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In non-central collisions, the initial longitudinal flow velocity  
depends on x.
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In non-central collisions, the initial longitudinal flow velocity  
depends on x, which makes the initial angular momentum.
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ANGULAR MOMENTUM CONSERVATION IN HEAVY ION . . . PHYSICAL REVIEW C 77, 024906 (2008)

x

v z(
t=

0)

b=3 fm

b=6 fm

y=0 fm

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

-6 -4 -2 0 2 4 6

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

x
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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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spin-orbit coupling 
spins of Λ and anti-Λ are 
aligned with angular 
momentum L  

spin alignment by B-Field 

Λ spin anti-aligned along B  

anti-Λ spin aligned along B 
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Magnetic !eld → Global Polarization

Both
may
contribute

L

L

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

• (electro)magnetic coupling: Lambdas anti-aligned, and Anti-
Lambdas aligned

~L

RP

~B

★ Non-zero angular momentum transfers to Λ polarization
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!pp
* θ *Ĵsys

quark-gluon 
plasma 

forward-going 
beam fragment 

Λ 

BBC 

BBC 

Figure 3: A sketch of the immediate aftermath of a Au+Au collision. The vorticity of fluid created

at midrapidity is suggested. The average vorticity points along the direction of the angular momen-

tum of the collision, Ĵsys. This direction is estimated experimentally by measuring the sidewards

deflection of the forward- and backward-going fragments and particles in the BBC detectors. L

hyperons are depicted as spinning tops; see text for details. Obviously, elements in this depiction

are not drawn to scale: the fluid and the beam fragments have sizes of a few femtometers, whereas

the radius of each BBC is about one meter.

frame, then

dN

d cosq⇤
= 1

2

⇣
1+aH|~PH|cosq⇤

⌘
. (1)

The subscript H denotes L or L, and the decay parameter aL = �aL = 0.642± 0.01317. The

angle q⇤ is indicated in figure 3, in which L hyperons are depicted as tops spinning about their

polarization direction.

The polarization may depend on the momentum of the emitted hyperons. However, when

6

PH =
8

⇡↵

hsin( 1 � �⇤
p)i

Res( 1)
sgn⇤ φp*: φ of daughter proton in Λ rest frame 

Ψ1: 1st-order event plane 
sgnΛ: 1 for Λ,  -1 for anti-Λ 
α: Λ decay parameter (=0.642±0.013) 

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
*

parity-violating decay
daughter proton preferentially 
decays into the direction of 
Λ’s spin (opposite for anti-Λ)

STAR, PRC76, 024915 (2007)
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BBCTOF
TPC

Λ reconstruction 
- identify daughters (π, p) 
with TPC+TOF 

Event Plane determination 
- BBC or ZDCSMD 

Figure 2: Charged particles from a single Au+Au collision ionize the gas in the TPC, form-

ing tracks that curve in the magnetic field of the detector. The tracks are reconstructed in three

dimensions, making them relatively easy to distinguish, but are projected onto a single plane in

this figure. As the tracks exit at the outer radius, they leave a signal in the Time-of-Flight (TOF)

detector. The species of charged particles is determined by the amount of ionization in the TPC

and the flight time as measured by TOF. Charged daughters from the weak decay L ! p+p� are

extrapolated backwards, and the parent is identified through topological selection. A clear peak at

the L mass, obtained by summing over many events, is observed in the invariant-mass distribution,

shown in the inset.

the overall angular momentum, Ĵsys, as shown schematically in figure 3.

Recently, Takahashi et al.

8 reported the first observation of a coupling between the vorticity

4

ZDCSMD
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Positive signals in √sNN=7.7-62.4 GeV 

vorticity! 
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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 = k

B

T

�
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, arXiv1701.06657

syst. uncert.
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Larger signal in lower energy 

Initial angular momentum is largest at high 
energy 
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FIG. 4: Collision energy dependence of the components of po-
larization vector of ⇤, calculated in its rest frame, calculated
in the model for 20-50% central Au-Au collisions.

ized by Npart; in the bottom panel one can see the cor-
responding distribution of total angular momentum J .
We observe that the total angular momentum distribu-
tion has a maximum at certain range of Npart, and drops
to zero for the most central events (where the impact
parameter is zero) and most peripheral ones (where the
system becomes small). In contrast to that, the polariza-
tion shows a steadily increasing trend towards peripheral
collisions, where it starts to fluctuate largely from event
to event because of smallness of the fireball, a situation
where the initial state fluctuations start to dominate in
the hydrodynamic stage.

