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Mixed species charge and baryon balance functions are computed based on proton-proton (pp) collisions
simulated with the PYTHIA8 model. Simulations are performed with selected values of the collision energy

√
s

and the Monash tune and the ropes and shoving modes of PYTHIA8 to explore whether such measurements
provide useful new information and constraints on mechanisms of particle production in pp collisions. Charge
balance functions are studied based on mixed pairs of pions, kaons, and protons, whereas baryon balance
functions are computed for mixed low mass strange and nonstrange baryons. Both charge and baryon balance
functions of mixed particle pairs feature shapes and amplitudes that sensitively depend on the particle considered
owing largely to the particle production mechanisms implemented in PYTHIA. The evolution of balance
functions integrals with the longitudinal width of the acceptance are presented and one finds that sums of such
integrals for a given reference particle obey expected sum rules for both charge and baryon balance functions.
Additionally, both types of balance functions are found to evolve in shape and amplitude with increasing collision
energy

√
s and the PYTHIA tunes considered.

DOI: 10.1103/PhysRevC.109.064913

I. INTRODUCTION

Associated charge density balance was developed in the
late 1970s as a tool to investigate charge flow and the quan-
tum origins of particle production in pp collisions and e+e−
collisions [1–7]. It was later realized, in the early 2000s, that
similarly defined charge correlation functions might be sensi-
tive to the different stages of particle production in heavy ion
collisions, particularly at the Relativistic Heavy Ion Collider
(RHIC). These correlations, named charge balance functions
(BFs), were then further developed to investigate and charac-
terize the evolution of particle production, and, specifically,
as an indicator of the presence of delayed hadronization and
the formation of long lived isentropic expanding quark-gluon

*Contact author: claude.pruneau@wayne.edu
†Contact author: sumit.basu@cern.ch
‡Contact author: victor.gonzalez@cern.ch
§Contact author: bghanley@wayne.edu
‖Contact author: a.marin@gsi.de
¶Contact author: alexandru.florin.dobrin@cern.ch
**Contact author: alexandru.manea@cern.ch

Published by the American Physical Society under the terms of the
Creative Commons Attribution 4.0 International license. Further
distribution of this work must maintain attribution to the author(s)
and the published article’s title, journal citation, and DOI. Funded
by SCOAP3.

plasma (QGP) in nucleus-nucleus (A-A) collisions [8–10]. It
later emerged that BFs are rather sensitive to the radial expan-
sion dynamics of the matter formed in A-A collisions [11–14]
and can, in principle, be used to probe hadron production
mechanisms such as the formation of clusters [15]. Later still,
it was found that the azimuthal dependence of hadron BFs,
particularly heavier hadrons, is sensitive to the diffusivity of
light quarks [10,14,16]. Furthermore, it has also been argued
that general balance functions, i.e., BFs involving distinct
species of hadrons, are sensitive to QGP susceptibilities near
the phase transition [17]. Nominally, susceptibilities deter-
mine the magnitude of net charge, net strangeness, and net
baryon number fluctuations. However, it is straightforward to
show that the magnitude of fluctuations, expressed in terms of
net-charge cumulants, is strictly related to balance functions
and higher order correlation functions [18]. Measurements
of BFs and other correlation functions offer the distinc-
tive advantage of enabling detailed experimental/instrumental
corrections and also allow more comprehensive studies of
the impact of final measurement acceptances. It is thus of
interest to carry out studies of the feasibility and precision
that can be achieved in the pursuit of charge balance functions,
baryon balance functions, and strange balance functions. Such
exploratory studies must evidently rely on existing models
of particle production in elementary collisions (e.g., proton-
proton) and heavy-ion collisions. Unfortunately, these studies
pose considerable theoretical challenges to the models: to be
suitable and workable in the study of charge, baryon, and
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strangeness balance functions, the models must conserve all
these quantum numbers in addition to satisfying basic laws
of energy-momentum conservation. Models that satisfy these
requirements are few. In this work, we utilize the Monash
tune [19] of PYTHIA [20], and two alternative modes known
as “shoving” and “ropes” [21] to investigate the behavior of
light hadron balance functions and baryon balance functions.
We are specifically interested in figuring out how the am-
plitude, and fractional integral of balance functions evolve
with beam energy and the specific mechanisms involved in
the conversion of partonic degrees of freedom into on-shell
hadrons.

