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Pseudorapidity dependence of charged-particle production in nonsingle diffractive pp collisions
in the PACIAE 4.0 model
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Studying experimental observables is a key benchmark for validating theoretical models in high energy
physics. In this work, we employ the PACIAE 4.0 model to simulate nonsingle diffractive proton-proton (pp)
collisions at center-of-mass energies of 0.9, 2.36, and 7 TeV, comparing the results with compact muon solenoid
(CMS) experimental data on charged-particle pseudorapidity densities and transverse momentum spectra across
different pseudorapidity bins, respectively. Our results show good agreement with the CMS data, particularly
only using a single set of parameters for all collision energies. This demonstrates that the PACIAE 4.0 model
can serve as a reliable tool for systematically studying the physics of NSD pp collisions.
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I. INTRODUCTION

Proton-proton (pp) collisions at ultrarelativistic energies
have emerged as a complementary approach to studying
the properties of quark-gluon plasma (QGP), alongside
relativistic nucleus-nucleus (AA) collisions. In particular,
high-multiplicity pp collision events exhibit collective behav-
ior resembling small QGP droplets [1–4]. The pseudorapidity
density distributions (dNch/dη) and transverse momentum
(pT) spectra of charged particles are fundamental experimen-
tal observables, carrying information about system dynamics
at freeze-out and even earlier stages [5–16]. Moreover, these
measurements provide insights into both soft and hard quan-
tum chromodynamics (QCD) processes, as well as particle
production mechanisms. Thus, studying these observables is
crucial for understanding QGP properties [17–42]. However,
high energy pp collisions are highly complex dynamical
processes. Experimental measurements alone cannot fully
characterize the underlying physics, necessitating theoretical
models, such as PYTHIA [43,44], HERWIG [45], HIJING
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[46], AMPT [47], SMASH [48], PACIAE [49–51], etc., to
describe the collision evolution across different stages. The
measured observables not only validate theoretical models
but also impose stringent constraints on their parameter space
[52–54].

In our previous work [55], we showed that the PACIAE
4.0 model can reproduce well the experimental data for the
pseudorapidity density distributions of charged particles and
the transverse momentum spectra of identified particles at
midrapidity in inelastic (INEL) pp collisions at various col-
lision energies. This provided a valuable resource for both
experimentalists and theorists since pp collisions serve as
the baseline for heavy-ion collisions. In 2010, the compact
muon solenoid (CMS) Collaboration at the CERN Large
Hadron Collider (LHC) published results on the pseudorapid-
ity density distributions and the pseudorapidity dependence
of the transverse momentum spectra for the charged parti-
cles produced in nonsingle diffractive (NSD) pp collisions at
center-of-mass energies (

√
s) of 0.9, 2.36, and 7 TeV [56,57].

NSD pp collision events are a subcategory of INEL pp col-
lision events. The INEL collision events and NSD collision
events include different physics processes. These data of-
fer a valuable opportunity to further validate the capabilities
of the PACIAE 4.0 model in simulating NSD pp colli-
sions. Therefore, we simulate the pseudorapidity dependence
of the transverse momentum spectra and the pseudorapid-
ity density distributions for charged particles in the NSD
pp collisions at

√
s = 0.9, 2.36, and 7 TeV using the PA-

CIAE 4.0 model. Additionally, we investigate and discuss
the differences in model parameters for NSD and INEL pp
collisions.
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FIG. 1. The program flow for a pp collision in PACIAE 4.0 model.

The paper is organized as follows. In Sec. II, the PACIAE
4.0 model is briefly introduced. In Sec. III, we present the
PACIAE 4.0 simulation results for both the pseudorapidity
density distributions and the pseudorapidity dependence of
the transverse momentum spectra of charged particles in NSD
pp collisions at

√
s = 0.9, 2.36 and 7 TeV, including compar-

isons with experimental data. A brief summary is drawn in
Sec. IV.

II. THE PACIAE 4.0 MODEL

PACIAE [49–51] is a phenomenological parton and hadron
cascade model based on PYTHIA [43,44]. It is designed to de-
scribe high-energy collisions involving lepton-lepton, lepton-
hadron, lepton-nucleus, hadron-hadron, hadron-nucleus, and
nucleus-nucleus interactions. Same as its earlier versions
[49,50], the latest released version of PACIAE 4.0 [51] com-
prises four stages: the initial state, partonic cascade (partonic
rescattering), hadronization, and hadronic cascade (hadronic
rescattering).

