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Abstract

:

In this work, we performed a comparative study between HIJING, Sibyll, and QGSJET model-based event generators. Such Monte Carlo (MC) models are used to simulate the interaction and propagation of high-energy cosmic radiation (e.g., coming from the sun) with the Earth’s atmosphere. The global event observables selected for the study were the transverse momentum (  p T  ) spectra and rapidity density distributions of strange particles (  K S 0  ,  Λ , and   Ξ −  ). This study was performed in the STAR and CMS fiducial phase spaces by simulating the strange particles in   p p   collisions at   s   = 200 GeV, 900 GeV, and 7 TeV, and the simulations were then compared to the experimental measurements. It was observed that none of the discussed model-based event generators ultimately predicted the experimental results, except QGSJET, which generally agrees reasonably with the data. However, QGSJET does not produce  Ξ  particles; therefore, it does not provide any predictions for  Ξ . The other two models reproduced the data only in a limited rapidity or transverse momentum region while mainly underpredicting the data in the rest of the areas. These cosmic radiation simulation models are capable of covering the mid-rapidity regions of density distributions. Utilizing model-based observations, some fundamental parameters can be re-tuned and extrapolations to the highest energies can be investigated. Furthermore, these observations can provide valuable insights that could potentially constrain and improve perturbative- and non-perturbative-based QCD event generators, thereby facilitating a better understanding of the underlying physics.
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1. Introduction


High-energy cosmic ray particles are considered the most energetic particles observed in nature, and they originate from inside and outside our galaxy. They enter the top of Earth’s atmosphere and interact with air molecules, and develop to create a cascade of secondary particles that reach the ground level. Generally, the secondary cascades are classified in three different parts: electromagnetic, muonic, and hadronic components. In the first interaction, daughter particles are produced, and they share the energy of the primary cosmic particle, and then continue to collide and further interact. These particles in the atmosphere are commonly called Extensive Air Showers (EAS) [1,2]. Furthermore, strange particles are among these created particles, such as kaons or lambda baryons, which are produced in the cascade of secondary particles initiated by the cosmic ray interactions. Moreover, the lifetimes of strange particles are relatively long, which enable them to travel for longer distances in the atmosphere before decaying. This will give us the opportunity to study and learn more about their development and propagation in the atmosphere. In addition, as part of the cascades of secondary particles, the presence of strange particles contributes in the ongoing analyses of the energy and compositions of primary cosmic particles. Therefore, understanding these particles can play a key role in enhancing our knowledge about the nature and propagation of extensive air showers in the atmosphere, and therefore provide insights about the energy and type of primary cosmic particles. At energies above about 10–100 TeV, the flux of these particles is too small to be measured directly using direct cosmic ray experiments, such as balloon and satellite experiments [3,4]. Instead, large cosmic ray experiments are used to detect their energies indirectly [5,6]. Such experiments study the properties of secondary particles and their propagation in the atmosphere to obtain valuable information about the primary interacting cosmic particles at the top of the atmosphere. Therefore, Monte Carlo simulation models describe the interaction and propagation of these particles in the atmosphere. These models use Monte Carlo techniques, which involve generating random numbers to simulate the behavior of particles in a given system. Such simulation models can provide detailed information about the behavior of cosmic radiations, which is difficult to observe directly due to their high energy and the fact that they are constantly bombarding the Earth from all directions. By simulating the interactions of cosmic radiation with the atmosphere, the models provide insights into the production of secondary particles, which can be detected and used to study the properties of cosmic radiation. These models are valuable tools for studying the properties of cosmic radiation and developing new techniques for detecting it. The models simulate complex interactions between particles and the Earth’s atmosphere, providing detailed information that would be difficult or impossible to obtain through direct observations.



One of the successes of modern physics is the extent to which strong interactions occurring in high-energy particle colliders can be accounted for with Quantum Chromodynamics (QCD), in particular, the short-distance partonic configurations and the production of heavy quarks and jets [7]. Both perturbative and non-perturbative (hard and soft QCD) processes determine the production of particles in high-energy colliders. Hard scattering processes with a large momentum transfer are understood in a perturbative Quantum Chromodynamics (pQCD) framework with the factorization theorem [8]. At low transverse momenta, particle production is dominated by parton hadronization. Soft processes can only be modeled with the help of phenomenological models and event generators for hadronic interactions. The experimental measurements from collider experiments provide constraints and information to tune the parameters of such hadronic and cosmic ray models [9].



