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Abstract: The study investigates how neutron-rich hypernuclei (e.g. A°He, A'*Li) develop near the
neutron drip line through production mechanisms during peripheral heavy-ion collisions. The
calculation of the production cross-sections of neutron-rich hypernuclei through peripheral
heavy-ion collisions at intermediate energies (eg.,1-2 A GeV) is done by the study which
represents a fully microscopic derivation. To create a relativistic transport framework we employ
the use of UrQMD model. This model solves the Boltzmann-Uehling-Uhlenbeck (BUU)
transport equations that design A-hyperon movement through an in-medium hyperon-nucleon
potential. Phase-space distributions through numerical simulation is determined by the test-
particle method at different times taken. The hypernuclei yields are calculated through a
quantum-mechanical coalescence prescription which uses overlap integrals of Gaussian wave
functions. Coalescence within the hadronic medium is required to describe drip-line hypernuclei.
The thermal-statistical model is contrary to the simulated and experimental data. The failure of
traditional statistical models is explained by the dynamical neutron excess of the projectile-like
spectator. The Monte Carlo sampling successfully gives rise to the required binding probability
and efficiency-corrected yields for comparison. The comparative study aims to clarify
hypernuclei yield at different collision intervals with different impact parameter and determine
the corresponding collision cross-sections.

1. Introduction:

Neutron-rich hypernuclei which is located near the neutron drip line provides a frontier in nuclear
physics research. It helps understanding the behaviour of dense asymmetric matter found in
neutron star interiors. This enables researchers to study hyperon-nucleon (YN) interactions under
neutron-excess conditions. [1,2]. The binding energies become insignificant and continuum
effects dominate when the exotic systems produce hypernuclei through halted kaons and
electromagnetic probes to study charge-symmetry breakdown and weak-decay dynamics at
extreme isospin conditions [3,4].

The peripheral heavy-ion collisions offer a perfect laboratory setting for hyperon (primarily A) are
abundantly created in the hot participant zone through associated production (e.g., tN — KA) at
intermediate energy (1-2 A GeV). This can be captured by the cold, neutron-rich projectile-like
spectator fragments [5,6]. The spectator's neutron skin can remain in its initial condition as the
dynamic capture process makes it possible to produce neutron-rich isotopes like., A’He, o'Li.
They cannot be produced through any alternative methods [7]. This method was pioneered by the
HypHI Collaboration, which outlined extensions to rare-isotope beams at FAIR for systematic
investigation of proton and neutron-rich hypernuclei and showed viability with light stable beams
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[8,9]. The production of highly neutron-rich hyperfragments is increased by this proposal. It
includes charge-exchange reactions with heavy projectiles [10]. Transport frameworks have led to
advancements in theoretical modelling. Dubna Cascade Model (DCM) and Ultra-relativistic
Quantum Molecular Dynamics (UrQMD) microscopic models describe Hyperon propagation and
spectator capture during peripheral collisions at low transverse momenta which produces
hyperfragments [1,5]. While n-body approaches use Parton-Hadron-Quantum-Molecular
Dynamics (PHQMD) to simulate hypernuclei as dynamically bound entities that function without
any additional parameters, coalescence prescriptions combined with these transport codes allow
scientists to study quantum-mechanical cluster creation [6,11]. The thermal-statistical models
succeed in predicting outcomes for central collisions, yet they cannot accurately describe the non-
equilibrium neutron excess and momentum correlations which occur near the drip line [2,12].

The system shows ongoing systematic issues which remain unsolved despite the achieved
dimensional improvements while predicting dynamic coalescence through thermal measurement
methods for loosely bound systems which exhibit YN potential and neutron-skin effects as their
main yield-determining factors that create 2—3 fold output variations. The current hybrid UrQMD
framework implementations of thermodynamic systems require complete phase space evaluation
of neutron-rich spectator particles according to research findings [13]. According to reference, the
experimental findings from STAR and ALICE studies on light hypernuclei demonstrate that
hadronic medium coalescence is a necessary condition for generating drip line elements.[3].

