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Rise and fall of � and � global polarization in semi-central heavy-ion collisions
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We compute the � and � global polarizations in semicentral heavy-ion collisions using the core-corona model
where the source of �s and �s is taken as consisting of 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
�s coming from the core versus those coming from the corona. For low collision energies, the former are
more abundant whereas for higher energies the latter become more abundant. The main consequence of this
reversing of the relative abundance is that both polarizations peak at collision energies

√
sNN � 10 GeV. The

exact positions and heights of these peaks depend not only on this reversal of relative abundances, but also on
the centrality class, which is directly related to the quark gluon plasma volume and lifetime, as well as on the
relative abundances of �s and �s in the core and corona regions. The intrinsic polarizations are computed from
a field-theoretical approach that links the alignment of the strange quark spin with the thermal vorticity and
modeling the quark gluon plasma volume and lifetime using a Bjorken expansion scenario. We predict that the
� and � global polarizations should peak at the energy range accessible to NICA and HADES.

DOI: 10.1103/PhysRevC.105.034907

I. INTRODUCTION

The polarization properties of � and � have received in-
creasing attention over the last years due to the possibility to
link this observable to the properties of the medium produced
in relativistic heavy-ion collisions [1–13]. For semicentral
collisions, the matter density profile in the transverse plane
develops an angular momentum [14] which can be quantified
in terms of the thermal vorticity [15]. When this vorticity is
transferred to spin degrees of freedom, the global polarization
can be measured using the self- analyzing � and � decays. A
significant effort has been devoted to study both the local and
global polarization of these hyperons that could be produced
by this vorticity in heavy-ion reactions [6,15–23]. In partic-
ular, hydrodynamical simulations that successfully describe
flow observables and hadron abundances at RHIC energies
have been put to the test in an effort to understand the rise
of � and � polarization at lower collision energies [24].
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The beam energy scan (BES) at RHIC, performed by the
STAR Collaboration [24–26] has shown a trend for the � and
� global polarization to increase as the energy of the collision
decreases and that this increase is faster for �s than for �s.
In addition, the HADES Collaboration has recently provided
preliminary results on the � global polarization in Au + Au
collisions at

√
sNN = 2.42 GeV [27] finding a nonvanishing

result.
The theoretical and phenomenological ideas to explain

the properties of hyperon global polarization follow different
and partially successful avenues. The models and simula-
tions providing hyperon polarization predictions depend on
control parameters such as the colliding energy and beam
species, but, more importantly, on the main polarization driv-
ing mechanism. The STAR-BES results seem to indicate that
this mechanism needs to differentiate between hyperons and
antihyperons.

Among the mechanisms to explain the difference in the
global � and � polarization one can mention possible dif-
ferent space-time distributions and freeze-out conditions for
� and � [20]: the polarization of s and s̄ quarks induced by
short-lived but intense magnetic fields [28–31]; the possibility
that � and � align their spins with the direction of the angular
momentum created in the reaction during the lifetime of the
evolving system [32,33], and a dynamical mechanism with
an interaction, mediated by massive vector and scalar bosons,
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between the spins of hyperons and antihyperons and the vor-
ticity of the baryon current [34,35].

In a recent work [36], we expanded on the idea, first put
forward in Ref. [37] and later on also studied in Refs. [38,39],
that in semicentral collisions, �s and �̄s can be produced in
different density zones within the reaction volume. A sim-
ilar idea was also discussed in Ref. [40]. We have shown
that, by modeling the source of �s and �s as consisting
of a high-density core and a less dense corona, the global
polarization properties of these hyperons, as functions of the
collision energy, are well described. The quark gluon plasma
(QGP) is produced in the core only when the density of
participants in the colliding nuclei exceeds a critical value.
On the other hand, in the corona, the density of participants is
smaller than this critical value and particle production pro-
cesses are similar to those in p + p reactions. For a given
impact parameter (or rather, a centrality class), the volume in
the corona becomes larger at lower energies. We found that,
when the larger abundance of �s compared with �s coming
from the corona is combined with a smaller number of �s
coming from the core, compared with those from the corona,
which happens for collisions with intermediate-to-large im-
pact parameters, an amplification effect for the � polarization
can occur, in spite of the intrinsic � polarization z being
larger than the intrinsic � polarization z̄. This amplification
is more prominent for lower collision energies. The model
provided a good description of the different increasing trends
of �/� polarization measured by the STAR-BES at RHIC.
The purpose of this work is to use and improve the model
to predict the polarization of these hyperons for NICA and
HADES energies. As we show, the model predicts that both
polarizations peak in this energy region to then decrease and
become zero near the threshold energy for �/� production.
This result is in agreement with the recent preliminary results
reported by HADES for Au + Au collisions at

