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Fig. 1. (Color online) Illustration of the chiral magnetic effect. To be specific, the illustration is for just one kind of massless quarks with positive electric
charge Q > 0 and for the case of µ5 > 0. For quarks with negative electric charge the quark current EJ is generated in the opposite direction (owing to the
opposite spin polarization) but their contribution to the electric current would be the same as that from positively charged quarks. For µ5 < 0 the current
will flip direction.

For simplicity we will discuss the anomalous chiral effects with the single-fermion-species example in this Section.
The generalization to the multi-flavor and multi-color case would be straightforward. Experimental measurements often
concern the electromagnetic charge or baryonic charge rather than the quark-level currents. The conserved charge currents
can be constructed from those of quarks by summing over relevant flavors and colors, e.g.

JµQ = Nc

X

f

eQf J
µ
f , JµB = Nc

X

f

Bf J
µ
f , (6)

where Qf and Bf are the electric and baryonic charges of a given flavor, respectively, e.g. for (u, d, s) flavors, Qf =

(2/3, �1/3, �1/3) and Bf = (1/3, 1/3, 1/3).

2.1. The chiral magnetic effect

A powerful way of probing properties of matter, known since the time of Ohm and still widely used today, is to apply
external electromagnetic fields and examine the responses of matter. For example, in an electrically conducting medium,
an electric current can be generated in the presence of an external electric field

EJ = � EE, (7)

which is the famous Ohm’s law, with � being the electric conductivity characterizing the vector charge transport property of
matter. (Note we have ‘‘hidden’’ an electric charge Qe factor on both sides in the above.) Obviously the QGP with electrically
charged quarks roaming around is a conductor.

There are however more interesting questions onemay ask regarding the QGP transport. What would happen if one uses
an externalmagnetic field EB as a probe, instead? Can a vector current be generated similarly to that in Eq. (7)?Normally this is
forbidden by the symmetry argument:EJ is aP -odd vector quantitywhile EB is aP -even axial vector quantity. But the situation
is different if the underlying medium itself is chiral, such as a chiral QGP with nonzero µ5 whose parity ‘‘mirror image’’ has
an opposite µ5. As already discussed in the Introduction section, in such case the Chiral Magnetic Effect (CME) [22,24,25]
predicts the generation of a vector current EJ = �5EB in response to the EB field, as given in Eq. (4). The �5 =

Qe
2⇡2 µ5 is a chiral

magnetic conductivity. (Again if one wants to specifically consider the electric current, then EJ ! QeEJ = (Qe)2/(2⇡2)µ5EB.)
The generation of a vector current in the presence of chirality imbalance was first discussed by Vilenkin [60]. However

chirality imbalance itself is a necessary but not sufficient ingredient of the CME—the corresponding current does not vanish
only when the chiral charge is not conserved, i.e. in the presence of chiral anomaly. The detailed discussion of this issue, and
additional references to earlier work, can be found in [15]. Because both the chirality imbalance and the chiral anomaly are
involved in the CME and related phenomena, we will refer to them as ‘‘anomalous chiral effects’’ in this review.

Intuitively the CME may be understood in the following way, as illustrated in Fig. 1. The magnetic field leads to a spin
polarization (i.e. ‘‘magnetization’’) effect, with quarks’ spins preferably aligned along the EB field direction, which implies
hEsi / (Qe)EB. Quarks with specific chirality have their momentum Ep direction correlated with spin Es orientation: Ep k Es for
RH quarks, while Ep k (�Es) for LH ones. In the presence of chirality imbalance, i.e. µ5 6= 0, there will be a net correlation
between average spin and momentum hEpi / µ5hEsi. For example, if µ5 > 0 there are more RH quarks, and the momentum
is preferably in parallel to spin. It is therefore evident that hEpi / (Qe)µ5EB, which implies a vector current of these quarks
EJ / hEpi / (Qe)µ5EB.

Of course, the precise coefficient of the chiral magnetic conductivity �5 has to be determined dynamically. Remarkably,
computations in various systems ranging from free gas to infinitely strongly coupled field theories, have inevitably found
the same universal value independent of dynamical details (see e.g. the reviews in [14] and further references therein). This
points to a certain deep origin of the CME, and indeed this coefficient is entirely dictated by the chiral anomaly. A most
elaborative way to manifest this profound connection is perhaps through the following derivation (see e.g. [23]). Let us

Magnetic field    +    massless quarks    +    chirality imbalance
spin alignment

(opposite direction 
for opposite sign)
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~J / (Qe)µ5
~B

詳細は山本さんの講演参照
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�↵� = hcos(�↵ + �� � 2 RP )i
�� = �+� � �±±

“Gamma correlator” sensitive to the charge separation

RP

+ +

− −

π/2
�+� = hcos(⇡/2� ⇡/2)i = 1

�±± = hcos(⇡/2 + ⇡/2)i = �1

�� = 2

e.g. extreme case of charge separation

* Magnetic field direction is perpendicular  
to the reaction plane in heavy-ion collisions

which is a P even observable, but directly sensitive to the charge separation effect. We report

measurements of charged hadrons near center-of-mass rapidity with this observable in Auþ Auand Cuþ
Cucollisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV using the STAR detector. A signal consistent with several expectations

from the theory is detected. We discuss possible contributions from other effects that are not related to

parity violation.

DOI: 10.1103/PhysRevLett.103.251601 PACS numbers: 11.30.Er, 11.30.Qc, 12.38.Aw, 25.75.Nq

Parity (P ) violation in the weak interaction was ob-
served in 1957 [1]. However, until recently, parity has
been thought to be conserved in the strong interaction.
Modern QCD theory does allow for parity violation, but
experiments have not seen this violation and the resulting
constraints are tight [2,3]. Recently, it has been suggested
that the hot and dense matter created in heavy-ion colli-
sions may form metastable domains where the parity and
time-reversal symmetries are locally violated [4]. In non-
central collisions, these domains may manifest themselves
by giving positively and negatively charged particles
opposite-direction momentum ’kicks’ along the angular
momentum vector of the collision. The resulting charge
separation is a consequence of two factors [5– 7]: the
difference in numbers of quarks with positive and negative
chiralities due to a nonzero topological charge of the
metastable region, and the interaction of these particles
with the extremely strong magnetic field produced in such
a collision (leading to the effect being called the ‘‘Chiral
Magnetic Effect’’). This separation of charges along the
angular momentum vector would be a clear P violation.

The expectation from this local P violation is that the
relative sign of charge separation and angular momentum
vectors is random in each event. This implies that any
P -odd observable should yield zero when averaged over
many events. An experimental search for this effect must
therefore involve comparing the measured charge separa-
tion signal in each event with the expected fluctuations due
to non-P -violating effects, or equivalently measuring cor-
relations among particles in each event. This Letter reports
the result of such a search performed in 200 GeV Auþ Au
and Cuþ Cuheavy-ion collisions with the STAR detector
at the Relativistic Heavy Ion Collider (RHIC).

Observables and method.—In an event, charge separa-
tion along the angular momentum vector may be described
phenomenologically by sine terms in the Fourier decom-
position of the charged-particle azimuthal distribution

dN#
d!

/ 1þ 2v1 cosð!%!RPÞ þ 2v2 cosð2ð!%!RPÞÞ

þ . . .þ 2a # sinð!%!RPÞ þ . . . ; (1)

where!RP is the azimuthal angle of the reaction plane (the
plane which contains the impact parameter and beam
momenta—see Fig. 1 for a schematic). v1 and v2 are
coefficients accounting for the so-called directed and el-
liptic flow [8]. The a parameters, a % ¼ %a þ, describe the
P -violating effect. The spontaneous nature of the predicted

parity violation means that the sign of a þ and a % vary from
event to event and on average ha þi¼ ha %i¼ 0.
We may, however, expect nonzero values for the corre-

lator ha "a #i(where ", # represent electric chargeþ or%)

since P -violating contributions to these observables would
accumulate over many events. One could measure ha "a #i
by calculating the average hsin"!" sin"!#iover all par-
ticles of charge " paired with all particles of charge #
(here we have introduced the notation "! ¼ !%!RP).
This is, however, also sensitive to several parity con-
serving physics backgrounds which produce correla-
tions that have nonzero projections along the angular mo-
mentum vector. This led to the proposal [9] of the observ-
able hcosð!" þ!# % 2!RPÞi¼ ðhcos"!" cos"!#i%
hsin"!" sin"!#iÞ which is sensitive to %ha "a #i. This
observable represents the difference between azimuthal
correlations projected onto the direction of the angular
momentum vector and correlations projected onto the col-
lision reaction plane. By taking this difference, these parity
conserving correlations only produce backgrounds inas-
much as they depend on orientation with respect to the
reaction plane. As a consequence of the hcos"!" cos"!#i
term, this observable is also sensitive to contributions from
directed flow and its fluctuations. Because the measure-

FIG. 1 (color online). Schematic depiction of the transverse
plane in a collision of two heavy ions (shown as dotted out-
lines—one emerging from and one going into the page). The
azimuthal angles of the reaction plane and produced particles
with charges " and # as used in Eqs. (1) and (2) are depicted
here.

PRL 103, 251601 (2009) P HY S I CA L R EV I EW LE T T E R S
week ending

18 DECEMBER 2009

251601-3



T. Niida, HI Tutorial workshop, Riken 

γ correlator in anomalous hydrodynamics 

 5

�↵� = hcos(�↵ + �� � 2 RP )i
�� = �+� � �±±

4

5.0 × 10-5

1.0 × 10-4

1.5 × 10-4

 0

AnomalousNon-anomalous
(v1

-)2

(a1
-)2

-1.0 × 10-4

-5.0 × 10-5

5.0 × 10-5

 0

AnomalousNon-anomalous
v1

+ v1
-

a1
+ a1

-

FIG. 3: h
�
v�1

�2i, h
�
a�
1

�2i (upper figure), hv+1 v�1 i, and ha+
1 a

�
1 i

(lower figure) for anomalous and non-anomalous cases at b =
7.2 fm (20-30% in centrality).

culated via

�↵↵ ⌘
*

1

M↵P2

X

<i,j>2S↵

cos(�i + �j � 2 RP)

+
, (13)

�↵� ⌘
*

1

M↵M�

X

i2S↵

X

j2S�

cos(�i + �j � 2 RP)

+
, (14)

where ↵ 6= �, S↵ is the set of particles with charge ↵,
< i, j >2 S in the summation symbol indicate the pair
of particles in a particle set S, and the overall h· · · imeans
the event average. Similarly, we separately evaluate (v↵1 )

2

and (a↵1 )
2 by

h(v↵1 )
2i ⌘

*
1

M↵P2

X

<i,j>2S↵

cos��↵
i cos��↵

j

+
, (15)

h(a↵1 )
2i ⌘

*
1

M↵P2

X

<i,j>2S↵

sin��↵
i sin��↵

j

+
. (16)

Upper figure of Fig. 3 shows h
�
v�1

�2i and h
�
a�1

�2i in
anomalous and non-anomalous cases at b = 7.2 fm (20-
30% in centrality). As shown in the figure, the fluctua-
tion of v1 becomes large in the presence of CME, and the
fluctuation of a1 becomes even larger. The observable
��� is the di↵erence between v1 and a1 fluctuations, so
it becomes negative, which is consistent with the exper-
iment. The magnitude of ��� is also comparable to the
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FIG. 4: Centrality dependence of �++ and �+� as well as
the experimental data from STAR [2].

values measured in STAR. The large value of ha21i is in
line with the expectation from the CME.
In the lower figure of Fig. 3, we show the values of

hv+1 v
�
1 i and ha+1 a

�
1 i. When there is no anomalous trans-

port, the values for hv+1 v
�
1 i and ha+1 a

�
1 i are positive

and comparable. When anomalous transport e↵ects are
turned on, ha+1 a

�
1 i takes a negative value. This means the

anti-correlation between a+1 and a�1 , which is expected
from the CME.
In Fig. 4, the centrality dependence of the observ-

ables �++ and �+� as well as the experimental values
from STAR [29] are plotted. The values of the same-
charge combination �++ are negative and the magnitude
increases as a function of centrality in the anomalous
case, while the values are consistent with zero in the non-
anomalous case. As for the opposite charge combination
�+�, the values are positive and are larger in peripheral
collisions in the anomalous case. The positiveness comes
from negative values of ha+1 a

�
1 i, which indicates the anti-

correlation between a+1 and a�1 . At two peripheral cen-
tralities, �+� is positive even for the non-anomalous case.

Let us comment on the implications of this work to the
possible background e↵ects discussed in the literature. It
has been pointed out that the observed values of �↵� may
be reproduced by other e↵ects unrelated to anomalous
transport, including transverse momentum conservation
and flow [30, 31], charge conservation and flow [32], or
cluster particle correlations [33]. All of these background
e↵ects originate from multi-particle correlations. Since
neither local charge conservation nor transverse momen-
tum conservation are imposed in our current sampling
procedure, the computed correlators do not originate
from these multi-particle correlations - therefore, we ex-
pect the measured correlators to reflect the presence of

Y. Hirono, T. Hirano, and D. Kharzeev, arXiv:1412.0311

� O
S
,
� S

S

STAR data same sign

STAR data opposite sign

Non-anomalous same sign

Non-anomalous opposite sign

Anomalous same sign
Anomalous opposite sign

γ correlator is indeed sensitive to CME!

No CME

with CME
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Fig. 13. Three-point correlator as a function of centrality for Au + Au collisions at 7.7–200 GeV [106], and for Pb + Pb collisions at 2.76 TeV [129]. Note
that the vertical scales are different for different rows. The systematic errors (gray bars) bear the same meaning as in Fig. 12. Charge independent results
from the model calculations of MEVSIM [135] are shown as gray curves.

The � correlator weights different azimuthal regions of charge separation differently, e.g. oppositely charged pairs
emitted azimuthally at 90� from the event plane (maximally out-of-plane) are weighted more heavily than those emitted
only a few degrees from the event plane (minimally out-of-plane). It is a good test to modify the � correlator such that all
azimuthal regions of charge separation are weighted identically. This may be done by first rewriting Eq. (23) as

hcos(�↵ + �� � 2 RP)i = h(M↵M�S↵S�)INi � h(M↵M�S↵S�)OUTi, (34)

whereM and S stand for the absolute magnitude (0  M  1) and sign (±1) of the sine or cosine function, respectively. IN
represents the cosine part of Eq. (23) (in-plane) andOUT represents the sine part (out-of-plane). Amodulated sign correlation
(msc) is obtained by reducing the � correlator [105]:

msc ⌘

⇣⇡
4

⌘2 �
hS↵S�iIN � hS↵S�iOUT

�
. (35)

The modulated sign correlations are compared with the three-point correlator for Au + Au collisions at 200 GeV in Fig. 12.
It is evident that the msc is able to reproduce the same trend as the three-point correlator although their magnitudes differ
slightly. STAR also carried out another approach called the charge multiplicity asymmetry correlation, whose methodology
is similar to the msc, and yielded very similar results [126].

A further understanding of the origin of the observed charge separation could be achieved with a study of the beam-
energy dependence of the � correlation. The charge separation effect depends strongly on the formation of the quark–gluon
plasma and chiral symmetry restoration [22], and the signal can be greatly suppressed or completely absent at low collision
energies where a QGP has significantly shortened lifetime or not even formed. Taking into account that the life-time
of the strong magnetic field is larger at smaller collision energies, this could lead to an almost threshold effect: with
decreasing collision energy, the signalmight slowly increasewith an abrupt drop thereafter. Unfortunately, the exact energy
dependence of the chiral magnetic effect is not calculated yet.

The question of the collision-energy dependence of the � correlator has been addressed during the recent RHIC Beam
Energy Scan. Fig. 13 presents �OS and �SS correlators as a function of centrality for Au+Au collisions at

p
sNN = 7.7–200 GeV

measured by STAR [106], and for Pb + Pb collisions at 2.76 TeV by ALICE [129]. The difference between �OS and �SS seems
to vanish at low collision energies, again qualitatively in agreement with expectations for the CME. At most collision
energies, the difference between �OS and �SS is still present with the ‘‘right’’ ordering, manifesting extra charge-separation
fluctuations perpendicular to the reaction plane.With decreased beam energy, both �OS and �SS tend to rise up starting from
peripheral collisions. This feature seems to be charge independent, and can be explained by momentum conservation and
elliptic flow [105]. Momentum conservation forces all produced particles, regardless of charge, to separate from each other,
while collective flow works in the opposite sense. For peripheral collisions, the multiplicity (N) is small, and momentum
conservation dominates. The lower beam energy, the smaller N , and the higher �OS and �SS. For more central collisions
where the multiplicity is large enough, this type of P -even background can be estimated with �v2/N [105,110]. In Fig. 13,
we also show the MEVSIM [135] model calculations with implementation of elliptic flow and momentum conservation,
which qualitatively describe the beam-energy dependence of the charge-independent background.

D. Kharzeev, J. Liao, S. Voloshin, and G. Wang, PPNP88(2016)1-28 
STAR, PRL113, 052302 (2014) 
ALICE, PRL110, 021301 (2013)

Charge separation was observed at RHIC and the LHC!  
The difference between charge combinations (Δγ) decreases in lower energies.
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IMPLICATIONS OF p + Pb MEASUREMENTS ON THE . . . PHYSICAL REVIEW C 96, 024901 (2017)

FIG. 1. Single-event display from a Monte Carlo–Glauber event of a peripheral Pb + Pb (a) and a central p + Pb (b) collision at 5.02 TeV.
The open gray [solid green (light gray)] circles indicate spectator nucleons (participating protons) traveling in the positive z direction, and the
open gray [solid red (dark gray)] circles with crosses indicate spectator nucleons (participating protons) traveling in the negative z direction.
In each panel, the calculated magnetic field vector is shown as a solid magenta line and the long axis of the participant eccentricity is shown as
a solid black line.

of the participating nucleons, and θ is the angle between the
velocity vector and the displacement vector, which is exactly
90◦ at the moment of impact of the two colliding nuclei. The
vector direction of the magnetic field is shown in the example
Pb + Pb interaction in Fig. 1(a).

In this particular event, the magnetic field is oriented
upwards, which is the expectation in the absence of fluctuations
in the positions of the protons. It is also true in this one event
that the long axis of the eccentricity is aligned closely with
the magnetic field. Thus, for this event, there is a significant
magnetic field along this long axis and a very small magnetic
field perpendicular to it. This is the type of configuration that
makes the CME maximally observable with the three-point
correlator.

We show in Fig. 1(b) an example p + Pb interaction
where we again calculate the long axis of the eccentricity
and magnetic field vector in the identical framework. In this
example interaction, the magnetic field and the eccentricity
long axis are almost perpendicular. In addition, the magnetic
field vector itself, due to fluctuations in the positions of the
protons (particularly those closest to the participant center of
mass), is not along the expected direction (i.e., expected for
the case of a smooth charge distributed nucleus).

III. RESULTS

To fully quantify these effects, we sample over one million
Pb + Pb and one million p + Pb Monte Carlo Glauber events.
First, we discuss the Pb + Pb results. Figure 2(a) shows the
mean of the absolute value of the magnetic field oriented
along the x axis ⟨|Bx|⟩ (open circles) and the y axis ⟨|By|⟩
(open squares) as a function of the Pb + Pb collision impact

parameter. Note that the impact parameter vector is always
along the x axis. The magnetic field is shown in units of tesla.
Commonly in the literature the quantity h̄eB/c2 is reported,
which gives the equivalence 1015T ↔ 3.0366m2

π , where mπ

is the mass of the charged pion (139.57 MeV/c2).
As expected, in peripheral Pb + Pb events, there is a large

mean magnetic field oriented in the y direction and a rather
small mean magnetic field oriented in the x direction. Note
that if we did not calculate the mean of the absolute value, the
mean magnetic field in the x direction would be zero with as
many events fluctuating to have a positive and a negative field
along this axis. In the most central (b close to zero) events,
the two magnetic field components have equal mean values
because the magnetic field is entirely due to fluctuations in the
proton positions. In Fig. 2(b), we show the same result, now
as a function of the number of participating nucleons, which
is related to the number of particles produced in the event.

In addition, in Fig. 2(b), we show the magnetic field mean
values now oriented along the long axis of the eccentricity
(shown as a black arrow labeled ε2 in Fig. 1), referred to
as ⟨|B ′

y|⟩, and in the perpendicular direction, referred to as
⟨|B ′

x|⟩. It is striking that, due to significant fluctuations in the
orientation of the eccentricity and the magnetic field direction,
there is a substantial ⟨|B ′

x|⟩ component. However, the potential
for the three-point correlator to measure the CME remains,
because the two components are still significantly different
(the mean absolute value ⟨|B ′

y|⟩ ≈ 1.5 × ⟨|B ′
x|⟩).

Figure 3 shows the same quantities but now for p + Pb
collisions. Two clear conclusions can be reached. First, the
magnetic field mean absolute values are not small. In fact, the
magnetic field magnitudes in the rotated frame are comparable
to the Pb + Pbx′ component and only about 50% smaller than
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Idea: Event plane (ΨEP) and B-field (ΨB) orientations are uncorrelated 
- R. Belmont and J. Nagle, PRC96, 024901 (2017)

charge-independent, such as directed flow and the
momentum conservation effect, the latter being sensitive
to the difference in multiplicity between p- and Pb-going
directions.
To explore the multiplicity or centrality dependence of

the three-particle correlator, an average of the results in
Fig. 1 over jΔηj < 1.6 (charge-dependent region) is taken,
where the average is weighted by the number of particle
pairs in each jΔηj range. The resulting jΔηj-averaged three-
particle correlators are shown in Fig. 2 as a function of
Noffline

trk for p-Pb (particle c from the Pb-going side) and
PbPb collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV. Up to Noffline
trk ¼ 300,

the p-Pb and PbPb results are measured in the same Noffline
trk

ranges. The centrality scale on the top of Fig. 2 relates to
the PbPb experimental results. Within uncertainties, the SS
and OS correlators in p-Pb and PbPb collisions exhibit the
same magnitude and trend as a function of event multi-
plicity. The OS correlator reaches a value close to zero for
Noffline

trk > 200, while the SS correlator remains negative,
but the magnitude gradually decreases as Noffline

trk increases.
Part of the observed multiplicity (or centrality) dependence
is understood as a dilution effect that falls with the inverse
of event multiplicity [7]. The notably similar magnitude
and multiplicity dependence of the three-particle correlator
observed in p-Pb collisions relative to that in PbPb
collisions again indicates that the dominant contribution
of the signal is not related to the CME. The results of SS
and OS three-particle correlators as functions of centrality
in PbPb collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV are also found to
be consistent with the results from lower energy AA
collisions [7,11].

To eliminate sources of correlations that are charge
independent (e.g., directed flow, v1) and to explore a
possible charge separation effect generated by the CME,
the difference of three-particle correlators between the OS
and SS is shown as a function of jΔηj in the multiplicity
range 185 ≤ Noffline

trk < 220 [Fig. 3(a)] and as a function
ofNoffline

trk averaged over jΔηj < 1.6 [Fig. 3(b)] for p-Pb and
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CME is not expected in p(d)+A collisions. 
Background (back-to-back jets) would be dominant in low multiplicity events.
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y Comparison between TPC EP and BBC EP shows
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but much smaller CME signal in p-Pb than in Pb-Pb 
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Fig. 3. (Colour online.) Top: Difference between opposite and same charge pair cor-
relations for γαβ as a function of v2 for shape selected events together with a linear 
fit (dashed lines) for various centrality classes. Bottom: Difference between opposite 
and same charge pair correlations for γαβ multiplied by the charged-particle den-
sity [49] as a function of v2 for shape selected events for various centrality classes. 
The event selection is based on q2 determined in the V0C with the lowest (highest) 
value corresponding to 0–10% (90–100%) q2. Error bars (shaded boxes) represent 
the statistical (systematic) uncertainties.

for all centralities and its magnitude decreases for more central 
collisions and with decreasing v2 (in a given centrality bin). At 
least two effects could be responsible for the centrality depen-
dence: the reduction of the magnetic field with decreasing cen-
trality and the dilution of the correlation due to the increase in 
the number of particles [24] in more central collisions. The dif-
ference between opposite and same charge pair correlations mul-
tiplied by the charged-particle density in a given centrality bin, 
dNch/dη (taken from [49]), to compensate for the dilution effect, 
is presented as a function of v2 in the bottom panel of Fig. 3. All 
the data points fall approximately onto the same line. This is qual-
itatively consistent with expectations from LCC where an increase 
in v2, which modulates the correlation between balancing charges 
with respect to the reaction plane [50], results in a strong effect. 
Therefore, the observed dependence on v2 points to a large back-
ground contribution to γαβ .

The expected dependence of the CME signal on v2 was eval-
uated with the help of a Monte Carlo Glauber [51] calculation 
including a magnetic field. In this simulation, the centrality classes 
are determined from the multiplicity of charged particles in the 
acceptance of the V0 detector following the method presented 
in [42]. The multiplicity is generated according to a negative bi-
nomial distribution with parameters taken from [42] based on the 
number of participant nucleons and binary collisions. The ellip-
tic flow is assumed to be proportional to the eccentricity of the 
participant nucleons and approximately reproduces the measured 

Fig. 4. (Colour online.) The expected dependence of the CME signal on v2 for various 
centrality classes from a MC-Glauber simulation [51] (see text for details). No event 
shape selection is performed in the model, and therefore a large range in v2 is 
covered. The solid lines depict linear fits based on the v2 variation observed within 
each centrality interval.

pT-integrated v2 values [52]. The magnetic field is evaluated at 
the geometrical centre of the overlap region from the number of 
spectator nucleons following Eq. (A.6) from [11] with the proper 
time τ = 0.1 fm/c. The magnetic field is calculated in 1% cen-
trality classes and averaged into the centrality intervals used for 
data analysis. It is assumed that the CME signal is proportional to 
⟨|B|2 cos(2(&B − &2))⟩, where |B| and &B are the magnitude and 
direction of the magnetic field, respectively. Fig. 4 presents the ex-
pected dependence of the CME signal on v2 for various centrality 
classes. Similar results are found using MC-KLN CGC [53,54] and 
EKRT [55] initial conditions. The MC-KLN CGC simulation was per-
formed using version 32 of the Monte Carlo kT-factorization code 
(mckt) available at [56], while the TRENTO model [57] was em-
ployed for EKRT initial conditions.

To disentangle the potential CME signal from background, the 
dependence on v2 of the difference between opposite and same 
charge pair correlations for γαβ and the CME signal expectations 
are fitted with a linear function (see lines in Figs. 3 (top panel) 
and 4, respectively):

F1(v2) = p0(1 + p1(v2 − ⟨v2⟩)/⟨v2⟩), (6)

where p0 accounts for the overall scale, which cannot be fixed in 
the MC calculations, and p1 reflects the slope normalised such that 
in a pure background scenario, where the correlator is directly pro-
portional to v2, it is equal to unity. The presence of a significant 
CME contribution, on the other hand, would result in non-zero in-
tercepts at v2 = 0 of the linear functions shown in Fig. 3. The 
ranges used in these fits are based on the v2 variation observed 
in data and the corresponding MC interval within each centrality 
range. The centrality dependence of p1 from fits to data and to the 
signal expectations based on MC-Glauber, MC-KLN CGC and EKRT 
models is reported in Fig. 5. The observed p1 from data is a su-
perposition of a possible CME signal and background. Assuming a 
pure background case, p1 from data and MC models can be related 
according to

fCME × p1,MC + (1 − fCME) × 1 = p1,data, (7)

where fCME denotes the CME fraction to the charge dependence of 
γαβ and is given by

fCME = (γopp − γsame)
CME

(γopp − γsame)CME + (γopp − γsame)Bkg
. (8)
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Fig. 5. (Colour online.) Centrality dependence of the p1 parameter from a linear 
fit to the difference between opposite and same charge pair correlations for γαβ

and from linear fits to the CME signal expectations from MC-Glauber [51], MC-KLN 
CGC [53,54] and EKRT [55] models (see text for details). Points from MC simulations 
are slightly shifted along the horizontal axis for better visibility. Only statistical un-
certainties are shown.

Fig. 6. (Colour online.) Centrality dependence of the CME fraction extracted from 
the slope parameter of fits to data and MC-Glauber [51], MC-KLN CGC [53,54] and 
EKRT [55] models, respectively (see text for details). The dashed lines indicate the 
physical parameter space of the CME fraction. Points are slightly shifted along the 
horizontal axis for better visibility. Only statistical uncertainties are shown.

