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Critical point expectations
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Still theoretical debate as 
to Critical Points existence 

Lattice Gauge Theory 
calculations are becoming 
increasingly accurate 

 Tc = 154(9) MeV  

and sophisticated away 
from µB=0 

  

F. Karsch, INT workshop 2016 F. Karsch, INT workshop 2016 30

estimates/constraints on critical point location  estimates/constraints on critical point location  

05/30/16:
based on ongoing calculations of 6th order Taylor expansion
coefficients performed by the Bielefeld-BNL-CCNU collaboration
FK, CPOD 2016

ruled out from QCD
thermodynamics at

Ruled out by 
thermodynamics at  µB=0

Bazavov et al, arXiv:1701.04325 
Karsch INT-BES 2017

Calculations suggest C.P. above 
µB/T > 2 and T/TC(µB= 0) > 0.9
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Critical point expectations
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We are focusing in on the 
right region

Bazavov et al, arXiv:1701.04325 
Karsch INT-BES 2017

Calculations suggest C.P. above 
µB/T > 2 and T/TC(µB= 0) > 0.9

             1st Order Phase Transition

         SIS100/FAIR

NICA-FXT

              NICA-MPD

             J-PARC

                                                         SIS18/HADES
 RHIC BES-II         RHIC FXT

        SHINE
Quark-Gluon Plasma

Color 

SuperconductorHadron Gas

The Phases of QCD

Critical
Point?

Vacuum
Nuclear 
Matter

0 200 400 600 800 1000 1200 1400 16000

50

100

150

200

250

300
Te

m
pe

ra
tu

re
 (M

eV
)

Baryon Chemical Potential μB(MeV)



13

 [GeV]NNs
1 10 210 310

> 
[G

eV
]

η
/d

ch
>/

<d
N

η
/d T

<d
E

0

0.5

1

1.5

PHENIX 0-5% Au+Au
LHC 0-5% Pb+Pb
STAR 0-5% Au+Au
NA49 0-7% Pb+Pb
E802 0-5% Au+Au
FOPI 0-1% Au+Au

FIG. 6. (Color online) The ET /Nch ratio as a function of√
s
NN

for central Au+Au collisions and Pb+Pb collisions at
midrapidity. The error bars represent the total statistical and
systematic uncertainties. The Large-Hadron-Collider, LHC,
data point has been obtained by taking the ratio of the CMS
dET /dη data [30] with the average of the ALICE [34] and
ATLAS [35] data. For (dET /dη)/(0.5Npart), data are taken
from FOPI [27], E802 [28], NA49 [29, 30], STAR [18], and
CMS [30]. For (dNch/dη)/(0.5Npart), data are taken from
FOPI [27], E802 [28, 31, 32], NA49 [29], STAR [18, 33], PHO-
BOS [17], ALICE [34], and ATLAS [35].

ply as ET /Nch, is a variable that is related to the av-
erage transverse mass of the produced particles [3]. In
previous measurements, this ratio has been observed to
be independent of centrality and independent of

√
s
NN

in Au+Au collisions from
√
s
NN

= 200 to 19.6 GeV [3].
Figure 5 plots the ET /Nch ratio as a function of Npart

for Au+Au collisions at various values of
√
s
NN

. For all
cases, the ratio is constant with Npart within the system-
atic uncertainties. The excitation function of ET /Nch

is shown in Fig. 6. Here, the Large-Hadron-Collider
point has been obtained by taking the ratio of the CMS
dET /dη data [30] with the average of the ALICE [34]
and ATLAS [35] data. The ratio increases below

√
s
NN

≈ 10 GeV, levels off, and then increases at
√
s
NN

=
200 GeV.
The energy density per unit volume in nuclear colli-

sions can be estimated from the energy density per unit
rapidity [37]. The Bjorken energy density can be calcu-
lated as follows:

εBJ =
1

A⊥τ
J(y, η)

dET

dη
(2)

where A⊥ is the transverse overlap area of the nuclei
determined from the Glauber model, τ is the formation
time, and J(y, η) is the Jacobian factor for converting
pseudorapidity to rapidity.

The Jacobian factor depends on the momentum distri-
butions of the produced particles, which are dependent
on the beam energy. The Jacobian factor for each beam
energy in the PHENIX acceptance has been estimated us-
ing the URQMD event generator, which well reproduces
measured particle spectra over the RHIC beam energy
range and, unlike HIJING, is valid at

√
s
NN

= 7.7 GeV.
Calculations of the Jacobian factor using URQMD are
consistent with previous calculations using the HIJING
event generator [3]. There is an estimated uncertainty of
3% for this calculation for all beam energies. The values
of the Jacobian factors are summarized in Table V.

TABLE V. Summary of the Jacobian scale factor estimated
for each beam energy.

Dataset J(y,η)

200 GeV Au+Au 1.25

130 GeV Au+Au 1.25

62.4 GeV Au+Au 1.25

39 GeV Au+Au 1.27

27 GeV Au+Au 1.27

19.6 GeV Au+Au 1.28

14.5 GeV Au+Au 1.30

7.7 GeV Au+Au 1.35

The transverse overlap area is estimated using the a
Monte Carlo Glauber model as A⊥ ∼ σxσy, where σx and
σy are the widths of the x and y position distributions
of the participating nucleons in the transverse plane. A
normalization to πR2, whereR is the sum of the rn radius
and a surface diffuseness parameters of the Woods-Saxon
parametrization

ρ(r) = 1/(1 + e(r−rn)/a), (3)

of the nuclear density profile, ρ(r), was applied for the
most central collisions at impact parameter b = 0.

A compilation of the Bjorken energy density multiplied
by τ for Au+Au collisions at various collision energies is
shown in Fig. 7. The value of εBJ increases with increas-
ing

√
s
NN

and also with increasing Npart. The value of
εBJ for the most central Au+Au collisions at

√
s
NN

=
7.7 GeV is 1.36 ± 0.14, which is still above the value of
1.0 for a formation time of 1 fm/c that had been the pro-
posed value above which the Quark-Gluon Plasma can be
formed in Bjorken’s original paper [37]. It is also above
the result of 0.7 ± 0.3 GeV/fm3 for the critical energy
density obtained from lattice QCD calculations [38, 39].
The excitation function of εBJ multiplied by τ is shown
in Fig. 8. The results are shown on a log-log scale to illus-
trate that εBJ follows a power law behavior from

√
s
NN

=

7.7 GeV up to
√
s
NN

= 2760 GeV, εBJτ ∝ eb×log(
√
sNN ),

where b = 0.422± 0.035.
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Establishing the “basics”: Energy density

3

ET/Nch relates to average transverse 
mass of produced particles 

rises, plateaus, rises again 
constant as function of Npart

Leveling off starts around √s ~ 7 GeVPhys. Rev. C 93, 024901 (2016)
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lated as follows:
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where A⊥ is the transverse overlap area of the nuclei
determined from the Glauber model, τ is the formation
time, and J(y, η) is the Jacobian factor for converting
pseudorapidity to rapidity.

The Jacobian factor depends on the momentum distri-
butions of the produced particles, which are dependent
on the beam energy. The Jacobian factor for each beam
energy in the PHENIX acceptance has been estimated us-
ing the URQMD event generator, which well reproduces
measured particle spectra over the RHIC beam energy
range and, unlike HIJING, is valid at

√
s
NN

= 7.7 GeV.
Calculations of the Jacobian factor using URQMD are
consistent with previous calculations using the HIJING
event generator [3]. There is an estimated uncertainty of
3% for this calculation for all beam energies. The values
of the Jacobian factors are summarized in Table V.

TABLE V. Summary of the Jacobian scale factor estimated
for each beam energy.

Dataset J(y,η)

200 GeV Au+Au 1.25

130 GeV Au+Au 1.25
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The transverse overlap area is estimated using the a
Monte Carlo Glauber model as A⊥ ∼ σxσy, where σx and
σy are the widths of the x and y position distributions
of the participating nucleons in the transverse plane. A
normalization to πR2, whereR is the sum of the rn radius
and a surface diffuseness parameters of the Woods-Saxon
parametrization

ρ(r) = 1/(1 + e(r−rn)/a), (3)

of the nuclear density profile, ρ(r), was applied for the
most central collisions at impact parameter b = 0.

A compilation of the Bjorken energy density multiplied
by τ for Au+Au collisions at various collision energies is
shown in Fig. 7. The value of εBJ increases with increas-
ing

√
s
NN

and also with increasing Npart. The value of
εBJ for the most central Au+Au collisions at

√
s
NN

=
7.7 GeV is 1.36 ± 0.14, which is still above the value of
1.0 for a formation time of 1 fm/c that had been the pro-
posed value above which the Quark-Gluon Plasma can be
formed in Bjorken’s original paper [37]. It is also above
the result of 0.7 ± 0.3 GeV/fm3 for the critical energy
density obtained from lattice QCD calculations [38, 39].
The excitation function of εBJ multiplied by τ is shown
in Fig. 8. The results are shown on a log-log scale to illus-
trate that εBJ follows a power law behavior from

√
s
NN

=

7.7 GeV up to
√
s
NN

= 2760 GeV, εBJτ ∝ eb×log(
√
sNN ),

where b = 0.422± 0.035.
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Establishing the “basics”: Energy density
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Energy density 
arXiv:1509.06727  

Stephen Horvat (YALE) 48 

• Bjorken energy density * τ > 1 GeV/(fm2 c) in central collisions 
for entire BES 

 
HQ2016, South Padre Island 

Can we establish 𝝉?

ET/Nch relates to average transverse 
mass of produced particles 

rises, plateaus, rises again 
constant as function of Npart

Leveling off starts around √s ~ 7 GeV

For central events: 
 Bjorken energy density× 𝝉 > 1 GeV/fm2c 
  εBJ𝝉 follows power law behavior 

Phys. Rev. C 93, 024901 (2016)

εBJ𝝉∝e[b×log(√sNN)]  ;    (b =0.422 ± 0.035)

εBJ𝝉 < 1 for low energy peripheral events
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Establishing the “basics”: Yields

4

 Good agreement 
between experiments

Moving towards 
full phase space  
measurements

√s = 4.5 GeV

Christopher Flores
QM2015 September 29, 2015

Rapidity Density Distributions of π

9

Results are not feed-
down or background 
corrected.

Forward/Backward asymmetries 

remaining after efficiency and 

acceptance corrections are included 

as systematic errors.

Distributions are fit with Gaussian 

functions with means fixed to y = 0.

Results are not feed-
down or background 
corrected.

