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Outline

• Multi-strange hadrons 
‣ Mass ordering violation 

• v2 at RHIC Beam Energy Scan 
‣ Identified hadron v2 
‣ Blast wave model fit to v2 

• Direct photon vn & blast wave fit 

• Summary
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Reminder

• vn ≠ (hydrodynamical) flow 
‣ vn is the azimuthal anisotropy of particles in momentum space 

• Crucial to understand the non-flow background 
‣ momentum conservation (on v1), resonance decay, jet, … 

• Multi-particle correlation (cumulant), and/or large rapidity gap 
are typical methods to avoid non-flow 

‣ Most of non-flow is 2-particle correlation, short-range correlation in 
(pseudo)rapidity
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Multi-strange hadrons
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Fig. 14. The χ2 contours, extracted from thermal+ radial flow fits (without allowance for resonance feed-down),
for copiously produced hadrons π , K and p and multi-strange hadrons φ and Ω . On the top of the plot, the
numerical labels indicate the centrality selection. For π , K and p, 9 centrality bins (from top 5% to 70–80%)
were used for √sNN = 200 GeV Au+Au collisions [87]. The results from p + p collisions are also shown. For
φ and Ω , only the most central results [86] are presented. Dashed and solid lines are the 1-σ and 2-σ contours,
respectively.

expect RCP = 1. This condition is nearly achieved for baryons near pT ≈ 2.5 GeV/c, but
is never reached for mesons. The initial results for φ-mesons and Ω-baryons included in
Fig. 15 suggest that the difference is not very sensitive to the mass of the hadron, but rather
depends primarily on the number of valence quarks contained within it. The meson and
baryon values appear to merge by pT ≈ 5 GeV/c, by which point RCP ≈ 0.3.
The origin of this significant shortfall in central high-pT hadron production will be

discussed at length in Section 4. Here, we want simply to note that the clear difference seen
in the centrality dependence of baryon vs. meson production is one of the defining features
of the intermediate pT range from ∼ 1.5 to ∼ 6 GeV/c in RHIC heavy-ion collisions, and
it cannot be understood from p + p collision results [97]. Another defining feature of this
medium pT range, to be discussed further below, is a similar meson–baryon difference in
elliptic flow. Both facets of the meson–baryon differences can be explained naturally in
quark recombination models for hadron formation [69].

3.3. Hadron yields versus the reaction plane

In non-central heavy-ion collisions, the beam direction and the impact parameter define
a reaction plane for each event, and hence a preferred azimuthal orientation. The orien-
tation of this plane can be estimated experimentally by various methods, e.g., using 2-
or 4-particle correlations [98,99], with different sensitivities to azimuthal anisotropies not
associated with collective flow. The observed particle yield versus azimuthal angle with
respect to the event-by-event reaction plane promises information on the early collision

Multi-strange hadrons

• Multi-strange hadrons (φ, Ω) freeze-out early 

• Ideal hydrodynamical model with hadron cascade shows 
mass ordering violation between p and φ 

‣ v2(p) < v2(φ) in low pT 

‣ radial flow at late stage + less hadronic cross section for φ, Ω
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MASS ORDERING OF DIFFERENTIAL ELLIPTIC FLOW . . . PHYSICAL REVIEW C 77, 044909 (2008)
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FIG. 9. (Color online) Transverse-momentum dependence of the elliptic flow parameters for pions (dotted blue), protons (dashed green),
and φ mesons (solid red), for Au+Au collisions at b = 7.2 fm. (a) Before hadronic rescattering. (b) After hadronic rescattering. (c) Ideal
hydrodynamics with Tth = 100 MeV. The results for pions and protons are the same as shown in Fig. 5.

to ideal hydrodynamics with Tth = 169 MeV) and for the ideal
hydrodynamic model with Tth = 100 MeV, that (i) the ratio
increases with pT or KET due to radial flow effects and that
(ii) the rate of increase drops when the freeze-out temperature
Tth is decreased, due to buildup of additional radial flow.
Surprisingly, the ratio increases even in pp collisions, but
for entirely different reasons, unrelated to collective flow: the
φ spectrum from pp collisions shown in Fig. 10 below is
considerably flatter than the proton spectrum, leading to the
prominent rise of the φ/p ratio with pT . The most interesting
feature of Fig. 8 is that the φ/p ratio from the hybrid model
does not at all increase with pT or KET (except at very
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FIG. 10. (Color online) Invariant cross sections as a function of
pT in nonsingly diffractive pp collisions for pions, protons, [72] and
φ mesons. Dotted, dashed, and solid lines are results from PYTHIA
for pions, protons, and φ mesons, respectively.

low pT < 500 MeV/c). Instead, it decreases over almost
the entire range of transverse kinetic energy shown in the
figure. This decrease is due to the flattening of the proton
spectrum by hadronically generated radial flow in which the
weakly coupled φ mesons do not participate. The comparison
with pp collisions and hydrodynamic model simulations in
Fig. 8 shows that the observation of such a decreasing φ/p
ratio would be an unambiguous signature for early decoupling
of φ mesons from the hadronic rescattering dynamics.

We now proceed to the discussion of dissipative effects
during the hadronic rescattering stage on the differential
elliptic flow v2(pT ). Figure 9 shows v2(pT ) from the hybrid
model for π, p, and φ. We consider semicentral collisions
(20–30% centrality), choosing impact parameter b = 7.2 fm.
In the absence of hadronic rescattering we observe the hy-
drodynamically expected mass ordering vπ

2 (pT ) > v
p
2 (pT ) >

v
φ
2 (pT ) [Fig. 9(a)], but just as in Fig. 5 (dashed lines) the

mass splitting is small. Figure 9(b) shows the effects of
hadronic rescattering: whereas the v2(pT ) curves for pions
and protons separate as discussed before (at low pT the pion
curve moves up while the proton curve moves down), v2(pT )
for the φ meson remains almost unchanged [66]. As a result
of rescattering the proton elliptic flow ends up being smaller
than that of the φ meson, v

p
2 (pT ) < v

φ
2 (pT ) for 0 < pT <

1.2 GeV/c, even though mφ > mp. Hadronic dissipative effects
are seen to be particle specific, depending on their scattering
cross sections that couple them to the medium. The large
cross section difference between the protons and φ mesons
in the hadronic rescattering phase leads to a violation of the
hydrodynamic mass ordering at low pT in the final state.

This is the most important new result of our work. Current
experimental data [67,68] neither confirm nor contradict this
predicted behavior, due to the difficulty of reconstructing
low-pT φ mesons from their decay products. If it turns
out that high-precision φ-meson v2 data at low pT show
violation of mass ordering, it will be evidence for strong
momentum anisotropy having developed already during the
QGP stage, with the contribution carried by φ mesons not
being redistributed in pT by late hadronic rescattering. At
intermediate pT , recent data [67,68] confirm the prediction
from the quark coalescence model [69,70] that there the elliptic
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Multi-strange hadrons

• Multi-strange hadrons (φ, Ω) freeze-out early 

• Ideal hydrodynamical model with hadron cascade shows 
mass ordering violation between p and φ 

‣ v2(p) < v2(φ) in low pT 

‣ radial flow at late stage + less hadronic cross section for φ, Ω
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T. Hirano et al: PRC77, 044909 (2008)
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K

p

π

TPC TOF

⌅ ! ⇤+ ⇡

Particle identification

• Topological reconstruction of Ξ and Ω 

• Combinatorial background is estimated by rotational 
background from the same event
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Figure 3: (Color online) v2 vs. pT of ⇡, K, p and �-meson for Au + Au collision at
p

sNN= 200 GeV with |y| < 1.0 for
centrality a) 0-80 % b) 0-30 % and c) 30-80 %.

see from figure 3 for 0-30% centrality that at low pT (pT < 1 GeV/c) �-meson v2 is either higher
or similar to that of proton v2 although mass of �-meson (1.019 GeV/c2) is greater than mass of
proton (0.938 GeV/c2). This observation is consistent with the scenario of hadronic re-scattering
e↵ect as predicted in the theoretical model [11].

4. Summary

In summary, we present a systematic measurement of centrality dependence of multi-strange
hadrons v2 at mid-rapidity using a high statistics data in Au + Au collisions at

p
sNN= 200

GeV collected in year 2010. We have observed a clear baryon-meson splitting at intermediate
mT � m0 for centrality 0-30% and NCQ scaling hold for this centrality. This is consistent with
the idea of partonic collectivity. The grouping among baryons and among mesons has been
broken for 30-80% centrality. Multi-Strange baryon (meson) shows smaller v2 than that for
other identified baryons (mesons) for 30-80% centrality. We observe �-meson v2 shows a larger
deviation in quark-number scaling in 30-80% centrality than that for 0-30%. It may indicate
smaller contribution from the partonic phase to the collectivity. In order to investigate e↵ect of
hadronic re-scattering e↵ect on v2 , we have studied a comparison between �-meson and proton
v2 in the low pT region. We observe v2(�) > v2(p) for pT < 1.0 GeV/c for 0-30% centrality.
This observation is consistent with later stage hadronic re-scattering e↵ect as predicted in the
theoretical model [11].
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Mass ordering of v2(pT)

• Event plane with gap |Δη|=0.1 

• v2(φ) > v2(p) at low pT 
‣ The effect is stronger in central 
‣ qualitatively consistent with the prediction 

from hydro. + hadron cascade model
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12ATHIC 2014, Osaka, August 5-8, 2014

Results - elliptic flow

B.I. Abelev et al., Phys. Rev. Lett. 99, 112301 (2007) !