This paper is organized as follows. In Sec. II we introduce
the unified balance functions [22] and discuss expectations
relative to their integrals. Section III presents a brief descrip-
tion of the PYTHIA model and the differences between the
Monash, ropes, and shoving modes. Section IV presents stud-
ies of light charged hadron balance functions while Sec. V
discusses studies of baryon balance functions. A summary of
this work is presented in Sec. VI.

II. BALANCE FUNCTION DEFINITION

In this work, we adopt the unified balance function defi-
nition set forth in recent works [22,23]. Three bound balance
functions, i.e., balance function determined within a limited
acceptance �, are nominally defined. The first represents the
(conditional) density of particles of type α being detected at
rapidity y1 when an antiparticle of type β̄ is found at rapidity
y2. The second represents the complement of the first, i.e., the
density of detecting an antiparticle ᾱ at y1 when a particle of
type β is found at y2. The third is simply the average of the
first two. They are defined as

Bαβ̄ (y1, y2|�) = 1〈
N β̄

1

〉 [Cαβ̄

2 (y1, y2) − Cᾱβ̄

2 (y1, y2)
]
, (1)

Bᾱβ (y1, y2|�) = 1〈
Nβ

1

〉 [Cᾱβ

2 (y1, y2) − Cαβ

2 (y1, y2)
]
, (2)

Bαβ,s(y1, y2|�) = 1

2
[Bαβ̄ (y1, y2|�) + Bᾱβ (y1, y2|�)], (3)

where Cαβ

2 (y1, y2) are two-particle differential cumulants
computed according to

Cαβ

2 (y1, y2) = ρ
αβ

2 (y1, y2) − ρα
1 (y1)ρβ

1 (y2), (4)

in which ρα
1 (y1) and ρ

β

1 (y2) are single-particle densities of
species α and β, respectively, and ρ

αβ

2 (y1, y2) is the (joint)
pair density of these two species. All densities are deter-
mined within the fiducial acceptance �. The quantities 〈Nα

1 〉
and 〈Nβ

1 〉 are the event ensemble averages of the number of
particles of types α and β obtained on an event-by-event ba-
sis within �. The functions Bαβ̄ (y1, y2|�) and Bᾱβ (y1, y2|�)
nominally yield different dependencies on the rapidities. They
are of interest to examine differences in charge balancing of
particles of type β and their antiparticles β̄. In this work,
however, we focus on the average balancing of charges (and
baryon number) and consider mixed balance function com-
puted with Eq. (3) exclusively. Additionally, given that our

goal is to study the sensitivity of mixed species of balance
functions, and their integrals, the functions are computed
based on the pair rapidity difference �y = y1 − y2 according
to

Bαβ,s(�y) ≡
∫

�

dȳ Bαβ,s(�y, ȳ). (5)

This enables a straightforward study of integrals of Bαβ,s(�y),
denoted herewith Iαβ,s(�y)

Iαβ,s(�y) ≡
∫ �y

−�y
d�y′ Bαβ,s(�y′). (6)

Given a particle of type β̄, charge (or baryon number) balanc-
ing requires that the sum of all balance functions Bαβ,s(�y)
spanning particle types α of opposite charge (or baryon num-
ber) must integrate to unity under a full acceptance condition.
In the following, for simplicity, these are denoted as

∑
Is and

values of these sums [of integrals of Bαβ,s(�y)] are studied as
a function of the breadth �y of the acceptance.

It is important to note that balance functions and cumula-
tive integrals presented in this work are computed based on an
ideal and perfect acceptance (i.e., pT > 0 and 4π coverage) to
focus the discussion on limiting integrals of balance functions
and their general evolution with the width of the longitudinal
acceptance. In actual experiments, the acceptance is usually
limited longitudinally to a range −y0 � y < y0 and one can-
not sample the full phase space of particle production. This
leads to “diamond shaped” particle pair acceptances when ex-
pressed in terms of the pair rapidity difference �y = y1 − y2

and the rapidity average ȳ = (y1 + y2)/2. The narrowing of
the acceptance for increasing values of �y can, however, be
partially compensated for by dividing the strength of corre-
lation functions at a given value of �y by the width of the
ȳ acceptance, 1 − �y/2y0. Such compensation is not consid-
ered in this work.

