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Femtoscopic signatures of unique nuclear structures in relativistic collisions
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One of the most vital topics of today’s high-energy nuclear physics is the investigation of the nuclear structure
of the collided nuclei. Recent studies at the Relativistic Heavy Ion Collider (RHIC) and the Large Hadron
Collider (LHC) have shown that several observables, such as the collective flow and transverse-momentum
correlations of the produced particles, can be sensitive to various nuclear structure and deformation parameters.
Femtoscopy, another essential tool for investigating the space-time geometry of the matter created in nuclear
collisions, has not yet been widely applied to such studies. Using a multiphase transport (AMPT) model, in this
Letter, it is demonstrated that the femtoscopic source parameters of pion pairs can also serve as a robust signal of
unique nuclear structure. Through an analysis of 2®Pb + *’Ne and 2Pb + '°0O collisions at ,/syy = 68.5 GeV,
two collision systems especially relevant to the SMOG2 program of the LHCb experiment, it is shown that
a deformed initial shape can significantly affect femtoscopic source parameters. This study highlights the
importance of expanding the nuclear structure investigations to femtoscopic observables and serves as a baseline

for numerous possible future studies in this new direction.

DOI: 10.1103/1y5m-j966

Introduction. In recent years, the high-energy nuclear
physics community has shown significant interest in the pos-
sibility of imaging nuclear structures in high-energy collisions
[1-8]. One of the main tools in the arsenal of measurements is
the anisotropic flow of particles created in nuclear collisions
[9]. In fluid-dynamical descriptions of nuclear collisions, it
has been shown that the momentum anisotropy of the particles
originates from the azimuthal anisotropy of the initial density
profile of the fireball [10]. Measuring the Fourier coefficients
v, of the single-particle azimuthal distributions and inves-
tigating their correlations with transverse momentum have
become widely used tools for characterizing the parameters
of initial-state nuclear deformation [11-18].

Another important subfield of high-energy physics, fem-
toscopic correlation measurements [19], has the potential to
become an important asset in this new direction (it has already
been utilized to study the nuclear structure in Ref. [20]). Such
measurements provide a highly versatile tool for investigating
the space-time geometry of the particle-emitting source cre-
ated in high-energy nuclear collisions [21,22]. At the core of
femtoscopy is the equation [23-30]

Q@m=/fmmmm@m (1)

which connects the C, two-particle momentum correlation
function to the D spatial correlation function, also known as
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the pair source function (integrated over the time separation
in the pair rest frame). The momentum correlation function
depends on the pair relative momentum ¢ and the average pair
momentum K, while the pair source function depends on the
relative pair separation p. In case of bosonic particles (e.g.,
pions), the W;(p) quantum-mechanical pair wave function is
symmetrized; thus in the interaction-free case, the momentum
correlation will be equal to the Fourier transform of the pair
source function [31]. In Eq. (1), the variables of the pair wave
function are taken in the pair rest frame. In experimental
analyses, the pair source is often indirectly studied through
C, [32,33] or reconstructed via an imaging method [34-37].
In event generator models, such as a multiphase transport
(AMPT) model, the full phase-space information is available
for the created particles, including the freeze-out coordinates.
Therefore, the pair source can be directly reconstructed and
studied.

Recent experimental measurements [38—42] and phe-
nomenological studies [31,43-46] showed that the shape of
the pion pair source in high-energy collisions can be described
by an elliptically contoured symmetric Lévy-stable distribu-
tion:

3q = o 12T p2aie)2
— L TP 31T R )
(2r)
where o is called the Lévy exponent, characterizing the
power-law tail of the source, and R* is a symmetric 3x3
matrix, containing the six independent Lévy-scale parame-
ters. These, in the case of Gaussian parametrization of the
source function (corresponding to the special @ = 2 case), are
often referred to as the HBT-radii parameters after Hanbury
Brown and Twiss, who invented the intensity-interferometry
technique in radio astronomy [47,48]. Note that throughout
the paper, the elements of the R”-scale parameter matrix are

mm=£mﬂ%m=f
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meant as the scale of the pair source (not that of the single-
particle source) and are taken in the longitudinal co-moving
system (LCMS) [49]. The connection between LCMS and the
pair rest frame is discussed in detail in Refs. [31,43,50].

