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A and A global polarization from the core-corona model
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We report on work aimed to describe the A and A global polarizations in a heavy-ion collision environment using the core-corona model,

where the source of these hyperons is a high-density core and a less dense corona. We show that the overall properties of the polarization

excitation functions can be linked to the relative abundance of As and As coming from the core versus those coming from the corona. Both

global polarizations peak at collision energies /sy~ S 10 GeV. The exact positions and heights of these peaks depend not only on a reversal
of relative abundances with collision energy, but also on the centrality class, both related to the QGP volume and lifetime.
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1 Introduction

Hyperon polarization is a key observable in high energy
physics which allows to monitor the properties of spin in a
reaction. A global polarization has become an important ob-
servable in the study of the hot and dense matter created in
heavy-ion collisions, crucial to determine some of the funda-
mental properties of the Quark-Gluon Plasma (QGP), such as
vorticity, viscosity and flow. It is also one of the observables
that can provide a guide to study criticality in the phase dia-
gram of strongly interacting matter [115]. Recent measure-
ments of this global polarization in non-central collisions has
been reported by the STAR Collaboration [|6]. The measure-
ments are consistent with the emergence of an overall large
angular momentum ~ 1037 in the hot and dense matter pro-
duced in the reaction which is responsible for shear forces
that in turn produce vorticity. When this vorticity couples to
the spins of the QGP constituents, the latter align with the
overall angular momentum. Measurements of A polarization
thus provide a quantitative insight into the produced vorticity
of the QGP. The results also show that A and A global po-
larization increases, as the energy of the collision decreases,
and that this effect is larger for A than for A. The heavy-ion
community is still carrying out systematic simulations, build-
ing models and putting forward predictions to understand this
differentiated behaviour at low energies. For instance, a re-
cent work using UrQMD [7] shows an energy dependence
of the kinematic and thermal vorticities, with a maximum at
low energies (2.5 — 4.0 GeV). This energy domain is cov-
ered by several current experiments such as HADES (2 —2.4
GeV), STAR-FXT (3—7.7 GeV) and STAR-BES II (7.7 —19
GeV), and will also be explored in the future by the MPD at
NICA (4 — 11 GeV) [8H11]]. Understanding the properties of

these polarizations will help to better characterize the prop-
erties of matter produced in this energy domain. Different
approaches to the study of hyperon global polarization have
been put forward [[12H18]], mainly focusing on the behavior of
A polarization at collision energies 2 7 GeV, where the dif-
ference with the A polarization is not significant. In this work
we report on an approach we developed using a core-corona
model, namely, a two component model for global A and A
polarization [[19,20]. The approach provides a differentiated
behavior of these polarizations at low collision energies for
non-central collisions, due to the interplay between the rel-
ative abundances of the hyperons coming from the core and
the corona.

2 Core-Corona Model

The model assumes that in non-central collisions, A and
A hyperons can be produced from different density zones
within the interaction region: core or corona, where their av-
erage global polarization can be obtained from
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as functions of the number of As produced in the core N oop
and in the corona N g, the ratios of the number of As to
As, W' = Ny oo/ Nager and w = Ny . /N rec in the core
and the corona, and the intrinsic polarizations z and z for A
and A respectively. As can be seen in Fig. |1} the results ob-
tained with this model are in agreement with data for a wide
range of collision energies, and also predict that A and A po-
larizations peak at different collision energies \/syny S 10
GeV [20].
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FIGURE 1. Polarization as a function of the collision energy for
a centrality range 20% - 50%, compared with STAR BES data.
Shaded areas correspond to the region delimited by the fits to the
QGP volume and lifetime [20].

Equations assume that the global polarizations have
contributions from As and As created through different mech-
anisms in the core (QGP) and in the corona (REC): coales-
cence type processes in the former, recombination of a di-
(anti)quark with a (anti)quark, in the latter. In the corona,
A and A production happens by means of N + N reactions.
In this environment, the ratio w = Nz .. /N A ggc can be ob-
tained from a fit to p + p data, which provides a good descrip-
tion above threshold production, /s > 4.1 GeV, through p +
p — p+p+ A+A reactions. In the core, QGP processes make
it equally as easy to produce A and A, given that in this region
quarks and anti-quarks are freely available such that (@, d, 5)
can find each other as easy as (u,d,s). At HADES, NICA
and RHIC energies, the chemical potential and temperature
of the system created is crucial to determine the properties of
the core.

