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L The Beam Bnergy Scan ot RHIC

Quark-Gluon Plasma

eIga) ‘(g

Methods to study the QCD phase space:

. QGP at high T and/or p,
— RAA, NCQ scaling of Ve

« We expect from QCD lattice calculations
a cross over at high energies

« First order phase transition?
— Azimuthal HBT, v_analyses

Temperature (MeV)

e Critical point?

— Fluctuation analyses (net-protons) 0 50 w0 o 1000
. Hadron gas phase at low T and /or o skt il
Disappearance of QGP signatures 77 43
starts most likely before we reach
the transition line! b 17
— The initial stage is in the QGP phase i SO
27 70.4
39 130.4
62.4 67.3

*Au+Au minimum bias events at STAR usable for analysis
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The Solenoidal Tracker At RHIC (STAR)
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g . Full azimuthal coverage
« -1 <n<1 coverage

 Uniform acceptance for all
beam energies

e Excellent PID
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% Particle Identification
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« Full time-of-flight detector for beam energy scan

— 2D particle identification with dE/dx from TPC
« Neutral particle reconstruction via invariant mass
e Low mass setup —* reduced conversion
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Selected Highlights from the
Beam Energy Scan
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RCP in Comparison to Hijing
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« Hard processes have very low cross section at lower energies
— probe disappeared?

e Similar pattern for Hijing calculations with Cronin effect
included

« No jet quenching included in calculation!
— Change of R_, with energy eventually not related to

energy loss / lack of energy loss in the QGP
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««f  Higher Moments of Net-protons

Xiaofeng Luo

= _ Au+Au Poaisson 4

S R T B - Deviations below Poisson
e | R W 7 AL R expectations are observed beyond
) 051 Netoret ‘ﬁ?.c'_ 80% O e — statistical and systematic errors in
- et-proton R i ] _ i 2
 Fo4<p,<08 (Gevic) 105 Wiy ] 0-5% most central collisions for ko
A i - and So above 7.7 GeV
1.2 E%
© f o) o « For peripheral collisions, the
o 1 g m;‘r ﬁ'qu . S’P T deviations above Poission expectations
.% -@“'; - are observed below 19.6 GeV
D.B ....... S bur
J j.: UrQMD : 0-5% Pp+p
B - e % « UrQMD model show monotonic

c 11f | = behavior for the moment products, in
o o ; :
@105 B E which non-CP physics, such as
g 1E * ﬁ AT N Y, b %ﬁ} _____ E baryon conservation, hadronic
::;- - -.*E Y =14 ] } :
5 095 [ o < ® g Jf 3 scattering effects, are implemented
@ 09 E = STAR F’rchrnlnary,.r -
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ceecer?] Di-Electron Spectra + Theory

BERKELEY LAB

Patrick Huck, Jie Zhao
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R. Rapp, private communication, R. Rapp Adv. Nucl. Phys. 25,1 (2000)

« The scenario of a broadened rho spectral function can consistently describe
the LMR excess yield from vs_ _=19.6 up to 200 GeV
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Azimuthal Anisotropy

BERKELEY LAB

Measured particle emission
relative to event plane (W)

x10°

Spacial anisotropy

-0

 Au+Au @ 39 GeV |
0.8<p.<1.0 GeVic

W-0)

75

1/N dN/d(

65 o

Characterization with Fourier decomposition:

d(\IliN— py ~1+2 nzzl Vn cos [N(Vy, — @)]

« Sensitive to early evolution
— partonic stage
« Sensitive to Equation-of-State

Alexander Schmah - LBNL
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=== ) Elliptic Flow (v,) of Charged Hadrons

@)10-20% | (1)20-30% | (c1)30-40% | o v {4} cumulant method
ey 02[F Fit to 200 GeV dj{a ‘ ?.'E T ’ | — insensitive to non-flow
S—’& 0.15] % -.+. 4 ‘Jh « General sha.pe and magnitude
> o1f o | A poas of v_{4}(p,) is similar for all energies
0.05 ¥ T H* eezsoey § gy || between?7.7 GeV -2.76 TeV
R o .089Gev [T a776v | | o Indetail: at p. <2 GeV/c the

" 02) Ratio to fit{ 'rt" ™ 62) Ratio 1 fit furictic : c1 . )
« ReatRip IRy (ef) Ratvp ineton v {4} increases with increasing vs

« Large collectivity?
Particle composition?

