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Kaon production in high multiplicity events at the Large Hadron Collider
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The production of the K0
S meson in high multiplicity pp collisions at

√
s = 13 TeV is investigated consid-

ering the hybrid formalism and the solution of the running coupling Balitsky-Kovchegov (BK) equation. The
associated cross section is estimated and compared with the experimental data for the transverse momentum
spectrum. Moreover, we analyze the self-normalized yields of K0

S mesons as a function of the multiplicity of
coproduced charged hadrons and demonstrate that a steep increasing is theoretically predicted. A comparison
with the ALICE data is presented considering two distinct solutions of the BK equation.

DOI: 10.1103/PhysRevC.106.065206

I. INTRODUCTION

In recent years, different experimental collaborations at
the Relativistic Heavy Ion Collider (RHIC) and at the Large
Hadron Collider (LHC) have found that the J/�, D, K0

S , and �

yields observed in proton-proton (pp) collisions grow rapidly
as a function of the multiplicities of coproduced charged
particles [1–7]. Although the development of a theoretical
framework for high multiplicity events started several decades
ago, the description of the current data using a unified ap-
proach remains a challenge (see, e.g., Refs. [8–23]). One of
the main open questions is if the modification observed in high
multiplicity events compared to the minimum bias case is due
to either initial- or final-state effects or both. The similarity of
multiplicity enhancements observed in the charm and strange
sectors favors the interpretation that the behavior is due to
initial-state effects, but models based on very distinct under-
lying assumptions and physical mechanisms are also able to
describe the current data. Considering the recent restart of
the LHC, we expect to have in the forthcoming years a larger
amount of data for the production of different hadrons in high
multiplicity events, which will allow us to improve our un-
derstanding of the mechanism that generates the multiplicity
enhancement.

One of the promising frameworks to describe the particle
production in low and high multiplicity events at the LHC
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is the color glass condensate (CGC) formalism [24], which
is an effective field theory that states that a dense system of
partons is produced in hadronic collisions. Such system is
characterized by a new scale, the saturation scale Qs, which
increases as function of the energy, atomic number, and mul-
tiplicity (see, e.g., Refs. [25,26]). In this framework, high
multiplicity events are attributed to the presence of rare parton
configurations (hot spots) in the hadrons that participate of
the collision. Such highly occupied gluon states are character-
ized by larger saturation scales in comparison to the typical
configurations present in minimum bias events. Naturally, in
the CGC framework, low and high multiplicity approaches
are expected to be described in a unified way, but with the
scattering amplitude being estimated for different values of
the saturation scale. Such assumption is the starting point of
the studies performed in Refs. [16–23] and for the analysis
that will be carried out in this paper, where we will focus on
the production of the K0

S meson in high multiplicity events
at the LHC. The strangeness enhancement has already been
discussed in the literature in Ref. [20], where the authors
have applied for the K production, the dipole approach de-
veloped for the calculation of open charm and bottom states.
As a consequence, only the gg → ss̄ channel is taken into
account and the presence of a strange (anti)quark in the wave
function of the incident hadrons is disregarded. Moreover,
these authors have assumed a phenomenological model for
the description of the dipole-hadron interaction. In contrast, in
this paper we will consider the hybrid formalism [27] to treat
the K0

S production and the solution of the running coupling
Balitsky-Kovchegov (BK) equation to describe the evolution
of the dipole-hadron scattering amplitude [28–32]. One has
that the hybrid formalism takes into account the contribution
associated to the gluon- and quark-initiated channels and,
over the last decade, has been extensively applied for the
description of light particle production in hadronic colliders,
with its predictions describing with reasonable success the
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RHIC and LHC data (see, e.g., Refs. [33–48]). As we will
demonstrate below, such approach is also able to describe
the current minimum bias data for the transverse momentum
spectrum of the K0

S meson, which motivates its application for
high multiplicity events.

