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Global polarization of A and A hyperons in Au+Au collisions at ,/syy = 19.6 and 27 GeV
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In relativistic heavy-ion collisions, a global spin polarization, Py, of A and A hyperons along the direction
of the system angular momentum was discovered and measured across a broad range of collision energies and
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demonstrated a trend of increasing Py with decreasing /syy. A splitting between A and A polarization may
be possible due to their different magnetic moments in a late-stage magnetic field sustained by the quark-gluon
plasma which is formed in the collision. The results presented in this study find no significant splitting at the
collision energies of /syy = 19.6 and 27 GeV in the BNL Relativistic Heavy Ion Collisions Beam Energy Scan
Phase II using the STAR detector, with an upper limit of Py — Py < 0.24% and P; — Py < 0.35%, respectively,
at a 95% confidence level. We derive an upper limit on the naive extraction of the late-stage magnetic field
of B<9.4x 10" Tand B < 1.4 x 10° T at \/syy = 19.6 and 27 GeV, respectively, although more thorough
derivations are needed. Differential measurements of Py were performed with respect to collision centrality,
transverse momentum, and rapidity. With our current acceptance of |y| < 1 and uncertainties, we observe no
dependence on transverse momentum and rapidity in this analysis. These results challenge multiple existing
model calculations following a variety of different assumptions which have each predicted a strong dependence

on rapidity in this collision-energy range.

DOI: 10.1103/PhysRevC.108.014910

I. INTRODUCTION

Under ordinary conditions, quarks and gluons exist in
bound states to form baryons and mesons; however, if extreme
energy densities of ¢ > 1 GeV/fm? are achieved, they become
deconfined, forming the quark-gluon plasma (QGP) [1-5].
The QGP is formed in laboratories through the collisions
of atomic nuclei at relativistic energies, or heavy-ion colli-
sions (HICs), within large particle colliders [2] such as the
BNL Relativistic Heavy Ion Collider (RHIC) at Brookhaven
National Laboratory. Phenomenological analyses of exper-
imental results help to reveal the properties of the QGP
and characterize the quantum chromodynamics (QCD) phase
diagram.

One of the important discoveries in the field of HICs has
been that of the fluid-like nature of the QGP, and a crucial
signature of this is the azimuthal structure of the momentum
distribution of particles emitted by the collision [6]. Calcu-
lations based on hydrodynamic models predicted a so-called
elliptic flow [7-9], which has been confirmed by experimental
measurements [6,10]. More recently, the fluid-like nature of
the QGP has been studied through its vortical flow structure.
HICs in the RHIC energy range carry enormous angular mo-
mentum, O(103-10°)7, which can be transferred to a curl of
the QGP velocity field and then to particles at hadronizaton
[11-13]. Experimentally, we explore vorticity through Py,
the polarization of emitted hyperon spins along the system
angular momentum. A and A hyperons are used because they
reveal their spins through the preferential emission of their de-
cay particles along their spin direction, and they are produced
abundantly enough to achieve precise results. Measurements
of Py have demonstrated huge vorticity in the QGP [14-19],
and the agreement between hydrodynamic predictions and
experimental measurements has provided a new confirmation
of the paradigm of equilibrium hydrodynamics in heavy-ion
collisions [11].

Recent measurements of Py using high-statistics data sets
have probed the vortical structure differentially [16,18]. Py
is observed to increase with collision centrality, which de-
scribes the degree to which the colliding nuclei overlap and
ranges from 0% for perfectly central collisions to 100%
for extremely peripheral collisions. This behavior is con-
sistent with a phenomenon driven by angular momentum,

which itself increases with centrality; it is also consistent
with numerous model predictions [20-22]. With respect to
the momentum in the transverse plane, pr, Py is constant
within uncertainties. Some models [12,23,24] predict a weak
dependence that is beyond the statistical limitations of pre-
vious studies. Studies of Py with respect to y have gained
increasing interest as measurements have challenged models’
predictions of a strong dependence of Py on this variable
[20-22,25-30]. Furthermore, these models see such a depen-
dence to become stronger as ,/syy becomes smaller. STAR
measured Py at /syy = 200 GeV including its dependence
on y in the range |y| < 1, but no dependence was observed.
At such a high collision energy, however, the mid-y region
is approximately boost invariant, and a changing vorticity
within that region would not necessarily be expected [11].
A recent study by STAR at ,/syy =3 GeV measured this
dependence in the same y range. Because A-hyperon produc-
tion at such a low energy was limited to |y| < 1, even the
most forward-y A hyperons were able to be reconstructed.
Despite this, no dependence of P, on y was observed within
uncertainties.

