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1. Introduction

* Heavy ion collisions (HIC) around
Fermi energy offer the possibility of
compressing nuclear matter in order to
explore densities far from saturation

t=0

collision centrale

projectile

_—

density (p ~ 0.1 —2p,).

cible

hase d'approche
P PP expansion| / “ragmentation * We can also heat the nuclear matter

(I'~ 1 — 10 MeV) and perform nucleon
exchange to measure isospin transfer

(N/Z ~ 1 —=1.3).

N adY
cible FAZIA device...

phase d'approche transfert de nucleons formation d'un "col" rupture du "col"

* How can we do it? We use the INDRA-
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Experimental Setup
FAZIA Detector

* INDRA is a light charged particle
detector covering a wide solid angle of
detection.

* INDRA measures backward angles.

* A beam of *3Ni/*®Ni and 12°Xe/'19Sn

imping a target over a range of energies
from 32 to go MeV/nucleon.

* We can collect the charge (Z), the
energy (E), the mass (A for Z < 4) and
the angles (@, 0) to rebuild the linear
momentum (p), the multiplicity (M), ...

* We can then proceed to construct
global variables to characterize the
equation of state (EOS)...
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Equation of State

lSO(p) + VBC(p)52 + @(54)

E(0,p) =
With:
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+ O(p°)

+ O(p°)

-+ ...

* The equation of state (EOS) relates pressure,
energy density and other thermodynamic
properties of nuclear matter. The equation is

Taylor expanded around p, and made of two
parts: isoscalar and isovector.

* The first term (isoscalar) depends on density
p. The second term (isovector) has isospin
dependencies o (isospin asymetry) and in
density p.

* E_ . the saturation energy and K, is the

curvature of the isoscalar energy component.
E . is the symmetry energy, L . the slope,

Sym sym
K, the curvature of the isovector part.
* Constraining these parameters is the
objective of my thesis. This can be achieved

using a Machine Learning approach... 595



2. Motuvations

* For example, we can cite the work of O. Lopez. This
is a gaussian emulation symmetry energy from the
———. GPR:L=  57.3+/—13.8 MeV experimental data in the literature. (O. Lopez,

<GP> +20 GPR: K= —103.4 +/—194.3 MeV NUSYM 2023)

Bl <GP> xlo
801 4 Exp.data

100

* Symmetry energy S(p), which is the energy cost per
nucleon to go from symmetric matter (N=Z) of a

s B nuclear system to a given baryonic density p to a
2 system consisting purely of neutrons (N=A).
o~ R? =0.9804
-+ 40| RMSE=1.13 Mev
* The more the density range is explored, the better
the constraint on the parameters L, and K.
20

* The aim of my thesis is to use machine learning and
Bayesian inference techniques on INDRA datasets
. . , in order to improve and constrain equation of state
0 1 2 3 4 5
0/Peat (EOS) parameters.

Optimum Kernel:
47.5*%*%2 * Matern(length_scale=2.42, nu=2.5)

© VALENTE Antonin,
LPC CAEN,March 2025, 6 / 2 5
FAZIA Days 2025



Nucleon-nucleon cross sections and the equation of state (EOS)

* To study the EOS we use Heavy lon Collisions, those collisions must be calculated with a transport model
which needs the value of the nucleon-nucleon cross section.

* Nucleon-nucleon (NN) cross sections aﬁN describe the fundamental interaction between two nucleons

(protons or neutrons) in the atomic nucleus. They determine the probability of these particles colliding or
scattering when they meet.

* By accurately modeling NN interactions from experimental scattering data, the energy and isospin
contributions of the nuclear interaction in the medium can be determined.

* These energy contributions are used to construct the mean nuclear interaction potential. This mean
potential is then used to solve the nuclear mean field equation and obtain the equation of state.

* Consequently, an accurate description of NN cross sections is crucial to correctly calculate the saturation
properties of infinite nuclear matter (density, binding energy, symmetry energy, compressibility, etc.)
predicted by the equation of state.
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3. Central collisions : Neural Network approach to the impact parameter

lllustration of a Neural Network

* The architecture is a neural network with 4
hidden layers, with 256, 128, 64 and 32 neurons
respectively in this order.

