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Beam Energy Scan – Phase I Results:  

• Seen the turn-off of QGP signatures.  

• Seen  suggestions of the first order phase transition.  

• Not seen conclusive evidence of a critical point.  

 

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

The iTPC Upgrades strengthen the BES II physics program, 

and enables new key measurements: 

• Rapidity dependence of proton kurtosis 

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

• Enables the internal fixed target program to cover  7.7 to 3.0 GeV 
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Relativistic Heavy Ion Collider 
√sNN from 200 GeV 
down to  3 GeV  
p+p, p+Al,Au, d+Au, 
3He+Au, Cu+Cu, 
Cu+Au, Au+Au, U+U
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The Solenoidal Tracker At RHIC

tracking of charged 
particles covered in full 2π 
azimuth 
new subsystems 

inner Time Projection 
Chamber (iTPC) upgrade 

increased acceptance in 
pseudorapidty  

Event Plane Detector (EPD) 
endcap Time-Of-Flight (eTOF)  

particle identification in forward 
direction
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MTDMagnet BEMCEEMC

The	STAR	Detector	System	
EPDTOF iTPCTPC

HFT

- Powerhouse at RHIC
- Needs upgrades for
the future of RHICeTOF
VPD
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Freeze-out Temperatures from STAR BES-I

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

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

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

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

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

1. Choice on Constraints

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

√
sNN =7.7,

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

2. Choice on Including More Particles

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

√
sNN = 39 GeV for

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

B. Kinetic Freeze-out

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

STAR, PRC 96 (2017) 044904
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FIG. 38: (Color online) (a) Energy dependence of kinetic
and chemical freeze-out temperatures for central heavy-ion
collisions. The curves represent various theoretical predic-
tions [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 for mostly 0–7%, and top RHIC and LHC ener-
gies for 0–5% central collisions. Uncertainties represent sys-
tematic uncertainties.

sion centrality classes. The bulk properties are studied
by measuring the identified hadron dN/dy, ⟨pT ⟩, particle
ratios, and freeze-out parameters. The results are com-
pared with corresponding published results from other
energies and experiments.
The yields of charged pions, kaons, and anti-protons

decrease 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 mid-rapidity
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 slope as a function of
beam energy. The slope above 19.6 GeV is different when
compared to that at lower energies. This may suggest
a change in particle production mechanism below 19.6
GeV.
The π−/π+ ratio is close to unity for most of the ener-

gies. The lowest energy of 7.7 GeV has a greater π−/π+

ratio than at other energies due to isospin and significant
contributions from resonance decays (such as ∆ baryons).
The K−/K+ ratio increases with increasing energy, and
shows very little centrality dependence. The increase in
K−/K+ ratio with energy shows the increasing contri-
bution to kaon production due to pair production. The
K+/π+ ratio shows a maximum at 7.7 GeV and then
decreases with increasing energy. This is due to the as-
sociated production dominance at lower energies as the
baryon stopping is large. This maximum corresponds to
the maximum baryon density predicted to be achieved in
heavy-ion collisions. The centrality dependence is simi-
lar at all energies, increasing from peripheral to central
collisions. The p̄/p ratio increases with increasing en-
ergy. The ratio increases from central to peripheral col-
lisions. The results reflect the large baryon stopping at
mid-rapidity at lower energies in central collisions. The
p/π+ ratio decreases with increasing energy and is larger
at

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

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

√
sNN = 62.4 and 200 GeV.

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

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

energies, then tend to rise further with increasing
√
sNN

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

√
sNN around BES energies could be

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

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

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

STAR, PRC 96, 044904
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⟨ β ⟩ - radial flow velocity
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FIG. 33: Extracted chemical freeze-out temperature versus
baryon chemical potential for GCE (top panel) and SCE (bot-
tom panel) cases using particle yields as input for fitting.
Curves represent two model predictions [79, 80]. Uncertain-
ties represent systematic errors.

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

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

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

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

1. Choice on Constraints

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

√
sNN =7.7,

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

2. Choice on Including More Particles

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

√
sNN = 39 GeV for

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

B. Kinetic Freeze-out

The kinetic freeze-out parameters are obtained by fit-
ting the spectra with a blast wave model. The model
assumes that the particles are locally thermalized at a
kinetic freeze-out temperature and are moving with a
common transverse collective flow velocity [43, 51]. As-
suming a radially boosted thermal source, with a kinetic
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28

1 10 100 1000

T 
(M

eV
)

0

50

100

150

200

 World data
 STAR BES

 Andronic et al.chT
 Cleymans et al.chT

kin  TchT

(a)

 (GeV)NNs
1 10 100 1000

〉 β 〈

0

0.2

0.4

0.6

 World data
 STAR BES

(b)

FIG. 38: (Color online) (a) Energy dependence of kinetic
and chemical freeze-out temperatures for central heavy-ion
collisions. The curves represent various theoretical predic-
tions [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 for mostly 0–7%, and top RHIC and LHC ener-
gies for 0–5% central collisions. Uncertainties represent sys-
tematic uncertainties.

sion centrality classes. The bulk properties are studied
by measuring the identified hadron dN/dy, ⟨pT ⟩, particle
ratios, and freeze-out parameters. The results are com-
pared with corresponding published results from other
energies and experiments.
The yields of charged pions, kaons, and anti-protons

decrease 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 mid-rapidity
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 slope as a function of
beam energy. The slope above 19.6 GeV is different when
compared to that at lower energies. This may suggest
a change in particle production mechanism below 19.6
GeV.
The π−/π+ ratio is close to unity for most of the ener-

gies. The lowest energy of 7.7 GeV has a greater π−/π+

ratio than at other energies due to isospin and significant
contributions from resonance decays (such as ∆ baryons).
The K−/K+ ratio increases with increasing energy, and
shows very little centrality dependence. The increase in
K−/K+ ratio with energy shows the increasing contri-
bution to kaon production due to pair production. The
K+/π+ ratio shows a maximum at 7.7 GeV and then
decreases with increasing energy. This is due to the as-
sociated production dominance at lower energies as the
baryon stopping is large. This maximum corresponds to
the maximum baryon density predicted to be achieved in
heavy-ion collisions. The centrality dependence is simi-
lar at all energies, increasing from peripheral to central
collisions. The p̄/p ratio increases with increasing en-
ergy. The ratio increases from central to peripheral col-
lisions. The results reflect the large baryon stopping at
mid-rapidity at lower energies in central collisions. The
p/π+ ratio decreases with increasing energy and is larger
at

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

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

√
sNN = 62.4 and 200 GeV.

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

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

energies, then tend to rise further with increasing
√
sNN

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

√
sNN around BES energies could be

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

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

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

STAR, PRC 96, 044904
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FIG. 19. (Color online) The NCQ-scaled elliptic flow, v2/nq versus (mT − m0)/nq, for 0%–80% central Au + Au collisions for selected
particles (a) and corresponding antiparticles (b). Only statistical error bars are shown. The dashed lines show the results of simultaneous fits
with Eq. (17) to all particles except the pions.

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

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

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

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

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

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

respectively. For the calculation statistical and systematic

014902-17
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and 2(h)], can be attributed to the system-dependent ε2
values for each hNchi. For hNchi ∼ 21 [Fig. 2(i)], the MC-
qGlauber eccentricities for the different systems do not vary
strongly.
Figures 2(j) and 2(k) confirm the influence of the system-

dependent ε2 values for hNchi ¼ 140 and 70. That is, they
show data collapse onto a single curve for v2=ε2 vs pT for
U þ U, Auþ Au, Cuþ Au, and Cuþ Cu systems.
Figure 2(l) also indicates an approximate collapse of the
scaled results for pþ Au and dþ Au onto the curve for the
eccentricity-scaled Aþ A data. This pattern is suggestive of
a dominant collective flow contribution to the measured
anisotropy in high-multiplicity pþ Aðdþ AÞ collisions
[36]. However, a quantitative estimate of a possible
long-range nonflow contribution is required to fully estab-
lish the degree of this apparent scaling.
The hNchi dependence of vfluc1 , v2, and v3are compared

for all six collision systems in Figs. 3(a)–3(c); they are in
good agreement with the v2 data reported for U þU and
Auþ Au collisions in Ref. [65]. The inset in Fig. 3(a)
compares the associated values ofK vs hNchi−1 [cf. Eq. (9)]
for each system.
For hNchi ≳ 170, the vn values all show a decrease with

increasing values of hNchi, consistent with the expected
decrease of εn as collisions become more central. The
apparent decrease in the values of v2 for hNchi≲ 170
corroborate the dominant role of size-driven viscous
attenuation of the flow harmonics for these multiplicities.
Note that ε2 increases for hNchi < 170. Figures 3(a) and
3(b) indicate system-independent magnitudes and trends
for vfluc1 and v3, analogous to the pT-dependent results
shown in Fig. 2.
The v2 comparisons shown in Fig. 3(c), accentuate the

system-dependent patterns observed in Figs. 2(g)–2(i).
Here, the uncertainties for the pþ Au and dþ Au data
points for hNchi ∼ 21, reflect the systematic uncertainty
estimates for residual nonflow contributions, which are

smaller for these pT-integrated measurements. The dashed
curve indicates good agreement between the data and a
hydrodynamic calculation for Auþ Au collisions [66].
The striking system-dependent patterns shown in

Fig. 3(c) can be attributed to the strong dependence of ε2
on system size for a fixed value of hNchi. This shape
dependence, which weakens for low hNchi, is confirmed
via the plot of v2=ε2 vs hNchi−1=3shown in Fig. 4. A similar
plot, reflecting the n2 dependence of viscous attenuation
[35,36], was obtained for v3=ε3vs hNchi−1=3. The inset in
Fig. 4 indicates amarked similarity between the slopes of the
eccentricity-scaled v2 for U þU, Auþ Au, Cuþ Au, and
Cuþ Cu collisions over the indicated multiplicity range.
The eccentricity-scaled results for dþ Au and pþ Au also
follow the data trend for these heavier collision species
[46,67] with larger systematic uncertainty. Hydrodynamic
simulations for Auþ Au collisions [66] exhibit similar
scaling trends within the same range of hNchi.

FIG. 3. Comparison of the hNchi dependence of (a) vfluc1 , (b) v3, (c) and v2 for all collision systems for the pT selections indicated. The
dashed curve in (c) represents a hydrodynamic model calculation [66] for Auþ Au collisions. The hNchi values for pþ Au and dþ Au
correspond to ∼0%–20% central collisions. The inset in (a) compares the extracted values of K vs hNchi−1 for each system; the dashed
line is drawn to guide the eye.

FIG. 4. v2=ε2 vs hNchi−1=3 for U þU, Auþ Au, Cuþ Au,
Cuþ Cu, dþ Au, and pþ Au collisions as indicated. The open
boxes indicate systematic uncertainties. The v2 data are the same
as in Fig. 3(c). The dotted line represents an exponential fit to the
data with Eq. (4). (Inset) The respective ratios of the slopes
extracted for each system relative to the slope extracted from a fit
to the combined data sets (hSlopei ¼ 8.2 × 10−1 % 0.02).

