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The presence of « clustered structures in light nuclei can enhance the initial spatial anisotropies in
relativistic nuclear collisions relative to those arising from nuclei with uniform density distributions.
Thus, observables that are strongly sensitive to the initial geometry can be a more efficient probe
of the clustered structures than observables dominated by final state dynamics. We investigate the
collisions of « clustered oxygen nuclei at \/snyn = 7TA TeV at the LHC using the GLISSANDO initial
state model along with the MUSIC event-by-event hydrodynamical framework. The tetrahedral «
clustered structure of °O leads to significantly larger initial triangular eccentricity e3 than collisions
with uniform density distributions especially in the most central events. The spatial eccentricity
€2 is found to be relatively less sensitive to the initial state clustered structure. The production of
thermal photons is estimated to be only marginally influenced by clustering for both central as well as
peripheral collisions. In contrast, the photon triangular flow coefficient vs(pr) is strongly affected
by initial state clustering resulting in substantially larger values in both central and peripheral
collisions. An experimental determination of photon anisotropic flow together with the ratios of flow
coefficients in *®*0+4'%0 collisions therefore expected to provide valuable insight into the possible

clustered structure in light nuclei and also to constrain parameters in theoretical modeling.

I. INTRODUCTION

Alpha clustering is a well known phenomenon studied
in nuclear structure research where the formation of «
substructures is known to enhance stability in light nu-
clei ﬂIHZI] Recent studies suggest that the presence of «
clustered structures in light nuclei, such as in 2C and
160 can be effectively investigated at relativistic energies
by measuring the anisotropic flow parameters ﬂa—@]

The clustered configurations of light nuclei lead to pro-
nounced spatial anisotropies in the overlap region when
they collide with a heavy nuclei at relativistic energies.
In addition, collisions involving two clustered nuclei are
also expected to significantly influence the initial energy
density distribution on the transverse plane as well as
the spatial anisotropy of the overlapping zone. Since
the emission of electromagnetic radiation is expected
to be sensitive to the initial state, the production and
anisotropic flow of direct photons can be a promising
probe for studying the o clustered structures M]
Additionally, the initial geometry driven effects are ex-
pected to be more prominent in the most central colli-
sions compared to the peripheral ones @]

It has been demonstrated that collisions of triangular «
clustered 2C nuclei with Au at the top RHIC energy gen-
erate distinct initial geometries in the transverse plane
depending on the orientations of the incoming clustered
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nuclei in central collisions ﬂﬁ] The initial anisotropic
energy density distribution in these collisions lead to a
significantly enhanced anisotropic flow (v, (pr)) of ther-
mal photons which shows strong dependence on the ori-
entation angle. In contrast, the a clustered structure was
found to have only a marginal effect on the thermal pho-
ton spectra obtained at different orientations of C+Au
collisions.

A more realistic calculation shows that the orientation
averaged anisotropic flow of thermal photons in clustered
12C+Au collisions at 200A GeV exhibits significant qual-
itative differences between the v, and v3 parameters. The
initial triangular eccentricity €3 in the case of clustered
12C is estimated to be substantially larger compared to
that in unclustered 2C+Au collisions [36]. This enhance-
ment translates into a significantly larger triangular flow
parameter vs(pr) of photons for the clustered case. In
contrast, the elliptic flow parameter is observed to be
much smaller than the triangular flow in the clustered
collisions.

The recent experimental run from *0+'60 collisions
at the LHC is expected to provide valuable insights into
the formation of a hot and dense medium in small sys-
tems as well as into the role of clustered structures in
light nuclei [37-41]. These results will also help deter-
mine whether investigating clustered structures requires
collisions of light nuclei with heavy ions or if collisions
between two light clustered nuclei are sufficient to reveal
clear signatures of the clustered configuration in the ini-
tial state.

In the present work, we study the evolution of « clus-
tered *°0+100 collisions at 7A TeV at LHC using MU-
SIC hydrodynamical model framework ﬂﬂ] The GLIS-
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FIG. 1: (Color online) Initial spatial eccentricity ez for clus-
tered and unclustered O+O collisions at 7TA TeV at LHC as
a function of number of wounded nucleons Nwn.

SANDO initial conditions is used to construct the initial
state for clustered and unclustered collisions of oxygen
nuclei [43]. We use the state of the art photon rates to
estimate the thermal photon production and anisotropic
flow parameters for two different centrality bins at the
LHC energy.