For a pp collision in the PACIAE 4.0 model, the ini-
tial state is first generated by PYTHIA 8.3 with the string
fragmentation temporarily switched off. The strings are then
broken down, and the diquarks split randomly resulting
in an initial partonic state. Partonic rescattering is subse-
quently considered through 2 → 2 parton-parton scatterings
using leading-order perturbative quantum chromodynamics
(pQCD) cross sections [58]. In the sequential hadronization
process, partons are hadronized through the Lund string frag-
mentation approach (used in this work) or via the coalescence
model. Finally, hadronic rescattering is executed until kinetic
freeze-out. A more comprehensive description of the PACIAE
4.0 model can be found in our recent works [51,55]. The
program flow for a pp collision in PACIAE 4.0 is shown in
Fig. 1.

There are three adjustable parameters in the pp collision
simulation in PACIAE 4.0: The K factor (adj1(10) in the
program) is a multiplicative factor of the hard scattering cross

sections [58,59], i.e.,

dσ

dt
(ab → cd; s, t ) = K

πα2
s

s2
|M̄(ab → cd )|2, (1)

where αs is the strong coupling constant. s and t are the
Mandelstam invariants in the kinematics of the ab → cd
parton-parton process. The other two parameters are a and b
in the LUND fragmentation probability function [43,60]

f (z) ∝ (1/z)(1 − z)a exp
( − bm2

T /z
)
, (2)

which is closely related to the particle production in the
simulation. In Eq. (2), z denotes the energy fraction taken
away by a hadron fragmented from a high energy parton;

mT =
√

m2 + p2
T is the transverse mass of the hadron.

III. RESULTS AND DISCUSSION

In this study, we ultilize CMS data for both pseudorapidity
density distributions and pseudorapidity dependence of the
transverse momentum spectra of charged particles in NSD pp
collisions at three different collision energies, comparing them
with PACIAE 4.0 simulations. The three adjustable parame-
ters in our model with values of:

(1) K = 0.8: It is same as in Ref. [55]. This indicates that
we require the same hard-scattering cross sections in
NSD pp collisions as those in INEL pp collisions to
reproduce the corresponding experimental data at the
same collision energy in the PACIAE 4.0 model.

(2) a = 0.68: Consistent with Ref. [55], this parameter
remains unchanged.

(3) b = 0.8: It is a free parameter to optimize the agree-
ment between the simulation results from PACIAE 4.0
and the experimental data for pseudorapidity density
as well as the pseudorapidity dependence of transverse
momentum distributions of charged particles simul-
taneously at a given collision energy. Following the
parameter adjustment strategy of Ref. [55], we surpris-
ingly found b = 0.8, with roughly 5% errors, works
consistently across all the three collision energies stud-
ied. In practice, we use the χ2 of pseudorapidity
density distributions of charged particles (dNch/dη) to
determine the parameter b by requiring the χ2 for all
three datasets within a low range simultaneously. Then
the pseudorapidity dependence of transverse momen-
tum distriubtions of charged particles can be in good
agreement with the corresponding experimental data,
see Fig. 3.

All other input parameters retain their default PACIAE 4.0
values.

Figure 2 presents the pseudorapidity density distributions
of charged particles (dNch/dη) in NSD pp collisions simu-
lated by PACIAE 4.0 at

√
s = 0.9, 2.36, and 7 TeV, compared

with corresponding CMS experimental data. The experimen-
tal measurements are shown as black dots with error bars,
while the simulation results are represented by red open tri-
angles. The simulation reproduces the experimental data well,
accurately capturing both the peak and valley positions of
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FIG. 2. Pseudorapidity density distributions of charged particles produced in NSD pp collisions at
√

s = 0.9, 2.36, and 7 TeV from PACIAE
4.0 model simulations are compared with CMS data [56,57].

