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Motivation

Experimental exploration of the QCD phase diagram
Theory: Critical point may be around 10<Vsy, <30 GeV
Vary T, ug by setting different collision energy, species
RHIC: access to a wide range with the same apparatus
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Exploring the QCD phase diagram &

Find... S g - ez.4eev% Quark-Gluon Plasma
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http://arxiv.org/abs/1007.2613
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STAR at RHIC

Main device: Time Projection Chamber

Coverage: 0<¢p<2m,|n|<1.0

Uniform acceptance: All energies and particles

Particle ID: &, K, p through TPC dE/dx aided by TOF
KO, A, E, Q, ¢ through invariant mass
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STAR BES-
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Exploring the QCD phase diagram &

Find... g » 62.4Gev% Quark-Gluon Plasma
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Suppressmn of hlgh pT hadrons
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Eur. Phys. Journal C72 (2012) 1945

= Strong suppression in 200 GeV Au+Au collisions
= Present also in 2.76 TeV Pb+Pb collisions at LHC
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Suppression of high-p; hadrons &
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= Strong suppression in 200 GeV Au+Au collisions
= Present from 39 GeV to 2.76 TeV

* Enhancement at low energies

= Understanding: Cronin effect
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Elliptic flow (v2) — partlcles

= Exception: ¢ at 7.7 and 11.5 GeV

—77GeV @p *n*‘
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......................

.....................

0 05 1 15 20 05
(m. - mo)/nq (GeV/c?)

= Approximate NCQ scaling holds...

1
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DOF=quarks?

= deviation ~20 — more statistics needed
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Vv, particle — antiparticle

Phys.Rev.Lett. 110 (2013) 142301 Phys. Rev. C 88 (2013) 14902
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= Substantial particle-antiparticle split at lower \/SNN
= Linear dependence on the baryon chemical potential
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Chiral magnetic effect

= QCD allows for local parity violation in sQGP

= Possible signatures:
1) Three pomt correlator 2) Charge separatlon

sok 62.4 GeV 19 39 GeV 60 - 80% -
% o opposite charge ' ]
¥ same charge T 9] )
AN N\ ;
LorB ﬂ = **W*fw k=1 —
o R o el 3 —x=15 ]
> .5 %r * '3 ¥ 4~  F ] BT YT - k=2 ]
N ! ! I L L L - ' PR ' el 1
ol ; T ' ‘ ‘ ! o ' ' —
? 27 GeV % 19.6 GeV ’g : bgot e 30 - 60%
=" .’ % UrQMD -+ %r T E
/. o % opp charge ‘ MEVSIM 3 L N
\ / CA ¢ [ same charge | T -
\ ‘ 10 ‘ o) ~ -
! i a ‘ X op
>= L o o % ©. 00 ©
x | e M e o Sl g Au+Au -
o " : ; i } 1 ' e N
T % 11.5 GeV T 7.7 GeV i : - 10-30%
30} A A4 : _ 0'5__ .{, %‘ & ‘ %4} ]
20 3 + $ 1 C % e
Phys.Rev.Lett. 113, 10 1  ¢ T
052302 (2014) L 2o oeres] 2o noes| [ . °
80 60 40 20 080 60 20 20 0 . - e pre
Collision centrality (% Most Central) ISy (GEV)

= Drop of charge separation below 11.5 GeV consistent with
expectations in a dominant hadronic phase
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Exploring the QCD phase diagram

Find... g » 62.4Gev% Quark-Gluon Plasma
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3) The QCD
critical point

http://arxiv.org/abs/1007.2613




Zimanyi 14, 12/01/2014 STAR BES, R. Vertesi 13

Directed flow (v,)
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Net proton v, slope

= Net protons: double sign change

» Simple hydro predicts structure
» More sophisticated UrQMD fails

= Softening of EOS?