Proton–proton (  p p  ) collisions provide baseline measurements for heavy ion interactions and insights into the particle production mechanisms and serve as a valuable tool for tuning the parameters of hadronic Monte Carlo generators [10,11]. Since the initial states of colliding systems in high-energy colliders do not have strange content, information on the final strangeness production is crucial to study the properties of the strongly interacting medium created in high-energy collisions [12]. At high transverse momentum (  p T  ), the production of strange hadrons is dominated by flavor creation and excitation at the early evolution of high-energy collisions. The gluon splitting mechanism is mainly responsible for strangeness production during the subsequent stages. In string-fragmentation-inspired models, the strangeness production is suppressed due to the heavier mass of strange quarks [13,14] compared to u and d quarks in general. Insights gained from the studies of strangeness production in   p p   collisions at high-energy colliders prove essential for tuning hadronic Monte Carlo models [15]. Heavy ion collisions, on the other hand, involve the collision of two nuclei, that when colliding with the atmosphere, produce a shower of secondary particles that can be detected and studied. Such studies help understand the production and evolution of the QGP in astrophysical environments. Additionally, heavy ion collisions in cosmic rays can provide information about cosmic ray sources and acceleration mechanisms, which remain an open question in astrophysics.



This work presents the strange particle’s   p T   spectra and rapidity density distributions from the pQCD-based Monte Carlo (MC) generator HIJING (Heavy Ion Jet INteraction Generator) and cosmic radiation air shower models QGSJETII and Sibyll in   p p   collisions at   s   = 200 GeV, 900 GeV, and 7 TeV. The models’ initial versions are published in [16,17,18]. A detailed comparison of   p T   and rapidity (y) distributions between simulations and experimental observations from the STAR and CMS experiments is presented. The experimental data recorded at 900 GeV and 7 TeV are scaled to the cumulative number of non-diffractive and double diffractive interactions, commonly known as non-single-diffractive (NSD) interactions [19,20]. The rapidity density distributions tell us the particle production in the phase space region of the detector. Rapidity distributions are also important for the investigations of longitudinal dynamics. Nuclear stopping, for example, is responsible for the differences in protons and anti-protons. For this case, hyperons depend on the initial baryon density, similar to protons. The relative rapidity distributions are expected to behave similarly for (anti-)hyperons and (anti-)protons [21].



It is worth mentioning that analyzing strange particles is important in the study of cosmic rays because they decay into muons detected on the Earth’s surface. By analyzing the distribution and properties of these muons, one can infer important properties of the cosmic rays, such as their energy spectra and compositions. This study provides insights into the properties of cosmic rays and their sources. Furthermore, studying strange particles is vital for testing theories of fundamental physics, including the Standard Model. Strange particles provide an avenue for investigating the behavior of the strong forces at high energies and the properties of quarks and their interactions.



The manuscript is organized as follows: brief descriptions of the models are discussed in Section 2. Section 3 presents the findings and their corresponding analysis, while Section 4 summarizes the results.




2. Methodology and Models


The transverse momentum and rapidity spectra of strange hadrons   K s 0  ,  Λ ,   Λ ¯  ,    Ξ  −  , and    Ξ  +   in   p p   collisions at   s   = 200 GeV, 900 GeV, and 7 TeV estimated by the STAR [22] and CMS [23] experiments are presented here. These measured quantities from experiments are then benchmarked by simulating events using the HIJING1.38, Sibyll2.3d, and QGSJETII-04 models described below. For simplicity, the names HIJING, Sibyll, and QGSJETII are used throughout the manuscript. Many similar studies have been performed to study different observables, and details can be found in refs. [24,25,26,27,28,29,30,31,32,33].