Hidden Hidden

Input
nPe Layer 1 Layer n
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Output  * The selected activation function is EULU.
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b * The training dataset represents 80% and the test
dataset 20%, with backpropagation and gradient
descent for regression.

X
/
%

X
.
;
%

\
)

N
¢
Wil

T
%
9
|
V7
OO0

* The mean square error (MSE) is the estimator of
the error to be minimized.
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Impact parameter results

Correlation HIPSE & ELIE model

*Ni, ¢ on 2®Ni,s at 52 Mev/Nucleon (INDRA, HIPSE) **Nipg on >*Ni,g at 52 Mev/Nucleon (INDRA, ELIE)
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Charge vs. Parallel velocity of particles classified by centrality classes with impact
parameter reconstructed on the experimental dataset

Central Semi-Central Intermediary
2N, on >*Ni,g at 52 Mev/Nucleon (INDRA, Run n°7) >N, on >*Ni, at 52 Mev/Nucleon (INDRA, Run n°7) *Ni, 5 on >*Niys at 52 Mev/Nucleon (INDRA, Run n°7)
Density map of the particles on (Z, V,) via MLP, b=11%de bmax Density map of the particles on (Z, V,) via MLP, b=33% de bmax Density map of the particles on (Z, V,) via MLP, b=156% de bmax
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Semi-peripheral Peripheral

2!Ni,s on 2*Ni, at 52 Mev/Nucleon (INDRA, Run n°7) **Ni,g on >*Niyg at 52 Mev/Nucleon (INDRA, Run n°7)
Density map of the particles on (Z, V,) via MLP, b = 78% de bmax Density map of the particles on (Z, V,) via MLP, b = 100% de bmax
In(N) In(N)
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4. Inference for nucleon-nucleon cross section

We sample the NN cross-section with a uniform probability distribution
(less informative distribution) during the simulation:

1
P(x) — Omax —O0Omin . _ _
0 if x ¢ OminysOmax.

if T & Omins Omax.

max] into 20 bins and calculate a
Kolmogorov probability for each bin.

The range explored is from o to 100 mb.
I For the moment, the study is focused on the ELIE model, and we will do the same with HIPSE.

LPC CAEN,March 2025, 12/25
FAZIA Days 2025

We then divide the interval [dmm; 9
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Resultsforo,
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* The solid curves are from M. Henri et al (PRC 101,
0064622 (2020)). The blue curve represents free
nucleon-nucleon cross section, and the green
curve represents the first curve corrected by a
Pauli blocking effect. The red curve is the nucleon-
nucleon cross section with in-medium effect
proposed by D.D.S. Coupland et al. (PRC 84,
054603 (2011)).

* On this curve, I've displayed my Bayesian analysis

results. The *’Ni/P®Niand " Xe/'"7Sn are
presented. These results are in good agreement
with the in-medium effect on the effective cross-
section for the upper energy range.

* For the lower range, uncertainties increase and we
cannot conclude whether the effective cross-

section is governed solely by the Pauli blocking

effect or by a in-medium effect . We suspect that
the ELIE model is not well suited to this energy
range.
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5—811@ on: S—SME at 52 Mev/Nucleon (INDRA, HIPSE)

Correlation map of the impact parameter on (b, b,..) via MLP
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Summary foro,

ﬁliiﬁ on ﬁl\_Iig at 52 Mev/Nucleon (INDRA, ELIE)

Correlation map of the impact parameter on (bg;,, b,..) via MLP

* Inference via machine learning on the
impact parameter: selection of central and
peripheral events. The impact parameter is

inferred with an error of less than 1 fermi.

* Inference of the nucleon-nucleon cross
section in dense medium with the ELIE
model. The results show a good
agreement with M. Henri's results, and
we also provide mean values and error
bars based on experimental data. To be
continued with other systems.

* We will also pursue these inferences with
density to determine the parameters of the
equation of state (EOS)...
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5. Bayesian inference
of the maximal density p

We use an uniform distribution of the density as we did for the o, .