= Expected in mixed phase

14

Phys. Rev. Lett. 112, 162301 (2014)
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Caloric curve o -

- nuclear liquid-vapor PT
= 1storder phase transition e

- T(E) plateau 0 vz

40ca

= Similar feature in RHIC data! M

= <m;> is related to temperature

I (MeV)

’ H. Feldmeier & J. Schnack,

= E.isrelated to energy density ' Rev.Mod. Phys. 72, 655 (2000).
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HBT radii (pions) |7 Mart Siard:
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= 1storder phase transition — longer emission duration expected
= Non-monotonicity R *—R4?> may indicate changes in dynamics




Zimanyi 14, 12/01/2014 STAR BES, R. Vértesi

Exploring the QCD phase diagram &

Find... g » 62.4Gev% Quark-Gluon Plasma
% & 39GeV ‘%“
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http://arxiv.org/abs/1007.2613
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Net proton multiplicity moments

= Susceptibilities of conserved || AutAuColisionsatRHIC
quantities (Q, B, S) o 0:8 @ [9 Skellam Distribution |
T N ol %o 70-80%
= Related to multiplicity - S e 0-5%
C : 0.4t ® .
distribution moments ool o, Netproton = S
. [ 24P 00 GeVIbN0S e
= Volume effect 2 ratios N e e '
o €n(P T4) ~ 1.0 foon E
A T3 / TV O s}
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g2 = (07 i
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XB‘ XBA - (SG)B e 1.05 e
L ool
= Non-monotonic behavior? T "%
@ 095¢}
g 0.90
= Net proton mult.: maybe, ~ossl

o 5678 10 20 3040 100 200
but we need more statistics! Colliding Energy | S,y (GeV)
Phys. Rev. Lett. 112 (2014) 32302
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BES | — highlights
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= A wide range of potential sSQGP/PT/CP signatures measured
= Some key observables identified, interesting region localized
= Many of these require better statistics / detector performance
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BES |l plan

Collision Energies (GeV): 7.7 9.1 11.5 14.5 19.6

Chemical Potential (MeV): | 420 370 315 260 205

Observables Millions of Events Needed

Rcp up to pr 4.5 GeV NA NA 160 92 22
@ Elliptic Flow of ¢ meson (v,) 100 150 200 300 | 400

Local Parity Violation (CME) 50 50 50 50 50
E Directed Flow studies (v,) 90 75 100 100 200
; asHBT (proton-proton) 35 40 50 65 80
E net-proton kurtosis (xo?) 80 100 120 200 | 400
E I Dileptons 100 160 230 300 | 400
g | [|Proposed Number of
E Events: 100 160 230 300 | 400

20

'\‘?“'%_ -
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STAR upgrades for BES |l

. Newforwardtngger-l- "vent lane etector

« Very important for flow and fluctuation analyses
— independent from main detector

— reduces systematics (non-flow, centrality)!

e 1 upgrade

— increases TPC acceptance to ~1.5in n

— improves dE/dx resolution
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Fixed target program at STAR &

Au+Au @ 14.5 GeV
‘ i

STAR Fixed-Target Run14 Set-up

Fixed-Target Trigger:

* BBC-East

= Not-BBC-West

» TOFmult >130

« top 30% centrality Au+Au
« 10% Au+Al rejection

(3
=

Fixed Target
(z=210cm)

y [cm]
=)

BBC-East BBC-West DR

1
(3]

T

" Al Beam Pipe 4.0 cm diameter Al E)Hm p|pe

/
VPD-East [amin Be Beam Pipe |‘

| , 3.9 GeV Au+Au
HIEBEEEREEREEERERIE Ry

ToF =

= Target inserted into beam pipe
= Only a small percentage

= Does not interfere with collider mode
data taking
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Fixed target program at STAR

= Extend range g § » 62.4Gev%¢‘, Quark-Gluon Plasma
towards higher ug %g & 39Gev %‘»
‘ 27 GeV %o
= Started in 2014 » 196GV 0
14.5 GeV
Collider mode 14.5 GeV ' § “* /-f' 156GV 9,
v! « 7.7GeV Runi14

i

. -... ‘.. v“. ”’ .‘ .“ .‘. ‘. 4 OGQY Od* @/
Fixed target 3.9 GeV e, * 25 Gov
‘A ."‘. 'o.‘o".. % ‘ 3.0 GeV
N4y

Collider mode Fixed target

s (Gev) I

s s lew  [1a1_
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STAR Long-Term Plan

- HFT: Charm - QCD phase AA: HFT" B, Ac
- Di-lepton structure Jet, y-jet
sQGP properties - Critical Point pA: CNM, p-spin

r >
s o ot a2 aon aote 20z 2026

o]
. | ‘ BESII \

HFT/MTD ” HF-II, p,A “

e-Cooling, iTPC

HFT’, Tracking, EM/HCAL (West side)
EMCAL (East side)

“ physics “ upgrade j https://drupal.star.bnl.gov/STAR/starnotes/public/sn0592
A\
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Summary o

BES-| covers the right (wide) pyg range

* Interesting behavior seen:
= sSQGP-turnoff: Rgp, Av,, chiral magnetic effect
* Phase transition: non-monotonic v,, HBT radii, caloric curve

= Critical point: Net-proton moments
= ...and much more!

