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Abstract

This work investigates the multiplicity distributions of emitted protons produced in proton—
nucleus collisions involving carbon, oxygen, and sodium nuclei at momenta of 4.2, 8.4, and
12.6 GeV/c. The study is based on simulated data obtained using the Dubna cascade-evap-
oration model. For each reaction, 10,000 events were analyzed. The results show that the
proton multiplicity distributions exhibit three characteristic regions corresponding to the
values: n = 0-4, n = 5-7, and n > 8. We assume that the region n = 0—-4 corresponds to
peripheral collisions, n = 5-7 to semi-central collisions, and n > 8 to central collisions. The
results confirm that the degree of collision centrality is directly related to the number of
emitted protons. In peripheral collisions, the interaction involves only the outer layers of
the nucleus, resulting in a smaller number of emitted particles. In central collisions, by con-
trast, the interaction affects a larger portion of the nucleus, leading to a sharp increase in
the number of emitted protons.

Keywords: Proton—nucleus collisions, multiplicity distributions, collision centrality, energy dependence, target-
mass dependence.
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1. Introduction

The study of the characteristics of protons emitted as a result of high-energy
collisions involving light nuclei plays a key role in exploring the dynamics of particle
interactions. These collisions represent an intermediate stage between proton—
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proton and nucleus—nucleus interactions, enabling a deeper understanding of col-
lision mechanisms. They are essential for studying phenomena such as the collec-
tive behavior of nuclear matter and the formation of its ultra-dense and overheated
states [1]. These questions are currently being actively investigated in experiments
at the Large Hadron Collider [2].

To date, a significant number of studies have been devoted to proton—nucleus
interactions [3]. These investigations have provided the fundamental characteris-
tics of such events, as well as the properties of particles formed as a result of the
interactions. Various theoretical models have been developed to interpret the re-
sults, along with software packages based on these models [4]. However, with the
emergence of new experimental and theoretical data, these models continue to
evolve and are being refined with additional mechanisms.

One of the most widely used models for describing such interactions is the Dubna
version of the cascade—evaporation model [5]. Its application has yielded several
important results in the study of proton—nucleus collisions, and work on improving
this model is ongoing [6].

Proton—nucleus collisions provide deeper insight into the structure and proper-
ties of nuclear matter at high energies, as well as the mechanisms of particle pro-
duction under such conditions. Research in this area has shown that:

e Proton—nucleus interactions occur in two key stages: a cascade stage (based on
sequential nucleon—nucleon collisions) and an evaporation stage (particle emis-
sion during nuclear relaxation).

e The reaction mechanism depends on the energy of the incident proton: at low
energies (up to 200 MeV), direct interaction processes dominate, while at high
energies, cascade and collective effects prevail.

e In high-energy proton collisions (>1 GeV) with nuclei, a large number of nucleons
are ejected — a process known as spallation.

¢ A broad spectrum of nuclear residues is produced, varying in mass, charge, and
energy.

e The distribution of emitted particles by energy and emission angle depends on
both the mass of the target nucleus and the energy of the incoming proton.

¢ Optical potential models successfully describe both elastic and inelastic scattering.

e At high energies (>10 GeV), proton—nucleus collisions result in the production of
not only nucleons but also mesons, hyperons, and pions.

e The effective cross section of particle production is well described by quark—
gluon models.

e These results remain relevant and require continued investigation and refine-
ment.

The present study is dedicated to this problem. Its main objective is to investi-

gate the changes in the multiplicity properties of proton—nucleus interactions as a
function of the incident proton energy and the mass of the target nucleus.
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2. Method

In the present study, the multiplicity distribution spectra of protons produced as
a result of proton collisions with carbon (*C), oxygen ('°0), and sodium (**Na) nuclei
at incident proton momenta of 4.2, 8.4, and 12.4 GeV/c were analyzed. For each
reaction, 10,000 events were examined. The obtained data are compared with sim-
ilar data from the experiments reported in [7].

3. Results

In Using the method described above, multiplicity distribution spectra of protons
produced in collisions of protons with carbon ('2C), oxygen (**0), and sodium (?*Na)
nuclei were obtained.