II. FORMALISM

We use GLISSANDO (Glauber Initial State Simulation
AND mOre), a Monte Carlo-based framework to simu-
late the initial state in « clustered O+O collisions at
Vsnn = TA TeV at the LHC @@] The framework
provides the spatial distributions of participant nucleons
in different centrality bins for both clustered and unclus-
tered configurations of 160.

For the clustered configuration, the *O nucleus is
modeled as a tetrahedral arrangement of four a clusters,
with each cluster positioned at a vertex of the tetrahe-
dron. The side length [ of the tetrahedron is taken as 3.2
fm and the radius of each cluster 7o is 1.1 fm [46, [47).
The distribution of nucleons in each cluster is expressed
through a Gaussian function as follows:

o =dew(SE-apm) .

Here, ¢; denotes the position of the center of ith clus-
ter in oxygen. The distance between the centers of any
nucleon-nucleon pair is not to be less than 0.9 fm due to
the short-range repulsion ﬂa] The radial distribution of
nucleon centers is used as a constraint when constructing
the clustered configurations. For the unclustered case,
an isotropic nuclear distribution whose root mean square

| — Clustered
0.5 ustere
i — Unclustered
i 0+0 @7A TeV
0.4
E'==’="'='=-o—o-
— T
L .
- +
0.2
1 L L - ‘ L L L L ‘ L L - ‘ L L - ‘ L - L 1 L -
5 10 15 0
N(.\)I']

FIG. 2: (Color online) Initial triangular eccentricity es for
clustered and unclustered O+0O collisions at 7A TeV at LHC
as a function of number of wounded nucleons Nwn.

(rms) radius is set equal to that of the clustered oxygen
(~2.4 fm).

A two-component Monte Carlo Glauber model is used
to determine the initial entropy density on the transverse
plane [34]:

Npart;Neonl
S(:Ea y) = K Z [(1 - a)npart(xia yz) E(‘Tay) +
1,7=1

@ ncoll(xjvyj) Fj(xvy)] . (2)

In the above equation, npar(z,y) and neon(z, y) denote
the number of participants and the number of collisions
at the position (x, y) respectively. A participant is given a
weight of (1 — «) and a binary collision is given a weight
of a, where « is taken as 0.12. The function Fj(z,y)
(Fj(x,y)) is a normalized Gaussian distribution function
for the i*" (j*") participant (collision) source where,

1 7(I*I¢,j)2+(y7y¢,j)2
= 5 € 202 . (3)
2o

Fi,j (SC, y)

The smearing radius around each participant source (o)
is considered as 0.4 fm @, @] and the overall normal-
ization constant K in Eqn. (2) is adjusted to produce
charged particle multiplicity (dnc,/dn) for most central
0+0 collisions ~180 [18].

The initial state for each random event is then sub-
sequently evolved with a longitudinally boost invariant
(2+1) ideal relativistic hydrodynamic framework to ob-
tain the space-time evolutions at the mid rapidity. The
MUSIC hydrodynamical framework has been used for
this study, which has been used extensively to reproduce
the charged particle spectra and anisotropic flow in rel-
ativistic nuclear collisions [49-51]. The initial formation
time 79 of the plasma is taken as 0.14 fm/c and a lattice



based EOS from Ref @] is used. The 7y is taken as the
same for Pb+Pb collisions at 2.76A TeV [25]. A con-
stant freeze-out temperature of 137 MeV is considered
for both the clustered and unclustered collisions and im-
pact parameter range 0-1.37 and 2.6-3.0 fm respectively
for 0-5% and 30-40% collision centrality bins.

The production of thermal photons is estimated by in-
tegrating the emission rates (R = Edgle)%) from QGP
and hot hadronic matter over the space-time history:

E— :/R(E*(x),T(x))d4x. (4)

T(z) in the above equation is the local temperature.
E*(z) = p"u,(z), where p' represents the 4-momentum
of photon and wu,, is the local 4-velocity of the flow field.
We have used the NLO QGP rates from Refs. [53, [54] and
parametrized rates of photon production from Ref. [55] to
estimate the production and anisotropic flow of thermal
photons at TA TeV at the LHC.