As it has been mentioned above, the parameters of the
model are taken to monotonically depend on collision en-
ergy in order to approach the experimental data for basic
hadronic observables. The question may arise whether
the collision energy dependence of P

J

is the result of an
interplay of collision energy dependencies of the param-
eters. We argue that it is not the case: in Fig. 7 one can
see how the p

T

integrated polarization component P

J

varies at two selected collision energies,
p
sNN = 7.7 and

62.4 GeV, when the granularity of the initial state con-
trolled by R?, R⌘

parameters, shear viscosity to entropy
ratio of the fluid medium ⌘/s and particlization energy
density ✏sw change. It turns out that a variation of R?
within ±40% changes P

J

by ±20%, and a variation of
R

⌘

by ±40% changes P
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by ±25% at
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P
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T
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variations of parameters of the model.

FIG. 5: Total angular momentum of the fireball (left) and
total angular momentum scaled by total energy of the fire-
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D. Discussion on the energy dependence

Now we have to understand the excitation function of
the p

T

integrated P

J

which is calculated in the model.
As it has been mentioned, P

J

at low momentum (which
contributes most to the p

T

integrated polarization) has
a dominant contribution proportional to $

xz

p0. It turns
out that the pattern and magnitude of $

xz

over the par-
ticlization hypersurface change with collision energy.
We demonstrate this in Fig. 8 for two selected colli-

sion energies. For this purpose we ran two single hy-
drodynamic calculations with averaged initial conditions
from 100 initial UrQMD simulations each. At

p
sNN =

62.4 GeV, because of baryon transparency e↵ect, the x, z
components of beta vector at midrapidity are small and
do not have a regular pattern, therefore the distribution
of $

xz

in the hydrodynamic cells close to particlization
energy density includes both positive and negative parts,

Karpenko and Becattini, arXiv:1610.0477
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Larger signal in lower energy 

Initial angular momentum is largest at high 
energy 

When increasing the collisions energy: 

Longer lifetime of system would dilute the 
polarization 

Smaller longitudinal flow velocity at mid-η 
due to baryon transparency

T. Niida, QCD Chirality Workshop 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 = k

B

T

�
P L0 +P L0

�
/~, (3)

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

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

emitted directly from the fluid. However, most of the L and L hyperons at these collision ener-
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Positive signals in √sNN=7.7-62.4 GeV 

vorticity! 

systematically PH(Λ) < PH(anti-Λ) 

implying a contribution from B-field

T. Niida, QCD Chirality Workshop 2017
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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.
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~25% of measured Λ and anti-Λ are primary, while ~60% are feed-
down from Σ*→Λπ, Σ0→Λγ, Ξ→Λπ 

One needs to correct it before extracting physical parameters

T. Niida, QCD Chirality Workshop 2017
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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)):

Pmeas
⇤ = 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 Pmeas
⇤ =

0.0395 and Pmeas
⇤

= 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,  
arXiv:1610.02506 (2016)

fΛR  : fraction of Λ originating from parent R 
CΛR : coefficient of spin transfer from parent R to Λ 
SR   : parent particle’s spin  
μR  : magnetic moment of particle R
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Vorticity 
ω/T ~ 2-10% (                    ) 
ω~0.02-0.09 fm-1  

(when assuming T=160 MeV) 

T. Niida, QCD Chirality Workshop 2017
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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

PΛprimary
= ω

2T
∼5 %

μN= nuclear magneton 

ROTATING QUARK-GLUON PLASMA IN RELATIVISTIC . . . PHYSICAL REVIEW C 94, 044910 (2016)

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

Jiang et al., PRC94, 044910 (2016)

~ = 1, kB = 1

STAR Preliminary

syst. uncert.



EExxttrraacctt  vvoorrttiicciittyy  aanndd  BB--ffiieelldd

Vorticity 
ω/T ~ 2-10% (                    ) 
ω~0.02-0.09 fm-1  

(when assuming T=160 MeV) 

Magnetic field 
possible direct measure of B-
field, but the data are consistent 
with zero 
need more events

T. Niida, QCD Chirality Workshop 2017
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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

PΛprimary
= ω

2T
∼5 %

μN= nuclear magneton 
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BBaacckk  ttoo  Λ  ppoollaarriizzaattiioonn  rreessuullttss

Previous results at 200 GeV (using 
year 2004 data) were consistent 
with zero 
→Can we see the signal when using 
recent data with more statistics? 