Ratio

eBaseline measurement for
identified particle v,

STAR: Phys.Rev. C86, 054908 (2012)
ALICE: Phys. Rew. Lett. 105, 252302 (2010)
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Energy and PID Dependence of v,

il Phys. Rev. C 88,
ol 014902 (2013)

.v,uptop =4GeV/c

. V2(Baryons) > vz(Mesons)

. v, is increasing with energy

09/18/2013 Alexander Schma
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ceecer?] v, for Protons: 07-80%

BERKELEY LAB
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- Difference in v between particles and anti-particles
is constant as a function of p_

o Av_is increasing with decreasing energy
2
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ceecer?] v, for Pions: 09%-80%

BERKELEY LAB
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- Difference in v between particles and anti-particles
is also constant for mesons as a function of p_

« Av_is much smaller for mesons compared to baryons
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sz vS. v/ SR all Particles

l . T T T [ T T T T 1 L
0'06__?. % Au+Au, 0%-80% ¥=Z-T | 0'06__Au+Au, 0-80% i
i | m-sub EP 85:;% | - n-sub EP
. - :Itl ‘.I ﬂK;-K 7 B E'_E rj A
. _I.]l. ' e < 004_0 - ]
'émo 04 ol Ant-n ] X oA o
7 AKT-K -0~
< Ar-m . L.
= 0.02° :@3 -
Q% A
NELs D
P ! R R R R N S R R
0) 0.1 0.2 0.3 0.4
iy (GeV)

Phys. Rev. Lett. 110, Energy dependence of Av, looks similar for all baryons

142301 (2013)

« Much smaller Av, for mesons, inverted for pions
« Av, is increasing linearly with p_

— suggests a direct connection of the two quantities
— quark transport?
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Centrality Dependence Av_vs. Vs : Protons

L T T T | T T T | T T T | T —— [ LI L T | T | T T T | T ]
I p-p Au+Au ] L 0.8 - J) p-p Au+Au -
n-sub EP  ©@0%-10% -“a; - n-sub EP  ©@0%-10% 1
4 A10%-40% | ) C A10%-40%
__0.04F ¥40%-80% o 06r ¥40%-80% |
=
X<

o Similar trend of AV2 for all centralities

« Relative difference shows a clear centrality ordering
of AVZ/ V2(1.5 GeV/c), with AV2(O%-1O%) > AV2(4:O%-80%)
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A .
Theory Explanations for Av,

Phys. Rev. C 85, 041901(R) (2012) Phys. Rev. C 86, 044903 (2012) Phys. Rev. C 84, 044914 (2011)
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« Hadronic potentials are different « Baryon chemical potential » Transported quarks have
for different particle species changes with energy larger v, than produced
. :
changes the flow pattern — pressure different for quarks

particles and anti-particles

— Approximately explains the measured patter,
not related to QGP — hadron gas transition
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Elliptic Flow (v ) of anti-Particles

0.2r 7.7 GeV
[ Au+Au, 0-80%
- m-sub EP

0.1

 19.6 GeV .

0.2}

0.1

« Clear baryon < meson splitting at vs  >=11.5 GeV

* Splitting at 7.7 GeV, ¢ at 7.7 and 11.5 GeV?
— More statistics needed

09/18/2013 Alexander Schma
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ceeec] Elliptic Flow (v_) of Particles

BERKELEY LAB
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« Clear baryon < meson splitting at vs >=11.5 GeV

» Splitting smaller at 7.7 GeV, ¢ at 7.7 and 11.5 GeV different?
— More statistics needed
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ceecer?] NCQ Scaling of Particles

BERKELEY LAB

0.1 7.7 Gev op *x* + 11.5 GeV
[ Au+Au, 0-80% 4aA OK® |
- n-sub EP
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v,/n,
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20 05 1 15 20
2
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« NCQ-scaling holds for particles within 10%
« Only v (¢) deviates by ~20 at 7.7 and 11.5 GeV

from general trend
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ceecer?] NCQ Scaling of anti-Particles

BERKELEY LAB

0.1 7.7 GeV o5 *r | 11.5GeV
[ Au+Au, 0-80% aA oK T

Vv,/ng

2
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« NCQ-scaling holds for anti-particles within 10%
e Only V2(¢) deviates by ~20 at 7.7 and 11.5 GeV

from general trend
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BERKELEY LAB
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Vv, VS. m_-m: Particles

Alexander Schma

. v, is increasing with decreasing
centrality and increasing energy

e Similar baryon-meson splitting
observed at 10%-40% and 40%-80%
for all energies

« Almost no splitting at 0%-10%

- LBNL 23
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\ Ty .
v Vs.m -m : anti Particles
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?]E;— jar vy +, i 5-+

N i g [ M

opapyet. 1e&T . 1alh
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0.2F e Foob ot ] o
oqb i S T SR { ¢Smaller baryon-meson splitting

B EPE o S NS M _____________ 2 ] observed at 10%-40% and 40%-80%
03f196Gev + Ty for lower energies compared to

: i ' ok 4 4

higher energies

« No splitting at 0%-10%!

