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Abstract: In ultra-relativistic heavy-ion collisions, the study of muons from kaon (K) and
pion () decays provides insights into hadron production and propagation in the Quark—
Gluon Plasma (QGP). This paper investigates muon yields from K and 7t decays in Pb—Pb
collisions at \/syn = 2.76 TeV using a fast simulation method. We employ a fast Monte
Carlo procedure to estimate muon yields from charged kaons and pions. The simulation
involves generating pions and kaons with uniform pt and y distributions, simulating
their decay kinematics via PYTHIA, and reweighting to match the physical spectra. Our
results show the transverse momentum distributions of muons from K and 7t decays at
forward rapidity (2.5 < y < 4.0) for different centrality classes. The systematic uncertainties
are primarily from the mid-rapidity charged K/ spectra and rapidity-dependent Raa
uncertainties. The muon yields from pion and kaon decays exhibit consistency across
centrality classes in the pr range of 3-10 GeV/c. This study contributes to understanding
hadronic interactions and decay kinematics in heavy-ion collisions, offering references for
investigating pion and kaon decay channels and hot medium effects.

Keywords: decay muon; quark-gluon plasma

PACS: 14.40.Aqpi; K; and eta mesons

1. Introduction

In ultra-relativistic heavy-ion collisions, a strongly interacting deconfined medium of
quarks and gluons, known as the Quark—Gluon Plasma (QGP), is created. Experimental
evidence for the existence of this extreme state of matter has been observed at both the
Relativistic Heavy-lon Collider (RHIC) [1-4] and the Large Hadron Collider (LHC) [5-9].
The study of QGP properties provides crucial insights into the strong interaction under
extreme conditions, offering a deeper understanding of quantum chromodynamics (QCD)
in the non-perturbative regime.

The production of hadrons consisting of light flavor quarks (u, d, and s) has been
extensively investigated in Pb—Pb collisions at LHC energies [10]. These studies aim to
explore QGP dynamics and the subsequent hadronization process. After its formation,
QGP expands and cools hydrodynamically, undergoing two distinct freeze-out stages.
Chemical freeze-out occurs when inelastic collisions cease, fixing the hadron yields [11,12].
This is followed by the kinetic freeze-out, where elastic collisions also stop, fixing the final
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momenta of hadrons. Understanding these stages is essential for deciphering the evolution
of the system from a deconfined state to hadronic matter.

ALICE has extensively measured the transverse momentum (pr) spectra of charged
pions, kaons, and protons in pp and Pb-Pb collisions across various centralities [10].
A key observation from these measurements is that, within statistical and systematic
uncertainties, the nuclear modification factor remains the same for all three particle species
at pt > 10 GeV/c. This suggests that high-pr hadrons experience a similar degree of parton
energy loss in the QGP, irrespective of their mass or quark content. Furthermore, ALICE
has reported that in different centrality intervals, they enhance the systematic uncertainty of
the kaon yields by a factor of approximately two in the pt region where it is later observed
that the peaks of the kaon-to-pion ratios are located [13]. ALICE has also reported that
the K/ ratio exhibits an increasing trend from approximately 0.2 to 0.6 as the particle
momentum rises to 3 GeV/c, beyond which the ratio approaches a plateau.

Kaons (K) and pions (7r) are known to decay into muons with well-defined branching
ratios. The decay fraction of charged pions into muons is approximately 1 [14], while
for Kaons it is about 0.63 [15]. The study of decay muons originating from K and 7t can
provide complementary information on hadron production and propagation in the medium.
Specifically, analyzing the scaling behavior of muon yields from these decays can offer
valuable insights into hadronic interactions and decay kinematics.

In this study, we investigate the muon yields from K and 7t decays in Pb—Pb collisions
at a center-of-mass energy per nucleon pair of \/syy = 2.76 TeV. Our analysis focuses on
two parts. First, we employ a fast simulation procedure to estimate the expected muon
yields from charged kaons and pions. Second, we examine whether the final charged
pion spectra are consistent with the kaon spectra scaled by an appropriate factor within
uncertainties. These investigations aim to improve our understanding of hadron decay
kinematics and medium effects in heavy-ion collisions.