HIJING combines the perturbative QCD-inspired models for the production of jet fragments with the Lund model [34] and the Dual Parton model [35] at medium energies (   s  ≤ 20   GeV/nucleon) for soft interactions of multi-string phenomenology at low   p T  . Minijets are one of the important features of the HIJING Monte Carlo event generator. They are jets of high-energy particles that are created during the initial phase of high-energy heavy ion collisions. Minijets are thought to be produced by the fragmentation of partons (quarks and gluons) in the colliding nuclei. In HIJING, the production of minijets is modeled using a two-component model that includes soft and hard processes. The “string fragmentation” model describes the soft processes by modeling the production of low-momentum particles resulting from the breakup of color strings between quarks and gluons. The hard processes are modeled using perturbative QCD (pQCD), which describes the production of high-momentum particles in the fragmentation of partons. The HIJING Monte Carlo event generator uses a set of parameters to control the production of minijets, such as the minimum transverse momentum for jet production, the jet cone size, and the jet multiplicity. These parameters are tuned to match experimental data from heavy ion collisions [16,36]. The model uses both Pythia 5.3 and Jetset 7.2 to generate kinematical variables and jet fragmentation, respectively [37]. The HIJING model was mainly developed to explore the range of initial conditions that may appear in relativistic heavy ion collisions. The nuclear shadowing effect for the functions of the parton structure is also included to observe the nuclear effects [38]. The HIJING model with tuned phenomenological parameters can retrace the behavior of data produced from   p p   multi-particles for a wide energy range (   s  N N     = 5–2000 GeV) [36].



The MC event generator Sibyll utilizes the Dual Parton Model (DPM), fragmentation Lund MC, and mini-jet model [39]. For soft interactions, Sibyll covers a comparatively bigger phase space. The Gribov–Regge element theory is implemented in this model for multiple scattering [40]. The model simulates the cascades of air showers and the flux of secondary particles produced due to the interaction of high-energy cosmic radiation in the atmosphere of Earth. The binding energies of nucleons do not affect high-energy interactions. For this reason, Sibyll describes the particle flow energy in the projectile direction and the production of particles at smaller angles [41]. Sibyll also partially retraces the general effects of leading particles, such as jet formation at high   p T  . The updated version of Sibyll considers the effect of multiple interactions, the enhancement of leading  ρ  mesons, the increase in muon number, and the suppression of   π 0   mesons by tuning the parameters of hadronization for the remnants and dissociation of diffraction as compared to the older versions. Charmed hadrons production is also included in Sibyll based on benchmarking with recent accelerator data [41].



QGSJET is an MC generator used to study the hadronic interactions and to interpret and analyze the data for the installation of numerous physics experiments [42]. QGSJETII relies on the theory of Gribov–Regge effective fields for the processes of multiple scattering [43]. The QGJETII model phenomenally incorporates each scattering process as “soft” and “semi-hard” pomeron exchanges. These pomerons share energy momentum between hard/soft parton processes and the inelastic fundamental interactions [44]. ThevQGSJETII model has been updated with the recent LHC data, and the latest version of QSJETII incorporates the production of charms, pair production of baryons, and beam remnants [37]. The model also works efficiently for cosmic ray physics interactions. QGSJETII includes mini jets at large energies to describe hard and soft scattering processes. It also deals with the multiple interactions and effects of saturation [42]. Moreover, the model exhibits a favorable consistency with the experimental data at elevated momenta, while at low momenta, the distributions are slightly overestimated [45]. Normally, the Monte Carlo models allow users to control the definition of unstable particles. In contrast to others, the QGSJET model does not allow controlling the decay of unstable particles by changing the parameters. In this model, such secondaries are forced to decay; therefore, only the products of such unstable particles are included as final state particles. Due to this reason, the QGSJET model cannot produce results in the case of  Ξ  baryon, and hence predictions of the QGSJET model are not shown for this particle [46].




3. Analyses, Findings, and Interpretation


Before going into the detail of the interpretations of the findings, it is worth mentioning that since a significant fraction of muons created as secondary cosmic rays originate from charged kaons [47], understanding the properties of kaons and their interactions with the atmosphere is crucial for accurately measuring and interpreting the properties of cosmic rays. In particular, the abundance and properties of strange particles can provide important clues about the sources and nature of cosmic rays and test fundamental physics theories.