Figure 1 shows the proton multiplicity distributions for the reactions p+0 - at
three different values of the incident proton momentum (p) in the laboratory frame
of reference. Analysis of the graphs indicates that in the region of peripheral colli-
sions (the main characteristics of peripheral, semi-central, and central collisions are
presented in Table 1), for n = 0—4, the distributions are nearly identical both quan-
titatively and qualitatively—that is, no significant energy dependence is observed.

In semi-central collisions, at n = 5-7, a quantitative difference emerges at a mo-
mentum of 4.2 GeV/c, indicating the onset of the influence of the incident proton's
energy. In central collisions (n = 8-12), the distribution curves diverge significantly
at all three momentum values, which points to an increased dependence on the

energy of the incident proton (E = {/p%c? + m?c*, where c is the speed of light
and m is the proton mass).

Table 1. Main Characteristics of Peripheral, Semi-Central, and Central Collisions

Peripheral Semi-Central Central
Parameter . . - . .
Collision Collision Collision
Impact parameter b=Ri+R
P F()b) (Ryand R; are the radii O<b<R;+R; b=0
of the colliding objects)
. Outer layers of the Moderate overlap Full overlap of
Interaction zone - . . .
colliding objects of the nuclei the nuclei

Analysis of the behavior of proton multiplicity distributions in the reactions p +
O - as a function of the incident proton energy leads to the following conclusions:
in peripheral collisions, the influence of energy is minimal, as the interaction occurs
primarily with the outer nucleons, and cascade processes have little effect on the
distribution of emitted particles; in semi-central collisions, both outer and inner nuc-
leons are involved, resulting in a more pronounced energy dependence of the dis-
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tributions; in central collisions, the entire nuclear structure participates in the in-
teraction, cascade processes are significantly intensified, and the influence of the
incident proton’s energy becomes most evident, determining the character of the
emitted particle distribution.
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Fig. 1. Distribution of protons emitted in the reactions p + O = at three different proton
energies in the laboratory frame: 4.2, 8.4, and 12.6 GeV/c.

Figures 2—3 show the distributions of protons emitted in the reactions p + C >
(Fig. 2) and p + Na - (Fig. 3) at three different values of the proton momentum in
the laboratory frame: 4.2, 8.4, and 12.6 GeV/c. From the presented data, it follows
that, similar to the case of the p + O - reactions, in the peripheral region (n = 0-4),
the distributions coincide both quantitatively and qualitatively, meaning no energy
dependence is observed. In semi-central collisions (n = 5-7), a quantitative differ-
ence is noted at a momentum of 4.2 GeV/c, indicating the emergence of energy
dependence. In the central collision region (n = 8-12), the distribution curves di-
verge noticeably for all three momentum values, which indicates a strengthening
of the energy dependence.

Thus, it can be concluded that, with a change in the target nucleus mass, the
general pattern of the multiplicity distributions of protons emitted in the reactions
p+0 -, p+C-,andp+ Na - remains unchanged with variation in the energy of
the incoming proton.

For ease of comparison and to further confirm the aforementioned results, Fig-
ures 4, 5, and 6 present the multiplicity distributions of emitted protons in events
with different target nucleus masses at fixed values of the incident proton momen-
tum: 4.2, 8.4, and 12.6 GeV/c, respectively.

From the presented figures, the following observations can be made:

¢ At a momentum of 4.2 GeV/c, as the number of protons increases in the region

of n =0 - (peripheral collisions), the proton multiplicity distributions for different
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Fig. 2. Distribution of protons emitted in the reactions p + C = at three different proton
energies in the laboratory frame: 4.2, 8.4, and 12.6 GeV/c.
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Fig. 3. Distribution of protons
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emitted in the reactions p + Na = at three different proton

energies in the laboratory frame: 4.2, 8.4, and 12.6 GeV/c.

target nucleus masses

coincide. In the region n = 5-8 (semi-central collisions),

deviations are observed for carbon targets, and at n > 8 (central collisions), the
deviations become more pronounced and are evident for all target masses.

