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Global polarization of � and � hyperons in Pb-Pb collisions at
√

sNN = 2.76 and 5.02 TeV

S. Acharya et al.∗
(ALICE Collaboration)

(Received 13 September 2019; accepted 24 February 2020; published 20 April 2020)

The global polarization of the � and � hyperons is measured for Pb-Pb collisions at
√

sNN = 2.76 and
5.02 TeV recorded with the ALICE at the Large Hadron Collider (LHC). The results are reported differentially
as a function of collision centrality and hyperon’s transverse momentum (pT ) for the range of centrality 5–50%,
0.5 < pT < 5 GeV/c, and rapidity |y| < 0.5. The hyperon global polarization averaged for Pb-Pb collisions at√

sNN = 2.76 and 5.02 TeV is found to be consistent with zero, 〈PH 〉(%) ≈ 0.01 ± 0.06 (stat.) ± 0.03 (syst.)
in the collision centrality range 15–50%, where the largest signal is expected. The results are compatible with
expectations based on an extrapolation from measurements at lower collision energies at the Relativistic Heavy
Ion Collider, hydrodynamical model calculations, and empirical estimates based on collision energy dependence
of directed flow, all of which predict the global polarization values at LHC energies of the order of 0.01%.

DOI: 10.1103/PhysRevC.101.044611

I. INTRODUCTION

The system created in a noncentral nucleus-nucleus col-
lision might retain a significant fraction of the large orbital
angular momentum of the colliding nuclei. Due to the spin-
orbit coupling, particles produced in such a collision can
become globally polarized [1–4]. The global polarization is
a phenomena when spins of all emitted final-state particles
in a noncentral nucleus-nucleus collision are aligned along
one preferential direction defined by the initial angular orbital
momentum. Its measurement provides important information
about the initial conditions and dynamics of the quark-gluon
plasma (QGP), as well as the hadronization process [5–7]. The
global polarization for a specific particle and corresponding
antiparticle is expected to be very similar, or even identical, in
a system with small or zero baryon chemical potential.

High-energy heavy-ion collisions are also characterized
by ultrastrong magnetic fields [8,9], which on average are
aligned with the direction of the angular momentum. While
the peak values of the magnetic fields, which reach up to
1018 Gauss, can be estimated rather accurately [8,9], the time
evolution, which depends on the QGP electric conductivity,
is practically unknown. These fields can also contribute to
the global polarization, but their action on particles and an-
tiparticles is expected to be in an opposite direction. Thus the
measurement of the splitting between particle and antiparticle
global polarizations provides very valuable information about
the QGP properties.

∗Full author list given at the end of the article.
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The measurements of the global polarization PH for spin
one half � (�) strange hyperons are experimentally favorable
because their spin direction can be reconstructed via their
weak decay topology into proton (antiproton) and charged
pion. Recently, the STAR Collaboration observed nonzero
global polarization of � and � hyperons in Au-Au collisions,
first for the Relativistic Heavy Ion Collider (RHIC) beam
energy scan (BES) energies of

√
sNN = 7–39 GeV and, later,

with more data, at
√

sNN = 200 GeV [10,11]. The magnitude
of the observed polarization varies from a few to a fraction of
a percent. While the PH values for � and � agree within the
experimental uncertainties, they are systematically higher for
� than for �. Assuming that this difference originates due to
the magnetic fields one estimates the field strength in units of
elementary charge e to be eB ∼ 0.01m2

π [12].
The exact nature of the spin-orbit interaction leading to the

global polarization is not known. It is unclear at what stage of
the system evolution (the QGP, hadronization, or the hadronic
rescattering) the polarization is acquired, neither the corre-
sponding relaxation times are known. Most of the recent cal-
culations of the global polarization assume complete thermal
equilibrium and validity of the hydrodynamical description of
the system [6,12–15]. They relate the particle polarization to
the system’s thermal vorticity at the hadronization time. In a
nonrelativistic limit, assuming complete thermal equilibrium,
the polarization of the particles can be evaluated as ζ =
〈s〉/s = (s + 1)ω/(3T ), where s is the particle’s spin, T is
the system temperature, ω = (1/2)(∇ × v) is a nonrelativistic
vorticity, and v is the local fluid velocity [12].

