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QCD phase diagram - Theory

Theory at the “edges’” is believed
to be well understood:

1. Lattice QCD finds a smooth
crossover at large T and ug~0

2. Various models find a strong 1-st
order transition at large g

M.Stephanov, hep-ph/0402115v1 (March 2006)
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_Sﬁ_}trategy: by changing energy map the phase diagram (ug,T)
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Beam Energy Scan (BES 1) at RHIC: Vs ~ 7.7- 50 GeV

1. Search for QCD critical point (+54.4,62:4, 130, 200 GeV)

2. Search for signals of the 1storder phase transition
3. Search for turn-off of SQGP signatures

Vsyn (Gev) Events(109)  Year =3 Step-by-step on the QCD Phase Diagram
200 350 2010

62.4 67 2010
54.4 1300 2017
39 2010
70 2011
36 2011
20 2014
12 2010

4 2010
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The Solenoid Tracker At RHIC (STAR)
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Perfect mid-y Collider Experiment

- large coverage: -1<n<1 & 2min azimuth
- uniform acceptance vs Vsyy in coll. mode

- excellent particle identification

- can operate in collider and FXT mode






Identified Particle Acceptance at STAR

Au+Au at 7.7 GeV

Au+Au at 39 GeV
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At collider geometry - similar acceptance for all particles and energies
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Particle lIdentification

10°

PID (TPC+TOF):
pion/kaon: p;~1.6 GeV/c
"+  proton p~3.0 GeV/c
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Landscape
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r, K, p spectra at mid-rapidity (Jy|<0.1) at Vs\=7.7 GeV

STAR: PRC 96 (2017) 44904
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Spectra : strange hadrons
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Chemical freeze-out parameters (T vs. pg) extracted

from measured particle yields with THERMUS model fits

Wheat I t. Phys. C . 180, 84 (2009

STAR: PRC 96 (2017) 44904 (Wheaton and Cleymans, Comput. Phys. Commun (2009)
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BES data (Phase |) extends reIevaFregion of the QCD Phase Diagram
from pg= 20 MeV to ~ 400 MeV (Nsyy =7.7 GeV)
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BES: Experimental Program

STAR: http://drupal.star.bnl.gov/STAR/starnotes/public/sn0493, arXiv:1007.2613
STAR: http://drupal.star.bnl. gov/STAR/starnotes/public/sn0598, BES WP

- Study onset of QGP (disappearance of signals of partonic
degrees of freedom seen at 200 GeV)

nuclear modification factor R,
NCQ scaling of elliptic flow
charge separation w.r.t. EP (if induced by chiral magnetic effect)

- Indication of the existence of Critical Point (CP)
fluctuations analyses
- Observation of phase transition (softening of EOS as we lower
the beam energy, what type of phase transition ?
directed flow v,
- Chiral symmetry restoration ?

low-mass vector mesons, dielectrons
CME

Grazyna Odyniec/LBNL - CPOD 2018, September 2018, Corfu, Greece
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http://drupal.star.bnl.gov/STAR/starnotes/public/sn0493
http://drupal.star.bnl.gov/STAR/starnotes/public/sn0598

On set of QGP

disappearance of signals of partonic degrees of freedom seen at
200 GeV - “turn off signatures of QGP’
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one of the main finding at RHIC:
partonic degrees of freedom in Au+Au at 200 GeV

PRL 116 (2016) 62301
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Scaling elliptic flow, v,, by quark content
n, (baryons=3, mesons=2) resolves
meson-baryon separation of final state
hadrons (all points collapsed to one curve)

1 ]
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With lowering energy, disappearance of n, scaling
would suggest that we exit partonic dof world
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BES I: v, difference between particle and anti-particle

STAR PRL 110 (2013) 142301, PRC 88 (2013) 014902 PRC 93 (2016) 014907
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0.1 7.7 Gev
[ Au+Au, 0-80%

19.6 GeV

0 05 1 15 20 05 1 15 20 05 1 15 2
2
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b) r T T ) T T
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¢ meson v,

STAR: PRC 88 (2013) 14902
Phys. Rev. C 93, 014907 (2016)
Phys. Rev. Lett. 116, 062301 (2016)

¢ meson v, falls off the
trend from other
hadrons at 11.5 GeV,

but very low statistics
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BES: R, for charged particles &%

d*Ndp,dn/ <Nbl.n >(central)

CcP = ;
? d’Ndp,dn /<Nbin>(perlpheral)
QM 2018, PRL 121, 032301 (2018):
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- Rgpincreases from suppression at 62.4GeV HIJING (no jet quenching, but including Cronin effect

to enhancement at 7.7 GeV, as expected though kr broadening) resembles Vsyy dependence
(energy density at low energies becomes to low to at low energies
produce a sufficiently large and long-lived QGP) (other effects can contribute e.g. radial flow, coalescence, ...)