Figure 1 shows the   p T   spectra of   K S 0  ,  Λ (  Λ ¯  ),   Ξ −  (   Ξ ¯  +  ) from   p p   collisions at   s   = 200 GeV compared with the model predictions. For simplification, the spectra can be explained at two different regions, low   p T  ;   0.25 <  p T  < 2   GeV/c, and high   p T  ;    p T  > 2   GeV/c.



In the case of   K S 0   shown in Figure 1a, no model describes the data completely at low   p T  . The HIJING and QGSJET models overshoot the experimental observations up to   p T    ≈ 0.7   GeV/c, while the Sibyll model overshoots up to 1 GeV/c. At   1.0 <  p T  < 3.5   and    p T  > 4.0   GeV/c, the QGSJET predictions are close to the experimental data within uncertainties but the model overpredicts at   3.5 <  p T  < 4.0  . HIJING and Sibyll start to underestimate the data from   p T    ≈ 0.8   GeV/c and   ≈ 1.5   GeV/c, respectively, and reproduce the data well above 3.5 GeV/c. For  Λ  and   Λ ¯  , the models reproduce the   p T   spectra at very low   p T   values of   < 0.6   GeV/c, except HIJING, which overpredicts by about 50% at   p T   = 0.25. The Sibyll model underpredicts the experimental data by 15% up to   p T    ≈ 1.3   GeV/c and then underpredicts from   p T    > 1.3   GeV/c by about 30 %. However, it reproduces the data at   p T   > 3 GeV/c within the large uncertainties. However, HIJING underpredicts the data below   p T  ≈ 3.5 GeV/c for  Λ  and 2.5 GeV/c for   Λ ¯  , respectively, but has good prediction afterward within the large experimental errors. The Sibyll model prediction is lower than the experimental data for   1.0 <  p T  < 3.0  , but shows better prediction compared to the other two models on average over the entire   p T   range. For   Ξ −  (   Ξ ¯  +  ), at   p T    < 1.0   GeV/c, the HIJING model can reproduce the experimental data within the estimated range of uncertainties; however, it tends to underestimate the data at higher   p T  . Conversely, Sibyll can replicate the experimental data for   p T   values less than 2 GeV/c, but it falls short for 2 <      p T    < 2.6 in the case of   Ξ −   and 2 <     p T    < 2.3 for    Ξ ¯  +  . Nevertheless, the model can reproduce the data afterwards within the estimated range of uncertainties. Furthermore, the models depict the decreasing trend of the differential yield of the particles with increasing   p T  . The larger uncertainties in data and models are due to the small cross-section of these strange particles at 200 GeV. With the same statistics, the uncertainties are smaller at 900 and 7000 GeV due to their larger production cross-section.



The calculation and hence comparison of the mean transverse momentum   ( <  p T  > )   is essential when studying the   p T   spectra in   p p   collisions. Figure 2 shows the   <  p T  >   of various particles calculated from the predictions of the models under study in   p p   collisions at   s   = 200, contrasted against the STAR measurements at RHIC [22]. It can be observed from the experimental data that   <  p T  >   tends to increase with the mass of particle species. The predictions of the QGSJET and Sibyll models reasonably match with the experimental data within the uncertainties and follow the increasing trend with particle mass. However, on the other hand, HIJING predictions are lower than the data but follow a similar increasing trend with particle mass. The dependence of   <  p T  >   on particle mass is due to the production of mini-jets in   p p   and   p  p ¯    collisions that contribute increasingly to the   p T   spectra [48]. This contribution is expected to increase with the increasing mass of particle species [49]. The data and all three models depict this expanding effect of the   p T   spectra with an increase in mass. Among the models, Sibyll has a better prediction than the other two, where QGSJET does not produce the short-lived particles as explained above.