Fig. 6 presents fCME for the three models used in this study. 
The CME fraction cannot be precisely extracted for central (0–10%) 
and peripheral (50–60%) collisions due to the large statistical un-
certainties on p1 extracted from data. The negative values for the 
CME fraction obtained for the 40–50% centrality range (deviating 
from zero by one σ ), if confirmed, would indicate that our expec-
tations for the background contribution to be linearly proportional 
to v2 are not accurate. Combining the points from 10–50% ne-
glecting a possible centrality dependence gives fCME = 0.10 ± 0.13, 
fCME = 0.08 ± 0.10 and fCME = 0.08 ± 0.11 for the MC-Glauber, 
MC-KLN CGC and EKRT models, respectively. These results are con-
sistent with zero CME fraction and correspond to upper limits on 
fCME of 33%, 26% and 29%, respectively, at 95% confidence level for 
the 10–50% centrality interval. The CME fraction agrees with the 
observations in [36] where the centrality intervals overlap.

In summary, the Event Shape Engineering technique has been 
applied to measure the dependence on v2 of the charge-dependent 
two- and three-particle correlators δαβ and γαβ in Pb–Pb colli-
sions at √sNN = 2.76 TeV. While for δαβ we observe no significant 

v2 dependence in a given centrality bin, γαβ is found to be al-
most linearly dependent on v2. When the charge dependence of 
γαβ is multiplied by the corresponding charged-particle density, to 
compensate for the dilution effect, a linear dependence on v2 is 
observed consistently across all centrality classes. Using a Monte 
Carlo simulation with different initial-state models, we have found 
that the CME signal is expected to exhibit a weak dependence on 
v2 in the measured range. The observations imply that the dom-
inant contribution to γαβ is due to non-CME effects. In order to 
get a quantitative estimate of the signal and background contri-
butions to the measurements, we fit both γαβ and the expected 
signal dependence on v2 with a first order polynomial. This pro-
cedure allows to estimate the fraction of the CME signal in the 
centrality range 10–50%, but not for the most central (0–10%) and 
peripheral (50–60%) collisions due to large statistical uncertainties. 
Averaging over the centrality range 10–50% gives an upper limit 
of 26% to 33% (depending on the initial-state model) at 95% con-
fidence level for the CME contribution to the difference between 
opposite and same charge pair correlations for γαβ .
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FIG. 15. Extracted intercept parameter bnorm (upper) and corre-
sponding upper limit of the fraction of v2-independent γ112 correlator
component (lower), averaged over |"η| < 1.6, as a function of Noffline

trk
in pPb collisions at

√
sNN = 8.16 TeV and PbPb collisions at 5.02 TeV.

Statistical and systematic uncertainties are indicated by the error bars
and shaded regions in the top panel, respectively.

and the difference of the two-particle correlator, the ratios
are found to be similar for the second- and third-order event
planes, and show a weak dependence on event multiplicity.
These observations support a scenario in which the charge-
dependent three-particle correlator is predominantly a conse-
quence of charge-dependent two-particle correlations coupled
to an anisotropic flow signal.

To establish the relation between the three-particle corre-
lator and anisotropic flow harmonic in detail, an event shape
engineering technique is applied. A linear relation for the ratio
of three- to two-particle correlator difference as a function of v2
is observed, which extrapolates to an intercept that is consistent
with zero within uncertainties for most of multiplicities. An
upper limit on the v2-independent fraction of the three-particle
correlator, or the possible CME signal contribution (assumed
independent of v2 within the same narrow multiplicity or
centrality range), is estimated to be 13% for pPb data and 7%
for PbPb data at a 95% confidence level. The data presented in
this paper provide new stringent constraints on the nature of the
background contribution to the charge-dependent azimuthal
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√
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correlations, and establish a new baseline for the search for the
chiral magnetic effect in heavy ion collisions.
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Good progress to quantify possible CME contribution.
Need to be careful what assumptions are there.
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Only consider v2-independent component
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Fig. 2. Pion pair invariant mass, minv, dependences of (left top panel) the r = (NOS − NS S )/NOS , (left middle panel) the ∆γA and ∆γB
from ESE selected event samples A (large 50% q2) and B (small 50% q2), respectively, and (left bottom panel) the inclusive (0-100%
q2) ∆γ compared with ∆γA − ∆γB. (Right panel) ∆γA vs. ∆γB fitted by a linear function (see text for explanations). The pions are
identified by STAR TPC with 0.2 < pT < 0.8 GeV/c. Data from Run-16. Errors are statistical.

two contributions assuming that the CME is proportional to the magnetic field squared and the background
is proportional to v2, as follows [10]:

∆γ{ΨTPC} = ∆γCME{ΨTPC} + ∆γBkg{ΨTPC}, ∆γ{ΨZDC} = ∆γCME{ΨZDC} + ∆γBkg{ΨZDC},
∆γCME{ΨTPC} = ȧ∆γCME{ΨZDC}, ∆γBkg{ΨZDC} = ȧ∆γBkg{ΨTPC},
a = v2{ΨZDC}/v2{ΨTPC}, A = ∆γ{ΨZDC}/∆γ{ΨTPC},
fEP
CME = ∆γCME{ΨTPC}/∆γ{ΨTPC} = (A/a − 1)/(1/a2 − 1).

(1)

% Most Central

) 2
ZD

C
 to

 T
PC

 (v

0.5

1

1.5

020406080

run11 run14

run16

 = 200 GeVNNsAu+Au

:0.2-2.0 GeV/c
T

 p±h

STAR preliminary

% Most Central

)γ∆
ZD

C
 to

 T
PC

 (

0.5

1

1.5

020406080

run11 run14

run16

 = 200 GeVNNsAu+Au

:0.2-2.0 GeV/c
T

 p±h

STAR preliminary

% Most Central

C
M

E
EP f

1−

0.5−

0

0.5

1

020406080

 = 200 GeVNNsAu+Au

:0.2-2.0 GeV/c
T

 p±h

TPC sub-event

TPC full-event

STAR preliminary

Fig. 3. The centrality dependences of the ratios of the charged hadron v2 (left panel) and ∆γ (middle panel) measured with respect to
the ZDC event plane to those with respect to the TPC event plane. (Right panel) The extracted fEP

CME as a function of collision centrality.
Data from Runs 11, 14, and 16. Error bars are statistical errors. The horizontal caps on the right panel are systematic uncertainties.

Figure 3 shows the ratio of v2 (left panel) measured with respect to the ZDC event plane and the v2
with respect to the TPC event plane, a = v2{ΨZDC}/v2{ΨTPC} in Eq. (1), and that of ∆γ (middle panel), A =
∆γ{ΨZDC}/∆γ{ΨTPC} in Eq. (1), as functions of collision centrality. To suppress the non-flow contributions
in v2 and ∆γ measurements, the TPC sub-event method is used, where each TPC event is divided into
east and west sub-events, with the ΨTPC from one sub-event and the particles of interest from the other.
Figure 3 (right panel) shows the extracted possible CME fraction (fEP

CME) [10] as function of centrality. For
comparison the results from TPC full-event method are also plotted. The extracted fEP

CME (combined from
Runs 11, 14 and 16) are (9 ± 4 ± 7)% and (12 ± 4 ± 11)% from the TPC sub-event and full-event methods
in 20-50% Au+Au collisions at 200 GeV, respectively. The systematic uncertainty is currently estimated by
the differences among the three runs.
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particles (including resonances) produced along the rp

than perpendicular to it, the magnitude of which is char-
acterized by the elliptic anisotropy parameter (v

2
) [18].

It is commonly interpreted as coming from a stronger
hydrodynamic push in the short-axis (i.e. rp) direction
of the elliptically-shaped overlap zone between the two
colliding nuclei [19]. As a result, ∆γ is contaminated
by a background [17, 20–24], which arises from the cou-
pling between particle correlations and v

2
, and is hence

proportional to v
2
.

The search for the cme is one of the most active re-
search topics in hic at the Relativistic Heavy Ion Collider
(rhic) and the Large Hadron Collider (lhc) [25–33]. A
finite ∆γ signal is observed [25–29], but how much back-
ground contamination there is has not yet been settled.
There have been many attempts to gauge, reduce or elim-
inate the flow backgrounds, by event-by-event v

2
depen-

dence [30], event-shape engineering [32, 33], comparisons
with small-system collisions [31, 32, 34], invariant mass
studies [35], and by new observables [36, 37]. The lhc

data seem to suggest that the cme signal is small and
consistent with zero [32, 33], while the situation at rhic

is less clear [8].
To better gauge background contributions, isobaric

96
44Ru+96

44Ru (RuRu) and 96
40Zr+96

40Zr (ZrZr) collisions have
been proposed [38] and are planned for rhic in 2018.
Their QCD backgrounds are expected to be almost the
same because of the same mass number, whereas the
atomic numbers, hence B, differ by 10%. These ex-
pectations are qualitatively confirmed by studies [39]
with Woods-Saxon (ws) nuclear densities; the cme sig-
nal over background could be improved by a factor of
seven in relative measurements of RuRu and ZrZr colli-
sions compared to either of them individually. In a recent
study [40], however, we have shown that there could exist
large uncertainties in the differences in both the overlap
geometry eccentricity (ϵ

2
) and B due to nuclear density

deviations from ws. As a result, isobaric collisions may
not provide a clear-cut answer to the existence or the
lack of the cme.

In what follows, we argue that one has, in a single
collision system, all the advantages of, to an even bet-
ter degree, the significant B and minimal ϵ

2
differences

of the comparative isobaric collisions, with the benefit
of minimal theoretical and experimental uncertainties.
The idea is straightforward, as illustrated in Fig. 1. B is
produced by spectator protons, hence its projection, on
average, is strongest perpendicular to the rp [5]; v

2
stems

from the collision geometry and is strongest with respect
to the second harmonic participant plane (pp) [41]. The
rp and the pp are correlated but, due to fluctuations [41],
not identical. Measurements with respect to the rp and
the pp, therefore, contain different amounts of cme sig-
nal and v

2
background, and thus can help disentangle

the two contributions.

RP
ψ

B
ψ

PP
ψ

b

Fig. 1. (color online) Sketch of a heavy ion colli-
sion projected onto the transverse plane (perpen-
dicular to the beam direction). ψRP is the reac-
tion plane (impact parameter, b) direction, ψPP

the participant plane direction (of interacting nu-
cleons, denoted by the solid circles), and ψB the
magnetic field direction (mainly from spectator
protons, denoted by the open circles together with
spectator neutrons).

2 General idea

Due to fluctuations, the pp azimuthal angle (ψ
PP

) is
not necessarily aligned with the rp azimuthal angle [41].
The v

2
is directly related to the eccentricity of the trans-

verse overlap geometry, ϵ
2
{ψ

PP
}≡⟨ϵ

2
{ψ

PP
}evt⟩. The av-

erage is taken over the event-by-event eccentricity mag-
nitudes, which can be obtained by [40–44]

ϵ
2
{ψ

PP
}evte

i2ψ
PP =

Npart
∑

i=1

(

r2
⊥ie

i2φr⊥i

)

/

Npart
∑

i=1

r2
⊥i , (1)

where (r⊥i,φr⊥i
) is the polar coordinate of the i-th par-

ticipant nucleon. The overlap geometry relative to b,
averaged over many events, is an ellipse with its short
axis along the rp; its eccentricity is

ϵ
2
{ψ

RP
}=⟨ϵ

2
{ψ

PP
}evtcos2(ψPP

−ψ
RP

)⟩. (2)

Let

aPP≡⟨cos2(ψ
PP

−ψ
RP

)⟩ (3)

measure the correlation between ψ
PP

and ψ
RP

. We have

aPP
ϵ2

≡ϵ
2
{ψ

RP
}/ϵ

2
{ψ

PP
}≈aPP . (4)

The factorization is approximate, valid only when, at a
given collision centrality, the ϵ

2
{ψ

PP
}evt magnitude does

not vary with the ψ
PP

fluctuation around ψ
RP

.
B is mainly produced by spectator protons. Their po-

sitions fluctuate; the B azimuthal direction, ψ
B
, is not

always perpendicular to the rp [45–47] (see illustration
in Fig. 1). The cme-induced cs is along the B direction
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Current observables at a glance

 115-th Chirality workshop… Tsinghua U., April 9, 2019page S.A. Voloshin!2

Δγ ESE

ESE “CMS”

“q2obs”ESE

Mixed harmonics

invariant mass

small systems

Spectator 
/participant EP

“Balance function” A. Tang

R. LaceyΔS

F. Wang, J. Zhao 

F. Wang, J. Zhao 

S. Voloshin

CMS, F. Wang,  
others

Voloshin, CMS,  
many others

Δγ, Δδ; H, F, κ J. Liao, G. Wang, 
 et al

Observable       (Just a few) names                Problems/questions                                My opinion                          

Dependence of the signal on v2?

F. Wang, G. Wang “Play” on stat. fluctuations, Not-interpretable?

Strong RP independent background, 
nothing/little to say about CME

Requires detailed knowledge about the 
kinematic of the cluster decays (as e.g. pT)

Requires knowledge of the inv. mass  
spectrum of “sphaleron” decays

Promising with careful treatment of 
contributions to v2 and gamma

No strict justification => imprecise

“General” questions from previous page

“General” questions from previous page

?

- A lot of idea/observables but need  
to make their assumptions clear 

- Results of isobaric collisions will  
come soon (see outlook slide)

Slide from S. Voloshin @chirality workshop 2019
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Chiral Vortical Effect (CVE)
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Fig. 4. (Color online) Illustration of the chiral vortical effect. To be specific, the illustration is for one kind of massless quarks and antiquarks, and for the
case of µ > 0 and µ5 > 0. Changing the sign of either µ or µ5, the current EJwill flip direction.

be drawn between the fluid rotation and electromagnetic fields as first emphasized in [25]: Ev is analogous to vector gauge
potential EA, and the vorticity E! is then similar to the magnetic field EB = r ⇥ EA. Consider a charged particle moving in a
circle perpendicular to a constant EB field, the quantum mechanical effect gives rise to a phase factor ei(Qe)�B/h̄ (with �B the
magnetic flux through the circle). Similarly when such a particle moves in a circle perpendicular to a constant E! field, it
acquires a phase factor eiL/h̄ (with L the corresponding angular momentum). Given such similarity, it is therefore natural to
expect that vorticity-driven effects similar to the CME and the CSE may occur.

Such vortical effect was quantitatively identified first in holographic models [68,29,69] and later understood in the
anomalous hydrodynamic framework [28]. For given vorticity E!, the Chiral Vortical Effect (CVE) quantifies the generation
of a vector current EJ along the vorticity direction:

EJ =
1
⇡2 µ5µE!. (14)

While the CME (Eq. (4)) is driven by EB, the above CVE is driven by µE! in a chiral mediumwith µ5 6= 0. Intuitively the above
CVE may be understood in the following way, as illustrated in Fig. 4. In the presence of a global rotation, the underlying
fermions experience an effective interaction of the form ⇠�E! · ES in their local rest frame, with ES the spin of fermions.
This causes a spin polarization effect (as indeed found in other context [70,71]), namely the fermions will have their spins
preferably aligned with E!. We emphasize that such spin polarization hEsi / E! is charge-blind, which is different from the
magnetic polarization. Given a nonzero µ5 (e.g. considering µ5 > 0) there will be more RH particles than LH particles,
with net RH particles (both quarks and antiquarks) moving along E! due to hEpi / hEsi / E!. Provided a further nonzero µ
(e.g. consideringµ > 0) therewill then bemore RH quarks than antiquarks: this net amount of RH quarksmove along E! and
contribute to a vector currentEJ / (µµ5)E!. When eitherµ = 0 orµ5 = 0, this current ceases to exist owing to cancellations.

In fact similarly to the CSE, an axial current can be generated as well under a global rotation:

EJ5 =


1
6
T 2

+
1

2⇡2 (µ2
+ µ2

5)

�
E!. (15)

Again one can rewrite the vortical effects (Eqs. (14) and (15)) in terms of chiral currents EJR/L as follows:

EJR/L = ±

✓
1
12

T 2
+

1
4⇡2 µ2

R/L

◆
E!. (16)

Clearly the above can be interpreted as the CVE separately for RH/LH particles. The coefficient 1/4⇡2 in front of the
chemical potential term is dictated by the chiral anomaly, similarly to the �5/2 = (Qe)/(4⇡2) in the CME case. It has
been suggested [72,73] that the T 2 term originates from gravitational anomaly. Possible corrections to the coefficient of T 2

terms have been discussed in [74–76].

2.5. The collective excitations

While for the intuitive illustrations in preceding discussions we have relied upon individual particle pictures, the
various anomalous transport effects are actually about the behavior ofmacroscopic (i.e. thermodynamic and hydrodynamic)
densities and currents, irrespective of whether the underlying systems may allow a quasiparticle description or not. A very
nontrivial feature of these effects, is that they couple together the vector and axial densities/currents in the presence of
electromagnetic fields or a fluid rotation. It is natural to wonder if certain collectivemodesmay arise frommutually induced
vector/axial density fluctuations. Let us recall the well-known example in hydrodynamics where the fluctuations of energy

~J5 =


1

2⇡2
(µ2 + µ2

5) +
1

6
T 2

�
~!

~Jv =
1

⇡2
µµ5~!
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Similar to CME,  
system rotation leads to vector and axial current along ω

(analogous to CSE)

Spin polarization by vorticity is “charge-blind”. 
CVE mostly contributes to baryon current.

asymmetry fluctuations in QCD matter and of examining
alternative explanations and backgrounds has already be-
gun (see, e.g., [28– 39]; Ref. [40] discusses also the baryon
asymmetries), and there are plans to further study this
effect at RHIC, LHC, FAIR, and NICA.

Because of the importance of the question, we need to
devise tests for the CME mechanism. In this letter we
propose such a test. Our proposal relies on two recent
findings. The first is that the matter created at RHIC
behaves as an almost perfect liquid: hydrodynamic models
describe the gross properties of the droplet very well (for
review, see [41]). The second finding is that quantum
anomalies modify the hydrodynamics of a relativistic fluid.
In addition to the chiral magnetic effect, there is also a
chiral vortical effect: the vorticity ~!, combined with a
baryon chemical potential !B, creates an effective mag-
netic field !B ~!. Therefore one has, in addition to the
CME, a chiral vortical effect (CVE). The exact magnitude
of the effect in relativistic hydrodynamics has been found
in Ref. [16], but its existence has been proposed before [5].
Vorticity in heavy ion collisions is a natural consequence of
the angular momentum conservation (see, e.g., [4,42– 44]);
the estimates of vorticity and the discussion of its role in
heavy ion collisions can be found in [45].

Let us first recall the general formulae for anomalous
hydrodynamics [16]. Suppose that the system under con-
sideration has a chemical potential !, coupled to a charge
!q"0Bq, where B is a flavor matrix, and an axial chemical
potential !5, coupled to the axial charge !q"0"5Aq,
where A is another flavor matrix. For simplicity, we shall
assume that both ! and !5 are much smaller than the
temperature T (this assumption usually holds in relativistic
heavy ion collisions). The coefficient in Eq. (1) is inde-
pendent of temperature (given that the system is in the
chirally symmetric phase), since the triangle anomaly can
be understood as a UV phenomenon. We also assume that
electromagnetism couples to the current !q"!Qq, with Q
being the charge matrix. If one measures a vector current
J! ¼ !q"!Vq, then the result is

~J ¼ Nc!5

2#2 ½trðVAQÞ ~Bþ trðVABÞ2! ~!& (1)

where ~B and ~! are the external magnetic fields and the
fluid vorticity, respectively. The two parts of the current on
the right-hand side correspond to the CME and the CVE,
respectively. The traces in the formula are related to the
anomalous triangle diagram.

We shall consider two cases: Nf ¼ 3, where u, d and s
quarks are light, andNf ¼ 2where only u and d quarks are
light. In both cases, we assume A to be the unity matrix,
A ¼ 1 (which is expected if the chiral asymmetry is due to
instanton events, which are flavor symmetric), and
B ¼ ð1=3Þ1. For Nf ¼ 3, Q ¼ diagð2=3;'1=3;'1=3Þ,
and for Nf ¼ 2, Q ¼ diagð2=3;'1=3Þ. There are two
currents that we will measure: the electromagnetic current

JE, corresponding to V ¼ Q and the baryon current JB,
corresponding to V ¼ B.
For CME, we get for the charge current (up to an overall

factor of Nc!5
~B=ð2#2Þ which is common for both charge

and baryon currents)

JCME
E ( 2

3ðNf ¼ 3Þ or 5
9ðNf ¼ 2Þ (2)

and for the baryon current

JCME
B ¼ 0ðNf ¼ 3Þ or ( 1

9ðNf ¼ 2Þ: (3)

For CVE, the results are (up to the overall factor
Nc!5! ~!=#2)

JCVEE ¼ 0ðNf ¼ 3Þ or ( 1
3 ðNf ¼ 2Þ; (4)

JCVEB ( 1ðNf ¼ 3Þ or ( 2
3ðNf ¼ 2Þ: (5)

In the SU(3) case, the CME and CVE lead to completely
different currents: the CME contributes only to the elec-
tromagnetic current and the CVE contributes only to the
baryon current. In the SU(2) case, the separation is less
clean, but the ratio of JB=JE still differs by a factor of 10.
Note that the estimates above do not depend on the tem-
perature (as long as it is above the chiral phase transition)
since they originate from anomalies.
Let us now discuss the implications of our calculation in

heavy ion collisions. It is known that the baryon chemical
potential of the produced fireball depends on the collision
energy: at smaller

ffiffiffi
s

p
, ! is larger. Thus the CVE should be

more important at lower energies. According to the com-
putation above, JB=JE becomes larger as one lowers the
energy of the collision. Moreover, since the symmetry
arguments suggest that the magnetic field and the vorticity
of the fluid have to be aligned, our results show that the two
vectors ~JB and ~JE should point in the same direction.
We can now formulate our predictions. In addition to the

charge separation, there must be a baryon number separa-
tion. The two effects are positively correlated on the event-
by-event basis, and the relative importance of baryon
number separation increases as one lowers the energy of
the collision. Our predictions can be summarized as fol-
lows: (a) There should be a baryon number separation of
the same sign as the electric charge separation; (b) the ratio
between the baryon asymmetry and charge asymmetry
should increase as the center of mass energy is lowered;
(c) the magnitude of the ratio of charge and baryon asym-
metries allows us to discriminate between the CME and
CVE mechanisms.
As our calculation depends on very few assumptions

about the properties of the quark-gluon plasma beside the
existence of the initial chirality imbalance, the predictions
above can be viewed as a nontrivial test for the CME
explanation of the charge asymmetry fluctuations at
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asymmetry fluctuations in QCD matter and of examining
alternative explanations and backgrounds has already be-
gun (see, e.g., [28– 39]; Ref. [40] discusses also the baryon
asymmetries), and there are plans to further study this
effect at RHIC, LHC, FAIR, and NICA.

Because of the importance of the question, we need to
devise tests for the CME mechanism. In this letter we
propose such a test. Our proposal relies on two recent
findings. The first is that the matter created at RHIC
behaves as an almost perfect liquid: hydrodynamic models
describe the gross properties of the droplet very well (for
review, see [41]). The second finding is that quantum
anomalies modify the hydrodynamics of a relativistic fluid.
In addition to the chiral magnetic effect, there is also a
chiral vortical effect: the vorticity ~!, combined with a
baryon chemical potential !B, creates an effective mag-
netic field !B ~!. Therefore one has, in addition to the
CME, a chiral vortical effect (CVE). The exact magnitude
of the effect in relativistic hydrodynamics has been found
in Ref. [16], but its existence has been proposed before [5].
Vorticity in heavy ion collisions is a natural consequence of
the angular momentum conservation (see, e.g., [4,42– 44]);
the estimates of vorticity and the discussion of its role in
heavy ion collisions can be found in [45].

Let us first recall the general formulae for anomalous
hydrodynamics [16]. Suppose that the system under con-
sideration has a chemical potential !, coupled to a charge
!q"0Bq, where B is a flavor matrix, and an axial chemical
potential !5, coupled to the axial charge !q"0"5Aq,
where A is another flavor matrix. For simplicity, we shall
assume that both ! and !5 are much smaller than the
temperature T (this assumption usually holds in relativistic
heavy ion collisions). The coefficient in Eq. (1) is inde-
pendent of temperature (given that the system is in the
chirally symmetric phase), since the triangle anomaly can
be understood as a UV phenomenon. We also assume that
electromagnetism couples to the current !q"!Qq, with Q
being the charge matrix. If one measures a vector current
J! ¼ !q"!Vq, then the result is

~J ¼ Nc!5

2#2 ½trðVAQÞ ~Bþ trðVABÞ2! ~!& (1)

where ~B and ~! are the external magnetic fields and the
fluid vorticity, respectively. The two parts of the current on
the right-hand side correspond to the CME and the CVE,
respectively. The traces in the formula are related to the
anomalous triangle diagram.

We shall consider two cases: Nf ¼ 3, where u, d and s
quarks are light, andNf ¼ 2where only u and d quarks are
light. In both cases, we assume A to be the unity matrix,
A ¼ 1 (which is expected if the chiral asymmetry is due to
instanton events, which are flavor symmetric), and
B ¼ ð1=3Þ1. For Nf ¼ 3, Q ¼ diagð2=3;'1=3;'1=3Þ,
and for Nf ¼ 2, Q ¼ diagð2=3;'1=3Þ. There are two
currents that we will measure: the electromagnetic current

JE, corresponding to V ¼ Q and the baryon current JB,
corresponding to V ¼ B.
For CME, we get for the charge current (up to an overall

factor of Nc!5
~B=ð2#2Þ which is common for both charge

and baryon currents)

JCME
E ( 2

3ðNf ¼ 3Þ or 5
9ðNf ¼ 2Þ (2)

and for the baryon current

JCME
B ¼ 0ðNf ¼ 3Þ or ( 1

9ðNf ¼ 2Þ: (3)

For CVE, the results are (up to the overall factor
Nc!5! ~!=#2)

JCVEE ¼ 0ðNf ¼ 3Þ or ( 1
3 ðNf ¼ 2Þ; (4)

JCVEB ( 1ðNf ¼ 3Þ or ( 2
3ðNf ¼ 2Þ: (5)

In the SU(3) case, the CME and CVE lead to completely
different currents: the CME contributes only to the elec-
tromagnetic current and the CVE contributes only to the
baryon current. In the SU(2) case, the separation is less
clean, but the ratio of JB=JE still differs by a factor of 10.
Note that the estimates above do not depend on the tem-
perature (as long as it is above the chiral phase transition)
since they originate from anomalies.
Let us now discuss the implications of our calculation in

heavy ion collisions. It is known that the baryon chemical
potential of the produced fireball depends on the collision
energy: at smaller

ffiffiffi
s

p
, ! is larger. Thus the CVE should be

more important at lower energies. According to the com-
putation above, JB=JE becomes larger as one lowers the
energy of the collision. Moreover, since the symmetry
arguments suggest that the magnetic field and the vorticity
of the fluid have to be aligned, our results show that the two
vectors ~JB and ~JE should point in the same direction.
We can now formulate our predictions. In addition to the

charge separation, there must be a baryon number separa-
tion. The two effects are positively correlated on the event-
by-event basis, and the relative importance of baryon
number separation increases as one lowers the energy of
the collision. Our predictions can be summarized as fol-
lows: (a) There should be a baryon number separation of
the same sign as the electric charge separation; (b) the ratio
between the baryon asymmetry and charge asymmetry
should increase as the center of mass energy is lowered;
(c) the magnitude of the ratio of charge and baryon asym-
metries allows us to discriminate between the CME and
CVE mechanisms.
As our calculation depends on very few assumptions

about the properties of the quark-gluon plasma beside the
existence of the initial chirality imbalance, the predictions
above can be viewed as a nontrivial test for the CME
explanation of the charge asymmetry fluctuations at
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asymmetry fluctuations in QCD matter and of examining
alternative explanations and backgrounds has already be-
gun (see, e.g., [28– 39]; Ref. [40] discusses also the baryon
asymmetries), and there are plans to further study this
effect at RHIC, LHC, FAIR, and NICA.

Because of the importance of the question, we need to
devise tests for the CME mechanism. In this letter we
propose such a test. Our proposal relies on two recent
findings. The first is that the matter created at RHIC
behaves as an almost perfect liquid: hydrodynamic models
describe the gross properties of the droplet very well (for
review, see [41]). The second finding is that quantum
anomalies modify the hydrodynamics of a relativistic fluid.
In addition to the chiral magnetic effect, there is also a
chiral vortical effect: the vorticity ~!, combined with a
baryon chemical potential !B, creates an effective mag-
netic field !B ~!. Therefore one has, in addition to the
CME, a chiral vortical effect (CVE). The exact magnitude
of the effect in relativistic hydrodynamics has been found
in Ref. [16], but its existence has been proposed before [5].
Vorticity in heavy ion collisions is a natural consequence of
the angular momentum conservation (see, e.g., [4,42– 44]);
the estimates of vorticity and the discussion of its role in
heavy ion collisions can be found in [45].

