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QCD phase diagram - Theory

2

M.Stephanov, hep-ph/0402115v1 (March 2006)

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

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

crossover

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

So, there must be a critical point, but where?

Strategy: by changing energy map the phase diagram (µB ,T)  
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Beam Energy Scan (BES I) at RHIC: ÖsNN ~ 7.7- 50 GeV 
1. Search for QCD critical point  
2. Search for signals of the 1st order phase transition 
3. Search for turn-off of sQGP signatures 
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Step-by-step on the QCD Phase Diagram 
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RHIC BES program Phase-I
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√sNN (GeV) Events (106) Year

200 350 2010

62.4 67 2010

54.4 1300 2017

39 39 2010

27 70 2011

19.6 36 2011

14.5 20 2014

11.5 12 2010

7.7 4 2010

STAR advantage for Critical Point Search: RHIC versatility and particle 
identification over extended and uniform acceptance

Same detector: (partial) cancellation of systematic uncertainties

7.7GeV          39GeV           200GeV
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( + 54.4, 62.4, 130, 200 GeV)
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upVPD

Magnet
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BBC

EEMC
TPC

The Solenoid Tracker At RHIC (STAR)

Perfect mid-y Collider Experiment 
- large coverage: -1 < η < 1  &  2p in azimuth
- uniform acceptance vs √sNN in coll. mode 
- excellent particle identification 
- can operate in collider and FXT mode 4
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Identified Particle Acceptance at STAR
Au+Au at 7.7 GeV                                    Au+Au at 39 GeV                                         Au+Au at 200 GeV
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Particle Identification 

PID (TPC+TOF):
pion/kaon: pT~1.6 GeV/c
proton pT~3.0 GeV/c

Au+Au 39 GeV
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FIG. 2. (Color online) The mean specific energy loss,
⟨dE/dx⟩, of reconstructed tracks within a pseudorapidity
range of |η| < 1 in the TPC a), and the mass-squared, m2, as
a function of momentum b). The Bichsel functions [29] used
to determine the nσparticle values (cf. Eq. (1)) are shown in
a) as the dashed curves. The horizontal dashed lines in b)
correspond to the nominal particle masses of π, K and p.

GeV/c. The deviation in units of σparticle of ⟨dE/dx⟩ of
a particle species from its theoretical energy loss, calcu-
lated with a Bichsel function [29], can be expressed as,

nσparticle ∝ ln

[

〈

dE

dx

〉

particle

/

〈

dE

dx

〉

Bichsel

]

. (1)

The distribution of σparticle is nearly Gaussian for a given
momentum and is properly calibrated to be centered at
zero for each particle species with a width of unity.

A. Signal extraction for π±, K±, p, and p̄

Protons and anti-protons are identified primarily using
the TOF mass-squared information. To suppress rem-
nant contributions from pions and kaons, an additional
dE/dx cut of |nσp| < 3 was applied. At low transverse
momenta (pT <2 GeV/c), the separation of protons rela-
tive to pions and kaons was sufficient such that all protons
in a range of ∼ 3σ around the center of the nσp distribu-
tion are counted. At high pT , the tails on the low mass
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FIG. 3. The mass-squared, m2, distributions for recon-
structed positive (q>0) and negative (q<0) charged particles
from 0–80% central Au+Au collisions at the beam energy of
19.6 GeV. Three different momentum ranges are shown.

range of the proton distributions were excluded to avoid
contamination from pions and kaons. Thus, the m2 cuts
increased with the transverse momentum, pT .

For the analysis of π± and K±, a new technique was
employed to extract the yields for each pT bin. This was
based on a transformation of the combined TOF m2 and
TPC dE/dx nσπ information. The goal of this trans-
formation was to have a maximal separation between
kaons and pions by transforming to a new set of vari-
ables x, y(nσπ,m2 ) such that the widths of the parti-
cle peaks in x and y were identical and for which the
pion and kaon peaks were aligned with the horizontal
axis. Each particle was described by two two-dimensional
(2×2D) Gaussians (x, y(nσπ ,m2 )), where the first Gaus-
sian fits the peak and the second Gaussian shares the
same position as the first, but the width was larger to
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For the analysis of π± and K±, a new technique was
employed to extract the yields for each pT bin. This was
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formation was to have a maximal separation between
kaons and pions by transforming to a new set of vari-
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cle peaks in x and y were identical and for which the
pion and kaon peaks were aligned with the horizontal
axis. Each particle was described by two two-dimensional
(2×2D) Gaussians (x, y(nσπ ,m2 )), where the first Gaus-
sian fits the peak and the second Gaussian shares the
same position as the first, but the width was larger to

Strange hadrons: decay topology & invariant mass

Phys.Rev. C 88 (2013) 14902



Landscape
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p, K, p spectra at mid-rapidity (|y|<0.1) at √sNN=7.7 GeV

9

Inverse slopes of the identified hadron spectra follow the order p < K < p
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STAR Preliminary

X-

Au+Au 39 GeV

Spectra : strange hadrons 

Au+Au 39 GeV

K0
s L

Au+Au 39 GeV

f, K0
s: Levy function fit

L, X : Boltzmann fit 
L: feed-down correctedSTAR Preliminary
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Chemical freeze-out parameters (T vs. µB) extracted 
from measured particle yields with THERMUS model fits

(Wheaton and Cleymans, Comput. Phys. Commun. 180, 84 (2009)

BES data (Phase I) extends relevant region of the QCD Phase Diagram
from µB= 20 MeV to ~ 400 MeV (√sNN =7.7 GeV)
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BES: Experimental Program 
STAR: http://drupal.star.bnl.gov/STAR/starnotes/public/sn0493,  arXiv:1007.2613

12Grazyna Odyniec/LBNL - CPOD 2018, September 2018, Corfu, Greece 

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 Rcp
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 v1

- Chiral symmetry restoration ?
low-mass vector mesons, dielectrons
CME

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

Scaling elliptic flow, v2, by quark content 
nq (baryons=3, mesons=2) resolves 
meson-baryon separation of final state 
hadrons (all points collapsed to one curve)

flow developed in pre-hadronic stage
DECONFINEMENT at RHIC 

14Grazyna Odyniec/LBNL - CPOD 2018, September 2018, Corfu, Greece 

With lowering energy, disappearance of nq scaling 
would suggest that we exit partonic dof world
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FIG. 3. (Color online) The v2 scaled by number of constituent quarks (nq) as a function of pT /nq and (mT−m0)/nq for identified
hadrons from Au + Au collisions at

√
sNN = 200 GeV. Ratios with respect to a polynomial fit to the K0

S v2 are shown in the
corresponding lower panels. Vertical lines are statistical uncertainties and shaded boxes are systematic uncertainties.

polynomial function. We then take the ratio of v2 for
the other measured hadrons to the K0

S fit. The ratios
are shown in the lower panels of Figure 3. Table I shows
the deviations of φ, Λ, Ξ and Ω v2 from the K0

S fit line
in the range (mT −m0)/nq > 0.8 GeV/c2.
For both 0-30% and 30-80% centralities, the scaling

TABLE I. Deviation from the K0
S fit line in the range (mT −

m0)/nq > 0.8 GeV/c2 for 0-30% and 30-80% centrality.

