
STRANGENESS AT 
INTERMEDIATE BARYON 

DENSITY
David Tlusty (Rice University)



David Tlusty Strangeness in Quark Matter 2017

OUTLINE

➤ main goals of beam energy scans 
➤ importance of strangeness  
➤ QCD phase diagram 
➤ NA61 and STAR experiment 
➤ selected experimental results  
➤ future beam energy scans 
➤ summary

2



David Tlusty Strangeness in Quark Matter 2017

EXPLORING THE QCD PHASE DIAGRAM

➤ main goals of beam energy scans [H. Petersen, QM2017] 
➤ what is the temperature and the density? 
➤ what are relevant degrees of freedom? 
➤ what type of phase transition and existence of critical point? 
➤ what are the transport properties? 
➤ chance to learn about QCD thermodynamics not (yet) accessible by 

lattice techniques  

➤ turn off QGP signals 
➤ chiral symmetry restoration
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WHY IS STRANGENESS SO IMPORTANT?
➤ in QGP, strangeness can be easily produced as ss pairs in 

gg or qq fusion 
➤ min Q≈200 MeV (while                                                                            

reaction n+n → n+Λ+K                                                                                    
needs at least 670 MeV)  

➤ reactions fast enough to                                                                        
produce enough strange                                                                                                 
quarks to produce (Ξ, Ω)                                                                                  
through coalescence                                                                                                                                         

➤ nearly 20% of all energy content of QGP is transferred to 
the production of strangeness when chemical equilibrium 
is reached [Rafelski, APP B 43 829 (2012)]
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THEORETICAL CONSIDERATIONS
• production of strangeness in gluon fusion GG → ss̄

strangeness linked to gluons from QGP;
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• coincidence of scales:
ms ≃ Tc→ τs ≃ τQGP→

strangeness a clock for reaction
• Often s̄ > q̄→

strange antibaryon enhancement and
at RHIC also (anti)hyperon dominance of (anti)baryons.
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QCD PHASE DIAGRAM

➤ the region of intermediate baryon density covers the 
largest μB range including possible critical point
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Critical fluctuations in BES-II
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➤ accessible 
through 
experiments at 
LHC, RHIC, 
SPS, FAIR
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SPS AND RHIC BEAM ENERGY SCANS - EXPLORE INTERMEDIATE 𝝁B

6

Two-dimensional scan of NA61/SHINE at CERN

scan in temperature and baryon density æ scan in collision energy and system size,
motivated by SPS results on onset of deconfinement
extension of the NA49 measurements, runs in parallel to RHIC BES

image from QM2017 FB page
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SPS AND RHIC BEAM ENERGY SCANS - EXPLORE INTERMEDIATE 𝝁B
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Two-dimensional scan of NA61/SHINE at CERN

scan in temperature and baryon density æ scan in collision energy and system size,
motivated by SPS results on onset of deconfinement
extension of the NA49 measurements, runs in parallel to RHIC BES
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NA61 AND STAR EXPERIMENTS
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fixed target 

coverage of the full forward hemisphere

SPS: NA61/SHINE

[M. Unger, EPJWC 52, 01009 (2013)]
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NA61 AND STAR EXPERIMENTS
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fixed target 

coverage of the full forward hemisphere

collider experiment with 
fixed target option 

full azimuthal coverage

SPS: NA61/SHINE

[M. Unger, EPJWC 52, 01009 (2013)]

RHIC: STAR

The Solenoid Tracker At RHIC!

"  HFT (2014-2016): measure 
track points 
•  Inner pixel layers (MAPS): high 

resolution; low material budget 

"  TPC: measure momentum and 
energy loss 

"  TOF: measure particles’ flight 
time to enhance PID at low pT 

"  BEMC: trigger on and identify 
high-pT electrons 

"  MTD (2013-present): trigger 
on and identify muons 
•  |η| < 0.5, φ ~ 45% 
•  Less bremsstrahlung 
 

03/31/2017 Rongrong Ma (BNL), Moriond 

Muon%Telescope%%
Detector%

Time%Of%Flight%

•  Large acceptance: |η| < 1, 0 < φ < 2π 

Barrel%ElectroMagne9c%%
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Chamber%

Heavy%Flavor%Tracker%
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TEMPERATURE OF CHEMICAL FREEZE-OUT AND BARYON DENSITY

8

24

 (MeV)
B
µ

100 200 300 400

 (M
eV

)
chT

120

130

140

150

160

170

180

00-05%
30-40%
60-80%

Cleymans et al.
Andronic et al.

7.711.519.6273962.4200 GeV

Au+Au Collisions

Grand Canonical Ensemble (Yield Fit)

 (MeV)
B
µ

100 200 300 400

 (M
eV

)
chT

120

130

140

150

160

170

180

00-05%
30-40%
60-80%

Cleymans et al.
Andronic et al.

