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Phase Diagram of Strongly Interacting Matter
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' e The location for the onset of
E:urtlfr:j fﬁ.fgierimems The Phases of QCD deconfintlement and the critical
point is theoretically not well
constrained and in the BES program
we are looking for signatures.

e |[s a phase transition/critical point
reflected in hadronic observables?

Temperature

- In order to search for the onset of
deconfinement and the critical point
RHIC started 2010 the ,,Beam Energy

Future FAIR Experiments Scan“ (BES) program.

Quark-Gluon Plasma

- /Syy =7.7,11.5, 19.6, 27, 39 GeV

el P, : _— - The BES program covers the region
Color in the red circle

H Ve
adron Gas Superconductor

Nuclear /
/ Vacuum Matter Neutron Stars
-

1
900 MeV
Baryon Chemical Potential

STAR Ref.: M. M. Aggarwal, arXiv:
1007.2613
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The STAR Experiment
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BBC
3.8<n| <5.2
\/
2.5<|n|<4.0 | FTPC
e TPC: Q, X, p, dE/dx e 1, Ktand p :dE/dx in TPCs+TOF e Similar acceptance for all energies.

e TOF: time of flight <K}, A, Z,Q : decay topology +
inv. mass. + dE/dx +TOF

STAR Ref.: K. H. Ackermann et al.: _—
NIM A 499 (2003) 624 0 : inv. mass. + dE/dx + TOF

Michael K. Mitrovski EPS-HEP - Grenoble - July 2011 4



ROOKHIAEN

TIONAL LABORATORY

1. Introduction.

2. The STAR experiment.

3. Measurements used for an investigation into
the onset of deconfinement and the nature of the
phase transition

a. Particle yields and spectra
b. Azimuthal HBT and Anisotropic flow
c. Event-by-Event fluctuations

4. Summary and Outlook.

Michael K. Mitrovski EPS-HEP - Grenoble - July 2011 5



) d) I drticle yIe1dsS and Specird

Midrapidity Yields vs. Energy ROOKHFAVEN

TIONAL LABORATORY

Ot STAR Preliminary (%l

1 lllllll " lllllll 1

1 lllllll

2.0

- OK+

STAR Preliminary

7\‘% . [ Mn* BES (STAR) (ﬂn E "_\'g 0.3 | #K' BES (STAR) % =
ZQ " [ stat. and sys. errors (;f:] : ZQ [ stat. and sys. errors % :
L\O/ - added in quadrature # . EO/ 0.2 - added in quadrature 8 _-
o, 10F = 1 2 5 X -
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X S in BES (STAR) - O 1

00 -_@I 111 |||| 1 L1 11 |||| 1 l_- 0 O —O @Il llll 1 _lﬂllelngll(STAlR)l—

34 20 100 20 34 20 100 20

\/S\n (GeV)

¢ 11 yields consistent results with

previous measurements from SPS
(NA49).

e Monotonic energy dependence of 1r
mid-rapidity yields with energy.

\/Syy (GeV)

e K yields consistent results with
previous measurements from SPS
(NA49).

e Change of the energy dependence of
K* yield between 7.7 and 11.5 GeV.
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Phase Diagram of Strongly Interacting Matter

S o &

X g X &
Au+Au 7.7 GeV __.
- 0-5%
10" #B =97 MeV -
F 1'=165 MeV
10°F o Data - E
E = Model o -o- ]
- STAR Preliminary -

107 ' |

¢ First results from the BES
statistical model.

run using the

e Extract chemical freeze-out parameters

— phase diagram.

