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➤ observables used to explore the phase 
diagram 

➤ facility upgrades  
➤ detector upgrades 
➤ fixed target
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QCD PHASE DIAGRAM

➤ experimentally, one can access different regions of phase diagram by varying centre-of-mass 
energy √sNN 

➤ RHIC beam energy scan (BES) covers both μB regions with  crossover and possible 1. order 
phase transition and critical point  

➤ BES-II is scheduled to start in 2019-2020
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√sNN
CMS 

Rapidity
μB [MeV]

39.0 0 115
27.0 0 155
19.6 0 205
14.5 0 260
11.5 0 315
7.7 0 420
7.7 2.10 420
6.2 1.87 487
5.2 1.68 541
4.5 1.52 589
3.9 1.37 633
3.5 1.25 666
3.2 1.13 699
3.0 1.05 721 Fi
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BES Phase II – Physics Cases for iTPC 

Beam Energy Scan – Phase I Results:  

• Seen the turn-off of QGP signatures.  

• Seen  suggestions of the first order phase transition.  

• Not seen conclusive evidence of a critical point.  

 

The most promising region for refining the search is in 
the lower energiesÎ 19.6, 15, 11.5, 7.7, and lower.  
 

The iTPC Upgrades strengthen the BES II physics program, 

and enables new key measurements: 

• Rapidity dependence of proton kurtosis 

• Dilepton program (sys. errors and intermediate mass region) 

• Enables the internal fixed target program to cover  7.7 to 3.0 GeV 
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QCD PHASE TRANSITION AT BES ENERGIES
➤ Critical point - divergence of the correlation length ⇒ non-

monotonic behavior of higher moments of conserved 
quantities 
➤ experimentally, one can measure mean M, variance σ2, skewness S, 

and kurtosis κ of the event-by-event net-particle distributions 
(particle multiplicity minus antiparticle multiplicity, e.g. net-proton, 
net-kaon, net-charge) 

➤ First-order phase transition - changes in the equation of 
state (EoS) due to attractive force (softest point) ⇒ non-
monotonic behavior of directed flow slope at mid-rapidity 
(dv1/dy|y=0)
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CUMULANT RATIOS OF NET-PROTON(KAON,CHARGE) MULTIPLICITY  

➤ non-monotonic energy dependence of net-proton κσ2 and net-kaon Sσ 
➤ missing data in the region below 7.7 GeV ⇒ fixed-target 
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The higher moments of 
conserved quantum numbers 
(B, Q, S) are sensitive to the 
correlation length 
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FIG. 10: Energy dependence of cumulant ratios(Sσ, κσ2) of net-proton, net-charge and net-kaon multipliity distributions for
Au+Au collision at

√
sNN =7.7 to 200 GeV. The solid markers represent the results from STAR measurement, the open markers

represent results from UrQMD calculation. The dashed lines denote the Poisson expectations for the STAR data.

lision energies. The monotonic decrease when decreasing
energies and strong suppression below unity at low ener-
gies are consistent with the effects of the baryon number
conservations.

VI. SUMMARY

Experimentally, fluctuations of conserved quantities
have been applied to probe the signature of the QCD
phase transition and critical point in heavy-ion colli-
sions. To understand the non-critical contributions to
the observables, we have performed detailed model cal-
culations. In this paper, we present the centrality and
energy dependence of the cumulants (C1 ∼ C4) and
their ratios (C3/C2 = Sσ, C4/C2 = κσ2) of net-proton,
net-charge and net-kaon multiplicity distributions with
UrQMD model for Au+Au collision at

√
sNN=7.7, 11.5,

19.6, 27, 39, 62.4 and 200 GeV. The production mecha-
nisms of the proton and kaon have a significant impact on
the fluctuations of net-particles. For e.g, the interplay of
the baryon stopping, pair production of proton and anti-
proton, and the associate, pair production of the K+ and
K− at different energies. At low energies, the baryon
stopping of protons and associate production of kaons

play an important roles. Those will lead to big differences
between the cumulants of particles and anti-particles dis-
tributions, such as proton, anti-protons andK+, K−. Fi-
nally, the comparisons for the cumulant ratios (Sσ, κσ2)
of net-proton, net-charge and net-kaon multiplicity distri-
butions have been made between the STAR data and the
UrQMD calculations. Within the statistical uncertain-
ties, the net-charge and net-kaon fluctuations measured
by STAR experiment can be described by the UrQMD
results. For the net-proton fluctuations, the STAR mea-
sured κσ2 at 0-5% most central Au+Au collisions show
a clear non-monotonic energy dependence with a mini-
mum around 20 GeV. This non-monotonic behavior can
not be described by the UrQMD model, in which there
has no critical physics implemented. The large suppres-
sion of the net-proton fluctuations at low energies could
be explained by the effects of baryon number conserva-
tions. Although the physics of the QCD critical point is
not implemented in the UrQMD simulation, the results
from UrQMD calculations can provide us non-CP physics
baselines and a qualitative estimation for the background
contributions to the QCD critical point search in heavy-
ion collisions by using the fluctuations of the net-proton,
net-kaon and net-charge numbers.
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mum around 20 GeV. This non-monotonic behavior can
not be described by the UrQMD model, in which there
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sion of the net-proton fluctuations at low energies could
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not implemented in the UrQMD simulation, the results
from UrQMD calculations can provide us non-CP physics
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ion collisions by using the fluctuations of the net-proton,
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not be described by the UrQMD model, in which there
has no critical physics implemented. The large suppres-
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not implemented in the UrQMD simulation, the results
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VI. SUMMARY

Experimentally, fluctuations of conserved quantities
have been applied to probe the signature of the QCD
phase transition and critical point in heavy-ion colli-
sions. To understand the non-critical contributions to
the observables, we have performed detailed model cal-
culations. In this paper, we present the centrality and
energy dependence of the cumulants (C1 ∼ C4) and
their ratios (C3/C2 = Sσ, C4/C2 = κσ2) of net-proton,
net-charge and net-kaon multiplicity distributions with
UrQMD model for Au+Au collision at
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sNN=7.7, 11.5,

19.6, 27, 39, 62.4 and 200 GeV. The production mecha-
nisms of the proton and kaon have a significant impact on
the fluctuations of net-particles. For e.g, the interplay of
the baryon stopping, pair production of proton and anti-
proton, and the associate, pair production of the K+ and
K− at different energies. At low energies, the baryon
stopping of protons and associate production of kaons

play an important roles. Those will lead to big differences
between the cumulants of particles and anti-particles dis-
tributions, such as proton, anti-protons andK+, K−. Fi-
nally, the comparisons for the cumulant ratios (Sσ, κσ2)
of net-proton, net-charge and net-kaon multiplicity distri-
butions have been made between the STAR data and the
UrQMD calculations. Within the statistical uncertain-
ties, the net-charge and net-kaon fluctuations measured
by STAR experiment can be described by the UrQMD
results. For the net-proton fluctuations, the STAR mea-
sured κσ2 at 0-5% most central Au+Au collisions show
a clear non-monotonic energy dependence with a mini-
mum around 20 GeV. This non-monotonic behavior can
not be described by the UrQMD model, in which there
has no critical physics implemented. The large suppres-
sion of the net-proton fluctuations at low energies could
be explained by the effects of baryon number conserva-
tions. Although the physics of the QCD critical point is
not implemented in the UrQMD simulation, the results
from UrQMD calculations can provide us non-CP physics
baselines and a qualitative estimation for the background
contributions to the QCD critical point search in heavy-
ion collisions by using the fluctuations of the net-proton,
net-kaon and net-charge numbers.
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butions have been made between the STAR data and the
UrQMD calculations. Within the statistical uncertain-
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by STAR experiment can be described by the UrQMD
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sured κσ2 at 0-5% most central Au+Au collisions show
a clear non-monotonic energy dependence with a mini-
mum around 20 GeV. This non-monotonic behavior can
not be described by the UrQMD model, in which there
has no critical physics implemented. The large suppres-
sion of the net-proton fluctuations at low energies could
be explained by the effects of baryon number conserva-
tions. Although the physics of the QCD critical point is
not implemented in the UrQMD simulation, the results
from UrQMD calculations can provide us non-CP physics
baselines and a qualitative estimation for the background
contributions to the QCD critical point search in heavy-
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Experimentally, fluctuations of conserved quantities
have been applied to probe the signature of the QCD
phase transition and critical point in heavy-ion colli-
sions. To understand the non-critical contributions to
the observables, we have performed detailed model cal-
culations. In this paper, we present the centrality and
energy dependence of the cumulants (C1 ∼ C4) and
their ratios (C3/C2 = Sσ, C4/C2 = κσ2) of net-proton,
net-charge and net-kaon multiplicity distributions with
UrQMD model for Au+Au collision at