4R, > 1 does not automatically lead to conclusion that QGP is not formed
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Not feed-down corrected

vvvvv

|~ =-, Charged hadrons yield per binary collision vs N

B A PRL 121, 032301 (2018)
HT!;HWHH;TSHJT\T”H[HHUHWH NNNNw;{[NNNW!!EXU/WH“HWH Disentangling processes ?
Mook At 7.7 GeV:
i | increases monotonically with increase of Ny
<§_ \ At 14.5 GeV:
5 peak at Ny, ~230 -> enhancement effects increase
lg faster than suppression for N;1<250. For Ny, >250
2 suppression effects increase at the same rate (or
b = slightly faster) than enhancement effects.
. x%
HH‘\H\‘HH‘HH‘HH‘HH‘HH‘H\HH‘HH‘HH‘HH ‘HH‘\ At 200 Gev :

50 100 150 200 250 300 350 50 100 150 200 25

= P decreases monotonically with increasing Ny —
I increase in jet quenching from peripheral to central coll.
Left: highest p;bin in 7.7 GeV. stronger than the increase of enhancement effects
'z Right: highest p; bin in 14.5 GeV

A
i
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Dynamica

LorB[\

<L ]%m O MEVSIM

Au+Au 200 GeV
¥ STAR
¢ HIJING
A HUING +v,

© UrQMD i

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

Red : same charge

Blue: opp charge

70 60 50 40 30 20 10
% Most central
PRL 103 (2009) 251601

charge correlations (Chiral Magnetic Effect)

- under strong magnetic field, when the system is in
the state of deconfinement and chiral symmetry
restoration is reached, local fluctuation may lead to
local parity violation.

D.Kharzeev et al, Nucl.Phys. A 803, 227 (2008);
Phys.Lett. B 633, 260 (2006); Annals Phys.325,205 (2010)
K.Fukushima et al., Phys.Rev. D78, 074033 (2008)
R.Gatto et al., Phys.Rev. D 85, 054013 (2012)

- experimentally: separation of the charges along the
magnetic field axis in high-energy nuclear collisions
(CME)

- AuAu, UU and CuCu at top RHIC energies show
charge separation

If interpretation is correct:
gradual reduction of signal with decreasing energy

—— turn-off of deconfinement (?)
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Dynamical charge correlation signal vs. Vsyy

PRL 113 (2014) 52302
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Splitting between same and opposite-sign Hss - Hos - correlator (with bck ~removed):
charges decreases with decreasing Vsyy - non-zero charge separation above 19 GeV,
and disappears below Vsyy = 11.5 GeV - rapidly decreases to zero in the interval
" between 19.6 and 7.7 GeV

o

S8 . — dominance of hadronic interactions over partonic ones at lower collision energies
In 2018 Isobaric run Zr+Zr & Ru+Ru to entangle CME signal from background
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the most exciting ...

Critical Point
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CP: Why fluctuations and correlations ?

Divergence of the correlation length is expected near

wl 7 e . ] theQCD critical point

b ome=0 % | ->observation of non-monotonic behavior of

| | S correlations and fluctuations related to conserved
| oen:N=4 | quantities (B, Q, S) could be indicative of the QCD
el M4 i critical point

IR S S . .

ol T ey Higher moments of conserved quantities (B,Q,S)

150 200 250 300 350 400 450

measure non-Gaussian nature of fluctuations and
are more sensitive (than e.g. variance ¢?) to CP
induced fluctuations ( -> to correlation length)

<(ON)’ >x & ,<(ON) >= ¥ < (ON)* > -3<(SN)” >°= &’

|

M.Cheng et al., arXiv:0811.1006

Theory predicts an oscillation patterninthe energy | ...~/ | __ baseline
_dependence of the higher order moments

R B il o
~‘.?‘L§_E.;’ éﬁ‘&' i '!é’u#f 7 \/E
=% A 1 l
L

M.A.Stephanov, PRL 107, 062301 (2011), Schaefer&Wanger, PRD 85, 034027 (2012)

-

Grazyna Odyniec/LBNL - CPOD 2018, September 2018, Corfu, Greece 22



Higher moments in BES-|

Excitation function for net-proton high moments (kc2) in 5% most central Au+Au

STAR, PRL 112 (2014) 032302, CPOD2014, QM2015 0® = ((N — (N >3)2> 3
_||r_|||| T T L L R T ] S:<( _<N>>>/U
AL Net-Proton ] k= (N —(N)/o* -3
- 0.4<pT<2 (GeV/c),lyl<0.5
I ¢ e 0-5% I
3 ¢ o 5-1 OZO 7 - Non-monotonic behavior
! * 70-80% { - Peripheral collisions — smooth trend
b | iiim UrQMD, 0-5% ] - UrQMD (no CP): shows suppression at low energies
% 21 1 which is due to baryon number conservation
I ] A
i wg} i j 2 baseline
6 10 20 100 200 S 5
M.A.Stephanov, PRL 107, 062301 (2011)
\'syy (GEV)

Will the oscillation pattern emerge at lower energies ?

