 10 20 30 100 200
\/Spn (GeVY) » More accurate statistical error propagation is
The 62.4 and 200 GeV data are published ongoing

in PRL 105 (2010) 022302

F. Karsch and K. Redlich,

Phys. Lett. B 695, 136 (2011)
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STAR Preliminary

STAR: DNP2011

» Fluctuations in particle numbers can be
related to critical behavior such as an
increase in susceptibility

« Non monotonic behavior (\/SNN) of event-

by-event particle ratios — critical point

— s 2 2 2 2
Jd}rn = Sign (Jdata o Jm'uced )J| Jdata - Jm'uced

+

R ) R A ) SRS
dyn,Kx < NK>2 < N, >2 ( NK) < Nﬁ>

2
O-dyn - den
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K(p)/m Event-by-Event Fluctuations

st p/T [ - Wed. 12:10: Jian Tian
_ s Thu. 15:15: Hui Wang
- 0 .
5 | -
EN . ¥ ] « STAR observes a monotonic increase
S.5 N . :
E e T : for the p/ 1 dyn. fluctuations and an
i reliminary ] \/
- . ] almost constant value for K/ 11 vs. Vs
10 - —— STAR AMPT % STARGc,, (Au+Au 0-5%) ] NN
..... Y STAR\v,. (Au+Au0-5%) ] S = 2 LG
: e a N moas ] — No indication so far for the critical
15l — point
\'Sny (GeV)  UrQMD can describe the trend for the
16— - ] STAR results
14 ——STARAMPT % STARg,, (Au+Au 0-5%) ]
T oRnse A STAR (w05 ] » Good agreement between STAR and
12 m NA49q,, (Pb+Pb0-3.5%) NA49 results for o
S 10 i STAR Preliminary & dyn.p/m
Lol - - Significant difference for o, v especially
S af E at 7.7 GeV
al E » Different acceptance was ruled out to be
2 E the reason for the difference
o :
NA49: Phys.Rev.C79 044910 (2009)
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... more interesting results are coming soon:

Thu. 14:30: Chitrasen Jena

So (net proton)
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Thu. 14:45: Zhiming Li
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28 K*/K 7.7 GeV, 2.78 +/- 0.15 arXiv:1106.6071v1 [nucl-ex] 8
26 K*K 11.5 GeV, 2.04 +/- 0.08 arXiv:1106.6071v1 [nucl-ex]
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K'/x* data

M BES (STAR)
® RHIC

B sPs

Q@ Summary and Outlook SRR

[(';'n:' data
~BES (STAR)
O RHIC

Spectra results: Excellent agreement with published results

Event anisotropy: -Difference between particles and corresponding
anti-particles in v and v,

-p-meson v, deviates from other hadrons at 11.5 GeV

— hadronic interactions might become more

important at lower energies
STAR Preliminary

Azimuthal HBT: Possible dip at 17 GeV is ruled out

—— STAR AMPT % STARc,, (Au+Au 0-5%)
STAR HSD % STAR\ Von (Au+Au 0-5%)

m NA49a,, (Pb+Pb 0-35%)

K/ fluctuations: Flat as a function of \/SNN, discrepancy at lower STAR Prelminary

energies with NA49 results

Higher moments: In agreement with HRG model at higher energies.

No indications for a critical point so far A 05
@ Net-proton
0.4<p <0.8 (GeVic)

Outlook: 19.6 and 27 GeV results are coming soon for all <0
analyses! 0.
Lattice QCD %

% N=6, T,=175 MeV )

STAR preliminary ™
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Shusu Shi:
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Lizhu Chen:

Hui Wang:

Yuhui Zhu:
Xiaoping Zhang:

Patrick Huck:

Centrality Dependence of Freeze-out Parameters from Au+Au Collisions
at\s_ =7.7,6115, and 39 GeV

STAR Highlights on Heavy Flavor and Di-electron Program
Measurements of Strange Hadrons K0S, A and = from Au+Au Collisions at
Vs . =7.7,11.5 and 39 GeV in STAR

Probing the QCD Critical Point by Higher Moments of Net-proton Multiplicity
Distributions at STAR

Energy Dependence of Dynamical Net- and Total-proton Cumulants at STAR
Event-by-Event Hadron Ratio Fluctuations from Au+Au Collisions at STAR
Probe the QCD Phase Boundary with Elliptic Flow in Relativistic Heavy Ion
Collisions at STAR

Elliptic flow of light nuclei in heavy ion collisions at STAR

The sixth and fourth order cumulants of net-proton multiplicity distribution at STAR
Particle Ratio Fluctuations and Charge Balance Functions in Heavy Ion Collisions
at RHIC

Beam Energy Dependence of Hypertriton Production and Lifetime Measurement
Probe the QCD phase diagram with ¢-meson production in relativistic

nuclear collisions at STAR

Dielectron production in Au+Au collisions at \/SNN =39 GeV at STAR
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