√
sNN=7.7, 11.5,

19.6, 27, 39, 62.4 and 200 GeV. The production mecha-
nisms of the proton and kaon have a significant impact on
the fluctuations of net-particles. For e.g, the interplay of
the baryon stopping, pair production of proton and anti-
proton, and the associate, pair production of the K+ and
K− at different energies. At low energies, the baryon
stopping of protons and associate production of kaons

play an important roles. Those will lead to big differences
between the cumulants of particles and anti-particles dis-
tributions, such as proton, anti-protons andK+, K−. Fi-
nally, the comparisons for the cumulant ratios (Sσ, κσ2)
of net-proton, net-charge and net-kaon multiplicity distri-
butions have been made between the STAR data and the
UrQMD calculations. Within the statistical uncertain-
ties, the net-charge and net-kaon fluctuations measured
by STAR experiment can be described by the UrQMD
results. For the net-proton fluctuations, the STAR mea-
sured κσ2 at 0-5% most central Au+Au collisions show
a clear non-monotonic energy dependence with a mini-
mum around 20 GeV. This non-monotonic behavior can
not be described by the UrQMD model, in which there
has no critical physics implemented. The large suppres-
sion of the net-proton fluctuations at low energies could
be explained by the effects of baryon number conserva-
tions. Although the physics of the QCD critical point is
not implemented in the UrQMD simulation, the results
from UrQMD calculations can provide us non-CP physics
baselines and a qualitative estimation for the background
contributions to the QCD critical point search in heavy-
ion collisions by using the fluctuations of the net-proton,
net-kaon and net-charge numbers.
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STAR, PRC 94, 024901 (2016)

➤ moments of net-particle multiplicity distributions can be related to  susceptibilities of 
conserved charges calculated on the lattice [P. Alba et al., Phys. Rev. C 92, 064910 
(2015)] 

CP signatures: theory
Divergence of the correlation length is 
expected near the QCD critical point

Should manifest itself in the non-monotonic 
behavior of correlations and fluctuations 
related to conserved quantities

Higher moments of conserved quantum 
numbers (Q, S, B) are more sensitive to the 
correlation length

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

2 2 3 4.5 4 2 2 7( ) , ( ) , ( ) 3 ( )N N N Nδ ξ δ ξ δ δ ξ< >≈ < >≈ < > − < > ≈

M.A. Stephanov, PRL107, 052301 (2011).
Schaefer&Wanger,PRD 85, 034027 (2012);
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DIRECTED FLOW

➤ EoS with a 1st order phase transition exhibits a very pronounced 
softest point at large chemical potentials [Y. Nara et al., PRC 94 034906 (2016)] 

➤ directed flow v1 is sensitive to the EoS in the early stage   
➤ non-monotonic dependence 

➤ softening (crossover or 1st order phase transition)  
➤ geometry (tilted ellipsoid expansion, relevant at √sNN ≳ 27 GeV)     

5

A. Ohnishi  @ CPOD 2016, May.31, 2016 6 

What is directed flow ?

v1 or <px> as a function of y
is called directed flow.

Created in the overlapping 
stage of two nuclei
→ Sensitive to the EOS

in the early stage.

Becomes smaller at higher 
energies.
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DIRECTED FLOW FROM BES-I

➤ net baryons show hints of a minimum and double-sign change ⇒ 
indicative of a softening equation of state 

➤ fine centrality binning (by 5%) possible in BES-II  
➤ STAR detector upgrade (reduction of systematic errors) and RHIC luminosity 

increase (reduction of statistical uncertainties)

6
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FIG. 2. (Color online) Directed flow slope (dv1/dy) versus
beam energy for intermediate-centrality (10-40%) Au+Au col-
lisions. Panel (a) presents heavy species: Λ, Λ, protons, an-
tiprotons and φ, while panel (b) presents K±, K0

s and π±.
Note that dv1/dy for Λ at

√
sNN = 7.7 GeV is −0.128±0.022

(stat) ±0.026 (sys), which is far below the bottom of the
plotted scale. The φ-meson result at

√
sNN = 62.4 GeV has

a large uncertainty and is not plotted. Panel (c) presents net
protons, net Λs, and net kaons. The bars are statistical er-
rors, while the caps are systematic uncertainties. Data points
are staggered horizontally to improve visibility.

azimuthal anisotropy, and in the limit of small azimuthal
anisotropy coefficients vn, coalescence leads to the vn of
the resulting mesons or baryons being the summed vn of
their constituent quarks [23, 35]. We call this assumption
the coalescence sum rule. NCQ scaling in turn follows
from the coalescence sum rule [23]. Note that no weights
are involved in coalescence sum rule v1 calculations, un-
like the case of v1 for net particles.
Antiprotons and Λs are seen to have similar v1(y), and

it is noteworthy that these species are composed of three
constituent quarks all produced in the collision, as op-
posed to being composed of u or d quarks which could
be either transported from the initial nuclei or produced.
To test the coalescence sum rule in a straightforward case
where all quarks are known to be produced, Fig. 3(a)
compares the observed dv1/dy for Λ(uds) with the calcu-
lation for K−(us) + 1

3
p (uud). This calculation is based
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FIG. 3. (Color online) Directed flow slope (dv1/dy) versus√
sNN for intermediate centralities (10-40%). Panel (a) com-

pares the observed Λ slope with the prediction of the coa-
lescence sum rule for produced quarks. The inset shows the
same comparison where the vertical scale is zoomed-out; this
allows the observed flow for the lowest energy (

√
sNN = 7.7

GeV) to be seen. Panel (b) presents two further sum-rule
tests, based on comparisons with net-Λ measurements. The
solid and dotted lines are smooth curves to guide the eye.

on the coalescence sum rule combined with the assump-
tion that s and s quarks have the same flow, and that u
and d have the same flow. The factor 1

3
arises from as-

suming that all u and d quarks contribute the same flow.
Close agreement is observed at

√
sNN = 11.5 to 200 GeV.

The inset in Fig. 3(a) presents the same comparison, but
with a much coarser vertical scale. The observed sharp
breakdown of agreement at

√
sNN = 7.7 GeV implies

that one or more of the above-mentioned assumptions no
longer hold below 11.5 GeV. A similar decrease in the
produced-quark v2 has been observed in the same energy
region [34, 36].