K.Meehan QM2017



 Kinetic vs. chemical freeze-out 
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Freeze-out points: 
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Parameterization:  
Cleymans, Oeschler et al, Phys.Rev.C73:034905, (2006). 
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Inverse slope as function of particle mass 
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Establishing the “basics”: Hadro chemistry
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Thermal fits “work” at √s = 2.4 GeV

HADES data above “universal 
curve expectations”

Particle production in accord with SHM

o All strange hadrons are produced below the free NN threshold:  67Λ	 −160	MeV ; 676@	(−470	MeV)
o Canonical suppression applied in THERMUS (E/), F not affected
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HADES 
Au-Au 0-20%

THERMUS V2.3

No longer in equilibrium?

“ALL” strange hadrons needed  
in fits (STAR) 

Lattice based calc. using 
fluctuations: ~agreement with 
Thermal model (PHENIX) 
(PRC 93, 011901 (2016)) 

At low √s baryonic resonances 
required in models (HADES) 

M.Lorenz QM2017

M.Lorenz CPOD2016
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given energy. The data points other than BES energies are
taken from Refs. [43, 64]. Errors represent systematic errors.

peated for the SCE case and the conclusion remains the952

same.953

2. Choice on Including More Particles954

For the default results discussed above, the particles955

included in the THERMUS fit are: π, K, p, p̄, Λ, and Ξ.956

It is interesting to check if the results remain stable by957

including more particles in the fit. Figure 35 shows the958

comparison of extracted freeze-out parameters in Au+Au959

collisions at
√
sNN =39 GeV for GCE using yields as960

input to the fit. Results are compared for three different961

sets of particle yields used as input for fitting. When962

only π, K and p yields are used in fit, the temperature963

obtained is lower compared to other sets that include964

strange hadron yields. Also, γS is less than unity, even965

for central collisions. It can be seen that for all other966

cases, the results are similar within errors. However, the967

χ2/NDF increases with increasing number of particles968

used for fitting. The small values of χ2/NDF for the fit969

including only π, K, and p can be understood as follows.970

Since the number of particle yields for fit is only 6, when971

µQ is taken as fit parameter. The NDF is zero and the972

χ2 is strictly zero. When µQ is fixed to zero as in the973

present case, the degree of freedom is one. The χ2/NDF974

is close to zero.975

B. Kinetic Freeze-out976

The kinetic freeze-out parameters are obtained by fit-977

ting the spectra with a blast wave model. The model978

assumes that the particles are locally thermalized at a979
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FIG. 38: Top: Energy dependence of kinetic and chemical
freeze-out temperatures for central heavy-ion collisions. The
curves represent various theoretical predictions [76, 77]. Bot-
tom: Energy dependence of average transverse radial flow ve-
locity for central heavy-ion collisions. The data points other
than BES energies are taken from Refs. [43, 51–62, 64] and
references therein. The BES data points are for 0–5% central
collisions, AGS energies are mostly for 0–5%, SPS energies
for mostly 0–7%, and top RHIC and LHC energies for 0–5%
central collisions. Errors represent systematic errors.

kinetic freeze-out temperature and are moving with a980

common transverse collective flow velocity [43, 49]. As-981

suming a radially boosted thermal source, with a kinetic982

freeze-out temperature Tkin and a transverse radial flow983

velocity β, the transverse momentum pT distribution of984

the particles is given by [49]985

dN

pT dpT
∝
! R

0
r drmT I0

"

pT sinh ρ(r)

Tkin

#

×K1

"

mT cosh ρ(r)

Tkin

#

, (13)
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Establishing the “basics”: Kinetic freeze-out
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Stronger collectivity at higher √s 

Central collisions: 
Lower T→ higher β

Tkin~Tch  below √s ~ 7 GeV

STAR: arXiv:1701.07065
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decreases with increasing energy. This is due to the as-
sociated production dominance at lower energies as the
baryon stopping is large. This maximum corresponds to
the maximum baryon density predicted to be achieved in
heavy-ion collisions. The centrality dependence is simi-
lar at all energies, increasing from peripheral to central
collisions. The p̄/p ratio increases with increasing en-
ergy. The ratio increases from central to peripheral col-
lisions. The results reflect the large baryon stopping at

mid-rapidity at lower energies in central collisions. The
p/π+ ratio decreases with increasing energy and is larger
at

√
sNN = 7.7 GeV. This is again a consequence of

the higher degree of baryon stopping for the collisions at
lower energies compared to

√
sNN = 62.4 and 200 GeV.

The ⟨mT ⟩−m values increase with
√
sNN at lower AGS

energies, stay independent of
√
sNN at the SPS and BES

energies, then tend to rise further with increasing
√
sNN

at the higher beam energies at RHIC. The constant value
of ⟨mT ⟩ − m vs.

√
sNN around BES energies could be

interpreted as reflecting the formation of a mixed phase
of a QGP and hadrons during the evolution of the heavy-
ion system.
The chemical freeze-out parameters are extracted from

a thermal model fit to the data at midrapidity. The GCE
and SCE approaches are studied by fitting the particle
yields as well as the particle ratios. The results for parti-
cle yield fits compared to particle ratio fits are consistent
within uncertainties for both GCE and SCE. The GCE
and SCE results are also consistent with each other for
either ratio or yield fits. The SCE results obtained by
fitting particle yields seem to give slightly higher tem-
perature towards peripheral collisions compared to that
in 0-5% central collisions. The chemical freeze-out pa-
rameter Tch increases from 7.7 to 19.6 GeV; after that it
remains almost constant. For a given energy, the value of
Tch is similar for all centralities. In all the cases studied,
the centrality dependence of baryon chemical potential is
observed which is significant at lower energies.
The kinetic freeze-out parameters are extracted from

a blast-wave model fit to pion, kaon, proton, and anti-
proton pT spectra. Tkin increases from central to periph-
eral collisions suggesting a longer lived fireball in central
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Disappearance of QGP? 

7

Several standard 
signatures disappear 

at √s < 15 GeV

High pT suppression gone 

B-M v2 separation gone

ϕ v2 ~ 0

v3 ~ 0

7.7 GeV

11.5 GeV

27 GeV

PRL 116 (2016) 112302

PRC 93 (2016) 14907

S.Horvat QM2015

STAR

STAR
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STAR	BES
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E895_PRL84(2000)5488 STAR	PRL112 (2014)	162301

p+ (FXT) p- (FXT)

STAR	FXT
10-25%

E895
12-25%

First order phase transition?

8

Beam energy baryon dv1/dy trend 
complex interplay of: 

v1 baryons transported from beam 

v1 from pair production

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

K. Meehan QM2017
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Quark  Matter 2017
Chicago, Illinois

Directed flow of protons and 
pions at 𝒔𝑵𝑵 = 4.5 GeV

• Proton flow is “positive”
• Pion flow is “negative”
• p+ flow twice that of p-

p

p-

p+

10-25%

10-25%

10-25%

STAR PRELIMINARY

STAR PRELIMINARY

STAR PRELIMINARY

Open 
symbols are 
reflected

Open 
symbols are 
reflected

Open 
symbols are 
reflected

Statistical 
errors only

Statistical 
errors only

Statistical 
errors only
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Directed Flow v1 Results 
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Net - Proton Net - Kaon

STAR: PRL112, 162301(2014) 
STAR: QM2015 

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

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

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

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

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

First order phase transition?

8

Net-proton isolates directed flow of 
transported baryons: 

Double sign change in dv1/dy 

Not seen in net-kaons 

Results not yet reproduced by theory 

Softening of EoS ?

Beam energy baryon dv1/dy trend 
complex interplay of: 

v1 baryons transported from beam 

v1 from pair production

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

K. Meehan QM2017
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Coalescence Parameters vs. Collision Energy

� ,9 decrease with collision energy. A minimum around sGG� = 20 GeV:
change of EOS?!

� ,9 ! values are systematically lower than that of ,9(!) implying emitted source of 
anti-baryons is larger than those of baryons

Ning Yu, Quark Matter 2017

arXiv:1410.2559
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Stalling of the expansion?

9PRC 92 014904 (2015)  
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Light Nuclei
� Light (anti)nuclei with small binding energy, such as ! and !̅ (# = 2.2

MeV) are formed through final-state coalescence.
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� Light nuclei may serve as probes of space-momentum density and
correlation of nucleons at freeze-out. 
László P. Csernai, Joseph I. Kapusta Phys. Reps, 131,223(1986)
B. Monreal and et. al. PRC60,031901(1999),PRC60,051902(1999)
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 B2 minimum (V maximum) √sNN  ~ 20 GeV 

d final state coalescence access to 
nucleon freeze-out volume

2017/2/3 3

Light Nuclei Formation in HI Collisions
� Light (anti)nuclei with small binding energy ($), such as ! and !̅ with binding

energy $ = 2.2 MeV, are formed via final-state coalescence
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� Light nuclei may serve as probes of space-momentum density and correlation of 
nucleons at freeze-out. We will focus on ! (!̅) in this talk.
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Softening of EoS?
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FIG. 7. (Color online) (Top) The difference between the squared
transverse HBT radii are plotted as a function of the collision energy
for STAR and ALICE measurements of the most central heavy ion
collisions. (Bottom) The ratio of the out and side HBT radii for
STAR and ALICE are plotted for the same collisions. In both cases,
statistical errors are shown by solid error bars. Systematic errors are
shown only for the data at mT = 0.33 GeV (mT = 0.38 GeV) for
STAR (ALICE); systematic errors are common for all mT cuts. The
systematic errors are driven by two-track cuts that are common to
all STAR energies and so are drawn only for the

√
sNN = 62.4-GeV

data.

on the algorithm used [22]. Calculations that rely strictly
on freeze-out distributions and bypass calculation of the
momentum-space correlation function, often yield HBT radii
that are much too large, whereas the ratios between them are
closer to experimental values [22,67].

In the hydrodynamic calculation of Rischke and Gyulassy,
which included flow, Rout/Rside exhibited a peak as the energy
density of the system nears the threshold of a first-order phase
transition or rapid crossover transition [63]. This ratio is shown
in the bottom panel of Fig. 6 for the world’s data set. A small
peaking behavior in the STAR data is obscured by the historical
SPS and AGS data. The excitation function is clearer if the
STAR and ALICE data are viewed separately, as seen in the
bottom panel of Fig. 7 [68]. For all mT ranges, the ratio peaks
at

√
sNN ≈ 20 GeV.