This paper is organized as follows. In Sec. II, we will
present a brief review of the hybrid formalism and will discuss
the ingredients considered in our calculations. In Sec. III,
we will present our predictions for the transverse momentum
spectrum of the K0

S meson and the contribution of the gluon-
and quark-initiated processes will also be estimated. More-
over, we will analyze the dependence of the K0

S and charged
particle yields in the value of the saturation scale, consid-
ering distinct transverse momentum ranges and two distinct
solutions of the BK equation. Predictions for the multiplicity
dependence of the K0

S meson production will be compared
with the experimental data from ALICE. Finally, in Sec. IV
we will summarize our main results and conclusions.

II. KAON PRODUCTION IN THE HYBRID FORMALISM

The treatment of the kaon production in pp collisions
at high energies is still a theme of debate. In principle, it
can be estimated using the collinear formalism and the so-
lutions of the DGLAP equation for the parton distribution
and fragmentation functions. However, an approach based
on this formalism disregards the nonlinear effects in QCD
dynamics that are expected to contribute at small x and high
multiplicities. Such effects are taken into account by the CGC
formalism, which predicts the modification of the proton wave
function due to the high partonic density present when it is
probed at high energies. One has that for particle production
at central rapidities, the wave functions of both projectile
and target are probed for small values of x. The proof of
the factorization theorem for this dense-dense configuration
is still an open question (see, e.g., Refs. [49–53]). Usually,
the kT factorization is assumed to still be valid in the kine-
matical range probed by LHC, and the particle production at
midrapidities is estimated using the unintegrated gluon distri-
butions (UGDs) as input, which are obtained by solving the
Balitsky-Kovchegov equation at different levels of sophistica-
tion (see, e.g., Refs. [54–56]). Some of the shortcomings of
this formalism are that the contribution of the quark-initiated

processes are disregarded and it is not clear the rapidity range
in which its predictions are valid. On the other hand, for
particle production at forward rapidities, one has that the wave
function of one of the projectiles is probed at large Bjorken
x and that of the other at very small x. In this dilute-dense
configuration, the cross sections can be estimated using hybrid
formalism. Over the last decade, the hybrid formalism has
been developed, improved, and applied for the description of
hadron production in hadronic collisions at RHIC and LHC
[33–48]. The basic assumption is that the cross section for
particle production can be expressed as a convolution of the
standard parton distributions, the scattering amplitude (which
includes the high-density effects) and the parton fragmenta-
tion functions. One of the advantages of this formalism is that
it takes into account the quark- and gluon-initiated processes.
However, the contributions of the nonlinear effects for the pro-
jectile are disregarded, which implies that the validity range
of its predictions for y → 0 is not yet well determined. As
already emphasized in Ref. [37], the corresponding limits of
applicability of the kT factorization and hybrid formalisms are
not clear and have only been estimated on an empirical basis.

Another important aspect is that the above considerations
are valid for the typical color charge configurations in the
proton wave functions, which dominate the description of
minimum bias collisions. For rare high multiplicity events,
one expects that the projectile and/or target wave functions
will be characterized by a saturation scale larger than the
average one. Therefore, even for central rapidities, a high
multiplicity event can be generated by a collision between
two asymmetric systems, i.e., by a dilute-dense configura-
tion. Such aspects justify a phenomenological analysis of the
high multiplicity events using the hybrid formalism. In what
follows, we will demonstrate that this approach is able to de-
scribe the current data for the K0

S spectrum, providing similar
results to those derived using the kT formalism. Moreover, we
will compare our predictions with the current data for high
multiplicity events, measured for midrapidities, and results for
forward rapidities will also be provided.

