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The presence of α-clustered structure in the light nuclei produces different exotic shapes in nuclear structure
studies at low energies. Recent phenomenological studies suggest that collision of heavy nuclei with α-clustered
carbon (12C) at relativistic energies can lead to large initial state anisotropies. This is expected to impact the
final momentum anisotropies of the produced particles significantly. The emission of electromagnetic radiations
is considered to be more sensitive to the initial state compared to hadronic observables and thus photon
observables are expected to be affected by the initial clustered structure profoundly. In this work we estimate
the production and anisotropic flow of photons from most-central collisions of triangular α-clustered carbon
and gold at

√
sNN = 200 GeV using an event-by-event hydrodynamic framework and compare the results with

those obtained from unclustered carbon and gold collisions. We show that the thermal photon v3 for most central
collisions is significantly large for the clustered case compared to the case with unclustered carbon, whereas the
elliptic flow parameter does not show much difference for the two cases. In addition, the ratio of anisotropic flow
coefficients is found to be a potential observable to constrain the initial state produced in relativistic heavy-ion
collisions and also to know more about the α-clustered structure in carbon nucleus.
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I. INTRODUCTION

Direct photons are considered as one of the cleanest probes
to study the initial state and the evolution of the hot and dense
matter produced in relativistic heavy-ion collisions. Various
properties of the direct photon spectra and anisotropic flow
parameters have been explored in detail in past two decades
[1–10]. The most salient feature of the photon observables
is their strong sensitivity to the initial conditions. Different
collision geometries, initial-state fluctuations, the inclusion of
initial state nucleon shadowing as well as slight variation of
initial parameters in the model calculation have been found to
affect the anisotropic flow parameters of photons significantly
[11–17]. Thus, the study of direct photons from relativistic
nuclear collisions offers an excellent opportunity to explore
the hot and dense initial stage of quark-gluon plasma (QGP)
produced in those collisions. However, it is important to men-
tion that the inconsistency between the experimental photon
anisotropic flow data and the results from theory calculations
has been a subject of research for quite some time [18,19].
Realistic corrections in the initial conditions, upgraded hydro-
dynamical framework, and modified rates of thermal photon
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production have been found to improve the theoretical calcu-
lation significantly [20–24].

In recent times, it has been shown that a large anisotropic
flow of charged hadrons can appear even in small collision
systems such as p + p, p + A, d + A, He + A, etc. [25–27].
Significant initial-state anisotropies play a pivotal role in
building up large final-state anisotropies for small systems.
Recent interesting studies have suggested that the geometric
effects of α clustering in the light nuclei (7,9Be, 12C, 16O,
etc.) can also be realized in the realm of relativistic nuclear
collisions [28–32]. Similar attempts to identify nuclear de-
formations in heavy nuclei can be found in several studies
[33–38].

Clustering has long been known to play a key role in
understanding the structure of light nuclei. Over the past half-
century, complex clusters of light nuclei have been discovered,
especially for the typical 3α-clustered and 4α-clustered struc-
tures in 12C and 16O [39–44]. Many theories, such as
antisymmetrized molecular dynamics (AMD) [45], fermionic
molecular dynamics (FMD) [46], Tohsaki-Horiuchi-Schuck-
Röpke (THSR) [47,48], and effective field-theory lattice
calculations [49] attempt to explore possible geometries and
even nonrigid structures of light nuclei. At present, the theo-
retical elucidation of the α structure in 12C and 16O is still a
hard problem. Therefore, it is desirable to study the problem
with some experimental probes [50–54]. Thus, experiments
incorporating carbon and oxygen at the relativistic colliders
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can be useful to shed light on the clustered structures. Studies
based on kinetic theory and hydrodynamic model simulations
have shown definitive and significant effects of α clustering on
the anisotropic flow of hadrons at different collision energies
lately [28–32]. The effect of α clustering on the direct photon
signals in C + Au collisions at 200A GeV was first studied
in Ref. [17]. It has been shown that specific orientations of
the α-clustered C + Au collisions give rise to larger trian-
gular flow (v3) or elliptic flow (v2) parameters considering a
smooth initial energy density distribution [17]. In this work,
we use a more realistic hydrodynamic framework to study the
effect of clustered structure on different photon anisotropic
flow (v1, v2, and v3) observables in the most-central collision
scenario. We expect that the properties emerging from this
study will be useful for understanding the behavior of photon
anisotropic flow parameters from similar colliding systems
with α-clustered carbon at different beam energies.

