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QCD phase diagram
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Lattice QCD suggests: 
• Smooth crossover at small μB 
• Pseudo-critical temperature TPC = 156.5 MeV 

 
Heavy-Ion Collisions Experiment aims to: 
• Understand properties of Quark-Gluon Plasma 
• Explore the QCD phase structure 

- Where is QCD critical point?  
- Any signal of the first-order phase transition? 
- Onset of QGP formation?

Y. Aoki et al., Nature 443, 675 (2006) 
A. Bazavov et al., PLB795 (2019) 15

A. Bzdak et al., Phys. Rep. 853 (2020) 1-87

“Conjectured” QCD phase diagram

05/22/2025 RHIC/AGS Annual User’s Meeting — Chenliang

STAR datasets

• High statistics BES-II datasets covering large baryon 
chemical potential range: 100 < µB < 760 MeV. 

• Varied collision systems: U+U, Au+Au, Ru+Ru/Zr+Zr, 
O+O, d+Au, p+Au, (polarized) p+p, etc.  

 3

Odyniec, G. (2022). Probing the QCD Phase 
Diagram with Heavy-Ion Collision Experiments.

 Experimental overview of the BES-II  
 L. Ruan, Tue. 9:00am 
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Time evolution of heavy-ion collisions
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Understanding the initial state and collision dynamics is essential for probing  
the QCD phase structure and medium properties
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Lowering √sNN: Probing the high-baryon-density region

At lower energy, the passing time increases, leading to more baryons in the reaction region 
Indeed, baryon density seems to become maximum around √sNN = 5-7 GeV 

Interplay of associate production of K+ and Λ (N+N->N+Λ+K+) and particle-antiparticle pair production
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Chun Shen (WSU/RIKEN-BNL) APS GHP Meeting 2019 /40

C. Shen and B. Schenke, Phys. Rev. C97 (2018) 024907 

Heavy-ion collisions at RHIC BES

• Nuclei overlapping time is large at low collision energy
• Pre-equilibrium dynamics can play an important role

⌧ ⇠ 2R

�vz

vz = 0.99995c vz = 0.995c

note: total evolution time ~ 10 fm
4

I. A. Karpenko, P. Huovinen, H. Petersen and M. Bleicher, Phys. Rev. C91 (2015) 064901C. Shen and B. Schenke, PRC97.024907(2018)
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FIG. 37. Variation of Tkin with ⟨β⟩ for different energies and
centralities. The centrality increases from left to right for a given
energy. The data points other than BES energies are taken from
Refs. [43,66]. Uncertainties represent systematic uncertainties.

wave model results are sensitive to the pT fit ranges used for
fitting [66]. The results presented here use similar values of
low pT as were used in previous studies by STAR and ALICE
[43,66]. We keep consistent pT ranges for simultaneous fitting
of the π±, K±, p, and p̄ spectra across all the BES energies as
shown in Fig. 36. The extracted kinetic freeze-out parameters
for the BES energies are listed in Table X.

Figure 37 shows the variation of Tkin with ⟨β⟩ for different
energies and centralities. The ⟨β⟩ decreases from central to
peripheral collisions, indicating more rapid expansion in cen-
tral collisions. On the other hand, Tkin increases from central
to peripheral collisions, consistent with the expectation of a
shorter lived fireball in peripheral collisions [94]. Furthermore,
we observe that these parameters show a two-dimensional
anticorrelation band. Higher values of Tkin correspond to lower
values of ⟨β⟩ and vice versa.

Figure 38(a) shows the energy dependence of kinetic
and chemical freeze-out temperatures for central heavy-ion
collisions. We observe that the values of kinetic and chemical
freeze-out temperatures are similar around

√
sNN = 4–5 GeV.

If the collision energy is increased, the chemical freeze-out
temperature increases and becomes constant after

√
sNN =

11.5 GeV. On the other hand, Tkin is almost constant around
the 7.7–39 GeV and then decreases up to LHC energies. The
separation between Tch and Tkin increases with increasing
energy. This might suggest the effect of increasing hadronic
interactions between chemical and kinetic freeze-out at higher
energies [4]. Figure 38(b) shows the average transverse radial
flow velocity plotted as a function of

√
sNN . The ⟨β⟩ shows a

rapid increase at very low energies, and then a steady increase
up to LHC energies. The ⟨β⟩ is almost constant for the lowest
three BES energies.

VII. SUMMARY AND CONCLUSIONS

We have presented measurements of identified particles
π,K,p, and p̄ at midrapidity (|y| < 0.1) in Au+Au collisions
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FIG. 38. (a) Energy dependence of kinetic and chemical freeze-
out temperatures for central heavy-ion collisions. The curves repre-
sent various theoretical predictions [81,82]. (b) Energy dependence
of average transverse radial flow velocity for central heavy-ion
collisions. The data points other than BES energies are taken from
Refs. [43,53–64,66] and references therein. The BES data points
are for 0–5% central collisions, AGS energies are mostly for 0–5%,
SPS energies are for mostly 0–7%, and top RHIC and LHC energies
are for 0–5% central collisions. Uncertainties represent systematic
uncertainties.

at
√

sNN = 7.7, 11.5, 19.6, 27, and 39 GeV from the beam
energy scan program at RHIC. The transverse momentum
spectra of pions, kaons, protons, and antiprotons are presented
for 0–5%, 5–10%, 10–20%, 20–30%, 30–40%, 40–50%, 50–
60%, 60–70%, and 70–80% collision centrality classes. The
bulk properties are studied by measuring the identified hadron
dN/dy, ⟨pT ⟩, particle ratios, and freeze-out parameters. The
results are compared with corresponding published results
from other energies and experiments.

The yields of charged pions, kaons, and antiprotons de-
crease with decreasing collision energy. However, the yield
of protons is higher for the lowest energy of 7.7 GeV, which
suggests high baryon stopping at midrapidity at lower energies.
The yields decrease from central to peripheral collisions for
π±, K±, and p. However, the centrality dependence of yields
for p̄ is weak. The energy dependence of pion yields changes

044904-30
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図 4: （左）中心ラピディティにおける π中間子に対するK中間子およびΛの収量比の衝突エネ
ルギー依存性 [10, 11]。（右）化学凍結温度 Tchおよび運動学的凍結温度 Tkinの衝突エネルギー依存性 [10]。
でもこの粒子比のエネルギー依存性が再現できることがわかっています。一方、高エネルギーで
はバリオン密度の低下および粒子・反粒子生成が支配的になることから、K+/π+とK−/π−が
近づいています。
生成されたハドロン粒子の収量比が化学凍結 (化学フリーズアウト) 温度 Tchと化学ポテンシャル µB で記述される統計モデルに基づき、測定された様々なハドロン粒子の生成比から Tchおよび µB を決めることができます。ここで化学凍結とは、ハドロンの種類および粒子数が固定されることを指します。図 1中に示されるように、高エネルギー (µB が小さい領域) では Tchが格子

QCDから計算される相転移温度 Tc (≈ 155 MeV)に近いことがわかります。また、粒子の運動量
分布 (特に低運動量領域) は、ブラストウェーブ (BW) モデルによって良く記述されることがわ
かっています。BWモデルは、系の膨張速度とハドロン間相互作用が止まる熱凍結温度 Tkinという２つのパラメータからなり、測定した運動量分布から Tkinを決定できます。図 4(右) に、Tchおよび Tkinを衝突エネルギーの関数として示します [10]。低エネルギーから Tchと Tkinは急上昇し（また両者は一致し）、高エネルギーになると Tchはほぼ一定であることがわかります。高エネルギーでの Tchと Tkinの違いは、化学凍結後から熱凍結までのより大きな膨張による冷却を示唆しています。

指向的および楕円的フロー
前節で紹介した楕円的フロー v2は、粒子の方位角分布の２次のフーリエ係数で表されますが、

同様に１次のフーリエ係数を指向的フロー v1と呼びます。これら “フロー”は、衝突の初期形状
や密度分布が系の膨張運動を介して、終状態の粒子分布に残した痕跡とも言えます。したがって、
初期状態や生成物質の物性に敏感な測定量であり、特に v1は状態方程式に敏感で、１次相転移シ
グナルを探るプローブとして多くの研究がなされています。図 5(左上) は、陽子、反陽子、π中
間子の v1(y)の中心ラピディティ (y=0) における傾きを示します [9, 12]。√

sNN = 7-20 GeV付

STAR, PRC96, 044904 (2017) 
STAR, PLB831(2022)137152
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Temperatures at different stages
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STAR, PRC96, 044904 (2017)

- Chemical freeze-out Tch: Close to TPC and stays constant at √sNN >= 7.7 GeV 
- Kinetic freeze-out Tkin: Sudden change around √sNN ~ 6-8 GeV,  where Tkin coincides with Tch 

- Temperature via lepton pairs in the intermediate mass TIM  
- Free from blue-shift, dominated by thermal radiation from QGP 
- TIM~280 MeV, much higher than TPC ~156 MeV from LQCD

be noted that these temperature values from the IMR are system-
atically higher than the TAMU model estimations using entropy and
adiabatic thermodynamic expansions8. Radiation at an early stage,
when the system is in a non-equilibrium state, may contribute to the
IMR dielectrons and yield a higher apparent temperature54. Future
experiments with enhanced statistical and systematic precision,
alongside further theoretical studies, are necessary to clarify these
observations.

Figure 4 summarizes the temperature measurements as a func-
tion of the baryon chemical potential μB. The chemical freeze-out
temperature Tch and μB can be well determined by applying statistical
thermal models27 to the hadron production yields. The chemical
freeze-out temperatures extracted from various statistical thermal
models (SH, GCE, SCE)27,55 are shown in the figure as filled and open
circles. Similarly, temperatures were extracted from previously pub-
lished low-mass thermal dielectron spectra37,39 with a thermal dis-
tribution ofM3=2e!M=kBT . The extracted TLMR from the limited statistics
of thosemeasurements are in good agreementwith STAR’s new results
from Au+Au collisions at

ffiffiffiffiffiffiffiffi
sNN

p
= 27 and 54.4 GeV as well as the result

extracted fromNA60 In+Indata at
ffiffiffiffiffiffiffiffi
sNN

p
= 17:3GeV.Moreover, all these

TLMR values are found to be consistent with TC and Tch.
A long-standing challenge has been the empirical observation

that the Tch extracted from the yields of the final-state hadrons
coincides with the QCD phase transition temperature (TC) from
LQCD27. Stable hadrons emerge from the chemical freeze-out and
their yields are an integration over the whole volume of the system.
Therefore, the extracted Tch by definition should have been lower
than the phase transition temperature. The present dilepton mea-
surements can provide new insight towards resolving this puzzle.
The measured yields of the low-mass thermal dileptons are an
accumulation from the initial QGP stage to the final kinetic freeze-
out. Therefore, these yields are integrated over the whole system
volume and over the entire radiative evolution time. Thesemeasured
dilepton yields can be compared to those from ρ0 decays in the
vacuum at chemical freeze-out estimated from the two baseline
measurements of the ρ0 yields from its π+π− decay channel in proton-
proton and e+e− collisions. A comparison of the charged-particle

multiplicity (dNch/dy∣y=0) normalized dilepton yields measured in
heavy-ion collisions with the expected dilepton yields at freeze-out
clearly shows that the measured dielectron yields (within 0.4 − 0.75
GeV/c2 mass window) are more than a factor of 5 larger than those
two baseline yields (cf. Fig. 3 bottom panel and Methods Section).
The high yields of dileptons, the strong in-medium broadening of the
ρ spectral function, and the approximate overlap of TC, Tch and TLMR

at these energies suggest that the low-mass thermal dileptons are
predominantly emitted over a long period of time at high density
around a fixed temperature. Such a scenario is possible under the
assumption of strong influence by a phase transition8,56 and/or by a
soft point in the equation of state57,58. Thesemeasurements provide a
direct experimental tool for accessing the temperature in the vicinity
where the phase transition to deconfinement occurs - one of the
most fundamental landmarks of the QCD phase diagram.

Thermal dileptons were proposed to serve as a critical thermo-
meter of QGP created in high-energy heavy-ion collisions. However,
their production rate is very low and the physics background is large.
The extraction of temperature from the dilepton spectra has been
limited to a single beam energy in a relatively small collision system
performed by the NA60 experiment. By studying Au+Au collisions at
various energies, we explore the QCD phase diagram across different
temperatures and baryon chemical potentials. For the first time, we
report the average QGP temperatures at two stages of their time
evolution and atmultiple baryonic chemical potentials, advancing our
understanding of QGP thermodynamic.

Methods
Data description
The thermal dielectron measurements are based on the datasets col-
lected with the STAR detector in Au+Au collisions at

ffiffiffiffiffiffiffiffi
sNN

p
= 27 GeV

(year 2018) and 54.4 GeV (year 2017), using the minimum-bias (MB)
trigger which requires a coincidence of signals in the opposite beam-
going direction ( − z and + z) components of either the Vertex Position
Detector59(VPD, 4.25 < ∣η∣ < 5.1), Beam-Beam Counters60 (BBC,
2.2 < ∣η∣ < 5.0) or the Zero Degree Calorimeters61 (ZDC, ∣η∣ > 6.0). To
ensure the quality of event reconstruction, requirements on the pri-
mary vertex reconstructed via the Time Projection Chamber43 (TPC)

detector along the beam axis (jV TPC
z j<35 cm) and the transverse

radial axis (V TPC
r <2 cm) are applied. For the pile-up event rejection,

correlations between the number of hits in the TimeOf Flight62,63 (TOF)
and the referencemultiplicity of TPC tracks are considered for

ffiffiffiffiffiffiffiffi
sNN

p
=

27GeVdata, while the differencebetween V TPC
z and V VPD

z measured
by the VPD is required to be within 3 cm for

ffiffiffiffiffiffiffiffi
sNN

p
= 54.4 GeV data.

There are 256M and 500M events for
ffiffiffiffiffiffiffiffi
sNN

p
=27 GeV and 54.4 GeV Au

+Au collisions, respectively, that satisfy the event selections.

Reconstruction of e+e− pairs
The electrons and positrons are identified via the TPC detector
(tracking, momentum and dE/dx) and TOF detector (time), as descri-
bed in refs. 37,38. These electrons and positrons are required to be
within the STAR detector acceptance of pseudo-rapidity (∣ηe∣ < 1) and
transverse momentum (pe

T> 0.2 GeV/c). The selected electrons and
positrons from the same events are combined to reconstruct the
unlike-sign dielectron (e+e−) pairs. The raw yields of these inclusive e+e−

pairs are denoted as N+−. The background in the inclusive unlike-sign
pairs arises from uncorrelated (random combinatorial) and correlated
background (e.g. jet fragmentation) pairs64. These background con-
tributions can be well reproduced by the geometric mean of the like-
sign pairs NgeomLS = 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
N + + ×N!!

p
as demonstrated in ref. 64, where

the N++ and N−− represent the raw yields of the like-sign pairs e+e+ and
e−e− reconstructed by electrons or positrons in the same event. The
background pairs from photon conversion in the detector materials
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wave model results are sensitive to the pT fit ranges used for
fitting [66]. The results presented here use similar values of
low pT as were used in previous studies by STAR and ALICE
[43,66]. We keep consistent pT ranges for simultaneous fitting
of the π±, K±, p, and p̄ spectra across all the BES energies as
shown in Fig. 36. The extracted kinetic freeze-out parameters
for the BES energies are listed in Table X.

Figure 37 shows the variation of Tkin with 〈β〉 for different
energies and centralities. The 〈β〉 decreases from central to
peripheral collisions, indicating more rapid expansion in cen-
tral collisions. On the other hand, Tkin increases from central
to peripheral collisions, consistent with the expectation of a
shorter lived fireball in peripheral collisions [94]. Furthermore,
we observe that these parameters show a two-dimensional
anticorrelation band. Higher values of Tkin correspond to lower
values of 〈β〉 and vice versa.

Figure 38(a) shows the energy dependence of kinetic
and chemical freeze-out temperatures for central heavy-ion
collisions. We observe that the values of kinetic and chemical
freeze-out temperatures are similar around

√
sNN = 4–5 GeV.

If the collision energy is increased, the chemical freeze-out
temperature increases and becomes constant after

√
sNN =

11.5 GeV. On the other hand, Tkin is almost constant around
the 7.7–39 GeV and then decreases up to LHC energies. The
separation between Tch and Tkin increases with increasing
energy. This might suggest the effect of increasing hadronic
interactions between chemical and kinetic freeze-out at higher
energies [4]. Figure 38(b) shows the average transverse radial
flow velocity plotted as a function of

√
sNN . The 〈β〉 shows a

rapid increase at very low energies, and then a steady increase
up to LHC energies. The 〈β〉 is almost constant for the lowest
three BES energies.
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sNN = 7.7, 11.5, 19.6, 27, and 39 GeV from the beam
energy scan program at RHIC. The transverse momentum
spectra of pions, kaons, protons, and antiprotons are presented
for 0–5%, 5–10%, 10–20%, 20–30%, 30–40%, 40–50%, 50–
60%, 60–70%, and 70–80% collision centrality classes. The
bulk properties are studied by measuring the identified hadron
dN/dy, 〈pT 〉, particle ratios, and freeze-out parameters. The
results are compared with corresponding published results
from other energies and experiments.

The yields of charged pions, kaons, and antiprotons de-
crease with decreasing collision energy. However, the yield
of protons is higher for the lowest energy of 7.7 GeV, which
suggests high baryon stopping at midrapidity at lower energies.
The yields decrease from central to peripheral collisions for
π±, K±, and p. However, the centrality dependence of yields
for p̄ is weak. The energy dependence of pion yields changes
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wave model results are sensitive to the pT fit ranges used for
fitting [66]. The results presented here use similar values of
low pT as were used in previous studies by STAR and ALICE
[43,66]. We keep consistent pT ranges for simultaneous fitting
of the π±, K±, p, and p̄ spectra across all the BES energies as
shown in Fig. 36. The extracted kinetic freeze-out parameters
for the BES energies are listed in Table X.

Figure 37 shows the variation of Tkin with 〈β〉 for different
energies and centralities. The 〈β〉 decreases from central to
peripheral collisions, indicating more rapid expansion in cen-
tral collisions. On the other hand, Tkin increases from central
to peripheral collisions, consistent with the expectation of a
shorter lived fireball in peripheral collisions [94]. Furthermore,
we observe that these parameters show a two-dimensional
anticorrelation band. Higher values of Tkin correspond to lower
values of 〈β〉 and vice versa.

Figure 38(a) shows the energy dependence of kinetic
and chemical freeze-out temperatures for central heavy-ion
collisions. We observe that the values of kinetic and chemical
freeze-out temperatures are similar around

√
sNN = 4–5 GeV.

If the collision energy is increased, the chemical freeze-out
temperature increases and becomes constant after

√
sNN =

11.5 GeV. On the other hand, Tkin is almost constant around
the 7.7–39 GeV and then decreases up to LHC energies. The
separation between Tch and Tkin increases with increasing
energy. This might suggest the effect of increasing hadronic
interactions between chemical and kinetic freeze-out at higher
energies [4]. Figure 38(b) shows the average transverse radial
flow velocity plotted as a function of

√
sNN . The 〈β〉 shows a

rapid increase at very low energies, and then a steady increase
up to LHC energies. The 〈β〉 is almost constant for the lowest
three BES energies.

VII. SUMMARY AND CONCLUSIONS

We have presented measurements of identified particles
π,K,p, and p̄ at midrapidity (|y| < 0.1) in Au+Au collisions
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at
√

sNN = 7.7, 11.5, 19.6, 27, and 39 GeV from the beam
energy scan program at RHIC. The transverse momentum
spectra of pions, kaons, protons, and antiprotons are presented
for 0–5%, 5–10%, 10–20%, 20–30%, 30–40%, 40–50%, 50–
60%, 60–70%, and 70–80% collision centrality classes. The
bulk properties are studied by measuring the identified hadron
dN/dy, 〈pT 〉, particle ratios, and freeze-out parameters. The
results are compared with corresponding published results
from other energies and experiments.

The yields of charged pions, kaons, and antiprotons de-
crease with decreasing collision energy. However, the yield
of protons is higher for the lowest energy of 7.7 GeV, which
suggests high baryon stopping at midrapidity at lower energies.
The yields decrease from central to peripheral collisions for
π±, K±, and p. However, the centrality dependence of yields
for p̄ is weak. The energy dependence of pion yields changes
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FIG. 2. Proton rapidity distributions in central Au 1 Au colli-
sions at !2, 4, 6, and 8"A GeV. The dashed curves correspond
to isotropic emission from a stationary thermal source with tem-
peratures given by the midrapidity inverse slope parameters from
the transverse mass fits [Eq. (2)], whereas the solid curves indi-
cate fits with longitudinal flow [Eq. (3)].

temperature, the longitudinal boost, hmax, has been
observed to depend only weakly on the temperature input
to the model, with the exception of nucleons at SPS
energies, which are affected by transparency [1]. In the
present data, a 50% decrease in the temperature results in
a maximum change of only 15% in hmax.

Fits of Eq. (3) to the proton rapidity densities at !2, 4,
6, and 8"A GeV are also shown in Fig. 2. The fit parame-
ter, hmax, and the corresponding average velocities, #bL$,
are listed in Table I. #bg$L is evaluated by computing
g ! 1%

p

1 2 #bL$2.
Figure 3 shows our results for #bg$L as a function of

beam energy. Also included are the extracted parameters
from the compiled data from [1–4,13,14].

A modification to a previous interpretation of the lowest-
energy FOPI data point is presented here. The proton longi-
tudinal flow reported for 1.06A GeV Au 1 Au in [2,13,15]
is from an interpretation of the measured data from [16]
which assumed isotropic emission from a Siemens and
Rasmussen [17] radially boosted spherical thermal source.
Good agreement between their Au 1 Au rapidity distri-
butions and predictions from a Siemens-Rasmussen style
model based on fits to their midrapidity kinetic energy
spectra was reported [16]. A temperature of 80 MeV and
an average (isotropic) flow velocity of #br$ ! 0.41 were
reported.

The resulting longitudinal flow velocity of #b$ ! 0.38
attributed to the 1.06A GeV Au 1 Au data by [2] is a fac-
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FIG. 3. Energy excitation function of longitudinal flow veloc-
ities (#bg$L), from heavy ion collisions. The open circle has
been adjusted here as described in the text. For heavy sys-
tems, a roughly linear dependence with respect to log10!Ebeam"
over more than 2 orders of magnitude of beam energy is illus-
trated (solid line). Note that the parameters extracted at the SPS
come from produced particles, primarily pions, with compari-
son among other species, such as kaons and strange baryons,
suggesting collectivity.

tor of 2 larger than the value one extracts using the present
prescription. The value reported in Table I and Fig. 3
is from our reanalysis of these FOPI 1.06A GeV rapid-
ity densities using their reported temperature of 80 MeV
with Eq. (3). The result is #bL$ ! 0.19, which is con-
sistent with a value obtained using the same model with
Au 1 Au collision data measured by the EOS Collabora-
tion for Ebeam ! 1.15A GeV and reported in [14].

Based on the reported #bL$ for Au 1 Au at 1A GeV and
11A GeV, a linear relation between #bL$ and the logarithm
of beam energy was suggested [2,13,15]. Extrapolated to
SPS energies, it did not describe the longitudinal flow at
the SPS extracted from produced particles such as pions.
However, with the inclusion of the present data from E895
and our reanalysis of the 1A GeV protons, Fig. 3 shows
a linear trend, spanning !1 160"A GeV, for the heaviest
systems, with a slope &2.5 larger than was previously con-
cluded. The SPS Pb 1 Pb value (obtained from produced
particles, not protons) no longer shows a significant ex-
cess above the systematic. Further study of rapidity dis-
tributions for protons, as a function of centrality [4], and
produced particles, with system size and beam energy in
the range above the AGS, would help to clarify the relation
between stopping and longitudinal expansion of protons in
heavy ion collisions.

This work was supported in part by the U.S. National
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temperature, the longitudinal boost, hmax, has been
observed to depend only weakly on the temperature input
to the model, with the exception of nucleons at SPS
energies, which are affected by transparency [1]. In the
present data, a 50% decrease in the temperature results in
a maximum change of only 15% in hmax.

Fits of Eq. (3) to the proton rapidity densities at !2, 4,
6, and 8"A GeV are also shown in Fig. 2. The fit parame-
ter, hmax, and the corresponding average velocities, #bL$,
are listed in Table I. #bg$L is evaluated by computing
g ! 1%

p

1 2 #bL$2.
Figure 3 shows our results for #bg$L as a function of

beam energy. Also included are the extracted parameters
from the compiled data from [1–4,13,14].

A modification to a previous interpretation of the lowest-
energy FOPI data point is presented here. The proton longi-
tudinal flow reported for 1.06A GeV Au 1 Au in [2,13,15]
is from an interpretation of the measured data from [16]
which assumed isotropic emission from a Siemens and
Rasmussen [17] radially boosted spherical thermal source.
Good agreement between their Au 1 Au rapidity distri-
butions and predictions from a Siemens-Rasmussen style
model based on fits to their midrapidity kinetic energy
spectra was reported [16]. A temperature of 80 MeV and
an average (isotropic) flow velocity of #br$ ! 0.41 were
reported.

The resulting longitudinal flow velocity of #b$ ! 0.38
attributed to the 1.06A GeV Au 1 Au data by [2] is a fac-
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tor of 2 larger than the value one extracts using the present
prescription. The value reported in Table I and Fig. 3
is from our reanalysis of these FOPI 1.06A GeV rapid-
ity densities using their reported temperature of 80 MeV
with Eq. (3). The result is #bL$ ! 0.19, which is con-
sistent with a value obtained using the same model with
Au 1 Au collision data measured by the EOS Collabora-
tion for Ebeam ! 1.15A GeV and reported in [14].

Based on the reported #bL$ for Au 1 Au at 1A GeV and
11A GeV, a linear relation between #bL$ and the logarithm
of beam energy was suggested [2,13,15]. Extrapolated to
SPS energies, it did not describe the longitudinal flow at
the SPS extracted from produced particles such as pions.
However, with the inclusion of the present data from E895
and our reanalysis of the 1A GeV protons, Fig. 3 shows
a linear trend, spanning !1 160"A GeV, for the heaviest
systems, with a slope &2.5 larger than was previously con-
cluded. The SPS Pb 1 Pb value (obtained from produced
particles, not protons) no longer shows a significant ex-
cess above the systematic. Further study of rapidity dis-
tributions for protons, as a function of centrality [4], and
produced particles, with system size and beam energy in
the range above the AGS, would help to clarify the relation
between stopping and longitudinal expansion of protons in
heavy ion collisions.
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temperature, the longitudinal boost, hmax, has been
observed to depend only weakly on the temperature input
to the model, with the exception of nucleons at SPS
energies, which are affected by transparency [1]. In the
present data, a 50% decrease in the temperature results in
a maximum change of only 15% in hmax.

Fits of Eq. (3) to the proton rapidity densities at !2, 4,
6, and 8"A GeV are also shown in Fig. 2. The fit parame-
ter, hmax, and the corresponding average velocities, #bL$,
are listed in Table I. #bg$L is evaluated by computing
g ! 1%

p

1 2 #bL$2.
Figure 3 shows our results for #bg$L as a function of

beam energy. Also included are the extracted parameters
from the compiled data from [1–4,13,14].

A modification to a previous interpretation of the lowest-
energy FOPI data point is presented here. The proton longi-
tudinal flow reported for 1.06A GeV Au 1 Au in [2,13,15]
is from an interpretation of the measured data from [16]
which assumed isotropic emission from a Siemens and
Rasmussen [17] radially boosted spherical thermal source.
Good agreement between their Au 1 Au rapidity distri-
butions and predictions from a Siemens-Rasmussen style
model based on fits to their midrapidity kinetic energy
spectra was reported [16]. A temperature of 80 MeV and
an average (isotropic) flow velocity of #br$ ! 0.41 were
reported.

The resulting longitudinal flow velocity of #b$ ! 0.38
attributed to the 1.06A GeV Au 1 Au data by [2] is a fac-
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tor of 2 larger than the value one extracts using the present
prescription. The value reported in Table I and Fig. 3
is from our reanalysis of these FOPI 1.06A GeV rapid-
ity densities using their reported temperature of 80 MeV
with Eq. (3). The result is #bL$ ! 0.19, which is con-
sistent with a value obtained using the same model with
Au 1 Au collision data measured by the EOS Collabora-
tion for Ebeam ! 1.15A GeV and reported in [14].

Based on the reported #bL$ for Au 1 Au at 1A GeV and
11A GeV, a linear relation between #bL$ and the logarithm
of beam energy was suggested [2,13,15]. Extrapolated to
SPS energies, it did not describe the longitudinal flow at
the SPS extracted from produced particles such as pions.
However, with the inclusion of the present data from E895
and our reanalysis of the 1A GeV protons, Fig. 3 shows
a linear trend, spanning !1 160"A GeV, for the heaviest
systems, with a slope &2.5 larger than was previously con-
cluded. The SPS Pb 1 Pb value (obtained from produced
particles, not protons) no longer shows a significant ex-
cess above the systematic. Further study of rapidity dis-
tributions for protons, as a function of centrality [4], and
produced particles, with system size and beam energy in
the range above the AGS, would help to clarify the relation
between stopping and longitudinal expansion of protons in
heavy ion collisions.
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- Studied by spectra, <pT>, and HBT etc 
- “v0” (pT fluctuations) has been recently proposed 
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increase for central collisions is more rapid for heavier
particles.
Such a behavior was derived, under certain conditions, by

Schnedermann et al. [33] for central collisions and by
Csörgő et al. [34] for noncentral heavy-ion collisions:

T = T0 + m!ut"2. #9$

Here T0 is a freeze-out temperature and !ut" is a measure of
the strength of the #average radial$ transverse flow. The dot-
ted lines in Fig. 10 represent a linear fit of the results from
each centrality bin as a function of mass using Eq. #9$. The
fit parameters for positive and negative particles are shown
in Table IV. It indicates, that the linear extrapolation of the
slope parameter T#m$ to zero mass has the same intercept
parameters T0 in all the centrality classes, indicating that the
freeze-out temperature is approximately independent of the
centrality. On the other hand, !ut", the strength of the average
transverse flow is increasing with increasing centrality, sup-
porting the hydrodynamic picture.
Motivated by the idea of a color glass condensate, the

authors of Ref. [35] argued that the mT spectra (not mT−m0)
of identified hadrons at RHIC energy follow a generalized
scaling law for all centrality classes when the proton (kaon)
spectrum is multiplied by a factor of 0.5 (2.0). The 200
GeV Au+Au pion and kaon spectra seem to follow this mT
scaling, but proton and antiproton spectra are below it by a
factor of %2 for all centralities. Since p and p̄ spectra pre-

sented here are corrected for weak decays from ! and !̄, the
model also needs to study the feed-down effect to conclude
that a universal mT scaling law is seen at RHIC.

C. Mean transverse momentum and particle yields
versus Npart

By integrating a measured pT spectrum over pT, one can
determine the mean transverse momentum !pT" and particle
yield per unit rapidity, dN /dy, for each particle species. The
procedure to determine the mean pT and dN /dy is described
below.

TABLE IV. (Top) Inverse slope parameters for ", K, p, and p̄
for the 0–5%, 40–50%, and 60–92% centrality bins, in units of
MeV/c2. The errors are statistical only. (Bottom) The extracted fit
parameters of the freeze-out temperature T0 in units of MeV/c2 and
the measure of the strength of the average radial transverse flow
#!ut"$ using Eq. (9). The fit results shown here are for positive and
negative particles, as denoted in the superscripts, and for three dif-
ferent centrality bins.

Particle 0–5% 40–50% 60–92%

"+ 210.2±0.8 201.9±0.8 187.8±0.7
"− 211.9±0.7 203.0±0.7 189.2±0.7
K+ 290.2±2.2 260.6±2.4 233.9±2.6
K− 293.8±2.2 265.1±2.3 237.4±2.6
p 414.8±7.5 326.3±5.9 260.7±5.4
p̄ 437.9±8.5 330.5±6.4 262.1±5.9

Fit parameter 0–5% 40–50% 60–92%

T0
#+$ 177.0±1.2 179.5±1.2 173.1±1.2
T0

#−$ 177.3±1.2 179.6±1.2 173.7±1.1
!ut"#+$ 0.48±0.07 0.40±0.07 0.32±0.07
!ut"#−$ 0.49±0.07 0.41±0.07 0.33±0.07

FIG. 9. Transverse mass distributions for "± , K±, protons, and
antiprotons for central 0–5% (top panels), midcentral 40–50%
(middle panels), and peripheral 60–92% (bottom panels) in Au
+Au collisions at &sNN=200 GeV. The lines on each spectra are the
fitted results using mT exponential function. The fit ranges are
0.2–1.0 GeV/c2 for pions and 0.1–1.0 GeV/c2 for kaons, protons,
and antiprotons in mT–m0. The error bars are statistical errors only.

FIG. 10. Mass and centrality dependence of inverse slope pa-
rameters T in mT spectra for positive (left) and negative (right)
particles in Au+Au collisions at &sNN=200 GeV. The fit ranges are
0.2–1.0 GeV/c2 for pions and 0.1–1.0 GeV/c2 for kaons, protons,
and antiprotons in mT–m0. The dotted lines represent a linear fit of
the results from each centrality bin as a function of mass using Eq.
(9).
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centrality. On the other hand, !ut", the strength of the average
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sented here are corrected for weak decays from ! and !̄, the
model also needs to study the feed-down effect to conclude
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By integrating a measured pT spectrum over pT, one can
determine the mean transverse momentum !pT" and particle
yield per unit rapidity, dN /dy, for each particle species. The
procedure to determine the mean pT and dN /dy is described
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#!ut"$ using Eq. (9). The fit results shown here are for positive and
negative particles, as denoted in the superscripts, and for three dif-
ferent centrality bins.
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FIG. 9. Transverse mass distributions for "± , K±, protons, and
antiprotons for central 0–5% (top panels), midcentral 40–50%
(middle panels), and peripheral 60–92% (bottom panels) in Au
+Au collisions at &sNN=200 GeV. The lines on each spectra are the
fitted results using mT exponential function. The fit ranges are
0.2–1.0 GeV/c2 for pions and 0.1–1.0 GeV/c2 for kaons, protons,
and antiprotons in mT–m0. The error bars are statistical errors only.

FIG. 10. Mass and centrality dependence of inverse slope pa-
rameters T in mT spectra for positive (left) and negative (right)
particles in Au+Au collisions at &sNN=200 GeV. The fit ranges are
0.2–1.0 GeV/c2 for pions and 0.1–1.0 GeV/c2 for kaons, protons,
and antiprotons in mT–m0. The dotted lines represent a linear fit of
the results from each centrality bin as a function of mass using Eq.
(9).
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increase for central collisions is more rapid for heavier
particles.
Such a behavior was derived, under certain conditions, by

Schnedermann et al. [33] for central collisions and by
Csörgő et al. [34] for noncentral heavy-ion collisions:

T = T0 + m!ut"2. #9$

Here T0 is a freeze-out temperature and !ut" is a measure of
the strength of the #average radial$ transverse flow. The dot-
ted lines in Fig. 10 represent a linear fit of the results from
each centrality bin as a function of mass using Eq. #9$. The
fit parameters for positive and negative particles are shown
in Table IV. It indicates, that the linear extrapolation of the
slope parameter T#m$ to zero mass has the same intercept
parameters T0 in all the centrality classes, indicating that the
freeze-out temperature is approximately independent of the
centrality. On the other hand, !ut", the strength of the average
transverse flow is increasing with increasing centrality, sup-
porting the hydrodynamic picture.
Motivated by the idea of a color glass condensate, the

authors of Ref. [35] argued that the mT spectra (not mT−m0)
of identified hadrons at RHIC energy follow a generalized
scaling law for all centrality classes when the proton (kaon)
spectrum is multiplied by a factor of 0.5 (2.0). The 200
GeV Au+Au pion and kaon spectra seem to follow this mT
scaling, but proton and antiproton spectra are below it by a
factor of %2 for all centralities. Since p and p̄ spectra pre-

sented here are corrected for weak decays from ! and !̄, the
model also needs to study the feed-down effect to conclude
that a universal mT scaling law is seen at RHIC.

C. Mean transverse momentum and particle yields
versus Npart

By integrating a measured pT spectrum over pT, one can
determine the mean transverse momentum !pT" and particle
yield per unit rapidity, dN /dy, for each particle species. The
procedure to determine the mean pT and dN /dy is described
below.

TABLE IV. (Top) Inverse slope parameters for ", K, p, and p̄
for the 0–5%, 40–50%, and 60–92% centrality bins, in units of
MeV/c2. The errors are statistical only. (Bottom) The extracted fit
parameters of the freeze-out temperature T0 in units of MeV/c2 and
the measure of the strength of the average radial transverse flow
#!ut"$ using Eq. (9). The fit results shown here are for positive and
negative particles, as denoted in the superscripts, and for three dif-
ferent centrality bins.
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FIG. 9. Transverse mass distributions for "± , K±, protons, and
antiprotons for central 0–5% (top panels), midcentral 40–50%
(middle panels), and peripheral 60–92% (bottom panels) in Au
+Au collisions at &sNN=200 GeV. The lines on each spectra are the
fitted results using mT exponential function. The fit ranges are
0.2–1.0 GeV/c2 for pions and 0.1–1.0 GeV/c2 for kaons, protons,
and antiprotons in mT–m0. The error bars are statistical errors only.

FIG. 10. Mass and centrality dependence of inverse slope pa-
rameters T in mT spectra for positive (left) and negative (right)
particles in Au+Au collisions at &sNN=200 GeV. The fit ranges are
0.2–1.0 GeV/c2 for pions and 0.1–1.0 GeV/c2 for kaons, protons,
and antiprotons in mT–m0. The dotted lines represent a linear fit of
the results from each centrality bin as a function of mass using Eq.
(9).
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Ultrarelativistic collisions of heavy atomic nuclei produce an 
extremely hot and dense phase of matter, known as quark–
gluon plasma (QGP), which behaves like a near-perfect fluid 
with the smallest specific shear viscosity—the ratio of the 
shear viscosity to the entropy density—of any known sub-
stance1. Due to its transience (lifetime!~!10−23!s) and micro-
scopic size (10−14!m), the QGP cannot be observed directly, 
but only through the particles it emits; however, its character-
istics can be inferred by matching the output of computational 
collision models to experimental observations. Previous work, 
using viscous relativistic hydrodynamics to simulate QGP, 
has achieved semiquantitative constraints on key physical 
properties, such as its specific shear and bulk viscosity, but 
with large, poorly defined uncertainties2–8. Here, we present 
the most precise estimates so far of QGP properties, includ-
ing their quantitative uncertainties. By applying established 
Bayesian parameter estimation methods9 to a dynamical colli-
sion model and a wide variety of experimental data, we extract 
estimates of the temperature-dependent specific shear and 
bulk viscosity simultaneously with related initial-condition 
properties. The method is extensible to other collision models 
and experimental data and may be used to characterize addi-
tional aspects of high-energy nuclear collisions.

In normal matter, quarks and gluons are bound by the strong 
force into composite particles known as hadrons, such as protons 
and neutrons. At extreme temperature and density, discrete had-
rons transform into a fluid-like medium of deconfined quarks 
and gluons called the QGP. Quantum chromodynamics (QCD), 
the theory of the strong interaction, predicts that this transforma-
tion is a smooth crossover10 located at pseudocritical temperature 
Tc = 156.5 ± 1.5 MeV. Such temperatures—about 2 × 1012 K, over 
100,000 times hotter than the core of the Sun—materialized in the 
early Universe, moments after the Big Bang (t ! 1

I
 s).