the distributions indicating PACIAE 4.0 simulates the kine-
matics in NSD pp collisions reliably. The dip and peaks of
the dNch/dη distributions can be understood as a kinematic
effect from the use of pseudorapidity in a region where the
softness of the particles leads to a depletion near η = 0.
In the forward/backward regions |η| > 2, where the vari-
ables rapidity and pseudorapidity are comparable, dNch/dη

decreases rapidly with increasing |η|, which is attributed to
kinematic and dynamical constraints on particle production
at large rapidities. Both experimental data and simulations
show the expected increase in total charged particle multi-
plicity with collision energy

√
s. It has been examined that

the pseudorapidity distributions of charged particles are un-
derestimated for the NSD pp collisions at

√
s = 2.36 and

7 TeV, outside of the experimental data errors, using the
values of parameter b determined from the INEL pp colli-
sions, respectively [55]. It is worth noting that for

√
s = 0.9

TeV, the values of the parameter b are consistent for both
NSD and INEL pp collisions which is preferred. To un-
derstand these results, we have verified that there is energy
dependence of the fraction of NSD events in INEL events.
Certainly, using only NSD events would remove this energy
dependence. Then the final particle production is determined
by the combined contributions of Lund string fragmen-
tation probability, and partonic and hadronic rescattering
processes [55].

Figure 3 shows the pseudorapidity dependence of the trans-
verse momentum distributions of charged particles produced
in NSD pp collisions. Following experimental analysis pro-
cedures, the pseudorapidity space |η| < 2.4 has been divided
into 0.2-unit-wide bins for simulated NSD pp collision events
at

√
s = 0.9, 2.36, and 7 TeV, respectively. For clearer vi-

sualization, both experimental data and the corresponding
simulation data are scaled by factors indicated in the leg-
end. The CMS data [56,57] are shown as symbols, while
PACIAE 4.0 simulation results appear as lines, with dif-
ferent colors distinguishing pseudorapidity bins. The model
successfully reproduces transverse momentum distributions
across all pseudorapidity bins simultaneously. At pT < 0.3
GeV/c, PACIAE 4.0 underestimates the experimental data,
while for 0.3 � pT � 1 GeV/c, the model slightly overpre-
dicts the experimental data. Overall deviations are small and
the maximum deviation for few points is within 40%, which
is an excellent achievement for a transport model. Notably,
PACIAE 4.0 matches the precision of Boltzmann-Gibbs blast
wave model [61] as well as EPOS-LHC and PYTHIA 8
[19]. We emphasize that both pseudorapidity density dis-
tributions and pseudorapidity dependence of the transverse
momentum spectra of charged particles in NSD pp colli-
sions are studied simultaneously and systematically. Unlike
INEL pp collisions, where the value of parameter b is ad-
justed for different collision energies [55], NSD collisions are
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FIG. 3. Transverse momentum spectra of charged particles in various pseudorapidity bins in NSD pp collisions at
√

s = 0.9, 2.36, and
7 TeV from PACIAE 4.0 model simulations (lines) are compared with CMS data (symbols) [56,57]. For better visualization, a scaling factor
indicated in the legend is applied to both simulation results and experimental data for each pseudorapidity bin.

successfully described using a single parameter set across all
three collision energies studied, which is the ideal case for
transport models.

IV. CONCLUSIONS

The newly released PACIAE 4.0 model is utilized to sim-
ulate NSD pp collisions at

√
s = 0.9, 2.36, and 7 TeV. The

model demonstrates good agreement with CMS experimental
data for both pseudorapidity density distributions and pseu-
dorapidity dependence of the transverse momentum spectra,
remarkably using a single parameter set across all three col-
lision energies studied. Building on our previous work [55]

for INEL pp collisions with more collision energies available,
these results further validate the PACIAE 4.0 model as a
robust tool for systematic studies of pp collision physics. The
model’s reliability makes it particularly valuable for gener-
ating simulation data in experimentally unexplored regions.
We note that reproducing experimental data requires distinct
parameter sets for NSD and INEL pp collisions at the colli-
sion energy

√
s = 2.36 and 7 TeV. This discrepancy may be

explained by the energy dependence of the fraction of NSD
events in INEL events. A Bayesian analysis, which would pro-
vide a more rigorous quantification of parameter uncertainties
and correlations for PACIAE 4.0, will be the objective of our
following paper.
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