Let us first recall the general formulae for anomalous
hydrodynamics [16]. Suppose that the system under con-
sideration has a chemical potential !, coupled to a charge
!q"0Bq, where B is a flavor matrix, and an axial chemical
potential !5, coupled to the axial charge !q"0"5Aq,
where A is another flavor matrix. For simplicity, we shall
assume that both ! and !5 are much smaller than the
temperature T (this assumption usually holds in relativistic
heavy ion collisions). The coefficient in Eq. (1) is inde-
pendent of temperature (given that the system is in the
chirally symmetric phase), since the triangle anomaly can
be understood as a UV phenomenon. We also assume that
electromagnetism couples to the current !q"!Qq, with Q
being the charge matrix. If one measures a vector current
J! ¼ !q"!Vq, then the result is

~J ¼ Nc!5

2#2 ½trðVAQÞ ~Bþ trðVABÞ2! ~!& (1)

where ~B and ~! are the external magnetic fields and the
fluid vorticity, respectively. The two parts of the current on
the right-hand side correspond to the CME and the CVE,
respectively. The traces in the formula are related to the
anomalous triangle diagram.

We shall consider two cases: Nf ¼ 3, where u, d and s
quarks are light, andNf ¼ 2where only u and d quarks are
light. In both cases, we assume A to be the unity matrix,
A ¼ 1 (which is expected if the chiral asymmetry is due to
instanton events, which are flavor symmetric), and
B ¼ ð1=3Þ1. For Nf ¼ 3, Q ¼ diagð2=3;'1=3;'1=3Þ,
and for Nf ¼ 2, Q ¼ diagð2=3;'1=3Þ. There are two
currents that we will measure: the electromagnetic current

JE, corresponding to V ¼ Q and the baryon current JB,
corresponding to V ¼ B.
For CME, we get for the charge current (up to an overall

factor of Nc!5
~B=ð2#2Þ which is common for both charge

and baryon currents)

JCME
E ( 2

3ðNf ¼ 3Þ or 5
9ðNf ¼ 2Þ (2)

and for the baryon current

JCME
B ¼ 0ðNf ¼ 3Þ or ( 1

9ðNf ¼ 2Þ: (3)

For CVE, the results are (up to the overall factor
Nc!5! ~!=#2)

JCVEE ¼ 0ðNf ¼ 3Þ or ( 1
3 ðNf ¼ 2Þ; (4)

JCVEB ( 1ðNf ¼ 3Þ or ( 2
3ðNf ¼ 2Þ: (5)

In the SU(3) case, the CME and CVE lead to completely
different currents: the CME contributes only to the elec-
tromagnetic current and the CVE contributes only to the
baryon current. In the SU(2) case, the separation is less
clean, but the ratio of JB=JE still differs by a factor of 10.
Note that the estimates above do not depend on the tem-
perature (as long as it is above the chiral phase transition)
since they originate from anomalies.
Let us now discuss the implications of our calculation in

heavy ion collisions. It is known that the baryon chemical
potential of the produced fireball depends on the collision
energy: at smaller

ffiffiffi
s

p
, ! is larger. Thus the CVE should be

more important at lower energies. According to the com-
putation above, JB=JE becomes larger as one lowers the
energy of the collision. Moreover, since the symmetry
arguments suggest that the magnetic field and the vorticity
of the fluid have to be aligned, our results show that the two
vectors ~JB and ~JE should point in the same direction.
We can now formulate our predictions. In addition to the

charge separation, there must be a baryon number separa-
tion. The two effects are positively correlated on the event-
by-event basis, and the relative importance of baryon
number separation increases as one lowers the energy of
the collision. Our predictions can be summarized as fol-
lows: (a) There should be a baryon number separation of
the same sign as the electric charge separation; (b) the ratio
between the baryon asymmetry and charge asymmetry
should increase as the center of mass energy is lowered;
(c) the magnitude of the ratio of charge and baryon asym-
metries allows us to discriminate between the CME and
CVE mechanisms.
As our calculation depends on very few assumptions

about the properties of the quark-gluon plasma beside the
existence of the initial chirality imbalance, the predictions
above can be viewed as a nontrivial test for the CME
explanation of the charge asymmetry fluctuations at
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asymmetry fluctuations in QCD matter and of examining
alternative explanations and backgrounds has already be-
gun (see, e.g., [28– 39]; Ref. [40] discusses also the baryon
asymmetries), and there are plans to further study this
effect at RHIC, LHC, FAIR, and NICA.

Because of the importance of the question, we need to
devise tests for the CME mechanism. In this letter we
propose such a test. Our proposal relies on two recent
findings. The first is that the matter created at RHIC
behaves as an almost perfect liquid: hydrodynamic models
describe the gross properties of the droplet very well (for
review, see [41]). The second finding is that quantum
anomalies modify the hydrodynamics of a relativistic fluid.
In addition to the chiral magnetic effect, there is also a
chiral vortical effect: the vorticity ~!, combined with a
baryon chemical potential !B, creates an effective mag-
netic field !B ~!. Therefore one has, in addition to the
CME, a chiral vortical effect (CVE). The exact magnitude
of the effect in relativistic hydrodynamics has been found
in Ref. [16], but its existence has been proposed before [5].
Vorticity in heavy ion collisions is a natural consequence of
the angular momentum conservation (see, e.g., [4,42– 44]);
the estimates of vorticity and the discussion of its role in
heavy ion collisions can be found in [45].

Let us first recall the general formulae for anomalous
hydrodynamics [16]. Suppose that the system under con-
sideration has a chemical potential !, coupled to a charge
!q"0Bq, where B is a flavor matrix, and an axial chemical
potential !5, coupled to the axial charge !q"0"5Aq,
where A is another flavor matrix. For simplicity, we shall
assume that both ! and !5 are much smaller than the
temperature T (this assumption usually holds in relativistic
heavy ion collisions). The coefficient in Eq. (1) is inde-
pendent of temperature (given that the system is in the
chirally symmetric phase), since the triangle anomaly can
be understood as a UV phenomenon. We also assume that
electromagnetism couples to the current !q"!Qq, with Q
being the charge matrix. If one measures a vector current
J! ¼ !q"!Vq, then the result is

~J ¼ Nc!5

2#2 ½trðVAQÞ ~Bþ trðVABÞ2! ~!& (1)

where ~B and ~! are the external magnetic fields and the
fluid vorticity, respectively. The two parts of the current on
the right-hand side correspond to the CME and the CVE,
respectively. The traces in the formula are related to the
anomalous triangle diagram.

We shall consider two cases: Nf ¼ 3, where u, d and s
quarks are light, andNf ¼ 2where only u and d quarks are
light. In both cases, we assume A to be the unity matrix,
A ¼ 1 (which is expected if the chiral asymmetry is due to
instanton events, which are flavor symmetric), and
B ¼ ð1=3Þ1. For Nf ¼ 3, Q ¼ diagð2=3;'1=3;'1=3Þ,
and for Nf ¼ 2, Q ¼ diagð2=3;'1=3Þ. There are two
currents that we will measure: the electromagnetic current

JE, corresponding to V ¼ Q and the baryon current JB,
corresponding to V ¼ B.
For CME, we get for the charge current (up to an overall

factor of Nc!5
~B=ð2#2Þ which is common for both charge

and baryon currents)

JCME
E ( 2

3ðNf ¼ 3Þ or 5
9ðNf ¼ 2Þ (2)

and for the baryon current

JCME
B ¼ 0ðNf ¼ 3Þ or ( 1

9ðNf ¼ 2Þ: (3)

For CVE, the results are (up to the overall factor
Nc!5! ~!=#2)

JCVEE ¼ 0ðNf ¼ 3Þ or ( 1
3 ðNf ¼ 2Þ; (4)

JCVEB ( 1ðNf ¼ 3Þ or ( 2
3ðNf ¼ 2Þ: (5)

In the SU(3) case, the CME and CVE lead to completely
different currents: the CME contributes only to the elec-
tromagnetic current and the CVE contributes only to the
baryon current. In the SU(2) case, the separation is less
clean, but the ratio of JB=JE still differs by a factor of 10.
Note that the estimates above do not depend on the tem-
perature (as long as it is above the chiral phase transition)
since they originate from anomalies.
Let us now discuss the implications of our calculation in

heavy ion collisions. It is known that the baryon chemical
potential of the produced fireball depends on the collision
energy: at smaller

ffiffiffi
s

p
, ! is larger. Thus the CVE should be

more important at lower energies. According to the com-
putation above, JB=JE becomes larger as one lowers the
energy of the collision. Moreover, since the symmetry
arguments suggest that the magnetic field and the vorticity
of the fluid have to be aligned, our results show that the two
vectors ~JB and ~JE should point in the same direction.
We can now formulate our predictions. In addition to the

charge separation, there must be a baryon number separa-
tion. The two effects are positively correlated on the event-
by-event basis, and the relative importance of baryon
number separation increases as one lowers the energy of
the collision. Our predictions can be summarized as fol-
lows: (a) There should be a baryon number separation of
the same sign as the electric charge separation; (b) the ratio
between the baryon asymmetry and charge asymmetry
should increase as the center of mass energy is lowered;
(c) the magnitude of the ratio of charge and baryon asym-
metries allows us to discriminate between the CME and
CVE mechanisms.
As our calculation depends on very few assumptions

about the properties of the quark-gluon plasma beside the
existence of the initial chirality imbalance, the predictions
above can be viewed as a nontrivial test for the CME
explanation of the charge asymmetry fluctuations at
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Fig. 24. � correlation of⇤–p (⇤̄–p̄) and⇤–p̄ (⇤̄–p) as a function of centrality in Au + Au collisions at 200 GeV [132].

4.4. Future experimental studies

Experimental observation of the charge dependent correlations consistent with the theoretical expectations for several
chiral anomalous effects, if confirmed, can be a beginning of an exciting program—direct experimental study of the effects
from non-perturbative sector of QCD. Below we briefly discuss several future experimental measurements aimed at more
detailed study of the observed signals as well as understanding the background effects.

• Beam Energy Scan II. The results from the BES I indicate that the signal likely disappears at lower energies. Unfortunately
the statistical uncertainties are still about a factor of three too high to make a definite conclusion. The upcoming BES II
should resolve this question.

• Collisions of isobaric nuclei. The signal dependence on the strength of the magnetic field can be verified with collisions
of isobaric nuclei (the same mass but different charges), such as 96

44Ru and 96
40Zr . In such collisions the background effects

(that depend mostly on the elliptic flow) should not change, while the magnetic field, proportional to the electric charge
of the nuclei, would vary by about 10%, resulting in a⇠20% change in the CME signal. Collisions of isobaric nuclei at RHIC
would also help in understanding baryon stopping, initial velocity fields, and the origin of directed flow.

• Higher harmonic correlators. The fluctuations in the initial conditions result in nonzero higher harmonic flow (n > 2).
The background correlations, if measured relative to the higher harmonic event planes, while smaller in magnitude
(according to higher harmonic flow), should be finite. However the correlations caused by the magnetic field should
be highly suppressed, if not equal to zero. Several such measurements have been discussed above, but they will be
significantly improved with higher statistics available in the next few years.

• Event shape engineering (ESE). [148] Large fluctuations of anisotropic flow open another possibility to disentangle effects
associated with the magnetic field (or orbital angular momentum) from the background correlations. With the event
shape engineering one is able to select events corresponding to the large or small flow while keeping the magnetic field
the same. These measurements also require higher statistics.

• U+U collisions.While the selection of body–body (large elliptic flow) and tip–tip (small elliptic flow) collision orientations
solely based on themeasuredmultiplicity appears to bemuchmore difficult than expected [149], these collisions, owing
to increased flow fluctuations, would be the best place for the application of ESE method.

• Charge-dependent Q̂ -vector analysis. Both the CME and CMW observables pertain to nontrivial charge distributions in
azimuthal angles (e.g. the electric charged dipole and quadrupole), induced by anomalous transport effects. Some of the
identified background effects (e.g. the local charge conservation, normal viscous charge transport) could also lead to
nontrivial charge azimuthal correlations when coupled with various harmonic flows. It would therefore be very useful to
develop possible newmeasurements that could extract full information for the azimuthal charge distributions. One class
of observables that can help decipher such information, are the charged multipole vectors Q̂ c

n , defined for the measured
charged hadrons in an event as Q c

n ei c
n =

P
i qi e

i�i where the summation runs over charged hadrons with qi and �i

the electric charge and azimuthal angle of the ith particle [150,109]. In particular the Q̂ c
1 and Q̂ c

2 are directly relevant
to the CME and CMW signals. One may also think of sub-event version of this analysis or possible improved version
withmulti-particle correlation. These observables are different and independent from the usual Q̂n vectors related to the
collective flowmeasurements. The Q̂n is charge blind and includes all charges similarly while the Q̂ c

n takes the difference
between positive and negative charges therefore yielding information on the charge distribution. With a joint Q̂n and Q̂ c

n
analysis one can study the strength and azimuthal correlations among all harmonics and chargedmultipoles. A systematic
charged multipole vector analysis would provide extremely valuable information about the ‘‘charge landscape’’ in heavy
ion collisions.
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Systematical searches for chiral magnetic effect and chiral 
vortical effect using identified particles at RHIC/STAR 

Liwen Wen(UCLA), for the STAR Collaboration

Abstract 
QCD allows chirality imbalance as a consequence of vacuum transition.  When coupled with a strong magnetic field produced in heavy-ion collisions, the chirality imbalance in local domains 
can lead to an electric charge separation along the magnetic field direction, manifested as chiral magnetic effect (CME). Recently, an analogous effect, the chiral vortical effect(CVE) was also 
proposed, in which the vorticity of the collision system replaces the magnetic field, and a baryonic charge separation appears. In order to shed light on the magnitude of the CME and CVE, we 
use identified-particle correlation measurements from Au+Au at 200 GeV with the STAR detector to explore possible hierarchal structure in the particle dependent correlations. Four case 
studies will be reported: p-      (no CME/CVE), p-       (CME only), p-    (CVE only), and p-p (both CME and CVE). These measurements can potentially help to learn about the magnitudes of 
CME and CVE and the level of background.

⇡± ⇤

Introduction 

Observable

Results

A particle-dependent hierarchical structure in the values 
of the three-point correlator has been observed. 
Other identified-particle correlation studies(    -   ,    -   ,     
-   …) will be done for systematic check. 
Flow contributions will be further investigated in the 
future study. 

Summary and Future Work

1. D. E. Kharzeev, L. D. McLerran and H. J. Warringa, Nuclear Physics A 803 (2008) 
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2. S. Voloshin, Physical Review C. 70 (2004) 057901 
3. D. E. Kharzeev, D. T. Son, Physical Review Letters 106 (2011) 062301 
4. A.Bzdak, V.Koch and J.Liao Lect. Notes Phys. 871(2013)503
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Directed+flow:+
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P?even+quantity:+still+
sensitive+to+separation+
effect,+i.e.,+different+for+
“same+sign”+and+“oppo++sign”

Direct+measurement+of+
“a”+would+yield+zero+
value.+So+we+need+“three?
point?correlation”—+
observable+“gamma”!+
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We+investigate+the+charge+dependent+two?particle+
correlations+with+respect+to+the+reaction+plane:

+Same+&+opposite+sign+:+correlated+
particles+(++++,++++++)have+same+
(opposite)electric/baryonic+charge.
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Proton-Proton.Correlation(CVE+CME)
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“difference”

Comparison

“difference”

“difference”

Theory:+++
+When+energy+density+is+high+enough(e.g.+in+heavy+ion+collision),+vacuum+may+transit+between+different+states+which+can+
be+characterized+by+Chern?Simons+Number.+Such+a+kind+of+QCD+vacuum+state+transition+will+induce:+
+Non?zero+topological+charge;+
+Chirality+imbalance;+

Chiral+Magnetic+Effect(CME):+Coupled+with+strong+magnetic+field,++finite+chiral+charge+density+induces+electric+
current+that+finally+leads+to+electric+charge+separation+along+B+field.+
Chiral+Vortical+Effect(CVE):+Recently+a+similar+effect+?“Chiral+Vortical+Effect”,+which+is+due+to+the+coupling+of++
created+nuclear+matter’s+fluid+vorticity+and+chirality+imbalance,+is+also+proposed.+CVE+predicts+baryonic+charge+
separation+across+event+plane+in+heavy+ion+collisions.

Experiment:+++
Data+of+Au+Au+at+200GeV++were+collected+by+STAR+detector+
in+RHIC+run+2011.++
Particle+Identification:+

TPC(Time+Projection+Chamber)+dE/dx+is+used+for+proton/
pion/kaon+identification;+
Other+hadrons(+++++++,+++++++++)+are+reconstructed+by+topological+
reconstruction+of+daughters.++
Event+Plane+Reconstruction:+

Large+elliptic+flow+is+used+to+determine+event?plane+orientation.+

Proton has both electric and baryonic charge, so p-p correlation is supposed to have CVE and CME and as expected, the  
measurement shows large difference between “same sign”(pp and antip-antip) and “oppo sign”(p-antip).

       has baryonic charge but no electric charge. If the strange quark participates in chiral effects the same way as u/d quark, 
proton-    correlation is supposed to have CVE only. The result shows significant baryonic charge separation signal. 

Since pion has electric charge only, we are expecting to see CME induced charge separation effect in Proton-Pion 
correlation measurement. Results show the charge separation signal magnitude is close to hadron-hadron’s signal, which 
may indicates the similar underlying physics.

         particle has no baryonic or electric charge, so no charge separation effect will be seen based on theoretical prediction. 
And we indeed observe no significant charge separation signal in  Proton-        correlation measurement, but more statistics 
is still needed to make a strong conclusion. 

Put+together,+these+four+case+studies+show+a+hierarchical+structure+in+identified+particles+
correlation+due+to+Chiral+Magnetic+Effect+and+Chiral+Vortical+Effect:+Proton?Proton++
correlation+which+in+theory+has+both+CVE+and+CME+shows+the+biggest+charge+separation+
signal+magnitude;++Proton?++++++correlation+signal,+which+has+CVE+only(if+the+strange+quark+
participates+in+chiral+effects+the+same+way+as+u/d+quark),+is+on+the+second+highest+level;+
Proton?Pion+correlation+has+only+CME,+whose+signal+is+much+smaller+than+CVE;+Proton?+++++++
almost+has+no+separation+signal+as+expected.+As+flow?related+background+check,+H+
correlators+for+Proton?Proton+and+Proton?Pion+were+tested+and+show+robust+signals(not+
shown+here).
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L. Wen (STAR), QM2015F. Zhao (STAR), NPA931.746 (2014)

γOS>γSS and hierarchy of p-hadron γ correlator, consistent with CVE expectation, 
although there would be BG effects.
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Isaac Upsal – Feb. 2017 3

L

L

Vorticity → Global Polarization

• Vortical or QCD spin-orbit: Lambda and Anti-Lambda spins 
aligned with L

- Z.-T. Liang and X.-N. Wang, PRL94, 102301 (2005) 
- S. Voloshin, nucl-th/0410089 (2004)

Reaction Plane

~L k ~B particle
antiparticle

Non-zero angular momentum transfers 
to the spin degrees of freedom 
Particles’ and anti-particles’ spins are aligned 
with angular momentum, L  

Magnetic field align particle’s spin 
Particles’ and antiparticles’ spins are aligned 
oppositely along B due to the opposite sign of 
magnetic moment 
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Magnetization of an uncharged body  
when spun on its axis

figure: M. Matsuo et al., Front. Phys., 30 (2015)

M =
�!

�

Barnett effect:  
rotation→polarization

χ: magnetic susceptibility 
γ: gyromagnetic ratio

S. Barnett, Phys. Rev. 6, 239 (1915)

Einstein-de-Haas effect:  
polarization→rotation

  

Converse: Einstein-De Haas effect
the only experiment by Einstein

Rotation of a ferromagnet originally at rest 
when put into an external H field

An effect of angular momentum 
conservation:
spins get aligned with H (irreversibly) and 
this must be compensated by a on overall
orbital angular momentum

A. Einstein, W. J. de Haas, Koninklijke Akademie van Wetenschappen te Amsterdam, Proceedings, 18 I, 696-711 (1915)

Rotation of a ferromagnet under  
change in the direction/strength  
of magnetic-field to conserve the  
total angular momentum.

~J = ~L+ ~S
A.Einstein, W. J. de Haas,  
B.Koninklijke Akademie van Wetenschappen te Amsterdam,   
C.Proceedings, 18 I, 696-711 (1915) 

“the only experiment by Einstein”
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Parity-violating decay of hyperons
Daughter baryon is preferentially emitted in the direction  
of hyperon’s spin (opposite for anti-particle)

Isaac Upsal – Feb. 2017 6

How to quantify the e%ect (I)

● Lambdas are “self-
analyzing”
● Reveal polarization by 

preferentially emitting 
daughter proton in spin 
direction

Λ s with Polarization P⃗  follow the distribution:
dN

d Ω*
=

 1

4 π
(1+α P⃗⋅p̂ p

* )= 1

4π
(1+α P cosθ* )

α=0.642±0.013    [measured]

p̂p

*
 is the daughter proton momentum direction in

the Λ  frame (note that this is opposite for Λ )

0<|P⃗|<1:   P⃗=
3
α p̂p

*

 spectators

 BBCs BBCs

 Spinning
 Lambdas

θ*
S⃗Λ

*

p⃗ p

*

p⃗π
* (BR: 63.9%, cτ~7.9 cm)

Ψ1: azimuthal angle of b 
φp*: φ of daughter proton in Λ rest frame

Angular momentum direction can be determined by 
spectator deflection (spectators deflect outwards) 
   - S. Voloshin and TN, PRC94.021901(R)(2016)

Projection onto the transverse plane

PH =
8

⇡↵H

hsin( 1 � �⇤
p)i

Res( 1)

STAR, PRC76, 024915 (2007)

dN

d⌦⇤ =
1

4⇡
(1 + ↵HPH · p⇤

p)

PH: Λ polarization 
pp*: proton momentum in the Λ rest frame 
αH: Λ decay parameter  
      (αΛ = -αΛ = 0.642±0.013)-

⇤ ! p+ ⇡�
ICPPA-2, Moscow, October 10-14, 2016 page S.A. Voloshin12

Nuclear Theory

Title: Globally Polarized Quark-gluon Plasma in Non-central A+A
Collisions
Authors: Zuo-Tang Liang (Shandong U), Xin-Nian Wang (LBNL)
(Submitted on 18 Oct 2004 (v1), last revised 7 Dec 2005 (this version, v5))

Abstract: Produced partons have large local relative orbital angular momentum along the direction opposite to the reaction plane in the early stage
of non-central heavy-ion collisions. Parton scattering is shown to polarize quarks along the same direction due to spin-orbital coupling. Such global
quark polarization will lead to many observable consequences, such as left-right asymmetry of hadron spectra, global transverse polarization of
thermal photons, dileptons and hadrons. Hadrons from the decay of polarized resonances will have azimuthal asymmetry similar to the elliptic flow.
Global hyperon polarization is predicted within different hadronization scenarios and can be easily tested.

Comments: 4 pages in RevTex with 2 postscript figures, an erratum is added to the final published version
Subjects: Nuclear Theory (nucl-th); High Energy Physics - Phenomenology (hep-ph)
Journal reference: Phys.Rev.Lett.94:102301,2005; Erratum-ibid.Lett.96:039901,2006
DOI: 10.1103/PhysRevLett.94.102301
Report number: LBNL-56383
Cite as: arXiv:nucl-th/0410079
  (or arXiv:nucl-th/0410079v5 for this version)

Submission history
From: Xin-Nian Wang [view email]
[v1] Mon, 18 Oct 2004 18:54:46 GMT (34kb)
[v2] Fri, 22 Oct 2004 02:25:19 GMT (34kb)
[v3] Mon, 25 Oct 2004 18:35:22 GMT (34kb)
[v4] Tue, 26 Apr 2005 18:42:39 GMT (37kb)
[v5] Wed, 7 Dec 2005 02:02:09 GMT (37kb)
Which authors of this paper are endorsers? | Disable MathJax (What is MathJax?)

Link back to: arXiv, form interface, contact.

[nucl-th/0410079] Globally Polarized Quark-gluon Plasma in Non-central A+A Collisions http://arxiv.org/abs/nucl-th/0410079

2 of 2 6/30/16, 11:20 AM

Nuclear Theory

Title: Globally Polarized Quark-gluon Plasma in Non-central A+A
Collisions
Authors: Zuo-Tang Liang (Shandong U), Xin-Nian Wang (LBNL)
(Submitted on 18 Oct 2004 (v1), last revised 7 Dec 2005 (this version, v5))

Abstract: Produced partons have large local relative orbital angular momentum along the direction opposite to the reaction plane in the early stage
of non-central heavy-ion collisions. Parton scattering is shown to polarize quarks along the same direction due to spin-orbital coupling. Such global
quark polarization will lead to many observable consequences, such as left-right asymmetry of hadron spectra, global transverse polarization of
thermal photons, dileptons and hadrons. Hadrons from the decay of polarized resonances will have azimuthal asymmetry similar to the elliptic flow.
Global hyperon polarization is predicted within different hadronization scenarios and can be easily tested.

Comments: 4 pages in RevTex with 2 postscript figures, an erratum is added to the final published version
Subjects: Nuclear Theory (nucl-th); High Energy Physics - Phenomenology (hep-ph)
Journal reference: Phys.Rev.Lett.94:102301,2005; Erratum-ibid.Lett.96:039901,2006
DOI: 10.1103/PhysRevLett.94.102301
Report number: LBNL-56383
Cite as: arXiv:nucl-th/0410079
  (or arXiv:nucl-th/0410079v5 for this version)

Submission history
From: Xin-Nian Wang [view email]
[v1] Mon, 18 Oct 2004 18:54:46 GMT (34kb)
[v2] Fri, 22 Oct 2004 02:25:19 GMT (34kb)
[v3] Mon, 25 Oct 2004 18:35:22 GMT (34kb)
[v4] Tue, 26 Apr 2005 18:42:39 GMT (37kb)
[v5] Wed, 7 Dec 2005 02:02:09 GMT (37kb)
Which authors of this paper are endorsers? | Disable MathJax (What is MathJax?)

Link back to: arXiv, form interface, contact.

[nucl-th/0410079] Globally Polarized Quark-gluon Plasma in Non-central A+A Collisions http://arxiv.org/abs/nucl-th/0410079

2 of 2 6/30/16, 11:20 AM

Nuclear Theory

Title: Polarized secondary particles in unpolarized high energy hadron-
hadron collisions?
Authors: Sergei A. Voloshin
(Submitted on 21 Oct 2004)

Abstract: In this short note I speculate on some consequences of the high energy collision picture in which the orbital angular momentum of the
colliding hadrons can be converted into secondary particle angular spin momentum via some spin-orbital interaction. In particular I discuss a
possibility to observe a non-zero polarization of secondary particles (e.g. hyperons) at midrapidity ( ) and at low transverse momentum. I
also speculate that such effects could contribute to the produced particle directed and elliptic flow observed in relativistic nuclear collisions.

Comments: 2 pages, Latex
Subjects: Nuclear Theory (nucl-th)
Cite as: arXiv:nucl-th/0410089
  (or arXiv:nucl-th/0410089v1 for this version)

Submission history
From: Sergei A. Voloshin [view email]
[v1] Thu, 21 Oct 2004 19:43:03 GMT (3kb)
Which authors of this paper are endorsers? | Disable MathJax (What is MathJax?)

Link back to: arXiv, form interface, contact.

= 0xF

[nucl-th/0410089] Polarized secondary particles in unpolarized high energy hadron-hadro... http://arxiv.org/abs/nucl-th/0410089

2 of 2 6/30/16, 11:26 AM

Nuclear Theory

Title: Polarized secondary particles in unpolarized high energy hadron-
hadron collisions?
Authors: Sergei A. Voloshin
(Submitted on 21 Oct 2004)

Abstract: In this short note I speculate on some consequences of the high energy collision picture in which the orbital angular momentum of the
colliding hadrons can be converted into secondary particle angular spin momentum via some spin-orbital interaction. In particular I discuss a
possibility to observe a non-zero polarization of secondary particles (e.g. hyperons) at midrapidity ( ) and at low transverse momentum. I
also speculate that such effects could contribute to the produced particle directed and elliptic flow observed in relativistic nuclear collisions.

Comments: 2 pages, Latex
Subjects: Nuclear Theory (nucl-th)
Cite as: arXiv:nucl-th/0410089
  (or arXiv:nucl-th/0410089v1 for this version)

Submission history
From: Sergei A. Voloshin [view email]
[v1] Thu, 21 Oct 2004 19:43:03 GMT (3kb)
Which authors of this paper are endorsers? | Disable MathJax (What is MathJax?)

Link back to: arXiv, form interface, contact.

= 0xF

[nucl-th/0410089] Polarized secondary particles in unpolarized high energy hadron-hadro... http://arxiv.org/abs/nucl-th/0410089

2 of 2 6/30/16, 11:26 AM

⇢0 �! ⇡+⇡�

Global polarization

x

z

sy = 1 �! ly = 1

ly = 1 �! sy = 1⇡+⇡� �! ⇢0

Predicted polarization of the order from 
a fraction to a few percent!