¢ At a momentum of 8.4 GeV/c, a similar pattern is observed: in the region n =
0-4, the proton multiplicity distributions coincide for different target nucleus
masses; in the region n = 5-7, deviations appear for carbon targets, and at n 2
8, the deviations intensify and are observed for all target masses.

e At a momentum of 12.6 GeV/c, the trends remain similar to those at 4.2 and
8.4 GeV/c: in the region n = 0-4, the proton multiplicity distributions coincide
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for different target nucleus masses; in the region n = 5-7, deviations are noted
for carbon targets, and at n > 8, the deviations become stronger and are ob-
served across all target masses.

We assume the following:
e The region n = 0—4 corresponds to peripheral collisions, in which the interac-

tion involves only a minimal portion of the target nucleus mass.

e The region n = 5-7 reflects semi-central collisions, where the number of par-
ticipating nucleons increases.

e The region n > 8 is associated with central collisions, characterized by the max-
imum number of interacting nucleons in the target nucleus.
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Fig. 4. Distribution of protons emitted in pC, pO, and pNa reactions at a proton momentum
of 4.2 GeV/c in the laboratory frame.

" T Y Ql) X T T T T LI
£ W §
10° Ca
S .o, ® o= -5
4 " 3
o L - h
S
o 10? °
'E L] (] . -a
E ' ]
10 $ “ i E|
Simulation data =
i L] pC-interction at 8.4 GeV/c 7
o pO-interction at 8.4 GeV/c
pNa-interction at 8.4 GeV/c
Y I IR TN N U N U NPT N I A
10" 2 ) G 8 10 12
Multiplicity of protons

Fig. 5. Distribution of protons emitted in pC, pO, and pNa reactions at a proton momentum
of 8.4 GeV/c in the laboratory frame.
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Fig. 6. Distribution of protons emitted in pC, pO, and pNa reactions at a proton momentum
of 12.6 GeV/c in the laboratory frame.

Thus, three characteristic regions can be distinguished in the behavior of the pro-
ton multiplicity distributions: n = 0-4, n = 5-7, and n 2 8. This confirms that the
degree of collision centrality is directly related to the number of emitted protons
(n). In peripheral collisions, the interaction affects only the outer layers of the nu-
cleus, resulting in a smaller number of emitted particles, whereas in central colli-
sions, a larger part of the nucleus is involved, leading to a significant increase in the
number of emitted protons.

In [7], experimental data are presented on proton multiplicities obtained in in-
teractions of protons with a momentum of 4.2 GeV/c with carbon nuclei using a 2-
meter propane bubble chamber installed at the Laboratory of High Energies (Joint
Institute for Nuclear Research, Dubna). The data are categorized by the degree of
collision centrality. As a criterion for the centrality degree, the Q parameter is used,
defined for each individual event as the difference between the multiplicities of pos-
itively and negatively charged particles, excluding the multiplicity of evaporated pro-
tons with a momentum below 0.3 GeV/c. It was shown that with increasing Q, the
multiplicity of participating protons emitted from the target nucleus increases signif-
icantly, while the average multiplicity of evaporated protons decreases sharply. The
experimental results were compared with theoretical calculations performed within
the framework of the cascade-evaporation model and a modified FRITIOF model,
which takes into account non-nucleonic degrees of freedom in nuclei.

4. Conclusion

The study of proton multiplicities produced in collisions of protons with carbon,
oxygen, and sodium nuclei at momenta of 4.2, 8.4, and 12.6 GeV/c, carried out
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based on simulated data obtained using the Dubna cascade-evaporation model, re-
vealed the presence of three characteristic regions in the distributions of emitted
protons. These regions correspond to the following values: n = 0-4, n = 5-7, and n
> 8.

We assume that:

e The region n = 0—4 corresponds to peripheral collisions, where the interaction

affects only the outer layers of the nucleus.

¢ The region n = 5—7 is typical for semi-central collisions, in which the involved

mass of the nucleus increases.

¢ The region n 2 8 corresponds to central collisions, where a significant portion

of the nucleus participates in the interaction.

The obtained results confirm that the degree of collision centrality is directly re-
lated to the number of emitted protons (n). In peripheral collisions, proton emission
is minimal due to weak interaction with the nucleus, whereas in central collisions,
involvement of a larger part of the nucleus leads to a sharp increase in the number
of emitted particles.
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