7.711.519.6273962.4200 GeV

Au+Au Collisions

Strangeness Canonical Ensemble (Yield Fit)

FIG. 33: Extracted chemical freeze-out temperature versus
baryon chemical potential for GCE (top panel) and SCE (bot-
tom panel) cases using particle yields as input for fitting.
Curves represent two model predictions [79, 80]. Uncertain-
ties represent systematic errors.

rameters (Tch, µB , and γS) between GCE and SCE re-
sults obtained using the particle ratio fit plotted versus
⟨Npart⟩. Similarly, Fig. 32 shows the ratio of chemical
freeze-out parameters (Tch, µB, γS , and R) between GCE
and SCE results obtained using particle yields fit plotted
versus ⟨Npart⟩. We observe that the results are consis-
tent within uncertainties for GCE and SCE using both
the ratio and yield fits, except for γS in the most periph-
eral collision in case of yields fit.
Figure 33 shows the variation of chemical freeze-out

temperature with baryon chemical potential at various
energies and for three centralities 0–5%, 30–40% and 60–
80%. For 62.4 GeV, the three centralities shown are
0–5%, 20–40% and 60–80%. The results are shown for
both GCE (top panel) and SCE (bottom panel) cases
obtained using particle yields fit. The curves represent
two model predictions [79, 80]. In general, the behavior

is the same for the two cases, i.e. a centrality depen-
dence of baryon chemical potential is observed which is
significant at lower energies.
Next, we test the robustness of our results by com-

paring to results obtained with different constraints and
using more particles in the fit.

1. Choice on Constraints

The results presented here are obtained assuming µQ =
0. However, we have checked the results by constraining
µQ to the initial baryon-to-charge ratio for Au+Au colli-
sions, i.e. B/2Q=1.25. We have also checked the results
by applying both constraints, i.e. µQ constrained to 1.25
as well as µS constrained to initial strangeness density,
i.e. 0. Figure 34 shows the extracted chemical freeze-out
temperature (upper panels) and baryon chemical poten-
tial (lower panels) in Au+Au collisions at

√
sNN =7.7,

19.6, and 39 GeV for GCE using particle yields as in-
put to the fit, for the three conditions mentioned above.
It is observed that these three different conditions have
negligible effect (< 1%) on the final extracted Tch and
µB. The extracted parameters are similar for these dif-
ferent cases. Similarly, µS , the radius parameter, γS , and
χ2/NDF (plots not shown here), all show similar results
for the three cases discussed above. The same exercise
was repeated for the SCE case and the conclusion remains
the same.

2. Choice on Including More Particles

For the default results discussed above, the particles
included in the THERMUS fit are: π, K, p, p̄, Λ, and
Ξ. It is interesting to compare the freeze-out parameters
extracted using different particles sets in the thermal fit.
Figure 35 shows the comparison of extracted freeze-out
parameters in Au+Au collisions at

√
sNN = 39 GeV for

GCE using yields as input to the fit. Results are com-
pared for four different sets of particle yields used as in-
put for fitting. When only π, K and p yields are used in
fit, the temperature obtained is lower compared to other
sets that include strange hadron yields. Also, γS is less
than unity, even for central collisions. It can be seen that
for all other cases, the results are similar within uncer-
tainties. However, the χ2/NDF increases with increasing
number of particles used for fitting.

B. Kinetic Freeze-out

The kinetic freeze-out parameters are obtained by fit-
ting the spectra with a blast wave model. The model
assumes that the particles are locally thermalized at a
kinetic freeze-out temperature and are moving with a
common transverse collective flow velocity [43, 51]. As-
suming a radially boosted thermal source, with a kinetic

STAR,arXiv:1701.07065v1

Phys. Rev. C 73, 
034905 (2006) 

Nucl. Phys. A 
834, 237c 
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TEMPERATURE OF CHEMICAL FREEZE-OUT AND BARYON DENSITY

➤ particles included in the THERMUS model fit were π, K, p, p ,̄ Λ, and Ξ                  
[Wheaton et al., CPC180, 84 (2009)]  

➤ Tch appears to be lower when strange particles were excluded from the fit  
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FIG. 33: Extracted chemical freeze-out temperature versus
baryon chemical potential for GCE (top panel) and SCE (bot-
tom panel) cases using particle yields as input for fitting.
Curves represent two model predictions [79, 80]. Uncertain-
ties represent systematic errors.
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and SCE results obtained using particle yields fit plotted
versus ⟨Npart⟩. We observe that the results are consis-
tent within uncertainties for GCE and SCE using both
the ratio and yield fits, except for γS in the most periph-
eral collision in case of yields fit.
Figure 33 shows the variation of chemical freeze-out
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energies and for three centralities 0–5%, 30–40% and 60–
80%. For 62.4 GeV, the three centralities shown are
0–5%, 20–40% and 60–80%. The results are shown for
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Next, we test the robustness of our results by com-

paring to results obtained with different constraints and
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The results presented here are obtained assuming µQ =
0. However, we have checked the results by constraining
µQ to the initial baryon-to-charge ratio for Au+Au colli-
sions, i.e. B/2Q=1.25. We have also checked the results
by applying both constraints, i.e. µQ constrained to 1.25
as well as µS constrained to initial strangeness density,
i.e. 0. Figure 34 shows the extracted chemical freeze-out
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19.6, and 39 GeV for GCE using particle yields as in-
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χ2/NDF (plots not shown here), all show similar results
for the three cases discussed above. The same exercise
was repeated for the SCE case and the conclusion remains
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included in the THERMUS fit are: π, K, p, p̄, Λ, and
Ξ. It is interesting to compare the freeze-out parameters
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pared for four different sets of particle yields used as in-
put for fitting. When only π, K and p yields are used in
fit, the temperature obtained is lower compared to other
sets that include strange hadron yields. Also, γS is less
than unity, even for central collisions. It can be seen that
for all other cases, the results are similar within uncer-
tainties. However, the χ2/NDF increases with increasing
number of particles used for fitting.
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DO STRANGE QUARKS REALLY FREEZE-OUT AT HIGHER T?  
➤ Lattice QCD calculation predicts Tch~160 MeV for strange quarks 

and Tch~145 MeV for light quarks at μB = 0 [Bellwied et al., PRL 111 202302 (2013)] 

➤ thermal model fits to particle ratios from ALICE show Tch(s-quark) 
= 164 MeV and Tch(u,d - quark) = 148 MeV [Andronic et al., PLB673, 142 (2009) ] 

➤ could we do the same Lattice QCD calculation at μB ~ 100 MeV? 
9

4

multi-strange hadrons is enhanced in a com-
bination with higher @

@µs
derivatives, like �

s
2

or w, whereas v1 and v2 signal the liberated
strangeness from all strange hadrons equally.

