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In non-central collisions, the initial collective longitudinal flow velocity  
depends on x.
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In non-central collisions, the initial collective longitudinal flow velocity  
depends on x, which makes the initial angular momentum.
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L

Vorticity → Global Polarization

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

GGlloobbaall  PPoollaarriizzaattiioonn
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★ Non-zero angular momentum transfers to polarization of particles
- Globally polarized quark-gluon plasma in non-central A+A collisions 
  Z.-T. Liang and X.-N. Wang, PRL94, 102301 (2005)  
- Polarized secondary particles in unpolarized high energy hadron-hadron collisions? 
  S. Voloshin, nucl-th/0410089 (2004)

RP

spin-orbit coupling 
Λ and anti-Λ’s spin are aligned 
with angular momentum L  

spin alignment by B-field 
Λ’s spin anti-aligned along B & 
anti-Λ’s spin aligned along B

*Λ has negative magnetic moment 

~L k ~B

＊direction of B is the same as L

STAR

Λ Λ-
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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 of hyperons
In case of Λ’s decay, daughter proton preferentially  
decays in the direction of Λ’s spin (opposite for anti-Λ)

α: Λ decay parameter (=0.642±0.013) 
PΛ: Λ polarization 
pp*: proton momentum in Λ rest frame

strong decay of vector mesons
Deviation from 1/3 in a diagonal element of spin density matrix, ρ00. 
(e.g. φ->K++K- , K*->π+K) dN

d cos ✓⇤
/ (1� ⇢00) + (3⇢00 � 1) cos

2 ✓⇤

⇤ ! p+ ⇡+

(BR: 63.9%, cτ~7.9 cm)

->See talk by Aihong Tang

dN

d⌦⇤ =
1

4⇡
(1 + ↵P⇤ · p⇤

p)
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PH =
8

⇡↵

hsin( 1 � �⇤
p)i

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

sgnΛ: 1 for Λ,  -1 for anti-Λ

STAR, PRC76, 024915 (2007)

Projected onto transverse plane:
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⚪x ~L k ~B

Figure 1. Cartoon of a non-central nuclear
collision. The arrows indicate the collective
velocity of the matter at z = 0 plane.

Figure 2. Diagram explaining the notations for di↵erent
angles discussed in the text. p⇤ is the proton momentum in
the hyperon rest frame. Vertical direction is the direction of
the global orbital momentum – the global polarization
direction. �p is the proton emission azimuth in the system
with x � z plane aligned with the reaction plane.

The simplest way to measure the global polarization is via analysis of the angular distributions of
the products of weakly decaying hyperons. Weak interaction violates parity, and, e.g. in the lambda
hyperon decay the protons are emitted preferentially in the direction of the lambda’s spin:

dN
d cos ✓⇤

/ 1 + ↵H PH cos ✓⇤, (2)

where ✓⇤ is the polar angle of the proton emission relative to the polarization direction in the hyperon
rest frame, �1  PH  1 is the hyperon polarization, and the parameter ↵⇤ = �↵⇤̄ ⇡ 0.624. To
measure the polarization of strongly decaying particles is obviously significantly more di�cult. It is
not at all possible for spin 1/2 particles; for the vector mesons one can hope to measure the deviation
from 1/3 of the probability for the spin projection to be zero [8]. The angular distribution (averaged
over the azimuthal distribution around the polarization direction) of the decay products in this case
reads:

dN
d cos ✓⇤

/ ⇢0,0|Y1,0|2 + ⇢1,1|Y1,�1|2 + ⇢�1,�1|Y1,1|2 / ⇢0,0 cos2 ✓⇤ +
1
2

(⇢1,1 + ⇢�1,�1) sin2 ✓⇤ (3)

/ (1 � ⇢0,0) + (3 ⇢0,0 � 1) cos2 ✓⇤ (4)

where ⇢0,0, ⇢1,1, and ⇢�1,�1 are the probabilities for the particle to have spin projection on the direction
of polarization to be zero, +1, and �1, respectively. The deviation from the non-polarized state value
⇢0,0 = 1/3 is in this case a second order e↵ect [8]. For example, an estimate based on Eq. 1 yields
⇢00 = 1/[3 + (!/T )2].

To measure the hyperon global polarization or vector meson spin alignment experimentally, one
can either analyze directly the distributions in ✓⇤, or, in case of the global polarization direction de-
fined by the one of the flow event planes, analyze the azimuthal distribution of the decay products
(in the resonance rest frame) relative to that flow plane. The azimuthal distribution analysis can be

impact parameter

*
*



STARSolenoidal Tracker At RHIC (STAR)

BBCTOF

Event plane determination 
- ZDCSMD (η>6.3), BBC (3.3<|η|<5)  
Tracking of charged particles 
- TPC (|η|<1 and full azimuth) 
Particle identification 
- TPC and TOF

TPC

ZDCSMD



Λ  rreeccoonnssttrruuccttiioonn

Λ reconstruction 
identify daughters (π, p) with TPC and 
TOF and calculate the invariant mass 
use the information on decay topology 
to reduce the combinatorial 
background 