The paper is structured as follows: In Section 2, we introduce the fast simulation
procedure used in our analysis. In Section 3, we describe the centrality rebinning of
charged pion and kaon spectra, the transverse momentum distribution of decay muons,
the extrapolation of mid-rapidity spectra to forward rapidity, and the generation of muons
from charged pion and kaon decays, respectively. In Section 4, we present the results
on forward rapidity transverse momentum distributions of muons from K and 7 decays.
Finally, Section 5 provides a summary of our findings and conclusions.

2. Fast Simulation Method

The production of muons from the decays of charged pions and kaons is simulated
using a fast Monte Carlo (MC) procedure designed to replicate decay kinematics. This
approach leverages extrapolated pr- and rapidity (y)-dependent spectra of 7+ and K* as
inputs, enabling efficient computation of muon yields. The methodology comprises three
principal steps, followed by a systematic propagation of uncertainties:

2.1. Decay Kinematics Simulation
The fast simulation procedure includes the following steps:

1.  Pion and Kaon Generation. Charged pions and kaons are generated with uniform
distributions in pt and y within predefined ranges (pr > 3 GeV/c, |y| < 6). This uni-
form sampling optimizes computational efficiency while ensuring sufficient statistical
coverage for rare high-pr particles. The absence of p1- or y-dependent weighting at
this stage simplifies event generation.

2. Reweighting to Physical Spectra. The generated charged pions and kaons are
reweighted to match the experimentally measured pr- and y-extrapolated distri-
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butions of 7 and K*. For each hadron species, a weight w(pr,y) is calculated as
the ratio of the measured differential yield >N/ (dprdy) to the uniform distribution.
Charged pions and kaons are then scaled by these weights, effectively mapping the
uniform MC sample onto the physical spectra.

3.  Forced Decay via PYTHIA. The decay kinematics of 77+ and K* into muons are
simulated using the PYTHIA 6.4 decayer module [16], which accurately models the
momentum distributions of decay products in the parent particle rest frame.

2.2. Uncertainty Propagation

The systematic and statistical uncertainties of the input 7+ and K* spectra are propa-
gated to the final muon yields through a two-stage procedure:

1. Quadratic Combination of Input Uncertainties. Statistical (0stat) and systematic (0sys)
uncertainties in the parent hadron spectra are combined in quadrature for each pr-y bin:

Utotal(pT’y) = \/Ugtat(pT/y) +Uszys(pry)' (1)
The statistical and systematic uncertainties refer to the experimental uncertainties reported
by the ALICE Collaboration. The uncertainty for each p1-y bin is calculated by combining
these statistical and systematic uncertainties in quadrature, as shown in Equation (1). In
addition to the uncertainties in the mid-rapidity charged pion and kaon spectra, we have
incorporated the systematic uncertainties arising from the rapidity dependence of Ra for
charged pions and kaons. Based on the findings of the BRAHMS Collaboration [17] and
ATLAS Collaboration [18], we estimate an extra 30% systematic uncertainty for charged
pion and kaon spectra to account for this rapidity-dependent R effect. The total uncer-
tainty combines both the mid-rapidity charged pion or kaon spectra uncertainties and the
rapidity-dependent Ry o uncertainties. This total uncertainty defines the upper and lower
bounds of the input spectra, which are then propagated to the final muon yields through
the simulation process.
2. Monte Carlo Resampling. The fast simulation is repeated twice using the +10y,,)-
shifted 77* and K* spectra as the inputs. The resulting muon yields from these extreme
cases define the uncertainty bands for the final predictions.

3. Kaons (K) and Pions (7r) Decay Muons
3.1. Centrality Rebin of Charged Pion and Kaon Spectra

The contribution of muons from primary charged pion and kaon decays to the single-
muon transverse momentum (pr) spectrum is estimated using published ALICE mea-
surements of mid-rapidity (|y| < 0.8) charged 7+ and K* yields in Pb-Pb collisions at
V/snN = 2.76 TeV [13]. To enhance statistical precision and align with broader centrality
classes used in forward muon analyses, the original 0-5% and 5-10% centrality bins are
merged into a single 0-10% centrality interval. Similar rebinning is applied to other central-
ity ranges, resulting in six consolidated classes: 0-10%, 10-20%, 20—40%, 40-60%, 60-80%,
and 40-80%.