For the sake of defining observables which
can, in principle, be measured in experiments,
we focus on more basic susceptibility combina-
tions. The most attractive quantity to the pur-
pose is �f

4/�
f
2 , since the ratio does not depend

on the volume. Similar ratios have been pro-
posed to determine the chemical freeze-out tem-
perature independent of any statistical model
assumptions [18–20]. Its non-monotic behavior
as a function of the temperature has also been
suggested as an indicator for the deconfinement
transition [21]. Fig. 3 shows the T -dependence
of �4/�2 for light and strange quarks. For
the light quark susceptibilities (thus for observ-
ables related to net up+down quark numbers)
the pion contribution, which is notoriously dif-
ficult to calculate on the lattice, is absent by
definition. The figure shows two characteris-
tic features: a) each lattice calculation exhibits
a kink (or peak) at a particular temperature
and b) this kink coincides with the tempera-
ture at which the lattice curve starts to devi-
ate from the HRG predictions. Interestingly
enough, the separation between the kinks of the
two flavors corresponds to the previously men-
tioned ⇡15 MeV. In a scenario, in which the
highest temperature where the HRG and lattice
QCD agree is indicating a “deconfinement” or
“liberation” temperature for a particular flavor
Fig. 3 further supports the flavor separation of
the characteristic temperatures.

The presented lattice results show that these
quantities, if measured with high accuracy, are
good thermometers. The challenge is to unam-
biguously demonstrate such a flavor hierarchy
experimentally. The e↵ect could manifest it-
self to first order in the multiplicity distribution
of identified particles. In case strange hadrons
form at a higher temperature than their light
quark counterparts, their abundance will be en-
hanced relative to a common low temperature
freeze-out scenario. Therefore, the comparison
of measured yields to a statistical hadronization
model enables one to determine chemical freeze-
out temperatures (Tch) in a flavor-separated
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FIG. 3. The T -dependence of the �4/�2 ratio for
light and strange quarks in the continuum limit.
The lattice data are compared to HRG calculations.

way. First results from ALICE indicate that the
Tch of strange hadrons is about 16 MeV higher
than that of light hadrons (164 vs 148 MeV)
[7, 8]. As in the case of the lattice parameters,
this sensitivity to the freeze-out temperature,
extracted from a statistical hadronization fit, is
most pronounced for the multi-strange baryons.
These temperature fits are model-dependent,
though, and a direct comparison to the tem-
peratures extracted from quark susceptibilities
in lattice QCD likely requires corrections. For
example, it was suggested that final state in-
teractions between hadrons might modify the
baryon yields [22, 23].

A more precise verification, less prone to al-
ternate explanations, can be obtained by us-
ing a higher order moment analysis of parti-
cle identified yields, since those moments can
be directly related to the higher order suscep-
tibilities on the lattice [18]. In particular, the
product of kurtosis and the square of the vari-
ance of the net multiplicity distributions cor-
responds to the susceptibility ratio shown in
Fig. 3. Even for this analysis, though, the
caveat is the exact relation between the quark-
based observable and the hadron-based mea-
surement. Specifically, one needs to determine
how many hadron species have to be measured
in order to fully capture the transition behav-
ior of the respective quark flavor. Preliminary
studies show that taking into account only the
dominant mesonic states is not su�cient. Bary-
onic states require significant acceptance and
e�ciency corrections, though, even under the
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flow v2 to the same model [13]. A new calculation has been performed us-
ing a hybrid model which adds a hadronic rescattering and freeze-out stage
to the viscous dynamics [14]. These new predictions [15] are compared to
the data in Figure 4 (bottom) and the agreement with the proton shape
is better than in a pure hydrodynamic picture. This suggests that extra
flow builds up in the hadronic phase. The difference in the proton yield
can be ascribed to the fact that the model derives yields from a thermal
model with Tch = 165 MeV. It is worth to mention that this model also
reproduces the shape of elliptic flow of identified particles as reported at
this conference [16].

