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Thank you for your Enthusiasm and your
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| Introduction
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The QCD phase transition
between hadronic and partonic phase

QCD on the lattice predicts a cross over at
zero net baryon density with critical
temperature Tc~154+-9 MeV (2014), critical

energy density ~0.6 GeV/fm*3

(Nuclear Density: rho=0.15 GeV/fm”3
Density inside Nucleon: rho=0.5 GeV/fm*3)

Zero net baryon density

F. Karsch, Lect. Notes Phys. 583 (2002) 209, hep-lat/0106019
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The order of the transition depends on the parton masses.
A cross over is expected by Lattice QCD for the physical
point (for the physical u,d,s masses).
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The transition from quarks and gluons to hadrons is believed that took place few 10-6
sec after the Big Bang.

The QCD phase transition is the only phase transition of the early universe that can be
reproduced in the Lab today since Tcritical is about 200 MeV




Reach of accelerators in terms of
initial Temperature

CERN, LHC (2009-)
BNL, RHIC (2000-) —r—

CERN, SPS (1988-)

BNL, AGS (1986-)

= T (MeV)
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The expected QCD phase diagram

Heavy lon
o Collisions

Quark-Gluon Plasma Ph. Rosnet,1510.04200

Matter Made of ' Color
Nestrows & Protows o Supcrconduc(or

Newtron Save”

Baryon chemical potential (i) or net baryon density

Goal: explore experimentally the QCD phase diagram (order of transition,
critical point, properties of the QGP).
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Signatures of the Quark Gluon Plasma

Direct photons from QGP - T(QGP)

Strangeness enhancement (Mueller, Rafelski 1981) -2 K/pi
U.d,s yields for T(freeze out) or pT slopes (Van Hove, H Stoecker et al) —> plateau vs energy
at Tc -2 e_init(crit), sqrt(s)(“‘crit™)
Multiquark states from QGP (Greiner et al) - ‘small QGP-lumps’
~ Critical fluctuations near the critical point, Tc - K/pi, <pT>, etc -
Hadronic mass/width changes (Pisarski 1982) - rho etc
Charmonia suppression (Satz, Matsui 1987) - T(dissociation) of ccbar, bbbar

Jet quenching (J D Bjorken 1982) - medium density

--> Goal is to achieve a combination of many signatures
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But: discovery of
"signatures” Is
“not that simple

“Take a look at this everyone - it just could
be the signature we’ve been looking for!”
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Quarkonia suppression as QGP signature

T < T, T =12T,
VXN Y %, Yx, oV Y %Y’
T= 3T,
249-260(2007) T I H
Y

T(1S) ws(1P) | Y(28) | wa(2P) Y(38)
=40 176 1.6 1.19 1.17

state | J/6(18)  x{1P)

|1r;f;1; 210 116 | 112

Quarkonia: Thermometer of QGP via their
suppression pattern (Satz, Matsui)

Many effects play a role like dissociation in QGP,

| cold matter absorption, recombination/
coalescence from c, cbar, feeding, eg B mesons
carry 10-25% of charmonia yields (B->J/Psi from
J/Psi-h correlation STAR measurement)

Other models: B. Kopeliovich et al, D. Kharzeeyv,
E. Ferreiro, A. Capella, A. Kaidalov et al etc.
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Matsui-Satz: screening the potential

Q and Q cannot
“see” each other

o < rqQQ

Screening in .

a deconfined
medium:
effective
charge of Q
and Q
reduced

O ?...

Assume: medium effects described with a T-dependent potential
(04

= ® RHIC data

:

&, &(T,)

< [ STAR run9 JAp-h correlation, p+p 200GeV
o6 STAR run5&6 JAp-h corrlation, p+p 200GeV
d>> L —~ UA1 JAp-h correlation, p+p 630GeV
e "+ DO p impact parameter, p4p 1.8TeV
| Sosf CDF B life time, p+p 1.96TeV
2 [ CMSs B life time, p+p 7TeV
g o= |y|<1 2
X0.4f-= 1.2<yl<1.6
g [~ 16dyl24
S - STAR Preliminary
i 0.3_ T S
m - T i I
S B Al
0.2~ Tﬂ T
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Historical result; Quarkonia
suppression at CERN SPS

1d T
ey (1) = e,

Evidence for QGP
at CERN, till Sequential Psi prime and J/Psi suppression has
2000 : been observed at CERN SPS Pb+Pb 158 A GeV
ccbar NAS50, Phys Lett B 477 (2000) 28  Eur Phys J C 49 (2007) 559 | .o W0
m < 2 3
SUpprSSlon gld %1 3 _ WDV, _ " ) peripheral
g2 a. . | o saexmoommsy | 3°f
0 ~1.6 - © plafo Gave, LI-A 1 :
Strangeness '3 ; 1 4 g’ 4 3 & plAsO Gavie, WA : 1 -V—P'Y'+++++
3 b ¢ plado GaVie, VHI}A « ST
enhancement Lo, 2 | N e
B os i A A - p; (GeVic)
T(chem. freee 3 i °| TR central
S - 0.6 - ¥/ +, % R
out) ~ T (critical 5 i o Qe S 1
02 - 25 u ;\:_; . D4 ~» \.u‘- o llna‘!ul | +{ ® 1 -
P pd) NASY N SN0 SV, LA o ; ot
o) DR 0 P2 1L g v $: o Eiiiancha,
0 05 1 15 2 25 3 35 0~ . 0 1 2 3 4 5
' ¢ g R ¢ (GoVAm) 0 1 2 3 4 5 6 7 8 L9("“)0 p, (GeVK)

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

* Psi prime is suppressed from 1.23 GeV/fm*3on = 2° b
* JIPsi is suppressed from ~2.4 GeV/fm”3 on Aug 23-29, 2004
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Jet quenching as QGP signature

Au+Au Collision
Partons interact with the medium and
loose energy through eg gluon radiation

Collisional “elastic” energy loss:
elastic interaction with the medium

p+p Collision

p

leading particle
0

leading particle
\%
Radiative energy loss:
parton radiation due to interaction

jet
with the medium

Jark or 9luop

quark or gluon

quark or gluon
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Jet quenching

leading particle

et “The nuclear modification factor” R , ,
% compares A+A to expectations from p+p :

Yield(A+ A
R(pp) = cdUAE /D
Yield(p + p) x <Ncoll>
N coll : Average number of NN collisions in AA collision

Suppression of jets in AuAu: R, , <1

03l light
dead cone S .
— Quarks are expected to exhibit different
) 02 / o - radiative energy loss dependingon

E bottom

0.1 . //—/
ol L=5fm, 1=1fm

5 10 15 20 25
E [GeV]
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Historical result: Discovery of jet
quenching at RHIC (2003)

Discovery of strongly interacting QGP :

RHIC white papers for the 4 RHIC experiments: 2005 STAR Phys. Rev. Lett.

91, 072304 (2003), nucl-ex/0306024.

;5] 0.2 L — p+p min. bias =
= F *  Au+Au central i
T - -
% L : * d+Au FTPC-Au I
- 0.1 | é 0-20% -
S : )
=)
‘g) — -
Z"" B AT Rl s e e
=
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Strangeness Enhancement as QGP signature

Initial idea introduced by J Rafelski:

First mentioned in:
J Rafelski, R Hagedorn, Ref TH.2969-CERN, 1980 :

P. Koch, B. Muller and J. Rafelski, Phys. Rept. 142 (1986) 167.

Strangeness enhancement in QGP is expected due to
* The dominance of the gluonic production channel
for strangeness in the QGP S —
* High gluon density in the QGP
* To the mass of the s quark being similar to the
critical temperature T for the QCD phase transition =
Strangeness in QGP reach equilibrium values o /)
* Effect expected to be more pronounced for strange = ©
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Historical result: Observation of
ssbar enhancement in SPS at CERN

NA35, Zeitschrift fur Physik C Particles and Fields, June 1990, Volume 48, Issue 2, pp 191-200
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Historical result: Observation of
ssbar enhancement in SPS at CERN

NA35, Zeitschrift fur Physik C Particles and Fields, June 1990, Volume 48, Issue 2, pp 191-200
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Il Accelerator facilities and experiments today
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Relativistic Heavy lon Collider
at the Brookhaven Lab, Long Island, New York, USA

RHIC has been exploring

S Se s nuclear matter at extreme
e conditions over the last 18
e i T years, since 2000

12:00 o’clock

~

(BRAHMS)\ .

2:00 o’clock "

4 experiments initially:
STAR PHENIX
BRAHMS PHOBOS

Still runing: STAR

Main colliding systems: Still analysing data: PHENIX
p+p, p+A, d+Au, Cu+Cu, Au+Au
Cu+Au, U+U, Zr+Zr, Ru+Ru

Main energies A+A :

Vsnn = 62, 130, 200 GeV
and low energy scan
7.7,11.5, 19.6, 22.4, 27, 39, 54 GeV

+ Fixed target
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Large Hadron Collider (LHC)
at CERN

—_——
& Low B (pp)
High Luminosity

RF
& Future Expl.