BES-Il more statistics in a finer scan between 7-20 GeV

» Decisive measurements of likely signatures
= New measurements

Toward understanding the QCD phase diagram
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Thank You!
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dN/dM ( 1 (MeV/c?))

dN/dM ( 1 (MeV/c?))

Particle Ildentification

STAR BES, R. Vertesi

dE/dx (keV/cm)
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dN/dM ( 2 (MeV/c?)™)

M(x*,7) (GeV/c?)

0505 o

0 05

715

Au+Au 39 GeV

1I’\./11(p,1r') (GeV/c?
3(106 ,
o 115

M(p.x*) (GeVic?)

dN/dM ( 1 (MeV/c?)™)

dN/dM (1 (MeV/c2))

o
o)
T

©
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T

o
)
e Bt

ol .

13 i35 14
) (GeVic?)

©
w

©
)

©
o

X110~
[ =+

M(A.*) (GeV/c?)

dN/dM ( 1 (MeV/c?)™)

* ‘MeV/c?)

PID (TPC+TOF):

/K: p;~1.6 GeV/c

p: p;~3.0 GeV/c

Strange hadrons:

decay topology & invariant
mass

0

175
M(A.K") (GeV/c?)
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Azimuthal Anisothropy o -

8D Hlogmten

. J Directed flow is quantified by the first

N \V harmonic: v, = <cos((/) —‘l{,)>

¢ = tan™ (£)

» Directed flow is due to the sideward motion of the particles
within the reaction plane.

A <{p,> or directed flow

.

rrrrrrrrrrrrr

» Generated already during
the nuclear passage time

2R/y=.1 fm/ " s —
( j & rapidity

C@ZOOGGV) : : Z X2 the reaction plne|

= It prObeS_ the Onset_ of  y.(y)is sensitive to baryon transport, space -
bulk collective dynamics  momentum correlations and QGP formation

during thermalization
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Elliptic flow (Vz) — antlpartlcles Fo

0.1F 7.7 Gev & *r T
| AusAu, 080% AT OK. |
L m-sub EP A_ ﬂnK A

...........................................
||||||||||||||||||||||||||||||||||||||||||||

Phys] Rev. C 88 (2013) 14902 |

0 05 1 15 20 05 1 15 20 05 1 15 2
(m -mg)/n, (GeV/c?)

= Approximate NCQ scaling holds... DOF=quarks?
..but particles and antiparticles are different
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e Kinetic freeze-out Lo

Blast Wave: T,;,and <>

0.2
Particles used: =,K,p [ STAR Preliminary
0.15_-
>
Au+Au 11.5 GeV (0005% 0]
~ 0.1F
2 O 200 GeV T
- 0 62.4 GeV
I J:lsg GeV
11.5 GeV
0.05[ W 7.7 GeV
-....I....I....I....I....I....l....
0 01 02 03 04 05 06 07

(B’

< Higher kinetic temperature corresponds to lower value of average
flow velocity and vice-versa
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Azimuthally sensitive HBT

arXiv:1403.4972 (submitted to PRC)

04 :_ 8 E895 (-0.6<y<0.6, 7.4-29.7%) —— UrQMD
LoF &  CERES (-1<y<-0.5, 10-25%) 2D hydro EoS-Q
lllustration from: T. Niida 0350 ¥ STAR(-0.5<y<0.5, 10-30%) migimi 2D hydro EoS-H
out-of-plane E * STAR (-1<y<-0.5, 10-30%) sasfsns 2D hydro EoS-I
030 STAR (0.5<y<1, 10-30%) —+— 2D hydro MCKLN
E —+ — 2D hydro MCGLB
| ]
- K, = 0.15-0.6 GeVlc
o~ 0.25 - T Tt *Model centralities
Reagfion — & T, correspond to data
Plalfe 0.2— \ el el e
\ Rin-plane - o
3 0.15 E
\ | —
~ -
01—
elllptlcal Shape : Rin-plane > Rout-of—plane E
spherical shape : Rj,.jjane = Rout-of-plane 0.05—
0 — L