— anti-baryons go down in v _or
. . ?
baryon are going up in v
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o _ - ;
v/ n vs. (m_-m )/ n : Particles
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£ I [ ¥
08F et T st |

0.15 11.5 GeV H

e NCQ-scaling is very good for
0%-10% and 10%-40%

e Significant difference between
baryons and mesons at 40%-80%

15 0
(m_-mg)/n, (GeV/c?)
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ey | _ . anti-Parti
v_/n vs.(m -m )/ n : anti Particles
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What about Blast Wave?

(%) 9 8 7 6 5 4 3 2 1
tng %geom'”™) 80.70 7060 60-50 50-40 40-30 30-20 20-10 10-5 5-0

e Simple, old but still effective o 02 - o IL‘.{\\\ o
parametrization for radial flow S sl ¢(S§)“\‘{\:\\ |
in heavy-ion collisions & 44 | Chemical freeze-_lgut temperature\ |

S ch il

« Difference between multi-strange = oma 7

hadron radial flow and 7, K, p? % 012 |- p+p -
=
E 01 |- n

« Beam energy dependence of a8 AuAU (1-0)

radial flow? S B Au o
= o6 L utAu (2-c) 1
[l) I 0|.1 I 0.|2 | 0|.3 I 0.|4 | 0|.5 I 0.|6

Collective velocity < p; > (c)

Nucl.Phys.A757:102-183,2005
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A . .
Excluding the Pions

Au+Au, 0-5%, 200GeV 9 8 7 6 5 4 3 2 f

0
%ig! Ogeom (%) §0.70 70-60 60-50 5040 40-30 30-20 20-10 10-5 50

0.2_ o 0.2 _l | | | | | | \\‘11\\:‘\:“ | | | |
L overeraranana AU+AU(1-O’) SL‘J“ 018 L (Jp(sé)\‘\:\\:‘\:‘\ |
I > | O
SR Au+Au(2-0) O o6 | Chemical freeze-_l_o:rJ]t temperature |
' |_"9 014 - | -
l_ 4)) :I::‘
i 5012 P*p i
0-1__ g 01 -
: K A Eh 0.08 | =ssssnam AutAu (1-5) > _
[ (m, K, p) el AutAu (2-o) |
0.05% S T S S ST S E— R Y T R N R R
0 0.2 04 0.6 0 0.1 0.2 0.3 0.4 05 06
<|3> Collective velocity < p; > (c)
« Apparently not the phi mesons are different, the pions
seem to be off
— dominated by Delta decays
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Blast Wave Fits for Vv, VS. P 0%-10%

0.08 77 G Particles F "¢V ": 0.08 - 770V anti-Particles § 5% _:
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0 r oF
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0.04 0.04

0.02 | 0.02 |

t t ] ed 0
62.4 GeV - = 0.08
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='0.08
0.06
0.04 | 0.04 |
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0.1 | 0.1f

0.05 | 0.05 |

1.5 0 0.5
pT (GeVic)

« Mass ordering well described by blast wave fits
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BERKELEY LAB
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Blast Wave Fits for v, vs. p_: 10%-40%

[ 7.7 GaV o T 11.5GeV
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L 108E-400 S?J!F. i:}p

0.1

0.05 |

01

0.05 |
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L 7.7 GaV
FoAusAU
L 10%%0-40%

« Pions (not included in fit) are significantly off
¢ mesons are off for particles (lower energies) but not for anti-particles

Alexander Schma
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Blast Wave Fits for v_vs. p._: 407-80%

0.15 i ] 0.15 | 1
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« Pions (not included in fit) are significantly off
« d mesons are off for particles but not for anti-particles
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Blast Wave <B> vs. +/ N