It is not unreasonable to examine the RHIC and LHC data on
their own. Femtoscopic techniques, including various methods
for accounting for the Coulomb repulsion between the pions,
have evolved over time [22]; STAR and ALICE use the Bowler-
Sinyukov formalism [54,55], which affects particularly the
outward radius [33]. Furthermore, the detector acceptance and
two-track efficiency change as a function of collision energy
in a fixed-target experiment, which can complicate detection
of a subtle trend in an observable with

√
sNN. Midrapidity

measurement with collider experiments such as STAR and
ALICE are performed with uniform coverage independent
of collision energy. Finally, systematic errors vary from one
experiment to another. While the systematic error on Rout/Rside
(shown as a gray band in Fig. 7) is significant, it is common
for all

√
sNN, so the peak in the ratio is statistically significant.

The peak in R2
out − R2

side and Rout/Rside is intriguing,
especially because it occurs around a collision energy where
several other observables [69–72] show nontrivial trends
that may indicate a change in the underlying physics at
these energies. However, conclusive interpretation of the
femtoscopic data presented here must await comparison with
theoretical calculations.

The value of Rlong has been related to the kinetic freeze-out
temperature, T , and lifetime, τ , of the system by the relation
[23,73,74]

Rlong = τ

!
T

mT

K2(mT /T )
K1(mT /T )

, (18)

where K1(mT /T ) and K2(mT /T ) are modified Bessel func-
tions. The kinetic freeze-out temperature is not expected to
change much with

√
sNN. Therefore, the rise of Rlong suggests

that the total lifetime of the system is increasing with energy.
At the end of this section Eq. (18) is used to extract τ as a
function of

√
sNN given certain assumptions.

The systematic errors for STAR points at all energies (from
Table II) are of similar size to error bar for 39 GeV, shown as
a representative example. Errors on other results are statistical
only to emphasize the trend.

Figure 8 shows the ⟨mT ⟩ dependence of the HBT param-
eters for each energy. As mentioned earlier, the decrease in
transverse and longitudinal radii at higher mT are attributed
to transverse and longitudinal flow [23,66]. Larger mT pairs
are emitted from smaller emission regions with less correspon-
dence to the size of the entire fireball. For both Rout and Rside the
different beam energies show similar trends in both magnitude
and slope. For Rlong, the slopes appear to remain similar for
the different energies, but the magnitude of Rlong increases
with energy for all centralities. From these observations, and

014904-13
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STAR and ALICE are plotted for the same collisions. In both cases,
statistical errors are shown by solid error bars. Systematic errors are
shown only for the data at mT = 0.33 GeV (mT = 0.38 GeV) for
STAR (ALICE); systematic errors are common for all mT cuts. The
systematic errors are driven by two-track cuts that are common to
all STAR energies and so are drawn only for the

√
sNN = 62.4-GeV

data.

on the algorithm used [22]. Calculations that rely strictly
on freeze-out distributions and bypass calculation of the
momentum-space correlation function, often yield HBT radii
that are much too large, whereas the ratios between them are
closer to experimental values [22,67].

In the hydrodynamic calculation of Rischke and Gyulassy,
which included flow, Rout/Rside exhibited a peak as the energy
density of the system nears the threshold of a first-order phase
transition or rapid crossover transition [63]. This ratio is shown
in the bottom panel of Fig. 6 for the world’s data set. A small
peaking behavior in the STAR data is obscured by the historical
SPS and AGS data. The excitation function is clearer if the
STAR and ALICE data are viewed separately, as seen in the
bottom panel of Fig. 7 [68]. For all mT ranges, the ratio peaks
at

√
sNN ≈ 20 GeV.

It is not unreasonable to examine the RHIC and LHC data on
their own. Femtoscopic techniques, including various methods
for accounting for the Coulomb repulsion between the pions,
have evolved over time [22]; STAR and ALICE use the Bowler-
Sinyukov formalism [54,55], which affects particularly the
outward radius [33]. Furthermore, the detector acceptance and
two-track efficiency change as a function of collision energy
in a fixed-target experiment, which can complicate detection
of a subtle trend in an observable with

√
sNN. Midrapidity

measurement with collider experiments such as STAR and
ALICE are performed with uniform coverage independent
of collision energy. Finally, systematic errors vary from one
experiment to another. While the systematic error on Rout/Rside
(shown as a gray band in Fig. 7) is significant, it is common
for all

√
sNN, so the peak in the ratio is statistically significant.

The peak in R2
out − R2

side and Rout/Rside is intriguing,
especially because it occurs around a collision energy where
several other observables [69–72] show nontrivial trends
that may indicate a change in the underlying physics at
these energies. However, conclusive interpretation of the
femtoscopic data presented here must await comparison with
theoretical calculations.

The value of Rlong has been related to the kinetic freeze-out
temperature, T , and lifetime, τ , of the system by the relation
[23,73,74]

Rlong = τ
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mT

K2(mT /T )
K1(mT /T )

, (18)

where K1(mT /T ) and K2(mT /T ) are modified Bessel func-
tions. The kinetic freeze-out temperature is not expected to
change much with

√
sNN. Therefore, the rise of Rlong suggests

that the total lifetime of the system is increasing with energy.
At the end of this section Eq. (18) is used to extract τ as a
function of

√
sNN given certain assumptions.

The systematic errors for STAR points at all energies (from
Table II) are of similar size to error bar for 39 GeV, shown as
a representative example. Errors on other results are statistical
only to emphasize the trend.

Figure 8 shows the ⟨mT ⟩ dependence of the HBT param-
eters for each energy. As mentioned earlier, the decrease in
transverse and longitudinal radii at higher mT are attributed
to transverse and longitudinal flow [23,66]. Larger mT pairs
are emitted from smaller emission regions with less correspon-
dence to the size of the entire fireball. For both Rout and Rside the
different beam energies show similar trends in both magnitude
and slope. For Rlong, the slopes appear to remain similar for
the different energies, but the magnitude of Rlong increases
with energy for all centralities. From these observations, and
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(R2out - R2side) sensitive to emission duration 

 Maximum at √sNN  ~ 20 GeV 

N. Yu QM2017
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Eccentricity at freeze-out

10

Sensitivity to the EoS  
trend smooth over all √s 
STAR data does not confirm CERES data

Accessed via azimuthal HBT

No evidence of 
change in EoS
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FIG. 28. (Color online) The dependence of the kinetic freeze-out eccentricity of pions on collision energy in midcentral Au + Au collisions
(E895, STAR) and Pb + Au collisions (CERES) for three rapidity regions and with ⟨kT ⟩ ≈ 0.31 GeV/c. For clarity, the points for forward and
backward rapidity from STAR are offset slightly. Error bars include only statistical uncertainties. Several (2 + 1)-dimensional hydrodynamical
models and UrQMD calculations are shown. Model centralities correspond to the data. The trend is consistent with a monotonic decrease in
eccentricity with beam energy. Systematic measurement uncertainty on ϵ is about the size of the data points (0.005) and independent of

√
s NN.

This systematic uncertainty is significantly smaller than statistical uncertainties and so is not drawn, to reduce clutter.

VII. CONCLUSIONS

The two-pion HBT analyses that have been presented
provide key measurements in the search for the onset of
a first-order phase transition in Au + Au collisions as the
collision energy is lowered. The Beam Energy Scan program
has allowed HBT measurements to be carried out across a wide
range of energies with a single detector and identical analysis
techniques. In addition to standard azimuthally integrated mea-
surements, we have performed comprehensive, high-precision,
azimuthally sensitive femtoscopic measurements of like-sign
pions. To obtain the most reliable estimates of the eccentricity
of the collisions at kinetic freeze-out, a new global fit method
has been developed.

A wide variety of HBT measurements have been performed
and the comparison of results at different energies is greatly
improved. In the azimuthally integrated case, the beam energy
dependence of the radii generally agree with results from other
experiments, but show a much smoother trend than the earlier
data, which were extracted from a variety of experiments
with variations in analysis techniques. The current analyses
additionally contribute data in previously unexplored regions
of collision energy. The transverse mass dependence is also
consistent with earlier observations and allows one to conclude
that all kT and centrality bins exhibit similar trends as a
function of collision energy.

The energy dependence of the volume of the homogeneity
regions is consistent with a constant mean free path at freeze-
out, as is the very flat energy dependence of Rout. This scenario
also explains the common dependence of Rside and Rlong on the
cube root of the multiplicity that is observed at higher energy.

For 7.7 and 11.5 GeV, Rside appears to deviate slightly from
the trend at the higher energies. Two physical changes that
may potentially be related to this are the effects of strangeness
enhancement (not included in the argument for a constant mean
free path at freeze-out) and the rapid increase in the strength of
v2 that levels off around 7.7 to 11.5 GeV. Both of these physical
changes occur in the vicinity of the minimum. A systematic
study with a single detector at slightly lower energies would
be needed to help disentangle the different effects.

The UrQMD model provides an alternative explanation for
the minimum in the volume measurement in terms of a change
from a hadronic to a partonic state. Including interactions
between color string fragments early in the collision, it not only
can explain the minimum in the volume, but is also able to find
Rout/Rside values close to unity as observed from AGS through
RHIC energies and improves the agreement between UrQMD
and other observables at the same time. It is interesting
that such an interaction potential may somewhat mimic an
increase in the pressure gradients, which may correlate with
the observation that v2 increases rapidly with

√
sNN in this

region also.
The lifetime of the collision evolution was extracted using

the ⟨mT ⟩ dependence of Rlong. Subject to certain assumptions,
the lifetime increases by a factor 1.7 from AGS to 200-GeV
collisions measured at STAR. The lifetime increases by about
1.4 times more between RHIC and the LHC. The magnitude
of the increased lifetime effect is well beyond systematic
measurement uncertainties.

A new global fit method was developed and studied in
relation to the HHLW fit method. For most centralities, this

014904-24
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and δ = 5, which are within few percent of their exact
values in three dimensions. The result of Eq. (9) can then
be simplified to

κ4(t,H) = −12
81− 783θ2 + 105θ4 − 5θ6 + 2θ8

R14/3(3− θ2)3(3 + 2θ2)5
. (10)

We represent κ4(t,H) graphically as a density plot in
Fig. 1. We see that the 4-th cumulant (and kurtosis)
is negative in the sector bounded by two curved rays
H/tβδ = ±const (corresponding to θ ≈ ±0.32).
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FIG. 1: (color online) (a) – the density plot of the function
κ4(t,H) given by Eq. (10) obtained using Eq. (9) for the linear
parametric model Eqs. (6), (7), (8) and β = 1/3, δ = 5. The
κ4 < 0 region is red, the κ4 > 0 – is blue. (b) – the dependence
of κ4 on t along the vertical dashed green line on the density
plot above. This line is the simplest example of a possible
mapping of the freezeout curve (see Fig. 2). The units of t,
H and κ4 are arbitrary.