B.I. Abelev et al., Phys. Rev. C 77, 54901 (2008)

! !    compared with STAR data for     and     
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Results - elliptic flow
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B.I. Abelev et al., Phys. Rev. Lett. 99, 112301 (2007) !

J. Adams et al., Phys. Rev. Lett. 98, 62301 (2007) 

Centrality dependences of       distributions for    ,     ,     and 
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Results -       distributionspTRecent update of hydro. model

• Initial geometry fluctuation (MC Glauber), Lattice EoS 

• Reasonable agreement with the data
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Effect of hadronic rescattering

• Less rescattering effect on multi-strange hadrons  
‣ Mean pT for multi-strange hadrons deviate from mT scaling 
‣ v2 almost unchanged between fluid and final stages

10
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Results - Hadronic rescattering effects 

 |y| < 1.0, minimum bias collision
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with rescatterings

Results - Hadronic rescattering effects 
v2(pT)  ! !    for     , p and !
! - switch on/off hadronic rescatterings

�⇡

              , minimum bias collision|⌘| < 1.0

v⇡2 (pT) > vp2(pT) > v�2 (pT)

m⇡ < mp < m�

Mass ordering

v⇡2 (pT) > v�2 (pT) > vp2(pT)

Violation of mass ordering!
!
→ due to less rescatterings of �
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without rescatterings

Results - Hadronic rescattering effects 
v2(pT)  ! !    for     , p and !
! - switch on/off hadronic rescatterings

�⇡

              , minimum bias collision|⌘| < 1.0
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v2(φ) vs v2(p)

• Compare v2 below ~1 GeV/c in pT 
‣ v2(π) > v2(p) ≥ v2(φ) without rescattering 

‣ v2(π) > v2(φ) > v2(p) with rescattering 

• Confirmed violation of mass ordering 
‣ ~20% effect around 0.5 GeV/c in minimum bias events
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ELLIPTIC FLOW OF IDENTIFIED HADRONS IN Au + . . . PHYSICAL REVIEW C 88, 014902 (2013)
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FIG. 10. (Color online) The elliptic flow, v2(pT ), in 0%–80%
central Au + Au collisions for selected particles (a) and antiparticles
(b) (see text), plotted only for the transverse momentum range of
0.2 < pT < 1.6 GeV/c to emphasize the mass ordering at low pT .
Only statistical error bars are shown. Systematic errors are much
smaller than the statistical errors. The fit functions to guide the eye
correspond to Eq. (17).

for various particle species are directly compared. For this
selection of particles (p, !, "−, #−, π+, K+, K0

s , and φ), the
mass ordering is valid for all energies, as shown in Fig. 10(a).
Only the φ mesons deviate from this general trend at the lower
energies. Their v2(pT ) values are slightly smaller compared to
all of the other hadrons. Starting at 39 GeV, every φ meson
v2(pT ) value is smaller than the corresponding value for the
heavier !.

The lower the energy, the smaller is the difference between
the various particles in v2(pT ) at pT < 1.5 GeV/c. This could
be related to a reduction of radial flow as the beam energy
decreases. However, no narrowing of the spread of v2(pT )
with beam energy is observed for the antiparticles, as depicted
in Fig. 10(b). At lower beam energies, the v2(pT ) values for
p̄ and ! were significantly smaller than the values for their
partner particles. The possible physics implications owing to
the differences in particle and antiparticle v2(pT ) are discussed
in more detail in the next sections.

3. Particle and antiparticle comparison of v2( pT )

In Figs. 11–13, each particle v2(pT ) is directly compared,
if possible, to that for its antiparticle. For the mesons the
antiparticle convention from Ref. [37] is used. The point-
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FIG. 11. (Color online) The elliptic flow, v2, of charged pions
(a) and kaons (b) as a function of the transverse momentum,
pT , for 0%–80% central Au + Au collisions. The point-by-point
systematic uncertainties are shown by the shaded areas attached to
the data points; otherwise they are smaller than the symbol size. The
global systematic uncertainties are very small and shown as shaded
horizontal bars. The bottom row of each panel shows the difference
between a particle and corresponding antiparticle v2(pT ) and a fit
with a horizontal line. The red shaded area around each fit depicts the
combined statistical and systematic fit errors. Different &v2 ranges
were used for the top and bottom panels.

by-point systematic uncertainties are displayed as the shaded
bands that connect the data points. The global systematic
uncertainties are shown as the error bands along the horizontal
axis. Shown are the v2(pT ) for π+(ud̄), π−(ūd) and K+(us̄),
K0

s [(ds̄ − s̄d)/
√

2], K−(ūs). At the higher energies of 27,
39, and 62.4 GeV, the charged pion π+ and π− v2(pT ) values
show almost identical shapes and amplitudes, as expected from
particles with the same mass and number of quarks. At lower
energies, an increasing difference between v2(π+) and v2(π−)
is observed, where v2(π−) is larger than v2(π+) for all pT

values. In the lower rows of each panel in Fig. 11, the difference
in v2(pT ) between particles and antiparticles is shown. The red

014902-13

200 GeV is special ?

• v2(p) > v2(φ) in 7.7 - 62.4 GeV 
‣ Hadronic phase become dominant ? 
‣ Temperature dependent η/s ?
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v2 in RHIC Beam 
Energy Scan
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http://www.bnl.gov/bnlweb/pubaf/pr/photos/2012/07/RHIC_Graphics_Fig1-HR.jpg

critical point ?

First order 
phase transition ?

RHIC Beam Energy Scan

• Cross-over transition at µB=0 
‣ from 1st principle Lattice QCD 

calculations 

• If phase transition is 1st 
order at high baryon density, 
the end point is QCD critical 
point 

• Beam energy scan → reach 
high baryon density 

• Goals of BES at RHIC: 
‣ Search for turn-off QGP signals 
‣ Search for signals of 1st order 

phase transition 
‣ Search for signals of QCD 

critical point
14
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FIG. 2: (a) v2 vs pT and (b) v2 vs KET for identified particle
species obtained in minimum bias Au+Au collisions. The
STAR data are from Refs. [22, 37].

dependent of colliding system because ϵ is proportional
to the pT -integrated v2 values (i.e. ϵ = k × v2). The
latter proportionality has been observed for Au+Au col-
lisions [34, 35]. A Glauber model estimate of ϵ [35] gives
k = 3.1± 0.2 for the cuts employed in this analysis. This
method of scaling leads to a scale invariant variable and
cancels the systematic errors associated with estimates
of the reaction plane resolution and the eccentricity.

The resulting scaled v2 values for Cu+Cu and Au+Au
collisions, are shown in Fig. 1(c). To facilitate later com-
parisons with the model calculations of Ref. [23], they
are divided by k = 3.1. These scaled values are clearly
independent of the colliding system size and show es-
sentially perfect scaling for the full range of centralities
(or ϵ) presented. The v2 are also in accord with the
scale invariance of perfect fluid hydrodynamics [23, 27],
which suggests that rapid local thermalization [9, 10] is
achieved.

The magnitude of v2/ϵ depends on the sound speed cs

[23]. As a reasonable first approximation we compare our
measured v2/ϵ at an integrated ⟨pT ⟩ 0.45 GeV/c and the
results of Fig. 2 of [23]. This results in a speed of sound
cs ∼ 0.35 ± 0.05. Note that the calculations are done
at fixed b=8 fm and a constant speed of sound. Thus,
since we expect the speed of sound to vary as a function
of time, one might view this cs value as the approximate
average value over the time period 2 R̄/cs, the time over
which the flow develops. This value suggests an effective
EOS, which is softer than that for the high temperature
QGP [36] but does not reflect a strong first order phase
transition in which cs = 0 during an extended hadroniza-
tion period.

Figures 2 and 3 show that the distinctive features of
the v2 for identified particles provide another detailed set
of scaling tests. Fig. 2(a) shows a comparison of the mea-
sured differential anisotropy v2(pT ), for several particle
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FIG. 3: (a) v2/nq vs pT /nq and (b) v2/nq vs KET /nq for
identified particle species obtained in minimum bias Au+Au
collisions. The STAR data are from Refs. [22, 37].

species obtained in minimum bias Au+Au collisions at√
sNN = 200 GeV. The results are in good agreement

(better than 3%) with those of our previous measure-
ments [21]. The values for neutral kaons (K0

s ), lambdas
(Λ) and the cascades (Ξ) show results from the STAR
collaboration [22, 37]. The STAR v2 values were multi-
plied by the factor 1.1 to account for a small difference
between the average centralities for minimum bias events
from the two experiments. PHENIX and STAR v2(pT )
results (for π±, p(p̄) and K) for 10% centrality bins are
essentially identical.

The comparison in Fig. 2(a) shows the well known par-
ticle identification (PID) ordering of v2(pT ) at both low
and high pT values. At low pT (pT

<∼ 2 GeV/c), one can
see rather clear evidence for mass ordering. If this aspect
of v2 is driven by a hydrodynamic pressure gradient, the
prediction is that the differential v2 values observed for
each particle species should scale with KET . The pres-
sure gradient that drives elliptic flow is directly linked
to the collective kinetic energy of the emitted particles.
For higher values of pT (pT ∼ 2 − 4 GeV/c), Fig. 2(a)
indicates that mass ordering is broken and v2 is more
strongly dependent on the quark composition of the par-
ticles than on their mass, which has been attributed to
the dominance of the quark coalescence mechanism for
pT ∼ 2 − 4 GeV/c [20, 21, 22].