previous study used 

year 2004 data ~9M events 

new study used 

year 2011 data ~350M events

T. Niida, QCD Chirality Workshop 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 = k

B

T

�
P L0 +P L0

�
/~, (3)

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

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

emitted directly from the fluid. However, most of the L and L hyperons at these collision ener-
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Non zero signal of PH  
at √sNN = 200 GeV  
 

~0.18%±0.08  
(syst. uncert. ~0.06% for Λ) 

no significant difference 
between Λ and  anti-Λ 
close to viscous-hydro
+UrQMD calculation

T. Niida, QCD Chirality Workshop 2017
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CCeennttrraalliittyy  ddeeppeennddeennccee  ooff  PPHH

Weak centrality dependence for Λ  

Looks to slightly increase in peripheral events for anti-Λ

T. Niida, QCD Chirality Workshop 2017
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ppTT  ddeeppeennddeennccee  ooff  PPHH

No significant pT dependence was observed 
within current uncertainties

T. Niida, QCD Chirality Workshop 2017
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η  ddeeppeennddeennccee  ooff  PPHH

No significant η dependence within current uncertainties

T. Niida, QCD Chirality Workshop 2017
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Λ  ppoollaarriizzaattiioonn  vvss  cchhaarrggee  aassyymmmmeettrryy??

Idea (S. Shlichting and S. Voloshin, in preparation) 
Λ polarization may be related to the axial current J5 
Use (kaon) charge asymmetry instead of μv

T. Niida, QCD Chirality Workshop 2017
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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 E

E k E
B 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
E
x

E
J · EE = R

E
x

[(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

E
x

CAEE · E
B 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

E
x

[CAµ5]EE · E
B. These reasonings therefore lead to the following

identification:
Z

E
x

[(Qe)�5]EE · E
B =

Z

E
x

[CAµ5]EE · E
B (8)

for any auxiliary E
E 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]:

E
J5 = �sEB. (9)

It states that an axial current is generated along an external E
B 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 E

B 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 E

B. 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)µE

B. The LH quarks/antiquarks
would form an opposite current EJL / �(Qe)µE

B but contribute the same as the RH quarks/antiquarks to form together an
axial current along the magnetic field: EJ5 / (Qe)µE

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

E
JR/L = E

J ± E
J5

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

J5 / µvB

RH#
#
LH�

p� spin�B*field�

µv/T / hN+ �N�i
hN+ +N�i

µv/T / hNK+ �NK�i
hNK+ +NK�i

Ach�

PH�
Λ?�
<PH>�

or
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No clear trend within current uncertainties. 
Need more events… 

chmeasured A
0.2− 0 0.2

HP

0.01−

0.005−

0

0.005

0.01

slope (x100)
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STAR has made the first observation of Λ global polarization in Au
+Au collisions at √sNN=7.7-200 GeV 

Clear signal of vorticity from the medium in non-central heavy-ion collisions 
Current data cannot distinguish the difference between Λ and  anti-Λ, but 
the difference may lead to a possible direct measurement of the magnetic 
field 

Preliminary results for √sNN = 200 GeV also show non-zero signal of Λ 
polarization ( PH = 0.18% ± 0.08% ) 
First look at charge asymmetry dependence of Λ polarization 

Outlook 
STAR upgrade for BES-Ⅱ 
Connection to other observables

T. Niida, QCD Chirality Workshop 2017

STAR
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iTPC upgrade 
- extend η coverage  
from |η|<1 to |η|<1.5 

- pT>60 MeV 
- improve dE/dx resolution 
- ready in 2019

EPD upgrade 
- 2.1<|η|<5.1 
- improve EP resolution 
- independent trigger 
- ready in 2018

eTOF upgrade 
- -1.6<η<-1.1 
- extend forward PID  
capability 

- mid-rapidity coverage 
in Fixed Target Program 

- ready in 2019

endcap TOF

Event Plane Detector
inner TPC

Expect significant  
improvements in BES-Ⅱ
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Fig. 8 Directed flow of pions at η/s = 0.1 and ηm = 2.0 compared
with STAR data [22]

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

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

J y = −τ0

∫
dx dy dη x ε(x, y, η) sinh η. (32)

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

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

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

J y =
∫

dx dy w(x, y)(T+ − T−)x
√
sNN

2
(33)