Currently, two particle accelerator facilities, the Relativistic 
Heavy Ion Collider (RHIC) and the Large Hadron Collider (LHC), 
collide heavy nuclei with sufficient energy to create transient 
droplets of QGP. A single heavy-ion collision event can produce 
tens of thousands of particles, whose associated raw data are then 
reduced into observable quantities, such as particle multiplici-
ties and distributions of the magnitude of transverse momentum 
(pT ¼ ðp2x þ p2yÞ

1=2

I
). Another important measurement is the dis-

tribution of the azimuthal angle of transverse momentum, which 
often exhibits large azimuthal anisotropy. This is driven by spatial 
anisotropy in the initial collision geometry, which is converted to 
final-state momentum anisotropy by the hydrodynamic evolution 
of the medium. The observed momentum anisotropy, quantified by 
flow (Fourier) coefficients11,12 vn, is considered to be key evidence 
of collective flow in heavy-ion collisions13. (Similar behaviour has 
also been observed in ultracold quantum gases14 with comparable 

initial geometry, and is regarded as a general feature of strongly 
interacting systems.) The efficiency of the initial-state to final-state 
conversion depends strongly on the shear viscosity of the medium, 
typically expressed as the specific shear viscosity η/s, that is, the 
dimensionless ratio to the entropy density in natural units; larger 
η/s suppresses collective flow and reduces the vn. Previous work2–8 
has estimated η/s by matching the output of hydrodynamic model 
calculations to experimental observations of elliptic flow v2, trian-
gular flow v3 and other flow observables.

Computational collision models generally follow a multistage 
approach, mimicking the true stages of heavy-ion collisions15: 
after a brief pre-equilibrium stage of approximate duration 1 fm c–1 
(≈3.3 × 10−24 s, the time it takes light to travel 1 fm = 10−15 m) at the 
onset of the collision, the system equilibrates into QGP and begins 
to expand hydrodynamically. A viscous relativistic hydrodynamics 
model is used to calculate the spacetime evolution of the QGP and 
its transition to a hadron fluid at Tc, followed by a Boltzmann trans-
port model simulating the later reaction stages. The virtual particles 
that are output by the transport model are then used to compute 
observables analogously to experimental methods.

In this work, we apply Bayesian parameter estimation methods  
to determine fundamental properties of the QGP, including its 

Bayesian estimation of the specific shear and bulk 
viscosity of quark–gluon plasma
Jonah E. Bernhard! !*, J. Scott Moreland! ! and Steffen A. Bass! !
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residuals (ymodel − yexpt)/σexpt, where σexpt is the combined statistical 
and systematic experimental uncertainty for yexpt, and where the 
average runs over all data points shown in Fig. 4. The root mean 
square relative deviation is 5.1% and the root mean square normal-
ized residual is 1.30, indicating a good description of the data con-
sistent with the expected precision of the present collision model. 
Such a fit is highly non-trivial—there are many independent pieces 
of information here—and substantiates that the model is a reason-
able representation of reality.

Note that a single model calculation cannot represent the  
full extent of the posterior distribution or the inherent uncer-
tainty in the optimal parameters. Supplementary Figure 4  
shows a similar visualization that captures the width of the  
posterior distribution.

Our present results can be refined by including experi mental 
data from more beam energies and by improving aspects of the 
collision model, for example by replacing boost-invariant (2 + 1)D 
hydrodynamics with a (3 + 1)D model or by incorporating nucleon 
substructure in the initial conditions. The methodology devel-
oped here may also be used to study properties related to other 
physical phenomena in heavy-ion collisions, such as energy-loss 
transport coefficients that connect to jet propagation through the  

QGP medium. Some of this work is already underway: a recent 
analysis estimated the heavy-quark diffusion coefficient34, while 
another investigated nucleon substructure using data from both 
nucleus–nucleus and proton–nucleus collisions35.
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5) and identified pions (π), kaons (K) and protons (p). Lower left: mean transverse momenta of identified pions (π), kaons (K) and protons (p). Lower 
right: mean transverse momentum fluctuations. Upper right: anisotropic flow cumulants vn{k} of different orders. Coloured lines are model calculations 
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residuals (ymodel − yexpt)/σexpt, where σexpt is the combined statistical 
and systematic experimental uncertainty for yexpt, and where the 
average runs over all data points shown in Fig. 4. The root mean 
square relative deviation is 5.1% and the root mean square normal-
ized residual is 1.30, indicating a good description of the data con-
sistent with the expected precision of the present collision model. 
Such a fit is highly non-trivial—there are many independent pieces 
of information here—and substantiates that the model is a reason-
able representation of reality.

Note that a single model calculation cannot represent the  
full extent of the posterior distribution or the inherent uncer-
tainty in the optimal parameters. Supplementary Figure 4  
shows a similar visualization that captures the width of the  
posterior distribution.

Our present results can be refined by including experi mental 
data from more beam energies and by improving aspects of the 
collision model, for example by replacing boost-invariant (2 + 1)D 
hydrodynamics with a (3 + 1)D model or by incorporating nucleon 
substructure in the initial conditions. The methodology devel-
oped here may also be used to study properties related to other 
physical phenomena in heavy-ion collisions, such as energy-loss 
transport coefficients that connect to jet propagation through the  

QGP medium. Some of this work is already underway: a recent 
analysis estimated the heavy-quark diffusion coefficient34, while 
another investigated nucleon substructure using data from both 
nucleus–nucleus and proton–nucleus collisions35.

Online content
Any methods, additional references, Nature Research reporting 
summaries, source data, statements of code and data availability and 
associated accession codes are available at https://doi.org/10.1038/
s41567-019-0611-8.

Received: 21 November 2018; Accepted: 27 June 2019;  
Published online: 12 August 2019

References
 1. Arsene, I. et al. First three years of operation of RHIC. Nucl. Phys. A 757, 

1–284 (2005).
 2. Romatschke, P. & Romatschke, U. Viscosity information from relativistic 

nuclear collisions: how perfect is the fluid observed at RHIC? Phys. Rev. Lett. 
99, 172301 (2007).

 3. Song, H., Bass, S. A., Heinz, U., Hirano, T. & Shen, C. 200 A GeV Au + Au 
collisions serve a nearly perfect quark-gluon liquid. Phys. Rev. Lett. 106, 
192301 (2011).

105

104

103

102

101

dN
ch

/d
η, 

dN
/d

y,
 d

E
T
/d

η (
G

eV
)

Nch × 25

ET × 5

π

K

p

0

0.05

0.10

Yields

v n
{k

}

ν2{2}

ν2{4}

ν3{2}

ν4{2}

Pb–Pb 2.76 TeV
Pb–Pb 5.02 TeV

±10%0.9

1.0

1.1

R
at

io

±10%0.9

1.0

1.1

R
at

io

0

0.5

1.0

1.5

〈p
T

〉 (
G

eV
)

π

K

p

0

0.02

0.04

δp
T
/〈p

T
〉

±10%

0 20 40 60 80
Centrality (%)

0.9

1.0

1.1

R
at

io

±10%

0 20 40 60 80
Centrality (%)

0.9

1.0

1.1

R
at

io

Mean pT

Flow cumulants

Mean pT fluctuations

Fig. 4 | Model calculations using the best-fit MAP parameters compared to experimental data. Each plot shows the centrality dependence of one or 
more observables, as annotated. Upper left: yields of charged particles (Nch, scaled by a factor of 25 for visual clarity), transverse energy (ET, scaled by 
5) and identified pions (π), kaons (K) and protons (p). Lower left: mean transverse momenta of identified pions (π), kaons (K) and protons (p). Lower 
right: mean transverse momentum fluctuations. Upper right: anisotropic flow cumulants vn{k} of different orders. Coloured lines are model calculations 
for Pb–Pb collisions at ffiffiffiffiffiffiffi

sNN
p ¼ 2:76
I

!TeV and 5.02!TeV. Points are experimental data from ALICE21–27 for Pb–Pb collisions at ffiffiffiffiffiffiffi
sNN

p ¼ 2:76
I

!TeV and 5.02!TeV 
(some data are not available for 5.02!TeV collisions at the time of writing), where the bands denote systematic uncertainty and error bars statistical 
uncertainty (most error bars are too small to be seen beyond the data points). The ratio axes show the ratio of the model calculations to the data (where 
available), with the grey band indicating 10% deviation. The MAP parameter values, which are identical at the two energies except for the initial-condition 
normalization, are listed in Supplementary Table 1.

NATURE PHYSICS | VOL 15 | NOVEMBER 2019 | 1113–1117 | www.nature.com/naturephysics1116

A nearly perfect fluid of quarks and gluons
Bernhard et al., Nat. Phys.15, 1113 (2019)

Extensive study of anisotropic flow for particle collectivity 
‣Medium response to the initial geometry with fluctuations 

Anisotropic flow: Fourier coefficient vn of azimuthal distributions of 
final state particles 
‣ directed (v1), elliptic (v2), triangular (v3) flow

<latexit sha1_base64="lRe7X0WKOFPcVqcZYr15TlW/XY4=">AAACAnicbVDNSgMxGMzWv1r/qp7ES7AInsquFPVY9OKxgq2F7lKy6bdtaDYbkmyhLMWLr+LFgyJefQpvvo1puwdtHQhMZr6PZCaUnGnjut9OYWV1bX2juFna2t7Z3SvvH7R0kioKTZrwRLVDooEzAU3DDIe2VEDikMNDOLyZ+g8jUJol4t6MJQQx6QsWMUqMlbrlI39EFEjNuL0J7EuVSJPgUdd6FbfqzoCXiZeTCsrR6Ja//F5C0xiEoZxo3fFcaYKMKMMoh0nJTzVIQoekDx1LBYlBB9kswgSfWqWHo0TZIwyeqb83MhJrPY5DOxkTM9CL3lT8z+ukJroKMiZkakDQ+UNRyrENOe0D95gCavjYEkIVs3/FdEAUoca2VrIleIuRl0nrvOpdVGt3tUr9Oq+jiI7RCTpDHrpEdXSLGqiJKHpEz+gVvTlPzovz7nzMRwtOvnOI/sD5/AGsTJed</latexit>"n / vn



T. Niida, QCD CP and Hydro evolution @Kyoto

Energy dependence of elliptic flow

11

M. S. ABDALLAH ET AL. PHYSICAL REVIEW C 103, 034908 (2021)

0 0.5 1 1.5
]2 [GeV/c0-mTm

0

0.02

0.04

0.06

0.08

2v STAR Au+Au 4.5 GeV p

STAR Au+Au 4.5 GeV pions

E895 Au+Au 4.3 GeV p

FIG. 12. v2 of protons and pions from STAR FXT data analysis,
and v2 of protons from E895 experiment. Blue (red) stars represent
STAR FXT proton (pion) data (0–30 % centrality), and black circles
show E895 data (12–25 % centrality) [45].

positive and negative pions are presented together to improve
the statistical significance of the result.

In this analysis of elliptic flow, two methods are used: (1)
the event plane method using TPC information [26–28] and
(2) the two-particle cumulants method [29]. The event plane
resolution is about 20%. Resonance decays generate unrelated
correlations of particles in the final state. Such correlations are
a nonflow contribution and they bias the elliptic flow measure-
ment. Since particles from resonance decays are correlated
both in η and φ, we can reduce the nonflow contribution
caused by resonances by measuring elliptic flow using parti-
cles which are not correlated in η. The implementation of this
idea is different in each method. For the event plane method,
we divide each event into two subevents. For the cumulant
method, we require a 0.1 gap in η between all considered
pairs. Both methods give results which are consistent within
their uncertainties.

Figure 12 shows the elliptic flow v2 as a function of
transverse kinetic energy mT − m for pions and protons ob-
tained with the event plane method, where m is mass and

mT =
√

m2 + p2
T is transverse mass. It is compared to E895

results [45] obtained using the same method. We analyze the
0–30 % most central events. For pions and protons, we require
|y| < 0.5. In this analysis, we use tracks with 0.2 < pT < 2.0
GeV/c, but due to STAR acceptance in FXT mode at

√
sNN =

4.5 GeV, we could analyze only protons with higher values of
pT, namely pT > 0.4 GeV/c (see Fig. 6). The proton results
are consistent with E895 results [45].

To test the NCQ scaling, we divide v2 and mT − m (Fig. 12)
by the number of constituent quarks (three for protons and
two for pions). The results are presented in Fig. 13. The
observed scaling with the number of constituent quarks at 4.5
GeV is similar to what is observed for Au + Au at higher
collision energies [46,47]. The system created for Au + Au
at

√
sNN = 4.5 GeV has, perhaps surprisingly, larger collec-

tivity than expected, and there is no significant difference in
identified particle elliptic flow behavior when compared to
higher energies. The results in Fig. 13 are in possible conflict
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charged pions (red stars) and protons (blue stars) for 0–30 % central
collisions. The values of v2 scaled with nq for pions and protons are
consistent with each other within errors. For comparison, points from
E895 are also shown (black circles)

with expectations. Constituent-quark scaling [ 1
3v

p
2 (mT /3) =

1
2vπ

2 (mT /2) at intermediate mT ] at these energies would sug-
gest partonic collectivity—quark gluon plasma creation—in
Au + Au collisions at energies as low as

√
sNN = 4.5 GeV.

Higher statistical precision is needed to test the NCQ scaling
hypothesis decisively, and this is forthcoming in the second
phase of the beam energy scan.

Figure 14 shows the beam energy dependence of v2
measurements, integrated over pT. The current results are con-
sistent with the trends established by the previously published
data.

VI. FEMTOSCOPY OF PIONS

Two-particle correlations at low relative momentum can
be used to extract information on the space-time structure

FIG. 14. The excitation function v2 for all charged particles or
separately for protons and pions, measured by several experiments.
The STAR FXT points for protons and for pions are near the region
where a change in slope occurs. Data are shown from FOPI [48,49],
E895 [45], E877 [50], CERES [51], NA49 [52], PHENIX [53],
PHOBOS [54], and from the STAR collider energies [46,47,55–57].
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positive and negative pions are presented together to improve
the statistical significance of the result.
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the event plane method using TPC information [26–28] and
(2) the two-particle cumulants method [29]. The event plane
resolution is about 20%. Resonance decays generate unrelated
correlations of particles in the final state. Such correlations are
a nonflow contribution and they bias the elliptic flow measure-
ment. Since particles from resonance decays are correlated
both in η and φ, we can reduce the nonflow contribution
caused by resonances by measuring elliptic flow using parti-
cles which are not correlated in η. The implementation of this
idea is different in each method. For the event plane method,
we divide each event into two subevents. For the cumulant
method, we require a 0.1 gap in η between all considered
pairs. Both methods give results which are consistent within
their uncertainties.

Figure 12 shows the elliptic flow v2 as a function of
transverse kinetic energy mT − m for pions and protons ob-
tained with the event plane method, where m is mass and
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m2 + p2
T is transverse mass. It is compared to E895

results [45] obtained using the same method. We analyze the
0–30 % most central events. For pions and protons, we require
|y| < 0.5. In this analysis, we use tracks with 0.2 < pT < 2.0
GeV/c, but due to STAR acceptance in FXT mode at

√
sNN =

4.5 GeV, we could analyze only protons with higher values of
pT, namely pT > 0.4 GeV/c (see Fig. 6). The proton results
are consistent with E895 results [45].

To test the NCQ scaling, we divide v2 and mT − m (Fig. 12)
by the number of constituent quarks (three for protons and
two for pions). The results are presented in Fig. 13. The
observed scaling with the number of constituent quarks at 4.5
GeV is similar to what is observed for Au + Au at higher
collision energies [46,47]. The system created for Au + Au
at
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with expectations. Constituent-quark scaling [ 1
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2 (mT /2) at intermediate mT ] at these energies would sug-
gest partonic collectivity—quark gluon plasma creation—in
Au + Au collisions at energies as low as

√
sNN = 4.5 GeV.

Higher statistical precision is needed to test the NCQ scaling
hypothesis decisively, and this is forthcoming in the second
phase of the beam energy scan.

Figure 14 shows the beam energy dependence of v2
measurements, integrated over pT. The current results are con-
sistent with the trends established by the previously published
data.

VI. FEMTOSCOPY OF PIONS

Two-particle correlations at low relative momentum can
be used to extract information on the space-time structure

FIG. 14. The excitation function v2 for all charged particles or
separately for protons and pions, measured by several experiments.
The STAR FXT points for protons and for pions are near the region
where a change in slope occurs. Data are shown from FOPI [48,49],
E895 [45], E877 [50], CERES [51], NA49 [52], PHENIX [53],
PHOBOS [54], and from the STAR collider energies [46,47,55–57].

034908-10

STAR, PRC103, 034908 (2021)

pressure-gradient-driven expansion 
(v2>0 at √sNN >4 GeV)

The sign of v2 changes twice when decreasing the collision energy



T. Niida, QCD CP and Hydro evolution @Kyoto

Energy dependence of elliptic flow

11

M. S. ABDALLAH ET AL. PHYSICAL REVIEW C 103, 034908 (2021)

0 0.5 1 1.5
]2 [GeV/c0-mTm

0

0.02

0.04

0.06

0.08

2v STAR Au+Au 4.5 GeV p

STAR Au+Au 4.5 GeV pions

E895 Au+Au 4.3 GeV p

FIG. 12. v2 of protons and pions from STAR FXT data analysis,
and v2 of protons from E895 experiment. Blue (red) stars represent
STAR FXT proton (pion) data (0–30 % centrality), and black circles
show E895 data (12–25 % centrality) [45].
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In this analysis of elliptic flow, two methods are used: (1)
the event plane method using TPC information [26–28] and
(2) the two-particle cumulants method [29]. The event plane
resolution is about 20%. Resonance decays generate unrelated
correlations of particles in the final state. Such correlations are
a nonflow contribution and they bias the elliptic flow measure-
ment. Since particles from resonance decays are correlated
both in η and φ, we can reduce the nonflow contribution
caused by resonances by measuring elliptic flow using parti-
cles which are not correlated in η. The implementation of this
idea is different in each method. For the event plane method,
we divide each event into two subevents. For the cumulant
method, we require a 0.1 gap in η between all considered
pairs. Both methods give results which are consistent within
their uncertainties.

Figure 12 shows the elliptic flow v2 as a function of
transverse kinetic energy mT − m for pions and protons ob-
tained with the event plane method, where m is mass and

mT =
√

m2 + p2
T is transverse mass. It is compared to E895

results [45] obtained using the same method. We analyze the
0–30 % most central events. For pions and protons, we require
|y| < 0.5. In this analysis, we use tracks with 0.2 < pT < 2.0
GeV/c, but due to STAR acceptance in FXT mode at

√
sNN =

4.5 GeV, we could analyze only protons with higher values of
pT, namely pT > 0.4 GeV/c (see Fig. 6). The proton results
are consistent with E895 results [45].

To test the NCQ scaling, we divide v2 and mT − m (Fig. 12)
by the number of constituent quarks (three for protons and
two for pions). The results are presented in Fig. 13. The
observed scaling with the number of constituent quarks at 4.5
GeV is similar to what is observed for Au + Au at higher
collision energies [46,47]. The system created for Au + Au
at

√
sNN = 4.5 GeV has, perhaps surprisingly, larger collec-

tivity than expected, and there is no significant difference in
identified particle elliptic flow behavior when compared to
higher energies. The results in Fig. 13 are in possible conflict
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gest partonic collectivity—quark gluon plasma creation—in
Au + Au collisions at energies as low as
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sNN = 4.5 GeV.

Higher statistical precision is needed to test the NCQ scaling
hypothesis decisively, and this is forthcoming in the second
phase of the beam energy scan.

Figure 14 shows the beam energy dependence of v2
measurements, integrated over pT. The current results are con-
sistent with the trends established by the previously published
data.
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In this analysis of elliptic flow, two methods are used: (1)
the event plane method using TPC information [26–28] and
(2) the two-particle cumulants method [29]. The event plane
resolution is about 20%. Resonance decays generate unrelated
correlations of particles in the final state. Such correlations are
a nonflow contribution and they bias the elliptic flow measure-
ment. Since particles from resonance decays are correlated
both in η and φ, we can reduce the nonflow contribution
caused by resonances by measuring elliptic flow using parti-
cles which are not correlated in η. The implementation of this
idea is different in each method. For the event plane method,
we divide each event into two subevents. For the cumulant
method, we require a 0.1 gap in η between all considered
pairs. Both methods give results which are consistent within
their uncertainties.

Figure 12 shows the elliptic flow v2 as a function of
transverse kinetic energy mT − m for pions and protons ob-
tained with the event plane method, where m is mass and
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√

m2 + p2
T is transverse mass. It is compared to E895

results [45] obtained using the same method. We analyze the
0–30 % most central events. For pions and protons, we require
|y| < 0.5. In this analysis, we use tracks with 0.2 < pT < 2.0
GeV/c, but due to STAR acceptance in FXT mode at

√
sNN =

4.5 GeV, we could analyze only protons with higher values of
pT, namely pT > 0.4 GeV/c (see Fig. 6). The proton results
are consistent with E895 results [45].

To test the NCQ scaling, we divide v2 and mT − m (Fig. 12)
by the number of constituent quarks (three for protons and
two for pions). The results are presented in Fig. 13. The
observed scaling with the number of constituent quarks at 4.5
GeV is similar to what is observed for Au + Au at higher
collision energies [46,47]. The system created for Au + Au
at
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tivity than expected, and there is no significant difference in
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gest partonic collectivity—quark gluon plasma creation—in
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√
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Higher statistical precision is needed to test the NCQ scaling
hypothesis decisively, and this is forthcoming in the second
phase of the beam energy scan.

Figure 14 shows the beam energy dependence of v2
measurements, integrated over pT. The current results are con-
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FIG. 12. v2 of protons and pions from STAR FXT data analysis,
and v2 of protons from E895 experiment. Blue (red) stars represent
STAR FXT proton (pion) data (0–30 % centrality), and black circles
show E895 data (12–25 % centrality) [45].

positive and negative pions are presented together to improve
the statistical significance of the result.

In this analysis of elliptic flow, two methods are used: (1)
the event plane method using TPC information [26–28] and
(2) the two-particle cumulants method [29]. The event plane
resolution is about 20%. Resonance decays generate unrelated
correlations of particles in the final state. Such correlations are
a nonflow contribution and they bias the elliptic flow measure-
ment. Since particles from resonance decays are correlated
both in η and φ, we can reduce the nonflow contribution
caused by resonances by measuring elliptic flow using parti-
cles which are not correlated in η. The implementation of this
idea is different in each method. For the event plane method,
we divide each event into two subevents. For the cumulant
method, we require a 0.1 gap in η between all considered
pairs. Both methods give results which are consistent within
their uncertainties.

Figure 12 shows the elliptic flow v2 as a function of
transverse kinetic energy mT − m for pions and protons ob-
tained with the event plane method, where m is mass and

mT =
√

m2 + p2
T is transverse mass. It is compared to E895

results [45] obtained using the same method. We analyze the
0–30 % most central events. For pions and protons, we require
|y| < 0.5. In this analysis, we use tracks with 0.2 < pT < 2.0
GeV/c, but due to STAR acceptance in FXT mode at

√
sNN =

4.5 GeV, we could analyze only protons with higher values of
pT, namely pT > 0.4 GeV/c (see Fig. 6). The proton results
are consistent with E895 results [45].

To test the NCQ scaling, we divide v2 and mT − m (Fig. 12)
by the number of constituent quarks (three for protons and
two for pions). The results are presented in Fig. 13. The
observed scaling with the number of constituent quarks at 4.5
GeV is similar to what is observed for Au + Au at higher
collision energies [46,47]. The system created for Au + Au
at

√
sNN = 4.5 GeV has, perhaps surprisingly, larger collec-

tivity than expected, and there is no significant difference in
identified particle elliptic flow behavior when compared to
higher energies. The results in Fig. 13 are in possible conflict
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FIG. 13. v2 scaled by the number of constituent quarks (nq) for
charged pions (red stars) and protons (blue stars) for 0–30 % central
collisions. The values of v2 scaled with nq for pions and protons are
consistent with each other within errors. For comparison, points from
E895 are also shown (black circles)

with expectations. Constituent-quark scaling [ 1
3v

p
2 (mT /3) =

1
2vπ

2 (mT /2) at intermediate mT ] at these energies would sug-
gest partonic collectivity—quark gluon plasma creation—in
Au + Au collisions at energies as low as

√
sNN = 4.5 GeV.

Higher statistical precision is needed to test the NCQ scaling
hypothesis decisively, and this is forthcoming in the second
phase of the beam energy scan.

Figure 14 shows the beam energy dependence of v2
measurements, integrated over pT. The current results are con-
sistent with the trends established by the previously published
data.

VI. FEMTOSCOPY OF PIONS

Two-particle correlations at low relative momentum can
be used to extract information on the space-time structure

FIG. 14. The excitation function v2 for all charged particles or
separately for protons and pions, measured by several experiments.
The STAR FXT points for protons and for pions are near the region
where a change in slope occurs. Data are shown from FOPI [48,49],
E895 [45], E877 [50], CERES [51], NA49 [52], PHENIX [53],
PHOBOS [54], and from the STAR collider energies [46,47,55–57].
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STAR, PRC103, 034908 (2021)
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The sign of v2 changes twice when decreasing the collision energy
Understanding of spectator effects is also important
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Spectators in dN/dη and v2(η)
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5/13/25 Hot Quarks 2025 (Moe Isshiki) 14

• Although the absolute value differs, similar 
bump structures are seen in UrQMD, where 
spectators propagate throughout the simulation. 

• UrQMD "! without protons and neutrons (the 
main components of spectators) doesn’t show 
the bump structure.

!! comparison with UrQMD model

Introduction Analysis details               Results               Summary

RESULTS AT 14.6 AND 11.5 GEV
Balazs Korodi, WPCF 2024

11 /13

Bump appears at large η → caused by spectators 

B. Korodi (STAR), WPCF2024 M. Isshiki (STAR), Hot Quarks 2025

Centrality dependence

5/13/25 Hot Quarks 2025 (Moe Isshiki) 15

•  A clear trend of increasing "! magnitude with centrality is observed.
• The bump increases in more peripheral collisions, likely due to spectators.

At lower energies, spectator effects are indeed visible 

Observables sensitive to η/s(T, μB). Important to understand  
the spectator effect before extracting the medium properties,  
e.g. in Bayesian analysis Danicol et al., PRL116.212301(2016) 

See Chun Shen’s talk Bump is gone in most central collisions
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NCQ scaling vs. beam energy

NCQ scaling holds down to √sNN >= 7.7 GeV for light 
hadrons (π, K, p, φ, Λ) and multi-strangeness (Ξ, Ω)

13

S.A. Voloshin                 Dubna School, August 29, 2010 37 

Constituent quark coalescence 

“Side-notes”: 

a) more particles produced via coalescence vs parton 
fragmentation  larger mean pt… 

b)     higher baryon/meson ratio 
c)     lower multiplicity per “participant” 

coalescence                                          
fragmentation Low pt quarks High pt quarks 

In the low pt region density is large, most quarks coalesce: N hadron ~ N quark 

In the high pt region fragmentation eventually wins: 

In the intermediate region coalescence can be described by: 



S.V., QM2002 

D. Molnar, S.V., PRL 2003  

-> D. Molnar, QM2004 

- > Bass, Fries, Mueller. Nonaka; Levai, Ko; … 
- >  Eremin, S.V.,  PRC2005 

V. Fries 

QGP Hadron
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FIG. 1. Elliptic flow v2 as a function of pT in 10–40% centrality Au+Au collisions at
→
sNN = 7.7–19.6 GeV is shown for

multi-strange hadrons (ω, !, and ”), protons, #, and K0
S . The top panels show v2(pT ) for particles, while the bottom panels

show that for antiparticles. Error bars and brackets represent statistical and systematic uncertainties, respectively.
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FIG. 2. The NCQ-scaled elliptic flow, v2/nq versus (mT ↑m0)/nq, in 10–40% centrality Au+Au collisions at
→
sNN = 7.7-19.6

GeV is shown for multi-strange hadrons (ω, !, and ”), protons, #, and K0
S . The dashed lines represent fits to the K0

S data

[25]. The top panels present the NCQ scaling behavior of particles, while the bottom panels present that of antiparticles. Error

bars and brackets represent statistical and systematic uncertainties, respectively.

for both particles and antiparticles, including ω mesons
and multi-strange hadrons (! and ”), which have rela-
tively small hadronic cross sections and are expected to
be sensitive primarily to the early stages of the collision.

During BES-I, possible deviations from NCQ scal-
ing in v2 for the ω and ! were reported at

→
sNN =

7.7 GeV, but limited statistics prevented firm conclu-
sions [33, 42, 47, 48]. The higher-precision BES-II results
now demonstrate that NCQ scaling persists down to 7.7
GeV, indicating that partonic collectivity is established
at this beam energy.

To quantify the energy dependence of NCQ scaling,
Fig. 3 shows the ratios of v2/nq for selected hadrons at
(mT ↑m0)/nq = 0.4 GeV, which corresponds to the in-
termediate pT region and balances statistical precision
for ω and ! hadrons. Figure 3(a) shows v2/nq ratios
of #, !→, ε+, p, ”→ and ω mesons relative to kaons,
while Fig. 3(b) shows the corresponding ratios for #̄, !̄+,
ε→, p̄ and ”̄+. The results for 3.2-4.5 GeV are from
Ref. [13]. In the quark coalescence picture, two or three
constituent quarks form a meson or baryon, so NCQ scal-
ing remains an approximate law, neglecting e$ects from

Molnar and Voloshin, PRL91,092301 (2003) 
Fries et al., PRL90, 202303 (2003) 
Greco et al., PRL90, 202302 (2003)
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momentum anisotropy called the elliptic flow. An impor-
tant feature of the elliptic flow is that it is sensitive to the
early stage of the collisions. Since the hot and dense region
expands more in plane, the spatial anisotropy disappears
quickly as it expands.
Experimentally, the azimuthal distribution is evaluated

in terms of a Fourier expansion [35],

Ed
3N
d3p = d2N

2πpTdpTdy

(

1+
∞∑

n=1
2vn cos(nφ)

)

, (2)

where φ is the azimuthal angle of produced particles with
respect to the reaction plane. The second-order coeffi-
cient v2 quantifies the strength of the elliptic flow.
The top panel of Fig. 6 shows elliptic flow v2 for pions,

kaons, protons, φ, #, and $ in mid-central Au+Au col-
lisions at √sNN = 200 GeV [36–38]. In pT < 2 GeV/c,
v2 increases with pT and a clear mass dependence is
observed, which is well described by the hydrodynamic
model as shown with solid and dashed curves [39]. On
the other hand, in higher pT, there is a clear depar-
ture from the solid curves and two loci for mesons and
baryons become visible. At the LHC, very similar behav-
ior is observed: the bottom panel of Fig. 6 shows v2 for
pions, kaons, protons, φ, and # in mid-central Pb+Pb
collisions at √sNN = 5.02 TeV [40]. As seen at RHIC,
a mass dependence is seen in the low pT region while
grouping of mesons and baryons is observed also in higher
pT, which suggests a different mechanism of particle pro-
duction above pT ! 2 GeV/c compared to the lower pT
region, i.e., quark coalescence/recombination.

3.2 Quark coalescence/recombination
As a characteristic hadron production mechanism of
the QGP, the quark coalescence/recombination picture
has been introduced [41–45], in which quarks (q) and
anti-quarks (q̄) combine to mesons (qq̄) and baryons
(qqq). This process becomes important at intermediate
pT region since production at high (low) pT region is
dominated by the fragmentation (thermal) process.
To simplify the model, two assumptions are made: (a)

(anti-)quarks with the same momentum combine to form
hadrons and (b) (anti-)quarks have the universal elliptic
flow v2,q(pT). Then the following relations are obtained:

dNM
dφ

∝ (1+ 2v2,q cos 2φ)2 ≈ (1+ 4v2,q cos 2φ), (3)

dNB
dφ

∝ (1+ 2v2,q cos 2φ)3 ≈ (1+ 6v2,q cos 2φ), (4)

where NM and NB are yields of the meson and the baryon.
Thus, the elliptic flow for mesons (v2,M) and baryons (v2,B)
are scaled according to the number of constituent quarks
nq (quark number scaling) as,

Fig. 6 (Upper panel) v2 as a function of the transverse momentum for
π± , K± , K0s , p(p̄), φ #(#̄), and $−($̄+) in Au+Au collisions at√
sNN = 200 GeV from the STAR and PHENIX experiments [36–38].

Solid and dashed curves show the prediction of the hydrodynamic
model [39]. (Lower panel) v2 as a function of the transverse
momentum for π± , K± , K0s , p(p̄), φ, and #(#̄) in semi-central Pb+Pb
collisions at

√
sNN = 5.02 TeV from the ALICE experiment [40]

v2,M(pT) ∼ 2v2,q(pT/2), v2,B(pT) ∼ 3v2,q(pT/3). (5)

In Fig. 7, v2/nq as a function of transverse momen-
tum per quark, pT/nq, in central (0 − 20% centrality)
and mid-central (20 − 60% centrality) Au+Au collisions
at √sNN = 200 GeV are shown. In central collisions,
v2/nq of pions, kaons, and protons agree with each others
within the statistical and systematic uncertainties, which
supports the quark coalescence picture. But, in peripheral
collisions, a clear departure from the quark number scal-
ing is observed for pT > 1.3 GeV/c [46]. It is expected
that the scaling does not work at high pT region, where the
fragmentation process becomes dominant. At the LHC,
the scaling has been observed approximately at the level
of ±20% [40].
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STAR, arXiv:2605.27815
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Where does the NCQ scaling break?

NCQ scaling starts to break below √sNN = 4.5 GeV 

Turning-off of partonic collectivity between √sNN = 4.5-7.7 GeV ? 
Spectator shadowing effect needs to be understood

14

STAR, PRL135, 072301 (2025)

more important at collision energies greater than 3.2 GeV.
On the model side, JAM better describes the NCQ breaking
at 3.0 GeV but fails to capture the scaling behavior at
4.5 GeV; AMPT-SM shows better scaling behavior than
hadronic transport models at 4.5 GeV. Notably, the v2 of π!

is smaller than the scaling of other particles at 4.5 GeV.
The pT=nq scaling exhibits better performance than
ðmT −m0Þ=nq for π!, suggesting that the deviation at this
energy is primarily attributed to the significantly smaller
mass of pions compared to other hadrons. It is noteworthy
that the original NCQ scaling was proposed based on pT
[7,43]. Detailed model comparisons and scaling results are
given in Supplemental Material [42].
We further investigate the pT integrated v2 as a function

of collision energy. Figure 4(a) shows the energy depend-
ence of pT integrated v2 for π!, K!, K0

S, p, and Λ in
10%–40% centrality from Auþ Au collisions atffiffiffiffiffiffiffiffi
sNN

p ¼ 3.0, 3.2, 3.5, 3.9, and 4.5 GeV. The integrated
v2 is calculated within 0.2 < pTðGeV=cÞ < 1.6 for π!,
0.4 < pTðGeV=cÞ < 1.6 for K!; K0

S, 0.4 < pTðGeV=cÞ <
2.0 for p, Λ. pT integrated v2 changes from negative to
positive as the energy increases from 3.0 to 4.5 GeV,
crossing zero at about 3.2 GeV. Compared to previously
published results from the E895 Collaboration [44,45], our
data show good agreement near the zero-crossing point. At
higher energies, however, our measurements yield larger v2
values, which may be attributed to the use of midcentral
(10%–40%) collisions, whereas the E895 results correspond
to collisions with an impact parameter of 5–7 fm (approx-
imately 10%–15% centrality). Clear differences between π−

and πþ are observed at each energy, and the differences
become smaller as the energy increases. This is consistent

with the picture of the baryon number transport—quarks
transported from beam rapidity to midrapidity experience
more violent scatterings than quarks produced at midrapidity
[46]. Additionally, the initial nuclear matter is a neutron-rich
environment, causing a larger transported effect for π−ðūdÞ
compared to πþðud̄Þ. Although the uncertainties are large for
K!; K0

S, these three kaons exhibit ordering behavior, i.e.,
K0

Sðds̄Þ > Kþðus̄Þ > K−ðūsÞ, which is also consistent with
the transported effect. These observations indicate the effect
of the transported quarks is also present even at this energy
region where the baryon density is high. On the other side,
the v2 of p and Λ are consistent within statistical
uncertainties.
In order to quantify the trend of NCQ scaling with

collision energy, Fig. 4(b) shows the nq scaled v2 ratios of
vq2ðπþÞ=v

q
2ðKþÞ and vq2ðpÞ=v

q
2ðKþÞ at ðmT −m0Þ=nq ¼

0.4 GeV=c2 as a function of collision energy, where the
vq2 represents the nq scaled v2 (v2=nq). The ratio of
vq2ðpÞ=v

q
2ðKþÞ is close to unity at 3.9 and 4.5 GeV, while

it deviates significantly at 3.2 GeV. Although hadronic
model JAM calculations fit the v2ðpTÞ data better at lower
collision energies, they underestimate the ratios throughout
the energy range studied.
In summary, we present the elliptic flow of identified

hadrons π!, K!, K0
S, p, and Λ in Auþ Au collisions atffiffiffiffiffiffiffiffi

sNN
p ¼ 3.2, 3.5, 3.9, and 4.5 GeV. The v2 of these
particles changes from negative to positive around 3.2 GeV.
At the lower colliding energy,

ffiffiffiffiffiffiffiffi
sNN

p ≤ 3.2 GeV, NCQ
scaling breaks down and the calculations from the hadronic
transport model JAM reproduce the transverse momentum
dependence of the measured v2ðpTÞ, implying hadronic
interaction dominance. As collision energy increases, a

FIG. 3. The number of constituent quarks nq scaled v2 as a function of nq scaled transverse kinetic energy for particles (upper panel)
and antiparticles (lower panel) in 10%–40% centrality for Auþ Au collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 3.0, 3.2, 3.5, 3.9, and 4.5 GeV. Statistical and
systematic uncertainties are shown as bars and bands, respectively.