Antiparticle/particle integrated production ratios are observed to be
consistent with unity for all particle species in all centralities suggesting
that the baryo-chemical potential µB is close to zero as expected at LHC
energies. Figure 5 (left) compares ALICE results with RHIC data in Au–Au
collisions at

√
sNN = 0.2 TeV [9] for the 0-5% most central collisions. The

pT -integrated K−/π− and p̄/π− ratios and the production of multi-strange
baryons in Pb–Pb collisions were also reported at this conference (see [17]
and [18], respectively). The K−/π− production nicely follows the trend
measured at RHIC. The p̄/π− production ratio (∼ 0.05) is significantly
lower that the value expected from statistical model predictions (∼ 0.07-
0.09) with a chemical freeze-out temperature of Tch = 160 − 170 MeV at
the LHC [10]. The measured yields of several particles normalized to the
pion yield in 0-5% central collisions are compared to thermal model predic-
tions in Figure 5 (right). With a temperature of Tch = 164 MeV predicted
by Andronic et al. [10] the model reproduces both kaon and multi-strange
baryon production but overestimates the protons. The same model can be
tuned to reproduce proton yields with an ad-hoc Tch = 148 MeV, though

R. Preghenella, APP B43 555 (2012)
[Bellwied et. al., PRL 111 202302 (2013)]
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CUMULANT RATIOS OF NET-PROTON(KAON,CHARGE) MULTIPLICITY  

➤ non-monotonic energy dependence of net-proton κσ2 and net-kaon Sσ 
➤ need more statistics 

➤ no critical physics implemented in UrQMD  
10

8

0.6

0.8

1

(0.4,0.8),STAR  ∈
T

p
(0.4,2),STAR     ∈

T
p

(0.4,0.8),UrQMD∈
T

p
(0.4,2),UrQMD  ∈

T
p

Net-proton(a)

y<|0.5|

0

1

2
Net-kaon

<1.6(GeV/c), |y|<0.5
T

0.2<p

(b)

5 67 10 20 30 100 200

0

10

|<0.5η< 2(GeV/c), |
T

0.2<p

Net-charge STAR
UrQMD
Poisson

(c)

 (GeV)NNS

/S
ke

lla
m

σS

0

2

4 Net-proton (0.4,0.8),STAR  ∈
T

p
(0.4,2),STAR     ∈

T
p

(0.4,0.8),UrQMD∈
T

p
(0.4,2),UrQMD  ∈

T
p

|y|<0.5
(a)

2−

0

2
Net-kaon

<1.6(GeV/c), |y|<0.5
T

0.2<p

(b)

5 67 10 20 30 100 200

20−

10−

0

10

|<0.5η< 2(GeV/c), |
T

0.2<p

Net-charge

STAR
UrQMD
Poisson

(c)

 (GeV)NNS

2
σ
κ

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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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.

STAR, PRC 94, 024901 (2016) STAR, PRC 94, 024901 (2016)
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STRANGENESS ENHANCEMENT MEASUREMENTS 
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STRANGENESS ENHANCEMENT MEASUREMENTS 

➤ hierarchy of enhancement with strangeness 
➤ enhancement for baryons higher at SPS than at RHIC 
➤ statistical models - strong reduction of the available phase 

space for strange particle
11

S S

Figure 10: The enhancement factor ES for midrapidity yields measured in central Pb+Pb (Au+Au)
collisions at

√
s
NN

= 17.3 GeV (200 GeV) versus the number of strange valence quarks for mesons
(left) and baryons (right) [118]. Shown are data by the NA49 collaboration (filled circles) [58, 59, 125,
147, 148, 149], by the NA57 collaboration (open circles) [112], and by the STAR collaboration (filled
stars) [119, 122, 150]. NA49 and STAR use p+p collisions as baseline, while in the case of NA57 ES is
calculated relative to p+Be collisions.

into this direction have been done for heavy ion collisions [131, 153], there is still a lack of reference
data from p+p or p+A collisions at the same energies. Threshold effects play an important role at
very low energies and complicate any interpretation. Nevertheless, it is interesting to observe that Ξ−

measurements at very low energies are close (Au+Au at 6A GeV, E895 collaboration [131]), or even
above (Ar+KCl at 1.76A GeV, HADES collaboration [153]), the expectation for an equilibrated hadron
gas [82, 154].

At higher energies, a clear trend in the energy dependence of strangeness enhancement emerges.
The comparison of the hyperon enhancement factors measured at top SPS energy (

√
s
NN

= 17.3 GeV)
and top RHIC energy (

√
s
NN
= 200 GeV) shows that the enhancement for baryons is actually higher

at SPS. As shown in the right panel of Fig. 10, the enhancement factor ES (Eq. (6)) is larger for Ξ−

and Ω− at
√
s
NN

= 17.3 GeV than at
√
s
NN

= 200 GeV. However, for Λ and mesons (K+, K−, φ) the
enhancement is essentially the same at both energies (left panel of Fig. 10). Preliminary data by the
NA57 collaboration indicate that in central Pb+Pb collisions at

√
s
NN

= 8.7 GeV the Ξ− enhancement
is again larger as compared to p+Be collisions than at

√
s
NN

= 17.3 GeV [155]. The main reason for
this behavior is that the strangeness production in p+p (p+Be) collisions is rising faster with energy
than in nucleus-nucleus reactions. For instance, the Ξ̄+/π+ ratio changes by a factor of ∼ 3.8 in p+p
and of only ∼ 2.9 in central A+A between

√
s
NN

= 17.3 GeV and 200 GeV [58, 120, 122, 133, 147, 156].
This is even more pronounced for the Ξ−/π− ratio, since for central nucleus-nucleus collisions this ratio
is decreasing between the two energies by roughly 20% (see Fig. 14), while at the same time it is rising
in p+p collisions by 25%. In the context of statistical models the suppression of strangeness production
is understood as a consequence of the small available volume, requiring a canonical ensemble, which
results in a strong reduction of the available phase space for strange particles. Along with the center-
of-mass energy the overall multiplicity in p+p reaction increases, and thus the effective volume, with
the result of a less effective phase space suppression. Proton-proton collisions therefore slowly approach
the chemical equilibrium values for large systems (which then can be described by a grand-canonical