Having this in mind, we calculate the ratio w’ =
N oor /N ocr along the freeze-out trajectory, using equilib-
rium distributions which are parameterized in terms of the
chemical potential, the temperature and the collision en-
ergy [21]. The A and A intrinsic polarizations, z and Z re-
spectively, quantify the relative number of hyperons with spin
aligned in opposite directions with respect to the total num-
ber of hyperons (:Ny = N} — Nx,ZN; = N1 — N}) both
in the core and in the corona. Since reactions in cold nuclear
matter are less efficient to couple spin with angular momen-
tum, we focus on the intrinsic polarizations for both A and
A in the core. z and Z in the core are computed from a field
theoretical model for the alignment between quark spin and
vorticity [[19,22,[23]].

Finally, we estimate the number of As produced in each
region (VA oee, VA rec) introducing a critical density of partic-
ipants, above (below) which, the QGP is (is not) formed. The
number of As from the core is proportional to the number of
participant nucleons in the collision above this critical value.

The density of participants is given in terms of the thickness
functions of the colliding system and the collision energy-
dependent N + N cross-section. The thickness function, in
turn, comes from the nuclear density Woods-Saxon profile.

Since the ratio of the number of As to As coming from
the corona is less than one (w = NXRec/NA ree < 1), it am-
plifies the A global polarization, making it larger than the A
global polarization, in spite of the intrinsic A polarization be-
ing larger than the intrinsic polarization of A (z > Z). This
happens for collisions with intermediate to large impact pa-
rameters, which correspond to the kind of collisions that fa-
vor the development of a larger thermal vorticity.

3 Core-corona vs. recent data

The core-corona model that we have developed, describes
well the behaviour of the hyperon average global polariza-
tion as a function of the collision energy for non-central col-
lisions Au+Au, as reported in Refs. [[19,20]. However for the
description of smaller systems, the model shows limitations.
A comparison with preliminary results for hyperon global po-
larization in Ag+Ag collisions at \/syny = 2.55 GeV, in the
10 — 40% centrality class [24]], shows that the model predicts
zero polarization. This feature is due to the lack of As pro-
duced in the core, given that the critical density, n., required
for QGP formation used in our calculation, is not achieved
for collisions in this centrality class. To remedy this situ-
ation, we can account for the As produced in the extended
centrality range 0 — 40%. The behaviour of the polarization
as a function of energy is then similar to the Au+Au case, as
is shown in the upper panel of Fig. 2]

We observe that when changing the centrality interval, to
include more central collisions, the model produces more As
in the core. This in turn modifies the magnitude of the aver-
age global polarization which also increases with the number
of As in the core. The lower panel in Fig. 2]shows the average
global polarization for A as a function of the collision energy
for Ag+Ag collisions. We observe that as the energy of the
collision decreases, the polarization starts increasing earlier,
peaking at a larger value than the corresponding case shown
in the upper panel in Fig. 2] The A global polarization, as a
function of impact parameter, shows an increasing behaviour
up to b ~ 6 fm, where N gge ~ NA oep, to then rapidly de-
crease to zero for b ~ 7.5 fm. It turns out that this impact
parameter corresponds to a situation in which the collision
barely achieves the critical density n, to produce the QGP.

The upper panel of Fig. [3| shows the A global polariza-
tion as a function of impact parameter for Au+Au collisions
at \/syn = 3 GeV that can be compared with the most re-
cent results on Au+Au collisions at \/syy = 3 GeV from
STAR [25]]. This is shown in the lower panel of Fig.
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FIGURE 2. A (upper panel) and A (lower panel) global polarization
as a function of centrality calculated for Ag+Ag collisions. The pre-
liminary data point in the upper panel is from the HADES Collabo-
ration [24] measured for Ag+Ag collisions at \/syn = 2.55 GeV.

As in the case for Au+Au, the A polarization [[1920] increases faster
than the A polarization and both peak at a similar collision energy.