Background level to Λ signal is 
below 30% 

The number of Λs per event 
~1.0 for 10-20% centrality at 200 GeV 
(raw counts, depends on centrality, 
efficiency, and cuts used)

T. Niida, Workshop on Chirality, Vorticity, and Magnetic Field 2018 8
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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



SSyysstteemmaattiicc  uunncceerrttaaiinnttiieess

Event plane determination:  ~22% 

Methods to extract the polarization signal:  ~21% 

Possible contribution from the background:  ~13% 

Topological cuts:  <3% 

Uncertainties of the decay parameter:  ~2% for Λ, ~9.6% for anti-Λ 

Extraction of Λ yield (BG estimate):  <1% 

Also, the following studies were done to check if there is no experimental effect: 

Two different polarities of the magnetic field for TPC 

Acceptance effect 

Different time period during the data taking 

Efficiency effect

T. Niida, Workshop on Chirality, Vorticity, and Magnetic Field 2018 9
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Case of 200 GeV as an example



Results were consistent with zero, giving an upper limit of 2%. 
~10M events (from 2004 data) was not sufficient.

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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t (GeV/c)

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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T. Niida, Workshop on Chirality, Vorticity, and Magnetic Field 2018

⚫ Λ 200 GeV 
Λ 62.4 GeV

STAR

-P
H constant fit for 200 GeV 

PH = (-0.28±0.96)%

20%-70%

statical uncertainties only
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First observation of  
fluid vortices formed by HIC

#38 of top100, 2017 
Discover Magazine



Λ  gglloobbaall  ppoollaarriizzaattiioonn  vvss  √ssNNNN

Positive signals in √sNN=7.7-39 GeV 

indication of thermal vorticity! 

PH(Λ) < PH(anti-Λ) systematically 

implying a contribution from B-field

T. Niida, Workshop on Chirality, Vorticity, and Magnetic Field 2018 12
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For small thermal vorticity,

Becattini, Karpenko, Lisa, Upsal, and Voloshin, 
PRC95.054902 (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-

9

syst. uncert.

STAR, Nature 548.62 (2017)

->More details in Mike Lisa’s talk

!T =
1

2
(r⇥ v)/T
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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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RReevviissiittiinngg  220000  GGeeVV

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

2007 publication 

year 2004 data ~10M events 

Recent preliminary study 

year 2010 data ~200M events 

year 2011 data ~350M events 

year 2014 data ~1B events

T. Niida, Workshop on Chirality, Vorticity, and Magnetic Field 2018 13
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Let’s revisit 200 GeV with  
~150 times more events!

STAR, Nature 548.62 (2017)

syst. uncert.
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that the background signal was consistent with zero when345