- Note p and p are not corrected for feed-down

T (MeV)

STAR Ref.: B. I. Abelev et al., PRC79 (2009)
034909 and ref. therein

Becattini et al.:PRC73 (2006) 044905

R. Stock et al., arXiv:0911.5705

Critial Point and crossover from Lattice-QCD:
Fodor et al.:JHEP 0404 (2004) 050

Michael K. Mitrovski
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: quark gluon plasma
2 0 0 B chemical freeze-out
N E A SIS, AGS
1 + = SPS
B * RHIC
#%_ . * STAR BES
i i
100~ hadron gas \
N . .
B color
super-
- STAR Preliminary conductor
0 I 1 1 | | | | | 1\/1I ° | | |
500 1000
ug (MeV)

e Chemical freeze-out points approach the

predicted phase boundary at top SPS
energies.

e Look for signatures for the onset of
deconfinement and the critical point.
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o The basic idea - heating curve of water L N N L)
= 3) | STAR Preliminary 1
g . < L on' -
- o Heat used to vaporize /' o 4ing of > 04k N BES (STAR) _
3 3 100 water to water vapor water vapor 0] ol i
°Tg e [ oMo O ;
s e ~ 0.2 ]
5 e & "%l :
-E Efe\?\;::gr e : stat. and sys. errors ;LZ' BES (STAR) :

© added in quadrature
XL 0.0_. Lol L ool L1

0~ 34 20 100 20
\[Syy (GeV)

: ' ' ' ' ' I T 1T T T 1111 T l-
Heat Added (each division = 4 kJ) 05F ox —
’>" Tt MK' BES (STAR) $ .
8 04 & 8 -
Collision energy e 03 &Q@%@ 3 ¥ -
~ 02 _Ogg] 0K —
e Good agreement to previous measurements at SPS \é,_ 0.1k MKCBES(STAR). - 1
e <mr>-m is constant for BES energies. 1ol STAR Preliminary -
. — 1 L1111 III 1 L1 11 III 1 T

— Signature of change of EoS due to phase transition? 3 4 20

\[Sy (GeV)

100 20
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0.30¢ e Non-monotonic structure in K*/1r* ratio visible.
- K'/n* data _ ]
_ M BES (STAR) e K-//I1" increases with energy.
0.25[ ® RHIC
- M sSPS
- I A AGS
0.20 4
SRR B
S 015F ,
E * AIL\.
0.10F M STAR Preliminary
B B ] K/n data
i mE= JUBES (STAR)
0.05F O RHIC
A A stat. and Sys. errors Eigz
- /_\f added in quadrature
0-00 — | | L1 111 I 1 1 1 L. 1 111 I 1 1 1
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Softening of the EOS
Azimuthal HBT

h‘ 0 4 I SRRSO [ ] E895 - PLB 496, 2004 (7.4-29.7%) |-
\®) : S CERES - PRC 78, 2008 (10-25%)
: N STAR - New Results (10-30%)
0.3 b e e e UrQMD - (10-30%)
I N
: o
0.2—
0.1—
0 .
| STAR Preliminary stat. errors only
B | | | | | I | | | | 1 | | I | | | | | | | |
1 10 102 10°

\/SNN(GGV)

E895 Ref.: M. A. Lisa et al., PLB496 (2000) 1
CERES Ref.: D. Adamova et al., PRC78 (2008) 064901

H. Petersen, M. Bleicher et al., NJP13 (2011) 065006

M. A. Lisa, E. Frodermann, G. Graef, M. Mitrovski, E. Mount,
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e Initial out-of-plane eccentricity.
e Stronger in-plane pressure gradient drives
preferential in-plane expansion.

e Longer lifetime or stronger pressure gradients
(energy density) and c2 cause more expansion
and more spherical freeze-out shape.

e Measuring the eccentricity at freeze-out &r using
azimuthal HBT:

2 2 2
Ry — R RQ,S
2 5 N 205
R2+ R2  "RZ,
* STAR results alone are consistent with a monotonic

decrease in the freeze-out eccentricity with
increasing collision energy.

e STAR collected additional data at 19.6 and 27 GeV in
Run11 to constrain the minimum between 11.5 and
39 GeV.

e UrQMD reproduce the general trend.
e Softening of the EOS?