FXT data
23
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Moments of net-charge and net-kaon distributions

. Net-Kaon Au+Au Collisions _

z ‘I‘T}j i ; --;-; s
i 0.2<p <16 (GeV/c), Iyl < 0.5
@m Wl W S F—
- e STAR 0-5% A
i o0 STAR 70-80%
L == UrQMD 0-5%
i + ----- Poisson ]
- 0.2<p <2(GeVic), Inl < 0.51
7810 20 3040 100 200
s\ (GeV)
PRL 113 (2014) 92301

Phys. Lett. B 785 (2018) 551

ko? for net-kaon and net-charge
are consistent with unity

UrQMD (no CP) show no energy
dependence
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Off-diagonal cumulants of net-particle distributions

A. Chatterjee et a/ (STAR coll ) QM 2018
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© i . B R 8 A.Chatterjee et al., J.Phys. G43 (2016) 125103
18 — T
> [ 0.4<p7<1.6 GeV/c, Inl<0.5 H
_\i_ 1.4 | H £ -
LRI
s | |
O o6 .
S ﬂ'_'ﬁ'\_\'\_'\_\
1.8 — IR O B B ]
— - STAR Prellmlnary H .
N 1 - correlations between net-p and net-K are
:g g 3 g g g 5 1 positive at lower energies and negative at higher
I — e 7 - correlations in (net-Q and net-K) and (net-Q and
o i i .
O o6 T T T — net-p) are above Poisson, thermal (HRG) and
0 20 e 200 non-thermal (UrQMD) model calculations
VSNN (GeV)

see talk by Arghya Chatterjee at this conference
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Progress towards understanding of efficiency corrections
Non-binomial efficiencies — results of MC test

I. Nonaka at al., ( STAR coll.), QM 2018

101E IIIIIIII =---e IIIIIII g:
. : 1 - detector efficiency may not be exactly binomial due to experimental
z E effects track splitting, track merging, particle mis-identification, etc
5" F STAR Preliminary E and due to residual multiplicity dependence of efficiency
10" E I Binomial: x/NDF~33 % 7§
i ,J% thj:\lal[;tlj:ino1m(:i'al (a=15) : L]
0t gy NPT 3
1.3
1.2 - —
s L / mm&wﬁ@%ﬁ I 1 - MC simulations with embedding protons and anti-protons into 19.6
v oo9r \( ] GeV data showed that the response matrix is close to the beta-
085 30 30 50 60 ) ) . . . . . . .
Ny # of reconstructed protons binomial distribution which is wider than binomial:
30 T T T 30 T T T
D) B i Systematic suppression of C, and Cs with
20F Preliminal ".E‘ ] 20F P-rr:ﬁ?ﬁna ] - E, LI H
T I B Y bt respect to results of efficiency correction
of K SRS I =y assuming binominal efficiencies
5F ] 5F L ] Unfolding
OO‘. 1(50 2(;0 3(.)0 0(;0... 100 200 3(.)0
“f Cs R R R (e _ C,, C4/C, and C,/C, are consistent with
STAR - 7k ] 1F ] . T
‘ ﬁ - 2:6,.--' c il osf Tt e # large systematic uncertainties
okt ﬁ’ osf smn 4] of s (limited by embedding samples)
Preliminary _osk Preliminary
oo I S T T %

Noro f work in progress



the equivalent of CP ... (!)

Phase transition

Hadronic Gas
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Directed flow (v4) of identified particles

v, probes early stage of collision, sensitive to compression, should be sensitive to 1%t order phase

transition; change of sign in the slope of dv,/dy for protons has been proposed to be a probe to the
softening of EOS and/or the first-order phase transition ...

STAR, PRL 112, 162301

(2014)
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H. Stoecker, Nucl. Phys. A 750 (2005) |
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y=0

AN

| E
)
f
1
|
*
/

dp, / dy

net-baryon

*  Hydro

|

102

L’I

.

