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Beam Energy Scan at RHIC:

* Search for onset of QGP signatures

* Search for signals of the phase boundary

* Search for the QCD critical point

.
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Particle identification
mainly via

- de/dx in the TPC

- topological decay
reconstruction in TPC
for strange particles
and D mesons

- TOF

- Barrel EMCal (used
also as fast online

trigger)
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-l1<m<1,0<p<2n
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lll Selected physics results

lll.1 Open heavy flavor
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Raw Counts (0.5 MeV/c?)

Heavy flavor measurements

* Charm via direct D meson reconstruction (STAR) c V]\

* Open charm and beauty via electrons from semileptonic decay of charmed
hadrons, and e-h correlations (STAR, PHENIX) and e-D correlations (STAR
and similar method in PHENIX) and via muons (PHENIX)

* Quarkonia via reconstruction of their decay to -> e+ e- (STAR, PHENIX) and
-> mu+mu- (PHENIX) (+STAR 2013)
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Jet quenching and heavy flavour

. o We compare A+A to expectations from
p+p Collision Au+Au Collision p+p, using the “nuclear modification

factor” R , , defined as:
Yield(A+ A)
Yield(p + p) x <Nw,,>

N coll : Average number of NN collisions in AA collision

R, (pr)=

Suppression of jets in AuAu: R, , <1

radiative energy loss depending on their
mass (D.Kharzeev et al. Phys Letter B.
519:1999)

% leading particle leading particle  Quarks are expected to exhibit different
jet

quark or gluon é’/ quark or gluon M.Djordjevic PRL 94 (2004

02 light
dead cone
0.2 charm
AER)

. . . E N
Partons interact with the medium and Jissusl i
loose energy through eg gluon 01 -
radiation — Myye =0.35GeV
0 L=5fm, \=1fm |3
T 5 10 15 20 25

E [GeV]
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Raa of Do in Au+Au 200 GeV

__I I Au;AU—> [I)O +X C;) 200 IGeV y1l0*y1 1]

- @H A 40-80% B

—I | |

0 2 4 © 8
P, (GeVic)

__l | Au+lAu—> D+ X @ 200 'ISBV y1I0+y1 m

E H ® 0-10% ]

- H] H x 0-12% |

H ]

_I | |

0 2 4 6

P, (GeVic)

T T ' T ' T '
22 B Au+Au-> D + X @ 200 GeV y10+y11]
© I * 0-80%
< B  0-10%
01 5 B --- He 0-80%
ML — He 0-5% ]
- A == Gossiaux 0-80% -
i ' === Gossiaux 0-10% 1
1=
0.5
0 [ | l l l
2 4 6 8
P, (GeV/c)

He et al, PRC86 014903, arXiv:1204.4442
PB Gossiaux: arXiv: 1207.5445

Models: bump may be due to radial flow of thermalized
light quark which coalesces with charm

Raa of Do at high pr:

- unsuppressed for peripheral events

- suppressed for central events

- suppression at high pt similar to pions

=\
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Flow coefficients vn, Nn=1,2,3..

Reaction
plane (Pgp )

* Spatial anisotropy of interaction region -> momentum anisotropy

* Measured as coefficients vi of the Fourier series (v1 - directed flow, v2 - elliptic
flow, ...)

:_'; cl+ zivncos{n(¢;¢n)l

v, =<cos[n(¢p—-D_)]>
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Non-photonic electrons (NPE)

2— T T T I T T T l T T T I T T T
L ® 0-10% (Ncoll: 941)
o ﬁ?\R Preliminary [ 5= 0-12%
sk O D', 0-10%

R AA

0.5

lllllllll

% normalization uncertainty
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Raa of Do and NPE show similar strong suppression

6
P (GeVic)

in central Au+Au 200 GeV at high pr
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B 7STAR Preliminary DGLV Rad. dN/dy = 1000 T

u ———— DGLV Rad+EL n

B — CUJET B
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0_25 N LI B I LI | I LI I B I LI I LI I I LI I LI B I LI B B | |
| -... charged hadrons v ’{Evcnt Plane} , 0-80% i
" m NPEv,{2},0-60% :
0.2~ o NPEv,{4},0-60% ]
0.15F- $ -
- ;" " . .
0.1 ? “E R -
0.05 :_ rd STAR Preliminary _:
C 3 Au+Au 200 GeV