This simulated distribution is then filtered and gives us the

filtered prior for our analysis:
filtering

Pprior(e) — P 9)

This eliminates events that are impossible to detect
and to obtain a better quality prior for analysis.

prw'r (

We use the most central events
b/b, . < 0.4 and “complete” events

15/25



Bayes Theorem

Bayes' theorem is then used for this prior.

*'rz'or (D|0)P*m'or(0)
Pposterior(ng) = - ===

P(D)

where :
- P(D), is the experimental distribution of a global observable D
- P*. (D]0), is the simulated filtered distribution of an observable D

prior

given a parameter value 6.
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Discretisation

By applying a numerical version of this theorem for a

sampling j of D (data) and i of 8 (model parameter) :

P;rzor( ]‘0 ) p'rzor(e’i)
P(D;)

Pposte’rz’or (Oz |D])

The result is a density map P, ..., (6; | D)).

In the density application here, we will test p for a

sample of 50 bins and various observables D with the
same sampling.

17/25



Bayesian inference for the density p,, ..
“Xes, on 1Sny, at 80 Mev/Nucleon (INDRA, Run n°14)

Résultats de l'inférence bayésienne de la densité sachant la (V| )

@Xe5_4 on MSnﬁ at 80 Mev/Nucleon (INDRA, Run n°14)

Projection marginale de l'inférence bayésienne de la densité sachant la V., ;>
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@XGS_A[ on MSnﬂ at 80 Mev/Nucleon (INDRA, Run n°14)

Projection marginale de l'inférence bayésienne de la densité sachant la <V | jyr

— posterior
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On the marginal

projection in density of :

Pposte'rior (02 |Dj)

We can have :
P posteriar(ei)

This distribution
can then be defined by

the mean and the width:

<pmax/p0> T o

max

19/25



6. Systematics Results

Bayesian analysis of INDRA data
Results of the Bayesian Inference of the Density o

| 2 on PN with (Vs The most sensitive observable
. w _%K?ﬁf; most in this work
rommaempTesjs the average transverse velocity

g1 of the IMFs
: (V| mr) which was suggested by
o Dominique DURAND in a

. previous work using ELIE.

LPC CAEN,March 2025, 20/25
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129 Xes, on 119Sn50 at 80 Mev/Nucleon (INDRA, Run n°14)
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Summary forp,

129 Xes, 0n mSnﬂ at 80 Mev/Nucleon (INDRA, Run n°14)
Projection marginale de l'inférence bayésienne

Maximum density-sensitive selection of

global observables p . .

Replicating and improving Tom's PhD
Thesis results (T. Génard 2023 PhD
Thesis) with Bayesian inference.

A conservative estimate of the

uncertainty is obtained at ~ 10 %

level based on experimental
information.

reach 1.8p, at 100 MeV/nucleon.

IO max

The mass hierarchy of the systems has to
be investigated.
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7. Contribution for the compression energy

Hypothesis : Ecomp =7 (

From the EOS : Eeomp(P) =
I,
Results : — =1+
Po \
2
asalinearform: [ 2 _ 1) _
Lo 13

Ecm o th)
RN
K. (P — po)
18pg
y(Ecm o th)
18K,
4 (Ecm
KOO

* We use a linear approach for the

compression. We approximate the
compression energy as a fraction of
the energy available in the center of

mass. y is the compression factor
and £, is a energy threshold.

We can plug the hypothetical formula
into the expression of the EOS
compression energy. We then deduce

a functional of p and the energy
available in the center of mass £, .

* We then reformulate this functional to

get a linear form and fit the (y, £,;) for
a given systematic with (p, £, )...
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Results for the compression energy