Also in Fig. 1 we show the dependence of κ4 along a
line which could be thought of as representing a possible
mapping of the freezeout trajectory (Fig. 2) onto the tH
plane. Although the absolute value of the peak in κ4

depends on the proximity of the freezeout curve to the
critical point, the ratio of the maximum to minimum
along such an H = const curve is a universal number,
approximately equal to −28 from Eq. (10).
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FIG. 2: A sketch of the phase diagram of QCD with the freeze-
out curve and a possible mapping of the Ising coordinates t
and H .

The negative minimum is small relative to the positive
peak, but given the large size of the latter, Ref.[7, 15],
the negative contribution to kurtosis may be significant.
In addition, the mapping of the freezeout curve certainly
need not be H = const, and the relative size of the posi-
tive and negative peaks depends sensitively on that.
The trend described above appears to show in the re-

cent lattice data, Ref.[10], obtained using Pade resum-
mation of the truncated Taylor expansion in µB. As the
chemical potential is increased along the freezeout curve,
the 4-th moment of the baryon number fluctuations be-
gins to decrease, possibly turning negative, as the critical
point is approached (see Fig.2 in Ref.[10]).
Another observation, which we shall return to at the

end of the next section, is that −κ4 grows as we approach
the crossover line, corresponding to H = 0, t > 0 on the
diagram in Fig. 1(a). On the QCD phase diagram the
freezeout point will move in this direction if one reduces
the size of the colliding nuclei or selects more peripheral
collisions (the freezeout occurs earlier, i.e., at higher T ,
in a smaller system).

EXPERIMENTAL OBSERVABLES

In this section we wish to connect the results for the
fluctuations of the order parameter field σ to the fluctua-
tions of the observable quantities. As an example we con-
sider the fluctuations of the multiplicity of given charged
particles, such as pions or protons.
For completeness we shall briefly rederive the results of

Ref.[7] using a simple model of fluctuations. The model
captures the most singular term in the contribution of the
critical point to the fluctuation observables. Consider a
given species of particle interacting with fluctuating crit-
ical mode field σ. The infinitesimal change of the field δσ
leads to a change of the effective mass of the particle by
the amount δm = gδσ. This could be considered a def-
inition of the coupling g. For example, the coupling of
protons in the sigma model is gσp̄p. The fluctuations δfp
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and δ = 5, which are within few percent of their exact
values in three dimensions. The result of Eq. (9) can then
be simplified to

κ4(t,H) = −12
81− 783θ2 + 105θ4 − 5θ6 + 2θ8

R14/3(3− θ2)3(3 + 2θ2)5
. (10)

We represent κ4(t,H) graphically as a density plot in
Fig. 1. We see that the 4-th cumulant (and kurtosis)
is negative in the sector bounded by two curved rays
H/tβδ = ±const (corresponding to θ ≈ ±0.32).

(a)

!0.4 !0.2 0.0 0.2 0.4 0.6
!20

0
20
40
60
80

100
120

t

Κ
4

(b)

FIG. 1: (color online) (a) – the density plot of the function
κ4(t,H) given by Eq. (10) obtained using Eq. (9) for the linear
parametric model Eqs. (6), (7), (8) and β = 1/3, δ = 5. The
κ4 < 0 region is red, the κ4 > 0 – is blue. (b) – the dependence
of κ4 on t along the vertical dashed green line on the density
plot above. This line is the simplest example of a possible
mapping of the freezeout curve (see Fig. 2). The units of t,
H and κ4 are arbitrary.

Also in Fig. 1 we show the dependence of κ4 along a
line which could be thought of as representing a possible
mapping of the freezeout trajectory (Fig. 2) onto the tH
plane. Although the absolute value of the peak in κ4

depends on the proximity of the freezeout curve to the
critical point, the ratio of the maximum to minimum
along such an H = const curve is a universal number,
approximately equal to −28 from Eq. (10).
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FIG. 2: A sketch of the phase diagram of QCD with the freeze-
out curve and a possible mapping of the Ising coordinates t
and H .

The negative minimum is small relative to the positive
peak, but given the large size of the latter, Ref.[7, 15],
the negative contribution to kurtosis may be significant.
In addition, the mapping of the freezeout curve certainly
need not be H = const, and the relative size of the posi-
tive and negative peaks depends sensitively on that.
The trend described above appears to show in the re-

cent lattice data, Ref.[10], obtained using Pade resum-
mation of the truncated Taylor expansion in µB. As the
chemical potential is increased along the freezeout curve,
the 4-th moment of the baryon number fluctuations be-
gins to decrease, possibly turning negative, as the critical
point is approached (see Fig.2 in Ref.[10]).
Another observation, which we shall return to at the

end of the next section, is that −κ4 grows as we approach
the crossover line, corresponding to H = 0, t > 0 on the
diagram in Fig. 1(a). On the QCD phase diagram the
freezeout point will move in this direction if one reduces
the size of the colliding nuclei or selects more peripheral
collisions (the freezeout occurs earlier, i.e., at higher T ,
in a smaller system).

EXPERIMENTAL OBSERVABLES

In this section we wish to connect the results for the
fluctuations of the order parameter field σ to the fluctua-
tions of the observable quantities. As an example we con-
sider the fluctuations of the multiplicity of given charged
particles, such as pions or protons.
For completeness we shall briefly rederive the results of

Ref.[7] using a simple model of fluctuations. The model
captures the most singular term in the contribution of the
critical point to the fluctuation observables. Consider a
given species of particle interacting with fluctuating crit-
ical mode field σ. The infinitesimal change of the field δσ
leads to a change of the effective mass of the particle by
the amount δm = gδσ. This could be considered a def-
inition of the coupling g. For example, the coupling of
protons in the sigma model is gσp̄p. The fluctuations δfp
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and δ = 5, which are within few percent of their exact
values in three dimensions. The result of Eq. (9) can then
be simplified to

κ4(t,H) = −12
81− 783θ2 + 105θ4 − 5θ6 + 2θ8

R14/3(3− θ2)3(3 + 2θ2)5
. (10)

We represent κ4(t,H) graphically as a density plot in
Fig. 1. We see that the 4-th cumulant (and kurtosis)
is negative in the sector bounded by two curved rays
H/tβδ = ±const (corresponding to θ ≈ ±0.32).
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FIG. 1: (color online) (a) – the density plot of the function
κ4(t,H) given by Eq. (10) obtained using Eq. (9) for the linear
parametric model Eqs. (6), (7), (8) and β = 1/3, δ = 5. The
κ4 < 0 region is red, the κ4 > 0 – is blue. (b) – the dependence
of κ4 on t along the vertical dashed green line on the density
plot above. This line is the simplest example of a possible
mapping of the freezeout curve (see Fig. 2). The units of t,
H and κ4 are arbitrary.

Also in Fig. 1 we show the dependence of κ4 along a
line which could be thought of as representing a possible
mapping of the freezeout trajectory (Fig. 2) onto the tH
plane. Although the absolute value of the peak in κ4

depends on the proximity of the freezeout curve to the
critical point, the ratio of the maximum to minimum
along such an H = const curve is a universal number,
approximately equal to −28 from Eq. (10).
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FIG. 2: A sketch of the phase diagram of QCD with the freeze-
out curve and a possible mapping of the Ising coordinates t
and H .

The negative minimum is small relative to the positive
peak, but given the large size of the latter, Ref.[7, 15],
the negative contribution to kurtosis may be significant.
In addition, the mapping of the freezeout curve certainly
need not be H = const, and the relative size of the posi-
tive and negative peaks depends sensitively on that.
The trend described above appears to show in the re-

cent lattice data, Ref.[10], obtained using Pade resum-
mation of the truncated Taylor expansion in µB. As the
chemical potential is increased along the freezeout curve,
the 4-th moment of the baryon number fluctuations be-
gins to decrease, possibly turning negative, as the critical
point is approached (see Fig.2 in Ref.[10]).
Another observation, which we shall return to at the

end of the next section, is that −κ4 grows as we approach
the crossover line, corresponding to H = 0, t > 0 on the
diagram in Fig. 1(a). On the QCD phase diagram the
freezeout point will move in this direction if one reduces
the size of the colliding nuclei or selects more peripheral
collisions (the freezeout occurs earlier, i.e., at higher T ,
in a smaller system).

EXPERIMENTAL OBSERVABLES

In this section we wish to connect the results for the
fluctuations of the order parameter field σ to the fluctua-
tions of the observable quantities. As an example we con-
sider the fluctuations of the multiplicity of given charged
particles, such as pions or protons.
For completeness we shall briefly rederive the results of

Ref.[7] using a simple model of fluctuations. The model
captures the most singular term in the contribution of the
critical point to the fluctuation observables. Consider a
given species of particle interacting with fluctuating crit-
ical mode field σ. The infinitesimal change of the field δσ
leads to a change of the effective mass of the particle by
the amount δm = gδσ. This could be considered a def-
inition of the coupling g. For example, the coupling of
protons in the sigma model is gσp̄p. The fluctuations δfp
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and δ = 5, which are within few percent of their exact
values in three dimensions. The result of Eq. (9) can then
be simplified to

κ4(t,H) = −12
81− 783θ2 + 105θ4 − 5θ6 + 2θ8

R14/3(3− θ2)3(3 + 2θ2)5
. (10)

We represent κ4(t,H) graphically as a density plot in
Fig. 1. We see that the 4-th cumulant (and kurtosis)
is negative in the sector bounded by two curved rays
H/tβδ = ±const (corresponding to θ ≈ ±0.32).
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FIG. 1: (color online) (a) – the density plot of the function
κ4(t,H) given by Eq. (10) obtained using Eq. (9) for the linear
parametric model Eqs. (6), (7), (8) and β = 1/3, δ = 5. The
κ4 < 0 region is red, the κ4 > 0 – is blue. (b) – the dependence
of κ4 on t along the vertical dashed green line on the density
plot above. This line is the simplest example of a possible
mapping of the freezeout curve (see Fig. 2). The units of t,
H and κ4 are arbitrary.

Also in Fig. 1 we show the dependence of κ4 along a
line which could be thought of as representing a possible
mapping of the freezeout trajectory (Fig. 2) onto the tH
plane. Although the absolute value of the peak in κ4

depends on the proximity of the freezeout curve to the
critical point, the ratio of the maximum to minimum
along such an H = const curve is a universal number,
approximately equal to −28 from Eq. (10).
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FIG. 2: A sketch of the phase diagram of QCD with the freeze-
out curve and a possible mapping of the Ising coordinates t
and H .