Figure 3 (left column) shows the rapidity density distributions of (a)   K S 0  , (c)  Λ , and (e)   Ξ −   in   p p   collisions at   s   = 0.9 TeV [23]. Then, these distributions have been contrasted with the predictions of HIJING, Sibyll, and QGSJET. The MC to data (MC/data) ratio is presented in the lower panel of each plot. In the case of   K S 0  , the HIJING model’s predictions are the same as the experimental data within the uncertainty, while Sibyll and QGSJET undershoot the experimental measurements by up to 20%. The Sibyll model’s predictions are better than QGSJET, particularly at the distribution’s lower   | y |   region, where the model reproduces the data within 10%. For  Λ , none of the model’s predictions describe the data. However, these models describe the shape of the distribution. QGSJET and HIJING predictions are lower than experimental data by about 20% and are the same compared to Sibyll, which underpredicts the data by about 25%. For   Ξ −  , both Sibyll and HIJING undershoot the experimental results in all rapidity regions by about 35% and 30%, respectively.



Figure 3 (right column) shows the   p T   spectra of (b)   K S 0  , (d)  Λ , and (f)   Ξ −   in   p p   collisions at   s   = 0.9 TeV [23] in comparison to the predictions of the different models under study. It has been observed that for   K S 0  , all models have predictions closer to the experimental data for   p T    ∼ 1   GeV/c within the uncertainty, while they start to underpredict the data from   p T      > 1   GeV/c. The predictions of the QGSJET model are closer to the experimental data than HIJING and Sibyll in the intermediate   p T   regions, while Sibyll and HIJING have a better prediction at high   p T   within the uncertainty. In the case of   Λ      p T   spectra, Sibyll reasonably reproduces the data up to   p T      < 4   GeV/c, while the predictions of HIJING and QGSJET are lower at low   p T  . However, the HIJING model produces good results at high   p T   within the uncertainty. The Sibyll model overestimates the experimental data at high   p T   regions, while the QGSJET underestimates the data. For   Ξ −    p T   spectra, both HIJING and Sibyll underpredict the data by up to 50%. However, the shape of the spectra is described by these models.



Figure 4 (left column) shows the rapidity density distributions of (a)   K S 0  , (c)  Λ , and (e)   Ξ −   in   p p   collisions at   s   = 7 TeV [23]. These distributions are then compared with predictions of the HIJING, Sibyll, and QGSJET models. In the case of   K S 0  , the HIJING model’s predictions are the same as experimental data within uncertainty, except at   | y | = 1.5  , where the model slightly overshoots the experimental data. Sibyll and QGSJET undershoot the experimental measurements by about 10% and 15%, respectively. It has also been observed that the Sibyll and QGSJET start to converge at   | y | ≈ 1.6  . For  Λ , the QGSJET and HIJING models predict the experimental data within the large uncertainty. The Sibyll model, on the other hand, underpredicts the data by up to 40%. For   Ξ −  , the Sibyll model undershoots the experimental results in all rapidity regions by about 40%. In contrast, the HIJING model describes the data within 10%, except at   | y | = 0.4  , where the model underpredicts by about 40%. Overall, all the studied models predicted the rapidity density distribution shapes well.



Figure 4 (right column) shows the   p T   spectra of (b)   K S 0  , (d)  Λ , and (f)   Ξ −   in   p p   collisions at   s   = 7 TeV [23] in contrast with the theoretical forecasts of the different models under study. For   K S 0  , the Sibyll model depicts the experimental data up to   p T      < 0.8   GeV/c, but underpredicts the data for 0.8 <     p T       <   6   GeV/c. Above   p T   = 6 GeV/c, the model reproduces the data within the experimental uncertainty. The HIJING model overshoots the data at   p T   < 0.7 GeV/c, but underpredicts afterwards. The predictions of the QGSJET model are closer to the experimental data than HIJING and Sibyll for the 2 <     p T    < 5 GeV/c region. In contrast, the latter two models perform better in high   p T   regions. In the case of  Λ ’s   p T   spectra, QGSJET reproduces the data at   p T      < 1   GeV/c, but significantly underpredicts afterwards, having a greater discrepancy at higher   p T   values. HIJING underpredicts for 1 <     p T    < 4 GeV/c and overpredicts in the lower and higher   p T   regions. The Sibyll model underestimates the experimental data for the   p T   < 3.5 GeV/c regions, but overpredicts at high   p T   values. Overall, the spectral shape is described by the models. For the   p T   spectra of   Ξ −  , both HIJING and Sibyll do not reproduce the experimental data. However, the shape of the spectra is described by these models. The Sibyll model underpredicts the experimental measurements in all   p T   regions. The HIJING model overshoots the data for   p T      < 0.8   GeV/c but undershoots in the higher   p T   regions.