increasing the background by applying looser topologi-346

cal cuts. Therefore the results from zero-background as-347

sumption for the fitting function was used as the final348

results and the difference from the non-zero background349

assumption was included in the systematic uncertainty350

(∼13%).351

We further examined whether or not there is a possi-352

ble experimental bias to our results. The data of Au+Au353

collision was taken with two different polarity of the mag-354

netic field. In order to check the effect of the magnetic355

field configuration, we divided the data into two groups356

to have the same polarity and confirmed that there was357

no significant difference between two groups. Those two358

groups also correspond to earlier or later time of the data359

taking. Despite the change of the trigger condition for360

further improvement during runs and the change of the361

detector condition, no significant difference was observed.362

We also calculated the cumulant terms and subtracted363

them from the observed signal to check a possible de-364

tector effect due to non-uniformity in acceptance and a365

residual detector effect coming from the event plane cal-366

ibration:367

⟨⟨sin(Ψ1 − φ∗
p)⟩⟩ − ⟨⟨sinΨ1⟩⟩⟨⟨cosφ∗

p⟩⟩368

+ ⟨⟨cosΨ1⟩⟩⟨⟨sinφ∗
p⟩⟩, (4)369

where the double brackets indicates an average over par-370

ticles first and then an average over events. It was found371

that the correction terms are very small and there was372

no significant difference beyond the current uncertainty373

after the correction. Therefore we didn’t apply this cor-374

rection in the final results.375

The effect of the tracking efficiency was studied and376

found to be negligible. Also, the acceptance correction377

proposed in our previous analysis [6] was applied. The378

measured polarization can be written as:379

8

παH
⟨sinΨRP⟩ = A0(p

H
T , ηHH )PH(pHT , ηH), (5)380

where A0 is an acceptance correction factor defined as381

follows:382

A0(p
H
T , ηHT ) =

4

π
⟨sin θ∗⟩. (6)383

The correction factor A0 was estimated by the experi-384

mental data.385

The analysis was also performed separately for each386

data set taken in different years. It was found that the387

results from year 2010, 2011, and 2014 were consistent388

within their uncertainties. Therefore we combined all389

results to improve the statistical uncertainties.390

IV. RESULTS391

Figure 4 presents the global polarization of Λ and392

Λ̄ as a function of the collision energy for 20%–50%393

centrality bin in Au+Au collisions, together with re-394

sults from lower collision energies from
√
sNN = 7.7–395

62.4 GeV [7]. The previous result for
√
sNN = 200396

GeV has a large uncertainty and is consistent with zero.397

Our new results for
√
sNN = 200 GeV with significantly398

improved statistics reveals non-zero values of the polar-399

ization signal, 0.277 ± 0.040 (stat) ± 0.039
0.049 (sys) and400

0.240 ± 0.045 (stat) ± 0.061
0.045 (sys) for Λ and Λ̄ respec-401

tively, and are found to follow the global trend of the en-402

ergy dependence. Calculations from the hydrodynamic403

model for primary Λ and Λ taking into account the effect404

of feed-down [8] are compared. The model calculations405

surprisingly reproduce the data over a wide range of the406

collision energy including
√
sNN = 200 GeV within cur-407

rent precision of the experimental measurements. Cal-408

culations from a Multi-Phase Transport (AMPT) model409

are also compared and show slightly higher than the hy-410

drodynamic model in the predictions, but are in good411

agreement with the data within uncertainties.412
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Nature548.62 (2017)
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PRC76.024915 (2007)
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this analysis 
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ΛvHLLE+UrQMD, 
primary primary+feed-down

ΛAMPT, 
primary primary+feed-down

FIG. 4. Global polarization of Λ and Λ̄ as a function of the
collision energy

√
sNN for 20%-50% central Au+Au collisions.

Solid and broken bold lines show calculations from the hydro-
dynamic model [8] and solid and dashed thin lines show calcu-
lations from AMPT model [9] for primary Λ with and without
feed-down effect. Open boxes show systematic uncertainties.

413

414

We also performed differential measurements of the415

polarization, such as the collision centrality, hyperon’s416

transverse momentum, and pseudorapidity dependence.417

The vorticity of the system is expected to be smaller in418

Λ  gglloobbaall  ppoollaarriizzaattiioonn  vvss  √ssNNNN

Observed finite signal 
at √sNN = 200 GeV 

~15% dilution of the signal 
due to feed-down effect 
(model-dependent estimation) 
Following the trend of BES 
data and close to viscous-
hydro+UrQMD and AMPT 
predictions in all energies 
No significant difference 
between Λ and anti-Λ

T. Niida, Workshop on Chirality, Vorticity, and Magnetic Field 2018 14

STAR

vHLLE+UrQMD: Y. Karpenko and F. Becattini, EPJC(2017)77:213 
AMPT: H. Li et al., Phys. Rev. C 96, 054908 (2017)

non-zero 
signal!

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

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

STAR preliminary



GGoo  ttoo  ddiiffffeerreennttiiaall  mmeeaassuurreemmeennttss

Any centrality dependence? 

Any pT dependence? 

Any rapidity dependence? 

Anything else we expect? 

Let’s look at PH more differentially for 200 GeV!

T. Niida, Workshop on Chirality, Vorticity, and Magnetic Field 2018 15
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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

CCeennttrraalliittyy  ddeeppeennddeennccee

Slightly increasing in more peripheral events 
qualitatively consistent with AMPT calculations 

Not clear if there is a saturation or decrease in most peripheral
T. Niida, Workshop on Chirality, Vorticity, and Magnetic Field 2018 16
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peripheral

central

AMPT model, 
Y. Jiang et al., PRC94, 044910 (2016)
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FIG. 5. Λ (Λ̄) polarization as a function of the collision cen-
trality in Au+Au collisions at

√
sNN = 200 GeV. Open boxes

show systematic uncertainties.

cause of larger contribution from jet fragmentation, but426

it is difficult to discuss such effects within current exper-427

imental uncertainties. Calculations for primary Λ from428

hydrodynamic model with two different initial conditions429

(IC) [25] are compared to the data. The pT dependence of430

the polarization slightly depends on the initial condition,431

e.g. no initial flow in Galuber IC but exists in UrQMD432

and the initial energy density profile would be different433

between two ICs. The data is closer to the UrQMD IC434

but slighlty higher than the calculations on average.435436

Figure 7 shows pseudorapidity dependence of the po-437

larization for Λ and Λ̄. The vorticity is expected to be438

larger in the forward and backward rapidities because439

of a stronger shear flow structure [5, 24]. However, due440

to baryon tranparency at higher collision energy and lim-441

ited detector acceptance, any pseudorapidity dependence442

of the polarization is not observed.443444

As mentioned in Sec. I, the vorticity is also related445

to the anomalous chiral effects. For example, in anal-446

ogy with the Chiral Magnetic Effect, the vector current447

can be generated by the system rotation instead of the448

magnetic field, due to the coupling of the vorticity to449

the particle spin, which is called Chiral Vortical Effect.450

Also, the axial current J5 can be generated by non-zero451

vector chemical potential µv with the magnetic field B452

(J5 ∝ µvB) where the particle spin is (anti-)aligned with453

the direction of B (known as the Chiral Separation Ef-454

fect). Note that J5 is along the magnetic field in case455

of µv > 0, but is opposite for µv < 0. This effect456

might be observed in addition to the polarization from457

the vorticity of the system. One can test it by studying458

its dependence on an event-by-event charge asymmetry,459
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FIG. 6. Polarization of Λ and Λ̄ as a function of pT for 20%–
60% centrality bin in Au+Au collisions at

√
sNN = 200 GeV.