The paper is organized as follows. In the next section, we
briefly discuss the initial parameters and the framework for
the model calculation. In Sec. III, we discuss the results of
thermal photon spectra and anisotropic flow coefficients, and
finally, we summarize the results in Sec. IV.

II. FRAMEWORK

In this study, we adapt a similar procedure used in
Refs. [17,29] to prepare the initial conditions for α-clustered
C + Au collisions at 200A GeV (see Appendix A). The
initial conditions are subsequently evolved with a (2 + 1)-
dimensional longitudinally boost invariant ideal relativistic
hydrodynamic framework [55] to obtain the space-time evo-
lution at midrapidity. The value of initial thermalization time
is taken as τ0 = 0.17 fm/c and the transverse components
of initial flow velocities (i.e., vx and vy) are neglected. A
lattice-based equation of state (L&S) [56] is used in the hydro-
dynamic model and the constant freeze-out temperature (Tf )
is taken as 160 MeV.

The thermal photon production from individual events is
estimated by integrating the emission rates (i.e., R = E dN

d3 pd4x )
over the entire space-time evolution

E
dN

d3 p
=

∫
R(E∗(x), T (x))d4x. (1)

The T (x) in the above equation is the local temperature and
E∗(x) = pμuμ(x), where pμ represents the four-momentum of
photon and uμ is the local four-velocity of the flow field. We
use the complete next-to-leading order emission rates from
Refs. [57,58] to evaluate photon production from the quark
gluon plasma (QGP) phase and the parametrized rates from
Ref. [59] for the hadronic sector.

The differential anisotropic flow coefficients [vn(pT )]
and initial-state eccentricities are evaluated using the equa-
tions shown in Appendix A.

III. PRODUCTION AND ANISOTROPIC FLOW
OF THERMAL PHOTONS

In the present study, we focus on the most central collisions
where more geometry-dominated effects are expected to be
seen. At present we do not have any knowledge about the

FIG. 1. The ratio of α-clustered to unclustered event-averaged
initial state elliptic and triangular eccentricities as a function of Npart

from C + Au collisions at 200A GeV.

minimum bias event distribution of charged hadrons from
hydrodynamic simulations, we have chosen events with
Npart > 80 for both the clustered and unclustered cases to
understand the effects in the most-central collision scenario.
It should be noted that such an event selection criterion in
the Glauber model calculations with GLISSANDO [60] refers
to almost similar centrality classes (≈0–1 %) for both the
clustered and unclustered cases. To study the effect of initial
clustered structure on photon observables, we have considered
a sufficiently large number of random events for both clus-
tered and unclustered cases with the event selection criterion
Npart > 80.

In Fig. 1, we show the Npart dependent behavior of clus-
tered to unclustered ratio of the event-averaged (over 5 × 105

events) initial elliptic (〈εC
2 〉/〈εU

2 〉) and triangular eccentricities
(〈εC

3 〉/〈εU
3 〉). We find that the ratio of elliptic eccentricities

at various Npart are slightly less than 1, whereas, the the
ratio for triangular eccentricities varies in the range 1.6–2.0
as a function of Npart. This clearly shows that the triangular
anisotropies for the clustered case show more than 50% rise
than the unclustered case for most central collisions. We have
checked the initial eccentricities also with the TRENTO initial
condition [61] and found a similar behavior of elliptic and
triangular eccentricities with Npart for both the cluster and
uncluster cases.