Next, we turn our attention to the less straightforward
case of coalescence involving u and d quarks. We ex-
pect v1 to be quite different for transported and produced
quarks, which are difficult to distinguish in general. How-
ever, in the limit of low

√
sNN , most u and d quarks are

presumably transported, while in the limit of high
√
sNN ,

most u and d are produced. In Fig. 3(b), we test two coa-
lescence sum rule scenarios which are expected to bracket
the observed dv1/dy for a baryon containing transported
quarks. The fraction of transported quarks among the
constituent quarks of net particles is larger than in par-

STAR, PRL 120, (2018) 062301

10-40% centrality

𝗱𝙫
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CRITICAL POINT: LIFETIME INCREASE

➤ dilepton yields sensitive to life time of the QGP  
➤ increase in correlation lengths expected close to Critical Point ⇒ 

anomalous increase in the lifetime of the fireball - not yet observed, but the 
lowest energy measured has been 17.3 GeV  

➤ need to extend this measurement to low energies 
7Helen Caines - PAC - June 2018 

Connection to fireball lifetime 

9/23/16� Hard Probes 2016, Wuhan China, B. Huang ��

!  Integrated excess yield normalized by dNch/dy, is proportional to lifetime of fireball 
from 17.3 – 200 GeV.  

Given that total baryon density is nearly constant and emission rate is dominant in the near�Tc region. 
 
R. Rapp, H. van Hees PLB 753 (2016) 586-590 

Low mass di-lepton excess

19

Slide 2 of 40 Daniel Cebra 

18-Jun-2015 

RHIC Program Advisory Meeting 

Brookhaven National Laboratory 

BES Phase II – Physics Cases for iTPC 

Beam Energy Scan – Phase I Results:  

• Seen the turn-off of QGP signatures.  

• Seen  suggestions of the first order phase transition.  

• Not seen conclusive evidence of a critical point.  

 

The most promising region for refining the search is in 
the lower energiesÎ 19.6, 15, 11.5, 7.7, and lower.  
 

The iTPC Upgrades strengthen the BES II physics program, 

and enables new key measurements: 

• Rapidity dependence of proton kurtosis 

• Dilepton program (sys. errors and intermediate mass region) 

• Enables the internal fixed target program to cover  7.7 to 3.0 GeV 

Low mass excess∝ fireball lifetime  
for large range of beam energies and 
centralities

Need to add more low 
energy data

Results suggest excess from total baryon driven hot dense medium effects 
and the medium’s lifetime

2.4 Dilepton Measurements and Search for Chiral Symmetry Restora-
tion

Dileptons are a crucial probe of the strongly interacting matter created in ultra-relativistic
heavy-ion collisions. Leptons traverse the medium with minimal interactions, but they are
produced during the whole evolution of the created matter. Different kinematic ranges of
dilepton pairs (mass and transverse momentum ranges) can be used to selectively probe the
properties of the formed matter throughout its entire evolution.

The observed dilepton yields have contributions from many sources integrated over the
entire evolution of the collision. In-medium properties of vector mesons (i.e. the mass
and width of the ⇢(770), !(782), and �(1020) mesons) can be studied via their decays to
dileptons in the low invariant mass ranges of lepton pairs (Mll < 1.1 GeV/c2). These in-
medium properties may exhibit modifications related to possible chiral symmetry restoration.
Observations at SPS and RHIC indicate enhancements of the dilepton yields at low pT and
in the low invariant mass range between the ⇡ and ⇢ mass. These enhancements cannot be
described with model calculations that involve only the vacuum ⇢ spectral function.

Figure 33: Total baryon density, represented by (p +
p)/(⇡+ + ⇡

�), vs. collision energy.

Dynamic models [66] show that the broadening of the width of the ⇢ can be attributed to
interactions with the surrounding nuclear medium, i.e. to the coupling of ⇢ to the baryons
and their resonances. These interactions affect the properties of the ⇢ even in the cold
nuclear matter. In hot nuclear matter, where temperature and/or baryon density is high,
these interaction are expected to cause the width to further broaden to the extent that it
becomes indistinguishable from the radiation continuum. This continuum coincides with the
dilepton thermal radiation from QGP at the phase transition temperature. Measuring the
temperature dependence of the dilepton yields at low mass would thus be a key observable.

To help further disentangle the various factors that play a role in measuring the dielectron
production in the low mass range, we show in Fig. 33 the charged baryon density vs. the
collision energy. Here, the total baryon density at freeze-out is approximated by the measured
ratio of the sum of proton and antiproton yields over the sum of charged pion yields. The plot
shows that above approximately p

sNN =20 GeV the total baryon density remains almost
independent of the beam energy. Consequently, the medium effect on the ⇢ meson and
its dielectron spectrum are independent of beam energy when the dielectrons are emitted

30

Above 20 GeV 
Total baryon density ~ constant
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LOW-ENERGY RHIC ELECTRON COOLER (LEREC)

➤ improve luminosity for 
low energy beams: 
➤ 2019 (without LEReC) 

➤ 3x for √sNN = 14.5 and 19.6 
GeV    

➤ 2020 (with LEReC) 
➤ 4x for √sNN = 7.7, 9.1, and 

11.5 GeV

8

Low Energy RHIC Electron Cooling
BES-II is scheduled to start in 2019 - 2020

Improve luminosity for low energy beams:

• 2019 (without e-cooling)
• 3× for √sNN=14.5 and 19.6 GeV 

• 2020 (with e-cooling)
• 4× for √sNN=7.7, 9.1, and 11.5 GeV

Ø e-cooling: a critical machine upgrade

APS April 2018 (Columbus, OH) - April 15, 2018 Frank Geurts (Rice University) 21

4x increase in Lavg
with e-cooling 

3x increase in Lavg
without e-cooling

Increased luminosity

Low Energy RHIC Electron Cooling
BES-II is scheduled to start in 2019 - 2020

Improve luminosity for low energy beams:

• 2019 (without e-cooling)
• 3× for √sNN=14.5 and 19.6 GeV 

• 2020 (with e-cooling)
• 4× for √sNN=7.7, 9.1, and 11.5 GeV

Ø e-cooling: a critical machine upgrade

APS April 2018 (Columbus, OH) - April 15, 2018 Frank Geurts (Rice University) 21

4x increase in Lavg
with e-cooling 

3x increase in Lavg
without e-cooling

Increased luminosity
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STAR DETECTOR UPGRADES FOR BES-II

9

Ongoing detector upgrades

2018/4/16

iTPC upgrade EPD upgrade eTOF upgrade
Continuous pad rows

Replace all inner TPC sectors
Replace Beam Beam Counter Add CBM TOF modules and 

electronics (FAIR Phase 0)

|η|<1.5 (was 1.0) 2.1<|η|<5.1 -1.6<η<-1.1

pT >60 MeV/c (was 150MeV/c) Better trigger & b/g reduction Extend forward PID capability

Better dE/dx resolution
Better momentum resolution

Greatly improved Event Plane info (esp. 
1st-order EP)

Allows higher energy range of Fixed
Target program

Fully operational in 2019 Fully operational in 2018 Fully operational in 2019

endcap Time-Of-Flight

Chi Yang, 3rd CBM - China Workshop, Yichang

Event Plane Detector

inner Time Projection Chamber
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INNER TIME PROJECTION CHAMBER (ITPC)

10

➤ make possible to 
measure directed flow 
in forward rapidity

12 
 

Figure 7 shows the projected BES II measurements from STAR, with the iTPC, together 
with data already taken at higher beam energies and compared to recent model 
calculations. STAR detectors in the BES-II era will cover a unique energy range because 
the excitation function above 20 GeV for the low mass region (LMR) depends strongly 
on initial temperature, while the LMR excess below 20 GeV depends more strongly on 
baryon density.  

 
Figure 7: The Beam Energy dependence for  the Low-Mass dielectron excess from published data at 19.6 
and 200GeV, model expectation from PHSD for energy below 20GeV and Rapp’s model above 20 GeV. 
Also shown are projected sys. and stat. errors from preliminary results at 27, 39 and 62.4GeV, and 
projections for BES-II with the iTPC. Projections without the iTPC for these energies would have x2 (�2) 
bigger sys. (stat.) errors. 