The JETPHOX framework has been employed to es-
timate NLO pQCD photon production at /sy = 7
TeV ﬂ@] The calculations use the CT14 parton distribu-
tion function [57] together with EPS09 [58] parametriza-
tion of nuclear shadowing and the BFGII fragmentation
function @] The renormalization, factorization, and
fragmentation scales are all set to pp. An isolation cone
of radius R = 0.4 and a transverse momentum cutoff of
pSt ~ 0.1pr are applied to evaluate the total prompt
photon production [60]. Results for the 0—5% and 30—
40% centrality classes are obtained by scaling with the
corresponding numbers of binary collisions taken to be
approximately 53 and 24 respectively.

The differential anisotropic flow coefficients v, (pr)
(n =2 and 3) for each event is obtained as:

T dg b —1hn)] — L
wlpr) = 2T rtinis
Iy db g aas

Where, 1, is the participant plane angle and ¢ is the
azimuthal angle of particle momentum. The participant
plane angle is estimated using the relation,
1 dzdy r? sin (n®) € (z, y, T
Q/Jn:—arctanf L (n®) € (@, y, 70)
n [ dzdy r2 cos (n®) € (x,y, 7o)

+m/n, (6)

It is to be noted that the photon anisotropic flow results
from event plane methods are found to be similar to those
obtained from the participant plane method M] Addi-
tionally, the inclusion of viscosity is essential for a more
quantitative comparison with experimental data. How-
ever, the qualitative features of the results due to the
presence of a clustered structures are expected to remain
unchanged under viscous hydrodynamic expansion.

IIT. RESULTS AND DISCUSSION

The initial spatial eccentricities e and e3 for a clus-
tered and unclustered O+O collisions at 7TA TeV at the
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FIG. 3: (Color online) Thermal photon spectra from 7TA TeV
O+0 collisions at LHC for 0-5% [upper panel] and 30-40%
[lower panel] centrality bins. The prompt photon spectra for
the same centrality bins are shown for a comparison.

LHC as a function of wounded nucleons ( Ny ) are shown
in Figs.MandBlrespectively. The spatial eccentricities are
obtained by averaging over 10° random events for each
configuration. The €5 is found to be small but nonzero
even for the most central collisions for both cases aris-
ing from initial state fluctuations. In addition, the es
in the most central collisions is smaller for the clustered
case than the unclustered one, reflecting the reduced role
of fluctuations in the presence of a correlated clustered
structure. Whereas, in mid-central collisions, the €5 is
slightly larger for the clustered collisions than for the un-
clustered collisions.

The value of €3 is found to be significantly larger for
the clustered configuration compared to the unclustered
one for central collisions [see Fig. 2]. In contrast, for
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FIG. 4: (Color online) Elliptic flow of thermal photons from
clustered and unclustered O+O collisions at 7A TeV at LHC
for 0-5% centrality bin.
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FIG. 5: (Color online) Triangular flow of thermal photons
from clustered and unclustered O+4O collisions at 7A TeV at
LHC for 0-5% centrality bin.

mid-central and peripheral collisions, the initial triangu-
lar eccentricity shows no noticeable dependence on the
clustered structure.

The €3 exhibits weaker dependence to collision central-
ity compared to €2 except for very peripheral events.

A. Photon spectra

The thermal photon spectra from clustered and unclus-
tered O—+O0 collisions at 7A TeV are shown in Figs.[8l The
thermal spectra are estimated for two centrality bins, 0—
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FIG. 6: (Color online) Elliptic flow of thermal photons from
clustered and unclustered O+O collisions at 7A TeV at LHC
for 30-40% centrality bin.
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FIG. 7: (Color online) Triangular flow of thermal photons
from clustered and unclustered O+O collisions at 7A TeV at
LHC for 30-40% centrality bin.

5% and 30—40%. The prompt photon spectra for both
centrality bins are shown for a comparison.

The presence of clustered structure in oxygen nuclei is
found to have only a marginal effect on photon produc-
tion in the low pr (below 3 GeV) region for both central
and peripheral collisions. The effect of initial state fluc-
tuations is expected to be more pronounced for larger
pr region, which might result in a small difference in the
spectra from clustered and unclustered cases for pr > 3
GeV.

The fluctuations may be more significant in the unclus-
tered case due to the random distribution of nucleons in



the small volume, which may lead to an enhanced photon
production relative to clustered collisions.

