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Abstract

:

The multiplicity distribution of charged particles produced from proton–proton collisions at energies   s   = 2.36, 2.76, 5, 7, 8, 10, 13 and 14 TeV were studied in the present work. Furthermore, multiplicity distribution was studied in different pseudorapidity regions ∣ η ∣ < 0.5, 1, 1.5, 2, and 2.5. KNO scaling was studied at the same pseudorapidity regions. This is valid in the pseudorapidity region ∣ η ∣ < 0.5, but with increasing pseudorapidity, the violation increases. The influence of MPI and color reconnection in violation of KNO scaling were studied. The relation between mean multiplicity and collisions energy was explored, noted that it increases with the increasing energy of collisions.
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1. Introduction


One of the essential measurements that can be performed at hadron colliders is the exploration of particle production parameters without any selection bias caused by the presence of a hard scattering (a selection known as “minimum bias”). Such events, which occur at low momentum transfers, are impossible to estimate using perturbative quantum chromodynamics (QCD), and for which diffractive scatterings or multiple partonic interactions (MPI) play a significant role, are caused by strong interactions of partons inside hadrons. Theoretical representations of these particle-production components rely on phenomenological models with free parameters modified (“tuned”) to match experimental evidence. Whenever a momentum transfer of many GeV is involved (referred to as a hard process), however, perturbative QCD (pQCD) predictions are often in good agreement with measurements. To fully explain particle production by proton–proton (pp) collisions at the large hadron collider (LHC), it is necessary to understand the transition between hard processes which are estimated by perturbative approaches and soft processes described by nonperturbative models.



The multiplicity distribution means the probability of obtaining a definite number of particles produced from collisions; it contains information about particle correlations. For removing that correlation from data, the average charged particles multiplicity is used instead of multiplicity distribution. The multiplicity distribution of charged particles produced from hadron–hadron (heavy ions) collisions is essential for studying particle production mechanisms and constraints. Cosmic rays, fixed target, and particle colliders experiments were built to study multiplicity distributions. These studies investigated these in greater details to upgrade or discredit models of particle production; most of these models are available in different Monte Carlo (MC) event generators. The multiplicity of charged particle production is considered the key to understanding the particle production mechanism. The probability P(n) of obtaining n charged particles in the final state is related to the particle production mechanism. It obeys Poisson distribution if the particles are produced in a final-state independent way.



Charged particle multiplicity distributions are basic and general observables in modern collider experiments. They contain information about soft QCD processes and hard scattering, thus permitting the exploration of both components and their interactions. Furthermore, the multiplicity distribution of charged particles contains information on many features of the mechanisms of particle production and the hadronization process. Furthermore, in heavy-ion physics, there is a direct correlation between multiplicity and centrality [1,2,3,4], the situation in pp scattering is much less clear. With the recent unequivocal information on collectivity in pp scattering at LHC energies [5], as well as a potentially significant transverse structure of the interaction region, the possible relation between multiplicity and the underlying interaction becomes even more interesting. However, as usual, when dealing with observables of statistical nature, we must always bear in mind that it can be largely independent of the underlying dynamical process. The charged particle multiplicity delivered from pp collisions at high energy is sensitively affected by the number of interactions between gluons and quarks related to the strong interaction and the particle produced by underlying mechanisms. At LHC energies, the production of particles is predominated by soft QCD processes, which are not treated perturbatively and the only modeled phenomenologically. On the other hand, as the colliding energy increases, the contribution of particle production from hard scattering will be increased, which can be treated perturbatively.



In the present work, we compare the distribution of charged particle multiplicity produced from pp collisions at energies of 2.36, 2.76, 5, 7, 8, 10, 13, and 14 TeV, as well as test Koba–Nielsen–Olesen (KNO) scaling at aforementioned these energies. A large Hadron collider operated in some of these energies such as 2.36, 2.76, 7, 8, and 13 TeV so the simulated data can compare with real data. Furthermore, charged particle multiplicities in different eta regions such as   | η |   < 0.5, 1, 1.5, 2, and 2.5 were studied [6,7,8,9,10,11,12,13,14]. This paper consists of three sections, an introduction to the PYTHIA event generator will be discussed in the first section, the results and discussion in the second section, and the last one is conclusions.