19

[Blume,Markert, PPNP 66, 834 (2011)] 
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PARTICLE RATIOS AS A FUNCTION OF SYSTEM SIZE FROM STAR

12

16
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FIG. 20: Variation of K−/π−, K+/π+, p̄/π−, and p/π+ ratios as a function of ⟨Npart⟩ at midrapidity (|y| < 0.1) in Au+Au
collisions at all BES energies. Also shown for comparison are the corresponding results in Au+Au collisions at

√
sNN = 62.4

and 200 GeV [11–14, 43]. Errors shown are the quadrature sum of statistical and systematic uncertainties where the latter
dominates.

also shown. The π−/π+ ratio is close to unity for most of
the energies. However, a slight energy dependence is ob-
served for lower energies. The lowest energy of 7.7 GeV
has a larger π−/π+ ratio than those at the other energies
due to isospin and significant contributions from reso-
nance decays (such as ∆ baryons). The K−/K+ ratio in-
creases with increasing energy, and shows very little cen-
trality dependence. The increase in K−/K+ ratio with
energy shows the increasing contribution to kaon produc-
tion due to pair production. However, at lower energies,
associated production dominates. Associated production
refers to reactions such as NN → KYN and πN → KY ,
where N is a nucleon and Y a hyperon. The p̄/p ratio in-
creases with increasing energy. The ratio increases from
central to peripheral collisions. This increase in p̄/p ra-
tio from central to peripheral collisions reflects a higher
baryon density (baryon stopping) at mid-rapidity in cen-
tral collisions compared to peripheral collisions.

Figure 20 shows the centrality dependence of mixed ra-
tios (K−/π−, K+/π+, p̄/π−, and p/π+). These results
are also compared with corresponding results at

√
sNN

= 62.4 and 200 GeV. The K−/π− ratio increases with
increasing energy, and also increases from peripheral to
central collisions. However, the K+/π+ ratio is maximal
at 7.7 GeV and then decreases with increasing energy.

This is due to the associated production dominance at
lower energies as the baryon stopping is large. The cen-
trality dependence of K+/π+ is observed at all energies,
i.e., the ratio increases from peripheral to central colli-
sions. This increase from peripheral to central collisions
is much greater at 7.7 GeV than at the higher BES en-
ergies. This may be due to large baryon stopping at
midrapidity at the lower energy of 7.7 GeV. This baryon
stopping is centrality dependent, i.e. higher in more cen-
tral collisions as also reflected by the p̄/p ratio. The
p̄/π− ratio increases with increasing beam energy and
shows little centrality dependence. The p/π+ ratio de-
creases with increasing energy. As discussed above, this
is a consequence of the higher baryon stopping at lower
energies. The ratio increases from peripheral to central
collisions and becomes almost constant after ⟨Npart⟩ >
100.

C. Energy Dependence of Particle Production

1. Particle yields (dN/dy)

Figure 21 shows the dN/dy of π±, K±, and p/p̄, at
midrapidity normalized by ⟨Npart⟩/2 as a function of

➤ strangeness 
production 
grows with 
the system 
size 
➤ expected 

result

STAR, arXiv:1701.07065v1
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K+/𝜋+ FROM NA61 - 𝐩+𝐩 VS 𝐁𝐞+𝐁𝐞

➤ blue circles vs green diamonds - no enhancement  
➤ is Be+Be too small (Npart ≅ 10) for QGP formation at SPS 

energies?
13

Study of onset of deconfinement: K±/fi± ratio energy dependence

“Horn” structure in Pb+Pb collisions was predicted (SMES) as a signature of onset of deconfinement
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K+/fi+ dependence in p+p rapidly reaches a plateau at SPS energies (onset of deconfinement in p+p?)
Surprisingly the Be+Be points are very close to p+p! (where will be Ar+Sc and Xe+La?)

Antoni Aduszkiewicz (University of Warsaw, CERN) Recent results from NA61/SHINE Quark Matter, February 6–11, 2017 7 / 15

A. Aduszkiewicz, QM2017

Au+Au STAR (prelim.)
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STRANGE BARYON/PION RATIOS IN ENERGY SCANS

➤ Statistical Hadronization Models (SHM) successful in prediction 
➤ maximum net baryon density of GCE~ 8 GeV [Randrup, Cleymans, PRC 74, 047901 

(2006)] 
➤ maximum in the production ratio is expected to shift toward higher energies 

with increasing strangeness content of the baryon
14

Particle ratios

J. Randrup et al., PRC 74, 047901 (2006)

� Particle ratios consistent with NA49, 
consistent with the picture of a maximum 
net-baryon density around √sNN ~ 8 
GeV at freeze-out

� Associate production channels like	� +
� → � + � + �� may be important for 
K+ production, N is nucleon

stat. + sys. error
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ANTI-BARYON TO BARYON RATIOS
➤ primordial density of hadron species i                                                     

[Cleymans et al., PRC 71 054901 (2005)]:  

➤ which implies 

➤ T - temperature 
➤ μB, μS - baryon, strangeness                                                     

chemical potential 
➤ 𝛾S - strangeness saturation factor (for not fully equilibrated 

systems)

15
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ANTI-BARYON TO BARYON RATIOS