O\/ sy (GeV)

- Net-proton v, slope at midrapidity changes sign twice
between Vsyy = 7.7 - 11.5 GeV

- EOS softest point ? (15t order phase transition ?)

but: - dip at different position than model

- error bars for other particles and different centralities

are large — more statistics needed and better RP
resolution needed
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0.3

0.2

dv./dy |

Net-protons = directed flow of transported baryons

¢ mA ox
E895 e p P
12-25% A K K
¥ Kg LEI0)
m A(FXT) « KO (FXT)
¢ e p(FXT) e p(E895)
%t (FXT) ¥ 1 (FXT)
*4
STAR FXT STAR BES
10-25% @ t 10-40%

Foemgrin

STAR PRELIMINARY B |
1 1 1 1 1 1

3 4567 10
\/Syy (GeV)

Double sign change in dv,/dy
Not seen in net-kaons
Results not yet reproduced by theory

Softening of E0S ?

20 30

low V' s:

slope v, (baryons) —

positive

slope v, (mesons) —negative

Baryon dv./dy trend vs. Vsyy - complex interplay of
-v4 baryons transported from beam

-v4 from pair production

_ STAR, PRL 120, 062301 (2018)

=0

o
\

-0.01 -

Directed Flow Slope dv1/dyly

-0.02 |-,

)b Au + Au Collisions at RHIC
(10 - 40% centrality)

B 2

g

.' e

] <

® Net - proton H
8

A Net-A
O Net-Kaon

10 30 100
Collision Energy Vs, (GeV)
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_ + 30-40%

0.0006}- ¥ 50-60%

0.0004—

early in the collision

0.0002—

01
10 10? 10°
sy (GeV)

\
v,2{2} consistent with zero for 7.7 and 11.5 GeV eral collisions ->
absence of low viscosity QGP phase in low energy peNpheral collisions

x10~°

oz V32(2)=<cos3(d4-0,)>

particularly sensitive to the existence of a low viscosity QGP phase

J.Auvinen and H.Petersen, PRC 88, no.6, 064908 (2013)
D.Slanki et al., Phys. Lett. B 720, 352 (2013)

2 $ 0-5%
0. 1 4 — V3{2}/nCh,PP A 1 0'20‘%) . .
+ 30-40% | v42(2) scaled by pseudorapidity density

s 50-60% | of charged particles multiplicity per

0.121—

participating nucleon pair in Au+Au
and Pb+Pb (2.76 TeV) collisions

local minimum near Vsyy = 15-20 GeV
for central collisions

0.1—
0.08—
0.06—
0.04 _, -
10 10° 10°
\Sw (GeV)
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Summary: what have we learned from BES Phase-|

STAR and RHIC - excellent performance down to 7.7 GeV

Several signatures demonstrate the dominance of parton regime at the BES high energies,
these signatures either disappear, lose significance, or lose sufficient reach in the low energy
region of the scan (NCQ scaling, ¢ v, , high-p, suppression, charge separation, ...)

— indication that hadronic interaction become dominant at lower beam energies

Both net-proton and net-A show double sign change in mid-rapidity dv,/dy, as predicted for
the possible 15torder phase transition, indication of a softening of EOS around 11.5-19.6 GeV

Non-monotonic energy dependence of the 4™ order net-proton correlation function suggestive
signs of critical fluctuations

el = Future: high statistics data and extension to higher baryon density region with
*@%ﬁ fixed target program
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all interesting things are happening around Vsyy ~ 20 GeV !

Critical Point Phase Transition Bulk Behavior
4r WO f'_fP°ifs°“ ] ;C,i . 10 - 40% 0.06 | “:“ 'AL:+PV\U,I o;’/o-lso:vo I*'E‘i_fv i
3 Orame 0% uoMD 2 0.01- ?\ PRL112(2014) | [ || weute ore |
~ ‘ AK™K
Nb >1— \\ P ‘gm 004__ ul"‘ Antm __
of PRL112(2014) ; S | N S— D, N 4 2 C e 1
Y %% Preliminary B % /’F I ¥ ook $ﬁ ]
] R T ——— S— e ol %, |7 T $ ; j
fi 0.01- [} o net proton‘ [ a g
or & f} ,(;l.jtirf(tgre]v'/gufﬁg,y|<o,s'; " %I o itf ‘ .n.?t..kaon ] O*A% """"" e
7 10 20 3040 100 200 10 102 0 20 40 60
5y (GeV) \ s, (GeV) Vo (GeV)
Energy Loss
| cmstcaomorony - 1soe RHIC BES explored QCD phase structure in an interesting
.z region

= 39GeV
*  624GeV

Interesting behaviors seen on many fronts ...
SS S S @ butacompelling picture requires

- better statistics, especially at lower energies
- finer energy scan 7~20 GeV region
- ideally, reach to lower energies (—> FTX)
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Fixe

d target program in
STAR
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Why a Fixed-Target Program?