For each particle species (7 or K¥), the differential yields in adjacent centrality bins
are combined as follows:

The central value of the merged bin is computed as the arithmetic mean of the yields
in the original bins:

< d>N > _1( d*N ‘ N d’N ) )
Ap1dy [ merged 2 \dprdylbint — dprdy lbin2 )

where binl and bin2 represent the original centrality intervals (e.g., 0-5% and 5-10%).
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Statistical errors (Estat) are combined in following equation:

1 1

Estat,merged = 2 \/

®)

2 2
Ustat,binl + astat,binZ

2 2 . . . . . .
where 03 i and 05 Tepresent the statistical uncertainty values in binl and bin2, re-
spectively.

Systematic errors (Esys) are combined in quadrature, assuming independence be-
tween bins:

1
— 2 2
Esys,merged ) \/Esys,binl + Esys,binZ' (4)

where Egys,binl and Es%ys,binZ represent the systematic error values in binl and bin2, respectively.

Figure 1 summarizes the rebinned charged pion (upper panel) and kaon (lower panel)
pr spectra in the rapidity range |y| < 0.8 for centrality classes 0-10%, 10-20%, 20-40%,
40-60%, 60-80%, and 40-80%.
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Figure 1. Charged pions measured at mid-rapidity (upper) and charged kaons measured at mid-
rapidity (lower) in Pb—Pb collisions at ,/snn = 2.76 TeV in —0.8 < iy < 0.8 [13]. The statistical errors
are plotted as color vertical error bars.



Particles 2025, 8, 59

50f 10

3.2. Rapidity Extrapolation of Charged Pions and Kaons

The extrapolation of rapidity distributions for charged pions (77%) and kaons (K) is
performed using a data-driven approach, incorporating Monte Carlo (MC) simulations.
If we previously assumed that Rp4 is independent of rapidity, the differential yield of
these particles as a function of transverse momentum (pr) and rapidity (y) is expressed
as follows:

mid—
dZNTL’i(Ki) 7'L'i Ki ﬂi Ki dZNTL’i(Ki) Y
= <NC0H> ’ [RAA( )} ’ |:Fextr(a )(pT/y):| T3 1., ’ (5)
AA P pp

dprdy dprdy
2N (65) [Pﬂi(’(i)( )} Q2N ) Y ©)
dedy A — | Textrap pr, Yy op dedy A ’

where Fextrap (p1, ) represents the pr-dependent rapidity extrapolation factor. This factor
accounts for the variation of particle production as a function of rapidity and is essential
for extending measurements from mid-rapidity to a broader rapidity range.

The rapidity extrapolation factor, Fextrap(pT,y), is determined using Monte Carlo
simulations generated with the PYTHIA 6 event generator [16]. These simulations provide
a theoretical basis for understanding the rapidity dependence of particle production in
high-energy collisions.

For transverse momenta pt > 3 GeV/c, the rapidity distributions of charged pions
and kaons obtained from PYTHIA 6 simulations are fitted using a polynomial function of
the form:

Fiie(y) = p1x® + pax® + pax* + pax® + psx + pe, (7)

where x represents the normalized rapidity variable, and p1, p2, ..., ps are the fitting pa-
rameters extracted from the simulation data. This functional form effectively captures the
rapidity dependence of particle yields and ensures a smooth extrapolation beyond the
measured rapidity range.

Figure 2 illustrates the polynomial fits to the simulated rapidity distributions for pions
and kaons. The extrapolated results obtained from these fits are employed to extend the
measured particle yields beyond mid-rapidity.

g g s
2 pp Vs =2.76TeV —K
g10° PYTHIA6
‘; F p; > 3 GeV/c —fitline
% i

10° E

10*

10°

.6
rapidity
Figure 2. Rapidity distribution of charged (77) and K with (pt > 3) GeV/c from PYTHIA6 and the
corresponding polynomial fit.
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3.3. Upper Limit of py for Charged Pion and Kaon Decay to Muons

The determination of the upper transverse momentum (pt) limit for charged pions
(7r%) and kaons (K*) that decay into muons is a crucial aspect of our analysis. The control
plots used to establish this upper limit are shown in Figure 3, where the upper panel
corresponds to mother pions and the lower panel to mother kaons.
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Figure 3. Control plots used to determine the upper limit of pr for mother pions (upper plot) and
mother kaons (lower plot).