The negative minimum is small relative to the positive
peak, but given the large size of the latter, Ref.[7, 15],
the negative contribution to kurtosis may be significant.
In addition, the mapping of the freezeout curve certainly
need not be H = const, and the relative size of the posi-
tive and negative peaks depends sensitively on that.
The trend described above appears to show in the re-

cent lattice data, Ref.[10], obtained using Pade resum-
mation of the truncated Taylor expansion in µB. As the
chemical potential is increased along the freezeout curve,
the 4-th moment of the baryon number fluctuations be-
gins to decrease, possibly turning negative, as the critical
point is approached (see Fig.2 in Ref.[10]).
Another observation, which we shall return to at the

end of the next section, is that −κ4 grows as we approach
the crossover line, corresponding to H = 0, t > 0 on the
diagram in Fig. 1(a). On the QCD phase diagram the
freezeout point will move in this direction if one reduces
the size of the colliding nuclei or selects more peripheral
collisions (the freezeout occurs earlier, i.e., at higher T ,
in a smaller system).

EXPERIMENTAL OBSERVABLES

In this section we wish to connect the results for the
fluctuations of the order parameter field σ to the fluctua-
tions of the observable quantities. As an example we con-
sider the fluctuations of the multiplicity of given charged
particles, such as pions or protons.
For completeness we shall briefly rederive the results of

Ref.[7] using a simple model of fluctuations. The model
captures the most singular term in the contribution of the
critical point to the fluctuation observables. Consider a
given species of particle interacting with fluctuating crit-
ical mode field σ. The infinitesimal change of the field δσ
leads to a change of the effective mass of the particle by
the amount δm = gδσ. This could be considered a def-
inition of the coupling g. For example, the coupling of
protons in the sigma model is gσp̄p. The fluctuations δfp
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Fluctuations of negatively charged hadrons in inelastic p+p
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particle production (Skellam) 
EPOS model describes data on net-charge 
fluctuations

Fluctuations of net-charge in inelastic p+p

Predictions within statistical models → see poster by V. Begun 

model predictions within the analysis acceptance

Results (this and previous page) are corrected for non-
target interactions, detector inefficiencies and trigger bias 
→ talk by M. Maćkowiak-Pawłowska
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Figure 5: Three selected observables that all show
interesting non-monotonic behavior as functions
of collision energy around

p
sNN ⇠ 15�20 GeV.

Top panel: R

2
out

�R

2
side

, measured via two-pion
interferometry by STAR [82], PHENIX [83], and
ALICE [84], reflects the lifetime of the collision
fireball. R

2
out

�R

2
side

was predicted [85] to reach a
maximum for collisions in which the hydrodynamic
fluid forms at temperatures where the equation of
state is softest.
Middle panel: The rapidity-slope of the net pro-
ton directed flow v1, dv1/dy. This quantity is
sensitive to early pressure fields in the medium.
Bottom panel: The kurtosis of the event-by-
event distribution of the net proton (i.e. proton
minus antiproton) number per unit of rapidity,
normalized such that Poisson fluctuations give a
value of 1. In central collisions, published results
in a limited kinematic range [86] show a drop be-
low the Poisson baseline around

p
sNN =27 and

19.6 GeV. New preliminary data over a larger p

T

range [87], although at present with substantial
uncertainties, hint that the normalized kurtosis
may, in fact, rise above 1 at lower

p
sNN, as ex-

pected from critical fluctuations [88]. The grey
band shows the much reduced uncertainties an-
ticipated from BES-II in 2018-2019, for the 0-5%
most central collisions.

would be a landmark achievement. The first goals of the BES program, however, relate to obtaining a
quantitative understanding of the properties of matter in the crossover region of the phase diagram as it
changes with increasing µ

B

. Available tools developed over the last few years now make a quantitative
comparison between theory and experiment tractable in the µ

B

-range below any QCD critical point.
Success in this, in and of itself, would constitute a major and lasting impact of the RHIC program.
Questions that can be addressed in this regime include quantitative study of the onset of various signatures
associated with the presence of quark-gluon plasma and of the onset of chiral symmetry restoration as one
traverses the crossover region. Data now in hand from BES-I provide key inputs and impetus toward this
goal. Here we give four examples, intended to be illustrative, of areas where a coherent experimental
and theoretical e↵ort is expected to have substantial impact on our understanding of QCD. In each case
we also note the substantial impact expected from the additional measurements anticipated during the
BES-II:

1. The directed flow observable dv1/dy for net protons has been found to feature a dip as a function of
collision energy (see middle panel in Fig. 5), with a minimum at energies somewhere between

p
sNN = 11.5

and 19.6 GeV [89]. This has long been predicted in qualitative terms as a consequence of the softening of
the equation of state in the transition region of the phase diagram [90,91]. Several theoretical groups
around the world have now begun hydrodynamic calculations with nonzero baryon density, deploying all the
sophistication that has been developed very recently in the analysis of higher energy collisions, including
initial fluctuations and a hadronic afterburner, in applications to these lower energy collisions. These
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Rapidity Correlations in BES 
Sedigheh Jowzaee, 
Tue 17:30 

•  Two particle correlation pion pairs 
•  Charge independent new ridge structure  
  observed at around 19.6 and 27 GeV 
  ! no ridge at higher/lower energies 

  Central HI Collisions  
E864/E866/E877/NA49/PHENIX/STAR

S.Jowzaee QM2017



BES-I ! BES-II 
More Statistics 

!  BES-I exploratory scan 
was carried out to shed 
light on these questions 
!  Indications of  a CP with 

8 < √SNN < 20 GeV 
!  How can we capitalize 

on these results? 
!  More data 

!  Electron cooling 
!  RHIC Luminosity 

upgrade 
!  Needed for lower 

energies 
!  Many results statistics 

limited 
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Improving on current data

15

Current low energy data:  
Hints that at low √s  

QGP turns off 
   Ordered phase transition 
   Critical Point 

Future data: 
Examine regions of interest 
Maximizing fraction particles 
measured 
Probe lower √s  
High(er) luminosities 
Change species

Turn trends and features 
into definitive conclusions
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µB (MeV) 560 - 230 850 - 670 790 720 - 210 750 - 330 780 - 400 850 - 490

√sNN
(GeV) 4.9-17.3 2-3.5 2.4 3-19.6 2.7-11 2.7-8.2 2-6.2

Facility SPS NICA SIS-18 RHIC NICA SIS-100 J-PARC 
HI

Experiment NA61/
SHINE BM@N HADES/

miniCBM STAR MPD CBM

Start Year 2009 2017 2018 2019 2020 2025 2025 
(earliest)

Physics CP & 
Onset

Dense 
Baryon

Dense 
Baryon

CP and 
Onset

Onset & 
Dense 
Baryon

Onset & 
Dense 
Baryon

Onset & 
Dense 
Baryon

Helen Caines - QM17

Planned low energy running

16

Expect wealth of new insights over next ~5 years
V.Kekelidze, T.Sakaguchi, P. Senger QM2017
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STAR upgrades for BES-II

17

Endcap ToF

Enhanced Acceptance  
Enhanced PID mid and forward 
Enhanced Event Plane Resolution 
Enhanced Centrality Definition 
Enhanced √s range

iTPC,   EPD,   
eTOF (from CBM), 
Fixed target

C. Yang QM2017

Inner TPC Endcap TOF 

Event Plane Detector 
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BES-II: Onset of deconfinement

18

NA49 - claim onset of deconfinement 
at √s = 7.7 GeV 

eTOF+iTPC: 
Forward acceptance in fixed target 
mid-rapidity range 

 Reach 7.7 GeV for fixed target too 

Fixed target program 
Collider can’t run below 7.7GeV 
Target in beam pipe at z=210cm 

Dedicated short runs 
More efficient 
Successful tests completed 

Precision investigation 
with new techniques and 

same detector

2014 − √SNN = 3.9 GeV

Daniel Cebra 
10/06/2016 Slide 32 of 30 INT Beam Energy Scan Workshop 

Institute of Nuclear Theory, University of Washington 

p 
Daniel Cebra 
10/06/2016 Slide 32 of 30 INT Beam Energy Scan Workshop 

Institute of Nuclear Theory, University of Washington 

p 
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BES-II: Softening of EoS

19

iTPC+ eTOF: 
Enhanced coverage at forward y 

Signal larger - role of baryon stopping 

[Simulation: UrQMD at 19.6 GeV]

Precision measurement of dv1/dy as function of centrality
Current data: Double sign change of v1 



EPD Improvements 
!  Net proton v1 

versus √sNN at 
mid-rapidity 
!  BES I data from 

10-40% 

!  The grey bars 
indicate what the 
error bars would 
have been with a 
narrow centrality 

Rosi Reed - 2016 RHIC/AGS Users Meeting 26 

BES-I Data 
BES-II  
BES-II + EPD 

Helen Caines - QM17

BES-II: Softening of EoS

19

iTPC+ eTOF: 
Enhanced coverage at forward y 

Signal larger - role of baryon stopping 

[Simulation: UrQMD at 19.6 GeV]

Precision measurement of dv1/dy as function of centrality
Current data: Double sign change of v1 

EPD: 
Enhanced 1st order EP resolution 

Reduced systematics



iTPC
iTPC

Helen Caines - QM17

BES-II: Critical fluctuations

20

iTPC: 
Increase Δyp acceptance
Δyp > Δy correlation 

Current data:  Suggestive of non-trivial √s dependence of net   

                                proton cumulant ratios

Subject actively 
pursued theoretically

Establish true nature 
of correlation

EPD: 
Improved centrality selection 

Use all TPC for measurement



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 

Excess radiation 23

Hard Probes 2016 - Patrick Sellheim - 24/09/2016

HADES
Preliminary

Excess yield scales like
≈A1.3

part

The excess yield rises 
with the size of the 
collision system.