0.7+
0.8 AutAu  0%-10% I Au+Au  10%-40% 0.6~ Au+Au  40%-80%
"""""" T=135 MeV . cveeeree T = 135 MeV i cevrereeee T=135 MeV
. 121122:.:93 0.6 e T=125MeV i e T=125MeV
T © I o ——— T=115MeV 0.5 ——— T=115MeV
A A 0.5F N A [
”ﬁ— anti-partic | - 0‘9" anti-particles t e ”-ﬁ— 0.4 + e
L o pefliiies i~ - o - . | \ . '¢_ i *
+ oo ¢ 0.41 2 anti-particles$_~~  ~
| e N 03 | * BT
0.4 F:_':'-’P particles 0.3 particles [ particles h
E L R . S L R . 0_2'...| L Ll
10 10? 10 102 10 10?
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« Significant difference between particle and anti-particle
<B>vs. v/ S\x
« Larger <> for higher centralities = higher energy density?

e <B> starts to merge at higher energies = mainly produced particles
o <B> decreases with increasing v S\x for anti-particles,

opposite trend for particles
« Simultaneous fit with spectra in the future
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rereend) 'ﬁ‘ Summary and Outlook

Beam Energy Scan
 High quality data at energies between 7.7 and 62.4 GeV
— di-lepton spectra, RAA, net-protons, flow,...

» No conclusive picture about phase transition

Elliptic flow
. Ditference in v between particles and anti-particles observed

— NCQ scaling between particles and anti-particles is broken
but holds for particles and anti-particles separately!

e Av_is increasing with muB — transported quarks?
« Blast wave model can fit anti-particle v, data at all energies
— multi-strange hadrons do not deviate

Outlook
« Much more statistics in the interesting energy region (BES II)

— precise and differential measurements of observables possible
« Lower energy data points with fixed target reactions

— initial system not in QGP anymore?

09/18/2013 Alexander Schmah - LBNL 33
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BERKELEY LAB
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Directed Flow (Vl)
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H. Stoecker, Nucl. Phys. A 750 (2005)

10 . 102
VS (GeV)

A non-monotonic behaviour
of net proton v, slope is observed

dependence to fully understand
underlying physics

« UrQMD and AMPT cannot explain
even the sign of the net proton data

 Need more input from theory and more
statistics to accurately measure centrality

Alexander Schmah - LBNL
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% Blast Wave Equations

2 R
o~ [ do. [ rdrmr ofau(r, 6K lBu(r, 60)| 1+ 25200526, Spectra
vy (pf) — f[]gw d(-i}s IDH rI"n'dr"ﬂrﬁr'yr':“":'E(2':.32’5")1'2 [Cljt (T‘, ‘i’S)]KI [.‘Sf (T: ¢S)] [1 + 2526@3(2¢3)] EHIpth ﬂOW
fngﬂ do. fﬂR rdrmyIo[ay(r, ds)| K1[Bi(r, ds)]|[1 + 2s2c0s(2¢,)]

au(r,6,) = T-sinhlp(r, 6]
mass enters here

Be(r, 6x) = -coshlp(r, 6]
p(r, ¢s) = tanh ™[y 1] + tanh~1[B 1]c032¢:
- i R I G.R L]

Bo = tanhpg

Ba = tanhp,

Phys. Lett. B. 503 (2001) 58—64
Phys. Rev. C. 48. (1993) 2462

Fit Parameters:

« T —kinetic freeze-out temperature
. 0, — surface transverse expansion rapidity

. 0_—the momentum space variation in the

azimuthal density

« 52 — the coordinate space variation in the
azimuthal density

e R — maximum freeze-out radius

« Mass parameter as external input

For v, fits:

« T fixed to 135 MeV, varied +/- 10 MeV
« Pions excluded from fit (dominated by

A decays at low p.)
- Only low p_fitted, higher p_ — NCQ scaling
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reeer?) nAzimuthal HBT for Freeze-out Eccentricity

BERKELEY LAB

Excitation function for freeze-out eccentricity, e,
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Evolution of the initial shape depends on the pressure anisotropy
Freeze-out eccentricity sensitive to the 1st order phase transition
Measured freeze-out eccentricity parameters show a smooth
decrease from low to high energies
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% s ~ Y, as the Signal

v = {cos (¢a + P8 — VUrp))

mn,oms_D — ' — a 777 77—
BT o 276TeVPb+Pb T O 62.4 GeV Au+Au
8 00011 S N I .
n qi. 5t 200 GeV Au+Au I Y : 39 GeV Au+Au Pt 27 GeV Au+Au
- ‘ T I::I-} ) i"‘\ . ’J.' S
wE By 1 e T T 1
~ -_h-tl——__ bt - h o —;}“--— =1 E‘:T‘ i ‘T\L-—\__
oF - bt - SN ﬁMz_{““‘%’ L i L
-0.0005 L = ]