Oclant3 /

! Lumag

o A
Ia
N
Rl \iv
K
b N —

/—g :
!’ Low B (Ions) J

A & J)
Low B (pp)
High Luminosity

ILLHC layout ]

run-1 (2009-13) : p+p Vsnn =0.9, 2.76, 7, 8 TeV,
=2.76 TeV
run-2 (2015-18) : p+p \Vsnn = 5.02, 13 TeV p+Pb 5.02, 8.16 TeV Pb+Pb at Vsnn
=5.02 TeV Xe+Xe

p+Pb Vsnn =5.02 TeV,  Pb+Pb at Vsnn




Current Experiments with Heavy lon program

LHC
S QD STAR at RHIC

HLT

SPS H2 ==»],

1.z<|3|<z.z AD=27TT
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lll Selected physics results:

1. Direct photons
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yield
Ed’N/dp*(GeV%c?) or Ed’o/dp® (mb GeV?c?)
(=}

—_
S
o

107

RHIC PHENIX: Direct photon excess in min bias Au+Au at

i LO Vogelsang

o snn = 200

GeV

L Au+Au

EN min. bias

I’ N PHENIX

;_ O \’f ) :l{\}\\;"\

= N | i Sy

; T

= ‘ ‘i’ . T

E <&

E s

~I PRL 104, 1%2301 I(2010)I "“%t::;:g:

1]1121113llI41115l1|611117
P, (GeVl/c)

Ed*N/dp*(GeVZc?)

1
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Direct photon spectra at\,‘sNN = 200GeV
- —e— T,a/Tyu< d+Au (RUNS)

= e TpAIT % d+Au (RUN3)

- —=— Au+Au (MB, PRL104 132301)

- E oo Taax ptp fit result

MR

-

X Y. Yamaguchi, PHENIX
N ) Coll.,

i QM2011 poster
:_ 'ﬁ'.'i.. -‘_l

- PHENIX preliminary @

_[ L1 11 | L1 11 | 1111 | I I | | L 111 | L 111

1 2 3 4 5 6 7

P (GeVi/c)

Confirmed also with other measurement method : PHENIX 1405.3940, published in PRC 91 (2015) 064904

Direct photons in p+p described by NLO

Critical d+Au check : No exponential excess in d+Au

Direct thermal photons were firmly
established for the first time at RHIC

Direct photon excess in min. bias Au+Au at 200 GeV over p+p at 200 GeV below pT ~2.5 GeV

Exponential spectrum in Au+Au - consistent with thermal below pT ~2.5 GeV with inverse slope 220 = 20 MeV -->
T(init) from hydrodynamic models : 300-600 MeV, depending on thermalization time

Sonia Kabana,
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Wenqing Fan, ICNFP2017
oL pp data i
T PRL 104, 132301
ol PRL 98, 012002 -
10° -8 PRD 86, 072008 -
i — pp fit ]
10~1 - ‘ E

[(GeV/c)™?]

d’N
2npr dprdy
o
n

1

102}

1073 |

Au+Au data |
PRL 104, 132301
PRL 109, 152302 :

Present data ]
—Ncon-scaled pp fit ]

J/SNN = 200GeV 3

PHENIX
AuAuU 200 GeV

Different method:
Measuring gammas via
external conversions in
detector material

AuAu at low pT :
nearly exponential shape
T(eff) 240 MeV>T c

AuAu follows nr of
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Direct photons also flow

Example: viscous hydro + thermal emission
PHENIX: Phys. Rev. C 91 064904 (2015)
and 1405.3940

(a) Invariant yield - (b) v,

(GeV?)
=

3 PRL114, 072301 0.2

> - and priv. comm. i H @

o I"_g. > | I~ QGP w/o viscous 0.15 " ﬂ
W 3 —— QGP W/ viscous i Il

- - - semi-QGP

1 0-1 ;_ w/o viscous 0.1
E @ (Allthree include HG) r
102k 0.05}
: . 0 : 1 1 1 L
-3 L
10.4;_ ' @Calorimeter
E Au+Au 20-40% ? - ®Conversion

0.15 |

F |'5,,=200GeV

10°F [
| YoldjerompRog0us0e | 01}
g 4r E
§§ 3 3 0.05 |
S 1t . _ . ‘ :
0 1 2 3 4
P, (GeV/c)
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Direct photon elliptic flow in
ALICE arXiv:1805.04403

| 2 1.40 significance for hypothesis

>=Q T T I L I | | L | L I | L I | L=
> o5l 0-20% Pb-Pb, {5,=276 TeV B and QM2018
T vy, ALICE - :
r [ev o 1 © = Non-zero v,"dr observed for low
L v} ®c ALICE simulation . 2
0al. v hydro, Paquet et al - momenta direct photons and of
o Vz,dir’ hydro’ Chatteriee ef al i similar magnitude as at RHIC.
- e vl ® PHSD, Linnyk et al. ]
03[~ Boxes indicate total uncertainties — > Flow signal is close to the
i i expected flow for decay photons.
0.2__ _—

v,rdir =0 for 0.9 < pr < 2.1 GeV/e.
0.1 ‘
S Seerrrs] 1 +{ * + - Transport and hydrodynamic
0= = T =g models predict a smaller direct

photon flow, but are consistent

o v b bev s bvv o by b bR Wlththedata
1 2 3 4 5

L

1 1 1 |

o

s
Qo
D
<
O
V\‘
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ALICE direct photons

ALICE:1509.07324
ALICE dlfferent centralltles ALICE vs PHENIX

S Pb-Pb {55 =2.76 TeV S F
> — k: i
> 10t [5] 0-20%ALICE — PDF: CTEQEMS, FF: GRV g 7] [*]ALICE
S [#]20-40% ALICE - - (n)PDF: CTEQ6.1MEPS09, ® 4ok — -
= o E 0-20% Pb-Pb |5, =2.76 TeV 3
. 1L [F]40-80%ALICE  FF:BFG2 =~ F A ( T )\ T :
e NEs — Aexp(-p ]
> Q.-1 ” JETPHOX Zé g... L Tew= 3031/ :?1 st + 407" MeV
% [T I PDF: CT10, FF: BFG2 %5 [ 1k [=] PHENIX =
Q nPDF: EPS09, FF: BFG2 o E 0.20% AGA _ozTN o
3 10 (all scaled by N_,) s UAU VS ° ]
= = — Aexp(-pJT 4) e
P % 10 T =239 + 25% + 7%° MeV .
10° -
2
10° 102 ] E
10° = _
IEE ]
104 103 ! o _g
10 e 173
10° 104 E
107 g } :
1 ll 1 1 1 L1 11 '1|0 10’50—|| |||1| L1 |2|| L1 |:|3|| ||A|!| ||5| 1
P, (GeV/c) P, (GeV/c)

« 2.6c excess in low prin 0-20% central
* T.=304+x11+40 MeV (30% larger than at RHIC) .

T(dlr phot.) at RHIC and LHC is > than critical Tcrit~154 MeV
The real initial T of the source is higher than the measured T
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RHIC
Theory on direct photons

C. Gale et al, 1308.2440

MCGlb. n/s=0.08
Au+Au 0-20% @ vs =2004 GeV (a)

0.96

0,84

40.72

-40.60

-40.48

40,36

0.24

0.12

0.00

2 < 6 8 10
7 (fm/c)

7 (fm/c)

The 3rd dimension in these plots is cross section of photons

VAN | dydTdr
dN? | dy
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LHC

Theory on direct photons

MCGIb. /s =0.08
Pb+Pb 0-40% @ v5 =2.76ATeV  (C)
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Photons as a thermometer

&3 3 2 gul P &ul . & g 2 &3 N &3 g - i N &3 2 s S s EP o 241

range of photon |[fraction of total photon yield
emission AuAuw@RHIC| PbPb@QLHC
0-20% centr. | 0-40% centr.
T = 120-165 MeV 17% 15%
T = 165-250 MeV 62% 53%
T > 250 MeV 21% 32% C. Gale et al, 1308.2440
T=0.6—-20fm/c 28.5% 26%
T > 2.0fm/c 71.5% 74%

Conclusions:
* Photons can be used as a thermometer

*T>Tc is reached
* More model calculations needed to fit the data and extract the T(init)
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Results from RHIC Beam Energy
Scan: direct photons

effective T, vs. collision energy

T(from oo
: -  PH ENIX
direct a0 Preliminary
photons) wo: I
250 —
200 — + +
150 —
100 - 2760 GeV Pb+Pb:y . subtracted
— 200 GeV Au+Au:y  subtracted
— 200 GeV Cu+Cu: yp:mpl subtracted
50— 62.4 GeV Au+Au:y :,m 'punsubtracted
— 39 GeV Au+Au:y ;om; unsubtracted
'|' 1 1 IIIIII| 1 1 IIIIII| 1 1 IIIIIII 1 1 IIIIIII
1 10 10? 10° 10°

s [GeV]
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2. Collectivity, Flow, Strangeness
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Flow and shear viscosity

- 2003: discovery at RHIC of large flow and first ‘ f T F
extraction of shear viscosity -> RHIC white papers e w% . A
| <@
- QGP : a perfect liquid : %
- strongly interacting QGP | "x j
o] e
10 0.5 (T.‘:(IC)/TD 05 10

PHENIX

Schenke, Jeon, and Gale, PRC (2012)

0-3 0.3 L I T T T 0.3

vp 20-30% — vp 20-30% —
| Y3 | [vg 20-30% — | | [vq20-30% —

0.25 0.25 1| /® 20-30% 1/s=0.08 025 [ % 50-30% 7/s=0.16
v 20-30% --- vg 20-30% - -.