The global polarization is determined by the average vor-
ticity component perpendicular to the collision reaction plane,
which is spanned by the beam direction and the impact param-
eter vector. The global polarization measurements with the
produced particle provide important information on both the
nature of the spin-orbit interaction and the profile of velocity
fields of the expanding system. Both the magnitude and the
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direction of the vorticity can strongly vary within the system
[16]. In particular, a significant component along the beam
direction can be acquired due to the transverse anisotropic
flow [16,17].

The vorticity of the system, especially its component along
the system’s orbital momentum, is directly related to the
asymmetries in the initial velocity fields. This links the vortic-
ity with the directed flow v1, which is also strongly dependent
on those asymmetries. The v1 is defined by the first Fourier
moment v1 = 〈cos(ϕ − �RP)〉 of the produced particle’s az-
imuthal asymmetry relative to the collision reaction plane
angle �RP. Hydrodynamic simulations show that the orbital
angular momentum stored in the system and the directed flow
of charged particles are almost directly proportional to each
other [5]. This allows for an empirical estimate of the collision
energy dependence of the global polarization [16]. The STAR
results for the directed flow [18,19] and the hyperon global
polarization [10,11] from the BES program show that the
slopes of v1 at midrapidity (dv1/dη) for charged hadrons
(pions) and the hyperon polarization are indeed strongly
correlated. The charged-particle directed flow in Pb-Pb col-
lisions at

√
sNN = 2.76 TeV is about three times smaller [20]

than at the top RHIC energy of 200 GeV. This suggest that
the global polarization at the Large Haron Collider (LHC)
energies should be also about three times smaller than at
RHIC (around ∼0.08%) and decreasing from

√
sNN = 2.76

to 5.02 TeV by about ∼30% [21]. Even smaller polarization
values at the LHC are expected when the directed flow is seen
as a combination of the two effects: the tilt of the source in
the longitudinal direction and the dipole flow originating from
the asymmetry in the initial energy density distributions [22].
Taking into account that only the contribution to the directed
flow from the tilted source is related to the vorticity and that
its contribution relative to the dipole flow decreases with the
collision energy [22], one arrives to an estimate for the global
polarization at the LHC energies of the order of ∼0.04%.

In this paper, the measurements of the global polarization
of the � and � hyperons in Pb-Pb collisions at

√
sNN = 2.76

and 5.02 TeV recorded with ALICE at the LHC are reported.
The paper is organized as follows. In Sec. II the analysis
details are presented, and the global polarization observable
is introduced, as well as the measurement technique. The
various sources of systematic uncertainties are discussed in
Sec. III. The results for the � and � global polarization at
two collision energies as a function of the hyperon transverse
momentum and collision centrality are presented in Sec. IV.

II. DATA ANALYSIS

A. The observable

In this measurement, � and � hyperons are reconstructed
through their weak decay topologies � → p + π− and � →
p̄ + π+ (64% branching ratio). The global polarization of
the hyperons is determined from the angular distributions of
their decay (anti-)protons. In the hyperon rest frame, the (anti-
)proton angular probability distribution, dw/dn∗

p, is given by

dw

dn∗
p

= 1 + αH ζH · n∗
p, (1)

where n∗
p is the unit vector of the (anti-)proton direction.

The same absolute value from [23] for the hyperon
decay parameter αH = 0.642 ± 0.013, positive for �

and negative for �, is used. Recent measurement by
the BESIII Collaboration [24] extracted a new values for
α� = 0.750 ± 0.010 and α�̄ = −0.758 ± 0.012, which are
about 17% larger than in Ref. [23]. Given the statistical and
systematical uncertainties of the results reported below for
the hyperon global polarization the new values for αH will
not change the conclusions of this paper but they should
be considered for future hight precision measurements. The
polarization vector ζH in Eq. (1), which is satisfying condition
|ζH | � 1, can be measured experimentally as [25]

ζH = 3

αH
〈n∗

p〉, (2)

where the brackets 〈. . . 〉 denote an event-by-event averaging
over all hyperon decays.