Preliminary HADES result

0-10% Au HAu Collisions at RHIC

Quark-Gluon (QM 2017) o 5% oty
\i Iyl <0.5, 0.4 <p; <2 (GeV/c)
[ STAR PRELIMINARY

B E S @ net-proton

3 A anti-proton

—II O proton

BES-II error for net-p

UrQMD for net-p
2 C *der Systematic uncertainties includ

Temperature

Hadronic Gas | X here!

5 10 20 50 100 200
Colliding Energy Vs, (GeV)

Baryon Chemical Potential p,

* RHIC collider-mode luminosity unusable below 7.7 GeV
baseline

« FXT program extend the energy and pg coveragefor | | / o
systematic measurement of fluctuation signal:

S . . \/;

S - kurtosis measurement is one of the future 1 l

M. Stephanov. J. Physics G.: Nucl. Part. Phys.
program goals 38 (2011) 124147
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Fixed Target program in STAR

FXT@STAR: Au target inside beam pipe at z = 201 cm (at the entry to STAR TPC)

Collider Single Center-
Energy beam of-mass
AGeV Rapidity
420

62.4 7.7 30.3 2.10

Fixed-

Target
Energy

Extends energy range from s = 7.7 down
39 6.2 186 187 487 to 3 GeV (ug : 420 MeV =720 MeV)

27 5.2 126 168 541

Dedicated short runs more efficient,

196 45 8.9 1.52 589
successful test completed

14.5 3.9 6.3 1.37 633

11.5 3.5 4.8 1.25 666
Precision investigation with new

9.1 3.2 3.6 gl 699 .
techniques and the same detector

7.7 3.0 2.9 1.05 721
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First dedicated FTX Au+Au run at \syy = 4.5 GeV in 2015

+ 1.3 million events, top 30% central trigger, Au+Au Vsyy = 4.5 GeV
1 mm thick (4% interaction probability) gold foil target

\
~ N 1
“
>

Vy (cm)

V, vs. V, Distribution

210 cm

Fixed target
atz= 2.01m

<\, <212 cm L | : =
- ~a 3 ,‘ 2.0 cm radius Be Beam Pipe Yellow
0 1 Inner Sectors Beam
| (13 pad rows)
102 é Outer Sectors
1 (32 pad rows)

ToF =

10
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. o T s 0
dN/ dy from pilot run at Vsy =4.5GeV & [| * KFXTSTAR@45Gev
Z 12| « K E917@4.30GeV .
= i - ]
- g . C " K E917 @ 4.30 GeV
© Rapidity Density 100 . (K*4K)2 E917 @ 430 GeV
S [ e STARFXT45GeV 8: Open symbols - © @ §¢ o )
5 80:— 7_c_ 6 - are reflected . E
- 4 E89543GeV © STAR PRELIMINARY ]
70:_ ¢ E8024.9 GeV il 4 open 4}Statistical e ,{?O;; ;. Gaussian FIL:
C P - errors only B
60~ m E8774.9 GeVv <><>"‘ ‘ symbols = % 2 .
j: ﬂ are A @Ep@cb{-;“ e
- flected 05 - = ‘
B @, —2—15 -1 050 05 1 15 2
40— é) 5 16
: ol ) : * A FXT STAR @ 4.5 GeV
30/ g } 5 14 »  AE891 @49 GeV
E L \ S (4F| ¢ AES$77@49GeV
20 oo " 7z 121
- m,f" P = 10:* Open symbols
10— r,] g STAR PRELIMINARY 4 ‘{!{ - are reflected ii} . L
> *. 8} Statistical c}ﬁ Gaussian Fit]
111 I I - I L1l [ L 111 I 111 I L 111 l L1l I L 111 B 7:“2 ]
e R T R - 6L erors o %
YYou Conly g
Systematic error shown 677 PROS22000/02401 4- i ;;*
- - #*  STAR PRELIMINARY
for STAR and E895 E802_PRC57(1998)R466 2 < N
E895 PRC68(2003)054905 Lo Lo b by b g b g by Lhigns
-PRO02009) 9715512050 05 1 15 2
Y —Ym

.. * Amplitudes and widths of the rapidity densities are consistent with AGS data
s m;—myand y range will be extended by eTOF and iTPC upgrades
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o 0.1

dv./dy |

E895 PRL 84 (2000) 5488
STAR PRL 112 (2014) 162301

o FOPI (Ch) 0.25<b <0.45
_____———‘Efv———z; ] o - EOS, E895, E877 (p) -5-7 fm—
. ) b o  CERES (Ch)
Good agreement with the world data in the o NA49 (Ch) 12-34%
. b %  STAR (p) 10-40%
region where energy dependence changes —0.05 <£¢ +  STAR () 10-40% .
% e  PHENIX (p) 20-30%
o PHENIX (n) 20-30%
‘% s  PHOBOS (Ch) 0-40%
. . o o .
0% %345 10 2030 100 200
Vs (GeV)
39

