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The polarization of A and A hyperons along the beam direction has been measured relative to the second
and third harmonic event planes in isobar Ru + Ru and Zr + Zr collisions at /sy = 200 GeV. This is the
first experimental evidence of the hyperon polarization by the triangular flow originating from the initial
density fluctuations. The amplitudes of the sine modulation for the second and third harmonic results are
comparable in magnitude, increase from central to peripheral collisions, and show a mild p; dependence.
The azimuthal angle dependence of the polarization follows the vorticity pattern expected due to elliptic
and triangular anisotropic flow, and qualitatively disagrees with most hydrodynamic model calculations
based on thermal vorticity and shear induced contributions. The model results based on one of existing
implementations of the shear contribution lead to a correct azimuthal angle dependence, but predict
centrality and p; dependence that still disagree with experimental measurements. Thus, our results provide
stringent constraints on the thermal vorticity and shear-induced contributions to hyperon polarization.
Comparison to previous measurements at RHIC and the LHC for the second-order harmonic results shows

little dependence on the collision system size and collision energy.

DOI: 10.1103/PhysRevLett.131.202301

The observation of the A hyperon polarization in heavy-
ion collisions [1-4] opens new directions in the study of
fluid and spin dynamics. The global polarization is under-
stood to be a consequence of the partial conversion of the
orbital angular momentum of colliding nuclei into the spin
angular momentum of produced particles via spin-orbit
coupling [5-7] analogous to the Barnett effect [8,9]. Its
observation characterizes the system created in a heavy-ion
collision as the most vortical fluid known [1]. Recent
measurements with = and Q hyperons [10] confirm the
fluid vorticity and global polarization picture of heavy-ion
collisions.

In noncentral heavy-ion collisions, the initial geometry
of the system in the transverse plane has roughly an
elliptical shape as depicted in Fig. 1(a). The difference
in pressure gradients in the directions of the shorter and
longer axes of the ellipse leads to preferential particle
emission into the shorter axis, a phenomenon known as
elliptic flow. Expansion velocity dependence on the azi-
muthal angle leads to generation of the vorticity component
along the beam direction and therefore particle polarization
[11,12]. A hyperon polarization along the beam direction
due to elliptic flow was first observed in Au+ Au
collisions at /syy = 200 GeV by the STAR experiment
[3] and later in Pb + Pb collisions at \/syy = 5.02 TeV by
the ALICE experiment [4]. Sometimes such polarization
driven by anisotropic flow is referred to as “local polari-
zation” [13,14].

While various hydrodynamic and transport models [15—
20] are able to describe the energy dependence of the global
polarization reasonably well, most of them predict an
opposite sign for the beam direction component of
the polarization and greatly overpredict its magnitude

[12,14,21,22]. On the other hand, the calculations based
on a simple blast-wave model [23,24] utilizing only
kinematic vorticity and without the temperature gradient
and acceleration contributions can describe the data well
[3]. This situation has been referred to as the “spin puzzle”
challenging the understanding of the fluid and spin dynam-
ics in heavy-ion collisions. Recently, the inclusion of the
shear-induced polarization (SIP) in addition to the thermal
vorticity was proposed to help in describing the exper-
imental results on the polarization along the beam direction
[25,26]. However, these calculations strongly depend on
the implementation details of the shear contributions [27].
Furthermore, the shear-induced contribution may not be
enough to fully understand the data [28] and the spin puzzle
remains to be resolved.

As predicted in Ref. [11], in addition to the elliptic-flow-
induced polarization, the higher harmonic flow [29-33]

FIG. 1. Sketches illustrating the initial geometry, (a) elliptical
shape and (b) triangular shape, viewed from the beam direction in
heavy-ion collisions. Solid arrows denote flow velocity indicating
stronger collective expansion in the direction of the event plane
angle W,; open arrows indicate vorticities.
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originating from the initial density fluctuations should also
induce vorticity and polarization. Figure 1(b) depicts a
triangular-shaped initial condition with vorticity compo-
nents along the beam direction induced by triangular flow
characterized by its reference angle (¥;). The resulting
polarization would have different shear-induced contribu-
tion than that for the elliptic-flow-induced polarization,
thus providing unique constraints on the shear-induced
contributions. Furthermore, such a vorticity might depend
on the system size [11]. It is of great interest to investigate
whether such a complex vorticity is indeed created. More
experimental data, especially from different collision sys-
tems and with respect to higher order event planes, are
awaited for a better understanding of the local polarization
phenomenon and to better constrain theoretical models.