y ~ 0.3 -0.5
u(y) ~ 20 %

E, ~ 7 MeV/nuc

Radial Energy
Systematics
Systéme Notre Table | Borderie etal (%P?\(I)l;,déelr,iz 22121&62310 )8’
Ly e [ =2y [uly) | =
PAr+KCl 052 0.17 | 33% | - - -
BNi+Ni | 0.31]0.05 | 16% | 0.33 | 0.28 | 86%
129Xe+ 11980 | 0.54 | 0.10 | 19% | 0.38 | 0.30 | 78%
197 Ay + 197 Ay | - - - 1043 | 0.09 | 21%
36 Ap + 459 - . - 10471 0.05 | 11%
B4 Frp 4+ 197 Ay - = - 1 0.38 | 0.10 | 26%
Systéme Notre Table Borderie etal
Ey (MeV/A) [u(Ey) [ “521 [ By (MeV/A) [ u(E,) [ 4522
2Ar + 2KCI 8.39 9.99 | 119% - - -
58 N'i + 58 Ny 8.02 1.11 | 14% 5.40 4.58 | 85%
129 X + 1198 7.97 041 | 5% 6.61 3.20 | 48%
197 Ay 4 197 Ay, 7.66 1.78 | 23% 5.27 2.81 | 53%
% 4, 1+ B e _ - i 3.27 1.82 | 56%
Ky + 197 Ay : : - | 583 247 | 42%
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From compression to density

Bayesian analysis of INDRA data

Results of the Bayesian Inference of the Density po

2

1.8

D enSity pmax/ Po

1.2

Systems
36Ar on *°KCl1 with (V 1,IMF, cut’

== N1 on >*Ni with (V 1, IMF cut’
== 129% e on '”Sn with <\IL,IMF,cut>

== Borderie et al. (2008)

(B. Borderie et al, 2008,
PPNP, 61, 2 551—601)

© Valente onin, LPC Caen
INDRA-FAZIA, January 2025

5 10 15 20 25 30

Energy in the center of mass (MeV/nuc)

Systéme Notre Table Borderie etal
v Je) [ ] v [ul) [
BAr+ KCL | 052017 [33% | - | - | -
BN + 2 Ni 0.31 | 0.05 | 16% | 0.33 | 0.28 | 86%
129X e +1198n | 0.54 | 0.10 | 19% | 0.38 | 0.30 | 78%
197 Ay + 197 Au | - - - 1043 | 0.09 | 21%
36 Ay + 459 _ _ - 1047 ] 0.05 | 11%
B4 o+ 197 Ay _ - - 1 0.38 | 0.10 | 26%

* Our deduction extends the Borderie et al data

results on the y parameter. And y = 0.3 — 0.5 is

coherent with Dominique DURAND’s work

where it is found y = 0.4.

* With the value of compression deduce with the

Borderie’s data, we can deduce the range of

densities p in red. Our calculations are

consistent with the experimental data.

* We reach 1.8p, ~ 100 MeV/nucleon.
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8. Perspectives

* Improvement of the in-medium nucleon nucleon cross

section results with a bayesian inference and the use of
HIPSE model.

* An exploration to study the Symmetry energy with
INDRA Data is foreseen with 1##130Xe /1121246 3t 32

and 45 MeV/Nucleon (hfth campaign).
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Thanks foryou
for your attention!
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ﬁNiE on ﬁNiﬁ at 52 Mev/Nucleon (INDRA, Run n°7))
Matrix of Kolmogorov of the events in HIPSE
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2Ni 280N ﬁNiﬁ at 52 Mev/Nucleon (INDRA, Run n°7)
Kolmogorov Probability in each sub marginal space of ELIE
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Bayesian analysis of INDRA data Bayesian analysis of INDRA data

Results of the Bayesian Inference of the Density po Results of the Bayesian Inference of the Density o
2 | 2
Systems Systems
= 128% ¢ on 19n with (V| == 3N on **Ni with Mult.
w1285 o 11961 with R, ==8Nj on **Ni with (V)
128XC on 119SIl with <V.L,IMF> 58Ni on 58Ni with <V_L,IMF>
1.8 | == 128%e on '’Sn with Mult. 1.8 ==>*Ni on >*Ni with R, ,
< 1.6 & 1.6 :
> %
z £
Q Q
75} 75
z :
Q14 Q14
1.2 1.2
© Valente Antonin, LPC Caen © Valente Antonin, LPC Caen
1 INDRA-FAZIA, November 2024 1 INDRA-FAZIA, November 2024
40 50 60 70 80 90 100 40 50 60 70 80 90 100

Energy (MeV/nuc) Energy (MeV/nuc)
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Bayesian analysis of INDRA data
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