2. PYTHIA Event Generator


The PYTHIA [15] event generator is one of the most popular event generators in particle physics as well as related areas. It is a general-purpose event generator [16] is designed to simulate the collisions between different particles such as proton–proton collisions, which is similar to the collisions that happened in a large hadron collider (LHC) at CERN,    p ¯   p as well as collisions between   e +    e −   and   μ +    μ −   collisions.



PYTHIA is based on parton, which simulates interactions of parton and parton showers, the hadronization being handled by using the Lund string fragmentation model.



PYTHIA simulates the collisions between two particles by passing through some steps beginning from hard processes, parton showering of initial- and final-state, and the scattering of multi-parton until the hadronization processes. PYTHIA uses the   p T  -ordered approach [17] for modeling the parton shower. PYTHIA employs the original impact parameter model for multi-parton scattering [18]. The hadronization is the last step (fragmentation); in this process, PYTHIA uses the Lund string fragmentation [19,20] and the alternative model.



Inelastic collisions between pp consist of diffractive and non-diffractive, where they are simulated by using PYTHIA8 Monash tune (switching on soft processes) [21,22]. The Monash tune is a method of tuning the Monash parameters to better represent the experimental data at LHC energy, such as minimum-bias charged multiplicity.



PYTHIA is an event generator based on physical models focusing on particle collisions at high energy. For pp collisions, because the approximation of a continuum of enabled final states is utilized in various places in PYTHIA, most notably for the computation of the hadron–hadron cross-section and as the basis for the string-fragmentation model, the energy should be more than 10 GeV. PYTHIA will be inaccurate, when the collision energy reaches the hadronic resonance area at energies below 10 GeV, and such approximations failed. The 10 GeV limit is chosen as a standard scale; it would be possible to go down somewhat for positron–electron annihilation, while the models are not especially trustworthy near the bottom limit for pp collisions. On the other end, we are only aware of specific tests of PYTHIA ’s physics modeling up to approximately 100 TeV CM energies, which corresponds to a fixed-target range pp 10 GeV; see, for example [22,23]. PYTHIA cannot extrapolate except to higher energies recommended for inexperienced users and should be followed by cautious modeling cross-checks and results.



The current software only deals with hadron–hadron or lepton–lepton collisions. The (anti)proton, (anti)neutron, pion, and Pomeron in a specific case are all encompassed by the hadron. There is no support for lepton–hadron collisions or incoming photon beams, but these could be provided in substantial future updates.



Internal facilities to deal with proton–nucleus or nucleus–nucleus collisions are not planned. However, for completeness, we should mention that there are a variety of programs having interfaces with certain PYTHIA physics models, particularly string fragmentation algorithms, Processes of collision and decay. Furthermore, the outgoing particles are produced in a vacuum, and PYTHIA does not include a simulation of the generated particles’ interaction with detector material. The user can write their interfaces to external detector-simulation programs, or they can utilize the HepMC [24] interface. PYTHIA events can always be studied down to the parton or particle level.



Event and Particle Selections


PYTHIA event generator is used to simulate pp collisions; the PYTHIA version used in the present work is 8.245 version. The collisions were simulated at the center of mass energies    s  = 2.36  ,   2.76  , 5, 7, 8, 10, 13 and 14 TeV corresponding to some energies at which the LHC was operated or expected to operate soon. Approximately 20 million events were generated with PYTHIA at each center of mass-energy, Table 1.



In the present work, the events are selected according to the following criteria. All QCD soft processes are switched on for simulating the minimum-bias events. Each event must have at least three charged particles in the final state, within the pseudorapidity   | η | <   2.5 and the whole azimuthal angle   | ϕ | < π  .





3. Results and Discussion


3.1. Multiplicity Distribution of Charged Particles


The distribution of charged particles’ multiplicity produced from pp collisions at different energies    s  = 2.36  ,   2.76  , 5, 7, 8, 10, 13 and 14 TeV are shown in Figure 1. Furthermore, the multiplicity of charged particles produced in different eta ranges   η   < 0.5, 1, 1.5, 2 and 2.5 are in Figure 1, Figure 2, Figure 3, Figure 4 and Figure 5.