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

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

is the function which extends the simple product of two θ

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

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

With the final set of parameters, we have calculated the
thermal vorticity ϖ . As has been mentioned in Sect. 2, this
vorticity is adimensional in cartesian coordinates) and it is
constant at global thermodynamical equilibrium [17], e.g.
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terized by a significant positive tilt – opposite the average
tilt in momentum space. A full correlation function ana-
lysis of the RQMD events [13] yields qualitatively similar
results as those shown in Fig. 2.
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FIG. 3. RQMD simulation of pions from 2 AGeV Au+Au
collisions at b=3-7 fm. The top panel shows a weak px−pz

“anti-flow” correlation. In the bottom panel, contours of the
spatial distribution of emission points projected onto the reac-
tion plane show a strong tilt in the opposite direction from the
tilt in momentum space. Superimposed arrows represent the
average pion momentum at different values of z. Note that
the momentum scale in z-direction is compressed for clarity.

This bears directly on the physical causes of directed
pion flow at these energies. Detailed transport model
studies [18] have shown that pion reflection from (not
absorption by) the nucleonic matter is at the root of
directed pion flow at these energies. Focussing on the
forward hemisphere, if absorption processes (πNN →
∆N → NN) were dominant in producing pion flow, we
would expect an absence of π emission points in the +x
quadrant, i.e. a negative tilt in coordinate space and in
momentum space. Since it is the point of last scattering
(as opposed to the original point of creation) which is rel-
evant for HBT correlations [3], it is clear that reflection
(πN → ∆ → πN) from flowing participant or spectator
baryons leads to a positive tilt in coordinate space as seen
in Fig. 3: the reflected pions “illuminate” the coordinate-
space anisotropies of the nucleonic matter. In this simple
picture, then, the sign of θs immediately distinguishes
between these two possibilities.

The arrows in Fig. 3 represent the average momenta
of pions for different values of z. The resulting structure
further underscores the importance of pion rescattering:
Clearly, the more numerous pions from the high-density

region around z = 0 dominate, generating the anti-flow
signal seen in experiment. However, pions from the more
dilute large-|z| region have less opportunity for rescatter-
ing and so retain the positive px−pz correlation of their
(flowing) parent ∆’s. Similar considerations generate a
sign change in the pion flow as the impact parameter is
varied in transport models [18].

In summary, for non-central collisions all ten compo-
nents of the spatial correlation tensor Sµν are accessible
by Φ-dependent HBT measurements. Based on symme-
try and scale considerations we argue that for low K⊥

the explicit Φ-dependence of Eqs. (3) dominates. Con-
sistency relations allow to check whether this is true in
practice. The spatial correlation tensor Sµν can then be
extracted completely from a global fit to the six Φ-de-
pendent HBT radii. At midrapidity, the five nonvanish-
ing components of Sµν correspond to the four spacetime
lengths of homogeneity and a tilt of the source in the
reaction plane, away from the beam direction. This tilt,
which may be quite large at AGS energies, causes strik-
ing and relatively easily measurable first-order harmonic
oscillations in Rol and Rsl and can give a direct experi-
mental handle on the origin of pion flow at these energies.

The work of M.A.L. is supported by NSF Grant PHY-
9722653 and that of U.H. by DFG, GSI and BMBF.
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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

Vorticity is an important piece  
for further understanding the picture of HIC!

McLerran and Skokov, 
Nucl. Phys. A929, 184 (2014) 

Best description of v
with vorticity!



STAR

Back up

24



STAR

T. Niida, QCD Chirality Workshop 2017

EEffffeecctt  ooff  nnoonn--zzeerroo  cchheemmiiccaall  ppootteennttiiaall

25

10

!a"

0

5

10

Βm

0
1

2
3

4

ΒΜ

0.15

0.2

0.25

#
#Ρ

!b"

0

5

10

Βm
0

1
2

3
4

ΒΜ

0.23

0.24

0.25

#
#Ρ

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.

!a"

0

5

10

Βm
0

1
2

3
4

ΒΜ

0.6
0.7
0.8
0.9
1.