Ep —

STAR Ref.: J. Adams et al., PRL93 (2004) 012301

Michael K. Mitrovski
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0.2

Au+ Au,/SyN = 7.7 GeV  Au+ Au,Jsnnw =115 GeV  Au+ Au, /syn = 39 GeV - - Proton v, Slope
.:'Illllll.,,!|;||||||||l::I|IIIIIIIII!IIIIIIIIIll::I|llll|lllljllll|llllll: 015:_ ¥STARp+1O_400/O
- 7.7 GeV(10-40%) I 11.5:GeV(10-40%) 1 39 GeV(10-40%) ] - ¥ STAR:p 10-40%
o ¥ P El ¥ e T ys ] 0.1 ' ® E895: b=5-7 fm P
r NP 1 NP 1 NP : E O NA49: mid-central p
0.02f T ¥ ca}.: - ] N [
X ] ] _ 0.05f stat. errors only
0.01 & : : % E ¥
- 05 _ Ny 0;_ """"""""""""""" E:HVE:] """"" wr ¥
- 1 ] © - ¥
- 1 ] -0.05 ¥ ¥
-0.01_ ] 7 -
o002f 1 ] -0.1;— +
003f ¥ — -0.15F
[ : ] STAR Preliminary § stat. errors only - STAR Preliminary
_O'M-lllllllllllilllllllllll-:llllll|||l|’1||||||||lll:.lllllllllllillllIllllll- _0.2- 1 N | 1 r 0ol 1
-1 05 0 05 1 q 05 Q 05 1 8 0.5 Q 05 1 1 1 O 1 02
Y Vs
e vq probes the early stage of the collision. e STAR will constrain the minimum
e Proton v1 s|ope at m|drap|d|ty shows a between 11.5 and 39 GeV with additional

* Difference between protons and anti-protons.

Possible scenarios:
e Sensitivity due to a 1st order phase transition?
- Could lead to a event shape tilted w.r.t. beam
axis (bounce off)

E895 Ref.: H. Liu et al., PRL84 (2000) 5488 . . .
NA49 Ref.: C. Alt et al., PRC68 (2003) 034903 » Wiggle and negative slope results from positive
R. Snellings: PRL84 (2000) 2803 -

J. Csernai and D. Rohrich: PLB458 (1999) 454 space momentum correlations + baryon

J. Brachmann et al.: PRC61 (2000) 024909 stopping_
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Elliptic flow v2
Pb+Pb, b=7fm
0.1 ‘ ‘ ‘ ‘ ‘
v, (EOS Q) >°‘
oo |- - v, (EOS H)
0.08} Mixedihase
0.06f /
0 ______________________
0.04f
Mixed Phase
0.02f
! coro vl ! Coo vl ! Lol !
% 500 1000 1500 2000 2500 3000 1 10 10° 10°
total pion multiplicity density at y=0 \ /SNN (GeV/c)
e Hydro calculation shows a minimum for e Another alternative is that a flattening is
the elliptic flow when passing through a observed when we have a change of the
change of the EOS from hadronic matter EOS.

to quark-gluon plasma.

| Kolb et al.:PRC62 (2000) 054909 |

Michael K. Mitrovski EPS-HEP - Grenoble - July 2011 13



32) sty tow
Softening of the EOS
Integrated elliptic flow v2 and Non-Flow
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20-30% most central

30-40% most central

AN . .

i 20-30% most central collisions o

> I In| <1.0, pt< 2.0 GeVic ® § _ stat. errors only | 151 < 1.0, pt=0.2 - 2.0 GeV/c
i 4 N *

0 05_ N * > 0.004_ STAR N
D S . o e Alice
[ N
- &
0- s stat. errors only S .
T T ¢
-4 E‘ 0.002_ : [
= A E895 (protons) g 1 *
= <= E877 (protons) E * *
- STAR (EP{BBC’s}h?) = W F N *
-0.05+= * STAR (v2{2}h* Q-Cumulants) o * *
B % STAR (v2{4}h* Q-Cumulants) ;
i ® ALICE (v2{2}h” Q-Cumulants) O STAR Preliminary STAR Preliminary
i .ALICE (V2{4}hiQ—Cumulants) 5 C_1 ||||||| 11 ||||||| 11 ||||||| [ | IIIIII| 1 1 IIIIII| 1 1 IIIIII| 1 1
1 IIIIII| 1 1 IIIIII| 1 1 IIIIII| 1 | I |
-0.1 ; 3 . 10 10> 10° 10 102 10°
10 10 10 10 \/ Snn (GeV) \ /SNN (GeV)