Open boxes show systematic uncertainties. Hydrodynamic
model calculations for Λ with two different initial conditions
(IC) are compared.

Ach = ⟨(N+ −N−)⟩/⟨(N+ +N−)⟩, assuming the relation460

of µv/T ∝ Ach.461

Figure 8 presents the polarization as a function of the462

observed charge asymmetry Ach, where Ach was normal-463

ized its RMS, σAch , to avoid a possible centrality bias464

since the width of Ach distribution becomes wider in465

peripheral collisions. Each data point has large uncer-466

tainties but there is a small difference between Λ and467

Λ̄ at larger and smaller Ach/σAch . The dependence on468

Ach/σAch seems to be slightly different between Λ and469

Λ̄. The data were fitted with a linear function and the470

extracted slopes are shown in Fig. 8. The difference471

in their slopes is not significant (1–1.5σ effect) but this472

trend is qualitatively consistent with a naive expectation473

that in the events having larger (smaller) J5 more (anti-474

)particles are polarized along the (opposite) direction of475

the magnetic field.476477

V. SUMMARY478

We have presented results on global polarization for Λ479

and Λ̄ in Au+Au collisions at
√
sNN = 200 GeV. Finite480

signals (0.1%–0.5% dependeing on the centrality) were481

observed by the significant improvement of the statistics482

compared to that used in our previous publication. We483

have found that the signals at
√
sNN = 200 GeV follow484

the global trend of the collisions energy dependence and485

qualitatively agree with predictions from the hydrody-486

namic model and a multi-phase transport model. There487
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ppTT  ddeeppeennddeennccee

No significant pT dependence, as expected from the initial angular 
momentum of the system 
Qualitatively agrees with hydrodynamic model. Initial conditions 
affect the magnitude and dependency on pT

T. Niida, Workshop on Chirality, Vorticity, and Magnetic Field 2018 17
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√
sNN = 200 GeV. Open boxes

show systematic uncertainties.

cause of larger contribution from jet fragmentation, but426

it is difficult to discuss such effects within current exper-427

imental uncertainties. Calculations for primary Λ from428

hydrodynamic model with two different initial conditions429

(IC) [25] are compared to the data. The pT dependence of430

the polarization slightly depends on the initial condition,431

e.g. no initial flow in Galuber IC but exists in UrQMD432

and the initial energy density profile would be different433

between two ICs. The data is closer to the UrQMD IC434

but slighlty higher than the calculations on average.435436

Figure 7 shows pseudorapidity dependence of the po-437
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of a stronger shear flow structure [5, 24]. However, due440

to baryon tranparency at higher collision energy and lim-441
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the particle spin, which is called Chiral Vortical Effect.450
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fect). Note that J5 is along the magnetic field in case455

of µv > 0, but is opposite for µv < 0. This effect456

might be observed in addition to the polarization from457

the vorticity of the system. One can test it by studying458

its dependence on an event-by-event charge asymmetry,459
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Ach = ⟨(N+ −N−)⟩/⟨(N+ +N−)⟩, assuming the relation460

of µv/T ∝ Ach.461

Figure 8 presents the polarization as a function of the462

observed charge asymmetry Ach, where Ach was normal-463

ized its RMS, σAch , to avoid a possible centrality bias464

since the width of Ach distribution becomes wider in465

peripheral collisions. Each data point has large uncer-466

tainties but there is a small difference between Λ and467

Λ̄ at larger and smaller Ach/σAch . The dependence on468

Ach/σAch seems to be slightly different between Λ and469

Λ̄. The data were fitted with a linear function and the470

extracted slopes are shown in Fig. 8. The difference471

in their slopes is not significant (1–1.5σ effect) but this472

trend is qualitatively consistent with a naive expectation473

that in the events having larger (smaller) J5 more (anti-474

)particles are polarized along the (opposite) direction of475

the magnetic field.476477

V. SUMMARY478

We have presented results on global polarization for Λ479

and Λ̄ in Au+Au collisions at
√
sNN = 200 GeV. Finite480

signals (0.1%–0.5% dependeing on the centrality) were481

observed by the significant improvement of the statistics482

compared to that used in our previous publication. We483

have found that the signals at
√
sNN = 200 GeV follow484

the global trend of the collisions energy dependence and485

qualitatively agree with predictions from the hydrody-486

namic model and a multi-phase transport model. There487

3D viscous hydro-model 
F. Becattini and I. Karpenko,  
PRL120.012302 (2018)
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8 Iu. Karpenko, F. Becattini: Study of ⇤ polarization in relativistic nuclear collisions at
p
sNN = 7.7–200 GeV