PHYSICAL REVIEW LETTERS 122, 172301 (2019)
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Ø v2 from template fit shows a 
universal trend as a function 
of <dN/dC>

Collectivity plays an important role for the flow in small systems
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example, the D0 candidate-hadron azimuthal cumulant
V cand−h
2 ≡ ⟨ cos(2φcand − 2φh)⟩, shown as a function of

pT as solid markers in Fig. 2 (b), is calculated by the
Q-cumulant method where φcand and φh are azimuthal
angles for D0 candidates and charged hadrons, respec-
tively [33]. The average is taken over all events and
all particles. Neglecting non-flow contributions, the fol-
lowing factorization can be assumed to obtain the D0

v2: V cand−h
2 = vcand2 vh2 . Here, vh2 can be obtained

from hadron-hadron correlations via V h−h
2 = vh2 v

h
2 . The

same η-gap as in the event plane method was chosen
for the correlation analysis. The D0 background v2 is
calculated similarly, with the background represented
by the average of the like-sign Kπ pairs in the D0

mass window (±3σ, where σ is the signal width) and
side bands (4−9σ away from the D0 peak, both like-
sign and unlike-sign Kπ pairs). The background-hadron
cumulant is also shown in Fig. 2 (b) as open circles.
The D0 v2 is obtained from the candidate and back-
ground v2 and their respective yields (Ncand, Nbg) by

v2 = (Ncandvcand2 −Nbgv
bg
2 )/(Ncand −Nbg).

The systematic uncertainty is estimated by compar-
ing v2 obtained from the following different methods:
a) the fit vs. side-band methods, b) varying invariant
mass ranges for the fit and for the side bands, c) varying
geometric cuts so that the efficiency changes by ±50%
with respect to the nominal value. These three different
sources are varied independently to form multiple com-
binations. We then take the maximum difference from
these combinations and divide by

√
12 as one standard

deviation of the systematic uncertainty. The feed-down
contribution from B-meson decays to our measured D0

yield is estimated to be less than 4%. Compared to other
systematic uncertainties, this contribution is negligible
even in the extreme case that B-meson v2 is 0.

Figure 2 (c) shows the result of the D0 v2 in 0–80%
centrality Au+Au events as a function of pT. The re-
sults from the event plane and correlation methods are
consistent with each other within uncertainties. For fur-
ther discussion in this letter, we use v2 from the event
plane method only, which has been widely used in previ-
ous STAR identified particle v2 measurements [36, 37].

The residual non-flow contribution is estimated by
scaling the D0-hadron correlation (with the same η gap
used in the analysis) in p+p collisions, where only the
non-flow effects are present, by the average v2 (v2) and
multiplicity (M) of charged hadrons used for event plane
reconstruction or D0-hadron correlations in Au+Au col-
lisions. Thus the non-flow contribution is estimated to
be

!

"

i
cos 2(φD0 − φi)

#

/Mv2 [38], where φD0 and φi

are the azimuthal angles for the D0 and hadron, respec-
tively. The

$

i is done for charged tracks in the same
event, and ⟨⟩ is an average over all events. The D0-
hadron correlation in p+p collisions is deduced from D∗-
hadron correlations measured with data taken by STAR
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FIG. 3. (color online) (a) v2 as a function of pT and (b) v2/nq

as a function of (mT − m0)/nq for D0 in 10–40% centrality
Au+Au collisions compared with K0

S , Λ, and Ξ− [36]. The
vertical bars and brackets represent statistical and system-
atic uncertainties, and the grey bands represent the estimated
non-flow contribution.

in year 2012 for pT> 3GeV/c and from a PYTHIA sim-
ulation for pT< 3GeV/c. The correlations in p+p colli-
sions were used as a conservative estimate since the cor-
relation may be suppressed in Au+Au collisions due to
the hot medium effect. The estimated non-flow contri-
bution is shown separately (grey bands) along with the
systematic and statistical uncertainties in Figs. 3 and 4.

For cross check we performed a MC simulation using
the measured D0 v2 to calculate the single electron v2
and compare to previous RHIC measurements [14, 15].
Both the PHENIX and STAR measurements are com-
patible with the calculated electron v2 at pT < 3GeV/c
where the charm hadron contribution dominates [39–41].
At higher pT region, where the bottom contribution is
sizable, the large uncertainty in the measurement of v2
of single electrons does not allow for a reasonable extrac-
tion of v2 for B-mesons.

Figure 3 compares the measured D0 v2 from the event
plane method in 10–40% centrality bin with v2 of K0

S ,
Λ, and Ξ− [36]. The comparison between D0 and light
hadrons needs to be done in a narrow centrality bin

STAR: PRL 118 (2017) 212301
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Directed Flow

Directed flow, v1, is sensitive to the EoS in 
the early stage of HIC 

Net baryons show hints of a minimum and double-
sign change ⟹ indicating the softening EoS
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What is directed flow ?

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

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

in the early stage.

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

s and π±.
Note that dv1/dy for Λ at

√
sNN = 7.7 GeV is −0.128±0.022

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

√
sNN = 62.4 GeV has

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

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

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

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

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

√
sNN = 7.7

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

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

3
arises from as-

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

√
sNN = 11.5 to 200 GeV.

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

√
sNN = 7.7 GeV implies

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

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

√
sNN , most u and d quarks are

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

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

𝗱𝙫
1/
𝗱𝒚

| 𝒚
=

0

STAR, PRL 120 (2018) 062301
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Directed Flow

Directed flow, v1, is sensitive to the EoS in 
the early stage of HIC 

Net baryons show hints of a minimum and double-
sign change ⟹ indicating the softening EoS

First v1 measurement of D0 mesons  
The tilt of bulk x longitudinal density profile of heavy 
quarks  
Rapidity dependent slope is much steeper for both 
D0 + D0 than for kaons 
More in J. Bielcik talk (Tuesday 1pm, Room 2)
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D0 directed flow

14

• First evidence of non-zero directed flow (v1) of 
D0 and D̅̅̅̅ 0 as function of rapidity (y)

• Negative dv1/dy slope for both D0 and D̅̅̅̅ 0

• Significantly larger dv1/dy slope than that of 
kaons

• No EM-induced splitting observed 
within uncertainties

• Measurement of D0 directed flow can be used 
to probe difference between tilt of QGP bulk 
and longitudinal density profile of heavy flavor 
production

D0: arXiv:1905.02052, submitted to PRL.
Kaons (STAR): PRL 120, 062301 (2018). 
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Ds/D0 and Λc/D0

Strong enhancement compared 
to 

HERA 
Pythia

!14

Ds /D0 yield ratio enhancement

9

ep/pp/ep avg: EPJ C 76, 397 (2016)
TAMU: PRL 110, 112301 (2013)
SHM: Phys. Lett. B (2003), 571, 36-44

• Observed strong enhancement of the Ds/D0 yield ratio, compared to:  
Fragmentation ratio measured at HERA (ee/pp/ep average)
PYTHIA version 6.4 p+p baseline

• Enhancement in 10–40 % centrality is stronger than the TAMU model 
calculation with charm quark coalescence

• SHM model in good agreement with data
• Importance of coalescence hadronization of charm quarks together 

with enhanced strangeness production

𝜦𝒄/𝑫𝟎 yield ratio 

• Clear enhancement observed compared to PYTHIA/fragmentation baseline and p+p, 
p+Pb at LHC

• Enhancement of ratio increases towards central collisions
• 𝜦𝒄/𝑫𝟎 ration is comparable with baryon-to-meson ratios of light flavor hadrons 
• Charm quark hadronization via coalescence models  are consistent with data although 

at high pT they underpredict the data 
• Importance of coalescence hadronization of charm quarks

10

Ko/SHM: PRC 79 (2009) 044905 
Greco: Eur.Phys.J.C (2018) 78:348
ALICE: JHEP 04 (2018) 108
STAR:PRL 108 (2012) 072301

Comparable with 
baryon-to-meson ratios 
of light flavor hadrons
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(Anti-)Hypertriton Binding Energy and Mass

Providing insight on Hyperon-Nucleon interaction - probe of a 
neutron star structure 
Mass difference is the first test of the CPT symmetry in the light 
hyper-nuclei sector

!15

Highlights from STAR
Zhenyu Ye for the STAR Collaboration

University of Illinois at Chicago

J. Zhao SQM2019, Italy 17 

(Anti-)Hypertriton Masses  
Measurement of (Anti-)Hypertriton Masses 

Quark Matter 2018, Venice, Italy Zhenyu Ye for STAR Collaboration 32

Peng Liu 
#556, May 15, 15:40

• Excellent S/B ratio from the HFT data, allowing for precise determination of the hypertriton binding energy:
m" +m$ − m&

'( = 0.44 ± 0.10 (stat.) ± 0.15 (syst.) MeV
providing insight on Hyperon-Nucleon interaction and thus neutron star structure,

and the mass difference between $
+H and -$

+-H
∆m/0 &

'( = 1.0 ± 0.9 stat. ± 0.7 (syst. ) ×10=>
is the first test of the CPT symmetry in the light hyper-nuclei sector.
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Coherent γ+γ and γ+Nuclear Processes

Colliding ions generate strong electromagnetic fields  
Coherent interactions: γ + whole nucleus 

!17

Coherent #+#, #+nuclear processes

6/23/19 Shengli Huang 27

photonuclear 
interaction ∝ Z2

photon-photon 
interaction ∝ Z4

= +
Ann. Rev. Nucl. Part. 
Sci.55:271
(2005)
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Low-pT J/𝜓 And Di-electron Enhancement
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STAR:PRL 121 (2018) 132301
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Low-pT J/𝜓 And Di-electron Enhancement
Significant di-lepton enhancement at 
low-pT 

!18
for all three centrality bins in both collision systems.
The different behaviors in the enhancement factors
between low-mass resonances (ω, ϕ) and J=ψ indicate
that the observed excess may be dominated by different
processes [19,20]. A dedicated analysis for J=ψ is under-
way, while this Letter focuses on the mass region of
0.4< Mee < 2.6GeV=c2.
The pT distributions of eþe− pairs in three mass regions

(0.4–0.76, 0.76–1.2, and 1.2–2.6GeV=c2) are shown in
Fig. 2 for 60%–80% Auþ Au and Uþ U collisions, where
the enhancement factors are the largest. Interestingly,
the observed excess is found to concentrate below
pT ≈0.15 GeV=c, while the hadronic cocktail, also shown
in the figure, can describe the data for pT > 0.15 GeV=c in
all three mass regions.
After statistically subtracting the hadronic cocktail con-

tribution from the inclusive eþe− pairs, the invariant mass
distributions for excess pairs for pT < 0.15 GeV=c are
shown in Figs. 3(a) and 3(b) for 60%–80% and 40%–60%
centralities, respectively. Theoretical calculations incorpo-
rating an in-medium broadened ρ spectral function and
QGP radiation [8] are also shown in the figures as solid
lines. While this broadened ρ model calculation has
successfully explained the SPS [4] and RHIC data [5–7]

measured at a higher pT, it cannot describe the enhance-
ment observed at very low pT in 40%–80% centrality
heavy-ion collisions. We integrated the low-pT invariant
mass distributions for excess pairs over the three
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FIG. 1. (a) The centrality dependence of eþe− invariant mass
spectra within the STAR acceptance from Auþ Au collisions and
Uþ U collisions for pair pT < 0.15 GeV=c. The vertical bars on
data points depict the statistical uncertainties, while the system-
atic uncertainties are shown as gray boxes. The hadronic cocktail
yields from Uþ U collisions are ∼5%–12% higher than those
from Auþ Au collisions in given centrality bins; thus only
cocktails for Auþ Au collisions are shown here as solid lines,
with shaded bands representing the systematic uncertainties for
clarity. (b) The corresponding ratios of data over cocktail.
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FIG. 3. The low-pT (pT < 0.15 GeV=c) eþe− excess mass
spectra (data − cocktail) within the STAR acceptance in
(a) 60%–80% and (b) 40%–60% for Auþ Au and Uþ U
collisions, compared with a broadened ρ model calculation [8].
The contributions of ρ and ϕ from the photonuclear process are
shown, as are the contributions of photon-photon process from two
models [33,34]. Themodel calculations are for Auþ Au collisions
in the corresponding centrality bins. (c) The centrality dependence
of integrated excess yields in the mass regions of 0.4–0.76,
0.76–1.2, and 1.2–2.6GeV=c2 in Auþ Au and Uþ U collisions.
The centrality dependence of hadronic cocktail yields in the mass
region of 0.76–1.2 GeV=c2 in both collisions is also shown for
comparison. The systematic uncertainties are shown as gray boxes.
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for all three centrality bins in both collision systems.
The different behaviors in the enhancement factors
between low-mass resonances (ω, ϕ) and J=ψ indicate
that the observed excess may be dominated by different
processes [19,20]. A dedicated analysis for J=ψ is under-
way, while this Letter focuses on the mass region of
0.4< Mee < 2.6GeV=c2.
The pT distributions of eþe− pairs in three mass regions