The event distribution of the α-clustered C + Au and
the unclustered C + Au collisions in the vn − εn plane is
shown in Fig. 2. The integrated vn is obtained by integrat-
ing the differential thermal photon flow over the pT range
0.5–6.0 GeV. The linear correlation (Pearson correlation) co-
efficient Cn(εn, vn) for both clustered and unclustered cases is
shown for comparison. The correlation coefficient is defined
as

Cn(εn, vn) =
〈

(εn − 〈εn〉)(vn − 〈vn〉)

σεnσvn

〉
, (2)

where the quantities without (with) angular bracket denote
single event (event-averaged) values, σεn and σvn , are the stan-
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FIG. 2. The linear correlation between (a) v2–ε2 and (b) v3–ε3

for the α-clustered C + Au and the unclustered C + Au collisions
at 200A GeV.

dard deviations of εn and vn, respectively. To calculate the
average of vn, we use the integrated photon yield as weight,
whereas, the total deposited energy on the transverse plane has
been considered as the weight for calculating the average of
initial state anisotropy. We see that the correlation coefficient
between v2 and ε2 for the clustered and unclustered cases is
similar (about 0.65). On the other hand, we see a stronger
linear correlation (coefficient ≈0.82) in v3 − ε3 plane for the
clustered carbon compared to the unclustered case (coefficient
≈0.65).

In Fig. 3, we show a comparison of the event-averaged ther-
mal photon spectra from α-clustered and unclustered C + Au
collisions. The spectra for both the cases are found to be
close to each other. In the region pT > 4 GeV, we observe
a slight excess of photon production for the clustered case in
comparison to the unclustered case which perhaps occurs due
to the presence of initial hot spots in the clustered carbon case.

The event-averaged elliptic and triangular flow parame-
ters of thermal photons as a function of pT are presented in
Figs. 4(a) and 4(b), respectively. The elliptic flow anisotropy
for the clustered and unclustered cases is found to be close

FIG. 3. The event-averaged thermal photon spectra from α-
clustered C + Au and unclustered C + Au collisions at 200A GeV.

to each other which is consistent with the average initial
elliptic eccentricities obtained for the respective cases. We see
a slightly larger elliptic flow at pT ≈ 2 GeV for the unclus-
tered case in comparison to the clustered case.

FIG. 4. (a) Elliptic and (b) triangular flow of thermal photons
as a function of pT from the α-clustered and unclustered C + Au
collisions at 200A GeV.
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However, v3 for the clustered case is found to be twice
as large as the same obtained for the unclustered case. It
is to be noted that the orientation averaged triangular flow
parameter for the clustered case is still significantly large and
similar to the v3(pT ) obtained from most-central (b ≈ 0 fm)
collisions of α-clustered carbon with Au nucleus at an orien-
tation angle θ = π/4 (see Fig. 5(a) of Ref. [17]) considering
smooth initial density distribution. Additionally, such large
triangular flow anisotropy is also comparable to the direct
photon v3 data obtained for 20–40 % Au + Au collisions at
the BNL Relativistic Heavy Ion Collider (RHIC). It is to be
noted that a larger initial thermalization time τ0 or a smaller
freeze-out temperature (Tf ) would further increase the value
of thermal photon v3 as discussed in Ref. [17]. These results
clearly state that photon v3 in relativistic nuclear collisions
can efficiently reflect the initial state triangular anisotropy
associated with the triangular α-cluster structure in carbon
nucleus. It is also well known that a significant contribution of
the prompt photons appears in the region pT > 3 GeV [17] in
the direct photon spectrum and it dominates over the thermal
radiation in that pT range. However, the prompt photons do
not contribute directly to the anisotropic flow. These nonther-
mal photons only dilute the flow parameters in the larger pT

region by adding extra weight in the denominator of Eq. (5).
One can still expect to get a large direct photon vdir

3 (pT )
after including the nonthermal prompt contribution in the
calculation [17].