02 r 02 |-PHENIX vy ret 02 |PHENIX vy r+t -
PHENIX vy et -t

£ 015} 0.15 |[PHENIX vq ro-

........
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Strangeness and charm v2
STAR New DO v2 from STAR Heavy Flavor Tracker

1701.06060, STAR

Mass ordering NCQ scaling
[ ! ! 0 ! 1 ! | ! | ! | ! | ' | B | | | | | i
o -a) e D STAR Au+Au @ 200 GeV - S D_° STAR Au+Au @ 200 GeV A
- o03f = o R SR -40% A
% - o A 10-40% ] ;; ! o A 10-40% ]
£ -0 K 333%3 ¥ 1 & oif °Ks t =
S 02 ~G= I - = - S - | b i
o - E%Enu n‘ T = _ _ 1 g . W&_, il E = ) —_ E i
o) i == 1 8 v X 1 > oos| - i$ L]
) 0.1 — uan I‘—' ‘ . 8. = * i
=S i ﬁe L | = i ]
2 | et 1 2 1
= L NS e L O AN e -
< 0 - o R < 1 1 1 1 ]
0 0.5 1 1.5 2 2.5
0 1 2 3 4 5 6
p, (GeVic) (m_ - mg) / n, (GeV/c?)
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Small Systems
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CMS DO and strange particles in pPb, PbPb

CMS 1705.01974

CMS Preliminary pPb 8.16TeV CMS Preliminary PbPb 5.02TeV
r .~ 1 rrr 1 1 17 T I B AL A R AL L R N R
010 @ D 185 < NOI'™ < 250 015 Centrality 30-50% -
" 0 K3 lyl <1 7 ' lyl <1 -
oA ¢ j _
Ec:r i 4}15_ ’.E—"%~~§$*~\ i CO‘ 0.10 .3--8._ ]
2 005 & ¢ ¢° o 4 < o,? ¢ G-._ ]
cn>N ~~. i > O “IT- 7
& 8-.g
® . 0.05 o “EL
- - - Polynomial fits to Kg 7 - - - Polynomial fits to Kg i
0.00f L 0.00p™ —— o e s
2 3 0 1 2 3
KE;/n, (GeV) KE;/n, (GeV)

Left, pPb at high mult: v2/nq of strange particles tend to lie on a universal curve

- below 1.5 GeV, while D0 fall below indicating weaker collective behaviour for
charm quarks

universal curve below 1.0 GeV, indicating strong collective behaviour of DO similar
to the bulk of QGP medium
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PHENIX, d+Au

200 GeV

62.4 GeV

39 GeV

uuuuuuuuuuuuuuuuuuuuuuuuuuuuuu

* 04} deAu |5, = 200 GeV 0-5%
Il <0.35
0.25 o Vv,{EP}

0.2

0.1 i~

0.05]

T d+Au S,

0.15 : E
II| |||:_

|||||||||||||||||||||||||

=62.4 GeV 0 5%

T PH ENIX
prellmmary

PRI IS LN LR IS B '
1 d+Au |s,, =39 GeV 0-10%. .

0.5 1 1.5 2 25 3

15 2
P, [GeV/c]

0.08
v,{EP}
0.07

0.06|

il b,

0.03]
0.02

dA1_2OOGV05°/ ()

o o = S
d Au (s, = 62.4 GeV 0-5% (b)

dA \(_ 39 GeV 0-10% ()

PH ENIX
prellmlnary

[y

v2, v3 observed also in small
systems:

PHENIX, J.
Velkovska,
QM2017
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Large flow observed in p+Pb collisions at sqrt(s)=5.02 TeV

~ 0.2k EBE pePb 220NT<260 8 = Pb+Pb Centraiity 55-60%, vz(;;T/1'.25);o.6€'3
> E ~©- Pb+Pb Centrality 55-60% E :
015E O qee O . 1F
0.1;-3‘.’ e ° o HF FJ’ "0 o . Results from ATLAS
0.05)-¢® . o F . . 1409.1792
O ATLAS R | I _ATLAS -
0 5 10 0 10
T Gl °%CM  After applying scale factor
™ <260 1f =-p entrali A 1.25 0
> ot o pors oy s [ cnmmsen k@112 4 of 1.25 accounting for the
® 1r ] . .
5980 . 11 ﬁma‘o * | difference in mean pT of
0.05 L® o —1F é -
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° Y T Y-
0.08— I . 1 . 1\
N - + B pP0220aN3<260 || 8- Pb+Pb Centrality 55-60%, va(p, /1.25)x0.66
0.06 d>¢¢ # + ~©- Pb+Pb Centrality 55-60% | [ .
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Number of quark scaling in 3He+Au

T L
0145 0.5% *He+Au 200 GeV PHENIX
. preliminary
0.12— m 1*+rn S Huang,
e K'+K
> 0.10 _ STAR!
(= A ptp
> 0.08 QM5

@@@B@%@%@ﬂ%ﬁﬁ@ s
a

|||ll|||||||||l|||||||||
III|II||III|III|III|III|III|I

ol

I|III|II
02 04 06 08 10 12 14 16
KE/ng (GeV)

—

8

The familiar behavior of number of quark scaling observed in Au+Au
collisions is also seen in the small 3He+Au system
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Strangeness enhancement
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Strange particle enhancement in AuAu 200 GeV STAR
(AA) / (pp or pBe)
STAR, https://arxiv.ora/pdf/0705.2511.pdf
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STAR (solid marks) vs SPS PbPb sqrt(s)=17.3 GeV (open
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Strangeness enhancement in
LHC, RHIC, SPS

ALICE, Phys. Lett. B 728 (2014) 216,

Pb-Pb at \[s, = 2.76 TeV %
_ - =+ e PR g
mEE |mE AQ+Q %4}
@ i
o NA57 Pb-Pb. p-Pb at 17.2 GeV /\ NA57 Pb-Pb, p-Pb at 17.2 GeV TIB é
\g 10 L [] STAR Au-Au at 200 GeV 4+ [J/\ STAR Au-Au at 200 GeV é E
g | 1 4
o wfn | .
2 ‘ |
........ = W - Y
[ |
3 f]f L % ALY
5 "
ZQ
< i@ &
~
2
(Y Iy || VR o S L o i i T i -
s T i
1 L Ll

Strangeness enhancement gets smaller as collision energy
increases here from SPS 17 GeV -> RHIC 200 GeV -> LHC 2.76
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ALICE strangeness

1072

Ratio ot yieldsto (w'+ 7 )

1073

|

wio 0 1w PbPb2.76 TeV, p+p 7 TeV, p+Pb 5.02 TeV
2 The novel measurement of ALICE: consistent
piritl; 0 o Dgg strangeness enhancement in pp, pPb and PbPb
| i collisions which depends on strangeness
content and cannot be reproduced by models at
ﬁ b I H same time as p/pi ratio
HMH - E + E*(x6)
W Adds to previous measurements showing
}' \ H ”] ”1 QGP signatures in small systems. These new
ul HHH oo e measu_rements at LHC point t_owards possible
- “ﬁ | formation of QGP matter at high Temperature
: “ A and density also in small collisions systems.
F ALICE
I 3 AL Comment from ALICE paper:
I l ] Pb-Pb, NS:N - 276 TeV "The remarkable similarity of strange particle production in
i —— PYTHIA8 pp, p—Pb and Pb-Pb collisions adds to previous
i E:;SSYLHC measurements in pp, whch also exhibit characteristic features
known from high-energy heavy-ion collisions and are
10 102 10°

<chh/dﬂ>[,,| <05

QGP formation also in small systems?
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Stra

ngeness in Xe+Xe ALICE

IIIII

Ratio of yields to (n*+n")
=
lf@].

o
o
T
@
-4

ALICE

O pp, \s=7TeV
O p-Pb, \ s, =5.02 TeV

g o fﬁ b b oo’ (12

ALICE Preliminary
® pp,\s=13TeV

| I I |

O Pb-Pb,\s,,=5.02TeV
B Xe-Xe,\s,, =544 TeV

107% e

Lol
10°

Lol
10°

Lol
10*
(dN_/dn)

[n1< 0.5

3

ALICE Collab. QM2018

Same picture with new
data from Xe+Xe 5.44
TeV and p+p sqrt(s)=13
TeV

p+Pb 5.02 TeV

| P
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Do small QGP droplet form in
p+p, p+A?

Till few years ago, p+p, p+A in the heavy ion community were
assumed to be QGP-free systems by definiton to which people
compared A+A to find the QGP

New data on collectivity seen in p+A, p+p prompt the idea that
QGP may form in p+p, p+A ?

S.K. P. Minkowski, 2001 New J. Phys. 3, 4:

proposed for the first time the universality of QGP phase
transition in p+p, p+A, A+A appearing above a critical energy
density.
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1.2

08|

0.6
()
04/

0.2

Maximum of strangeness
suppression factor

* p+pbar, e*+e”

¥ nucleus+nucleus

()

.6.

L é L
Einit (GeV/fms)

Maximum of As
occurs at or below
initial energy
density of 1 GeV/
fm™3 (red points)

Sonia Kabana, Lecture on Strangeness in Hl Collisions, Dubna, Russia, 20-31 August 2018



Historical plot: Energy dependence of s/qg
The "Horn"

M. Gorenstein, M. Gazdzicki, Acta Phys. Pol. B 30, (1999) 2705.

o
»

g _AGS SPS RHIC "Horn"
~ d
0.3| proposed as
¥ signature for the
Y 0.2} : QCD phase
Aot p T | transition
y/O 10 [gcbq]r::@ =
[ - occuring nearby
L A
: |

OD‘.I...,I.I.X
10 15

F [GeV'4

Sonia Kabana, Lecture on Strangeness in Hl Collisions, Dubna, Russia, 20-31 August 2018



Maximum seen in the K/pl
collision energy dependence

0.3 l T

0.25F <

vs fit

E866, E895

E802, E866

NA49

STAR
Ry=0.365 fm, R;=0.42 fm, R=0.15 fm,
Rx=0.395 fm, R4=0.085 fm

saal el L PR T S S W W
10 100 1000

\S, GeV

Sonia Kabana, Lecture on Strangeness in Hl Collisions, Dubna, Russia, 20-31 August 2018




The maximum dissappears at

T g After extrapolating all points
L b mu B O to muB=0 the maximum of

_2 f% ****** B As dissappear

f - This suggest that the

maximum is entirely due to

< I
the finite values of mu_B

* A+A sqrt(s)=2, 4.9, 5.4, 17, 19, 130 GeV ryex

O ppbar sqrt(s)=900, 1800 GeV
1 @ samaTee After eliminating the effect

o] { T i S N of having different mu_B for
. . l - each point, small and large
10 | I

systems universally agree
| and depend only on initial
, l Bjorken energy density
'_ reached in the collision

10

10
& (GeV/fm?)