(0.4–0.76, 0.76–1.2, and 1.2–2.6GeV=c2) are shown in
Fig. 2 for 60%–80% Auþ Au and Uþ U collisions, where
the enhancement factors are the largest. Interestingly,
the observed excess is found to concentrate below
pT ≈0.15 GeV=c, while the hadronic cocktail, also shown
in the figure, can describe the data for pT > 0.15 GeV=c in
all three mass regions.
After statistically subtracting the hadronic cocktail con-

tribution from the inclusive eþe− pairs, the invariant mass
distributions for excess pairs for pT < 0.15 GeV=c are
shown in Figs. 3(a) and 3(b) for 60%–80% and 40%–60%
centralities, respectively. Theoretical calculations incorpo-
rating an in-medium broadened ρ spectral function and
QGP radiation [8] are also shown in the figures as solid
lines. While this broadened ρ model calculation has
successfully explained the SPS [4] and RHIC data [5–7]

measured at a higher pT, it cannot describe the enhance-
ment observed at very low pT in 40%–80% centrality
heavy-ion collisions. We integrated the low-pT invariant
mass distributions for excess pairs over the three
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FIG. 1. (a) The centrality dependence of eþe− invariant mass
spectra within the STAR acceptance from Auþ Au collisions and
Uþ U collisions for pair pT < 0.15 GeV=c. The vertical bars on
data points depict the statistical uncertainties, while the system-
atic uncertainties are shown as gray boxes. The hadronic cocktail
yields from Uþ U collisions are ∼5%–12% higher than those
from Auþ Au collisions in given centrality bins; thus only
cocktails for Auþ Au collisions are shown here as solid lines,
with shaded bands representing the systematic uncertainties for
clarity. (b) The corresponding ratios of data over cocktail.
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FIG. 3. The low-pT (pT < 0.15 GeV=c) eþe− excess mass
spectra (data − cocktail) within the STAR acceptance in
(a) 60%–80% and (b) 40%–60% for Auþ Au and Uþ U
collisions, compared with a broadened ρ model calculation [8].
The contributions of ρ and ϕ from the photonuclear process are
shown, as are the contributions of photon-photon process from two
models [33,34]. Themodel calculations are for Auþ Au collisions
in the corresponding centrality bins. (c) The centrality dependence
of integrated excess yields in the mass regions of 0.4–0.76,
0.76–1.2, and 1.2–2.6GeV=c2 in Auþ Au and Uþ U collisions.
The centrality dependence of hadronic cocktail yields in the mass
region of 0.76–1.2 GeV=c2 in both collisions is also shown for
comparison. The systematic uncertainties are shown as gray boxes.
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for all three centrality bins in both collision systems.
The different behaviors in the enhancement factors
between low-mass resonances (ω, ϕ) and J=ψ indicate
that the observed excess may be dominated by different
processes [19,20]. A dedicated analysis for J=ψ is under-
way, while this Letter focuses on the mass region of
0.4< Mee < 2.6GeV=c2.
The pT distributions of eþe− pairs in three mass regions

(0.4–0.76, 0.76–1.2, and 1.2–2.6GeV=c2) are shown in
Fig. 2 for 60%–80% Auþ Au and Uþ U collisions, where
the enhancement factors are the largest. Interestingly,
the observed excess is found to concentrate below
pT ≈0.15 GeV=c, while the hadronic cocktail, also shown
in the figure, can describe the data for pT > 0.15 GeV=c in
all three mass regions.
After statistically subtracting the hadronic cocktail con-

tribution from the inclusive eþe− pairs, the invariant mass
distributions for excess pairs for pT < 0.15 GeV=c are
shown in Figs. 3(a) and 3(b) for 60%–80% and 40%–60%
centralities, respectively. Theoretical calculations incorpo-
rating an in-medium broadened ρ spectral function and
QGP radiation [8] are also shown in the figures as solid
lines. While this broadened ρ model calculation has
successfully explained the SPS [4] and RHIC data [5–7]

measured at a higher pT, it cannot describe the enhance-
ment observed at very low pT in 40%–80% centrality
heavy-ion collisions. We integrated the low-pT invariant
mass distributions for excess pairs over the three
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FIG. 1. (a) The centrality dependence of eþe− invariant mass
spectra within the STAR acceptance from Auþ Au collisions and
Uþ U collisions for pair pT < 0.15 GeV=c. The vertical bars on
data points depict the statistical uncertainties, while the system-
atic uncertainties are shown as gray boxes. The hadronic cocktail
yields from Uþ U collisions are ∼5%–12% higher than those
from Auþ Au collisions in given centrality bins; thus only
cocktails for Auþ Au collisions are shown here as solid lines,
with shaded bands representing the systematic uncertainties for
clarity. (b) The corresponding ratios of data over cocktail.
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FIG. 3. The low-pT (pT < 0.15 GeV=c) eþe− excess mass
spectra (data − cocktail) within the STAR acceptance in
(a) 60%–80% and (b) 40%–60% for Auþ Au and Uþ U
collisions, compared with a broadened ρ model calculation [8].
The contributions of ρ and ϕ from the photonuclear process are
shown, as are the contributions of photon-photon process from two
models [33,34]. Themodel calculations are for Auþ Au collisions
in the corresponding centrality bins. (c) The centrality dependence
of integrated excess yields in the mass regions of 0.4–0.76,
0.76–1.2, and 1.2–2.6GeV=c2 in Auþ Au and Uþ U collisions.
The centrality dependence of hadronic cocktail yields in the mass
region of 0.76–1.2 GeV=c2 in both collisions is also shown for
comparison. The systematic uncertainties are shown as gray boxes.
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for all three centrality bins in both collision systems.
The different behaviors in the enhancement factors
between low-mass resonances (ω, ϕ) and J=ψ indicate
that the observed excess may be dominated by different
processes [19,20]. A dedicated analysis for J=ψ is under-
way, while this Letter focuses on the mass region of
0.4< Mee < 2.6GeV=c2.
The pT distributions of eþe− pairs in three mass regions

(0.4–0.76, 0.76–1.2, and 1.2–2.6GeV=c2) are shown in
Fig. 2 for 60%–80% Auþ Au and Uþ U collisions, where
the enhancement factors are the largest. Interestingly,
the observed excess is found to concentrate below
pT ≈0.15 GeV=c, while the hadronic cocktail, also shown
in the figure, can describe the data for pT > 0.15 GeV=c in
all three mass regions.
After statistically subtracting the hadronic cocktail con-

tribution from the inclusive eþe− pairs, the invariant mass
distributions for excess pairs for pT < 0.15 GeV=c are
shown in Figs. 3(a) and 3(b) for 60%–80% and 40%–60%
centralities, respectively. Theoretical calculations incorpo-
rating an in-medium broadened ρ spectral function and
QGP radiation [8] are also shown in the figures as solid
lines. While this broadened ρ model calculation has
successfully explained the SPS [4] and RHIC data [5–7]

measured at a higher pT, it cannot describe the enhance-
ment observed at very low pT in 40%–80% centrality
heavy-ion collisions. We integrated the low-pT invariant
mass distributions for excess pairs over the three
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FIG. 1. (a) The centrality dependence of eþe− invariant mass
spectra within the STAR acceptance from Auþ Au collisions and
Uþ U collisions for pair pT < 0.15 GeV=c. The vertical bars on
data points depict the statistical uncertainties, while the system-
atic uncertainties are shown as gray boxes. The hadronic cocktail
yields from Uþ U collisions are ∼5%–12% higher than those
from Auþ Au collisions in given centrality bins; thus only
cocktails for Auþ Au collisions are shown here as solid lines,
with shaded bands representing the systematic uncertainties for
clarity. (b) The corresponding ratios of data over cocktail.
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FIG. 3. The low-pT (pT < 0.15 GeV=c) eþe− excess mass
spectra (data − cocktail) within the STAR acceptance in
(a) 60%–80% and (b) 40%–60% for Auþ Au and Uþ U
collisions, compared with a broadened ρ model calculation [8].
The contributions of ρ and ϕ from the photonuclear process are
shown, as are the contributions of photon-photon process from two
models [33,34]. Themodel calculations are for Auþ Au collisions
in the corresponding centrality bins. (c) The centrality dependence
of integrated excess yields in the mass regions of 0.4–0.76,
0.76–1.2, and 1.2–2.6GeV=c2 in Auþ Au and Uþ U collisions.
The centrality dependence of hadronic cocktail yields in the mass
region of 0.76–1.2 GeV=c2 in both collisions is also shown for
comparison. The systematic uncertainties are shown as gray boxes.
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for all three centrality bins in both collision systems.
The different behaviors in the enhancement factors
between low-mass resonances (ω, ϕ) and J=ψ indicate
that the observed excess may be dominated by different
processes [19,20]. A dedicated analysis for J=ψ is under-
way, while this Letter focuses on the mass region of
0.4< Mee < 2.6GeV=c2.
The pT distributions of eþe− pairs in three mass regions

(0.4–0.76, 0.76–1.2, and 1.2–2.6GeV=c2) are shown in
Fig. 2 for 60%–80% Auþ Au and Uþ U collisions, where
the enhancement factors are the largest. Interestingly,
the observed excess is found to concentrate below
pT ≈0.15 GeV=c, while the hadronic cocktail, also shown
in the figure, can describe the data for pT > 0.15 GeV=c in
all three mass regions.
After statistically subtracting the hadronic cocktail con-

tribution from the inclusive eþe− pairs, the invariant mass
distributions for excess pairs for pT < 0.15 GeV=c are
shown in Figs. 3(a) and 3(b) for 60%–80% and 40%–60%
centralities, respectively. Theoretical calculations incorpo-
rating an in-medium broadened ρ spectral function and
QGP radiation [8] are also shown in the figures as solid
lines. While this broadened ρ model calculation has
successfully explained the SPS [4] and RHIC data [5–7]

measured at a higher pT, it cannot describe the enhance-
ment observed at very low pT in 40%–80% centrality
heavy-ion collisions. We integrated the low-pT invariant
mass distributions for excess pairs over the three

)
-1 )2

 ((
G

eV
/c

ee
dN

/d
M

10−10

8−10

6−10

4−10

2−10

1−10
60-80%

-2 10×40-60%
-4 10×10-40%

Au+Au Cocktail

 < 0.15 GeV/cee
T

p
Solid: Au+Au 200 GeV
Open: U+U 193 GeV

STAR

(a)

|<1ee|<1, |yeη>0.2 GeV/c, |e
T

p

)2 (GeV/ceeM
0.5 1 1.5 2 2.5 3 3.5

D
at

a/
C

oc
kt

ai
l

1

10

(b)

