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Rescattering effect on the measurement of K* spin alignment in heavy-ion collisions
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Spin alignment of vector mesons in noncentral relativistic heavy-ion collisions provides a novel probe of
the global quark polarization and hadronization mechanism. In this paper, we discuss the spin alignment of a
short-lived vector meson, namely K*°, arising from the hadronic rescattering process using the UrQMD model.
This spin alignment is not related to global quark polarization but cannot be distinguished from those arising
from global quark polarization in experiment. The spin alignment parameter pg is found to deviate from 1/3
by up to —0.008 (0.03) with respect to the reaction (production) plane. These deviations are much larger than
the expected signal from all the theoretical models implementing the conventional global quark polarization
mechanism as well as the current experimental precision, and should be considered seriously when comparing

measurements with theoretical calculations.

DOLI: 10.1103/PhysRevC.106.064908

I. INTRODUCTION

Relativistic heavy-ion collisions create a hot, dense
medium with a partonic degree of freedom, called the quark-
gluon plasma (QGP). It provides unique opportunities to study
quantum chromodynamics (QCD). In noncentral heavy-ion
collisions, a large orbital angular momentum (~10* k) [1,2]
and a strong magnetic field (~10'* T) [3] are also expected.
While the magnetic field is expected to be short lived, part
of the angular momentum is conserved and could be felt
throughout the evolution of the system formed in the collision
[1]. It is predicted that particles produced in heavy-ion colli-
sions with large global angular momentum could be polarized
globally in the direction of the orbital angular momentum due
to spin-orbit coupling [1]. In 2017, the STAR Collaboration
reported the discovery of global polarization for A and A
hyperons in Au + Au collisions [4]. According to the flavor-
spin wave function, the polarization of the A (A) hyperon is
carried solely by the strange quark s (5), indicating the global
polarization of the s (5) quark.

The polarized quarks can also form polarized vector
mesons such as ¢(1020) and K*(892). These mesons origi-
nate predominantly from primordial production and are less
affected by feed-down contribution compared to A and A
hyperons. Furthermore, as spin-1 particles, their daughter’s
polar angle distribution is an even function; thus, there is no
local cancellation as associated with spin-1/2 hyperons when
integrating over time and phase space.

The spin state of a vector meson can be described by a
3 x 3 Hermitian spin density matrix p with unit trace. The
diagonal elements p_;_; and p;; cannot be measured sepa-
rately. Consequently, pg is the only independent element [5].
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It can be determined from the angular distribution of the decay
products,

dN
d cos 6*

where 6* is the angle between the polarization direction and
the momentum direction of one of the decay daughters in the
rest frame of the vector meson. pgg is 1/3 in the absence of
spin alignment, and a deviation of pyy from 1/3 signals net
spin alignment.

The ALICE Collaboration recently published the measure-
ments of vector mesons K** and ¢ spin alignment in Pb + Pb
collisions at 2.76 TeV [6]. pgy values are found to decrease
with decreasing transverse momentum (pr ), consisting of 1/3
at high pr but less than 1/3 at low pr (pr <2 GeV/c) at a
level of 30 (20) for K* (¢), respectively. The values at low
pr are systematically smaller for K* than for ¢, and with
respect to the production plane than that with respect to the
event plane. The difference is on the order of a few percent,
although comparable to the uncertainties. The deviation of
poo from 1/3 at low pr for the vector mesons is qualita-
tively consistent with the expectation from theoretical models,
which attribute it to a polarization of quarks in the presence
of angular momentum in heavy-ion collisions and subsequent
hadronization by the process of recombination. However, the
measured spin alignment is unexpectedly large compared to
the global polarization of A hyperons [7]. This is therefore
puzzling.