Due to the nature of relativistic heavy ion collisions, the observed inclusive di-lepton 
yields at low mass have contributions from many sources integrated over the entire 
evolution of a collision.  During BES-I running, STAR collected dielectron data for 
minimum-bias Au+Au collisions at √sNN = 39, 27 and 19.6 GeV.  Figure 8 shows 
preliminary efficiency-corrected inclusive dielectron invariant mass spectra for these 
three beam energies, as well as for 62.4 GeV. The data are compared to a cocktail 
simulation including contributions from all the known hadronic decays of light mesons 
and correlated charm pairs. A low-mass dielectron excess is observed across all the 
collision energies, indicating hot, dense medium contribution. A broadened U spectral 
function [29], which describes SPS dilepton data, consistently accounts for the STAR low 
mass excess in Au+Au collisions at 19.6, 27, 39, 62.4, and 200 GeV (see Figure 8). 
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study of the dielectron 
continuum bellow 19.6 GeV
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rapidity is the only relevant observable where the simulations indicate a large variation. 
The preliminary measurements plotted here are based on the slope of v1(y) fitted near 
mid-rapidity, which captures the overall size of the directed flow signal within the limited 
rapidity acceptance of the STAR TPC. The broader rapidity acceptance that will be 
available after the iTPC upgrade, as discussed previously, will allow a more detailed 
characterization beyond a single slope measurement, and will also provide better statistics 
even when integrating over rapidity, as is likely to be the case when centrality 
dependence is being studied at the lowest beam energies. 
 

 
Figure 19: The Forward v1 measurement as a function of centrality explicitly showing the improvements 
due to the coverage of the iTPC. 

The improved acceptance of the iTPC at low transverse momentum and the improved 
overall track efficiency will enhance our physics capability in the area of directed flow at 
BES-II energies.  However, a more dramatic enhancement from the iTPC will be the new 
capability to study directed flow away from midrapidity ( |y| > 1 ).  Figure 19, based on 
UrQMD charged particles from 19.6 GeV AuAu collisions, emitted with pseudorapidities 
from 1.3 to 1.4, shows directed flow as a function of centrality.  In this pseudorapidity 
region, the TPC tracking performance is relatively poor and would drop precipitously if 
pseudorapidity were further increased, while TPC particle ID capability (based on dE/dx 
for a relatively small number of hits per track) is marginal.  The red error bars illustrate 
the much improved statistics furnished by the iTPC for the same sample of events.  If 
dE/dx were used to isolate a sample of identified tracks, the errors in both scenarios 
would be magnified, but the TPC errors would be magnified more than those of the iTPC. 
 
2.3.2 iTPC-based study of the softening of the Equation of State 
 
A prediction for the width of pion rapidity distributions can be obtained from Landau’s 
hydrodynamic model [9]. In this scenario, the width of the pion rapidity density 
distributions, Vy(S-), depends on the speed of sound, cs [10]. A study of Vy(S-)/Vy(hydro)  
as a function of beam energy, shows a potentially important feature, namely a minimum 

Technical Design Report STAR Note 644 
https://drupal.star.bnl.gov/STAR/starnotes/public/sn0644

Technical Design Report STAR Note 644 
https://drupal.star.bnl.gov/STAR/starnotes/public/sn0644

one sector has been installed and 
operated this year

https://drupal.star.bnl.gov/STAR/starnotes/public/sn0644
https://drupal.star.bnl.gov/STAR/starnotes/public/sn0644
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ENDCAP TIME OF FLIGHT (ETOF)
➤ extends particle TOF 

particle identification 
(PID) in 1.1<η<1.6 

➤ essential for PID at mid-
rapidity in fixed-target 
mode  

11

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%
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STAR/CBM, arXiv:1609.05102v1

10

FIG. 10. STAR results for beam energy dependence of �2

(top panels) and S�/Skellam (lower panels) for net-protons
in Au+Au collisions [35]. The left panels illustrate the e↵ect
of p

T

selection while the right panels indicate the e↵ects of
rapidity selection. Dotted horizontal lines are expectations
from Poisson distributions.

FIG. 11. The net-proton �

2 as a function of the protons
and anti-proton multiplicity. Protons come from the rapidity
range -1.4 < y

P

< 0.9.

• NA49 has reported that the onset of deconfinement
occurs at 7.7 GeV [14].

• Some of the QGP signatures (local parity viola-
tion [36] and narrowing of balance functions [37])
show signs of disappearing at 7.7 GeV. We need
to extend the energy range so that we can confirm
that these signatures have indeed turned o↵.

• There are theoretical calculations suggesting that
the mixed phase is entered at energies well below
7.7 GeV [38].

The fixed-target program at STAR with the eTOF
upgrade will enable the energy scan to extend below
7.7 GeV and address these questions. With the eTOF,
the fixed-target program can study the center-of-mass en-
ergy region from

p
s

NN

= 3.0 to 7.7 GeV. Some of the
AGS, SPS, and SIS collaborations use projectile kinetic
energy per nucleon; in that notation, the above range
corresponds to 2.9 to 30.3 AGeV. The five energies of
the BES-II collider program cover the baryon chemical
potential range from 205 to 420 MeV [39]. The inclusion
of an additional seven fixed-target energies will extend
the range from 420 to 720 MeV with a similar 50 MeV
step size (see Fig. 12). The physics topics proposed for
normal collider mode can be performed in this extended
µ

B

range.
It is important to note that the physics impact of

the eTOF system is significantly di↵erent for the fixed-
target program than for collider mode. In the BES-II
collider program, the addition of the eTOF system ex-
tends the momentum range of forward rapidity PID. In
the fixed-target program, the roles of the central and for-
ward parts of the detector are reversed. This is due to
the large 1-2 unit rapidity o↵sets between the laboratory
and the center-of-mass reference frames. In the next sec-
tion, we show that eTOF provides essential PID in the
mid-rapidity region.

FIG. 12. A schematic of the phase diagram of QCD matter
showing hypothetical illustrations of reaction trajectories for
the BES collider and fixed-target programs.

A. Acceptance

The calculation of the fixed-target acceptance of the
STAR detector is similar to the collider mode acceptance
calculations discussed in the previous section with only a
few exceptions. The 1 mm thick gold target is located at
z = +210 cm. This is the optimal location for the target

➤ antiprotons produced more at mid-
rapidity 

➤ added coverage by eTOF will enhance 
the fluctuation signal ⇒ clearer and 
more significant indication of critical 
behavior

STAR/CBM, arXiv:1609.05102v1
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EVENT PLANE DETECTOR (EPD)

➤ significantly better event 
plane resolution than BBC 

➤ fine centrality binning in 
BES-II

12

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,..
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Figure 17: First harmonic ( 1) event plane resolution (both detector planes) as a
function of centrality for di↵erent detector setups. Each hit in this simulation was
smeared based on realistic ADC distributions. Most central events are on the left, the
most peripheral bin shown corresponds to 40%-45%. The plot on the top left is fromp
sNN = 7.7 GeV and the plot on the top right is from

p
sNN = 19.6 GeV. The lower

plot shows the event plane resolution for the second harmonic ( 2). The BBC points
are in blue, and we can see that for all centralities and energies the EPD improves the
event plane resolution.