(Van Hove's signature)
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Dissapearance of "maximum " at muB=0

1.2

08|
06|

04/

0.2

Mu_b non-zero

in A+A

* p+pbar, e*+e”

¥ nucleus+nucleus

""T/

Einit (Ge\//fms)

Sonia Kabana,

Mu_b zero

* A+A sqrt(s)=2, 4.9, 5.4, 17, 19, 130 GeV

O ppbar sqrt(s)=900, 1800 GeV

@ e’e sqrt(s)=91 GeV

o |

ot
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Temperature and baryochemical potential collision energy
dependence in A+A
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https://arxiv.org/pdf/1010.0142.pdf




Universality of the QCD phase
transition in p+p, p+A, A+A

Temperature T [MeV]

uuuuuuuuu

7.
Net Baryon Densi

< 250} @®e’e sqrt(s)=91 GeV < .t el 1T ey
() ] O ppbar sqrt(s)=900, 1800 GeV
= % A+A sqrt(s) =2,4.9,5.4,17, 19, 130 GeV * A+A sqrt(s)=2, 4.9, 5.4, 17, 19, 130 GeV
~ i w p+p sqrt(s)=17 GeV O ppbar sqrt(s)=900, 1800 GeV
g 200 - l J' l j’ 1t @ e’e” sqrt(s)=91 GeV
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o | : *
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& 4| 1 ‘ '
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100 T |
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Key idea: extrapolate to muB=0
Consequences:

-> Universality of onset of phase transition near ~0.8 GeV/fm*3

-> Universality of onset of saturation of strangeness suppression
factor
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Universal Strangeness
Production

results from F Becattini et al P. Castorina, S Plumari, H Satz, 1709.02706

Ea
LHC
RHIC p-Pb
Cu-Cu

1.5A"
TR?

, with  ~ pp,pA, AA,

SoTo =~
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P Castorina - H Satz

K. Aamodt et al. (ALICE Coll.), Phys. Rev. Lett. 105 (2010) 252301.

—
"t [ @POPbO5%)ALICE A ppNSD ALICE
10— = PbPb(0-5 %) NA50 o pp NSD CMS
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Strangeness suppression
IS happening only below Tc

P. Castorina, S Plumari, H Satz, 1709.02706
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5. Quarkonia suppression
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Y Suppression in Au+Au Collisions

14 30;60% 0-6?% 10;30% 0;10% 1.4 30;60% 0-6?% 10:30% 0;10%
- Yo% Y(1S): STAR Au+Au@200 GeV lyl<0.5 - Yok Y(25+3S): STAR Au+Au@200 GeV lyl<0.5
12 ¢ Y(@1S): CMS Pb+Pb@2.76 TeV lyl<2.4 1.2 ¢ Y (2S): CMS Pb+Pb@2.76 TeV lyl<2.4
*  Y(1S+2S+3S): STAR p+Au@200 GeV lyl<0.5 - —— Y(3S): CMS Pb+Pb@2.76 TeV lyl<24
] ] NN
K E STAR N, uncertainty
< 08 _% + STAR Preliminary 08l STAR Preliminary
0| “5 _
o 0.6 06
R o e T e
0.2 i 0.2 B m S% C.1L %
s STARN_, uncertainty ~ ~~~ "o ToomEmpEmesss e B "I‘ A Y NI
O 100 T 300 400 2% 100 200 300

part

part

400

lines are to guide eyes only

Seqguential melting observed at both RHIC and LHC energies

CMS, PLB 770 (2017) 357
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Hierarchy of quarkonia suppression has been
observed at RHIC and LHC

0 02 04 06 038 1 1.2
Binding energy [GeV]

14 T =TT T
- % Y(1S): STAR Au+Au@200 GeV lyl<0.5
STAR, Z Ye, QM201 7 L2~ 4 Y(1S): CMS Pb+Pb@2.76 TeV lyl<2.4
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1
1.2 T T T T T < o8] STAR Preliminary
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I T§2S; K 4 e L2 4 Y(2S): CMS Pb+Pb@2.76 TeV lyl<2.4
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In central collisions Y(2S+3S) more suppressed than Y(1S)
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Upsilon

Combined results from Y-> e*e- and Y-> p*u- improve precision of Y measurements

Y(2S+3S)/Y(1S)

0.8

0.6

04

0.2

Y->e+e- vs Y->mu+mu-

30-60%
T

| Au+Au@200 GeV, lyl<0.5

% Y — w'w (2014 +2016)

* Y — e'e (2011)

100

14 30;60% 10;30% 0:10%
% Y(1S): Au+Au@200 GeV, lyl<0.5
10.0% L10% 1.2 % Y(2S+3S): Au+Au@200 GeV, lyl<0.5
K Y(1S+2S+3S): p+Au@200 GeV, lyl<0.5
1 B S o e e e i i i e e i e i
N $ STAR Preliminary
STAR Preliminary < 08I
< o
<" B
="
& 0.6 @
90% C.L. 04 @
200 300 400 0.2 N uncertainty % $
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Sonia Kabana,

100

200 300
Npart

Y(1S) Raa: 0.50 + 0.06 (stat.) + 0.05 (sys.)
Y(2S+3S) Raa: 0.17 £ 0.09 (stat.) £ 0.06 (sys.)
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Upsilon Y(1S): STAR vs LHC vs models

14 30;60% 10:30% 0;10% 14 30;60% 10;30% 0;10%
- % Y(1S): STAR Au+Au@200 GeV, lyl<0.5 - % Y(1S): STAR Au+Au@200 GeV, lyl<0.5
12 4 Y(1S): CMS Pb+Pb@2.76 TeV, lyl<2.4 12 4 Y(1S): CMS Pb+Pb@2.76 TeV, lyl<2.4
- KSU [TISTAR [lcms ‘ -  TAMU [JSTAR Acms
B B
s T STAR Preliminary 0 STAR Preliminary
& 08 & 08
@ | Z0
= 06} = 06
- I - I
04 04
0.2 N, uncertainty 02} N,y uncertainty
oL . . . 0 N . [CMS: PLB 770, 357 (2017)]
0 100 200 300 400 0 100 [B. Krouppa, A. Rothkopf, M. Strickland: PRD 97, 016017 (2018)]
o [X. Du, M. He, and R. Rapp: PRC 96, 054901 (2017)]

KSU model: use a lattice-vetted heavy-quark potential
TAMU model: use in-medium binding energies predicted by thermodynamic
T-matrix calculations using internal-energy potentials, from lattice QCD

RHIC (0.2 TeV) | LHC (2.76 TeV)
440 546

310 555
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Upsilon Y(25+3S): STAR vs LHC vs models

14 30;60% 10;30% 0;10%

- & Y(25+3S): STAR Au+Au@200 GeV, lyl<0.5
12| ¢ Y(2S): CMS Pb+Pb@2.76 TeV, lyl<2.4
KSU [ ISTAR ]cMs

STAR Preliminary

N, uncertainty

Y (2S+39):

e Indication of less suppression at RHIC than at LHC

14

12

30-60% 10-30% 0-10 %
T T T

- % Y(2S+3S): STAR Au+Au@200 GeV, lyl<0.5

4 Y(2S): CMS Pb+Pb@2.76 TeV, lyl<2.4
TAMU [JSTAR Acms

I S e e Global uncertainty

STAR Preliminary

N,y uncertainty

[CMS: PLB 770, 357 (2017)]

[B. Krouppa, A. Rothkopf, M. Strickland: PRD 97, 016017 (2018)]

[X. Du, M. He, and R. Rapp: PRC 96, 054901 (2017)]

STAR: Y(2S+3S) Raa: 035 + 0.08 (stat.) + 0.10 (sys.) (0 < ptr <10 GeV/c, 0-60%)
CMS: Y (2S) Raa: 0.08 + 0.05 (stat.) = 0.03 (sys.) (0 <prt <5 GeV/c,0-100%)

STAR Y data in central A+A collisions
are consistent with "sequential melting" in QGP
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pt dependence of J/Psi suppression in Au+Au,
Cu+Cu 200 GeV

PLB 722 (2013)55 oo — __

(a) 0-20 % Au+Au b) 20-40%
- @ STAR \ S =200 GeV
o PHENIX

-:-(d) 0.60%

—Model |, Liv etal. -
- Model || Zhao et a!