The representation of the hybrid formalism for the K0
S

meson production is presented in Fig. 1. Taking into account
the gluon- and quark-initiated subprocesses, one has that the
invariant yield for single-inclusive K0

S production in hadron-
hadron processes will be described in the CGC formalism as
follows [27]:

dNK0
S

dyd2 pT
= K

(2π )2

∫ 1

xF

dx1
x1

xF

[ ∑
q=u,d,s

fq/p(x1, μ
2) ÑF (kT , x2) DK0

S /q

(
xF

x1
, μ2

)

+ fg/p(x1, μ
2) ÑA(kT , x2) DK0

S /g

(
xF

x1
, μ2

)]
. (1)

One has that pT , y, and xF are the transverse momentum,
rapidity, and the Feynman x of the produced hadron, re-
spectively. Moreover, x1 denotes the momentum fraction of
a projectile parton, xF = pT√

s
ey and kT = x1

xF
pT , with the mo-

mentum fraction of the target parton being given by x2 =
x1e−2y. One also has that fi/p(x1, μ

2) are the projectile par-
ton distribution functions and DK0

S /i(z, μ
2) are the parton

fragmentation functions into the K0
S meson. As in previous
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FIG. 1. Representation of the K0
S meson production in the hybrid formalism. One has that a parton of the incident hadron interacts with the

target and subsequently hadronizes in the K0
S meson.

studies [33–48], we will assume that the parton distribution
and fragmentation functions evolve according to the DGLAP
evolution equations [57] and obey the momentum sum rule. In
particular, we will consider the CT14 [58] and AKK08 [59]
parametrizations for these quantities. The factorization scale
μ2 will be assumed as being μ2 = max(Q2

s , p2
T ). Previous

results derived using the hybrid formalism have pointed out
that in order to describe the data for different kinematical
ranges one has to adjust the normalization by a K factor,
which can be energy and rapidity dependent. Such factor
is interpreted as taking account of higher-order corrections
and/or of other dynamical effects not included in the CGC
formulation. Such uncertainty will not affect the analysis of
high multiplicity events, since this factor is expected to be
same in low and high multiplicity events and, consequently,
it cancels in our prediction for the ratio between the results
for high multiplicity and minimum bias events.

One has that the predictions for the K0
s yield are also

strongly dependent on the description of the fundamental and
adjoint representations of the forward dipole amplitude, ÑF

and ÑA, respectively. In the CGC framework, the forward
dipole scattering amplitudes encodes all the information about
the hadronic scattering, and thus about the nonlinear and
quantum effects in the hadron wave function. Such quantities
can be expressed either in the momentum or in the position
spaces, with the representations related by

ÑA,F (x, pT ) =
∫

d2r ei �pT ·�r[1 − NA,F (x, r)] , (2)

In our analysis we will consider the solutions of the running
coupling Balitsky-Kovchegov equation for NA,F (x, r) derived
in Ref. [37] considering two distinct initial conditions charac-
terized by an anomalous dimension larger than unity.

Following previous studies of the high multiplicity events
using the CGC formalism, we will assume that the particle
production mechanism is the same for low and high multiplic-
ity events, with the main difference being the saturation scale
present in these two classes of events. In other words, we will
assume that Eq. (1) is valid for both classes, and that the high
multiplicity configurations can be approximated by increas-
ing the value of Qs as follows Q2

s (x, n) = n · Q2
s (x), where n

characterizes the multiplicity. Such quantity is given approx-
imately by the multiplicity of charged particles weighted by
their minimum bias value: n ≈ dNch/dη/〈dNch/dη〉. As in
Ref. [13], we will solve the BK equation considering multi-
ples of initial saturation scale at x = 0.01, Q2

0 = 0.168 GeV2,

which has been determined from fits to the minimum bias ep
HERA data. Such modification naturally implies larger values
for the saturation scale probed in a given event, which depends
on x and has its evolution determined by the BK equation.