Deviation
Particle 0-30% centrality 30-80% centrality
φ 2.7±2.6(stat.)±1.8(sys.)% 1.2±1.3(stat.)±0.6(sys.)%
Λ 4.3±0.8(stat.)±0.2(sys.)% 1.5±0.7(stat.)±0.2(sys.)%
Ξ 11.3±2.3(stat.)±1.4(sys.)% 8.5±2.0(stat.)±0.5(sys.)%
Ω 10.1±8.4(stat.)±5.3(sys.)% 7.0±6.0(stat.)±1.5(sys.)%

holds approximately within 10%, excluding pions. The
deviation of pions could be due the effect of resonance
decay and non-flow correlations [34]. We have seen
similar order (∼10%) of deviation if we use pT /nq

scaling as a reference. The maximum deviation from
NCQ scaling is ∼20% at

√
sNN = 2.76 TeV as observed

by ALICE experiment [35]. Therefore, at top RHIC
energy, NCQ scaling holds better than LHC energy. The
observed difference between the charged kaon and K0

S v2
at low pT is due to differences in the pile-up protection
conditions used in collecting the different data sets. The
difference is taken to be an additional contribution to
the systematic error on K0

S v2.
Hydrodynamical model calculations predict that v2 as

a function of pT follows mass ordering, where the v2 of
heavier hadrons is lower than that of lighter hadrons and
vice-versa [3, 36, 37]. Mass ordering is indeed observed
in the identified hadron v2 measured in the low pT
region (pT ≤ 1.5 GeV/c) [28]. Recent phenomenological
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FIG. 4. (Color online) v2(φ)/v2(p) ratio as function of pT for
0-30%, 30-80% and 0-80% centrality in Au + Au collisions
at

√
sNN = 200 GeV. Shaded boxes are the systematic un-

certainties and vertical lines are the statistical uncertainties.
The first data point of 0-80% centrality is shifted towards
right by 400 MeV/c. The bands in panel (a) and (b) repre-
sent the hydro model [8] and transport model calculations for
v2(φ)/v2(p), respectively.

calculations, based on ideal hydrodynamics together
with a hadron cascade (JAM), show that the mass
ordering of v2 could be broken between φ mesons and
protons at low pT (pT < 1.5 GeV/c) [7, 8]. The broken
mass ordering is thought to be due to late stage hadronic
re-scattering effects on the proton v2, since the model
calculations assume a low hadronic cross-section for the

PRL 116 (2016) 62301
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Ξ 11.3±2.3(stat.)±1.4(sys.)% 8.5±2.0(stat.)±0.5(sys.)%
Ω 10.1±8.4(stat.)±5.3(sys.)% 7.0±6.0(stat.)±1.5(sys.)%

holds approximately within 10%, excluding pions. The
deviation of pions could be due the effect of resonance
decay and non-flow correlations [34]. We have seen
similar order (∼10%) of deviation if we use pT /nq

scaling as a reference. The maximum deviation from
NCQ scaling is ∼20% at

√
sNN = 2.76 TeV as observed

by ALICE experiment [35]. Therefore, at top RHIC
energy, NCQ scaling holds better than LHC energy. The
observed difference between the charged kaon and K0

S v2
at low pT is due to differences in the pile-up protection
conditions used in collecting the different data sets. The
difference is taken to be an additional contribution to
the systematic error on K0

S v2.
Hydrodynamical model calculations predict that v2 as

a function of pT follows mass ordering, where the v2 of
heavier hadrons is lower than that of lighter hadrons and
vice-versa [3, 36, 37]. Mass ordering is indeed observed
in the identified hadron v2 measured in the low pT
region (pT ≤ 1.5 GeV/c) [28]. Recent phenomenological
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FIG. 4. (Color online) v2(φ)/v2(p) ratio as function of pT for
0-30%, 30-80% and 0-80% centrality in Au + Au collisions
at

√
sNN = 200 GeV. Shaded boxes are the systematic un-

certainties and vertical lines are the statistical uncertainties.
The first data point of 0-80% centrality is shifted towards
right by 400 MeV/c. The bands in panel (a) and (b) repre-
sent the hydro model [8] and transport model calculations for
v2(φ)/v2(p), respectively.

calculations, based on ideal hydrodynamics together
with a hadron cascade (JAM), show that the mass
ordering of v2 could be broken between φ mesons and
protons at low pT (pT < 1.5 GeV/c) [7, 8]. The broken
mass ordering is thought to be due to late stage hadronic
re-scattering effects on the proton v2, since the model
calculations assume a low hadronic cross-section for the
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BES I: v2 difference between particle and anti-particle
STAR, PRL 110 (2013) 142301, PRC 88 (2013) 014902, PRC 93 (2016) 014907

Significant difference between baryon-antibaryon v2
at √sNN<= 11.5 GeV 

NCQ scaling between particles and anti-particles is 
broken

è consistent with hadronic interactions
becoming dominant 

è Indication of a phase transition ??
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f meson v2
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FIG. 19. (Color online) The Number-of-Constituent Quark (NCQ) scaled elliptic flow, v2/nq versus (mT −m0)/nq , for 0–80%
central Au+Au collisions for selected particles a) and corresponding anti-particles b). The dashed lines show the results of
simultaneous fits with Eq. (17) to all particles except the pions.

than partonic effects for the systems formed at collision
energies <∼ 11.5 GeV [45, 46]. It is noted that recent
results of elliptic flow measurements of J/Ψ mesons at√
sNN = 200 GeV also show smaller v2(pT ) values com-

pared to those for other hadrons [47]. However, in this
representation of NCQ scaling, both particles and anti-
particles appear to follow the scaling. In the previous
sub-section, an absence of the baryon-meson splitting of
v2(mT −m0) for (mT −m0) > 1 GeV/c2 is observed.

For each energy, simultaneous fits with Eq. (17) were
applied to all particles except the pions, which are biased
by resonance decays [33]. The ratios of the data to the fits
are shown in Fig. 20 and for the transverse momentum

in Fig. 25 of the Appendix. Most of the data points in
the high transverse momentum range, agree within the
uncertainties within a ±10% interval around unity. At
lower values of mT − m0, larger deviations from unity
are observed.

f meson v2 falls off the 
trend from other 
hadrons at 11.5 GeV,
but very low statistics

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



HIJING    
no jet quench

BES: Rcp for charged particles 

HIJING (no jet quenching, but including Cronin effect 
though kT broadening) resembles √sNN dependence 
at low energies 
(other effects can contribute e.g. radial flow, coalescence, …)

QM 2018, PRL 121, 032301 (2018):
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FIG. 1. Charged hadron RCP for RHIC BES energies. The
uncertainty bands at unity on the right side of the plot corre-
spond to the pT independent uncertainty in Ncoll scaling with
the color in the band corresponding to the color of the data
points for that energy. The vertical uncertainty bars corre-
spond to statistical uncertainties and the boxes to systematic
uncertainties.

fect these measurements would require reference data for
the BES, p+p and p(d)+Au.

Several physical e↵ects could enhance hadron produc-
tion in specific kinematic ranges, concealing the turn-o↵
of the suppression due to jet-quenching. One such e↵ect
is the Cronin e↵ect; a CNM e↵ect first observed in asym-
metric collisions between heavy and light nuclei, where
an enhancement of high-pT particles was measured rather
than suppression [31–33]. It has been demonstrated that
the enhancement from the Cronin e↵ect grows larger as
the impact parameter is reduced [34, 35]. Other pro-
cesses in heavy-ion collisions such as radial flow and par-
ticle coalescence may also cause enhancement [36]. This
is due to the e↵ect of increasing particle momenta in
a steeply falling spectra. A larger shift of more abun-
dant low-pT particles to higher momenta in more central
events — such as from radial flow, pt-broadening, or co-
alescence — would lead to an enhancement of the RCP.
These enhancement e↵ects would be expected to com-
pete with jet-quenching, which shifts high-pT particles
toward lower momenta. This means that measuring a
nuclear modification factor to be greater than unity does
not automatically lead us to conclude that a QGP is not
formed. Disentangling these competing e↵ects may be
accomplished with complementary measurements, such
as event plane dependent nuclear modification factors
[37], or through other methods like the one developed
in this letter.

