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 This study investigates the effect of changing kinetic energy on proton–lead (p–Pb) 

collisions using the Woods–Saxon model of nucleus density distribution. The foundation of 

the model is density distribution, which steadily decreases from the center to the periphery. 

The results for p–Pb collisions at center-of-mass energies √ sNN= 0.2, 5.44 TeV are first 

discussed. The optical Glauber method is considered in the evaluation, and the nucleus is 

perceived as a continuous distribution of matter devoid of boundaries or density changes. 

The whole procedure of interaction is carried out analytically. Many super-relativistic p–Pb 

collisions can be understood on the basis of geometry using a harmonic oscillator potential 

within the Woods–Saxon density formula for lead nuclei, in which the thickness function 

increases after the collision. This result agrees with the experimental data. Tp–Pb of the 

overlapping function at impact parameter (b) is large within the small values of (b) in the 

geometric case and then decreases at large (b). The numbers of nucleons that the participant 

(Npar) and binary collision (Ncoll) found in the zone of peripheral collisions decrease with 

increasing effect parameter (b) owing to the influence of deviation fluctuations. The 

average values for participant <Npart > and binary collision <Ncoll > at  0.2TeV are 12.3 and 

15.3 at constant impact parameter b=2 fm, respectively. 
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Introduction  

A systematic investigation of quark–gluon plasma 

(QGP) cannot be conducted in a lab because of the 

thermodynamic conditions required, unless large-scale 

experiments that can accelerate particle beams to 

relativistic speeds before hitting them are conducted. An 

exception is hadronic collision, a complicated process in 

which QGP represents only a small portion of the 

physics involved. Heavy ion collisions (HICs) are 

currently the only known method for producing QGP. 

Diverse stages of collisions present different features, 

but all are defined by Lorentz-invariant proper time, 

2 2t z   , where 0   is the collision time [1]. In 

this short time of high-energy hadron collision, the 

spatial and quantum configuration of the hadron 

components (quarks and gluons) remains unchanged, 

whereas some physical properties of the 
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parton system (e.g., total transverse area) [2, 3] change. 

As a result of changes in the internal structure of 

hadrons, elastic elongation occurs over time [4–6]. 

Figure (1) [7] shows the contributions of the components 

of a proton projected onto a nucleus at a tube, which 

represents the transverse projection of the proton, with 

the affected nucleons inside the target nucleus (red 

balls). This contribution analogy allows us to understand 

the experimental data, given that they play an important 

role in interpreting these multiple contributions when 

nuclear collisions occur [8] and in investigating 

collision-induced diffraction [9–11]. 

 
Fig. (1): Geometric representation of a proton–nucleus 

collision at a fixed target level. The red tubes represent the 

projection of the transverse proton onto the target nucleus. 

The red dots represent the nucleons that collide with the 

proton [7]. 
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Because they make it possible to distinguish 

between the impacts of the starting state already existent 

in cold nuclear matter and the effects of the final state of 

production of hot QCD matter, proton–lead (p–Pb) 

collisions are crucial for understanding and interpreting 

nucleus–nucleus data. Hence, proton–nucleus collisions 

at high energies offer a chance to investigate how the 

dynamics of soft and hard scattering processes and 

eventual generation of particles are affected by a larger 

nuclear target. 

For investigating the role of nuclear effects in p–

Pb collisions, describing p–A collisions, in which there 

is a reduction in proton components and thus a lower 

rate of nucleon–nucleon reactions due to the reduction in 

antagonistic events between the projectile and the target 

nucleus, is vital. Such collisions affect the number of 

nucleons hit in the target nucleus. p–Pb collisions are an 

integral part of the nuclear program at the Large Hadron 

Collider. Examining calculated theoretical results as a 

function of collision centrality is necessary to determine 

the involvement of nuclear processes in p–Pb collisions. 