Figure 2(b) shows the same v2 data presented in
Fig. 2(a) plotted as a function of KET . Note that KET

is a robust scaling variable because it takes into account
relativistic effects, which are especially important for the
lightest particles. In contrast to the PID ordering ob-
served in Fig. 2(a), all particle species scale to a common
set of elliptic flow values for KET

<∼ 1 GeV, confirming
the strong influence of hydrodynamic pressure gradients.
For KET

>∼ 1 GeV, this particle mass scaling (observed
for all particle species) gives way to a clear splitting into
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dependent of colliding system because ϵ is proportional
to the pT -integrated v2 values (i.e. ϵ = k × v2). The
latter proportionality has been observed for Au+Au col-
lisions [34, 35]. A Glauber model estimate of ϵ [35] gives
k = 3.1± 0.2 for the cuts employed in this analysis. This
method of scaling leads to a scale invariant variable and
cancels the systematic errors associated with estimates
of the reaction plane resolution and the eccentricity.

The resulting scaled v2 values for Cu+Cu and Au+Au
collisions, are shown in Fig. 1(c). To facilitate later com-
parisons with the model calculations of Ref. [23], they
are divided by k = 3.1. These scaled values are clearly
independent of the colliding system size and show es-
sentially perfect scaling for the full range of centralities
(or ϵ) presented. The v2 are also in accord with the
scale invariance of perfect fluid hydrodynamics [23, 27],
which suggests that rapid local thermalization [9, 10] is
achieved.

The magnitude of v2/ϵ depends on the sound speed cs

[23]. As a reasonable first approximation we compare our
measured v2/ϵ at an integrated ⟨pT ⟩ 0.45 GeV/c and the
results of Fig. 2 of [23]. This results in a speed of sound
cs ∼ 0.35 ± 0.05. Note that the calculations are done
at fixed b=8 fm and a constant speed of sound. Thus,
since we expect the speed of sound to vary as a function
of time, one might view this cs value as the approximate
average value over the time period 2 R̄/cs, the time over
which the flow develops. This value suggests an effective
EOS, which is softer than that for the high temperature
QGP [36] but does not reflect a strong first order phase
transition in which cs = 0 during an extended hadroniza-
tion period.

Figures 2 and 3 show that the distinctive features of
the v2 for identified particles provide another detailed set
of scaling tests. Fig. 2(a) shows a comparison of the mea-
sured differential anisotropy v2(pT ), for several particle
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species obtained in minimum bias Au+Au collisions at√
sNN = 200 GeV. The results are in good agreement

(better than 3%) with those of our previous measure-
ments [21]. The values for neutral kaons (K0

s ), lambdas
(Λ) and the cascades (Ξ) show results from the STAR
collaboration [22, 37]. The STAR v2 values were multi-
plied by the factor 1.1 to account for a small difference
between the average centralities for minimum bias events
from the two experiments. PHENIX and STAR v2(pT )
results (for π±, p(p̄) and K) for 10% centrality bins are
essentially identical.

The comparison in Fig. 2(a) shows the well known par-
ticle identification (PID) ordering of v2(pT ) at both low
and high pT values. At low pT (pT

<∼ 2 GeV/c), one can
see rather clear evidence for mass ordering. If this aspect
of v2 is driven by a hydrodynamic pressure gradient, the
prediction is that the differential v2 values observed for
each particle species should scale with KET . The pres-
sure gradient that drives elliptic flow is directly linked
to the collective kinetic energy of the emitted particles.
For higher values of pT (pT ∼ 2 − 4 GeV/c), Fig. 2(a)
indicates that mass ordering is broken and v2 is more
strongly dependent on the quark composition of the par-
ticles than on their mass, which has been attributed to
the dominance of the quark coalescence mechanism for
pT ∼ 2 − 4 GeV/c [20, 21, 22].

Figure 2(b) shows the same v2 data presented in
Fig. 2(a) plotted as a function of KET . Note that KET

is a robust scaling variable because it takes into account
relativistic effects, which are especially important for the
lightest particles. In contrast to the PID ordering ob-
served in Fig. 2(a), all particle species scale to a common
set of elliptic flow values for KET

<∼ 1 GeV, confirming
the strong influence of hydrodynamic pressure gradients.
For KET

>∼ 1 GeV, this particle mass scaling (observed
for all particle species) gives way to a clear splitting into

Number of Constituent Quark scaling

• Apparent scaling by KET = mT - m0 
‣ Meson and baryon branches 

• NCQ scaling of v2 → hadronization by parton coalescence 
‣ Originally predicted in intermediate pT 
‣ Scaling works well down to low KET at RHIC
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While in Auþ Au collisions at
ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV a
single NCQ scaling can be observed for particles and
antiparticles, the observed difference in v2 at lower beam
energies demonstrates that this common NCQ scaling of
particles and antiparticles splits. Such a breaking of the
NCQ scaling could indicate increased contributions from
hadronic interactions in the system evolution with decreas-
ing beam energy. The energy dependence of v2ðXÞ %
v2ð !XÞ could also be accounted for by considering an
increase in nuclear stopping power with decreasing

ffiffiffiffiffiffiffiffi
sNN

p
if the v2 of transported quarks (quarks coming from the
incident nucleons) is larger than the v2 of produced quarks
[25,26]. Theoretical calculations [27] suggest that the
difference between particles and antiparticles could be
accounted for by mean field potentials where the K% and
!p feel an attractive force while the Kþ and p feel a
repulsive force.

Most of the published theoretical calculations can repro-
duce the basic pattern but fail to quantitatively reproduce
the measured v2 difference [25–28]. So far, none of the
theory calculations describes the observed ordering of
the particles. Therefore, more accurate calculations from
theory are needed to distinguish between the different
possibilities. Other possible reasons for the observation
that the !% v2ðpTÞ is larger than the !þ v2ðpTÞ is the
Coulomb repulsion of !þ by the midrapidity net protons
(only at low pT) and the chiral magnetic effect in finite
baryon-density matter [29]. Simulations have to be carried
out to quantify if those effects can explain our
observations.
In Ref. [21], the study of the centrality dependence of

"v2 for protons and antiprotons is extended to investigate
if different production rates for protons and antiprotons as
a function of centrality could cause the observed differ-
ences. It was observed that the differences, "v2, are
significant at all centralities.
The v2ðmT %m0Þ and possible NCQ scaling was also

investigated for particles and antiparticles separately.
Figure 3 shows v2 as a function of the reduced transverse
mass, (mT %m0), for various particles and antiparticles atffiffiffiffiffiffiffiffi
sNN

p ¼ 11:5 and 62.4 GeV. The baryons and mesons are
clearly separated for

ffiffiffiffiffiffiffiffi
sNN

p ¼ 62:4 GeV at ðmT %m0Þ>
1 GeV=c2. While the effect is present for particles atffiffiffiffiffiffiffiffi
sNN

p ¼ 11:5 GeV, no such separation is observed for
the antiparticles at this energy in the measured (mt %m0)
range up to 2 GeV=c2. The lower panels of Fig. 3 depict
the difference of the baryon v2 relative to a fit to the meson
v2 data with the pions excluded from the fit. The antipar-
ticles at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 11:5 GeV show a smaller difference
compared to the particles. At

ffiffiffiffiffiffiffiffi
sNN

p ¼ 11:5 GeV the
difference becomes negative for the antiparticles at
(mT %m0)<1 GeV=c2 but the overall trend is still similar
to the one of the particles and to

ffiffiffiffiffiffiffiffi
sNN

p ¼ 62:4 GeV.
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FIG. 3 (color online). The upper panels depict the elliptic flow v2 as a function of reduced transverse mass (mT %m0) for particles,
(a) and (b), and antiparticles, (c) and (d), in 0%–80% central Auþ Au collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 11:5 and 62.4 GeV. Simultaneous fits to
the mesons except the pions are shown as the dashed lines. The difference of the baryon v2 and the meson fits are shown in the lower
panels.
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FIG. 2 (color online). The difference in v2 between particles
(X) and their corresponding antiparticles ( !X) (see legend) as a
function of

ffiffiffiffiffiffiffiffi
sNN

p
for 0%–80% central Auþ Au collisions. The

dashed lines in the plot are fits with a power-law function. The
error bars depict the combined statistical and systematic errors.

PRL 110, 142301 (2013) P HY S I CA L R EV I EW LE T T E R S
week ending
5 APRIL 2013

142301-5

NCQ scaling of v2

• Two branches, mesons & baryons in v2(mT-m0) at 62.4 GeV 

• Antiparticles already scaled before dividing by nq at 11.5 GeV 
‣ NCQ scaling doesn’t hold for antiparticles 

• φ meson could be deviated at 11.5 GeV (statistics is limited)
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Particles vs antiparticles

• Quantify the difference of v2 
between particles and 
antiparticles 

‣ NCQ scaling does not hold 
between particles and antiparticles 

‣ Scaling seems to work separately 

• Difference of v2 increase with 
decreasing beam energy, in 
particular for baryons 

• Difference of v2 is linear as a 
function of µB 

‣ related to baryon stopping ?