Figure 1, Figure 2, Figure 3, Figure 4 and Figure 5 show that the number of charged particles produced increase with increasing collision energy and pseudorapidity intervals. The distribution of charged particles’ multiplicity were measured in five different pseudorapidity intervals   η   < 0.5, 1, 1.5, 2 and 2.5 at different energies    s  = 2.36  ,   2.76  , 5, 7, 8, 10, 13 and 14 TeV. In the   η   < 0.5 region, the number of charged particles produced   N  c h    reached approximately 56 at an energy of 2.36 TeV and it increases with energy to reach 114 at an energy of 14 TeV. In the   η   < 1 region,   N  c h    reached 99 with an energy of 2.36 TeV but when the energy was 14 TeV, there were 167 charged particles. In the   η   < 1.5 region,   N  c h    reached 123 with an energy of 2.36 TeV but when the energy was 14 TeV, there were 194 charged particles. In the   η   < 2 region,   N  c h    reached 156 when an energy of 2.36 TeV but when the energy was 14 TeV, there were 252 charged particles. In the   η   < 2.5 region,   N  c h    reached 175 with an energy of 2.36 TeV, but when the energy was 14 TeV, there were 291 charged particles.



There is indeed a shift in slope in P(  N  c h   ) when   N  c h    > 20 in the maximum pseudorapidity interval of   | η | < 2.5  , reflecting a multicomponent structure, as discussed in terms of multiple-soft-Pomeron exchanges in [26,27,28]. Multi-Pomeron exchange contributions are used in Regge Field Theory to explain this expansion. Aside from one Pomeron, contributions from two or more Pomeron exchanges are possible. Because we have a bigger total cross-section at higher energies, we have a higher probability of further rescattering, or additional multiple contacts, defined by the exchange of additional Pomerons; hence, the mean number of Pomeron exchanges grows with energy. As a result, the multiplicity expands. With higher center-of-mass energies, such as at    s  = 14  , this feature becomes more noticeable.



Figure 6 shows the multiplicity distribution between the data collected by the compact Muon solenoid (CMS) experiment in LHC at CERN, and the generated Monte Carlo (MC) using the PYTHIA8 Monash tune at the collision energies of 2.36 and 7 TeV [6]. As shown in Figure 6, the data and MC have good agreement.




3.2. Testing of KNO Scaling at Different Collisions’ Energies


The KNO scaling [29] was initially derived from Feynman scaling [30] for asymptotic energies. Although Feynman scaling was not observed, the KNO scaling was still a practical phenomenological framework for comparing distributions at different energies. The original formulation was:


   P n   ( s )  =   1  < n ( s ) >    ψ    N  c h    < n ( s ) >     








where   < n ( s ) >   is the average multiplicity of charged particles produced from collisions at an energy of   s  . According to the assumption of KNO scaling, the distribution   <  n  c h   > P  ( Z )    where   Z =  N  c h    /  <  n  c h   >   is energy independent. That is, the multiplicity distributions are reduced to simple rescaled copies of the universal function (z) with the scaled multiplicity  Z  as the only variable. The data points   s   measured at different energies s collapse onto the unique scaling curve, as described by Stanley ( Z ).



For hadron–hadron collisions, KNO scaling holds up to ISR energies [31,32], but significant scaling violations occur at   s   = 200 GeV for both whole-phase space and central pseudorapidity range multiplicity distributions [26,33,34,35,36,37]. The UA5 experiment was the first to find a higher than predicted high-multiplicity tail and a shift in slope in pp collisions for wide rapidity ranges [26,38,39,40], which was considered as evidence for a multi-component structure of the final states [27,41]. Strong KNO scaling violations, as well as a change in slope in   P n  , were observed at an energy up to   s   = 14 TeV, confirming the previous results at the below energies. This violation comes from multi-parton scattering and Semihard gluon radiation (minijets).