Therefore, the main goal of this study is to ascertain how 

energy influences various endpoints, including reaction 

probability, nuclear production, and angular distribution, 

by utilizing various impact energies within the optical 

Glauber model. This work is an attempt to obtain 

predictions for P–Pb collisions at nucleon–nucleon 

center-of-mass system energies 0.2,  5.44 TeVs  . 

The hadron production rate is related to the nucleon–

nucleon reaction rate, as experimentally proven [12] by 

changes in energy and momentum. For this purpose, our 

calculations will be based primarily on the Woods–

Saxon density distribution, taking into account the NN  

effect of the density of the two nuclear particles. The 

results will be compared with the first experimental 

results. 

 

Materials and Methods  

Theoretical aspects 

Glauber assumed that the collision of two nuclei 

is not deflected at high energy, so they have a linear 

trajectory with the impact parameter (b) that determines 

the degree of centrality. The total number of contacts 

between participants’ nucleons is represented by the 

number of collisions that occur during a particular event 

[13]. For spherical symmetric nuclei in collision with 

extremely high energies of heavy ions, the Fermi 

distribution, sometimes referred to as the Woods–Saxon 

density distribution, represents the number of nucleons 

per unit volume. It is typically used to parametrize the 

nucleon density, and it is employed as a nuclear profile 

and given as follows [14, 15]: 
21 ( / )

( )

1 exp( )
A o

r R
r

r R

a


 







                       (1) 

The nucleon density at the nucleus’s center is 

denoted by ρo (fm-3), which provides the overall 

normalization. The definite radius of the nucleus is R 

(fm), which means that no nucleons exist outside at a 

distance larger than R. The skin depth or thickness is a 

(fm), and ω refers to spherical shape deviations. This 

formula is normalized to the number of nucleons 

4𝜋 ∫ 𝑏2𝑑�⃗� 
∞

0
 𝜌°(�⃗� ) = 𝐴, which we will used in our 

calculations [16]. 

When two nuclei (A and B) collide at relativistic 

speeds, two flux tubes consider displacement s  and 

s b , concerning the center of the target and projectile, 

respectively. The optical calculations depend on the 

thickness function that describes the transverse nucleon 

density and represents the integrated density along the 

incident beam’s longitudinal z-axis direction. It indicates 

the quantity of NN collisions that the nucleon 

experiences at impact parameter (b) when traveling 

within a nucleus [17], i.e.,  

( ) ( , )A AT b dz b z                                             (2) 

The probability per unit volume , ,( , )A B A Bs z of 

two ions, known as the nuclear overlap function, is 

normalized to unity to find the nucleon at the position 

,( , )A Bs z . Integrating it over the two transverse 

dimensions gives [18] 
2( ) ( ) ( )AB A BT b T s T s b d s                                 (3)  

which is normalized by 2 ( )ABd bT b AB overall 

(b), and 𝑠  and �⃗�  are perpendicular to the direction of the 

beam z-axis. This thickness function is purely a 
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geometric factor that indicates the occurrence of 

interactions, 
inel

AB NNT 
. 

Nucleons that have collided with another nucleon 

at least once are considered participants. The average 

number of participants in d–A collisions at an impact 

parameter b can be computed using the following 

formula [18, 19]: 

2 2( ) ( )
( ) ( ) 1 1 ( ) 1 1

B A

NN B NN A

partAB A B

T s b T s b
N b d sT s d sT s

B A

           
           

         
    (4)  

The total number of participants is then determined as 

follows [19]: 

   ( ) ( )2 2( ) ( ) 1 ( ) 1NN A NN BT s b T s b

partAB A BN b d sT s e d sT s e
    

       (5) 

In the optical Glauber model, local density 

fluctuations are ignored, i.e., each projectile nucleon acts 

as a flux tube when interacting with the approaching 

target. The nucleus is viewed as a continuous 

distribution of matter devoid of boundaries or density 

changes (smooth density). The total cross section for 

such d–Au collisions, where at least one NN collision 

takes place, is known as the total geometric cross section 

and given as 

𝜎𝑔𝑒𝑜 = ∫𝑑2𝑏[1 − 𝑒−𝑇𝐴𝐵(𝑏)𝜎𝑁𝑁]                           (6) 

Results and Discussion  

The Woods–Saxon density parameters used in the 

calculations are as follows: ρo = 0.17 fm−3, R= 1.12 

A1/3–0.86A−1/3 = 6.4909 fm, a = 0.54 fm [20], and ω=0. 