17
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FIG. 21. (Color online) The difference in the v2 values between
a particle X and its corresponding antiparticle (X) (see legend) as
a function of

√
sNN (a) and µB (b) for 0%–80% central Au + Au

collisions. The dashed lines in plot (a) are fits using Eq. (18), and
lines through the origin are shown for plot (b). The values of µB are
from the parametrization of Ref. [51] (see text for details).

D. Energy dependence of the particle
and antiparticle v2 difference

In this section, the energy dependence of the v2 difference
between particles X (p, !, "−, π+, K+) and antiparticles X

(p̄, !, "
+

, π−, K−) is studied. Figure 21(a) shows a fit to the
$v2(pT ) values from Figs. 11–13. This difference is denoted
in the following as v2(X) − v2(X) and is shown as a function
of the beam energy

√
sNN . At 62.4 GeV, the v2 difference for

mesons is close to zero, whereas the baryons show a difference
of 0.003 to 0.005. The difference increases for all particle
species as the energy decreases. It reaches values of about 0.03
for ! and protons and 0.004–0.005 for kaons and pions at 7.7
GeV. The baryons show a steep rise, in contrast to the mesons.

The pions and kaons show a similar trend, but opposite with
respect to their charge. Also, the protons and ! are very similar
at all energies. Compared to the protons and !, the " show
a slightly smaller difference at higher energies, but a larger
difference at lower energies. One should note that the " result
at 11.5 GeV covers a much smaller pT range compared to all
of the other data points. This could cause additional systematic
effects which are not included in the error bars. The difference
in v2(

√
sNN) shown in Fig. 21(a) was parametrized with

f$v2 (
√

sNN) = a · s
−b/2
NN . (18)

The fit results of the parameters a and b are listed in Table II.
In Fig. 21(b), the v2 difference is shown as a function

of the baryonic chemical potential, µB . A parametrization
from [51] was used to determine the µB values for each beam
energy. Because this parametrization Ref. was done for the
most central collisions, a correction has to be applied to take
into account the difference to the minimum-bias collisions.
To do this, the measured centrality dependence of µB for
Au + Au collisions at

√
sNN = 62.4 and 200 GeV from [52]

was used. The ratio between the mean µB over all centralities,
which is an approximation for the 0%–80% central µB values,
and the most central values is 0.83 ± 0.06 for 62.4 GeV and
0.84 ± 0.14 for 200 GeV. The minimum-bias µB values were
calculated for all energies by multiplying this factor with the
obtained values from the parametrization under the assumption
that these ratios do not change with energy. The resulting µB

values with errors are shown in Fig. 21(b).
Each particle data set was fitted with a straight line that

passes through the origin; the slope parameters, m, are listed
in Table II. A linear increase of the v2 difference with µB

is observed for all particle species from 62.4 GeV down to
7.7 GeV. This linear scaling behavior suggests that the baryon
chemical potential is directly connected to the difference in v2
between particles and antiparticles.

VII. DISCUSSION

Comparisons of the data to transport and other models are
described.

A. Transport model comparisons

In Fig. 22, the measured elliptic flow of π±, K±, p, and p̄
for 0%–80% central Au + Au collisions at

√
sNN = 7.7, 11.5,

TABLE II. Fit parameters a and b of Eq. (18) and the slopes m of the straight-line fits shown in Fig. 21(b) for the different particle species.
The first χ 2 per number-of-degrees-of-freedom (NDF) value corresponds to the fit with Eq. (18); the second corresponds to the straight-line
fits. Both include statistical and systematic uncertainties.

Particle a b χ 2/NDF m χ 2/NDF

π+ − π− −0.064 ± 0.025 1.068 ± 0.106 22.5/4 −0.0155 ± 0.0005 22.8/5
K+ − K− 3.219 ± 10.068 3.104 ± 1.4440 0.4/4 0.0018 ± 0.0017 7.3/5
p − p̄ 0.209 ± 0.099 0.9329 ± 0.143 1.8/4 0.0831 ± 0.0039 2.0 / 5
! − ! 0.177 ± 0.086 0.896 ± 0.139 0.6 / 4 0.0794 ± 0.0040 0.7 / 5
"− − "

+
7.363 ± 18.997 2.072 ± 0.825 1.0/3 0.0607 ± 0.0210 2.5/4

014902-19

STAR: PRC88, 014902 (2013)
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Blast wave model

• Assumptions 
‣ boost invariant longitudinal expansion 
‣ system expands with common transverse velocity β 
‣ freeze-out at constant temperature T 

• Mass dependence only appears in βt via mT 

• Fit particles and antiparticles separately in pT < 1.2 GeV/c 
‣ Simultaneous fit for measured particles (or antiparticles) with 3 

parameters (s2, ρ0, ρa) 
‣ T is fixed to 120 MeV since published pT spectra is not available
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v2(pT ) =

R 2⇡
0 d�s cos (2�s)I2[↵t(�s)]K1[�t(�s)][1 + 2s2 cos (2�s)]

R 2⇡
0 d�sI0[↵t(�s)]K1[�t(�s)][1 + 2s2 cos (2�s)]

↵t(�s) =
pT
T

sinh ⇢(�s), �t(�s) =
mT

T
cosh ⇢(�s),

⇢(�s) = ⇢0 + ⇢a cos 2�s, � = tanh (⇢0)
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BLAST WAVE FITS TO ELLIPTIC FLOW DATA AT . . . PHYSICAL REVIEW C 91, 024903 (2015)

FIG. 1. (Color online) Elliptic flow v2 as a function of transverse
momentum pT for Au + Au collisions at

√
sNN = 27 GeV for a

selected group of particles. The shaded areas show estimates for
the feed-down correction. Solid lines are from blast wave fits and
dashed lines are predictions by using the fit parameters.

taken into account are shown in parentheses. For antiparticles
the χ2/ndf is systematically lower compared with the particle
group with a maximum of 17 (1.5) at

√
sNN = 39 GeV. At

√
sNN = 200 GeV the χ2/ndf is again below 2 (0.4) due to

large statistical error bars. At
√

sNN = 2.76 TeV we have a
description with a χ2/ndf of 9 (1.5).

C. Fit results

Figure 2(a) shows the simultaneous blast wave fits for
v2(pT) of particles (K0

s , K+, p,φ, and #) from 0%–80%
(0%–60%) central Au + Au (Pb + Pb) collisions at

√
sNN =

7.7–2760 GeV. Solid lines depict blast wave fits to the data,
whereas dashed lines are predictions, for pions, using the
parameters from the fits to the other particles. The data points
and fit curves for charged kaons are not shown in the figures
as they are similar to the K0

s mesons. A clear mass ordering in
data and fits is observed for all energies: for the same radial
flow, the heavier particles have larger pT values and therefore,
at the same pT lighter particles have larger v2 values. If we
assume that this splitting is due to radial flow, then the boost
in the pT direction gets larger with increasing beam energy,
which is equivalent to a larger radial flow.

In general a fair description for protons and kaons can be
obtained. On the other hand we observe that for all energies the
predicted curves for π+ have similar trends as the data points
but are systematically lower. It cannot be excluded that such a
behavior for pions is a result from feed down as discussed in
Sec. III B.
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FIG. 2. (Color online) The simultaneous blast wave fits for v2 of (a) particles (K0
s , p, and #) and (b) corresponding antiparticles (K0

s , p̄,
and #̄) from 0%–80% central Au + Au collisions at

√
sNN = 7.7–200 GeV and for combined v2 of particles and antiparticles (π±, K±, p + p̄,

and # + #̄) from 0%–60% central Pb + Pb collisions at
√

sNN = 2.76 TeV. Solid lines are from blast wave fits and dashed lines are predictions
by using the fit parameters.

024903-3

Blast wave fit to v2(pT)

• Excluded pions from the fit for RHIC data (huge feed down) 

• Clear mass ordering in blast wave fit
19
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FIG. 1. (Color online) Elliptic flow v2 as a function of transverse
momentum pT for Au + Au collisions at

√
sNN = 27 GeV for a

selected group of particles. The shaded areas show estimates for
the feed-down correction. Solid lines are from blast wave fits and
dashed lines are predictions by using the fit parameters.

taken into account are shown in parentheses. For antiparticles
the χ2/ndf is systematically lower compared with the particle
group with a maximum of 17 (1.5) at

√
sNN = 39 GeV. At

√
sNN = 200 GeV the χ2/ndf is again below 2 (0.4) due to

large statistical error bars. At
√

sNN = 2.76 TeV we have a
description with a χ2/ndf of 9 (1.5).

C. Fit results

Figure 2(a) shows the simultaneous blast wave fits for
v2(pT) of particles (K0

s , K+, p,φ, and #) from 0%–80%
(0%–60%) central Au + Au (Pb + Pb) collisions at

√
sNN =

7.7–2760 GeV. Solid lines depict blast wave fits to the data,
whereas dashed lines are predictions, for pions, using the
parameters from the fits to the other particles. The data points
and fit curves for charged kaons are not shown in the figures
as they are similar to the K0

s mesons. A clear mass ordering in
data and fits is observed for all energies: for the same radial
flow, the heavier particles have larger pT values and therefore,
at the same pT lighter particles have larger v2 values. If we
assume that this splitting is due to radial flow, then the boost
in the pT direction gets larger with increasing beam energy,
which is equivalent to a larger radial flow.