In this letter we report measurements sensitive to par-
tonic energy-loss, performed by the STAR experiment at
several energies below

p
sNN = 200GeV. The data for this

analysis were collected in the 2010, 2011, and 2014 RHIC

runs by the STAR detector [38]. STAR is a large accep-
tance detector whose tracking and particle identification
for this analysis were provided by its Time Projection
Chamber (TPC) [39] and Time-of-Flight (TOF) [40] de-
tectors. These detectors lie within a 0.5T magnetic field
that is used to bend the paths of the charged particles
traversing it for momentum determination. Minimum
bias triggered events were selected by requiring coinci-
dent signals at forward and backward rapidities in the
Vertex Position Detectors (VPD) [41] with a signal at
mid-rapidity in the TOF. The VPDs also provide the
start time for the TOF system, with the TOF’s total
timing resolution below 100 ps [40]. Centrality was de-
termined by the charged multiplicity at mid-rapidity in
the TPC. The only correction to the charged multiplicity
comes from the dependence of the tracking e�ciency on
the collision’s vertex position in the TPC. Events were
selected if their position in the beam direction was within
30 cm of the TPC’s center and if their transverse vertex
position was within 1 cm of the mean transverse posi-
tion for all events. Tracks were accepted if their distance
of closest approach to the reconstructed vertex position
was less than 1 cm, they had greater than 15 points mea-
sured in the TPC out of a maximum of 45, and the num-
ber of points used in track reconstruction divided by the
number of possible points was greater than 0.52 in or-
der to prevent split tracks. The pT and species depen-
dent tracking e�ciencies in the TPC were determined
by propagating Monte Carlo tracks through a simulation
of STAR and embedding them into real events for each
energy and centrality [39]. The charged hadron track-
ing e�ciency was then taken as the weighted average of
the fits to the single species e�ciencies with the weights
provided by fits to the corrected spectra of each species.
This method allowed for extrapolation of charged hadron
e�ciencies to higher pT than the single species spectra
could be identified. The e�ciencies were constant as a
function of pT in the extrapolated region, which limited
the impact from the extrapolation on the systematic un-
certainties. Daughters from weak decay feed-down were
removed from all spectra. The corrections for absorption
and feed-down were determined by passing events gen-
erated in UrQMD [42] through a STAR detector simula-
tion. Charged tracks in |⌘| < 0.5 and identified particles
with |y| < 0.25 were accepted for this analysis. Particle
identification was performed using both energy loss in
the TPC (dE/dx) and time-of-flight information (1/�).

The overall scaling systematic uncertainty for the RCP

measurements is dominated by the determination of Ncoll

and the total cross section, which is driven by trigger in-
e�ciency and vertex reconstruction e�ciency in periph-
eral events. Point-to-point systematic uncertainties arise
from the determination of the single particle e�ciency
(5% for the pT range studied here), momentum resolu-
tion (2%), and feed-down (pT and centrality dependent
with a range of 4-7%). These systematic uncertainties

RCP =
d 2NdpTdη / Nbin central( )

d 2NdpTdη / Nbin peripheral( )

- RCP increases from suppression at 62.4GeV 
to enhancement at 7.7 GeV, as expected
(energy density at low energies becomes to low to 
produce a sufficiently large and long-lived QGP) 

Cronin and other enhancement effects compete with jet quenching
Rcp > 1 does not automatically lead to conclusion that QGP is not formed
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Charged hadrons yield per binary collision vs Npart

Left: highest pt bin in 7.7 GeV, 
Right: highest pt bin in 14.5 GeV

Disentangling processes ?

At 7.7 GeV:
increases monotonically with increase of Npart

At 14.5 GeV:
peak at Npart ~230 -> enhancement effects increase 
faster than suppression for Npart<250. For Npart >250 , 
suppression effects increase at the same rate (or 
slightly faster) than enhancement effects.

At 200 GeV : 
decreases monotonically with increasing Npart

increase in jet quenching from peripheral to central coll. 
stronger than the increase of enhancement effects

PRL 121, 032301 (2018)6
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FIG. 3. Charged hadron Y (hNparti) for two ranges of pT.
Statistical uncertainty bars are included, mostly smaller than
point size, as well as shaded bands to indicate systematic un-
certainties. The centrality bins from left to right correspond
to 60-80%, 40-60%, 20-40%, 10-20%, 5-10%, and 0-5%.

strong net enhancement is observed.
A measurement of RCP takes the ratio of Ncoll-scaled

spectra from two di↵erent centralities [46]. A new and
more di↵erential method to study jet-quenching is to look
at how the Ncoll-scaled spectra trend with centrality for
a high-pT bin.

Y (hNparti) =
1

hNcolli
d2N

dpTd⌘
(hNparti) (2)

This is equivalent to taking the numerator from RCP and
plotting it versus centrality so that the peripheral bin
contents are in the first bin at low hNparti and the cen-
tral bin’s contents are in the last point at high hNparti.
Examining the full centrality evolution allows for the
disentanglement of whether the processes leading to en-
hancement increase faster or slower than the processes
leading toward suppression as a function of centrality.
While both jet-quenching and enhancement e↵ects in-
crease in strength with increasing hNparti, if there is a
faster growth of quenching, it would manifest itself in
decreasing Y (hNparti) trends. To simplify comparison of
these centrality trends across all energies each distribu-

tion is normalized by the contents of its most peripheral
bin.
Figure 3 shows the charged hadron yield per binary

collision in two ranges of pT as a function of hNparti.
These results are shown for 3 < pT < 3.5GeV/c in the
left panel of Fig. 3 and for 4 < pT < 4.5GeV/c in the
right panel. The left panel corresponds to the highest
pT bin of the

p
sNN = 7.7GeV data and the right panel

is for the highest pT bin of the
p
sNN = 14.5GeV data.

Similar results are obtained for all pT > 2GeV/c but the
kinematic reach is smaller for low

p
sNN . The 200GeV

points are from STAR data taken in 2010 and analyzed
with the same procedure as the BES points. The mea-
surement of Y (hNparti) decreases monotonically for

p
sNN

= 200GeV with increasing Y (hNparti), as expected for
stronger an increase of quenching e↵ects with increas-
ing collision centrality compared to the e↵ects leading
to enhancement. The measurement of Y (hNparti) in-
creases monotonically for 7.7 and 11.5GeV data meaning
that enhancement e↵ects increase faster than suppression
e↵ects as you go more central for these collision ener-
gies. For the other collision energies enhancement e↵ects
increase faster than suppression e↵ects at first, but as
you go more central suppression e↵ects begin to increase
faster than enhancement e↵ects and the (0-5)% central
scaled yields are suppressed relative to less central scaled
yields. For example, at 14.5 GeV it can be seen that en-
hancement increases faster than suppression for all cen-
trality bins from 60-80% down to 10-20%. However in
the two most central bins, 5-10% and 0-5%, suppression
e↵ects increase at a similar rate to enhancement e↵ects.
In fact, if the systematic errors are taken to be 100%
correlated, which is reasonable over this range of central-
ities, then the (0-5)% yields are significantly suppressed
relative to less central yields. This may be interpreted as
medium-induced jet-quenching decreasing high-pT yields
in central collisions at

p
sNN & 14.5GeV. As we move to

higher energies we can see evidence for jet-quenching in
less central collisions. This does not exclude the possibil-
ity of QGP formation in the 7.7 and 11.5GeV datasets,
but simply that enhancement e↵ects increase faster than
quenching e↵ects for all centralities at these energies.
This hadronic dominance at lower energies is consistent
with what was measured for other QGP signatures in the
BES [18, 19, 47].
In summary, net high-pT suppression persists for

charged hadron RCP for
p
sNN >39GeV. Partonic en-

ergy loss may still occur at lower
p
sNN with Cronin-

like enhancement competing with this suppression ef-
fect and so observables that may be less sensitive to en-
hancement e↵ects are considered as well. Mesons and
baryons are observed to have di↵erent trends with the
RCP of high-pT baryons being enhanced at every en-
ergy in the RHIC BES. This points toward pion RCP as
a cleaner observable for medium induced jet-quenching
with pion RCP suppressed for

p
sNN >27GeV. Finally,



Dynamical charge correlations (Chiral Magnetic Effect)
L or B - 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.