In this Letter, we present A and A hyperon polarization
along the beam direction relative to the second-order event
plane, and, for the first time, to the third-order event
plane in isobar Ru+Ru and Zr+ Zr collisions at
V/Syn = 200 GeV. The high statistics and excellent quality
isobar data taken by STAR for the chiral magnetic effect
search [34] provide a great opportunity for polarization
studies in collisions of smaller nuclei compared to
Au + Au, as well as to study polarization due to higher
harmonic anisotropic flow. The measurements are per-
formed as a function of collision centrality and hyperon
transverse momentum. The results are compared to hydro-
dynamic model calculations as well as to the previous
second-order event plane measurements at RHIC and
the LHC.

The data of isobar Ru 4 Ru and Zr + Zr collisions at
/Syn = 200 GeV were collected in 2018 with the STAR
detector. Charged-particle tracks were reconstructed with
the time projection chamber (TPC) [35] covering the full
azimuth and a pseudorapidity range of |y| < 1. The
collision vertices were reconstructed using the measured
charged-particle tracks and were required to be within
(=35,25) cm relative to the TPC center in the beam
direction. The asymmetric cut was applied to maximize
the statistics since the vertex distribution became asym-
metric due to on-line vertex selection [34]. The vertex in the
radial direction relative to the beam center was required to
be within 2 cm to reject background from collisions with
the beam pipe. Additionally, the difference between the
vertex positions along the beam direction from the vertex
position detectors (VPDs) [36] located at forward and
backward pseudorapidities (4.24 < |p| < 5.1) and that
from the TPC was required to be less than 5 cm to suppress
pileup events. In order to further suppress the out-of-time
pileup events, the events with large difference between the
total number of the TPC tracks and the number of the tracks
matched with a hit in the time-of-flight (TOF) detector [37]
were also removed. Quality assurance based on the event
quantities that reflect the detector performance changing
with time was performed following the study in Ref. [34].

These selection criteria yielded about 1.8 (2.0) billion
minimum bias good events for Ru + Ru (Zr + Zr) colli-
sions, where the minimum bias trigger requires hits of both
VPDs. The collision centrality was determined from the
measured multiplicity of charged particles within || < 0.5
compared to a Monte Carlo Glauber simulation [34,38].

The event plane angle ¥, was determined by the tracks
measured in the TPC, where n denotes the harmonic order.
The event plane resolution defined as (cos[n(¥* — ¥,,)])
[39] (“obs” indicates an observed angle) becomes largest
around 10%-30% centrality (~0.62) for the second-order
and at 0%—5% centrality (~0.38) for the third-order. Note
that the perfect resolution corresponds to 1.0. The reso-
lutions are very similar for the two isobar systems. The
event plane detector (EPD) located at forward and back-
ward pseudorapidities (2.1 < || < 5.1) was also used for a
cross-check of the measurements, which provided consis-
tent results with the TPC event plane measurements. The
results presented here utilize the TPC event plane mea-
surements because of its superior resolution compared to
the EPD [~0.38 (0.13) for the second-order (third-order) at
the corresponding centralities].

To reconstruct A (A) hyperons, the decay channel of
A = pr~ (A — pr") was utilized. The daughter charged
tracks measured by the TPC were identified using the
ionization energy loss in the TPC gas and flight timing
information from the TOF detector, and then A (A)
hyperons were reconstructed based on the invariant mass
of the two daughters after applying cuts on decay topology
to reduce combinatorial background.

Hyperon polarization is studied by utilizing parity-
violating weak decays where the daughter baryon emission
angle is correlated with the direction of the hyperon spin.
The daughter baryon distribution in the hyperon rest frame
can be written as

dN 1

tor =21+ auPi ). (1)
where dQ* is the solid angle element, and P} and pj
denote hyperon polarization and the unit vector of daughter
baryon momentum in the hyperon rest frame (as denoted by
an asterisk); ay is the hyperon decay parameter. The decay
parameter a, for the decay A — p + 7~ is set to a, =
0.732 £0.014 [40] assuming a, = —aj. Polarization
along the beam direction P, [3] is determined as

(cos 5)

P= (2)

° ay{cos’0y)

where 0, is the polar angle of the daughter proton in the A
rest frame relative to the beam direction. The denominator
<c052€;‘,> accounts for the detector acceptance effect and is
found to be close to 1/3, slightly depending on the
hyperon’s transverse momentum and centrality.
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FIG. 2. (cos®)™® of A and A as a function of hyperon

azimuthal angle relative to the second- (left panel) and the
third-order (right panel) event planes, n(¢ —¥,), in 20%-60%
central isobar collisions at \/syy = 200 GeV. The sign of the
data for A is flipped as indicated by sgn(ay). The solid lines are
fit functions used to extract the parameters indicated in the label
where p; corresponds to the nth-order Fourier sine coefficient.
Note that the results presented in these figures are not corrected
for the event plane resolution.