For pp events in PYTHIA, the key aspect is the implementation of multiparton interactions (MPIs), where it is assumed that the impact parameter b between the two protons plays a key role. The small b and large b imply many and few MPIs, respectively. As the energy increases, the average number of MPIs goes up, which means that b can reach larger values. However, the b shape slowly changes with energy, and even less so if rescaling it to the   < b >   average value. That is, fluctuations around the average scales approximately with energy. This leads to approximate KNO scaling. However, also recall that PYTHIA events, in addition to MPIs, contain a lot of further physics that also affects the final outcome, even if the numbers of MPIs is very important in the overall mix [42].



Color reconnection (CR), a string fragmentation model, was also implemented in PYTHIA, where the final partons are color reconnected in such a way that the entire string length is as small as feasible [43].



According to the multiplicity distributions as in Figure 7, Figure 8, Figure 9, Figure 10 and Figure 11, the violation of KNO scaling is extreme for   | η | < 2.5 ,   but it is still held in the pseudorapidity interval   | η |   for an energy up to 14 TeV. There is a KNO scaling violation because the tails rise with increasing energy. Furthermore, the violation grows as the pseudorapidity range expands.



MPI increases the average multiplicity by three-fold and it has influence in multiplicity distribution to be more wider. Alternatively, CR has a different effect by reducing the average multiplicity by approximately 30% [44]. Additionally, it makes the multiplicity distribution more narrower. The charged particle multiplicity distribution reported at the LHC is rather well reproduced by the entire simulation, which includes both MPI and CR [12].



Some previous work studied the reason for the KNO violation in PYTHIA. In references [45,46], the authors studied the KNO scaling violation in an event-like jet, and they found that the basis of this violation is multiparticle interaction (MPI) and color reconnecting (CR). The microscopic mechanism of CR addresses the interactions that can exist between color fields during the hadronization phase. For testing this violation in minimum bias events, 20 million events were generated by PYTHIA8 without MPI and CR for energies   s   = 5, 7, 10, 13 and 14 TeV and 5 million events were generated with MPI = ON and CR = OFF for energies   s   = 2.36, 2.76, 5, 7, 8, 10, 13 and 14 TeV. As shown in Figure 12 and Figure 13, KNO is almost held when all MPI processes are switched OFF, which can be cleared when comparing them with Figure 7 and Figure 11, KNO scaling fails in the presence of MPI and when CR is OFF. Although CR reduces the mean multiplicity and makes it narrower, the KNO scaling is violated when it is switched OFF, as shown in Figure 12, Figure 13, Figure 14 and Figure 15. It is easy to assume that KNO scaling is violated when the one-to-one connection is cracked by complex QCD processes, such as single and double scatterings of parton linking different hard processes within one event, as well as softer MPI with the beam remnants [46]. We can see that the MPI and CR play essential roles in KNO scaling violations in the high pseudorapidity range.




3.3. Average Multiplicity and Dependence of Energy


The integral of the associated single-particle inclusive density in the interval under consideration is equal to the mean multiplicity, which is the first moment of multiplicity distribution. In hadron–hadron collisions, the mean multiplicity appears to increase with an increasing center-of-mass energy [6,33,38,47,48].



The fitting function of relation between the energy of collisions and mean multiplicity of a charged particle is the polynomial function in the form as shown below in Figure 16, where the values of the parameters are collected in Table 2.


  <  n  c h   > = B + B 1 ∗  s  + B 2 ∗   (  s  )  2  + B 3 ∗   (  s  )  3   













4. Conclusions


The multiplicity distribution of charged particle production from proton–proton collisions at different energies   s   = 2.36, 2.76, 5, 7, 8, 10, 13 and 14 TeV using PYTHIA event generators was presented and studied at different pseudorapidity regions    η  <   0.5, 1, 1.5, 2 and 2.5. The average of charged particles produced by the PYTHIA8 Monash tune is close to that measured by LHC experiments at the collisions’ energies   s   = 2.36, 2.76, 7, 8, and 13. KNO scaling was tested in the energy range between   s   = 2.36 TeV and 14 TeV, thus, we conclude that the KNO scaling only holds in the   η   < 0.5 region but with an increased pseudorapidity range, the violation increases. MPI and CR play essential roles in KNO scaling violations in the high pseudorapidity range. The average multiplicity increases with the increase in collisions’ energy with polynomial relations between the energy and mean multiplicity.
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Figure 1. The charged particle multiplicity distribution in the pseudorapidity interval   | η |   < 0.5, with    p T  >   0.1. 