In a recent study, it has been emphasized that the ratio of
anisotropic flow coefficients (vn/vm) can minimize the uncer-
tainties arising due to the nonthermal contributions [62] in the
photon anisotropic flow calculation. The ratio is shown to be
a potential observable to probe the thermal phase contribution
in the direct photon anisotropic flow. Although the individual
flow parameters (v2, v3) are found to underestimate the exper-
imental vn data of Au + Au collisions at RHIC, the photon
v2/v3 of the same is found to be close to the PHENIX data in
the pT region 2–3.5 GeV, which is believed to be dominated
by the thermal radiation. The ratio is also found to be sensitive
to the initial conditions of the model calculation in different
pT regions compared to the individual flow parameters. The
ratio of directed flow parameter with photon v2 (or v3) (along
with the individual photon anisotropic flow parameters) pro-
vides additional information to constrain the initial parameters
of the model calculation. We show the ratio of thermal photon
v2 to v3 as a function of pT in Fig. 5. The dashed line shows
the ratio for the unclustered case which is found to be about
2 at pT ≈ 1 GeV and above pT > 3 GeV, the ratio gets closer
to 1. However, for the clustered case the ratio (solid line)
is found to be smaller than 1 in the region pT > 1 GeV,
which in turn indicates a significantly larger thermal photon
v3 compared to the thermal photon v2. We simultaneously
show the ratio of thermal photon v2 and v3 from 0–20 %
Au + Au collisions at RHIC (solid triangles) using the same
hydrodynamical framework for comparison [62]. We find that
the ratio for the central Au + Au collisions is closer to the
result from unclustered C + Au collisions whereas the ratio
from the clustered case is significantly smaller in the thermal
(2–4 GeV) pT range. Thus, experimental determination of
photon v2/v3 ratio from C + Au collisions can be an impor-

FIG. 5. The ratio of thermal photon v2 and v3 as function of pT

for the α-clustered and unclustered C + Au collisions at 200A GeV.
The ratio of thermal photon v2 to v3 for 0–20 % Au + Au collisions
at RHIC using the same hydrodynamic framework is shown for
comparison [18].

tant observable to identify the clustered structure in carbon
nucleus.

The directed flow of thermal photons from C + Au colli-
sions is shown as a function of pT in Fig. 6(a). The photon
v1 for both clustered and unclustered cases is found to be
close to each other. This observation is consistent with the
directed initial eccentricities obtained for the two cases. The
linear correlation coefficient between pT -integrated photon v1

and ε1 is found to be about −0.59 and −0.51 for the clustered
and the unclustered cases, respectively (see Fig. 2 in the Sup-
plemental Material [63]). We show the ratio of the directed
flow of thermal photons with triangular flow in Fig. 6(b). The
ratio is seen to be different in the region pT < 2 GeV where
the ratio for the clustered case is found to be larger than
the unclustered case. In the region pT > 2 GeV an opposite
behavior is observed, however, the difference between the two
is relatively smaller. The v1/v3 has been shown to be more
sensitive to the hadronic phase unlike v2/v3 of photons [62].
Thus, the ratio of photon vn can also be valuable to know about
the freeze-out temperature of the evolving fireball.

Therefore, this study overall provides a qualitative under-
standing of thermal photon production and anisotropic flow
from most-central α-clustered C + Au collisions at 200A
GeV. It is to be noted that we have checked all the photon
vn results with the scalar product method [20,64] and also
considering the lattice-based equation of state s95p − v1 [65]
to see the sensitivity of our observations with the choice of
the framework (see Appendix B). The qualitative nature of
the results is found to remain the same irrespective of the
method we chose. We also notice that the difference be-
tween the results on a quantitative scale is marginal only.
A (3 + 1)-dimensional viscous hydrodynamical calculation is
ideal to obtain more reliable results for C + Au collisions on
a quantitative scale; however, according to Fig. 4 in Ref. [66],
we cannot expect a significant change in the results for the
most-central collision scenario.
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FIG. 6. (a) Directed flow of thermal photons and (b) its ratio with
thermal photon v3 for the α-clustered C + Au and the unclustered
C + Au collisions at 200A GeV.

IV. SUMMARY

We calculate the production and anisotropic flow of
thermal photons from most-central α-clustered C and Au col-
lisions at 200A GeV using an event-by-event hydrodynamic
framework and compare the results with those obtained from
unclustered carbon and gold collisions. The slope of the ther-
mal photon spectrum from the clustered carbon is found to
be similar to the same obtained from the unclustered carbon.
However, the clustered structure affects the initial triangu-
lar eccentricity as well as the triangular flow parameter of
photons significantly compared to the unclustered carbon and
gold collisions. Although we find a similar thermal photon
v2 for both clustered and unclustered carbon collisions, the
thermal photon v3 for the clustered case is found to be almost
twice as large as the unclustered case.