Sy (GeV)

e Additional data at 19.6 and 27 GeV
will help to see a possible minimum
or plateau for charged hadron va..

e v2{2}? - v2{4}? = &2 + 202, shows also an interesting
energy dependence

- increase in conversion of initial anisotropy into

— Signature of change of EoS due to phase momentum space?

transition?

J. Y. Ollitrault, A. M. Poskanzer and S. A. Voloshin, PRC80 (2009) 014904
P. Sorensen for the STAR Collaboration, JPG35 (2008) 104102
ALICE Ref.: K. Aamodt et al., PRL 105 (2010) 252302

S. A. Voloshin, A. M. Poskanzer, and R. Snellings, Landolt-Boernstein,
Relativistic Heavy lon Physics Vol. 1/23 (Springer-Verlag, Berlin, 2010), pp 5-54
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Partonic Collectivity

Au+ Au, /syn = 200 GeV

0 —_ =T
50.15_ OKS_ :‘+*:‘_+*(I)
£ OA+A0Q +Q
. Event plane method (TPC)
SN 0.1
S§ o e

0-80% most central

0 05 1 15 2
(M- m)/ng (GeVIc)

STAR Ref.: B. I. Abelev et al.: PRC 77 (2008) 054901
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* v2 of light and multi-strange hadrons are
scaling by the number of constituent quarks.

= also visible for ® and Q which indicates

that the collectivity develops at the
partonic level

Michael K. Mitrovski EPS-HEP - Grenoble - July 2011 15
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Partonic Collectivity
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. AuAu (0-80%), 1-sub EP Au+Au (0 80%), T]-SUb EP
L N I I_' _'_I o T I_‘ T T T T T T T T T T T T | T
0.2E Zg GeV E 11.5 GeV ; 39 GeV s 0.1-115 GeV tat. errore only -
0.15: °p i 0t ¥ ont ep :
[ ] L ] [ ) i
= 0.1 afit L e —: e
0 05 ..%) E ..;O OQ E ]
. N L 1 O T ] .
0 R s STAR Preliminary ChaLs 1o )
0.2/77Gev  1115Gev 39Gev ;]
F A ] stat. errorsonly | ® * ]
0.15; =& ': ; $* ¢
: _ . : _ oS -
Q i 1 I 2 h I ]
> 01ty .'é% e z imi
; ° : ° : 9 ] I STAR Preliminary _
0.05/ e 1 o b ] | | |
-8 1 & 5 STAR Prellmlnary — — —— =
S SR ST 0.5 1 1.5
o 1 2 3 1 2 3 1 2 3 2
P, (GeVic) (mT-mo)ln Ccq (GeVIC )
» Difference between particle and anti-particle v-  ®-Meson does not follow the trend of other
gets larger when decreasing collision energies. mesons with a mean deviation of 2.6 o and

measurements at intermediate p: is needed to

« NCQ scaling seems to be broken between draw an overall conclusion

particles and anti-particles at lower energies.

e Difference between baryon and anti-baryon due to
- Baryon transport to midrapidity?
- Absorption in hadronic medium?

Michael K. Mitrovski EPS-HEP - Grenoble - July 2011 16
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3 €) Event-by-Event fluctuations®
K/1r Ratio Fluctuations

Y  STAR Au+Au, 0-5%, TPC+TOF
—%— STAR UrQMD, Au+Au
N .
---/¢-- STAR HSD, Au+Au
]
Al * B NA49 Pb+Pb, 0-3.5%
'l REY
) + \ZS STAR Preliminary
! R

“x ox "

stat. errors only

10 10°

\/syy (GeV)

| NA49 Ref.: C. Alt et al., PRC79 (2009) 044910 |
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* No variation from 7.7 GeV to top RHIC
energies.

e Deviation between NA49 and STAR at 7.7
GeV.