O 1 Il_] 11 I L L1 I L1 1 1 I Ll 1 1 I 1 1 1 l 11 1 | I Ll 1| I 1L 1 1
0 1 2 3 4 5 6 7 8

P, (GeV/c)
NPE show nonzero v2

Increase of vz at high pr's may be due to jet-like
correlation and/or path length dependence

Models with only radiative energy loss do not describe the data

6Ubo :

-
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Phenix

AuAu: PRL98 (2007) 172301
dAu: PRL109 (2012) 242301

2
< [ | 2 °F . PHENIX Preliminary s d+Au 0-20%
m‘u F set:R,, 1m0 Ry ® 18- « Cu+Cu 0-20%
B + S| | 1.65 o Au+Au 0-10%
£ - 145
31 5 125 l l I
1F 2.0 Y 0.8} s
n b = I
- 0.6— e,
0.5" ‘ i o4 -, "
) E ® ® 1 = l" D o Do 0.25— %’ﬁfrom heavy flavor ¢ {'
- l lll l llllllllllllllllllllllllllll o:lllllllllllll‘lllIlllllllllllllLlllll]llllllllll
0 1 2 3 4 5 6 7 8 9 o 1 2 3 4 5 6 7 8 9 10
p, [GeVic] Pr

- AuAu exhibits large suppression
- Cu+Cu is inbetween d+Au and Au+Au

¢ \_
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B and D separation

p+p 200 GeV

in p+p 200 and 500 GeV

=)
4

Ed’o/dp® (mb GeV*c?)
%

10°

—h
L
=3

L |

LI B B I B

[T T T T T T T T T T T

® measured (B—e)+(B—=D—e)
FONLL (B—¢e)+(B—+D—¢)

— - — FONLLB—=D-e
—-—-- FONLL B—=D-s¢ uncertainty

LB ERLLL .

L LA R AL B N 0211 S B 5 )

TCT T,
s

------- FONLL (B—€)+(B—D—>¢) uncertainty

® measured D—e -
—— FONLL D—e
----- FONLL D—se uncertainty

Data/FONLL

p; (GeV/c)

p; (GeV/c)

“& . [ ¢ STAR run9, p+p@500 GeV (Preliminary)
E 2" 5 STAR run54&6, p+p@200 GeV; PRL 105, 202301
25
€ T I
> F !
Zo 08— E
o.e:— % @ %
oaf- ; ¢ %
0.2:—
- (b) | | | | |
02III4III6III I‘I11Iblll12lll4
P, (GeV/c)

* B and D components to non-photonic electrons have been separately measured and are consistent
with FONLL predictions

6Ubo :
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Is B less suppressed than charm ?

! ' !

I ' I

! ' !
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?0 10" o NPE ---D powerlaw ] o NPE ---D powerlaw o NPE ---D powerlaw
O 102 4p+p e-h corr.— C—e Levy AN 4 p+p e-h corr.— ©—€ Levy N 4 p+p e-h corr.— ©—€ Levy
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=10 s —b—se Levy —b—se Levy —b—se Levy
'g.,_ 104 \ ---b—e powerla ---b—e powerla ---b—e powerla
T, 5 > X -
—10 2 % R
Q ™ X
& 10 BN s 8,
> 107 e g T S :
TN s N
10° | = FONLLscaled by N_ .75 “ FONLL scaled by N__ “\,\;;"‘Tfs,.;“'i:i;i;:: = FONLLscaled by N~ ™~ & %
100 |- 40-80% Au+Au @ 200 GeV SR 0-80% Au+Au @ 200 GeV - . 0-10% Au+Au @ 200 GeV -
10" |- STAR Preliminary e STAR Preliminary \\ STAR Preliminary \
; 3 P B [ [ | - P B [ [ | &
15F £ . :_ m H * DO - :_ m * DO -
St 4o 1t H mboe/FONLL | | H H Mbse/FONLL -
o e 1 f ]
o.s”H e h ] Jﬂ E
r » DO - ] 1 F .
N !b—e / FONLL & .o ] ] N ]
% 2 4 6 8 10 3 2 4 6 8 10
ﬁ p. (GeVic) b, (GeVic) € r Gevie)
Hint of possible less suppression of B as compared to D in some cases
New STAR Heavy Flavor Tracker needed
o _ (S
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1.2 Quarkonia
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T < T,