Figure 1. The charged particle multiplicity distribution in the pseudorapidity interval   | η |   < 0.5, with    p T  >   0.1.
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Figure 2. The charged particle multiplicity distribution in the pseudorapidity interval   | η |   < 1.0, with    p T  >   0.1 GeV. 
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Figure 3. The charged particle multiplicity distribution in the pseudorapidity interval   | η |   < 1.5, with    p T  >   0.1. 
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Figure 4. The charged particle multiplicity distribution in the pseudorapidity interval   | η |   < 2.0, with    p T  >   0.1. 
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Figure 5. The charged particle multiplicity distribution in the pseudorapidity interval   | η |   < 2.4, with    p T  >   0.1 GeV. 
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Figure 6. Comparison between data and PYTHIA8 Monash tune at energies   s   = 2.36 TeV and 7 TeV in   | η | < 2.4   region. 
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Figure 7. KNO form of the charged particle multiplicity distribution at different energies in pseudorapidity   | η | < 0.5  . 
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Figure 8. KNO form of charged particle multiplicity distribution at different energies in pseudorapidity   | η | < 1.0  . 
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Figure 9. KNO form of charged particle multiplicity distribution at different energies in pseudorapidity   | η | < 1.5  . 
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Figure 10. KNO form of charged particle multiplicity distribution at different energies in pseudorapidity   | η | < 2.0  . 
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Figure 11. KNO form of charged particle multiplicity distribution at different energies in pseudorapidity   | η | < 2.4  . 
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Figure 12. KNO form of charged particle multiplicity distribution at different energies in pseudorapidity   | η | < 0.5   with MPI = OFF and CR = OFF. 
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Figure 13. KNO form of charged particle multiplicity distribution at different energies in pseudorapidity   | η | < 2.4   with MPI = OFF and CR = OFF. 
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Figure 14. KNO form of charged particle multiplicity distribution at different energies in pseudorapidity   | η | < 0.5   with MPI = ON and CR = OFF. 
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Figure 15. KNO form of charged particle multiplicity distribution at different energies in pseudorapidity   | η | < 2.4   with MPI = ON and CR = OFF. 
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Figure 16. The relation between the collisions’ energy and the average charged particles when   | η | < 2.4   and    p T  >   0.1 GeV. 
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Table 1. The number of events generated by PYTHIA with at least one charged particle and a minimum   p T   > 0.1 GeV of and comparison with real data at some energies [6,25].
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	   s    (TeV)
	      <  N ch  >   PYTHIA 8      
	      <  N ch  >   RealData      
	Number of Generated Events × 107





	2.36
	22.49
	22.9 ± 2.05 (stat. + syst.)
	1.396728



	2.76
	23.39
	
	1.396718



	5
	27.27
	-
	1.396264



	7
	29.77
	30.4 ± 2.2 (stat. + syst.)
	1.39555



	8
	30.84
	30.82 ± 0.35 (stat.)
	1.395548



	10
	32.68
	-
	1.395809



	13
	35.2
	
	1.396184



	14
	35.69
	-
	1.396307
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Table 2. Fitting parameters for the relation   s   and   <  n  c h     in the energy range between 2.36 TeV up to 14 TeV in the pseudorapidity region   | η | < 2.4   and    p T  >   0.1 GeV.






Table 2. Fitting parameters for the relation   s   and   <  n  c h     in the energy range between 2.36 TeV up to 14 TeV in the pseudorapidity region   | η | < 2.4   and    p T  >   0.1 GeV.





	Parameter
	Value





	B
	16.75972 ± 0.20156



	B1
	2.81907 ± 0.1044



	B2
	−0.16831 ± 0.01482



	B3
	0.00455 ± 6.10306 × 10    − 4   
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