Detector

C. Patrignani et al. (PDG), Chin. Phys. C 40, 100001 (2016)
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First observation of  
fluid vortices formed by HIC

Discover Magazine, 2017
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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-

9

STAR, Nature 548, 62 (2017)
Positive polarization signal at lower energies! 
   -- The most vortical fluid! 

- PH looks to increase in lower energies 

Becattini, Karpenko, Lisa, Upsal, and Voloshin, PRC95.054902 (2017)

(T=160 MeV)

! = (P⇤ + P⇤̄)kBT/~
⇠ 0.02-0.09 fm�1

⇠ 0.6-2.7⇥ 1022s�1

μΛ: Λ magnetic moment 
T: temperature at thermal equilibrium

P⇤ ' 1

2

!

T
+

µ⇤B

T

P⇤̄ ' 1
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!

T
� µ⇤B

T

- Hint of the difference in PH between Λ and anti-Λ  
-- Effect of the initial magnetic field? → BESⅡ 
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Ocean surface vorticity             ~10-5 s-1 
Jupiter’s great red spot             ~10-4 s-1  

Core of supercell tornado         ~10-1 s-1 

Rotating, heated soap bubbles ~102 s-1 
Superfluid helium nano droplet ~106 s-1

Ocean surface vorticity 
https://sos.noaa.gov/datasets/ocean-surface-vorticity/

Supercell in Oklahoma (2016) 
http://www.silverliningtours.com/tag/tornado/page/3/

vortex of soap bubble 
T. Muel et al., Scientific Report 3, 3455 (2013)

The shapes adopted by the rotating quantum
droplets display similarities andpointed differences
when comparedwith their classical counterparts. A
classical droplet, rotating as a rigid body, can be
described by the reduced angular velocity

W ¼
ffiffiffiffiffiffiffiffiffiffi
3rV
32ps

r
w ð1Þ

which defines the droplet’s aspect ratio (22, 23).
Here, r is the density, s is the surface tension, V
is the volume of the droplet, and w is its angular
velocity. No droplet is stable beyond the dis-
integration limit of WMAX = 0.75. At small W, a
droplet has a spheroidal shape. BeyondW = 0.56
(b/a = 1.50), viscous classical droplets become
unstable and begin to exhibit two-lobed shapes,
resembling a peanut that rotates around its short
axis. Multilobed droplet shapes emerge at even
higher W (22–24). In this work, we observe
axially symmetric droplets with aspect ratios as
high as b/a = 2.3, corresponding to W = 0.71
[section S4 of (21)], which is considerably higher
than the shape instability threshold of classi-
cal droplets. No evidence for multilobed shapes
was detected. Our results confirm the predicted
extended range of stability in rotating quantum
liquids (23) and indicate that superfluid droplets
remain axially symmetric up to rotational speeds
close to WMAX.
The angular velocities (w) of rotating droplets

can be determined from the degree of centrifugal
distortion, quantified by the a and b half-axes
[section S4 of (21)] (23). For the image in Fig. 2C,
this analysis leads to w = 1.4 × 107 s−1. The
rotation of a superfluid may manifest as a lattice
of uniformly distributed parallel vortices (1, 6, 7, 9)
with an area density of

nV ¼ 2wM
h

ð2Þ

Here,M is themass of the 4He atom, h is Planck’s
constant, and nV is the number of vortices per
unit area in a plane perpendicular to the axis of
rotation (6, 7). For the droplet imaged in Fig. 2C,
Eq. 2 predicts a vortex density ofnV = 2.8× 1014m–2

and a total number of vortices of NV = pb2nV =
160. Evidently, droplets in the beam are charac-
terized by a substantial degree of rotational ex-
citation and thus should contain large numbers

of quantum vortices. The existence of these
vortices is confirmed by doping the He droplets
with Xe atoms.
Figure 3 shows diffraction images of He drop-

lets doped with Xe atoms. In addition to the
characteristic ring patterns from the droplets,
many images exhibit Bragg spots that either lie
on a line crossing the image center (Fig. 3A) or
form an equilateral triangular pattern (Fig. 3B).
The Bragg spot separations in Fig. 3 correspond
to regularly spaced Xe structures with periods of
d ≈ 100 nm, whereas the ring patterns arise from
a droplet with R ≈ 1 mm. These numbers are
consistent with the condensation of Xe atoms
along the cores of multiple parallel vortices ar-
ranged in a lattice within the superfluid droplet
(Fig. 3C). According to this model, both linear
and triangular Bragg spot arrangements emerge
from ordered lattices with different relative an-
gles between the x-ray beam and the vortex lines.
The actual shape of the vortices cannot be de-
termined from the Bragg spots, although the
vortices in the arrays are expected to have some
curvature as they terminate perpendicular to the
droplet’s surface. Approximately 5% of the doped
droplet images exhibit Bragg spots. Considering
that the appearance of Bragg spots depends
critically on the relative alignment of the vortex
structures and the x-ray beam, which is randomly
distributed in these experiments, we estimate that
~50% of droplets contain vortex lattices [section
S7 of (21)].
The identification of quantum vortices pro-

vides direct evidence of the superfluidity of He
nanodroplets. The appearance of triangular vor-
tex arrangements agrees with previous observa-
tions of triangular arrays of quantum vortices in
rarified BECs (25, 26). The diameters of the
vortex cores in superfluid He, however, are small
compared with the droplet sizes and the vortex
length scales, which can lead to extended, three-
dimensional (3D) vortex arrangements.
The diffraction pattern in Fig. 3B provides a

direct measure of the vortex density, nV = 4.5 ×
1013 m–2, and the droplet radius, b = 1100 nm,
corresponding to a total number of vorticesNV =
170. The angular velocity of the rotating droplet
is w = 2.2 × 106 s–1 (Eq. 2). The diffraction rings in
Fig. 3B are circular within the experimental res-

olution (~3%). This observation and, in particular,
the emergence of the triangular Bragg pattern,
indicate that the droplet was imaged almost ex-
actly along the a axis. From the angular velocity
and the equatorial radius b, the aspect ratio and
reduced angular velocity of the droplet are es-
timated to be AR = 1.34 and W = 0.50, respec-
tively [section S4 of (21)]. These values fall well
within the axisymmetric shape stability limits for
rotating droplets. The vortex density in this drop-
let is about five orders of magnitude larger than
previously observed in rotating bucket experi-
ments with bulk superfluid helium (9, 10). These
numbers demonstrate that superfluid He drop-
lets provide access to unexplored regimes of ro-
tational excitation in quantum liquids. It is
intriguing that, although observation of the wheel
shapes in smaller droplets (b ≈ 300 to 400 nm)
indicates the existence of high vortex densities in
the range of nV ≈ 3 × 1014 m–2, no corresponding
Bragg patterns were observed in these droplets
[section S7 of (21)]. This may indicate that vor-
tices at extremely high densities fail to crystallize
and instead form a disordered state with little
resemblance to a lattice. Another possibility is
the existence of nonequilibrium states, which
may be related to quantum turbulence. However,
estimates [section S6 of (21)] show that turbu-
lence, which accompanies establishment (27) or
breakdown (28) of equilibrium quantum rota-
tion, decays before the interaction point. Hydro-
dynamic instability of the droplet shape at high
angular velocities may also disrupt vortex ar-
rays. The possibility for the formation of non-
stationary vortex states in superfluid heliumhas
been discussed (6) but has never been confirmed
experimentally. In addition, BECs at high w are
predicted to undergo a quantum phase transi-
tion into a highly correlated nonsuperfluid state
devoid of any vortices (26). It would therefore be
interesting to explore whether similar concepts
apply to rotating He droplets at high w.
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Fig. 3. He droplets doped with Xe atoms. (A and B) X-ray diffraction images of doped droplets, displayed in a logarithmic intensity scale. (C) Droplet and
embedded Xe clusters. Images in (A) and (B) correspond to tilted and parallel alignments of the vortex axes with respect to the incident x-ray beam, respectively.
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Ocean surface vorticity             ~10-5 s-1 
Jupiter’s great red spot             ~10-4 s-1  

Core of supercell tornado         ~10-1 s-1 

Rotating, heated soap bubbles ~102 s-1 
Superfluid helium nano droplet ~106 s-1

Ocean surface vorticity 
https://sos.noaa.gov/datasets/ocean-surface-vorticity/

Supercell in Oklahoma (2016) 
http://www.silverliningtours.com/tag/tornado/page/3/

vortex of soap bubble 
T. Muel et al., Scientific Report 3, 3455 (2013)

The shapes adopted by the rotating quantum
droplets display similarities andpointed differences
when comparedwith their classical counterparts. A
classical droplet, rotating as a rigid body, can be
described by the reduced angular velocity

W ¼
ffiffiffiffiffiffiffiffiffiffi
3rV
32ps

r
w ð1Þ

which defines the droplet’s aspect ratio (22, 23).
Here, r is the density, s is the surface tension, V
is the volume of the droplet, and w is its angular
velocity. No droplet is stable beyond the dis-
integration limit of WMAX = 0.75. At small W, a
droplet has a spheroidal shape. BeyondW = 0.56
(b/a = 1.50), viscous classical droplets become
unstable and begin to exhibit two-lobed shapes,
resembling a peanut that rotates around its short
axis. Multilobed droplet shapes emerge at even
higher W (22–24). In this work, we observe
axially symmetric droplets with aspect ratios as
high as b/a = 2.3, corresponding to W = 0.71
[section S4 of (21)], which is considerably higher
than the shape instability threshold of classi-
cal droplets. No evidence for multilobed shapes
was detected. Our results confirm the predicted
extended range of stability in rotating quantum
liquids (23) and indicate that superfluid droplets
remain axially symmetric up to rotational speeds
close to WMAX.
The angular velocities (w) of rotating droplets

can be determined from the degree of centrifugal
distortion, quantified by the a and b half-axes
[section S4 of (21)] (23). For the image in Fig. 2C,
this analysis leads to w = 1.4 × 107 s−1. The
rotation of a superfluid may manifest as a lattice
of uniformly distributed parallel vortices (1, 6, 7, 9)
with an area density of

nV ¼ 2wM
h

ð2Þ

Here,M is themass of the 4He atom, h is Planck’s
constant, and nV is the number of vortices per
unit area in a plane perpendicular to the axis of
rotation (6, 7). For the droplet imaged in Fig. 2C,
Eq. 2 predicts a vortex density ofnV = 2.8× 1014m–2

and a total number of vortices of NV = pb2nV =
160. Evidently, droplets in the beam are charac-
terized by a substantial degree of rotational ex-
citation and thus should contain large numbers

of quantum vortices. The existence of these
vortices is confirmed by doping the He droplets
with Xe atoms.
Figure 3 shows diffraction images of He drop-

lets doped with Xe atoms. In addition to the
characteristic ring patterns from the droplets,
many images exhibit Bragg spots that either lie
on a line crossing the image center (Fig. 3A) or
form an equilateral triangular pattern (Fig. 3B).
The Bragg spot separations in Fig. 3 correspond
to regularly spaced Xe structures with periods of
d ≈ 100 nm, whereas the ring patterns arise from
a droplet with R ≈ 1 mm. These numbers are
consistent with the condensation of Xe atoms
along the cores of multiple parallel vortices ar-
ranged in a lattice within the superfluid droplet
(Fig. 3C). According to this model, both linear
and triangular Bragg spot arrangements emerge
from ordered lattices with different relative an-
gles between the x-ray beam and the vortex lines.
The actual shape of the vortices cannot be de-
termined from the Bragg spots, although the
vortices in the arrays are expected to have some
curvature as they terminate perpendicular to the
droplet’s surface. Approximately 5% of the doped
droplet images exhibit Bragg spots. Considering
that the appearance of Bragg spots depends
critically on the relative alignment of the vortex
structures and the x-ray beam, which is randomly
distributed in these experiments, we estimate that
~50% of droplets contain vortex lattices [section
S7 of (21)].
The identification of quantum vortices pro-

vides direct evidence of the superfluidity of He
nanodroplets. The appearance of triangular vor-
tex arrangements agrees with previous observa-
tions of triangular arrays of quantum vortices in
rarified BECs (25, 26). The diameters of the
vortex cores in superfluid He, however, are small
compared with the droplet sizes and the vortex
length scales, which can lead to extended, three-
dimensional (3D) vortex arrangements.
The diffraction pattern in Fig. 3B provides a

direct measure of the vortex density, nV = 4.5 ×
1013 m–2, and the droplet radius, b = 1100 nm,
corresponding to a total number of vorticesNV =
170. The angular velocity of the rotating droplet
is w = 2.2 × 106 s–1 (Eq. 2). The diffraction rings in
Fig. 3B are circular within the experimental res-

olution (~3%). This observation and, in particular,
the emergence of the triangular Bragg pattern,
indicate that the droplet was imaged almost ex-
actly along the a axis. From the angular velocity
and the equatorial radius b, the aspect ratio and
reduced angular velocity of the droplet are es-
timated to be AR = 1.34 and W = 0.50, respec-
tively [section S4 of (21)]. These values fall well
within the axisymmetric shape stability limits for
rotating droplets. The vortex density in this drop-
let is about five orders of magnitude larger than
previously observed in rotating bucket experi-
ments with bulk superfluid helium (9, 10). These
numbers demonstrate that superfluid He drop-
lets provide access to unexplored regimes of ro-
tational excitation in quantum liquids. It is
intriguing that, although observation of the wheel
shapes in smaller droplets (b ≈ 300 to 400 nm)
indicates the existence of high vortex densities in
the range of nV ≈ 3 × 1014 m–2, no corresponding
Bragg patterns were observed in these droplets
[section S7 of (21)]. This may indicate that vor-
tices at extremely high densities fail to crystallize
and instead form a disordered state with little
resemblance to a lattice. Another possibility is
the existence of nonequilibrium states, which
may be related to quantum turbulence. However,
estimates [section S6 of (21)] show that turbu-
lence, which accompanies establishment (27) or
breakdown (28) of equilibrium quantum rota-
tion, decays before the interaction point. Hydro-
dynamic instability of the droplet shape at high
angular velocities may also disrupt vortex ar-
rays. The possibility for the formation of non-
stationary vortex states in superfluid heliumhas
been discussed (6) but has never been confirmed
experimentally. In addition, BECs at high w are
predicted to undergo a quantum phase transi-
tion into a highly correlated nonsuperfluid state
devoid of any vortices (26). It would therefore be
interesting to explore whether similar concepts
apply to rotating He droplets at high w.
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Fig. 3. He droplets doped with Xe atoms. (A and B) X-ray diffraction images of doped droplets, displayed in a logarithmic intensity scale. (C) Droplet and
embedded Xe clusters. Images in (A) and (B) correspond to tilted and parallel alignments of the vortex axes with respect to the incident x-ray beam, respectively.
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7

transfer coe�cient C was determined by the usual
quantum-mechanical angular momentum addition rules
and Clebsch-Gordan coe�cients, as the spin vector would
not change under a change of frame. Surprisingly, this
holds in the relativistic case provided that the coe�cient
C is independent of the dynamics, as it is shown in Ap-
pendix A. In this case, C is independent of Lorentz fac-
tors � or � of the daughter particles in the rest frame of
the parent, unlike naively expected. This feature makes
C a simple rational number in all cases where the conser-
vation laws fully constrain it. The polarization transfer
coe�cients C of several important baryons decaying to ⇤s
are reported in table (I) and their calculation described
in detail in Appendix A.

Taking the feed-down into account, the measured mean
⇤ spin vector along the angular momentum direction can
then be expressed as:

S⇤,meas
⇤ =

X

R

⇥
f⇤RC⇤R � 1

3f⌃0RC⌃0R

⇤
S⇤
R. (37)

This formula accounts for direct feed-down of a particle-
resonance R to a ⇤, as well as the two-step decay R !
⌃0 ! ⇤; these are the only significant feed-down paths
to a ⇤. In the eq.( 37), f⇤R (f⌃0R) is the fraction of

measured ⇤’s coming from R ! ⇤ (R ! ⌃0 ! ⇤).
The spin transfer to the ⇤ in the direct decay is denoted
C⇤R, while C⌃0R represents the spin transfer from R to
the daughter ⌃0. The explicit factor of � 1

3 is the spin
transfer coe�cient from the ⌃0 to the daughter ⇤ from
the decay ⌃0 ! ⇤+ �.

In terms of polarization (see eq. (14)):

P
meas
⇤ = 2

X

R

⇥
f⇤RC⇤R � 1

3f⌃0RC⌃0R

⇤
SRPR (38)

where SR is the spin of the particle R. The sums in equa-
tions (37) and (38) are understood to include terms for
the contribution of primary ⇤s and ⌃0s. These equations
are readily extended to include additional multiple-step
decay chains that terminate in a ⇤ daughter, although
such contributions would be very small.

Therefore, in the limit of small polarization, the polar-
izations of measured (including primary as well as sec-
ondary) ⇤ and ⇤ are linearly related to the mean (co-
moving) thermal vorticity and magnetic field according
to eq. (31) or eq. (14), and these physical quantities may
be extracted from measurement as:
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(39)

In the eq. (39), R stands for antibaryons that feed down
into measured ⇤s. The polarization transfer is the same
for baryons and antibaryons (C⇤R = C⇤R) and the mag-
netic moment has opposite sign (µR = �µR).

According to the THERMUS model [42], tuned to
reproduce semi-central Au+Au collisions at

p
sNN =

19.6 GeV, fewer than 25% of measured ⇤s and ⇤s are
primary, while more than 60% may be attributed to feed-
down from primary ⌃⇤, ⌃0 and ⌅ baryons.

The remaining ⇠ 15% come from small contribu-
tions from a large number higher-lying resonances such
as ⇤(1405),⇤(1520),⇤(1600),⌃(1660) and ⌃(1670). We
find that, for B = 0, their contributions to the measured
⇤ polarization largely cancel each other, due to alternat-
ing signs of the polarization transfer factors. Their net
e↵ect, then, is essentially a 15% “dilution,” contribut-
ing ⇤s to the measurement with no e↵ective polarization.
Since the magnetic moments of these baryons are unmea-
sured, it is not clear what their contribution to P⇤meas

would be when B 6= 0. However, it is reasonable to as-
sume it would be small, as the signs of both the transfer
coe�cients and the magnetic moments will fluctuate.

Accounting for feed-down is crucial for quantitative es-

timates of vorticity and magnetic field based on exper-
imental measurements of the global polarization of hy-
perons, as we illustrate with an example, using

p
sNN =

19.6 GeV THERMUS feed-down probabilities. Let us as-
sume that the thermal vorticity is $ = 0.1 and the mag-
netic field isB = 0. In this case, according to eq. (15), the
primary hyperon polarizations are P prim

⇤ = P
prim

⇤
= 0.05.

However, the measured polarizations would be P
meas
⇤ =

0.0395 and P
meas
⇤

= 0.0383. The two measured values
di↵er because the finite baryochemical potential at these
energies leads to slightly di↵erent feed-down fractions for
baryons and anti-baryons.

Hence, failing to account for feed-down when using
equation 15 would lead to a ⇠ 20% underestimate of the
thermal vorticity. Even more importantly, if the splitting
between ⇤ and ⇤ polarizations were attributed entirely
to magnetic e↵ects (i.e. if one neglected to account for
feed-down e↵ects), equation (34) would yield an erro-
neous estimate B ⇡ �0.015m2

⇡. This erroneous estimate
has roughly the magnitude of the magnetic field expected
in heavy ion collisions, but points the in the “wrong” di-
rection, i.e. opposite the vorticity. In other words, in the
absence of feed-down e↵ects, a magnetic field is expected

Becattini, Karpenko, Lisa, Upsal, and Voloshin, PRC95.054902 (2017)

CΛR : coefficient of spin transfer from parent R to Λ 
SR   : parent particle’s spin  
fΛR  : fraction of Λ originating from parent R 
μR  : magnetic moment of particle R

15%-20% dilution of primary Λ polarization 
(model-dependent)

S⇤
⇤ = CS⇤

R

Only ~25% of measured Λ and anti-Λ are primary, while ~60% are feed-down 
from Σ*→Λπ, Σ0→Λγ, Ξ→Λπ 

Polarization of parent particle R is transferred to its daughter Λ

BECATTINI, KARPENKO, LISA, UPSAL, AND VOLOSHIN PHYSICAL REVIEW C 95, 054902 (2017)

where mp is the proton mass, and !P prim ≡ P
prim
" − P

prim
"

is the difference in polarization of primary " and ". An
(absolute) difference in the polarization of primary "’s of
0.1% then would correspond to a magnetic field of the order of
∼10−2m2

π , well within the range of theoretical estimates [37–
39]. However, we warn that Eq. (35) should not be applied to
experimental measurements without a detailed accounting for
polarized feed-down effects, which are discussed in Sec. VI.

Finally, we note that a small difference between " and
"̄ polarization could also be from the finite baryon chemical
potential making the factor (1 − nF ) in Eq. (21) different for
particles and antiparticles; this Fermi statistics effect might be
relevant only at low collision energies.

V. SPIN ALIGNMENT OF VECTOR MESONS

The global polarization of vector mesons, such as φ or
K∗, can be accessed via the so-called spin alignment [40,41].
Parity is conserved in the strong decays of those particles
and, as a consequence, the daughter particle distribution is the
same for the states Sz = ±1. In fact, it is different for the state
Sz = 0, and this fact can be used to determine a polarization
of the parent particle. By referring to Eq. (13), in the thermal
approach the deviation of the probability for the state Sz = 0
from 1/3, is only of the second order in ϖ :

p0 = 1
1 + 2 cosh ϖc

≈ 1
3 + ϖ 2

c
≈ 1

3

(
1 − ϖ 2

c

/
3
)
, (36)

which could make this measurement difficult. Similarly diffi-
cult will be the detection of the global polarization with the
help of other strong decay channels, e.g., proposed in Ref. [42].

VI. ACCOUNTING FOR DECAYS

According to Eq. (31) [or, in the nonrelativistic limit,
Eqs. (15)–(18)], the polarization of primary " hyperons
provides a measurement of the (comoving) thermal vorticity
and the (comoving) magnetic field of the system that emits
them. However, only a fraction of all detected " and "̄
hyperons are produced directly at the hadronization stage
and are thus primary. Indeed, a large fraction thereof stems
from decays of heavier particles and one should correct
for feed-down from higher-lying resonances when trying to
extract information about the vorticity and the magnetic field
from the measurement of polarization. Particularly, the most
important feed-down channels involve the strong decays of
&∗ → " + π , the electromagnetic decay &0 → " + γ , and
the weak decay ( → " + π .

When polarized particles decay, their daughters are them-
selves polarized because of angular momentum conservation.
The amount of polarization which is inherited by the daughter
particle, or transferred from the parent to the daughter, in
general depends on the momentum of the daughter in the rest
frame of the parent. As long as one is interested in the mean,
momentum-integrated, spin vector in the rest frame, a simple
linear rule applies (see Appendix), that is,

S∗
D = CS∗

P , (37)

TABLE I. Polarization transfer factors C [see Eq. (37)] for
important decays X → "(&)π

Decay C

Parity conserving: 1/2+ → 1/2+ 0− −1/3
Parity conserving: 1/2− → 1/2+ 0− 1
Parity conserving: 3/2+ → 1/2+ 0− 1/3
Parity-conserving: 3/2− → 1/2+ 0− −1/5
(0 → " + π 0 +0.900
(− → " + π− +0.927
&0 → " + γ −1/3

where P is the parent particle, D the daughter, and C a
coefficient whose expression (see Appendix) may or may
not depend on the dynamical amplitudes. In many two-body
decays, the conservation laws constrain the final state to
such an extent that the coefficient C is independent of the
dynamical matrix elements. This happens, e.g., in the strong
decay &∗(1385) → "π and the electromagnetic &0 → "γ
decay, whereas it does not in ( → "π decays, which is a
weak decay.

If the decay products have small momenta compared to
their masses, one would expect that the spin transfer coefficient
C was determined by the usual quantum-mechanical angular
momentum addition rules and Clebsch-Gordan coefficients,
as the spin vector would not change under a change of frame.
Surprisingly, this holds in the relativistic case provided that
the coefficient C is independent of the dynamics, as it is
shown in Appendix. In this case, C is independent of Lorentz
factors β or γ of the daughter particles in the rest frame of the
parent, unlike naively expected. This feature makes C a simple
rational number in all cases where the conservation laws fully
constrain it. The polarization transfer coefficients C of several
important baryons decaying to "s are reported in Table I and
their calculation described in detail in Appendix.

Taking the feed-down into account, the measured mean "
spin vector along the angular momentum direction can then be
expressed as

S∗,meas
" =

∑

R

[
f"RC"R − 1

3
f&0RC&0R

]
S∗

R. (38)

This formula accounts for direct feed-down of a particle-
resonance R to a ", as well as the two-step decay R → &0 →
"; these are the only significant feed-down paths to a ". In
Eq. (38), f"R (f&0R) is the fraction of measured "’s coming
from R → " (R → &0 → "). The spin transfer to the " in
the direct decay is denoted C"R , while C&0R represents the
spin transfer from R to the daughter &0. The explicit factor of
− 1

3 is the spin transfer coefficient from the &0 to the daughter
" from the decay &0 → " + γ .

In terms of polarization [see Eq. (15)],

P meas
" = 2

∑

R

[
f"RC"R − 1

3
f&0RC&0R

]
SRPR, (39)

where SR is the spin of the particle R. The sums in Eqs. (38)
and (39) are understood to include terms for the contribution of
primary "s and &0s. These equations are readily extended to
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[13] was applied. The measured polarization can be written
as

8
παH

⟨sin("RP − φ∗
p )⟩ = A0

(
pH

T , ηH
)
PH

(
pH

T , ηH
)
, (5)

where A0 is an acceptance correction factor defined as

A0
(
pH

T , ηH
)

= 4
π

⟨sin θ∗
p⟩. (6)

The correction factor A0 was estimated using the experimental
data.

The analysis was performed separately for each data set
taken in different years. As mentioned in Sec. III A, the event
plane resolution slightly differs in each year due to different
detector conditions. Also, for the 2014 data, the tracking
efficiency became worse at low pT because of the HFT. We
confirmed that this additional inefficiency does not affect our
final results. Since the results from the years 2010, 2011, and
2014 were consistent within their uncertainties, we combined
all results for the measured PH to improve the statistical
significance.

IV. RESULTS

Figure 4 presents the global polarization of ! and !̄ as a
function of the collision energy for the 20–50% centrality bin
in Au+Au collisions. The results from this analysis are shown
together with the results from lower collision energies

√
s

NN

= 7.7–62.4 GeV [14]. The 2007 result for
√

s
NN

= 200 GeV
[13] has a large uncertainty and is consistent with zero. Our
new results for

√
s

NN
= 200 GeV with significantly improved

statistical precision reveal nonzero values of the polarization
signal, 0.277 ± 0.040 (stat) ± 0.039

0.049 (sys) [%] and 0.240 ± 0.045
(stat) ± 0.061

0.045 (sys) [%] for ! and !̄, respectively, and are found
to follow the overall trend of the collision energy dependence.
While the energy dependence of the global polarization was not
obvious from the lower energy results, together with the new
200 GeV results, the polarization is found to decrease at higher
collision energy. Calculations for primary ! and all ! taking
into account the effect of feed-down from a 3+1D viscous hy-
drodynamic model vHLLE with the UrQMD initial state [15]
are shown for comparison. The model calculations agree with
the data over a wide range of collision energies, including

√
s

NN

= 200 GeV within the current accuracy of our experimental
measurements. Calculations from a Multi-Phase Transport
(AMPT) model predict slightly higher polarization than the
hydrodynamic model but are also in good agreement with the
data within uncertainties. Neither of the models accounts for
the effect of the magnetic field or predicts significant difference
in ! and !̄ polarization due to any other effect, e.g., nonzero
baryon chemical potential makes the polarization of particles
lower than that of antiparticles, but the effect is expected to
be small [40]. Other theoretical calculations [18,41] such as
a chiral kinetic approach with the quark coalescence model
[42] can also qualitatively reproduce the experimental data.
It should be noted that most of the models calculate the spin
polarization from the local vorticity at the freeze-out hypersur-
face. However, it is not clear when and how the vorticity and
polarization are coupled during the system evolution and how
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FIG. 4. Global polarization of ! and !̄ as a function of the
collision energy

√
s

NN
for 20–50% centrality Au+Au collisions.

Thin lines show calculations from a 3+1D cascade + viscous
hydrodynamic model (UrQMD+vHLLE) [15] and bold lines show
the AMPT model calculations [16]. In the case of each model, primary
! with and without the feed-down effect are indicated by dashed
and solid lines, respectively. Open boxes and vertical lines show
systematic and statistical uncertainties, respectively. Note that the
data points at 200 GeV and for !̄ are slightly horizontally shifted for
visibility.

much the hadronic rescattering at the later stage affects the spin
polarization.