For the sake of simplicity, the experimental measurements
are often angle-averaged [38—42], extracting only a single-
scale parameter. Three-dimensional investigations [43,51] are
more complicated, but can reveal further details about the
freeze-out source. A common observation of the extracted
scale parameters (be it angle-averaged or multidimensional) is
that they systematically decrease with the average transverse
momentum of the pair. This property is often attributed to col-
lective flow [52-55]. Thus, measurements that are integrated
over the azimuthal angle of the pair relative to the reaction
plane cannot probe the entire volume of the fireball created
in the collision [52]. However, analyses performed relative
to the reaction plane [53-59] add a sensitivity to the shape
of the probed fireball part that can be connected to the shape
of the entire fireball in a phenomenological blast wave model
[60]. A more detailed transport model (AMPT) allows one to
connect the probed fireball shape even to the initial conditions
related to the structure of the colliding nuclei—the focus of
the current manuscript.

Note also that based on hydrodynamic studies [53-55],
both the elliptic flow and azimuthal femtoscopy can be sen-
sitive to the initial spatial eccentricity and thus the nuclear
deformation effects. However, their respective sensitivities
can be different, and any of the two contains geometric param-
eters in an entangled manner. Thus, measuring both elliptic
flow and femtoscopic parameters can help in disentangling
various effects when determining the initial nuclear geometry.

Methods. To assess the sensitivity of azimuthal femto-
scopic measurements to nuclear structure, 208pp, 4 20Ne and
208pp 4+ 16 collisions at JSvn = 68.5 GeV are studied, two
systems especially relevant to the SMOG?2 fixed-target pro-
gram of the LHCb experiment [61-63]. Using the AMPT
parton transport model [64], two different initial nucleon
configurations are investigated in each case: the spherically
symmetric Woods-Saxon configuration [65] and the nuclear
lattice effective field theory (NLEFT) configuration where
nucleons are distributed in a manner that resembles «-clusters
[66]. The latter results in a tetrahedron shape for the oxy-
gen nucleus resembling four «-clusters and a bowling pin
shape resembling five «-clusters for the neon nucleus. The
initial nucleon configurations were also rotated randomly.
With similar model configurations, it has already been shown
that azimuthal anisotropy is sensitive to the deformed initial
shape of the neon nucleus in both a transport model [67]
and a hydrodynamic calculation [68]. However, femtoscopic
observables have not yet been investigated.

For this study, 100 000 ultracentral (b = 0) events were
simulated for each collision system (Pb+ Ne and Pb +
O) and for each nucleon configuration (Woods-Saxon and
NLEFT). The pseudorapidity acceptance of the LHCb exper-
iment is around 2 < n < 5 in the laboratory frame, which
roughly corresponds to —2.5 < 1 < 0.5 in the center-of-mass
frame in the case of fixed-target collisions [63]; thus, only
particles within this 7 range were used for the present analysis.
To determine the second-order event plane, charged pions,
kaons, and protons in the rapidity range of —2.5 < n < —0.5

were used. For the femtoscopic analysis, charged pions
were chosen in the kinematic range of —0.5 < < 0.5 and
0.2 < pr [GeV/c] < 1.0. The second-order event plane angle
W, was calculated similarly to Ref. [56], with the O, and O,
flow vectors defined as

U, = %arctan <%> 3)

0, = % Z w; cos(2¢;), 4)
1

Q= > w;sin(2¢:). ©)

where N is the total number of particles, the w; weight is equal
to the pr transverse momentum of the particle, and ¢ is the
azimuthal angle of the particle.

To construct the pion pair source distribution, same-charge
pion pairs were chosen in 5 different ranges of average
transverse momentum kr and 15 different ranges of pair az-
imuthal angle relative to the second-order event plane. The
components of the D(p) source distribution were calculated
in the out-side-longitudinal coordinate frame [69-72], where
the “out” direction is along the average transverse momen-
tum of the pair, “long” is the beam direction, and “side” is
perpendicular to the other two. A boost to LCMS [49] was
also applied (see Eqgs. (13)—(15) of Ref. [43]). Following the
methodology of Ref. [43], one-dimensional projections of the
three-dimensional source distribution were constructed along
six different directions corresponding to the following unit
vectors:

& = 5(1,1,0),
¢ = (1,0, 1), (©)
b = %(o, 1, 1).