B. Anisotropic flow of thermal photons

The anisotropic flow of thermal photons from 0-5%
central O+0O collisions at 7TA TeV at the LHC is shown
in Figs. @ and [l for both clustered and unclustered colli-
sions. The anisotropic flow results are obtained by taking
an average over 400 random events. The elliptic flow pa-
rameter as a function of pr shows similar nature to the
va(pr) of photons from heavy ion collisions at RHIC and
LHC energies [31].

For the 0—5% centrality bin, the elliptic flow is found
to be significantly larger in the unclustered case due to
initial state fluctuations. In contrast, the presence of a
clustered configuration suppresses these fluctuations due
to correlations among the clustered sites. Consequently,
both the initial eccentricity eo and the resulting elliptic
flow va(pr) are found to be smaller in the clustered case
compared to the unclustered scenario.

The elliptic and triangular flow exhibit distinct qualita-
tive behavior for the clustered and unclustered configura-
tions for 0-5% centrality bin. The pr dependent triangu-
lar flow parameter is significantly larger than the elliptic
flow coefficient in the clustered configuration. However,
for the unclustered (or uniform) case the elliptic flow
is considerably larger than the triangular flow vs(pr).
These anisotropic flow patterns can be understood from
the eccentricity plots presented earlier, the larger €3 in
the clustered case and the relatively larger €5 in the un-
clustered case primarily decide the observed anisotropic
flow results.

For the peripheral collisions of 30-40% centrality bin,
the elliptic as well as triangular flow are both found to
be larger for the clustered configuration than unclustered
collisions [Figs. [6l and [7].

Additionally, the vy (pr) coefficient of thermal photons
is found to be negligible even though the initial e, is
significantly large for both the collision centralities [not
shown here]. Thus, the tetrahedral « clustered structure
in the oxygen nucleus is found to affect the triangular
flow parameter maximum.

C. Ratio of v2 and vs

The ratio of the elliptic and triangular flow parameters
(va/v3) as a function of pr is shown in Fig. Bland[@ As
expected from the individual v, results, the ratio from
clustered collisions is smaller than 1 for pr > 1 GeV.
Whereas, the same ratio is larger than 1 for the unclus-
tered case in the entire pr region. The results from pe-
ripheral collisions show that the ratio is always greater
than 1 as ve(pr) is always larger than vz(pr) for both
configurations.
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FIG. 8: (Color online) Ratio of elliptic and triangular flow of
thermal photons in clustered and unclustered O+O collisions
at TA TeV at LHC for 0-5% centrality bin.
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FIG. 9: (Color online) Ratio of elliptic and triangular flow of
thermal photons in clustered and unclustered O+O collisions
at TA TeV at LHC for 30-40% centrality bin.

IV. SUMMARY AND CONCLUSIONS

The GLISSANDO initial conditions combined with the
MUSIC hydrodynamical model have been used to study
the initial state, photon production, and anisotropic flow
parameters of thermal photons in 7A TeV O+O collisions
at the LHC. The O+O collisions, being a small system,
exhibit sizable initial state eccentricities from event-by-
event fluctuations even in the most central events, leading
to large €, (n = 2,3) for both clustered and unclustered



cases. These fluctuations are expected to be more pro-
nounced in the unclustered configuration.

However, the presence of a tetrahedral a clustered
structure in oxygen nuclei is found to significantly af-
fect the initial triangular eccentricity in the most central
collisions compared to the unclustered O+O collisions.

The photon spectra from clustered and unclustered
configurations are found to be close to each other for
both central and peripheral collisions. Only at pr > 3
GeV, the photon production from unclustered O+0O col-
lisions is found to be slightly larger than the clustered
one.

The triangular flow of thermal photons in clustered
040 collisions is found to be significantly larger than
v3(pr) in the unclustered configuration for the most cen-
tral collisions. In contrast, the elliptic flow in the unclus-
tered case is slightly higher than that in clustered colli-
sions. For peripheral collisions however, both anisotropic
flow coefficients are larger in the « clustered configura-

tion compared to the unclustered case. The elliptic flow
shows a strong centrality dependence increasing substan-
tially from central to peripheral collisions whereas, the
triangular flow exhibits little sensitivity to collision cen-
trality.

The ratio of photon vy and v3 as a function of pp for dif-
ferent centrality bins is expected to exhibit qualitatively
different behavior due to the presence of the clustered
structure which could be verified experimentally.
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