The STAR Collaboration measured the spin alignment for
K*® and ¢ in Au+ Au collisions at /sxy from 11.5-200
GeV [8]. pgo for K* is largely consistent with 1/3 [0.3356 &+
0.0034 (stat.) £ 0.0043 (syst.) at \/snn < 54.4 GeV], while
poo for ¢ is above 1/3 with a significance of 7.40 [0.3512 &+
0.0017 (stat.) &= 0.0017 (syst.) at /snn < 62 GeV]. The large
difference between these two vector mesons cannot be de-
scribed by any theoretical models with conventional global

o (1 = poo) + (3p00 — 1) cos® 6%, (1)
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quark polarization mechanisms [4,9-16]. A recent theoretical
model based on ¢-meson vector field coupling to strange
quark can qualitatively describe the difference, but more de-
velopments are needed for quantitative description [8,16]. On
the other hand, it is important to survey the other possible
sources contributing to the difference between K** and ¢
mesons spin alignment.

The lifetime of K* is approximately 4 fm/c, which is
approximately ten times shorter than the ¢ lifetime and com-
parable to the time between chemical freezeout and kinetic
freezeout, making it sensitive to hadronic interactions. In
experiment, the vector mesons are usually reconstructed via
their strong decay to hadrons. If a K** decays before kinetic
freezeout, the decay daughters are subject to rescattering by
hadrons via elastic or inelastic collisions. If one or more
daughter particles are rescattered, either its momentum is
altered or completely absorbed, the parent resonance cannot
be reconstructed experimentally [17-20]. The measurements
of centrality and pr dependence of K* yield in heavy-ion
collisions show strong evidence [21-23] of the significant
rescattering effect on K*° production.

The rescattering probability depends on the particle density
profile, which is related to the geometry of the medium. In
noncentral heavy-ion collisions, the rescattering probability as
a function of azimuthal angle may be an anisotropic distribu-
tion due to the initial geometry of the collisions. Since pg
of vector mesons are measured via the angular distribution
of the daughter particle with respect to the event plane or
production plane, it may be distorted by the rescattering effect
for reconstructable resonances. Consequently, the rescattering
effect could produce artificial spin alignment for resonances,
such as K*0.

In this paper, the spin alignment of K** arising from
hadronic rescattering in Au+ Au collisions at /syy =
200 GeV is studied with the ultrarelativistic quantum molec-
ular dynamics (UrQMD) model. The analysis method is
introduced in Sec. II. Section III includes the results and
discussions. The paper is summarized in Sec. IV.

II. ANALYSIS METHOD

The spin alignment of K*° arising from hadronic rescat-
tering is investigated with the UrQMD model. UrQMD is a
microscopic transport approach based on the covariant propa-
gation of hadrons and strings. All cross sections are calculated
by the principle of detailed balance or are fitted to available
data. The initial orbital angular momentum are not explicitly
propagated in UrQMD therefore no spin alignment for ini-
tially produced vector mesons in UrQMD. Any deviation of
poo from 1/3 indicates the influences on polarization from
hadronic interactions. One important feature of UrQMD is
that it has the option to save all the collision history of par-
ticles during the evolution of the system, making it an ideal
tool to study the hadronic rescattering effect.

As mentioned above, K*9 is usually reconstructed via
the decay of K** — K. In a heavy-ion collision such as
Au + Au collision at /sy = 200 GeV, hundreds or even
thousands of pions and kaons are produced. In experiment,
to reconstruct K** — K, one needs to pair all the pion
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FIG. 1. Invariant mass distribution of K** — K for recon-
structable K** (red solid line) and unreconstructable K** (blue
dot-dashed line) in 0-20% centrality. The unreconstructable K** is
those with one or two daughters experiencing at least one elastic
scattering. The distributions are scaled by their integral.