The results are compared with those with experimental 

values of R=6.36 fm and a=0.535 fm [15]. To estimate 

the overlapping variables, we conduct tests at different 

high energies, √s = 0.2, 5.44 TeV, and utilize inelastic 

nucleon–nucleon cross sections of σNN =37, 68 mb 

obtained by algorithmic interpolation of cross-section 

measurements concerning collision energies [16]. 

Through the optical Glauber approach, with the impact 

parameter adopted as (2 fm), the estimation of 

geometrical quantities (Ncoll, TAB) and others is usually 

realized by utilizing the “overlap” program written in 

Fortran 90. 

The nuclear density as a function of nuclear radius 

for p–Pb collision according to the Woods–Saxon 

distribution at 0.2 TeV and 37 mb is shown in Figure (2-

a). The Woods–Saxon distribution is a mathematical 

model that helps understand how this density varies 

within the nucleus. It is a widely used approximation for 

the actual, more complex nuclear density profile. This 

figure is consistent with the expected distribution of 

nuclear density, which is highest at the nucleus’s center. 

This high density is attributed to the strong nuclear 

gravitational forces that bind the particles, and it 

gradually decreases (this decrease is not abrupt but 

smooth, following the bell-shaped curve of the model) 

and then tails off as it moves farther away from the 

center. The diffuseness parameter controls the 

“diffuseness” of the nuclear edge; smaller “a” indicates 

a sharper drop-off in density at the edge, whereas a 

larger value creates a smoother transition. In the outer 

region, the nuclear forces of attraction weaken, causing 

the particles to diverge from one another. 

 

 
Fig. (2): (a) Nuclear density for p–Pb collision according to 

the Woods–Saxon distribution at 0.2 TeV and 37 mb.   

(b) Thickness density function for p–Pb collision. 

Figure (2-b) shows the thickness density function 

(or collision function) for p–Pb collision at an energy of 

0.2 TeV. The thickness density function is an important 
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tool for understanding nuclear collisions. It can be used 

to calculate the probability of the occurrence of different 

reaction channels, such as the production of new 

particles. The thickness function usually exhibits 

behavior similar to the bell of a Gaussian curve. The 

function is valued high at small (b) values, indicating a 

high probability of interaction when the nuclei are close. 

As the value of (b) increases, the value of the function 

decreases, implying a decrease in the probability of the 

reaction. 

From Figure (2-b), the thickness function is 

highest at around 2 fm and tapers off to zero at around 

10 fm. That is, collisions are most likely to happen when 

the impact parameter is around 2 fm. This result makes 

sense intuitively because this is the closest two nuclei 

can be without actually overlapping. The fact that the 

thickness function does not go to zero at exactly zero 

impact parameter reflects that protons and lead nuclei 

have a finite size. As this function is normalized to one, 

the integral of the thickness function over all possible 

impact parameters is equal to one. 
 

 
Fig. (3): Nuclear overlap function TpPb (b) for p–Pb collisions 

at different inelastic cross sections. Overall, from Figure (3), 

the model can calculate the overlap function to have the 

collision probability depending on the nucleon density and 

reaction energy of P–Pb collisions at two energies of 0.2 and 

5.44 TeV, at which the same results are obtained. b = 2 fm 

seems to indicate the impact parameter for a head-on collision, 

in which the centers of the nuclei collide directly. 

 
Fig. (4): Number of nucleons that participate in the collisions 

at 0.2 and 5.44 TeV. 