LT

XN Y %Y A

H. Satz, Nucl. Phys. A (783):

249-260(2007)

Quarkonia

Matsui-Satz: screening the potential

Screening in
a deconfined
medium:
effective
charge of Q
and Q
reduced

A. Mocsy

L ?..‘

Assume: medium effects described with a T-dependent potential

Q and Q cannot
“see” each other
d < rQQg

Gy &I
’

state | J/(18) | x:(1P) | 4(25)

T(18) w(lP) | T(28) | ws(2P)

/1. | 210 L1 | LI12

Quarkonia: Thermometer of QGP via their suppression pattern

176 | L&l | 119

(T,
81,0 €T,

* RHIC data

Many effects play a role like dissociation in QGP, cold matter absorbtion,
recombination/coalescence from c, cbhar, feeding

-
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At which energy does J/Psi suppression turn off?

§ 2 - STAR P]relilmilkar_'v I L L
@ 1.8 u 200GeV N
of P e :
1.6 g?mleuncertainty -
- 62GeV theoretical calculation ]
1.4 ——— 39GeV theoretical calculation r
[~ [ p+p uncertainty 62GeV(CEM estimation)
1.2 [ ptp tzngggrteinty 39Ge\’(CEM estimation) -
| C— ptp seV(statics) N
10 =
0.8 =
0-6 } :

041
0.2 =
ot .

Color Evaporation Model (CEM) estimate for p+p reference used for 39, 62 GeV

Raa of J/Psi is suppressed in similar way at 39, 62 and 200 GeV

~ S\
6ubo‘ Sonia Kabana, QGP-France workshop, 9-11 September 2013, Etretat, France }/S\‘{AR pHENIX 17




J/IPsi BES PHENIX

1.6 Theory B 200GeV
- [} R,A(200 GeV) PRC 84, 054912 (2011) 200 GeV Global sys.= + 9.2%
= Global sys.=+9.2% _ §§ 2:3 o 62.4 GeV PHENIX data/Our estimate
1.4 - Global sys.= + 29.4%
® Raa(62.4 GeV) = PHENIX data/Theory 1 A 39 GeV PHENIX data/FNAL data
Global sys.=+ 47% Global sys.= + 19%
1.2 R R.4(39 GeV) = PHENIX data/FNAL data
Global sys.= + 19% p- . =
1 ......................................................................................................................... m ..... ..:"'.'.I.:::::"l""l"'""'":"“..";i;- B
} AutAu 1.2 < |y| < 2.4 107 3
0.8 Jhy > C Direct (x0.5)
Y " Regeneration (x0.5) .. .. ... )
06 __ = !_,.f- '-'-I.m=:=:=:=:=:=::::::::1::::=:=.=:=:=:=:=:=:=
B |E| 10-2|."".l...-r'."l-....lu..l..|.l....[...‘|.\..
L E 0 50 100 150 200 250 300 350 400
04 ¥ E'] " ; Noar
02 LI [ i 0 Zhao & Rapp PRC 82 064905 2010
0 _I L1 1 | L1110 | | | I | l I | | L1110 | | | | L 111
0 50 100 150 200 250 300 350 400 D Jouan et al, SQM2013
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pt dependence of J/Psi suppression in
Au+Au, Cu+Cu 200 GeV

PLB 722 (2013) 55

T T T T T T T T T T T

1.8H@) 0-20% AusAu  1(b) 20-40% ] T T T T T T T
16 @57AR  \Swi=200 GeV-t . 3I Au+Au— Jp+X o STAR (p.>5 GeV/o)
145 & pHENIX ] e STAR
" ! ot o PHENIX l
: Zhao, Rapp — (p,>4.5 GeV/c)
--- Liu et al. ---(p,>5 GeVrc)

| - I t T T <
1 8H(c) 40-60% ' .‘ £E<
1.6 { + —Model |, Liuetal. -
. 4‘_*0-60°/o T - = Maodel ll, Zhao et al. |
‘~t Cu+Cu 1 A
1.2f 1
o I, ot I, _
o O'BW. 4 _ y i S
8.2:--- BT® T . Sh i J - STAR Preliminary
0.2f I ¥ : \/Syy = 200 GeV E
0123456789 01234567829 0-20' AL L L
P, (GeV/e) P, (GeV/e) N
Part