Furthermore, the strong magnetic field generated by the
ions, which is along the direction of the system angular mo-
mentum, will couple differently to the A and A hyperons
[31] which have opposite magnetic moments. This magnetic
field dies off quickly but is expected to be partially sus-
tained by the QGP throughout the late stages of its evolution,
due to induced currents [32]. Because A and A hyperons
are generated in the late stages of the QGP evolution, a
splitting would be an indirect probe of the electrical conduc-
tivity of the QGP [11]. Experimental measurements across
a wide range of collision energies 7.7 < /sny < 39 GeV
have suggested larger Pz than P, [15], though the positive
splitting obtained by averaging over ,/syy is not statistically
significant.

The STAR collaboration recently acquired high-statistics
data sets at /syy = 19.6 and 27 GeV in the beam energy
scan II (BES-II) program, allowing for additional studies of
differential Py measurements and an improved-precision mea-
surement of the splitting between P; and P,. New STAR
upgrades also allow for extended acceptance in y for the mea-
surements at /syy = 19.6 GeV. We present here the results
of Py as a function of centrality, pr, and y.
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II. EXPERIMENTAL DETAILS
A. The STAR detector

The STAR detector consists of a variety of detectors placed
at different regions in pseudorapidity and serving different
purposes. Aside from the trigger detectors sitting close to the
beam line, this analysis takes use of the event plane detector
(EPD) for the determination of collision geometry orientation,
the time projection chamber (TPC) for the reconstruction of
charged-particle helices, and the time of flight (TOF) detector
for the measurement of particle mass.

The EPD [33] is a set of scintillator wheels, each of which
is segmented into 372 tiles and sits at +3.75 m from the center
of STAR, orthogonal to the beam line. The EPD covers a range
in pseudorapidity of 2.14 < |n| < 5.09 and therefore accepts
forward-y particles emitted from the collision as well as spec-
tator nucleons. Through measurements of the azimuthal dis-
tribution of charged particles at forward y, the EPD provides
measurements of event-plane angles describing the orientation
of collisions [34]. The EPD is an upgrade to the STAR Beam
Beam Counter (BBC) [35] used in previous analyses, and
offers substantially increased granularity and y coverage.

The TPC [36] is a cylindrical chamber filled with a mixture
of 90% argon and 10% methane. It extends radially from
0.5 to 2 m and longitudinally from —2 to 2 m, offering an
acceptance of || < 1. A 0.5 T magnetic field runs longitu-
dinally across the TPC, and a planar cathode membrane sits
within at z = 0, ensuring a longitudinal electric field. The TPC
allows for the measurement of track momenta and for the
identification of charged particles emitted from the collision
based on their ionization energy loss, dE /dx. The data set col-
lected at ./syy = 19.6 GeV makes use of a recently upgraded
set of inner TPC readout pads, the iTPC, that improve track
reconstruction and pseudorapidity coverage to |n| < 1.5.

The TOF detector [37,38] is a collection of rectangular
chambers which wrap around the TPC, using multigap resis-
tive plate chamber (MRPC) technology, with an acceptance of
[nl < 0.9. Within each tray, a set of thin resistive glass plates
separated by small gaps is sandwiched between readout pads
and electrodes that produce an electric field orthogonal to the
plates. The gaps between the glass plates are filled with freon.
Tracks reconstructed in the TPC are then matched with hits in
the TOF, allowing for measurement of particle mass. Because
the resolution on dE /dx from the TPC is poor at higher pr,
the TOF is able to extend particle identification from the TPC.

B. Data set

In 2018 and 2019, STAR collected 1.55 B Au+Au col-
lisions at /syy =27 GeV and 1.33 B Au+Au collisions at
A/Svv = 19.6 GeV, respectively. These data sets are part of
the RHIC Beam Energy Scan Phase II (BES-II), a three-year
program collecting high-statistics data across a broad range
of collision energies. Runs of events with abnormal behavior,
such as a anomalous (n), were rejected according to a detailed
quality-assurance study. Collisions points, or primary vertices,
of |v,| > 70 cm from the center of STAR along the beam
direction were rejected, as were primary vertices with |vy| >
1.5 cm, in the transverse plane. Monte Carlo simulations tuned
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FIG. 1. The first-order event-plane resolution determined by the
STAR EPD as a function of collision centrality is roughly doubled in
comparison to previous analyses using the STAR BBC. We see R(Elp)
peak for midcentral collisions.

to STAR acceptance at low energy were used to study the
distribution of charged-track multiplicity. Using these results,
we can identify where pile-up events (where multiple col-
lisions were recorded at once) dominate the event sample.
These events are effectively removed by an upper limit cut on
event multiplicity. Furthermore, the multiplicity distribution
from the Monte Carlo simulations, which fits well with the
experimental distribution, is used to determine the collision
centrality. Finally, detailed quality-assurance tests are per-
formed to ensure that events are only included in this study if
RHIC and the relevant detectors were performing adequately.