III. RESULTS AND DISCUSSION

Initially, let us compare our predictions for the trans-
verse momentum distribution of the K0

S meson with the
experimental data from the ALICE Collaboration [6] for the
self-normalized yields (1/Nev )d2N/dyd pT . We will consider
the solutions of the BK equation derived assuming two dis-
tinct initial conditions [37], which will be denoted by “UGD
g1.101” and “UGD g1.119” hereafter. As already empha-
sized in Ref. [20], the prediction of the normalization of the
self-normalized yields is strongly affected by nonperturbative
effects, since this quantity is dominated by the contribution of
kaon production at very low pT , which cannot be evaluated
reliably in our approach. As a consequence, in our analysis
we will adjust the normalization of our predictions in order
to describe the data. In Fig. 2(a) we present our results. For
comparison we also present the spectrum derived using the
kT -factorization formalism and the UGD g1.119. One has that
both the hybrid and the kT -factorization formalisms describe
the current date for the K0

S production in pp collisions. In what
follows, we will restrict our analysis to the hybrid formalism.
Regarding the predictions derived using this formalism and
distinct models for the unintegrated gluon distributions, one
has that the shape of the spectrum can be quite well described
by both UGDs considered. The contribution of the gluon- and
quark-initiated channels for the K0

S production is presented
separately in Fig. 2(b) for the UGD g1.119 model. One has
verified that similar results are obtained for the g1.101 model.
Our results indicate that the gluon channel is dominant in
the kinematical range considered, which can explain why the
approach used in Ref. [20] is also able to describe the ALICE
data.

In order to estimate the impact of varying the initial satu-
ration scale, in Figs. 3(a) and 3(b) we present our results for
the relative multiplicity of K0

S mesons and charged hadrons,
respectively, for a pp collision at 13 TeV as a function of
Q2

s,0/Q2
0, with Q2

0 = 0.168 GeV2. We present our predictions,
derived assuming the UGD g1.119 model, for different range
of the transverse momentum pT . For charged hadrons, we also
have estimated the yield using the hybrid formalism, consid-
ering the contribution of charged pions, baryons, and strange
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FIG. 2. (a) Dependence of the self-normalized yield for the K0
S -meson production on the transverse momentum (pT ) compared to

experimental data provided by the ALICE Collaboration [6]. (b) Contribution of the gluon- and quark-initiated subprocesses for the K0
S -meson

production derived using the UGD g1.119 model.

mesons. It is important to emphasize that we have verified
that the corresponding predictions describe the current data
for the inclusive hadron production at central rapidities in pp
collisions at the LHC. One has that the predictions for K0

S
mesons and charged hadrons are similar, but the increasing
with Q2

s,0/Q2
0 is dependent of the pT range considered. Such

result is expected since the impact of the nonlinear effects are
strongly dependent if Q2

s is larger or smaller than p2
T . Events

where Q2
s � p2

T are expected to be determined by the nonlin-
ear QCD dynamics. Therefore, a larger value of the minimum
value of pT , implies a reduction of the number of events
produced in the saturated regime. The differences between

FIG. 3. Relative multiplicity of (a) K0
S mesons and (b) charged particles as a function of Q2

s,0/Q2
0, considering different ranges of the

transverse momentum pT . (c) Ratio between the predictions for the production of K0
S mesons and charged particles as a function of Q2

s,0/Q2
0.

Results derived using the UGD g1.119.
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FIG. 4. Correlation between the normalized K0
S and charged hadron yields in pp collisions at

√
s = 13 TeV for different rapidities and

considering two distinct solutions of the BK equation: (a) UGD g1.119 and (b) UGD g1.101. The solid line indicates the expected result for a
linear correlation between the yields.

the predictions for K0
S mesons and charged hadrons can be

quantified by calculating the ratio between the corresponding
results,

RK0
S ,ch = dNK0

S
/dy/

〈
dNK0

S
/dy

〉
dNch/dη/〈dNch/dη〉 , (3)

with the results being presented in Fig. 3(c). One has that
when only large pT values are considered, the ratio is con-
sistent with unity, indicating that the production of K0