It is also of interest to note that balance functions can be
formulated for all conserved quantum numbers, i.e., includ-
ing strangeness, charm, bottomness, etc., in addition to the
electric charge and baryon number considered in this work. In
this context, one must remark that if elementary particles (and
nuclei) with multiple units of charge, strangeness, etc., were
considered, the balance functions would need to be computed
based on the number of units of charge, strangeness, etc.
carried by the particles: the yields would need to be multiplied
by the number of units of charge, strange quarks, etc., carried
by each particle.

III. SIMULATION MODEL: PYTHIA8

The charge BFs of particles produced in high-energy
proton-proton (pp) collisions are investigated theoretically
based on simulations carried out with the PYTHIA8 Monte
Carlo event generator operated with the Monash 2013
tune [19] with color reconnection, as well as with the so-
called shoving and ropes tunes [21,24]. PYTHIA8 is based
on a QCD description of quark and gluon interactions at
leading order (LO) and uses the Lund string fragmentation
model for high-pT parton hadronization while the production
of soft particles (i.e., the underlying event) is handled through
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fragmentation of minijets from initial and final state radiation,
as well as multiple parton interactions [25]. The shoving and
ropes tunes are respectively designed to elicit flowlike be-
havior and increase the production of higher particle mass,
specifically strange mesons and baryons.

Studies reported in this work are carried with PYTHIA
running in minimum-bias mode, with soft QCD processes
and color reconnection turned on. The shoving and ropes
modes use parameter values prescribed by current developers
of PYTHIA [24,26].

Events were generated and analysed on the Wayne State
University and Institute of Space Science (Romania) com-
puting grids in groups of ten or more jobs, each with ten or
more sub-jobs, and 300 000 events per subjob. This enabled
efficient and rapid use of the grids as well as reliable statistical
uncertainty calculations based on the subsample technique.

IV. LIGHT HADRON CHARGE BALANCE FUNCTIONS

The overall shape of charge balance functions is largely
driven by the processes that lead to the production and trans-
port of particles. Indeed, in addition to string fragmentation,
particlization, and decays, one should also note the role of
radial flow [15,27] and the diffusion of light quarks [14,28],
among others. One thus expects that, within a given accep-
tance in rapidity, these different processes should influence the
integral as well as the shape of the BFs. Measurements of the
relative contributions and integrals to charge balancing should
thus provide new discriminating power over the many mod-
els of particle production [15,29]. It is thus worth pursuing
measurements of mixed and same species balance functions
in several distinct transverse momentum and rapidity ranges.

Experimentally, measurements of identified hadrons π±,
K±, and p/p̄ are by far the most straightforward. Technolog-
ical advances achieved with modern experiments, however,
also enable precise measurements of strange baryons, D
mesons, and B mesons. It is thus interesting to consider
mixed balance functions of these particles also. Predictions
of balance functions of mixed low mass charge hadrons and
baryons, based on PYTHIA, are presented in this and the next
section whereas those of D mesons and B mesons are left for
future studies.

At the Large Hadron Collider (LHC), measurements of
single-particle spectra of neutral and charged pions (π±,0),
kaons (K±,0), as well as protons/antiprotons (p, p̄) are quan-
titatively well reproduced by models such as PYTHIA [19],
EPOS4 [30], and hydrodynamical based models [31–34]. In
these models, sets of high-mass hadrons are usually explicitly
included with in-vacuum decay modes to simulate their decay
and the production of low mass hadrons (e.g., π±,0, K±,0, p, p̄,
and so on). While little or no ambiguity exists in calculations
based on PYTHIA and transport models [34], uncertainties
do arise, in general, in the context of hydrodynamics based
models because of the intricacies associated with the parti-
clization of the freeze-out surface of the energy-momentum
tensors and from contributions of jet fragmentation. It is then
legitimate to ask what fraction of low mass hadrons originate
from decays of high mass states relative to “direct production”
by fragmentation of strings or jets or the hadronization of the

QGP. It is then of interest to consider the joint (i.e., correlated)
production of mixed pairs of particle species to establish the
relative yield of correlated particle production. This can be
done unambiguously based on mixed species balance func-
tions. Indeed, as illustrated below, the strength and shape of
mixed species balance function are directly sensitive to the
production processes that lead to joint production of charge
(baryon number) balancing hadrons. Additionally, balancing
functions present the singular advantage, relative to more
generic two-particle correlation functions, of featuring a sim-
ple sum rule: the sum of integrals Iαβ,s must converge to unity
for measurements within a full acceptance (i.e., 4π acceptance
and no losses at low or high pT). It is thus meaningful to
experimentally study what values Iαβ,s are produced by pp,
p-A, and A-A collision systems and to require that these values
be well reproduced by simulation models.