FIG. 1. (a) The centrality dependence of eþe− invariant mass
spectra within the STAR acceptance from Auþ Au collisions and
Uþ U collisions for pair pT < 0.15 GeV=c. The vertical bars on
data points depict the statistical uncertainties, while the system-
atic uncertainties are shown as gray boxes. The hadronic cocktail
yields from Uþ U collisions are ∼5%–12% higher than those
from Auþ Au collisions in given centrality bins; thus only
cocktails for Auþ Au collisions are shown here as solid lines,
with shaded bands representing the systematic uncertainties for
clarity. (b) The corresponding ratios of data over cocktail.
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FIG. 3. The low-pT (pT < 0.15 GeV=c) eþe− excess mass
spectra (data − cocktail) within the STAR acceptance in
(a) 60%–80% and (b) 40%–60% for Auþ Au and Uþ U
collisions, compared with a broadened ρ model calculation [8].
The contributions of ρ and ϕ from the photonuclear process are
shown, as are the contributions of photon-photon process from two
models [33,34]. Themodel calculations are for Auþ Au collisions
in the corresponding centrality bins. (c) The centrality dependence
of integrated excess yields in the mass regions of 0.4–0.76,
0.76–1.2, and 1.2–2.6GeV=c2 in Auþ Au and Uþ U collisions.
The centrality dependence of hadronic cocktail yields in the mass
region of 0.76–1.2 GeV=c2 in both collisions is also shown for
comparison. The systematic uncertainties are shown as gray boxes.
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for all three centrality bins in both collision systems.
The different behaviors in the enhancement factors
between low-mass resonances (ω, ϕ) and J=ψ indicate
that the observed excess may be dominated by different
processes [19,20]. A dedicated analysis for J=ψ is under-
way, while this Letter focuses on the mass region of
0.4< Mee < 2.6GeV=c2.
The pT distributions of eþe− pairs in three mass regions

(0.4–0.76, 0.76–1.2, and 1.2–2.6GeV=c2) are shown in
Fig. 2 for 60%–80% Auþ Au and Uþ U collisions, where
the enhancement factors are the largest. Interestingly,
the observed excess is found to concentrate below
pT ≈0.15 GeV=c, while the hadronic cocktail, also shown
in the figure, can describe the data for pT > 0.15 GeV=c in
all three mass regions.
After statistically subtracting the hadronic cocktail con-

tribution from the inclusive eþe− pairs, the invariant mass
distributions for excess pairs for pT < 0.15 GeV=c are
shown in Figs. 3(a) and 3(b) for 60%–80% and 40%–60%
centralities, respectively. Theoretical calculations incorpo-
rating an in-medium broadened ρ spectral function and
QGP radiation [8] are also shown in the figures as solid
lines. While this broadened ρ model calculation has
successfully explained the SPS [4] and RHIC data [5–7]

measured at a higher pT, it cannot describe the enhance-
ment observed at very low pT in 40%–80% centrality
heavy-ion collisions. We integrated the low-pT invariant
mass distributions for excess pairs over the three
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FIG. 1. (a) The centrality dependence of eþe− invariant mass
spectra within the STAR acceptance from Auþ Au collisions and
Uþ U collisions for pair pT < 0.15 GeV=c. The vertical bars on
data points depict the statistical uncertainties, while the system-
atic uncertainties are shown as gray boxes. The hadronic cocktail
yields from Uþ U collisions are ∼5%–12% higher than those
from Auþ Au collisions in given centrality bins; thus only
cocktails for Auþ Au collisions are shown here as solid lines,
with shaded bands representing the systematic uncertainties for
clarity. (b) The corresponding ratios of data over cocktail.
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FIG. 3. The low-pT (pT < 0.15 GeV=c) eþe− excess mass
spectra (data − cocktail) within the STAR acceptance in
(a) 60%–80% and (b) 40%–60% for Auþ Au and Uþ U
collisions, compared with a broadened ρ model calculation [8].
The contributions of ρ and ϕ from the photonuclear process are
shown, as are the contributions of photon-photon process from two
models [33,34]. Themodel calculations are for Auþ Au collisions
in the corresponding centrality bins. (c) The centrality dependence
of integrated excess yields in the mass regions of 0.4–0.76,
0.76–1.2, and 1.2–2.6GeV=c2 in Auþ Au and Uþ U collisions.
The centrality dependence of hadronic cocktail yields in the mass
region of 0.76–1.2 GeV=c2 in both collisions is also shown for
comparison. The systematic uncertainties are shown as gray boxes.
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for all three centrality bins in both collision systems.
The different behaviors in the enhancement factors
between low-mass resonances (ω, ϕ) and J=ψ indicate
that the observed excess may be dominated by different
processes [19,20]. A dedicated analysis for J=ψ is under-
way, while this Letter focuses on the mass region of
0.4< Mee < 2.6GeV=c2.
The pT distributions of eþe− pairs in three mass regions

(0.4–0.76, 0.76–1.2, and 1.2–2.6GeV=c2) are shown in
Fig. 2 for 60%–80% Auþ Au and Uþ U collisions, where
the enhancement factors are the largest. Interestingly,
the observed excess is found to concentrate below
pT ≈0.15 GeV=c, while the hadronic cocktail, also shown
in the figure, can describe the data for pT > 0.15 GeV=c in
all three mass regions.
After statistically subtracting the hadronic cocktail con-

tribution from the inclusive eþe− pairs, the invariant mass
distributions for excess pairs for pT < 0.15 GeV=c are
shown in Figs. 3(a) and 3(b) for 60%–80% and 40%–60%
centralities, respectively. Theoretical calculations incorpo-
rating an in-medium broadened ρ spectral function and
QGP radiation [8] are also shown in the figures as solid
lines. While this broadened ρ model calculation has
successfully explained the SPS [4] and RHIC data [5–7]

measured at a higher pT, it cannot describe the enhance-
ment observed at very low pT in 40%–80% centrality
heavy-ion collisions. We integrated the low-pT invariant
mass distributions for excess pairs over the three
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spectra within the STAR acceptance from Auþ Au collisions and
Uþ U collisions for pair pT < 0.15 GeV=c. The vertical bars on
data points depict the statistical uncertainties, while the system-
atic uncertainties are shown as gray boxes. The hadronic cocktail
yields from Uþ U collisions are ∼5%–12% higher than those
from Auþ Au collisions in given centrality bins; thus only
cocktails for Auþ Au collisions are shown here as solid lines,
with shaded bands representing the systematic uncertainties for
clarity. (b) The corresponding ratios of data over cocktail.
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FIG. 3. The low-pT (pT < 0.15 GeV=c) eþe− excess mass
spectra (data − cocktail) within the STAR acceptance in
(a) 60%–80% and (b) 40%–60% for Auþ Au and Uþ U
collisions, compared with a broadened ρ model calculation [8].
The contributions of ρ and ϕ from the photonuclear process are
shown, as are the contributions of photon-photon process from two
models [33,34]. Themodel calculations are for Auþ Au collisions
in the corresponding centrality bins. (c) The centrality dependence
of integrated excess yields in the mass regions of 0.4–0.76,
0.76–1.2, and 1.2–2.6GeV=c2 in Auþ Au and Uþ U collisions.
The centrality dependence of hadronic cocktail yields in the mass
region of 0.76–1.2 GeV=c2 in both collisions is also shown for
comparison. The systematic uncertainties are shown as gray boxes.
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FIG. 1. (color online) The dielectron invariant mass spectrum

for the 40-80% centrality class in Au+Au collisions at
p
sNN =

200 GeV (a) and in U+U collisions at
p
sNN = 193 GeV (b).

The error bars are the statistical uncertainties.

In this analysis, the J/ s are reconstructed through
their decay into electron-positron pairs, J/ ! e+e�

(branching ratio Br(J/ ! e+e�) = 5.97±0.03% [32]).
The daughter tracks are required to have at least 25
TPC hits, and a distance of closest approach (DCA)
to the primary vertex less than 3 cm for p < 1.5
GeV/c and < 1 cm for p > 1.5 GeV/c. The electron
and positron candidates are identified by their specific
energy loss (hdE/dxi) in the TPC. More than 15 TPC
hits were required to calculate hdE/dxi. Electron and
positron candidates are further separated from hadrons
by selecting on the inverse velocity 1/�, where � is
the velocity determined from TOF information and
normalized by the speed of light. In Au+Au collisions,
a cut on the ratio of momentum to energy deposited in
the BEMC is used to further suppress hadrons for high
momentum candidates. The combination of these cuts
enables the identification of electrons and positrons over
a wide momentum range [6, 13, 33]. The electron sample
purity integrated over the measured momentum region
is over 90%. The J/ measurements cover the rapidity
range |y| < 1 due to the STAR acceptance and decay
kinematics.

The J/ candidates are reconstructed by combining
pairs of electron-positron candidates with pT � 0.2
GeV/c and |⌘|  1 in the same event. The combinatorial
background in Au+Au collisions is estimated via the
mixed-event technique [13], which could significantly
reduce the statistical uncertainty in comparison to the
like-sign technique. However, in U+U collisions, the
like-sign technique is employed, since the mixed-event
technique could not reproduce the combinatorial
background well. The invariant mass distributions of
e+e� pairs in 40-80% central Au+Au collisions and
U+U collisions are shown in Fig. 1. The invariant
mass distribution of e+e� pairs after combinatorial
background subtraction is then fitted using the J/ 
signal shape obtained from MC simulation, which
includes momentum resolution, electron bremsstrahlung,
and J/ internal radiation [34], combined with an
exponential function for the residual background. The
residual background mainly originates from the decays

of correlated charm hadrons, Drell-Yan processes and
possible coherent photon-photon interactions. The
raw J/ signal is obtained from bin counting in the
mass range 2.9 - 3.2 GeV/c2 after subtraction of the
combinatorial background, while the residual background
is assigned as a source of uncertainty. The raw counts in
this mass range are 149 ± 13 for Au+Au collisions and
51 ± 9 for U+U collisions. The fraction of J/ counts
outside of the bin counting window is determined from
the simulated J/ signal shape and is found to be ⇠ 5%,
which is used to correct the raw J/ counts.
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FIG. 2. (color online) The J/ invariant yields for Au+Au

collisions at
p
sNN = 200 GeV and U+U collisions at
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the extrapolations of the fits.

The acceptance and e�ciency corrections, such as TPC
tracking, BEMC matching, and p/E cut, are evaluated
via a GEANT3 [35] simulation of the STAR detector.
Other e�ciency corrections such as those corresponding
to the dE/dx and TOF related cuts are obtained directly
from data [36]. The acceptance and e�ciency correction
procedure used is very similar to Refs. [6, 13, 33], except
that the J/ ’s at very low pT (pT < 0.2 GeV/c) are
set to be transversely polarized to meet the coherent
production requirement [16].
In this analysis, the systematic uncertainties on

the e�ciency correction from the GEANT3 simulation
are estimated by comparing the related cut variable
distributions between simulation and data, while the
systematic uncertainties on data driven e�ciencies are
extracted by varying electron samples with di↵erent
purities. The systematic uncertainties from yield
extraction are evaluated by taking the residual
background contribution under the mass-counting region
and changing the normalization range for mixed-events.
The associated uncertainties include uncertainties from
the TPC tracking (Au+Au: ⇠ 4%; U+U: ⇠ 4% ),
the electron identification in the TPC (Au+Au: ⇠ 1%;
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FIG. 1. (color online) The dielectron invariant mass spectrum

for the 40-80% centrality class in Au+Au collisions at
p
sNN =

200 GeV (a) and in U+U collisions at
p
sNN = 193 GeV (b).

The error bars are the statistical uncertainties.