As illustrated in Figure 1, the measured pion and kaon spectra in the ALICE central
barrel are limited to pr = 20 GeV/c. It is essential to verify whether pions and kaons with
pr = 20 GeV/c decay into muons with pt < 10 GeV/c.
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This verification is performed by analyzing the distributions shown in Figure 3, which
present the difference between the number of muons originating from pion and kaon

max

decays with pr < 10 GeV/c and those from pion and kaon decays with pt < p7™ as a

function of p7®*.

The results indicate that this difference saturates at p7®* = 20 GeV/c, implying that
the contributions of pions and kaons with pt > 20 GeV/c to muons with pr < 10 GeV/c
can be ignored. This saturation effect confirms that the decay of pions and kaons with

pt > 20 GeV/c into muons with pr < 10 GeV/c is negligible.

3.4. Generation of Muons from Charged Pion and Kaon Decay

The study presented in Ref. [19] provides the first measurement of open heavy-flavour
production via muons from the semi-leptonic decays of charm and beauty hadrons in Pb-Pb
collisions at /syn = 2.76 TeV using the ALICE detector at the LHC. These measurements
were conducted in the forward rapidity region (2.5 < y < 4.0 [20]), a phase space region
uniquely accessible at the LHC by the ALICE experiment in heavy-ion collisions.

Muons originating from the decays of charged pions and kaons in the rapidity range
of 2.5 < y < 4.0 constitute an important background for the measurement of open heavy-
flavour production via semi-leptonic decays of charm and beauty hadrons in various collision
systems, including pp, p-Pb, Pb—Pb, and Xe—Xe collisions [19,21-23]. Accurately estimating
this background is crucial for extracting the heavy-flavour signal with high precision.

In the final step of this analysis, muons from charged pion and kaon decays are
simulated using a fast decay kinematics algorithm. The inputs to this simulation include:
(1) The rebinned transverse momentum (pr) spectra of charged pions (upper panel) and
kaons (lower panel) in the mid-rapidity region (|y| < 0.8), categorized into centrality classes
0-10%, 10-20%, 20-40%, 40-60%, 60-80%, and 40-80%, as described in Section 3.1. (2) The
polynomial fits the simulated rapidity distributions of charged pions and kaons, obtained
as outlined in Section 3.2.

Using these inputs, the production of muons from charged pion and kaon decays
in the forward rapidity range 2.5 < y < 4.0 is modeled. Additionally, as discussed in
Section 3.3, an upper limit of muon pt = 10 GeV/c is applied to the generated muons. In
Section 3.3, the upper limit of muon pr = 10 GeV/c is applied to the generated muons,
primarily because the measured pion and kaon spectra in the ALICE central barrel are
limited to pr = 20 GeV/c. The control plots in Figure 3 show that the difference between
the number of muons from pion and kaon decays with pr < 10 GeV/c and those from
pion and kaon decays with pr < p7® saturates at p7® = 20 GeV/c. This implies that
pions and kaons with pr > 20 GeV/c contribute negligibly to muons with pt < 10 GeV/c.
Therefore, the upper limit of muon pr = 10 GeV/c is set to ignore the contribution of pions
and kaons with pt > 20 GeV/c to muons in this pt range.

4. Results and Discussions

Figure 4 presents the estimated transverse momentum (pr) distributions of muons
originating from the decays of charged pions (black) and kaons (blue) in the rapidity
interval of 2.5 < y < 4.0. The distributions are categorized according to centrality classes:
0-10%, 10-20%, 20—40%, and 40-80%. These results provide crucial input for background
estimation in the measurement of open heavy-flavour production via semi-leptonic decays
of charm and beauty hadrons.