candidates with all the kaon candidates in the same event
and calculate their invariant masses. With this method, the
decay of K** — Km can be reconstructed, together with a
huge random combinatorial background. Although the ran-
dom combinatorial background can be reproduced with the
like-sign or mixed-event technique and statistically subtracted
[21], the measurement of K*¥ is very challenging as the typical
signal-to-background ratio is on the order of 1/100. In many
heavy-ion collision event generators, only the final particles
are saved. One needs to reconstruct K** in the same way
as in experiment. Alternatively, one can turn off the decay
of K*¥ and directly access the information of K*° from the
output file. However, in this case, K *0 does not suffer from
the rescattering effect, which is the main focus of this paper.
Thanks to the collision history file of UrQMD, one can
easily study the rescattering effect of resonance. The history
file contains each binary interaction, resonance decay, and
string excitation that occurred in the course of the heavy-
ion reaction. First, we find all the K*® — K*nF decay with
[y(K*%)| < 0.5 from the collision history file. We then fol-
low the collision history of the decay daughters. If any of
the decay daughters participates in any (elastic or inelas-
tic) collision with other hadrons, the K* is categorized as
unreconstructable. If neither of the two decay daughters par-
ticipates in any collision with other hadrons, the K*° is
categorized as reconstructable. Since it has been found that
a finite 7 acceptance will lead to an increase in the observed
poo [24], we apply no n acceptance cut to decay daughters.
Figure 1 shows the invariant mass distribution of K*0 —
K*7T in 0 — 20% centrality. The solid red line depicts the
invariant mass distribution of 7 and K from the decay of
reconstructable K*°. It follows the Breit-Wigner distribution.
The dashed blue line depicts the invariant mass distribution
of m and K from K** with at least one of them participating
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FIG. 2. (a) The yield of all (red line) and reconstructable (black line) K* as a function of the time when they decayed in Au + Au collisions
at ./snv = 200 GeV for 0-80% centrality from the UrQMD. (b) The ratio of reconstructable and all K* as a function of the time for various

centralities.

in an elastic collision with other hadrons and the momentum
after the collision is used in the invariant mass calculation. The
distribution is significantly broadened. In reality, the distribu-
tion should be even broader as the decay daughter measured
by detectors may have experienced more than one elastic
collision. These K*° cannot be reconstructed in the presence
of a large random combinatorial background and significantly
correlated background in heavy-ion collisions. Not presented
in Fig. 1 is the K** with one or two decay daughters absorbed
in the following collisions. It is completely lost. Figure 2(a)
shows the number of all and reconstructable K*° as a function
of the time when they decay to K and 7 in 0-80 % Au + Au
collisions at ,/sxy = 200 GeV. The mean of the time dis-
tribution for both all and reconstructable K* is between 10
and 30 fm/c, which means that most K** decays during this
time. Figure 2(b) shows the ratio of reconstructable over all
K* as a function of time in various centrality classes. It in-
creases with increasing time and toward peripheral collisions,
showing strong evidence of a significant rescattering effect
implemented in the UrQMD model, especially at low pr and
in central collisions. Figure 3 shows the K*°/K~ ratio in
UrQMD normalized by the ratio measured in p + p collisions
at /sy = 200 GeV [22]. The double ratio decreases with in-
creasing system size, consistent with the experimental results
in Au+ Au and Cu + Cu collisions [22]. This comparison
verifies that the rescattering processes implemented in the
UrQMD model are reasonably good.

Spin alignment of vector mesons is usually studied with
respect to reaction plane or production plane in literature
[4-6,8—16,23]. In this study, the spin alignment parameter oy
of all and reconstructable K*° is extracted with respect to the
reaction plane and production plane, respectively, according
to Eq. (1). The reaction plane is defined by the cross product
of the beam momentum and the impact parameter, while the
production plane is defined by the cross product of the beam
momentum and K** momentum. The polarization direction is
along the direction of the planes. Figure 4 shows an example

of the cos 6* distribution with respect to the reaction plane and
production plane for all [Figs. 4(a), 4(c)] and reconstructable
[Figs. 4(b), 4(d)] K** at 0.8 < pr < 1.2 GeV/c in 20-60 %
Au + Au collisions at ,/syny = 200 GeV. The solid lines rep-
resent the fit to Eq. (1).