√
sNN = 2.42

GeV [27] and by the STAR-BES at
√

sNN = 3 GeV [24].
We notice that the existence of a peak in the polarization

excitation functions has also been found using hydrodynam-
ical and transport calculations extrapolated to low energies.
These calculations include the three-fluid dynamics (3FD)
model [22], UrQMD [41] and AMPT [30]. However, only the
3FD model agrees well with data over the analyzed energy
range, although it overshoots the reported polarization value
for

√
sNN = 3 GeV [24]. Using this model, the position of

the peak of the � polarization function is located at the same
energy that what we find in this work. However, the � polar-
ization trend is not reproduced.

The work is organized as follows: In Sec. II we describe
the improved core-corona model and show how knowledge
of the relative � abundances in one and the other regions
makes it possible to understand the rise and fall of the global
polarization as a function of the collision energy. In Sec. III
we compute the intrinsic polarization from a field theoretical
calculation of the rate for the spin alignment with the thermal
vorticity and from a simple space-time picture for the vol-
ume and lifetime of the QGP evolution with collision energy.
Putting all the ingredients together, the results are shown and
discussed in Sec. IV. We finally summarize and conclude in
Sec. V.

II. IMPROVED CORE-CORONA MODEL

The core-corona model, developed in Ref. [36], provides a
framework to compute the � and � polarizations as

P� = z N� QGP

N� REC(
1 + N� QGP

N� REC

) , P� =
(

z̄
w

)N� QGP

N� REC[
1 + (

1
w

)N� QGP

N� REC

] , (1)

which depend on the number of �s produced in the core
N� QGP and in the corona N� REC. The subscripts “QGP” and
“REC” refer to the kind of processes that mainly take place
for the production of these hyperons: coalescence-type of pro-
cesses in the QGP and recombination of a diquark (antiquark)
with an s quark (antiquark). The notation is the one used to
describe these processes in Ref. [37]. w is the ratio between
the number of �̄s and �s created in the corona region, namely,
w = N�̄ REC/N� REC, and z and z̄ are the intrinsic � and �̄

polarization, respectively, which are produced in the core,
given that in the corona cold nuclear matter reactions are
less efficient to produce an alignment between the s-quark
(antiquark) spin and the thermal vorticity.

One of the assumptions leading to Eqs. (1) is that, in the
core, QGP-like processes make it equally as easy to produce
�s and �s, given that, in this region, quarks and antiquarks
are freely available and three antiquarks (ū, d̄ , s̄) can find
each other as easily as three quarks (u, d, s). To improve
the model, we first notice that to account for a possible bias in
the production of �s versus �s, introduced by a more abun-
dant production of s over s̄ at a finite value of the chemical
potential, we can relax this assumption by writing

N� QGP = w′N� QGP. (2)

The factor w′ is computed as the ratio of the equilibrium
distributions of s̄ to s for a given temperature and chemical
potential μ = μB/3, namely

w′ = e(ms−μ)/T + 1

e(ms+μ)/T + 1
, (3)

where ms = 100 MeV is the s-quark mass, T and μB (given in
MeV) are taken as the values along the maximum chemical-
potential curve at freeze-out by [42]