In the context of PYTHIA, the rapidity and transverse
momentum of particles are determined in part by the string
fragmentation and color reconnection processes, as well as by
the decay of short-lived hadrons. Such decays are constrained
by the mass of the parent and daughter particles and should
thus yield balance functions that are sensitive to the kinemat-
ics of the parent particles. Given that decays usually yield
particles at the low end of the transverse momentum spectrum,
one then expects balance functions to feature great sensitivity
to the spectrum of the parent hadrons as well as the relative
abundances of both light and heavy hadrons. Evidently, corre-
lations may also arise from the underlying particle production
mechanisms, whether associated with the fragmentation of
strings or jets or the particlization of a radially flowing freeze-
out surface. Measurements of mixed balance functions and
their evolution with transverse momentum and rapidity shall
then provide new additional information that will improve
the understanding of particle production and the matter they
emerge from. We first illustrate this point with calculation of
mixed light hadron balance functions.

The top panels of Fig. 1 present mixed species balance
functions of pairs π∓π±, K∓π±, and p̄π+ (pπ−) computed
according to Eq. (3) from pp collisions at

√
s = 13 TeV sim-

ulated with PYTHIA8 (Monash tune) with color reconnection.
The bottom panels display cumulative integrals Iαβ,s(�y),
computed according to Eq. (6). By convention, in this and
following figures, the second label of a pair αβ identifies the
“reference” particle, whereas the first label (e.g., α) indicates
its charge balancing partner. Weak decays of light hadrons
produced by PYTHIA8 (e.g., K0

S , �0, etc) are turned off in
order to focus the calculation on balance functions of primary
particles.

One finds that the amplitude of π∓π± BF (top left panel)
significantly dominates that of the K∓π±, and p̄π+ (pπ−)
BFs. This is also clear from the bottom left panel which
displays the cumulative integral Iαπ±,s(�y). One observes in
particular that the three BF integrals Iαπ±,s(�y) (i.e., triggered
by π∓π±) rapidly rise in the range 0 < �y < 1.5 and even-
tually saturate for �y > 3. Clearly, the integral of the π∓π±
BF far out weights those of K∓π±, and p̄π+ (pπ−) BFs. This
implies that the charge of a π+ (π−) is most likely balanced
by the production of π− (π+), while balancing by produc-
tion of K− (K+) or p̄ (p) is possible but far less probable.
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FIG. 1. Mixed balance functions Bαβ,s (top ) of charged light hadrons α, β = π±, K±, p( p̄) and their respective cumulative integrals Iαβ,s

(bottom), computed for pp collisions at
√

s = 13 TeV with PYTHIA8 Monash tune with color reconnection. The second label of a pair αβ

identifies the “reference” particle, whereas the first label (e.g., α) indicates the balancing partner. The symbol
∑

identifies the sum of balance
functions (top) and their integrals (bottom). See text for details.

Additionally note, based on the bottom left panel of Fig. 1,
that the integrals Iπ∓π±,s(�y), IK∓π±,s(�y), and I p( p̄)π±,s(�y)
add to unity in the large acceptance limit, �y → 20. This
indicates, in the context of the PYTHIA model, that the pro-
duction of a charged pion is (nearly) always charge balanced
by the production of a charged pion, kaon, or proton of the
opposite charge. While the charge balancing could in principle
be accomplished by the presence of electrons (e±) resulting
from decays of heavy quarks, the probability of such pro-
cesses is rather small and thus does not appreciably contribute
to the sum

∑
α Iαπ±,s(�y). It should be noted once again

that cumulative integrals Iαπ±,s(�y) were obtained from BFs
computed in full acceptance |y| = 10 and as such may not
accurately reflect values that might be obtained with smaller
experimental acceptances.