16

μB and μs correlation

� Anti-baryon to baryon ratios are 
consistent with statistical thermal 
model

� μs/�� seems to be smaller in 
11.5 - 19.6 GeV than in 39 and 
7.7 GeV

13

STAR preliminary

39 7.7 GeV

[Andronic et. al., Nucl. Phys. A 772, 167 (2006)]
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ANTI-BARYON TO BARYON RATIOS

➤ minimum of μS/μB found for 
19.6, and 11.5 GeV

16
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LATTICE QCD PREDICTION FOR 𝝁S/𝝁B RATIO
➤ LQCD and Hadron Resonance Gas (HRG) model prediction for T at 17.3 GeV and 39 

GeV 
➤ PDG-HRG includes all known strange hadrons while QM-HRG includes, in addition, 

predicted strange hadrons not yet observed 
➤ baryons [Capstick, Isgur, PRD 34 2809 (1986)], mesons [Ebert, et al., PRD 79 114029 (2009)] 

➤ QM-HRG freeze-out temperatures much closer to LQCD than those from PDG-HRG 
➤  indication of more strange baryons at RHIC?

17

value of μS=μB necessary to guarantee strangeness neutral-
ity is achieved at a lower temperature in the QCD and
QM-HRG models than in the PDG-HRG model.
The relative yields of strange anti-baryons (H̄S) to

baryons (HS) at freeze-out are controlled by the freeze-
out parameters (Tf, μfB, μ

f
S),

RH ≡ H̄S

HS
¼ e−2ðμ

f
B=T

fÞð1−ðμfS=μ
f
BÞjSjÞ: ð5Þ

(For simplicity of the argument we will ignore here the
influence of a nonvanishing electric charge chemical
potential. As shown in Fig. 3 a nonzero μQ=T has only
a small influence on μS=μB.) While this relation does not
explicitly depend on the content and spectra of hadrons in a
HRG, the presence of additional strange hadrons implicitly
enters through the strangeness neutrality constraint. As
discussed before, for different HRG models at fixed T and
μB strangeness neutrality leads to different values of μS=μB.
Once μfB=T

f and μfS=μ
f
B are fixed through experimental

yields of strange hadrons, it is obvious from Fig. 3 that a
given value of μfS=μ

f
B is realized at a larger temperature in

the PDG-HRG model than in the QM-HRG model.
Ratios of the freeze-out parameters μfB=T

f and μfS=μ
f
B can

be obtained by fitting the experimentally measured values
of the strange baryon ratios RΛ ¼ Λ̄=Λ, RΞ ¼ Ξþ=Ξ− and
RΩ ¼ Ωþ=Ω− to Eq. (5). Fits of these strange anti-baryon
to baryon yields to Eq. (5) result in ðμfS=μ

f
B; μ

f
B=T

fÞ ¼
ð0.213ð10Þ; 1.213ð30ÞÞ for the NA57 results at

ffiffiffi
s

p
¼

17.3 GeV [27] and (0.254(7),0.697(20)) for the STAR
preliminary results at

ffiffiffi
s

p
¼ 39 GeV [28]. In Fig. 4 we

show comparisons of these (μfS=μ
f
B, μ

f
B=T

f) values with the
lattice QCD, QM-HRG, and PDG-HRG predictions for
μS=μB at μB=T ¼ μfB=T

f. By varying the temperature
ranges, one can match the values of μS=μB to μfS=μ

f
B

and, thus, determine the freeze-out temperatures Tf. As

expected from Fig. 3, the QM-HRG predictions are in good
agreement with lattice QCD results and lead to almost
identical values for Tf. The PDG-HRG-based analysis,
however, results in freeze-out temperatures for strange
baryons that are larger by about 8 (5) MeV for the smaller
(larger) value of Tf.
Conclusions.—By comparing lattice QCD results for

various observables of strangeness fluctuations and corre-
lations with predictions from PDG-HRG and QM-HRG
models, we have provided evidence that additional, exper-
imentally unobserved strange hadrons become thermody-
namically relevant in the vicinity of the QCD crossover.
We have also shown that the thermodynamic relevance of
these additional strange hadrons modifies the yields of the
ground-state strange hadrons in heavy ion collisions. This
leads to significant reductions in the chemical freeze-out
temperature of strange hadrons. Compared to the PDG-
HRG, the QM-HRG model provides a more complete
description of the lattice QCD results on thermodynamics
of strange hadrons at moderate values of the baryon
chemical potential. This suggests that the QM-HRG model
is probably the preferable choice for the determination of
the freeze-out parameters also at greater values of the
baryon chemical potential beyond the validity of the
present lattice QCD calculations.
Finally, we note that the observation regarding the

thermodynamic relevance of additional strange hadrons hints
that an improved HRG model including further, unobserved
light quark hadrons may resolve the current discrepancy
between lattice QCD results for the trace anomaly and the
results obtained within the PDG-HRG model.
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TRANSVERSE MOMENTUM SPECTRA OF KAONS
➤ “step” reproduced by 3+1 Hydro model [Gaździcki et al., BJP 34 322 (2003)] 

➤ assumes 1st order phase transition (modification of EoS [Van Hove, PLB 118 138 (1982)] ) 

➤ but also with UrQMD based [Petersen, et al., J. Phys. G 36 055104 (2009)] 
➤ either 1st order phase transition or EoS effectively softened due to non-

equilibrium effects in the hadronic transport calculation

18

Study of onset of deconfinement: transverse momentum spectra properties

Plateau (“step”) in the inverse slope parameter of mT spectra at the SPS energies observed in Pb+Pb
was predicted (SMES) as a signature of phase transition
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NUCLEAR MODIFICATION FACTOR