T (μB) = 166 − 139μ2
B − 53μ4

B,

μB(
√

sNN ) = 1308

1000 + 0.273
√

sNN
, (4)

as a function of
√

sNN . The ratio w′ is shown in Fig. 1 as a
function of

√
sNN . Notice that w′ quickly drops down to zero

in the NICA and HADES energy ranges. Using Eq. (2) into
Eq. (1), the polarization expressions are given now as

P� = z N� QGP

N� REC(
1 + N� QGP

N� REC

) , P� = z̄
(

w′
w

)N� QGP

N� REC(
1 + (

w′
w

)N� QGP

N� REC

) . (5)

Notice that in the corona, � and � producing reactions
are similar to those in p + p collisions, where it is eas-
ier to produce �s than �s. Therefore, w can be obtained
from experimental data on p + p collisions as a function
of the center-of-mass energy

√
s and it is expected to be

less than 1. Figure 2 shows a compilation of the �/� ratio
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FIG. 1. The ratio w′ = N� QGP/N� QGP given by Eqs. (3) and (4)
as a function of

√
sNN .

in p + p reactions in the energy range 4.86 GeV <
√

s <

7 TeV [43–55]. Shown are also separate fits to the exper-
imental ratio. The fits assume that w is defined only for√

s > 4.1 GeV which is the threshold energy to produce
a �̄ by means of the reaction p + p → p + p + � + �̄.

FIG. 2. Experimental data obtained from p + p collisions at
different energies [43–55], fit with the function w = α(

√
s −

4.1)2 for
√

s < 17.3 GeV (blue line) and w = A tanh (
√

s − 4.1) +
B ln (

√
s − 4.1) + C ln2 (

√
s − 4.1) for

√
s > 14 GeV (green line).

See the text for the values of the fit parameters

For low energies (blue line)
√

s < 15 GeV, the data are fit
with the function w = α(

√
s − 4.1)2, where α = 0.0010 ±

0.0003. For higher energies (green line)
√

s > 15 GeV,
the data are fit with the function w = A tanh (

√
s − 4.1) +

B ln (
√

s − 4.1) + C ln2 (
√

s − 4.1), where A = −0.8603 ±
0.0965, B = 0.4935 ± 0.0314, and C = −0.0324 ± 0.0024.
Notice that the experimental results support the expectation
that w < 1.

To estimate the number of �s produced in the core and the
corona, we introduce a critical density of participants nc =
3.3 fm−2 above (below) which, the QGP is (is not) formed.
Then the number of �s from the core, N� QGP, is proportional
to the number of participant nucleons in the collision above
this critical value, Np QGP, which is given by

Np QGP =
∫

d2s np(�s, �b) θ [np(�s, �b) − nc], (6)

where the density of participants np is given in terms of the
thickness functions TA and TB of the colliding system A + B
as

np(�s, �b) = TA(�s )[1 − e−σNN (
√

sNN )TB (�s−�b)]

+ TB(�s − �b)[1 − e−σNN (
√

sNN )TA(�s)], (7)

with �b the vector directed along the impact parameter on the
nuclei overlap area and σNN the collision-energy-dependent
nucleon + nucleon (N + N) cross section. The thickness func-
tion TA is given by

TA(�s ) =
∫ ∞

−∞
ρA(z, �s ) dz, (8)

where we take as the nuclear density ρA a Woods-Saxon
profile with a skin depth a = 0.523 fm and a radius R = 6.554
fm [56,57]. With this information at hand, we can estimate
the average number of strange quarks produced in the QGP,
and thus the number of �s, as a quantity that scales with the
number of participants Np QGP in the collision, as

〈s〉 = N� QGP = c N2
p QGP, (9)

where we use c = 0.0025 [36].
Now, to compute the number of �s produced in the corona,

N� REC, we note that the �/� production mechanism is the
same as in N + N collisions, when the density of participants
in the collision region is less than the critical density np.