Liu et al, PLB 678 (2009) 72
Zhao et al, PRC 82 (2010) 064905

- J/Psi not suppressed at high pr’s in non-central collisions
- J/Psi suppressed at all pt’s for most central events

- Raa of J/Psi is systematically larger for higher pr

\ |-
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Elliptic flow of J/Psi

> 0.3 Au+Au 200 Gev

0.2

0.1F H'
SR p—

-0.1;—
E e 0409

028 - 1040 %

-0.3 4 40-80 % — maximum non-flow
T R S - S R [)

P; (GeVic)

-0.2f

| e initially produced [31]

coalescence from thermalized c¢C [32]
initial + coalescence [34]

initial + coalescence [35]

FT hydrodyrliamic [36]I |

8 10
P; (GeVlc)

0 2 4 6

STAR Coll., Phys. Rev. Lett. 111, 052301 (2013)
ArXiv: 1212.3304

J/Psi vz consistent with zero for pt> 2 GeV -> Suggests that J/Psi does not originate dominantly
from thermalized ¢ and cbar quark coalescence (assuming ¢ and cbar exhibit elliptic flow)

6ubo
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14 = ew =
u Global Sys +27.8% N
- = J/y Phys.Rev.Lett. 107, 142301 (2011)
1-2:_ l Global Sys + 14.6% B
1__ ......................................................................... . .
_ ! ! ] Psi’ more suppressed
- <0.8[- i — . .
> F : o . than the Psi in d+Au
0.6 —]
0.4 -
0'2:_||035\F200c; V d+A * E
- ly|<0.35 \[s\\= eV d+Au |
S éN s DL Jouan et al, SQM2013
coll :;; 1.6: T
2 14
Z 12F [ |
S i % ]
;g 0.8 L # % :
S 0.6[ % } o— NA50
f 0_43_ | —=— E866/NuSea
2 - —e— PHENIX d+Au
3 % —— F. Arleo et al.
oc 0_ L

10"
Quarkonia time in nucleus (t) [fm/c]




PHENIX: Quarkonia in d+Au

PHENIX arXiv: 1305.5516

1.2 T ly|<0.35 |'5,4=200 GeV d+Au
N ey R
2 0.8;— .
© -
oC 0.6~ }
0.4 -
~ 1l E Feed-down Corrected J/y — e'e
0.2 o Xo —e'e
- GobaISys +34A> A Vo | |
00 O 1 0. 3 0.4 0.5 0.6 0.7 0.8

Ouarkonlum Binding Energy [GeV]

D. Jouan et al, SQM2013

|
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Quantify quarkonia suppression via comparison to open

heavy flavour
H Satz, 1303.3493

Remember NA50
R72:
1: 1
- ot |
oj:lA‘.;lAA;AlA.:h.;ll
0 1 2 3 4 5
p, (GeVic)

- -
I 1 clllllllllllllllllllllllllllllllllllllll

- AuAu |5 = 200 GeV
[ o PHENIX:e « D (¢! > 0.3 GeVic, Iyl <035}
- o PHENIX: Jy (Iyl <0.35)

i g

= _I I_ : -l I
ol B o 14
1.2~ @ . 120 ]
E | w ] i
0.8 :¢ $ ] 0.8-
0.61 [ﬁ] = 0.6F J{
0.4 - 0.4
- AuAu |5, =200 GeV .
- o PHENIX:e«D (p; >2 GeVic, Iyl <0.35) T
027 . STAR: iy (p_>5GeV, Iyl <1.0) N 0.2
c_l L1l I L1l I L1l I L1l I L1l l L1l I L1l L1 l_
0 50 100 150 200 250 300 350 400 0 50
Noar