We also performed differential measurements of the
polarization versus the collision centrality, the hyperon’s
transverse momentum, and the hyperon’s pseudorapidity. 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 nucleons becomes
smaller. Therefore, the initial longitudinal flow velocity, which
would be a source of the initial angular momentum of the
system, becomes less dependent on the transverse direction
[12]. Figure 5 presents the centrality dependence of the
polarization. The polarization of ! and !̄ 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.

Figure 6 shows the polarization as a function of pT for the
20–60% centrality bin. The polarization dependence on pT is
weak or absent, considering the large uncertainties, which is
consistent with the expectation that the polarization is gener-
ated by a rotation of the system and therefore does not have

014910-7

- Confirmed energy dependence of PH with new results for 200 GeV 
- >5σ significance utilizing 1.5B events (2010+2011+2014) 
- partly due to stronger shear flow structure in lower √sNN  

because of baryon stopping  

PH(⇤) [%] = 0.277± 0.040(stat)±0.039
0.049 (sys)

PH(⇤̄) [%] = 0.240± 0.045(stat)±0.061
0.045 (sys)

I. Karpenko and F. Becattini, EPJC(2017)77:213, UrQMD+vHLLE  
H. Li et al., PRC96, 054908 (2017), AMPT 
Y. Sun and C.-M. Ko, PRC96, 024906 (2017), CKE 
Y. Xie et al., PRC95, 031901(R) (2017), PICR 
D.-X. Wei et al., PRC99, 014905 (2019), AMPT

- Theoretical models can describe the data well 
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- ALICE preliminary Pb+Pb at √sNN = 2.76 TeV

PH(⇤)[%] = �0.08± 0.10 (stat)± 0.04 (syst)

PH(⇤̄)[%] = 0.05± 0.10 (stat)± 0.03 (syst)

M. Konyushikhin, QCD Chirality Workshop 2017

- HADES preliminary Au+Au at √sNN = 2.4 GeV 

F. Kornas, SQM2019

PH(⇤)[%] = 3.672± 0.699 (stat.)

PBG
H

[%] = 3.689± 1.133 (stat.)
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FIG. 11. Averaged vorticity ⟨ωy ⟩ from the AMPT model as a
function of time at various impact parameter b for fixed beam energy√

sNN = 200 GeV. The solid curves are from a fitting formula (see
text for details).

averaged vorticity increases with decreasing beam energy, in
quite the opposite trend to the angular momentum. This may
be understood as follows: With increasing beam energy, the
fluid moment of inertia (pertinent to rotation) increases more
rapidly than the decrease of vorticity; thus, the total angular
momentum is still increasing. We have numerically checked
that this is indeed the case.

Finally, we present a parametrization of averaged vorticity
as a function of time, centrality, and beam energy, which
provides comprehensive and very good fit to the numerical
results of Au + Au collisions from AMPT. This is given by

⟨ωy ⟩(t,b,
√

sNN ) = A(b,
√

sNN )

+B(b,
√

sNN )(0.58t)0.35e−0.58t , (8)

FIG. 12. Averaged vorticity ⟨ωy ⟩ from the AMPT model as a
function of time at varied beam energy

√
sNN for fixed impact

parameter b = 7 fm. The solid curves are from a fitting formula
(see text for details).

FIG. 13. Averaged vorticity ⟨ωy ⟩, with spatial rapidity span η ∈
(−1,1) and η ∈ (−4,4), respectively, from the AMPT model as a
function of time at

√
sNN = 200 GeV for fixed impact parameters

b = 7,9 fm.

with the two coefficients A and B given by

A = [e−0.016 b
√

sNN + 1] × tanh(0.28 b)

×[0.001 775 tanh(3 − 0.015
√

sNN ) + 0.0128],

B = [e−0.016 b
√

sNN + 1] × [0.023 88 b + 0.012 03]

×[1.751 − tanh(0.01
√

sNN )].

In the above relations,
√

sNN should be evaluated in the unit
of GeV, b in the unit of fm, t in the unit of fm/c, and ωy

in the unit of fm−1. The solid curves in Figs. 11 and 12 are
obtained from the above formula, in comparison with actual
AMPT results. As can be seen, the agreement is excellent and
we have checked that in all cases the relative error of the above
formula is, at most, a few percent. Such parametrization could
be conveniently used for future studies of various vorticity-
driven effects in QGP.

C. Study of uncertainties

In this last part, we investigate a number of uncertainties in
quantifying the averaged vorticity.

One uncertainty is related to the choice of volume in per-
forming the average. In the previous section we have chosen to
average over the spatial rapidity span of η ∈ (−4,4). However,
when it comes to certain specific vorticity-driven effects and
the pertinent final hadron observables, it is not 100% clear what
is precisely the relevant longitudinal volume. To get an idea
of this uncertainty, we have computed the ⟨ωy ⟩ for different
choices of spatial rapidity span; see Fig. 13 for results from
η ∈ (−1,1) in comparison with those from η ∈ (−4,4), and see
Fig. 14 for results from η ∈ (−2,2) in comparison with those
from η ∈ (−4,4). As one can see from the comparison, at early
to not-so-late time, the results differ by about a factor of two
between η ∈ (−1,1) and η ∈ (−4,4), but differ by about 30%
percent or so between η ∈ (−2,2) and η ∈ (−4,4). At late time
the results with η ∈ (−4,4) are significantly larger than the
others. Clearly, the contributions to the averaged vorticity from

044910-7

peripheral

central

AMPT model, 
Y. Jiang et al., PRC94, 044910 (2016)

In most central collision → no initial angular momentum 
As expected, the polarization decreases in more central collisions
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6 D.E. Kharzeev et al. / Progress in Particle and Nuclear Physics 88 (2016) 1–28

Fig. 2. (Color online) Illustration of the chiral separation effect. To be specific, the illustration is for just one kind of right-handed (RH) quarks (with Q > 0)
and their antiquarks (with Q < 0) and for the case of µ > 0 (i.e. more quarks than antiquarks). For left-handed (LH) quarks (and anti-quarks) the LH
quarks’ current is generated in the opposite direction but their contribution to the axial current EJ5 would be the same as that of RH quarks. For µ < 0 the
current will flip direction.

assume a CME-induced electric current (Qe)EJ = (Qe)�5EB. To probe the existence of such a current we turn on an arbitrarily
small auxiliary electric field EE k EB and examine the energy changing rate of the system. The straightforward electrodynamic
way of computation ‘‘counts’’ the work per unit time (i.e. power) done by such an electric field P =

R
Ex
EJ · EE =

R
Ex[(Qe)�5]EE · EB.

Alternatively for this systemof chiral fermions, the (electromagnetic) chiral anomaly suggests the generation of axial charges
at the rate dQ5/dt =

R
Ex CAEE · EB with CA = (Qe)2/(2⇡2) the universal anomaly coefficient. Now a nonzero axial chemical

potential µ5 6= 0 implies an energy cost for creating each unit of axial charge, thus the energy changing rate via anomaly
counting would give the power P = µ5(dQ5/dt) =

R
Ex[CAµ5]EE · EB. These reasonings therefore lead to the following

identification:
Z

Ex
[(Qe)�5]EE · EB =

Z

Ex
[CAµ5]EE · EB (8)

for any auxiliary EE field. Thus the �5 must take the universal value CAµ5
Qe =

Qe
2⇡2 µ5 that is completely fixed by the chiral

anomaly.
The transport phenomenon in Eq. (4) bears a distinctive feature that is intrinsically different from Eq. (7). The chiral

magnetic conductivity �5 is a T -even transport coefficient while the usual conductivity � is T -odd [26]. That is, the CME
current can be generated as an equilibrium current without producing entropy, while the usual conducting current is
necessarily dissipative.

2.2. The chiral separation effect

By reminding ourselves of the axial counterpart in Eq. (5) of the vector current, which we have discussed so far, it may be
natural to ask: could axial current also be generated under certain circumstances in response to external probe fields? The
answer is positive. A complementary transport phenomenon to the CME has been found and named the Chiral Separation
Effect (CSE) [61,62]:

EJ5 = �sEB. (9)

It states that an axial current is generated along an external EB field, with its magnitude in proportion to the system’s
(nonzero) vector chemical potential µ as well as the field magnitude. The coefficient (which may be called the CSE
conductivity) is given by �s =

Qe
2⇡2 µ.

Intuitively the CSE may be understood in the following way, as illustrated in Fig. 2. The magnetic field leads to a spin
polarization (i.e. ‘‘magnetization’’) effect, with hEsi / (Qe)EB. This effect implies that the positively charged quarks have their
spins preferably aligned along the EB field direction, while the negatively charged anti-quarks have their spins oppositely
aligned. NowRHquarks and antiquarks (with Ep k Es)will have opposite averagemomentum hEpi / hEsi / (Qe)EB, i.e. withmore
RH quarks/antiquarks moving in the direction parallel/antiparallel to EB. Furthermore with nonzero µ 6= 0 (e.g. considering
µ > 0) there would then be a net current of RH quarks/antiquarksEJR / hEpi(nQ � nQ̄ ) / (Qe)µEB. The LH quarks/antiquarks
would form an opposite current EJL / �(Qe)µEB but contribute the same as the RH quarks/antiquarks to form together an
axial current along the magnetic field: EJ5 / (Qe)µEB.

It is instructive to recast (4) and (9) in terms of the RH and LH currents EJR/L, as follows:

EJR/L =
EJ ± EJ5

2
= ±�R/LEB (10)

with �R/L =
Qe
4⇡2 µR/L. The above has the simple interoperation as the CME separately for the purely right-handed and purely

left-handedWeyl fermions: note the sign difference in the RH/LH cases. It reveals that the CME and the CSE are two sides of

RH

LH

p spinB)field J5

μv>0

µv/T / hN+ �N�i
hN+ +N�i

= Ach

B-field + massless quarks + non-zero μv → axial current J5

Chiral Separation Effect

Slopes of Λ and anti-Λ seem to be different (~2σ level) 

Possible contribution to the polarization from the axial  
current J5 induced by B-field (Chiral Separation Effect) 
S. Shlichting and S. Voloshin

STAR, PRC98, 014910 (2018)

J5 / eµvB
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Yasuki Tachibana, “Collective flow induced by energetic partons in heavy-ion collisions”
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Collective flow induced by 1-jet

YT and T. Hirano, Nucl.Phys.A904-905 2013 (2013) 1023c-1026c
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-4 -2  0  2  4
-4

-2

 0

 2

 4

 0.25

 0.3

 0.35

 0.4

 0.45

x (fm)

y
(f

m
)

e
�
GeV/fm3

�
: flow velocity

-Mach cone structure

-Vortex ring  
around the passage

decorrelation of anisotropic flow of final hadrons with large
pseudorapidity gaps [32,33].
Convective flow and vorticity distribution.—The initial

conditions constructed from the AMPT-HIJING model con-
tain fluctuations in the local fluid velocity [32] due to string
breaking and minijets. These fluctuations in fluid velocity
and the energy density lead to nonvanishing local vorticity
as well as global net vorticity along the orbital angular
momentum of noncentral collisions [13].
According to the definition of the vorticity ωμ, it has

contributions from convection (the spatial gradient of the
fluid velocity), acceleration (the temporal gradient of the
fluid velocity), and conduction (the spatial and temporal
gradient of the temperature). Within the CLVisc calculations,
we find that the vorticity is dominated by convection. The
system develops large longitudinal fluid velocity quickly
along the beam directions in the early time, while the
transverse gradient in the initial energy density also leads to
a buildup of a radial component of the fluid velocity. This
convective fluid velocity field gives rise to a transverse
vorticity distribution that has a right-handed toroidal
structure (ringlike) around each beam direction. Shown
in Fig. 1 as arrows are distributions of ~ω⊥ðx; yÞ in the
transverse plane at a spatial rapidity η ¼ 4 and a proper
time τ ¼ 3 fm=c in a semiperipheral (20%–30%) Auþ Au
collision at

ffiffiffi
s

p
NN ¼ 200 GeV from the CLVisc simulations.

One can clearly see the right-handed toroidal structure
(module fluctuations) around the beam direction (out of the
transverse plane). The total net vorticity h

P
ωyi projected

to the reaction plane is nonzero for noncentral collisions.

The magnitude of the local transverse vorticity ~ω⊥ and the
net total vorticity h

P
ωyi should both increase with

centrality, spatial rapidity, and decreasing energy [13].
Similarly, the collective flow of the hot spots (denoted by

dashed arrows in Fig. 1) can also lead to convective flow in
the radial direction. Because of approximate local boost
invariance of the fluid, this leads to pairings of the positive
and negative longitudinal vorticity ωη’s, or vortex pairings,
in the transverse plane at a given spatial rapidity, shown as
colored contours in Fig. 1. Such vortex pairing is essen-
tially a 2D manifestation of a 3D toroid of vorticity
elongated in the longitudinal direction. Since the longi-
tudinal vorticity is caused mainly by transverse fluctua-
tions, its magnitude and structure should depend on
centrality but not on colliding energy and rapidity. The
average value over the entire transverse plane h

P
ωηi,

however, should vanish.
Hyperon spin correlation.—Since the spin polarization is

directly proportional to the local vorticity, the spatial
structure in Fig. 1 is expected to show up in the azimuthal
correlation of Λ spin polarization due to radial expansion,
which correlates the spatial azimuthal angle of the fluid
cells to the azimuthal angle of final hadron’s transverse
momentum. Therefore, we propose using the spin corre-
lations of two Λ’s to study the vortical structure of the
expanding fluid in high-energy heavy-ion collisions.
Shown in Fig. 2 are the transverse and longitudinal spin
correlations of two Λ’s, h~P⊥ðϕ1Þ · ~P⊥ðϕ2Þi and
hPηðϕ1ÞPηðϕ2Þi, respectively, as functions of the azimuthal
angle difference jϕ1 − ϕ2j of their momenta. In our CLVisc

hydrosimulations of semicentral (20%–30%) Pbþ Pb col-
lisions at

ffiffiffi
s

p
NN ¼ 2.76 TeV, we have set the shear

viscosity to entropy density ratio to ηv=s ¼ 0.08 (the solid
lines) and 0.0 (the dashed lines). As expected, the trans-
verse spin correlation in azimuthal angle has an approxi-
mate cosine form due to the toroidal structure of the
transverse vorticity around the beam direction plus an
offset due to the global spin polarization. Both the
amplitude of the oscillation (the local polarization) and
the offset (the global polarization) increase with rapidity as
well as with ηv=s. The longitudinal spin correlation, on the
other hand, displays a different behavior. The oscillation in
jϕ1 − ϕ2j is the result of vortex pairing in the transverse
plane, as illustrated in Fig. 1. The sign change at jϕ1 −
ϕ2j≈ 1 indicates the typical opening angle of the vortex
pairs from the convective radial flow due to transverse
geometry and fluctuations. The rise of the correlation at
large angles is the result of spin correlations from different
vortex pairs in the transverse plane. The amplitude of the
longitudinal spin correlation increases slightly with rapidity
but decreases slightly with ηv=s.
In Fig. 3, we show (a) the Λ transverse spin correlations

in the rapidity range Y ∈ ½2; 3&and (b) the longitudinal spin
correlation in Y ∈ ½0; 1&in semiperipheral (20%–30%) and
central (0%–5%) Auþ Au collisions at

ffiffiffi
s

p
NN ¼ 62.4,

(fm)

(f
m

)

(GeV)

(GeV)

FIG. 1. Transverse (arrows) and longitudinal vorticity (contour)
distributions in the transverse plane at η ¼ 4 in semiperipheral
(20%–30%) Auþ Au collisions at

ffiffiffi
s

p
NN ¼ 200 GeV with shear

viscosity to entropy density ratio ηv=s ¼ 0.08. Dashed arrows
indicate the radial flow of hot spots. A cutoff in energy density
ϵ > 0.03 GeV=fm3 is imposed. The direction of the beam (target)
is out of plane (⊙) [into the plane (⊗)]. The orbital angular
momentum of the collision is along −ŷ.
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Polarization along the beam direction
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S. Voloshin, SQM2017

Stronger flow in in-plane than in out-of-plane 
could make local polarization along beam axis!

Longitudinal component, Pz, can be expressed with <cosθp*>. 
<(cosθp*)2> accounts for an acceptance effect

(if perfect detector)

dN

d⌦⇤ =
1

4⇡
(1 + ↵HPH · p⇤

p)

hcos ✓⇤pi =
Z

dN

d⌦⇤ cos ✓⇤pd⌦
⇤

= ↵HPzh(cos ✓⇤p)2i

) Pz =
hcos ✓⇤pi

↵Hh(cos ✓⇤p)2i

=
3hcos ✓⇤pi

↵H

F. Becattini and I. Karpenko, PRL120.012302 (2018)

αH: hyperon decay parameter 
θp*: θ of daughter proton in Λ rest frame

Strangeness in Quark Matter,  Utrecht University, July 10-15,2017page S.A. Voloshin
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Figure 14: (color online) Magnitude (panel a) and components (panels b,c,d) of the polarization vector of the ⇤ hyperon in its
rest frame.

stringent test of numerical implementations of Israel-Stewart
theory in Bjorken coordinates.

We have found that the magnitude of the 1/⌧ x � ⌘ com-
ponent of the thermal vorticity at freezeout can be as large as
5⇥10�2 and yet its mean value is not large enough to produce
a polarization of ⇤ hyperons much larger than 1%, which is a
consistently lower estimate in comparison with other recent
calculations based on di↵erent initial conditions. We have
found that the magnitude of directed flow, at this energy, has
an interestingly sizeable dependence on both the shear viscos-
ity and the longitudinal energy density profile asymmetry pa-
rameter ⌘m which in turn governs the amount of initial angular
momentum retained by the plasma.

The fact that in 3+1D the plasma needs to have an initial an-
gular momentum in order to reproduce the observed directed
flow raises the question whether the Bjorken initial condition
u⌘ = 0 is a compelling one or, instead, the same angular mo-
mentum can be obtained with a non trivial u⌘ and with a suit-
able change of the energy density profile. For a testing pur-

pose, we have run ECHO-QGP with an initial profile:

u⌘ =
1
⌧

tanh Ax sinh(ybeam � |⌘|) (36)

which meets the causality constraint (see Appendix B). It is
found that the directed flow is very sensitive to an initial u⌘.
For a small positive value of the parameter A = 5⇥ 10�4 fm�1

corresponding to a Jy = 3.32 ⇥ 103, keeping all other parame-
ters fixed, the directed flow exhibits two slight wiggles around
midrapidity (see fig. 15) which are not seen in the data. For
a very small negative value of the parameter A = �5 ⇥ 10�4

fm�1, corresponding to Jy = 3.08 ⇥ 103, the directed flow in-
creases while approximately keeping the same shape as for
A = 0 around midrapidity. However, more detailed studies
are needed to determine whether a non-vanishing initial flow
velocity is compatible with the experimental observables.

We plan to extend this kind of calculation to di↵erent cen-
tralities, di↵erent energies and with initial state fluctuations in
order to determine the possibly best conditions for vorticity
formation in relativistic nuclear collisions.
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We present a quantitative study of vorticity formation in peripheral ultrarelativistic heavy ion collisions atp
sNN = 200 GeV by using the ECHO-QGP numerical code, implementing relativistic dissipative hydrodynam-

ics in the causal Israel-Stewart framework in 3+1 dimensions with an initial Bjorken flow profile. We consider
and discuss di↵erent definitions of vorticity which are relevant in relativistic hydrodynamics. After demonstrat-
ing the excellent capabilities of our code, which proves to be able to reproduce Gubser flow up to 8 fm/c, we
show that, with the initial conditions needed to reproduce the measured directed flow in peripheral collisions
corresponding to an average impact parameter b = 11.6 fm and with the Bjorken flow profile for a viscous Quark
Gluon Plasma with ⌘/s = 0.1 fixed, a vorticity of the order of some 10�2 c/fm can develop at freezeout. The
ensuing polarization of ⇤ baryons does not exceed 1.4% at midrapidity. We show that the amount of developed
directed flow is sensitive to both the initial angular momentum of the plasma and its viscosity.

I. INTRODUCTION

The hydrodynamical model has by now become a paradigm
for the study of the QCD plasma formed in nuclear colli-
sions at ultrarelativistic energies. There has been a consider-
able advance in hydrodynamics modeling and calculations of
these collisions over the last decade. Numerical simulations
in 2+1D [1] and in 3+1 D [2–7] including viscous corrections
are becoming the new standard in this field and existing codes
are also able to handle initial state fluctuations.

An interesting issue is the possible formation of vorticity in
peripheral collisions [8–10]. Indeed, the presence of vortic-
ity may provide information about the (mean) initial state of
the hydrodynamical evolution which cannot be achieved oth-
erwise, and it is related to the onset of peculiar physics in the
plasma at high temperature, such as the chiral vortical e↵ect
[11]. Furthermore, it has been shown that vorticity gives rise
to polarization of particles in the final state, so that e.g. ⇤
baryon polarization - if measurable - can be used to detect
it [12, 13]. Finally, as we will show, numerical calculation
of vorticity can be used to make stringent tests of numerical
codes, as the T-vorticity (see sect. II for the definition) is ex-
pected to vanish throughout under special initial conditions in
the ideal case.

Lately, vorticity has been the subject of investigations in
refs. [9, 10] with peculiar initial conditions in cartesian coor-
dinates, ideal fluid approximation and isochronous freezeout.
Instead, in this work, we calculate di↵erent kinds of vortic-
ity with our 3+1D ECHO-QGP 1 code [3], including dissi-
pative relativistic hydrodynamics in the Israel-Stewart formu-
lation with Bjorken initial conditions for the flow (i.e. with

1 The code is publicly available at the web site http://theory.fi.infn.it/echoqgp

ux = uy = u⌘ = 0), henceforth denoted as BIC. It should be
pointed out from the very beginning that the purpose of this
work is to make a general assessment of vorticity at top RHIC
energy and not to provide a precision fit to all the available
data. Therefore, our calculations do not take into account ef-
fects such as viscous corrections to particle distribution at the
freezeout and initial state fluctuations, that is we use smooth
initial conditions obtained averaging over many events.

A. Notations

In this paper we use the natural units, with ~ = c = K = 1.
The Minkowskian metric tensor is diag(1,�1,�1,�1); for the
Levi-Civita symbol we use the convention ✏0123 = 1.
We will use the relativistic notation with repeated indices as-
sumed to be summed over, however contractions of indices
will be sometimes denoted with dots, e.g. u · T · u ⌘ uµT µ⌫u⌫.
The covariant derivative is denoted as dµ (hence d�gµ⌫ = 0),
the exterior derivative by d, whereas @µ is the ordinary deriva-
tive.

II. VORTICITIES IN RELATIVISTIC HYDRODYNAMICS

Unlike in classical hydrodynamics, where vorticity is the
curl of the velocity field v, several vorticities can be defined
in relativistic hydrodynamics which can be useful in di↵erent
applications (see also the review [14]).
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Sine structure as expected from the elliptic flow!

- Effect of Ψ2 resolution is not corrected here
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Opposite sign to the hydrodynamic model and  
transport model (AMPT) 

   - F. Becattini and I. Karpenko, PRL.120.012302 (2018) 
   - X. Xia, H. Li, Z. Tang, Q. Wang, PRC98.024905 (2018) 

Chiral kinetic and PICR models predict the same sign  
 - Y. Sun and C.-M. Ko, PRC99, 011903(R) (2019) 
 - Y. Xie, D. Wang, and L. P. Csernai, arXiv:1907.00773
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FIG. 2. Map of longitudinal component of polarization of midrapidity ⇤ from a hydrodynamic calculation corresponding to

20-50% central Au-Au collisions at
p
sNN = 200 GeV (left) and 20-50% central Pb-Pb collisions at

p
sNN = 2760 GeV (right).

where ' is the transverse momentum azimuthal angle,

set to be zero at the reaction plane. In the above equa-

tion the longitudinal spin component is a function of the

spectrum alone at Y = 0. By expanding it in Fourier

series in ' and retaining only the elliptic flow term, one

obtains:

Sz
(pT , Y = 0) = �

dT/d⌧

4mT

@

@'
2v2(pT ) cos 2'

=
dT

d⌧

1

mT
v2(pT ) sin 2' (13)

meaning, comparing this result to eq. (7) that in this

case:

f2(pT ) = 2
dT

d⌧

1

mT
v2(pT )

This simple formula only applies under special assump-

tions with regard to the hydrodynamic temperature evo-

lution, but it clearly shows the salient features of the

longitudinal polarization at mid-rapidity as a function of

transverse momentum and how it can provide direct in-

formation on the temperature gradient at hadronization.

It also shows, as has been mentioned - that it is driven by

physical quantities related to transverse expansion and

that it is independent of longitudinal expansion.

Polarization of ⇤ hyperons along the beam line
The above conclusion is confirmed by more realistic 3D

viscous hydrodynamic simulations of heavy ion collisions

using averaged initial state from Monte Carlo Glauber

model with its parameters set as in [16]. We have cal-

culated the polarization vector P⇤
= 2S⇤

of primary ⇤

hyperons with Y = 0 in their rest frame (note that at

mid-rapidity S⇤z
= Sz

). The resulting transverse mo-

mentum dependence of P ⇤z
is shown in fig. 2 for 20-50%

central Au-Au collisions at
p
sNN = 200 (RHIC) and

20-50% Pb-Pb collisions at
p
sNN = 2760 GeV (LHC).

FIG. 3. Second harmonic of the longitudinal component of ⇤

polarization f2 from hydrodynamic simulations as a function

of pT for di↵erent energies.

The corresponding second harmonic coe�cients f2 are

displayed in fig. 3 for 4 di↵erent collision energies: 7.7,

19.6 GeV (calculated with initial state from the UrQMD

cascade [17]), 200 and 2760 GeV (with the initial state

from Monte Carlo Glauber [16]). It is worth noting that,

whilst the P y
component, along the angular momentum,

decreases by about a factor 10 between
p
sNN = 7.7 and

200 GeV, f2 decreases by only 35%. We also find that

the mean, pT integrated value of f2 stays around 0.2% at

all collision energies, owing to two compensating e↵ects:

decreasing pT di↵erential f2(pT ) and increasing mean pT
with increasing collision energy.

In principle, the longitudinal polarization of ⇤ hyper-

ons can be measured in a similar fashion as for the compo-

F. Becattini and I. Karpenko,  
PRL.120.012302 (2018)

in-plane

out-of-plane

px [GeV/c]

p y
 [G

eV
/c

] + -

- +

Polarization along the beam direction
5

0 1 2 3

 [rad] 
2

Ψ-φ

0.001−

0.0005−

0

0.0005

0.001 
su

b
〉*) pθ

co
s(

〈

Λ

Λ

 = 200 GeVNNsAu+Au 
20%-60%

STAR

)
2

Ψ-2φsin(2
1

+2p
0

fit: p
0.003 [%]± =0.016

1
p

0.003 [%]± =0.015
1

p

FIG. 2. (Color online) ⟨cos θ∗p⟩ of Λ and Λ̄ hyperons as a func-
tion of azimuthal angle φ relative to the second-order event
plane Ψ2 for 20%-60% centrality bin in Au+Au collisions at√
s
NN

= 200 GeV. Open boxes show the systematic uncer-

tainties and ⟨⟩sub denotes the subtraction of the acceptance
effect (see text). Solid lines show the fit with the sine function
shown inside the figure. Note that the data are not corrected
for the event plane resolution.

and 0.5 < η < 1) for Ψ2 determination (< 11%), and
estimates of the possible background contribution to the
signal (4.3%). The numbers are for mid-central colli-
sions. Also the uncertainty from the decay parameter is
accounted for (2% for Λ and 9.6% for Λ̄, see Ref. [11] for
the detail). We further studied the effect of a possible
self-correlation between the particles used for the Λ (Λ̄)
reconstruction and the event plane by explicitly removing
the daughter particles from the event plane calculation
in Eq. (2). There was no significant difference between
the results. The Λ and Λ̄ reconstruction efficiencies were
estimated using GEANT [28] simulations of the STAR
detector [19]. The correction is found to lower mean val-
ues of the Pz sine coefficient by ∼10% in peripheral col-
lisions and increases up to ∼50% in central collisions,
although the variations are within statistical uncertain-
ties. No significant difference was observed between Λ
and Λ̄ as expected. Therefore, results from both samples
were combined to reduce statistical uncertainties.
Figure 3 presents the centrality dependence of the sec-

ond Fourier sine coefficient ⟨Pz sin(2φ − 2Ψ2)⟩. The in-
crease of the signal with decreasing centrality is likely
due to increasing elliptic flow contributions in peripheral
collisions. We note that, unlike elliptic flow, the polariza-
tion does disappear in the most central collisions, where
the elliptic flow is still significant due to initial density
fluctuations. Because of large uncertainties in periph-
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FIG. 3. (Color online) The second Fourier sine coefficient
of the polarization of Λ and Λ̄ along the beam direction as
a function of the collision centrality in Au+Au collisions at√
s
NN

= 200 GeV. Open boxes show the systematic uncer-
tainties. Dotted line shows the AMPT calculation [27] scaled
by 0.2 (no pT selection). Solid and dot-dashed lines with the
bands show the blast-wave (BW) model calculation for pT = 1
GeV/c with Λ mass (see text for details).

eral collisions, it is not clear whether the signal continues
to increase or levels off. The results are compared to a
multiphase transport (AMPT) model [27] as shown with
the dotted line. The AMPT model predicts the opposite
phase of the modulations and overestimates the magni-
tude. The blast-wave model study is discussed later.