, (c)4060/
‘ab 5 0-60%

0123456789 0123456789
P, (GeV/c) P, (GeV/e)

- JIPsi suppressed at all pr’s for most central events

- Raa of J/Psi is systematically larger for higher pt.Low pT
J/Psi is more suppressed
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CMS: EPJC77(2017) 252
PHENIX: PRL 98 (2007) 232301 Tsinghua at RHIC: PLB 678 (2009) 72
:t:cgh'éta 172‘:15;"101 4)314 Tsinghua at LHC: PRC 89 (2014) 054911
ST TAMU at RHIC: PRC 82 (2010) 064905
TAMU at LHC: NPA 859 (2011) 114
Low pr J/U in central collisions: High pr J/ in all centralities:
2 - P, >0GeVic STAR preliminary 2 - .. STAR preliminary
1.8~ 4% STAR: AusAu, |&,, =200 GeV, Jy—u'y, lyl <05 1.8E- J:*:T:a: AusAu, Y =200 GeV, iyl <05, p_ > 5 GoVie
C O PHENIX: Au+Au, |s_ =200 GeV, Jiy—e'e’, lyl <0.35 = ) LI ' -
161 o ALICE: Pb+Pb, v{- 2.76 TeV, Jy—e'e’, lyl <0.8 1.6 W CMS:PbePb,\s,, =276 TeV, Iyl <24,p >6.5 GeVic
- R = v—sere’. Iyl < - Tsinghua Model — RHIC —LHC
1.4 = @ ALICE: Pb+Pb, |5, =502 TeV. J/lu—e'e, lyl <0.8 14 TA::I Model - RHIG - -LHG
= 1.2
: R
- g -
- <= LHC °~ o5
- 0.6—
0 25 STAR N__ uncertainty l RHIC 0.45_ *
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00— T T T : 1 1 ] 1 1 1 1 LHC
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RaA(200 GeV) < Raa(2.76 TeV) ~ Raa(5.02 TeV) RaA(200 GeV) > Raa(2.76 TeV) ~ Raa(5.02 TeV)
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What is the right normalization for quarkonia ?
Yield(A+ A)

: . ' R, (pr)=—
1. JIPsi AA/pp : RAA(J/Psi) (Pr) Yield(p + p)x (N ;)

2. Jpsi AA/pA : RpA
(J/Psi AA measured)/(expected from pA) (NA5O)
to subtract Cold Nuclear Matter effects (CNM)
3. (J/IPsi AA/pp) / (open charm AA/pp) :
RAA(J/Psi) / RAA(open charm)

4. (J/Psi AA/pA) / (open charm AA/pA):
(RpA (J/Psi) )/ (RpA (open charm))

drown depending on normalization
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J/Psi compared to open charm - RHIC
' Low Pt

High pT
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Noan

* JIPsi seems to be neither suppressed nor enhanced with respect to open
charm at all centralities at high pT (However pT range is not exactly the same)

* JIPsi seems to be significantly suppressed with respect to open charm at
low pT in central Au+Au events (same acceptance here) <,
22

o |
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T T T T T ’
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A 40-80%
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J/Psi comzoared to open charm LHC
"Low|" Pt (2-5 GeV) _High Pt>6.5 GeV.

1. 12 2r
a:: ALICE ; f i ALICE.
Pb-PD, 5, = 276 TeV - 1|-= PD-PD, (S = 2.76 TeV -
oD’ lyicD 5, 2<p <5 GeVic - " Average D°, D", D", 6<p_<12 GeVic -
.mmwsoibq«o ZQYdGer- - ;cmagreanpwy p>65(<ieVIc
0 Z Cormeiated syst uncenantes N 0 8.— ZCorrelated syst. uncenainties N
: Ouncorreiated syst uncenanves . “L [JUncorrelated syst. uncertainties
- mmmmc%wuu‘n -
0. '+' - . 0.6[-f Bm .
¢ [Ya o . '#l : :
> L EI ; oa ~ T Hy ;
0. q 0.2 g § -
commen normatzaton ncenarty ™ (erghens) 1 &N cerwa) }-ummmwmuum-nmnn:j
501001502(!)2503)0(?’50;00 5010015020025030()(&50‘;00

parnt

H. Satz, arXiv 1303.3493

J/Psi seems to be neither suppressed nor enhanced with respect to open
charm at all centralities, at intermediate (pT=2-5 GeV) and high pT>6.5 GeV

However experiments should compare more precisely within exactly same
acceptance (here different y) and at low pT too
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PbPb: prompt J/@ suppression ‘J/PSI VS DO
PPy ) pr 0 0Ry 6 0e e (CMS)

< .
< 1.6 ]
o e CMS -
1.4 H?foe,:,‘p‘i*f,"’,‘[p’“ Supplementary
- @18<lyl<24 Hlyl<24 _

1.2 . Open charm -

- @D° HIN-16-001

lyl <1

Cent. 0-100% —

0.8~

0.6_— L y

0.4F

J/p suppression similar to DO suppression
Jet quenching for charmonia?
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First study of J/Psi/D0 suppression versus g(init,Bjorken):
Measured ratio of J/Psi to D mesons at SPS

Open charm measured by

g o S Ay s I dimuons in region 1.6-2.5 GeV
N M

8 ] % p+p. p+A NA3ZS NAS1

£ 12} ® P54 Pb 1996 NASO The J/Psi/(DDbar) estimate is
E | + + suppressed at 1 GeV/fm*3

s fy ﬂf f o W instead of 2.3 GeV/fm"3 and

E o8| ! + coincides with strangeness

AAAAAAAAAAAAAAAAAAA
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First comparison of J/Psi/D suppression and ssbar
enhancement versus g(init,Bjorken):

[ (a) (J/¥/DDbar) <
141 (measured/expected) * A+A sqrt(s)=2, 4.9/5.4, 17, 19, 130 GeV
# p+p. p+A NAZS NAS1 O ppbar sqrt(s)=900,|1800 GeV
i 1+ @ e'e sqrt(s)=91 Ge\
121 @ Po+Pb 1996 NASO

(J/¥/DDbar) (meas/exp)

| B R TR

06} I + g _
HHL. 02 1 1GeV/fm"3
,11GeVifm™3 ™ | 1.

10
& (GeV/fm?)
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Beauty M. Jo et al CMS,

Etretat QGP 2014
g 1,4-| LA S I L B L B N L B N N L N B BN l- 2'5| I T I — T T
« . _ [ B —— - -]
h'd - CMS Prellmmary 0-100% | CMS PR'ELIMINARY PbPbys, =276 TeV | Ldt=7-150ub" |
a | = *Z (0-100%) |y| < 2 -
1.2 PbPb\ {S =276 TeV - - | omes W (0-100%) p° > 25 GeVic, '] < 2.1 i
i NN ’ ol —%— lIsolated photon (0-10%) || < 1.44 |
n _ | E=e== Charged particles (0-5%) In| <1 _
1 | Emp B Jhy (0-100%) ] < 2.4 i
- » Inclusive y(28) (6.5 <p_<30 GeV/c, ly| <1.6) - - = ':'f'rs("\)': :):'t;(:;ff)z nl <2 -
B - . —=— “b-je - o —
0.8 - v Y(3S) (ly| < 2.4), 95% upper limit B 15 _
CE+ res) vl <24) : < | Th i
| m prompt Jiy (6.5 < P, < 30 GeVlc, ly| < 2.4) i e - ‘ . s
06~% y(1s)(lyl < 2.4) ~ 1 + N
; v1s) ] SRR T *
0.4_— . (15) — -
- Jy ] 0.5 l-
0.2/ y(28) Y(28) . Lo ]
- ¢ Y(3S) | - . - .
0- L1 1 T L1 1 I L1 l L1 1 l L1 1 l L1 1 | o_l 1 N - | 1 1 | I 1 |
0 0.2 0.4 0.6 0.8 1 1.2 1 10 102
Binding energy [GeV] P, (M) [GeV]

Y(1S) in PbPb seem less suppressed than open beauty in PbPb (needs better stat)
if so -> no Y(1S) suppression

Y(2S), Y(3S) in PbPb seem more suppressed than open beauty in PbPb
-> compatible with Y(2S) and Y(3S) suppression
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First measurement on Rpay of

nCTEQ, EPS09+NLO, Lansberg &

Eur. Phys. J. C77 (2017) 1
Comp. Phys. Comm. 198 (2016)
\IJ' Comp. Phys. Comm. 184 (2013)

Ferreriro et al., Few Body Syst. !

PHENIX, PRC 87 (2012) 034903 S 2
2 - 3 1.8 —-STAR RpAu lyl<0.5 0-100% STAR Preliminary
186 ~® STARR,,1yl<0.50-100% STAR Preliminary CE - [l STAR Global uncertinty
= [l STAR Gilobal uncertainty o 16
16" o PHENIX Ry, lyl<0.35 0-100% S 4E
1.4~ I PHENIX Global uncertainty T e
- 5 12
1.2— = -
5 C
3 L | Y. SRR C NN 1 SN || SSTSR Py FTTTTT-TY T A" 8 1 A
0.8 gl +— ' T . /
H B, dusn - T o C
0.6 — E 0.6 —
= = - Rga, NCTEQ15 Lansberg & Shao
0.4 o 04 IRy, EPSO9NLO Lansberg & Shao
C (8] C o
02k S o2F 23R, EPSOINLO Ma & Vogt
E | | | | I B = - L |_| R?Au lnDlsgl N ?abls:4|.-2r|nb |Fe|rrel|ro let |aI T
% 2 4 3 8 10 % 2 4 6 8 10
P, [GeV/c] p_GeV/c
T

» Ry, is consistent with Ry, within uncertainty
* There seems to be tension at 3< p; <5 GeV/c with 1.40 significance
» Suggests similar CNM effects in these collision systems

» Model calculations with only shadowing effect can touch the upper
limit of data within uncertainties

» Additional nuclear absorption is favored by data
Heavy lon Physics at RHIC, Frankfurt on Main 1st Nov 2018, Germany
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First measurement of the
Vorticity of QGP

ana, Heavy lon Physics at RHIC, Frankfurt on Main 1st Nov 2018, Germany



First Vorticity measurement in AuAu 200 GeV
20-50% centrality

STAR, Nature, 2017, 1701.06657 Average vorticity points
towards the direction
s oy of the angular momentun

J(sys) of the collision.

dN { -
-1 ).
Jcos 0" 2( +OLH|TH|COSO)
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sQGP vorticity measured to be maximal
STAR, Nature, 2017, 1701.06657