High pT, midrapidity, central coll.:
no J/Psi suppression with respect to D

6ubo

100 150 200 250

Noan

300

Low pT, midrapidity, central coll:
J/Psi suppression with respect to D

-
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(J/¥/DDbar) (meas/exp)

04r
02r

0 1

J/Psi compared to “open charm-like” dimuons - SPS

Would be interesting to see J/Psi/open charm at low energies too

[ (a) (J/¥/DDbar)

14+ (measured/expected)

% p+p, p+A NA38 NAS1

1271 ® Pb+Pb 1996 NASO

o

06

% S+U NA38

N+

0

gubo

3 2
¢ (GeV/fm?)
-> Change of onset with this normalization

S.K., New J. of Physics, Vol. 3, (2001), 16, arXiv
0004138

Here the enhancement of dimuons in
the intermediate mass(mu+ mu-) region
(1.6 -2.5 GeV) was assumed to be due
to open charm

Consequences: The J/Psi over the
DDbar estimate is suppressed already
at 1 GeV/fm”3, namely near the critical
energy density for the QGP phase
transition

-> open charm and quarkonia
measurement at SPS energy needed to
interpret the SPS data and Beam
Energy Scan below

-> * AFTER/CHIC (F Fleuret et al)
* NICA

Sonia Kabana, XXIX-th Workshop on High Energy Physics, 26-28 June 2013, Protvino 24




Y(1S+2S+3S)

R

AA

o
=)

IIIIIIIIEIIIIIIIIIII[IIIIIII

1.8
1.6
1.4
1.2

0.6
0.4
0.2
0

Upsilon in Au+Au 200 GeV (STAR)

@ 1(15425435) | —e'e, AurAu
y o

- p+p Sys. Uncertainty

p+p Stat. Uncertainty

Free Energy Potential Model

i Internal Energy Potential Model

TT[TTT

4
>
A
v
s
3
-

/Sy = 200 GeV

I_IllllIlIllllIlIlIllIllllIllIlIlllllll

0 50 100 150 200 250 300 350

gubo

N

Y(1S+2S+3S) in Au+Au collisions at 200 GeV :
* No suppression in most peripheral collisions

* Exhibits suppression in more central collisions
increasing with centrality

* The suppression observed is consistent with model
assuming Y(2S) and Y(3S) suppression

Model by Strickland et al (PRL 107, 132301, 2011,
Nucl. Phys. A879 (2012) 25, arXiv:1112.2761) :

Assumes To= 428-442 MeV and 1/4n < n/S < 3/4n

part

state | J/6(18) | x(1P) | /(28) | T1S) w(1P) | Y(28) | xa(2P) Y(35)

TyT,

2.10 L6 | L12 | =40 L7 | La0 | L1  LIT

-, - :
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Upsilon in d+Au 200 GeV (PHENIX)

1 rrrr [ rr 1 rrrrrr

Al
T

T L) T L) T I T T L) _

ol 16 [Sy=200GeV @  T(1S+25+38)® 'y, ly| € [1.2,2.2(PHENIX) ]
1.4:— o Jv @ PIy €[-2.2,2.2)(PHENIX) _:
12— .
08— g EEB E o
06— EH -
04— =

. f_ + 7.8% Global Uncertainty (&) _f

s H e

rapidity
PHENIX dAu 1211.4017

: A
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l1l.3 Beam Energy Scan
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Chemical freeze out temperature vs baryochemical

potential

i (;3%% Quark-Gluon Plasma

L [ ]
39GeV %

# 27cGev Q

» 19.6 GeV‘g

L3
& 115Gev
‘a

Model used for particle ratio fits: THERMUS by J Cleymans et al

Grand canonical ensemble and strangeness canonical ensemble
fits to particle ratios give consistent results for mid-central and
central Au+Au collisions and disagree for peripheral collisions

Au+Au Grand Canonical Ensemble
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At which energy does jet quenching switch off?
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Rcp suppression measured from Vs=39 GeV on
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PHENIX v2 of identified particles in BES
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Directed flow of protons
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Directed flow slope is sensitive to a 1st order
transition

STAR: v1 slope changes sign from positive to
negative between 7.7 and 11.5 GeV

Pions and antiprotons have always negative v1
slopes.