Fig. 8. Initial energy density profiles for hydrodynamic stage with arrows depicting initial four-temperature field superimposed
(left column) and $

xz

over space-time rapidity |y| < 0.3 slice of particlization surface, projected onto time axis (right column).
The hydrodynamic evolutions start from averaged initial state corresponding to 20-50% central Au-Au collisions at

p
sNN = 7.7

(top row) and 62.4 GeV (bottom row).

can be shown that a simple linear rule applies [26] that is:

S

⇤
D

= CS

⇤
X

(14)

where D is the daughter particle, X the parent and C

a coe�cient whose expression may or may not depend
on the dynamical decay amplitudes. If the coe�cient C

does not depend on the dynamical decay amplitudes, it
takes on rational values depending on Clebsch-Gordan co-
e�cients, the initial values of spin and parity [26]. The
values which are relevant for our calculation in various
strong/electromagnetic decays with a ⇤ or a ⌃ hyperon
in the final state are reported in table 2; for the full deriva-
tion of the C coe�cients see ref. [26].

A large fraction of secondary ⇤’s comes from the strong
⌃(1385) ! ⇤⇡ and the electromagnetic ⌃

0 ! ⇤� decays
2. We found that - in our code - the fractions of primary ⇤,
⇤’s from ⌃

⇤ decays and ⇤’s from decays of primary ⌃

0’s
are respectively 28%, 32% and 17%, with a negligible de-
pendence on the collision energy. This is very close to the

2 We denote ⌃(1385) below as ⌃⇤ for brevity.

fractions extracted from a recent analysis [28] within the
statistical hadronization model: 25%, 36% and 17%. The
remaining 23% of ⇤’s consists of multiple smaller contri-
butions from decays of heavier resonances, the largest of
which are ⇤(1405), ⇤(1520), ⇤(1600),⌃(1660) and⌃(1670).
Some of these resonances produce ⇤’s in cascade decays,
for example ⇤(1405) ! ⌃

0
⇡,⌃

0 ! ⇤�.
We start with the contribution from ⌃

⇤, which is a
J

⇡ = 3
/2

+ state. In this case the factor C in eq. (14) is
1/3 (see table 2) and, by using eq. (13) with S = 3/2, we
obtain that the mean spin vector of primary ⌃

⇤ is 5 times
the one of primary ⇤. Thus, the mean spin vector of ⇤
from ⌃

⇤ decay is:

S

⇤ =
1

3
S

⇤
⌃

⇤ =
5

3
S

⇤
⇤,prim

Similarly, for the ⌃

0, which is a 1
/2

+ state, the coe�cient
C is �1/3 (see table 2) and:

S

⇤ = �1

3
S

⇤
⌃

0 = �1

3
S

⇤
⇤,prim

62.4 GeV
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FIG. 7. Polarization of Λ and Λ̄ as a function of η for 20%–
60% centrality bin in Au+Au collisions at

√
sNN = 200 GeV.

Open boxes show systematic uncertainties.

was no significant difference between Λ and Λ̄ at
√
sNN488

= 200 GeV within the uncertainties.489

The polarization was also studied as functions of the490

collision centrality, hyperon’s transverse momentum, and491

pseudorapidity. The polarization signal was found to be-492

come larger in more preripheral collisions, as expected493

from theoretical calculations, but not depend on pseu-494

dorapidity and transverse momentum. Furthermore, a495

slight dependence of the polarization on the event-by-496

event charge asymmetry was observed with an indication497

of a possible relation to the axial current induced by the498

initial magnetic field, although the statistical uncertain-499

ties need to be improved to make a definitive conclusion.500
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Azimuthal angle dependence 
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¾ No significant signal for off-peak Λ candidates (red points). 
¾ 𝑃𝐻 shows a similar azimuthal dependence for Λ and Λ . 
¾ The significance of Δ𝑃𝐻, for Λ and Λ  conbined,  between [0,𝜋

8
] and [3𝜋

8
,𝜋
2
] is 

4.7𝜎. 
¾ Consistent with the picture of maximum vorticity in the equator. 

Note : Smearing of the observed EP (Ψ𝑜𝑏𝑠) is not corrected yet in 𝜙 −Ψ𝑜𝑏𝑠  

B. Tu, for the STAR Collaboration, SQM2017

* Correction on EP resolution (for x-axis) is not applied here

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*
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 1

4 π
(1+α P⃗⋅p̂ p

* )= 1
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(1+α P cosθ* )

α=0.642±0.013    [measured]
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*
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the Λ  frame (note that this is opposite for Λ )
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3
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Larger signal in in-plane than that in out-of-plane direction 

Similar trend to the hydrodynamic calculation
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Azimuthal angle dependence 

2017/7/14 Biao Tu@SQM2017,10-15 July, Utrecht University 9 

¾ No significant signal for off-peak Λ candidates (red points). 
¾ 𝑃𝐻 shows a similar azimuthal dependence for Λ and Λ . 
¾ The significance of Δ𝑃𝐻, for Λ and Λ  conbined,  between [0,𝜋

8
] and [3𝜋

8
,𝜋
2
] is 

4.7𝜎. 
¾ Consistent with the picture of maximum vorticity in the equator. 