Since the elliptic flow also depends on pT as well as on
the centrality, the polarization may have pT dependence.
Figure 4 shows the sine coefficients of Pz as a function
of the hyperon transverse momentum. No significant pT
dependence is observed for pT > 1 GeV/c, and the statis-
tical precision of the single data point for pT < 1 GeV/c
is not enough to allow for definitive conclusions about the
low pT dependence. In the hydrodynamic model calcula-
tion [14], the sine coefficient of Pz increases in magnitude
with pT but shows the opposite sign to the data.

As shown in Figs. 3 and 4, the hydrodynamic and
AMPT models predict the opposite sign in the sine co-
efficient of the polarization and their magnitudes differ
from the data roughly by a factor of 5. The reason of
this sign difference is under discussion in the community.
However, the sign change may be due to the relation
between azimuthal anisotropy and spatial anisotropy at
freeze-out [13]. There could be contributions from the
kinematic vorticity originating from the elliptic flow as
well as from the temporal gradient of temperatures at
the time of hadronization [14]. A recent calculation us-
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Spin alignment of vector meson
D0 v1, sensitive to the initial tilt and EM-field

Cu+Au v1: EM-field lifetime, quark density evolution, conductivity

pT < 2 GeV=c in 10%–30% centrality and becomes con-
sistent with zero by 50%–60% centrality within large
systematic uncertainties. The small but finite Δv1 agrees
with the expectation for the effects of the initial electric
field. The sign flipping of the electric field discussed in
Ref. [14] seems not to be observed within the current
uncertainty, which is close to the expectation discussed
in Ref. [16].
Figure 3 shows v1 and Δv1 in the 10%–40% centrality

bin. For pT < 2 GeV=c, the Δv1 seems to increase with
pT . The v1 results from Auþ Au collisions (the so-called
even component of v1) show much smaller values (∼by a
factor of 10) compared to those in Cuþ Au. Note that the
odd component of v1 in Auþ Au collisions is similarly
small [34]. The Δv1 in Auþ Au is consistent with zero.
Calculations for charged pions from the parton-hadron-
string-dynamics (PHSD) model [15], which is a dynami-
cal transport approach in the partonic and hadronic
phases, are compared to the data. As indicated in
Eq. (2), the measured Δv1 could be smeared by the
fluctuations in ψE and Ψ1 orientations, but note that the
PHSD model takes such event-by-event fluctuations into
account. The PHSD model calculates two cases: charge-
dependent v1 with and without the initial electric field
(EF). For the case with the EF switched on, the model
assumes that all electric charges are affected by the EF and
this results in a large separation of v1 between positive and
negative particles as shown in Fig. 3(a). In Fig. 3(b), the
calculations of the Δv1 with and without the EF are shown
together, but note that the EF-on data points are scaled by
0.1 relative to the PHSD results. After scaling by 0.1, the
model describes rather well the pT dependence of the
measured data for pT < 2 GeV=c.
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FIG. 2. Directed flow of positive and negative particles from minimum bias Cuþ Au collisions at
ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV, as a function of
pT , in five centrality bins. The difference between the positive and negative spectra is shown in the lower panels, where the open boxes
show the systematic uncertainties. See the text for the definition of the positive direction for v1.
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FIG. 3. Directed flow of positive and negative particles and
the difference between the two spectra as a function of pT in
10%–40% centrality in Cuþ Au and Auþ Au collisions. The
PHSD model calculations [15] for charged pions with and
without the initial electric field (EF) in the same centrality region
are presented for comparison. Note that the charge difference of
v1 with the EF on is scaled by 0.1.
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FIG. 2: Filled circles and star symbols present v1 as a function
of rapidity for D0 and D0 mesons at pT >1.5 GeV/c for 10–
80% centrality Au+Au collisions at

√
sNN = 200 GeV. The

D0 and D0 data points are displaced along the x-axis by ∓
0.019 respectively for clear visibility. The error bars and caps
denote statistical and systematic uncertainties, respectively.
The solid and dot-dashed lines present a linear fit to the data
points for D0 and D0, respectively.

In Fig. 2, the filled circle and star markers present the
rapidity dependence of v1 for the D0 and D0 mesons
with pT > 1.5 GeV/c in 10–80% Au+Au collisions at√
sNN = 200GeV. It is a common practice to present

the strength of v1 via its slope at midrapidity. The D0

(D0) v1-slope (dv1/dy) is calculated by fitting v1(y) with
a linear function constrained to pass through the origin,
as shown by the solid (dot-dashed) line in Fig. 2. The
dv1/dy for D0 and D0 is −0.086± 0.025 (stat.) ± 0.018
(syst.) and −0.075 ± 0.024 (stat.) ± 0.020 (syst.), re-
spectively. Figure 3(a) presents v1(y) averaged over D0

and D0 (denoted ⟨v1⟩) for pT > 1.5 GeV/c. The dv1/dy
for the averaged D0 mesons using a linear fit is −0.080 ±
0.017 (stat.) ± 0.016 (syst.). The p-value and χ2/NDF
for the linear fit passing through the origin are 0.41 and
2.9/3 respectively. To perform a statistical significance
test for a null hypothesis for the v1 of the averaged D0

and D0, we calculate the χ2 of the measured ⟨v1⟩ val-
ues set to a constant at zero. The resulting χ2/NDF
and p-value are 14.9/4 and 0.005 respectively, indicating
that the data prefer a linear fit with a non-zero slope.
The D0 v1(y) results are compared to charged kaons,
shown by open square markers in Fig. 3(a). The kaon
v1(y) is measured for pT > 0.2 GeV/c. Note that the
⟨pT⟩ for kaons is 0.63 ± 0.04 GeV/c while that for D0

mesons is 2.24 ± 0.02 GeV/c in our measured pT accep-
tance for 10–80% Au+Au collisions at

√
sNN = 200GeV.

The dv1/dy of charged kaons, fit using a similar linear
function, is −0.0030 ± 0.0001 (stat.) ± 0.0002 (syst.).
The inset in Fig. 3(a) presents the ratio of the v1 of the

D0 and charged kaons. The absolute value of the D0-
mesons dv1/dy is observed to be about 25 times larger
than that of the kaons with a 3.4σ significance. Moreover,
among the measurements by the STAR collaboration of
v1(y) for eleven particle species in Au+Au collisions at
200 GeV [45], the nominal value of the D0 dv1/dy is the
largest.
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FIG. 3: Panel (a): Solid circles present directed flow
(⟨v1(y)⟩) for the combined samples of D0 and D0 at pT >
1.5 GeV/c in 10–80% central Au+Au collisions at

√
sNN =

200GeV. Open squares present v1(y) for charged kaons with
pT >0.2 GeV/c. The inset shows the ratio of v1 between the
D0 and charged kaons. The solid and dashed lines show hy-
drodynamic model calculation with an initial electromagnetic
field [32, 35] and AMPT model [47] calculations, respectively.
Panel (b): The solid square markers present the difference in
v1(y) (∆v1) between D0 and D0 for pT >1.5 GeV/c in 10–
80% Au+Au collisions at

√
sNN = 200 GeV. Open triangles

represent ∆v1 between K− and K+. The dotted and solid
lines present a ∆v1 prediction for D0 and D0, reported in
Refs. [33] and [32, 35], respectively. The error bars and caps
denote statistical and systematic uncertainties, respectively.

In hydrodynamic models, the “antiflow” nature of
rapidity-odd directed flow is reproduced by an initial
tilted source [12], where the tilt parameter is obtained
from a fit to v1(y) for charged hadrons. A recent model
calculation [32], where Langevin dynamics for heavy
quarks are combined with a hydrodynamic medium and
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have not yet been created during the lifetime of the strong electric field, which is of the order of, or
less than, 1 fm=c.

DOI: 10.1103/PhysRevLett.118.012301

Hot and dense nuclear matter has been extensively
studied in nucleus-nucleus collisions at the Relativistic
Heavy Ion Collider (RHIC) [1–4] and the Large Hadron
Collider (LHC) [5–7]. Numerous experimental results have
suggested that a quark-gluon plasma (QGP) consisting of
deconfined quarks and gluons is created in these collisions.
At present, the emphasis is on characterizing the detailed
properties of the QGP.
One of the most important and informative experimental

observables used to study the properties of the QGP is
the azimuthal anisotropic flow, which can be characterized
by the Fourier coefficients extracted from the azimuthal
distribution of the final state particles [8]. The second-order
Fourier coefficient (so called elliptic flow) and higher-order
Fourier coefficients vn (n > 2) are found to be very
sensitive to the shear viscosity over entropy density ratio
η=s [9,10]. The first-order Fourier coefficient v1, also
known as directed flow, is sensitive to the equation of
state of the medium and therefore could be a possible probe
of a QGP phase transition [11–13].
Recent theoretical studies suggest that an asymmetric

colliding system can provide new insights regarding the
properties of a QGP, such as the electric conductivity [14]
and the time evolution of the quark densities [15]. Figure 1
shows an example of the distribution of spectators and
participants (protons and neutrons) in the transverse plane
for a Cuþ Au collision assuming an impact parameter of
6 fm. Because of the difference in the number of protons in

the two nuclei, a strong electric field is created at the initial
stage of the collision and the direction of the field is
indicated by the arrow in Fig. 1. The lifetime of the field
might be very short, of the order of a fraction of 1 fm=c
(e.g., t ∼ 0.25 fm=c from Ref. [14,15]), but the electric
charges from quarks and antiquarks that are present in the
early stage of the collision would experience the Coulomb
force and so would be pushed along or opposite to the field
direction depending on the particle charge. The azimuthal
distribution of produced particles (including the effect of
the electric field) can be written as [14,16]

dN"

dϕ
∝ 1þ 2v1 cosðϕ −Ψ1Þ " 2dE cosðϕ − ψEÞ % % % ; ð1Þ

where ϕ is the azimuthal angle for a particle,Ψ1 is the angle
of orientation for the first-order event plane, and the upper
(lower) sign of " is for the positively (negatively) charged
particles. ψE denotes the azimuthal angle of the electric
field; it is strongly correlated with Ψ1 (see Fig. 1) but can
differ from Ψ1 event by event due to the fluctuation of the
initial nucleon distribution. The coefficient dE characterizes
the strength of dipole deformation induced by the electric
field and is proportional to the electric conductivity of
the plasma. Then the directed flow v1 of positively and
negatively charged particles can be expressed as

v"1 ¼ v1 " dEhcosðΨ1 − ψEÞi; ð2Þ

where hi means an average over all particles in all events.
Equation (2) illustrates how the presence of an electric field
results in charge separation for directed flow. The strength
of the charge separation depends on the number of (anti)
quarks existing at the earliest stages of the collision when
the electric field is strong. Therefore, the measurement of
charge-dependent directed flow can be used to test the
quark production mechanism, such as the two-wave sce-
nario of quark production [17,18]. Also, understanding the
time evolution of the quark density in heavy-ion collisions
is very important for a detailed theoretical prediction of the
chiral magnetic effect [19,20] and the chiral magnetic wave
[21,22]. These effects are supposed to emerge under an
initial strong magnetic field and are actively searched for by
various experiments [23–27].
In this Letter, we present the first measurement of the

charge-dependent directed flow in Cuþ Au collisions atffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV. The results are presented for different
collision centralities as a function of the particle transverse
momentum pT and pseudorapidity η. For comparison we
also show results for Auþ Au collisions where the effect is

FIG. 1. Example of a noncentral Cuþ Au collision viewed in
the transverse plane showing an initial electric field ~E caused by
the charge difference between two nuclei. ΨAu-SP

1 denotes the
direction of Au spectators.
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IV. SPIN POLARIZATION OF HYPERONS

The spatial structure of the thermal vorticity discussed in
Sec. III can be transformed into the structure of the spin po-
larization of ⇤ and ⇤̄ hyperons in momentum space. In Fig. 6
(left) we show our result for the global spin polarization of
⇤ and ⇤̄ hyperons along the y direction, i.e., the direction of
the total OAM, for Au + Au collisions in the centrality region
20-50% and rapidity region �1 < Y < 1 from

p
s = 7.7 to

200 GeV, where Y = 1
2 ln[(p0 + pz)/(p0 � pz)]. Within the

error bars, our numerical result is consistent with the experi-
mental data except for 7.7 GeV where the data for ⇤̄ is very
large. We do not take into account the possible feed-down
contributions to the global polarization; the previous estimate
showed that including such contributions will suppress the ⇤
and ⇤̄ polarization by about 10 � 20% [5, 48, 53–55]. Com-
paring to Fig. 1, we emphasize that the energy dependence of
Py is consistent with that of $zx. We also depict the pT and
rapidity Y dependence of the global polarization and compare
to the experimental data in Fig. 7. The results show different
patterns as those simulated in Ref. [56]. The rapidity depen-
dence is qualitatively consistent with the spacetime-rapidity
dependence of fluid vorticity [17]. Within error bars, consis-
tence between the data [6] and our simulation is seen.
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FIG. 6. (Color online) (Left) The averaged ⇤ and ⇤̄ spin polarization
along y direction in 20-50% centrality range of Au+Au collisions as
a function of collision energy. The rapidity window for ⇤ and ⇤̄ is
|Y | < 1. Open points: STAR data [5, 6]. Red solid points: this work.
(Right) The spin polarization Py for ⌅0 and ⌦�. Other parameters
are the same as the left panel.

In Fig. 6 (right) we draw the spin polarization of ⌅0 and
⌦� for Au+Au collisions in 20 - 50% centrality range and ra-
pidity window |Y | < 1 . The results are similar with that of
⇤ and ⇤̄ and can be understood by noticing the mass ordering
and spin ordering among ⇤, ⌅0, and ⌦�: m⇤ < m⌅0 < m⌦�

and spin(⌦�) = 3/2, spin(⌅0) = spin(⇤) = 1/2. Accord-
ing to Eq. (4) and Eq. (6), lighter and higher-spin particles
are easier to be polarized by the fluid vorticity. The study of
⌅0 and ⌦� polarization may also provide useful information
for the understanding of the magnetic field contribution to the
spin polarization of hadrons. This is because that the valence
quark contents of ⇤, ⌅0, and ⌦� are uds, uss, and sss, re-
spectively, and their magnetic moments are all dominated by
strange quarks, µ⇤ ⇡ µs, µ⌅0 ⇡ 2µs, and µ⌦� ⇡ 3µs. As

µs ⇡ �0.613µN < 0, the magnetic field (which is roughly
along the same direction as the OAM) will give a negative
contribution to the spin polarization and thus will reduce the
polarization spitting among ⇤, ⌅0, and ⌦� or even violate the
polarization ordering as shown in Fig. 6 (right) which does not
contain any magnetic field contribution.

FIG. 7. (Color online) The pT and rapidity dependence of the global
polarization at different collision energies. Open points: STAR
data [6]. Dotted lines: this work.

Next, we study the final-state ⇤ and ⇤̄ spin response to the
vortical quadrupole in the partonic phase as shown in Fig. 5.
In Fig. 8, we show the distribution of event-averaged Py for
⇤ and ⇤̄ in the rapidity-azimuth (Y -�) plane for Au + Au
collisions at 19.6 and 200 GeV and centrality 20-50%. Corre-
sponding to Fig. 5 in coordinate space, the quadrupole in Py

in momentum space is also clearly seen in Fig. 8. If we focus
on the mid-rapidity region, e.g., |Y | < 1, where the global
OAM contribution could dominate, we find that Py increases
from the in-plane direction to the out-of-plane direction, as
shown in Fig. 9 which is, however, opposite to the experimen-
tal data. We note that similar opposite-to-experiment behav-
ior of Py was also seen in the hydrodynamic simulation [57].
This discrepancy between theoretical calculations and exper-
imental data is very puzzling. One issue that may affect the
azimuthal dependence is that the spin polarization along the
out-of-plane direction may be quenched by the hot medium
which is not taken into account in the theoretical calculations.
We will in future works study this puzzle.

FIG. 8. (Color online) The rapidity-azimuth distribution of the event-
averaged spin polarization of ⇤ and ⇤̄ for Au + Au collisions at 20-
50% centrality range at 19.6 and 200 GeV, respectively.
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 Isobaric collision data (Ru+Ru, Zr+Zr) 
 Same mass number but different number of protons 
→~10% difference in B-field
 Test for CME as well as PH splitting

 New data of 27 GeV and BESII for 7.7-19.6 GeV (collider) and 3-7.7 GeV (fixed target) 
with iTPC and EPD (x10 events, x1.5 better EP) 
 Global polarization of multi-strangeness (Ξ and Ω)
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est, 20− 60%, the v2-related backgrounds should stay almost
the same for Ru + Ru and Zr + Zr collisions. The slightly non-
zero effect will be taken into account in the significance esti-
mation for the CME signal projection, to be discussed later.
Given the initial magnetic fields and eccentricities, we can

estimate the relative difference in the charge-separation ob-
servable S ≡ Npart∆γ between Ru + Ru and Zr + Zr colli-
sions. HereNpart is used to compensate for the dilution effect,
which is expected when there are multiple sources involved in
the collision [9, 34]. The focus of the isobaric collisions is on
the lift of degeneracy between Ru + Ru and Zr + Zr, there-
fore we express the corresponding S with a two-component
perturbative approach to emphasize the relative difference

SRu+Ru = S̄

[

(1− bg)

(

1 +
RBsq

2

)

+ bg

(

1 +
Rϵ2

2

)]

,

(4)

SZr+Zr = S̄

[

(1− bg)

(

1−
RBsq

2

)

+ bg

(

1−
Rϵ2

2

)]

,

(5)

where bg ∈ [0, 1] quantifies the background contribution due
to elliptic flow and S̄ = (SRu+Ru+SZr+Zr)/2. An advantage
of the perturbative approach is that the relative difference in S,

RS = (1 − bg)RBsq
+ bg · Rϵ2 , (6)

is independent of the detailed implementation of S̄. With-
out loss of generality, we parametrize S̄ based on the STAR
measurements of SAu+Au at 200 GeV [11] as a function of
BAu+Au

sq : S̄ = (2.17 + 2.67B̄sq − 0.074B̄2
sq)× 10−3, where

B̄sq = (BRu+Ru
sq + BZr+Zr

sq )/2. It is noteworthy that the
data points of (S,Bsq) for 30− 60% Cu+Cu collisions at 200
GeV [9] also fall onto this curve. Note that S̄ is almost a linear
function of B̄sq at small B̄sq values, because the coefficient of
the quadratic term is very small.
In Fig. 3(a) we show the projection of SRu+Ru and SZr+Zr

at 200 GeV, as functions of centrality, with Bsq and ϵ2 ob-
tained for case 1, and the background level bg = 2/3. The
statistical errors are estimated based on 400 million events for
each collision type. The gray bands depict the STAR mea-
surements of SAu+Au and SCu+Cu at 200 GeV in compari-
son. For 30 − 60% collisions, all the collision types share a
universal curve of S(Bsq) or S̄(B̄sq), which transforms into a
rough atomic-number ordering in S as a function of centrality.
The systematic uncertainties in the projection are largely

canceled out with the relative difference between Ru + Ru and
Zr + Zr, shown in Fig. 3(b); in comparison, we show again the
relative difference in eccentricity. For both parameter sets of
the Glauber inputs (red stars for case 1 and pink shaded boxes
for case 2), the relative difference in S is about 5% for cen-
trality range of 20 − 60%. The amounts of RS can be easily
guessed from the values of RBsq

in Fig. 2(b) scaled down by
a factor of 3 (since bg = 2/3 and Rϵ2 is close to 0). When we
combine the events of 20− 60% centralities, RS is 5σ above
Rϵ2 for both parameter sets of the Glauber inputs. Therefore,

the isobaric collisions provide a unique test to pin down the
underlying physics mechanism for the observed charge sepa-
ration. As a by-product, v2 measurements in central collisions
will discern which information source (case 1 or 2) is more re-
liable regarding the deformity of the Ru and Zr nuclei.
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FIG. 3: Projection of S ≡ Npart∆γ for Ru + Ru and Zr + Zr col-
lisions at

√
sNN = 200 GeV for the parameter set of case 1 (a) and

the relative difference in the two (b) versus centrality, assuming the
background level to be two thirds. Also shown in panel (b) is the
relative difference in the initial eccentricity from the Monte Carlo
Glauber simulation (pink solid and dashed lines).

When a different background level is assumed, the magni-
tude and significance of the projected relative difference be-
tween Ru + Ru and Zr + Zr change accordingly, as shown
in Fig. 4. The measurements of the isobaric collision data
will determine whether there is a finite CME signal observed
in the correlator γ, and if the answer is “yes”, will ascertain
the background contribution, when compared with this fig-
ure. With 400 million events for each collision type, the back-
ground level can be determined with an accuracy of 7%.
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FIG. 4: Magnitude (left axis) and significance (right axis) of the rel-
ative difference in the CME signal between Ru + Ru and Zr + Zr at
200 GeV, RS −Rϵ2 as a function of the background level.

In summary, we have numerically simulated the strengths
of the initial magnetic fields and the participant eccentricities
for the isobaric collisions of 9644Ru + 96

44Ru and 96
40Zr + 96

40Zr. Us-
ing the previous STARmeasurements of the three-point corre-
lator (1) in Au + Au and Cu + Cu collisions as baseline, we es-
timate the relative difference in the charge-separation observ-
able S = Npart∆γ between Ru + Ru and Zr + Zr collisions,
assuming a background level of two thirds. We find a notice-
able relative difference in S which is robust in the 20 − 60%

2

nificantly reduces the lever arm available to manipulate v2 in
order to separate v2-driven backgrounds from the CME.
The latter approach (with the v2-driven backgrounds fixed)

can be realized, especially for mid-central/mid-peripheral
events, with collisions of isobaric nuclei, such as 96

44Ru and
96
40Zr [20]. Ru + Ru and Zr + Zr collisions at the same beam
energy are almost identical in terms of particle production,
which is illustrated with the Monte Carlo Glauber simula-
tion [22–25] in Fig. 1. The ratio of the multiplicity distribu-
tions from the two collision systems is consistent with unity
almost everywhere, except in 0 − 5% most central collisions,
where the slightly larger radius of Ru (R0 = 5.085 fm) plays
a role against the smaller radius of Zr (R0 = 5.02 fm). Our
centrality bins are defined with the same multiplicity cuts for
the two collision types. For the CME analysis, we focus on
the centrality range of 20− 60%, so that the background con-
tributions due to the multiplicity is negligible.
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FIG. 1: The Monte Carlo Glauber simulation of the multiplicity dis-
tributions for 9644Ru + 96

44Ru and 96
40Zr + 96

40Zr at
√
sNN = 200 GeV (a)

and their ratio (b).

The spatial distribution of nucleons in either 96
44Ru or 96

40Zr
in the rest frame can be written in the Woods-Saxon form (in
spherical coordinates),

ρ(r, θ) =
ρ0

1 + exp [(r −R0 − β2R0Y 0
2 (θ))/a]

, (3)

where ρ0 = 0.16 fm−3 is the normal nuclear density, R0 and
a represent the “radius” of the nucleus and the surface dif-
fuseness parameter, respectively, and β2 is the deformity of
the nucleus. The parameter a is almost identical for Ru and
Zr: a ≈ 0.46 fm. Our current knowledge of β2 of Ru and
Zr is incomplete. There are two sources of available informa-
tion on β2: e-A scattering experiments [26, 27] and compre-
hensive model deductions [28]. According to the first source
(which will be referred to as case 1), Ru is more deformed
(βRu

2 = 0.158) than Zr (βZr
2 = 0.08); while the second

source (which will be referred to as case 2) tells the oppo-
site, βRu

2 = 0.053 is smaller than βZr
2 = 0.217. As we have

checked, this systematic uncertainty has little influence on the
multiplicity distribution. We will discuss later its noticeable
impacts on the CME signal (via the magnetic field) and the
v2-driven backgrounds (via ϵ2, the initial spatial eccentricity
of the participant zone).
The charge difference between Ru and Zr nuclei provides

a handle on the initial magnetic field (mostly produced by the

spectator protons) [29, 30]. Figure 2(a) presents the theoreti-
cal calculation of the initial magnetic field squared with cor-
rection from azimuthal fluctuation of the magnetic field orien-
tation, Bsq ≡ ⟨(eB/m2

π)
2 cos[2(ΨB − ΨRP)]⟩ (with mπ the

pion mass and ΨB the azimuthal angle of the magnetic field),
for the two collision systems at 200 GeV, using the HIJING
model [30, 31]. Bsq quantifies the magnetic field’s capability
of driving the CME signal in the correlator γ [32, 33]. For the
same centrality bin, the Ru + Ru collision produces a signifi-
cantly stronger magnetic field than Zr + Zr. Some theoretical
uncertainties come from the modeling of the nuclei, e.g., how
to model the electric charge distribution of the proton: treat-
ing the proton as a point charge or as a uniformly charged ball.
For the event averaged calculation, this type of uncertainty is
small. Another uncertainty involves the Lienard-Wiechert po-
tential used in this calculation, which applied no quantum cor-
rections. At RHIC energies, including corrections from quan-
tum electrodynamics makes little difference [5]. The theoreti-
cal uncertainties are greatly suppressed when we take the ratio
or relative difference between the two systems. Panel (b) of
Fig. 2 shows that the relative difference in Bsq between Ru +
Ru and Zr + Zr collisions is approaching 15% (case 1) or 18%
(case 2) for peripheral events, and reduces to about 13% (case
1 and case 2) for central events 1. The effect of the deformity
of the nucleus on the generation of the magnetic field is more
distinctive in more peripheral collisions.
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FIG. 2: Theoretical calculation of the initial magnetic field squared
with correction from azimuthal fluctuation for Ru + Ru and Zr +
Zr collisions at

√
sNN = 200 GeV (a) and their relative difference

(b) versus centrality. Also shown is the relative difference in initial
eccentricity (b). The solid (dashed) lines correspond to the parameter
set of case 1 (case 2).

In Fig. 2(b), we also show the relative difference in the ini-
tial eccentricity, Rϵ2 , obtained from the Monte Carlo Glauber
simulation. Rϵ2 is highly consistent with 0 for peripheral
events, and goes above (below) 0 for the parameter set of case
1 (case 2) in central collisions, because the Ru (Zr) nucleus is
more deformed. The relative difference in v2 should closely
follow that in eccentricity, so for the centrality range of inter-

1 In our notation, the relative difference in a quantity F between Ru + Ru
and Zr + Zr collisions is RF ≡ 2(FRu+Ru

− FZr+Zr)/(FRu+Ru +
FZr+Zr), and F can be Bsq , ϵ2 or S.

W.-T. Deng et al., PRC94.041901
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Summary
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 CME/CVE 
 A lot of studies with various observables are ongoing but no definitive conclusion so far 

 Good progress to quantify possible CME contributions to the measurements 

 Stay tuned for isobaric data  

 Λ global polarization 
 Experimental evidence of the most vortical fluid 
 Polarization increases in lower energies within √sNN = 7.7-200 GeV, consistent with theoretical models 
 HADES result indicates the polarization decreases around √sNN = 2.4 - 7.7 GeV  
→ BESⅡ STAR-FXT √sNN = 3-7.7 GeV 

 First study of Λ polarization along the beam direction at √sNN = 200 GeV 
 Quadrupole structure of the polarization relative to the 2nd-order event plane 
→ consistent with a picture of the elliptic flow but agree/disagree among the data and theoretical 
calculations in the sign
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Signal extraction with Λ hyperons
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FIG. 2. Invariant mass distributions of the (p, π−) system for !

(a) and of the (p̄, π+) system for !̄ (b) in the 30–40% centrality bin for
2014 data. Bold solid lines show the background distribution obtained
by a linear fitting function, and dashed lines show the background
from mixed events. Shaded areas show the extracted signal after the
background subtraction using the fitting function.

the TOF detector, like in our previous publication [33]. Charged
pions and protons were selected by requiring the track to
be within three standard deviations (3σ ) from their peaks
in the normalized dE/dx distribution. If the track had TOF
hit information, then a constraint based on the square of the
measured mass was required. If the TOF information was not
available, then an additional cut based on dE/dx was applied,
requiring pions (protons) to be 3σ away from the proton (pion)
peak in the normalized dE/dx distribution.