: .1 Local Parity
N T I 1 Violation (LPV)

u“_"_”d||i||‘|||‘u||[|nr|.!--:-|_I||‘||||'|u’||=||:||‘||1u. |||’||I||‘|||I||=||1|||’||]|||'||I||=||]|||’||I|||’| l||||‘|||’||'l|:||‘|||’||Il|:||l||‘|||lll:||l||||

" X T 1
.S 0.001f5% - 1 ]
' R 19.6 GeV Au+Au I 11.5 GeV Au+Au 1 . 7.7 GeV Au+Au |
: ‘1]"‘-'\__‘\-‘-‘- : 4 .
0.0005 . EAN - - -+ -

- 31 T il o

N TRy T ‘ U 1 T
ok i Y S e T . I L .
-0.0005 - 4 -

M

-l IIJ]] Jl]lll LAl IIIII JJ]JJlllllll lll IIII]IIJII--I LiL II L 1Ll lll 101 JJ Ll | JJ]ll lI IIIJ]ll IlIII L1l l--ll 1 JIJ llll IIIII IIJ L1l llIIII IIJ 11l llllll III L1 l-

80 70 60 50 40 30 20 10 0 70 60 50 40 30 20 10 00 70 60 50 40 30 20
% Most Central % Most Central % Most Central

e Significant difference between OS and SS at higher energies
« Signal almost identical to 0 at 7.7 GeV
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R_,of Identified Charged Hadrons

09/18/2013

- High p_suppression of 1T and K at 39 and 62.4 GeV

« No suppression for protons at any energy
e Suppression decreases/disappears to lower energies

— Disappearance of QGP signature

Alexander Schmah - LBNL
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Strange Quark Dynamics
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e Intermediate p; 2/ ¢ ratios: Indication of separation between > 19.6 and 11.5 GeV

e Derived strange quark p, distributions show a trend of separation between
>19.6 and 11.5 GeV.

— Change of Q production mechanism ? Parton recombination fails at 11.5 GeV?
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The Role of Cronin for RAA
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- Cronin effect changes the slope of R,

— The rise with p_is eventually not related to energy loss,
or the lack of energy loss in the medium
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Strange Quark Dynamics

Phys.Rev. C80 (2009) 025209

E _:ﬂiiﬂ;}léeliiﬂl-].l::ﬂ-i:lll”IIIIIIIII_I.”_ T T T T T T T T
= " —Hwad& Yang (total) }
2y ujj—--]i[wa&‘fang[thermﬂh 7
i @30 GeVO-10% N ] 10 L 7 ANK ]
S | 2T GeVO-10% T : .
o [ #196Gev0-10% ) ] -=R¢ =22 fm
S g ol & 115 GeV0-10% ] : - =Rg =32 fm
= 0.2 | W L 4
: 9 : E \
i A ] 05F 4 .
0.1- T - \ HADES
_ ] i \ |
I ST. Rl{breliminary i R P
qillll-lllll|£||||:|3||||$||||éllll_ﬁ DU Ll Ll L1 101l
10 100
p. (GeV/c)
T v s (GeV)

« Similar effects observed at other experiments

— canonical suppression of strangeness at lower energies?
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ceeced] and Y in Beam Energv Scan
Yos Yss 5Y

v = {cos (¢a + P8 — Vrp))
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« Opposite sign (OS) is positive for all energies, increase with decreasing centrality
« Same sign (SS) is negative for higher energies, almost identical with OS at 7.7 GeV
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Chiral Magnetic Effect

» Charge particle azimuthal angle distribution
L
de

o<l + 2v; o cos(A¢) + 2vy o cos(2A9) + -+

+201,05I0(AQ) + 202,080 (2A0) + -

¢ Correlations <aaaﬁ> can be measured
. a, ﬁ — —|—_’ )

» Three-particle correlation
. N — <£‘.OS (C)D_, —— (:)3 — lIIHP))

= [<'Ulzcr'v1,_ﬁ> i Bin] — [(a'c:aﬁ> : Bﬂut]
¢ Direct flow tenn<v1,av1,ﬁ> 1s small and expected to be the same of SS and OS

¢ Inplane (B, ) and out-of-plane (B

& ) correlations largely cancel out

OUT

. <aaaﬁ> 1s sensitive to charge separation
Yos > 0, # 8
Yas < 0, = 3

S. A. Voloshin, Parity violation in hot qcd: How to detect it, Phys. Rev. C 70, 057901 (2004)
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