Note : Smearing of the observed EP (Ψ𝑜𝑏𝑠) is not corrected yet in 𝜙 −Ψ𝑜𝑏𝑠  

(3+1)D vicious hydro + AMPT IC 
L.-G. Pang, QM17

* Correction on EP resolution (for x-axis) is not applied here

B. Tu, for the STAR Collaboration, SQM2017

L-G. Pang et al. / Nuclear Physics A 00 (2017) 1–4 3

Fig. 2. The rapidity and azimuthal angle distribution of ⇤ spin projected to y direction for Pb+Pb
p

sNN = 2.76 TeV (left), Au+Aup
sNN = 200 GeV (middle) and Au+Au

p
sNN = 62.4 GeV (right) collisions.

and generated during the fluid evolution. As shown in Fig. 2, the polarization are shifted to the �y direction
which is the direction of the global angular momentum. Locally, the azimuthal angle distribution for Py has
a cosine structure which indicates a vortex ring [10]. The helicity of the vortex ring is opposite for forward
and backward rapidity. The polarization at mid-rapidity shows a weaker azimuthal angle dependence. The
maximal magnitude of the polarization at 62.4 GeV is about 5 times that at 2.76 TeV.

Fig. 3. The rapidity and azimuthal angle distribution of⇤ spin projected to y direction Py for (1) with initial transverse flow, (2) without
initial transverse flow.

For comparison, we compute the local polarization of ⇤ by the CLVisc model with the initial trans-
verse flow vx and vy given by the energy-momentum tensor T µ⌫ of initial partons by the AMPT. With this
configuration, the deposited initial angular momenta are not only given by the matter asymmetry (between
x > 0 and x < 0) but also by the vx gradients along ⌘. As a result, the local polarization at � = 0 now has
the similar magnitude to that at � = ⇡ as shown in Fig. 3. This dramatic change indicates that the local
polarization of ⇤ hyperons around mid-rapidity may provide rigorous constraints on the initial transverse
flow.

3. Global ⇤ polarization from AMPT

We also compute the energy dependence of the global ⇤ polarization within the AMPT model. The
fluid velocity and vorticity field are computed from the event average of the four-momentum of all particles
in each space-time cell. We consider two impact parameters b = 7 fm and 9 fm at each specific collision
energy. The product of the vorticity field⌦zx and the⇤ distribution f⇤ is integrated over on the hyper-surface
to obtain the global ⇤ polarization. The numerical result with both primary ⇤ and feed-down contributions
agrees with experimental data semi-quantitatively. The energy dependence is investigated in details using
the distribution of f⇤ and ⌦zx. A visualization of these two quantities in the reaction plane indicates that the
angular momentum deposition at mid-rapidity is quite small for high beam energies, which is consistent with
the Bjorken scaling scenario. This scaling is broken for low beam energies with large asymmetry between
the forward and backward going participants, which gives rise to a tilted shape at the mid-rapidity, see Ref.
[15] for details.
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Λ polarization may have a contribution from the axial current J5 induced  
by B-field (Chiral Separation Effect), S. Schlichting and S. Voloshin, in preparation 

Use charge asymmetry Ach instead of μv
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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 spinB)field J5
μv>0

µv/T / hN+ �N�i
hN+ +N�i

= Ach

Ach

PH
Λ?

<PH>

what’s the expectation? 
true for u-quark but also for Λ?



STAR

T. Niida, Workshop on Chirality, Vorticity, and Magnetic Field 2018

CChhaarrggee  aassyymmmmeettrryy  ddeeppeennddeennccee

22

Slopes of Λ and anti-Λ seem to be different. 
Possibly a contribution from the axial current?
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FIG. 7. Polarization of Λ and Λ̄ as a function of η for 20%–
60% centrality bin in Au+Au collisions at

√
sNN = 200 GeV.

Open boxes show systematic uncertainties.

was no significant difference between Λ and Λ̄ at
√
sNN488

= 200 GeV within the uncertainties.489

The polarization was also studied as functions of the490

collision centrality, hyperon’s transverse momentum, and491

pseudorapidity. The polarization signal was found to be-492

come larger in more preripheral collisions, as expected493

from theoretical calculations, but not depend on pseu-494

dorapidity and transverse momentum. Furthermore, a495

slight dependence of the polarization on the event-by-496

event charge asymmetry was observed with an indication497

of a possible relation to the axial current induced by the498

initial magnetic field, although the statistical uncertain-499

ties need to be improved to make a definitive conclusion.500
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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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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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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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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:
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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
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Quadruple or sine structure of ωz is expected.

S. Voloshin, arXiv:1710.08934

an: spatial anisotropy,  bn: flow anisotropy

F. Becattini and I. Karpenko, PRL120.012302 (2018) 
S. Voloshin, arXiv:1710.08934
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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]).

ar
X

iv
:1

50
1.

04
46

8v
3 

 [n
uc

l-t
h]

  1
7 

A
ug

 2
01

5

A
study

ofvorticity
form

ation
in

high
energy

nuclear
collisions

F.
B

ecattini, 1,2
G

.
Inghiram

i, 3,1
V.