C. Event plane reconstruction

The system orbital angular momentum is aligned with the
normal direction of the reaction plane [39] spanned by the
beam direction and the impact parameter, b, connecting the
centers of masses of the two colliding nuclei. For noncentral
collisions, particles are preferentially emitted in the reaction
plane. The azimuthal distribution of the spectator nucleons
and forward-going particles, which deflect outwards from the
beam line, therefore yields the first-order event plane angle,
W, which approximates the orientation of the reaction plane,
Wgp [34]. EPD tile signal strengths, which correlate with the
multiplicity in a given tile, and the measured directed flow
at the corresponding pseudorapidities are used as weights for
each tile’s contribution to W;. The first-order event-plane-
angle resolution, Rgp) , describes how well W, estimates the
orientation of the reaction plane. For symmetric collision
systems, Rgg = (cos(W; — Wgp)) can be determined from the
correlation between the V| measurements from the two EPD
wheels at forward and backward rapidities [34]. Figure 1
demonstrates RSP) as a function of collision centrality. For

Jsyvy = 19.6 and 27 GeV, R](EIP) peaks at around 0.6 and 0.5,
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R](E]P than the BBC used in [15] at these collision energies,

which offers a reduction in uncertainties.

resg)ectively, for midcentral collisions. The EPD has a larger

D. Hyperon reconstruction

Helical tracks are reconstructed as described in Sec. I A.
The dE /dx from the TPC and mass information from the
TOF are used to identify particle species. The decay chan-
nels A — p+m~ and A — p+ " are considered, which
account for 63.9% of decays [40]. All proton-pion pairs, then,
are considered as A candidates, and a series of cuts are ap-
plied to each pair in order to filter out the false A decays.
These cuts include an upper limit on the distance of closest
approach, DCA, between the helical paths of the proton and
pion, a lower limit on the DCA between each of their helical
paths and the primary vertex, an upper limit on the DCA
between the candidate A hyperon and the primary vertex,
and a lower limit on the decay length of the A hyperon.
For the data set at ./syy = 27 GeV, the acceptance of the
TPC allows for A and A reconstruction in the range |y| < 1;
for the data set at /syy = 19.6 GeV, the upgraded iTPC
allows for reconstruction in the range |y| < 1.5. The cuts
are optimized to minimize background contamination while
maximizing hyperon yield through the use of the KFParticle
software package [18,41,42]. The signal-to-background ratio
achieved in each of these data sets is roughly 20 : 1 within
5 MeV of the accepted value of the A rest mass.

E. Polarization measurement

Global A-hyperon polarization is measured according to
the generalized invariant-mass method [18]. The invariant-
mass distribution of the reconstructed hyperons shows a
clear peak around the accepted rest mass, my = mj; =
1.11568 GeV [40]. The background region is fitted with a
second-order polynomial and the signal is fitted with two
Gaussian distributions. From these fits, a background fraction
as a function of invariant mass, f ¢ (myyy ), is extracted. In the
polarization correlation term, (sin(W; — ¢;)), W, is on aver-
age perpendicular to the global angular momentum direction
while ¢7, the azimuthal angle of the proton daughter in the
A-hyperon’s rest frame, is a measure of the A-hyperon’s spin
orientation. This correlation term is fitted as a function of
invariant mass, as in [16], according to

(sin(W) — ¢3))" (Miny )
= [P (i ) (SIN(W) — 7)) % (tiny )
+ (1= P2 (miny))(sin (W) — 7)) (1)

to extract the signal contribution to the observed polarization
signal. This method is performed for bins in ¢, — ¢, and the

extracted (sin(W; — ¢;))Sig is fitted according to

8 1 . *\ Sig : *

ET@H(‘I’] —¢,))° =Pu+csin(gp —,),  (2)
A Rpp

where c is a constant proportional to the strength of directed

flow, v;. This method extracts the true polarization devoid

of detector-acceptance contributions related to track crossing.