Based on central panels of Fig. 1, one observes that the
charge balancing of K+ proceeds somewhat differently than
the balancing of π+. Note indeed that the production of a
K+ is almost as often accompanied by a π− as K−, but is
much less likely to be balanced by a p̄. Charge balancing
by emission of K− also satisfies the strangeness balance of
the K+, but charge balancing by a π− requires that a third
(neutral) particle be emitted (and causally connected) to bal-
ance the strangeness of the K+. Similarly, charge balancing
by production of a p̄, a nonstrange baryon, requires that at
least one additional particle be produced, e.g., some strange
neutral baryon in order to balance both the strangeness of the
K+ and baryon number of the p̄. Additionally note that the
charge balancing of the K+ by π− as K− and p̄ effectively
add up to unity; processes yielding negative heavy mesons
decaying with the emission of an electron have small cross
section and contribute negligibly to the charge balancing of
the K+.

The charge balancing of proton (p), illustrated in the right
panels of Fig. 1, is also of particular interest. One finds that
the charge of a p is most often balanced by the charge of
an antiproton (likely by a pair creation process that also bal-
ances the baryon number of the proton), but balancing by
the production of a π− is also very probable while balanc-
ing by emission of a K− is less probable but nonetheless
possible. The latter must involve the emission of a least one
more causally connected particle, e.g., a �0, to also balance
strangeness and baryon quantum numbers. As such, this im-
plies that balance functions of pairs such as πK or pK probe
one facet of more complex processes involving conservation
of charge, strangeness, and baryon number. Mixed species
balance functions may thus probe complex processes involv-
ing the production of three or more particles constrained by
two or more quantum number conservation laws.

Balance functions and their integrals, shown in Fig. 1,
characterize the charge balancing processes expected when
using PYTHIA for pp collisions at

√
s = 13 TeV. Given that

the collision energy (
√

s) determines the relative abundance
of hard (jets) and soft particle processes, one should expect
that the charge balance of light hadrons might slowly evolve
with rising

√
s. Such possibility is examined quantitatively in

Fig. 2, which displays selected balance functions (top) and
their integrals (bottom) computed with PYTHIA8 Monash
tune with color reconnection for

√
s = 2.76, 5.02, and 13

TeV. The BFs exhibit different levels of sensitivity to collision
energy. For instance, the shape of the π∓π± BFs is found
to exhibit a small sensitivity to rising

√
s: its amplitude at

�y = 0 slowly rises with
√

s while its width exhibits a modest
reduction. The K−π+ BF exhibits a similar increase of its
amplitude (and associated decrease of its width) with rising√

s and one also observes that its integral shows a modest
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FIG. 2. Selected mixed pair balance functions Bαβ,s (top) and their cumulative integrals Iαβ,s (bottom) computed for pp collisions at√
s = 2.76, 5.02, and 13 TeV with PYTHIA8 Monash tune with color reconnection.

increase with increasing
√

s, whereas the π−π+ BF integral
does not exhibit any significant increase in the limit �y → 20.
The amplitude of the pπ BF, in contrast, does not feature an
appreciable dependence on

√
s but its shape does, and, as a

byproduct of this dependence, the integral I pπ,s decreases in
magnitude at �y → 20 with rising

√
s and thus compensates

for the observed increase of IKπ,s. It is also of interest to
examine how qualitative changes in the particle production
may impact BF shapes and the saturation value of their in-
tegrals. To this end, Fig. 3 compares selected mixed pair
BFs, and their respective integrals, obtained with PYTHIA8

simulations of pp collisions at
√

s = 13 TeV performed with
the Monash tune and the ropes and shoving modes. The shape
and amplitude of BFs of pairs ππ , Kπ , and the saturation
value of their respective integrals exhibit a small, but finite,
dependence of the PYTHIA mode used in the simulations.
However, note that the shape of Bpπ,s exhibits a much stronger
dependence on the tune and modes. Indeed, while Bpπ,s ob-
tained with the Monash tune and shoving mode have nearly
same shapes and amplitudes (and thus equal integrals), the
ropes mode produces a relatively large increase of the BF’s
amplitude and its integral at all values of �y. The ropes mode,

FIG. 3. Selected mixed pair balance functions Bαβ,s (top) and their cumulative integrals Iαβ,s (bottom) computed for pp collisions at√
s = 13 TeV with the PYTHIA8 Monash tune and ropes and shoving modes (with color reconnection).
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which is nominally designed to produce a sizable increase in
the strange particle production, features a rather small change
of BKπ but a sizable increase of Bpπ,s. It is unclear to these
authors whether such a variation is expected.