Therefore, we can write the number of �s produced in the
corona as

N� REC = σ�
NN (

√
sNN )

∫
d2s TB(�b − �s)

× TA(�s ) θ [nc − np(�s, �b)]. (10)

For the N + N cross section for � production we use the p +
p cross section σ�

pp, which is a collision-energy-dependent
quantity that can be obtained from a fit to data. In Fig. 3,
we show a compilation of experimental data for σ�

pp, cover-
ing a wide range of energies from a few to almost 70 GeV
[43–46,53,58–66]. A fit to these data is also shown in Fig. 3
with the red continuous curve inside the band, whose width
represents the fit uncertainty. Notice that for the HADES
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FIG. 3. Fit (red) to the hyperon production cross section in
p + p collisions as a function of

√
s using data reported in

Refs. [43–46,53,58–66]. Fit (green) to the hyperon production cross
section in p + p collisions for near threshold energies reported by the
HADES Collaboration [67].

collision energy,
√

s = 2.42 GeV, the fit yields a negative
value for the cross section at an energy just below the �

production threshold energy
√

sth ≈ 2.55 GeV for the reac-
tion p + p → K+ + � + p. Thus, for energies below

√
sth,

we take this cross section as being zero. The vanishing of
the cross section means that near threshold the produced �s
come mainly from the core region. The cross section for the
p + p → K+ + � + p exclusive channel has been measured
at energies

√
s = 2.549, 2.602, 2.805 GeV by the COSY

Collaboration [68,69] A recent fit of the hyperon production
cross section in p + p collisions for near-threshold energies
has been provided by the HADES Collaboration [67]. This fit
is shown by the green continuous line in Fig. 3. Notice that in
the restricted energy range from threshold to about 10 GeV,
both fits are consistent with each other.

Finally, to evaluate the number of �s both in the core and
the corona region, we also need the σNN collision energy-
dependent N + N cross section, which appears in Eq. (7). For√

s > 5 GeV we can use the standard PDG parametrization
[70]. However this parametrization is not suited for low ener-
gies, therefore the need to employ a different parametrization.
Given that the experimental information on this cross sec-
tion is scarce, here we present results based on two different
fits. The first one (Fit 1) is taken from Ref. [71] and the second
one (Fit 2) from Ref. [72]. The resulting number of �s and �s
is shown in Fig. 4. Notice that for

√
sNN > 3 GeV the obtained

number of �s in the corona is similar for both fits. However
the number of �s in the QGP is smaller for the second fit
and goes to zero at

√
sNN 
 2.3 GeV whereas for the first

fit it vanishes at
√

sNN 
 2.1 GeV. This difference impacts
our determination of the � and � polarization strength and,
correspondingly, we will show our results using both fits.

As an example, Fig. 5 shows the number of �s created in
the two regions as a function of the impact parameter for a

FIG. 4. Number of �s using two different parametrizations of
σNN computed for 〈b〉 = 7.26 fm, corresponding to the average im-
pact parameter in the 10%–40% centrality class. Notice that, for �s
produced in the QGP, both fits give similar results for

√
sNN > 3,

although for lower energies they differ.

collision energy with
√

sNN = 2.549 GeV. We have taken σ�
pp

as the lowest measured value by the COSY-TOF experiment.
We observe that any change in the value of σ�

pp affects the
ratio N� QGP/N� REC and the value of the impact parameter
b at which the ratio is smaller than 1. In Fig. 6 we show

FIG. 5. Number of �s created in the core and the corona, with
σ�

pp = 8.2 nb and σNN = 23.8 mb. The region of interest 〈b〉 = 7.26
fm is where distributions are similar.
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FIG. 6. Number of �s created in the corona N� REC (blue) and the
core N� QGP (red), as a function of the collision energy, for fixed im-
pact parameters b = 0, 4, 7 fm, that represent different centralities.

the number of �s created in the core and the corona, as a
function of the collision energy, for fixed impact parameters
b = 0, 4, 7 fm, that in turn correspond to different centrali-
ties. Notice that, whereas at small impact parameters, particle
production is dominated by the core region, for peripheral
collisions, relevant for vorticity and polarization studies, the
situation reverses, and particle production becomes dominated
by the corona region. It is easy to understand the origin of
this behavior: core-corona models introduce a critical density
of participants (nc) above which the core can be produced.
For peripheral collisions this critical density is difficult to be
achieved, even for the largest collision energies.