➤ how strong are cold 
nuclear matter 
effects?  
➤ NA61 preliminary 

results in p+Pb 
collisions could come 
in about half a year 

➤ d+Au energy scan 
collected by STAR in 
2016 

➤ similar pattern as for 
light hadrons           
[STAR: arXiv:1707.01988]

19

RCP =
[(dN/dpT )/Nbin]central

[(dN/dpT )/Nbin]peripheral

16�Strangeness in Quark Matter, 27 June - 1 July 2016 

Nuclear Modification Factors 
Ø  KS

0 RCP increases with 
decreasing beam energies 
->                                     
the partonic energy loss 
effect less important in 
lower beam energy 

Ø  The cold nuclear matter 
effect (Cronin effect) starts 
to take over at lower 
energies 

Ø  RCP differences of particles 
becomes smaller at √sNN ≤ 
14.5 GeV ->           
indication of different 
properties of the system 
compared higher energies�
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NCQ SCALED Ω/𝝓 RATIO

➤ strange quark coalescence test [Chen, et al., PRC78 034907 (2008)] 

➤ strangeness density seems to start to drop ~ 11.5 GeV

20

RAPID COMMUNICATIONS

PROBING PARTON DYNAMICS OF QCD MATTER WITH . . . PHYSICAL REVIEW C 93, 021903(R) (2016)
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FIG. 4. Centrality dependence of N (!− + !
+

)/[2N (φ)] ratios,
as a function of pT in midrapidity (|y| < 0.5) from Au+Au collisions
at

√
sNN = 11.5, 19.6, 27, and 39 GeV. The boxes denote systematic

errors.

as suggested by model calculations from Hwa and Yang [14]
because of relatively low pT particles involved.

We illustrate qualitatively the change in the underlying
bulk strange quark pT distribution by following the procedure
developed in Ref. [17]. We assume that the ! baryons
are formed from coalescence of three strange quarks of
approximately equal momentum and the φ mesons from two
strange quarks. In the coalescence framework, the ! baryon
production probability is proportional to the local strange
quark density, f 3

s (ps
T ), and the φ meson is proportional to

fs(ps
T )fs(ps

T ), where fs (fs) is the strange (antistrange) quark
pT distribution at hadronization. Assuming that strange quarks
and antistrange quarks have a similar pT distribution, the

NCQ-scaled ratio
N(!−+!

+
)|

p!
T

=3ps
T

2N(φ)|
p
φ
T

=2ps
T

could reflect the strange

quark distribution at hadronization.

Figure 5(a) shows the NCQ-scaled
N(!−+!

+
)|

p!
T

=3ps
T

2N(φ)|
p
φ
T

=2ps
T

ratios

as a function of ps
T = pT /nq at midrapidity (|y| < 0.5) from

central Au+Au collisions at
√

sNN = 11.5–200 GeV as well
as 0–60% collisions at 7.7 GeV. Since the pT bin widths
used for the !−(!

+
) and φ meson spectra do not match, we

use our Levy fit (see Fig. 1) to interpolate the invariant yield

of φ meson at desired pT . The NCQ-scaled
N(!−+!

+
)|

p!
T

=3ps
T

2N(φ)|
p
φ
T

=2ps
T

ratios at all energies can be fit with a Boltzmann distribution

 (GeV/c)q/n
T

 = ps
T

p
0 0.5 1 1.5

)
s T

(p sk

-310

-210

(a) 200  GeV 0-5%
39  GeV 0-10%
27  GeV 0-10%
19.6 GeV 0-10%
11.5  GeV 0-10%
7.7  GeV 0-60%

Fit

 dN/dy of s quark∝A
0.002 0.004 0.006 0.008

Sl
op

e T
 (G

eV
)

0.1

0.2

0.3

0.4
(b)

7.7

11.5 19.6

27

39

200

σ1-

FIG. 5. (a) NCQ-scaled N (!− + !
+

)/[2N (φ)] ratios, ks(ps
T ), as

a function of pT /nq in midrapidity (|y| < 0.5) from Au+Au collisions
at

√
sNN = 7.7–200 GeV. Here nq is the number of constituent quarks

of each hadron. The boxes denote systematic errors. Dashed lines are
Boltzmann fits to data. (b) The fitting parameters A and T , and 1σ

contours (including statistic and systematic errors).

gsAmT

T (ms+T )e
−(mT −ms )/T , where ms is the effective strange quark

mass of 0.46 GeV/c2 from Ref. [15], mT is the transverse

mass (
!

m2
s + p2

T ), and T is the slope parameter of the
exponential function which may be related to the freeze-out
temperature and radial expansion velocity of strange quarks
[28]. Considering different yield ratios of s quark over s quark
with collision energies, that is, fs(ps

T ) = r(
√

sNN )fs(ps
T ),

where r3(
√

sNN ) = dN
dy

(!
+

)/dN
dy

(!−), we include a correction
factor gs = (1 + r3)/r in the Boltzmann distribution function
(based on the coalescence calculation [14]), and then A is
proportional to strange quark rapidity density.

The fitting parameters A and T , and 1σ contours are
shown in Fig. 5(b). Figures 5(a) and 5(b) show that the
derived strange quark distributions vary little in shape as a
function of beam energy from 11.5 to 200 GeV. The amplitude
parameter A at 11.5 GeV, however, seems to be noticeably
smaller than those data of 19.6 GeV or above. Based on
a coalescence model [14], the smaller strange quark local
density at 11.5 GeV is probably responsible for the smaller
N (!− + !