The invariant mass, Minv, was calculated using candi-
dates for the daughter tracks. To reduce the combinatorial
background, selection criteria based on the following decay
topology parameters were used:

(i) Distance of the closest approach (DCA) between
daughter tracks and the primary vertex,

(ii) DCA between reconstructed trajectories of ! (!̄)
candidates and the primary vertex,

(iii) DCA between two daughter tracks, and
(iv) Decay length of ! (!̄) candidates.

Furthermore ! (!̄) candidates were required to point away
from the primary vertex. Cuts on the decay topology were
adjusted, depending on the collision centrality, to account for
the variation of the combinatorial background with centrality.
The background level relative to the ! (!̄) signal in the ! mass
region falls below 30% at maximum in this analysis. Finally, !
and !̄ with 0.5 < pT < 6 GeV/c and |η| < 1 were analyzed
in this study.

Figure 2 shows the invariant mass distributions for ! and !̄
in the 10–80% centrality bin for 2014 data as an example. The
combinatorial background under the ! peak was estimated
by fitting the off-peak region with a linear function, and by
the event mixing technique [36], shown in Fig. 2 as solid and
dashed lines, respectively.

D. Polarization measurement

As mentioned in Sec. I, the global polarization can be
measured via analysis of the azimuthal distribution of daughter
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FIG. 3. ⟨sin("1 − φ∗
p )⟩ as a function of the invariant mass for !

(a) and !̄ (b) in the 10–80% centrality bin for 2014 data. Solid and
dashed lines show the fitting function for actual fit range, Eq. (3), with
two different background assumptions.

protons in the ! rest frame relative to the reaction plane.
As mentioned in Sec. III A, the first-order event plane "1
determined by the spectator fragments was used in this analysis
as an estimator of the reaction plane. The sideward deflection
of the spectators allows us to know the direction of the initial
angular momentum. Taking into account the experimental
resolution of the event plane, the polarization projected onto
the direction of the system global angular momentum can be
obtained by [13]:

PH = 8
παH

〈
sin

(
"obs

1 − φ∗
p

)〉

Res("1)
, (2)

where αH are the decay parameters of ! (α!) and !̄ (α!̄),
α! = −α!̄ = 0.642 ± 0.013 [35]. The angle φ∗

p denotes the
azimuthal angle of the daughter proton in the ! rest frame.
The Res("1) is the resolution of the first-order event plane.
Two different techniques were used to extract the polarization
signal ⟨sin("1 − φ∗

p )⟩: the invariant mass method and the event
plane method, both of which are often used in flow analyses
[3,37].

In the invariant mass method [36,37], the mean value of
the sine term in Eq. (2) was measured as a function of the
invariant mass. Since the ! particles and background cannot be
separated on an event-by-event basis, the observed polarization
signal is the sum of the signal and background:

⟨sin("1 − φ∗
p )⟩obs = (1 − f Bg(Minv))⟨sin("1 − φ∗

p )⟩Sg

+ f Bg(Minv)⟨sin("1 − φ∗
p )⟩Bg, (3)

where f Bg(Minv) is the background fraction at the invariant
massMinv. The term ⟨sin("1 − φ∗

p )⟩Sg is the polarization signal
for ! (!̄), where the term ⟨sin("1 − φ∗

p )⟩Bg is the background
contribution, which is in general expected to be zero, but could
be nonzero, for example, due to misidentification of particles
or errors in track reconstruction. The data were fitted with
Eq. (3) to extract the polarization signal. Since the shape of
the background as a function of invariant mass is unknown,
two assumptions concerning the background contribution were
tested: a linear function over Minv (⟨sin("1 − φ∗

p )⟩Bg = α +
βMinv) and zero background contribution (α = 0, β = 0).
Figure 3 shows the observed ⟨sin("1 − φ∗

p )⟩ as a function of
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FIG. 2. Invariant mass distributions of the (p, π−) system for !

(a) and of the (p̄, π+) system for !̄ (b) in the 30–40% centrality bin for
2014 data. Bold solid lines show the background distribution obtained
by a linear fitting function, and dashed lines show the background
from mixed events. Shaded areas show the extracted signal after the
background subtraction using the fitting function.

the TOF detector, like in our previous publication [33]. Charged
pions and protons were selected by requiring the track to
be within three standard deviations (3σ ) from their peaks
in the normalized dE/dx distribution. If the track had TOF
hit information, then a constraint based on the square of the
measured mass was required. If the TOF information was not
available, then an additional cut based on dE/dx was applied,
requiring pions (protons) to be 3σ away from the proton (pion)
peak in the normalized dE/dx distribution.

The invariant mass, Minv, was calculated using candi-
dates for the daughter tracks. To reduce the combinatorial
background, selection criteria based on the following decay
topology parameters were used:

(i) Distance of the closest approach (DCA) between
daughter tracks and the primary vertex,

(ii) DCA between reconstructed trajectories of ! (!̄)
candidates and the primary vertex,

(iii) DCA between two daughter tracks, and
(iv) Decay length of ! (!̄) candidates.

Furthermore ! (!̄) candidates were required to point away
from the primary vertex. Cuts on the decay topology were
adjusted, depending on the collision centrality, to account for
the variation of the combinatorial background with centrality.
The background level relative to the ! (!̄) signal in the ! mass
region falls below 30% at maximum in this analysis. Finally, !
and !̄ with 0.5 < pT < 6 GeV/c and |η| < 1 were analyzed
in this study.

Figure 2 shows the invariant mass distributions for ! and !̄
in the 10–80% centrality bin for 2014 data as an example. The
combinatorial background under the ! peak was estimated
by fitting the off-peak region with a linear function, and by
the event mixing technique [36], shown in Fig. 2 as solid and
dashed lines, respectively.

D. Polarization measurement

As mentioned in Sec. I, the global polarization can be
measured via analysis of the azimuthal distribution of daughter
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(a) and !̄ (b) in the 10–80% centrality bin for 2014 data. Solid and
dashed lines show the fitting function for actual fit range, Eq. (3), with
two different background assumptions.

protons in the ! rest frame relative to the reaction plane.
As mentioned in Sec. III A, the first-order event plane "1
determined by the spectator fragments was used in this analysis
as an estimator of the reaction plane. The sideward deflection
of the spectators allows us to know the direction of the initial
angular momentum. Taking into account the experimental
resolution of the event plane, the polarization projected onto
the direction of the system global angular momentum can be
obtained by [13]:

PH = 8
παH

〈
sin

(
"obs

1 − φ∗
p

)〉

Res("1)
, (2)

where αH are the decay parameters of ! (α!) and !̄ (α!̄),
α! = −α!̄ = 0.642 ± 0.013 [35]. The angle φ∗

p denotes the
azimuthal angle of the daughter proton in the ! rest frame.
The Res("1) is the resolution of the first-order event plane.
Two different techniques were used to extract the polarization
signal ⟨sin("1 − φ∗

p )⟩: the invariant mass method and the event
plane method, both of which are often used in flow analyses
[3,37].

In the invariant mass method [36,37], the mean value of
the sine term in Eq. (2) was measured as a function of the
invariant mass. Since the ! particles and background cannot be
separated on an event-by-event basis, the observed polarization
signal is the sum of the signal and background:

⟨sin("1 − φ∗
p )⟩obs = (1 − f Bg(Minv))⟨sin("1 − φ∗

p )⟩Sg

+ f Bg(Minv)⟨sin("1 − φ∗
p )⟩Bg, (3)

where f Bg(Minv) is the background fraction at the invariant
massMinv. The term ⟨sin("1 − φ∗

p )⟩Sg is the polarization signal
for ! (!̄), where the term ⟨sin("1 − φ∗

p )⟩Bg is the background
contribution, which is in general expected to be zero, but could
be nonzero, for example, due to misidentification of particles
or errors in track reconstruction. The data were fitted with
Eq. (3) to extract the polarization signal. Since the shape of
the background as a function of invariant mass is unknown,
two assumptions concerning the background contribution were
tested: a linear function over Minv (⟨sin("1 − φ∗

p )⟩Bg = α +
βMinv) and zero background contribution (α = 0, β = 0).
Figure 3 shows the observed ⟨sin("1 − φ∗

p )⟩ as a function of
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FIG. 2. Invariant mass distributions of the (p, π−) system for !

(a) and of the (p̄, π+) system for !̄ (b) in the 30–40% centrality bin for
2014 data. Bold solid lines show the background distribution obtained
by a linear fitting function, and dashed lines show the background
from mixed events. Shaded areas show the extracted signal after the
background subtraction using the fitting function.

the TOF detector, like in our previous publication [33]. Charged
pions and protons were selected by requiring the track to
be within three standard deviations (3σ ) from their peaks
in the normalized dE/dx distribution. If the track had TOF
hit information, then a constraint based on the square of the
measured mass was required. If the TOF information was not
available, then an additional cut based on dE/dx was applied,
requiring pions (protons) to be 3σ away from the proton (pion)
peak in the normalized dE/dx distribution.

The invariant mass, Minv, was calculated using candi-
dates for the daughter tracks. To reduce the combinatorial
background, selection criteria based on the following decay
topology parameters were used:

(i) Distance of the closest approach (DCA) between
daughter tracks and the primary vertex,

(ii) DCA between reconstructed trajectories of ! (!̄)
candidates and the primary vertex,

(iii) DCA between two daughter tracks, and
(iv) Decay length of ! (!̄) candidates.

Furthermore ! (!̄) candidates were required to point away
from the primary vertex. Cuts on the decay topology were
adjusted, depending on the collision centrality, to account for
the variation of the combinatorial background with centrality.
The background level relative to the ! (!̄) signal in the ! mass
region falls below 30% at maximum in this analysis. Finally, !
and !̄ with 0.5 < pT < 6 GeV/c and |η| < 1 were analyzed
in this study.

Figure 2 shows the invariant mass distributions for ! and !̄
in the 10–80% centrality bin for 2014 data as an example. The
combinatorial background under the ! peak was estimated
by fitting the off-peak region with a linear function, and by
the event mixing technique [36], shown in Fig. 2 as solid and
dashed lines, respectively.

D. Polarization measurement

As mentioned in Sec. I, the global polarization can be
measured via analysis of the azimuthal distribution of daughter
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FIG. 3. ⟨sin("1 − φ∗
p )⟩ as a function of the invariant mass for !

(a) and !̄ (b) in the 10–80% centrality bin for 2014 data. Solid and
dashed lines show the fitting function for actual fit range, Eq. (3), with
two different background assumptions.

protons in the ! rest frame relative to the reaction plane.
As mentioned in Sec. III A, the first-order event plane "1
determined by the spectator fragments was used in this analysis
as an estimator of the reaction plane. The sideward deflection
of the spectators allows us to know the direction of the initial
angular momentum. Taking into account the experimental
resolution of the event plane, the polarization projected onto
the direction of the system global angular momentum can be
obtained by [13]:

PH = 8
παH

〈
sin

(
"obs

1 − φ∗
p

)〉

Res("1)
, (2)

where αH are the decay parameters of ! (α!) and !̄ (α!̄),
α! = −α!̄ = 0.642 ± 0.013 [35]. The angle φ∗

p denotes the
azimuthal angle of the daughter proton in the ! rest frame.
The Res("1) is the resolution of the first-order event plane.
Two different techniques were used to extract the polarization
signal ⟨sin("1 − φ∗

p )⟩: the invariant mass method and the event
plane method, both of which are often used in flow analyses
[3,37].

In the invariant mass method [36,37], the mean value of
the sine term in Eq. (2) was measured as a function of the
invariant mass. Since the ! particles and background cannot be
separated on an event-by-event basis, the observed polarization
signal is the sum of the signal and background:

⟨sin("1 − φ∗
p )⟩obs = (1 − f Bg(Minv))⟨sin("1 − φ∗

p )⟩Sg

+ f Bg(Minv)⟨sin("1 − φ∗
p )⟩Bg, (3)

where f Bg(Minv) is the background fraction at the invariant
massMinv. The term ⟨sin("1 − φ∗

p )⟩Sg is the polarization signal
for ! (!̄), where the term ⟨sin("1 − φ∗

p )⟩Bg is the background
contribution, which is in general expected to be zero, but could
be nonzero, for example, due to misidentification of particles
or errors in track reconstruction. The data were fitted with
Eq. (3) to extract the polarization signal. Since the shape of
the background as a function of invariant mass is unknown,
two assumptions concerning the background contribution were
tested: a linear function over Minv (⟨sin("1 − φ∗

p )⟩Bg = α +
βMinv) and zero background contribution (α = 0, β = 0).
Figure 3 shows the observed ⟨sin("1 − φ∗

p )⟩ as a function of
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Figure 3: The integrated polarization per particle Π(x)/ρ(x) for fermions (a) and anti-fermions (b) in the unit of the local
vorticity !ω as functions of βm and βµ.
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Figure 4: The ratio R of the integrated polarization per particle in Eq. (56) for fermions to anti-fermions. (a) R as a function
of βm and βµ. (b) R as functions of βm at three values βµ = 0.5, 1, 2 corresponding to short-dashed, long-dashed and solid
lines respectively.

are shown in Fig. 4. In the left panel we show R as a function of βm and βµ, while in the right panel we show R at
three values of βµ as functions of βm. The dependences of Π(x)/ρ(x) on βm and βµ are similar to Π(x,p)/ρ(x,p)
on βEp and βµ, but the variation in the values of Π(x)/ρ(x) on βm is much smaller than Π(x,p)/ρ(x,p) as shown
in Figs. 1 and 2.

We see that R < 1, i.e. the polarization per particle for fermions is always less than that for anti-fermions.
This behavior is consistent to the observation in the STAR experiment [26]. Also R decreases with µ at fixed m.
Such behaviors are based on the following facts: (a) Π(x) is actually proportional to the susceptibility ∂ρ/∂µ and in-
creases/decreases for fermions/anti-fermions with βµ just as ρ(x); (b) Πfermion/Πanti−fermion and ρfermion/ρanti−fermion

are all increasing functions of βµ; (c) Πfermion/Πanti−fermion is less than ρfermion/ρanti−fermion and increases slower with
βµ than ρfermion/ρanti−fermion.

In the massless case, the momentum integrals in Eqs. (49,50) can be worked out, so we obtain the quantities for
fermions (+) and anti-fermions (−),

Πm=0(x) = −!ω
1

2π2
Li2(−e±βµ),

ρm=0(x) = −
2

π2
Li3(−e±βµ),

[

Π(x)

ρ(x)

]

m=0

= !ω
1

4

Li2(−e±βµ)

Li3(−e±βµ)
, (57)

where the polylogarithm function is defined by the power series, Lis(z) =
∑∞

k=1 z
k/ks. Fig. 5 shows the numerical

results for [Π(x)/ρ(x)]m=0 for fermions and anti-fermions and their ratio R defined by Eq. (56) as functions of βµ.
If we consider the Cooper-Frye description of hadron freezeout in hydrodynamic evolution, we can re-write the

polarization density in Eq. (47) by replacing the momentum integral with the one on the freezeout hypersurface. For
fermions, we pick up the first term in the second line of Eq. (47) and define the polarization spectra in momentum

μ/T=0.5

μ/T=1

μ/T=2

Non-zero chemical potential makes polarization splitting between Λ and anti-Λ, 
but the effect seems to be small.

L and L̄: UrQMD+vHLLE vs experiment
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Much smaller and opposite sign L̄-L
splitting. Only µB e↵ect in the
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MHD interpretation: vorticity
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magnetic field makes the splitting.
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FIG. 5. Initial longitudinal velocity profile along the reaction
plane y = 0 for two different impact parameters for the collision
of two hard-sphere nuclei with 7-fm radius.

and the flow velocity vz0:

vz0 =
3 dP

dxdy√
4
(

dE
dxdy

)2
− 3

(
dP

dxdy

)2
+ 2 dE

dxdy

, (19)

which is shown in Fig. 5 for the case of hard-sphere nuclei with
7-fm radius. According to Eq. (18), the proper energy density
is an even function of x, as was expected with the assumption
(17), whereas vz0 is an odd function of x. Also, it can be seen
from Fig. 5 that vz0 has a singular derivative at the edge of the
overlap region, a consequence of the hard-sphere assumption;
such singularities disappear with smooth density profiles. By
using Eqs. (19), (18), (5), and (17) we can compute the ratio
of the second to the first term in Eq. (16) for the x axis:

−
2ρ0γ

4
0 vz0

∂vz0
∂x

∣∣∣
t=0

∂ργ 2

∂x

∣∣∣
t=0

(20)

and thereby evaluate the importance of the vorticity term
for the expansion rate. This ratio is shown in Fig. 6 for the
case of hard-sphere nuclei for two different y values at an
impact parameter b = 6 fm. It is seen that the second term is
a consistent fraction of the first term even near the collision
center x = 0 (about 20%) whereas it steeply increases at larger
x values; at the boundary of the x interval the ratio shows spikes
owing to the hard-sphere assumption and it is not shown. Of
course, these numbers refer to an oversimplified example and
just for the initial expansion kick, but the conclusion that the
longitudinal velocity gradient cannot be neglected in more
realistic hydrodynamical calculations should hold.

As has been mentioned, in some hydrodynamical calcula-
tions [3,11], a nonvanishing angular momentum of the plasma
is tacitly introduced by enforcing an asymmetric x dependence
for the proper energy density in peripheral collisions keeping
the Bjorken longitudinal scaling (i.e., the independence of vz
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FIG. 6. Ratio of the term proportional to the vorticity and the
term proportional to energy density gradient along x in Eq. (16) as
a function of x for y = 0 and y = 2 fm for the collision of two
hard-sphere nuclei with 7-fm radius at an impact parameter b =
6 fm.

on the coordinates x, y). Thereby, longitudinal momentum
density [Eq. (5)] conservation is fulfilled even though vz is
independent of x and the angular momentum conservation
[Eq. (4)] is also fulfilled. We think that this assumption is
quite unnatural. First, it cannot hold in our specific example
of instantaneous thermalization at infinitely large energy (with
the infinitesimally thin fluid in Fig. 4) because the only velocity
that is compatible with symmetry and independent of x is 0,
thus making both momentum and angular momentum density
vanishing. However, even in the more realistic and more
general case of finite thermalization time, it does not lead to the
same flow velocity field as in the case of angular momentum
conserved through Bjorken scaling breaking because of the
absence of the vorticity term. This can be shown by enforcing
the equality of angular momentum densities in the two
approaches:

4
3 ρ̃0γ̃

2
0 ṽz0 = 4

3ρ0γ
2
0 vz0, (21)

where quantities with a tilde on the left-hand side are such
that only ρ̃ depends on x whereas on the right-hand side we
have the standard ones in our approach. From this equation it
follows that

∂ρ̃

∂x

∣∣∣∣
t=0

γ̃ 2
0 ṽz0 = ∂ρ

∂x

∣∣∣∣
t=0

γ 2
0 vz0 + ρ0

∂γ 2
0 vz0

∂x

∣∣∣∣
t=0

. (22)

Using Eqs. (22) and (21) to obtain ∂ρ/∂x in the equation
of motion at time t = 0 [Eq. (13)], we get, after some
manipulations,

∂ux

∂t

∣∣∣∣
t=0

= − 1
4γ0ρ0

∂ρ

∂x

∣∣∣∣
t=0

= − 1
4ρ̃0γ̃0

∂ρ̃

∂x

∣∣∣∣
t=0

γ̃0

γ0

+ 1
4γ 3

0 vz0

∂γ 2vz0

∂x

∣∣∣∣
t=0

. (23)
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Possible probe of magnetic field
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Extracted Physical Parameters

• Significant vorticity signal

– Hints at falling with energy, 
despite increasing Jcollision

– 6σ average for 7.7-39GeV

–  

• Magnetic field

–

– positive value, 2σ average for 
7.7-39GeV

12
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Becattini, Karpenko, Lisa, Upsal, and Voloshin, 
PRC95.054902 (2017)

Extracted B-field is close to our expectation. 
Need more data with better precision  
→BES-Ⅱ and Isobaric collisions

188 L. McLerran, V. Skokov / Nuclear Physics A 929 (2014) 184–190

Fig. 1. Magnetic field for static medium with Ohmic conductivity, σOhm.

The decay of the conductivity owing to expansion of the medium can only decrease the life-
time of the magnetic field and thus will not be considered here. Our simulations are done for
Au–Au collisions at energy

√
s = 200 GeV and fixed impact parameter b= 6 fm. In Fig. 1 we

show time evolution of the magnetic field in the origin x⃗ = 0 as a function of the electric con-
ductivity σOhm. The results show that the lifetime of the strong magnetic field (eB > m2

π ) is not
affected by the conductivity, if one uses realistic values obtained in Ref. [5].

4. Energy dependence

In the previous section, we established that for realistic values of the conductivities the elec-
tromagnetic fields in heavy-ion collisions are almost unmodified by the presence of the medium.
Thus one can safely use the magnetic field generated by the original protons only. This magnetic
field can be approximated as follows

eB(t, x⃗ = 0) = 1
γ

cZ

t2 + (2R/γ )2 , (18)

where Z is the number of protons, R is the radius of the nuclei, γ is the Lorentz factor and, finally,
c is some non-important numerical coefficient. We are interested on the effect of the magnetic
field on the matter, otherwise the magnetic field does not contribute to photon production. Thus
we need to compute the magnetic field at the time tm, characterizing matter formation time.
On the basis of a very general argument, one would expect that tm = aQ− 1

s . Here we assumed
that the Color Glass Condensate (CGC) provides an appropriate description of the early stage
of heavy ion collisions, namely Qs ≪ ΛQCD; in the CGC framework, owing to the presence of
only one dimensional scale, the matter formation time is inversely proportional to the saturation
scale. We also note that if the formation time for a particle is much less than this, the magnetic
field has a correspondingly larger effect, as the magnetic field is biggest at early times. The
phenomenological constraints from photon azimuthal anisotropy at the top RHIC energy demand
tm ≈2R/γRHIC, i.e. a = 2RQRHIC

s /γRHIC. Using this relation, we can estimate the magnitude of

McLerran and Skokov, Nucl. Phys. A929, 184 (2014) 
QM17, I. Upsal (STAR)

B = (P⇤ � P⇤̄)kBT/µN

⇠ 5.0⇥ 1013 [Tesla] conductivity increases lifetime 
(not magnitude)

STAR preliminary
B ⇠ 1013 T

(eB ⇠ MeV2 (⌧ = 0.2 fm))

nuclear magneton μN = -0.613μΛ

μΛ: Λ magnetic moment
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What causes transverse and longitudinal components of polarization?

Sµ µ eµrst vrs pt = eµrst(∂r bs )pt = eµrst pt ∂r
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Global transverse PJ: Longitudinal quadrupole f2:

PJ at low p? is dominated by vorticity

Pz is dominated by acceleration and gradients of temperature

Iurii Karpenko, Lambda polarization from RHIC BES to LHC 17/18

I. Karpenko, QM2018

Pz dominated by temperature gradient and relativistic term, 
but not by kinematic vorticity based on the hydro model. 

Can we get such a small kinetic vorticity in the blast-wave  
model?

What causes transverse and longitudinal components of polarization?
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Pz is dominated by acceleration and gradients of temperature

Iurii Karpenko, Lambda polarization from RHIC BES to LHC 17/18
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Variations of model parameters for PH
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Sensitivities to:

variation of model parameters event-by-event vs. averaged

Collision energy dependence is robust with respect to variation of the parameters of the model.

There is no big di↵erence between event-by-event and single shot hydrodynamic description.

Iurii Karpenko, Lambda polarization from RHIC BES to LHC 10/18

Sensitivity to parameters of the model

Initial state:

R?: transverse granularity

Rh : longitudinal granularity

Fluid phase:

h/s: shear viscosity of fluid

Particlization criterion:

esw = 0.5 GeV/fm
3

Collision energy dependence is robust with respect to variation of the parameters
of the model.

Iurii Karpenko, Vorticity in the QGP liquid and Lambda polarization at the RHIC BES 14/18

I. Karpenko, QM2017
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Figure 6. The collective velocity of the source element at angle �s at the
surface is along the boost angle �b, perpendicular to the surface described
by Eq. 9. The boost velocity is given by Eq. 10.

notated as ⇢0, amplitude of azimuthal modulation in expansion velocity, noted below as b, and the
spatial anisotropy parameter a. The source (see Fig. 6) is then described by the following equations:

rmax = R[1 � a cos(2�s)], (9)

⇢t = ⇢t,max[r/rmax(�s)][1 + b cos(2�s)] ⇡ ⇢t,max(r/R)[1 + (a + b) cos(2�s)]. (10)

It is assumed that the collective velocity of the source element located at azimuthal angle �s is boosted
with velocity ⇢t perpendicular to the surface of the ellipse similar to that of Eq. 9. Assuming that
a ⌧ 1, b ⌧ 1, the di↵erence �s � �b ⇡ 2a sin(2�s) and the vorticity:

!z = 1/2(r ⇥ v)z ⇡ (⇢t,nmax/R) sin(n�s)[bn � an]. (11)

The estimates above should be valid for anisotropic flow of any harmonics - which is the reason we
have changed in Eq. 11 the harmonic order from 2 to n. It is obviously quite a rough approximation
(which in principle can be improved) as it leads to a discontinuity at the origin. It provides the
following estimate for the hyperon polarization:

Pz ⇡ !z/(2T ) ⇡ 0.1 sin(n�s)[bn � an], (12)

where we assumed that ⇢t,nmax ⇠ 1, R ⇡ 10 fm, and T ⇡ 100 MeV. In practice, the coe�cients bn

and an are both of the order of a few percent, often close to each other. That results in the values for
z-polarization not greater than a few per-mill, almost an order of magnitude lower than obtained in
hydrodynamics calculations [7, 13].

The measurements of the z component of polarization could be relatively simple as they do not
require the knowledge of the first harmonic event plane. The acceptance e↵ects should be also readily
accounted for requiring that the z component of the polarization averaged over all azimuthal angles to
be zero.

We note that vorticity fields due the anisotropic flow are formed closer to the freeze-out, unlike
the ones due to the “shear” in the initial velocity fields (as shown in Fig 1). Having in mind the finite
relaxation time for establishing the equilibrium the relation between these two vorticities and the final
polarizations can be di↵erent.

Finally, we mention another very interesting possibility for vorticity studies in asymmetric nuclear
collisions such as Cu+Au. For relatively central collisions, when during the collision a smaller nucleus
is fully “absorbed” by the larger one (e.g. such collisions can be selected by requiring no signal in the
zero degree calorimeter in the lighter nucleus beam direction), one can easily imagine a configuration
with toroidal velocity field, and as a consequence, a vorticity field in the form of a circle. The direction
of the polarization in such a case would be given by p̂T ⇥ ẑ, where p̂T and ẑ are the unit vectors along
the particle transverse momentum and the (lighter nucleus) beam direction.
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Sine modulation of ωz is expected with the factor [bn-an]. 
The sign could be negative depending on the relation of flow and spatial anisotropy.

S. Voloshin, SQM2017 
EPJ Web Conf.171, 07002 (2018)

an: spatial anisotropy     R: reference source radius 
bn: flow anisotropy        ρt: transverse flow velocity

Approximation of the kinetic vorticity in the blast-wave model:
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Blast-wave model parameterization

• Hydro-inspired model parameterized with freeze-out condition 
assuming the longitudinal boost invariance 

- Freeze-out temperature Tf 
- Radial flow rapidity ρ0 and its modulation ρ2 

- Source size Rx and Ry

 41
rameters, it is clearly a toy model with little predictive
power. However, the goal is to see whether a consistent de-
scription of the data from the soft sector at RHIC is possible
within a simple boost-invariant model with transverse collec-
tive flow. If this turns out to be the case, then it is worthwhile
considering that the parameter values indeed characterize the
size, shape, time scales, temperature, and flow strengths of
the freeze-out configuration. A consistent parametrization in
terms of such physical quantities represents a true step for-
ward and provides valuable feedback to theorists construct-
ing physical models of the collision.