- 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 (?)

19Grazyna Odyniec/LBNL - CPOD 2018, September 2018, Corfu, Greece 

PRL 103 (2009) 251601

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)



Dynamical charge correlation signal vs. √sNN

Splitting between same and opposite-sign 
charges decreases with decreasing √sNN
and disappears below √sNN = 11.5 GeV
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PRL 113 (2014) 52302

Hss - Hos  - correlator (with bck ~removed):
- non-zero charge separation above 19 GeV,
- rapidly decreases to zero in the interval 
between 19.6 and 7.7 GeV
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FIG. 4: HSS −HOS, as a function of beam energy for three
centrality bins in Au+Au collisions. The default values (dot-
ted curves) are for Hκ=1, and the solid (dash-dot) curves are
obtained with κ = 1.5 (κ = 2). For comparison, the results
for Au+Au collisions at 200 GeV [11] and Pb+Pb collisions
at 2.76 TeV [16] are also shown. The systematic errors of the
STAR data (filled boxes) bear the same meaning as those in
Fig. 2. UrQMD calculations with κ = 1 are also shown as
solid shaded bars for 27 and 39 GeV.

In summary, an analysis of the three-point correlation
between two charged particles and the reaction plane
has been carried out for Au+Au collisions at

√
sNN =

7.7−62.4 GeV. The general trend of the correlations (γOS

and γSS), as a function of centrality and beam energy,
can be qualitatively described by the model calculations
of MEVSIM. This result indicates a large contribution
from the P−even background due to momentum conser-
vation and collective flow. The charge separation along
the magnetic field, studied via (HSS−HOS), shows a sig-
nal with a weak energy dependence down to 19.6 GeV
and then falls steeply at lower energies. This trend may
be consistent with the hypothesis of local parity viola-
tion because there should be a smaller probability for the
CME at lower energies where the hadronic phase plays
a more dominant role than the partonic phase. A more
definitive result may be obtained in the future if we can
increase the statistics by a factor of ten for the low ener-
gies and if we can reduce the uncertainty associated with
determination of the value of κ.
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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



the most exciting …

Critical Point 
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CP: Why fluctuations and correlations ?
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Divergence of the correlation length is expected near 
the QCD critical point
-> observation of non-monotonic behavior of 
correlations and fluctuations related to conserved 
quantities (B, Q, S) could be indicative of  the QCD 
critical point

Higher moments of conserved quantities (B,Q,S) 
measure non-Gaussian nature of fluctuations and 
are more sensitive (than e.g. variance s2) to CP 
induced fluctuations ( -> to correlation length)

Theory predicts an oscillation pattern in the energy 
dependence of the higher order moments

M.Cheng et al., arXiv:0811.1006

µB = 0

2 2 3 4.5 4 2 2 7( ) , ( ) , ( ) 3 ( )N N N Nd x d x d d x< >» < >» < > - < > »

M.A.Stephanov, PRL 107, 052301 (2011), Schaefer&Wanger, PRD 85, 034027 (2012) 
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Energy Dependence of Moments of Net-proton Distributions 

Net-proton as proxy for net-baryon. �
!  Non-monotonic trend is observed  
for the 0-5% most central Au+Au 
collisions. 
 
!  Separation and flipping for the  
results of 0-5% and 5-10% centrality 
are observed at 14.5 and 19.6 GeV. 
( Oscillation Pattern observed ��
Very Interesting !) 

!  UrQMD (no CP) results show 
suppression at low energies� 
Consistent with the effects of baryon 
number conservation.�

Jochen Thaeder, Mon, 14:30pm, [153] 
Xiaofeng Luo, CPOD2014. 
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STAR Preliminary

Au+Au : 0-5%

Net-proton
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0.4<p

STAR data

AMPT

UrQMD

�2 = h(N � hNi)2i
S = h(N � hNi)3i/�3

 = h(N � hNi)4i/�4 � 3

Higher moments in BES-I
Excitation function for net-proton high moments (ks2) in 5% most central Au+Au

- Non-monotonic behavior
- Peripheral collisions – smooth trend
- UrQMD (no CP): shows suppression at low energies 

which is due to baryon number conservation

Will the oscillation pattern emerge at lower energies ?
FXT data

STAR, PRL 112 (2014) 032302, CPOD2014, QM2015

M.A.Stephanov, PRL 107, 052301 (2011)
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STAR: Moments of Net-Charge and Net-Kaon Distributions�

!  Net-Kaon and Net-Charge 
κσ2 are consistent with unity� 

!  More statistics are needed to  
make a conclusion�� 
 
!  UrQMD (no CP), show no energy 
dependent. 
 
 
 
 
 
�

error(κσ 2 )∝ 1
N

σ 2

ε 2

13�Measured width of distributions. 
/:    Efficiency.�

In STAR, with the same  �of events:  error(Net-Q) > error(Net-K) > error (Net-P)��
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Au+Au CollisionsNet-Kaon
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STAR  70-80%   
UrQMD 0-5%     

Poisson     

 (GeV)NNs

2 σκ

STAR Preliminary�

�Ji Xu, Poster ID, 0127. 
 Jochen Thaeder, Mon, 14:30pm, [153] 

X. Luo, PRC91, 034907 (2015)�

Moments of net-charge and net-kaon distributions

ks2 for net-kaon and net-charge
are consistent with unity

UrQMD (no CP) show no energy 
dependence 

PRL 113 (2014) 92301
Phys. Lett. B 785 (2018) 551



Off-diagonal cumulants of net-particle distributions
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Off-diagonal Cumulants of Net-Particle Distributions

Gang Wang

• 2nd-order cumulant matrices of all combinations of net-p,
net-Q and net-K can help us understand Freeze-Out and
constrain model parameters

• Correlations between net-proton and net-kaon are
positive at lower energy and negative at higher energy

• Off-diagonal correlations in Q-K and Q-p, above Poisson,
thermal (HRG) or non-thermal (UrQMD) model
calculations.

• Need to understand the origin of the excess correlation.

Arghya
Chatterje’s
talk

Measurement of the off-diagonal cumulants up to 
the 2nd order between net-p, net-K, and net-Q -> 
additional constraints of chemical freeze-out 
conditions A.Majumder et al.,, Phys. Rev. C 74 (2006) 054901

A.Chatterjee et al., J.Phys. G43 (2016) 125103

- correlations between net-p and net-K are 
positive at lower energies and negative at higher 

- correlations in (net-Q and net-K) and (net-Q and 
net-p) are above Poisson, thermal (HRG) and 
non-thermal (UrQMD) model calculations

Cumulants of Net-Particle Distributions in Beam Energy Scan

Quark Matter 2018, Venice, Italy Zhenyu Ye for STAR Collaboration 29

• Significant correlation in 
Q-k and Q-p is observed 
that can not be explained 
by thermal (HRG) or non-
thermal (UrQMD) model 
calculations.

Toshihiro Nonaka 
#585, May 16, 12:50
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A.Chatterjee et al., (STAR coll.), QM 2018 

see talk by Arghya Chatterjee at this conference  



Progress towards understanding of efficiency corrections
Non-binomial efficiencies – results of MC test 
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Toshihiro Nonaka, QM2018, Venice, Italy 16

✓ For unfolding, 2.5% centrality 
width averaging has been done.

✓ Systematic suppression is 
observed for C2 and C3 with 
respect to the results of 
efficiency correction assuming 
binomial efficiencies.

✓ C4, C3/C2 and C4/C2 are 
consistent within large 
systematic uncertainties limited 
by embedding samples.