The study presents a full microscopic explanation of all the production cross sections for neutron
rich hypernuclei. This occurs due to the peripheral collisions through a relativistic transport model
based on UrQMD. This model uses in-medium hyperon-nucleon potentials that change with
density and isospin. We utilize the Boltzmann—Uehling—Uhlenbeck equations to solve our system
[17]. On the other hand, the test-particle propagation entitles us to compute phase-space
distributions and quantum coalescence through overlap integrals helps us determine binding
probabilities and yields at different collision time. The research used large-scale Monte Carlo
sampling to create efficiency-corrected predictions. It showed that thermal models missed their
prophecy by an order of magnitude because of spectator neutron excess. The findings reveal that
hadronic medium coalescence serves as the primary mechanism which directs upcoming FAIR
and HIAF experiments [7].

2. Relativistic Transport Equation and In-Medium Potentials:

The section presents the Relativistic Transport Equation together with its application in
determining In-Medium Potentials [20,21]. The dynamic behaviour of baryons and hyperons
during peripheral heavy-ion collisions at 1-2 A GeV gets described through a relativistic transport
model that resembles the Ultra-relativistic Quantum Molecular Dynamics UrQMD framework
[5,22]. The single-particle phase-space distribution fi(r,p,t) of baryon species i (nucleons or A-
hyperons) obeys the relativistic Boltzmann—Uehling—Uhlenbeck (BUU) equation:
oK
( : * a,u - aP‘U:' apr‘)f. = Icol{ [f] (1)

m i

Where the effective four-momentum is
p* =(E*,p) withE* = /p* + (m;)* (2)

and the effective mass m;* =m;+ Us incorporates scaler self energies. The collision integral Icon
contains elastic, inelastic, and strangeness-exchange channels ( e.g., TN = KA )

The in-medium hyperon-nucleon potential is introduced via the mean-field term

"

Un(p) = =30 MeV (f)s + g (3)
y

Po

Where the second term explicitly couples to the neutron excess
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This density -dependent form is derived from chiral effective field theory at leading order and
reproduces A binding in normal nuclear matter [24].

The covariant formulation which uses the test-particle method as its solution approach, needs to
handle both mean-field propagation and its binary collision process.

The propagation of hyperons inside the hadronic environment depends on two factors, which
include density and momentum as defined by in-medium potentials [23]. The isospin-dependent
correction results from the charge-symmetry-breaking components which represent essential
elements for studying neutron-rich spectators that exist close to the drip line.

The potential exists as a fundamental component of chiral effective field theory which operates at
its second-order approximation to derive the AN interaction through one- and two-pion exchanges
and contact term applications [24]. The nuclear matter implementation of these potentials
accurately reproduces both empirical A- binding results and single-particle energy measurements.

The transport simulation uses the mean-field term to calculate equations of motion which govern
test-particle centroid movement until spectators fully decouple at t=~100 fm/c. The framework
tested through UrQMD and DCM calculations maintains the neutron skin of projectile-like
fragments which improves the absorption of A-hyperons into neutron-dense residual matter [25].

3. Numerical Solution of the BUU Equation :

The density of N test particles in a 6-dimensional phase space at a given time, t is

N
Firpt) = 7— ) 63(r—n(0)8*(p— p(0) (s)
~'\'tsst =1 )

Equations of motion for test particle centroids read

dry _ p:. ﬁ: — ‘o7 )
dt _EA dt V:U(p(rt)) (©)

R

The local density p(r, t) is settled with a Gaussian of width ¢ = 1.5 fm. The spectator decouples

when the propagation is performed up to t=100 fm/c. We get the input for coalescence due to the
result of A and neutron phase-space distributions at freeze-out. Here every real particle is

represented by Niest = 100 test particles. By taking this value, we effectively reduce the statistical
fluctuations (noise) in the mean-field potential. Now the phase-space distribution becomes a
smooth density gradient rather than a collection of point like collisions.