32

STAR Note 666 
https://drupal.star.bnl.gov/STAR/starnotes/public/sn0666

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

➤ cover 2.1 < |η| < 5 
➤ event Plane determination 
➤ centrality definition 
➤ trigger capabilities

STAR Note 666 
https://drupal.star.bnl.gov/STAR/starnotes/public/sn0666

https://drupal.star.bnl.gov/STAR/starnotes/public/sn0666
https://drupal.star.bnl.gov/STAR/starnotes/public/sn0666
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FIXED TARGET PROGRAM AT RHIC

➤ successful test run in 2015 √sNN = 4.5 GeV AuAu, paper in preparation 
➤ STAR is taking data at 3.85 GeV this week   
➤ fixed-target is expected to fill the gap between RHIC and SIS energies 

➤ HADES vs STAR: different acceptances make the comparison non-trivial 

13

“Proof of principle” results

presented at QM2017, many

more underway

(Lambdas, Kaons, HBT, v

n

,…)

HADES
preliminaryπ-

Au+Au @ 4.5 GeV

E802_PRC57(1998)R466  

E877_PRC62(2000)024901  

E895_PRC68(2003)054905

Will be able to extend high-

moments measurements to 

HADES energies 

STAR in the Fixed Target mode
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STAR in the Fixed Target mode

Proposed Fixed target program will be able to explore √sNN energy 
range between 3.0 and 7.7 GeV

The target is located just outside the STAR TPC at ~210cm
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SUMMARY:
➤ BES-I results hint critical behavior 
➤ many critical measurements require larger statistics and acceptance 
➤ BES-II provides a well defined plan for a targeted study of a phase 

transition and localization of the critical point 
➤ presented detector upgrades will reduce systematic uncertainties and 

extend kinematical and PID range 
➤ RHIC facility upgrades will increase luminosity 
➤ fixed-target program will extend μB range  

➤ looking forward to new precision data from RHIC
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RHIC BEAM ENERGY SCAN

16

Star Note 598

Beam	Energy	Scan	Phase-IIThe 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

ST
A
R	
N
ot
e	
59

8

Snowbird,	UT	- Jan.	13,	2017 WWND	2017	::	STAR	eTOF	Upgrade	- Frank	Geurts	(Rice) 5

Strong	endorsement	by	NSAC

Long	Range	Plan	2015:

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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Studying the Phase 
Diagram of QCD  
Matter at RHIC 
 
A STAR white paper summarizing  
the current understanding and  
describing future plans 
 
01 June 2014 
 

 

Dedicated	second	phase	of	the	
BES	program,	proposed	in	2014

Collider 
Energy

Fixed-
target 

Energy

CMS 
Rapidity μB [MeV]

62.4 7.7 2.10 420
39 6.2 1.87 487
27 5.2 1.68 541

19.6 4.5 1.52 589
14.5 3.9 1.37 633
11.5 3.5 1.25 666
9.1 3.2 1.13 699
7.7 3.0 1.05 721

https://science.energy.gov/~/media/np/nsac/pdf/2015LRP/2015_LRPNS_091815.pdf

Baryon chemical potential at selected √sNN 

Statistics improvement in BES-II

Baryon chemical potential at proposed 
√sNN in fixed-target mode 
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EFFECT OF SOFTENING ON DIRECTED FLOW

➤ 3FD with crossover transition best for proton 
➤ with 1st order phase transition best for pions    

17

YU. B. IVANOV AND A. A. SOLDATOV PHYSICAL REVIEW C 91, 024915 (2015)

FIG. 1. (Color online) The directed flow v1(y) for protons, antiprotons, and pions from midcentral (b = 6 fm) Au+Au collisions at various
collision energies from

√
sNN = 7.7 to 27 GeV calculated with different EoS’s. Experimental data are from the STAR Collaboration [20].

of the crossover scenario at the same collision energies within
both the PHSD-HSD and 3FD approaches.

This puzzle has a natural resolution within the 3FD model.
The the QGP sector of the EoS’s with deconfinement [30]
was fitted to the lattice QCD data at zero net-baryon density
and just extrapolated to nonzero baryon densities. The protons
mainly originate from baryon-rich fluids that are governed by
the EoS at finite baryon densities. The too-strong antiflow at√

sNN = 27 GeV may be a sign of too-soft QGP EoS. Note that
a weak flow or antiflow indicates softness of a EoS. Predictions
of the first-order-transition EoS, the QGP sector of which is
constructed in the same way as that of the crossover one,
fail even at lower collision energies, when the QGP starts to
dominate in the collision dynamics, i.e., at

√
sNN ! 15 GeV.

This fact indirectly supports the conjecture on a too-soft QGP
sector at high baryon densities in the used EoS’s. At the same
time, the baryon-free (fireball) fluid is governed by the EoS
at zero net-baryon density. This fluid is a main source of
antiprotons (∼80% near midrapidity at

√
sNN = 27 GeV and

b = 6 fm), the directed flow of which is in good agreement with

the data at
√

sNN = 27 GeV within the crossover scenario and
in reasonable agreement even within the first-order-transition
scenario. It is encouraging because at zero net-baryon density
the QGP sector of the EoS’s is fitted to the lattice QCD data.
The pions are produced from all fluids: near midrapidity ∼50%
from the baryon-rich fluids and ∼50% from the baryon-free
one at

√
sNN = 27 GeV. Hence, the disagreement of the pion

v1 with data is quite moderate at
√

sNN = 27 GeV.
As seen from Fig. 1, the deconfinement scenarios are

definitely preferable for the pion v1(y). The pion data at
7.7 GeV are slightly better reproduced within the first-order-
transition scenario, while at 27 GeV the crossover scenario
is preferable. The antiproton v1(y) data testify in favor of the
crossover scenario, except for the energy of 7.7 GeV, where all
scenarios equally fail. It should be taken into account that the
antiproton multiplicity in the midcentral (b = 6 fm) Au+Au
collision at 7.7 Gev is 1 within the deconfinement scenarios and
3 within the hadronic scenario. Therefore, the hydrodynamical
approach based on the grand canonical ensemble is definitely
inapplicable to the antiprotons in this case.

024915-4
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relativistic 3-fluid Dynamics (3FD) with purely 
hadronic EoS vs 3FD with crossover transition to QGP 
vs 3FD with 1st order phase transition
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FIG. 1. Directed flows of protons and pions in mid-central
Au+Au collisions (10–40%) at

√
sNN = 7.7–27 GeV from the JAM

cascade mode (dashed lines) and the JAM cascade with attractive
orbits (solid lines) in comparison with the STAR data [6].

attractive orbits are far from the data, and there should not be
large EoS softening.

From this analysis, we find that the softening of the EoS
affects the directed flow of protons at midrapidity and should
emerge in the beam energy range of

√
sNN ! 10 GeV, but its

effects should be small at
√

sNN = 7.7 GeV. Since NA49 data
at

√
sNN = 8.9 GeV may also indicate evidence of softening of

the EoS [25], the onset beam energy of the softening might be
lower than 10 GeV. Therefore, detailed experimental studies
are needed around the beam energies of

√
sNN " 10 GeV.

Unfortunately, the EoS softening effects are not easy to see
when the v1 slope is already negative in the standard cascade.
As seen in Fig. 1, the proton v1 slope at

√
sNN = 27 GeV

and pion v1 slopes are negative in the standard cascade from
geometrical non-QGP effects [22] and from absorption by
baryons [42], respectively. It should be noted, however, that
JAM with attractive orbits overestimates the negative slope of
the proton v1, indicating the need to reharden the EoS, i.e.;
matter created at this collision energy reaches well above the
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FIG. 2. Same as in Fig. 1, but for central collisions (0–10%).

transition region or weak softening of the EoS due to less net
baryonic density.