See T. Nonaka, Poster #453

Au+Au, 
√sNN = 19.6 GeV
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Results of unfolding

Systematic suppression of C1 and C3 with 
respect to results of efficiency correction 
assuming binominal efficiencies 

C4, C3/C2 and C4/C2 are consistent with 
large systematic uncertainties
(limited by embedding samples)

Toshihiro Nonaka, QM2018, Venice, Italy 14

✓ We performed MC simulations by 
embedding protons and antiprotons, 
e.g., Np=60 and Npbar=15 (which would 
be an extreme number), and see 
whether those particles can be 
reconstructed or not.

✓ The response matrix is close to the 
beta-binomial distribution, which is 
wider than binomial.

See T. Nonaka, Poster #453

➡ “Urn model” for beta-binomial distribution, 
where the parameter α controls the deviation 
from binomial.

20 30 40 50 60

5−10

4−10
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1−10

20 30 40 50 600.8
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1.1
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np : # of reconstructed protons

da
ta

/fi
t

Binomial : χ2/NDF ~ 3.3
Beta-binomial (α=15) :
χ2/NDF ~ 1.0

STAR Preliminary

√sNN = 19.6 GeV,  
0-2.5% centralityR(np;Np, Npbar)

Pr
ob

ab
ilit

y

Nw : white balls, Nb: black balls, ε: efficiency
Nw = ↵Np " = Nw/(Nw +Nb)

Non-binomial efficiencies

- detector efficiency may not be exactly binomial due to experimental 
effects  track splitting, track merging, particle mis-identification, etc
and due to residual multiplicity dependence of efficiency

- MC simulations with embedding protons and anti-protons into 19.6
GeV data showed that the response matrix is close to the beta-
binomial distribution which is wider than binomial:

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

work in progress



the equivalent of CP … (!)

Phase transition
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can we demonstrate the softening of EOS ?



Directed flow (v1) of identified particles

- Net-proton v1 slope at midrapidity changes sign twice
between √sNN = 7.7 - 11.5 GeV     
- EOS softest point ? (1st 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

v1 probes early stage of collision, sensitive to compression, should be sensitive to 1st order phase 
transition; change of sign in the slope of dv1/dy for protons has been proposed to be a probe to the 
softening of EOS and/or the first-order phase transition …

28

STAR, PRL 112, 162301 (2014)

3d#–#net#proton#v
1#

MA#Lisa#(#Workshop#on#Par1cle#Correla1ons#and#Femtoscopy#/#WPCF#(#Budapest#(#August#2014# 25#

PRL,#112#(2014)#162301#

H. Stoecker, Nucl. Phys. A 750 (2005) 

A 1st order phase transition would 
be characterized by a region with 
the lowest compressibility. 
 
The v1 would show early pressure of 
system.  Softest point? 

PRL#112,#162301#(2014)#

Grazyna Odyniec/LBNL - CPOD 2018, September 2018, Corfu, Greece 28



Helen Caines - QM17

STAR	BES
10-40%

STAR	PRELIMINARY

E895_PRL84(2000)5488 STAR	PRL112 (2014)	162301

p+ (FXT) p- (FXT)

STAR	FXT
10-25%

E895
12-25%

Nu Xu 9/34 “BEST2016 Topical Workshop on Beam Energy Scan”, Indiana University, May 9 – 11, 2016 

Directed Flow v1 Results 
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STAR: QM2015 

1)  Mid-rapidity net-proton dv1/dy 
published in 2014 by STAR, 
except the point at 14.5 GeV 

2)  Minimum at √sNN = 14.5 GeV for 
net-proton, but net-Kaon data 
continue decreasing as energy 
decreases 

3)  At low energy, or in the region 
where the net-baryon density is 
large, repulsive force is 
expected, v1 slope is large and 
positive!  

 - M. Isse, A. Ohnishi et al, PR C72, 064908(05) 

 - Y. Nara, A. Ohnishi, H. Stoecker, arXiv: 1601.07692   

First order phase transition?

8

Net-proton isolates directed flow of 
transported baryons: 

Double sign change in dv1/dy 

Not seen in net-kaons 

Results not yet reproduced by theory 

Softening of EoS ?

Beam energy baryon dv1/dy trend 
complex interplay of: 

v1 baryons transported from beam 

v1 from pair production

Low √s : slope v1(baryons) positive 
              slope v1 (mesons) negative

K. Meehan QM2017

low √ s: 
slope v1 (baryons) – positive
slope v1 (mesons) –negative

Baryon dv1/dy trend vs. √sNN - complex interplay of:
-v1 baryons transported from beam
-v1 from pair production

Net-protons = directed flow of transported baryons
Double sign change in dv1/dy
Not seen in net-kaons
Results not yet reproduced by theory

Softening of EoS ?

STAR, PRL 120, 062301 (2018)
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V3
2(2)=<cos3(f1-f2)>
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particularly  sensitive to the existence of a low viscosity QGP phase 
early in the collision 

v3
2(2) scaled by pseudorapidity density 

of charged particles multiplicity per 
participating nucleon pair in Au+Au
and Pb+Pb (2.76 TeV) collisions

local minimum near √sNN = 15-20 GeV 
for central collisions

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

v3
2{2} consistent with zero for 7.7 and 11.5 GeV peripheral collisions -> 

absence of low viscosity QGP phase in low energy peripheral collisions



Summary: what have we learned from BES Phase-I 
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, f v2 , high-pt suppression, charge separation, …) 

indication that hadronic interaction become dominant at lower beam energies

Both net-proton and net-L show double sign change in mid-rapidity dv1/dy, as predicted for 
the possible 1st order phase transition, indication of a softening of EOS around 11.5-19.6 GeV

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

31
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Future: high statistics data and extension to higher baryon density region with
fixed target program

31



all interesting things are happening around √sNN ~ 20 GeV !

• RHIC BES explored QCD phase structure in an interesting 
region

• Interesting behaviors seen on many fronts …
but a compelling picture requires

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

Selected	Results	from	BES	Phase	I

• Most	measurements	
limited	by	statistics	and	
systematics

ØProposal	for	a	BES	Phase	II	
with	more	statistics	and	
new	detectors

Bulk	BehaviorChiral	Vortical	EffectCritical	Point

PRL112(2014)

Phase	Transition

PRL112(2014)

Energy	LossPenetrating	Probes

Snowbird,	UT	- Jan.	13,	2017 WWND	2017	::	STAR	eTOF	Upgrade	- Frank	Geurts	(Rice) 4
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Preliminary



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

Why a Fixed-Target Program?

Need 
data
here!

BES
-II
Collider

Preliminary HADES result
0-10%
(QM 2017)

STAR PRELIMINARY

• RHIC collider-mode luminosity unusable below 7.7 GeV

• FXT program extend the energy and µB coverage for 
systematic measurement of fluctuation signal:

- kurtosis measurement is one of the future
program goals

FX
T

BES I BES II
FXT

κσ2

Systematic uncertainties included
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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)

Precision investigation with new 
techniques and the same detector

BES	II	Fixed	Target	Mode
Proposal	to	extend	CMS	energy	range	from	7.7	
down	to	3	GeV
Ø increase	μB range	from	420	MeV	to	720MeV

Snowbird,	UT	- Jan.	13,	2017 WWND	2017	::	STAR	eTOF	Upgrade	- Frank	Geurts	(Rice) 7

Extends energy range from √s  = 7.7 down 
to 3 GeV (µB : 420 MeV      720 MeV)

Dedicated short runs more efficient, 
successful test completed
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VY (cm)

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

VX (cm)

210 cm < VZ < 212 cm

First dedicated FTX Au+Au run at √sNN = 4.5 GeV in 2015
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Au+Au FXT √s=4.5 GeV
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STAR Fixed-Target Program (FXT)
1.3M events from half 
hour test run, top 30% 
central trigger, Au+Au 
!"" = 4.5 GeV