From Eq. (5), we notice that knowledge of the � abun-
dances in the core and the corona as functions of the
control parameters, allows us to estimate the general be-
havior of the ratios of global-to-intrinsic polarizations P/z
and P/z̄ as functions of collision energy. These functions
are controlled by the product of the monotonically decreas-
ing ratios N� QGP/N� REC, N� QGP/N� REC and the mono-
tonically increasing ratios 1/(1 + N� QGP/N� REC), 1/(1 +
N� QGP/N� REC), respectively. These products start grow-
ing from the lowest collision energy considered in this
work, namely, the one corresponding to the Lambda produc-
tion threshold

√
sNN = 2.54 GeV up to an energy

√
sNN 


2.8, 6.7 GeV, respectively, where they reach a maximum to
then start decreasing and become of order 10−2 already for
RHIC energies. When these ratios are multiplied by z or z̄,
respectively, the position of the corresponding peak is slightly
displaced, as these latter factors have a mild energy depen-
dence. To have an accurate estimate of the peaks position
and shape of the polarization functions, we now proceed to
describe the calculation of the intrinsic polarizations z and z̄.

III. INTRINSIC POLARIZATIONS FROM SPIN
ALIGNMENT WITH VORTICITY

To extract the global polarization from the previous anal-
ysis, a crucial ingredient is the calculation of the intrinsic
polarizations z and z̄. Following the analysis in Refs. [33,36],
the intrinsic polarizations are given by

z = 1 − e−�τQGP/τ ,

z̄ = 1 − e−�τQGP/τ̄ , (11)

in terms of the relaxation times τ and τ̄ for the alignment
between the spin of a quark s or a s̄ with the thermal vorticity,
and within the QGP lifetime �τQGP. Equations (11) assume
that the s and s̄ quark polarizations translate into the � and
� polarization, respectively, during the hadronization process.
The relaxation times τ and τ̄ can be computed as the inverse of
the interaction rate for the spin alignment of a massive quark
or antiquark with energy p0 with the angular velocity with
magnitude ω as [33]


(p0) = ω2
′(p0) (12)

with


′(p0) = αs

4πT 2

CF√
p2

0 − m2
q

∫ ∞

0
dkk

∫
R

dk0[1 + f (k0)]

× f̃ (p0 + k0 − μq)
∑

i=L,T

Ci(p0, k0, k)ρi(k0, k),

(13)

where the integral is performed over the kinematical available
region, weighted with the relevant statistical distributions of
the Bose-Einstein f and the Fermi-Dirac f̃ for gluons and
quarks, respectively. Ci, i = T, L are the result of the trace
calculation after contraction of the transverse and longitudinal
projection operators—that come together with the gluon spec-
tral functions ρi—with the quark propagator and the vertices,
after summing over the Matsubara frequencies (see Ref. [33]
for further details). The total interaction rate is obtained
integrating Eq. (13) over the quark phase space and is given
by


 = V ω2
∫

d3 p

(2π )3 
′(p0), (14)

where V represents the volume of the core region.
To compute V and �τQGP for conditions that depend on the

collision energy, we consider a Bjorken expansion scenario
where the volume and the QGP lifetime are related by

V = πR2�τQGP, (15)

where R is the radius of the colliding species. The QGP life-
time is given as the interval elapsed from the initial formation
τ0 until the hadronization time τ f . There is no unique way to
estimate τ0 and τ f . For these purposes, both electromagnetic
and hadron probes (data and simulation) have been used in the
literature to provide complementary information to estimate
these times. In this work we assume an ideal fluid made
out of quarks and gluons undergoing a Bjorken expansion
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FIG. 7. The QGP lifetime �τQGP as a function of collision
energy for central and ≈10%–40% collisions. Empty points are
calculated with τ0 = 0.35 fm and for the filled points with τ0 = 0.6
fm for T0 extracted from φ spectra measured at central collisions
0%–5% [73]; the dashed and black line are the corresponding fits
which delimit a region in which the �τQGP estimated for noncentral
collisions are located (colored points). They are obtained with the
corresponding T (τ0 ) measured in different experiments [74–76] and
τ0 = 0.5 fm.