P_H: average polarization with
H: Lambda or Antilambda

Measurement of vorticity in Au+Au collisions with 20-50%

ST N  AUAU20.50%. . centrality via the average polarization of Lambda and
g % A this study | Antilambda.
T @ A this study |
S % A PRC76 024915 (2007) Fluid vorticity can be calculated using the hydrodynamic
6 O A PRC76024915 (2007) | | relation (Becatini et al 1610.02506.)
4l . ® = kgT (Pp +P) /I,

‘With T the temperature. The vorticity foundis

IIIII|
10°

ISy (GeV)

* The Quark Gluon Plasma produced in heavy ion collisions is
- hotter

- least viscous

- and has larger vorticity,

from all fluids ever produced in the laboratory !
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nature
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First ohservation
of fluid vortices
formed by heavy-
ion collisions
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New STAR results on global polarization of
Lambda,Antilambda in Au+Au at 200 GeV

1805.04400
g T Nature548.62 (2017)
&I oA OA . —
” High precision measurement
Q PRC76.024915 (2007) i
s oA of a finite Lambda and
L this analysis Antilambda global polarization
XA A of the level of 0.1-0.5%
(depending on centrality) in Au
+Au at 200 GeV
\“:\rﬂﬁ : : :
---------------------------------------------------------------------- : Global polarization increases
gy <o primaysiescdonn with decreasing collision
primary primary+feed-down NN Ao
L 11 |
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- 4. Jet quenching
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Single hadrons
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Jet quenching hadrons
Collision energy dependence

IIIlIII| I IIIIIIII | |

SPS 17.3 GeV (PbPb) [0 GLV: dNy/dy = 400

esc

(2012) 72:1945 15

2 —
o) nO WA98 (0_7%) GLV: ngldy =1400 i
GLV: dN,/dy = 2000-4000
RHIC 200 GeV (AuAu) N/dy s
— YaJEM-D -
ﬁ it = oo R
h" STAR (0-5%) -.- elastic, large P

CMS y E PJC - O " PHENIX (0-10%) ---- elastic, small P

LHC 2.76 TeV (PbPb) - YaJEM
® CMS (0-5%) — ASW
¢ ALICE (0-5%) PQM: <g> = 30 - 80 GeV’/fm -

1 L 1 | I 1 L 1 |

dN/dy(g)=400 for SPS
dN/dy(g)=1400 for RHIC
dN/dy(g)=2000-4000 for LHC
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DO nuclear modification factor in Au+Au 200 GeV from HFT
|

' STAR Preliminary  Au+Au 200GeV, 0-10%

e D° 2014
o D°2010/11

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

Transverse Momentum P, (GeV/c)

Sonia Kabana, Heavy lon Physics at RHIC, Frankfurt on Main 1st Nov 2018, Germany



Comparison RHIC to LHC
|

T STAR Preliminary  Au+Au 200GeV, 0-10%

e D°2014

o D°2010/11
T v ALICE

Transverse Momentum P, (GeV/c)

RAA of DO mesons is similar in RHIC and LHC at pT>2 GeV/c
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DO Raa suppression in Au+Au
collisions at 200 GeV

1.5 |- Au+Au @ 200 GeV STAR I’ulunmw\
N ® O 2014 .
B 4 DPatlowpris
S o™ M suppressed without
0.5 502" ~“8 8 o ° 3 (a) 0-10% exhibiting significant
e e centrality deendence
1.5 |-
g o) (b) 10-40%
o e d | o _ _
osi”:&‘:‘!‘z . o ~ - D a_t!1|gh_pT|nAu+Au
o = o) collisions is more
e = : - suppressed in central
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RAA of open charm and
beautv at the LHC

Ag.|4ce arXiv:1506.06604 _ ALICE, QM2015

I I Ty rrrryrnrund
-

0: Pbe \sNN_276TeV :
120 L D mesons (NICE) bep.<t6 Govie, <05 - Pb+Pb ALICE, CMS:
@ Non-prompt J/w (CMS Isrellmmary)
N 5??..%?’%‘_’9?‘.”.‘? VI<12 cvsoasumazons N
" ((e)n;pty) filled boxes: (un)correlated syst. uncert - RAA Of D mesons |S mUCh
0-100% for non-prompt J/y .
08 CMS non-prompt J /v smaller than RAA of non-
o6l " B->J/Psi prompt J/Psi representing
it g : open beauty (B->J/Psi X)
50 80%* 7 .
0.4 f‘ g - (but pT range different)
- O B g ALICExand D
0.2— 30-40% 20 309 [ |

10-20%
7t shifted by +10 in (N )

llll[lll l ) S N N N N N N N N U NN U N - i
0O 50 100 150 200 250 300 350 400

(N
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CMS: non prompt DO from b hadron

CMS Ppretiminary 5.02 TeV pp + PbPb
16 :_ e D’ from b hadrons lyl<i
L ¢ Blyl<24
1.4 . = prompt D’ lyl<i JAhp from b hadrons:
E ©  charged hadrons <1 w  18<lyl<24
— + lyl<24
1 '2: global V=
uncertainty

| ! I

Cent. 0-100%
11 I | | 1 | I | I
10 10°

P, (GeV/e)
2018 For 5<p;<15 GeV

Non-prompt D° and J/yp less suppressed
than D° and charged hadrons
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RAA of Charm and Beauty in min. bias Au+Au at 200 GeV

PHENIX: arXiv:1509.04662 (2015)

1.6 (a) — e
14 — b —e
(c+b)—e
1.2} ™ Phys. Rev. C 84, 044905 (2011}

e U e e o e e o o e o e e o o o o o o o ww w

L A e e g QR e e 8 0 e o 8 N e e e s

Au+Au from Unfold
p +p from e-h correlations
Phys.Rev.Lett. 105 (2010)

------------------------------------

ly|<0.35
0.5} Au+Au MB /5, — 200 GeV
PHENIX Run 4 + Run 11
1T 2 3 4 5 6 17 8 9
pT [GeV/c]
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STAR Beauty vs Charm in Au+Au 200 GeV 0-80%,
mass hierarchy of energy loss

5 .-]]]IIIIIIIIIIIIl]llll]]llIIIIIIIIT.II.IIIIIL ) :
= | Au+Au 5oy = 200 GeV . iTAR Preliminary | Li Yi, STAR coll.
- 0-80% 5 D - Santa Fe work.
..... DUKE : Bose Jan 2018

* Using the new STAR HFT silicon tracker with excellent
resolution

* Electrons from B quark are less suppressed than

electrons from D
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STAR B->J/Psi, B->D0, B->e
in AuAu collisions 200 GeV

Xiaolong Chen, STAR Collaboration, Hard Probes 2018

\lllllllllll\‘\\llll Tt L L L L L L LY (L L L L L L L L BB LB T III\\\IIIIIIIIIAIIlIIl‘lIIIl!IIlIl L LI LB L

<
< 1 N
[~ | AutAu \SxN =200 GeV S TAR Preliminary | AutAu V = 200 GeV STAR Proehmmary | AutAu \, = 200 GeV STAR Preliminary
. 0-80% . B—J/y (0- 8;)’7 /FONLL) | 0-10% . B—D" (0-20% /FO\ILL) | 0-80% . B—e
(O inclusive D O inclusive D’ O D—e
1 i | Tt S S g
m B o - ™ m -" “,,:" C rj - _ & i
O u = $“ = ow" .~ 0 ? )
h | ©w - " [ I
[} § | [} T )
02} + , J ! l
.. FONLL B—»J/ uncertainty == FONLL B—D" uncertainty Y RY*P7¢ uncertainty
Alllll llllkl“llllll llllll‘llllll Lllllll Llllllll“llllll'lllll‘Alllll lllllk‘llu]:llll llll]Allllll‘Illlllllllll‘Allllllll(ll
1 2 3 4 5 6 7 8 9 1 2 3 4 5 6 7 8 9 1 2 3 4 5 6 7 8 9

Transverse Momentum (GeV/c)

Measured open bottom hadron production via displaced J/, DO

and electron decay channels in 200 GeV Au+Au collisions
v Strong suppression for B — J/ and B — DO at high pr

v Indication of less suppression for B — e than D — e (~20): consistent with AE: > AEp




PHENIX B->J/Psi in Cu+Au
collisions

= 5 ~—
3 APHTENIX  [5y=200 GeV
O 3t

2

e Cu+Au— B—=J/y pT>O
= Cu+Au— Prompt J/p pT>0
| JEPS09 for B— J/y

3
rapidity
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New PHENIX results: ccbar and bbar production
mechanlsms in p+p at 200 GeV

4

W8 TN (@pp —octX| & T (b) pp > ccX| 3 [N @ »cex  1805.04075
- Vs = 200 GeV (s = 200 GeV N (s = 200 GeV
0.8j \\ + Data best fit 087 + Data best fit 08j \\ + Data best fit
[ Data fit, 68% C.I. i ° Data fit, 68% C.I. r Data fit, 68% C.I.
i N\ Data fit, 95% C.l. r Data fit, 95% C.l. r N\ Data fit, 95% C.I.
0.6 N e PYTHIAV6 Tune A 0.6 e PYTHIAV6 Tune A 0.6 N @ PYTHIAV6 Tune'A
i i c AN
L L L AN -
f 04 . 0 Measurement of
~ 02 NG N angular correlations
‘ . A \\ . \ ° X
Gl s e s of e-e, e-mu, mu-mu
N @ otBX N @emopBX N OpeopBX |
0.8 N #paabesti | 0.8 N spaabestit 0 08 N spmbean 0 PAIS from ccbar and
0 6; \\\o |:P)$!I"E‘I-Ifllk\1965 ?uﬁél'A 0 6; \\ ° |:P)\“;!I"al-lfllk\1965 ??uﬁél'A 0 6; \\\o E#Hfllkv%s'oﬁlﬁgﬁ bb ar d e C ay S
.0 N . " \
[ N [ r N
0.4- AN 0.4 0.4 \\
[ [ [ AN
0.2- 0.2- 0.2- AN i
% N . ..~ -Data are consistent