Helen Caines - QM17

Low mass di-lepton excess

21

HP2016 J. Butterworth (STAR) P. 
Sellheim (HADES)

In Au+Au excess scales 
as N1.3part

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

Looking forward to adding more low 
energy and LHC data into trend plots 

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

22

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

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

J. Butterworth HP2016, T. Galatyuk, QM2017

15

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

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

Events (M) 100 160 230 300 400

Similar stat. uncert. as 
Au+Au @ 𝑠𝑁𝑁 = 200 GeV
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Change the total baryon number

22

ρ-meson broadening: 
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iTPC: Significant reduction in sys. and stat. uncertainties  
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Low Mass Region: 
iTPC: Significant reduction in sys. and stat. uncertainties  

Disentangle total baryon density effects
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15

AuAu@19,200:  PLB750 64 2015; AuAu@27,39,62: S.Yang, QM15;
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Change the total baryon number

22

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

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

Low Mass Region: 
iTPC: Significant reduction in sys. and stat. uncertainties  

Disentangle total baryon density effects

J. Butterworth HP2016, T. Galatyuk, QM2017

HADES Prelim.0-40% 
0.3<Mee<0.7 GeV/c2

15

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

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

Events (M) 100 160 230 300 400

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

23

New data from FAIR, NICA, RHIC and SPS just around the corner 

Significantly extended detection capabilities compared to existing data 

     

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

Strong theoretical interest focussed in BEST and HICforFAIR, 
increased number of focussed workshops

Data exists over wide range of √s for heavy & light ions, p(d)-A, and pp

In conjunction: Turn trends and features into definitive 
conclusions
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BACK UP
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Baryon density considerations

25

  4

Current status of horn and step plots – properties of the onset of deconfinement 

mid-rapidity 4p new  For Pb+Pb sharp 

peak (horn) in K+/p+ 

ratio due to onset of 
deconfinement (OD) 
 (APPB 30, 2705, 1999)

  For Pb+Pb 
plateau (step) in the 
inverse slope 
parameter (T) of m

T
 

spectra due to OD 
(constant T and p in 
mixed phase)

 Even in p+p the 
energy dependence 

of K+/p+ and T 

exhibits rapid 
changes in the 
SPS energy range

S. Puławski (for NA61),  
PoS CPOD2014, 010, 2015; 

and 2015 update (4p)
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Coalescence Parameters vs. Collision Energy

� ,9 decrease with collision energy. A minimum around sGG� = 20 GeV:
change of EOS?!

� ,9 ! values are systematically lower than that of ,9(!) implying emitted source of 
anti-baryons is larger than those of baryons

Ning Yu, Quark Matter 2017

arXiv:1410.2559

∝ ∆• ∝ ¶B
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FIG. 8: (Color online) The dependence of the HBT radii on multi-
plicity, ⟨dNch/dη⟩1/3, for ⟨kT ⟩ ≈ 0.22 GeV/c (left) and ⟨kT ⟩ ≈ 0.39
GeV/c (right). Results are for Au+Au collisions at STAR, Pb+Au at
CERES [28], Pb+Pb at ALICE [36], and Si+A at E802 [25]. Errors
are statistical only.

only to emphasize the trend.
Figure 7 shows the ⟨mT ⟩ dependence of the HBT param-

eters for each energy. As mentioned earlier, the decrease in
transverse and longitudinal radii at highermT are attributed to
transverse and longitudinal flow [23, 66]. Larger mT pairs are
emitted from smaller emission regions with less correspon-
dence to the size of the entire fireball. For both Rout and Rside
the different beam energies show similar trends both in magni-
tude and slope. For Rlong, the slopes appear to remain similar
for the different energies, but the magnitude of Rlong increases
with energy for all centralities. From these observations, and
considering Fig. 6 showed the beam energy dependence for
a single kT and centrality bin, it is apparent that similar de-
pendencies on√sNN exist for all the studied centrality and kT
ranges.
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FIG. 9: (Color online) The beam energy dependence of the vol-
ume, V = (2π)3/2R2sideRlong, of the regions of homogeneity at ki-
netic freeze-out in central Au+Au, Pb+Pb and Pb+Au collisions with
⟨kT ⟩ ≈ 0.22 GeV/c [26–32, 36]. The systematic errors for STAR
points at all energies (from Table II) are of similar size to error bar for
39 GeV, shown as a representative example. Errors on other results
are statistical only, to emphasize the trend. The PHOBOS points are
offset in √sNN for clarity. The text contains some discussion about
variations in centrality, ⟨kT ⟩, and analysis techniques between differ-
ent experiments.

The multiplicity dependence of the HBT radii are presented
in Fig. 8 for two kT ranges with ⟨kT ⟩ ≈ 0.22 GeV/c and
⟨kT ⟩ ≈ 0.39 GeV/c. A few earlier measurements with simi-
lar ⟨kT ⟩ are shown as well. It was observed in [34] that Rside
and Rlong both follow a common universal trend at 62.4 and
200 GeV independent of the collision species. ALICE has
recently shown p+p collisions exhibit a different multiplicity
dependence with a smaller slope [37, 38]. The difference may
be due to the interactions in the bulk medium formed in heavy
ion collisions.
The results from ALICE are at different ⟨kT ⟩ values. To get

a similar ⟨kT ⟩ ≈ 0.39 GeV/c estimate, the ALICE data points
[36] reported for ⟨kT ⟩ ≈ 0.35 GeV/c and ⟨kT ⟩ ≈ 0.44 GeV/c
are averaged and plotted on Fig. 8. There is some ambiguity in
this approach as the different pair statistics at different kT are
not accounted for when averaging this way. As demonstrated
in [36–38], the universal trends for Rside and Rlong continue up
to LHC energies.
When comparing different datasets from previous analyses

[25, 28, 36], there is an uncertainty on the centrality caused by
the different techniques that were used to compute the average
charged track multiplicity ⟨dNch/dη⟩. In this analysis, the
standard STAR centrality definition was used at all energies,
where ⟨dNch/dη⟩ is computed using all events that pass the
event selection cuts. However, it should be noted that this is an
uncorrected value of ⟨dNch/dη⟩ that underestimates the true

piN cross-section important at low sqrt(s)



Helen Caines - QM17

Baryon density considerations

25

  4

Current status of horn and step plots – properties of the onset of deconfinement 

mid-rapidity 4p new  For Pb+Pb sharp 

peak (horn) in K+/p+ 

ratio due to onset of 
deconfinement (OD) 
 (APPB 30, 2705, 1999)

  For Pb+Pb 
plateau (step) in the 
inverse slope 
parameter (T) of m

T
 

spectra due to OD 
(constant T and p in 
mixed phase)

 Even in p+p the 
energy dependence 

of K+/p+ and T 

exhibits rapid 
changes in the 
SPS energy range

S. Puławski (for NA61),  
PoS CPOD2014, 010, 2015; 

and 2015 update (4p)

 (GeV)NNs
4 5 6 7 8 10 20 30 40 100 200

)3
/c2

 (G
eV

2B

3−10

E864(d) Au+Pb
E866(d) Au+Au
E877(d) Au+Au
NA49(d) Pb+Pb
PHENIX(d) Au+Au

) Au+AudSTAR(
) Au+AudPHENIX(

 / A = 0.65 GeV/c
T

p
STAR 0-10%(d) Au+Au

) Au+AudSTAR 0-10%(

Average of p+p and p+A

Central Collision
STAR Preliminary

2017/2/3 18

Coalescence Parameters vs. Collision Energy

� ,9 decrease with collision energy. A minimum around sGG� = 20 GeV:
change of EOS?!

� ,9 ! values are systematically lower than that of ,9(!) implying emitted source of 
anti-baryons is larger than those of baryons

Ning Yu, Quark Matter 2017

arXiv:1410.2559

∝ ∆• ∝ ¶B

BEAM-ENERGY-DEPENDENT TWO-PION INTERFEROMETRY . . . PHYSICAL REVIEW C 92, 014904 (2015)

)2
 (f

m
2 si

de
-R

2 ou
t

R

-5

0

5

10

15

20
STAR 0-5% ALICE 0-5%

=0.29 GeV/cTm
=0.38 GeV/cTm
=0.46 GeV/cTm
=0.56 GeV/cTm

=0.26 GeVTm
=0.33 GeVTm
=0.42 GeVTm
=0.52 GeVTm

=0.26 GeVTm
=0.33 GeVTm
=0.42 GeVTm
=0.52 GeVTm

 GeVNNs

1 10 210 310 410

si
de

/R
ou

t
R

0.85

0.9

0.95

1

1.05

1.1

1.15

1.2

FIG. 7. (Color online) (Top) The difference between the squared
transverse HBT radii are plotted as a function of the collision energy
for STAR and ALICE measurements of the most central heavy ion
collisions. (Bottom) The ratio of the out and side HBT radii for
STAR and ALICE are plotted for the same collisions. In both cases,
statistical errors are shown by solid error bars. Systematic errors are
shown only for the data at mT = 0.33 GeV (mT = 0.38 GeV) for
STAR (ALICE); systematic errors are common for all mT cuts. The
systematic errors are driven by two-track cuts that are common to
all STAR energies and so are drawn only for the

√
sNN = 62.4-GeV

data.

on the algorithm used [22]. Calculations that rely strictly
on freeze-out distributions and bypass calculation of the
momentum-space correlation function, often yield HBT radii
that are much too large, whereas the ratios between them are
closer to experimental values [22,67].

In the hydrodynamic calculation of Rischke and Gyulassy,
which included flow, Rout/Rside exhibited a peak as the energy
density of the system nears the threshold of a first-order phase
transition or rapid crossover transition [63]. This ratio is shown
in the bottom panel of Fig. 6 for the world’s data set. A small
peaking behavior in the STAR data is obscured by the historical
SPS and AGS data. The excitation function is clearer if the
STAR and ALICE data are viewed separately, as seen in the
bottom panel of Fig. 7 [68]. For all mT ranges, the ratio peaks
at

√
sNN ≈ 20 GeV.

It is not unreasonable to examine the RHIC and LHC data on
their own. Femtoscopic techniques, including various methods
for accounting for the Coulomb repulsion between the pions,
have evolved over time [22]; STAR and ALICE use the Bowler-
Sinyukov formalism [54,55], which affects particularly the
outward radius [33]. Furthermore, the detector acceptance and
two-track efficiency change as a function of collision energy
in a fixed-target experiment, which can complicate detection
of a subtle trend in an observable with

√
sNN. Midrapidity

measurement with collider experiments such as STAR and
ALICE are performed with uniform coverage independent
of collision energy. Finally, systematic errors vary from one
experiment to another. While the systematic error on Rout/Rside
(shown as a gray band in Fig. 7) is significant, it is common
for all

√
sNN, so the peak in the ratio is statistically significant.

The peak in R2
out − R2

side and Rout/Rside is intriguing,
especially because it occurs around a collision energy where
several other observables [69–72] show nontrivial trends
that may indicate a change in the underlying physics at
these energies. However, conclusive interpretation of the
femtoscopic data presented here must await comparison with
theoretical calculations.