B. Parameters and quantities in the blast wave

The eight parameters of the blast-wave parametrization
described in this paper are T , !0 , !2 , Ry , Rx , as , "0, and
#"; their physical meaning is given below.
The freeze-out distribution is infinite in the beam !z" di-

rection and elliptical in the transverse !x-y" plane. (The x-z
plane is the reaction plane.) The transverse shape is con-
trolled by the radii Ry and Rx, and the spatial weighting of
source elements is given by

$!r,%s" =$!r̃" =
1

1 + e!r̃−1"/as
, !1"

where a fixed value of the “normalized elliptical radius,”

r̃!r,%s" #$%r cos!%s"&2

Rx
2 +

%r sin!%s"&2

Ry
2 , !2"

corresponds to a given elliptical subshell within the solid
volume of the freeze-out distribution.
The parameter as corresponds to a surface diffuseness of

the emission source. As shown in Fig. 1, a hard edge (“box
profile”) may be assumed by setting as=0, while the density

profile approximates a Gaussian shape for as'0.3.
It should be noted that the weighting function $!r ,%s" is

not, in general, the source density distribution. In particular,
as we discuss especially in Secs. III C and III D, nonzero
collective flow induces space-momentum correlations which
dominate the spatial source density distributions. Only for a
system without flow (!0=!2=0; see below) is the source dis-
tribution given by $, so that, e.g., for as=0, there is a uni-
form density of sources !d2N /dxdy=const" inside the ellipse
defined by Ry and Rx, and no sources outside.
The momentum spectrum of particles emitted from a

source element at !x ,y ,z" is given by a fixed temperature T
describing the thermal kinetic motion, boosted by a trans-
verse rapidity !!x ,y". This is common in models of this type.
However, unlike transversely isotropic parametrizations, the
azimuthal direction of the boost (denoted %b) is not neces-
sarily identical to the spatial azimuthal angle %s=tan−1!y /x".
Instead, in our model, the boost is perpendicular to the ellip-
tical subshell on which the source element is found; see Fig.
2. We believe this to be a more natural extension of an “out-
ward” boost for nonisotropic source distributions than that
used by Heinz and Wong [41], who used an anisotropic
shape but always assumed radial boost direction !%b=%s". It
may be shown that, for our model,

tan!%s" = (RyRx)
2
tan!%b" . !3"

Hydrodynamical calculations for central collisions (i.e.,
azimuthally isotropic freezeout distribution) suggest that the
flow rapidity boost depends linearly on the freeze-out radius
[24]. We assume a similar scenario, but in our more gener-
alized parametrization, the boost strength depends linearly
on the normalized elliptical radius r̃ defined in Eq. (2). Thus,
in the absence of an azimuthal dependence of the flow (to be
introduced shortly), all source elements on the outer edge of
the source boost with the same (maximum) transverse rapid-
ity !0 in an “outward” direction.
In noncentral collisions, the strength of the flow boost

itself may depend on azimuthal angle, as suggested by

FIG. 1. (Color online) The source weighting function $ as a
function of the normalized elliptical radius r̃ for several values of
the surface diffuseness parameter as.

FIG. 2. Schematic illustration of an elliptical subshell of the
source. Here, the source is extended out of the reaction plane
!Ry& Rx". Arrows represent the direction and magnitude of the flow
boost. In this example, !2& 0 [see Eq. (4)].

OBSERVABLE IMPLICATIONS OF 1GEOMETRICAL AND… PHYSICAL REVIEW C 70, 044907 (2004)

044907-3

F. Retiere and M. Lisa, PRC70.044907 (2004)

⇢(r,�s) = r̃[⇢0 + ⇢2 cos(2�b)]

r̃(r,�s) =
q

(r cos�s)2/R2
x + (r sin�s)2/R2

y

• Calculate vorticity at the freeze-out using the parameters  
extracted from spectra, v2, and HBT fit 
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FIG. 3. (Color online) The second Fourier sine coefficient of
the longitudinal polarization of Λ and Λ̄ hyperons as a func-
tion of pT for 20%-60% centrality bin in Au+Au collisions at√
sNN = 200 GeV. Open boxes show the systematic uncer-

tainties. Magenta dashed line shows the hydrodynamic model
calculation [14] scaled by 0.2. Solid and dot-dashed lines with
the bands shows the blast-wave model calculations.

In order to estimate the contribution from the kine-244

matic vorticity, we employed the blast-wave model245

(BW) [28–30]. Following [30] we parameterize the system246

velocity field at freeze-out with temperature T and maxi-247

mal radial expansion rapidity ρ0 and its azimuthal modu-248

lation ρ2 (ρ = r̃[ρ0+ρ2 cos(2φs)] with r̃ being the relative249

distance to the edge of the source). The source is assumed250

to be elliptical in the transverse plane parametrized by251

Ry and Rx radii. Boost invariance is assumed. Two fits252

to the data are performed: in one only spectra and el-253

liptic flow are fit; the second fit [31] also includes the254

HBT radii dependence on the azimuthal angle. The av-255

erage longitudinal vorticity is calculated according to the256

following formula:257

⟨ωz sin(2φ)⟩ =
∫
dφs

∫
rdr I2(αt)K1(βt)ωz sin(2φb)∫
dφs

∫
rdr I0(αt)K1(βt)

(5)258

ωz =
1

2

(
∂uy

∂x
− ∂ux

∂y

)
, (6)259

where the integration is over the transverse cross-260

sectional area of the source, uµ is a four-vector of the261

local flow velocity [30], φs is the azimuth of the produc-262

tion point, φb defines the direction of the local velocity,263

αt = pT /T sinh ρ, βt = mT /T cosh ρ; In and K1 are264

the modified Bessel functions. Assuming a local thermal265

equilibrium, the longitudinal component of the polariza-266

tion is estimated as Pz ≈ ωz/(2T ). See Ref. [32] for more267

details.268

The BW calculations are compared to the data in269

Figs. 2 and 3. In central to mid-central collisions, the270

both BW calculations show a positive sine modulation271

as observed in the data and their magnitudes are com-272

parable to the data, although the BW model is based on273

a very simple picture of the freeze-out condition. It was274

shown in Ref. [13] that the vorticity in the BW model has275

the effects of the velocity field anisotropy (ρ2/ρ0) and the276

spacial source anisotropy (Ry/Rx) contributing with op-277

posite signs, which can explain a strong sensitivity of the278

BW model predictions in the peripheral collisions to the279

detail of the fit – including the HBT radii or not.280

In conclusions, we have presented the first measure-281

ments of longitudinal component of the polarization for282

Λ and Λ̄ hyperons in Au+Au collisions at
√
sNN = 200283

GeV. Finite signals of a quadrupole modulation of both284

Λ and Λ̄ polarization along the beam direction was ob-285

served and qualitatively consistent with the expectation286

from the vorticity component along the beam direction287

due to the elliptic flow. Results exhibit a strong cen-288

trality dependence with magnitude increasing in more289

peripheral collisions. No significant pT dependence is ob-290

served above pT > 1 GeV/c and a hint of drop-off at291

pT < 1 GeV/c. The data were compared to the hydro-292

dynamic model and AMPT model, both of which show293

the opposite phase of the modulation and over predict294

the magnitude of the polarization. This might indicate295

incomplete thermal equilibration of the angular degrees296

of freedom for the beam direction component of the vor-297

ticity/polarization, as it develops later in time compared298

to the global polarization. On the other hand the blast-299

wave model calculations are much closer to the data, in300

particular if in the BW model fit one includes the az-301

imuthally sensitive HBT results along with pT spectra302

and v2. The blast-wave model predicts the correct phase303

of Pz modulation and a similar pT dependence; the ver-304

sion with HBT radii included in the fit also reasonablely305

describe the centrality dependence. These results provide306

the information on the role of the vorticity in heavy-ion307

collisions. Further theoretical and experimental studies308

are needed for better understanding.309
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Disagreement in Pz sign
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Opposite sign 
- UrQMD (or Glauber) IC + hydrodynamic model  
F. Becattini and I. Karpenko, PRL.120.012302 (2018) 
-- Assuming a local thermal equilibrium 
- AMPT 
X. Xia, H. Li, Z. Tang, Q. Wang, PRC98.024905 (2018) 

Same sign 
- Chiral kinetic approach 
Y. Sun and C.-M. Ko, PRC99, 011903(R) (2019) 
-- Assuming non-equilibrium of spin degree of freedom 

- PICR hydrodynamic model 
Y. Xie, D. Wang, and L. P. Csernai, arXiv:1907.00773 
-- Yang-Mills flux tube IC

-

+

4

FIG. 2. Map of longitudinal component of polarization of midrapidity ⇤ from a hydrodynamic calculation corresponding to

20-50% central Au-Au collisions at
p
sNN = 200 GeV (left) and 20-50% central Pb-Pb collisions at

p
sNN = 2760 GeV (right).

where ' is the transverse momentum azimuthal angle,

set to be zero at the reaction plane. In the above equa-

tion the longitudinal spin component is a function of the

spectrum alone at Y = 0. By expanding it in Fourier

series in ' and retaining only the elliptic flow term, one

obtains:

Sz
(pT , Y = 0) = �

dT/d⌧

4mT

@

@'
2v2(pT ) cos 2'

=
dT

d⌧

1

mT
v2(pT ) sin 2' (13)

meaning, comparing this result to eq. (7) that in this

case:

f2(pT ) = 2
dT

d⌧

1

mT
v2(pT )

This simple formula only applies under special assump-

tions with regard to the hydrodynamic temperature evo-

lution, but it clearly shows the salient features of the

longitudinal polarization at mid-rapidity as a function of

transverse momentum and how it can provide direct in-

formation on the temperature gradient at hadronization.

It also shows, as has been mentioned - that it is driven by

physical quantities related to transverse expansion and

that it is independent of longitudinal expansion.

Polarization of ⇤ hyperons along the beam line
The above conclusion is confirmed by more realistic 3D

viscous hydrodynamic simulations of heavy ion collisions

using averaged initial state from Monte Carlo Glauber

model with its parameters set as in [16]. We have cal-

culated the polarization vector P⇤
= 2S⇤

of primary ⇤

hyperons with Y = 0 in their rest frame (note that at

mid-rapidity S⇤z
= Sz

). The resulting transverse mo-

mentum dependence of P ⇤z
is shown in fig. 2 for 20-50%

central Au-Au collisions at
p
sNN = 200 (RHIC) and

20-50% Pb-Pb collisions at
p
sNN = 2760 GeV (LHC).

FIG. 3. Second harmonic of the longitudinal component of ⇤

polarization f2 from hydrodynamic simulations as a function

of pT for di↵erent energies.

The corresponding second harmonic coe�cients f2 are

displayed in fig. 3 for 4 di↵erent collision energies: 7.7,

19.6 GeV (calculated with initial state from the UrQMD

cascade [17]), 200 and 2760 GeV (with the initial state

from Monte Carlo Glauber [16]). It is worth noting that,

whilst the P y
component, along the angular momentum,

decreases by about a factor 10 between
p
sNN = 7.7 and

200 GeV, f2 decreases by only 35%. We also find that

the mean, pT integrated value of f2 stays around 0.2% at

all collision energies, owing to two compensating e↵ects:

decreasing pT di↵erential f2(pT ) and increasing mean pT
with increasing collision energy.

In principle, the longitudinal polarization of ⇤ hyper-

ons can be measured in a similar fashion as for the compo-

px [GeV/

p y
 [G

eV
/ + -

- +

5

FIG. 5. The average polarizations hPx · sign(Y )i, hPy · sign(Y )i and hPzi for ⇤ as functions of azimuthal angle �p in 20-50%
central Au+Au collisions at 200 GeV (left) and Pb+Pb collisions at 2760 GeV (right).

Fig. 5 shows the results of hPx · sign(Y )i, hPy · sign(Y )i
and hPzi for the ⇤ hyperons as functions of azimuthal
angle �p in 20-50% central Au+Au collisions at 200 GeV
and Pb+Pb collisions at 2760 GeV, where the whole
range of �p is divided into 24 bins. We can see that the
shapes of hPx · sign(Y )i, hPy · sign(Y )i and hPzi are in
analogy to sin�p, � cos�p and � sin(2�p) respectively,
as described by Eq. (12). The features of three quan-
tities at two collisional energies are quite similar. We
have also checked that the harmonic behaviors also ex-
ist at energies 7.7-62.4 GeV. It is worthwhile to point
that although the global polarization PG

x and PG
z are

zero due to the symmetry and PG
y is almost vanishing atp

sNN = 200 GeV [18] and 2760 GeV [37] due to the rea-
son given in the above paragraph, the local polarization
quantities hPx · signY i, hPy · signY i and hPzi are all non-
vanishing. We also see the magnitudes of hPx · sign(Y )i
and hPy · sign(Y )i (around 10%) are larger than that of
hPzi (around 1%). Our result for hPzi is consistent with
the viscous hydrodynamic simulations [33].

The Fourier coe�cients Fx, Fy and Fz in Eq. (12) can
be extracted from the magnitude of the harmonic behav-
ior in Fig. 5,

Fx = 2hPx · sign(Y ) sin�pi,
Fy = �2hPy · sign(Y ) cos�pi,
Fz = �2hPz · sin(2�p)i, (14)

where the averages are taken over 24 bins of the az-
imuthal angle. The results are shown in Fig. 6 as func-
tions of the centrality at

p
sNN = 200 GeV for Au+Au

and 2760 GeV for Pb+Pb collisions. The features of
these coe�cients are quite similar at two energies. We
see that Fx and Fy are at the same magnitude which
is larger than Fz. We also see that in the most central
collisions Fx and Fy are non-vanishing, while Fz is al-
most zero. This di↵erence can be understood by the fact
that Fz arises from the elliptic flow which does not exist
in central collisions while Fx and Fy are generated from
the violation of the longitudinal boost invariance which
exists in both central and non-central collisions.

V. SUMMARY

We give a systematic analysis on the vorticity struc-
ture and the distribution of ⇤ polarization in heavy-ion
collisions. We find that there are two contributions to
the vorticity field: one is from the OAM along the �y
direction giving the global polarization; another is from
the non-uniform expansion of the fireball, which leads to
a circular structure for the transverse vorticity !? and
a quadrupole pattern for the longitudinal vorticity !z in
the transverse plane. The space distribution of the vor-
ticity field can be probed by the local ⇤ polarization as
a function of the azimuthal angle �p and the rapidity Y
in momentum space, which is expected to have harmonic
behaviors as in Eq. (12).
For the numerical calculation of the local ⇤ polariza-

tion, we use the string-melting version of the AMPT
model. We run the simulations of Au+Au collisions at

AMPT, Au+Au 200 GeV 20-50%
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FIG. 3: (Color online) Time evolution of average longitudinal
spin polarization of midrapidity quarks with momenta satis-
fying pxpy > 0.

the expectation discussed in Sec. II. Its final magnitude
is also of the order of 10−2.
Since ωz is along the negative z direction in the region

xy > 0, it leads to a longitudinal spin polarization in the
negative z direction for quarks of momenta pxpy > 0, as
shown by the green dash-dotted line in Fig. 3. However,
its magnitude is only of the order of 10−3 and slowly
increases with time.
Including all components of the vorticity field, which

is shown by the black solid line in Fig. 3, we find that the
total longitudinal spin polarization of quarks of momenta
pxpy > 0 is initially along the negative z direction, as a
result of the larger effect of ωy than that of ωx. After
about 2.5 fm/c, the effect of ωx becomes more important
than that of ωy, and this makes the longitudinal spin
polarization of these quarks less negative. Finally, the
sign of the longitudinal polarization is along the positive
z direction after 5 fm/c when the effect of ωx dominates
over the combined effects of ωy and ωz.

C. Rapidity dependence of longitudinal spin
polarization

In Fig. 4, we show the longitudinal spin polarization of
quarks as a function of the azimuthal angle in the trans-
verse plane of heavy ion collisions for different rapidity
ranges. It is seen that the longitudinal spin polariza-
tion indeed has a quadrupole pattern and is positive for
quarks pxpy > 0, which has the same pattern and similar
magnitude as those of Λ hyperons measured in experi-
ments [22], and differs from the longitudinal polarization
calculated from ωz by assuming local thermal equilib-

FIG. 4: (Color online) Average longitudinal spin polarization
of quarks as a function of azimuthal angle φp for different
rapidity ranges.

rium of the spin degrees of freedom. Furthermore, the
amplitude of the azimuthal dependence, which can be
expressed as sin(2φp), is larger for the larger rapidity,
and this is due to the larger values of longitudinal and
transverse vorticities at larger η [11, 15].
We also show the longitudinal spin polarization of

strange quarks in Fig. 5, which is expected to be almost
identical to that of Λ hyperons [1, 19, 30]. It is seen
that the amplitude of the azimuthal angle dependence
of the longitudinal spin polarization of strange quarks is
smaller than that of light quarks, but is still comparable
to the experimental results [22]. The reason for this is
because of the mass effect in the chiral kinetic approach
and the different spatial and temporal distributions be-
tween initial strange and light quarks from the AMPT
model.
We further find that with a smaller quark cross sec-

tion, the longitudinal spin polarization of quarks would
decrease and can even change the overall sign of the
quadrupole pattern of the longitudinal spin polarization.
This thus indicates that taking into account the non-
equilibrium effect, which is included in the chiral kinetic
approach, is important for understanding the local spin
polarization of quarks and thus Λ hyperons.

V. SUMMARY

Using the chiral kinetic approach, which takes into
account the axial charge redistribution in the vorticity
field, with initial quark phase-space distributions taken
from the AMPT model, we have studied the effect of
the transverse components of local vorticity field on the
longitudinal spin polarization of quarks. We have found
that the longitudinal spin polarization of quarks depends
not only on the longitudinal component of the vorticity

Hydrodynamic model

Chiral kinetic approach

σ =10 mb

Incomplete thermal equilibrium of spin degree of freedom?  
In hydrodynamic model, importance of relativistic contribution (from expansion and  
temporal term) in addition to kinematic vorticity.
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Fig. 3. (Color online) The transverse momentum distribution
of longitudinal polarization, ⇧0z, for Au-Au 200 GeV collisions
with impact parameter ratio b0 = 0.68 at rapidity bin |y| < 1.

keeps the same sign distribution, i.e. (-, + , -, +), but
with magnitude growing from about 2% to 8% at large
transverse momentum. Meanwhile, the second term flips
it sign distribution, from (-,+ ,-,+) to (+, - , +, -), and
grows faster to a magnitude of 12%, which is larger than
the first term. Two points are worthy to be noticed here:

(1) The magnitude, of either the first/second term or
the total of longitudinal polarization, increases from low
energy (8 GeV) to high energy (200 GeV). This seems
contradicts with a previous work [28], where the second
harmonic coe�cient of the longitudinal polarization de-
creases with energy increasing from 7.7 GeV to 2.76 TeV;

(2) The second term, in our model, plays crucial role
to obtain the experimentally observed sign structure and
magnitude of the longitudinal polarization: it has a sign
structure of (+, - , +, -), and a larger magnitude, cover-
ing the first term’s opposite signature and amending the
polarization value into a smaller but correct magnitude.
This is similar to ref. [23], where the total longitudinal
polarization flips its sign distribution with respect to that
of the first term, although the signatures therein are just
opposite to our results.

Then we explore also the global polarization as a func-
tion of rapidity, as shown in the lower panel of Fig. 5. The
red dashed line in the lower panel figure is a rough approx-
imation of the experimental data, which shows no signifi-
cant dependence on the rapidity and fluctuates around the
averaged value 3%. One can see that the global polariza-
tion from our model also shows no significant dependence
on the rapidity. The global polarization, ⇧0y, for b0 =
0.5, 0.6, 0.68, fluctuates around the average value of 2.8%,
3.8% and 6% respectively, which are magnitudes similar
to the global polarization. For more peripheral collisions,
the fluctuations are relatively larger, e.g. at the case of
b0 = 0.68, there exists a dip in rapidity bin |y| < 0.4.
Beyond the rapidity range |y| > 1 the global polarization
goes down rapidly to zero.

Fig. 4. (Color online) The first term of longitudinal polar-
ization, ⇧1z, and sencond term of longitudinal polarization,
⇧2z, distributed on transverse momentum plane, for Au+Au
200GeV collisions with impact parameter ratio b0 = 0.68 at
rapidity bin |y| < 1.

The first term of the y-directed polarization, as shown
in the upper panel of Fig. 5, exhibits a normal distribution
with respect to the rapidity, with peak value at center ra-
pidity y = 0, which is similar to the vorticity distribution
on pseudo-rapidity from AMPT model[29]. This similarity
of structure simply demonstrates the definition of polar-
ization vector’s first term, i.e. ⇧1y arises purely from the
spatial component of relativistic vorticity, ! = 1

2r ⇥ �.
For more peripheral collisions with larger impact param-
eter, the global polarization distribution peaks higher at
center rapidity y = 0 and goes down faster to zero with a
narrower width. Finally, the two figures together indicate
that the second term related to the system expansion, flat-
ten the peak of the first term induced by classical vorticity,
resulting in an even distribution of global polarization on
the rapidity.

PICR model
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FIG. 2. (Color online) ⟨cos θ∗p⟩ of Λ and Λ̄ hyperons as a func-
tion of azimuthal angle φ relative to the second-order event
plane Ψ2 for 20%-60% centrality bin in Au+Au collisions at√
s
NN

= 200 GeV. Open boxes show the systematic uncer-

tainties and ⟨⟩sub denotes the subtraction of the acceptance
effect (see text). Solid lines show the fit with the sine function
shown inside the figure. Note that the data are not corrected
for the event plane resolution.

and 0.5 < η < 1) for Ψ2 determination (< 11%), and
estimates of the possible background contribution to the
signal (4.3%). The numbers are for mid-central colli-
sions. Also the uncertainty from the decay parameter is
accounted for (2% for Λ and 9.6% for Λ̄, see Ref. [11] for
the detail). We further studied the effect of a possible
self-correlation between the particles used for the Λ (Λ̄)
reconstruction and the event plane by explicitly removing
the daughter particles from the event plane calculation
in Eq. (2). There was no significant difference between
the results. The Λ and Λ̄ reconstruction efficiencies were
estimated using GEANT [28] simulations of the STAR
detector [19]. The correction is found to lower mean val-
ues of the Pz sine coefficient by ∼10% in peripheral col-
lisions and increases up to ∼50% in central collisions,
although the variations are within statistical uncertain-
ties. No significant difference was observed between Λ
and Λ̄ as expected. Therefore, results from both samples
were combined to reduce statistical uncertainties.
Figure 3 presents the centrality dependence of the sec-

ond Fourier sine coefficient ⟨Pz sin(2φ − 2Ψ2)⟩. The in-
crease of the signal with decreasing centrality is likely
due to increasing elliptic flow contributions in peripheral
collisions. We note that, unlike elliptic flow, the polariza-
tion does disappear in the most central collisions, where
the elliptic flow is still significant due to initial density
fluctuations. Because of large uncertainties in periph-

0 20 40 60 80

Centrality [%] 

0

0.5

1
 [%

] 
〉) 2

Ψ
-2φ

 s
in

(2
zP〈

Λ+Λ
AMPT (x 0.2)

)
2

BW (spectra+v
+HBT)

2
BW (spectra+v

STAR
 = 200 GeVNNsAu+Au 

c<6 GeV/
T

0.5<p

FIG. 3. (Color online) The second Fourier sine coefficient
of the polarization of Λ and Λ̄ along the beam direction as
a function of the collision centrality in Au+Au collisions at√
s
NN

= 200 GeV. Open boxes show the systematic uncer-
tainties. Dotted line shows the AMPT calculation [27] scaled
by 0.2 (no pT selection). Solid and dot-dashed lines with the
bands show the blast-wave (BW) model calculation for pT = 1
GeV/c with Λ mass (see text for details).

eral collisions, it is not clear whether the signal continues
to increase or levels off. The results are compared to a
multiphase transport (AMPT) model [27] as shown with
the dotted line. The AMPT model predicts the opposite
phase of the modulations and overestimates the magni-
tude. The blast-wave model study is discussed later.

Since the elliptic flow also depends on pT as well as on
the centrality, the polarization may have pT dependence.
Figure 4 shows the sine coefficients of Pz as a function
of the hyperon transverse momentum. No significant pT
dependence is observed for pT > 1 GeV/c, and the statis-
tical precision of the single data point for pT < 1 GeV/c
is not enough to allow for definitive conclusions about the
low pT dependence. In the hydrodynamic model calcula-
tion [14], the sine coefficient of Pz increases in magnitude
with pT but shows the opposite sign to the data.

As shown in Figs. 3 and 4, the hydrodynamic and
AMPT models predict the opposite sign in the sine co-
efficient of the polarization and their magnitudes differ
from the data roughly by a factor of 5. The reason of
this sign difference is under discussion in the community.
However, the sign change may be due to the relation
between azimuthal anisotropy and spatial anisotropy at
freeze-out [13]. There could be contributions from the
kinematic vorticity originating from the elliptic flow as
well as from the temporal gradient of temperatures at
the time of hadronization [14]. A recent calculation us-
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FIG. 4. (Color online) The second Fourier sine coefficient of
the longitudinal polarization of Λ and Λ̄ hyperons as a func-
tion of pT for 20%-60% centrality bin in Au+Au collisions at√
s
NN

= 200 GeV. Open boxes show the systematic uncer-
tainties. Magenta dashed line shows the hydrodynamic model
calculation [14] scaled by 0.2. Solid and dot-dashed lines with
the bands show the blast-wave (BW) model calculations with
Λ mass.

ing the chiral kinetic approach predicts the same sign
as the data [29]. The model accounts for the transverse
component of the vorticity, resulting in axial charge cur-
rents. Note that both the hydrodynamic and transport
models calculate local vorticity at freeze-out and convert
it to the polarization assuming local thermal equilibrium
of the spin degrees of freedom, while the chiral kinetic
approach takes into account nonequilibrium effects but
does not consider a contribution from the temperature
gradient which is a main source of Pz in the hydrody-
namic model.

These models indicate that the contribution from the
kinematic vorticity to Pz is negligible or opposite in the
sign to the naive expectation from the elliptic flow. In or-
der to estimate the contribution from the kinematic vor-
ticity we employed the blast-wave model (BW) [30–32].
Following Ref. [32] we parameterize the system velocity
field at freeze-out with temperature (T ) and transverse
flow rapidity (ρ) defined as ρ = r̃[ρ0 + ρ2 cos(2φb)]. Here
ρ0 and ρ2 are the maximal radial expansion rapidity and
its azimuthal modulation, r̃ is the relative distance to
the edge of the source, and φb defines the direction of the
local velocity as indicated in Fig. 1. The source shape,
assumed to be elliptical in the transverse plane, is pa-
rameterized by the Ry and Rx radii. Boost invariance is
assumed. Two fits to the data are performed: in one only
spectra and elliptic flow of π, K, and p(p̄) are fit; the sec-

ond fit [33] also includes azimuthal-angle-dependence of
the pion Gaussian source radii at freeze-out as measured
via Hanbury-Brown and Twiss (HBT) intensity interfer-
ometry. The average longitudinal vorticity is calculated
according to the following formula:

⟨ωz sin(2φ)⟩ =
∫

dφs

∫

rdr I2(αt)K1(βt)ωz sin(2φb)
∫

dφs

∫

rdr I0(αt)K1(βt)
(4)

ωz =
1

2

(

∂uy

∂x
−

∂ux

∂y

)

, (5)

where the integration is over the transverse cross-
sectional area of the source, uµ is a four-vector of the lo-
cal flow velocity [32], φs is the azimuth of the production
point (see Fig. 1 for the relation to φb), αt = pT /T sinh ρ,
βt = mT /T cosh ρ; In and K1 are the modified Bessel
functions. Assuming a local thermal equilibrium, the
longitudinal component of the polarization is estimated
as Pz ≈ ωz/(2T ). The uncertainties shown for the BW
model calculations corresponds to 1 σ variation in the
model parameters. See Ref. [34] for more details.
The BW calculations are compared to the data in

Figs. 3 and 4. From central to mid-central collisions both
BW calculations show positive sine coefficients which are
compatible in both sign and magnitude to the measure-
ment, although the BW model is based on a very sim-
ple picture of the freeze-out condition. It was shown in
Ref. [13] that the vorticity in the BW model has the
effects of the velocity field anisotropy (ρ2/ρ0) and the
spacial source anisotropy (Ry/Rx) contributing with op-
posite signs, which can explain a strong sensitivity of the
BW model predictions in the peripheral collisions to the
inclusions of the HBT radii.
We have presented the first measurements of the longi-

tudinal component of the polarization for Λ and Λ̄ hyper-
ons in Au+Au collisions at

√
s
NN

= 200 GeV. Finite sig-
nals of a quadrupole modulation of both Λ and Λ̄ polar-
ization along the beam direction are observed and found
to be qualitatively consistent with the expectation from
the vorticity component along the beam direction due to
the elliptic flow. The results exhibit a strong centrality
dependence with increasing magnitude as the collision
centrality becomes more peripheral. No significant pT
dependence is observed above pT > 1 GeV/c. A drop-off
of the signal is hinted at for pT < 1 GeV/c. The data
were compared to calculations from hydrodynamic and
AMPT models, both of which show the opposite phase of
the modulation and overpredict the magnitude of the po-
larization. This might indicate incomplete thermal equi-
libration of the spin degrees of freedom for the beam
direction component of the vorticity/polarization, as it
develops later in time compared to the global polariza-
tion. On the other hand, the blast-wave model calcu-
lations are much closer to the data, even more so when
the azimuthally sensitive HBT results along with the pT
spectra and v2 are included in the model fit. The blast-
wave model predicts the correct phase of Pz modulation

Pz modulation from the BW model
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BW parameters obtained with HBT: STAR, PRC71.044906 (2005) STAR, arXiv:1905.11917

Simple estimate for kinematic vorticity contribution with BW model 
• Similar magnitude to the data 
• Inclusion of HBT in the fit affects the sign in peripheral collisions