3.4M events from two 
hour test run, top 30% 
central trigger, Al+Au 
!"" = 4.9 GeV

1 mm thick Au target (4% 
interaction probability)

5

VY
(cm)

Yang Wu, Quark Matter 2018, Venice



dN/dy from pilot run at √sNN =4.5 GeV

open 
symbols 
are 
reflected

p-

E895_PRC68(2003)054905
E802_PRC57(1998)R466
E877_PRC62(2000)024901

• Amplitudes and widths of the rapidity densities are consistent with AGS data
• mT – m0 and y range will be extended by eTOF and iTPC upgrades

Systematic error shown 
for STAR and E895 
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10

Amplitudes & widths of rapidity densities are 
consistent with AGS experiments
STAR FXT dN/dy consistent with trends 
demonstrated by published data

Au+Au !"" = 4.5 GeV  Kaon and L dN/dy

Yang Wu, Quark Matter 2018, Venicecmy - y
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Directed and elliptic flow at √sNN = 4.5 GeV

Good agreement with the world data in the 
region where energy dependence changes

Statistical 
Errors Only
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Directed flow  (@mid-y) for mesons and baryons at 4.5 GeV
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Directed Flow Comparison Across Experiments & Energies

Proton v1 agrees with E895; Λ is close to proton
First " results shown for this energy range
"#, "$ ordering supports idea that transported quarks have bigger effect on "$ (See Gang Wang’s talk, May 16, 11:50)
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First p flow results for this energy range
Mesons continue the trend of negative flow seen at higher energies
Baryons v1 is positive and consistent with E895 at 4.3 GeV
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Proton v1 agrees with E895; Λ is close to proton
First " results shown for this energy range
"#, "$ ordering supports idea that transported quarks have bigger effect on "$ (See Gang Wang’s talk, May 16, 11:50)
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Directed flow  (@mid-y) for mesons and baryons at 4.5 GeV
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First p flow results for this energy range
Mesons continue the trend of negative flow seen at higher energies
Baryons v1 is positive and consistent with E895 at 4.3 GeV
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Directed Flow Comparison Across Experiments & Energies

Proton v1 agrees with E895; Λ is close to proton
First " results shown for this energy range
"#, "$ ordering supports idea that transported quarks have bigger effect on "$ (See Gang Wang’s talk, May 16, 11:50)
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Baryon v1 slope is consistent with E895 at 4.3 GeV
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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-II reach down to √s = 3 
GeV (µB = 720 MeV) to include high baryon density region of phase diagram
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BES-II FXT Program: Run 19+

FXT in Run 18

Trigger commissioning 
occurring now

1 Billion events at 7.2 GeV

100 Million events at 3.0 GeV

EPD ready and available for 
flow analyses 

Can obtain fluctuation 
measurement at energies 
below BES-I 

v iTPC & eTOF upgrades will be available

v Need 100M events at each energy to match sensitivity of BES-II:                
2 days per energy (3.5 GeV – 7.7 GeV)

v Data rate is DAQ limited

v Data at 7.7 GeV will provide an overlap energy with collider mode 

Single Beam 
Energy 

(GeV/nucleon)

!""
(GeV) Run Year Run Time Species Min-Bias 

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

19.5 6.2 (FXT) 2020 2 days Au+Au 100M

31.2 7.7 (FXT) 2019 2 days Au+Au 100M

STAR Note 0696: STAR Collaboration Beam Use Request for Run 19+ (Scenario 1)

Yang Wu, Quark Matter 2018, Venice

FXT Run 18:
200 M events at 7.2 GeV
300 M events at 3.0 GeV
EPD operational

STAR Note 0696, BUR Request for Run19+

+ added recently for run19:
3.0 GeV  and 3.2 GeV



precision measurements in range √s = 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)

goal: turn trends and features into definite conclusions
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Beam Energy Scan Phase II (BES-II)

3Qian Yang, Quark Matter 2018, May 13th - 19th 2018, Venice

√SNN (GeV) Proposed 
Event Goals (M)

BES-I 
Event (M)

7.7 100 4
9.1 160 N/A
11.5 230 12
14.5 300 20
19.6 400 36

3.0 - 7.7 ~100 per energy          N/A
Collider mode
Fixed-target mode

BES-II Fixed-target

9 RHIC BES-II: 10-25 times more statistics and detector upgrades

→ Dramatically reduce the uncertainties!

9 Map the QCD phase diagram  200 < μB ≤ 720 MeV

→ Signs of 1st-order phase transition, QCD critical point, signature of QGP turn-off. 

2018/5/15

STAR	Beam	Energy	Scan	– Phase	II
Dedicated	second	phase	of	the	BES	program,	
proposed	in	2014
1. Determine	T	and	μB for	Au+Au	collisions	where	

the	onset	of	deconfinement	occurs
• establish	basic	structure	of	the	QCD	phase	diagram

2. Seek	evidence	of	the	softening	of	the	EOS	to	
understand	the	nature	of	the	phase	boundary
• first	order	phase	transition?

3. Look	for	signatures	of	critical	behavior	such	as	
enhanced	fluctuations
• localize	a	critical	point,	should	there	be	a	phase	
boundary	change	from	1st order	to	cross-over

Ø Observe	in-medium	modifications	of	light	vector	
mesons	at	high	baryon	densities
• quantify	the	effect	of	chiral	symmetry	restoration	

Studying the Phase 
Diagram of QCD  
Matter at RHIC 
 
A STAR white paper summarizing  
the current understanding and  
describing future plans 
 
01 June 2014 
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dedicated second phase 
proposed in 2014 
(STAR note 598):

41



BES II Proposal

BES	II	Proposal
The Beam Energy Scan at the Relativistic Heavy Ion Collider 32

Table 2. Event statistics (in millions) needed for Beam Energy Scan Phase-II for various observables.
Collision Energy (GeV) 7.7 9.1 11.5 14.5 19.6
µB (MeV) in 0-5% central collisions 420 370 315 260 205

Observables

RCP up to pT = 5 GeV/c – 160 125 92
Elliptic Flow (f 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

3.1.1. RCP of identified hadrons up to pT = 5 GeV/c High-pT suppression is seen as an
indication of the energy loss of leading partons in a colored medium. Therefore, the RAA

measurements are one of the clearest signatures for the formation of the quark-gluon plasma.
Because there was not a comparable p+ p energy scan, the BES analysis has had to resort
to RCP measurements as a proxy. Still the study of the shape of RCP(pT ) will allow us
to quantitatively address the evolution of the phenomenon of jet-quenching to lower beam
energies. A very clear change in behavior as a function of beam energy is seen in these
data (see Figs. 12 and 13); at the lowest energies (7.7 and 11.5 GeV) there is no evidence of
suppression for the highest pT values that are reached. However, it should be noted that for
these energies the BES-I measurements are only able to reach 3-4 GeV/c for inclusive hadrons
and 2-3 GeV/c for identified hadrons. Typically, one considers pT of 5 GeV/c and above to be
dominated by partonic behavior. Therefore, although the BES-I RCP results are suggestive of
a disappearance of this QGP signature, they are not conclusive. The pT reach expected in the
proposed BES Phase-II measurements will be crucial in drawing definitive conclusions about
evidence for the creation of QGP at a given collision energy.