PHYSICAL REVIEW LETTERS 135, 072301 (2025)

072301-6

particle

anti-particle

T. Reuchert and I. Karpenko, arXiv:2603.02927
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Directed flow
Directed flow: collective sideward motion of particles 

Proposed as a sensitive probe to EOS and 1st-order phase transition 
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“Wiggle” structure or minimum dv1/dy due to anti-flow (or third flow)  
driven by pressure gradient (+ spectator shadowing), if the softening of EOS happens

( )L.P. Csernai, D. RohrichrPhysics Letters B 458 1999 454–459¨ 455

known P vs. y diagram and seen at all energies inx
heavy ion collisions from energies of 30 A.MeV to

w x Ž .165 A.GeV 10,13,11,12 , and the ii squeeze-out
effect which is an enhanced emission of particles
transverse to the reaction plane at center of mass
Ž .CM rapidities.
At lower energies the directed transverse flow

resulted in a smooth, linear P vs. y dependence atx
CM rapidities. This straight line behavior connecting
the maximum at y and the minimum at y waspro j t ar g
so typical that it was used to compare flow data at
different beam energies and masses.
If QGP is formed, strong and rapid equilibration

and stopping takes place, and close to one-fluid
behavior is established. Stopping is stronger than
expected, and Landau’s fluid dynamical model be-
comes applicable for central collisions of massive
heavy ions. The soft and compressible QGP forms a
rather flat disk orthogonal to the beam axis which is
at rest in the CM system. Then this disk starts to
expand rapidly in the direction of the largest pressure
gradient, i.e., forward and backward. Thus, the not
fully Gaussian shape of the measured rapidity spec-
tra can be interpreted as a fluid dynamical bounce

Ž .back effect Landau model in contrast to the trans-
parency otherwise assumed in kinetic models. Unfor-
tunately we can not distinguish the two effects from
one another in central collisions. Both lead to a
spectrum elongated in the beam direction.
At small but finite impact parameters, however,

this disk is tilted and the direction of fastest expan-
sion will deviate from the beam axis, will stay in the
reaction plane, but point in directions opposite to the
standard directed transverse flow. Since pressure does
not play a role in transparency, transparency cannot
explain such deviation from the beam direction! This
third flow component develops purely from the large
pressure gradient at full stopping of the strongly
Lorentz contracted intermediate state. So, at the same
time as the primary directed flow is weakened by the
stronger Lorentz contraction at higher energies, this
third flow component is strengthened by increased
Lorentz contraction. These two flow components

w xtogether form the ‘elliptic flow’ 11,16,17 .
w xOn the P vs. y diagram 14 this componentx

shows up as a smaller, negative flow component at
small CM rapidities. Such a third flow component is

w x Ž .seen clearly in Fig. 3 of 3 see Fig. 1, lower part ,

Fig. 1. Upper part: Definition of the measure softening, S, de-
Ž . Ž .scribing the deviation of P y or Õ y from the straight linex 1

< Ž . < < <behavior, ay, around CM. S is defined as ayyP y r ay . Thex
lower figure shows a typical example for fluid dynamical calcula-

w xtions with Hadronic and QGP EoS 3 . QGP leads to strong
softening, ;100%.

w x w x w xFig. 8 of 4 , Fig. 6b of 5 and Fig. 6 of 7 at or
slightly below 0.5 yry if QGP formation wascm
allowed during the calculation. In sharp contrast, the
solutions with hadronic EoS did not show this effect,
and the maximum and minimum of the P curvex
could be connected with a rather straight line. This
straight line behavior is typical for all flow results

Ž .below 11 A.GeV beam energy Fig. 2 . In some of
the FD calculations with QGP the secondary peak at
small CM rapidities is not seen, but the tendency is
obvious, and the deviation from the hadronic smooth
line behavior is apparent. This can be seen clearly in

w x w xFig. 3 of 2 , and Figs. 6a and 6c of 5 . This
indicates that the strength of this effect is also impact
parameter and beam energy dependent, and the third
flow component shows a relative maximum at the
same energy when the primary directed flow is at its

w xminimum 5 . Note that all these FD calculations
were done way before the experiments. The first

w xquantitative flow predictions 2 preceded the experi-
Ž .ments by as much as 6 years ! and gave rather

good agreements with the data.
To have a quantitative measure of the softening at

Ž .small CM rapidities y s0 for a symmetricCM

temperature Tc ! 170 MeV. There is a first order phase transition between these phases,
constructed via Gibbs’ conditions of phase coexistence.

In Fig. 1, we compute the time evolution of the directed flow, pdirx /N , in one-fluid dynam-
ics, for a Au+Au collision at impact parameter b = 3 fm and collision energy Ekin

Lab = 8 AGeV.
One observes that, due to the softening of the EoS in a phase transition to the QGP, less
directed flow is produced in the early compression stage than in a purely hadronic scenario.
In contrast to the hadronic case, where the directed flow remains constant after reaching its
maximum, in the case of a phase transition, the directed flow decreases again. By the time
the mean density drops below nuclear ground-state density, pdirx /N is reduced to ! 0 MeV.
If one follows the fluid evolution even further (to unphysically small values of the density),
pdirx /N becomes negative.

Figure 2: Net-baryon density R (for the same reaction as in Fig. 1) at t = 12 fm/c in the
reaction plane with velocity arrows for midrapidity (|y| < 0.5) fluid elements: Antiflow -
thin arrows, Normal flow - bold arrows.

This observation is explained by an antiflow component which develops when the ex-
pansion sets in. This phenomenon is shown in Fig. 2, which is a contour plot of the baryon
density R, with arrows indicating the fluid velocity. Normal flow (bold arrows) is positive

in the forward hemisphere, and negative in the backward hemisphere, respectively. On the
other hand, antiflow (thin arrows) is positive in the backward hemisphere, and negative in
the forward direction. We show velocity arrows for fluid elements within ±0.5 units around
midrapidity, since this phenomenon develops at midrapidity, as discussed in detail below.

4

↑ flow 
↑ anti-flow
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Extensive studies of v1
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For intermediate-centrality collisions, the proton slope
decreases with increasing energy and changes sign from
positive to negative between 7.7 and 11.5 GeV, shows a
minimum between 11.5 and 19.6 GeV, and remains small
and negative up to 200 GeV, while the pion and antiproton
slopes are negative at all measured energies. In contrast,
there is no hint of the observed nonmonotonic behavior for
protons in the well-tested UrQMD model. Isse et al., in a
transportmodel study incorporating amomentum-dependent
mean field, report qualitative reproduction [40] of proton
directed flow fromE895 [17] and NA49 [18] (see Fig. 3), but
this model yields a positive dv1=dy at all beam energies
studied (

ffiffiffiffiffiffiffiffi
sNN

p ¼ 17.2, 8.8 GeV and below).
The energy dependence of proton dv1=dy involves an

interplay between the directed flow of protons associated
with baryon number transported from the initial beam
rapidity to the vicinity of midrapidity, and the directed flow
of protons from particle-antiparticle pairs produced near
midrapidity. The importance of the second mechanism
increases strongly with beam energy. A means to distin-
guish between the two mechanisms would thus be

informative. We define the slope Fnet-p based on expressing
the rapidity dependence of directed flow for all protons as
½v1ðyÞ%p¼ rðyÞ½v1ðyÞ%p̄þ½1−rðyÞ%½v1ðyÞ%net-p, where rðyÞ
is the observed rapidity dependence of the ratio of
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FIG. 2 (color online). Proton and antiproton v1ðyÞ (left panels)
and π' v1ðyÞ (right panels) for intermediate-centrality
(10%–40%) Au+Au collisions at 200, 62.4, 39, 27, 19.6, 11.5,
and 7.7 GeV. The plotted errors are statistical only.
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FIG. 3 (color online). Directed flow slope (dv1=dy) near
midrapidity versus beam energy for intermediate-centrality
Au+Au collisions. The slopes for protons, antiprotons, and π'

are reported, along with measurements by prior experiments
[17,18] with comparable but not identical cuts. Statistical errors
(bars) and systematic errors (shaded) are shown separately.
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FIG. 4 (color online). Directed flow slope (dv1=dy) near
midrapidity versus beam energy for intermediate-centrality
Au+Au. Panels (a), (b) and (c) report measurement for anti-
protons, protons, and net protons, respectively, along with
UrQMD calculations subject to the same cuts and fit conditions.
Systematic uncertainties are shown as shaded bars. Dashed
curves are a smooth fit to guide the eye.
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In Fig. 2, pion and proton v1ðyÞ are plotted together with
five model calculations, namely, RQMD [12], UrQMD
[28], AMPT [29], QGSM with parton recombination
[30], and slopes from an ideal hydrodynamic calculation
with a tilted source [11]. The model calculations are per-
formed in the same pT acceptance and centrality as the
data. The RQMD and AMPT model calculations predict
the wrong sign and wrong magnitude of pion v1ðyÞ, re-
spectively, while the RQMD and the UrQMD model cal-
culations predict the wrong magnitude of proton v1ðyÞ. For
models other than QGSM, which has the calculation only
for pions, none of them can describe v1ðyÞ for pions and
protons simultaneously.

In Fig. 3, the slope ofv1ðyÞ atmidrapidity is presented as a
function of centrality for protons, antiprotons, and charged
pions. In general, themagnitude of thev1ðyÞ slope converges
to zero as expected for most central collisions. Proton and
antiproton v1ðyÞ slopes are more or less consistent in
30%–80%centrality rangebut diverge in5%–30%centrality.
In addition, two observations are noteworthy: (i) the hydro-
dynamic model with tilted source (which is a characteristic
of antiflow) as currently implemented does not predict the

difference in v1ðyÞ between particle species [31]; (ii) if the
difference between v1 of protons and antiprotons is caused
by antiflow alone, then such difference is expected to be
accompanied by strongly negative v1 slopes. In data, the
large difference between proton and antiproton v1 slopes is
seen in the 5%–30%centrality range,while strongly negative
v1 slopes are found for protons, antiprotons, and charged
pions in a different centrality range (30%–80%). Both ob-
servations suggest that additional mechanisms than that
assumed in [11,31] are needed to explain the centrality
dependence of the difference between the v1ðyÞ slopes of
protons and antiprotons.
The excitation function of proton v1ðy0Þ slope

F (¼ dv1=dy
0 at midrapidity) is presented in Fig. 4. Values

for F are extracted via a polynomial fit of the form Fy0 þ
Cy03, where y0 ¼ y=ybeam for which spectators are normal-
ized at %1. The proton v1ðy0Þ slope decreases rapidly with
increasing energy, reaching zero around

ffiffiffiffiffiffiffiffi
sNN

p ¼ 9 GeV. Its
sign changes to negative as shown by the data point atffiffiffiffiffiffiffiffi
sNN

p ¼ 17 GeV, measured by the NA49 experiment [15].
A similar trend has been observed at low energies with a
slightly different quantity dhpxi=dy0 [32,33]. The energy
dependence of the v1ðy0Þ slope for protons is driven by two
factors: (i) the increase in the number of produced protons
over transported protons with increasing energy, and (ii) the
v1 of both produced and transported protons at different
energies. The negative v1ðy0Þ slope for protons around
midrapidity at SPS energies cannot be explained by transport
model calculations like UrQMD [34] and AMPT [29], but
is predicted by hydrodynamics calculations [8,9]. The
present data indicate that the proton v1 slope remains close
to zero at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV as observed at
ffiffiffiffiffiffiffiffi
sNN

p ¼ 9 GeV
and

ffiffiffiffiffiffiffiffi
sNN

p ¼ 17 GeV heavy ion collisions. Our measure-
ment offers a unique check of the validity of a tilted expan-
sion at RHIC top energy.
In summary, STAR’s measurements of directed flow of

pions, kaons, protons, and antiprotons for Auþ Au colli-
sions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV are presented. In the range of
10%–70% central collisions, v1ðyÞ slopes of pions, kaons
(K0

S), and antiprotons are found to be mostly negative at

y

 (
%

)
1v

-0.5

0

0.5

Au+Au 200GeV 10%-70%

±π

y
-1 -0.5 0 0.5 -1 -0.5 0 0.5 1

 p

RQMD

QGSM*

AMPT

UrQMD
hydro*

1

FIG. 2 (color). Model calculations of pion (left panel) and proton
(right panel) v1ðyÞ for 10%–70% Auþ Au collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼
200 GeV. TheQGSM*model presents the basic quark-gluon string
model with parton recombination [30]. The hydro* model presents
the hydrodynamic expansion from a tilted source [11].
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Indeed, the minimum of dv1/dy was observed around √sNN = 10-20 GeV 
for some of particles 

However, most of models satisfactorily explain the data  
(√sNN and particle-species dependence simultaneously)
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FIG. 2. (Color online) Directed flow slope (dv1/dy) versus
beam energy for intermediate-centrality (10-40%) Au+Au col-
lisions. Panel (a) presents heavy species: Λ, Λ, protons, an-
tiprotons and φ, while panel (b) presents K±, K0

s and π±.
Note that dv1/dy for Λ at

√
sNN = 7.7 GeV is −0.128±0.022

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

√
sNN = 62.4 GeV has

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

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

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

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

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

√
sNN = 7.7

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

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

3
arises from as-

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

√
sNN = 11.5 to 200 GeV.

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

√
sNN = 7.7 GeV implies

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

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

√
sNN , most u and d quarks are

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

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

STAR, PRL120.062301 (2018)

For intermediate-centrality collisions, the proton slope
decreases with increasing energy and changes sign from
positive to negative between 7.7 and 11.5 GeV, shows a
minimum between 11.5 and 19.6 GeV, and remains small
and negative up to 200 GeV, while the pion and antiproton
slopes are negative at all measured energies. In contrast,
there is no hint of the observed nonmonotonic behavior for
protons in the well-tested UrQMD model. Isse et al., in a
transportmodel study incorporating amomentum-dependent
mean field, report qualitative reproduction [40] of proton
directed flow fromE895 [17] and NA49 [18] (see Fig. 3), but
this model yields a positive dv1=dy at all beam energies
studied (

ffiffiffiffiffiffiffiffi
sNN

p ¼ 17.2, 8.8 GeV and below).
The energy dependence of proton dv1=dy involves an

interplay between the directed flow of protons associated
with baryon number transported from the initial beam
rapidity to the vicinity of midrapidity, and the directed flow
of protons from particle-antiparticle pairs produced near
midrapidity. The importance of the second mechanism
increases strongly with beam energy. A means to distin-
guish between the two mechanisms would thus be

informative. We define the slope Fnet-p based on expressing
the rapidity dependence of directed flow for all protons as
ðv1ÞyÞþp¼ rÞyÞðv1ÞyÞþp̄½ð1−rÞyÞþðv1ÞyÞþnet-p, where rÞyÞ
is the observed rapidity dependence of the ratio of
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FIG. 2 (color online). Proton and antiproton v1ÞyÞ (left panels)
and η' v1ÞyÞ (right panels) for intermediate-centrality
(10%–40%) Au+Au collisions at 200, 62.4, 39, 27, 19.6, 11.5,
and 7.7 GeV. The plotted errors are statistical only.
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FIG. 3 (color online). Directed flow slope (dv1=dy) near
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(bars) and systematic errors (shaded) are shown separately.
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FIG. 4 (color online). Directed flow slope (dv1=dy) near
midrapidity versus beam energy for intermediate-centrality
Au+Au. Panels (a), (b) and (c) report measurement for anti-
protons, protons, and net protons, respectively, along with
UrQMD calculations subject to the same cuts and fit conditions.
Systematic uncertainties are shown as shaded bars. Dashed
curves are a smooth fit to guide the eye.

PRL 112, 162301 (2014) P HY S I CA L R EV I EW LE T T ER S
week ending

25 APRIL 2014

162301-5



T. Niida, QCD CP and Hydro evolution @Kyoto

Origin of Directed flow
Origin of characteristic rapidity dependence of v1 “~” 

Initial source tilt with longitudinal expansion 

Density asymmetry at non-zero rapidity (dipole flow) 

Baryon stopping 
 

Contribution from the tilt to v1odd: ~2/3 at RHIC, ~1/3 at the LHC 

Connection to global vorticity with the initial tilt
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L. ADAMCZYK et al. PHYSICAL REVIEW C 98, 014915 (2018)

FIG. 1. Cartoon illustrating different contributions to the directed
flow and their effect on the (pseudo)rapidity dependence of mean v1.
Panel (a) shows the effect of the “tilted source,” while panels (b) and
(c) include additional effects of asymmetric density distribution and
asymmetry in number of participating nucleons. In panels (b) and (c),
the dashed lines represent the effect of the “tilted source” only and
the solid lines represent the two effects combined.

(see the Appendix). In asymmetric collisions, as well as in sym-
metric collisions away from midrapidity, the initial transverse
density distribution has dipolelike asymmetry. This leads to an
additional contribution to anisotropic flow, interpreted either as
shadowing [16], or due to the difference in pressure gradients
in different directions within the transverse plane [17]. The
first harmonic term, often called dipole flow after a dipolelike
density asymmetry, contributes to directed flow. The sign of
the dipole flow contribution appears to be similar to that of
“tilted source.” However there exists a significant difference
between the two contributions—the contribution to ⟨px⟩ from
dipole flow is zero [18]. This fact can be used to disentangle the
relative contributions to directed flow from the “tilted source”
and initial density asymmetries. The condition ⟨px⟩dipole = 0
also leads to a characteristic v

dipole
1 (pT ) shape which crosses

zero at pT ∼ ⟨pT ⟩ [18]. Higher pT particles tend to be emitted
in this direction, while lower pT particles are emitted in the
opposite direction to balance the momentum in the system.
The sign of the average contribution to v1 is determined by the
low pT particles.

The fluctuations in the initial density distribution, in par-
ticular those leading to a dipole asymmetry in the transverse
plane, lead to nonzero directed flow, i.e., dipole flow, even
at midrapidity [18]. The direction (azimuthal angle) of the

initial dipole asymmetry !
dipole
1 determines the direction of

flow. The dipole flow angle !
dipole
1 can be approximated by

!1,3 = arctan(⟨r3 sin φ⟩/⟨r3 cos φ⟩) + π [18] where r and φ
are the polar coordinates of participants and a weighted average
is taken over the overlap region of two nuclei, with the weight
being the energy or entropy density. The angle !1,3 points in
the direction of the largest density gradient. Very schematically,
the modification to v1(η) for a particular fluctuation leading to
positive dipole flow is shown in Fig. 1(b).

The difference in the number of participating nucleons
(quarks) in the projectile and target nuclei also leads to the
change in rapidity of the “fireball” center of mass relative to
that of nucleon-nucleon system. In symmetric collisions such
a difference would be a consequence of fluctuations in the
number of participating nucleons event by event [19], while
in asymmetric collisions the position of the center of mass of
participating nucleons will be shifted on average, depending
on centrality. In this case, one would expect the overall shape
of v1(η) to be mostly unchanged, but the entire v1(η) curve to
be shifted in the direction of rapidity where more participants
move, as schematically indicated in Fig. 1(c).

Finally, we note that the dipole flow is found to be less
sensitive to the shear viscosity over entropy η/s [20] than v2
and v3, therefore it provides a better constraint on the geometry
and fluctuations of the system in the initial state.

In Pb+Pb and Au+Au collisions the initial dipolelike asym-
metry in the density distribution at midrapidity is caused purely
by the fluctuations, while Cu+Au collisions have an intrinsic
density asymmetry due to the asymmetric size of colliding
nuclei. In addition to the directed flow of the “tilted source”
[Fig. 1(a)], one might expect the dipole flow to be produced by
the asymmetric density gradient [Fig. 1(b)] and the center-of-
mass shift in asymmetric collisions [Fig. 1(c)]. Therefore it is
of great interest to study the different components of directed
flow in Cu+Au collisions to improve our understanding of
the role of gradients in the initial density distributions and the
hydrodynamic response to such an initial state.

Experimentally, the directed flow is often studied with the
first harmonic event plane determined by the spectator neutrons
[21–23]. Recent study [10] shows that in ultrarelativistic
nuclear collisions the spectators on average deflect outward
from the center of the collision, e.g., projectile spectators
deflect in the direction of the impact parameter vector. By
combining the measurements relative to the projectile !

p
SP and

target ! t
SP spectator planes, the ALICE Collaboration reported

the rapidity-odd and even components of directed flow in
Pb+Pb collisions at

√
sNN = 2.76 TeV [24]:

v1 = vodd
1 + veven

1 , (1)

vodd
1 =

(
v1

{
!

p
SP

}
− v1

{
! t

SP

})/
2, (2)

veven
1 =

(
v1

{
!

p
SP

}
+ v1

{
! t

SP

})/
2, (3)

where the “even” component might originate in the fluctuation
of the initial density. Note that the “projectile” nucleus defines
the forward direction and ⟨cos(!p

SP − ! t
SP)⟩ < 0. Since the tar-

get spectator plane ! t
SP points in the opposite direction to !

p
SP,

in the ALICE paper [24], directed flow relative to the target
spectator plane was defined as v1{! t

SP} = −⟨cos(φ − ! t
SP)⟩,
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FIG. 6. (Color online) Slopes and intercepts of ⟨px⟩/⟨pT ⟩(η) and v1(η) as a function of centrality in Cu+Au and Au+Au
collisions at

√
s
NN

= 200 GeV. The solid line shows the center-of-mass rapidity in Cu+Au collisions calculated by Cu and Au
participants in a Glauber model. Open boxes represent systematic uncertainties.

with the solid line in Fig. 6(b), which was calculated by
a Monte-Carlo Glauber model based on the ratio of Au
and Cu participant nucleons:

yCM ≈
1

2
ln(NAu

part/N
Cu
part), (12)

where NAu(Cu)
part is the number of participants from Au

or Cu nuclei. The centrality dependence of v1 intercept
(more exactly, in this picture the difference in v1 and
⟨px⟩ intercepts) in Fig. 6(d) would be mostly determined
by the decorrelations between the dipole flow direction,
Ψ1,3, and the reaction (spectator) planes.

The slopes of vodd(conv)1 and ⟨pconvx ⟩/⟨pT ⟩ in Fig. 5 agree
within 10% both in Au+Au and Cu+Au collisions. In
Pb+Pb collisions at the LHC energy the v1 slope is al-
most a factor of two larger in magnitude than that of
⟨pconvx ⟩/⟨pT ⟩. This clearly indicates that both mecha-
nisms, “tilted source” (for which one would expect the
slope of ⟨pconvx ⟩/⟨pT ⟩ to be about 50% larger than that

of vodd(conv)1 , see Appendix), and initial density asymme-
tries (for which ⟨pconvx ⟩ = 0), play a significant role in
the formation of the directed flow even in symmetric col-
lisions. The relative contribution of the “tilted source”
mechanism to the v1 slope, r, can be expressed as (see

Appendix):

r =

(

dv1
dη

)tilt

dv1
dη

≈
2

3

1

⟨pT ⟩
d⟨px⟩
dη

dv1
dη

, (13)

where ( )tilt denotes a contribution from the “tilted
source”. The relative contribution r is about 2/3 at the
top RHIC collision energies decreasing to about 1/3 at
LHC energies. From the centrality dependence of slopes
shown in Fig. 6 one can conclude that the relative con-
tribution of the “tilted source” mechanism is largest in
peripheral collisions (where the ⟨pconvx ⟩/⟨pT ⟩ slope is ap-

proximately 1.5 times larger than that of vodd(conv)1 ) and
smallest in central collisions. This dependence might be
due to the stronger decorrelation between spectator and
dipole flow planes in peripheral collisions. Figure 7
shows the even (fluctuation) components of v1 and ⟨px⟩
as a function of centrality. The veven1 for Au+Au has a
weak centrality dependence and is consistent with veven1
for Pb+Pb except in most peripheral collisions. Further-
more, pevenx in both Au+Au and Pb+Pb are consistent
with zero. This may indicate that the dipole-like fluc-
tuation in the initial state has little dependence on the
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√
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NN

= 200 GeV. The solid line shows the center-of-mass rapidity in Cu+Au collisions calculated by Cu and Au
participants in a Glauber model. Open boxes represent systematic uncertainties.

with the solid line in Fig. 6(b), which was calculated by
a Monte-Carlo Glauber model based on the ratio of Au
and Cu participant nucleons:

yCM ≈
1

2
ln(NAu

part/N
Cu
part), (12)

where NAu(Cu)
part is the number of participants from Au

or Cu nuclei. The centrality dependence of v1 intercept
(more exactly, in this picture the difference in v1 and
⟨px⟩ intercepts) in Fig. 6(d) would be mostly determined
by the decorrelations between the dipole flow direction,
Ψ1,3, and the reaction (spectator) planes.

The slopes of vodd(conv)1 and ⟨pconvx ⟩/⟨pT ⟩ in Fig. 5 agree
within 10% both in Au+Au and Cu+Au collisions. In
Pb+Pb collisions at the LHC energy the v1 slope is al-
most a factor of two larger in magnitude than that of
⟨pconvx ⟩/⟨pT ⟩. This clearly indicates that both mecha-
nisms, “tilted source” (for which one would expect the
slope of ⟨pconvx ⟩/⟨pT ⟩ to be about 50% larger than that

of vodd(conv)1 , see Appendix), and initial density asymme-
tries (for which ⟨pconvx ⟩ = 0), play a significant role in
the formation of the directed flow even in symmetric col-
lisions. The relative contribution of the “tilted source”
mechanism to the v1 slope, r, can be expressed as (see

Appendix):

r =

(

dv1
dη

)tilt

dv1
dη

≈
2

3

1

⟨pT ⟩
d⟨px⟩
dη

dv1
dη

, (13)

where ( )tilt denotes a contribution from the “tilted
source”. The relative contribution r is about 2/3 at the
top RHIC collision energies decreasing to about 1/3 at
LHC energies. From the centrality dependence of slopes
shown in Fig. 6 one can conclude that the relative con-
tribution of the “tilted source” mechanism is largest in
peripheral collisions (where the ⟨pconvx ⟩/⟨pT ⟩ slope is ap-

proximately 1.5 times larger than that of vodd(conv)1 ) and
smallest in central collisions. This dependence might be
due to the stronger decorrelation between spectator and
dipole flow planes in peripheral collisions. Figure 7
shows the even (fluctuation) components of v1 and ⟨px⟩
as a function of centrality. The veven1 for Au+Au has a
weak centrality dependence and is consistent with veven1
for Pb+Pb except in most peripheral collisions. Further-
more, pevenx in both Au+Au and Pb+Pb are consistent
with zero. This may indicate that the dipole-like fluc-
tuation in the initial state has little dependence on the
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centrality for Cu+Au (a,b) and Au+Au (c,d) collisions at
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= 200 GeV. Open boxes show the systematic uncertainties.
Note that the directed flow obtained with the target spectator plane (v1{Ψt

SP}) is shown with opposite sign.
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FIG. 5. (Color online) Charged particle “conventional” (left) and “fluctuation” (right) components of directed flow v1 and
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η/s=0.08 and 0.16, respectively, for Cu+Au collisions [36]. Thin lines in the left panel show a linear fit to the data. Open
boxes represent systematic uncertainties.

“tilted source”. The intercepts of ⟨px⟩ follow very closely the shift in rapidity center-of-mass of the system shown

vconv1 (vodd1 ) = (v1{ p
SP}� v1{ t

SP})/2
vfluc1 (veven1 ) = (v1{ p

SP}+ v1{ t
SP})/2

No models can reproduce directed flow, v1, dependence on (pseudo)rapidity, pT, �sNN, 
and particle species, simultaneously.  
Still missing an important piece in the picture of  
heavy-ion collisions,  
e.g. vorticity and/or 3D initial condition.

Contributions to v1:
(1)  Initial source tilt [1,2]
(2)  Initial density asymmetry at non-zero rapidity [3]
(3)  Initial density asymmetry due to fluctuations [4]
In addition, for asymmetric Cu+Au collisions:
(4) Intrinsic density asymmetry due to the geometry (Npart

Au>Npart
Cu) 

(5) Npart
Au>Npart

Cu leads to a rapidity shift of v1 

In Fig. 2, pion and proton v1ðyÞ are plotted together with
five model calculations, namely, RQMD [12], UrQMD
[28], AMPT [29], QGSM with parton recombination
[30], and slopes from an ideal hydrodynamic calculation
with a tilted source [11]. The model calculations are per-
formed in the same pT acceptance and centrality as the
data. The RQMD and AMPT model calculations predict
the wrong sign and wrong magnitude of pion v1ðyÞ, re-
spectively, while the RQMD and the UrQMD model cal-
culations predict the wrong magnitude of proton v1ðyÞ. For
models other than QGSM, which has the calculation only
for pions, none of them can describe v1ðyÞ for pions and
protons simultaneously.

In Fig. 3, the slope ofv1ðyÞ atmidrapidity is presented as a
function of centrality for protons, antiprotons, and charged
pions. In general, themagnitude of thev1ðyÞ slope converges
to zero as expected for most central collisions. Proton and
antiproton v1ðyÞ slopes are more or less consistent in
30%–80%centrality rangebut diverge in5%–30%centrality.
In addition, two observations are noteworthy: (i) the hydro-
dynamic model with tilted source (which is a characteristic
of antiflow) as currently implemented does not predict the

difference in v1ðyÞ between particle species [31]; (ii) if the
difference between v1 of protons and antiprotons is caused
by antiflow alone, then such difference is expected to be
accompanied by strongly negative v1 slopes. In data, the
large difference between proton and antiproton v1 slopes is
seen in the 5%–30%centrality range,while strongly negative
v1 slopes are found for protons, antiprotons, and charged
pions in a different centrality range (30%–80%). Both ob-
servations suggest that additional mechanisms than that
assumed in [11,31] are needed to explain the centrality
dependence of the difference between the v1ðyÞ slopes of
protons and antiprotons.
The excitation function of proton v1ðy0Þ slope

F (¼ dv1=dy
0 at midrapidity) is presented in Fig. 4. Values

for F are extracted via a polynomial fit of the form Fy0 þ
Cy03, where y0 ¼ y=ybeam for which spectators are normal-
ized at %1. The proton v1ðy0Þ slope decreases rapidly with
increasing energy, reaching zero around

ffiffiffiffiffiffiffiffi
sNN

p ¼ 9 GeV. Its
sign changes to negative as shown by the data point atffiffiffiffiffiffiffiffi
sNN

p ¼ 17 GeV, measured by the NA49 experiment [15].
A similar trend has been observed at low energies with a
slightly different quantity dhpxi=dy0 [32,33]. The energy
dependence of the v1ðy0Þ slope for protons is driven by two
factors: (i) the increase in the number of produced protons
over transported protons with increasing energy, and (ii) the
v1 of both produced and transported protons at different
energies. The negative v1ðy0Þ slope for protons around
midrapidity at SPS energies cannot be explained by transport
model calculations like UrQMD [34] and AMPT [29], but
is predicted by hydrodynamics calculations [8,9]. The
present data indicate that the proton v1 slope remains close
to zero at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV as observed at
ffiffiffiffiffiffiffiffi
sNN

p ¼ 9 GeV
and

ffiffiffiffiffiffiffiffi
sNN

p ¼ 17 GeV heavy ion collisions. Our measure-
ment offers a unique check of the validity of a tilted expan-
sion at RHIC top energy.
In summary, STAR’s measurements of directed flow of

pions, kaons, protons, and antiprotons for Auþ Au colli-
sions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV are presented. In the range of
10%–70% central collisions, v1ðyÞ slopes of pions, kaons
(K0

S), and antiprotons are found to be mostly negative at
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FIG. 2 (color). Model calculations of pion (left panel) and proton
(right panel) v1ðyÞ for 10%–70% Auþ Au collisions at
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p ¼
200 GeV. TheQGSM*model presents the basic quark-gluon string
model with parton recombination [30]. The hydro* model presents
the hydrodynamic expansion from a tilted source [11].
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Cu+Au provides a unique opportunity to study the role of the different mechanisms in v1.
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v1 was measured relative to two spectator planes ΨSP as done in ALICE [5] and  
was decomposed into “conventional” (1)+(2) and “fluctuation” (3) components.

v1 = hcos(�� SP)

hpxi = hpT cos(�� SP)i

!  Intercept of Cu+Au <px>conv agrees well with the center-of-mass  
rapidity in Cu+Au by Glauber simulation 

!  Centrality dependence of the intercept of Cu+Au v1
conv

"  Decorrelation between ΨSP and participant plane that points  
out the direction of the density asymmetry

!  Relative contribution from the source tilt to v1 slope, rtilt

"  at RHIC ~2/3
"  at LHC ~1/3 [5] 

  
(smaller source tilt due to baryon transparency)

����������!!
[1] L. P. Csernai and D. Rohrich, Phys. Lett. B 458, 454 (1999) 
[2] P. Bozek and I. Wyskiel, Phys. Rev. C 81, 054902 (2010)
[3] U. Heinz and P. Kolb, J. Phys. G30, S1229-S1234 (2004)
[4] D. Teany and L. Yan, Phys. Rev. C 83, 064904 (2011) 
[5] ALICE, Phys. Rev. Lett. 111, 232302 (2013)

rtilt =
(dv1/d⌘)

tilt

dv1/d⌘
⇡ 2

3

(dhpxi/d⌘)/hpT i
dv1/d⌘

* Contributions from (2) and (3) are called “dipole flow”; named after “dipole-like” density asymmetry.

! The results are consistent with a picture of the directed flow  
originating from the initial source tilt and the initial density asymmetry.

! Relative contribution to v1
odd slope from the initial source tilt is ~2/3  

in mid-central collisions at RHIC and the rest comes from the rapidity-
dependent density asymmetry
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FIG. 7. (Color online) Centrality dependence of the even
(fluctuation) components of v1 and ⟨px⟩/⟨pT ⟩ in Cu+Au and
Au+Au collisions at

√
s
NN

= 200 GeV and Pb+Pb collisions
at

√
s
NN

= 2.76 TeV [20]. Open boxes represent systematic
uncertainties.

system size and collision energy. vfluc1 and ⟨px⟩fluc for
Cu+Au has a larger magnitude than in symmetric colli-
sions over the entire centrality range; it is smallest in the
30%-40% centrality bin.

The reference angle of dipole flow can be represented
by Ψ1,3, but veven1 (vfluc1 ) are the projections of dipole flow
onto the spectator planes. Therefore, the measured even
(or fluctuation) components of v1 should be decreased by
a factor ⟨cos(Ψ1,3−ΨSP)⟩. Such a “resolution” effect may
also lead to larger veven1 and non-zero ⟨pevenx ⟩ in Cu+Au
collisions due to the difference in correlation of the Cu
and Au spectator planes to Ψ1,3.

The pT dependence of vconv1 and vfluc1 in Cu+Au col-
lisions was studied for different collision centralities, as
shown in Fig. 8. The vconv1 exhibits a sign change around
pT = 1 GeV/c and its magnitude at both low and high pT
becomes smaller for peripheral collisions. Such central-
ity dependence in Cu+Au vconv1 can be due to a change
in the correlation between the angle of the initial den-
sity asymmetry and the direction of spectator deflection.
The correlation becomes largest at an impact parameter
of 5 fm (which corresponds approximately to 10%-20%
centrality) and decreases in more peripheral collisions as
discussed in Ref. [10]. Similar pT and centrality depen-
dencies were observed in vfluc1 although there is a differ-
ence in sign between vconv1 and vfluc1 . An event-by-event
viscous hydrodynamic model calculation is also compared
to the vconv1 for the 20%-30% centrality bin in Cu+Au col-

lisions. As seen in Fig. 8, the model qualitatively follows
the shape of the measurement but overpredicts the data
in its magnitude for the entire pT region.
The odd and even components of directed flow, vodd1

and veven1 , in Au+Au collisions are also compared in the
same centrality windows, where vodd1 was measured by
flipping the sign for particles with the negative rapid-
ity. The signals of both vodd1 and veven1 in Au+Au are
smaller than directed flow in Cu+Au but, at least in
central collisions, they still show the sign change in the
pT dependence.
The v1 with the three-point correlator, v1{3}, was mea-

sured in Cu+Au collisions for the 10%-40% centrality
bin as shown in Fig. 9, where it is compared to vconv1
and vfluc1 from the event plane method using spectator
planes. Note that v1{3} does not use spectator infor-
mation. The v1{3} is consistent with vconv1 for pT < 1
GeV/c within the systematic uncertainties but becomes
greater than vconv1 for 1 < pT < 4 GeV/c. The v1{3}
includes both conventional and fluctuation components
of v1. The conventional component in v1{3} should be
the same as measured by the event plane method but the
fluctuation component might be different due to different
correlations of the spectator planes and participant plane
(from the BBC subevent) with Ψ1,3.

B. Directed flow of identified hadrons

Anisotropic flow of charged pions, kaons, and
(anti)protons was measured based on the particle identifi-
cation with the TPC and TOF, as explained in Sec. III A.
Figure 10 presents directed flow of π+ + π−, K+ +K−,
and p + p̄ measured with respect to the target specta-
tor plane (v1 = −v1{Ψt

SP}) in the 10%-40% centrality
bin. For pT < 2 GeV/c, there is a clear particle type
dependence, likely reflecting the effect of particle mass
in interplay of the radial and directed flow [38, 39]. For
pT > 2 GeV/c, there is no clear particle dependence due
to large uncertainties.

C. Charge dependence of directed flow

In our previous study [11], a finite difference in di-
rected flow between positively and negatively charged
particles was observed in asymmetric Cu+Au collisions.
These results can be understood as an effect of the elec-
tric field due to the asymmetry in the electric charge of
the Au and Cu nuclei. Similarly, one would expect a dif-
ference in ⟨px⟩ between positive and negative particles.
Figure 11 shows the centrality dependence of charge-
dependent ⟨px⟩ and the difference ∆⟨px⟩ between positive
and negative particles in Au+Au and Cu+Au collisions.
The difference is consistent with zero for Au+Au colli-
sions, but a finite difference is observed in Cu+Au colli-
sions (∆⟨px⟩ ∼0.3 MeV/c). The direction of the electric
field is expected to be strongly correlated to the direction

!  Very weak centrality dependence of v1
fluc(even)

"  Similar dipole-like density fluctuations  
for all centralities

!  <px>even ~ 0 in symmetric systems
"  Feature of the dipole flow due to  

the momentum conservation
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“conventional” (odd) “fluctuation” (even)

!  Similar v1
conv(odd) slopes in Au+Au and Cu+Au but larger than at the LHC

"  The source tilt likely depends on the collision energy but not on the system size
!  Cu+Au v1

conv is shifted upward relative to Au+Au 
"  as expected from the intrinsic density asymmetry

!  Cu+Au <px>conv is shifted toward Au-going direction relative to Au+Au 
"  as expected from asymmetric participants

!  v1
fluc(even) nearly rapidity-independent  

and <px>fluc(even) close to zero

* ΨSP resolution was estimated by 3-subevent method with ZDCSMD (|η|>6.3) and BBC (3.3<|η|<5)
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Origin of Directed flow
Origin of characteristic rapidity dependence of v1 “~” 

Initial source tilt with longitudinal expansion 

Density asymmetry at non-zero rapidity (dipole flow) 

Baryon stopping 
 

Contribution from the tilt to v1odd: ~2/3 at RHIC, ~1/3 at the LHC 

Connection to global vorticity with the initial tilt
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FIG. 1. Cartoon illustrating different contributions to the directed
flow and their effect on the (pseudo)rapidity dependence of mean v1.
Panel (a) shows the effect of the “tilted source,” while panels (b) and
(c) include additional effects of asymmetric density distribution and
asymmetry in number of participating nucleons. In panels (b) and (c),
the dashed lines represent the effect of the “tilted source” only and
the solid lines represent the two effects combined.

(see the Appendix). In asymmetric collisions, as well as in sym-
metric collisions away from midrapidity, the initial transverse
density distribution has dipolelike asymmetry. This leads to an
additional contribution to anisotropic flow, interpreted either as
shadowing [16], or due to the difference in pressure gradients
in different directions within the transverse plane [17]. The
first harmonic term, often called dipole flow after a dipolelike
density asymmetry, contributes to directed flow. The sign of
the dipole flow contribution appears to be similar to that of
“tilted source.” However there exists a significant difference
between the two contributions—the contribution to ⟨px⟩ from
dipole flow is zero [18]. This fact can be used to disentangle the
relative contributions to directed flow from the “tilted source”
and initial density asymmetries. The condition ⟨px⟩dipole = 0
also leads to a characteristic v

dipole
1 (pT ) shape which crosses

zero at pT ∼ ⟨pT ⟩ [18]. Higher pT particles tend to be emitted
in this direction, while lower pT particles are emitted in the
opposite direction to balance the momentum in the system.
The sign of the average contribution to v1 is determined by the
low pT particles.