We now discuss the directed flows in central collisions
in order to distinguish the geometrical effects from phase
transition. Since sign change of the proton v1 is purely
geometrical and only happens at large impact parameters in
standard hadronic transport models, it is possible to find the
effects of the softening sharply in central collisions. We show
directed flows in central collisions in Fig. 2. STAR data on
the proton v1 do not show negative slope for central collisions.
The standard JAM cascade describes well the data at 7.7 GeV,
indicating that the hadronic description may be reasonable at
7.7 GeV. It is seen that the proton v1 at 27 GeV from both JAM
with attractive orbits and the standard JAM simulation yield
negative slope. Thus 7.7 and 27 GeV data do not show a hint
of the softening of the EoS within our analysis.

On the other hand, one sees that JAM with attractive
orbits again quite reasonably describes the data at 11.5 and
19.6 GeV, while the standard JAM cascade overestimates the
data. Therefore, STAR data on the proton directed flow for
both central and mid-central collisions indicate evidence of
the softening of the EoS.
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Hadronic transport model JAM with and without 
attractive orbits for each two-body scattering 

➤ JAM with attractive orbits  matches the 
data well at √sNN = 11.5 and 19.6 GeV
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➤ similar dip like in 3FD model with 1st order 
phase transition, except at a different energy
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DIRECTED FLOW INDICATES A CROSS-OVER . . . PHYSICAL REVIEW C 91, 024915 (2015)

FIG. 6. (Color online) The beam energy dependence of the di-
rected flow slope at midrapidity for protons, antiprotons, and pions
from midcentral (b = 6 fm) Au+Au collisions calculated with differ-
ent EoS’s. The experimental data are from the STAR measurements
[20] and prior experiments with comparable acceptance cuts [13,17].

The crossover scenario well reproduces the pion slopes at
all measured energies and the antiproton slopes at

√
sNN >

10 GeV. Note that the 3FD model is poorly applicable to
description of antiprotons at

√
sNN < 10 GeV in view of a

low antiproton multiplicity. In the case of proton slopes the
crossover scenario fails both at low (

√
sNN < 5 GeV) and

high (
√

sNN > 20 GeV) collision energies. The failure at low
energies is still questionable because the same data but in
terms of ⟨Px⟩ are almost perfectly reproduced by the crossover
scenario; see Fig. 4. As for the highest computed energy of√

sNN = 27 GeV, this simulation has been performed at the
edge of computational abilities of the code. Therefore, the
disagreement with the data could be, at least partially, because
the 27-GeV results still suffer from insufficient accuracy. In
the present paper the accuracy of the 27-GeV computation
is slightly higher that in Ref. [22]: 40 cells per the Lorentz-
contracted nuclear diameter instead of 35 in Ref. [22]. This
made the calculated dv1/dy slightly closer to the experimental

value: −0.077 instead of −0.086 in Ref. [22], which, however,
is still far from the experimental value (−0.0048).

V. CONCLUSIONS

In this study the 3FD approach has been applied for the
analysis of the recent STAR data on the directed flow of
identified hadrons [20] together with earlier experimental data
obtained at the SPS [17] and AGS [13]. Simulations have been
done with a purely hadronic EoS [29] and two versions of the
EoS involving deconfinement transitions [30]—a first-order
phase transition and a smooth crossover transition—in the
range of incident energies

√
sNN = 2.7−27 GeV. Because of

stringent requirements on the accuracy of the calculations we
failed to perform calculations for energies above

√
sNN =

30 GeV. The physical input of the present 3FD calculations
is described in detail in Ref. [28]. No tuning (or change)
of physical 3FD-model parameters and used EoS’s has been
done in the present study as compared to that stated in
Ref. [28].

It was found that the proton directed flow within the
deconfinement scenarios indeed manifests an antiflow (i.e.,
a negative slope of the v1 distribution at the midrapidity),
as predicted in Refs. [14,15]. This antiflow is tiny for the
crossover EoS, which is in agreement with the data, and quite
substantial for the EoS with the first-order phase transition. In
the hadronic scenario, the midrapidity slope is always positive,
except for the highest considered energy of

√
sNN = 27 GeV,

at which a tiny antiflow is observed. Note that the negative
slope at midrapidity does not necessarily assume a QGP EoS.
A combination of space-momentum correlations may result in
a negative midrapidity slope of the directed flow in high-energy
nucleus-nucleus collisions [18].

The excitation function of the slope of the v1 distribution at
the midrapidity for protons turns out to be a smooth function
of the bombarding energy without “wiggle-like” peculiarities
within the hadronic and crossover scenarios. At the same
time, within the first-order-transition scenario this excitation
function exhibits a wiggle predicted in Refs. [10,11,15,16]. In
the present case the wiggle is mostly located in the negative
range of slopes. The first-order-transition results demonstrate
the worst agreement with the proton and antiproton data on
the directed flow.

A high sensitivity of the directed flow, especially the
proton one, to the nuclear EoS is found. Comparison of other
bulk observables, analyzed so far [28,31–36], with available
data indicated a definite advantage of the deconfinement
(crossover and first-order) scenarios over the purely hadronic
one, especially at high (RHIC) collision energies. However,
predictions of the crossover and first-order-transition scenarios
looked very similar so far. Only a slight preference could be
given to the crossover EoS. In the case of the directed flow
we can definitely conclude that the best overall reproduction
of the STAR data is achieved with the crossover EoS. The
first-order-transition scenario gives results which strongly
differ from those in the crossover scenario, especially for the
proton v1.

The crossover scenario well reproduces the pion v1 at all
measured energies and the antiproton flow at

√
sNN > 10 GeV.
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degree calorimeter shower-maximum detectors [1]. We
have studied the sensitivity of dv1=dy to all experimental
cuts and selections, for both events and tracks, and inferred
systematic errors are plotted in Figs. 2 and 3.
Figure 1presentsv1ðyÞ at 10–40%centrality forK#,K0

s ,ϕ,
Λ, and Λ̄. These measurements complement the correspond-
ing published information for protons, antiprotons, and
charged pions [7]. In the referenced v1 study, the overall
strength of the directed-flow signal near midrapidity was
characterized by the linear termF in a fit of the form v1ðyÞ ¼
Fyþ F3y3 [7]. This cubic fit reduces sensitivity to the
rapidity range over which the fit is performed, but becomes
unstable for low statistics, as is now the case for ϕ and Λ̄, and
to a lesser extent forΛ. Accordingly, the present analysis uses
a linear fit for all particle species at all beamenergies.The fit is
over jyj < 0.6 forϕ and over jyj < 0.8 for all other species. It
is evident from Fig. 1 that within errors the plotted species
have a near-linear v1ðyÞ over the acceptance of the STAR
detector. However, protons [7] show systematic deviations
from linearity and hence the proton dv1=dyjy¼0 is marginally
affected by changing the fit method. Hereafter, dv1=dy refers
to the slope obtained from the above linear fits.
The directed flow slope dv1=dy vs beam energy for p, p̄,

Λ, Λ̄, ϕ, K#, K0
s , and π# is presented in Figs. 2(a) and 2(b).