Smoothing the local density p(r,t) happens through a Gaussian filter, its width set at 1.5 fm. Att=
100 fm/c, the propagation stops. This marks the point where spectators break away. Once freeze-
out occurs, what emerges are phase-space profiles for A and neutrons, later used in coalescence
modelling and we will see, what happen if we take t < 100 fm/c and t = 100 fm/c.

4. Quantum Coalescence Formalism:

When A-1 nucleons and a A particle meet the coalescence condition in relative phase space, they

form a hypernucleus of mass number A. This process is governed by the probability defined in the
overlap integral below [26],

: a® i d%y i : 412 . . .
Peoar = f Hle (2mh :,:_ lw({r: D] HA=lf (rop;) (7)
Where y is the internal wave function of the hypernucleus.

For a s-wave states we use Gaussian ansatz
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g

With size parameter a = 0.22 fm™ we can determine the coalescence factor in coordinate space
based on light hypernuclei data. The resulting formula for Pcoal incorporates the momentum width
op and a normalised factor N
v 3/2 R

g 1Ap=) y
Peoar = ( ) exp (_—I) XN (9)

atag” 2 a+ag”
' F \ F

Binding is accepted only when Pcoa >0.01
5. Monte Carlo simulation with yield analysis:

Running simulations through random sampling helps measure how many neutron-heavy elements
form, based on data from the BUU model. 10°collision cases of gold nuclei (70Au!’+ 70Au!®7)
colliding are analysed at an energy level of 1.5 GeV per nucleon. The nuclear overlap is fixed at
10 fm during these runs. Results emerge by scanning possible outcomes across allowed physical
states. Heavy ion interactions like this reveal patterns under controlled geometric conditions [7].
Motion within the hadronic setup follows a rule known as the BUU equation.

a)" 1 r

T4V fi = VUV, f, = Ly (10)
Where:
» V : The velocity of the hyhyperon

» =V U, : The effective force acting on the particles due to the surrounding nuclear
environment.

» I_..;: The collision term representing discrete scatterings ( YN— YN,etc.)

This tracks how each particle type, like neutrons, lambdas, pions, kaons, spreads through space
and momentum over time. When working under relativity, such behaviour takes shape through a
specific mathematical form.

A particle’s motion follows a balance between position changes and momentum shifts influenced
by background fields. Instead of simple paths, adjustments arise through interactions encoded in
the distribution function. The rate at which particles scatter appears on the right, shaped by
collision effects. Terms involving velocity gradients modify how momenta evolve across
spacetime. Each piece connects through derivatives tied to both space and impulse variables.
Overall change stays equal to the interaction outcomes summed over possible events.

Here we have used Monte Carlo random sampling process for complex 6-dimensional integrals.
In each 10° events we draw A and neutron test-particle coordinates and momenta from the BUU
freeze-out distributions (Gaussian width o = 2.0 fm, a, = 150 MeV/c). For a representative
neutron-rich cluster ( A+ 3n) the coalescence check is applied with Reoal = 3.0 fm and Peoa = 200

MeV/c. Whenever the geometric criterion is fulfilled, the exact overlap probability is computed.
Results of the simulation taking t= 100 fm/c and b= 10 fm in one case.

» Raw coalescence yield ,Yraw = 9.07 x 10 per event.

v" Reconstruction or detection efficiency ,€ = 0.85

v Efficiency corrected yield , Ycorr = Yraw X €

=(9.07 x 10°x 0.85)

=7.71 x 10 per event.

The production cross-section follows by folding with the geometric reaction cross-section, ¢ = 2b:
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. corr geom
dy S
< Thypernuclsus

The overlap between colliding ions is fixed at 10 fm across simulations. Outcome patterns emerge
strictly from these controlled conditions.

Simulation outcomes regarding formation of (A + 3n) cluster - one possible neutron-rich
hypernucleus close to the drip line - appear below and other cases will be discussed also.

(a) Phase-space distribution at t = 100 fm/c (b) Hypernuclei Yield Y vs N/Z of Spectator
. . 107y
BN Neutrens . 1 0= BUU + Coalescence
«  Ahyperons s i === Thermal Mode!

081
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Z (fm) Neutron-to-Proton Ratio (N/Z)
Figure 1: Images showing phase-space distribution of neutrons and hypernuclei yield using
BUU and coalescence.