The value of Rlong has been related to the kinetic freeze-out
temperature, T , and lifetime, τ , of the system by the relation
[23,73,74]

Rlong = τ

!
T

mT

K2(mT /T )
K1(mT /T )

, (18)

where K1(mT /T ) and K2(mT /T ) are modified Bessel func-
tions. The kinetic freeze-out temperature is not expected to
change much with

√
sNN. Therefore, the rise of Rlong suggests

that the total lifetime of the system is increasing with energy.
At the end of this section Eq. (18) is used to extract τ as a
function of

√
sNN given certain assumptions.

The systematic errors for STAR points at all energies (from
Table II) are of similar size to error bar for 39 GeV, shown as
a representative example. Errors on other results are statistical
only to emphasize the trend.

Figure 8 shows the ⟨mT ⟩ dependence of the HBT param-
eters for each energy. As mentioned earlier, the decrease in
transverse and longitudinal radii at higher mT are attributed
to transverse and longitudinal flow [23,66]. Larger mT pairs
are emitted from smaller emission regions with less correspon-
dence to the size of the entire fireball. For both Rout and Rside the
different beam energies show similar trends in both magnitude
and slope. For Rlong, the slopes appear to remain similar for
the different energies, but the magnitude of Rlong increases
with energy for all centralities. From these observations, and
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collisions. (Bottom) The ratio of the out and side HBT radii for
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data.

on the algorithm used [22]. Calculations that rely strictly
on freeze-out distributions and bypass calculation of the
momentum-space correlation function, often yield HBT radii
that are much too large, whereas the ratios between them are
closer to experimental values [22,67].
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bottom panel of Fig. 7 [68]. For all mT ranges, the ratio peaks
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√
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It is not unreasonable to examine the RHIC and LHC data on
their own. Femtoscopic techniques, including various methods
for accounting for the Coulomb repulsion between the pions,
have evolved over time [22]; STAR and ALICE use the Bowler-
Sinyukov formalism [54,55], which affects particularly the
outward radius [33]. Furthermore, the detector acceptance and
two-track efficiency change as a function of collision energy
in a fixed-target experiment, which can complicate detection
of a subtle trend in an observable with

√
sNN. Midrapidity

measurement with collider experiments such as STAR and
ALICE are performed with uniform coverage independent
of collision energy. Finally, systematic errors vary from one
experiment to another. While the systematic error on Rout/Rside
(shown as a gray band in Fig. 7) is significant, it is common
for all

√
sNN, so the peak in the ratio is statistically significant.

The peak in R2
out − R2

side and Rout/Rside is intriguing,
especially because it occurs around a collision energy where
several other observables [69–72] show nontrivial trends
that may indicate a change in the underlying physics at
these energies. However, conclusive interpretation of the
femtoscopic data presented here must await comparison with
theoretical calculations.

The value of Rlong has been related to the kinetic freeze-out
temperature, T , and lifetime, τ , of the system by the relation
[23,73,74]

Rlong = τ
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K2(mT /T )
K1(mT /T )

, (18)

where K1(mT /T ) and K2(mT /T ) are modified Bessel func-
tions. The kinetic freeze-out temperature is not expected to
change much with

√
sNN. Therefore, the rise of Rlong suggests

that the total lifetime of the system is increasing with energy.
At the end of this section Eq. (18) is used to extract τ as a
function of

√
sNN given certain assumptions.

The systematic errors for STAR points at all energies (from
Table II) are of similar size to error bar for 39 GeV, shown as
a representative example. Errors on other results are statistical
only to emphasize the trend.

Figure 8 shows the ⟨mT ⟩ dependence of the HBT param-
eters for each energy. As mentioned earlier, the decrease in
transverse and longitudinal radii at higher mT are attributed
to transverse and longitudinal flow [23,66]. Larger mT pairs
are emitted from smaller emission regions with less correspon-
dence to the size of the entire fireball. For both Rout and Rside the
different beam energies show similar trends in both magnitude
and slope. For Rlong, the slopes appear to remain similar for
the different energies, but the magnitude of Rlong increases
with energy for all centralities. From these observations, and
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FIG. 8: (Color online) The dependence of the HBT radii on multi-
plicity, ⟨dNch/dη⟩1/3, for ⟨kT ⟩ ≈ 0.22 GeV/c (left) and ⟨kT ⟩ ≈ 0.39
GeV/c (right). Results are for Au+Au collisions at STAR, Pb+Au at
CERES [28], Pb+Pb at ALICE [36], and Si+A at E802 [25]. Errors
are statistical only.

only to emphasize the trend.
Figure 7 shows the ⟨mT ⟩ dependence of the HBT param-

eters for each energy. As mentioned earlier, the decrease in
transverse and longitudinal radii at highermT are attributed to
transverse and longitudinal flow [23, 66]. Larger mT pairs are
emitted from smaller emission regions with less correspon-
dence to the size of the entire fireball. For both Rout and Rside
the different beam energies show similar trends both in magni-
tude and slope. For Rlong, the slopes appear to remain similar
for the different energies, but the magnitude of Rlong increases
with energy for all centralities. From these observations, and
considering Fig. 6 showed the beam energy dependence for
a single kT and centrality bin, it is apparent that similar de-
pendencies on√sNN exist for all the studied centrality and kT
ranges.
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FIG. 9: (Color online) The beam energy dependence of the vol-
ume, V = (2π)3/2R2sideRlong, of the regions of homogeneity at ki-
netic freeze-out in central Au+Au, Pb+Pb and Pb+Au collisions with
⟨kT ⟩ ≈ 0.22 GeV/c [26–32, 36]. The systematic errors for STAR
points at all energies (from Table II) are of similar size to error bar for
39 GeV, shown as a representative example. Errors on other results
are statistical only, to emphasize the trend. The PHOBOS points are
offset in √sNN for clarity. The text contains some discussion about
variations in centrality, ⟨kT ⟩, and analysis techniques between differ-
ent experiments.

The multiplicity dependence of the HBT radii are presented
in Fig. 8 for two kT ranges with ⟨kT ⟩ ≈ 0.22 GeV/c and
⟨kT ⟩ ≈ 0.39 GeV/c. A few earlier measurements with simi-
lar ⟨kT ⟩ are shown as well. It was observed in [34] that Rside
and Rlong both follow a common universal trend at 62.4 and
200 GeV independent of the collision species. ALICE has
recently shown p+p collisions exhibit a different multiplicity
dependence with a smaller slope [37, 38]. The difference may
be due to the interactions in the bulk medium formed in heavy
ion collisions.
The results from ALICE are at different ⟨kT ⟩ values. To get

a similar ⟨kT ⟩ ≈ 0.39 GeV/c estimate, the ALICE data points
[36] reported for ⟨kT ⟩ ≈ 0.35 GeV/c and ⟨kT ⟩ ≈ 0.44 GeV/c
are averaged and plotted on Fig. 8. There is some ambiguity in
this approach as the different pair statistics at different kT are
not accounted for when averaging this way. As demonstrated
in [36–38], the universal trends for Rside and Rlong continue up
to LHC energies.
When comparing different datasets from previous analyses

[25, 28, 36], there is an uncertainty on the centrality caused by
the different techniques that were used to compute the average
charged track multiplicity ⟨dNch/dη⟩. In this analysis, the
standard STAR centrality definition was used at all energies,
where ⟨dNch/dη⟩ is computed using all events that pass the
event selection cuts. However, it should be noted that this is an
uncorrected value of ⟨dNch/dη⟩ that underestimates the true

piN cross-section important at low sqrt(s)
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BES-I ! BES-II 
New energies 

!  Fixed target program 
extends scan to lower 
energies 

!  Tested in 2014 

Rosi Reed - 2016 RHIC/AGS Users Meeting 16 2014 � √SNN = 3.9 GeV 

LHC: 2760, 5000 

RHIC: BES-I  
     BES-II - Fixed target 

 2.5 - 19.6 
d+Au 200, 62, 38, 20 
Cu+Au 200, 62 

SPS: 5.1-17.3  
Lighter ions 

SIS: 2.6, 2.6 

FAIR: 2.7-8.2 

NICA: 2-11 

J-PARC: 2-6.2 

Wealth of data in hand and 
more coming soon

HADES

FAIR
NICA

SHINE
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  2

 Search for the critical point  
Search for non-monotonic behavior 
of CP signatures: fluctuations of N, 
average p

T
, etc., intermittency, when 

system freezes out close to CP

 Study of the properties of the 
onset of deconfinement  
Search for the onset of the 
horn/kink/step/dale in collisions of 
light nuclei; additional analysis of 
fluctuations and correlations 
(azimuthal, particle ratios, etc.)

Estimated (NA49) and expected (NA61) chemical 
freeze-out points according to  PR C73, 044905, 2006 

The most interesting region of the phase diagram is accessible at the SPS 
 Onset of deconfinement at @ 30A GeV (÷s

NN 
= 7.6 GeV)   PR C77, 024903, 2008

 Critical point? Example: (TCP, µ
B

CP ) = (162(2),  360(40)) MeV  JHEP 0404, 050, 2004

NA61/SHINE strong interactions program (continuation of NA49 efforts)

Comprehensive scan in the whole SPS 
energy range (13A - 150/158A GeV € 

÷s
NN

= 5.1 - 16.8/17.3 GeV) with light and 

intermediate mass nuclei

NA61/SHINE: 
Comprehensive 
scan including 
variety of nuclei

Grabieszkow CPOD 2016, J. Velkovska QM2017

Can we see evidence of stepping across 
boundary while keeping µB fixed?

RHIC: 
d+Au: 200, 62, 38, 20 
Cu+Au: 200, 62 
p+Au, p+Al  He3+Au: 200
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BES results for π+ and π-

Probe expansion 
dynamics: 

Width of rapidity 
distribution compared 
to Landau hydro. 
expansion predictions 

Minimum observed at 
√s = ~7 GeV 

Minimum in the speed 
of sound? 

cs2 ~ 0.26 

Christopher Flores
QM2015 September 29, 2015

STAR sees an increase in the ratio 

of the measured pion width to the 

predicted hydro width confirming 

trend of previous NA49 

measurements.

Dale Observable

12

E895: J. L. Klay et al, PRC 68, 05495 (2003)
NA49: S. V. Afanasiev et al. PRC 66, 054902 (2002)
BRAHMS: I.G. Bearden et al., PRL 94, 162301

STAR Data points include both 

statistical and systematic errors.
σ

y
(hydro): P. Carruthers and M. Duong-van, Phys.Lett. B41, 597 (1972)

All rapidity density spectra have been 
fit with single Gaussian Functions.

All rapidity density spectra have been 
fit with single Gaussian Functions.

Another indication of 
softening of EoS?