The fluctuations in the initial density distribution, in par-
ticular those leading to a dipole asymmetry in the transverse
plane, lead to nonzero directed flow, i.e., dipole flow, even
at midrapidity [18]. The direction (azimuthal angle) of the

initial dipole asymmetry !
dipole
1 determines the direction of

flow. The dipole flow angle !
dipole
1 can be approximated by

!1,3 = arctan(⟨r3 sin φ⟩/⟨r3 cos φ⟩) + π [18] where r and φ
are the polar coordinates of participants and a weighted average
is taken over the overlap region of two nuclei, with the weight
being the energy or entropy density. The angle !1,3 points in
the direction of the largest density gradient. Very schematically,
the modification to v1(η) for a particular fluctuation leading to
positive dipole flow is shown in Fig. 1(b).

The difference in the number of participating nucleons
(quarks) in the projectile and target nuclei also leads to the
change in rapidity of the “fireball” center of mass relative to
that of nucleon-nucleon system. In symmetric collisions such
a difference would be a consequence of fluctuations in the
number of participating nucleons event by event [19], while
in asymmetric collisions the position of the center of mass of
participating nucleons will be shifted on average, depending
on centrality. In this case, one would expect the overall shape
of v1(η) to be mostly unchanged, but the entire v1(η) curve to
be shifted in the direction of rapidity where more participants
move, as schematically indicated in Fig. 1(c).

Finally, we note that the dipole flow is found to be less
sensitive to the shear viscosity over entropy η/s [20] than v2
and v3, therefore it provides a better constraint on the geometry
and fluctuations of the system in the initial state.

In Pb+Pb and Au+Au collisions the initial dipolelike asym-
metry in the density distribution at midrapidity is caused purely
by the fluctuations, while Cu+Au collisions have an intrinsic
density asymmetry due to the asymmetric size of colliding
nuclei. In addition to the directed flow of the “tilted source”
[Fig. 1(a)], one might expect the dipole flow to be produced by
the asymmetric density gradient [Fig. 1(b)] and the center-of-
mass shift in asymmetric collisions [Fig. 1(c)]. Therefore it is
of great interest to study the different components of directed
flow in Cu+Au collisions to improve our understanding of
the role of gradients in the initial density distributions and the
hydrodynamic response to such an initial state.

Experimentally, the directed flow is often studied with the
first harmonic event plane determined by the spectator neutrons
[21–23]. Recent study [10] shows that in ultrarelativistic
nuclear collisions the spectators on average deflect outward
from the center of the collision, e.g., projectile spectators
deflect in the direction of the impact parameter vector. By
combining the measurements relative to the projectile !

p
SP and

target ! t
SP spectator planes, the ALICE Collaboration reported

the rapidity-odd and even components of directed flow in
Pb+Pb collisions at

√
sNN = 2.76 TeV [24]:

v1 = vodd
1 + veven

1 , (1)

vodd
1 =

(
v1

{
!

p
SP

}
− v1

{
! t

SP

})/
2, (2)

veven
1 =

(
v1

{
!

p
SP

}
+ v1

{
! t

SP

})/
2, (3)

where the “even” component might originate in the fluctuation
of the initial density. Note that the “projectile” nucleus defines
the forward direction and ⟨cos(!p

SP − ! t
SP)⟩ < 0. Since the tar-

get spectator plane ! t
SP points in the opposite direction to !

p
SP,

in the ALICE paper [24], directed flow relative to the target
spectator plane was defined as v1{! t

SP} = −⟨cos(φ − ! t
SP)⟩,
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FIG. 6. (Color online) Slopes and intercepts of ⟨px⟩/⟨pT ⟩(η) and v1(η) as a function of centrality in Cu+Au and Au+Au
collisions at

√
s
NN

= 200 GeV. The solid line shows the center-of-mass rapidity in Cu+Au collisions calculated by Cu and Au
participants in a Glauber model. Open boxes represent systematic uncertainties.

with the solid line in Fig. 6(b), which was calculated by
a Monte-Carlo Glauber model based on the ratio of Au
and Cu participant nucleons:

yCM ≈
1

2
ln(NAu

part/N
Cu
part), (12)

where NAu(Cu)
part is the number of participants from Au

or Cu nuclei. The centrality dependence of v1 intercept
(more exactly, in this picture the difference in v1 and
⟨px⟩ intercepts) in Fig. 6(d) would be mostly determined
by the decorrelations between the dipole flow direction,
Ψ1,3, and the reaction (spectator) planes.

The slopes of vodd(conv)1 and ⟨pconvx ⟩/⟨pT ⟩ in Fig. 5 agree
within 10% both in Au+Au and Cu+Au collisions. In
Pb+Pb collisions at the LHC energy the v1 slope is al-
most a factor of two larger in magnitude than that of
⟨pconvx ⟩/⟨pT ⟩. This clearly indicates that both mecha-
nisms, “tilted source” (for which one would expect the
slope of ⟨pconvx ⟩/⟨pT ⟩ to be about 50% larger than that

of vodd(conv)1 , see Appendix), and initial density asymme-
tries (for which ⟨pconvx ⟩ = 0), play a significant role in
the formation of the directed flow even in symmetric col-
lisions. The relative contribution of the “tilted source”
mechanism to the v1 slope, r, can be expressed as (see

Appendix):

r =

(

dv1
dη

)tilt

dv1
dη

≈
2

3

1

⟨pT ⟩
d⟨px⟩
dη

dv1
dη

, (13)

where ( )tilt denotes a contribution from the “tilted
source”. The relative contribution r is about 2/3 at the
top RHIC collision energies decreasing to about 1/3 at
LHC energies. From the centrality dependence of slopes
shown in Fig. 6 one can conclude that the relative con-
tribution of the “tilted source” mechanism is largest in
peripheral collisions (where the ⟨pconvx ⟩/⟨pT ⟩ slope is ap-

proximately 1.5 times larger than that of vodd(conv)1 ) and
smallest in central collisions. This dependence might be
due to the stronger decorrelation between spectator and
dipole flow planes in peripheral collisions. Figure 7
shows the even (fluctuation) components of v1 and ⟨px⟩
as a function of centrality. The veven1 for Au+Au has a
weak centrality dependence and is consistent with veven1
for Pb+Pb except in most peripheral collisions. Further-
more, pevenx in both Au+Au and Pb+Pb are consistent
with zero. This may indicate that the dipole-like fluc-
tuation in the initial state has little dependence on the
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FIG. 6. (Color online) Slopes and intercepts of ⟨px⟩/⟨pT ⟩(η) and v1(η) as a function of centrality in Cu+Au and Au+Au
collisions at

√
s
NN

= 200 GeV. The solid line shows the center-of-mass rapidity in Cu+Au collisions calculated by Cu and Au
participants in a Glauber model. Open boxes represent systematic uncertainties.

with the solid line in Fig. 6(b), which was calculated by
a Monte-Carlo Glauber model based on the ratio of Au
and Cu participant nucleons:

yCM ≈
1

2
ln(NAu

part/N
Cu
part), (12)

where NAu(Cu)
part is the number of participants from Au

or Cu nuclei. The centrality dependence of v1 intercept
(more exactly, in this picture the difference in v1 and
⟨px⟩ intercepts) in Fig. 6(d) would be mostly determined
by the decorrelations between the dipole flow direction,
Ψ1,3, and the reaction (spectator) planes.

The slopes of vodd(conv)1 and ⟨pconvx ⟩/⟨pT ⟩ in Fig. 5 agree
within 10% both in Au+Au and Cu+Au collisions. In
Pb+Pb collisions at the LHC energy the v1 slope is al-
most a factor of two larger in magnitude than that of
⟨pconvx ⟩/⟨pT ⟩. This clearly indicates that both mecha-
nisms, “tilted source” (for which one would expect the
slope of ⟨pconvx ⟩/⟨pT ⟩ to be about 50% larger than that

of vodd(conv)1 , see Appendix), and initial density asymme-
tries (for which ⟨pconvx ⟩ = 0), play a significant role in
the formation of the directed flow even in symmetric col-
lisions. The relative contribution of the “tilted source”
mechanism to the v1 slope, r, can be expressed as (see

Appendix):

r =

(

dv1
dη

)tilt

dv1
dη

≈
2

3

1

⟨pT ⟩
d⟨px⟩
dη

dv1
dη

, (13)

where ( )tilt denotes a contribution from the “tilted
source”. The relative contribution r is about 2/3 at the
top RHIC collision energies decreasing to about 1/3 at
LHC energies. From the centrality dependence of slopes
shown in Fig. 6 one can conclude that the relative con-
tribution of the “tilted source” mechanism is largest in
peripheral collisions (where the ⟨pconvx ⟩/⟨pT ⟩ slope is ap-

proximately 1.5 times larger than that of vodd(conv)1 ) and
smallest in central collisions. This dependence might be
due to the stronger decorrelation between spectator and
dipole flow planes in peripheral collisions. Figure 7
shows the even (fluctuation) components of v1 and ⟨px⟩
as a function of centrality. The veven1 for Au+Au has a
weak centrality dependence and is consistent with veven1
for Pb+Pb except in most peripheral collisions. Further-
more, pevenx in both Au+Au and Pb+Pb are consistent
with zero. This may indicate that the dipole-like fluc-
tuation in the initial state has little dependence on the

9

1− 0.5− 0 0.5 1

 1v

0.002−

0

0.002

0.004  = 200 GeVNNsSTAR Cu+Au 
10%-40%

 (ZDCE)}t
SPΨ{1-v

 (ZDCW)}p
SPΨ{1v (a)

 η1− 0.5− 0 0.5 1

 [G
eV

/c
] 

〉 xp〈

0.002−

0.001−

0

0.001

0.002

(b)
 (ZDCE)}t

SP
Ψ{〉

x
p〈-

 (ZDCW)}p
SP

Ψ{〉
x

p〈

1− 0.5− 0 0.5 1

 1v

0.002−

0

0.002

0.004  = 200 GeVNNsSTAR Au+Au 
10%-40%

(c)

 η1− 0.5− 0 0.5 1

 [G
eV

/c
] 

〉 xp〈

0.002−

0.001−

0

0.001

0.002

(d)

FIG. 4. (Color online) Directed flow of charged particles measured with respect to the target (ZDCE) and projectile (ZDCW)
spectator planes and the mean transverse momentum projected onto the spectator planes, as a function of η in 10%-40%
centrality for Cu+Au (a,b) and Au+Au (c,d) collisions at

√
s
NN

= 200 GeV. Open boxes show the systematic uncertainties.
Note that the directed flow obtained with the target spectator plane (v1{Ψt

SP}) is shown with opposite sign.
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FIG. 5. (Color online) Charged particle “conventional” (left) and “fluctuation” (right) components of directed flow v1 and
momentum shift ⟨px⟩/⟨pT ⟩ as a function of η in 10%-40% centrality for Cu+Au and Au+Au collisions at

√
s
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= 200 GeV,
and Pb+Pb collisions at

√
s
NN

= 2.76 TeV [20]. Thick solid and dashed lines show the hydrodynamic model calculations with
η/s=0.08 and 0.16, respectively, for Cu+Au collisions [36]. Thin lines in the left panel show a linear fit to the data. Open
boxes represent systematic uncertainties.

“tilted source”. The intercepts of ⟨px⟩ follow very closely the shift in rapidity center-of-mass of the system shown

vconv1 (vodd1 ) = (v1{ p
SP}� v1{ t

SP})/2
vfluc1 (veven1 ) = (v1{ p

SP}+ v1{ t
SP})/2

No models can reproduce directed flow, v1, dependence on (pseudo)rapidity, pT, �sNN, 
and particle species, simultaneously.  
Still missing an important piece in the picture of  
heavy-ion collisions,  
e.g. vorticity and/or 3D initial condition.

Contributions to v1:
(1)  Initial source tilt [1,2]
(2)  Initial density asymmetry at non-zero rapidity [3]
(3)  Initial density asymmetry due to fluctuations [4]
In addition, for asymmetric Cu+Au collisions:
(4) Intrinsic density asymmetry due to the geometry (Npart

Au>Npart
Cu) 

(5) Npart
Au>Npart

Cu leads to a rapidity shift of v1 

In Fig. 2, pion and proton v1ðyÞ are plotted together with
five model calculations, namely, RQMD [12], UrQMD
[28], AMPT [29], QGSM with parton recombination
[30], and slopes from an ideal hydrodynamic calculation
with a tilted source [11]. The model calculations are per-
formed in the same pT acceptance and centrality as the
data. The RQMD and AMPT model calculations predict
the wrong sign and wrong magnitude of pion v1ðyÞ, re-
spectively, while the RQMD and the UrQMD model cal-
culations predict the wrong magnitude of proton v1ðyÞ. For
models other than QGSM, which has the calculation only
for pions, none of them can describe v1ðyÞ for pions and
protons simultaneously.

In Fig. 3, the slope ofv1ðyÞ atmidrapidity is presented as a
function of centrality for protons, antiprotons, and charged
pions. In general, themagnitude of thev1ðyÞ slope converges
to zero as expected for most central collisions. Proton and
antiproton v1ðyÞ slopes are more or less consistent in
30%–80%centrality rangebut diverge in5%–30%centrality.
In addition, two observations are noteworthy: (i) the hydro-
dynamic model with tilted source (which is a characteristic
of antiflow) as currently implemented does not predict the

difference in v1ðyÞ between particle species [31]; (ii) if the
difference between v1 of protons and antiprotons is caused
by antiflow alone, then such difference is expected to be
accompanied by strongly negative v1 slopes. In data, the
large difference between proton and antiproton v1 slopes is
seen in the 5%–30%centrality range,while strongly negative
v1 slopes are found for protons, antiprotons, and charged
pions in a different centrality range (30%–80%). Both ob-
servations suggest that additional mechanisms than that
assumed in [11,31] are needed to explain the centrality
dependence of the difference between the v1ðyÞ slopes of
protons and antiprotons.
The excitation function of proton v1ðy0Þ slope

F (¼ dv1=dy
0 at midrapidity) is presented in Fig. 4. Values

for F are extracted via a polynomial fit of the form Fy0 þ
Cy03, where y0 ¼ y=ybeam for which spectators are normal-
ized at %1. The proton v1ðy0Þ slope decreases rapidly with
increasing energy, reaching zero around

ffiffiffiffiffiffiffiffi
sNN

p ¼ 9 GeV. Its
sign changes to negative as shown by the data point atffiffiffiffiffiffiffiffi
sNN

p ¼ 17 GeV, measured by the NA49 experiment [15].
A similar trend has been observed at low energies with a
slightly different quantity dhpxi=dy0 [32,33]. The energy
dependence of the v1ðy0Þ slope for protons is driven by two
factors: (i) the increase in the number of produced protons
over transported protons with increasing energy, and (ii) the
v1 of both produced and transported protons at different
energies. The negative v1ðy0Þ slope for protons around
midrapidity at SPS energies cannot be explained by transport
model calculations like UrQMD [34] and AMPT [29], but
is predicted by hydrodynamics calculations [8,9]. The
present data indicate that the proton v1 slope remains close
to zero at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV as observed at
ffiffiffiffiffiffiffiffi
sNN

p ¼ 9 GeV
and

ffiffiffiffiffiffiffiffi
sNN

p ¼ 17 GeV heavy ion collisions. Our measure-
ment offers a unique check of the validity of a tilted expan-
sion at RHIC top energy.
In summary, STAR’s measurements of directed flow of

pions, kaons, protons, and antiprotons for Auþ Au colli-
sions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV are presented. In the range of
10%–70% central collisions, v1ðyÞ slopes of pions, kaons
(K0

S), and antiprotons are found to be mostly negative at
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FIG. 2 (color). Model calculations of pion (left panel) and proton
(right panel) v1ðyÞ for 10%–70% Auþ Au collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼
200 GeV. TheQGSM*model presents the basic quark-gluon string
model with parton recombination [30]. The hydro* model presents
the hydrodynamic expansion from a tilted source [11].
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Cu+Au provides a unique opportunity to study the role of the different mechanisms in v1.
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v1 was measured relative to two spectator planes ΨSP as done in ALICE [5] and  
was decomposed into “conventional” (1)+(2) and “fluctuation” (3) components.

v1 = hcos(�� SP)

hpxi = hpT cos(�� SP)i

!  Intercept of Cu+Au <px>conv agrees well with the center-of-mass  
rapidity in Cu+Au by Glauber simulation 

!  Centrality dependence of the intercept of Cu+Au v1
conv

"  Decorrelation between ΨSP and participant plane that points  
out the direction of the density asymmetry

!  Relative contribution from the source tilt to v1 slope, rtilt

"  at RHIC ~2/3
"  at LHC ~1/3 [5] 

  
(smaller source tilt due to baryon transparency)
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rtilt =
(dv1/d⌘)

tilt

dv1/d⌘
⇡ 2

3

(dhpxi/d⌘)/hpT i
dv1/d⌘

* Contributions from (2) and (3) are called “dipole flow”; named after “dipole-like” density asymmetry.

! The results are consistent with a picture of the directed flow  
originating from the initial source tilt and the initial density asymmetry.

! Relative contribution to v1
odd slope from the initial source tilt is ~2/3  

in mid-central collisions at RHIC and the rest comes from the rapidity-
dependent density asymmetry
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FIG. 7. (Color online) Centrality dependence of the even
(fluctuation) components of v1 and ⟨px⟩/⟨pT ⟩ in Cu+Au and
Au+Au collisions at

√
s
NN

= 200 GeV and Pb+Pb collisions
at

√
s
NN

= 2.76 TeV [20]. Open boxes represent systematic
uncertainties.

system size and collision energy. vfluc1 and ⟨px⟩fluc for
Cu+Au has a larger magnitude than in symmetric colli-
sions over the entire centrality range; it is smallest in the
30%-40% centrality bin.

The reference angle of dipole flow can be represented
by Ψ1,3, but veven1 (vfluc1 ) are the projections of dipole flow
onto the spectator planes. Therefore, the measured even
(or fluctuation) components of v1 should be decreased by
a factor ⟨cos(Ψ1,3−ΨSP)⟩. Such a “resolution” effect may
also lead to larger veven1 and non-zero ⟨pevenx ⟩ in Cu+Au
collisions due to the difference in correlation of the Cu
and Au spectator planes to Ψ1,3.

The pT dependence of vconv1 and vfluc1 in Cu+Au col-
lisions was studied for different collision centralities, as
shown in Fig. 8. The vconv1 exhibits a sign change around
pT = 1 GeV/c and its magnitude at both low and high pT
becomes smaller for peripheral collisions. Such central-
ity dependence in Cu+Au vconv1 can be due to a change
in the correlation between the angle of the initial den-
sity asymmetry and the direction of spectator deflection.
The correlation becomes largest at an impact parameter
of 5 fm (which corresponds approximately to 10%-20%
centrality) and decreases in more peripheral collisions as
discussed in Ref. [10]. Similar pT and centrality depen-
dencies were observed in vfluc1 although there is a differ-
ence in sign between vconv1 and vfluc1 . An event-by-event
viscous hydrodynamic model calculation is also compared
to the vconv1 for the 20%-30% centrality bin in Cu+Au col-

lisions. As seen in Fig. 8, the model qualitatively follows
the shape of the measurement but overpredicts the data
in its magnitude for the entire pT region.
The odd and even components of directed flow, vodd1

and veven1 , in Au+Au collisions are also compared in the
same centrality windows, where vodd1 was measured by
flipping the sign for particles with the negative rapid-
ity. The signals of both vodd1 and veven1 in Au+Au are
smaller than directed flow in Cu+Au but, at least in
central collisions, they still show the sign change in the
pT dependence.
The v1 with the three-point correlator, v1{3}, was mea-

sured in Cu+Au collisions for the 10%-40% centrality
bin as shown in Fig. 9, where it is compared to vconv1
and vfluc1 from the event plane method using spectator
planes. Note that v1{3} does not use spectator infor-
mation. The v1{3} is consistent with vconv1 for pT < 1
GeV/c within the systematic uncertainties but becomes
greater than vconv1 for 1 < pT < 4 GeV/c. The v1{3}
includes both conventional and fluctuation components
of v1. The conventional component in v1{3} should be
the same as measured by the event plane method but the
fluctuation component might be different due to different
correlations of the spectator planes and participant plane
(from the BBC subevent) with Ψ1,3.

B. Directed flow of identified hadrons

Anisotropic flow of charged pions, kaons, and
(anti)protons was measured based on the particle identifi-
cation with the TPC and TOF, as explained in Sec. III A.
Figure 10 presents directed flow of π+ + π−, K+ +K−,
and p + p̄ measured with respect to the target specta-
tor plane (v1 = −v1{Ψt

SP}) in the 10%-40% centrality
bin. For pT < 2 GeV/c, there is a clear particle type
dependence, likely reflecting the effect of particle mass
in interplay of the radial and directed flow [38, 39]. For
pT > 2 GeV/c, there is no clear particle dependence due
to large uncertainties.

C. Charge dependence of directed flow

In our previous study [11], a finite difference in di-
rected flow between positively and negatively charged
particles was observed in asymmetric Cu+Au collisions.
These results can be understood as an effect of the elec-
tric field due to the asymmetry in the electric charge of
the Au and Cu nuclei. Similarly, one would expect a dif-
ference in ⟨px⟩ between positive and negative particles.
Figure 11 shows the centrality dependence of charge-
dependent ⟨px⟩ and the difference ∆⟨px⟩ between positive
and negative particles in Au+Au and Cu+Au collisions.
The difference is consistent with zero for Au+Au colli-
sions, but a finite difference is observed in Cu+Au colli-
sions (∆⟨px⟩ ∼0.3 MeV/c). The direction of the electric
field is expected to be strongly correlated to the direction

!  Very weak centrality dependence of v1
fluc(even)

"  Similar dipole-like density fluctuations  
for all centralities

!  <px>even ~ 0 in symmetric systems
"  Feature of the dipole flow due to  

the momentum conservation

��������������

STAR, PRL108, 202301 (2012)
projectile

target

�
Au-going

�
Cu-going

In Cu+Au, 
Cu is chosen 
as projectile  
(+z direction)

�����������
������
�������

STAR, arXiv:1712.01332 

“conventional” (odd) “fluctuation” (even)

!  Similar v1
conv(odd) slopes in Au+Au and Cu+Au but larger than at the LHC

"  The source tilt likely depends on the collision energy but not on the system size
!  Cu+Au v1

conv is shifted upward relative to Au+Au 
"  as expected from the intrinsic density asymmetry

!  Cu+Au <px>conv is shifted toward Au-going direction relative to Au+Au 
"  as expected from asymmetric participants

!  v1
fluc(even) nearly rapidity-independent  

and <px>fluc(even) close to zero

* ΨSP resolution was estimated by 3-subevent method with ZDCSMD (|η|>6.3) and BBC (3.3<|η|<5)

arXiv:1712.01332 

arXiv:1712.01332 

arXiv:1712.01332 

Bozek and Wyskiel, PRC81.054902(2010) 
Heinz and Kolb, J.Phys.G30:S1229(2004) 
Snellings et al., PRL84.2803(2000)
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the Riemann problems at cell interfaces [30]. It is therefore
important to check whether the code is not introducing, for
a given resolution, numerical errors which are larger than
the effects induced by the physics. We refer to the global
numerical errors generically as numerical viscosity.

We have thus calculated the T -vorticity for different physi-
cal viscosities (in fact η/s ratios), in order to provide an upper
bound for the numerical viscosity of ECHO-QGP in the ideal
mode. The mean value of the T -vorticity is shown in Fig. 5
and its extrapolation to zero occurs when |η/s| ! 0.002
which is a very satisfactory value, comparable with the one
obtained in Ref. [4]. The good performance is due to the use
of high-order reconstruction methods that are able to com-
pensate for the highly diffusive two-wave Riemann solver
employed [3].

5 Directed flow, angular momentum, and thermal
vorticity

With the initial conditions reported at the end of Sect. 3
we have calculated the directed flow of pions (both charged

Fig. 5 Mean of the absolute values of "µν/T 2 components at
the freeze-out hypersurface as a function of η/s. Note that the
"xη,"yη,"τη have been multiplied by 1/τ . Upper panel log scale.
Lower panel magnification of the region around zero viscosity

states) at the freeze-out and compared it with the STAR data
for charged particles collected in the centrality interval 40–
80 % [22]. Directed flow is an important observable for sev-
eral reasons. Recently, it has been studied at lower energy [31]
with a hybrid fluid-transport model (see also Ref. [32]). At√
sNN = 200 GeV, it has been calculated with an ideal 3+ 1

D hydro code first by Bozek and Wyskiel [18]. Herein, we
extend the calculation to the viscous regime.

The amount of generated directed flow at the freeze-out
depends, of course, on the initial conditions, particularly on
the parameter ηm (see Sect. 3), as shown in Fig. 6. The
directed flow also depends on η/s as shown in Fig. 7 and
could then be used to measure the viscosity of the QCD
plasma along with other azimuthal anisotropy coefficients.
It should be pointed out that, apparently, the directed flow
can be reproduced by our hydrodynamical calculation only
for −3 < y < 3.

The dependence of v1(y) on ηm and η/s makes it possible
to adjust the ηm parameter for a given η/s value. This adjust-
ment cannot be properly called a precision fit because, as
we have mentioned in the Introduction, several effects in the

Fig. 6 Directed flow of pions for different values of ηm parameter with
η/s = 0.1 compared with STAR data [22]

Fig. 7 Directed flow of pions for different values of η/s with ηm = 2.0
compared with STAR data [22]
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Fig. 8 Directed flow of pions at η/s = 0.1 and ηm = 2.0 compared
with STAR data [22]

comparison between data and calculations have been delib-
erately neglected in this work. However, since our aim was
to obtain a somewhat realistic evaluation of the vorticities,
we have chosen the value of ηm for which we obtain the best
agreement between our calculated pion v1(y) and the mea-
sured for charged particles in the central rapidity region. For
the fixed value η/s = 0.1 (approximately twice the conjec-
tured universal lower bound) the corresponding best value of
ηm turns out to be 2.0 (see Fig. 8).

It is worth discussing more in detail an interesting rela-
tionship between the value of the parameter ηm and that of
a conserved physical quantity, the angular momentum of the
plasma, which, for BIC is given by the integral (see Appendix
A for the derivation):

J y = −τ0

∫
dx dy dη x ε(x, y, η) sinh η. (32)

Since ηm controls the asymmetry of the energy density dis-
tribution in the η − x plane, one expects that Jy will vary
as a function of ηm . Indeed, if the energy density profile is
symmetric in η, the integral in Eq. (32) vanishes. Yet, for any
finite ηm ̸= 0, the profile (20) is not symmetric and Jy ̸= 0
(looking at the definition of f+ and f− it can be realized that
only in the limit ηm → ∞ the energy density profile becomes
symmetric). The dependence of the angular momentum on
ηm with all the initial parameters kept fixed is shown in Fig. 9.
For the value ηm = 2.0 it turns out to be around 3.18 × 103

in h̄ units.
It is also interesting to estimate an upper bound on the

angular momentum of the plasma by evaluating the angular
momentum of the overlap region of the two colliding nuclei.
This can be done by trying to extend the simple formula
for two sharp spheres. In our conventional reference frame,
the initial angular momentum of the nuclear overlap region
is directed along the y axis with negative value and can be
written as

 1600
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Fig. 9 Angular momentum (in h̄ units) of the plasma with Bjorken
initial conditions as a function of the parameter ηm

 0

 10000

 20000

 30000

 40000

 50000

 60000

 70000

 80000

 90000

 0  2  4  6  8  10  12  14

|J
y | (

- h 
un

its
)

b (fm)

Fig. 10 Estimated angular momentum (in h̄ units) of the overlap region
of the two colliding nuclei (solid line) and total angular momentum of
the plasma according to the parametrization of the initial conditions
(dashed line), as a function of the impact parameter

J y =
∫

dx dy w(x, y)(T+ − T−)x
√
sNN

2
(33)

where T± are the thickness functions like in Eq. (18) and

w(x, y) = min(n(x + b/2, y, 0), n(x − b/2, y, 0))
max(n(x + b/2, y, 0), n(x − b/2, y, 0))

is the function which extends the simple product of two θ

functions used for the overlap of two sharp spheres. Note
that the ω̃(x, y) is 1 for full overlap (b = 0) and implies a
vanishing angular momentum for very large b (see Fig. 10)
(see also Ref. [33]).

At b = 11.57 fm the above angular momentum is about
3.58 × 103 in h̄ units. This means that, with the current
parametrization of the initial conditions, for that impact
parameter about 89 % of the angular momentum is retained
by the hydrodynamical plasma, while the rest is possibly
taken away by the corona particles.

With the final set of parameters, we have calculated the
thermal vorticity ϖ . As has been mentioned in Sect. 2, this
vorticity is adimensional in cartesian coordinates) and it is
constant at global thermodynamical equilibrium [17], e.g.
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FIG. 1. Cartoon illustrating different contributions to the directed
flow and their effect on the (pseudo)rapidity dependence of mean v1.
Panel (a) shows the effect of the “tilted source,” while panels (b) and
(c) include additional effects of asymmetric density distribution and
asymmetry in number of participating nucleons. In panels (b) and (c),
the dashed lines represent the effect of the “tilted source” only and
the solid lines represent the two effects combined.

(see the Appendix). In asymmetric collisions, as well as in sym-
metric collisions away from midrapidity, the initial transverse
density distribution has dipolelike asymmetry. This leads to an
additional contribution to anisotropic flow, interpreted either as
shadowing [16], or due to the difference in pressure gradients
in different directions within the transverse plane [17]. The
first harmonic term, often called dipole flow after a dipolelike
density asymmetry, contributes to directed flow. The sign of
the dipole flow contribution appears to be similar to that of
“tilted source.” However there exists a significant difference
between the two contributions—the contribution to ⟨px⟩ from
dipole flow is zero [18]. This fact can be used to disentangle the
relative contributions to directed flow from the “tilted source”
and initial density asymmetries. The condition ⟨px⟩dipole = 0
also leads to a characteristic v

dipole
1 (pT ) shape which crosses

zero at pT ∼ ⟨pT ⟩ [18]. Higher pT particles tend to be emitted
in this direction, while lower pT particles are emitted in the
opposite direction to balance the momentum in the system.
The sign of the average contribution to v1 is determined by the
low pT particles.

The fluctuations in the initial density distribution, in par-
ticular those leading to a dipole asymmetry in the transverse
plane, lead to nonzero directed flow, i.e., dipole flow, even
at midrapidity [18]. The direction (azimuthal angle) of the

initial dipole asymmetry !
dipole
1 determines the direction of

flow. The dipole flow angle !
dipole
1 can be approximated by

!1,3 = arctan(⟨r3 sin φ⟩/⟨r3 cos φ⟩) + π [18] where r and φ
are the polar coordinates of participants and a weighted average
is taken over the overlap region of two nuclei, with the weight
being the energy or entropy density. The angle !1,3 points in
the direction of the largest density gradient. Very schematically,
the modification to v1(η) for a particular fluctuation leading to
positive dipole flow is shown in Fig. 1(b).

The difference in the number of participating nucleons
(quarks) in the projectile and target nuclei also leads to the
change in rapidity of the “fireball” center of mass relative to
that of nucleon-nucleon system. In symmetric collisions such
a difference would be a consequence of fluctuations in the
number of participating nucleons event by event [19], while
in asymmetric collisions the position of the center of mass of
participating nucleons will be shifted on average, depending
on centrality. In this case, one would expect the overall shape
of v1(η) to be mostly unchanged, but the entire v1(η) curve to
be shifted in the direction of rapidity where more participants
move, as schematically indicated in Fig. 1(c).

Finally, we note that the dipole flow is found to be less
sensitive to the shear viscosity over entropy η/s [20] than v2
and v3, therefore it provides a better constraint on the geometry
and fluctuations of the system in the initial state.

In Pb+Pb and Au+Au collisions the initial dipolelike asym-
metry in the density distribution at midrapidity is caused purely
by the fluctuations, while Cu+Au collisions have an intrinsic
density asymmetry due to the asymmetric size of colliding
nuclei. In addition to the directed flow of the “tilted source”
[Fig. 1(a)], one might expect the dipole flow to be produced by
the asymmetric density gradient [Fig. 1(b)] and the center-of-
mass shift in asymmetric collisions [Fig. 1(c)]. Therefore it is
of great interest to study the different components of directed
flow in Cu+Au collisions to improve our understanding of
the role of gradients in the initial density distributions and the
hydrodynamic response to such an initial state.

Experimentally, the directed flow is often studied with the
first harmonic event plane determined by the spectator neutrons
[21–23]. Recent study [10] shows that in ultrarelativistic
nuclear collisions the spectators on average deflect outward
from the center of the collision, e.g., projectile spectators
deflect in the direction of the impact parameter vector. By
combining the measurements relative to the projectile !

p
SP and

target ! t
SP spectator planes, the ALICE Collaboration reported

the rapidity-odd and even components of directed flow in
Pb+Pb collisions at

√
sNN = 2.76 TeV [24]:

v1 = vodd
1 + veven

1 , (1)

vodd
1 =

(
v1

{
!

p
SP

}
− v1

{
! t

SP

})/
2, (2)

veven
1 =

(
v1

{
!

p
SP

}
+ v1

{
! t

SP

})/
2, (3)

where the “even” component might originate in the fluctuation
of the initial density. Note that the “projectile” nucleus defines
the forward direction and ⟨cos(!p

SP − ! t
SP)⟩ < 0. Since the tar-

get spectator plane ! t
SP points in the opposite direction to !

p
SP,

in the ALICE paper [24], directed flow relative to the target
spectator plane was defined as v1{! t

SP} = −⟨cos(φ − ! t
SP)⟩,
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FIG. 6. (Color online) Slopes and intercepts of ⟨px⟩/⟨pT ⟩(η) and v1(η) as a function of centrality in Cu+Au and Au+Au
collisions at

√
s
NN

= 200 GeV. The solid line shows the center-of-mass rapidity in Cu+Au collisions calculated by Cu and Au
participants in a Glauber model. Open boxes represent systematic uncertainties.

with the solid line in Fig. 6(b), which was calculated by
a Monte-Carlo Glauber model based on the ratio of Au
and Cu participant nucleons:

yCM ≈
1

2
ln(NAu

part/N
Cu
part), (12)

where NAu(Cu)
part is the number of participants from Au

or Cu nuclei. The centrality dependence of v1 intercept
(more exactly, in this picture the difference in v1 and
⟨px⟩ intercepts) in Fig. 6(d) would be mostly determined
by the decorrelations between the dipole flow direction,
Ψ1,3, and the reaction (spectator) planes.

The slopes of vodd(conv)1 and ⟨pconvx ⟩/⟨pT ⟩ in Fig. 5 agree
within 10% both in Au+Au and Cu+Au collisions. In
Pb+Pb collisions at the LHC energy the v1 slope is al-
most a factor of two larger in magnitude than that of
⟨pconvx ⟩/⟨pT ⟩. This clearly indicates that both mecha-
nisms, “tilted source” (for which one would expect the
slope of ⟨pconvx ⟩/⟨pT ⟩ to be about 50% larger than that

of vodd(conv)1 , see Appendix), and initial density asymme-
tries (for which ⟨pconvx ⟩ = 0), play a significant role in
the formation of the directed flow even in symmetric col-
lisions. The relative contribution of the “tilted source”
mechanism to the v1 slope, r, can be expressed as (see

Appendix):

r =

(

dv1
dη

)tilt

dv1
dη

≈
2

3

1

⟨pT ⟩
d⟨px⟩
dη

dv1
dη

, (13)

where ( )tilt denotes a contribution from the “tilted
source”. The relative contribution r is about 2/3 at the
top RHIC collision energies decreasing to about 1/3 at
LHC energies. From the centrality dependence of slopes
shown in Fig. 6 one can conclude that the relative con-
tribution of the “tilted source” mechanism is largest in
peripheral collisions (where the ⟨pconvx ⟩/⟨pT ⟩ slope is ap-

proximately 1.5 times larger than that of vodd(conv)1 ) and
smallest in central collisions. This dependence might be
due to the stronger decorrelation between spectator and
dipole flow planes in peripheral collisions. Figure 7
shows the even (fluctuation) components of v1 and ⟨px⟩
as a function of centrality. The veven1 for Au+Au has a
weak centrality dependence and is consistent with veven1
for Pb+Pb except in most peripheral collisions. Further-
more, pevenx in both Au+Au and Pb+Pb are consistent
with zero. This may indicate that the dipole-like fluc-
tuation in the initial state has little dependence on the
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= 200 GeV. The solid line shows the center-of-mass rapidity in Cu+Au collisions calculated by Cu and Au
participants in a Glauber model. Open boxes represent systematic uncertainties.
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a Monte-Carlo Glauber model based on the ratio of Au
and Cu participant nucleons:
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ln(NAu

part/N
Cu
part), (12)

where NAu(Cu)
part is the number of participants from Au

or Cu nuclei. The centrality dependence of v1 intercept
(more exactly, in this picture the difference in v1 and
⟨px⟩ intercepts) in Fig. 6(d) would be mostly determined
by the decorrelations between the dipole flow direction,
Ψ1,3, and the reaction (spectator) planes.

The slopes of vodd(conv)1 and ⟨pconvx ⟩/⟨pT ⟩ in Fig. 5 agree
within 10% both in Au+Au and Cu+Au collisions. In
Pb+Pb collisions at the LHC energy the v1 slope is al-
most a factor of two larger in magnitude than that of
⟨pconvx ⟩/⟨pT ⟩. This clearly indicates that both mecha-
nisms, “tilted source” (for which one would expect the
slope of ⟨pconvx ⟩/⟨pT ⟩ to be about 50% larger than that

of vodd(conv)1 , see Appendix), and initial density asymme-
tries (for which ⟨pconvx ⟩ = 0), play a significant role in
the formation of the directed flow even in symmetric col-
lisions. The relative contribution of the “tilted source”
mechanism to the v1 slope, r, can be expressed as (see

Appendix):

r =

(

dv1
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)tilt

dv1
dη

≈
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⟨pT ⟩
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dv1
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, (13)

where ( )tilt denotes a contribution from the “tilted
source”. The relative contribution r is about 2/3 at the
top RHIC collision energies decreasing to about 1/3 at
LHC energies. From the centrality dependence of slopes
shown in Fig. 6 one can conclude that the relative con-
tribution of the “tilted source” mechanism is largest in
peripheral collisions (where the ⟨pconvx ⟩/⟨pT ⟩ slope is ap-

proximately 1.5 times larger than that of vodd(conv)1 ) and
smallest in central collisions. This dependence might be
due to the stronger decorrelation between spectator and
dipole flow planes in peripheral collisions. Figure 7
shows the even (fluctuation) components of v1 and ⟨px⟩
as a function of centrality. The veven1 for Au+Au has a
weak centrality dependence and is consistent with veven1
for Pb+Pb except in most peripheral collisions. Further-
more, pevenx in both Au+Au and Pb+Pb are consistent
with zero. This may indicate that the dipole-like fluc-
tuation in the initial state has little dependence on the
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η/s=0.08 and 0.16, respectively, for Cu+Au collisions [36]. Thin lines in the left panel show a linear fit to the data. Open
boxes represent systematic uncertainties.