In general a fair description for protons and kaons can be
obtained. On the other hand we observe that for all energies the
predicted curves for π+ have similar trends as the data points
but are systematically lower. It cannot be excluded that such a
behavior for pions is a result from feed down as discussed in
Sec. III B.
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FIG. 2. (Color online) The simultaneous blast wave fits for v2 of (a) particles (K0
s , p, and #) and (b) corresponding antiparticles (K0

s , p̄,
and #̄) from 0%–80% central Au + Au collisions at

√
sNN = 7.7–200 GeV and for combined v2 of particles and antiparticles (π±, K±, p + p̄,

and # + #̄) from 0%–60% central Pb + Pb collisions at
√

sNN = 2.76 TeV. Solid lines are from blast wave fits and dashed lines are predictions
by using the fit parameters.
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Why does blast wave work ?

• For the same β 
‣ heavier particles have 

larger pT 
- K1(βt) ~ exp(-βt) 

‣ For a given pT, v2 is more 
out-of-plane extended for 
heavier particles 

- because particles around in-
plane pushes to higher pT 

‣ lighter particles have 
larger v2

20

v2(pT ) =

R 2⇡
0 d�s cos (2�s)I2[↵t(�s)]K1[�t(�s)][1 + 2s2 cos (2�s)]

R 2⇡
0 d�sI0[↵t(�s)]K1[�t(�s)][1 + 2s2 cos (2�s)]

↵t(�s) =
pT
T

sinh ⇢(�s), �t(�s) =
mT

T
cosh ⇢(�s),

⇢(�s) = ⇢0 + ⇢a cos 2�s, � = tanh (⇢0)
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FIG. 1. (Color online) Elliptic flow v2 as a function of transverse
momentum pT for Au + Au collisions at

√
sNN = 27 GeV for a

selected group of particles. The shaded areas show estimates for
the feed-down correction. Solid lines are from blast wave fits and
dashed lines are predictions by using the fit parameters.

taken into account are shown in parentheses. For antiparticles
the χ2/ndf is systematically lower compared with the particle
group with a maximum of 17 (1.5) at

√
sNN = 39 GeV. At

√
sNN = 200 GeV the χ2/ndf is again below 2 (0.4) due to

large statistical error bars. At
√

sNN = 2.76 TeV we have a
description with a χ2/ndf of 9 (1.5).

C. Fit results

Figure 2(a) shows the simultaneous blast wave fits for
v2(pT) of particles (K0

s , K+, p,φ, and #) from 0%–80%
(0%–60%) central Au + Au (Pb + Pb) collisions at

√
sNN =

7.7–2760 GeV. Solid lines depict blast wave fits to the data,
whereas dashed lines are predictions, for pions, using the
parameters from the fits to the other particles. The data points
and fit curves for charged kaons are not shown in the figures
as they are similar to the K0

s mesons. A clear mass ordering in
data and fits is observed for all energies: for the same radial
flow, the heavier particles have larger pT values and therefore,
at the same pT lighter particles have larger v2 values. If we
assume that this splitting is due to radial flow, then the boost
in the pT direction gets larger with increasing beam energy,
which is equivalent to a larger radial flow.

In general a fair description for protons and kaons can be
obtained. On the other hand we observe that for all energies the
predicted curves for π+ have similar trends as the data points
but are systematically lower. It cannot be excluded that such a
behavior for pions is a result from feed down as discussed in
Sec. III B.
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FIG. 2. (Color online) The simultaneous blast wave fits for v2 of (a) particles (K0
s , p, and #) and (b) corresponding antiparticles (K0

s , p̄,
and #̄) from 0%–80% central Au + Au collisions at

√
sNN = 7.7–200 GeV and for combined v2 of particles and antiparticles (π±, K±, p + p̄,

and # + #̄) from 0%–60% central Pb + Pb collisions at
√

sNN = 2.76 TeV. Solid lines are from blast wave fits and dashed lines are predictions
by using the fit parameters.
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FIG. 1. (Color online) Elliptic flow v2 as a function of transverse
momentum pT for Au + Au collisions at

√
sNN = 27 GeV for a

selected group of particles. The shaded areas show estimates for
the feed-down correction. Solid lines are from blast wave fits and
dashed lines are predictions by using the fit parameters.

taken into account are shown in parentheses. For antiparticles
the χ2/ndf is systematically lower compared with the particle
group with a maximum of 17 (1.5) at

√
sNN = 39 GeV. At

√
sNN = 200 GeV the χ2/ndf is again below 2 (0.4) due to

large statistical error bars. At
√

sNN = 2.76 TeV we have a
description with a χ2/ndf of 9 (1.5).

C. Fit results

Figure 2(a) shows the simultaneous blast wave fits for
v2(pT) of particles (K0

s , K+, p,φ, and #) from 0%–80%
(0%–60%) central Au + Au (Pb + Pb) collisions at

√
sNN =

7.7–2760 GeV. Solid lines depict blast wave fits to the data,
whereas dashed lines are predictions, for pions, using the
parameters from the fits to the other particles. The data points
and fit curves for charged kaons are not shown in the figures
as they are similar to the K0

s mesons. A clear mass ordering in
data and fits is observed for all energies: for the same radial
flow, the heavier particles have larger pT values and therefore,
at the same pT lighter particles have larger v2 values. If we
assume that this splitting is due to radial flow, then the boost
in the pT direction gets larger with increasing beam energy,
which is equivalent to a larger radial flow.

In general a fair description for protons and kaons can be
obtained. On the other hand we observe that for all energies the
predicted curves for π+ have similar trends as the data points
but are systematically lower. It cannot be excluded that such a
behavior for pions is a result from feed down as discussed in
Sec. III B.
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FIG. 2. (Color online) The simultaneous blast wave fits for v2 of (a) particles (K0
s , p, and #) and (b) corresponding antiparticles (K0

s , p̄,
and #̄) from 0%–80% central Au + Au collisions at

√
sNN = 7.7–200 GeV and for combined v2 of particles and antiparticles (π±, K±, p + p̄,

and # + #̄) from 0%–60% central Pb + Pb collisions at
√

sNN = 2.76 TeV. Solid lines are from blast wave fits and dashed lines are predictions
by using the fit parameters.
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Feed down on pions ?

• pions 
‣ data > blast wave in 

7.7-200 GeV 

• feed down ? 
‣ Use MC simulation to 

evaluate feed down 
- due to lack of spectra, 

resonance measurements

21
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FIG. 1. (Color online) Elliptic flow v2 as a function of transverse
momentum pT for Au + Au collisions at

√
sNN = 27 GeV for a

selected group of particles. The shaded areas show estimates for
the feed-down correction. Solid lines are from blast wave fits and
dashed lines are predictions by using the fit parameters.

taken into account are shown in parentheses. For antiparticles
the χ2/ndf is systematically lower compared with the particle
group with a maximum of 17 (1.5) at

√
sNN = 39 GeV. At

√
sNN = 200 GeV the χ2/ndf is again below 2 (0.4) due to

large statistical error bars. At
√

sNN = 2.76 TeV we have a
description with a χ2/ndf of 9 (1.5).

C. Fit results

Figure 2(a) shows the simultaneous blast wave fits for
v2(pT) of particles (K0

s , K+, p,φ, and #) from 0%–80%
(0%–60%) central Au + Au (Pb + Pb) collisions at

√
sNN =

7.7–2760 GeV. Solid lines depict blast wave fits to the data,
whereas dashed lines are predictions, for pions, using the
parameters from the fits to the other particles. The data points
and fit curves for charged kaons are not shown in the figures
as they are similar to the K0

s mesons. A clear mass ordering in
data and fits is observed for all energies: for the same radial
flow, the heavier particles have larger pT values and therefore,
at the same pT lighter particles have larger v2 values. If we
assume that this splitting is due to radial flow, then the boost
in the pT direction gets larger with increasing beam energy,
which is equivalent to a larger radial flow.

In general a fair description for protons and kaons can be
obtained. On the other hand we observe that for all energies the
predicted curves for π+ have similar trends as the data points
but are systematically lower. It cannot be excluded that such a
behavior for pions is a result from feed down as discussed in
Sec. III B.
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FIG. 2. (Color online) The simultaneous blast wave fits for v2 of (a) particles (K0
s , p, and #) and (b) corresponding antiparticles (K0

s , p̄,
and #̄) from 0%–80% central Au + Au collisions at

√
sNN = 7.7–200 GeV and for combined v2 of particles and antiparticles (π±, K±, p + p̄,

and # + #̄) from 0%–60% central Pb + Pb collisions at
√

sNN = 2.76 TeV. Solid lines are from blast wave fits and dashed lines are predictions
by using the fit parameters.
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Large radial flow for antiparticles

• Large spread of v2 for antiparticles at lower energies 

• Fit is better for antiparticles in terms of χ2

22
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FIG. 3. (Color online) The transverse expansion velocity β as a
function of beam energy from 0%–80% central Au + Au collisions
and 0%–60% central Pb + Pb collisions for particles and antiparticles
with three different temperatures.

The fit curves for the φ meson are higher than the data points
for all energies except for

√
sNN = 62.4 GeV. It is argued that φ

mesons have a small hadronic cross sections [36,37] compared
with the other hadrons under consideration. In that case, one
expects a lower φ meson v2 and therefore also a deviation
from the blast wave fits. We want to point out that the weight
of the φ-meson data in the simultaneous fits is low due to their
relatively large error bars. A fit without φ mesons included
gives almost identical results.