NA61/SHINE see minima in 
similar place for pp data

C. Flores QM15
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Radial Flow, and softening of  EoS 

A. Rustamov, CPOD 2016, Wroclaw, Poland 
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Wrocław is the largest city in western Poland. It is on the River Oder in the Silesian
Lowlands of Central Europe, roughly 350 kilometres (220 miles) from the Baltic
Sea to the north and 40 kilometres (25 miles) from the Sudeten Mountains to the
south. Wrocław is the historical capital of Silesia and Lower Silesia. See more from
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Wrocław was selected as the European Capital of Culture 2016. Throughout the
year there will be dozens of cultural events and festivals. Thanks to a number of
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Higher Moments of Net-Q, -K, -p 
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(c) STAR Net-Kaon
δφ = 2π

|yK|<0.5; 0.2<pT<1.6(GeV/c)
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(d) STAR Net-proton
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1)  The results of net-Q and net-Kaon show flat energy dependence. 
2)  Net-p shows non-monotonic energy dependence in the most central Au+Au 

collisions starting at √sNN < 27 GeV! 
         PHENIX: talk by P. Garg at QM2015;    STAR: talk by J. Thäder and poster by J. Xu at QM2015   

€ 

error(κ *σ 2)∝
1
N
σ 2

ε 2

In STAR: 

σ(Q) > σ(K) > σ(p)  
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A. Rustamov, CPOD 2016, Wroclaw, Poland 

Results from PHENIX/STAR 

17 

PRC93 (2016) 011901(R) 

Data matches with the difference of  two Negative 
Binomial densities fitted to the single multiplicity 
distributions 

PRL 112 32302 (2014) + QM15 

Consistent with the Skellam 
Baseline 
Larger error bars for  		kσ 2

PHENIX STAR 

No direct comparison due to different acceptances 
Can’t make direct comparison because of differing acceptances

Data in agreement with 
NBD calculations
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Current status of horn and step plots – properties of the onset of deconfinement 

mid-rapidity 4p new  For Pb+Pb sharp 

peak (horn) in K+/p+ 

ratio due to onset of 
deconfinement (OD) 
 (APPB 30, 2705, 1999)

  For Pb+Pb 
plateau (step) in the 
inverse slope 
parameter (T) of m

T
 

spectra due to OD 
(constant T and p in 
mixed phase)

 Even in p+p the 
energy dependence 

of K+/p+ and T 

exhibits rapid 
changes in the 
SPS energy range

S. Puławski (for NA61),  
PoS CPOD2014, 010, 2015; 

and 2015 update (4p)

Helen Caines - QM17

Horns and plateaus

32

RHIC data suggests 
horn less pronounced 

Tkin: 

pp values 
lower but trend 
similar to A-A   

Baryon density  
peaks at √s ~ 7 GeV 
as models suggest

A. Aduszkiewicz QM2017, K. Grebieszkow CPOD16

K/π ratio: 

 Mid-rapidity same 
results at total yield 
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NA49/NA61 Results 
-  Central Pb+Pb 
collisions (7.2%) vs. 
collision energy 
-  Flat strcture 

- Collision centrality 
dependence at 158 
GeV/c.  
- Peak around C+C, 
Si+Si collisions 

M. Gazdzicki and P. Seyboth, arXiv: 1506.08141 
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7.7 and 11.5 GeV results 
increase monotonically 

200 GeV results decrease 
monotonically 

Where does d+Au data sit?

Cronin may be hiding Eloss

For √sNN  ≥ 14.5 GeV central 
events show suppression 
compared to next peripheral bin
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BES v2 and Model Comparison 

At large µB, low collision energies, the number of quark scaling in v2 is broken 

(a) Hydro + Transport: Baryon results fit               [J. Steinheimer, et al. PR C86, 44902(13)] 

(b) NJL model:  Sensitive to vector-coupling, CME, µB driven.                                                            
                                                                                                                                  [J. Xu, et al., PRL112.012301(14)] 

(c) Hydro solution: Chemical potential µB and viscosity η/s driven! 
                                              [Hatta et al. PR D91, 085024(15); D92, 114010(15) //NP A947, 155(16)] 
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Decoupling of  temperatures 

A. Rustamov, CPOD 2016, Wroclaw, Poland 

Is this related to the softening of  EoS? 

9 
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 Stat. Model: A. Andronic et al., Nucl.Phys.A834(2010)237 

 E.Schnedermann, J.Sollfrank and U.Heinz, Phys.Rev.C48(1993)2462 

Chemical Freeze out 
D. Mishra, QM 2015, Kobe, Japan 

• S. Wheaton & Cleymans, Comput. Phys. Commun., 180, 84-109 (2009) 
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• J. Cleymans et al. Phys. Rev. C 73, 034905 (2006) 
• A. Andronic et al. Nucl. Phys. A 834, 237C (2010) 

High Energy 

Low Energy 

Stephen Horvat (YALE) HQ2016, South Padre Island 24 



Comparison: Observables

CPOD 2016, Wroclaw, 30 May 
2016

Volker Friese 21

BM@
N

BM@
N

NICANICA

NA61NA61bulk flow,

strangeness,

fluctuations

BESBES

CBM

NICANICA
LM dileptons CBM

NA6
1

NA6
1

anti-hyperons
BESBES

CBM

NA6
1

NA6
1open charm CBM

charmonium CBM

IM dileptons CBM

restrictions: by rate and/or by instrumentation
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Who can measure what

37
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CBM at FAIR

38Nu Xu 23/56 “Quark Matter 2015  Student-Day”  Kobe, Japan, 9/27 – 10/3, 2015 

The CBM Experiment at FAIR 
TOF�MVD/STS � PSD �EMCal�RICH/TRD�Target�

 FAIR: One of the highest intensity accelerator complex in the 21st century 

 Precision measurements at high baryon density region for:  
   (i) Dileptons (e, µ);  (ii) High order correlations; (iii) Flavor productions (s, c)  
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FAIR-MSV Schedule

CPOD 2016, Wroclaw, 30 May 
2016

Volker Friese 13
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NICA

40

5

Baryonic	Matter	at	Nuclotron	(BM@N)

SPD	(Spin Physics Detector)

MultiPurpose Detector (MPD) 

Ion source

Ring circumference
503.04 m. 
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NICA

41

Heavy ion colliding beams up to 197Au79+  +  197Au79+

     at sNN = 4 ÷ 11 GeV ,     Laverage= 1x1027 cm-2s-1 
Light-Heavy ion colliding beams of the same  sNN and  the same or 

higher Laverage
Polarized beams of protons and deuterons in collider mode:

    pp �spp = 12 ÷ 26 GeV   Lmax  ≈ 1x1032 cm-2s-1  
   dd sNN = 4 ÷ 13.8 GeV 

 Extracted beams of light ions and polarized protons and deuterons 
for fixed target experiments: 
Li  Au = 1  4.5 GeV /u   ion kinetic energy
p, p = 5 ÷ 12.6 GeV        kinetic energy 
d, d = 2 ÷ 5.9 GeV/u   ion kinetic energy

        Applied research on ion beams at kinetic energy above 3 MeV/u
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QCD Matter Physics at NICA

CPOD 2016, Wroclaw, 30 May 

2016
Volker Friese 5

BM@N:

• Fixed-target, 

E
beam

 = 1A – 4.5A GeV from Nuclotron

• Interaction rates up to 50 kHz

• Measurement of hadrons

• Time line: light ion beams 2017, 

heavy ion beams 2019

MPD:

• Collider experiment, 

sqrt(s
NN

) = 4 – 11 GeV

• Interaction rate up to 10 MHz 

(depending on energy)

• Hadron and lepton 

measurements

• Time line (staged): 2019 - 2013
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Plans at J-PARC

CPOD 2016, Wroclaw, 30 May 
2016

Volker Friese 17

Additional ion acceleration scheme 
Extracted beams for ,xed-target experiments

Energy: 1A – 19A GeV
Extreme rates (4 x 1011 / cycle)

Additional ion acceleration scheme 
Extracted beams for ,xed-target experiments

Energy: 1A – 19A GeV
Extreme rates (4 x 1011 / cycle)
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BES-II: Detailed Run Plan

44

Run in 2019 & 2020 will have significant physics impact 

Collision Energies (GeV): 7.7 9.1 11.5 14.5 19.6

Chemical Potential (MeV): 420 370 315 260 205

Observables Millions of Events Needed

RCP up to pT 4.5 GeV NA NA 160 92 22

Elliptic Flow of φ meson (v2) 100 150 200 300 400

Local Parity Violation (CME) 50 50 50 50 50

Directed Flow studies  (v1) 50 75 100    100 200 

asHBT (proton-proton) 35 40 50 65 80

net-proton kurtosis (κσ2) 80     100 120 200 400

Dileptons 100 160 230 300 400
Proposed Number of 
Events: 100 160 230 300 400

Q
G

P
1

st
P.

T.
C

.P
.

E
M

 P
ro

b
es

BES-I stats.                        4        N/A     12       20     36  

eCooling - Enables the significant statistics enhancement 

Fixed target running enables data from √s = 3-7.7 GeV  
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Event Plane Detector: EPD

45

Determine Centrality away from mid-rapidity 

Better trigger & background reduction 

2.1 < |η| < 5.0 

Replacing BBCs 

16 radial and 24 azimuthal sections

Greatly improved Event Plane Resolution  

especially 1st-order EP

Event Plane Detector
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BES-II: Vorticity and Initial B-field 

46

BES-I: First measurement of Λ Global Polarization

Unique measurement of B 
Significant input to CME/CVE 

interpretations

10-40%

EPD: 
 Improved EP resolution 

BES-II: 3σ effect

Vortical + Magnetic Contributions: 
Current data barely stat. significant 

BES-II
BES-II + EPD

10-40%
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Endcap Time-Of-Flight: eTOF

47

Compressed Baryonic Matter Experiment 
(CBM)  

1/10th TOF modules installed inside 
East pole-tip 

Large-scale integration test of system 
for CBM

TPC dE/dx effic. drops rapidly in this 
range due to pZ boost  

eTOF

Single TOF module for Run-17 
- integration test

Forward PID over iTPC η range
−1.6 < η < −1.1 
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iTPC

48

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

Provides near complete coverage 

New electronics for inner sectors 

Outer Inner

Enhanced rapidity coverage
      Old                  New 

                               better dE/dx; 
    -1 < η < 1            -1.5 < η < 1.5; 
pT >125 MeV/c     pT > 60 MeV/c.                              
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Enhanced tracking and dE/dx performance

49

Increased coverage, efficiency and 
dE/dx resolution out to |η| < 1.5

STAR TPC in the BES-II