¢ =(1,0,0),
g(Q) = (O’ 19 0)1
eV = (0,0, 1),

Similarly to Ref. [43], in the case of a given kr and
@pair — W2 Tange, one-dimensional Lévy-stable distributions
were fitted simultaneously to the six projections, with seven
free parameters: the six independent Lévy-scale parameters
of the R?> matrix and the same Lévy-exponent parame-
ter . The one-dimensional Lévy-stable distributions are
defined as [73]

1 . o
LPp,, a,R)) = E/dqe"’p“e_%l"m' , where

Py = g0 . 5, R, = NEWTR2zM)  and
v =o0,s,1,o0s,ol, sl @)

An example fit is shown in Fig. 1.

After extracting the source parameters, their @p — W2
dependence was investigated in each ky bin. For the az-
imuthal dependence of the scale parameters, the following
parametrization was used [56]:

R (0pair — W2) = R, o + 2R, , cos(2¢pair — ¥2)),
if u = out, side, long, out-long ®)
and
) = Ri,o + ZRAZ,“Q Sin(2(@pair — W2)),

if u = out-side, side-long. )

Ri ((ppair -
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FIG. 1. An example simultaneous fit to six projections of the three-dimensional source distribution of the same charge pion pairs,

reconstructed in AMPT simulations of

syy = 68.5 GeV Pb 4 Ne collisions with the NLEFT initial state nucleon configuration. Panels

(a)—(f) show the one-dimensional projections of D(p) with blue markers, corresponding to the directions detailed in Eq. (6). The fit with
one-dimensional Lévy-stable distributions, as described by Eq. (7), is shown with red lines.

An example set of parameters in a given ky bin, with fits
corresponding to Egs. (8) and (9), is shown in Fig. 2 for
Pb + Ne collisions and in Fig. 3 for Pb + O collisions.

Results and discussion. As illustrated by Fig. 1, the three-
dimensional elliptically contoured Lévy-stable distribution
provides a good description of the source shape, capturing
the apparent power-law tail of the pion pair source (which
would not be possible with the Gaussian approximation often
applied in similar studies [20]). This is the first investigation
where all six independent-scale parameters of the Lévy-stable
pion pair source are determined, as all previous analyses were
azimuthally integrated [31,38—46].

Figures 2 and 3 show the azimuthal angle dependence of
the extracted source parameters in Pb 4+ Ne and Pb + O colli-
sions, respectively. As expected, the Lévy-scale parameter o
shown in panel (a) does not depend strongly on the azimuthal
angle, and a constant fit provides a good description. There
is a small systematic difference between the Woods-Saxon
and NLEFT configurations in the Pb + Ne case, but it is
most probably below the achievable experimental precision.
The extracted Lévy-scale parameters are shown in the other
panels, fitted with the parametrization described in Egs. (8)
and (9). Panels (b)-(d) show the diagonal elements of the radii
matrix, where a clear separation between the Woods-Saxon
and the NLEFT configurations can be observed in the out and
side directions. Panels (e)—(g) show the off-diagonal elements,
where interestingly each direction exhibits a zeroth-order
Fourier term, probably due to the collision-system asym-
metry. Some of these parameters already show differences
between the two initial nucleon configurations; however, a
more robust signal can be expected in the case of relative
oscillations.

It has been shown that the relative oscillation (i.e., the ratio
of the second- to the zeroth-order Fourier terms) of the Rgide
parameter is connected to the freeze-out eccentricity of the
fireball around the beam direction [56]:

(10)

The dependence of the extracted freeze-out eccentricity on the

average transverse mass myr = , /k% + m2 is shown in Fig. 4.
For each of the four cases, a slight increase toward higher my
can be observed. The oxygen results do not exhibit any signifi-
cant differences between the NLEFT and Woods-Saxon cases,
as the clusteringlike structure in this case does not increase the
elliptical asymmetry. On the other hand, the elliptical asym-
metry caused by the bowling pin shape of the neon nucleus
seems to persist through the hadronic phase and significantly
increase the freeze-out eccentricity compared to the spherical
Woods-Saxon configuration, as well as compared to any of
the oxygen configurations. It is also interesting to note that
between the two Woods-Saxon cases, the neon eccentricity
seems to be systematically below that of the oxygen, probably
due to the slightly larger size of the system.