“tilted source”. The intercepts of ⟨px⟩ follow very closely the shift in rapidity center-of-mass of the system shown

vconv1 (vodd1 ) = (v1{ p
SP}� v1{ t

SP})/2
vfluc1 (veven1 ) = (v1{ p

SP}+ v1{ t
SP})/2

No models can reproduce directed flow, v1, dependence on (pseudo)rapidity, pT, �sNN, 
and particle species, simultaneously.  
Still missing an important piece in the picture of  
heavy-ion collisions,  
e.g. vorticity and/or 3D initial condition.

Contributions to v1:
(1)  Initial source tilt [1,2]
(2)  Initial density asymmetry at non-zero rapidity [3]
(3)  Initial density asymmetry due to fluctuations [4]
In addition, for asymmetric Cu+Au collisions:
(4) Intrinsic density asymmetry due to the geometry (Npart

Au>Npart
Cu) 

(5) Npart
Au>Npart

Cu leads to a rapidity shift of v1 

In Fig. 2, pion and proton v1ðyÞ are plotted together with
five model calculations, namely, RQMD [12], UrQMD
[28], AMPT [29], QGSM with parton recombination
[30], and slopes from an ideal hydrodynamic calculation
with a tilted source [11]. The model calculations are per-
formed in the same pT acceptance and centrality as the
data. The RQMD and AMPT model calculations predict
the wrong sign and wrong magnitude of pion v1ðyÞ, re-
spectively, while the RQMD and the UrQMD model cal-
culations predict the wrong magnitude of proton v1ðyÞ. For
models other than QGSM, which has the calculation only
for pions, none of them can describe v1ðyÞ for pions and
protons simultaneously.

In Fig. 3, the slope ofv1ðyÞ atmidrapidity is presented as a
function of centrality for protons, antiprotons, and charged
pions. In general, themagnitude of thev1ðyÞ slope converges
to zero as expected for most central collisions. Proton and
antiproton v1ðyÞ slopes are more or less consistent in
30%–80%centrality rangebut diverge in5%–30%centrality.
In addition, two observations are noteworthy: (i) the hydro-
dynamic model with tilted source (which is a characteristic
of antiflow) as currently implemented does not predict the

difference in v1ðyÞ between particle species [31]; (ii) if the
difference between v1 of protons and antiprotons is caused
by antiflow alone, then such difference is expected to be
accompanied by strongly negative v1 slopes. In data, the
large difference between proton and antiproton v1 slopes is
seen in the 5%–30%centrality range,while strongly negative
v1 slopes are found for protons, antiprotons, and charged
pions in a different centrality range (30%–80%). Both ob-
servations suggest that additional mechanisms than that
assumed in [11,31] are needed to explain the centrality
dependence of the difference between the v1ðyÞ slopes of
protons and antiprotons.
The excitation function of proton v1ðy0Þ slope

F (¼ dv1=dy
0 at midrapidity) is presented in Fig. 4. Values

for F are extracted via a polynomial fit of the form Fy0 þ
Cy03, where y0 ¼ y=ybeam for which spectators are normal-
ized at %1. The proton v1ðy0Þ slope decreases rapidly with
increasing energy, reaching zero around

ffiffiffiffiffiffiffiffi
sNN

p ¼ 9 GeV. Its
sign changes to negative as shown by the data point atffiffiffiffiffiffiffiffi
sNN

p ¼ 17 GeV, measured by the NA49 experiment [15].
A similar trend has been observed at low energies with a
slightly different quantity dhpxi=dy0 [32,33]. The energy
dependence of the v1ðy0Þ slope for protons is driven by two
factors: (i) the increase in the number of produced protons
over transported protons with increasing energy, and (ii) the
v1 of both produced and transported protons at different
energies. The negative v1ðy0Þ slope for protons around
midrapidity at SPS energies cannot be explained by transport
model calculations like UrQMD [34] and AMPT [29], but
is predicted by hydrodynamics calculations [8,9]. The
present data indicate that the proton v1 slope remains close
to zero at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV as observed at
ffiffiffiffiffiffiffiffi
sNN

p ¼ 9 GeV
and

ffiffiffiffiffiffiffiffi
sNN

p ¼ 17 GeV heavy ion collisions. Our measure-
ment offers a unique check of the validity of a tilted expan-
sion at RHIC top energy.
In summary, STAR’s measurements of directed flow of

pions, kaons, protons, and antiprotons for Auþ Au colli-
sions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV are presented. In the range of
10%–70% central collisions, v1ðyÞ slopes of pions, kaons
(K0

S), and antiprotons are found to be mostly negative at
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Cu+Au provides a unique opportunity to study the role of the different mechanisms in v1.
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v1 was measured relative to two spectator planes ΨSP as done in ALICE [5] and  
was decomposed into “conventional” (1)+(2) and “fluctuation” (3) components.

v1 = hcos(�� SP)

hpxi = hpT cos(�� SP)i

!  Intercept of Cu+Au <px>conv agrees well with the center-of-mass  
rapidity in Cu+Au by Glauber simulation 

!  Centrality dependence of the intercept of Cu+Au v1
conv

"  Decorrelation between ΨSP and participant plane that points  
out the direction of the density asymmetry

!  Relative contribution from the source tilt to v1 slope, rtilt

"  at RHIC ~2/3
"  at LHC ~1/3 [5] 

  
(smaller source tilt due to baryon transparency)

����������!!
[1] L. P. Csernai and D. Rohrich, Phys. Lett. B 458, 454 (1999) 
[2] P. Bozek and I. Wyskiel, Phys. Rev. C 81, 054902 (2010)
[3] U. Heinz and P. Kolb, J. Phys. G30, S1229-S1234 (2004)
[4] D. Teany and L. Yan, Phys. Rev. C 83, 064904 (2011) 
[5] ALICE, Phys. Rev. Lett. 111, 232302 (2013)

rtilt =
(dv1/d⌘)

tilt

dv1/d⌘
⇡ 2

3

(dhpxi/d⌘)/hpT i
dv1/d⌘

* Contributions from (2) and (3) are called “dipole flow”; named after “dipole-like” density asymmetry.

! The results are consistent with a picture of the directed flow  
originating from the initial source tilt and the initial density asymmetry.

! Relative contribution to v1
odd slope from the initial source tilt is ~2/3  

in mid-central collisions at RHIC and the rest comes from the rapidity-
dependent density asymmetry
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FIG. 7. (Color online) Centrality dependence of the even
(fluctuation) components of v1 and ⟨px⟩/⟨pT ⟩ in Cu+Au and
Au+Au collisions at
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s
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= 200 GeV and Pb+Pb collisions
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√
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= 2.76 TeV [20]. Open boxes represent systematic
uncertainties.

system size and collision energy. vfluc1 and ⟨px⟩fluc for
Cu+Au has a larger magnitude than in symmetric colli-
sions over the entire centrality range; it is smallest in the
30%-40% centrality bin.

The reference angle of dipole flow can be represented
by Ψ1,3, but veven1 (vfluc1 ) are the projections of dipole flow
onto the spectator planes. Therefore, the measured even
(or fluctuation) components of v1 should be decreased by
a factor ⟨cos(Ψ1,3−ΨSP)⟩. Such a “resolution” effect may
also lead to larger veven1 and non-zero ⟨pevenx ⟩ in Cu+Au
collisions due to the difference in correlation of the Cu
and Au spectator planes to Ψ1,3.

The pT dependence of vconv1 and vfluc1 in Cu+Au col-
lisions was studied for different collision centralities, as
shown in Fig. 8. The vconv1 exhibits a sign change around
pT = 1 GeV/c and its magnitude at both low and high pT
becomes smaller for peripheral collisions. Such central-
ity dependence in Cu+Au vconv1 can be due to a change
in the correlation between the angle of the initial den-
sity asymmetry and the direction of spectator deflection.
The correlation becomes largest at an impact parameter
of 5 fm (which corresponds approximately to 10%-20%
centrality) and decreases in more peripheral collisions as
discussed in Ref. [10]. Similar pT and centrality depen-
dencies were observed in vfluc1 although there is a differ-
ence in sign between vconv1 and vfluc1 . An event-by-event
viscous hydrodynamic model calculation is also compared
to the vconv1 for the 20%-30% centrality bin in Cu+Au col-

lisions. As seen in Fig. 8, the model qualitatively follows
the shape of the measurement but overpredicts the data
in its magnitude for the entire pT region.
The odd and even components of directed flow, vodd1

and veven1 , in Au+Au collisions are also compared in the
same centrality windows, where vodd1 was measured by
flipping the sign for particles with the negative rapid-
ity. The signals of both vodd1 and veven1 in Au+Au are
smaller than directed flow in Cu+Au but, at least in
central collisions, they still show the sign change in the
pT dependence.
The v1 with the three-point correlator, v1{3}, was mea-

sured in Cu+Au collisions for the 10%-40% centrality
bin as shown in Fig. 9, where it is compared to vconv1
and vfluc1 from the event plane method using spectator
planes. Note that v1{3} does not use spectator infor-
mation. The v1{3} is consistent with vconv1 for pT < 1
GeV/c within the systematic uncertainties but becomes
greater than vconv1 for 1 < pT < 4 GeV/c. The v1{3}
includes both conventional and fluctuation components
of v1. The conventional component in v1{3} should be
the same as measured by the event plane method but the
fluctuation component might be different due to different
correlations of the spectator planes and participant plane
(from the BBC subevent) with Ψ1,3.

B. Directed flow of identified hadrons

Anisotropic flow of charged pions, kaons, and
(anti)protons was measured based on the particle identifi-
cation with the TPC and TOF, as explained in Sec. III A.
Figure 10 presents directed flow of π+ + π−, K+ +K−,
and p + p̄ measured with respect to the target specta-
tor plane (v1 = −v1{Ψt

SP}) in the 10%-40% centrality
bin. For pT < 2 GeV/c, there is a clear particle type
dependence, likely reflecting the effect of particle mass
in interplay of the radial and directed flow [38, 39]. For
pT > 2 GeV/c, there is no clear particle dependence due
to large uncertainties.

C. Charge dependence of directed flow

In our previous study [11], a finite difference in di-
rected flow between positively and negatively charged
particles was observed in asymmetric Cu+Au collisions.
These results can be understood as an effect of the elec-
tric field due to the asymmetry in the electric charge of
the Au and Cu nuclei. Similarly, one would expect a dif-
ference in ⟨px⟩ between positive and negative particles.
Figure 11 shows the centrality dependence of charge-
dependent ⟨px⟩ and the difference ∆⟨px⟩ between positive
and negative particles in Au+Au and Cu+Au collisions.
The difference is consistent with zero for Au+Au colli-
sions, but a finite difference is observed in Cu+Au colli-
sions (∆⟨px⟩ ∼0.3 MeV/c). The direction of the electric
field is expected to be strongly correlated to the direction

!  Very weak centrality dependence of v1
fluc(even)

"  Similar dipole-like density fluctuations  
for all centralities

!  <px>even ~ 0 in symmetric systems
"  Feature of the dipole flow due to  

the momentum conservation

��������������

STAR, PRL108, 202301 (2012)
projectile

target

�
Au-going

�
Cu-going

In Cu+Au, 
Cu is chosen 
as projectile  
(+z direction)
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STAR, arXiv:1712.01332 

“conventional” (odd) “fluctuation” (even)

!  Similar v1
conv(odd) slopes in Au+Au and Cu+Au but larger than at the LHC

"  The source tilt likely depends on the collision energy but not on the system size
!  Cu+Au v1

conv is shifted upward relative to Au+Au 
"  as expected from the intrinsic density asymmetry

!  Cu+Au <px>conv is shifted toward Au-going direction relative to Au+Au 
"  as expected from asymmetric participants

!  v1
fluc(even) nearly rapidity-independent  

and <px>fluc(even) close to zero

* ΨSP resolution was estimated by 3-subevent method with ZDCSMD (|η|>6.3) and BBC (3.3<|η|<5)

arXiv:1712.01332 

arXiv:1712.01332 

arXiv:1712.01332 

Bozek and Wyskiel, PRC81.054902(2010) 
Heinz and Kolb, J.Phys.G30:S1229(2004) 
Snellings et al., PRL84.2803(2000)
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the Riemann problems at cell interfaces [30]. It is therefore
important to check whether the code is not introducing, for
a given resolution, numerical errors which are larger than
the effects induced by the physics. We refer to the global
numerical errors generically as numerical viscosity.

We have thus calculated the T -vorticity for different physi-
cal viscosities (in fact η/s ratios), in order to provide an upper
bound for the numerical viscosity of ECHO-QGP in the ideal
mode. The mean value of the T -vorticity is shown in Fig. 5
and its extrapolation to zero occurs when |η/s| ! 0.002
which is a very satisfactory value, comparable with the one
obtained in Ref. [4]. The good performance is due to the use
of high-order reconstruction methods that are able to com-
pensate for the highly diffusive two-wave Riemann solver
employed [3].

5 Directed flow, angular momentum, and thermal
vorticity

With the initial conditions reported at the end of Sect. 3
we have calculated the directed flow of pions (both charged

Fig. 5 Mean of the absolute values of "µν/T 2 components at
the freeze-out hypersurface as a function of η/s. Note that the
"xη,"yη,"τη have been multiplied by 1/τ . Upper panel log scale.
Lower panel magnification of the region around zero viscosity

states) at the freeze-out and compared it with the STAR data
for charged particles collected in the centrality interval 40–
80 % [22]. Directed flow is an important observable for sev-
eral reasons. Recently, it has been studied at lower energy [31]
with a hybrid fluid-transport model (see also Ref. [32]). At√
sNN = 200 GeV, it has been calculated with an ideal 3+ 1

D hydro code first by Bozek and Wyskiel [18]. Herein, we
extend the calculation to the viscous regime.

The amount of generated directed flow at the freeze-out
depends, of course, on the initial conditions, particularly on
the parameter ηm (see Sect. 3), as shown in Fig. 6. The
directed flow also depends on η/s as shown in Fig. 7 and
could then be used to measure the viscosity of the QCD
plasma along with other azimuthal anisotropy coefficients.
It should be pointed out that, apparently, the directed flow
can be reproduced by our hydrodynamical calculation only
for −3 < y < 3.

The dependence of v1(y) on ηm and η/s makes it possible
to adjust the ηm parameter for a given η/s value. This adjust-
ment cannot be properly called a precision fit because, as
we have mentioned in the Introduction, several effects in the

Fig. 6 Directed flow of pions for different values of ηm parameter with
η/s = 0.1 compared with STAR data [22]

Fig. 7 Directed flow of pions for different values of η/s with ηm = 2.0
compared with STAR data [22]
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comparison between data and calculations have been delib-
erately neglected in this work. However, since our aim was
to obtain a somewhat realistic evaluation of the vorticities,
we have chosen the value of ηm for which we obtain the best
agreement between our calculated pion v1(y) and the mea-
sured for charged particles in the central rapidity region. For
the fixed value η/s = 0.1 (approximately twice the conjec-
tured universal lower bound) the corresponding best value of
ηm turns out to be 2.0 (see Fig. 8).

It is worth discussing more in detail an interesting rela-
tionship between the value of the parameter ηm and that of
a conserved physical quantity, the angular momentum of the
plasma, which, for BIC is given by the integral (see Appendix
A for the derivation):

J y = −τ0

∫
dx dy dη x ε(x, y, η) sinh η. (32)

Since ηm controls the asymmetry of the energy density dis-
tribution in the η − x plane, one expects that Jy will vary
as a function of ηm . Indeed, if the energy density profile is
symmetric in η, the integral in Eq. (32) vanishes. Yet, for any
finite ηm ̸= 0, the profile (20) is not symmetric and Jy ̸= 0
(looking at the definition of f+ and f− it can be realized that
only in the limit ηm → ∞ the energy density profile becomes
symmetric). The dependence of the angular momentum on
ηm with all the initial parameters kept fixed is shown in Fig. 9.
For the value ηm = 2.0 it turns out to be around 3.18 × 103

in h̄ units.
It is also interesting to estimate an upper bound on the

angular momentum of the plasma by evaluating the angular
momentum of the overlap region of the two colliding nuclei.
This can be done by trying to extend the simple formula
for two sharp spheres. In our conventional reference frame,
the initial angular momentum of the nuclear overlap region
is directed along the y axis with negative value and can be
written as
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Fig. 9 Angular momentum (in h̄ units) of the plasma with Bjorken
initial conditions as a function of the parameter ηm
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Fig. 10 Estimated angular momentum (in h̄ units) of the overlap region
of the two colliding nuclei (solid line) and total angular momentum of
the plasma according to the parametrization of the initial conditions
(dashed line), as a function of the impact parameter

J y =
∫

dx dy w(x, y)(T+ − T−)x
√
sNN

2
(33)

where T± are the thickness functions like in Eq. (18) and

w(x, y) = min(n(x + b/2, y, 0), n(x − b/2, y, 0))
max(n(x + b/2, y, 0), n(x − b/2, y, 0))

is the function which extends the simple product of two θ

functions used for the overlap of two sharp spheres. Note
that the ω̃(x, y) is 1 for full overlap (b = 0) and implies a
vanishing angular momentum for very large b (see Fig. 10)
(see also Ref. [33]).

At b = 11.57 fm the above angular momentum is about
3.58 × 103 in h̄ units. This means that, with the current
parametrization of the initial conditions, for that impact
parameter about 89 % of the angular momentum is retained
by the hydrodynamical plasma, while the rest is possibly
taken away by the corona particles.

With the final set of parameters, we have calculated the
thermal vorticity ϖ . As has been mentioned in Sect. 2, this
vorticity is adimensional in cartesian coordinates) and it is
constant at global thermodynamical equilibrium [17], e.g.
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FIG. 1. Cartoon illustrating different contributions to the directed
flow and their effect on the (pseudo)rapidity dependence of mean v1.
Panel (a) shows the effect of the “tilted source,” while panels (b) and
(c) include additional effects of asymmetric density distribution and
asymmetry in number of participating nucleons. In panels (b) and (c),
the dashed lines represent the effect of the “tilted source” only and
the solid lines represent the two effects combined.

(see the Appendix). In asymmetric collisions, as well as in sym-
metric collisions away from midrapidity, the initial transverse
density distribution has dipolelike asymmetry. This leads to an
additional contribution to anisotropic flow, interpreted either as
shadowing [16], or due to the difference in pressure gradients
in different directions within the transverse plane [17]. The
first harmonic term, often called dipole flow after a dipolelike
density asymmetry, contributes to directed flow. The sign of
the dipole flow contribution appears to be similar to that of
“tilted source.” However there exists a significant difference
between the two contributions—the contribution to ⟨px⟩ from
dipole flow is zero [18]. This fact can be used to disentangle the
relative contributions to directed flow from the “tilted source”
and initial density asymmetries. The condition ⟨px⟩dipole = 0
also leads to a characteristic v

dipole
1 (pT ) shape which crosses

zero at pT ∼ ⟨pT ⟩ [18]. Higher pT particles tend to be emitted
in this direction, while lower pT particles are emitted in the
opposite direction to balance the momentum in the system.
The sign of the average contribution to v1 is determined by the
low pT particles.

The fluctuations in the initial density distribution, in par-
ticular those leading to a dipole asymmetry in the transverse
plane, lead to nonzero directed flow, i.e., dipole flow, even
at midrapidity [18]. The direction (azimuthal angle) of the

initial dipole asymmetry !
dipole
1 determines the direction of

flow. The dipole flow angle !
dipole
1 can be approximated by

!1,3 = arctan(⟨r3 sin φ⟩/⟨r3 cos φ⟩) + π [18] where r and φ
are the polar coordinates of participants and a weighted average
is taken over the overlap region of two nuclei, with the weight
being the energy or entropy density. The angle !1,3 points in
the direction of the largest density gradient. Very schematically,
the modification to v1(η) for a particular fluctuation leading to
positive dipole flow is shown in Fig. 1(b).

The difference in the number of participating nucleons
(quarks) in the projectile and target nuclei also leads to the
change in rapidity of the “fireball” center of mass relative to
that of nucleon-nucleon system. In symmetric collisions such
a difference would be a consequence of fluctuations in the
number of participating nucleons event by event [19], while
in asymmetric collisions the position of the center of mass of
participating nucleons will be shifted on average, depending
on centrality. In this case, one would expect the overall shape
of v1(η) to be mostly unchanged, but the entire v1(η) curve to
be shifted in the direction of rapidity where more participants
move, as schematically indicated in Fig. 1(c).

Finally, we note that the dipole flow is found to be less
sensitive to the shear viscosity over entropy η/s [20] than v2
and v3, therefore it provides a better constraint on the geometry
and fluctuations of the system in the initial state.

In Pb+Pb and Au+Au collisions the initial dipolelike asym-
metry in the density distribution at midrapidity is caused purely
by the fluctuations, while Cu+Au collisions have an intrinsic
density asymmetry due to the asymmetric size of colliding
nuclei. In addition to the directed flow of the “tilted source”
[Fig. 1(a)], one might expect the dipole flow to be produced by
the asymmetric density gradient [Fig. 1(b)] and the center-of-
mass shift in asymmetric collisions [Fig. 1(c)]. Therefore it is
of great interest to study the different components of directed
flow in Cu+Au collisions to improve our understanding of
the role of gradients in the initial density distributions and the
hydrodynamic response to such an initial state.

Experimentally, the directed flow is often studied with the
first harmonic event plane determined by the spectator neutrons
[21–23]. Recent study [10] shows that in ultrarelativistic
nuclear collisions the spectators on average deflect outward
from the center of the collision, e.g., projectile spectators
deflect in the direction of the impact parameter vector. By
combining the measurements relative to the projectile !

p
SP and

target ! t
SP spectator planes, the ALICE Collaboration reported

the rapidity-odd and even components of directed flow in
Pb+Pb collisions at

√
sNN = 2.76 TeV [24]:

v1 = vodd
1 + veven

1 , (1)

vodd
1 =

(
v1

{
!

p
SP

}
− v1

{
! t

SP

})/
2, (2)

veven
1 =

(
v1

{
!

p
SP

}
+ v1

{
! t

SP

})/
2, (3)

where the “even” component might originate in the fluctuation
of the initial density. Note that the “projectile” nucleus defines
the forward direction and ⟨cos(!p

SP − ! t
SP)⟩ < 0. Since the tar-

get spectator plane ! t
SP points in the opposite direction to !

p
SP,

in the ALICE paper [24], directed flow relative to the target
spectator plane was defined as v1{! t

SP} = −⟨cos(φ − ! t
SP)⟩,
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FIG. 6. (Color online) Slopes and intercepts of ⟨px⟩/⟨pT ⟩(η) and v1(η) as a function of centrality in Cu+Au and Au+Au
collisions at

√
s
NN

= 200 GeV. The solid line shows the center-of-mass rapidity in Cu+Au collisions calculated by Cu and Au
participants in a Glauber model. Open boxes represent systematic uncertainties.

with the solid line in Fig. 6(b), which was calculated by
a Monte-Carlo Glauber model based on the ratio of Au
and Cu participant nucleons:

yCM ≈
1

2
ln(NAu

part/N
Cu
part), (12)

where NAu(Cu)
part is the number of participants from Au

or Cu nuclei. The centrality dependence of v1 intercept
(more exactly, in this picture the difference in v1 and
⟨px⟩ intercepts) in Fig. 6(d) would be mostly determined
by the decorrelations between the dipole flow direction,
Ψ1,3, and the reaction (spectator) planes.

The slopes of vodd(conv)1 and ⟨pconvx ⟩/⟨pT ⟩ in Fig. 5 agree
within 10% both in Au+Au and Cu+Au collisions. In
Pb+Pb collisions at the LHC energy the v1 slope is al-
most a factor of two larger in magnitude than that of
⟨pconvx ⟩/⟨pT ⟩. This clearly indicates that both mecha-
nisms, “tilted source” (for which one would expect the
slope of ⟨pconvx ⟩/⟨pT ⟩ to be about 50% larger than that

of vodd(conv)1 , see Appendix), and initial density asymme-
tries (for which ⟨pconvx ⟩ = 0), play a significant role in
the formation of the directed flow even in symmetric col-
lisions. The relative contribution of the “tilted source”
mechanism to the v1 slope, r, can be expressed as (see

Appendix):

r =

(

dv1
dη

)tilt

dv1
dη

≈
2

3

1

⟨pT ⟩
d⟨px⟩
dη

dv1
dη

, (13)

where ( )tilt denotes a contribution from the “tilted
source”. The relative contribution r is about 2/3 at the
top RHIC collision energies decreasing to about 1/3 at
LHC energies. From the centrality dependence of slopes
shown in Fig. 6 one can conclude that the relative con-
tribution of the “tilted source” mechanism is largest in
peripheral collisions (where the ⟨pconvx ⟩/⟨pT ⟩ slope is ap-

proximately 1.5 times larger than that of vodd(conv)1 ) and
smallest in central collisions. This dependence might be
due to the stronger decorrelation between spectator and
dipole flow planes in peripheral collisions. Figure 7
shows the even (fluctuation) components of v1 and ⟨px⟩
as a function of centrality. The veven1 for Au+Au has a
weak centrality dependence and is consistent with veven1
for Pb+Pb except in most peripheral collisions. Further-
more, pevenx in both Au+Au and Pb+Pb are consistent
with zero. This may indicate that the dipole-like fluc-
tuation in the initial state has little dependence on the
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FIG. 6. (Color online) Slopes and intercepts of ⟨px⟩/⟨pT ⟩(η) and v1(η) as a function of centrality in Cu+Au and Au+Au
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with the solid line in Fig. 6(b), which was calculated by
a Monte-Carlo Glauber model based on the ratio of Au
and Cu participant nucleons:

yCM ≈
1

2
ln(NAu

part/N
Cu
part), (12)

where NAu(Cu)
part is the number of participants from Au

or Cu nuclei. The centrality dependence of v1 intercept
(more exactly, in this picture the difference in v1 and
⟨px⟩ intercepts) in Fig. 6(d) would be mostly determined
by the decorrelations between the dipole flow direction,
Ψ1,3, and the reaction (spectator) planes.

The slopes of vodd(conv)1 and ⟨pconvx ⟩/⟨pT ⟩ in Fig. 5 agree
within 10% both in Au+Au and Cu+Au collisions. In
Pb+Pb collisions at the LHC energy the v1 slope is al-
most a factor of two larger in magnitude than that of
⟨pconvx ⟩/⟨pT ⟩. This clearly indicates that both mecha-
nisms, “tilted source” (for which one would expect the
slope of ⟨pconvx ⟩/⟨pT ⟩ to be about 50% larger than that

of vodd(conv)1 , see Appendix), and initial density asymme-
tries (for which ⟨pconvx ⟩ = 0), play a significant role in
the formation of the directed flow even in symmetric col-
lisions. The relative contribution of the “tilted source”
mechanism to the v1 slope, r, can be expressed as (see

Appendix):

r =

(

dv1
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)tilt

dv1
dη

≈
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⟨pT ⟩
d⟨px⟩
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dv1
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, (13)

where ( )tilt denotes a contribution from the “tilted
source”. The relative contribution r is about 2/3 at the
top RHIC collision energies decreasing to about 1/3 at
LHC energies. From the centrality dependence of slopes
shown in Fig. 6 one can conclude that the relative con-
tribution of the “tilted source” mechanism is largest in
peripheral collisions (where the ⟨pconvx ⟩/⟨pT ⟩ slope is ap-

proximately 1.5 times larger than that of vodd(conv)1 ) and
smallest in central collisions. This dependence might be
due to the stronger decorrelation between spectator and
dipole flow planes in peripheral collisions. Figure 7
shows the even (fluctuation) components of v1 and ⟨px⟩
as a function of centrality. The veven1 for Au+Au has a
weak centrality dependence and is consistent with veven1
for Pb+Pb except in most peripheral collisions. Further-
more, pevenx in both Au+Au and Pb+Pb are consistent
with zero. This may indicate that the dipole-like fluc-
tuation in the initial state has little dependence on the
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FIG. 5. (Color online) Charged particle “conventional” (left) and “fluctuation” (right) components of directed flow v1 and
momentum shift ⟨px⟩/⟨pT ⟩ as a function of η in 10%-40% centrality for Cu+Au and Au+Au collisions at
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η/s=0.08 and 0.16, respectively, for Cu+Au collisions [36]. Thin lines in the left panel show a linear fit to the data. Open
boxes represent systematic uncertainties.

“tilted source”. The intercepts of ⟨px⟩ follow very closely the shift in rapidity center-of-mass of the system shown

vconv1 (vodd1 ) = (v1{ p
SP}� v1{ t

SP})/2
vfluc1 (veven1 ) = (v1{ p

SP}+ v1{ t
SP})/2

No models can reproduce directed flow, v1, dependence on (pseudo)rapidity, pT, �sNN, 
and particle species, simultaneously.  
Still missing an important piece in the picture of  
heavy-ion collisions,  
e.g. vorticity and/or 3D initial condition.

Contributions to v1:
(1)  Initial source tilt [1,2]
(2)  Initial density asymmetry at non-zero rapidity [3]
(3)  Initial density asymmetry due to fluctuations [4]
In addition, for asymmetric Cu+Au collisions:
(4) Intrinsic density asymmetry due to the geometry (Npart

Au>Npart
Cu) 

(5) Npart
Au>Npart

Cu leads to a rapidity shift of v1 

In Fig. 2, pion and proton v1ðyÞ are plotted together with
five model calculations, namely, RQMD [12], UrQMD
[28], AMPT [29], QGSM with parton recombination
[30], and slopes from an ideal hydrodynamic calculation
with a tilted source [11]. The model calculations are per-
formed in the same pT acceptance and centrality as the
data. The RQMD and AMPT model calculations predict
the wrong sign and wrong magnitude of pion v1ðyÞ, re-
spectively, while the RQMD and the UrQMD model cal-
culations predict the wrong magnitude of proton v1ðyÞ. For
models other than QGSM, which has the calculation only
for pions, none of them can describe v1ðyÞ for pions and
protons simultaneously.

In Fig. 3, the slope ofv1ðyÞ atmidrapidity is presented as a
function of centrality for protons, antiprotons, and charged
pions. In general, themagnitude of thev1ðyÞ slope converges
to zero as expected for most central collisions. Proton and
antiproton v1ðyÞ slopes are more or less consistent in
30%–80%centrality rangebut diverge in5%–30%centrality.
In addition, two observations are noteworthy: (i) the hydro-
dynamic model with tilted source (which is a characteristic
of antiflow) as currently implemented does not predict the

difference in v1ðyÞ between particle species [31]; (ii) if the
difference between v1 of protons and antiprotons is caused
by antiflow alone, then such difference is expected to be
accompanied by strongly negative v1 slopes. In data, the
large difference between proton and antiproton v1 slopes is
seen in the 5%–30%centrality range,while strongly negative
v1 slopes are found for protons, antiprotons, and charged
pions in a different centrality range (30%–80%). Both ob-
servations suggest that additional mechanisms than that
assumed in [11,31] are needed to explain the centrality
dependence of the difference between the v1ðyÞ slopes of
protons and antiprotons.
The excitation function of proton v1ðy0Þ slope

F (¼ dv1=dy
0 at midrapidity) is presented in Fig. 4. Values

for F are extracted via a polynomial fit of the form Fy0 þ
Cy03, where y0 ¼ y=ybeam for which spectators are normal-
ized at %1. The proton v1ðy0Þ slope decreases rapidly with
increasing energy, reaching zero around

ffiffiffiffiffiffiffiffi
sNN

p ¼ 9 GeV. Its
sign changes to negative as shown by the data point atffiffiffiffiffiffiffiffi
sNN

p ¼ 17 GeV, measured by the NA49 experiment [15].
A similar trend has been observed at low energies with a
slightly different quantity dhpxi=dy0 [32,33]. The energy
dependence of the v1ðy0Þ slope for protons is driven by two
factors: (i) the increase in the number of produced protons
over transported protons with increasing energy, and (ii) the
v1 of both produced and transported protons at different
energies. The negative v1ðy0Þ slope for protons around
midrapidity at SPS energies cannot be explained by transport
model calculations like UrQMD [34] and AMPT [29], but
is predicted by hydrodynamics calculations [8,9]. The
present data indicate that the proton v1 slope remains close
to zero at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV as observed at
ffiffiffiffiffiffiffiffi
sNN

p ¼ 9 GeV
and

ffiffiffiffiffiffiffiffi
sNN

p ¼ 17 GeV heavy ion collisions. Our measure-
ment offers a unique check of the validity of a tilted expan-
sion at RHIC top energy.
In summary, STAR’s measurements of directed flow of

pions, kaons, protons, and antiprotons for Auþ Au colli-
sions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV are presented. In the range of
10%–70% central collisions, v1ðyÞ slopes of pions, kaons
(K0

S), and antiprotons are found to be mostly negative at
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p ¼
200 GeV. TheQGSM*model presents the basic quark-gluon string
model with parton recombination [30]. The hydro* model presents
the hydrodynamic expansion from a tilted source [11].
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Cu+Au provides a unique opportunity to study the role of the different mechanisms in v1.
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v1 was measured relative to two spectator planes ΨSP as done in ALICE [5] and  
was decomposed into “conventional” (1)+(2) and “fluctuation” (3) components.

v1 = hcos(�� SP)

hpxi = hpT cos(�� SP)i

!  Intercept of Cu+Au <px>conv agrees well with the center-of-mass  
rapidity in Cu+Au by Glauber simulation 

!  Centrality dependence of the intercept of Cu+Au v1
conv

"  Decorrelation between ΨSP and participant plane that points  
out the direction of the density asymmetry

!  Relative contribution from the source tilt to v1 slope, rtilt

"  at RHIC ~2/3
"  at LHC ~1/3 [5] 

  
(smaller source tilt due to baryon transparency)

����������!!
[1] L. P. Csernai and D. Rohrich, Phys. Lett. B 458, 454 (1999) 
[2] P. Bozek and I. Wyskiel, Phys. Rev. C 81, 054902 (2010)
[3] U. Heinz and P. Kolb, J. Phys. G30, S1229-S1234 (2004)
[4] D. Teany and L. Yan, Phys. Rev. C 83, 064904 (2011) 
[5] ALICE, Phys. Rev. Lett. 111, 232302 (2013)

rtilt =
(dv1/d⌘)

tilt

dv1/d⌘
⇡ 2

3

(dhpxi/d⌘)/hpT i
dv1/d⌘

* Contributions from (2) and (3) are called “dipole flow”; named after “dipole-like” density asymmetry.

! The results are consistent with a picture of the directed flow  
originating from the initial source tilt and the initial density asymmetry.

! Relative contribution to v1
odd slope from the initial source tilt is ~2/3  

in mid-central collisions at RHIC and the rest comes from the rapidity-
dependent density asymmetry
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FIG. 7. (Color online) Centrality dependence of the even
(fluctuation) components of v1 and ⟨px⟩/⟨pT ⟩ in Cu+Au and
Au+Au collisions at

√
s
NN

= 200 GeV and Pb+Pb collisions
at

√
s
NN

= 2.76 TeV [20]. Open boxes represent systematic
uncertainties.

system size and collision energy. vfluc1 and ⟨px⟩fluc for
Cu+Au has a larger magnitude than in symmetric colli-
sions over the entire centrality range; it is smallest in the
30%-40% centrality bin.

The reference angle of dipole flow can be represented
by Ψ1,3, but veven1 (vfluc1 ) are the projections of dipole flow
onto the spectator planes. Therefore, the measured even
(or fluctuation) components of v1 should be decreased by
a factor ⟨cos(Ψ1,3−ΨSP)⟩. Such a “resolution” effect may
also lead to larger veven1 and non-zero ⟨pevenx ⟩ in Cu+Au
collisions due to the difference in correlation of the Cu
and Au spectator planes to Ψ1,3.

The pT dependence of vconv1 and vfluc1 in Cu+Au col-
lisions was studied for different collision centralities, as
shown in Fig. 8. The vconv1 exhibits a sign change around
pT = 1 GeV/c and its magnitude at both low and high pT
becomes smaller for peripheral collisions. Such central-
ity dependence in Cu+Au vconv1 can be due to a change
in the correlation between the angle of the initial den-
sity asymmetry and the direction of spectator deflection.
The correlation becomes largest at an impact parameter
of 5 fm (which corresponds approximately to 10%-20%
centrality) and decreases in more peripheral collisions as
discussed in Ref. [10]. Similar pT and centrality depen-
dencies were observed in vfluc1 although there is a differ-
ence in sign between vconv1 and vfluc1 . An event-by-event
viscous hydrodynamic model calculation is also compared
to the vconv1 for the 20%-30% centrality bin in Cu+Au col-

lisions. As seen in Fig. 8, the model qualitatively follows
the shape of the measurement but overpredicts the data
in its magnitude for the entire pT region.
The odd and even components of directed flow, vodd1

and veven1 , in Au+Au collisions are also compared in the
same centrality windows, where vodd1 was measured by
flipping the sign for particles with the negative rapid-
ity. The signals of both vodd1 and veven1 in Au+Au are
smaller than directed flow in Cu+Au but, at least in
central collisions, they still show the sign change in the
pT dependence.
The v1 with the three-point correlator, v1{3}, was mea-

sured in Cu+Au collisions for the 10%-40% centrality
bin as shown in Fig. 9, where it is compared to vconv1
and vfluc1 from the event plane method using spectator
planes. Note that v1{3} does not use spectator infor-
mation. The v1{3} is consistent with vconv1 for pT < 1
GeV/c within the systematic uncertainties but becomes
greater than vconv1 for 1 < pT < 4 GeV/c. The v1{3}
includes both conventional and fluctuation components
of v1. The conventional component in v1{3} should be
the same as measured by the event plane method but the
fluctuation component might be different due to different
correlations of the spectator planes and participant plane
(from the BBC subevent) with Ψ1,3.

B. Directed flow of identified hadrons

Anisotropic flow of charged pions, kaons, and
(anti)protons was measured based on the particle identifi-
cation with the TPC and TOF, as explained in Sec. III A.
Figure 10 presents directed flow of π+ + π−, K+ +K−,
and p + p̄ measured with respect to the target specta-
tor plane (v1 = −v1{Ψt

SP}) in the 10%-40% centrality
bin. For pT < 2 GeV/c, there is a clear particle type
dependence, likely reflecting the effect of particle mass
in interplay of the radial and directed flow [38, 39]. For
pT > 2 GeV/c, there is no clear particle dependence due
to large uncertainties.

C. Charge dependence of directed flow

In our previous study [11], a finite difference in di-
rected flow between positively and negatively charged
particles was observed in asymmetric Cu+Au collisions.
These results can be understood as an effect of the elec-
tric field due to the asymmetry in the electric charge of
the Au and Cu nuclei. Similarly, one would expect a dif-
ference in ⟨px⟩ between positive and negative particles.
Figure 11 shows the centrality dependence of charge-
dependent ⟨px⟩ and the difference ∆⟨px⟩ between positive
and negative particles in Au+Au and Cu+Au collisions.
The difference is consistent with zero for Au+Au colli-
sions, but a finite difference is observed in Cu+Au colli-
sions (∆⟨px⟩ ∼0.3 MeV/c). The direction of the electric
field is expected to be strongly correlated to the direction

!  Very weak centrality dependence of v1
fluc(even)

"  Similar dipole-like density fluctuations  
for all centralities

!  <px>even ~ 0 in symmetric systems
"  Feature of the dipole flow due to  

the momentum conservation

��������������

STAR, PRL108, 202301 (2012)
projectile

target

�
Au-going

�
Cu-going

In Cu+Au, 
Cu is chosen 
as projectile  
(+z direction)

�����������
������
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STAR, arXiv:1712.01332 

“conventional” (odd) “fluctuation” (even)

!  Similar v1
conv(odd) slopes in Au+Au and Cu+Au but larger than at the LHC

"  The source tilt likely depends on the collision energy but not on the system size
!  Cu+Au v1

conv is shifted upward relative to Au+Au 
"  as expected from the intrinsic density asymmetry

!  Cu+Au <px>conv is shifted toward Au-going direction relative to Au+Au 
"  as expected from asymmetric participants

!  v1
fluc(even) nearly rapidity-independent  

and <px>fluc(even) close to zero

* ΨSP resolution was estimated by 3-subevent method with ZDCSMD (|η|>6.3) and BBC (3.3<|η|<5)

arXiv:1712.01332 

arXiv:1712.01332 

arXiv:1712.01332 

Bozek and Wyskiel, PRC81.054902(2010) 
Heinz and Kolb, J.Phys.G30:S1229(2004) 
Snellings et al., PRL84.2803(2000)
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the Riemann problems at cell interfaces [30]. It is therefore
important to check whether the code is not introducing, for
a given resolution, numerical errors which are larger than
the effects induced by the physics. We refer to the global
numerical errors generically as numerical viscosity.