We observe a good agreement between model and data,
for the two most central bins. The model shows a maximum
for an impact parameter b ~ 6 fm close to the value at which
the critical density to produce the QGP is barely achieved,
to then become zero. Notice however the increasing trend of
data with centrality. We are aware that in the model this effect
comes, in part, from the assumed sharp boundary of a criti-
cal density of participants n., between the core and corona
regions. In our calculation, this was implemented by means
of a step function, 6(n, — n.), in the density of participants
ny [19520]. A possible venue for improvement is to soften
this criterion by using instead a smooth function,

- 1
- 1+ 26—2k(np—nn)’

f(np - nc) (2)

with k such that f(n, — n.) — 0(n, — n.) as k — oo.
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FIGURE 3. A global polarization as a function of impact parame-
ter (upper panel) and centrality (lower panel) calculated for Au+Au
collisions at \/syn = 3 GeV. The lower panel shows data from the
STAR Collaboration [25]).

Figure [d] shows the number of As calculated with a step
function (continuous lines), compared with the ones calcu-
lated with Eq. (IZ[) for two different parameters (dashed lines).
We observe that for & = 2 it is possible to obtain As from the
core for larger impact parameter values. The production of
As for larger values of the impact parameter, increases the po-
larization for the 20 —30% centrality bin and is non-vanishing
for the 30 — 40% centrality bin. However, as shown in Fig.[5}
we are still a long way away from properly describing data in
the most peripheral bins.

Another possible model improvement consists of includ-
ing the polarization of As created in the corona. Recall that
in the model, As produced in the corona are taken as not po-
larized. However, it is well-known that As are in fact pro-
duced with a polarization in p+p collisions, which constitute
the dominant kind of reactions in the corona. This polariza-
tion needs to be also accounted for in the model.
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FIGURE 4. Number of As calculated with a step function (contin-
uous lines), compared with the ones calculated with Eq. (2) for two
different parameters (dashed lines). We observe that for k = 2 it
is possible to obtain As from the core for larger impact parameter
values.

4 Future work

The core-corona model, hereby considered [19}/20], assumes
that the contribution to the global A polarization from the
corona was not significant. To account for a A polarization
contribution from the corona, the first of Eqgs. @) should be
modified to read as

N qcp
Phpc + 252
REC NA REC
= —— 428 3)

Na qcp
1+ N reC

sz

We observe that this contribution can be significant for ener-
gies smaller than the one corresponding to the crossing of the
curves shown in Fig. 2] For higher energies, when the ratio
1+ % — 1, the contribution tends to the polarization
that is obtained in N + N collisions. From data on p+p colli-
sions we know that the transverse polarization does not van-
ish [26128] and in fact that the mean polarization in the en-
ergy range 10 < /syny < 63 GeVisP = —0.3840.06 [29].
We are thus implementing a way to include this polarization
referred to the total angular momentum to estimate its con-
tribution. This is work in progress and will be reported else-
where.

S Summary

We have shown that a two-component model describes the
main characteristics of the A and A polarization excitation
function in semi-central heavy-ion collisions.
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FIGURE 5. A global polarization as a function of centrality calcu-
lated for Au+Au collisions at /syy = 3 GeV with the number
of As estimated using Eq. compared with data from the STAR
Collaboration [25]]. The polarization increases for larger centrality.

The change in abundances of As created in the core with
respect to those created in the corona, as a function of colli-
sion energy, is responsible for the peaking of both polariza-
tions for \/syn < 10 GeV.

The model considers a simple expansion scenario,
whereby the volume and lifetime of the QGP can be esti-
mated to compute the relaxation time for the spin alignment
of the quark (antiquark) that is then responsible for the A (A)
spin alignment with the thermal vorticity. This in turn can be
used to compute the intrinsic polarizations. The model pro-
vides a differentiated behavior for the global A and A polar-
izations, that show maxima sensitive to the production mech-
anisms in the core and corona at HADES, NICA and RHIC
energies. Current work to improve the model involves in-
cluding a mechanism where A polarization in peripheral col-
lisions can be extracted from remnant transverse polarization
of processes taking place in the corona.
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