Overall, we observe that the charge balance functions of
light charged hadrons, computed with PYTHIA8, feature a
finite albeit modest dependence of the collision energy and
the specific tune and modes used for their computations. This
indicates that BFs of light charged hadrons are sensitive to
the details of the particle production models used towards
their description. It shall be interesting, in future works, to
explore how other models differ in their predictions of the
shapes and relative integrals of these balance functions and
thus the extent to which balance functions can be genuinely
used to probe the particle production and constrain existing
MC models. In the next paragraph, we investigate whether
baryon balance functions can be useful and sensitive probes
of baryon production.

V. BARYON BALANCE FUNCTIONS

The production of nonstrange and strange (light) baryons
has been measured in pp as well as in A-A collisions at
several beam energies, but the underlying mechanisms of their
production are yet to be fully elucidated. Models aiming to
describe the production of baryons are mostly phenomeno-
logical in nature and belong essentially into three categories:
string fragmentation [19,35,36], thermal production [37],
and hydrodynamical + thermal production [31–33]. There
also exists hybrid models involving core (hydrodynamical
+ thermal production) and corona components (Pomeron
exchanges) [30]. It appears that thermal and hydrodynami-
cal models perform better in large systems while the string
based description fairs better in smaller systems, although
EPOS4 [30] has had great success reproducing data measured
in both small and large collision systems. One might then
expect, as per the argument initially set forth in Ref. [8], that
longitudinal baryon balance functions should be quite broad in
light collision systems, particularly in pp collisions, and much
narrower in A-A collisions, in part because of late baryon
antibaryon (BB̄) production, and in part as a result of the
development of large transverse radial flow in mid to central
A-A collisions. One must also consider mechanisms of nuclear
stopping. It is thus of interest to elucidate the mechanisms
at play in (partial) baryon stopping and the production of
baryons at central rapidities. Some models invoke fluctua-
tions in the fragmentation of strings [19,35], others involve
baryon junctions [38], while recent speculations suggest the
baryon number might be carried by gluons [39]. Although
considerable efforts have been invested in measurements of
baryons, including single pT spectra, nuclear modification
factor, and anisotropic flow [40], it remains unclear whether
these results can provide sufficiently constraining information
to discriminate between the many theoretical approaches and
models mentioned above. There is thus plenty of room to
consider new and additional ways of measuring baryon pro-
duction and elucidate the mechanisms behind it. One such
new class of measurements is based on the unified balance
functions discussed in this work. In this context, it is worth

TABLE I. Low mass baryons (and their respective anti-particles)
used in the computation of mixed balance functions presented in this
work.

Species cτ (m) Observation method

p long lived spectrometer
n τ = 877.8 s hadronic calorimeter
�0 0.079 �0 → p + π−


− 0.045 
− → n + π−


0 0.022 nm 
0 → �0 + γ


+ 0.024 
+ → p + π 0

�− 0.049 �− → �0 + π−

�0 0.087 �0 → �0 + π 0

�− 0.024 �− → �0 + K−

emphasizing that hadron resonance decays into pairs of
baryon + antibaryon are quite rare (e.g., J/ψ → p + p̄ has
Br = 2 × 10−3) [41]. Additionally, because of their large
mass, baryons produced by decay of heavier baryons suffer
minimally from the momentum smearing associated with such
decays. They thus constitute a convenient probe to study the
dynamics governing the production of primary hadrons from
the color field of the initial quarks [6]. As such, baryon baryon
balance functions likely offer better sensitivity to the mecha-
nisms of primordial hadron production than meson BFs.

We posit that measurements of BFs over a wide range
of rapidity and momentum might shed new and additional
information to constrain or tune models of baryon production.
By construction, BFs are probing the likelihood one particular
baryon might be produced in association (and thus correlated)
with another baryon. BFs are also sensitive to the manner
in which these baryons might be produced. One seeks, in
particular, to establish whether BFs are narrow or broad in
relative rapidity �y, as this provides an indicator of whether
baryons are produced at the onset of collisions or much later
as partons combine near freeze-out. Also of interest is whether
the baryon number is carried by quarks or gluons. While
it is unlikely that measurements of BFs can fully elucidate
these questions, they might provide useful additional light to
inform phenomenological models. It is thus of interest, in
this section, to examine what measurements of baryon BFs
are possible and how they should be best performed, i.e.,
what acceptances, data sizes, and instrumental properties are
required to successfully achieve these measurements.