6. Simulation Results:

Now, what will happen if we take different values of collision times and nuclear overlap b= 8 fm,
b=12 fm, is our next discussion, using BUU and Coalescence combined model.

In the transport model of Boltzmann-Uehling-Uhlenbeck (BUU) framework, if we change the
evaluation time from t=100 fm/c to t=80 fm/c, it affects the degree of spatial separation and the
coolness of the phase space distribution. The dense cluster of neutrons will be located closer to the
centre of the collision due to less time to travel away from mid rapidity-region. We will see high
density of hyperons overlapping with the neutron-rich spectator region. This situation is
comparatively much more hot and arduous to get proper result. As the density of the particles in
phase space is higher, the yield, Y will have greater value. When the time propagates to t=100
fm/c, the system broadens and lesser particles meet the coalescence standard. The entire linear
line may shift a bit upward which is closer to the Thermal model line. We may conclude that this
is the too early situation and the spectator might not have fully stabilized.

Moving to evaluation time, t=120 fm/c in the transport model. simulation acts for the transition
into the late stage evolution of peripheral collision. The A hyperons will continue to spread out.

The phase-space density will decrease and system will become cool. This is the situation where
the coalescence process may freeze-out. Some hyperons might drift away from the spectator
fragment as it evolves. The slope of this model should remain same but absolute magnitude may
shift down. Hypernuclei will be bounded and not just passing through the spectator locality.

The late stage of heavy ion collision occurs at t= 150 fm/c where the system is dominated by
spatial expansion the cluster formation will reach at the final stage. The hypernuclei drift away
from the interaction zone resulting lower density. The high momentum particles disappear which
creates a stable, core with low energy within the fragment.

In our observation, we see that, in between 100 fm/c and 150 fm/c, the yield starts to saturate. Due
to expansion, the spatial distance will be increased which causes the disunite between A hyperon
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and a fragment. Although the BUU and coalescence model line and Thermal model line may close
to some degree, there will still take position below the Thermal line for these peripheral collisions.

More nucleons will take part in collision when the overlap region is greater at b= 8 fm. In this
situation, a denser and more scattered cloud of A hyperons evolve. The neutron cluster will be

smaller causes a less dense hexagonal region due to strip away of nucleons into the participant
zone. We get a increased internal thermal spread. If the collision is too vicious, the increased
internal temperature may counter this event.

Most of the target remains perfect in a peek collision at collision overlap b=12 fm, we get a huge
and denser cluster of neutrons. In this case, the production of A hyperons will be smaller. The

primary reactions drop acutely resulting less energy availability to scatter widely.

Simulation outcomes regarding formation of A hyperons and neutron clusters for different cases
have been shown below.

6. A Simulation Results for b = 8 fm (Large Spectator)

At b = 8 fm, the overlap region is larger, providing a higher density of nucleons for A capture,
resulting in the highest absolute cross section.

. . ) Cross-Section(
Time ( t) Raw Yield ( Yraw) Corrected Yield (Ycorr) o; )
hyper
80 fm/c 1.72x107% 1.46 X 1073 29.20 ub
100 fm/c 1.42x107° 1.21 x 107° 24.14 ub
120 fm/c 9.67 X 107° 8,22 x 107® 16.44 ub
150 fm/c 491x107° 417 X 107° 8.34 ub
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Figure 2: Images showing phase-space distribution of neutrons and hypernuclei at deferent
values of t at b =8 fm.

Hypernuclei Yield vs Spectator N/Z (b = 8 fm)
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Figure 3: Image showing Hypernuclei Yield vs Spectator N/Z (b = 8 fm)
6. B Simulation Results for b = 10 fm (Standard Peripheral)

This represents the baseline peripheral collision where the spectator maintains a significant
neutron skin.