S mesons
and charged hadrons are similarly affected by the saturation
effects. On the other hand, if events with lower transverse mo-
mentum are included, one has that the behavior with Q2

s,0/Q2
0

becomes final-state dependent.
In Fig. 4 we present our predictions for the multiplicity

dependence of the normalized K0
S yield in pp collisions at

13 TeV for different rapidities, a fixed pT range and assuming
two distinct solutions of the BK equation. As in Ref. [7], the
charged hadron yield will be estimated in all cases assum-
ing that the particles are produced at central rapidities. One
has that the increase of the K0

S yield with the multiplicity

FIG. 5. Correlation between the normalized K0
S and charged

hadron yields in pp collisions at 13 TeV derived considering two
distinct solutions of the BK equation. Data from the ALICE Collab-
oration [6].

is strongly dependent on the rapidity. In particular, for very
forward rapidities, we predict an almost linear dependence of
the multiplicity, with the results derived using the two models
for the UGDs being similar. Such result is expected, since for
large values of y one has large values of the saturation scale,
implying that both the K0

S and charged hadron yields will be
impacted by the nonlinear effects in the QCD dynamics in a
similar way.

In Fig. 5 we present a comparison between our predictions
for the multiplicity dependence of K0

S mesons and the experi-
mental data from the ALICE Collaboration [6]. It is important
to emphasize that these data were collected at central rapidi-
ties |η| � 0.5 and for transverse momentum bins in the 4.0 <

pT < 12 GeV range. We present our predictions for the two
initial conditions of the BK equation considered in our analy-
sis. Our results indicate that the corresponding predictions are
similar for low multiplicities, dNch/dη/〈dNch/dη〉 � 2.0, but
differ for larger multiplicities. One has that the UGD g1.119
model provides a better description of the data, but also fails
in the description of the data for the largest value of the mul-
tiplicity. A similar overshooting is also observed in Ref. [13]
for the D meson production when events with larger transverse
momentum are considered and in Ref. [20] for the K0

S meson
production. One possible interpretation of this overestimation
in the hybrid approach is that for high multiplicities, saturation
effects cannot be neglected in the projectile. Another possible
effect, not considered in our analysis, is the modification of
the fragmentation function in high multiplicity events. Our
results indicate that such possibilities should be analyzed in
the future, which we intend to perform in a forthcoming study.

IV. CONCLUSIONS

The description of high multiplicity events observed in
small collision systems still remains an open question. In
recent years, new experimental data have renewed the interest
in the topic, strongly motivating a large phenomenology based
on models that take into account either initial- or final-state
effects or both. In this paper we have focused on initial-state
effects, as described by the CGC framework, and applied the
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hybrid formalism for the description of the K0
S production

in high multiplicity events present in pp collisions at
√

s =
13 TeV. Such formalism has been successfully applied for
the description of the particle production in hadronic collid-
ers and takes into account of the gluon- and quark-initiated
subprocesses. Moreover, its predictions can be derived using
the solutions of the running coupling BK equation. It has been
demonstrated that this formalism is also able to describe the
current data for the transverse momentum spectrum and that
the K0

S production is dominated by the gluon-initiated sub-
process. Following the study performed in Ref. [13], which
is able to describe the D meson and J/� production at high
multiplicities, we derived our predictions assuming that high
multiplicity configurations can be approximated by increasing
the value of the initial saturation scale in the BK evolution.
The dependence of the relative multiplicity of K0

S mesons
and charged particles with the initial condition for the BK
evolution equation has been studied and we verified that they
are slightly different, depending of the pT range considered.
Finally, we have compared our predictions with the ALICE

data for the multiplicity dependence of K0
S mesons. Our results

indicate that the hybrid formalism can describe the current
data for values of multiplicity smaller than 2.5, but overes-
timate the data for larger multiplicities, which indicate that
other effects and/or higher-order corrections should be taken
into account in this kinematical range. Surely, more data
for the production of strange and charmed mesons in very
high multiplicity events will be very useful to improve our
understanding of the dynamical effects present in the new
kinematical range.
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