In Fig. 2(b) we show the corresponding results for the
antiparticle group (K0

s , K−, p̄,φ, and #̄). The K− data are
not shown for the same reason as for the K+ mesons. The data
show a larger spread along the v2 or pT axes, respectively,
compared with the particle group. The simultaneous fits
to all antiparticles are significantly better. Even trends like
the negative values for antiprotons in the low-pT range at√

sNN = 11.5 GeV are reproduced. Similar to the particle
group, the pions are systematically above the blast wave
predictions for all energies. The φ mesons, which are supposed
to behave differently from the other particles due to their
smaller hadronic cross section, fit into the systematic of the
other particles in that group.

FIG. 4. (Color online) Integrated multiplicity rapidity density of
protons, antiprotons, and net protons as a function of the center-of-
mass energy. Data are taken from Refs. [27,34,35].

In contrast to the behavior seen in the particle group, the
splitting of the data points among different antiparticle species
decreases with increasing beam energy. At lower energies, the
splitting for the antiparticle group is larger than for the particle
group, but the difference between the two groups is decreasing
with increasing beam energy. At

√
sNN = 62.4 GeV the v2

data for both groups, and accordingly the fits, are already very
similar.

If we assume that the mass ordering in the low-pT region is
only due to radial flow, then the difference in the splitting
of particles and antiparticles indicates that the transverse
expansion velocity is different for particles and antiparticles.
Figure 3 depicts the transverse expansion velocity β, which
is extracted from the blast wave fits, as a function of beam
energy with three different input temperatures, as discussed
in Sec. III A. The corresponding ρ0 values are shown in
Table I. The transverse expansion velocities for antiparticles
are systematically higher than those for particles at all
energies below

√
sNN = 200 GeV, whereas the difference

between particles and corresponding antiparticles decreases
with increasing beam energy. The latter is equivalent to the
observation that the difference of v2 between particles and
antiparticles is decreasing with increasing beam energy [29],

TABLE I. Fit parameters ρ0, ρa and s2 for the particle group (X) and the antiparticle group (X̄) from min.-bias Au + Au collisions at√
sNN = 7.7 –200 GeV and Pb + Pb collisions at

√
sNN = 2760 GeV.

7.7 GeV 11.5 GeV 19.6 GeV 27 GeV 39 GeV 62.4 GeV 200 GeV 2760 GeV

ρ0(×10−2 X) 0.38 ± 0.04 0.42 ± 0.01 0.44 ± 0.01 0.47 ± 0.01 0.49 ± 0.01 0.51 ± 0.01 0.55 ± 0.02 0.89 ± 0.02
ρ0(×10−2 X̄) 0.93 ± 0.14 0.77 ± 0.04 0.63 ± 0.01 0.59 ± 0.01 0.58 ± 0.01 0.57 ± 0.01 0.55 ± 0.02 0.89 ± 0.02
ρa(×10−2 X) 2.73 ± 0.28 3.48 ± 0.14 3.79 ± 0.07 3.72 ± 0.05 4.03 ± 0.03 4.35 ± 0.04 4.62 ± 0.29 3.02 ± 0.10
ρa(×10−2 X̄) 2.56 ± 0.37 3.51 ± 0.18 3.75 ± 0.08 4.00 ± 0.05 4.11 ± 0.03 4.49 ± 0.05 4.66 ± 0.29 3.02 ± 0.10
s2(×10−2 X) 3.13 ± 0.67 2.36 ± 0.31 2.27 ± 0.15 2.74 ± 0.10 2.42 ± 0.07 2.17 ± 0.09 1.79 ± 0.62 4.62 ± 0.11
s2(×10−2 X̄) 3.35 ± 0.73 3.17 ± 0.32 2.62 ± 0.15 2.35 ± 0.10 2.62 ± 0.06 2.17 ± 0.09 1.75 ± 0.63 4.62 ± 0.11
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FIG. 3. (Color online) The transverse expansion velocity β as a
function of beam energy from 0%–80% central Au + Au collisions
and 0%–60% central Pb + Pb collisions for particles and antiparticles
with three different temperatures.

The fit curves for the φ meson are higher than the data points
for all energies except for

√
sNN = 62.4 GeV. It is argued that φ

mesons have a small hadronic cross sections [36,37] compared
with the other hadrons under consideration. In that case, one
expects a lower φ meson v2 and therefore also a deviation
from the blast wave fits. We want to point out that the weight
of the φ-meson data in the simultaneous fits is low due to their
relatively large error bars. A fit without φ mesons included
gives almost identical results.

In Fig. 2(b) we show the corresponding results for the
antiparticle group (K0

s , K−, p̄,φ, and #̄). The K− data are
not shown for the same reason as for the K+ mesons. The data
show a larger spread along the v2 or pT axes, respectively,
compared with the particle group. The simultaneous fits
to all antiparticles are significantly better. Even trends like
the negative values for antiprotons in the low-pT range at√

sNN = 11.5 GeV are reproduced. Similar to the particle
group, the pions are systematically above the blast wave
predictions for all energies. The φ mesons, which are supposed
to behave differently from the other particles due to their
smaller hadronic cross section, fit into the systematic of the
other particles in that group.

FIG. 4. (Color online) Integrated multiplicity rapidity density of
protons, antiprotons, and net protons as a function of the center-of-
mass energy. Data are taken from Refs. [27,34,35].

In contrast to the behavior seen in the particle group, the
splitting of the data points among different antiparticle species
decreases with increasing beam energy. At lower energies, the
splitting for the antiparticle group is larger than for the particle
group, but the difference between the two groups is decreasing
with increasing beam energy. At

√
sNN = 62.4 GeV the v2

data for both groups, and accordingly the fits, are already very
similar.

If we assume that the mass ordering in the low-pT region is
only due to radial flow, then the difference in the splitting
of particles and antiparticles indicates that the transverse
expansion velocity is different for particles and antiparticles.
Figure 3 depicts the transverse expansion velocity β, which
is extracted from the blast wave fits, as a function of beam
energy with three different input temperatures, as discussed
in Sec. III A. The corresponding ρ0 values are shown in
Table I. The transverse expansion velocities for antiparticles
are systematically higher than those for particles at all
energies below

√
sNN = 200 GeV, whereas the difference

between particles and corresponding antiparticles decreases
with increasing beam energy. The latter is equivalent to the
observation that the difference of v2 between particles and
antiparticles is decreasing with increasing beam energy [29],

TABLE I. Fit parameters ρ0, ρa and s2 for the particle group (X) and the antiparticle group (X̄) from min.-bias Au + Au collisions at√
sNN = 7.7 –200 GeV and Pb + Pb collisions at

√
sNN = 2760 GeV.

7.7 GeV 11.5 GeV 19.6 GeV 27 GeV 39 GeV 62.4 GeV 200 GeV 2760 GeV

ρ0(×10−2 X) 0.38 ± 0.04 0.42 ± 0.01 0.44 ± 0.01 0.47 ± 0.01 0.49 ± 0.01 0.51 ± 0.01 0.55 ± 0.02 0.89 ± 0.02
ρ0(×10−2 X̄) 0.93 ± 0.14 0.77 ± 0.04 0.63 ± 0.01 0.59 ± 0.01 0.58 ± 0.01 0.57 ± 0.01 0.55 ± 0.02 0.89 ± 0.02
ρa(×10−2 X) 2.73 ± 0.28 3.48 ± 0.14 3.79 ± 0.07 3.72 ± 0.05 4.03 ± 0.03 4.35 ± 0.04 4.62 ± 0.29 3.02 ± 0.10
ρa(×10−2 X̄) 2.56 ± 0.37 3.51 ± 0.18 3.75 ± 0.08 4.00 ± 0.05 4.11 ± 0.03 4.49 ± 0.05 4.66 ± 0.29 3.02 ± 0.10
s2(×10−2 X) 3.13 ± 0.67 2.36 ± 0.31 2.27 ± 0.15 2.74 ± 0.10 2.42 ± 0.07 2.17 ± 0.09 1.79 ± 0.62 4.62 ± 0.11
s2(×10−2 X̄) 3.35 ± 0.73 3.17 ± 0.32 2.62 ± 0.15 2.35 ± 0.10 2.62 ± 0.06 2.17 ± 0.09 1.75 ± 0.63 4.62 ± 0.11
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Transverse velocity

• Different β for particles and antiparticles at lower energies 

• Possible scenarios 
‣ Antiparticles produced early → large β since radial flow is cumulative 

• Fraction of net-protons (stopped protons) increase, already 
significant at 62.4 GeV → baryon stopping ?
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FIG. 3. (Color online) The transverse expansion velocity β as a
function of beam energy from 0%–80% central Au + Au collisions
and 0%–60% central Pb + Pb collisions for particles and antiparticles
with three different temperatures.

The fit curves for the φ meson are higher than the data points
for all energies except for

√
sNN = 62.4 GeV. It is argued that φ

mesons have a small hadronic cross sections [36,37] compared
with the other hadrons under consideration. In that case, one
expects a lower φ meson v2 and therefore also a deviation
from the blast wave fits. We want to point out that the weight
of the φ-meson data in the simultaneous fits is low due to their
relatively large error bars. A fit without φ mesons included
gives almost identical results.