R
olando, 4,5

A
.

B
eraudo, 6

L.D
el

Zanna, 1,2,7
A

.D
e

Pace, 6
M

.N
ardi, 6

G
.Pagliara, 4,5

and
V.C

handra
8

1D
ipartim

ento
diFisica

e
Astronom

ia,U
niversità
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vorticity

- Should be strongly “correlated” with elliptic flow 
- Weak energy dependence (might even increase with energy) 
- Measurements wrt !2  - good RP resolution 
- Might provide detailed information on velocity fields

+

+ -

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

P z
H ⇠ hcos(✓⇤p)i
- z-component of polarization 
- No need for the 1st-order EP (just need the 2nd-order EP)

θp*: polar angle of daughter proton in Λ rest frame

F. Becattini and I. Karpenko, PRL120.012302 (2018) 
S. Voloshin, arXiv:1710.08934
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STAR preliminary

- Applied acceptance correction  
so that average of ωy over Δφ  
should be zero due to symmetry

As expected from the elliptic flow, 
the sine structure can be seen!

* Effect of Ψ2 resolution is not corrected here. 
Only the magnitude of the oscillation is affected.
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STAR preliminary

- Different trend to hydrodynamic model.  
- Depends on the relation between flow  
and spatial anisotropy according to BW

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:

S

z(p
T

, 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 = S

z). 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 p

T

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, p

T

integrated value of f2 stays around 0.2% at
all collision energies, owing to two compensating e↵ects:
decreasing p

T

di↵erential f2(pT ) and increasing mean p

T

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)

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.

an: spatial anisotropy,  bn: flow anisotropy

* Effect of Ψ2 resolution is not corrected here. 
Only the magnitude of the oscillation is affected.

P z
H ⇠ hcos(✓⇤p)i

in-plane

out-of-plane
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First observation of Λ global polarization at √sNN = 7.7-39 GeV 

Preliminary studies show non-zero signals at √sNN = 200 GeV 

Indicating a thermal vorticity of the medium in non-central heavy-ion 
collisions, of the order of a few percent 
Centrality and azimuthal angle dependence were observed and  
no significant dependence on pT and η. 
A hint of charge-asymmetry dependence (~2σ level) with a possible 
relation to the axial current induced by B-field 

Local vorticity along the beam direction 
Sine structure of the polarization along the beam direction was 
observed, as expected from the elliptic flow 
More detailed study is ongoing

T. Niida, Workshop on Chirality, Vorticity, and Magnetic Field 2018 28
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Isobaric collisions and Au+Au 27 GeV in 2018 (Just started last week!) 
~1B events for each with EPD (better EP resolution) 
Any splitting of Λ and anti-Λ? Any difference btw Ru+Ru and Zr+Zr? 

Beam Energy Scan Ⅱ (2019-2020?) 

7.7-19.6 GeV (10 times larger events than BESⅠ) + Fixed target program 
with iTPC and eTOF (wider η coverage)

T. Niida, Workshop on Chirality, Vorticity, and Magnetic Field 2018 29

STAR

iTPC upgrade 
- pT>60 MeV/c 
- Extension from |η|<1 to |η|<1.5 
- Improvement of dE/dx resolution

EPD upgrade 
- 2.1<|η|<5.1 
- Improves EP resolution 
- Independent trigger

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

endcap TOF

Event Plane Detector
inner TPC

installed

ready in 2019

ready in 2019
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~J5 =


1

2⇡2
(µ2 + µ2

5) +
1

6
T 2

�
~!

8 D.E. Kharzeev et al. / Progress in Particle and Nuclear Physics 88 (2016) 1–28

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]: E
v is analogous to vector gauge

potential E
A, and the vorticity E! is then similar to the magnetic field E

B = r ⇥ E
A. Consider a charged particle moving in a

circle perpendicular to a constant E
B 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:

E
J = 1

⇡2 µ5µE!. (14)

While the CME (Eq. (4)) is driven by E
B, 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:

E
J5 =


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:

E
JR/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

Observed polarization may get an offset from CVE
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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 difference in polarization  
between Λ and anti-Λ, but the effect seems to be small.

L and ¯L: UrQMD+vHLLE vs experiment

L within experimentan error bars.

Much smaller and opposite sign ¯L-L
splitting. Only µ

B

e↵ect in the
model, and it is small.

MHD interpretation: vorticity
creates the average L+ ¯L,
magnetic field makes the splitting.

Magnetic field at particlization?

Iurii Karpenko, Lambda polarization at the RHIC BES and beyond 12/20

Y. Karpenko, sQM2017

only μB effect in model
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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

Jiang et al., PRC94, 044910 (2016)

STAR Preliminary

syst. uncert.

(for T=160 MeV)  

! = (P⇤ + P⇤̄)kBT/~
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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

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

(for T=160 MeV)  

Lifetime of B-field is unknown. 
Important for theoretical prediction of CME.