R

(b)

0 2 4 6 8 10
0.75

0.80

0.85

0.90

0.95

1.00

Βm

R

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

R. Fang, L. Pang, Q. Wang, and X. Wang, PRC94, 024904 (2016)

= m/T

R=PΛ/Panti-Λ

μ/T=0.5

μ/T=1

μ/T=2

~ 1.1GeV/(160-200)MeV 
~ 5.5-6.8
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FIG. 9: Same as Fig. 4, dotted curve corresponds to polar-
ization of feed-down corrected ⇤ from ⌃(1385) and ⌃0 decays
only. Dashed curve corresponds to feed-down corrected ⇤
from ⌃0, ⌃(1385), ⇤(1405), ⇤(1520), ⇤(1600), ⌃(1660) and
⌃(1670), including cascade decays, e.g. ⇤(1405) ! ⌃0 ! ⇤.

resonances, C
X!⇤ and C

X!⌃0 are polarization transfer
coe�cients, b

X!⇤ and b

X!⌃0 are the branching ratios
for decay channels yielding in ⇤ and ⌃0 respectively. In
eq. 15 we have used the fact that nearly all ⌃0 decay to
⇤� with polarization transfer �1/3, which allows to treat
cascade decay contributions X ! ⌃0 ! ⇤. The results
are shown in Fig. V, where the thin dotted line corre-
sponds to feed-down contributionsX = ⌃0

,⌃(1385) only.
Surprisingly, in this case the interplay of hadron chem-
istry and polarization transfer in the decays result in a
correction factor, which varies between 0.94�0.98 in the
whole collision energy range. When we take all afore-
mentioned resonances into account (X = ⌃0, ⌃(1385),
⇤(1405), ⇤(1520), ⇤(1600), ⌃(1660), ⌃(1670)), using po-
larization transfer coe�cients listed in table II, we obtain
the dashed line in Fig. V, corresponding to a 15% sup-
pression of the mean polarization of ⇤ with respect to the
primary polarization. This decrease is mostly due to the
increase of the denominator in eq. 15 from the heavier
resonance contributions, whereas their contributions to
the numerator have opposite signs because of alternating
signs of the polarization transfer coe�cients.

There is, however, a further correction which is much
harder to assess, i.e. post-hadronization interactions. In
fact, hadronic elastic interaction may involve a spin flip
which, presumably, will randomize the spin direction of
primary as well as secondary particles, thus decreasing
the estimated mean global polarization in fig. (V). In-
deed, in UrQMD cascade which is used to treat interac-
tions after particlization, cross sections of ⇤ and ⌃0 with
most abundant mesons and baryons - calculated with the
Additive Quark Model - are comparable to those of nu-
cleons [27]. This implies that ⇤’s do rescatter in the
hadronic phase, and indeed we observe from the full cas-

Decay C

1
/2

+ ! 1
/2

+ 0� �1/3
1
/2

� ! 1
/2

+ 0� 1
3
/2

+ ! 1
/2

+ 0� 1/3
3
/2

� ! 1
/2

+ 0� �1/5

⌃0 ! ⇤� �1/3

TABLE II: Polarization transfer coe�cients C (see eq. (14))
to the ⇤ or ⌃ hyperon (the 1

/2
+ state) for various

strong/electromagnetic decays.

cade+hydro+cascade calculation that in the RHIC BES
range only 10-15% of primary ⇤’s escape the system with
no further interactions3, until they decay into pion and
proton far away from the fireball. For the present, we
are not able to provide a quantitative evaluation of the
rescattering e↵ect on polarization, whose assessment is
left to future studies. The only safe statement for the
time being is that the dashed line in fig. (V) is an up-
per bound for the predicted mean global ⇤ polarization
within the hydrodynamical model with the specific initial
conditions used in our calculation.

VI. CONCLUSIONS

In summary, we have calculated the global polariza-
tion of ⇤ hyperons produced at midrapidity in Au-Au
collisions at RHIC Beam Energy Scan collision energies,p
sNN = 7.7 � 200 GeV, in the framework of hadronic

cascade + 3 dimensional event-by-event viscous hydrody-
namic model (UrQMD+vHLLE). The in-plane components
of the polarization vector as a function of transverse mo-
mentum are found to have a quadrupole structure (sim-
ilar to the one obtained in [7]) and can be as large as
several percents for large transverse momentum. The
mean, momentum integrated polarization vector is di-
rected parallel to the angular momentum of the fireball
and its magnitude substantially increases from 0.2% to
1.8% as collision energy decreases from full RHIC en-
ergy down to

p
sNN = 7.7 GeV. Such increase is related

to (1) emerging shear flow pattern in beam direction at
lower collision energies related to baryon stopping, and
(2) shorter lifetime of fluid phase, which does not dilute
initial vorticity as much as it does at higher collision en-
ergies. At the same time, we did not observe a linear
relation between the polarization and the ratio angular
momentum/energy of the fireball.
Significant fraction of the produced ⇤ originate from

resonance decays. We have calculated the contribution

3
The remaining 85-90% of ⇤ contain decay products of primary

⌃

0
, ⌃

⇤
and other resonances up to ⌃(1670), which is covered by

the calculations above.