In this analysis, the J/ s are reconstructed through
their decay into electron-positron pairs, J/ ! e+e�

(branching ratio Br(J/ ! e+e�) = 5.97±0.03% [32]).
The daughter tracks are required to have at least 25
TPC hits, and a distance of closest approach (DCA)
to the primary vertex less than 3 cm for p < 1.5
GeV/c and < 1 cm for p > 1.5 GeV/c. The electron
and positron candidates are identified by their specific
energy loss (hdE/dxi) in the TPC. More than 15 TPC
hits were required to calculate hdE/dxi. Electron and
positron candidates are further separated from hadrons
by selecting on the inverse velocity 1/�, where � is
the velocity determined from TOF information and
normalized by the speed of light. In Au+Au collisions,
a cut on the ratio of momentum to energy deposited in
the BEMC is used to further suppress hadrons for high
momentum candidates. The combination of these cuts
enables the identification of electrons and positrons over
a wide momentum range [6, 13, 33]. The electron sample
purity integrated over the measured momentum region
is over 90%. The J/ measurements cover the rapidity
range |y| < 1 due to the STAR acceptance and decay
kinematics.

The J/ candidates are reconstructed by combining
pairs of electron-positron candidates with pT � 0.2
GeV/c and |⌘|  1 in the same event. The combinatorial
background in Au+Au collisions is estimated via the
mixed-event technique [13], which could significantly
reduce the statistical uncertainty in comparison to the
like-sign technique. However, in U+U collisions, the
like-sign technique is employed, since the mixed-event
technique could not reproduce the combinatorial
background well. The invariant mass distributions of
e+e� pairs in 40-80% central Au+Au collisions and
U+U collisions are shown in Fig. 1. The invariant
mass distribution of e+e� pairs after combinatorial
background subtraction is then fitted using the J/ 
signal shape obtained from MC simulation, which
includes momentum resolution, electron bremsstrahlung,
and J/ internal radiation [34], combined with an
exponential function for the residual background. The
residual background mainly originates from the decays

of correlated charm hadrons, Drell-Yan processes and
possible coherent photon-photon interactions. The
raw J/ signal is obtained from bin counting in the
mass range 2.9 - 3.2 GeV/c2 after subtraction of the
combinatorial background, while the residual background
is assigned as a source of uncertainty. The raw counts in
this mass range are 149 ± 13 for Au+Au collisions and
51 ± 9 for U+U collisions. The fraction of J/ counts
outside of the bin counting window is determined from
the simulated J/ signal shape and is found to be ⇠ 5%,
which is used to correct the raw J/ counts.
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mid-rapidity (|y| < 1). The error bars depict the statistical
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The data points with pT < 0.2 GeV/c have been slightly

shifted along the horizontal axis to facilitate viewing of the

data. The solid lines in the figure are the fits to data points

in the range of pT > 0.2 GeV/c, while the dashed lines are

the extrapolations of the fits.

The acceptance and e�ciency corrections, such as TPC
tracking, BEMC matching, and p/E cut, are evaluated
via a GEANT3 [35] simulation of the STAR detector.
Other e�ciency corrections such as those corresponding
to the dE/dx and TOF related cuts are obtained directly
from data [36]. The acceptance and e�ciency correction
procedure used is very similar to Refs. [6, 13, 33], except
that the J/ ’s at very low pT (pT < 0.2 GeV/c) are
set to be transversely polarized to meet the coherent
production requirement [16].
In this analysis, the systematic uncertainties on

the e�ciency correction from the GEANT3 simulation
are estimated by comparing the related cut variable
distributions between simulation and data, while the
systematic uncertainties on data driven e�ciencies are
extracted by varying electron samples with di↵erent
purities. The systematic uncertainties from yield
extraction are evaluated by taking the residual
background contribution under the mass-counting region
and changing the normalization range for mixed-events.
The associated uncertainties include uncertainties from
the TPC tracking (Au+Au: ⇠ 4%; U+U: ⇠ 4% ),
the electron identification in the TPC (Au+Au: ⇠ 1%;
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expected hadronic contributions are extracted from the
fit extrapolations shown in Fig. 2. In order to assess
systematic uncertainties, the following parametrization
of J/ production from hadronic contribution as a
function of pT in a given centrality class has been used:

dNh
AA

dpT
= hTAAi ⇥

d�J/ 
pp

dpT
⇥RJ/ h

AA , (2)

where RJ/ h

AA is given by the transport model
calculations [39, 40]. The shape of the dN/dt distribution
is very similar to that observed in UPC [42]. An
exponential fit has been applied to the distribution
in the �t range of 0.001-0.015 (GeV/c)2 for Au+Au
collisions. The slope parameter of this fit can be
related to the position of the interaction sites within
the target. The extracted slope parameter is 177±23
(GeV/c)�2, which is consistent with that expected for an
Au nucleus (199 (GeV/c)�2) [43–45] within uncertainties.
As shown in the figure the data point at �t < 0.001
(GeV/c)2 is significantly lower than the extrapolation
of the exponential fit. This suppression may be an
indication of interference, which has been confirmed by
STAR [46] in the UPC case. The theoretical calculation
with interference from [41], shown as the blue curve in
the plot, can describe the Au+Au data reasonably well
(�2/NDF = 4.8/4) for �t < 0.015 (GeV/c)�2. It should
be aware that there also exists possible contribution
from incoherent J/ photoproduction. The fitting �t
range is chosen to ensure that the coherent production
is dominant over the incoherent production. Due to
the di↵erent nuclear profile, the �t distribution in U+U
collisions is expected to be di↵erent from that in Au+Au
collisions, however, as shown in the figure, the di↵erence
is not observed due to the large uncertainties. We
would like to point out that the probability of a random
coincidence of a minimum bias event with the coherent
production of a J/ in a UPC event in the same bunch
crossing was found to be negligible. In the overall data
sample, only 0.2 J/ events from the random coincidence
are expected for the full centrality range with the STAR
detector acceptance and e�ciencies.

Figure 5 shows pT -integrated J/ yields for pT <
0.1 GeV/c with the expected hadronic contribution
subtracted as a function of Npart for 30-80% Au+Au
and 40-80% U+U collisions. The expected hadronic
contributions in Au+Au collisions, extracted from the fit
extrapolations in Fig. 2, are also plotted for comparison.
As depicted in the figure, the contribution from hadronic
production is not dominant for the low-pT range in
the measured centrality classes. Furthermore, the
hadronic contribution increases dramatically toward
central collisions, while the measured excess shows
no sign of significant centrality dependence within
uncertainties. Assuming that coherent photoproduction
causes the excess at the very low pT , the excess in
U+U collisions should be larger than that in Au+Au
collisions. Indeed the central value of measurements in
U+U collisions is larger than that in Au+Au collisions.
However, limited by the current measurement precision,
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FIG. 5. (color online) The pT -integrated J/ yields

(pT < 0.1 GeV/c) with the expected hadronic contribution

subtracted as a function of Npart for 30-80% Au+Au

collisions and 40-80% U+U collisions. The expected hadronic

contributions for Au+Au collisions are also shown. The

error bars represent the statistical uncertainties, while the

boxes represent the systematic uncertainties. The lines are

model calculations of coherent photoproduction with di↵erent

scenarios for photon and Pomeron emitters [41].

the observed di↵erence is not significant. The model
calculations for Au+Au collisions with the coherent
photoproduction assumption [41] are also plotted for
comparison. In the model calculations, the authors
consider either the whole nucleus or only the spectator
nucleons as photon and Pomeron emitters, resulting
in four configuration for photon emitter + Pomeron
emitter:(1) Nucleus + Nucleus; (2) Nucleus + Spectator;
(3) Spectator + Nucleus; (4) Spectator + Spectator.
All four scenarios can describe the data points in the
most peripheral centrality bins (60-80%). However, in
more central collisions, the Nucleus + Nucleus scenario
significantly overestimates the data, which suggests that
there may exist a partial disruption of the coherent
production by the violent hadronic interactions in the
overlapping region. The measurements in semi-central
collisions seem to favor the Nucleus + Spectator or
Spectator + Nucleus scenarios. The approach used in
the model e↵ectively incorporates the shadowing e↵ect,
which can describe the UPC results in the x-range probed
by the RHIC measurement. However, the coherently
produced J/ could be modified by hot medium e↵ects,
e.g. color screening, which is not included in the model.
More precise measurements toward central collisions and
advanced modeling with hot medium e↵ects included are
essential to distinguish the di↵erent scenarios.

In summary, we report on the recent STAR
measurements of J/ production at very low pT in
hadronic Au+Au collisions at

p
sNN = 200 GeV and

U+U collisions at
p
sNN = 193 GeV at mid-rapidity.
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The vorticity is currently of intense interest, since it is a key ingredi-
ent in theories that predict observable effects associated with chiral 
symmetry restoration and the production of false quantum chromo-
dynamics vacuum states5. Spin–orbit coupling can generate a spin 
alignment, or polarization, along the direction of the vorticity in the 
local fluid cell, which, when averaged2,3 over the entire system, is par-
allel to Ĵsys. Thus, polarization measurements of hadrons emitted from 
the fluid can be used to determine ωω≡ .

It is difficult to measure the spin direction of most hadrons emitted 
in a heavy ion collision. However, Λ and Λ  hyperons are ‘self-analysing’. 
That is16, in the weak decay Λ → p + π− , the proton tends to be emitted 
along the spin direction of the parent Λ. If θ* is the angle between the 
daughter proton (antiproton) momentum ∗pp and the Λ (Λ ) polariza-
tion vector (H in the hyperon rest frame, then

θ
α θ= +

∗
∗(Nd

d cos
1
2 (1 cos ) (1)H H

The subscript H denotes Λ or Λ , and the decay parameter17  
α α=− = . ± .Λ Λ 0 642 0 013  . The angle θ* is indicated in Fig. 3, in which  
Λ hyperons are depicted as tops spinning about their polarization 
direction.

The polarization of the hyperon in its rest frame depends on the 
vorticity of the fluid element (in the laboratory frame3,18 ) and thus may 
depend on the momentum of the emitted hyperons. However, when 
averaged over all phase space, symmetry demands that (H  is parallel 
to Ĵsys. Because our limited sample sizes prohibit exploration of these 
dependencies, our analysis assumes that (H is independent of momen-
tum, and we extract only an average projection of the polarization on 
Ĵsys. This average may be written7  as
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where φ Ĵsys
 is the azimuthal angle of the angular momentum of the 

collision, φ∗p is the azimuthal angle of the daughter proton (antiproton) 
momentum in the Λ Λ( ) rest frame, and REP

(1) is a factor that accounts 
for the finite resolution7  with which we determine φ Ĵsys

. The overbar on 
( H denotes an average over events and the angle brackets denote the 
momenta of Λ hyperons detected in the TPC. Equation (2) is strictly 
valid only in a perfect detector; angle-dependent detection efficiency 
requires a correction factor7  that shifts the results in the present ana lysis 
by about 3%.

A relativistic heavy ion collision can produce several hundred 
charged particles in our detectors. For a given energy, a head-on col-
lision produces the maximum number of emitted particles, while a 
glancing one produces only a few. To concentrate on collisions with 
sufficient overlap to produce a fluid with large angular momentum, we 
select events producing an intermediate number of tracks in the TPC. 
Of all observed collisions 20% produce more tracks than the collisions 
studied here, while 50% produce fewer; in the parlance of the field, this 
is known as a 20–50% centrality selection.

Equation (2) quantifies an average alignment between hyperon spin 
and a global feature of the collision and is hence a “global polarization”2. 
This is distinct from the well known phenomenon of Λ polarization 
at very forward angles in proton–proton collisions19 . The polarization 
direction from this latter effect depends on Λ momentum and not the 
global angular momentum; it has zero magnitude at mid-rapidity.