[77,78] and thus relating these times to the corresponding fluid
temperatures Tf = T (τ f ) and T0 = T (τ0) by means of

�τQGP = τ f − τ0 = τ0

[(
T0

Tf

)3

− 1

]
. (16)

Tf is obtained from Eq. (4) for different values of μB. To
estimate T0, we use data from the transverse momentum of φ

mesons [73]. We consider a range of values of τ0 = 0.35–0.60
fm to incorporate the effect of the collision centrality on the
initialization of the QGP formation. This is a reasonable range
of values for τ0 that is also consistent with the estimated
initial temperature T0 [79–81]. Figures 7 and 8 show the QGP
lifetime and volume as a function of the collision energy for
central collisions 0%–5% evaluated with τ0 = 0.35 fm and
τ0 = 0.60 fm. This is equivalent to evaluating the lifetime and
volume of the QGP for other centralities, as we can see from
the fits to these data, which delimit a region that contains the
QGP lifetime and volume estimated with τ0 = 0.5 fm and T0

extracted from φ mesons produced in collisions at 10%–40%
of centrality.

To estimate ω for the appropriate value of the impact
parameter (b = 7.26 fm), we use a linear interpolation of
those reported in Refs. [41,82]) for Au + Au collisions, as a
function of

√
sNN and impact parameters b = 5, 8, 10 fm.

Using the total interaction rate 
, the volume of the overlap
region V , the QGP lifetime �τQGP and the angular veloc-

FIG. 8. Volume of the QGP as a function of the collision energy
for central and ≈10%–40% collisions. The region delimited by the
fits to the volume estimated from data at central collisions with
τ0 = 0.60, 0.35 fm, corresponds to the volume calculated with data
at different centralities ≈10%–40% and τ0 = 0.5 fm as we can see
indicated by the colored points.

ity estimation of ω, we can obtain the relaxation times as
τ ≡ 1/
(μB) and τ̄ ≡ 1/
(−μB). Figure 9 shows the relax-
ation times thus obtained. Notice that, for energies below the
�-production threshold energy, the relaxation times increase

FIG. 9. Relaxation times τ (τ̄ ) for � (�) corresponding to the
QGP volume evaluated with τ0 = 0.60 fm.
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FIG. 10. Distributions of z for two different values of τ0 that
corresponds to the centrality of HADES measurements for � and �̄

hyperon global polarization.

dramatically, as expected, since the interaction rate should
vanish below these energies. We can now use Eq. (11) to
calculate the intrinsic polarizations z and z̄. These are shown
in Fig. 10. Notice that z drops down to values close to zero for
energies below

√
sNN ≈ 5 GeV.

Before proceeding to a detailed study of the � and
� polarization excitation functions aimed to be compared
with experimentally available data, we first show that, by
putting together these ideas, we can describe a main fea-
ture of these excitation functions, namely, the existence
of peaks for both of them at given, albeit different, col-
lision energies. Figure 11 shows the global polarizations
P� (top panel) and P� (bottom panel) as functions of the
collision energy, for fixed values of the model parameters.
The figure also shows the behavior of the monotoni-
cally decreasing ratio N� QGP/N� REC (N� QGP/N� REC) and
the monotonically increasing ratio 1/(1 + N� QGP/N� REC)
[1/(1 + N� QGP/N� REC)], which, according to Eq. (5), are the
ratios that provide the main energy behavior of the polariza-
tion functions. Notice that the global polarizations peak near
where these functions cross each other. The position of the
peaks are slightly displaced from these crossing points since
the intrinsic polarizations z and z̄ also have a (mild) energy
dependence.

IV. EXCITATION FUNCTION FOR THE GLOBAL �

AND � POLARIZATION

We use the previous results to calculate the global � and �

polarization as functions of energy in centrality intervals that
are relevant to the STAR-BES and the HADES measurements.