% 0204 06 6.8ch1 b 0204 06 o.sFPc1 % 0304 06 o.sFFE1 e Pythla A

In p+p colllsmns at 200 GeV the data |nd|cate that
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ALICE p+Pb and Pb+Pb data at LHC

II[IIIII |IIIII:IIIII| llllllllllll
ALICE, charged particles

" e p-Pb |5, =5.02TeV, NSD,|n_ <03

1.6, Pb-Pb \s,,=2.76 TeV, 0-5%central. | n| < 0.8
1.4F4 Pb-Pb \s,, =2.76 TeV, 70-80% central, | n| < 0.8

—
Q0
TTTT1

R(pPb) for charged
particles is compatible
with 1 at hight p

‘lllllllllllll‘ll]

L1}
=
|
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Reconstructed jets
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Jet cross section in p+p 200 GeV RHIC

10. LJ L) 1 4 1 I L L) L] LJ I L L] L) L I L] L L] L I 1] 1 L 1 I 1]
7 (a)
10 " STAR
S p+p = jet + X
0 10°F \E=200 GeV
% midpoint-cone
;;;'10‘ Lore=0.4
0.2<n<0.8
T n
5 10*
3
w1
o

—— Combined MB
—e&— Combined HT
—— NLO QCD (Vogelsang)

! l 4 ' I $ I I I l J 3 | I l ! d
* T T

‘Sg;stemalic Unceﬂainfy o (lb)

e Theory Scale Uncertainty
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Hadron vs jet suppression

Hadrons Jets

32“. PHENIX AuvAu, |5, =200 GeV, 0-10% most central < " R
x22 § drect y (aXGv 1205 5759) § My 0-20% cent. (PRLSS, 232301) T 15 Run 11 AusAu (3 200 GV, &3 b" L -
5 §=° (PRLI0Y, 232301) B w 0-20% cont (PRCS4, 044902) . GRS
# n (PRCE2. 011902) } e, (PRCS4, 044905) ; 14l &% Contral Colinions
1.8 # ¢ (PRCE3. 024090 § K (PRCE3, 084903) % ui Ak, R=03
f C g > 0.2 GeVie
- *—
< C o p™*> 50 GeVie
3 00 a2
o :
08
_'_,_——"" ~w— - e wm SSAR Preliminary
...Ar“.‘“x“..x‘... ...............
% 5 10 15 20 2 30 s

"% (GeV/c)
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Dijets

BN £ NG SRS E NS ERNG BN NS e NS E D E D EOND E N A E NS E RS E AN E R E N B E NS NS N E RN SN £ NS E NS N £ £ D £ N E NS E AN AN SN E N E NS E NS SN E NS E AN E NS E D E AN E NG E N
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Dijet imbalance in STAR: A _J
STAR, PRL 119, 062301 (2017)

pPrcut=2 GeV/c Prcut=0.2 GeV/c
preed>20 GeV Rerun jet-finding algorithm prtead>20 GeV (pr,cut=2 GeV/c)
prSublead>10 GeV anti-kr on these events ... préublead>10 GeV (prcun=2 GeV/c)
—_—
A®cad,sublead™> 2/3 T -
T o~ T
SRR X S I L Lol K N S SR >3
S 7 S
a g _ a
4
3
2
19\ R 1
b,'

Calculate A; with constituent prcut>2 GeV/c Calculate “matched”
P |Aj| with constituent
T, , , — prec _
A= i, PTEPT P A prcut>0.2 GeV/c.
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STAR, Dijet imbalance Au+Au 0-20% R=0.4

Anti-kt R=0.4, p1,:>20 GeV & pr1,2>10 GeV with prcut>2 GeV/e

c 022,
.% 02: O ppHT ® AuAu MB p>">2 GeV
o = +
. 018 —
T : ® AuAu HT p">2 GeV
o 016 —¢— .
3 ouf st
0ME Au+Au 0-20%
Sys. Uncertainties: 0.12 - : Anti-K_ R=0.4
- tracking eff. 6% —
- tower energy 0.1 :_ ........................

'+

scale 2%

AR
i’}i Preliminary

T+
it

0.08
0.06—
0.04 - p;“'(p?">2 GeV)>20 GeV
0.02F- p?“’“’"’(p:">2 GeV)>10 GeV ——
E =0=
0 Coova gt b b by M—
0 0.1 0.2 0.3 0.4 05 0.6 7

1Al
Au+Au di-jets more imbalanced than p+p for preut>2 GeV/c
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STAR, Dijet imbalance Au+Au 0-20% R=0.4
J. Putschke, STAR, QM

Anti-kr R=0.4, p11>20 GeV & p12>10 GeV with preut>2 GeV/c

c 0221
ie) - O ppHT ® AuAu MB p">2 GeV
g 02 O pp HT ® AuAu MB Matched
= - o AuAuHT P;>2 GeV
o 016 E AuAu HTMatdledp“">026eV
> -
W o014 —¢—
= iy Red: ptcut>2 GeV
Sys. Uncertainties: 012 == ~ + j: Anti-K, R=0.4 Grey: pTcut > 0.2 GeV
- tracking eff. 6% —
 Sower onergy 0.1 + (matched)
scale 2% L ﬁ
US = :$:_¢_ Preliminary
0.06 —
0.04 = "“d(p >2 GeV)>20 GeV i
ook P :""'“"(p:"t>2 GeV)>10 GeV E?E
n s
0 . L1 11 I L1 11 I L1 11 I | I | I L1 11 I L1 11 i
0 01 02 03 04 05 06 7

Au+Au di-jets more imbalanced than p+p for preut>2 GeV/c
Au+Au A, ~ p+p A, for matched di-jets (R=0.4)
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Dijet imbalance with R=0.2

Anti-kr R=0.2, p1,1>16 GeV & pr2>8 GeV with preut>2 GeV/c

c 02¢
ie) - O ppHT ® AuAu MB p’">2 GeV
© 018
© —
uh_ n
= 0-16: i o AuAuHTp:">26eV
o —
Lﬁ 0-14: 5 i
012 4 : ‘ | Au+Au 0-20%
. B Anti-K R=0.2
Sys. Uncertainties: 01— +
- tracking eff. 6% _—F
- tower energy —
scale 2% 0.08[— + ﬁm
— » Preliminary
0.06 —
- _O_
0.04f— PL™(pS">2 GeV)>16 GeV —4—
002 PE*(pS"'>2 GeV)>8 GeV —o—
- —
— —o—'
0_||1||||1||1|11|11|1||1|1||1||'
02 03 04 05
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Dijet imbalance with R=0.2, matched

Anti-kr R=0.2, p1,1>16 GeV & pr2>8 GeV with pre't>2 GeV/c

- 022
O > O pp HT ® AuAu MB Matched
2 ' pe>0.2 GeV
= 018 y
*U-_. - ® AuAu HT Matched p:_'t>0.2 GeV
c
S 0.16— $ &
i 0.14F
: :+ + :$: Au+Au 0-20%
0.121— :$:_+_ Anti-K R=0.2
Sys. Uncertainties: —
- tracking eff. 6% 01~
-~ -towerenergy — —— lRieaeatc agicaatereaicaatic gt pa s gtz
scale 2% 0.08 — _+_ ﬁk
e Preliminary
0.06 —
0.04F. PL(pS">2 GeV)>16 GeV :SZ
04 » —
0.02F- pSUted(p™>2 GeV)>8 GeV —O0—
0:IIII|IIlIIIIlIIIIlIIIIlIIIIIIlII n
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

IAJl

Matched Au+Au A, # p+p Asfor R=0.2
omts(recoil) Jet broadening in 0.2 — 0.4

At RHIC the lost energy seem to reside inside
a cone of R=0.4
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Comparison to LHC: first LHC results

AT CMS,/ | CMS Experiment at LKC, CERN
~———_ .~ | Data recorded: Sun Nov 14 19:31:39 2010 CEST
— |25\ | RunfEvent: 151076 / 1328520
t ! ’ ‘ Lumi section: 249
Er(Ge > ol | o
mlGeV) S Leading jet , e WP
1 : 205.1 GeV/c B
100 :3 Pr . !
%i Subleading jet
3

py:70.0 GeV/c
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Event Fraction

Event Fraction

Jet quenching via dijet imbalance

- (a) cMS
0.2

L]
Ldt=35.1pb"
® pp\s=7.0TeV
— PYTHIA
Anti-ky, R=0.5

— e PbPb\s_=2.76 TeV—
—— PYTHIA+DATA
Iterative Cone, R=0.5

| . | PR L

L L S S BN S BRI S T 1

(b) JL dt=6.7ub"

Py > 120 GeVic
Py,> 50 GeVic

-_sou> ”

Sonia Kabana,

04 06

“To2 .
A= (pT.pr.e)l (pT.1+pT.2)
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Where did the lost energy go?

CMS: Look at track-jet correlations

-> RHIC and LHC differ: in LHC lost energy is moved from large to small
PT and from small to large angles namely outside the leading and

subleading jets cones.
CMS, PRC 84 (2011) 024906

BAGRAE ::::::;:::::::::__:d::;}:::::::::}::::}::::‘
_ () in-Cone 1 @ Out-of-Cone .
[ CMS 0-30% 1
40~ pb+Pb \s_=2.76 TeV W08 R:08 .
i [La=ez.p’ 1 ] Color decoherence
_ 20f nE = 1 can lead to large
Q - - . . : - -
> : - —”‘:&‘3——_ 5 : angle emission
S o ' - -
D ® >0.5GeVic
o> [ 05-1.0GeVie | N. Armesto et al, 1207.0984
-20 [ 11.0-20GeVic - K. Tywokiuk et al 1401.8293
[CJ20-40Gevic 1
.40 T 4.0-8.0GeV/c
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RAA In Xe+Xe at LHC

Raa in central Xe-Xe collisions is
similar to Ry, in Pb-Pb collisions at
similar multiplicity.