The systematic uncertainties were evaluated by variation
of the topological cuts in the A reconstruction ~3% (10%),
using different methods of the signal extraction as
explained below ~5% (8%), estimating possible back-
ground contribution to the signal ~3% (6%), and uncer-
tainty on the decay parameter ~2% (2%). The quoted
numbers are examples of relative uncertainties for the
second-order (third-order) results in 10%-30% (0%—
20%) central collisions. All these contributions were added
in quadrature, the value of which was quoted as the final
systematic uncertainty. The sine modulation of P, was
extracted by measuring directly (cos @}, sin[n(¢ —¥,)]) as
a function of the invariant mass. The results were checked
by measuring (cos 87,), corrected for the acceptance effects,
as a function of the azimuthal angle relative to the event
plane, fitting it with the sine Fourier function as presented
below in Fig. 2, and followed by correction for the event
plane resolution (see Ref. [3] for more details). It should be
noted that (cos 8} sin[n(¢ —'¥,)]) can be directly calcu-
lated for a selected mass window if the purity of the A
samples is high (the background contribution, if any, is
negligible). The two approaches provide consistent results.
The EPD event plane and different sizes of TPC subevents
(see Ref. [3]) were also used for cross-checks yielding
consistent results as well. Self-correlation effects due to
inclusion of the hyperon decay daughters in the TPC event
plane determination were studied by excluding the daugh-
ters from the event plane calculation and ultimately found
to be negligible. The feed-down effect may dilute the P,
sine modulation of primary A by 10%-15% [41,42] but
since a correction for this effect is model dependent, only
results for inclusive A are presented in this Letter.

Figure 2 shows (cos %)™ as a function of the A (A)
azimuthal angle relative to the second- and third-order
event planes, where the superscript “sub” represents

1
L Ru+Ru&Zr+Zr, A+A
L * n=2
¢ n=3
_ | Hydro Ru+Ru, T/(e+P)=0.08
= - n=2 (o, +SIPy.)
~ 05 B n=2(0,+SIP,,,)ideal hydro
= | - n=2(0,*SIP,) @ \
9: B n=3 (0, +SIPy,)
=
S
£
)
N

& =

L STAR |f5,,=200GeV TTTresaeaeaeant T T

0.5<p_<6GeV/c, |y <1 o, = -0—=0.732+0.014
1 1 1 l 1 1 1 l 1 1 1 l 1 1 1 I
0 20 40 60 80
Centrality [%]
FIG. 3. Centrality dependence of the second- and the third-order

Fourier sine coefficients of A+ A polarization along the
beam direction in isobar Ru+ Ru and Zr + Zr collisions at
/Syn = 200 GeV. Open boxes show systematic uncertainties.
Solid bands show calculations from the hydrodynamic model [27]
including contribution from the shear-induced polarization (SIP)
based on Ref. [43] by Becattini-Buzzegoli-Palermo (BBP) or
Ref. [44] by Liu-Yin (LY) in addition to that due to thermal
vorticity wy,. The model calculations with a nearly zero shear
viscosity (“ideal hydro™) are also shown.

subtractions of the detector acceptance and inefficiency
effects as described in Ref. [3]. Furthermore, the results are
multiplied by the sign of ay for a clearer comparison
between A and A. The right panel presents the measure-
ment of the longitudinal component of polarization relative
to the third-order event plane where sine patterns similar to
those in the left panel are clearly seen, indicating the
presence of triangular-flow-driven vorticity. It is notewor-
thy that while the origin of triangular flow is completely
different than that of elliptic flow, a similar development of
a vorticity pattern is observed. Since the results for A and A
are consistent with each other, as expected in the vorticity-
driven polarization picture (note that the difference
observed in the third-order results is ~1.4¢), both results
are combined to enhance the statistical significance.

The sine modulations of P, are studied as a function of
collision centrality and are presented in Fig. 3. Results of
the measurements relative to both event planes are com-
parable in magnitude and exhibit similar centrality depend-
ence, increasing in more peripheral collisions. Calculations
from a hydrodynamic model [27] with specific shear
viscosity #7/(e+ P) =0.08 and including both the
thermal vorticity and shear-induced contributions to the
polarization are shown. The model results strongly depend
on particular implementations of the shear-induced
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FIG. 4. Transverse momentum dependence of the second- and
third-order Fourier sine coefficients of A + A polarization along
the beam direction for 20%—-60% central isobar Ru + Ru and
Zr + Zr collisions at /syy = 200 GeV, compared to the second-
order measurements in Au + Au collisions [3]. Open boxes show
systematic uncertainties. The results for the third-order event
plane measurements in isobar collisions are slightly shifted for a
better visibility. Solid bands present calculations from the hydro-
dynamic model [27] (see Fig. 3 caption).

contribution. The calculations with the shear contribution
based on Ref. [43], are in rough qualitative agreement with
the polarization sign and magnitudes for both harmonics,
but fail to describe the data quantitatively especially in
peripheral collisions. On the other hand, the calculation for
the second-order with the shear contribution based on
Ref. [44] shows the opposite sign to the data. Note that
the model with Ref. [44] can provide the correct sign only if
the A mass is replaced with the mass of the constituent
strange quark.