Karpenko and Becattini, arXiv:1610.0417
B. I. ABELEV et al. PHYSICAL REVIEW C 76, 024915 (2007)
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FIG. 4. (Color online) Global polarization of ! hyperons as a
function of ! pseudorapidity η!. Symbol keys are the same as in
Fig. 3. A constant line fit to these data points yields P! = (2.8 ±
9.6) × 10−3 with χ 2/ndf = 6.5/10 for Au+Au collisions at

√
sNN =

200 GeV (centrality region 20–70%), and P! = (1.9 ± 8.0) × 10−3

with χ 2/ndf = 14.3/10 for Au+Au collisions at
√

sNN = 62.4 GeV
(centrality region 0–80%). Only statistical uncertainties are shown.

Figure 4 presents the ! hyperon global polarization as a
function of ! pseudorapidity η!. The symbol keys for the data
points are the same as in Fig. 3. Note that the scale is different
from the one in Fig. 3. The pt -integrated global polarization
result is dominated by the region p!

t < 3 GeV/c, where the
measurements are consistent with zero (see Fig. 3). The solid
lines in Fig. 4 indicate constant fits to the experimental data:
P! = (2.8 ± 9.6) × 10−3 with χ2/ndf = 6.5/10 for Au+Au
collisions at

√
sNN = 200 GeV (centrality region 20–70%) and

P! = (1.9 ± 8.0) × 10−3 with χ2/ndf = 14.3/10 for Au+Au
collisions at

√
sNN = 62.4 GeV (centrality region 0–80%).

The lines associated with each of the two beam energies are
almost indistinguishable from zero within the resolution of
the plot. The results for the ! hyperon global polarization as
a function of η! within the STAR acceptance are consistent
with zero.

Figure 5 presents the ! hyperon global polarization as a
function of centrality given as a fraction of the total inelastic
hadronic cross section. Within the statistical uncertainties we
observe no centrality dependence of the ! global polarization.

The statistics for !̄ hyperons are smaller than those for !
hyperons by 40% (20%) for Au+Au collisions at

√
sNN =

62.4 (200) GeV. Figures 6, 7, and 8 show the results for the
!̄ hyperon global polarization as a function of !̄ transverse
momentum, pseudorapidity, and centrality (the symbol keys
for the data points are the same as in Figs. 3–5). Again, no
deviation from zero has been observed within statistical errors.
The constant line fits for the !̄ hyperon global polarization give
P!̄ = (1.8 ± 10.8) × 10−3 with χ2/ndf = 5.5/10 for Au+Au
collisions at

√
sNN = 200 GeV (centrality region 20–70%)

and P!̄ = (−17.6 ± 11.1) × 10−3 with χ2/ndf = 8.0/10 for
Au+Au collisions at

√
sNN = 62.4 GeV (centrality region

0–80%).
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FIG. 5. (Color online) Global polarization of ! hyperons as a
function of centrality given as a fraction of the total inelastic hadronic
cross section. Symbol keys are the same as in Fig. 3. Only statistical
uncertainties are shown.

C. Acceptance effects and systematic uncertainties

The derivation of Eq. (3) assumes a perfect reconstruction
acceptance for hyperons. For the case of an imperfect detector,
we similarly consider the average of ⟨sin(φ∗

p − %RP)⟩ but
take into account the fact that the integral over the solid
angle d&∗

p = dφ∗
p sin θ∗

pdθ∗
p of the hyperon decay baryon

three-momentum p∗
p in the hyperon rest frame is affected by

detector acceptance:

⟨sin(φ∗
p − %RP)⟩ =

∫
d&∗

p

4π

dφH

2π
A(pH , p∗

p)
∫ 2π

0

d%RP

2π

× sin(φ∗
p − %RP)[1 + αHPH (pH ; %RP)

× sin θ∗
p sin(φ∗

p − %RP)]. (5)

Here pH is the hyperon three-momentum, and A(pH , p∗
p) is a

function to account for detector acceptance. The integral of this
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FIG. 6. (Color online) Global polarization of !̄ hyperons as a
function of !̄ transverse momentum p!̄

t . Symbol keys are the same
as in Fig. 3. Only statistical uncertainties are shown.
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Previous Λ polarization result in Au+Au 
200 GeV (year2004) was zero-consistent.

PPrreevviioouuss  rreessuullttss  aatt  √ssNNNN  ==  220000GGeeVV

T. Niida, QCD Chirality Workshop 2017
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