In the context of this work, and for the sake of simplicity,
we assume that it is possible to measure low-mass non-
strange and weakly decaying baryons (and their respective
antibaryons) based on the (most probable) decay channels
listed in Table I. Clearly, the technical challenges associated
with measurements of neutrons and photons are quite con-
siderable. Although high-energy neutrons can be efficiently
detected with hadronic calorimeters [42], implementing such
techniques with sufficient angular granularity and low pT

threshold may forever remain a challenge. Likewise, detecting
high-energy decay photons, event by event, with sufficient
resolutions and without background is also rather difficult.
Measurements of BFs involving some of the baryons listed in
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Table I may thus be particularly challenging. We nonetheless
include all these baryons (and corresponding antibaryons)
towards computations of mixed pairs BFs and integrals pre-
sented in this work. Additionally, simulations are conducted
with a full pT > 0 range (see [43] for pT ranges achieved by
the ALICE experiment). This enables an illustration, in par-
ticular, of baryon balance function sum rules in the context of
the production of nonstrange and strange low-mass baryons.
Specifically, we show, in the following, that the computation
of BFs yields meaningful integrals and sum of integrals that
could in principle be exploited to further elucidate baryon
production mechanisms. Additionally note that while it might
be desirable to carry out a similar exercise for strange balance
functions, a full sum rule cannot be formulated for strangeness
because the neutral kaon and its antiparticle, K0 and K̄0, mix
into weak eigenstates K0

S and K0
L .

Our analysis of pp collisions produced with PYTHIA8 is
accomplished by turning off the decay of the weakly decay-
ing baryons, while short-lived strange and nonstrange hadron
resonances (e.g., N∗, �++, etc.) are allowed to decay (i.e., via
the strong interaction) into lighter hadrons. The baryons listed
in Table I are considered endpoints of the decay sequences
of heavier baryons and one thus expects the sums of balance
functions, with a common reference particle, to add to unity
as an explicit manifestation of baryon conservation, as per the
sum rule

∑
ᾱ

∫
Bᾱβ,s(�y)d�y = 1, (7)

where β represents a specific baryon (antibaryon) species,
e.g., a proton, and

∑
ᾱ represents a sum over all (low mass)

antibaryons (baryons) listed in Table I.
Figure 4 presents selected (left) baryon balance functions

(Bαβ,s), and (right) their respective cumulative integrals (Iαβ,s)
computed with Eqs. (3) and (6), for species pairs involv-
ing a proton, a �0, a �−, and an �− (or their respective
antiparticles) as reference. These BFs are computed with
PYTHIA8 (Monash tune, with color reconnection) for pp
collisions at

√
s = 13 TeV. Perfect acceptance (i.e., pT > 0

and 4π coverage) is again here assumed in the calculations.
We find that the amplitudes of the baryon BFs vary greatly
with both the reference baryons and their balancing partners.
One notes, in particular, that the baryon number balancing
evolves considerably with the reference baryon. For instance,
protons p are most often balanced by antiprotons p̄, but bal-
ancing by emission of antineutrons n̄ is a close second, while
heavier (strange) baryons contribute much less. Interestingly,
�0 (�̄0), are approximately equally balanced by p̄ (p) and
n̄ (n), whereas balancing by �̄0 (�0) comes in third place.
For heavier strange baryons, the balancing scheme changes
significantly: balancing by p̄ (p) and n̄ (n) becomes less
probable and most of the balancing is achieved with signifi-
cant probability by one or more antistrange baryons. Baryon
balancing of �− (�̄−) is a somewhat extreme case with es-
sentially no balancing yield from p̄ (p) and n̄ (n). This should
not be much of a surprise, however, given the strangeness
content of �− must also be balanced. Evidently, protons and
neutrons do not carry strangeness and thus cannot directly

balance the strangeness content of �−. One could nonetheless
envision more complex balancing schemes where the pro-
ton (neutron) balances the baryon number while strangeness
balancing is achieved by strange mesons. Such complicated
schemes are manifestly not favored by PYTHIA8’s reconnec-
tion scheme. We also observe that within PYTHIA8 the most
probable mechanism to balance a baryon (antibaryon) with
strangeness |S| involves a baryon carrying |S̄| − 1, indepen-
dently of whether the reference baryon (antibaryon) carries
one, two or three units of strangeness (antistrangeness). This
constitutes a very specific prediction that should be checked
experimentally and would thus provide a strong test of the
adequacy of the baryon and flavor production schemes used
in PYTHIA8.