In Fig. 2(b) we show the corresponding results for the
antiparticle group (K0

s , K−, p̄,φ, and #̄). The K− data are
not shown for the same reason as for the K+ mesons. The data
show a larger spread along the v2 or pT axes, respectively,
compared with the particle group. The simultaneous fits
to all antiparticles are significantly better. Even trends like
the negative values for antiprotons in the low-pT range at√

sNN = 11.5 GeV are reproduced. Similar to the particle
group, the pions are systematically above the blast wave
predictions for all energies. The φ mesons, which are supposed
to behave differently from the other particles due to their
smaller hadronic cross section, fit into the systematic of the
other particles in that group.

FIG. 4. (Color online) Integrated multiplicity rapidity density of
protons, antiprotons, and net protons as a function of the center-of-
mass energy. Data are taken from Refs. [27,34,35].

In contrast to the behavior seen in the particle group, the
splitting of the data points among different antiparticle species
decreases with increasing beam energy. At lower energies, the
splitting for the antiparticle group is larger than for the particle
group, but the difference between the two groups is decreasing
with increasing beam energy. At

√
sNN = 62.4 GeV the v2

data for both groups, and accordingly the fits, are already very
similar.

If we assume that the mass ordering in the low-pT region is
only due to radial flow, then the difference in the splitting
of particles and antiparticles indicates that the transverse
expansion velocity is different for particles and antiparticles.
Figure 3 depicts the transverse expansion velocity β, which
is extracted from the blast wave fits, as a function of beam
energy with three different input temperatures, as discussed
in Sec. III A. The corresponding ρ0 values are shown in
Table I. The transverse expansion velocities for antiparticles
are systematically higher than those for particles at all
energies below

√
sNN = 200 GeV, whereas the difference

between particles and corresponding antiparticles decreases
with increasing beam energy. The latter is equivalent to the
observation that the difference of v2 between particles and
antiparticles is decreasing with increasing beam energy [29],

TABLE I. Fit parameters ρ0, ρa and s2 for the particle group (X) and the antiparticle group (X̄) from min.-bias Au + Au collisions at√
sNN = 7.7 –200 GeV and Pb + Pb collisions at

√
sNN = 2760 GeV.

7.7 GeV 11.5 GeV 19.6 GeV 27 GeV 39 GeV 62.4 GeV 200 GeV 2760 GeV

ρ0(×10−2 X) 0.38 ± 0.04 0.42 ± 0.01 0.44 ± 0.01 0.47 ± 0.01 0.49 ± 0.01 0.51 ± 0.01 0.55 ± 0.02 0.89 ± 0.02
ρ0(×10−2 X̄) 0.93 ± 0.14 0.77 ± 0.04 0.63 ± 0.01 0.59 ± 0.01 0.58 ± 0.01 0.57 ± 0.01 0.55 ± 0.02 0.89 ± 0.02
ρa(×10−2 X) 2.73 ± 0.28 3.48 ± 0.14 3.79 ± 0.07 3.72 ± 0.05 4.03 ± 0.03 4.35 ± 0.04 4.62 ± 0.29 3.02 ± 0.10
ρa(×10−2 X̄) 2.56 ± 0.37 3.51 ± 0.18 3.75 ± 0.08 4.00 ± 0.05 4.11 ± 0.03 4.49 ± 0.05 4.66 ± 0.29 3.02 ± 0.10
s2(×10−2 X) 3.13 ± 0.67 2.36 ± 0.31 2.27 ± 0.15 2.74 ± 0.10 2.42 ± 0.07 2.17 ± 0.09 1.79 ± 0.62 4.62 ± 0.11
s2(×10−2 X̄) 3.35 ± 0.73 3.17 ± 0.32 2.62 ± 0.15 2.35 ± 0.10 2.62 ± 0.06 2.17 ± 0.09 1.75 ± 0.63 4.62 ± 0.11

024903-4

Transverse velocity

• Baryon stopping ? 
‣ v2 could be different for produced and transported quarks → particles 

are contaminated by transported u & d quarks 
‣ Surface emission of antiprotons due to the absorption → effect is 

larger for lower energies (larger µB), smaller at higher energies
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Direct photon vn
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scaling observed in hadrons [18], where KET ¼ mT "m.
Thus, vhadr

2 ðpTÞ can be calculated for all hadrons separately
from v!0

2 ðpTÞ and then combined. As in [5], we assume
mT scaling of hadron pT spectra and establish a ‘‘hadron
cocktail’’ using the measured yield ratios. This cocktail is
the input of a Monte Carlo simulation to calculate the

combined v";bg
2 due to photons from hadron decays. The

direct-photon v";dir
2 is then obtained using the R"ðpTÞ

‘‘direct-photon-excess ratio’’ as

v";dir
2 ¼ R"ðpTÞv";inc

2 " v";bg
2

R"ðpTÞ " 1
¼ v";inc

2 þ v";inc
2 " v";bg

2

R"ðpTÞ " 1
;

(2)

where R"ðpTÞ¼NincðpTÞ=NbgðpTÞ with Ninc ¼ Nmeas"
Nhadr, the number of inclusive photons, while NbgðpTÞ is
the number of photons attributed to hadron decay. Values of
R"ðpTÞ above 5 GeV=c are taken from the real-photon
measurement with the PHENIX electromagnetic calorime-
ter [8], and below that from the more accurate, but pT-
range-limited internal-conversion measurement of direct
photons [5]. Note that (R" " 1) is measured with a relative
uncertainty of 20% at low pT . Even though the excess is

small in this range (& 20%), the v";inc
2 " v";bg

2 in Eq. (2) is
of the order of 0.01 [see Fig. 1(b)], yielding only a small
overall correction term.

Contributors to systematic uncertainties for representative
pT values are listed in Table I. The total uncertainty is then

derived by differentiating the formula on v";dir
2 and using the

#x=x values listed in Table I. Type A are point-by-point
uncertainties, which are uncorrelated with pT ; type B are
uncertainties, which are correlated (with pT); and type C is
the overall normalization uncertainty, moving all points by
the same fraction up or down. Since the v2 measurement is
relative (the azimuthal anisotropy is fit without the need to
know the absolute normalization), the !0 and inclusive-
photon-v2 measurements are largely immune to energy-
scale uncertainties, which are typically the dominant source
of uncertainty in an absolute (invariant-yield) measurement.
The uncertainties on v2 are dominated by the common
uncertainty on determining $RP and by uncertainties in
particle identification. Uncertainties from absolute yields
enter indirectly via the hadron cocktail (normalization)
and more directly at higher pT (where the real-photon
measurement is used) by the R"ðpTÞ needed to establish

the direct-photon v2. Note that due to the way v";dir
2 is

calculated, once R" is large, its relative uncertainty contrib-

utes to the uncertainty on v";dir
2 less and less.

Figure 1 shows steps of the analysis using the minimum-
bias sample, as well as the differences between results
obtained with BBC and RXN. First, v2 of !

0 and inclusive

photons (v!0

2 , v";inc
2 ) are measured, as described above

[panels (a) and (b)]. Then, using the v";bg
2 of photons

from hadronic decays and the R" direct-photon excess

ratio, we derive the v";dir
2 of direct photons [panel (c)].

Panel (d) shows the R"ðpTÞ values from the direct-photon
invariant-yield measurements using internal conversion [5]
and real [8] photons, with their respective uncertainties.

Panel (e) shows the ratio of v";dir
2 /v!0

2 . We observe sub-
stantial direct-photon flow in the low-pT region (c), com-
mensurate with the hadron flow itself (e). However, in
contrast to hadrons, the direct-photon v2 rapidly decreases
with pT , and for pT ' 5 GeV=c, it is consistent with zero
(c). The rapid transition from large direct-photon flow at
3 GeV=c to zero flow at 5 GeV=c is also demonstrated on
panel (e), since the !0 v2 changes little in this region [4].

The surprising result that at low-pT v";dir
2 is quite large

with relatively small uncertainty hinges upon two facts. On

the one hand, v";inc
2 is virtually equal to v";bg

2 with small
uncertainty, as shown on panel (b) of Fig. 1 (note that the
uncertainty on their difference is small since it is domi-
nated by the common reaction-plane uncertainty). On the
other hand, R"ðpTÞ is larger than 1.0 with small uncertainty
[5]; these combine to make the second term in Eq. (2)
small, also with small uncertainty.
A major issue in any azimuthal-asymmetry measure-

ment is the potential bias from where in pseudorapidity
the (event-by-event) reaction plane is measured. At low
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FIG. 1 (color online). (a)–(c) v2 in minimum-bias collisions,
using two different reaction-plane detectors: (solid black circles)
BBC and (solid red squares) RXN for (a) !0, (b) inclusive
photon, and (c) direct photon. (d) direct-photon fraction R" for
(solid-black circles) virtual photons [5] and (open-blue squares)
real photons [8] and (e) ratio of direct-photon to !0 v2 for (solid-
black circles) BBC and (solid-red squares) RXN. The vertical
error bars on each data point indicate statistical uncertainties and
shaded (gray and cyan) and hatched (red) areas around the data
points indicate sizes of systematic uncertainties. On panel (b) the

difference of v";inc
2 and v";bg

2 is also shown.
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FIG. 5. Ratio R� for the combined 2007 and 2010 data sets
in centrality bins 0%–20%, 20%–40%, 40%–60% and 60%–
92%. Statistical uncertainties plotted as vertical lines are
dominated by the ⇡0 yield extraction. All other systematic
uncertainties are added in quadrature and shown as filled
boxes. On panels (a) and (b) we also show earlier results
from Ref. [2], obtained by extrapolating virtual photons mass
to zero.

binary collisions for minimum bias collisions, as calcu-
lated from a Glauber Monte Carlo simulation [33]. Be-
low pT = 3 GeV/c an enhancement above the expected
prompt production (p+p) is observed. The enhancement
has a significantly smaller inverse slope than the Ncoll

scaled p+pcontribution. Investigating the centrality de-
pendence in more detail (Figure 7) we observe similar
behavior. The solid curves are again the p+pfit scaled by
the respective number of binary collisions, and they devi-
ate significantly from the measured yields below 3 GeV/c.