The solid symbols in Fig. 4 show our new measurements as a func-
tion of collision energy, sNN . Systematic uncertainties are shown  
as boxes and are generally smaller than statistical ones. Λ hyperons in 
the rapidity region |yΛ| < 1.0 and transverse momentum 0.4 < pT <  
3.0 GeV/c are used in the analysis. The peak in the invariant mass dis-
tribution at mΛ is about five times the background level, and the inte-
grated Λ contribution in our selected mass window is about twice that 
of the combinatoric background. Our results have been corrected for 
the ‘diluting’ effect of this combinatoric background. At each energy, a 
positive polarization at the level of 1.1–3.6 times the statistical uncer-
tainty is observed for both Λ and Λ . Taken in aggregate, the data are 
statistically consistent with the hypothesis of energy-independent 
polarization of 1.08  ±  0.15 (stat) ±  0.11 (sys) and 1.38  ±  0.30 
(stat) ±  0.13 (sys) per cent for Λ and Λ , respectively. Some models pre-
dict that the polarization may decrease with collision energy4,20,21. 
While our data are consistent with such a trend, increased statistics 
would be required to test these predictions definitively. Also shown as 
open symbols in Fig. 4 are previously published7  measurements at  

sNN  = 62.4 GeV and 200 GeV. The null result reported7  may be seen  
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Figure 2 | A single Au + Au collision in the STAR TPC. Charged 
particles from a collision ionize the gas in the TPC, forming tracks that 
curve in the magnetic field of the detector. The tracks are reconstructed in 
three dimensions, making them relatively easy to distinguish, but are 
projected onto a single plane in this figure. As the tracks exit the outer 
radius, they leave a signal in the time-of-flight detector. The species of 
charged particles is determined by the amount of ionization in the TPC 
and the flight time as measured by time of flight. Charged daughters from 
the weak decay Λ → p + π−  are extrapolated backwards, and the parent is 
identified through topological selection. A clear peak at the Λ mass, 
obtained by summing over many events, is observed in the invariant-mass 
distribution π−mp, .
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Figure 3 | A sketch of a Au + Au collision in the STAR detector system. 
The vorticity of fluid created at mid-rapidity is suggested. The average 
vorticity points along the direction of the angular momentum of the 
collision Ĵsys. This direction is estimated experimentally by measuring the 
sidewards deflection of the forward- and backward-going fragments and 
particles in the beam–beam counter detectors. Λ hyperons are depicted as 
spinning tops; see text for details. Obviously, elements in this depiction are 
not drawn to scale: the fluid and beam fragments have sizes of a few 
femtometers, whereas the radius of each beam–beam counter is about 1 m.
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The vorticity is currently of intense interest, since it is a key ingredi-
ent in theories that predict observable effects associated with chiral 
symmetry restoration and the production of false quantum chromo-
dynamics vacuum states5. Spin–orbit coupling can generate a spin 
alignment, or polarization, along the direction of the vorticity in the 
local fluid cell, which, when averaged2,3 over the entire system, is par-
allel to Ĵsys. Thus, polarization measurements of hadrons emitted from 
the fluid can be used to determine ωω≡ .

It is difficult to measure the spin direction of most hadrons emitted 
in a heavy ion collision. However, Λ and Λ  hyperons are ‘self-analysing’. 
That is16, in the weak decay Λ → p + π− , the proton tends to be emitted 
along the spin direction of the parent Λ. If θ* is the angle between the 
daughter proton (antiproton) momentum ∗pp and the Λ (Λ ) polariza-
tion vector (H in the hyperon rest frame, then

θ
α θ= +
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d cos
1
2 (1 cos ) (1)H H

The subscript H denotes Λ or Λ , and the decay parameter17  
α α=− = . ± .Λ Λ 0 642 0 013  . The angle θ* is indicated in Fig. 3, in which  
Λ hyperons are depicted as tops spinning about their polarization 
direction.

The polarization of the hyperon in its rest frame depends on the 
vorticity of the fluid element (in the laboratory frame3,18 ) and thus may 
depend on the momentum of the emitted hyperons. However, when 
averaged over all phase space, symmetry demands that (H  is parallel 
to Ĵsys. Because our limited sample sizes prohibit exploration of these 
dependencies, our analysis assumes that (H is independent of momen-
tum, and we extract only an average projection of the polarization on 
Ĵsys. This average may be written7  as
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where φ Ĵsys
 is the azimuthal angle of the angular momentum of the 

collision, φ∗p is the azimuthal angle of the daughter proton (antiproton) 
momentum in the Λ Λ( ) rest frame, and REP

(1) is a factor that accounts 
for the finite resolution7  with which we determine φ Ĵsys

. The overbar on 
( H denotes an average over events and the angle brackets denote the 
momenta of Λ hyperons detected in the TPC. Equation (2) is strictly 
valid only in a perfect detector; angle-dependent detection efficiency 
requires a correction factor7  that shifts the results in the present ana lysis 
by about 3%.

A relativistic heavy ion collision can produce several hundred 
charged particles in our detectors. For a given energy, a head-on col-
lision produces the maximum number of emitted particles, while a 
glancing one produces only a few. To concentrate on collisions with 
sufficient overlap to produce a fluid with large angular momentum, we 
select events producing an intermediate number of tracks in the TPC. 
Of all observed collisions 20% produce more tracks than the collisions 
studied here, while 50% produce fewer; in the parlance of the field, this 
is known as a 20–50% centrality selection.

Equation (2) quantifies an average alignment between hyperon spin 
and a global feature of the collision and is hence a “global polarization”2. 
This is distinct from the well known phenomenon of Λ polarization 
at very forward angles in proton–proton collisions19 . The polarization 
direction from this latter effect depends on Λ momentum and not the 
global angular momentum; it has zero magnitude at mid-rapidity.

The solid symbols in Fig. 4 show our new measurements as a func-
tion of collision energy, sNN . Systematic uncertainties are shown  
as boxes and are generally smaller than statistical ones. Λ hyperons in 
the rapidity region |yΛ| < 1.0 and transverse momentum 0.4 < pT <  
3.0 GeV/c are used in the analysis. The peak in the invariant mass dis-
tribution at mΛ is about five times the background level, and the inte-
grated Λ contribution in our selected mass window is about twice that 
of the combinatoric background. Our results have been corrected for 
the ‘diluting’ effect of this combinatoric background. At each energy, a 
positive polarization at the level of 1.1–3.6 times the statistical uncer-
tainty is observed for both Λ and Λ . Taken in aggregate, the data are 
statistically consistent with the hypothesis of energy-independent 
polarization of 1.08  ±  0.15 (stat) ±  0.11 (sys) and 1.38  ±  0.30 
(stat) ±  0.13 (sys) per cent for Λ and Λ , respectively. Some models pre-
dict that the polarization may decrease with collision energy4,20,21. 
While our data are consistent with such a trend, increased statistics 
would be required to test these predictions definitively. Also shown as 
open symbols in Fig. 4 are previously published7  measurements at  

sNN  = 62.4 GeV and 200 GeV. The null result reported7  may be seen  
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Figure 2 | A single Au + Au collision in the STAR TPC. Charged 
particles from a collision ionize the gas in the TPC, forming tracks that 
curve in the magnetic field of the detector. The tracks are reconstructed in 
three dimensions, making them relatively easy to distinguish, but are 
projected onto a single plane in this figure. As the tracks exit the outer 
radius, they leave a signal in the time-of-flight detector. The species of 
charged particles is determined by the amount of ionization in the TPC 
and the flight time as measured by time of flight. Charged daughters from 
the weak decay Λ → p + π−  are extrapolated backwards, and the parent is 
identified through topological selection. A clear peak at the Λ mass, 
obtained by summing over many events, is observed in the invariant-mass 
distribution π−mp, .

Ĵsys

Forward-going
beam fragment

Beam–beam
counter

Beam–beam
counter

Quark–gluon
plasma

pp
*

T*
(

Λ

Λ

Figure 3 | A sketch of a Au + Au collision in the STAR detector system. 
The vorticity of fluid created at mid-rapidity is suggested. The average 
vorticity points along the direction of the angular momentum of the 
collision Ĵsys. This direction is estimated experimentally by measuring the 
sidewards deflection of the forward- and backward-going fragments and 
particles in the beam–beam counter detectors. Λ hyperons are depicted as 
spinning tops; see text for details. Obviously, elements in this depiction are 
not drawn to scale: the fluid and beam fragments have sizes of a few 
femtometers, whereas the radius of each beam–beam counter is about 1 m.
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Λ POLARIZATION IN HEAVY ION COLLISIONS

➤ measurement of vorticity ω of the QGP (perfect liquid) 
➤ [STAR, arXiv:1701.06657] 

➤                             , results not feed-down corrected
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Figure 4: The average polarization PH (where H=L or L) from 20-50% central Au+Au collisions

is plotted as a function of collision energy. The results of the present study (
p

sNN < 40 GeV)

are shown together with those reported earlier6 for 62.4 and 200 GeV collisions, for which only

statistical errors are plotted. Boxes indicate systematic uncertainties.

(⇠ 3.5%).

The fluid vorticity may be estimated from the data using the hydrodynamic relation22

w = kBT
�
P L0 +P L0

�
/~, (3)

where T is the temperature of the fluid at the moment when particles are emitted from it. The

subscripts (L0 and L0) in equation 3 indicate that these polarizations are for “primary” hyperons

emitted directly from the fluid. However, most of the L and L hyperons at these collision ener-
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The vorticity is currently of intense interest, since it is a key ingredi-
ent in theories that predict observable effects associated with chiral 
symmetry restoration and the production of false quantum chromo-
dynamics vacuum states5. Spin–orbit coupling can generate a spin 
alignment, or polarization, along the direction of the vorticity in the 
local fluid cell, which, when averaged2,3 over the entire system, is par-
allel to Ĵsys. Thus, polarization measurements of hadrons emitted from 
the fluid can be used to determine ωω≡ .

It is difficult to measure the spin direction of most hadrons emitted 
in a heavy ion collision. However, Λ and Λ  hyperons are ‘self-analysing’. 
That is16, in the weak decay Λ → p + π− , the proton tends to be emitted 
along the spin direction of the parent Λ. If θ* is the angle between the 
daughter proton (antiproton) momentum ∗pp and the Λ (Λ ) polariza-
tion vector (H in the hyperon rest frame, then

θ
α θ= +
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2 (1 cos ) (1)H H

The subscript H denotes Λ or Λ , and the decay parameter17  
α α=− = . ± .Λ Λ 0 642 0 013  . The angle θ* is indicated in Fig. 3, in which  
Λ hyperons are depicted as tops spinning about their polarization 
direction.

The polarization of the hyperon in its rest frame depends on the 
vorticity of the fluid element (in the laboratory frame3,18 ) and thus may 
depend on the momentum of the emitted hyperons. However, when 
averaged over all phase space, symmetry demands that (H  is parallel 
to Ĵsys. Because our limited sample sizes prohibit exploration of these 
dependencies, our analysis assumes that (H is independent of momen-
tum, and we extract only an average projection of the polarization on 
Ĵsys. This average may be written7  as
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 is the azimuthal angle of the angular momentum of the 

collision, φ∗p is the azimuthal angle of the daughter proton (antiproton) 
momentum in the Λ Λ( ) rest frame, and REP

(1) is a factor that accounts 
for the finite resolution7  with which we determine φ Ĵsys

. The overbar on 
( H denotes an average over events and the angle brackets denote the 
momenta of Λ hyperons detected in the TPC. Equation (2) is strictly 
valid only in a perfect detector; angle-dependent detection efficiency 
requires a correction factor7  that shifts the results in the present ana lysis 
by about 3%.