Directed and elliptic flow at Vsyy, = 4.5 GeV

T

é) Au+AU () A (STARBES) |
" A
FXT: 4.5 GeV O p (STARBES)
A D

() A(STARFXT) |
() p (STAR FXT)
O p (E895)

STAR BES 10-40 %

| T statisticalerroronly S oo
STAR PRELIMINARY t +; A
1 1 1 1 1 1 l 1 1 1
4 5678910 20 30 4050
\'syn (GeV)

Baryon v, slope is consistent with E895 at 4.3 GeV

0.1

0.05

Statistical
Errors Only

T T T T T LI I T T T T T T
STARPRELIMINARY »  STAR FXT (p) 0-30%

¢ *

STAR FXT (r) 0-30%
* —
wilg s ¥ & oo
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STAR FXT test at 4.5 GeV shows :

Validation of FXT mode of operation - STAR operates successfully in FXT mode
despite being optimized as a collider experiment

Spectra and yields comparable with AGS data
Directed and elliptic flow measured first time at this energy range (as well as HBT,
fluctuations, strange particles etc ).

Mass ordering seen as at higher energies.

FXT energy scan approved and ongoing. Will extend the BES-Il reach down to Vs = 3
GeV (ug = 720 MeV) to include high baryon density region of phase diagram

FXT Run 18:
200 M events at 7.2 GeV STAR Note 0696, BUR Request for Run19+
300 M even'ts at 30 Gev Smgrl'nee;iam VSN Run Year Run Time Species MinBias
EPD operatlonal (GeV/nucleon) (GeV) Events Number
5.75 3.5 (FXT) 2020 2 days Au+Au 100M
7.3 3.9 (FXT) 2019 2 days Au+Au 100M
9.8 4.5 (FXT) 2019 2 days Au+Au 100M
13.5 5.2 (FXT) 2020 2 days Au+Au 100M
+ added recently for run19: 19.5 6.2 (FXT) 2020 2 days Au+Au 100M
3.0 GeV and 3.2 GeV 31.2 7.7 (FXT) 2019 2 days Au+Au 100M




()

A=

=

-—

©

2

0]

o
5
=

lEar/y Universe The Phases of QCD
LHC Experiments B E S | |

dedicated second phase
proposed in 2014
(STAR note 598):

Studying the Phase
Diagram of QCD
Matter at RHIC

A STAR white paper summarizing
the current understanding and
describing future plans

Cr :
70 Ma/e - 230ve " o
|

H {
. YA
< A

4% W

01 June 2014

Nuclear

/ Vacuum Matter Neutron Stars
0 MeV—~

I. 1 1

0 MeV 900 MeV
Baryon Chemical Potential

precision measurements in range Vs = 7.7 — 19.6 GeV
smaller errors, maximize fraction particles measured
extension of energy range to \'s = 3GeV (Fixed Target mode)
taking data in 2019, 2020 and 2021
| _“‘detector + machine upgrades (higher luminosity)
S goal: turn trends and features into definite conclusions
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BES Il Proposal

Long Range Plan 2015
Strong endorsement by NSAC: g VEp «——BESIl —— 3
o N ]
c 10EE E
"Trends and features in BES-I data | £  [E .
provide compelling motivation for | = 1 ~
[...] experimental measurements - ]
with higher statistical precision S @F® g 0% ¥ NP o AT 5 Gey)
7[/"0/77 BES_I_Z‘” http://science.energy.gov/~/media/np/nsac/pdf/2015LRP/2015 LRPNS 091815.pdf
Table 2. Event statistics (in millions) needed for Beam Energy Scan Phase-II for various observables.
Collision Energy (GeV) 1.7 9.1 11.5 14.5 19.6 ]—>|
ug (MeV) in 0-5% central collisions 420 370 315 260 205 T~
5
Observables b
U
Rep up to pr = 5 GeVie - 160 125 92 &
Elliptic Flow (¢ mesons) 100 150 200 200 400
Chiral Magnetic Effect 50 50 50 50 50
Directed Flow (protons) 50 75 100 100 200
Azimuthal Femtoscopy (protons) 35 40 50 65 80
Net-Proton Kurtosis 80 100 120 200 400
Dileptons 100 160 230 300 400
Required Number of Events 100 160 230 300 400
y)