The proton and pion points in Fig. 2 differ slightly from
those in Ref. [7] in that a new measurement at

ffiffiffiffiffiffiffiffi
sNN

p ¼
14.5 GeV has been added, and the slope is now based on a
linear fit. We note four empirical patterns based on
Figs. 2(a) and 2(b). First, dv1=dy for Λ and p agree within
errors, and the Λ slope changes sign in the same region as
protons (near

ffiffiffiffiffiffiffiffi
sNN

p ¼ 11.5 GeV). However, the Λ errors
are not small enough to determine whether the minimum
observed in the proton slope near

ffiffiffiffiffiffiffiffi
sNN

p ¼ 15–20 GeValso
occurs for Λ. Second, dv1=dy for Kþ and K− are both
negative at all energies and are close to each other except at
the lowest energy, while dv1=dy for K0

s is everywhere
consistent within errors with the average of Kþ and K−. It

was found previously that dv1=dy for πþ and π− is likewise
close over these energies and is always negative. Third, the
slope for Λ̄ is negative throughout and is consistent within
errors with p̄ [7]. Fourth, at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 14.5 GeV and above,
the ϕ slope has much larger magnitude than other
mesons (pions and kaons) and is close to p̄ and Λ̄. At
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FIG. 1. Directed flow as a function of rapidity for the six indicated particle species in 10–40% central Auþ Au collisions atffiffiffiffiffiffiffiffi
sNN

p ¼ 7.7–200 GeV. The error bars include statistical uncertainties only; systematic errors are presented in Fig. 2. The two upper
panel rows use the same v1 scale with the exception of Λ̄ at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 7.7 GeV, where v1 magnitudes are exceptionally large and require
the measurements to be divided by 5. Examples of linear fits to v1ðyÞ are shown in the case of Λ and ϕ.
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FIG. 2. Directed flow slope (dv1=dy) versus beam energy for
intermediate-centrality (10–40%) Auþ Au collisions. Panel
(a) presents heavy species Λ, Λ̄, protons, antiprotons, and ϕ,
while panel (b) presentsK#,K0

s , and π#. Note that dv1=dy for Λ̄ atffiffiffiffiffiffiffiffi
sNN

p ¼ 7.7 GeV is −0.128# 0.022ðstatÞ # 0.026ðsysÞ, which
is far below the bottom of the plotted scale. The ϕ-meson result atffiffiffiffiffiffiffiffi
sNN

p ¼ 62.4 GeVhas a large uncertainty and is not plotted. Panel
(c) presents net protons, net Λ’s, and net kaons. The bars are
statistical errors, while the caps are systematic uncertainties. Data
points are staggered horizontally to improve visibility.

PHYSICAL REVIEW LETTERS 120, 062301 (2018)

062301-4

STAR, PRL 120, (2018) 062301
Did we find  
the energy 
with the 
softest EOS?



David Tlusty CIPANP 2018

RHIC COHERENT ELECTRON COOLING UPGRADE

➤ in Modulator - each ion induces a density modulation in n electron beam ⇒ 
electron beam carries information about individual hadrons imprinted in density 
distortions  

➤ in free-electron laser (FEL) - the induced density modulation is amplified  
➤ in Kicker - both beams co-propagate again and the longitudinal electric field inside 

the electron beam affects the ions’ energy ⇒ an ion with higher energy arrives 
ahead of its respective clump of high density and is pulled back and vice versa 

➤ current status of the equipment [I. Pinayev et al.,  JACoW COOL2017 WEM22 (2018) ]    
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for both resting and moving hadrons. Direct computer
simulations support this result [13]. For a given length of
a modulator, lm, the phase advance ’1 ¼ ð!plmÞ=ð!ovÞ is
inversely proportional to the beam’s energy; in a very high-
energy collider (like LHC) an additional buncher may be
required to complete the cloud’s formation (see [3]).

The electron beam emerging from the modulator carries
information about individual hadrons imprinted in
pancake-type density distortions with a total induced
charge of about that of the hadron (per pancake). In the
lab frame, the beam’s transverse dimensions remain the
same as in the CM frame, while its longitudinal size
contracts by the Lorentz factor, !o $ 1, making the pan-
cakes very thin.

Following the modulator, the electrons pass through a
wiggler—a high-gain FEL—wherein the induced density
modulation is amplified so that it becomes a packet of
alternating high- and low-density ‘‘pancakes’’. The period
of this modulation is that of the FEL wavelength:

" ¼ "wð1þ h ~a2wiÞ=2!2
o (3)

where "w is the wiggler’s period, and ~aw ¼ e ~Aw=mc2 is the
dimensionless vector potential of the wiggler. If the pan-
cakes are significantly shorter than the FEL wavelength
(i.e., RDz

=!o & "), they will be amplified similar to the

shot noise (# functions in z direction), viz., the case well
known in the basic theory of FELs [14]. We are exploring
the exact FEL response (i.e., its Green function) using 3D
FEL codes [3]. Here, we focus on the most important
longitudinal part of the FEL response, a wave packet
modulated with the wavelength ":

Gð$Þ ¼ GoRe½Kð$Þeik$ (; $ ¼ z) vt; k ¼ 2%

"
;

(4)

where Go is the maximum FEL gain, and Kð$Þ is a com-
plex normalized envelope of the gain function (4) with
jKjmax ¼ 1. We denote the location of the jKð$Þjmaximum
as $peak. Figure 2 shows an example of the gain envelope.
The origin, $ ¼ 0, corresponds to the location of the initial
distortion. Each hadron induces an FEL-amplified wave-
packet of longitudinal density modulation in the electron
beam:

&ð$Þ ffi kqð’1ÞGð$Þ + kGoqRe½Kð$Þeik$ (:

The modulation results in the longitudinal electric field

E ð$Þ ffi XEoIm½Kð$Þeik$ (; Eo ¼ 4%Goe=S; (5)

where S is the beam’s transverse area, and X ¼ q=e ffi
Zð1) cos’1Þ , Z. For a round electron beam, which is
of interest here, S can be expressed via the optical '
function of the lattice and, "?n, the normalized transverse
emittance of the electron beam: S ¼ 2%'"?n=!o, yielding
Eo ¼ 2Goe!o='"?n. We note that the shot noise of the
electron beam also is amplified in the FEL and each
electron will generate a wave packet given by Eq. (5)
with X ¼ 1. For a FEL operating in a linear regime, which
can be achieved by properly selecting the length and gain
of the FEL [15], the density modulation in the electron
beam and the resulting electric field is a direct linear
superposition of the wave packets induced by all hadrons
and electrons:

E totalð$Þ ¼ EoIm
!
X

X

i;hadrons

Kð$ ) $iÞeikð$)$iÞ

)
X

j;electrons

Kð$ ) $jÞeikð$)$jÞ
"
:

In the kicker, both beams copropagate again, and the
longitudinal electric field inside the electron beam affects
the hadrons’ energy. The kick of the hadron’s energy is [3]

!Eh;i ¼ lkZeEtotalð$i þ !$iÞfð’2Þ; (6)

π

λ

FIG. 2 (color). The amplitude (blue line) and the phase (red
line, in the units of %) of the FEL gain envelope after 7.5 gain
lengths (300 period). Total slippage in the FEL is 300", " ¼
0:5 (m. A clip shows the central part of the full gain function for
the range of $ ¼ f50"; 60"g.
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Dispersion section
(for hadrons)

Electrons
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FIG. 1 (color). A general schematic of
the Coherent Electron Cooler (CEC)
comprising three sections: A modulator;
a FEL plus a dispersion section; and, a
kicker. The FEL wavelength, ", in the
figure is grossly exaggerated for visibil-
ity.
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SIMULATION OF LUMINOSITY WITH ELECTRON COOLING FOR COLLISIONS AT √SNN=7.7 G𝐞V

20 
A. Fedotov, RHIC/AGS Users Meeting, 06/13/12 

6 
Simulation of luminosity with electron cooling at  
beam energy of 3.85 GeV/n (√ sNN =7.7 GeV). 

factor 3 (in average Luminosity) 
x 1.5 (duty factor between stores, 
assumes 6 minutes between fills)=4.5 

with cooling  (assumes no losses) 

no cooling 

Cooling of bunches with nominal length (1-2 m rms) 
(counteracting IBS only and longer stores) 

A. Fedotov, RHIC/AGS Users Meeting (2012)
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TOF PID limits by approximately 300 MeV/c for pro-
tons and 200 MeV/c for pions.