Cumulative integrals of the mixed baryon BFs are pre-
sented in the right panels of Fig. 4. One first observes that
all cumulative integrals rise rapidly in magnitude up to the
acceptance width �y ≈ 2 and thereafter slowly up to their
maximum value in the limit �y ≈ 20. We also observe that,
as for BFs amplitudes, the integral of the various pairs yield
a variety of fractional values (i.e., in the range 0 < Is � 1)
that depend both on the reference and the associated particles.
As expected, we also find that the sum of the cumulative
integrals, for a specific reference particle, add to unity in the
full acceptance. The baryon balancing sum rule (7) is indeed
satisfied with the selected baryons.

We next consider the evolution of baryon BFs with
PYTHIA8 tune and modes. Figure 5 display the proton-proton
balance functions Bpp,s computed for pp collisions at

√
s = 13

TeV. Other baryon balance functions were found to have a
similar dependence of the tune and modes and are thus not
shown. The amplitudes of the BFs obtained with the ropes
and shoving modes are essentially identical but feature an
amplitude at �y = 0 significantly smaller than that observed
with the Monash tune. This suggests that baryon balance
functions are sensitive to the color reconnection scheme used
to produce baryons but not to the details of ropes and shoving
modes implementations. Clearly the amplitudes and shapes of
baryon balance functions are sensitive to some aspects of the
baryon production mechanisms and it will be of interest, in
future studies, to explore how other models compare to those
of PYTHIA8.

VI. SUMMARY

We presented a Monte Carlo based study of mixed species
charge and baryon balance functions (BFs) to explore whether
measurements of such BFs could provide useful (new) infor-
mation on mechanisms of particle production in pp collisions.
The study was based on simulations of pp collisions at se-
lected values of

√
s with PYTHIA8 operated with the Monash

tune and the ropes and shoving modes. These simulations
showed charge balance functions of mixed pairs of pions,
kaons, and protons have distinct shapes and amplitudes that
are sensitive to both the collision energy and the model mode.
The evolution of their cumulative integral with the acceptance
of the measurement is found, in particular, to have good
sensitivity to both the beam energy and the details of string
fragmentation and color reconnection. Measurements of such
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FIG. 4. Selected mixed pairs baryon balance functions Bαβ,s computed from pp collisions at
√

s = 13 TeV simulated with PYTHIA,
Monash tune, with color reconnection.

correlation functions in pp and larger system thus indeed
stand to provide new and useful information to further the
understanding of particle production and transport in small
to large collision systems at both RHIC and LHC energies.
We next proceeded to conduct a concept analysis of mixed
baryon balance functions. BFs were computed for a selection
of light baryon pairs, including neutrons and strange hadrons
that might be difficult to measure in practice in the context of
similar analyses. We showed that these BFs have amplitudes,
shapes, and cumulative integrals that depend on the reference

particle as well as the balancing partner. We additionally
verified, in the concrete context of PYTHIA8 simulations,
that the mixed baryon BFs obey a sum rule constrained by
baryon number conservation. Finally, we saw that the shape
and integrals of the mixed baryon BFs are sensitive to energy
and details of particle production. We found, in particular,
that according to PYTHIA, the production of a baryon (an-
tibaryon) with strangeness |S| is most often balanced with
an antibaryon (baryon) with |S̄| − 1. Additionally, as stated
in Sec. V, baryons are subjected to minimal momentum
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FIG. 5. Proton-proton baryon balance function Bpp,s computed
from pp collisions at

√
s = 13 TeV simulated with PYTHIA8, using

the Monash tunes (black) and the ropes (red), and shoving (blue)
modes.

smearing due to decays (from heavier baryons), the shape of
their BF is thus likely more representative of the distribution
of the quarks and antiquarks that form such baryons. We
conclude that mixed pair charge and baryon balance functions
might indeed constitute a useful tool in the study of small to

large nucleus-nucleus collisions to further the understanding
of charged particle production as well as baryon stopping and
baryon pair production.

This study was restricted, for simplicity, to simulations
based on three recent modes of PYTHIA8. Given that the
mixed species charge and balance functions studied with
PYTHIA8 show sensitivity to the details of the mode as well
as the collision energy, one must endeavor to also study their
behavior in the context of other models. Such additional stud-
ies are in progress and should provide proper background and
references for recent and upcoming measurements of mixed
species balance functions at RHIC and LHC.
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