Sonia Kabana,
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Jet transport coefficient at
RHIC and LHC

ana, Heavy lon Physics at RHIC, Frankfurt on Main 1st Nov 2018, Germany



Extracting jet transport coefficient from data and models at RHIC and
LHC

In last years the JET collaboration of groups using different models has made an important step forward
evaluating for the first time g-hut with a fit to both RHIC and LHC and reaching a good agreement of all
models while fiting the experimental data at RHIC and LHC.

Models: GLV-CUJET, HT-M, HT-BW, MARTINI and McGill-AMY. GLV and its recent CUJET implementation.

Jet transport coefficient for a jet initiated by a light quark considered (10 GeV jet assumed).

For the QGP medium viscous hydrodynamics (VISH2+1) is employed (Ohio State group).

Karen M. Burke,! Alessandro Buzzatti,>® Ningbo Chang,®® Charles Gale,® Miklos Gyulassy,* K. Burke et al. JET collaboration. 1312.5003
Ulrich Heinz,” Sangyong Jeon,® Abhijit Majumder,' Berndt Miiller,® Guang-You Qin,>! Bjérn i y
Schenke,® Chun Shen,” Xin-Nian Wang,> 2 Jiechen Xu,?> Clint Young,? and Hanzhong Zhang®

1 : | : | : Example results from the Higher-Twist-Majumder (HT-M) model
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Extracting jet transport coefficient from data and
models at RHIC and LHC

Scaled jet transport parameter gq-hut/T*3

7 _'_lz IR BN AN BN LN UL L
-0 GLV—CUJET 1 ]
6 ?: v E Dashed boxes show
5 pA MGill-AMY o E expected values for
O MARTIN i i sqrt(s)=0.063, 0.130
- RN I
<o A DR
3 F gl L @
2 F Bhel
I ,Au+Au at 0.2 TeV, -
1 _
qN/T&ff (DIS) <Pb+Pbat 276 TeV,
%0 i 102 7025 03 035 04 045 05

T (GeV)
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5.Beam Energy Scan (BES) -1
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Chemical freeze out temperature vs baryochemical
potential BES 1

200 62.439 27 19.6 11.5

Quark-Gluon Plasma

Au+Au Collisions (@)

b P8
hES
.
.
.
~§
.
.
.
.

-05%
@ 00-05% Cleymans et al.

- Oo :
: 283802 ---- Andronic et al.

Grand Canonical Ensemble (Yield Fit)

%  sm 0 d0cc 100 200 300 400
remical Potential i (MeV| yB (MeV)

Baryon C

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

Grand canonical ensemble fits to particle ratios give consistent results for
mid-central and central Au+Au collisions, unlike peripheral collisions
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Directed flow of protons BES 1
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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 v4 slope shows a minimum around
11.5-19.6 GeV

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

Laboratory Energy £, (CeV)
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Rcp of charged hadrons vs
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- 6. Future
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Energy scans with Heavy lons
Future: BES 2 NICA FAIR HIAF J- PARC
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STAR future plans

eV
» . a.h Quark-Gluon Plasma
‘ 396 ‘

“ %
27Gev
196

Beam Energy Scan (BES) 1l 2019-2020
Will continue the BES | program
"Hot" QCD, search for a possible critical point and
discontinuities in the energy dependence of QGP

signatures
-> FAIR and NICA

STAR forward rapidity program (2.5-eta-4): Hcal, Ecal,
tracking (Silicon and sTGCs) pL
"Cold" QCD, Proton TMDs, gluon saturation A
Test Electron lon Colider (EIC) detector technologies

| ohao 1IN ancC M ENIA data takino !

VIIIE DI1E
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STAR goals BES-2

Beam Energy | /snnv (GeV) | ug (MeV) | Run Time | Number Events

(GeV /nucleon)
9.8 19.6 205 4.5 weeks 400M
7.3 14.5 260 5.5 weeks 300M
9.7 11.5 315 5 weeks 230M
4.55 9.1 370 9.5 weeks 160M
3.85 7.7 420 12 weeks 100M
31.2 7.7 (FXT) 420 2 days 100M
19.5 6.2 (FXT) 487 2 days 100M
13.5 5.2 (FXT) 541 2 days 100M
0.8 4.5 ( FXT) 589 2 days 100M
7.3 3.9 (FXT) 633 2 days 100M
5.75 3.5 (FXT) 666 2 days 100M
4.55 3.2 (FXT) 699 2 days 100M
3.85 3.0 (FXT) 721 2 days 100M
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luminosity 1/(cm”2 sec)

1x10%8

1x10%7

11026

1x10%°

1x10%%

Luminosity improvements for BES-II

RHIC with e-cooling and long
— bunches (v, = &= 1m)
Minimum projection (e-
cooling only)
" ]
O >BES-I performance
e / Implementation:
0 2019 - Vsyy : 15-20 GeV
5 10 15 20 2020 - sy :7.7-11.5 GeV
center of mass energy [GeV] 2021 -

Electron cooling + longer beam bunches for BES-II provide
factor 4-15 improvement in luminosity compared to BES-|

o Every energy available with electron cooling

G Odyniec, STAR, Corfu 2018
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BES Il

i Early Universe The Phases of QCD
: LHC Experiments

l RHIC Experiments

Temperature

Quark-Gluon Plasma
%\\.1

Ixed-t rlgﬁte FAIR Experiments

Color
Supercoﬁductor

Nuclear /
/ Vacuum Matter - Neutron Stars>
0 MeV+

F | ]
0 MeV 900 MeV
Baryon Chemical Potential
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Readiness of BES-

3 year BES-Il program 2019-2021 just starting

First BES-Il run in 2019

run19: 19 and 14.5 GeV - will start from higher energies

run 20: 11.5, 9.1, 7.7 (part of ) GeV - electron cooling available from 2020
run21: 7.7 GeV (finish)

STAR and STAR upgrades will be ready to take data on time

ITPC and eTOF installation will be completed before March 2019
EPD already installed and commissioned in 2018 run
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| 5
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* New detector project at RHIC: sPHENIX

sPHENIX: start data taking 2022

TPC
- |
Exte.nQed C?tlorllmetry INTT ,: :;, OuterHCa,
MRS _Ve S MAPS ,. t’- Solenoid
and tracking for l.' Magnet
jet quenching, charm, I ' = Inner HCal

beauty
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Universality and QGP
signatures

If QGP forms in all collision systems that reach above critical
energy density, still some QGP signatures may not show up
in small systems.

For exampl volume in pp and pA at present collision energies
may
(quarkonia suppression, jet quenching...)

What will be at the FCC?
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IV Conclusions

- QGP signatures observed in central Au+Au and Pb
+Pb collisions at RHIC and LHC as well as at SPS.

- Some QGP signatures and collectivity are seen also
in small systems p+p, pt+A, small nuclei

picture emerging

- Obtained quantitative estimates for characteristics
of sQGP, like its shear viscosity, temperature, density
and critical energy density. The sQGP has a

more than 100000 the T of the core of the
sun, has the smallest and the largest
vorticity
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IV Conclusions

Focus of next years in many facilities:
Energy scans

-RHIC BESII (2019-2020), sPHENIX (2020+), CERN SPS
-LHC with future upgrades

-NICA in Dubna, Russia and

-FAIR in GSI, Germany and

-J-PARC in Japan,

FCC p+p at sgrt(s)=100 TeV, Pb+Pb at sqrt(s)=39 TeV.
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Thank you very much
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Happy Birthday Reinhardt !
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Backup slides
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iTPC A

one sector has been installed in October 2017
data collected in 2018

 Increase the segmentation on the inner pad plane, new electronics for inner sectors
« Renew the inner sector wires which are showing signs of aging

Better momentum resolution, better dE/dx resolution, and improved acceptance at high n
Old:-1<n<1 New: -1.5(-1.7) <m <1.5(1.7)

S0 A% Grazyna Odyniec/LBNL - CPOD 2018, September 2018, Corfu, Greece =1
R R R RRRRRRRRTII[_n_IrOEEERy



Table 8: Event statistics (in millions) needed in BES-II for various observables. This table updat
estimates originally documented in Ref. [45].

Collision Energy (GeV) 7.7 9.1 11.5 145 19.6
pp (MeV) in 0-5% central collisions 420 370 315 260 205
Observables

Rcp up to pr =5 GeV/c - 160 125 92
Elliptic Flow (¢ mesons) 80 120 160 160 320
Chiral Magnetic Effect 50 50 50 50 50
Directed Flow (protons) 20 30 35 45 50
Azimuthal Femtoscopy (protons) 35 40 50 65 80
Net-Proton Kurtosis 70 & 100 170 340
Dileptons 100 160 230 300 400
>50 Magnetic Field Significance 50 80 110 150 200
Required Number of Events 100 160 230 300 400

Sonia Kabana,

+100M for each FXT energy

Typically factor 20 more than for BES-I

Selected Highlights from the STAR experiment at RHIC, ICNFP 2018, Crete, Greece
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STAR upgrades w

upgrade

vent !'lane | Jetector

from 1 to 1.5. Improves dE/dx
Endcap TOF: particle identification 0.9-eta-1.5

Event Plane Detector: will provide better and independent determination

of centrality and event plane
132