For mid-rapidity tracks with a flight path of 2.2 m,
⇡/K and (⇡ + K)/p separations are achieved for
p < 1.6 GeV/c and 2.6 GeV/c, respectively. These sep-
aration cuts scale with an increase in track length. The
longest flight path for the barrel TOF are the ⌘ = 0.96
tracks, which have a path of 3.3 m. The eTOF is set back
from the TPC end-cap at a distance of 2.8 m from the
interaction point. The longest flight paths for the eTOF
are those at ⌘ of 1.05, which have paths of 3.6 m. The
shortest paths (3.0 m) are for the tracks at ⌘ = 1.7. The
combined e↵ects of timing, spatial, and momentum res-
olution are studied as a function of ⌘ and the TOF PID
limits are shown as functions of y and p

T

in Figs. 2, 3,
and 4.

TABLE II. The flight path, radius of last TPC hit, momentum
resolutions, and TOF PID limits for pions and protons at
selected ⌘.

⌘ flight path rlast hit �p/p(⇡) ⇡/K �p/p(pro) (⇡ +K)/p
(cm) (cm) (%) (GeV/c) (%) (GeV/c)

0.0 220 200 1.6 1.7 2.8 2.6
0.5 248 200 1.6 1.6 2.7 2.4
0.96 329 163 1.6 1.3 2.6 2.1
1.05 358 160 1.6 1.3 2.5 2.1
1.2 336 133 1.7 1.1 2.8 1.8
1.3 325 118 1.8 1.0 2.9 1.6
1.4 316 105 2.0 0.9 3.1 1.4
1.5 309 94 2.2 0.8 3.4 1.3
1.6 303 84 2.4 0.75 3.7 1.2
1.7 299 76 2.7 0.7 4.1 1.1

FIG. 2. The p

T

� y acceptance map for protons showing the
limits due to tracking coverage and PID.

It is also relevant to consider the acceptance and PID
limitations for electrons. As all measured electrons are

FIG. 3. The p

T

� y acceptance map for kaons showing the
limits due to tracking coverage and PID.

FIG. 4. The p

T

� y acceptance map for pions showing the
limits due to tracking coverage and PID.

highly relativistic, pseudorapidity and rapidity are es-
sentially the same. The low-p

T

limit for electrons is set
by the radius of curvature limits: 50 MeV/c tracking,
150 MeV/c to reach the barrel TOF, and ⌘-dependent
limits for the eTOF. Electrons can be identified by TOF
until they merge with the pions at 500 MeV/c. For
much of this same p

T

range, the relativistic electrons also
can be identified by dE/dx between the pion and kaon
bands which are falling in the 1/� region of dE/dx-space.
There is then a range of momenta from 0.5 to 1.1 GeV/c
for which electrons cannot be cleanly identified by ei-
ther TOF or dE/dx alone. In this region, the electrons

pions
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1.7 299 76 2.7 0.7 4.1 1.1

FIG. 2. The p

T

� y acceptance map for protons showing the
limits due to tracking coverage and PID.

It is also relevant to consider the acceptance and PID
limitations for electrons. As all measured electrons are

FIG. 3. The p

T

� y acceptance map for kaons showing the
limits due to tracking coverage and PID.

FIG. 4. The p

T

� y acceptance map for pions showing the
limits due to tracking coverage and PID.

highly relativistic, pseudorapidity and rapidity are es-
sentially the same. The low-p

T

limit for electrons is set
by the radius of curvature limits: 50 MeV/c tracking,
150 MeV/c to reach the barrel TOF, and ⌘-dependent
limits for the eTOF. Electrons can be identified by TOF
until they merge with the pions at 500 MeV/c. For
much of this same p

T

range, the relativistic electrons also
can be identified by dE/dx between the pion and kaon
bands which are falling in the 1/� region of dE/dx-space.
There is then a range of momenta from 0.5 to 1.1 GeV/c
for which electrons cannot be cleanly identified by ei-
ther TOF or dE/dx alone. In this region, the electrons

protons

6

are merged with the pions in TOF-space and with either
kaons or protons in dE/dx-space. By using information
from both systems, it is still possible to cleanly iden-
tify electrons. Finally, for momenta above 1.1 GeV/c,
the relativistic electrons can be cleanly identified using
dE/dx up to 1.7 GeV/c when the pions approach their
relativistic plateau. These acceptance regions are shown
in Fig. 5.

FIG. 5. The p

T

�y acceptance map for electrons showing the
limits due to tracking coverage and PID.

All the acceptance windows shown in Figs. 2, 3, 4,
and 5 were generated assuming that the collision was
at z = 0, in the center of the detector. However, for
inclusive studies, the acceptance windows in rapidity can
be a↵ected by intentionally selecting events with a vertex
o↵set as large as one meter because the longer bunches
envisioned for BES-II will provide a broad interaction
diamond. For o↵sets of z = 1 m, the barrel TOF will
extend from ⌘ = -0.4 to 1.2 while the eTOF will cover
from ⌘ = 1.3 to 2.0. Selecting events with o↵set vertices
will allow the 0.1 unit ⌘ gap between the barrel and end-
cap TOF systems to be covered.

B. Rapidity Dependence of p

T

Spectra

At the top RHIC energies and at the LHC, there is
a region of boost invariance at mid-rapidity. However,
lower collision energies are characterized by incomplete
transparency and partial stopping. This is most readily
observed by comparing the rapidity density distributions
of protons to those of anti-protons. Sample distributions
are shown in Fig. 6 [12]. The anti-proton yield, which is
entirely comprised of produced quarks, can be well de-
scribed by a Gaussian at mid-rapidity. The proton yield
is much flatter in y and clearly the distribution is not a
thermalized Gaussian. The anti-proton to proton ratio,

FIG. 6. The dN/dy values for protons from 17.3 GeV Pb+Pb
data (circles) are shown [12]. The closed symbols are within
the coverage of the current configuration of STAR. The open
symbols show the extension of coverage which is enabled by
the iTPC and eTOF upgrades.

which is the best indicator of the baryon chemical poten-
tial, changes dramatically as a function of rapidity. For
the data shown in Fig. 6, the change in the anti-proton
to proton ratio would suggest a change in µ

B

of 50 MeV
from y = 0 to y = 1.2. (Note the magnitude of the
change depends on the collision energy). This change
in the ratios also highlights why statistical equilibrium
models extract quite di↵erent T and µ

B

values when us-
ing mid-rapidity versus full acceptance (4⇡) yield data.
The figure highlights why this added rapidity coverage
with eTOF PID is so important for the BES-II program.
As the µ

B

of the system is a function of the degree of
stopping at a given energy and centrality, it is important
that this stopping be measured as directly as possible.
Extended rapidity coverage allows for the study of bulk
properties as a function of rapidity. The collision energy
step size of the BES-II program was selected in order to
measure µ

B

steps of about 50-60 MeV. This is roughly
the same change in µ

B

expected when shifting from y = 0
to y = 1.2. We should expect to see similar changes in
bulk properties when shifting from one BES energy to
the next as when shifting from mid to forward rapidity.
For y > 1.0, the eTOF is required for PID, as seen in
Figs. 2, 3, and 4.

Strange baryons and mesons allow one to carefully
tease out the stopping of the quarks from the participant
nucleons. The ⇤, with one u and one d quark, should
show two thirds of the stopping e↵ects of the proton,
while the ⌅�, with only a single d quark, should show ef-
fects at the one-third level. The K

+ carries an u quark,
and should show a rapidity density that is broadened due
to partial stopping, while the K

� carries a d̄ and should

electrons
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➤ significant extension of PID 
beyond rapidity = 1 

➤ very important for fixed-target 
regime