Figure 12 shows the polarization computed for b = 7.26
fm corresponding to the centrality range 10%–40%, which

FIG. 11. Global polarizations P� (top panel) and P� (bottom
panel) as functions of collision energy an for fixed values of the
model parameters. Also shown are the monotonically decreasing
ratio N� QGP/N� REC (N� QGP/N� REC) and the monotonically increas-
ing ratio 1/(1 + N� QGP/N� REC) [1/(1 + N� QGP/N� REC)], which
are the parameters that provide the peaking behavior of the polar-
ization functions. In fact, notice that the polarizations peak near
where these ratios cross each other. The exact location of the peak
is controlled by the energy dependence of z (z̄).

is the range used for the HADES preliminary measurement
[27]. For

√
sNN � 7.0 GeV we use two different fits for σNN .

The result for the Fit 1 [71] is shown in the upper panel and
for the Fit 2 [72] in the lower panel. For higher energies,
we use the parametrization reported in Ref. [70], according
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FIG. 12. Polarization as a function of collision energy. For√
sNN < 5 GeV we use different fits to the nucleon-nucleon inelastic

cross section σNN and for higher energies we use the fits reported in
Ref. [70]. Upper panel shows results with Fit 1 [71] and lower panel
shows results with Fit 2 [57,72]. Both panels show preliminary data
point from HADES as reported in Ref. [27]. Shaded areas correspond
to the region delimited by the values of z and z̄ calculated with the
fits to the QGP volume and lifetime as shown in Figs. (7) and (8).

to the discussion in Sec. II. The behavior of the polariza-
tion excitation functions is similar and the difference is more
noticeable for the height of the � polarization at small colli-
sion energies. For higher energies, the trend is in agreement
with the STAR-BES results. Notice that the � polarization
maximum is close to

√
sNN = 7.7 GeV. On the other hand,

for HADES energies and the centrality range 10%–40%, the
� polarization maximum is close to

√
sNN ≈ 2.5 GeV. This

energy corresponds to the threshold energy for � production
in the p + p → � + K− + p channel. The results for the �

and � polarizations are very similar for the two fits that we
used for σNN .

For the STAR-BES centrality range 20%–50%, the average
impact parameter is around the value at which the critical
density is achieved and, consequently, the number of �s from
the core changes drastically with small variations on either b
or σNN . Therefore, instead of using a single value for b, we
compute the number of �s for a finite centrality range. This
range is computed using the geometric relation between the
impact parameter and centrality given by [83]:

c(b) = πb2

σAuAu
× 100%, (17)

where σAuAu is the inelastic cross section of the collision.
Therefore

〈b〉 = 1

c f − ci

∫ c f

ci

b(c)dc, (18)

which yields b20% ≈ 6.66 fm, b50% ≈ 10.52 fm, and 〈b〉 =
8.73 fm. Thus, the average number of �s produced in the QGP
and the corona, 〈N� QGP〉 and 〈N� REC〉 are given by

〈N� QGP〉 = 1

b50% − b20%

∫ b50%

b20%

N� QGP(b)db,

〈N� REC〉 = 1

b50% − b20%

∫ b50%

b20%

N� REC(b)db. (19)

Using these results into Eq. (1) and calculating the intrinsic
polarization with the mean value of the impact parameter 〈b〉
in Eq. (18), we obtain the polarization for the STAR-BES
centrality range. This is shown in Fig. 13. Notice that our anal-
ysis provides an excellent description STAR-BES data [25]
over the entire collision energy range, including also the latest
polarization value at

√
sNN = 3 GeV [24], reported after our

study was first released. We observe that the trend is similar
to the case of the analysis with a smaller centrality range.
The difference is in the magnitude of the global polarization,
which increases for larger centrality, as a consequence of the
angular velocity increase.

In both Figs. (12) and (13), the shaded areas correspond to
the region delimited by the fits to the QGP volume and life-
time shown in Figs. (7) and (8). Notice that in our approach,
the space-time evolution of the QGP plays a central role in
determining the height for the �/�̄ polarizations.