Although the BES-I spectra do not reach high enough pT to extend into the purely hard-
scattering regime, they do allow us to make detailed projections of how many events would be
needed to reach a given pT for a given beam energy. We propose to acquire about 400 tracks
in the pT range of 4-5 GeV/c for the 11.5, 14.5, and 19.6 GeV energies. At the lower energies
of 7.7 and 9.1 GeV, there is simply not enough kinematic reach to get out to 4-5 GeV/c. These
required numbers of events are listed in Table 2

We have used the yields of identified particles measured in BES-I to make projections of
the expected errors for the RCP measurements with increased statistics expected to be available
in BES Phase-II. For each particle species, energy, and centrality, we have used a exponential
extrapolation (note that this is a more conservative estimate than the power law extrapolation)
to estimate the expected number of particles to be measured in each pT bin based on the
expected number of events at each energy shown in Table 2. From this expected number of
particles per bin, we can estimate the statistical error for the central and peripheral bins and
propagate these to estimate the expected error on the RCP measurements. These projected

STAR	N
ote	598
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Strong	endorsement	by	NSAC
Ø“Trends	and	features	in	BES-
I	data	provide	compelling	
motivation	for	[…]	
experimental	measurements	
with	higher	statistical	
precision	from	BES-II”
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2. Quantum Chromodynamics: The Fundamental Description of the Heart of Visible Matter

The trends and features in BES-I data provide compelling 

motivation for a strong and concerted theoretical 

response, as well as for the experimental measurements 

with higher statistical precision from BES-II. The goal 

of BES-II is to turn trends and features into definitive 

conclusions and new understanding. This theoretical 

research program will require a quantitative framework 

for modeling the salient features of these lower energy 

heavy-ion collisions and will require knitting together 

components from different groups with experience 

in varied techniques, including LQCD, hydrodynamic 

modeling of doped QGP, incorporating critical 

fluctuations in a dynamically evolving medium, and more.

Experimental discovery of a critical point on the QCD 

phase diagram would be a landmark achievement. The 

goals of the BES program also focus on obtaining a 

quantitative understanding of the properties of matter 

in the crossover region of the phase diagram, where it 

is neither QGP nor hadrons nor a mixture of the two, as 

these properties change with doping.

Additional questions that will be addressed in this 

regime include the quantitative study of the onset 

of various signatures of the presence of QGP. For 

example, the chiral symmetry that defines distinct 

left- and right-handed quarks is broken in hadronic 

matter but restored in QGP. One way to access the 

onset of chiral symmetry restoration comes via BES-II 

measurements of electron-positron pair production in 

collisions at and below 20 GeV. Another way to access 

this, while simultaneously seeing quantum properties 

of QGP that are activated by magnetic fields present 

early in heavy collisions, may be provided by the slight 

observed preference for like-sign particles to emerge 

in the same direction with respect to the magnetic field. 

Such an effect was predicted to arise in matter where 

chiral symmetry is restored. Understanding the origin 

of this effect, for example by confirming indications that 

it goes away at the lowest BES-I energies, requires the 

substantially increased statistics of BES-II.

NEW MICROSCOPES ON THE INNER 
WORKINGS OF QGP
To understand the workings of QGP, there is no 

substitute for microscopy. We know that if we had a 

sufficiently powerful microscope that could resolve the 

structure of QGP on length scales, say a thousand times 

smaller than the size of a proton, what we would see 

Figure 2.10: The top panel shows the increased statistics anticipated 
at BES-II; all three lower panels show the anticipated reduction in 
the uncertainty of key measurements. RHIC BES-I results indicate 
nonmonotonic behavior of a number of observables; two are shown in 
the middle panels. The second panel shows a directed flow observable that 
can encode information about a reduction in pressure, as occurs near a 
transition. The third panel shows the fluctuation observable understood 
to be the most sensitive among those measured to date to the fluctuations 
near a critical point. The fourth panel shows, as expected, the measured 
fluctuations growing in magnitude as more particles in each event are 
added into the analysis.

are quarks and gluons interacting only weakly with each 

other. The grand challenge for this field in the decade 

to come is to understand how these quarks and gluons 

conspire to form a nearly perfect liquid.

Microscopy requires suitable messengers that reveal 

what is happening deep within QGP, playing a role 

analogous to light in an ordinary microscope. The 
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other. The grand challenge for this field in the decade 
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Table 2. Event statistics (in millions) needed for Beam Energy Scan Phase-II for various observables.
Collision Energy (GeV) 7.7 9.1 11.5 14.5 19.6
µB (MeV) in 0-5% central collisions 420 370 315 260 205

Observables

RCP up to pT = 5 GeV/c – 160 125 92
Elliptic Flow (f 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

3.1.1. RCP of identified hadrons up to pT = 5 GeV/c High-pT suppression is seen as an
indication of the energy loss of leading partons in a colored medium. Therefore, the RAA

measurements are one of the clearest signatures for the formation of the quark-gluon plasma.
Because there was not a comparable p+ p energy scan, the BES analysis has had to resort
to RCP measurements as a proxy. Still the study of the shape of RCP(pT ) will allow us
to quantitatively address the evolution of the phenomenon of jet-quenching to lower beam
energies. A very clear change in behavior as a function of beam energy is seen in these
data (see Figs. 12 and 13); at the lowest energies (7.7 and 11.5 GeV) there is no evidence of
suppression for the highest pT values that are reached. However, it should be noted that for
these energies the BES-I measurements are only able to reach 3-4 GeV/c for inclusive hadrons
and 2-3 GeV/c for identified hadrons. Typically, one considers pT of 5 GeV/c and above to be
dominated by partonic behavior. Therefore, although the BES-I RCP results are suggestive of
a disappearance of this QGP signature, they are not conclusive. The pT reach expected in the
proposed BES Phase-II measurements will be crucial in drawing definitive conclusions about
evidence for the creation of QGP at a given collision energy.

Although the BES-I spectra do not reach high enough pT to extend into the purely hard-
scattering regime, they do allow us to make detailed projections of how many events would be
needed to reach a given pT for a given beam energy. We propose to acquire about 400 tracks
in the pT range of 4-5 GeV/c for the 11.5, 14.5, and 19.6 GeV energies. At the lower energies
of 7.7 and 9.1 GeV, there is simply not enough kinematic reach to get out to 4-5 GeV/c. These
required numbers of events are listed in Table 2

We have used the yields of identified particles measured in BES-I to make projections of
the expected errors for the RCP measurements with increased statistics expected to be available
in BES Phase-II. For each particle species, energy, and centrality, we have used a exponential
extrapolation (note that this is a more conservative estimate than the power law extrapolation)
to estimate the expected number of particles to be measured in each pT bin based on the
expected number of events at each energy shown in Table 2. From this expected number of
particles per bin, we can estimate the statistical error for the central and peripheral bins and
propagate these to estimate the expected error on the RCP measurements. These projected
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Figure 2.10: The top panel shows the increased statistics anticipated 
at BES-II; all three lower panels show the anticipated reduction in 
the uncertainty of key measurements. RHIC BES-I results indicate 
nonmonotonic behavior of a number of observables; two are shown in 
the middle panels. The second panel shows a directed flow observable that 
can encode information about a reduction in pressure, as occurs near a 
transition. The third panel shows the fluctuation observable understood 
to be the most sensitive among those measured to date to the fluctuations 
near a critical point. The fourth panel shows, as expected, the measured 
fluctuations growing in magnitude as more particles in each event are 
added into the analysis.
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Helen Caines - QM17

Change the total baryon number

22

ρ-meson broadening: 
different predictions for di-electron continuum (Rapp vs PHSD) 
iTPC: Significant reduction in sys. and stat. uncertainties  

Enables to distinguish between models for √s =7.7-19.6 GeV

J. Butterworth HP2016, T. Galatyuk, QM2017

15

AuAu@19,200:  PLB750 64 2015; AuAu@27,39,62: S.Yang, QM15;
R.Rapp PRC63 054907 2001 + R.Rapp, H.van Hees, PLB753 586 2016 + Priv. Comm.;
PHSD: O. Linnyk et al., PRC85 024910 2012

Au+Au @ 𝑠𝑁𝑁 [GeV] 7.7 9.1 11.5 14.5 19.6

Events (M) 100 160 230 300 400

Similar stat. uncert. as 
Au+Au @ 𝑠𝑁𝑁 = 200 GeV

BES-II measurement uncertainties will be SMALL
BES WP, STAR note 598
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Improvements prepared for BES-II