The polarization vector ζH generally depends on the hy-
peron kinematics, namely the transverse momentum pT , ra-
pidity y, and its azimuthal angle with respect to the reaction
plane, ϕ − �RP, as well as the collision centrality. The global
polarization reported in this paper is determined by the com-
ponent of the polarization vector perpendicular to the reaction
plane. The magnitude PH of the global polarization can be
measured by averaging a corresponding projection of the n∗

p
vector, which in the laboratory coordinate system is given
by n∗

p⊥RP = sin θ∗
p sin (ϕ∗

p − �RP). Here θ∗
p (ϕ∗

p) is the polar
angle with respect to the collision axis (azimuthal angle) of the
(anti-)proton direction in the hyperon rest frame. Substituting
n∗

p⊥RP into Eq. (2) and assuming an ideal detector acceptance,
an average over the θ∗

p yields

PH = 8

παH
〈sin(ϕ∗

p − �RP)〉. (3)

Here the brackets 〈. . . 〉 imply averaging over individual hy-
perons in all events. The polarization is defined to be positive
if the hyperon spin has a positive component along the sys-
tem’s angular momentum—the same convention as employed
in Ref. [10]. The detector acceptance effects are treated in this
work as systematic uncertainty and discussed in Sec. III.

A significant fraction of � and � hyperons originates from
decay of heavier particles. Existing estimates [6,12,13] of the
feed-down effect on the hyperon global polarization measure-
ments, based on the assumption of thermal equilibrium and
the particle yields from the statistical model [26], suggest that
the primary � and � polarization should be by about 15–20%
larger than what is measured at RHIC. Taking into account
that feed-down effects are expected to be small compared to
other uncertainties in the current analysis, no correction to the
data has been applied.

B. Measurement technique

The main components of the ALICE detector system
[27,28] used for this measurement are the Time Projection
Chamber (TPC) [29], the silicon detectors of the Inner Track-
ing System (ITS) [30] and the two neutron Zero-Degree
Calorimeters (ZDC) [31]. The analyzed data samples were
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recorded by ALICE in 2010 and 2011 for Pb-Pb collisions at√
sNN = 2.76 TeV, and in 2015 for collisions at

√
sNN = 5.02

TeV.
During the data taking, the trigger required a hit in a pair of

V0 detectors [32]. In 2010 and 2011, events with only one V0
hit and at least two hits in the outer layer of the Silicon Pixel
Detector (SPD) were accepted as well. Contamination from
beam-induced background was removed offline, as discussed
in Refs. [33,34]. The events with poor correlation between
multiplicities in V0, ITS, and TPC detectors were rejected.
The analysis was restricted to the events with the primary
vertex along the beam direction, Vz, within ±10 cm from
the nominal center of the TPC. This yielded for all collision
centralities approximately 49 (75) million of Pb-Pb collisions
at

√
sNN = 2.76 (5.02) TeV. The collision centrality was de-

termined using the energy deposition in the V0 detectors [35].
The reaction plane angle �RP was estimated using the spec-

tator plane angle �SP, characterizing the deflection direction
of the spectator neutrons. The spectator deflections at positive
and negative rapidity were reconstructed with a pair of neutron
ZDC detectors located 114 m away from the interaction point.
The �SP angle was evaluated separately for the two detectors
using the transverse profile of the spectator energy distribution
provided by the 2 × 2 segmentation of the ZDCs. For this, a
pair of two-dimensional vectors Qt,p were constructed for two
ZDCs following the procedure described in Ref. [20]:

Qt,p ≡ (
Qt,p

x , Qt,p
y

) =
4∑

i=1

niE
t,p
i

/ 4∑
i=1

Et,p
i , (4)

where indices p and t denote the ZDC on the projectile
(η > 0) and target (η < 0) side of the interaction point, re-
spectively; Ei is the measured signal and ni = (xi, yi ) are
the coordinates of the ith ZDC segment. The event averaged
〈Qt,p〉 revealed a strong dependence on the collision centrality
as well as on the three collision vertex coordinates, which
is imposed by the offset of the LHC beam transverse spot
positions relative to the nominal center of the ZDCs. More-
over, the 〈Qt,p〉 demonstrated a strong time dependence in
some of the 2015 runs. To compensate for these variations
an event-by-event recentering correction [36] was applied as
a function of collision centrality, three components of the
collision vertex position, and beam-time variation,