Figure (4) shows the number of participant 

nucleons at chosen energies. Npar refers to the number of 

nucleons that participate in the collision. Different lines 

in the figure correspond to different collision energies 

and inelastic cross sections. The number of participant 

nucleons generally increases with decreasing impact 

parameter (b). A smaller impact parameter means more 

head-on collisions, which will involve more nucleons 

from the projectile colliding with nucleons from the 

target 208Pb nucleus. When a collision occurs, (Pb) 

nucleons collide with the projectile (p) within the 

reaction region, sharing more nucleons. Pb nucleon 

sharing lines tend to rise more sharply with a lower 

impact coefficient compared with extruded sharing lines. 

The reason is that the reaction region inside the Pb 

nucleus allows more nucleons to participate in direct 

collisions (small impact factor). In general, the effect of 

impact energy on the number of participating Pb 

nucleons is less pronounced than its effect on the 

number of ejected nucleons 

Nonetheless, the number of participant nucleons 

increases with increasing collision energy, i.e., more 

collisions will happen. Higher-energy collisions can 

cause more nucleon–nucleon interactions to occur within 

the nucleus. The shaded area around each curve 

represents the uncertainty in the measurement of the 

number of participant nucleons. Our results reveal 300-

time collisions of the projectile at 0.2 TeV and more 

than 800-time collisions at 5.44 TeV. The differences in 

the size and nucleon number in lead results in more 

nucleons being participants in the collision. Large-sized 
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lead nucleons interact with one another frequently, 

creating a “reaction zone” within the nucleus. 

The process of determining the number of 

particles does not allow comparison with the 

experimental one, given that the count is only for 

charged particles (protons). Moreover, the detectors used 

in the experiment only detect a certain fraction of the 

contributing nucleons.  

 
Fig. (5): DCS concerning impact parameter (b). 

 

To describe the probability of particles scattering 

elastically at a certain angle, we calculate the elastic 

differential cross section (DCS), as shown in Figure (5). 

DCS means that the colliding particles retain their 

internal structure after the collision.  

In the context of particle collisions with a nucleus, 

DCS depends on various factors, including the energy of 

the incident particle, the type of particle and nucleus 

involved, and the scattering angle. The energy 

dependence of the cross section often exhibits resonant 

behavior, with peaks and valleys corresponding to 

specific energy levels in the Pb nucleus. These 

resonances provide valuable information about the 

electronic structure and energy levels of this nucleus. 

 
Fig. (6): Normalized integral cross section for collisions in 

different energy ranges. 

 

The normalized integral cross section for 

collisions in two energy ranges shown in Figure (6) 

indicates the probability of a collision occurring, given a 

certain impact parameter. A larger impact parameter 

means that the collision is more peripheral. The fact that 

the cross section is normalized implies that the total area 

under the curve is equal to one. The data points plotted 

in the figure show the integral cross section at different 

collision energies. For example, the data point at around 

2 fm at a collision energy of 0.2 TeV presents that the 

normalized integral cross section is about 0.2 when the 

impact parameter is 2 fm. The normalized integral cross 

section is higher for lower impact parameters (more 

head-on collisions) and lower collision energies. This 

trend is not always the case, and the shape of the curve 

depends on the specific particles involved in the 

collision. 

Conclusions 

The purely geometrical Glauber approach, which 

originates from the quantum mechanical model for p–Pb 

scattering, offers a consistent description of p–A 

collisions. A crucial part of HICs is p–Pb collisions. 

Given that nuclei are extended objects, the impact 

parameter (b) of the collision, i.e., the distance between 

the centers of the two colliding nuclei in a plane 

transverse to the beam axis, determines the volume of 

the interaction zone. In heavy ion physics, the idea of the 

collision’s centrality, which is determined by comparing 

data with collision simulations and is closely related to 

the impact parameter, is typically introduced. The 
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number of participating nucleons expresses the volume 

of the initial overlap region. A nucleon that experiences 

one or more binary collisions with nucleons from the 

other nucleus is referred to as a participating nucleon of 

that nucleus. 
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