Due to tracking efficiencies associated with the STAR TPC,
the invariant-mass distributions of reconstructed A and A
hyperons depend on the orientation at which the hyperon
decayed relative to the direction of its momentum. When
coupled with v;, this artificially modifies the polarization
observable from Eq. (1). Equation (2) accounts for this, to
leading order, and is verified by simulations of hyperon decays
and reconstruction by the STAR detector. Further details on
this method can be found in Ref. [18]. Finally, a corrective
factor Ay(pr,y) = %Sin 6, is applied in order to account for
imperfect acceptance of the STAR detector [14]. The decay
parameter oy = —az = 0.732 £ 0.014 [40] correction ac-
counts for the fact that decay particles are not emitted exactly
along the direction of the hyperon spin. We take the magni-
tudes of the two decay parameters to be the same, since we
assume CP conservation in the A hyperon’s decay. Previous
experimental results, used for comparison in Fig. 2, are scaled
by updated values of oy .

F. Systematic uncertainties

Contributions to the total systematic uncertainties arise
from uncertainties on the corrective factors [43]. These in-
clude a 2% uncertainty on o5, a ~1% uncertainty on %Sin 9;‘,

a ~1% uncertainty on Rgp), and a 1% uncertainty on the

combinatoric background distribution. These uncertainties de-
pend on pr and y, and are added in quadrature to achieve the
full systematic uncertainty.

A detailed study was carried out in order to check for
unexpected systematic effects. Measurements were compared
when using KFParticle versus using a custom set of topo-
logical cuts, when using the EPD versus the BBC for W,
determination, when filtering hyperons that shared daughters
versus applying no such filter, etc. We checked for any de-
pendence of P, or P; on time of day, progress through run,
collision rates measured by various detectors, azimuthal angle
®4. 4 tc. Through these studies, no unexpected effects were
discovered.

III. RESULTS

The lower panel in Fig. 2 shows the difference between
P; and P, integrated over 20-50 % centrality as a func-
tion of ./syy. Previous measurements in BES-I all show
Pi — Py, > 0, but are still each consistent with zero. The
high-statistics data sets used in this analysis, with drastically
improved precision, show no statistically significant P; —
Pa. At /syy = 19.6 GeV, we report P — Py = —0.018 +
0.127(stat.) &= 0.024(syst.)%, and at /syy = 27 GeV, we re-
port P — Py = 0.109 £ 0.118(stat.) = 0.022(syst.)%. Using
hydrodynamics, one can calculate a thermal vorticity at the
freeze-out hypersurface; after transferring this to hadron spin,
the late-stage magnetic field can be extracted given only Py
and P; [11]. Such extractions, however, are complicated by
the feed down of particles, such as Z, into A and A hyperons.
Using their polarization measurements to extract a late-stage
magnetic field will depend on the method used to simulate and
estimate feed-down contributions. From a thermal approach,
ignoring feed-down effects [31,44], we can estimate the mag-
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FIG. 2. The midcentral Py measurements reported in this work
are shown alongside previous measurements in the upper panel, and
are consistent with previous measurements at the energies studied
here. The difference between integrated P; and P, is shown at
/Sy = 19.6 and 27 GeV alongside previous measurements in the
lower panel. The splittings observed with these high-statistics data
sets are consistent with zero. Statistical uncertainties are represented
as lines while systematic uncertainties are represented as boxes.
The previous P; — P, result at \/syy = 7.7 GeV is outside the axis
range, but is consistent with zero within 2¢.

netic field strength through

—~ Tv'PA_PA|

|B| ~ . (3)
2|pal

where T; is the temperature of the emitting source, taken to be
150 MeV, and w, is the magnetic moment of the A hyperon,
—1.93 x 10~'* MeV/T. Our extracted magnetic field is con-
sistent with zero, and we are able to place an upper limit, using
a 95% confidence level, on the late-stage magnetic field of
B <94 x 102 Tand B < 1.4 x 103 T for the measurements
at /sy = 19.6 and 27 GeV, respectively. This measurement
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FIG. 3. Py measurements are shown as a function of collision
centrality at ./syy = 19.6 and 27 GeV. Statistical uncertainties
are represented as lines while systematic uncertainties are repre-
sented as boxes. Py increases with collision centrality at \/syy =
19.6 and 27 GeV, as expected from an angular-momentum-driven
phenomenon.

is consistent with the predictions of the electric conductivity
of the QGP made by lattice QCD calculations [32].