Q′ = Q − 〈Q〉. (5)

Additionally to the procedure described in Ref. [20], the
width of the Q′ distributions was equalized as a function of
centrality, which together with Eq. (5) resulted in an overall
Q-vector correction,

Q′′
x = Q′

x − 〈Qx〉〈
Q′2

x

〉 , Q′′
y = Q′

y − 〈Qy〉〈
Q′2

y

〉 . (6)

The width equalization, up to 20%, turned out to be par-
ticularly useful for the 2015 data sample, where one of the
two neutron ZDC detectors lost signal from one of its four
channels.

5 10 15 20 25 30 35 40 45 50
centrality (%)

0

0.1

0.2

0.3

0.4

(1
)

S
P

R

2.76 TeV : LHC10h
2.76 TeV : LHC11h
5.02 TeV : LHC15o

ALICE ZDC

    : LHC periodNNsPb-Pb

FIG. 1. The correction R(1)
SP for finite resolution of the spectator

plane angle �SP as a function of collision centrality for three data sets
used in the analysis. Only statistical uncertainties, which are smaller
than a symbol size, are shown.

The �SP angle estimated from each ZDC is then given by
the direction of the corrected Q′′ vector,

Q′′ = |Q′′| exp {i�SP}. (7)

To account for a finite resolution of the spectator plane angle
�SP, a correction R(1)

SP is introduce in the Eq. (3) following the
method described in Ref. [25]:

PH = 8

παH

〈sin(ϕ∗
p − �SP)〉
R(1)

SP

. (8)

The polarization values obtained with Eq. (8) for each of
the two ZDC detectors were found to be similar within the
statistical uncertainties and were combined.

The correction R(1)
SP was extracted from correlations be-

tween Q-vector angles from different ALICE detectors fol-
lowing the technique described in Ref. [37]. Figure 1 presents
the R(1)

SP as a function of collision centrality for different data
sets. The most central (0–5%) collisions are excluded from
the analysis, because the small number of spectators does not
allow for reliable estimation of the spectator deflection with
the ZDCs. During the Pb-Pb data taking in 2011 (

√
sNN =

2.76 TeV) and 2015 (
√

sNN = 5.02 TeV), the beams were
collided at a nonzero vertical crossing angle [28]. This re-
sulted in a partial screening of the spectator neutrons by the
LHC tertiary collimators [38] and in a degradation of the
spectator plane resolution. The V0s, TPC, and two forward
multiplicity detectors (FMD) [39] were used to estimate a
possible uncertainties in R(1)

SP extraction for the two ZDC
detectors. In all data samples, these uncertainties turned out
to be at a level of several percent.

The � and � hyperons were reconstructed via their weak
decay topology following the method and selection criteria
described in Refs. [28,40]. Charged daughter tracks from
hyperon decay were required to have the pseudorapidity |η| <

0.9 and at least 70 space points in the TPC. The pion and
(anti-)proton particle type assignments were based on the
track charge and specific energy loss (dE/dx) measured in
the TPC. The daughter tracks were paired to form � and �
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FIG. 2. Top panels: Invariant mass distributions of � (left) and � (right) candidates for 20–30% centrality range in Pb-Pb collisions at√
sNN = 2.76 TeV using data collected during the LHC operation in 2011. Dashed lines show the result of the fit for NBG(Minv ) in Eq. (10).

Bottom panels: Global polarization extraction via fit to 〈sin(ϕ∗
p − �SP )〉 as a function of the invariant mass, with �SP reconstructed with the

ZDC on the target (η < 0) side. Dashed and solid lines show LBG(Minv ) and the combined fit with Eq. (9). See text for more details.

candidates. The candidates were required to have transverse
momentum pT > 0.5 GeV/c, rapidity |y| < 0.5, and the mo-
mentum vector pointing back to the primary collision vertex
within a cone of opening angle less than 0.1 (0.08) radians for
Pb-Pb collisions at

√
sNN = 2.76 (5.02) TeV.