We have thus calculated the T -vorticity for different physi-
cal viscosities (in fact η/s ratios), in order to provide an upper
bound for the numerical viscosity of ECHO-QGP in the ideal
mode. The mean value of the T -vorticity is shown in Fig. 5
and its extrapolation to zero occurs when |η/s| ! 0.002
which is a very satisfactory value, comparable with the one
obtained in Ref. [4]. The good performance is due to the use
of high-order reconstruction methods that are able to com-
pensate for the highly diffusive two-wave Riemann solver
employed [3].

5 Directed flow, angular momentum, and thermal
vorticity

With the initial conditions reported at the end of Sect. 3
we have calculated the directed flow of pions (both charged

Fig. 5 Mean of the absolute values of "µν/T 2 components at
the freeze-out hypersurface as a function of η/s. Note that the
"xη,"yη,"τη have been multiplied by 1/τ . Upper panel log scale.
Lower panel magnification of the region around zero viscosity

states) at the freeze-out and compared it with the STAR data
for charged particles collected in the centrality interval 40–
80 % [22]. Directed flow is an important observable for sev-
eral reasons. Recently, it has been studied at lower energy [31]
with a hybrid fluid-transport model (see also Ref. [32]). At√
sNN = 200 GeV, it has been calculated with an ideal 3+ 1

D hydro code first by Bozek and Wyskiel [18]. Herein, we
extend the calculation to the viscous regime.

The amount of generated directed flow at the freeze-out
depends, of course, on the initial conditions, particularly on
the parameter ηm (see Sect. 3), as shown in Fig. 6. The
directed flow also depends on η/s as shown in Fig. 7 and
could then be used to measure the viscosity of the QCD
plasma along with other azimuthal anisotropy coefficients.
It should be pointed out that, apparently, the directed flow
can be reproduced by our hydrodynamical calculation only
for −3 < y < 3.

The dependence of v1(y) on ηm and η/s makes it possible
to adjust the ηm parameter for a given η/s value. This adjust-
ment cannot be properly called a precision fit because, as
we have mentioned in the Introduction, several effects in the

Fig. 6 Directed flow of pions for different values of ηm parameter with
η/s = 0.1 compared with STAR data [22]

Fig. 7 Directed flow of pions for different values of η/s with ηm = 2.0
compared with STAR data [22]

123

F. Becattini et al., Eur. Phys. J. C (2015)75:406

Eur. Phys. J. C (2015) 75 :406 Page 9 of 14 406

-0.04

-0.03

-0.02

-0.01

 0

 0.01

 0.02

 0.03

 0.04

-4 -3 -2 -1  0  1  2  3  4

v 1

Y (rapidity)

Fig. 8 Directed flow of pions at η/s = 0.1 and ηm = 2.0 compared
with STAR data [22]

comparison between data and calculations have been delib-
erately neglected in this work. However, since our aim was
to obtain a somewhat realistic evaluation of the vorticities,
we have chosen the value of ηm for which we obtain the best
agreement between our calculated pion v1(y) and the mea-
sured for charged particles in the central rapidity region. For
the fixed value η/s = 0.1 (approximately twice the conjec-
tured universal lower bound) the corresponding best value of
ηm turns out to be 2.0 (see Fig. 8).

It is worth discussing more in detail an interesting rela-
tionship between the value of the parameter ηm and that of
a conserved physical quantity, the angular momentum of the
plasma, which, for BIC is given by the integral (see Appendix
A for the derivation):

J y = −τ0

∫
dx dy dη x ε(x, y, η) sinh η. (32)

Since ηm controls the asymmetry of the energy density dis-
tribution in the η − x plane, one expects that Jy will vary
as a function of ηm . Indeed, if the energy density profile is
symmetric in η, the integral in Eq. (32) vanishes. Yet, for any
finite ηm ̸= 0, the profile (20) is not symmetric and Jy ̸= 0
(looking at the definition of f+ and f− it can be realized that
only in the limit ηm → ∞ the energy density profile becomes
symmetric). The dependence of the angular momentum on
ηm with all the initial parameters kept fixed is shown in Fig. 9.
For the value ηm = 2.0 it turns out to be around 3.18 × 103

in h̄ units.
It is also interesting to estimate an upper bound on the

angular momentum of the plasma by evaluating the angular
momentum of the overlap region of the two colliding nuclei.
This can be done by trying to extend the simple formula
for two sharp spheres. In our conventional reference frame,
the initial angular momentum of the nuclear overlap region
is directed along the y axis with negative value and can be
written as
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Fig. 10 Estimated angular momentum (in h̄ units) of the overlap region
of the two colliding nuclei (solid line) and total angular momentum of
the plasma according to the parametrization of the initial conditions
(dashed line), as a function of the impact parameter

J y =
∫

dx dy w(x, y)(T+ − T−)x
√
sNN

2
(33)

where T± are the thickness functions like in Eq. (18) and

w(x, y) = min(n(x + b/2, y, 0), n(x − b/2, y, 0))
max(n(x + b/2, y, 0), n(x − b/2, y, 0))

is the function which extends the simple product of two θ

functions used for the overlap of two sharp spheres. Note
that the ω̃(x, y) is 1 for full overlap (b = 0) and implies a
vanishing angular momentum for very large b (see Fig. 10)
(see also Ref. [33]).

At b = 11.57 fm the above angular momentum is about
3.58 × 103 in h̄ units. This means that, with the current
parametrization of the initial conditions, for that impact
parameter about 89 % of the angular momentum is retained
by the hydrodynamical plasma, while the rest is possibly
taken away by the corona particles.

With the final set of parameters, we have calculated the
thermal vorticity ϖ . As has been mentioned in Sect. 2, this
vorticity is adimensional in cartesian coordinates) and it is
constant at global thermodynamical equilibrium [17], e.g.
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Fig. 4. Same as Fig. 2, but only formed hadrons are taken into account for the esti-
mation of energy density.

Fig. 5. Beam energy dependence of the slope of the directed flows of protons in 
mid-central Au+Au collisions (10–40%) from JAM cascade mode (squares), JAM with 
first-order EoS (triangles) and with crossover EoS (circles) in comparison with the 
STAR/NA49/E895 data [18,19,52–54]. Local energy densities are computed by taking 
into account the contributions of constituent quarks in the upper panel, while only 
formed hadrons are included in the lower panel.

a crossover EoS, in Au+Au collisions in comparison with the data 
from STAR, NA49 and E895 Collaborations [18,52–54]. The slope is 
obtained by fitting the rapidity dependence of v1 to a cubic equa-
tion v1(y) = F y + C y3 in the rapidity interval −0.8 < y < 0.8.

The standard JAM cascade calculation predicts a minimum at 
around AGS energies which was first reported in Ref. [55] within 
the UrQMD approach. The decrease of the directed flow in the 
standard cascade approach can be understood by the rapid change 
in degree of freedoms due to the excitation of hadronic resonances 
up to 2 GeV. Note that PHSD does not have such minimum [21], 
since there are only a few number of hadronic resonances included 
in the PHSD model. It is important to notice that the slope of the 
proton directed flow obtained by the cascade model is still positive 
at the minimum point. At higher energies up to √sN N ≈ 20 GeV, 
the JAM standard model overestimates the slope of the proton di-
rected flow as already reported in Ref. [29].

In the case of the EoS with the first order phase transition 
(JAM-1.O.P.T.), we also see the minimum in the excitation func-
tion of the proton directed flow at almost the same beam energy 
as the cascade model. In addition, the slope is now negative as 
predicted by hydrodynamical approaches. The beam energy depen-
dence is very similar to the pure hydrodynamical simulation except 
that the magnitude of the minimum in JAM-1.O.P.T. is about a fac-
tor 5 smaller than the ideal hydrodynamical prediction [23], which 
may be related to the finite viscosity in the transport approach. 
The local minimum predicted by the JAM-1.O.P.T. is located at a 
slightly higher beam energy than in the one-fluid model prediction 
(
√

sN N ≈ 4 GeV) in which the strong coupling of the fluids leads to 
an almost instantaneous full stopping and maximum energy depo-
sition, different than in the three-fluid model in Ref. [13] in which 
finite stopping power of nuclear matter is taken into account. We 
note that the local minimum predicted by the three-fluid model 
in Ref. [28] shows √sN N = 6.5 GeV. Probably the location of min-
imum depends both on the EoS and the degree of stopping and 
its modeling. In Ref. [28], the EoS in the QGP phase is modeled 
by a quasi-particle approximation with mean field potential [56]. 
It is interesting to notice that the ART BUU approach with the 
first order phase transition also exhibits minimum with a nega-
tive slope [37] which supports that our method effectively handles 
the effect of the EoS.

On the other hand, in the case of a crossover EoS (JAM-χ -over), 
there is still a local minimum at √sN N ≈ 6 GeV, but it is not so 
pronounced. Thus our approach supports the idea that a large neg-
ative slope of the proton directed flow would be a good observable 
to identify a strong softening in the early phase of the collision 
due to the first order phase transition. However, the minimum 
observed from our approach is located at a beam energy similar 
to that predicted by hydrodynamical simulations [13] and much 
lower than the minimum measured by the STAR. If the EoS we 
employ is close to the true EoS in nature, we do not see the con-
nection between the softest point of the EoS and the STAR data. In 
order to describe the minimum at a larger beam energy one would 
need a very soft EoS at very high baryon densities, much higher 
than what is found in the currently used EoS, in order to shift the 
minimum to the higher beam energies. Within our analysis, the 
reduction of the proton directed flow at √sN N > 10 GeV is essen-
tially related to the early pressure in the pre-equilibrium stages of 
the reaction. The reason why JAM-1.O.P.T. yields stronger flow than 
JAM-χ -over at √sN N > 10 GeV is simply because of the fact that 
JAM-1.O.P.T. in the current study assumes the massless ideal quark-
gluon EoS at the QGP phase, while crossover EoS is consistent with 
the lattice QCD data at the vanishing baryon chemical potentials. 
Even at the finite baryon chemical potentials, our crossover EoS 
is softer than the massless ideal quark-gluon EoS at high energy 
densities. Since a massless ideal QGP EoS is not supported by the 
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FIG. 2: (Color online) The directed flow v1(y) for protons
and pions from mid-central (b = 6.5 fm) Pb+Pb collisions at
collision energies

√
sNN = 8.9 and 17.3 GeV calculated with

different EoS’s. Experimental data of the NA49 Collabora-
tion [17] obtained by two different methods are displayed: the
standard method [v(st)] and the method of n-particle correla-
tions [v(n)]. Solid symbols correspond to measured data,while
open symbols are those reflected with respect to the midrapid-
ity. Updated data of the NA49 Collaboration [49] [v(st)-98]
are also shown.

the deconfinement scenarios give a reasonable agreement
with the proton v1(y) in the whole range of rapidities,
the pion v1(y) is well reproduced only in the midrapidity
region. The calculated pion v1(y) manifests a wiggle in
the midrapidity region while the data are monotonous
functions of y. A similar situation takes place at two
lower collision energies in Fig. 1. A probable reason for
this poor reproduction of the pion v1 at peripheral ra-
pidities is that the hydrodynamic freeze-out disregards
shadowing of a part of the frozen-out particles by still
hydrodynamically evolving matter. This mechanism was
discussed in Refs. [7, 50]. The shadowing means that
frozen-out particles cannot freely propagate through the
region still occupied by the hydrodynamically evolving
matter but rather become reabsorbed into the hydro-
dynamic phase. This shadowing is especially effective
at the peripheral rapidities, where slowly-evolving near-
spectator baryon-rich blobs prevent pions with px > 0 at
y > 0 and px < 0 at y < 0 from escaping (here px is
the transverse momentum in the reaction plane)3. This
makes the pion v1 slope opposite in sign to the proton
v1 slope at the peripheral rapidities. The hydrodynamic
freeze-out does not take into account this shadowing, and

3 Conventionally, it is assumed that the projectile spectator is
situated at positive x and moves with positive rapidity, while the
target spectator, at negative x and moves with negative rapidity.

hence, the hydrodynamic pion and proton v1 slopes at the
peripheral rapidities are of the same sign.
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FIG. 3: (Color online) The directed flow v1(y) for protons
from mid-central (b = 6 fm) Au+Au collisions at various col-
lision energies from

√
sNN = 2.7 to 4.3 GeV calculated with

different EoS’s. Experimental data are from the E895 Collab-
oration [13].
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FIG. 4: (Color online) The same as in Fig. 3 but in terms of
the transverse flow 〈Px〉(y).

The directed flow v1(y) for protons from mid-central
Au+Au collisions at various collision energies from√
sNN = 2.7 to 4.3 GeV (Elab = 2, 4, 6 and 8 A·GeV)

calculated with different EoS’s and its comparison with
experimental data from the E895 collaboration [13] are

Y. Ivanov and A. A. Soldatov, Phys.Rev.C91, 024915 (2015)

Y. Nara and A. Ohnishi, Phys.Rev.C105, 014911 (2022)

Many model studies show that v1 is sensitive to EOS 

At low energies, baryonic mean-field plays a role
see more plots in Y. Nara’s talk
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Fig. 11. The same as in Fig. 10, but for the fireball expansion. 

the latent heat for a smaller ratio dQ/dH, which in turn accelerates the expansion. 
Fig. 11 shows the corresponding diagram for the spherical expansion. First of all, one 

notices that, at high ~0, there is almost no difference between the lifetime of a system 
with a transition to the QGP and an ideal gas. Inspecting Fig. 5, one observes, however, 
that the bulk of matter at finite r does indeed live longer in the first case. Thus, for the 
spherical expansion, our definition of “lifetime” should rather be replaced by an average 
over the particular isotherm. It is, however, not necessary to do so at this point, since 
the correlation functions considered subsequently will take this into account in a natural 
way. 

Second, one observes that the lifetimes do not grow as strongly for high EO as in the 
one-dimensional expansion. This is due to the fact that the system disperses its initial 
internal energy much more efficiently into kinetic energy in three dimensions than it 
does in one dimension. This also leads to the reduction of the overall scale in the 
lifetimes as compared to Fig. 10. 

Third, it is noticeable that the increase of the lifetime for AT = 0 at EO = EQ (where 
the lifetime is maximum) as compared to the ideal gas case is about a factor of 2 
bigger than in the one-dimensional expansion. The prolongation of the lifetime is thus 
most pronounced in spherical geometry. Unfortunately, the reduction of the lifetime in 
the case of a smooth transition is also rather strong, cf. Figs. 11 (b,d). Nevertheless, 
for freeze-out at T = 0.7T, the lifetime can still be longer by a factor of 2 in the case 
of a transition than in the expansion of an ideal gas. Moreover, in contrast to the one- 
dimensional case, the spherical geometry leads to a (broad) maximum in the lifetime 
around EQ. 

In Fig. 12 we present the lifetimes for the expansion of a Bjorken cylinder with initial 

Rischke and Gyulassy, NPA608 (1996) 479

System lifetime peaks at CP
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Stotal = sQGPVQGP = sHVH

Yagi, Hatsuda, and Miake, Cambridge UP. (2005)

If the transition from QGP to hadron gas (HG) is the first-order, 
the HG volume (or emission duration) is expected to 
increase to conserve entropy
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⌧H
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=
sQGP

sH
=

dQGP

d⇡

s: entropy density 
d: degree of freedom 
τc(H): time when the transition happens (ends)

Pratt, PRD33, 1314 (1986) 
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Fig. 24 Data for the ratio Rout/Rside over the energy range of the RHIC
beam energy scan. The symbols refer to results from the different exper-
iments as shown in the legend. For further details see [132]

sensitive to the duration of the emission process and thus
can serve as a probe of the late-stage expansion dynamics.
A first-order phase transition involving the formation of a
long-lived mixed phase is expected to increase the emission
duration and to result in a (much) larger value of Rout > Rside.
A steep drop in the compressibility of the expanding matter
during hadron emission, corresponding to a drop in the sound
velocity, would have a similar, albeit less pronounced effect.

The data for Au+Au collisions over the energy range of
the RHIC Beam Energy Scan from STAR exhibit a rise in
Rout/Rside with increasing collisions energy up to

√
sNN ≈

20 GeV followed by a smooth fall-off for higher energies as
seen in Fig. 24. This behavior appears to be consistent with
the interpretation of a minimum of the compressibility around
Tc during hadron emission, but a firm conclusion will require
a detailed theoretical analysis, which is not yet available.

The three radius parameters are sometimes combined to
estimate the volume of a homogeneously flowing emission
region at the moment of freeze-out. However, regions of
the fireball that flow in different directions or are shielded
from each other by opaque matter do not contribute to the
HBT interference pattern. Therefore, the product Vhom =
RoutRsideRlong, called the homogeneity volume, cannot be
interpreted directly as the total volume of the fireball dur-
ing the hadron emission process. The Gaussian life-time
parameter τ f measures the average duration of the stage
during which hadrons freeze out from the fireball, or their
emission time. The τ f can be derived from the Rlong and
the kinetic freeze-out temperature [133]. The life-time τ f
increases smoothly with charged-particle multiplicity from

Fig. 25 Life-time parameter τ f as a function of the cube-root of the
charged-particle multiplicity density. Data are from femtoscopy mea-
surements of various experiments covering the center-of-mass energies
labeled in the legend [7]

around 4–10 fm/c, as seen in Fig. 25. This is also the case for
the quantity Vhom.

Momentum correlations of non-identical particles have
been measured providing information about interactions
among hadrons that cannot be easily measured in scatter-
ing experiments because the hadrons are unstable or beams
are unavailable. For example, (p") correlations have been
measured in Au+Au collisions by STAR [134] and (K−p)
correlations in collisions of p+p, p+Pb, and Pb+Pb by
ALICE [135,136]. These are sensitive to the asymptotic form
of the two-particle KN wave function at distances of several
fm and are able to provide details of the coupling strength in
various inelastic channels of exotic nuclear resonance states.
When measured as a function of the source size can help
understand the internal structure of these exotic states.

Another example where heavy-ion collisions can help
elucidate the structure of hadronic resonance states is the
exotic χ (3872) particle, which was first observed in p+p
collisions [137] collisions. The decay channel χ (3872) →
J/ψ π+π− was recently measured in inclusive Pb+Pb col-
lisions [138]. The prompt χ (3872)/ψ(2 s) is observed to
increase as a function of multiplicity in p+Pb and Pb+Pb,
but to decrease with underlying event multiplicity in p+p
reactions. This suggests very different dynamics, such as
quark coalescence, for the exotic χ (3872) particle at high
density compared to the ψ(2 s). Future measurements will
aim to determine whether the χ (3872) is a (qq̄) molecule, a
tetraquark state or some mixture of both.

The production of light anti-nuclei is enhanced in heavy-
ion collisions [139] by the formation and rapid expansion of
a QGP, as it allows anti-nuclei to escape more easily without
annihilation. This is also true for production of light anti-
hypernuclei [140]. The relative yields of light nuclei and their
antiparticles can be used to test their production mechanisms,
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Pion Rout/Rside shows a peak around √sNN = 20 GeV 

Indication of the softening of EOS? 

Note: We don’t measure the whole size in an expanding source (x-p correlation)

“HBT” radii (Gaussian source):  Rout , Rside, Rlong

M. Lisa et al., Ann.Rev.Nucl.Part.Sci.55:357 (2005)
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C(k⇤) =
P (~p1, ~p2)

P (~p1)P (~p2)

=

Z
S(~r) | (k⇤,~r)|2 d~r

STAR, PRC103, 034908 (2021)

“Length of homogeneity” 
　　　Akkelin and Sinyukov, PLB356(1995)525
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Figure 3: because particles with heavier masses have smaller thermal velocities,
their source volumes are more strongly confined by collective flow. For longitudi-
nal flow (left panel) this results in smaller values of Rlong for particles with higher

mT =
√

m2 + p2
T . For radial flow (right panel) this confines heavier particles

toward the surface, which results in both a reduced volume and an offset ∆r in
the outward direction.

emitting zero-rapidity particles is determined by the distance one can move be-
fore the collective velocity overwhelms the thermal velocity to force the emission
function back to zero. The size can then be expressed as:

Rlong ≈
Vtherm

dv/dz
= Vtherm⟨t⟩. (24)

Whereas Rout/Rside gives information about the suddenness of emission, Rlong

provides insight into the mean time at which emission occurs given an estimate
of the thermal velocity.

For a thermal source with relativistic motion, the thermal velocity along the
beam axis is determined by the temperature and the transverse mass, mT =
√

m2 + p2
T (63). For large mT the thermal velocity in the longitudinal direction

becomes non-relativistic, Vtherm =
√

T/mT , and the source size falls as 1/
√

mT

which is referred to as mT scaling (87). This is illustrated in Figure 3. However,
this assumes all particles are emitted with the same Bjorken time τB and tem-
perature, independent of the transverse mass. because particles with high mT

are probably emitted at lower τB, and because the temperature roughly behaves

at τ−4/3
B , the longitudinal size could fall even more quickly than m−1/2

T .
In a boost invariant expansion, emission is a function of the Bjorken time

τB =
√

t2 − z2, not the time t, and because t =
√

τ2
B + z2, those particles emitted

with small z have a head start. This is sometimes referred to as an inside-
outside cascade. The transverse shape of S(r) is then affected non-trivially by the
expansion along the beam. The resulting correlation function can be calculated
analytically in the case of pure identical-particle correlations (88; 89).

Boost invariance is incorporated into blast-wave models with transverse expan-
sion and assumed for many hydrodynamic models. The finite size of the system

Pratt, PRD33, 1314 (1986), Bertsch, Gong and Tohyama, PRC37,1896 (1988) 
Bertsch, NPA498, (1989)173
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System volume increases by a factor of ~2 from RHIC to the LHC 
“Oblate” from “prolate” shape in AGS→SPS→RHIC/LHC (nuclear stopping to nuclear transparency) 
Eccentricity is reduced from the initial to final-state at higher √sNN: strong in-plane expansion, 
sensitive to EOS

L. ADAMCZYK et al. PHYSICAL REVIEW C 92, 014904 (2015)
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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
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FIG. 10. (Color online) The beam energy dependence of the vol-
ume, V = (2π )3/2R2

sideRlong, of the regions of homogeneity at kinetic
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 the 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
different experiments.

Fig. 6. These values are plotted in Fig. 10 as a function of√
sNN. The STAR results are all for 0%–5% central collisions

with ⟨kT ⟩ ≈ 0.22 GeV/c. Because the values are computed
using the data in Fig. 6, all the same variations in centrality
ranges and ⟨kT ⟩ values are present in the volume estimates too.
Earlier results from other experiments suggest a minimum
between AGS and SPS energies. The STAR results show a
noticeable increase in volume at the higher energies while the
7.7- and 11.5-GeV points are almost the same, consistent with
a minimum in the vicinity of 7.7 GeV. The ALICE point rises
even further, suggesting that the regions of homogeneity are
significantly larger in collisions at the LHC.

The CERES Collaboration [75] has found that a constant
mean free path at freeze-out,

λF ≈ V

(Nπσππ + NNσπN )
≈ 1 fm, (19)

leads naturally to a minimum in the energy dependence of
the volume that is observed, assuming that the cross sections
σππ and σπN depend weakly on energy, because the yields of
pions and nucleons, Nπ and NN , change with energy. Above
19.6 GeV, the ratio of Nπσππ/NNσπN remains rather constant
and the denominator in Eq. (19) increases with energy similar
to the volume. Below 11.5 GeV, the NNσπN term becomes the
dominant term and it increases at lower energies as does the
volume. At higher energies, this scenario is consistent with
the nearly universal trend of the volume on ⟨dNch/dη⟩ and,
therefore, Rside and Rlong on ⟨dNch/dη⟩1/3 [34]. It is interesting
that the multiplicity dependence for Rside begins to deviate
slightly from this trend for 7.7 and 11.5 GeV in Fig. 9, which
is the same region where the system changes from π -N to π -π

dominant. Also, the argument above neglects the influence
from less abundant species including kaons, but it has been
observed that strangeness enhancement occurs in this same
region of

√
sNN [76].

Another change that occurs in this region is the rapid
increase of v2 around

√
sNN = 2–7 GeV. In the region around

7.7 to 11.5 GeV, the slope of v2(
√

sNN) begins to level
off [49,77]. A possibility is that the deviation of Rside for
7.7 and 11.5 GeV is related to the onset of flow-induced
space-momentum correlations. The E802 results at 4.8 and 5.4
GeV in the right column of Fig. 9 are qualitatively similar to the
STAR 7.7 GeV results for Rside, but considering that the STAR
⟨dNch/dη⟩1/3 values are slightly underestimated, the E802
results probably deviate slightly more relative to the higher
energies than even the 7.7-GeV data. For Rout, however, the
E802 results are significantly larger than the STAR 7.7-GeV
points. This could be consistent with the effects of flow.
Transverse flow should reduce the size of the regions of
homogeneity and is expected to affect Rout much more than
Rside. This was reflected already in the larger slope for the
⟨mT ⟩ dependence of Rout relative to Rside in Fig. 8. It would
be interesting to study these trends at lower energies with a
single detector where many interesting physical changes are
occurring simultaneously.

An alternative explanation of the minimum observed in
the volume measurement in Fig. 10 is provided by ultrarela-
tivistic quantum molecular dynamics (UrQMD) calculations.
In Ref. [78], UrQMD also finds a minimum between AGS
and SPS energies but, in this case, the cause is related to a
different type of change in the particle production mechanism.
At the lowest energies pions are produced by resonances,
but as the energy increases more pions are produced by
color string fragmentation (accounting for color degrees of
freedom) which freeze out at an earlier, smaller stage (thus,
a smaller volume is measured). At even higher energies, the
large increase in pion yields cause the volume to increase once
more. This explanation suggests that a change from hadronic
to partonic degrees of freedom cause the minimum in the
volume measurement. Allowing a mean-field potential to act
on these preformed hadrons (the color string fragments) leads
UrQMD to predict Rout/Rside values near the observed values
(≈1) for the whole energy range from AGS to SPS [79].
Simultaneously, inclusion of the mean field for preformed
hadrons causes UrQMD to reproduce the net proton rapidity
distribution and slightly improves its prediction for v2(pT ) at
intermediate pT .

As one last application of the data, the lifetime of the
collisions is extracted in a study analogous to Ref. [36]. We
also assume a kinetic freeze-out temperature of T = 0.12 GeV
and fit the data in Fig. 8 using Eq. (18). The results are plotted
in Fig. 11. The STAR results are all for 0%–5% collisions
with ⟨kT ⟩ ≈ 0.22 GeV/c. Again, there are some variations in
the centrality ranges, as in Fig. 6, for the historical data. The
extracted lifetime appears to increase from around 4.5 fm/c
at the lowest energies to around 7.5 fm/c at 200 GeV, an
increase of an approximate factor of 1.7. The ALICE point
suggests a much longer-lived system, above the trend observed
at lower energies. Varying the temperature assumed in the fits
to T = 0.10 GeV to T = 0.14 GeV causes the lifetimes to
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FIG. 18. The centrality dependence of Rout, Rside, and Rlong.
Errors are statistical only. Here π+π+ and π−π− pairs in the mo-
mentum range 0.15 < pT < 0.8 GeV/c are used.

geometric size of the initial participant region and the subse-
quent emission region at freezeout.

2. Evolution from oblate to prolate freezeout configuration

Figure 19 shows Rside vs. Rlong for several different data
sets. STAR FXT and BES points use low-kT, π+π+ and
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FIG. 19. Rside vs. Rlong, which measures the
prolateness/oblateness of the pion emitting source when viewed
from beside the beam. HADES [76], ALICE [77], and STAR
[78] points include systematic errors; E895 [65] show statistical
errors only. STAR fixed target data correspond to pion pairs with
⟨kT ⟩ = 0.22 GeV/c from 0–5 % centrality events. The various
centrality, pT, and kT cuts used in the different experiments are
discussed in the text. The grey curve indicates the evolution of the
shape, as the collision energy is increased.

π−π− pion pairs, with ⟨kT⟩ ≈ 0.22 GeV/c. Events are drawn
from the 0–5 % centrality range. The ALICE point also
corresponds to 0–5 % centrality, but a slightly higher ⟨kT⟩
of ≈0.26 GeV/c. The E895 points use the cuts discussed
above. The collision energies (

√
sNN ) corresponding to each

experiment are indicated in GeV. The significantly different
acceptance and use of a different frame by E866 [66] affects
the longitudinal radius in a way very different from that for the
sideward. Hence, it makes little sense to include E866 data in a
graph which plots Rside versus Rlong; it is not shown in Fig. 19,
which is a direct comparison of similar measurements over
three orders of magnitude in energy.

A clear evolution in the freezeout shape is indicated in the
figure. Lower energy collisions generally produce more oblate
systems, and the shape of the emission region tends to be-
come more prolate as the collision energy is increased. In this
representation, the evolution follows a “swoosh” systematic,
indicated by the grey curve drawn to guide the eye. This trend
reflects the evolution from stopping-dominated dynamics at
low collision energies, to the approximately longitudinally-
boost-invariant scenario at the highest energies. The STAR
fixed-target point has Rside ≈ Rlong ≈ 4.5 fm, indicating a
source that is approximately round when viewed from the
side, just at the transition point between oblate and prolate
geometry.

3. Comparison to generic expectations due to a first-order phase
transition at RHIC

The femtoscopic radii reported [76] by the HADES col-
laboration are consistent with the oblate shape reported by
E895 at low energy. However, it is clear from Figs. 16 and 19
that the HADES radii are considerably smaller than would be
expected by simple extrapolation of earlier data. The reasons
for this are unclear, and speculation is outside the scope of
this paper. However, there are several experimental system-
atic effects that can shift femtoscopic radii. These include
treatment of Coulomb effects, non-Gaussian shapes of the
underlying correlation function (probed by varying the fitting
range in |q⃗|), and q⃗-dependent particle-identification purity.
In addition, collision centrality definition and single-particle
acceptance can vary slightly from one experiment to the next,
complicating comparisons. Ideally, such effects would be
corrected for, or accounted for as part of the systematic uncer-
tainty; however, subtle effects may persist and may be unique
to a given experimental configuration. Importantly, however,
most of these effects affect Rout, Rside, and Rlong in the same
way. Differences and (especially) ratios of femtoscopic radii
are less susceptible to experiment-specific artifacts.

In the absence of collective flow, the emission timescale
is related [60] to the transverse femtoscopic radii as β2τ 2 =
R2

out − R2
side, where β is the transverse velocity of the emitted

pions. While collective flow complicates the interpretation
[80], an extended emission timescale will increase Rout rel-
ative to Rside. A long emission timescale may arise if the
system equilibrates close to the deconfinement phase bound-
ary and then evolves through a first-order phase transition in
the QCD phase diagram [60,69]. Relativistic hydrodynamic
calculations [59] predict that a QCD first-order phase tran-
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Final-state tilt angle probed by pion HBT
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FIG. 10. Same as Figure 8 and 9, but for 17.3 GeV.

FIG. 11. Same as Figure 8, 9, and 10, but for 27 GeV.

tion was estimated by varying the source radius within
the minimal and maximal values obtained from the three-
dimensional femtoscopic radii. The largest contribution
to the systematic uncertainty in the tilt calculation arises
from the assumed radius of the Coulomb source, as it is
modeled as a spherically symmetric emitter – an approxi-
mation that obviously does not hold for this analysis. At
the time of this study, only a one-dimensional Coulomb
correction was practically available due to computational
limitations. This e!ect is visible in Fig. 5. The red lines
in this figure represent the tilts of the correlation function
obtained using femtoscopic parameters from the three-
dimensional fits. A slight misalignment between these
red lines and the principal axes of the corresponding el-

lipses illustrates the influence of this systematic uncer-
tainty.
One can see from panel (d) of Figures 8 and 11 that, in

general, the UrQMD model fails to reproduce the exact
experimental values; however, it qualitatively captures
both the centrality dependence and the overall kT trend
of the tilt parameter. It is interesting that the tilt mag-
nitude is best captured in the 10-30% centrality class for
both of the considered energies.
It is interesting to note that although the values of

the tilt parameter are very small at low kT, the order-
ing of centralities appears to change in this region. More
detail may be found in [60]. It is also evident that the
kT dependence is much stronger than the centrality de-
pendence. One possible interpretation of this behavior is
that it may, at least in part, reflect a time evolution of
the source tilt, as particles with higher kT are typically
emitted at earlier stages of the collision.

VIII. WORLD SYSTEMATICS FOR THE TILT
PARAMETER

FIG. 12. Energy dependence of the extracted tilt param-
eter. Red stars represent the STAR results (where ω =
ωside-long) obtained in this work, blue crosses correspond to
AGS data [16], and the violet diamond denotes the esti-
mate from HADES publication data [61]. Green dashed
line show the tilt values extracted from azimuthally sen-
sitive femtoscopy using UrQMD 3.4 Cascade [60]. Other
filled lines indicate tilt estimates obtained by fitting the dis-
tribution of freeze-out coordinates from UrQMD 3.3 Cas-
cade [18], UrQMD 3.3+Hydro[HG] [18], and UrQMD 3.3+Hy-
dro[BM] [18].

To compare the results obtained in this work with pre-
viously published data, the energy dependence of the tilt
parameter was constructed, as shown in Fig. 12. The tilt
parameter for the lowest kT bin was taken from Figs. 8-
11, respectively, in order to match as closely as possible
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FIG. 13. Schematic representation of the orientation of the
homogeneity region with respect to the fixed STAR coordi-
nate system. One particular homogeneity region is shown
for the case where the azimuthal angle of the pion pair is
ωk = 90→. In this configuration, the beam direction is along
the z axis, Rlong is parallel to the z axis, and the impact pa-
rameter vector is aligned with the x axis. The y axis is perpen-
dicular to the reaction plane, Rout points out of the page and
Rside is perpendicular to both Rlong and Rout. Cases (a) and
(b) illustrate situations where the correlation between Rside

and Rlong is negative, yielding R2
side-long,1 < 0, while cases

(c) and (d) show the opposite sign. Additionally, in cases (a)
and (c), R2

long is larger than R2
side, whereas in cases (b) and

(d), R2
side exceeds R2

long.

the AGS acceptance.
One can see that the STAR results are consistent with

the general trend observed in the AGS data: the tilt
decreases with increasing collision energy, which is con-
sistent with the expectation that the system becomes in-
creasingly boost-invariant. The STAR data lie slightly
below the UrQMD 3.4 Cascade predictions. The com-
parison between data and model calculations suggests
that the tilt parameter is quite sensitive to the under-
lying equation of state (EoS).

It is interesting to compare the beam-energy depen-
dence of the femtoscopic tilt parameter with that of
directed-flow observables, in particular the midrapidity
pion slope dv1/dy, reported, for example, in [62]. Such
a comparison is physically well motivated, since both
observables are sensitive to the same underlying asym-
metric longitudinal initial-state of the collision system.
The femtoscopic tilt reflects this asymmetry in coordi-
nate space through the orientation of the freeze-out ho-
mogeneity regions, whereas dv1/dy reflects it in momen-
tum space through the sideward collective deflection of
emitted particles.

This connection is also supported by hydrodynamic
studies discussed in the Introduction. In addition, the
experimental study [63] is particularly relevant, as the

observed directed flow was interpreted there as arising,
at least in part, from a tilted source in the initial state.
In that work, it was argued that the measured v1 slopes
in Cu+Au and Au+Au collisions are consistent with a
similar initial tilt of the created medium, and that this
tilt depends more strongly on the collision energy than
on the system size.

Against this background, the comparison with the
present femtoscopic results is especially suggestive. Both
observables exhibit a similar overall evolution with beam
energy: the magnitude of dv1/dy decreases with increas-
ing

→
sNN , and the femtoscopic tilt angle extracted in

this work also becomes smaller as the beam energy in-
creases. This qualitative agreement is consistent with
the expectation that the longitudinal tilt of the system
becomes less pronounced at higher collision energies.

At the same time, important di!erences between the
two observables remain. The femtoscopic tilt remains
positive over the studied energy range and shows a com-
paratively strong beam-energy dependence, whereas the
directed-flow slope is negative and varies more moder-
ately [62]. This is not surprising, since the two quanti-
ties probe di!erent manifestations of the same underlying
dynamics. It should be noted, however, that a nonzero
femtoscopic tilt does not uniquely imply a purely geo-
metric tilt of the full source, since side ↑ side correla-
tions may also receive contributions from the collective
velocity field, including longitudinal–transverse shear. In
this sense, the opposite signs of the two observables are
physically plausible rather than contradictory. A positive
femtoscopic tilt refers to the orientation of the major axis
of the emission ellipsoid, which is tilted toward positive
z. Since collective expansion is driven by pressure gra-
dients, it develops preferentially along the minor axis of
the emission ellipsoid. For the tilt convention illustrated
in Fig. 1, this minor axis is perpendicular to the major
axis and has a component along negative z. Therefore, a
positive spatial tilt may contribute to a negative directed-
flow slope near midrapidity, corresponding to v1 > 0 on
the z < 0 side and v1 < 0 on the z > 0 side. Nevertheless,
the fact that they exhibit a similar global energy depen-
dence supports the interpretation that both observables
retain sensitivity to the same longitudinal asymmetry of
the system.

A note should be made regarding the HADES data.
In [61], the HADES Collaboration defined tilt angle us-
ing the spatial correlation tensor Sµω . This definition of
the tilt can be used only under the assumption of non-
flowing source [17, 28], otherwise one has to switch to
the definition provided by Eq. 20. Additionally HADES
reported a negative value of the tilt parameter, which re-
mains subject to interpretation. To clarify the sign con-
vention and physical interpretation of the tilt parameter,
a schematic illustration is presented in Fig. 13. This fig-
ure shows the orientation of the homogeneity region with
respect to the fixed STAR coordinate system. A particu-
lar homogeneity region is depicted for the case where the
azimuthal angle of the pion pair is ωk = 90→. In this con-
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VII. EXTRACTING THE TILT PARAMETER

FIG. 6. Extracted femtoscopic radii as a function of the az-
imuthal angle relative to the event plane for four centrality
classes. Black circles correspond to 0–10%, red squares to
10–30%, green triangles to 30–50%, and blue diamonds to 50–
80% in Au+Au collisions at

→
sNN = 7.7 GeV. Results are

shown for pion pairs with transverse momentum kT = 0.3–
0.35 GeV/c. Lines of the corresponding colors represent fits
to the oscillations of the femtoscopic radii using Eq. 5.