The model calculations with the very small value of the
specific shear viscosity n7T/(e + P) = 0.001 leads to
almost zero P, as shown in Fig. 3, indicating that the
polarization measurements put an additional constraint on
the shear viscosity values of the medium [27]. Note that the
hydrodynamic model calculations without the shear-
induced polarization contribution always predict polariza-
tion with the opposite sign to that observed in the data.

If the observed polarization along the beam direction is
induced by collective anisotropic flow, one might naively
expect a transverse momentum dependence similar to that
of the flow. The P, sine modulations for measurements
relative to both event planes are plotted as a function of the
hyperons’ transverse momentum in Fig. 4. Results show
that p; dependence of the polarization is indeed similar to
that of elliptic (v,) and triangular (v3) flow. While the third-
order P, modulation is smaller than the second-order for
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FIG. 5. Comparison of the second Fourier sine coefficients of

the A+ A polarization component along the beam direction
among isobar and Au + Au collisions at /syy = 200 GeV [3]
and Pb + Pb collisions at /syy = 5.02 TeV [4] as a function of
centrality. Open boxes show systematic uncertainties. The inset
presents the same data plotted as a function of average number of
participants (N,,). Note that the data points for Pb+ Pb
collisions are rescaled to account for the difference in the decay
parameter a, used in the Pb + Pb analysis.

pr < 1.5 GeV/c, the third-order results seem to increase
faster, with a hint of outpacing the second-order results at
pr > 2 GeV/c. The significance of the third-order results
away from zero is 4.8¢ for 1.1 < py < 6.0 GeV/c con-
sidering statistical and systematic uncertainties in quad-
rature. A similar pattern is also observed in the flow
measurements [45,46] which further supports that the
observed polarization is driven by collective flow. The
hydrodynamic model calculations exhibit stronger pr
dependence than that in the data and predict smaller values
of the second-order polarization compared to the third-
order at low p7. In the model, such behavior is determined
by two competing mechanisms, the thermal vorticity and
the shear-induced polarization. The second-order polariza-
tion results for isobar collisions are found to be comparable
to or slightly higher than those for Au + Au collisions.
Figure 5 shows the centrality dependence of the second-
order sine Fourier coefficients of P, in isobar collisions
compared to results from Au + Au collisions at /syy =
200 GeV [3] and Pb + Pb collisions at /syy = 5.02 TeV
from the ALICE experiment [4]. The results do not show
any strong energy dependence nor system size dependence
for a given centrality. The isobar collisions, a smaller
system compared to Au + Au, show slightly larger polari-
zation values in midcentral collisions, but the difference is
not significant. Note that the elliptic flow v, in 5.02 TeV
Pb + Pb collisions [47] is ~60% larger than that in
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200 GeV isobar collisions [34]. The data do not follow a
naive expectation from the », magnitude, i.e., larger local
polarization in Pb + Pb for a given centrality. The data are
also plotted as a function of an average number of nucleon
participants N, estimated from the Glauber model in the
inset of Fig. 5, showing that the data scales better with
N pari» indicating a possible importance of the system size in
vorticity formation.

In conclusion, A and A hyperon polarization along the
beam direction has been measured in isobar Ru + Ru and
Zr + Zr collisions at | /syy = 200 GeV, with respect to the
second-order event plane and, for the first time, to the third-
order event plane. The polarization is found to have a
sinusoidal azimuthal dependence relative to both the event
planes, indicating the creation of a complex vorticity
pattern induced by the elliptic and triangular flow in
heavy-ion collisions. The second- and third-order sine
Fourier coefficients of the polarization exhibit increasing
trends toward peripheral collisions and a mild p; dependence
similar to those of elliptic and triangular flow coefficients.
Hydrodynamic model calculations including both thermal
vorticity and thermal shear contributions based on BBP
implementation, qualitatively agree with the data predict-
ing the correct sign for both harmonics, but underestimate
the data in peripheral collisions and predict a different
shape of the p; dependence. All other model calculations
are in qualitative disagreement with our measurement.
Comparison of the second-harmonic sine coefficient to
those measured in 200 GeV Au + Auand 5.02 TeV Pb + Pb
collisions, shows little system size and collision energy
dependence of the polarization. These results provide new
insights into the polarization mechanism and vorticity
fields in heavy-ion collisions as well as additional con-
straints on properties and dynamics of the matter created in
the collisions.
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