S RTIR
ki ﬂ 2 Grazyna Odyniec/LBNL - CPOD 2018, September 2018, Corfu, Greece



BES-I| measurement uncertainties will be SMALL

BES WP, STAR no

te 598

g ) ) 0- 80% Au+Au CoII|S|ons at RHIC
@ ——— 3 — . — T T
2 0.06 (1) \'SNN ¥4 7(GeV) (2 \SNN 11.5(GeV)
2 n* K* p : o
S O AK +
9‘, o p H A EE A
% 0 __",._-,,v,____*.v,__ — v,m_,_,_,__*v_,_, ___,,v..v_._,_« 004 ® g¢ T EDE 7
© « 7.7 GeV G0 OQA +
o oy 1t @
= 11.5 GeV € oo e oy
+ 19.6 GeV =" ]
10 b ._.__‘_*..,.. — — — _ﬂ. e — ...__....._‘_*.
0
i ¥ some”
Y 5 L ] i
' ».ui t g S F -0.02
. | !
AR " 0 025 05 075 1 125 0 02 05 075 1 125
FPYTY [YYTY PYPYY [YPTY PYYTYPYTY PRYTY PYYTE PYYYY FYYY YTV FUVTY YT CYTY CYTTUCOTTY (YUY YYTIOT) YUV TRV ONT] [YYTUTATIIOT) FUTLITOTY YT YUY 4O TranSVerse Momentum pT/nQ (GeV/C)
05115225335445 05115225335445 05115225335445 tooT T T T
P, (GeV/c) P, (GeV/c) P, (Gev/c) i Au + Au Collisions at RHIC
0-5% centrality
L T T LI R B | T 4 | |y| <0.5,04< Pr< 2 (GeV/c)
| net proton o~ |
; T T T T * 8 | d] @ net-proton
(o) - Data - Cocktail -+= Rapp: vacuum p +QGP | 0.01 — ‘\ /’_+ n _.(2 3 A anti-proton
(\50 0051 —— Rapp: broadenedp+QGIL \ ,// QC) O proton
NO ’ HEH o PHSD: broadened p +QGP L - \ i B
~— H [ current BES1 w/ TPC ES \ g g i B BES-Hl error for net-p
3 . 1 [] expected BES2w/ TPC _| Q \ / ( s UrQMD
% "\} [_] BES2 with ITPC upgrade ST O \ I """ §y 21—
~ © \ // <
Z Mg . 2 |
© I . 1 I
e A, .5k $  BES-(10-40% centrality) *
i ‘ ‘ ‘ ‘ | | -0.01f J BES- (10-15% centrality)- e e Ah
0.4 0.6 0.8 1 1.2 . *]
| B BESHI (10-15% centrality L
1 1 Ll 1 1 1 T I I LT T T 2 1
10 10 1
Vs GeV 0 | |
NN | | | | | | | | L
2 5 10 20 50 100 200

Colliding Energy Vs, (GeV)

Grazyna Odyniec/LBNL - CPOD 2018, September 2018, Corfu, Greece

43



Improvements prepared for BES-II

* Accelerator improvements:
— Luminosity
— Electron cooling

« STAR detector upgrades
- iTPC
— eTOF
- EPD
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luminosity 1/(cm”2 sec)

11028

1x1027

1x1026

1x10%°

1x10%%

Luminosity improvements for BES-|

RHIC with e-cooling and long
bunches (v, = = 1m)
—
]
Minimum projection (e-
Caemm] cooling only)
s =
SCRE= >BES-I performance
N 2019 - Vsyy : 15-20 GeV
5 10 15 20 2020 - Vsyy :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-|

N Every energy available with electron cooling
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STAR Detector Upgrades for BES-|

g N nner upgrade

|
i lIl-lli\"\
\!L,‘

vent “lane Jetector

EndCap TOF



iTPC

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

A

The outer pad plane have continuous tracking... while the inner pad plane is not -
* 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<m <1 New: -1.5(-1.7) <m <1.5(1.7)

47
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CP search — Kurtosis measurement

STAR note 619 : A proposal for iTPC upgrade

Top 5% Au+Au Collisions at RHIC
| | ! |

TPC PC STAR 19 6GeV Data
12.5[ STAR 7.7GeV Data — A 04<p,<2GeVic
al A 04<p;<2GeVic 1 _,A,V: ,,,,,,,,,,,,,,,,,,,,,,,,,, -
O 0.4<p; <0.8GeV =T
T P RS |
'x I Estimated BES-II Error I m \+‘ - \\\ AMPT-SM
C 0 S~
O 75 || s I
O I
S
& s I 1 I |
—
O +- I
< 2.5 1 - || Estimated BES-Il Error
[ 2+ .
_________ L
0 —A-A-¢¢ AMPT-SM : 1PC L —
. ‘ LT L] | . | | ‘ |
0 0.5 1 1.5 2 0 0.5 1 1.5 2