The tilt angle of the homogeneity region can be ex-
tracted by fitting the azimuthal dependence of the fem-
toscopic parameters with Eq. 5 and applying Eq. 6.

Figures 8, 9, and 11 illustrate the procedure for ex-
tracting the tilt parameter at three di!erent collision en-
ergies. Each figure consists of four panels. Panel (a)
shows the numerator from Eq. 6, which represents the
key quantity describing the correlation between the side
and long axes of the ellipsoidal source model. Panel
(b) shows the di!erence in the magnitudes of the longi-
tudinal and outward radii and sets the geometric scale
entering the tilt extraction. It is important to note
that Eq. 6 was originally derived under the assumption
that the long axis of the homogeneity region is always

FIG. 7. Extracted femtoscopic radii as a function of the az-
imuthal angle of the pion pair relative to the event plane for
six ranges in transverse momentum kT. Black circles cor-
respond to 0.15–0.2 GeV/c, red squares to 0.2–0.25 GeV/c,
green triangles to 0.25–0.3 GeV/c, blue diamonds to 0.3–
0.35 GeV/c, violet crosses to 0.35–0.45 GeV/c, and brown
stars to 0.45–0.8 GeV/c. Results are shown for Au+Au col-
lisions at

→
sNN = 7.7 GeV in the 10–30% centrality class.

Lines of the corresponding colors represent fits to the oscilla-
tions of the femtoscopic radii using Eq. 5.

larger than the side axis. While this assumption holds
at low kT, experimental measurements at higher kT re-
veal that it is not universally valid. For instance, at→
sNN = 27 GeV (Fig. 11), the di!erence between R2

long

and R2
side in panel (b) is almost always positive, whereas

at
→
sNN = 7.7 GeV (Fig. 8), nearly half of the points

fall on the negative side, indicating that the side radius
exceeds the long one. In all cases, the parameter 2R2

side,2
is small and has a negligible impact on the results shown
in panel (b) for any of the considered energies.

Panel (c) shows the ratio of the quantities plotted in
panels (a) and (b). A sudden jump in the dependence
observed in panel (c) is caused by the negative di!erence
between R2

long and R2
side shown in panel (b). To obtain

the tilt angle, one takes one half of the arctangent of the
values presented in panel (c). Since the tangent function
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The extracted Fourier coe!cients can be used to calcu-
late the tilt angle of the homogeneity region in coordinate
space [15, 17]:

ωside-long =
1

2
arctan

(
→4R2

side-long,1

R2
long,0 →R2

side,0 + 2R2
side,2

)
(6)

where the subscript following each radius term denotes
the order of the Fourier coe!cient. It is important to
note that the applicability of this formula relies on as-
sumptions about the source geometry and will be revis-
ited in the Section VIII.

III. DETAILS OF THE EXPERIMENT

The analysis presented in this work is based on data
from the Beam Energy Scan (BES) program at the
Relativistic Heavy Ion Collider (RHIC). The data were
recorded by the STAR experiment during the 2018, 2019,
and 2021 running periods, corresponding to center-of-
mass energies per nucleon pair of

↑
sNN = 7.7, 14.5, 17.3

and 27 GeV, respectively. These data sets were collected
as part of the second phase of the BES program (BES-II),
designed to explore the properties of strongly interacting
matter at high baryon density and to search for possible
signatures of the QCD critical point [32].

Events were selected using minimum-bias trigger con-
ditions. Pile-up events and bad runs were removed fol-
lowing the standard STAR quality-assurance procedure,
similar to that described in [32, 33]. The primary vertex
position along the beam direction was required to sat-
isfy |Vz| < 70 cm, ensuring uniform detector acceptance,
while the radial vertex position relative to the beam axis
was constrained to Vr < 2 cm to reject beam–pipe inter-
actions.

Charged particle reconstruction was performed using
the Time Projection Chamber (TPC) [34, 35], which pro-
vides precise tracking and particle identification through
ionization energy loss (dE/dx) measurements. Tracks
were required to have transverse momentum within the
range 0.15 < pT < 0.8 GeV/c and pseudorapidity |ε| <
1.0. To ensure reliable momentum reconstruction and
particle identification, each track was required to have at
least 15 measured hits in the TPC (Nhits ↓ 15), and to
originate from the primary vertex within a distance of
closest approach (DCA) of less than 3 cm.

Particle identification (PID) for charged pions was per-
formed using the dE/dx information from the TPC, ex-
pressed in terms of the normalized deviation

nω,i =
1

ϑi
ln

(
(dE/dx)measured

(dE/dx)expected,i

)
, (7)

where i denotes the particle species hypothesis [36].
Tracks were identified as pions by requiring |nϑε| < 2,
while tracks consistent with other species were excluded
by demanding |nϑother| > 3. This combination of cuts

ensures a high-purity pion sample with little contamina-
tion from kaons, protons, and electrons in the studied
momentum range.

Collision centrality was determined from the charged-
particle multiplicity measured in the TPC within
|ε| < 0.5, using a Monte Carlo Glauber model to re-
late multiplicity percentiles to collision geometry [37, 38].
The centrality calibration and event categorization are
consistent with those used in previous BES analyses [39].

In femtoscopic analyses, a careful treatment of two-
track reconstruction e”ects is essential to ensure the in-
tegrity of the measured correlation functions. Although
single-track ine!ciencies are common to both the same-
event and mixed-event samples and thus cancel in the
ratio that defines the correlation function [21], two-
track artifacts can distort the numerator and denomi-
nator di”erently, particularly at small relative momen-
tum q = |p1 → p2| [21]. To minimize such distortions,
standard anti-splitting and anti-merging pair cuts were
applied [31].

Track splitting occurs when the TPC reconstruction al-
gorithm mistakenly interprets the ionization-cluster pat-
tern of a single charged particle as two distinct tracks.
This e”ect artificially enhances the same-event pair dis-
tribution at very low q, producing a spurious peak in the
correlation function. To suppress such artifacts, a topo-
logical “splitting-level” (SL) variable was evaluated for
each pair. The splitting level characterizes the pattern of
hit sharing between the two reconstructed tracks across
TPC pad rows; following the standard STAR definition,
it is not restricted to positive values, so negative val-
ues can occur for well-separated pairs. Candidate pairs
were required to satisfy →0.5 ↔ SL ↔ 0.6. This selec-
tion e”ectively removes pairs that could arise from track
duplication or spurious splitting [31].

The complementary e”ect, track merging, occurs when
two close tracks—which originate mostly from lower rela-
tive momentum pairs—are reconstructed as a single tra-
jectory. Merging suppresses the number of same-event
pairs at small q, leading to an artificial depletion in the
correlation function. Since lost pairs cannot be recovered
directly, the corresponding phase-space region must also
be removed from the mixed-event distribution to main-
tain consistency. For this purpose, an anti-merging cri-
terion was applied based on the fraction of merged hits
(FMH), defined as the percentage of TPC padrows on
which both tracks in a pair share a reconstructed clus-
ter [31]. Only pairs with FMH = 0% were accepted in
the final analysis. This ensures that both tracks in a
pair are separated by the reconstruction algorithm over
all padrows traversed in the TPC.

A detailed discussion of these two-particle selection cri-
teria and their impact on the correlation function can be
found in [31].
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FIG. 1. Schematic illustration of a non-central collision be-
tween two nuclei. Top panel: Initial geometry of the collision
in the reaction plane, defined by the beam direction z and the
impact-parameter direction x. The projectile (red) and target
(blue) nuclei pass each other with a finite impact parameter
b. Middle and bottom panels: After the collision, asymmet-
ric energy and momentum deposition in the participant region
(green) induces a spatial shift of the matter distribution in the
x–z plane, leading to the formation of a tilted fireball. The
spectators are deflected outward, opposite to the transverse
flow of the participant matter, consistent with overall momen-
tum conservation. The resulting emitting source is character-
ized by a rotation of its principal axis by an angle ω relative to
the beam direction, reflecting longitudinal–transverse corre-
lations in the initial state and providing the geometric origin
of directed flow and other rapidity-odd observables.

at di!erent z experience transverse pressure gradients of
opposite sign. During the subsequent hydrodynamic ex-
pansion, these gradients accelerate the participant mat-

ter in opposite transverse directions (with respect to the
beam) at forward and backward rapidities, producing a
rapidity-odd collective motion. This longitudinal varia-
tion of the transverse flow is imprinted on the final-state
particle emission and manifests itself as directed flow,
quantified by the first harmonic coe”cient v1.
Although the underlying mechanism of directed flow is

the same, the magnitude of v1 depends on the strength
of the initial tilt of the participant source. A larger tilt
produces a stronger longitudinal dependence of the en-
ergy density generating a sizable rapidity-odd directed
flow. When the tilt is small, as at higher collision en-
ergies, these gradients are weaker and partially cancel,
resulting in a reduced rapidity-odd v1.
Several theoretical studies [9–11] have demonstrated

that introducing an initial tilt in the energy density sig-
nificantly a!ects the development of both directed and
elliptic flow, for light hadrons as well as for heavy-flavor
particles. For light hadrons, hydrodynamic simulations
can often reproduce the observed v1 without an explicit
tilt, relying instead on baryon transport and local mo-
mentum conservation. For heavier species, however, this
picture changes dramatically. In particular, calculations
in [10] show that the rapidity-odd directed flow of open-
charm mesons originates, at least in part, from a fireball
whose energy density is initially tilted in the reaction
plane. The resulting flow of the medium then transfers
momentum to heavy quarks through drag interactions,
generating the observed rapidity-dependent directed-flow
pattern of open-charm D mesons [10]. These findings
highlight the intimate link between the geometric ori-
entation of the source and the final-state collectivity of
particles with di!erent masses and quark content.
Experimentally, it is therefore of great importance to

determine the degree and orientation of this tilt. Yet,
measuring it directly remains a formidable challenge.
The initial tilt discussed in [9–11] characterizes the very
early energy-density distribution—a quantity that can-
not be accessed experimentally. Detectors record only
those particles that survive until kinetic freeze-out, long
after the system has undergone hydrodynamic expansion,
cooling, and hadronization. What can be reconstructed
from experimental data is, consequently, the final tilt of
the particle-emitting source, rather than the tilt of the
initial quark–gluon plasma (QGP) fireball.
This distinction is crucial. The initial tilt describes

the orientation of the energy-density profile at formation
time, before pressure gradients and collective flow have
had time to act. By the time particles decouple, the
system has evolved significantly, and its shape has been
altered by expansion, anisotropic pressure, and rescatter-
ing. The final tilt that we observe carries the imprint of
the initial geometry but also reflects the full dynamical
evolution of the medium. In this sense, the measured
tilt acts as an integrated signal of the system’s history—
linking the early-state geometry to the late-stage freeze-
out configuration.
Given the tilt is estimated, another quantity of interest

Tilt angle θ at freeze-out increases at lower √sNN as expected  
and is found to be sensitive to EOS 
Caveat: Not only geometrical effect but also dynamical effect
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The equation of state (EoS) reveals the underlying funda-
mental degrees of freedom of a substance and is an invalu-
able tool to infer how the substance will respond to changes
in its energy density. In fluid-like environments, the study of
sound modes arising from longitudinal compression provides
a means to determine the corresponding speed of sound,
denoted as cs. This parameter, whose square is defined as the
rate of pressure P change in response to variations in energy
density ε, c2s = dP/dε [11], plays a pivotal role in characteriz-
ing the nature of the medium under investigation and in con-
straining models of corresponding EoS. The exploration of the
sound wave propagation in strongly correlated systems, ran-
ging from neutron stars to ultracold atomic gases [12, 13], has
garnered significant interest in recent years. Various methodo-
logies have been proposed to experimentally extract the speed
of sound in a QGP fluid [14–18], offering a direct means
to constrain the QCD EoS. Notably, constraints on the speed
of sound in hot QCD matter have been inferred through a
comparison of relativistic nuclear collision data with theoret-
ical models within a Bayesian framework [15]. Recently, an
effort to directly extract c2s in the QGP phase was made by
establishing a connection to an effective static, uniform fluid
system [16]. That work was based on only two independent
measurements of the charged-particle multiplicity density and
mean transverse momentum (pT) in lead–lead (PbPb) colli-
sion data from the ALICE experiment at center-of-mass ener-
gies per nucleon pair

→
sNN = 2.76 and 5.02TeV, and yiel-

ded a value of c2s = 0.24± 0.04 in natural units at a tem-
perature of 222± 9MeV. This result is in line with lattice
QCD predictions, albeit subject to significant experimental
uncertainties.

To increase the precision by which the speed of sound can
be determined, a new hydrodynamic probe was later proposed
in [17] utilizing the multiplicity dependence of mean pT meas-
urements at a fixed

→
sNN. This innovative techniquemakes use

of ‘ultra-central’ collisions in which the ions overlap almost
entirely, i.e. collide at a very small impact parameter (b). A
conceptual representation of this probe is illustrated in figure 1.
The impact parameter of a heavy ion collision determines
the size of the nuclear overlap region (system size), which is
strongly correlated with the energy and entropy deposited in
the initial state and the number of emitted charged particles
in the final state (‘multiplicity’, Nch). As the impact para-
meter decreases and collisions become increasingly central,
both the system size and deposited energy increase, while
maintaining a nearly constant initial energy density and tem-
perature. However, this trend reaches its limit when b→ 0.
In this case, the initial system size is limited by the sizes of
the participating nuclei. For symmetric PbPb collisions, this
would be the size of a Pb nucleus. More energy and entropy
can still be deposited into the fixed volume through fluctu-
ations in the number of interacting partons. By examining the
response of the temperature T to the increasing entropy density
s at b∼ 0, the speed of sound can be extracted based on fun-
damental thermodynamic laws,

Figure 1. Conceptual representation of temperature vs. entropy
density from mid-central to ultra-central heavy ion collisions.

c2s =
dP
dε

=
sdT
Tds

=
d〈pT〉/〈pT〉
dNch/Nch

. (1)

Here, in terms of experimental observables, s is directly pro-
portional to Nch, while the temperature T relates to the average
transverse momentum (〈pT〉) of emitted particles with respect
to the beam axis [16]. Full hydrodynamic simulations, such as
those made possible using the Trajectum model [19], have
verified the above relationship, although there are features that
are not captured, as will be discussed later. As the c2s value
depends only on the relative variation in 〈pT〉 and Nch, any
global changes to the observables, such as an increase in the
system entropy through hadronic resonance decays [20], will
not affect the result.

In this paper, we present a precise determination of the
speed of sound in QGP using ultra-central PbPb collision data
at

→
sNN = 5.02TeV, collected in 2018 by the CMS experi-

ment at the CERN LHC. By achieving a level of precision
of several percent, comparable to theoretical uncertainties,
our results serve as a robust benchmark for comparison with
hydrodynamic simulations and lattice QCD calculations of the
EoS. These comparisons provide the most stringent and direct
constraints on the degrees of freedom attained by the medium
created in these collisions. Tabulated results are provided in
the HEPData record for this analysis [21].

2. The CMS detector

The CMS apparatus [22] is a multipurpose, nearly hermetic
detector, designed to trigger on [23, 24] and identify elec-
trons, muons, photons, and hadrons [25–27]. The initial trig-
gering is done with the level-1 system, which uses customized
hardware to make the rapid online decision whether or not to
accept an event and deliver it to the second system, the high
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Figure 3. The average transverse momentum of charged particles,
〈pT〉, as a function of the charged-particle multiplicity, Nch, within
the kinematic range of |η|< 0.5 and extrapolated to the full pT
range in PbPb collisions at

√
sNN = 5.02TeV. Both 〈pT〉 and Nch

are normalized by their values in the 0%–5% centrality class (〈pT〉0

and N0
ch). Bars and the red band correspond to statistical and

systematic uncertainties, respectively. Hydrodynamic simulations
from the Trajectum model [19] and the model by Gardim et al [17]
are also shown for comparison. The dashed line is a fit to the data
using equation (2) in the range of Nch/N0

ch > 1.14.

Trajectum model are constrained by a global Bayesian ana-
lysis of a variety of experimental observables [19], where the
band shown corresponds to uncertainties within the allowed
range of Trajectum configuration parameters. The model of
Gardim et al [17], besides the hydrodynamic phase, also con-
siders the preequilibrium dynamics and hadronic interactions
after thermal freeze-out. No uncertainties are evaluated for
this model as only a single set of model parameters is
used.

The →pT〉norm value first shows a very weak declining trend
toward a local minimum around Nnorm

ch ∼ 1.05. At higher mul-
tiplicities, corresponding to ultra-central PbPb events, a steep
rise is observed, which is consistent with the expected increase
in temperature with entropy density, as schematically illus-
trated in figure 1. The observed trend, including the minimum
around Nnorm

ch ∼ 1.05, is qualitatively consistent with the pre-
diction by the Trajectum model. A slightly steeper rise at
high multiplicities is observed for the Trajectum simulation
when compared with the data. This suggests that the speed
of sound used in the model may be slightly larger than is
found in the QGP. However, this difference is not significant
within experimental and theoretical uncertainties. The model
by Gardim et al also predicts a rise of →pT〉norm at very high
multiplicities, with a slope similar to that observed in the data.
However, it shows a flat trend at lower multiplicities instead
of the local minimum structure around Nnorm

ch ∼ 1.05 as seen in
the data and the Trajectummodel. The origin of the observed
local minimum is not currently understood.

To directly extract the speed of sound, the multiplicity
dependence of the →pT〉norm data in figure 3 is fitted by
equation (2). Because the observed local minimum is not
captured by the simplified model in equation (2), the fit is
performed only in the high-multiplicity range with Nnorm

ch >
1.14. The final result of the squared speed of sound is
found to be c2s = 0.241± 0.002(stat)± 0.016(syst) in nat-
ural units. The same fit is also performed to the prediction
from the Trajectum model, resulting in c2s = 0.283± 0.045,
where the model uncertainty is again determined within the
allowed parameter space constrained by a global Bayesian
analysis [19].

To constrain the EoS, a simultaneous> determination of c2s
and its corresponding temperature is necessary. Based on the
hydrodynamic simulations discussed in [16, 17], the effect-
ive temperature (Teff) of the QGP phase is found to be given
approximately by →pT〉/3, with Teff = →pT〉/3.07 quoted [16]
based on a soft EoS. While the scaling factor relating Teff to
→pT〉 can depend on specific model assumptions, the theor-
etical uncertainty in this value is believed to be small com-
pared to the quoted experimental uncertainties, thereby hav-
ing no impact on the main conclusions drawn in this paper.
In essence, Teff represents the initial temperature that a uni-
form fluid at rest would have if it possessed the same amount
of energy and entropy as the QGP fluid does when it reaches
its freeze-out state, the point at which the quarks become
bound into hadrons. Due to longitudinal expansion and cool-
ing, the Teff value is generally lower than the initial tem-
perature of the QGP fluid. Nevertheless, it still character-
izes a temperature in the QGP phase, to which the extrac-
ted c2s value based on the final-state →pT〉 and Nch corres-
ponds. Possible effects of shear and bulk viscosity are invest-
igated in [16] and found to not impact this framework, as
the shear viscosity increases →pT〉 by about the same amount
that the bulk viscosity decreases it. The →pT〉0 value is meas-
ured to be 658± 25(syst)MeV, leading to a Teff value for
the ultra-central PbPb data of 219± 8(syst)MeV (it var-
ies by at most 2% toward the very end of Nch distribution
within the 0%–5% centrality range). The statistical uncertainty
is orders of magnitude smaller than the quoted systematic
uncertainties.

Figure 4 depicts c2s as a function of Teff, with the
CMS data point obtained from ultra-central PbPb colli-
sion data at

√
sNN = 5.02TeV. The results are compared

to the Trajectum model, the c2s value extracted in [16],
and lattice QCD predictions of the c2s value as a func-
tion of T [6]. The new CMS data allow for an unpre-
cedented level of precision in the experimental determin-
ation of the speed of sound in an extended volume of
QGP matter. The results exhibit excellent agreement with
the lattice QCD prediction, with comparable uncertainties.
Thus, our findings provide compelling and direct evidence
for the formation of a deconfined QCD phase at LHC
energies.
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Figure 4. The speed of sound, c2s , as a function of the effective
temperature, Teff, with the CMS data point obtained from
ultra-central PbPb collision data at

√
sNN = 5.02TeV. The size of

the red box indicates systematic uncertainties of c2s and Teff, while
statistical uncertainties are smaller than the marker size. Values
extracted from the Trajectum simulation [19] following the same
fitting procedure as the data and from the earlier work [16] are
presented as the other colored boxes. The curve shows the prediction
of c2s as a function of T from lattice QCD calculations [6]. The
dashed line at the value of 1/3 corresponds to the upper limit for
noninteracting, massless gas (‘ideal gas’) systems [42].

6. Conclusion

In summary, this study presents a measurement with a new
hydrodynamic probe in ultrarelativistic nuclear collisions that
results in the most precise determination to date of the speed
of sound in an extended volume of QGP matter. By determ-
ining the dependence of the average transverse momentum
on the total multiplicity for charged particles in nearly head-
on PbPb collisions at a center-of-mass energy per nucleon
pair of 5.02 TeV, a squared speed of sound of 0.241±
0.002(stat)± 0.016(syst) in natural units is determined. The
effectivemedium temperature, estimated using themean trans-
verse momentum, is 219± 8(syst)MeV. The excellent agree-
ment of lattice QCDs predictions with the experimental res-
ults provides strong evidence for the existence of a deconfined
phase of matter at extremely high temperatures.
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Fix the volume by selecting ultra-central events, and 
see entropy variation due to quantum fluctuations 

Rise of <pT> is observed in ultra-central collisions 

The extracted Cs2 agrees with LQCD

Rep. Prog. Phys. 87 (2024) 077801 The CMS Collaboration

The equation of state (EoS) reveals the underlying funda-
mental degrees of freedom of a substance and is an invalu-
able tool to infer how the substance will respond to changes
in its energy density. In fluid-like environments, the study of
sound modes arising from longitudinal compression provides
a means to determine the corresponding speed of sound,
denoted as cs. This parameter, whose square is defined as the
rate of pressure P change in response to variations in energy
density ε, c2s = dP/dε [11], plays a pivotal role in characteriz-
ing the nature of the medium under investigation and in con-
straining models of corresponding EoS. The exploration of the
sound wave propagation in strongly correlated systems, ran-
ging from neutron stars to ultracold atomic gases [12, 13], has
garnered significant interest in recent years. Various methodo-
logies have been proposed to experimentally extract the speed
of sound in a QGP fluid [14–18], offering a direct means
to constrain the QCD EoS. Notably, constraints on the speed
of sound in hot QCD matter have been inferred through a
comparison of relativistic nuclear collision data with theoret-
ical models within a Bayesian framework [15]. Recently, an
effort to directly extract c2s in the QGP phase was made by
establishing a connection to an effective static, uniform fluid
system [16]. That work was based on only two independent
measurements of the charged-particle multiplicity density and
mean transverse momentum (pT) in lead–lead (PbPb) colli-
sion data from the ALICE experiment at center-of-mass ener-
gies per nucleon pair

→
sNN = 2.76 and 5.02TeV, and yiel-

ded a value of c2s = 0.24± 0.04 in natural units at a tem-
perature of 222± 9MeV. This result is in line with lattice
QCD predictions, albeit subject to significant experimental
uncertainties.

To increase the precision by which the speed of sound can
be determined, a new hydrodynamic probe was later proposed
in [17] utilizing the multiplicity dependence of mean pT meas-
urements at a fixed

→
sNN. This innovative techniquemakes use

of ‘ultra-central’ collisions in which the ions overlap almost
entirely, i.e. collide at a very small impact parameter (b). A
conceptual representation of this probe is illustrated in figure 1.
The impact parameter of a heavy ion collision determines
the size of the nuclear overlap region (system size), which is
strongly correlated with the energy and entropy deposited in
the initial state and the number of emitted charged particles
in the final state (‘multiplicity’, Nch). As the impact para-
meter decreases and collisions become increasingly central,
both the system size and deposited energy increase, while
maintaining a nearly constant initial energy density and tem-
perature. However, this trend reaches its limit when b→ 0.
In this case, the initial system size is limited by the sizes of
the participating nuclei. For symmetric PbPb collisions, this
would be the size of a Pb nucleus. More energy and entropy
can still be deposited into the fixed volume through fluctu-
ations in the number of interacting partons. By examining the
response of the temperature T to the increasing entropy density
s at b∼ 0, the speed of sound can be extracted based on fun-
damental thermodynamic laws,

Figure 1. Conceptual representation of temperature vs. entropy
density from mid-central to ultra-central heavy ion collisions.

c2s =
dP
dε

=
sdT
Tds

=
d〈pT〉/〈pT〉
dNch/Nch

. (1)

Here, in terms of experimental observables, s is directly pro-
portional to Nch, while the temperature T relates to the average
transverse momentum (〈pT〉) of emitted particles with respect
to the beam axis [16]. Full hydrodynamic simulations, such as
those made possible using the Trajectum model [19], have
verified the above relationship, although there are features that
are not captured, as will be discussed later. As the c2s value
depends only on the relative variation in 〈pT〉 and Nch, any
global changes to the observables, such as an increase in the
system entropy through hadronic resonance decays [20], will
not affect the result.

In this paper, we present a precise determination of the
speed of sound in QGP using ultra-central PbPb collision data
at

→
sNN = 5.02TeV, collected in 2018 by the CMS experi-

ment at the CERN LHC. By achieving a level of precision
of several percent, comparable to theoretical uncertainties,
our results serve as a robust benchmark for comparison with
hydrodynamic simulations and lattice QCD calculations of the
EoS. These comparisons provide the most stringent and direct
constraints on the degrees of freedom attained by the medium
created in these collisions. Tabulated results are provided in
the HEPData record for this analysis [21].

2. The CMS detector

The CMS apparatus [22] is a multipurpose, nearly hermetic
detector, designed to trigger on [23, 24] and identify elec-
trons, muons, photons, and hadrons [25–27]. The initial trig-
gering is done with the level-1 system, which uses customized
hardware to make the rapid online decision whether or not to
accept an event and deliver it to the second system, the high

2

CMS, Rep.Prog.Phys.87(2024) 077801

Gardim et al., Nat.Phys.16, 615(2020) 
Gardim et al., PLB809(2020)135749

CMS, Rep.Prog.Phys.87(2024) 077801 
ATLAS, PRL133, 252301(2024) 
ALICE, JHEP11(2025)076
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Temperature dependence of Cs2
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Holo + LQCD - M. Hippert et al., Phys. Rev. D 110, 094006 (2024)
stout - S. Borsanyi et al., Phys. Lett. B 370, 99-104 (2014)
HISQ - A. Bazavov et al., Phys. Rev. D 90, 094503 (2014)

Summary

First controlled extraction of  at RHIC 
energies (with temperature dependence!) 
using logarithmic derivative approach.

c2
s

But critically, we are beginning to 
understand the role of the centrality 
estimator as a caveat to this extraction. 

Much to be discovered at other RHIC 
energies. For what collision system should 
we expect to lose our sensitivity?

25

Extraction of  is consistent with LQCD. c2
s

Interesting to see that STAR BES data fall on the same 
curves as LQCD  

Caveats: 

Assumptions                                                     may be questionable 

Self-correlation due to centrality selection makes a factor of  
~2 difference 

Kinematic cuts, e.g. low pT cut, also affect the results  
(a factor of ~4)

G. Nijs and W. Schee, Phys.Lett.B853 (2024) 138636 
ALICE, JHEP11(2025)076 
L. Gavassino et al., Phys.Rev.C112, 054903 (2025)
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Fig. 5. Collision energy dependence of ⇤ and ⇤̄ global polarization for mid-central heavy-ion
collisions83 compared to various model calculations.49,70,79,81,82 The experimental data from the
original publications are rescaled accounting for the recent update of the ⇤ decay parameters84

indicated in the figure.

entire system evolution. Therefore, it would be interesting to check whether the
polarization changes smoothly with the beam energy. Recently the STAR Collabo-
ration has reported ⇤ global polarization in Au+Au collisions at

p
sNN = 3 GeV,83

followed by results on ⇤ global polarization in Au+Au collisions at
p

sNN = 2.4 GeV
and Ag+Ag collisions at

p
sNN = 2.55 GeV by the HADES Collaboration.88 The

results indicate that the global polarization still increase at these energies, although
the current uncertainties may be too large to see the expected trend.

Calculation from the three-fluid dynamics (3FD)81 incorporating the equation
of state (EoS) for the first-order phase transition (1PT) captures the trend of the
experimental data. The 3FD model also shows sensitivity of the global polariza-
tion to EoS as seen in some di↵erence in the calculations for the first-order phase
transition and hadronic (HG) EoS.

5.1.2. Particle-antiparticle di↵erence

As discussed in Sec. 2.2, the initial and/or later-stage magnetic field created in
heavy-ion collisions could lead to a di↵erence in the global polarizations of particles
and antiparticles. The experimental results, presented in Fig 5, do not show any
significant di↵erence in polarizations of ⇤ and ⇤̄, already indicating that the ther-
mal vorticity, rather than the magnetic field contribution, is the dominant source
of the observed global polarization. Figure 6 presents directly the di↵erences in the
global polarizations of ⇤ and ⇤̄ as a function of

p
sNN.89 The new RHIC BES-II

results from Au+Au collisions at 19.6 GeV and 27 GeV greatly improve the statis-
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in heavy ion collisions is in the collective motion of the strongly interacting fluid,
and it is unlikely to be related to the hyperon polarization (with respect to the
production plane) observed in pp and pA collisions.11

In a non-central nuclear collision, the most prominent pattern in the initial col-
lective velocity distribution is a shear of the velocity field, dvz/dx 6= 0, where the z
direction is chosen along the beam, and the x direction is along the impact param-
eter vector defined as a vector connecting the centers of the two nuclei (pointing
from the “target” to the “projectile” nucleus, the latter defined as the one mov-
ing in the positive z direction, see Fig. 1. Such a shear in the velocity field leads
to nonzero vorticity characterizing the local orbital angular momentum density.
Particle binary interactions in the system would have on average non-zero orbital
angular momentum, which will be partially converted into spin of the final-state
particles. For example, in a system with non-zero vorticity consisting of pions, the
colliding pions have a preferential direction for their orbital angular momentum,
and the spin of ⇢ mesons produced in such collisions (⇡+⇡� ! ⇢0) would point in
that very direction.9

Z

X
PROJECTILE 
SPECTATORS

TARGET 
SPECTATOR

Fig. 1. Schematic view of a nuclear collision with x and z being the impact parameter and beam
directions, respectively. The system orbital angular momentum as well as the magnetic field points
into the page, opposite to the direction of the y axis. Solid yellow arrows indicate collective velocity
field at z = 0. Open arrow indicates vorticity of the system.

The idea of the global polarization is almost 20 years old with the initial pre-
dictions for the quark and final particles polarization as high as “in the order of
tens of a percent”.8 As pointed in Ref.,9 the global polarization phenomenon, if
that strong, could a↵ect the interpretation of di↵erent measurements. In partic-
ular, the polarization of the vector mesons would have a significant contribution
to the elliptic flow measurements.9,12 The decay products of the vector resonances
with spin pointing perpendicular to the reaction plane have the angular distribution
enhancing the in-plane particle production and thus contributing to the elliptic flow
measurements. The first measurements13 of the global polarization of ⇤ hyperons
in Au+Au collisions at 200 GeV by the STAR Collaboration put an upper limit on
hyperon polarization of |P⇤|  0.02. Subsequently, the theoretical predictions have
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The most vortical fluid ever observed!  ω~1021 (s-1)

STAR, Nature 548.62(2017)

Energy dependence of PH can be explained by models based on thermal vorticity 
- Smaller velocity shear at higher energy due to longitudinal boost invariance 
- Dilution effect due to longer system lifetime

I.Karpenko, F. Becattini, EPJ(2017)77.213 
Y. Xie, D. Wang, L. P. Csernai, PRC95, 031901(R) (2017)
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entire system evolution. Therefore, it would be interesting to check whether the
polarization changes smoothly with the beam energy. Recently the STAR Collabo-
ration has reported ⇤ global polarization in Au+Au collisions at

p
sNN = 3 GeV,83

followed by results on ⇤ global polarization in Au+Au collisions at
p

sNN = 2.4 GeV
and Ag+Ag collisions at

p
sNN = 2.55 GeV by the HADES Collaboration.88 The

results indicate that the global polarization still increase at these energies, although
the current uncertainties may be too large to see the expected trend.

Calculation from the three-fluid dynamics (3FD)81 incorporating the equation
of state (EoS) for the first-order phase transition (1PT) captures the trend of the
experimental data. The 3FD model also shows sensitivity of the global polariza-
tion to EoS as seen in some di↵erence in the calculations for the first-order phase
transition and hadronic (HG) EoS.

5.1.2. Particle-antiparticle di↵erence

As discussed in Sec. 2.2, the initial and/or later-stage magnetic field created in
heavy-ion collisions could lead to a di↵erence in the global polarizations of particles
and antiparticles. The experimental results, presented in Fig 5, do not show any
significant di↵erence in polarizations of ⇤ and ⇤̄, already indicating that the ther-
mal vorticity, rather than the magnetic field contribution, is the dominant source
of the observed global polarization. Figure 6 presents directly the di↵erences in the
global polarizations of ⇤ and ⇤̄ as a function of

p
sNN.89 The new RHIC BES-II

results from Au+Au collisions at 19.6 GeV and 27 GeV greatly improve the statis-
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in heavy ion collisions is in the collective motion of the strongly interacting fluid,
and it is unlikely to be related to the hyperon polarization (with respect to the
production plane) observed in pp and pA collisions.11

In a non-central nuclear collision, the most prominent pattern in the initial col-
lective velocity distribution is a shear of the velocity field, dvz/dx 6= 0, where the z
direction is chosen along the beam, and the x direction is along the impact param-
eter vector defined as a vector connecting the centers of the two nuclei (pointing
from the “target” to the “projectile” nucleus, the latter defined as the one mov-
ing in the positive z direction, see Fig. 1. Such a shear in the velocity field leads
to nonzero vorticity characterizing the local orbital angular momentum density.
Particle binary interactions in the system would have on average non-zero orbital
angular momentum, which will be partially converted into spin of the final-state
particles. For example, in a system with non-zero vorticity consisting of pions, the
colliding pions have a preferential direction for their orbital angular momentum,
and the spin of ⇢ mesons produced in such collisions (⇡+⇡� ! ⇢0) would point in
that very direction.9
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Fig. 1. Schematic view of a nuclear collision with x and z being the impact parameter and beam
directions, respectively. The system orbital angular momentum as well as the magnetic field points
into the page, opposite to the direction of the y axis. Solid yellow arrows indicate collective velocity
field at z = 0. Open arrow indicates vorticity of the system.

The idea of the global polarization is almost 20 years old with the initial pre-
dictions for the quark and final particles polarization as high as “in the order of
tens of a percent”.8 As pointed in Ref.,9 the global polarization phenomenon, if
that strong, could a↵ect the interpretation of di↵erent measurements. In partic-
ular, the polarization of the vector mesons would have a significant contribution
to the elliptic flow measurements.9,12 The decay products of the vector resonances
with spin pointing perpendicular to the reaction plane have the angular distribution
enhancing the in-plane particle production and thus contributing to the elliptic flow
measurements. The first measurements13 of the global polarization of ⇤ hyperons
in Au+Au collisions at 200 GeV by the STAR Collaboration put an upper limit on
hyperon polarization of |P⇤|  0.02. Subsequently, the theoretical predictions have
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The most vortical fluid ever observed!  ω~1021 (s-1)

STAR, Nature 548.62(2017)

Energy dependence of PH can be explained by models based on thermal vorticity 
- Smaller velocity shear at higher energy due to longitudinal boost invariance 
- Dilution effect due to longer system lifetime

I.Karpenko, F. Becattini, EPJ(2017)77.213 
Y. Xie, D. Wang, L. P. Csernai, PRC95, 031901(R) (2017)

F.Liu and Z. Tu, arXiv:2603.19581

Transverse polarization (wrt production plane) coupled to v1 may contribute at lower √sNN 

- Its origin is not understood since the first measurement in 1976
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Spin observables seem to have sensitivity to the medium properties such 
as the shear/bulk viscosities and EOS

26

PzPJ=P-y

z

x

y

April 16, 2024 11:43 WSPC Polarization-in-HIC

Polarization in heavy ion collisions 23

1 10 210
3

10

 (GeV)NNs

0

2

4

6

8 (
%

) 
H

P

-0.2<y<1

STAR Au+Au 20%-50%

ΛUrQMD-IC+vHLLE, 

ΛAMPT, 

Λ+ΛChiral kinetic, 

ΛYangMills-IC+PICR, 

Λ3FD, 1PT-EOS, 

Λ3FD, HG-EOS, 

BES-I
 Λ |y|<1    Λ 

200 GeV

 Λ |<1η|    Λ 

 Λ |<1η|    Λ 

ALICE Pb+Pb 15-50%

-0.5<y<0.3HADES 20-40%  

  Au+AuΛ

  Ag+AgΛ

BES-II
Λ |y|<1     Λ 

 0.014 ± =  0.732 
Λ

α

 0.012 ± = -0.758 
Λ

α

Fig. 5. Collision energy dependence of ⇤ and ⇤̄ global polarization for mid-central heavy-ion
collisions83 compared to various model calculations.49,70,79,81,82 The experimental data from the
original publications are rescaled accounting for the recent update of the ⇤ decay parameters84

indicated in the figure.

entire system evolution. Therefore, it would be interesting to check whether the
polarization changes smoothly with the beam energy. Recently the STAR Collabo-
ration has reported ⇤ global polarization in Au+Au collisions at

p
sNN = 3 GeV,83

followed by results on ⇤ global polarization in Au+Au collisions at
p

sNN = 2.4 GeV
and Ag+Ag collisions at

p
sNN = 2.55 GeV by the HADES Collaboration.88 The

results indicate that the global polarization still increase at these energies, although
the current uncertainties may be too large to see the expected trend.

Calculation from the three-fluid dynamics (3FD)81 incorporating the equation
of state (EoS) for the first-order phase transition (1PT) captures the trend of the
experimental data. The 3FD model also shows sensitivity of the global polariza-
tion to EoS as seen in some di↵erence in the calculations for the first-order phase
transition and hadronic (HG) EoS.