III. RESULTS AND DISCUSSIONS
A. Spin alignment with respect to the reaction plane

We first investigated the spin alignment of all K*°. As
shown in Fig. 4(a), the cos§* distribution is flat for all K*°
in 20-60 % Au+ Au collisions and the extracted pgy =

- ———— ‘ —
_E1a2f —e— UrQMD .
Q . : —o— AutAu 200 GeV ]
Z : g —— Cu+Cu 200 GeV ]
D s [t -
% 0.9 E !
zZ Ot E
t;t I 4 ]
= 08F A i
o : ]
\% 0.7 s B
z | ¢
o) 0.6 ]
% 05F ]
Z f

044 e

10 10?
<Npart>

FIG. 3. The yield ratio of reconstructable K* over K~ in Au +
Au collisions from UrQMD divided by that measured in p+ p
collisions as a function of (Npa), compared with measurements in
Au + Au and Cu + Cu collisions [22]. The center-of-mass energy is
/Snn = 200 GeV.
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0.3325 £ 0.0009 is consistent with 1/3 within uncertainties.
The pr dependence is shown in Fig. 5(a) as open circles. No
spin alignment for all K** is observed, which proves that the
initially produced K*° has no spin alignment in the UrQMD
model as expected.

We then studied the rescattering effect on the ppy measure-
ment. Figure 4(b) shows that there is less reconstructable K*°
toward | cos 8*| = 1 or 6* = 0 or 7. This is because there are
more particles out of the reaction plane than in the reaction
plane in noncentral heavy-ion collisions. The decay daugh-
ters of K*O have a larger rescattering probability along the
polarization direction than perpendicular to the polarization
direction. Consequently, there should be less reconstructable
K*9 at |cos0*| ~ 1 than | cos6*| &~ 0. It is noted that the
picture is oversimplified, the angular distribution should be
diluted by the momentum of K** and the rescattering prob-
ability depends not only on the hadron density profile but
also on the momentum distribution. The UrQMD model takes
all these factors into account. This results in pg in this pr
interval and centrality class being 0.3275 + 0.0011, which is
lower than 1/3 by 0.0058 (>50). Figure 5 shows its py and
centrality dependence. The deviation of reconstructable K*°
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poo from 1/3 is more significant in intermediate py region
and (semi)central collisions, reaches as large as —0.008 at
0.8 < pr < 1.2 GeV/c and 0-20 % centrality.

Such a magnitude of deviation is significant compared
with various theoretical sources. In previous theoretical cal-
culations, the sources include the vorticity, electromagnetic
fields, vector meson fields, fragmentation of polarized quarks,
axial or helicity charge, and turbulent color fields. Since the
different kinds of meson fields do not have a large correla-
tion in space, the contributions from vector meson fields are
absent for K*°. The spin alignment of K** is dominated by
the vorticity field. The most obvious source would be the
electric part of the vorticity tensor, which gives a negative
contribution on the order of 10~* [12,16]. The deviation of
poo from the rescattering effect we measured is about an order
of magnitude higher than this most obvious source. Then the
magnetic part of the vorticity tensor gives a negative contri-
bution, while the electric field gives a positive contribution,
and the fragmentation of polarized quarks can give either a
positive or negative contribution. These three sources are at
the level of 1073 [15,16]. Helicity polarization gives a nega-
tive contribution at all centralities [11]. The exception from
turbulent color fields is poo(K*?) < poo(¢) < 1/3 [9].

Although the deviation of pgy of K *0 due to hadronic
rescattering is significantly large compared to various theo-
retical calculations, it is much smaller compared to the naive
estimation based on the initial eccentricity of the collisions or
the anisotropy (v,) of the final hadrons. Since the wm cross
section is much higher than that of K, the rescattering effect
of K* is dominated by the scattering of the 7 daughter with
s in the system. To better understand the behaviors of K*°
poo, we calculate the eccentricity of charged 7 in coordinate
space as a function of the evolution time in 20—60 % centrality,
as shown in Fig. 6. The eccentricity is defined as

¥y? — 2x?

il 2
Yy 4+ 2?2 @

where x is the position in the direction of the impact pa-
rameter, and y is the position in the direction of the reaction
plane. Eccentricity tends to be zero or even negative with time,
which means the anisotropy of the medium decreases with the
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FIG. 7. n* distribution in the transverse plane at (a) t = 5 fm/c and (b) 20 fm/c.
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fireball evolution. Figure 7 shows charged m distributions in
the transverse plane. The distribution is still an ellipse at 5
fm/c but close to a circle at 20 fm/c. According to Fig. 2,
at the time when most K** decays, the eccentricity of the
medium is already small, and the loss of reconstructable K #0
caused by rescattering is not so significantly different along
different directions. Note that the v, from UrQMD in cascade
mode is smaller than data. The influence of spin alignment of
K*9 due to hadronic rescattering effect is expected to be even
larger in real data than what is shown in Fig. 5.