= Spatial eccentricity at the kinetic freeze-out, €
= Sensitive to EOS

= Smooth, monotonous behavior observed over the BES range
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Chiral magnetic effect

LorB ﬂ 6
/
= S

\— /

w
\ /
s \
\—//

= Chiral-magnetic effect:
Local parity violation in sQGP

dN,,
de

= Measure: 3-point correlator, charge separation

x 14 2v1 cos(Ap) H2aq sin(Ag )+ 2vs cos(2A0) + ...

v = (cos(d1 + ¢2—2WRp)) H" = (kv20 —7)/(1 + Kv2).
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Net charge multiplicity moments

= Susceptibilities of conserved (3 Netohargs
quantities (Q, B, S) OE T v

= Related to multiplicity s f
distribution moments

= Volume effect - ratios

10 E

~n s ;T4 N
.B(n) e (2 ""T 3 o 0.4}
(g 'T) |, ) 0.2
15t 2g? = (Ko?)g o
18"/ X~ = (SO)g f
= Non-monotonic behavior? v 0 o
) ¥ .5 ® 70-80%
- —0-5% NBD
-10E + —— 70-80% NBD
C 0-5% Poisson
_154_ o . R s ?9'180% Poislson
= Net charge mult.: no non- 56 10 20 30 100 200

monotonic behavior seen Vs (GeV)
Phys. Rev. Lett. 113 (2014) 92301
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Quantify the Spectral Function 5

Temperature dependence of rho spectral function

1. Beam energy range where final state is similar

2. Initial state and temperature evolution different

3. Density dependence by Azimuthal dependence (v,)

4. Use centrality dependence as another knob

5. Direct photon results should match with extrapolation

Baryon dependence of rho spectral function

1. LMR excess expected to be consistent with total baryon density increase

b 19.6 GeV STAR Preliminary 27 GeV STAR Preliminary r 39 GeV STAR Preliminary

- in-medium

10° i ----- QGP
cocktail + model A

cocktail

- -. ® data
1%
i 9
';_Q

®

10" B Direct virtual photons

STAR Preliminary

[y
=]
&

pP 02 04 06 08 1

T
[y
(=]

th

d*N/(2np dedy)(GeV/C)'2
2 2 =

— primordial
—meson gas
] | ] ] ] | ]
1 15 2 25 3 35 4 45 5
pT(GeV/c)

STAR Preliminary

QM14: Chi Yang, Patrick Huck ‘0 0z 04 06 08 1 0 0z 04 05 08 1

invariant dielectron mass, Mg (GeV/c?)
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£0.07
T 0.06
> 0.05
0.04
0.03
0.02
0.01

)/(dN_ /dy)

(dN/d

Beam Energy

Centrality

x10°

= —&— STAR Au+Au 200 GeV 0-80% E

- —4&— STAR Au+Au 200 GeV ]

- —&— STAR Preliminary Au+Au 19.6 GeV

- —#— NAB0 In+In 17.2 GeV .

- mass [0.4-0.75] GeV/c 2 -

3 STAR Preliminary

- 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 ]

0 200 400 600 800
dN,,/dy

40

35

30

25

20

15

10

(4]

lifatima (fm)\

0°)

LMR Excess Yield / dN/dy[, (x 1
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Dilepton Measurements at BES || &

52.8 57.6 60.8 77.2 dN/dy|, 105

4.5 .
4 BES-II extrapolation
o, | e model expectation at BES-Il | |
35 ™, e data ]
3 r "”o.‘ _
2 | oo,."‘ d |
f
1+ ]
LMR: 0.30 < M., < 0.70 GeV/c?
0.5 200 GeV: [arXiv:1312.7397] 1
0 . . . BE$: S'II'AR‘ Prlelirlnirl1alry :
7 10 20 40 60 100 200
Vs (GeV)
BES Il enables

measurements at energy <20GeV
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J/Y R, VS. beam energy