Net-proton v1 slope shows a minimum around
11.5-19.6 GeV

UrQMD model (model without phase transition)
cannot explain the data

-
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v,(X)-v(X)

Elliptic flow energy dependence
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* Difference between baryon
and antibaryon elliptic flow
coefficient v2 is getting larger in
lower energies

-
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Av

Delta-v2 in BES (PHENIX)

6ubo

S GeV ]

baryon chemical potential ps [GeV]

Annihilation effect with large net-baryon density ?

lkeda et al, SQM2013

.
Sonia Kabana, QGP-France workshop, 9-11 September 2013, Etretat, France }/S\TAR PH ENIX 33

0.015
B AuAu Centrality 0 — 60% 0.015 '
- Fit constant at p =0.5 — 3.5 GeV/c AV AuAu Centrality 0 — 60%
2 001 0 Vi VT 2 Fit constant at p.=0.5 — 3.0 GeV/c
N * . 1.;&_ ‘,i'— 0.01— * o
B * P, - e V2 TV
B 4 2 2 B K+ K-
0.005— B . o vE_yh
] 0.005/— o 7P
. . N 17"
=, . -
0 1 B
— i . 0 6 +
L T~ - . &
-0.005|— PH:<ENIX N
i - -0.005—
- Preliminary -
.O,C'L_' | TN ETEETES ITATEI BT AT IE AR o b b by : | | | | | | | | |
0 4 60 80 100 120 140 160 180 200 220 ot e D

1




IV Conclusions

- Several sQGP signatures observed in central Au+Au collisions at high energy from
STAR and PHENIX at RHIC

Open Heavy Flavor:

- “Jet quenching” of D mesons and of electrons from charm and beauty quarks in
central Au+Au 200 GeV at high pT

- Hint of less suppression for beauty than for charm in Au+Au

- Finite elliptic flow of electrons from open charm and beauty in Au+Au 200 GeV
further constrain models

Quarkonia suppression:
- J/Psi suppression and elliptic flow:
* Suppression over open charm at low pt, need to understand CNM (d+Au)
* Elliptic flow: no dominant production via recombination
- Upsilon suppression in central Au+Au collisions 200 GeV, consistent with
suppression of Y(2S+3S), like in the LHC

Beam Energy Scan:
- Dissapearance of key QGP signatures at low energies

' =d\s
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Heavy Flavor Tracker

PXL at 2.5 and 8 cm
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V Outlook

Short term STAR upgrades

Muon Telescope Detector

J/Psi event in p+p 500 GeV

* HFT pixel prototype with 3 sectors took first
data in 2013

*MTD 63% installed and took data in 2013

* Qutlook: 2014 full HFT and MTD for Au+Au 200
GeV run

I\
gubo Sonia Kabana, QGP-France workshop, 9-11 September 2013, Etretat, France »,S\TAR PH ENIX 35




Thank you very much for your
attention
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A unique study we can do with BES at RHIC (and other accelerators):

Search for the U-shape of shear viscosity due to the phase transition
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Meson Gas
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Greco et al arXiv: 1304.6566, Plumari et al, SQM2013
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Outlook
BES-II program (>2017)

BES-II:

* Fine energy scan of region Vs <~ 20 GeV

* Increased luminosity ~ 3-10 times

* STAR upgrade to extend mid-rapidity coverage

Fixed Target proposal:

* Energy scan of region down to Vs ~ 3 GeV

* Annular 1% Au target inside STAR beam pipe, and 2 m away from the
interaction point center

* Data taking at beginning of each fill in collider mode

' o, . :
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Table 2. Estimates of the isotropic and anisotropic dissociation scales for the
J/Y, xe1, T(1s), T(2s), T(3s), xp1, and xp2. Estimates are taken from Refs. 129|

1301

State Isotropic QGP (£=0) Anisotropic QGP (£=1)
J/Y 307 MeV 374 MeV

Xel < 192 MeV 210 MeV

T(1s) 593 MeV 735 MeV

T(2s) 228 MeV 290 MeV

T(3s) < 192 MeV < 192 MeV

Xb1 265 MeV 351 MeV

Xb2 < 192 MeV 213 MeV

M Strickland et al 1302.2180
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