The hyperon global polarization PH was extracted with the
fit to the measured correlation 〈sin(ϕ∗

p − �SP)〉 as a function

of the � or � candidate invariant mass, Minv:

〈sin(ϕ∗
p − �SP)〉(Minv)

= [1 − fBG(Minv)] × SH + fBG(Minv) × LBG(Minv). (9)

Here the constant SH gives the numerator of Eq. (8) and
L(Minv) is a linear parametrization of the background correla-
tion as a function of Minv. The background fraction fBG(Minv)
was evaluated as

fBG(Minv) = NBG(Minv)

Ntot (Minv)
. (10)

Here Ntot (Minv) is the total measured yield of the � or �

candidates. The NBG(Minv) is given by the fourth-order poly-
nomial fit to the Ntot (Minv) outside the � and � invariant mass
peak range, Minv < 1.107 GeV/c2 and Minv > 1.125 GeV/c2.

The fitting procedure is illustrated in Fig. 2 for 20–30%
centrality range in Pb-Pb collisions at

√
sNN = 2.76 TeV

using data collected during the LHC operation in 2011.

III. SYSTEMATIC UNCERTAINTIES

The considered sources of systematic uncertainties are
summarized in Table I. The significance of a given systemati-
cal variation is determined following the procedure presented
in Refs. [41].

The selection on the primary vertex position Vz was varied
to ±7 cm and ±8 cm instead of the default ±10 cm. The
analysis was repeated with the collision centrality estimated
with either ITS or TPC detectors (instead of the default V0
detector). Variations of the results when changing the event
selection criteria described above and centrality estimators are
found to be negligible and were not included into the total
systematic uncertainty.

TABLE I. Systematic uncertainties in global polarization mea-
surements for different data sets. Values reported as a fraction of the
corresponding statistical uncertainty.

Data �/� candidate Fitting
sample Centrality selection procedure Acceptance R(1)

SP

2010
5−15%

15−50%
20%

30%
5%

10% <2%

2011
5−15%

15−50%
30%

20%
12%

10% <2%

2015 5–50% 30% 20% 10% <4%
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FIG. 3. The global hyperon polarization as function of centrality for Pb-Pb collisions at
√

sNN = 2.76 TeV (left) and 5.02 TeV (right). The
systematic uncertainties are shown as shaded boxes. Points are slightly shifted along the horizontal axis for better visibility.

The following � and � candidate selection criteria were
varied: the distance of closest approach to the primary vertex,
decay daughter track selection via specific energy loss in the
TPC, the distance of closest approach between the pair of
the daughter tracks, and the criteria on the hyperon candi-
dates momentum pointing angle to the primary vertex. The
corresponding contribution from these variations to the total
systematic uncertainty is about 20–30% of the statistical un-

certainty. The main contribution to the systematic uncertainty
from the fitting procedure in Eq. (9) comes from a variation of
the fit region.

In Eq. (8) a perfect acceptance of the hyperons and their de-
cay daughters is assumed. In the case of an imperfect detector,
there is a overall scale correction of the measured polarization
as well as a possible admixture of higher-order harmon-
ics in a Fourier decomposition of the dN�/�/d (ϕ∗

p − �RP)
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%
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 = 2.76 TeV     15-50%NNs
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T

p
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FIG. 4. The global hyperon polarization as function of transverse momentum pT for Pb-Pb collisions at
√

sNN = 2.76 TeV (upper) and
5.02 TeV (lower) in 5–15% (left) and 15–50% (right) centrality classes. The systematic uncertainties are shown as shaded boxes. Points are
slightly shifted along the horizontal axis for better visibility.
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FIG. 5. The global hyperon polarization as a function of collision energy. Results are compared with the STAR data at lower energies
[10,11]. The insert shows zoomed-in comparison with the data at the top RHIC energy. The systematic uncertainties are shown as shaded
boxes. Points are slightly shifted along the horizontal axis for better visibility.

distribution. Using the method described in Refs. [25,42]
the corresponding relative uncertainty was estimated to be
about 10% independent of centrality. This uncertainty comes
primarily from the admixture of the higher-order harmonics
when hyperon pT � 2 GeV/c.