V. SUMMARY AND CONCLUSIONS

We have shown that the main characteristic features of
the � (�) polarization excitation functions in semicentral
relativistic heavy-ion collisions can be well described us-
ing a model where these hyperons come from a low-density
corona and a high-density core regions, whose size and life-
time depend on the collision energy. The main ingredient is
shown to be the behavior of the product of the monotoni-
cally decreasing ratio N� QGP/N� REC (N� QGP/N� REC) and
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FIG. 13. Polarization as a function of the collision energy
for centrality range 20%–50%. Comparison with STAR-BES data
[24,25]. Shaded areas correspond to the region delimited by the fits
to the QGP volume and lifetime as shown in Figs. (7) and (8).

the monotonically increasing ratio 1/(1 + N� QGP/N� REC)
[1/(1 + N� QGP/N� REC)], which provide the prime energy
behavior of the polarization functions. The global polariza-
tions peak near where the functions cross each other. Notice
that, in the � case, the above ratios are driven by the energy-
dependent parameters w and w′, namely, on the ratios of
the number of produced �s and �s in the corona, and core
regions, respectively. In particular since w is defined only
for energies larger than the threshold energy for � produc-
tion in p + p collisions, this threshold produces a shift of
the energy at which the ratios N� QGP/N� REC and 1/(1 +
N� QGP/N� REC) cross each other, compared with the � case.
This effect makes the � polarization peak at a larger energy
than the � polarization.

The other important ingredient that provides, in particu-
lar, the precise position of the peaks, is the relaxation time
from which the intrinsic polarizations are computed. We have
shown that these can be obtained from a field theoretical
approach that links the alignment of the strange quark spin
with the thermal vorticity, modeling the QGP volume and
lifetime using a simple scenario. Thus, the main finding of
this work is the prediction of a maximum for the � and �

polarizations which should be possible to be measured in the
NICA and HADES energy range.

It is worth emphasizing that, in our improved core-corona
model, the scenario we put forward for the QGP production
and its evolution (volume and lifetime), are not the only two
features to account for when applying the model to hyperon
production. A key ingredient, the ratio N� QGP/N� REC, turns
out to be highly sensitive to the centrality ranges, which in
turn are defined in terms of the participants of the collision
after using a Glauber model with associated impact-parameter
ranges. This means in particular that �s and �s can still
be produced, even if the mean impact parameter 〈b〉 [see
Eq. (18)] is above the critical value (bc ≈ 7.26) to produce the
QGP. Furthermore, we know that the volume of the QGP in-
creases with collision energy, as shown in Fig. 8. However, the
number of �s produced in the core (N� QGP) do not follow this
trend. In fact, N� QGP grows quadratically with the number of
participants in the collision (Np QGP), as shown by Eqs. (6) and
(9), whereas Np QGP shows a steady but small growth beyond
NICA energies coming from the collision-energy-dependent
nucleon + nucleon cross section σNN . On the other hand,
� production in the corona (N� REC) is proportional to the
nucleon + nucleon cross section σ�

pp [see Eq. (10)] for which
the fit to data is described in terms of a logarithmic growth,
as shown in Fig. 3. In broad terms, this provides a differential
lambda production growth with collision energy: in the core it
tends to stabilize, whereas in the corona it tends to grow with
energy, for different impact-parameter ranges.

Recently, the RHIC-BES analysis on � yields at different
centralities [84], show that there is a decrease in � production
for central collisions (5%–10%) when going from 7.7 up to
39 GeV in collision energy. This behavior is different from
the corresponding result on semiperipheral and peripheral
collisions (40%–60% and above), which show no apparent
energy dependence. The explanation for this behavior, also
mentioned in Ref. [84], may be linked to an increase of baryon
density in the collision system, which in turn comes from an
increase in baryon stopping. Altogether, these results call for
further analysis to improve the scenario of hyperon production
in the QGP. We are currently pursuing these studies and we
will report our findings elsewhere.
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