4. Conclusions


This article presents a comparative study of Sibyll, HIJING, and QGSJET models with experimental data. The transverse momentum spectra and rapidity density distributions have been studied for various strange particles (  K S 0  ,  Λ , and   Ξ −  ) in hadronic collisions at   s   = 200, 900, and 7 TeV. The results reveal that none of the model predictions can entirely account for the experimental data concerning all the observables analyzed. The QGSJET and Sibyll models could reproduce the experimental data in a limited region of the   p T   and   | y |   distributions of the strange particles and failed to reproduce the particles’ spectra for the kinematic range under study. However, HIJING predictions are in good agreement only for   K S 0   rapidity density distributions at   s   = 900 GeV and 7 TeV, which can be explained by the strong color field effect included in this model. In hadron interactions at high energies, the production of strong color fields (strings) between the target and projectile partons is expected. In this framework, enhancements in the strange particles in such collisions have been reported to be explained by a strong longitudinal color field effect [50,51,52,53,54,55]. The discrepancy of the HIJING model in other distributions can be explained by the considerable pressure in the initial conditions; thus, large collective flow effects are not considered in this model. The HIJING model is similar to the QGSJET model in describing the observables for some particle distributions while reproducing similar predictions to Sibyll for others. The models have different predictions in the center and forward rapidity regions because the relative contributions of the production of particles are different in these regions. In the former case, hard   p p   interactions have a more significant contribution, resulting in events with high multiplicity and jets with high   p T  . In the latter case, beam remnants and multiparton interactions (underlying events) are the main contributors. Since each process is governed by a different set of parameters in the event generators, each rapidity region requires different parameter tuning. While Sibyll and HIJING have been successful in many applications, their limited precision, underlying physics assumptions, limited tuning to collider data, and missing physics parameters can lead to underpredictions of the   p T   values and rapidity distributions of strange hadrons in some cases. To reproduce better results, these models must be tuned with pre-and post-LHC data. In the current study, it is clear that these models have discrepancies in describing data at the RHIC and LHC energy scale, requiring further investigation.
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Figure 1. Transverse momentum   p T   spectra simulated for (a)   K S 0  , (b)  Λ , (c)   Λ ¯  , (d)   Ξ −  , and (e)   Ξ +   compared to the STAR measurements [22] at   s   = 200 GeV. Solid black dots are the experimental results, while the colored curves are model simulations. Additionally, the figure’s lower panel presents the MC to data ratio. 
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Figure 2. Mean   p T   (  <  p T  >  ) as a function of particle mass at   s   = 200 GeV from STAR [22] compared to MC predictions in   p p   collisions. Solid black dots are experimental results and colored open markers are model simulations. The points from left to right represent the following particles:   π ,   K S 0    and    K −  ,  ρ ,   K *  ,   p ¯  ,  ϕ ,  Λ   and    Λ ¯  ,   Ξ −    and    Ξ +  ,   Ω −   . Additionally, the figure’s lower panel presents the MC to data ratio. 
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Figure 3. (Left column) The rapidity density distributions of (a)   K S 0  , (c)  Λ , and (e)   Ξ −   and (right column) the   p T   spectra of (b)   K S 0  , (d)  Λ , and (f)   Ξ −   in   p p   collisions at   s   = 0.9 TeV [23] in comparison with the predictions of the different models under study. The solid black dots are measurements, while the colored curves are model simulations. The lower panel of the graph gives the ratio of MC to the data. 
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Figure 4. The (left column) shows the rapidity density distributions of (a)   K S 0  , (c)  Λ , and (e)   Ξ −   and the (right column) shows the   p T   spectra of (b)   K S 0  , (d)  Λ , and (f)   Ξ −   in   p p   collisions at   s   = 7 TeV [23] in comparison with the predictions of the models under study. The solid black markers are experimental data points and the different colored lines are model simulations. Additionally, the figure’s lower panel presents the MC to data ratio. 
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