A detailed study was performed for the evaluation of the
systematic uncertainties of R(1)

SP as well as for the evaluation
of the difference between the two neutron ZDC detectors. The
correlations between the flow vectors from different detectors,
including TPC and pairs of ZDC, V0, FMD detectors were
studied. The contribution to the total systematic uncertainties
due to the R(1)

SP extraction were found to be at a level of a few
percentages.

IV. RESULTS

Figures 3 and 4 show the measured hyperon global polar-
ization PH as a function of centrality and hyperon transverse
momentum, pT , in Pb-Pb collisions for two collision energies.
The results from 2010 and 2011 data samples were combined
accounting for the corresponding statistical and systematic
uncertainty. At RHIC energies, the global polarization ex-

hibited a clear centrality dependence with three times large
magnitude in peripheral collisions compared to that in central,
while no significant pT dependence within the accessible pT

range was observed [11]. The PH at the LHC is found to be
consistent with zero within the experimental uncertainties for
all studied centrality classes (Fig. 3) and pT ranges (Fig. 4).
By repeating a similar analysis, no signal signal was observed
as a function of rapidity either.

The average global polarization for two centrality ranges,
5–15% and 15–50%, are presented in Fig. 5, while numerical
values are reported in Table II. Figure 5 also presents the
comparison with the STAR data [10,11] for lower collision en-
ergies. Despite large uncertainties, the ALICE measurements
confirm the trend of the global polarization decreasing with
increasing collision energy.

Assuming the same values of the global polarization for
� and � and neglecting the possible difference of about
30% (according to the empirical estimates discussed above)
between the two LHC energies, one can average all four
ALICE data points for 15–50% centrality, where the largest
signal is expected. This yields a value 〈PH 〉(%) ≈ 0.01 ±
0.06 (stat.) ± 0.03 (syst.) for 15–50% centrality, which is

TABLE II. The global polarization of � and � hyperons in Pb-Pb collisions at
√

sNN = 2.76 TeV and 5.02 TeV for centrality ranges
5–15% and 15–50%.

√
sNN Centrality P� (%) P� (%)

2.76 TeV 5–15% 0.01 ± 0.13 (stat.) ± 0.04 (syst.) 0.09 ± 0.13 (stat.) ± 0.08 (syst.)
15–50% 0.08 ± 0.10 (stat.) ± 0.04 (syst.) −0.05 ± 0.10 (stat.) ± 0.03 (syst.)

5.02 TeV 5–15% 0.08 ± 0.18 (stat.) ± 0.08 (syst.) −0.07 ± 0.18 (stat.) ± 0.03 (syst.)
15–50% −0.13 ± 0.11 (stat.) ± 0.04 (syst.) 0.14 ± 0.12 (stat.) ± 0.03 (syst.)

Average 15–50% 〈PH 〉(%) ≈ 0.01 ± 0.06 (stat.) ± 0.03 (syst.)
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consistent with the empirical estimates of PH (%) ≈ 0.04–0.08
based on directed flow measurements.

V. SUMMARY

The first measurements of � and � hyperons global po-
larization are reported for Pb-Pb collisions at

√
sNN = 2.76

and 5.02 TeV recorded with ALICE at the LHC. The hyperon
global polarization has been measured differentially as a
function of centrality and transverse momentum (pT ) for the
range of collision centrality 5–50%, 0.5 < pT < 5 GeV/c,
and rapidity |y| < 0.5. No significant dependences neither
splitting between the global polarization values for � and �

has been observed. The average � and � polarization for
15–50% centrality range at two collision energies is found
to be consistent with zero, 〈PH 〉(%) ≈ 0.01 ± 0.06 (stat.) ±
0.03 (syst.). This confirms the observed earlier trend of the
global polarization decrease with increasing collision energy.
The results are compatible with the extrapolation of the
RHIC results and empirical estimates of PH (%) ≈ 0.04–0.08
based on the similarity of collision energy dependence of the
global polarization and the slope of the directed flow in the
midrapidity region. The high luminosity LHC run after the
2019–2021 long shutdown with the upgraded ALICE detector
will bring more than 100 times more data, which should allow
tests of the previously mentioned prediction with much better
accuracy.
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106Rudjer Bošković Institute, Zagreb, Croatia
107Russian Federal Nuclear Center (VNIIEF), Sarov, Russia