A relativistic heavy ion collision can produce several hundred 
charged particles in our detectors. For a given energy, a head-on col-
lision produces the maximum number of emitted particles, while a 
glancing one produces only a few. To concentrate on collisions with 
sufficient overlap to produce a fluid with large angular momentum, we 
select events producing an intermediate number of tracks in the TPC. 
Of all observed collisions 20% produce more tracks than the collisions 
studied here, while 50% produce fewer; in the parlance of the field, this 
is known as a 20–50% centrality selection.

Equation (2) quantifies an average alignment between hyperon spin 
and a global feature of the collision and is hence a “global polarization”2. 
This is distinct from the well known phenomenon of Λ polarization 
at very forward angles in proton–proton collisions19 . The polarization 
direction from this latter effect depends on Λ momentum and not the 
global angular momentum; it has zero magnitude at mid-rapidity.

The solid symbols in Fig. 4 show our new measurements as a func-
tion of collision energy, sNN . Systematic uncertainties are shown  
as boxes and are generally smaller than statistical ones. Λ hyperons in 
the rapidity region |yΛ| < 1.0 and transverse momentum 0.4 < pT <  
3.0 GeV/c are used in the analysis. The peak in the invariant mass dis-
tribution at mΛ is about five times the background level, and the inte-
grated Λ contribution in our selected mass window is about twice that 
of the combinatoric background. Our results have been corrected for 
the ‘diluting’ effect of this combinatoric background. At each energy, a 
positive polarization at the level of 1.1–3.6 times the statistical uncer-
tainty is observed for both Λ and Λ . Taken in aggregate, the data are 
statistically consistent with the hypothesis of energy-independent 
polarization of 1.08  ±  0.15 (stat) ±  0.11 (sys) and 1.38  ±  0.30 
(stat) ±  0.13 (sys) per cent for Λ and Λ , respectively. Some models pre-
dict that the polarization may decrease with collision energy4,20,21. 
While our data are consistent with such a trend, increased statistics 
would be required to test these predictions definitively. Also shown as 
open symbols in Fig. 4 are previously published7  measurements at  

sNN  = 62.4 GeV and 200 GeV. The null result reported7  may be seen  
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Figure 2 | A single Au + Au collision in the STAR TPC. Charged 
particles from a collision ionize the gas in the TPC, forming tracks that 
curve in the magnetic field of the detector. The tracks are reconstructed in 
three dimensions, making them relatively easy to distinguish, but are 
projected onto a single plane in this figure. As the tracks exit the outer 
radius, they leave a signal in the time-of-flight detector. The species of 
charged particles is determined by the amount of ionization in the TPC 
and the flight time as measured by time of flight. Charged daughters from 
the weak decay Λ → p + π−  are extrapolated backwards, and the parent is 
identified through topological selection. A clear peak at the Λ mass, 
obtained by summing over many events, is observed in the invariant-mass 
distribution π−mp, .
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Figure 3 | A sketch of a Au + Au collision in the STAR detector system. 
The vorticity of fluid created at mid-rapidity is suggested. The average 
vorticity points along the direction of the angular momentum of the 
collision Ĵsys. This direction is estimated experimentally by measuring the 
sidewards deflection of the forward- and backward-going fragments and 
particles in the beam–beam counter detectors. Λ hyperons are depicted as 
spinning tops; see text for details. Obviously, elements in this depiction are 
not drawn to scale: the fluid and beam fragments have sizes of a few 
femtometers, whereas the radius of each beam–beam counter is about 1 m.
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ent in theories that predict observable effects associated with chiral 
symmetry restoration and the production of false quantum chromo-
dynamics vacuum states5. Spin–orbit coupling can generate a spin 
alignment, or polarization, along the direction of the vorticity in the 
local fluid cell, which, when averaged2,3 over the entire system, is par-
allel to Ĵsys. Thus, polarization measurements of hadrons emitted from 
the fluid can be used to determine ωω≡ .
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Λ hyperons are depicted as tops spinning about their polarization 
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depend on the momentum of the emitted hyperons. However, when 
averaged over all phase space, symmetry demands that (H  is parallel 
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 is the azimuthal angle of the angular momentum of the 

collision, φ∗p is the azimuthal angle of the daughter proton (antiproton) 
momentum in the Λ Λ( ) rest frame, and REP

(1) is a factor that accounts 
for the finite resolution7  with which we determine φ Ĵsys

. The overbar on 
( H denotes an average over events and the angle brackets denote the 
momenta of Λ hyperons detected in the TPC. Equation (2) is strictly 
valid only in a perfect detector; angle-dependent detection efficiency 
requires a correction factor7  that shifts the results in the present ana lysis 
by about 3%.

A relativistic heavy ion collision can produce several hundred 
charged particles in our detectors. For a given energy, a head-on col-
lision produces the maximum number of emitted particles, while a 
glancing one produces only a few. To concentrate on collisions with 
sufficient overlap to produce a fluid with large angular momentum, we 
select events producing an intermediate number of tracks in the TPC. 
Of all observed collisions 20% produce more tracks than the collisions 
studied here, while 50% produce fewer; in the parlance of the field, this 
is known as a 20–50% centrality selection.

Equation (2) quantifies an average alignment between hyperon spin 
and a global feature of the collision and is hence a “global polarization”2. 
This is distinct from the well known phenomenon of Λ polarization 
at very forward angles in proton–proton collisions19 . The polarization 
direction from this latter effect depends on Λ momentum and not the 
global angular momentum; it has zero magnitude at mid-rapidity.

The solid symbols in Fig. 4 show our new measurements as a func-
tion of collision energy, sNN . Systematic uncertainties are shown  
as boxes and are generally smaller than statistical ones. Λ hyperons in 
the rapidity region |yΛ| < 1.0 and transverse momentum 0.4 < pT <  
3.0 GeV/c are used in the analysis. The peak in the invariant mass dis-
tribution at mΛ is about five times the background level, and the inte-
grated Λ contribution in our selected mass window is about twice that 
of the combinatoric background. Our results have been corrected for 
the ‘diluting’ effect of this combinatoric background. At each energy, a 
positive polarization at the level of 1.1–3.6 times the statistical uncer-
tainty is observed for both Λ and Λ . Taken in aggregate, the data are 
statistically consistent with the hypothesis of energy-independent 
polarization of 1.08  ±  0.15 (stat) ±  0.11 (sys) and 1.38  ±  0.30 
(stat) ±  0.13 (sys) per cent for Λ and Λ , respectively. Some models pre-
dict that the polarization may decrease with collision energy4,20,21. 
While our data are consistent with such a trend, increased statistics 
would be required to test these predictions definitively. Also shown as 
open symbols in Fig. 4 are previously published7  measurements at  

sNN  = 62.4 GeV and 200 GeV. The null result reported7  may be seen  
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Figure 2 | A single Au + Au collision in the STAR TPC. Charged 
particles from a collision ionize the gas in the TPC, forming tracks that 
curve in the magnetic field of the detector. The tracks are reconstructed in 
three dimensions, making them relatively easy to distinguish, but are 
projected onto a single plane in this figure. As the tracks exit the outer 
radius, they leave a signal in the time-of-flight detector. The species of 
charged particles is determined by the amount of ionization in the TPC 
and the flight time as measured by time of flight. Charged daughters from 
the weak decay Λ → p + π−  are extrapolated backwards, and the parent is 
identified through topological selection. A clear peak at the Λ mass, 
obtained by summing over many events, is observed in the invariant-mass 
distribution π−mp, .
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Figure 3 | A sketch of a Au + Au collision in the STAR detector system. 
The vorticity of fluid created at mid-rapidity is suggested. The average 
vorticity points along the direction of the angular momentum of the 
collision Ĵsys. This direction is estimated experimentally by measuring the 
sidewards deflection of the forward- and backward-going fragments and 
particles in the beam–beam counter detectors. Λ hyperons are depicted as 
spinning tops; see text for details. Obviously, elements in this depiction are 
not drawn to scale: the fluid and beam fragments have sizes of a few 
femtometers, whereas the radius of each beam–beam counter is about 1 m.
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+ viscous hydrodynamic model (UrQMD+vHLLE) [15] and
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uncertainties, respectively. Note that the data points at 200
GeV and for Λ̄ are slightly horizontally shifted for visibility.

most of the models calculate the spin polarization from
the local vorticity at the freeze-out hypersurface. How-
ever it is not clear when and how the vorticity and polar-
ization are coupled during the system evolution and how
much the hadronic rescattering at the later stage affects
the spin polarization.
We also performed differential measurements of the po-

larization, versus the collision centrality, the hyperon’s
transverse momentum, and the hyperon’s pseudorapid-
ity. The vorticity of the system is expected to be smaller
in more central collisions because of smaller initial source
tilt [8, 33], and/or because the number of spectator nucle-
ons becomes smaller. Therefore, the initial longitudinal
flow velocity, which would be a source of the initial an-
gular momentum of the system, becomes less dependent
on the transverse direction [12]. Figure 5 presents the
centrality dependence of the polarization. The polariza-
tion of Λ and Λ̄ is found to be larger in more peripheral
collisions, as expected from an increase in the thermal
vorticity [43]. With the given large uncertainties, it is
not clear if the polarization saturates or even starts to

drop off in the most peripheral collisions.
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FIG. 5. Λ (Λ̄) polarization as a function of the collision cen-
trality in Au+Au collisions at
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= 200 GeV. Open boxes
and vertical lines show systematic and statistical uncertain-
ties. The data points for Λ̄ are slightly shifted for visibility.

Figure 6 shows the polarization as a function of pT
for the 20%–60% centrality bin. The polarization de-
pendence on pT is weak or absent, considering the large
uncertainties, which is consistent with the expectation
that the polarization is generated by a rotation of the
system and therefore does not have a strong pT depen-
dence. One might expect a decrease of the polarization at
lower pT due to the smearing effect caused by scattering
at the later stage of the collisions, and/or a decrease of
polarization at higher pT because of a larger contribution
from jet fragmentation, but it is difficult to discuss such
effects given the current experimental uncertainties. Cal-
culations for primary Λ from a hydrodynamic model with
two different initial conditions (ICs) [44] are compared to
the data. The pT dependence of the polarization slightly
depends on the initial conditions, i.e. Glauber IC with
the initial tilt of the source [8, 9] and the initial state
from the UrQMD model [45]. The UrQMD IC includes a
pre-equilibrium phase which leads to the initial flow, but
the Glauber IC does not include it, and the initial energy
density profile is different between the two ICs, both of
which would affect the initial angular momentum. The
data are closer to the UrQMD IC, but on average are
slightly higher than the calculations.
Figure 7 presents the pseudorapidity dependence of the

polarization for Λ and Λ̄. It is consistent with being con-
stant within uncertainties. The vorticity is expected to
decrease at large rapidities, but might also have a lo-
cal minimum at η = 0 due to complex shear flow struc-
ture [15, 43, 46]. Due to baryon transparency at higher
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Λ POLARIZATION IN HEAVY ION COLLISIONS

➤ measurement of vorticity ω of the QGP (perfect liquid) 
➤ [STAR, arXiv:1701.06657] 

➤                             , results not feed-down corrected
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Figure 4: The average polarization PH (where H=L or L) from 20-50% central Au+Au collisions

is plotted as a function of collision energy. The results of the present study (
p

sNN < 40 GeV)

are shown together with those reported earlier6 for 62.4 and 200 GeV collisions, for which only

statistical errors are plotted. Boxes indicate systematic uncertainties.

(⇠ 3.5%).