In addition, we show that the ratio of photon anisotropic
flow parameters (v2/v3) can be a useful observable to recog-
nize the clustered structure in carbon nucleus. The v2/v3 ratio
is found to be strongly sensitive to the α-cluster structure and
is significantly suppressed compared to the unclustered case.
We also show that the directed flow parameter of photons can
be a potential observable along with the elliptic and triangular

flow parameters to constrain the initial state produced in heavy
ion collision. We conclude that photon flow observables are
potential probes to detect the α-cluster structure in carbon nu-
cleus and experimental determination of the anisotropic flow
parameters from C + Au collisions can be useful to study the
initial state in relativistic heavy ion collisions.
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APPENDIX A

In this Appendix, we discuss in detail the initial conditions
of our model calculations and the method for calculating
thermal photon flow observables.

1. Initial Conditions

We consider a triangle-shaped α-clustered carbon where
the vertices of three α clusters reside at three corners of an
equilateral triangle. The side length (l) of the triangle is 3.05
fm and the radius of each cluster (rα) is 0.96 fm. The nuclear
density distribution corresponding to each cluster follows:

fi(�r) = A exp
(− 3

2 (�r − �ci )
2/r2

α

)
, (A1)

where �ci denotes the position of the center of ith cluster in
carbon. For the unclustered case, we take a two-parameter
Woods-Saxon density profile in such a way that the root
mean square radius of the unclustered carbon is similar to the
clustered carbon (≈2.26 fm).

A two-component Monte Carlo Glauber (MCG) model
framework is used to distribute the initial entropy density on
the transverse plane for each event where entropy density at
any transverse coordinate (x, y) is obtained using the follow-
ing relation:

s(x, y) = K

Npart,Ncoll∑
i, j=1

[ ν ncoll(xi, yi )Fi(x, y)

+ (1 − ν) npart(x j, y j ) Fj (x, y)] . (A2)

In the above equation, ncoll and npart denote the number of
binary collision and participant sources at the (xi, yi ) and
(x j, y j ) positions, respectively. The values of nucleon-nucleon
inelastic cross section (σNN ), hardness factor (ν), and the
normalization constant (K) are taken as 42 mb, 0.145 and
81 fm−1, respectively. The function Fi(x, y) [or Fj (x, y)] is
a normalized Gaussian distribution centering about the ith
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collision (or jth participant) source

Fi, j (x, y) = 1

2πσ 2
e− (x−xi, j )2+(y−yi, j )2

2σ2 , (A3)

where the Gaussian smearing width (σ ) of radius around each
collision and participant source is considered as 0.4 fm [17].

The above set of the initial hydrodynamic parameters has
been found to satisfactorily explain the charged hadron mul-
tiplicity and differential spectrum of π0 at the midrapidity for
most central (i.e., 0–5%) 3He +Au collisions at 200A GeV at
RHIC [67] (see Fig. 1 in the Supplemental Material [63]).

2. Participant Plane Method

The differential anisotropic flow coefficients [vn(pT ) for
n = 1, 2, and 3] for each event are obtained as

vn(pT ) =
∫ 2π

0 dφ cos[ n(φ − ψn)] dN
pT d pT dydφ∫ 2π

0 dφ dN
pT d pT dydφ

, (A4)

where φ is the azimuthal angle of particle’s momentum and ψn

is the participant plane angle. We calculate the event-averaged
final flow observables (〈vn〉, which we denote hereafter as vn

for simplicity) by using the following equation:

〈vn(pT )〉 =
∑Nevents

i=1
dN (i)

d2 pT dy v
(i)
n (pT )∑Nevents

i=1
dN (i)

d2 pT dy

. (A5)

In the above equations, the superscript ‘i’ corresponds to the
ith event. The participant plane angle is determined by

ψn = 1

n
arctan

∫
dxdy rm sin (n�)ε(x, y, τ0)∫
dxdy rm cos (n�)ε(x, y, τ0)

+ π/n. (A6)

The initial-state eccentricities (εn, where m = 3, 2, and 3
for n = 1, 2, and 3, respectively [68,69]) for each event are
obtained using the relation

εn = −
∫

dxdy rm cos[ n(� − ψn)]ε(x, y, τ0)∫
dxdy rmε(x, y, τ0)

, (A7)

where � and r are spatial azimuthal angle and the radial
distance, and ε is the energy density on the transverse plane.