+
)/[2N (φ)] ratios as shown in Fig. 3, where the first

two low pT points at 11.5 GeV are systematically lower than
those at

√
sNN ! 19.6 GeV. At 7.7 GeV, the slope parameter

T is smaller than those data of 19.6 GeV or above, with
a 1.8σ standard deviation from the 19.6 GeV result. We
note that one possible reason for the deviation of T is the
centrality difference since the data at 7.7 GeV are for 0–60%
while those at other energies are for central collisions. In the
framework of the coalescence mechanism, our derived ratio
distribution can be sensitive to both the local density and the pT

distribution of strange quarks. Our data of 19.6 GeV or above
show little beam energy dependence, suggesting strange quark
equilibration may have been approximately achieved in those
central collisions, possibly due to strange quark dynamics
rather than hadronic processes [31]. The variation of the
11.5 GeV data may arise from the strangeness nonequilibration
and the presence of a strangeness phase-space suppression

021903-5

STAR: Phys. Rev. C 93 021903
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ELLIPTICAL FLOW OF IDENTIFIED HADRONS

➤ 𝜙 meson’s NCQ scaling seems to break down at 11.5 and 7.7 GeV 
➤ 𝜙 meson has significantly lower collision cross section in hadron gas 
➤ but the statistics is insufficient - need BES-II

21

ELLIPTIC FLOW OF IDENTIFIED HADRONS IN Au + . . . PHYSICAL REVIEW C 88, 014902 (2013)
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FIG. 19. (Color online) The NCQ-scaled elliptic flow, v2/nq versus (mT − m0)/nq , for 0%–80% central Au + Au collisions for selected
particles (a) and corresponding antiparticles (b). Only statistical error bars are shown. The dashed lines show the results of simultaneous fits
with Eq. (17) to all particles except the pions.

the breakdown of NCQ scaling would be a necessary signature
for a QCD phase transition from partonic to hadronic matter.

Because particles and antiparticles have the same number of
quarks, the NCQ scaling transformation of v2 does not change
their relative separation. This means that the difference in
v2(pT ) for particles and corresponding antiparticles observed
in Sec. VI A constitutes a violation of this NCQ scaling.
Possible physics causes for this difference are discussed below.
In the following, NCQ scaling is shown separately for a selec-
tion of particles and antiparticles. Because a better agreement
between the different particles [even at low (mT − m0)/nq

values] is achieved with the (v2/nq)[(mT − m0)/nq] scaling
compared to the (v2/nq)(pT /nq) scaling, Fig. 19 presents the

scaled distributions versus (mT − m0)/nq . The corresponding
scaled plots for v2(pT ) are shown in Fig. 24 in the Appendix.

The NCQ scaling should only hold in the transverse
momentum range of 1.5 < pT < 5 GeV/c [44,48]. For the
corresponding scaled transverse mass and transverse momen-
tum range, a fair agreement for most of the particles and
energies is observed. Only the φ mesons deviate from the
trend at 7.7 and 11.5 GeV, with the maximum measured
(mT − m0)/nq value just reaching the lower edge of the
expected NCQ scaling range. The values deviate from those for
the other particles and antiparticles at the highest (mT − m0)
values at

√
sNN = 7.7 and 11.5 GeV by 1.8σ and 2.3σ ,

respectively. For the calculation statistical and systematic

014902-17

STAR: Phys. Rev. C 93, 014907(2016)
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FUTURE PLANS

22

➤ 2019-2020: BES Phase II at RHIC   
➤ improvement of statistical 

uncertainties 
➤ RHIC luminosity increase by a factor of 

~25 

➤ improvement of systematic 
uncertainties 
➤ detector upgrades with better 

resolution,wider rapidity range,and wider 
pT coverage at STAR 

➤ Fixed-target at STAR  
➤ allows for QCD phase space diagram 

exploration extended to μB = 721 MeV 

➤ At SPS, NA61 will have 1 kHz readout 
(2020)  
➤ high statistics beam momentum scan with 

Pb+Pb collisions for precise measurement 
of multi-strange hyperon production

[STAR Internal Note SN-0598]

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
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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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Dedicated	second	phase	of	the	
BES	program,	proposed	in	2014
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Collider 
Energy

Fixed-
target 

Energy

Single 
beam 
AGeV

CMS 
Rapidity μB [MeV]

62.4 7.7 30.3 2.10 420
39 6.2 18.6 1.87 487
27 5.2 12.6 1.68 541

19.6 4.5 8.9 1.52 589
14.5 3.9 6.3 1.37 633
11.5 3.5 4.8 1.25 666
9.1 3.2 3.6 1.13 699
7.7 3.0 2.9 1.05 721
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QCD PHASE DIAGRAM AT INTERMEDIATE 𝝁B  - CURRENT STATUS
➤ QGP signals appear to turn off at lower energies of beam 

energy scans; more statistics necessary  
➤ indications of a flavor hierarchy in chemical freeze-out 
➤ no strangeness enhancement in SPS Be+Be collisions at 
√sNN = 8-17 GeV 

➤ in searching for a critical point and the type of phase 
transition, beam energy scan will provide further constraints  

➤ at both SPS and RHIC, upgrades will be online soon 
➤ RHIC BES-II 2019-2020 
➤ SPS beam momentum scan 2021-2024
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