5.1.2. Particle-antiparticle di↵erence

As discussed in Sec. 2.2, the initial and/or later-stage magnetic field created in
heavy-ion collisions could lead to a di↵erence in the global polarizations of particles
and antiparticles. The experimental results, presented in Fig 5, do not show any
significant di↵erence in polarizations of ⇤ and ⇤̄, already indicating that the ther-
mal vorticity, rather than the magnetic field contribution, is the dominant source
of the observed global polarization. Figure 6 presents directly the di↵erences in the
global polarizations of ⇤ and ⇤̄ as a function of

p
sNN.89 The new RHIC BES-II

results from Au+Au collisions at 19.6 GeV and 27 GeV greatly improve the statis-

The systematic uncertainties were evaluated by variation
of the topological cuts in the Λ reconstruction ∼3% (10%),
using different methods of the signal extraction as
explained below ∼5% (8%), estimating possible back-
ground contribution to the signal ∼3% (6%), and uncer-
tainty on the decay parameter ∼2% (2%). The quoted
numbers are examples of relative uncertainties for the
second-order (third-order) results in 10%–30% (0%–
20%) central collisions. All these contributions were added
in quadrature, the value of which was quoted as the final
systematic uncertainty. The sine modulation of Pz was
extracted by measuring directly hcos θ!p sin½nðϕ −ΨnÞ%i as
a function of the invariant mass. The results were checked
by measuring hcos θ!pi, corrected for the acceptance effects,
as a function of the azimuthal angle relative to the event
plane, fitting it with the sine Fourier function as presented
below in Fig. 2, and followed by correction for the event
plane resolution (see Ref. [3] for more details). It should be
noted that hcos θ!p sin½nðϕ −ΨnÞ%i can be directly calcu-
lated for a selected mass window if the purity of the Λ
samples is high (the background contribution, if any, is
negligible). The two approaches provide consistent results.
The EPD event plane and different sizes of TPC subevents
(see Ref. [3]) were also used for cross-checks yielding
consistent results as well. Self-correlation effects due to
inclusion of the hyperon decay daughters in the TPC event
plane determination were studied by excluding the daugh-
ters from the event plane calculation and ultimately found
to be negligible. The feed-down effect may dilute the Pz
sine modulation of primary Λ by 10%–15% [41,42] but
since a correction for this effect is model dependent, only
results for inclusive Λ are presented in this Letter.
Figure 2 shows hcos θ!pisub as a function of the Λ (Λ̄)

azimuthal angle relative to the second- and third-order
event planes, where the superscript “sub” represents

subtractions of the detector acceptance and inefficiency
effects as described in Ref. [3]. Furthermore, the results are
multiplied by the sign of αH for a clearer comparison
between Λ and Λ̄. The right panel presents the measure-
ment of the longitudinal component of polarization relative
to the third-order event plane where sine patterns similar to
those in the left panel are clearly seen, indicating the
presence of triangular-flow-driven vorticity. It is notewor-
thy that while the origin of triangular flow is completely
different than that of elliptic flow, a similar development of
a vorticity pattern is observed. Since the results for Λ and Λ̄
are consistent with each other, as expected in the vorticity-
driven polarization picture (note that the difference
observed in the third-order results is ∼1.4σ), both results
are combined to enhance the statistical significance.
The sine modulations of Pz are studied as a function of

collision centrality and are presented in Fig. 3. Results of
the measurements relative to both event planes are com-
parable in magnitude and exhibit similar centrality depend-
ence, increasing in more peripheral collisions. Calculations
from a hydrodynamic model [27] with specific shear
viscosity ηT=ðeþ PÞ ¼ 0.08 and including both the
thermal vorticity and shear-induced contributions to the
polarization are shown. The model results strongly depend
on particular implementations of the shear-induced

FIG. 2. hcos θ!pisub of Λ and Λ̄ as a function of hyperon
azimuthal angle relative to the second- (left panel) and the
third-order (right panel) event planes, nðϕ − ΨnÞ, in 20%–60%
central isobar collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV. The sign of the
data for Λ̄ is flipped as indicated by sgnðαHÞ. The solid lines are
fit functions used to extract the parameters indicated in the label
where p1 corresponds to the nth-order Fourier sine coefficient.
Note that the results presented in these figures are not corrected
for the event plane resolution.
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FIG. 3. Centrality dependence of the second- and the third-order
Fourier sine coefficients of Λþ Λ̄ polarization along the
beam direction in isobar Ruþ Ru and Zr þ Zr collisions atffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV. Open boxes show systematic uncertainties.
Solid bands show calculations from the hydrodynamic model [27]
including contribution from the shear-induced polarization (SIP)
based on Ref. [43] by Becattini-Buzzegoli-Palermo (BBP) or
Ref. [44] by Liu-Yin (LY) in addition to that due to thermal
vorticity ωth. The model calculations with a nearly zero shear
viscosity (“ideal hydro”) are also shown.
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Bayesian analysis with spin
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FIG. 8. Posterior distributions of the temperature-dependent bulk viscosity obtained from the

analysis with and without including Pz in the left and right panels, respectively. The median

estimate is shown as a solid line and the maximum-a-posteriori (MAP) estimate as a dashed line.

The shaded bands correspond to the 60%, 90%, and 100% credible intervals, with decreasing color

intensity indicating increasing credibility level.

consistency test of the Bayesian inference. Parameter samples are drawn from the posterior

distribution and propagated through the trained emulator to generate replicated datasets in

the observable space. The resulting ensemble of replicated observables is used to construct

pointwise posterior predictive intervals, defined by the 5th and 95th percentiles, together

with the median prediction. These intervals are compared directly to the experimental mea-

surements across all observables and centrality classes, as shown in Fig. 6. Good agreement

of the data with the posterior predictive bands indicates that the inferred parameter dis-

tributions provide a statistically consistent description of the measured observables. We

emphasize that this procedure tests the full predictive distribution of the model rather than

a single best-fit parameter set.

Using the posterior samples obtained from the Bayesian analysis, we reconstruct the

temperature dependence of the shear and bulk viscosity coe!cients in Figs. 7-8. For each

coe!cient, we evaluate the functions Eqs. 8-9 over a dense temperature grid using a large

ensemble of posterior samples and construct pointwise credibility intervals. The median

and maximum-a-posteriori (MAP) estimates are shown alongside the 60%, 90%, and 100%

credible intervals. We find that the extracted shear viscosity is essentially unchanged when

longitudinal spin polarization data are included in the Bayesian analysis, indicating that
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FIG. 7. Posterior distributions of the temperature-dependent shear viscosity obtained from the

analysis with and without including Pz in the left and right panels, respectively. The median

estimate is shown as a solid line and the maximum-a-posteriori (MAP) estimate as a dashed line.

The shaded bands correspond to the 60%, 90%, and 100% credible intervals, with decreasing color

intensity indicating increasing credibility level.

VI. RESULTS

To illustrate the outcome of the Bayesian parameter inference, we evaluate the emulator

at the median of the posterior parameter distribution and compare the resulting model

predictions with experimental data across all observables and centrality classes as shown in

Figs. 3-5. The emulator provides the mean prediction in observable space together with the

associated emulator uncertainty, obtained by propagating Gaussian-process uncertainties

from principal-component space and including the PCA truncation variance. The shaded

bands in the figures indicate the resulting 1ω uncertainty on the model prediction. For

comparison, we also show predictions obtained from parameter values sampled uniformly

within the prior ranges, highlighting the degree to which the data constrain the model

parameters. These comparisons demonstrate that the posterior-median parameter set yields

a significantly improved description of the measured observables.

To assess the overall consistency of the inferred model with experimental data, we per-

form posterior predictive checks. While the posterior-median comparison described above

illustrates the predictions corresponding to a representative inferred parameter set, pos-

terior predictive checks probe the full predictive distribution of the model and provide a
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FIG. 6. Posterior predictive checks for the Bayesian analysis of Pb+Pb collisions at
→

sNN = 5.02

TeV. The shaded bands correspond to the 5th–95th percentile intervals of the posterior predictive

distribution obtained by propagating posterior parameter samples through the emulator trained

including spin polarization.. The solid line indicates the median prediction. Experimental data are

shown for comparison.
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First attempt to constrain η/s and ζ/s using the spin observable (Pz,2)  
in Bayesian analysis 

Leading to larger bulk viscosity 

Without spin, the sign of Pz,2 becomes the opposite
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FIG. 15. (left) Transverse momentum and (right) azimuthal angle dependence of longitudinal

polarization for Pb-Pb collisions at
→

sNN = 5.02 TeV in the 30-50% centrality. Shown are model

results obtained using median bulk viscosity values extracted from Bayesian analyses with and

without inclusion of spin polarization observable.

transverse momentum dependence of the charged-particle elliptic flow coe!cient v2, shown

in Figs. 13 and 14. We find that these di”erential hadronic observables are equally well

described by both sets of extracted parameters, namely those obtained from analyses with

and without spin polarization data. We additionally evaluate the transverse momentum

and azimuthal angle dependence of the longitudinal spin polarization Pz shown in Fig. 15.

The results indicate that the experimentally observed sign of Pz is correctly reproduced only

by the parameter set obtained from the Bayesian analysis that includes spin polarization

observables. This parameter set corresponds to a bulk viscosity approximately a factor

of two larger than that obtained in the analysis without spin observable. These findings

further emphasize that spin polarization observables provide complementary and nontrivial

constraints on the bulk viscosity of the QCD medium.

Finally, we compare the extracted transport coe!cients with results from other analyses

in Fig. 16. The shear viscosity shown in the left panel is broadly consistent with existing

results in the literature. In contrast, significantly larger variations are observed among the

reported results for the bulk viscosity. The bulk viscosity obtained in our analysis without

spin observable is in close agreement with the JETSCAPE result. However, the bulk viscosity

extracted from the analysis including spin polarization observable is comparatively larger

than existing results shown in the figure. Such a larger bulk viscosity appears to be necessary
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Phase diagram of rotating nuclear matter
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Y. Fujimoto, K. Fukushima, Y. Hidaka, PLB816(2021)136184

• Vorticity ω acts like baryon chemical potential μB and lower deconfinement 
transition temperature

Y. Fujimoto, K. Fukushima and Y. Hidaka Physics Letters B 816 (2021) 136184

Fig. 2. Deconfinement transition surface as a function of the baryon chemical po-
tential µ and the angular velocity ω.

gluons are massless gauge bosons. This is why J 2
ℓ (krr) + J 2

ℓ+2(krr)
appears above. The quark pressure reads more straightforwardly:

pq = − T
8π2

∞∑

ℓ=−∞

∫

$IR
ℓ

dk2
r

∫
dkz

[
J 2
ℓ (krr) + J 2

ℓ+1(krr)
]

× log

{

1+exp

[

−
√

k2
r +k2

z + (ℓ+ 1
2 )ω− µ

Nc

T

]}

(22)

and the anti-quark pressure, pq̄ , takes almost the same expression 
with µ → −µ.

Here our criterion for the deconfinement transition is pre-
scribed, in a way similar to Ref. [40], as

p
pSB

(Tc, µ, ω) = γ . (23)

Here, γ is a constant, which is chosen to reproduce Tc(µ = ω =
0) = 154 MeV in accordance with the lattice-QCD results [39]. This 
condition fixes γ = 0.18 in our calculation. Now we can numeri-
cally solve Eq. (23) to identify Tc = Tc(µ, ω) as plotted in Fig. 2.

Now it is evident that Tc is a decreasing function with increas-
ing ω just like the behavior along the µ direction. We cannot 
directly study the chiral properties within the HRG model, but it is 
conceivable that the deconfinement Tc and the chiral restoration 
temperature are linked even at finite ω. We can also notice that 
the effect of ω makes Tc drop faster than that of µ. We under-
stand this from the ω induced effective chemical potential which is 
proportional to ℓ + Si . Because ℓ becomes arbitrarily large, the sys-
tem can be more sensitive to the effective chemical potential than 
the baryon chemical potential. From our parameter free analyses 
we make a conclusion that the deconfining transition temperature 
is lowered by the rotation effect.

7. Revisiting the radial dependence

It would be an interesting problem to make systematic inves-
tigations of the r and ω dependence in the pressure. The main 
focus of the present work is the survey of the phase diagram, so 
we will not go into systematic discussions here. Still, it would be 
instructive to verify our physical interpretation of the r and ω de-
pendence in Eq. (19) from the numerical calculation.

We fix the temperature, T = 0.15 GeV, and change r for three 
different values of ω = 0.1, 0.2, 0.3 GeV. The range of r is 
[0.01, 0.17] GeV−1. Our numerical calculations lead to the r de-
pendence as shown in Fig. 3. We have checked that each curve 
on Fig. 3 is well fitted by a quadratic function ∝ r2 as expected 

Fig. 3. &p as a function of r for three different values of ω.

from Eq. (19). From this quadratic r dependence we can numeri-
cally estimate σ defined in Eq. (19). For ω = 0.1 GeV the numerical 
coefficient reads: &p/r2 ≃ 8.19141 × 10−6 GeV6. The correspond-
ing value of σ is σ ≃ 3.21, from which we can infer,

ν(ω = 0.1 GeV) ≃ 7 . (24)

For different ω the results are slightly changed, but of the same 
order. This value of ν is comparable to the thermal degrees of 
freedom of light mesons, i.e., pions and Kaons. We have a full ex-
pression of Eq. (12) and we do not have to rely on an Ansatz like 
Eq. (19). In this sense the above mentioned estimate of ν should 
be understood as a consistency check. It would be a very intriguing 
question to see the spatial distribution of the angular momentum 
density, ⟨ j⟩(r), as well as the moment of inertia, dI(r), directly 
from Eq. (12). We will report a thorough analysis in a separate 
publication and stop our discussions at the level of the consistency 
check in the present paper.

8. Summary

We studied the effect of rotation on the deconfinement transi-
tion from hadronic to quark matter. We devised the hadron res-
onance gas (HRG) model in a rotating frame and formulated a 
practical scheme for the pressure calculation that is dependent on 
the radial distance r from the rotation axis. Adopting a working 
criterion for deconfinement in the view of the Hagedorn picture, 
we found that increasing the angular velocity ω lowers the decon-
finement transition temperature, which is similar to the effect of 
baryon chemical potential. We then drew the 3D phase diagram 
of rotating hot and dense matter in Fig. 2. Our physics discussions 
include not only the phase diagram but also the physical inter-
pretation of the spatial dependence of the pressure. The numerical 
results are consistent with the physical interpretation in terms of 
the moment of inertia. Our result is in tension with the lattice-QCD 
results [23,24], which only calculate the Polyakov loops at present. 
It would be interesting to see the thermodynamic quantities on 
the lattice in rotating frames as we have done in this work, and 
compare with the HRG counterpart.

There are many interesting directions for future extensions. In 
the context of the QCD phase diagram research it would provide 
us with an inspiring insight to study whether the deconfinement 
and the chiral restoration transitions should be locked or unlocked 
by rotational effects. Also, a more comprehensive analysis involv-
ing the magnetic field on top of rotation would be desirable for 
phenomenological applications. Since we formulated the pressure 
as a function of r and ω, it has paved a clear path for the micro-
scopic computation of the angular momentum and the moment of 

5

the color superconductivity at high density and low
temperature (see, e.g., Ref. [38] for a recent review).
Different from the chiral condensate, the diquark pairing
state has orbital angular momentum L ¼ 0 while total spin
S ¼ 0 (i.e., antisymmetric combination of individual quark
spins), again with the total angular momentum J ¼ 0. We
use the same NJL model and for simplicity we focus on the
low-temperature high-density region where the chiral
symmetry is already restored. Assuming a mean-field
2SC diquark condensate Δϵαβ3ϵij ¼ −2Gdhiψα

i Cγ
5ψβ

j i,
the grand potential is given by (with Nf ¼ 2 and Nc ¼ 3)

Ω ¼
Z

d3~r
!

Δ2

4Gd
−

1

4π2
X

n

Z
dk2t

Z
dkz

× ½JnðktrÞ2 þ Jnþ1ðktrÞ2&

× NfT½ðNc − 2Þðln ð1þ eϵ
þ
n =TÞ þ ln ð1þ e−ϵ

þ
n =TÞ

þ ln ð1þ eϵ
−
n =TÞ þ ln ð1þ e−ϵ

−
n =TÞÞ

þ 2ðln ð1þ eϵ
Δþ
n =TÞ þ ln ð1þ e−ϵ

Δþ
n =TÞ

þ ln ð1þ eϵ
Δ−
n =TÞ þ ln ð1þ e−ϵ

Δ−
n =TÞÞ&

"
: ð9Þ

In the above, the mean-field quasiparticle dispersion ϵ'n and
ϵΔ'n is given by ϵ'n ¼ ð

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2z þ k2t þm2

p
' μÞ − ðnþ 1

2Þω
and ϵΔ'n ¼ ½ð

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2z þ k2t þm2

p
' μÞ2 þ Δ2&12 − ðnþ 1

2Þω.
The diquark condensate Δ at given values of T, μ, and ω,

can then be determined from the gap equation for the order
parameter: ½δΩ=δΔðrÞ& ¼ 0 and ½δ2Ω=δΔðrÞ2& > 0. By
numerically solving the equation, we show in Fig. 4 the
Δ (at r ¼ 0.1 GeV−1) as a function of ω for several values
of T and fixed μ ¼ 400 MeV. With increasing ω, the
diquark condensate always decreases toward zero, through
a first-order transition at low T while a second-order
transition at higher T. This result again confirms the generic
rotational suppression effect on the scalar diquark pairing.
Summary and discussions.—In summary, we have found

a generic rotational suppression effect on the fermion
pairing state with zero angular momentum. This effect is

demonstrated for two well-known pairing phenomena in
QCD matter, namely, the chiral condensate and the color
superconductivity. The scalar pairing states in these two
examples, while different in many aspects, are both found
to be reduced with increasing rotation of the system. In the
case of chiral phase transition, we have identified the
phase boundary with a critical point on the T − ω param-
eter space.
Apart from significant theoretical interests, it is tempt-

ing to discuss potential implications of the rotational
suppression effect for several physics systems. The phase
diagram of QCD matter on the T − ω plane could be
quantitatively explored by ab initio lattice simulations
which has recently become feasible [9]. In heavy ion
collisions there is a sizable global angular momentum
(∼105ℏ) carried by the fireball (see, e.g., Ref. [6]) with ω
reaching the order of 0.1 GeV, which may possibly help
restore chiral symmetry at lower temperature. For the
dense matter in neutron stars, the global rotation has a
frequency up to ω ∼ 103 s−1 with ωr ∼ 0.1c (where c is
speed of light) at the outer crust which might influence
the nucleon mass or nucleon-nucleon pairings as well as
the moment of inertia for such stars [28,29]. To see
whether any measurable consequence in these QCD
systems may result therein, requires quantitative studies.
In the nonrelativistic domain, the cold fermionic gas is an
ideal place to study the rotational suppression effect on
the fermion pairing and the BCS-BEC crossover phe-
nomenon [39–43]. A realistic investigation of potential
phenomenological applications, as well as a very detailed
discussion of the present theoretical study, will be
reported elsewhere in the future.

The authors thank K. Fukushima, X.-G. Huang, D.
Kharzeev, L. McLerran, M. Stephanov, H.-U. Yee, and
P. Zhuang for discussions. This material is based upon
work supported by the U.S. Department of Energy, Office
of Science, Office of Nuclear Physics, within the frame-
work of the Beam Energy Scan Theory (BEST) Topical
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FIG. 3. The phase diagram on the T − ω plane (see text).
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Summary
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• Different observables show non-monotonicity or peak or dip in their energy dependence, 
which may or may not be related to the softening of EOS or 1st-PT 

• Complexity in the interpretation due to other contributions, e.g. spectator shadowing, which 
need to be disentangled/understood 

• Spin observables could be useful to constrain  
the medium properties and to study phase structure 

Outlook 
• Stay tuned for completing BES-II FXT analyses 
• Future experiments: CBM, CEE, JPARC-HI
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Fig. 24 Data for the ratio Rout/Rside over the energy range of the RHIC
beam energy scan. The symbols refer to results from the different exper-
iments as shown in the legend. For further details see [132]

sensitive to the duration of the emission process and thus
can serve as a probe of the late-stage expansion dynamics.
A first-order phase transition involving the formation of a
long-lived mixed phase is expected to increase the emission
duration and to result in a (much) larger value of Rout > Rside.
A steep drop in the compressibility of the expanding matter
during hadron emission, corresponding to a drop in the sound
velocity, would have a similar, albeit less pronounced effect.

The data for Au+Au collisions over the energy range of
the RHIC Beam Energy Scan from STAR exhibit a rise in
Rout/Rside with increasing collisions energy up to

√
sNN ≈

20 GeV followed by a smooth fall-off for higher energies as
seen in Fig. 24. This behavior appears to be consistent with
the interpretation of a minimum of the compressibility around
Tc during hadron emission, but a firm conclusion will require
a detailed theoretical analysis, which is not yet available.

The three radius parameters are sometimes combined to
estimate the volume of a homogeneously flowing emission
region at the moment of freeze-out. However, regions of
the fireball that flow in different directions or are shielded
from each other by opaque matter do not contribute to the
HBT interference pattern. Therefore, the product Vhom =
RoutRsideRlong, called the homogeneity volume, cannot be
interpreted directly as the total volume of the fireball dur-
ing the hadron emission process. The Gaussian life-time
parameter τ f measures the average duration of the stage
during which hadrons freeze out from the fireball, or their
emission time. The τ f can be derived from the Rlong and
the kinetic freeze-out temperature [133]. The life-time τ f
increases smoothly with charged-particle multiplicity from

Fig. 25 Life-time parameter τ f as a function of the cube-root of the
charged-particle multiplicity density. Data are from femtoscopy mea-
surements of various experiments covering the center-of-mass energies
labeled in the legend [7]

around 4–10 fm/c, as seen in Fig. 25. This is also the case for
the quantity Vhom.

Momentum correlations of non-identical particles have
been measured providing information about interactions
among hadrons that cannot be easily measured in scatter-
ing experiments because the hadrons are unstable or beams
are unavailable. For example, (p") correlations have been
measured in Au+Au collisions by STAR [134] and (K−p)
correlations in collisions of p+p, p+Pb, and Pb+Pb by
ALICE [135,136]. These are sensitive to the asymptotic form
of the two-particle KN wave function at distances of several
fm and are able to provide details of the coupling strength in
various inelastic channels of exotic nuclear resonance states.
When measured as a function of the source size can help
understand the internal structure of these exotic states.

Another example where heavy-ion collisions can help
elucidate the structure of hadronic resonance states is the
exotic χ (3872) particle, which was first observed in p+p
collisions [137] collisions. The decay channel χ (3872) →
J/ψ π+π− was recently measured in inclusive Pb+Pb col-
lisions [138]. The prompt χ (3872)/ψ(2 s) is observed to
increase as a function of multiplicity in p+Pb and Pb+Pb,
but to decrease with underlying event multiplicity in p+p
reactions. This suggests very different dynamics, such as
quark coalescence, for the exotic χ (3872) particle at high
density compared to the ψ(2 s). Future measurements will
aim to determine whether the χ (3872) is a (qq̄) molecule, a
tetraquark state or some mixture of both.

The production of light anti-nuclei is enhanced in heavy-
ion collisions [139] by the formation and rapid expansion of
a QGP, as it allows anti-nuclei to escape more easily without
annihilation. This is also true for production of light anti-
hypernuclei [140]. The relative yields of light nuclei and their
antiparticles can be used to test their production mechanisms,
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FIG. 12. v2 of protons and pions from STAR FXT data analysis,
and v2 of protons from E895 experiment. Blue (red) stars represent
STAR FXT proton (pion) data (0–30 % centrality), and black circles
show E895 data (12–25 % centrality) [45].

positive and negative pions are presented together to improve
the statistical significance of the result.

In this analysis of elliptic flow, two methods are used: (1)
the event plane method using TPC information [26–28] and
(2) the two-particle cumulants method [29]. The event plane
resolution is about 20%. Resonance decays generate unrelated
correlations of particles in the final state. Such correlations are
a nonflow contribution and they bias the elliptic flow measure-
ment. Since particles from resonance decays are correlated
both in η and φ, we can reduce the nonflow contribution
caused by resonances by measuring elliptic flow using parti-
cles which are not correlated in η. The implementation of this
idea is different in each method. For the event plane method,
we divide each event into two subevents. For the cumulant
method, we require a 0.1 gap in η between all considered
pairs. Both methods give results which are consistent within
their uncertainties.

Figure 12 shows the elliptic flow v2 as a function of
transverse kinetic energy mT − m for pions and protons ob-
tained with the event plane method, where m is mass and

mT =
√

m2 + p2
T is transverse mass. It is compared to E895

results [45] obtained using the same method. We analyze the
0–30 % most central events. For pions and protons, we require
|y| < 0.5. In this analysis, we use tracks with 0.2 < pT < 2.0
GeV/c, but due to STAR acceptance in FXT mode at

√
sNN =

4.5 GeV, we could analyze only protons with higher values of
pT, namely pT > 0.4 GeV/c (see Fig. 6). The proton results
are consistent with E895 results [45].

To test the NCQ scaling, we divide v2 and mT − m (Fig. 12)
by the number of constituent quarks (three for protons and
two for pions). The results are presented in Fig. 13. The
observed scaling with the number of constituent quarks at 4.5
GeV is similar to what is observed for Au + Au at higher
collision energies [46,47]. The system created for Au + Au
at

√
sNN = 4.5 GeV has, perhaps surprisingly, larger collec-

tivity than expected, and there is no significant difference in
identified particle elliptic flow behavior when compared to
higher energies. The results in Fig. 13 are in possible conflict
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FIG. 13. v2 scaled by the number of constituent quarks (nq) for
charged pions (red stars) and protons (blue stars) for 0–30 % central
collisions. The values of v2 scaled with nq for pions and protons are
consistent with each other within errors. For comparison, points from
E895 are also shown (black circles)

with expectations. Constituent-quark scaling [ 1
3v

p
2 (mT /3) =

1
2vπ

2 (mT /2) at intermediate mT ] at these energies would sug-
gest partonic collectivity—quark gluon plasma creation—in
Au + Au collisions at energies as low as

√
sNN = 4.5 GeV.

Higher statistical precision is needed to test the NCQ scaling
hypothesis decisively, and this is forthcoming in the second
phase of the beam energy scan.

Figure 14 shows the beam energy dependence of v2
measurements, integrated over pT. The current results are con-
sistent with the trends established by the previously published
data.

VI. FEMTOSCOPY OF PIONS

Two-particle correlations at low relative momentum can
be used to extract information on the space-time structure

FIG. 14. The excitation function v2 for all charged particles or
separately for protons and pions, measured by several experiments.
The STAR FXT points for protons and for pions are near the region
where a change in slope occurs. Data are shown from FOPI [48,49],
E895 [45], E877 [50], CERES [51], NA49 [52], PHENIX [53],
PHOBOS [54], and from the STAR collider energies [46,47,55–57].
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For intermediate-centrality collisions, the proton slope
decreases with increasing energy and changes sign from
positive to negative between 7.7 and 11.5 GeV, shows a
minimum between 11.5 and 19.6 GeV, and remains small
and negative up to 200 GeV, while the pion and antiproton
slopes are negative at all measured energies. In contrast,
there is no hint of the observed nonmonotonic behavior for
protons in the well-tested UrQMD model. Isse et al., in a
transportmodel study incorporating amomentum-dependent
mean field, report qualitative reproduction [40] of proton
directed flow fromE895 [17] and NA49 [18] (see Fig. 3), but
this model yields a positive dv1=dy at all beam energies
studied (

ffiffiffiffiffiffiffiffi
sNN

p ¼ 17.2, 8.8 GeV and below).
The energy dependence of proton dv1=dy involves an

interplay between the directed flow of protons associated
with baryon number transported from the initial beam
rapidity to the vicinity of midrapidity, and the directed flow
of protons from particle-antiparticle pairs produced near
midrapidity. The importance of the second mechanism
increases strongly with beam energy. A means to distin-
guish between the two mechanisms would thus be

informative. We define the slope Fnet-p based on expressing
the rapidity dependence of directed flow for all protons as
½v1ðyÞ%p¼ rðyÞ½v1ðyÞ%p̄þ½1−rðyÞ%½v1ðyÞ%net-p, where rðyÞ
is the observed rapidity dependence of the ratio of
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FIG. 2 (color online). Proton and antiproton v1ðyÞ (left panels)
and π' v1ðyÞ (right panels) for intermediate-centrality
(10%–40%) Au+Au collisions at 200, 62.4, 39, 27, 19.6, 11.5,
and 7.7 GeV. The plotted errors are statistical only.
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FIG. 3 (color online). Directed flow slope (dv1=dy) near
midrapidity versus beam energy for intermediate-centrality
Au+Au collisions. The slopes for protons, antiprotons, and π'

are reported, along with measurements by prior experiments
[17,18] with comparable but not identical cuts. Statistical errors
(bars) and systematic errors (shaded) are shown separately.
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FIG. 4 (color online). Directed flow slope (dv1=dy) near
midrapidity versus beam energy for intermediate-centrality
Au+Au. Panels (a), (b) and (c) report measurement for anti-
protons, protons, and net protons, respectively, along with
UrQMD calculations subject to the same cuts and fit conditions.
Systematic uncertainties are shown as shaded bars. Dashed
curves are a smooth fit to guide the eye.
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and negative up to 200 GeV, while the pion and antiproton
slopes are negative at all measured energies. In contrast,
there is no hint of the observed nonmonotonic behavior for
protons in the well-tested UrQMD model. Isse et al., in a
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of protons from particle-antiparticle pairs produced near
midrapidity. The importance of the second mechanism
increases strongly with beam energy. A means to distin-
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FIG. 37. Variation of Tkin with 〈β〉 for different energies and
centralities. The centrality increases from left to right for a given
energy. The data points other than BES energies are taken from
Refs. [43,66]. Uncertainties represent systematic uncertainties.

wave model results are sensitive to the pT fit ranges used for
fitting [66]. The results presented here use similar values of
low pT as were used in previous studies by STAR and ALICE
[43,66]. We keep consistent pT ranges for simultaneous fitting
of the π±, K±, p, and p̄ spectra across all the BES energies as
shown in Fig. 36. The extracted kinetic freeze-out parameters
for the BES energies are listed in Table X.

Figure 37 shows the variation of Tkin with 〈β〉 for different
energies and centralities. The 〈β〉 decreases from central to
peripheral collisions, indicating more rapid expansion in cen-
tral collisions. On the other hand, Tkin increases from central
to peripheral collisions, consistent with the expectation of a
shorter lived fireball in peripheral collisions [94]. Furthermore,
we observe that these parameters show a two-dimensional
anticorrelation band. Higher values of Tkin correspond to lower
values of 〈β〉 and vice versa.

Figure 38(a) shows the energy dependence of kinetic
and chemical freeze-out temperatures for central heavy-ion
collisions. We observe that the values of kinetic and chemical
freeze-out temperatures are similar around

√
sNN = 4–5 GeV.

If the collision energy is increased, the chemical freeze-out
temperature increases and becomes constant after

√
sNN =

11.5 GeV. On the other hand, Tkin is almost constant around
the 7.7–39 GeV and then decreases up to LHC energies. The
separation between Tch and Tkin increases with increasing
energy. This might suggest the effect of increasing hadronic
interactions between chemical and kinetic freeze-out at higher
energies [4]. Figure 38(b) shows the average transverse radial
flow velocity plotted as a function of

√
sNN . The 〈β〉 shows a

rapid increase at very low energies, and then a steady increase
up to LHC energies. The 〈β〉 is almost constant for the lowest
three BES energies.

VII. SUMMARY AND CONCLUSIONS

We have presented measurements of identified particles
π,K,p, and p̄ at midrapidity (|y| < 0.1) in Au+Au collisions
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FIG. 38. (a) Energy dependence of kinetic and chemical freeze-
out temperatures for central heavy-ion collisions. The curves repre-
sent various theoretical predictions [81,82]. (b) Energy dependence
of average transverse radial flow velocity for central heavy-ion
collisions. The data points other than BES energies are taken from
Refs. [43,53–64,66] and references therein. The BES data points
are for 0–5% central collisions, AGS energies are mostly for 0–5%,
SPS energies are for mostly 0–7%, and top RHIC and LHC energies
are for 0–5% central collisions. Uncertainties represent systematic
uncertainties.

at
√

sNN = 7.7, 11.5, 19.6, 27, and 39 GeV from the beam
energy scan program at RHIC. The transverse momentum
spectra of pions, kaons, protons, and antiprotons are presented
for 0–5%, 5–10%, 10–20%, 20–30%, 30–40%, 40–50%, 50–
60%, 60–70%, and 70–80% collision centrality classes. The
bulk properties are studied by measuring the identified hadron
dN/dy, 〈pT 〉, particle ratios, and freeze-out parameters. The
results are compared with corresponding published results
from other energies and experiments.

The yields of charged pions, kaons, and antiprotons de-
crease with decreasing collision energy. However, the yield
of protons is higher for the lowest energy of 7.7 GeV, which
suggests high baryon stopping at midrapidity at lower energies.
The yields decrease from central to peripheral collisions for
π±, K±, and p. However, the centrality dependence of yields
for p̄ is weak. The energy dependence of pion yields changes
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Figure 4. Correlation between →pT〉norm and →dNch/dη〉norm in Pb-Pb collisions at √
sNN = 5.02TeV.

Each panel shows the results for different centrality estimators defined in table 1. →pT〉norm and
→dNch/dη〉norm are derived from the pT spectra within the 0–10 GeV/c interval for all centrality
estimators. For ET-based centrality estimators, the y-axis scale should be read from the axis located
to the right of the bottom right panel. Lines on top of the data represent fits using eq. (4.2). The
fit range spans from 1 to the last point. Each panel displays the corresponding c2s values with their
total uncertainty, determined by summing the statistical and systematic uncertainties in quadrature.
Vertical uncertainty bars in each point represent the combined statistical and systematic uncertainty.
The total uncertainty in the →dNch/dη〉norm is negligible and therefore not visible.

selecting collisions with similar entropy densities when using these two centrality estimators.
This is further supported by the similar c2s values obtained with both estimators: c2s is equal to
0.1873± 0.0145 and 0.1795± 0.0086 for the SPD and TPC centrality estimators, respectively.

The top right panel of figure 4 presents the results obtained with varying pseudorapidity
gaps (0, 0.4, and 0.9 units). →pT〉norm with zero gap rises at a steeper rate compared to
the cases with a gap, while →dNch/dη〉norm remains relatively constant regardless of the
presence of the pseudorapidity gap. This can be attributed to the finite width of jets, whose
fragmentation products can extend into the pseudorapidity region where →pT〉 is measured.
The rise rate of →pT〉norm is seen to decrease with increasing pseudorapidity gap, yielding c2s
values of 0.2083± 0.0250 (no gap), 0.1873± 0.0145 (gap of 0.2 units) and 0.1473± 0.0122
(gap of 0.4 units), for the three cases using the Ntracklets centrality estimator. While it would
be interesting to investigate larger pseudorapidity gaps with the SPD detector, the strong
dependence of cluster reconstruction efficiency on the primary-vertex position along the beam
axis limits the maximum achievable pseudorapidity selection to one unit. The maximum
pseudorapidity gap is achieved using the V0 detector. The V0 amplitude-based centrality
estimator exhibits a narrower range in →dNch/dη〉norm, reaching only up to 1.1, compared to
the particle density obtained with SPD and TPC centrality estimators. It is known that the
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Figure 6. Extracted c2s as a function of the minimum pseudorapidity gap between the centrality
estimation and transverse-momentum spectra measurement in Pb-Pb collisions at →

sNN = 5.02TeV.
The results are compared with the c2s value measured by the CMS collaboration (with a minimum
|∆η| = 2.5) [21]. The uncertainty bars around the data points represent the sum in quadrature of the
statistical and systematic uncertainties (not visible). Predictions from Trajectum [55–57] are shown as
continuous lines, with mesh bands indicating the total uncertainty (statistical and systematic combined
in quadrature). Predictions from the HIJING [42] model are shown as dashed lines, with shaded bands
representing statistical uncertainty only. See the main text for details on the uncertainty estimation in
the model c2s values. The horizontal dashed green line indicates the Lattice QCD prediction of c2s for
deconfined matter, as calculated by the HotQCD collaboration [17]. Centrality-estimator definitions
are presented in table 1.

the data. The uncertainty in the Trajectum c2s values is estimated by shifting the 〈pT〉norm

distribution between its minimum and maximum bounds, as determined by its point-by-
point systematic uncertainty, and then refitting. The difference between the minimum and
maximum extracted c2s values, relative to the nominal value, is assigned as the systematic
uncertainty. Only the statistical uncertainty is considered for the HIJING predictions.
Trajectum predictions are consistent with the data within 15% for the ET-based centrality
estimator, but exhibit increasing deviation with increasing pseudorapidity gap for multiplicity-
based centrality estimators. In contrast, the HIJING c2s values are systematically lower than
the data, indicating that hydrodynamic evolution is essential for a quantitative description.

Figure 7 presents the self-normalized higher-order moments of [pT] as a function of
〈dNch/dη〉norm. The left column displays results from the charged-particle centrality estimator
at mid-rapidity, while the right column shows those from the transverse-energy centrality
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of the QGP in UCC, where the initial transverse size is
fixed, but the energy density varies strongly.
A recent study [10] connected the increase of ½pT" in

UCC to the speed of sound of the QGP [9], calculated as
c2sðTÞ ¼ d lnT=d ln s, where T and s are the medium’s
temperature and entropy density, respectively. Since T
evolves throughout the QGP’s lifetime, c2s was estimated
at an effective temperature Teff , approximately 1=3 of the
average pT calculated for all particles [9,10],

c2sðTeffÞ ∝
d lnðh½pT"iÞ
d lnðNchÞ

≈
ΔpT=h½pT"i
ΔNch=hNchi

:

According to this model, the measured slope in Fig. 4 can
be used to estimate c2sðTeffÞ. The MUSIC model achieves
reasonable agreement with the Pbþ Pb data, including its
pT dependence, by using c2s ≈ 0.23 with Teff ≈ 222 MeV
[9], values consistent with those reported by the CMS
Collaboration [31]. However, the extraction of the c2s was
shown to be sensitive to several factors, including the
kinematic selection of the particles used to define
the centrality and h½pT"i [13,15]. Additionally, because
the slopes in Fig. 4 are driven by the intrinsic component of
Pð½pT"Þ, which can be independently constrained using the
higher-order moments in Fig. 3, it is crucial that any model
aiming to extract c2s can describe these observables
simultaneously.
Understanding the initial-state geometry of the QGP and

how it drives the hydrodynamic response is a key objective
in high-energy nuclear physics. This can be pursued by
analyzing the moments of event-by-event transverse
momentum distribution Pð½pT"Þ. This Letter presents the

first attempt to disentangle geometrical and intrinsic fluc-
tuations by examining the mean, variance, and skewness of
Pð½pT"Þ in 208Pbþ 208Pb and 129Xeþ 129Xe collisions atffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV and 5.44 TeV, respectively. Across a
wide Nch range, the variance and skewness exhibit an
approximate power-law scaling consistent with expect-
ations from an independent superposition scenario.
However, in ultracentral collisions, all observables deviate
from this scaling: the mean shows a distinctive rise, the
variance sharply decreases, and the skewness exhibits an
increase followed by a sharp decrease. Moreover, the linear
rise in h½pT"i with increasing Nch is reproduced by a
hydrodynamic model using c2s ≈ 0.23 at an effective
temperature Teff ≈ 222 MeV. The centrality dependence
of these observables in ultracentral collisions is slightly
weaker in the smaller Xeþ Xe collisions, and studies
involving even smaller nuclei could probe the system size
dependence further. Investigating ½pT" fluctuations offers a
valuable tool for constraining the initial-state fluctuations
and the hydrodynamic response in heavy-ion collisions.
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FIG. 4. Correlation between ΔpT=h½pT"i0%–1% and
ΔNch=hNchi0%–1% in the 0%–1% most central Pbþ Pb and Xeþ
Xe collisions for two pT ranges. The error bars represent the
statistical uncertainties of the measurement, whereas the shaded
boxes represent the systematic uncertainties of the data along the
x and y axes. The data are compared to the MUSIC hydro-
dynamic model with c2s ≈ 0.23 at Teff ≈ 222 MeV and the HIJING

model, both at zero impact parameter (b ¼ 0 fm) [11].
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