Proton Rapidity Width Ay,

- Non-trivial energy dependence from BES-|
- Rapidity length of correlation is important
Enlarged rapidity window enables high significance measurement of net-proton high moments
Sl (enhanced sensitivity of iTPC with increase of rapidity window)

Grazyna Odyniec/LBNL - CPOD 2018, September 2018, Corfu, Greece 48



Di-electron measurements

- - - Drell-Yan —— cocktail+p broadening

- Au+Au 0-80% @ 19.6 GeV
pe>0.2 GeV/ic <1 ly,_ <1

—— Rapp: broadened p +QGP

10 I T T T T I T T T T O I l I l
—e—e'e o —ee & w — mee )
" == Rapp: vacuum p +QGP
1 ---n°—yee ¢ —ee & — nee Data - Cocktail PP P
- ---mn—vyee Jhp — ee
11 ---n —yee —— cocktail
10 —cc—ee - p broadening

....... PHSD: broadened p +QGP

D current BES1 w/ TPC
[ ] expected BES2 w/ TPC _|
“\: [ ] BES2 with iTPC upgrade

]
- ’
. .
.
3 ] s’
. - -
- as
..... Cmunn” W
;
— .
.
. )
) ‘b‘

| |
0.4 0.6 0.8 1

0 1 2 3 ) 1.2
M. (GeV/c?) M., (GeV/c?)
Systematic study of di-electron continuum from Vsyy 7.7 to 19.6 GeV
Low Invariant Mass Range (LMR) excess
iITPC upgrade : reduced systematic (improved PID) and statistical uncertainties
- study baryon density effect on LMR excess yield

. - distinguish models with different p-meson broadening mechanism

R - study low-p, enhancement
N 19
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@ Event Plane Detector (EPD)

Trapezoidal tiles : 2 wheels, 12 super sectors
2 x 372 channels

Coverage: 2.1 <|n|<5
SiPM readout <1nsec timing resolution

- e net-proton | Improves:
0.01F + 1 Event plane determination
2] i Centrality definition
z\j? Of - || ------------------------- il S +  Triggering
! # | @ 10-40% BES-I ]
-0.01} 15% BES:
' . Installed in STAR in 2017

s Gev) and took successfully data in 2018

directed flow expected improvement
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Endcap Time-Of-Flight (eTOF)

Installed on one side of STAR; part of FAIR Phase-0
36 modules in 3 layers matched to 12 TPC sectors
Long strip MRPC readout

Multiple hit probability <7.4 %

Provide TOF PID in 1.1<n<1.6

Operation experience for CBM effort

One sector with 3 modules have been installed for
run in 2017 and took successfully data
Full installation in November 2018

/'(l/,,, B

Barrel TOF PID @

-— N

| 0 1 1
! 0 025 05 075 1 125 15 175 2 0 025 05 075 1 125 15 175 2
0 025 05 o.7iapidi1wm1.zs 15 175 2 Rapldity ) Rapidity (y)

Significant extension of PID due to eTOF
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Readiness of BES-II

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

iITPC and eTOF installation will be completed before March 2019
EPD already installed and commissioned in 2018 run
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Summary

Data exists over wide range of Vs for heavy & light ions, p(d), and pp

High statistics exploration of QCD phase diagram and its key features is
about to begin

Wealth of data in hand and more coming soon (RHIC, SPS, NICA, FAIR)
Significant upgrades to detection capabilities compare to existing data

Strong theoretical interest focused in BEST and HICforFAIR

Turn trends and features into definite conclusions
AN
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present / future -
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Higher moments in BES |
Excitation function for net-proton high moments (kc2) in 5% most central Au+Au
P = (N = (N)*)

STAR, PRL 112 (2014) 032302, CPOD2014, QM2015 o e
S=(N—=(N))")/o
— k= ((N—(N)*)/o* =3
Au + Au Collisions at RHIC |
0-5% centrality
al- Iyl <0.5,0.4 <p; <2 (GeVic) |
Ny & | - Non-monotonic behavior
- S netproton - Peripheral collisions — smooth trend
% I O proton | - UrQMD (no CP): shows suppression at low energies
g W BES-lerorfornetp | which is due to baryon number conservation
2 ol uUrQMD B
- A
=
T
L v S e A R AN B baseline

2 5 10 20 50 100 200 M.A.Stephanov, PRL 107, 052301 (2011)

Will the oscillation pattern emerge at lower energies ?
FXT data
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