In Ref. [67], it has been shown that changing the parton
interaction settings within the AMPT model can change the
absolute magnitude of the elliptic flow, but the ratio between
Pb 4 Ne and Pb 4 O results remains unaffected. To mitigate
systematic uncertainties arising from the evolution of the bulk
medium and provide a clearer indication of differences in
nuclear structure, observable ratios of the freeze-out eccen-
tricities between Pb + Ne and Pb + O collisions are shown
in Fig. 5. In the Woods-Saxon case, the ratio is below unity,
while for the NLEFT case, it is above unity for the whole
my range. The difference between the two cases is more
pronounced at the lower my region. Based on the above
observations, the freeze-out eccentricity determined from az-
imuthally sensitive pion femtoscopy could provide another
robust signal for the deformed initial shape of the neon nu-
cleus when compared with oxygen measurements.

Summary and outlook. This study presents an analysis of
Vsny = 68.5 GeV 2%8Pb + 2°Ne and 2®Pb + '°O collisions,
simulated with the AMPT hadronic transport model. For each
collision system, two different initial nucleon configurations
are investigated: the spherical Woods-Saxon model and the
NLEFT model, where the nucleons are distributed in a manner
that resembles «-clusters. The pion pair source distribution
is investigated in various average transverse mass my ranges
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FIG. 2. Extracted pion pair source parameters in
VSny = 68.5GeV 2%Pb + Ne collisions generated by AMPT,
as a function of pair azimuthal angle relative to the second-order
event plane, in the average transverse momentum range of
0.35 < kr (GeV/c) < 0.40. The source parameter values and their
statistical uncertainties are shown with filled red markers and error
bars for the NLEFT configuration, and empty blue markers and
error bars for the Woods-Saxon configuration. Panel (a) shows the
Lévy-exponent parameter «, while panels (b)—(g) show the elements
of the R?> Lévy-scale parameter matrix. For each dataset, a fit is
shown as well corresponding to Egs. (8) and (9).

and pair azimuthal angle ranges relative to the second-order
event plane. It is shown that a three-dimensional Lévy-stable
distribution provides a good approximation for the source
shape, and the Lévy-exponent o and R? Lévy-scale matrix
parameters are determined. Subsequently, from the azimuthal
oscillation of the R%,, scale parameter, the zeroth- and second-
order Fourier components are determined, and from their
ratio, the freeze-out eccentricity is calculated. This observable
is found to be significantly increased in the NLEFT config-
uration of Pb 4+ Ne collisions compared to the other three
cases. When comparing the Woods-Saxon configurations, it
is found that the Pb + Ne eccentricity is systematically below
the Pb + O result. Thus, the freeze-out eccentricity deter-
mined simultaneously in Pb + Ne and Pb + O collisions from
azimuthally sensitive pion femtoscopy could provide another
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FIG. 3. Extracted pion pair source parameters in
VSny = 68.5GeV 2®Pb + 0O collisions generated by AMPT,
as a function of pair azimuthal angle relative to the second-order
event plane, in the average transverse momentum range of
0.35 < kr (GeV/c) < 0.40. The source parameter values and their
statistical uncertainties are shown with filled red markers and error
bars for the NLEFT configuration, and empty blue markers and
error bars for the Woods-Saxon configuration. Panel (a) shows the
Lévy-exponent parameter «, while panels (b)—(g) show the elements
of the R? Lévy-scale parameter matrix. For each dataset, a fit is
shown as well corresponding to Egs. (8) and (9).

robust signal for the deformed initial shape of the neon nu-
cleus.

Femtoscopy is a rich field with many more directions to
explore regarding possible future nuclear structure studies.
The azimuthally sensitive analysis could be extended to non-
identical particle femtoscopy, as well as to higher-order event
planes where similar relative oscillations of the scale parame-
ters might provide more insight. It is important furthermore to
extend the investigations to hydrodynamic and hybrid models
as well (including both hydrodynamic evolution and hadronic
transport).
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FIG. 4. Average transverse mass dependence of the freeze-out
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and Woods-Saxon initial state configurations are plotted with red and
blue markers, respectively. The Pb + Ne result is plotted with filled
markers, while the Pb + O result is plotted with empty markers.
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