TABLE II. The number of nucleon participants N
part

, num-
ber of binary nucleon-nucleon collisions, and constituent-
quark participants N

qp

. Also shown are the values of local
inverse slopes in the pT range 0.6 to 2 GeV/c, cf. Fig. 8.

Centrality N
part

N
coll

N
qp

T
eff

(MeV/c)

0%–20% 279.9 ± 5.7 779.0 ± 75.2 735.2 ± 16.2 239 ± 25 ± 7

20%–40% 140.4 ± 7.0 296.8 ± 31.1 333.2 ± 12.2 260 ± 33 ± 8

40%–60% 59.9 ± 5.0 90.6 ± 11.8 126.5 ± 6.8 225 ± 28 ± 6

60%–92% 17.6 ± 4.2 14.5 ± 4.0 30.2 ± 7.1 238 ± 50 ± 6

Finally the direct photon contribution from prompt
processes (as estimated by the Ncoll scaled p+p direct
photon yield, shown by the curve in Figure 7) is sub-

c = 3.45±0.08. Note that the systematic uncertainties are highly
correlated. Also, the lowest actual data point in the fit is at pT
=1GeV/c.
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FIG. 6. Direct photon pT spectra for minimum bias
Au+Au from this measurement (solid symbols) and Au+Au
and p+pcollisions (open symbols). Open circles and triangles:
low pT spectrum obtained with virtual photons in p+pand
Au+Au [2]. Open squares and triangles: spectrum with real
photons, measured in the EMCal in p+p. Open squares
are 2003 data [30], open triangles are 2006 data [31].Open
stars: spectrum with real photons, measured in the EMCal
in Au+Au in 2004 [32]. The dashed line is a fit to the com-
bined set of p+pdata, extrapolated below 1GeV/c, and the
solid line the p+pfit scaled with the number of collisions in
minimum bias Au+Au. Bands around lines denote 1� uncer-
tainty intervals in the parametrizations of the p+pdata and
the uncertainty in N

coll

, added in quadrature.

tracted to isolate the radiation unique to heavy ion col-
lisions. The results are depicted in Figure 8. While the
origin of this additional radiation cannot be directly es-
tablished (it could be for instance thermal and/or initial
state radiation, or the dominant source could even be
pT dependent), it is customary to fit this region with an
exponential and characterize the shape with the inverse
slope. Accordingly, shown on each panel is a fit to an
exponential function in the range 0.6 < pT < 2 GeV/c.
The inverse slopes are approximately 240MeV/c inde-
pendent of centrality, see Table II. In contrast, the yield
clearly increases with centrality. We have quantified this
by integrating the photon yield above a threshold pmin

T ,
also, we varied the threshold from 0.4 to 1.4 GeV/c to
show that the centrality dependence is not coming from
a change of shape at low pT (see Figure 9).

The yield increases with a power-law function N↵
part;

this is illustrated by the linear rise of the yield with Npart

in the logarithmic representation shown on Figure 9 to-
gether with fits to AN↵

part. The fit parameters are shown

Direct photon puzzle

• Enhancement of direct photon pT spectra relative to p+p 
‣ Inverse slope T~240 MeV (0-20%) for the excess of pT spectra 

• Large v2 for direct photon at low pT 
‣ comparable to the v2 for π0 

• Is direct photon emitted early (pT spectra) or late (v2) ?
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Several scenarios

• Strong magnetic field → v2 > 0, v3 ~ 0 

• Radial flow effect → v2 > 0, v3 > 0 

• Measurements of v3 provide additional constraints on direct 
photon production mechanism
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FIG. 2. (Color online) The inverse photon slope parameter Teff = −1/slope as a function of the local fluid cell temperature, from the
equilibrium thermal emission rates (solid green lines) and from hydrodynamic simulations (open and solid circles), compared with the
experimental values (horizontal lines and error bands) for (a) Au + Au collisions at the RHIC and (b) Pb + Pb collisions at the LHC. The
experimental values and error bands in panel (a) are from the PHENIX Collaboration [6] and those in panel (b) are from the ALICE Collaboration
[7]. We note that the corresponding plot for Au + Au collisions at 20−40% centrality looks very similar to the case of 0−20% centrality shown
in panel (a), in agreement with what the PHENIX Collaboration [6] found. See text for a detailed discussion.

differ slightly from what is used in the rest of this paper,
due to the sensitivity of the photon spectra to details of
the rates that are not relevant for the study of effective
temperatures. For the QGP contribution shown in Fig. 1, the
full leading order ideal rate for collinear emission is added
to the viscous-corrected 2 → 2 rate. This is justified by the
fact that the full leading order rate is known to have a similar
energy dependence as the 2 → 2 one (see, e.g., Ref. [26]), but
is about twice as large. This normalization does not affect
significantly effective temperature studies, but would lead
to an artificial underestimate of the QGP photons that we
want to avoid here. On the hadron gas side, we note that
our rates do not include the contribution of baryons to the
production of real photons. As the baryonic contribution is
roughly equal to that of the mesons at photon transverse
momentum of pT ≈ 1 GeV/c [23], and as the baryonic
rates are not yet amenable to a form which enables viscous
corrections, the photon yield from the hadronic medium is
approximated here by multiplying the net mesonic contribution
by a factor of 2. We emphasize that this normalization of the
hadron gas rate, along with the replacement of the 2 → 2
ideal QGP rate by the full leading order one, is only used
here and not in what follows. The prompt photon calculation
is performed at next-to-leading-order (NLO) in the strong
coupling constant [27,28], and the nuclear parton distribution
functions are corrected for isospin and shadowing effects [29].
The calculation is extrapolated to low transverse momentum
using a fit of the form A/(1 + pT /p0)n, a form that we
checked describes very well the available low-pT photon data
from proton-proton collisions [6,25]. For RHIC and LHC
conditions, the agreement between the calculated results and
the measured data shown here is not untypical of that obtained
with other contemporary hydrodynamic simulations [5,30,31].
We note that the data allow room for additional photon sources
in addition to the ones considered here. Among the possible
candidates are photons from jet-plasma interactions [31,32];

one should also keep in mind the role played by fluctuating
initial states [26,33].

IV. INVERSE PHOTON SLOPES AND TRUE EMISSION
TEMPERATURES

The equilibrium emission rates as well as the nonequi-
librium photon spectra emitted during the hydrodynamic
evolution are approximately exponential in pT between 1
and 4 GeV, and we can characterize them by their inverse
logarithmic slopes Teff just as the experiments did for the
measured photon spectra. The green lines in Fig. 2 show Teff
as a function of the true temperature T for the equilibrium
photon emission rates. One sees that, due to phase-space
factors associated with the radiation process, the effective
temperature of the emission rate is somewhat larger than
the true temperature: At high T , the QGP photon emission
rate goes roughly as exp(−Eγ /T ) log(Eγ /T ) [34], and the
logarithmic factor is responsible for the somewhat harder
emission spectrum. The double kink in the green line at
T = 184 and 220 MeV reflects the interpolation between the
QGP and HG rates. The effect of that interpolation on the slope
of the spectrum is weak; one mainly interpolates between rates
with different normalizations.

The circles in Fig. 2 show the effective temperatures of
photons emitted with equilibrium rates (open black circles)
and with viscously corrected rates (solid red circles) from cells
of a given temperature within the hydrodynamically evolving
viscous medium. The area of the circles is proportional to the
total photon yield emitted from all cells at that temperature.
One sees here and also in Fig. 3 that viscous corrections to the
photon emission rates are large at early times (high T ), due to
the initially very large longitudinal expansion rate, but become
negligible at later times (lower T ). Viscous effects on the
emission rates harden the photon spectrum (i.e., they increase
Teff) but do not affect the photon yields. The hydrodynamic

044910-3
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Direct photon v3

• Non-zero, positive v3 

• No strong centrality dependence, similar with hadron v3 

• Strong magnetic field scenario cannot explain the data
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Blast-wave fit

• Blast wave fit to direct photon pT spectra & vn 
‣ pT spectra can be fitted with the same T for hadrons 
‣ Reasonable description for v2 & v3
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Summary

• Multi-strange hadron v2 at 200 GeV shows mass ordering 
violation 

‣ need quantitative comparison with the latest hydrodynamical models 

• v2 at RHIC BES (particles vs antiparticles) 
‣ NCQ scaling break down between particles and antiparticles 
‣ can be understood as different radial flow velocity (if mass ordering of 

v2 is only due to radial flow) 
‣ Need more statistics, better model calculations 

• Finite direct photon vn at RHIC 
‣ Naive strong magnetic field scenario cannot explain the data 
‣ Large vn, blast wave fit (if applicable) could support that direct 

photons are emitted from late stage
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