B = (P⇤ � P⇤̄)kBT/µN

⇠ 5.0⇥ 1013 [Tesla]
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(⇠ 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
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Fig. 8. Initial energy density profiles for hydrodynamic stage with arrows depicting initial four-temperature field superimposed
(left column) and $

xz

over space-time rapidity |y| < 0.3 slice of particlization surface, projected onto time axis (right column).
The hydrodynamic evolutions start from averaged initial state corresponding to 20-50% central Au-Au collisions at

p
sNN = 7.7

(top row) and 62.4 GeV (bottom row).

can be shown that a simple linear rule applies [26] that is:

S

⇤
D

= CS

⇤
X

(14)

where D is the daughter particle, X the parent and C

a coe�cient whose expression may or may not depend
on the dynamical decay amplitudes. If the coe�cient C

does not depend on the dynamical decay amplitudes, it
takes on rational values depending on Clebsch-Gordan co-
e�cients, the initial values of spin and parity [26]. The
values which are relevant for our calculation in various
strong/electromagnetic decays with a ⇤ or a ⌃ hyperon
in the final state are reported in table 2; for the full deriva-
tion of the C coe�cients see ref. [26].

A large fraction of secondary ⇤’s comes from the strong
⌃(1385) ! ⇤⇡ and the electromagnetic ⌃

0 ! ⇤� decays
2. We found that - in our code - the fractions of primary ⇤,
⇤’s from ⌃

⇤ decays and ⇤’s from decays of primary ⌃

0’s
are respectively 28%, 32% and 17%, with a negligible de-
pendence on the collision energy. This is very close to the

2 We denote ⌃(1385) below as ⌃⇤ for brevity.

fractions extracted from a recent analysis [28] within the
statistical hadronization model: 25%, 36% and 17%. The
remaining 23% of ⇤’s consists of multiple smaller contri-
butions from decays of heavier resonances, the largest of
which are ⇤(1405), ⇤(1520), ⇤(1600),⌃(1660) and⌃(1670).
Some of these resonances produce ⇤’s in cascade decays,
for example ⇤(1405) ! ⌃

0
⇡,⌃

0 ! ⇤�.
We start with the contribution from ⌃

⇤, which is a
J

⇡ = 3
/2

+ state. In this case the factor C in eq. (14) is
1/3 (see table 2) and, by using eq. (13) with S = 3/2, we
obtain that the mean spin vector of primary ⌃

⇤ is 5 times
the one of primary ⇤. Thus, the mean spin vector of ⇤
from ⌃

⇤ decay is:

S

⇤ =
1

3
S

⇤
⌃

⇤ =
5

3
S

⇤
⇤,prim

Similarly, for the ⌃

0, which is a 1
/2

+ state, the coe�cient
C is �1/3 (see table 2) and:

S

⇤ = �1

3
S

⇤
⌃

0 = �1

3
S

⇤
⇤,prim
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(top row) and 62.4 GeV (bottom row).
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a coe�cient whose expression may or may not depend
on the dynamical decay amplitudes. If the coe�cient C

does not depend on the dynamical decay amplitudes, it
takes on rational values depending on Clebsch-Gordan co-
e�cients, the initial values of spin and parity [26]. The
values which are relevant for our calculation in various
strong/electromagnetic decays with a ⇤ or a ⌃ hyperon
in the final state are reported in table 2; for the full deriva-
tion of the C coe�cients see ref. [26].
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are respectively 28%, 32% and 17%, with a negligible de-
pendence on the collision energy. This is very close to the

2 We denote ⌃(1385) below as ⌃⇤ for brevity.

fractions extracted from a recent analysis [28] within the
statistical hadronization model: 25%, 36% and 17%. The
remaining 23% of ⇤’s consists of multiple smaller contri-
butions from decays of heavier resonances, the largest of
which are ⇤(1405), ⇤(1520), ⇤(1600),⌃(1660) and⌃(1670).
Some of these resonances produce ⇤’s in cascade decays,
for example ⇤(1405) ! ⌃
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We start with the contribution from ⌃

⇤, which is a
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1/3 (see table 2) and, by using eq. (13) with S = 3/2, we
obtain that the mean spin vector of primary ⌃

⇤ is 5 times
the one of primary ⇤. Thus, the mean spin vector of ⇤
from ⌃
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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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1
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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,  
PRC95.054902 (2017)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

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

S⇤
⇤ = CS⇤

R
hSyi /

S(S + 1)

3
!
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ΛvHLLE+UrQMD, 
primary primary+feed-down

ΛAMPT, 
primary primary+feed-down

GGoo  ttoo  tthhee  LLHHCC  eenneerrggyy

ALICE preliminary results are 
consistent with zero, but it 
seems to follow the global trend 

Need at least ~50 times larger 
statistics for meaningful results
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STAR

vHLLE+UrQMD: Y. Karpenko and F. Becattini, EPJC(2017)77:213 
AMPT: H. Li et al., Phys. Rev. C 96, 054908 (2017)

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

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

ALICE preliminary 
M. Konyushikhin, QCD Chirality Workshop 2017