Particles 2025, 8, 59 8 of 10
A10_3: F
§ E 5] PbPb@ VS =276 TeVin 2.5<y<4.0 [ W gt
e [ B 0-10% i 10-20% M. K
) "] i u
—{ G| o]
210‘4.— B 8 SEELSL
3 f E Es
5 O - [+ ]57
) i 1[c] i 2 1o
Q’_105:_ g = E EET
RS B gl E -_T
2 C - C o
- — - ft O
><> LTO Ll =
Z®10’65— —Tii_ 3 850 5
- E A S5 _T=To
i _LEL LA =
. T L I I |...._..|....|....|....|....|....|....|..:
Q) g g
: | :
(Lg 10_4;‘ %ZI 20-40% 3 40-80%
s F Eg - EHo
[2] _
£ 10°F IIEI% 3
> F F
8 C r
~ []
1_6=— =
§°F : =
Z -
_910775—
F o
2 N
~— -8 _
N T T T T T - T P T I PP P T
3 4 5 6 7 8 9 3 4 5 6 7 8 9 10
P, (GeV/c) P, (GeV/c)

Figure 4. Estimated transverse momentum (p) distributions of muons from charged pion (black) and
kaon (blue) decays in the rapidity range of 2.5 < y < 4.0. The distributions are shown for different
centrality classes: 0-10%, 10-20%, 20-40%, and 40-80%.

The systematic uncertainties associated with these muon distributions arise primarily
from the total uncertainties in the mid-rapidity charged pion and kaon spectra, as discussed
in Section 3.1. These uncertainties influence the accuracy of the estimated muon yields in
the forward rapidity region.

The pr distributions of muons originating from charged pion and kaon decays exhibit
a high degree of consistency, remaining within uncertainties across all centrality classes, as
shown in Figure 4. In particular, the ratio of muons from kaon decay to those from pion
decay, relative to the kaon—pion ratio [13] (approximately 0.5), shows an enhancement by
about a factor of two.

Furthermore, the scaling behavior of these muon distributions serves as an essential
reference for studying pion and kaon decay channels in high-energy heavy-ion collisions.
Such analyses contribute to a deeper understanding of hot medium effects and the underly-
ing mechanisms governing hadronic interactions.

5. Summary

In this paper, we have investigated the muon yields from charged kaon (K*) and pion
() decays in Pb-Pb collisions at \/syn = 2.76 TeV using a fast simulation method. The
study aims to improve our understanding of hadron decay kinematics and hot medium
effects in heavy-ion collisions.

The fast simulation procedure involves three main steps: generating charged pions and
kaons with uniform distributions in transverse momentum (pr) and rapidity (y), reweight-
ing the charged pion and kaon spectra to match the experimentally measured pr- and
y-dependent spectra of the parent hadrons, and simulating their decay muon kinematics
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using PYTHIA 6.4. The systematic uncertainties related to the rapidity dependence of Raa
for charged pions and kaons, along with the systematic and statistical uncertainties from
the input hadron spectra, are propagated to the final muon yields through a two-stage
procedure. We have rebinned the mid-rapidity charged pion and kaon spectra from ALICE
measurements into broader centrality classes to enhance the statistical precision. The ra-
pidity distributions of these hadrons are extrapolated using a data-driven approach with
polynomial fits to the PYTHIA 6 simulation results. As discussed in Section 3.3, an upper
limit of muon pt = 10 GeV/c is applied to the generated muons.

The estimated transverse momentum distributions of muons from charged pion and
kaon decays in the forward rapidity region (2.5 < y < 4.0) show a high degree of consis-
tency across different centrality classes. These results provide a crucial input for background
estimation in the measurement of open heavy-flavour production via semi-leptonic decays
of charm and beauty hadrons. While muons from charged pion and kaon decays are
produced outside the hot medium, their yields and momentum distributions can indirectly
reflect the parent hadrons’ production characteristics, which can be influenced by the
medium. Moreover, this study contributes to understanding hadronic interactions and
decay kinematics in heavy-ion collisions, offering references for investigating pion and
kaon decay channels and hot medium effects.
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