While the above procedure allows us to quote a value for
the magnetic field, it makes naive assumptions and therefore
should be used cautiously. A major factor, which is not taken
into account here, is the difference between the production
times of A and A hyperons. A hyperons may be produced
later in the collision [45] when the overall magnetic field is
smaller, and would therefore experience a weaker effect of
the magnetic field that is expected to enhance the measured
P5 . Furthermore, vorticity is expected to drop in magnitude as
the QGP evolves; because A hyperons may be produced later
in time, this effect would reduce the measured P [45]. In the
absence of a magnetic field, one would then expect P; < Px.
In such a case, even an agreement between P, and Pz could
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FIG. 4. Py measurements are shown as a function of hyperon pr
at \/syy = 19.6 and 27 GeV. Statistical uncertainties are represented
as lines while systematic uncertainties are represented as boxes.
There is no observed dependence of Py on pr at /syy = 19.6 or
27 GeV, consistent with previous observations.

be an indication of a nonzero magnetic field. Other complicat-
ing factors include the difference in production phase space
between A and A hyperons and their different freeze-out
conditions; these were studied in detail using the UrQMD
model in Ref. [46]. Ultimately, an extraction of the magnetic
field from P, and Pz will be dependent on models that at-
tempt to accurately simulate these effects, which may depend
on ./syy. Additional theoretical model studies and measure-
ments using high statistics at different ./syy are therefore
important to better place limits on the late-stage magnetic field
sustained by the QGP in order to estimate its conductivity.
Global polarization as a function of collision centrality is
observed to increase monotonically, as seen in Fig. 3. Such
behavior has been seen in previous studies from collision
energies of \/syy = 3 GeV to 200 GeV [16,18]. This behavior
is qualitatively consistent with the system angular momentum
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FIG. 5. Py measurements are shown as a function of hyperon y
at \/syy = 19.6 and 27 GeV. Statistical uncertainties are represented
as lines while systematic uncertainties are represented as boxes. The
data set at \/syy = 19.6 GeV takes advantage of STAR upgrades to
reach larger |y|.

increasing with collision centrality as well as numerous model
calculations with varying underlying assumptions [30,47]. At
either of the collision energies studied here, we observe no
dependence of Py with respect to pr. In Fig. 4, we show
fluctuations of Py about the mean value with no significant
deviations. Calculations using a multiphase transport (AMPT)
model predict Py increasing with respect to pr at this collision
energy [21,23]; while no such dependence is observed in this
study, the model predictions are consistent with the uncertain-
ties on the data.

In the present study, we are able to take advantage of
the recently upgraded iTPC in the ,/syy = 19.6 GeV data
set, which allows us to extend our track measurements to
ly] < 1.5. We see in Fig. 5 Py as a function of y for the

range |y| < 1.5 at \/synv = 19.6 GeV and |y| < 1 at /syy =
27 GeV. Two separate calculations made with the AMPT
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model at these energies, tuned for different energy ranges,
yield drastically different predictions. At /sy = 19.6 GeV,
Ref. [21] predicts Py decreasing dramatically with |y| whereas
at \/syy = 27 GeV, Ref. [23] predicts Py increasing dramat-
ically with |y|. It should be noted, however, that these two
studies also cover different regions in phase space, with the
lower-energy study from Ref. [23] looking at pr > 2 GeV/c
and the higher-energy study in Ref. [21] constrained to |y| <
1. We do not observe such dramatic trends, although the data
are consistent with the predictions within uncertainties.

IV. SUMMARY

The observation of global polarization in heavy-ion
collisions has prompted intense investigations, both experi-
mentally and theoretically, into the vortical flow structure of
the QGP. One of the main questions raised in this context
is that of the late-stage magnetic field sustained by the QGP
through its finite conductivity and how Pz — P, might serve
to measure it. While competing theories offer differing views
on the interpretation of P; — Py, its measurement neverthe-
less provides valuable insight. In this study, we take advantage
of upgraded subsystems within the STAR detector and recent
high-statistics data sets at ,/syy = 19.6 and 27 GeV in order
to serve a precision measurement of P; — P,. With the naive
assumptions, we place an upper limit on the late-stage mag-
netic fieldof B < 9.4 x 10" Tand B < 1.4 x 10 Tata95%
confidence level for the measurements at ,/syy = 19.6 and
27 GeV, respectively. Still, through a more detailed approach,
the P; — P, reported here may be found to correspond to
a significant and positive late-stage magnetic field. We also
report here measurements of Py with respect to collision
centrality and pr and find Py rising with centrality but no sig-
nificant dependence on pr; these are consistent with previous

observations. Of more interest is a changing Py with y, which
has been predicted but not yet measured. Our measurement
of Py with respect to y can accommodate an enhancement at
larger |y|, consistent with numerous model predictions, but is
not statistically significant. The findings reported here call for
a better theoretical understanding of the relevance of Py — P
to the late-stage magnetic field and for future high-statistics
studies of Py.
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