APPENDIX B

Scalar Product Method

In this section, we calculate the photon flow observables
from the most-central C + Au collisions at 200A GeV us-
ing the scalar product method [20,64]. Unlike the participant
plane method, the scalar product method directly correlates
the photon emission with the charged hadron event-plane an-
gle. Therefore, it is more relatable to the experimental data.
We use Monte Carlo Glauber initial conditions [Eq. (A2)]
along with lattice-based equation state s95p − v1 [65] within

(a)

(b)

FIG. 7. The thermal photon (a) v3 and (b) the ratio v2/v3 as
a function of pT using the scalar product method in the MUSIC
ideal hydrodynamical framework for the α-clustered C + Au and
the unclustered C + Au collisions at 200A GeV. The results have
been compared with results presented earlier in Figs. 4(b) and 5.

the MUSIC ideal hydrodynamical framework [70] to calculate
the spacetime evolution of the fireball. The other associated
hydrodynamic parameters have been considered to be the
same as presented in Sec. II.

In Fig. 7(a), we show the thermal photon v3 as a function of
pT for the clustered and unclustered C + Au collisions using
the scalar product method. The obtained results (represented
by the solid symbols) are found to be very close to the earlier
results using the participant plane angle method (represented
by lines). Similar behavior has been found for the photon
v2/v3 ratio as a function of pT , as shown in Fig. 7(b). We
conclude that the calculation method merely affects the qual-
itative difference between the photon flow observables from
the clustered and unclustered C + Au collisions.
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[7] G. Başar, D. E. Kharzeev, and V. Skokov, Phys. Rev. Lett. 109,

202303 (2012).
[8] K. Tuchin, Phys. Rev. C 87, 024912 (2013).
[9] B. G. Zakharov, Eur. Phys. J. C 76, 609 (2016).

[10] R. Chatterjee, Pramana 95, 15 (2021).
[11] G. Vujanovic, J. F. Paquet, G. S. Denicol, M. Luzum, B.

Schenke, S. Jeon, and C. Gale, Nucl. Phys. A 932, 230 (2014).
[12] F. M. Liu and S. X. Liu, Phys. Rev. C 89, 034906 (2014).
[13] R. Chatterjee and D. K. Srivastava, Phys. Rev. C 79, 021901(R)

(2009).
[14] R. Chatterjee and D. K. Srivastava, Nucl. Phys. A 830, 503c

(2009).
[15] R. Chatterjee, H. Holopainen, T. Renk, and K. J. Eskola, Phys.

Rev. C 85, 064910 (2012).
[16] P. Dasgupta, R. Chatterjee, and D. K. Srivastava, Phys. Rev. C

95, 064907 (2017).
[17] P. Dasgupta, G. L. Ma, R. Chatterjee, L. Yan, S. Zhang, and

Y. G. Ma, Eur. Phys. J. A 57, 134 (2021).
[18] A. Adare et al. (PHENIX Collaboration), Phys. Rev. C 94,

064901 (2016).
[19] S. Acharya et al. (ALICE Collaboration), Phys. Lett. B 789, 308

(2019).
[20] G. David, Rep. Prog. Phys. 83, 046301 (2020).
[21] C. Shen, arXiv:1511.07708 [nucl-th].
[22] C. Gale, J. F. Paquet, B. Schenke, and C. Shen, Nucl. Phys. A

1005, 121863 (2021).
[23] P. Dasgupta, R. Chatterjee, S. K. Singh, and J.-e. Alam, Phys.

Rev. C 97, 034902 (2018).
[24] I. Iatrakis, E. Kiritsis, C. Shen, and D. L. Yang, J. High Energy

Phys. 04 (2017) 035.
[25] C. Aidala et al. (PHENIX Collaboration), Nat. Phys. 15, 214

(2019).
[26] G. Aad et al. (ATLAS Collaboration), Phys. Rev. Lett. 116,

172301 (2016).
[27] S. Chatrchyan et al. (CMS Collaboration), Phys. Lett. B 718,

795 (2013).
[28] M. Rybczynski, M. Piotrowska, and W. Broniowski, Phys. Rev.

C 97, 034912 (2018).
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