Expectation I 2 S AN
. 1.8 m 200 GeV — 200 GeV theoretical curve ]
] Debye screening = . 62.4GeV —— 62.4 GeV theoretical curve]
. T . — : — 39 GeV th tical .
- dissociation of quarkonia 16 L ey — 39 Gev theoretical curve
. . 1.4 1 pt rtainty 62.4 GeV -
= J/y melting to be a smoking gun : E=] pep uncertainty 39 GeV -
signature of QGP 1.2 1 p+p 200 GeV/(statistics) ]

1 e

T. Matsui, H. Satz, Phys.Lett. B178, 416 (1986) -

0.8
v Jhy 0.6 :_ _
0 0.4
u §
0.2 -
T:O 0 : 1 1 1 L | L L L 1 I 1 1 1 1 I 1 1 1 1 l L :
0 100 200 300 400
I\Ipart
, PHENIX, Nucl.Phys. A 774 (2006) 747 STAR Data (Au+Au)
: L AU-Au (200 A GeV) y<035  0-20% ] L e
A Compllcated Sto_ry :()’_% ~ prim. w/fte+Bfd — - - primordial w/fte ] = Similar suppression in AutAu
u Nuclear Shad0W|ng |'4-_- — regeneration - -+ - Nuc. Abs. b at 200, 62.4 and 39 GeV
= |nitial state energy loss o ol L T Dhe b wite
gy. T primordial - L] _PHENIX ] Note: 62.4 and 39 GeV p+p reference is
= Co-mover absorptlon A PR T based on CEM calculations, large uncertainty
= Coalescence of 0.8 e T | Nelson, Vogt et al., PRC87, 014908 (2013)
0.6 P ¥ .
gggog(rﬂg’ﬁﬁd gﬂgrm O4BF=T 5 L - --ommmm e 1 = Does coalescence
pairs. 02pm == 5T ] compensate for melting?
O T 2 3 4 5 e TR0 10 Zhao, Rapp, PRC82, 064905 (2010)
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Non-photonic electrons: 200 GeV ¢

2 — ——
[ STAR | Au+Au 200 GeV, 0-10% | ]
- .. DGLV Rad. dNy/dy = 1000 - .
1.5—— prellmmary II\DII%LI}I/eRe?daT.EL 4 SuppreSSIOn
o P BAMPS . . g . .
A Colisonal dissociation = Significant suppression of NPE in
= 1= —cosRueld central collisions (p>4 GeV/c)

= Similar to that of light hadrons
and D% mesons

. - | | | | | | | -
0.16F . paupge 200 GeV, 0-60% centrality 3 ,
0,]45— s BAMPS heavy quark —E AnlSOtrOpy (V2)
C == Gossiaux et al. 3 . . . .

0.12 arXiv:1405.6348 3
R | Sibmited opL5): " Substantial elliptic flow of NPE is
L IAC '~ ] seen in 200 GeV Au+Au collisions
006 g ¥ . ¥ 3
004 - oo E
0.02F ¢/ = Note: it's challenging for models to

Ofprs— describe suppression and flow at the

same time
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Non-photonic electrons: 39, 62.4 GeV

38

S e e e e ML e e e e e s o e B e e e
< - Dala/pQCD Au+Au@ \[_ 62.4 GeV El
m al— ® Min-Bias ] i
E pQCD: Maciula- Szczurekk -fact. with Jung CCFM UGDF E SuppreSS|On
sl PRD 87 (2013) 9, 094022 E _ .
: + 1 = No sign of suppression of NPE
2 + = in 62.4 GeV Au+Au collisions
+—t + + + : + .
: . Note: pQCD-scaled p+p reference
= STAR preliminary -
-1I:||||I||||I||||I||||I||||I||||I||||I||||:I
2 2.5 3 3.5 4 4.5 .5 6
p.(GeV/c)
QO-Z_ Iy AL N B BN R B B ELE LR
>~ [ = (25(2)04%9\// arXiv:1405.6348 (b) : _
> 0.15:— : 20 Ge\s (Submitted to PLB) E An|Sotropy (V2)
0.1F i b1 4§ = NPEin39and62.4 GeV Au+Au
0,050 E 2 ¢ 3 collisions consistent with no flow
F - ¢ : <1 GeV/c
A: rzaw g7 - : (Pt )
Tty | :
0.05F . -
. 0- 60% centlahty ]

002702706 08 1T 12 12 16 18 2
T[GeV/C]
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