The fluid vorticity may be estimated from the data using the hydrodynamic relation22

w = kBT
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where T is the temperature of the fluid at the moment when particles are emitted from it. The

subscripts (L0 and L0) in equation 3 indicate that these polarizations are for “primary” hyperons

emitted directly from the fluid. However, most of the L and L hyperons at these collision ener-
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The vorticity is currently of intense interest, since it is a key ingredi-
ent in theories that predict observable effects associated with chiral 
symmetry restoration and the production of false quantum chromo-
dynamics vacuum states5. Spin–orbit coupling can generate a spin 
alignment, or polarization, along the direction of the vorticity in the 
local fluid cell, which, when averaged2,3 over the entire system, is par-
allel to Ĵsys. Thus, polarization measurements of hadrons emitted from 
the fluid can be used to determine ωω≡ .

It is difficult to measure the spin direction of most hadrons emitted 
in a heavy ion collision. However, Λ and Λ  hyperons are ‘self-analysing’. 
That is16, in the weak decay Λ → p + π− , the proton tends to be emitted 
along the spin direction of the parent Λ. If θ* is the angle between the 
daughter proton (antiproton) momentum ∗pp and the Λ (Λ ) polariza-
tion vector (H in the hyperon rest frame, then
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The subscript H denotes Λ or Λ , and the decay parameter17  
α α=− = . ± .Λ Λ 0 642 0 013  . The angle θ* is indicated in Fig. 3, in which  
Λ hyperons are depicted as tops spinning about their polarization 
direction.

The polarization of the hyperon in its rest frame depends on the 
vorticity of the fluid element (in the laboratory frame3,18 ) and thus may 
depend on the momentum of the emitted hyperons. However, when 
averaged over all phase space, symmetry demands that (H  is parallel 
to Ĵsys. Because our limited sample sizes prohibit exploration of these 
dependencies, our analysis assumes that (H is independent of momen-
tum, and we extract only an average projection of the polarization on 
Ĵsys. This average may be written7  as
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 is the azimuthal angle of the angular momentum of the 

collision, φ∗p is the azimuthal angle of the daughter proton (antiproton) 
momentum in the Λ Λ( ) rest frame, and REP

(1) is a factor that accounts 
for the finite resolution7  with which we determine φ Ĵsys

. The overbar on 
( H denotes an average over events and the angle brackets denote the 
momenta of Λ hyperons detected in the TPC. Equation (2) is strictly 
valid only in a perfect detector; angle-dependent detection efficiency 
requires a correction factor7  that shifts the results in the present ana lysis 
by about 3%.

A relativistic heavy ion collision can produce several hundred 
charged particles in our detectors. For a given energy, a head-on col-
lision produces the maximum number of emitted particles, while a 
glancing one produces only a few. To concentrate on collisions with 
sufficient overlap to produce a fluid with large angular momentum, we 
select events producing an intermediate number of tracks in the TPC. 
Of all observed collisions 20% produce more tracks than the collisions 
studied here, while 50% produce fewer; in the parlance of the field, this 
is known as a 20–50% centrality selection.

Equation (2) quantifies an average alignment between hyperon spin 
and a global feature of the collision and is hence a “global polarization”2. 
This is distinct from the well known phenomenon of Λ polarization 
at very forward angles in proton–proton collisions19 . The polarization 
direction from this latter effect depends on Λ momentum and not the 
global angular momentum; it has zero magnitude at mid-rapidity.

The solid symbols in Fig. 4 show our new measurements as a func-
tion of collision energy, sNN . Systematic uncertainties are shown  
as boxes and are generally smaller than statistical ones. Λ hyperons in 
the rapidity region |yΛ| < 1.0 and transverse momentum 0.4 < pT <  
3.0 GeV/c are used in the analysis. The peak in the invariant mass dis-
tribution at mΛ is about five times the background level, and the inte-
grated Λ contribution in our selected mass window is about twice that 
of the combinatoric background. Our results have been corrected for 
the ‘diluting’ effect of this combinatoric background. At each energy, a 
positive polarization at the level of 1.1–3.6 times the statistical uncer-
tainty is observed for both Λ and Λ . Taken in aggregate, the data are 
statistically consistent with the hypothesis of energy-independent 
polarization of 1.08  ±  0.15 (stat) ±  0.11 (sys) and 1.38  ±  0.30 
(stat) ±  0.13 (sys) per cent for Λ and Λ , respectively. Some models pre-
dict that the polarization may decrease with collision energy4,20,21. 
While our data are consistent with such a trend, increased statistics 
would be required to test these predictions definitively. Also shown as 
open symbols in Fig. 4 are previously published7  measurements at  

sNN  = 62.4 GeV and 200 GeV. The null result reported7  may be seen  
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Figure 2 | A single Au + Au collision in the STAR TPC. Charged 
particles from a collision ionize the gas in the TPC, forming tracks that 
curve in the magnetic field of the detector. The tracks are reconstructed in 
three dimensions, making them relatively easy to distinguish, but are 
projected onto a single plane in this figure. As the tracks exit the outer 
radius, they leave a signal in the time-of-flight detector. The species of 
charged particles is determined by the amount of ionization in the TPC 
and the flight time as measured by time of flight. Charged daughters from 
the weak decay Λ → p + π−  are extrapolated backwards, and the parent is 
identified through topological selection. A clear peak at the Λ mass, 
obtained by summing over many events, is observed in the invariant-mass 
distribution π−mp, .
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Figure 3 | A sketch of a Au + Au collision in the STAR detector system. 
The vorticity of fluid created at mid-rapidity is suggested. The average 
vorticity points along the direction of the angular momentum of the 
collision Ĵsys. This direction is estimated experimentally by measuring the 
sidewards deflection of the forward- and backward-going fragments and 
particles in the beam–beam counter detectors. Λ hyperons are depicted as 
spinning tops; see text for details. Obviously, elements in this depiction are 
not drawn to scale: the fluid and beam fragments have sizes of a few 
femtometers, whereas the radius of each beam–beam counter is about 1 m.
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(2.5<C<4.0)

Ø Positive BNL internal review last Nov. and will be ready for 2022
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Freeze-out Temperatures from STAR BES-I

Tch - chemical freeze-out temperature 
particles included in the THERMUS model fit were π, K, p, p ̄, Λ, and Ξ                
Tch appears to be lower when strange particles were excluded from the fit  

T - kinetic freeze-out temperature 
the separation between between Tch and T grows with increasing energy 

might suggest the effect of increasing hadronic interactions between chemical and kinetic freeze-out at higher energies 

⟨ β ⟩ - radial flow velocity 
rapid x slow increase at lower x higher energies
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FIG. 33: Extracted chemical freeze-out temperature versus
baryon chemical potential for GCE (top panel) and SCE (bot-
tom panel) cases using particle yields as input for fitting.
Curves represent two model predictions [79, 80]. Uncertain-
ties represent systematic errors.

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

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

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

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

1. Choice on Constraints

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

√
sNN =7.7,

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

2. Choice on Including More Particles

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

√
sNN = 39 GeV for

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

B. Kinetic Freeze-out

The kinetic freeze-out parameters are obtained by fit-
ting the spectra with a blast wave model. The model
assumes that the particles are locally thermalized at a
kinetic freeze-out temperature and are moving with a
common transverse collective flow velocity [43, 51]. As-
suming a radially boosted thermal source, with a kinetic
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FIG. 38: (Color online) (a) Energy dependence of kinetic
and chemical freeze-out temperatures for central heavy-ion
collisions. The curves represent various theoretical predic-
tions [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 for mostly 0–7%, and top RHIC and LHC ener-
gies for 0–5% central collisions. Uncertainties represent sys-
tematic uncertainties.

sion centrality classes. The bulk properties are studied
by measuring the identified hadron dN/dy, ⟨pT ⟩, particle
ratios, and freeze-out parameters. The results are com-
pared with corresponding published results from other
energies and experiments.
The yields of charged pions, kaons, and anti-protons

decrease 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 mid-rapidity
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 slope as a function of
beam energy. The slope above 19.6 GeV is different when
compared to that at lower energies. This may suggest
a change in particle production mechanism below 19.6
GeV.
The π−/π+ ratio is close to unity for most of the ener-

gies. The lowest energy of 7.7 GeV has a greater π−/π+

ratio than at other energies due to isospin and significant
contributions from resonance decays (such as ∆ baryons).
The K−/K+ ratio increases with increasing energy, and
shows very little centrality dependence. The increase in
K−/K+ ratio with energy shows the increasing contri-
bution to kaon production due to pair production. The
K+/π+ ratio shows a maximum at 7.7 GeV and then
decreases with increasing energy. This is due to the as-
sociated production dominance at lower energies as the
baryon stopping is large. This maximum corresponds to
the maximum baryon density predicted to be achieved in
heavy-ion collisions. The centrality dependence is simi-
lar at all energies, increasing from peripheral to central
collisions. The p̄/p ratio increases with increasing en-
ergy. The ratio increases from central to peripheral col-
lisions. The results reflect the large baryon stopping at
mid-rapidity at lower energies in central collisions. The
p/π+ ratio decreases with increasing energy and is larger
at

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

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

√
sNN = 62.4 and 200 GeV.

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

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

energies, then tend to rise further with increasing
√
sNN

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

√
sNN around BES energies could be

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

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

a blast-wave model fit to pion, kaon, proton, and anti-
proton pT spectra. Tkin increases from central to periph-
eral collisions suggesting a longer lived fireball in central
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particles used for the THERMUS fit 
[Wheaton et al., CPC180 (2009) 84] 
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FIG. 8. Polarization of ! and !̄ as a function of observed charge
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centrality bin in Au+Au collisions at

√
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= 200 GeV. Open boxes

and vertical lines show systematic and statistical uncertainties. Solid
and dashed lines show linear fitting functions.

for eµv > 0 (eµv < 0), the spins of particles (antiparticles) in
J5 are aligned to the direction of B which can contribute to the
hyperon polarization. One can test this by studying the depen-
dence of the polarization on the event charge asymmetry, Ach =
⟨N+ − N− ⟩/⟨N+ + N− ⟩ where N+(− ) denotes the number of
positively (negatively) charged particles, assuming the relation
µv/T ∝ Ach.

Figure 8 presents the polarization as a function of the
event charge asymmetry Ach, where Ach was normalized
by its RMS, σAch , to avoid a possible centrality bias, since
the width of the Ach distribution becomes wider in pe-
ripheral collisions. The results have large uncertainties, but
the dependence on Ach/σAch seems to be different for !
and !̄. The data were fitted with a linear function and the
extracted slope values are shown in Fig. 8. The observed
difference in slopes is a 1–2σ effect. If confirmed by higher
statistics measurements, this observation might open an im-
portant direction in studying chiral dynamics in heavy-ion
collisions.

V. SUMMARY

We present the results of global polarization measurements
for ! and !̄ hyperons in Au+Au collisions at

√
s

NN
=

200 GeV. With a 150-fold improvement in statistics compared
to the previous measurements, we were able to measure the
polarization with better than 1/10th of a percentage accuracy.
Depending on centrality, a nonzero signal in the range of
0.1–0.5% was observed. We find no significant difference
between ! and !̄ polarization at

√
s

NN
= 200 GeV within the

uncertainties. The present global polarization measurement at
200 GeV with its relatively small uncertainty adds significance
to the earlier observed trend at lower RHIC energies [14] of the
global polarization decrease with the collision energy. Within
the uncertainties, our results agree with predictions from a
hydrodynamic (UrQMD+vHLLE) and the AMPT models.

The polarization was also studied as functions of the
collision centrality, the hyperon’s transverse momentum, and
the pseudorapidity. The polarization was found to be larger
in more peripheral collisions, as expected from theoretical
calculations, but no significant dependence on pseudorapid-
ity or transverse momentum was observed. Furthermore, an
indication of a polarization dependence on the event-by-event
charge asymmetry was observed. This might be an indication
of a possible contribution to the global polarization from the
axial current induced by the initial magnetic field, although
the statistical uncertainties need to be improved to reach a
definitive conclusion.
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