B. Spin alignment with respect to the production plane

Since the initially produced K** has no spin alignment in
the UrQMD model, the measurements of all K *0 with respect
to the production plane are similar to those with respect to
the reaction plane. As shown in Fig. 4(c), the cos 8* distribu-
tion is flat for all K*¥ in 20-60 % Au + Au collisions, and
the extracted pgo = 0.3329 4+ 0.0009 is consistent with 1/3

(a) Centrality 20-60%
0.8 < P, < 1.2 GeV/e
- AlK*

251

= All n*

Counts/1000
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cos0™

within uncertainties. The pr dependence is shown in Fig. 8(a)
as open circles.

We then studied the pgo value after the rescattering ef-
fect with respect to the production plane. Figure 4(d) shows
that there is less reconstructable K** toward | cos 6*| = 0 or
0* = m /2, which contradicts with the results with respect to
the reaction plane. The extracted pgy value in this particular
pr and centrality bin is 0.3506 &£ 0.0011, which is larger than
1/3 by 0.017. Figure 8 shows its pr and centrality depen-
dence. The deviation of reconstructable K*° po from 1/3 is
more significant in intermediate pr region and (semi)central
collisions, reaches as large as 0.03 at 0.8 < pr < 1.2 GeV/c
and 0-20 % centrality. This is because the decay daughters
are uniformly distributed in the rest frame of K* as we
proved before, and daughters that move back to the K** mo-
mentum direction in its rest frame will have relatively lower
momentum when boosted to the laboratory frame. Then, these
daughters are expected to be rescattered more easily since
rescattering affects more for low-momentum particles. Since
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FIG. 9. The cos#** distribution for (a) all decay daughters and (b) scattered decay daughters for 0.8 < pr(K**) < 1.2 GeV/c in 20-60 %

centrality.
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the polarization direction is always perpendicular to the K*°
momentum direction, there are fewer reconstructable K*%s at
| cos 8*| =~ 0 than | cos 8*| =~ 1. To look at it in more detail, we
calculate the distribution of 6**, which is the angle between
the momentum direction of the parent K** in the laboratory
frame and the momentum direction of a daughter particle in
the K*° rest frame. Figure 9(a) shows the cos ** distribution
for all K or 7, and the distribution is flat. Figure 9(b) shows the
cos 6** distribution for scattered K and 7, and there are more
scattered daughters toward cos 6** = —1 or in the opposite
direction of K*°. For the results with respect to the reaction
plane, as the K** momentum direction is more or less isotropic
with respect to the reaction plane, this effect is small.

IV. SUMMARY

In summary, we have studied the rescattering effect on the
spin alignment parameter poy of K** in Au + Au collisions at
/SnN = 200 GeV based on the UrQMD model. The results
show that the rescattering effect gives a negative contribution
to pgo with respect to the reaction plane. The pr dependence
and centrality dependence are also measured. The maximum
deviation reaches as large as —0.008, which is significant

compared with various theoretical sources and comparable to
the current experimental precision. The results with respect to
the production plane show that the rescattering effect gives a
positive contribution to pgg, and the deviation is much larger
than that with respect to the reaction plane. This is mainly due
to the momentum dependence of the rescattering probability
of K*¥ decay daughters. These results indicate that the rescat-
tering effect should be considered in K* spin alignment.

Note added. Recently, we noticed a study of the same effect
using the AMPT model [25]. The deviation they found is
different from what we find from this study. The difference
may come from the different implementations of hadronic
rescattering processes in these two models.
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