108Saha Institute of Nuclear Physics, Homi Bhabha National Institute, Kolkata, India
109School of Physics and Astronomy, University of Birmingham, Birmingham, United Kingdom

110Sección Física, Departamento de Ciencias, Pontificia Universidad Católica del Perú, Lima, Peru
111Shanghai Institute of Applied Physics, Shanghai, China

112St. Petersburg State University, St. Petersburg, Russia
113Stefan Meyer Institut für Subatomare Physik (SMI), Vienna, Austria

114SUBATECH, IMT Atlantique, Université de Nantes, CNRS-IN2P3, Nantes, France
115Suranaree University of Technology, Nakhon Ratchasima, Thailand

116Technical University of Košice, Košice, Slovakia
117Technische Universität München, Excellence Cluster ‘Universe’, Munich, Germany

118The Henryk Niewodniczanski Institute of Nuclear Physics, Polish Academy of Sciences, Cracow, Poland
119The University of Texas at Austin, Austin, Texas, USA
120Universidad Autónoma de Sinaloa, Culiacán, Mexico
121Universidade de São Paulo (USP), São Paulo, Brazil

122Universidade Estadual de Campinas (UNICAMP), Campinas, Brazil
123Universidade Federal do ABC, Santo Andre, Brazil
124University of Cape Town, Cape Town, South Africa

125University of Houston, Houston, Texas, USA
126University of Jyväskylä, Jyväskylä, Finland

127University of Liverpool, Liverpool, United Kingdom
128University of Science and Techonology of China, Hefei, China

129University of South-Eastern Norway, Tonsberg, Norway
130University of Tennessee, Knoxville, Tennessee, USA

131University of the Witwatersrand, Johannesburg, South Africa
132University of Tokyo, Tokyo, Japan

133University of Tsukuba, Tsukuba, Japan
134Université Clermont Auvergne, CNRS/IN2P3, LPC, Clermont-Ferrand, France

135Université de Lyon, Université Lyon 1, CNRS/IN2P3, IPN-Lyon, Villeurbanne, Lyon, France
136Université de Strasbourg, CNRS, IPHC UMR 7178, F-67000 Strasbourg, France, Strasbourg, France

137Université Paris-Saclay Centre d’Etudes de Saclay (CEA), IRFU, Départment de Physique Nucléaire (DPhN), Saclay, France
138Università degli Studi di Foggia, Foggia, Italy

139Università degli Studi di Pavia, Pavia, Italy
140Università di Brescia, Brescia, Italy

141Variable Energy Cyclotron Centre, Homi Bhabha National Institute, Kolkata, India
142Warsaw University of Technology, Warsaw, Poland

143Wayne State University, Detroit, Michigan, USA
144Westfälische Wilhelms-Universität Münster, Institut für Kernphysik, Münster, Germany

044611-13



S. ACHARYA et al. PHYSICAL REVIEW C 101, 044611 (2020)

145Wigner Research Centre for Physics, Hungarian Academy of Sciences, Budapest, Hungary
146Yale University, New Haven, Connecticut, USA

147Yonsei University, Seoul, Republic of Korea

aDipartimento DET del Politecnico di Torino, Turin, Italy.
bM.V. Lomonosov Moscow State University, D.V. Skobeltsyn Institute of Nuclear, Physics, Moscow, Russia.
cDeceased.
dDepartment of Applied Physics, Aligarh Muslim University, Aligarh, India.
eInstitute of Theoretical Physics, University of Wroclaw, Poland.

044611-14