» Difference between NA49 and STAR could have
different reasons, e.g.: different PID selection
and/or acceptance (Physics maybe changes
with acceptance) (still under discussion).

* UrQMD overpredicts the STAR measurements
at all energies except 200 GeV, but under-
predicts the measurements from NA49 at low
energies.

e HSD overpredicts the measurements from
STAR but catches the trend from NA49.

NA49: O, = Sign(gflam _ ()'iix) \/‘ gjam _ a}fu_x | , relative width o = RMS / Mean x 100 [%]

STAR: den,pl/p2 =

<NP1 (Npl _ 1)> 4

<NP2 (NP2 _ 1)>

<NP1NP2> 2

<NP1>2 <NP2>2

— O ~ Vd
<NP1> <NP2> ? dyn o

Michael K. Mitrovski
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ug (MeV)

Higher Moments: Net-Proton Kurtosis

720 420 210 54 20 10

I I I I I I I| I I I I I I I I| I I
P Au+Au: 0-5% N
I LV @ Net-proton i
} @9 0.4<p <0.8 (GeV/c) i
O : ”,’. IY|<O5 :
N 0.5 "*\‘ ]
O | | —
o [ 11 I 1+ I —
1 .__._. ......................... L e Vi —— e ’....._.__.
o - + @ o° '®) N
® - o) -
¥ OF E
-1 :_ STAR Preliminary _:
E stat. and sys. errors n
- | | | | | | I| | | | | | | | I| | | p—

3 4567 10 20 30 100 200

\'Sny (GeV)
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 Critical point effect
- Higher moments are more sensitive
to diverging sigma field:

(N2) =g2, (N4 =¢

- Divergence should be reflected in net-
baryon and net-proton kurtosis

- Kurtosis*Variance = 1 for Poisson distribution,
if not close to the critical point

* Phase transition effect
- net-proton kurtosis as proxy for net-baryon

e 7.7, 11.5 and 39 GeV deviates from HRG
expectations for So.

* 11.5 and 39 GeV deviates from HRG expectations
for ko?2.

STAR Ref.: M. M. Aggarwal et al.: PRL105 (2010) 022302 | |Karsch and Redlich: PLB695 (2011) 136 |
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» Successful RHIC BES program from collider/accelerator and experimental side!

a) Particle yields and spectra
b) Azimuthal HBT and Anisotropic flow

c) Event-by-Event fluctuations

* Interesting observations were made with high quality data at 7.7, 11.5 and 39
GeV Au+Au collisions, part of the BES program in STAR at RHIC.

e Additional data at 19.6 and 27 GeV will allow us to perform a systematical
study of the QCD phase structure and search for the possible QCD critical
point.

Michael K. Mitrovski EPS-HEP - Grenoble - July 2011 20
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Au+ Au,/syn = 39 GeV
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E802 Ref.: L. Ahle et al., PRC58 (1998) 3523

L. Ahle et al., PRC80 (1999) 044904
E895 Ref.: J. L. Klay et al., PRC68 (2003) 054905
E877 Ref.: J. Barrette et al., PRC62 (2000) 024901

C. Alt et al.,, PRC77 (2008) 024903

NA49 Ref.: S. V. Afanasiev et al., PRC66 (2002) 054902‘

STAR Ref.: B. I. Abelev et al., PRC79 (2009) 034909
B. I. Abelev et al., PRC81 (2010) 024911
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The phase diagram of water The phase diagram of strongly interacting matter
is under study

The Phases of QCD

1 01 2 ;
Qo Early Universe
—_— - o >
S £ Future LHC Experiments
©
g. Current RHIC Experiments
10° o
=
10°
~170 MeV

Critical Point

Har on Gas

300 400
Temperature (K)

Var .m
0 MeV P

0 MeV

critical point

1st order phase transition

Superconductor

Nuclear /
Matter Neutron Stars

1
900 MeV

Baryon Chemical Potential

| USA-NSAC 2007 Long-range plan |
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e

: Ay -
-—‘. ___\1 \. »:}
- -
N =\

TANDEMS

<5 ‘ .
IR e o

B e e . i e — TR 4

* Beam species from p to 197Au”®* (2012 with Electron Beam lon Source (EBIS) up to U).
* Beam energy from ,/s,, =7.7 - 200 GeV at RHIC.
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The STAR Acceptance BROOKHIAEN
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e Similar acceptance for all energies.