• Accelerator improvements:
– Luminosity
– Electron cooling

• STAR detector upgrades
– iTPC
– eTOF
– EPD

Grazyna Odyniec/LBNL - CPOD 2018, September 2018, Corfu, Greece 44



Luminosity improvements for BES-II 

45

RHIC with e-cooling and long 
bunches (vz = � 1m)

Minimum projection (e-
cooling only)

BES-I performance

Implementation: 
2019 - √sNN : 15 - 20 GeV
2020 - √sNN : 7.7-11.5 GeV
2021 -

Electron cooling + longer beam bunches for BES-II provide 
factor 4-15 improvement in luminosity compared to BES-I
Every energy available with electron cooling 
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Event Plane Detector

inner TPC upgrade

STAR Detector Upgrades for BES-II

iTPC: increased acc. to ~1.7 in y, lower pt cut-off, improved dE/dx resolution

EPD: better/independent reaction plane estimate, trigger

EndCap TOF: PID in forward direction 
Grazyna Odyniec/LBNL - CPOD 2018, September 2018, Corfu, Greece 
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Better momentum resolution, better dE/dx resolution, and improved acceptance at high h
Old: -1 < h < 1      New:  -1.5 (-1.7) < h <1.5(1.7)

iTPC Performance �

��

l  Excellent performance in bench test for MWPC:   

ü  Gas gain uniformity  < 1.5% (RMS)  
ü  Energy resolution   ~ 20% (FWHM) 
ü  Good stability under X-ray irradiation test 

l  iTPC (one sector) performance in 2018 isobar 
collisions :   
ü  Maximum hits number per track: 45 → 72 
ü  Lower transverse momentum threshold of 60 MeV/c 
ü  η coverage extended by 0.4 units. 

l  iTPC	sector	
l  Regular	sector	

pT	(GeV/c)�

dN
/d
p T
�

l  iTPC	sector	
l  Regular	sector	

η

dN
/d
η �

l  iTPC	sector	
l  Regular	sector	

[ NIM A 896 (2018)  90 ]�

co
un

ts
�

Qinghua	Xu	(Shandong	University)�

Event	display�

iTPC

Helen Caines - QM17

iTPC

48

Increase in #channels in 24 inner 
sectors by ~factor 2 

Provides near complete coverage 

New electronics for inner sectors 

Outer Inner

Enhanced rapidity coverage
      Old                  New 

                               better dE/dx; 
    -1 < η < 1            -1.5 < η < 1.5; 
pT >125 MeV/c     pT > 60 MeV/c.                              
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one sector has been installed in October 2017
data collected in 2018

Inner sectors upgrade 

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

September 2018, East side, 
all 12 iTPC sectors are in



CP search – Kurtosis measurement 
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STAR note  619 : A proposal for iTPC upgrade 

BES-II Physics highlights (I):  net-proton  Kurtosis 

Reach the necessary rapidity width of the correlation/fluctuation (~1-2 unit) 
• Increase in Δyp from iTPC alone 
• Improved statistics from LEReC  

A proposal for iTPC upgrade STAR Note 619 
https://drupal.star.bnl.gov/STAR/starnotes/public/sn0619 

8/15/2017 Videbæk, Phases of QCD and BES program 7 

- Non-trivial energy dependence from BES-I
- Rapidity length of correlation is important
- Enlarged rapidity window enables high significance measurement of net-proton high moments

(enhanced sensitivity of iTPC with increase of rapidity window)



Di-electron measurements
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Systematic study of di-electron continuum from √sNN 7.7 to 19.6 GeV
Low Invariant Mass Range (LMR) excess    

iTPC upgrade : reduced systematic (improved PID) and statistical uncertainties
- study baryon density effect on LMR excess yield 
- distinguish models with different r-meson broadening mechanism
- study low-pt enhancement

•  Reduce the systematic uncertainty for di-lepton:�
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Di-lepton measurement- Chiral Symmetry Restoration�

ü  Systematically study di-electron continuum  from √ sNN = 7.7 -19.6 GeV
ü  Low invariant Mass Range (LMR) excess  chiral symmetry restoration

��

•  Reduce the systematic uncertainty for di-lepton:�
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Event Plane Detector (EPD)
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Event Plane Detector (EPD) 

2*372 channels, trapezodial 
tiles. 
16 radial segments; 24 
azimuthal sections per wheel 
Cover 2.1<|η|<5 
SiPM readout <1 nsec timing 
resolution 
Capabilities demonstrated by 
prototype in 2016 and 1/8 in 
2017 
• Event Plane Determination 
• Centrality definition 
• Triggering capabilities 

 
 8/15/2017 Videbæk, Phases of QCD and BES program 18 

A event plane detector for STAR Note 666 
https://drupal.star.bnl.gov/STAR/starnotes/public/sn0666 

Trapezoidal tiles : 2 wheels, 12 super sectors 
2 x 372 channels
Coverage: 2.1 <|h|<5
SiPM readout <1nsec timing resolution

Physics impact of EPD�
Directed flow�

EPD is going to reduce the auto-correlations to mid-rapidity 
measurements vn,  
 
The statistics (resolution) improvement is significant: global Λ 
polarization,.. 

8/15/2017 Videbæk, Phases of QCD and BES program 19 
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Phys.Rev.Lett. 112(2014) 162301 

Improves:
Event plane determination
Centrality definition
Triggering

directed flow expected improvement

Installed in STAR in 2017 
and took successfully data in 2018 

EPD

• 3 final sectors (1/8) in 2017 
• To be Completed for 2018 
• OSU-Lehigh-USTC 
• Supported by MoST 

Occupancy in pp500 

EPD Status 

8/15/2017 Videbæk, Phases of QCD and BES 
program 21 



Endcap Time-Of-Flight (eTOF)
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End Cap Time-Of-Flight 
• STAR and CBM-TOF group 

plans to install TOF in one side 
of STAR; part of FAIR Phase-0 

• Provide TOF PID in 1.1<η<1.6 
• Operation experience for CBM 

effort 

• 36 modules in 3 layers, 
Matched to 12 TPC sectors 

• Long-strip MRPC readout 
• Multiple hit prob < 7.4% 

8/15/2017 Videbæk, Phases of QCD and BES program 23 

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<h<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 

Significant extension of PID due to eTOF

eTOF

Detector upgrades for BES II�

One iTPC sector has been installed � Full EPD has been installed          �3 eTOF modules have been installed �

	�Qinghua	Xu	(Shandong	University)�

The endcap Time-Of-Flight�

 ��

Collider	mode	�

eTOF	

iTPC	

π

eTOF	

iTPC	

p

l  Install, commission and use 10% of the CBM 
TOF modules at STAR. 

l  Design concept:  
ü  3 layers, 12 sectors, 36 modules, 108 MRPCs 

l  Provides PID in the forward direction 
ü  Extended rapidity and yields 

l  One sector with three modules has been 
installed for runs in 2018 

l  Full installation in November 2018 

eTOF	

iTPC	

K



Readiness of BES-II

3 year BES-II program 2019-2021 just starting

First BES-II 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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Summary

Data exists over wide range of √s 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
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Thank you !

present / future :
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�2 = h(N � hNi)2i
S = h(N � hNi)3i/�3

 = h(N � hNi)4i/�4 � 3

Higher moments in BES I
Excitation function for net-proton high moments (ks2) in 5% most central Au+Au

- Non-monotonic behavior
- Peripheral collisions – smooth trend
- UrQMD (no CP): shows suppression at low energies 

which is due to baryon number conservation

Will the oscillation pattern emerge at lower energies ?
FXT data

STAR, PRL 112 (2014) 032302, CPOD2014, QM2015

M.A.Stephanov, PRL 107, 052301 (2011)
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