Time ( t) Raw Yield ( Yraw) | Corrected Yield (Yeorr) | Cross-Section( oy,,,,.,.)
80 fm/c 1.10x 107° 9.35x 107® 18.70 ub
100 fm/c 9.07 X 107® 7.71x10°° 15.42 ub
120 fm/c 6.20 X 107° 5.27 X 107® 10.54 ub
150 fm/c 3.15x 10°° 2.68x 10°° 5.36 ub
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Figure 4: Images showing phase-space distribution of neutrons and hypernuclei at deferent
values of t at b =10 fm.

Hypernuclei Yield vs Spectator N/Z (b = 10 fm)
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Figure 5: Image showing Hypernuclei Yield vs Spectator N/Z (b =10 fm)
6. C Simulation Results for b = 12 fm (Extreme Peripheral)

At b =12 fm, the spectator is small and the density is low, leading to the lowest yields despite the
high neutron-to-proton ratio.

Time ( t) Raw Yield ( Yraw) | Corrected Yield (Yeorr) | Cross-Section( oy,,,,.,.)
80 fm/c 5.83 x 107° 496 X 107° 9.92 ub
100 fm/c 485x 107° 412%x107° 8.24 ub
120 fm/c 329 x 107 2.80 x 107® 5.60 ub
150 fim/c 1.67 x 107° 1.42x107° 2.84 ub
5 t = 80 fm/c (b = 12 fm) y% t = 100 fm/c (b = 12 fm)
= t=120 fn:llc":; =12 fm) o t =150 "I:I:P(‘I; =12 fm)
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Figure 6: Images showing phase-space distribution of neutrons and hypernuclei at defferent
values of t at b =12 fm.
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Figure 7: Image showing Hypernuclei Yield vs Spectator N/Z (b =12 fm)

6. D Comparison of yields, Y at different collision time, t = 80 fm/c, t = 100 fm/c and t = 120
fm/c.
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Figure 6: Images showing production yield trend over different collision times.
7. Benchmarking against Thermal Model Predictions:

A thermal model is defined as a mathematical representation that dynamically predicts the
temperature of an object based on fundamental physical phenomena, such as heat transfer and
phase transformation. In this section, we apply it on the production of neutron-rich hypernuclei.
The accuracy of this model relies on its algorithm and the precision of thermal parameters,
including capacitance and resistance to surroundings [18,19].

In the framework of the thermal-statistical model, particle yield is derived from the grand-
canonical partition function as follows:

mr. 2 —im-B) ¢
-

Yp < gV ()7 e T X225 (12)

2m”
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By assuming a freeze-out temperature of T = 120MeV, a binding energy of B = 0.5 Mev
(consistent with the drip line), and normalizing for total strangeness multiplicity, the resulting
scaled thermal yield is Y= 1.99% 107,

In contrast, the dynamical coalescence model produces a yield three orders magnitude lower. This
results in a massive relative discrepancy:

A= IR % 1009% ¥ —99.7% (13)
th
This gap stems from the thermal model’s assumption of a chemical equilibrium and uniform
chemical potentials for nucleons, Conversely, transport calculations account for non-equilibrium

momentum distributions and the specific neutron excess, § # 0.2 of the spectator.

This suggest that for hypernuclei near the drip line, dynamical coalescence is the dominant
production mechanism.

8. Conclusion:

In our study, we have derived a complete model for neutron-rich hypernuclei production in
peripheral collisions. It has been done by integrating relativistic Boltzmann-Uehling-Uhlenbeck
(BUU) transport dynamics to Monte Carlo-based yield assessments. The analysis in which the
result of cross-sections designates that the production of species near the nuclear drip-line is
firstly driven by hadronic medium coalescence. It is rather than global thermal equilibrium.
According to Monte Carlo tests, the prospects are small still perceptible when it comes to form the
neutron-rich hypernuclei dynamically during glancing collisions. The models based on
equilibrium suggest higher rates but reality shows otherwise. This is because a precise match in
motion must occur between A particles and leftover neutrons, slashing the odds. Future addendum
will include three-body forces and full UrQMD event generators for heavier systems. In a general
sense, the yield, Y tends to be higher at earlier times as the density of the particle in phase-space is
inflated. As time propagates, the system expands and minor number of particles link up the
coalescence.
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