Michael K. Mitrovski EPS-HEP - Grenoble - July 2011



) d) FATtCIEYICIAS |nd specird
Statistical Model
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 Assumption of chemical equilibrium at freeze-out.

e Particle production can be described with a few parameters: V, T, us, Vs.

» Extract chemical freeze-out parameters — phase diagram.
- Note p and p are not corrected for feed-down

1

(2J;+1) V

(ni) =

STAR Ref.: B. I. Abelev et al., PRC79 (2009) 034909
and ref. therein

/d P s S eap[(Bi — (up + s + nQ))/T) £ 1

(2m)°
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Heavy lon collision
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e Collectivity develops_ on the e Collectivity develops on the
quark level a_nd persists hadronic level and will be
after hadronization. different for every hadron

species due to differing
cross-section.
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Partonic Collectivity
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AN
> PHENIX: open symbols 200 GeV Au+Au M.B. collisions
qh, 0.3 STAR Preliminary
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Transverse Momentum P (GeV/c)

e At low pt (< 2 GeV/c) hadronic mass ordering
effect is visible.

e At high pt (> 2 GeV/c) number of quarks ordering.
STAR Ref.: S. Shi for the STAR L. .
Collaboration: NPA 830 (2009) 187 = Collectivity develops at the partonic stage

PHENIX: Issah and Tarenko, nucl-ex/0604011
NQ inspired fit: Dong et al., PLB 597 (2004) 328
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Introduction in Ratio Fluctuations
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e Hadron ratios...

- ... are an intensive quantity

- ... characterize the chemical composition of the fireball

- ... are not affected by hadronic re-interaction when looking at
conserved quantities (baryon number, strangeness)

e Change of particle (e.g. strangeness) production properties at the
phase transition

- Two event classes
- Larger fluctuations in the mixed phase

Phase A Phase B
# 0) # A
/\ > /\ >
N N
Mixed phase
4 A
>
N
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« QGP: strangeness is carried by strange

e HG:

quarks, baryon number and strange-
ness is correlated.

strangeness is carried by K and A,
baryon-strangeness correlation
changes with pg.

[Koch et. al.:PRL 95 (2005) 182301 | | NA49 Ref.: T. Anticic et al.: arXiv:1101.3250 |
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K/p Ratio Fluctuations
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0.01
stat. errors only
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A-"A"'A ---------- Ar-eeenl A
0.004
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> -
-0.002—* ) l *
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- STAR Prelimi
-0.008 :_ renminaty ---A--- STAR HSD, Au+Au
_0.01 C ooy | | Lo |

10 10°

\/syn (GeV)

e K/p is an approximation for Cgs?

e Deviation between NA49 and STAR at 7.7
GeV.

» Difference between NA49 and STAR could
have different reasons, e.g.: different PID selection
and/or acceptance (Physics maybe changes with
acceptance) (still under discussion).

e UrQMD and HSD fails to describe the
measurements.
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p/1r Ratio Fluctuations
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STAR Preliminary

-0.01————- '

| NA49 Ref.: C. Alt et al., PRC79 (2009) 044910 |
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* Vdyn, p/r iINCreases with energy.
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e Good agreement between NA49 and STAR

measurements.

e UrQMD and HSD catches the trend but cannot

fully describe the data.
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_ocal Parity Violation
Energy Dependence of Charge Separation
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R S 62 GeV Au+Au, Circles = 3 charge correlations is decreasing with
- —F 4 decreasing energy.
- Opposite sign =k =
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